INCORPORATION OF PAVEMENT PRESERVATION
TREATMENTS IN AASHTOWARE PAVEMENT-ME
ANALYSIS AND DESIGN

Final Project Report
By

Muhammad Munum Masud
Syed Waqar Haider
Karim Chatti
Michigan State University

Sponsorship
Center for Highway Pavement Preservation
(CHPP)

For

Center for Highway Pavement Preservation
(CHPP)

2

In cooperation with US Department of Transportation-Research and Innovative Technology
Administration (RITA)

August 2018



Disclaimer

The contents of this report reflect the views of the authors, who are responsible for the facts and
the accuracy of the information presented herein. This document is disseminated under the
sponsorship of the U.S. Department of Transportation’s University Transportation Centers
Program, in the interest of information exchange. The Center for Highway Pavement
Preservation (CHPP), the U.S. Government and matching sponsor assume no liability for the
contents or use thereof.



1. Report No. 2. Government Accession No. 3. Recipient’s Catalog No.
CHPP Report-MSU#5-2018 N/A If applicable

4. Title and Subtitle 5. Report Date
Incorporation Of Pavement Preservation Treatments in AASHTOWare August 2018

Pavement-ME Analysis And Design

6. Performing Organization Code

N/A

7. Author(s)
Muhammad Munum Masud, Syed Waqar Haider, and Karim Chatti

8. Performing Organization Report No.
N/A

9. Performing Organization Name and Address
Michigan State University

Contract & Grant Administration

426 Auditorium Road Room 2

10. Work Unit No.
N/A

11. Contract or Grant No.

Hannah Administration
East Lansing, MI 48824

12. Sponsoring Agency Name and Address
Center of Highway Pavement Preservation (CHPP)

13. Type of Report and Period Covered
Final Report, 8/31/2017 to

Michigan State University 8/28/2018
428 S. Shaw Lane 14. Sponsoring Agency Code
3562 Engineering Building N/A

East Lansing, Michigan 48824

15. Supplementary Notes
Report uploaded at http:/www.chpp.egr.msu.edu/

16. Abstract

Moisture increase in pavement subsurface layers has a significant influence on granular material properties that affect the expected pavement performance. In-situ
moisture variations in unbound base layer over time significantly depend on water infiltration after precipitation and pavement surface conditions. Consequently,
base resilient modulus (MR) is decreased considerably, which leads to premature failure and reduced service life. This study presents Long-term Pavement
Performance (LTPP) data analyses for quantifying the effect of moisture infiltration through surface discontinuities (cracks and joint openings) on flexible and rigid
pavement performance. Subsurface moisture data obtained through Seasonal Monitoring Program (SMP) time domain reflectometry (TDR) are an excellent source
to quantify the moisture-related damage in flexible and rigid pavements located in different climates. The artificial neural network (ANN) models were developed
using SMP data for flexible and rigid pavement sections. The results show that higher levels of cracking and joint openings will lead to an increase moisture levels
within base layer. Also, the moisture content increases with higher percentage passing # 200 sieve (P200), and higher precipitation levels, especially in wet
climates. The MR of the base decreases significantly with an increase in moisture levels. For flexible pavements, the maximum reduction in base MR ranged
between 18 to 41% and 153 to 175% for the pavement sections located in dry and wet regions, respectively. In rigid pavements, the maximum reduction in base
MR may vary from 10% to 125% for the pavement sections located in dry and wet regions, respectively. The major reasons for higher base moisture variations in
wet climates are higher levels of surface cracking and precipitation. The base moisture values do not vary significantly in dryer climates since the amount of
precipitation and observed cracking levels were low in these regions. Due to increased moisture and a corresponding reduction in base MR values, the performance
of pavement sections located in wet climates is adversely affected. The findings imply that an adequate and timely preservation treatment such as a crack sealing
can enhance the pavements service life significantly, especially in wet climates. The results suggest that cracks should be sealed when the extent of fatigue cracking
is within 6% and 11% for the flexible pavement sections located in wet and dry climates, respectively. In rigid pavements, the joints should be resealed when the
damaged joint sealant length exceeds 150 to 250 feet.

17. Key Words
AASHTOWare Pavement-ME, subsurface moisture,
artificial neural network, pavement analysis and design

18. Distribution Statement
No restrictions. This document is also available
to the public through the Michigan Department of

Transportation.
19. Security Classification. (of this report) 20. Security Classification (of this | 21. No. of Pages | 22. Price
Unclassified page) 89 N/A
Unclassified

Form DOT F 1700.7 (8-72) Reproduction of completed page authorized



http://www.michigan.gov/mdotresearch

Table of Contents

LIST OF TABLES ...ttt ettt ettt et et e et e e eneesseenseensesneenseensenneans 5
LIST OF FIGURES ...ttt ettt ettt sb et st e st e e saeens 5
CHAPTER 1 INTRODUCTION .....cuiiiiiieiieieeieeeie ettt ettt ettt ae st eseenaesseesesnnesseenes 7
1.1 BACKGROUND ... oottt ettt sttt sttt et sbe et ateseeenbeeneas 7
1.2 RESEARCH OBJECTIVES..... oottt sttt 8
1.3 POTENTIAL BENEFITS OF THE STUDY ...oootiiiiiiiiieteeseeeeeeeeee et 8
1.4 RESEARCH APPROACH........coo ittt ettt 8
1.5 OUTLINE OF THE REPORT ..ottt 9
CHAPTER 2 LITERATURE REVIEW .....ooiiiiiiiiieeceeee et 10
2.1 SOURCES OF WATER INFILTRATION INTO PAVEMENT LAYERS ........ccccce.... 10
2.2 IMPACT OF MOISTURE ON PAVEMENT PERFORMANCE .......c.cccovieiieieniieieenene 10
2.3 MITIGATION OF MOISTURE RELATED DAMAGE.......cccccooeiiiiiieiieeeeieeee e 11
2.4 EXISTING MOISTURE PREDICTION MODELS ........cccoiiiiiiiiieieeeee e 12
2.4.1 EMPIrical MOAEIS ......ooooiiiiiiieeiiieciee ettt et e e e e e seae e s aeeesnnee e e 12

2.4.2 Analytical and Mechanistic Models ..........ccooouieiiiniiiiiiiiieieeeeee e 18

2.4.3 Summary of Existing Models from Literature ............ccccoeveviveriieniiieniieeeieeeieeens 27

2.5 SUMMARY .ottt ettt et e sttt e st e et e st e et e e nbe e bt e et e ebeeenteeateas 29
CHAPTER 3 DATA SYNTHESIS ...ttt 30
3.1 SEASONAL MONITORING PROGRAM (SMP) BACKGROUND.........ccccecureiieirnnen. 30
3.2 DATA SELECTION CRITERIA......coottiiiieeeeeee ettt 30
3.3 DATABASE DEVELOPMENT ...ttt ettt 30
3.4 DATA ELEMENTS ..ottt ettt sttt et enee s 30
3.4.1 Pavement Performance Data ............ccooiiiiiiiiiiiiieiiecieeeceee e 33

3.4.2 Subsurface Moisture and TemMpPerature............cc.eeevveeeeiieeiieeecieeeeeeeee e 33

3.4.3 Precipitation Data........c.cccuiiiiiiiiieiieiie et et 35

3.4.4 Ground Water Table Depth .........ccocuviiiiiiiiiiicieceeeeee e 35

3.4.5 Freezing INAEX .....ccuiiiieiiieiieee ettt ettt ettt 36

3.4.6 Materials Data .........cooueeiiiiiiiii e e 36

3.5 DATA LIMITATIONS ...ttt sttt ettt et sttt e sbe e 37
3.6 AVAILABLE SMP SECTIONS FOR ANALYSIS ..ot 37
3.7 SUMMARY ottt ettt ettt ettt ettt e nhe e 38



CHAPTER 4 DATA ANALYSIS AND MODELING ......coooiiiiiiiiiieeiieee e 40

4.1 HYPOTHESIS ...ttt et st sb ettt sb et et e st e b enees 40
4.2 METHODOLOGY ...oootieiieiesiieie ettt ettt ettt sae e tesneesseenseeneesseenseenaesneenseeneas 42
4.3 DESCRIPTIVE STATICS ...ttt sttt sttt 42
4.4 IDENTIFYING SIGNIFICANT VARIABLES ......ccooieieeeeeeeee e 48
4.5 DEVELOPMENT OF EMPIRICAL MODELS .......cooiiiiiiiiiienieeeeeeseeeee e 49
4.6 FLEXIBLE PAVEMENTS MODELING........cccoeiiiiiiieieeieseeieee s 50
4.6.1 Site-Specific Models for Flexible Pavements ............ccccoocveeviiniieniienieiiienieeeee, 50
4.6.2 ANN Modeling Flexible Pavements ..........cccccccveeriiieeriieeiiieeciee e eeeeeveeesvee e 51
4.6.3 Impact of Base Moisture on Long-Term Performance ............ccoecveviienienirennnnne. 57
4.7 RIGID PAVEMENTS MODELING.......cccctiiiieieeierteieeesie ettt nae s 70
4.7.1 ANN Modeling Rigid Pavements............cccueeuieriieiiieiieeieciee e 71
4.7.2 The Relationship between Base Moisture and Base Resilient Modulus-PCC
SECLIOMNS ..ttt ettt ettt et at et e e ea et e e st sb e e bt en b e s bt et et e seeebeentes 73
4.7.3 Crack Sealing Application Timings — Rigid Pavements.........c..ccccceceveenenicnnne 74
4.8 SUMMALRY ..ottt ettt ettt e a e be et et e s bt et e at e ebe et et e sae e b eneen 75
CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS ........ooiiieieeeeieeee e 77
5.1 SUMMARY oottt ettt b ettt a ettt e h et et esae et et nbe e 77
5.2 CONCLUSIONS ..ottt ettt ettt et e b e et e s st eseessesseeseaneasssensesssesaeenseensenseenns 78
5.3 RECOMMENDATIONS ...ttt ettt sttt ettt st enee e 78



LIST OF TABLES

Table 2-1 Summary of existing models from lIterature...........coceeverrierieneeiinienieeeeeeeeee 28
Table 3-1 LTPP data base tables used to extract data elements ...........cccceeveeriiiiiiniiiicnniceiee 32
Table 3-2 Layer structure and TDR/thermistors depths ...........ccccoevueeviieriieiiieniiieiiecieeeecie e 35
Table 3-3 Base layer material ProPerties .......ccuvierveeeriieeiieeeiieeeieeeeieeeeree et e eseveeesveeesereeenseeens 37
Table 3-4 Number of available SMP LTPP pavement SECtioNnS .........ccccecveerveerveeiieenieeieenreennens 38
Table 4-1 Summary of regional climatic and performance data............c.ccceeveveierciieencieeeiie e 43
Table 4-2 Correlation matrix flexible pavements SECLIONS ........c.ceccveeviierieerieerieeriienieeieesveeieens 48
Table 4-3 Correlation matrix rigid pavements SECHIONS ........ccueeerureerriieeriieerieeeereeesreeesaeeeneseeens 49
Table 4-4 Optimum settings for the flexible pavements ANN model...........ccccoveevenienennennenne. 54
Table 4-5 Summary — Change in MR due to moisture variations ...........ccccceceeveeveereeneeneeneene. 58
Table 4-6 Summary measured /predicted moisture data and Pavement-ME performance .......... 62
Table 4-7 Proportion of observed WP cracking length ... 65
Table 4-8 Conversions — Total surface cracking length to % area WP fatigue ...........c.cceennee. 66
Table 4-9 Optimum settings for the rigid pavements ANN model............ccccovviiiiiiniiiiinniinnnn. 72
Table 4-10 Summary — Change in rigid pavements MR due to moisture change....................... 74
LIST OF FIGURES
Figure 2-1 Sources of moisture variations in pavement SyStems (77) ........cccceeeveeereeeneeneeenieennnn. 10
Figure 2-2 Subgrade moisture variations and precipitation for Arkansas Site 2 (/4) ......ccc.c....... 14
Figure 2-3 Field moisture estimation system diagram (29) ......c..ccoceeverienieienieneeneeieneeseneenne 16
Figure 2-4 Model simulation reSUIS (5) ...cuveeeoueieriieeiiieeiiee et 21
Figure 2-5 Model road construction with material constructions, dimensions, and slopes (34) .. 22
Figure 2-6 Water content distribution 3 days after onset of 1-hour rain event (34) ..................... 24
Figure 2-7 Water content distribution 3 days after onset of 7.5 mm, 1-hour rain event (34)....... 24
Figure 2-8 Water content distribution after the onset of 7.5 mm, 1-hour rain event (34) ............ 24
Figure 2-9 Comparison of predicted and measured resilient moduli for selected materials (/8). 25
Figure 2-10 Vertical Moduli Distribution Base layer (78) .....cceevveeeriieeiiieeiieeeieeeie e 26
Figure 3-1 Subsurface moisture and temperature measurements ............coceecuereereeruereeneenennenn. 34
Figure 3-2 Base material particle size distribution ..........cc.cccoceeiiiiiiiiiiiiiinieeceeeceeee, 36
Figure 3-3 Climatic distribution of SMP LTPP S€Ctions .........ccocueverviiriinieiieniinecieeiesecieene 38
Figure 4-1 Impact of cracking and precipitation on base layer moisture change (36-0801)......... 41
Figure 4-2 Effect of GWT on base layer moisture change (36-0801) ........cccceevieviienienieeieenen. 41
Figure 4-3 Subsurface moisture variations with depth (36-0801) .........cccvvieviiieriiiiiiieeeie e 42
Figure 4-4 Cracking progression with age in flexible pavements SECtiONS ........cc.cceeeverueenuennnene. 44
Figure 4-5 Cracking progression with age in rigid pavements SECtiONS ..........ccceeveeerieeneeeieennne. 45
Figure 4-6 Precipitation levels in different climates..........c..coccevieniiiiniiniininnccecee 46
Figure 4-7 Moisture variations in base layer — flexible SMP sections ..........c.ccceeceervienicnneennee. 47
Figure 4-8 Moisture variations in base layer — rigid SMP sections..........ccccceevuvevieerieneeeieennen. 48
Figure 4-9 Measured Vs. predicted site-specific models for flexible pavements......................... 51
Figure 4-10 ANN model flow for flexible pavements SMP SECtions..........ccceevereeruerieneeniennne 54



Figure 4-11 ANN model predictions and sensitivity — flexible pavements.............ccccceeveeennennne 55

Figure 4-12 Effect of precipitation on moisture variations...........cceevueeeereereereeneenieereeneenseseenne 56
Figure 4-13 Moisture variations with depth in DF/WF region .........cccceeviieeiiiinciiccieeeee e 57
Figure 4-14 Impact of moisture variations on flexible pavements base MR ..........cccccevieennene. 59
Figure 4-15 Flexible pavement CrOSS SECHIOMNS .......uuiecviieiieeesiieeireeesireeeiaeeeseeeeseeesseeessseesnsseeens 60
Figure 4-16 Impact of flexible pavements base MR on predicted pavement performance.......... 63
Figure 4-17 Reduction in MR due to increase in moisture at different cracking levels ............... 64
Figure 4-18 Preservation treatment plan thick section (WF climate) ...........cceevevevieniiniienneennen. 67
Figure 4-19 Preservation treatment plan thick section (DNF climate)..........ccccceeveevcieieieeennennne 68
Figure 4-20 Preservation treatment plan thin section (WF climate)........c..coccevvveviininieniencnnnne. 69
Figure 4-21 Preservation treatment plan thin section (DNF climate)............ccceevveevcienncieeennene 70
Figure 4-22 PCC surface discontinuities relationship with base layer moisture .......................... 71
Figure 4-23 ANN model flow rigid pavements SMP SECtions .........cccceceeveeverieneinenicneeniennenn. 72
Figure 4-24 ANN model predictions and sensitivity — rigid pavements ............cccceeevverveeneennen. 73
Figure 4-25 Impact of moisture variations on PCC sections base MR ...........cccccoceeveriiniinennene. 74



CHAPTER 1 INTRODUCTION

1.1 BACKGROUND

The United States highway system is steadily deteriorating and allocating more resources to
rebuild new roadways may not be a practical and cost-effective solution. The Nation’s highway
system is the single largest public investment in history having an estimated initial cost of $3
trillion spread over many years (/). Today, the replacement cost could not readily be incurred
without severe economic consequences. Therefore, one of the most significant challenges for
researchers and engineers is how to minimize life-cycle cost and ensure sound asset
management.

Delaying maintenance and repairs until major rehabilitation or replacement is necessary lead to
extensive and disruptive work that increases the potential for accidents, injuries, and fatalities
among motorists and road workers. An alternative to this scenario is sound planning and
implementation of highway preservation practices, which would assure structural integrity and
safety of pavement assets. Currently, pavement preservation is an increasingly widespread
practice among highway agencies interested in extending the lives of their pavements cost-
effectively. One major impediment to widespread implementation of preserving the pavement
infrastructure by transportation agencies is lack of knowledge on how to select preservation
actions and when and where to apply them to get the most benefit at the least cost. In other
words, how to use the right preservation action at the right time to the right pavement (2-4).
Highway agencies have learned from the practices that if applied at an appropriate time,
pavement preservation provides a means for maintaining and improving the functional condition
and slowing deterioration of an existing highway system. While pavement preservation is not
expected to substantially increase the structural capacity of the existing pavement, it generally
leads to improved pavement performance and longer service life. However, still, there are
challenges to the success of such practices. These challenges include: (a) identifying good
candidate pavements, (b) selecting the best preservation treatments for those pavements, (c)
choosing the appropriate treatment application timing, and (d) considering preservation
treatments in pavement analysis and design stage. This research specifically addresses the last
two challenges, i.e., selection of optimum crack sealing application timings by incorporating
preservation treatments in the mechanistic-empirical (ME) pavement analysis and design
approach.

The AASHTOWare Mechanistic-Empirical Pavement Design Guide (Pavement-ME) software
provide methodologies for the analysis and design of flexible and rigid pavements. However,
these methodologies and related performance prediction models focus on new structural design
and rehabilitation of existing pavements and do not explicitly consider the contributions of
pavement preservation treatments to the overall pavement performance. Thus, research is needed
to identify approaches for considering the effects of preservation on pavement performance and
developing procedures that facilitate incorporation of pavement preservation treatments in the
Pavement-ME analysis process. Such procedures will ensure that the contributions of
preservation treatments to expected performance and service life are appropriately considered in
the analysis and design processes.

One of the most influential factors affecting pavement performance is the moisture within the
pavement system. The infiltration of water from road surface followed by a rainfall event can be
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a significant cause of premature pavement deterioration (35, 6). The moisture content of the
materials near the pavement edges and in the proximity of surface cracks usually shows higher
variations due to rainfall events (7). Water infiltration through cracks and joints is particularly
important in the estimation of sublayer moisture content and its effect on the resilient modulus
(MR) (8, 9). Accurate predictions of moisture variations can assist in the better estimation of
unbound layers MR.

1.2 RESEARCH OBJECTIVES

The main objectives of this study are to (a) (a) evaluate the effect of surface cracking on the
aggregate base moisture changes due to infiltration, (b) quantify the impact of moisture change
on aggregate base moduli, (¢) evaluate the effect of base layer moduli on the predicted long-term
pavement performance, and (d) develop guidance for optimum timings of crack sealing for
different climates. These objectives were achieved by analyzing the subsurface moisture
variations and flexible and rigid pavement performance data in the SMP pavement sections.

1.3 POTENTIAL BENEFITS OF THE STUDY

The results of this research effort will improve and facilitate the implementation of preservation
practices in the following manner:

e There are no widely accepted guidelines for incorporating pavement preservation
treatment in pavement analysis and design process, mainly because of different practices
and experiences in different regions. This research will provide guidelines to facilitate
estimation of timing for a pavement preservation treatment at the design stage. The
research will also provide examples for different States to demonstrate how to apply the
developed guidelines for estimating treatment timings to improve its effectiveness in
extending the life of an existing pavement. This will help State Highway Agencies
(SHAs) to incorporate preservation treatment practices at the design stage.

e The recommendations developed from this research will be practically-oriented for
investment decision making on the highway infrastructure. The recommendations will be
specifically designed for application.

e The analysis results from this research can maximize the benefits (both short-term and
long-term) accrued from the large investment made in the construction and monitoring of
the highway network.

1.4 RESEARCH APPROACH

The following tasks were identified as a general framework for completion of this research:
Literature review.

Evaluation of infiltration and moisture models.

Availability of performance, climatic, and subsurface moisture content data.

Analyze subsurface moisture and performance data.

Establish impact of moisture change on unbound layers MR.

Develop guidelines for incorporating the preservation treatments in the Pavement-ME
design process.

7. Demonstrative Examples.
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1.5 OUTLINE OF THE REPORT

This thesis contains five (5) chapters. Chapter 1 outlines the problem statement, research
objectives, potential benefits, and briefly describes various tasks performed in the study. Chapter
2 documents the thorough literature review, which include sources of water infiltration into
pavements, the impact of moisture on pavement performance, mitigation of moisture related
damage, and summary of moisture prediction models. The work in this chapter corresponds to
Tasks 1 and 2. Chapter 3 describes the SMP LTPP database with a special focus on SMP
background. This chapter also discusses the type, extents, and sources of various data types used
in this study. The summary of available LTPP SMP sites considered for analysis also presented.
The work in this chapter corresponds to Tasks 3. Chapter 4 covers the details of data analysis on
flexible and rigid SMP pavement sections, development of moisture content prediction models
using Artificial Neural Network (ANN), the impact of moisture on unbound layer stiffness and
long-term pavement performance. Last part of this chapter covers pavement preservation
guidelines with examples using the Pavement-ME. The work in this chapter corresponds to Task
4 to 7. Chapter 5 documents the conclusions and recommendations based on the analysis.



CHAPTER 2 LITERATURE REVIEW

2.1 SOURCES OF WATER INFILTRATION INTO PAVEMENT LAYERS

Water can enter the pavement-unbound layers through many sources and subsequently affects
the in-situ moisture in these materials. The primary sources of moisture variation within a
pavement system include external elements such as precipitation, temperature, and the
groundwater table. Pavement surface conditions (cracking/discontinuities), drainage, shoulders,
edges and pavement cross-section can also facilitate the moisture infiltration (/0). Figure 2-1
shows the schematic of water ingress sources.

Through surface discontinuities
l *’_ !*‘1 1*1 #{/
A A ] ,7

From edge
- : Seepage from
Capillary . PES
prE Vapor high ground
action movements
| : Rasing water table

|
< Water table

Figure 2-1 Sources of moisture variations in pavement systems (/)

2.2 IMPACT OF MOISTURE ON PAVEMENT PERFORMANCE

One of the most influential factors affecting pavement performance is the moisture within the
pavement system. As early as 1820, John MacAdam noted that regardless of the strength
(thickness) of the pavement structure, many roads in Great Britain prematurely deteriorated due
to saturation of pavement subgrade (/2). Moisture damage in pavements manifests itself in the
form of moisture caused, and moisture accelerated distresses. Moisture caused distresses are
essentially induced by moisture, such as asphalt stripping in flexible pavements and durability
cracking in rigid pavements. Moisture accelerated distresses are those caused by other factors
(like traffic loading), but get accelerated with an increase in moisture (/3).

Many properties of unsaturated soils such as stiffness, permeability and volume vary
significantly with change in moisture content. The increase in moisture content affects the
durability and stiffness of soils; consequently, the ability of subgrade to support the upper
pavement structure (/4, 15). Variation in moisture content in field conditions depends on the
climate of a location and can be difficult to interpret (/6, 7). It is also known that unsaturated
granular material (UGM) exhibits moisture-sensitive and stress-dependent nonlinear behavior in
flexible pavements. The in-situ moisture content of unbound pavement materials is significantly
affected by weather, groundwater table fluctuations, drainage conditions, soil properties and
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pavement surface conditions. It is a well-established fact that with an increase in UGM degree of
saturation, the resilient modulus (MR) decreases considerably (18, 19).
While investigating the pavement response to the varying levels of moisture, Salour and
Erlingsson concluded that increase in moisture content of UGM considerably reduces the back-
calculated modulus of base layers (20). Various field monitoring studies suggest that change in
moisture content can occur after rainfall and it can increase up to 50% in addition to the natural
seasonal variation (27, 22). This potential increase in moisture content is often neglected while
estimating moisture variation in pavement unbound layers. However, such changes in moisture
along with axle loads can accelerate pavement deterioration. Therefore, it is essential to develop
a moisture prediction model that can capture both seasonal and temporal moistures changes
accurately and later incorporate results in the life cycle assessment of infrastructures (16, 23).
The infiltration of water from road surface followed by a rainfall event can be a significant cause
of premature pavement deterioration (35, 6). It was also revealed in the past research that moisture
conditions are relatively stable at the bottom of the pavement system. However, depending on
climatic events, the moisture condition in the upper pavement section can vary between very dry
and fully saturated conditions. The moisture content of the materials near the pavement edges
and in the proximity of surface cracks usually shows higher variations due to rainfall events (7).
Considering water infiltration through cracks and joints is particularly important in the
estimation of sublayer moisture content and its effect on the resilient modulus (MR) (8, 9).
Accurate prediction of moisture content can assist in the better estimation of pavement unbound
layers MR. Water movement within pavement system and affiliated moisture change is a
complex phenomenon. Problems triggered by prolonged exposure to excess moisture fall into
three main categories (/3):

e Softening of pavement unbound layers as they become saturated and remain saturated for

a considerable time.
e Material degradation from interaction with moisture.
e Loss of bonds between pavement layers from saturation with moisture.

2.3 MITIGATION OF MOISTURE RELATED DAMAGE

Despite considerable research in recent years on moisture-related damage in the pavements, there
are still several gaps in knowledge and practice. Pavement researchers are still to reach a
consensus, whether to design the roads as permeable, impermeable, or combination of the two.
One of the primary concern at the pavement design stage is to protect the base, subbase, and
subgrade layers from becoming saturated or even being exposed to prolonged high moisture
conditions over time. Many pavement engineers would also add hot-mixed asphalt (HMA) and
Portland cement concrete (PCC) to this list because excessive moisture coupled with freezing has
badly impacted properties of these materials (/3). Four widely accepted approaches to mitigate
moisture damage are listed below:

e Prevent moisture from entering the pavement structure.

e Use of less moisture susceptible materials.

e Incorporate design features to minimize moisture damage.
Through effective drainage quickly remove moisture that enters the pavement structure.
Many highway agencies use the Pavement-ME for designing and rehabilitating pavements and
evaluating their maintenance options. Pavement-ME estimates infiltration through cracks and
joints for incorporating the permeable base, separator, and edge-drain design in the design
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process. It does not consider the water infiltration in the modeling of moisture content within the
pavement layers. Therefore, moisture and material properties of sublayers are not assumed to be
affected by water infiltration through discontinuities present at the pavement surface. This study
will evaluate the effect of infiltration due to cracks/joints on moisture content and resulting
resilient modulus of the unbound materials in a pavement system. The Pavement-ME input
material properties can be modified to capture the effect of infiltration on predicted performance.
Such incorporation of infiltration in the pavement design process can assist highway agencies to
adopt proactive pavement preservation practices.

2.4 EXISTING MOISTURE PREDICTION MODELS

Moisture determination within the pavements layers is a complex task, especially with the
varying site and climatic conditions. Researchers have been working to determine field moisture
content based on soil properties, field observations and flow theories. In the process of evolution
many empirical and analytical solutions were developed to characterize the change in in-situ
moisture content. These methods ranged from straightforward empirical equations to very
complex computer-based programs (/4). An integrated model was also developed to predict soil
moisture content levels and movements within a pavement structure (/4, 24). The reliability and
application of empirically developed models are limited because most of these models are based
on regression analysis with a high standard error. It was also observed by Organization of
Economic Corporation and Development (OECD) that the model errors can be very high (i.e.,
percent of moisture content) (75, 25). On the other hand, the analytical solutions available in the
literature are complex. Those are based on differential equations with boundary conditions and
include variables like hydraulic conductivity, matric suction, porosity and water table depth.
Consequently, application of such models is limited for routine use and analysis. Significant
limitations of the available models are their universal or regional application and validation with
the different site and environmental conditions. Furthermore, most of the available models do not
include the effect of surface discontinuities, pavement structure, or temporal changes due to
rainfall or subsurface temperature on the sublayer moisture variations. The past research shows
that models were developed to measure the change in stiffness properties due to moisture
variation. Only a few empirical and analytical models were available in the literature for
unbound layers moisture content prediction. Thus, more research is needed for accurate
estimation of unbound layers moisture variations due to surface infiltration.

2.4.1 Empirical Models

This section documents the details of empirical moisture prediction models found in the
literature.

2.4.1.1 Swanberg and Hansen Model

In Minnesota, where the subgrades were primarily clayey silt soils with plastic limit varying
from 15 to 30 and densities between 90 to 105 percent of the modified proctor maximum density,
Swanberg, and Hansen (26) developed a model to measure the moisture content of highway
subgrades using plastic limit. The authors also observed that measured moisture content was
about 1 percent higher in spring than in summer. The mathematical form of the relationship is
given below:
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W =1.16PL—7.4 (1)

where,
w = Moisture content
PL = Plastic limit

2.4.1.2 US Navy Model

US Navy (15, 27) developed a model which also relates moisture content with plastic limit. They
considered 70 airport sites for investigation of sandy and clay subgrades where the groundwater
table was greater than 24 inches below the surface and reached to the conclusion that subgrade
moisture content exceeded the plastic limit by approximately 2 percent.

W = (2)
2.4.1.3 Kersten Model

While investigating subgrade moisture contents in the top 12 inches of subgrade soils below
airports pavements in seven states, Kersten (28) concluded that water content for sand and clay
soils in damp climates could vary between 80 to 120 percent of the plastic limit (PL) (75).

0.8PL<W <1.2PL 3)

It was also noted that typically clay equilibrium moisture content exceeds the PL, silts are equal
to or just under the PL, and sandy soils are less than the PL. Thus, for many subgrade soils, the
lower limit of predicted moisture content varies between optimum moisture content (OMC) and
the PL and the upper limit between the PL and 100 percent degree of saturation.

2.4.1.4 Arkansas Highway and Transportation Department (AHTD) - Rao, S Moisture
Content Prediction Equations

In a study at AHTD, prediction equations were developed to estimate subgrade in-situ moisture
content for low-volume pavement design. Data of 18 different sites from 14 counties were
collected from 1991 to 1993 (/4). Data elements including general site information, soil series
and profile information, moisture content at 9 different depths (starting from 18 to 90 inches),
average monthly temperature and precipitation were obtained for the analysis. At two different
depths, (30 and 90 inches) correlation analysis was developed between moisture content and
precipitation, also between moisture content and average monthly temperature. Relatively low
correlation coefficients were observed for both variables. Also for different sites great variation
was observed in correlation coefficients at different depths (/4, 15). The author observed that
correlation of moisture content with precipitation was positive and with average monthly
temperature was predominantly negative.

Average monthly precipitation and moisture content at varying depths were plotted as a function
of time as shown in Figure 2-2, limited range of values were observed for moisture content at
different sites and depths.
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Figure 2-2 Subgrade moisture variations and precipitation for Arkansas Site 2 (/4)

The author considered upper and lower values of moisture content as the upper and lower
equilibrium values for moisture content in the subgrade. It was concluded that upper and lower
limits of moisture content in subgrade depend on soil properties and vary with depth. However,
temperature and precipitation had not much effect. Based on this observation, to estimate upper
and lower equilibrium values for moisture content from soil properties, the following regression

equations were developed: -
e For 18 inches below the pavement surface:
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ELL=2.86+0.174(P200,)"" —=0.173(LL, +5)""

2.12 -3 4)
+0.021(PI,)*"* —0.089[ Log(PERM )]
R’ = 0.79
EUL =6.45+0.221(P200,)"" —=0.174(LL,, +5)"" )
5
+0.024(PI,)*"> ~0.071[Log(PERM,)]”
R’ = 0.80
e For 30 inches below the pavement surface: -
EUL =-1.25+0.313(P200,,)"* —0.292(LL,, +5)"" ©
6
+0.028(PI,,)*"* —0.075[ Log(PERM,,,))]”°
R’ = 061
EUL =9.66+0.212(P200,,)"* —0.118(LL,, +5)""* -
7
+0.023(PI, ,)*" ~0.059[ Log(PERM )|
R’ = 074
where,
ELL = Equilibrium lower limit
EUL = Equilibrium upper limit
P20 = Percent passing No. 200 sieve
LL = Liquid limit
PI = Plasticity index
PERM = Permeability

The subscript L and U are used for upper and lower limits from the county soil reports, whereas
subscript 4 indicates soil properties,12 inches above selected depth.

2.4.1.5 A Systems Approach for Estimating Field Moisture Content

Han, Petry, and Richardson (29) developed a system for estimation of moisture content. The
system was equipped with five different models, including Swanberg and Hansen (26) , Kersten
(28), US Navy (27), Arkansas Highway and Transportation Department moisture predictions
equations (/J5), and volumetric moisture content estimation equations from the SMP (29, 30).
The user is asked to input project site data and material characteristics, then it provides a range
of estimated moisture contents with a guide to narrow down choice. Degree of saturation is also
an output because few resilient modulus prediction equations use a degree of saturation instead
of moisture content (29). System structure diagram is shown in Figure 2-3.
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Figure 2-3 Field moisture estimation system diagram (29)
2.4.1.6 Hedayati and Hossain Data-Based Model

In North Texas, a study was conducted to estimate moisture variation in pavement subgrade soils
due to seasonal and time-dependent changes in climate. A two-lane HMA road was selected for
this study. Hourly moisture at varying depth (0 to 4.5 m) and precipitation data were collected
over the period of two years. Based on the overall data analysis a model was developed. The
model considered the effect of seasonal trends and temporary rainfall in predicting moisture
content of different soil layers (/6).

0=0,+0, sin(wrt - g +C,)+ f(t,rainf all) (8)
Where O is calculated using following equation: -

6 =[0.39+0.053¢ **” 5in(0.0172¢ —0.22)]+[0.0134 +.00058 Rain, ] 9)

Finally, authors summarized above two equations using the following equation: -

0 = 0.4104+0.053¢ "% sin(0.0172¢) +.00058 Rain, (10)
where,
0 = Volumetric water content at depth z at any time ¢;
0, = Average soil moisture at depth z over time
0, = The domain of moisture variation at any depth over time.Which can be
determined as (/6, 31) using equation 11.
0, = The surface volumetric water content
@ = Angular frequency (equal to 27 /365=0.0172day™" for a perfect seasonal trend)
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t = Time from an arbitrary starting point (day)

z = Depth(m)

d = Damping depth (described below)
Co = Phase correction factor

Rain; = Rainfall defined in time series (mm)

0, =eq.exp(—§> (11)

Damping depth reflects a reduction in soil moisture variation with depth and can be estimated as

(16):
d= /2 =4.8m (12)
w

2.4.1.7 Fredlund And Xing Equation

Fredlund and Xing (32) proposed a model to calculate equilibrium moisture content based on soil
suction, and soil index properties, such as Passing #200 (P200), diameter (Deo), and plasticity
index. This soil water characterization curve model is also used in Enhanced Integrated Climatic
Model ( EICM).

0 =C(h)x O (13)

b, cr
In| exp(1)+ (h]
ar

In (1 + hj
C(h)=|1- he

14

[ 1.45><105j (14)

In| 1+ 22
he

where,
0, = Volumetric moisture content (%)
0., = Saturated moisture content
a,b,,c,and h, = SWCC fitting parameters
0. = The surface volumetric water content
h = Equilibrium suction as defined in equation 15
y = Distance from the ground water table
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Y water = Unit weight of water

h:y'ywater (15)

2.4.2 Analytical and Mechanistic Models

Moisture content predictions based on empirical equations showed significant variations.
Moreover, most of the empirical methods were developed for specific locations, which limited
their regional application. Therefore, analytical solutions to predict moisture change were
developed. Analytical solutions for moisture infiltration/variation found in the literature were
reviewed and summarized in this section.

2.4.2.1 Han-Cheng Dan, Jia-Wei Tan, Zhi Zhang and Lin-Hua He Model for Water
Infiltration Rate into Cracked Asphalt Pavement

Using flow theory in porous and cracked medium, Dan et al. (5) proposed a model to quantify
the water balance between surface and drainage layers in asphalt pavements to estimate
pavement infiltration rate (PIR). Since the water can enter into the pavements through linked
cracks and connected pores, accordingly it was assumed that the total water inflow infiltrating
the pavement structure equals the sum of water flow through surface course and cracks. The total
water infiltration quantity can be expressed as:

B
Oroa =9+, :I(Q1 +q,)dx (16)
0
where,
9 = Water quantity through the porosity of asphalt layer (L?/T);
0 = Water quantity through cracks present in asphalt pavements (L*/T)
qi = Water flow through the micro-segmentation of surface course to the drainage layer
(L¥T)
q2 = Water quantity through the crack per unit length along the longitudinal pavement
(L¥T)

Using hydraulic conductivity of the porous medium and equivalent hydraulic conductivity of
cracked asphalt layer, and solving integral for simplification (5), final expression obtained by the
authors for PIR with full-length transverse cracks is given below:

Lk
Ly =G + ) 2 d (17)
1

For no crack on the pavement surface, authors expressed the infiltration as:

(18)
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Also, the difference between /m and Is is given by the following equation:

_h*
I=k Drh=h (19)
1
K1 and K¢ expressed by the authors as:
K =F89, (20)
u 8
yw'
K. = 21
c =P8 12 (21)

where,

SN

Nz XY Sy

9)

R =

Water Infiltration rate per unit width of the pavement incorporating crack and
porosity (L/T)

Water Infiltration rate per unit width of the pavement due to and porosity only (L/T)
Difference between /,, and I (L/T)

Hydraulic conductivity (L/T)

The equivalent hydraulic conductivity of crack (L/T)

The thickness of surface course (L)

The thickness of drainage layer (L)

Average water thickness (L)

Water density (M/L?)

Gravity acceleration (L/T?)
The porosity of porous media

Uniform radius of microtubules (L)
Crack density, defined as y =N/ L,
Crack number with uniform width
Crack distance

Crack opening width (L)

Kinematic viscosity of flow (Pa S)

Finally, the expression for infiltration rate with the random crack length of asphalt pavement was
presented with following modification:

Io=EI +1 (22)

where, & is the ratio of crack length to pavement width, expressed as: -

E=L./B (23)
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where,

B =Pavement width (L)

Authors compared the results of this model with Ridgeway's method (5, 33). The general trends
noted are presented in Figure 2-4, and briefly discussed below.

¢ PIR increases with increase in crack width as shown in Figure 2-4(a).

e Amount of water seeping through pores is negligible as compared to the quantity of water
infiltrating through surface cracks [see Figure 2-4(a)].

e As the crack interval increases the PIR decreases considerably, and when it becomes very
large, the PIR achieves a relatively stable position as shown in Figure 2-4(b).

e PIR significantly increases with increase in transverse crack length as shown in [see
Figure 2-4(c)].

e Crack open width has a significant effect on infiltration rate. Infiltration rate increased in
quadratic polynomial form with an increase in open crack width as shown in Figure
2-4(d).

e Thicknesses of pavement surface and drainage layers also impact PIR. However, the
behavior of both layers is contrary to each other. With the increase in surface layer
thickness, PIR decreases. Whereas, with an increase in drainage layer thickness, PIR
increases. The reverse trend by both layers is observed, because the change in hydraulic
gradient, which decreases with increase in surface course thickness, and increases with
increase in drainage layer thickness [see Figure 2-4 (a) and (b)].
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Figure 2-4 Model simulation results (3)

2.4.2.2 Hansson, K, Lundin, L. Charister and Simunek, J. Numerical Model Using
Hydrus 2D for Modelling for Water Flow Patterns in Flexible Pavements

In this study, proposed by Hansson et al. water flow patterns were simulated in flexible
pavements. A numerical code built in Hydrus 2D software to depict simulations of water
movement in pavement layers. Primarily, water movement due to rainfall was considered in this
study. Special emphasis was given to three processes, the surface runoff followed by an
infilterarion through an asphalt fractured zone, the surface runoff with subsequent infilteration in
the embankment, and capillary barrier effects between layers within the roads (34). The road
section simulated is shown in Figure 2-5.
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Figure 2-5 Model road construction with material constructions, dimensions, and slopes (34)
Authors used Richard’s equation to calculate water flow in unsaturated porous medium (34, 35).
Different equations used for calculation of water flow, effective degree of saturation, retention

curves, and effective hydraulic conductivity of a fracture zone are summarized below:

CLANCH A A INCH YA Ll P (24)
ot Ox ox | Oz Oz Oz
where,
0 = Volumetric water content
h = Pressure head (L)
k = Hydraulic conductivity (L.T™)
t = Time
X = Horizontal coordinate
z = Vertical coordinate, positive upward
0-60
S,=—"-+ (25)
esat - r
where,
S, =  Effective saturation
0. =  Residual water content
2] = Saturated water content

sat

Authors used Van Genuchten analytical model to characterize retention curve(34, 35).

S=——— (26)
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where, | L' |,m,and n are empirical parameters.
b b

Following relationship by Van-Genuchten-Mualem (34-36) was used to describe unsaturated
hydraulic conductivity.

2
kS, = k.S {(1—5%) } 27)
—1-1
m=1 A (28)
where,
k, = Saturated hydraulic conductivity (L.T™)
! = Pore connectivity parameter

Finally, the effective hydraulic conductivity of fractured zone was obtained by Parallel plate
model (34, 37).

2
2b
k ;= u PrE (29)
7" 2B 124
where,
2b = Fracture aperture
2B = Distance between fractures
P = The density of water (~ m>
g = Gravitational acceleration (=9.82m.s™ )
H = Dynamic viscosity (=100*107 Kg.m ™' s'at20° _ )

To visualize flow pattern, numerical simulations in Hydrus 2D were carried out using the particle
tracking. Many hypothetical particles were released at different locations on the road surface,
both at the embankment and fractured portion. No particles were released at intact asphalt
surface because it was considered impermeable(34). Multiple simulations were planned to study
the effect of rainfall amount, duration, and fracture conductivity (34).

¢ 30 mm rainfall amount was applied for 1,2,4 and 8 hours duration to visualize the effect
of rainfall rate.

e 2.75,7.5 and 30 mm rainfall amounts were applied during 1hour duration to see
precipitation amount impact,.

e three fracture sizes were used as 0.5,0.1 and 0.01 mm, while studying the effect of
varying fracture hydraulic conductivity. The precipitation for this simulation was 7.5 mm
during a one-hour rainfall event.

Following conclusions were made based on the simulations results:

e Varying precipitation rate had little effect on traveled particle distances at the end of
simulations (i.e., three days after the rainfall), however, with higher precipitation rate,
particles travelled farther (34) as shown in Figure 2-6.
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(g) Precipitated amount 3.75 mm (h) Precipitated amount 30 mm

Figure 2-6 Water content distribution 3 days after onset of 1-hour rain event (34)

e With small fracture aperture, i.e., 0.01 mm, Kr was considerably decreased and all the
infiltration took place through the embankment. Whereas for higher Ky, as in case of 0.5
mm aperture the infiltration and particle movement took place right in the fractured zone
as shown in Figure 2-7(34).

0.00 D.PS 010 0. ‘I 5 9 20 0.25 0.30 0.35 0.40 0.45

(a) Fracture aperture 0.01 mm (b) Fracture aperture 0.5 mm
Figure 2-7 Water content distribution 3 days after onset of 7.5 mm, 1-hour rain event (34)

e It was observed that flow velocities were at peak at the end of a rainfall event, and most
of the infiltration took place in initial few hours after the rainfall event. This phenomenon
is well explained by particle movement. The particles traveled maximum distance in the
first couple of hours after the onset of rain. After three days of rainfall event, the increase

in distance traveled was minute [see Figure 2-8].
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(a) 2-Hours after the rainfall event (b) 3-Days after the rainfall event

Figure 2-8 Water content distribution after the onset of 7.5 mm, 1-hour rain event (34)
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2.4.2.3 Fan et al. Numerical Modelling of Unsaturated Granular Materials (UGM) in
Flexible Pavements

In this study, a new constitutive model for UGM was proposed, which captured both non-linear
and moisture-sensitive characteristics of UGM. The proposed model was incorporated into finite
element model for the base layer to quantify the influence of moisture content on the pavement
performance (/8). Lytton model was used to capture explanation of this behavior (/8, 38, 39).

k, ks
£, =kp, [—’1 2L j (’—J (30)
P P
where,
E, = Vertical modulus
1, = First invariant of the stress tensor
P, = Atmospheric pressure
% = Volumetric moisture content
S ~ Saturation factor, 1< f Sé
h, = Matric suction in aggregate base
T, = Octahedral shear stress
k,,k, and k, = Regression coefficients

For Lytton model validation, repeated load triaxial test lab results for three different materials at
different moisture contents (at OMC and £ 1.5 OMC) were compared with predicted modulus.
The results amply clarified the moisture sensitive and stress-dependent behavior of UGM, as
shown in Figure 2-9.
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Figure 2-9 Comparison of predicted and measured resilient moduli for selected materials (/8)
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In numerical models, different moisture conditions were simulated to investigate the effect of
moisture content of UGM on pavement response. Three cases were considered, a low moisture
condition with a degree of saturation 0.7, an optimum moisture condition (OMC) with a degree
of saturation 0.85, and a saturated condition with a degree of saturation of 1. The results are

shown in Figure 2-10 which indicates moisture content influence on UGM.
Loading Area

3smo)) aseg Jo da(g

5.7190+04
¢. UGM at Low Moisture Condition (Unit: kPa)
Figure 2-10 Vertical Moduli Distribution Base layer (/8)
2.4.2.4 Resilient Modulus as a Function of Soil Moisture (EICM)

The unbound base and subbase layers are an integral part of a pavement structure. Change in
moisture content of subsurface layers can have an impact on the material properties (i.e., MR) of
these layers. Consequently, the difference in material properties will affect the structural capacity
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of the whole pavement structure. The Pavement-ME Design Guide uses the moisture-modulus or
Witzack model to determine the variation in MR of the unbound layer with moisture change
(40).

M, b-a

log =a+ (31
M -b
Riop) l+exp| In—+k£,.(5-S,,)
a
where;
M, = Resilient modulus at the degree of saturation S (decimal)
M opr = Resilient modulus at the maximum dry density and optimum moisture
a = Minimum of log (MR/MRopr)
b = Maximum of log (MR/MRopt
a, b, and k, = -0.5934,0.4 and 6.1324 for fine grained materials
0.3123, 0.3, and 6.8157 for coarse grained materials
S—S,pr = Variation in the degree of saturation expressed in decimal

2.4.3 Summary of Existing Models from Literature

Table 2-1 summarizes features, advantages, and disadvantages of different moisture
content/infiltration prediction models found in the literature.
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Table 2-1 Summary of existing models from literature

Model Main Feature Advantages Disadvantages Additional
Comments
Only considered soil
Swanberg and Uses PL to calculate Single input, simple | properties, surface Developed for SG
Hansen (26) moisture content to use conditions and climatic | layer
factors not considered
. . . Only cqns1dered soil Developed for SG
Uses PL to calculate Single input, simple | properties, surface .
US Navy (27) . . o layer of airfield
moisture content to use conditions and climatic avements
factors not considered P
Large variation in
Kersten Model (28) Uses PL to calculate Single input, simple | prediction of moisture Empirical solution

moisture content

to use

content for different
soils

Rao’s moisture
content prediction

Uses index properties
like % passing No 200,

Index properties can
be determined
readily. Briefly
discussed the effect

Climatic loading and
surface conditions are
not included in the final

Data from 18
different sites of
Arkansas was used

model (15) LL, PI, Permeability o to calculate moisture
of precipitation and model .
in SG layer
temperature
Considered seasonal
Uses one-dimensional variations and NO consideration is Moisture and
. . temporal changes given to surface S
partial differential . . . precipitation data
. . . comprehensively. cracking. Since the
Hedayati and equations as a function . for two years of
. . Incorporated depth model is developed
Hossain- data-based | of time and depth and . two-lane HMA road
o e factor gives the based on data from only | .
model (16) in situ precipitation and o . . in North Texas was
. . flexibility to one specific site, the .
moisture data to predict . . Lo used to develop this
moisture variation calculate moisture regional application is model
content for different | limited.
pavement layers
Comprises of three gzlllizﬁgnyt—ul\s/él " Comprehensive but
EICM (40) P ’ complex in general for | Software

different models

results are widely
accepted

new users

Han et al. model
(29)

An analytical solution
to quantify water
balance between
surface and drainage
layer to estimate
pavement infiltration
rate

Incorporated surface
discontinuities in the
model. The final
form of the solution
is user-friendly

Derivation of
expression is complex.
Moreover,
experimental and field
investigation not yet
validated

Numerical solution

Hansson et al. (34)
solution

Numerical code built in
Hydrus 2D

Good simulation of
water movement in
pavement layers,
especially with
varying rainfall
intensity, rain and
aperture size
(detecting cracks on
the surface)

A complex approach
requires expertise in
model simulation and
defining boundary
conditions

Software-based
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2.5 SUMMARY

This chapter starts with the brief description of various sources causing the moisture change in
pavement-unbound layers, particularly infiltration of rainfall through surface discontinuities
(cracking and joint sealant damage). It provides discussion on moisture-related damage to the
pavements and different procedures adopted for its mitigation. It was found in the literature that
the moisture-related damage is significant, especially for the pavements located in areas with
higher precipitation levels. This chapter also documents the moisture content modeling
techniques found in literature, followed by a discussion on various empirical and analytical
models available in the literature. Subsequently, it elaborates the moisture model used in
Pavement-ME, which relates the unbound layers stiffness properties to moisture change. Finally,
it provides the summary of moisture models along with pros and cons. Moisture variations
adversely affect the pavement performance. Based on the literature review, true quantification of
moisture variations within pavement unbound layers is warranted.
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CHAPTER 3 DATA SYNTHESIS

3.1 SEASONAL MONITORING PROGRAM (SMP) BACKGROUND

Previous research highlighted that moisture variation within unbound layers is one of the leading
factors for premature pavement deterioration (7, 13, 16). Therefore, the hypothesis of this study
is that moisture variation in unbound layers, i.e., base layer, can be related to the amount of
surface discontinuities (cracking and joint seal damage) in different climatic zones. To validate
this hypothesis, an important challenge was to identify the data set documenting the subsurface
moisture levels in the base layer. Only SMP study has TDRs installed at different depths in many
pavement sections. In addition, the performance monitoring data were also recorded for those
pavement sections. The SMP study was designed to characterize the magnitude and impact of
temporal variations in pavement response and material properties due to the separate and
combined effect of moisture, temperature and frost/thaw variations. It also includes higher
monitoring frequency of deflections, longitudinal profile, and distress surveys on 64 SMP LTPP
test sites, which were selected from GPS and SPS studies. In addition to performance data, other
measurements—including subsurface moisture, temperature, rainfall, and surface elevations—
were also recorded at these sites (47). The SMP study has a comprehensive database for
subsurface moisture and temperature records. Because of its uniqueness, SMP data were
identified as the best available source to quantify moisture damage in flexible and rigid
pavements.

3.2 DATA SELECTION CRITERIA

Various data elements from the SMP LTPP sections were reviewed and collected for further
analyses to accomplish the objectives of this study. Of the particular interest was the data
assessment of SMP sites with an unbound base material having sufficient subsurface in-situ
moisture, precipitation, and performance time series data. The SMP sections with at least three
years or more subsurface moisture data were identified and used in the subsequent analyses. The
timing of pavement maintenance actions was also considered for each section to obtain the
amount of unsealed cracking and joint seal damage in a month. Time series of all the desired
variables, (i.e., subsurface moisture, precipitation, and fatigue cracking) was considered during
data analysis. As mentioned above, the SMP flexible and rigid sections with only unbound base
layers were analyzed.

3.3 DATABASE DEVELOPMENT

The required data were obtained from the LTPP database standard release 30.0. All SMP test
sections were assigned with a unique ID by combining state code and SHRP ID. Multiple data
buckets for desired variables were downloaded using online Infopave® features. The
downloaded data elements were organized in various data tables to create a relational database.

3.4 DATA ELEMENTS

The following data elements were identified for the analysis:

30



e Section inventory
o Sate code.
SHRP ID.
Site location.
Climatic region
Assign date.
Construction number.
o Survey date.
e Pavement structure
o Layer type.
o Representative layer thicknesses.
o Survey width.
o Survey length.
e Performance data
o Flexible pavement sections.
= Alligator cracking.
= Longitudinal cracking wheel path (WP).
= Longitudinal cracking non-wheel path (NWP).
= Transverse cracking.
o Rigid pavement sections.
» Longitudinal joint sealant damage.
= Transverse joint sealant damage.
» Longitudinal and transverse cracking.
e Climatic data
o Subsurface moisture content.
o Subsurface temperature.
o Precipitation (rainfall and snow).
o Freezing index.
o Groundwater table depth.
e Materials data
o Sieve size analysis.
o Atterberg limits.
o Specific gravity.

OO O O O O

Table 3-1 provides a summary of data types assessed in this investigation, along with the
corresponding LTPP data tables containing the required data elements.
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Table 3-1 LTPP data base tables used to extract data elements

Data elements Relevant LTPP o
Type of data chosen tables Table description
The three key fields that define a unique record in this
EXPERIMENT | table are STATE CODE, SHRP_ID, and
SECTION CONSTRUCTION_NO, which form the primary
General LTPP section backbone of relational links within the LTPP database.
information inventory This table contains section layout and location
SECTION LAY | information. This table contains combined data from
OUT INV_ID, INV_GENERAL, SPS_ID, SPS_GENERAL,
and SPS PROJECT STATIONS.
Layer thlckpess SECTION_LAY It contains a consolidated set of pavement layer
Structure and material ER STRUCTUR ; . .
type E structure information for all LTPP test sections.
Sieve size TST_SS01 _UGO1 | This table contains the gradation of unbound coarse-
analysis - UG02 grained granular base, subbase, and subgrade materials.
Material Atterberg limits | TST UG04 SS03 This table contains the Atterberg limit test results for.the
- - unbound granular base, subbase, and subgrade materials
Soecific Gravit TST _UNBOUND | This table contains the specific gravity of unbound base
P Y _SPEC GRAV and subgrade materials.
SMP TDR _AUT | This table contains the volumetric and gravimetric
O MOISTURE moisture contents calculated using TDR.
Subsurface This table contains information on the physical
moisture content SMP_TDR _DEP | characteristics of the TDR probes, including the depth at
THS LENGTHS | which the probe is installed, the length of the probe, and
its installation date.
SMP MRCTEM This table contains the vast majority of subsurface
- temperature data. It includes average hourly
P_AUTO_HOUR .
Subsurface - - temperatures at a series of depths.
temperature SMP MRCTEM This table contains thfe depths'at which each temperature
— probe at an SMP section was installed and the date of
P DEPTH : .
Climate - installation.
TR_psar e | Cons o e e i chatraion
Freezing index | UTS_SUMMAR uding average annual precip ’
vy LTPP experimental climate region and the source for
this classification.
Virtual weather station monthly precipitation statistics
Precipitation CLM_VWS PRE | and calculated parameters. The fields in this table are
p CIP_ MONTH populated only when data for 24 or more days are
available for a month.
SMP WATERT This table contains manual observations of the dlstan.ce
Water table AB DEPTH MA from the pavement surface to the water table. A null in
depth N - the WATERTAB DEPTH indicates that no water was
found in the observation piezometer well.
AC surface MON DIS AC_ This table c,tontams' dlgtress survey information obt.amed
. by manual inspection in the field for pavements with AC
distresses REV
surfaces.
Performance

PCC surface
distresses

MON_DIS_JPCC
_REV

This table contains distress survey information obtained
by manual inspection in the field for jointed PCC
pavements.
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3.4.1 Pavement Performance Data

Monthly surface distress data were obtained for all the flexible and rigid SMP pavement
sections. Flexible pavement sections distress data included extent and severity of unsealed
alligator, transverse, longitudinal wheelpath (WP) and non-wheelpath NWP cracking. The total
cracking length for a flexible pavement section was calculated in feet by using following
equation:

CRK s = WEi rongin + LC o + TC (1)
where;
WE rk 1ngn. = Unsealed wheel-path cracking length (ft) includes alligator and longitudinal WP
LCyyp = Unsealed longitudinal cracking length outside wheel-path (ft)
C = Unsealed transverse cracking length (ft)
CRK,,, = Total cracking length for a flexible pavement section (ft)

Rigid pavement sections distress data included extent and severity of unsealed
longitudinal/transverse cracking and joint sealant damage. It was observed that longitudinal and
transverse cracking magnitudes were very low in rigid pavements; therefore, only the length of
joint sealant damage was used. While calculating the length of the damaged transverse joint seal,
5%, 25% and 50% of the joint seals were considered damaged for low (less than 10% damage),
medium (10% to 50% damage), and high (more than 50% damage) severity transverse joint seal
damage, respectively. The total PCC joint sealant damage length in feet was calculated by using
Equation (2).

ISD,,., =NDJ. . . We.y - 005+NDJ,,.. ;- Wy - 0.25-|—NDJTmm_high W 0.5+LDJ g (2)

where;

NDJ,, s = Number of low severity transverse joints with damaged joint sealant

NDJ . s-mea = Number of medium severity transverse joints with damaged joint sealant

NDJ 4, wign = Number of high severity transverse joints with damaged joint sealant

LDJ,,, = Length of longitudinal joints with damaged joint sealant (ft)

Way = Survey width (ft)

JSD,,,., = Total length damaged joint sealant (ft)

3.4.2 Subsurface Moisture and Temperature

Time domain reflectometry (TDR 1i.e., moisture sensors) and thermistors (temperature sensors) were
installed in all the SMP pavements sections to measure the in-situ subsurface moisture and
temperature data at different depths (42-52). Also, the SMP database has volumetric and gravimetric
moisture data at different depths (dry densities were used to convert volumetric moisture to
gravimetric moisture content) (47). In this study, gravimetric moisture data were used for further
analysis.
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Subsurface moisture and temperature data at the middle of the base layer were estimated from
TDRs and thermistors for each site. To obtain the exact depth of subsurface moisture and
temperature measurements, unique section IDs were matched with TDR and thermistor numbers.
For example, if the base layer mid-depth is at 15 inches from the surface (a=15 inch), then the
average moisture content measured using TDRs located within & 5 inch (b=5 inch) to the
reference point was calculated; i.e., moisture content was calculated by averaging the values
measured by TDRs between the depths of 10 to 20 inches. However, often only one TDR or
thermistor was encountered within base layer for obtaining subsurface moisture and temperature
data. This approach represents the moisture and temperature variations within the base layer.
Figure 3-1 is showing the schematic of these calculations.

Dy HMA
a O
| b
DBase 3 l Base
; H b
a = Dpct0.5Dgye
| b=5inch
DSubbase O Subbase
y N VA /WA
O
o Nstureclll
subgrade
5 248
O

Figure 3-1 Subsurface moisture and temperature measurements

Table 3-2 presents the summary of SMP sections layer structure, subsurface moisture, and
temperature depth, and the available number of years for the data elements.
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Table 3-2 Layer structure and TDR/thermistors depths

L Base Surface layer Subsp.rface Mid of Temperature .
. .. _|ClimaticBase| , . Surface . moisture TDR depth R Thermistor
Unique ID State description regions |type th}ckness type th}ckness availability lBase (inches) availability depth (inches)
(inches) (inches) (years) (inches) (years)

01 0101 [Alabama WNF | GB 7.9 AC 7.4 3 11.3 11.0 4 12.9
01 0102 [Alabama WNF |GB| 12.0 AC 42 3 10.2 10.0 3 10.2
04 0113 |Arizona DNF | GB 7.5 AC 49 3 8.7 8.7 8 9.6
04 0114 |Arizona DNF [GB| 12.0 AC 7.3 4 13.3 12.8 8 Avg (12.4+15.5)
04 1024 |Arizona DNF | GB 6.3 AC 11.0 4 14.1 13.9 4 Avg (13.4+16.5)
08 1053 |Colorado DF | GB 5.4 AC 6.8 3 9.5 7.2 5 9.6
09 1803 |Connecticut WF |GB| 12.0 AC 8.9 5 14.9 13.2 4 15.4
10 0102 |Delaware WNF [GB| 11.8 AC 5.5 5 11.4 14.2 5 Avg (11.9+15.0)
13 1005 |Georgia WNF | GB 8.8 AC 7.6 5 12.0 11.6 4 13.4
13 1031 |Georgia WNF | GB 8.8 AC 11.3 4 15.7 17.1 4 14.5
16 1010 |Idaho DF |GB| 54 AC 10.9 5 13.6 14.0 5 Avg (13.7+16.8)
23 1026 |Maine WF _|GB| 17.6 AC 9.0 5 17.8 14.7 5 Avg (14.2+17.2)
25 1002 [Massachusetts WF | GB 4.0 AC 7.8 5 9.8 9.5 4 10.1
27 1018 [Minnesota WF_|GB 5.2 AC 6.4 5 9.0 9.4 5 14.8
27 6251 [Minnesota WF | GB 10.2 AC 9.0 4 14.1 11.4 10 15.2
30 0114 [Montana DF |GB| 124 AC 7.7 7 13.9 13.2 5 14.9
31 0114 |Nebraska WF | GB 12.0 AC 6.4 5 12.4 13.4 7 14.8
32 0101 |Nevada DF | GB 8.5 AC 7.2 4 11.5 10.8 7 12.7
33 1001 [New Hampshire | WF [GB| 19.3 AC 10.4 5 20.0 20.4 5 19.5
35 1112 [New Mexico DNF | GB 6.4 AC 6.2 5 9.4 10.0 6 Avg (8.2+11.1)
36_0801 |New York WF_|GB 8.4 AC 5.0 7 9.2 9.4 10 10.4
46_0804 |South Dakota DF |GB| 12.0 AC 9.3 7 15.3 12.9 9 13.6
48 1060 |[Texas WNF |GB| 123 AC 7.5 3 13.7 12.6 5 Avg (12.8+15.8)
48 1077 |Texas WNF [GB| 104 AC 5.0 6 10.2 12.0 5 10.1
48 1122 |Texas WNF [GB| 15.6 AC 3.7 5 11.5 9.7 7 Avg (10.9+13.9)
49 1001 |Utah DNF | GB 5.8 AC 6.0 5 8.9 10.4 5 Avg (8.7+11.8)
50_1002 |Vermont WF |GB| 2538 AC 8.5 7 214 |Avg(16.5+20.5) 9 21.9
51 0113 |Virginia WNF | GB 7.9 AC 4.0 4 8.0 7.1 7 8.4
51 0114 |Virginia WNF | GB 11.9 AC 8.8 6 14.8 12.6 7 11.3
56_1007 |Wyoming DF | GB 6.2 AC 3.5 5 6.6 6.0 5 6.5
83_1801 |Manitoba WF_ | GB 5.6 AC 4.4 7 7.2 7.9 10 8.9
87 1622 |Ontario WF_|GB 6.7 AC 7.6 5 10.9 8.9 5 10.4
04 0215 |Arizona DNF | GB 6.3 PCC 11.0 3 14.1 13.6 8 13.2
13 3019 |Georgia WNF | GB 7.2 PCC 8.9 3 12.5 12.2 7 12.8
18 3002 [Indiana WF_|GB 5.5 PCC 11.2 3 13.9 12.6 4 Avg (10.4+14.8)
27 4040 [Minnesota WF | GB 6.0 PCC 8.1 3 11.1 10.8 5 11.7
32 0204 [Nevada DF | GB 6.2 PCC 11.8 3 14.9 13.8 3 12.8
37_0201 |North Carolina | WNF | GB 9.3 PCC 9.2 5 13.9 11.0 10 14.6
39 0204 [Ohio WF_|GB 5.8 PCC 11.1 3 14.0 14.1 3 14.5
42 1606 |Pennsylvania WF | GB 8.6 |PCC+AC| 10.0+4.3 5 18.5 21.6 8 19.4
53 3813 |Washington WNF [ GB 4.5 PCC+AC 8.0+5.2 4 13.9 14.1 4 12.8
83 3802 |Manitoba WF_ | GB 49 |PCC+AC| 9.8+6.0 3 18.3 17.5 6 19.2
89 3015 |Quebec WF_ |GB| 133 |PCC+AC| 8.24+9.4 8 24.3 22.0 9 22.2

Avg= average of the moisture and temperature data were obtained from all the available TDRs/Thermistors installed within base layer.

3.4.3 Precipitation Data

Pavement performance temporal data were matched to obtain total monthly precipitation amount
(i.e., rainfall and snow). Water infiltration followed by snow melting can substantially increase
moisture levels within the pavements layers, especially in wet climates. Therefore, total monthly
precipitation levels were calculated by adding rainfall and snow.

3.4.4 Ground Water Table Depth

Capillarity action can also cause moisture change within pavements unbound layers. The depth
of groundwater table (GWT) was obtained to isolate the effect of capillarity water, traveling
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from subgrade to base layer. Further, in the analysis part, GWT depth relationship was assessed
with varying base layer moisture levels over time.

3.4.5 Freezing Index

Average annual freezing index (FI) data were obtained to keep a record of freezing and no
freezing regions while developing moisture prediction models.

3.4.6 Materials Data

Material data elements were extracted by following the guidelines from the LTPP Information
Management System materials module. Site-specific materials data were available for most of
the SMP sites. Materials data needed to calculate base layer resilient modulus (MR) were
obtained by combining unique ID and layer numbers. Linked SHRP IDs were used to obtain data
for those SMP sections with missing site-specific material data. Sieve size distributions,
Atterberg limits and specific gravity data elements were extracted by combining various data
tables in the database. Sieve size analysis data were used to obtain Deo (the grain diameter at
60% passing). Figure 3-2 (a) and (b) show the base material particle size distribution for flexible
and rigid pavement sections, respectively. Table 3-3 presents the summary of base layer material
properties for flexible and rigid pavement sections.

@
8

Percent passing (%)
»
3

0
0.00 0.01 0.10 1.00 10.00 0.001 0.01

0.1 1 10
Particle size (inch) Particle size (inch)

(a) SMP flexible pavement sections (b) SMP rigid pavement sections

Figure 3-2 Base material particle size distribution
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Table 3-3 Base layer material properties

Climati Specif
Unique c Surface Base Peryent Do ic .
_ID Region Layer type paszs(l)rz)g # (inches) PI Gravit Material type
s y
01 0101 WNF AC GB 11.5 0.4 NP 2.87 303-Crushed Stone
01 _0102 WNF AC GB 11.5 0.4 NP 2.87 303-Crushed Stone
04 0113 DNF AC GB 7.1 0.3 NP 2.72 304-Crushed Gravel
04 0114 DNF AC GB 7.6 0.3 NP 2.72 304-Crushed Gravel
04_1024 DNF AC GB 9.3 0.6 NP 2.70 304-Crushed Gravel
08 1053 DF AC GB 8.9 0.3 NP 2.65 304-Crushed Gravel
09_1803 WF AC GB 9.6 0.1 NP 2.65 302-Gravel (Uncrushed)
10 0102 WNF AC GB 19.1 0.3 NP 2.85 303-Crushed Stone
13 1005 WNF AC GB 7.8 0.4 NP 2.65 308-Soil-Aggregate Mixture (Predominantly Coarse-Grained)
13 1031 WNF AC GB 10.7 0.0 NP 2.70 309-Fine-Grained Soils
16 1010 DF AC GB 7.8 0.3 NP 2.65 308-Soil-Aggregate Mixture (Predominantly Coarse-Grained)
23 1026 WF AC GB 4.0 1.7 NP 2.65 302-Gravel (Uncrushed)
25 1002 WF AC GB 6.9 0.4 NP 2.65 304-Crushed Gravel
27 1018 WF AC GB 7.7 0.1 NP 2.65 302-Gravel (Uncrushed)
27 6251 WF AC GB 9.9 0.1 NP 2.65 302-Gravel (Uncrushed)
30 0114 DF AC GB 8.2 0.3 NP 2.65 304-Crushed Gravel
31 0114 WF AC GB 6.2 0.2 NP 2.65 303-Crushed Stone
32 0101 DF AC GB 12.4 0.4 NP 2.70 304-Crushed Gravel
33 1001 WF AC GB 4.6 0.6 NP 2.68 302-Gravel (Uncrushed
35 1112 DNF AC GB 14.7 0.1 7 2.55 308-Soil-Aggregate Mixture (Predominantly Coarse-Grained)
36_0801 WF AC GB 8.1 0.7 NP 2.83 304-Crushed Gravel
46_0804 DF AC GB 5.9 0.3 NP 2.71 303-Crushed Stone
48 1060 WNF AC GB 7.1 0.3 NP 2.61 303-Crushed Stone
48 1077 WNF AC GB 9.3 0.5 NP 2.60 303-Crushed Stone
48 1122 WNF AC GB 21.7 0.2 NP 2.58 308-Soil-Aggregate Mixture (Predominantly Coarse-Grained)
49 1001 DNF AC GB 8.6 0.3 NP 2.65 304-Crushed Gravel
50 1002 WF AC GB 3.4 1.1 NP 2.65 304-Crushed Gravel
51 0113 WNF AC GB 11.0 0.3 NP 2.63 303-Crushed Stone
51 0114 WNF AC GB 11.1 0.4 NP 2.63 303-Crushed Stone
56_1007 DF AC GB 8.6 0.2 NP 2.65 304-Crushed Gravel
83 1801 WF AC GB 9.6 0.2 3 2.65 302-Gravel (Uncrushed)
87 1622 WF AC GB 7.4 0.2 NP 2.69 304-Crushed Gravel
04 0215 DNF PCC GB 8 0.3 NP 2.71 304-Crushed Gravel
13 3019 WNF PCC GB 25.6 0.5 NP 2.61 308-Soil-Aggregate Mixture (Predominantly Coarse-Grained)
18 3002 WF PCC GB 4.1 0.4 NP 2.65 303-Crushed Stone
27 4040 WF PCC GB 14 0.1 NP 2.65 302-Gravel (Uncrushed)
32 0204 DF PCC GB 8.9 0.5 NP 2.65 304-Crushed Gravel
37 0201 WNF PCC GB 8.8 0.3 NP 2.76 303-Crushed Stone
39 0204 WF PCC GB 13.4 0.3 NP 2.74 303-Crushed Stone
42 1606 WF PCC+AC GB 10.2 0.5 6 2.7 304-Crushed Gravel
53 3813 WNF PCC+AC GB 17.5 0.1 NP 2.65 308-Soil-Aggregate Mixture (Predominantly Coarse-Grained)
83 3802 WF PCC+HAC GB 10.5 0.3 NP 2.65 304-Crushed Gravel
89 3015 WF PCC+AC GB 3.7 0.5 NP 2.65 303-Crushed Stone

3.5 DATA LIMITATIONS

Since time series of all desired variables (subsurface moisture, cracking, and precipitation) had to
be matched on a monthly basis, a considerable amount of data points were not used in further
data analysis because either time series did not match or data were not available at required
depths. The database was shortened further by eliminating SMP sections with treated bases.
Finally, SMP sections with less than two years of temporal data were excluded which further
reduced the available number of SMP pavement sections.

3.6 AVAILABLE SMP SECTIONS FOR ANALYSIS

SMP pavement sections, which satisfied the data selection criteria, were reviewed for quality,
reasonableness, and availability in the light of supporting the moisture variation impact on long-
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term pavement performance. Because of data cleaning, 32 SMP sections were identified with an

adequate amount of data for flexible pavements, and 11 SMP sections for rigid pavements. Table
3-4 presents the summary of data elimination process. Figure 3-3 presents the climatic summary

of total and available SMP pavement sections considered for this research.

Table 3-4 Number of available SMP LTPP pavement sections

Time series
. . Sites with | mismatch/d | Number of
Surface | Moisture Freezing .
Temperature S . Performance granular ata (less available
type content Precipitation index base than three sections
years)
AC 43 43 43 43 43 38 6 32
PCC 21 21 21 21 21 11 0 11
18
| 16 BAC total m AC available
14 F 13 W PCC total I PCC available
g12
s 10
210 9
= 4 °
2 N
° 6 \
z N
. N:
: gm‘
0
WNF

Climatic regions

Figure 3-3 Climatic distribution of SMP LTPP sections

3.7 SUMMARY

Seasonal Monitoring Program (SMP) study in the LTPP program primarily was designed to
investigate the combined impact of temperature, moisture and frost/thaw variations on pavement
material properties, response and performance. Data from SDR 30.0 (the most up to date at the
time of this study was conducted) were obtained for this study. Flexible and rigid pavements
sections with granular bases and at least three years or more of performance and moisture data
were considered for the analysis. In flexible pavement sections, the total length of unsealed
cracking was calculated by adding lengths of transverse, longitudinal, and fatigue cracking. All
severity levels, i.e., low, medium, and high were added while calculating extents of cracking. In
PCC SMP sections, while calculating length of damaged transverse joint seal, 5%, 25% and 50%
of the joint seals were considered damaged for low (less than 10%), medium (10% to 50%), and
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high (more than 50%) severity transverse joint seal damage, respectively. Total monthly
precipitation levels were calculated by adding rainfall and snow. Subsurface moisture and
temperature data at the middle of the base layer were obtained from time domain reflectometry
(TDR) and thermistors for each pavement section. Exact depths of subsurface moisture and
temperature measurements within base layer were estimated by combining unique section IDs
with TDR and thermistor numbers, respectively. Pavement construction numbers were also
recorded to quantify the exact amount of unsealed cracking/joint seal damage in a month.
Material data elements were extracted by following the guidelines provided in the LTPP
Information Management System materials module. Materials data needed for base layer MR
calculations were obtained by combining unique ID and layer numbers. Site-specific materials
data were available for most of the SMP test sections. Linked SHRP IDs were used to calculate
data for those SMP sections with missing site-specific material data. Since time series of all
desired variables (subsurface moisture, cracking, and precipitation) had to be matched on a
monthly basis, a considerable amount of data points were not used in further data analysis
because either time series did not match or data were not available at required depths. With data
elimination process 32 flexible, and 11 rigid pavement sections were identified with appropriate
data for further analysis.
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CHAPTER 4 DATA ANALYSIS AND MODELING

4.1 HYPOTHESIS

The past research has defined that moisture variation within pavement unbound layers is one of
the leading factors for premature pavement deterioration (7, 9, 13, 16). This fluctuation in
moisture can be estimated by analyzing the subsurface moisture data available in SMP study.
After analyzing the moisture and performance data for few SMP pavements sections, it was
hypothesized that variation in subsurface moisture, essentially within base layer, can be related
to the extents of surface discontinuities in different climatic zones. Subsequently, by looking at
the data and through descriptive statistics, a few other factors that may cause potential moisture
change within pavement base layers were identified. These factors affiliated with pavement
structure, materials, and climate, were used as covariates while estimating subsurface moisture
content. Factors initially considered for the analysis are described below:

e Pavement age
Surface discontinuities (cracking and joint sealant damage)
Subsurface temperature
Precipitation (rainfall and snow)
Number of wet days
Moisture depth
The thickness of pavement structure above the base
Percent passing sieve number 200
Freezing index (FI)
Groundwater table (GWT) depth
Figure 4-1 illustrates the effect of cracking and precipitation on base layer moisture for the SMP
section 36-0801 located in WF climate. The data shows that when the pavement section is new
with minimal cracking, even with the higher amount of precipitation base layer moisture did not
vary much, and only showed a cyclic trend. However, as the cracking extents increased over
time, moisture content changed significantly even at lower precipitation levels. This moisture
change is accumulative and primarily caused by water infiltration through surface cracks.
Fluctuation in groundwater table (GWT) depth may also cause seasonal variations in unbound
layers in-situ moisture content. GWT depth records over time were obtained to separate the
moisture variations associated with a change in GWT from surface infiltration. Seasonal
fluctuations in GWT depth adversely affect deeper layer material properties, essentially up to
subgrade and subbase layers, and it will have little effect on the base layer in-situ moisture. GWT
and subsurface moisture is plotted for one flexible SMP pavement section located in WF climate
as shown in Figure 4-2. It is observed from the relationship that when the pavement is new
(initial 3-4 years of service life), the variation in base layer moisture is cyclic, even at times the
GWT is very high (i.e., lower GWT depth). On the other hand, when the pavement gets older (7-
8 years of service), the variations in moisture are significant for almost same levels of GWT, or
even for very low GWT depth (between 6 and 8 years). This evidence supports the hypothesis
that main cause of base layer moisture fluctuation is the infiltration though surface
discontinuities followed by rainfall.
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Figure 4-1 Impact of cracking and precipitation on base layer moisture change (36-0801)
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Figure 4-2 Effect of GWT on base layer moisture change (36-0801)

For the same pavement section moisture profile with depth and age is also shown in Figure 4-3.
It can be observed that moisture variations are high at the top of pavement structure, i.e., within
base and subbase layers, and with an increase in depth, these changes become negligible. A
similar trend in moisture change was observed in most of the SMP test sections.
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Figure 4-3 Subsurface moisture variations with depth (36-0801)

4.2 METHODOLOGY

As mentioned before, many external and internal sources can cause the subsurface moisture
variations in pavement unbound layers (53). Surface discontinuities such as cracks or joint
openings allow water to infiltrate in sublayers. Bottom-up fatigue is a classic example of through
cracking that would allow the surface water to infiltrate into the base layer. However, the amount
of water infiltration is expected to be more on locations with higher precipitation levels.

In this study, the amount of surface cracking (joint seal damage in the case of rigid pavements) in
flexible pavements over time was related to seasonal moisture levels at different depths of the
pavement structure. The primary objective is to identify the additional amount of moisture in the
sublayers due to change in surface cracking extent over time in different climates. Subsequently,
material properties (i.e., MR) can be related to different moisture levels. The developed models
can assist highway agencies in proactive maintenance practices to mitigate moisture-related
damage due to surface cracking. The agencies can estimate the maximum cracking extent at
which the cracks should be sealed to reduce the water infiltration rate into sublayers.

4.3 DESCRIPTIVE STATICS

Summary of descriptive statics for flexible and rigid SMP LTPP sites is given in Table

4-1. The data extents show that cracking, precipitation, and subsurface moisture levels are very
high in wet climates.
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Table 4-1 Summary of regional climatic and performance data

. . . . Gravimetric
Surface Cra(l:lzlng (fee*t)/gomt Pre(ip ltatlon' (ra}llnfall Temperature (°C) moisture content Freezing index
e Climate seal damage* (feet) snow) (inch) (%)
Max Min Max Min Max Min Max Min Max Min
DF 699 0 18.1 0 33 -2 12 2 986 215
DNF 620 0 55 0 39 2 14 2 108 1
AC
WF 1512 0 29.5 2.0 28 -14 19 3 1729 194
WNF 1175 0 10.6 0 38 4 23 4 76 0
DF 131 20 1.2 0.5 33 -2 9 8 214 214
DNF 522 20 1.2 0 39 2 12 11 1 1
PCC
WF 564 13 14.6 1.0 28 -14 28 2 1684 299
WNF 705 23 12.6 0 38 4 21 4 32 12

* Longitudinal and transverse Joint seal damage in case of PCC pavements.

Figure 4-4 shows cracking progression for flexible pavement sections located in different
climates. As compared to DF/DNF, greater cracking extents were observed in WF/WNF regions.
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Figure 4-4 Cracking progression with age in flexible pavements sections

Figure 4-5 shows rigid pavements cracking and joint seal damage progression with age in
different climates. Due to a limited number of PCC sections, SMP sections located in DF/DNF
and WF/WNF regions were combined. As compared to DF/DNF, much greater cracking extents
were observed in WF/WNF regions. Additionally, as compared to longitudinal and transverse

cracking, the joint sealant damage extents were significantly high.
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Figure 4-5 Cracking progression with age in rigid pavements sections
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Figure 4-6 shows the precipitation extents for flexible and rigid SMP pavement sections located
in different climates. As compared to dry climates, higher precipitation levels were observed in
wet climates.
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Figure 4-6 Precipitation levels in different climates
Figure 4-7 shows the base layer moisture variations with age for the flexible pavements SMP

sections located in different climates. As compared to dry regions, subsurface moisture greatly
fluctuated for the SMP sites located in wet climates.
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Figure 4-7 Moisture variations in base layer — flexible SMP sections
Figure 4-8 shows the base layer moisture variations with age for the rigid pavements SMP

sections located in different climates. Similar to flexible pavements sections, higher moisture
fluctuations are observed for the rigid pavements sections located in wet climates.
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Figure 4-8 Moisture variations in base layer — rigid SMP sections

4.4 IDENTIFYING SIGNIFICANT VARIABLES

Correlation matrix between different variables in flexible and rigid SMP pavements sections is
given in Table 4-2 and Table 4-3, respectively.

Table 4-2 Correlation matrix flexible pavements sections

Pearson Correlation Coeflicients, N = 215
Prob > |r| under HO: Rho=0
1\;[(()):15;1:11‘: Age [Cracking thiI_cIllz/lll I:SS P200 dlzlp(t:h FI Temp | Precipitation

Mois ture 1 0.231 -0.069 -0.069 0.172 | -0.120 | -0.130 | 0.156 0.027
content 0.0006 [ 0.3111 0.3146 | 0.0114 | 0.0789 [ 0.0566 | 0.0224 0.6931
Age 0.231 1 0.408 0.082 0.076 0.032 0.128 0.041 -0.023
0.0006 <.0001 0.2314 | 0.2698 | 0.6457 | 0.0617 | 0.5509 0.7368

. -0.069 0.408 1 0.100 -0.283 -0.022 0.486 -0.164 0.110

Cracking

0.3111 <.0001 0.1441 <0001 [ 0.7472 | <.0001 | 0.0163 0.1065

HMA -0.069 0.082 0.100 1 -0.355 0.752 0.026 -0.126 0.145
thickness 0.3146 0.2314 0.1441 <0001 [ <.0001 [ 0.7066 | 0.0661 0.0336
P200 0.172 0.076 -0.283 -0.355 1 -0.281 -0.317 0.176 -0.133
0.0114 0.2698 [ <.0001 <.0001 <.0001 | <.0001 | 0.0098 0.0516

MC depth -0.120 0.032 -0.022 0.752 -0.281 1 -0.093 0.020 0.095
0.0789 0.6457 0.7472 <.0001 <.0001 0.1734 | 0.7707 0.1646

FI -0.130 0.128 0.486 0.026 -0.317 -0.093 1 -0.277 0.267
0.0566 0.0617 [ <.0001 0.7066 | <.0001 | 0.1734 <.0001 <.0001

Temp 0.156 0.041 -0.164 -0.126 0.176 0.020 -0.277 1 -0.380
0.0224 0.5509 0.0163 0.0661 0.0098 | 0.7707 | <.0001 <.0001

Precipitation 0.027 -0.023 0.110 0.145 -0.133 0.095 0.267 -0.380 1
0.6931 0.7368 0.1065 0.0336 | 0.0516 | 0.1646 [ <.0001 | <.0001
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Table 4-3 Correlation matrix rigid pavements sections

Pearson Correlation Coeflicients, N = 53
Prob > |r| under HO: Rho=0
. . combined PCC
Moisture Age Joint seal long and .trans cracking and |thicknes [ P200 MC FI Temp (Precipitation
content damage Cracking .. depth
jointdamge S
Moisture content 1 0.336 0.664 -0.038 0.593 0.155 0.425 0.150 [ -0.184 | -0.119 0.115
0.014 <.0001 0.786 <.0001 0.268 0.002 0.285 0.188 0.398 0.411
Age 0.336 1 0.274 -0.038 0.239 0.148 0.280 0.169 0.294 -0.262 0.324
0.014 0.047 0.786 0.085 0.291 0.043 0.228 0.033 0.058 0.018
Joint seal d 0.664 0.274 1 0.277 0.973 0.392 0.320 0.285 -0.306 [ -0.012 0.158
i <.0001 0.047 0.045 <.0001 0.004 0.020 0.039 0.026 0.931 0.260
Long and trans -0.038 -0.038 0.277 1 0.492 0.558 -0.139 0.462 0.093 -0.050 0.008
cracking 0.786 0.786 0.045 0.000 <.0001 0.320 0.001 0.510 0.722 0.953
Cobined cracking 0.593 0.239 0.973 0.492 1 0.490 0.256 0.369 -0.255 -0.023 0.145
and joint damge <.0001 0.085 <.0001 0.000 0.000 0.064 0.007 0.065 0.870 0.301
PCC thickness 0.155 0.148 0.392 0.558 0.490 1 -0.409 0.899 0.333 -0.148 0.050
0.268 0.291 0.004 <.0001 0.000 0.002 <.0001 0.015 0.289 0.720
P200 0.425 0.280 0.320 -0.139 0.256 -0.409 1 -0.427 | -0.347 | -0.045 0.256
0.002 0.043 0.020 0.320 0.064 0.002 0.001 0.011 0.749 0.064
MC depth 0.150 0.169 0.285 0.462 0.369 0.899 -0.427 1 0.340 -0.126 -0.029
0.285 0.228 0.039 0.001 0.007 <.0001 0.001 0.013 0.368 0.835
FI -0.184 0.294 -0.306 0.093 -0.255 0.333 -0.347 0.340 1 -0.269 0.055
0.188 0.033 0.026 0.510 0.065 0.015 0.011 0.013 0.052 0.696
Temp -0.119 -0.262 -0.012 -0.050 -0.023 -0.148 [ -0.045 -0.126 [ -0.269 1 -0.701
0.398 0.058 0.931 0.722 0.870 0.289 0.749 0.368 0.052 <.0001
Precipitation 0.115 0.324 0.158 0.008 0.145 0.050 0.256 -0.029 0.055 -0.701 1
0.411 0.018 0.260 0.953 0.301 0.720 0.064 0.835 0.696 <.0001

The correlations of moisture content with independent variables were not very strong. However,
by running forward and backward model selection in statistical analysis system (SAS) and then
by extensively running the genetic algorithm, following variables were identified for accurate
estimation of moisture variation in the base layer.

e Surface cracking
Moisture depth
P200
Precipitation
FI

e Subsurface temperature
Moisture depth and HMA/PCC layer thicknesses were highly correlated, therefore considering
the relationship with subsurface moisture, only moisture depth was included in further modeling.
Freezing index was included as an independent variable to keep a record of freeze and no freeze
regions.

4.5 DEVELOPMENT OF EMPIRICAL MODELS

As highlighted earlier, the main objective of this study is to investigate the additional amount of
moisture in the pavement base layer due to infiltration of water through surface cracks in
different climates. SMP data in LTPP is highly scattered due to large variations in climate,
material, and pavement structure. With preliminary correlations, significant variables like surface
cracking, joint seal damage, precipitation, subsurface temperature, moisture depth, and %
passing No.200, were identified which could probably cause a change in base layer moisture
content. Different multilinear, nonlinear and polynomial regression techniques were used to
develop the relationship between independent variables and subsurface moisture content.
However, due to the complexity and great variation within the data, none of these procedures
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yielded desired results. Finally, Artificial Neural Network (ANNs) were used to model the data
and it gave reasonable results with an acceptable degree of error.

4.6 FLEXIBLE PAVEMENTS MODELING

This section presents the subsurface moisture prediction models developed to estimate base layer
in-situ moisture content. It also documents the potential impacts of subsurface moisture
variations on base MR. Subsequently, the influence of base MR on long-term pavement
performance in terms of predicted cracking are discussed. Based on the results, appropriate crack

sealing application timings are recommended to extend the service life of flexible pavements in
different climates.

4.6.1 Site-Specific Models for Flexible Pavements

As the first step, data from individual SMP pavements sections were used to develop empirical
correlations. The site-specific models gave a good insight of the moisture variation phenomenon
in the base layer; however, due to a typical climate and material type these models lacked
potential of the universal application. In the beginning, separate models were developed for wet
and dry climates. Eureqa (genetic algorithm) (54) toolbox was used to establish a relationship
for base layer moisture content as a function of surface cracking, precipitation, and subsurface

temperatures. Equation (1) shows the model developed for DF/DNF region using data from two
SMP sites.

0.0005177% —0.000517T
MC =7.57+0.338P+0.00329C +0.00494T x P+ 0.000458Px T* + ( j (1)

P—-0.0691T
where,
MC = QGravimetric moisture content (%)
P = Precipitation (inch)
C = Total monthly Cracking (feet)
T = Average monthly temperature (°C)

Equation (2) shows the model developed for WF region using data from one SMP section.
MC =6.41+0.601P+0.016CxP—0.0717 —0.000708C < T (2)

Figure 4-9 shows the goodness of fit for both the models.
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Figure 4-9 Measured Vs. predicted site-specific models for flexible pavements

Figure 4-9 (a) shows that variation of moisture is very small in dry climates. To address greater
variability and limited applicability of site-specific moisture prediction models, the scope of data
modeling was expanded by adding data from all available flexible SMP pavement sections for
further data analysis and modeling. This was a very challenging task because the variety and
extents of climatic, material and pavements structure variations. Finally, five independent
variables were chosen for ANN modeling. Subsurface temperature data were not used in further
analysis due to its insignificance, and to reduce the number of independent variables.

4.6.2 ANN Modeling Flexible Pavements

ANNSs are computational modeling tools that have lately emerged and found extensive
acceptance in many disciplines for handling very complex problems. They can be defined as
structures consist of tightly interconnected processing elements (called artificial neurons or
nodes) operating in parallel (535, 56). ANNs are capable of solving non-linear problems by
acquiring information and restructuring the relationship between independent variables and
response variables even when the information and data are complex, noise-contaminated, and
incomplete (57). ANN is an information processing system that replicates functioning of a
human brain by emulating the functioning and connectivity of biological neurons (58, 59). ANN
does not need much of detailed description or formulation of the underlying process, and thus
widely received by practitioners and researchers, who tend to rely on data. Depending on the
network structure, usually, a series of connecting neuron weights are altered to reduce the error
between training data outputs and the network predicted outputs (60). When a neuron weight is
adjusted, it is said that the neuron is learning. The training is the process through which NN
learns. Depending on the complexity of the data and intended use, ANN can be composed of one
or more hidden layers (67, 62). More discussion on ANN training can be found elsewhere (56).
In the current study, ANN fitting app in MATLAB toolbox was used to establish a relationship
for base layer moisture content as a function of surface cracking, precipitation, moisture depth,
the percentage passing #200, and freezing index (FI). Since ANN toolbox is equipped with
flexible hidden layer and neuron features, very complex trends in the data can be captured by
selecting the best layer and neurons combination.
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Using LTPP SMP data, multi-layer perceptron (MLP) (single input layer, single hidden layer,
and single output layer) feedforward-backpropagation artificial neural network (BPNN) was
developed with hidden sigmoid neurons and linear output neurons. A feedforward NN consists of
series of layers. The first layer has a connection from the network input. Each subsequent layer
has a connection from the previous layer. The final layer gives the network’s output.
Feedforward networks can be used for any kind of input to output mapping (63). ANNs toolbox
in MATLAB provides different features and apps to deal with complex nonlinear systems that
are not easily modeled with a closed-form equation (64).

The main network architecture is the number of hidden layers and number of neurons (NoN).
The selection of these parameters largely depends on the complexity of the data inputs used for
training. If the NoN are too low, the network may not capture the real trends in the data. If the
NoN are too high, it may over fit the data. There is no exact guide for the choice of the NoN, and
the optimum model design is often achieved by trial and error (58, 65). MATLAB ANN fitting
app also provides different options for network training and layer activation functions; those are
chosen based on available memory, computational speed, and research needs. The aim of the
best suitable training function is to train the network at relatively fast speed with high precision.
Levenberg - Marquardt backpropagation (trainlm), Bayesian regularization backpropagation
(trainbr), and Scaled conjugate gradient backpropagation (trainscg) are widely used network
training functions available in MATLAB ANN toolbox, whereas main transfer functions are,
Hyperbolic tangent sigmoid transfer function (tansig), Log-sigmoid transfer function (logsig),
and Linear transfer function (purelin).To develop ANN model for this study trainlm was used to
train the network, tansig and purelin activation functions were used for the hidden and output
layer neurons, respectively. Detail description of training and transfer functions and related
algorithms is given elsewhere (63).

The layer activation and network training functions used for this study are briefly discussed in
subsequent paras.

4.6.2.1 Network Training Function — trainlm

Trainlm is a network training function in MATLAB toolbox that adjusts the weights and bias
values according to Levenberg-Marquardt algorithm (LMA) optimization. LMA or just LM, also
known as damped least-square (DLS) method is used to address non-linear least square
problems. It is often the fastest backpropagation algorithm in the MATLAB toolbox, as is highly
recommended as a first choice supervised algorithm, though it requires more memory than other
training algorithms(63). As opposed to unsupervised training function, a supervised training
algorithm requires target (response variable) data (66).

Like the quasi-Newton methods (67), the LMA was developed to approach second-order training
speed without having to compute the Hessian matrix. The Hessian matrix or Hessian is a square
matrix of second-order partial derivatives of a scalar-valued function, or scalar field which
describes the local curvature of a function of many variables (68). LMA uses the Jacobian for
calculations, therefore the network trained with this function must use either mean squared error
(MSE) or the sum of squared errors (SSE) as performance function. When the performance
function is SSE (63), as mostly the case for feed-forward networks, then Hessian matrix (H) and
the gradient (g) can be estimated as:

H=J"J 3)
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g=J"e (4)

Where J is the Jacobian matrix contains the first derivative of the network errors concerning the
weights and biases, and e is the vector of network errors. The Jacobean matrix is computed
through a standard backpropagation technique that is much less complex than computing the
Hessian matrix. The Levenberg-Marquardt algorithm uses this approximation to the Hessian
matrix in the following Newton-like update (69):

X =X ~[J'T+ul'Je (5)

When the scalar p is zero, this is just Newton’s method, using the approximate Hessian matrix.
When p is large, this becomes gradient descent with small step size. Newton’s method is faster
and more accurate near an error minimum, so the aim is to shift toward Newton’s method as
quickly as possible. Thus, p is decreased after each successful step (reduction in performance
function) and is increased only when a tentative step would increase the performance function. In
this way, the performance function is always reduced at each iteration of the algorithm. Further
discussion on LMA and its application in NN training is described elsewhere (70, 71).

4.6.2.2 Hidden and Output Layer Transfer Function — (tansig and purelin)

Transfer functions are generally allocated to a network layer to first start the input signal,
followed by the calculation of appropriate weight for the output signal such that the relationship
between the input and target data can be ascertained (57). Mathematical expressions for mainly
used transfer functions in ANN models given in the following equations:

2

tan sig (n) = 321 (6)

logsig (1) = (——) )
+e

purelin (n) =n (8)

Logsig yields output in the range of 0 to 1, tansig yields output in the range of -1 and +1, and
purelin yields output in the range of - oo to +00(58, 72). Sigmoid transfer functions are usually
used in hidden layers, and linear functions are used in the output layer. The hyperbolic tangent
sigmoid transfer function (tansig) is mathematically equivalent of tanh(n). In NN, it is widely
used as hidden layer activation function; it runs faster than the MATLAB application of tanh(n)
with very small numerical differences. This function is a good tradeoff for NN applications,
where speed is important, and the exact shape of the transfer function is not (73, 74). Linear
transfer (purelin) is mainly used as the output layer transfer function for function fitting (or
nonlinear regression) problems. Logsig is frequently used in output layer for pattern recognition
problems(in which decision is made by the network), where the output range is between 0 and 1
(63). Variations in layer activation functions are primarily due to the high ANN sensitivity to the
type of data. Likewise, different data inputs would require different activation functions in ANN
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architecture. No single network settings can be universally applied to model different types of
problem situations effectively (57).

Besides many pros, due to the inherent complexity of ANN models, they are not easy to interpret
and understand. Optimum settings for the ANN model that was developed using data from 32
flexible SMP sites are given in Table 4-4. However; the best network configuration may vary
from case to case and largely depend on input/output data type and complexity. Figure 4-10
shows the schematic of ANN model developed for the flexible pavements sections.

Table 4-4 Optimum settings for the flexible pavements ANN model

Network type BPNN
No of hidden layer 1
Data entries for training, testing, and validation 151,32,32
Training function trainlm
Hidden layer transfer function tansig
Output layer transfer function purelin
Performance function MSE
No of hidden neurons 37
| HIDDEN LAYER | | OUTPUT LAYER |
Wy Wo
37x5 1x37
) :;Ql \ B if{
by tansig bo purelin
37x1 1x1
| a;= tansig (Wyp+by) | | ap= purelin (Woaytbe) |

Figure 4-10 ANN model flow for flexible pavements SMP sections

Figure 4-11(a) shows the goodness of fit for ANN model. Figure 4-11(b), (c), and (d) show
model sensitivity to different inputs. The results of the ANN model sensitivity show that with an
increase in surface cracking, there is an increase in the base moisture levels. This change in
moisture is significant in WF/WNF climates with higher precipitation levels [see Figure
4-11(b)]. Higher the percentage passing 200, higher is the moisture, higher the depth of moisture
within the base layer, lower is the moisture [see Figure 4-11 (c) and (d)]. It can be seen in Figure
4-11(d) that effect of moisture content depth is minimal. It is worth noting that when the
cracking reaches approximately 70 to100 meters in length, moisture content increases
exponentially.
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Figure 4-11 ANN model predictions and sensitivity — flexible pavements

To see the effect of precipitation alone, its levels were varied between 0 and 30 inches for ANN
predictions in wet regions. The ANN model predictions show that moisture increases with

increase in precipitation levels up to a certain limit, and then the effect of precipitation becomes
negligibly. This implies that after a certain amount of precipitation base layer reaches saturation
and a further increase in precipitation may not cause much moisture variation [see Figure 4-12].
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Figure 4-12 Effect of precipitation on moisture variations

Figure 4-13 shows moisture profiles with depth for two SMP sections before and after a
considerable amount of cracking. These profiles help to visualize the overall moisture variation
in the pavement system for the sites located in wet and dry regions. It is evident from the
moisture profiles that change in moisture is more pronounced at the top few inches of the
pavement section, i.e., up to base/subbase layers. The relative change in moisture becomes
negligible below subbase levels. Figure 4-13 (a) and (b) show moisture variation in base layer for
two pavement sections located in WF and DF climates, respectively. More substantial moisture
variations in WF climate are mainly because of the higher rainfall and greater extent of cracking
for the selected pavement sections. In contrast, the overall change in base layer moisture for the
selected site located in DF climate is minimal. It is mainly because of low precipitation in these

particular locations [see Figure 4-13 (b)].
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Figure 4-13 Moisture variations with depth in DF/WF region

4.6.3 Impact of Base Moisture on Long-Term Performance

The surface cracks increase the infiltration of water into pavement sublayers. Therefore, the
moisture levels will increase in the unbound materials. Moisture variations in base layer will
affect the MR of the unbound materials. The SMP sections show that there can be significant
variations in base layer moisture, especially in wet climates. The moisture changes can be used
to obtain MR of the base material. Subsequently, the calculated MR can be used to predict long-
term pavement performance by using the Pavement-ME Design Guide. A brief discussion of
these effects is provided next.

4.6.3.1 The Relationship between Base Moisture and Base MR- Flexible Pavements

Witzack model (briefly discussed in Chapter 2) was used to estimate the base layer MR due to
variation in in-situ moisture. This model needs several inputs, including % passing 200, LL, PL,
D60, and Gs. All the required inputs were obtained from the LTPP database for all the sections.
Figure 4-14 shows the relationship between estimated base MR and moisture levels in different
climates. The results show that as the moisture content increases, the MR decreases. However,
the change is small in DF/DNF regions (approximately 18 to 41% for a particular section) as
shown in Figure 4-14 (a) and (b). For the WF/WNF climate, the maximum change in base layer
MR can reach approximately 153 to 175% (for a particular section), as shown in Figure 4-14(c)
and (d).
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Table 4-5 Summary — Change in MR due to moisture variations

Section ID Climatic region Minimum MR Maximum MR Reduction in
(psi) (psi) MR (%)
08 1053 DF 41916.0 42481.6 1%
16 1010 DF 43105.3 44483.2 3%
30 0114 DF 43816.0 44120.6 1%
32 0101 DF 39392.3 41190.8 5%
46 0804 DF 36578.6 43105.3 18%
56 1007 DF 41480.9 43859.5 6%
04 0113 DNF 41451.9 43729.0 5%
04 0114 DNF 40161.0 42032.0 5%
04 1024 DNF 29051.1 41002.2 41%
35 1112 DNF 41364.8 44077.0 7%
49 1001 DNF 42960.3 44352.6 3%
09 1803 WF 40987.7 41829.0 2%
23 1026 WF 42322.1 42974.8 2%
25 1002 WF 41654.9 433229 4%
27 1018 WF 40567.1 43670.9 8%
27 6251 WF 43061.8 44120.6 2%
31 0114 WF 42249.6 44323.6 4%
33 1001 WF 42989.3 43772.5 2%
36 0801 WF 16055.7 44135.1 175%
50 1002 WF 41205.3 43845.0 6%
83 1801 WF 32894.6 43917.5 34%
87 1622 WF 43047.3 43816.0 2%
01 0101 WNF 40857.2 41988.5 3%
01 0102 WNF 41654.9 43743.5 5%
10 0102 WNF 39929.0 42032.0 5%
13 1005 WNF 38783.2 40132.0 3%
13 1031 WNF 43134.3 43729.0 1%
48 1060 WNF 13387.0 33822.9 153%
48 1077 WNF 37622.9 43961.0 17%
48 1122 WNF 39203.8 40190.0 3%
51 0113 WNF 41002.2 42728.2 4%
51 0114 WNF 43090.8 43990.0 2%

Note: Results based on approximately 8-9 years of measured SMP LTPP data.

58




50,000
45,000

40,000

35,000 r

Mr (psi)

20,000 r

15,000 r

10,000

5,000

50,000

45,000 |
40,000 |

35,000 r

Mr (psi)

20,000 |
15,000 |

10,000 r

5,000

S N

30,000 |

25,000 r

| y=-96.955x +537.91x + 43425

Max MR = 431053 psi
Min MR = 36578.6 psi
Reduction in MR= 18%

©

30,000 |

25,000

R? =0.9929
5 10 15 20 25
Moisture content (%)
(a) DF
Max MR = 44135.1 psi
Min MR = 160557 psi
Reduction in MR=175%
09
RN
o\,
%
y =-106.54x + 655.9x + 43011
R? = 0.9824
5 10 15 20 25
Moisture content (%)
(c) WF

50,000
45,000

40,000

35,000 r

Mr (psi)

20,000 r
15,000 r

10,000 r

5,000

50,000

45,000 |
40,000 |

35,000 r

Mr (psi)

20,000 |
15,000 |

10,000 r

5,000

30,000 |

25,000 r

Max MR = 410022 psi
Min MR =29051.1 psi
Reduction in MR= 41%

&

[

T,

y=-160.01x + 1275.5x + 41708
R = 0.9909

0 5

10 15 20

Moisture content (%)

(b) DNF

25

30,000 |

25,000 r

Max MR = 338229 psi
Min MR = 13387.0 psi
Reduction in MR= 153%

y =-69.188x + 142.43x + 44756

R? = 0.9889

0 5

10 15 20

Moisture content (%)

(d) WNF

25

Figure 4-14 Impact of moisture variations on flexible pavements base MR

4.6.3.2 Impact of Flexible Base Resilient Modulus on Long-Term Pavement
Performance

The moisture variations and its adverse impact on base MR were quantified for the pavement
sections located in different climates. While evaluating the impact of base MR on long-term
pavement performance, two flexible pavement sections were considered with the cross-section
details as shown in Figure 4-15.
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(a) Thin AC section (b) Thick AC section

Figure 4-15 Flexible pavement cross sections

The long-term performance was predicted for approximately 14 million ESALs by using the
Pavement-ME. Base MR Values were varied from 5000 to 50000 (psi) in the Pavement-ME runs
to compare the performance of both the sections. Climatic data from two different weather
stations were used to simulate different climates in the Pavement-ME. Weather stations located
in Washington and New York were used to simulate DNF and WF climates, respectively. Figure
4-16(a) shows the relationship between total predicted cracking and MR for thin and thick
sections located in WE/DNF climates. It can be observed that with a decrease in base MR,
amount of surface cracking increased. As compared to dry regions, slightly higher surface
cracking extents were observed in wet regions. In addition, much higher levels of surface
cracking were observed in thinner section, essentially because of higher traffic. With the
decrease in base layer MR values, total surface rutting also increased, this trend is more
pronounced for the thin section as compared to thick section, especially for the pavements
located in wet climates [see Figure 4-16(b)]. Figure 4-16(c) and (d) show the impact of base
moisture on total cracking and rutting in different climates. The results show that for thin HMA
sections in wet regions, if the MR is decreased by 175 percent (from 44135 to 16055 psi i.e., the
maximum reduction in MR values due to moisture in wet climates), there will be about 102%
increase in the long-term total cracking [see Figure 4-16(c)]. Similarly, for thick HMA section in
wet regions, the increase in cracking is about 114%. Figure 4-16(d) shows the relationship
between predicted rut depths with a change in base MR. In wet climates, a 175% reduction in
base MR showed about 17% and 6% increase in surface rutting for thin and thick pavement
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sections, respectively. Alike, if the MR is decreased by 41 percent (from 41002 to 29051 psi i.e.,
the maximum reduction in MR values due to moisture in dry climates), there will be 35% and
38% increase in long-term total cracking and about 6% and 2% increase in surface rutting for
thin and thick sections, respectively. Table 4-6 provides the grand summary of measured/ANN
predicted moisture data and Pavement-ME performance data.
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Table 4-6 Summary measured /predicted moisture data and Pavement-ME performance

Change in measured
moisture content

Reduction in MR based on
measured moisture

Increase in cracking
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Thick section

Thin section
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Figure 4-16 Impact of flexible pavements base MR on predicted pavement performance

4.6.3.3 Demonstrative Examples of Crack Sealing Application Timings — Flexible
Pavements

The last task of this study was to define optimum timings for effective crack sealing. A few
rational assumptions were made based on the data to determine appropriate crack sealing
timings. First, the variations in base layer moisture and a corresponding reduction in MR were
estimated from the model for a range of cracking—new pavements (at minimal cracking), and
old pavements (when surface cracking levels reached 100, 200, and 300 feet) [(for calculations
see Table 4-6)]. Figure 4-17 shows the maximum reduction in MR is 7% in dry climates when
total surface cracking is 300 feet, for the same level of cracking, the maximum reduction in MR
for wet regions is 35%. The results imply that moisture variation severely affects pavements in
wet climates, and it is important to seal the cracks when the extent of surface cracking is low
(i.e., between 100 to 200 feet). For pavements in dry regions, this cracking extent can be slightly
higher i.e., up to 300 feet
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Figure 4-17 Reduction in MR due to increase in moisture at different cracking levels

Since, the develop model uses cracking length (which is calculated based on lengths of different
crack types) to predict base moisture, it was important to separate cracks length based on
mechanism of cracking (i.e., WP and NWP). Bottom-up fatigue is a classic example of through
cracking that would allow the surface water to infiltrate into the pavement unbound layers.
Therefore, a second assumption was made about proportion of fatigue cracking length based on
the observed cracking data. The observed proportion of WP cracking length (out of total
cracking) for all the pavement sections is shown in Table 4-7. Based on the observed data, if on
average 50% of the total cracking length is within WP, the optimum crack sealing limits can be
estimated in terms of percentage area for fatigue cracking. Based on this assumption, the cracks
should be sealed when the WP fatigue is below 6% (average of 4% and 8% corresponds to a total
crack length of 100 to 200 feet) and 11% (average of 8% and 13% corresponds to a total crack
length of 200 to 300 feet) for the pavements located in wet and dry climates, respectively. Table
4-8 shows the detailed conversions from total cracking length of 100, 200, and 300 feet to
percentage area WP fatigue cracking.
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Table 4-7 Proportion of observed WP cracking length

Section ID Climatic Pavement WP length Total cracking Proportion of WP
region age (years) cracked (feet) length (feet) length cracked (%)
08 1053 DF 7.1 480.01 553.50 87%
16 1010 DF 8.6 262.15 581.72 45%
30 0114 DF 6.8 308.74 525.94 59%
32 0101 DF 5.96 23.95 37.73 63%
46 0804 DF 14.2 255.92 693.93 37%
56 1007 DF 9.7 38.06 270.68 14%
04 0113 DNF 8.9 387.81 610.59 64%
04 0114 DNF 9.1 517.41 688.03 75%
04 1024 DNF 10.3 157.16 167.99 94%
35 1112 DNF 7.1 0.00 97.12 0%
49 1001 DNF 16.4 170.28 468.53 36%
09 1803 WF 11.8 117.79 219.50 54%
23 1026 WF 4.9 174.88 917.37 19%
25 1002 WF 15.1 498.71 778.25 64%
27 1018 WF 15.8 436.37 1609.99 27%
27 6251 WF 10.7 494.12 1323.23 37%
31 0114 WF 54 313.34 352.71 89%
33 1001 WF 12.1 331.05 881.60 38%
36 0801 WF 13.3 831.08 1345.21 62%
50 1002 WF 15.33 457.04 720.51 63%
83 1801 WF 16.8 852.08 1496.46 57%
87 1622 WF 16.1 1000.71 1573.57 64%
01 0101 WNF 14.1 781.21 829.11 94%
01 0102 WNF 11.9 816.31 843.22 97%
10 0102 WNF 94 836.66 1000.71 84%
13 1005 WNF 11.8 219.83 736.91 30%
13 1031 WNF 9.32 0.00 630.61 0%
48 1060 WNF 10.75 38.39 40.03 96%
48 1077 WNF 11.24 268.06 769.72 35%
48 1122 WNF 10.54 591 20.67 29%
51 0113 WNF 9.8 908.84 1000.71 91%
51 0114 WNF 13.3 1000.71 1550.27 65%
Average proportion of WP cracking length 55%
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Table 4-8 Conversions — Total surface cracking length to % area WP fatigue

. g" Total surface cracking
gl e || 2| 100 feet 200 feet 300 feet
5| £ 5| 2 |ESes =] = |22 == 28] =] =
2B o = | 89 2 E| ¢ L | BE| L L BE| ¢ e
3 B < o 5] % % ~ N~ i:}) [} ~ < E ) ~ ~
2z |~ Y S B 5l S S B 5l S 3
B 8 = = bt 8 = = — 8 = = =
Q8| < | < |38 < | < 98] < | <
500 12 | 6000 5 50 50% | 250° | 4%° | 100 | 500 8% 150 | 750 | 13%
500 12 | 6000 5 60 60 300 | 5% 120 | 600 | 10% | 180 | 900 | 15%
500 12 | 6000 5 70 70 350 | 6% 140 | 700 | 12% | 210 | 1050 | 18%
500 12 | 6000 5 80 80 400 | 7% 160 | 800 | 13% | 240 | 1200 | 20%
500 12 | 6000 5 90 90 450 8% 180 | 900 | 15% | 270 | 1350 | 23%
500 12 | 6000 5 100 | 100 | 500 8% | 200 | 1000 | 17% | 300 | 1500 | 25%

Note: 1= LTPP section length, 2=Lane width, 3=Total section area, 4=Width of two WP, 5=Assumed WP cracking proportion,
6=Length WP cracking (*0.5*%100), 7=Area WP cracking (® 50*5), 8= Percentage WP cracking (¢ 250/6000)

Based on the above discussion of results, the effectiveness of crack sealing application timings
was incorporated in the Pavement-ME analyses. The crack sealing limits established above were
used as guidelines for wet and dry climates to conduct the Pavement-ME analyses. A base MR
value of 40,000 psi was assumed as the original material property. Subsequently, to simulate the
effect of moisture increase based on the field observations, reduced MR values of 90% and 75%
of the original MR value were assumed. The MR values were reduced to characterize the base
layer moduli at the time of a particular preservation treatment application. It is also known that
preservation treatments cannot restore materials to their original strength. However, they can
extend the service life of the pavements by retarding the deterioration rate. Comparisons of the
Pavement-ME predicted performances are made by considering the base layer original MR
(40,000 psi), 90% of original MR (36,000 psi), and 75% of the original MR (30,000 psi).

Figure 4-18 to Figure 4-21 show the predicted long-term pavement performance using the
Pavement-ME with the incorporation of multiple crack seal applications. Based on the analysis
performed in the previous section the optimum crack sealing limits for fatigue cracking were
about 6% and 11% for wet and dry climates, respectively. While developing the preservation
plan for wet climates these limits were strictly followed because higher rainfall coupled with
higher surface cracking levels can adversely impact the flexible pavements base MR in wet
climates.

Figure 4-18 (a) to (d) show an example of a preservation plan for crack seal application timing
by using the Pavement-ME for a thick pavement section located in WF. The first crack sealing
application was planned as the cracking reached a threshold of 6% in about 8 years of service life
[see Figure 4-18(b)]. The treatment application cycle will repeat again, once the pavement
reaches the same level of cracking at about 16 years as shown in Figure 4-18(c). The overall
effect of crack sealing on cracking progression is shown in Figure 4-18(d). The results show that
the pavement life can be significantly extended at a lower level of cracking when crack sealing is
applied at the appropriate time (i.e., 6% cracking) for pavement in wet climates.
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Figure 4-18 Preservation treatment plan thick section (WF climate)

Figure 4-19 (a) to (c) show a similar example of a preservation plan for a thick pavement section
located in DNF climate. As compared to wet climates, only a single sealing application was
planned as the cracking reached a threshold of 11 % in about 11 years of service life [see Figure
4-19(b)]. The WP fatigue threshold in dry climates was between 11 and 12%. This cracking
threshold was reached at about 16 years of service life based on the Pavement-ME prediction
curve. Theoretically, a sealing application should have been planned at the 16th year of service
life. However, it was planned at the end of the 11th year because a pavement can rarely remain in
good surface condition after 16 years. The overall effect of crack sealing on cracking progression

is shown in Figure 4-19(c). It is evident from the results that proactive maintenance/preservation
can considerably enhance pavement service life.
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Figure 4-19 Preservation treatment plan thick section (DNF climate)

Figure 4-20 and Figure 4-21 show the suggested preservation plan for thin pavement sections
located in WF and DNF climates respectively. For thin pavement sections, more frequent crack
sealing applications are needed due to higher levels of fatigue cracking at early ages of
pavements service life. In wet climates, the sealing applications were applied every 3 to 4 years
to maintain the pavement within the tolerable limit of fatigue cracking [see Figure 4-20 (b) and
(c)]. Similarly, sealing applications were planned every 3.5 and 5 years for the thin pavements
sections located in DNF climates [see Figure 4-21 (b) and (c)]. The overall effect of crack
sealing on cracking progression is shown in Figure 4-20 (d) and Figure 4-21 (d) for thin
pavement sections located in WF and DNF climates, respectively.

Pavement-ME is the current state of the art tool for pavement design and analysis, and its
farsighted application will enable to plan preservation treatments at the design stage.
Preservation plans presented in this study, by using crack seal treatment as an example, can be
used as a guideline when moisture variations are only limited to aggregate base material MR.
However, to accurately estimate the preservation treatment application timing, stiffness
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properties of all pavement layers must be given due importance while predicting the long-term
pavement performance. This can be done in future research.
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Figure 4-20 Preservation treatment plan thin section (WF climate)
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Figure 4-21 Preservation treatment plan thin section (DNF climate)
4.7 RIGID PAVEMENTS MODELING

After quantifying the moisture variations in the flexible pavements base layer and its effect on
long-term performance, available rigid pavement sections with granular base layers were also
investigated for moisture change. The available number of rigid pavement sections (11 such
sections were identified) and data were limited, especially in DF/DNF climate (only two
sections). In rigid pavements, same independent variables like flexible pavements were used
while developing moisture prediction models, except the total surface cracking, which was
replaced with the length of joint seal damage. Initially, total cracking lengths for the rigid SMP
sections were ascertained by adding the length of damaged joint sealants and length longitudinal
and transverse cracking. It was observed that the lengths of longitudinal and transverse cracking
for these sections were very low, as compared to the lengths of damaged joints seals. Base layer
moisture content relationship with damaged joints and longitudinal and transverse cracking is
shown in Figure 4-22. It can be concluded from these relationships that damage joints are the
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primary cause of water infiltration into rigid pavements. Therefore, only lengths of damaged
joints were used while developing ANN model for rigid SMP sections.
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Figure 4-22 PCC surface discontinuities relationship with base layer moisture

4.7.1 ANN Modeling Rigid Pavements

Essentially same network settings used earlier for flexible pavements ANN model, were adopted
while developing rigid pavements model with minor modifications. In contrast to flexible
pavements model, the ANN model developed for the rigid pavements is simple. Also, due to its
small size, the data were only used for network training and validation.
Optimum setting for the developed ANN model are given in Table 4-9. Figure 4-23 shows the
schematic of ANN model developed for PCC sites.
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Table 4-9 Optimum settings for the rigid pavements ANN model

Network type BPNN
No of hidden layer 1
Data entries for training, testing, and validation 37,0,16
Training function trainlm
Hidden layer transfer function tansig
Output layer transfer function purelin
Performance function MSE
No of hidden neurons 5

| HIDDEN LAYER | | OUTPUT LAYER |
| \ | \

Wy Wo

5x5 1x5
P 5X1 ny a
5x1 H Ixl Ix1

purelin

by tansig bo
5x1 1x1

| J \ J —

’ ay= tansig (Wyp+by) ‘ ’ ag=purelin (Woay+bo) ‘

Figure 4-23 ANN model flow rigid pavements SMP sections

Figure 4-24(a) shows the goodness of fit for rigid pavements ANN model. Figure 4-24 (b), (c),
and (d) show the ANN model sensitivity to different inputs. The results of the ANN model
sensitivity show that with an increase in joint seal damage, there is an increase in the base layer
in-situ moisture. Moisture change is significant for higher precipitation levels (wet climate),
especially in freezing region [see Figure 4-24(b)]. Higher (%) passing #200, higher is the
moisture change, higher the moisture depth within base layer higher is the moisture levels [see
Figure 4-24(c) and (d)]. It is worth noting that when the joint seal damage length reached
approximately 50m to 75m, moisture increase is substantial. It was observed that rigid
pavements ANN model mostly overpredicted the base layer moisture levels. These
overpredictions are plausibly caused by, small data size used for the development of ANN
model. There could be other potential reasons as well, associated with ANN model settings.
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4.7.2 The Relationship between Base Moisture and Base Resilient Modulus-PCC

The estimated MR values for base materials with a change in moisture levels based on Witzack
model are shown in Figure 4-25. The results show that as the moisture increases, the MR
decreases. For the pavement sections located in dry climates, the maximum reduction in base
layer MR for a particular section is small, i.e., approximately 10 percent [see Figure 4-25(a)].
The main reasons for the lower change in MR are lower levels of cracking joint seal damage
coupled with low precipitation levels in dry climates. For the sections located in wet climates,
the maximum reduction in base layer MR for a particular section was approximately 127 percent
[see Figure 4-25(b)]. This higher variation in MR can be associated with higher precipitation and
cracking/joint seal damage levels in wet climates. Table 4-10 provides the summary of percent



reduction in estimated MR based on all the rigid pavement SMP sections located in different

climates.

Due to limited data for rigid pavements, the results may not represent the exact quantifiable
moisture variations in these regions.

Table 4-10 Summary — Change in rigid pavements MR due to moisture change

Section Climate Minimum MR Maximum MR Reduction in
1D region (psi) (psi) MR (%)
32 0204 DF 37420 41075 10%
4 0215 DNF 35737 37318 4%
18 3002 WF 28848 41046 42%
27 4040 WF 37101 44208 19%
39 0204 WF 35897 37811 5%
42 1606 WF 15331 32532 112%
83 3802 WF 11487 20595 79%
89 3015 WF 42148 44382 5%
13 3019 WNF 30951 32924 6%
37 0201 WNF 40727 44106 8%
53 3813 WNF 17767 40263 127%
Note: Results based on approximately 8-9 years of measured SMP LTPP data.
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Figure 4-25 Impact of moisture variations on PCC sections base MR

4.7.3 Crack Sealing Application Timings — Rigid Pavements

Based on the rigid pavements sections data analyses results, it can be concluded that PCC joints
should be sealed when the length of damaged joints is between 150 to 250 feet. Because within
this range the variations in base layer moisture are small and may not significantly affect the
stiffness properties of base material [see Figure 4-22 (¢) and Figure 4-24 (b)].
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4.8

SUMMARY

This section summarizes the data analyses part of rigid and flexible SMP pavements sections,
followed by quantification of moisture-related damage and pavement preservation guidelines.
The following is a summary of the findings:

Moisture variation in flexible and rigid pavements base layers significantly impact the
pavement performance.

Higher cracking and greater precipitation levels are the primary reasons for greater
moisture change in wet climates.

GWT can affect seasonal variation in unbound layers moisture content, but the
relationship is not very obvious, especially within base layers.

Subsurface moisture levels significantly vary before and after substantial amount of
surface cracking levels.

As compared to dry climates, moisture variations are very high for the pavement sections
located in Wet climates, because of higher precipitation levels and greater cracking
extents in these regions.

Site-specific moisture prediction models highlight the effect of precipitation and cracking
on base layer moisture change.

Factors including surface cracking, precipitation, percentage-passing # 200 sieve, and
moisture depth, and freezing index can be used to predict base layer moisture levels with
reasonable accuracy.

The artificial neural network (ANN) models were developed using SMP data for flexible
and rigid pavement sections. The results show that higher levels of cracking and joint
openings will lead to an increase moisture levels within base layer. Also, the moisture
content increases with higher percentage passing # 200 sieve (P20o0), and higher
precipitation levels, especially in wet climates.

Moisture significantly affected the base layer MR. The observed reduction in MR was up
to 41% and 175% for the flexible pavement sections sites located in dry and wet climates,
respectively.

Pavement-ME calculated long-term pavement performance results show that with a
reduction in base layer MR, surface cracking, and rutting increased significantly.

In wet climates, 175% reduction in base MR showed about 114% and 102% increase in
cracking, and 6% and 17% increase in surface rutting for thick and thin sections,
respectively.

In dry climates, 41% reduction in base MR showed about 38% and 35% increase in
cracking, and 2% and 6% increase in surface rutting for thick and thin sections,
respectively.

Timely and effective preservation can substantially enhance the pavements service life.
PCC SMP sites data analysis showed that magnitude of transverse and longitudinal
cracking is the minimal and primary cause of moisture variation is damaged joint sealant
length.

Moisture variations significantly affected the PCC base layer MR. The observed
reduction in MR was up to 10 % and 127% for the PCC sites located in dry and wet
climates, respectively,
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Based on the data analysis results it can be concluded that joint seal damage is the main
cause of moisture variation in PCC pavements sections.

Pavement-ME is the current state of the art tool for pavement design and analysis, and its
farsighted application will enable us to plan preservation right at the design stage.
Preservation plans presented in this research serve as a guideline for the researchers and
essentially based on the reduction of base layer moduli only. To accurately estimate the
preservation treatment and time, stiffness properties of entire pavement structure must be
given due importance while predicting long-term performance.
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CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS

5.1 SUMMARY

Highway agencies have learned that if preservation treatments are applied at an appropriate time,
those can help in improving and slowing the deterioration rates for the existing pavements.
While pavement preservation is not expected to substantially increase the structural capacity of
the existing pavement, it generally leads to improved pavement performance and longer service
life. However; still, there are challenges in adoption of such practices. Selection of preservation
treatments depends on the pre-existing conditions and other factors contributing to the
deterioration of existing roadways. One of the most influential factors affecting pavement
performance is the moisture variations within the pavement system, essentially caused by
infiltration of rainfall water through surface discontinuities. The SMP study in the LTPP was
designed to investigate and quantify the moisture variations, and related damage in flexible and
rigid pavements (75).

Therefore, the main objectives of this research study were to (a) evaluate the effect of cracking
and joint openings on the moisture content in unbound layers, (b) quantify the impact of
infiltration and moisture on the stiffness properties of unbound layers, (¢) predict long-term
pavement performance based on the unbound material properties to evaluate the impacts of
preservation treatments, and (d) develop guidelines for optimum crack sealing applications
timings for different environmental conditions.

This study presents LTPP data analyses for quantifying the effect of moisture infiltration through
surface discontinuities (cracks and joint openings) on flexible and rigid pavement performance.
Previous research highlighted that moisture variation within unbound layers is one of the leading
factors for premature pavement deterioration (7, 9, 13, 16). Therefore, the hypothesis of this
study was that moisture variation in unbound layers, i.e., base layer, could be related to the
amount of surface discontinuities (cracking and joint seal damage) in different climatic zones. To
validate this hypothesis, an important challenge was to identify the data set documenting the
subsurface moisture levels in the base layer. Only SMP study used TDRs; those were installed at
different depths to record moisture variations within the entire pavement structure. While
quantifying the moisture related damage, SMP moisture and performance data from 32 flexible,
and 11 rigid pavement sections with granular base layers were used in this study.

The Pavement-ME software provide methodologies for the analysis and design of flexible and
rigid pavements. However, these methodologies and related performance prediction models
focus on new structural design and rehabilitation of existing pavements and do not explicitly
consider the contributions of pavement preservation treatments to the overall pavement
performance. Thus, research was needed to identify approaches for considering the effects of
preservation on pavement performance and developing procedures that facilitate incorporation of
pavement preservation treatments in the Pavement-ME analysis process. The procedures and
guidelines documented in this study will help the pavement engineers and agencies to ensure that
the contributions of preservation treatments to expected performance and service life are
appropriately considered in the analysis and design processes.
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5.2 CONCLUSIONS

Based on the results of the analyses performed, the following conclusions were drawn:

1.

2.

3.

10.

11.

12.

13.

Moisture variation in flexible and rigid pavements base layers significantly impact the
pavement performance.

The SMP data can be used to investigate the moisture variations in pavement layers and
impact of different climates on moisture variations can be quantified.

The rigid and flexible pavements SMP sections data analysis show that there can be
significant variations in granular base layer in-situ moisture content.

Subsurface moisture levels considerably vary before and after the substantial onset of
surface cracking.

For wet climates, moisture variations in base layers were very high. Higher cracking and
greater precipitation levels are the primary reasons for greater moisture variations for the
pavement sections located in wet climates. Relatively, lower cracking and precipitation
levels are the primary reasons for small moisture variations for the pavement sections
located in wet climates.

The artificial neural network (ANN) models were developed using SMP data for flexible
and rigid pavement sections. The results show that higher levels of cracking and joint
openings will lead to an increase moisture levels within base layer. Also, the moisture
content increases with higher percentage passing # 200 sieve (P200), and higher
precipitation levels, especially in wet climates.

Moisture related damage was very high in WF/WNF climates (153 to 175 percent
reduction in MR). It is critical to prevent the unbound layers from moisture related
damage due to infiltration, especially before the MR reduction becomes significantly
high.

Subsurface moisture variations showed relatively less impact on the sites located in
DF/DNF climates (18 to 41 percent reduction in MR). For the pavement sites in DF/DNF
climates, damage associated with other factors like high temperature is more critical.
Pavement-ME predicted long-term pavement performance results show that with a
reduction in base layer MR, surface cracking and rutting levels were increased
significantly.

In wet climates, a 175% reduction in base MR (i.e., maximum MR reduction in wet
climates) showed about 114% and 102% increase in cracking, and 6% and 17 % increase
in total rutting, for thick and thin flexible pavements sections, respectively.

In dry climates, a 41% reduction in base MR (i.e., maximum MR reduction in wet
climates) caused 38% and 35% increase in cracking, and 2% and 6% increase in total
rutting, for thick and thin flexible pavements sections, respectively.

Rigid SMP sections data analysis show that moisture significantly affected the PCC base
layer MR. The observed reduction in MR was up to 10 % and 127% for the PCC sites
located in dry and wet climates, respectively.

Based on the data analysis it was concluded that damaged joint sealant length is the main
cause of moisture variation in PCC pavement sections base layers. Therefore, damage
joints should be sealed when the extents are between 150 to 250 feet.

5.3 RECOMMENDATIONS

The following are the recommendations based on the findings of this study:
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Moisture variation severely affects the flexible pavements performance in wet climates.
Therefore, in wet climates, it is essential to apply preservation treatment when the fatigue
cracking extent is below 6 to 7 percent.

For flexible pavements in dry climates, this extent can be tolerated to slightly higher
levels of surface cracking, i.e., may be up to 10 to 11 percent.

To prevent moisture related damage in rigid pavements, the joints should be resealed
when the damaged joint sealant length exceeds 150 to 250 feet. The current Pavement-
ME performance models for rigid pavements do not predict damaged joint sealant length.
It is recommended for future that damaged joint sealant length may accounted for by
indirectly relating it to some other performance measures like joint faulting or IRI.

The crack sealing guidelines and moisture predictions models presented in this study can
be further improved by including more data to improve pavement preservation practices
and, the accuracy of the models.

Pavement-ME is the current state of the art tool for pavement design and analysis, and its
farsighted application will enable us to plan preservation right at the design stage.
Preservation plans presented in this research serve as a guideline for the researchers and
essentially based on the reduction of base layer moduli only. To accurately estimate the
preservation treatment and time, stiffness properties of entire pavement structure must be
given due importance while predicting long-term performance.
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