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Problem Statement 
There is a lack of information on 
how to determine the optimum 
or most reasonable time to 
reopen a roadway to traffic after 
flooding 

5 Problem 
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Need for Research 

• Decision to reopen a roadway is 
currently based on visual inspection 
and experience 

• NDT to evaluate structural capacity 
• Guidance on how to determine the 

optimum time to reopen a roadway 
based on pavement structural 
capacity 

Problem Statement 6 



Objectives 
Provide guidance on decision-
making, risk assessment, evaluation 
of options, and classification as 
emergency or permanent repairs 

7 Objectives 
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Objectives 

• Develop guidelines on how to assess 
flooded pavements for short term impacts 
– primary focus  

• Determine the best timing to allow 
emergency, heavy repair equipment, or 
other vehicles on the roads to balance 
access and damage to the roadway 

• Develop framework for future assessment 
of long term impacts of flooding on 
pavements 

Objectives 8 



Research Approach 
Develop guidelines in the form of 
decision trees using Bayesian 
Statistical Decision theory 

9 Overall Approach 
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Research Approach 

Sequential utilization of information 11 

Flooding Event 

How much change 
in moisture content 
of pavement layers 
over time? 

How are the material 
properties affected? 

How is the pavement 
performance affected?  Is it validated with 

field data? 

Open or close the road? 



Scope of work 
Develop guidelines through experiments, 
analyses of data, a review of existing data 
and information, and building a framework 

12 Scope 
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Scope of work 

• Task 1: Variation in Moisture of 
Pavement Layers 

• Task 2: Material Characterization 
• Task 3: Pavement Performance 
Evaluation 

• Task 4. Validation Testing 
• Task 5: Decision Tree 

Scope 13 



Results 

14 Results 



Worcester Polytechnic Institute 15 Systems Approach 

M 
A 
J 
O 
R 
 
P 
A 
R
A 
M 
E 
T 
E 
R 
S 

C
O 
N 
N 
E 
C 
T 
I 
O 
N 
S 

Is the impact 
of flooding 
significant? 

System 
Dynamics 

Map 



Worcester Polytechnic Institute 16 System Dynamics Model 

System Dynamics model available at: 
http://goo.gl/1esRKC 
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Screenshot from  
SD Simulation 

Show a plot of effect of 
voids/thickness 
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What are the options to repair 
infrastructure when flooding and other 
natural events occur? 

• Hydraulic analysis  
• Raising the grade of the 
roadway 

• Raising the height for a 
bridge replacement 
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Hydraulic Analysis 

• To determine the most practical and 
economical grade raise elevation 
─To provide for a subgrade and a base layer 

that are free of saturation due to rising 
water in the basin at its current and future 
levels.  
─Based on predicted precipitation, 

evaporation and total storage in the basin 
 



Worcester Polytechnic Institute 

Other Tools and Methods Used by 
State DOTs 

• Iowa DOT uses a combination of NDT testing and uses 
Google Maps for mapping pre-event conditions of 
roadways.   
─ Rebuilding shoulder materials, shifting from granular 

shoulders to flexible or rigid pavement shoulders, in 
areas with a history of flooding  

─ Construction of a sacrificial berm in limited locations 

• Pennsylvania DOT maintains a road condition reporting 
system that tracks when a road is closed and re-opened (by 
segment) for flooding.  
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Other Tools and Methods Used by 
State DOTs 

•  North Dakota DOT collects pavement distress data  
with an automated collection vehicle prior to  establishing the 
routing detours after a flooding event  or during seasons of high 
water tables.   

• Remaining Structural Service Life (RSSL) : 
• Determination for RSSL analyses based on the length of time that a 

roadway will be inundated.  
• If a pavement will be inundated for an extended time (> 1 year) 

such as in closed basins, the roadway is either re-aligned outside 
of the closed basin or raised to get the pavement above the 
water line.   

• However, RSSL analyses would be applied if the pavement is 
saturated, but not inundated.  
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Other Tools and Methods Used by 
State DOTs 

Prior to establishing detour routes, MassDOT 
conducts a quick inspection of the pavements 
(augmented by photologs), so that necessary 
resurfacing or repairs are done to the roads 

• Missouri DOT uses a combination of non-destructive 
structural testing, comparisons with their DOT 
standards and pavement management database, and 
an analysis considering future heavy traffic load 
volumes.  

• Level of analysis for the determination of 
replacement-in-kind or restoration-in-kind designs 
is more extensive for the primary routes; 
however, it is very minimal for the secondary 
route system in its state 
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• A framework  
─ A rational and a practical method to test HMA 

mixes under realistic conditions  
─Utilization of the results to assess the damage  
─Use of a mechanistic-empirical (M-E) procedure  
 A relatively easy and less time consuming 

procedure of a simulation method + testing 
procedure  
 A probabilistic method for analysis of 

performance  
 A determination of the “risk” of loss of 

pavement life 
Needs 24 

Impact on Hot Mix Asphalt (HMA) 
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Tools and Techniques 

Impact on HMA 25 
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Developed Framework 

• Test HMA samples with the Ultrasonic Pulse Velocity device and determine modulus 
before and after conditioning  

• Subject the samples to conditioning in the Moisture Induced Stress Tester (MIST)  

• Difference between the pre and post MIST Es  statistically significant?  
─ if yes, proceed to the next step; if not, report results 
─ a) Calculate (Pre MIST Ed – Post MIST Ed) for each sample 
─ b) Determine the critical (response) strain at the bottom of the HMA layer using 

layered elastic analysis for each sample, for pre and post MIST Ed values 
─ c) Using the data from step b), determine Nf and the pavement life (years), and 

life cycle cost, if required, for pre and post MIST Ed values; determine loss of 
pavement life, years (pavement life determined on the basis of pre MIST Ed – 
pavement life determined on the basis of post MIST Ed) 

─ d) Develop a regression equation relating (Pre MIST Ed – Post MIST Ed) to loss of 
pavement life 

─ e) Calculate the mean and standard deviation of (Pre MIST Ed – Post MIST Ed);  
─ f) Using the data from steps d and e, run a Monte Carlo simulation to determine 

the 90% confidence limit for loss of pavement life  
─ g) For variability in thickness, utilize thickness data in step b) and step f) 

 
Impact on HMA 26 

Step by Step process that 
guides the user through a 

series of logical and 
sequential steps 
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HMA, 100 mm 

Subgrade 

Aggregate Base+ 
Subbase, 600 mm 

Mix/ 
Sample 

Design E 
Before MIST, 

Mpa 
Design E After 

MIST, Mpa 
A/1 4076 3705 
A/2 4423 4053 
A/3 5138 4675 
A/4 4679 4460 
A/5 4420 4130 
A/6 4805 4379 

Example 

Impact on life of HMA pavement 27 
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MIST and CoreDry to determine 
time to saturation and drying 

• Saturation after 
MIST, 100% 

• Check for change 
in voids, porosity 

• Neither +ve nor –
ve change in air 
voids/porosity is 
desirable 

 
 

Material Characterization 28 
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Impact of saturated condition 

Pavement Performance Evaluation 29 



Worcester Polytechnic Institute 

Impact of saturated conditions 

Pavement Performance Evaluation 30 
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Impact of saturated condition 

Pavement Performance Evaluation 31 
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Federal Highway Administration 
(FHWA) Emergency Relief (ER) Program 

How are decisions made? 
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Federal Highway Administration (FHWA) 
Emergency Relief (ER) Program 
Eligibility: 

Timeline: 

Key Information related to ER Program &  
infrastructure system resiliency 
 
http://www.fhwa.dot.gov/map21/qandas/qaer.cfm  
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Detailed Damage 
Inspection Report  
For FHWA ER 
Program 

Report Number

Sheet of
1 1

Location (Name of Road and Milepost: FHWA Disaster Number

Inspection Date

Description of Damage: Federal-aid Route Number

State County

Cost Estimate AZ LA PAZ CO.
Unit Unit Price Quantity

Completed Remaining

HR 60.00$       8 $480.00 0%
HR 80.00$       18 $1,440.00 0%
HR 75.00$       5 $375.00 0%
HR 25.00$       42 $1,050.00 0%
HR 21.50$       100 $2,150.00 0%

$0.00
Tons 8.50$         12 $102.00 0%

$0.00
Tons 5.00$         24 $120.00 0%

Method Subtotal $5,717.00
X Local Forces __ State Forces _ Contract PE/CE

Emergency Repair Total $5,717.00

AZ10-1

ER-LLA-0(204)B

1-22-2010 to 1-24-2010

                 ABC

Dump Truck (s)

Material - 

DETAILED DAMAGE INSPECTION REPORT
( Title 23, Federal-aid Highways)

Salome Road MP 1 to MP 16

Description of Work to Date
(Equipment, Labor, and Materials)

Pickup (s)
Labor

1. Pavement loss on low water crossings at shoulders.  2. Shoulder erosion 
causing pavement edge/vertical drop offs.  All repairs listed below occurred 
before July 21, 2010.

Material - 

Cost

Loader 
Motor Grader

Em
er

ge
nc

y 
R

ep
ai

rs

                 Pit Run 

 
 
 
 
 
 
 
Example: Flooding event in Arizona 
 

http://www.fhwa.dot.gov/map21/qandas/qaer.cfm
http://www.fhwa.dot.gov/map21/qandas/qaer.cfm


Worcester Polytechnic Institute 

Ton 5.00$         4,799 25,816.07$     0%
Ton 80.00$       -$               100%
Load 75.00$       196 14,700.00$     10%
HR $21.50 1484.5 31,916.75$     10%
Hrs 1,131 49,933.26$     10%

Method Subtotal 122,366.08$   
PE/CE

x Local Forces __ State Forces X Contract Right-of-way

Perm. Repair Total $122,366.08
Environmental Assessment Recommendation

___ Categorical Exclusion ___ EA/EIS Estimated Total $128,083.08

Pe
rm

an
en

t R
es

to
ra

tio
n Labor

Equipment

Hauling

Pit Run
Asphalt

Low water crossing with asphalt will have to go out to bid due to cost, this will be completed at a later date. 

 
 
 
 
 
 
 
Example: Flooding event in Arizona 
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Decision Tree 

Applied Research Associates, Inc., 2013 36 
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Decision Tree 

Conceptual Layout 37 



Worcester Polytechnic Institute 

Decision Tree 

 
 

Questions 38 

 
 

• Should we open or close the road? 
• Should we conduct NDT? 
• Decisions generally made in terms of: 

 
─ Direct dollar losses 
 
─ Downtime 

 
─ Deaths/injuries 

 
 

Poster presentation on 
decision tree 



Conclusions and 
Recommendations 

39 
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System Approach 

• Systems approach can be utilized to map 
the different factors that govern the 
impact of flooding on pavements, and their 
relationships 

• A system dynamics model has been 
developed to simulate the interactions 
between the significant parameters  

• Model confirms the significant impact of air 
voids, asphalt mix stiffness/aging and 
thickness of HMA layer  

Conclusions and Recommendations 40 
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Impact of flooding on HMA 

• The Moisture Induced Stress Tester (MIST) 
and the Ultrasonic Pulse Velocity (UPV) 
method can be used effectively as 
moisture conditioning and evaluating loss 
of performance related properties as a 
result of flooding 

• A risk based quantification of loss of 
pavement life of hot mix asphalt (HMA) 
pavements due flooding has been 
developed 
 

Conclusions and Recommendations 41 
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Decision Tree 

• Payoff is affected significantly by losses 
associated with opening the road to traffic 
when the pavement is not sound 

• Additional testing is warranted under 
certain conditions to reduce the 
uncertainty that may be present in the 
visual survey/inspection results  

• Need to determine utility functions and 
testing accuracy 

Conclusions and Recommendations 42 
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Pavement Evaluation 

• Significant effect on  
─Fatigue performance 
─Rutting performance 

• Significant parameters 
• Type of base course material 
• Thickness of HMA 
• Type of subgrade material 

Conclusions and Recommendations 43 



Future work 

44 
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Pavement Performance Evaluation 

• Evaluations of impact of saturation  
• Identification of critical/non-critical 
cases 

• Identification of cases where accurate 
data on saturation level is needed 

• Bearing capacity analysis for one-
time short-term flooding events 

Future Work 45 
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Validation Testing 

• LTPP sections:  
• Field sections:  
─Arizona: Fall 2014 event 
─Nevada: Fall 2014 event 
─Working with Oklahoma on Spring 

2015 events 

Future Work 46 
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Decision Tree 

• Reliability values for test results 
• Probability values for damage 
states 

• Utility function 
• Application tool development 
• Application testing with agencies 
• Guidelines development 

Future Work 47 



Thank You! 

48 Thank you! 
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