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FOREWORD

This report documents the process of mode! development and the finel models developad for the
prediction of kev portland cemient concrete (PCC) pavement distress types and roughnass. The
models were developed using Long-Term Pavement Peirformanece (LTPP) data. Maochanistic-
empirical models were dcvelopﬂd for the following distress types: transverse joint fanlting,
tranaverse joint spalling, transverse cracking, and corner breaks. The ronghness models
developed were empirical.

The positive outcome of this study was the development of mechanigtic-based perfonmance
nodels for use in pavement design and management. This is expected to provid Axp«,..ded.
capablhu,@g for considering the effect of load- and climate-related stresses on P\,F pawmmt

performeance. The development of mechanistic-based models reflects current tranda 01‘" u pgi ing
the pavement design and evalvation process through the use of mechanistic-bas d{‘

This report ig important to everyone who designs, constiusts, and misnages pavements.
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1. INTRODUCTION

Background

The Long-Term Pavement Performance (LTPP) study began in 1987 with the goal of
determining ways of increasing pavement life through improvements in design, construction, and
other pavement practices. This is being achieved through the investigation of various designs of
pavement structures that use different materials and experience different loads, environments,
subgrade soils, and maintenance practices. This is emphasized in two of the six objectives
established for the LTPP study in 1985, by the Pavement Advisory Committee of the Strategic
Highway Research Program (SHRP), which are as follows:

° Determine the effects of loading, environment, material properties and variability,
construction quality, and maintenance levels on pavement distress and performance.

* Determine the effects of specific design features on pavement performance.

By investigating the performance of in-service pavement sections, specific information can be
obtained on the various factors and design features that influence pavement deterioration. In
addition, mathematical prediction models that relate the various factors and specific design
features to pavement performance provide a means for quantifying the effects of the specific
design features on long-term performance. The results from such investigations and evaluations
can be used to develop recommendations for improving the design and construction of new and
reconstructed pavements.

This study was instituted to evaluate portland cement concrete (PCC) pavements to develop
recommendations to meet the needs of the States. It involved an evaluation and analysis of the
PCC pavement data in the LTPP database, using a variety of means to determine the design
features and practices that have beneficial effects on long-term performance. Emphasis was
placed on identifying those specific features that can be selected during design to improve the
performance of PCC pavements under various combinations of environmental and traffic loading
conditions, and for different subgrade support conditions. The study focused on the development
of practical recommendations that can be implemented easily by highway agencies to increase
pavement life.

Proje:ct Objectives and Scope

The specific objectives of this study are as follows:

. Examine and analyze the LTPP data for PCC pavements to determine the pavement
design features and construction practices that have a beneficial effect on their
performance.

° Develop improved PCC pavement performance models.

] Develop specific recommendations for improving the design and construction of PCC
pavements.



Although all types of PCC pavement were considered, special emphasis was placed on jointed
plain concrete pavement (JPCP), since it is the pavement type that is constructed most often in
the United States.

Research Approach

To maximize the results obtained from this study, a three-part systematic research approach was
adopted. It involved taking advantage of the knowledge from past studies and building on it
using the pavement engineering knowledge obtained from current analysis of the LTPP data. The
first part of the study consisted of an evaluation of the LTPP database using a variety of
techniques to determine the beneficial effects of various pavement design features and practices
on long-term performance.

In the second part of the study, improved pavement prediction models were developed, using the
information obtained from a thorough evaluation of the database and the results from recent
studies. A key focus was to develop distress prediction models that incorporate mechanistic
principles to the greatest extent possible but that are stil! practical for use by State highway
agencies.

The third part of the study used the results obtained from this study to develop comprehensive
recommendations for design and construction of PCC pavements.

Sequence of Report

This report is the third of a three-volume report on this study and consists of nine chapters.
Chapter 2 provides an overview of the LTPP data used for model development and analysis. This
includes information on the data processing and reduction techniques used and the strengths and
weaknesses of the data. Chapter 3 provides background information on the different methods and
techniques that were used to develop the prediction models. Chapters 4 through 7 discuss the
background and techniques used to develop models for predicting transverse joint faulting,
transverse joint spalling, transverse cracking, corner breaks, and roughness of PCC pavements.
Chapter 8 presents examples of the application of the models developed for design and
construction of long-lived PCC pavements. It includes comprehensive guidance on use of the
models to check new designs and in pavement management systems. Finally, chapter 9
summarizes the results of this study and provides recommendations for further research to
improve the models. A detailed description of the statistical techniques used in model
development is presented in appendix A.



2. OVERVIEW OF LTPP DATA USED FOR MODEL DEVELOPMENT

Introduction

The data used for this study were obtained from the LTPP National Information Management
System (NIMS). The NIMS contains pavement inventory information and performance histories
for over 2,400 in-service and specially constructed pavements. The data include information on
design features, climatic conditions, traffic loads, materials, maintenance, and rehabilitation.:>%
This chapter provides background information on the LTPP data that were used to develop
distress and roughness prediction models for PCC pavements. The data were obtained from the
NIMS at the beginning of this study (1993) but were updated frequently to take advantage of
ongoing improvements made to the database. As a result, the study was able to take advantage of
the most comprehensive data on concrete pavements that have ever been available from the
LTPP database. For brevity, the discussion in this chapter is limited to the approximately 300
General Pavement Studies (GPS) concrete pavement sections that were used in this study.
Additional information on the data can be found in volume II.

To guide resecarchers who use the data in the LTPP database, several sources of information that
describe how to access and use the database were very useful to this study.” Key sources of
information that are recommended include the Data Collection Guide for Long-Term Pavement
Performance Studies, which provides data collection instructions and data sheets for the LTPP
program.”® The SHRP Database Structure Reference Manual is also highly recommended for
users of the LTPP data.” It includes the LTPP IMS schema that defines the various tables and
fields in the NIMS. The schema describes the data structure and also identifies the key fields
(variables) and data types in each table. Other parts of the SIHTRP Database Structure Reference
Manual are a data dictionary that provides a more detailed description of each field in the LTPP
database and tables that define all the codes used in the database.

Overview of the LTPP Data

The LTPP data represent the most comprehensive pavement performance data that have ever
been assembled. Currently, the LTPP database is the world’s largest pavement performance
database and has enormous potential for the development of products that will significantly
improve pavement technology. The database includes close to 800 flexible and concrete
pavement sections located across North America as part of the GPS. The GPS sections are made
up of in-service pavement sections, and the data from the concrete pavements in this group offer
an opportunity to refine and improve upon existing PCC pavement performance models.

Advantages

Some of the advantages of the database include the even distribution of pavement sections across
the four climatic zones in the United States and Canada, defined as wet-freeze, wet-no freeze,
dry-freeze, and dry-no freeze. Also, with the exception of a few sections, the LTPP experiments
are replicated in all four environmental zones, Extensive design, materials, climatic, traffic,
distress, and roughness information is available on each of the sections.



The LTPP database also offers some time-series performance data. The time-series data allow
monitoring of the rate of progression of the key distresses for individual pavement sections.
These data also provide a method for evaluating the accuracy and reliability of the dataon a
section-by-section basis, which is valuable information for developing and validating
performance models.

Clearly, the LTPP database offers enormous potential for the development of performance
prediction models that can be used to address the key issues of concrete pavement analysis,
design, and construction. As a result, a major objective of this project was to develop prediction
models for the key PCC pavement distress types and roughness. This follows previous efforts in
the SHRP P-020 LTPP Data Analysis project.”**'" In that study, prediction models were
developed for several distress types; however, the usefulness of these models was limited
because of the unavailability of data at that time from a majority of the pavement sections. Since
then, the database has grown considerably and data are available for many more sections.

The LTPP study consists of nine different experiments. The specific experiments used in this
study were as follows:

° GPS 3 Jointed plain concrete pavement (JPCP).
] GPS 4 Jointed reinforced concrete pavement (JRCP).
. GPS 5 Continuously reinforced concrete pavement (CRCP).

All subsequent discussion of the database will focus on the three pavement types listed. Overall,
data from 123 GPS 3, 69 GPS 4, and 85 GPS 5 LTPP pavement sections were available for this
study. For each of the pavement types in the LTPP database, data were available for the
following 10 categories:

Inventory.

Materials and laboratory testing.
Traffic.

Distress.

Profile.

Deflection.

Friction.

Environment.

Maintenance.

Rehabilitation.

Typical LTPP pavement sections evaluated in this study are 150-m sections with 3.65-m-wide
traffic lanes and either asphalt concrete (AC) or tied PCC shoulders.

The data were downloaded from the NIMS and imported into a local Microsoft Access®
database for sorting. Because the LTPP data are provided in several different tables, several
software packages were used for merging and organizing the data. This approach is
recommended because the software also allows exporting of different combinations of the data



into spreadsheets for further analysis. For this study, following a thorough checking of the data
for consistency and accuracy, spreadsheets were created for development of prediction models
for each of the key distress types.

Additional information on the LTPP data used in this study is contained in volume II. Table 1
shows the sources of the data that were used for the development of models for four key distress
types and roughness.

Initially, there were plans to include data collected from the LTPP Specific Pavement Studics
(SPS) in this study. The SPS include pavement sections specifically designed and constructed
through a cooperative effort with the State highway agencies (SHA) and that are being observed
over their entire lives. However, although data from the SPS sections are currently available in
the NIMS, they were not available for analysis during this study. It is anticipated that some of the
SPS data will be available during the next round of LTPP data analyses and can be used to check
and improve upon the results obtained in this study. A summary of the basic statistics such as
mean, median, and standard deviation of the GPS data used in this analysis is presented in
appendix A of volume I of this report.

Summary

The data used in this study to develop models for predicting key distresses and

roughness of concrete pavements include comprehensive design, materials, traffic loading, and
climatic data from the LTPP database. Specifically, data from the GPS 3, 4, and 5 pavement
sections were used to develop models for faulting, spalling, transverse cracking, corner breaks,
and roughness. The data were checked thoroughly and prepared for the subsequent analyses.
Additional information on all the LTPP concrete pavement sections obtained for analyses can be
found in appendix A of volume IT of this report.

Table 1. Model and corresponding source of GPS data.

Model Source of Data
Faulting GPS 3
Spalling GPS 3 and 4
Transverse cracking GPS 3
Comner breaks GPS 3
Roughness GPS 3,4,and 5







3. MODEL DEVELOPMENT METHODS

Introduction

In the past, several attempts have been made to develop performance models and
recommendations for concrete pavement design and construction.®* %1% 112 Thege have
included studies that have used the LTPP database.”*'"'? To a large extent, these studies have
all added to the knowledge on the development of predictive models for the key concrete
pavement distress types and roughness. However, it is necessary to improve upon these models
continuously to obtain further insights into the factors that affect the occurrence of the key
distress types and roughness, so that further improvements can be made in design and
construction of long-lived pavements. This chapter reviews the approach used in this study to
develop models for predicting distresses using the LTPP database.

The results from past mode] development efforts were investigated, including independent and
dependent variables, interaction of variables, mechanistic clusters, and model functional forms
used. This included extensive evaluation of the LTPP database to uncover any possible
relationships suggested by the data collected from pavements in service. Table 2 shows the
explanatory variables that were found to be significant to the various PCC distresses in the first
of the LTPP concrete pavement data analysis studies and other studies on the performance of
PCC pavements.”

The best predictive models are those that are first formulated using the principles of mechanics
and then calibrated using field data. Therefore, a considerable amount of time was spent
identifying the fundamental mechanisms that cause the distresses being modeled. Once the
underlying principles behind the development of the key distress types were understood,
appropriate mechanistic functional forms were selected for investigation and for development of
the most feasible prediction model for cach distress type.

Using modern statistical and mathematical techniques, the engineering-based model forms
selected were calibrated using the LTPP database to obtain the best prediction model for each
distress type. This included using the various approaches for optimization, limiting errors, and
maximizing model accuracy. The predictive models were tested in several ways to identify any
weaknesses. The limitations identified were remedied using both statistical techniques and
engineering analysis. Finally, each model was further evaluated by using it to determine the
effect of key design, traffic, and environmental features on performance and for predicting future
pavement deterioration.



Table 2. Independent variables significant to the key distress types.”

Freeze-Thaw Cycles

Data Joint Joint Transverse Corner Roughness
Element Faulting Spalling Cracking Breaks

Pavement Age v ) v ) v ) v v
Slab Thickness v v v v v
Joint Spacing v v v v v
Drainage v
Base Type v/ v v
Cumulative ESAL’s v/ v v v v
Joint Opening v v
Corner Deflection v
Freezing Index v v v v
Edge Support v v v
Subgrade Type 4 v v v
Pumping v v v v
Amnual Precipitation v v e 4 v
Bearing Stress v
Dowel Diameter v v
Slab Stress ) v v
PCC Modulus of Rupture v v v v
PCC Elastic Modulus v 4 v v
PCC Compressive Strength 4
Tempessture Range d d d d
Thornthwaite Index 4 v v
Static k-value 4 4 4 v/
Steel Percentage v v
Imcompressibles in Joint v
D-cracking v v
Reactive Aggregate v v
Joint Sealant Type 4
Sealant Damage v v/
Load Transfer Type v v v v

' v




Model Types

Generally, two types of prediction models can be developed: empirical and mechanistic-
empirical. Empirical models are developed using statistical regression methods and basic
engineering analysis and judgment; however, they do not explain or model basic mechanisms of
the distress. They are simply the best relationship that allows prediction of an explanatory or
dependent variable from a set of independent variables based on the available data. The model
obtained may not necessarily signify a cause-and-effect relationship between the independent
variables and the dependent variable. However, the analyst can use the knowledge available from
past observations and experimental results to improve this empirical aspect of the model.

Mechanistic-empirical models, on the other hand, attempt to incorporate mechanistic principles
that account for the cause-and-effect relationship between the explanatory (dependent) variable
and independent variables. Based on the mechanistic principles behind the cause of a particular
distress, a model can be formulated that attempts to describe both the occurrence and progression
of the distress. The model is then calibrated using field data (e.g., LTPP data) and standard
statistical and optimization techniques. Perhaps the most important benefit of a mechanistic-
empirical model is its potential to extrapolate beyond the limits of the data used in its
development.

For these reasons, the approach adopted in this study was to develop mechanistic-empirical
models for the key distress types. Empirical models were used only in those cases where it was
not possible to develop mechanistic-empirical models, such as for roughness. Roughness is
highly correlated to the development of distress, so there is no single mechanism for modeling
roughness.

A systematic approach was adopted that utilized knowledge accumulated over the years, % ®
12 An essential step in this approach was a thorough investigation to uncover the actual
mechanism responsible for the occurrence and propagation of each distress type. This involved
an evaluation of previous studies and an examination of the data available for specific sections.
An attempt to model distress was made only after achieving an understanding of the engineering
mechanism that causes the distress. Using this approach, it was possible to obtain mechanistic-
based prediction models for the distress types analyzed in this study.

Developing Practical Prediction Models

The basic steps that were followed to develop prediction models are summarized in the flow
chart shown in figure 1. This approach, which has been used numerous times in previous studies,
has been continuously improved and provides practical prediction models for implementation as
design checks and for use in pavement management.® *** ' '? Following are the key elements
in the application of this approach to develop models for predicting pavement distress and

roughness.



Select Distress/TRY Model & Conduct
Literature Review of Previous Models
and Distress Mechanism

Identify and Define Potential Variables
* Dependent Variable (Definition)
¢ Independent or Explanatory Variables

Assemble Database of LTPP Sections
{Determine Specific Subset of Data to Use)

Identify Missing Data Items for Variables
(Decide which Variables have too Little
Data to Keep in Analysis)

Explare Dataset and Clean Data
s Statistics (mean, min., max., etc.)
¢ 2-Dimensional Bivariate Plots
E_ s Correlation Matrix of all Yariables
s Identify Types of Relationships Between Variables
+ Identify Erroneous and Potential Problem Data

* Optional: Create Mechanistic Variable Cluster

A

Figure 1. Flow chart for developing distress models for rigid pavements.
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Model Building

A 6 ¢ Identify Functional Form of Distress/IRT with Traffic
and Age
* [dentify Boundary Conditions

* Select Potential Variables and Transformations for
Initial Evaluation

e Conduct Linear Regression with all
Variables/Clusters (Observe significance Levels,
Collinearity, Residual and Predicted vs. Actual Plots)

¢ Identify Potential Qutliers
¢ Conduct Further Regression Analyses
s Select Tentative Model

Sensitivity Analysis

7 * Set Variables at Their Means

® Increase/Decrease each Variable by One Standard
Deviation and Compute Distress/IRI for each

¢ Repeat for all Variables

» Plot Sensitivity Graph

» Evaluate Reasonableness of Direction of Variables on
Distress/IRI

+ Evaluate Reasonableness of Sensitivity of each
Exploratory Variable

¢ Judge Adequacy of Tentztive Model
* Revise Model if Deficient

Figure 1. Flow chart for developing distress models for rigid pavements (continued).
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Step 1: Literature Review- Establish Canse of Distress

This first step involves a comprehensive literature search, review of past studies, and
brainstorming by the research team to establish the cause of the distress to be modeled. Past
models for predicting distress and roughness were also evaluated to determine significant
variables.

The goals are to learn as much as possible about the mechanism of the distresses, the model
forms previously used to model both distresses and roughness, and the independent variables that
were found to influence the key distress types and roughness in past studies. Also, the form in
which the response variable or distress/roughness was best represented in the models can be
established from a review of previous models. The results of this review were used to determine
possible shortcomings in the current prediction models and to recommend improvements to the
models.

Step 2: Identify and Defi a1 Indencnd : :

The next important step involves further in-depth investigations to identify and define the
potential independent variables to use in the models for predicting distress or roughness. Of
particular importance are any mechanistic-based independent variables that significantly explain
the cause of the distresses. By building on past knowledge, it is possible to identify or develop a
mathematical cluster of mechanistic parameters relevant to pavement performance prediction,
also called mechanistic clusters, that can be incorporated into models to improve their accuracy
and practicality.

Because such cluster variables are based on mechanistic principles, they offer the advantage of
reducing the data requirements for developing good prediction models. Using these principles, a
systematic process based on both statistical analysis and engineering judgment was used to
determine the independent variables necessary for effective model development. Table 2 shows
the variables that were identified in this study for the development of each prediction model.

Step 3: Assemble Database for Each Model

With the dependent and independent variables for each distress type and roughness established,
the next step is the process of assembling the data required for each model. Table 1 lists the
sources of data that were used to develop the various prediction models in this study. Because of
the structure of the LTPP database in the NIMS, a key step in this study was to organize the data
to facilitate its quick retrieval into the unique analysis data sets used for developing the
prediction models. A local Microsoft Access® database proved to be very effective for organizing
the LTPP data.

Step 4: Identify Missi

Each data set had to be examined thoroughly to identify gaps and erroneous data. In this study,
the LTPP database was examined to determine if data were not available for certain key
variables. In some cases, data were not available because they had not yet been processed into
the NIMS. Some pavements simply did not have data available for certain design features.
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Therefore, the database was checked closely for anomalies, and appropriate measures were taken
to correct any erroneous data.

Step 5:Explore and Clean Data

For both empirical and mechanistic-empirical models, a very important step in the process is
exploration of the data set for each model to examine the general properties of the data, clean the
data, and get it ready for further analysis. Basic univariate statistics for the variables are used to
determine if the data set is representative of the inference space of the expected model. Also the
variables are examined using univariate and bivariate analysis methods (e.g., histograms, scatter
plots, and correlations) to identify extreme outliers, erroneous data, and possible transformations,
strong interactions, possible mechanistic clusters, and to determine the relationships between the
distress and explanatory variables. Prior knowledge and expertise should be applied to screen
independent variables and to identify possible transformations, interactions, and specific
mechanistic clusters to considet.

Step 6: Select Model Form

Following the selection of a large pool of independent variables, transformed variables,
interactions, and cluster variables to consider, the model building process begins with the
selection of the functional form that best describes the path of progression of the key distresses or
roughness. Various functional forms available for modeling pavement distresses and roughness
are described in appendix A. Several statistical procedures are available for selecting the subset
of independent variables, including transformations, interactions, and cluster variable, to include
in the model form for further investigation. They include forward and backward selection
methods, stepwise regression, and other linear regression-based methods that use a variety of
criteria to select the independent variables and the forms of the variables to include in a model.

Sten 7- Devel | Verify Prediction Model

Following the preliminary investigations to determine the best model form to use, multiple linear
regression analysis is conducted on all of the variables and clusters to produce the parameter
estimates and summary statistics for the selected model. Optimization techniques can also be
used to improve this process. The model obtained should then be verified for accuracy of the
regression coefficients, reasonableness of the regression function, and ability to generalize
inferences drawn from the regression analysis. Appendix A includes some of the diagnostic
statistics used in this study to establish the suitability of the models developed. If the results
obtained are not satisfactory, remedial measures should be taken and further regression and
optimization analysis conducted as necessary to obtain the best tentative model for predicting the
distress under investigation. .

Sten 8 Verification of Mod

Following step 7, a robust and reliable model should be available. An extremély important and
final step that should not be neglected is verification of the model. This is necessary to check the
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predictive capability of the model outside of the data used to develop it. The only reliable
approach is to use data obtained from independent sources to verify the model. However, several
other statistical methods can be used to partially verify models, including the following:

* Sensitivity analyses.

® Statistical diagnostic tests.

° Data splitting (i.e., using part of the data that is held back to check the model’s predictive
ability).

A sensitivity analysis involves using the model to evaluate the effect of various inputs on the
predicted distress and comparing those results with empirical and theoretical observations. A
comprehensive sensitivity analysis of the selected model can be performed as follows:

® Except for the variables of interest (the independent and a dependent variable), set all
other variables in the model to their means.

. With all the other variables set at their means, vary the variables of interest over their
typical ranges and observe the variation in the response variable or predicted distress. Use

of plots to observe these variations is highly recommended.

L Compare the results obtained with empirical observations and theoretical results.
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4. FAULTING MODEL FOR JOINTED CONCRETE PAVEMENTS

Introduction

Faulting is a major distress that occurs in jointed concrete pavements (JCP). It is the difference in
elevation between the adjacent slabs across a transverse joint or crack. Excessive faulting will
greatly reduce the serviceability of a JCP because the increase in roughness caused by the faulted
joints and cracks appreciably increases user discomfort. Therefore, in the design of jointed
concrete pavements, faulting is one of the major distress types that must be prevented. For
existing pavements, forecasting the occurrence of the distress is important to ensure a good
riding surface and user safety. Rehabilitation of faulted joints must be performed as soon as
possible in JCP.

Diamond grinding of the joints is an effective way to eliminate faulting, provided the faulting is
not excessive. However, unless the fundamental causes of faulting are addressed, it is likely that
the pavement will continue to fault. Alternatively, faulting can be remedied with a thick overlay.
In either case, the rehabilitation of pavements with faulting is costly and time consuming.
Therefore, it 1s more effective to prevent faulting during design. Some of the design features that
can be used to reduce faulting include dowel bars, nonerodible bases, and positive drainage. *
10.13.14) This chapter describes the development of a model for predicting joint faulting of JCP.
The model can be used as a design check to ensure that the appropriate measures have been taken
to limit faulting. For pavements already in service, the model also provides a means for
predicting the occurrence of faulting. This information can be used to plan rehabilitation as part
of an overall pavement management system. To provide a model that is most suitable for all
these uses, the model incorporates mechanistic principles that explain the occurrence of faulting.

Faulting Mechanism

Faulting is the result of a combination of poor load transfer across a joint or crack, heavy axle
loads, free moisture beneath the pavement, and pumping of the supporting base, subbase, or
subgrade material from undemeath the slab.®*'* "' It is primarily caused by erosion of the
supporting material from underneath the leave slab and a buildup of the loose material under the
approach slab at a joint or crack. The erosion of material from underneath the leave slab is
caused by the phenomenon of pumping. Therefore, it is important to understand pumping in
order to understand the mechanism that leads to faulting.

Pumping is a phenomenon that has been observed on concrete pavements since the advent of
large trucks with heavy axle loads."* > '® 1718 1%.20.21.2D Eoyr elements must be present for
pumping and, therefore, faulting to occur. There must be free water in the pavement, an erodible
underlying or supporting material, heavy truck traffic, and differential deflections due to
inadequate load transfer.

When these elements are present, as a heavy wheel load approaches a joint or crack, the approach
slab deflects and forces water trapped under the slab to transport fine material underneath the
leave slab. As the wheel load crosses the joint or crack, the sudden vertical pressure on the leave
slab causes pumping or ¢jection of the water and loose material from beneath the slab through
the joint or crack. A large part of the fine material that is eroded from beneath the leave slab is
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deposited under the approach slab. Repeated cycles of this phenomenon, which occurs with each
wheel load application, can be in the millions. Eventually, this leads to measurable faulting at the
joint or crack because of a lift up of the approach slab and a depression of the leave slab.

Although this is the basic mechanism of pumping that leads to faulting, several other factors can
exacerbate the distress and need to be taken into account. Field results show that the reduced
support from upward curling or warping of the slab at the joint or crack will increase pumping
pressures because of the higher deflections experienced.*® The potential for faulting of a
pavement is at a minimum in the summer months when the joints are closed due to thermal
expansion.®¥ Also, faulting increases in the other seasons when the joint width is widest and the
underlying materials typically have a higher moisture content.***”

The impact of a heavy wheel load as it crosses the joint or crack is far more pronounced if there
is inadequate load transfer. The higher differential deflections that occur at the joint or crack will
lead to more pumping and faulting. However, it is important to note that, even for a pavement
with 100 percent load transfer, deflections at the joint or crack can be abnormally high and result
in horizontal pumping."® This was observed at the American Association of State Highway
Officials (AASHQ) Road Test, where the joints with dowels used for ioad transfer showed
extensive pumping but no faulting in the 2-year period of the study."® Laboratory and empirical
evidence show that the loss of support caused by horizontal pumping will eventually lead to
more pumping.'>*¥ This will increase corner deflections and lead to faulting as the magnitude of
the deflections increases. In addition, the loss of support at the joints and slab edge caused by
pumping will also increase the stress in the slab and can eventually lead to comer cracking.

Based on the mechanism described, it is clear that the following conditions must exist for
pumping and faulting to occur:

. Significant joint differential deflections brought on by several factors, including heavy
wheel loads, inadequate load transfer, and loss of support.

® A high percentage of fines in the underlying base, subbase, or subgrade material that is
erodible.

. Saturation or a high moisture content of the underlying base, subbase, or subgrade
material.

These factors must be considered in the development of a model for predicting joint faulting.
Evaluation of Existing Faulting Models
To determine the factors that should be considered in the development of a model for predicting

faulting, several existing doweled and nondoweled faulting models were reviewed. These models
included empirical and mechanistic-empirical models.
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- rnirical |

An early empirical faulting model based on distress surveys from six States is shown below.®
The model predicts faulting for both doweled and nondoweled pavements.

FAULT =  ESAL""™[-0.298 + 0.2671/(THICK**'**) - 0.0285*BTYP
+0.00406(F1 + 1)°*** - 0.0462*EDSUP + 0.2384*(PUMP+1)*'® (1)
- 0.0340*DOW>*% ]

where

FAULT = mean transverse joint faulting, in

ESAL = accumulated 18-kip single-axle loads, millions

THICK = slab thickness, in

BTYP = 0 for granular and 1 if treated

FI = freezing index

EDSUP = 0 for AC shoulders and 1 for tied PCC shoulder

PUMP = 0 if no pumping and 1, 2, or 3 for low, medium, or high severity

DOW = diameter of dowel bar in inches and 0 if no dowel bars present

The unique aspect of this model is the inclusion of shoulder type and a2 pumping factor. The
pumping factor is similar to an erosion factor, which recognizes the effect pumping has on
faulting. The pumping factor is calculated from traffic, soil type, slab thickness, precipitation,
and freezing index. It was realized from this study that tied shoulders reduce faulting by about 50
percent. It was also one of the first models to relate dowel diameter to faulting.

In the first attempt to develop prediction models using the LTPP data, the following faulting
models were also developed for doweled and nondoweled pavements:© %

2
FAULTD = CESAL®? x { 0.0238 + 0.0006 *( ESII’;)‘-—CE)
2 2
+ 0.0037 *[ —-&) ¥ 0.0039*( AGE) @
KSTATIC 10
- 0.0037+EDGEsSUp - 2:18*DOWDIA
100
where ‘
FAULTD = mean transverse doweled joint faulting, in
CESAL = cumulative 18,000-1b ESAL’s in traffic lane, millions
JTSPACE = mean transverse joint spacing, ft
KSTATIC = mean backcalculated static k-value, psi/in
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AGE = age since construction, yr

EDGESUP = edge support (1 for tied concrete shoulder and 0 for other
shoulder types)
DOWDIA = diameter of dowels in transverse joints, in

FAULTND = CESAL®®«[- 0.0757 + 0.0251 */AGE

+ 0.0000012 FI*PRECIP - 0.0378 DRAIN + 0.000013 PRECIP? (3)
where
FAULTND = mean transverse nondoweled joint faulting, in
CESAL = cumulative 18,000-1b ESAL:s in traffic lane, millions
AGE = age since construction, yr
PRECIP = mean annual precipitation, in
FI = mean freeze index, degree-days
DRAIN = drainage type, I=longitudinal subdrainage exists; O=otherwise

For the nondoweled pavement, the significant variables include traffic loading, dowel diameter,
edge support, joint spacing, and subgrade support. Environmental factors that influence the
erodibility of the underlying materials and joint width were significant.

Faulting models were also developed recently in the Federal Highway Administration (FHWA)
jointed concrete pavement study, commonly referred to as RIPPER, for both doweled and
nondoweled concrete pavements.(!?

FAULTND = CESALS»*[0.2347 - 0.1516*C, - 0.00025*Slabthick?/Jtspace®?*
- 0.0115*Basetype + 0.7784*107*FI'**Precip®*
- 0.002478 *Days90 - 0.0415*Widenlane] 4)

FAULTD = CESALS"®[0.0628 - 0.0628*C, + 0.3673*10**Bstress>
+0.4116*10%*Jtspace? + 0.7466* 10°*FI**Precip®’ (5)
- 0.009503*Basetype - 0.01917*Widenlane + 0.0009217*Age]

where

FAULTND = mean transverse nondoweled joint faulting, in

CESALS = cumulative 18-kip ESAL’s, millions

Cq = drainage coefficient

Slabthick = slab thickness, in

Jtspace = joint spacing, ft

Basetype = stabilized or unstabilized base

FI = freezing index
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Precip = annual precipitation, in

Days90 = days temperature is above 90°F

Widenlane = presence of a widenlane or not

FAULTD = mean transverse doweled joint faulting, in
Bstress = maximum dowel/concrete bearing stress, pst
Age = pavement age, yr

Much like the previous faulting models, these models show that a combination of variables that
influence the level of differential deflection at the joint, erodibility of the underlying material,
and the availability of free water have a significant effect on faulting.

Mechanistic-Empirical Models

In 1993, a mechanistic-empirical faulting model developed by the Portland Cement Association
(PCA) introduced the concept of erodibility as one of the important parameters to consider
directly in a model for predicting faulting.?® The PCA model defines the rate of work or power
of each axle pass at the comer of a slab as follows:

P = 268.7 * p’/t/k"" (6)
where
P = power (rate of work)
p = pressure at slab-foundation interface, psi
t = slab thickness, in
k = modulus of subgrade reaction, psi/in

For each axle, the number of allowable axlc load applications for the pavement was calculated as
follows:

logN = 14.524 - 6.777 * (C, * P - 9.0)*'* )
where
N = allowable axle load repetitions to end of design period
C, = 1 - (K/2000%4/t)2
p = power

Using Miner’s damage equation, erosion damage at the slab corner was calculated with the
following equation:

EROSION = 100*n,*(C,/N)) ‘ (8)
where
EROSION = percent erosion damage
n, = expected number of axle load repetitions for each axle group
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C, = 0.06 for pavements without a shoulder and 0.94 for pavements with a tied
concrete shoulder

N, = allowable number of repetitions for each axle group

The erosion damage calculated in this fashion was used as a cluster variable to develop the

following models for predicting faulting of doweled and nondoweled jointed concrete

pavements:

FAULTND = EROSION®* [9.75873x10**(Precip)”®'*” + 0.0060291*J8******
- 0.016799*DRAIN] S
FAULTD = EROSION®*°[0.0038332*(Precip/10)"**'*
+0.0057763*J8%* ] (10)
where
FAULTND = mean faulting at nondoweled transverse pavement joints, in
EROSION = calculated accumulated erosion
Precip = annual precipitation, in
IS = joint spacing, ft
DRAIN = dummy variable for the presence of edge drains
FAULTD = mean faulting at doweled transverse pavement joints, in

Other mechanistic-empirical faulting models have been developed based on the concept of
damage estimated from the pavement’s comer deflection. Equations 11 and 12 are examples of
some of the models developed to estimate the allowable number of load repetitions:*”

Log N, = 0.5064/(D,)>*" (D, = whk"?" > 1.862 x 10™%) (11)
Log N, = 3.749x10%/(D,)** (D; = w/hk"?" < 1.862 x 107 (12)
where
P = number of load repetitions before critical damage
. = damage index
corner deflection

pavement thickness
= subgrade reaction modulus

e O 2Z
|

Faulting Model Development Approach

Based on the review of literature and previous models, an approach similar to the PCA procedure
was adopted for development of a mechanistic-empirical model for predicting faulting.?*>” Tt
involved the 1dentification of a mechanistic parameter that could be related to the damage that
causes faulting. The mechanistic parameter that was selected is the differential elastic
deformation energy (DE) imposed on the underlying base, subbase, or subgrade at the slab
Comer'(ZZ, 28, 29, 30)
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The differential elastic deformation energy imposed on the underlying material by traffic loads is
related to the differential deflection at the joint. The pore water pressure generated by the
differential energy imposed on the slabs is responsible for the erosion and ¢jection of fine
material from undemeath the slab. The differential elastic deformation energy was used as a
mechanistic response parameter for predicting the allowable number of cycles of 80-kN
equivalent single axle load (ESAL) applications to failure. This approach was used successfully
to develop similar models for predicting faulting for cost allocation purposes.!'?

. el

With DE selected as the mechanistic parameter to relate to faulting, it is possible to use Miner’s
linear damage hypothesis to determine the total damage that is accumulated by a pavement from
repeated 80-kN ESAL load applications. However, in recognition of the effect of other non-load
factors such as the pumping potential of the underlying material and the environment, the
following general model form was selected for consideration as a faulting model:

FAULT = (FDAMAGE)C (13)
where
FAULT = mean joint faulting, mm
C = erodibility scaling factor related to the pumping potential of the underlying
material and the environment
B = regression coefficient
FDAMAGE = accumulated faulting damage = & n/N;
n = actual number of 80-kN ESAL’s

Nf = allowable number of 80-kN ESAL’s to failure related to the differential
elastic deformation energy, DE

Although this model assumes that the faulting damage (FDAMAGE= Xn/N)) due to load
applications accumulates linearly with the number of 80-kIN ESALSs, there is a non-lincar
relationship between the total damage and predicted faulting. The scaling factor, C, accounts for
the interaction between the load causes of faulting and the other non-load-related factors
described previously that contribute to faulting. This model form meets the boundary conditions
for faulting; faulting is equal to zero when there are no load applications, and faulting increases
early in the life of the pavement and levels off after early load applications.

echanisti

A procedure for calculating DE for pavements was developed for use in the development of the
faulting model. The concept of a deflection-based deformation energy criterion has been used
several times in the past for pavement research.?>** 239 The Purdue Method for Analysis of
Rigid Pavements (PMARP) to compute the volume of materials pumped from beneath a loaded
slab was developed in 1984.“? The volume of pumped materials was defined as a function of the
deformation energy imposed on the pavement by a load, which was defined as follows:
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DE = ) kAA (14)
i=1

o1

where

DE = deformation energy imposed by an axle load, kN mm
k, = modulus of subgrade reaction, kKN/mm’

A, = area associated with node i, mm®

A = deflection at node 1, mm

In this model, only those nodes within the finite element mesh with deflections over 0.5 mm are
considered significant to pumping. However, there is ample empirical and laboratory evidence to
suggest that even lesser deflections can lead to pumping and faulting.** %)

As a wheel load crosses a joint, the difference in the elastic deformation energy between the
loaded (leave) slab and the unloaded (approach) slab is directly related to the pore water pressure
generated and the resultant volume of material that is pumped from beneath the load slab.
Therefore, a response parameter that can be related to pumping and faulting is the difference
between the elastic deformation energy per unit area imposed on the loaded and unloaded slabs,
defined as follows:

DE = E _-E,. (15)
where
DE = differential elastic deformation energy per unit area between the loaded and
unloaded slab, kN/mm
E = elastic deformation energy per unit area imposed on the loaded slab, kKN/mm
E, = elastic deformation energy imposed on the unloaded slab, kIN/mm

The ¢lastic deformation energy in equation 15 is defined as follows:

E=%Ywp (16)
where
E = elastic deformation energy per unit area, kKN/mm
w = slab’s deflection at the joint, mm
P = pressure at the slab-foundation interface at the joint, KN/mm?

If the underlying material is modeled as a Winkler foundation, the pressure at the slab-foundation
interface can be determined from the following equation:

p=kw (17)
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where

p = pressure at the slab-foundation interface, KN/mm”
k = modulus of subgrade reaction, kN/mm’

Substituting equation 17 into equation 16 results in the following relationship:

E = % kw | (18)
Therefore, DE can be defined as follows:

DE = 1.84k (w.?-w,?) (19)

The validity of relating DE to faulting can be checked by examining the following form of
equation 19:

DE = 1.84k (w, +wy )(w, - W) (20)

The term (w, - wy;; ) is the differential corner deflection between the loaded and unloaded slabs. It
represents the relative movement between the loaded and unloaded slabs and is an indication of
the amount of load transfer present at the joint. The higher the difference (i.e., inadequate load
transfer), the higher the joint faulting will be. Without any differential deflections at the corner
(perfect load transfer), there will be no faulting. The term (w, + wy, ) is equivalent to the free-
edge comer deflection w._ and is defined as follows:

Wr, = Wt Wy, (21)
It represents the total flexibility of the slab at the joint. The higher the slab’s flexibility, the
higher the potential for joint deterioration and faulting. This increases the resulting differential
corner deflections. These observations support use of the differential elastic deformation energy
as a response parameter to model faulting.

Determination of Differential Elastic Deformation Energy

The corner deflections of the loaded and unloaded slabs at the joint are required to calculate the
differential elastic deformation energy. These corner deflections are dependent on pavement
design features such as the load transfer at the joint, material strength properties, saturation level
of the underlying materials, and the applied loads. Finite element analysis presents the best
approach for calculating these required deflections. However, since it is impractical to use finite
element analysis every time the model is used, simple deflection prediction equations were
developed for use in calculating the deflections.

Loaded and Unloaded Comer Deflections

Following is a general equation for calculating the free-edge corner deflection for a load placed
along the joint based on Westergaard’s free comer deflection equation:©"
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w, = w, +wy = o*P/k P (22)

[

where

S free corner deflection, mm
nondimensional scale factor

applied load, kN

modulus of subgrade reaction, kN/mm’
radius of relative stiffness, mm

I

~me g
I

This equation takes the applied load, modulus of subgrade reaction, and radius of relative
stiffness into consideration for calculation of the corner deflection. The nondimensional scale
factor takes into account factors such as the distance of the load from the corner and the type and
configuration of the load.

Another parameter critical to faulting is the load transfer at the corner, which is defined as
follows:

LTE = wy /w, (23)
where
LTE = corner load transfer efficiency
LA unloaded slab comer deflection
w, = loaded slab corner deflection

For any pavement, if the free-edge comer deflection and the load transfer across the joint of a
pavement at the corner are known, the unloaded comer deflection can be calculated as follows:

wy. = wg, ¥(LTE)/(1 + LLTE) (24)

The loaded corner deflection can then be calculated from the corner LTE and the unloaded corner
deflection in the following manner:

w, = wy, /LTE (25)

Therefore, if equations are available for calculating the free-edge comer deflection and the corner
load transfer, both the unloaded and loaded corner deflections can be calculated. This was
accomplished by developing prediction equations for calculating the free-edge comer deflection
and the comer load transfer efficiency. The results from finite element runs for a factorial of
pavement design features that cover a wide range of field conditions were used to develop the
models.

Finite El Analvsi

The finite element analysis program ILLI-SLAB was used in the analysis of a factorial of
pavement design features to develop the regression equations for calculating the free-edge corner
deflection and corner load transfer efficiency. The factorial was designed to cover the range of
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pavement parameters covered by the GPS 3 sections, as well as those expected to be encountered
in the field. Additionally, two nondimensional parameters, L/¢ and AGG/kS, were used to
minimize the number of cases that had to be analyzed. The L/{ ratio gives an indication of the
effect of slab size on the corner deflection, where L is the joint spacing and ¢ is the radius of
relative stiffness. AGG/k{ and { are defined as follows:

AGG/ki = AGGgexp[l + aD" - b(L/0}] (26)
¢t = B*h*/ [12%k(1-u2)] 27)
where
AGG = load transfer factor, kPa
D = dowel diameter, mm
L = joint spacing, m
[ = radius of relative thickness, mm

AGG,, a,b,a = regression coefficients

E = modulus of PCC slab, kPa

h = slab thickness, mm

k = modulus of subgrade reaction, kPa/mm
7 = Poisson’s ratio

AGG/k 1s essentially a nondimensional load transfer factor that is directly related to the joint
load transfer efficiency. Following a review of the LTPP database, the pavement parameters and
ranges given in table 3 were selected for use in the factorial analysis. The basic model used for
the finite element analysis is shown in figure 2 and consisted of four adjacent slabs in the
longitudinal direction. Slabs in the transverse direction were used in the analysis because the
finite element analysis showed that, even when loaded, they did not significantly affect the
pavement’s corner deflections. However, the analysis showed that all the wheels on an axle
influenced corner deflection; therefore, the entire axle was considered in the analysis.
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Table 3. Pavement parameters and range of values used in corner

deflection model development.

Variable Range of Values
Load, kN 80-kN ESAL
Load transfer factor, kPa 185 to 400
Outer wheel distance from corner, mm 0to 915
|| Slab length, mm 4600
" : Slab width, mm 3600
" AGG/k! 0.0171 to 3701
Il L/t 31t06.7
Modulus of concrete, kPa 34.5%10°
Modulus of subgrade reaction, kPa/mm 27
| Poisson’s ratio _ 0.15
3600
3175
2160
1400
760
305
152
0y 1800 2850 3860 [4600 | 5280 6300 9200

Figure 2. Finite element model.

4270 4870
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Free-Edge Corner Deflection Model

The highest deflection at the corner of a slab occurs when the load is placed at the outside edge
of a pavement without edge support or tied shoulders. As the load is placed at increasing
distances inward from the unsupported pavement edge, the magnitude of stress and deflection at
the comer decreases.

Studies on pavement encroachment show that most trucks are driven with the outside wheels
placed about 460 to 610 mm from the edge, and only approximately 6 percent of trucks run with
their wheels placed at the edge.®” To take this distribution into account, it was decided to
develop models for predicting deflections for loads placed along the joint anywhere between 0
and 915 mm from the edge.

From the results obtained, the following equations were developed for calculating the free-edge
corner deflection for an 80-kIN ESAL placed at the corner (i.e., 0 mm from the corner) and 915
mm from the corner, respectively:

Wi oo = (0.1051 02+ 87.18 0 + 231473)/ke (28)
Wpo xeors = (0.078 07 +123.6 - 19993)/ke’ (29)
where
W, = free-edge corner deflection, mm
k = modulus of subgrade reaction, kPa/mm
i = radius of relative stiffness, mm

Regression analysis of the results obtained from these models and those from finite element
analysis runs showed that the models estimated deflections with reasonable accuracy.

Load Transfer Efficiency Models

As noted, equations 28 and 29 calculate the free-edge corner deflections for pavements with no
load transfer. However, for most pavements, there is some load transfer across adjacent slabs,
either through aggregate interlock or by the provision of dowels. The free-edge comer
deflections calculated should therefore be corrected for the effect of load transfer, This requires
knowledge of the load transfer across the pavement slabs.

Several studies have developed models from finite element analysis for calculating load transfer
for wheel loads placed close to the corner of a pavement slab. Two such equations are provided
as equations 30 and 31. Equation 30 was developed for calculating load transfer efficiency (LTE)
for a load placed at the corner of a slab, and equation 31 was developed for calculating the LTE
for a load placed 915 mm from the slab corner.®*
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LTE_, = 1/[1+ 1.2%(AGG/K0**¥] (30)

LTE ., = 1/[1+0.3483*(AGG/K{)" """ 3D
where
LTE = load transfer efficiency, percent
X = distance of load from corner, mm
AGG/ke = nondimenstonal load transfer factor

A linear relationship exists between the load transfer calculated for loads placed between 0 and
915 mm from the corner of a slab. Therefore, equations 30 and 31 can be used to calculate the
comer LTE for any load placed between 0 and 915 mm from the slab corner by linear
interpolation between LTE, , and LTE _,..

Calculation of Corner Deflections for Loaded and Unloaded Slahs

Using equations 28 through 31, the unloaded comner deflection for an 80-kN ESAL placed at a
distance of 0 or 915 mm from the corner can be calculated as follows:
Y(1 +LTE, 4015 mm) (32)

Wor T Wex= *(LTE

Cor 915 mm x=0 or 915 mm

The unloaded corner deflection for an axle load placed at any distance between 0 and 915 mm
from the corner can be determined by interpolating between the results obtained for x =0 and x =
915 mm. This result was verified using the results obtained from finite element analysis. The
loaded comer deflection can then be calculated from the unloaded corner deflection and the
corner LTE as follows:

w, = w,, /LTE (33)

alenlation of Differential Elastic Deformat

On the basis of equations developed in the preceding section, following is a procedure that was
used to obtain estimates of the differential elastic deformation energy for the LTPP sections for
use in the model development. In this study, an axle load with the outer wheel placed 305 mm
from the corner was considered. This procedure is also required for calculating the differential
elastic deformation energy, DE, for use in the final model that was developed.

1. Calculate the nondimensional load transfer factor, AGG/k{, using equation 26 (use its
final form, equation 39, for the final model).

2. Using equations 28 and 29, calculate the deflections, w,,, using the values of ¢ and k for
the pavement and with the load, P, placed at x = 0 and x = 915 mm.

3. Calculate LTE at x = 0 and x = 915 mm using equations 30 and 31 and the value of
AGG/k¢? from step 1.
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4. Correct the free-edge deflections, w,,, for corner LTE at x = 0 and 915 mm to obtain the
unloaded slab comer deflections, wy;;, at x = 0 and x = 915 mm using equation 32.

5. Calculate w,;, at x =305 mm by interpolating between the unloaded slab deflections at x
=0 and 915 mm.

6. Calculate the loaded corner deflection, w,, at x = 305 mm using equation 33.

7. With w,;, and w, at 305 mm, calculate the differential elastic deformation energy, DE, for

an 80-kN axle placed 305 mm from the corner using equation 19.
Data Preparation and Evaluation

The next step in the model development was preparation and evaluation of the data available
from the GPS 3 sections in order to determine the plausibility of the preliminary model form and
to gain further insight about the variables that influence faulting. The database of GPS 3
pavement scctions that was created was checked thoroughly for gross errors, cleaned, and
prepared for analysis. A comprehensive statistical analysis of the cleaned data was conducted to
evaluate the preliminary relationships between the measured faulting and several explanatory
variables.

Table 4 is a correlation table that shows the strength of the relationships between the explanatory
variables and faulting, as well as the relationship between the variables themselves. The
definitions of the variables in table 4 are provided in table 5. Although the results do not show
very strong relationships between the independent variables and faulting, several interesting
trends are evident. The'variables with the highest positive correlations to faulting are cumulative
ESAL’s and age.
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Table 5. Definitions of selected variables significant to joint faulting of JCP.

“ Symbol Potential Independent Variable "

Hpce PCC slab thickness, mm

k-value Static backcalculated k-value, kPa/mm

JTSP Mean transverse joint spacing, m

DOWDIA [ Dowel diameter, mm

DT Presence of edge drain, 0=no edge drain, 1=edge drain present

FI Freezing index, degree-days (°C) below freezing

PRECIP Average annual precipitation, mm

WTDYS | Number of days precipitation > 12.7 mm in a year

MEANT Average mean daily temperature, °C

AGE Time since pavement construction, yr

ESAL Cumulative equivalent 80-kN single axle load

PCC slab modulus of elasticity, kPa

EPCC

LTC AASHTO load transfer coefficient, J-Factor

Cd Time since pavement construction, yr
BT Base type, O=erodible and 1=nonerodible
ST Subbase type, 0=fine and 1=coarse

FAULT Mean edge joint faulting, mm

Faulting is, of course, strongly related to the number of heavy axle loads passing over a joint that
cause differential deflections. The number of wet days and precipitation level are also positively
correlated to faulting, supporting the empirical evidence that higher levels of moisture in the
pavement will result in more faulting. There is also an indication that base type and dowel
diameter are negatively correlated to faulting; that is, a nonerodible base and larger dowel
diameter will result in less fauiting. A pictorial representation of some of these trends is shown in
the bivariate plots in figure 3.

Erodibility Scaling Factor
The scaling factor, C, in equation 13 accounts for important factors that interact with the

differential elastic deformation energy at the joint to cause pumping and faulting, but that cannot
yet be fully described with mechanistic response parameters. The factors include the type and

31



erodibility of the underlying pavement layers, the environment, drainage, and other pavement
features. Mainly, these factors influence the pumping potential of the base, subbase, or subgrade
beneath the PCC slab and are collectively represented by the erodibility factor.

The degree to which the underlying materials pump or erode when subjected to heavy wheel
loads depends on the material type, physical properties, and level of saturation. The level of
saturation of the pavement materials depends on the environment and the drainage provided.
Therefore, the challenge is to select the components of the scaling factor that account for these
effects as much as possible. Several model forms and variables were selected to be used for
defining the erodibility factor. Based on the results of past studies and evaluation of the data for
the GPS 3 concrete pavements from the correlation analysis and stepwise regression, the
following model form and variables were selected as the most promising for defining the
erodibility factor: ‘

C = B, + B, WETDAYS - B, DOWDIA - B,C, (B, + BASE) (34)
where
C = erodibility scaling factor
WETDAYS = number of days with precipitation greater than 12.7 mm
DOWDIA = dowel diameter, mm
C, = drainage coefficient
BASE = base or subbase type, 0=erodible, 1=nonerodible
Bos Bys By By B = regression constants

For all types of pavement materials, pumping and faulting can be magnified by environmental
factors such as the amount of precipitation, freeze-thaw damage, depth of frost penetration,
thermal expansion of the slab, and daytime slab curling. '

Evaluation of the GPS 3 data showed that the number of days with precipitation greater that 12.7
mm was relatively highly correlated with faulting, and was therefore selected to account for the
general effect of the environment in the scaling factor. Past results show a similar significant
effect of precipitation on faulting.”'® Another variable included in the scaling factor is dowel
diameter. Although dowel diameter is considered in the calculation of the load transfer parameter
m‘qauation 26, there is strong evidence from past models that dowels are significant to faulting.*
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Figure 3. Plot of mean joint faulting versus significant variables for jointed PCC pavement.

The results from the correlation studies also show that dowel diameter is very significant to
faulting. Consequently, dowel diameter was also included.

The drainage coefficient, C,, used in the scaling factor is a modified version of the American
Association of State Highway and Transportation Officials (AASHTO) drainage coefficient
introduced in the AASHTO rigid pavement design procedure in 1986.“* It accounts for the
pavement’s ability to drain excessive motisture from within the structure, as well as the
pavement’s potential to be exposed to near-saturated conditions. It considers precipitation, base
and underlying soil type, permeability of the underlying material, and the presence of edge
drains. This makes it possible for factors that are not included directly in the faulting model to be
accounted for. For this study, the drainage coefficients for the GPS 3 pavement sections were
determined from the simplified matrix presented in table 6."” This matrix is based on the
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original AASHTO drainage coefficients and several additional recommendatlons that account for
the base type and other material properties.

The type of base or subbase has a strong influence on faulting. A nonerodible base increases the
resistance of the pavement structure to erosion. In unbound granular materials such as dense-
graded aggregates, pore water pressure buildup is the main factor that causes horizontal and
vertical movement of materials.®****%*? In stabilized materials such as lean concrete, cement-
treated base (CTB), or soil-cement subbases, surface erosion of the material is of main concem.
For all base types, degradation, aggregate abrasion and fracture resistance, and stability under
repeated loads are some of the other factors that influence pumping and faulting. Therefore, a
variable was also included in the scaling factor to account for the type of base. Because of the
strong interaction between the drainage coefficient and base type, it was considered important to
mode! the interaction between those two variables in the scaling factor.

It is recognized that the factors selected for inclusion in equation 34 are not exhaustive. For
example, it was found that vehicle speed affects the pore water pressure under a slab.®**®
Similar analysis and results showed that the use of skewed joints and an increase in joint opening
decrease the water expulsion velocity under the slab and, therefore, reduce pumping and
faulting.®” Paradoxically, a larger joint opening will increase joint deterioration and increase the
potential for faulting. Such additional factors can be considered in future improvements of the
faulting model.

Faulting Model Formulation

From the results of the analysis conducted, the final model form for predicting joint faulting that
was selected for calibration consisted of the following key parts:

L A model for calculating the allowable number of load applications to reach a critical level
of faultmg as a function of DE.

° A model for predicting faulting.
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Table 6. Matrix for selection of the overall drainage coefficient, C,.'”

m
Edge Precipitation Fine-Grained Soils Coarse-Grained Soils
Drains Level
Nonpermeable | Permeable | Nonpermeable | Permeable
Base Base Base Base
Wet 0.70-0.90 0.85-0.95 0.75-0.95 0.90-1.00
No
Dry 0.90-1.10 0.95-1.10 0.90-1.15 1.00-1.15
Wet 0.75-0.95 1.00-1.10 0.90-1.10 1.05-1.15
Yes
Dry 0.95-1.15 1.10-1.20 1.10-1.20 1.15-1.20

Notes: 1. Fine-grained = A-1 through A-3 classes
2. Coarse-grained = A-1 through A-3 classes
3. Permeable base =k = 300 m/day or C; <6
4. Wet climate = Precipitation > 635 mm/yr
5. Dry climate = Precipitation < 635 mm/yr
6. Select midpoint of range and use other drainage features to adjust upward or
downward.

llowable Number of Load Renciti

The allowable number of load repetitions to failure, N,, is a function of the differential elastic
deformation energy, DE. DE is calculated from equation 19 and requires the determination of the
corner deflections and the load transfer efficiency using equations 28 through 33. This, in turn,
requires calculation of the nondimensional load transfer factor, given as follows:

AGG/k! = AGGexp[l +aD® - b(L/D)] (35
where
AGG = load transfer factor, kPa
D = dowel diameter, mm
L = joint spacing, m
[ = radius of relative thickness, mm
AGG, a,a,b = regression coefficients

To determine the model form to use for estimating N, several model forms were obtained from
the literature and were tested for their suitability for fitting the available data.“” The model form
with the best fit for estimating the number of allowable axle passes a slab can endure before
reaching critical faulting that was selected is as follows:*

LogN = «, - &,*Log(DE + 1) (36)
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where

N = allowable number of 80-kN axle loads
DE = differential elastic deformation energy calculated from equation 19
o, 0, = regression coefficients

According to the functional form, as DE increases, the allowable number of repetitions
decreases. Furthermore, if DE is zero, the allowable number of repetitions practically approaches
an infinite number of 80-kN load applications and faulting damage will not occur. Although this
model is not unique, on the basis of the mechanistic understanding of faulting, it provides a
logical equation for calculating N.

Faulting Prediction Model

From the results of the analysis presented, the final model form selected for predicting joint
faulting is as follows:

FAULT = FDAMP[B, + B,WETDAYS - B,DOWDIA - B,C, (B, + BASE)] (37)
where
FAULT = mean joint faulting, mm
FDAM = accumulated faulting damage = 2 /N
n ' = actual number of 80-kN ESAL’s
N; = allowable number of 80-kN ESAL’s calculated from equation 35
WETDAYS = number of days with precipitation greater than 0.254 mm
DOWDIA = dowel diameter, mm
C, = drainage coefficient
BASE = base or subbase type, O=erodible, 1=nonerodible
B, Bo B> By B By = regression constants

Faulting Model Calibration

Calibration of equations 35 through 37 using the LTPP data for GPS 3 was the final step in
development of the prediction model for JPCP faulting. A combination of optimization
techniques and nonlinear regression analysis was used to determine the values of the parameters
in those equations that provide the best fit for the LTPP data. The criterion used was
minimization of the error between the actual field faulting and the predicted faulting. The
procedure that was used is as follows:

1. For nonlinear regression analysis, initial values were assigned to the load transfer factor
parameters (AGG,, a, b, and & in equation 35) to calculate the nondimensional load
transfer factor, AGG/k{.

2. With the calculated AGG/k(, the LTE, W, W,,;, and DE were calculated for each section.

L3>
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3 For nonlinear regression analysis, initial values were assigned to o, and o, in equation 36
and the number of load applications to failure, N,, was calculated for every section.

4. From the actual traffic load level and the corresponding number of load applications to
failure, N, the accumulated damage, n/N,, corresponding to the faunlting level measured
on each section was calculated.

5. For the assigned values of the aggregate interlock (equation 35) and damage model
(equation 36) parameters AGG,, a, b, «, o, and o,, nonlinear regression analysis was
performed to find the values of the faulting model (equation 37) parameters {3, B,, B, B..
B,, and B, that minimize the following objective function:

Minimize = X (Measured;,,, - Predicted;, )’ (38)

6. For different assigned values of the aggregate interlock parameters (AGG,, a, b, and «)
and damage model parameters (o, and o), steps 1 through 5 were repeated until the
corresponding faulting model regression parameters f, B, B,, B,, B,, and B, were found

‘that did not.change the minimum value of equation 38. Step 6 is essential to ensure that
the final regression constants obtained are not those for a local minima.

Final Faulting Prediction Model

The final faulting model obtained consists of the following models:

Load Transfer Factor Model
1+ 00992p%-99.93L
AGG _ s e( “) (39)
k!

where
AGG/k! = nondimensional load transfer factor
D = dowel diameter, mm (D=0 if nondoweled pavement)
L = slab length, m
0 = radius of relative stiffness, mm

I I : I .

Log, N; = 5.5 Log,, (0.005706 DE + 1) (40)
where
N; = allowable number of load repetitions
DE = differential elastic deformation energy
= 0.5%k* (W W, (W -W )

k = modulus of subgrade reaction, kPa/mm
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W, = deflection of loaded slab, mm
W, = deflection of unloaded slab, mm
Faulting Prediction Model
Fault = FDAM"*[1.25 + 0.00102WETDAYS - 2.5*10°DOWDIA
- 0.625C4(0.5 + BASE)] 41
where
FDAM = n/N;
n = number of 80-kN ESAL applications, in thousands
N; = allowable number of 80-kN ESAL applications, in thousands
WETDAYS = number of wet days in the year
DOWDIA = dowel diameter, mm
Cq = drainage coefficient
BASE = base or subbase type, O=erodible 1=nonerodible
Statistics:
N = 120
R? = 0.56
SEE = 0.762 mm
p-value < 0.0001 (level of significance of model)

A plot of the predicted and measured faulting is shown in figure 4. A plot of the residuals
(predicted - actual faulting) against the predicted faulting is shown in figure 5. The overall
accuracy of the faulting model is reflected by the R* of 0.56, which is the proportion of variation
of faulting explained by the variables included in the model. A test of hypothesis was performed
to determine the significance of the variables used in the model for predicting faulting. The null
and alternate hypotheses were as follows:

H,:  all model parameters are zero (variables are not significant)

H,: all model parameters are not zero

The F-test statistic used for the hypothesis test was calculated as the ratio of the mean square for
the model divided by the mean square of the error. For this study the null hypothesis will be
rejected if the level of significance 1s less than 5 percent (0.05). A level of significance (p-value)
of less than 0.0001 implies a rejection of the null hypothesis. This shows that the variables in the
model are highly significant. Also, individual t-tests were conducted to test if the individual
parameter estimates are equal to zero.

The p-values for this test ranged from 0.0001 to 0.01. The results show that all the parameter
estimates had values other than zero; therefore, the variables in the model were significant.
Prediction accuracy of faulting in absolute units is reflected by the standard error of estimate
(SEE = 0.762 mm). The overall effectiveness of the model should be judged on all of the
diagnostic statistics, the residual plots, and the results from the sensitivity analysis to follow. The
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diagnostic statistics obtained for the faulting model show that the model can predict transverse
faulting with reasonable accuracy for the LTPP database utilized.

Sensitivity Analysis

The final step in the model-building process is the verification of the selected regression model.
For the faulting model developed, model verification was limited to a comprehensive sensitivity
analysis that involved the comparison of results with theoretical expectations, earlier empirical
results, and simulated results reported in previously published literature. The sensitivity analysis
involved using the model to determine the effect of each variable on faulting when the other

variables were held at their mean values.

Plots were prepared to show these results. The plots were examined and the results compared
with theoretical expectations and empirical results from earlier research studies. There were
relatively limited data for model development, so a comprehensive validation of the model was
not possible. However, with more data being collected as part of the LTPP GPS and SPS, data
should be available soon for additional model validation. The plots and discussions on the results
from the sensitivity analysis are discussed in the following sections.
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Figure 4. Plot of predicted versus measured faulting.
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Figure 5. Plot of residuals versus predicted faulting.
Effect of Traffic Loading

Figures 6 through 12 illustrate the effect of traffic loading on the predicted joint faulting for
different conditions. Clearly, in all cases, the predicted faulting increases rapidly in the beginning
with increasing traffic loading and then levels off. This agrees with previous observations of
faulting of jointed concrete pavements in the field. It shows that the model form selected and
approach used to develop the model are both plausible from an engineering sense,

Effect of Pavement Design Features

For further verification of the models, the effect of key pavement design features on the faulting
predicted by the model was checked against empirical and theoretical observations. Figure 6
shows a plot of the predicted faulting for different dowel diameters. It clearly shows that dowels
of a minimum size of 25.4 mm greatly decrease faulting of jointed concrete pavements.
Increasing the dowel diameter further reduces faulting. However, the small difference in faulting
predicted for pavements using 25.4- and 38.1-mm-diameter dowels does not agree with the
results of previous research studies.

The influence of the type of base (or subbase) used underneath the PCC slab is shown in figure 7.
The results confirm that there is a tremendous reduction in faulting from the use of a nonerodible
base such as lean concrete. The rate of progression and magnitude of faulting is far less for
pavements with a nonerodible base in comparison to those with erodible bases. The effects of
PCC slab thickness and subgrade support on the predicted faulting are shown in figures 8 and 9,
respectively. According to the model, an increase in stiffness provided by either an increase in
slab thickness or an increase in subgrade support results in less faulting. Increased slab thickness
reduces joint deflection regardless of load transfer. The increase in subgrade stiffness, by
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contributing to a reduction in deflections at the joints, is believed to be responsible for the
reduction in faulting. Figure 10 shows the effect of joint spacing on faulting and shows that
shorter joint spacing results in less faulting. Longer joint spacing results in more expansion and
contraction, and wider joint widths, which lead to an increase in differential deflections.

Effect of the Environment

Two important variables in the model that deal with the effect of environmental factors on the
predicted faulting are C,; and number of wet days. Figures 11 and 12 show the effect of drainage
coefficient and annual number of wet days on faulting. The plots clearly show that a higher C,
will reduce faulting. Fewer rainfall events, which will generally cause an increase in C,, will also
result in less faulting,
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Summary

The following can be summarized about the faulting model:

° Fifty-six percent of the total variation of faulting can be explained by the included
variables.
° Some of the unexplained variation may be due to errors in the independent variables used

to develop the model, such as the traffic estimates.
] The “average” residual in predicting faulting is 0.762 mm.

° There are no discernible patterns in the residuals. This means that there was little or no
serial correlation in the data used for model development.

° Data from a large number of pavement sections from all over the United States were used
. to develop the model (N = 120).

. Each independent variable was significant at the p < 0.05 level, and the overall model
was highly significant with a p-value of less than 0.0001.

L The sensitivity analysis shows that all of the explanatory variables have a plausible effect
on faulting that agrees with theoretical expectations and previous empirical field results.

Implications and Recommendations

The model developed for predicting faulting uses the differential elastic deformation energy
concept. The differential elastic deformation imposed by traffic loading is postulated to be
directly related to the pore water pressure that is generated undereath a PCC slab and that leads
to faulting. The model obtained clearly indicates that the incorporation of pavement design
features that reduce the differential deflections at the joints of PCC pavements will decrease
faulting. For example, the use of dowels that are at least 25.4 mm in diameter will decrease
faulting appreciably.

According to the model, a stiffer pavement obtained by increasing the PCC slab thickness, higher
subgrade support, use of a nonerodible base such as lean concrete, and shorter joint spacing will
all combine to decrease the average faulting. From the results of sensitivity analyses conducted,
each of these features by itself has an influence on faulting. Therefore, they will together have a
tremendous influence on the progression of faulting.

The model obtained also shows that measures taken to reduce moisture in the pavement will
reduce faulting. Higher drainage coefficients, which imply less saturation of the underlying
material and shorter periods of exposure to moisture, cause a reduction in faulting. Similarly, less
faulting was predicted for pavements in locations with a lower frequency of days during which
the precipitation is in excess of 12.7 mm.
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An important finding is the interacting effect of C; with a nonerodible base. According to the
model, a nonerodible base will increase the effect of the drainage coefficient on faulting about
threefold. Therefore, a nonerodible base used in conjunction with other measures taken to
increase the drainage coefficient will reduce faulting significantly.
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5. TRANSVERSE JOINT SPALLING

Introduction

The SHRP Distress Identification Manual for the Long-Term Pavement Performance Studies
describes spalling as the breakdown or disintegration of a PCC slab’s edges at joints or cracks or
directly over the reinforcement steel, usually resulting in the removal of sound concrete.“? Spalls
are generally categorized by their length and depth. The same manual classifies spalling into
three levels of severity: low, medium, and high. Spalling is measured both numerically (number
of spalled cracks/joints and length of cracks/joints spalled) and qualitatively (low-, medium-, or
high-severity).

Several field studies have observed that joint spalling may be due to infiltration of
incompressibles into pavement joints, the deterioration of the concrete material from
environmental factors, or the exposure of the slab’s joint to a sudden and massive tensile stress.
Spalling caused by a sudden force is usually of low severity and does not progress or deteriorate
with time. However, spalling caused by incompressibles, repeated high tensile stress at the slab
edges (fatigue), or concrete deterioration is more significant. It increases in severity with time
and eventually causes pavement joint deterioration. It also results in the deterioration of load
transfer devices such as dowels through corrosion and the loss of cover. Spalling eventually
causes an increase in the roughness of the pavement, resulting in a decrease in serviceability of
the pavement and costly rehabilitation.

Therefore, spalling is an important distress to PCC pavements. Monitoring and predicting the
occurrence of spalling 1s important for pavement design and management. The development of
sound prediction models for use in pavement design and management will provide engineers
with an efficient tool for budgeting and planning, resulting in savings for State highway agencies
throughout the United States. This chapter describes the development of mechanistic-empirical
models for predicting joint spalling. The concepts used have been applied successfully to develop
mechanistic-empirical models for spalling."?

Spalling Mechanism

Research into spalling of concrete pavements has been ongoing since the early 1960s. The

mechanism of spalling 1s yet to be fully understood. However, spalling is believed to be caused

by several interacting mechanisms, including stresses imposed on the pavement by both traffic

and environmental forces and inadequate quality control during construction.

Some primary causes of spalling identified from past research are as follows:*?

. Entrapment of incompressibles in cracks, which causes a buildup of stress at the PCC
slab joint when the pavement is subjected to temperature stresses and a combination of

shear and tensile stress under the wheel load.

. Poor concrete at the slab surface due to poor construction practices.
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The findings summarize the interacting forces that result in spalling and have been confirmed by
other researchers.“? Finite element analyses also showed that spalling results from
incompressible material lodged in the pavement’s joints or cracks.“” They indicated that stiffer
materials in a pavement’s joint or crack restrain the pavement slab from volumetric changes
when subjected to temperature gradients. This results in high stress concentrations at the slab
joints and, hence, spalling. Some rescarchers have suggested that the use of joint filler would
retard the development of crack or joint spalling by inhibiting edge raveling, admission of
incompressible material, and corrosion of reinforcement.“®

A study of two projects in Minnesota noted that spalls generally occurred in the wheel path.“” It
was also realized that a majority of deep spalls were caused by the corrosion of the reinforcement
in the PCC slab by the chloride in the concrete. Studies at the University of Illinois also reported
that the loss of bending stiffness at the transverse crack is related to spalling in CRCP. The
analysis indicated that considerable stresses, both shear and normal, are created at the face of the
transverse crack and result in a high potential for spalls to develop. The study also reported that
loss of pavement support significantly increases stresses at the pavement joints and, hence,
spalling,“®

Researchers at the Texas Transportation Institute and Texas A&M University reported that poor
construction practices can result in spalling later in the pavement’s life. They reported that
several planes of weakness develop during the early age of the pavement from differential
shrinkage in the concrete and an inadequate aggregate cement paste bond. The addition of traffic
and temperature stresses, shrinkage, and incompressible materials in the joints later in the
pavement’s life increases tensile stresses around the joint. These stresses acting on the already
weakened planes from construction and environmental effects at the time of construction result
in spalling.“”

It can therefore be concluded that factors that cause an increase in tensile stresses at the edge of
joints and cracks significantly influence the occurrence of spalling. Only recently has
mechanistic modeling of spalling been investigated. CRCP spalling models based on traffic and
environmental loading conditions have been developed by several researchers.”*® *” The
mechanistic analysis considered the following:

° The development of microcracks at or near the joint in the early age of the concrete.
. Microcracks develop primarily at the aggregate-cement paste interface.
° Microcracks grow into delaminations as a result of early age shrinkage, temperature

curling, or excessive tensile stresses at or near the joint due to the infiltration of
incompressibles in the pavement joint.

L The composition of the concrete mix is very important in determining the amount of
microcracking and eventual delamination in the concrete.

° Delamination near the joint eventually spalls off as a result of continuing cyclic
temperature, shrinkage, and traffic stresses.
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On the basis of the preceding information, the mechanism of spalling can be summarized as
follows:

® It is caused by a stress concentration at the edge of a slab joint or crack.
° The stress concentration can be attributed to any combination of the following:
- Traffic stress imposed on the pavement.

- Environmental stress imposed on the pavement by temperature variations and
shrinkage.

- The stiffness of the material in the pavement joint, which ranges from moderately
soft materials such as regular joint sealing material (e.g., asphalt concrete, low
modulus silicone, and preformed sealants) to very stiff incompressibles such as
aggregates that fill up the joint with no joint sealant.

Current empirical models do not address all these variables; therefore, they cannot predict the
percentage of joints spalled with precision and accuracy. The introduction of a mechanistic-
empirical spalling model will allow better representation of the phenomenon of spalling in
concrete pavements. Such a model should include mechanistic clusters that take into
consideration these causes of spalling. '

Evaluation of Existing Spalling Models

A lot of empirical knowledge has been accumulated from past development of empirical models.
These models were reviewed as a means of bringing expert knowledge into the model
development process at an early stage. The review was used to select potential variables to
consider in calibrating a final mechanistic spalling model. A lot of attention was paid to the
engineering significance of the variables. The models reviewed were from the SHRP P-020 and
RIPPER studies.® '

SHRP P-020

The following is a model developed using the LTPP data available in 1992 for predicting joint
spalling in JPCP:®

SPALLJP = 9.79 + 10.09[ -1.227 + 0.0022*(0.985AGE + 0.1709FT)*] (42)

where

SPALLIP = predicted percentage of joints spalled (all severities) expressed as a
percentage of the total number of joints

AGE = pavement age, yr

FT = mean annual number of air freeze-thaw cycles
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The model relates spalling to the pavement age and the mean annual number of air freeze-thaw
cycles. This model suggests that joint spalling increases with age, and that stress cycles generated
within the pavement while undergoing freezing and thawing contribute to spalling. Freezing and
thawing of concrete also result in the expansion of water in the pores of the concrete, creating
additional stresses that weaken the concrete.

The following similar model was developed for predicting spalling for JRCP:

SPALLJR = -79.0 + 0.604*AGE'® + 0.129*TRANGE'* (43)
where
SPALLJR = predicted percentage of transverse joint spalling (all severities)
AGE = pavement age, yr
TRANGE = mean monthly temperature range, °F

For this model, the rate of increase in spalling is also dependent on the age of the pavement. The
magnitude of spalling depends on the temperature range (i.¢., the difference between the mean
maximum and minimum annual temperatures) at the location of the pavement. This model, like
the previous one, is based on environmental factors. Also, the age variable in both models
represents several factors. These include factors such as slab curling, warping, and temperature
cycles due to daily and seasonal temperature variations that result in joint movements. The joint
movements increase joint openings and allow for the infiltration of incompressibles into the
joints. Traffic loading is also represented, since older pavements are expected to have carried
more traffic.

The models indicate that spalling generally increases slowly during the first few years of the
pavement’s life and then increases more rapidly after several years. This is logical because it
takes some time for incompressibles in the pavement’s joints or cracks to accumulate and
increase the stress concentrations at the pavement joint. It also takes time for damage to the
pavement to accumulate. However, both models include only two of the variables that are known
to cause spalling. Therefore, it can be expected that the addition of other variables and clusters
that account directly for the effect of traffic and construction practices will improve the model’s
accuracy.

RIPPER Study

The RIPPER study undertook a detailed examination of several past models."” It resulted in a
comprehensive list of explanatory variables that can be used in exploratory analysis for model
development. The explanatory variables are as follows:

AGE: time since pavement was constructed

CESAL: cumulative 18-kip (80-kN) ESAL’s in the traffic lane
JTSP: mean transverse joint spacing

THICK: PCC slab thickness

Cy AASHTO drainage coefficient
JTOPEN: joint opening
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JTWIDTH: mean joint width

Epce elastic modulus of the PCC slab
Kvalue: mean backcalculated modulus of subgrade reaction
MI: Thornthwaite moisture index

JTSEAL: joint sealant type

These explanatory variables were used to develop two models for JPCP and JRCP pavements
using the RTPPER database:

SPALLIP = AGE™10™*JTSP*(551.6 - 847.3* LIQSEAL +PREFSEAL]
+0.936*Days90° * 10° + 364*DOWELCOR + [2.783 - 1.400* (44)
LIQSEAL - 2.368*PREFSEAL - 0.676*SILSEAL]*FI)

SPALLJR = AGE*JTSP*(1.94*DOWELCOR + 8.819BASE*(1 - (45)
PREFSEAL) + 0.00701 FI)*107°
where
SPALLJP = percentage medium- and high-severity spalled joints in JPCP
SPALLJR = percentage medium- and high-severity spalled joints in JRCP
AGE = pavement age, yr
JTSP = mean joint spacing, t

LIQSEAL = 0, if no liquid sealant exists
’ 1, if liquid sealant exists

PREFSEAL = 0, if no preformed sealant exists
1, if preformed sealant exists
Days90 = mean number of days in the year with temperature above 32°C
DOWELCOR = 0, if no dowels exist, or dowels are protected from corrosion
1, if dowels are not protected from corrosion
SILSEAL = 0, if no silicone sealant exists
1, if silicone scalant exists
FI = mean annual freezing index, °F days
BASE = 0, if nonstabilized base

1, if stabilized base

The models are more comprehensive because they take into account more variables related to
spalling. Also, the variables can be divided into two distinct groups— environmental and design-
related variables.

The environment-related variables include age (cycles of climate changes such as opening and
closing of joints), annual number of days with temperature above 32 °C, and freezing index. The
annual number of days with temperature above 32 °C is indicative of the magnitude of expansion
or contraction to which the PCC slab is subjected. Since pavements located in areas with a high
annual number of days with temperature above 32 °C generally undergo a lot of expansion, this
can result in the generation of high stresses in the PCC slab and joint that result in more spalling.
Older pavements and those subjected to a higher freezing index are subjected to prolonged cycles
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of frozen water within the pores of the PCC slab and deterioration of the concrete material. This
generally results in the disintegration of the concrete slab material at the slab surfaces and joints
and, hence, spalling.

The design-related variables include joint spacing, liquid sealant, preformed sealant, silicone
sealant, coated or uncoated dowels, and base type. The joint spacing is highly correlated to the
degree of joint movement. Longer slabs expand more when subjected to cyclic temperature
variations and create higher stresses at the joint when restrained by the presence of
incompressibles. The base type is an indication of the support condition of the pavement.
Pavements on firm supports are likely to experience smaller deflections and, hence, less stresses.
Spalling can also be caused by the corrosion of the dowel bar by the chlorides and other
chemicals in PCC. Protecting the dowels from corrosion therefore reduces spalling. The final
design variable considered in the models is the joint sealant type. The role of joint sealants in
minimizing spalling is to prevent the intrusion of incompressibles into the joint. Incompressibles
restrain the slab joints from moving and, in the process, increase stresses around the pavement
joint, increasing spalling. The RIPPER study suggests that the use of preformed sealants in both
JPCP and JRCP resulted in the lowest level of spalling for all sealed and unsealed joints.
Preformed sealants are particularly effective in minimizing the intrusion of incompressibles into
pavement joints.

Spalling Model Development Approach

Most of the models developed in the past, like the SHRP P-020 and RIPPER models, have been
empirical models that did not attempt to account directly for the mechanism of spalling
described. This is because previous attempts to use mechanistic principles to describe spalling
have not been very successful. However, these empirical models have been used successfully to
identify the environmental and design factors that have an effect on spalling (see table 2). Recent
research work has resulted in considerable progress in the application of mechanistic principles
for modeling spalling, and this made it possible to develop mechanistic-based models for
predicting spalling for both JPCP and JRCP.“”

\nplication of Mechanistic Princinles to. Spalli

To determine the mechanistic-based response to use in modeling spalling, the mechanism of
spalling previously described was evaluated in detail. The key concepts investigated concerned
the mechanism that causes tensile stresses across the face of joints and cracks in PCC pavements.
Spalling initially begins as microcracks and delaminations that exist at the joint interface early in
the life of a pavement because of stresses from temperature variations and shrinkage from bad
construction practices.“” These delaminations are continuous flaws parallel to the pavement
surface and usually occur at a depth of not more than 25.4 mm.

Traffic load and additional temperature and shrinkage tensile stresses will tend to enlarge and
propagate the microcracks and delaminations within the concrete slab. Even though the
occurrence of tensile stresses in this part of the PCC slab will eventually transform the
delaminations into spalls, not all of the delaminated portion of the slab edge will necessarily spall
off. However, tensile stresses of higher magnitude can create new cracks within the pavement
and at the joint interface. With the initiation of new cracks or the transformation of existing
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construction defects into cracks, the tensile stresses propagate these cracks from the joint
interface to the slab surface and result in spalling.

This mode of spall initiation and propagation is known as the tensile mode of spalling of PCC
pavements.“” The tensile stress within the slab at the joint interface and along the path of crack
growth is the mechanistic parameter that was used to model spalling. It is called the tensile or
spall stress, 0,, and can be used to estimate the allowable number of stress cycles the pavement
slab will withstand before spalling occurs.

inine the Tensile Spall S

Figure 13 is a free body diagram that illustrates the stresses that occur at the joint interface of a
jointed concrete pavement because of both traffic and environmental loads.“” An analysis of the
free body diagram showed that the tensile spall stresses are dependent on the normal and shear
stresses caused by traffic and environmental loading and the properties of the joint sealant.
Resolving all forces for equilibrium in the horizontal direction and solving provides the

following equation for estimating the spall stress:”

1
0; = (T - Tf); + ;:n—pe' - ojs (46)

where

T vehicle tire shear stress, kPa

T, = friction stress = qu, kPa

| = tire pressure load length, mm

t = depth of spall delamination, mm

q = normal tire pressure, kPa

" = concrete friction coefficient

0 = orientation angle of principal stresses, degrees
o, joint sealant or incompressibles stress, kPa
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Figure 13. Schematic diagram of spalling mechanism for tensile mode of failure in jointed
concrete pavement.*”

The last part of equation 46, g;;, represents the stress exerted by the joint sealant or
incompressibles, if present. It can be determined using the following equation:

o, =ku/t = k,CL(aAT + €)/2t (47)
where
k; spring coefficient of joint sealant or incompressibles in the joint, kPa
u , displacement of spalled concrete, mm
t = depth of spall delamination, mm
C = subbase friction factor
L joint spacing, mm
o = concrete thermal expansion
AT = thermal gradient in the slab
e concrete drying shrinkage strain

Equation 47 represents the spall stress caused by environmental loading. An assumption of a unit
value for the depth of spall delamination, t, is reasonable for most cases. Additionally, o, can be
used to represent the stress caused by incompressibles that have infiltrated into the joint if an
equivalent k;, is used. If a sealant is used, the stress 0, can be positive if the joint sealant
maintains a compressive stress (e.g., preformed compression seals) across the whole face of the
joint. This will decrease the spall stress given by equation 46. For other sealants and
incompressibles, 0;; may be negative or zero and will increase or not change the spall stress.

The remaining portions of equation 46 represent the stresses due to traffic loads. This part of the
equation may be difficult to implement for everyday use because some of the inputs are not
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readily available. Therefore, a series of finite element runs were conducted to develop a
regression model for estimating the traffic spall stress, o,,, defined as follows:

1
%Gy 4)

[raffic I.oad Tensile Stress Model

1

Since calculation of the tensile stress using equation 48 requires inputs that may not be readily
available, a simple equation for determining the traffic spall stress was developed. This was
accomplished by modeling the tensile stresses that occur at a PCC slab joint using the three-
dimensional finite element program ABAQUS.“¥ A two-dimensional model (assuming plane
strain conditions) was used in ABAQUS to analyze a PCC slab over a subgrade subjected to
traffic loads, to determine and examine the tensile stress distribution within the PCC slab and to
identify the occurrence of peak stresses at the joint surface. The finite element configuration
consisted of 450 nodes and 200 elements. The finite element model and boundary conditions
used in the analysis are shown in figure 14.

Joint sealants and incompressibles were modeled as an elastic material with different moduli
corresponding to the different joint sealant types and incompressibles in the joint. Preliminary
analysis showed that the end conditions (fixed or simply supported) of the PCC slab joint had
little or no infiuence on the analysis. The foundation was modeled as a Winkler foundation, with
the elastic-spring constant of the foundation corresponding to the modulus of subgrade reaction,
k, of the subgrade. The PCC slab was assumed to be a homogeneous elastic material, and the
aggregate interlock and load transfer across the joint were modeled using vertical springs of
varying spring constants to reflect different levels of load transfer,
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Figure 14. Finite element model for estimating spall stress.(?¥

A factorial of different material properties and design features was used to obtain the maximum
tensile stress that occurs at the face of the joint or crack for different pavement conditions. The
variables and the range of values used in the factorial are shown in table 7. An 80-kN axle load
was used in this instance, but it is important to note that a regression equation can be obtained
that can be used for different load levels by varying the load level. The results from the
ABAQUS factorial runs were used to develop the following regression model for predicting the

maximum traffic load tensile stress:®

g, = 305.5 +48.563h, - 23.62k, + 0.000757 k_ - 0.17728h h,

+0.0888h k, - 1.89*10°h k, - 1.889*10"h,E, (49)
+1.98*10%hk, - 1.32*10°k k,

where

o, = maximum tensile stress at crack or joint surface from traffic loading, kPa

h, = depth of sealant, mm

k, = modulus of subgrade reaction, kPa/mm

k, = modulus of sealant material, kPa

h, = PCC slab thickness, mm

E = modulus of PCC slab, kPa
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Statistics:

N = 340
R = 074
SEE =  250kPa

i< of Traff | Tensile S el

Sensitivity analyses were conducted to verify whether equation 49 was in agreement with results
from mechanistic and finite element analysis. Other checks, such as analyzing the diagnostic
statistics results and plots of the predicted tensile stress versus the independent variables, were
also made to test the suitability of the model. The primary input parameters of interest were the
PCC slab thickness, sealant depth, sealant or incompressible modulus, and PCC elastic modulus.
The ranges of values used and the results obtained are presented in table 8.

The effects of the different design features on the estimated traffic tensile stress for an 80-kN
axle load are illustrated in figures 15 through 19. The sensitivity analysis indicates that, in all
cases, the model provides results in line with engineering expectations.

Table 7. Factorial of traffic and pavement properties used to develop model for predicting traffic
spall stress.®

Pavement/Traffic Variable ] Range of Values Used in Finite

Element Analysis

PCC slab modulus, kPa 27.6*10° to 55.2*%10°

Modulus of joint sealant or incompressible, kPa 1.4*10° to 5.5*10°

Modulus of subgrade reaction, kPa/mm 27t0 136

PCC slab thickness, mm 100 to 300

Single axle load, kN 80

Sealant depth, mm 12.7t0 115
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Table 8. Summary of inputs and results of sensitivity analyses of traffic tensile

stress model.®

Variable Inputs Spall Stress, kPa
Mean Min. Max. Min, Max,

Slab thickness, mm 300 100 300 2350 380
Sealant depth, mm 64 12.7 115 830 1070
PCC slab modulus, kPa 31*10° 14*10° 62*10° 1240 790
Modulus of subgrade 95 27 163 1240 450
reaction, kPa/mm
Sealant/incompressibles 3.45%10° | 1.38*%10° | 5.52*10° 276 1450
modulus, kPa |
~alculat; e Spall &

The total tensile spall stress can be calculated using equations 47 and 49 to account for the tensile
stress due to environmental loading and traffic loads, respectively. These models are simple to
use and were used to estimate the total spall stress for each of the GPS 3 and 4 sections. This was
the mechanistic parameter used for developing a model for predicting spalling in this study.
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Figure 15. Sensitivity plot of tensile stress versus height of sealant.®)
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Figure 16. Sensitivity plot of tensile stress versus modulus of
subgrade reaction.
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Figure 17. Sensitivity plot of tensile stress versus sealant modulus.®
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Figure 19. Sensitivity plot of tensile stress versus PCC slab modulus.®
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Mechanistic-Empirical Spalling Model Formulation

Using the equations developed for calculating the total spall stress, it is possible to develop
mechanistic-empirical models for predicting joint spalling of JPCP and JRCP using Miner’s
damage accumulation approach.”” The three key parts of the model are as follows:

] A damage accumulation model that is used to accumulate the damage caused by
individual traffic and environmental load applications.

L A model for calculating the allowable number of traffic and environmental spall stress
applications to failure.

® A model for predicting the percentage of joints spalled from the damage accumulation.
Spalling Damage Accumulation

If the spalling damage caused by traffic and environmental loading is assumed to be additive, the
following equation based on Miner’s hypothesis can be used to calculate the total damage:“”

& My N Dy
Damage = @, Z + 0, E — (50)
i N i Ng
where
n; = number of cycles of traffic loads
n; = number of environmental stress cycles
N; = allowable number of cycles for traffic loading
Ng = allowable number of cycles for environmental stresses
o, 0, = regression constants

The number of cycles of traffic loads is essentially equal to the cumulative number of 80-kN
ESAL applications. Since the number of cycles of environmental stresses is also a function of the
pavement age, equation 50 can be rewritten as follows:

KESAL AGE

Damage = «, N, toa, N, (51)
where
KESAL = cumulative number of 80-kN ESAL’s, thousands
AGE = pavement age, yr
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llowahle Number of Traffic and Fnvi | Stress Renstifi

The estimated allowable number of traffic load spall stress repetitions to failure, N, and the
allowable number of environmental spall stress repetitions to failure, N, , are required to use
equation 51. To develop models for predicting N, and N, several model forms were evaluated
for their suitability for predicting the number of load cycles to failure. A typical model form that
relates the allowable number of load repetitions, N, to the calculated tensile stress in concrete
pavements is as follows:®?

where
o, tensile stress that causes spalling, kPa
k,k, = regression constants

This model form, which is used in fatigue analysis of concrete pavements, is in accordance with
basic engineering principles and was selected for use. According to the model, an increase in
tensile stress decreases the allowable number of cycles to failure, and a decrease in tensile stress
increases the allowable number of cycles to failure.

For spalling caused by the traffic load stress, o, can be replaced with o, from equation 49 to
obtain the following appropriate model form:

Oy

N, - kl( L] " 3

Replacing o, in equation 52 with the joint sealant stress from equation 47, g, the following
model can be used to estimate the number of environmental spall stress cycles to failure,
assuming a unit thickness of depth of spall delamination:

k
1 4
N - k| —-
E 3( kngLONG) (4)
where
K, modulus of the sealant material or incompressibles, kPa/mm
ELONG = a factor estimating the horizontal movement of the slab, m
= CL(xAT +e) »

L = slab length or joint spacing, m
AT = thermal gradient in the slab, °C
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concrete drying shrinkage strain
= concrete thermal expansion, / °C
subbase friction factor

5 Ky = regression constants

Mechanistic-Empirical Spalling Prediction Model Form

Using the damage calculated from equation 51 and based on an examination of the progression
of spalling with traffic loading and pavement age for the LTPP pavements, the following form
was selected for the development of models for predicting transverse joint spalling for JPCP and
JRCP:

~OR O
il

Damage ™

%Spall = ——————=——— (Scaling Factor) _ (55)
{1 + Damage)"
where
%Spall = the percentage of joints with low-, medium-, or high-severity spalls
Damage = the total damage due to traffic and environmental stresses
Scaling Factor = scaling factor used to calibrate the model to field conditions
m, n = regression parameters

This model form assumes that the percentage of joints with spalls is a function of the interaction
between the damage caused by traffic and environmental stresses and a scaling factor. The
scaling factor accounts for all the other factors that are not directly considered in the mechanistic
portion of the model.

Determination of Empirical Scaling Variables

An essential part of equation 55 is the scaling factor that is applied to calibrate the model to field
conditions. An exhaustive evaluation of the LTPP GPS 3 and 4 data was conducted to determine
the best scaling factor to use. This included using the knowledge obtained from the review of
past models and statistical analyses of the GPS 3 and 4 data. The objective was to use the results
to identify potential variables for inclusion in the model.

Jointed Plain C P

Table 9 presents a summary of the correlation analysis results for the potential variables selected
for development of a JPCP spalling model. It shows the strength of the relationships between
several significant variables and spalling. The definitions of the variables are presented in table
10. Figure 20 shows a plot of those independent variables against the percentage of JPCP joints
with low-, medium-, or high-severity spalling in the LTPP database. These results were analyzed
to evaluate the independent variables that show an influence on spalling for possible use in
developing the model. The results confirm that an increase in traffic loading and age (which are
related) results in more spalling and that these are important variables to consider in a spalling
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model for JPCP. Also, of the variables selected for evaluation, several environmental variables
were comparatively more correlated to spalling. The number of wet days, the average relative
humidity during the month of construction, and annual precipitation are all negatively correlated
to spalling, with increasing values of those factors resulting in less spalling. Conversely, higher
values of the mean monthly temperature range and number of air freeze-thaw cycles result in
more spalling. The design features that were relatively highly correlated to spalling were the
mean joint spacing and the type of joint sealant,
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Table 10. Definitions of selected variables significant to spalling of JPCP.

Potential Independent Variable

'__S__ymbol
RH Mean relative humidity during month of construction, percent
TRANGE | Mean monthly temperature range, °C
HPCC PCC slab thickness, mm
BTHICK Base thickness, mm
K Static backcalculated k-value, kPa/mm
JTSP Mean transverse joint spacing, mm
ST Sealant type
FI Freezing index, degree-days (°C) below freezing
FTCYC Yearly number of air freeze-thaw cycles
PRECIP Average annual precipitation, mm
WTIDYS Numiber of wet days in a year, days
AGE Time since pavement construction, yr
ESAL Cumulative equivalent 80-kN single axle load
PSPALL Percenta_gc of joints with low-, n;edium—, or high-severity spalling
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Table 12. Definition of selected variables significant to spalling of JRCP.

PI Symbol
FI

Potential Independent Variable

Freezing index, degree-days (°C) below freezing J‘
FTCYC Yearly number of air freeze-thaw cycles
PRECIP Average annual precipitation, mm
WTDYS Number of wet days in a year, days
MAXT Average maximum daily temperature, °C
MINT Average minimum daily temperature, °C
MEANT Average mean daily temperature, °C
D90 Number of days maximum temperature is greater than 32°C
JTSP Mean transverse joint spacing, mm
HPCC PCC slab thickness, mm
{ EPCC Elastic modulus, kPa
" ESAL Cumulative equivalent 80-kN single axle load, thousands
“ AGE Time since pavement construction, yr
BTHICK Base thickness, mm
BTYPE Type of base, O=crodible and 1=nonerodible
Cd Drainage coefficient
k-value Backcalculated static k-value, kPa/mm
PSPALL Percentage of joints with low-, medium-, or high-severity spalling
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Figure 21. Plot of percentage of joint spalling versus significant variables for JRCP.
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Tointed Reinforced C p

The results of correlation analysis that show the strength of the relationships between selected
variables and JRCP spalling are shown in table 11. The definitions of the variables in table 11 are
presented in table 12. Figure 21 is a plot of those independent variables versus the percentage of
joints with low-, medium-, or high-severity spalling in the LTPP database for JRCP. These
results were analyzed to evaluate the independent variables that show a strong influence on JRCP
spalling.

From the results, the variables that were relatively highly correlated to JRCP joint spalling were
the thicknesses of the PCC slab and base, pavement age, and freezing index. Unlike the results
obtained for JPCP spalling, however, the results of the correlation analysis showed some
unexpected trends. Traffic loading and age both turned out to be negatively correlated with
spalling, with the younger and less trafficked GPS 4 sections showing more spalling than the
older sections. Other variables that were relatively significantly correlated to spalling included
environmental variables such as the average maximum, minimum, and mean monthly
temperatures and the number of days with temperature greater than 32°C.

Calibration of Mechanistic-Empirical Joint Spalling Models

The final step in the development of the prediction models was calibration of the models
formulated with the LTPP data for the GPS 3 and 4 pavement sections. Mechanistic-empirical
models were developed for joint spalling of JPCP and JRCP. This was accomplished using
optimization and regression analysis techniques similar to those described previously for the
other models developed in this study. The procedure involved determining the best-fit parameters
(o, oy, K}, K,, K, K, m, and n) in equations 51, 53, 54, and 55.

IPCP Spalling Mode]

The mechanistic-empirical model for predicting JPCP spalling developed using the LTPP GPS 3
database consists of three parts. They include equations for estimating the allowable number of
traffic and environmental load applications to failure, a spalling damage accumulation model,

and a model for calculating the percentage of joints with spalling of all severities. Following are
the models that were developed.

Allowable Number of Traffic (N;) and Environment (N;) Load Applications

The equations for calculating N, and N;, for JPCP are as follows:

1 0.15
N, = 199252(—] (56)
0!
where
o, = tensile stress, kPa (calculated from equation 49)
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0.85
1
N. = 650162 ——m v
E [kjsELONG) (57)

k, = modulus of the sealant material or incompressibles, kPa
ELONG = a factor estimating the horizontal movement of the slab, m
= 3.28CL(3.240AT +¢)
= slab length or joint spacing, m .
T = thermal gradient in the slab, °C
concrete drying shrinkage strain
= concrete thermal expansion, per °C
subbase friction factor
1 mm

TR OB
Il

Tables 13 through 15 provide estimates for shrinkage, ¢, concrete thermal coefficient, «, and the
sealant and incompressible modulus if they cannot be obtained from field or laboratory tests. The
type of aggregates used in the PCC, the indirect tensile strength, and the sealant type are
available in most databases, including the LTPP database.

Damage Accumulation Model

The final model for calculating the total damage from traffic and environmental loading for JPCP
is as follows:

0.145
Damage - | KESAL| , [ AGE 58)
N, N,
where
KESAL = 80-kN ESAL’s in thousands
AGE = pavement age in years
N, = allowable number of cycles due to traffic stresses
Ng = allowable number of cycles due to environmental stresses
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Table 13. Approximate relationship between shrinkage and indirect tensile strength.?

Indirect Tensile Strenéthf T Shrinkage mm/mm
300 or less 0.0008
400 0.0006
500 0.00045
600 0.0003
700 or greater 0.0002

Table 14. Recommended values of thermal coefficient.C?

Type of Coarse Aggregate | Concrete Thermal Coefficient (10°%/°C)
Quartz 3.66
Sandstone 3.61
Gravel 3.33
Granite 2.94
Basalt 2.66
Limestone 2.11 |

Table 15. Adjusted sealant modulus for JPCP.

Sealant Type Adjusted Sealant Modulus (10° kPa)
Preformed 1.405
Low modulus asphalt 1.396
Silicone 2.529
Others 2.300
Incompressibles 5.290
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JPCP Spalling Model

The final model for predicting the percentage of spalled joints for JPCP is as follows:

100 Damage 2!

Spall;,., = (0.344TRANGE - 0.042RH + 0.0318FTCYC) (59)
1 + Damage?? '

where

Spalljpce = percentage of JPCP joints with spalling of all severities

TRANGE = average daily temperature range, °C

RH = average daily range of relative humidity during the month of construction
that can be obtained from the National Oceanic and Atmospheric
Adminstration (NOAA) tables, percent

FTCYC = number of freeze-thaw cycles

Damage = damage from traffic and environmental stresses (equation 58)

Statistics:

N = 52

R? = 0.61

SEE = 12 percent

p-value < 0.0001 (significance of model)

A plot of the predicted and measured percentage of spalled joints is shown in figure 22. A plot of
the residuals (predicted - actual percentage of joints spalled) against the predicted percentage of
joints spalled is shown in figure 23. Figure 22 does not show very good fit of the LTPP data with
the model. However, the overall accuracy of the spalling model is reflected by the R? of 0.61,
which is the proportion of variation of spalling explained by the variables included in the model.
A test of hypothesis was performed to determine the significance of the variables used in the
model for predicting spalling. The null and alternate hypothesis were as follows:

H,:  all model parameters are zero (variables are not significant)
H,: all model parameters are not zero

The F-test statistic used for the hypothesis test was calculated as the ratio of the mean square for
the model divided by the mean square of the error. For this study the null hypothesis will be
rejected if the level of significance is less than 5 percent (0.05). A level of significance (p-value)
of less than 0.0001 implies a rejection of the null hypothesis. This shows that the variables in the
model are highly significant.
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Figure 23. Plot of the residuals versus the predicted percentage of
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Also, individual t-tests were conducted to test if the individual parameter estimates are equal to
zero. The p-values for this test ranged from 0.0002 to 0.016. The results show that all the
parameter estimates had values other than zero; therefore, the variables in the model were
significant. Prediction accuracy of the percentage of spalled joints in absolute units is reflected
by the standard error of estimate (SEE = 12 percent). The overall effectiveness of the model
should be judged on all of the diagnostic statistics, the residual plots, and the results from the
sensitivity analysis to follow. The diagnostic statistics obtained for the JPCP spalling model
show that the model can predict transverse joint spalling with reasonable accuracy for the LTPP
database utilized. =

JRCP Spalling Model

The mechanistic-empirical model for predicting JRCP spalling developed using the LTPP GPS 4
database also consists of three parts. Following are the different parts of the model.

Allowable Number of Traffic (Ny) and Environment (N;) Load Applications

The equations for calculating N, and N for JRCP obtained are as follows:

26841 k? + 28.9kh
N'r = { PCC] (60)
Ot
868h,..2 + 83800kh
NE = PCC PCC (61)
k,ELONG |
where
o, = tensile stress, kPa (calculated from equation 49)
kg = modulus of the sealant material or incompressibles, kPa
ELONG = an estimate of the horizontal movement defined for equation 57, m
k = modulus of subgrade reaction, kPa/mm
heee = PCC thickness, mm

The recommended values for elastic moduli of the sealants or incompressible, k;;, for JRCP are
given in table 16.
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Table 16. Adjusted sealant modulus for JRCP.

Sealant Type Adjusted Sealant Modulus (10° kPa)
Preformed 9.00
Rubberized asphalt 17.78
Silicone 0.069
Asphalt 0.069
Incompressibles | 22.84

Damage Accumulation Model

The final model for JRCP for calculating the total damage from traffic and environmental
loading is as follows:

0.0667 *KESAL 5.667 *AGE

Damage = N, + N, (62)
where
KESAL = number of 80-kN ESAL’s in thousands
AGE = pavement age in years
N; = allowable number of cycles due to traffic stresses
Ng = allowable number of cycles due to environmental stresses
JRCP Spalling Model

The final model for predicting the percentage of spalled joints for JRCP is as follows:

Spall ., = 100 DAM®® (1.764*10°FI + 6.348*10° E, ., - 0.02714k) (63)
where
Spall ;e = percentage of joints with spalling of all severities
FI = mean annual freezing index, °C days
Epcc = PCC elastic modulus, kPa
= modulus of subgrade reaction, kPa/mm
DAM = damage due to traffic and environmental stresses
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Statistics:

N = 68

R? = 043

SEE = 5.06 percent

p-value < 0.002 (significance of model)

A plot of the predicted and measured percentage of spalled joints is shown in figure 24. A plot of
the residuals (predicted - actual percentage of spalled joints) against the predicted percentage of
spalled joints is shown in figure 25. The overall accuracy of the JRCP spalling model is reflected
by the R? of 0.43, which is the proportion of variation of JRCP spalling explained by the
variables included in the model. A test of hypothesis was performed to determine the
significance of the variables used in the model for predicting spalling. The null and alternate
hypothesis were as follows:

H,:  all model parameters are zero (variables are not significant)
H,: all model parameters are not zero

The F-test statistic used for the hypothesis test was calculated as the ratio of the mean square for
the model divided by the mean square of the etror. For this study the null hypothesis will be
rejected if the level of significance is less than 5 percent (0.05). A level of significance (p-value)
of less than 0.002 implies a rejection of the null hypothesis. This shows that the variables in the
model! are significant. Also, individual t-tests were conducted to test if the individual parameter
estimates are equal to zero. The p-values for this test ranged from 0.001 to 0.03.

The results show that all the parameter estimates had values other than zero; therefore, the
variables in the model were significant. Prediction accuracy of percentage of spalled joints in
absolute units is reflected by the standard error of estimate (SEE = 5.06 percent). The overall
effectiveness of the model should be judged on all of the diagnostic statistics, the residual plots,
and the results from the sensitivity analysis to follow. The diagnostic statistics obtained for the
JRCP spalling model show that the model can predict transverse joint spalling for JRCP with
reasonable accuracy for the LTPP database utilized.
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Figure 24. Predicted percentage of spalled joints versus the actual
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Figure 25. Plot of residuals versus the predicted percentage of
spalled joints for JRCP.
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Sensitivity Analysis for Mechanistic-Empirical Spalling Models

The final step in the model-building process is the verification of the selected regression model.
For the JPCP and JRCP spalling models developed, model verification was limited to a
comprehensive sensitivity analysis that involved the comparison of results with theoretical
expectations, earlier empirical results, and simulated results reported in previously published
literature. The sensitivity analysis involved using the model to determine the effect of each
variable on percentage of joints spalled when the other variables in the model were held at their
mean values. Plots were prepared to show these results. The plots were examined and the results
compared with theoretical expectations and emipirical results from earlier research studies. There
were relatively limited data for model development, so a comprehensive validation of the model
was not possible. The plots and results from the sensitivity analysis are discussed in the
following sections.

IPCP Mechanistic Empirical Model

The effects of three key groups of factors on JPCP spalling were checked using the mechanistic-
empirical model. The factors investigated included environmental effects, traffic loading, and
sealants and incompressibles.

Effect of Environmental Factors

The key environmental variables that were found to have an influence on joint spalling of JPCP
were the average daily temperature range, the mean monthly relative hunudity during the month
of construction, and the number of annual freeze-thaw cycles. The model also shows the
influence of the type of sealant, or lack thereof, in relation to all these factors.

Figure 26 shows the significance of the daily temperature range and type of joint sealant on
spalling. A high daily temperature range results in more spalling regardless of the type of sealant
used. It is believed that the higher temperature range may result in higher restrained thermal
stresses. Early in the life of the pavement, this may result in more microcracks and delaminations
that contribute to more spalling. Preformed sealants seem to decrease these stresses and cause
less spalling, whereas joints without any sealants and that are probably filled with
incompressibles experience more spalling. As shown in figure 27, a high relative humidity
during the month of construction reduces the occurrence of spalling. A possible explanation is
that, by aiding the curing process because of the reduced rate at which moisture leaves the PCC
slab, a high relative humidity may increase strength gain and reduce shrinkage. This

can reduce the magnitude of early age stresses and the occurrence of delaminations and
microcracks that lead to spalling.
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The influence of freeze-thaw cycles is shown in figure 28. The higher the number of freeze-thaw
cycles, the greater the chance for durability damage of the concrete. This will lead to more
spalling. Finally, figure 29 shows the effect of the horizontal movement or elongation of the PCC
slab on joint spalling. As expected, such movement increases spalling because this causes an
increase in the pressure or reaction to the joint surface to sealants and incompressibles, as well as
from actual contact of the two concrete slab surfaces.

Effect of Traffic Loads

The influence of traffic loading on joint spalling of JPCP as depicted by the model is shown in
figure 30. An increase in traffic load applications increases spalling, as expected. The rate of
increase of spalling is quite rapid and is greatest for joints with no sealants. Joints with
preformed sealant perform the best in terms of joint spalling.

Effect of Joint Sealant and Incompressibles

The tremendous influence of sealants on joint spalling is illustrated by the sensitivity plots shown
in figures 26 through 30. In all cases, the greatest spalling was for joints without any sealants
(presumably filled up with incompressibles). For those pavements with sealed joints, there is also
an appreciable effect of the type of sealant used and the amount of spalling that occurs.
Preformed sealants are far better at reducing joint spalling than the other types of sealants.
Because of the relatively uniform compression on the surface of the joint provided by preformed
sealants or because they keep out incompressibles, it seems that they somewhat reduce the tensile
stresses that cause microcracks and delaminations at the joint to spall off. The performance of the
other types of sealants is comparable.

P Mechanistic-Exirical Model

A similar sensitivity analysis was conducted for the mechanistic-empirical model for predicting
joint spalling of JRCP. Following are the results that were obtained that show the significance of
the environment, traffic loading, joint sealant, and other factors on the predicted percentage of
joints spalled.

Effect of Environmental Factors

The influence of the environment was less prominent for the mechanistic-empirical model
developed for predicting joint spalling of JRCP. The only environmental variable that was found
to be mildly significant was freezing index. However, the pavement age, which is related to the
cyclic effect of the environment, has a significant effect on joint spalling of JRCP, according to
the model. Figure 31 is a plot of percentage of joints spalled versus age. The influence of the type
of sealant used is also shown by the plot. The clear trend of the percentage of spalled joints
increasing with age confirms the validity of the model. The plot also shows that the different
sealant types influence spalling appreciably.,
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Figure 32 shows the effect of freezing index on spalling. The higher the freezing index, the
higher the percentage of spalled joints predicted by the model. This is reasonable, because
concrete material will deteriorate more in the colder regions of the country since they experience
prolonged freezing and freeze-thaw cycles that result in the disintegration of the concrete
material and increase spalling.

Effect of Traffic Loading

An increase in the number of load applications shows the same trend as that for age and increases
the percentage of JRCP joints spalled, as shown in figure 33. Figures 34 and 35 are plots of the
percentage of joints spalled versus age for a pavement with a preformed sealant and different
traffic stress values and elongation due to temperature gradients within the pavement. The figures
show that there is more spalling as the traffic and temperature stresses increase. This is in
agreement with the mechanistic causes of spalling outlined in earlier sections of this chapter. An
increase in tensile stresses around the PCC slab joint helps to propagate existing cracks or
develop new ones.
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Figure 35. Influence of different ELONG (joint movement) values from temperature
gradients on the percentage of JRCP joints spalled.

Effect of Joint Sealant

The effect of the different types of sealants on joint spalling of JRCP was not very different from
that observed for the JPCP model. Figures 29 and 32 both illustrate the influence of the different
joint sealant conditions. For JRCP, unsealed joints were also found to spall more, and the type of
sealant used has an influence on spalling. However, silicone sealants seem to provide the best
protection against spalling, followed by preformed sealants. Joints with rubberized asphalt
sealants do not perform as well and seem not to be much better than unsealed joints.

Effect of Modulus of Subgrade Reaction

Figure 36 is a plot of percentage of joints spalled versus age for a pavement with a preformed
sealant and different subgrade k-values. The figure shows that there is less spalling as the k-value
of subgrade strength increases. This is reasonable because stronger subgrades reduce deflections
at the pavement joints, thus reducing spalling stresses.
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Summary
JPCP Spalling

The following can be summarized about the JPCP spalling model:

Sixty-one percent of the total variation of spalling can be explained by the included
variables.

Some of the unexplained variation may be due to errors in the independent variables used
to develop the model, such as the traffic estimates.

The “average” error in predicting JPCP spalling is 12 percent.

There are no discernible patterns in the residuals. This means that the data used in model
development had little or no serial correlation.

Data from 52 pavement sections from all over the United States were used to develop the
model (N = 52).

Each independent variable and the overall model was found to be significant.

The sensitivity analysis shows that all of the explanatory variables have a plausible effect
on spalling that agrees with theoretical expectations and previous empirical field results.
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JRCP Spalling

The following can be summarized about the JRCP spalling model:

° Forty-three percent of the total variation of spalling can be explained by the included
variables.
L Some of the unexplained variation may be due to errors in the independent variables used

to develop the model, such as the traffic estimates.

° The “average” error in predicting JRCP spalling is 5 percent.

. There are no discernible patterns in the residuals.

L Data from 68 pavement sections from all over the United States were used to develop the
model (N = 68).

° Each of the independent variables and the overall model was significant at a level of

significance of 5 percent.

. The sensitivity analysis shows that all of the explanatory variables have a plausible effect
on spalling that agrees with theoretical expectations and previous empirical field results.

Implications and Recommendations

The mechanistic-empirical models presented were successfully developed through a combination
of applying the knowledge available about the mechanism of spalling and analytical methods
currently available. The models show that this approach can be used to develop models that
reasonably predict joint spalling of JPCP and JRCP. The mechanistic analysis for both types of
jointed concrete pavements shows that spalling is a function of tensile stresses generated from
both traffic and environmentally imposed stresses.

Although both models show that the environment has a strong influence on joint spalling, for the
data set used, the influence was more significant for JPCP. The models indicate that the
environmental factors that influence the durability of the concrete and the restrained thermal
stresses within the pavement influence spalling. These results are in line with empirical evidence
from the field. Also, the model for JPCP indicates that the conditions that exist during
construction of the pavement influence the amount of spalling, possibly because of their effect on
the occurrence of early microcracks and delaminations.

Both models show the influence of joint sealing on spalling, probably through differences in
mcompressibles infiltrating into the joints. There is strong evidence that sealing of joints will
greatly decrease the occurrence of spalling. The models predict that the most spalling will occur
if joints are not sealed and incompressibles get into the joint. Preformed sealants and silicone
sealants were found to be most effective for JPCP and JRCP, respectively.
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6. TRANSVERSE CRACKING AND CORNER BREAKS OF JPCP

Introduction

Transverse cracks can occur at the midslab of JPCP slabs parallel to the joint. Typically, midslab
cracks initiate as a single crack at the edge of the slab that propagate through the entire slab and
across the slab. Transverse cracks can also occur close to the joint, and they can propagate across
the slab or cut diagonally from the edge to the transverse joint and become corner breaks. Both
transverse cracks and comer breaks in JPCP can be measured by counting the number of cracks
and comer breaks that exist in the original PCC pavement.

Transverse cracks and corner breaks will increase the roughness of the pavement as the cracks
fault and spall and there is a general breakup of the pavement. This decreases serviceability and
results in costly rehabilitation. Transverse cracks, especially when they are badly spalled, also
cause surface runoff from rainfall to infiltrate the pavement structure. This normally results in the
weakening and erosion of the base course, increasing deflections and resulting in increased
cracking and faulting. Transverse cracks and corner breaks must be avoided as much as possible.
Models developed for predicting transverse cracks and corner breaks can be used as design
checks to avoid their occurrence. These models are also useful in pavement management for
predicting the occurrence of transverse cracks and corner breaks so that needed rehabilitation can
be scheduled properly.

Transverse Cracking and Corner Break Mechanisms

The mechanisms for transverse cracking and corner breaks are similar, and for this study a
similar mechanism for crack initiation and propagation was used to model both transverse
cracking and corner breaks. The occurrence of cracking in concrete pavements can be attributed
to early age cracking, fatigue failure of the concrete, or both. Early age cracking is usually
material- and construction-related. Fatigue cracking, however, is caused by the repeated
application of traffic and environmental stresses to the pavement at both the midsection and
corner. These stresses are typically less than the ultimate failure stress of the PCC slab; they do
not result in the sudden breakup of the concrete, but rather open up new or existing microcracks
that develop into the main cracks that propagate through the PCC slab.

T “racking Mechan

There are two modes of crack development for transverse fatigue cracking: {op down cracking
and bottom up cracking. Top down cracking occurs from the application of traffic loads on a slab
that is in a severely curled-up position due to a negative temperature differential and drying
shrinkage at the slab surface. These cracks typically occur close to the joint. Bottom up cracking
occurs from the application of loads on a pavement that is in a curled-down position as a result of
a positive temperature differential that causes the slab to lose support at the midslab. The crack
typically occurs at the midslab location, starts from the edge of the outer lane, and propagates
transversely through the slab.

The first model described in this chapter was based on the assumption that most transverse
cracks observed on JPCP are the result of fatigue failure initiated at the slab bottom (bottom up
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failure). This assumption is reasonable if nighttime temperature curling combined with shrinkage
and moisture warping are not significant and dowel bars are used at the joints. This is a typical
mode of failure that has been observed in the field for JPCP in most parts of the United States.
The goal was to develop a fatigue cracking model based on the repeated maximum stress due to
both traffic and temperature loading at the critical location of the PCC slab.

Comer Breaks

Comer breaks are initiated from the top of the PCC slab (i.¢., top down cracking). Top down
crack initiation and progression occur in situations where the pavement support is weak or
erosion has occurred, load transfer across the joint is poor, the slab is curled up at the corner, and
the pavement corners are subjected to heavy wheel loads. This results in excessive deflection of
the slab corners and a corresponding increase in the tensile stresses at the top of the PCC slab
corner. The tensile stresses cause the initiation of microcracks. Repeated loading propagates
these cracks through the PCC slab and results in corner breaks. Corner breaks start at the edge of
the PCC slab joint but do not propagate transversely across the slab. Rather, they cut across
diagonally to the joint.

Evaluation of Existing Transverse Cracking and Corner Break Models

A lot of empirical and mechanistic knowledge has been accumulated over the years in modeling
cracking of PCC pavements. Several existing models were reviewed to evaluate the potential
variables for model development.

SHRP P-020 Study

The following is a mechanistic model developed for predicting transverse cracking in JPCP using
the LTPP data available in 1992:®

PCRK = 1 (64)
0.01 + 10%100 %"
where
PCRK = percentage of slabs cracked
FD = fatigue damage = /N
n = expected number of applied edge stress _
N = allowable number of applied edge stress = 1 !¥*(/Ratio)1 2]

Ratio = stress/strength
Stress f(E,.» Thick, Poisson’s ratio, Kstatic), psi
Strength mean 28-day flexural strength, psi

i

Sensitivity analysis of this model showed that, by far, slab thickness had the greatest effect on
transverse cracking. This was followed by the flexural strength of the concrete at 28 days.
Although the model was developed using limited data, it provides useful insights into the
potential variables that can be used to develop a model for transverse cracking of JPCP.
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RIPPER Study

Following is a similar model that was developed in the FHWA research study commonly referred

to as RIPPER, using data from concrete pavement sections surveyed as part of the study:‘”

PCRK = 100 (65)
1 + L41FD %6

where

PCRK = percentage of slabs cracked

FD = accumulated fatigue damage = n/N

n = expected number of applied edge stress '

N = allowable number of applied edge stress = 12" (1/Rato)12]

Ratio = stress/strength

Stress = f(E,... Thick, Poisson’s ratio, Kstatic), edge support, psi

Strength = mean 28-day flexural strength, psi

Sensitivity analysis of this model showed that increasing the thickness of the PCC slab decreases
cracking. According to the model, shorter joint spacing will reduce transverse cracking, as will a
tied PCC shoulder in comparison to an AC shoulder. Bonding between the PCC slab and an
underlying stabilized base and stronger support in terms of a higher k-value were also found to
decrease cracking. As expected, the effect of modulus of rupture was very significant, with a
higher modulus of rupture resulting in an appreciable decrease in cracking.

NAPCOM Cost Allocation Model

Following is another model developed recently for cost allocation purposes using concepts
similar to the previous models:*

1.52
Percent Cracking = 100 FD 7% (66)
1 + FD'*
where
FD = accumulated fatigue damage = n/N
n = expected number of applied edge stress
N = allowable number of applied edge stress

The allowable number of the combined traffic and temperature edge stress repetitions to failure is
calculated using the following equation:

: 1 100.531 +2.13( Mn) (67)
- R




where

R
o

/o

otcmp max

curling stress (stress in the slab when no axle loading is applied), psi

temp

A unique feature about this model is that equations were developed for calculating the maximum
edge stress, o__, for different axle loads and types as follows:

max?

6. =|1 + (0.08 TANDEM + 0.012 TR]DEM)% 0 (68)
where
TANDEM = code for tandem axle type, 1=tandem, O=otherwise
TRIDEM = code for tridem axle type, 1= tridem, O=otherwise
S = axle spacing, in
¢ = radius of relative stiffness, in
O pombined bending stress induced in the pavement from combined axle loading and

temperature curling stress, psi

Sensitivity analyses of the model provided similar results as for the previous model. However, it
was also possible to use this model to determine the effect of axle load level and configuration.

Fatigue Cracking Modeling Approach

The approach used to develop the cracking model in this study is similar to that used to develop
the previous models. It is based on the fatigue damage approach and requires determination of
the allowable number of load applications to failure. In the models presented, the number of
allowable load repetitions to failure, N, is determined as the ratio of the maximum bending stress
to the modulus of rupture. In this study, it was decided to investigate the use of linear fracture
mechanics (LFM) principles to estimate the number of load applications to failure.

The approach used is based on extensive investigation of the mechanism of crack propagation
using LFM principles. These studies confirmed that stress intensity factor at the crack tip as the
crack propagates through the PCC slab can be used effectively to estimate fatigue damage to
JPCP. The stress concentration at the crack tip is induced by the traffic and environmental loads
applied to the pavement. If the stress intensity factor can be determined, it can be used to
estimate the allowable number of load repetitions using Paris’s law.®"

Consequently, a major need of this approach was calculating accurately the stress intensity factor
caused by traffic load and temperature stresses. It was important to account for the effect of the
interaction between traffic loading factors, temperature curling, and design factors (i.e., joint
spacing, slab thickness, concrete and foundation elastic properties) on the calculated stress
intensity factor. The stress intensity factor obtained was used to calculate the allowable number
of load applications to failure and, consequently, the accumulated fatigue damage. The procedure
for calculating stress intensity factor is presented in later sections of this chapter. Using
information from the LTPP database, accumulated damage for pavements from both traffic- and
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environmental-related stresses was calculated. The distress observed in the field was used to
calibrate the following model form for predicting fatigue transverse cracking:

Percent Cracking = o, FD, C, + &,FD;'C, (69)
where
FD; | = accumulated fatigue damage from traffic-related stress
FDg = accumulated fatigue damage from temperature-related stress
o, Oy, m,n = regression constant
C,GC, = scaling variables that account for unexplained effects

The fatigue damage in equation 66 is based on Miners law and is defined as follows:

L, n
FD = ¥ —-
2, (70)
where
n = actual number of load cycles
N = allowable number of load cycles to fracture

Application of Fracture Mechanics Principles

Current mechanistic-empirical design procedures for JPCP estimate fatigue life of uncracked
pavements as a function of the ratio of the maximum bending stress to the modulus of rupture of
the concrete. The equations to describe the fatigue life of concrete slabs are derived empirically
from laboratory and field performance data. Fatigue cracking (transverse cracking or corner
breaks) can also be analyzed using the principles of crack propagation and fracture mechanics.
Several researchers have used such fracture mechanics principles and beam-on-elastic foundation
theory to develop theoretical mechanistic models for crack growth analysis.

In general, the fracture mechanics approach is applicable to homogeneous materials with
continuous crack growth. Crack growth in most materials, including concrete, is not continuous.
Also, because concrete is not homogeneous, the accurate application of fracture mechanics
principles requires complicated three-dimensional finite element analysis that can take this into
account. However, in spite of these limitations, linear fracture mechanics principles can be used
to develop practical models for predicting cracking in pavements.® Following is a description of
the approach that was used in this study.

Application of Stress Intensity Factor in Damage Analysis

Several studies have shown that Paris’s crack growth law can be used to model crack propagation
in pavement materials such as PCC. It is stated mathematically as follows:®*
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de

— = AK™®
N 71)
where
de/dN = rate of crack propagation through pavement material
K = stress intensity factor
A,n = fracture properties of the pavement material

Integrating equation 71 yields equation 72, which can be used to estimate the number of repeated
stress applications it will take for the crack to propagate through the PCC slab. The number of
repeated stress applications is also called the allowable number of load applications to failure,
that is, the number of cycles it will take for a crack to propagate through the PCC slab.

1 Ta
C
N, = —
A ({ K*® (72)
where
N; number of load cycles to failure
C, = initial crack length, 0 mm
C; = final crack length, slab thickness, mm
K = stress intensity factor, kPa/mm’
An = fracture properties of the materials

The stress intensity factor is required to use equation 72. It can be determined using a modified
version of the ILLISLAB finite element analysis program.®” However, since this modified
ILLISLAB program is not yet readily available, it was necessary to develop mathematical
expressions for calculating the integral of the stress intensity factors.

Determination of Stress Intensity Factor

Figures 37 and 38 show a PCC slab subjected to wheel and temperature stresses at the
midsection and corners of the slab, respectively. The mode of crack propagation of interest at
these locations is bending, or mode I crack propagation. A modified version of ILLISLAB, a
two-dimensional finite element program, was used to model the stresses and cracks at the
midsection and the comers of a PCC slab.®”

The finite element analysis approach used is as follows:

. The PCC slab was modeled as a plain strain elastic material.

® The pavement foundation was modeled as a Winkler foundation with k-values
represented by equivalent spring constants.
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The JPCP slab was assumed to have no load transfer.

An 80-kN axle load placed at the PCC slab corner and midsection was used to model
stress applied by traffic loading.

A temperature gradient from 3 to 11 °C was used to model the effects of temperature
differentials through the pavement, depending on the PCC slab thickness.

Following is the procedure used to analyze the ILLISLAB output to obtain the stress intensity
factor:¢?

1.

where

gmc'—h"d:r‘jq

A finite element model was developed to calculate stresses, strains, and moments with a
given PCC pavement structure with a partial crack. The elements at the zone around the
crack tip were modified to take the effect of singularity into account when estimating the
stress intensity factor at the crack tip.

Calculate the moment, stress, rotation, and displacement for the nodes of the finite
element model around the crack tip. This will be done for different crack positions, or
crack length to PCC slab thickness ratios (a/h). Note that for a/h = 0, the PCC slab has no
crack present; for a/h = 1, the slab is fully cracked.

The stress intensity factor at the tip of the crack can then be determined using the
equation shown below:

ef3) - a(3) | )

K, =

1
vh

mode T stress intensity factor from the crack tip, kPa/mm”
PCC slab thickness, mm

stress due to restraint at the slab edges, kPa

geometric functions that are a function of a‘/h

crack depth, mm

bending moment in the slab from imposed stresses, kKN-m

It

The geometric functions, f, and f,, are defined as follows:

a
3
—u—i—o.752+2.02( 3) - 0.37[17 sin( E] ” (74)
1la h 2h
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6, | 2tan E—IE 4
) = N 2h [0.923 + 0.199(1— sin( ;‘—;‘] ]] (75)

IIa
cos] —
2h

P

where

ah = ratio of crack length to slab thickness
s = 3.142

h = PCC slab thickness, mm

Using this approach, the stress intensity factor was calculated for each pavement section in the
LTPP database. The finite element model accounted for both traffic-imposed stresses and
positive and negative (daytime and nighttime) temperature gradient curling. The variables used
in calculating stresses at the edge and midsections of the PCC slab include slab thickness,
modulus of elasticity, Poisson’s ratio, slab length, coefficient of expansion of concrete, and
subgrade k-value.
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Figﬁre 37. Pavement deformation with wheel load placed directly over the plane with the crack.
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Figure 38. Pavement deformation with wheel load placed at the corner of the slab.
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Development of Stress Intensity Factor Models

This section describes the method used to obtain a database of stress intensity factors, crack tip
locations, and other pavement properties that were then used to develop models for predicting the
stress intensity factors at both the midsections and corers of PCC slabs. The model development
and integration procedure is summarized as follows:

1. Use the database of pavement properties and stress intensity factor from the ILLISLAB
runs to develop models for determining stress intensity factor of the following form:

K, = f (a/h, pavement properties) (76)

2, Numerically integrate the stress intensity factor equation in the form (de/K"=AN) for 2/h
=0 to 1 to obtain values for the factorial of pavements. In this study, n values ranging
from 1 to 3 were used to obtain the integral of the stress intensity factor for the factorial.

3. Using the results obtained, develop an empirical model that can be used to determine the
integral of stress intensity factor for the database of pavement properties in the LTPP
database.

Note that from Paris’s law the integral of (dc/K") is related to the number of allowable load
repetitions as follows:

Cf
AN, = d—c = f(pavement properties)
K n

Cs

77)

Therefore, AN, can be related to the model for determining the integral of stress intensity factor
as follows:

AN, = f(pavement properties) (78)

The model for estimating the allowable number of load repetitions can therefore be determined
as follows:

N, = f, f{pavement properties) (79)
where
N; = allowable number of load repetitions
B, = /A
[owable Load F .

Using the approach outlined above, models for estimating the allowable number of load
repetitions, which is the product of f = 1/A, the fracture properties of the material, and the
integral of dc/K", were developed for comer breaks and transverse cracking. Following are the
equations that were developed:
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Corner Breaks

N = Be(-0.02 + 5.507*10°E e + 1.5063* 10"y - 4.564%107E,cchpec
+1.0082*%10°E, ..%) (80)

Transverse Cracking

N; = B1c(0.0056 + 8.7%10" B, - 4.724%107hye - 1.7117*10E, o chpee
+1.056*10°h,..) (81)
where
Eiee = elastic modulus of PCC pavement, kPa
hpee = PCC slab thickness, mm
= /A

Development of Empirical Scaling Factors

The empirical scaling factors to be used in model calibration were selected from the LTPP
database on the basis of a review of existing cracking models. The data for development of
corner breaks and transverse cracking models for JPCP were obtained from the GPS 3 sections.
The database was evaluated thoroughly to check for gross errors, cleaned, and prepared for
analysis. A comprehensive statistical analysis of the cleaned data was conducted to evaluate the
preliminary relationships between the measured transverse cracking and the explanatory
variables, including cluster variables. Tables 17 and 18 are correlation tables that show the
strength of the relationships between the independent variables and corner breaks for JPCP, the
relationships between the independent variables and transverse cracks for JPCP, and the
relationship between the variables themselves. Figures 39 and 40 are bivariate plots of the
distress versus the potential independent variables for transverse cracking and corner breaks,
respectively.

Calibration Procedure for Transverse Cracking and Corner Break Models

In the previous sections, the model forms for estimating the allowable number of 80-kN
equivalent axle load repetitions and the final cracking model form were selected. Calibration was
accomplished using the LTPP database and optimization techniques to find values for the
regression parameters that best match field data. The calibration procedure is summarized as
follows:

1. Select initial starting values and variables for the parameters, «,, o,, B, m, n, and C =
f{climate variables).

2. For the 80-kN ESAL load, calculate the number of load applications to failure.

3. Estimate total damage using the model based on Miner’s damage equation (equation 70).
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For the given set of the cracking and damage data, perform nonlinear regression or
optimization analysis to determine the values of the cracking model parameters o, o, B,
n, and C that minimize the error function given below:

Distress M €asUred

ERR(2, @,, A,n,C) = E (Predicted Diim")z (82)
J

Repeat steps 2, 3, and 4 until the regression parameters that minimize the error function
are obtained.
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Final Corner Breaks Model

imatin eto T rature Traffic Loadin

Damage to the pavement from the imposed stresses was calculated using Miner’s cumulative

damage equation (equation 70). The damage for both traffic and temperature stresses was

calculated as follows:

0.75

KESAL
DAMppep = [ N
TRCB
0.25
AGE
DAM =
TECB NTECB
where
KESAL = cumulative number of ESAL’s/1000
AGE = pavement age in years
N, = allowable number of load repetitions

Allowable Number of Load Repetitions Model

The final model for estimating N; for traffic was as follows:

NTRCB = (5.6 + 8.7* IO-SEPCC - 4.724*10-2hpcc - 1.7* 10-10 Erpcchpcc
+1.056*107hpoc2)>*

The final model for estimating N; for temperature was as follows:

Nigcp = (5.6 + 8.7*10Epc( - 4.724*10%hpec - 1.7%1071° Epchpee
+ 1.056*10-3111)(:(:2)8'8
where
Epce = PCC slab modulus, kPa
hpce = PCC slab thickness, mm

Final Form of Corner Breaks Model
The final model for predicting the occurrence of corner breaks is as follows:

SWCB = 100*(24.26JTSP + 2.236AGE - 9.95%107"Epec) DAMigcs
+100%(3.08*10°FTCYC - 3.78*10°C,) DAM e

111

(83)

(84)

(85)

(86)
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where

SWCB = percentage of slabs with corner breaks
JTSP = pavement joint spacing, m

AGE = pavement age, yr

Epcc = elastic modulus of PCC, kPa

DAM = damage due to temperature stresses
FTCYC = annual number of freeze-thaw cycles
C, drainage coefficient

DAM xcs = damage due to traffic stresses
Statistics:

R? = 0.69

N = 92

SEE = 9 percent

p-value < 0.0001 (significance of model)

A plot of the predicted and measured percentage of joints with corner breaks is shown in figure
4]. A plot of the residuals (predicted - actual percentage of joints with corner breaks) against the
predicted percentage of joints with corner breaks is shown in figure 42. The overall accuracy of
the comner breaks model is reflected by the R’ of 0.69, which is the proportion of variation of
corner breaks explained by the variables included in the model. A test of hypothesis was
performed to determine the significance of the variables used in the model for predicting corner
breaks. The null and alternate hypotheses were as follows:

H,:  all model parameters are zero (variables are not significant)

H,: all model parameters are not zero

The F-test statistic used for the hypothesis test was calculated as the ratio of the mean square for
the model divided by the mean square of the error. For this study, the null hypothesis will be
rejected if the level of significance is less than 5 percent (0.05). A level of significance (p-value)
of less than 0.0001 implies a rejection of the null hypothesis. This shows that the variables in the
model are highly significant. Also, individual t-tests were conducted to test if the individual
parameter estimates are equal to zero. The p-values for this test ranged from 0.0001 to 0.001. The
results shows that all the parameter estimates had values other than zero; therefore, the variables
in the model were significant. Prediction accuracy of corner breaks in absolute units is reflected
by the standard error of estimate (SEE = 9 percent). This value was found to be reasonable. The
overall effectiveness of the model should be judged on all the diagnostic statistics, the residual
plots, and the results from the sensitivity analysis to follow. The diagnostic statistics obtained for
the corner breaks model show that the model can predict corner breaks with reasonable accuracy
for the LTPP data utilized.
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Final Transverse Cracking Model
Estimati Tem ffic Loadi

The damage to the pavement from the imposed stresses can be calculated using a modified form
of Miner’s cumulative damage equation. The modified damage equations for est1mat1ng both
traffic and temperature stresses are as follows:

0.5
KESAL| ™ . 88
DAM e = ( N ] (88)
TRTC
AGE |*” 89
DAM, gy = (r] (89)
TETC
where
KESAL = cumulative number of ESAL’s, thousands

AGE = pavement age, yr

Nigrre = allowable number of load repetitions for traffic loads
Nrere = allowable number of load repetitions for climate-related loads
Allowable Number of [ oad Repetitions Model
The final model for estimating N; for traffic is as follows:
Nge = (-2.0*10* + 5.507*10°Epec + 150.63hpec + 4.564*10°Ecchpee -
+0.744hp )1 (90)

The final model for estimating N; for temperature is as follows:

Nigre = (-2.0%10% + 5.507*10Epcc + 150.63hpec + 4.564* 10Epchpec
+0.744hpc %) oD
where
Epee = PCC slab modulus, kPa
hpce = PCC slab thickness, mm

Final Fo f Transverse king Model
The final model for predicting transverse cracking is given as follows:

TC = 100%50.8FTCYC - 3.2*10°Epec) DAMyprc
+ 100%(0.274WTDYS + 0.432D32) DAMgro (92)
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where

TC = percentage of slabs with transverse cracks
FTCYC = annual number of freeze-thaw cycles

Erce = elastic modulus of PCC, kPa

DAM; 1 = damage caused by temperature stresses
WTDYS = annual number of wet days

D32 = annual number of days with temperature above 32 °C
DAM (xrc = damage caunsed by traffic stresses
Statistics:

R? = 0.64

N = 92

SEE = 12

p-value < 0.0001 (significance of model)

A plot of the predicted and measured percentage of slabs with transverse cracking is shown in
figure 43. A plot of the residuals (predicted - actual percentage of slabs with transverse cracking)
against the predicted percentage of slabs with transverse cracking is shown in figure 44. The
overall accuracy of the transverse cracking model is reflected by the R? of 0.64, which is the
proportion of variation of transverse cracking explained by the variables included in the model.
A test of hypothesis was performed to determine the significance of the variables used in the
model for predicting transverse cracking. The null and alternate hypotheses were as follows:

H_:  all model parameters ar¢ zero (variables are not significant)

Q

H,: all model parameters are not zero

The F-test statistic used for the hypothesis test was calculated as the ratio of the mean square for
the model divided by the mean square of the error. For this study the null hypothesis will be
rejected if the level of significance is less than 5 percent (0.05). A level of significance (p-value)
of less than 0.0001 implies a rejection of the null hypothesis. This shows that the variables in the
model are highly significant. Also, individual t-tests were conducted to test if the individual
parameter estimates are equal to zero. The p-values for this test ranged from 0.001 to 0.035.
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The results show that all the parameter estimates had values other than zero; therefore, the
variables in the model were significant. Prediction accuracy of transverse cracking in absolute
units is reflected by the standard error of estimate (SEE = 12 percent). The overall effectiveness
of the model should be judged on all the diagnostic statistics, the residual plots, and the results
from the sensitivity analysis to follow. The diagnostic statistics obtained for the transverse
cracking model show that the model can predict transverse cracking with reasonable accuracy for
the LTPP data utilized.

Sensitivity Analysis

The mechanistic-empirical models developed for predicting corner breaks and transverse
cracking were evaluated to determine trends predicted by the models and engineering plausibility
of the results obtained. The models were also checked against previous empirical and theoretical
observations.

Comer Breaks Model

The effects of the significant variabies that influence the occurrence of corner breaks according
to the mechanistic-empirical model developed are discussed in the next few sections.

Effect of Age and Traffic

The number of temperature stress cycles the pavement is subjected to directly relates to the age
of the pavement. Also, the number of 80-kN ESAL’s applied to the pavement gives an estimate
of the traffic stress cycles the pavement has undergone. An increase in both of these stress cycles,
which can occur separately or simultaneously, increases both damage to the pavement and the
amount of distress on the pavement. Figures 45 and 46 confirm this trend.

Effect of PCC Thickness

Figure 47 is a plot of percentage of slabs with corner breaks versus cumulative ESAL’s for
different slab thicknesses. The plot shows a rapid increase in the amount of corer breaks in a
pavement as the slab thickness decreases. This is in agreement with the fact that it will take
longer for a microcrack to propagate from the bottom to the top of a PCC slab as the slab
thickness increases.
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Effect of Freeze-Thaw Cycles

Figure 48 is a plot of percentage of slabs with corner breaks versus cumulative ESAL’s for
different levels of freeze-thaw cycles. The plot shows that there is a rapid increase in the amount
of corner breaks in a pavement as the level of freeze-thaw cycles increases. This is in agreement
with empirical data that show that subjecting concrete to freezing and thawing weakens the
concrete material and makes it susceptible to distress.

Effect of Joint Spacing

Figure 49 is a plot of percentage of slabs with corner breaks versus cumulative ESAL’s for
different PCC joint spacing. The plot shows that there is an increase in the amount of corner
breaks in a pavement as the joint spacing increases. This is in agreement with engineering
principles.
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Transverse Cracking Model
The significant variables that influence the occurrence of transverse cracks, according to the
mechanistic-empirical model developed, are discussed in the next few sections.

Effect of Age and Traffic

This is similar to the trends obtained for the transverse cracking model. The number of
temperature stress cycles to which the pavement is subjected directly relates to the age of the
pavement. Also, the number of 80-kN ESAL’s applied to the pavement gives an estimate of the
traffic stress cycles the pavement has undergone. An increase in both of these stress cycles,
which can occur separately or simultaneously, increases damage to the pavement and therefore
increases the amount of distress on the pavement. Figures 50 and 51 confirm this trend.

Effect of PCC Thickness

Figure 52 is a plot of percentage of slabs with transverse cracks versus cumulative ESAL’s for
different slab thicknesses. The plot shows a rapid increase in the amount of transverse cracking
in a pavement as the slab thickness decreases. This is in agreement with the fact that it takes
longer for a microcrack to propagate from the bottom to the top of a PCC slab as the slab
thickness increases.

Effect of Freeze-Thaw Cycles

Figure 53 is a plot of percentage of slabs with transverse cracking versus cumulative ESAL’s for
different levels of freeze-thaw cycles. The plot shows that there is a rapid increase in the number
of corner breaks in a pavement as the level of freeze-thaw cycles increases. This is in agreement
with empirical data that show that subjecting concrete to freezing and thawing weakens the
concrete material and makes it susceptible to distress.

Effect of the Number of Wet Days and Days with Temperature Above 32°C

Figures 54 and 55 are plots of percentage of slabs with transverse cracking versus cumulative
ESAL’s for different levels of wet days and days with temperature above 32 °C. Both plots
indicate that with more wet days and higher temperatures there are corresponding higher levels
of transverse cracking. This is in agreement with empirical data because pavements in wet
environments tend to have weaker and eroded foundations as the pavement structure ages, and
higher temperatures generate higher stresses in the pavement slab.
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Summary

Corner Breaks

The following can be summarized about the JPCP comer breaks model:

o Sixty-nine percent of the total variation of corner breaks can be explained by the included
variables.

° Some of the unexplained variation is caused by errors in the independent variables used
to develop the model, such as the traffic estimates.

] The “average” error in predicting corner breaks is 9 percent,

] There are no discernible patterns in the residuals.

] Data from 92 pavement sections from all over the United States were used to develop the
model (N = 92). '

. Each independent variable and the overall model was significant at a level of significance
of 5 percent.

. The sensitivity analysis shows that all of the explanatory variables have a plausible effect
on corner breaks that agrees with theoretical expectations and previous empirical field
results,

Transverse Cracking

The following can be summarized about the JPCP transverse cracking model:’

Sixty-four percent of the total variation of transverse cracking can be explained by the
included variables.

Some of the unexplained variation is caused by errors in the independent variables used
to develop the model, such as the traffic estimates.

The “average” error in predicting transverse cracking is 12 percent.
There are no discernible patterns in the residuals.

Data from 92 pavement sections from all over the United States were used to develop the
model (N = 92).

Each independent variable and the overall model was significant at a level of significance
of 5 percent,
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o The sensitivity analysis shows that all of the explanatory variables have a plausible effect
on transverse cracking that agrees with theoretical expectations and previous empirical
field results.

Implications and Recommendations

The procedure used to develop the models used fracture mechanics principles for analysis of
crack propagation within a PCC slab at both the center and edge positions. Using a modified
version of ILLISLAB, a two-dimensional finite element model was used to analyze crack
propagation in PCC slabs. Several mathematical expressions were developed for calculating the
integral of the stress intensity factor across the thickness of the PCC slab. The equations can be
used to estimate the allowable number of applications of temperature and traffic stresses that it
takes for the crack to propagate across the slab thickness using Paris’s crack growth law.

Using the LTPP database, the number of load applications to failure and the total damage caused
by traffic and temperature loading were determined. Damage to the pavement was determined
using Miner’s cumulative damage hypothesis. Statistical and optimization techniques were then
used to obtain mechanistic-empirical models that can be used to predict the percentage of slabs
with transverse cracks or corner breaks in JPCP. The models were partially verified by
conducting comprehensive sensitivity analyses. The fracture mechanics approach resulted in
models that reasonably predict transverse cracks and corner breaks.
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7. ROUGHNESS MODELS

Introduction

Roughness is the irregularity of the surface of a pavement. Road users, in general, consider
roughness the most important criterion when evaluating the condition of a road. Rough roads
lead to user discomfort, increased travel times, and higher vehicle operating costs that can lead to
millions of dollars in losses to the general economy. Although the structural performance of a
pavement is most important to highway designers, the complaints gencrated by rough roads often
contribute to a large part of the rehabilitation decisions that are made by State highway agencies.

The importance of roughness dates back many decades. The AASHO Road Test introduced the
concept of serviceability as a measure of a pavement’s ability to serve the traveling public,
essentially the primary purpose of roadways."” The present serviceability rating (PSR) concept
was adopted as a subjective measure of the ability of a pavement to serve the traveling public on
the basis of panel ratings. The history of the serviceability of the pavement 1n relation to the
loads appplied was also used to represent the performance of the pavement.

For practical purposes, an objective measure of performance based on the serviceability concept,
called the present serviceability index (PSI), was developed as a means of determining
performance from physical measurements on the pavement.®” Although the physical
measurements used in computing PSI included distresses such as cracking and patching, it was
the longitudinal profile or roughness of the pavement that provided the major correlation
variable. Several studies since the AASHO Road Test have confirmed roughness as a strong
indicator of the serviceability of a pavement, and most State highway agencies rely on roughness
to estimate serviceability.®**>*%*” Therefore, models for predicting roughness of pavements are
very important as design checks and in pavement management systems. This chapter describes
the development of such models for predicting the roughness of concrete pavements using the
LTPP database.

Roughness Measure

Road roughness can be defined as “the variation in surface elevation that induces vibrations in
traversing vehicles.”*® Although there are various methods for measuring the roughness of
pavements, one of the most common indices used is the International Roughness Index (IRI).“”
In 1982, the World Bank initiated the International Road Roughness Experiment (IRRE) in
Brazil to study and serve as a reference for all profilic and response type systems that are used to
measure roughness.®> ° ° The experiment resulted in the evolution of the TRI.

IRI 1s a mathematical summary of the longitudinal surface profile of the road in the wheel path
and is representative of the typical vibrations induced in a passenger car by the roughness of the

road. IRI was adopted as a standard measure of roughness for the following reasons:

L It is time stable and can be reproduced easily from elevation data, since it is just a
summary of the road profile.
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® It gives consistently high correlations with the outputs of other roughness measuring
devices at different speeds.

Following the World Bank study, the FHWA adopted IRI as a standard for measuring roughness
and, since 1989, has been requiring all States to report pavement roughness in terms of IRI units
for paved rural arterials and urban freeways, including Interstates.®” As a result, IRT, computed
from roughness measurements using the K. J. Law profilometer, is also used in the LTPP
database as a measure of roughness. This profilometer uses a noncontact light sensor system to
measure the distance between the vehicle frame and the road surface. It also measures the vertical
motion of the vehicle. The difference between the displacement and vehicle motion is computed
and is the raw road profile output stored in the database.

Progression of Roughness

No one fundamental mechanism can be attributed to the development of roughness on
pavements. A key factor is the initial smoothness (or roughness) of the pavement when it is
constructed. Results from a recent extensive evaluation of several projects showed that initial
smoothness is significantly related to future smoothness for all pavement types.“” For PCC
pavements, the study found that the initial smoothness was significant to the future smoothness
for over 80 percent of the projects evaluated.

An evaluation of the LTPP IRI data for GPS 3, 4, and 5 pavement sections also found similar
results.®®? Plots of the IRI over time for different pavement designs for the different pavement
types are illustrated in figures 56, 57, and 58. In general, a comparison of the plots shows a
remarkable stability in the development of roughness for the individual pavements. This suggests
that pavements that are constructed smoother will typically stay smoother, and pavements that
are rougher initially will tend to get rougher with time. Therefore, the initial smoothness of a
pavement is very important to the prediction of the future progression of roughness for all
pavements.

For a given pavement with a particular initial smoothness, several factors combine to contribute
to the progression of roughness. Chief among them are the occurrence and progression of distress
on the pavement. Increasing distress on the pavement will contribute to an increase in the
roughness.
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Figure 56. IRI model form A.
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Figure 57. IRI model form B.©?
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Figure 58. IRI model form C./'Y

The occurrence and progression of the distresses are directly related to the deterioration caused
by the application of traffic loads, the environment, the support provided by the foundation, and
the effects of aging of the pavement materials. Therefore, these factors also play an important
part in the progression of roughness. The ability of the design features incorporated into the
pavement to mitigate the deterioration of the pavement also has an important effect on the
progression of roughness.

Evaluation of Existing Roughness Models

To determine the significant variables associated with the various factors that contribute to the
progression of roughness, previous models developed for predicting roughness were evaluated.
The models evaluated were mainly empirical models that related IRI to pavement and
environmental variables.

P-02

In the SHRP P-020 study, models were developed for predicting the IRI of doweled JPCP,
nondoweled JPCP, JRCP, and CRCP.®
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IRI Model for Doweled JPCP

The model developed for doweled JPCP is as follows:

IRT - 105.9 + 159.1—2S5 |, 7 165TsP
KSTATIC
+ 7.13h, + 13.5EDGESUP (93)
where
AGE = pavement age, yr
KSTATIC = modulus of subgrade reaction, psi/in
JTSP = joint spacing, ft
hyee = PCC slab thickness, in
EDGESUP = edge support; 1= tied PCC shoulder, 0= other shoulder type

In this model, TRI is related to the age of the pavement and basic pavement design factors.
According to the model, IRI is positively correlated to age and increases with age. This is
reasonable because pavement distresses that increase the roughness of the pavement generally
tend to increase with age. The pavement design features that were found to be significant to IRI
were the modulus of subgrade reaction, joint spacing, PCC slab thickness, and the type of edge
support.

IRI Model for Nondoweled JPCP
The SHRP P-020 model developed for nondoweled JPCP is as follows:

IRT = 38.85 + 12.89CESAL + 0.2217FT + 1.5PRECIP - 10.96BASE - 13.7SUBG  (94)

where

CESAL = cumulative number of ESAL’s

FT = number of freeze-thaw cycles

PRECIP = precipitation, in

BASE = base type; 1=treated (asphalt treated or lean concrete), O=untreated
SG = subgrade type; 1= coarse-grained, O=fine-grained

The most significant variables in this model were the cumulative number of ESAL’s and amount
of precipitation. Traffic loading, high number of freeze-thaw cycles, and increased precipitation
were all found to increase roughness. The type of base and subgrade were also found to influence
roughness, with treated bases and coarse-grained soils decreasing roughness. All these trends
indicate a reasonable model.
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IRI Model for JRCP

The model developed for JRCP is as follows:

IRI = 0.85AGE + 0.347PRECIP +1390/KSTATIC
+21.2hp +15.1 EDGESUP - 141 (95)

where
AGE = pavement age, yr
KSTATIC = modulus of subgrade reaction, psi/in
hpee = PCC slab thickness, in
EDGESUP = edge support; 1 = tied PCC, 0 = other
PRECIP = precipitation, in

The model predicts IRT as a function of basic pavement properties, climatic data, and age. Age is
positively correlated to IRT with an increase in age increasing the predicted IRI. This is similar to
the trend observed for JPCP pavements. The other pavement material and design features that
influenced the predicted IRI include the modulus of subgrade reaction, the PCC slab thickness,
precipitation, and the PCC slab edge support condition.

IRI Model for CRCP
The SHRP P020 model developed for CRCP is as follows:

IR1 =262 + 1.47CESAL - 2.94h,. - 232.2PSTEEL -29.8WIDENED - 16.8SUBG  (96)

where

hpcc = PCC slab thickness, in

CESAL = cumulative number of ESAL’s

SUBG = subgrade type; 1= coarse-grained, O=fine-grained
PSTEEL = percentage of steel in PCC slab

WIDENED = presence of widened lanes

The CRCP model also predicts IRI as a function of basic pavement properties and climatic data.
CESAL is positively correlated to IRT; that is, an increase in the number of 80-kN ESAL
applications increases IRI. The pavement subgrade type and design features such as widened
lanes, percentage of steel in PCC slab, and PCC slab thickness were all shown to have an
influence on the predicted IRI.

RIPPER Study

In the FHWA jointed concrete pavement research study commonly referred to as the RIPPER
study, a model for predicting IRI of JPCP was developed that is based on pavement distresses
such as faulting, spalling, and cracking."” The final model developed for predicting TRI is as
follows:
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IR = 99.6 + 2.6098FaultT -+ 1.84Spall + 2.28*10°T-crack’) (97)

where

FaultT = total joint faulting per mile, in
T-crack = total number of transverse cracks
Spall = percentage of spalled joints

This model presents another approach to developing roughness models. It is based on the
philosophy that TRI should be directly correlated to the pavement distresses that lead to

roughness.
Other L. TPP-Based IRT Models

There have been two recent efforts to develop models for predicting IRI on concrete pavements
using the LTPP data."" *” Both of these efforts resulted in the development of models for
predicting IRI for JPCP, JRCP, and CRCP. This followed an extensive evaluation of the LTPP
data, and they showed that IRI is correlated to a host of pavement design and climatic
variables.!

Roughness Model Forms

The models reviewed show that a variety of methods can be used to develop models for
predicting IRI. They include models that relate IRI to pavement design features and climatic
variables, as well as those that predict IRI directly from distresses. However, the most common
IRI models are those that include a wide range of pavement design and climatic variables that
potentially, through their influence on the occurrence and progression of distress, influence
roughness. Another important observation common to most of the models is that they include an
estimate of an average initial IRI. In spite of the difficulty in determining the actual initial IRT
values for the pavements in the databases used, the results obtained are quite consistent when the
estimated average initial IRI values are compared. An examination of the models shows that
three main forms have been used in past studies to model roughness.® 1> The model forms
are shown in figures 56, 57, and 58, and the mathematical expressions for the models are given
by equations 98, 99, and 100, respectively:

Model Form A:
IRI =  DET"(IR[,+3X, +2X,+...+aX) ' (98)
where
IRT = International Roughness Index, m/km
DET = age or cumulative ESAL’s
IRI, = initial IRI, m/km
X, = various pavement and climatic variables
a, = regression constants
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Model Form B:©?

[ IRL,_ * IRI, (99)

r,t

IRI(t) = ™
[IRIO(e ) IRT__

where
IRI(t) = IRI at time t, m/km
IR, = estimated 1nitial IRI, m/km
IRI,,, = estimated long-term IRI, m/km
r(it) = growth rate constant
t = time in years
Model Form C:*"

_ P

| 2||[°
t

where
IR, = initial IRT, m/km
t, = pavement age or cumulative ESAL’s at failure
t = pavement age or cumulative ESAL’s
B,p = regression parameters that are correlated to pavement structural and climatic

properties

All three models are similar at the initial stages of the pavement’s life, in the sense that they
agree on the existence of an initial [RI value at the traffic opening date of the pavement that
influences the future IRI. However, the progression of roughness over time is different for each
of the model forms.

Model A assumes a rapid increase in roughness in the initial stages of aging or deterioration of
the pavement. The rate of increase decreases appreciably thereafter and approaches a maximum
value asymptotically, Conversely, model form B assumes that in the initial stages of the
pavement’s life the increase in roughness is slow. However, later in life the rate increases
appreciably and IRI continues to increase as the pavement gets rougher. Model Cis a
combination of the previous two model forms. It assumes that, for the most part, IRI follows the
trend similar to that described for model form A; however, instead of the IRI approaching a
maximum value asymptotically, after some point in time the rate of increase in roughness once
again increases rapidly with no maximum IRI value.

Preliminary Data Analysis

The procedure outlined previously for developing prediction models was followed to determine
the explanatory variables and model forms for the development of TRI prediction models.
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This included the assembly of the data required for the development of the models for predicting
IRI of JPCP, JRCP, and CRCP; the data were obtained from the GPS 3, 4, and 5 experiments,
respectively. The variables included in the databases were those identified from the review of
literature and existing models for predicting roughness. Table 19 shows the variables that were
included in the investigation. The databases were evaluated thoroughly to check for missing and
erroneous data, cleaned, and prepared for analysis.

The databases were then explored to learn more about their suitability for model development.
This included a comprehensive statistical analysis of the cleaned data to evaluate the preliminary
relationships between the measured roughness and the explanatory variables. Univariate
statistical analyses were conducted to leam about the distribution of the IRI for each of the
pavement types and the explanatory variables. In addition, the data exploration consisted of
evaluation of bivariate plots of IRI for the different pavement types versus potential independent
variables and correlation studies.
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Table 19. Variables identified for use in the development of roughness models.

Symbol ' Explanatory Variable
FI Freezing index
FTCYC Mean annual number of freeze-thaw cycles
PRECIP Mean annual precipitation, mm
WTDYS Mean annual number of wet days
TEMP Mean annual temperature, °C
JTSP Joint spacing, m
Cy Drainage coefficient
k value Modulus of subgrade reaction, kPa/mm
D90 Mean annual days with temperature above 90 °C
BASE Base type, 0 = erodible, 1 = noncrodible
DTYPE Presence of edge drains, 0 = not present, 1 = present
PSTEEL Percentage of steel reinforcement in PCC slab
BTHICK Base thickness, mm
BTYPE Base material type, 0 = fine, 1 = coarse
PCCthick PCC layer thickness, mm
MAXTEMP Average daily maximum temperature, °C
MINTEMP Average daily minimum temperature, °C
TRANGE Difference in daily maximum and minimum temperatures, °C
SGTYPE Subgrade type, 0 = fine, 1 = coarse
AGE Pavement age since construction, yr
KESAL Cumulative number of 80-kN axle loads, thousands
IR International Roughness Index, m/km __

A key part of the data evaluation was examination of the trends between the various independent
variables and IRI. Figures 59, 60, and 61 show bivariate plots that relate the IRI of JPCP, JRCP,
and CRCP, respectively, to several individual variables. In all cases, an increase in age and traffic
loading results in an increase in IRI. Increases in most of the climatic variables, such as
precipitation, number of frecze-thaw cycles, and freezing index, also tend to increase IRI.
Stronger base and subgrade materials, such as nonerodible bases and granular subbases, tend to
decrease IRI. Other pavement design variables, such as the thickness of the PCC concrete layer,
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increase or decrease roughness depending on pavement type. The correlation tables that show the
strength of the relationships between the potential independent variables and IRI for JPCP,
JRCP, and CRCP, as well as the relationships between the independent variables themselves, are
shown in tables 20 through 22.

Selection of Model Form

On the basis of results obtained from the preliminary evaluation of the databases assembled for
development of the IRI models, and an evaluation of several model forms, the final model form

that was selected for consideration is as follows:

IRI = IRI, + ESAL*(a,X, + 3,X, + ... + 3, X ) + AGE*(b,Z, + b,Z, + ...... + b Z ) (101)
where

IRI = International Roughness Index, m/km

IRI, = initial IRI, m/km

ESAL = cumulative ESAL’s

X, Z,; = various pavement design and climatic variables

a,b, o, = regression constants

The basic philosophy behind this model form is that the future IRI is dependent on the initial IRI
after construction. The model then assumes that the progression of roughness is dependent on
two major factors, namely, the effect of traffic loading on the pavement and the effect of aging
on the pavement. These effects are accounted for by including the interactions between traffic
loading and pavement and climatic variables that influence roughness, and the interactions
between age and pavement and climatic variables that influence roughness in the model. The
model agrees with the results of several earlier studies on the effect of initial IRL.® ' In
addition, it is reasonable to assume that the progression of roughness is a function of the
interaction between traffic loading and age on one side and pavement and climatic variables on
the other. However, because of the errors associated with estimating the initial IRI for all the
pavements in the LTPP database used for this analysis, it was decided to obtain an average IRI,
for each of the pavement types from regression analysis, included in the model as an intercept.
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Development of Final Models

The final step was to perform multiple linear regression analysis using the most suitable
variables and interactions to obtain the final model parameter estimates for the model form
selected. The relevant diagnostic statistics to be used to verify the suitability and stability of the
model were also obtained. In each case, several models were developed and evaluated for each
pavement type. The most suitable model was selected based on both engineering judgment and
diagnostic statistics. The diagnostic statistics used included the coefficient of determination, R?,
and standard error of estimate (SEE). The relevance of these statistics is discussed in appendix A.

Foér each pavement type, the model that was in accordance with engineering principles and also
had the best combination of diagnostic statistics was selected as the final model for predicting
IRI. A primary goal was to select the model that best describes the progression of IRI but
includes just the appropriate number of explanatory variables and parameters. Including too
many variables in the model will not necessarily improve its predictive capability. A model’s R
will always increase with an increasing number of independent variables, but the standard error
of estimate may also increase and compromise the accuracy of the model.

Final IRI Prediction Models

The final models developed for predicting IRI of JPCP, JRCP, and CRCP are presented in this
section.

JPCP IR] Prediction Model

The model developed for predicting IRI of JPCP pavements is as follows:

IRT = 1.3033 + KESAL"4(1.578WETDAYS + 113.6FREEZE)
* 10 + AGE**(1.4437FI + 3.6*10”°E, . - 552 SUGTYP
- 19.08DOWDIA) * 10 (102)
where
IRI = International Roughness Index, m/km
KESAL = cumulative 80-kN equivalent single axle loads, thousands
WETDAYS = number of days precipitation is greater than 12.7 mm
FREEZE = LTPP climatic zone, 1=freezing climate, O=nonfreezing climate
AGE = pavement age, yr
FI = freezing index, °C days
Eoco = PCC elastic modulus, kPa
SUGTYP = subgrade type, 1=coarse-grained, O=fine-grained
DOWDIA = Dowel diameter, mm
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Statistics:

N = 155

R’ = 0.50

SEE = 0.328 m/km

p-value < 0.005 (significance of model)

A plot of the predicted and measured JPCP IRI is shown in figure 62. A plot of the residuals
(predicted - actual IRI) against the predicted IRI is shown in figure 63. The overall accuracy of
the JPCP IRI model is reflected by the R® of 0.50, which is the proportion of variation of IRI
explained by the variables included in the model. A test of hypothesis was performed to
determine the significance of the variables used in the model for predicting IRI. The null and
alternate hypotheses were as follows:

H,:  all model parameters are zero (variables are not significant)

H,: all model parameters are not zero

The F-test statistic used for the hypothesis test was calculated as the ratio of the mean square for
the model divided by the mean square of the error. For this study the null hypothesis will be
rejected if the level of significance is less than 5 percent (0.05). A level of significance (p-value)
of less than 0.005 implies a rejection of the null hypothesis. This shows that the variables in the
model are highly significant. Also, individual t-tests were conducted to test if the individual
parameter estimates are equal to zero. The p-values for this test ranged from 0.0001 to 0.004. The
results show that all the parameter estimates had values other than zero; therefore, the variables
in the model were significant. Prediction accuracy of IRI in absolute units is reflected by the
standard error of estimate (SEE = 0.328 m/km). The overall effectiveness of the model should be
judged on all the diagnostic statistics, the residual plots, and the results from the sensitivity
analysis to follow. The diagnostic statistics obtained for the JPCP IRI model show that the model
can predict JPCP IRI with reasonable accuracy for the current LTPP database utilized.

JRCP IR Prediction Model
The model developed for predicting IRT of JRCP pavements is as follows:

IRT = 1.272 + 0.00866*PSTEEL*KESAL’* + 0.00742*AGE®7(5.78
+0.0106PRECIP - 1.95DRAIN - 3.73SUGTYP) (103)
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where

IRI = International Roughness Index, m/km

KESAL = cumulative 80-kN equivalent single axle loads, thousands
PSTEEL = percentage of steel

AGE = pavement age, yr

PRECIP = average annual precipitation, mm

DRAIN = presence of edge drain, 1 = edge drain 0 = no edge drains
SUGTYP = subgrade type, 1=coarse-grained, O=fin¢-grained
Statistics:

N = 93

R’ = 0.50

SEE = 0.246 m/km

p-value < 0.0001 (significance of model)

A plot of the predicted and measured JRCP IRI is shown in figure 64. A plot of the residuals
(predicted - actual IRT) against the predicted IRI is shown in figure 65. The overall accuracy of
the JRCP IRI model is reflected by the R? of 0.50, which is the proportion of variation of IRI
explained by the variables included in the model. A test of hypothesis was performed to
determine the significance of the variables used in the model for predicting IRI. The null and
alternate hypotheses were as follows:

H,: all model parameters are zero (variables arc not significant)

H,: all model parameters are not zero

The F-test statistic used for the hypothesis test was calculated as the ratio of the mean square for
the model divided by the mean square of the error. For this study the null hypothesis will be
rejected if the level of significance is less than 5 percent (0.05). A level of significance (p-value)
of less than 0.0001 implies a rejection of the null hypothesis. This shows that the variables in the
model are highly significant. Also, individual t-tests were conducted to test if the individual
parameter estimates are equal to zero. The p-values for this test ranged from 0.0001 to 0.01. The
results show that all the parameter estimates had values other than zero; therefore, the variables
in the model were significant. Prediction accuracy of IR in absolute units is reflected by the
standard error of estimate (SEE = 0.246 m/km). The overall effectiveness of the model should be
judged on all the diagnostic statistics, the residual plots, and the results from the sensitivity
analysis to follow. The diagnostic statistics obtained for the JRCP IRI model show that the model
can predict JRCP IRI with reasonable accuracy for the current LTPP database utilized.
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CRCP IRI Prediction Model

The model developed for predicting IRI for CRCP pavements is as follows:

IRI = 1.118 + KESAL®(0.0142 - 9.787*10°PSTEEL) + AGE™(3.157*10°D32
- 0.054DRY + 0.293FREEZE - 4.65%10“KVAL + 0.1203) (104)
where
IRI = International Roughness Index, m/km
KESAL = cumulative 80-kN equivalent single axle loads, thousands
PSTEEL = percentage of steel
EPCC = PCC elastic modulus, kPa
AGE = pavement age, yr ,
D32 = average annual number of days with temperatures above 32 °C
DRY = LTPP climatic zone, 1 = dry climate, 0 = wet climate
FREEZE = LTPP climatic zone, 1 = freezing climate, 0 = nonfreezing climate
KVAL = modulus of subgrade reaction, kPa/mm
Statistics:
N = 156
R’ = 0.51
SEE = 0.277 m/km
p-value < 0.0007 (significance of model})

A plot of the predicted and measured CRCP IRI is shown in figure 66. A plot of the residuals
(predicted - actual IRI) against the predicted IRI is shown in figure 67. The overall accuracy of
the CRCP IRI model is reflected by the R? of 0,51, which is the proportion of variation of IRI
explained by the variables included in the model. A test of hypothesis was performed to
determine the significance of the variables used in the model for predicting IRI. The null and
alternate hypotheses were as follows:

H,: all model parameters are zero (variables are not significant)
H,: all model parameters are not zero

The F-test statistic used for the hypothesis test was calculated as the ratio of the mean square for
the model divided by the mean square of the error. For this study the null hypothesis will be
rejected if the level of significance is less than 5 percent (0.05). A level of significance (p-value)
of less than 0.0007 implies a rejection of the null hypothesis. This shows that the variables in the
model are highly significant. Also, individual t-tests were conducted to test if the individual
parameter estimates are equal to zero. The p-values for this test ranged from 0.0001 to 0.012. The
results show that all the parameter estimates had values other than zero, so the variables in the
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model were significant. Prediction accuracy of CRCP IRI in absolute units is reflected by the
standard error of estimate (SEE = 0.276 m/km). The overall effectiveness of the model should be
judged on all of the diagnostic statistics, the residual plots, and the results from the sensitivity
analysis to follow. The diagnostic statistics obtained for the CRCP IRI model show that the
model can predict CRCP IRI with reasonable accuracy for the current LTPP database.

Sensitivity Analysis

A final and important step in the development of the models for predicting IRI was sensitivity
analysis to check the engineering plausibility of the models. This was accomplished by studying
the effects of the various input parameters on the output generated by the roughness models and
comparing the results to theoretical and empirical observations. By virtue of the model form
selected, traffic loading and pavement age automatically have a significant influence on the
progression of IRI.

JPCP IRT Model

In addition to traffic loading and age, the variables that were found to be significant in the model
developed for predicting IRI of JPCP include several climatic and pavement design variables,
The climatic variables include the number of wet days, whether the pavement is in the LTPP
frecze or no-frecze zone, and the freezing index.

The pavement design variables that were significant include the modulus of elasticity of the PCC
slab, dowel diameter, and the type of subgrade. The influence of these factors on the progression
of the IRI predicted with the model are discussed below.

Effect of Climate

Figure 68 is a plot of cumulative ESAL’s versus IRI for different number of wet days (i.e., days
with precipitation greater than 12.7 mm), and figure 69 is a plot of IRI versus cumulative
ESAL’s for pavements in different climatic zones. Both plots and the parameter estimate
associated with freezing index in the model show that harsher climatic conditions will cause an
increase in IRI. This is recasonable, since harsher climatic conditions in general increase the rate
of progression of most of the distresses associated with JPCP pavements. The precipitation
associated with the number of wet days will tend to saturate, weaken, and erode the pavement
support layers. This weakens the pavement structure as a whole and reduces its ability to
withstand traffic and environmental loads. For pavements that experience freezing conditions,
freezing and thawing cycles will lead to further weakening of the pavement structure and
increase roughness.
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Figure 68. Influence of annual number of wet days on IRI of JPCP.
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Figure 69. Influence of climate (freeze or no-freeze) on IRI of JPCP.
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Effect of Pavement Design Features

Figure 70 shows the influence of subgrade type on the predicted IRI. The influence of dowel
diameter on IRI is illustrated in figure 71. According to figure 70, pavements with fine-grained
subgrades will be more prone to an increased progression of roughness. Fine-grained soils
provide less support because they are more sensitive to moisture effects. An interesting
observation about the model is the influence of dowel diameter on roughness. According to the
model, increasing dowel diameter will reduce the progression of roughness. This can be
explained by the influence of dowels on faulting. The model clearly shows the importance of
using dowels and also shows that, the larger the dowel diameter, the more it reduces the
progression of distress. The model also confirmed that increasing traffic loading and age will
increase the progression of roughness.

JRCP IRI Model

The model for predicting IR on JRCP confirmed that increasing traffic loading and age will
increase the progression of roughness. The other variables that were found to be significant to the
progression of roughness of JRCP included the design steel content, amount of precipitation, the
presence of edge drains, and the subgrade type. The effects of the factors for increasing traffic
load applications were examined by comparing the results predicted by the mode! to empirical
and theoretical observations.

Effect of Pavement Design Features

The design features that were found to be significant to roughness of JRCP are the design steel
content, the presence of edge drains, and subgrade type. Figure 72 shows the effect of the design
steel content on the progression of distress. According to the model, the higher the design steel
content, the higher the predicted IRI. There is no obvious explanation for this trend. The
influence of subgrade type is shown in figure 73. Because coarse-grained subgrades are less
susceptible to moisture, they provide better support to the PCC slab. Therefore, pavements with
coarse-grained soils can be expected to experience less distress and less roughness. Figure 74
shows that the provision of an edge drain will reduce the progression of roughness. This is a
reasonable trend, since the positive drainage will improve the overall performance of JRCP.

Effect of the Climate

The only climatic variable that turned out to be significant to roughness was the amount of
precipitation. According to the model, more precipitation will result in increased progression of
roughness, as illustrated in figure 75. Again, this is a reasonable trend, as more precipitation
generally results in more pavement distress because of the higher chance of moisture-related
distress, such as faulting.
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Figure 70. Influence of subgrade type on IRI of JPCP.
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Figure 71. Influence of dowels and dowel diameter on IRI of JPCP.
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CRCP IRI Model

As with the other IRI models, an increase in traffic loading and age was found to increase the
progression of roughness. In addition, several other variables were found to be significant to
roughness. They include pavement design variables such as the design steel content, the modulus
of elasticity of the PCC slab, and the modulus of subgrade reaction. The climatic variables that
were found to be significant to roughness include the climatic region in which the pavement is
located and the number of days with the highest temperature exceeding 32 °C.

Effect of Pavement Design Features

Figures 76 and 77 arc plots of IRI versus the CRCP design steel content and the modulus of
subgrade reaction, respectively. According to the model, the predicted TRI decreases with
increasing steel content, as illustrated in figure 76. This result is reasonable and is in agreement
with recent observations in Illinois and Belgium that indicate that higher steel contents for CRCP
are beneficial, as they keep the cracks that form tight and reduce punchouts.®** Although the
higher steel contents induce more closely spaced cracks in CRCP, this does not appear to cause a
problem as long as they are kept tight.

Another design variable that was found to influence roughness is the modulus of subgrade
reaction. As shown in figure 77, the better the support provided by the subgrade, the less the
roughness predicted by the model. The greater support will mean that the pavement can
withstand more traffic loading before experiencing the typical distresses that are associated with
CRCP and the increase in pavement roughness.

Effect of the Climate

The climatic variables found to be significant to the roughness of CRCP all show reasonable
trends. The model obtained shows an interesting influence of the climatic region of a pavement
on the progression of roughness. According to the model, pavements located in freezing regions
will experience more roughness than those in the no freeze region. Less roughness will be
experienced by pavements located in a drier region. Therefore, as iltustrated in figure 78, in
terms of reducing the progression of roughness, the best location for CRCP pavements is in the
dry-no freeze region. This is not unexpected, since that is the region within which a pavement
will experience the least distress (all things being equal). The influence of the number of days
when the maximum temperature exceeds 32 °C, as illustrated in figure 79, is interesting. CRCP
slabs that experience a higher number of days when the temperature exceeds 32 °C are more
prone to expansive forces that can lead to more spalling and blowups.
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Summary
JPCP IRI

The following can be summarized about the JPCP IRI model:

] Fifty percent of the total variation of roughness can be explained by the included
variables.
° Some of the unexplained variation may be due to errors in the independent variables used

to develop the model, such as the traffic estimates.
e The “average” error in predicting JPCP IR is 0.328 m/km.
® There are no discernible patterns in the residuals.

L Data from a large number of pavement sections from all over the United States were used
to develop the model (N = 155).

° Each independent variable and the overall model were significant at a level of
significance of 5 percent.

] The sensitivity analysis shows that all of the explanatory variables have a plausible effect
on roughness that agrees with theoretical expectations and previous empirical field
results.

CPI

The following can be summarized about the JRCP IRI model:

® Fifty percent of the total variation of roughness can be explained by the included
variables.
® Some of the unexplained variation may be due to errors in the independent variables used

to develop the model, such as the traffic estimates.
. The “average” error in predicting JRCP IRI is 0.246 m/km.
® There are no discernible patterns in the residuals.

L Data from a large number of pavement sections from all over the United States were used
to develop the model (N = 93).

° Each independent variable and the overall model was significant at a level of significance
of 5 percent.
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The sensitivity analysis shows that all of the explanatory variables have a plausible effect
on roughness that agrees with theoretical expectations and previous empirical field
results.
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CRCP IRI

The following can be summarized about the CRCP IRI model:

L Fifty-one percent of the total variation of roughness can be explained by the included
variables.
° Some of the unexplained variation may be due to errors in the independent variables used

to develop the model, such as the traffic estimates.
o The “average” error in predicting CRCP IRI is 0.277 m/km.
] There are no discemible patterns in the residuals.

] Data from a large number of pavement sections from all over the United States were used
to develop the model (N = 93).

° Each independent variable and the overalt model was significant at a level of significance
of 5 percent.

L The sensitivity analysis shows that all of the explanatory variables have a plausible effect
on roughness that agrees with theoretical expectations and previous empirical field
results.

Implications and Recommendations

The models developed for predicting IRI of JPCP, JRCP, and CRCP were based on basic
principles. The model forms selected are backed by results that have been obtained from an
extensive evaluation of the LTPP data and recent studies on IRL.®”*> Although reasonable
results were obtained, the models had some limitations. The major limitation was the inability to
include the initial TRT for a majority of the pavement sections in the LTPP database. Thus, the
effect of initial IRI on the future roughness was not considered.

In spite of these limitations, the models obtained provide reasonable predictions and show the
influence of several significant pavement design and climatic variables on roughness. An
interesting result from these studies, confirmed and reported by other LTPP studies, is the values
of the estimated initial IRI for JPCP, JRCP, and CRCP.*? According to the models developed,
the average initial IRI for the JPCP, JRCP, and CRCP sections from the GPS studies were
approximately 1.3, 1.2, and 1.1 m/km. Recent LTPP studies investigating the development of
pavement roughness, which involved the evaluation of data from newly constructed pavement
sections, have reported similar initial IRI results, with the actual and estimated initial IRI ranging
from about 0.63 to more than 1.6 m/km.©?
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8. APPLICATION OF DISTRESS PERFORMANCE MODELS

Introduction

The performance prediction models developed in this study can be used to determine whether a
given pavement design will meet certain performance criteria. Mechanistic-empirical models are
recommended because they more realistically consider the mechanism of distress formation. The
critical checks recommended for concrete pavements include the following:

Faulting for doweled and nondoweled JPCP.
Transverse joint spaliing for JPCP and JRCP.
Transverse cracking of JPCP. ‘
Corner breaks for JPCP.

Roughness for JPCP, JRCP, CRCP.

Each of the models should be used to predict distress over the design period for the applicable
PCC pavement design, and the results should be checked against the performance criteria of the
agency. The models can also be used for analysis of the cost effectiveness of design alternatives.

This chapter presents a summary of the variables required as inputs and examples of the models’
applications. The methods of model formulation, calibration, and limitations identified in the
mode! development process are discussed in previous chapters of this report.

Faulting of JPCP

Faulting is the most critical distress related to JPCP ride quality. The faulting model developed
as part of this study using data from the GPS 3 pavement sections in the LTPP database is
recommended for checking design. A summary of the input variables required for use in the
model is presented in table 23, and the procedure to determine faulting follows. The actual
faulting model and procedure for calculating faulting are given in chapter 4.

1. Calculate Load Transfer Factor (Chapter 4, equation 39).

1+ 0.0992D% - 99.93 L
_@ = 0.25 e( 9)
k!
where
AGG/ke = nondimensional load transfer factor
D = dowel diameter, mm (D = 0, if nondoweled pavement)
L = slab length, m
¢ = radius of relative stiffness, mm
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Table 23. Summary of variables required for estimating faulting,

Dependent Variable

Independent Variables

Effect on Joint Faulting*

Cumulative number of 80-kN
ESAL applications

+

PCC elastic modulus, kPa

PCC thickness, mm

Transverse joint
faulting, mm

Modulus of subgrade reaction,
kPa/mm

Dowel diameter, mm

Drainage coefficient

—

Annual number of wet days

+

BASE, Base, or subbase type,

L

O=erodible, 1=nonerodible

* Positive indicates that an increase in this variable results in an increase in faulting.

2. Calculate Load Transfer Efficiency (Chapter 4, equations 30 and 31).

LTE_,
LTEx=9 15
where
LTE
x =
AGG/k! =

Interpolate to obtain the load transfer efficiency for wheel loads placed between 0 and 915 mm

from the slab corner.

= 1/[1 + 1.2*%(AGG/Ky "]

I

load transfer efficiency
distance of load from corner, mm
nondimensional load transfer factor

1/]1 + 0.3483*(AGG/K) ']

3. Calculate Free Edge Corner Deflection, assuming no load transfer, (Chapter 4,
equations 28 and 29).

Wi voo = (0.105140 % + 87.180 + 231473)/k¢

Wi, ors = (0.07840 + 123.60 - 19993)/k®
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no

free edge comer deflection, mm
modulus of subgrade reaction, kPa/mm
radius of relative stiffness, mm

Interpolate to obtain the free edge corner deflection for wheel loads placed between 0 and 915
mm from the slab corner.

where

DE

o

Wox = Wi, *LTE)(1+LTE,)

W, =

Wy / LTE,

free edge comer deflection, mm
distance between wheel load and slab corner (less tan 915 mm)
load transfer efficiency

Calcnlate Differential Elastic Deformation Energy (Chapter 4, equation 20).

DE = 1.84k (wp + wy )W, - Wy,)

modulus of subgrade reaction, kPa/mm
deflection of loaded slab, mm
deflection of unloaded slab, mm

Log, N, = 5.50-Log,, (0.005706 DE + 1)

allowable number of 80-kN ESAL’s to failure, in thousands
differential elastic deformation energy

E

FDAM = TN,
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n = actual number of 80-kINN ESAL’s, in thousands
N, = allowable number of 80-kN ESAL’s to failure, in thousands
8. Calculate Transverse Joint Faulting (Chapter 4, equation 41).
Fault = FDAM®? [1.25 + 0.00102WETDAYS - 2.5*10°DOWDIA
- 0.625C, (0.5 + BASE)]
where
FDAM = faulting damage = /N,
n = number of 80-kN ESAL applications, in thousands
N; = allowable number of 80-kN ESAL applications, in thousands
WETDAYS = number of wet days in the year
DOWDIA = dowel diameter, mm
C, = drainage coefficient
BASE = base or subbase type, O=crodible, 1=noncrodible

Transverse Joint Spalling for JPCP and JRCP

The mechanism of spalling is yet to be fully understood; however, it is believed to be caused by
several interacting mechanisms, including stresses imposed by traffic and environmental forces,
as well as inadequate quality control during construction. Although traffic may have some effect
on spalling, environmental factors constitute the largest contributor to development of the
distress.

Two models were developed for estimating the percentage of transverse joints with spalling (all
severities) for JPCP and JRCP, and they are recommended for design checking. A summary of
the input variables required for use in the models is presented in tables 24 and 25, and the
procedure for calculating spalling is presented below. The actual spalling models are given in
chapter 5.

1. Calculate Traffic Load Tensile Stress (Chapter S, equation 49).

O, = 305.5 + 48.563h, - 23.62k  + 0.000757 k, - 0.17728h h,
+ O.OSSShEkV - 1.89"‘10"3}1pks - 1.889"‘10‘7hSE]J +1.98%10°hk,
- 1.32*107°k k,
where
o, maximum tensile stress at crack or joint surface from traffic loading, kPa
h, = depth of sealant, mm
k, = modulus of subgrade reaction, kPa/mm
k, = modulus of sealant material, kPa
hp PCC slab thickness, mm
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E = modulus of PCC slab, kPa
2. Calculate Thermal Load Tensile Stress (Chapter 5, equation 47).

0, = k;, CL(cAT + e)/2t

N b}
a
(4]

spring coefficient of joint sealant or incompressibles in the joint, kPa
displacement of spalled concrete, m

= depth of spall delamination (= 1)

subbase friction factor

joint spacing, m

concrete thermal expansion, per °C

thermal gradient in the slab, °C

concrete drying shrinkage strain

Calculate Allowable Number of Traffic (N.) and Environment (N.) Load Applications
for JPCP (Chapter 5, equations 56 and 57).

The equations for calculating N, and N are as follows:

il i

R COTF 7
~
{ |

w

o,

1 0.15
N, =199252 [ —]

where

G, = tensile stress, kPa (calculated from chapter 5, equation 49)
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Table 24. Summary of variables required for predicting JPCP joint spalling.

T T —

Predicted Variable Dependent Variables Effect on Joint Spalling
Cumulative number of 80-kIN +
ESAL applications
Joint spacing, m +
PCC coefficient of thermal +
. expansion

JPCP transverse joint

spalling (percentage | Thermal gradient within the +

of joints spalled) PCC slab
PCC drying shrinkage strain +
Subbase friction factor +
Depth of sealant, mm +
Modulus of sealant or +
incompressibles, kPa/mm
PCC elastic modulus, kPa -
PCC thickness, mm -
Modulus of subgrade reaction, -
kPa/mm
Pavement age in years +
Average daily temperature +
range, °C
Average daily relative humidity -
range for the month of
construction
Average annual freeze-thaw +
cycles

* Positive indicates that an increase in this variable results in an increase in joint spalling.
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Table 25. Summary of variables required for estimating JRCP joint spalling.

Predicted Variable

JRCP transverse
joint spalling
(percentage of joints
spalled)

Dependent Variables Effect on Joint Spalling
Cumulative number of 80-kN ESAL +
applications :

Joint spacing, m +
PCC coefficient of thermal expansion +
Thermal gradient within the PCC slab +
PCC drying shrinkage strain +
Subbase friction factor +
Depth of sealant, mm +
Modulus of sealant or incompressibles, +
kPa/mm
PCC elastic modulus, kPa -
PCC thickness, mm -
Modulus of subgrade reaction, kPa/mm -
Pavement age in years +
+

Average annual freezing index, °C days

* Positive indicates that an increase in this variable results in an increase in joint spalling.

N, =650162[

where

I

ks
ELONG

t 0.85
k, ELONG

3.28CL(3.240AT + ¢)

~3
(I

T 0ORRC° B

slab length or joint spacing, m
thermal gradient in the slab, °C
concrete drying shrinkage strain
concrete thermal expansion, per °C
subbase friction factor

1 mm
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4. Calculate Damage Accumulation for JPCP (Chapter 5, equation 58).

The model for calculating the total damage from traffic and environmental loading for

JPCP is as follows:

KESAL = AGE®'®
Damage = +
NT NE

where |
KESAL = 80-kN ESAL’s, in thousands
AGE = pavement age in years
Ny = allowable number of cycles due to traffic stresses
Ng allowable number of cycles due to environmental stresses
5. ulate ansverse Joint Spalling (Chapter 3, equation 59).

The final model for predicting the percentage of spalled joints for JPCP is as follows:

21
Spall . = 100Damage * (9 344TRANGE - 0.042RH + 0.0318FTCYC)
2.5
1 + Damage
where
Spalljpep = percentage of JPCP joints with spalling of all severities
TRANGE = average daily temperature range, °C
RH average daily range of relative humidity during the month of construction
(can be obtained from NOAA tables), percent

FTCYC = annual number of freeze-thaw cycles
Damage = total damage (chapter 5, equation 58)
6. Calculate Allowable Number of Traffic (N;) and Environment (N;) Load Applications

for IRCP (Chapter 5, equations 60 and 61).

The equations for calculating N and Ng for JRCP obtained are as follows:

PCC

T

26841k? + 28.9kh

0,

_ 868h,cc2 + 83800kh,

£ k,ELONG
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where

o, = tensile stress, kPa (calculated from chapter 5, equation 49)
K = meodulus of the sealant material or incompressibles, kPa
ELONG = an estimate of the horizontal movement, mm

k = modulus of subgrade reaction, kPa/mm

by = PCC thickness, mm

The recommended values for elastic moduli of the sealants or incompressibles, K, for JRCP are
given in chapter 5, table 16.

7. Calculate Damage Accumulation for JRCP (Chapter 5, equation 62).

The model for calculating the total damage to JRCP from traffic and environmental
loading is as follows:

0.0667 *KESAL . 5.667+AGE

Damage = N, N,
where
KESAL = number of 80-kN ESAL’s, in thousands
AGE = pavement age in years
N; = allowable number of cycles due to traffic stresses

Ng = allowable number of cycles due to environmental stresses

8. Calculate JRCP Transverse Joint Spalling (Chapter 5, equation 63).

The final model for predicting the percentage of spalled joints for JRCP is as follows:

Spallpe = 100DAM®™ (1.764%10° FI + 6.3478%10° E,c.. - 0.0271Kk)

where

Spall zcp = percentage of joints with spalling of all severities
DAM = damage due to traffic and environmental stresses
FI = mean annual freezing index, °C days

Epee = PCC elastic modulus, kPa

k = modulus of subgrade reaction, kPa/mm

Transverse Cracking for JPCP

Transverse cracks are a major cause of structural failure of JPCP. They develop from the
repeated application of heavy axle loads and as the slab responds to drying shrinkage, thermal
curling, and thermal contractions. Medium- and high-severity transverse cracks in JPCP cause
increased roughness and user discomfort and trigger the need for rehabilitation. A model was
developed as part of this study for estimating the percentage of slabs with transverse cracks (all
severities), and it is recommended for design checking. A summary of the input variables

177



required for use in the model developed is presented in table 26. The actual transverse cracking
model and the procedure for calculating the percentage of slabs with transverse cracking for a
given pavement section are given in chapter 6.

1. Calculate Allowable Number of T.oad Repetitions (Chapter 6, equations 90 and 91).
The final model for estimating N for traffic and temperature stresses are as follows:

Npgre = (-2.0¥10*+ 5.507*10°E, o + 150.63hpe + 4.564%10°Epechpce
+0.744h,.2)"

Nigre = (-2.0%10% + 5.507*%107E, o + 150.63hp + 4.564*10°E,chpc
+0.744h,..Y
where
Nipre = allowable number of 80-kN ESAL applications
Nogre = allowable number of temperature stress applications
Eee = PCC slab modulus, kPa
hpee = PCC slab thickness, mm
2.

The damage to the pavement from the imposed stresses can be calculated using a
modified form of Miner’s cumulative damage equation. The modified damage equations
for estimating both traffic and temperature stresses are as follows:
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Table 26. Summary of variables required for estimating JPCP transverse cracking.

Dependent Effect on Transverse
Variable Independent Variables Cracking*
Cumulative number of 80-kN +
ESAL applications
Transverse PCC elastic modulus, kPa -
cracking PCC thickness, mm - '
(percentage of
slabs cracked) Pavement age in years +
Average annual number of freeze- +
thaw cycles
Annual number of wet days +
Average annual number of days +

with temperature above 32 °C

* Positive indicates that an increase in this variable results in an increase in transverse
cracking.

KESAL )%’
DAM g = N ]
TRTC
6.75
AGE
DAM =
TETC ( NTETC)
where
KESAL = cumulative number of ESAL’s, thousands
AGE = pavement age, years
N; allowable number of load repetitions
3. Calculate Percentage of Slabs with Transverse Cracking (Chapter 6. equation 92).

The model for predicting transverse cracking is given as follows:

TC = 100*(50.8FTCYC - 3.2*10°Epcc) DAMppc +
100%(0.274WTDYS + 0.432D32) DAM ¢
where
TC = percentage of slabs with transverse cracks
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FTCYC = annual number of freeze-thaw cycles

Epce = elastic modulus of PCC, kPa

DAMgrc = damage caused by temperature stresses

WIDYS = annual number of wet days

D32 = annual number of days with temperature above 32 °C
DAMg1c = damage caused by traffic stresses

Corner Breaks for JPCP

Corner breaks also are a major cause of structural failure in JPCP with inadequate load transfer
or weak underlying material. They develop as the slab corners are subjected to repeated
application of heavy axle loads. Corner breaks in JPCP cause increased roughness and user
discomfort, and they trigger the need for rehabilitation. A model was developed as part of this
study for estimating the percentage of slabs with corner breaks (all severities), and it is
recommended for design checking. A summary of the input variables required for use in the
model developed is presented in table 27. The actual corner breaks model and the procedure for
calculating the percentage of slabs with corner breaks for a given pavement section are given in
chapter 6.

1. Calculate Allowable Number of Traffic and Temperature .oad Repetitions Model
(Chapter 6, equations 85 and 86).

The final model for estimating N; for traffic was as follows:

Nmrep = (5.6 + 8.7*10Epce - 4.724*10%hpee - 1.7%107"° Epechpee
+ 1.056*10-31‘1]:002)2'93

The final model for estimating N; for temperature was as follows:

N = (5.6 + 8.7*10°Epcc - 4.724* 107 hpe - 1.7*1071° Epechpec
+1.056*10hpc )8
where
Epce = PCC slab modulus, kPa
hpee = PCC slab thickness, mm
2. Calculate Damage Due to Temperature and Traffic Loading (Chapter 6, equations 83 and
84).

Damage for traffic and temperature stresses was calculated as follows:

0.75

KESAL
N

DAMpep = [

TRCB
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where

KESAL
AGE

AGE)“”

DAM =
TECB [ N

TECB

cumulative number of ESAL’s, thousands
pavement age in years
allowable number of load repetitions

3. Calculate Percentage of Slabs With Corner Breaks (Chapter 6, equation 87).

The model for predicting the occurrence of corner breaks is as follows:

SWCB

where

SWCB
JTSP
AGE
Epcc
DAMrgcp
FTCYC
Cq

DAM e

I

= 100*(24.26]TSP + 2.236AGE- 9.95%10"Epee) DAMpcs
+ 100%(3.08*10°FTCYC - 3.78*10°°C,) DAMqrcs

percentage of slabs with corner breaks
pavement joint spacing, m

pavement age, yr

elastic modulus of PCC, kPa

damage due to temperature stresses
annual number of freeze-thaw cycles
drainage coefficient

damage due to traffic stresses

Roughness for JPCP, JRCP, and CRCP

Roughness is the irregularity of the pavement surface. In general, road users consider roughness
the most important criterion when deciding on the state or condition of a road. Rough roads lead
to user discomfort, increased travel times, and higher vehicle operating costs that can lead to
millions of dollars in losses to the general economy. Although the structural performance of a
pavement is most important to highway designers, the complaints generated by rough roads often
contribute to a large part of the rehabilitation decisions made by State highway agencies. Three
models were developed as part of this study for estimating roughness for JPCP, JRCP, and
CRCP, and they are recommended for design checking. A summary of the input variables

required for use in the roughness models developed is presented in table 28. The actual
roughness models are given in chapter 7.
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Table 27. Summary of variables required for estimating JPCP corer breaks.

Dependent Variable Independent Variables Effect on Corner Breaks*
Cumulative number of 80- +
kN ESAL applications
PCC elastic modulus, kPa -
PCC thickness, mm -

Corner breaks

(percentage of slabs Drainage coefficient, C; -

cracked) . .
Joint spacing, m +
Pavement age in years +
Average annual number of +
freeze-thaw cycles

* Positive indicates that an increase in this variable results in an increase in corner breaks.

1. Calculate JPCP Roughness (Chapter 7, equation 102).

IR = 1.3033 + KESAL*}(1.578WETDAYS + 113.6FREEZE)
* 10" + AGE™(1.4437F1 + 3.6*10°E,. - 552 SUGTYP
- 19.08DOWDIA) * 10
where
IRI = International Roughness Index, m/km
KESAL cumulative 80-kN equivalent single axle loads, thousands
WETDAYS = number of days precipitation is greater than 12.7 mm
FREEZE = LTPP climatic zone, I=freezing climate, O=nonfreezing climate
AGE = pavement age, yr
FI = freezing index, °C days

| S PCC elastic modulus, kPa
SUGTYP = subgrade type, 1=coarse-grained, O=fine-grained
DOWDIA dowel diameter, mm
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Table 28. Variables required for predicting IRI for JPCP, JRCP, and CRCP.

Predicted Dependent Variables Effect on
Variable Roughness*
Cumulative number of 80-kN ESAL applications +

Dowel diameter, mm -

Elastic modulus of PCC slab, kPa +
Pavement age since construction, yr +
JPCP IRI . . o
(m/km) Freezing index in degree days (°C days) +
FREEZE (pavements located in climates with average mean -

temperature less than 12.75 °C)

Subgrade type, 1=coarse-grained, O=fine-grained -

Average annual number of wet days +
Cumulative number of 80-kN ESAL applications +
' Percentage of steel per area for PCC slab +
JRCPIRL | presence of edge drain, 1 = edge drain, 0 = no edge drains -
(m/km)
Pavement age since construction, yr +
Average annual precipitation, mm +
Subgrade type, 1=coarse-grained, 0=fine-grained -
Cumulative number of 80-kN ESAL applications +
Percentage of steel per area for PCC slab -
Pavement age since construction, yr +
CRCP IRI
(m/km) Average annual number of days with temperature above 32 °C +

DRY (pavements located in climates with average precipitation less -
than 0.6 m)

FREEZE (pavements located in climates with average mean +
temperature less than 12.75 °C)

Modulus of subgrade reaction, kPa/mm -

* Positive indicates that an increase in this variable results in an increase in roughness.
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2. Calculate JRCP Roughness (Chapter 7, equation 103).

IRI = 1.272 + 0.00866*PSTEEL*KESAL’* + 0.00742* AGE®’(5.78
+ 0.0106PRECIP - 1.95DRAIN - 3.73SUGTYP)

where

IRT = International Roughness Index, m/km

KESAL = cumulative 80-kN equivalent single axle loads, thousands
PSTEEL = percent steel, percent

AGE = pavement age, yr

PRECIP = average annual precipitation, mm

DRAIN = presence of edge drain, 1 = edge drain 0 = no edge drains
SUGTYP = subgrade type, 1 = coarse-grained, 0 = fine-grained

3..  Caleulate CRCP Roughness (Chapter 7, equation 104).

The model developed for predicting IRI for CRCP is as follows:

IRI = 1.118 + KESAL®(0.0142 - 9.787*10°PSTEEL) + AGE"™
(3.157*10°D32 - 0.054DRY + 0.293FREEZE - 4.65%10“KVAL
+0.1203)

where

IRI = International Roughness Index, m/km

KESAL = cumulative 80-kN equivalent single axle loads, thousands
PSTEEL = percent steel

AGE = pavement age, yr

D32 = annual number of days with temperature below 32 °C

DRY = LTPP climatic zone, 1 = dry climate, 0 = wet climate

FREEZE = LTPP climatic zone, 1 = freezing climate, 0 = nonfreezing climate
KVAL = modulus of subgrade reaction, kPa/mm

Suitability of Prediction Models

The models presented in this report have all been checked using both diagnostic statistics and
sensitivity analyses. In all cases, the models were found to be in agreement with sound
engineering principles and judgment. These models can therefore be used for checking new
pavement design. Detailed procedures for using these models and discussions on their limitations
are presented in chapters 4 through 7.

Examples of Application of Performance Models
The assessment of PCC pavement performance and failure is based on critical levels of the

common distresses that occur. The distress and roughness prediction equations developed under
this study may be used for a variety of applications, including:
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L Evaluation of a pavement design obtained through a standard procedure.
L Evaluation of the cost-effectiveness of designs.

The application of these models can be best explained by use of examples. Example 1 uses
prediction models to check and evaluate a new pavement design. Example 2 uses prediction
models to evaluate the cost-effectiveness of alternative pavement designs.

Checking the Design of New Pavements with Prediction Models

The inputs to each of the prediction models must be obtained first. If the predicted distress at the
end of the initial performance period exceeds some defined critical level, the pavement design
will be considered inadequate, and modifications to certain design inputs may be appropriate.
Table 29 provides suggested critical distress levels. An example of using the models for checking
concrete pavement design is as follows:

Example 1

Pavement Design Features

Pavement type = JPCP without dowels
Modulus of subgrade

reaction, k = 20.4 kPa/mm

Joint spacing = 6.1m

Standard lane slab width = 3.65m

Joint sealant type = Silicone joint sealant (modulus = 2,520,000 kPa)
Drainage coefficient = 0.7 (poor)

PCC elastic modulus = 24,150,000 kPa

PCC thickness = 200 mm

Dowel diameter = 0 mm (no dowels)

Base type = erodible (untreated aggregate)
Sealant depth = 50.8 mm

Climatic Variables

Wet climate, annual precipitation = 1.0I6 m
Freezing Index, FI 278 °C days (cold climate)

Annual air freeze-thaw cycles = 70

Temperature range = 11°C

Annual number of wet days = 50 (precipitation > 12.7 mm)
Relative humidity = 30 percent

Days with temperature above 32 °C = 40
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Table 29. Suggested critical values for key performance indicators.

Performance Indicator JPCP JRCP
Joint faulting 3.05 mm 6.1 mm
Transverse cracking 40 percent 30 deteriorated transverse
cracks/km
Corner breaks 10 percent 10 percent

Joint spalling

40 percent of joints

25 percent of joints

IR1

Design Period

Design age
Design ESAL applications

Evaluation of Design

Iteration No. 1 - Initial pavement design

Predicted mean transverse joint faulting
Predicted mean transverse joint spalling
Percentage of slabs with transverse cracking =
Percentage of slabs with corner breaks

Predicted IRI

2.7 m/km 2.7 m/km
20 yr
20 million
4.06 mm (high)
= 41 percent (high)

43 percent (high)
11 percent (high)

= 2.64 m/km (rough)

The design is not adequate because the levels of all five distresses are above acceptable or too
close to the acceptable values to ensure an adequate safety factor. Some design features should
be modified to obtain more acceptable levels of distress.

Iteration No. 2

The following inputs are used in the next iteration:

Drainage coefficient C,
Base type

Dowel diameter

Depth of sealant

Elastic modulus of PCC
PCC thickness

]

1

]

1.2 (permeable treated base with edge drain)

Nonerodible
25.4 mm

12.7 mm
31,000,000 kPa
300 mm

The revised design results in the following projected distress levels after 20 yr and with 20

million ESAL applications:
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Predicted faulting = 0.42 mm
Predicted spalling = 31 percent
Slabs with transverse cracking 28.5 percent
Slabs with corner breaks 1.8 percent
Predicted IRI = 2.56 mm/km

i

Summary

The distress levels are reduced considerably in all cases (refer to iteration 1) and, based on the
results of this final iteration, the revised design is reasonable. The acceptability of the distress
levels is based on the values in table 17, which presents recommendations for critical levels of
pavement distress at which some form of rehabilitation is required. The critical distress levels are
subjective and depend on an agency’s performance standards or the local experience of the
design and maintenance engineer. The evaluation of this design illustrates the use of distress and
roughness equations and shows that distress and roughness models are very 1mp0rtant tools in
pavement design and evaluation.

Comparing Cost-Effectiveness of Alternative Designs

Good management of pavements can provide several benefits for highway agencies at both the
network and project levels. Foremost among these benefits is the selection of cost-effective
design alternatives. Whether new construction, rehabilitation, or maintenance is concerned, an
evaluation of cost-cffectiveness can help management achieve the best possible performance
value for the public dollar.

At the project level, detailed consideration is given to alternative designs, construction,
maintenance, or rehabilitation activities for a particular roadway section or project within the
overall program. By comparing the costs and benefits among alternative designs, an optimum
strategy is identified that will provide the desired benefits and service levels at the least total cost
over the analysis period. Figure 80 presents a flow chart of a procedure for selecting alternative
designs based on performance models. The process is further explained with the following
example.

Example 2

Design Features for Design Alternative 1

Pavement type = JPCP
Modulus of subgrade reaction, k-value = 54.33 kPa/mm
Joint spacing = 4.6m

Joint sealant type preformed joint sealant

Depth of sealant = 50.8 mm
Drainage coefficient = 1.1

PCC elastic modulus = 31,000,000 kPa
PCC thickness = 300 mm

Base type = nonerodible
Dowel diameter = 25.4 mm
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Climatic Variables for Design Alternative 1

Annual precipitation = I.1m
Annual number of wet days = 50
Freezing Index = 555 °C days
Annual number of air freeze-thaw cycles = 75

Annual number of days with temperature '

above 32 °C = 45

Climate = freeze
Relative humidity = 40 percent

Design Features for Design Alternative 2

Pavement type = JPCP

Granular base, k = 20.4 kPa/mm

Joint spacing = 9.15m

Joint sealant type = silicone joint sealant
Drainage coefficient = 0.7

PCC elastic modulus = 24,150,000 kPa
PCC thickness = 200 mm

Base type = erodible

Dowel diameter = 0 mm
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Climatic Variables for Design Alternative 2

All the climate variables remain the same as those for alternative 1.

Performance Criteria

Performance period = determined based on critical distress values in table 28
Maximum IRI = 2.7 m/km

Maximum faulting = 3.05 mm -
Maximum spalling = 40 percent of joints with low, medium, and high severity
Transverse cracking = 40 percent

Comer breaks = 10 percent

A comparison of the two design alternatives is given in table 29. The percent cost and life are
calculated as follows:

Percent Cost = IDO*COSt of Alternative 1 1 (105)

Cost of Alternative 2

/
Percent Life = 100x25ALS 1 (106)

ESAL's 2

If the percent increase in life is greater than the percent increase in cost, then Alternative 1 is
more cost-cffective. However, if the percent increase in life is less than the percent increase in
cost, then this design alternative is not more cost-effective. It is obvious from the analysis
presented in table 30 that Alternative 1 is more cost-effective. Performance equations are used in
this manner by design engineers to evaluate different pavement design alternatives and strategies.

Summary

This chapter has presented two different ways performance models are used. The models were
used in the evaluation of pavements designed using standard design procedures and in selecting
between alternative pavement designs. These are just a couple of the wide variety of ways in
which performance models can be used. However, these models must be used with care and
should not extend beyond the inference space for which they were developed.
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Table 30. Comparison of cost-effectiveness of two alternate pavement designs.

Alternate Design 1 Alternate Design 2
Faulting (ESAL’s/millions to reach 30 + 8
critical)
Spalling (ESAL’s/millions to reach 28.5 21
critical)
Transverse cracking (ESAL’s/millions to
reach critical) 28 16
Comner breaks (ESAL’s/millions to reach
critical) 30+ 6
IRI (ESAL’s/millions to reach critical) 23 20.5
Cost of design $2.0 million $1.6 million '
Lifespan of design (ESAL’s) 20%10° 7*10° ||
Percent cost 124 percent
Percent life 380 percent
More cost-cffective design v
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9. CONCLUSIONS AND RECOMMENDATIONS

Conclusions

Models that are used to predict the occurrence and amount of distress and roughness are
important tools in pavement engineering. They can be used to check the adequacy of new designs
or to predict the distress of existing pavements for use in pavement management systems.
Prediction models also provide information on the design features and practices that influence
the long-term performance of pavements.

A major objective of this study was to use the LTPP database to develop improved prediction
models for PCC pavements. An important goal was to use innovative analytical techniques and
mechanistic principlies to develop state-of-the-art prediction models that are practical for
application by State highway agencies.

This report presents several mechanistic-empirical and empirical models that have been
developed for predicting the following key types of distress and roughness of PCC pavements:

Transverse joint faulting.

Transverse joint spalling.

Transverse cracking and corner breaks.
Roughness.

The models for transverse joint faulting, transverse spalling, transverse cracking, and corner
breaks are based on mechanistic clusters derived from mechanistic analysis. For each distress
type, this required the identification of a primary mechanistic response parameter that could be
related to the damage accumulation in the pavement that leads to distress. Using a combination
of pavement analysis techniques, this was successfully accomplished, and several mechanistic
clusters were developed for the key distress types. Distress model forms including the
mechanistic clusters were then calibrated with LTPP data to obtain the models presented.
Because of this approach, the models obtained take into consideration many of the significant
factors that have an influence on pavement performance.

Each of the models was evaluated and verified using statistical techniques and by performing
comprehensive sensitivity analyses. This was to ensure the ability of each model to predict
distress within reasonable accuracy and within the limits of the LTPP database. The sensitivity
analyses also confirmed that the pavement distress models are in agreement with sound
engineering principles and judgment. The roughness models developed in this study were also
checked in a similar manner. As an illustration, examples of the application of the models are
presented in chapter 8 of this report. Recommendations on the design and construction of PCC
pavements developed using the models presented in chapters 4 through 7 are presented in volume
I of this report.

Recommendations

The main products developed in this study are the improved mechanistic-empirical and empirical
models for predicting PCC pavement distress and roughness. Extensive checks of the models
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indicate that they provide reasonably accurate results and can be used in pavement design and
management. The innovative techniques used also provide evidence that mechanistic principles
can be applied successfully to develop mechanistic-based models that provide more accurate
predictions. This report presents an example that future analysts can follow to improve on the
results obtained. Examination of the models provides several insights and recommendations that
are immediately useful to State highway agencies for improving the long-term performance of
PCC pavement. As indicated previously, recommendations that include specific information on
the design features and practices for the design and construction of long-lived PCC pavements
are presented in volume I. Tables 18 through 25 in the present volume provide a summary of the
effects of significant pavement design and climatic variables on the distress types and roughness,
based on the models developed. The tables present useful information for designers and analysts
on the design and construction of PCC pavements.

Tables 31 through 38 confirm the importance of the interacting effect of climate, traffic, and
pavement design features on pavement performance. In most instances, the climate cannot be
controlled and traffic can only be controlled to a certain extent; therefore, designers need to pay
attention to those design features that affect the occurrence and progression of distress. The most
practical way to minimize the onset and severity of distress is to take these effects into account
during the design process.

Recommendations for Future Research

The results presented in this report are based on a comprehensive analysis of the LTPP data and
the use of innovative analytical techniques to develop improved models for predicting key PCC
distress and roughness. To a large extent, the attempt to use mechanistic principles to develop
mechanistic-empirical models was successful. However, because of a variety of limitations, a
number of improvements are warranted in future efforts, Future research is necessary to address
some of the limitations that were faced in this effort. For example, the traffic loading data used in
this research were historical ESAL estimates. For most of the pavements in the LTPP database,
ESAL data were not available for several years. Therefore, projections were necessary to obtain
the cumulative and yearly ESAL’s used in the analysis. Improved traffic loading data that
include load spectra data for investigating the effect of different load levels, type, and
configuration on distresses will greatly improve the accuracy of the models

presented.!?

The lack of pavement-specific environmental data (e.g., thermal gradients in the PCC slab) made
it difficult to estimate accurately the effect of environmental stresses within the scope of this
study. Environmental data from the LTPP Seasonal Monitoring Program (SMP) should be
obtained in future studies for the development of models that can be used to estimate such data.

Finally, the techniques applied in this study provided an opportunity for application of
mechanistic principles to the development of prediction models for pavement distress. However,
in several cases, because of the current scope of the project and limitations in the data available
(in particular, traffic loading and materials data), an in-depth application of mechanistic
principles was not possible. These innovative analytical techniques should be explored further in
future research to improve on the models.
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APPENDIX A. CALIBRATION OF PREDICTION MODELS

This appendix provides information on the process that was used to calibrate the prediction
models presented in this study. The process is the culmination of the research team’s many years
of experience. It involves application of modern statistical techniques, combined with a large
dose of engineering theory, to obtain models for predicting the distress and performance of
pavements. Figure 81 is a flow chart that provides an overview of the process, which can be
divided into the following:

° Data preparation and selection of independent variables.
® Tentative model development and verification.
® Model evaluation, verification, and validation.

Data Preparation and Selection of Independent Variables

An important part of the process for calibrating or developing regression models is the collection
and preparation of the data needed and selection of the independent variables that should be
considered. The following are the steps taken to accomplish this:

Li Revi

A comprehensive literature search and review is required to determine the most appropriate
variables, clusters, and mechanistic equations that could be used to develop the model. In model
development efforts that use observational data, the information from past studies and the
experience of the researcher are necessary for selecting the independent variables that should be
considered. For studies with observational data, this step is more important than is often
recognized. Theory can often provide guidance on the variables that should be selected, as well
as the model form that will provide good models. Accordingly, in this study, considerable effort
was spent to review past studies.

Identify and Define Potential Variables and Clusters

This is an important follow-up to the literature review process. The goal is to identify which
variables are relevant to the model and need to be included in the final analysis data set. Not all
the variables identified in the literature search may be relevant; however, it provides a starting
point for identifying potential variables and clusters to look at more closely.
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Select Distress/IR] Modet & Conduct
Literature Review of Previous Models
and Distress Mechanism

Identify and Define Potential Variables
s Dependent Variable (Definition)
* Independent or Explanatory Variables

Identify Missing Data Items for Variables
(Decide which Variables have too Little
Data to Keep in Analysis)

Assemble Database of LTPP Sections
(Determine Specific Subset of Data to Use)

Explore Dataset and Clean Data
¢ Statistics (mean, min., max., etc.)

¢ 2-Dimensionzl Bivariate Plots
5 I 1+ Correlation Matrix of all Variables

¢ Identify Types of Relationships Between Variables

* Identify Erroneous and Potentiz]l Problem Data
* Optional: Create Mcchanistic Variable Cluster

A

Figure 81. Flow chart for developing distress models.
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Model Building

6 ¢ Identify Functional Form of Distress/IRI with Traffic
and Age .
» Identify Boundary Conditions

» Select Potential Variables and Transformations for
Initial Evaluation

* Conduct Linear Regression with all
Variables/Clusters (Observe significance Levels,
Collinearity, Residual and Predicted vs. Actual Plots)

» Identify Potential Outliers

¢ Conduct Further Regression Analyses

» Select Tentative Model

Sensitivity Analysis

7 e Set Variables at Their Means

* Increase/Decrease each Variable by One Standard
Deviation and Compute Distress/IRI for each

s Repeat for all Variables

¢ Plot Sensitivity Graph

¢ Evaluate Reasonableness of Direction of Variables on
Distress/IRI

¢ Evaluate Reasonableness of Sensitivity of each
Exploratory Variable

e Judge Adequacy of Tentative Model
s Revise Model if Deficient

Figure 81. Flow chart for developing distress models (continued).
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Assemble Analysis Database

This involves assembly of the data set to be used for model development on the basis of the
information on potential variables and clusters obtained from literature review and preliminary
statistical analysis. In this study, the LTPP database was the source of data used for developing
all models.

Explore Data Set and Clean Data

A thorough evaluation of the analysis data set is always necessary to identify any missing data
elements and possible problem spots in the database. Attempts should be made to obtain
replacements for missing data where possible. The analysis data set should also be checked
closely for anomalies and gross data error. Data determined to be outliers were cleaned out of the
data set used in the analysis.

Basic univariate analyses are required to provide information on the distribution of each variable
being considered, as well as the dependent variable. Bivariate analyses should be conducted to
identify relationships between independent variables and between the independent variables and
the dependent variable. Exploration of the data set will also provide insights into possible model
forms. Univariate and bivariate analyses are also good methods for determining whether the data
include outliers, errors, potential problem sources, and the possibility of creating interactions and
mechanistic clusters. These analyses should provide useful information for further reducing the
number of independent variables to subsets that contain only those that are known to be essential
to the model.

Model Development and Verification

Development of Tentative Model

The first step in model building is the identification of suitable mathematical model forms for
evaluation. For pavements, deterioration or distress progression varies for different pavement

types and distresses. Figure 82 shows common mathematical models that have been used
successfully to develop models for the progression of pavement distress.

Selecting the most suitable model form is the key to developing a sound and stable model. Most
statistical packages available provide the capability of using multiple regression analyses to
identify the model forms that fit the data well. The procedures are also very useful for narrowing
down the variables that should be included in the final models. However, for observational data
(such as pavement performance data), it is very important to conduct such analyses with care to
ensure than essential independent variables are not eliminated.
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Figure 82. Typical functional forms used for pavement distress modeling.
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Standard mathematical model forms, such as linear, quadratic, log-transformed, and other
nonlinear model forms, can be used to fit the independent data to the dependent variable once the
final list of variables has been selected. Model forms that work well for pavement distresses are
given in Figure 82. The following are the mathematical equations that describe these model
forms:

Linear Model | (figure 82(a))
y = a,+aX, + az)(‘2 + e + 3 X
Exponential Model | | (figure 82(b))
y = 3, +a,™
Power Model (figure 82(c))
y = a,+ alxﬁ
Hyperbolic Model | (figure 82(d))
_ 1
a,+ta,X
Polynomial Model | | (figure 82(e))
y = a, X i
i=0
S-Shaped Model (figure 82(D))
y = !
a,+ aiC,_LngX‘

The advantage of the linear regression model is its simplicity in development and use, as well as
its relative insensitivity to the “noise” in the database. The main drawback is that the
deterioration of pavements and the progression of distresses exhibit a more complex relationship
with other independent pavement properties or parameters. The polynomial functional form
permits the most flexibility in modeling; however, polynomial regression does not guarantee that
the resulting model will decrease or increase in the entire interval of the inference space, as could
be required by engineering judgment.
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The diagnostic statistics listed in table 39, which are part of the output for multiple regression,
must be analyzed to establish the suitability and stability of the model under consideration. The
critical values of the diagnostic statistics are also given in table 39 and are explained in greater
detail in the subsequent section. :

< cefficient of ination (R?

The coefficient of determination is an indication of how much variation is explained by the
model. It is defined as follows:

R’ = 1-SSE/TSS (107)
where
R® = coefficient of determination
SSE = sum of squares for error
TSS = corrected sum of squares error

A good model that fits the data should have the maximum possible coefficient of determination.
Vari Jation F

Variance inflation factors measure the strength of interrelationships among regressor or
independent variables in the model. If all variables are independent of each other, the variance
inflation factor is equal to 1.0. If a variable is closely related to other variables, its tolerance goes
to zero as the variance inflation factor gets very large. Tolerance (TOL) and variance inflation
factor (VIF) are defined as foliows:

TOL = 1-R? - (108)
where
R* = coefficient of determination

VIF = 1/TOL (109)
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Table 39. Diagnostic statistics and corresponding critical values.

Critical Values

independence of variables

Diagnostic Statistic Diagnostic Objective
Coefficient of determination (R?) | Goodness of fit Maximize
Variance inflation factor (VIF) Multicollinearity <10
Durbin-Watson test statistic (d) | Serial correlation and 1.5<d<2.5

statistic)

estimate

Mallow’s C, 'Optimum number of Approximately equal to number
independent variables of independent variables
Mean square error (MSE) Goodness of fit Minimize
Press statistic (Press,) Ability to predict outside Minimize
of current data set
Test of significance (Prob>F- Significance of parameter <0.05

For model development, the effect of correlations between independent variables or
multicollinearity should be minimized to obtain a model that will be adequate and robust for
different databases. A tolerance level of 0.1 or a maximum VIF value of 10 should ensure this.

Durbin-Watson Test Statistic (d)

The Durbin-Watson test statistic (d) is a measure of the independence of errors in time-series
data used in the model. As noted in earlier sections of this report, one of the key assumptions
made in model development is the independence of the variables. With most data, especially
time-series data, the errors are autocorrelated, that is, €; is correlated with e, | just before it.
Autocorrelation is a symptom of systematic lack of fit. The Durbin-Watson test statistic is

defined as follows:

d_l

E(ei - ei—l)
i=2

n
E 912
i=2

where

€

cIror (ymeasured - Ypredicted) for data i

(108)

The value of d is close to 2.0 if the errors are uncorrelated. A value of d ranging from 1.5 to 2.5

is reasonable for most models.
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Mallow’s C,

To choose a model that provides the best prediction using the sample estimates, there is the need
to guard against the use of more independent variables than can be reliably used with the given
sample size. C, is a criterion for selecting the optimum number of independent variables in a

model. Cp is defined as:

~ SSEp
vy (N - 2p) (111)
where
SSE, = sum of squares error for a model with p number of independent variables
s = mean square error for the full model
N = total number of independent variables in the full model
P number of parameters in a given model, including the intercept

14
w— = =Mean square error
Coefficient of determ ination (R*2)
12 .
N \
2 10 b
Z X
E '
\ ’
L 4
8 N <
L) *
LI 7
~. . -
oy -
6 ] — L] 1
1 T i T
8

10

Number of variables in the model

Figure 83. Variation in C, with MSE and R?.
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Mallow suggests that the model where C, first approaches p is the optimum model with
parameter estimates unbiased. Figure 83 shows the variation of C, with the mean square error
(MSE) and the coefficient of determination (R*) of a model.

i

The mean square error is an estimate of the absolute difference between the actual and predicted
dependent variable. It is calculated as follows:

MSE = SSE/(n - p) (112)
where
SSE = sum of squares error
n = number of data points in database
p = number of variables in the model

MSE should be minimized for ail models. The test of significance or p-values do not necessarily
measure the importance of a variable. They do, however, give an indication of the contribution
the variable makes to predicting the dependent variable, This test statistic is used to eliminate
variables that contribute little to the model. A significance level of less than 5 percent is
satisfactory.

PRESS_Statistic

The predicted residual for observation ) is defined as the residual for the kth observation that
results from dropping the jth observation from the parameter estimates. The sum of squares of
the predicted residual errors is called the PRESS statistic. The PRESS, statistic gives an
indication of the ability of the model to be used outside the database that was used in model
development. PRESS | should be minimized.

Model Evaluation and Verification

Each model was verified to check its predictive accuracy and whether it made engineering sense.
Model validation is the process of checking the ability of the model to predict distress when used
with independent data. Attempts were made to validate the models with independent data, but
this was not possible. However, a variety of statistical approaches were used to evaluate the
predictive capability of the models, including the following:

] Sensitivity analyses.
° Statistical diagnostic tests.

The sensitivity analyses involved using the model to evaluate the effect of various inputs on the
predicted distress and comparing the results with empirical and theoretical observations. It

involved setting all other variables at their means and varying the inputs of interest. Plots of the
results obtained were evaluated to check the engineering plausibility of the models and whether
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the models provided predictions that made sense. The tentative model was selected on the basis
of the results of this process and the acceptable diagnostic statistic resuits.
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