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FRONTISPIECE

A	Palu	resident	assesses tsunami	damage	along	the	coastal	esplanade	following	the	2018	Sulawesi	Tsunami,	Indonesia	
(James	H.	Williams	2018).
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ABSTRACT

As coastal populations continue to grow and develop globally, so does the exposure to the impact of 

tsunamis. Critical infrastructure provides services that underpin the everyday operation of society and is 

particularly important for post-disaster response and recovery efforts. Tsunamis can be highly damaging 

and disruptive to critical infrastructure, causing considerable consequences for impacted communities.

With increasing development in coastal areas and associated expansion and reliance on complex critical 

infrastructure networks, tsunami risk assessments are becoming essential for informing disaster risk 

reduction initiatives. However, there are many challenges, particularly as this field is relatively new and 

has been dominated by tsunami hazard modelling.  Tsunami vulnerability assessment has been 

comparatively understudied, especially the development of quantitative vulnerability models for critical

infrastructure.  Although there are documented observations of critical infrastructure impacts following 

previous tsunami events, vulnerability data tend to be mostly qualitative. There remains considerable 

opportunity to advance the tsunami risk assessment field by developing quantitative vulnerability models 

for critical infrastructure.  This in turn can underpin robust risk-based information for tsunami risk 

management strategies and improve the resilience of critical infrastructure networks.

This thesis firstly reviews relevant policy, practice and academic literature to establish a theoretical and 

practical framing of tsunami risk assessment for critical infrastructure within the field of disaster risk 

reduction. It then presents quantitative empirical vulnerability assessments of tsunami impacts on critical 

infrastructure components, with a focus on transportation infrastructure.  It does this by analysis of post-

event tsunami field survey datasets, supported by remote sensing techniques, from the 2011 Tōhoku

(Japan), the 2015 Illapel (Chile) and the 2018 Sulawesi (Indonesia) tsunami events. These vulnerability

datasets are used to develop vulnerability curves, which are the first suite of empirical tsunami 

vulnerability models for critical infrastructure components. These vulnerability models broadly 

encapsulate a range of vulnerability factors including: tsunami depth, topography, distance inland (as proxy 

for energy deterioration), contraction scour, and asset type and design. These vulnerability models are then 

applied to a deterministic tsunami scenario case study in Christchurch, New Zealand, which models 

tsunami damage (roads and electricity), outage, and disruption and restoration time (roads). A 

collaborative engagement approach is taken, with local road and electricity network operators, to develop 

a framework for estimating tsunami damage and service disruption to network end-users affected by a 

large damaging tsunami in Christchurch. The overall contribution of the thesis is it provides the first public

quantitative empirical vulnerability models for assessing tsunami impacts on infrastructure, and the first 

public tsunami impact assessment for infrastructure to consider direct tsunami damage with service 

outage, disruption and restoration time.



iii



iv

AKNOWLEDGEMENTS

This thesis would not have been possible without the support and advice of countless people, to whom I 

express my sincere thanks.

Prof. Thomas Wilson - since my first undergraduate year you have inspired me to work in this field. Thank 
you for your continued support, encouragement and enthusiasm as I pursued a BSc, PGDip, MSc, and for 
the gentle nudge toward a PhD. Thank you for always pushing me to be better and to take on every 

opportunity put in front of me. I am beyond grateful for being a part of your research group and for your 

mentorship throughout this journey.

Thank you also to my co-supervisors:

- Assoc. Prof. Liam Wotherspoon, thank you for always finding the time to review my work. Your 
input and expertise have been invaluable, particularly when I am bluffing my way through 

engineering subject matter. Thank you for including me in your wider research group and for 
continually promoting my projects. Thank you also for all the opportunities you have provided for 

me to present to, and connect with, researchers, students and practitioners.

- Nick Horspool, thank you for your support, including to help initiate this doctoral research project 
and assistance in securing funding. Your guidance with post-event field surveys and data analysis

has been invaluable. Thank you also for the travel and career opportunities you have provided me.

- Dr Emily Lane, thank you for your abundant support and encouragement. Thank you especially 

for your assistance in securing funding, for all the manuscript/chapter revisions and for the 
statistics guidance on my now-published manuscripts. Thank you also for including me in post-

event field surveys, following the 2016 Kaikōura tsunami, and the subsequent publications.

- Dr Mathew Hughes, thank you for your encouragement, support and for always publicly 
advocating my so-called expertise in this field. Thank you especially for your guidance and 

assistance with the stakeholder workshops.

- Ryan Paulik, an honorary co-supervisor, thank you for the training, advice and support with field 
surveys, fragility functions, journal publications and conference proceedings. Thank you also for 

including me in the post-event field surveys and subsequent publications, the experiences were 

invaluable.

To the CoUGARs past and present, I am so fortunate to be a part of this research group. I have made lifelong 
friends and I look forward to working with you all in the future. Thank you for all your expertise, 
mentorship, support, advice, debriefs, distractions, rants, and most importantly the banter. Thanks to you 

all I enjoyed coming into uni each day.

I would like to acknowledge the amazing technical and administrative staff from the former Department of 

Geological Sciences and current School of Earth and Environment, especially to Rebekah, Janet, John, Rob, 
Sacha and Chris. You have all gone above and beyond for me, thank you for all you have done throughout 

my studies.

Thank you to all my friends and colleagues in the DRR field, throughout New Zealand and abroad. I look 

forward to our continued collaboration in the years to come.

To all my friends and family, thank you, I could not have done this without your support. Your enthusiasm 
to one day call me “Dr” has sustained me. Special thanks to my immediate family, Mum, Dad and Emma, and
to my best friend Courtney, your contributions to my academic achievements are immeasurable. Special 

thanks to Mum for proof reading this thesis.

Finally, I owe my greatest appreciation to Harriette. Thank you for your endless encouragement, advice, 

patience and support, and for joining me on this journey.



v

CO-AUTHORSHIP FORMS

Deputy Vice-Chancellor’s Office 

Postgraduate Office

Co-Authorship	Form

Chapter	2: Assessing transportation vulnerability to tsunamis: utilising post-event field data from the 

2011 Tōhoku tsunami, Japan, and the 2015 Illapel tsunami, Chile.

Published	in: Natural Hazards and Earth System Sciences

James Williams conceived the idea of this manuscript, conducted the remote surveys, conducted the data 

analysis, developed and built the fragility functions, compiled, wrote and edited the manuscript and was 

the corresponding author for the peer review process (95%). James Williams, Nick Horspool and Ryan 

Paulik conducted the field work in Coquimbo, Chile. Thomas Wilson, Nick Horspool and Emily Lane 

supported the data analysis. All co-authors supported and contributed to review, revisions, and 

preparation of the final manuscript.

Certification	by	co-authors:	

If there is more than one co-author, then a single co-author can sign on behalf of all. 

The undersigned certifies that:

 The above statement correctly reflects the nature and extent of the PhD candidate’s contribution 

to this co-authored work.

 In cases where the candidate was the lead author of the co-authored work, he or she wrote the 

text.

Name:	 Thomas M. Wilson 

Signature:	

Date:	 19 November 2020



vi

Deputy Vice-Chancellor’s Office 

Postgraduate Office

Co-Authorship	Form

Chapter	3: Tsunami fragility functions for road and utility pole assets: using field survey and remotely

sensed data from the 2018 Sulawesi tsunami, Palu, Indonesia

Published	in: Pure and Applied Geophysics

James Williams, Ryan Paulik and Thomas Wilson conceived the idea of this manuscript. James Williams 

conducted the remote survey, data analysis, fitted the fragility curves, compiled, wrote and edited the 

manuscript and was the corresponding author for the peer review process (95%). James Williams 

conducted the infrastructure damage survey, Ryan Paulik and Gumbert Maylda Prathama conducted the 

building damage and watermark survey in Palu, Indonesia. Ryan Paulik, Thomas Wilson and Liam 

Wotherspoon supported the data analysis. All co-authors supported and contributed to review, revisions, 

and preparation of the final manuscript.

Certification	by	co-authors:

If there is more than one co-author, then a single co-author can sign on behalf of all. 

The undersigned certifies that:

 The above statement correctly reflects the nature and extent of the PhD candidate’s contribution 

to this co-authored work.

 In cases where the candidate was the lead author of the co-authored work, he or she wrote the 

text.

Name:	 Thomas M. Wilson 

Signature:	

Date:	 19 November 2020



vii

Deputy Vice-Chancellor’s Office 

Postgraduate Office

Co-Authorship	Form

Chapter	4: Tsunami impact assessment case study: application of infrastructure fragility functions 

for Christchurch, New Zealand

Prepared	for	submission	to: International Journal of Disaster Risk Reduction

James Williams, Thomas Wilson, Liam Wotherspoon and Matthew Hughes conceived the idea for this 

manuscript. James Williams developed the methodological framework, conducted the tsunami impact 

assessment, conducted the stakeholder engagement workshops, and compiled, wrote and edited the 

manuscript draft. Thomas Wilson, Liam Wotherspoon and Ryan Paulik supported the data analysis and 

provided guidance on the methodological framework. Thomas Wilson, Liam Wotherspoon and Matthew 

Hughes also contributed to and participated in the stakeholder engagement workshops. All co-authors 

contributed to the review and preparation of the final manuscript draft presented in this thesis.

Certification	by	co-authors:	

If there is more than one co-author, then a single co-author can sign on behalf of all. 

The undersigned certifies that:

 The above statement correctly reflects the nature and extent of the PhD candidate’s contribution 

to this co-authored work.

 In cases where the candidate was the lead author of the co-authored work, he or she wrote the 

text.

Name:	 Thomas M. Wilson 

Signature:	

Date:	 19 November 2020



viii

Deputy Vice-Chancellor’s Office 

Postgraduate Office

Co-Authorship	Form

Appendix	A: Post-event field-survey of the 2015 Illapel tsunami, Chile

Submitted	to: Pure and Applied Geophysics

Ryan Paulik, James Williams and Nick Horspool conceived the idea of this manuscript. James Williams 

conducted one third of the field survey, compiled the dataset for publication, drafted the infrastructure 

observations section, created the figures, contributed to the tables for the final manuscript, and reviewed, 

revised and supported the peer review process (30%). Patricio Catalan provided pre-survey logistical support 

and Pablo Cortés provided in-field logistical support Ryan Paulik, Nick Horspool, Richard Mowll and Richard 

Woods contributed to the field survey. Ryan Paulik wrote the majority of, and compiled, the draft 

manuscript, and was the corresponding author for the peer review process. All co-authors supported and 

contributed to the final manuscript.

Certification	by	co-authors:	

If there is more than one co-author, then a single co-author can sign on behalf of all. 

The undersigned certifies that:

 The above statement correctly reflects the nature and extent of the PhD candidate’s contribution 

to this co-authored work.

 In cases where the candidate was the lead author of the co-authored work, he or she wrote the 

text.

Name:	 Thomas M. Wilson, Ryan Paulik

Signature:	

Date:	 19 November 2020



ix

Deputy Vice-Chancellor’s Office 

Postgraduate Office

Co-Authorship	Form

Appendix	B: Post-event field survey of the 2018 Sulawesi tsunami, Indonesia

Published	in: Pure and Applied Geophysics

Ryan Paulik, Aditya Gusman and James Williams conceived the idea of this manuscript. James Williams 

assisted with visa applications for the field survey, drafted the survey proposal, conducted the 

infrastructure damage survey, compiled the supplementary dataset for publication, drafted the 

infrastructure observations section, created the figures, contributed to the tables for the final manuscript, 

and reviewed, revised and supported the peer review process (35%). Ryan Paulik, Aditya Gusman, Gumbert 

Maylda Prathama, Sheng-Lin Lin and Alamsyah Prawirabhakti conducted the building damage and 

watermark field survey. Gumbert Maylda Prathama provided pre- and in-field logistical support for the 

field team. Ryan Paulik wrote the majority of, and compiled, the draft manuscript, Aditya Gusman wrote 

the draft tsunami hazard section. Ryan Paulik was the corresponding author for the peer review process.  

All co-authors supported and contributed to the final manuscript.

Certification	by	co-authors:	

If there is more than one co-author, then a single co-author can sign on behalf of all. 

The undersigned certifies that:

 The above statement correctly reflects the nature and extent of the PhD candidate’s contribution 

to this co-authored work.

 In cases where the candidate was the lead author of the co-authored work, he or she wrote the 

text.

Name: Thomas M. Wilson, Ryan Paulik

Signature:	

Date:	 19 November 2020



x

Deputy Vice-Chancellor’s Office 

Postgraduate Office

Co-Authorship	Form

Appendix	C: Conference paper: tsunami vulnerability of critical infrastructure

Published	in: Proceedings of the 17th World Conference of Earthquake Engineering (17WCEE)

James Williams conceived the idea of this manuscript, conducted the field and remote surveys, conducted 

the data analysis, fitted the fragility functions, conducted the tsunami impact assessment, compiled, wrote 

and edited the conference paper and was the corresponding author for the submission process (95%). 

James Williams, Nick Horspool and Ryan Paulik conducted the field work in Coquimbo, Chile. James 

Williams and Ryan Paulik conducted the Field survey in Palu, Indonesia. Thomas Wilson, Liam 

Wotherspoon, Nick Horspool, Emily Lane, Ryan Paulik and Matthew Hughes all supported the data analysis. 

All co-authors supported and contributed to review, revisions, and preparation of the final manuscript.

Certification	by	co-authors:	

If there is more than one co-author, then a single co-author can sign on behalf of all. 

The undersigned certifies that:

 The above statement correctly reflects the nature and extent of the PhD candidate’s contribution 

to this co-authored work.

 In cases where the candidate was the lead author of the co-authored work, he or she wrote the 

text.

Name: Thomas M. Wilson 

Signature:	

Date:	 19 November 2020



xi

CONTENTS

FRONTISPIECE................................................................................................................................................................................ i

ABSTRACT....................................................................................................................................................................................... ii

AKNOWLEDGEMENTS ............................................................................................................................................................... iv

CO-AUTHORSHIP FORMS........................................................................................................................................................... v

CONTENTS...................................................................................................................................................................................... xi

LIST OF FIGURES........................................................................................................................................................................xvi

LIST OF TABLES.........................................................................................................................................................................xxii

GLOSSARY OF TERMS.............................................................................................................................................................xxiv

1. INTRODUCTION ................................................................................................................................................................... 1

1.1 Research Context ...................................................................................................................................................... 1

1.2 Disaster Risk Reduction and Management ...................................................................................................... 2

1.2.1 Global Disaster Risk Reduction....................................................................................................................... 4

1.2.2 Disaster Risk Assessment ................................................................................................................................. 5

1.3 Tsunami Risk Context – An Overview................................................................................................................ 6

1.3.1 Tsunami Damage Characteristics................................................................................................................... 6

1.3.2 Global Tsunami Risk Mitigation...................................................................................................................... 7

1.3.3 Critical Infrastructure and Tsunami Impacts............................................................................................. 7

1.3.4 Tsunami Impact Assessment ........................................................................................................................... 9

1.4 Case Study Context.................................................................................................................................................16

1.4.1 Disaster Risk Management in New Zealand .............................................................................................17

1.4.2 New Zealand Infrastructure Resilience......................................................................................................20

1.4.3 New Zealand Tsunami Risk............................................................................................................................28

1.4.4 Tsunami Risk Management in New Zealand ............................................................................................31

1.5 Literature Review Summary...............................................................................................................................32

1.6 Thesis Objectives ....................................................................................................................................................36

1.7 Thesis Structure and Research Methods ........................................................................................................37

1.7.1 Methods ................................................................................................................................................................37

1.7.2 Conceptual Framework ...................................................................................................................................38

References: ...............................................................................................................................................................................40



xii

2. ASSESSING TRANSPORTATION VULNERABILITY TO TSUNAMIS: UTILISING POST-EVENT FIELD 

DATA FROM THE 2011 TŌHOKU TSUNAMI, JAPAN, AND THE 2015 ILLAPEL TSUNAMI, CHILE ..................53

Abstract......................................................................................................................................................................................54

2.1 Introduction..............................................................................................................................................................54

2.2 Methodology.............................................................................................................................................................57

2.2.1 Data Collection....................................................................................................................................................57

2.2.2 Data Analysis and Damage Observations ..................................................................................................59

2.2.3 Developing Fragility Functions.....................................................................................................................68

2.3 Results ........................................................................................................................................................................68

2.3.1 Damage Level......................................................................................................................................................70

2.3.2 Distance from Coastline...................................................................................................................................72

2.3.3 Debris Based Level of Service........................................................................................................................72

2.3.4 Road Use-type.....................................................................................................................................................73

2.3.5 Coastal Topographic Setting ..........................................................................................................................74

2.4 Discussion .................................................................................................................................................................76

2.5 Limitations................................................................................................................................................................77

2.5.1 Future Research.................................................................................................................................................79

2.6 Conclusions...............................................................................................................................................................80

References ................................................................................................................................................................................82

3. TSUNAMI FRAGILITY FUNCTIONS FOR ROAD AND UTILITY POLE ASSETS: USING FIELD SURVEY AND 

REMOTELY SENSED DATA FROM THE 2018 SULAWESI TSUNAMI, PALU, INDONESIA ...................................88

Abstract......................................................................................................................................................................................89

3.1 Introduction..............................................................................................................................................................89

3.2 Case Study Event.....................................................................................................................................................90

3.2.1 Field Survey Data...............................................................................................................................................91

3.3 Methodology.............................................................................................................................................................93

3.3.1 Tsunami Depth Interpolation........................................................................................................................93

3.3.2 Road and Utility Pole Data Capture .............................................................................................................96

3.3.3 Developing Tsunami Fragility Functions...................................................................................................96

3.4 Results ........................................................................................................................................................................97

3.4.1 Roads .....................................................................................................................................................................99



xiii

3.4.2 Utility Poles....................................................................................................................................................... 103

3.5 Discussion .............................................................................................................................................................. 103

3.6 Summary................................................................................................................................................................. 105

References ............................................................................................................................................................................. 107

4. TSUNAMI IMPACT ASSESSMENT CASE STUDY: APPLICATION OF INFRASTRUCTURE VULNERABILITY 

MODELS FOR CHRISTCHURCH, NEW ZEALAND........................................................................................................... 113

Abstract................................................................................................................................................................................... 114

4.1 Introduction........................................................................................................................................................... 114

4.2 Impact Assessment Process Review.............................................................................................................. 116

4.2.1 Hazard ................................................................................................................................................................ 117

4.2.2 Asset Exposure ................................................................................................................................................ 118

4.2.3 Vulnerability..................................................................................................................................................... 118

4.3 Case Study .............................................................................................................................................................. 121

4.3.1 Background Material ..................................................................................................................................... 121

4.3.2 Methods ............................................................................................................................................................. 123

4.3.3 Results ................................................................................................................................................................ 130

4.4 Discussion .............................................................................................................................................................. 134

4.4.1 Limitations........................................................................................................................................................ 136

4.4.2 Recommendations for Tsunami Mitigation in Christchurch:........................................................... 137

4.4.3 Recommendations for Future Work: ....................................................................................................... 138

4.5 Conclusions............................................................................................................................................................ 139

References ............................................................................................................................................................................. 141

5. RESEARCH SUMMARY .................................................................................................................................................. 151

5.1 Thesis Synopsis and Research Contributions ............................................................................................ 151

5.2 Benefits and Limitations ................................................................................................................................... 155

5.2.1 Post-event Tsunami Field Surveys............................................................................................................ 155

5.2.2 Vulnerability Model Development............................................................................................................ 156

5.2.3 Tsunami Impact Assessment Framework.............................................................................................. 157

5.3 Recommendations for Future Research ...................................................................................................... 157

5.3.1 Post-event Field Data Collection................................................................................................................ 157

5.3.2 Tsunami Vulnerability Models ................................................................................................................... 159



xiv

5.3.3 Tsunami Impact Assessment ...................................................................................................................... 160

References ............................................................................................................................................................................. 161

APPENDIX A: Post-Event Field-Survey of the 2015 Illapel Tsunami, Chile.................................................. 163

Abstract................................................................................................................................................................................... 164

A.1 Introduction........................................................................................................................................................... 164

A.2 Field Survey ........................................................................................................................................................... 166

A.3 Tsunami Hazard................................................................................................................................................... 169

A.3.1 Coquimbo Port................................................................................................................................................. 169

A.3.2 Baquedano ........................................................................................................................................................ 169

A.3.3 Avenida Costanera Coastal Esplanade..................................................................................................... 170

A.4 Tsunami Impacts.................................................................................................................................................. 170

A.4.1 Buildings............................................................................................................................................................ 170

A.4.2 Infrastructure Network Components ...................................................................................................... 172

A.5 Discussion .............................................................................................................................................................. 176

A.6 Conclusions............................................................................................................................................................ 178

References ............................................................................................................................................................................. 179

APPENDIX B: Post-Event Field-Survey of the 2018 Sulawesi Tsunami, Indonesia................................... 181

Abstract................................................................................................................................................................................... 182

B.1 Introduction........................................................................................................................................................... 182

B.2 Field Survey ........................................................................................................................................................... 184

B.3 Tsunami Hazard................................................................................................................................................... 186

B.3.1 Silae ..................................................................................................................................................................... 187

B.3.2 Lere...................................................................................................................................................................... 188

B.3.3 Besusu Barat..................................................................................................................................................... 188

B.3.4 Talise................................................................................................................................................................... 189

B.4 Effects on the Built Environment ................................................................................................................... 189

B.4.1 Buildings............................................................................................................................................................ 189

B.5 Lifelines Infrastructure...................................................................................................................................... 191

B.5.1 Roads .................................................................................................................................................................. 191

B.5.2 Utility Poles....................................................................................................................................................... 193

B.5.3 Other Structures at Coastal Ports.............................................................................................................. 195



xv

B.6 Discussion .............................................................................................................................................................. 196

B.7 Conclusion.............................................................................................................................................................. 198

References ............................................................................................................................................................................. 200

APPENDIX C: Conference Paper: Tsunami Vulnerability of Critical Infrastructure.................................. 204

Abstract................................................................................................................................................................................... 205

C.1 Introduction........................................................................................................................................................... 205

C.2 Methodology.......................................................................................................................................................... 206

C.2.1 Event 1: Tōhoku Tsunami............................................................................................................................ 206

C.2.2 Event 2: Illapel Tsunami............................................................................................................................... 208

C.2.3 Event 3: Sulawesi Tsunami.......................................................................................................................... 212

C.3 Developing Fragility Functions....................................................................................................................... 214

C.4 Case study Application....................................................................................................................................... 215

C.5 Summary................................................................................................................................................................. 216

References ............................................................................................................................................................................. 217



xvi

LIST OF FIGURES

Figure 1.1: Risk framework, where hazard and exposure inform vulnerability to assess impact or risk. ..... 3

Figure 1.2: Tsunami terminology: H = tsunami wave height; R = run-up height; dᵢ = inundation depth 

(Division on Earth and Life Studies et al., 2011)............................................................................................................ 6

Figure 1.3 Pre-event impact assessment process (modified from GNS and NIWA, 2015; Williams, 2016)... 9

Figure 1.4: The New Zealand Civil Defence and Emergency Management Framework (NEMA, 2020b)......18

Figure 1.5: New Zealand Risk Management Framework (AS/NZS, 2009)...............................................................19

Figure 1.6: Indicative infrastructure interdependency ratings for New Zealand, during ‘business as 

usual’(top) and post-disaster (bottom) (New Zealand Lifelines Council, 2020). .............................................28

Figure 1.7:  Historic local tsunami sources (left), and regional – distal sources (right) represented by black 

dots; Scheele (2016). .............................................................................................................................................................29

Figure 1.8: Expected maximum tsunami height (m) at 2,500 year return period, shown at the 84th 

percentile of epistemic uncertainty (a) and expected wave heights (m) by recurrence interval for 

Christchurch (b), (Power, 2013). ......................................................................................................................................30

Figure 1.9: Comparison of 1960 Chilean tsunami wave height propagation model (left) and equivalent Peru 

scenario (right) illustrating the effect that directivity and great circle routes can have on maximum wave 

heights in New Zealand (Power, 2013)...........................................................................................................................30

Figure 1.10: Modelled tsunami inundation depths (left) and flow speeds (right) for a 2,500 ARI Peru 

subduction zone event in Christchurch (Lane, et al., 2017b) ..................................................................................31

Figure 2.1: Tsunami inundation in Coquimbo for the 2015 Illapel tsunami, Chile (a), and in Miyagi and Iwate 

Prefectures for the 2011 Tōhoku Tsunami, Japan (b), © OpenStreetMap contributors 2015. Distributed 

under a Creative Commons BY-SA License....................................................................................................................56

Figure 2.2: Tsunami inundation, road damage level and culvert locations in Coquimbo, Chile following the 

2015 Illapel Earthquake and Tsunami, © OpenStreetMap contributors 2015. Distributed under a 

Creative Commons BY-SA License. ...................................................................................................................................60

Figure 2.3: Total length (a) and proportion (b) of exposed roads, by inundation depth, for the 2015 Illapel 

Earthquake and Tsunami.....................................................................................................................................................60

Figure 2.4: Tsunami inundation and road damage in Ishinomaki, from the 2011 Tōhoku Earthquake and 

Tsunami, Japan. Road-impact data modified from MLIT, 2012, © OpenStreetMap contributors 2015. 

Distributed under a Creative Commons BY-SA License. ...........................................................................................61

Figure 2.5: Total length (a) and proportion (b) of exposed roads and number (c) and proportion (d) of 

exposed bridges, by inundation depth, in Miyagi and Iwate Prefectures for the 2011 Tōhoku Earthquake 

and Tsunami.............................................................................................................................................................................61



xvii

Figure 2.6: Damage states for inundated bridges in Ishinomaki, Japan, for the 2011 Tōhoku Earthquake and 

Tsunami. Bridge impact data modified from MLIT, 2012. © OpenStreetMap contributors 2015. 

Distributed under a Creative Commons BY-SA License. ...........................................................................................63

Figure 2.7: Number (a) and proportion (b) of road sections with or without a culvert, by damage level, for 

the 2015 Illapel Earthquake and Tsunami. Note: DL0 had a count of 573 road sections (too many to 

represent in Figure 2.7a), with five having a culvert..................................................................................................64

Figure 2.8: Total length (a) and proportion (b) of exposed roads, by distance from the coastline (as a proxy 

for inundation energy), for the 2015 Illapel Earthquake and Tsunami...............................................................64

Figure 2.9: Service levels associated with debris on roads in Coquimbo following the 2015 Illapel 

Earthquake and Tsunami, Chile, © OpenStreetMap contributors 2015. Distributed under a Creative 

Commons BY-SA License......................................................................................................................................................66

Figure 2.10: Total length (a) and proportion (b) of exposed roads, considering levels of service, by distance 

from the landward inundation extent, for the 2015 Illapel Earthquake and Tsunami. Note SLU is not 

considered in analysis...........................................................................................................................................................66

Figure 2.11: Coastal topographic settings for inundated roads in Miyagi and Iwate Prefectures for the 2011 

Tōhoku Tsunami, Japan. Note: all roads North of Ishinomaki are Coastal Valleys; all roads South of Sendai 

are Coastal Plains. Road data modified from MLIT, 2012 and © OpenStreetMap contributors 2015. 

Distributed under a Creative Commons BY-SA License. Japan topographic imagery sourced from ESRI 

contributors, 2019a, Tōhoku regional satellite imagery sourced from ESRI contributors, 2019b ............67

Figure 2.12: Total length (a) and proportion (b) of exposed roads in a coastal valley topographic setting and 

total length (c) and proportion (d) of exposed roads in a coastal plain topographic setting, by inundation 

depth, for the 2011 Tōhoku Earthquake and Tsunami..............................................................................................67

Figure 2.13: Fragility functions for mixed construction roads (a) for the 2011 Tōhoku Earthquake and 

Tsunami, Japan and for mixed construction roads (b) for the 2015 Illapel Earthquake and Tsunami, Chile

......................................................................................................................................................................................................71

Figure 2.14: Fragility function for mixed construction road bridges for the 2011 Tōhoku Earthquake and 

Tsunami, Japan........................................................................................................................................................................71

Figure 2.15: Total road damage probability and increased total road damage probability with the presence 

of a culvert ................................................................................................................................................................................72

Figure 2.16: Linear best fit probability of reaching or exceeding a given damage level, by distance from 

coastline (as a proxy for inundation energy), for the 2015 Illapel Tsunami, Coquimbo, Chile....................72

Figure 2.17:  Cumulative probability plot of road service levels compared with a distance from the inland 

extent of tsunami inundation (as an indication of debris density sorting) for the 2015 Illapel Tsunami, 

Coquimbo, Chile. .....................................................................................................................................................................73



xviii

Figure 2.18: Fragility functions for inundated State Roads (a), Main Local Roads (b), General Prefectural 

Roads (c), Municipalities Roads (d) and Lowest Class Roads (e) (as an indicator of construction type and 

materials) in Miyagi and Iwate prefectures following the 2011 Tōhoku Earthquake and Tsunami, Japan.

......................................................................................................................................................................................................74

Figure 2.19: Fragility functions for roads on coastal plains (a) and coastal valleys (b) for the 2011 Tōhoku 

Earthquake and Tsunami, Japan........................................................................................................................................75

Figure 2.20: Fragility functions for State Roads on coastal plains (a) and coastal valleys (b), and for Main 

Local Roads on coastal plains (c) and coastal valleys (d) for the 2011 Tōhoku Earthquake and Tsunami, 

Japan ...........................................................................................................................................................................................76

Figure 3.1: Location of Palu and epicentre of the 2018 Sulawesi earthquake (left) and study area at the 

southern end of Palu Bay (right). (ESRI contributors, 2020). .................................................................................91

Figure 3.2: Example of the defined run-up limit and placement of synthesised 0 m inundation depth points 

using satellite imagery taken 02/10/2018 (Digital Globe Contributors, 2020)...............................................94

Figure 3.3: Water surface interpolations of the measured tsunami inundation depths from (Paulik et al. 

2019) and synthesised depths at the inundation extent limit. Satellite imagery: (Digital Globe 

Contributors, 2020). ..............................................................................................................................................................95

Figure 3.4: Correlation of observed inundation data and natural neighbour (a), spline (b) and kriging (c) 

interpolation methods. .........................................................................................................................................................95

Figure 3.5: Comparison of field observations (a) and pre-event observations (b) using Google Earth Pro 

‘street view’ imagery in Talise, Palu City, highlighting an example of utility pole assetts that were not 

observed in the field (red boxes). (Google contributors, 2020b)...........................................................................96

Figure 3.6: Damage levels for roads and utility poles exposed to the 2018 Sulawesi Tsunami including field 

observations and remote sensing. Satellite imagery: (Digital Globe Contributors, 2020). ...........................98

Figure 3.7: Histograms of the distribution of damage level for the total dataset of (a) roads and (b) utility 

poles. Each inundation depth defined as the median value within a range that includes approximately 2 

km of roads or 50 utility poles. ..........................................................................................................................................98

Figure 3.8: Tsunami fragility functions for mixed road attributes (a), asphalt (b) and concrete (c) 

construction roads, and collector (d) and local (e) capacity roads. ................................................................... 101

Figure 3.9: Tsunami fragility functions for mixed utility pole attributes (a), concrete (b) and steel (c) 

construction utility poles, and steel < 5 m (d) and steel > 5 m (e) in height utility poles........................... 102

Figure 4.1: Study area map showing Christchurch’s eastern suburbs. Base map source: University of Otago 

– National School of Surveying........................................................................................................................................ 122

Figure 4.2 : Methodological framework for the tsunami impact assessment used in this study. Shaded boxes 

indicate direct contributions from this thesis. .......................................................................................................... 124



xix

Figure 4.3: Tsunami hazard model (adapted from Lane et al., 2017) and exposure of  (a) roads (LINZ 

contributors, 2020; OpenStreetMap contributors, 2020) and (b) Orion electricity network components.

................................................................................................................................................................................................... 125

Figure 4.4: Culvert locations, distance from a coastline and topographic classifications used for 

Christchurch roads in vulnerability model and damage probability modification/application............... 126

Figure 4.5: Visualisation of method used for assessing road access and disruption (example displayed for 

Ferrymead, Christchurch) ................................................................................................................................................ 129

Figure 4.6: Deterministic tsunami damage scenario results (one realisation of the random variable) for road 

network components in Christchurch, New Zealand, used for subsequent service outage and restoration 

models. .................................................................................................................................................................................... 131

Figure 4.7: Deterministic tsunami damage scenario results (one realisation of the random variable) for 

electricity network components in Christchurch, New Zealand, used for subsequent service outage and 

restoration models. ............................................................................................................................................................. 132

Figure 4.8: Road access (a) and disruption (b) levels estimated for Christchurch, New Zealand, immediately 

following the case study tsunami scenario................................................................................................................. 133

Figure 4.9: Time to restore response-based access routes for a) one primary route, b) at least two primary

routes, and c) all primary routes.................................................................................................................................... 134

Figure 5.1: New Zealand Risk Management Framework (AS/NZS, 2009)............................................................ 151

Figure A.1: Locations of a) the Illapel earthquake epicentre, b) Coquimbo survey area and focused survey 

areas c) Coquimbo Port d) Baquedano and e) Avenida Costanera coastal esplanade................................. 165

Figure A.2: Tsunami inundation depths measured in the Coquimbo survey area............................................. 169

Figure A.3: Surveyed building locations and damage levels...................................................................................... 171

Figure A.4: Low-rise masonry buildings sustaining a) partial but unrepairable damage (DL2) from external 

wall collapse and column breakage and b) partial but repairable damage (DL1) from first storey 

inundation, indicated by watermarks present on the building exterior........................................................... 171

Figure A.5: Surveyed infrastructure component locations and damage levels surveyed for a) transport, b) 

energy, and c) water networks, d) coastal protection structures. ...................................................................... 174

Figure A.6: a) Avenida Costenera road embankment and surface damage caused by culvert and seawall 

failure, b) railway track warping and displacement, c) utility pole failure from debris impact, d) utility 

pole failure due to seawall failure and scouring, e) pump station well exposed by superstructure removal, 

f) seawall collapse causing pathway and road embankment damage on Avenida Costanera, with 

temporary fill to support transport service................................................................................................................ 175

Figure B.1: The epicentre (red star) and relocated aftershocks (blue circles) of the 2018 Sulawesi 

earthquake. The focal mechanism beachball is from the global CMT solution. Major tectonic structures 

and faults in the area are also indicated (red lines) ................................................................................................ 183



xx

Figure B.2: Map showing reference locations and village boundaries for the Palu City survey area (imagery: 

DigitalGlobe 2018) .............................................................................................................................................................. 184

Figure B.3: Tsunami run-up heights above mean sea level for tsunami flow depth measurement locations 

(a), measured tsunami flow depths above ground level (b), spatial distribution of tsunami flow depths 

measured in Palu City (c).................................................................................................................................................. 187

Figure B.4: Distribution of tsunami flow depths above ground level measured at 371 building sites in Palu 

City............................................................................................................................................................................................ 188

Figure B.5: ‘Non-engineered light timber construction frame’ buildings washed away from foundations (a), 

‘punchout’ of in-filled clay brick external walls aligned parallel to shoreline (b), failure of concrete column 

and external walls causing loss of roof frame support (c), damage to window openings (d)................... 190

Figure B.6: Surveyed road and utility pole location and damage levels in Palu City. Tsunami affected roads 

are marked at the centroid of each surveyed feature (imagery: DigitalGlobe, 2018).................................. 192

Figure B.7:Damaged culvert beneath a washed-out road surface (a), undermining of subgrade material and 

collapse of asphalt road surface (b), displaced concrete road surface slab (c) and peeling of asphalt road 

surface (d). ............................................................................................................................................................................. 193

Figure B.8: Scour of base materials around undamaged signage pole foundations (a), tilted steel power pole 

(b), reinforced concrete utility pole snapped at base (c) and reinforced concrete power pole scoured from 

base material and washed away (d).............................................................................................................................. 194

Figure B.9: Seawall damage from both earthquake at Port of Donggala (a), where seawalls have ‘slumped’, 

and tsunami at Port of Pantaloan (b), where sea wall panels have been ‘punched out’ from the remaining 

support columns. ................................................................................................................................................................. 195

Figure B.10: Non-structural tsunami damage to first-storey openings (i.e. doors and windows) at the Port 

of Pantaloan ferry terminal building. Measured flow depth above first finished floor level was 0.8 m.196

Figure C.1: Road impacts in Ishinomaki, from the 2011 Tōhoku Tsunami. Road-impact data modified from 

(MLIT, 2012; OpenStreetMap contributors, 2020). Distributed under a Creative Commons BY-SA License. 

Graphs modified from (Williams, et al., 2019a). ....................................................................................................... 208

Figure C.2: Coastal topographic settings for inundated roads for the 2011 Tōhoku Tsunami. Note: all roads 

North of Ishinomaki are Coastal Valleys; all roads South of Sendai are Coastal Plains. Road data modified 

from [12] and [14]. Distributed under a Creative Commons BY-SA License. Japan topographic imagery 

sourced from (ESRI contributors, 2020), Tōhoku regional satellite imagery sourced from (ESRI 

contributors, 2019). Modified from (Williams, et al., 2019a)............................................................................... 209

Figure C.3: Road impacts in Coquimbo for the 2015 Illapel Tsunami, (OpenStreetMap contributors, 2020). 

Distributed under a Creative Commons BY-SA License. Modified from (Williams, et al., 2019a). .......... 210



xxi

Figure C.4: Service levels associated with debris on roads in Coquimbo for the 2015 Illapel 

Tsunami,(OpenStreetMap contributors, 2020). Distributed under a Creative Commons BY-SA License.

Modified from (Williams, et al., 2019a). ...................................................................................................................... 212

Figure C.5: Road and utility pole impacts for the 2018 Sulawesi Tsunami, modified from (Paulik et al., 2019; 

Williams, et al., 2019a)....................................................................................................................................................... 213

Figure C.6: Fragility functions for mixed construction road, bridge, and utility pole assets. Modified from 

(Williams, et al., 2019a)..................................................................................................................................................... 214

Figure C.7: Fragility functions for Tōhoku roads considering use-type and topographic setting. Modified 

from (Williams, et al., 2019a). ......................................................................................................................................... 215

Figure C.8: Results of impact assessment for Christchurch, New Zealand, utility poles and roads for an 

equivalent Mw 9.485 Peru subduction zone tsunami model sourced from (Lane, et al., 2017), 

Christchurch imagery sourced from (ESRI contributors, 2020). ........................................................................ 215



xxii

LIST OF TABLES

Table 1.1:  Tsunamis resulting in casualties in the past two decades......................................................................... 1

Table 1.2: Representative sample from an all-infrastructure tsunami damage matrix of infrastructure 

components (Williams et	al., 2019) ................................................................................................................................... 8

Table 1.3: Available quantitative tsunami vulnerability models for critical infrastructure component 

(adapted from Williams et	al., 2019). ..............................................................................................................................13

Table 1.4: Historic Christchurch tsunamis, 1868 - 2020 ...............................................................................................29

Table 2.1: MLIT damage classifications for roads and bridges (MLIT, 2012) and field examples of road 

damage levels from the 2015 Illapel Earthquake and Tsunami, Coquimbo, Chile, and equivalent bridge 

examples from the 2018 Sulawesi Earthquake and Tsunami, Indonesia, respectively..................................58

Table 2.2: Classification schema for road service level for the 2015 Illapel Earthquake and Tsunami. Images 

taken as screenshots sourced from Puerto Creativo, 2015......................................................................................65

Table 2.3: Curve parameters for the tsunami fragility functions developed for transportation assets ........68

Table 3.1: Assignment of damage levels to exposed infrastructure assets in Palu City (modified from Paulik 

et	al, 2019). ...............................................................................................................................................................................92

Table 3.2:  Summary of field data collected for tsunami hazard and damaged infrastructure assets in Palu 

City (modified from Paulik et	al. (2019).........................................................................................................................92

Table 3.3: Infrastructure asset damage levels for road surface and use types in Palu City...............................99

Table 3.4: Infrastructure asset damage levels for utility pole types in Palu City. .................................................99

Table 3.5: Summary of tsunami fragility function parameters for roads and utility poles. Pseudo R2 is 

calculated using the McFadden method (McFadden, 1974). ................................................................................ 100

Table 4.1: Review of methodological approaches used in qualitative vulnerability model development for 

natural hazard impact and risk assessment (adapted from Wilson et	al., 2014; Williams et	al., 2019) 119

Table 4.2: Available quantitative tsunami vulnerability models for critical infrastructure components. 

Updated from Williams et	al., (2019). .......................................................................................................................... 120

Table 4.3: Impact assessment input data for Christchurch case study.................................................................. 124

Table 4.4: Tsunami exposure and damage for Christchurch assets in the case study scenario.................... 130

Table 4.5: Limitations and assumptions made in the methods used and their implications for the impact 

scenario in terms of underestimation or overestimation...................................................................................... 136

Table A.1: Damage level descriptions for buildings and infrastructure network components in the 

Coquimbo survey area. ...................................................................................................................................................... 167



xxiii

Table A.2: A summary of tsunami hazard and exposure information collected in Coquimbo from 24th to 

28th September 2015. ....................................................................................................................................................... 168

Table B.1: Assignment of damage levels to tsunami affected structures in Palu City....................................... 185

Table B.2: A summary of information collected for tsunami hazard and damaged structures in Palu City, 

from 13th to 17th November 2018. .............................................................................................................................. 186

Table B.3: A summary of estimated damage levels and measured tsunami flow depths above ground level 

(m) for buildings surveyed in Palu City. ...................................................................................................................... 189

Table B.4: A summary of estimated damage levels and measured tsunami flow depths above first finished 

floor level (m) for buildings surveyed in Palu City. ................................................................................................. 190

Table B.5: Component damage (km) estimated for road surface and use types surveyed in Palu City. .... 192

Table B.6: Electricity network component damage estimated for utility poles and other pole types surveyed 

in Palu City. ............................................................................................................................................................................ 194

Table C.1: Damage classifications for roads, bridges, and utility poles (MLIT, 2012; Paulik et	al., 2019) and 

field examples of road damage levels from the 2015 Illapel Tsunami, Coquimbo, Chile, and equivalent 

bridge examples from the 2018 Sulawesi Tsunami, Indonesia (Modified from Williams, et	al., 2019a).

................................................................................................................................................................................................... 207

Table C.2: Classification schema for road service level for the 2015 Illapel Tsunami, modified from 

(Williams, et	al., 2019a). Images taken as screenshots sourced from (Puerto Creativo, 2015). .............. 211



xxiv

GLOSSARY OF TERMS

Hazard	refers to a process, phenomenon or human activity that may cause loss of life, injury or other health 

impacts, damage to property, economic and social disruption or environmental degradation. Hazards are 

described by their frequency of occurrence and/or intensity. 

Disasters	can occur when a natural hazard such as an earthquake, landslide, tsunami, volcanic eruption 

which has an associated likelihood and intensity, interacts with societal conditions of exposure, 

vulnerability and capacity triggering serious disruption of a community and causing: human, material, 

economic and/or environmental losses and impacts.  

Exposure	 refers to the situation of people, infrastructure, housing, production capacities and other 

tangible human assets located in hazard-prone areas. 

Vulnerability	 can be defined as the conditions determined by physical, social, economic and 

environmental factors or processes which increase the susceptibility of an individual, a community, assets 

or systems to the impacts of hazards. For example, conditions may include demographic composition such 

as income, insurance, age, gender, as well as dependence on resources or services. Vulnerability can be 

reduced by capacities. 

Capacities	are the set of strengths, attributes and resources an individual, household or community may 

have access to, that allow them to resist, cope, and recover from a disaster. These resources may include 

understandable and available information, practised evacuations, and having skills and assets that allow 

self-sufficiency and adaption. 

Risk	is defined as the potential loss of life, injury, or destroyed or damaged assets which could occur to a 

system, society or a community in a specific period, determined probabilistically as a function of hazard, 

exposure, vulnerability and capacity.

Impact	refers to the effects of a hazardous event. Impacts are typically negative but can be positive. In the 

context of disaster risk management, impact refers to what might happen to people and/or assets during 

an event.

Preparedness	 involves building knowledge and capacities to manage disasters. It can be achieved or 

facilitated by governments, communities, individuals, and organisations. To facilitate preparedness 

strategies, knowledge of the risk is required. Preparedness activities can be linked to the development of 

early warning systems, stockpiling supplies, contingency plans, and education and training.

Resilience	 is the ability of a system, community or society exposed to hazards to resist, absorb, 

accommodate, adapt to, transform and recover from the effects of a hazard in a timely and efficient manner, 

including through the preservation and restoration of its essential basic structures and functions through 

risk management.
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Residual	 Risk	 is the risk that remains after risk treatment has been applied to reduce the potential 

consequences.

Risk	Perception	 is a personal assessment of the consequences that may be caused by a hazard. Risk 

perception is largely influenced by psychological, cultural, and social aspects.

Critical	 infrastructure is defined here as infrastructure so vital that its incapacitation or destruction 

would have a debilitating impact on defence or economic security. In some countries, critical infrastructure 

may also be referred to as critical utilities or lifelines.	

Interdependence:	Relationship between infrastructure types characterised by one’s need for supply from 

another for their service to function. 

Mitigation:	The pre-event, asset-related, steps of a utility to reduce or eliminate supply outages. 
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1. INTRODUCTION

1.1 Research	Context

Despite global efforts to mitigate or reduce the impacts of disasters (UNISDR, 2015), the last two decades 

have seen geophysical and climate related disasters causing 1.3 million deaths, 4.4 billion cases of injury, 

homelessness, displacement or need for emergency assistance, and a direct economic loss of US$2.91 

trillion (CRED & UNISDR, 2018). Over half (56%) of disaster related deaths were attributed to earthquake 

and tsunami events alone (CRED & UNISDR, 2018). Tsunamis are a series of waves generated by large area 

sea floor disturbances (commonly associated with a fault rupture) that vertically displace a water column. 

Given their long deep-water wavelengths, tsunamis generally become hazardous only upon interacting 

with a coast, where the wavelengths shorten, and the amplitudes increase creating waves that can be highly 

impactful for coastal communities and/or coastal infrastructure (Lovholt et	al., 2019). In the past 100 years, 

more than 300,000 tsunami related casualties have occurred with an average of 4,600 casualties per 

disaster (Table 1.1), the toll has now surpassed any other geophysical hazard (Imamura et	 al., 2019).

Tsunamis have the potential to cause considerable disruptions to society, including damage to buildings 

and infrastructure (Power, 2013). Critical infrastructure, including energy, transportation, water and 

telecommunication networks, are crucial to the everyday operation of society (e.g. habitability, 

accessibility, communication), as well as for the efficiency of post-disaster response and recovery efforts 

(Birkmann et	al., 2016; Frangopol & Bocchini, 2012; Nakanishi et	al., 2014; Saatcioglu, 2007). Access to 

impacted populations, the provision of aid and repair works to other dependant infrastructure networks 

are delayed by tsunami damage (Scheele et	 al., 2020). Tsunami damage to infrastructure has been 

calculated to account for up to 20% of the total economic cost of a tsunami disaster, mostly attributed to 

transport asset impacts (Marchand et	al., 2009). Previous tsunami impact assessments have largely focused 

on casualty estimation and building damage (Charvet et	al., 2017a; Dominey-Howes & Papathoma, 2007; 

Leone et	al., 2011; Reese et	al., 2007; Suppasri, et	al., 2013), leaving a gap in the understanding of tsunami 

impacts on critical infrastructure (Jelínek & Krausmann, 2008; Williams et	al., 2019). 

Table	1.1:		Tsunamis	resulting	in	casualties	in	the	past	two	decades

Location Year Source Casualties Source

Indian Ocean 2004 Earthquake 280,000 (Mulligan & Nadarajah 2011)

Java 2006 Earthquake 600 (USGS 2015)

Solomon Islands 2007 Earthquake 52 (USGS 2015)

Samoa 2009 Earthquake 189 (Okal et	al. 2010)

Chile 2010 Earthquake 525 (Fritz et	al. 2011)

Sumatra 2010 Earthquake 408 (USGS 2015)

Japan 2011 Earthquake 15,891 (Yeh et	al. 2013; USGS 2015)

Solomon Islands 2013 Earthquake 10 (USGS 2015)

Chile 2015 Earthquake 13 (GNM Limited 2015)

Greenland 2017 Landslide 4 (Kokkegård 2017)
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Indonesia 2018 Earthquake 200 (Widiyanto et	al., 2019)

Indonesia 2018 Volcanic eruption 400 (CRED 2018)

Despite widespread consensus amongst scholars, policy-experts and practitioner-experts of the need and 

clear benefits of proactive disaster risk management, it remains predominantly reactive (UNISDR, 2015). 

Tanner & Rentschler (2015) estimates that currently for every $1 spent on disaster risk reduction, $7 are 

spent on disaster relief. Given the importance of critical infrastructure to society, a prudent development 

for tsunami risk assessment is to compile or develop suitable critical infrastructure impact assessment 

tools, specifically vulnerability models and asset inventories, to better inform tsunami risk reduction

(Jelínek & Krausmann, 2008). By developing tsunami impact assessments for critical infrastructure

systems and their components, we can better understand local and global risk to inform proactive steps 

toward tsunami risk reduction.

This thesis develops a suite of tsunami vulnerability models for the transportation and electrical sectors

(Chapters 2 & 3). It also develops and applies a framework for assessing tsunami impacts on critical 

infrastructure (Chapter 4). Tsunami vulnerability models are developed through post-event field survey 

data collection and analysis (Appendix A, B & C, Chapters 2 & 3), and the tsunami impact assessment 

framework is applied in co-creation with relevant stakeholders, for a case study of Christchurch, New

Zealand. This impact assessment (Chapter 4) models the direct damage to roads and electrical sector 

components, and the network outage, disruption and restoration time for roads. The synthesised 

vulnerability models (Chapters 2 & 3) and impact assessment (Chapter 4) all represent the first of their 

kind for empirical tsunami vulnerability assessment and deterministic tsunami impact assessment of 

critical infrastructure.

The content of this introductory chapter serves as a review of relevant literature on disaster risk reduction, 

tsunami risk science and tsunami impact assessment. A conceptual framework for this thesis is provided 

through a review of disaster risk reduction and management (Section 1.2). To contextualise the more 

applied aspects of this thesis, an overview of disaster risk assessment is provided (Section 1.2.2). An 

overview of relevant tsunami risk literature is then provided (Section 1.3) for: tsunami damage styles to 

the physical and built environments (Section 1.3.1); global tsunami risk mitigation (Section 1.3.2); specific 

tsunami impacts on critical infrastructure network components (Section 1.3.3); tsunami impact 

assessment methodology (Section 1.3.4) including previous work and available resources with an emphasis 

on the availability of vulnerability models for infrastructure; and case study background material including 

New Zealand DRR (Section 1.4.1), New Zealand infrastructure resilience (Section 1.4.1.2), New Zealand’s 

tsunami risk context (Section 1.4.3) and tsunami risk management in New Zealand (Section 1.4.4). A 

summary of the reviewed concepts is then provided (Section 0) which subsequently informs the thesis 

objectives (Section 1.6), research methods and thesis structure (Section 1.7).

1.2 Disaster	Risk	Reduction and	Management

Disaster risk reduction (DRR) aims to prevent new, and reduce existing, disaster risk and managing 

residual risk, which sustainable development is contributed to through strengthening resilience (UNDRR, 
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2020a, 2020b; UNISDR, 2015). Resilience is a crucial and compatible component of DRR, as it implies

targeted systems can absorb potentially unexpected shocks and stresses, and adapt to adverse effects. DRR

and disaster risk management (DRM) provide a foundation for managing and reducing disaster risk 

globally (The World Bank & GFDRR, 2012). Many societal sectors rely on disaster risk assessments to both 

understand and disseminate the extent and nature of risk, including emergency management, insurance, 

government, infrastructure groups and the end-users of systems, and inform decisions and strategies that 

ultimately reduce risk from adverse events (The World Bank, 2014, 2015; UNDRR, 2019b). Annual 

economic losses from disasters are rising, even with considerable international uptake in risk reduction

over recent years, from approximately US$50 billion per annum in the 1980s, to over US$200 billion per 

annum since 2010 (Ranghieri & Ishiwatari, 2014; The World Bank, 2014; UNDRR, 2020b). Risk information 

provides a critical foundation for managing disasters. Risk data allows for credible and evidence-based 

decisions to be made around the allocation and prioritisation of risk management initiatives. Risk can be 

expressed qualitatively and/or quantitatively, where it is derived as a combination of likelihood and

consequence (Tanner & Rentschler, 2015; UNDRR, 2020b; UNISDR, 2015). For the purpose of risk 

assessments, risk is typically broken down into three principal components driving disaster risk (UNDRR, 

2019a; UNISDR, 2015): 

Figure	1.1:	Risk	framework,	where	hazard	and	exposure	inform	vulnerability	to	assess	impact	or	risk.

Hazard	– potentially damaging phenomena that may cause loss of life or injury, property damage, 

social and economic disruption, or environmental degradation (UNISDR, 2009). 

Exposure	– People, property, systems, or other elements present in hazard zones that are thereby 

subject to potential losses (UNISDR, 2009). 

Vulnerability	– The characteristics and circumstances of a community, system or asset that make 

it susceptible to the damaging effects of a hazard (UNISDR, 2009). 
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1.2.1 Global	Disaster	Risk	Reduction

Disasters continue to take place, even in nations with comparatively high levels of disaster risk awareness 

and innovative risk management capabilities (UNDRR, 2019a). In the developing world where the 

foundational facilities, technical competencies and computing capacity are often limited, there are 

considerably more challenges (The World Bank, 2010, 2016). The United Nations Office for Disaster Risk 

Reduction (UNDRR, formerly UNISDR), is the DRR focal point for United Nations (UN) member states

(UNDRR, 2019a). The UNDRR coordinates international efforts and facilitates information exchange on 

DRR, and provides support and guidance for member states to implement the Sendai Framework for 

Disaster Risk Reduction (2015-2030) (Sendai Framework). The Sendai Framework, which is the successor 

instrument to the Hyogo Framework for Action 2005-2015, represents the current standard for achieving

a substantial reduction of disaster risk and loss of lives, livelihoods and health and in the economic, 

physical, social, cultural and environmental assets of persons, businesses, communities and countries over 

the next 15 years (UNDRR, 2020a; UNISDR, 2015). The UN’s global ‘Sustainable Development Goals’ and 

the ‘Paris Agreement on Climate Change’ are existing global agenda agreements that also align with the 

Sendai Framework’s targets and priorities to increase resilience and future sustainability (CRED & UNISDR, 

2018). The Sendai Framework outlines seven targets, and four priorities of action to prevent new and 

existing disaster risks. The four priorities of action are (UNISDR, 2015): 

Priority	one:	Understanding disaster risk; 

Priority	two: Strengthening disaster risk governance to manage disaster risk; 

Priority	three: Investing in disaster risk reduction for resilience; 

Priority	four: Enhancing disaster preparedness for effective response and “Build Back Better” in 

recovery, rehabilitation and reconstruction. 

This thesis primarily aligns with the Sendai Framework priority one: understanding disaster risk. It aligns 

with and contributes towards priority one by enhancing the understanding of tsunami disaster risk, 

specifically the vulnerability of, and impacts to, critical infrastructure by developing a set of empirical 

vulnerability models (Chapters 2 and 3) and applying these to an updated framework for tsunami impact 

assessment of critical infrastructure in Christchurch, New Zealand (Chapter 4). The tsunami impact 

assessment (Chapter 4) also aligns with priority four by providing a resource to inform future structural 

and non-structural tsunami mitigation, specifically in Christchurch, New Zealand, but also globally as a 

template for future studies to inform tsunami preparedness and response planning. The UNDRR has 

identified a range of ongoing challenges for DRR and DRM, including risk assessment, data collection, and 

cooperation and partnerships (UNDRR, 2019a), all of which are directly contributed to throughout this 

thesis. The UNDRR states that disaster risk research should focus on the development of methodologies 

and tools for risk assessment and mapping, specifically better loss and vulnerability models are needed for 

all hazards. For data collection, The UNDRR states easy and free sharing of relevant data on all risks, 

disaster events and even near misses should be promoted and facilitated to support learning from past 

events for prevention and mitigation. Lastly, cooperation and partnerships among all stakeholders, 



Chapter 1 – Introduction

5

particularly at the local level, is essential for reducing risks. This includes fostering public–private 

partnerships, and regional and international networks so that they facilitate collaboration or effective risk 

management.

1.2.2 Disaster	Risk	Assessment

Disaster Risk Assessment (DRA) is a process to determine the nature and extent of risk to inform effective 

policies and strategies for DRM (Rovin et	al., 2015; The World Bank, 2016). The process of undertaking risk 

assessment allows for identification, estimation and ranking of risks. This includes potential losses of 

exposed population, property, services, livelihoods and environment, and assessment of their potential 

impacts on society. Risk assessment should be a transparent, scientific process that is independent of 

politics. This allows for repeatability, subsequent additions, and its adaptability when political priorities

change (Rovin et	al., 2015). To adhere to the goals of the Sendai Framework (UNISDR, 2015) DRAs must 

inform decision-making. They can subsequently assess the value and priorities of interventions to reduce 

these assessed impacts (The World Bank, 2016).

DRAs can be either probabilistic, deterministic or be comprised of aspects of both (Power, 2013; 

Rabinovich et	al., 2018; Rovin et	al., 2015). Deterministic scenario-based assessments use hypothetical 

hazard scenarios, based on models or previous events to determine the impact of hazards on the given 

asset(s), (e.g. Wellington Lifelines Group, 2019). These often implement worst-case scenarios and provide 

a definitive impact value (e.g. damaged/not damaged). These assessments are often limited by subjective 

expert opinions resulting in: risk uncertainty; no likelihood of risk/impacts; and focusing on only a single 

scenario (Fraser et	 al., 2014). These limitations can in certain circumstances be addressed with a 

probabilistic approach. Probabilistic risk assessments are used to define the probability of a hazard 

occurring and its associated damage from a range of scenarios, with limited subjective input (e.g. Kong and 

Simonovic, 2019; Park et	al., 2019). To determine the degree of damage that can occur in each scenario, 

vulnerability models, ideally fragility functions, can be incorporated into deterministic and probabilistic 

risk assessment. Fragility functions are empirical probabilistic functions that communicate the probability 

of an asset suffering a given level of damage, at a given hazard intensity (e.g. inundation depth, flow 

velocity), are commonly presented as a series of fragility curves (Horspool and Fraser, 2016; Power, 2013),

and applied during the risk analysis stage of a risk assessment. They are developed through observations 

either in a controlled experimental setting or in the field (e.g. a post-event survey). These functions are also 

helpful during risk evaluation and treatment, as they can define which conditions cause impacts to occur 

and where mitigation strategies may help reduce these impacts, and therefore risk. Fragility functions are 

discussed further in Section 1.3.4.3 and Chapters 2, 3 and 4. A deterministic scenario-based approach is 

taken for this thesis (Chapter 4), using a hypothetical inundation scenario, however it also implements 

probabilistic assessments of asset vulnerability to achieve this. The results of this analysis will yield values 

describing an asset’s probability of incurring damage in the given scenario, the probability of reaching or 

exceeding a deterministic damage level (direct damage) or a level of service (indirect service disruption). 

A more detailed overview of tsunami impact assessment (as a contributor to risk assessment) is provided 

in Section 1.3.4 and in Chapter 4.
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1.3 Tsunami	Risk	Context – An	Overview

To provide context to the core chapters of this thesis, which develop (Chapters 2 & 3) and apply (Chapter 

4) tsunami vulnerability models for critical infrastructure impact assessment, this section reviews the 

relevant concepts of tsunami risk, including tsunami damage characteristics, tsunami risk mitigation, 

critical infrastructure impacts and tsunami impact assessment.

A tsunami is defined as when a series of waves causes sea level to fluctuate more rapidly than a single tidal 

cycle (Horspool and Fraser, 2016; Power, 2013). Tsunamis are usually generated by large-area sea floor 

disturbances that have the capacity to displace the entire water column above, such as an earthquake, 

submarine landslide or volcanic activity (Horspool & Fraser, 2016; Power, 2013). They can also occur from 

large-area displacements on the water surface, such as a meteorite impact or landslide (Power, 2013). The 

speed and height of tsunami waves at a given location depend on the magnitude of the trigger event, the 

distance from source and the directivity of wave approach (Fraser et	al., 2014; Gill et	al., 2015; Horspool & 

Fraser, 2016; Jin & Lin, 2011; Williams et	al., 2019). Tsunami waves can reach a shoreline in seconds to

minutes if the source event is proximal to the coast, or many hours if from a far-field source. Tsunamis can 

be defined by their travel times as either local (< 1 hour), regional (1-3 hours) or far-field/distal (> 3 hours). 

Once a tsunami reaches a coastline the waves slow and their wavelength decreases (see Figure 1.2), and 

the water column will either flow long distances inland (e.g. over low, flat topography), or become relatively 

confined nearer to the coast (e.g. when restricted by steep coastal topography). Due to their infrequent 

nature, tsunamis often catch coastal communities by surprise and have been the cause of many of the worst 

international disasters historically (CRED & UNISDR, 2018; Power, 2013; UNDRR, 2020b). 

Figure	1.2:	Tsunami	terminology:	H	=	tsunami	wave	height;	R	=	run-up	height;	dᵢ	=	inundation	depth (Division on Earth 
and Life Studies et	al., 2011)

1.3.1 Tsunami Damage	Characteristics

Tsunamis cause damage through inundation, hydrodynamic forces, soil instability and debris effects 

(Williams, 2016). Inundation damage is from the water itself, irrespective of any force applied, e.g. shorting 

of electronics and corrosion (Horspool & Fraser, 2016; Power, 2013; Williams, 2016). Hydrodynamic forces 

are defined as the pressures exerted on structures and objects from the weight and flow of water, e.g. 

buoyancy and dragging forces (Power, 2013; Williams, 2016). Soil instability is typically associated with 
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scour and liquefaction, both resulting in the undermining of structures and engineered surfaces (Mas et	al., 

2012; Yeh et	al., 2013). Debris effects are due to the objects entrained within a tsunami flow and range from 

litter, which can affect access, drainage and cause damming, which increases the hydrodynamic forces 

exerted on structures, through to direct debris collision, which can buckle or punch-through assets 

(Horspool & Fraser, 2016; Naito et	al., 2014; Reese et	al., 2011; Williams, 2016).

1.3.2 Global	Tsunami Risk	Mitigation

The treatment of assessed tsunami risk is most effective as an integrated approach, including the use of 

structural and non-structural mitigation (Barnhill, 2020; Carden & Chock, 2017; Ranghieri & Ishiwatari, 

2014; UNDRR, 2019a). Structural mitigations primarily act to reduce the risk of damage to land, property, 

and infrastructure, while non-structural tsunami mitigation includes warning systems and public 

education to reduce the risk. Some key learnings and recommendations on both structural and non-

structural tsunami mitigations came out of the 2011 Tōhoku tsunami, which are summarised in Ranghieri 

and Ishiwatari (2014) and state: structural measures alone cannot prevent tsunami disasters; it is 

important to learn from past disasters and to revise countermeasures accordingly; building design can 

mitigate damage if not prevent it; power failure and other emergency conditions need to be considered in 

structure design; disasters can be prepared for by integrating structural and non-structural measures; 

technical and financial support should be provided for local governments; designs and improvements 

should be considered to enhance the resilience of structures and to prevent sudden and complete failure; 

dike levels should be proactively raised in a phased manner; and reliable operation of key facilities should 

be ensured during emergencies. Globally, the use of impact-based warnings is growing, which use 

impact ‘event tags’ prompting faster risk assessment and protective action. The goal of this process 

is to realign warning messages in terms of societal impact, including disruption to infrastructure utilities 

services, communicate recommended actions more precisely and to distinguish between low-impact and

high-impact events (Casteel, 2018; Morss et	al., 2018; Potter et	al., 2018). For these warning systems to be 

useful, meaningful and credible, they require a prior understanding of the likely impacts. A better 

understanding of tsunami impacts, through credible impact assessments, will allow emergency managers 

to communicate societal impacts more effectively through emergency warning systems and public 

education, further reducing tsunami risk.

1.3.3 Critical	Infrastructure	and	Tsunami	Impacts

This section presents a snapshot of the known tsunami impacts on critical infrastructure through a 

summary of Williams et	al. (2019), which represents the only synthesis of all (at the time of publication)

relevant and available literature containing any degree of infrastructural asset damage and/or tsunami 

hazard intensity relationship information. A synthesised damage matrix, developed from the tsunami 

impact review, provided the first all-infrastructure vulnerability resource for tsunami impact assessment

(Williams et	al.,	2019). The application of this damage matrix in Williams et	al. (2019) represented the only 

example of a comprehensive infrastructure tsunami impact assessment, despite its semi-quantitative 

origin. A representative sample from that damage matrix is presented in Table 1.2.  The full version of this 
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damage matrix (Williams et	al., 2019) also provides a damage potential measure for three broad inundation 

depth categories (< 0.5, 0.5 – 2 and > 2 m), a measure of data quality, representing the nature or frequency 

of empirical observations representing damage in the literature, and a list of source material.

Table	1.2:	Representative	sample	from	an	all-infrastructure	tsunami	damage	matrix	of	infrastructure	components	
(Williams et	al., 2019)

Infrastructure	
Component

Potential	Impacts

Roads
Ponding, debris & sediment coverage, scour of weak base materials, removal of signage and 
markings, ponding, debris strikes, scour of base materials, lifting of carriageway, removal of 
barriers and signage, cracking of pavement, liquefaction of base materials

Bridges

Superficial debris strikes, sediment deposition, scour of footings, corrosion, washout of 
light timber structures, debris and sediment deposition, erosion of adjoining banks, loss of 
signage and markings, side barriers bent or sheared, debris strikes, scour of footings, 
aggradation of waterway, widening of waterway, separation of deck from footings, lateral 
distortion of super structure, separation of girders, washout of superstructure, corrosion,
loss of utilities across bridge

Railways
Scour of ballast, debris and sediment deposition, disruption to signage and lighting, loss of 
signage and lighting, distortion, washout of track

Wharves
Debris strikes, scour of foundations, sediment and debris deposition, debris in waterways, 
aggradation/erosion of seabed, separation of deck slabs from footings, removal of concrete 
blocks, subsidence, collapse, complete washout

Buried cables
Scour at building entry points, scour of backfill, exposure, water infiltration of compromised 
cable housing, ducting & cables across waterways or below bridges severed, ducting & 
cables severed

Utility poles
Debris strikes, scour and liquefaction of foundations, shorting of inundated 
transformers, tilting, shearing, washout

Sub-stations
Shorting of low-lying electrical components, silt coverage, saltwater contamination to 
electrical components & structures, debris and sediment cover, debris strikes, non-
structural collapse to building, washout of some outdoor components, washout

Fuel tanks
Buckling of tank base, lifting of empty or small tanks, scour of foundations, sliding, 
overturning, debris strikes, scour & liquefaction of foundations, floating, impact damage, 
crushing, loss of fuel, fires

Water 
treatment 
facilities

Siltation, erosion of embankments, inundation of machinery, water damage of structure 
interiors, saltwater contamination of filters, pumps & ponds, washout, salt & sewage 
contamination

Closed-System 
Pipes

Siltation, scouring of weak backfill, exposure, utility bridges cracked or severed, pipes 
severed, damage to water meters, scouring and exposure, debris strikes, fracturing, 
blockages, decoupling

Open-System 
Pipes

Sediment infiltration, scour, debris & sediment blockage, collapse of outflows, washout

Transmission
towers

Erosion of base, tilting, debris strikes, water damage of electrical components, buckling of 
monopole structures, collapse of tower, collapse of low-rise supporting buildings, twisting 
of lattice type towers, washout of base stations, washout
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1.3.4 Tsunami	Impact	Assessment

Although damaging tsunamis happen infrequently, they can cause substantial fatalities and property 

damage. Prior to a tsunami, it is difficult to determine the distribution and extent of infrastructure damage. 

To estimate damage and loss, impact assessments can be used, which require each asset to have a measure 

of hazard intensity, exposure, and vulnerability. A commonly adopted impact assessment approach (Figure 

1.3) involves first defining the hazard (hazard scenario model) including the selection of an appropriate 

HIM (hazard intensity measure; e.g. inundation depth). Asset exposure is then defined as the number of 

elements that could be affected by the given hazard, and the level of hazard intensity specific to each asset 

(Emanuelsson et	 al., 2014; Wilson et	 al., 2014). An applicable vulnerability model must also be 

implemented, which defines the probability of a prescribed impact occurring given an asset’s exposure to 

the hazard (Horspool & Fraser, 2016; Kappes et	al., 2012; Power, 2013; Wilson et	al., 2014). Theoretical, 

numerical, and empirical methods are used to develop these, including by systematic assessment of 

infrastructure component and systems damage where previous tsunamis have occurred. 

Figure	1.3 Pre-event	impact	assessment	process	(modified	from GNS	and	NIWA,	2015;	Williams,	2016)

All data used in the development of an impact assessment can be analysed qualitatively, semi-quantitatively 

or quantitatively, however input parameters based on quantitative analyses are generally considered the 

most suitable for physical impact assessments (Koshimura et	 al., 2009). Qualitative assessments are 

descriptive and typically categorise impacts into coarse hazard intensity bands (AS/NZS, 2009; Williams, 

2016). Semi-quantitative assessments use a numerical evaluation of data to rank impacts, while 

quantitative assessments use numerical values to define impacts. Each stage of the assessment process can 

be either deterministic or probabilistic (AS/NZS, 2009). Deterministic assessments focus on a given 

scenario and assume specific values of the parameters required and determine definitive outcomes (e.g. 

inundated/not inundated). Probabilistic assessments allow some or all of those variables (including the 

scenarios) to vary according to defined distributions and in return give the probability of a hazard and 

subsequent impacts (Schmidt et	 al., 2011). Many assessments use a combination of deterministic and 

probabilistic approaches. 

The international tsunami research community has focused largely on tsunami hazard assessment through 

numerical model development, with few examples of a complete tsunami impact assessment. Of those 

which exist, the most reported are post-event empirical impact assessment approaches, using in-field or 
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remote sensing impact observations (e.g. Bell et	al. 2005; Chandrasekar & Ramesh 2007; Ghobarah et	al.

2006; Okal et	al. 2010; Fritz et	al.2011; Reese et	al.2011). Such post–event impact assessments can be used 

to inform response and recovery efforts, develop vulnerability models, and validate existing pre-event 

assessments. Despite being the only truly accurate tsunami impact assessment, in terms of asset 

performance, their limitations may include: requiring substantial surveyor labour hours; subjective impact 

rankings that differ among individual surveyors; incomplete data if using non-census style methods; 

compromised data accuracy with delay of survey after the event; non-definitive hazard origin of impact 

classifications (e.g. earthquake and tsunami events); and infrequency of events thereby limiting the 

applicability of data to other regions (Charvet et	al., 2015; Charvet et	al., 2014; Leone et	al., 2011; Williams

et	al., 2019). There are relatively few published examples of pre-event tsunami impact or risk assessments. 

This is in part due to a lack of applicable parameters, although it is a growing field (Akiyama et	al., 2013; 

Cruz et	al., 2009; Gill et	al., 2015; Horspool & Fraser, 2016; Jin & Lin, 2011; Løvholt et	al., 2014; Pitilakis et	

al., 2016; Wegscheider et	al., 2011; Williams, 2016). As recommended by Koshimura et	al. (2009), statistical 

analysis tends to be the most appropriate approach to widespread tsunami impact modelling given the 

often-limited resources and time post-event. A less common approach for tsunami impact assessments is 

an experimental one, involving the recording of asset performances under various simulated conditions 

based on controlled tsunami forces (e.g. Chen & Melville, 2015). In the absence of empirical data, or to 

supplement what is available, expert elicitation has been used as a justifiable impact assessment (e.g. 

Centre for Advanced Engineering, 1997; Horspool & Fraser, 2016). However, data based on expert 

elicitation captures potential bias/subjectivity, albeit with expert knowledge of the (engineered) system at 

risk.

Assessing tsunami risk accurately requires a comprehensive and multidisciplinary approach. It is a topic 

that holistically integrates a wide range of disciplines, such as geophysics (e.g. seismology, geology and 

faulting), hydrodynamics and flow modelling (e.g. landslide dynamics, volcanology, coastal engineering and 

oceanography), vulnerability and risk assessment (e.g. geography, social sciences, economy, civil and 

structural engineering, mathematical and statistical sciences), in addition to disaster risk management and 

mitigation (UNDRR, 2019a). International tsunami initiatives, including the Global Tsunami Model (GTM), 

IOC (Intergovernmental Oceanographic Commission) Tsunami Programme, IUGG (International Union of 

Geodesy and Geophysics), and Joint Tsunami Programme all have infrastructure-based research goals. 

However, at this stage these initiatives are more hazard-focused and are yet to develop a suite of 

infrastructure-based tsunami vulnerability models for impact assessment (Rabinovich et	al., 2018). Global 

trends in tsunami science are predominantly hazard-based, of which many models exist for potential use 

in impact assessment. The major limitation identified for credible infrastructure impact assessment is in 

the development of vulnerability models.

1.3.4.1 Hazard assessments

Risk and impact assessment require the integration of hazard estimates with exposure data and

vulnerability models (relationships describing the expected impact of several levels of hazard intensities

on different types of exposure). This will establish the likelihood and severity of impacts in terms of

casualties, cost of direct damage or number of damaged structures. Impact assessments estimate the 
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consequences of one or a few scenarios (i.e. using deterministic assessment, which establishes the potential 

impacts of tsunamis at one or more sites). Risk assessments include a frequency component, derived from 

the hazard, to describe the expected severity of an event within a defined time frame (e.g. the amount of 

loss expected to be exceeded once on average in, for example, a 50-year period), or with a given annual 

probability of occurrence (UNDRR, 2019a). The use of probabilistic models for tsunami hazard analysis 

started in the early 2000s. A range of applications followed, from local to regional to global scales. A great 

deal of uncertainty is involved in tsunami hazard modelling, especially in the low probability region of 

hazard curves, which is where the most extreme consequences are expected. Traditionally, probabilistic 

tsunami hazard assessments have covered intermediate to large regions, providing quantitative estimates

of maximum tsunami height in deep coastal waters. However, as tsunami damage is caused primarily by

the flow onshore where assets and populations are located, additional effort is required to characterise

tsunami hazard intensities in those areas. Several measures of tsunami intensity have been suggested,

while it may not provide optimal accuracy, flow depth is the quantity that is the most frequently used 

tsunami hazard intensity measure. The reason for this is that most building damage observations and 

probability assessments of tsunami mortality risk present vulnerability as a function of flow depth as the 

sole damage indicator. Flow depth is also the most readily observed intensity parameter (using water or 

debris marks) at multiple locations once tsunami water has receded. Tsunami hazard is expressed in terms 

of different probabilities of exceeding a given tsunami intensity at a given location. This includes maximum 

values of the height of a tsunami in each time frame. A tsunami with a maximum wave height of 20 m is

much less likely than one with a maximum wave height of 5 m. This is because the drivers of tsunamis of 

those scales are rarer – larger earthquakes, landslides or volcanic events, which are less common than 

smaller-scale events. To determine tsunami hazard, probabilistic tsunami hazard assessment methods are 

used to quantify the probability of tsunami losses at a global scale. Due to the complexity of simulating 

onshore inundation for the large numbers of events in a fully probabilistic event set, no studies have been 

carried out with a full range of probabilistic estimates of tsunami impact onshore, and only a few have done

so for selected return periods. Frequently, these scenario-based risk assessments are motivated by the 

need for very detailed simulations for engineering due to disaggregation from probabilistic estimates,

rather than using individual, detailed assessments to project a global understanding of risk. But they are 

indicative of an appetite for detailed and accurate risk information for tsunamis to inform building codes, 

mitigation measures, insurance options and public safety measures (UNDRR, 2019a).

For the most part, tsunami risk research has focused thus far on tsunamis triggered by earthquakes. 

Further work is required to characterise events triggered by landslides, volcanoes, and meteorological 

loading, particularly in the frame of the current move towards understanding the systemic nature of risk 

(UNDRR, 2019a). The understanding of tsunami risk is not yet at the same level as the understanding of the 

hazard. To elevate tsunamis in the context of Priority One of the Sendai Framework “Understanding 

Disaster Risk”, more work is needed to develop a sound probabilistic tsunami risk assessment 

methodological framework that accounts for exposure and vulnerability in more dimensions (UNDRR, 

2019a).
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1.3.4.2 Exposure

Exposure information on relevant assets is also required to quantify tsunami impacts. These can include

people, buildings and, in the case of this thesis, infrastructure assets (Power, 2013; Schmidt et	al., 2011; 

Williams et	al., 2019). There is a spatial-temporal relationship between the elements at risk and the hazard 

magnitude, based on a chosen hazard metric. Compiling infrastructure-specific data can be challenging as 

data may be owned by private organisations, be in inconsistent formats, and in some cases with commercial 

security restrictions (Horspool & Fraser, 2016; Power, 2013; Williams, 2016). Risk can increase with 

changes in exposure, resulting in a compounded risk, as the scale of exposed assets and the application of 

safety standards overtake public investment in risk management strategies (UNDRR, 2019a, 2019b).

1.3.4.3 Vulnerability	Models

Vulnerability models are used in tsunami impact/risk assessment to assess an asset’s susceptibility to being 

impacted (i.e. damage, loss of function) for a given hazard intensity. The development of tsunami 

vulnerability models requires that hazard data and damage statistics be used in parallel, each of which may 

be empirical, analytical (experimental), derived from expert elicitation, or be hybrid-sourced. Three 

vulnerability model approaches are commonly utilised: vulnerability indices; damage matrices; and 

fragility or vulnerability functions (Alam et	 al., 2018; Horspool & Fraser, 2016; Imamura et	 al., 2019; 

Kappes et	al., 2012; Power, 2013; Wilson et	al., 2014), Vulnerability indices, which are typically qualitative, 

represent a component of a system and its ranked susceptibility to impacts (e.g. damage, loss of function). 

They are least commonly associated with physical vulnerability assessment due to poor applicability of 

indices to represent the impacts of a spectrum of hazards (Kappes et	 al., 2012; Wilson et	 al., 2014). 

Alternatively, damage matrices generally define a semi-quantitative or quantitative likelihood of impacts 

at specific hazard intensity classes and can be utilised for large or small datasets, depending on the intended 

application (Horspool & Fraser, 2016; Kappes et	al., 2012; Williams et	al., 2019). Fragility or vulnerability 

functions are empirical curves, each estimating quantitatively the exceedance probability of a specific 

impact level for different asset classes, or of different impact levels for the same asset class, as a function of 

hazard intensity. These quantitative vulnerability models require large statistically valid data sets with 

sufficient hazard intensity data for each impact state, making them applicable for a high-resolution 

deterministic or probabilistic tsunami impact assessment (Horspool & Fraser, 2016; Kircher & Bouabid, 

2014; Koshimura et	al., 2009; Marchand et	al., 2009). However, in the case of critical infrastructure, these 

will typically be specific to local asset standards (in design and operation), limiting their usefulness to 

assess impacts for overseas equivalents (Akiyama et	 al., 2013; Imamura et	 al., 2019; Koshimura et	 al., 

2009). Although this is a growing field, few quantitative vulnerability models exist for critical infrastructure 

that are based on empirical data (Table 1.3) and, of the limited examples, the majority are attributed to a 

single event (Akiyama et	al., 2013; Eguchi et	al., 2013; Hatayama, 2014; Williams et	al., 2019), with a single 

intensity measure. Given this gap in global knowledge, there is a need to develop tsunami vulnerability 

models for critical infrastructure.
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Table	1.3:	Available	quantitative	tsunami	vulnerability	models	for	critical	infrastructure	component (adapted	from	
Williams	et	al.,	2019).

Asset
Input 
Resolution

Output 
Resolution

Hazard Demand 
Parameter

Data type
Tsunami 
Event

Reference

Transport

Bridges

Construction 
type 

4 damage 
states

Inundation depth 
(above base of 
deck)

Post-event 
damage 
survey

Indian 
Ocean, 
2004

(Horspool & 
Fraser, 2016; Shoji 
& Moriyama, 
2007)

Generic
4 damage 
states

Inundation depth
Post-event 
damage 
survey

Tōhoku, 
2011

(Eguchi et	al., 
2013)

Generic
4 damage 
states

Inundation depth 
(above base of 
deck)

Damage 
simulations

Tōhoku, 
2011

(Akiyama et	al., 
2013)

Generic 
4 damage 
states

Inundation depth
Post-event 
damage 
survey

Tōhoku, 
2011

(Horspool & 
Fraser, 2016; 
Williams, 2016)

Generic
2 damage 
levels

Inundation 
depth/distance 
ratio

Post-event 
damage 
survey

Tōhoku 
(Muhari et	al., 
2012)

Roads
Generic and 
Construction 
type 

4 damage 
states

Inundation depth
Post-event 
damage 
survey

Indian
Ocean, 
2004

(Horspool & 
Fraser, 2016; 
Williams, 2016)

Ports

Industry type
5 damage 
states

Inundation depth

Remote 
sensing and 
Post-event 
damage 
survey

Tōhoku 
2011

(Chua et	al., 2020)

Asset type 
2 damage 
levels

Inundation depth
Post-event 
damage 
survey

Tōhoku (Imai et	al., 2017)

General 
2 damage 
levels

Inundation 
velocity

Remote 
sensing

Tōhoku 
(Suppasri et	al., 
2018)

Water

Waste-
water 
Facility 
Buildings

Generic
2 damage 
states

Inundation depth
Post-event 
damage 
survey

Tōhoku, 
2011

(Horspool & 
Fraser, 2016)

Generic
3 damage 
states

Inundation depth
Post-event 
damage 
survey

Tōhoku, 
2011

(Eguchi et	al., 
2013)

Energy

Utility 
Poles

Construction 
type 

3 damage 
states

Inundation depth 
(as a ratio to pole 
height)

Expert 
judgement

N/A
(Horspool & 
Fraser, 2016)

Substations
Indoor/
outdoor

4 damage 
states

Inundation depth
Expert 
judgement

N/A
(Horspool & 
Fraser, 2016)

Fuel 
Storage
Tanks

Generic
2 damage 
states

Inundation depth
Post-event 
damage 
survey

Tōhoku, 
2011

(Hatayama, 2014)

Construction 
type, 
capacity, 
fluid density

3 damage 
types

Inundation depth 
and velocity, 
impact force

Flood failure 
records, 
empirical

N/A
(Basco & Salzano, 
2017)

1.3.4.3.1 Hazard	Intensity	Measures (HIM)

Tsunami-induced damage is very sensitive to inundation depth as a hazard intensity measure (HIM), with 

particular regard to the floor heights of buildings (Graf et	al., 2014; King & Bell, 2006; Marchand et	al., 2009; 

Mas et	al., 2012). Limited damage tends to occur if inundation remains below floor height, with moderate 

to significant damage occurring from depths just above floor height upwards. This is of relevance to 
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infrastructure components housed in buildings (e.g. pump houses and substations) more so than to the 

critical infrastructure networks themselves. This is supposedly a threshold where any degree of inundation

to internal structures, components and equipment, will result in the need for almost complete replacement 

(King & Bell, 2006). Damage levels with such sensitivity rely on the precision of topographic and inundation 

models if an impact assessment is to produce credible outputs. It also means that inundation depth, and by 

association damage, is very dependent of the performance of flood and coastal protective structures (e.g. 

sea walls, stop banks). This is an issue because as these structures become progressively damaged or 

washed away in a tsunami, uninhibited flows occur where they would have otherwise not (e.g. as a coastal 

dune is eroded, tsunami waters are progressively less constrained by it). This can be difficult to predict 

accurately in tsunami hazard modelling, most of which use static topography and do not consider the effect 

of multiple waves (King & Bell, 2006). 

Koshimura et	 al. (2009) recommend not using velocity in the application of vulnerability models, but 

instead to use inundation depth. This is due to velocity models being significantly dependant on grid 

resolution and topographic data, as opposed to empirical depth observations achieved in field surveys. 

However, King and Bell (2006) argued that inundation is also sensitive to inaccuracies in topographic data, 

the assumption of static topography in modelling and the modelling algorithms themselves. Velocity can be 

difficult to quantify post-event, and difficult to measure during a tsunami. However, a study by Fritz et	al.

(2012) measured flow velocity from the 2011 Tōhoku tsunami using survivor videos of the event and Light 

Detection and Ranging (LIDAR) techniques. They determined that flow velocities reached 11 m/s at the 

research location. Remote, empirical techniques like the one presented by Fritz et	al. (2012) could be used 

in future tsunami impact surveys to develop vulnerability models with a flow velocity HIM, thereby 

increasing model credibility. 

Debris impacts are not commonly considered in vulnerability models, and therefore impact models. Reese 

et	al. (2011) acknowledged that without eyewitness reports it is often impossible to know which debris 

objects relate to specific structural damage or collapse post-event. The one example of reviewed literature 

using debris impacts as a measure of vulnerability was Reese et	al. (2011), which apply to buildings in 

Banda Aceh, Indonesia (for the 2004 Indian Ocean Tsunami). The probability of exceeding a given damage 

state for a given water depth is less for a shielded structure (e.g. behind a reinforced masonry building) 

than for a non-shielded structure. Prior to Reese et	al. (2011), the effects of debris on asset vulnerability 

had not been examined quantitatively, due to the complex site-specific and event-specific nature of the 

associated damage. Vulnerability models that do not consider debris, while inaccurate, are still practical for 

the likes of residential areas. Reese et	al. (2011) used a classification system of ‘shielded’ or ‘exposed’ based 

upon the presence of another structure or significant topographic feature on the sea-facing side of the given 

asset. Reese et	al. (2011) recognised this simplistic shielding measure would not accurately portray damage 

associated with a flow direction oblique to the shoreline or retreating flows. The methods do, however, 

address debris impacts, without requiring an unobtainable level of accuracy (i.e. pre-event debris source 

locations and characteristics). The inclusion of methods by Naito et	al. (2014) for debris source dispersal

assessment could be used to determine more accurately the shielded or exposed status of a structure or 

network, to apply a level of vulnerability. These methods are more complex, but provide a more accurate 
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picture of a building's exposure to debris impacts. An issue with the methods used by Naito et	al. (2014), 

however, is that the specific debris source will vary on a day-to-day and even hour-to-hour basis with 

regards to mobile objects (e.g. vehicles, containers and vessels). Only debris sourced from static structures 

(e.g. buildings) are spatially-temporally fixed. This method is also computationally expensive. 

As mentioned previously, impact assessments require a hazard component to assess exposure and 

vulnerability to determine potential impacts. Tsunami hazard characteristics such as inundation depth, 

inundation duration, flow velocity and ponding are applied to exposed assets located within the hazard 

footprint to quantify impact (Power, 2013; RiskScape, 2017). Numerical tsunami models are used to 

quantify these characteristics and can be deterministic (either based on a past event or possible future 

scenario) or probabilistic (hazard characteristics are associated with a frequency of occurrence). The 

quality of these models is dependent on the input data, such as the resolution of local bathymetry and 

topography. 

1.3.4.3.2 Previous	Vulnerability	Models	for	Infrastructure

Of the limited examples of published infrastructure vulnerability curves, the majority are devoted to 

bridges and use inundation depth as a HIM (Akiyama et	al., 2013; Eguchi et	al., 2013; Horspool et	al., 2015; 

Marchand et	al., 2009; NIWA, 2014). Bridge functions by Eguchi et	al. (2013) and Akiyama et	al. (2013) 

were developed for Japanese structures, which makes them applicable to countries with broadly similar 

construction standards. Akiyama et	al. (2013) presented analytical vulnerability curves for three failure 

modes: buoyancy force, wave force, and shear failure of bridge piers. The damage states reported are 

‘slight/none’, ‘moderate’, and ‘extensive/collapse’. NIWA (2014) stated that these are too complex for 

integration into an impact model and that an inundation depth parameter would increase applicability. 

Horspool & Fraser, (2016) used data from Shoji & Moriyama (2007) to develop vulnerability curves for 

bridges of three construction types. Although these vulnerability curves provided a more accurate 

distribution of damage based on the resistance to impacts by various construction types, they are based on

Indonesian and Sri Lankan standards. The HIM for these vulnerability curves is inundation depth with 

respect to height above the base of bridge decks. Eguchi et	al. (2013) also produced vulnerability models 

for bridges, using data from 177 damaged bridges in two Japanese prefectures following the 2011 Tōhoku

earthquake tsunami. These bridge vulnerability models used inundation depth as the HIM, however the 

key factor to truly assess bridge performance is inundation depth above or below bridge deck level.  The 

dataset by Eguchi et	 al. (2013) contained only bridges that suffered some damage and therefore has 

substantial non-coverage of undamaged bridges, making the dataset unrepresentative of all Japanese 

structures exposed to the tsunami. Completing this dataset through remotely sensed observations would 

considerably enhance its suitability for fragility function development.

Fragility functions have also been developed for road tsunami vulnerability. Marchand et	 al. (2009) 

developed vulnerability curves for three types of roads (national, city and neighbourhood) for the 2004 

‘Indian Ocean’ tsunami in Banda Aceh. These vulnerability curves used inundation depth as a HIM due to 

data limitations for other metrics. Marchand et	al. (2009) noted that the relationship between road damage 

and inundation depth is weak, especially by comparison with housing, and suggested scour is the most 
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likely cause of damage. Marchand et	al. (2009) also suggested road orientation to the flow direction or road 

elevation above ground level would be better variables. Marchand et	 al. (2009) indicated that damage 

probability for any types of road below one-metre inundation depth is a linear function of depth, whereas 

damage above this threshold will always have a probability of 100%. Similarly, for bridges, the transition 

from a linear function of depth to 100% damage probability is approximately 2 m above deck height

(Marchand et	al., 2009). This sensitivity may be representative of Indonesian road construction but is not 

so clear-cut in literature relating to the likes of Japanese roads (Akiyama et	al., 2013; Eguchi et	al., 2013), 

which share similar construction standards to many developed countries. One other infrastructural sector 

with available vulnerability models is electricity. Horspool & Fraser, (2016) have developed these for 

substations and utility poles (timber & concrete) using New Zealand-based expert judgement, given the 

lack of empirical data. For utility poles, vulnerability is defined as a function of inundation depth to pole 

height. Substations are split into interior and exterior facilities. 

1.3.4.4 Damage	Levels	(DL)

Damage levels, which typically align with the prescribed fragility function’s damage exceedance levels, are 

intended to categorise direct damage impacts to assets. Assigning damage levels from the information that 

vulnerability models provide, is useful for emergency services, infrastructure providers and customers to 

inform readiness response and recovery initiatives, by identifying and prioritising risk mitigation solutions 

(Williams et	al., 2019; Williams, 2016), (See Chapters 2 – 4 and Appendix A, B & C for specific damage levels 

relevant to this thesis).

1.3.4.5 Service Levels (SL)

Post-event tsunami surveys commonly record impacts as physical damage states. However, directly after 

an event and during the recovery phase, asset functionality may be a larger issue. As an example, coastal 

road networks are most commonly damaged, or destroyed, either by debris impact or erosion of the 

subgrade material (Eguchi et	al., 2013; Horspool & Fraser & Fraser, 2016; Kawashima & Buckle, 2013; 

Kazama & Noda, 2012; MLIT, 2012; Williams, 2016), and commonly have a reduced functionality due to 

debris litter (Evans & McGhie, 2011).  To consider asset functionality in tsunami impact assessments, 

functionality states could be implemented, in addition to damage states, representing a level of service, 

which includes, but is not limited to, physical damage. Debris litter is a widespread post-event issue and 

can affect the functionality of an otherwise undamaged road. Alternatively, a road may be non-functional 

in the instance where debris covers all routes connected to that stretch of road, thereby making it 

inaccessible. This concept also applies to the infrastructure network components mentioned in the 

previous sections. Infrastructure service levels are arguably more useful, and therefore important, than the 

direct damage levels they are based on (Blake, 2016; Scheele et	al., 2020). 

1.4 Case	Study Context

This section presents an introduction and overview of the New Zealand-based case study presented in 

Chapter 4.
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1.4.1 Disaster	Risk	Management	in	New	Zealand	

As a United Nations member state, the New Zealand Government has ratified the Sendai Framework for 

Disaster Risk Reduction (UNISDR, 2015), which mandates that governments implement the Framework, 

and report implementation progress on disaster risk management. New Zealand is recognised 

internationally for its integrated approach to disaster risk reduction and managing risk through the applied 

effort over the ‘4 Rs’; reduction, readiness, response and recovery  (Barton, 2020; IFRC/UNDP, 2014; Willis, 

2014). In New Zealand, the Sendai Framework provides an agenda to charter research outputs, to enhance 

capabilities and decision-making, and to plan and prepare across the ‘4 Rs’. This approach includes 

coordinated investment and initiatives to: identify, evaluate and reduce disaster risk effects; implement 

community public education awareness and readiness operations; implement early warning systems; and 

develop and apply effective risk management, response and recovery legislation (MCDEM, 2019).

The ‘4 Rs’: 

Reduction - identifying and analysing long-term risks to human life and property from hazards; 

taking steps to eliminate these risks if practicable, and if not, reducing the magnitude of their 

impact and the likelihood of their occurring (NEMA, 2020a). 

Readiness	 - Developing operational systems and capabilities before a civil defence emergency 

happens; including self-help and response programmes for the general public, and specific 

programmes for emergency services, lifeline utilities and other agencies (NEMA, 2020a).

Response - actions taken immediately before, during, or directly after a civil defence emergency 

to save lives and protect property, and to help communities recover (NEMA, 2020a). 

Recovery	- the coordinated efforts and processes to bring about the immediate, medium and long-

term holistic regeneration of a community following a civil defence emergency (NEMA, 2020a). 

The statutory setting driving DRR in New Zealand at a national, regional and local scale is represented by 

the Civil Defence and Emergency Management framework (Figure 1.4). Complimentary to the Sendai 

Framework, Civil Defence and Emergency Management Framework and DRR legislation, sits the National 

Disaster Resilience Strategy - Rautaki ā-Motu Manawaroa Aituā (MCDEM, 2019), which follows both the 

Sendai Framework (UNISDR, 2015) and the CDEM Framework (Figure 1.4; NEMA, 2020b), and adheres to 

a ministerial review of disaster response in New Zealand. The goal of the National Strategy is to take a 

holistic approach to achieving a resilient nation progressively across ten years. The principal goal of the 

National Strategy is to “strengthen the resilience of the nation by managing risks, being ready to respond 

and recover from emergencies, and by empowering and supporting individuals, organisations, and 

communities to act for themselves and others, for the safety and wellbeing of all” (MCDEM, 2019). The three 

main priorities set out in the National Disaster Resilience Strategy are: 

1. Managing risk 

2. Effective response and recovery from emergencies 
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3. Enabling, empowering and supporting community resilience 

In the context of the National Disaster Resilience Strategy, this thesis seeks to contribute to all three 

priorities through identifying societal risk and contributing an infrastructure vulnerability dataset 

(Chapters 2 and 3) and an infrastructure impact assessment model (Chapter 4) that can inform effective 

response and recovery planning and provides a resource for, and recommendations toward, improving 

resilience for the case study of Christchurch, New Zealand, and thereby enabling and supporting 

community resilience. 

Figure	1.4:	The	New	Zealand	Civil	Defence	and	Emergency	Management	Framework	(NEMA, 2020b).	

Governing Legislations in New Zealand disaster risk reduction include the Civil Defence Emergency 

Management Act 2002 (MCDEM, 2002), Resource Management Act 1991 (Ministry for the Environment, 

1997), Building Act 2004 (MBIE, 2017), Local Government and Official Information Meetings Act 1987 

(Department of Internal Affairs, 2014b), and Local Government Act 2002 (Department of Internal Affairs, 

2014a). In New Zealand the organisations, agencies and groups responsible for instigating disaster risk 

management include: the National Emergency Management Agency (NEMA), Ministry for the Environment, 

Ministry for Business Innovation and Employment (MBIE), Department of Conservation (DOC), Earthquake 

Commission (EQC), regional councils, territorial authorities, Crown Research Institutes (CRIs), Universities, 

Civil Defence and Emergency Management (CDEM) groups, National Infrastructure Unit (NIU; within 

Treasury), lifelines utilities groups, banks, insurers, reinsurers, as well as community groups, households 

and individuals (Willis, 2014). Although these agencies and organisations operate within one primary 

capacity, such as emergency response and recovery (e.g. NEMA, EQC, CDEM groups), research (e.g. CRIs, 

universities) or infrastructure provisions (e.g. lifelines utilities groups, NIU), all have roles and 

responsibilities across each of the 4 R’s and particularly in risk reduction (Willis, 2014).
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1.4.1.1 The	New	Zealand	Risk	Management	Framework

In the context of New Zealand DRR, disaster risk assessments follow a standardised national approach. The 

AS/NZ: 31000 Risk Management Framework was developed to provide a systematic and robust approach 

to reducing risk through: risk identification, risk analysis, risk evaluation, and risk treatment (AS/NZS, 

2009). This standardised process facilitates a coordinated approach to DRM across all adopting sectors, 

including local authorities, CDEM Groups, lifelines utilities groups, research institutes, and the private 

sector. The Framework serves as the overarching conceptual framework for this thesis, which aligns with 

best practice in New Zealand emergency management and specifically tsunami risk management. The 

following section outlines each stage of the Risk Management Framework (Figure 1.5).

Figure	1.5:	New	Zealand	Risk	Management	Framework	(AS/NZS,	2009)

Establishing	the Context: this stage sets out the background to any risk management, including which 

risks and whose risks are in scope, what stakeholders are involved, the metric(s) of risk being used,

and the values related to them, who is going to make decisions on the risks and what metrics of risk 

will be used (AS/NZS, 2009). 

Risk	 Identification: consists of identifying all elements of risk, including the potential extent and 

magnitude of hazards and possible social consequences for the population at risk from the hazard 

(AS/NZS, 2009; Rovin et	al., 2015). 

Risk	Analysis: The risk analysis stage of the risk management framework focuses on developing an 

understanding of risks, so they can be compared and ranked in the risk evaluation stage (AS/NZS, 

2009; Rovin et	al., 2015).



Chapter 1 – Introduction

20

Risk	Evaluation:	Risk evaluation compares various risks to determine what actions could be taken to 

reduce impacts and therefore risk (AS/NZS, 2009; Rovin et	al., 2015). 

Risk	Treatment: This involves determining how best to reduce the vulnerability of exposed assets 

and/or the hazard. Impacts, and therefore risk, can be reduced through the application of various

mitigation strategies, developed through the integration of field or laboratory analyses. They include 

land management legislation, relocation of assets, improved construction standards, hazard 

monitoring and societal education (AS/NZS, 2009).

Communication	 and	 Consultation:	 It is crucial to communicate to, and consult with, relevant 

stakeholders throughout the risk assessment process. This is especially important for those (e.g. 

emergency managers and planners) who will have a direct role in the risk treatment stage of the risk 

assessment process, and ensuring that impact and risk assessments are useful and useable for such 

end-users (AS/NZS, 2009). 

Monitoring	and	review:	During the risk assessment process it is crucial to implement up-to-date 

information. Monitoring and review in turn provides a better means by which to evaluate, and 

therefore mitigate, risk (AS/NZS, 2009).

1.4.1.2 Critical	Assessment	of	Disaster	Risk	Management

Although global and national DRM frameworks (Sections 1.2 & 1.4.1) themselves are widely accepted, 

adopted and considered effective in principle, they can be misinterpreted, misrepresented and in some 

cases ineffectively implemented (UNDRR, 2020a; Willis, 2014). The overall DRM framework in NZ is 

generally well defined with few statutory barriers to effective management and  there has been improved 

DRM since the CDEM Act came into effect in 2002 (MCDEM, 2002, 2019; NEMA, 2020a; Willis, 2014). With 

respect to the ‘4 r’s’ New Zealand considered  a strong performer in response and to some extent recovery, 

but more lacking in risk reduction and readiness (Willis, 2014). This section provides a critical overview of 

the strengths and barriers to resilience in NZ DRM and then outlines the key opportunities for improved 

DRM resilience. As noted in Section 1.4.1, there have recently been several major additions to DRM 

frameworks and regulations in New Zealand, including the National Resilience Strategy (MCDEM, 2019), a 

Technical Advisory Group review that provided advice and options on how to deliver better responses to 

natural disasters and other emergencies (New Zealand Government, 2018) and amendments to the 

Resource Management Act (Ministry for the Environment, 1997) on how hazards are assessed and 

disclosed.

1.4.1.2.1 Strengths	in	DRM	resilience	for	New	Zealand

In terms of disaster resilience, New Zealand has several strengths (MCDEM, 2019; Willis, 2014):

 High	 social	 capital	 in	 communities: Risk aware, knowledgeable, passionate, and well-connected 

communities with a strong sense of local identity, environmental belonging and a sense of civic 

duty.



Chapter 1 – Introduction

21

 Small	and developed	nation:Well connected, uncomplicated, and agile country with comprehensive 

health, education and social welfare systems.

 Strong	cultural	identity: New Zealand is a culturally a ‘super-diverse’ country, affording an array of 

benefits (economic and social), and expanded knowledge/experience. This includes the unique 

relationship between Māori and the Crown, provided through the Treaty of Waitangi. 

 High-performing	and	relatively	stable	economy. 

 High	 insurance	 penetration	 of	 residential	 property: New Zealand’s residential insurance 

penetration is 98%, meaning re-insurance covers a large proportion of the economic cost of 

disasters. 

 Stable	political	system: This includes low levels of corruption, and freedom of speech.

 Diverse	policy	for	DRM: (Section 1.4.1).

 Effective	national	security	coordination	system:  An all-hazards approach is taken, with authority at 

political, executive, and operational levels.

 Consortia	of	agencies	responsible	for	DRM: local authorities, emergency services, lifeline utilities, 

and social welfare agencies (government and non-government) form CDEM Groups that 

coordinate across agencies that guide emergency management in their regions.

 Engaged,	 networked	 and	 funded	 research	 community: There are several research platforms 

specifically targeting the advancement of knowledge and understanding in DRM and resilience. 

Researchers, policy makers and practitioners share strong and strengthening networks. Increasing 

levels of stakeholder engagement and co-creation approaches to DRM research strengthens 

resilience awareness, knowledge and uptake.

 Emergency	management	experience: Recent experiences with global, national and local scale events 

have brought hard lessons but also an improved awareness, knowledge, and willingness to act.

In terms of specific DRM strengths (MCDEM, 2019; Willis, 2014): 

 A	focused	national	framework	with	specific	roles	legislated	for	and	a	policy	framework	around	which	

to	shape	activity.

 National	provisions	in	place	to	manage	emergencies.

 National	body	with	(theoretically)	overall responsibility	across	the	framework.

 Acceptance	that	many	risk	reduction	decisions	are	best	made	at	a	local	level.

 Both	national	and	regional	CDEM	planning	and	co-ordination	mechanisms	mandated	in	statute	and	

subordinate	legislation (MCDEM, 2002).

 Funding	and	research	capability	in	the	natural	hazards	space.
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 Broad	and	specific	powers	accessible	under	joint	legislation	for	applicable	agencies	to	take	action.	

1.4.1.2.2 Barriers	and	challenges	for	DRM	resilience	in	New	Zealand	

While New Zealand DRM frameworks are considered world-leading in many regards (UNDRR, 2019a), 

there are still several and quite notable barriers to disaster resilience in the current guise (MCDEM, 2019; 

NEMA, 2020a; Willis, 2014):

Regional CDEM coordination, and most of the risk reduction activity, relies on local authorities but 

(MCDEM, 2015b, 2019; Willis, 2014): 

 National risk reduction leadership is dispersed across a number of agencies and, as a result, is often 

unclear and not as effective as is might be. Operations of local authorities are similarly often 

dispersed across multiple disciplines across multiple organisations. The success of CDEM groups 

is reliant on having skilled and motivated individuals in the right role.

 Although mandatory, CDEM is only one of numerous roles of local government and often assumes 

a lower priority respect to more pressing issues. 

 There is considerable variability local government sector capacity. This can limit the ability of the 

authority to engage across all council functions relevant to risk reduction (although this 

investment is growing in many regions). 

 While the Lifelines groups promote enhanced understanding and planning for DRM, 

implementation relies on the individual companies’ discretions. There is general consensus on 

required responses but not necessarily any action. 

 There are specific legislative gaps, particularly around some hazards not being considered hazards 

for some legislation; or the Building Act (MBIE, 2017) not directly addressing any issues associated 

with the built upon land.

 Low levels of monitoring of DRM outcomes, including the effectiveness of risk reduction measures 

taken by DRM agencies. 

 The context within DRM continues to change, but is not always taken into account (e.g. climate-

change risk is not adequately accounted for disaster risk assessments and decisions).

 There is no consistency in making risk management decisions. Risk assessment methodologies 

vary, there are no official standards of acceptable or unacceptable risk and there is relatively low 

levels of quantified risk assessment, which may be dispersed across a range of agencies. 

While there is nothing stopping local authorities acting in a DRM capacity, there are practical, political and 

financial reasons why available risk reduction tools may not be used. Specific recovery legislation has been 

used (and has been required) to provide a focusing and ‘enabling’ effect – as existing tools and structures 

have been found to be insufficient.
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Risk reduction through disaster risk mitigation functions under the RMA (Ministry for the Environment, 

1997) is challenging due to: 

 The	social	barriers	of	property	rights	and	property	values: Fundamentally, avoiding or mitigating 

risk associated with natural hazards under the RMA means, controversially, interfering with 

people’s property rights and potentially impacting property values

 A lack of integration with broader CDEM risk reduction activity; and an absence of collective 

agreement on ‘best practice.’ 

These weaknesses can manifest as: Decisions that increase the risk associated with a hazard beyond the 

‘acceptable’ level; not reducing risk when there is an ability to do so and; land-use decisions unfounded in 

informed risk assessment (Ministry for the Environment, 1997; Willis, 2014). It is possible in this context 

that risk is likely to be increasing as land-use changes despite the RMA. While the controls and tools are 

available (MBIE, 2017a; Ministry for the Environment, 1997 etc.) it is not clear that they are being always 

implemented to actually reduce risk. 

1.4.1.2.3 Opportunities	for	resilience	in	DRM

As well as strengths and barriers, it is also prudent to consider the opportunities for improving the DRM 

framework in New Zealand. The opportunities identified in the National Disaster Resilience Strategy 

(MCDEM, 2019), and supported by a number of other sources (MCDEM, 2015a, 2015b; NEMA, 2020a; 

Willis, 2014) are:

 The introduction of the Sendai Framework, Sustainable Development Goals, and Paris Agreement 

for Climate Change brings an additional incentive and drive for action, as well as practical 

recommendations that can be implement. They also support improved integration, collaboration, 

and a co-creation approach.

 The current government has a strong focus on integrating wellbeing and improving living 

standards. These concepts are now being re-introduced to the Local Government Act as a key role. 

These priorities are entirely harmonious with DRM, allowing conversation with both levels of 

government to improve around the protection and enhancement of living standards through a 

disaster risk and resilience lens.

 It has only been a recent push to look at best resilience practice and appropriately investing in 

resilience. There are opportunities to ensure that investments provide multiple benefits or meet 

multiple needs, and are the best use resources. This approach would also support better business 

cases, which are also better positioned for resilience and convincing decision-makers of potential 

returns on investment.

 As a small agile nation, New Zealand excels in, innovative, motivated, and informed approaches to 

resilience and can continue to be world-leading driver in global DRM and resilience approaches.
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 Advances in technology and communication is a driver of individual, organisational and 

governmental change in New Zealand and globally.  Organisations and groups that can anticipate 

and harness changing social uses of technology for meaningful engagement with societal 

challenges have the opportunity to improve resilience in the future.

 Local organisations and grassroots engagement is an important component. This is driven, in part, 

by shifts in technology and communication that give local groups more influence and lower their 

costs for organising and accessing funding, but also the rising power of populations in driving 

actions and outcomes.

 Populations currently under the age of 30 will be a dominant force in the coming two decades –

both virtually, in terms of their levels of online engagement, and physically, by being a critical 

source of activity. Younger generations possess significant energy and global perspectives that 

must be harnessed for positive change, including in the DRM space.

 The role of culture as a major driver in society needs to be better understood across leadership at 

all sectorial levels. Culture can play a significant role (both positive and negative – if it is not 

handled sensitively), and is therefore a driving force with which stakeholders should prepare to 

constructively engage.

 High levels of trust across organisations, sectors and generations will become increasingly 

important. This trust will require more than just the existence of regulations and incentives that 

encourage compliance. Organisations that build trust among stakeholders will thrive in establish

more resilient practices.

 The challenges associated with DRM should not sit solely in the domain of government. A more 

collective approach is required to consider innovative approaches to managing and reducing risk. 

This requires active participation on the part of the private sector, and transparency, openness, 

and responsiveness on the part of politicians and public officials.

 Further effort is required to ensure that efforts towards societal challenges are appropriately 

measuring impact. These mechanisms should be technology-enabled, challenge-specific and 

transparent.

In consideration of the strengths, barriers and opportunities for disaster risk resilience (Sections 1.4.1.2.1, 

1.4.1.2.2 and 1.4.1.2.3), the National Disaster Resilience Strategy (MCDEM, 2019) NEMA have identified 3 

key priority areas moving forward: Managing risks; effective response to and from emergencies and; 

enabling, empowering and supporting community resilience. These concepts are explained in more detail 

below. 

Managing risks is about identifying and monitoring risks to wellbeing, taking action to reduce existing 

levels of risk, minimising the amount of new risk and ensuring information and tools are available to make 

informed decisions about resilience. By Identifying and understanding risk scenarios, and using scientific, 

indigenous, and local knowledge, risks can be aggregated and viewed at a national or sub-national level. 
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The aggregated risks can then inform risk assessment efforts of others’ knowledge on decision-making. 

(MCDEM, 2019). Building risk awareness, risk literacy, and risk management capability can be used to 

inform more inclusive conversations on the acceptability of risk, and better decisions on risk management 

options in a way that is understandable and judged effective by the public. Addressing gaps in risk reduction 

policy will inform national conversations on how to approach high-hazard areas (MCDEM, 2019). Ensuring

development and investment practices are risk-aware and taking action to not create any additional risk 

would place communities in a position to accept and value having resilience as key goal for all development. 

This could mean developers aim to exceed required standards for new development (MCDEM, 2019). 

Lastly, if the economic impact of disaster and disruption and the need for investment in resilience is 

understood, then financial mechanisms that support resilience activities can be developed which improve

the understanding of disaster and disruption losses. This could mean there is a clear mix of funding and 

incentives in place to advance New Zealand’s disaster risk management priorities and build resilience to 

disasters (MCDEM, 2019).

The next priority area is Effective Response to and from Emergencies. Disaster response and recovery is 

arguably the toughest challenge a society will face. Disasters are when communities are most at risk and 

when there is the greatest threat to property, assets, and economic wellbeing. The shortcomings in the Civil 

Defence and Emergency Management Act (MCDEM, 2002), to this effect, have been highlighted in a recent 

regulatory impact statement (MCDEM, 2015b, 2015a). Firstly, if safety and wellbeing of people is the core 

of emergency management systems, then trust and confidence in these systems can be created and 

strengthened. This would mean that in emergencies, the safety, needs, and wellbeing of affected people are 

the highest priority (MCDEM, 2019). By building the relationships between emergency management 

organisations and iwi/groups representing Māori and ensuring greater recognition, understanding, and 

integration of iwi/Māori perspectives and tikanga in emergency management, then good collaboration and

coordination between iwi and emergency management agencies can be ensured. This would mean Iwi are 

represented and providing advice on governance and planning (MCDEM, 2019). By strengthening the 

national leadership of the emergency management system to provide clearer direction and more consistent 

response to and recovery from emergencies, then more directive leadership of the emergency management 

system can occur. Updated incident management guidelines would provide clarity about roles and 

functions, and are used by all agencies to manage all events. At a regional level, this could mean shared 

service arrangements are clear about local and regional roles and resources. This would empower 

communities, to respond and recover as they see fit, while having connections into the support and 

resources of official channels when required (MCDEM, 2019). By building the capability and capacity of the 

emergency management workforce for response and recovery, then Controllers, Recovery Managers and 

Incident Managers will have the appropriate training and accreditation. Volunteers would be appropriately 

trained, recognised, and kept safe and the broader emergency management workforce would have

increased competency in matters of diversity and inclusiveness approaches (MCDEM, 2019). Lastly, if the 

information and intelligence system that support decision-making in emergencies is improved, then 

emergency management system stakeholders will have access to the same operational and technical 
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information, providing greater situational awareness for effective decision-making and providing better 

information to the public (MCDEM, 2019).

The third priority area is around enabling, empowering, and supporting community resilience: to that 

effect, preparedness and resilience both rely on identification and strengthening of people, processes, and 

organisations operating within, and for, communities under business as usual (BAU) conditions, before a 

disaster (MCDEM, 2019). Firstly, by enabling and empowering communities to build resilience, with 

particular emphasis on those people and groups disproportionately affected by disasters, then emergency 

preparedness can be made a part of BAU activities. Communities would be able to thrive through crisis and 

adapt to different emergency scenarios (MCDEM, 2019). By also cultivating an environment for social 

connectedness, then communities would be empowered, with new knowledge and methodologies, to 

problem-solve participate in future decision-making (MCDEM, 2019). If a spatially-whole approach to 

resilience is taken, then local government and their partners will have more adaptive strategic objectives 

aimed at building resilience in their respective city/districts, and work collaboratively with a range of 

stakeholders (MCDEM, 2019). By also embedding a strategic, resilience approach to recovery planning, 

then an increased understanding of recovery principles and practices by decision-makers will be developed 

and that readiness for recovery is based on a strong understanding of communities and their desired 

outcomes and values. Recovery would then focus on long-term resilience by linking to the 4 r’s through

actions designed to reduce impacts on communities (MCDEM, 2019).Lastly, by addressing the capacity and 

adequacy of critical infrastructure systems, and upgrading them according to identified risks identified, 

then a more complete understanding of infrastructure vulnerabilities, interdependencies, and impacts on 

society will be established. This would mean there is improved planning capacity for response to and 

recovery from infrastructure failure (MCDEM, 2019).

1.4.2 New	Zealand	Infrastructure	Resilience

The resilience of New Zealand’s infrastructure has been the focus of regional critical infrastructure projects 

since the first work undertaken in Wellington in the 1980s (New Zealand Lifelines Council, 2020). This was 

followed by the Christchurch-based project ‘Risks and Realities’ (Centre for Advanced Engineering, 1997), 

which was credited with driving several seismic mitigation programmes, the benefits of which were 

realised many times over in the Canterbury Earthquake Sequence in 2010/11 (CES; Quigley et	al., 2016). 

New Zealand’s infrastructure networks are designed for varying levels of resilience. Technical resilience is 

inherent in many networks through redundancy (e.g. alternate routes) and robustness (e.g. design codes). 

Billions of dollars have been invested in projects that aim to increase the resilience of nationally significant 

infrastructure, but also for more incremental improvements that occur via renewal and replacement 

programmes using modern materials and design. The Wellington Lifelines Programme Business Case 

(Wellington Lifelines Group, 2019) is the first regional critical infrastructure project to quantify economic 

impacts of infrastructure damage and disruption from a potential future disaster. It also put forward a 

coordinated risk mitigation programme and the final Business Case puts forward a $3.9B programme of 

work with an estimated $6B of benefits to the region in a disaster (New Zealand Lifelines Council, 2020; 

Wellington Lifelines Group, 2019). The New Zealand Lifelines Council subsequently made a 



Chapter 1 – Introduction

27

recommendation for every region in New Zealand to develop and undertake a similar programme business 

case for infrastructure resilience investments. Critical infrastructure in New Zealand operates under a 

variety of business and regulatory models. The CDEM Act 2002 (MCDEM, 2002) is the only over-arching 

legislation for all critical infrastructure sectors; this has a requirement for critical infrastructure to 

“function to the fullest possible extent” following an emergency. Although there are no nationally consistent 

standards for infrastructure resilience in New Zealand, these are defined by each critical infrastructure 

operator, and/or sector regulator (New Zealand Lifelines Council, 2020). There are different funding 

constraints and regulatory regimes both between and within the public and private sectors, and many 

organisations require a commercial return on resilience investment projects. These factors influence the 

level of investment in resilience improvements. 

Within and across infrastructure networks, hotspots and pinchpoints are a way of pinpointing interaction 

sites that could initiate cascading failure. Hotspots are places where several infrastructure assets from 

different networks are co-located and/or interdependent (Horspool & Fraser, 2016; New Zealand Lifelines 

Council, 2017, 2020). Pinchpoints represent single points of failure within an infrastructure network i.e. 

critical assets or utilities within a network where a satisfactory alternative route does not currently exist 

(Birkmann et	al., 2016; New Zealand Lifelines Council, 2020; Ranghieri & Ishiwatari, 2014). However, the 

identification of a pinchpoint or hotspot does not necessarily imply that there is a weakness or vulnerability 

(National Infrastructure Unit, 2013; New Zealand Lifelines Council, 2020). Nationally significant 

infrastructure assets are often where there are single-site pinchpoints in the supply chain which, if they 

failed catastrophically, would cause a considerable loss of service (New Zealand Lifelines Council, 2020). 

These single-site pinchpoints typically relate to key energy and telecommunications sites, ports and 

airports. Other sectors such as road, rail and energy transmission have nationally significant assets which 

are linear pinchpoints (New Zealand Lifelines Council, 2020).  In New Zealand critical community services, 

such as health and emergency services, rely heavily on all infrastructure services to operate. Therefore, 

they typically maintain business continuity arrangements for backup services based on their own risk 

assessments and commercial imperatives (MCDEM, 2019; Wellington Lifelines Group, 2019). Emergency 

services for example typically have generators at main depots and the ability to operate from vehicles and 

alternative depot sites. However, if multiple sites are affected by a critical infrastructure service disruption 

emergency response could be similarly disrupted (New Zealand Lifelines Council, 2020).

Transportation networks are arguably the most important type of critical infrastructure in emergencies 

because of their vital role in the provision of access for restoration of all other infrastructure (Blake, 2016; 

Scheele et	al., 2020; Williams et	al., 2020). Emergency managers must route personnel to an accident site, 

restore services, relocate threatened populations, and provide relief, all of which rely on transportation. 

Transportation in emergencies is of high importance and it should be noted that transportation also 

depends on other infrastructure for its optimum functionality, and is thus more than a simple aggregation 

of its individual components (Figure 1.6). An understanding of how each infrastructure type is connected 

with others is therefore critical for fully addressing problems (Blake, 2016; Horspool & Fraser, 2016; 

Williams, 2016; Zorn & Shamseldin, 2016). Complex, interconnected systems create benefits and 
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efficiencies during times of normal operation, yet can bring vulnerabilities and operational challenges, 

especially when natural hazards are encountered (Blake, 2016). Following on from these points, 

transportation is the primary focus of Chapter 2 and a key focus of Chapters 3 and 4.

Figure	1.6:	Indicative	infrastructure	interdependency	ratings	for	New	Zealand,	during	‘business	as	usual’(top)	and	post-
disaster	(bottom)	(New	Zealand	Lifelines	Council,	2020).

1.4.3 New	Zealand Tsunami Risk

New Zealand has considerable exposure to tsunami hazards from multiple sources, but has little direct 

experience (Gill et	 al., 2015), because human habitation (and recording of tsunami observations) is 

relatively recent (see Table 1.4; Figure 1.7). New Zealand has experienced multiple large tsunami (>10 m 

at the coast) based on the geological record, and historically approximately 11 tsunamis have been 

recorded exceeding 4 m height at the coast (Gill et	 al., 2015). Although damaging tsunamis happen 

infrequently, they can cause substantial fatalities and property damage in affected areas when they do 

occur. New Zealand’s coastal locations are favoured areas for human settlement, with 65% of New 

Zealand’s population residing within 5 kilometres of the coast, compared with 40% globally residing within 
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100 kilometres of the coast (Statistics New Zealand, 2006, United Nations, 2017). The increasing trend of 

population migration to coastal areas and New Zealand’s complex and dynamic tsunami hazardscape, 

increases New Zealand’s exposure to tsunami. Paulik et	al. (2020) conducted New Zealand’s first national-

scale exposure assessment of population and built-environment located within New Zealand’s tsunami 

evacuation zones and found that New Zealand has ‘considerable’ population, built-land, and asset exposure 

in tsunami evacuation zones. Just under 10% of New Zealand’s population residing in 399,000 residential 

buildings are in evacuation zones, supported by a further 5,400 critical buildings and 6,300 kilometres of 

road transport network. To address the increasing risk of New Zealand’s exposure to tsunami, continual 

efforts are needed for effective tsunami risk management.

Table	1.4:	Historic	Christchurch	tsunamis,	1868	- 2020

Year Source EQ Magnitude Reference

1868 Peru Mw=9.1 
(De Lange & Healy, 1986; Goff & 
Chagué-Goff, 2012; Lane et	al., 
2012; Thomas, 2018)

1877 Chile Mw=8.7 (De Lange & Healy, 1986)

1960 Chile Mw=9.5 
(Borrero & Goring, 2015; Goff & 
Chagué-Goff, 2012; Lane et	al., 
2012; Thomas, 2018)

2010 Chile Mw=8.8 (Lane et	al., 2012)

2015 Chile Mw=8.3 (NOAA, 2015)

2016
New 
Zealand

MW=7.8
(Lane et	al., 2020; Lane, et	al., 
2017b; Power et	al., 2017; Tilley, 
2020; S. Williams et	al., 2018)

Figure	1.7:	 Historic	local	tsunami	sources (left),	and	regional	– distal	sources	(right)	represented	by	black	dots; Scheele	
(2016).	

1.4.3.1 Christchurch	Tsunami	Risk	Context:

This thesis applies a tsunami impact assessment of infrastructure to Christchurch, New Zealand, which has 

a previously modelled tsunami exposure and has strong stakeholder interest in the work. Christchurch is 

exposed to local-, regional- and distal-source tsunamis (Lane et	 al., 2014). Goff & Chagué-Goff (2012)

identified up to seven palaeotsunamis in the Christchurch area over the past approximately 6,500 years. 

There was more than one possible palaeo-source identified for each, however the likely source for most, if 



Chapter 1 – Introduction

30

not all, were South American subduction zone events as opposed to local or regional sources. Power (2013) 

estimated the tsunami hazard for Christchurch to be > 9.5 m and > 12.5 m wave heights at the coast at the 

50th and 84th percentiles, respectively, for a 2,500 annual recurrence interval (ARI) event (Figure 1.8). 

Power (2013) also estimated Christchurch’s most likely tsunami source for both 2,500 and 500 ARI, at the 

50th percentile, is a Peru subduction zone event. Although historically Chile has proven the more common 

tsunami source for Christchurch (Table 1.4), a Peru subduction zone source is considered a larger hazard 

than an equivalent Chile subduction zone event, due to wave directivity (Figure 1.9). 

Figure	1.8:	Expected	maximum	tsunami	height	(m)	at	2,500	year	return	period,	shown	at	the 84th	percentile	of	epistemic	
uncertainty	(a)	and	expected	wave	heights	(m)	by	recurrence	interval	for	Christchurch	(b),	(Power,	2013).

Figure	1.9:	Comparison	of	1960	Chilean	tsunami	wave	height	propagation model	(left)	and	equivalent	Peru	scenario	
(right)	illustrating	the	effect	that	directivity	and	great	circle	routes	can	have	on	maximum	wave	heights	in	New	Zealand	

(Power,	2013)

Lane et	al. (2014) numerically modelled the tsunami hazard to Christchurch using an equation of fluid 

motion, basing it on a Mw 9.485 earthquake from a Peru subduction zone source, representing the tsunami 

hazard for a 2,500 ARI at the 84th percentile. Previous Christchurch-based tsunami hazard models used a 

range of source characteristics, but assumed fixed topography, meaning they do not consider the 

progressive scouring of features such as coastal dunes, and any consequential changes to the associated 

velocity and inundation (Lane et	al., 2014). Hart & Knight (2009) found that Christchurch coastal dunes, 
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from Southshore to the northern Christchurch coast (Figure 1.10), currently provide a high degree of 

protection from potential tsunami of heights up to 6 m above mean sea level, irrespective of gaps in the 

dunes. However, once a dune is breached, erosion is expected to widen the area of breaching and affect the 

distribution of tsunami propagation. Models by Lane et	al. (2017a), subsequently considered dune failures 

and tsunami propagation up waterways, addressing the previous gap (Figure 1.10). 

Figure	1.10:	Modelled	tsunami	inundation	depths	(left)	and	flow	speeds	(right)	for	a	2,500	ARI	Peru	subduction	zone	
event	in	Christchurch	(Lane, et	al., 2017b)

1.4.4 Tsunami	Risk	Management	in	New	Zealand	

Recent global tsunami events have reinforced the importance of improving scientific understanding for 

tsunami hazard risk assessment and implementation of tsunami risk management in New Zealand. The 

establishment of New Zealand’s national ‘Tsunami Risk Management Programme’ (NEMA, 2020c) aims to 

support evidence-based, end-to-end tsunami risk management for New Zealand, through the 

implementation of early warning systems, national guidance and policy, and public education. The 

programme draws on expertise from tsunami hazard research, risk assessments, risk management, 

planning, social science and public education across government and research agencies (AS/NZS, 2009).

The Risk Management Framework (Section 1.4.1.1) is used in New Zealand to reduce tsunami risk. Tsunami 

risk management in New Zealand has focused on risk identification and identifying tsunami sources and 

likelihoods; it is still largely in the process of evaluating what infrastructure assets are exposed. In 2005, 

the New Zealand Government sought to assess tsunami hazard and risk to New Zealand. The Ministry of 

Civil Defence and Emergency Management (MCDEM) commissioned GNS Science to prepare a ‘science 

report’ summarising existing information on tsunami risk and a ‘preparedness report’ to review existing 
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arrangements and frameworks that reduce this risk and guide effective response and recovery (Berryman, 

2005; Webb, 2005). Berryman (2005) concluded that tsunami risk was much higher than previously 

assumed. As a result, Webb (2005) recommended that substantial investment was required to better 

understand New Zealand’s tsunami risk. Power (2013) subsequently produced an update on tsunami 

hazard quantification and impacts that included a nationwide probabilistic assessment of tsunami hazard,

forming the basis for a New Zealand national tsunami hazard model. Following this work, Power (2013) 

produced probabilistic tsunami hazard curves and disaggregation plots for 20-kilometre sections of New 

Zealand’s coastline (Figure 1.8) and a database of historical tsunami impacts was generated. Horspool et	

al. (2015) updated this work, quantifying national tsunami risk in terms of impacts on people and the 

environment. The New Zealand Institute of Economic Research (Gill et	al., 2015) carried out a public policy 

analysis of New Zealand’s tsunami risk and capability to manage a tsunami event. This report found that 

potential tsunami impacts, and the responses required are not widely understood due to lack of direct 

experience, and that while the annual fatality risk from tsunami in New Zealand is comparatively high, 

expenditure in assessing and managing this risk is low. A systematic review of tsunami hazard, assessment 

and risk literature by King (2015) found that knowledge of tsunami risk has greatly improved with respect 

to cataloguing tsunami impacts, scenario-based modelling, mapping of offshore tsunami sources and 

palaeotsunami investigations, as well as planning and preparedness. However, like Power (2013) and 

NZIER (2015), King (2015) stated that more research is required to understand tsunami hazard and risk in 

New Zealand. Subsequent tsunami hazard investigations have focused on a range of aspects to better 

understand tsunami risk for New Zealand, including cataloguing of palaeotsunami records (New	Zealand	

Palaeotsunami	Database, 2017), improving tsunami inundation modelling (e.g. Lane et	 al., 2012, 2014; 

Lane, et	 al., 2017b), improving understanding of tsunami sources for New Zealand, development of 

vulnerability metrics for New Zealand infrastructure for impact assessments (Horspool & Fraser, 2016; 

Scheele, 2016; Scheele et	al., 2020; Williams et	al., 2019; Williams, 2016), developing loss modelling tools 

such as RiskScape (King & Bell, 2006), investigating public tsunami warning and evacuation response (e.g.

Fraser & Power, 2013), developing evacuation models (e.g. Barnhill, 2020; Tilley, 2020), improving 

national warning capability and nation-wide development and implementation of tsunami evacuation 

zones (MCDEM, 2019). However, continued work and investment is required for implementation to fully 

succeed, notably in hazard-exposed and hazard-prone areas with a small population base, where resources 

for DRR are based on local resources (i.e. rates) rather than local risk levels (IFRC/UNDP, 2014).

Tsunami Risk Management and Tsunami Risk Assessment adhere to the same national and international 

DRM frameworks outlined in Sections 1.2 & 1.4.1, which are widely adopted and accepted (AS/NZS, 2009; 

UNISDR, 2015). However, the actual implementation of these frameworks can be less developed. While 

tsunami hazard science has made considerable strides in last 20 years, (King, 2015; Lovholt et al., 2019; 

UNDRR, 2019a), tsunami risk science is comparatively underdeveloped. Given a relative lack of tsunami 

events before 2004 has meant there was a lack of embedded regulatory actions for tsunami DRM. 

Comparatively, seismic risk in New Zealand has a number of controls, guidelines, policies and 

district/regional plans that mandate the assessment and management of risk (e.g. MBIE, 2017a; MCDEM, 

2002; Ministry for the Environment, 1997). Although not specific to the reduction of tsunami risk, the 
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Resource Management Act (Ministry for the Environment, 1997) has the strongest regulation for managing 

tsunami risk, as New Zealand’s’ principle environmental statute, by  (Beban et al., 2019; Ministry for the 

Environment, 1997): 

a. “Sustaining	 their	 potential of	 natural	 and	 physical	 resources	 (excluding	 minerals)	 to	 meet	 the	

reasonably	foreseeable	needs	of	future	generations;	and

b. safeguarding	the	life-supporting	capacity	of	air,	water,	soil,	and	ecosystems;	and

c. avoiding,	remedying,	or	mitigating	and	adverse	effects	of	activities	on	the	environment.”	(Ministry 

for the Environment, 1997).

Amendments to the act in 2017 increased the significance of natural hazard risk to a matter of national 

importance (Beban et al., 2019; Ministry for the Environment, 1997). Amendments included that natural 

hazards with low likelihood, but high consequences, such as tsunamis, must be considered within land-use 

planning decisions, meaning a resource consent could feasibly be denied on the grounds of geophysical 

hazard risk, including from tsunamis (Beban et al., 2019; Ministry for the Environment, 1997).

Under the Civil Defence and Emergency Management Act (MCDEM, 2002) Lifelines utilities also have 

specific mandates to reduce risks to geophysical hazards including, but not specifically, tsunamis: 

“Lifeline	utilities	must:

a. ensure	that	it	is	able	to	function	to	the	fullest	possible	extent,	even	though	this	may	be	at	a	reduced	

level,	during	and	after	an	emergency:

b. make	available	to	the	Director	 in	writing,	on	request,	 its	plan	for	functioning	during	and	after	an	

emergency:

c. participate	in	the	development	of	the	national	civil	defence	emergency	management	strategy	and	

civil	defence	emergency	management	plans:

d. provide,	free	of	charge,	any	technical	advice	to	any	Civil	Defence	Emergency	Management	Group	or	

the	Director	that	may	be	reasonably	required	by	that	Group	or	the	Director:

e. ensure	 that	any	information	 that	 is	disclosed	 to	 the	 lifeline	utility	 is	used	by	the	 lifeline	utility,	or	

disclosed	to	another	person,	only	for	the	purposes	of	this	Act.”	(MCDEM, 2002)

Other than the Resource Management Act and Civil Defence and Emergency Management Act, the Building 

Act (MBIE, 2017) has some limited application for regulating tsunami risk in that a territorial authority 

must identify any special features of land, including hazards. With respect to tsunami. This usually goes as 

far as providing tsunami evacuation zone maps, as these have typically been the highest level of information 

held by council (Beban et al., 2019). As council-led tsunami hazard and risk modelling improves, so too will 

the provision of information under the Building Act. While land-use planning, under the Resource 

Management Act (Ministry for the Environment, 1997) and provisions for lifelines utilities under the Civil 

Defence and Emergency Management Act (MCDEM, 2002), is crucial in tsunami risk management, it is 
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prudent to view them in the context of an array of other mitigative options in order to avoid a ‘siloed’

approach to reducing tsunami risk. 

Non-structural mitigative approaches:

 Public	education: Public education in relation to tsunami risk is an on-going responsibility of NEMA 

and CDEM Groups. NEMA has developed consistent messages in this regard and tsunami hazard is 

included in ‘Get Ready Get Thru’ content, published on the NEMA website and used by CDEM 

Groups (NEMA, 2020b). All official public guidance and public education advises that the only 

reliable warning possible for local source tsunami is to evacuate immediately following long or 

strong earthquakes and/or unusual ocean behaviour or sounds. Education includes public 

awareness on tsunami hazards, and also all public education resources and information on natural 

warnings, official warning systems, and evacuation zones and routes (NEMA, 2020c).

 Early	warning/event	communication: A 24/7 operations centre and a public alerting system has 

been recently established within GeoNet. Official advice for local events is provided in a timely 

manner via the national warning system. For regional and distal source tsunami the national 

warning system provides official warnings and updates. Procedures exist to support consistent 

public alerting/ messages during tsunami events between NEMA, CDEM and GNS Science. With 

more sensitive and intensive monitoring equipment and techniques, including DART buoys and 

wave gauges, early warning and event communications will improve considerably (NEMA, 2020c).

 Evacuation	planning: Guidelines on mass evacuation planning and evacuation zone mapping have 

been developed by NEMA. The development of tsunami inundation mapping and corresponding 

mass evacuation planning is a CDEM Group responsibility that has largely now been undertaken 

around the country. NEMA leads national tsunami evacuation exercises with supporting agencies, 

including schools (NEMA, 2020c).

 Insurance	and	re-insurance: (see Section 1.4.1)

Structural mitigative approaches:

 Land-use	planning	(See	content	above	on	RMA	and	Building	Act	mandates):  Land-use planning has 

not had any widespread implementation beyond exposure assessment/scoping, although there 

are some successful case studies (e.g. Papamoa) (Beban et al., 2019).  Japan, which has 

implemented residential exclusion zones (reactively) where recreational, agricultural and 

industrial activity can still be based within high tsunami risk areas. There is considerable 

opportunity for New Zealand to implement similar changes proactively (Beban et al., 2019; 

Ministry for the Environment, 1997; NEMA, 2020c). 

 Designated	evacuation	structures: New Zealand has not developed design specifications for new or 

existing buildings to be used as vertical evacuation structures. Vertical evacuation and 

strengthening is part of the work programme of the Tsunami Working Group (TWG). NEMA has 

been working with MBIE on an approach to better define tsunami prone buildings and its inclusion 
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in the building code. Research has already been conducted on the Japanese building standard 

requirements for designated tsunami evacuation buildings. Once code has been developed it is the 

responsibility of local CDEM groups to designate evacuation structures. Other supporting groups 

for this research include the NEMA, GNS Science, NIWA and the Natural Hazards Research Platform 

(Beban et al., 2019; NEMA, 2020c).

 Natural	 mitigation	 (e.g.	 coastal	 ecosystem/dune	 protection	 and	 restoration): There has been 

traditionally poor coastal management with respect to coastal hazard management, particularly 

for tsunami risk. This has been slowly advancing with innovation in climate and tsunami science 

understanding, knowledge and uptake. Coastal forestry has been proven effective at reducing the 

impacts from tsunamis and is effectively implemented across Japan in front of existing 

communities (dissipates wave energy) and is highly effective when paired with dunes/mangroves 

(Beban et al., 2019; NEMA, 2020c; Syamsidik et al., 2020).

 Infrastructure	 strengthening (including	 structural	 coastal	 protection): Lifeline utilities like 

telecommunications, power companies and ports have a general duty under the CDEM Act 2002 to 

address their ability to provide services in an emergency. These agencies all work with CDEM 

Groups, and within lifeline groups, to understand hazard risks and to formulate individual and 

collective actions to manage them. The overseeing agencies are New Zealand Lifelines Committee, 

National Infrastructure Unit (Treasury), Ministry of Civil Defence and Emergency, Management, 

Ministry of Business Innovation and Employment (MCDEM, 2002; NEMA, 2020c; New Zealand 

Lifelines Council, 2020). As a focus of this thesis, mitigative approaches to reducing tsunami 

impacts on infrastructure (and the communities they service) has been given in preceding sections 

and is given in more detail in the remaining chapters and appendices.

Other than to satisfy mandated disaster response planning and capacity building, as explained above 

(MCDEM, 2002, 2019; Ministry for the Environment, 1997; New Zealand Lifelines Council, 2020), the role 

of infrastructure risk/impact assessment, within tsunami DRM frameworks (Sections 1.2 & 1.4.1) is to 

inform future growth and innovation decisions (New Zealand Lifelines Council, 2017). Disaster risk 

management for infrastructure in New Zealand is largely seismic focused (New Zealand Lifelines Council, 

2017, 2020; Wellington Lifelines Group, 2019). There is an opportunity to develop more multi-hazard 

mitigation approaches (i.e. ‘piggybacking’ a tsunami mitigation strategy on an already planned seismic 

upgrade) with a relatively small increase in effort compared to multiple individual hazard-specific 

mitigations (Logan et al., 2018). There are also currently gradual advancements in climate change adaption 

research, including its application/implementation for infrastructure (Birkmann et	 al., 2016; UNDRR, 

2020b). This provides a unique opportunity over the next decades to align tsunami risk management with 

coastal hazard management (among others). If more tsunami resilient infrastructure networks are 

implemented, stronger coastal hazard resilience (and society as a whole) can be achieved. This re-

emphasises the need for multi-hazard, multi-risk disaster impact scenario suites that break away from this 

more traditional ‘siloed’ hazard thinking (Davies et	al., 2015, Davies and Davies, 2018; Hayes et	al., 2020). 
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Tsunami, and other hazard, risk assessment for critical infrastructure can help guide these resilient 

infrastructure growth and innovation decisions.

1.5 Literature	Review	Summary

This review of relevant policy and practice (Section 1.2) and academic (Sections 1.3 and 1.4) literature has 

identified that: a) there are several guidelines and standards to conceptualise DRR/DRM and DRA (AS/NZS, 

2009; MCDEM, 2002, 2019; UNISDR, 2015); b); tsunami risk is increasing globally, but can be reduced 

through initiatives informed by credible impact assessment (Lovholt et	al., 2019; Ranghieri & Ishiwatari, 

2014; UNDRR, 2019a); and c) despite these points, there have been limited tsunami impact assessments 

for critical infrastructure, which has been identified as a priority for this field (Horspool & Fraser, 2016; 

Jelínek & Krausmann, 2008; Williams et	al., 2019). An effective tsunami impact assessment of infrastructure 

requires the use of hazard and exposure data to input into a vulnerability model (Eguchi et	al., 2013; Graf 

et	 al., 2014; Williams et	 al., 2019). Vulnerability models using quantitative data with sufficiently large 

datasets of recorded damage and/or hazard observations are the most reliable, particularly empirical 

fragility functions, which define a continuous impact probability for any given hazard intensity (Charvet et	

al., 2014; Macabuag et	al., 2017; Mas et	al., 2020). 

The lack of applicable tsunami vulnerability models for infrastructure has been identified globally, although 

there are available datasets (MLIT, 2013) that could be used, with refinements, to synthesise fragility 

functions (Eguchi et	al., 2013; Williams et	al., 2019).  In addition, locally sourced vulnerability data are the 

most applicable for tsunami impact models, as they represent local asset standards and hazard 

characteristics, which both vary regionally (Williams et	al., 2019); however, in the absence of availability, 

comparable data (such as data from an area with similar construction standards) can be used, which will 

nevertheless provide a credible representation of the tsunami hazard-impact relationship for critical 

infrastructure components.

To address shortcomings in the availability of tsunami risk assessment resources, key requirements are:  

a) tsunami risk assessment frameworks, for comparable and robust risk assessment to be carried out; b) 

better vulnerability models (i.e. empirical models that consider representative regional applicability, 

infrastructure component types and infrastructure component attributes); and c) the ability to better 

represent hazard and impact data within the vulnerability models – specifically using the most 

representative HIM (which links to both a) and b) above). These would allow for the development of more 

credible and realistic impact models to be conducted. Post-event field surveys are a huge potential data

source (Eguchi et	al., 2013; MLIT, 2012; Williams et	al., 2019), and once fragility functions are synthesised 

from these potential empirical sources, they can be applied in a tsunami impact assessment, eventually 

leading to tsunami risk assessments, which can ultimately inform DRR.

1.6 Thesis	Objectives

Drawing on the material presented in Chapter 1, the fundamental aim of this thesis is to reduce risk through 

improving the understanding of critical infrastructure vulnerability and impacts to tsunami hazards. This 
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thesis utilises previously available, and newly collected post-event impact and hazard datasets to refine 

existing, and develop new, vulnerability models for tsunami impacts on infrastructure. As identified in this 

chapter, direct tsunami damage records to date have been largely qualitative and there are currently 

limited quantitative empirical damage datasets to quantify critical infrastructure impacts. In that context, 

the primary objectives of this thesis are to:

1. Analyse	post-event	tsunami	damage	and	hazard	data	to	develop	vulnerability	models	for tsunami	

impacts	on	infrastructure

The thesis aims to achieve Objective 1 through the analysis of three post-event impact datasets 

(Appendix A & B) and the development of a respective suite of tsunami vulnerability models for 

infrastructure (Chapters 2 & 3).

2. Assess	the	impacts	of	tsunami	hazards	on	critical	infrastructure,	within	an	impact	scenario	case	study

for	Christchurch,	New	Zealand.

The thesis aims to achieve Objective 2 by applying synthesised vulnerability models (Chapters 2 & 

3) to a tsunami impact assessment of critical infrastructure in Christchurch, New Zealand, 

including for direct impacts and service disruption time (Chapter 4).

1.7 Thesis	Structure and	Research	Methods

This section outlines the thesis structure and research methods by highlighting the methodology used to 

achieve these objectives, and how the conceptual framework (Section 1.4.1.1) is applied to the thesis. The 

subsequent content of this thesis forms three core chapters comprising already-published peer-reviewed 

manuscripts, or manuscripts intended for submission to academic journals. Two manuscripts were 

published at the time of writing this thesis.

1.7.1 Methods

This section outlines the methods of each chapter in the context of achieving each thesis objective (Section 

1.6)

Chapter	2:  This presents a published manuscript that assesses vulnerability of road assets to tsunami 

hazards for the 2011 Tōhoku Tsunami, Japan, and the 2015 Illapel Tsunami, Chile. In the case 

of the Tōhoku dataset, gaps in the asset damage dataset are filled using remote sensing

techniques and fragility functions are developed for bridges and roads. The Illapel impact 

dataset builds on the field observations presented in Appendix A, which is a manuscript 

intended for submission. In Chapter 2, this dataset is enhanced through remote sensing

techniques, and vulnerability models are then fitted.

Chapter	3: This contains a published manuscript that assesses vulnerability of roads and utility poles 

during the 2018 Sulawesi Tsunami, Indonesia. Chapter 2 builds upon the field observations 

presented in Appendix B, which is a published manuscript.  In Chapter 3 limitations of this 
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empirical dataset (Appendix B), are addressed through remote sensing techniques. 

Vulnerability models are then fitted to the dataset using a cumulative link model method. 

Chapter	4: This comprises a manuscript intended for future submission. It adopts a deterministic risk 

assessment approach to assess the transportation and electricity network damage and 

functionality in Christchurch, New Zealand, for a maximum-credible tsunami scenario. This 

chapter presents a framework for tsunami impact assessment on infrastructure. A key 

component of Chapter 4 is the development of service level estimates developed through semi-

structured workshops and interviews with local asset operators and stakeholders. 

Chapter	5: The final thesis chapter concludes by summarising the key findings in relation to the thesis 

objectives (Sections 1.6 & 1.7.2) and conceptual framework. It also outlines recommendations 

for future work, which largely stem from the recent contributions to the discipline covered in 

this thesis. 

1.7.2 Conceptual	Framework

In the context of the New Zealand Risk Management Framework (NZ RMF), which is adopted as a 

conceptual framework for this thesis, the most substantive contributions are to the Risk Identification and 

Risk Analysis stages. The following points define the contributions this thesis aims to make in each stage of 

the NZ RMF.

Establishing	Context: This thesis establishes the risk context broadly within this Chapter (1), and 

then as required in each core research chapter thereafter (Chapters 2, 3 and 4).

Risk	Identification:	The impact assessment case study (Chapter 4) contributes to this stage through

identification of exposed and vulnerable communities.  It does this by identifying infrastructure 

exposure and vulnerabilities to tsunami through the collection and analysis of empirical post-event 

tsunami impact data and synthesised tsunami vulnerability models (See section 1.6; Chapters 2 & 

3). The case study also involves the determining of constraints, including data limitations, aligning 

with Risk Identification, which is covered in detail in Section 1.3.4 and Chapters 2, 3 and 4.

Risk	Analysis: In this thesis, Chapter 4 presents a tsunami impact assessment case study for critical 

infrastructure components and systems in Christchurch, New Zealand. Impact assessment is 

embedded within the wider Risk Analysis stage. This case study quantifies deterministically the 

direct damage to electricity and transport network components.  Chapter 4 also evaluates service 

outages and restoration times for critical infrastructure.

Risk	Evaluation: This thesis provides a preliminary step toward constraining priorities for critical 

infrastructure damage, utilities service levels, mitigation strategies and future research priorities, 

based on the results the infrastructure impact assessment case study presented in Chapter 4.

Risk	Treatment:The results of a tsunami impact assessment on Christchurch infrastructure (Chapter 

4) can be used to provide emergency managers and planners with a metric on which to base 
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response and mitigation strategies. Chapters 4 and 5 then make specific recommendations for 

Christchurch tsunami risk mitigation and tsunami risk mitigation more broadly, however, this thesis 

makes no direct contribution to Risk Treatment.

Communication	and	Consultation: The analysis and results of Chapters 2 & 3 were identified as end-

user priorities by national and regional New Zealand lifelines utilities groups and CRIs, and by the 

local research communities and relevant government agencies of each of the respective 

international case study countries. The results of Chapter 4 were a direct result of stakeholder 

engagement consultation, refinement, and validation.

Monitoring	 and	 Review: This thesis indirectly considers this stage through a review of global 

literature around tsunami risk, specifically tsunami vulnerability and impacts on infrastructure.  The 

framework used in Chapter 4 is developed so that input parameters can be substituted with more 

relevant and/or up-to-date data as it is made available to improve the subsequent impact 

assessment. The methods themselves should also be scrutinised if new techniques are developed 

that would provide a more relevant/accurate risk assessment. Recommendations for future work 

are made in Chapters 2, 3, 4 and 5. More broadly, the contents of this thesis were presented at several 

attended meetings, conferences and workshops, and constant critique of the work was invited 

throughout the thesis period.
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Preface:

Chapter 1 reviewed concepts of DRR, DRM and, DRA and provided background on tsunami risk and risk 

management in New Zealand. It also reviewed the scientific field of tsunami impacts on infrastructure, 

identifying a considerable gap in in the availability of vulnerability models for critical infrastructure impact 

assessments. This chapter directly addresses this knowledge gap through the development of vulnerability 

models for transportation components from a post-event field survey dataset. Some content in this chapter 

is repeated from Chapter 1, as this was published as a standalone manuscript. This work builds directly on 

the work presented in Appendix A, which publishes the results of the field-survey observations. This 

chapter enhances the dataset presented in Appendix A through remote sensing analysis. The enhanced 

dataset is then developed into fragility functions. The work presented in this paper also incorporates the 

work presented in Appendix C which serves as an early conceptual framework for the entire body of work 

presented in this thesis.
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Abstract

Transportation infrastructure is crucial to the operation of society, particularly during post-event response 

and recovery. Transportation assets, such as roads and bridges, can be exposed to tsunami impacts when 

near the coast. Using fragility functions in an impact assessment identifies potential tsunami effects to 

inform decisions on potential mitigation strategies. Such functions have not been available for 

transportation assets exposed to tsunami hazard in the past due to limited empirical datasets. This study 

provides a suite of observations on the influence of tsunami inundation depth, road use-type, culverts, 

inundation distance, debris and coastal topography. Fragility functions are developed for roads, 

considering: inundation depth; road use-type; and coastal topography, and for bridges, considering only 

inundation depth above deck base height. Fragility functions are developed for roads and bridges through 

combined survey and remotely sensed data for the 2011 Tōhoku Earthquake and Tsunami, Japan and using 

post-event field survey data from the 2015 Illapel Earthquake and Tsunami, Chile. The fragility functions 

show a trend of lower tsunami vulnerability (through lower probabilities of reaching or exceeding a given 

damage level) for road use categories of potentially higher construction standards. Topographic setting is 

also shown to affect the vulnerability of transportation assets in a tsunami with coastal plains seeing higher 

initial vulnerability in some instances (e.g. for State Roads with up to 5 m inundation depth), but with 

coastal valleys (in some locations exceeding 30 m inundation depth) seeing higher asset vulnerability over 

all. This study represents the first peer-reviewed example of empirical road and bridge fragility functions 

that consider a range of damage levels. This suite of synthesised functions is applicable to a variety of 

exposure and attribute types for use in global tsunami impact assessments, to inform resilience and 

mitigation strategies.

2.1 Introduction

Road networks are critical to the every-day operation of society, and likewise to the response and recovery 

phases post-tsunami. Access to impacted populations and repair works to other lifelines can be delayed by 

roads that are damaged or have reduced levels of service (Eguchi et	al., 2013; Horspool & Fraser, 2016; 

Koks et	al., 2019; Nakanishi et	al., 2014; Williams et	al., 2019).  Observations from previous international 

tsunamis have recorded widespread damage and loss of service to transportation assets including from the 

2004 Indian Ocean Tsunami and the 2010 Maule Tsunami, Chile (Ballantyne, 2006; Edwards, 2006; Evans 

& McGhie, 2011; Fritz et	al., 2011; Goff et	al., 2006; Lin et	al., 2019; Palliyaguru & Amaratunga, 2008; Paulik 

et	al., 2019; Scawthorn et	al., 2006; Tang et	al., 2006). Defining road asset vulnerability to tsunamis is 

important for impact assessment and evaluation of mitigation strategies to reduce potential impacts on 

road networks. In order to do this, robust tsunami vulnerability metrics are required.

Current scientific literature has focused on the development of tsunami vulnerability metrics for damage 

to buildings, (e.g. Aránguiz et	al., 2018; Suppasri et	al., 2013) which provide a measure of damage or loss 

for a prescribed hazard intensity.  There are few comparable examples for tsunami damage to lifelines 

infrastructure components (e.g. Horspool & Fraser, 2016; Williams et	al., 2019). Commonly used metrics 
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include vulnerability and fragility functions which are used to define the relationship between asset impact 

level and a hazard intensity (e.g. tsunami inundation depth; Koshimura et	al., 2009). Vulnerability functions 

define the probability of losses (e.g. economic losses) for the given hazard intensity measure, whereas 

fragility functions provide the probability of exceeding different limit states (e.g. physical damage) for the 

given hazard intensity measure (Lagomarsino & Cattari, 2015). Fragility functions typically rely on 

relatively large samples of empirical or modelled impact data, yet quantitative data for road vulnerability 

have been unavailable prior to recent tsunami disasters. Fragility functions derived from a single tsunami 

event means they will be characteristic of local asset and event characteristics. For transportation assets,  

only bridge structures have been analysed for fragility function development (Kawashima & Buckle, 2013; 

Koks et	al., 2019; Shoji & Moriyama, 2007). These studies applied tsunami inundation depth as the hazard 

intensity measure (HIM) as it usually has a strong correlation with impact and is relatively easy both to 

model and to measure post-disaster. However tsunami hazard and impact studies to date are almost 

unanimous in that no single HIM can fully encapsulate the  characteristics of tsunami impacts (Bojorquez 

et	al., 2012; Gehl & D’Ayala, 2015; J Macabuag et	al., 2017; Sousa et	al., 2014).  

Although post-event tsunami surveys commonly record road impacts as physical damage levels, levels of 

service can also be considered, which include, but are not limited to, physical damage. Coastal road 

networks are most commonly damaged, or totally destroyed, either by debris impact or erosion of the 

substrate material (Eguchi et	al., 2013; Horspool & Fraser, 2016; Kawashima & Buckle, 2013; Kazama & 

Noda, 2012; MLIT, 2012), and have reduced levels of service due to debris litter (Evans & McGhie, 2011).  

Debris litter is a widely identified post-event impact that affects the functionality of an otherwise 

undamaged road. Prasetya et	al. (2012) and Naito et	al. (2014) modelled debris transport pathways and 

debris impact zone potential respectively, with the first noting that debris further inland results in the 

greatest disruption to lifelines. Neither study assessed debris density probability for tsunami. Evans & 

McGhie (2011) notes a correlation between debris sizes as a function of inundation depth to measure 

spatial distribution, however deposition was not assessed. 

Tsunami damage cannot be fully characterised by any one HIM. The topographic setting can also potentially 

be used to define variations in tsunami damage characteristics. When a tsunami wave reaches the coast, it 

will travel either long distances inland, at relatively low inundation depths over planar topography, or if 

confined near the coast will reach considerably greater inundation depths. Planar topography will result in 

lower retreating inundation speeds whilst the opposite is likely for areas of steep coastal topography (De 

Risi et	al., 2017; Naito et	al., 2014; Suppasri, et	al., 2013).

The objectives of the current study are to (a) analyse post event tsunami survey data to identify potential 

characteristics of tsunami impacts on road network assets and (b) to develop a suite of tsunami fragility 

functions for transportation infrastructure asset. This study analyses road asset damage data from two 

recent tsunamis, the 2011 Tōhoku Earthquake and Tsunami, Japan, and the 2015 Illapel Earthquake and 

Tsunami, Chile. This addresses the gap in global knowledge of tsunami impacts on transportation 

infrastructure and ultimately informs tsunami risk reduction. Other than the economic and strategic value 

that transportation networks provide in post-event response and recovery, transportation assets were 
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selected for the focus of this paper due to them having the only consistently available asset data between 

the two events. This is in part due to the willingness of organisations to share their network damage data 

and due to the readily observed assets in-field, which are not obvious for the likes of buried infrastructure 

(e.g. pipes and cables). The data are analysed considering a range of novel hazard intensity proxies (e.g. 

distance from coast) to encapsulate a wider range of HIM’s. This better represents road vulnerability to 

tsunami impacts than using a measure of inundation depth alone.

The Mw 9.0 Tōhoku earthquake in the Pacific Ocean, east of Japan (Figure 2.1b),  caused tsunami waves 

exceeding 30 m inundation depth, in some extreme cases, and affecting much of Japan’s eastern coast which 

was also earthquake-affected (MLIT, 2012). Transportation infrastructure were extensively damaged 

throughout the exposed region during this event (Eguchi et	al., 2013; Graf et	al., 2014; MLIT, 2012).  The 

Illapel event took place on September 16, 2015 in northern-central Chile, triggered by a Mw 8.3 earthquake 

of the coast of the Talinay Peninsula, (Figure 2.1a), (Aránguiz et	al., 2016, 2018; Contreras-López et	al., 

2016; Ye et	al., 2016; Izquierdo et	al., 2018). This event caused localised inundation of up to 7 m, with severe 

impacts to the transportation infrastructure, the greatest of which were in Coquimbo. While the Tōhoku

dataset represents the largest tsunami damage survey for roads, the Illapel dataset represents the first 

known census style survey of roads impacted by tsunamis. All exposed assets in the Illapel study area 

(Figure 2.1a) were surveyed, not only those with observed damage, which was not the case following the 

Tōhoku event.

Figure	2.1:	Tsunami	inundation	in	Coquimbo	for	the	2015	Illapel	tsunami,	Chile	(a),	and	in	Miyagi	and	Iwate	Prefectures	
for	the	2011	Tōhoku Tsunami,	Japan	(b),	©	OpenStreetMap	contributors	2015.	Distributed	under	a	Creative	Commons	

BY-SA	License.

The Tōhoku data analysed in this study were obtained during field surveys and compiled by the Ministry 

of Land Infrastructure, Transportation and Tourism (MLIT), whereas the authors collected the Illapel data 
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(Sub-section 2.2.1). Road and bridge damage and tsunami inundation depth were used to derive 

vulnerability functions using least square regression and lognormal probability density functions. The 

tsunami inundation depth for each asset was obtained by remotely assigning interpolated depth values 

from the respective surveys (Sub-section 2.2.1). The data were first analysed for all assets (mixed 

construction; Sub-section 2.2.2), then split between use-type (as a proxy for construction material; Sub-

section 2.2.2.1), distance from the coast (as a proxy for inundation energy, Sub-section 2.2.2.2), distance 

from the inland extent of inundation (Sub-section 2.2.2.3) and coastal topography (Sub-section 2.2.2.4), to 

capture and identify potential variations in asset damage and service levels.  Although each analysis gives 

insight into the broader picture of tsunami impacts on transportation assets, not all data were applicable 

to the development of fragility functions.

The following sections present the two event datasets, noting a range of hazard-impact trends and 

observations in the data, which are supplemented with remotely sensed asset and hazard data (Section 

2.2). This includes any trends in the data for topographic setting and asset use-type. The results (Section 

2.3) of the analysis are then presented as a suite of vulnerability functions for each applicable hazard-

intensity and asset-type combination. A discussion (Section 2.4) on the results is then presented, which 

includes their limitations, potential applications and recommendations for future studies, followed by 

conclusions of the study.

2.2 Methodology

2.2.1 Data	Collection

2.2.1.1 Event	1:	Tōhoku Earthquake	and	Tsunami

The Tōhoku Earthquake Tsunami provided post-disaster survey teams with an extensive area from which 

to collect damage data on infrastructure assets. The data used for this analysis are the results of a 

comprehensive ground survey carried out in the days to weeks following the tsunami by the Japanese 

Government, City Bureau of the Ministry of Land, Infrastructure, Transport and Tourism (MLIT, 2013). The 

data relevant to this analysis included detailed road asset damage summaries and local maximum tsunami 

inundation depths for the exposed area within Miyagi and Iwate Prefectures, which were two of the regions 

most impacted (Eguchi et	al. 2013; Horspool et	al., 2015; MLIT 2012; Kazama & Noda 2012; Figure 2.1). 

MLIT defined the length of affected roads and assigned each section a damage level (Table 2.1). Much of the 

study area experienced high levels of long-duration shaking, so not all of the observed damage is 

necessarily exclusive to tsunami processes (Shoji & Nakamura, 2014). However, it is widely reported in 

literature and through eyewitness accounts that, in most cases, damage to tsunami-exposed assets were 

more characteristic of tsunami impacts than with ground shaking. Despite this, some assets would have 

been damaged, or completely destroyed, by initial earthquake shaking and this co-seismic damage is not 

recorded in the survey data. Areas with flat topography are not typically consistent with direct road damage 

from shaking alone. However, where soil liquefaction occurred then this could have resulted in damage, 

which is not accounted for in this study. The inundation depth and asset data, containing the damage 

observations, were requested by, and presented to, GNS Science as GIS shapefiles (.shp). The asset data 
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were presented as edges (lines) representing the true length of each damage observation recorded. The 

damage data were supplemented with a Japanese-to-English translated spreadsheet of instructions and 

explanations. Modelled maximum inundation depth (m) was available in 100 x 100 m grid cells, across the 

study area (Eguchi et	al. 2013; MLIT 2012; Horspool, 2015). This empirical dataset is one of only a few in 

existence globally for transportation damaged by tsunami, which is why it is included for this study. 

Table	2.1:	MLIT	damage	classifications	for	roads	and	bridges	(MLIT,	2012) and	field	examples	of	road	damage	levels	
from	the	2015	Illapel	Earthquake	and	Tsunami,	Coquimbo,	Chile,	and	equivalent	bridge	examples	from	the	2018	

Sulawesi	Earthquake	and	Tsunami,	Indonesia,	respectively

Damage	
Level

0 1 2 3

Damage	
State

No 
Damage

Minor Moderate Severe

Road	
Damage	
Description

No	
damage

Minor	damage	to	road	
surface.	All	lanes	passable

Major	damage	to	one	lane.	One	
lane	impassable

Major	damage	to	whole	
carriageway.	All	lanes	
impassable

Road	Image

Bridge	
Damage	
Description  

No	
damage

Minor	damage,	often	from	
impacts	to	the	
superstructure

Major damage to superstructure 
but still in place on piers.
Superstructure	may	have	been	
shifted

Complete	washout	of	
superstructure

Bridge	
Image

2.2.1.2 Event	2:	Illapel	Earthquake	and	Tsunami

A census-style field survey was conducted in Coquimbo, Chile, between 8-12 days after the Illapel event by 

a New Zealand-based team of five. The New Zealand Society for Earthquake Engineering requested and 

accepted an invitation from the Chilean Association of Seismology and Earthquake Engineering to 

undertake a collaborative field survey. The team included members from GNS Science, National Institute of 

Water and Atmospheric Research (NIWA), Wellington Lifelines Group, Auckland City Council, University of 

Canterbury and was supported by Chilean researchers from University of Valparaiso. Coquimbo was 

selected as the focus of the post-event survey as it was the region most impacted in this event and also 

represented a small enough study area to collect data in a short timeframe. Damage, asset and hazard data 

were collected, using the Real-time Individual Asset Collection Tool (RiACT) in accordance with 

International Tsunami Survey Team (ITST) procedures (Lin et	al., 2019). Observations were recorded as 
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points, and in the case of roads, a point was placed in the centre of each observation with a length of 

observed damage also recorded, among other attributes.

The survey area experienced low peak ground accelerations (0.20g - 0.29g, USGS, 2015) in this earthquake 

event and subsequently road damage can be assumed as only tsunami induced. This assumption was 

corroborated through informal discussion between the field survey team and members of the public. Road 

damage was defined using a four-tier damage-level classification in accordance with the MLIT classification 

structure (Table 2.1). This was done to be consistent with the Tōhoku dataset, which was already available 

and represented the largest damage repository of tsunami impacts on roads and bridges, as outlined in the 

subsection below. Although this classification of damage level could have been refined, the field team 

decided it still represented a relatively efficient method in-field and at a resolution high enough to 

incorporate the range of observed damage types. Most roads in the inundation area were founded on sandy 

material, with a compacted granular sub-base and a thin asphalt surface (flexible pavement construction 

method; Nunn & Brown, 1997; NZTA, 2014). There were few ‘both-lane’ wash-outs, with minor / single 

lane wash-outs being more common, and many washouts occurred where a culvert ran beneath the road 

surface. Inundation depth indicators (watermarks) were also collected in the field by measuring 

watermarks against vertical structures (e.g. buildings, utility poles). A total of 978 watermarks were 

recorded across the survey area which represented maximum inundation depth above ground level. The 

total survey area included an approximately 7 km stretch of coastline.

2.2.2 Data	Analysis	and	Damage	Observations

The first step in defining vulnerability is to develop fragility functions, which require: a spatial hazard 

metric(s) (HIM); measured or descriptive spatial asset data (both damaged and non-damaged); asset 

attribute information. The HIM and asset attribute information are the two key variables when considering 

vulnerability and both are considered, independently and in tandem, to define vulnerability of assets. The 

most common HIM is inundation depth, and the first step was to use this data to calculate fragility functions 

for mixed construction assets. With the Coquimbo dataset, roads were separated into approx. 50 m 

sections, and assigned the corresponding damage level (DL0-DL3) and inundation depth, through the 

watermark interpolation, at the centre of each feature (Figure 2.2) using inundation depth bins of 0.25 m 

(0.0 - 0.25 m, 0.25 – 0.5 m etc.). The total length of road (in km) for each depth bin and for each damage 

level was tabulated for each HIM by count and proportion (Figure 2.3). Once inundation depth had been 

considered, other HIM were used to define vulnerability more holistically. Fragility functions were then 

developed, as described in more detail in sub-section 2.2.3.
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Figure	2.2:	Tsunami	inundation,	road	damage	level	and	culvert	locations	in	Coquimbo,	Chile	following	the	2015	Illapel	
Earthquake	and	Tsunami,	©	OpenStreetMap	contributors	2015.	Distributed	under	a	Creative	Commons	BY-SA	License.

Figure	2.3:	Total	length	(a)	and	proportion	(b)	of	exposed	roads,	by	inundation	depth,	for	the	2015	Illapel	Earthquake	
and	Tsunami

The Tōhoku dataset lacked spatial non-damaged asset data (DL0), which is crucial to defining proportional 

damage probabilities. Therefore, all roads within the inundation area were extracted from OpenStreetMap 

(OSM), (OpenStreetMap contributors, 2015) or were digitized from aerial imagery and those which were 

not recorded in the MLIT data were assumed undamaged (DL0). This resulted in a complete dataset of 

roads and bridges exposed to the tsunami, each with an observed damage level (DL0 – DL3). Figure 2.4

shows an example of observed damage levels for roads in the town of Ishinomaki within the study area. 

Tsunami inundation depths MLIT (2012) were then assigned to the centroid of each road section, split into 

50 m lengths, using 1 m inundation depth bins (i.e. 0.0 – 1.0 m, 1.0 – 2.0 m etc.). Larger inundation depth 

bins were used compared with the Illapel dataset (i.e. 1 m vs 0.25m), as there were greater hazard intensity 

values (> 10 m vs < 4 m). Road length totals in each hazard intensity bin were tabulated for each damage 

level) by count and proportion (Figure 2.5). The results of this analysis are presented in Section 2.3 as 

fragility functions.
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Figure	2.4:	Tsunami	inundation	and	road	damage	in	Ishinomaki,	from	the	2011	Tōhoku Earthquake	and	Tsunami,	Japan.	
Road-impact	data	modified	from	MLIT,	2012,	©	OpenStreetMap	contributors	2015.	Distributed	under	a	Creative	

Commons	BY-SA	License.

Figure	2.5:	Total	length	(a)	and	proportion	(b)	of	exposed	roads	and	number	(c)	and	proportion	(d)	of	exposed	bridges,	
by	inundation	depth,	in	Miyagi	and	Iwate	Prefectures	for	the	2011	Tōhoku Earthquake	and	Tsunami

Asset attribute information should include road construction type, allowing for the development of 

construction specific fragility functions. As this was not included in the MLIT, 2012, dataset, the closest 
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equivalent was road use-type category based on jurisdiction (0; Unclassified, 1; State road, 2; Main local 

road, 3; General prefectural road, 4;  Municipalities road, 5; Lowest class road). These classifications were 

then converted to road use-type equivalent categories (0; Unclassified, 1; Motorway, Trunk, Primary, 2; 

Secondary, 3; Residential, Road, 4; Tertiary, 5; Construction, Service, Unsurfaced) to ensure compatibility 

with OSM (OpenStreetMap contributors, 2015) data (DL0). Roads digitised from satellite imagery were 

assumed to be in class 3. However, those that could not be classified were ‘Unclassified’ (0) which have not 

contributed towards the resulting fragility functions. These road use classes link to different traffic loading 

levels, which inform road design, therefore these data broadly encompass differences in construction type, 

but some degree of overlap is assumed.

The analysis used for Tōhoku bridge vulnerability was similar to that of roads, however inundation depth 

was normalised to the height above the base of a bridge deck. OSM data already included bridges as a 

separate road attribute and so were easily integrated, and satellite imagery was used only to validate that 

all bridges were included. Bridge construction materials were not available, neither was bridge deck base 

height above ground, both of which would be necessary for a higher resolution fragility function (Horspool

et	al.,	2015; Shoji & Moriyama 2007). 

The MLIT dataset had an assigned bridge damage level between DL1 & DL3 (Table 2.1). All non-surveyed 

bridges in the inundation area were assumed to be undamaged and consequently assigned DL0. Figure 2.6

shows an example of observed damage levels for bridges in the town of Ishinomaki within the study area. 

Modelled tsunami inundation depth was assigned at the centre point of each bridge to avoid a bridge falling 

within multiple inundation depth bins. Since deck base height was not included in the dataset and in many 

cases the hazard layer did not include depths within river channels, to estimate the inundation depth above 

deck base height the inundation depth at the bridge abutment was used and the assumption made that in 

most cases the deck would be relatively level with the abutment, although the deck height (thickness of 

beams and roadway) is still not considered. Bridges in each hazard intensity bin were tabulated for each 

damage level by count and proportion (Figure 2.5) and resulting fragility functions are presented in Section 

2.3.
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Figure	2.6:	Damage	states	for	inundated	bridges	in	Ishinomaki,	Japan,	for	the	2011	Tōhoku Earthquake	and	Tsunami.	
Bridge	impact	data	modified	from	MLIT,	2012.	©	OpenStreetMap	contributors	2015.	Distributed	under	a	Creative	

Commons	BY-SA	License.

2.2.2.1 Culverts	Associated	with	Increased	Road	Impacts

While inundation depth has been used as the HIM, as outlined above, other potential metrics that might 

have a bearing on asset vulnerability were also considered. As mentioned in Sub-section 2.2.1, in Coquimbo, 

Chile, road damage was observed at many culvert openings especially along the coastal esplanade (Figure 

2.2). This damage is consistent with the principle of contraction scour (Duc & Rodi, 2008), which occurs 

when the depth of inundation exceeds an opening and the inundation becomes contracted. The inundation 

is directed down and through the structure, causing an increase in the velocity and shear stress around the 

outlet, therefore increasing scour. Inundation speed, inundation depth, the degree of submersion and size 

of the culvert are all factors dictating contraction scour intensity. Scour can also be exacerbated by the 

enhanced turbulence and vortex formation in this inundation. Scour around culverts can also be caused by 

the back-inundation after a tsunami has receded. Recorded culvert locations were used to assign the 

presence of a culvert/outfall pipe (present ‘1’, not present ‘0’) to each 50 m section of road. The frequency 

and proportion of road sections with a culvert were tabulated for each damage level (Figure 2.7). DL0 had 

a count of 573 road sections (too many to represent in Figure 2.7a), with five having a culvert.  This analysis 

is not conducive with fragility functions, due to the limited number of culverts surveyed, so none are 

developed in this study. 
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Figure	2.7:	Number	(a) and	proportion	(b)	of	road	sections	with	or	without	a	culvert,	by	damage	level,	for	the	2015	
Illapel	Earthquake	and	Tsunami.	Note:	DL0	had	a	count	of	573	road	sections	(too	many	to	represent	in	Figure	2.7a),	with	

five	having	a	culvert.

2.2.2.2 Distance	from	Coastline

Tsunami inundation velocity is known to have a considerable influence on asset impacts, especially due to 

scour. However, inundation velocity data were not available for the Illapel dataset, so distance from the 

coast was used as a proxy for inundation velocity. This assumes a constant deterioration of landward wave 

energy including horizontal and vertical buoyancy pressure as a tsunami wave moves inland (from friction 

and gravity). This was observed for road assets in Coquimbo as damage levels reduced with distance from 

the coast. A measure of distance from the coast was calculated at 25 m inundation distance bins (i.e. 0.0 –

25.0 m, 25 – 50 m etc.). Each road section was assigned the associated distance from coastline value and 

the results were tabulated for each damage level as counts and proportions of damage (Figure 2.8). Since 

distance from the coastline is not a direct damage causing process, the analysis is not conducive with 

fragility functions, so none are developed for this study.

Figure	2.8:	Total	length	(a)	and	proportion	(b)	of	exposed	roads,	by	distance	from	the	coastline	(as	a	proxy	for	
inundation	energy),	for	the	2015	Illapel	Earthquake	and	Tsunami

2.2.2.3 Debris	Based	Level	of	Service

Another consideration of vulnerability is to look at various impact types. As mentioned in Section 2.1, 

debris can cause considerable disruption to transportation networks, through direct damage and through 

blocking routes. Therefore the effects of debris on an asset’s level of service is considered, and a new HIM 

(distance from the landward inundation extent) is used. To assess the correlation with debris and a roads 
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level of service in Coquimbo, debris distribution data is required. However debris clean-up had begun prior 

to the survey, so publicly available drone-mounted camera footage (Puerto Creativo, 2015, 2016) was used 

to map out debris density on roadways. These were classified into five service levels (SL), as defined in 

Table 2.2. SLU represents areas of ponding observed and is classed separately since the depth and amount 

of debris entrained is not known. If a road was not associated with debris deposition, it was assigned SL0. 

To account for potential horizontal sorting of debris, the distance from tsunami inundation extent (i.e. the 

greatest recorded landward observations of tsunami inundation) was used and each road was assigned an 

associated value. The tsunami exposed area in Coquimbo was predominantly flat topography, with only a 

few instances of a retaining wall or incline bounding the landward inundation extent. The local sea port, of 

which are typically well-defined regions of debris origin (Naito et	al., 2014), was located along the South-

West to North-West inundated coastline.

Table	2.2:	Classification	schema	for	road	service	level	for	the	2015	Illapel	Earthquake	and	Tsunami.	Images	taken	as	
screenshots	sourced	from	Puerto	Creativo,	2015

Service Level U 0 1 2 3

Service Level 
Description

Unknown (surface 
ponding)

No loss 
of 
service

Vehicle access at 
a reduced speed

All-wheel drive 
vehicle access at 
reduced speed

No vehicle access

Image

As well as inundation depth (m) and distance from the coast (m), each road section was now assigned a 

level of service (SL0 - SL3 or SLU), (Figure 2.9), and a distance from the inundation extent value (in m). For 

each distance measure, road length frequency was tabulated by 25 m bins (i.e. 0.0 – 25.0 m, 25.0 – 50 m 

etc.), for each service level (Figure 2.10). There was no such empirical source of debris density observations 

available for the 2011 Tōhoku Tsunami, so this is not considered in the analysis of the Tōhoku dataset. 
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Figure	2.9:	Service	levels	associated	with	debris	on	roads	in	Coquimbo	following	the	2015	Illapel	Earthquake	and	
Tsunami,	Chile,	©	OpenStreetMap	contributors	2015.	Distributed	under	a	Creative Commons	BY-SA	License.

Figure	2.10:	Total	length	(a)	and	proportion	(b)	of	exposed	roads,	considering	levels	of	service,	by	distance	from	the	
landward	inundation	extent,	for	the	2015	Illapel	Earthquake	and	Tsunami.	Note	SLU	is	not	considered	in	analysis

2.2.2.4 Coastal	Topography

Fragility functions that do not consider topography may not accurately represent tsunami damage 

characteristics when used for subsequent impact assessment. Therefore this study defines vulnerability for 

two broad coastal settings, ‘coastal plains’ and ‘coastal valleys’, to develop specific vulnerability curves 

similarly to De Risi et	al. (2017) and Suppasri et	al. (2013). The data for Tōhoku roads, presented above, 

were further refined by assigning each road section an applicable topographic setting (Figure 2.11). For the 

two different topographic settings, the number and proportion of road sections in each damage level were 

tabulated against inundation depth (Figure 2.12). The resulting fragility functions are presented in Section 

2.3.
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Figure	2.11:	Coastal	topographic	settings	for	inundated	roads	in	Miyagi	and	Iwate	Prefectures	for	the	2011	Tōhoku
Tsunami,	Japan.	Note:	all	roads	North	of	Ishinomaki	are	Coastal	Valleys;	all	roads	South	of	Sendai	are	Coastal	Plains.	
Road	data	modified	from	MLIT,	2012	and	©	OpenStreetMap	contributors	2015.	Distributed	under	a	Creative	Commons	
BY-SA	License.	Japan	topographic	imagery	sourced	from	ESRI	contributors,	2019a,	Tōhoku regional	satellite	imagery	

sourced	from ESRI	contributors,	2019b

Figure	2.12:	Total	length	(a)	and	proportion	(b)	of	exposed	roads	in	a	coastal	valley	topographic	setting	and	total	length	
(c)	and	proportion	(d)	of	exposed	roads	in	a	coastal	plain	topographic	setting,	by	inundation	depth,	for	the	2011	Tōhoku

Earthquake	and	Tsunami	
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2.2.3 Developing	Fragility	Functions

The asset damage probabilities for each damage level were calculated and shown against a median value 

within increasing HIM bins, to account for lower amounts of data at higher HIM. Following the methods of 

(Koshimura et	al., 2009) linear regression analysis was performed to develop the Lognormal cumulative 

distribution function vulnerability curves. A probability P of reaching or exceeding a damage level for a 

given hazard intensity value is given by either Eq. (1) or (2):

�(�) = � �
� � �

�
� (1)

�(�) = � �
�� � � ��

��
� (2)

where Φ is the standardized normal (lognormal) distribution function, x is the HIM (i.e.. inundation depth), 

μ and σ (�′ and �′) are the mean and standard deviation of x (ln x) respectively. Two statistical parameters 

of fragility function, i.e. μ and σ (�′ and �′), are obtained by plotting x (ln x) and the inverse of Φ-1 on normal 

or lognormal plots, and performing the least-squares fitting of this plot. Two parameters are obtained by 

taking the intercept (= μ or �′) and the slope (= σ or �′) in either Equation (3) or (4), depending on the 

result of the least-squares fitting:

� = ���� + � (3)

�� � = �′��� + �′ (4)

The resulting fragility functions from each dataset are presented in the following section, although not all 

of the data analysed in this study are applicable to the development of fragility functions.

2.3 Results

Variations in asset impacts are presented with the developed fragility functions each reflecting a potential 

difference in damage probability due to (1) damage level only (for each event data), (2) road use-type, (3) 

distance from coastline (as a proxy for inundation velocity), (4) debris based level of service, (5) 

topographic setting and (6) a consideration of both use-type and topographic setting. The results of this 

study are presented in Table 2.3 and the following sub-sections.

Table	2.3:	Curve	parameters	for	the	tsunami	fragility	functions	developed	for	transportation	assets

Fragility function � � r2

Tōhoku ID MX Roads: DL1 3.33 2.51 0.83

Tōhoku ID MX Roads: DL2 5.31 3.77 0.82

Tōhoku ID MX Roads: DL3 5.76 3.18 0.80

Tōhoku ID MX Bridges: DL1 2.53 4.01 0.84

Tōhoku ID MX Bridges: DL2 5.52 8.00 0.55

Tōhoku ID MX Bridges: DL3 5.38 5.25 0.60

Illapel DC MX Roads: DL1 0.16 0.00 0.34

Illapel DC MX Roads: DL2 0.10 0.00 0.36
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Illapel DC MX Roads: DL3 0.07 0.00 0.31

Illapel ID MX Roads: DL1 2.00 1.18 0.82

Illapel ID MX Roads: DL2 2.47 1.23 0.71

Illapel ID MX Roads: DL3 4.16 2.16 0.48

Tōhoku ID SR Road: DL1 3.68 1.64 0.82

Tōhoku ID SR Road: DL2 5.35 2.58 0.67

Tōhoku ID SR Road: DL3 6.04 2.77 0.52

Tōhoku ID LR Road: DL1 2.28 2.58 0.75

Tōhoku ID LR Road: DL2 3.21 4.06 0.65

Tōhoku ID LR Road: DL3 9.33 10.03 0.52

Tōhoku ID PR Road: DL1 2.22 2.68 0.75

Tōhoku ID PR Road: DL2 4.29 4.65 0.73

Tōhoku ID PR Road: DL3 4.77 3.29 0.53

Tōhoku ID MR Road: DL1 1.73 1.31 0.92

Tōhoku ID MR Road: DL2 2.23 1.75 0.90

Tōhoku ID MR Road: DL3 2.50 1.80 0.83

Tōhoku ID UR Road: DL3 0.83 4.99 0.76

Tōhoku CP ID MX Roads: DL1 4.88 4.07 0.90

Tōhoku CP ID MX Roads: DL2 8.25 6.74 0.87

Tōhoku CP ID MX Roads: DL3 17.01 12.42 0.73

Tōhoku CV ID MX Roads: DL1 3.40 1.75 0.94

Tōhoku CV ID MX Roads: DL2 5.07 3.02 0.93

Tōhoku CV ID MX Roads: DL3 5.42 3.11 0.95

Tōhoku ID CP SR Road: DL1 5.21 2.71 0.95

Tōhoku ID CP SR Road: DL2 5.15 2.58 0.90

Tōhoku ID CP SR Road: DL3 4.64 2.04 0.95

Tōhoku ID CV SR Road: DL1 3.03 1.11 0.58

Tōhoku ID CV SR Road: DL2 3.29 0.75 0.56

Tōhoku ID CV SR Road: DL3 3.33 0.63 0.58

Tōhoku ID CP LR Road: DL1 3.35 4.07 0.80

Tōhoku ID CP LR Road: DL2 3.49 4.17 0.81

Tōhoku ID CP LR Road: DL3 6.95 7.30 0.67

Tōhoku ID CV LR Road: DL1 1.33 3.43 0.56

Tōhoku ID CV LR Road: DL2 3.30 6.99 0.44

Tōhoku ID CV LR Road: DL3 16.31 16.31 0.339

Note:		MX.	=	mixed	construction,	ID	=	Inundation	depth	as	the	HIM,	DC	=	distance	from	coast	as	a	HIM	proxy,	CP	=	coastal	
plains	topography,	CV	=	coastal	valley	topography.	SR	=	state	road,	LR	=	Main	Local	Road,	PR	=	General	Prefectural	Road,	
MR	=	Municipalities	Road,	UR	=	Lowest	class	roads	(unsealed),	r2 =	Regression	score.
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2.3.1 Damage	Level

The exposed roads assessed in this study in general perform well, even under the highest inundation 

depths. There is less than 0.2 and less than 0.3 probability of complete washout (DL3) at 15 m inundation 

depth for roads and bridges, respectively, in the Tōhoku dataset (Figure 2.13a and Figure 2.14). Roads in 

Coquimbo have less than 0.25 probability of complete damage (DL3) at 15 m (Figure 2.13b). By 

comparison, a reinforced concrete building has a 0.4 probability of reaching or exceeding complete damage 

at the same inundation depth (Suppasri, et	 al., 2013). All Tōhoku road damage levels are at a lower 

probability than that of the equivalent Tōhoku bridges.  This is to be expected as each asset has a different 

tsunami loading regime, with road impacts associated with scour, while bridge impacts are related to 

horizontal loading across piers and the superstructure as well as vertical loading across the bridge 

superstructure. Bridges are typically exposed to higher levels of hydrodynamic forces (both horizontal and 

vertical) as tsunami flows are concentrated in the channels these bridges span. Although not considered in 

this study, flexible bridge connections will reduce tension from tsunami loadings when compared to rigid 

(i.e. steel) connections. A higher flexibility in the substructure will also reduce horizontal tsunami loadings 

(D Istrati et	 al., 2017; Denis et	 al., 2014). The Coquimbo roads are at a higher probability of damage 

compared with the Tōhoku roads and bridges. This is to be expected given the differing levels of 

construction standards in Japan in comparison to Chile. The Illapel study area did not contain any roads 

that could be considered equivalent in capacity to the likes of Japanese State Roads, which would be given 

the highest design standards in terms of maximum flexibility and loading design. This will have resulted in 

a lower overall vulnerability for mixed construction Tōhoku roads (Figure 2.13a) when compared with the 

mixed construction road vulnerability for Illapel (Figure 2.13b). None of the functions have a probability of 

1.0 within the parameters of the presented results (i.e. up to 15 m inundation). This is a reasonable 

interpretation as roads and bridges, although particularly vulnerable under certain conditions, are far more 

resistant to tsunami impacts than many other assets (Williams et	 al., 2019). As a comparison, mixed 

construction buildings in the 2011 Tōhoku Earthquake and Tsunami had a probability of 1.0 at all damage 

levels when inundation exceeds 10 m (Suppasri, et	al., 2013). Bridge piers and abutments are designed with 

scour, horizontal loading and vertical loading from moving water in mind, although not specifically for 

tsunami forces, whereas the foundations and structures of buildings are typically not, making them more 

vulnerable to tsunamis.
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Figure	2.13:	Fragility	functions	for	mixed	construction	roads	(a)	for	the	2011	Tōhoku Earthquake	and	Tsunami,	Japan	
and	for	mixed	construction	roads	(b)	for	the	2015 Illapel	Earthquake	and	Tsunami,	Chile

Figure	2.14:	Fragility	function	for	mixed	construction	road	bridges	for	the	2011	Tōhoku Earthquake	and	Tsunami,	Japan

The results of the analysis on culvert locations and the associated road damage levels in Coquimbo indicate 

a correlation with the presence of a culvert and an increased damage level (Figure 2.15). This indicates that 

all instances of a culvert in this event have resulted in road damage to some extent, and in most cases 

moderate or severe damage (DL 2 and DL3). 
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Figure	2.15:	Total	road	damage	probability	and	increased	total	road	damage	probability	with	the	presence	of	a	culvert

2.3.2 Distance	from	Coastline

The analysis for distance from the coast, as a proxy for inundation energy, did not warrant the development 

of vulnerability curves (Sub-section 2.2.2.2). However, the results (Figure 2.16) show a clear trend between 

higher probabilities of damage occurring closer to the coastline. This may be an indicator for deteriorating 

wave energy (due to surface friction and gravity) but could simply be an indicator of increased inundation 

depths at the coast since there is no empirical evidence of hydrodynamic forces in the Illapel event. The 

same was noted in a study of building vulnerability in the Illapel event (Aránguiz et	al., 2018), particularly 

with lower damage occurring beyond a wetland area and behind a raised railway ballast, when compared 

to those nearer the coast. 

Figure	2.16:	Linear	best	fit	probability	of	reaching	or	exceeding	a	given	damage	level,	by	distance	from	coastline	(as	a	
proxy	for	inundation	energy),	for	the	2015	Illapel	Tsunami,	Coquimbo,	Chile

2.3.3 Debris	Based	Level	of	Service

Tsunami debris transport is a function of inundation depth, inundation velocity and debris size resulting in 

horizontal sorting of objects toward the inland inundation extent as larger materials fall out of suspension 
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(Evans and McGhie, 2011; Prasetya et	al., 2012; Charvet, et	al., 2014; Naito et	al., 2014). In Coquimbo debris-

based level of service analysis are indicative of this statement as a higher proportion of roads have debris 

deposited on them between 0 and 150 m from the landward extent of tsunami inundation (0 – 22% of 

maximum inland inundation extent). This indicates debris carried inland falls out of horizontal suspension 

prior to reaching the maximum inland extent. The results from the debris density analysis show that there 

is higher debris density between approximately 75.0 – 150.0 m (11 – 22%) from inland inundation extent 

(Figure 2.17). Debris density probability is consistently lower, for all levels of service, between 0.0 – 75.0 

m (0 – 11%) from inland inundation extent and 200.0 – 672 m (30 – 100%) from inland inundation extent. 

SL1 has a much higher probability of occurrence than SL2 and SL3 at distances > 200 m from inland 

inundation extent (Figure 2.17). This is consistent with previous studies and field observations where 

debris is consistently distributed across an inundation area during landward and seaward inundations. 

Figure	2.17:		Cumulative	probability	plot	of	road	service	levels	compared	with	a	distance	from	the	inland	extent	of	
tsunami	inundation	(as	an	indication	of	debris	density sorting)	for	the	2015	Illapel	Tsunami,	Coquimbo,	Chile.	

2.3.4 Road	Use-type

Using the mixed construction road data for exposed areas of the Tōhoku event, the different structural 

types are split into broader use categories, as the closest approximation of construction material, type and 

method, for the development of fragility functions (Figure 2.18). The most resistant use category, with 

respect to tsunami impacts, is State Roads (Figure 2.18a), with all damage levels being of a lower 

probability than the other use categories. This is followed by Main Local Roads and General Prefectural 

Roads (Figure 2.18b & c), each with very similar probabilities of DL1 and DL3, although Main Local Roads 

have higher probability of reaching or exceeding DL3 at less than 7 m inundation depth. Main Local Roads 

(Figure 2.18b) roads also have a higher probability of reaching or exceeding DL2 with comparison to 

General Prefectural Roads (Figure 2.18c). This can be interpreted as Main Local Roads having a certain 

characteristic that pushes them from DL1 to DL2 much faster than with General Prefectural Roads. It is 

likely these two classes share similar construction standards and materials. Municipalities Roads (Figure 

2.18d) have considerably higher probabilities of reaching or exceeding each DL, with a much steeper 

gradient when compared to road class 1, 2 & 3 (Figure 2.18a, b, & c). The most vulnerable roads are the 

Lowest Class Roads (Figure 2.18e), which we cautiously assume here are unsealed based on pre-event 
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satellite imagery. Given these roads are scarce in the mostly urban environment of the study area and the 

unknown nature of their construction, the data for this road class were not sufficient to classify DL1 and

DL2. At 3 m of inundation depth, this road class already exceeds a probability of 0.5 of complete damage 

(DL3). The varied damage level exceedance probabilities, with respect to construction standards, are 

discussed further in Section 2.5.

                 
Figure	2.18:	Fragility	functions	for	inundated	State	Roads	(a),	Main	Local	Roads	(b),	General	Prefectural	Roads	(c),	

Municipalities	Roads	(d)	and	Lowest	Class	Roads	(e)	(as	an	indicator	of	construction	type	and	materials)	in	Miyagi	and	
Iwate	prefectures	following	the	2011	Tōhoku Earthquake	and	Tsunami,	Japan.

2.3.5 Coastal	Topographic	Setting

The previous fragility functions for the Tōhoku event, presented above, represent an average of the data 

for the whole of the tsunami-exposed area. This sub-section presents the results of the analysis looking at 

the effects of two different topographic settings on tsunami damage to roads. As referenced in Section 2.1

coastal valleys see higher inundation depths and higher retreating flow velocities, while coastal plain 

settings typically experience lower inundation depths and lower flow velocities (De Risi et	al., 2017; Mori 

et	al., 2011). An example of the difference in these coastal topographic settings is that at 2 m of inundation 

depth there is ~ 0.09 probability of DL3 on plains, whereas only ~ 0.05 in valleys (Figure 2.19a & b). The 

damage probability in plains increases to ~ 0.11 at 10 m inundation depth, while the damage probability is 
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~0.16 for valleys. It is noted that the damage probability for the plains abruptly increases from 0 to 0.08 

(at around 0.03 m) while for valleys 0.08 is not reached until 3 m.

Since it was already established in Sections 2.1 and 2.2, road use-type (as an estimation of construction 

type and material) is an important factor in defining tsunami vulnerability. Therefore, the Tōhoku data is 

again split into different road classes to compare, in more detail, the effects of coastal topography on 

tsunami vulnerability. Two examples are presented below, for State Roads and Main Local Roads (Figure 

2.20). Road classes 3 – 5 are not presented here, as these did not have sufficient data to warrant fragility 

functions. In general, the damage probabilities for roads in the valleys are higher than those on plains for 

each inundation depth. However, the r2 values for coastal valleys are particularly low, so the comparisons 

between each coastal setting may not be entirely representative of true vulnerability.

Figure	2.19:	Fragility	functions	for	roads	on	coastal	plains	(a)	and	coastal	valleys	(b)	for	the	2011	Tōhoku Earthquake	
and	Tsunami,	Japan
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Figure	2.20:	Fragility	functions	for	State	Roads	on	coastal	plains	(a)	and	coastal	valleys	(b),	and for	Main	Local	Roads	on	
coastal	plains	(c)	and	coastal	valleys	(d)	for	the	2011	Tōhoku Earthquake	and	Tsunami,	Japan

2.4 Discussion

This study represents the first attempt at developing empirical tsunami fragility functions for roads. 

Although previous studies have developed fragility functions for tsunami impacts on road bridges using 

the Tōhoku dataset (Eguchi et	al., 2013), they do not include undamaged assets in the analysis. This is a 

considerable drawback given the number of undamaged assets is equally important in developing 

cumulative distribution functions for damage probability. The fragility functions presented in this study, 

particularly those based on Tōhoku data, have several potential applications within a broader risk 

reduction framework, particularly in developed countries with similar construction standards to Japan. 

These can be used in impact and loss forecasting to provide high resolution estimates (i.e. considering 

topographic setting and construction material/type), or for more rapid loss modelling if implementing 

mixed construction and topographic setting curves. The number of refined curves presented in this study 

provides flexibility for future global applications. Applications in countries that do not share similar 

construction standards to Japan or Chile are still possible, ensuring a full understanding of the limitations, 

for example, a country with different levels of construction standards may have a number of exposed roads 

that share similar construction standards to a class 4 Japanese road. 

This study represents the first empirical analysis directly linking the presence of a road culvert with 

increased probability of road damage. Although this analysis did not warrant the development of fragility 

functions, given an applicable case study and consideration of the limitations, these results could be used 

for weighted tsunami impact assessment. The evidence from this study certainly indicates a need for the 

consideration and development of mitigation strategies to reduce the associated vulnerability of 

transportation assets located adjacent to culverts exposed to tsunamis.

The analysis of debris deposition density in Coquimbo, and the associated level of service to roads, is also 

the first of its kind. As with culvert damage, this dataset did not warrant the development of fragility 

functions, however under the right conditions it could be applied to a weighted vulnerability metric within 
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a wider tsunami impact assessment of road infrastructure. The analysis methods can also be applied to 

future events. 

This study highlights that the collection of post-event tsunami impact data is invaluable for vulnerability 

analysis of infrastructure assets, which have been under-represented in past studies. The methods used for 

data collection in this study show that a combination of empirical field survey data and post-survey remote 

sensing could be an effective way to supplement and refine field observations.  In the case of Illapel, the 

survey was conducted using only a measuring tape and observations recorded on a tablet. This 

demonstrates that relatively simple survey techniques and equipment can be used to provide rapid ‘in-and-

out’ surveys after events of this magnitude, in order to collect data on assets that would otherwise not be 

included by other survey teams.

2.5 Limitations

The Illapel data is from a relatively small tsunami event in a localised area of one single coastline. This 

represents a small sample size, but a high level of detail applied though a census style survey. The Tōhoku

data is from a considerably larger sample size but asset characteristics provided to the authors of this study 

are in some cases recorded at a low resolution (e.g. the lack of recorded construction material). The 

quantity of data is important when developing vulnerability curves for a dataset of the Tōhoku scale. For 

example, fragility functions for road class 3-5 on the two coastal topographies would not have been 

applicably comparable to that of class 1 & 2 roads due to the different quantities of data, and particularly 

at higher inundation depths. Whereas the more localised data of Illapel has more consistent quantities of 

data across the range of inundation depths but is also limited by the overall data size. For example, the 

dataset did not warrant the comparison of different coastal settings since only flat topography was 

represented in the study area, which is also noted by Aránguiz et	 al., 2018 in the context of building 

vulnerability. The Tōhoku survey also did not include undamaged (DL0) roads, which as outlined in Section 

2.2, were remotely sensed through this study on the assumption that any roads not included in the data 

were DL0. This assumption depends on a range of factors including scope of survey, access, classification 

criteria and the accuracy of shapefiles used to classify DL0. DL0 is more likely over-represented in this 

study than under-represented.

The Tōhoku data represents not only the effects of tsunami hazards but also from seismically induced 

shaking, including soil instability. Although in most cases the observed damage will be characteristic of 

tsunami impacts, some assets may have been initially weakened by seismically induced hazards, including 

shaking, liquefaction, landslides, lateral spreading, and differential settlement (Shoji & Nakamura, 2014). 

This can be interpreted as the fragility functions potentially over-estimating the actual vulnerability of 

Japanese transportation assets to tsunamis. Shoji & Nakamura (2014) observed seismic damage to roads, 

including surface cracks and subsidence, and although the spatial extent of seismic and tsunami damage 

observations (Shoji & Nakamura (2014) and MLIT (2012), respectively, do not directly intersect, seismic 

damage observations are in close proximity (within ~ 5km of mapped tsunami inundation) to tsunami 

damage observations for the 2011 Tōhoku tsunami.
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As with any field survey data, there is inherent bias in each individual surveyor’s assignment of damage 

levels. With respect to the Illapel data collection this was controlled to some extent by using one consistent 

survey team member for each asset recorded. There was also no quantitative method for assigning damage 

levels to roads with > 2 lanes. It is more difficult to evaluate the Tōhoku dataset in this regard, but it is 

reasonable to assume the MLIT survey team grappled with and attempted to mitigate similar issues.  

However, it is reasonable to note that a subjective bias is possible with both datasets, particularly when 

comparing with equivalent damage classifications in other tsunami events. The methods used to spatially 

define the Tōhoku dataset (i.e. 50 m sections of road) are not as applicable with smaller datasets, such as 

with the Illapel event. Since some of the DL3 road washouts were smaller than 50 m in Coquimbo, there is 

potentially an over-representation of this damage level, and potentially even DL1 & DL2. This means the 

Illapel curves may be an over estimation in terms of damage. In addition, some of the worst damaged roads 

had already begun repair works and may have been over-represented in the survey.

The results of this study are also limited, to a certain extent, by the methodology used to fit the impact data 

to fragility curves. Some curves overlap at the lower hazard intensities (e.g. Figure 2.14), since the data is 

treated nominally when fitting curves. This could be addressed by adopting a cumulative link model which 

fit raw asset impact and hazard intensity data to fragility curves simultaneously (Lallemant et	al., 2015).

Information on Japanese culvert locations was not available to the authors of this study. It would have been 

useful to validate the positive relationship between culverts and road damage in a tsunami, against that 

identified in the Coquimbo case study. We note this may be a fruitful future study.  The results for increased 

road vulnerability associated with the presence of a culvert may be under-represented. The field survey 

was thorough in its collection of data, however, if culverts/outfall pipes were covered with debris or 

sediment they will not have been recorded. Similarly, regarding the classifications for levels of service for 

debris affected roads in Coquimbo, the drone footage used covered approximately 90% of the inundation 

zone. Therefore, some areas may be under-represented for debris deposition as a result.

Another limitation of using another team’s survey data is the assumptions made around asset 

classifications. In the road use-type fragility functions, road class 1 shows very low vulnerability to 

inundation depth. These would include Japan’s most highly engineered road assets implying higher 

construction standards compared with other road use classes. Road classes 2, 3 and 4 trend very similarly 

and likely share a similar spread of road construction standards. These also show considerably lower 

vulnerability to inundation depth than that of class 5 roads. Class 5 roads show high vulnerability at even 

low inundation depths. This class likely includes roads highly susceptible to erosion. This suggests that at 

the resolution of this road classification method, there is potentially only a need for three broader classes 

– highly engineered, standard, or low-grade. However, ideally the various range of road types considered 

in this range of data would be separated, which is outside the scope of the present research. The subtleties 

of use-type classification vulnerability may be a function of geophysical setting of each road class, which 

could not be tested due to a lack of available high-resolution soil data.
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2.5.1 Future	Research

This study presents a full analysis of empirical post-event tsunami impact data from field survey through 

to refined fragility functions. It can therefore be used as a framework for similar analysis of transportation 

impact data from future tsunami events. Data from future tsunamis may also provide some degree of 

refinement to the results presented in this study. Future work should also consider the data collection and 

analysis of a range of other critical infrastructure assets, such as electricity, telecommunications, water and 

fuel. There is a considerable knowledge gap on tsunami impacts on infrastructure, which should be better 

addressed to inform risk reduction strategies. 

The Tōhoku dataset of tsunami-damaged roads remains the most extensive in the world and the 

vulnerability curves developed from them in this study could be even further refined through more 

complete data. One particular limitation addressed above is the high concentration of co-seismic hazards 

the roads were exposed to prior to tsunami inundation. It would be possible to eliminate some assets which 

were likely earthquake-damaged by using high resolution geomorphic, soil and liquefaction hazard data 

from 2011, of which were not available to the authors of this study.  Given the results of the culvert analysis, 

future post-event survey data can be used to corroborate the increased vulnerability of roads associated 

with culverts. This can also be used to inform potential mitigation strategies to increase the resilience of 

roads and culverts alike. This could also be done for the Tōhoku dataset if pre-event surface drainage 

channel data (i.e. an indicator of culverts location) were used, of which was not available to the authors of 

this study. Similarly, the Tōhoku dataset could be further refined by eliminating potentially undamaged 

roads (those covered in debris during the survey but not physically damaged). Aerial or satellite imagery 

could be used for this or using the observations from the Illapel debris analysis (Figure 2.17) in this study 

to apply a proportional alteration to the dataset (e.g. removing an equivalent proportion of roads within 11 

– 22 % of the inundation extent). 

Future post-event tsunami surveys should include data on debris dispersal and deposition if possible. It is 

acknowledged that a lack of time and resources often plays a defining role in the type and quantity of data 

collected by survey teams, but if technology such as high definition (HD) drone footage or rapid HD aerial 

photography were conducted after tsunami events, then this could be combined with ground-level 

observations on debris. This is often not possible as communities begin cleaning debris almost immediately 

after an event. In the case of Coquimbo, all roads were cleared of debris by the field team’s arrival, 6 days 

after the event.

During the analysis, several interesting damage characteristics were potentially identified, although there 

were not enough data to develop robust fragility functions, particularly as the small sample size at 

Coquimbo reduces the ability to derive a robust statistical sample. Therefore, the observation remains 

qualitative and the parameters require further investigation from future events. One such observation 

being the potentially increased chance of road damage in Coquimbo given the presence of a culvert (91% 

roads with culverts > DL2). Future post-event tsunami surveys should consider the collection of data for 

these types of observations to validate against those presented in this study. 
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2.6 Conclusions

Data from two comparable tsunamis are used to develop fragility functions for roads and bridges. The 

results of this analysis conclude that:

 Roads with higher construction standards perform better during tsunamis than those with lower 

standards. This is evident in use-types (based on design parameters based on capacity), showing 

the higher capacity roads have lower tsunami vulnerability. 

 Bridges are more vulnerable to the impacts of tsunamis than roads. However, a more appropriate 

direct comparison is between buildings and bridges, of which bridges are better designed to 

withstand the forces of tsunami loading and have a lower level of vulnerability at all hazard 

intensities (Inundation depth) compared with buildings.

 Field survey observations can be effectively supplemented with remotely sensed data to compare 

various HIM with subtleties in asset attributes to define tsunami vulnerability including: 

 Roads in coastal valleys are more vulnerable than those on coastal plains, however ‘State 

Roads’ on coastal plains have higher vulnerability at low inundation depths, compared to 

coastal valleys, which is then exceeded at higher inundation depths in coastal valleys, 

when compared to coastal plains.

 Culverts represent particularly vulnerable sections of roads due to the effects of 

contraction forces on the associated subgrade they are embedded through.

 Debris are horizontally sorted across areas of tsunami inundation with the highest 

densities of deposition found within 75 and 150 m (11 – 22%) from the inland extent of 

inundation (in the case of the Illapel event). Greater densities of debris on a road decrease 

its level of service.

The suite of tsunami fragility functions for transportation assets presented in this study address a 

considerable gap in global knowledge. These functions can be applied through tsunami impact assessments 

to inform tsunami risk reduction strategies. Future tsunami impact surveys should collect more data, 

especially on infrastructure asset attributes, at higher spatial resolutions, and rapid post-event data capture 

is critical to the development of robust fragility functions.

Data	availability:  The Illapel dataset is available at: https://doi.org/10.6084/m9.figshare.11839323.v1 

The Tōhoku dataset is available from MLIT (MLIT, 2012).
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Preface:

Chapter 1 reviewed concepts of DRR, DRM and, DRA and provided background on tsunami risk and risk 

management in New Zealand. It also reviewed the scientific field of tsunami impacts on infrastructure, 

identifying a considerable gap in in the availability of vulnerability models for critical infrastructure impact 

assessments. Chapter 2 directly addressed this knowledge gap through the development of vulnerability 

models for transportation components from a post-event field survey dataset. Chapter 2 also identified 

several limitations and recommendations for future studies developing post-event field survey 

vulnerability models. This chapter considers the gaps identified in Chapters 1 and 2 and the 

recommendations presented in Chapter 2 and adds to the suite of vulnerability models developed in 

Chapter 2 for not only transportation components but also electricity. Some content in this chapter is 

repeated from Chapters 1 and 2, as this was published as a standalone manuscript. This work builds directly 

on the work presented in Appendix B, which publishes the results of the field-survey observations. This 

chapter enhances the dataset presented in Appendix B through remote sensing analysis. The enhanced 

dataset is then developed into fragility functions. The work presented in this paper also incorporates the 

work presented in Appendix C which serves as an early conceptual framework for the entire body of work 

presented in this thesis.
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Abstract

The 2018 Sulawesi tsunami caused widespread impacts in Palu City, Indonesia, including to components of 

infrastructure lifeline networks. Lifeline networks are key to the operation of society and are particularly 

crucial during post-disaster relief and recovery efforts. Understanding their vulnerability to tsunami 

hazards is important for disaster risk reduction but is an understudied topic.  This study uses field survey 

and remotely sensed data to develop a single dataset, used to create tsunami fragility functions for road 

and utility pole assets in Palu. Tsunami inundation depths were estimated at component locations from a 

spatial interpolation of field measured flow depths and wave run-up.  Component attributes and 

geometries exposed to tsunami inundation were compiled from both field surveys and remote sensing on 

satellite imagery and ‘street view’ imagery, which included component construction material, capacity 

(roads) and height (poles).  Roads demonstrate a 0.16 probability of exceeding complete damage at 2 m 

inundation depth, while utility poles see a 0.47 probability. The probability of exceeding complete damage 

at 2 m inundation depth for concrete, asphalt, collector and local roads is 0.34, 0.17, 0.19 and 0.13 

respectively, and for concrete, steel, steel < 5 m height and steel > 5 m height utility poles is 0.42, 0.48, 0.49 

and 0.47 respectively. When comparing the synthesised tsunami fragility functions to those from other 

global events, Palu roads were more vulnerable at 2 m inundation depth (0.16) compared to roads exposed 

to the 2011 Tōhoku tsunami in Japan (0.06) and 2015 Illapel tsunami in Chile (0.05). 

Keywords: Tsunami; infrastructure; lifelines; post-event survey; remote sensing; vulnerability; hazard; risk 

3.1 Introduction

Lifeline infrastructure networks are crucial to the everyday functioning of society (Palliyaguru & 

Amaratunga, 2008; Williams et	al., 2019). Since the 2004 Indian Ocean tsunami, widespread damage to 

infrastructure network assets have been observed (Ballantyne, 2006; Edwards, 2006; Evans & McGhie, 

2011; Fritz et	al., 2011; Goff et	al., 2006; Maruyama & Itagaki, 2017; Palliyaguru & Amaratunga, 2008; 

Scawthorn et	al., 2006; Tang et	al., 2006; Williams et	al., 2020). Despite these observations, quantitative 

information on asset damage response to tsunami exposure remains rare. Analysing relationships between 

tsunami hazard intensity and levels of asset damage is required for establishing asset specific vulnerability 

models. Infrastructure asset vulnerability models are critical for quantifying network component damage 

levels and service disruption to communities either directly or indirectly affected by tsunami hazards, as 

an important part of disaster risk reduction.    

Tsunami vulnerability assessments have largely focused on building damage (Aránguiz et	 al., 2018; 

Suppasri, et	 al., 2013; Tarbotton et	 al., 2015). Commonly used approaches include the development of 

tsunami vulnerability and fragility functions, which define the relationship between asset impact level and 

a hazard intensity (e.g. tsunami inundation depth; Koshimura et	al., 2009). Vulnerability functions derive a 

continuous loss index or ratio as intensity increases for the given hazard intensity measure (HIM), whereas 
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fragility functions provide the probability of exceeding different limit states (e.g. physical damage) for the 

given HIM (Lagomarsino & Cattari, 2015; Tarbotton et	al., 2015). Tsunami fragility functions are commonly 

developed from data collected on a specific event, and are representative of the events’ hazard 

characteristics and local asset construction standards. Functions therefore may or may not be applicable 

to other settings, so it has been identified as an important priority of tsunami risk science to undertake 

post-event tsunami impact surveys to provide a more comprehensive global dataset to inform more 

effective disaster risk assessment. 

Fragility functions typically rely on relatively large samples of empirical or modelled impact data, yet such 

quantitative empirical data for infrastructure vulnerability is rare and has only recently been a focus of 

post-event impact assessment (Paulik et	al., 2019; Williams et	al., 2020) and physical modelling studies (C 

Chen & Melville, 2015; Chen et	 al., 2017, 2018; Rossetto et	 al., 2014). For infrastructure lifelines, 

transportation assets, namely road, bridge and port structures, have been previously analysed for fragility 

function development from empirical field surveys and physical modelling (Eguchi et	al., 2013; Kawashima 

& Buckle, 2013; Koks et	al., 2019; Maruyama & Itagaki, 2017; Shoji & Moriyama, 2007; Williams et	al., 

2020). These studies typically apply tsunami inundation depth as the HIM, as it usually has a strong 

correlation with impact and is used to both model and to measure post-event. However tsunami hazard 

and impact studies to date are almost unanimous in that no single HIM can fully encapsulate the 

characteristics of tsunami impacts (Bojorquez et	al., 2012; Gehl & D’Ayala, 2015; Macabuag et	al., 2016; 

Williams et	al., 2019). 

The objectives of this study are to (a) refine and extend a field survey tsunami inundation depth and 

infrastructure asset damage dataset using remote sensing methods, and to (b) develop a suite of tsunami 

fragility functions for Palu City roads and utility poles exposed to the 2018 Sulawesi Tsunami case study 

event (Section 3.2). Paulik et	al., (2019) present the field survey methodology and infrastructure asset 

damage data (Section 3.2.1). This dataset is extended in this study using visual assessments of satellite 

imagery and Google Street View (Google contributors, 2020a) images to geolocate and measure damaged 

and undamaged roads and utility poles within the inundation extent. GIS surface interpolation methods are 

employed to develop an inundation depth surface for the tsunami event (Section 3.3). Tsunami fragility 

functions representing the synthesis dataset are derived using a cumulative link model method (Section 

3.4) for road and utility pole assets (Sections 4.2 and 4.3). A discussion of the results (Section 3.5), including 

their potential limitations, is followed by a summary of the study (Section 3.6). 

3.2 Case	Study Event

The 28 September 2018, Sulawesi tsunami occurred following a shallow strike-slip earthquake of Mw 7.5 

in Central Sulawesi, Indonesia (Figure 3.1). The most impacted regions were Palu City, Sigi Regency and 

Donggala Regency, where many instances of seismically induced liquefaction, subsidence, lateral 

spreading, and land sliding occurred locally. The earthquake also triggered a relatively localised series of 

short wavelength tsunami waves. This culminated in considerable tsunami wave heights of up to 10 m, 
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inundating low lying land within Palu Bay, with up to 8 m inundation depths stated by local witnesses 

(Heidarzadeh et	al., 2019; Muhari et	al., 2018; Omira et	al., 2019; Syamsidik et	al., 2019). 

Figure	3.1:	Location	of	Palu	and	epicentre	of	the	2018	Sulawesi	earthquake	(left)	and	study	area	at	the	southern	end	of	
Palu	Bay	(right).	(ESRI	contributors,	2020).

Previous studies on this event focused on surveying the hazard to determine tsunami source characteristics 

and qualitative damage descriptions (Heidarzadeh et	 al., 2019; Kijewski-Correa & Robertson, 2018; 

Koshimura et	al., 2019; Mikami et	al., 2019; Muhari et	 al., 2018; Omira et	al., 2019; Putra et	al., 2019; 

Socquet et	al., 2019; Syamsidik et	al., 2019; Takagi et	al., 2019; Widiyanto et	al., 2019). The survey used in 

the current study (Paulik et	al., 2019) collected data to represent road and utility pole damage levels.

3.2.1 Field	Survey	Data

Paulik et	al. (2019) recorded tsunami inundation depths and classified building, road and utility pole asset 

damage levels in Palu City. Inundation depth measurements were not possible on roads, due to their 

geometry, and utility poles, due to weathering, and were therefore limited to measurements on buildings. 

Although other field survey studies collected inundation depth measurements above ground (e.g. Muhari 

et	al., 2018; Syamsidik et	al., 2019), the data by Paulik et	al. (2019) are used in this study due to the high 

spatial density of measurements. 

Damage levels classified for road and utility pole assets were categorised using an ordinal scale ranging 

from DL0 (No damage) to DL3 (Complete damage) as presented by Paulik et	al. (2019). The scheme applies 

a four-state damage level division ( Table 3.1) similar to previous studies (Williams et	al., 2020), which can 

support post-event tsunami damage mapping applications for numerous infrastructure asset types. The 

approach enabled consistent database development, ensuring comparability with other tsunami damage 

datasets, including for buildings and future tsunami damage surveys or impact assessments.  The spatial 

and asset attribute information collected for roads and utility poles is presented in Table 3.2. It should be 

noted that the documented asset attributes are not exhaustive due to limitations in survey time and 

resources (e.g. pole diameter is not recorded, Appendix B). Pole foundation depth and material were 
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scarcely observed (only on scoured but intact concrete construction poles) and those that were observed 

had shallow embedment (~1.5 m) with no concrete footings.

Table	3.1:	Assignment	of	damage	levels	to	exposed	infrastructure	assets	in	Palu	City	(modified	from	Paulik	et	al,	2019).	

Damage 
Level (DL)

DL0 DL1 DL2 DL3

Description No Damage
Partial Damage, 

Repairable
Partial Damage, 

Unrepairable
Complete Damage

Road DL 
Image

Utility Pole 
DL Image

Table	3.2:		Summary	of	field	data	collected	for	tsunami	hazard	and	damaged	infrastructure	assets	in	Palu	City	(modified	
from	Paulik	et	al. (2019).

Variable Attribute Frequency

Inundation Depth (m) Decimal Value 371

Road Use
Collector 106

Local 71

Road Surface Material

Asphalt 160

Concrete 10

Brick/Paver 3

Unsealed 4

Road Lane No.
Single Lane 35

Multi-Lane 142

Utility Pole Use

Electricity 
Distribution

394

Streetlight 52

Street Sign 6

Cellular Tower 3

Utility Pole Construction Material
Concrete 144

Steel 311

Utility Pole Height (m)
< 5 m 133

> 5 m 322

Latitude Decimal Value -

Longitude Decimal Value -

Road Damage Length (m) Decimal Value -

The field survey did not record the attributes and damage levels for all tsunami exposed road and utility 

pole assets in Palu City (Paulik et	al., 2019). Utility pole assets that were completely washed away (i.e. DL3) 

were not possible to observe in the field.  Limited observations of undamaged assets were recorded, as run-

up extents were not well defined at all locations, due to weathering or clean-up of tsunami watermarks and 

debris. To support tsunami fragility function development for road and utility pole assets, Paulik et	al.
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(2019) recommended that field survey data be extended by using pre- and post-event high-resolution 

satellite imagery to geolocate asset features and assign damage levels, and allocate tsunami inundation 

depths from water surface interpolation.

3.3 Methodology

Tsunami fragility functions are developed for roads and utility poles using measured inundation depths 

and asset damage data (Paulik et	al., 2019). As it was not always possible to record all exposed assets in the 

field study, and the inundation run-up extent was not always obvious in each location (see Sub section 

3.2.1). To address these two gaps, and develop fragility functions, the following methodological approach 

was used:

 Inundation depth measurements identified for assets using a water surface interpolation method 

(Mas et	al., 2012) to combine measured and remotely sensed inundation depths (Section 3.3.1).

 Asset damage dataset extended through geolocation and visual assessment of pre- and post-event 

digital imagery (Section 3.3.2).

 Fragility functions fitted with a cumulative link model approach (Section 3.3.3).

3.3.1 Tsunami	Depth	Interpolation

Inundation depths were identified for Palu City road and utility pole assets using an interpolated water 

surface adopting a methodology presented by Mas et	al. (2012). Although inundation depth is not a true 

representation of tsunami damage mechanisms in isolation, this study uses it as a proxy for other damage 

mechanisms, while acknowledging the potential limitations associated with this (see Section 3.5). Water 

surfaces were interpolated from 371 inundation depth measurements (Paulik et	al., 2019) in Palu City. 

Interpolated surfaces were confined by geolocating 0 m inundation depth values along a defined run-up 

extent (Figure 3.1, Figure 3.3). Run-up limits were informed by field observations and asset damage 

observations, and traced using post-event satellite imagery captured on 02/10/2018 at 0.5 m resolution 

(Digital Globe Contributors, 2020) to further identify evidence of tsunami, including building damage, 

ponding and debris (Figure 3.2). The synthesised inundation depths were also included in the interpolated 

water surfaces creating a more realistic HIM gradient between measured inundation depths and the run-

up extent(Mas et	al., 2012).
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Figure	3.2:	Example	of	the	defined	run-up	limit	and	placement	of	synthesised	0	m	inundation	depth	points	using	satellite	
imagery	taken	02/10/2018	(Digital	Globe	Contributors,	2020)

Tsunami inundation depth maps were created using three common surface interpolation methods using a 

1 m resolution: natural neighbour; spline; and kriging (Figure 3.3). Interpolated surfaces applied 488 

inundation depth points, 371 within the inundation area and 117 representing the inundation extent limit.

The surface interpolation providing the best visual and statistical correlation was selected as the most 

suitable inundation depth map for tsunami fragility function development (Figure 3.4).  Negative 

inundation depths (e.g. Figure 3.4b) or very large depth values compared to the surveyed maximum depth 

were considered as criterion for rejection (Mas et	al., 2012). In Palu Bay, tsunami inundation depths up to 

8 m were observed (Heidarzadeh et	al., 2019; Muhari et	al., 2018; Omira et	al., 2019; Syamsidik et	al., 2019), 

and 3.65 m in Palu City (Paulik et	al.2019). Based on these characteristics a natural neighbour interpolation 

provides the most realistic interpolation of the inundation depths in Palu City for developing road and 

utility pole tsunami fragility functions.
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Figure	3.3:	Water	surface	interpolations	of	the	measured	tsunami	inundation	depths	from	(Paulik	et	al. 2019) and	
synthesised	depths	at	the	inundation	extent	limit.	Satellite	imagery:	(Digital	Globe	Contributors,	2020).

Figure	3.4:	Correlation	of	observed	inundation	data	and	natural	neighbour	(a),	spline	(b)	and	kriging	(c)	interpolation	
methods.
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3.3.2 Road	and	Utility	Pole	Data	Capture

Field-surveyed road and utility pole damage data have two key gaps. Firstly, minimal DL0 samples were 

recorded within the inundation extent. Secondly, the location and attributes of utility poles completely 

washed away (i.e. DL3) were not recorded, while attributes for DL3 roads were inferred from adjacent road 

segments. This necessitates the identification of unrecorded DL0 roads and DL0 and DL3 utility poles to 

avoid under-representation of these damage levels for tsunami fragility function development. 

Street level images are available for Palu City on Google Earth Pro ‘street view’ (Google contributors, 

2020a). The most recent pre-event images were captured in September 2018, within weeks of the Sulawesi 

earthquake and tsunami.  These images were used to validate field surveyed utility poles and road 

segments. Non-observed assets where assumed to be washed away prior to the field survey (i.e. DL3) and 

non-surveyed assets are a result of ambiguous run-up limits in the field, meaning not all assets in the 

inundation extent were captured where the run-up limit was not obvious (due to watermark degradation 

and clean-up activities). During this process, non-observed utility poles were assumed to have sustained 

complete damage and were assigned to DL3. Figure 3.5 shows an example of several utility pole assets that 

were not possible to be observed in the field, but were possible to be captured by geolocating and visually 

assessing the pre- and post-event imagery. Similarly, observed but non-surveyed utility poles, identified 

from ‘street view’, were assumed non-exposed during the field survey, so were assigned DL0. Roads within 

the tsunami inundation extent were visually assessed and any observed, but non-surveyed segments were 

also assumed non-exposed in field, so were assigned DL0. Surveyed roads spatially represented as points 

were digitised into up to 5 m length line geometries for each damage segment, including DL0, and to assign 

the corresponding HIM at the centroid of each segment.

Figure	3.5:	Comparison	of	field	observations	(a)	and	pre-event	observations	(b)	using	Google	Earth	Pro	‘street	view’	
imagery	in	Talise,	Palu	City,	highlighting	an	example	of	utility	pole	assetts	that	were	not	observed	in	the	field	(red	boxes).	

(Google	contributors,	2020b).

3.3.3 Developing	Tsunami	Fragility	Functions	

Tsunami fragility functions provide a probabilistic relationship between tsunami hydrodynamic features 

or tsunami intensity measure and infrastructure asset damage (Koshimura et	al., 2009; Williams et	al., 

2020). The identification of asset typologies reduces the epistemic uncertainty associated with applying 

tsunami inundation depth as a proxy for other damage mechanisms. In this study, fragility functions are 
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developed using synthesised field and remote sensed data and cumulative link models (CLM) for fitting of 

fragility curves (Lallemant et	al., 2015; Macabuag et	al., 2016). Previous empirical fragility functions for 

road assets (Williams et	al., 2020) have applied ordinary least square regression methods (OLS), which can 

result in overlapping curves that are not representative of observed asset damage characteristics. 

Cumulative link models are an extension of general link models (GLMs), which use the ordinality of damage 

levels, where increasing damage levels correspond to increasing damage severity (Charvet, et	al., 2014). 

Damage level ordering allows cumulative probabilities to be calculated for each damage level 

simultaneously. Given these factors, the present study uses the CLM method for fitting fragility functions, 

as defined by Equation 1.

�(�� ≥ ��|���) = � � ��� + ��� 1�(���)� (1)

Fragility curves representing damage levels may converge, but will not cross. This is because each 

cumulative probability has its own intercept (���) but shares a common slope coefficient (��� ), satisfying an 

assumption that higher hazard intensities are required for a higher damage level (Lallemant et	al., 2015; 

Macabuag et	al., 2016; Williams et	al., 2019a). When data are treated as nominal rather than ordinal as is 

the case for GLMs and OLS data binning, fragility curves are able to cross each other (e.g. Williams et	al., 

2019b). This can occur when few damage level samples are represented in an empirical dataset. In cases 

where few observations represent the highest damage level, CLMs will utilise observations for the second 

highest damage level to fit a representative curve (Lallemant et	al., 2015; Williams et	al., 2019a).

3.4 Results	

The observable road and utility pole assets within the interpolated inundation extent, with assigned 

damage level are presented in Figure 3.6 and Tables Table 3.3 and Table 3.4. In total 33.19 km of roads 

were assessed within the interpolated inundation area, with 7.93 km of roads assessed in the field and 

additional 25.26 km assessed remotely (Figure 3.7a). A total of 598 utility poles were assessed, with 452 

utility poles assessed in the field and another 146 remotely (Figure 3.7b).  Tsunami fragility functions are 

presented here for road and utility pole assets. Fragility curve parameters are reported in Table 3.5. The 

tsunami fragility functions each reflect a variation in damage probability due to (1) mixed attributes 

(damage level only), (2) construction material, (3) capacity (roads) and (4) height (poles). 
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Figure	3.6:	Damage	levels	for	roads	and	utility	poles	exposed	to	the	2018	Sulawesi	Tsunami	including	field	observations	
and	remote	sensing.	Satellite	imagery:	(Digital	Globe	Contributors,	2020).

  

Figure	3.7:	Histograms	of	the	distribution	of	damage	level	for	the	total	dataset	of	(a)	roads	and	(b)	utility	poles.	Each	
inundation	depth	defined	as	the	median	value	within	a	range	that	includes	approximately	2	km	of	roads	or	50	utility	

poles.	
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Table	3.3:	Infrastructure	asset	damage	levels	for	road	surface	and	use	types	in	Palu	City.

Attributes

Damage Level (km)

DL0 DL1 DL2 DL3

Field Remote Field Remote Field Remote Field Remote

Surface

Asphalt 0.73 19.26 2.48 2.35 3.16 0.84 0.98 0.90

Concrete 0.01 1.22 0.14 0.41 0.08 0.07 0.15 0.11

Brick/Paver - 0.02 0.05 -0.02 0.07 0.07 - -

Unsealed - - 0.04 -0.01 0.04 0.04 - -

Total 0.74 20.50 2.71 2.73 3.35 1.02 1.13 1.01

Use 
Type

Collector 0.41 11.18 1.67 1.73 2.08 0.74 0.95 0.87

Local 0.33 9.32 1.04 1.00 1.27 0.28 0.18 0.14

Total 0.74 20.5 2.71 2.73 3.35 1.02 1.13 1.01

Note:	negative	numbers	represented	refinements	to	the	field	data	based	on	the	remote	sensing	observations

Table	3.4:	Infrastructure	asset	damage	levels	for	utility	pole	types	in	Palu	City.

Use 
Type

Attribute Damage Level

Construction 
Material

Height 
(m)

DL0 DL1 DL2 DL3

Field Remote Field Remote Field Remote Field Remote

Power 
Pole

Concrete
< 5 m - - 12 -7 - - - -

> 5 m 19 7 18 3 50 2 46 3

Steel
< 5 m 89 17 27 -8 - 3 - 40

> 5 m 47 -1 70 - - 1 16 2

Street 
Light

Concrete
< 5 m - - - - - - - -

> 5 m - - - - - 1 - -

Steel
< 5 m 2 10 - 1 - - 1 8

> 5 m 40 4 7 1 - 4 2 55

Street 
Sign

Steel
< 5 m - - - - - - 1 -

> 5 m 2 - 2 - - - 1 -

Total 199 37 136 -10 50 11 67 108

Note:	negative	numbers	represent	refinements	to	the	field	data	based	on	the	remote	sensing	data

3.4.1 Roads	

An inundation depth of  2 m is used to compare asset vulnerability across functions since this depth has 

been previously defined as a critical threshold for damage level 3 in particular (Williams et	al., 2019). The 

probability of mixed attribute roads (i.e. all construction material and capacity types) reaching or exceeding 

DL1, DL2 and DL3 at 2 m inundation depth is 0.72, 0.44 and 0.16 respectively (Figure 3.8a). There is a 0.5 

probability of reaching or exceeding DL1, DL2 and DL3 at 1.3 m, 2.2 m and 4.4 m inundation depth 

respectively for mixed attribute roads (Figure 3.8a). 

There is minimal difference in DL1 and DL2 damage probability for asphalt and concrete road construction 

materials as tsunami inundation increases (Figure 3.8b and c). Asphalt roads however show a lower 

probability (0.17) of reaching or exceeding DL3 at 2 m inundation depth when compared to concrete roads 
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(0.34). This is potentially due to fewer survey samples and bias toward a higher proportional exposure of 

concrete roads near the coast, compared to the more widely distributed asphalt roads.

Table	3.5:	Summary	of	tsunami	fragility	function	parameters	for	roads	and	utility	poles.	Pseudo	R2 is	calculated	using	the	
McFadden	method	(McFadden,	1974).

Fragility function µ σ R2

Mixed roads 

DL1 0.23 0.80

0.16DL2 0.81 0.80

DL3 1.47 0.80

Concrete Roads

DL1 -0.07 0.94

0.05DL2 0.79 0.94

DL3 1.08 0.94

Asphalt roads

DL1 0.23 0.80

0.16DL2 0.81 0.80

DL3 1.47 0.80

Collector roads 
mixed construction

DL1 0.32 0.71

0.14DL2 0.80 0.71

DL3 1.32 0.71

Local roads, mixed 
construction

DL1 0.03 0.78

0.20DL2 0.70 0.78

DL3 1.58 0.78

Mixed utility poles

DL1 -0.16 0.78

0.08DL2 0.47 0.78

DL3 0.78 0.78

Concrete utility 
poles

DL1 -1.42 1.69

0.03DL2 -0.43 1.69

DL3 1.04 1.69

Steel utility poles

DL1 0.09 0.86

0.11DL2 0.68 0.86

DL3 0.73 0.86

Steel utility poles < 
5m

DL1 0.36 0.84

0.13DL2 0.66 0.84

DL3 0.71 0.84

Steel utility poles > 
5m

DL1 -0.15 0.92

0.09DL2 0.69 0.92

DL3 0.76 0.92

Road capacity, in this study, is used as a proxy for construction standards where field data is absent. Higher 

capacity ‘collector’ roads are often built to a higher standard than lower capacity ‘local’ roads, and are 

potentially more resistant to tsunami forces (Williams et	al., 2020). In Palu City, tsunami fragility curves 

representing DL1 and DL2 are almost identical for both collector and local roads (Figure 3.8d and e). 

However, collector roads have a higher probability (0.19) of reaching or exceeding DL3 compared to local 

roads (0.13) at 2 m inundation depth. As with the fragility functions for road construction type (Figure 3.8b 

and c), this is likely due to bias toward increased proportional exposure for the higher capacity collector 

roads, which run along the coastline, when compared to the more spatially distributed local roads.
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Figure	3.8:	Tsunami	fragility	functions	for	mixed	road	attributes	(a),	asphalt	(b)	and	concrete	(c)	construction	roads,	and	
collector	(d)	and	local	(e)	capacity	roads.
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Figure	3.9:	Tsunami	fragility	functions	for	mixed	utility	pole	attributes	(a),	concrete	(b)	and	steel	(c)	construction	utility	
poles,	and	steel	<	5	m	(d)	and	steel	>	5	m	(e)	in	height	utility	poles.
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3.4.2 Utility	Poles

The probability of mixed attribute utility poles (i.e. all construction materials and pole heights) reaching or 

exceeding DL1, DL2 and DL3 at 2 m inundation depth is 0.8, 0.59 and 0.47 respectively (Figure 3.9a). There 

is a 0.5 probability of reaching or exceeding DL1, DL2 and DL3 at 0.9 m 1.6 m and 2.2 m inundation depth 

respectively (Figure 3.9a).

Utility pole construction material appears to influence fragility (Figure 3.9b and c). At 2 m inundation depth, 

there is a probability of reaching or exceeding DL1, DL2 and DL3 of 0.91, 0.75 and 0.42 for concrete poles 

and 0.76, 0.51 and 0.48 for steel poles (Figure 3.9b and c). The differences are even more pronounced 

beyond 2 m inundation depth. At 4 m inundation depth, concrete and steel have 0.58 and 0.77 probability 

of reaching or exceeding DL3 respectively.

Tsunami fragility functions that consider utility pole height are consistent for the probability of reaching 

or exceeding DL2 and DL3 at all inundation depths (Figure 3.9d and e). This indicates utility poles rapidly 

transition from DL2 to DL3 under all hazard intensities. The probability of reaching or exceeding DL1 does 

vary between the two height classes, with probabilities of 0.65 and 0.82 at 2 m inundation depth for the 

poles < 5 m and > 5 m in height respectively (Figure 3.9d and e).

3.5 Discussion

Empirical hazard intensity and asset damage datasets are crucial for the development of tsunami fragility 

functions. Field surveys are an important method for collecting such data; however, they are limited by 

several factors, including important ethical sensitivities, logistics, timing, and expertise.  This study 

demonstrates how hybrid methodologies that build upon an existing field survey can be used to expand 

data samples to (ideally) represent a greater range of damage conditions within a particular study area. 

This has formed a unique dataset for tsunami fragility function development for roads and utility pole 

assets in Palu City. The methodology employed proved effective at assessing asset attribute and damage 

observations that were not possible in field, and unexpectedly resulted in refining the observed in-field 

dataset by re-classifying some assets into a lower DL class due to pre-existing damage not associated with 

the earthquake or tsunami (Table 3.3 and Table 3.4). These observations were made possible using Google 

Earth Pro ‘street view’ imagery (Google contributors, 2020a) captured for the inundation area only weeks 

before the tsunami event. This demonstrates the importance of using pre-event satellite and street level 

imagery to classify and pair assets and their damage levels with field observations and post-event imagery. 

Road assets in Palu City performed poorly when compared with previous tsunami events in Japan and Chile. 

In the 2011 Tōhoku Tsunami, the probability of complete damage (i.e. DL3) at 5 m inundation depth was 

0.10 (Williams et	al., 2020), compared to 0.57 reported in the present study (Figure 3.8a). Similarly, road 

fragility functions from the 2015 Illapel tsunami have a 0.12 probability of reaching or exceeding DL3 at 5 

m inundation depth (Williams et	al., 2020). With respect to utility poles, the low threshold for pole damage 

and the resulting fragility functions presented in this study were consistent with other examples (Horspool

& Fraser, 2016) and with previous post-event tsunami field observations (Williams et	al., 2020). 
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It is crucial that the local hazard and asset conditions are considered when applying tsunami fragility 

functions. The 2018 Sulawesi tsunami was documented as producing a very short wavelength with high 

hydrodynamic forces at the Palu City coastline, then rapid deterioration of forces during inland wave run-

up (Frederik et	al., 2019; Koshimura et	al., 2019; Mikami et	al., 2019; Muhari et	al., 2018). This indicates 

tsunami exposed roads and utility poles close to the coastline likely were exposed to high hydrodynamic 

forces, compared to those only 100 m further inland, similar to the 2015 Illapel tsunami (Chapter 2). In 

comparison the 2011 Tōhoku and 2015 Illapel tsunamis (Williams et	 al., 2020) had relatively long 

wavelengths and slower energy deterioration of wave energy inland (Mori et	al., 2011). 

The road capacity/construction type classification used to develop fragility functions in this study is 

potentially biased toward concrete construction and collector road capacity type, which demonstrate a 

higher vulnerability damage compared with asphalt and local roads, respectively. The coastal collector road 

linking all villages in Palu Bay is the predominant location of concrete surfaces in the area and is only 1 m 

above high-tide water levels observed during the field survey. This road was exposed to relatively higher 

tsunami inundation depths and potentially very high dynamic force, as noted above. Similarly, the majority 

of concrete poles observed in the field were along the same coastal esplanade and were also 

proportionately more exposed than those further inland. These poles were observed as supporting up to 

eight lines in some cases, compared with only 1-2 lines on most poles along local roads inland from the 

coast. We speculate that these poles were potentially designed and constructed to a higher standard 

compared to other lines, as they: carried more lines and thus mass load; may have carried higher voltage 

electricity distribution lines and so were more critical to the local distribution network; and were sited 

beside the coast, therefore having a high exposure to storms and coastal inundation. This is likely the same 

with the coastal road which has a higher carrying capacity compared to other local roads (some of which 

are only single lanes), and therefore likely designed  and constructed to a higher standard, which could 

indicate more potential resistance to tsunami damage. There is potential limitations in the qualitative 

nature of damage level classifications (Table 3.1) with respect to surveyor bias (Leelawat et	al., 2014). This 

is mitigated in part by having only one surveyor recording all infrastructure asset data.

Another hazard characteristic leading to higher levels of impact probability in this event is the high 

intensity of earthquake shaking experienced in the area. The Palu-Koru Fault bisected the study area 

(Bellier et	al., 2001; Frederik et	al., 2019; Fig. 1) resulting in an approximately 50 m section of DL3 road 

along the coastal esplanade, which may have been entirely attributed to the effects of surface rupture, 

rather than the tsunami, although these damages were likely exacerbated by the tsunami. This reinforces 

that seismic damage mechanisms were very localised within the inundation extent. Much of the study area 

experienced localised subsidence, lateral spreading and liquefaction to varying scales (Goda et	al., 2019; 

Omira et	al., 2019; Widiyanto et	al., 2019). Some damaged sections of the coastal esplanade road completely 

collapsed into Palu Bay according to eye-witness accounts (Paulik et	 al. 2019), with damage further 

exacerbated by tsunami impacts. Subsidence along the Palu Bay coastline caused localised co-seismic 

deformation that had already occurred prior to tsunami arrival, so surveyed inundation depth 

measurements used in this study are still appropriate. However, asset damage associated with subsidence 
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were not known at the time of observation. When considering these factors, road and utility pole fragility 

functions could potentially over-estimate damage levels relative to non-seismically affected assets. 

This study made no advances on the use of inundation depth as the HIM used for tsunami fragility function 

development. As noted above and consistent with other similar studies (e.g. Koshimura et	al., 2019), there 

was clear evidence from field and remotely collected data in Palu city that considering other HIMs such as 

hydrodynamic forces, inundation velocity, inundation duration, debris impact and scour would be useful 

and probably preferable in some instances. Epistemic uncertainty is reduced by estimating the 

vulnerability for different road and utility pole typologies. The probability of damage considers these 

processes. We suggest the use of tsunami inundation momentum flux models would be valuable to add 

another level of separation, and realism, to the fragility functions presented in this research. Future use of 

analytical methods to better constrain tsunami damage mechanisms could also inform site-specific fragility 

models for a critical network component. There are a number of investigations on transportation network 

components (Chen et	al., 2018; J. Chen et	al., 2013; Qu et	al., 2019; Wei et	al., 2015); however, these have 

not translated into fragility functions, which might be an appropriate next step.

3.6 Summary

This study analyses tsunami vulnerability for road and utility pole infrastructure assets damaged in the 

2018 Sulawesi Tsunami at Palu City, Indonesia. The field survey data are expanded through the inspection 

of damage using satellite imagery and ‘street view’ imagery of the pre- and post-event road and utility pole 

assets in Palu City. A four-level damage classification of structural damage was used, from no damage 

through to complete damage. Tsunami fragility functions were developed for roads and utility poles. The 

methodology applied in this paper overcomes data limitations of in-field tsunami impact surveys by 

remotely adding data that were not captured, while also refining incorrectly classed assets. This hybrid 

survey methodology provided a higher-resolution dataset than if field or remote surveys were done in 

isolation of each other. Extending the field-data resulted in a total dataset of 33.19 km of roads and 598 

exposed utility poles. Three surface interpolation methods were compared, with the natural neighbour 

approach resulting in the best statistical and visual correlation to survey inundation depths. Tsunami 

fragility functions derived from the synthesised dataset expressed the damage probability of structures in 

response to tsunami inundation depth. Road assets demonstrate higher vulnerability than those exposed 

in previous events, with 0.57 probability of reaching or exceeding DL3, compared with 0.10 and 0.12 for 

the 2011 Tōhoku Tsunami and 2015 Illapel Tsunami respectively. While the utility pole fragility functions 

have no direct comparison, the high levels of vulnerability demonstrated in this study are consistent with 

previous tsunami observations.  These functions can be applied to future assessments of impact due to 

potential tsunamis. Application of the synthesised fragility functions in other areas should be carefully 

evaluated considering the uncertainties of local hazard and asset characteristics. These can be used within 

an impact assessment framework to inform mitigation and response strategies for tsunami risk reduction.
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Preface:

Chapter 4 is a modified version of a manuscript intended for submission. Chapter 1 identified gaps in the 

understanding of tsunami impact on infrastructure. These gaps have been filled to a certain extent through 

the vulnerability models developed in Chapters 2 and 3. Chapter 1 also provided a review of risk 

assessment and a summary of tsunami impact assessment. These concepts are applied here in Chapter 4 

through a review of tsunami impact assessments. A framework for tsunami impacts on infrastructure is 

then developed and applied for a case study of Christchurch, New Zealand. This directly utilises the 

vulnerability models developed in Chapters 2 and 3. Some content in this chapter is repeated from Chapters 

1, 2 and 3, as this has been prepared as a standalone manuscript. 
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Abstract

Coastal infrastructure, including roads and electricity distribution networks, are critical to the effective 

operation of society, but can be highly susceptible to tsunami impacts. Recent studies have developed 

tsunami fragility functions for infrastructure to undertake more rigorous quantitative assessment of risk. 

The present study aims to provide an updated review of available tsunami fragility functions for 

infrastructure components and apply these within a framework to assess tsunami impacts for Christchurch, 

New Zealand, considering a Mw 9.4 Peru subduction zone source tsunami scenario. Local road and 

electricity network owners and operators were collaboratively engaged to inform the modelling 

methodology, test, validate and refine the damage, assess interdependencies, and estimated network 

disruption and response time. The impact assessment demonstrated that of the exposed roads, 32 km (16 

%) and 1 (5 %) of the exposed bridges could potentially be damaged beyond repair in a large damaging 

tsunami. For electricity, 10 km (6 %) of the exposed buried cable, 1254 (27 %) of the exposed utility poles, 

79 (29 %) of the exposed secondary substations and 5 (24 %) of the exposed primary substations could 

potentially be damaged beyond repair. Several Christchurch suburbs could expect no road access following 

a large damaging tsunami, with Southshore estimated as having no road access until day 44 post-event. 

Although there is inherent uncertainty presented in this study, the process has highlighted several key 

resilience gaps and opportunities for improvement in the case study area, and beyond, for improved 

tsunami resilience. The results provide a potential resource to inform mitigation initiatives for the likes of 

asset managers, planners and emergency managers, and this study provides a widely applicable framework 

for assessing tsunami impacts on critical infrastructure globally to ultimately increase society’s resilience 

to tsunamis.

4.1 Introduction

Tsunamis can damage and disrupt critical infrastructure, including transportation and energy components, 

all of which are critical to the effective day-to-day operation of society (Macabuag, 2014; Paulik et	al., 2019; 

Widiyanto et	al., 2019; Williams et	al., 2019). The physical damage caused to an infrastructure network can 

have cascading impacts on dependent networks, and if the impacted services are not quickly recovered (or 

continue to operate at reduced levels of service for long periods), it can result in considerable social (e.g. 

habitability, liveability) and economic (e.g. regional Gross Domestic Product) consequences, as well as for 

the efficiency of post-disaster response and recovery efforts (Chua et	al., 2020; Scheele et	al., 2020; Williams

et	al., 2019). Direct tsunami impacts depend on the characteristics of a tsunami (e.g. inundation height, 

hydrodynamic forces, etc.) as well as the vulnerability of exposed assets and populations. Understanding 

the potential impacts of a large tsunami on a coastal region enables better planning and preparedness 

initiatives to take place. Assessing impacts requires appropriate data on the hazard and assets exposed, 

and vulnerability models suitable for the local context. Access, habitability, human displacement and 

sheltering needs are key concerns for emergency managers following tsunami events, and are inherently 

interdependent with the level of service that impacted critical infrastructure networks are operating at 

post-event (Scheele et	al., 2020). 
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Following the 2004 Indian Ocean tsunami, widespread damage to infrastructure network assets were 

observed, which was experienced again following the 2011 Tōhoku tsunami (Maruyama & Itagaki, 2017; 

Suppasri et	al., 2013a; Williams et	al., 2019; Williams et	al., 2020a). Despite these observations, quantitative 

information on asset damage response to tsunami exposure remains relatively rare (Chua et	al., 2020). 

Direct impacts from tsunamis, such as casualties and damage to the built environment, are caused primarily 

by hydrodynamic and hydrostatic forces, including flow velocity, scouring, inundation, buoyancy effects 

and impact by entrained debris (Aránguiz et	al., 2018; Chua et	al., 2020; Klapp et	al., 2020; Naito et	al., 

2014). Indirect impacts to society can be severe and long-lasting, and include disruption to lifeline services, 

isolated communities, human displacement, economic loss and psychosocial impacts (Scheele et	al., 2020). 

Inundation extent and amplification effects are influenced primarily by wave height and frequency, local 

bathymetry, and topography. Analysing relationships between tsunami hazard intensity and levels of asset 

damage is required for establishing asset-specific vulnerability models for use in credible tsunami impact 

assessments. Infrastructure vulnerability models are critical for quantifying network component damage 

levels and service disruption to communities either directly or indirectly affected by tsunami hazards, as 

an important part of disaster risk reduction (Chua et	al., 2020; Eguchi et	al., 2013; Graf et	al., 2014; Lovholt 

et	al., 2019). 

Previous tsunami impact assessments have largely focused on estimating casualties and building damage, 

leaving a distinct gap in the understanding of direct and indirect tsunami impacts on critical infrastructure 

(Aránguiz et	al., 2018; Koshimura et	al., 2009; 2009b; Scheele et	al., 2020; Suppasri, et	al., 2013b). Given 

the importance of critical infrastructure to society, a prudent development for tsunami risk assessment is 

to compile or develop suitable impact assessment tools, specifically vulnerability models for tsunami 

impact assessment so these can be applied to better inform tsunami risk reduction and response planning. 

A long-term goal identified for tsunami risk research is the improvement of numerical infrastructure 

vulnerability models with attribute- or site-specific tsunami vulnerability information, including 

material/construction type (Eguchi et	al., 2013; Paulik et	al., 2019; Scheele et	al., 2020; Williams et	al., 2019; 

Williams et	 al., 2020b; Williams et	 al., 2020a). This would provide end users, including emergency 

managers, planners and infrastructure lifelines groups, easy access to relevant data to inform decisions 

around increased resilience in coastal communities through the application of local data specifications and 

globally applicable modelling resources. 

Electricity and road networks are rated as the highest and second highest, respectively, for 

interdependencies of all other critical infrastructure networks, and requirements for dwelling habitability 

(New Zealand Lifelines Council, 2020; Scheele et	 al., 2020). Roads in particular are critical following a 

damaging tsunami event, as they provide key access to impacted, and potentially isolated, coastal 

communities. Road access is typically the first stage in post-disaster response, with many other 

infrastructure network operators relying on access to begin assessing and repairing their respective 

networks, including electricity (New Zealand Lifelines Council, 2020; The World Bank, 2015). Roading is 

the most developed network in terms of empirical vulnerability models (see Section 4.2.3) and electricity 

is a key interdependency and a considerable gap in tsunami fragility and impact assessment literature. 

Several studies highlight the lack of damage and failure models for electricity and road network 
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components despite their importance for recovery actions and increasing resilience (Eguchi et	al.; 2013; 

Horspool & Fraser, 2016; Wild & Hughes, 2018; Williams et	al., 2019; Williams et	al., 2020b). 

The key objectives of this paper, in the context of advancing the field of tsunami impacts on infrastructure, 

are:  

 A literature review of tsunami vulnerability functions for infrastructure and impact assessment 

methods.

 An updated framework for undertaking tsunami impact assessment on infrastructure, including 

for direct physical damage and indirect service disruptions.

 A deterministic tsunami impact assessment case study for transportation and electricity networks, 

including physical damage and service disruptions.

A review of tsunami impact assessment methodology is first presented (Section 4.2) before applying this 

to an impact assessment of Christchurch, a tsunami-exposed city in the South Island of New Zealand 

(Section 4.3). The impact assessment framework is followed by the case study methods. A discussion of the 

impact assessment (Section 4.4), its limitations and inherent uncertainties is then presented, followed by 

key recommendations for tsunami mitigation in Christchurch, and lessons learned for the broader tsunami 

impacts discipline. 

4.2 Impact	Assessment	Process	Review

The international tsunami research community has largely focused on tsunami hazard assessment through 

numerical model development. There are few examples of tsunami impact assessments. Of those which 

exist, the most commonly reported are post-event (ex-post) empirical impact assessment approaches, 

using in-field or remote sensing impact observations (Fritz et	al., 2011; MLIT, 2012; Okal et	al., 2010; Omira 

et	al., 2019; Paulik et	al., 2019; Reese et	al., 2007). Such post-event impact assessments are used to either 

inform response and recovery efforts, develop vulnerability functions, or validate existing pre-event 

assessments. Despite being the only truly accurate tsunami impact assessment, their limitations may 

include: requiring substantial surveyor labour hours; subjective impact rankings that differ between 

individual surveyors; incomplete data if using non-census-style methods; compromised data accuracy with 

delay of survey after event; non-definitive hazard origin of impact classifications (e.g. earthquake and 

tsunami events); and infrequency of events thereby limiting the applicability of data to other regions 

(Charvet et	al., 2014; Leone et	al., 2011; Williams et	al., 2019). There are relatively few published examples 

of pre-event (ex-ante) tsunami impact or risk assessments. This is in part due to a lack of applicable hazard 

and vulnerability models, although this is a growing field (Akiyama et	al., 2013; Cruz et	al., 2009; Gill et	al., 

2015; Horspool & Fraser, 2016; Jin & Lin, 2011; Lovholt et	al., 2019; Pitilakis et	al., 2016; Wegscheider et	

al., 2011; Williams et	al., 2020a; Williams,  et	al., 2020b). In the absence of empirical data, or to supplement 

what is available, expert elicitation has been used as a justifiable impact assessment methodology (Centre 

for Advanced Engineering, 1997; Horspool & Fraser, 2016; Scheele et	al., 2020). Impact assessments can 

be conducted deterministically, probabilistically, or a combination of both. Deterministic approaches to 
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impact and risk assessment are used to assess disaster impacts of a given hazard scenario. Probabilistic 

assessments are characterized by inherent uncertainties, partly related to the natural randomness of 

hazards, the variable nature of infrastructure component characteristics and partly because of an 

incomplete understanding and measurement of the hazards, exposure and vulnerability under 

consideration (Beven et	al., 2018; Darbra et	al., 2008; Yang & Frangopol, 2020). Probabilistic approaches 

are considered most useful for long-term planning (including legislation and land-use), and applied risk 

assessments (i.e. losses over time) while deterministic approaches are more useful for emergency response 

and recovery planning, and are, therefore, the approach used in the case study application for this research. 

Impact assessments require the key inputs of hazard, exposure and vulnerability information, presented in 

the proceeding subsections.

4.2.1 Hazard

Numerical modelling is commonly used to simulate tsunami propagation, and the resulting inundation, in 

hazard assessments (Aránguiz et	al., 2018; Jamelot et	al., 2019; Koshimura et	al., 2017; Lane et	al., 2017; 

Takagi et	al., 2019; Tanioka, 2018). The spatial distribution of tsunami inundation is defined through a 

hazard intensity measure (HIM), the selection of which is influenced by the availability of data and their 

applicability to the utilised vulnerability model (See section 4.2.3). The resolution of tsunami hazard 

modelling is typically controlled by the availability and resolution of local coastal topographic and 

bathymetric data (King, 2015; Lane, et	al., 2017; Muhari et	al., 2018; Pitilakis et	al., 2016). A range of HIMs 

for tsunami inundation have been proposed including maximum depth, maximum velocity, extent, 

duration, hydrostatic force, hydrodynamic force, debris potential, momentum flux and wave height at the 

coast (Charvet et	al., 2017; De Risi et	al., 2017; Fritz et	al., 2012; Lane et	al., 2014, 2017; Macabuag et	al., 

2016; Naito et	al., 2014; Park et	al., 2017; Reese et	al., 2011). The most common HIM, used for the impact 

assessment of buildings, is maximum inundation depth (Reese et	al., 2011; Scheele et	al., 2020; Suppasri, et	

al., 2013b; Williams et	 al., 2020b; Williams et	 al., 2020a). This is a result of the comparative ease of 

identification of inundation depth markers, which can be easily matched to observed damage during post-

event surveys (Goff et	al., 2006; Paulik et	al., 2019; Williams et	al., 2020b). However, inundation velocity 

can be equally, if not more, important than inundation depth in the spatial distribution of damage during a 

tsunami (Fritz et	al., 2012; Mas et	al., 2020; Naito et	al., 2014; Reese et	al., 2011; Williams et	al., 2019). 

Ideally, impact and risk models would use a composite HIM of inundation depth and inundation velocity; 

however, this creates high data and computational demands on both hazard and vulnerability models, 

making this impractical or impossible when data are unavailable (Mas et	 al., 2020a). Therefore, most 

tsunami impact assessments of infrastructure components have used a single HIM to inform exposure and 

vulnerability parameters (Marchand et	al., 2009; Scheele et	al., 2020; Tarbotton et	al., 2015; Thomas, 2018; 

Williams et	al., 2019). Tsunami impacts, and therefore vulnerability, cannot be fully characterised by any 

one HIM. However, impact assessments are limited by the availability of tsunami vulnerability functions 

and the availability of HIMs during their synthesis. The topographic setting can also potentially be used to 

define variations in tsunami hazard characteristics. When a tsunami wave reaches the coast, it will travel 

either long distances inland, at relatively low inundation depths over planar topography, or, if confined 



Chapter 4 – Tsunami Impact Assessment Case Study

118

near the coast, will reach considerably greater inundation depths. Planar topography will result in lower 

retreating inundation speeds, whilst the opposite is commonly observed for areas of steep coastal 

topography (Aránguiz et	al., 2016; De Risi et	al., 2017; Naito et	al., 2014; Suppasri, et	al., 2013b; Williams et	

al., 2020b; Williams et	al., 2020a).

4.2.2 Asset	Exposure

An inventory of asset exposure is required to quantify tsunami impacts. These should include all societal 

elements, relevant to the study and exposed to the given hazard. However, in tsunami impact assessments 

the assets considered tend to be limited to people and the built environment, which includes critical 

infrastructure (Horspool & Fraser, 2016; Lin et	al., 2019; Schmidt et	al., 2011; Thomas, 2018; Williams et	

al., 2019). Within impact/risk assessment frameworks, assets are typically handled within a database, often 

referred to as an exposure or asset inventory, for which organisations such as the Global Earthquake Model 

(GEM) have systematic and formal guidelines (Eguchi et	al., 2013; Rossetto et	al., 2014; Wilson et	al., 2014). 

Ideally, a critical infrastructure exposure inventory will include infrastructure links (e.g. electricity cables, 

road carriageways) as well as their individual components (e.g. electricity sub-station, operational 

facilities). The exposure inventory should contain their spatial locations and attributes affecting their 

ability to withstand a given hazard (i.e. vulnerability indicators), such as construction type, construction 

materials, use category, and age. Such attributes are incorporated into vulnerability models to calculate 

impact probability for a given hazard intensity (Horspool & Fraser, 2016; Kappes et	al., 2012; Williams et	

al., 2019; Wilson et	al., 2014). Compiling asset inventories, particularly for critical infrastructure, can be 

challenging as data are often owned by private organizations, are in inconsistent formats, have commercial 

security restrictions, or are simply not recorded (Williams et	al., 2019).

4.2.3 Vulnerability

Vulnerability models are used in tsunami impact/risk assessment to assess an asset’s susceptibility to being 

impacted (i.e. damage, loss of function) for a given hazard intensity. The development of tsunami 

vulnerability models requires that hazard data and damage statistics be used in parallel, each of which may 

be empirical, analytical (experimental), expert elicitation or hybrid sourced (Table 4.1). Four vulnerability 

model approaches are commonly utilised: vulnerability indices; damage matrices; fragility functions and 

vulnerability functions (Alam et	 al., 2018; Horspool & Fraser, 2016; Kappes et	 al., 2012; Power, 2013; 

Williams et	al., 2019; Wilson et	al., 2014), with the latter being the focus of this study (Aránguiz et	al., 2018; 

Scheele et	al., 2020; Suppasri, et	al., 2013b; Tarbotton et	al., 2015).

Vulnerability functions derive a continuous loss index or ratio as intensity increases for the given HIM,  

whereas fragility functions provide the probability of exceeding different limit states (e.g. physical damage) 

for the given HIM (Lagomarsino & Cattari, 2015; Tarbotton et	al., 2015; Williams et	al., 2019). Tsunami 

fragility functions are commonly developed from data collected on a specific event, and are representative 

of the event’s hazard characteristics and local infrastructure component construction standards. Functions 

therefore may or may not apply to other settings. This has been identified as an important  priority of 

tsunami risk science to continue to undertake post-event tsunami impact surveys to provide a more 
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comprehensive global dataset, especially for infrastructure, to inform more effective disaster risk 

assessment (Paulik et	al., 2019; Williams et	al., 2019). Fragility functions typically rely on relatively large 

samples of empirical or modelled impact data, yet such quantitative empirical data for infrastructure 

vulnerability is rare and has only recently been a focus of post-event impact assessment (Chua et	al., 2020; 

Paulik et	 al., 2019; Williams et	 al., 2019; Williams et	 al., 2020a; Williams et	 al., 2020b) and physical 

modelling studies (Chen & Melville, 2015; Chen et	 al., 2017, 2018; Rossetto et	 al., 2014). For critical 

infrastructure, road, bridge, utility poles and port structures, have been previously analysed for fragility 

function development from empirical field surveys and physical modelling (Table 4.2). 

Table	4.1:	Review	of	methodological	approaches	used	in	qualitative	vulnerability	model	development	for	natural	hazard	
impact	and	risk	assessment	(adapted	from	Wilson	et	al.,	2014;	Williams	et	al.,	2019)

Approach Data Advantages Disadvantages

Empirical
Controlled 
experiments

-Repeatable experiments
-Range of hazard and asset 
characteristics considered

-Difficulties in replicating natural hazards 
in laboratory
-Difficulties in replicating scale model 
assets

Empirical
Post-event 
impact 
assessment

-Ground truth impacts
-Site, region, asset specific
-Difficulties in defining hazard measures
-Impact preservation is time dependant

Judgement
Expert 
elicitation

-Assess wide range of impacts
-Uninhibited by impact data or models
-Can be used to refine other models

-Quality dependant on expertise and 
subjectivity
-Difficulties in validation
-Differing and contradictory opinions

Analytical
Numerical 
modelling

-Increased reliability and repeatability
-Reduced bias
-Transferable to new scenarios

-Substantial computation
-Assumption based

Hybrid
Combination 
of differing 
approaches

-Reduced limitations through 
combining approaches

-Individual approach limitations apply

Williams et	 al., (2019) reviewed all known publicly available literature of tsunami impacts to critical 

infrastructure, at the time, which revealed: (a) there are relatively few data for tsunami impacts on critical 

infrastructure, especially when compared to other hazards such as earthquake; (b) the information that is 

available tends to be in a qualitative format reported from broad post-event damage assessment surveys, 

which often lack key impact information such as location and spatial extent of impact, a measure of the 

tsunami hazard intensity, severity of impact (including non-damaged assets), and other contextual factors; 

and (c) the lack of data has meant only some critical infrastructure assets and or networks have 

vulnerability models available, and those that do are often derived from expert elicitation or very small 

data sets. This points to a clear need to apply a standardised approach to assessing tsunami impacts on 

critical infrastructure (e.g Dominey-Howes et	al., 2012). Williams et	al., (2019) also noted there were few 

examples of tsunami vulnerability models using HIMs other than inundation depth, yet empirical 

observations suggest that the distribution of tsunami damage is influenced by more factors than depth 

alone. Williams et	al., (2019), represents the only all-infrastructure vulnerability resource which has been 

updated and adopted for various studies (e.g. Horspool & Fraser, 2016; New Zealand Lifelines Council, 

2017; West Coast CDEM Group, 2017; Thomas, 2018; Wild and Hughes, 2018; Scheele et	al., 2020). Tsunami 

vulnerability functions for buildings developed in the last decade have, in almost all cases, included 
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Table	4.2:	Available	quantitative	tsunami	vulnerability	models	for	critical	infrastructure	components.	Updated	from
Williams	et	al.,	(2019).

Model Event Source Data Input Resolution Output HIM

R
oa
d

(Williams et	al., 
2020a)

Tōhoku/
Illapel

Field survey

General or Road 
class and/or
topographic setting, 
also culvert linked

4 DL
Depth 
(continuous)

(Williams et	al., 
2020b)

Sulawesi Field Survey
General or surface 
material or capacity

4 DL
Depth 
(continuous)

(Maruyama & 
Itagaki, 2017)

Tōhoku Field Survey 4 spatial regions
Damage 
ratio

Depth 
(continuous)

B
ri
d
g
e

(Williams et	al., 
2020a)

Tōhoku Field survey General 4 DL
Depth 
(continuous)

(Shoji & 
Moriyama, 2007)

Indian 
Ocean

Field survey Construction type 3/4 DL
Depth (above 
base)

(Eguchi et	al., 
2013)

Tōhoku Field survey 
Generic –undamaged 
not considered

4 DL Depth

(Akiyama et	al., 
2013)

Tōhoku 
Physical 
model

Generic 4 DL
Depth (above 
base)

(Muhari et	al., 
2012)

Tōhoku Field Survey Generic 2 DL
Depth/distance 
ratio

Su
b
-

st
a
ti
on

(Horspool & 
Fraser, 2016)

N/A
Expert 
judgement

Indoor/outdoor 
components

4 DL
Depth 
(continuous)

(Hatayama, 
2014)

Tōhoku Field Survey General 2 DL
Depth 
(continuous)

U
ti
li
ty
	P
ol
e (Williams et	al., 

2020b)
Sulawesi Field survey

Material and height 
(PC/Steel)

4 DL
Depth 
(continuous)

(Horspool & 
Fraser, 2016)

N/A
Expert 
judgement

Construction type 
(timber/PC)

3 DL
Depth (ratio to 
pole height, 
continuous)

C
u
lv
er
t

(Williams et	al., 
2020a)

Illapel Field survey General
4 DL 
Probability 
Modifiers 

N/A

T
re
a
tm
en
t	

P
la
n
t

(Horspool & 
Fraser, 2016)

Tōhoku Field survey General 2 DL
Depth 
(continuous)

(Eguchi et	al., 
2013)

Tōhoku Field survey General 3 DL
Depth 
(continuous)

F
u
el
	

St
o
ra
g
e

(Hatayama, 
2014)

Tōhoku Field survey Generic 2 DL
Depth 
(continuous)

P
o
rt
	

C
ra
n
e

(Karafagka et	al., 
2016)

N/A
Numerical 
model

General 5 DL
Depth 
(continuous)

P
or
t	

In
d
u
st
ry

(Chua et	al., 
2020)

Tōhoku Field Survey
Industry type and 
topographic setting

5 DL
Depth 
(continuous)

F
is
h
er
y
P
o
rt
	

F
a
ci
li
ti
es

(Imai et	al., 
2017)

Tōhoku Field survey Asset type 2 DL
Depth 
(continuous)

(Suppasri et	al., 
2018)

Tōhoku
Remote 
sensing

General 2 DL
Velocity 
(continuous)

G
en
er
a
l

(Williams et	al., 
2019)

Various
Literature 
review

General – all 
infrastructure 
components

3 damage 
likelihoods

Depth (discreet)

*	Highlighted	rows	represent	the	fragility	functions	selected	as	inputs	to	the	case	study	in	Section	4.3.
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inundation depth, and have in many cases also included velocity and/or momentum flux (Charvet et	al., 

2017). However, infrastructure fragility functions developed from post-event surveys have only used 

inundation depth, although functions derived from physical modelling do include a measure of velocity or 

impact force (Table 4.2).

4.3 Case	Study	

This section presents and applies a tsunami impact assessment framework for infrastructure. It begins by 

presenting relevant background material (Section 4.3.1), then presents the impact assessment methods 

(Section 4.3.2), followed by the exposure, direct damage, outage, disruption and restoration time results 

(Section 4.3.3).

4.3.1 Background	Material

Christchurch, with a population of 369,000, is located on New Zealand’s east coast (Figure 4.1) and is 

exposed to local, regional and distal source tsunamis (Borrero & Goring, 2015; Goff & Chagué-Goff, 2012; 

Lane et	al., 2012, 2014, 2017; Paulik et	al., 2020; Power, 2013; Power et	al., 2007). The tsunami hazard for 

Christchurch is estimated to be > 9.5 m and > 12.5 m wave heights at the coast at the 50th and 84th 

percentiles respectively, for a 2,500-year return interval, with the most likely tsunami source for both a 

2,500- and 500-year event at the 50th percentile being the Peru subduction zone (Power, 2013). Tsunamis, 

and specifically damaging tsunamis, are broadly considered low probability but high impact for 

Christchurch (Todd et	 al., 2017). Although the tsunami hazard has been relatively well defined for 

Christchurch (Bosserelle et	al., 2019; Centre for Advanced Engineering, 1997; Goff & Chagué-Goff, 2012; 

Lane et	al., 2012, 2014, 2017; Power, 2013; Scheele et	al., 2020; Todd et	al., 2017; Williams et	al., 2019), the 

likely societal impacts have not. Effective risk management is required to reduce potential tsunami impacts 

on Christchurch’s critical infrastructure. Such planning should be underpinned by a credible tsunami 

impact model for critical infrastructure. 

Christchurch experienced major impacts from the 2010–2011 Canterbury earthquake sequence disaster

(CES; Hughes et	al., 2015; Quigley et	al., 2016) This is contextually important as substantive widespread 

damage occurred to infrastructure networks across the eastern suburbs in proximity to rivers and the 

coast, largely from earthquake-induced liquefaction and attendant ground deformation (Cubrinovski et	al., 

2014). The electricity network, however, performed relatively well in comparison to road and water 

systems due to seismic strengthening initiatives for new and existing components undertaken following 

previous resilience programmes (Centre for Advanced Engineering, 1997). Many residential dwellings 

were damaged and required repair or demolition, resulting in the displacement of residents (Buchanan et	

al., 2011; Buchanan & Newcombe, 2010). A residential ‘red-zone’ was declared, in which the New Zealand 

government purchased and demolished approximately 7,300 private residential properties which were 

deemed uneconomic to viably remediate against future liquefaction and attendant ground deformation. 

Both the depopulated residential red-zone and adjacent suburbs with remaining populations encompass 

areas susceptible to increased flood, tsunami hazard and future sea level-rise effects, due to their proximity 

to the Avon-Heathcote Estuary and the Avon and Heathcote Rivers (Hughes et	al., 2015; Quigley et	al., 
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2016). While repair and replacement of infrastructure (e.g. roads, bridges or pipes) and improved 

residential housing codes have improved resilience to an extent, coastal Christchurch remains exposed to 

future tsunamis and other coastal hazards.

Figure	4.1:	Study	area	map	showing	Christchurch’s	eastern	suburbs. Base	map source:	University	of	Otago	– National	
School	of	Surveying.
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The Christchurch City Council (CCC) and Orion Group (Orion) take a proactive approach to risk 

management and are engaged with the scientific community to understand tsunami hazard and risk. They 

are supported by Civil Defence and Emergency Management (CDEM) and Lifelines Groups in this mission -

as per the CDEM Act 2002 (MCDEM, 2002). Tsunami inundation modelling and risk assessments are used 

by CCC to inform infrastructure design and town planning. This case study is designed to inform these 

aspects and allow better planning and preparedness measures to be undertaken for critical infrastructure. 

A previous study of tsunami impacts on Christchurch infrastructure was conducted by Williams et	 al., 

(2019), which developed and applied a qualitative tsunami damage matrix based on field survey 

observations and a literature review of tsunami impacts on each critical infrastructure component. The 

only tsunami impact assessment for Christchurch to use empirical vulnerability models was for building 

impacts by Scheele et	 al., (2020),  to inform a post-event habitability assessment. The assessment

incorporated tsunami impacts on infrastructure into the habitability framework, however, this was based 

off the same qualitative damage matrix developed and applied by Williams et	al., (2019).  These previous 

impact assessments identified that Christchurch roads have potential for higher damage in coastal valleys, 

where communities such as Sumner and Redcliffs (Figure 4.1) may be particularly susceptible to isolation. 

Relatively higher damage is also identified for the New Brighton area.

4.3.2 Methods

The methodological framework used here (Figure 4.2) consists of: defining the hazard, vulnerability and 

exposure inputs for the impact assessment (Section 4.3.2.1); a physical damage assessment (Section 

4.3.2.2) to understand the severity and extent of potential physical damage to exposed assets; and a service 

disruption assessment (Section 4.3.2.3) to understand the time operating at reduced levels of service 

(Section 4.3.2.4). At each stage of this methodological framework, workshops were held with the relevant 

stakeholders, operators and managers to validate a logical methodology and credible results. The tsunami 

impacts and disruption of electricity and road network components in Christchurch are assessed in 

collaboration with CCC (roads) and Orion (electricity), which is highlighted throughout this section where 

applicable. 
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Figure	4.2 :	Methodological	framework	for	the	tsunami	impact	assessment	used	in	this	study.	Shaded	boxes	indicate	
direct	contributions	from	this	thesis.

4.3.2.1 Impact	Assessment	Inputs

This section outlines the collection and preparation of data that inputs the impact assessment modelling. 

The following paragraphs cover the hazard model, exposure inventory and vulnerability model inputs, all 

of which are summarised in Table 4.3. 

Table	4.3:	Impact	assessment	input	data	for	Christchurch	case	study

Hazard Model Component Asset Data Relevant Asset Attributes
Vulnerability 

function

(Lane, et	al., 
2017)

1:2500 ARI, 
inundation 

depth, 
present day 

sea level

Bridge
(LINZ contributors, 

2020; OpenStreetMap 
contributors, 2020)

General
(Williams et	al., 

2020a)Road
Capacity class, culvert 
topographic setting, 

distance from coastline

Culvert Remotely Sensed Diameter N/A

Utility Pole

Supplied by Orion 
Group

Material, height (Williams et	al., 
2020b)

Secondary 
Substation

General
(Horspool & 

Fraser, 2016)Primary 
Substation

General

Buried Cable Size, road (co-located) N/A
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Hazard	Model:	There are a range of available tsunami hazard models for Christchurch. The scenario chosen 

for this case study represents a maximum credible tsunami for Christchurch, with a 1:2,500 annual return 

interval (ARI) Mw 9.485 Peru subduction zone source (Figure 4.3). For this, a numerical inundation depth 

model is selected from Lane et	al., (2017), (Table 4.3). This incorporates tsunami flow up rivers which has 

resulted in a larger and more credible tsunami hazard compared to previous model iterations (Lane et	al., 

2014). This model assumes static topography, therefore, in places where dunes are expected to be severely 

eroded, the model is likely to be underestimating the inundation (Bosserelle et	al., 2019; Lane, et	al., 2017). 

Figure	4.3:	Tsunami	hazard	model	(adapted	from	Lane et	al.,	2017) and	exposure	of		(a)	roads	(LINZ	contributors,	2020;	
OpenStreetMap	contributors,	2020) and	(b)	Orion	electricity	network	components.

Exposure	 Inventory:	As outlined in Section 4.1, this case study focuses on electricity and road network 

components. A number of key assets are selected as the components to model in each network, following 

engagement with the relevant stakeholders, with the driving criteria being that they are critical 

components in each network and they have spatial asset data available (CCC, 2020; Orion Group, 2020b). 

For roads, key assets include road carriageways and bridges, and for electricity, key assets include

substations, utility poles and buried cables (Figure 4.3). In the case of electricity assets, these are supplied 

by Orion directly. Substations are provided as polygons representing individual components, which are 

converted to points for ease of modelling (Figure 4.3b). Utility poles also included a linear shape file 
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representing the load-carrying poles relative to the street-crossing poles (Figure 4.3b). Road carriageways 

are publicly available (LINZ contributors, 2020; OpenStreetMap contributors, 2020) and are refined to suit 

the spatial distribution of the study area (Figure 4.3a). Bridge assets are isolated into a separate dataset to 

be represented as points (Figure 4.3a). Road carriageways and buried electricity cables are split into 20 m 

and 50 m sections, respectively. In the case of roads, this is to capture the minimum damage length 

observed in field surveys (Paulik et	al., 2019; Williams et	al., 2020b ), and in the case of electricity this is to 

capture the minimum jointing distance for older buried cables in the study area (Orion Group, 2020b). To 

apply the highest resolution vulnerability modelling available (Table 4.2; Williams et	al., 2020a) ‘steep’ and 

‘flat’ topographic classifications are manually assigned to the roads dataset (Figure 4.4). The presence of 

culverts is also considered in the impact assessment, through damage probability modification (see 

Sections 4.3.2.2 & 4.3.2.3). Culverts are digitised using remote sensing (satellite imagery and  “street-view” 

imagery; Google contributors, 2020) and then refined through a field survey of the study area (Figure 4.4). 

Culverts are manually co-located with each intersecting road section (present “1”, not present “0”). 

Figure	4.4:	Culvert	locations,	distance	from	a	coastline	and	topographic	classifications	used	for	Christchurch	roads	in	
vulnerability	model	and	damage	probability	modification/application.

Vulnerability	Models: For roads, fragility functions from Williams et	al., (2020a) are primarily used for this 

impact assessment, given their consideration of road capacity classes (as a proxy for construction type) and 
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topographic setting (as an indicator of increased hazard intensity; Table 4.2; see Section 4.3.2.2). Fragility 

functions from Williams et	al., (2020a) are also used for bridges, as they are based on the highest resolution 

empirical damage dataset available (Table 4.2). For utility poles, fragility functions from Williams et	al., 

(2020b) are used, which consider pole height and pole material. Substations do not have empirical fragility 

functions available (Table 4.2), however Horspool & Fraser, (2016) have developed expert-based fragility 

curves for substation components through a workshop process. These consider indoor and outdoor 

substation components (Table 4.2). In this study these are applied by considering primary substations, 

which are housed inside buildings, as “indoor” and secondary substations, which are housed at street level, 

as “outdoor”. Buried cables do not have any available vulnerability models so none are used in this study. 

However, buried cables in Christchurch typically follow existing buried services ‘corridors’, which 

themselves typically follow transportation corridors. Therefore, in a novel approach, the buried cables are 

co-located with roads, using a 20 m search distance, to infer vulnerability. The buried cables are given a 0.5 

probability of damage occurring if co-located with a damage level (DL) of DL2 or DL3 road section. This 

approach is co-created with Orion who deem it logical in the absence of applicable vulnerability models. 

Orion also validate a decision to exclude DL1 buried cables, in regards to co-located road damage, as this 

damage level is not conducive with exposing buried cables (i.e. no damage to the internal backfill; Paulik et	

al., 2019; Orion, 2020; Williams et	al., 2020a).

While inundation depth is used as the HIM, other hazard intensity indicators that might have a bearing on 

road vulnerability are also considered. Inundation speed, inundation depth, the degree of submersion and 

size of the culvert are all factors dictating contraction scour intensity. Scour can also be exacerbated by the 

enhanced turbulence and vortex formation in this inundation. Additionally, scour around culverts can be 

caused by the back flow after a tsunami has receded. Culverts do not directly use a fragility function, due to 

a knowledge gap, but are considered as a vulnerability modifier for roads, along with the distance from the 

coastline (Figure 4.4). Both of these vulnerability modifiers are based on the learnings from Williams et	al., 

(2020a). The damage probability modifiers for the distance from a coastline are based on a linear best-fit 

model, while the culvert co-location damage modifiers are + 0.083 (DL1), + 0.167 (DL2) and+ 0.333 (DL3) 

(Williams et	al., 2020a). 

4.3.2.2 Physical	Damage	Assessment

In adhering to the methodological impact assessment framework (Figure 4.2), an exposure assessment is 

conducted to define hazard intensity (i.e. inundation depth) at each component location. In the case of 

infrastructure links, the hazard intensity was sampled from the centroid of each section. The results of 

which are presented in Section 4.3.3. The relevant vulnerability models (Table 4.3; Section 4.3.2.1) are 

applied to define a probability of reaching or exceeding DL0 – DL3. This vulnerability assessment is 

conducted using the risk assessment tool ‘RiskScape’ (Schmidt et	 al., 2011). A random-weighted 

distribution method is then adopted to define deterministic damage levels (i.e. one realisation of the 

random variable) based on the probability of each component reaching or exceeding DL0 - DL3. This 

method of deterministic damage level assignment adheres to the methodology used in the recent 

‘Wellington Lifelines Regional Resilience Project’ (Wellington Lifelines Group, 2019). The results of this 

initial direct damage assessment are presented to the relevant stakeholders (CCC and Orion), who then 
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validate the approach and results, with minor refinements. Upon engagement with CCC, manual 

refinements are made to the deterministic damage level for bridges to reflect recent earthquake 

strengthening initiatives not directly captured in the vulnerability models (CCC, 2020). The initial damage 

results of each network are also refined to remove several instances of non-credible component damage 

(e.g. a DL3 utility pole in 0.01m inundation 5 km from the coastline). The results of the direct damage 

assessment for roads and electricity components are presented in Section 4.3.3.

4.3.2.3 Service	Disruption	Assessment

The next stage of the methodological framework (Figure 4.2) is to assess the survive loss, disruption and 

outage times as a result of the direct damage results (Section 4.3.3). The highly interconnected nature of 

Orion’s electricity network does not lend itself to directly deriving network service disruption and 

restoration times through expert elicitation (Orion Group, 2020b), so none are developed in this study. For 

future work in this space see Section 4.4. In the case of roads, to define a level of access, routes into and 

through impacted suburbs are traced using a hierarchy of primary roads; then lower capacity roads until 

either a route is found that avoids a DL3 road (reduced access) or all routes are exhausted (no access), 

(Figure 4.5). Although DL1 and DL2 roads would cause a reduction in road capacity and an increase in 

travel time, they are not considered to directly reduce access. Road ‘disruption’ (see Section 4.3.3), which 

defines how much access there is within a suburb, is applied using the same approach (Figure 4.5) of tracing 

routes across each suburb (i.e. secondary access routes and tertiary access routes) and based on whether 

a vehicle could travel across and or around a suburb, rather than simply into it as with ‘access’. This process, 

and the initial service outage and disruption results, are presented to the CCC road engineers, who agree 

this approach is logical and that the resulting service levels are credible (CCC, 2020). The results of this 

road access and disruption assessment are presented in Section 4.3.3.

4.3.2.4 Service	Restoration	Assessment

The next stage in the methodological framework (Figure 4.2) is to assess service restoration time. As with 

Section 4.3.2.3 the Orion network does not lend itself to this assessment. For roads, this approach is co-

created with CCC road engineers (CCC, 2020). Based on the direct damage assessment (4.3.2.2) and road 

access levels (Section 4.3.2.3), two priority routes through the impacted areas are defined, and a strategy 

for restoring ‘response’ level access to all suburbs is developed in conjunction with CCC (CCC, 2020). 

‘Response’ access is indicative of the response phase of emergency management and would allow 

emergency-level access for residents, but would primarily serve as access for emergency services and site 

access for infrastructure repair works. These repair strategies/sequences are explored considering 

network operation hierarchy, inter- and intra-dependencies of the network components, priority/critical 

customer needs, availability of repair equipment/machines, replacement materials etc. (CCC, 2020). There 

are no high-value critical sites (e.g. Hospitals) within the inundation zone, however asset managers, 

including CCC, have access to, and are required to consider, a generic restoration priority list as standard 

practice for New Zealand lifelines operators (MCDEM, 2002).
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Figure	4.5:	Visualisation	of	method	used	for	assessing	road	access	and	disruption	(example	displayed	for	Ferrymead,	
Christchurch)

A number of further assumptions are made when estimating the road outage times (CCC, 2020). Key 

assumptions include:

 The response begins on day 2, allowing one day for the hazard to pass, ponded water to drain and 

for recovery planning to commence.

 Maintenance teams will work on restoring access for two primary routes across the impacted areas 

(Figure 4.9).

 Maintenance teams will begin at the first accessible point(s) along each primary access route and 

work in both directions until teams meet (Figure 4.9).

 There are enough resources for maintenance teams to begin at each starting point and work 

simultaneously.

 Debris is considered to be present in all areas, affecting access for maintenance teams. This will be

cleared at each section of damage, with debris clearing teams moving ahead of each repair team –

no extra days are added for this.

 Access is restored to a response-based level of service (i.e. repairs may be temporary, provide low 

capacity access, be only for emergency response efforts).

 An average of 1 day per DL3 section is adopted. Damage associated with a culvert assumes 2 days 

(i.e. one day for restoration of each DL3 section, two days for restoration of each DL3 section with 

a culvert present).
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The results of this service restoration time assessment are presented in Section 4.3.3

4.3.3 Results

This section presents the results of the tsunami impact assessment presented in Section 4.3.2. Table 4.4

displays the results of an exposure assessment. The highest exposed assets, to > 1m depth, by frequency 

are roads (87.7), utility poles (2318) and buried cables (62.9 km). Notably there are 65.6 km of 

infrastructure network links and 945 nodes exposed to greater than 2 m of tsunami inundation in this 

scenario. Table 4.4 also presents the results of the direct damage assessment (Section 4.3.2.2), which are 

also shown in Figure 4.6 (roads) and Figure 4.7 (electricity). The direct damage assessment demonstrates 

that of the exposed roads, 32 km (16 %) and 1 (5 %) bridge are damaged beyond repair (≥ DL2) in a large 

damaging tsunami. For electricity, 10 km (6 %) of buried cable, 1254 (27 %) utility poles, 79 (29 %) 

secondary substations and 5 (24 %) primary substations exposed are damaged beyond repair (≥ DL2). The 

highest concentrations of direct damage are, not surprisingly, in those areas with higher inundation depths 

and/or higher concentrations of infrastructure.

Table	4.4:	Tsunami	exposure	and	damage	for	Christchurch	assets	in	the	case	study scenario

Infrastructure	
component

Total	
Exposed

Exposure Damage
<	1	m	
depth

1	– 2	m	
depth

>	2	m	
depth

DL0 DL1 DL2 DL3

Bridge 24 22 2 0 13 10 0 1

Road 200 km 112.5 km 45.1 km 42.6 km 151 km 17.5 km 17.4 km 14.3 km

Utility	Pole 4652 2333 1422 896 2197 1259 371 874

Secondary	
Substation

270 170 53 47 143 48 42 37

Primary	
Substation

21 13 6 2 13 3 4 1

Buried	Cable 155 km 91.6 km 39.9 km 23.0 km 145.0 km 7.8 km 1.9 km

The results for the road network access and disruption (Section 4.3.2.3) are presented in Figure 4.8. There 

are three areas of complete isolation in Southshore/South New Brighton, Ferrymead and Moncks Bay 

(Figure 4.8). In the case of South New Brighton and Southshore, this is due to the direct damage (Figure 

4.6) and a lack of redundancy routes down the coastline, which confines these suburbs. In Ferrymead there 

are multiple routes into the area, but the direct damage is so frequent that there are no access routes for 

this scenario (Figure 4.5 and Figure 4.6). As with Southshore, there is only one access road into Moncks 

Bay, pre-event, which is why it is also modelled to experience a complete loss of access from damage to the 

coastal route. Unlike the neighbouring hill suburbs, there is no access from the roads above (see Figure 4.9

for alternate access routes). In terms of disruption (i.e. the ability to travel across a suburb) the isolated 

communities (Figure 4.8b) all experience major disruption, as well as New Brighton, Sumner and Redcliffs, 

with the latter two experiencing some of the highest exposure in the city (Figure 4.3).
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Figure	4.6:	Deterministic	tsunami	damage	scenario	results	(one	realisation	of	the	random	variable)	for	road network	
components	in	Christchurch,	New	Zealand,	used	for	subsequent	service	outage	and	restoration	models.
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Figure	4.7:	Deterministic	tsunami	damage	scenario	results	(one	realisation	of	the	random	variable)	for	electricity	
network	components	in	Christchurch,	New	Zealand,	used	for	subsequent	service	outage	and	restoration	models.
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Figure	4.8:	Road	access	(a)	and	disruption	(b)	levels	estimated	for	Christchurch,	New	Zealand,	immediately	following	the	
case	study tsunami	scenario.

The resulting road response-access restoration times are presented in Figure 4.9, representing the time 

required to restore one primary access route (no access to reduced access), at least two primary access 

routes,  and all primary access routes (reduced access to full access), respectively, to a response-based level 

of service. The highest number of days, post-event, required to restore response-based access is in 

Southshore with 44, followed by South Brighton (20), Moncks Bay (17) and Ferrymead (3). Due to 

prioritisation and geography, Southshore only gains one response-based access route. In terms of gaining 

access to more than one route, the southern suburbs and northern coastal suburbs are disproportionately 

affected relative to the rest of the city (Figure 4.9). This is a result of direct damage and relative pre-event 

redundancy (i.e. in the hill suburbs to the south). Most southern suburbs do not receive access to a second 

primary access route until Day 17 (Figure 4.9), which is a result of the coastal route restoration providing 

access from west to east on day 17 (Figure 4.9).
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Figure	4.9:	Time	to	restore	response-based	access	routes	for	a)	one	primary	route, b) at	least	two	primary	routes,	and	c)	
all	primary	routes.

4.4 Discussion

The impact assessment modelling presented in this paper, indicates the worst impacted areas in 

Christchurch following a large damaging tsunami, are likely to be Southshore, South Brighton, Moncks Bay 

and Ferrymead (in that order; Figure 4.9), which are all left isolated for ground transport, and are home to 

over 7,500 residents alone. Immediately after the event, time consideration would need to be given to aerial 

reconnaissance, planning and prioritisation, and wider consultation. CCC estimates a week for this, 

although response works would be underway, to varying extents, during this period. Urban Search and 

Rescue (USAR) would be deployed immediately, and Civil Defence would likely go straight into cordon 

management and send in maintenance crews straight away to assess temporary access. Considerations 

would need to be given to the severity of the impacts e.g. number of residential buildings damaged or 

destroyed, which would come down to political decisions, beyond local government level, around the 

feasibility of retrospective land-use changes similar to those implemented following the CES. CCC assumed 

there would be no issues with the supply of resources (e.g. gravel from quarries) however depending on 

the speed of repair works (Figure 4.9), demand could feasibly exceed supply when impacted areas beyond 

the scope of this study are factored in. Despite this, CCC are confident they could access enough resources 

and staff to rebuild from both sides of the affected area rather than one direction (e.g. Ferrymead – Sumner; 

Figure 4.9). They are likely to adopt a collaborative model similar to that used during the CES where 
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contractors used the same resource pool but were distributed/relocated to damaged suburbs around the 

city (CCC, 2020). 

This study not only demonstrates the success of engaging with stakeholders, but also the value that is 

provided by stakeholder engagement. Stakeholders have critical knowledge of their networks that is not 

captured in digital databases. Stakeholders not only provide validation for impact assessment methodology 

(Figure 4.2), but are vital to the applied methods presented in this paper. The methodology and results for 

road access (Figure 4.8a), disruption (Figure 4.8b) and restoration (Figure 4.9) would not have been 

possible without input from experts at CCC. Honing an impact assessment towards the needs and desires 

of stakeholders will increase involvement and uptake in the research outputs, ultimately increasing the 

usefulness and usability of the research. Stakeholder engagement with CCC and Orion, as well as other local 

and national stakeholders, will be ongoing beyond the work presented in this paper. 

This study represents a first step (globally) for empirical deterministic tsunami impact assessment for 

critical infrastructure. It also represents a first step for deterministic transportation outage, disruption and 

restoration time modelling for tsunami impacts. This work demonstrates that deterministic/scenario-

based, and likely probabilistic, tsunami impact assessments can now be feasibly undertaken using 

empirical vulnerability models. These can produce results reported as damage level likelihoods and 

deterministic component damage levels (e.g. Figure 4.6, Figure 4.7, Figure 4.8 and Figure 4.9). While the 

impact assessment presented in this study does not lend itself to direct comparison with any other study, 

the modelled damage is consistent with the spatial damage distribution presented in previous tsunami 

impact assessments of Christchurch (Scheele et	al., 2020; Williams et	al., 2019). The road service disruption 

(Figure 4.8) and access restoration times (Figure 4.9) are also consistent with assumptions, used in Scheele 

et	al., (2020), around access in Christchurch following a large damaging tsunami. These results (Figure 4.8

and Figure 4.9) are also consistent with the transport recovery work undertaken by CCC and their 

contractors, who repaired and replaced 1,300,000 m2 of roads and 144 bridges following the CES (GCG & 

DPMC, 2017) and, more recently, the road response and recovery work following the 2016 “Kaikōura” 

earthquake (A. J. Davies et	al., 2017; Wotherspoon et	al., 2018).

While the service outages and restoration assessment (Figure 4.8 and Figure 4.9) did not progress here for 

electricity, there are mechanisms in place for Orion to model service outages based on the damage 

assessment and access estimations presented in this study.  This modelling was not included in the present 

study as it is considered an in-house job for Orion rather than the research community, although the 

process will remain collaborative. This would follow procedures similar to that after the CES, using kiosk-

level data to define outage areas and restoration strategies (Orion Group, 2020a). Electricity service 

disruption could be defined in several ways (% restored, service level etc.), but a measure of community 

impact is Orion’s aim.  This would consider using mesh block level population data as units of outage, with 

resident demographic information informing restoration prioritisation (Orion Group, 2020a). 

The following sections provide further discussion on model limitations, case study mitigation 

recommendations and recommendations for future research.



Chapter 4 – Tsunami Impact Assessment Case Study

136

4.4.1 Limitations

Table	4.5:	Limitations	and	assumptions	made	in	the	methods	used	and	their	implications	for	the	impact	scenario	in	terms	
of	underestimation	or	overestimation.

Assumption/Limitation

Implications	for	Impact	
Scenario	*

Under-
estimation

Over-
estimation

H
a
za
rd

Inundation depth is the only hazard intensity directly considered for assessing 

component vulnerability (Figure 4.3).

The hazard model used (Figure 4.3) is based off a 15 m resolution grid, so may not 
capture the true effects of building and land features on form-drag (Bosserelle et	al., 
2019; Lane, et	al., 2017).

The hazard model used (Figure 4.3) does not consider sediment transport, erosion or 
aggradation. This likely underestimates inundation where dunes are damaged 
(Bosserelle et	al., 2019; Lane, et	al., 2017; Todd et	al., 2017).
Cascading hazards are not directly considered including debris ponding, rainfall, slope 
stability, topography changes (aggradation/erosion), scour and pre-existing conditions 
associated with seasonal changes in the water table and precipitation. There is high 
uncertainty around many of these factors.
Inundation flow speed and energy are only indirectly, and broadly, considered through 
topographic classifications and distance from coastline. Although this increases the 
model resolution, it is based on conservative expert judgement and likely under-
estimates damage further from the coast and overestimates it closer to the coast.

E
xp
os
u
re

There may be critical infrastructure components not included in each network’s (road 
and electricity) dataset.

Culverts are not visible in-field, but remotely sensed through aerial, satellite and ‘street 
view’ imagery. This means for the most part their attributes are unknown.

V
u
ln
er
ab
il
it
y

Most vulnerability models do not directly consider a component’s attributes (with 
respect to tsunami vulnerability).
The vulnerability models used, which are based on international asset standards, and 
local source earthquakes, are based on events with high levels of seismicity (other than 
Illapel) compared to the distal source Christchurch case study.
Vulnerability models based on inundation depth resulted in some anomalous damage 
being modelled, particularly evident near the extent of in-land inundation. These were 
infrequent, and easily removed, which has very slightly reduced the reported damage 
overall.
The culvert damage probability modifiers (Section 4.2.3) are based on one international 
event with a considerably smaller hazard intensity than the case study tsunami scenario. 
As a result, these damage probability modifiers likely underestimate damage at the coast 
and overestimate it further from the coast.
The vulnerability models used for substations (Horspool & Fraser, 2016) are based on 
expert elicitation rather than empirical field data.

Im
p
a
ct
s

D
ir
ec
t	
D
a
m
ag
e

The deterministic impact modelling represents one realisation of the random 

variable (Figure 4.6 and Figure 4.7). Subsequent representation of the random 
variable will see a change in the damage distribution represented and therefore 
a modification of the subsequent outage and restoration modelling.
Cascading impacts are not directly considered. For example, considerations of the 
post-event cascading storm water impacts (blockages and changes in flow paths) 
could create considerable drainage issues and flooding.

Se
rv
ic
e	
d
is
ru
p
ti
on
	a
n
d
	

re
st
or
a
ti
on
	t
im
e

Various references (Section 4.2) highlight the need for interdependencies to be 
considered in infrastructure service outage and disruption modelling (Section 
4.3.2), which is only indirectly considered through stakeholder engagement 
workshops in the present case study.

Many political and social factors are not directly considered in the case study
(Section 4.3), including human welfare, crowd management, exclusion zones, 
post-event land-use changes or restrictions, post-event public pressure for 
recovery, time of year, the welfare of road maintenance crews, road engineers 
and traffic management personnel.

*darker	colours	represent	relatively	major	implications	than	lighter	colours,	which	reflect	relatively	minor	implications.	
No	colour	means	none	or	negligible	implications.
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Inherent uncertainties associated with assumptions and limitations within each stage of the impact 

assessment framework are summarised in Table 4.5, reflecting their ultimate implication for either under-

or over-estimating tsunami impacts for the given case study.

4.4.2 Recommendations	for	Tsunami	Mitigation	in	Christchurch:

The impact assessment literature review and case study were, as outlined in Section 4.2, aimed at providing 

a resource to improve tsunami resilience generally, and also specifically for the case study area. To this 

affect, the tsunami impact assessment review (Section 4.2) and consultation with stakeholders, both during 

and following the impact assessment process, has brought to light a number of recommendations for 

tsunami risk reduction in Christchurch:

Identified	areas	for	infrastructure	mitigation

 Strengthen infrastructure (at coast) on primary access routes to reduce impacts and therefore 

reduce disruption and repair time post-event. Site specific assessments should be considered.

 Increased redundancy, or strengthening of redundant infrastructure, would allow for more ground 

transport capacity post-event. A key finding of this study is the lack of access out of Moncks Bay if 

the coastal route is damaged (Figure 4.1 & Figure 4.8).

 Allow for potential access easements over private land (if not already in place) to improve post-

event access capacity.

Component	specific recommendations

 Conduct site specific bridge performance assessments to determine the tsunami vulnerability of 

exposed bridges in Christchurch (Figure 4.3 & Figure 4.6). This is particularly important in 

Christchurch given recent earthquake strengthening works on a number of tsunami exposed 

bridges, which did not directly consider tsunami loadings (Section 4.3.1). 

 Replace jointed electricity cables in areas of high tsunami damage potential (Figure 4.7). This 

recommendation may apply to other cabled networks and pipes, although this assumption is 

unfounded.

 Lay new horizontal assets along routes that bypass coastal vulnerabilities (e.g. electricity cables 

currently bypass the McCormack's Bay causeway with an inland route (Figure 4.1 & Figure 4.8).

 Use buried electricity distribution in coastal areas exposed to tsunamis (Figure 4.3b) since utility 

poles (i.e. overhead cables) are particularly vulnerable in high hazard areas. It is assumed this 

would increase response and recovery times (which were not directly modelled in this study for 

electricity). Additionally, stockpiles of replacement and/or temporary utility poles should be 

considered, if not already in place, to increase response times for service restoration post-even.
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Land	use	planning:

 Consider tsunami exposure and potential impacts in future developments (buildings and 

infrastructure). This could include exclusion zones and re-zoning of existing land.

 Build key future infrastructure assets conservatively outside of maximum credible tsunami 

inundation zones where possible (Figure 4.3).

 Assess and communicate any post-event infrastructure exclusion zone planning and management 

to critical infrastructure operators pre-event. If there is no population returning to an impacted 

area then infrastructure rebuild prioritisation will likely vary from that shown in the present case 

study. There is a clear need for policy makers and infrastructure operators to discuss this point 

along with community engagement to investigate uptake.

Emergency	response	planning:

 Develop traffic management and contingency planning for alternative access routes (Figure 4.9), 

and subsequent temporary primary access routes, identified in this study. There is a need for 

emergency managers to be clear on what the actual purpose of restoring access would be e.g. could 

be trying to retrieve valuables from damaged property. 

 Hold community engagement workshops around tsunami damage, service disruptions, post-event 

response/recovery and public expectations around levels of infrastructure services post-event. 

These have been identified as priorities for improving community resilience post-tsunami. 

 Consider the wider effects of infrastructure service disruption beyond the areas directly impacted 

by tsunami inundation (Figure 4.6 & Figure 4.7) and the implications for emergency management 

and welfare facilities. Electricity outage, although not considered in this case study, could be 

reduced or lost for large areas if primary substations exposed to tsunamis are damaged (Figure 

4.3b & Figure 4.7). 

4.4.3 Recommendations for	Future	Work:

The framework adopted in the present case study should be applied and tested for other case studies, 

nationally and globally. A national infrastructure damage and outage model could feasibly be conducted 

depending on uptake and data availability. This would reduce the uncertainty identified around resource 

availability post-event, as it would be clear what the national impacts, and therefore restoration priorities, 

are and where resources will go. Further interdependencies should also be considered in subsequent 

tsunami impact assessments, with 3-waters (stormwater, wastewater and potable water networks) being 

identified as a priority for future work (CCC, 2020). This would involve a damage assessment of each 

network, then the same engagement and modelling approach for service outage, disruption and restoration 

as in the present study. However, with each network included, the interdependencies of all networks will 

become exponentially more robust compared with the present case study. This approach was used 
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successfully in the recent Wellington Lifelines Regional Resilience Project (Wellington Lifelines Group, 

2019) for an earthquake hazard, and a similar framework for tsunami impacts could be feasibly adopted. 

Subsequent recovery assessments (i.e. Figure 4.9) should also consider assets beyond just primary access 

routes (e.g. secondary and tertiary routes) to begin quantifying full recovery/rebuild timeframes and 

service outage for all businesses and residences of a given study area. Additional future research should 

also consider an economic loss assessment, which is often the next step in an impact assessment 

(Wellington Lifelines Group, 2019). This would help further inform mitigation prioritisation for loss 

reduction and funding allocations. It is strongly recommended any subsequent work in this field continues 

with stakeholder engagement. 

The present impact assessment would have been enhanced by vulnerability models that consider HIMs

beyond depth. Existing post-event impact datasets could be extended to develop fragility functions which 

consider alternative HIMs, if numerical hazard models were applied in the absence of empirical hazard 

observations. This work would be possible for the likes of the 2011 Tōhoku, 2015 Illapel and 2018 Sulawesi 

tsunami infrastructure impact datasets (MLIT, 2012; Paulik et	al., 2019; Williams,  et	al., 2020b; Williams 

et	al., 2020a) and future post event field survey datasets.

4.5 Conclusions

This study has utilised the growing suite of available fragility functions and applies them within a 

framework for assessing tsunami impacts for a Christchurch-based maximum credible tsunami event case 

study, considering transportation and electricity network components. A series of stakeholder workshops 

were conducted throughout the impact assessment process to validate, refine and contribute to inputs, 

methods and results of this impact assessment. These workshops also estimated time-stamped network 

service outages and disruptions representing response and recovery phases respectively. This paper 

discussed the results of this impact assessment case study with respect to comparative studies, the 

implications of inherent uncertainties and assumptions used. It also provided recommendations for 

increasing tsunami resilience in Christchurch, including land-use, emergency response planning, 

infrastructure component mitigation and infrastructure network mitigations. This study has contributed

to global knowledge of tsunami impacts on built-environments and specifically provides a framework and 

case study for estimating access and energy disruption from potential tsunami impacts. This study has 

quantified electricity and transport infrastructure component damage and network outage (transport) for 

Christchurch, however the distribution and quantity of damaged infrastructure components will have a 

varying degree of disruption to different coastal settings and communities post-event, and the duration of 

access and utilities service disruption will affect the response and recovery of each community differently. 

The tsunami impact assessment framework presented in this study is widely applicable, and it is 

recommended it be applied to other case-studies at local to global scopes to continue quantifying 

infrastructure impacts to inform initiatives for improving tsunami resilience.
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5. RESEARCH SUMMARY

This chapter presents the conclusions and a summary of the body of work this PhD represents.  It is drawn 

from the research, discussions and conclusions presented in Chapters 1 - 4. The chapter is structured by 

first presenting a thesis synopsis, followed by a summary of the main research findings, then by a discussion 

of research limitations and applicability of research findings. The chapter concludes with 

recommendations for future research in this disciplinary field.

5.1 Thesis	Synopsis	and	Research	Contributions

This section provides an overview of each thesis research chapter, and their contributions to the field of 

tsunami risk reduction. It also considers how each chapter aligns with the conceptual risk management 

framework used in this thesis (Figure 1.5).

Figure	5.1:	New	Zealand	Risk	Management	Framework	(AS/NZS,	2009)

The aim of this thesis was to reduce risk through improving the understanding of critical infrastructure 

vulnerability and impacts to tsunami hazards (Chapter 1). This was achieved by utilising previously 

collected post-event impact and hazard data (Appendix A & B) to refine existing, develop new, and apply 

vulnerability models for direct asset damage from tsunamis (Chapters 2 & 3). This thesis improves tsunami 

impact and risk assessment of critical infrastructure by developing the first empirical quantitative physical 

vulnerability models for transportation and electrical sectors (Chapters 2 & 3), and then applying these 

within an impact assessment framework (Chapter 4). A tsunami impact assessment scenario then modelled 

the first direct damage, service outage, and disruption and restoration time estimations for critical 

infrastructure, using Christchurch, New Zealand for the case study (Chapter 4). 

The literature review in Chapter 1 identified several research gaps, including: 1) limited post-event field 

observations collected on infrastructure damage, leading to limited empirical tsunami vulnerability 
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models; and 2) a lack of applied tsunami impact assessments for infrastructure globally, largely as a result 

of limited vulnerability models. This thesis addressed these gaps through the two research objectives:

1. Analyse	post-event	tsunami	damage	and	hazard	data	to	develop	vulnerability	models	for	tsunami	impacts	

on	infrastructure

This objective was achieved by undertaking international case studies to contextualise tsunami 

impacts on critical infrastructure components to define tsunami vulnerability. This thesis collected and 

enhanced three post-event tsunami damage datasets for critical infrastructure. Prior to this study,

there were no census-style empirical survey datasets for tsunami impacts on infrastructure. This thesis 

also presented two tsunami inundation depth interpolation models that can be used to validate existing 

and/or future numerical tsunami inundation models for their respective inundation areas. This thesis 

developed a set of vulnerability models for transport and electricity infrastructure components. This 

contributes to the growing suite of empirical vulnerability models, and specifically fragility functions, 

for tsunami impacts to critical infrastructure globally. These vulnerability models represent the most 

comprehensive tsunami fragility functions for roads, and the only empirical fragility functions for 

utility poles, to date. Two post-event field surveys (in Chile and Indonesia) were conducted to collect 

data (Appendix A, B & C), and another previously collected dataset (in Japan; Appendix A & C; MLIT, 

2012) was utilised. The analysis of these three post-event hazard and damage datasets was used to 

investigate the spatial distribution and overall ratio of damage, damage level and service level – which 

are presented in Chapters 2 & 3. The post-event survey datasets were each enhanced with remotely 

sensed survey data.  Fragility curves were then fitted to the datasets to develop of a suite of 

vulnerability models, including fragility functions. These two chapters are summarised below, 

highlighting their unique contributions:

Chapter	2:	

This study utilised a previously collected dataset from the 2011 Tōhoku tsunami and builds on the 

post-event field survey dataset presented in Appendix A from the 2015 Illapel tsunami, Chile. This 

chapter provided a suite of observations on the influence of tsunami inundation depth, road use-

type, culverts, inundation distance, debris and coastal topography. Fragility functions were 

developed for roads, considering inundation depth, road use-type, and coastal topography and, for 

bridges, considering only inundation depth above deck base height. Fragility functions were 

developed for roads and bridges through combined survey and remotely sensed data for the 2011 

Tōhoku earthquake and tsunami, Japan, and using post-event field survey data from the 2015 

Illapel earthquake and tsunami, Chile. In this study, higher-capacity design roads were found to be 

less vulnerable than lower-capacity design roads, showing that higher-capacity designs have more 

resistant construction and/or materials. It was concluded that, other than bridges, culverts are the 

weakest point in a road network during tsunami inundation and that they are highly vulnerable to 

tsunami impacts due to the principal of contraction scour. This chapter also demonstrated the 

usefulness and success of remotely surveying undamaged assets to complete a tsunami impact 

dataset in preparation for tsunami vulnerability development. This study identified that there is a 
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linear relationship between distance from the coastline, and the frequency/intensity of damage 

observed, and that it could be applied as a proxy for deteriorating flow velocity/energy inland, in 

the absence of velocity and shear stress data. It also found that there is a zone of higher debris 

deposition potential, which is an important consideration for transport access following a 

damaging tsunami. In the case of Illapel, this was 75 – 200 m from the inland inundation extent. 

This chapter also utilised learnings on topographic variations in the spatial distribution of damage 

across steep and flat terrain during the Tōhoku tsunami and classified these for vulnerability 

model development. Coastal plains experienced higher initial vulnerability in some instances (e.g. 

for state roads with up to 5 m inundation depth), but coastal valleys (in some locations exceeding 

30 m inundation depth) experienced higher asset vulnerability overall. The suite of synthesised 

vulnerability models is applicable to a variety of exposure and attribute types for use in global 

tsunami impact assessments, and to inform DRR strategies.

In the context of the conceptual risk management framework (Figure 1.5) this chapter contributes 

toward the ‘Risk Identification’ and ‘Risk Analysis’ stages. These are achieved by identifying 

infrastructure exposure and vulnerabilities to tsunami through the collection (Appendix A) and 

analysis of empirical post-event tsunami impact data and synthesised tsunami vulnerability 

models for impact assessment. It also achieves this by determining constraints, including 

limitations.

Chapter	3:	

This study builds on the post-event field survey dataset of the 2018 Sulawesi tsunami, Indonesia, 

as presented in Appendix B & C. Tsunami inundation depths were estimated at infrastructure 

component locations from a spatial interpolation of observed flow depths and wave run-up. The 

field survey dataset was enhanced substantially through the application of remote sensing 

techniques. Infrastructure component attributes and geometries exposed to tsunami inundation 

were also compiled from both field surveys and satellite imagery and ‘street view’ imagery, which 

included component construction material, capacity (roads) and height (poles). A series of tsunami 

fragility curves were fitted to the dataset, providing a suite of fragility functions for road and utility 

pole components. These complement the fragility functions developed in Chapter 2, and 

comparisons were drawn between the two studies. 

Road assets demonstrated higher vulnerability in the 2018 Sulawesi Tsunami event than those 

exposed in previous events, with 0.57 probability of reaching or exceeding DL3, compared with 

0.10 and 0.12 for the 2011 Tōhoku Tsunami and 2015 Illapel Tsunami, respectively. While the 

utility pole fragility functions have no direct comparison, the high levels of vulnerability 

demonstrated in this study are consistent with previous tsunami observations. It was concluded 

that a cumulative link model approach for fitting fragility curves is more successful at credibly 

defining vulnerability compared to the previous methods in Chapter 2. Remote sensing was again 

successful in making a damage dataset more complete, and therefore more robust scientifically. 

The methodology applied in this paper overcame data limitations of in-field tsunami impact 
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surveys by remotely capturing data not observed on the ground, while also refining incorrectly 

classified assets. This hybrid survey methodology provided a higher-resolution dataset than if field 

or remote surveys were done in isolation. Extending the field data resulted in a total dataset of 

33.19 km of roads and 598 exposed utility poles. Three surface interpolation methods were also 

compared in this study, with the natural neighbour approach resulting in the best statistical and 

visual correlation to survey inundation depths. It was also found that these watermark 

interpolations provided a considerably more credible representation of tsunami inundation 

between empirical survey points, when compared to numerical models published for this event. 

As in Chapter 2, in this chapter (and Appendix B & C) contributions were made toward ‘Risk 

Identification’ and ‘Risk Analysis’ stages of the conceptual risk management framework by 

identifying infrastructure exposure and vulnerabilities to tsunami through the collection 

(Appendix B) and analysis of empirical post-event tsunami impact data and synthesised tsunami 

vulnerability models for impact assessment (Figure 1.5).

2. Assess	the	impacts	of	tsunami	hazards	on	critical	infrastructure,	within	an	impact	scenario	case	study for	

Christchurch,	New	Zealand.

This objective addressed the knowledge gap in applied tsunami impact assessments for infrastructure 

globally. The objective was achieved by developing and adopting a framework for the first tsunami 

impact assessment for transportation and electrical sectors. A tsunami impact scenario demonstrated 

its applicability and utilised the newly developed vulnerability models from Chapters 2 and 3.

Chapter	4:

The aim of this study was to conduct the first deterministic empirical impact scenario for 

transportation and electrical sectors service disruption and restoration time. The framework and 

newly synthesised vulnerability models (Chapters 2 & 3) were applied within a credible impact 

scenario for Christchurch, New Zealand, considering a Mw 9.4 Peru subduction zone source 

tsunami. This impact scenario represents the first tsunami impact assessment of infrastructure to 

incorporate empirical vulnerability models for roads and electricity components, and is the only 

example of a deterministic tsunami service disruption and restoration model for transportation. 

Local asset owners and operators were consulted to co-create, validate and refine the modelling 

methodology and results, which contributed directly to direct damage, network outage, disruption 

and response time estimations. This thesis builds on previous disaster risk assessment studies to 

develop an updated framework for assessing tsunami impacts on infrastructure. This meets best 

practice guidance for disaster risk assessment through stakeholder engagement and the 

identification of meaningful risk measures to aid decision making.  

A key finding was that credible deterministic tsunami impact assessments for infrastructure are 

now feasible. Christchurch, New Zealand was used as the case study as it is highly exposed to 

tsunami hazards and had a strong stakeholder desire for impact assessment resources. The impact 

assessment demonstrated that 32 km (16 %) of the exposed roads and 1 (5 %) of the exposed 
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bridges, could potentially be damaged beyond repair in a large tsunami. For electricity, 10 km (6 

%) of the exposed buried cable, 1254 (27 %) of the exposed utility poles, 79 (29 %) of the exposed 

secondary substations and 5 (24 %) of the exposed primary substations could potentially be 

damaged beyond repair. Several Christchurch suburbs could expect no access following a large 

damaging tsunami, with the highest estimated as having no road access for 44 days. Although there 

is inherent uncertainty presented in this study, the impact assessment process highlighted several 

key resilience gaps and opportunities for improvement in the case study area, and beyond, for 

improved tsunami resilience. A series of stakeholder workshops was conducted throughout the 

impact assessment process to validate, refine and contribute to inputs, methods and results of this 

impact assessment. These workshops were also used to derive time-stamped network service 

outages and disruptions. 

This chapter contributes to the conceptual risk management framework stages directly for ‘Risk 

Identification’, ‘Risk Analysis’ and ‘Communication and Consultation’, and partially and indirectly 

for ‘Risk Evaluation’ and ‘Risk Treatment’. ‘Risk Identification’ is achieved primarily in the impact 

assessment scenario through the identification of exposed and vulnerable communities and by 

determining constraints, including data and modelling limitations. ‘Risk Analysis’ is contributed to 

in the tsunami impact assessment case study. For ‘Risk Evaluation’ and ‘Risk Treatment’, this 

chapter makes no direct contribution, but has made a step toward constraining priorities for 

critical infrastructure damage, utilities’ service levels, mitigation strategies and future research 

priorities, based on the results of the infrastructure impact scenario, which have provided a metric 

by which emergency managers and planners could base response and mitigation strategies.

‘Communication and Consultation’ was achieved as a direct result of stakeholder engagement and 

co-creation of the tsunami impact assessment case study, followed by consultation, refinement, 

and validation.

5.2 Benefits	and	Limitations

This section discusses the benefits and limitations of the methodological approach(es) undertaken in this 

thesis.

5.2.1 Post-event	Tsunami	Field	Surveys

The vulnerability models developed in this thesis (Chapters 2 & 3) rely heavily on data collected from post-

event field hazard and impact surveys (Appendix A & B). Post-event field surveys represent the only 

accurate tsunami impact assessments in terms of actual asset performance when exposed to tsunamis. 

Despite this, the limitations of post-event field surveys are identified as including: requiring substantial 

surveyor labour hours; subjective impact rankings that differ among individual surveyors; incomplete data 

if using non-census style methods; compromised data accuracy with delay of survey after the event; non-

definitive hazard origin of impact classifications (e.g. earthquake and tsunami events); and infrequency of 

events thereby limiting the applicability of data to other regions (Charvet et	al., 2014, 2015; Leone et	al., 

2011; Williams et	al., 2019b). In the case of surveyor bias, this may well have been the case for the Illapel 
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field survey (Appendix A, Chapter 2), but in the case of the Sulawesi tsunami survey, bias was overcome to 

an extent through having a single surveyor (99%) for infrastructure assets, including those remotely 

surveyed. These data may be consistent, but this then lends itself to any inherent bias being repeated across 

the entire dataset. The road capacity/construction type classification used to develop fragility functions in 

the Sulawesi study are potentially biased toward concrete construction and ‘Collector’ road capacity type, 

which show higher concentrations within the tsunami inundation areas. Many of the limitations of the field 

surveys were overcome with post-survey remote data collection. However, these remote surveys are 

limited by the availability of pre- and post-event imagery. In the case of Illapel, there was drone-mounted 

camera footage taken the morning after the event, which allowed for remote validation of data, and 

collection and analysis of debris density data that would have not been otherwise possible. In the case of 

the Sulawesi tsunami, Google ‘street view’ imagery (Google contributors, 2020a) had been collected for ~ 

95% of the survey area two weeks prior to the tsunami, allowing for remote data capture with a high 

confidence level. Despite the limitations, this thesis expands, improves upon and adds to previously 

collected post-event infrastructure impact datasets.

5.2.2 Vulnerability	Model	Development

Chapter 2 used a data binning approach to prepare the cumulative probabilistic dataset for fitting fragility 

curves. This approach was labour-intensive and incorporated inherent bias associated with data binning.

This method of binning data for cumulative probabilities also leads to curves inherently crossing, 

particularly at the lower end of the hazard intensities, which is not credible. Chapter 3 then built on this by 

incorporating a cumulative link model approach (e.g. Lallemant et	al., 2015; Williams et	al., 2019a) for 

fitting fragility curves. This approach was less labour intensive as it did not require data binning for each 

damage level in isolation, but rather used all data to fit each of the curves for the final fragility function. 

This meant that lines did not cross, as logic dictates, although it did mean the functions are not entirely 

representative of the sample set. One inherent limitation of the vulnerability models developed in this 

thesis, and mentioned throughout Chapters 1-4, is their limited applicability to case studies, with potential 

variations in hazard and asset standards to those used to develop the models. 

The single biggest limitation with the models developed in this thesis are the exclusive use of depth-based 

HIMs. This is a well-established limitation for tsunami vulnerability model development (e.g. Park et	al., 

2017). These would have been enhanced with vulnerability models that represent subsequent HIM (e.g. 

velocity, shear stress) which were not available for several reasons (see Chapters 2 and 3), but will be 

available with advancements in post-event numerical hazard modelling, and more open data-sharing 

practices. This is addressed partially through the development of vulnerability models considering distance 

from coast (as a proxy for energy and velocity), damage exacerbation by culverts (as a proxy for localised 

contraction scour) and topographic setting (as a proxy for momentum flux). Despite these limitations, the 

availability of empirical tsunami vulnerability models is a substantial step forward for the discipline, and 

allows credible impact assessments to be conducted that were not possible prior to the studies in this 

thesis.
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5.2.3 Tsunami	Impact	Assessment	Framework

The impact assessment presented in Chapter 4 provides a framework for tsunami impact assessment of 

critical infrastructure. A collaborative co-creation approach was undertaken utilising practitioner 

(infrastructure asset managers/engineers) expert judgement in close discussion with researchers. This co-

creation approach was adopted to make use of intimate local specialised knowledge of the relevant 

networks and systems, contribute proactively to local DRM research-practice collaboration, and address 

identified knowledge gaps within the impact assessment framework.  For the latter, this was particularly 

important for assessing service outages, disruptions and restoration times, all of which had considerable 

uncertainty and had never been attempted previously for tsunamis. The success of the co-creation 

approach was considerable. Incorporating local knowledge and expertise into each stage of the impact 

assessment yielded considerable benefits, including access to the latest asset inventories, the credibility of 

the modelling approach and results, and addressing gaps in asset data and engineering knowledge. The 

limitations of the impact assessment in Chapter 4 would have been substantive without this stakeholder 

engagement, and the usefulness and uptake of results by stakeholders would have been limited.  This study 

makes a substantive contribution to tsunami risk assessment for Christchurch, New Zealand, by combining 

new quantitative empirical models on tsunami damage and disruption, and addressing knowledge gaps 

through practitioner expert co-creation. This provides a novel resource for future tsunami risk assessments 

and DRR strategies in Christchurch.

Despite the perceived success of the approach, inherent and specific limitations were inevitable. The 

service restoration modelling (Chapter 4) is specific to the hazard, assets and infrastructure networks of 

Christchurch used in the case study, which may not be directly applicable in other case study locations. 

There is also considerable reliance on the accuracy of the hazard model used  (Chapter 4; Lane et	al., 2017). 

In particular, the method of service restoration time allocation (1 day per DL3 road section and 2 for DL3 

with culverts) may not be applicable for all road systems and/or road infrastructure operators. 

Additionally, environmental conditions (e.g. precipitation, ground water levels) and cascading hazards (e.g. 

ponding and post-event flooding) were not considered directly in Chapter 4. Subsequent assessments will 

need to consider local conditions. Although care should be taken in directly applying this framework to 

other case studies, Chapter 4 does provide a framework that can be used to guide similar applications. 

5.3 Recommendations	for	Future	Research

This section discusses and recommends areas of, and directions for, future research required to build upon 

the work included in this thesis.

5.3.1 Post-event	Field	Data	Collection

Key recommendations for post-event field data collection include:

Conduct	census-style	surveys:	Undamaged samples are usually absent in empirical datasets collected from 

tsunami events (Chua et	al., 2020; Eguchi et	al., 2013). The inclusion of both undamaged and damaged 

building and infrastructure components in fragility analysis determines the tsunami hazard intensities 
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where damage is both unlikely and likely to occur and can identify asset typologies resilient to the tsunami 

effects. This supports development of credible cumulative distribution functions determining an asset’s 

probability of reaching or exceeding a physical damage state as tsunami hazard intensity increases

(Tarbotton et	 al., 2015). When census-style field surveys are not possible, remote sensing should be 

undertaken to enhance datasets.

Collect	high-density	empirical	hazard	data: Tsunami watermark observations are important for validating 

numerical models and for tsunami depth interpolations, which are typically more representative of 

observed damage distribution than numerical hazard models (Koshimura, Oie, et	al., 2009). The inundation 

interpolation used in Chapter 3 for example would be difficult to replicate in a numerical model since it is 

based on high-density empirical observations and, therefore, will better correlate with surveyed damage. 

This was shown to be particularly useful for horizontal (i.e. roads) assets where watermarks are not 

observed on each component. 

Maximise	survey	extent: Survey teams focusing on high-density damage and hazard data collection should 

ensure adequate time and/or labour resources to expand either the extent of study area and/or the amount 

of asset types collected. This thesis has demonstrated the value of high-density census-style post-event 

impact and hazard data-collection for DRR, so adequate time and resources should be ensured for future 

events, including surveyors, funding and time to capture all relevant data. The Illapel survey (Appendix A, 

Chapter 2), represents an example of good practice. In contrast, in Palu only one surveyor was tasked to 

collect infrastructure data, and this meant the extent was reduced spatially and by asset types, as well as 

being more susceptible to sustain surveyor bias. 

Rapid	mobilisation	for	survey	teams: Timing of surveys is critical (Appendix B, Chapter 3) as clean-up and 

weather patterns begin to deteriorate evidence of tsunami hazard intensity and impacts, in both frequency 

and spatial distribution of observations. The International Tsunami Survey Team (ITST) represents an 

example of good practice in overseeing and providing support for rapid post-event mobilisation of tsunami 

survey teams (D Dominey-Howes et	al., 2011; L. Kong, 2011). Although restrictions by local governments 

can delay this process, adhering to local laws is crucial for international science teams in disaster zones for 

the overall success of post-event surveys.  

Collaboration	and	(ideally)	co-creation	with	local	stakeholders: Data collected in post-event surveys should 

always be conducted in collaboration with local research agencies and stakeholders, and the datasets 

should be shared with these organisations and agencies to ensure their effective dissemination and 

application to local DRR initiatives. The ITST is a good example of best practice in this field, as it ensures 

international tsunami survey teams make unprocessed post-event survey data available immediately to 

local agencies and organisations, who are often involved in ongoing response and recovery efforts (D 

Dominey-Howes et	al., 2011). 

Share	datasets	openly: Data, including impact and hazard data from post-event field surveys, should be 

readily available to scientists and stakeholders. This also extends to the results of any analyses of these 

data, including numerical hazard models and vulnerability models. This thesis aligns with good practice by 
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which all results are available as supplementary material to each relevant publication. Some limitations 

noted in this thesis (Section 5.2) could have been overcome with the availability of numerical hazard 

models, which were not available at the time of each study, but have been highlighted for use in future 

research (Section 5.3). Any publication of post-event survey data should include open access, where 

possible, to the respective data sets to allow its use in any relevant DRR initiatives conducted by scientists 

or relevant stakeholders.

Collect	imagery	to	support	post-event	remote	sensing: This thesis has demonstrated the value in enhancing 

field datasets with remotely captured data post-field survey, but also how this analysis is limited by 

availability of pre- and post-event imagery (Chapters 2 & 3). Therefore, the planning and implementation 

of rapid post-event imagery capture is recommended, using techniques including aerial imagery captured 

by aircraft and/or Unmanned Aerial Vehicles, high-resolution satellite imagery, and street-level imagery. 

Street-level imagery was shown to be highly effective at validating and enhancing field survey data, so a 

rapid capture of street-level imagery post-event could help address the limitation of delayed survey 

mobilisation. These initiatives could also allow for additional hazard data to be collected in future events, 

and potentially allow for quicker dissemination of data than possible through field surveys alone.

5.3.2 Tsunami	Vulnerability	Models

Key recommendations on future tsunami vulnerability models for infrastructure are:

Standardised	approach	for	vulnerability	models:	There are several methods for fitting vulnerability models 

to tsunami impact data. Standardising this approach would provide a consistent suite of global models. 

Cumulative link models, used in other hazard domains, are shown in this thesis to result in credible 

vulnerability models (Lallemant et	al, 2015; Williams et	al., 2019a, Chapter 3).

Applicability:Application of the synthesised vulnerability models (Chapters 2 & 3) in other spatial locations 

should be evaluated carefully considering the uncertainties of local hazard and asset characteristics. It is 

important to acknowledge this limitation with local experts and stakeholders, and calibrate the models 

accordingly, which can address some of the limitations associated with this (see Section 5.2.2). 

Utilise	numerical	hazard	modelling: The available, and future, post-event tsunami impact datasets would 

lend themselves to vulnerability analyses incorporating recent advances in numerical hazard modelling. In 

the case of the Illapel tsunami dataset (Appendix A, Chapter 2), there are available velocity and shear stress 

numerical models for the event that could be used to develop respective vulnerability models (Aránguiz et	

al., 2018). Similarly, with the Palu tsunami dataset (Appendix B, Chapter 3) there are several available 

numerical hazard models, which could be requested for vulnerability analysis.  

Physical	 simulations:	 Similar to the above point, physical tsunami modelling could be developed for 

vulnerability models. The specific advantage of this method would be high-resolution and component-

specific vulnerability and impact assessment that also considers an asset’s response during inundation. 

This would also be useful for validating numerical hazard models and vulnerability models. There are 

several investigations on transportation network components (Chen et	al. 2013, 2018; Wei et	al. 2015; Qu 
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et	al. 2019), however, these are not yet translated into fragility functions, which would be an appropriate 

next step.

5.3.3 Tsunami	Impact	Assessment

Applicability: The framework adopted in the present case study should be applied and tested for other case 

studies nationally and globally. A national infrastructure damage and outage model could conceivably be 

conducted depending on resourcing, local uptake (i.e. from local/regional councils and asset 

operators/managers) and data availability. Further, interdependencies should also be considered in 

subsequent tsunami impact assessments. This would involve damage assessments of each network, 

followed by the same engagement and modelling approach presented in Chapter 4. This approach was used 

successfully in the recent Wellington Lifelines Regional Resilience Project (Wellington Lifelines Group, 

2019) for an earthquake hazard, and a similar framework for tsunami impacts could be adopted. The 

tsunami impact assessment framework presented in this study is widely applicable.

Stakeholder	Involvement	and	Co-creation:	It is strongly recommended any subsequent work in this field 

continues with stakeholder engagement. This is consistent with best practice in Disaster Risk Assessment, 

and co-creation of data inputs, methods and results, with relevant stakeholders, enhances the overall 

outputs, impact and uptake of tsunami impact assessment. Co-creation should include: the framing/scoping 

of research; adequate time allocation for workshops and discussions on impacts, outages, recovery; expert 

verification that co-creation outputs are correctly and fully documented; and co-creation in the 

presentation of research outputs, including co-authorship in peer-reviewed literature.

Loss	 Assessment: Additional future research should also consider an economic loss assessment (e.g. 

Measuring the Economics of Resilient Infrastructure (MERIT); McDonald et	al., 2018), which is often the 

next step in an impact assessment (e.g. Wellington Lifelines Group, 2019). This would help further inform 

mitigation prioritisation for loss reduction funding allocations and insurance/re-insurance. 

Probabilistic	impact	assessment:	The natural next step in this discipline would be to undertake probabilistic 

tsunami impact assessments for infrastructure to quantify risk. This is a feasible undertaking with the 

synthesised vulnerability models presented in this thesis (Chapters 2 & 3), and with the growing number 

of numerical tsunami hazard models around the world there are several case study areas that could be 

adopted. 
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Preface:

This study publishes the findings of the 2015 Illapel tsunami post-event field survey in Coquimbo, Chile. 

The dataset published with this study is directly used in Chapter 2.
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Abstract

The 16 September 2015 MW8.3 Illapel Earthquake generated a tsunami that caused severe building and 

infrastructure damage in Coquimbo, Chile. Initial reports indicated numerous buildings, transport, energy, 

water and coastal protection structures sustained varying levels of damage in response to tsunami 

exposure. A digital ‘census style’ survey was carried out in Coquimbo to measure and record tsunami 

hazard characteristics and associated buildings and infrastructure network component damage. 

Inundation depths measured from 655 watermarks ranged from 0.1 to 4.7 m, with a 1.47 m mean and 1.02 

m standard deviation. Over 3000 damage samples were recorded for tsunami exposed buildings and 

infrastructure components. Damage levels for 545 buildings showed most sustained partial but repairable 

damage at depths up to 2 m. A further 2544 damage samples were collected for transport, energy, water 

infrastructure network components and coastal protection structures. We recorded undamaged 

infrastructure components in high proportions and observed that complete component damage was often 

caused by secondary hazards (e.g. debris) or cascading impacts where seawall and stormwater culvert 

failures damaged co-located roads, pathways and utility poles. Investigation of the hydrodynamic tsunami 

characteristics determining infrastructure component fragility will support future assessments of damage 

to single components and cascading impacts across multiple infrastructure networks.

Keywords: Tsunami, Inundation, Buildings, Infrastructure, Post-event Survey, Chile

A.1 Introduction	

On 16 September 2015, a large earthquake struck off the central Chile coast at 19:54 pm local time. The 

United States Geological Survey reported a subduction earthquake of moment magnitude (MW) 8.3 had 

occurred about 48 km west of Illapel (Figure A.1a), with an epicentre at 31.573°S, 71.674°W and shallow 

depth of 22.4 km (USGS, 2015). The earthquake ruptured a ~280 km section of the Nazca–South American 

plate interface, generating a near-field tsunami for Chile. The Chilean Navy Hydrographic and 

Oceanographic Service (SHOA) issued a tsunami event warning eight minutes after the earthquake, 

followed three minutes later by the National Emergency Office (ONEMI) issuing a country-wide order to 

evacuate around one million residents from low-lying coastal land. In the following days, ONEMI reported 

15 deaths along with 2442 destroyed and 2712 damaged houses between Concon and La Serena (ONEMI, 

2015). 

The 2015 Illapel Tsunami (Figure A.1a) was Chile’s third near-field tsunami event since 2010. The event 

motivated several post-event field surveys, with teams measuring and recording tsunami hazard 

characteristics and damage along a 700 km stretch of coastline from Chañaral to Concón (Aranguiz et	al.

2016; Tomita et	al. 2016). Inundation and run-up measurements were mostly taken between Los Vilos and 

La Serena (Aranguiz et	al. 2016) with building, infrastructure and environmental (i.e. wetland) damage 

observed in Coquimbo and Los Vilos (Figure A.1a). In Coquimbo, tsunami wave heights reached 4.75 m on 

the Coquimbo Port tide gauge and a maximum run-up elevation of 6.4 m (Aránguiz et	al. 2016; Contreras-

López et	al. 2016). Aránguiz et	al. (2018) recorded building damage in Coquimbo for 585 ‘mixed wood and 
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masonry’ buildings in “destroyed” (118) and “not destroyed” (450) states. A post-hoc fragility analysis 

determines 20% of tsunami exposed buildings reached or exceeded a “destroyed” damage state. The 

authors note observed building damage was mostly attributed to tsunami exposure due to relatively low 

earthquake shaking intensities recorded for the Coquimbo area e.g. 0.20-0.29 g (USGS, 2015).

Figure	A.1:	Locations	of	a)	the	Illapel	earthquake	epicentre,	b)	Coquimbo	survey	area	and	focused	survey	areas	c)	
Coquimbo	Port	d)	Baquedano	and	e)	Avenida	Costanera	coastal	esplanade.

Infrastructure network damage and disruption were cited in immediate tsunami damage reports (ONEMI, 

2015). Network component damage investigations were not a primary focus of national-led post-event 

surveys. Post-tsunami surveys prior to this event have mainly focused on systematic building damage 

assessments opposed to component damage sustained by transport, energy, water, and 

telecommunications networks. Empirical information on tsunami hazard intensity, infrastructure 

component attributes and damage level are critical for analysing the fragility of individual network 
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components. Infrastructure component fragility models can support investigations of potential service 

disruption to single or multiple networks affected by tsunamis.

This study presents 2015 Illapel Tsunami hazard characteristics, building and infrastructure network 

component damage observations and data from Coquimbo, Chile. We conducted a ‘census style’ field survey 

to record damaged and undamaged samples for a high proportion of tsunami exposed buildings, 

infrastructure components for transport, energy and water networks, and coastal protection structures. 

Here we report tsunami inundation depths, building and infrastructure component damage levels and 

factors contributing to their damage. Finally, we discuss implications of ‘census style’ surveys for tsunami 

damage data collection and cascading impacts from co-located infrastructure component damage. The rich 

empirical dataset has been applied to investigate road component fragility in Coquimbo (Williams et	al.

2020) and will inform future investigations of tsunami sources, inundation hazards and built-asset fragility 

investigations in Chile. 

A.2 Field	Survey

Field survey activities were conducted in Coquimbo from September 24th to 28th, eight days after the 2015 

Illapel Tsunami. The survey aimed to measure and record the distribution of tsunami inundation traces (i.e. 

inundation depth watermarks), and corresponding building and infrastructure network component 

damage. Post-event reports indicated building and infrastructure component damage mostly occurred in 

Coquimbo, though damage was also reported in Los Vilos and Tongoy. This focused the survey in built-up 

areas including Coquimbo Port, Baquedano and the Avenida Costanera coastal esplanade toward La Serena 

(Figure A.1). These areas are serviced by a range of infrastructure networks including transport, energy, 

water and coastal protection structures. 

A digital survey was designed to record tsunami inundation depths, along with building and infrastructure 

network component damage levels in Coquimbo. Data samples and observations were recorded using the 

Real Time Asset Capture Tool (RiACT), an android based application with configurable templating to enter 

and store spatial information on tsunami hazard characteristics and damage (Lin et	 al. 2019). GPS 

functionality enables accurate location positioning of tsunami traces and exposed building or 

infrastructure components.

Tsunami inundation (i.e. flow) depths were measured on damaged and non-damaged buildings and 

structures (e.g. fences, walls), and features (e.g. trees) in accordance with prescribed methods in UNESCO-

IOC ITST (2014) guidelines. Recorded depths were measured as the ‘watermark’ indicating the maximum 

depth above ground. Where practical ‘watermarks’ indicating inundation depths (e.g. ~ 0.1 m) close to 

maximum run-up limits were recorded.

Damage levels and key physical and non-physical attributes of buildings and infrastructure components 

were recorded within the survey area (Figure A.1b). A ‘census style’ survey approach was applied where 

we recorded this information for a high proportion of damaged and undamaged buildings, transport (roads, 

railways, pathways), energy (utility poles, fuel tanks), water (culverts, drain inlets, hydrants, manholes, 

pipelines, pump stations) and coastal protection structures (seawalls) exposed to tsunami inundation. 
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Damage levels were categorised using an ordinal scale ranging from DL0 (No damage) to DL3 (Complete 

damage). The scheme’s four-level damage division is adapted from Peiris (2006) to support consistent 

damage level attribution for building and infrastructure component types. Damage levels describe physical 

damage observed to building and components, indicating their potential for reinstatement to a pre-

damaged condition (Table A.1). Multiple damage level attribution is possible from on-ground surveys 

opposed to manual or automated remote sensing techniques that can limit attribution to duel damage 

levels e.g. ‘destroyed’ or ‘not destroyed’ (Koshimura et	 al. 2009; Mas et	al. 2012). The damage scheme 

applied in Coquimbo supports consistent database development, compatible with field or remote sensed 

building and infrastructure component damage data from tsunami events in Chile or internationally. 

Table	A.1:	Damage	level	descriptions	for	buildings	and	infrastructure	network	components	in	the	Coquimbo	survey	area.	

Building or 
Component

DL0 DL1 DL2 DL3

No 
Damage

Partial Damage, 
Repairable

Partial Damage, Unrepairable Complete Damage

Buildings -
Damage to non-
structural components 
only

Major damage to non-
structural components and 
collapse of an external wall

Collapse of two or more 
external walls, columns 
or construction frame 
removed from 
foundations

Road -
Minor damage to road 
surface, all lanes 
passable with caution

Major damage to one lane. One 
lane impassable

Major damage to whole 
carriageway, all lanes 
impassable

Bridge -
Minor damage, often 
from impacts to the 
superstructure

Major damage to 
superstructure but still in 
place on piers, superstructure
may have been shifted

Complete washout of 
superstructure

Pathway -

Damage to path surface, 
minor damage to 
subgrade, passable with 
caution

Damage to path surface and 
subgrade, not passable

Complete damage to 
subgrade and surface, 
not passable

Railway -
Minor scour of ballast, 
tracks in place

Scour to ballast, tracks pushed 
off ballast

Complete washout of 
ballast and tracks

Utility Pole -
Scour or minor damage 
at base, pole in place

Buckling of pole, damage to 
pole base/foundation

Pole bent, snapped, or 
sheared from 
base/foundations

Fuel Tank -
Minor dents and surface 
scrapes, minor scour to 
foundations

Dents and scrapes to tank, 
footing bent, foundation 
scoured

Tanks sheared off 
footings, washed away

Culvert -
Minor scour around 
culvert, may be blocked

Culvert heavily scoured out, 
but in place, scour or 
aggradation may render 
culvert useless

Culvert completely 
scoured out, washed 
away

Drain Inlet -

Minor damage to grate, 
no damage to 
subsurface, temporary 
blockage or capacity 
reduction

Grate damaged, drain blocked, 
scour around drain, requires 
sediment removal or 
replacement

Drain inlet completely 
scoured out, washed 
away

Hydrant -
Scour around base of 
hydrant, minor damage 
to hydrant, no leaks

Components sheared off, 
hydrant leaking

Hydrant sheared off 
base, pipe burst

Manhole -
Minor scour around 
manhole/foundation, 
minor damage to cover

Moderate-major damage to 
manhole surface or cover, 
shaft in place

Manhole shaft scoured 
out, washed away

Pipeline -

Minor scour to weak 
backfill, minor scrapes 
or dents to exposed 
pipes

Scour and exposure of buried 
pipes, scrapes and dents, 
minor-moderate leaks at 
joints

Exposed and washed 
away, free-flowing 
leaks at breaks and 
shears
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Pump Station -

Minor damage to 
components from low 
velocity water intrusion, 
infiltration of silt 
possible

Contamination and failure of 
electrical pumping equipment, 
sediment cover and debris 
impacts to structural 
components 

Structural collapse, 
components sheared 
from footings and 
washed away, sediment 
cover

Seawall -
Scour or aggradation 
around seawall, remains 
in place

Seawall rotated, tilted or 
separation from foundations 
and/or adjacent sections, 
some scour, to backfill

Seawall washed away, 
backfill scoured 
completely scoured

Additional building and infrastructure component spatial information recorded included GPS coordinates, 

evidence of debris impact, scouring and debris or sediment deposition and physical and non-physical 

attributes. The construction frame, storeys and use (e.g. residential, commercial, industrial etc.) were 

recorded for each surveyed building, and primary and secondary attributes recorded for transport, energy 

and water network components, and coastal protection structures (Table A.2). RiACT is limitation to point 

data capture only which required the linear extents of road, railway, pathway, pipeline and seawall 

components were recorded between two points indicating the start and end point of the damage samples. 

The linear extent between points were measured post-hoc using ArcGIS 10.4 software. Non-integer or 

decimal attribute values were pre-coded in RiACT with the option to record open answers or NA values, 

resulting in a nominal-, ordinal- and interval-scaled data structure. 

Table	A.2:	A	summary	of	tsunami	hazard	and	exposure	information	collected	in	Coquimbo	from	24th	to	28th	September	
2015.

Hazard or 
Exposure Type

Primary 
Attribute

Secondary Attribute Metric Value

Tsunami
Inundation 
Depth 

- m Decimal

Building

Construction Frame (Timber, Masonry, Reinforced
Concrete, Steel)

- Text

Storeys - Integer
Use (Commercial, Community, Education, 
Government, Industrial, Religious, Residential)

- Text

Transport 
Network

Road

Use (Bridge, Pedestrian, Primary, Residential, 
Secondary, Service, Tertiary)

-
Text

Surface Material (Asphalt, Concrete, Unsealed) - Text
Lanes - Integer
Length m Decimal

Railway Length m Decimal
Pathway Length m Decimal

Energy Network
Utility Pole

Component Type (Electricity, Street Light, Street Sign, 
Cellular Tower)

- Text

Construction Material (Concrete, Steel, Timber) - Text
Height (< 5, > 5) m Text

Fuel Tank Use (Petroleum, LPG) - Text

Water Network

Component Type (Culvert, Drain Inlet, Hydrant, 
Manhole, Pipeline, Pump Station)

- Text

Diameter mm Decimal
Network Type (Potable Water, Stormwater, 
Wastewater)

- Text

Coastal Protection 
Structure

Seawall

Component Type (Curved-Steeped, Embankment, 
Irregular Face, Revetment, Rubble-mound, Vertical 
Wall)

- Text

Length m Decimal
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A.3 Tsunami	Hazard	

Six hundred and fifty-five inundation depths were recorded from within the survey area (Figure A.2). 

Depths ranged from 0.1 m to 4.7 m with a mean and standard deviation of 1.47 m and 1.02 m. Watermarks 

indicating three potential tsunami waves were observed on some buildings and structures in the survey 

area and corroborated with anecdotal accounts from eyewitnesses. Where multiple watermarks were 

present, a single watermark was measured representing the maximum inundation depth above ground 

level. 

A.3.1	 Coquimbo	Port

In the Coquimbo Port (‘Puerto de Coquimbo’) area we measured maximum inundation depths of 4.7 m from 

97 watermarks on buildings and structures located on or near wharves. A mean depth of 2.39 m (1.24 m 

SD) was recorded from 98 watermarks measured up to 172 m from the shoreline. Inundation depths reduce 

in height from 3 m to 4 m near the ‘Mercado Central’ in the south (Figure A.2), to < 2 m near ‘Puerto de 

Coquimbo’ in the north. Inland run-up distance was limited north of Coquimbo Port due to steep 

topography and a narrow coastal plain.  

Figure	A.2:	Tsunami	inundation	depths	measured	in	the	Coquimbo	survey	area.

A.3.2	 Baquedano

The highest concentration of measured inundation depths (359) was recorded from watermarks on 

buildings and structures in Baquedano. The areas mean inundation depth of 1.54 m (0.9 SD) is nearly 1 m 

lower than depths measured in the Coquimbo Port, although depths at some sites exceeded 3 m. Inland 

run-up varied from 220 m near the southwest boundary to over 550 m toward the eastern boundary as the 

coastal plain widens. Notably, a vertical wall along the southwestern boundary of this survey area (Figure 

A.2) limited tsunami run-up. Inundation depths up to 2.5 m measured on buildings within 100 m of the 

wall, are consistent with depths reported by Aranguiz et	 al. (2016). As the coastal plain toward the 

southeast widens, depths decrease eastward to 0.1 m to 0.15 m measured near the public park (Figure A.2). 

This area is afforded protection from a railway embankment located between the built-up area and 
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wetland. Despite this protection, the furthest observed run-up occurred here, as tsunami inundation 

backfilled the built-up area landward of the embankment up to 700 m from the shoreline.  

A.3.3	 Avenida	Costanera	Coastal	Esplanade

One hundred and ninety-nine watermark heights recorded along the Avenida Costanera coastal esplanade 

and built-up areas near ‘Playa Changa’ beach show a gradual eastward decrease of inundation depths 

(Figure A.2). Depths ranged from 0.1 m to 3.1 m, with a mean of 0.88 m (SD 0.68 m). At the western end of 

Avenue Costanera, inundation depths up to 3 m were recorded at Condominio Altamar. Over a 4.7 km 

distance eastward of this location, depths decrease to 0.2 m to 0.5 m near Hotel de la Bahía. Inundation 

depths were measured on both high and low-rise buildings, east of the Quebrada de Peñuelas River. High-

rise buildings within 1.5 km east of the river were exposed to depths up to 2.5 m. On low-rise buildings 

located another 0.7 km east, maximum depths observed reduce to 1.2 m. In these built-up areas, observed 

inland tsunami run-up varied between 200 m to 300 m from the shoreline.  

A.4 Tsunami	Impacts

A.4.1	 Buildings

Over a four-day period, damage levels were recorded for 545 buildings (Figure A.3). Surveyed buildings 

were primarily used for residential, commercial (e.g. retail, restaurants) and industrial purposes. 

Construction frames are broadly classified as ‘timber’ (106), ‘masonry’ (379), ‘reinforced concrete’ (14) 

and ‘steel’ (46). Inundation depths measured at building locations ranged between 0.1 m and 4.5 m, with a 

mean of 1.01 m (SD 1.02 m). 

The most common non-engineered construction frame buildings surveyed were ‘masonry’ (69%). Masonry 

buildings were mostly low-rise, comprising two storeys or less (96%), comprising lightly reinforced 

concrete columns with concrete block infill walls often with timber frame additions for second storeys or 

‘lean-to’ structures attached to exterior walls (term ‘mixed structures’ by Aránguiz et	al. 2018). Forty-three 

masonry buildings surveyed sustained complete damage in response to inundation depths up to 3.8 m 

(mean 2.32 m; SD 0.86 m). Most buildings (335) sustained partial damage, with 318 repairable (DL1) and 

17 unrepairable (DL2). Unrepairable damage was observed due to external wall collapse or column failures 

(Figure A.4a), often occurring when depths exceeded 2 m. Most low-rise buildings (96%) sustained 

repairable damage when exposed to depths below 2 m, with damage observed when depths exceed 0.1 m 

to 0.2 m. Construction frames were undamaged in these cases (Figure A.4b) though joinery, services and 

both internal and external doors and windows often required replacement. Only two tsunami exposed 

buildings surveyed sustained no damage (DL0) as inundation did not enter the building interior. 



Appendix A – Post-Event Field-Survey of the 2015 Illapel Tsunami, Chile

171

Figure	A.3:	Surveyed	building	locations	and	damage	levels.

Figure	A.4:	Low-rise	masonry	buildings	sustaining	a)	partial	but unrepairable	damage	(DL2)	from	external	wall	collapse	
and	column	breakage	and	b)	partial	but	repairable	damage	(DL1)	from	first	storey	inundation,	indicated	by	watermarks	

present	on	the	building	exterior.	

‘Timber’ was a less frequent non-engineered construction frame surveyed (19%). Timber buildings were 

often informal structures that sustained complete damage when depths exceeded 2 m. A low proportion of 

buildings surveyed were engineered ‘reinforced concrete’ (2%) or ‘steel’ (8%) construction frames. These 

construction frames were common for high-rise multi-storey condominiums and industrial or warehouse 

buildings. Although these buildings were exposed to measured depths up to 4.1 m (mean 1.86 m; SD 0.95 

m), inundation was limited to first-floor levels, damaging non-structural components. Reinforced concrete 

buildings sustained damage to external openings (i.e. doors and windows), internal partitions and 

electricity and plumbing services. Steel buildings sustained removal of light sheet metal external wall 

cladding while steel columns often remained undamaged. Reinforced concrete and steel buildings surveyed 

were deemed to have sustained partial but repairable damage (DL1), with buildings being usable after 

repair.  
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A.4.2	 Infrastructure	Network	Components

A.4.2.1	 Transport

Roads: Damage levels were recorded for over 25 km of roads (Figure A.5a). A high proportion (87%) of 

roads sustained no damage (DL0). Undamaged roads were commonly observed in Baquedano. Sheltering 

afforded by buildings, road and railway embankments and coastal protection structures in the survey area 

contributed to limiting most road damage (≥ DL1) within 250 m of the shoreline. Eye-witness accounts and 

drone footage indicated considerable disruption to undamaged roads particularly from debris deposition 

on local roads in the Baquedano and Coquimbo Port areas where vehicle transport was disrupted for 

several days after tsunami inundation. Debris and sediment deposition on roads were not recorded at the 

time of survey due to removal from post-tsunami clean-up activities.   

Road damage (i.e. ≥ DL1) ranging in length from 13 m to 64 m, were recorded for residential and secondary 

roads near Coquimbo Port and Avenida Costanera tertiary road. Complete damage (DL3) for 1.1 km of 

roads was mostly observed along Avenida Costanera west of Quebrada de Peñuelas River. Here, we 

measured inundation depths between 2 m to 3 m near sites where rubble-mound seawall and culvert 

failures instigated road embankment erosion and surface damage, making both lanes impassable (Figure 

A.6a). Avenida Costanera was also reduced to a single passable lane where these failures caused partial 

road damage (DL2). Complete and partial seawall and culvert damage observed on the seaward margin of 

Avenida Costanera indicates road damage was initiated by inland tsunami flows, opposed to return flows 

from water trapped in the wetland area (Figure A.1e). The Avenida Costanera coastal access road between 

Coquimbo and La Serena was completely disrupted for several days until temporary infill of scoured road 

embankment sections restored partial service for vehicles and pedestrians.  

Pathways:	Pathways alongside roads provided pedestrian and cycling thoroughfares in the survey area. 

Over 30 km of pathways were inspected, constructed with concrete and brick paver surfaces. A high 

proportion (65%) of pathways were undamaged from inundation, particularly concrete surfaces located 

more than 100 m inland from the shoreline. Pathway damage was extensive along Avenida Costanera (4.7 

km), with complete damage (2.5 km) caused by road embankment erosion and surface damage in response 

to coastal protection structure or culvert failures. Tsunami wave overtopping of seawalls caused the 

complete removal of brick pavers and scour of underlying embankment fill (DL3). Partial damage to 

pathways disrupted the Avenida Costanera thoroughfare for cyclists, though pedestrian use remained 

possible. 

Railways:		A single 2.05 km railway track in the survey area connects Coquimbo Port to the national railway 

network. The railway track sustained 1.2 km of damage (≥DL1), including 0.65 km of complete damage 

(DL3) in the Coquimbo Port area due to seawall failure. Here, reduced protection resulted in embankment 

scour, removing railway track support. Railway tracks embedded in road surfaces sustained no damage, 

while partial (DL1) to complete (DL3) damage was observed along a raised embankment immediately 

seaward of Baquedano. Embankment overtopping caused scour and loss of support for railway sleepers, 

resulting in track movement and deformation (Figure A.6b). 
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A.4.2.2	 Energy

Utility	 Poles:	 Local distribution networks transmitted electricity services using above ground cables 

attached to utility poles and below ground cables connecting street and traffic lights. The 1031 poles 

surveyed (Figure A.5b) often supported multiple above ground services including electricity and 

telecommunications cables, lights and signage. High proportions of poles supported electricity 

transmission (50%) or street-lights (45%), while poles dedicated to traffic signals (4%) and cellular 

transmission (< 1%) were less frequently observed. Utility poles were mainly constructed of concrete 

(46%) and steel (50%) materials, with foundations either ground planted, or concrete foundation pad 

bolted. 

Utility poles surveyed (80%) frequently experienced no damage (DL0) from tsunami inundation. 

Undamaged poles were observed for inundation depths over 2 m though, electricity and 

telecommunication services were disrupted due to damage to other poles carrying cables to the same 

distribution networks. Complete damage (DL3) was sustained by 10% of poles, often occurring in response 

to direct impact by debris, small boats and vehicles (47%) in the Coquimbo Port area (Figure A.6c). Where 

inundation depths exceed 2.5 m utility poles may have also failed due to debris loading on electricity service 

cables. Scouring of utility pole foundation support following seawall failure or road embankment erosion 

frequently caused their complete damage (40%) along the Avenida Costanera coastal esplanade (Figure 

A.6d). Scouring at the pole base initiated from wave overtopping of seawalls caused tilting or collapse, 

making poles unrepairable (DL2), while partial but repairable damage (DL1) was observed where bolts 

connecting base plates to foundation pads appeared to bend under pressure from hydrostatic force without 

obvious signs of debris impact.

Fuel	 tanks: Two steel tanks containing liquid petroleum gas (LPG) were inundated 115 m inland from 

Avenida Costanera (Figure A.5b). These tanks sustained complete damage from exposure to depths 

between 1.5 m to 2 m. This damage appeared to result from tank supports being sheared off from bolts 

attaching to their concrete slab foundation. These tanks were washed inland approximately 50 -100 m from 

their original location. In Baquedano, a petrol station exposed to depths reaching 2.5 m sustained no 

damage to concrete lined underground petroleum storage tanks. Despite these tanks being undamaged, 

petrol pump damage disrupted petroleum services for an estimated two weeks.

A.4.2.3	 Water

Nodes:	 Water infrastructure components were surveyed for 314 stormwater (culverts, drain inlets, 

manholes) and potable water (hydrant, pump station) infrastructure network nodes (Figure A.5c). Several 

culverts embedded in the Avenida Costanera road embankment were washed away (DL3), removing both 

lanes thereby disrupting vehicle and pedestrian transport services. Culvert failures could have occurred 

from contraction scour as described by Duc and Rodi (2008), whereby inundation contracted through the 

structure, increases flow velocity and shear stress at the culvert outlet causing scour. Return flows from 

the first wave may have initiated this process at seaward outlets with successive waves scouring road 

subgrade surrounding culverts causing loss of lateral support removing some culverts entirely from the 

road embankment. Partial damage (DL2) requiring replacement was observed as culvert fracturing or -
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Figure	A.5:	Surveyed	infrastructure	component	locations	and	damage levels	surveyed	for	a)	transport,	b)	energy,	and	c)	
water	networks,	d)	coastal	protection	structures.

a)

b)

c)

d)
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Figure	A.6:	a)	Avenida	Costenera	road	embankment	and	surface	damage	caused	by	culvert	and	seawall	failure,	b)	
railway	track	warping	and	displacement,	c)	utility	pole	failure	from	debris	impact,	d)	utility	pole	failure	due	to	seawall	
failure	and	scouring,	e)	pump	station	well	exposed	by	superstructure	removal,	f)	seawall	collapse	causing	pathway	and	

road	embankment	damage	on	Avenida	Costanera,	with	temporary	fill	to	support	transport	service.	

breakage when undermined by scour at seaward outlets. Drain inlets and manholes inset in road surfaces 

and sidings sustained low damage levels (≤ DL1), however, manhole cover removal and deposition of 

sediment and debris required post-event clean-up for the continuation of stormwater services.

A potable water pump station 350 m south of Coquimbo Port was exposed to inundation up to 3 m. 

Complete damage was sustained by both the masonry building superstructure (Figure A.6e), as well as 

plant and equipment (e.g. pumps, electrical circuitry, pipes). In-ground filters were partially damaged and 

reusable following clean-up and repair, while sediment and debris deposited in the dry well required 

removal. Hydrants, providing access to water main pipes sustained no or partial damage (DL1) when 

exposed to inundation depths up to 2 m.

Pipelines:	A gravity fed steel water-main pipe servicing the Coquimbo urban area was severed where it 

crossed a reinforced concrete bridge on Avenida Costanera. Although the bridge superstructure only 

a) b

c)

e)

d)

f)
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sustained partial damage (DL1) from inundation depths 2 to 3 m above ground, erosion of the unprotected 

abutment caused an adjacent manhole to fail, breaking the pipe (DL3). Scour and removal of underlying 

unconsolidated materials also caused the pipe to suspend, requiring sand piles to temporarily weigh down 

the pipe at the time of survey.

A.4.2.4	 Coastal	protection	structures

Seawalls:	A continuous rubble-mound seawall on the Playa Changa beach armoured the Avenida Costanera 

road embankment from Coquimbo Port to Quebrada de Peñuelas River. East of the river a vertical wall 

afforded protection to the road and pathways. Damage levels were recorded for 1.65 km of rubble-mound 

seawalls and 3.83 km of vertical seawalls. Damage (≥ DL1) was observed for over 4.8 km of seawalls, 

including the entire rubble-mound seawall length (Figure A.5d). Partial damage (DL1) occurred over 1.57 

km, where rocks were displaced at wave overtopping locations. Partial, but irreparable damage (DL2) was 

observed over 1.76 km, where wave overtopping scoured rubble-mound or vertical wall backfill causing 

rotational failures and partial seawall collapse. Complete rubble-mound seawall damage (DL3) from rock 

removal or displacement, and back-fill and subgrade scour and erosion exceeded 1 km. Scour of 

unconsolidated materials on the seaward edge vertical seawalls led to undermining and partial or complete 

collapse. Seawall failures exacerbated scouring of Avenida Costanera road embankment, damaging the road 

surface and pathways (Figure A.6f). Complete damage up to 600 m in length were observed for rubble-

mound seawalls west of the Quebrada de Peñuelas river, while vertical wall damage lengths did not extend 

beyond 80 m east of the river. The smaller seawall damage lengths observed coincide with relatively lower 

inundation depths (< 2 m) measured on adjacent buildings and structures compared to Coquimbo Port and 

Baquedano. 

A.5 Discussion

Post-event field surveys are critical for detailing the hazard characteristics and built-asset impacts of 

tsunami events. The 2015 Illapel Earthquake generated tsunami was the subject of several hazard and 

damage surveys conducted by national and international survey teams (Aranguiz et	al. 2016; Tomita et	al.

2016; Contreras-López et	al. 2016). The moderate size tsunami (i.e. inundation depths ~ 4 m; run-up ~ 

700m) and limited geographical exposure of buildings and infrastructure components provided ideal 

conditions to collect a high-resolution inundation depth and damage dataset. Our survey activities 

employed a ‘census style’ approach, whereby information for a high proportion of inundated buildings and 

infrastructure in damaged and non-damaged states is recorded by a digital survey. This enabled a small 

field team of five researchers to record 655 inundation depths, 546 building and 2544 infrastructure 

component damage samples in four days. The survey ~ 7.5 km2 area benefited the ‘census style’ approach 

however, for major tsunami events the geographic extent of inundation and damage, or access restrictions 

to severely damaged sites could limit its application. For future major tsunami events, such as those 

produced by great subduction earthquakes, ‘census style’ surveys could focus small damage areas (e.g. < 

10 km2), specific building or infrastructure component typologies or co-located infrastructure component 

locations. 



Appendix A – Post-Event Field-Survey of the 2015 Illapel Tsunami, Chile

177

The ‘census style’ survey in Coquimbo recorded tsunami inundation depths and physical and non-physical 

attribute information for both damaged and undamaged buildings and infrastructure network components. 

Survey timing eight-days after the tsunami, meant clean-up and recovery activities had removed debris and 

damaged structures or services (e.g. electricity cables) impeding vehicle and pedestrian movements in the 

survey area. These activities limited the ability to observe service disruption and outage times for 

components such as roads. Despite clean-up and recovery activity progress we recorded high proportions 

of undamaged (i.e. DL0) components exposed to inundation. This included 825 utility poles and 22 km and 

26 km of roads and pathways respectively. These components sustained minimal damage from inundation 

up to 2 m unless impacted by secondary hazards such as tsunami entrained debris or scouring and erosion. 

Undamaged samples are usually absent in empirical datasets collected from tsunami events (Eguchi et	al.

2013). The inclusion of undamaged building and infrastructure components in fragility analysis determines 

the tsunami hazard intensities where damage is both unlikely, and likely to occur. This supports 

development of credible cumulative distribution functions determining a building or components 

probability of reaching or exceeding a physical damage level or state as tsunami hazard intensity increases 

(Tarbotton et	al. 2015).

Infrastructure network components in Coquimbo were often subject to secondary hazards or cascading 

impacts where components are co-located. Utility poles carrying electricity services were relativity 

resistant to complete damage when exposed to inundation depths less than 2 m. However, we observed 

complete damage to 5% of utility poles in response to tsunami entrained vehicles or small boats impacting 

poles or electrical cables, particularly in the Coquimbo Port area. Utility poles also sustained complete 

damage in response to scour and foundation support loss following seawall and culvert failures or wave 

overtopping along Avenida Costanera. Here, complete damage of roads and pathways further resulted from 

seawall and culvert failures. Complete damage of co-located roads, pathways and utility poles at some 

locations caused both transport and energy network service outage for the Avenida Costanera coastal 

esplanade. Electricity and transport networks continued servicing Coquimbo Port and Baquedano shortly 

after the tsunami, though cascading impacts across multiple co-located network components highlights a 

requirement for infrastructure operators to mitigate potential service disruption caused from other 

network component damage. Infrastructure component fragility analysis in response to increasing tsunami

hazard intensities will enable spatial assessments of single and cascading network component damage and 

service disruption (Kilanitis and Sextos, 2019; Dong et	al. 2020).  

The empirical building and infrastructure network component damage data from Coquimbo extends built-

asset damage datasets from previous Chilean (Koshimura et	al. 2011; Mas et	al. 2012) and global (Murao 

and Nakazato 2010; Suppasri et	al. 2011; Reese et	al. 2011; Suppasri et	al. 2012; MLIT, 2012) tsunami 

events. Digital information on tsunami hazard characteristics at building and infrastructure component 

locations is critical for understanding their fragility to physical damage (Tarbotton et	al. 2015). A limitation 

of the survey data collected was the ability to directly attribute inundation depths or other tsunami hazard 

characteristics to infrastructure components. Damage data application in future component fragility 

analysis then requires spatial sampling of an event-based hydrodynamic inundation model output (i.e. 

map) or interpolated water surface to determine hazard characteristics such as inundation depth (m), flow 
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velocity (m/s) and force (kN/m) at surveyed component sites. Multiple component damage observed in 

Coquimbo from seawall and stormwater culvert failures indicates flow velocity and force are important 

hazard characteristics determining the fragility of single infrastructure components and potential 

cascading impacts across multiple infrastructure networks.  

A.6 Conclusions

In this study, we present an empirical building and infrastructure network component damage dataset for 

the 2015 Illapel Tsunami in Coquimbo, Chile. The dataset was derived from a digital ‘census style’ field 

survey conducted eight days after the tsunami to measure and record inundation characteristics and

associated damage to buildings and transport, energy, water infrastructure network components and 

coastal protection structures. This survey approach was possible due to the relatively modest spatial extent 

(~7.5 km2) of tsunami inundation and damage observed in Coquimbo.

Over a four-day period, 655 inundation depths and 3000 damage samples for tsunami exposed buildings 

and infrastructure components were recorded by a small field team of five researchers. Damage levels for 

545 buildings showed most sustained partial but repairable damage (DL1). A further 2544 damage samples 

were collected for transport, energy, water infrastructure network components and coastal protection 

structures. These samples provided extensive coverage of transport (25 km roads; 2 km; railway; 30 km 

pathways) and electricity (1031 utility poles) network components. A high proportion of components 

sustained ‘no damage’ despite exposure to depths exceeding 2 m. Low earthquake shaking intensity in the 

Coquimbo area implied infrastructure components were undamaged at the time of tsunami inundation.

We observe that infrastructure components sustaining complete damage was often caused by secondary 

hazards (e.g. debris) or cascading impacts. Utility poles carrying electricity services were resistant to 

complete damage at inundation depths less than 2 m, but often failed due to contact with tsunami entrained 

debris such as small boats and vehicles. Seawall and stormwater culvert failures also caused complete 

damage to co-located roads, pathways and utility poles. Investigation of the hydrodynamic tsunami 

characteristics determining infrastructure component fragility will support future assessments of damage 

to single components and cascading impacts across multiple infrastructure networks. 
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Preface:

This study publishes the findings of the 2018 Sulawesi tsunami post-event field survey in Palu, Indonesia. 

The dataset published within this study is subsequently used in Chapter 3.
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Abstract

The 2018 Sulawesi earthquake (Mw 7.5) and tsunami destroyed many buildings and caused more than 

3300 fatalities in Sulawesi, Indonesia. Damage reports and satellite images from Palu City indicated severe 

tsunami impacts to buildings and lifelines infrastructure within 300 m from the coastline. Seven weeks 

after the earthquake a field survey was carried out in Palu City to measure tsunami flow depths and record 

damage levels for buildings, roads and electricity infrastructure. Above ground level tsunami flow depths 

measured at 371 building sites ranged from 0.1 to 3.65 m, with a 1.05 m mean and 0.55 m standard 

deviation. The survey team also recorded attributes and damage levels for 463 buildings, 7.9 km of road 

and 455 utility poles. We observed that non-engineered ‘light timber’ and ‘lightly reinforced concrete’ 

construction frame buildings were highly susceptible to ‘non-structural’ component damage when tsunami 

flow depths respectively exceed 0.4 m and 1 m above the first finished floor level, while unrepairable or 

complete building damage was regularly observed when flow depths exceeded 1.2 m. Only non-structural 

component damage was observed for engineered ‘reinforced concrete’ buildings. While tsunami flow depth 

traces could not be measured for affected road and utility pole components, hazard intensity parameters 

can be obtained from tsunami inundation maps to estimate the conditions contributing to observed damage 

levels. The information presented herein forms an important evidence base to support future tsunami 

hazard and risk research in Indonesia.

Key words: Tsunami flow depth, tsunami impact, post-event Survey, Palu City, Indonesia.

Electronic supplementary material: The online version of this article (https://doi.org/10.1007/s00024-019-

02254-9) contains supplementary material, which is available to authorized users.

B.1 Introduction

On Friday 28 September 2018, at 18:02 p.m. local time, a shallow strike-slip earthquake of moment 

magnitude 7.5 occurred near Palu City, Central Sulawesi, Indonesia. The earthquake epicentre location at 

0.18°S; 119.85°E (Figure B.1) and left-lateral strike-slip faulting mechanism with north-south orientation 

(strike = 348°, dip = 40°, and rake = - 9°) is consistent with the relative motion of the Palu-Koro fault 

(Watkinson and Hall 2016). Strike-slip faulting earthquakes are known to generate relatively small 

tsunamis due to the lack of sea floor vertical deformation (Gusman et	al. 2017; Lay et	al. 2018). 

The 28 September 2018 earthquake generated significant tsunami wave heights that inundated low-lying 

land within Palu Bay. In Sulawesi, the National Disaster Management Authority (BNPB) of Indonesia has 

reported as of 7th November 2018, more than 3300 fatalities or missing people, 4400 serious injuries and 

170,000 people displaced by earthquake, tsunami, landslides, liquefaction or building collapse, or 

combinations of these hazards. The 28 September 2018 Sulawesi tsunami is Indonesia’s fourth major 

damaging tsunami event since the devastating 2004 Indian Ocean Tsunami (2004 IOT), which caused more 

than 230,000 fatalities in Banda Aceh (Suppasri et	 al. 2018). Post-event surveys by national and 

international survey teams following the 1994 East Java (Synolakis et	al. 1995), 2004 IOT (Choi et	al. 2006; 

Borrero 2005; Jaffe et	al. 2006; Saatcioglu et	al. 2006; Lavigne et	al. 2009), 2006 Java (Reese et	al. 2007; 

Fritz et	al. 2007; Moore et	al. 2011), Sumatra 2007 (Borrero et	al. 2009) and 2011 Mentawai (Satake et	al.
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2013) tsunami events in Indonesia, have considerably improved knowledge of tsunami hydrodynamics and 

impacts on people and the built environment. Prior to 2018, coastal settlements in Central Sulawesi have 

been exposed to at least four tsunamis since 1920 (Soloviev and Go 1974; Soetardjo et	al. 1985; Prasetya 

et	 al. 2001). Tsunamigenic earthquake events causing fatalities and building damage occurred on 1 

December 1927 (14 fatalities), 14 August 1968 (200 fatalities) and 1 January 1992 (9 fatalities) (Prasetya 

et	al. 2001). No known post-tsunami field surveys have been conducted in Palu Bay or Central Sulawesi 

prior to the 28 September 2018 earthquake and tsunami. 

Figure	B.1:	The	epicentre	(red	star)	and	relocated	aftershocks	(blue	circles)	of	the	2018	Sulawesi	earthquake.	The	focal	
mechanism	beachball	is	from	the	global	CMT	solution.	Major	tectonic	structures	and	faults	in	the	area	are	also	indicated	

(red	lines)

This study compliments other national and international survey team activities to evaluate the 28 

September 2018 Sulawesi tsunami hazard and impacts (BMKG 2018; Muhari et	al. 2018; Heidarzadeh et	al.

2019; Omira et	al. 2019; Putra et	al. 2019). Our field survey measured tsunami flow depths and recorded 

damage levels for buildings, roads and electricity infrastructure in Palu City. The collection and archiving 

of this information supports modelling of tsunami sources, hydrodynamics, vulnerability and impacts, and 

informs both building and infrastructure design and emergency management planning to help minimise 

future damage and loss of life from tsunami.
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B.2 Field	Survey

The field survey was conducted in Palu City from the 13th to 17th November 2018, 7 weeks after the 

tsunami event. The survey aim was to measure and record the distribution of tsunami traces, as well as the 

corresponding damage to buildings and lifeline infrastructure network components. Damage reports and 

satellite images after the tsunami indicated most impacts occurred within 300 m of the coastline. This 

informed the location of survey activities in four Palu City villages: Silae, Lere, Besusu Barat, and Talise 

(Figure B.2). Located in these villages are buildings used for residential, commercial, industrial, hotel, 

government, education and other purposes, serviced by lifeline infrastructure including roads and 

electrical components such as utility poles and transmission lines. 

Figure	B.2:	Map	showing	reference	locations	and	village	boundaries	for	the	Palu	City	survey	area	(imagery:	DigitalGlobe	
2018)

The field survey was designed to collect information about tsunami inundation flow depths and built 

environment damage in Palu City. Survey observations and data collection were implemented using the 

Real Time Asset Capture Tool (RiACT), an android based application with configurable templating to collect 

spatial information related to natural hazard impacts (Lin et	al. 2019). GPS functionality enables accurate 

positioning of tsunami traces and damaged building or lifeline infrastructure locations. 
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Tsunami inundation flow depths were measured at damaged and non-damaged buildings and structures 

sites (e.g. fences, walls) in accordance with prescribed methods in UNESCO-IOC ITST (2014) guidelines. 

Inundation depths were measured as the ‘watermark’ indicating the maximum flow depth above ground 

level. Maximum flow depth above first finished floor level was also recorded on building exteriors or 

interiors where access permitted. 

The collected information in Palu City included an estimation of damage levels for affected buildings, roads 

and utility poles. Survey area reconnaissance identified these structures as both frequently exposed to 

tsunami and accessible for recording damage onsite. Damage levels were categorised using ordinal scale 

ranging from DL0 (No damage) to DL3 (Complete damage). The scheme applies a four-state damage 

division similar to Peiris (2006), enabling post-event damage mapping applications for numerous building 

and lifeline infrastructure component types. The approach develops a consistent spatial database that can 

support comparisons with other Indonesia tsunami damage datasets (Table B.1). 

Table	B.1: Assignment	of	damage	levels	to	tsunami	affected	structures	in	Palu	City.	

Damage Level 
(DL)

DL0 DL1 DL2 DL3

Description No Damage
Partial Damage, 
Repairable

Partial Damage, 
Unrepairable

Complete Damage

Building DL 
Image

Road DL 
Image

Utility Pole 
DL Image

Additional spatial information collected for affected buildings and lifelines infrastructure included the GPS 

coordinates and visible damage caused by debris. The primary use type (e.g. residential, commercial, 

industrial etc.), construction frame type and material, storeys, foundation type and material, floor material 

and floor height above ground level (i.e. first finished floor level) were also recorded for each affected 

building. For roads, width (m), lanes, use type, asset type and surface attributes were recorded, and 

elevation, construction material, type of embedment, height, transformer location, transmission lines 

height, transmission lines location, number of transmission lines and voltage for utility poles. All variables 

except for inundation depth, number of storeys, floor height above ground level, number of transmission 
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lines, height of transmission lines, number of lanes, damage length and damage width, were pre-coded in 

RiACT with the option to record open answers or NA (i.e. not applicable) values, resulting in a nominal-, 

ordinal- and interval scaled data structure. The surveyed variables and attributes reported in this study are 

presented in Table B.2.

Table	B.2: A	summary	of	information	collected	for	tsunami	hazard	and	damaged	structures	in	Palu	City,	from 13th	to	
17th	November	2018.

Variable Attribute Frequency
Inundation Depth (m) Above 
Ground Level

Decimal Value 371

Inundation Depth (m) Above 
Building First Finished Floor 
Level

Decimal Value 351

Building Use 

Agricultural
Commercial
Community
Education
Emergency Service
Government
Hospital/Clinic
Hotel/Resort
Industrial
Religious
Residential
Unknown

6
81
6
27
1
6
4
14
8
7
278
25

Building Construction Frame

Masonry, Unreinforced with clay brick
Masonry, Unreinforced with manufactured stone units
Masonry, Unknown
Reinforced Concrete 
Steel
Timber/Wood

391
3
13
20
4
32

Building Storeys Decimal Value 463

Building Foundation
Earthen, filled perimeter wall
Concrete slab

448
15

Building Floor Height (m) Decimal Value 411

Road Use 
Collector
Local

106
71

Road Surface Material

Asphalt
Concrete
Paved
Unsealed

160
10
3
4

Road Lane No.
Single Lane
Multi-Lane

35
142

Utility Pole Use

Power Pole
Street Light
Street Sign
Cellular Tower

394
52
6
3

Utility Pole Construction Material
Concrete
Steel

146
310

Utility Pole Height (m)
< 5 
> 5

132
323

B.3 Tsunami	Hazard

Tsunami flow depths measured above ground level at 371 building sites across Palu City (Figure B.3). A 

further 351 flow depths were measured above building first finished floor level. Above ground level flow 

depths ranged from 0.1 to 3.65 m, with a respective mean and standard deviation of 1.05 m and 0.55 m 

(Figure B.4). Post-earthquake ground elevation data are used to estimate the tsunami heights above mean 
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sea level (Figure B.3a) from the measured above ground level tsunami flow depths (Figure B.3b). Post-

earthquake ground elevation in the survey area is estimated using a pre-earthquake LiDAR topographic 

data obtained in 2011 for Palu City and the co-seismic vertical displacement field estimated from Synthetic 

Aperture Radar (SAR) data of Sentinel-1 satellite (Gusman et	al. submitted).

Figure	B.3: Tsunami	run-up	heights	above	mean	sea	level	for	tsunami	flow	depth	measurement	locations	(a),	measured	
tsunami	flow	depths	above	ground	level	(b),	spatial	distribution	of	tsunami	flow	depths	measured	in	Palu	City	(c).	

B.3.1	 Silae

Tsunami flow depths were measured in Silae village between the Swiss-Bell hotel and Lere village near 

Palu Grand Mall. The Swiss-Bell hotel building subsided due to earthquake shaking. Watermarks on the 

hotel walls were not obvious, though watermarks up to 3 m above ground level were measured on buildings 

within 50 m from the shoreline. At Mosque Al Mujahidin, with a leaning minaret due to land subsidence, 

nearby flow depths range from 0.65 to 1.27 m. Eastward of the mosque, flow depths reached 2.9 m on 

commercial buildings near Palu Grand Mall. Inland of these buildings a maximum flow depth of 1.35 m was 

measured at Silae elementary school, 150 m from the shoreline. The furthest inland watermark recorded 

in Silae was 275 m from the shoreline and indicated a tsunami flow depth of 0.5 m.
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Figure	B.4: Distribution	of	tsunami	flow	depths	above	ground	level	measured	at	371	building	sites	in	Palu	City.	

B.3.2	 Lere

Tsunami inundation observed at Lere village extended up 350 m from the shoreline. At the Palu Grand Mall, 

videos showed initial tsunami waves inundated shoreline semi-permanent wooden commercial buildings, 

followed by a large wave washing away these structures. There are no clear watermarks on the wall of the 

mall at the time of survey. Tsunami flow depths at a billboard pole between the beach and the mall is 

estimated between 3 and 4 m from the video footage. Tsunami flow depths up to 1.7 m were measured 

from watermarks at commercial buildings 100 m north-west of the mall and 1.98 m at Mosque 

Baiturrahman, 50 m south-east. Further east toward Palu River, flow depths reach 2.6 m near the Mercure 

hotel which was heavily damaged by the earthquake. A tsunami flow depth of 3.65 m was measured from 

missing letters on sign boards to the ground next to the road at the petrol station 80 m landward of the 

‘floating’ Mosque Baburahman. An eye-witness at the mosque during the earthquake was hit by the initial 

waves but managed to escape from the largest tsunami. Shoreline subsidence between the mosque and 

western Palu River bridge approach would have exacerbated flow depth heights in this area.

B.3.3	 Besusu	Barat

Tsunami inundation east of Palu River in Besusu Barat reached up to 250 m. Maximum measured flow 

depth in the village was 2.05 m on the TVRI television network building. Flow depths on buildings reduced 

in height to 1.48 m, 550 m further east near Patung Kuda (Horse Statue). Inland run-up reached 180 m from 

the shoreline in this location. We also observed submerged shorelines up to 700 m east of the Palu River, 

with dead and submerged trees indicating land subsidence from the earthquake.
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B.3.4	 Talise

According to eye-witnesses, the waterfront park and a bridge on Cut Mutia Street around a creek collapsed 

during the earthquake followed by small tsunami waves, before arrival of the largest wave. Many buildings 

within 50 m of the shoreline were washed away. The maximum measured tsunami flow depths around this 

area were 1.5 m with inland run-up observed up to 230 m from the pre-earthquake shoreline. Flow depths 

in this area were up to 1.1 m, as measured at a middle school (SMK Negeri 7 Palu). North of this area is a 

salt farm with no remaining structures to measure tsunami flow depths. No recognisable tsunami traces 

were observed on Yos Sudarso road buildings landward of the salt farms. Further north, tsunami 

watermarks were observed on the Kampung Nelayan Hotel and nearby buildings on Kampung Nelayan 

road. The maximum flow depth measured on buildings in this area was 1.48 m. Tsunami inundation 

captured on CCTV at Kampung Nelayan Hotel and restaurant shows wave arrival from two directions; the 

west and the north. Tsunami flow depths in the hotel restaurant reached 0.32 m above floor level or 0.83 

m above ground level.

B.4 Effects	on	the	Built	Environment

B.4.1	 Buildings

Palu City buildings affected by tsunami were used for a range of purposes including, residential, commercial 

(e.g. retail, restaurants), industrial, tourism (e.g. hotels, resorts), education (e.g. primary and tertiary) and 

government administration (Table B.2). Surveyed buildings were exposed to flow depths between 0.1 and 

3.65 m above ground level. Damage levels and tsunami flow depths both above ground level (Table B.3) 

and first finished floor level (Table B.4) are presented here for timber, masonry and reinforced concrete 

construction frame buildings. 

Table	B.3: A	summary	of	estimated	damage	levels	and	measured	tsunami	flow	depths	above	ground	level	(m)	for	
buildings	surveyed	in	Palu	City.

Non-Engineered	 Light	 Timber	 Construction	 Frame: ‘Light timber’ was a common building construction 

frame used for single storey residential and commercial buildings, such as restaurants and convenience 

stores. The construction frame consists of timber columns and beams supporting floor and/or ceiling joists. 

Foundations observed for tsunami affected buildings were earth-filled perimeter walls with concrete cap. 

DL0 DL2 DL3

n μ σ n μ σ n μ σ n μ σ

Non-engineered light timber 

construction frame 
Timber/Wood 1 - - - 9 0.64 0.27 3 0.80 0.36 20 1.34 0.97

1 16 0.29 0.15 190 0.89 0.40 84 1.41 0.55 77 1.44 0.58

2 5 0.40 0.10 24 1.04 0.41 7 1.53 0.29 1 3 0

3 - - - 3 1.63 0.50 - - - - - -

1 - - - 14 1.06 0.43 - - - - - -

2 - - - 6 1.71 0.52 - - - - - -

Non-engineered lightly 

reinforced concrete 

construction frame  

Masonry, Unreinforced with clay 

brick; Masonry, Unreinforced with 

manufactured stone units; Masonry, 

Unknown 

Engineered reinforced 

concrete construction frame 
Reinforced Concrete 

Building Category

Attributes

Construction Frame Storeys
DL1

Damage Level



Appendix B – Post-Event Field-Survey of the 2018 Sulawesi Tsunami, Indonesia

190

Table	B.4: A	summary	of	estimated	damage	levels	and	measured	tsunami	flow	depths	above	first	finished	floor	level	(m)	
for	buildings	surveyed	in	Palu	City.

Wall cladding included timber planks or plywood with multiple openings for buildings used as residential 

dwellings or restaurants. Roofs were clad with either corrugated steel sheets or thatching. Many buildings 

endured the earthquake with minor damage but were completely damaged or washed away by the tsunami 

(Figure B.5a). Most evidence of light timber building presence in the survey area was provided by the 

remaining earth-filled perimeter wall foundations. Eyewitness accounts indicate that in most cases the 

construction frame and cladding materials were washed away inland with minimal frame material 

remaining attached to foundations. Thirty-two light timber buildings were surveyed with 20 in DL3 

condition. Unrepairable building damage (DL2) was observed when flow depths exceeded 0.4 m above first 

finished floor levels and complete damage when depths exceed 1.2 m (Table B.4). Only 6% of buildings 

surveyed were light timber, as many had been washed away and could not be accurately assessed on site. 

Figure	B.5: ‘Non-engineered	light	timber	construction	frame’	buildings	washed	away	from	foundations	(a),	‘punchout’	of	
in-filled	clay	brick	external	walls	aligned	parallel	to	shoreline	(b),	failure	of	concrete	column	and	external	walls	causing	

loss	of	roof	frame	support	(c),	damage	to	window	openings	(d).

DL0 DL2 DL3

n μ σ n μ σ n μ σ n μ σ

Non-engineered light timber 

construction frame 
Timber/Wood 1 - - - 9 0.50 0.18 3 0.40 0.08 20 1.23 1.03

1 16 -0.11 0.09 190 0.58 0.35 84 1.07 0.53 77 1.12 0.44

2 5 -0.08 0.02 24 0.74 0.37 7 1.06 0.21 1 2.70 0

3 - - - 3 1.36 0.68 - - - - - -

1 - - - 14 0.66 0.42 - - - - - -

2 - - - 6 1.13 0.66 - - - - - -

Construction Frame

Masonry, Unreinforced with clay 

brick; Masonry, Unreinforced with 

manufactured stone units; Masonry, 

Unknown  

Reinforced Concrete 
Engineered reinforced 

concrete construction frame 

Storeys
DL1

Non-engineered lightly 

reinforced concrete 

construction frame  

Building Category

Attributes Damage Level
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Non-Engineered	 Lightly	 Reinforced	 Concrete	 Construction	 Frame: Non-engineered ‘lightly reinforced 

concrete’ construction frame buildings with brick masonry infill, were common in the survey area. These 

account for 87% of buildings surveyed and are mostly single storey (90%). Concrete beams and columns 

were lightly reinforced, usually with four plain bars, approximately 8 mm. In general, column widths for 

residential buildings varied between 200 mm x 200 mm and 300 mm x 300 mm. This suggests many 

buildings failed to meet Indonesian code for structural building concrete which requires the shortest cross-

sectional dimensions of column not to be less than 300 mm and the shortest cross-sectional dimension to 

perpendicular dimension ratio not to be less than 0.4 (SNI, 2013). Columns sustained considerable damage 

from tsunami, particularly when flow depths exceeded 1.5 m above first finished floor level. Breakage and 

failure were typically observed in the upper half of the column, with complete removal in some cases. Clay 

brick masonry walls between 50-60 mm thick, with infilled columns, were highly susceptible to shear 

failure from tsunami loading greater than 1 m depth above first finished floor level (Figure B.5b, c). 

Irreparable damage to non-structural components such as external doors and windows, floor coverings, 

kitchen and bathroom joinery and electrical and plumbing services was frequently observed at these flow 

depths (Figure B.5d). 78 lightly reinforced concrete construction frame buildings surveyed sustained 

complete damage (DL3) or were washed away as evident by remaining earth-filled perimeter wall 

foundations. Tsunami flow depths at these building locations averaged 1.12 m above first finished floor 

level (Table B.4). Other affected buildings included 217 that sustained DL1 and 91 DL2. One and two storey 

buildings that sustained unrepairable damage were on average, exposed to flow depths just over 1 m. 21 

buildings exposed to tsunami inundation sustained no damage (DL0) as flow depths did not exceed first 

finished floor level and earth-filled perimeter wall foundations did not sustain damage. 

Engineered	Reinforced	Concrete	Construction	Frame: A low proportion (4%) of surveyed buildings were 

engineered ‘reinforced concrete’ construction frames. These construction frames were common for large 

multi-storey hotels, university and government buildings. Surveyed buildings were exposed to tsunami 

flow depths up to 3.65 m above ground level and 2.5 m above first finished floor level. Flow depths above 

first finished floor level were generally lower than 1.5 m and damage limited to non-structural components. 

Most damage was observed on first floor levels and included failure of infill clay brick masonry partitioning 

between reinforced concrete columns, external doors and windows and electricity and plumbing services. 

Column damage was limited to superficial scarring of concrete. 20 tsunami affected buildings surveyed 

sustained DL1, while none were observed to have reached or exceeded DL2 from tsunami damage alone.

B.5 Lifelines	Infrastructure

B.5.1	 Roads

Tsunami damage was observed and recorded for 7.9 km of roads in Palu City (Figure B.6). The survey 

workflow for damaged road sections included digitising asset attributes and damage level, image capture 

of damage and georeferencing of road segment start and end points for post-hoc digitisation and 

measurement. Damaged road sections ranged from 2 to 240 m, with most damage observations recorded 

along the multi-lane esplanade road along the southern coast of Palu Bay. On the esplanade road, DL2 and 
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DL3 sections were frequently observed along the Talise coastline. Inland of the esplanade road these 

damage levels were infrequently observed with short sections of DL1 more frequent. Localised coastline 

subsidence from Silae to Besusu Barat and ground displacement from the Palu-Koro Fault rupture would 

have exacerbated tsunami damage observed. 

Figure	B.6: Surveyed	road	and	utility	pole	location	and	damage	levels	in	Palu	City.	Tsunami	affected	roads	are	marked	at	
the	centroid	of	each	surveyed	feature	(imagery:	DigitalGlobe,	2018).	

Damage observations for collector and local roads are described in the following sections for asphalt, 

concrete, paved and unsealed surfaces. 

Asphalt	 Surfaces: Most damaged road surfaces surveyed were asphalt construction (93%) (Table B.5). 

Observed damage modes include DL1: scour on either side of surface; DL2: subgrade and surface scoured 

(Figure B.7a), subgrade scoured, and surface collapsed (Figure B.7b), surface offset, surface peeled in 

sections (Figure B.7d), pot holes (potentially pre-existing), entire surface removed; DL3: complete washout 

of subgrade and surface. Short (<15 m) sections of DL2 and DL3 occurred at most culvert locations along 

the coastal esplanade road (e.g. Figure B.7a), particularly along the Talise coastline. 

Table	B.5:	Component	damage	(km)	estimated	for	road	surface	and	use	types	surveyed	in	Palu	City.

Attributes
Damage Level

DL0 DL1 DL2 DL3

Surface

Asphalt 0.73 2.47 3.16 0.98
Concrete 0.01 0.14 0.08 0.15

Paved 0 0.05 0.07 0
Unsealed 0 0.04 0.04 0

Use
Collector 0.41 1.67 2.07 0.95

Local 0.33 1.04 1.27 0.18
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Figure	B.7: Damaged	culvert	beneath	a	washed-out	road	surface	(a),	undermining	of	subgrade	material	and	collapse	of	
asphalt	road	surface	(b),	displaced	concrete	road	surface	slab	(c)	and	peeling	of	asphalt	road	surface	(d).

Concrete	Surfaces: Concrete comprised a short length of road surfaces surveyed (5%). Concrete surfaces 

were constructed along the esplanade collector road, and short lengths on single-lane local roads. Observed 

damage modes included DL1: scour of curb and channel, scour of unsealed material either side of surface 

(Figure B.7c); DL2: undermining of surface with scour of subgrade; DL3: displacement of surface slabs 

(Figure B.7c), collapse of surface and partial washouts. 

Paved	Surfaces: Paved surfaces were common on narrow single-lane roads between residential buildings 

and represent less than 2% of damaged roads surveyed. Surface damage included DL1: removed pavers; 

DL2: scour beneath/between pavers resulting in a ‘slump’ in the surface or an un-even appearance to the 

surface. 

Unsealed	Surfaces: Unsealed surfaces were used for single-lane local roads and made up less than 1% of 

damaged roads surveyed. Tsunami damage of unsealed surfaces occurred from erosion and scour of 

unconsolidated road base materials.

B.5.2	 Utility	Poles

Electricity in Palu City is transmitted above ground through a network of utility poles. Tsunami damage 

was observed and recorded for 455 utility poles (Figure B.6). All poles in the observed tsunami inundation 

area were surveyed (including DL0) and constructed of either concrete or steel (Table B.6). Almost all poles 

supported a range of components including cables (electricity and telecommunications) lights, signage and 
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flags. Most poles supported electricity transmission (87%), while dedicated street lights made up 11% of 

poles, and less than 2% of poles were for signage and cellular transmission. 

Table	B.6: Electricity	network	component	damage	estimated	for	utility	poles	and	other	pole	types	surveyed	in	Palu	City.

Component
Attribute Damage Level

Construction 
Material

Pole Height 
(m)

DL0 DL1 DL2 DL3

Power Pole
Concrete

< 5 m 0 12 0 0
> 5 m 19 18 50 46

Steel
< 5 m 89 27 0 0
> 5 m 47 70 0 16

Street Light Steel
< 5 m 2 0 0 1
> 5 m 40 7 0 2

Street Sign Steel
< 5 m 0 0 0 1
> 5 m 2 2 0 1

Cell Tower Steel > 5 m 2 0 0 1

Concrete: Concrete construction represents 32% of utility poles surveyed. Poles sustained a range of 

damage modes including DL1: base material scour (Figure B.8a), pole tilted in ground, impact marks from 

debris, pole tilted and adjacent sealed surface damaged; DL2: base material scour and pole tilted, 

components stripped off pole (Figure B.8b); DL3: pole snapped at base and washed away, pole snapped at 

base and held together by reinforcing base material scoured and pole collapse or washed away (Figure 

B.8c), base material scoured and pole collapse or washed away (Figure B.8d). Where poles snapped at the 

base, as opposed to gradual scour of base material, either a significant structural loading from hydrostatic 

pressures or forceful impact occurred, most likely from entrained debris. 

Figure	B.8:	Scour	of	base	materials	around	undamaged	signage	pole	foundations	(a),	tilted	steel	power	pole	(b),	
reinforced	concrete	utility	pole	snapped	at	base	(c)	and	reinforced	concrete	power	pole	scoured from	base	material	and	

washed	away	(d).
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Steel: Steel utility poles were most frequently surveyed (68%). Two typologies were observed: single 

transmission line at lower elevation (< 5 m) and multiple transmission lines carrying three to six lines at 

higher elevations (>5 m). Observed damage modes included DL1: scour at base, slight tilting at base causing 

cracking to adjacent sealed surfaces, components at base dented, plates removed; DL2: bent at base, partial 

scour of base and tilting of pole (Figure B.8b), pole scoured and bent at base, components at top of pole 

removed, pole bent or tilted by lines attached to adjacent damaged pole; DL3: snapped at base, complete 

scour of base and collapse of pole, pole pulled down by lines attached to adjacent damaged pole, pole 

washed away.

All streetlight poles were steel construction and mostly bolted to concrete foundations. Pole damage 

modes included DL1: base plate bent with bolts intact, foundations scoured but in place, pole dented, plates 

removed; DL2: baseplate bent and some bolts sheared, foundations scoured and tilted, pole bent at base; 

DL3: baseplate sheared from bolts, foundations removed from ground, foundations scoured and moved, 

pole washed away.

B.5.3	 Other	Structures	at	Coastal	Ports

Damage to structures at the Ports of Donggala and Pantaloan north of the survey area were noted during 

reconnaissance activities. At Port of Donggala, wharves supported by concrete piers were offset vertically, 

while wharves fixed to reclaimed land had slumped during the earthquake. Damage observed to seawalls 

at Port of Donggala was predominantly caused by the earthquake and subsidence (Figure B.9a), while 

tsunami damage to seawall superstructures was observed at Port of Pantaloan (Figure B.9b). 

Figure	B.9:	Seawall	damage	from	both	earthquake	at	Port	of	Donggala	(a),	where	seawalls	have	‘slumped’,	and	tsunami	
at	Port	of	Pantaloan	(b),	where	sea	wall	panels	have	been	‘punched	out’	from	the	remaining	support	columns.

Port of Pantaloan wharves were not accessible to the field team. Port buildings were damaged, particularly 

on their seaward facing sides. Riprap seawalls were damaged including the removal and near shore 

deposition of rock material up to 1 m x 1 m. Debris on metal wire fences near wharves indicated tsunami 

flow depths of 1.8 m or higher. Port buildings, including a reinforced concrete ferry terminal, sustained 

damage, mostly to external doors and windows, floor coverings, joinery fixtures and fittings, electricity and 

plumbing services (Figure B.10). 
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Minor repairable damage was observed on two large tar storage tanks, one had small dents likely from 

debris, while the other had a small (1 m x 1 m) hole in the external insulation layer on the side, also likely 

from debris. External metal cladding and internal insulation had been stripped off in many sections which 

will require replacement (repair work was observed in the field). Pipes between tanks and the wharves 

were not removed from vertical supports and only sustained superficial damage. 

Figure	B.10:	Non-structural	tsunami	damage	to	first-storey	openings	(i.e.	doors	and	windows)	at	the	Port	of	Pantaloan	
ferry	terminal	building.	Measured	flow	depth	above	first	finished	floor	level	was	0.8	m.

B.6 Discussion

The 28 September 2018 Sulawesi earthquake and tsunami survey activities were carried out in Palu City, 

seven weeks after the tsunami. Recovery activities were in progress at this time, with tsunami debris 

clearing and remediation of lifelines infrastructure components (i.e. electricity). The collection of 

perishable information including tsunami inundation watermarks, and both building (particularly ‘light 

timber’ structures) and infrastructure component damage were compromised by these activities. This 

highlights the importance of accessing affected areas to observe and record tsunami characteristics and 

damage immediately following tsunami events. 

Information collected on tsunami inundation flow depths, and building and infrastructure component (i.e. 

roads, utility poles) damage from Palu City, demonstrates that valuable data can be collected a considerable 

time after a tsunami event. Watermarks measured on buildings seven weeks after tsunami inundation, 

indicated tsunami flow depths above ground level across the survey area. Tsunami run-up distance and 

levels above a datum are hazard characteristics commonly used to support hydrodynamic, impact and 

evacuation modelling. Field surveys following the 2018 Palu tsunami (BMKG 2018) and previous 

Indonesian tsunami events (e.g. Reese et	al. 2007; Satake et	al. 2013) have collected this data through 

transect surveys using equipment such as ‘total stations’. While accurate, transect surveys are often time-

consuming and can limit the number of tsunami run-up height, distance, and flow depth samples to 

represent tsunami affected areas. Tsunami flow depth ‘spot’ measurements from affected buildings and 

structures are collected relatively quickly and large datasets can be developed to serve multiple purposes 

including, hydrodynamic and impact model development and validation. Tsunami flow depth data collected 
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in Palu City, compliments other survey work (BMKG 2018; Muhari et	al. 2018; Arikawa et	al. 2018) to 

support a consistent event database of 2018 Sulawesi tsunami characteristic. 

Tsunami affected building construction types in Palu City are observed and described in previous 

Indonesian tsunami events (e.g. Reese et	al. 2007). Buildings comprised of non-engineered ‘light timber’ 

and ‘lightly reinforced concrete’ construction frames were highly susceptible to damage when flow depths 

respectively exceeded 0.4 m and 1 m above the first finished floor level. Irreparable damage to non-

structural components such as external doors and windows, floor coverings, kitchen and bathroom joinery 

and electrical and plumbing services was commonly observed for these flow depths. Construction frame 

damage was commonly observed when flow depths exceeded 1.2 m above first finished floor level, 

resulting in either ‘unrepairable’ (DL2) or ‘complete’ (DL3) damage. This is consistent with observations 

from the 2004 IOT and 2006 Java tsunami events. Koshimura et	al. (2009) demonstrated from remote 

sensing, the prevalence of destroyed buildings (i.e. DL3) increasing when flow depths exceed 1.7 m above 

ground level. In the 2006 Java tsunami aftermath, Reese et	al. (2007) also observed ‘serious’ damage (i.e. 

DL2 and DL3) to residential buildings with comparable lightly reinforced concrete construction frames 

occurred when depths exceeded 2 m above ground level, with repairable damage at lower depths. These 

authors also noted minor damage for reinforced concrete buildings exposed to tsunami flow depths up to 

5 m, while repairable damage to non-structural components of engineered ‘reinforced concrete’ buildings 

was observed in Palu City for flow depths up to 3.65 m above ground level and 2.5 m above first finished 

floor level. 

The survey of road and utility pole damage in Palu City addresses a lack of empirical infrastructure 

component damage datasets from recent tsunami events (Williams et	al. 2019). Despite this, limitations 

are apparent in the survey dataset. Damage levels for road and utility pole components were unable to be 

complemented with tsunami flow depths measured from onsite watermarks. Utility poles can record flow 

depth traces though none were observed during the survey. The Palu-Koro Fault rupture within and 

adjacent to the survey areas caused a further limitation for tsunami damage data collection (BKMG 2018; 

Omira et	al. 2019). Earthquake induced shaking or subsidence prior to tsunami wave arrival may have 

exacerbated road surface and utility pole component damage. Epistemic uncertainty in the survey dataset 

could be reduced by omitting infrastructure components close to the Palu-Koro Fault and on land with 

localised subsidence. Seismic damage to Palu City bridges required these components to be excluded from 

the damage survey. 

On ground observations and aerial photography of Palu City prior to the 2018 earthquake and tsunami 

indicates many buildings and lifelines infrastructure components were damaged in addition to those 

surveyed. Clean-up and repair activities soon after the tsunami removed or altered many sites where 

buildings and utility poles sustained complete damaged or were washed away (i.e. DL3). This limited the 

measurement of tsunami flow depths and failure mechanisms that cause these damage levels, particularly 

for buildings. 

The damage schema applied in this survey is relatable to datasets from compatible damage surveys or 

evaluation methods. Improvements to the tsunami damage dataset could include use of high-resolution 



Appendix B – Post-Event Field-Survey of the 2018 Sulawesi Tsunami, Indonesia

198

pre- and post-tsunami aerial or satellite imagery to digitise DL3 building and infrastructure component 

locations and attributes in Palu City (Gokon et	al. 2011; Mas et	al. 2012). Tsunami flow depths and other 

hazard intensity parameters (e.g. flow velocity) at digitised damage locations attributed from inundation 

maps produced from hydrodynamic models or surface interpolations, would estimate conditions 

contributing to these damage levels. Combined field and digital damage datasets would support the 

development of fragility curves that estimate damage level probability of structures in response to 

increasing tsunami hazard intensity (Tarbotton et	al. 2015). This function of fragility applies a measure to 

assess the future damage potential for buildings and infrastructure components in Palu City, and 

comparable structures across Indonesia.

B.7 Conclusion

The devastating 2018 Sulawesi earthquake and tsunami has provided a valuable opportunity to observe 

and record tsunami hazard characteristics and damage to buildings and lifeline infrastructure components 

in Palu City. Over a four-day period, a field survey recorded 371 tsunami flow depths above ground level at 

building sites across the city, along with the locations, attributes and damage levels for 463 buildings, 7.9 

km roads and 455 utility poles. Despite survey activities taking place seven weeks after the tsunami, a 

significant empirical damage dataset was collected, supported by observations of building, road and utility 

pole failure mechanisms. 

In Palu City we observed that non-engineered ‘light timber’ and ‘lightly reinforced concrete’ construction 

frame buildings were highly susceptible to non-structural component damage when tsunami flow depths 

respectively exceeded 0.4 m and 1 m above the first finished floor level. Unrepairable or complete damage 

of construction frame components occurred regularly when flow depths exceeded 1.2 m above first 

finished floor level. Engineered ‘reinforced concrete’ construction frame buildings were more resistant, 

with only non-structural component damage observed for flow depths up to 2.5 m above first finished floor 

level. These damage observations are comparable with similar building construction types affected in the 

2004 IOT and 2006 Java tsunami events. 

Our survey of road and utility pole damage in Palu City addresses a lack of empirical infrastructure 

component damage datasets from recent tsunami events. The inability to measure tsunami flow depth 

traces for affected road and utility pole components requires attribution of hazard intensity parameters 

from tsunami inundation maps to estimate the conditions contributing to observed damage levels. The 

survey damage schema enables the presented building and infrastructure damage dataset to be extended 

using digital methods to collect damage information that may have perished during recovery activities in 

Palu City. This information will form an important evidence base to support future tsunami hazard and risk 

research in Indonesia.
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Abstract

Tsunami events over the last century have highlighted the potential for impacts on the built environment. 

Recent international tsunami events have provided an opportunity for the collection of post-event survey 

data for tsunami impacted critical infrastructure systems and networks. International research in the 

tsunami impacts domain has largely focused on direct building damage and casualty estimations, while 

only limited attention has been given to the impacts on critical infrastructure. New Zealand is a tectonically 

active country with substantial amounts of coastal infrastructure exposed to local, regional and distal 

source tsunamis. To effectively manage tsunami risk for New Zealand’s critical infrastructure, including 

energy and transportation systems, the vulnerability of infrastructure networks and components must first 

be defined and assessed. This research develops empirical vulnerability functions for critical infrastructure 

components. These functions utilise post-event survey data from recent international tsunami events, 

including the 2011 Tōhoku Tsunami, Japan, the 2015 Illapel Tsunami, Chile, and the 2018 Sulawesi 

Tsunami, Indonesia, which are adapted to the New Zealand context. A range of hazard intensity metrics 

(HIMs) and energy and transportation components are considered, as well as individual asset attributes 

relevant to assessing physical vulnerability, including construction design and material. These functions 

are applied in a risk assessment framework, using the impact and loss assessment tool RiskScape, and 

future work will estimate the costs and benefits of tsunami mitigation options for at risk critical 

infrastructure networks.

Keywords:	tsunami;	infrastructure;	fragility	function;	tsunami	impact;	risk

C.1 Introduction

Tsunamis can damage and disrupt critical infrastructure, including energy, transportation, water and 

telecommunication networks, which are crucial to the everyday operation of society (e.g. habitability, 

accessibility, communication), as well as for efficient post-disaster response and recovery efforts 

(Frangopol & Bocchini, 2012; Nakanishi et	al., 2014; Saatcioglu, 2007; Williams, et	al., 2019b). Access to 

impacted populations, the provision of aid and repair works to other dependent lifelines are delayed by 

tsunami damage. It is also suggested that tsunami damage to infrastructure can account for up to 20% of 

the total economic cost of a tsunami disaster, mostly attributed to transport asset impacts (Marchand et	al., 

2009). Previous tsunami impact assessments have largely focused on direct building damage and casualty 

estimation, leaving a gap in the understanding of tsunami impacts on critical infrastructure (Williams, et	

al., 2019a). Given the importance of critical infrastructure to society, a prudent development for tsunami 

risk assessment is to develop suitable critical infrastructure impact assessment tools, specifically 

vulnerability models which provide a measure of loss (as either a potential for, or level of, damage) for a 

prescribed hazard intensity.  

There are few comparable examples for tsunami damage to lifelines infrastructure (e.g. Horspool & Fraser, 

2016; Williams, et	al., 2019b). Commonly used vulnerability metrics include fragility functions which are 

used to define the relationship between asset damage level and a hazard intensity (e.g. tsunami inundation 

depth; Koshimura et	al., 2009). Fragility functions typically rely on relatively large samples of empirical or 
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modelled impact data. Prior to recent tsunami events this type of quantitative data for infrastructure 

damages had not been collected. 

The objectives of the current study are to (a) analyse post event tsunami survey data to develop a suite of 

tsunami fragility functions for infrastructure assets and to (b) apply these synthesised vulnerability metrics 

to a New Zealand-based tsunami impact, outage and recovery assessment. This study analyses 

infrastructure asset damage data from three recent tsunamis, the 2011 Tōhoku Tsunami, Japan; the 2015 

Illapel Tsunami, Chile; and the 2018 Sulawesi Tsunami, Indonesia. This study aims to address a gap in global 

knowledge of tsunami impacts on infrastructure to inform tsunami risk reduction. The data are collected 

and analysed considering a range of novel methods to overcome various challenges and to create consistent 

datasets for fragility function development. The following sections provide an analysis of data (Section C.2) 

and the development of vulnerability functions (Section C.3) followed by an impact assessment case study

of Christchurch, New Zealand (Section C.4) and then a summary of the study (Section C.5). The study is 

currently biased toward the assessment of road vulnerability as these assets are often the most accessible 

and well preserved in terms of impacts following a tsunami event.

C.2 Methodology

C.2.1	 Event	1:	Tōhoku Tsunami

The Tōhoku Tsunami provided post-disaster survey teams with an extensive area from which to collect 

damage data on infrastructure assets. The data used for this analysis are the results of a comprehensive 

ground survey carried out in the days to weeks following the tsunami by the Japanese Government, City 

Bureau of the Ministry of Land, Infrastructure, Transport and Tourism (MLIT) (MLIT, 2013). The data 

relevant to this analysis included detailed road asset damage summaries and local maximum tsunami 

inundation depths for the exposed area within Miyagi and Iwate Prefectures, which were two of the regions 

most impacted (Eguchi et	al., 2013; Horspool & Fraser, 2016; MLIT, 2012; Williams, et	al., 2019a). MLIT 

defined the length of affected roads and assigned each section a damage level (Table C.1). The inundation 

depth and asset data, containing the damage observations, were requested by, and presented to, GNS 

Science as GIS shapefiles (.shp). Modelled maximum inundation depth (m) was available in 100 x 100 m 

grid cells, across the study area (Eguchi et	al., 2013; Horspool & Fraser, 2016; MLIT, 2012; Williams, et	al., 

2019a). 

The Tōhoku dataset lacked spatial non-damaged asset data (DL0), which is crucial to defining proportional 

damage probabilities. Therefore, all roads and bridges within the inundation area were extracted from 

OpenStreetMap (OSM), (OpenStreetMap contributors, 2015) or were digitized from aerial imagery and 

those which were not recorded in the MLIT data were assumed undamaged (DL0). This resulted in a 

complete dataset of roads and bridges exposed to the tsunami, each with an observed damage level (DL0 –

DL3). Figure 2.4 shows an example of observed damage levels for roads in the town of Ishinomaki within 

the study area. Tsunami inundation depths MLIT (2012) were then assigned to each road length and in the 

case of bridges, inundation depth was normalised to the height above the base of a bridge deck. The results 

of this analysis are presented in Section C.3 as fragility functions.
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Table	C.1:	Damage	classifications	for	roads,	bridges,	and	utility	poles	(MLIT, 2012; Paulik et	al., 2019) and	field	
examples	of	road	damage	levels	from	the	2015	Illapel	Tsunami,	Coquimbo,	Chile,	and	equivalent	bridge	examples	from	

the	2018	Sulawesi	Tsunami,	Indonesia	(Modified	from	Williams, et	al., 2019a).

Damage	

Level
0 1 2 3

Damage	

State

No 

Damage
Minor Moderate Severe

Road	

Damage	

Description

No	

damage

Minor	damage	to	road	

surface.	All	lanes	passable

Major	damage	to	one	lane.	One	

lane	impassable

Major	damage	to	

whole	carriageway.	

All	lanes	impassable

Road	Image

Bridge	

Damage	

Description  

No	

damage

Minor	damage,	often	from	

impacts	to	the	

superstructure

Major	damage	to	superstructure	

but	still	in	place	on	piers.

Superstructure	may	have	been	

shifted

Complete	washout	

of	superstructure

Bridge	

Image

Utility Pole 
Damage 

Description

No 
damage

Partial Damage, Repairable Partial Damage, Unrepairable Complete Damage

Utility Pole 
Image

Asset attribute information should ideally include road construction type, allowing for the development of 

construction specific fragility functions. As this was not included in the MLIT dataset (MLIT, 2012), the 

closest equivalent was road use-type category based on jurisdiction (0; Unclassified, 1; State road, 2; Main 

local road, 3; General prefectural road, 4;  Municipalities road, 5; Lowest class road). These classifications 

were then converted to road use-type equivalent categories (0; Unclassified, 1; Motorway, Trunk, Primary, 

2; Secondary, 3; Residential, Road, 4; Tertiary, 5; Construction, Service, Unsurfaced) to ensure compatibility 

with OSM (OpenStreetMap contributors, 2015) data . Roads digitised from satellite imagery were assumed 

to be in class 3. However, those that could not be classified were ‘Unclassified’ (0), which have not 

contributed towards the resulting fragility functions. These road-use classes link to different traffic loading 

levels, which inform road design, therefore these data broadly encompass differences in construction type, 

but some degree of overlap is assumed. Bridge construction materials were not available, neither was 

bridge deck base height above ground, both of which would be necessary for a higher resolution fragility 

function (Horspool & Fraser, 2016; Shoji & Moriyama, 2007).
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Figure	C.1:	Road	impacts	in	Ishinomaki,	from	the	2011	Tōhoku Tsunami.	Road-impact	data	modified	from	(MLIT,	2012;	
OpenStreetMap	contributors,	2020).	Distributed	under	a	Creative	Commons	BY-SA	License.	Graphs	modified	from	

(Williams, et	al., 2019a).

Fragility functions that do not consider topography may not accurately represent tsunami damage 

characteristics when used for subsequent impact assessment. Therefore this study defines vulnerability for 

two broad coastal settings, ‘coastal plains’ and ‘coastal valleys’ (Figure 2.11), to develop specific 

vulnerability curves similarly to (De Risi et	al., 2017) and (Suppasri, et	al., 2013). The resulting fragility 

functions are presented in Section C.3.

C.2.2	 Event	2:	Illapel	Tsunami

A census-style field survey was conducted in Coquimbo, Chile, between 8-12 days after the Illapel tsunami, 

at the invitation of the Chilean Association on Seismology and Earthquake Engineering (ACHISINA). The 

team included members from GNS Science, National Institute of Water and Atmospheric Research (NIWA), 

Wellington Lifelines Group, Auckland City Council, University of Canterbury and was supported by Chilean 

researchers from University of Valparaiso (Williams, et	al., 2019a). Coquimbo was selected as the focus of 

the post-event survey as it was the region most impacted in this event and represented a small enough 

study area to collect data in a short timeframe. Damage, asset and hazard data were collected, using the 

Real-time Individual Asset Collection Tool (RiACT; (Lin et	 al., 2019)) in accordance with International 

Tsunami Survey Team (ITST) procedures (D Dominey-Howes et	al., 2011). Asset damage was defined using 

a four-tier damage-level classification in accordance with the MLIT classification structure (Table C.1). This 

was done to be consistent with the Tōhoku dataset, which was already available and represented the 

largest damage repository of tsunami impacts on roads in particular. Although this classification of damage 

level could have been refined, the field team decided it still represented a relatively efficient method in-

field and at a resolution high enough to incorporate the range of observed damage types. Most roads 
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surveyed in the inundation area were founded on sandy material, with a compacted granular subbase and 

a thin asphalt surface (flexible pavement construction method; (Nunn et	al., 1997). There were few ‘both-

lane’ wash-outs, with minor / single lane wash-outs being more common, and many washouts occurred 

where a culvert ran beneath the road surface. Inundation depth was estimated in the field by measuring 

watermarks against vertical structures (e.g. buildings, utility poles). A total of 978 watermarks were 

recorded across the survey area which represented inundation depth above ground level. The total survey 

area included an approximately 7 km stretch of coastline (Williams, et	al., 2019a).

Figure	C.2:	Coastal	topographic	settings	for	inundated	roads	for	the	2011	Tōhoku Tsunami.	Note:	all	roads	North	of	
Ishinomaki	are	Coastal	Valleys;	all	roads	South	of	Sendai	are	Coastal	Plains.	Road	data	modified	from	[12]	and	[14].	
Distributed	under	a	Creative	Commons	BY-SA	License.	Japan	topographic	imagery	sourced	from	(ESRI	contributors,	
2020),	Tōhoku regional	satellite	imagery	sourced	from	(ESRI	contributors,	2019). Modified	from	(Williams, et	al., 

2019a).

Asset data collected included utility poles, roads, bridges, water pipes, hydrants, storm water drains, 

footpaths, gas tanks, electricity stations, pump stations and seawalls, although only roads are presented so 

far for this study. Roads were separated into approximately 50 m sections, and assigned the corresponding 

damage level (DL0-DL3) and inundation depth, through interpolation of the surveyed watermarks, at the 

centre of each feature using inundation depth bins of 0.25 m (0.0 - 0.25 m, 0.25 – 0.5 m etc.). The total length 

of road (in km) for each depth bin and for each damage level was tabulated for each HIM by count and 

proportion (Figure C.3), (Williams, et	al., 2019a). The resulting fragility functions are presented in Section 

C.3.
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Figure	C.3:	Road	impacts	in	Coquimbo	for	the	2015	Illapel	Tsunami,	(OpenStreetMap	contributors,	2020).	Distributed	
under	a	Creative	Commons	BY-SA	License.	Modified	from	(Williams, et	al., 2019a).

While inundation depth has been used as the HIM, as outlined above, other potential metrics that might 

have a bearing on asset vulnerability were also considered. As mentioned above, road damage was 

observed at many culvert openings especially along the coastal esplanade (Figure C.3). This damage is 

consistent with the principle of contraction scour (Duc & Rodi, 2008), which occurs when the depth of 

inundation exceeds an opening and the inundation becomes contracted. The inundation is directed down 

and through the structure, causing an increase in the velocity and shear stress around the outlet, therefore 

increasing scour (Williams, et	al., 2019a). Inundation speed, inundation depth, the degree of submersion 

and size of the culvert are all factors dictating contraction scour intensity. Scour can also be exacerbated by 

the enhanced turbulence and vortex formation in this inundation. Scour around culverts can also be caused

by the back-inundation of receding water. Recorded culvert locations were used to assign the presence of 

a culvert/outfall pipe (present ‘1’, not present ‘0’) to each 50 m section of road. The frequency and 

proportion of road sections with a culvert were tabulated for each damage level (Figure C.3b).  This analysis 

is not conducive to fragility functions, due to the limited number of culverts surveyed, so none are 

developed in this study. The associated road damage levels indicate a relationship between the presence of 

a culvert and an increased damage level. Furthermore, all instances of a culvert in this event resulted in 

road damage to some extent, and in most cases moderate or severe damage (DL 2 and DL3). 

Tsunami inundation velocity is known to have a considerable influence on asset impacts, especially due to 

scour (Williams, et	al., 2019b). However, inundation velocity data were not available for the Illapel dataset, 

so distance from the coast is used as a proxy. This assumes a constant deterioration of landward wave 

energy including horizontal and vertical buoyancy pressure as a tsunami wave moves inland (from friction 

and gravity). This was observed for road assets in Coquimbo as damage levels reduced with distance from 

the coastline. A measure of distance from the coast was calculated at 25 m inundation distance bins (i.e. 0.0 

– 25.0 m, 25 – 50 m etc.). Since distance from the coastline is not a direct damage causing process, the 

analysis is not conducive to fragility functions, so none are developed for this study, however, there is a 



Appendix C – Conference Paper: Tsunami Vulnerability of Critical Infrastructure

211

clear trend between higher probabilities of damage occurring closer to the coastline as expected (Figure 

C.3c). This may be an indicator for deteriorating wave energy (due to surface friction and gravity) but could 

simply be an indicator of increased inundation depths at the coast since there is no empirical evidence of 

hydrodynamic forces in the Illapel event. The same was noted in a study of building vulnerability in the 

Illapel event (Aránguiz et	al., 2018), particularly with lower damage occurring beyond a wetland area in 

Coquimbo and behind a raised railway ballast, when compared to those nearer the coast.

Tsunami generated debris can cause considerable disruption to infrastructure, including transportation 

networks, through direct damage and through blocking routes. Therefore, the effects of debris on an asset’s 

level of service is considered, and a new HIM (distance from the landward inundation extent) is used. To 

assess the relationship between debris and a roads level of service in Coquimbo, debris distribution data is 

required. However debris clean-up had begun prior to the survey, so publicly available drone-mounted 

camera footage (Puerto Creativo, 2015) was used to map out debris density on roadways. These were 

classified into five service levels (SL), as defined in Table C.2. SLU represents areas of ponding observed 

and is classed separately since the depth and amount of debris entrained is not known. If there was no 

debris, a road was assigned SL0. To account for potential horizontal sorting of debris, the distance from 

tsunami inundation extent (i.e. the greatest recorded landward observations of tsunami inundation) was 

used and each road was assigned an associated value. The local sea port, of which are typically well-defined 

regions of debris origin (Naito et	al., 2014), was located along the South-West to North-West inundated 

coastline. As well as inundation depth (in m) and distance from the coast (m), each road section was now 

assigned a distance from the inundation extent value (m) and a level of service (SL0 - SL3 or SLU), (Figure 

2.9). For each distance measure, road length frequency was tabulated into 25 m bins (i.e. 0.0 – 25.0 m, 25.0 

– 50 m etc.), for each service level. There is higher debris density between approximately 75.0 – 150.0 m 

(11 – 22%) from inland inundation extent (Figure 2.9a). Debris density probability is consistently lower, 

for all levels of service, between 0.0 – 75.0 m (0 – 11%) from inland inundation extent and 200.0 – 672 m 

(30 – 100%) from inland inundation extent. SL1 has a much higher probability of occurrence than SL2 and 

SL3 at distances > 200 m from inland inundation extent (Figure 2.9a). This is consistent with field 

observations where debris is consistently distributed across an inundation area during landward and 

seaward inundations. There was no such empirical source of debris density observations available for the 

2011 Tōhoku Tsunami, so this is not considered in the analysis of the Tōhoku dataset.  

Table	C.2:	Classification	schema	for	road	service	level	for	the	2015	Illapel	Tsunami,	modified	from	(Williams, et	al., 
2019a).	Images	taken	as	screenshots	sourced	from	(Puerto	Creativo,	2015).

Service	

Level
U 0 1 2 3

Service	

Level	

Description

Unknown 

(surface 

ponding)

No loss of 

service

Vehicle access at 

a reduced speed

All-wheel drive 

vehicle access at 

reduced speed

No vehicle access
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Image -

Figure	C.4:	Service	levels	associated	with	debris	on	roads	in	Coquimbo	for	the	2015	Illapel	Tsunami,(OpenStreetMap	
contributors,	2020).	Distributed	under	a	Creative	Commons	BY-SA	License. Modified	from	(Williams, et	al., 2019a).

C.2.3	 Event	3:	Sulawesi	Tsunami

The survey team collected tsunami flow depth and damage information in Palu City in accordance with 

post-tsunami survey procedures (D Dominey-Howes et	al., 2011). Survey observations and data collection 

were implemented using the Real Time Asset Capture Tool (RiACT; Lin et	al., 2019). Spatial information 

collected for lifelines infrastructure included the GPS coordinates, damage length, damage width and the 

surveyed variables and attributes (Paulik et	al., 2019). Additionally, the data collection in Palu City included 

surveyed impacts for each exposed asset. Survey area reconnaissance identified roads and utility poles as 

most frequently exposed to tsunamis and accessible for onsite damage observations. Observed damage 

levels were categorised using the four-tier damage schema (Table C.1). The approach enabled consistent 

database development, ensuring comparability with other tsunami damage datasets (e.g. Tōhoku and 

Illapel).
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Figure	C.5:	Road	and	utility	pole	impacts	for	the	2018	Sulawesi	Tsunami,	modified	from	(Paulik et	al., 2019; Williams, et	
al., 2019a).

Paulik et	al, 2019, (Paulik et	al., 2019) collected tsunami flow depths and empirical tsunami damage data 

on buildings, roads and utility poles in Palu City. As is often the case with post-event field surveys, some 

aspects of the exposed assets were not possible to record in-field. This included exposed, but undamaged, 

assets toward the inland inundation extent of the tsunami and assets at the highest level of impact which 

were completely washed away. This is due to the perishable nature of post-event hazard indicators and 

impact damage which, in the case of Palu, was either weathered (watermarks) or quickly cleaned up 

(damaged assets and objects with watermarks). This made tracing the exact extent of inundation difficult 

and observing washed away assets unlikely. Due to these limitations, the field observations are therefore 

supplemented with remotely sensed observations. Using online tools including Google Earth ‘street 

view’(Google, 2015) and the pre-event imagery for Palu City which was captured in September 2018 , 

within weeks of the Sulawesi Earthquake and Tsunami. This imagery was used to check each utility pole 

and road segment against the field data. This process captured missing assets, confirmed asset attributes, 

such as construction type and material, and completed the dataset up to the landward inundation extent. 

In the instance of a missing utility pole or road from the field survey data, this was added remotely and 

assumed to be in DL3. All assets up to the inundation run-up extent were inspected digitally and assumed 

to be in DL0 if not already included in the survey data. For roads, the spatial point data were digitised as a 

series of lines to represent the spatial length of each damage observation, including DL0. This allowed for 

road geometry (i.e. length) to be calculated remotely. 

Using the 397 watermarks collected by Paulik et	al, 2019, (Paulik et	al., 2019) an interpolation was made 

and each asset assigned a corresponding inundation depth. At this point all road and utility pole assets 

within the inundation extent were now captured spatially in the data, each with an assigned damage level 

and HIM (Figure C.5). The resulting fragility functions are presented in Section C.3.
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C.3 Developing	Fragility	Functions

The asset damage probabilities for each damage level were calculated and shown against a median value 

within increasing HIM bins, to account for lower amounts of data at higher HIM. Following the methods of 

Koshimura et	 al., 2009, linear regression analysis was performed to develop the normal (Lognormal) 

cumulative distribution function vulnerability curves. A probability P of reaching or exceeding a damage 

level for a given hazard intensity value is given by either Eq. (1) or (2):

�(�) =  � � 
� � �

�
� (5)

�(�) =  � � 
�� � � ��

��
�     (6)

where Φ is the standardized normal (lognormal) distribution function, x is the HIM (i.e. inundation depth), 

μ and σ (�′ and �′) are the mean and standard deviation of x (ln x) respectively. Two statistical parameters 

of fragility function, i.e. μ and σ (�′ and �′), are obtained by plotting x (ln x) and the inverse of Φ-1 on normal 

or lognormal plots, and performing the linear least-squares fitting of this plot. Two parameters are obtained 

by taking the intercept (= μ or �′) and the slope (= σ or �′) in either Equation (3) or (4), depending on the 

result of the least-squares fitting:

� =  ���� +  � (7)

�� � =  �′���  +  �′ (8)

The resulting fragility functions from each dataset are presented in Figure C.6. As this is an ongoing study 

only a limited number of functions are presented. The fragility functions in Figure C.7 then present an 

example of refined curves for Tōhoku roads (i.e. data from Figure C.6a) which also consider use-type 

category and topographic setting as outlined above in Sub-section C.2.1 .

Figure	C.6:	Fragility	functions	for	mixed	construction	road,	bridge,	and	utility	pole	assets.	Modified	from	(Williams, et	al., 
2019a).
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Figure	C.7:	Fragility	functions	for	Tōhoku roads	considering	use-type	and	topographic	setting.	Modified	from	(Williams, 
et	al., 2019a).

C.4 Case	study Application

The synthesised fragility functions are applied to a deterministic tsunami impact assessment process for 

infrastructure assets in Christchurch, New Zealand. Christchurch is located on New Zealand’s east coast on 

the western edge of the Pacific. The tsunami hazard for Christchurch is estimated to be > 9.5 m and > 12.5 

m wave heights at the coast at the 50th and 84th percentiles, respectively, for a 2500 year return interval, 

with the most likely tsunami source for both a 2500- and 500-year event at the 50th percentile being the 

Peru subduction zone (Power, 2013; Williams, et	al., 2019b; Williams, 2016). The impact assessment was 

carried out using the impact and loss assessment tool RiskScape 2.0 and utilises the synthesised fragility 

functions for roads, which consider construction standards and topographic setting (Figure C.7), and for 

utility poles (Figure C.6e). The tsunami model used is based on a Mw 9.485 Peru subduction zone 

earthquake source for 2018 sea levels (Lane, et	al., 2017). The initial results of this impact assessment are 

presented in Figure C.8.

Figure	C.8:	Results	of	impact	assessment	for	Christchurch,	New	Zealand,	utility	poles	and	roads for	an	equivalent	Mw	
9.485	Peru	subduction	zone	tsunami	model	sourced	from	(Lane, et	al., 2017),	Christchurch	imagery	sourced	from	(ESRI	

contributors,	2020).
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Using similar methodology to the Wellington Resilience Project Business Case (Wellington Lifelines, 2019)

for a Wellington Fault earthquake, a model will be developed for direct (e.g. asset damage, Figure C.8) and 

indirect (e.g. loss of network connectivity) losses resulting from tsunami impacts on infrastructure lifelines. 

The direct impacts will be modelled following the impact assessment framework by Williams, (2016), while 

loss of service and outage time modelling will be developed in collaboration with local infrastructure 

operators and informed by case studies of previous tsunami events as is done by Wellington Lifelines, 2019,

(Wellington Lifelines, 2019). 

C.5 Summary

This paper has presented an ongoing study on tsunami impacts on infrastructure. Empirical post-event 

field survey data from three recent damaging international tsunami events are used to develop fragility 

functions. An example of ongoing work to refine fragility functions for a range of hazard, asset and 

topographic parameters is also presented, representing road fragility for the 2011 Tōhoku tsunami which 

consider use-type and topographic setting for the probability of reaching or exceeding a given damage level. 

The synthesised fragility functions are applied through an impact assessment case study of roads and 

electricity distribution utility poles for Christchurch, New Zealand. Continued research will include the 

development and application of fragility functions from future tsunami events and for more infrastructure 

assets. Subsequent impact assessments will also incorporate the results of analyses on further impact 

observations such as culvert damage, and debris-based service level as presented in this paper. A 

framework for assessing lifeline outage and recovery times is also in development, which will involve the 

input of local lifeline utility operators and managers.
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