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Motivation
I-10 Flood in Phoenix, 2014 I-10 Washout in California, 2015Hurricane Sandy, 2012

Tidal Flooding Miami Beach, Ongoing 2018 CA Wildfires2017 Hurricane Season
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Direct and Indirect Pathways of Disruption
PHYSICAL

NON-PHYSICAL

DIRECT INDIRECT

Direct Physical

• Abrupt impact to physical infrastructure

• Ex. – Washout of bridge due to flooding; 

overtopping of dams/levees, etc. 

Indirect Physical

• Disruption resulting from other 

interconnected and/or co-located 

infrastructure

• Ex. – Power outage disrupts ability to 

pump water/wastewater; power generation 

curtailed due to water temp/availability

Direct Non-Physical

• Impacts on human health, behavior, and 

decision making

• Ex. – Shifts in practices or operation that 

lead to negative unintended 

consequences

Indirect Non-Physical

• Disruption resulting from loss of 

data/information inputs or other 

mechanisms (social, financial, etc.)

• Ex. – ICT outage disrupts control/signaling 

capabilities

Atlanta Snowstorm, 2014

Los Angeles Water Main Break, 2014

Loss of Pumping Capability during Sandy, 2012

Water-related reduction in generation capacity

LAX Disruption, 2014

British Airways Disruption, 2017

SW, Delta, JetBlue Disruption, 2019

Recurring Flooding in Houston

Flint Water Crisis, 2014 -

(Markolf et al., 2019)
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SETS as a lens for identifying 
‘lock-in’ and analyzing ‘logical’ 
interdependencies

Lock-in – Constraints on infrastructure today as a 

result of past decisions and actions – even in light 

of  new operating conditions or alternatives

(Markolf et al., 2018)
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MID-WEST FLOODING 2019

(Markolf et al., 2018)
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(Markolf et al., 2018)
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Evolving Direct and Indirect Pathways of Disruption
PHYSICAL

NON-PHYSICAL

DIRECT INDIRECT

Direct Physical

• Abrupt impact to physical infrastructure

• Ex. – Washout of bridge due to flooding; 

overtopping of dams/levees, etc. 

Indirect Physical

• Disruption resulting from other 

interconnected and/or co-located 

infrastructure

• Ex. – Power outage disrupts ability to 

pump water/wastewater; power generation 

curtailed due to water temp/availability

Direct Non-Physical

• Impacts on human health, behavior, and 

decision making

• Ex. – Shifts in practices or operation that 

lead to negative unintended 

consequences

Indirect Non-Physical

• Disruption resulting from loss of 

data/information inputs or other 

mechanisms (social, financial, etc.)

• Ex. – ICT outage disrupts control/signaling 

capabilities

(Markolf et al., 2019)
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Conclusions
• Protecting one infrastructure sector without considering its interactions with 
other systems can result in unaddressed vulnerabilities

▪ Moving forward, indirect and non-physical pathways also warrant consideration/analysis

• How we traditionally protect infrastructure may be insufficient for the future
▪ Issues like climate non-stationarity, complex & interconnected systems, and human 

behavior & decision making can limit the effectiveness of robustness

Rebound

Robustness
Extensibility

Sustained Adaptability

Culture of Change 
and Learning

ADAPTIVE CAPACITY

RESILIENCE

Multi-
functionality

Compatibility

Modularity

Connectivity

Decentralization

(Bernardes & Hanna, 2009; Richards, 1996; Chester & Allenby, 2017; Woods, 2015; Seager et al., 2017)
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