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FOREWORD

This report is one volume of a two-volume set of interim reports documenting a
comprehensive evaluation of jointed concrete pavement design and analysis
models. The capabilities and Timitations and a sensitivity analysis of the
various design and analysis models are given. New prediction models were
developed for Present Serviceability Rating, longitudinal cracking, transverse
Joint faulting, transverse cracking (jointed plain concrete pavement only) and
transverse joint spalling.

Volumes I, IV and V document the performance of 95 experimental or other in-
service pavements in United States or Canada. These volumes have been
previously distributed. Volume III (Summary of Research Findings) and the
Technical Summary will be given widespread distribution in the near future.
These reports will be of interest to those involved in the design,
construction and maintenance of jointed concrete pavements.

Sufficient copies of this report are being distributed by FHWA memorandum to
provide one copy to each FHWA Region and Division and two copies to each State
highway agency. Direct distribution is being made to the Division offices.
Additional copies for the public are available from the National Technical
Information Service (NTIS), U. S. Department of Commerce, 5285 Port Royal
Road, Springfield, Virginia 22161. A small charge will be imposed for each

copy ordered from NTIS.
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Thomas J. Pagko, Jr., P.E.
Director, Office of Engineering and
Highway Operations Research and Development

NOTICE

This document is disseminated under the sponsorship of the Department of
Transportation in the interest of information exchange. The United States
Government assumes no liability for its contents or use thereof. The contents
of this report reflect the views of the contractor, who is responsible for the
accuracy of the data presented herein. The contents do not necessarily
reflect the official policy of the Department of Transportation. This report
does not constitute a standard, specification, or regulation.

The United States Government does not endorse products or manufacturers.
Trade or manufacturers’ names appear herein only because they are considered
essential to the object of this document.
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CHAPTER 1 INTRODUCTION

1. INTRODUCTION

Models are important tools available to the pavement engineer to assist in
the design and analysis of pavements and extend the understanding of pavement
performance. They can be based on theory (mechanistic), on observed
performance (empirical) or a combination of the two.

Models can be broadly grouped into two categories for use in the pavement
field: design and analysis. Pavement design models may be classified as empirical,
in which the design equation for pavement thickness is derived from field data,
and mechanistic-empirical, in which pavement responses such as stresses and
strains are related to the number of allowable loads until failure of the pavement.
The major empirical method in use in the United States today for the design of
concrete pavements is the AASHTO Design Guide, whose design equations are
based on data collected during the 1958-1960 AASHO Road Test.” "An example of
a mechanistic-empirical pavement design method is the Zero-Maintenance Design
Procedure.?

A subset of the design models are prediction models. Prediction models
attempt to predict the condition of a pavement after it has been subjected to a
given number of environmental and traffic loads. This prediction is usually based
on models for performance that are developed from actual inservice pavements.
Prediction models can incorporate mechanistic variables which are based on the
properties of the pavement materials and their response to loading. It is believed
that mechanistic-empirical models provide a more accurate characterization of the
pavement structure, and provide more flexibility in design and analysis than
strictly empirical models.

Pavement analysis models have been developed to provide behavioral
information about pavement structures. The interaction of the different layers in a
pavement system, the different designs that are used, the range of environmental
conditions to which a pavement is exposed, and the variation in location and
magnitude of applied loads define a very complex structure. The available
analysis models attempt to explain one or several of these factors through
computer modeling techniques. The goal in the development and use of an
analysis model is to improve the understanding of pavement responses to loading
and the environment, and through that understanding, improve pavement design.

Pavement analysis models vary in their completeness and complexity by the
number of variables that they are able to incorporate. Models exist that can
consider loading variables (e.g., Westergaard edge stress model), loading and
environmental variables (e.g., ILLISLAB finite element model), or primarily
environmental variables (e.g,, CMS). Ideally, an analysis model would
accommodate the maximum number of factors that are believed to affect the
performance or behavior of pavements.



2. PROJECT BACKGROUND

~ This report details a portion of the work conducted for a major national
study on the effect of various design features on the performance of jointed
concrete pavements and selected structural rehabilitation techniques of jointed
concrete pavements. The first phase of the project deals with the performance of
jointed concrete pavements. The findings of this phase are found in a six-volume
report, "Performance of Jointed Concrete Pavements." Observations and
preliminary conclusions regarding the effects of design features on concrete
performance are presented in volumes I, IV, and V, which document the data
collection activities, data analysis procedures, and the establishment of the database
used in the study. This volume covers the second part of the phase I research;
the evaluation of design and analysis models, the determination of the accuracy of
predictive models, the development of improved models, and an analysis of the
cost-effectiveness of design features.

Selection of Models

One of the major goals of the project is to determine the adequacy of the
available design procedures and analysis models, based on the performance of in-
service concrete pavements. A number of available analysis models and design
procedures were thoroughly reviewed and evaluated during the initial stages of
the project. This was accomplished by obtaining the computer program and
procedure documentation, performing analyses of the sensitivity of the models to
changes in their variables, and documenting the capabilities and limitations of each
model. The following models were considered:

Drainage/
Design Structural Analysis Prediction Climatic
AASHTO (DNPS 86)° ILLISLAB’ PEARDARP' CMS™ |
CALTRANS JSLAB® PREDICT Liu/Lytton
jcs-1°, JRCP-4
BERM H51
RPS-3 RISC
PCA WESLAYER
JCP-T WESLIQID
PMARP’

The results of that evaluation are reported in volume VI of this report. Those
models that were selected for use in this project are marked with a (*). In
addition to those models evaluated and selected, one predictive model that was
not initially evaluated, PFAULT, was also subsequently selected for evaluation.



Research Approach

The 95 different pavement sections incorporating design features of interest
were selected to be included in Phase I of this study. The selection process,
described in volume I, was based on the ability of the sections to satisfy a number
of criteria, including a range of environmental and traffic conditions, inclusion of
the design variables of interest, and the ability to contribute to the desired design
matrix. Those sections that were selected were subjected to a complete condition
survey and evaluation.

Of the 95 sections, 84 were sections that were part of experimental projects
or were selected to serve as a "control” section to the experimental project. The
other 11 sections were included because they incorporated new or innovative
design features whose effect on pavement performance was of interest.

The evaluation of the models and design procedures is composed of four
discrete tasks. The first task is an analysis of the predictive models. In this
analysis, the distresses as predicted by the models are compared to the actual
field-measured distresses. The comparison, performed with the use of a statistical
software package, demonstrates the ability of the models to predict the
performance of inservice pavements.

The second task involves case studies of pavement sections in four States.
Experimental. projects which included a range of variables were chosen in each of
the four climatic regions. The States selected were Minnesota (MN 1), Michigan
(MI 1), North Carolina (NC 1), and California (CA 1). These sections are
evaluated using design, drainage, and structural analysis programs to determine
the applicability and usefulness of selected available models in the design and
evaluation process. The complexity of the models and their exhaustive input
requirements necessitated the limiting of this evaluation to only these projects.
New or improved predictive models will be developed based on the results of the
previous two tasks.

The third task consists of estimating the expected performance periods of
recently constructed projects that incorporated design features to improve drainage
and reduce slab deflections. There were 15 sections included in this study that
were constructed during the past 7 years and incorporated new or innovative
design features. The performance period of these sections was estimated based on
the available predictive models. The projections take into account their
performance at the time that they were surveyed.

The fourth and final part of the analysis is an examination of the cost-
effectiveness of several new design features that were included in this study.
These include features such as widened lanes and drainable bases. Incorporating
these new or innovative features results in increased initial construction costs, but
constructing pavements with these features may result in pavements with a longer
life. Through the use of a life cycle cost analysis, these assumptions are tested.

3



3. SEQUENCE OF REPORT

This report constitutes the second of six volumes covering the Phase I
research. Supplemental information central to the analysis and development of
conclusions is presented in the other volumes. Of particular interest to readers of
this volume will be volume IV, which presents project summary reports and
summary tables, and volume VI, which contains the project analysis summary
tables and a comprehensive review of numerous design models and analysis
procedures.

In this volume, chapter 2 provides a brief description of the pavement
sections included in the database, presented by environmental region. Also
included is a discussion of the design features that were evaluated. Chapter 3
presents the results of the comparison between predicted results and actual
observed results, by environmental region and model for each of the sections.

The individual analysis models are evaluated and discussed in chapter 4.
Based on that evaluation, modifications and improvements are made to the models
and are presented ih chapter 5. In chapter 6, an assessment of the cost-
effectiveness of several design features is presented. Finally, in chapter 7 the
results from this study are summarized and conclusions are presented.



CHAPTER 2 DESCRIPTION OF PAVEMENT SECTIONS

This chapter presents a broad overview of the projects included and
evaluated in the study. The description provided here is only intended to provide
a foundation for the evaluations performed in chapters 3 and 4. By introducing
the project identifications, their location, the range of variables, and the number of
sections in each project, a more complete understanding and appreciation of the
evaluations presented in chapters 3 and 4 is achieved.

More detailed descriptions of the pavement sections discussed here are
included in volume I and in volume IV. Volume IV in particular provides
detailed summaries of the design, construction, and performance of each pavement
section.

A total of 95 jointed concrete pavement sections representing the four major
climatic regions were evaluated. These pavement sections ranged from 1 year to
36 years of age. Design features evaluated include slab thickness, pavement type,
base type, joint spacing, method of load transfer, and shoulder type.

The projects can be broadly categorized into two groups: experimental and
older projects, and recently-constructed projects. The main thrust of the study was
to analyze experimental projects which were constructed to evaluate one or more
pavement design feature. Sixteen experimental projects totaling 80 pavement
sections were included in the study. Additionally, four older, single-section
projects representing "control" designs were also included.

Recently-constructed projects (1980 or newer) were included to consider the
impact and cost-effectiveness of new design features, such as permeable bases and
widened lanes, on concrete pavement performance. Eleven single-section projects
were included from this category.

A brief introduction to all of the projects follows. This introduction is
presented by environmental region to facilitate the presentations of the model
analyses in chapters 3 and 4. Projects were selected from each of the four
primary environmental regions.

1. DRY-FREEZE ENVIRONMENTAL REGION

A total of 20 pavement sections were evaluated in the dry-freeze
environmental region. This includes 17 experimental or older sections and 3
recently-constructed sections. All of these sections were located in Minnesota.

Environmental data for the projects in the region include a Corps of
Engineers Freezing Index range of 1688 to 2188, a Thornthwaite Moisture Index
range of 0 to 10, and a range in annual precipitation of 23 to 30 in (584 to 762
mm). In addition, the highest average monthly maximum temperature for the



projects in the region averaged 84 °F (29 °C), while the lowest average monthly
minimum temperatures ranged from -3 °F (-19 °C) to 6 °F (-14 °C).

Minnesota is actually located in a transition area between the wet-freeze and
the dry-freeze environmental regions, but was included in the dry-freeze zone for
purposes of categorization. However, an examination of the Thornthwaite
Moisture Index, which represents the potential amount of annual free moisture
available in an area, shows that Minnesota has values ranging from 0 to 10. This
is certainly much drier than such States in the wet-freeze environmental zone as
Michigan or New York, which have Thornthwaite Moisture Indices of 30 or more.
It should be noted that in the evaluation of the models, actual climatic indices for
each section were used.

Table 1 provides a listing of the projects included from the dry-freeze
environmental region. It is observed from the table that the pavements ranged in
age from 1 to 17 years at the time of survey (1987). Such design features as slab
thickness, pavement type, load transfer, shoulder type, and base type were
included from this region. A

2. DRY-NONFREEZE ENVIRONMENTAL REGION

- A total of 17 pavement sections were evaluated in the dry-nonfreeze
environmental region. Of those 17 sections, 14 sections were experimental or older
and 3 sections were recently-constructed. All projects were located in either
Arizona or California.

Climatic indices for the projects in the region include a Corps of Engineers
Freezing Index of 0, a Thornthwaite Moisture Index range of -10 to -30, and an
annual precipitation range of 8 to 17 in (203 to 432 mm). The highest average
monthly maximum temperature for the projects in the region ranges from 89 °F
(32 °C) to 105 °F (41 °C), while the lowest average monthly minimum temperature
ranges from 36 °F (2 °C) to 41 °F (5 °C).

A listing of the projects included in the dry-nonfreeze environmental region
is presented in table 2. The oldest sections were 16 years old and the youngest 4
years old at the time of the survey. Design features from this environmental zone
include base type, slab thickness, joint spacing, drainage, and widened lanes.

3. WET-FREEZE ENVIRONMENTAL REGION

The wet-freeze environmental region contributed by far the largest number
of sections to the study. A total of 44 pavement sections, consisting of 42
experimental or older sections and 2 recently-constructed sections, were included
for evaluation in this region. States in the wet-freeze environmental region
contributing sections include Michigan, New York, Ohio, Ontario, Pennsylvania,
and New Jersey.



Table 1.

Listing of pavement sections in dry-freeze environmental region.

Project Year Number Design
ID Location Built of Sections Feature(s)
MN 1 1-94 1970 12 Base Type
Rothsay Slab Thickness
Load Transfer
Joint Spacing
Shoulder Type
MN 2 190 1977 4 Pavement Type
Albert Lea Joint Spacing
Slab Thickness
Shoulder Type
MN 3 190 1984 1 Widened Lanes
Austin
MN 4 TH. 15 1986 1 Widened Lanes
New Ulm
MN 5 194 1969 1 Joint Spacing
Rothsay
MN 6 T.H. 15 1983 1 Widened Lanes
Truman Permeable Base
TOTAL 20



Table 2. Listing of pavement sections in dry-nonfreeze environmental region.

Project Year Number Design
ID Location Built of Sections Feature(s)
AZ 1 S.R. 360 1972- 6 Base Type
Phoenix 1981 Slab Thickness
Shoulder Type
Drainage
AZ 2 I-10 1983 1 Load Transfer
Phoenix PCC Shoulder
CA1 I-5 1971 5 Base Type
Tracy Slab Thickness
Joint Spacing
Concrete Strength
CA 2 1-210 1980 2 Base Type
Los Angeles
CA 6 Route 14 1980 1 Base Type
Solemint
CA7 I-5 1979 1 Drainage
Sacramento
CA 8 UsS. 101 1983 1 Widened Lanes
Thousand Oaks
TOTAL 17



Climatic indices for projects located in the wet-freeze environmental region
include a Corps of Engineers Freezing Index range of 25 to 1000, a Thornthwaite
Moisture Index range of 30 to 60, and an annual precipitation range of 30 to 43 in
(763 to 1092 mm). The highest average monthly maximum temperature for
projects in the region ranges from 80 °F (27 °C) to 86 °F (30 °C), while the lowest
average monthly minimum temperature ranges from 10 °F (-12 °C) to 25 °F (-4 °Q).

Table 3 provides a listing of the projects included in the study from the
wet-freeze environmental region. A range of 1 year to 36 years in project age is
noted from the table. Pavement design features in this environmental region
include base type, slab thickness, joint spacing, pavement type, shoulder type, load
transfer, drainage, joint orientation (skewed or perpendicular), and joint design.

4. WET-NONFREEZE ENVIRONMENTAL REGION

A total of 14 pavement sections, consisting of 11 experimental and older
sections and 3 recently-constructed sections, were included from the wet-nonfreeze
environmental region. California, North Carolina, and Florida contributed projects
to the study. '

Climatic indices for projects in the region include a Corps of Engineers
Freezing Index of 0, a Thornthwaite Moisture Index range of 20 to 40, and an
annual precipitation range of 44 to 59 in (1118 to 1499 mm). The highest average
monthly maximum temperature for projects in the region averages 90 °F (32 °C),
while the lowest average monthly minimum temperature ranges from 29 °F (-2 °C)
to 50 °F (10 °C).

Table 4 provides a listing of the sections included in this environmental
region. Projects range in age from 1 year to 20 years. Design features in this
region include base type, slab thickness, pavement type, load transfer, joint
orientation, and shoulder type.

5. OVERALL DISTRIBUTION OF DESIGN FEATURES

As discussed, a total of 95 pavement sections representing a wide range of
concrete pavement design features were included in the study. In order to more
fully present the overall distribution of design features, a brief discussion of
selected design features is described below.

Base Type

There were six general types of base courses that were included in the
study: aggregate (AGG), cement-treated (CTB), asphalt-treated (ATB), permeable
stabilized or permeable nonstabilized (PERM), lean concrete (LCB), and soil cement
(8C). In addition, some sections were constructed directly on subgrade without
benefit of a base course (NONE).



Table 3. Listing of pavement sections in wet-freeze environmental region.

Project - Year Number . Design
1D Location Built of Sections Feature(s)
M1 US. 10 1975 8 Base Type
Clare Pavement Type
Load Transfer
Shoulder Type
Drainage
MI 3 1-94 1986 1 Permeable Base
: Marshall Shoulder Type
M4 I-69 1970 2 Shoulder Type
Charlotte
MI 5 I-94 1984 1 Permeable Base
Paw Paw Shoulder Type
NY 1 Route 23 1968 6 Base Type
Catskill Pavement Type
Load Transfer
Joint Orientation
NY 2 1-88 1975 4 Joint Spacing
Otego Pavement T
Shoulder Type
OH 1 US. 23 1973 7 Base Type
Chillicothe Joint Spacing
Dowel Coating
OH 2 SR. 2 1974 2 Shoulder Type
Vermilion Thick Slab on Grade
ONT 1 Highway 3N 1982 4 Base Type
Ruthven Slab Thickness
Shoulder Type
ONT 2 Highway 427 1971 1 Load Transfer
Toronto
PA 1 Rte. 422 & 66 1980 5 Base Type
Kittanning
NJ 2 Route 130 1951 1 Joint Spacing
Yardyville Joint Design
NJ 3 1-676 1979 2 Base Type
Camden Joint Design
TOTAL 44
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Table 4. Listing of pavement sections in wet-nonfreeze environmental region.

Project Year Number Design
ID Location Built of Sections Feature(s)
CA3 U.S. 101 1975 3 Shoulder Type
Geyserville Joint Sealing
NC1 - 1-95 1967 8 Base Type
Rocky Mount : Slab Thickness

Pavement Type
Joint Orientation
Load Transfer

NC 2 1-85 1982 1 Load Transfer

Greensboro Shoulder Type
FL 2 I-75 1986 1 Slab Thickness

Tampa (Hillsborough)

FL 3 I-75 1982 1 Base Type.
Tampa (Manatee)

TOTAL 14

11



The distribution of base type by environmental region is depicted in figure
1. By far the most common base type were the aggregate base courses. These
were well-represented in all but the dry-nonfreeze environmental zone. There was
also a fair distribution of stabilized bases (cement-treated, asphalt-treated, soil-
cement). Permeable base sections were primarily located in the wet-freeze
environmental zone.

Slab Thickness

Slab thickness ranged from a minimum of 7.5 in (191 mm) to a maximum
of 15 in (381 mm). Thicker slabs in excess of 11 in (279 mm) were most often
constructed without a base course. The distribution of projects with slab thickness
less than 10 in (254 mm) and greater than or equal to 10 in (254 mm) is shown in
figure 2. The most common slab thickness encountered was 9 in (229 mm), which
was found on a majority of the Interstate projects.

Joint Spacing/Pavement Type

Both jointed plain concrete pavements (JPCP) and jointed reinforced concrete
pavements (JRCP) were included in the study. By nature of the design
characteristics inherent in each pavement type, a wide range of joint spacings were
encountered. However, very rarely could direct comparisons of joint spacings be
made within a pavement type, although relative comparisons of slab lengths could
be made for sections with random joint spacing.

The distribution of joint spacings by pavement type is illustrated in figure 3.
It is observed that there were no JRCP in the dry-nonfreeze zone, and only 1
JRCP in the wet-nonfreeze zone. The joint spacings for JPCP ranged from a low
of 7.75 ft (24 m) in California to a maximum of 30 ft (9.1 m) in North Carolina.
The joint spacings for JRCP ranged from a minimum of 21 ft (6.4 m) in Ohio to a
maximum of 78 ft (23.8 m) in New Jersey.

Load Transfer

Transverse joint load transfer is typically accomplished through either
aggregate interlock or mechanical load transfer devices. This study included a fair
sampling of each type. The mechanical load transfer devices most commonly used
in this study were dowel bars, although sections from New York utilized other
devices, namely ACME two-part malleable iron load transfer devices and epoxy-
coated I-beams.

The distribution of load transfer is shown in figure 4. Not surprising,
projects in the wet-freeze and dry-freeze environmental regions contained
mechanical load transfer devices more often than those projects in the wet-
nonfreeze and dry-nonfreeze environmental regions. In fact, only 1 dowelled
section was included in the study from the dry-nonfreeze environmental region.

12
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Figure 1. Distribution of base type by environmental region.
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Figure 2. Distribution of slab thickness by environmental region.
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JOINT SPACING/PAVEMENT TYPE
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Figure 3. Distribution of joint spacing and pavement type by
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METHOD OF LOAD TRANSFER
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Figure 4. Distribution of load transfer method by environmental region.
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Shoulder Type/Widened Lanes

Shoulder type was of interest in the study to compare the structural benefits
of portland cement concrete (PCC) shoulders with traditional asphalt concrete (AC)
shoulders. By providing additional support to the mainline pavement, tied PCC
shoulders are believed to increase concrete pavement life.

Along similar lines, the use of widened lanes was also investigated. Since
this design allows for an interior-loading condition, critical edge stresses are
reduced and concrete pavement life should be increased. However, there were
very few sections with widened lanes and these were relatively new.

The distribution of shoulder type is shown in figure 5. It is observed that
there were many more sections with AC shoulders, particularly in the wet-freeze
environmental region. It should be noted that the four projects with widened
lanes were grouped with the PCC shoulders for purposes of presentation.
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CHAPTER 3 ANALYSIS OF THE ACCURACY OF
SELECTED PREDICTION MODELS

1. INTRODUCTION

Over the past several years, various researchers have developed models to
predict the performance of inservice concrete pavements. However, to date the
accuracy of these models has not been extensively tested. Since accurate models
can be very useful tools for pavement design and performance prediction, it is of
great interest to know if these models are applicable to pavements other than
those from which they were developed. With the database of pavements collected
under this study (called the RIPPER study), an evaluation of the ability of the
existing models to accurately predict pavement performance can be accomplished.

The models selected for evaluation include the AASHTO design -equation
(see reference 1) the PEARDARP models (see references 3 through 5) the NCHRP
1-19 COPES models (see reference 6) and the PFAULT models (see reference 7). A
brief description and the functional form of each of the models is presented in
section 2 of this chapter. The models were analyzed through a combination of the
use of statistical procedures and a graphical examination of the results. The
statistical procedure used in this analysis is presented in section 3. The accuracy
of the models in terms of predicting the performance of the Phase I sections is
discussed in section 4.

It is important to realize that the accuracy of the existing models to predict
performance of inservice pavements cannot be determined conclusively with the
available data. It is only possible to determine whether the models are able to
predict the actual performance of the sections that are included in this database.
Until a more comprehensive database is developed which is considered )
representative of the entire population of pavements in the four environmental
regions, it is not possible to determine the overall accuracy of the models or to
develop models which accurately reflect the total population of pavements since it
is not always possible to identify nondesign (construction) related distresses.

2. DESCRIPTION OF PREDICTION MODELS

Each prediction model requires a unique set of inputs. The inputs for each
individual section were obtained from the design and construction information,
distress surveys, physical testing, and nondestructive testing. In addition, many of
the models require the user to calculate or select inputs, based on a set of
recommendations which accompany the model. A data set was created, using the
Statistical Analysis System (SAS™), which includes all of the required inputs for
each model.® The data set, containing all Phase I sections, is illustrated in table
158 of volume VI.

A brief discussion of the various models evaluated follows. This includes a
presentation of the form of the model and a listing of required inputs.
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AASHTO Design Model

The 1986 AASHTO Design Guide represents a revision of the original
AASHTO design procedure.” The basic design equation was developed from the
results of the AASHO Road Test, conducted in Northern Illinois in the late 1950’s.
The Road Test included both jointed plain concrete pavements (JPCP) and jointed
reinforced concrete pavements (JRCP). The JPCP pavements were doweled, with
15 ft (4.6 m) joint spacing and the JRCP pavements were doweled and had 40 ft
(12.2 m) joint spacing. These pavements were subjected to a fixed number of axle
loads and types over a 2-year period. Their serviceability under this loading was
monitored very closely over this 2-year period and the basic empirical design
model was developed using regression techniques for the jointed plain and jointed
reinforced pavements.

In recognition of several limitations of the basic model, several modifications
were made in 1986. New inputs were added, reflecting variables that the
developers determined were important in the design of rigid pavements. The
modified equation is presented below:

log,, [(APSI/(4.5-15))]
log(ESAL) = zg*s, + 7.35log(THICK + 1) - 0.06 +

[1 + (1.624*107/(THIcK + 1)%%)]

[M*C *(THICK®” - 1.132)]

+ (422 - 0.32°p)log, [ — ] 1
{215.63*4{THICK” - (18.42/(E,../K*®)])

where:

ESAL = Cumulative 18-kip (80 kN) equivalent axle loads expected during
the design period

2z = Standard normal deviate based on level of reliability
s, = Overall standard deviation
D = THICK = slab thickness, in
p: = Initial serviceability directly after construction
p: = Terminal serviceability at the end of the design period
APSI = Change in serviceability over the design period, = p; - p,
Mg ‘= Mean modulus of rupture, psi
- C4 = Drainage coefficient
I = J-factor
E = Concrete slab modulus of elasticity, psi

Effective modulus of subgrade reaction, pci
" indicates new variables added in 1986 revision
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In order to use the AASHTO design equation in the analysis presented here,
the number of 18-kip (80 kN) Equivalent Single-Axle Load (ESAL) applications
required to bring the pavement to the serviceability at the time of survey will be
predicted. This concept is explained in more detail in section 4.

The AASHTO Design Guide provides some direction on the selection of
input variables. However, the allowable ranges are typically quite broad. The
criteria for the selection of input values and a brief explanation of the input
variables are presented below.

ESAL The Guide recommends that the design traffic be calculated by using the
AASHTO equivalency factors to convert mixed traffic to the equivalent
number of 18-kip (80 kN) ESAL applications. The traffic calculations
performed under this study are documented in volume V. In a design
process, the traffic would be calculated and the thickness would be
determined through use of the nomographs. However, for this analysis, the
ESAL’s are predicted based on the actual design thickness and inservice
performance of the Phase I sections.

Zy The standard normal deviate is the value on the normal distribution curve
corresponding to the level of reliability chosen. According to the Guide, the
level of reliability is based on the functional classification of the roadway.
Table 5 shows the recommended level of reliability required for various
functional classifications. However, for this analysis, a reliability of 50
percent was used since that was the level of reliability used in the
development of the original AASHO models.

S, The standard deviation in the model is an attempt to account for variability
in the overall design and construction process. For rigid pavements, the
guide recommends an overall standard deviation of 0.25 to 0.35. While the
standard deviation coefficient tries to account for the weighted variation of
all factors, the Guide recommends 0.25 if traffic data is considered accurate.
The higher end of the scale is to be used when traffic data is believed to
contain some error. Given the method of traffic calculation, a value of 0.30
was chosen for all sections for this analysis.

D Typically, the thickness is the output of the design procedure. The design
thickness of each section was used for this study.

p: The initial serviceability for all sections was assumed to be 4.5. This is the
value recommended by the Guide for new concrete pavements.

P The terminal serviceabilities were set to the serviceability of the section at
the time of survey. This was necessary in order to use the AASHTO
equation to predict the cumulative ESAL’s that the pavement had
experienced at the time of survey.
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Table 5. Recommended levels of reliability for various functional classifications.”

Functional

Recommended Level of Reliability

Classification Urban Rural
Interstate and other freeways 85 - 99.9 80 - 99.9
Principal Arterials 80 - 99 75 - 95
Collectors 80 - 95 75 - 95
Local 50 - 80 50 - 80
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APSI The change in serviceability is the initial serviceability (4.5) minus the
serviceability at the time of survey. Therefore, the ESAL’s to reach the
serviceability at the time of survey will be predicted from the AASHTO
equation.

M; The Guide recommends testing of concrete beams at 28-days using third-
point loading (AASHTO T97, ASTM C78). Adjustment of this value based
on the variability of the material and the percentage of strength gain is also
recommended. For this study, the modulus of rupture was determined
based on correlation with the split tensile strength of the material. These
values were used because very little information was available on the
strength of the portland cement concrete (PCC) at the time of construction.
Since PCC gains strength as it ages, the M from the split tensile
correlations will be somewhat larger than the 28-day M;. Also, since only
one core was retrieved from each section, the ability to accurately determine
the Mg is questionable.

C;  The drainage coefficient is determined based on the quality of drainage and
the percent of the time the pavement structure is exposed to moisture levels
approaching saturation. The recommendations presented in the Guide are
shown in table 6. The method followed for the selection of C, values is
presented in volume V.

J The J-factor accounts for the amount of transverse load transfer and edge
support that is present on a pavement section. The primary factors it
considers are the use of dowel bars and the use of tied concrete shoulders.
The recommendations from the Guide for the J-factor is presented in table
7.

E,. The Guide recommends determination of the stiffness of the material
according to ASTM C469. Relationships between the modulus of elasticity
and the compressive strength of the material are given, also. The E,. used
for this analysis was determined through the backcalculation of deflection
data.

k The effective k-value (on top of the base) is determined by correlating the
seasonal resilient modulus values to an equivalent k-value. The yearly
composite k-value is determined from the equivalent k-values and the yearly
value is then adjusted for loss of support potential and depth to bedrock.
For this analysis, the static k-value determined from backcalculation of
deflection data collected under this study was used.!

The analysis and evaluation of the AASHTO design procedure is presented
in section 4 of this chapter.

! The static k-value is one-half of the dynamic backcalculated k-value.

23



Table 6. Values of the drainage coefficient for the design of rigid pavements
as presented in the AASHTO Guide.(1)

Quality of Percent of Time Pavement Structure is Exposed
Drainage to Moisture Levels Approaching Saturation
Less Than Greater Than
1% 1-5% 5-25% 25%
Excellent 1.25 - 1.20 1.20 - 1.1 1.15 - 1.10 1.10
Good | 1.20 - 1.15 1.16 - 1.10 ‘ 1.10 - 1.00 1.00
Fair - 1.15 - 1.10 1.10 - 1.00 1.00 - 0.90 0.90
Poor 1.10 - 1.00 1.00 - 0.90 0.90 - 0.80 0.80
Very Poor 1.00 - 0.90 0.90 - 0.80 0.80 - 0.70 0.70

Table 7. Load transfer coefficients for various pavement types and design
conditions as presented in the AASHTO Guide.(1

Shoulder Asphalt Tied P.C.C.

Load Transfer
Devices Yes No Yes No

Pavement Type

1. Plain Jointed

and 3.2 38-44 25-31 36-4.2
Jointed Reinforced

2. CRCP 29-32 N/A 23-29 N/A
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PEARDARP Prediction Models

As part of a comprehensive analysis on pumping of rigid pavements which

was conducted for the FHWA, prediction models were developed for pumping
and other rigid pavement distresses. A computer program entitled PEARDARP
was developed which includes these models as well as economic analysis models.
Performance prediction models which are incorporated into the PEARDARP
program include models to predict pumping, faulting, cracking, spalling,
roughness, and serviceability. The models were developed from various sources of
data and the exact database used is a function of the particular model in question.
A brief discussion of the origins of each model follows.

1.
2.

The spalling model was developed from data from the Michigan Road Test.

The serviceability model included in PEARDARP are those developed at the
AASHO Road Test for the Present Serviceability Index.

The roughness model was developed from the serviceability model
developed in ‘the Zero-Maintenance study, which was based on AASHO
Road Test data.”” The serviceability model was modified using roughness
measurements from AASHO Road Test data.

The pumping model is mechanistic-empirical in form. It is based on
AASHO Road Test data and the mechanistic analysis of slab properties.
The model was modified to correct some of the inherent problems with the
AASHO Road Test data. Correction factors were developed to consider the
effects of climate, subbase type, subgrade type, dowels, and subdrainage.
These correction factors were developed based on equations developed by
Rauhut.® A large experimental matrix considering all factors in the Rauhut
equations was developed and the matrix was filled by using these
equations. Regression analysis, employing the experimental matrix data,
was used to develop the models. A detailed discussion on the development
of this model is presented in reference 3.

The cracking model included in PEARDARP is a modified version of a
model developed under the Zero-Maintenance study.? The Zero-
Maintenance cracking model was developed from a database of inservice
pavements supplemented by mechanistic analysis of edges stresses
developing in rigid pavement slabs. This model was modified to include
the effects of base type on fatigue cracking of rigid slabs.

The faulting model was developed by Packard." A normal distribution
function was added to the model to generate the number of faulted joints
beyond specified tolerance levels for rehabilitation estimation purposes.

The actual models for each distress type are presented below.
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Spalling Model

The PEARDARP spalling model is shown below:
Fs=1-e¢ %09 2)

where:

fraction of joints spalled
0.0000162 A 3°%¢
transverse joint spacing, ft
pavement age, years

>l

The inputs to this model are all readily available from the field and office data
collection activities, as summarized in volume IV. In the case of a pavement with
variable joint spacing, the average joint spacing was used as the input.

PSI Model

The model for present serviceability (PSI) is the same model as was
developed at the AASHO Road Test. It is shown below:

PSI = 541 - 1.80 log (SV + 1) - 0.09 (C + P)*® (3)
where:

PSI = Present Serviceability Index
SV = slope variance (radians® X 109
= SVR + SVF
C = linear cracks, lin ft/1000 £
P = patched area, sq ft/1000 ft’

and
SVR = 0.000145 R**®
SVF (0.00159/)) * F17
F = average faulting, in
R = roughness, in/mi

In the original equation for the PSI, slope variance was a roughness term that was
obtained from measurements made with a CHLOE profilometer. This input has
been estimated from measurements of average faulting and roughness (measured
by the Mays Ride Meter), as shown above. It should be noted that this equation
is very sensitive to changes in the roughness term, and fairly insensitive to
changes in the cracking and patching terms.

Roughness Model

The PEARDARP model for roughness is:
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R = 360 - 216 [ 15-(1 + e B/PX)1 4 (1 4 o ZESAL- B/PX)-I] @

where:
R = roughness, in/mi
B = -50.088 - 3.775*D + 30.644*D°*
p =-6.697 + 0.139*D*
x = 101.774Y
410g(8.789 DO72/F) + 0.359
Y =log [ ( M:/690 ) ]
4*log(Z°® (0.54 D**/F)) + 0.359
F = (3056 + D))" - 0.675D
Z =E/k
D = slab thickness, in
E = modulus of the slab, psi
k = effective modulus of subgrade reaction, pci
M; = mean 28-day modulus of rupture, psi

R
ZESAL = cumulative 18-kip (80 kN) equivalent single axle loads, millions

An examination of the inputs for this roughness model shows that it is a
function of the slab thickness, slab strength, and support values, and the
cumulative ESAL’s. These values were obtained during the data collection
activities and through backcalculation procedures described elsewhere.

Pumping Models

There are several models developed under PEARDARP for pumping. They
were all developed from data collected at the AASHO Road Test, supplemented
with data generated from equations developed by Rauhut.® The first model
calculates a "normalized” pumping index. It has been normalized to handle
conditions that were not present at the AASHO Road Test, including different
traffic loadings, subbase materials, drainage conditions, load transfer, moisture, and
subgrade types. The second model uses the normalized pumping index to
calculate a volume of pumped material per mile. The third model incorporates
the previous two models and combines them with an average volume of the void
space to estimate the amount of material required to underseal the void. These
models and a description of the variables follows.

NPI =F * ¢ [-2:884 + 1.652 log(SESAL*DE/10,000)] 5)
P = 36.67 * NPI 6)
PU =P+ (I *nP) @
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where:

NPI = normalized pumping index, in®
DE = deformation energy per application, in-lb

log(DE) = 3.5754 - 0.3323*D
P = volume of pumped material, ft’/mi
PU = volume of underseal material required, f*/mi
nP = number of pumping joints per mile
nP = P/vvoid
vvoid = average void volume per joint, ft’
D = slab thickness, in
TESAL = cumulative 18-kip (80 kN) equivalent single axle loads, millions
F = fpcp, if nonreinforced PCC
= fircp, if reinforced PCC
f]pcp =g *fg* i * fprec * fsg
w = subbase adjustment factor
= 1.0, for granular material
= 0.65 + 0.18log(ZESAL), for stabilized material
f, = drainage adjustment factor
= 1.0, for poor drainage
= 0.91 + 0.1210g(ZESAL) - 0.03*D, for fair drainage
= 0.68 + 0.15l0g(ZESAL) - 0.04*D, for good drainage
= 0.01, for excellent drainage
f, = load transfer adequacy adjustment factor
- = 1.0, with dowels
= 1.17 + 0.68log(ZESAL) - 0.078*D, without dowels
fr = rainfall adjustment factor

0.89 + 0.26log(ZESAL) - 0.07*D, for dry climates
= 0.96 - 0.06log(ZESAL) + 0.02*D, for wet climates
f, = subgrade adjustment factor
= 1.0, for coarse subgrades
= 0.57 + 0.21log(XESAL), for fine subgrades
f]ch = fgo * f.
f,, = subbase adjustment factor
= 1.0, for nonstabilized subbase
= 0.91 - 0.02*D, for stabilized subbase
f, = adjustment for climate
= 0.011 + 0.003log(ZESAL) - 0.001*D, for a dry, warm climate
= 1.44 - 0.03log(ZESAL) - 0.06*D, for a wet, warm climate
= 1.04 - 0.32log(ZESAL) - 0.08*D, for a dry, cold climate
- = 0.54 - 0.85l0g(ZESAL) + 0.19*D, for a wet, cold climate

~ An examination of the pumping models shows them to be a function of
accumulated ESAL’s, thickness, subbase type, drainage conditions, climatic
conditions, load transfer, and pavement type. Joint spacing, and therefore the
number of joints per mile, is not included, although outputs include the volume of
pumped material per mile and the volume of underseal material required per mile.
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It is not known how this relationship between the number of pumping joints per
mile is related to the actual number of joints in a mile.

These pumping models cannot be used to make a direct comparison
between the predicted values from the models and the actual, measured values.
In this project, pumping was evaluated in the field by severity, not volume,
ranging from "NONE" to "HIGH." Low severity pumping is defined as there
being evidence of water pumping, but no fines visible on the shoulder. Medium
and high severity pumping are differentiated by the presence of fines on fewer
than or more than 20 percent of the joints. These ratings do not readily
correspond to cubic volumes of pumped material.

Cracking Model

The PEARDARP model for slab cracking is:
CR = (DA/4000) * 2 * 5280/63.35 (8)

where:

DA = e(amn(al + a2"]og(ZESAL) + a3*D + ad*kR)*6)

a, = 39.006
a, = 3941
a; = -4.387
a, = -0.0036

for stabilized materials,

log(k) = 0.7405log(D) + 0.7256log(k) + 0.5559, and
k -

R = B¢
for nonstabilized materials,

log(k) = 0.3483log(D) + 0.8163log(k) + 0.8163, and
kR = 1.7 * ].(c

and where:

DA = damage area per joint, in?
CR = length of crack, lin ft/1000 ft2
(ZESAL) = cumulative equivalent 18-kip (80 kN) single axle loads, millions
D slab thickness, in
k = modulus of subgrade reaction, pci
k. = composite modulus of slab support (on top of the base), pci

The amount of linear transverse cracking, expressed in terms of lin ft/1000 ft, is
modeled as a function of cumulative ESAL’s, slab thickness, and the composite
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modulus of slab support. The subgrade reaction is shown to differ for stabilized
and nonstabilized base materials. These inputs were all collected during either the
data collection or field surveys. The modulus values were backcalculated from
deflections measured with the Falling Weight Deflectometer (FWD).

Faulting Models

There are two PEARDARP models to predict transverse joint faulting.
These models predict faulting for nondoweled and doweled pavements
respectively.

Fravg = (129 + (K, * (T * AY) * £5)/32.0 9
Fd-avg = fd * Fn-avg (10)
where:
Fpayg = average faulting for nondoweled pavements, in
Fy... = average faulting for doweled pavements, in
K = [4895 * S™© (] - 13.5)°]/D*
T = (ZVOI * pt)/ n
A = age, years = n
f, = subdrainage factor
= 0.1, if subdrainage is excellent
= 0.6, if subdrainage is good
= 1.0, if subdrainage is fair
= 1.4, if subdrainage is poor
S = subgrade drainage
= 1, if subgrade drainage is good
= 2, if subgrade drainage is poor
] = slab length, ft
b = 0.241 for granular subbase
= 0.037 for stabilized subbase
D = slab thickness, in
Vol = cumulative traffic volume in one direction, millions
p. = proportion of trucks in the design lane

In these models, faulting is a function of many variables, including
subgrade drainage, joint spacing, slab thickness, pavement age, pavement
subdrainage, and traffic volume and the proportion of that volume that is trucks.
Subgrade drainage and pavement subdrainage are both subjective inputs. The
subgrade drainage was determined as a function of subgrade type; AASHTO soils
A-1 through A-3 were determined to have good drainage properties and A-4 to A-
7 were determined to have poor drainage properties. The subdrainage factor was
determined by coordination with the AASHTO C, drainage values and
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permeabilities of the drainable layers. The remainder of the inputs were obtained
from the field surveys and data collection activities.

COPES Prediction Models

Under NCHRP Project 1-19, termed the COPES study, a large amount of
design and performance data was collected from rigid pavement sections in seven
States.® The collected information included inventory data and monitoring data
for JPCP, JRCP, and CRCP, totalling 410 individual sections and 1297 lane miles.
The data was stored in a database and used to develop models predicting the
performance of concrete pavements. The steps involved in the development of the
prediction models are described below.

Nationwide regression models were developed for JPCP and JRCP based on
the data from the seven States. These models were developed for transverse joint
faulting, transverse joint deterioration (spalling), slab cracking, pumping, and the
Present Serviceability Rating (PSR). A combination of multiple linear regression
and nonlinear regression techniques were used to develop the models. Multiple
linear regression was used to determine which independent variables significantly
affected the dependent variables.

The pavement designs that are included in the database are typical of
pavements constructed during the 1960’s and 1970’s. These models are only
legitimately extendable to pavements with similar designs. The database did not
include pavements with such features as open-graded drainage layers, widened
lanes, corrosion-resistant dowel bars, or thickened slabs.

The models for both pavement types, as well as the model statistics, are

presented below by distress type. In order to avoid duplication, only previously
undefined variables are defined for each equation.

IPCP Pumping Model

PUMP= ESAL™® [-1.479 + 0.255%(1-SOILCRS) + 0.0605*SUMPREC®3

+ 52.65/(THICK)" + 0.0002269*FI'2* ] (11)
where:
PUMP = pumping
= 0, no pumping
= 1, low severity pumping
= 2, medium severity pumping
= 3, high severity pumping
ESAL = accumulated 18 kip (80 kN) equivalent single axle loads, millions
SOILCRS = 0, fine-grained subgrade soil
= 1, coarse-grained subgrade soil
SUMPREC = Average annual precipitation, cm
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THICK = Slab thickness, in
FI = freezing index

R? = 0.68
SEE = 042
n = 289

Pumping severity is measured as the average amount of pumping occurring
throughout the pavement section. The statistical information indicates that the
model accounts for 68 percent of the variability in the development and prediction
of pumping. The standard error of the estimate (SEE) indicates that the model
will predict pumping within + 0.42 for the specified confidence level (typically 95
percent). For this model, there were 289 observations which were used in the
development of the model.

Each of the inputs required for this model are very straightforward and
easily obtained from the office and field data collection.

JRCP Pumping Model
PUMP= ESAL%" [-22.82 + 26102.2 /(THICK 50 - 0.129*DRAIN

- 0.118*SOILCRS + 13.224*SUMPREC*®”*

+ 6.834(FI+1)%%%% ] (12)
where:

DRAIN = 0, if no subdrainage exists
= 1, if subdrainage exists
R’ = 0.57
SEE = 0.52
n = 481

With the exception of the subdrainage, the other inputs for the JRCP model
are the same as described for the JPCP model. It is observed that the pumping

model for JRCP has more variability associated with it then does the pumping
model for JPCP.

JPCP _Joint Faulting Model

FAULT =ESALY* [-0.2980 + 0.2671*THICK*** - 0.0285*BASETYP +
0.00406*(ET + 1)°* - 0.0462*EDGESUP + 0.2384*(PUMP + D™ -

0.0340*DOW?%¥] (13)
where:
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FAULT
BASETYP

mean transverse joint faulting, in

0, if granular base

1, if stabilized base
EDGESUP 0, if AC shoulder

1, if tied PCC shoulder

PUMP 0, if no pumping
1, if low severity pumping
2, if medium severity pumping
3, if high severity pumping
diameter of dowel bar, in

DOW

R* = 0.79
SEE = 0.02
n = 259

The inputs for this model are all straightforward and are easily obtained
from the field surveys and data collection.

JRCP Joint Faulting Model
FAULT =ESAL%"™[-3.8536 - 1.5355*SOILCRS + 197.124*(THICK*DOW?9)17%2
+ 0.00024*FI + 0.09858JSPACE + 0.24115*PUMP*]/100 (14)
where:

JSPACE = transverse joint spacing, ft

R? = 0.69
SEE = 0.06
n= 384

The inputs for this model are also readily obtained from the data collected during
the field surveys and office data collection. As the R? shows, this model does not
account for as much of the variability in the prediction of faulting of JRCP
pavements as does the JPCP model.

JPCP Joint Deterioration Model

The joint deterioration models predict spalling of the transverse joints. The
joint deterioration model for JPCP is shown below.

DETJT =AGE" (0.9754*DCRACK) + AGE**(0.01247*UNITUBE) +
AGE**(0.001346*INCOMP) (15)

where:
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DETJT
AGE
UNITUBE

number of deteriorated (medium and high severity) joints/mile
time since construction

0, if no unitube inserts used

1, if unitube inserts used

0, if no incompressibles are visible in the joints

1, if incompressibles are visible in the joints

INCOMP

R? =059
SEE = 16 joints/mi
n = 252

o

TRCP Joint Deterioration Model

The joint deterioration model for JRCP is shown below.

DETJT = AGE"*(2.4367*DCRACK + 2.744*REACTAQG) +
AGE**ESAL™*%(0.05202 + 0.0000254*FI + 0.01109*T]SD -
0.003384*K1*JTSPACE - 0.0006446*K2*JTSPACE) (16)

where:
DCRACK 0, if no "D" cracking exists

1, if "D" cracking exists

0, if no reactive aggregate exists
1, if reactive aggregate exists
transverse joint seal damage

0, if none or low severity

1, if medium or high severity
1, if JTSPACE is 27 ft
0, if JTSPACE is not 27 ft
1,
0,

REACTAG
TJSD

K1

«

wonowonn o

if JTSPACE is from 39 to 100 ft
if JTSPACE is less than 39 ft

R? =061
SEE = 15 joints/mi
n =319

These models show the enormous impact that "D" cracking or reactive
aggregate has on the probability of the pavement exhibiting spalling. Other factors
which influence the predicted joint deterioration are the age and traffic loadings,
the joint spacing for JRCP, and the climate for JRCP. However, the statistics show
that a little over one-half of the variability in the development and prediction of
joint deterioration is accounted for by the models’ variables and interactions
between the variables. All of the inputs were readily available from the data
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collected. There were not any sections included in this study whose transverse
joints were formed by unitubes. :

JPCP Slab Cracking Model

The slab cracking models provide the total amount (both longitudinal and
transverse) of cracking in ft/mi. Traffic is a major factor in the JPCP slab cracking
model. In addition, the ratio of the calculated Westergaard’s edge stress to the
modulus of rupture is also a key term. This term does not appear in the cracking
model for JRCP. Other variables in the JPCP model are subgrade type and
climatic inputs.

CRACKS = ESAL*®[3092.4(1 - SOILCRS)*RATIO™] +
ESAL*(1.233*TRANGE*RATIO™®) +

ESAL*¥%(0.2296*FI'*RATIO™) (17)
where:
CRACKS = total length of cracking of all severities (ft/lane mi)
RATIO = Westergaard's edge stress/mean 28-day modulus of rupture
TRANGE = difference between average maximum temperature in July and
average minimum temperature in January
R*= 0.69
SEE = 176 ft/mi
n = 303

JRCP Slab Cracking Model

The JRCP slab cracking model includes several variables that are not in the
JPCP model. These are the transverse joint spacing, the area of the reinforcing
steel, the slab thickness, the base type, and the presence of pumping.

CRACKS = ESAL**[7130.0TSPACE/(ASTEEL*THICK"Y)] +
ESAL(2.281*PUMP*®) + ESAL?**[1.81/(BASETYP + 1)] +

AGE"[0.0036(FI + 1)°3] (18)
where:

CRACKS = lengfh of deteriorated (medium and high-severity) cracks, ft/lane mile
ASTEEL = area of reinforcing steel, in?/ft width

R* =041
SEE = 280 ft/mi
n = 313
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The statistics show that about 70 percent of the variability involved in the
development and prediction of cracking on JPCP is accounted for in the variables
and interaction between the variables within the equation. The JRCP equation
accounts for only 40 percent of this variability.

All of the inputs for both cracking models were easily obtained from the
field surveys or from the office data collection activities.

JPCP _Present Serviceability Rating (PSR) Model

The PSR is a subjective rating of the serviceability of a pavement. This
concept was originally developed at the AASHO Road Test, and was based on the
philosophy that roads should provide acceptable service to the users. Panels of
users were asked to rate the pavements at the AASHO Road Test for ride comfort.
The PSR is the mean rating of a panel of users and provides an indication of the
overall rideability of a roadway on a scale of 1 to 5.

The JPCP model for PSR is based on traffic, the ratio of Westergaard’s edge
stress to the modulus of rupture, the pavement’s age, and climatic inputs. None
of the inputs to this serviceability model were obtained from the field surveys;
they were all provided from the office data collection.

PSR = 4.5 - 1.486*ESAL**’ + (0.4963*ESAL"*RATIO® -

0.01082*ESAL***(SUMPREC"'/ AVGMT**)*AGE*** (19)
where:
PSR = present serviceability rating

SUMPREC = average annual precipitation, cm
AVGMT = average monthly temperature, °C

R*= 0.69

SEE = 0.25

n = 316

JRCP Present Serviceability Rating (PSR) Model

The JRCP model for the PSR is very similar to that for JPCP. It does
include some additional factors such as the presence of materials distress and
pumping. These inputs were provided from the field surveys. The other inputs
to this model are obtained from the office data collection.

PSR = 4.5 - ESAL’?(-1.88*10° + 14.417*RATIO**® + 0.0399"PUMP +

0.0021528*JTSPACE + 0.1146*DCRACK + 0.05903*REACTAG +

4.156*105**FI + 0.00163*SUMPREC - 0.070535*BASETYP) (20)
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R%= 0.78
SEE = 0.30
n =377

The statistics indicate that 70 to 80 percent of the variability involved in the
prediction of PSR is accounted for by the variables and the interaction of the
variables included in the model.

PFAULT Faulting Prediction Models

In an effort to improve the faulting models developed under the COPES
project, the COPES database was expanded to include additional data from
California (24 sections), New Jersey (1 section), and Michigan (1 section). The
resulting faulting model was termed PFAULT.” The PFAULT model also reflects
additional data collected from the 1-94 experimental sections at Rothsay, Minnesota
AMN 1). Whereas the original models developed from the COPES data were
divided into JPCP and JRCP pavements, the PEAULT models are divided by
doweled and nondoweled pavements. The PFAULT prediction models for faulting
are as follows:

Doweled Jointed Concrete Pavements

PFAULT = ESAL**” [2.2073 + 0.002171*BSTRESS™*™® +

0.0003292*JTSPACE™™™® - 2.1397*KV ALUE""3%] (21)
R? =0.53
SEE =0.05 in
n =280

Nondoweled Jointed Concrete Pavements

PFAULT = ESAL** [0.4531 + 0.3367*OPENING’*2 -

0.5376*(100 DEFL)®*®%” + 0.0009092*FI**** + 0.004654*ERODF -

0.03608*EDGESUP - 0.01087*SOILCRS - 0.009467*DRAIN] (22)
R? =0.55

SEE =0.03 in
n =186

where:
PFAULT = mean faulting of transverse joints, in -

ESAL = accumulated equivalent 18-kip (80 kN) single axle loads in traffic lane,
millions
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BSTRESS = dowel/concrete bearing stress, psi, calculated using Friberg’s
procedure with an effective length of I instead of 1.8] (where [ is the
radius of relative stiffness)

JSPACE = transverse joint spacing, ft
KVALUE = effective k-value on top of the base layer, psi/in
OPENING = calculated joint opening for input temperature range, in
= CON JSPACE*12 [a TRANGE + e]
CON = adjustment factor due to subbase/slab frictional restraint (0.65 for
stabilized base and 0.80 for granular base)
a = thermal coefficient of contraction of PCC, per °C
TRANGE = temperature range, °C (maximum mean daily air temperature in July
minus minimum mean daily air temperature in January)
e = drying shrinkage coefficient of PCC (0.5—2.5 x 10* strain)
DEFL = unprotected corner deflection from Westergaard’'s equation, in
FI = Freezing Index, degree days below freezing
ERODF = erodibility factor for base materials

0.5, if lean concrete base

1.0, if cement-treated base with granular subbase

1.5, if cement-treated base without granular subbase

2.0, if asphalt-treated base

2.5, if granular base

if no tied concrete shoulder exists

EDGESUP =0,
1, if tied concrete shoulder exists
SOILCRS = AASHTO subgrade soil classification
0, if A-4 to A-7
1, if A-1 to A-3
0, if no longitudinal edge subdrains exist
1, if longitudinal edge subdrains exist

DRAIN

As is shown above, there are a number of factors that were found to have
an effect on faulting in these models. The nondoweled model includes eight
variables. The values for these variables were all obtained from data collected
during the field and office data collection procedures. The doweled model
consists of four variables, also obtained from the field and office data collection
procedures. :

While these models were developed to improve the faulting prediction
capabilities based on the COPES data, the statistics show that these models
actually account for less variability than do the original COPES models. However,
the PFAULT equation does attempt to introduce mechanistic variables believed to
be important for the development of faulting. Nevertheless, the PFAULT models
are still heavily empirical and should not be used beyond the ranges and the
combination of inputs for which they were developed. For example, they can not
be used to predict faulting for pavements with an open-graded drainage layer
directly beneath the slab or which contain corrosion-resistant dowel bars.
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3. STATISTICAL ANALYSIS OF PREDICTION MODELS

In order to analytically determine the ability of the models to predict the
actual performance of the pavements contained in the RIPPER database, a
statistical procedure is followed which determines whether the two data sets, the ..
actual (observed) values and the values predicted from the models, are statistically -
the same data set. The paired-difference method, using a student t-distribution, is
used to determine if the performance indicator (visible distress, faulting, roughness,
and PSR) as predicted by the predictive models is statistically the same population
(data set) as the actual, measured performance indicator. .

The SAS™ statistical software was used to compare the actual, field-
measured performance indicator to the performance indicators as predicted by the
various predictive models.® The paired #-test was conducted to examine the
statistical similarity of the data sets. The paired t-test assumes the following
methodology: '

1. For each section, the absolute value of the difference between the
measured performance indicator (field data = PI) and the predicted
performance indicator (predictive model = PMP]) is calculated as shown
below:

DIF;; = abs [PI - PMPI] (23)

Note that if the predictive models exactly predict the measured
performance indicator (PI = PMPI), then DIF, will equal 0.0 for every
section.

This concept is illustrated in table 8 using the COPES faulting models
with sections in the dry-freeze region. -

2. The mean of the DIF, (d; = X[DIF,]/Number of observations) values
for all sections is calculated. - The null hypothesis to be tested is:

dPI = 0.0.
This hypothesis assumes that the mean difference of the measured and
predicted performance indicator values is 0.0 or, in other words, that
the sample of field-collected performance indicator data comes from the
same population as the sample of data generated by the predictive
models.
3. The one-sample t-statistic is calculated using the following:
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Table 8. Actual field-measured faulting versus faulting as predicted using the

COPES faulting models for the dry-freeze region.

Measured Predicted
ID Faulting Faulting Difference

MN 1-1 0.31 0.11013 0.19987
MN 1-2 0.06 0.03139 0.02861
MN 1-3 0.31 0.11624 0.19376
MN 14 0.06 0.04819 0.01181
MN 1-5 0.37 0.13754 0.23246
MN 1-6 0.00 0.04819 0.04819
MN 1-7 0.31 0.13144 0.17856
MN 1-8° 0.06 0.03139 0.02861
MN 1-9 037 0.07583 0.29417
MN 1-10 0.13 0.03139 0.09861
MN 1-11 0.50 0.08194 0.41806
MN 1-12 0.06 0.04819 0.01181
MN 2-1 0.06 0.06382 0.00382
MN 2-2 0.06 0.07003 0.01003
MN 2-3 0.05 0.02578 0.02422
MN 24 0.06 0.02578 0.03422
MN 3 0.02 0.01794 0.00206
MN 4b 0.01 0.08775 0.07775
MN 5 0.09 0.03831 0.05169
MN 6a 0.01 0.02335 0.01335

Analysis Variable : DIFCFLT

No. Obs Mean Difference Standard Error b Prob> ¢, |

20 0.0980837 0.0260088 3.7711794 0.0013
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Where:

-t = t-statistic calculated from data
dp; = Mean of DIF, values
SE, = Standard error of the mean = s,/(n)*
n = Number of observations

s; = Standard deviation of DIF, values
= [E(DIFH - dpz)/(n - 1)105
4. The calculated t-statistic (t,,) is compared to a tabulated t-statistic

(tuu) for a specified confidence level. If t,, > t,,, then the null
hypothesis is rejected with a 10 percent chance of error since the
confidence level selected for this analysis is 90 percent. If the null
hypothesis is rejected, then it can be inferred with 90 percent confidence
that the sample of predicted performance indicators (from the models) is not
statistically from the same population as the sample of measured performance
indicators.

5. The data are plotted on scattergrams to visually examine the scatter
of the data. The actual, measured value of the performance indicator
is plotted against the predicted value. If all the models predict the
measured performance indicator exactly, then all of the data will fall
on a straight line with a slope of 1.000 (which is shown in each
figure). An example of a scattergram using the COPES faulting

‘models with sections in the dry-freeze region is shown in figure 6.

4. ABILITY OF MODELS TO PREDICT THE PERFORMANCE OF
INSERVICE PAVEMENTS

The accuracy of the predictive capabilities of each of the models was
compared for each of the four climatic zones as well as for all of the Phase I
sections. This distinction by climatic zone was made to assess the effect that
climate had on the models’ capabilities. While there were 95 different sections, the
separation of sections by direction for the Ontario 1 project increased the total
number of sections to 99.

The evaluation of the models’ abilities to predict the performance of the
concrete pavement sections included in this study required the generation of many
tables and figures which depict actual versus predicted performance trends for
each model. In addition, further breakdowns for each model, such as by climatic
region, by pavement type, or by load transfer method, had to be performed. In
order to maintain continuity, only summary tables reporting the ability of each
model to predict performance are provided in this report. The supporting tables
and figures, along with the SAS™ data set used in the analysis, are provided in
volume VI Also included there is a summary table listing all inputs used for the
analysis of each pavement section.

41



COPES Faulting Models
Dry-Freeze Region
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Figure 6. Scattergram of actual field measured faulting versus faulting
as predicted using the COPES faulting models for the dry-freeze region.
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AASHTO

The AASHTO design equation is used differently for this analysis than it
would typically be used in design. In design, the engineer determines the design
thickness based on the forecasted traffic over the design life. The design life is
based on a specific change in serviceability (APSI). In this analysis, the thickness
of a specific section is known and the cumulative ESAL’s are calculated. The APSI
is calculated as the difference between the initial serviceability (assumed to be 4.5)
and the serviceability at the time of survey (PSR,,..,). Therefore, the design
equation will predict the amount of ESAL’s that the pavement should have
sustained (if the equation predicts accurately) to reach a APSI of 4.5 - PSR,,..,-

Five sets of analyses were performed to examine the ability of the model to
predict the amount of traffic actually sustained by each section. An analysis
containing all Phase I sections was performed to determine the predictive ability of
the model for the entire data set. Additional analyses were performed for each of
the four environmental regions.

The summary of the statistical analysis is presented in table 9. It is
observed that t,. is greater than t,, for every data set, which indicates that the
AASHTO model does not adequately predict the ESAL’s actually sustained by the
pavement sections included in the study. This holds true when considering any
environmental region.

The basis for the results shown in table 9 is provided in tables 65 through
69 of volume VI. These tables make the comparison of actual ESAL’s and
predicted ESAL’s for each data set. Figures 17 through 21 of volume VI prov1de
graphical interpretations of the data provided in the tables.

Examining table 65 and figure 17 of volume VI for the analysis performed
on all Phase I sections, it is observed that, in general, the AASHTO design
equation overpredicts the number of loads for the pavement to reach its present
PSR. Tables 66 through 69 and figures 18 through 21 of volume VI show the
predicted ESAL’s versus the actual ESAL’s for each of the four climatic zones. It
is clear from these figures that the model generally overpredicts traffic. This is
most obvious in the wet-freeze region, where the predicted ESAL’s are almost
uniformly higher than the actual ESAL’s. This suggests that the combination of
available moisture and freeze-thaw cycling are not adequately considered in the
AASHTO design process. However, this is not surprising given the fact that the
model is based on only two years of performance results. This short period of
time was inadequate to sufficiently account for environmental effects on pavement
performance.

An examination of these results highlights the fact that one of the key terms
in the AASHTO model is serviceability loss. This change in serviceability can
occur prematurely due to materials problems, design problems, construction
problems, and unexpectedly harsh climatic conditions. These factors are typically
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Table 9. Summary of the statistical analysis of the AASHTO design model.

Number of Adequately Predict
Data Set Observations  #,, P b o>t ot Performance?
All Phase I 99 5.288 1.670 YES NO
Dry-Freeze 20 4.871 1.729 YES NO
Dry-Nonfreeze 17 2915 1.746 YES NO
Wet-Freeze 48 3.596 1.680 YES NO
Wet-Nonfreeze 14 2.660 1.771 YES NO

* t... based on 90 percent confidence level.



not considered in design. In addition, while an average initial PSI of 4.5 was
assumed, many of these projects may have had a much lower initial PSL

Pavements included in this project have, with few exceptions, carried a
lower traffic level. An examination of the traffic loadings sustained by these
pavement sections indicates that two sections had over 35 million ESAL'’s, eight
sections had over 9 million ESAL’s, and the rest averaged about 3 million ESAL’s.

Another factor to consider is that many of the projects included in the
database were experimental projects intended to test the effect on performance of
different design variables. It is inevitable that some of the experimental designs
did not work. Since the database is oriented much more toward experimental
designs than toward standard designs, it is not unexpected that there are
differences between predicted traffic and actual traffic. For example, consider
specific experimental variables, such as thicker slabs on grade. An examination of
the AASHTO equation shows that thicker slabs dramatically increase the number
of predicted ESAL’s. However, the actual performance of the thicker slabs in the
database showed that other factors were important, including drainage, the depth
of longitudinal sawcut, and joint spacing.

This same principle can be applied to the sections which include widened
lanes. It is believed that the inclusion of widened lanes or tied shoulders will
increase the fatigue life of a jointed concrete pavement. However, this study
showed that in order to reap the full benefits of this additional support, other
factors were important, including spacing of tie bars, and method and timing of
longitudinal joint formation. It is not sufficient to account for a variable in the
design equation, such as the additional support from tied shoulders or widened
lanes which is incorporated in the J-factor, if that variable is not properly designed
or constructed. A final example of this concept is the use of dowel bars at
transverse joints; if the dowels are not corrosion-resistant or of insufficient
diameter, than the full benefits of the dowel bars will not be realized.

Another factor that is not considered in the AASHTO equation but was
found to affect performance is the transverse joint spacing. It was shown that
longer plain concrete slabs tended to experience more cracking than shorter slabs.
This results in a drop in PSIL

Base type is considered indirectly in the AASHTO equation two ways.
First, the k-value incorporates the relative stiffness of the base, allowing
differentiation between aggregate and lean concrete bases, for example. The
drainage coefficient incorporates the drainability of the base layer, which allows for
differentiation between a dense, impermeable base layer and an open-graded,
permeable base layer. However, the equation does not take into account the
additional slab cracking that was observed on some of the stiff bases, or the
suspected clogging or other design problems associated with some of the
permeable layers.
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PEARDARP

Each of the models for PSI, roughness, spalling, faulting, and cracking was
used to predict performance for all sections and by climatic zone. The results of
the comparisons of the predicted and the actual performance are summarized
below for each model.

PSI Model

Table 10 provides the summary of the statistical analysis of the PEARDARP
predictive models, including the model for PSI. This table shows that the
PEARDARP PSI model does not adequately predict the actual PSI for any of the
pavement sections included in the study from the various environmental regions.

The comparison of predicted PSI versus actual PSR for all of the sections is
illustrated in table 70 and figure 22 of volume VI. It is observed that the
PEARDARP PSI model overpredicted PSI for almost 90 percent of the sections
included in the study. The actual PSR’s ranged from 2.5 to 4.8 while the
predicted PSI’s ranged from 3.3 to greater than 5.0. Since the maximum PSR
achievable is 5.0, and since the PSR of new concrete construction rarely approaches
a value of 5.0, the fact that the model yields unattainable results is certainly a
deficiency of the model. The model predicted a PSI of 4.8 or higher on almost 15
percent of the sections. An examination of the model shows that if there is very
little faulting or roughness, as might be found in a new pavement, than the PSI
will tend to be very high.

When the comparison between predicted PSI and actual PSR is made by
climatic zone (tables 71 through 74 and figures 23 through 26 of volume VI), the
model again consistently overpredicts the results. Overall, the predicted values
were closer to the actual values in the zones without freezing.

Roughness Model

The statistical analysis of the PEARDARP roughness model is summarized
in table 10. The results indicate that the roughness model is not able to
satisfactorily predict the measured pavement roughness for the pavement sections
included in this study.

Supporting documentation for this table is shown in tables 75 through 79
and figures 27 through 31 in volume VI. The model was least capable of
predicting actual roughness for all of the Phase I sections considered together,
where most of the error was in the overprediction of roughness (table 75 and
figure 27 of volume VI). Examining the data by climatic zone, (tables 76 through
79 and figures 28 through 31 of volume VI), the model always overpredicted in
the nonfreeze zones, while no clear trends were observed for the freeze zones.



Table 10. Summary of the statistical analyses of the PEARDARP

prediction models.

Number of Adequately Predict
Data Set Observations £, b b o>t b Performance?
PSI
All Phase I 99 17.276 1.670 YES NO
Dry-Freeze 20 7.995 1.729 YES NO
Dry-Nonfreeze - 17 6.509 1.746 YES NO
Wet-Freeze 48 12.047 1.680 YES NO
Wet-Nonfreeze 14 7.120 1.771 YES NO
ROUGHNESS
All Phase I 99 16.882 1.670 YES NO
Dry-Freeze 20 8.162 1.729 YES NO
Dry-Nonfreeze 17 9.233 1.746 YES NO
Wet-Freeze 48 10.828 1.680 YES NO
Wet-Nonfreeze 14 13.429 1.771 YES NO
SPALLING
All Phase I 99 11.474 1.670 YES NO
Dry-Freeze 20 6.924 1.729 YES NO
Dry-Nonfreeze - 17 3.413 1.746 YES NO
Wet-Freeze 48 8.357 1.680 YES NO
Wet-Nonfreeze 14 4.994 1.771 YES NO
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Table 10. Summary of the statistical analyses of the PEARDARP
prediction models (continued).

Number of Adequately Predict

Data Set Observations £, oot o>t e Performance?
All Phase I 99 7.825 1.670 YES NO
Dry-Freeze

All Sections 20 4.083 1.729 YES NO

Doweled 14 5.465 1.771 YES NO

Nondoweled 6 9.521 2.015 YES NO
Dry-Nonfreeze 17 4.606 1.746 YES NO
Wet-Freeze

All Sections 48 8.598 1.680 YES NO

Doweled 28 5.544 1.703 YES NO

Nondoweled 20 7.109 1.729 YES NO
Wet-Nonfreeze

All Sections 14 5.325 1.771 YES NO

Doweled 6 3.217 2.015 YES NO

Nondoweled 8 5.942 1.895 YES NO
All Phase I 99 16.728 1.670 YES NO
Dry-Freeze .20 11.855 1.729 YES NO
Dry-Nonfreeze 17 6.958 1.746 YES NO
Wet-Freeze N 48 10.805 1.680 YES NO
Wet-Nonfreeze 14 5.288 1.771 YES NO

* t.u Dased on 90 percent confidence level.
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It should be noted that the actual roughness values were obtained from a
Mays Ride Meter driven over the pavement sections at a standard speed. The
pavement sections were approximately 0.2 mi (0.32 km) long. There are many
different proprietary devices available which measure roughness in inches per
mile. Most devices are typically calibrated over a set of standard sections, to
permit inter-agency comparisons and to promote consistency. However, the
different devices will not give the same reading over the same section of
pavement for many reasons, including calibration differences and measurement
differences. To better test the effectiveness of this roughness model, it would be
necessary to develop relationships between roughness as measured by the CHLOE
profilograph (which was used at the AASHO Road Test) and by the Mays Ride
Meter.

Pumping Model

The PEARDARP pumping model could not be directly compared to field
pumping measurements. This is because the PEARDARP pumping model
calculates the volume of pumped material, the number of joints pumping, and the
volume of undersealing necessary to fill the voids. In the field surveys of the
projects in this study, the presence of pumping was noted and assigned severity
levels based on how much pumping was observed throughout the section. Table
80 of volume VI provides a general comparison of field observed pumping
severities and the various outputs of the PEARDARP pumping model. It is not
known exactly what pumping volumes correspond with the various severity levels,
but an examination of table 80 shows that different pumping volumes are quite
often predicted for pavement sections that actually had no visible signs of
pumping. However, this can partially be explained by the fact that visible
evidence of pumping is related to the occurrence of the last rainfall. If a section
is dry and not received any recent precipitation, the section may not exhibit signs
of pumping, although it may be occurring. In other words, a pavement section
can be experiencing pumping without visible indications of the distress.

Spalling Model

The results of the statistical analysis for the joint spalling model are shown
in table 10 for all of the Phase I sections and for each environmental region.
Again, the results of the statistical analysis indicate that the model is not able to
satisfactorily predict the spalling for the sections included in this study.

The measured versus actual results for transverse joint spalling are
presented in tables 81 through 85 of volume VI; these results are portrayed
graphically in figures 32 through 36 of that volume. Typically, the model
overpredicted transverse joint spalling for the analysis incorporating all Phase I
sections. Further, it is noted that there were quite a few sections for which there
was no measured spalling, but the predicted spalling ranged from 0 to 100
percent.
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None of the data from any of the four climatic zones was particularly better
than the others. Again, the model tended to overpredict transverse joint spalling
for every environmental region. ,

A possible explanation for this large discrepancy in predicted versus actual
spalling lies in an examination of the variables in the spalling model. The percent
of spalled joints is shown to be a function of age and joint spacing. The
occurrence of joint spalling in the actual sections seemed to be more closely
related to a combination of nondurable aggregates and harsh climates. Transverse
joints that were locked-up due to corrosion of the dowel bars also increased joint
spalling. Spalling was found on pavements of all ages and joint spacing where
material problems existed or the dowel bars had corroded and locked-up the joint.
Similarly, the absence of the locked joints and materials problems, combined with
good joint forming, sealing, and maintenance techniques, would help to provide
much longer trouble-free performance at the joints than this model would predict.

Faulting Models

The PEARDARP faulting models predict faulting for both doweled and
nondoweled pavements. Thus, in addition to considering faulting for all Phase I
sections and for each environmental region, faulting was also evaluated for
doweled and nondoweled pavement sections within each environmental region.
However, it should be noted that the lack of doweled pavement sections in the
dry-nonfreeze environmental region prevented the evaluation of doweled and
nondoweled sections in that region. :

The results of the statistical analysis of the PEARDARP faulting model are
given in table 10 for various data set combinations. The analysis indicates that the
model does not adequately predict joint faulting for all of the Phase I sections
considered together. Furthermore, the model is unable to adequately predict
faulting in any environmental region for any type of load transfer method.

- Table 86 in volume VI provides the comparison of measured versus
predicted faulting for all Phase I sections considered together; figure 37 presents
the results graphically. Generally speaking, the model appears to underpredict
faulting, although there is a large range of scatter. The model predicted faulting
in a range from approximately 0.02 in to 0.18 in (0.51 to 4.6 mm). The measured
average faulting ranged from 0 in to 0.5 in (0 to 13 mm). With the exception of
six sections at MN 1 with faulting over 0.3 in (7.6 mm), all of the measured
faulting was under 0.22 in (5.6 mm). The MN 1 faulting values are 1984 pre-
grinding data provided by the Minnesota Department of Transportation, and it is
not certain that their measurement methods were similar to those used in this
study.

- A review of the predicted faulting by environmental region (tables 87, 90,
91, and 94 and figures 38, 41, 42 and 45 of volume VI) generally indicate that the
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model is underpredicting joint faulting. The trends were slightly more balanced
for the wet regions than for the dry regions.

An examination of the model pertaining to load transfer provides some
interesting results (tables 88, 89, 92, 93, 95 and 96 and figures 39, 40, 43, 44, 46
and 47 of volume VI). It is observed that the faulting model severely
underpredicts faulting for doweled pavement sections. The predicted faulting for
nondoweled sections is more balanced, with the exception of the dry-freeze
environmental region. A review of the functional form of the model reveals that
the presence of dowels is not directly considered. Rather, for doweled pavements,
the model runs the standard nondoweled equation and then multiplies this by a
fudge factor to provide doweled pavement faulting. This fudge factor is a
function only of age. Thus, the equation does not consider the diameter of the
dowel bars, or any dowel characteristics for that matter. Therefore, a pavement
section with an insufficient dowel bar diameter would have the same amount of
faulting predicted as a similar section with an adequate dowel bar diameter.

Cracking Mogiel

The PEARDARP cracking model was used to predict the quantity of
transverse cracking on each of the pavement sections and this was compared to
the actual measured cracking. Table 10 provides the summary of the statistical
analysis of the PEARDARP cracking model. These results indicate that the model
does not adequately predict slab cracking for the pavement sections included in
this study. This finding holds true for each environmental region. '

Table 97 of volume VI provides the comparison of measured versus
predicted values for all of the Phase I sections, and figure 48 provides a graphical
representation of that table. The majority of the predicted cracking fell into a very
narrow band of between 320 and 420 lin ft/1000 ft?, when there was actual
cracking measured, and between 0 and 320 lin ft/1000 ft, when there was no
actual cracking measured. This trend becomes more accentuated when the
individual regions are considered (tables 98 through 101 and figures 49 through 52
of volume VI). In the dry-freeze region, all of the predicted cracking was between
380 and 420 lin ft/1000 ft’, for actual cracking from 0 to almost 900 lin ft/1000 ft*.
This is about the same range of predicted values for the dry-nonfreeze and wet-
nonfreeze regions. However, in the dry-nonfreeze regions there were sections with
predicted cracking of up to 400 lin ft/1000 ft* that actually had none.

It is clear from the results that the cracking model is fairly insensitive to the
inputs. The PEARDARP cracking model was based on a mechanistic analysis of
concrete pavement slabs. The model predicts cracking as a damaged area per
joint. The damaged area is a function of the number of nodes where strains in
the slab would induce cracks and the area of influence of each node. The area of
influence of each node was held constant at 4000 in? (2,580,640 mm?). An average
crack length of 24 in (610 mm) in each influence area was assumed in order to
obtain the total length of linear cracking. This is converted to linear cracks per
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1000 ft*. The functional form of the regression model dilutes the effect of the

factors by taking the arctangent or logarithm of the values. These mathematical
functions transform a wide range of values into a very narrow range of values.
This may be the reason for the insensitivity of the model to the various inputs.

COPES

The COPES predictive models, for pumping, faulting, spalling, cracking, and
PSR, includes a different model for each jointed pavement type. This allows for
further breakdown of the data set within each environmental region. However,
given the pavement sections within the study, this was not always possible.
Specifically, there were no JRCP sections in the dry-nonfreeze environmental region
and only one JRCP section in the wet-nonfreeze region, so that a breakout of the
evaluation in those regions was not possible or practical.

Puﬁping Models

Unlike the PEARDARP pumping model, the COPES pumping model
predicts the severity of pumping expected to occur within a pavement section,
instead of the volume of pumping. This allows for a direct comparison of the
actual pumping observed on the pavement sections included in this study. It
should be noted that the actual pumping and the predicted pumping from the
COPES pumping model are both based on visible signs of pumping. Therefore,
sections that are experiencing pumping but do not display any visible evidence
could not be appraised in the field surveys or in the development of the model.

The results of the statistical analysis for the COPES pumping model are
displayed in table 11. The results generally indicate that the model is not able to
adequately predict pumping for the sections included in the study. 'However, the
analysis in the wet-nonfreeze environmental region shows that the model does
adequately predict pumping for the pavement sections included in the study from
this environmental region.

Summary tables and scattergrams for the different data sets are displayed in
tables 102 through 110 and figures 53 through 61 of volume VI. An examination
of the scattergram for the consideration of all Phase I sections shows predicted
values both above and below the line of equality; this observation is also true for
the analysis of the dry-freeze and wet-freeze environmental regions. However,
when the dry-freeze and wet-freeze data sets were broken out by pavement type,
it is observed that the model consistently underpredicts pumping for JRCP sections,
whereas there is more scatter associated with the JPCP analysis.

In the wet-nonfreeze environmental zone, the model predicted that none of
the sections would exhibit pumping. In actuality, only 2 sections exhibited
pumping while the remaining 12 sections did not. Thus, as the results of the
statistical analysis show, the model is able to predict pumping in the wet-
nonfreeze climatic zone.
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Table 11. Summary of the statistical analyses of the COPES
prediction models.

Number of Adequately Predict

Data Set Observations ¢, b t>t e Performance?
All Phase I 99 6.154 1.670 YES NO
Dry-Freeze

All Sections 20 4498 1.729 YES NO

JPCP 3 3.500 2.920 YES NO

JRCP 17 4243 1.746 YES NO
Dry-Nonfreeze 17 1.951 1.746 YES NO
Wet-Freeze

All Sections 48 4.090 1.680 YES NO

JPCP 22 4.125 1.721 YES NO

JRCP 26 1.729 1.708 YES NO
Wet-Nonfreeze 14 1.439 1.771 NO YES
All Phase I 99 4.181 1.670 YES NO
Dry-Freeze

All Sections 20 3.771 1.729 YES NO

JPCP 3 2910 2.920 NO YES

JRCP 17 3722 1.746 YES NO
Dry-Nonfreeze 17 4.280 1.746 YES NO
Wet-Freeze

All Sections 48 8.532 1.680 YES NO

JPCP o 22 6.809 1.721 YES NO

JRCP 26 5.459 1.708 YES NO
Wet-Nonfreeze 14 5.421 1.771 YES NO
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Table 11. Summary of the statistical analyses of the COPES
prediction models (continued).

' Number of ' Adequately Predict
Data Set Observations . bt o>t e Performance?

JOINT DETERIORATION