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Why?



Which results in
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Flooding of: 

Major highways

Freight and passenger rail

Airports

Port facilities

Structural Damage to:

Marine terminals

Bridges and tunnels

Roadways

Observed Transportation 

System Impacts
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Knowledge of location, time, and 

severity of inundation important

Preparations to protect critical 

infrastructure and move vulnerable 
populations require 72 to 96 hour lead 

times

Accurate high-resolution forecasts 

required to allocate limited resources 
correctly

Evacuation capability limited within 24 

hours of event

Advanced Warning Critical 

for Preparation
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New York Harbor Observation and 

Prediction System (NYHOPS)

Derivative of the Princeton Ocean Model 

(POM)

Verified Operational NOAA IOOS Forecast 

Model

Recent enhancements include: overland flow, 

rainfall, ensembling

Development of Stevens Dynamic 

Overland Inundation Modeling System

http://hudson.dl.stevens-tech.edu/maritimeforecast/



3D Circulation Model (ECOM/POM – derived)

Boussinesq, hydrostatic, primitive equation, sigma 

coordinate model

Smagorinsky lateral diffusion

Mellor-Yamada 2.5-Kl vertical closure

Robust, explicit wetting and drying

Dynamically Coupled, Surface Wind Wave Model 

(GLERL – derived)

Empirical wave momentum model (JONSWAP Spectrum)

Wind wave growth and dissipation through bottom 
friction and depth limited breaking included

Includes offshore boundary condition (swell input)

Stevens NYHOPS System
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Operational NYHOPS 

Forecast Model

Input forcing:

Tides

Offshore Surge and Steric

Offshore Waves

Surface Winds/Pressure

Heating and Cooling

239 Rivers and Streams

280 Major Dischargers

River Ice

Output: 

Hindcasts+96-hr forecasts 

Four times per day

Total water level

3D Currents

Salinity

Temperature.

Significant wave height

Wave period.     

Results every 10 min, since 

2006



Model grid expanded to include 

overland areas along NY Harbor 

urban coast

Nested to NYHOPS waterline 
boundary

High-resolution (3m) LiDAR 

derived DEMs used to define 

topography 

Inundated model cells employ 

depth averaged flow equations 

to predict water levels and 

overland currents

Overland Flow Methodology

Georgas, N. et al. (2016), The Stevens Flood 

Advisory System: Operational H3E Flood 

Forecasts for the Greater New York / New 

Jersey Metropolitan Region, Int. J. Saf. Secur. 

Eng., 6(3), 648–662, doi:10.2495/SAFE-V6-N3-
648-662

http://www.witpress.com/elibrary/sse-volumes/6/3/1359


Model calibrated with Sandy 

hindcast wind and pressure 

fields. 

Battery tide gauge used as 

calibration point in Upper 

Harbor.

Available NOAA and USGS 

regional water level data used 

for NY Bight 

Model Calibration



Peak over ground water levels 

predicted by the model were 

compared to maximum storm 

surge extents published by USGS.

Local water level data recorded 

by USGS water level sensors used 

for point verification

Crowed sourcing used to 
estimate peak water levels.

Model Validation





Ensemble water level forecast 

Forced by 125 weather model 

ensemble members plus deterministic 

models

375 hydrodynamic simulations 

generated every 6 hours

Produces probabilistic ensemble water 

level forecasts with a 96 hour forecast 

horizon

95% confidence bands provide a 

measure of fore

Implementing Ensembles to 

Improve Forecast Confidence 



Integrating ground-truthed DEM’s with 

accurate ensemble modeling and local 

data collection identification of critical 

facility impacts is possible

Timing can also be predicted

Information available 96 hours in 

advance of an event

Transit Application
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Scenario Building

NOAA sea level rise ignores land 
subsidence

FEMA Inefficiencies

Two-dimensional (2D) water flow 
modeling

Does not typically combine surge and 
rainfall/ tributary flooding

FEMA cannot include SLR effects in the 
flood insurance program

In present collaborative NPCC work (Orton, 
Line, Colle) we are looking to probabilistically 
incorporate:

Changes to future storms

Sea level rise

Uncertainty at all stages of analysis

Application to Planning/Design



Advanced high resolution hydrodynamic 
models are available and have significant 
applications in the transportation domain

High-resolution flood forecasts up to 96 hours in 
advance of a flood event are possible

95% confidence intervals on predicted water elevations 
provide a useful measure of forecast uncertainty

High-resolution overland flood forecast can accurately 
predict timing, depth and velocity of flood waters using 
existing momentum based hydrodynamic models

Models are currently being used, but in many 
cases we are only scratching the surface

Examples presented here mostly focused on 
inundation; however there is significant potential 
to move beyond this to look at currents/waves 
(forces) 

Conclusions
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Coastal Bridges under 
Hurricane Stresses along the 

Texas and Louisiana Coast

R. Nasouri, A. Matamoros, F. Testik, A. 
Montoya

University of Texas at San Antonio
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Hurricane Bridge Damage

2

Water

Added Domain

Damage to the U.S. 90 Biloxi Bay Bridge caused by Hurricane 

Katrina

www.trec.pdx.edu

Cost of repair and replacement of bridges after Hurricane 

Katrina was estimated to be 1 billion dollars
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Hurricane Actions

• Horizontal hydrodynamic load

𝐹𝑑 = 1 + 𝑐𝑟 𝑁 − 1 𝑐ℎ−𝑣𝑎 𝛾 ∆𝑧ℎ 𝐴ℎ

• Vertical hydrodynamic uplift load

Fd

Fl

𝐹𝑙 = 𝑐𝑣−𝑣𝑎 𝛾 ∆𝑧𝑣 𝐴𝑣

M
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Hurricane Bridge Damage
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Project Objective

Develop a high-resolution 
model to estimating 
damage to bridge 
structures due to 
hydrodynamic loads 
caused by hurricanes
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Research Methodology

Simple Multiphysics 
models to simulate fluid-
structure interaction

Simulation of large-scale 
experiments

Development of fragility 
relationships for bridge 
structure
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Modeling Approach

• Implement new modeling techniques in 
computational fluid dynamics to study wave 
impact problem

Coupled Eulerian Lagrangian Smooth Particle Hydrodynamics
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Modeling Approach

Lagrangian

Solid

Equilibrium Equations

Three-dimensional brick 
elements

Eulerian

Fluid

Equations of State

Us Up Fluid (shock wave velocity- particle 
velocity)

Mie-Grüneisen EOS, linear  Hugoniot form.
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Early Stage Models

• Wave impact on a bridge girder

• Accurate representation of boundary conditions
– Wave shape

– Wave velocity

– Fluid inlet and outlet

• Accurate representation of fluid-structure 
interactions

• Eulerian (fluid) mesh optimization
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Coupled Eulerian-Lagrangian (CEL) 

10

Water

Added Domain

Coupled Eulerian-Lagrangian (CEL) Approach:

The Interaction between Structures and 

Fluids is Solved Simultaneously 
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Coupled Eulerian Lagrangian Analysis

11

Preliminary  Models 

:

w
a

te

r
V

o
id

Zero Pressure

Applying v



The University of Texas at San Antonio, One UTSA Circle, San Antonio, TX 782491/3/11 12

Wave simulation

12

Sine Waves
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Integration of Eulerian and Lagrangian Domains

13

Definition of Lagrangian Domain:

Side View
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Bridge Girder Model

Fluid Directional Velocity
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Bridge Girder Model

Girder Stress 
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Model Results

16

Stress Contour Generated by the Wave
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Model Calibration

Calibration was performed 
using data sets from physical 
experiments at Oregon State 
University Large Wave Flume

• Tsunami wave impact on 
timber wall

• wave impact on I-10 bridge 
over Escambia Bay, FL
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Timber Wall Model Boundaries
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Timber Wall Simulation for Initial Vel 2.2 m/s
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Wave Height Measurement Location
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Displacement Measurement Location

21

3rd location
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Timber Wall-Reaction Force for High Speed Wave

22
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Escambia Bay Bridge Model Configuration
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Escambia Bay Bridge Model Configuration

24
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Escambia Bay Bridge Simulation

25
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Escambia Bay Bridge Simulation

26
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Escambia Bay Bridge Simulation
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Future work

Development of fragility relationships (damage vrs
hydrodynamic force intensity).
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CDOT Planning Ahead 
for a Strong Transportation System

– I-70 Pilot and Next Steps

Lizzie Kemp Herrera

Oana Ford



Opportunity to Learn from Past

• 1976 and 2013 floods destroyed many of the same facilities. 



What can we do now …. 

… To avoid this in the future? 



I-70 Corridor Risk & Resiliency Pilot Scope

• Analysis of risk potential and system resilience of I-70 from 
Kansas to Utah

• Proactive look at optimal investments we 
can make now, in advance of future events, 
to improve system resilience

• Builds on the 7-step RAMCAP process 
utilized in flood recovery effort



5

RAMCAP Plus         R&R for Highways



I-70 Corridor R&R Pilot

• “Pilot” the data, assumptions, and methodology needed to quantify:
• What are CDOT’s assets?

• Location, value, condition, criticality

• What are relevant physical threats?
• Likelihood and location

• What impact would they have on our system?
• Consequences and vulnerability

• What are the optimal investments we can make now to improve resiliency in 
advance of future events?

6



Key Concepts – Risk Definition

7

Risk (R) C x V x T
Risk (R) ($)                         Potential cost of asset losses in a threat-filled environment
Consequence (C) ($)         Result of asset failure
Vulnerability (V) (%)         Susceptibility to the threat
Threat Likelihood (T) (%)  Potential of threat occurrence

Risk – potential cost of losses to CDOT assets (direct and indirect)
Resilience – ability to remain functional even in presence of risks
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Threats Assets

Avalanche Bridges

Flood (scour) Bridge Approaches

Flood (Overtopping / debris) Roadway Prism

Fire (wildland) Post Tension Concrete Slabs

Landslide Tunnels

Rockfall NBI Culverts

High wind 
(special wind zone)

Minor Culverts

Tornado Walls

Bridge strike ITS Devices



Criteria for Asset Criticality

9

• Usage:   AADT + Roadway Classification

• Economic Impact:   Freight value ($) + Tourism value ($)

• Social Impact:   SoVI

• System Impact:   System Redundancy

Equal weight assigned to each of the six selected variables.

SOCIAL     ENVIRO     ECON

✓ ✓ ✓

✓

✓

✓ ✓ ✓
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Criticality Map for 
System Resilience

AADT 16.7%
ASHTO Road Classification    16.7%
Freight $ (County) 16.7%
Tourism $ (County) 16.7%
SoVI 16.7%
Redundancy 16.7%

Reminder:  Criticality reflects the importance of each asset to overall operations within CDOT’s network as related to 
system resilience only.  Criticality is part of Step 1 in a 7-step Risk and Resilience Analysis process.

Equal Weight

53.8% Low

25.5% Moderate

20.7% High



Consequence Analysis ($ per threat-asset pair)

Given the worst reasonable event, 
what are the consequences? ($)

• Owner Cost

• Asset Replacement Cost

• User Cost

• Value of time 
(delay/detour)

11



I-70 Pilot Results
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14



15
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TOTAL
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Evaluate alternative mitigation measures to improve future 
resiliency at five locations – diverse locations and 
threat/asset combinations:

1. Flood – Bridge

2. Rockfall – PTCS

3. Flood – Bridge Approach

4. Flood – non-NBI Culvert

5. Landslide – Roadway Prism

Final Step – A Deeper Dive at 5 Specific Sites
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Location Milepost Region
Resilience
Segment Criticality

Total
Annualized

Risk

Glenwood Canyon 123.7 3 C High $ 1,233,853



19

Proposed 
Mitigation Description Cost of Mitigation

Option 1

Replacement of existing
2,000 KJ fences with
5,000 KJ fences
(5 fences total)

$ 290,000/fence
$ 1,450,000/site

Option 2

New 140 feet wall to
Existing site with 2,000 KJ 
fences $ 350,000
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Mitigation

Reduction  in      
Annualized  
OwnerRisk

Reductionin  
Annualized  
UserRisk

Reductionin  
Annualized  
TotalRisk

B/C  
Owner  

Risk

B/C
Total
Risk

Option1 $ 69,912 $ 388,113 $ 458,025 0.41 2.7

Option2 $ 36,839 $ 268,225 $ 305,064 2.56 21.2
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Summary

1) FHWA approach and policies
2) Ongoing pilot projects
3) FHWA resources
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(1) What is Resilience?

Resilience: the ability to anticipate, prepare for, and adapt to 
changing conditions and withstand, respond to, and recover rapidly from 
disruptions

Adaptation: adjustment in natural or human systems in anticipation 
of or response to a changing environment in a way that effectively uses 
beneficial opportunities or reduces negative effects

3



Importance of Resilience

4

https://www.flickr.com/photos/cbpphotos/36762897416/in/photolist-Y1BsAU-WUZWiq-WWxbfW-WXgLgM-XRAGLj-Xxd1fQ-Y1A5ch-YrBR32-XZNMQL-Yi5nqx-Yh3WRa-Xgemq7-Y7F6jR-Y1Aqc7-XZNMUy-Y2Tbec-Yh3PTx-XW2f7w-XghXx5-XVAsiN-Yjx7ra-WUJMn8-Y9dGvz-Y2Tama-Y1XbHh-X3CQWY-XZNMPJ-XVWuGe-X4HzoX-YfsZQm-XghYs1-WX3VcD-Y5sxHr-Y9dHZg-Y5MtUM-X4K8SH-Yh3S3H-WYPrYK-XiivZM-XZNN6f-Y5M3kF-XgemTw-Yh3XcR-X4nfep-YjBaPK-XJ5Qa7-X4FrTF-X5Z6Le-Y5YVQT-YibNXx/
https://www.flickr.com/photos/39955793@N07/23543368528/in/photolist-BSrVe3-ZgcwLU-Y1HfPJ-C9p8id-XU1eDK-XTVDvU-BR3hZS-BSxUFC-XQwiLh-ZjjYw8-BXojWS-YWD8oB-Zjb3Wi-XCPbBA-Zjb47P-Zjb3dz-YTTx2Q-YTL3Xy-YTTwNy-BZvPYo-YS2T2W-YE1huE-XSH1Vj-YRCdbj-YzNrej-YefxSd-XShX4E-Z1GDeA-BR3jfs-XPiibS-XQbWjr-XYFic4-Ca8HG9-YWfseA-BZB4NC-YKvZcc-BPEFay-BQNDzC-XTXtXm-YTTwYd-YUrpYJ-ZeLPcu-XGFTdM-YMWts9-YQEUZS-YMMQaq-BZBTSJ-YzT2WN-Z4LmSp-YSTqphhttps:/www.flickr.com/photos/39955793@N07/23543368528/in/photolist-BSrVe3-ZgcwLU-Y1HfPJ-C9p8id-XU1eDK-XTVDvU-BR3hZS-BSxUFC-XQwiLh-ZjjYw8-BXojWS-YWD8oB-Zjb3Wi-XCPbBA-Zjb47P-Zjb3dz-YTTx2Q-YTL3Xy-YTTwNy-BZvPYo-YS2T2W-YE1huE-XSH1Vj-YRCdbj-YzNrej-YefxSd-XShX4E-Z1GDeA-BR3jfs-XPiibS-XQbWjr-XYFic4-Ca8HG9-YWfseA-BZB4NC-YKvZcc-BPEFay-BQNDzC-XTXtXm-YTTwYd-YUrpYJ-ZeLPcu-XGFTdM-YMWts9-YQEUZS-YMMQaq-BZBTSJ-YzT2WN-Z4LmSp-YSTqph
https://www.flickr.com/photos/docsearls/2638910183/in/photolist-oY5g6v-egfT2o-YjEewR-xepcsh-nmirHS-53RuU9-3BPAsc-3BwZv7-3Fm2mn-5ECQ1S-5ECQcA-5ECQid-5ECQpQ-5EywBc-5EywrB-5ECNUm-52c74r-5ECQn7-5ECPsU-5Eywt4-5EyvRR-5Eywqe-5Eyue6-5ECNXS-5Eyuii-5ECPkU-yQUe36


Why Consider Changing Conditions?

Impacts of a changing climate are being felt now, and will accelerate 
significantly in the future. 

– National Academy of Sciences and National Climate Assessment 5

http://nas-sites.org/americasclimatechoices/
http://nca2014.globalchange.gov/


Integrating Resilience

Planning
• Long Range 

Transportation  
Plans

• Asset 
Management 
Plans

Project 
Level
• Environmental 

Processes
• Engineering
• Design

Operations 
and 
Maintenance
• Emergency Relief
• Snow Removal 

Programs

Goal: Integrate consideration of resilience in transportation decision 
making
• In support of 23 U.S.C. § 503(b)(3)(B)(viii), which directs the U.S. Department of 

Transportation “to carry out research and development activities … to study 
vulnerabilities of the transportation system to … extreme events and methods to reduce 
those vulnerabilities.” 

6



Extreme Weather Resilience Policy

• USDOT FY 2018-22 Strategic Plan: 
“DOT will increase its effectiveness 
in ensuring that infrastructure is 
resilient enough to withstand 
extreme weather” 

• FHWA Order 5520 commits FHWA 
to integrating EW risk consideration 
into programs

• EW resilience eligible for FHWA 
funds

• Emergency relief program 
guidance encourages cost-effective 
resilience strategies

7

https://www.fhwa.dot.gov/federalaid/120924.cfm


Extreme Weather Resilience Related Regulations

• Risk-based asset management plans must address 
risks associated with current and future environmental 
conditions (23 CFR 515)

• Assets requiring repeated repair require analysis of 
alternatives (23 CFR 667)

• State and metropolitan transportation planning should 
now include resilience as a planning factor (23 USC 134, 
23 CFR 450)

• Metropolitan transportation plans shall include an 
assessment of capital investment and other strategies 
to… reduce the vulnerability of the existing transportation 
infrastructure to natural disasters (23 CFR 450.324(f)(7))

8



(2) Resilience Pilot Projects

9



Nature-based Resilience Strategies

Why talk about nature-based solutions (also 
called green infrastructure)?  
• May be cheaper; effective; more 

adaptable; co-benefits for habitat, 
fisheries, recreation

Integrated Approach: 
• Structural (e.g. armoring, raise road, 

widen culvert, pavement materials)
• Natural features: (e.g. wetlands, dunes)
• Nature-based features: built in coastal 

areas by acting in concert with natural 
processes (e.g. wetland restoration, 
artificial reefs, beach nourishment)

• Non-structural (e.g. land use policies, 
infrastructure siting, insurance policies)

Concept for protecting Bay Bridge, Oakland, CA, 
Credit: MTC

Rock revetment, Photo credit: Tina Hodges

10



FHWA Project: Nature-based Resilience for 
Coastal Highways

• Goal: Provide research and technical 
assistance to help state DOTs and 
MPOs implement nature-based 
solutions to protect coastal highways 
from storm surge and sea level rise.

• Build off USACE and NOAA work
• 5 pilot projects completed

• OR DOT
• ME & NH DOTs jointly
• MS DOT
• DE DOT
• US Army Corps of Engineers in NJ

• White paper, Winter 2018
• Regional peer exchanges, Spring 2018: 

AL, CA, DE, NC
• Implementation guide, 2019

Photo Credit: Tina Hodges

Map Credit: Google Earth
11
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Asset Management & 
Resilience Pilots

Asset Management and Resilience Pilot 
Program 
• AZ, TX, KY, MD, NJ, MA pilot projects
• Expected late 2018
• Guidebook on addressing 
resilience in Asset Mgt. (2019)

1
2



What is Asset Management?

• Asset Management is a systematic process of 
operating, maintaining, and improving physical assets to 
identify a structured sequence of maintenance, 
preservation, repair, rehabilitation, and replacement 
actions that will achieve and sustain a desired state of 
good repair over the life cycle of the assets at 
minimum practical cost.
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TAMP Contents

• Asset Management Plan contents:
• Pavement and bridge inventory and conditions on 
the NHS
• Objectives and measures
• Performance gap identification
• Lifecycle planning 
• Risk management analysis
• Financial plan
• Investment strategies

14



Asset Management Plans: Extreme Weather Risks

Resilience focus in two sections:
• Risk management plan…that identifies at a minimum 

risks associated with current and future environmental 
conditions, extreme weather events, etc. (23 CFR Part 
515.7(c))

• Life-cycle planning, which should include a range of 
factors that could affect whole life cost of assets, 
including current and future environmental conditions, 
extreme weather events, etc. (23 CFR Part 515.7(b)

First complete TAMPs (due June 2019)
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Asset Management & Resilience – Los Angeles

LA County Metropolitan 
Transportation Authority 
(Metro) 
• Integrated climate risk into 

existing asset management 
system.

• Developed new data fields in 
the asset management 
system, and guidelines for 
assessing risk of the assets. 

Source: Metro
1
6



2018 – 2020 Pilots

AK

Caltrans

MARC

MassDOT

Atlanta 
Regional 

Commision

H-GAC

Utah DOT

Tampa Bay TMA

PennDOTBi-State 
Regional 

Commission

Corpus Christi 
MPO

NAVFC
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(3) FHWA Resilience Resources

Engineering 
Guidance

(HEC-25 & 17)

Gulf Coast 2  Study Hurricane Sandy 
ProjectResilience Pilots - State DOTs, MPOs, FLMAs Tools

Operations & 
Maintenance

Vulnerability & 
Adaptation 
Framework

VIMS

https://www.fhwa.dot.gov/environment/sustainability/resilience/

Project Development
Guidebooks under 
development on 

integrating 
resilience in:

• Asset 
Management

• Transportation 
Planning

• Nature-based 
solutions
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Vulnerability Assessment and Adaptation Framework, 
3rd Edition

• Provides an in-depth and 
structured process for 
conducting a vulnerability 
assessment. 

• Features examples from 
assessments conducted 
nationwide.

• Incorporates information 
from recent FHWA and 
other U.S. partner 
projects.

• Includes links to 
resources and tools.

19



Riverine Hydrology 

• Hydraulics Engineering 
Circular 17
Highways in the River 
Environment - Floodplains, 
Extreme Events, Risk, and 
Resilience (Second Edition), 
June 2016

20



Coastal Hydrology 

• Hydraulics Engineering 
Circular 25, Volume 2
Highways in the Coastal 
Environment: Assessing 
Extreme Events, October 
2014.

• Currently being updated

21



Synthesis of Approaches for Addressing 
Resilience in Project Development (2017)

22

• Lessons learned, etc., for 
four engineering disciplines

• Coastal Hydraulics
• Riverine Hydraulics
• Pavement and Soils
• Mechanical & Electrical 

Systems
• Overall Lessons learned 

for engineering
• Addressing resilience in the 

project development 
process

• Economic analysis



Engineering-Focused Case Studies

• Gulf Coast 2 Study
• Adaptation Pilots
• Post-Sandy Resiliency Study
• TEACR 23



THANK YOU!

Contact Information:  Robert.Kafalenos@DOT.gov

Website: https://www.fhwa.dot.gov/environment/sustainability/resilience/

24

mailto:Robert.Kafalenos@dot.gov
https://www.fhwa.dot.gov/environment/sustainability/resilience/
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