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Risk assessment of road networks

The objective of this research was to assess

risk in an interurban road network with an

operational indicator, analyze the sensitivity

of each parameter and quantify the model

uncertainty

Christchurch, New Zealand, 2011 

Chiloé, Chile, 2016

How to quantify and mitigate those effects?

• Risk Conceptualization (Bil et al., 2014; Lowrance, 1976; Renn, 2008;

Jayaram & Baker, 2010)

• Hazard Modeling (Jayaram & Baker, 2010)

• Performance indicators (Argytoudis et al., 2015; Faturechi & Miller-Hooks,

2015)

• Losses (Kiremidjian et al., 2007)

• Resilience (Geo et al., 2019)

• Optimal evacuation process (Nahum et al, 2017)
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How to assess risk with an operational indicator on a spatially 
distributed network and quantify the model uncertainty?
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Risk modeling of road networks exposed to seismic hazards
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Risk modeling of road networks exposed to seismic hazards

(Poulos et al, 2010)

Generation of 50,000 seismic scenarios

Once earthquakes sources are sampled, the hazard intensity of 

each system component are sampled using the following 

equation:

ln 𝑃𝐺𝐴𝑖𝑗 = ln 𝑃𝐺𝐴𝑖𝑗 + 𝜎𝑖𝑗휀𝑖𝑗 + 𝜏𝑖𝑗𝜂𝑖𝑗

Sampled PGA for 

component i during

earthquake j

Median PGA 

using GMPE

Intraevent

desviation and

residual

Interevent

desviation and

residual
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Risk modeling of road networks exposed to seismic hazards
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Multi-lane highway

(NIBS, 2004)

𝐹 𝑖𝑚, 𝜇, 𝜃 = 𝜙
ln 𝑖𝑚 − 𝜇

𝜃

𝜇:𝑚𝑒𝑎𝑛 𝑣𝑎𝑙𝑢𝑒

𝜃: 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛

𝜙: 𝑃𝐷𝐹 𝑜𝑓 𝑎 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑛𝑜𝑟𝑚𝑎𝑙
𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛

Damage State

Reduction for

Multi-lane

highway

Reduction for

two-lane

highways

No damage 0% 0%

Slight damage 25% 55%

Moderate damage 50% 55%

Severe damage 100% 100%

(Shiraki et al, 2007; Hua et al, 2019)
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Risk modeling of road networks exposed to seismic hazards

Traffic assignment model:

min

𝑎∈𝐴

න
0

𝑓𝑎

𝑡𝑎 𝑢 𝑑𝑢

𝑡𝑎(𝑓𝑎) =

𝑡𝑎
0 1 + 𝛼

𝑓𝑎
𝑐𝑎

𝛽

, 𝑚𝑢𝑙𝑡𝑖𝑙𝑎𝑛𝑒

𝑑𝑎
𝐹𝐹𝑆𝑎 − 0.0125𝑓𝑎 − 𝑓𝑛𝑝

, 𝑡𝑤𝑜 − 𝑙𝑎𝑛𝑒

Constraints:



𝑝∈𝑃𝑊

ℎ𝑝 = 𝑇𝑊 , ∀𝑤 ∈ 𝑊

𝑓𝑎 = 

𝑝∈𝑃

𝛿𝑎𝑝 ⋅ ℎ𝑝 , ∀𝑎 ∈ 𝐴

ℎ𝑝 ≥ 0 , ∀𝑝 ∈ 𝑃

𝑓𝑎 ≥ 0 , ∀𝑎 ∈ 𝐴

Demand 𝑇𝑤 in origin-destination pairs w ∈ 𝑊, 

with flow ℎ𝑝 in route 𝑝 ∈ 𝑃

Relationship between route (ℎ𝑝) and link (𝑓𝑎)

flows

Positive flows ℎ𝑝 and 𝑓𝑎

Time travels as 

function of link flow 

𝑓𝑎; link capacity 𝑐𝑎; 

free-flow traffic 

conditions 𝑡𝑎
0 and 

𝐹𝐹𝑆𝑎; distance 𝑑𝑎; 

and adjustment 

factor for non-

passing zones 𝑓𝑛𝑝
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Risk modeling of road networks exposed to seismic hazards

𝜆𝐷𝑉 𝑑𝑣, 𝑿 = 

𝛼𝜖ℕ𝑀

𝑦𝛼 𝑑𝑣 𝜑𝛼(𝑿)

Sensitivity Analysis:

(Polynomial Chaos Expansion)

(Sudret, 2010)

Probability of exceedance

of decisión variable λ(dv)

given the random input vector X

Coefficients of the

polynomial

function

Basis functions

of the polynomial

Risk:

𝜆𝐷𝑉 𝑑𝑣 = 𝜈න
Ω∈𝑅𝑛

𝑃 𝐷𝑉 > 𝑑𝑣|𝐼𝑀 = 𝑖𝑚 𝑓𝑰𝑴 𝒊𝒎 𝑑𝑖𝑚

Probability of exceedance

of decision variable λ(dv)

Evaluation of a set of 

Hazard scenarios Ω

Probability of exceedance

of decision variable given

an intensity measure im

Probability of a 

Intensity measure im

(Baker et al, 2010)
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Risk model application in Central Chile

• It corresponds to the interurban road 

network in the Metropolitana and Valparaíso 

regions

• 1962 km of roads

• 115 bridges

• 10 tunnels

• Travel times between Santiago and 

Valparaíso/San Antonio

• Assessment of network performance 

considering seismic hazard

• Earthquakes affect the road capacity

• 50,000 PGD maps considering 

liquefaction

• 5.5 < 𝑀𝑤 < 9.6, with Importance 

sampling

• GMPE of Abrahamson (2016)
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Risk model application in Central Chile

• Expected travel time is controlled by:

• Network redundancy (routes 𝑃)

• Infrastructure fragility (effect on 

capacities 𝑐𝑎 and 𝑓𝑛𝑝)

• Traffic levels (flows 𝑓𝑎)

• Santiago-Valparaíso connection has:

• More independent paths

• More redundancy

• Hence, it is less susceptible to time travel 

delays due to earthquakes
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Risk model application in Central Chile

• Direct roads are considered to a new risk assessment to 

analyze the differences

• Santiago – San Antonio is more susceptible to increase 

travel time considering the whole network. However, it is 

less susceptible when considering the direct route. This 

may be explained by the number of fragile infrastructures 

the different routes present

VS
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Risk model application in Central Chile

• Direct policy implications:

• Santiago-San Antonio: need to reinforce the 

infrastructure and network redundancy, 

because fragility and capacity have greater 

relevance

• Santiago-Valparaíso: should focus on 

controlling traffic levels

• The risk analysis could support the feasibility of a new 

project in order to reduce the impact of natural hazards
First order Sobol index. Each color represents the 

contribution of each parameter to the total variance

Bridge fragility

Two-lane highway fragility

Tunnel fragility

Multi-lane highway fragility

Capacity reduction (moderate damage)

Traffic level

• The most important parameter is the fragility 

curve for multi-lane highway



-16-

Conclusions and further research

• The sensitivity analysis and the uncertainty quantification indicate the influence of each parameters and 

variables on the total risk. This can lead to different policies depending on each influence

• The model can evaluate risk of new transportation infrastructure projects. For example, the impact (in terms of 

risk reduction) of a new highway that connects two locations

• Future research in the area involves the development of optimization models for the allocation of mitigation 

strategies to reduce risk, the integration of this model to a social project methodology and the development of 

new calibrated models for other infrastructures

“The ”
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Appendix


