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Why?



Why?

• Indirect costs (business interruption, loss of population, etc.) generally not 
computed, but estimated higher than direct costs on long term assessment 
=> Reduction of these costs desirable

Figure from: Love, T. (2011). Population movement after natural disasters: a literature review and assessment of Christchurch data. Sapere Research Group.     



Why?

• During recovery, limited resources at disposal 
=> Optimization to achieve quick and significant effects on system

Figure from:O'Rourke, T. D., Jeon, S. S., Toprak, S., Cubrinovski, M., Hughes, M., van Ballegooy, S., & Bouziou, D. (2014). Earthquake response of underground pipeline networks in Christchurch, NZ. Earthquake Spectra, 30(1), 183-204.



Why?

• Failed water supply system means limited fire protection 
=> Recover fire protection coverage could be critical

Figure from: Trifunac, M. D., & Todorovska, M. I. (1998). The Northridge, California, earthquake of 1994: fire ignition by strong shaking. Soil Dynamics and Earthquake Engineering, 17(3), 165-175. 



Datasets



Datasets:

• Building footprints

• Meshblock
population

• Pipe network

• Pump station

• Land use 

• Pipe damage

• Pump station 
operational status

• Power outage map



Model assumptions



Model assumptions

• Connectivity analysis: a route has failed if at least one pipe failure is observed.

• Buildings are connected to the closest submain

• Population is assigned based on inhabitable surface on each meshblock

• All buildings remain inhabitable after the earthquake

• Does not consider temporary measures that might have been in place during the 
recovery



Retrospective analysis



Figures from: Bellagamba et al. (submitted) Development and validation of fragility functions for buried pipelines based on Canterbury earthquake sequence data, Earthquake Spectra, EERI

Pipe damage:

• 3000 observed pipe 
failures

• Data collected on 
the fly during the 
repair

• Inaccuracies of IDs 
the database treated 
by location



Figures from: Bellagamba et al. (submitted) Development and validation of fragility functions for buried pipelines based on Canterbury earthquake sequence data, Earthquake Spectra, EERI

Inferred initial 
disruption

• Reported from 
CCC estimate: 50% 
of dwellings

• This study: 30% 
(from connectivity 
analysis and pump 
station operational 
status)

• However, accurate 
description of  day 
+ 1



Figures from: Bellagamba et al. (submitted) A decision-support algorithm for post-earthquake water services recovery and its application to the 22 February 2011 Mw 6.2 Christchurch earthquake, Earthquake Spectra, EERI

Inferred 
geospatial 
recovery

• Most of the city 
recovered quickly

• Took more than 4 
weeks in some areas

• Topographically 
isolated areas are 
the most vulnerable 
to long recovery

• Recovery in the Red 
Zone also took a 
long time (higher 
damage density)



Figures from: Bellagamba et al. (submitted) A decision-support algorithm for post-earthquake water services recovery and its application to the 22 February 2011 Mw 6.2 Christchurch earthquake, Earthquake Spectra, EERI

Inferred 
temporal 
recovery

• High discrepancy at 
the beginning 
(connectivity + 
pump station OS)

• Fit well previous 
observations 

• Relatively high level 
of resilience  
estimated



Recovery optimization process



Considerations

• Buried network: requires time-consuming inspection before locating damage

• Resource allocation problem (inspection and repair prioritization) 

• Size of the problem: ~100 pump stations, >200’000 pipe segments, >200’000 
buildings, ~3’000 pipe failures

• Optimization on: number of dwellings, number of people and building utility

Assumptions

• Fixed amount of daily resources (for inspection and repairs)

• No re-work required



Problem description

• Each pipe could be characterized as:

• Timely periodic problem with evolving conditions: 
1. Inspection: discover new failures
2. Repair: remove failures

• Each day, inspection and repair resources allocation such that they have the greatest 
effect based on updated info: use of mixed-integer (binary) linear programming 
(MILP), where binary variables are the pipe inspection and ‘to-be-repaired’ statuses 

• Size of the problem is too large for close-form solution (number of solutions follows 
binomial coefficient, and problem is concave) => solved with a metaheuristic method

Inspected Damaged Repaired/Functioning

Yes/No Yes/No Yes/No



MILP



Inspection process

Based on MCS results. Inspection score highest when: most probably failed close-to-source-node pipes.

Probability of survival

Probability of connection survival based on their own failure



Repair process

Genetic-algorithm:

1. Generate N random solutions and compute their 
effect on the system

2. Make them compete for reproduction

3. If selected for reproduction, exchange some of the 
characteristics of the solution with one other selected 
individual

4. Randomly mutate some of the characteristics

1 0 0 0 0 1 1 195

0 1 1 1 0 0 0 13

0 1 0 0 0 1 1 288

0 1 0 1 1 0 0 164

0 1 1 0 0 0 1 288

1 1 0 0 0 1 0 47

0 0 0 0 1 1 1 203

1 0 0 0 0 1 1 152

0 1 0 0 1 0 1 53

0 1 1 0 0 0 1 2881 1 0 0 0 1 0 47 1 0 0 0 0 1 1 195 0 1 0 1 1 0 0 164VS VS

0 1 1 0 0 0 1 288 1 0 0 0 0 1 1 195

0 1 1 0 0 0 1 288 1 0 0 0 0 1 1 195

0 0 1 0 0 1 1 301

0 0 1 0 0 1 1 301 0 0 0 0 1 1 1 323



Recovery optimization results



Figures from: Bellagamba et al. (submitted) Development and validation of fragility functions for buried pipelines based on Canterbury earthquake sequence data, Earthquake Spectra, EERI

Damage 
simulation

• Using fragility 
functions developed 
using the CES data

• Used in the 
inspection scoring 
function



Figures from: Bellagamba et al. (submitted) A decision-support algorithm for post-earthquake water services recovery and its application to the 22 February 2011 Mw 6.2 Christchurch earthquake, Earthquake Spectra, EERI

Outage 
simulation

• Using the 
previously 
discussed model

• Used in the 
inspection scoring 
function



Figures from: Bellagamba et al. (submitted) A decision-support algorithm for post-earthquake water services recovery and its application to the 22 February 2011 Mw 6.2 Christchurch earthquake, Earthquake Spectra, EERI

Recovery 
optimization –
geospatial view

• Quicker recovery 
for the Sumner and 
North New 
Brighton area

• Longer recovery for 
the Red Zone, 
South New 
Brighton and 
Southshore areas



Figures from: Bellagamba et al. (submitted) A decision-support algorithm for post-earthquake water services recovery and its application to the 22 February 2011 Mw 6.2 Christchurch earthquake, Earthquake Spectra, EERI

Recovery 
optimization –
temporal view

• Optimized recovery 
has a steeper slope 
than inferred 
recovery

• Important decrease 
in disruption takes 
place much sooner

• However, almost 
flat progression 
most of the time 



Figures from: Bellagamba et al. (submitted) A decision-support algorithm for post-earthquake water services recovery and its application to the 22 February 2011 Mw 6.2 Christchurch earthquake, Earthquake Spectra, EERI

Prediction vs. 
observation

• Individual pipe 
failures poorly 
predicted

• Relatively good 
prediction for 
disconnection



Takeaway

• Historical recovery was carried out with great efficiency.

• However, could have been improved by the proposed optimization algorithm.

• Main challenge: accurately evaluate the probability of failure of individual pipe segment.

• This algorithm could be easily applied to other networks (e.g. wastewater)



Thank you for your attention!


