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FUTURE CLIMATE CONDITIONS WILL NOT RESEMBLE THE PAST

USGCRP, 2018: Impacts, Risks, and Adaptation in the United States: Fourth National Climate Assessment, Volume II: Report-in-Brief 
[Reidmiller, D.R., C.W. Avery, D.R. Easterling, K.E. Kunkel, K.L.M. Lewis, T.K. Maycock, and B.C. Stewart (eds.)]. U.S. Global Change 
Research Program, Washington, DC, USA, 186 pp. 

Global mean sea level:
7–8 inches higher since 1900 - about half since 1993
Expected to rise by 1–4 feet by 2100

Increased Extreme heat events and drought:
Increased incidence of large forest fires

U.S. severe storms, heavy precipitation events:
Greater intensity and frequency 

Continued increases expected
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EXTREME FLOOD EVENTS ARE INCREASING IN BOTH 
FREQUENCY AND MAGNITUDE

Source:  https://www.epa.gov/climate-indicators

Extreme One-Day Precipitation Events in the Contiguous 48 States, 1910–2015

https://www.epa.gov/climate-indicators
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EXTREME FLOOD EVENTS ARE INCREASING IN BOTH 
FREQUENCY AND MAGNITUDE

Source:  https://www.epa.gov/climate-indicators

Change in Magnitude of U.S. River Flooding,
1965–2015

Frequency of Flooding Along U.S. Coasts, 
2010–2015 vs 1950–1959

https://www.epa.gov/climate-indicators
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At one point, the Nebraska DOT 
reported 1,500 road miles were closed

FLOODING IN THE PLAIN STATES WAS SEVERE THIS PAST YEAR
And is forecast to be high again in 2020
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HOUSTON TEXAS HAS BEEN HIT BY 4 FLOOD EVENTS IN THE LAST 
SEVERAL YEARS – THE WORST WAS HURRICANE HARVEY
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NORTH CAROLINA HAS BEEN HIT BY TWO 500 YEAR FLOOD EVENTS
Hurricane Matthew (2016) & Hurricane Florence (2018)

I-95 Lumberton, NC
(2016)

I-95 Lumberton, NC
(2016)

I-40 Pender County
4-Days post hurricane 
(2018)

With Hurricane Florence, NC had over 2500 road closures
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SEA LEVEL RISE IS ALREADY IMPACTING COASTAL ZONES
Sunny sky flooding is becoming a common or daily occurrence

SR54 East of Fenwick, DE South Bowers Beach , DE

Miami, FL

DE Photos courtesy of Jim Pappas, DELDOT
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INCREASED FLOODING IS IMPACTING OUR PAVEMENT STRUCTURES
Need to distinguish between Inundation and Washout Impacts

Inundation Washout

The rise of water that submerges the pavement.
No rapid flow or current

Rapid flow of flood water / high current that 
scours and washes out the pavement structure

Pavement type does have an impact Pavement type has little impact
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ADDRESSING RESILIENCY AND THE ENVIRONMENT

Resilience 
• The ability … to resist, absorb, accommodate, and recover from the effects of a hazard in 

a timely and efficient manner 1

Resiliency Planning Fundamentals 2

1. Prevention: stop a … manmade or natural disasters
2. Protection: secure against …manmade or natural disasters
3. Mitigation: reduce …. by lessening the impact of disasters
4. Response: … meet basic human needs after an incident
5. Recovery: …assist communities affected by an incident to recover effectively`

Policies should focus on items 1, 2 and 3 so that they do the job 99% of the time

1. UN-International Strategy for Disaster Reduction
2. AASHTO. Fundamentals of Effective All Hazards Security and Resilience for State DOTs, 2015.
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INTRODUCTION TO PAVEMENT RESILIENCE
The ability … to resist, absorb, accommodate, & recover … in a timely and efficient manner1

Performance

Time

1) 
Drop in 
Performance

2) 
Recovery time (full, partial or improvement)

Pavement Resilience with respect to an event (eg. Flooding) is characterized by two parameters:
1. Drop in performance, induced by the event (eg. reduced ability to carry load).
2. Recovery time to reinstate or improve performance.

Green is more resilient 
than Red
• faster recovery time 
• Higher level of service

Blue is a hardened 2
system as it has a higher 
final performance level 

UN-International Strategy for Disaster Reduction
Hardening Infrastructure – Elevating, upgrading, relocating assets, flood walls, berms and levees, etc.
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CONCRETE AND ASPHALT PAVEMENTS ARE DIFFERENT DUE TO 
HOW THEY TRANSMIT LOADS TO THE SUBGRADE

Concrete’s rigidity spreads the load over a large area & keeps pressures on the subgrade low

• Load - more concentrated & transferred to the 
underlying layers

• Higher deflection
• Subgrade & base strength are important 
• Requires more layers / greater thickness to 

protect the subgrade

7000 lbs load.

pressure 
∼ 15 - 20 psi

Asphalt Pavements are Flexible
• Load – Carried by concrete and distributed over 

a large area 
• Minor deflection 
• Low subgrade contact pressure
• Subgrade uniformity is more important than 

strength

7000 lbs load.

pressure ~3 - 7 psi

Concrete Pavements are Rigid

Asphalt

Base

Subbase

Subgrade

Concrete

Subbase

Subgrade
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FLOODING CAUSES THE SUBGRADE TO BECOME SUPERSATURATED
Moisture infiltrates base, pushes the subgrade particles apart and weakens the system

• Lowered subgrade strength & reduced modulus 
• Reduced load carrying capacity
• Takes ~1 year to regain strength

• Loading during this times accelerates pavement 
damage / deterioration

• Reduced pavement life

• Maintains high level of strength / stiffness
• Subgrade is weak, but still uniform
• Spreading of the load means subgrade is not 

overstressed
• Little impact on the serviceability / life

Flooding does not impact the concrete’s load carrying capacity to the same degree as asphalt’s

7000 lbs load.

pressure 
∼ 15 - 20 psi

7000 lbs load.

pressure ~3 - 7 psi

Asphalt Pavements are Flexible Concrete Pavements are Rigid

Asphalt

Base

Subbase

Subgrade

Concrete

Subbase

Subgrade
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SOAKING REDUCES STRENGTH OF SOILS BY 20 TO 40%
Different Soils (clays, silts, sands, clay sands, etc) all react differently but all decrease
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Un-soaked vs Soaked CBR Comparisons

Inorganic Clays (CL Type Soil) Clayey Sands (SC Type Soil)

Percent Decrease
Avg = 32.5%
Hi = 49.1%
Lo = 7.6%

Percent Decrease
Avg = 21.5%
Hi = 34.7%
Lo = 2.7%4-day soaked 
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Silty Sands (SM Type Soil)Inorganic Silts (ML Type Soil)

Percent Decrease
Avg = 42.1%
Hi = 65.4%
Lo = 3.9%

Percent Decrease
Avg = 30.5%
Hi = 48.9%
Lo = 0.7%

Source: Comparison Between Soaked and Unsoaked CBR, Sathawara Jigar K & Prof. A.K.Patel; International Journal of Advanced Engineering Research and Studies E-ISSN2249–8974 
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RELIEF AND RESCUE EFFORTS WILL TAKE PLACE
Loading weakened Pavements will shorten their lives

With Hurricane Florence, NC had over 2500 road closures
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ALSO NEED TO ACCOUNT FOR LONG TERM LATENT EFFECTS WHEN 
DISCUSSING RESILIENCE TO FLOODING

After the flood waters recede, the pavements are structurally vulnerable

Research Findings indicate it takes up to 1 year for the subgrade strength to recover

Sources:  
1. Decision Support Criteria for Flood Inundated Roadways: A Case Study, A. Gundla, Ph.D.,  E. Offei, Ph.D.  G. Wang, Ph.D., P.E.  C.Holzschuher, P.E. and B>Choubane, Ph.D., P.E., Presented at the 2020 TRB Annual Mtg
2. Western Iowa Missouri River Flooding— Geo-Infrastructure Damage Assessment, Repair, and Mitigation Strategies; Center for Earthworks Engineering Research, Iowa State University, Report No. IHRB Project TR-638

US 441 in Alachua County, Florida between MP 7.960 to MP 9.680 

For this case, this strength loss is a 40 to 60% reduction load carrying capacity and about 3 years of life



- 19 -

KEY FINDINGS FOR PAVEMENTS THAT WERE SUBMERGED BY 
HURRICANE KATRINA 

Submerged pavements were weaker than non-submerged 
pavements

• Asphalt pavements
− Overall strength loss ≈ two inches of new asphalt concrete

− Damage occurred regardless of the length of time the 
pavement was submerged

− Cost: $50 million to rehabilitate 200 miles of submerged 
asphalt roads

• Concrete Pavements 
− Little relative loss of strength due to flooded conditions

− Resilient modulus(Mr) is similar for submerged 
and non-submerged pavements

− No information given on repairs or repair costs

Impact of Hurricane Katrina on Roadways in the New Orleans Area, Technical Assistance Report No. 07-2TA
Kevin Gaspard, Mark Martinez, Zhongjie Zhang, and Zhong Wu; LTRC Pavement Research Group, March 2007
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FLOODED PAVEMENTS RESEARCH IN AUSTRALIA FOUND SIMILAR RESULTS
Road authorities may want consider changing their roads into flood-resilient pavements.

A rigid pavement performs better than composite and flexible road 
groups
• Composite and flexible road groups show similar performance 

up to 2–3 years.
• Rigid pavement performs the best at any probability of flooding, 

and flooding effect is not critical

A pavement’s strength may be enhanced by:
• Strengthening with an overlay 
• Layer stabilization.
• Converting the road into a rigid or composite pavement through 

granular layers’ stabilization. 

Estimating Pavement’s Flood Resilience; Misbah U. Khan, CPEng; Mahmoud Mesbah, Ph.D.; Luis Ferreira, Ph.D.; and David J. 
Williams, Ph.D.; American Society of Civil  Engineer's Journal of Transportation Engineering, Part B Pavements, 2017 

“It is settled that a rigid pavement is the more flood-resilient.”(p- 5)
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PAVEMENTS IN HOUSTON HAVE BEEN FLOODED SEVERAL TIMES
But roadways are opened as soon as water has receded  

I-10 from I-610 to I-45 
11” CRCP UBOL & 14” CRCP (Const = 1995-2000)

Design= 43M ESALS, Carried = 92M ESALS

SH 288 from Southmore to Yellowstone –
9” CRCP (Const = 1983 & 1984)

Design = 7M ESALS, Carried = 22M ESALS

Opened 
roadway 

shortly after 
Hurricane 

Harvey

Both sections have been flooded at least three times since original construction
ESALS – Equivalent Single Axle Loads.  It is how pavement engineering defines traffic
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STIFFER PAVEMENTS ARE MORE RESILIENT TO INUNDATION FLOODING

Stiffer Pavements are less impacted by subgrade strength loss and recover faster
(stiffer = concrete, cement stabilized bases, increased asphalt thickness)

Performance

Time (years)

Concrete

Asphalt

Early Rehab

Design Life

Time the road is submerged / not passable

1) 
Lower drop in 
performance
(Both Short and
long term)

2) 
Quicker opening
(less dependence on subgrade / base strength)

3) 
Shorter recovery time
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THERE ARE MANY ARTICLES BEING PUBLISHED ON THE NEED 
FOR CREATING FLOOD RESISTANCE INFRASTRUCTURE

This recent PEW article recognized the need to make 
our infrastructure “Flood Ready

• Existing policies fall short
• Costs due to flooding are increasing, and will likely 

continue to increase 
- Rebuild the same asset multiple times
- Higher population density / more damage

• Flood-ready investments are cost-effective

Did not specifically touch on the WAYS to increase
the resilience of pavements and roadway infrastructure
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ONE OFTEN DISCUSSED APPROACH IS ELEVATING THE ROAD 
ABOVE FLOODING ELEVATION

Elevating the roadway is not cheap and it is not possible to raise all roadways

Elevation View of SR54 Viaduct From Old SR54 Alignment, Fenwick DE
Cost = $16 M in 2001

Schematic and Photo courtesy of Jim Pappas, DELDOT
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ANOTHER APPROACH IS ROAD ABANDONMENT
Old Corbitt Road – Odessa, Delaware

Abandoning the roadway is not always possible

Schematic and Photo courtesy of Jim Pappas, DELDOT

• Overtops daily due to tides
• 340 Avg Daily Traffic (ADT)
• Traveling time will be slightly increased by 

approximately 2 to 3.5 minutes.

• Alternate - 250’ long concrete structure.  
Estimated cost = $2.5M
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THERE ARE WAYS TO IMPROVES A HIGHWAY’S / PAVEMENTS RESILIENCE

Performance

TimeTime to Full Recovery

Modifications before disruptive events 
that improve system performance

Repairs after 
disruptive event to 
restore system 
functionality

Lost
Performance

Aging
System

Event

Adapted from Bruneau, 2003 and McDaniels, 2008

Actions to consider when 
dealing with flood prone 
pavements:

Hardening Activities
• Stiffen the system
• Improve Designs by 

using soaked subgrade 
strength values

Adaptive resilience – Capacity to learn and make decisions to avoid future loss based on the type of disturbance
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SOME RESILIENT CEMENT-BASED PAVEMENT SOLUTIONS THAT 
CAN BE USED AS HARDENING TECHNIQUES

Conventional Concrete 
Pavement

Concrete Overlays 

Roller Compacted Concrete 
(RCC)

Full Depth Reclamation (FDR) 
w/ Cement

Thin Concrete Pavement
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CONCRETE OVERLAYS OF ASPHALT HAVE UNTIL RECENTLY 
BEEN CALLED “WHITETOPPING OVERLAYS”

Bonded Concrete Overlays of Asphalt Pavements (BCOA)
 Small square panels reduce curling, warping, & shear stresses.
 if necessary, mill to correct crown, remove surface distresses, improve bond
 Need a 3-inch minimum of asphalt after milling.

Typical Thickness = 3 to 6 inches

Both systems bond to the underlying asphalt, but bond is not accounted for in the DESIGN for unbonded overlays

Unbonded Concrete Overlay of  Asphalt Pavements
 No minimum thickness of Asphalt (used only as base)
 Normal to slightly smaller than normal joint spacing.  Based on unbonded 

overlay thickness

Typical Thickness = 5 to 10+ inches

Used since 1998

Used since 1919
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NATIONWIDE CONCRETE OVERLAY USAGE IS GROWING

2.00% 2.00%

4.33%

11.27%
12.42%
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Source:  From data submitted by ACPA chapters/state paving associations and 
other sources, including Oman Systems, Bid Express and DOT websites.

Marion Street, 
Oak Park, Illinois

Colorado
SH-121, Wadsworth Ave
Constructed in 2001
Photo in 2013

BCOA Examples
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HOW CONCRETE OVERLAYS IMPROVE ASPHALT PAVEMENT’S 
RESILIENCE TO FLOODING

Concrete overlay increases both the height and the structural strength of the roadway

7000 lbs load.
7000 lbs load.

pressure 
∼ 15 - 20 psi

Asphalt

Base

Subbase

Subgrade

Pressure ~3 - 7 psi
at the top of the 
Asphalt layer

Base & subgrade 
pressures are even 
lower

Concrete

Asphalt

Base

Subbase

Subgrade

Road Elevation 
raised the height 

of the overlay
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Bonded Concrete Overlay of Asphalt (BCOA) 
Design and Construction Recommendations

based on Caltrans PPRC 4.58B Project

John Harvey, Angel Mateos, Fabian Paniagua, Julio Paniagua, Rongzong Wu
University of California Pavement Research Center

Julie Vandenbossche, John  DeSantis
University of Pittsburgh

Deepak Maskey
California Department of Transportation

Charles Stuart
Southwest Concrete Pavement Association
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Introduction
4.58B Project experimental data sources:

1. Laboratory testing of concrete, asphalt, and concrete-asphalt interface
2. Monitoring the response of BCOA to the ambient environment
3. Heavy Vehicle Simulator testing

 15 BCOA sections were built at Davis UCPRC facilities on Feb-2016 
 Thickness = 4.5 and 6 inches
 Joint spacing and interface conditions varied

 Response to ambient environment was monitored in 6 of the sections
 11 of the sections were tested with the Heavy Vehicle Simulator (HVS)

6x6 slabs 12x12 slabs
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Summary of HVS Testing at UCPRC

11 full-scale BCOA sections tested with the HVS

9 kips

“Dry” Testing
With Wander

Flooded Testing
Channelized Traffic

10 days flooding + 
water supply during 
HVS testing

70,000 
reps

70,000 
reps

70,000 
reps

70,000 
reps

70,000 
reps

13.5
kips

18 kips 18 kips

22.5
kips

Lo
ad

 (s
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After testing 10 out of the 11 sections*...
 No cracking at any section, no faulting, no noticeable slabs movements
 To induce cracking, pavement was flooded and loaded - “wet” Loading (140,000 Reps)
 One panel crack after 7.55 M ESALs (8 times the loading for a normal BCOA application)

5.57 M ESALS

1.98 M ESALS

* One section was for environment studies only
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CONCRETE  OVERLAYS OF ASPHALT ARE COST EFFECTIVE
State Highway 13 – North of the city of Craig, CO

SH 13 Existing Condition before overlay 

Hot Mix Asphalt (HMA) Alternative
• 2-in SX(75) PG 58-34 (surface AC) over 4-in of 

SX(75) PG 58-28  (Base AC) over 8-in of Full 
Depth Reclamation 

• Initial Const = $5,385,980.85
• Rehab & Maint = $2,456,560
• Users Cost = $596,170
Total Life Cycle Cost = $8,438,710.85 

Concrete Alternative 
• 6-in Unbonded Concrete Overlay on Asphalt 
• Initial Const = $5,338,308.82
• Rehab & Maint = $1,674,060
• Users Costs = $718,490
Total Life Cycle Cost = $7,730,858.82 

Project Bid in December 2015 as AD/AB*

Concrete overlay was $47k lower in Initial cost 
& $708k Lower in Life Cycle Costs

* AD/AB = Alternate Design / Alternate Bid:  Essentially two pavement designs (1 concrete & 1 Asphalt) are 
developed and bid competitively against each other in order to increase competition
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FULL-DEPTH RECLAMATION (FDR) WITH CEMENT RECYCLES AN EXISTING 
DETERIORATED ASPHALT PAVEMENT INTO A NEW STABILIZED BASE

The stabilized base can be topped with an asphalt or concrete surface

• Utilizes In-Place Materials (reduces cost)
• Saves Energy by Reducing Trucking Requirements
• Increased Rigidity Spreads Loads
• Minimizes Rutting
• Reduced Moisture Susceptibility
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Moisture infiltrates base
• Through high water 

table
• Capillary action
• Causing softening, 

lower strength, and 
reduced modulus

Cement stabilization reduces 
permeability

• Helps keep moisture out
• Maintains high level of 

strength and stiffness 
even when saturated

High water table

Un-stabilized 
Granular Base

FDR w/ Cement-
Stabilized Base

100 psi

15 psi

100 psi

4 psi

FDR W/ CEMENT INCREASES RIGIDITY TO SPREADS LOADS AND 
REDUCES PERMEABILITY TO REDUCE MOISTURE SUSCEPTIBILITY



- 38 -

FULL DEPTH RECLAMATION WITH CEMENT REDUCES THE 
STRAINS UNDER THE ASPHALT PAVEMENT

Asphalt Strain at 68° F

Date of Testing

Te
ns

ile
 S

tr
ai

n 
at

 6
8°

F

* FDR = 6-in aggregate base + 2-in subgrade stabilized in-place with 4% Type II Portland Cement 

Structural Study of Cold Central Plant Recycling Sections at the National Center for Asphalt Technology (NCAT) Test Track,
Brian K. Diefenderfer, Ph.D., P.E., Benjamin F. Bowers, Ph.D. (VTRC), Miguel Díaz Sánchez, David H. Timm, Ph.D., P.E., Auburn University
http://www.virginiadot.org/vtrc/main/online_reports/pdf/17-r9.pdf



- 39 -

AGENCIES SHOULD MODIFY “DESIGN STANDARDS” TO BE BASED ON 
WEAKENED SUBGRADE CONDITION

Almost All Pavement Designs in Australia are based on soaked subgrade conditions

Does not require any changes to current design 
practices other than changing the subgrade input

(Especially important in flood prone areas)
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CONCLUSIONS

• Everyone recognizes the need to make our infrastructure “Flood Ready”
‒ Need to define specific actions that agencies should consider when dealing 

with flooded pavements

• In areas where pavements have a history of flooding (or in flood prone areas), or 
in areas of danger due to climatic changes, 
‒ Use Stiffer or stiffen the existing pavement
‒ Require pavement designs be based on Lowered subgrade strength 

• Concrete pavement / cement based solutions have shown a remarkable 
resiliency to flooding
‒ There are many solutions that are viable that are low costs, such as concrete 

overlays that can be used as mitigation / hardening strategies

1

2

3
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ONE LAST ITEM – PLEASE SUPPORT PAVEMENT FLOODING RESEARCH

Proposal for AASHTO 
Research Advisory 
Committee (RAC)

Problem Number:
2021-C-16

Problem Title: 
Impact of Flooding and 
Inundation on the Performance 
of Pavements

Recommended Funding: 
$1,000,000   

Research Period: 
36 months

Project selection takes place at 
the end of this Month
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