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1. INTRODUCTION

Background

A major goal of the Long-Term Pavement Performance (LTPP) study is the
development of recommendations for improving the design and construction of new
and reconstructed pavements. This is emphasized in two of the six objectives that were
established for the LTPP study in 1985 by the Pavement Advisory Committee of the
Strategic Highway Research Program (SHRP). They are as follows:

e Determine the effects of loading, environment, material properties, construction,
and maintenance on pavement distress and performance.
e Determine the effects of design features on pavement performance.

An attempt was made to develop such recommendations in the early analysis of the
LTPP data that were available in 1992.% Due to the limited amount of data that were
available, a complete analysis to develop useful practical recommendations for
pavements was not possible; however, the research provided several useful insights
into the database and provided guidelines on future data analysis and research efforts.

Since the 1992 study, there have been major improvements to the LTPP database.
With these improvements have come some new opportunities for the evaluation and
analysis of pavement data to meet some of the specific objectives of the LTPP study.
More importantly, enough data are now available in the LTPP database to permit
significant analyses to meet some specific regional and local needs. Such targeted
research is perhaps the most appropriate way to harvest the best products out of the
LTPP database.

Project Scope

This study was designed to investigate the evaluation of portland cement concrete
(PCC) pavements in the LTPP database to meet some of the specific needs of the States
that have been sponsoring and participating in the LTPP program. It involves an
evaluation and analysis of the PCC pavement data in the LTPP database to determine
the design features, climatic variables, and construction practices that influence
performance of rigid pavements. The two specific objectives of the study include:

® Examining and analyzing the PCC pavement LTPP data to determine design,
climate, and construction variables that influence performance.

® Developing specific recommendations for improving the design and
construction of PCC pavements.




The project scope was refined to exclude specific recommendations for the
maintenance and rehabilitation of PCC pavements because of the lack of available data.
Emphasis was placed on the development of national recommendations (as opposed to
regional ones) because of constraints in the availability of data.

Scope of Report

This report is the second in a series of three volumes on this study. The other two
reports are as follows:

Volumel - Summary of Design Features and Construction Practices That
Influence Performance of Pavements
Volume Il - Improved PCC Performance Models

Volume II provides results of extensive data analysis and research work that was
conducted in this study. Volume II addresses the preliminary work done in evaluating
the influence of the site, specific design features, and construction practices on the long-
term performance of concrete pavements using the LTPP database, and volume III
provides information on improved distress and roughness prediction models that were
developed using the LTPP database. The results obtained from volumes II and III were
used to develop a summary of design features and construction practices that influence
performance of pavements, presented in volume I.

After this introduction, the report provides a discussion of the approach used for
performance evaluation in this study in chapter 2. Chapters 3, 4, and 5 present an
evaluation of the effects of site conditions, design features, and construction practices
on PCC pavement performance with the use of transverse joint faulting, transverse
cracking, and roughness, respectively, as a measure of distress and, hence,
performance, and chapter 6 concludes the report. Transverse joint spalling and corner
breaks were not considered for this kind of analysis (empirical statistical analysis)
because there were not enough pavement sections with these distresses. A
comprehensive overview of the LTPP PCC data used in this study is presented in
appendix A of this report, and a discussion of past research findings on factors that
influence pavement performance is presented in appendix B.




2. METHOD OF PERFORMANCE EVALUATION

Introduction

Pavement performance is determined based on criteria related to the rate of
occurrence of distress, the severity of the distress, and the detrimental effect of the
given distress on the pavement’s ability to serve its function. Several attempts have
been made in the past to develop procedures and criteria for evaluating pavement
performance and, in the process, determine the effects of design features, site
conditions, and construction practices on performance.”*® Most of these studies
involved the use of simple univariate and bivariate plots of the data to establish trends
in the severity of a given distress as a function of design features, site conditions, and
construction variables. The development of performance prediction models and a
comprehensive sensitivity analysis is also an effective procedure for identifying key
factors affecting performance.

Results from some of the past pavement performance evaluation studies were
reviewed as part of this study to determine the following:

® Variables that have significant effect on distresses and, hence, performance.

® Interactions between quantitative variables that have a significant effect on
distresses.

® Mechanistic clusters that have an effect on the occurrence and rate of progression
of distress. '

® Procedures used to determine which pavements are performing better than
expected, as expected, and worse than expected.

Table 1 shows the site, design, and construction (explanatory) pavement variables that
have been found in previous studies to have a significant effect on PCC distresses. The
effect of these variables on pavement performance were investigated further by
conducting a preliminary analysis of bivariate plots of distress versus traffic and
consequently a more detailed and comprehensive canonical discriminant analysis and
analysis of variance. The plots showed clearly the effects of the variables on the
development and progression of distress. The procedure for pavement performance
evaluation for this study is in five parts and can be summarized as follows:

1. A literature review of past pavement evaluation studies that is presented in
appendix B of this report.

2. Preliminary evaluation of data using graphical techniques such as univariate
(presented in appendix A) and bivariate plots.

3. Classification of pavement sections within the database based on performance
criteria.



Table 1. Proposed variables to be investigated for each prediction model.

Design Features, Site Conditions,
and Construction Practices

Joint
Faultin&

Transverse
Cracking

Roughness

Pavement age
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Slab thickness

v
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Joint spacing

v
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Drainage

Base type

Cumulative ESAL’s*

N

Effective joint opening

Corner deflection

Freezing index

Edge support

Subgrade type

Annual precipitation
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Bearing stress

Dowel diameter
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Slab stress

N

PCC modulus of rupture
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PCC elastic modulus

N

PCC compressive strength

Average monthly temperature

Thornthwaite index

Static k-value
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Steel percentage
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Reactive aggregate
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Joint sealant type

N

Sealant damage

\

Load transfer type

Freeze-thaw cvcles

* ESAL = Equivalent single axle load.




4. Developing a procedure for determining pavement performance on the basis of
known quantitative design, climate, and construction variables (canonical
discriminant analysis).

5. An analysis of variance (ANOVA) to determine variables that have a significant
influence and effect on distress and, therefore, performance.

This chapter reviews the approach used in this report for evaluating pavement sections
according to performance and determining the significant design features, site
conditions, and construction practices that influence pavement performance.

Preliminary Statistical Analysis (Univariate and Bivariate Analysis)

For both performance model development and performance evaluation, an
extensive univariate and bivariate analysis of the database was necessary. This served
two purposes: to determine the condition of the database used in analysis and to
confirm trends determined from past pavement performance evaluation studies, model
development efforts, and mechanistic analysis.

Univariate Analysis

Univariate analysis is the determination of the basic statistics of the LTPP data
elements such as the total number of sections, sections with missing data, and the
mean, mode, median, and standard error estimate of the mean of the data element.
Other tests include a test for the normality of the data, skewness, and kurtosis. Plots, in
the form of a histogram or bar chart, can be used to show visually the distribution of a
given data element or variable. The ideal data element distribution for statistical
analysis is a normal distribution. However, the distribution of most of the data
elements used in the analysis is skewed. Univariate analysis and plot are efficient
techniques for identifying such data elements and correcting them where possible.
Also, statistical techniques that are insensitive to skewness may be used for analysis.
Figures 1 and 2 show examples of normally distributed data and skewed data. The
results of the comprehensive univariate analysis performed as part of this study are
presented in appendix A of this report.

Bivariate Analysis

Bivariate statistics measure the degree of dependence between two variables
(dependent and independent). They also show the trends and changes in the value of
the dependent variable as the independent variable is varied. For this study, the
dependent variable is a distress variable and the independent variable is a design,
climate, construction, or any other kind of variable or cluster of variables that could
influence pavement performance.



Frequency

Frequency

Data element or variable

Figure 1. Normally distributed data.

Data element or variable

Figure 2. Data that are skewed or deviating from normal.




Results of the bivariate analysis were presented in the form of plots of the
independent variables against distress and simple statistical regression curves (linear)
showing trends and correlations. The plots showed visually the trends between the
independent variable and distress. They were used to determine if the trends were
reasonable and as expected from mechanistic analysis, engineering judgment, and past
empirical analysis. The bivariate plots were also used to identify potential outliers.
Plots of this kind can be confounded by the effects of other independent variables not
considered. This could lead to obtaining contradictory and misleading results.
Observations from bivariate plots are therefore preliminary in nature and therefore not
conclusive. For this study, more sophisticated statistical tools such as canonical
discriminant analysis and analysis of variance were used to develop recommendations
for pavement design and construction.

Canonical Discriminant Analysis

Canonical discriminant analysis begins with the desire to statistically distinguish
between two or more groups of observations. These groups are defined by the
particular research situation.”? Some examples of groups of observations would be as
follows:

e Group 1—Pavements with faulting less than 10 mm.
® Group 2—Pavements with faulting greater than or equal to 10 mm.

With measurements on several quantitative variables, canonical discriminant analysis
derives a linear combination of variables that has the highest possible multiple
correlation with the groups. The coefficients of the linear combination are the canonical
coefficients or canonical weights. The variable defined by the linear combination is the
canonical variable. Several other canonical variables can be obtained by finding the
linear combination uncorrelated with the first canonical variable that has the highest
possible multiple correlation with the groups.

To distinguish between the groups the researcher selects a collection of
discriminating variables that measure the characteristics on which the groups are
expected to differ. For instance, in the faulting example, data on the pavement design,
site conditions, and construction techniques such as base or subgrade type, traffic, load
transfer system, joint construction method, and precipitation that potentially could
influence faulting may be useful for canonical discriminant analysis. The mathematical
objective of canonical discriminant analysis is to weight and linearly combine the
discriminating variables in some fashion so that the groups are forced to be statistically
distinct as possible. In order words we want to be able to discriminate between the
groups in the sense that we tell them apart. Normally, no single variable will perfectly
discriminate between the two faulting levels given in the example; however, by taking
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several variables and mathematically combining them it is possible to obtain a single
discriminant variable that is a linear combination of the pavement properties that
clearly demarcates between the two levels of faulting. For pavement performance
evaluation, canonical discriminant analysis can be an efficient tool for evaluating the
performance of newly designed pavements given the pavement site, design, and
construction features.

Canonical discriminant analysis in this study involved the classification of existing
pavement sections in the LTPP database according to performance and then using the
data in the development of canonical functions based on the pavement’s design, site,
and construction properties. The methods for classifying the pavement and developing
the canonical functions are discussed in the following sections.

Performance Classification of Pavements

To perform a more detailed statistical analysis on the data to determine variables
affecting performance, the different pavement sections within the LTPP database had to
be classified using a variable that defined them based on performance. The
observations were classified as expected, below, and above expected performance.

Several studies in the past have used expert opinion to classify pavement
performance. One such study used a graphical approach, which involved defining and
plotting the boundaries between three levels of performance (good, normal, poor) for
each distress type for a given pavement’s age since construction. The criteria for
differentiating between good, normal, and poor performance and defining the
boundaries for the different classes of performance were recommended by pavement
experts over a 20-year period. The objective was to identify design features that
contribute to good and poor performance.” For this study, pavement performance was
classified by considering the relevant design, climatic, and construction variables that
influence the occurrence and severity of the distress. The classification procedure is best
explained by the example below.

Consider a pavement designed and constructed using appropriate design
techniques and construction procedures to withstand 20 million ESAL applications over
a 20-year period for the given site and climatic conditions. We expect the pavement to
have a minimum useful life of 20 years; that is, we expect the pavement to perform
adequately for at least 20 years, without any major occurrence of distress. We also
expect damage to the pavement resulting in distress to accumulate both from the
repeated axle loads applied to the pavement and repeated climate-related stresses.
Within the 20-year useful design life of the pavement, we expect the severity of both
damage and distress to approach but remain below critical levels. Classifying or
quantifying performance for such a pavement is based on whether the pavement




performs as expected. The most practical method for determining this is to compare the
actual distress measured for a pavement with a given age and traffic load applications
and expected distress. The expected distress is estimated from distress prediction
models and expert opinion. Pavements can thus be categorized based on the
comparison of actual and expected distress as follows:

e Pavements with measured distress equal to predicted distress or within a 90
percent confidence interval are classified as “expected.”

e Pavements with measured distress less than the lower limit of the 90 percent

~ confidence interval of predicted distress are classified as “above expectation.”

e Pavements with measured distress greater than the upper limit of the 90 percent
confidence interval of predicted distress are classified as “below expectation.”

Table 2 presents this concept in another format. The most appropriate method for
determining the expected distress values of pavement sections is the use of existing
pavement performance models. Performance models are multi-dimensional, taking
several design, climate, and construction variables into consideration for predicting the
expected level of distress. Because of potential errors that are certain with every model,
a confidence interval should be used to define a range for the expected level of distress.
This will limit the potential for misclassification. It must be noted that the expected
distress level of a pavement with similar features may vary according to age and traffic
loading. A detailed procedure for pavement performance classification is presented in
the next section.

Pavement Performance Classification Procedure

Pavement performance classification was determined using models developed as
part of this study. The information required for classification is as follows:

1. Determine the actual distress severity from the database.

2. Use pavement performance models or expert opinion to determine the expected
distress severity level for a pavement section with the given design, climate, and
construction features.

3. Determine the standard estimate of error (SEE) for the model being used in the
analysis.

4. Using the standard error estimate and expected distress value, determine the 90
percent confidence interval (C.I.) for the expected distress (90% C.I. = 1.645*SEE).

Using information from the LTPP database, performance models, and engineering
judgment, the pavement sections in the LTPP database used for this study were
classified as follows:



Table 2. Procedure of pavement performance evaluation.

Age, Traffic, Expected Actual Faulting, Performance
yr ESAL’s Faulting, mm mm Classification
20 10 million 2.5 0.25 Above expectation
20 10 million 2.5 2.5 Expected
20 10 million 2.5 6 Below expectation

® A pavement section with a measured distress severity greater than the expected
confidence interval band (measured distress > expected distress + 1.645*SEE) is
classified as performing below expectation.

® A pavement section with a measured distress severity within the confidence
interval band is classified as expected (expected distress - 1.645*SEE < measured
distress < expected distress + 1.645*SEE).

® A pavement section with a measured distress severity below the confidence level
band (measured distress < expected distress) - 1.645*SEE) is said to be
performing better than expected or above expected.

The procedure outlined for pavement performance evaluation is shown graphically as
figure 3.

Canonical Functions

Canonical discriminant analysis is a dimension reduction technique related to
principal component analysis and canonical correlation.®®” Given a classification
variable such as pavement performance and the quantitative variables such as the
design, climate, and construction features of the pavement, canonical discriminant
analysis derives canonical variables related to the classification variable for canonical
functions (linear combination of the quantitative variables). The canonical functions
summarize between class variation and discriminate between pavements based on the
classification variable (in this case, pavement performance). The procedure for
implementing this technique is summarized as follows and shown in figure 4.%9

e Identify and define potential quantitative design, climatic, and construction
variables.

e Identify missing data and potential data problems, such as normality, and
implement remedies as required.

e Assemble the database and classify the pavement sections within the database
into the expected, below expected, and above expected performing pavement
sections (classification variables).
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® Perform canonical discriminant analysis on the data to obtain canonical
functions and variables.

® Check canonical functions and variables for significance, misclassification, and
collinearity using diagnostic and other statistics.

® Determine the range of values of canonical variables for the different
performance classes.

The use of the canonical discriminant analysis technique to classify pavement
performance is illustrated with the following example plot of two canonical functions,
CANI1 and CANZ2, shown as figure 5. The plot shows pavement sections classified as A,
B, C, and D. Pavements classified as A are located in quadrant 1, Bis in quadrant 2, C is
in quadrant 3, and D is in quadrant 4 of the plot.

Therefore, for a pavement section with given design features, site conditions, and
construction practices, the quadrant in which the plot of CAN1 and CAN2 lies
determines the performance class to which that pavement belongs. The performance
class can be varied by varying the values of the input variables for the canonical
functions and thus could be useful in determining the performance class of newly
designed pavements.

Analysis of Variance

ANOVA models are versatile statistical tools for studying the relation between a
dependent variable and one or more independent variables.® They do not require
making assumptions about the nature of the statistical relation nor do they require that
the independent variables be quantitative. ANOVA models are used for applications
where the effects of one or more independent variable on the dependent variable are of
interest. Independent variables in the models for ANOVA are mostly called factors or
treatments. This section of the report presents the basic ANOVA procedures used in
this study for determining the effects of several factors or treatments (independent
variables such as slab thickness and annual precipitation) on the dependent variable,
distress.

ANOVA Procedure

The procedure for the ANOVA analysis is summarized as follows:

1. Transform continuous variables within the LTPP database into classification
variables.

2. Develop ANOVA models for predicting distress.

3. Perform test of hypothesis using the models developed.

12




Identlfy and define potentlal variables Assemble database of LTPP sections
¢ Dependent variable ‘
» Independent or explanatory variables

(determine specific subset of data to use)

-

Identify missing data items for variables (decide
which variables have too little data to keep in analysis)

Explore dataset and clean data
« Statistics (mean, min, max, median)

» Identify types of relationships between variables
« Identify erroneous and potential problem data

Select distress/IRI model for predicting distress or performance by s
conducting literature review of previous models

Classify pavement performance as above expectation, as
expected, or below expectation using selected distress/roughness

models.

Canonical discrimination functions development

» Select potential variables and transformations for initial evaluation

+ Conduct determinant analysis with all variables (observe significant levels, collinearity’
+ Identify potential outliers and redundant variables

¢ Conduct further discriminant analyses

* Select tentative canonical functions

Sensitivity analysis

¢ Bvaluate reasonableness of direction of variables in canonical
functions

» Evaluate resonableness of sensitivity of each canonical variable
¢ Judge adequacy of tentative canonical function
» Revise canonical function if deficient

Figure 4. Flow chart showing canonical discriminant analysis procedure.
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The procedure outlined is simple and suits the purposes of most simple analysis of
variance. The different elements of the procedure are explained in the following
sections.

Data Transformation

Most of the data elements in the LTPP database used as treatments or factors in
ANOVA are continuous. Using them as presented in the database will result in the
consideration of the effect of several factor levels on the given distress (e.g., PCC slab
thickness = 200, 210, 220, 230, ..., 260 mm). To avoid such a situation, and also to
decrease the number of levels of a given factor such as slab thickness, the data elements
were transformed into classification or indicator variables. An example is shown below:

e Class Aor0, PCC slab thickness < 220 mm.
e (ClassBorl, PCC slab thickness > 220 mm.

The qualitative variable defining the ranges of pavement PCC slab thickness was then
used in the ANOVA model to determine the effect of slab thickness on pavement
performance.

ANOV A Models

ANOVA models are a basic type I statistical model.® They are concerned, like
regression models, with the statistical relation between one or more independent
variables and a dependent variable. Like regression models, ANOVA models are
appropriate for both observational data and data based on formal experiments. Further,
like the usual regression models, the dependent variable for ANOVA models is a
quantitative variable. However, they differ from ordinary regression models in two key
respects. First, the independent variables in the ANOVA model can be qualitative
(geographic location, wet, dry, freeze, nofreeze). Second, if the independent variables
are quantitative, no assumption is made in the ANOVA models about the nature of the
statistical relation between them.®

The difference between ANOVA models and regression models is illustrated by the
plots shown in figure 6. Shown in figure 6a is the regression model for a pricing study
involving three different price levels, X = $50, $60, and $70. For each level of the
independent variable, there is a probability distribution of sales volume. The means of
these probability distributions fall on the regression curve, which describes the
statistical relation between price level and mean sales volume.

The ANOVA model for the same study is shown in figure 6b. The three price levels
are shown as separate distributions, each leading to a probability
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(a) Regression Model
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Sales volume

Figure 6. Relation between regression and analysis of variance models.®
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distribution of sales volumes. The quantitative differences in the three price levels and
their statistical relation to expected sales volume are not considered.

Hypothesis Testing

The goal of the ANOVA is to compare means of the response variable (distress) for
various combinations of the classification variables (design, site, and construction
properties). The effect and significance of the variables on performance can be
confirmed or verified by comparing the level of significance of the variables to a
predetermined level of significance, called p-value. ANOVA determines if there is a
statistical difference in the mean values of the distress for the different classes of the
independent variables in the model.® The mean level of the distress for the different
classes gives an indication of whether the independent variable has a positive or
negative effect on the distress. The following example illustrates the ANOVA
technique.

Pavement PCC thickness: class A (less than 220 mm)
class B (greater than 220 mm)

Distress level : class A = p,
classB = 3

The significance of the effect of PCC thickness on the given distress is determined by
the following test of hypothesis:

Null hypothesis, H: pa=pg
Alternative hypothesis, H,: 1, * g

Based on a significance level (p-value) of 5 percent (0.05), of less than 0.05 rejects the
null hypothesis, whereas a result greater than 0.05 confirms the null hypothesis. A
comparison of the magnitude of the means determines the nature of the effect of the
pavement property (in this case, PCC thickness).

Summary of Methods of Performance Evaluation

Bivariate plots, canonical discrimiiiant analysis, and analysis of variance are
statistical tools useful in determining, preliminarily, trends between dependent and
independent variables, and the effect of various design, site, and construction features
on pavement performance. These statistical tools will be applied throughout this report
to determine the effects of site conditions, design features, and construction practices on
distress formation and progression in PCC pavements and, thus, PCC pavement
performance.
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3. EVALUATION OF SITE CONDITIONS, DESIGN FEATURES, AND
CONSTRUCTION PRACTICES THAT INFLUENCE JPCP FAULTING

Introduction

Many of the primary design features, site conditions, and construction practices that
influence PCC pavement performance are identified in appendix B. They include the
site conditions of traffic, climate, and subgrade support, as well as the specific design
features that are incorporated into the pavements to improve performance, such as PCC
slab thickness, the presence of dowels, and drainage facilities.

A prioritized list of the design features, site conditions, and construction practices
(relevant to each distress type) proposed for investigation with LTPP data was
presented in table 1 of chapter 2 of this report. Some of these data elements identified
during the literature review are not available in the LTPP database; however, those
available will be investigated to determine their effect on performance. The list of key
site conditions, design features, and construction practices available in the LTPP
database, and identified as having the potential to influence the development and
progression of faulting, is presented in table 3. This list was not meant to be exhaustive,
and any other variables that were found to significantly influence faulting at the
preliminary stage of faulting were investigated.

This chapter presents the results of a preliminary bivariate analysis and canonical
discriminant analysis used to identify the data elements that influence PCC pavement
faulting. A comprehensive univariate analysis, which was the first step in analyzing the
data, is presented in appendix A of this report. For the bivariate analysis, the effects of
individual design features and site conditions were investigated separately. The data
were further divided, when possible, to observe the effect of climate. The design of
experiments to be analyzed was based on engineering judgment in order to keep the
individual evaluation data sets a minimum size. This reduced the possibility of
insufficient data for analysis. Each experiment was specific to the distress data type
being investigated and is described in detail in later sections of this chapter.

Also, an analysis of variance was performed to confirm where possible the trend
observed in the preliminary stages of the analysis. It must be noted therefore that, with
the exception of the results from the analysis of variance, results and discussions
presented from the bivariate analysis and canonical discriminant analysis can be
misleading because of the influence of other variables not considered in this kind of
preliminary analysis.
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Table 3. Key design features, site conditions, and construction practices
available in LTPP database for transverse joint faulting.

Design Features, Site Conditions, Joint Faulting
and Construction Practices
Pavement age

Slab thickness

Joint spacing

Drainage facilities

Base type
Cumulative ESAL’s (traffic)

Effective joint opening*

Corner deflection*

Freezing index

Edge support

Subgrade type

Annual precipitation

Bearing stress*

Dowel diameter
PCC elastic modulus

PCC compressive strength

Average monthly temperature range

Static k-value

Joint sealant type

Load transfer type

Freeze-thaw cycles

Dowel placement method

N IS TISNISNSISNININSINININISINININININININSININININIS

Transverse joint forming method

* Data elements were calculated from other original data elements in the LTPP
database.
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Preliminary Evaluation of Transverse Joint Faulting Data

As indicated in appendix B, the development of transverse joint faulting in both
jointed plain concrete pavements (JPCP) and jointed reinforced concrete pavements
(JRCP) pavements is greatly influenced by the presence of dowels and the amount of
heavy traffic load applications. Based on the assumption that the presence of dowels
has more of an influence on the development of faulting than pavement type, the JPCP
and JRCP LTPP data were analyzed together.

Level 1 Investigations

The data were divided into subsets of doweled and undoweled sections, defined as
the Level 1 analysis. The analysis at this stage was to determine the influence of dowels
on faulting of PCC jointed pavements. The results are presented in the next section of
this chapter.

Influence of Presence of Dowels

Figure 7 shows a plot of average edge faulting versus cumulative ESAL'’s for all
doweled and undoweled JPCP and JRCP sections in the LTPP database. Linear trends
were fit through the data in order to more clearly observe the trends. The available
LTPP data indicate that, on average, undoweled JPCP and JRCP sections experience
more faulting than doweled sections. A visual inspection of the data appears to
indicate that the presence of dowels is much more important in minimizing faulting
than dowel bar diameter.

The effect of the presence of dowels was further investigated by determining the
effect of pavement location and dowels on performance. This involved investigating the
influence of dowels in the various climatic regions in the United States. Figure 8 shows
plots of faulting versus traffic in ESAL’s for the climatic regions. Only the wet-freeze
and wet-nofreeze climatic regions contained enough sections to compare doweled and
undoweled sections. For both of these regions, the undoweled sections clearly
exhibited more faulting than the doweled sections.

No trends were distinguishable for the dry-freeze and dry-nofreeze regions. An
investigation of undoweled sections by climatic region showed about the same amount
of faulting for those sections in the dry-freeze, wet-freeze, and wet-nofreeze regions.
The undoweled sections in the dry-nofreeze region, however, exhibited much smaller
faulting values than the undoweled sections in the other three regions. Doweled
sections in the wet-freeze and wet-nofreeze regions appeared to develop about the
same amount of faulting.
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Figure 8. Plots showing the influence of the presence of dowels and climatic region on
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Level 2 Investigations

Level 2 investigations of the faulting data consisted of further dividing the Level 1
subsets into smaller data sets based on many of the possible influential site and design
features identified in table 3. A summary of the Level 1 and Level 2 variables chosen
for the faulting investigation is presented in table 4. The trends discussed and
presented are those of the raw LTPP data. Each Level 2 variable is investigated by
plotting the observed joint faulting data (expressed as the average transverse joint
faulting for the section in millimeters) versus the cumulative ESAL’s as determined
from regression equations of the LTPP annual traffic data. The preliminary analysis
consisted of creating plots showing the influence of each Level 2 variable at each Level
1 definition (doweled or undoweled) for all of the data observations, regardless of
climatic region. Lines were fit through the data to more easily identify the trends. To
observe any differences in the influence of the Level 2 variables between climatic
regions, these plots were then recreated by using only the data in each climatic region
(when data were available).

The conclusions and inferences drawn at the bivariate analysis stage are
preliminary. There is a great possibility at this stage of the analysis for some of the
results to be misleading because of confounding effects and interactions between the
data elements. The results of these analyses are summarized and presented below.

Influence of Site Conditions

The Level 2 investigation involved analyzing the effect of several site-related
variables on faulting of doweled and undoweled jointed PCC pavements, namely,
freezing index, freeze-thaw cycles, average annual precipitation, average annual
temperature range, average annual number of wet days, subgrade type, and the
modulus of subgrade reaction. The variables were divided into the following categories
for investigation:

Freezing index: <270 and > 270 °C days.

Annual freeze-thaw cycles: < 70 and > 70.

Average annual precipitation: <1 and > 1 m/yr.

Average annual temperature range: < 11 and > 11 °C.
Average annual number of wet days: < 125 and > 125 days.
Subgrade type: fine or coarse-grained.

Modulus of subgrade reaction: < 40.7 and > 40.7 kPa/mm.

Effect of Freezing Index

For pavements with dowels, freezing index appeared to have no significant effect
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Table 4. Level 1 and 2 design features, site conditions, and construction practices used
in the evaluation of transverse joint faulting data.

Pavement
Types Level 1 Variables | Level 2 Variables

JPCP and |Presence of dowels [ Freezing index
JRCP

Average annual precipitation

Average annual freeze-thaw cycles

Average annual temperature range

Average annual number of wet days

Subgrade type

Backcalculated static k-value

Slab thickness

Average transverse joint spacing

Dowel diameter

Presence of subsurface drainage

Presence of edge drains

Base type

PCC elastic modulus

Presence of widened lane (lane width)

Outside shoulder type

Presence of transverse joint sealant

Type of transverse joint sealant

Transverse joint forming method

Dowel placement method
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Figure 9. Plots of JPCP and JRCP transverse joint faulting versus traffic for
different freezing index categories (all climatic regions).

on the level of faulting. However, undoweled pavements subjected to a freezing index
> 270 °C days exhibited a larger amount of faulting than those sections subjected to a
freezing index < 270 °C days. The plots of faulting versus traffic showing the influence
of freezing index are presented figure 9.

Effect of Average Annual Freeze-Thaw Cycles

The level of faulting in doweled sections again did not appear to be influenced by
the level of change in average annual freeze-thaw cycles. However, undoweled
sections subjected to freeze-thaw cycles > 70 per year exhibited a significantly larger
amount of faulting than those sections subjected to < 70 per year. Figure 10 presents
plots of faulting versus traffic showing the influence of freeze-thaw cycles.

Effect of Average Annual Precipitation

For those sections with dowels, no significant change in faulting was observed for
the two different annual precipitation categories. However, the same did not hold true
for the undoweled sections. The undoweled sections subjected to greater than 1 m of
average annual precipitation exhibited much more faulting (on average) than those
sections subjected to less than 1 m. Figure 11 presents plots of faulting versus traffic
showing the influence of average annual precipitation.

26




Sections WITH Dowels

Sections WITHOUT Dowels
10
® <70
8 0 >=70
T esnene | inear (< 70)
= = = |inear (>=70)
®
£
=
&
=
2
&
g
< .4 o .
-6+
glo
ESAL's (thousands)

Plots of JPCP and JRCP transverse joint faulting versus traffic for different
levels of freeze-thaw cycles (all climatic regions included).
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Figure 11. Plots of JPCP and JRCP transverse joint faulting versus traffic for different
levels of average annual precipitation (all climatic regions included).
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Effect of Average Annual Temperature Range

Changes in the average annual temperature range appeared to have little effect on
the faulting of doweled sections. However, undoweled LTPP sections subjected to an
annual temperature range < 11 °C showed more faulting (on average) than those
undoweled sections subjected to a range of > 11 °C. Figure 12 presents plots of faulting
versus traffic showing this influence of average annual temperature range.

Effect of Average Annual Number of Wet Days

An investigation of the influence of the average annual number of wet days on
transverse joint faulting showed that it significantly influenced faulting. Doweled and
undoweled JPCP and JRCP subjected to > 125 wet days per year consistently developed
more faulting (on average) than those subjected to < 125 wet days per year. Figure 13
presents plots of faulting versus traffic showing this influence of average annual
number of wet days.

Effect of Subgrade Type

A Level 2 analysis of subgrade type involved further separating the JPCP and JRCP
doweled and undoweled sections by subgrade type (coarse-grained and fine-grained).
The results showed that doweled sections with fine-grained subgrades had more
faulting than those with coarse-grained subgrades. The undoweled sections appeared
to have the opposite trend, with the sections with coarse-grained subgrade soils
experiencing more faulting. This may be due to the fact that close to 90 percent of the
undoweled JPCP pavements were located in wet or freeze regions, which could
influence the magnitude of observed faulting. A visual inspection of the data showed
that the highest individual faulting values were observed for those sections with fine-
grained soils. Figure 14 contains plots showing the influence of subgrade type category
on the faulting of JPCP and JRCP doweled and undoweled sections.

An analysis of the sensitivity of JPCP and JRCP transverse joint faulting data to
subgrade type and climatic region was limited to the wet-freeze and wet-nofreeze
climatic regions because of the lack of data in the dry-freeze and dry-nofreeze climatic
regions. Both doweled and undoweled sections in the wet-freeze climatic region
showed more faulting for those sections with fine subgrade soils. The regressions fit
through the data in the wet-nofreeze region showed no sensitivity to subgrade type for
the doweled sections, whereas for the undoweled sections, pavements with coarse-
grained subgrade soils exhibited more faulting than those sections with fine-grained
subgrade soils. Figure 15 contains plots showing the influence of subgrade type on the
faulting of JPCP and JRCP doweled and undoweled sections in the wet-freeze and wet-
nofreeze climatic regions.
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Figure 12. Plots of JPCP and JRCP transverse joint faulting versus traffic for different

levels of average annual temperature range (all climatic regions included).
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Figure 13. Plots of JPCP and JRCP transverse joint faulting versus traffic for different

levels of average annual number of wet days (all climatic regions included).
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Figure 14. Plots of JPCP and JRCP transverse joint faulting versus traffic for different
subgrade type categories (all climatic regions included).

Effect of Modulus of Subgrade Reaction (Backcalculated Static k-value)

The influence of two different static k-value levels (k-value < 40.75 kPa/mm and >
40.75 kPa/mm) on JPCP and JRCP transverse joint faulting data was investigated for
both doweled and undoweled LTPP sections. The results showed that doweled
sections with k-values in the < 40.75 kPa/mm category had slightly more faulting than
those with larger k-values. The undoweled sections appeared to have the opposite
trend, with the sections with k-values > 40.75 kPa/mm experiencing more faulting.

This, however, does not appear to be significant and may require further statistical
analysis. Figure 16 contains plots showing the influence of k-value category on the
faulting of JPCP and JRCP sections (all climatic regions are included). An analysis of
the sensitivity of JPCP and JRCP transverse joint faulting data to subgrade k-value and
climatic region was again limited by the lack of data in the dry-freeze and dry-nofreeze
regions. However, both doweled and undoweled sections in the wet-freeze climatic
region showed more faulting for those sections with k-values less than 40.75 kPa/mm.

Figure 17 contains plots showing the influence of subgrade k-value category and
climatic region on the faulting of doweled and undoweled sections in the wet-freeze
and wet-nofreeze climatic regions.
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Figure 15. Plots showing the influence of subgrade type, dowels, and climate on
faulting of JPCP and JRCP.
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Figure 16. Plots showing the influence of k-value on the faulting of JPCP and JRCP.

Influence of Design Features

The Level 2 investigation involved analyzing the effect of several design features on
faulting of doweled and nondoweled jointed PCC pavements, namely, slab thickness,
joint spacing, presence of edge drains, base type, PCC elastic modulus, presence of
widened lanes, outside shoulder type, and joint sealant type. The variables were
divided into the following categories for investigation:

Slab thickness.

Joint spacing.

Presence of edge drains.
Base type.

PCC elastic modulus.
Presence of widened lanes.
Outside shoulder type.
Joint sealant type.

Effect of Slab Thickness
A Level 2 analysis of the effects of slab thickness on transverse joint faulting

involved separating the JPCP and JRCP doweled and undoweled sections into two
different slab thickness categories (thickness < 250 mm and > 250 mm).
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Plots showing the influence of k-value, dowels, and climate on the faulting
of JPCP and JRCP.



The data showed that faulting was not influenced greatly by slab thickness. The
doweled sections with slab thickness > 250 mm showed slightly more faulting than the
thinner sections, while the linear regressions fit through the undoweled sections
showed no difference in the faulting between the sections in each thickness category.
Figure 18 contains plots showing the influence of slab thickness category and presence
of dowels on the faulting of JPCP and JRCP LTPP sections (all climatic regions are
included).

An analysis of the sensitivity of doweled and undoweled transverse joint faulting
data to thickness category and climatic region was limited by the lack of data in some
regions. There were not enough data to make any statements about trends in the dry-
nofreeze region (doweled and undoweled sections) or the doweled sections in the dry-
freeze region. The data that were available showed that thickness level did not have a
significant influence on the faulting of undoweled pavements in the dry-freeze region
or doweled and undoweled pavements in the wet-nofreeze region.

Doweled pavements in the wet-freeze region showed more faulting for thicker
pavements, and the undoweled pavements in this region showed slightly more faulting
for the thinner sections. Figure 19 contains plots showing the influence of thickness
category and climatic region on the faulting of undoweled JPCP and JRCP LTPP
sections. Figure 20 contains plots showing the influence of thickness category and
climatic region on the faulting of doweled JPCP and JRCP LTPP sections.

Average Transverse Joint Spacing

The influence of two different average transverse joint spacing levels (joint spacing
<4.6 m and > 4.6 m) on JPCP transverse joint faulting was investigated for both
doweled and undoweled LTPP sections. The data showed that faulting was generally
higher for both doweled and undoweled sections in the category where joint spacing
was < 4.6 m. Figure 21 contains plots showing the influence of joint spacing category
on the faulting of doweled and undoweled JPCP LTPP sections (all climatic regions are
included).

Available data showed that doweled sections with joint spacing < 4.6 m generally
exhibited more faulting than those sections with longer joint spacing in the wet-freeze
and wet-nofreeze regions. No consistent trends were identified between climatic
regions for the available undoweled JPCP LTPP sections. These data showed that
faulting was greater for the JPCP sections with joint spacing < 4.6 m in the wet-freeze
region, but the opposite was true in the dry-freeze and wet-nofreeze regions, where the
sections with longer joint spacing exhibited more faulting. Figures 22 and 23 contain
plots showing the influence of joint spacing category and climatic region on the faulting
of doweled and undoweled JPCP LTPP sections, respectively.
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Figure 18. Plots showing the influence of thickness and dowels on faulting of JPCP
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Figure 19. Plots showing the influence of thickness and climate on the faulting of
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Figure 20. Plots showing the influence of thickness and climate on the faulting of
doweled JPCP and JRCP.
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Figure 21. Plots showing the influence of joint spacing on the faulting of doweled and
undoweled JPCP.
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Figure 22. Plots showing the influence of joint spacing and climate on faulting
of d