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Standard Conversions

ODER R ® RSION FACTOR
APPROXIMATE CONVERSIONS TO SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
in inches 25.4 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in? square inches 645.2 square millimeters mm?
ft? square feet 0.093 square meters m?
yd? square yard 0.836 square meters m?
ac acres 0.405 hectares ha
mi? square miles 2.59 square kilometers km?
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
> cubic feet 0.028 cubic meters m?
yd® cubic yards 0.765 cubic meters m?
NOTE: volumes greater than 1000 L shall be shown in m?
MASS
oz ounces 28.35 grams g
Ib pounds 0.454 kilograms kg
T short tons (2000 Ib) 0.907 megagrams (or "metric ton") Mg (or "t")
TEMPERATURE (exact degrees)
°F Fahrenheit 5 (F-32)/9 Celsius °C
or (F-32)/1.8
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3.426 candela/m? cd/m?
FORCE and PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
Ibf/in? poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm? square millimeters 0.0016 square inches in?
m? square meters 10.764 square feet ft?
m? square meters 1.195 square yards yd?
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi
VOLUME
mL milliliters 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m® cubic meters 35.314 cubic feet ft®
m® cubic meters 1.307 cubic yards yd®
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds b
Mg (or "t*) megagrams (or "metric ton") 1.103 short tons (2000 Ib) T
TEMPERATURE (exact degrees)
"C Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/m? candela/m? 0.2919 foot-Lamberts fl
FORCE and PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibf/in®

*Sl is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380.
(Revised March 2003)
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Executive Summary

Introduction

Currently, the Connecticut Department of Transportation (ConnDOT) utilizes the AASHTO
1986 (1993) pavement design procedure, which is aimed primarily at determining the thickness
of asphalt layer for a given truck traffic volume and subgrade and base layer strengths. This
approach does not necessarily lead to the design of durable and economical pavements. The
newly developed 2008 AASHTO Mechanistic-Empirical Pavement Design Guide (M-EPDG)
offers pavement designers a modern computerized tool that allows them to achieve an optimal
design by varying a wide range of material properties and other pavement features. The M-
EPDG prediction models compute the amount of cracking, rutting, and roughness that will
accumulate over the design life of the pavement, which is then compared with the performance
threshold (maximum distress values specified by the agency) to develop the optimal pavement
structure and materials based on trial designs.

Since the first evaluation version of the M-EPDG was released in 2002, the awareness of
the M-EPDG by State Highway Agencies (SHA) nationwide has come a long way from
skepticism and reluctance to a nationwide effort on the research and implementation of the
guide. After the release of a new AASHTO 2008 Interim Pavement Design Guide, the final 1.1
version of the M-EPDG software was only available until 2011 when it was commercialized into
the DARWin-ME™ package.

The new M-EPDG requires an extensive number of inputs associated with traffic,
materials, and environmental variables. Those input values can be obtained from the data
collected in the field, as well as from laboratory testing with varying levels of precision.
Specifically, the M-EPDG provides three optional levels of hierarchy for the inputs. Level 1 data
offer the highest reliability, but require site-specific data such as laboratory testing on collected
soils or construction materials. Level 2 data provide intermediate accuracy, but require less site-
specific testing. At Level 2, inputs may be selected based on previous tests that have been
conducted on similar types of materials or other forms of agency experience. At Level 3,
agencies select default values that represent typical averages for the geographic region where the
design project is located. For a given paving project, all inputs do not have to be at the same
input level. That is, an agency may choose input levels depending on the availability of different
types of data and the resources available to support the data-collection efforts. To facilitate the
decision on the level of input accuracy, a sensitivity analysis is usually conducted to rank the
influence of a particular input on the variation in the output of a performance prediction model.

Adaptation of the M-EPDG to the local and state conditions may require calibration and
validation of the prediction equations by using a set of multiple input parameters typical for a
given location. It also warrants a preparation of the implementation plan, which is to be used for
successful transition from currently used design procedures to a totally new and somewhat
sophisticated M-EPDG approach. Therefore, ConnDOT has contracted the University of
Connecticut (UConn) to prepare an M-EPDG implementation plan under State Planning and
Research Project No. SPR-2274. This executive summary briefly summarizes the final project
report and outlines the main findings and recommendations.



Summary of Sensitivity Analysis

Typical Design Inputs for Connecticut

Three typical pavement designs were considered in the sensitivity analysis: (1) newly
constructed asphalt pavement, (2) asphalt-overlaid asphalt pavement, and (3) asphalt-overlaid
Portland cement concrete (PCC) pavement. A total of 185 simulations of the M-EPDG software
were run to determine the impact of change in site factors (climate, truck traffic volume, and
subgrade type), pavement structure (layer thicknesses) and material properties on the variability
in cracking, rutting, and roughness in each of the three typical pavement designs. Three climatic
zones recognized in the analysis were coastal, inland, and high-hill regions of Connecticut. The
analysis explored three traffic levels: Level 2, Level 3 medium, and Level 3 high with 1.9, 4.8,
and 12.1 million ESALSs, respectively, accumulated over 20 years of service. Subgrade moduli
ranged between 10,000 and 20,000 psi.

The traffic levels corresponded to the three highway functional classes recognized by
ConnDOT, namely, Interstate highways, non-Interstate highways, and local arterials.
Accordingly, three typical pavement structures were modeled with 8, 10, and 12 inches of
asphalt supported by 10 to 18 inches of granular base. Structure moduli ranged between 20,000
and 30,000 psi and corresponded to Gradings A, B, and C specified by ConnDOT. The aggregate
gradations and volumetric properties associated with asphalt, base, and subgrade materials were
kept fixed for each structure, base, and subgrade type included in the analysis, while their values
were obtained from ConnDOT specifications. The details on the typical Connecticut inputs for
the M-EPDG sensitivity analysis are provided in Chapter 4 of the report, whereas the testing
matrix for the sensitivity analysis is described in Chapter 5.

Sensitivity Analysis Approach

The performance indicators for the analyses were chosen based on the distress types predicted by
the M-EPDG models. Thus, longitudinal (top-down fatigue), alligator (bottom-up fatigue),
thermal cracking, asphalt rutting and total rutting prediction models were analyzed for all
pavement designs. In addition, a reflection cracking model was evaluated for the asphalt-overlaid
asphalt pavement design. The sensitivity analysis employed a “one-at-a-time” approach where,
first, the baseline values for all variables were established and, next, the sensitivity of each
nonfixed input variable was estimated by changing the value of the variable, calculating the
resulting pavement performance using the M-EPDG software, and then comparing the predicted
pavement performance to the established baseline performance for the given design. The input
values were changed from “Baseline” to “Low” and “High” as shown in Table 5.3.

The analysis of the sensitivity results explored two types of evaluation. First, the
qualitative assessment of the “stock” charts was performed where the relative effect of each input
was estimated by the length of a vertical line connecting the outputs corresponding to “Low”,
“Baseline”, and “High” input values (Figure 5.1). In the second phase of the investigation, a
multiple analysis of variance (ANOVA) was conducted where the significance of an individual
M-EPDG input was evaluated by the magnitude of the calculated F-ratio associated with the
input. The F-ratio measured variation in the output caused by the variation in the individual input
being investigated. Effectively, the higher the calculated F-ratio, the greater the effect that input
had on the model output. The F-ratio was found statistically significant if its p-value did not
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exceed the established level of confidence (a=0.05). The logF parameter was utilized to
normalize the effect of inputs and rank their importance for predicting a particular performance
indicator (cracking, rutting, or IRI). More details on the approach and the individual analysis for
each prediction model can be found in Chapter 5, whereas this executive summary provides the
main findings based on the overall sensitivity of each of the three pavement designs typical for
Connecticut as outlined below.

Sensitivity of New Asphalt Pavement Design

Elements of the AC layer structure, such as thickness and volumetric properties of the
HMA mix, appear to govern the pavement performance the most in a specified location.
For a specified functional road class in Connecticut, the truck traffic volume appears to
have more effect on rutting than it does on cracking. Note that only longitudinal and
thermal cracking, both being non-load related, were predicted at a noticeable level for all
new AC designs.

The binder performance grade and subgrade support showed a high influence on rutting,
and thus on roughness in terms of IRI.

Granular base-related inputs did not yield any significant effect on pavement
performance, most likely, due to the relatively high modulus prescribed by ConnDOT
specifications and the substantial thickness considered in the sensitivity analysis.

Sensitivity of Asphalt-Overlaid Asphalt Pavement Design

Location (which identifies climate zone) and traffic volume appear to be important for an
optimal overlay design. The traffic volume has a lesser impact for the low-volume roads
in the colder high-hill locations.

The pre-overlay condition of the existing surface should be considered first to reduce
cracking susceptibility, whereas the milled thickness is expected to affect overall
performance of the overlay.

When rutting is of a greater concern, the total amount of asphalt rutting in the existing
surface is the most influencing input on the M-EPDG prediction.

The AC overlay thickness shows to be an important factor in the cracking and rutting
outputs, while a moderate contributor for IRI predictions.

The overlay mix and binder properties show a high influence on rutting and a low
influence on cracking, which makes them moderately important when IRI predictions are
concerned.

For the analyzed range of unbound layer properties, neither the cracking model , rutting
model, nor IRl model appear to be sensitive to subgrade and base moduli nor to base
thickness.

Sensitivity of Asphalt-Overlaid Portland Cement Concrete Pavement Design

Overall, the M-EPDG cracking predictions show the highest sensitivity to anticipated
traffic load, project location, fractured PCC slab support, and thickness of the overlay.
Volumetric properties of the asphalt mix, subgrade stiffness, and thickness of the
fractured PCC layer show moderate influence on the predicted cracking values.



e The M-EPDG rutting prediction models are highly sensitive to all site factors (truck
traffic volume, climate, and subgrade), AC layer thickness, and AC binder properties.
The volumetrics of the asphalt mix and the stiffness of fractured PCC affect rutting
predictions to a moderate degree.

e The IRI output appears to be mostly controlled by the location (climate zone) of the
project, whereas the AC layer inputs, subgrade, and traffic volume show lesser influence
on IRI.

e In general, base modulus does not show any significant influence on any of the distresses
considered in this analysis.

It is understood that the stated conclusions are only valid for the specific range of parameters
evaluated in this study. It is anticipated that some of the sensitivity trends shown here may
change after re-calibration of the M-EPDG distress prediction models. In addition, it should be
noted that a “moderate” ranking of some inputs does not diminish their significance for the
design. The ranking is used for further recommendations on data collection to meet required
level of hierarchy as explained in the next section (see also Chapter 6).

Recommended Input Levels

The sensitivity analysis of the M-EPDG prediction models allowed for different degrees of
impact of the input variables on the predicted output value of a particular distress. Based on a
ranking of an input for a targeted design (New AC, AC-overlaid AC, or AC-overlaid PCC
pavement), the recommended level of hierarchy, and a corresponding scope of testing required to
meet that level should be established as part of the M-EPDG implementation process. The
description of the hierarchical levels is provided in Chapter 3. Following is the summary of the
tentative recommendations based on the results of this study, while more details on the assigned
hierarchy levels are included in Chapter 6:

e Truck traffic volume expressed in Average Annual Daily Truck Traffic (AADTT)
appears to be the most important input after climate and therefore, it should be treated as
the highest level of the hierarchy (Levell). The data may be site specific or alternatively
may be generated from vehicle count, traffic forecast, or trip generation.

e The asphalt related inputs are recommended to be determined on Level 2, which would
require measuring G* and phase angle for RTFO-aged binder at a minimum of 3
temperatures as well as providing gradation parameters of the asphalt mix.

e Subgrade modulus can be determined at Level 2 by either correlation with CBR or R-
values, or measuring resilient modulus directly in triaxial test.

e Base modulus can be obtained using Level 3 default AASHTO classification. Note that in
this study, medium strength bases were considered (20,000 to 30,000 psi)

e For AC-overlaid AC pavement design, milled thickness appears to be a critical input and
should be surveyed as well as total rutting in the existing surface.

Implementation Plan

The concluding task of this Project was to compile a roadmap for the implementation of the M-
EPDG by ConnDOT. This roadmap includes a step-by-step outline of the activities and processes
that should be undertaken to facilitate a change in design philosophy by adapting a mechanistic-
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empirical approach to pavement design. The plan consists of 10 general steps, some of which
have been or will be completed concurrently. It should be noted that this chapter only describes
tentative activities proposed by the UConn Research Team that should be finalized and approved
by ConnDOT’s M-EPDG Implementation Team.

1. Conduct sensitivity analysis of M-EPDG inputs.

2. Recommend MEPDG input levels and required resources to obtain those inputs.

3. Assemble a ConnDOT M-EPDG Implementation Team and develop and implement a
communication plan.

4. Conduct staff training.

5. Develop formal ConnDOT-specific M-EPDG-related documentation.

6. Develop and populate a central database with required M-EPDG input values.

7. Align distress data Collection in Connecticut with the M-EPDG defined performance
indicators.

8. Calibrate and validate M-EPDG performance prediction models to local conditions.

9. Define the long-term plan for adopting the M-EPDG design procedure as the official
ConnDOT pavement design method.
10. Develop a design catalog.

The list of the above activities necessary for successful implementation was developed
based on previous work (Saeed 2003, Yut et al. 2007,Hoerner et al. 2007) and customized to
address ConnDOT specific needs. The explanation of each implementation step is provided in
Chapter 8.

Recommendations on the M-EPDG Calibration

To evaluate the calibration needs for Connecticut, the Research Team identified the now
terminated LTPP SPS-9A project located on Connecticut State Route 2 as a viable source of
information. Well-documented construction history, pavement performance, and laboratory
testing data exists to provide real values for climatic, traffic, and material-related inputs that were
used in the M-EPDG trial runs. Once the predicted deterioration curves were obtained, they were
superimposed with the field trends to evaluate the errors. Based on the magnitude of prediction
errors, the recommendations on the calibration were made for each of the prediction models
included in the sensitivity analysis.

The following is a summary of the preliminary validation results for the chosen set of
sections:

e Longitudinal Cracking: The M-EPDG predicted zero top-down fatigue for all sections
at a reliability of 50 percent, whereas the condition survey revealed very few low severity
cracks in the wheel path of 2 out of 6 sections. Because of prevalent zero values, it is
impossible to correlate predicted output with the field measurements. Therefore,
calibration of a model with such a high built-in error appears impractical in general.
Ultimately, more research should be done with use of better suited candidate sections
where the extent of longitudinal cracking in the wheelpath is noticeable.

e Alligator Cracking: Due to relatively low truck traffic volume (580-600 AADTT in one
direction) as well as due to the “deep-strength” nature of the pavement structure on Route
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2, no alligator cracking developed during the 12 years of service. The zero-values by the
M-EPDG should not be, however, attributed to good quality of predictions. Instead, it is
recommended to choose a different set of sections for the calibration of the fatigue
cracking models because this type of distress is not typical for CT State routes.

e Thermal (Transverse) Cracking: The M-EPDG thermal cracking model
underestimated the extent of thermal failure on average (77 percent of measured) at
moderate goodness of fit (R-squared=0.48). It is well established that thermal cracking is
one of the main distresses on the asphalt surfaces in Connecticut. Thus it is strongly
recommended to consider this model for calibration.

e Total Rutting: In general, the M-EPDG underestimated total rutting for the given
dataset as only 25 percent of the measured rutting. However, the relatively high goodness
of fit for the linear trends (R-squared=0.69) suggest that a scaling factor can be applied to
rutting predictions to adapt the model to the Connecticut environment. Ultimately, a
larger dataset involving a wide range of traffic volumes and layer thicknesses should be
utilized during the calibration.

e IRI: An error analysis revealed no association between predicted and measured values
for the given set of sections, which might be due to the combined low predictability
demonstrated by fatigue cracking models. On the other hand, it might be a result of
discrepancy in IRl measurements. At any rate, the calibration of the IRI model is possible
if the field measurements are consistent with growth in roughness with pavement age.

It should be noted that this study only provides examples based on a limited dataset,
whereas the statewide calibration and validation study needs to be implemented as a part of the
M-EPDG implementation process outlined in Chapter 8. In summary, it appears that all of the
M-EPDG models should be calibrated. Special consideration should be given to the fatigue
(longitudinal and alligator) predictions where very low values were predicted for thick
pavements. It is recommended that ConnDOT allocate the resources for calibration and
validation of all the M-EPDG models to facilitate creation of the design catalog, which in turn
will save time and finances in the future pavement design activities.



CHAPTER 1 Introduction

The road infrastructure in the U.S. has been aging at an accelerated rate while at the same time,
the monetary and material resources for preserving roads from further deterioration have become
limited. Given these conditions, employing proper pavement design using state-of-the-art
techniques and proper construction are crucial to ensure durability and satisfactory pavement
performance.

For the moment, the Connecticut Department of Transportation (CTDOT) utilizes the
AASHTO 1986 (1993) Pavement Design Guide, which is aimed primarily at determining the
thickness of asphalt layers or concrete slabs for a given truck traffic volume, as well as subgrade
and base layer strengths. This procedure is based on the empirical equation developed under the
AASHO Road Test program, established with a very limited variation of materials in a particular
climate of Ottawa, Illinois, in the late 1950s (Smith et al. 2004). Over the past 40 years, the
dramatic changes in truck axle loads and configuration, as well as a large variation in pavement
material properties throughout the states, have warranted changes in design philosophy. As a
result, the AASHTO 2008 Mechanistic-Empirical Pavement Design Guide (M-EPDG) has
evolved as an advanced procedure supported by sophisticated software (AASHTO 2008). The
main advantage of the M-EPDG compared to previous AASHTO procedures is that a designer
has the ability to vary the material mechanical properties and numerous other design inputs, in
addition to the layer thickness, in order to predict the development of various distresses based on
realistic climatic data. These predictions can then be used to optimize the pavement structure and
material properties (NCHRP 2004).

Following the release of the AASHTO Mechanistic-Empirical Pavement Design Guide
(M-EPDG) 2008, the CTDOT contracted the University of Connecticut (UConn) to prepare
comprehensive plans for the implementation and adaptation of the MEPDG to Connecticut
conditions. This report summarizes the efforts of the UConn Research Team under State
Planning and Research (SPR) Project No. SPR-2274 awarded in July 2011.

Problem Statement

The distress prediction models that are an integral module of the M-EPDG procedure were
originally calibrated to national averages using data from the Long-Term Pavement Performance
(LTPP) study. As recommended by the M-EPDG project team, the distress models need to be
re-calibrated with data obtained locally in order to be applicable for local materials, construction
practices, and environmental conditions. The following general steps are suggested (NCHRP
2004):

Achieve full support of the departmental personnel.

Select procedures to obtain all inputs and establish local defaults for the inputs.
Complete training of the staff involved in the pavement design.

Acquire necessary equipment and computer software.

Calibrate/Validate the M-EPDG software to local conditions.

Since only one Connecticut pavement section was included in the LTPP dataset for the
calibration of the M-EPDG distress prediction models, the need for calibration of the M-EPDG
software to different Connecticut local conditions seems to be indisputable.



Objectives

The main objective of this project was to prepare comprehensive implementation plans of the M-
EPDG in Connecticut for asphalt pavements. In addition, the research team identified the short
and long term needs for complete and efficient adaptation of this pavement design procedure.
Lastly, in order to help local engineers to familiarize themselves with the M-EPDG, practical
training materials and guidelines were developed.

Organization of the Report

This report opens with an introduction, problem statement and project objectives. Chapter 2
explores the ongoing and completed M-EPDG implementation activities on a national (Federal)
and state (State) level with emphasis on the Northeast Region of the U.S. Chapter 3 provides an
overview of the M-EPDG design inputs and distress prediction models. Chapter 4 summarizes
typical traffic volumes, pavement features, and site conditions for Connecticut, followed by the
summary of the analysis of M-EPDG input sensitivity in Chapter 5. The detailed report on the
analysis of sensitivity and ranking of inputs in terms of their influence on the distress prediction
is provided in Appendix A. Chapter 6 discusses needs for additional data collection protocols to
meet M-EPDG requirements, while Chapter 7 explores needs in local calibration of the M-EPDG
distress models, and provides guidelines for future calibration efforts. Chapter 8, in conjunction
with Appendix B, summarizes efforts on development of training materials for pavement design
personnel. The report is concluded with Chapter 9 providing the proposed step-by-step M-EPDG
implementation plan and recommendations for future research.



CHAPTER 2 Literature Review of M-EPDG Implementation Activities on

the National and State Level

To be successful in the implementation of M-EPDG in Connecticut, an understanding of the
underlying concepts of the guide as well as more information about the guide’s state-of-the-
practice for adaptation and calibration on a local level are required. The research team has
conducted an inclusive literature review to explore the history of the AASHTO Pavement Design
Guide and the concepts of the M-EPDG, and has summarized the implementation activities on
both the federal and local levels with an emphasis on the northeast region of the U.S.

History of AASHTO Pavement Design Guide

In the late 1950s, the AASHO road test was constructed in Ottawa, Illinois for the primary
purpose of developing a fair tax scheme for different vehicle types based on fuel consumption
(Galal and Chehab 2005; Smith, Zimmerman, and Finn 2004). Based on the design data from
those test sections and the measured traffic and performance histories, the first AASHO interim
pavement design guide was published in 1972. The 1972 design guide introduced many
innovative design concepts that still serve the pavement design community, such as the present
serviceability index (PSI), traffic damage factors and equivalent single axle loads (ESALSs), and
the structural number (SN). The 1972 Guide was revised in 1986 and again in 1993, the latter
revision only focusing on pavement overlay design procedures.

Nationally, the majority of State DOTs have adopted a version of the AASHTO design guide as
their method for developing new and rehabilitated designs for their pavement structures. In a
2004 survey of state agency pavement design practices, 24 of the 49 responding agencies (51
percent) indicated that they use the 1993 AASHTO guide, 3 agencies (6 percent) stated that they
still use the 1972 AASHO guide, 14 agencies (29 percent) use a combination of AASHTO and
State practices, while the remaining eight agencies (16 percent) use another design procedure
(FHWA 2004). The 2004 survey of New England states and their neighbors showed that
Connecticut, New Jersey, New York and Pennsylvania used the 1993 AASHTO procedure,
while Maine, Massachusetts and New Hampshire used the AASHTO guide in combination with
their own design procedures.

Need for Development of the M-EPDG

While the original versions of the AASHTO Guide for Design of Pavement Structures (i.e.,

1972, 1986, and 1993) have served the pavement design community well, they were based on the
empirical results of one road test in the late 1950s with the following shortcomings (NCHRP
2004):

e Traffic load limitations
o0 Just over 1 million axle load replications
o Outdated truck characteristics, such as suspensions, axle configurations, and tire
design and configuration
e Environmental effect limitations
0 One location; Ottawa, Illinois
o0 Short duration of the project (two years)
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e Materials deficiencies
0 One hot mix asphalt (HMA) mixture
0 One Portland cement concrete (PCC) mixture
0 Two unbound, dense granular base/subbase
e Performance deficiencies
0 Previous versions of the AASHTO guide are thickness oriented, while pavements
often require rehabilitation for reasons related to material properties (e.g., rutting,
thermal cracking, joint faulting)

The obvious limitations of the empirical equations based on AASHO Road Test results created a
need for the development of a new pavement design guide based on mechanistic engineering
principles and relationships. In the mid-1990s, the research was initiated as NCHRP Project 1-
37A under the oversight of an NCHRP technical panel that included state DOTS representing the
Joint Task Force Panel, the HMA and PCC paving industries, academia, and FHWA (AASHTO
2004). The latest version 1.1 of the M-EPDG and its accompanying software were released in
2009 and were only available for evaluation and academic research through 2011 (TRB 2013).

Principles of M-EPDG and Implementation Needs

The main concept of the M-EPDG approach is to simulate the performance of the designed
pavement in order to determine the expected accumulated damage on a monthly basis over the
selected design period. Incremental damage calculations are based on monthly changes in traffic,
climate, and material properties that are computed within the design software. Finally, the
incremental damage accumulated on a monthly basis is converted into physical pavement
distresses and expected smoothness using calibrated models that relate the damage to observable
distresses (NCHRP 2004). For flexible pavements, performance is expressed in terms of
longitudinal cracking, transverse cracking, fatigue (alligator) cracking, rutting, and smoothness
(International Roughness Index [IR1]). For rigid pavements, performance is expressed in terms of
faulting, cracking, IR1, and punchouts (for continuously-reinforced concrete pavements [CRCP]
only). Figure 2.1 illustrates the inputs and analysis methods employed by the M-EPDG.

The fundamental differences between the new approach to pavement design and the approach
used in the older versions of the AASHTO design guide include the following (NCHRP 2004):

e A trial design is proposed with input of the traffic, climate, subgrade, existing pavement
condition for rehabilitation, and construction conditions for a new pavement or
rehabilitation

e The trial design is checked for adequacy through the prediction of key distresses and
smoothness. If the design does not meet desired performance criteria, it is revised and the
evaluation process is repeated, as necessary

e The designer can optimize the design using different combinations of design features and
materials for the prevailing site conditions
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The distress prediction models that are an integral module of the mechanistic-empirical (M-E)
procedure were originally calibrated to national averages using data from the Long-Term
Pavement Performance (LTPP) effort. As recommended by the NCHRP 1-37A project team, the
distress models need to be re-calibrated with data obtained locally in order to be applicable for
the particular materials, construction practices, and environmental conditions encountered in a
given state. The following general steps are suggested (NCHRP 2004):

Achieve full support of the departmental personnel

Select procedures to obtain all input and establish local data and defaults for inputs
Complete training of staff involved in pavement design

Acquire needed equipment and computer software

Calibrate/Validate the M-EPDG software to local conditions

In knowing that only one pavement section from Connecticut was used for the national
calibration of the M-EPDG distress prediction models, the need for calibration of the M-EPDG
software to Connecticut local conditions was deemed to be required in the preliminary stage of
this project.
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Figure 2.1. Flow chart of the M-EPDG (NCHRP 2004)

National Status of the M-EPDG Implementation Efforts

Since the first evaluation version of the M-EPDG was released in 2002, the awareness of the M-
EPDG by the State Highway Agencies (SHA) nationwide has evolved from skepticism and
reluctance to a national effort on research and implementation of the guide. Thus, the SHA’s
survey in 2004 showed that nationally, 80 percent of SHAs use AASHTO procedures alone or in
combination with the local guides for their pavement design (FHWA). With regard to New
England, only Maine had an M-EPDG implementation plan in place at that time. The skepticism
about the advantages of the new M-EPDG procedure as compared with the long time accepted
1986 (1993) AASHTO Design Guide was justified by the absence of a reliable working version
of the M-EPDG at the time of the survey (NCHRP 2006a).
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After the release of a new AASHTO Interim Pavement Design Guide in 2008 called
“Mechanistic-Empirical Pavement Design Guide: A Manual of Practice, Interim Edition,” (the
final 1.1 version of the M-EPDG software was only available until 2011 when it was
commercialized into the DARWin-ME™ package) a recent survey of 42 agencies shows that
about 19 percent of them use M-EPDG on a periodic basis or have at least completed validation
and local calibration. (Crawford 2011) The survey also indicated that about a third of SHASs are
preparing input libraries (Crawford 2011). Twenty-nine percent of SHAs are still conducting
research, while the rest of agencies (~36%) do not plan to implement M-EPDG in the immediate
future (Crawford 2011).

Federal Efforts on Development and Improvement of the M-EPDG

Following the first release of the 2002 Design Guide under the NCHRP 01-37A Project in 2004,
quite a few NCHRP activities were initiated to improve the accompanied M-EPDG software.
The NCHRP 01-40 Project had the following primary objectives:

e Obtain independent review of the guide and accompanied software from a panel of
pavement research specialists (NCHRP 2006a)

e Identify and eliminate software bugs and deficiencies(NCHRP 2006b)

e Develop a user manual of practice and local calibration guide (AASHTO 2010)

e Provide technical assistance for SHAs participating in implementation of the Guide

The main deliverable of this project is a commercialized AASHTO DARWin-ME™ software.
This software combines the distress predicting capabilities of the M-EPDG with user-friendly
interfaces and the ability of report-generating of the DARWIin software, which was based on the
1993 AASHTO predictive equations.

Along with the elimination of program-related bugs, the M-EPDG researchers were working on
improving the distress-prediction models. Thus, an enhanced reflective cracking model was
created under NCHRP 01-41, a rutting model was recalibrated nationally under the NCHRP 09-
30A, and an attempt at improving top-down fatigue cracking predictions were made under
NCHRPO01-42A (Lytton et al. 2010, Von Quintus et al. 2012, Roque et al. 2010). Those
alternative models are offered as options in the latest available version 1.1 of the M-EPDG
software.

Concurrently with local investigations of the M-EPDG sensitivity, which will be discussed later
in this report, an attempt on global sensitivity analysis was made under the NCHRP 01-47
(Schwartz et al. 2011). In contrast with multiple local sensitivity studies, the project targeted all
possible pavement designs (new and rehabilitated HMA and plain/reinforced PCC) in five major
US climates (Hot-Wet, Hot-Dry, Cold-Wet, Cold-Dry, and Temperate). Over 41,000 M-EPDG
software runs were performed to determine Normalized Sensitivity Indices (NSI) of 25 to 35
inputs evaluated in this study. The NSI values were computed as a ratio of the percentage change
in predicted distress over the percentage change in a design input normalized to the design limit
of the distress (Schwartz et al. 2011). It should be noted here that the UConn research team did
not adopt this method but rather used a limited statistical approach, which proved robust yet
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easily interpretable in local sensitivity studies (Yut et al. 2007, Hoerner et al. 2007, Velasquez et
al. 2009, Daniel et al. 2012). It is also worth noting that the NCHRP 01-47 researchers used one-
at-a-time approach in changing inputs, which might not account for interaction between critical
inputs; therefore, the adaptation of the results of NCHRP 01-47 for local SHASs should be limited
to the specific ranges of inputs used in the study.

Local Implementation and Calibration of the M-EPDG

This section summarizes the well-documented M-EPDG implementation and calibration
activities on the SHA level. The emphasis is made on the championing states and the northeast
region of the U.S.

Mississippi

Mississippi is one of a very few states that pioneered implementation of the M-EPDG as early as
2002 (Saeed and Hall 2003). The two-phase implementation project initiated by the Mississippi
DOT consisted of developing an implementation plan in Phase | and actually implementing the
design guide in Phase Il. In Phase I, the implementation plan included familiarizing DOT staff
with the M-EPDG, establishing the scope of pavement types and rehabilitation activities of
interest to the DOT, developing a factorial experiment design, recommending test sections for
use in calibrating and validating performance models, preparing a detailed plan for the Phase Il
implementation, and estimating a budget for implementing the M-EPDG. The specific Phase 11
work plan in Mississippi included the following research tasks (Saeed and Hall 2003):

Review all design inputs.

Conduct an initial sensitivity analysis and compare with current DOT procedures.

Provide guidance to carry out the required field and laboratory testing.

Outline work related to obtaining all design inputs, including detailed traffic inputs,

selection of performance criteria, and material testing.

Establish default inputs where applicable.

e Calibrate and validate the distress prediction models with Mississippi pavement
performance data.

e Conduct additional sensitivity analysis and comparison of the design guide procedure
with current Mississippi DOT design procedure results.

e Prepare detailed design and training manuals for training and future reference.

e Customize the design guide software to include Mississippi-calibrated performance
models and default inputs.

e Provide training to Mississippi DOT staff.

lowa

The M-EPDG research and development along with implementation efforts in lowa date back at
least a decade. Coree et al. (2005) was one of the first research groups that applied importance
rankings to the M-EPDG design inputs based on a one-at-a-time sensitivity analysis. They found
that PCC mix thermal properties and strengths along with slab thicknesses were the most
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influencing inputs for rigid pavements, whereas the Performance Grade (PG) of binder and
volumetric properties of HMA were the most influencing material properties for flexible
pavements (Coree et al. 2005). Most of the work performed by the lowa State University team
involved in the M-EPDG implementation revolved around calibration of the M-EPDG rutting
and longitudinal cracking models based on characteristics for lowa inputs for HMA pavements
(Kim et al. 2010, Kim et al. 2013). They also observed differences in cracking and faulting
model calibrations between M-EPDG version 1.1 software and the commercial DARWin-ME,
which, once again, required re-calibration (Kim et al. 2013).

Minnesota

Minnesota has been working on the development of the M-EPDG since as early as 1998. The
University of Minnesota is assisting the Minnesota Department of Transportation (MnDOT) in
its implementation efforts for the M-EPDG. A comprehensive sensitivity analysis has been
conducted for both rigid (200,000 runs) and flexible pavements (2,000 runs) to determine the
most significant factors on pavement performance (Velasquez et al. 2009). This study also
identified the M-EPDG software deficiencies, evaluated at least five interim versions of the M-
EPDG, and re-calibrated rutting and fatigue cracking models to reduce bias and error in
performance prediction for Minnesota conditions (Velasquez et al. 2009). Another project with
emphasis on the low volume PCC pavements in Minnesota evaluated prediction capabilities of
the M-EPDG, re-calibrated transverse cracking models incorporated in the M-EPDG software,
and developed catalogs of recommended design features (Yut et al 2007).

South Dakota

A very detailed analysis of the M-EPDG inputs for both PCC and HMA and a comprehensive
investigation on the resources needed for successful implementation was completed by the South
Dakota DOT (Hoerner et al 2007). The researchers conducted sensitivity analyses on about 80
design inputs required by the M-EPDG to predict behavior of flexible and composite pavements.
The team also prioritized those inputs in terms of their significance for the prediction of the
distresses and their importance for further data collection, material testing, and prediction model
calibration efforts. As a result of the study, Level 1 and Level 2 inputs were recommended for
highly significant inputs, whereas Level 3 inputs were found to be satisfactory for the inputs of
mild and low significance. The preparation of the Pavement Management System data for use in
calibration of the M-EPDG prediction models was identified as an essential part of the
implementation process (Hoerner et al 2007).

Other States

Baus and Stires (2010) developed recommendations for implementation of the M-EPDG in
South Carolina. One interesting outcome of this study is that it was recommended to establish a
minimum of 20 in-service pavement sections either instrumented or periodically tested for
validation and calibration of the M-EPDG distress prediction models.

Bayomy et al. (2012) reported emphasis on binder and mix characterization to establish Level 2
inputs for HMA pavements and subgrade characterization for Level 3 unbound material inputs in
Idaho. They also recommended using at least 3 years of Weigh-in-Motion sites’ data to establish
reliable traffic inputs.
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U.S. North East Region Efforts on M-EPDG Research and Development

Connecticut

The Connecticut Department of Transportation was the lead state in a pooled fund project with
the University of Connecticut to coordinate pavement activities in the northeastern United States.
As a part of this effort, interviews of transportation agency staff in the northeast were conducted
to determine needs in pavement and paving technology, and particularly, the issues with design
of pavement systems, sub-systems and specification requirements (Dougan 2004). The two top
ranked needs identified by the researcher in a pavement design category were (1) need in training
of the personnel in M-EPDG and (2) evaluation of applicability of M-EPDG in New England
(Dougan 2004)

Maine

The Maine Department of Transportation has constructed a weigh-in-motion pavement
instrumentation (WIMPI) site along Rt. 16 in Guilford. The site will measure the actual
distresses in the pavement layers due to traffic loads and climatic changes (Maine DOT 2005).
The analysis of data from the instrumented pavement test section will be used to calibrate the
Mechanistic-Empirical Pavement Design Guide (Maine DOT 2006).

New Jersey

Rutgers University conducted a sensitivity analysis to determine the impact of the Portland
cement concrete Poisson’s Ratio on the pavement performance as predicted by the M-EPDG in
New Jersey. In addition, laboratory testing was completed to (1) assess the level of variability of
Poisson’s ratio of typical pavement materials (bound and unbound) and subgrade soils for
various temperature, moisture, and stress conditions under laboratory conditions and (2) to
develop a method of selecting the appropriate Poisson’s ratio values for use in Mechanistic
Pavement design (CAIT Date Unavailable).

Recently, the evaluation of input accuracy and performance data from seven LTPP sections in
the state of New Jersey was sponsored by the New Jersey Department of Transportation
(NJDOT) (Mehta et al. 2008). The objective of the study was to provide the state agency with the
tools and the knowledge needed to successfully implement the design guide. A case-by-case
comparison was conducted between predicted and measured performance data for every section
and each distress, such as rutting, fatigue cracking, longitudinal cracking, transverse cracking
and roughness. The analysis determined conditions where the Level 3 inputs may not be
appropriate.

New York

The New York State DOT (NYSDOT) has undertaken projects with objectives to review the
guide and its associated software, to comment on the Guide/software, to coordinate the
Department’s AASHTO review processes, to develop an implementation plan, and ultimately to
adopt the new AASHTO Pavement Design Guide in New York State (NYSDOT 2002).
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Pennsylvania

The Pennsylvania Department of Transportation (PennDOT) collects HMA performance data
from six instrumented pavement test sections (Anderson et al. 2003). This data will be used for
calibration of the AASHTO pavement design procedures. PennDOT also is working on
instrumenting a PCC pavement project which will help toward local calibration of the M-EPDG.

New England Transportation Consortium (NETC)

In 2006, the New England Transportation Consortium (NETC) initiated two projects aimed
toward implementation of the MEPDG. In the first study, NETC contracted the University of
Connecticut in Storrs to test commonly used HMA mixtures throughout New England to
determine their respective dynamic moduli master curves (Jackson et al. 2011). The results of
physical modulus testing were compared to predicted modulus values from three different
theoretical modulus models. Comparisons of predicted |[E*| values from the Mechanistic-
Empirical Pavement Design Guide (MEPDG) and physical testing indicates the predicted |E*|
values may be off by as much as 100% for New England Mixes. The analysis of scaling factors
showed that there is potentially a constant scaling factor that could be applied to all New
England mixes, regardless of aggregate source, and binder type (Jackson et al. 2011)

In another study sponsored by NETC, the University of New Hampshire in Durham has
developed guidelines for the implementation of the M-EPDG in New England and New York
with focus on flexible pavements and AC overlays (Daniel et al. 2012). Only the LTPP sections
from the six New England States and New York State were included in the sensitivity analysis
(Daniel et al. 2012). The research team recommended using specific values for some design
inputs and Level 3 default values for the others. It’s worth noting that the final NETCR 87-06
report provides very detailed recommendations for each group of inputs (Daniel et al. 2012). It is
also worth noting that for Connecticut, three climatic zones were recognized (Groton-New
London, Bridgeport, and Hartford), which yielded significant difference in thermal cracking.
However, the range of binder PG values used in this study for Connecticut (52-22, 58-22, and
64-22) is questionable in knowing that 64-22 and 64-28 have mainly been used for years in these
areas. One important conclusion from this study is that the researchers recognized that
differences between New England states are great enough to necessitate a closer look on the
range of input values for each individual state in the region.

Closing Remarks

The vast majority of SHAs use empirical AASHTO procedures for pavement design. Recently,
the new Mechanistic-Empirical Pavement Design Guide has been developed to assist the
designers in optimizing the design through the use of different combinations of design features
and materials for the prevailing local conditions. Before adopting the M-EPDG, a better
understanding of its concepts, as well as a comprehensive implementation plan, are needed to
make it work on the state/project level.

The literature search allowed tracking of the most recent M-EPDG implementation activities in
New England, as well as in the SHASs that are in the most advanced phase of implementation.
The review of the information available from the Transportation Research Board and DOT
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publications indicated the following general steps to be made for preparation of a comprehensive
implementation plan:

e Identify design inputs relevant for the local typical pavement designs

e Conduct sensitivity analysis of selected inputs to establish their significance for the M-
EPDG distress prediction models

e Estimate resources needed for the local agency to collect data that is needed to establish
the design input values on a desired level of prediction accuracy

e Prepare implementation plan including M-EPDG-related activities, such as staff training
and M-EPDG-related local guidance and specifications

The Research Team used the information obtained from the literature search to develop the
research methodology for this project.
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CHAPTER 3 Review of M-EPDG Design Inputs and Distress Prediction

Models

The M-EPDG software incorporates distress prediction models that are based on the correlation
between accumulated damage in pavement layers due to traffic loads and temperature gradients.
The damage computations utilize numerous inputs related to the thermal, mechanical and
volumetric properties of bound and unbound materials. Depending on the desired reliability of
the distress prediction, an agency may be required to obtain different levels of detail on a
particular material property. To facilitate understanding of the M-EPDG hierarchical input
system broad categories of the climatic, traffic, and material inputs are covered in the following
section, while the detailed list of input levels for each hierarchical level is provided in Appendix
A.

Hierarchical Approach to Inputs in the M-EPDG

The M-EPDG was developed using a hierarchical approach to provide pavement designers with
flexibility in making decisions on desirable levels of detail for design inputs. A level of detail
would depend on a criticality of a project (e.g., high-volume interstate versus low-volume local
collector) and availability of resources for obtaining required data. (NCHRP 2004). The Guide
defines the following three levels of inputs:

1. Level 1 provides the highest accuracy with the lowest degree of uncertainty. Therefore, it
requires project-specific inputs obtained from either laboratory or field testing (e.g.,
binder/mix master curves), site-specific axle load distribution data, or nondestructive
deflection testing. Due the extensive amount of time and resources required to perform a
Level 1 design, it is recommended only for where a low likelihood of failure is
warranted, and for research projects and forensic studies.

2. Level 2 yields an intermediate level of accuracy similar to the typical procedures
associated with the AASHTO 1986 design guide. The inputs for Level 2 can be selected
from an agency database, obtained from a limited testing program, or estimated through
empirical relationships. For instance, an HMA dynamic modulus can be estimated from
binder viscosity, aggregate strength, and volumetric properties of the HMA mixture.

3. The use of Level 3 inputs results in the lowest level of accuracy, therefore, it is
recommended for typical projects with low variation in material properties and low traffic
volumes. The M-EPDG software incorporates default values, but the software allows the
average values for a particular region to be used instead of the national default values.

Inputs of mixed hierarchical levels can be used in the same project (i.e., Level 2 binder data
along with Level 3 subgrade data). The computation process, however, remains the same
regardless of the quality of the input data.

Climatic Inputs

The previous versions of the AASHTO pavement design guide (e.g., 1993, 1986) addressed
differences in climate by applying seasonal adjustments to material moduli using drainage
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coefficients. The M-EPDG introduces a one-dimensional finite element model, which is called
Enhanced Integrated Climatic Model (EICM), to compute temperature and moisture gradients
through each pavement layer and the subgrade (NCHRP 2004). The EICM model requires quite
a few input parameters that can be divided into the following categories:

e General Information: construction dates for each pavement layer, open-to-traffic dates,
and type of design (new or rehabilitated, HMA, or PCC)

e Weather-Related Inputs (hourly values): air temperature, precipitation, wind speed,
percent sunshine, and relative humidity over the pavement design life (all obtained from
weather stations throughout the US).

e Depth of Groundwater Table (obtained from boreholes for Levels 1 and 2 or from the
National Resources Conservation Service reports for Level 3 inputs)

e Drainage and Surface Properties: surface short wave absorptivity, water infiltration
potential of the pavement (none, minor, moderate, and extreme levels for 0, 10, 50, and
100 percent of precipitation entering the pavement, respectively), drainage path length,
and the pavement cross slope.

e Pavement Material Properties: layer thickness; thermal conductivity (K) and heat
capacity (Q) for HMA and PCC layers; specific gravity, saturated hydraulic conductivity,
maximum dry unit weight, dry thermal conductivity, heat capacity, plasticity index,
gradation, optimum gravimetric water, and equilibrium gravimetric water content for
unbound materials of base and subgrade.

Traffic Inputs

The M-EPDG procedure utilizes axle load spectra data to compute the total design 18 Kip
Equivalent Axle Loads (ESALS). This requires the following inputs:

Base year truck-traffic volume (the year used as the basis for design computations)
Vehicle (Class 4 to 13 truck) operational speed

Truck-traffic directional and lane distribution factors

Truck class distribution

Axle load distribution factors

Axle and wheel base configurations

Tire characteristics and inflation pressure

Truck lateral distribution factor

Truck traffic growth factors

Material Related Inputs

All materials considered in the M-EPDG can be divided into two large groups: bound materials
(HMA, PCC, Stabilized Bases) and unbound materials (granular bases/subbases and subgrade).
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The inputs related to those materials are further classified into (1) critical response inputs, (2)
transfer function inputs, and (3) climatic modeling inputs. Table 3.1 provides a summary of the
material-related inputs.
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Table 3.1. Summary of Required Material-Related Inputs for the M-EPDG

Material Category

Input category

Critical Response
Inputs

Distress/Transfer
Inputs

Climatic Modeling
Inputs

HMA materials
(surface, binder, and
base courses)

o Time-temperature
dependent dynamic
modulus of elasticity

¢ Poisson’s ratio

e Tensile strength

e Creep compliance

o Coefficient of thermal
contraction

¢ Surface shortwave
absorptivity (for HMA
surface only)

¢ HMA thermal
conductivity

e HMA heat capacity

¢ Binder viscoelastic

properties
PCC materials e Time-dependent e Modulus of rupture » Surface shortwave
(surface only) elastic modulus e Compressive strength e Absorptivity

e Poisson’s ratio

¢ Unit Weight

o Coefficient of thermal
expansion

e Split tensile strength
e Cement type

e Cement content

¢ Water-cement ratio
o Ultimate shrinkage

¢ Reversible shrinkage

e Thermal conductivity
o Heat capacity

Chemically and
cementitiously

e Elastic modulus
e Poisson’s ratio

e Minimum resilient
modulus

e PCC thermal
conductivity

stabilized materials e Unit weight e Modulus of rupture e PCC heat capacity
(lean PCC, cement/ « Base erodibility

lime/ fly ash

stabilized bases and

soils)

Unbound o Seasonally adjusted e Gradation (% passing) | e Plasticity index

base/subbase and
subgrade materials

resilient modulus

e Poisson’s ratio

¢ Unit weight

o Coefficient of lateral
pressure

¢ Base erodibility

e Gradation (% passing)

¢ Specific gravity

¢ Hydraulic conductivity

e Optimum moisture
content

e Soil-water curve
parameters

Recycled PCC
materials

e Resilient modulus
e Poisson’s ratio

o Base erodibility

e Thermal conductivity
o Heat capacity

Recycled asphalt
pavement (RAP)
(plant-processed)

Same as for HMA surface

Cold RAP
(aggregate)

Same as for unbound materials with no moisture sensitivity

Bedrock

e Elastic modulus
e Poisson’s ratio
o Unit weight

None

None
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Rehabilitation-Specific Inputs

The M-EPDG considers three main categories of pavement rehabilitation design: (1) Restoration
of Jointed Plain Concrete Pavement (JPCP), (2) HMA overlay of existing HMA or PCC
pavement, and (3) PCC overlay of existing PCC or HMA pavement. Each category includes
several sub-categories based on the type of existing pavement treatment (e.g., do nothing, HMA
milling, PCC rubblization, etc.). Since the main rehabilitation technique in Connecticut is an
HMA overlay of either milled HMA or PCC pavement, the rehabilitation-specific inputs for
those two sub-categories are discussed in this section (See Table 3.2). Note that the material-
related inputs for both existing and new layers are listed in Table 3.1. For this research the main
focus was HMA overlay of existing HMA and HMA overlay of rubblized PCC. In future
research, the scenario of HMA overlay of PCC should be examined.

Table 3.2. Summary of Required Rehabilitation-Specific Inputs for the M-EPDG

Rehabilitation Design Type

Rehabilitation-Specific Inputs

HMA overlay of existing HMA pavement

Milled thickness [in]

Geotextile presence [True/False]

Pavement rating of the existing HMA surface
[Good to very Poor]

Total rutting of the existing HMA surface [in]

HMA overlay of existing rubblized PCC
pavement

HMA overlay-related inputs

Milled thickness [in]

Geotextile presence [True/False]

Pavement rating of the existing HMA surface
[Good to very Poor]

Total rutting of the existing HMA surface [in]

Rubblized PCC-related inputs

Elastic resilient modulus of the fractured slab

[psi]
Type of fracture [Rubblization]
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Overview of the M-EPDG Distress Prediction Models

To evaluate pavement performance during its design life, the M-EPDG procedure utilizes three
stages on which (1) The monthly cumulative damage is computed from the hourly critical
pavement responses to the traffic and environmental loads, (2) The amount of distress for each
month is predicted by statistical distress-damage models calibrated on the LTPP performance
data, and (3) The distress trend over the service life at a specified level of reliability is produced
in tabulated and graphic format. Figure 3.1 shows a simplified schematic of the distress
prediction process. The distress values are compared with the performance thresholds, or
maximum values specified by an agency, to make a decision on the acceptance of a particular
design or needs in an alternative one.

Damage Distress Distress
Damage Age

Figure 3.1. Flow chart of predicting distresses from cumulative damage through transfer
functions.

While the detailed documentation of the distress prediction models can be found elsewhere
(NCHRP 2004, AASHTO 2008), this report summarizes information pertinent to pavement
design in Connecticut. Effectively, the following distress models for new and rehabilitated HMA
pavements are discussed:

Longitudinal cracking (top-down fatigue)

Alligator cracking (bottom-up fatigue)

Reflective cracking (for rehabilitated HMA pavement only)
Thermal (transverse) cracking

Rutting in asphalt layer

Total rutting

Roughness in terms of International Roughness Index (IR1)

Longitudinal (Top-Down Fatigue) Cracking
Although most of the traffic load-related fatigue cracking propagates from the bottom of the
HMA layer up to its surface in the direction of traffic, it has been commonly accepted that the
top-down fatigue (See figure 3.2) can develop in the longitudinal direction due to the following
factors (Roque2010):

e Bending-induced surface tension away from the tire in thin to medium HMA layers

e Shear-induced near-surface tension at the tire edge in thicker HMA layers

24



¢ HMA aging, which accelerates development of both bending and shear-induced damage

Repeaied Wheel Loads Repeated Wheel Loads
& High tire pressure & High tire pressure

EE Uﬁm v l.l%m Downweard Crack
HMA Lagrerv\tk ‘&' le pagation

-
%ﬁ%ﬁgﬁ%ﬁ  Dusclayr g%a)mm . % : §§§m§ g@m : % E

Figure 3.2. Top-down fatigue cracking schematic (left [MEPDG 1.100]) and image (right).

The M-EPDG algorithm utilizes an equation (See Figure 3.3) to directly predict longitudinal
cracking (FCyop) from the damage due to cumulative traffic load and the elastic and volumetric
properties of the HMA mixture. The damage computed using Miner’s principle (See Figure 3.4),
is used to predict the number of ESALS at failure (Nf as shown in Figure 3.5).

The regression coefficients C1 through C4 can be adjusted by an agency for local calibration.
Note that the standard deviation equation shown in Figure 3.3 was developed from the LTPP
data and it shows very low reliability for prediction of cracking. For example, 10 ft/mi of
longitudinal cracking at 50-percent reliability will correspond to 1923 ft/mi at one standard
deviation (84-percent reliability), which nears the default performance threshold of 2000 ft/mi
recommended by the M-EPDG. Such a low correlation between predicted FC top values and
field measurements may be explained by an inconsistency in cracking definitions (wheelpath
versus non-wheelpath) and section boundaries ( e.g., longitudinal joints on one or both sides of
the lane taken into consideration).
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Figure 3.3. HMA Top-Down Cracking Model (MEPDG 1.100)

Fatigue Damage = Z Z Z Z Z Z ]’:frjklmn
ik

m n ijklmn

where:
Dy, = Applied number of load applications at condition 1,j.k,.

Nijkimn = Allowable number of load applications at condition 1,],
1 =Age ] = Season
k = Axle combination | =Load level

m = Temperature gradient  n = Traffic path

Figure 3.4. Fatigue Damage Calculation.
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Figure 3.5. HMA Fatigue Model (MEPDG 1.100)

The asphalt fatigue model (Asphalt Institute) equation shown in Figure 3.5 allows for the local
calibration by switching from the National Calibration option to the state/regional calibration
option and changing the coefficients B through Sss.

Alligator (Bottom-Up Fatigue) Cracking

This type of fatigue cracking develops due to repeated bending of the HMA layer under traffic.
This bending results in tensile stresses, which cause cracks that initiate at the bottom of the layer
and will increase with continued loadings until the cracks propagate to the surface of the layer
(See Figure 3.6). The most common reasons for alligator cracking are (NCHRP 2004):

Inadequate HMA thickness or strength for the traffic magnitude and repetitive loading
Higher wheel loads and higher tire pressures

Soft spots or areas in unbound aggregate base materials or in the subgrade soil

Weak aggregate base/subbase layers caused by inadequate compaction or increases in
moisture contents, and/or an extremely high ground water table
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Figure 3.6. Alligator (bottom-up fatigue) cracking schematic (left [MEPDG 1.100]) and
image (right).

Similar to the longitudinal cracking, the M-EPDG directly predicts bottom-up (alligator) fatigue
cracking from the damage (D) calculated as shown in Figures 3.4 and 3.5. However, the model
incorporates another major factor, HMA layer thickness (hac), into the equation (See Figure 3.7).
The reliability of the prediction based on the LTPP database is indicated by the standard
deviation equation, i.e. 10 percent alligator cracking predicted at 50 percent reliability will yield
24 percent of area failed, which is very close to 25-percent default threshold for this distress.
This also suggests the need for calibration of the alligator cracking model on local data.

AL Bottorn Up Cracking

G000 1
FC= (1 " ch_'ﬁ.n:_ T vlog, (DAL ] *[ﬁ)

€', = —240874 - 30748 *(1-+4,,) "%
C = —2%C",

C1 pottom) |'I
C2 jpotiom) |'|
C4 bottom) |’5'3““"]I

Standard Deviation (BOTTOM):

1.13+13/(1+exp(7.57-15 5og(BOTTOM=0.0001))

Figure 3.7. Bottom-Up Fatigue Model (MEPDG 1.100)
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Reflection cracking

It is worth noting that, although the reflection cracking prediction model has been incorporated
into M-EPDG software since as early as version 0.9, very little or no documentation is provided
in both the original (NCHRP 2004) and the most updated manual of M-EPDG Practice
(AASHTO 2008). One of the reasons for that is that the reflection cracking model was never
nationally calibrated due to the lack of data from the LTPP sections. Therefore, this section
refers to the NCHRP Report 669 (Lytton et al. 2010) for definitions and mechanisms of
reflection cracking, while the quantitative features of the model are inferred from the screen
shots of the M-EPDG program user interface (M-EPDG 1.100)

Reflective (NCHRP 2004) or reflection (Lytton et al. 2010) cracking can be defined as the
cracking in a pavement overlay that is caused by fatigue propagating through the overlay due to
movements of some form in the vicinity of existing cracks or joints in the underlying pavement
(Lytton et al. 2010). There are three possible mechanisms of the reflection crack development
(Figure 3.8):

1. Traffic load-induced fatigue occurs due to excessive deflection of an overlay above an
underlying crack or joint resulted in the vertical stress concentration.

2. Thermally-induced fatigue develops in an overlay due to horizontal expansion or
contraction of an existing crack or joint.

3. Surface-initiated cracking due to non-linear temperature gradient from the top down to

the pavement structure.

HMA overlay T Crack growth I Crack growth
A I
- Thermal expansion —_—
Existing |a¥8f-—-l I *—"  and coniraction 1 ITraﬂic movement
Sub-base
Thermallv induced fatiaue Traffic induced fatigue

Thermal contraction

I— 1l
| |} Crack growth Temperature gradient
giving greater

- J —
ha f@arping contraction at surface

Surface initiated crackin

Figure 3.8. Mechanisms of Reflection Cracking (Lytton et al. 2010 after Nunn 2008)
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The prediction equation for reflective cracking (RC) in Figure 3.9 includes age of pavement (t),
overlay thickness (hyc), and its effective thickness (Hes) as independent variables. The Heff
parameter is not calculated but rather a recommended value based on the existing pavement type
(flexible or rigid) and quality of load transfer (good or poor). Further, the M-EPDG provides
recommendations for calibrating coefficients (See Figure 3.9). Once again, the calibration of the
reflection cracking model may be critical since reflective cracking is one of the most common
distresses in Connecticut, especially in cases when no milling is performed before the overlay,
and thin overlays have been placed.

RC = Percent of cracks reflected, %o
t = Time, vears
RC 100 hy: = Owverlay thickness(in)
— PR a = 3.5+ 0.75(Heff) -
1+e? dbt b =-0.688384 — 3.37302(Heff) "
c = ]
d = Calibration parameter (user input)
AC over AC AC over Rigid, Good AC over Rigid, Poor
Load Transfer Load Transfer
H eff b by -1 hy -3
Recommended Calibration Parameter - d
Heff Delay Cracking Accelerate Cracking
by 2 vears by Ivears
< 47 0.6 3
4-6" 0.7 1.7
= 6" 0.8 14

Reflective cracking c: |1.000
Reflective Cracking d: |

Figure 3.9. Reflective Cracking Model (M-EPDG 1.100)

Thermal Cracking

Cracking in flexible pavements due to cold temperatures or temperature cycling is commonly
referred to as thermal cracking (Figure 3.8). Thermal cracks typically appear as transverse cracks
on the pavement surface roughly perpendicular to the pavement centerline. These cracks can be
caused by shrinkage of the HMA surface due to low temperatures, hardening of the asphalt,
and/or daily temperature cycles. There are two types of non-load related thermal cracks:
transverse cracking and block cracking. Transverse cracks usually occur first and are followed by
the occurrence of block cracking as the asphalt ages and becomes more brittle with time.

The M-EPDG thermal cracking model only predicts the amount of transverse cracking by
relating the ratio of the crack depth (C) over the asphalt layer thickness (hyc) to cracking
frequency (Cy) through calibration coefficients (Figure 3.10). The incremental increase in crack
depth (AC) is computed from the change in the stress intensity factory (AK) and HMA mix
stiffness parameters A and n, which are, in turn, a function of undamaged mix tensile strength
(om), and mix stiffness (E) (NCHRP 2004, Appendix HH).

It appears that the current version of the thermal cracking model in M-EPDG does not yield
meaningful results because of frequent crashes due to missing or inconsistent temperature data in
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the climatic files created by the EICM (Marasteanu et al., 2007, Hoerner et al., 2007, Velasquez

et al., 2009). Apparently, an additional research effort is needed to improve the thermal cracking
predictions by the M-EPDG. Nevertheless, the sensitivity analysis of the thermal cracking model
for Connecticut was performed under this project, as discussed in the next chapter, to verify

previous findings.

log C};h -cbsmdm‘:nfﬂmﬂunhufmm
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Figure 3.10. Thermal Cracking Model (MEPDG 1.100)

Asphalt Concrete (AC) Rutting

In pavement design, rutting refers to surface depression(s) in the pavement layer (normally, in
the wheelpaths) due to irrecoverable plastic deformation. This permanent deformation may occur

by two mechanisms:

1. One-dimensional densification or vertical compression (Figure 3.11a) is generally a result
of compaction of the mat or underlying layers to compact under the traffic due to
excessive air voids or inadequate compaction.

2. Lateral flow or plastic movement (Figure 3.11b) in HMA mixes with inadequate shear
strength is characterized by shear upheavals on either side of the depression.

Original Pavement Surface

| -

a. One-Dimensional Densification or vertical compression

\/ . -

Original Pavement Surface

/\iﬁ"f.

b Lateral Displacement or Two-Dimensional Plastic Movement

Figure 3.11. Rutting Schematics (left) and image (right)
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The M-EPDG incremental damage approach requires an estimation of rutting for each sub-
season at the mid-depth of each sub-layer within the pavement system. Each sub-season
represents 20% of the frequency distribution of the pavement temperature over a given analysis
period. The permanent deformation of each individual sub-layer is computed by separate
algorithms for unbound and bound materials from the plastic strain accumulated at the end of
each sub-season. The overall permanent deformation (PD) for a given season is the sum of
permanent deformations for each individual layer (a product of plastic strain (&) and sublayer
thickness (h)) as in Equation [3.1].

mrubimars

PD = E ..r.';_.h’
j]

[3.1]

The plastic strain model for AC layers depicted in Figure 3.12 allows for computation of plastic
strain from the resilient strain of HMA mix, layer temperature, number of traffic load repetitions,
and total AC layer thickness through a regression equation (NCHRP 2004, Appendix GG). The
model allows users to use local calibration coefficients to adapt the model to local conditions.
Note that it is assumed that asphalt layers have no moisture content (NCHRP 2004, Appendix
GQG).

g = plastic strain {in/in)
P B oS ark 8 & P
s =k Bal0T THON § = resilient sirain (in/in)
" T = layer temperature (°F)
k, = (C)+ C, *depti) %0.3281 967" N =number ofload repetitions
C, =-01039% 52 4+24868%H  -17.342
€, =00172*H2 —17331%H_ +27.428
Where:
Hac =total AC thickness (in)

NCHRP 1-37A Ll (335412} Bri: 5-30A Input
€ Special Analysis : . ﬁ
(% Nationally Calibration RNyl B2
" State/Regional Calbeation K3 [0.4791 Br3:

I
" Typical Agency Values

Standard Deviation |0.24"POWERRUT,0.8026)+0.001
AC Rutting (RUT):

Figure 3.12. AC Rutting Model (MEPDG 1.100)

Unbound Material Rutting

Similarly to the AC rutting model, the M-EPDG predicts the permanent deformation in unbound
layers (base/subbase, and subgrade) from resilient properties of the materials and layer
thicknesses. The difference in the approach to unbound materials is that the temperature term is
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taken out of the equation (NCHRP 2004, appendix GG). It should be noted that the moisture
effect on rutting in unbound materials is indirectly incorporated with a correlation of the water
content with the plasticity index and the percentage of aggregates passing #200 (NCHRP 2004,
Appendix GG). Figure 3.13 provides a screenshot of the base/subgrade rutting model from the
M-EPDG user interface.
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Figure 3.13. Base/Subgrade Rutting Model (MEPDG 1.100)

Total Rutting

The M-EPDG software reports separate values for each pavement layer for total rutting of the
pavement structure. Total rutting is computed as the sum of permanent deformations of
individual layers including AC, granular base/subbase, and subgrade. Since it seems impractical
to measure rutting in unbound layers, and where it is difficult to separate asphalt and
base/subbase layers’ contribution to rutting, in most cases, the sensitivity analysis in this project
only utilized AC and total rutting as performance indicators.

International Roughness Index (IRI)

Pavement surface smoothness has long been used nationwide by the road authorities as a
measure of functional adequacy of pavements. Smoothness can be defined as the variation in
surface elevation that induces vibrations in traversing vehicles (NCHRP 2004). The International
Roughness Index (IRI) is one common way of measuring variations in road surface profile.

The M-EPDG utilizes linear regression models to predict the IRI over the design period. The
model treats the initial IRI, rutting, bottom-up/top-down fatigue cracking, thermal cracking, and
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site factors as independent variables. The site factors include subgrade and climatic factors to
account for the roughness caused by shrinking or swelling soils, and frost heave conditions. IRI
is estimated incrementally over the entire design period. It should be noted that IRI is not a
distress, and therefore it serves as an indicator of functional serviceability rather than a measure
of structural integrity, albeit a strong correlation of IRl with some distresses has been found in
the field. For instance, the regression coefficients in Figure 3.14 indicate rutting as a primary
contributor to changes in longitudinal profiles over time (C1=40).

IRl Aexdble Pavements

1 - Rutting
24 - Fatigus Crack
3 - Trangwerse Crack
4 - Bite Factors

40|

ClHMA) =8
czmn |04
C3 HMA) 0.008

C4 (HMA) |E 015

Figure 3.14. IRI Model for Flexible Pavements (MEPDG 1.100)

The independent panel of reviewers has recommended excluding IR1 from the M-EPDG, arguing
that IRI is a tool for pavement management and its inclusion contradicts mechanistic approaches
to pavement design in the M-EPDG (NCHRP 2006). Nevertheless, the most current version of
the M-EPDG software, as well as DARWin-ME™ package, does include the nationally
calibrated IR1 model. Furthermore, ConnDOT has been intensively using automated profile
measurements since as early as 1987. This historic data can be used to perform a local calibration
of the IRI model. Therefore, the research team of this project included this parameter in the
analysis of sensitivity.
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CHAPTER 4 Identification of Typical Traffic Volumes, Pavement

Features, and Site Conditions for Connecticut

One of the most important tasks in preparing the M-EPDG implementation plan for the
Connecticut DOT was to identify the scope and range of design inputs to be evaluated in the
sensitivity analysis of the M-EPDG software. In view of the vast number of inputs used by the
distress prediction models, a decision had to be made on (1) what variables could be fixed to
constant values, (2) what inputs actually varied around the state, and (3) what ranges of variable
inputs should be used in the sensitivity analysis.

To facilitate the decision, the research team explored two venues. First, a panel meeting was
arranged to interview pavement management and design personnel at the ConnDOT
headquarters and obtain as much information as possible on typical pavement design
configurations and pavement structures. Second, the ConnDOT pavement-related construction
specifications and special provisions were thoroughly studied to complete an assessment of the
traffic and material-related inputs’ scope and range.

This chapter provides a summary of typical climatic conditions, pavement features, and material
properties, whereas Appendix A includes detailed descriptions and ranges of inputs considered
for the sensitivity analysis.

Typical Pavement Design in Connecticut

During the interview with ConnDOT pavement design and management personnel, three typical
pavement designs were identified: (1) Newly constructed AC pavements, (2) AC-overlaid AC
pavements, and (3) AC-overlaid rubbilized PCC pavements. It was recognized that the most
common pavement maintenance/rehabilitation activity in Connecticut is a 2 inch overlay placed
over existing pavement with or without preliminary milling of the existing surface. ConnDOT
also acknowledged that AC-overlaid PCC or repaired PCC is also an important pavement design
consideration.

Climatic Zones in Connecticut

According to the U.S. Department of Agriculture (USDA), Connecticut territory falls under four
plant hardiness zones that differ in extreme minimum annual temperatures (See Figure 4.1). The
southern coast is the warmest (zone 7A [-18 to -15 °C]), whereas the northwest and northeast
hills are the coldest (zone 5B [-26 to -23 °C]). The rest of the state is rated either as 6A or 6B (-
23 to -18 °C). After consultations with ConnDOT, the research team adopted three climatic
zones and explored the climatic data available for use in M-EPDG.

Three climatic input files (Climate I, I1, and Il for shore, inland, and mountain zones
respectively) were created by the interpolation of the temperature, precipitation, and wind data as
shown in Table 4.1. Note that not enough data was available for weather stations (Poughkeepsie,
NY, and Pittsfield, MA) in the vicinity of Litchfield County (Northwest CT). Therefore, the data
from Worcester, MA, station were used for simulating Climate 111 (mountain). The elevation and
groundwater table data were interpolated for each climate as well.
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Figure 4.1. Connecticut Climatic Zones (http://planthardiness.ars.usda.gov/iPHZMWeb/#)

Table 4.1. Summary of the M-EPDG climatic data

Depth of
Climate ID Climate Name Weither _Statlon Elevation [ft] Groundwater
ocations Table
[ft]

Climate | SHORE Bridgeport, CT 11 20

New Haven, CT

Groton, CT
Climate Il INLAND Hartford, CT 18 20

Willimantic, CT 247
Climate Il MOUNT Worcester, MA 1,009 20

Main Traffic Variables
The traffic-related variables in the M-EPDG were chosen based on the typical functional
classification and corresponding traffic levels prescribed for Superpave design in Connecticut
(Table M.04.03-4 ). Accordingly, three levels of traffic (Level 3 High, Level 3 Medium, and
Level 2) were utilized to establish the number of ESALS over the design life and calculating

initial Average Annual Daily Truck Traffic (AADTT) values. In addition, a separate speed value

was established for each traffic level. The annual truck traffic growth was fixed at 2 percent
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based on consultation with ConnDOT pavement design personnel. Table 4.2. summarizes the
general traffic-related inputs, while Appendix A provides a full description of vehicle class
distribution, hourly truck traffic distribution, axle configuration, and other required inputs.

Table 4.2. General traffic inputs

Highway Functional Traffic Level Design Life Initial AADTT Speed
Class (Table M.04.03-4 ESALs [trucks] [mph]
[million]
Interstate HWY Level 3 High 12.1 2500 70
Non-Interstate HWY | Level 3 Medium 4.8 1000 55
Local Arterial Level 2 1.9 400 40

Subgrade Properties in Connecticut

The Research Team has explored the available literature to determine typical subgrade properties
in Connecticut. Historically, three types have been identified as representative soils based on the
percentage of aggregate passing the #10 and the #4 sieves, as shown in Table 4.3 (Long 1992). It
should be noted that, although subgrade types per AASHTO classification do not vary
significantly across the state (Malla 2006), considerable seasonal variations in resilient modulus
values should be anticipated in Connecticut. Finally, the subgrade modulus values in the
sensitivity analysis ranged between 10,000 and 20,000 psi (See Table 4.3)

Table 4.3. Subgrade properties

Subgrade ID Percent Percent AASHTO | Mix Dry Resilient | Assigned
Passing #10 | Passing #4 Class Density Modulus Resilient
(Long1992) | (Long1992) Range Modulus
[psi] [psi]
(NCHRP
2004)
Soil A 75 8.7 A-1-b 123.3 6,000 — 10,000
16,000
Soil B 62 8.8 A-1-b 126.5 8,000 — 15,000
20,000
Soil C 50 11.2 A-1-b 142.5 10,000 - 20,000
30,000

Typical Pavement Structures in Connecticut

During the interview with ConnDOT professionals and based on the information available
elsewhere, typical values for such parameters as layer thickness, binder PG, and aggregate
gradations, were identified for further use in the analysis of M-EPDG sensitivity design inputs.
Table 4.4 shows major design parameters for 8-, 10-, and 12-in thick newly constructed asphalt
pavements. Note that aggregate gradation and air voids for Superpave HMA mixes were
obtained from Table M.04.03-3, whereas binder content was obtained for each mix type and
traffic level from Table M.04.02-5 (ConnDOT Specifications, FORM 816, Division Il1, Section
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M.04). Table 4.5 provides basic material inputs for the three types of granular base material
considered in this project. More specific inputs related to pavement layer material properties can
be found in Appendix A.

38



Table 4.4. Baseline pavement structures and mix properties

Design Parameter Structure | | Structure 11 Structure 111
(3+5+0) (4+6+0) (3+3+6)
HMA Layer Thicknesses [in]
Surface HMA 3 4 3
Binder HMA 5 6 3
Base HMA 0 0 6
Asphalt Binder Inputs
Surface AC Binder PG 64-22 64-22 64-22
Binder AC Binder PG 64-22 64-22 64-22
Base AC Binder PG 64-22 64-22 64-22
HMA Mix Properties
Surface AC Mix Type/ NMAS S0.375 S0.375 S0.375
Binder AC Mix Type S0.5 S0.5 S0.5
Base AC Mix Type Granular Base A” + 2% PG 64-22
Air Voids [percent] 4 (for all AC layers)
Asphalt Binder Content® [percent]
Surface AC 5.4-5.5 5.4-5.5 5.4-5.5°
Binder AC 4.8-4.9 4.8-4.9 4.8-4.9
Base AC 2 2 2

ISee Table M.04.03-3 for gradation and volumetrics
’See Table 4.5 for granular base properties
*Depends on traffic level (See Table M.0.4.02-5)

Table 4.5. Basic granular base material properties (after CTDOT Section M.04)

Input | GradingA | GradingB | GradingC
Aggregate Gradation (Percent Passing Sieve)

125 mm (5in) 100 100
90 mm (3.6 in) 90-100
37.5mm(1 % in) 55-100 55-95 100
19 mm(3/4 in) 15-80
6.3 mm(1/4 in) 25-60 25-40 25-60
4.15 mm (#4) 20-52 20-52 20-52
2 mm (#10) 15-45 15-45 15-45
0.425 mm (#40) 5-25 5-25 5-25
0.15 mm (#100) 0-10 0-10 0-10
0.075 mm (#200) 0-5 0-5 0-5
Plasticity Index 1 1 1
Assigned Modulus [psi] 30,000 25,000 20,000

For the AC-overlaid pavements (both AC over AC, and AC over PCC), a 3.5-in thick overlay
was considered as a base case for sensitivity analysis. The material properties of the overlay
varied as described in Appendix A. The underlying 10-in (4+6+0) thick existing AC pavement
(before 2-in milling occurred) was considered for the AC over AC analysis. The AC over PCC
pavement analysis required input of the resilient modulus for rubblized PCC slab (500,000 psi)
and for the underlying slab thickness (9-in).
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CHAPTER 5 Summary of the Sensitivity Analysis of M-EPDG Inputs

The M-EPDG software utilizes numerous inputs (more than 80 for flexible pavements) to
characterize traffic, climate, site conditions, pavement features, and material properties. Those
inputs do, however, have varying impacts on the predicted distress values. Furthermore, the same
input can affect the trends of different distresses differently. One simple example is an AADTT,
which has a tremendous effect on the fatigue distress values, but has no effect on thermal
cracking in the asphalt layer. Therefore, one of the central tasks of this project was to conduct a
sensitivity analysis of the M-EPDG inputs for the typical pavement designs in Connecticut.

Development of Testing Matrix

Based on the consultations with ConnDOT professionals and the previous experience of the
research team, a set of eight basic design scenarios was developed to address variations in traffic
volume, climatic conditions, and subgrade soil type for each pavement design, as shown in Table
5.1. Twenty four baseline M-EPDG runs were performed for each of the three typical pavement
designs (New AC, overlaid AC, and overlaid PCC pavements) with a total of 72 baseline
projects. The last available M-EPDG version 1.100 was used to predict pavement performance,
which was expressed in terminal values of predicted distresses. Table 5.2 lists the performance
indicators used for each pavement design type.

Table 5.1. Summary of basic design scenarios for sensitivity analysis

Scenario | Pavement Design Type Climate Type Subgrade Traffic Level

New AC Climate I (Shore) Soil A Level 2
Overlaid AC Climate 11 (Inland) Level 3 Medium
Overlaid PCC Climate Il (Mountain) Level 3 High
Soil B Level 2

Level 3 Medium
Level 3 High
Soil C Level 2

Level 3 Medium

DN |WIN|F-
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Table 5.2. Performance indicator models for sensitivity analysis

Design Type/ Pavement Type Performance Indicator Model

— New AC — Longitudinal cracking (top-down fatigue)

— Overlaid PCC — Alligator cracking (bottom-up fatigue)
(AC over rubblized PCC) — Thermal cracking

— AC layer rutting
— Total rutting

- IRI
— Overlaid AC — Longitudinal cracking (top-down fatigue)
(AC over milled AC) — Alligator cracking (bottom-up fatigue)

— Reflection Cracking
— Thermal cracking
— AC layer rutting

— Total rutting

- IRI

While creating M-EPDG design projects, the research team had to decide which inputs would be
kept fixed and which would be varied, as listed in Appendix A. Although it was desirable to
analyze the effect of all inputs on the predicted performance, due to budget and time constraints,
it was not possible. For the same reason, it was not possible at the time to analyze the full
factorial of the inputs and their interactions. Therefore, the team decided to vary the inputs or
sets of inputs that are only relevant to ConnDOT design procedures. For example, only the
AADTT variable was used in the analysis of the effect of traffic, while the effect of other
variables, such as vehicle class and hourly truck traffic distribution, were kept fixed.

In the second step of creating the sensitivity test matrix, a “one-at-a-time” approach to sensitivity
analysis was implemented for this project. Effectively, once the baseline values for variables
were established, the sensitivity of each nonfixed input variable was estimated by changing the
value of the variable, calculating the resulting pavement performance using the M-EPDG
software, and then comparing the predicted pavement performance to the established baseline
performance for the given design. The input values were changed from “Baseline” to “Low” and
“High” as shown in Table 5.3. The full description of the 185 M-EPDG sensitivity runs can be
found in Appendix C.

Sensitivity Analysis Approach

In general, a sensitivity analysis of a prediction model explores the magnitude of change in a
model response, or outputs, relative to the magnitude of change in individual predictors, or
inputs. Two venues of the analysis - qualitative and quantitative — were explored in this project.
The qualitative approach involved plotting summary charts in a “stock” format where the outputs
for low and high input values are connected by a vertical line to the “base” performance value,
centered against the input name on the x-axis (See Figure 5.1). The labels correspond to the input
values. Effectively, the longer the line, the greater the effect of a particular input on the output
value. For example, the chart in Figure 5.1 indicates that the use of binder PG 64-22 instead of
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PG 70-22 results in higher rutting, whereas binder PG76-22 yields lower rutting, if the rest of the
variables are fixed. When comparing the length of vertical lines, one can reasonably conclude
that the greatest influence on total rutting in new AC pavement is from AADTT , followed by
pavement structure (STRUCT), and modulus of subgrade (ES). At the same time, base layer
thickness (HBASE) and strength (EB) show very little effect as compared with other variables.
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Figure 5.1. Example summary chart of relative sensitivity of total rutting model for new
AC design in coastal climate.

One historic approach used by M-EPDG researchers to quantify the sensitivity employs
numerical analysis of the ratio of the percentage of change in output over the percentage change
in input (either direct or normalized values [Coree et al. 2005, Schwartz et al. 2007]). Another
approach was initiated by Yut et al. (2006) and further adopted by Velasquez et al. (2009) in
Minnesota and Hoerner et al. (2007) in South Dakota. This approach utilizes multiple analyses of
variance (ANOVA) and it is believed to be more robust in terms of proving statistical
significance of the effect of an individual factor on an output of the prediction model. Therefore,
the ANOVA approach to sensitivity analysis was also used in this project.

In an ANOVA, the significance of an individual M-EPDG input is indicated by the magnitude of

the calculated F-ratio associated with the input. Specifically, the F-ratio which is associated with
a given M-EPDG input is computed using the following equation:
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MSE

F — input [51]
IvlSEmodeI

where:
F = F-ratio
MSEinput = Mean square error of the mean predicted distress output associated with the
individual input under question
MSE model = Mean square error of the mean predicted distress output when all the inputs are
in the model

In other words, the F-ratio measures variation in the output caused by the variation in the
individual input being investigated and thus, the higher the F-ratio, the greater the effect of that
input on the model output. A statistical significance of such an effect is evaluated by a p-value,
or level of confidence. Due to a relatively small sample size in this study, a level of confidence
a=0.05 was selected. Effectively, an input is ranked as being of low importance if the p-value for
its F-ratio is statistically insignificant (smaller than 0.05).

Table 5.3 presents an example of an ANOVA analysis for total rutting sensitivity to inputs
depicted in Figure 5.1. Note that statistically significant inputs in Table 5.1 can be distinguished
by the order of magnitude of their F-ratios. Further, one can reasonably assume that, although
AADTT is higher in rank than SUBGRADE, which is followed by STRUCT, all three inputs
may be equally important because they represent independent input categories (traffic, site
condition, and pavement thickness). Therefore, it was decided to use logF to assess the
importance of the inputs. Where LogF is less than 0.5 it is low importance; LogF =0.5to 1 is
moderate importance; LogF= from greater than 1 to 3 is high importance; and, LogF greater
than 3 is critical importance. Figure 5.2 illustrates the concept where log(F=3.16)=0.5 and
log(F=10)=1 separate low-, moderate-, and high-importance categories of inputs exist. The
inputs with logF greater than 3 are considered critical in the analysis.

Table 5.3. Example of input significance for the total rutting model for new AC pavements

Order | Predictor | Predictor Name F p- logF | Statistical Assigned
No. Index value Significance | Importance
1 AADTT Initial average 549.3 0 2.74 Yes High
annual daily
truck traffic
2 SUBGRADE Subgrade 292.96 0 2.47 Yes High
Modulus
3 STRUCT Pavement 159.27 0 2.20 Yes High
Structure
4 CLIMATE Climate 49.82 0 1.70 Yes High
(Location)
5 ACBIND AC binder PG 14.49 0 1.16 Yes High
6 HBASE Base thickness 139 | 0.2645 | 0.14 No Low
7 BASE Base Modulus 138 | 0.2674 | 0.14 No Low
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Figure 5.2. lllustration of importance ranking for total rutting model for New AC.

44



Table 5.4. One-at-a-time testing matrix for sensitivity analysis (Climate 11, Traffic Level 3 Medium, Soil B)

Input Surface Overlay Rubblized
Index | Subbase/ Subbase/ | Pavement AC/ Overlay | AC mix Mill Existing | Existing PCC Existing
Base Overlay AC type . o PCC
. Base Structure . Thick. | Pavement | Total Resilient .
Thick, . . AC Thick. | [NMAS, . . . Thick.
. Type : . . [in] Rating Rutting | Modulus .
[in] Binder [in] in] ! [in]
oG [psi]
New AC Inputs N/A N/A N/A N/A N/A N/A N/A
Low 10 Grading A 3+5+0 64-22
Base 14 Grading B 4+6+0 70-22
High 18 Grading C 3+3+6 76-22
Overlaid AC Inputs N/A N/A
Low 10 Grading A 4+6 64-22 2 S0.375 1 Poor 0
Base 14 Grading B (Fixed) 70-22 35 S0.5 2 Fair 0.5
High 18 Grading C 76-22 5 S1 4 Good 1
Overlaid PCC Inputs
Low 10 Grading A N/A 64-22 2 S0.375 N/A N/A N/A 200,000 8
Base 14 Grading B 70-22 35 S0.5 500,000 9
High 18 Grading C 76-22 5 S1 100,0000 10
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Sensitivity Results for New AC Pavement Design

The sensitivity analysis for new AC design targeted the effect of the design inputs on the
variability in outputs for the following prediction models:

Longitudinal cracking (top-down fatigue)
Alligator cracking (bottom-up fatigue)
Thermal cracking

AC layer rutting

Total rutting

IRI

A total of 47 M-EPDG runs for a 20-year design life were conducted to analyze the effect of
climate, truck traffic volume, subgrade, and other design parameters (as indicated in Table 5.4).
Table A.8 summarizes fixed inputs for the new AC design, whereas the relative effect and
ANOVA results are discussed separately for each performance indicator.

Analysis of the Longitudinal Cracking Model for New AC Design

The relative effect of the investigated inputs on the predicted longitudinal cracking after 20 years
of service is shown in Figures 5.3 and 5.4. Note that for the base design, M-EPDG predicted an
identical value of 0.45 ft/mi for the shore and inland climates (Climate I and II, respectively) and
a half as high value of 0.2 ft/mi for the northwest and northeast hills for Connecticut (Climate
I11). While both values are very close to zero, one should recall that at 84 percent reliability, the
predicted total longitudinal crack length would reach 257 ft/mi based on the standard deviation
model shown in Figure 3.3.

The relative effect charts in Figures 5.3 and 5.4 indicate the following predictive trends:

o Effect of climate: Slightly lower top-down fatigue is expected in colder Climate I11.

e Effect of traffic: While in general, low to medium truck traffic volume would not
significantly affect the longitudinal cracking growth, it can clearly be seen that high
AADTT volumes of 2500 trucks per day do have more of an effect than the other
parameters. Furthermore, such an effect increases growth exponentially with an increase
in subgrade strength from Soil A (10,000 psi) to Soil C (20,000 psi).

e Effect of subgrade soil: It appears that the increase in soil modulus may result in a
visible increase in top-down fatigue. This can be explained by larger tensile strains on the
asphalt surface caused by stiffer support conditions (NCHRP 2004); however, this seems
to be relatively counterintuitive and contradictory to common practice.

o Effect of asphalt layer inputs: The relative charts clearly indicate the structure of
asphalt layers as the major factor in development of top-down fatigue cracking with a
substantial increase in cracking with a 1-in reduction in thickness of both surface and
binder courses (3+5 versus 4+6 structure). Also, it can be observed that binder PG yields
no effect of longitudinal cracking. Previous studies assumed that 4-in and thinner asphalt
layers suffer primarily from bottom-up fatigue cracking due to traffic loads. This type of
fatigue is predicted by a separate model for alligator cracking (Hoerner et al. 2007).
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e Effect of granular base inputs: As expected, neither base thickness nor base modulus
show any effect on the predicted longitudinal cracking values.

The ANOVA results in Table 5.5 mainly agree with the observations from the relative effect
charts as they show the combination of layer thicknesses in pavement structure (STRUCT) as a
sole important factor. Recall that for the new AC design, the asphalt material properties, such as
aggregate gradation, air voids, and binder content were fixed at typical Connecticut values (see
Table 4.4).

Table 5.5. ANOVA of inputs for the longitudinal cracking model new AC design

Order | Predictor F p- logF | Statistical Assigned
No. Index value Significance | Importance
1 STRUCT 224.18 0 2.35 Yes High
2 CLIMATE 1.55 0.2276 | 0.19 No Low
3 SUBGRADE 0.79 0.4612 | -0.10 No Low
4 AADTT 0.23 0.7927 | -0.64 No Low
5 ACBIND 0.01 0.9965 | -2.00 No Low
6 BASE 0.01 0.9972 | -2.00 No Low
7 HBASE 0.01 0.998 | -2.00 No Low
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Analysis of Fatigue Cracking Model for New AC Design
Figures 5.5 and 5.6 show relative effect charts for the fatigue cracking model. The important
observations from those charts are following.

Effect of climate: The M-EPDG model predicted very similar levels of bottom-up fatigue
cracking for all climates (0.12 and 0.11 percent area covered for SHORE/INLAND and MOUNT
climates correspondingly) when the baseline design is considered. It is also notable that virtually
no fatigue cracking is predicted for the thinnest AC structure (0.5 percent area for 3”+5”+0”) at
medium AADTT of 1000 trucks as well as for the highest AADTT of 2500 trucks using the
baseline pavement structure (47+6”+0). Lastly, it appears that the effect of base thickness in the
MOUNT climate is reduced as compared with that of SHORE/INLAND climates, which may be
attributed to the difference in moisture distribution through the base thickness.

Effect of traffic: Obviously, traffic volume has a significant impact on bottom-up fatigue
cracking, which grows exponentially with an increase in AADTT. Once again, similarly to the
top-down fatigue, an interaction can be observed between AADTT and subgrade type.

Effect of subgrade soil: As expected, weaker subgrade support (lower modulus [ES]) results in
visibly higher levels of fatigue. Nevertheless, this effect is significantly lower than that of traffic
(AADTT) and AC structure (STRUCT).

Effect of AC layer inputs: Undoubtedly, the reduced total thickness of asphalt pavement is the
major contributor to the increase in fatigue cracking while the other variables discussed in here
are kept at fixed values. A higher cracking value for the 3”+3”+6” structure as compared with
that for 47+6”+0 can be neglected here, since all the values are very close to zero. A negligible
effect of the binder PG (ACBIND) is explained by the fact that fatigue is more controlled by the
low-temperature PG (-22 for all binders), while the high-temperature PG primarily controls
permanent deformation.

Effect of granular base inputs: The effect of base thickness is visible, although very small, and
apparently due to a relatively thick AC structure. Also, it appears that in the MOUNT climate,
the effect of base strength is visibly higher than that in the SHORE/INLAND climate.

The suggested ranking of significance in Table 5.6 is based on the level of the F-statistic
calculated from the ANOVA analysis. It assigns high importance to STRUCT, AADTT, ES,
while recognizing the moderate importance of CLIMATE.
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Table 5.6. ANOVA of inputs for the fatigue cracking model in new AC design

Order | Predictor F p- logF | Statistical Assigned
No. Index value Significance | Importance
1 STRUCT 494.43 0 2.69 Yes High
2 AADTT 440.66 0 2.64 Yes High
3 SUBGRADE 21.6 0 1.33 Yes High
4 CLIMATE 3.05 0.0612 0.48 Yes Low/Moderate
5 BASE 213 0.1354 | 0.33 No Low
6 HBASE 0.31 0.7331 | -0.51 No Low
7 ACBIND 0.17 0.8411 | -0.77 No Low
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Analysis of Thermal (Transverse) Cracking Model for New AC Design

Previous studies indicated that the thermal cracking model in the preliminary versions of the M-
EPDG software (0.914 and earlier) was often crashing or yielding unreasonable results (Hoerner
et al. 2007, Velasquez et al. 2009). However, the M-EPDG version 1.100 evaluated in this
project appeared bug-free, at least for the range of inputs used for the sensitivity analysis.
Therefore, the research team decided to include this model in the discussion.

Effect of climate: It is notable that the M-EPDG simulations for the coastal and low inland
areas (SHORE and INLAND climates) predicted virtually no thermal distress for any
combination of the inputs (Figure 5.7). On the other hand, presumably colder MOUNT climates
representing northwest and northeast hills in Connecticut yielded noticeable yet not critical
amounts of transverse cracking (313ft/mi) for the baseline design (Figure 5.8).

Effect of subgrade and base: Since thermal cracking is modeled as a response to a temperature
gradient that initiates from the top of the pavement structure, it is not expected to propagate to
the well-protected unbound layers (subgrade and base). Indeed, even for a colder MOUNT
climate, the M-EPDG shows a very small yet visible effect of base modulus (EB) with no effect
of base thickness (HBASE).

Effect of AC layer inputs: As discussed in Chapter 3, the main predictors in the thermal
cracking model are asphalt thickness and tensile properties of binder and HMA. It is no surprise
then that STRUCT and ACBIND show great relative effect on the outcome even at the zero
baseline value for milder climates. As expected, the thicker structure along with higher tensile
properties from the selected PG binders better withstand the thermal gradient. Nevertheless, it is
strongly recommended that thermal models be carefully calibrated before use in design.

Effect of traffic: No effect of traffic volume is shown since only environmental loading is
considered in the thermal cracking prediction.

The ANOVA results shown in Table 5.7 support the observations of the relative effect with the
exception of the STRUCT variable. Apparently, the variation in total asphalt thickness (8 to 12
in) is not sufficient to affect the variation in thermal cracking as compared with CLIMATE and
ACBIND variable.

Table 5.7. ANOVA of inputs for the thermal cracking model in new AC design

Order | Predictor F p- logF | Statistical Assigned
No. Index value Significance | Importance
1 CLIMATE 198.04 0 2.30 Yes High
2 ACOLBIND 6.25 0.0051 | 0.80 Yes Moderate
3 STRUCT 1.13 0.3351 | 0.05 Yes Low
4 AADTT 0.01 0.9964 | -2.00 Yes Low
5 BASE 0.01 0.9987 | -2.00 No Low
6 HBASE 0.01 1 -2.00 No Low
7 SUBGRADE 0.01 1 -2.00 No Low
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Analysis of AC Rutting Model for New AC design

Figures 5.9 and 5.10 show the relative effects of the traffic and pavement structure-related inputs
on the output of the M-EPDG prediction model for AC rutting. Those effects are discussed next,
followed by the summary of the statistical significance of the inputs.

Effect of climate: In general, a barely visible AC rutting level was predicted by the baseline M-
EPDG runs for all three climates, yet with lower rutting for MOUNT climate (0.06 inches as
compared with 0.07 inches for SHORE and INLAND), which would be anticipated at lower
average temperatures.

Effect of traffic: For all climates, the truck traffic volume (AADTT) appears to be the most
influencing factor, but to a slightly lesser degree for a colder MOUNT climate.

Effect of subgrade soil: Although the subgrade stiffness (ES) yields very small effects on the
M-EPDG rutting prediction for the AC layer, as expected, a stiffer subgrade may result in higher
shear strain for the asphalt layer, which is reflected in slightly higher permanent deformation.
Once again, the observations in the field may contradict the outcome predicted by the M-EPDG.

Effect of AC layer inputs: As expected, the binder PG and asphalt layer structure inputs
(STRUCT) are the primary material-related contributors to the terminal AC rutting level in
newly constructed HMA pavements.

Effect of granular base input: Although counterintuitive, the stiffer granular base may result in
slightly higher rutting outputs in the AC layer, provided the rest of the inputs are kept fixed. In
addition, the increase in base thickness barely reduced AC rutting.

It should be noted that despite the very small absolute values of AC rutting, the relative change
in the output appears statistically significant for all inputs in Table 5.8, with the exception of
base strength (BASE) and thickness (HBASE). Although rutting in Connecticut has mostly been
observed on interstate highways, the calibration of the rutting model may result in a slightly
different order of importance depending on local range of inputs.

Table 5.8. ANOVA of inputs for the AC rutting model in new AC design

Order | Predictor F p- logF | Statistical Assigned
No. Index value Significance | Importance
1 AADTT 1865.52 0 3.27 Yes High
2 CLIMATE 132.69 0 212 Yes High
3 ACBIND 65.65 0 1.82 Yes High
4 STRUCT 62.97 0 1.80 Yes High
5 SUBGRADE 6.72 0.0037 | 0.83 Yes Moderate
6 BASE 2.19 0.1284 | 0.34 Yes Low
7 HBASE 0.31 0.7335 | -0.51 No Low
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Analysis of the Total Rutting Model for New AC design

As discussed in Chapter 3, the M-EPDG algorithm predicts total rutting as a sum of permanent
deformations contributed by the AC, unbound granular layers, and the subgrade. The relative
effect charts in Figures 5.10 and 5.11 indicate generally low total rutting values (maximum 0.36
in) as compared with the default rutting failure threshold of 0.75 in. Nevertheless, no effect of
any individual variable can be neglected, as discussed next.

Effect of climate: The M-EPDG baseline predictions for the total rutting yielded very small yet
consistent differences between coastal/inland climates (0.250 in) and the mountain climate
(0.272 in). Indeed, all sensitivity runs for the MOUNT climate yielded terminal total rutting
values averaging 0.022-in.higher than the corresponding runs for the other climates.

Effect of traffic: Obviously, for the given range of inputs, the truck traffic volume has shown
the greatest influence on the total rutting.

Effect of subgrade: According to the relative effect charts, weaker subgrade results in larger
rutting, especially for soils with a modulus lower than 15,000 psi. Note that the decrease in
modulus from 15,000 psi to 10,000 psi results in as much damage as an increase in traffic from
1,000 to 2,500 AADTT.

Effect of AC layer inputs: Both binder PG and AC layer thickness contributed to the AC-
related portion of the total rutting, yet to a lesser degree than traffic and subgrade. It is shown
that an increase in high-temperature PG from 70 to 76 results in a decrease in rutting.

Effect of granular base inputs: Neither base thickness nor its strength show any visible effect
on total rutting for the given range of inputs (10-18 in thick base with modulus of 20,000 to
30,000 psi).

The ANOVA results shown in Table 5.9 mostly agree with the observations from the relative
effect charts in Figures 5.10 and 5.11. Note that the CLIMATE variable yields a statistically
significant F-ratio higher than 1 and, therefore, should be considered highly important.

Table 5.9. ANOVA of inputs for the total rutting model in new AC design

Order | Predictor F p- logF | Statistical Assigned
No. Index value Significance | Importance
1 AADTT 549.3 0 2.74 Yes High
2 SUBGRADE 292.96 0 2.47 Yes High
3 STRUCT 159.27 0 2.20 Yes High
4 CLIMATE 49.82 0 1.70 Yes High
5 ACBIND 14.49 0 1.16 Yes High
6 HBASE 1.39 0.2645 | 0.14 No Low
7 BASE 1.38 0.2674 | 0.14 No Low
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Analysis of IRl Model for New AC design

The IRI prediction model in the M-EPDG utilizes total rutting and fatigue as major predictors
along with thermal cracking and site factors as complementary predictors. Therefore, one should
expect that the inputs influencing the incorporated distresses will also affect the IRI output.
Therefore, the sensitivity of IRI predictions was evaluated for the same set of inputs as for the
other performance indicators. In knowing that IRI is routinely used by ConnDQOT as a
performance measure, the calibration of the IRl model may be of a particular interest in the
process of the implementation of the M-EPDG in Connecticut.

From the relative effect charts in Figures 5.13 and 5.14, the following conclusions can be drawn:
e Inthe colder MOUNT climate, a new bottom-up constructed AC pavement is expected to
have slightly higher roughness (103.3 in/mi) at the end of its service life as compared
with SHORE and INLAND climatic zones (99.1 in/mi).

e The climate (CLIMATE) and traffic volume (AADTT) appear to influence the IRI output
the most. The subgrade support (SUBGRADE), and asphalt layer thickness (STRUCT)
are following in that order in terms of their effect on IRI (Table 5.10).

e Binder PG input (ACOLBIND) has a statistically significant effect on IRI, apparently due
to its significant contribution to AC rutting and thermal cracking.

e For the given range of granular base thicknesses (HBASE) and moduli (EB), there is no
evidence of the effect of base-related inputs on IRI.

Table 5.10. ANOVA of inputs for the IRl model in new AC design

Order | Predictor F p- logF | Statistical Assigned
No. Index value Significance | Importance
1 CLIMATE 364.37 0 2.56 Yes High
2 AADTT 133.96 0 213 Yes High
3 SUBGRADE 78.56 0 1.90 Yes High
4 STRUCT 31.34 0 1.50 Yes High
5 ACOLBIND 15.1 0 1.18 Yes High
6 BASE 0.46 0.6368 | -0.34 No Low
7 HBASE 0.38 0.6839 | -0.42 No Low

58



106 -

104 - 2500
E 102 | 2500
=, 3+5+0 10000 1000 2500
4 -
= 100 | 64-22 ( 10 20000 [ T
T 70-22 4+6+0 14 — 25000 15000 400 1000
o | 1 76-22 J 18 30000 L 20000 J 1000
3+3+6 400
o6 400
94 |
92 T T T
s 5 y & & £z ¢
g £ B a5 4
| T
< (o E - E
3 g 2

Figure 5.13. Relative effect of variables on IRl in New AC design located in SHORE and
INLAND climate

106 - 64-22
1000
104 | 10 10000 T
L'o-zz T35+ 14 - 20000 | 45000 1000
PP 35000 T
- +6+ 18 30000 | 20000 400 1000
E 102 |
£ 76-22 400
= 400
100 |
98 |
96 |
94 |
92 : :
2 G t i i 3 H 2
g z & cg| 8I t‘?"I
< 'u_: * = E E
2 3 3

Figure 5.14. Relative effect of variables on IRI in New AC design located in MOUNT
climate

59



Summary of the New AC Design Sensitivity to Inputs

As shown above, the distress prediction models for the new AC design showed high sensitivity
to some inputs and low sensitivity to others. Although it is important to understand the degree of
influence of an input on the predicted value of a particular distress, the optimal pavement design
calls for addressing more than one performance indicator. Therefore, the research team evaluated
a combined effect of each input on a group of distresses. For that purpose, a ranking parameter
logF was averaged over all types of cracking (i.e. longitudinal, alligator, and thermal) to evaluate
overall cracking ranking of inputs, while logF of AC rutting and total rutting were also averaged
to evaluate the overall effect ranking of inputs on rutting. Table 5.11 summarizes mean logF
values and the individual importance rankings for cracking, rutting, and IRI. Those rankings are
illustrated in the sensitivity summary charts shown in Figures 5.15 through 5.17.

Table 5.11. Summary of the combined sensitivity ranking of new AC design inputs

Cracking Ranking Rutting Ranking IRI ranking
Predictor | Mean Importance Predictor | Mean | Importance | Predictor | Mean | Importance
logF logF logF
STRUCT 1.70 High AADTT 3.01 High CLIMATE | 2.56 High
CLIMATE | 0.99 Moderate STRUCT 2.00 High AADTT 2.13 High
AADTT 0.00 Low CLIMATE | 1.91 High SUBGR. 1.90 High
SUBGR. -0.26 Low SUBGR. 1.65 High STRUCT 1.50 High
ACBIND | -0.66 Low ACBIND 1.49 High ACBIND 1.18 High
BASE -1.22 Low BASE 0.24 Low BASE -0.34 Low
HBASE -1.50 Low HBASE -0.18 Low HBASE -0.42 Low

In summary, the following should be noted as far as an optimal design of a new AC pavement in
M-EPDG environment is considered:

e The location (climate) of a newly constructed AC pavement has very high influence on

all performance indicators.

e The parameters of the AC layer structure, such as thickness and volumetric properties of
the HMA mix appear to govern the pavement performance the most in a specified
location.

e For a specified functional road class in Connecticut, the truck traffic volume appears to
have more effect on rutting than it does on cracking. Note that only longitudinal and
thermal cracking, both being non-load related, were predicted at noticeable levels for all
new AC designs.

e The binder performance grade and subgrade support show high influence on rutting and

roughness in terms of IRI.

e Granular base-related inputs did not yield any significant effect on pavement

performance, most likely due to the relatively high modulus required by ConnDOT
specifications, and large pavement thicknesses considered in the sensitivity analysis.
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Figure 5.16. Rutting sensitivity to the new AC design inputs

61



Mean logF
-0 05 00 05 10 15 20 25 30

Figure 5.17. IRI sensitivity to the new AC design inputs

Sensitivity Results for AC-Overlaid AC Pavement Design

Asphalt overlays are the mainstay of pavement maintenance/rehabilitation activity in
Connecticut. Therefore, the importance of the analysis of the AC-overlaid AC pavements cannot
be over stated. As expected, additional inputs related to the existing/rehabilitated pavement
condition and milling parameters are required by the M-EPDG for this type of design (see Table
A.6). Also, for this design, not only overlay thickness but also the volumetric properties of the
overlay mix were varied, while the existing pavement structure (3”+5”+0") was kept constant.
This was done because the output for all distress models appeared to have no sensitivity to
thickness of the structures (3”+3”+6” and 4”+6”+0”). Effectively, a total of 72 AC-overlaid AC
pavement designs were simulated to evaluate the sensitivity of the following prediction models
to the variation of the inputs described in Table 5.4:

Longitudinal cracking (top-down fatigue)
Alligator cracking (bottom-up fatigue)
Reflection cracking

Thermal cracking

AC layer rutting

e Total rutting

e IRI

The design life of 20 years was considered for all the M-EPDG runs with the same performance
threshold parameters as for the newly constructed AC pavement (see Table A.3). The separate
discussions of the sensitivity results for each prediction model are following with support of
relative effect charts and ANOVA results. The discussed inputs are grouped into pre-existing
conditions, overlay parameters, unbound material properties, and traffic-related inputs
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Analysis of the Longitudinal Cracking Model for AC-Overlaid AC design

The relative effect charts for longitudinal cracking predictions are shown in Figures 5.18 through
5.20, whereas ANOVA results of the importance rankings are summarized in Table 5.12.

Effect of climate: It is notable that distinct longitudinal cracking values were predicted for all
three climatic zones considered in this study. Specifically, consistently high cracking values were
predicted for the INLAND climate followed by SHORE and MOUNT climates with baseline
values of 19.4, 12.7, and 9.4 ft/mi, respectively. Recall that due to a very low expected
reliability of the predictions, those values can reach hundreds of feet per mile, which will
increase based upon the different climates.

Effect of pre-existing conditions: The relative effect charts indicate the pavement rating (PR)
of the existing surface as the second most influencing factor of longitudinal cracking. Note that a
dramatic increase in top-down fatigue damage is predicted for PR varying from FAIR to POOR.
Interestingly, the longitudinal cracking is reported to be the major type of cracking in Long-Term
Pavement Performance (LTPP) SPS-9 sections that were rated fair to poor before being overlaid.
On the other hand, the milling depth (HMILL) appears to have a minor impact, which is
expected since the propagation of the longitudinal cracking is modeled from the surface down.
For the same reason, the variation in total rutting of the existing surface (TOTRUTEXIST) is
shown to have no effect on the top-down fatigue. One important observation is that the relative
effect of PR and HMILL changes with climate, while following the trend in baseline values. This
indicates a significant level of interaction between those factors and the CLIMATE.

Effect of AC overlay inputs: The overlay thickness (HAC1) is shown to be the input with the
largest effect. It was observed that longitudinal cracking is predicted to increase drastically if the
overlay thickness drops from 3.5 to 2 inches. Once again, this high level of cracking was also
observed on the LTPP SPS-9A sections overlaid with 2.5-in of asphalt. It is notable that for a
3.5-in thick AC overlay, both gradation (ACOLGRAD) and overlay binder PG (ACOLBIND)
have a very limited effect on the predicted longitudinal cracking values.

Effect of unbound layer inputs: The granular base thickness (HBASE) shows no relative effect
on the longitudinal cracking in the overlay, while a very small variation in the predicted output
can be attributed to the change in base modulus (EB). Contrary to what we would expect to see,
an increase in subgrade stiffness (ES) shows notable increase in top-down fatigue.

Effect of traffic volume: The effect of truck traffic volume (AADTT) appears to be the highest
when pavement rating and overlay thickness are kept constant. Furthermore, the effect of
AADTT is dependent on the location (CLIMATE) and subgrade support (ES), thus, indicating
reasonable interaction between all site factors in their effect on the longitudinal cracking as
predicted by the M-EPDG models.

All the conclusions above are supported by the statistical analysis of significance and the
importance rankings assigned in Table 5.12.
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Table 5.12. ANOVA of inputs for the longitudinal cracking model in AC-overlaid AC

design
Order Predictor F p- logF Statistical Assigned
No. Index value Significance | Importance
1 HAC1 173.7 0.000 2.24 Yes High
2 PR 65.69 0.000 1.82 Yes High
3 AADTT 15.18 0.000 1.18 Yes High
4 SUBGRADE 13 0.000 111 Yes High
5 CLIMATE 6.46 0.003 0.81 Yes Moderate
6 HMILL 1.79 0.178 0.25 No Low
7 BASE 0.29 0.750 -0.54 No Low
8 ACOLBIND 0.26 0.772 -0.59 No Low
9 ACOLGRAD 0.13 0.876 -0.89 No Low
10 HBASE 0.02 0.984 -1.70 No Low
11 TOTRUTEXIST 0.01 0.995 -2.00 No Low
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Figure 5.18. Relative effect of variables on longitudinal cracking in AC-overlaid AC design
located in SHORE climate
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Figure 5.19. Relative effect of variables on longitudinal cracking in AC-overlaid AC design
located in INLAND climate
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Figure 5.20. Relative effect of variables on longitudinal cracking in AC-overlaid AC design
located in MOUNT climate
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Analysis of Alligator Cracking Model for AC-Overlaid AC design

On average, the 72 M-EPDG project runs only yielded negligible values of alligator cracking
with a mean of 0.02 percent area and maximum 0.3 percent area for an overlay over a pavement
with poor surface condition rating. Therefore, no sensitivity results are presented in this chapter.
It should be noted, however, that such an outcome is expected for a relatively thick, so called
“deep strength”, AC pavement.

Analysis of Reflection Cracking Model for AC-Overlaid AC design

As discussed in Chapter 3, reflection cracking is expected to develop due to the propagation of
cracks from the existing surface through the thickness of an overlay. Therefore, it is expected
that the overlay thickness and stiffness as well as the pre-overlay pavement condition should be
the primary contributors to the reflection cracking growth.

Figure 5.21 illustrates the relative effect of the pre-existing conditions, AC overlay parameters,
unbound material inputs, and traffic on the terminal reflection cracking predicted in percent area
covered after 20 years in service. Note that the M-EPDG predicted no difference in reflection
cracking for the three climatic zones in CT when the other variables were kept fixed. Also it can
be seen that only milled thickness (HMILL), pavement rating (PR), and overlay thickness
(HAC1) influence the output, in that order. The rest of the inputs appear to be irrelevant to the
M-EPDG predictions for reflection cracking, which is expected (see Figure 3.9).

The observations from Figure 5.21 are not necessarily supported by ANOVA results in Table
5.13. The HMILL, PR, and HAC1 factors appear to be over-exaggerated by the enormous F-
ratios, which may be due to very small yet consistent standard deviation of the output values.
Note that only 4 out of 24 runs yield results different from the baseline value of 34.3 percent.
The significant p-values for such factors as AADTT, CLIMATE, ES, and EB (marginal) suggest
that their effect cannot be neglected when the other parameters are kept fixed.

Table 5.13. ANOVA of inputs for the reflection cracking model in AC-overlaid AC design

Order Predictor F p- logF Statistical Assigned
No. Index value Significance | Importance
1 HMILL 17034709.46 | 0.000 7.23 Yes Critical
2 PR 10358476.9 0.000 7.02 Yes Critical
3 HAC1 538674.3 0.000 5.73 Yes Critical
4 AADTT 494.24 0.000 2.69 Yes High
5 ES 20.53 0.000 131 Yes High
6 CLIMATE 14.27 0.000 1.15 Yes High
7 EB 3.08 0.055 0.49 Yes Moderate
8 ACOLBIND 1.01 0.373 0.00 No Low
9 ACOLGRAD 0.45 0.638 -0.35 No Low
10 HBASE 0.12 0.885 -0.92 No Low
11 TOTRUTEXIST 0.01 0.987 -2.00 No Low
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Figure 5.21. Relative effect of variables on reflection cracking in AC-overlaid AC design
located in Connecticut

Analysis of Transverse Cracking Model for AC-Overlaid AC design

Transverse cracking in AC pavements is generally a result of thermal damage, which varies
primarily due to temperature gradients in the pavement and temperature susceptibility of the
asphalt mix. The sensitivity analysis of the thermal cracking model in this study consistently
showed differences between the three climatic zones in Connecticut. The effect of climate and
the other groups of inputs are discussed below with the support of relative effect charts in
Figures 5.22 through 5.24 and the ANOVA results in Table 5.14.

Effect of climate: The baseline transverse cracking values for the coastal (SHORE), inland
(INLAND) and northwest and northeast hills (MOUNT) locations were 3.4, 19.2, and 1190 ft/mi,
respectively. It is notable that M-EPDG predicted the thermal damage to differ by orders of
magnitude, indicating the critical influence of the environment. However, the relative effect of
the other inputs is shown to be similar for all climates. In addition, such a vast difference
between locations may be explained by the built-in uncertainty of the thermal cracking model
(TCModel).
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Effect of pre-existing conditions: The milled thickness (HMILL) shows visible effect on
thermal cracking, which can be explained by its contribution to the total thickness of asphalt
layers. On the other hand, the rating of the existing surface (PR) and its rutting
(TOTRUTEXIST) appears to be irrelevant.

Effect of AC overlay inputs: The volumetric parameters of the mix (ACOLGRAD) are
predicted to have a significant effect on the thermal damage output. Note that for the given range
of inputs, binder properties, (given the only low grade of -22) (ACOLBIND), and overlay
thickness (HAC1) appear to be less influential.

Effect of unbound layer inputs: The subgrade and base-related inputs are not expected to have
any significant effect on thermal (transverse) cracking.

Effect of traffic: No traffic volume effect is anticipated as predicted by the M-EPDG transverse
cracking model. This corresponds to the concept that thermal cracking is caused primarily by the
environment and not traffic.

Table 5.14. ANOVA of inputs for the thermal cracking model in AC-overlaid AC design

Order Predictor F p- logF | Statistical Assigned
No. Index value Significance | Importance
1 CLIMATE 1001.59 0.000 3.00 Yes High
2 ACOLGRAD 7.2 0.002 | 0.86 Yes Moderate
3 HAC1 219 0.123 0.34 No Low
4 HMILL 2.06 0.138 0.31 No Low
5 ACOLBIND 1.66 0.201 0.22 No Low
6 AADTT 0.12 0.887 -0.92 No Low
7 ES 0.06 0.940 -1.22 No Low
8 HBASE 0.04 0.964 -1.40 No Low
9 EB 0.03 0.975 -1.52 No Low
10 ES 0.01 0.998 -2.00 No Low
11 TOTRUTEXIST 0.01 1.000 -2.00 No Low
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Figure 5.22. Relative effect of variables on transverse cracking in AC-overlaid AC design
located in SHORE climate
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Figure 5.23. Relative effect of variables on transverse cracking in AC-overlaid AC design
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Figure 5.24. Relative effect of variables on transverse cracking in AC-overlaid AC design
located in MOUNT climate

Analysis of AC Rutting Model for AC-Overlaid AC design

The sensitivity runs for the AC-overlaid AC pavement designs yielded overall negligibly low
values of rutting in the AC layer after 20 years of service (average of 0.06 in with standard
deviation of 0.01 in). This can be explained by the “deep strength” of the analyzed pavement
structures. However, it is understood that the M-EPDG rutting models should be calibrated on
the local material properties and climatic variables. Therefore, the analysis of the relative effect
of the various inputs on rutting (Figure 5.25) is provided here so it could be referred to, while
deciding on what inputs to use for calibration. Table 5.15 summarizes the input importance
ranking for this analysis.

Effect of pre-existing conditions: The relative effect chart in Figure 5.25 indicates a visibly
non-linear effect of milling thickness (HMILL), Pavement Rating (PR) and total rutting in
existing pavement (TOTRUTEXIST). Thus, an increase in HMILL from 2 to 3 inches shows
twice as large an increase in rutting as decrease in HMILL from 2 to 1 inch. Also, a negligible
decrease in AC rutting is shown for TOTRUTEXIST greater than 0.5 in, as well as for the
improvement in existing pavement rating from fair to good.
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Effect of AC layer inputs: It appears that binder properties (ACOLBIND) dominate the range
of AC rutting values, while variations in volumetric properties of the mix (ACOLGRAD) makes
a lesser contribution. The overlay thickness (HAC1) with the analyzed range of values (2 to 5
inches) shows the most effect for thinner overlays (2 to 3.5 inches).

Effect of unbound layer inputs: As expected, only subgrade strength (ES) contributes to the
extent of rutting in the top AC layer, while neither base modulus (EB) nor base thickness
(HBASE) have any effect on this distress in the asphalt layer.

Effect of traffic: Clearly, for the given range of inputs, the truck traffic volume expressed in
AADTT is expected to be the major factor at any location and subgrade type.

Table 5.15. ANOVA of inputs for the AC rutting model in AC-overlaid AC design

Order Predictor F p- logF | Statistical Assigned

No. Index value Significance | Importance

1 AADTT 1561.68 0.000 3.19 Yes Critical

2 CLIMATE 581.69 0.000 2.76 Yes High

3 ACOLBIND 181.70 0.000 2.26 Yes High

4 TOTRUTEXIST 110.19 0.000 2.04 Yes High

5 HAC1 94.97 0.000 1.98 Yes High

6 HMILL 65.15 0.000 1.81 Yes High

7 ACOLGRAD 24.79 0.000 1.39 Yes High

8 PR 23.30 0.000 1.37 No High

9 ES 8.38 0.001 0.92 No Moderate
10 EB 2.36 0.106 0.37 No Low
11 HBASE 0.26 0.769 -0.59 No Low
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Figure 5.25. Relative effect of variables on AC rutting in AC-overlaid AC design located in
Connecticut

Analysis of the Total Rutting Model for AC-Overlaid AC design

The cumulative total rutting in flexible pavement is modeled by the M-EPDG as a sum of
permanent deformations in the asphalt, granular base, and subgrade layers. The M-EPDG runs of
the total rutting model resulted in 0.08-in average value, which, in considering the average AC
rutting of 0.06, suggested only minor or no contribution of base and subgrade deformations.

The effect of overlay thickness, and traffic appear to be similar, yet to a much lesser degree, than
the pre-existing conditions. The influence of high-temperature PG of the binder (ACOLBIND)
seems to be similar to that of overlay thickness. The ANOVA results in Table 5.16 support the
aforementioned conclusions. Note that, although the differences in total rutting between climates
were numerically small (0.01 in), they appear to be consistently significant and, therefore,
CLIMATE variable ranks as highly important.

72



Table 5.16. ANOVA of inputs for the total rutting model in AC-overlaid AC design

Order Predictor F p- logF Statistical Assigned
No. Index value Significance | Importance
1 TOTRUTEXIST 3035.84 0.000 3.48 Yes Critical
2 HMILL 2990.19 0.000 3.48 Yes Critical
3 AADTT 275.28 0.000 2.44 Yes High
4 CLIMATE 69.86 0.000 1.84 Yes High
5 HAC1 37.54 0.000 1.57 Yes High
6 ACOLBIND 28.99 0.000 1.46 Yes High
7 PR 13.95 0.000 1.14 Yes High
8 HBASE 4.58 0.015 0.66 Yes Moderate
9 ACOLGRAD 4.27 0.020 0.63 Yes Moderate
10 ES 1.54 0.224 0.19 No Low
11 EB 0.02 0.979 -1.70 No Low
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Figure 5.26. Relative effect of variables on total rutting in AC-overlaid AC design located
in Connecticut
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Analysis of IRl Model for AC-Overlaid AC design

As explained earlier, the IRI output in the M-EPDG predictions is primarily governed by the
extent of rutting and, to a lesser degree, by fatigue cracking. Therefore, the effect of a specific
input on the IR1 is expected to be similar to that on the rutting and fatigue cracking. This
phenomenon can be tracked again in the following discussion.

Effect of climate: The baseline M-EPDG predictions of IRI values indicated similar outcomes
for SHORE and INLAND climate (93 and 94 in/mi, respectively), while MOUNT climate
yielded a higher roughness value of 100 in/mi. The relative effect of the other inputs is plotted in
Figure 5.27 for SHORE and INLAND climates and Figure 5.28 for MOUNT climate.

Effect of pre-existing conditions: Total existing rutting (TOTRUTEXIST) and milled thickness
(HMILL) appear to be the most influential factors of IRI in a specified climate. Pavement rating
(PR), on the other hand, had very little influence on the IRI.

Effect of AC layer inputs: The overlay’s mix volumetrics, binder properties, and thickness
show moderate effects on IRI. In addition, it is obvious that in MOUNT climate, their effect is
more pronounced than it is in the milder SHORE and INLAND climates. Such a trend is most
likely governed by the difference in thermal cracking between the three climates as predicted by
the M-EPDG.

Effect of unbound layer inputs: Both relative effect charts and the ANOVA results (Table
5.17) indicate no influence or very little influence from the base thickness, as well as base and
subgrade moduli on the predicted IRI values.

Effect of traffic: It is shown that the variation in AADTT results in a slightly higher variation in

IRI values than that due to layer material properties and thicknesses. This effect, however, is
much lower than that of climate and pre-existing conditions.

Table 5.17. ANOVA of inputs for the IRl model in AC-overlaid AC design

Order Predictor F p- logF Statistical Assigned
No. Index value Significance | Importance
1 CLIMATE 946.44 0.000 2.98 Yes High
2 HMILL 153.08 0.000 2.18 Yes High
3 TOTRUTEXIST 1315 0.000 2.12 Yes High
4 AADTT 10.44 0.000 1.02 Yes High
5 HAC1 5.87 0.005 | 0.77 Yes Moderate
6 ACOLGRAD 4.76 0.013 | 0.68 Yes Moderate
7 ACOLBIND 2.89 0.065 0.46 Yes Moderate
8 PR 0.84 0.436 -0.08 No Low
9 HBASE 0.36 0.701 -0.44 No Low
10 ES 0.2 0.817 -0.70 No Low
11 EB 0.01 0.987 -2.00 No Low
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Figure 5.27. Relative effect of variables on IRI in AC-overlaid AC design located in
SHORE and INLAND climates
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Figure 5.28. Relative effect of variables on IRI in AC-overlaid AC design located in
MOUNT climate
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Summary of the AC-Overlaid AC Design Sensitivity to Inputs

Similarly to the new AC design analysis, this section explains a combined effect of each input on
cracking (i.e. combination of longitudinal, alligator, and thermal cracking) and rutting
(combination of AC and total rutting). For that purpose, the logF values are averaged over all
types of cracking and rutting separately to determine overall cracking and rutting rankings of
inputs. Table 5.18 summarizes the individual importance rankings for cracking, rutting, and IRI.
The sensitivity summary charts in Figures 5.29 through 5.31 illustrate those rankings.

The following conclusions are provided for the AC-overlaid AC pavement design in respect to
its sensitivity to the inputs in discussion:

Location and traffic volume appear to be important for an optimal overlay design. The
traffic volume can be of lesser importance for the low-volume roads in the colder
locations.

The pre-overlay condition of the existing surface should be considered first to reduce
cracking susceptibility, whereas the milled thickness is expected to affect overall
performance of the overlay.

When rutting is of a greater concern, total rutting in the existing surface is the most
influencing input on the M-EPDG prediction.

The AC overlay thickness shows to be an important factor in the cracking and rutting
outputs, while a less important factor for IRI predictions.

The overlay mix and binder properties show high influence on rutting and low influence
on cracking, which makes them of moderate importance when an IRI prediction is
concerned.

For the analyzed range of unbound layer properties, the models for cracking, rutting, and
IRI do not appear to be sensitive to subgrade type, base moduli, or base thickness.

It is understood that the above conclusions are only valid for the specific range of parameters
evaluated in this study. It is anticipated that some of the sensitivity trends shown here may
change after re-calibration of the M-EPDG distress prediction models.
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Table 5.18. Summary of the combined sensitivity ranking of AC-overlaid AC design inputs

Cracking Ranking Rutting Ranking IRI ranking
Predictor Mean | Importance Predictor Mean | Importance | Predictor | Mean | Importance
logF logF logF
PR 2.50 High AADTT 2.33 High CLIMATE | 2.98 High
HAC1 2.23 High TOTRUT 2.24 High HMILL 2.18 High
EXIST
HMILL 2.12 High HAC1 1.98 High TOTRUT | 2.12 High
EXIST
CLIMATE 1.44 High HMILL 1.81 High AADTT 1.02 High
AADTT 1.12 High ACOL 1.70 High HAC1 0.77 Moderate
BIND
ACOL 0.08 Low CLIMATE 1.70 High ACOL 0.68 Moderate
GRAD GRAD
SUB 0.08 Low PR 1.37 High ACOL 0.46 Moderate
GRADE BIND
ACOL -0.10 Low ACOL 1.03 High PR -0.08 Low
BIND GRAD
BASE -0.89 Low BASE 0.28 Low HBASE -0.44 Low
HBASE -1.50 Low SUB -0.39 Low ES -0.70 Low
GRADE
TOTRUT -2.00 Low BASE -0.96 Low EB -2.00 Low
EXIST
Mean logF
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Figure 5.29. Cracking sensitivity to the AC-overlaid AC design inputs
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Sensitivity Results for AC-Overlaid Rubblized JPCP Pavement Design

The vast majority of PCC pavements on the interstate highways and state routes in Connecticut
have been overlaid with asphalt. The remaining small percentage of concrete pavements are
anticipated to be rehabilitated in the near future. Therefore, the AC-overlaid PCC Pavement
Design came into consideration for the sensitivity analysis in this project.

The M-EPDG regards two options for treating the existing PCC pavements before overlay: crack
& seat and rubblization. The latter option allows for use of the rubblized concrete as a high-
modulus base, thus eliminating risk of reflection cracking as compared to the crack & seat
method. Therefore, the AC-overlay over rubblized PCC was recommended by the team and
approved for the sensitivity analysis by ConnDOT. Note that rubbilized jointed plain concrete
pavement (JPCP) is analyzed here with the understanding that this is a typical type of PCC
pavement in Connecticut. Effectively, the following M-EPDG prediction models were evaluated:

Longitudinal (surface-down fatigue) cracking
Alligator (bottom-up fatigue) cracking
Thermal (transverse) cracking

AC rutting

Total rutting

Roughness (IR1)

The sensitivity of the above prediction models for Connecticut design inputs were assessed by
exploring the relative effect of the climate, traffic, layer thicknesses, and material properties on
the predicted output as well as by the statistical ANOVA. A total of 66 M-EPDG simulations
were run for this type of design. The description and range of input is provided in Tables 5.3 and
A.11. Following is the discussion of the sensitivity results for each distress model along with the
summary of input importance ranking.

Analysis of Longitudinal Cracking Model in AC-Overlaid Rubblized JPCP Design

For each of the three Connecticut climates, the M-EPDG predicted virtually zero longitudinal
cracking (0 to 0.92 ft/mi) for all but one (21 out of 22 runs), where a lower PCC stiffness
(200,000 psi) was considered. Nevertheless, the relative effect of some other inputs is visible
(Figure 5.32) and, therefore, cannot be neglected, as supported by the ANOVA results in Table
5.19. The details are following:

Effect of climate: The baseline runs for the three climates yielded identical results for SHORE
and MOUNT climates with a value of 0.08 ft/mi, while a slightly different value of 0.11 ft/mi
was obtained for INLAND climate. The difference between those values is negligible.

Effect of existing JPCP inputs: It is clear from Figure 5.32 that the stiffness of the rubblized
concrete (EPCC) is the major factor of the longitudinal cracking, especially if EPCC is lower
than 500,000 psi. If this factor is kept fixed, the fractured slab thickness may have moderate
effect on the surface-down fatigue in AC layer.

79



Effect of AC layer inputs: It appears that for the typical design considered here (2 to 5-in AC
overlay over 9-in rubblized JPCP), any variation in thickness (HACOL), volumetrics
(ACOLGRAD) and binder properties (ACOLBIND) would result in a low level of longitudinal
cracking.

Effect of unbound layers: The relative effect of subgrade modulus (ES) is visible, while the
base inputs (BASE and HBASE) only show moderate to no effects, respectively.

Effect of traffic: Both the relative effect chart in Figure 5.32 and ANOVA ranking in Table
5.19 indicate the AADTT variable as the most influential factor if the EPCC input is kept
constant.

Table 5.19. ANOVA of inputs for the longitudinal cracking model in AC-overlaid JPCP

design.
Order Predictor F p- logF | Statistical Assigned
No. Index value Significance | Importance
1 EPCC 6754.1 0.000 3.83 Yes Critical
2 AADTT 31.99 0.000 151 Yes High
3 SUBGRADE 18.37 0.000 1.26 Yes High
4 HPCC 10.91 0.000 1.04 Yes High
5 BASE 5.6 0.007 | 0.75 Yes Moderate
6 CLIMATE 1.76 0.184 0.25 Yes Low
7 HACOL 1.09 0.344 0.04 Yes Low
8 ACOLGRAD 0.21 0.808 -0.68 No Low
9 ACOLBIND 0.15 0.864 -0.82 No Low
10 HBASE 0.01 0.989 -2.00 No Low
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Figure 5.32. Relative effect of variables on longitudinal cracking in AC-overlaid rubblized
JPCP design located in Connecticut

Analysis of the Alligator Cracking Model in AC-Overlaid Rubblized JPCP Design

The alligator (bottom-up fatigue) cracking for the pavement type AC-Overlaid Rubblized JPCP
did not appear to be an issue as predicted by the M-EPDG model. Note that the maximum 0.26
percent alligator cracking area covered was only predicted when the low concrete stiffness
(EPCC=200,000 psi) is considered (Figure 5.33). Nevertheless, the relative effect of some other
factors appears to be statistically significant if EPCC is kept at the default M-EPDG value of
500,000 psi (Figure 5.34 and Table 5.20). Although alligator cracking is not an issue for the
Connecticut Interstate highways, the state routes and local arterials can experience this type of
distress. Therefore, in order to develop the recommendations for the calibration of the alligator
cracking model for the design in discussion, the sensitivity of other inputs is explored in this
report.

Effect of climate: As mentioned above, only a very small extent of alligator cracking was
predicted for these types of roads. However, the variability in the baseline project output due to
climate was moderately significant, as shown in Table 5.20

Effect of existing JPCP inputs: The stiffness of the rubblized concrete (EPCC) appears to be
the major factor in the alligator cracking. Nevertheless, the fractured slab thickness (HPCC)
shows relatively high effects as compared with base and subgrade inputs, for example (see
Figure 5.33).
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Effect of AC layer inputs: Both thickness (HACOL) and volumetrics (ACOLGRAD) show a
much higher importance for the alligator cracking predictions than binder PG (ACOLBIND)
does.

Effect of unbound layers: The variations in base stiffness (EB) and subgrade modulus (ES)
yielded statistically high and moderate influence, respectively, on the alligator cracking
predictions for the given range of inputs, while PCEPCC is kept at 500,000 psi. Change in base
thickness, however, had no effect on the prediction.

Effect of traffic: As expected, AADTT input is the major factor of the load-related fatigue,
providing relatively strong support from the fractured PCC slab (EPCC=500,000 psi).

Table 5.20. ANOVA of inputs for the alligator cracking model in AC-overlaid rubblized

JPCP design
Order Predictor F p- logF | Statistical Assigned
No. Index value Significance | Importance
1 EPCC 261403.81 0.000 5.42 Yes Critical
2 AADTT 9922.08 0.000 4.00 Yes Critical
3 HACOL 896.36 0.000 2.95 Yes High
4 ACOLGRAD 307.85 0.000 2.49 Yes High
5 HPCC 132.05 0.000 2.12 Yes High
6 BASE 19.55 0.000 1.29 Yes High
7 CLIMATE 14.32 0.000 1.16 Yes High
8 SUBGRADE 6.38 0.004 | 0.80 No Moderate
9 ACOLBIND 1.94 0.156 0.29 No Low
10 HBASE 0.31 0.735 -0.51 No Low
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Figure 5.33. Relative effect of variables on alligator cracking in AC-overlaid rubblized
JPCP design located in Connecticut (all inputs)
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Analysis of Thermal (Transverse) Cracking Model in AC-Overlaid Rubblized JPCP Design
The most notable observation from the relative effect charts in Figures 5.35 and 5.36 is that the
baseline design simulations predicted thermal failure (1610 ft/mi and 1630 ft/mi, respectively) in
SHORE and MOUNT climates versus much less thermal cracking of 137 ft/ mi for INLAND
climate. The failure for a pavement located in a mild SHORE climate can only be explained by a
relatively thin AC layer. On the other hand, the previous studies in Minnesota and South Dakota
reported crashing of the thermal cracking model due to bugs in the software code. Therefore, it is
recommended to expend additional effort to investigate the unexplained trends when calibrating
the TCMODEL during the M-EPDG implementation. For the moment, since not all the values
depicted in Figure 5.35 reached the failure level, it was decided to take a closer look at the
difference between climates in the relative effect of AC layer inputs.

Effect of AC overlay thickness (HACOL): The M-EPDG thermal cracking model predicted
failure or almost failure for 2 to 3.5-in overlays, while 5-in thickness resulted in virtually no
cracking (13 ft/mi). This trend makes the HACOL variable the most influential input for a given
location.

Effect of AC volumetric properties (ACOLGRAD): The relative effect chart in Figure 5.35
clearly indicates that risk of thermal failure increases with an increase in Nominal Maximum
Aggregate Size [NMAS] from 0.375 inch to 0.5 inch. and 1 inch.

Effect of binder properties (ACOLBIND): It is notable that binder PG 64-22 and 70-22 yield
very similar thermal cracking values that decrease substantially when PG 76-22 is used in
simulation. In understanding that all three binders have the same low-temperature PG of -22, it
can be implied that thermal cracking may occur also at intermediate temperatures in stiffer mixes
and the higher anticipated elasticity of the PG 76-22 may slow down the cracking.

As expected, all the other factors show no effect on thermal cracking.

Table 5.21. ANOVA of inputs for the thermal cracking model in AC-overlaid rubblized

JPCP design
Order Predictor F p- logF | Statistical Assigned
No. Index value Significance | Importance
1 CLIMATE 181.43 0.000 2.26 Yes High
2 HACOL 5.07 0.010 0.71 Yes Moderate
3 ACOLGRAD 4.52 0.016 | 0.66 Yes Moderate
4 SUBGRADE 1.19 0.315 0.08 Yes Low
5 AADTT 0.84 0.440 -0.08 Yes Low
6 ACOLBIND 0.28 0.755 -0.55 Yes Low
7 BASE 0.12 0.889 -0.92 Yes Low
8 HPCC 0.05 0.955 -1.30 No Low
9 EPCC 0.04 0.959 -1.40 No Low
10 HBASE 0.04 0.961 -1.40 No Low
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Analysis of AC Rutting Model in AC-Overlaid Rubblized JPCP Design

Similarly low values of AC rutting, with a maximum of 0.14 in., were predicted for all 66
simulation runs for pavements with 20 years in service. Nevertheless, the small yet consistent
differences were observed in the response of the AC rutting model to the variation in input
values. This sensitivity is explained next and is supported by the relative effect charts in Figures
5.37 and 5.38, as well as by the ANOVA results and importance rankings in Table 5.22

Effect of climate: The AC rutting model predicted, on average, a higher rutting in the AC layer
for INLAND climate (0.07 inches with standard deviation of 0.01) as compared with SHORE
and MOUNT climate (0.11 inches with standard deviation of 0.02 for both). Therefore, the
ANOVA attributes the second highest importance ranking to the CLIMATE variable.

Effect of existing PCC inputs: Neither relative effect charts nor ANOVA results suggest such
an effect. Note that a significant decrease in PCC modulus (EPCC) can be apparently neglected
due to very small differences in the results.

Effect of AC layer inputs: As expected, both the thickness of asphalt (HACOL) and binder PG
grade (ACOLBIND) show a high influence on AC rutting values. The AC volumetrics
(ACOLGRAD) also demonstrated a significant effect, although to a lesser degree.

Effect of unbound layer inputs: The subgrade modulus (ES) shows consistent yet moderate
influence on the AC rutting, while granular base inputs (EB and HBASE) appear to be less
important for the given range of input values.

Effect of traffic: Ultimately, truck traffic volume is the major external factor of AC rutting at
any given combination of climate and subgrade.

Table 5.22. ANOVA of inputs for the AC rutting model in AC-overlaid rubblized JPCP

design.
Order Predictor F p- logF | Statistical Assigned
No. Index value Significance | Importance
1 AADTT 418.31 0.000 2.62 Yes High
2 CLIMATE 218.94 0.000 2.34 Yes High
3 HACOL 137.28 0.000 214 Yes High
4 ACOLBIND 37.34 0.000 1.57 Yes High
5 ACOLGRAD 7.68 0.001 0.89 Yes Moderate
6 SUBGRADE 3.59 0.036 | 0.56 Yes Moderate
7 EPCC 1.82 0.175 0.26 No Low
8 BASE 0.45 0.641 -0.35 No Low
9 HPCC 0.44 0.647 -0.36 No Low
10 HBASE 0.1 0.904 -1.00 No Low
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Analysis of Total Rutting Model in AC-Overlaid Rubblized JPCP Design

Overall, total rutting predictions by the M-EPDG ranged between 0.2 and 0.4 inches, which was
well below the default threshold of 0.75 inches, yet making the variation sufficiently noticeable
for the sensitivity analysis. In consideration of a maximum average of 0.14 inches of AC rutting,
the contribution of the underlying layers to the total rutting for the AC overlay on JPCP appears
to be higher than for the other types of pavement design discussed in this report. Figures 5.39
and 5.40 illustrate the relative effect of the design inputs, whereas Table 5.23 summarizes their
importance ranks.

Effect of climate: For all runs in SHORE climate, the total rutting predictions were lower when
all other inputs were fixed (0.27 in). Note that practically no difference in total rutting output was
predicted for INLAND and MOUNT climate (0.29 and 0.30 inches, respectively). The statistical
analysis ranks CLIMATE as the second most influential input after the traffic (AADTT).

Effect of existing PCC inputs: As expected, stiffer and thicker fractured PCC slabs are
predicted to yield lower total rutting due to the high modulus (~ 500 Kpsi) giving better
protection to unbound layers.

Effect of AC layer inputs: The binder properties (ACOLBIND) show the highest effect among
this group of inputs, whereas asphalt thickness (HACOL) and volumetrics (ACOLGRAD) show
a lesser degree of influence.

Effect of unbound layers: It is shown in relative effective charts, with the support of ANOVA
results, that variation in subgrade modulus (ES) has a relatively high effect as compared with
granular base stiffness (EB). The thickness of base apparently does not contribute to the variation
in total rutting in this analysis.

Effect of traffic: As indicated by both relative charts and ANOVA results, the change in
AADTT results in the biggest change in total rutting, as compared with all the other inputs.

Table 5.23. ANOVA of inputs for the total rutting model in AC-overlaid rubblized JPCP

design.
Order Predictor F p- logF Statistical Assigned
No. Index value Significance | Importance
1 AADTT 833.5 0.000 2.92 Yes High
2 CLIMATE 352.8 0.000 2.55 Yes High
3 SUBGRADE 133.35 0.000 2.13 Yes High
4 EPCC 95.86 0.000 1.98 Yes High
5 ACOLBIND 31.47 0.000 1.50 Yes High
6 BASE 14.42 0.000 1.16 Yes High
7 HPCC 11.96 0.000 1.08 No High
8 HACOL 9.84 0.000 0.99 No Moderate
9 ACOLGRAD 7.12 0.002 0.85 No Moderate
10 HBASE 1.39 0.261 0.14 No Low
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Figure 5.39. Relative effect of variables on total rutting in AC-overlaid rubblized JPCP
design located in SHORE climate

04 2500
2500
0.35 aE0s - 2500
50.375 6422 18 1000
- § 5E05 T 20000 T 10000
T 034 I s05 2noo 25000 - 14 15308 1000
> S| - = A N + 1000
£ 10E05 76-22 30000 400
g % ! 400
- L 400
]
2 02
0.15
0.1
0.05
0
(] [14]
g & § g ¢ & g & = 2 3
T u e g 2 @ @, e @
B * 5] * E E E
2 g o a a
3 g 3

Figure 5.40. Relative effect of variables on total rutting in AC-overlaid rubblized JPCP
design located in INLAND and MOUNT climates
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Analysis of IRl Model in AC-Overlaid Rubblized JPCP Design

Reasonably, the sensitivity of the IRI predictions to these discussed inputs is governed by the
sensitivity of the IRl model to the contributing distresses, the major contributors being rutting,
fatigue, and thermal damage (see Figure 3.14). Thus, the inputs showing high influence on those
distresses will also have a significant effect on the predicted IRI values.

The sensitivity of the IRI model to the specific groups of inputs is discussed next with the
support of relative effect charts (Figures 5.41 and 5.42) and ANOVA rankings (Table 5.24).

Effect of climate: The M-EPDG produces significantly higher values for the SHORE and
MOUNT climates (116 in/mi) as compared with INLAND climate (103 in/mi) which can be
explained by the contribution of thermal failure predicted by the M-EPDG. Since all the other
inputs only yield smaller changes in IRI, the CLIMATE variable shows the highest ranking in
the ANOVA results.

Effect of AC layer inputs: The thickness and volumetric properties of the AC layer (HACOL
and ACOLGRAD) have a moderate effect on the predicted IRI values. The low statistical
significance of the ACOLBIND input can be explained by the thermal cracking issues of both
PG 64-22 and PG 70-22 binders in two out of three climates, as explained above. Another reason
for such a trend may be the low AC rutting predicted for the given range of inputs.

Effect of unbound layers: The subgrade stiffness is expected to mainly contribute to the total
rutting in the discussed design. Therefore, the ES variable appears to rank as a moderately
influencing factor. Obviously, neither one of the granular base-related inputs (EB and HBASE)
significantly affect the change in IRI.

Effect of traffic: The AADTT variable is the most influential factor in total rutting and fatigue.
Nevertheless, it’s low impact on thermal failure, as well as the very low AC rutting and fatigue
predictions results in the overall moderate impact of this factor on the IRI in this analysis.

Table 5.24. ANOVA of inputs for the IRl model in AC-overlaid rubblized JPCP design

Order Predictor F-ratio p- logF Statistical Assigned
No. Index value Significance | Importance
1 CLIMATE 167.18 0.000 2.22 Yes High
2 HACOL 4.75 0.014 | 0.68 Yes Moderate
3 SUBGRADE 4.05 0.024 0.61 Yes Moderate
4 AADTT 3.65 0.034 0.56 Yes Moderate
5 ACOLGRAD 3.42 0.041 0.53 Yes Moderate
6 EPCC 1.12 0.335 0.05 Yes Low
7 ACOLBIND 0.89 0.416 -0.05 No Low
8 BASE 0.33 0.723 -0.48 No Low
9 HPCC 0.13 0.881 -0.89 No Low
10 HBASE 0.05 0.951 -1.30 No Low
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Figure 5.41. Relative effect of variables on IRI in AC-overlaid rubblized JPCP design
located in SHORE and MOUNT climate
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Summary of the AC-Overlaid JPCP Design Sensitivity to Inputs

This section discusses a combined effect of each input on cracking (i.e. combination of
longitudinal, alligator, and thermal cracking) and rutting (combination of AC and total rutting).
Table 5.25 summarizes the average logF values that determine overall cracking and rutting
rankings of inputs. Those rankings are compared in Figures 5.43 through 5.45.

The following conclusions are provided for the AC-overlaid rubblized JPCP pavement design in
respect to its sensitivity to the inputs in discussion:

Overall, the M-EPDG cracking predictions show the highest sensitivity to anticipated
traffic load, project location, fractured PCC slab support, and thickness of the overlay.
Volumetric properties of the asphalt mix, subgrade stiffness, and thickness of the
fractured PCC layer show moderate influence on the predicted cracking values.

The M-EPDG rutting prediction models are highly sensitive to all site factors (AADTT,
CLIMATE, and SUBGRADE), AC layer thickness, and AC binder properties. The
volumetrics of the asphalt mix and the stiffness of fractured PCC affect rutting
predictions to a moderate degree.

The IRI output appears to be mostly controlled by location of the project (i.e., climate),
whereas the AC layer inputs, subgrade, and traffic volume show lesser influence on IRI.

In general, base modulus does not show any significant influence on either of the
distresses considered in this analysis.

It should be noted that a “moderate” ranking of some inputs in Table 5.25 does not
diminish their importance for the design. The ranking is to be used for further
recommendations on data collection to meet the required level of hierarchy (See Chapter
6).

Table 5.25. Summary of the combined sensitivity ranking of AC-overlaid rubblized JPCP

design inputs

Cracking Ranking Rutting Ranking IRI ranking
Predictor Mean | Importance Predictor Mean | Importance Predictor Mean | Importance
logF logF logF

EPCC 2.62 High AADTT 2.77 High CLIMATE 2.22 High
AADTT 1.81 High CLIMATE 2.44 High HACOL 0.68 Moderate
HACOL 1.23 High HACOL 1.57 High SUBGRADE | 0.61 Moderate
CLIMATE 1.22 High ACOLBIND | 154 High AADTT 0.56 Moderate
ACOLGRAD | 0.82 Moderate SUBGRADE | 1.34 High ACOLGRAD | 0.53 Moderate

SUBGRADE | 0.71 Moderate EPCC 1.12 High EPCC 0.05 Low

HPCC 0.62 Moderate | ACOLGRAD | 0.87 Moderate | ACOLBIND | -0.05 Low

BASE 0.37 Low BASE 0.41 Low BASE -0.48 Low

ACOLBIND | -0.36 Low HPCC 0.36 Low HPCC -0.89 Low

HBASE -1.30 Low HBASE -0.43 Low HBASE -1.30 Low
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Figure 5.43. Cracking sensitivity to the AC-overlaid rubblized JPCP design inputs

Figure 5.44. Rutting sensitivity to the AC-overlaid rubblized JPCP design inputs
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Figure 5.45. IRI sensitivity to the AC-overlaid rubblized JPCP design inputs
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CHAPTER 6 Identification of Additional Data Collection Protocols to

Meet M-EPDG Requirements

The sensitivity analysis of the M-EPDG prediction models identified the degree of impact for
input variables on the predicted ouput value of a particular distress. The summary of the
sensitivity results is provided in Chapter 5. Based on a ranking of an input for a targeted design
(New AC, AC-overlaid AC, or AC-overlaid PCC pavement), the recommended level of
hierarchy and a corresponding scope of testing required to meet that level should be established
as part of the M-EPDG implementation process. The description of the hierarchical levels is
provided in Chapter 3. The current chapter discusses assignment of hierarchical levels to inputs
based on their importance ranking and provides recommendations on data collection and testing
protocols to meet the M-EPDG requirements for that level.

Summary of M-EPDG Hierarchical Levels for Typical Connecticut Inputs

The importance of ranking each analyzed input was established with respect to the effect of that
input on pavement performance expressed in cracking, rutting, or roughness. The importance
rankings with respect to each of the three designs in consideration are summarized in Tables 6.1
through 6.3. Note that the overall ranking is assigned as an aggregate of the three sub-rankings
(i.e. cracking, rutting, and IRI). It may be changed by ConnDOT based on the future calibration
of the M-EPDG prediction models using actual pavement management data. The rankings in
Tables 6.1 through 6.3 are superimposed with each of the levels of hierarchy and the
corresponding requirements on data collection and testing.
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CHAPTER 7 Evaluation of Need for Calibration of MEPDG Distress

Prediction Models for Connecticut

As explained previously in Chapter 3, the distress prediction models incorporated in the M-
EPDG software have been calibrated based on the data collected from the LTPP test sections
spread across the continental U.S. and Eastern Canada. Due to wide variability in climatic
conditions, subgrade types, and the local material properties, the nationally calibrated prediction
equations may produce large errors for a particular project or even for the whole region such as
New England. Therefore, the calibration and validation of the M-EPDG models are strongly
recommended by AASHTO.

To evaluate the calibration needs for Connecticut, the research team identified the currently
terminated SPS-9A project located on the Connecticut State Route 2 as a viable source of
information. A well-documented construction history, pavement performance, and laboratory
testing data provided real values for climatic, traffic, and material-related inputs that were used
in the M-EPDG trial runs. Once the predicted deterioration curves were obtained, they were
superimposed with the field trends to evaluate the errors. Based on the magnitude of prediction
errors, recommendations on the calibration were made for each of the prediction models included
in the sensitivity analysis. It should be noted that this study only provides an example based on a
limited dataset, whereas the statewide calibration and validation study has to be implemented as
a part of the M-EPDG implementation process outlined in Chapter 8. The next few sections
describe input datasets, the trial validation results, and provide recommendations on calibration
and validation for the M-EPDG models in Connecticut.

Description of the LTPP SPS-9A Sections on Route 2

The six Connecticut LTPP sections constructed in 1997 to serve as SPS-9A sites on the
characterization of Superpave asphalt mixtures are aligned along a 10-km stretch of Route 2,
between the towns of Lebanon and Bozrah. Route 2 is a four-lane, median-divided highway,
functionally classified as a principal arterial. It is also a part of the National Highway System
(Non-Interstate) of the U.S. According to the Connecticut Department of Transportation
(ConnDQOT), the average daily traffic on those LTPP sections increased from 20,000 AADT in
1998 to about 27,000 AADT in 2007, with approximately 10% trucks. (Larsen 1997) The
cumulative traffic for 1997-2008 was 73.9 and 71.8 million vehicles for westbound and
eastbound sections, respectively.

The original pavement structure of Route 2, constructed in 1970, consisted of a 10-in (250-mm)
subbase, a 4-in (100-mm) calcium chloride stabilized base, a 6-in (150-mm) plant mix HMA
base, and a 4-in (100-mm) surface course containing ConnDOT Class 1 HMA (NMAS of 12.5
mm) (Larsen 1997). It was overlaid in 1986 with 2-in (50-mm) HMA Class 114 course without
milling. In 1997, the top 50 mm of pavement were replaced with a 25-mm ConnDOT Class 2
leveling course, overlaid with a 62.5-mm surface course of various HMA designs (Larsen 1997).
In summary, two mix designs combined with three binder grades and two RAP contents (0 and
25 + 5 percent) were designated for research purposes (Larsen 1997).
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M-EPDG Inputs for the LTTPP SPS-9A Sections
Tables 7.1 and 7.2 summarize the traffic and material-related inputs for the six LTPP SPS-9A
sections analyzed by the M-EPDG trial runs. The vast majority of input values, as well as the
pavement performance data, were extracted from the construction and five-year evaluation
reports (Larsen 1997. Larsen 2003). The traffic inputs were back calculated based on the WIM
data provided by ConnDOT. The temperature, wind, and precipitation data for the Route 2
locations were interpolated from the nearest weather stations located in Windsor Locks,
Willimantic, and Groton, CT. The location coordinates and elevations were found through
Google Earth ® 2013, whereas the groundwater table was provided in the construction report
(Larsen 1997). The M-EPDG simulations were performed for a 12-year design life period
encompassing years 1997 through 2009.

Table 7.1. Traffic Inputs for SPS-9A Sections

Input Parameter Section Section Section Section Section Section
090901 090902 090903 090960 090961 090962
AADTT™* [trucks] 580 580 580 597 597 597
Operatlo.nal Speed 55 55 55 55 55 55
[mi/hr]
Traffic Growth Rate 1.6% 1.6% 1.6% 1.9% 1.9% 1.9%
Eastbound Westbound
Class 4 3.0% Class 4 4.6%
Class 5 44.8% Class 5 42.8%
Class 6 6.4% Class 6 4.1%
Vehicle Class Class 7 0.5% Class 7 2.7%
Distribution Class 8 13.7% Class 8 13.4%
Class 9 29.3% Class 9 29.5%
Class 10 0.4% Class 10 0.7%
Class 11 1.5% Class 11 1.9%
Class 12 0.2% Class 12 0.2%
Class 13 0.2% Class 13 0.1%
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Table 7.2. Pavement Structure Inputs for SPS-9A Sections

Input Parameter Section Section Section Section Section Section
090901 090902 090903 090960 090961 090962
AC Surface Layer 1 Inputs
Thickness [in] 2.3 2.4 2.1 2.4 2.2 2.2
Effective Binder 4.52 5 5 4.9 4.6 4.8
content [%]
Air Voids [%] 3.3 4.8 4.1 3.5 5.0 5.2
Asphalt Mix Gradation
% Retained %" 0 0 0 5 0 0
% Retained 3/8” 20 16 16 26 23 23
% Retained #4 45 44 44 45 55.3 55.3
% Passing #200 5 3.5 3.5 5 3.1 3.1
Asphalt Binder AC-20 | PG 64-28 | PG 64-22 AC-20 PG 64-28 | PG 76-22
Tensile Strength@14F 738.3 894.5 765.6 738.3 988.1 946.7
[psi] (calculated)
Leveling AC Layer 2 Inputs
Thickness [in] 11 1.5 14 1.0 1.1 1.6
Effective Binder 6.1
content [%]
Air Voids 35
Asphalt Mix Gradation
% Retained %" 0
% Retained 3/8” 5
% Retained #4 30
% Passing #200 5
Asphalt Binder AC-20

Existing AC Layer 3 Inputs

Thickness [in] 4
Effective Binder 5.8
content [%]
Air Voids [%] 4.5
Asphalt Mix Gradation
% Retained 34" 5
% Retained 3/8” 30
% Retained #4 50
% Passing #200 6
Asphalt Binder AC-20
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Table 7.2 Pavement Structure Inputs for SPS-9A Sections (Continued)

Input Parameter

Section Section
090901 090902

Section Section Section Section
090903 090960 090961 090962

Existing AC Premixed Base Layer 4 Inputs

Thickness [in] 6
Effective Binder 5
Content [%]
Air Voids [%] 2
Asphalt Mix Gradation
% Retained 34" 30
% Retained 3/8” 46
% Retained #4 58
% Passing #200 3
Asphalt Binder AC-20

Granular Base Layer 5Inputs

Material A-la
Thickness 4
Modulus [psi] 42,000
Base Gradation
% Passing #200 8.7
% Passing #80 12.9
% Passing #40 20
% Passing #10 33.8
% Passing #4 44.7
% Passing 3/8” 57.2
% Passing 1/2” 63.1
% Passing 1 %" 85.8
% Passing 3” 97.8

Subbase (Selected Borrow) Layer 6 Inputs

Material A-1-b
Thickness 10
Modulus [psi] 25,000
Base Gradation
% Passing #200 0-5
% Passing #80 0-10
% Passing #40 5-25
% Passing #8 15-45
% Passing #4 20-42
% Passing 3/4” 45-80
% Passing 1 1" 100
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Table 7.2 Pavement Structure Inputs for SPS-9A Sections (Continued)

Input Parameter Section Section Section Section Section Section
090901 090902 090903 090960 090961 090962
Subgrade Layer 7 Inputs
Material A-3
Thickness Semi-infinite
Modulus [psi] 18,500
Base Gradation
% Passing #200 5.2
% Passing #80 33
% Passing #40 76.8
% Passing #10 934
% Passing #4 95.3
% Passing 3/4” 98
% Passing 1 1" 99

M-EPDG Simulation Results for the LTPP SPS-9A Sections

Table 7.3 compares performance indicator values predicted by the M-EPDG with those reported
after 12 years of service. Note that the prediction values are reported at 50 percent reliability
(deterministic approach). In addition, to facilitate direct comparison with the M-EPDG units of
measure (ft/mi), the field values are normalized to the mile length. It is obvious that none of the
predicted values exactly match the measured ones, except for alligator cracking. In order to
evaluate the errors and feasibility of calibration, predicted values are superimposed on the
measured values to evaluate accuracy of fit by a linear regression. R-squared is used as a
measure of the association between two datasets. The trendlines with regression equations along
with R-squared values, are depicted in Figures 7.1 through 7.4 for longitudinal (wheelpath) and
transverse cracking, total rutting, and IRI.

Table 7.3. M-EPDG-predicted versus measured distress in the LTPP SPS-9A sections

Section | Longitudinal Alligator Transverse Total Rutting IRI (in/mi)
Cracking (ft/mi) | Cracking (%) | Cracking (ft/mi) (in)
M- Field M- Field M- Field M- Field M- Field
EPDG EPDG EPDG EPDG EPDG
090901 0 84 0.0000 0.0 149.0 | 222 0.039 | 0.144 85.1 74.0
090902 0 42 0.0000 0.0 0.0 |63 0.043 | 0.152 84.0 80.1
090903 0 0 0.0000 0.0 48 |0 0.041 | 0.170 84.0 77.7
090960 0 0 0.0001 0.0 187.0 | 84 0.039 | 0.170 85.4 64.4
090961 | 0.03 0 0.0000 0.0 0.2 53 0.052 | 0.203 84.4 74.7
090962 0 0 0.0001 0.0 22 |0 0.034 | 0.146 83.7 78.0
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Figure 7.1. Predicted versus measured longitudinal (wheelpath) cracking
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Figure 7.2. Predicted versus measured thermal (transverse) cracking.
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Figure 7.4. Predicted versus measured IRI

The following is a summary of the preliminary validation results for the chosen set of sections:

Longitudinal Cracking: The M-EPDG predicted zero top-down fatigue for all sections
at a reliability of 50 percent, whereas the condition survey revealed very few low severity
cracks in the wheel path of sections 090901 and 090902. Because of prevalent zero
values, it is impossible to correlate predicted output with the field measurements
(consider R-squared=0.086 in Figure 7.1). However, as explained in Chapter 3, the 80
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percent reliability predictions reach as high as 200 ft/mi. The calibration of a model with
such a high built-in error appears impractical in general. Ultimately, more research
should be done with use of better suited candidate sections where the extent of
longitudinal cracking in the wheelpath is noticeable.

e Alligator Cracking: Due to a relatively low truck traffic volume (580-600 AADTT in
one direction), as well as a “deep-strength” nature of the pavement structure on the Route
2, no alligator cracking has developed during the 12 years of service. The zero-values by
the M-EPDG should not be, however, attributed to a good quality of predictions. Instead,
it is recommended to choose a different set of pavement sections for the calibration of the
fatigue cracking models because this type of distress is not typical for Connecticut State
routes.

e Thermal (Transverse) Cracking: The results in Table 7.3 indicate the noticeable extent
of transverse cracking in the sections paved with standard Class 1 (Marshall) mixes with
lower air void content (sections 090901 and 090960), as compared with Superpave
sections. It is notable that the M-EPDG model yielded similar predictions, albeit while
underestimating the extent of thermal failure on average (77 percent of measured) at
moderate goodness of fit (R-squared=0.48), as shown in Figure 7.2. In knowing that
thermal cracking is one of the main distresses on asphalt surfaces in Connecticut, it is
strongly recommended to consider this model for calibration.

e Total Rutting: It is impossible to distinguish the contribution of the AC layer to total
rutting from the contribution of the unbound materials without coring the pavement
structure. It is especially true for such low levels of rutting as detected on the Route 2
sections. Therefore, only total rutting model predictions are discussed in this report. In
general, the M-EPDG underestimated total rutting for the given dataset by 25 percent of
the measured rutting. However, the relatively high accuracy of fit for the linear trends
depicted in Figure 7.3 (R-squared=0.69) suggest that a scaling factor can be applied to
rutting predictions to adapt the model to the Connecticut environments. Ultimately, a
larger dataset involving a wide range of traffic volumes and layer thicknesses should be
utilized during the calibration.

e IRI: The verticality of the linear trend in Figure 7.4 clearly indicates no association
between predicted and measured values for the given set of sections, regardless of the
high R-squared value of 0.76. This outcome may be a result of the combined low
predictability demonstrated by the fatigue cracking models. On the other hand, it may be
a result of discrepancy in IRI measurements. At any rate, the calibration of the IRl model
is possible if the field measurements are consistent with growth in roughness with
pavement age.

In summary, it appears that all the M-EPDG models should be calibrated to local conditions.
Special care should be taken with the fatigue (longitudinal and alligator) predictions where very
low values were predicted for the thick pavements. It is recommended that ConnDOT allocate
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the resources for calibration and validation of all the M-EPDG models to facilitate creation of the
design catalog, which in turn will save time and lower costs in the future pavement design
activities.
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CHAPTER 8 Implementation Plan and Recommendations for Future
Research

The concluding task of this project is to develop a roadmap for the implementation of the M-
EPDG by the Connecticut DOT. This roadmap includes a step-by-step outline of the activities
and processes that should be undertaken to facilitate a change in design philosophy and adoption
of the mechanistic-empirical approach to pavement design. The outline consists of 10 general
steps, some of which have been or can be completed concurrently. It should be noted that this
chapter only describes tentative activities proposed by the UConn research team, which should
be finalized and approved by ConnDOT’s M-EPDG Implementation Team.

1. Conduct sensitivity analysis of M-EPDG inputs.

Note: Include soil typical of upper CT-river valley (clayey soil); include a thinner
pavement structure (4” bound material over 6” of Processed Aggregate granular base on
10” Subbase); consider also other rehabilitation alternative(s) of AC over repaired PCC
pavement and/or over AC/PCC pavement.

2. Recommend M-EPDG input levels and required resources to obtain those inputs.

3. Assemble a ConnDOT M-EPDG Implementation Team to develop and implement a

communication plan.

Conduct staff training.

Develop formal ConnDOT-specific M-EPDG-related documentation.

Develop and populate a central database(s) with required M-EPDG input values.

Align distress data collection in Connecticut with the M-EPDG defined performance

indicators.

Calibrate and validate M-EPDG performance prediction models to local conditions.

9. Define the long-term plan for adopting the M-EPDG design procedure as the official
ConnDOT pavement design method.

10. Develop a design catalog.

No ok

o

The list of the above activities necessary for a successful implementation was developed based
on previous work (Saeed 2003, Yut et al. 2007, Hoerner et al. 2007) and customized to address
ConnDOT specific needs. Following is the explanation of each implementation step.

Step 1. Conduct sensitivity analysis of M-EPDG inputs.

This step has been completed as described in Chapters 4 and 5. The sensitivity analysis allowed
the ability to differentiate the degree of influence of the individual inputs and specific input
categories on the predicted extent of distress in a particular pavement structure. The following
was done in this implementation step:

e The typical pavement designs along with representative input ranges were selected.

e The M-EPDG simulation runs were performed to establish the variation in the distress
output.

e A comprehensive analysis of significance was conducted to rank the investigated inputs
in order of their influence on the predicted overall performance of the typical pavement
designs.
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It should be noted that this study did not target large numbers of input as in the South Dakota
study (Hoerner et al., 2007), nor the full factorial of input interactions as in Minnesota (Yut et al.
2007, Velasquez et al. 2009). Instead, the research team focused on the pavement features and
material properties within the range that is typical for Connecticut. Due to relatively small
variations in some inputs prescribed by current ConnDOT specifications, such as: unbound
material moduli; base thickness; and mix design parameters; , the sensitivity of the M-EPDG
software to those inputs appeared to be low, in some cases. In the event ConnDOT decides to
pursue optimization of design by changing the range of inputs, a sensitivity analysis of the new
input range is recommended.

Step 2. Recommend M-EPDG input levels and required resources to obtain those inputs

Hierarchical levels, as prescribed by the M-EPDG, were assigned to each input, based on the
degree of influence of the investigated inputs on the predicted pavement performance. .
Furthermore, based on the hierarchical level, a scope of data collection and material testing was
recommended. Note that for the moment, those recommendations are tentative, while pending
discussion and approval by ConnDOT. To finalize those recommendations, the following tasks
should be completed:

e Determination of gaps between the current ConnDOT data collection/testing protocols
and the required data and testing for the recommended M-EPDG input levels.

e Assessment of ConnDOT data sources for new sampling or testing procedures that are
required to close these identified gaps.

Step 3. Assemble a ConnDOT M-EPDG Implementation Team and develop and implement a
communication plan

In understanding the complexity of the new Design Guide and the challenges presented by the
need for its calibration to produce reliable solutions, it is recommended that ConnDOT assemble
an Implementation Team to champion the transition from the AASHT01986(1993) design
procedure to the M-EPDG. The team would include both overseeing and technical committees.
The overseeing committee is expected to have representatives from the major stakeholders; that
is, office of ConnDOT Commissioner, and the asphalt industry. The technical committee would
consist of ConnDOT personnel who specialize in the following areas:

e Traffic data collection and analysis

e Asphalt binder and mix characterization, sampling, and testing
Unbound materials (aggregates) characterization, sampling, and testing
Pavement management, including maintenance and rehabilitation
Climatic data (weather, precipitation, depth of groundwater table)
M-EPDG performance model calibration and validation

Personnel training

The Implementation Team is recommended to undertake the following activities:
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a) Assign the specific responsibilities for the ConnDOT personnel involved with M-
EPDG implementation and future use.

b) Develop an approach and establish a schedule for completing the implementation
steps in hand.

c) Deliver the necessary training to all personnel involved with M-EPDG
implementation and future use.

d) Hold regular meetings to keep all informed of the progress in all M-EDPG-related
activities.

Step 4. Conduct staff training.

The M-EPDG requires using a sophisticated software package as well as the need for an
innovative approach to data collection and interpretation of testing results. Therefore, the training
of the personnel involved with M-EPDG is critical for the success of its implementation. The
recommendations on the training approach are based on previously published work (Coree et al.
2005, Hoerner et al. 2007), and are described in more detail in Chapter 9.

Step 5. Develop formal ConnDOT-specific M-EPDG-related documentation.

There is a large number of data inputs required for an M-EPDG analysis, which is also designed
to be customized for a given agency. Therefore, it seems reasonable for ConnDOT to develop
some formal guidelines for the personnel involved in the use and calibration of the M-EPDG,
and also for the third parties conducting design for ConnDOT. Those documents may include but
not be limited to:

e M-EPDG Pavement Design Procedural Manual (Baus and Stires 2010, Bayomy et al.
2012) to outline a step-by-step procedure that could be easily implemented by a
pavement designer.

e M-EPDG Material Characterization Guidelines to document; 1) the different
acceptable M-EPDG input levels associated with each material-related input; 2) the
recommended M-EPDG input level for each input; 3) the MEPDG level-specific
laboratory and field testing protocols (if applicable), and 4) acceptable default values for
some inputs.

The above guidelines can be based on the M-EPDG documentation available elsewhere
(www.trb.org/mepdg, AASHTO 2008) as well as on the information provided in this report.

Step 6. Develop and populate a central database(s) with required M-EPDG input values.

To unify the process of input collection during the design, it may be necessary to create a central
database where some global (non-project specific) inputs would be stored. The examples of such
inputs are provided:

e Climatic data: ldeally, the M-EPDG-generated or -interpolated weather station data for
DOT districts may be stored in climatic files.
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e Traffic data: The default values for some traffic-related inputs such as vehicle class
distribution and hourly truck distribution (not discussed here — refer to Hoerner et al.
2007) can be centrally stored.

e Default material property data: Such data can include asphalt binder PG for the
districts, volumetrics of the mix, aggregate gradation and other properties included, for
example, in FORM 816, Section M.04 specifications.

Step 7. Align distress data collection in Connecticut with the M-EPDG defined performance
indicators.

The calibration of the M-EPDG distress prediction models requires the use of pavement
management data, specifically, construction history, and pavement performance trends.
Pavement performance should be defined and expressed in units of measure compatible with
the default M-EPDG performance indicators (e.g. longitudinal, reflection, and alligator
cracking). The Connecticut Pavement Preservation Manual defines the distresses in
accordance with the LTPP Distress Manual (ConnDOT 2011), which is in full compliance
with the M-EPDG. The units of measure for transverse and longitudinal cracking, however,
are expressed in full-width and full-length equivalents, correspondingly, rather than in ft/mi
as prescribed by the M-EPDG. Therefore, it is envisioned that for the purpose of pavement
design, the appropriate units of measure will be used.

Step 8. Calibrate and validate MEPDG performance prediction models to local conditions.

In order to produce a reliable design, the M-EPDG distress prediction models should be
calibrated on the historical performance trends obtained from the pavement management
system. Next, the adequacy of the predictions should be validated on an independent set of
data. The calibration term refers to the mathematical process through which the total error or
difference between observed and predicted values of distress is minimized (NCHRP 2003b).
The validation is performed to confirm that the calibrated model can produce robust and
accurate predictions for cases other than those used for model calibration (NCHRP 2003b).
The NCHRP Research Digest No. 284 recommends the split-sample jackknifing approach
that uses a single database to both calibrate and validate a given model. This method is
instrumental in saving time and expenditures on distress data collection (NCHRP 2003b).
More detailed information on the use of the split-sample jackknifing approach is available
elsewhere (NCHRP 2003a, NCHRP 2003b, and AASHTO 2010).

Step 9. Define the long-term plan for adopting the M-EPDG design procedure as the official
ConnDOT pavement design method.

AASHTO officially recognized the M-EPDG procedure in 2008. However, in order to
achieve full acceptance of the M-EPDG as the official design procedure in Connecticut, more
experience with the calibrated/validated models must be obtained. Therefore, it is
recommended that ConnDOT begin evaluating the accuracy and consistency of the M-EPDG
output as soon as possible. Tentatively, the proposed long-term schedule for the
implementation requires three years (Table 8.1). Throughout this 3-year period, it is
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recommended that both the AASHTO 1986 and M-EPDG analyses should be conducted for
every pavement design. The primary goal of this exercise is to produce and review expected
performance data for given pavement designs, with the ultimate goal of gaining confidence in
the MEPDG predicted performance. All selected M-EPDG inputs and collected performance
data should be recorded and stored so they can be used in future calibration and validation
efforts. The decision to adopt the M-EPDG for pavement design is a decision that should not
be made until the implementation team members have great confidence that the calibrated
and validated M-EPDG performance models are predicting distress values that are reasonable
and considered to be acceptably accurate for Connecticut conditions.

Step 10. Develop a design catalog

It is understood that running multiple M-EPDG simulations to achieve an optimal design for
every ConnDOT project is time consuming and hence impractical. Instead, a design catalog
can be developed after gaining confidence with the calibrated M-EPDG distress prediction
models. The concept of the design catalog employs multiple design alternatives to achieve an
optimal design. Such a design will employ a particular range of inputs (layer thicknesses and
material properties) that would yield an overall satisfactory performance in specified site
conditions (climate, traffic and subgrade). For example, in the development of such a catalog,
M-EPDG runs representing different combinations of site conditions (climate, traffic, and
subgrade) and design features (layer thickness, slab geometry, dowel diameter, and so on)
would be conducted ahead of time. Based on selected performance limits (e.g., 15 percent of
fatigue cracking and 0.2 inches of rutting), an expected pavement life would be computed for
each hypothetical design. By compiling results associated with enough combinations of
typical design inputs, it is envisioned that eventually, a pavement design engineer could use
the information recorded in the design catalog to select a given design, rather than have to
use the software to simulate a given scenario.
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Table 8.1. Projected timeline for the M-EPDG implementation

Implementation Step

Complete

Yearl

Year 2

Year 3

Future
Activity

1. Conduct sensitivity analysis of M-EPDG inputs.

X

2.Recommend M-EPDG input levels and required
resources to obtain those inputs.

3.Assemble a ConnDOT M-EPDG
Implementation Team and develop and
communication plan.

4. Conduct staff training.

5. Develop formal ConnDOT specific MEPDG-
related documentation.

6. Develop and populate a central database(s) with
required M-EPDG input values.

7. Align distress data Collection in Connecticut
with the M-EPDG definitions

8. Calibrate and validate M-EPDG performance
prediction models to local conditions.

9. Define the long-term plan for adopting the M-
EPDG design procedure as the official
ConnDOT Pavement Design Method

10 Develop design catalog.
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CHAPTER 9 Development of M-EPDG Training Course for ConnDOT

Designated Personnel

The M-EPDG approach associated with the new 2008 AASHTO Pavement Design Guide is
markedly different from that in the previous 1993 AASHTO procedure. Therefore, it is
anticipated that ConnDOT will allocate resources for training all the personnel involved in the
M-EPDG implementation process. In line with the recommendations by previous reviewed work
(Hoerner et al. 2007), the research team envisions the training will not only involve the to-be
assembled ConnDOT M-EPDG Implementation Team, but also include ConnDOT pavement
designers, laboratory personnel, and pavement management specialists. In addition, some
external personnel who conduct business with the ConnDOT may be involved in training. Figure
9.1 illustrates the flow of the training process.

The training materials will arrive from the variety of sources included but not limited to those
provided on the federal level, web resources, college courses and publications. The training can
involve on-line and posted handouts, classroom delivery, webinars, and workshops. The FHWA
training courses related to the M-EPDG are listed in Table 9.1. The formal M-EPDG
documentation is provided with the M-EPDG software (also on www.trb.org/mepdg) as well as
summarized in the 2008 AASHTO Pavement Design Guide (AASHTO 2008). Lastly, at this
time, the research team has volunteered the course materials developed for the Pavement Design
class taught at the Civil Engineering Department at UConn. Ultimately, those materials can be
delivered during a workshop at the chosen ConnDOT location. Appendix B includes the copies
of the PowerPoint presentations delivered during the academic year 2012-2013.

111



Table 9.1, FHWA Training Courses Recommended for the Implementation Team

Course No. | Course Title Note
NHI Introduction to The general framework of the mechanistic-empirical design
#131064 Mechanistic Design for | procedure and the individual components are discussed in
New and Rehabilitated | detail. The course includes several hands-on exercises
Pavements pertaining to materials characterization, structural response
calculations, pavement performance prediction, and
mechanistic-empirical pavement design..
NHI Geotechnical Aspects The course content includes geotechnical exploration and
#132040 of Pavements characterization of in-place and constructed subgrades; design
and construction of subgrades and unbound layers for paved
and unpaved roads, with emphasis on the American Association
of State Highway Transportation Officials (AASHTO) 1993
empirical design procedure and on the new Mechanistic-
Empirical Pavement Design Guide (M-EPDG)
NHI Application of the This training covers the application of procedures used as
#151018 Traffic Monitoring published in the FHWA's "Traffic Monitoring Guide" (TMG)

Guide

and other recent developments in traffic monitoring, including
an overview of the application of the TMG procedures to
develop data and information needed to support state and
national programs including the Highway Performance
Monitoring System (HPMS), pavement management, safety
management, congestion management, and environmental
management
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Figure 9.1. M-EPDG training flow chart
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Appendix A. Summary of the M-EPDG Inputs for Sensitivity Analysis

This Appendix presents summary of typical traffic-, structure-, material-, and climate-related
inputs for newly constructed HMA, HMA-overlaid HMA, and HMA-overlaid rubblized JPCP
pavement designs. The series of tables are organized by the category of input in the order of

appearance on the M-EPDG User Interface.

Table A.1. General information inputs

Input

Input Name Units Type Value(s) Notes
Design Life years Fixed 20 Default value
Base/Subgrade month/ Fixed June 2006 Default value
Construction Month year
Pavement Construction month/ Fixed August 2006 Default value
Month year
Traffic Open Month month/ Fixed October2 006 Default value

year
Type of Design Variable o New Flexible Pavement Chosen after
e Asphalt Concrete Overlay/ AC | consultations with
over AC CTDOT
o Asphalt Concrete Overlay/ AC
over JPCP (fractured)
Table A.2. Site/Project information inputs
. Input

Input Name Units Type Value(s) Notes
Location n/a Info only | Not used The information only
Project ID n/a Info only | Not used inputs are used for
Section 1D n/a Infoonly | Not used do::umentatlon purposes
Date n/a Info only | Not used only
Station/milepost format n/a Info only | Not used
Station/milepost begin n/a Info only | Not used
Station/milepost end n/a Info only | Not used
Traffic Direction n/a Info only | Not used
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Table A.3. Analysis parameter inputs

Input Name Units I_P;);: Limit Value Reliability Notes
Initial IRI in/mile | Fixed 62 90% Default Value
Terminal IRI in/mile | Fixed 178 90% Default Value
AC Surface-Down ft/mi Fixed 1000 90% Default Value
Cracking
(Longitudinal Cracking)
AC Bottom-Up cracking % Fixed 25 90% Default VValue
(Alligator Cracking)
AC Thermal Fracture ft/mi Fixed 1000 90% Default Value
Chemically Stabilized % Fixed Not used Not used Not used
Layer Fatigue Fracture
Permanent Deformation — in Fixed 0.43 90% Default Value
Total Pavement
Permanent Deformation - in Fixed 0.43 90% Default Value

AC

119




Table A.4. Traffic inputs

Input Name Units I-R%J.: Value(s) Notes
Main Traffic Inputs
Initial two-way AADTT trucks Variable | 400 (low) 1.9 min ESALs (Level 27
1000 (base) 4.2 min ESALs (Level 3 Medium
2500 (high) volume?)
12.1 min ESALSs (Level 3 High volume®)
Number of lanes in design | units Fixed 1
direction
Percent of trucks in design | % Fixed 55 Assumed value®
direction
Percent of trucks in design | % Fixed 100 Assumed value®
lane
Operational speed mph Fixed to 40 Level 2
functional | 55 Level 3 Medium volume
class 70 Level 3 High volume

Traffic Volume Adjustment Factors

Monthly adjustment dactor | N/A Fixed 1 Level 3 M-EPDG default for all months
(MAF) and vehicle classes
Vehicle class distribution % Fixed to Level 3 Principal Arterials-Interstate — Level 3
functional | M-EPDG high
class and default Principle arterial (others) — Level 3
traffic medium
level Minor Arterial — Level 2
Truck hourly distribution % Fixed Level 3 Level 3 M-EPDG default table used for
M-EPDG all runs
default
Axle Load Distribution Factor
Axle factors by axle type units Fixed Level 3 Level 3 M-EPDG default table used for
M-EPDG all runs
default
General Traffic Inputs
Mean wheel location in Fixed 18 MEPDG default value
Traffic wander standard in Fixed 10 MEPDG default value
deviation
Design lane width ft Fixed 12 MEPDG default value
Number of axle types per units Fixed Level 3 Level 3 M-EPDG default table used for
truck class M-EPDG all runs
default

Table M.04.03-4 (CTDOT)
Assumed to arrive at designated ESALS
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Table A.5. Climatic inputs

Input Name Units I'Ir';t)r;]et Value(s) Notes
Climate | (SHORE) Inputs
Latitude degrees Fixed 41.10 Generated from the M-EPDG climatic
Longitude degrees Fixed -73.09 data for Bridgeport, CT
Elevation ft Fixed 11
Depth of water table ft Fixed 10 Assumed
Climate 11 (INLAND) Inputs
Latitude degrees Fixed 41.44 Generated from the M-EPDG climatic
Longitude degrees Fixed -72.39 data for Hartford CT
Elevation ft Fixed 18
Depth of water table ft Fixed 10 Assumed
Climate 111 (MOUNT) Inputs
Latitude degrees Fixed 41.92 Location: Putnam, CT
Longitude degrees Fixed -71.89 Interpolated from the M-EPDG climatic
Elevation ft Fixed 415 data for Worchester, MA
Depth of water table ft Fixed 100 Assumed
Table A.6. Structure inputs
Input Name Units I_P;);; Value(s) Notes
General Structure Inputs

Surface short-wave units Fixed 0.9 M-EPDG default value — single input for
absorptivity the whole structure
Interface units Fixed 1-for AC and M-EPDG default value — single input for

granular base; each layer

n/a - for

subgrade
Rehabilitation Level units Fixed 3 For AC-overlaid AC design only
Milled Thickness in Variable 1-Low For AC-overlaid AC design only

2-Baseline

3-High
Pavement rating N/A Variable Poor-Low For AC-overlaid AC design only

Fair-Baseline

Good-High
Total Rutting (existing in Variable 0-Low For AC-overlaid AC design only
pavement) 0.5-Baseline

1-High

Table A.7. HMA Design Properties inputs

HMA E* Predictive Model

NCHRP 1-37A Viscosity based model (nationally calibrated)

HMA Rutting Model Coefficients

NCHRP 1-37A coefficients (nationally calibrated)

Fatigue Endurance Limit

Not set

Reflective Cracking Analysis

Included
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Table A.8. Asphalt Concrete material inputs

Input Name

Units

Input
Type

Value(s)

Notes

Asphalt Mix inputs (Aggregate Gradation)

Cumulative % Retained % Fixed 0 S0.375 CTDOT mix
3/4“ sieve S0.5 CTDOT mix
Cumulative % Retained % Fixed 5-Layer1 S0.375 CTDOT mix
3/8" sieve 20-Layer 2 S0.5 CTDOT mix
20 — Overlay, S1.0 CTDOT mix
Layer 3
Cumulative % Retained #4 | % Fixed 25— Layer1 S0.375 CTDOT mix
sieve 37 — Layer 2 S0.5 CTDOT mix
36 — Overlay, S1.0 CTDOT mix
Layer 3
% Passing #200 sieve % Fixed 6 S0.375 CTDOT mix
S0.5 CTDOT mix
S1.0 CTDOT mix
Asphalt Binder inputs
Option n/a Fixed PG XX-XX Superpave binder grading
PG grade n/a Variable 64-22 A=10.98; VTS=-3.68 (generated by M-
EPDG
70-22 (Base) A=10.299; VTS=-3.426 (generated by
M-EPDG
76-22 A=9.71; VTS=-3.208 (generated by M-
EPDG
Asphalt General inputs
Reference temperature °F Fixed 70 M-EPDG default value
Poisson’s Ratio units Fixed 0.35 M-EPDG default value
Effective binder content % Fixed 55 Surface S0.375, Traffic Level 2
54 Surface S0.375, Traffic Level 3
4.9 Surface S0.5, Traffic Level 2
4.8 Surface S0.5 Traffic Level 3; HMA Base
4.5 Surface S1.0 Traffic Level 2
4.4 Surface S1.0 Traffic Level 3
Air voids % Fixed 4 CTDOT req. for all AC layers
Total unit weight pcf Fixed 148 Surface and binder courses
150 HMA base course
Thermal conductivity BTU/hr- | Fixed 0.67 M-EPDG default for all AC layers
ft-F°
Heat capacity BTU/Ib- | Fixed 0.23 M-EPDG default for all AC layers
FO
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Table A9. Thermal Cracking Inputs (Generated by the M-EPDG siftware based on binder
PG and aggregate gradation)

S der Grad Loading Creep Compliance [1/psi] StTenstiLe .
inder Grade - R o o rength a
Time [sec] -4°F 14°F 32°F 14°F [psi]
1 8.65888e-008 1.5345e-007 2.20157e-007
2 9.3778e-008 1.76916e-007 2.77215e-007
3 1.04206e-007 2.13532e-007 3.75944e-007
PG64-22 10 1.12857e-007 2.46186e-007 4,73378e-007 701.16
20 1.22228e-007 2.83834e-007 5.96065e-007
50 1.35819e-007 3.42578e-007 8.08349e-007
100 1.47095e-007 3.94966e-007 1.01785e-006
1 1.10534e-007 1.85932e-007 2.65104e-007
2 1.18949e-007 2.12863e-007 3.2899¢e-007
3 1.31064e-007 2.54543e-007 4,37659e-007
PG 70-22 10 1.41042e-007 2.91412e-007 5.43129e-007 715.76
20 1.5178e-007 3.33623e-007 6.74015e-007
50 1.67239e-007 3.98947e-007 8.96648e-007
100 1.79971e-007 4,56733e-007 1.11273e-006
1 1.38092e-007 2.21502e-007 3.14035e-007
2 1.47917e-007 2.52293e-007 3.85617e-007
3 1.61985e-007 2.99662e-007 5.05874e-007
PG 76-22 10 1.73509e-007 3.41318e-007 6.21184e-007 728.89
20 1.85854e-007 3.88765e-007 7.62777e-007
50 2.0353e-007 4.61757e-007 1.00065e-006
100 2.1801e-007 5.25947e-007 1.22875e-006
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Table A. 10. Unbound layer material inputs

Input Name Units I.R%J: Value(s) Notes
Granular base inputs: Strength Properties
Unbound material type n/a Fixed A-1-a For all base types
Poisson’s ratio units Fixed 0.35 M-EPDG default value
Coefficient of lateral units Fixed 0.5 M-EPDG default value
pressure, K
Modulus psi Variable 20,000 Assumed for CTDOT Grading A
(Representative value) 25,000 Assumed for CTDOT Grading B
30,000 Assumed for CTDOT Grading C
Granular base inputs: ICM inputs
Gradation #200: 0-5 CTDOT Grading A
#100: 0-10
#40: 5-25
#10: 15-45
#4: 20-52
1 %”: 55-100
3%":90-100
%Pass. Variable #200: 0-5 CTDOT Grading B
Range #100: 0-10
#40: 5-25
#10: 15-45
#4: 20-52
1% 55-95
3%":90-100
200: 0-5 CTDOT Grading C
#100: 0-10
#40: 5-25
#10: 15-45
#4: 20-52
3/4”: 45-80
1%”:100
Plasticity Index (PI) units Fixed 1 For all base types
Liquid Limit (LL) units Fixed 6 For all base types
Compacted Layer Y/N Fixed Yes For all base types
Index Properties from n/a Computed | Computed Computed by the ICM from gradation,
Sieve Analysis Pl, and LL.
User Overridable Index n/a Computed | Computed Computed by the ICM from gradation,
Properties Pl, and LL.
User Ovrridable Soil Water | n/a Computed | Computed Computed by the ICM from gradation,
Characteristic Curve Pl, and LL.
Parameters
Subgrade inputs: Strength Properties
Unbound material type n/a Fixed A-1-b For all soil types
Poisson’s ratio units Fixed 0.35 M-EPDG default value
Coefficient of lateral units Fixed 0.5 M-EPDG default value
pressure, K
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Modulus
(Representative value)

psi

Variable

10,000
15,000
20,000

Soil A
Soil B
Soil C

Subgrade inputs: ICM inputs

Gradation

%Pass.

Mean

Fixed

#200: 13.4
#80: 20.8
#40: 37.6
#10: 64
#4:75
3/8*:82.3
1/2*: 85.8
3/47:90.8
17:93.6
1%”:96.7
27:98.4
3%7:99.4

Soil A:

%Pass.

Mean

Variable

#200: 13.4
#80: 20.8
#40: 37.6
#10: 64
#4:75
3/8*:82.3
1/2*: 85.8
3/47:90.8
17:93.6
1%”:96.7
27:98.4
3%”:99.40

Soil B

%Pass.

Mean

#200: 13.4
#80: 20.8
#40: 37.6
#10: 50
#4:74.2
3/8*:82.3
1/2*: 85.8
3/47:90.8
17:93.6
1%”:96.7
27:98.4
3%7:99.4

Soil C

Plasticity Index (PI)

units

Fixed

1

For all base types

Liquid Limit (LL)

units

Fixed

11

For all base types

Compacted Layer

Y/N

Fixed

Yes

For all base types

Index Properties from
Sieve Analysis

n/a

Computed

Computed

Computed by the ICM from gradation,
Pl,and LL.

User Overridable Index
Properties

n/a

Computed

Computed

Computed by the ICM from gradation,
Pl,and LL.

User Ovrridable Soil Water
Characteristic Curve
Parameters

n/a

Computed

Computed

Computed by the ICM from gradation,
PI, and LL.
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Table A.11. Existing Fractured JPCP Inputs

. Input
Input Name Units Type Value(s) Notes
Layer Thickness in Variable 8-Low For AC-overlaid Rubblized JPCP
9-Baseline only
10-High
Unit Weight pcf Fixed 150 For AC-overlaid Rubblized JPCP
only
Poisson’s Ratio unitless Fixed 0.2 For AC-overlaid Rubblized JPCP
only
Elastic Resilient Modulus pci 200,000-Low For AC-overlaid Rubblized JPCP
500,000-Baseline only
1,000,000 - High
Fracture Type N/A Fixed Rubblization For AC-overlaid Rubblized JPCP
only
Thermal Conductivity BTU/hr- | Fixed 1.25 For AC-overlaid Rubblized JPCP
ft-F° only
Heat Capacity BTU/lb- | Fixed 0.28 For AC-overlaid Rubblized JPCP
F° only
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Appendix B Training Materials

The reader will find the training resources hosted by the University of Connecticut at the following URL:

http://www.cti.uconn.edu/caplab/wp-
content/uploads/sites/2/2014/09/Appendix B MEPDG Training UConn.pdf
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Appendix B. M-EPDG Training Materials (UConn)
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Connecticut Department of Transportation

M-E PDG Training Module |

Overview

Prepared by Dr. lliya Yut

Department of Civil Engineering,
UConn

May2013
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Evolution of Flexible Pavement Design

-

-

WSDOT
1948

(h=f[CBR, Traffic])

~

)

-

Al
1982

(Cracking/Rutting Damage =
fle, E, Traffic, T, seasonal Mr])

\

Empirical
/AASHTO AASHTO AASHTO A
1961 1972 1986-1993
(SN=f[Mr, h, Traffic, Reliability]
\_ /
Mechanistic-Empirical
\ / AASHTO MEPDG \
2004 (NCHRP 1-37) 2008
(Distress = f[traffic parameters, pavement
thickness, material properties, temperature,
_/ \moisture) -
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Outline

= Qverview of the M-E PDG

= Design Inputs
= Traffic
= Subgrade
= Material Characterization
= Reliability
= Environmental effects
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\( HRP

— M-EPDG

Mechanistic-Empirical Pavement Design Guide

This software s for review only and should not be used for design.

This softwate was developed under NCHRP 1-37A and 1-40D.
Distribution of this software must be approved by NCHRP.

Mechanistic—Empirical

Pavement Design Guide

July 2008
Interim Edition

A Manual of Practice




M-EPDG Objective

= To provide the highway community with a state-of-the-
practice tool for the design of new and rehabilitated
pavement structures, based on mechanistic-empirical
procedures.

M-EPDG Content Mechanistic—Empirical

Pavement Design Guide

= Manual of Practice

A Manual of Practice

= Software




Three-Stage
Design Approach

Drainage ENVIRONMENT
Volume Changes » Temperature
Frost Heave Moisture
v
| Foundation Analysis PAVEMENT MATERIALS
Properties as functions of loading
REHABILITATION rate, temperature, & moisture
Evaluate Existing
Pavement TRAFFIC
Axle Loads
NEW PAVEMENTS Cassification
Subgrade Analysis F
RELIABILITY
STAGE 1 - EVALUATION | ]
"""""""""""""""""""""""""" yYvy T
Select Trial
Pavement Strategies
Y
Pavement Response
Models
Pavement Performance
Models D

STAGE 2 -- ANALYSIS

Engineering Viable Life Cycle
Analysis Alternatives Cost Analysis
Other ale
Considerations v
Select
Strategy
134
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M-E PDG Software Design Process

(Stage 2)
.................. |\ ||I""t
Modify
De?gn
No

Analysis

Calibrated Damage-Distress/IRI Models

Meet
Performance
Criteria?

e g Outputs



Hierarchical Design Inputs

= Level 1

= Highest level of accuracy (lowest level of uncertainty)

= For heavy trafficked pavements or dire
safety/economic consequences of early failure

= Require material testing data
= Time and resource consuming

= Level 2

= Intermediate level of accuracy (closest to earlier
versions of AASHTO procedure (AASHTO1986-
1993)

= Uses agency databases and empirical correlations to
provide material inputs
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Hierarchical Design Inputs

= Level 3

= Lowest level of accuracy

= For pavements with minimal consequences of early
failure (e.g., low-volume roads)

= Typical regional average values are used

= Note: Regardless the input level, the same models
and procedures are used to predict distress and
smoothness.
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Pavement Performance Concept

= Structural Performance
= Related to the physical condition
= Measured by predicted distresses in pavements:
= Fatigue/Thermal cracking, and Rutting for flexible
= Cracking and faulting for rigid pavements

= Functional Performance
= Related to serviceability level/riding comfort
= Measured by predicted IRI

A
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Traffic Characterization

= Truck traffic loadings (Class 4- Class13)
= Full axle load spectra for 4 axle types:
= Single (3000-41000 Lbf)
= Tandem (6000-82000 Lbf)
= Tridem (12000-102000 Lbf)
= Quad (12000-102000 Lbf)

Axle Load Distribution Factors @E

Ayle Load Distribution

Wiew
e " Ewport Axle File Aile Types
" Level 1: Site 5 pecific M ™ Cumulative Distribution £ Single Axle
:l {+ Distribution fe {Tandem Axle
(v Level 3: Default

" Tridem Axle
; Q " Quad Axle

Aigle Factors by Axle Type
Season Veh. Class Total GOO0N 000 10000 12000 140~

Januar Y 4 10000 285 1.44 1.94 273 3E3
Januat Y 5 100.00 706 35.44 1324 5.32 433
Januar Y B 100.00 228 5.43 1083 5.99 772
Januar Y 7 100.00 1376 572 65 345 707
Januar Y g 10000 18.83 5.07 117 11.87 1053
Januat Y 9 100.00 278 3.82 652 762 775
Januar Y 10 100.00 245 219 3ES o4 5]
Januar Y 1 100.00 7483 315 221 5.23 585
Januar il 12 100.00 523 1.75 3.35 5.83 873
Januat Y 13 100.00 642 3.85 558 267 574 s

< >

13¢ " OK | X Cancel




Traffic Characterization

= Hierarchical levels
= Level 1

= Requires site-specific data (vehicle count by
class, direction, and lane

= |[ncorporates axle weight data on project level
= May use default tire pressure, spacing and axle
spacing
= Level 2
= May use State or regional axle load spectra
= Level 3

= Provide default load spectrum data for a specific
functional class of highway
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Material Characterization

= Three major groups of material parameters
= Pavement response model inputs
= Modulus (E), Poisson’s ratio (v) for each layer

= Material-related pavement distress criteria

= Measure of material strength (shear strength,
compressive strength, modulus of rupture)

= QOther material properties
= Special properties ( C.T.E of PCC and HMA)
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Material Characterization

= Classes of Materials
= Dense-graded, hot-mix asphalt concrete (HMAC)
= Open-graded, asphalt-treated permeable base (ATPB)
= Cold mix asphalt (CMA)
= Portland cement concrete (PCC)
= Cement treated base (CTB) and lean concrete base (LCB)
= Open-graded, cement-treated permeable base (CTPB)

= Granular bases (aggregate base [AB], granular agg. base
[GAB], coarse agg. [CA])

= Lime-stabilized layers
= Stabilized solls
= Bedrock
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Pavement Structure Modeling

= Structural Response Models

= Compute o,g, and 0 due to traffic and climatic loading at
critical locations

= For flexible pavements

= Multi-layer elastic analysis by JULEA (J. Usan et al.) for
Level 2 and 3 (nationally calibrated on LTPP data)

= Finite element analysis (FEA) by DSC2D for Level 1 (not
calibrated)

= For rigid pavements

= 2-D finite element program ISLAB2000 (L. Khazanovich
et al.)

= Calibrated using Artificial Neural Networks (ANN)
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Pavement Structure Modeling

= Structural Response Model Inputs (Monthly)
= Traffic Loading
= Pavement Cross-Section
= Poisson’s ratio (for each layer)
= Elastic modulus (for each layer)
= Thickness( for each layer)
= Inter-layer friction (for PCC to base)
= C.T.E. for PCC (C.T.C. for HMA)
= Layer temperature for HMA materials
= Temperature/moisture gradient for PCC slab
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Pavement Structure Modeling

= Incremental Damage Accumulation
= Design life is divided into time increments of:
= 1 month for rigid pavements
= 15 days for flexible pavements

Design life
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Pavement Structure Modeling

= Incremental Damage Accumulation

Each load
application
A 1 CTB Modulus
/" ~Traffic
AC
Modulus
Granular Base
Subgrade
- Modulus
e R ey s I VAR ot
0 2 4 6 8

Time, yeéfs



Pavement Structure Modeling

= Incremental Damage Accumulation
(Miner’s Law)

n, — applied traffic repetitions and i-th strain level

N, — allowable repetitions at i-th strain level
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Pavement Structure Modeling

= Incremental Damage Accumulation

Fatigue Damage = Z‘ L Z‘ Z‘ L v ki

n Ukhm?

where:
Dy = Applied number of load applications at condition 1,),k. .
N.., = Allowable number of load applications at condition 1,],

1 klmn

1 =Age 1 = Season
k = Axle combination | =Load level
m = Temperature gradient  n = Traffic path
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Damage Distress Models

= Accumulated “damage” related to key distress types
through calibrated prediction models

Damage Distress Distress

+|

Age Damage

— Note: Models calibrated with LTPP database
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Rehabilitation Design of Existing
Pavements

= |nput Data

= Existing traffic lane condition (e.qg., distress, smoothness,
surface friction, deflections)

= Pavement-shoulder interface

= Pavement design features (e.g., layer thickness, structural
parameters, construction requirements)

= Material properties

= Traffic parameters

= Climatic conditions

= Drainage

= Other factors (e.g., bridge clearance, safety, utilities etc.)
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Rehabllitation Design of EXxisting
Pavements

= |dentification of Feasible Rehab Strategies
= Reconstruction without lane additions
= Reconstruction with lane additions

= Structural overlay (with or without milling the existing
layer)

= Non-structural overlay (thin HMA layer)

= Restoration without overlays (PCC pavements)
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Design Reliabllity

= Everything associated with pavement design is
variable or uncertain in nature

= Sources of variability: traffic, materials, construction,
performance

= Design Reliability for Distresses:

R=P[Distress over Design period < Critical Distress Level]

= Design Reliability for smoothness (IRI):

R=PJ[IRI over Design period < Critical IRI Level]
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Design Reliabllity
= AASHTO1993 has different definition

R=P(N<n)
where N=predicted ESALS; n=actual ESALsS

= AASHTO approach: thicker pavement => higher R

= MEPDG approach: other design features can be
considered to improve R (e.g., HMA mix design, dowel
bars, subgrade improvement)
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Design Reliabllity
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Design Reliabllity

= Prediction of variability (Standard Deviation):

35

30 yv=-0 0050568‘(1 +0.73442727% + 3 4276237
R = 0.9997664 /
25

g 20
-._5
= 15
[
= /
W
10

/

>

0

0 10 20 30 40 50 60 70 80

Precicted cracking, percent

= Calculation of design reliability
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Design Reliability
= Calculation of design reliability

1. Using the Design Guide cracking model. predict the cracking level over the design period
using mean inputs to the model. This corresponds approximately to a “mean” slab
cracking due to symmetry of residuals.

12

Estimate cracking at the desired relability level using the following relationship:
CRACK P = CRACK mean + STDmeas * Zp (1.1.9)

where,
CRACK P = cracking level corresponing to the reliability level p.
CRACK mean = cracking predicted using the deterministic model with mean
inputs (corresponing to 50 percent reliabality).

STDmeas = standard deviation of cracking corresponding to cracking
predicted using the deterministic model with mean inputs
Zp = standardized normal deviate (mean 0 and standard deviation 1)

corresponding to reliability level p.
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Design Reliabllity

= Recommended levels of reliability

Recommended Level of
Functional Reliability

Classification ]
Urban Rural
Interstate/Freeways 85 — 97 80 — 95
Principal Arterials 80 — 95 75 _ 9()
Emllelctm‘s 75 _ 85 70 — 80
oca 50.—.75 50.—.75
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Enhanced Integrated Climate Model
(EICM)

EICM Module predicts:

= Environmental effects adjustment factors for unbound
Resilient modulus

Finite Element/Linear Elastic Analysis Modules
= Hourly temperature profile through AC layers
Thermal Cracking Module

= Temperature Frequency Distribution at mid-depth of bound
sublayers

Fatigue/Permanent Deformation Modules

= Average moisture content for unbound materials
Unbound Permanent Deformation Module
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EICM Analysis

= Records the user supplied resilient modulus, MR, of all
unbound layer materials

= Evaluates equilibrium moisture condition and the
seasonal changes in moisture contents.

= Evaluates the effect of changes in soil moisture the user
entered resilient modulus, MR.

= Evaluates the effect of freezing on the layer MR.

= Evaluates the effect of thawing and recovery from the
frozen MR condition.

= Evaluates changes in temperature as a function of time
for all asphalt bound layers.
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Environmental Effects
Adjustment Factors

EICM computes climatic adjustment factors for the
Resilient modulus for:

= Frozen material

= Recovering material

= Unfrozen or fully recovered material

= Environmental effect through composite adjustment

factor
I\/IR = Fimv - M

Ropt
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Soll Moisture Adjustment

M b—a
log APE a-+ o
Ropt 1+ EXP(In+km : G—somj
a
Mg/Mgo, = Resilient modulus ratio; My, is the resilient

modulus at a given time and M, Is the resilient

modulus at a reference condition.
Minimum of log(Mg/Mg,)-
Maximum of log(Mc/Mg,,).

k = Regression parameter.

(S — Sept Variation in degree of saturation expressed In
decimal.

o
1l
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Resilient Moduli for Thawed
Unbound Materials

RF = modulus reduction factor = MR,,,/min(MR,.s,, MR, )

Recommended values of RF for fine-grained materials (P2oo > 50%).

Pooo Pl <12% Pl =12% - 35% Pl > 35%
(%0)

50— 85 0.45 0.55 0.60
> 85 0.40 0.50 0.55
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Resilient Moduli for Recovering
Unbound Materials

Recovery ratio

0 Ty

e 7, =90 days for sands/gravels with P,,,PI < 0.1.
e/, = 120 days for silts/clays with 0.1 < P,,,PI < 10.
e /, = 150 days for clays with P,,,PI > 10.
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Time-depth diagram and matrix
of adjustment coefficients

LEGEND:

RECOVERING

UNFROZEN

Time (days)

Nodes 1 2 3 10 11 12 13 14

1
2
3 FrR Fr Fr Fr Fr Fr
4 Fr Fr Fr Fr Fr Fgr
5 FR FrR Fr Fr Fr Fr Fr
6 FrR FrR Fr Fr Fr Fr Fr
7 FrR FrR Fr Fr Fr Fr Fr
8 FrR Fr Fr Fr Fr Fr Fgr
9 FrR Fr Fr Fr Fr Fr FRg
10 FrR Fr Fr Fr Fr Fr Fgr
11 FrR Fr Fr Fr Fr Fr Fr Fr
12 FrR FrR Fr Fr Fr Fr Fr Fr Fr Fr Fr Fgr
13 FrR FrR Fr Fr Fr Fr Fr Fr Fr Fr Fr Fr Fr
14Fr Fr Fr Fr Fr Fr Fr Fr Fr Fr Fr Fyu Fu Fy
15IFr Fr Fr Fr Fr Fr Fr Fr Fr Fr Fyu Fyu Fu Fy
16)Fr Fr Fr Fr Fr Fr Fr Fr Fy Fy Fy Fuyu Fy Fy
17\Fr Fr Fr Fr Fr Fyu Fy Fu Fu Fu Fu Fu Fu Fy
18|Fr Fr Fu Fu Fy Fyu Fy Fu Fu Fu Fu Fyu Fu Fy
19]Fy Fuy Fu Fu Fyu Fu Fyu Fu Fu Fu Fu Fu Fu Fy
20Fy Fy Fyu Fyu Fyu Fu Fu Fu Fu Fu Fu Fyu Fu Fy
21\Fy Fy Fy Fyu Fyu Fu Fu Fu Fu Fu Fu Fyu Fu Fy
22\Fv Fu Fu Fu Fyu Fu Fu Fu Fu Fu Fu Fu Fu Fyu
23\Fv Fu Fyu Fu Fyu Fu Fu Fﬂ64FU Fu Fu Fyu Fyu Fy
24fFy Fy Fy Fy Fy Fy Fy Fy Fy Fy Fy Fy Fy Fy

AC

BASE

SUBBASE

SUBGRADE



Matrix of adjustment coefficients

Z
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LEGEND:

RECOVERING

UNFROZEN

Time (days)
1 2

3

10
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13

14

0.7
0.7
0.7
0.7

0.7
0.7
0.7
0.7
0.7
0.7

0.7
0.7
0.7
0.7
0.7
0.7

0.7
0.7
0.7
0.7
0.7
0.7

0.7
0.7
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0.7
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0.7
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0.7
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0.7
0.7
0.7
0.7
0.7
0.7

0.6
08 0.8
0.8 0.8
0.8 0.9
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0.6
0.9
0.9
0.9

0.6
0.6
0.9
0.9
0.9

0.6
0.6
0.6
0.9
0.9
0.9

0.6
0.6
0.6
0.6
0.6
0.9
0.9
0.9

0.6
0.6
0.6
0.6
0.7
0.9
0.9

0.6
0.6
0.6
0.7
0.7
0.9
0.9

0.6
0.6
0.6
0.7
0.7
0.9

0.6
0.6
0.6
0.7
0.7

0.6
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08 0.8
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08 0.8
0.7 0.7
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0.8
0.8
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0.8
0.8
0.8
0.7
0.7

0.8
0.8
0.8
0.8
0.8
0.8
0.7
0.7

0.8
0.8
0.8
0.8
0.8
0.8
0.7
0.7

0.9
0.8
0.8
0.8
0.8
0.8
0.7
0.7

0.9
0.8
0.8
0.8
0.8
0.8
0.7
0.7

0.9
0.8
0.8
0.8
0.8
0.8
0.7

0.9
0.8
0.8
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0.7
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0.8
0.8
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Quintile temperature distribution

If the mean monthly temperature (u) reported is 50°F
and has a standard deviation (o) of 15°F

Sub-Season z-value Temperature, °F
=u+z(o)
1 -1.2816 30.8
2 -0.5244 44.8
3 0 50.0
4 0.5244 55.2
5 1.2816 69.2
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Connecticut Department of Transportation

M-E PDG Training Module Il

Flexible Pavement Design

Prepared by Dr. lliya Yut

Department of Civil Engineering,
UConn

May2013
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M-E PDG models for flexible
pavements

= Overview of the M-E PDG
= Load Related Cracking

= Rutting Models

= Thermal Cracking

= Roughness models
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M-E PDG Design Process

Inputs

Analysis

Calibrated Damage-Distress/IRI Models
...................................t...............t .............. ‘... ......... ....t...... ......... :
- gz .o P g -

Performance
Criteria?

Yes

169 OUtQU s



ossible Asphalt Pavement Systems
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Damage Accumulation -
Incremental Damage Concept

= Design life is divided into time increments of:
= 1 month for rigid pavements
= 15 days for flexible pavements

Design life
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Incremental Changes Over Pavement

Life
Each load
application
A 1 CTB Modulus
2 ~Traffic
AC
Modulus
Granular Base
Subgrade
- Modulus
- A fele sy
0 2 4 6 8

Time, years
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Rules of Simulation

= Simulate the pavement structure and foundation as detailed as
possible; divide the subgrade or foundation soils into two layers
especially when bedrock and other hard soils are not
encountered.

= Combine layers as needed

= Try to combine the lower layers first and treat the upper
layers in more detaill, if at all possible.

= Thin non-structural layers should be combined with other
layers

= Any layer that is less than 1-inch in thickness should be
combined with the supporting layer

= Similar materials of adjacent layers should be combined into
one layer

= Filter fabrics used for drainage purposes between a fine-
grained soil and aggregate base material should be ignored



Sub-Layering for Structural Analysis
= AC surface layer (CO nt)

= 0.5 In top sub-layer

= Remaining parts: from 1 in
AC binder — no sublayering
AC base — no sublayering
CTB — no sublayering
AGG base ( 1-st unbound layer)

= Nno sublayering if <4”

= 4" top sub-layer and remaining are >4"
AGG subbase

= Sublayers >4"
= Subgrade

= 127" first 8, infinite subgrade after that

= Bedrock — no sublayering

T oA 8

4

Maximum number of sublayers — 20
Maximum number of evaluatjgn points - 26

4 4



Sub-Layering for Structural
Analysis

Asphalt

Asphalt

Unbound

Unbound >

Compacted

Natural

Bedrock
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Global Aging System

= QOriginal to mix/lay-down model.
= Surface aging model.

= Air void adjustment.

= Viscosity-depth model
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Surface Aging Model

Ioglog(ﬂaged) —

A depend
and rec

loglog(r.,) + At
1+ Bt

S on mean annual temperature
uced time

B depend

s on reduced time
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Air Void Adjustment

log log( 77,,e4)" = F, 109 109( 77,4 )

- _1+1.0367x10“(VA)(®)
Y 146.1798x107(t)

VA, +0.011(t) -2

VA= +2

1+4.24><104(t)(|\/|aat)+1.169><103[ t J

”orig,??
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Viscosity-Depth Model

> T} (4 + E) LR E(77t=0)(1_ 42)

e 4(1+ Ez)
Ntz = Aged viscosity at time t, and depth z
Nt = Aged surface viscosity
Z = Depth, In
E — 23.83e(-0.0308 Maat)

Maat = Mean annual air temperature, °F
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Enhanced Integrated Climate Model
(EICM)

EICM Module predicts:

= Environmental effects adjustment factors for unbound
Resilient modulus

Finite Element/Linear Elastic Analysis Modules
= Hourly temperature profile through AC layers
Thermal Cracking Module

= Temperature Frequency Distribution at mid-depth of bound
sublayers

Fatigue/Permanent Deformation Modules

= Average moisture content for unbound materials
Unbound Permanent Deformation Module
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EICM Analysis

= Records the user supplied resilient modulus, MR, of all
unbound layer materials

= Evaluates equilibrium moisture condition and the
seasonal changes in moisture contents.

= Evaluates the effect of changes in soil moisture the user
entered resilient modulus, MR.

= Evaluates the effect of freezing on the layer MR.

= Evaluates the effect of thawing and recovery from the
frozen MR condition.

= Evaluates changes in temperature as a function of time
for all asphalt bound layers.
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Environmental Effects
Adjustment Factors

EICM computes climatic adjustment factors for the
Resilient modulus for:

= Frozen material

= Recovering material

= Unfrozen or fully recovered material

= Environmental effect through composite adjustment

factor
I\/IR = Fimv - M

Ropt
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Soll Moisture Adjustment

M b—a
log APE a-+ o
Ropt 1+ EXP(In+km : G—somj
a
Mg/Mgo, = Resilient modulus ratio; My, is the resilient

modulus at a given time and M, Is the resilient

modulus at a reference condition.
Minimum of log(Mg/Mg,)-
Maximum of log(Mc/Mg,,).

k = Regression parameter.

(S — Sept Var?ation In degree of saturation expressed In
decimal.

o
i1l
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Soll Moisture Adjustment

M b—-a
log 7 =a+ ="
Ropt 1+ EXP |n+km-(s—soptj
d

Values of a, b, and ky, for coarse-grained and fine-grained materials.

Parameter | Coarse-Grained Fine-Grained Comments
Materials Materials
a - 0.3123 -0.5934 Regression parameter.
b 0.3 0.4 Conservatively assumed, corresponding

to modulus ratios of 2 and 2.5,
respectively.

6.8157 6.1324 Regression parameter.
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log Mr/MRopt

Resilient modulus - moisture
model for fine-grained materials

Fine-grained Materials
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log Mr/MRopt

Resilient modulus - moisture model
for coarse-grained materials

Coarse-grained Materials
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Resilient Moduli for Thawed
Unbound Materials

RF = modulus reduction factor = MR,,,/min(MR,.s,, MR, )

Recommended values of RF for fine-grained materials (P2oo > 50%).

Pooo Pl <12% Pl =12% - 35% Pl > 35%
(%0)

50— 85 0.45 0.55 0.60
> 85 0.40 0.50 0.55
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Resilient Moduli for Thawed
Unbound Materials

RF = modulus reduction factor = MR,,,/min(MR,.s,, MR, )

Recommended values of RF for coarse-grained materials (P2go < 50%).

Distribution of P00 Pl <12% Pl =12% - 35% Pl > 35%
Coarse Fraction* (%)
<6 0.85 - -
Mostly Gravel 6-—12 0.65 0.70 0.75
P, < 50% > 12 0.60 0.65 0.70
<6 0.75 - -
Mostly Sand 6-—12 0.60 0.65 0.70
P,>50% > 12 0.50 0.55 0.60

188




Resilient Moduli for Recovering
Unbound Materials

Recovery ratio

0 Ty

e 7, =90 days for sands/gravels with P,,,PI < 0.1.
e/, = 120 days for silts/clays with 0.1 < P,,,PI < 10.
e /, = 150 days for clays with P,,,PI > 10.
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Time-depth diagram and matrix
of adjustment coefficients

LEGEND:

RECOVERING

UNFROZEN

Time (days)

Nodes 1 2 3 10 11 12 13 14

1
2
3 FrR Fr Fr Fr Fr Fr
4 Fr Fr Fr Fr Fr Fgr
5 FR FrR Fr Fr Fr Fr Fr
6 FrR FrR Fr Fr Fr Fr Fr
7 FrR FrR Fr Fr Fr Fr Fr
8 FrR Fr Fr Fr Fr Fr Fgr
9 FrR Fr Fr Fr Fr Fr FRg
10 FrR Fr Fr Fr Fr Fr Fgr
11 FrR Fr Fr Fr Fr Fr Fr Fr
12 FrR FrR Fr Fr Fr Fr Fr Fr Fr Fr Fr Fgr
13 FrR FrR Fr Fr Fr Fr Fr Fr Fr Fr Fr Fr Fr
14Fr Fr Fr Fr Fr Fr Fr Fr Fr Fr Fr Fyu Fu Fy
15IFr Fr Fr Fr Fr Fr Fr Fr Fr Fr Fyu Fyu Fu Fy
16)Fr Fr Fr Fr Fr Fr Fr Fr Fy Fy Fy Fuyu Fy Fy
17\Fr Fr Fr Fr Fr Fyu Fy Fu Fu Fu Fu Fu Fu Fy
18|Fr Fr Fu Fu Fy Fyu Fy Fu Fu Fu Fu Fyu Fu Fy
19]Fy Fuy Fu Fu Fyu Fu Fyu Fu Fu Fu Fu Fu Fu Fy
20Fy Fy Fyu Fyu Fyu Fu Fu Fu Fu Fu Fu Fyu Fu Fy
21\Fy Fy Fy Fyu Fyu Fu Fu Fu Fu Fu Fu Fyu Fu Fy
22\Fv Fu Fu Fu Fyu Fu Fu Fu Fu Fu Fu Fu Fu Fyu
23\Fv Fu Fyu Fu Fyu Fu Fu Fﬂ9OFU Fu Fu Fyu Fyu Fy
24fFy Fy Fy Fy Fy Fy Fy Fy Fy Fy Fy Fy Fy Fy

AC

BASE

SUBBASE

SUBGRADE



Matrix of adjustment coefficients

Z
o
o
@m\lCD(J'I-bOONHg

NNNNNNRPRPRERRERERERRER
REWONRPOOWONOUDMWNIEREO

LEGEND:

RECOVERING

UNFROZEN

Time (days)
1 2

3

10

11

12

13

14

0.7
0.7
0.7
0.7

0.7
0.7
0.7
0.7
0.7
0.7

0.7
0.7
0.7
0.7
0.7
0.7

0.7
0.7
0.7
0.7
0.7
0.7

0.7
0.7
0.7
0.7
0.7
0.7

0.7
0.7
0.7
0.7
0.7
0.7

0.7
0.7
0.7
0.7
0.7
0.7

0.6
08 0.8
0.8 0.8
0.8 0.9

0.6
0.6
0.8
0.8
0.9

0.6
0.6
0.8
0.9
0.9

0.6
0.6
0.9
0.9
0.9

0.6
0.6
0.9
0.9
0.9

0.6
0.6
0.6
0.9
0.9
0.9

0.6
0.6
0.6
0.6
0.6
0.9
0.9
0.9

0.6
0.6
0.6
0.6
0.7
0.9
0.9

0.6
0.6
0.6
0.7
0.7
0.9
0.9

0.6
0.6
0.6
0.7
0.7
0.9

0.6
0.6
0.6
0.7
0.7

0.6
0.6
0.6
0.7
0.7

0.6
0.6
0.7
0.7
0.7

0.8 0.8
0.7 0.7
08 0.8
08 0.8
08 0.8
08 0.8
0.7 0.7
0.7 0.7

0.8
0.8
0.8
0.8
0.8
0.8
0.7
0.7

0.8
0.8
0.8
0.8
0.8
0.8
0.7
0.7

0.8
0.8
0.8
0.8
0.8
0.8
0.7
0.7

0.9
0.8
0.8
0.8
0.8
0.8
0.7
0.7

0.9
0.8
0.8
0.8
0.8
0.8
0.7
0.7

0.9
0.8
0.8
0.8
0.8
0.8
0.7

0.9
0.8
0.8
0.8
0.8
0.8
0.7

01p1 0.7

0.9
0.8
0.8
0.8
0.8
0.8
0.7
0.7

0.9
0.8
0.8
0.8
0.8
0.8
0.7
0.7

0.9
0.8
0.8
0.8
0.8
0.8
0.7
0.7

0.9
0.8
0.8
0.8
0.8
0.8
0.7
0.7

0.9
0.8
0.8
0.8
0.8
0.8
0.7
0.7

AC

BASE

SUBBASE

SUBGRADE



Temperature Analysis for AC
cracking and rutting

. / \
‘ 20 %
20 % 20 %
20 % 20 9%
| | | | I

Z .1.2816 Z=.05244 Z=0 <2 =05244 Z =12816
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Quintile temperature distribution

If the mean monthly temperature (u) reported is 50°F
and has a standard deviation (o) of 15°F

Sub-Season z-value Temperature, °F
=u+z(o)
1 -1.2816 30.8
2 -0.5244 44.8
3 0 50.0
4 0.5244 55.2
5 1.2816 69.2
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HOURLY TEMPERATURE

Hourly Temperature Profile for
AC Layers for Thermo-cracking

S0

40 gg;
30

20 ‘ ‘:“

10
0 -
-10 -

-20

-30

-40
6/15/94

6/15/95 6/14/96 6/14/97

TIME

6/14/98

" Depth=0in. —~ De¢pth =3 in.

Depth = 6 in.

6/14/99



Critical Response Values

= Cracking: g, at surface + bottom of all bound layers
= Rutting: . at midthickness of all layers
+ top of subgrade
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Critical Response Locations

= Fatigue Depth Locations:

= Surface of the pavement (z=0),

= 0.5 inches from the surface (z=0.5),

= Bottom of each bound or stabilized layer.
= Rutting Depth Locations:

= Mid-depth of each layer/sub-layer,

= Top of the subgrade,

= SiX iInches below the top of the subgrade.
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Critical Response Locations

20




Fatigue Analysis Wander Approach

v

eDama 1
—
\ 2
eNormal Distribution e\Wande
° ( V4 o7 r L V4
) 1=
— 81 81
D 5 ;'X, VA
5d d 4 eSdma Sd
¢20% of
A vB—'Fra#ﬁ::—>’Xr Z
¢20% of
Traffie—>*X, Z

*20% of

Traffic > .X/ z




Flexible Pavement Performance




HMA Fatigue Modeling

Bottom — Up Crack Propagation:

1 (Classical Fatigue Mechanism)

*Top — Down Crack Propagation

Temperature &
Speed of Loading

—

E* Varies w/
HMA Layers

./

<= Contact Pressure

Aging @ Surface

4

-
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Fatigue Damage Accumulates
Over Time

FATIGUE
CRACKING

Criteria

>
Design TIME

,Period



Allowable Number of Load
Applications

~ ® ®
N =Ki, cﬁfl ¢ /fzp)fz €. /f?ﬁfg

N¢ = Allowable number of axle load applications
g = Tensile strain at critical locations
Erma= Dynamic modulus of the HMA, psi
ki1, Kip, Kiz= Global field calibration parameters
B, Pr, fr= Local calibration constants;

=1.0 by default
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Allowable Number of Load Applications
(cont.)

s *
f =S kflcﬁfl f2ﬁf2 eHMA/fsﬁm

C =10M M :4.84[ Vie —O.69j

V, +V,,

V,, .= Effective asphalt content by volume, percent
V., = Percent air voids in the HMA mixture
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Bottom-Up Cracking

6000 1
FCbottom = [1_'_ e(Cl*C'l+C2*C'2*I0910(D’100)) )*(%]

where:
FC,.«om = DOttom-up fatigue cracking,
percent lane area
D = bottom-up fatigue damage
C, =1.0

C,=-2C, C,=1

C', = —2.40874—39.748* (1+ hac) 2%°
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Top-Down Cracking

C
FCTOp = 1056[1 0 (;1_C24Log OlTop /,]

where:
FCyop = top-down fatigue cracking, ft/mile
D = top-down fatigue damage
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Factors Affecting Fatigue Cracking
In Flexible Pavements

=HMA layer thickness.

=HMA layer dynamic modulus.

= Binder grade in the HMA mixture.
= Air voids in the asphalt layers.

= Effective binder content in the asphalt
layers.
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Factors Affecting Fatigue Cracking
In Flexible Pavements

= Base thickness.

= Subgrade modulus.

= Traffic load configuration.

= Traffic load, contact area and tire pressure.
= Traffic load repetitions.

= Temperature and environmental conditions.
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Top-Down Fatigue (Longitudinal)
Calibration

Predicted Cracking (ft/mile)

7000

6000

a1
o
o
o

N
o
o
o

3000

2000

1000

Cracking

MeasuredCracking (ft/mile)

R%=0.544
Se =582.8 ft /mile
Se/Sy = 0.688
N =312
*
2 (2
2
L 2
2
¢
L2
2
2 V'S 4
* * *
N . .
X 4 ”
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Alligator Cracking (%)

Effect of AC Thickness

Bottom Up Cracking - Alligator

75 mm
4

100 mm

. 150 mm;

36

: 50 mm

72 108 144 180 216
PavementiAge (month)



Permanent

RUT
DEPTH

Deformation Accumulates
- Over Time

m J | —
ARD =3 3> hoafi 2,
L(i(a:dlMI th epth

/ |
Design TIME
Period
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Accumulation of Rutting

Lpad,F Sub-layer
¢¢¢¢ ¢¢¢ § }Spfrompred.Eq.
N X
See Fig. A. %§9§ § § § §
% § § § § § Fig. A
N sub- Iayers

Subgrade |
E el xh

Similar for unbound layers
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Permanent Deformation in AC

Layer
A p(HMA) _ 10—3.35412 N 0.4791*ﬂ2r-|- 1.5606* 3,
HMA ﬁrl Er(HMA)
& h(HMA)
where:

e, =Accumulated plastic strain at N repetitions of load (in/in)

e. = Resilient strain of the asphalt material as a function of mix
properties, temperature and time rate of loading (in/in)

N = Number of load repetitions

T = Temperature (deg F)

a. = Non-linear regression coefficients

p. = field calibration factors



Permanent Deformation in Unbound
Layer (Tseng and Lytton Model)

(2Y
p(son) ﬁﬂk 1gvh30|l(5r) (NJ

Ansoiy = Permanent or plastic deformation for the layer/sublayer

N = Number of axle load applications

o, B, and p = material properties obtained for the resilient strain &,

& = Average vertical resilient or elastic strain in the layer/sublayer
hsoii = Thickness of the unbound layer/sublayer, inches

Ks1 = Global calibration coefficients;

=1.673 for granular materials
=1.35 for fine-grained materials
Bs1 = Local calibration constant
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Average Predicted Rutting

o

Rut Calibration - June 2006-2- AC (0.633, 0.9, 1.2), GB (2.03),

TotafPavenient-"Rutting

R?=0.577
* N =334
- S, =0.107
. Se/Sy = 0.818
IS o *
2 . ¢ &
oi ) 4 2
b4 P ‘3. . $ "z o ¢
*
e ¢ $8e
’Oi‘ ‘ ¢ ‘ z . AN
. $e I
0‘0 ‘
®
0 0.2 0.4 0.6 0.8 1

Average Measured Rutting

¢ Predicted vs Measured Total Rutting — Equality Line

215




Rutting Depth (mm)

=
N

=
o

Effect of AC Thickness

Permanent Deformation: Rutting

+ Hac=50 mm
= Hac=75 mm

- Hac=100 mm

Hac=150 mm

72 108 144 180 216
Pavement Age (month)



Thermal Cracking
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HMA-Thermal Fracture

= Uses SHRP Thermal Fracture Model

= Recalibrated Using Approximately 30 Sections in
NCHRP Project 9-19

= Thermal Fatigue (cyclic)

= Propagation of Cracks Through the Asphalt Layer
= Thermal Stresses

= Very Low Temperature

= Mixture Properties

= Friction
= Mixture Fracture Properties
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Materials Characterization (IDT)

STRENGTH
TEST
oo FRACTURE

PROPERTIES
o PAVEMENT
+0 O+ RESPONSE
MODEL
THERMAL
CREEP TEST: STRESS PAVEMENT
VISCOELASTIC DISTRESS
PROPERTIES MODEL

==
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Schematic of Crack Depth Fracture
Model




Amount of Crack Propagation in a

Cooling Cycle
AC = AAK"
AC = Change in the crack depth due to a
cooling cycle.
AK = Change In the stress intensity factor
A, n = Fracture parameters for the asphalt

mixture
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Stress Intensity Factor
Approximation

K=0(0.45+1.99C>°)

K = stress intensity factor
o= far-field stress from pavement response

model at depth of crack tip
C,= current crack length
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Schapery-Molenaar-Lytton Model

n = O.8(1+ 1]
m

A=10 €5+ (4.389- 2.52 log(E* i *n) _

where:
E =Mixture stiffness.
c,,=Undamaged mixture tensile strength.
b =Calibration parameter.
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Total Length (m/km)

Effect of AC Thickness on Thermal
Cracking

Thermal Cracking: Total Length Vs Time

300
250 + Hac=50 mm i
= Hac=75 mm R
200 - Hac=100 mm L
Hac=150 mm el SO s
150
100
50
0 =

0 36 72 108 144 180 216
Pavement Ade (month)



Pavement Smoothness — IR




Generalized Smoothness Model

IRI = IRI +AIRI + A IRIg

IR, = Initial IRI at construction

AIRI; = Change in IRl due to distress

AIRIc= Change In IRI due to site factors
(age, subgrade properties, non-
load distress)
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Site Factor

SF = Age €.02€1 +1 +0.008 €r ecip +1 +0.00064 €1 +1 _

Age = Pavement age, years

P| = Percent plasticity index of the soll

-l = Average annual freezing index, degree F days
Precip= Average annual precipitation or rainfall, inches
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Generalized Smoothness Model

IRI = IRI, +0.01506F +0.400€C.,. +
0.00804C +40.0@QD _

IRI, = Initial IRI after construction, in./mil.

SF = Site factor
FCrota = Area of fatigue cracking ft*/mi

TC = Length of transverse cracking ft./mi.
RD = Average rut depth, inches
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IRl Model Calibration
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M-E PDG for flexible pavements
Summary

= Incremental Damage Approach
= Sub-layering for structural analysis

= Aging model (surface, air void adjustment, depth
model)

= Enhanced Integrated Climate Model (EICM)
= Temperature
= Moisture
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M-E PDG for flexible pavements
Summary

= The M-E PDG incorporated the following
performance prediction models
= Load Related Cracking
= Rutting Models
= Thermal Cracking
= Roughness

= The models are calibrated based on the performance
data from the LTPP sections located throughout the
US and Canada.

= Local calibration of the models is recommended
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More Information

www.trb.org/M-E PDG

= Guide Documentation
= Software
= Climatic database
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M-EPDG Software WorkShop

Step-by-step procedure



Click on each
item to create
D o INnputs

Analyziz Status:

File Edit ‘iew Tools

B Genersl Informatio
O sitefrn "dentification Analysis i Complete

[0 analysi mekers
General
Inputs

! Tnputs ] Results General Project Information:
= M Traffic =[] Input Summary Parameter YWalle
=[] Traffic Wolume Adjustment Fackors El Project B-'f'p'? T o
1 mManthly Adijustment E] Traffic L:sgir;nl & sars
O vehicle Class Distribution El Clirnakic
] Hourly Truck. Diskribution E| Design
O] Traffic Growth Factor E] Layer Properties
[0 axle Load Distribution Fackars B Cutpuk Surmmary -
' Setting Walle
=[] General Traffic Inputs -
Uritz 15 Cugbomary
] Mumber Axles/Truck Analysiz Tupe  Deterministic
] axle Configuration Default Input Level 3
] wheelhase O u t p u tS
B cClimate
=[] Structure o] .
: : === Run Analysis
| Drainage and Surface Properties [Z5w -
[ Layers

Run
Inputs Analysis

Far Help, press Fi
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General Information Screen

General Information 7] x|

Froject Mame: |35D1 02.dgp

Drezcription;

State Code: 35
ezigh Life [pears) I I SHRP ID: 0102

State: Mew Mexica

Bazes/Subgrade Froject Tupe: SP5
Egngtructmgn b anth: ISEF'tEITIbET J TEar |1995 * Favement Type: Conventional
Favement

Construction M onth: INDvemI:ner J Tear I-IIEIEIE v

\gﬁﬁi INDvember I Year: !'IEIE!E; i

— Type of D

e Pavement

- : Jointed Plain Concrete Continuausly Reinforced
&' Flesible Pavement Pavement [IFCF) Concrete Pavement [CRCP)

v
— Restoration

™ Jainted Plain Concrete Pavement [JPCP)

— Owerlay

™ Agphalt Concrete Owverlay i PCC Overlay

= i}

W 0K | X Cancel I
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Help Options — CSH and
HTML Help

General Information

Project Mame: Iu:ru:p_e:-:ample

pavement. Pavement

performance is predicted over g2 Help
the design life. VI EE—
Hide Back Frint  Optionz

Description:
Design Life [pears] iz the IL zection WF climatic zone
expected zervice life of the vI CREP Wark shop Examnple

S[=1 E3

Pawvement
Conztruction konth: I.-’-'-.ugust 3 e l ider |

2002 Design Guide
@ Getling Started

Traffic open ISEDtEITIl:IEf - I @ D esignGuide Software Overview
motth: = [ Project
5

neral Infarmation
. ite | dentification
B T.'r'l:'e of DESIQI"I Analysiz Parameters
Inremental Damage
Riigid &snalysis
[2) Flexible Analysis

i}

Mew Pavement

r Flexible Pavement Drefault Input Level
@ Traffic
@ Ciimate
— Festaration @ Stucture

= Jninted Plain Concrete Pavern:

— Overlay

= Azphalt Concrete Dwverlay

General Information

This screen allows the user to malke broad choices about the
design. The name assigned to the project appears on this
screen. The user then inputs information regarding the design
life, the construction month and the month that the pavement will
be open to traffic. The design life iz the expected service life of
the pavement. Pavement performance is predicted over the
design life beginning from the month the pavement is open to
traffic.

O thiz screen, the user also mdicates the nature of the project.
A pavement design projects can be classified under three main
categories. It can be either be a new design, or a restoration, or
rehabilitation. In each category, the uszer then chooses the
pavement type, lexmble or ngd pavement. A1 pavements with
an asphalt concrete surface are treated as flexble pavements
(new or rehabditate d) while those with a concrete surface are
treated as rigid pavements. Rigid pavement design offers two
alternatives, Tointed Plan Concrete Pavement (JPCE) and
Continuously Eeinforced Conerete Pavement (CECTE). The
choice of the type of pavement 15 critical in choosing the distress
types to be considered

|»

o Ok | X Cancel |
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d0I1Lvwal C I11o5CILwo UiIcC 1liciitial
Cracking Screens and an AC

=10l =]

#[f Design Guide 2002 - Untitled
File Edit ‘Yew Tools Help
O |5 B e
Project [C:DiE2002Projectsh3s0102 . dgp]
N C=rieral Informati

Analyziz Status:

For Help, press F1

IRI (pll§)37

-[ sitejProject Identification Analysis | % Complete
‘. [ analysis Parameters B Traffic 0%
B Climatic (k4
B Thermal Cracking 0%
B &0 Analysis (14
! Inputs [ 1 Results B Surnmary o
|_=_| . Traffic E||] Input Summary 4 | ILI
E| ] Traffic Yolume Adjustment: Fackors El Project
i [ Monthly Adjustment El Traffic General Project Information:
----- O wehicle Class Distribution E Clirnatic Farameter | Walue
----- O Hourly Truck Distribution EI Design Tope Hew Flowble
----- [ Traffic Growkh Factor El Layer Dresign Life 20*vears
------ (] e Load Distribution Fackars - Cutput Summary Location
E| (] General Traffic Inputs = Flexible Summary 4 | I_)I
----- [0 mumber axles Truck [ Layer Modulus
----- [ Axle Configuration -l &C Modulus (plak) Properties
----- [ wheelbase [l Fatigue Cracking Setting | \alue
----- B cClimate .l Surface Down Damage (plot) Uit IJS Customary
[l Surface Down Cracking {plat) Analyziz Type  Deterministic
- Bottom Lp Damage plot) Default [nput Level 3
.l Boktam Up Cracking (plat} 4 ILI
= M Layers -~ Thermal Cracking
@yer 1 - Asphalt cun@ M CrackDepth fplot) 5] R An i
.l Thermal (C-h) (plat) oo un Analysis
-~ Crack Length {plot)
Wl Crack Spacing (plat)
[ Rutking
[l Rutting {plaot)
.|

[ hom [ 4




Site/Project Identification

site/Project Identification 7] x|
Location; INEW Mesico
Froject 10; IEDnventicjnal Agzphalt F'ave.ment Example I nfo rm atl O n p rOVI d ed O n
Section |D: ILTF'F' Project - 5P5-1 Section . .
Functional class: IF'rinn:ipaI Arterials - Interstate and Defens j th IS SC ree n IS O n Iy for
Date: | 9/27/2002 - th e p u rpose Of
— identification. These
Stationdilepost farmnat: IM”ESZ 0,000 j . ¢ II ff h
Station/milepazt beqin: IEEE I n p UtS WI n Ot a eCt t e
Stationdmilepost end: |535_54 d eS I g n I n any Way :
Traffic direchion: IEast bound j
o OK | X Cancel |
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Analysis Parameters

Analysis Parameters

Project Mame: |35m 02-2.dgp

[itial IR (i)

2l x|

Analyzis Type
i Probablistic

¥ Deterministic

>

— Performance Criteria

O Rigid Pavement O Flexible Pavement |

R eliability
v Temmninal IR [indmile) Al
v AC Suface Dn:uwn Cracking B0
Long. Cracking [ft/500 ft]
2 f—“-.E_ Bottom Up_Eran:Iiing B0
Alligator Cracking [f2/500 Ft)
W AL Thermal Fracture [ft/500 ft 2
r Chemically Stabilized Laper
[Fatigue Fracture]
¥ Pemanent Deformation - AC Orly [in] a0 /
¥ Permanent Deformation - Total Pavement [in) ]
\-/




Program Indicates Status of

il Design Guide 2002 - 350102.dgp
File Edit Wiew Tools Help

preact [C\DEZ002,Projects) 350102, dgp]

%DE-”EII&E B R &| 5% 2

fyer 1 - Asphalk concrete

For Help, press F1

=101 x|
=leN
| Completed
Inputs have |
" y 0%
Green” Icons | «
B Thermal Cracking 0%
B AC Analysis 0%
I:I — . S urnrmary 0z
=[] Input Summary Defau It I N puts I
— “ ?
have “Yellow
wible
lcons
ocation
[+] [ +]
------ B Layer Modulus
...... B AC Madulus (plat) |
...... B Fai i
i Surface Down Camag I n CO m p ete Etomary
...... B Surface Down Crackil I n p utS h ave ifistic
...... B Ecttom Up Damage o
...... B Eottom Up Cracking § “ ? _ >
...... B Thermal Cracking Re d I C_C) n S _I
...... B Crack Depth (plat) L] -
...... B Thermal {C-hj (plat) “ow L0 ATEITSIE
...... B Crack Length {plat)
...... B Crack Spacing (plat)
...... B Rutting
...... B Rutting (plot)
...... B IRIiplot)
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i Design Guide 2002 - 350102.dgp
File Edit W“iew Tools Help

&D@HI&EI%I-" -

Project [C:\DE2002Projects135010

Project.Flile

‘. 0 @eneral Information . B = :
SitefProject Identification Save in: I PTD|E!I3|I$ EF - T

i.ll Analysis Parameters

. 350102-2.dgp 1 asphalttest
@ 350102.dgp [ Flex-rehab-Ex1
E Flex-Rehab-Ex1.dgp [ ac-Exl
nputs .
- B Traffic Y fsphalttest, dgp
E| [ Traffic Yolume Adjustment F n 134112, -:Igp
[ Monthly adjustment X
.0 wehicle lass Distributio [ 040117, dgp
. [0 Hourly Truck Distributic m& #C-Exl.dgp
. ] Traffic Growtkh Fackor - I:I a50102-2

[ awle Load Diskribution Fack:
- [ General Traffic Inputs
O number Axles| Truck
[ axle Configuration
.0 wheelbase
[ Climate
=~ M Structure

B Thermal Cracking

[ brainage and Surface Prope
- Layers

W Layer 1 - Asphalt concr

My Dacument [l Save in the directory:
| 1040117
— C:\DG2002\Projects
wmeawe o=l Fllename: 350102.dgp

Crack Length {plat)
Crack Spacing (plot)
Rutking
Rutting (plat)
IRI {plot)
For Help, press F1 [ hom [ 2

Program automatically creates a file called “350102" in
C:\DG2002\Projects\ to store all project files

241



Design Life [wears]: 4

Opening Date: Mowvember, 1395

Two-way average annual daily truck, traffic:
Mumber of lanez in design direction:
Fercent of trucks in design direction [&]:

Fercent of trucks in design lane [Z£]:

Operational zpeed [mph]:

Input

Traffic Wolume Adjuztment;

Aule load distribution factar;

eneral Traffic [nputs

Traffic Growth IE'I'ITIII'DLmd; 4%

3 main
categories of
traffic input

v 0| X Capesl |




I TalllL VUIUITIC AUJUSUITICTITIL
Factors Monthly Adjustment

CartAare (NANLCN

Traffic Yolume Adjustment Factors 7| x|

O Monthly Adjustment ||:| Yehicle Class Distributin:unl O] Hourly Distributin:unl O Traffic Growth Fan:tn:ursl

— Load Monthly Adjustment Factars [MAF)
" Level 1: Site Specific - MAF (5 Load MAF From File
Lo al-iAF - [ Export M&F toFile
' | evel 3 Default MAF
/4nthl_l,l Adjuzstment Factors
Level 3 ' Month Class 4 Class 5 Class & Class 7 Class § =
January 1.00 1.00 1.00 1.00 1.00
Defau It M AF February  |1.00 1.00 1.00 1.00 1.00
March 100 1.00 1.00 1.00 100
April 100 1.00 1.00 1.00 100
Mary 100 1.00 1.00 1.00 100
June 100 1.00 1.00 1.00 100
July 100 1.00 1.00 1.00 100
August 100 1.00 1.00 1.00 100 |
September  |1.00 1.00 1.00 1.00 100
October 100 1.00 1.00 1.00 100
hlavambor 4 nn 4 mn 4 mn 4 MmN 4 N il
4| | 4

" OK | X Cancel |
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Distribution,

O Monthly Adjustment [ %ehicle Class Distribution ||:| Hourly Distril:uutin:unl 1 Traffic Growth FEII:tI:IfSI

Traffic ¥Yolume Adjustment Factors

AADTT distribution by vWIass

Clasz 4 |/.a \ ﬁ
— Load Default Diztribution
Clazz & 246 | EE

Clazz B 7.5 I;E

Clazs= ¥ 0.5

Clas= 3 8.0 I j

s s [ @el % Defaul DistrihuD
JEE :

Fa Lna\}D{fault Distribution

" Level 1: Site Specific Distribution

€ LevelZ: Begional Distribution

Clazs 10 3.8 UUD_GEJE N |

Class 11 \Q_UL_“Q Level 3:
Class 12 m Default
Clags 13 o DIStrlbUthn
Tatal

Maote: &A00T distribution must tatal 100%.

" OFE |244x Cancel |




Current Traffic Data Requirements —FHWA
Vehicle Classification

1 2 3| My
7 M
% 00} | Eo—=_1o7 |=-00—0
D 3 @ \l | 8
[ | |i\ |
3 COmOR ke COOmOREE @-%
9 10 [11

1
©©'% oo0O"|0 OH0

12 13

[

g7

© 000 ©-% O 000 To-
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Hourl

Traffic ¥Yolume Adjustment Factors

Distribution ka

O tonthly Adjustrment I O wehicle Clazs Distribution [ Hourly Distribution | O Traffic Growth Factors I

Howrly truck traffic distribution by period beginning:
Midright [23  Moom  [Rg
T00am [z3  100pm (549
Z00am [z3  200pm (549
F00am [z3  F00pm [Fq
$00am [23  400pm [35
B00am [23  500pm (a8
BO0am [sn E00pm [a5
F00am [rn F00pm (a5
B00am [5p  S00pm (34
R [ S00pm 31 Mate: The hourly
000em 5 1000pm [5] distribution rust takal 1003
1:00am [59  11:00pm [37 Totak {100

X Cancel
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Traffic Growth Factors

Traffic ¥olume Adjustment Fackors

O Honthly .ﬂ.diustmentl O wehicle Clazs Distril:uutin:unl O Hourly Distribution [ Traffic Growth Factars I

Opening D ate: Maovernber. 1995 AADTT: I'I oo

e

— & Traffic Design Lane:

Design Life [years): |4 | & Traffic Design Direction:

N

55

35

[~ Wehicle-clazs specific traffi@

— Default Growth Function

Mo Growth
£ Linear Growth
f* Compound Growth

Diefault growth rate [%] I"‘1

Py

281 View Growth Plots ‘

MHaote: Wehicle-clazs distribition factors are needed to view the effects of traffic grl:uwth.\

o 0K X Cancel
247

View plots




Axle Load Distribution Factors

Axle Load Distribution Factors

—Axle Load Dhstribution
" Lewel 1: Site S pecific
e _

= —=Talgl=]
f* Lewvel 3 Default

E Expart Axle File

B Open bl File

C
|

—Wigw
" Cumulative Distribution
' Distribution

W ViewFit |

Ale Types
% Single Axle

™ Tandem Axle
" Tridem &xle

Huad Axle

2l

— fuile Factors by &dle Type

January 4 100.00 095 29 3489
January o 100.00 '1 |:|.|:|5 132 16.42 1081 9.22
January B 100.00 247 1.75 345 3485 6.7
January 7 10080 214 0.55 242 27 3.
January 8 100.00 1165 537 754 .49 789
January 9 100.00 1.74 1.37 2584 353 483
January 10 100.00 364 1.24 236 338 518
January 11 100.00 355 2! 519 527 6.32
January 12 10080 6.65 229 457 5.86 5.487
January 13 100.00 g.858 287 33 523 6.03
= —— y ppe—— e e =y - e
o OF | X Cancel




Percentage of Tandem Axles

I:XdIII[JIB — 1 AllUucClilil AAIC
Distribution for the First Month
of Traffic

0.09

0.08

0.07 //\
e L

NN

0.05 /

0.04 \
2/ \

0.03 \

0.02 \

0.01 \\%

6 147.2 225 30 ) 3850 46 € 154N .62 \ Iy & 78
Load level, kips
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cliicial 11alllu IleUlS — l11alliv
Wander and Number of
ruck ..

General Traffic Inpuks

— Lateral Traffic wander

kMean wheel location [inches from the lane marking]: 20

Traffic wander standard deviation [in]; 10

Dezign lane width [ft): [Mote: Thiz iz not slab width] 12
\/

O Mumber Axles T uck I [ Axle Configuration I O wheelbaze I / D f It
erau
Single Tandem Tridem Chuad /

Class 4 162 0.39 0 0 Y values
Clazs 5 2 0 0 ]
Clasz 6 1.02 0.99 ] 0
Clazs ¥ 1 0.26 053 ]
Claz= & 238 067 0 ]
Clas=z 3 113 1.93 ] 0
Clas= 10 118 1.09 0.8 0
Clazz 11 429 0.26 0.05 ]
Claz= 12 352 1.14 006 ]
Clasz 13 215 213 0.35 0
V ..... I:I K‘l Fx I:ar_":EI |
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Axle Configuration

General Traffic Inputs o I _|

— Lateral Traffic \Wander

Mean wheel location [inches from the lane marking]: 20
Traffic wander standard dewviation [in): 10
Dezign lane wadth [ft]: [Mate: This iz not zlab width) 12

O Mumber Axles/Truck [ Axle Configuration I. Wheelbase

Average axle width [edge-to-edoe] on
autzide dimensians,f):

Crual tire zpacing [in): 12
— Tire Prezsure [psi]——————— —Aule Spacing [in]
Tandem axle: o1k
Single Tire : 120
Tridemn axle: 43.2
Dwal Tire : 120
Huad axle: 43.4




General Traffic Inputs

Wheelbase

— Lateral Traffic \wander

2l x|

Mean wheel location [inches from the lane marking]: 20
Traffic wander standard deviation [in): 10
Dezign lane width [ft]: [Mote: This is not zlab waidth) 12

O Mumber .ff-.:-cles.-"TruckI O Axle Configuration O ‘wheelbase

Wheelbaze diztribution information for JPCP top-down cracking, The wheelbaze
refers ta the zpacing between the steering and the first device adle of the
bruck-tractars or heawvy single units.

ork M ediurn N
Syerage Auxle Spacing [fi] 12 15 18

Fercent of trucks [X]; 2.0 200 Al

)




Check Status of Inputs on Layout

Traffic
Input
Completed

Start
Climate

For Help, press F1

253

lilf Design Guide 2002 - 350102.dg). =10l =l
File Edit Yiew Tools Help
lgl:’l | BB &
Project [C:\DE2002Projectsh 350102, dgp]
. O ceneral Information Analpsis Status:
[ sitefProject Identification Analpsiz | % Complete
- = Analysis Parameters B Traffic 0%
W Climatic ks
B Themal Cracking 0%
B AT Analysis ks
. s_ [ Resuls B Summary 0%
: |_:_||:| Inpuk Surnmary ‘| I_'I
= B trafficyolume adjustment Fackars | 1 L El Project
: I MoXHly Adjustmere | EI Traffic General Froject Infarmation:
le Class Distribution | ¢ o El Clirnatic Parameter | 4alue
Truck Distribution | 0 hee El Design Type Mew Flexible
O Trafffc Growth Fackor | i El Layer Drezign Life 20'r'ears
------ Axle Loall Distribution Fackors I Cutput Summary L
raffic Inputs =~ Flexible Summary Fl | I_}I
O riyfnber Axles|Truck Laver Modulus
ple Configuration &C Modulus (plat) Froperties
eelbase Fatigue Cracking Setting | Value
€ Surface Down Damage (plot) Uitz IS Customary
E Surface Down Cracking (plot) Analyzizs Type  Deterministic
B Thermal Cracking Boktom Up Damage (plat) Dietault Input Level 3
[ Drainage and Surface Properties Boktom Up Cracking (plot) P | |_,|
= M Lavers Thermal Cracking
B Laver 1 - Asphalt concrete Crack Depth (plok) ;@ Ruw A]]alysis
Thermal {C-h) (plat) 5w
Crack Length {plot)
Crack Spacing (plok)
Fukting
Rutting (plak}
IRI {plot)

[ o[




Generate Climatic File

Environment /Climakic ilil

Current climatic data file: L atitude [degrees. minutes]

Longitude [degreez. minutes)

Irport Impart presviouzsly generated climatic data file.
— Elesation [ft]
Generate new climatic data file
[T Seasonal
Depth of water table (ft)
Annusl average |

Cancel |

54
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Create "Virtual" Weather Station

Environment /Climatic

2 x|

(" Climatic data for a specific weather station. 1117 Elevation (i

@terpnlate climatic data for given Ic@
| Seazonal

32.40 Latitude [degrees. minutes)
-107.04 Longitude [degrees. minutes)

Annual average |20

Step 1
Step 2

Iv 4N.8 milez TRUTH OR CONSEQUEMCES, MM - MUMICIFAL AIRPORT Lat. 33.14 Lon. -107.16 Ele. O Months: B3

[ 463 milez DEMIMG, MM - DEMING MUNICIPAL AIRPORT Lat. 3216 Lon. -107.43 Ele. 0 Months: 16

[ 71 [fwiles EL PASO, T - INTERMATIONAL AIRPORT Lat. 31.49 Lon. -106.23 Ele. O Months: BB

[ 1434 miles RIN GUADALUPE MTHS MNTL PART Lat. 31.5 Lon, -104.43 Ele. O Months: 31
[ 1486 miles SA Step 3 ORD MUMI AIRFORT Lat 3251 Lon. -109.38 Ele. 0 Months: 48
3.4 milez BOSWELL, MM - INDUSTRIAL AIR CEMTER AF Lat. 33.13 Lok, -104.32 Ele. O Months: B3

The bezt rezults in interpolation are

Select stationz to Lze in generating interpolated clinmatic files.
Generate . achieved when zelecting stationz that are geographically cloze in differing directions.

Freszz the Generate button after zelecting desired weather stationz and inputing Elewation

% and Depth of \Water Table.
Step 4
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Check Status of Inputs on Layout

Climate
Input
Completed

i Design Guide 2002 - 350102.dgp =10] x|
File Edit Wiew Tools Help
ngj @ BB &
Project [C:\DGE20024Projectst 350102, dgp]
----- O General Information Analysis Status:
‘O sitefProject Identification Analysis | % Complet
. [ analysis Parameters B Traffic 0%
B Climatic 0z
B Thermal Cracking 0%
B AC Analysis (14
!_m [ Results B Summary 0z
E||:| Traffic |_:_||:| Input Summaty ‘l | _"I
= [ Traffic volume Adjustment Fackars | | L El Project
ol B monthly adjustrment | ¢ El Traffic General Project Information:
----- [ vehicle Class Distribution El Clirnatic Parameter | value
----- B Hourly Truck Distribution El Design Type M e Flexible
P b O Traffic Growth Facker | G E Layer Design Life 20 rears
[0 axle Load Distribution Factors | e B Cukput Surmary Locatiag
El B =eneral Traffic Inputs = Flexible Surmmary 4 | | _p.l
----- O mumber AxlesiTruck M Laver Modulus
N i [ axle corfiguration | i B AC Madulus {plat) Properties
\ ----- A whesbase | i B Fatigue Cracking Setting | Value
----- A climate [l Surface Down Dramage (plak) Uitz 1JS Customary
=M strockre i B Surface Down Cracking (plat) Analyziz Tppe  Deterministic
Thermal Cracking | i B Eottorn Up Cramage (plat) Default Input Level 3
rainage and Surface Properties | e B EBottorn Up Cracking (plot) 4 I I _,I
=M Laers 1 i B Thermal Cracking
- ver 1- Asphalt concrete | e B Crack Depth (plot) ] .
...... B Thermal (C-hi (plat) oo Run Analysis
------ B crack Length (plat)
Start ------ B Crack Spacing (plat)
...... B Futting
Structure | 8 et
...... B IRI(plak)

For Help, press F1

[ Nom[ g

Input




Structure Inputs

= User needs to choose layers and the trial design
= Example 1: Conventional AC design:

4.8-inch Asphalt Concrete layer
12.2-inch Granular Base layer (A-1-a)
12-inch Compacted Subgrade (A-7-6)
Natural subgrade (A-7-6)
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Insert Layers

Structure EI

— Layers

_u:pmrt Azphat concrete 10.0

-
< Irsert | Dielete Edit |
N
V
Opening D ate: ISEDtEthL 2002 Design Life [vears]; |20 | 0K | X Cancel |
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Add Layers and Edit Layer

Structure x|

— Layers
Layer Type Material Thickne=s (in) | Friction
1 Azphalt Azphaltt concrete 4.4 1
2 Granular Base A-1-3 12.2 1
3 Subgrade A-T-B 12.0 1
4

[nzert | Delete |
Opening Date: INDvemher, 1935 Cresign Life [vearz]: |4 |

Edit material properties
either from this screen or
from theﬂrﬂnain screen

T




Acnhalt Miv Dranartiag

Asphalt Material Properties " 2] x|

I I [ : tizphalt concrete -
<’ Levet [3 = ':> Azphalt rmaterial type I p J
\/

Layer thicknezz [in]: I‘LE=

[ Asphalt Mix |. Bzphalt Einderl O Asphalt Generall

—Aggregate Gradation

Curnulative % Retained 344 inch zieve:

Cumulative % Retained 343 inch sievs
Cumulative % Retained #4 zigve:

% Pazzing H200 ziewve:

o 0K X Cancel |

60




Properties

I I [ 3 Asphalt concrete -
C Level [3 = '>’ &zphalt material type: I p J

Layer thickness (in): I‘LE=

O Asphalt Mix [ Asphalt Binder ||:| Bzphalt Generall

Optinhz

™ Superpave binder grading

¢ Conventional viscosity grade

" Comventional penetration grau:le/

e

—izoosity Grade

" AC2A
™ ACE
 ACTI0
& AC20
" AC 20
 AC 40

2 |1EI..'-".'-"EI'E| WTS: |-3.EEI1F"

W 0K | X Cancel |




2ropertie

— —— i : Azphalt concrete -
< Level Iﬁ > Azphalt material type: I p J
\/ o .
Layer thickneszz [in]: I*j'-E

[ Asphalt Mix | [ Asphal Binder O Asphalt Gereral |

General — Poizzon's Ratio
Feference temperature [F): I?EI r Use predictive model to
calculate Poizzon's ratio.

Foizzon's ratio; 035

/_\

Watlimetric Properties

Farameter a:

|/

Effective binder content [Z]: 422

L

Farameter b
Air woids [X]: FR=

otal unit weight [pef]: 142.4 /

U

I N p ut Themal conductivity asphalt [ETU Mhr-f-F7 (06T
VO I um etrl C Heat capacity asphalt [BTUARF?): 0.2z

properties

W DK X Cancel |




Granular Base Layer
— Strength_ Properties

Unbound Layer

nbaund b aterial: I.ﬂ.-'l -a j

O Strength Properties ||:| ICH I

Foizzon's ratio;

Coefficient of lateral
preszure, ko

[T Last layer

Thickneszs(in: I'I 2.2

N

/7 Linalyziz Tyupe \

Uzing ICM
N_* 1M Inpu

Mot Uzing [CH

" Seasonal input [dezign value]

{~ Representative value [design walue)

— b aterial Property

= Moduluz [psi]

R -Walue

" Layer Coeflicient - ai I
" Based upon Pl and Gradation

Calzulate »» I

™ Penetration [DCP)

Wig Equatiu:unl

—
-
>

AASHTO Classification |
e |
Moduluz [calculated) [pail: 395':'3

AN

" UK

| x Cancel |

2035

Calculated
Modulus based
on CBR value




Granular Base Layer
- |ICM Input

Unbound Layer

Irbound b aterial; I.-'l'-.-1-a j T hickneszz(in): I'IE.E ™| Last [ayer

O Strength Properties T 1CM |

21

— Gradation and Flasticity Inde

Flasticity Index, PI:

(& Compacted urbound D
\Dmpacte unbound materna

= Uncompacted/natural unbound material

Fazzing #2000 ziewve [
Fazzing H#4 zieve [X]:

DED [rm]:

Level 2 an aIyS | S: \— Calculated D erived Parameter\ 4

[ Upae ]
Input measured

™ M axirnurn dry unit 130
ro ertIeS sight [pf: r Soil water characteristic curve
p p r pecific gravity of 2E5 parammeters
idz, G=:
d hpdraulic EFITHAIET Value
aturate
I mductivity [fAhr: 171 z: 2.254

v

pirnun grasimetnic I? cf 1.06
ater conbent []: - 0.0451
Calculated degree of I?E i
zaturation [E]: i

W DK | X Cancel |

264
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Compacted Subgrade Layer
— Strength Propertles

Unbound Layer

nbaund b aterial: I.&-?-E j

O Strength Properties ||:| ICH I

Foizzon's ratio;

Coefficient of lateral
preszure, ko

Thickness(in); I'IE [ Last layer

N

/7 Linalyziz Tyupe \

Uzing ICM
N_* 1M Inpu

Mot Uzing [CH

" Seasonal input [dezign value]

{~ Representative value [design walue)

— b aterial Property

= Moduluz [psi]

R -Walue

" Layer Coeflicient - ai I
" Based upon Pl and Gradation

Calzulate »» I

™ Penetration [DCP)

Wig Equatiu:unl

-
-
>

AASHTO Classification |
e |
Moduluz [calculated) [pail: 5543

AN

" UK

| x Cancel |

200

Calculated
Modulus based
on CBR value




Compacted Subgrade Layer
- |CM Input

Unbound Layer 2 x|

Unbound b aterial; I.-'-‘-.-.""-E j Thicknezz(in): I'IE [ Last layer

O Stength Properties T 1CM |

— Gradation and Flasticity [nde

Flazticity Index, FI:

—
‘@acted unbound material

" Uncompacted/natural unbound material

FPazzing #200 zieve [3H]:

Fazzing #4 sieve [Z):

DED [mm]:
o N—~
Level 2 an aIySIS- \— Calculated/Derived Parameters
N Updat
Input measured =
. axirnurn dry it 100
pro pertles eight [pf]: r Sail water characternistic curve
5 i it af parameters
r Iilm IE grawt_l,l | 276
; It Sft Z-h o Parameter Value
urated hydraulic I -
I’ cprductivity [ftAhr: 8.7e-005 z: 34954
plirnum gravimetnc I_ f III:I-'SEE
v ater content [Z]: 28 Er 3 97e+004
Calculated degree of I
zaturation [Z]; 83.2

266 OFK | X Cancel |




ICM Warning Capabillity

Unbound Material - ICM - Warning

Clptirnurm grasvimetnc water content [#];
& M atenal: A-7-B

Outzide tppical range.
[8] 1z greater than the tppical range.
Minirum = 2 Masimum = 25

‘ lgriore I Edit |gricre Al
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Natural Subgrade Layer
— Strength Properties

Unbound Laver il il

rbaund b aterial: Iﬁl'-.-?-E j Thicknesz(in]: I W Laszt layer

O Stength Properties ||:| [Chd I

Irput Lewvel ,fﬁnalysis Type ‘\ \\
 Level1: < ~ Using ICM LaSt Iayer
i LevelZ2 D N+ ICM IHW
Level 3 ~ Not Using ICM

Poizzon's ratio; ID.35 ™ Seasonal input [design valus]
ID.E

Coefficient of lateral i~ Reprezentative value [design valus]
pressure Fo:

— Material Property

" Modulus [pzi]

* CBR !E D
AASHTO Claszification

R -¥alue I_

™ Layer Cosfficient - ai I nified Clazsification
r -
el [P I Modulus [calculated) (pei) |3|:|43

" Bazed upon Pl and Gradation

Wi Equatianl Calculate »» | CaICUIated
Modulus based
vk | X el | on CBR value




Natural Subgrade Layer

Level 2 analysis:
Input measured
properties

- |ICM |

Unbound Layer

Unbound M aterial: I.-'!-.-?-E j

O Strength Propeties [ ICM I

nput

T hicknezzin]: I

7~ \\

— Gradation and Plasticity [ndey
Plasticity Index, P: 3B.5

Pazzing #200 zieve =] IEE
Pazzing #4 zieve [X]: IE|E|

DB [rom): 0.0v

v Last layer

2l x|

™ Compacted unbound material

——
1mnpactedx'natural unbound material )
\ I

|

g

— Calculated/Derved Parameters
N

awirnurm dry Uit
eight [pcf):

necific gravity of
dlids, Gs:

aturated hydraulic
hductivity [fefhr):

ptimurn gravimetric
ater content [&]:

Calculated degree of
zaturation [Z];

—

IEEI.E

r Soil water charactenstic curve

576 parameters
Parameter Value
IE. Te-005 af S45
bf 094
Igg— cf 0758
hr 3.22e+004

 OK

| x Cancel |
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Thermal Cracking Input

2l

Thermal Cracking

€ Level Average tensile strength at 14 °F [psi): IW
L
@ Creep test duration [sec): 100 -
—~
Binder type: Loading Creep Compliance (1/p=i)
Time | | oy Temp (°F) | Mid Temp (°F) | High Temp (°F)
set -4 14 32
1 2.41892e-007 3.30843e-007 4 52503e-007
2 2817 3e-007 3VEVIe-007 5.59386e-007
5 29047 3e-007 4 47 355e-007 7 A40369e-007
Ii, Import 10 3.14296e-007 5. 094.34e-007 915247e-007
—— 20 34007 2e-007 5 801 25e-007 1.13143e-006
& Eseor a0 377418e-007 | 655845e-007 | 1.49749e-008
/— 100 4 08371 e-007 ¥ 8443 e-007 1 85121 e-006
Option available

to import or
export a thermal
cracking file

Misture Wi [5];

W Compute mix coefficient of thermal contraction,

Aggregate coefficient of thermal contraction:

Mix coefficient af thermal contraction [mmmmd C);

17.08

I'I e-00E

o |

x Cancel |




Drainage and Surface
Properties

Based on shoulder

type
Drainage and Surface Properties /| Tied Shoulder-
--Minor (10%)
Surface shorbwave absorplivity: 0.85 Asph alt Shoulder— -

Moderate (50%)

‘D"T”;tgefa'”“““ Gravel Shoulder- --
mfiltration:
Extreme (100%)
Drainage path length [ft): 12
Favement crozz slope [%]: 2
s OFK | x Cancel |
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Save Project File and Run

For Help, press F1

i Design Guide 2002 - 350102-2.dgp =10] =]
File Edit %iew Tools Help
%D CH S BERS] %
Project [C:\DG2002Projects)350102-2 . dgp]
[ zeneral Information il s Slalivs:
i [ site/Project Identification Analysis | % Complet
| &nalysis Parameters B Traffic 0%
B Climatic 0z
B Thermal Cracking 0
W AC Analysis 0z
! Inputs [ 1 Results B Summary 0%
E| |:| TrafFic |_:_||:| Input Surmmaty a I I _'I
E| [ Traffic Yolume adjustment Fackors | G Project
_____ B monthly Adiustment LBl Traffic General Project Information:
----- [ vehicle Class Distribution Clirnatic Parameter | value
----- B Hourly Truck Diskribution Design Type M ey Flexible
R O Traffic Growth Facker | G Layer Design Life 4'earz
[ axle Load Distribution Factors | e [ output Summary HaCETE
E| [ ceneral Traffic Inputs =0 Flexible Summary 4 | | _"I
----- O number Axles|Truck - Layer Modulus
----- [ axle Configuration [ AC Modulus (plat) Properties
----- O wheelbase [0 Fatigue Cracking Setting | YValue
----- O climate [0 surFace Down Damage (plok) Uitz IS Customary
Structure S I [0 sSurface Down Cracking {plot) Analysis Type  Deterministic
[ thermal Cracking | i [ Bottom Up Damage (plat) Default Input Level 3
... O Drainage and Surface Properties | i [ Boktorn Up Cracking (plot) 4 I I _,I
E| H vayers i [ Thermal Cracking
: O Laver 1 - Asphalt conerete | [ crack Depth (plot) ] .
O Layerz-a-1-a | i [ Thermal {C-hi iplat @ Faun Aﬂﬂl}'SlS
M rayerz-a76 | i B crack Length fplat)
O Lavers-a76 | i [ crack Spacing (plat)
------ [ Rutting
------ [ Rutting (plat)
------ [ 1RI (plak)

[ o[ 4

Y




2002 Design Procedure — Performance
Models for Asphalt Concrete Pavements

INPUTS

—

£

2002 Design
Guide
Software

y
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-

OUTPUTS:

Performance prediction

IRI
Surface-Down Cracking
Bottom-Up Cracking
Thermal Fracture
Permanent Deformation

Traffic, Materials and
Climatic Models

Thermal cracking model

Structural response model:
Linear Elastic Analysis

Damage prediction
Reliability
Distress prediction models




Program Runs Traffic Module

mbesign Guide 2002 - crcp_example M= &
File Edit “iew Tools Help
DhEE| B &5 =
! Project [C:\Di2002%Projectks\crop_example.dap] .
B seneral Information Analysis Status:
B site/Froject Identification Analyziz | i Complete |
B analysis Parameters & Traffic 100
[ Climatic 1%
B todulus 0%
B Punchout CRCP 0%
B Summary ()4
! e «| [T results General Project Infarmation:
|_:_| |:| Traffic |_:_||:| Input Summaty Farameter |Value |
E| B Traffic Yolume Adjustment Factors ] P b Project T.'r'P'_E ) Mew CRCP
—. [ Monthly Adjustment ] P b TrafFic E;g;;:ir;rl;lfe e
|:| vehicle Class Distribution | & b Climatic
. Hourly Truck Distribukion || | b Design
B Traffic Growth Facker || e Layer Properties
. [ Axle Load Distribution Fackars || b O oukput Surmary -
-l & | Traffic Input O cRrops Setling [ Value I
= eneral Traffic Inputs = Urnrnary Unitz =
— M mMumber fxlesiTrock | - [ Punchouts (plak) Bnalysiz Type  Deterministic
. &«le Configuration || i @ IRI{ploty Default [nput Lewvel 3
. @ Wheelbase |l i B Crack width (plot)
----- B cimats @ LTE {plat)
=N o | :
= S === Run Analysis
L. @ Design Features (. v
: B Crainage and Surface Properties
- B Layers @ StopAnalysis
i [ Laver 1 - CRCP -
For Help, press Fl o
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DUILVVAII CU UICUCALUV O MAICU LLUQAU

Distribution for Each Axle
Type for Each Month Single

14
12

Class 4
January

Frequency, %

8

6 -

4 L IHHHHH

2 L {IHHHHHHE

0 ”ﬂ]‘ :""H ”””ﬂﬂ ﬁﬁﬁﬁﬁ

Axle Load, Ibs
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DUILVVAUII ©U UIUCALLV O MAIC LLUQAU

Distribution for Each Axle

Type for Each Month —

Tandem Axle Example

OO0OMN~NOLIOTOMAN-HAO

o ‘Aouanbai

Axle Load, Ibs
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Run Program, cont.
— Climate Module

i Design Guide 2002 - 350102-2.dgp =10O] x|
File= Edit Wiew Tools Help
D f B2R|&E| 2T
; Project [CYDGE2002Projects1350102-2,dgp]
LB Gereral Infarmation Analysis Status:
|:| SitefProject Identification Analyziz | % Complet
O Analysis Parameters & Traffic 1003
[ Climatic 205
B Thermal Cracking ik
B AC Analysis 0
s Inputs | 1 Results B Surmary 0%
E| |:| Traffic E|D Input Surmmary 4| | _'I
E| B Traffic volume Adjustment Factors Project
..... B ronthly Adjustment TrafFic General Project Information:
----- B vehicle Class Distribution Climnatic Parameter | Walue
----- B Hourly Truck Distribution Design Type Mew Flexible
----- B Traffic Growth Fackor Larver Desig_n Life 4 'rears
i B Axle Load Distribution Fackors | G O Cutput Summary Leealan
E| B General Traffic Inputs = Flexible Surmary 4 | | _pl
----- B rumber AxlesiTruck - Laver Maodulus
----- B axle Configuration w0 AC Madulus (plat) Froperties
----- B wheelbase --[0] Fatigue Cracking Setting | Yalue
. @ Climate e [ surface Down Damage (plot) I nits 1JS Custarmary
=M stroctogre b [ surface Down Cracking fplot) Analpsis Type  Deterministic
B Thermal Cracking 000 | e [ Bottom Up Damage (plot) Default Input Level 3
: B Drainage and Surface Properties | b [ Bottom Up Cracking (plok) P | | _,I
- D Layers 1 i B Thermal Cracking
B Laver 1 - asphalt concrete ] e [ Crack Depth (plat) i )
W Laverz-a1-a | e @ Thermal (- (plat) ﬁ Run Analysm
B Laverz-ars ] e [ crack Length (plot)
fne Llaverd4-A76 |1 e Crack Spacing (plot -
e 0 - g Ruttingp = @ StopAnalysis
------ [ Rutting (plak)
------ O IRI (plat)
For Help, press FL 277 I_IWI_ S




A S A NN A e e R RN ™
(EICM)
EICM Module predicts: w ‘

= Environmental effects adjustment factors for unbou
Resilient modulus

Finite Element/Linear Elastic Analysis Modules
= Hourly temperature profile through AC layers
Thermal Cracking Module

= Temperature Frequency Distribution at mid-depth of
bound sublayers

Fatigue/Permanent Deformation Modules

| 1 b o f b v 1 1 Iv LB

= Average moisture content for unbound materials
Unbound Permanent Deformation Module
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Environmental Effects
Adjustment Factors

EICM computes climatic adjustment
factors for the Resilient modulus for:

= Frozen material
= Recovering material
= Unfrozen or fully recovered material

= Environmental effect composite
adjustment factor

279



HOURLY TEMPERATURE

Hourly Temperature Profile for
AC Layers

6/15/94 6/15/95 6/14/96 6/14/97 6/14/98 6/14/99

TIME

" Depth=0in. 7 Degpth=3iIn. Depth = 6 in.




Run Program, cont.

— Thermal Cracking Module

EDESIQI‘I Guide 2002 - 350102-2.dgp - EI
File Edit Yiew Tools Help
D& H| % ER &
! Project [C\DGE2002 Projects|350102-2, dgp]
L.l General Infarmation Analysis Status:
.M siteiProject Identification Analysis | % Complet
~..d Analysis Parameters [ Traffic 100%
[ Climatic 100%
[ Thermal Cracking A0%
W AC Analyzis 0%
! Inputs [ 1 Resuls B Summary 0%
E||:| TrafFic -l Input Summary " | LI
E B Traffic volume Adjustment Factors Project
..... B ronthly Adjustment Traffic General Project |nformation:
----- B vehicle Class Distribution Climatic Parameter | alue
----- B Hourly Truck Distribution . Design e N Flowible
----- B Traffic Growth Fackar ~[E] Layer Dresign Life 4 Tears
B e Load Distribution Fackars | i O ©utpuk Summary Logaten
= B General Traffic Inputs =~ Flexible Summary 4 | | _pl
----- B Mumber Axles/Truck [ Layer Modulus
----- B e Configuration - & Modulus (plat) Properties
----- B wheelbase —..[0] Fatigue Cracking S efting I Yalus
----- B Climate [ Surface Down Dammage (plot) Urits U5 Custamary
= B structure [0 Surface Down Cracking (plok) Analpziz Type  Deterministic
' B Thermal Cracking ...l Bottam Up Damage (plok) Default Input Level 3
B Drainage and Surface Properties [ Baotkom Up Cracking ¢plot) 4| | LI
o M Lavers [ Thermal Cracking
B Laver 1 - Asphalt concrete [ (Crack Depth (plak) &% )
B Laver2-4-1-a [l Thermal {C-h) {plat) ﬁ Run Analysis
B Laver3-a-76 @ Crack Length (plot)
Layer 4 - A-7-6 Crack Spacing (plot .
ol g Ruttingp 9 (plet) @ StopAnalysis
@ Rutking {plat)
[ IRI {plak)
281
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Thermal Cracking



Thermal Cracking Model

= Uses SHRP Thermal Fracture Model

= Use 100 sec creep data
= Previously required 1000 sec creep data
= Tensile Strength Data
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Thermal Cracking Model|

Material Pavement
Properties Structure

\ l / Thermal cracking

model is “fully”

Thermal Cracking echanistic

Model (TCMODEL)
!

Amount of Thermal Cracking vs. Time ‘

Enhanced version of SHRP Thermal Cracking Model



null Firoylialll, CUIIL.
— Asphalt Concrete Analysis

mDesign Guide 2002 - 350102-2.dgp =101
File Edit Wiew Tools Help
== B| &8
! Project [2:\DGEZ002 Projects| 350102-2,dap]
.. M General Information Analysis Status:
B sitefFroject Identification Analysis | % Complet
B analysis Parameters [ Traffic 100%
O Climatic 1003
& Themal Cracking 100%
[ AC Analysis 00k 0Bt ¢
-g Inputs [ Results B surmary e
|_:_| D TrafFic |_:_||:| Input Summary 1 | _'I
E| B Traffic Yolume Adjustrent Fackaors Project
ol B mMonthly Adjustment =] Traffic General Project [nformation;
----- B vehicle Class Distribution Clirnatic Parameter | A ale
----- B Hourly Truck Distribution Design Tupe Hew Flexible
----- B Traffic Growth Fackor Layer Design Life 4ears
B sxle Load Distribution Factars - Oukput Surmary Lacation
- [ General Traffic Inputs =0 Flexible Summary 1 | _,I
----- B rumber sxlesiTrock - Laver Modulus
----- B 2l Configuration - A&C Madulus (plak) Froperties
----- B wheebase [ Fatigue Cracking Setting | Value
----- B climate -~ Surface Down Damage (plok) Units 115 Customary
&M strockere 1 b [ surface Down Cracking (plot) Analyziz Type  Determiniztic
B Thermal Crackng 000 | b [ EBottom Up Damage (plak) Default Input Level 3
B Orainage and Surface Properties | e [ EBottom Up Cracking {plat) 4| | LI
- Layers i O Thermal Cracking
. Layer 1 - Asphalt conerete | b [ Crack Depth (plat) &S i
- Layerz-s1-a | i B Thermal {i-h) (plot) ﬁ Run AIIE.I.}’SIS
Lol Layerz-aFs ] e O Crack Length {plot)
b Laverd-&76 1 e Crack Spacing {plot .
mEm—— | g Ruttingp g @ StopAnalysis
------ O Rutking iplat)
------ O IRI{plat)
For Help, press F1 285 ’— W l_ 7




Different Strategies
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@wmeﬁy@ViWQEFFGTSB%ructural
Analysis

DS A R
i*! #1 -" - 'l”‘ L "ﬁ' 3
i SBMEE 0.5"

Asphalt Surface B =h . —05"
5-? - ,.q:. "ﬁ i@;{l":— F AC — UAC

a2 .‘—Ih PR = vl . = =
:,.. ,,“ e AL 1-_-- "ﬁ': . o U
. "' 1- o ?‘EE = -r -

Lk B A o

% ey : -
Asphalt Base }' 2 No Sub-Layering
i e e

Unbound Base

= int((hB _2%) for h, > 6"
Neg = int(hs%) for hyy = 8"

| } 2"{if hy > 6}
2

Nesg = int(hCSG 12) for heg >12"

N int(h 2) for hyg >12"
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- f'
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Computation Methodology

1. Define sub-layers
2. Adjust layer properties from EICM
outpult.

Temp./Aging of HMA
Frost/Moisture in unbound materials

3. Simulate traffic loads.
4. Compute pavement critical response

FEA
MELT - JULEA
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Critical Response Values

g, at surface + bottom of all bound layers (cracking)
€. at midthickness of all layers + top of subgrade (rutting)
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Critical Response Locations

20




Computation Methodology, Cont'd

5. Calculate incremental damage for
each traffic load & time period

6. Cumulate damage over time

/. Calculate distress over time
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Damage Methodology

m
ADI =33
k=1 i=1 _Ngtp_k
Distortion: oS
| \ \
ARD =k21 _ 1; oS

k =load level
| = time/season
d = sublayer
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Accumulation of Rutting

L-oad, P Sub-layer

Hiﬁ

AC Layer
See Fig. A.% 9

} Sp from pred. Eq.

AUNN Y
2 g
7770007
GUHLUYY
77707

Fig. A

Base Layer

Subgrade

N sub-layers |

1 |

D= Y xh
1=1

Similar treatment for permanemt deformation of unbound layers
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Design Criteria

RUT

DEPTH Criterion
TIME
FATIGUE
CRACKING
Criterion
TIME

Design
295 Period



Predicted Distresses
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Permanent Deformations



Basic Rutting Equation

/ Captures stress level effect ‘

Iog(‘9 ]: a, +a log(N)+a,log(T)

AP
gr

RZ =0.73
Se  £0.309 Function of material characteristics,
S./S, = 0.522 but these less importantthan N and T
Niests = 3476

(>300 mixes)

Similar treatment for HMA and unbound
material permanent deformation
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Rutting in HMA

Iog(i] =-3.15352+log B, +1.734p4, logT
E

+0.399378, logN

g, = plastic strain
g, = resilient strain
T = layer temperature (deg F)
N = no of load repetition

Bry Bry Brs = calibration factors
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Simplified Fatigue Model
Bottom — Up Crack Propagation

- Classical Fatigue Mechanism.

Top — Down Crack Propagation

Temp. Gradient;
Cooler @ Surface

—

E* Gradient
High @ Surface

-4-High Shear Stress

301

<= Contact Pressure

/

4

Aging @ Surfacep

High E @ Surface




Fatigue Cracking Model

/1\

N ¢ =Py kg
s <

1:1; ﬂfz; ﬁfg ‘

302
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Pavement Smoothness



Smoothness Model

IRI= IRI5 + AIRI+ A IRI4

IRI, = Initial IRI

AIRI; = Change in IRl due to distress

AIRI..= Change in IRl due to site factors

304



Smoothness Components

Surface Distresses D :

D, = Rut Depth Coefficient of Varia{ion
D, = Fatigue Cracking
D, = Patching*
D, = Pot Holes, ..etc...D*

Non-Distress Variables S;:

Rainfall
Material Gradation
Plasticity Index
Freezing Index

*Determined from separate emypirical models



IRI vs. Distress Summary

Variable U”é’;g“e”d ate | ctp | TMAOVERLAY
HMA 2CC
Site Factor X X
Age X X X X
Alligator Ckg X X X X
Rut Depth X X X
Transverse Ckg. X X X X X
Block Ckag. X X
Longitudinal Ckg. X X X
Pot Holes X
Patching " X X




Connecticut Department of Transportation

M-E PDG Training Module IV

Pavement Rehabilitation/
Composite Pavement Design

Prepared by Dr. lliya Yut

Department of Civil Engineering,
UConn

May2013
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Outline

= Overview of Rehabillitation Design Process
= Major Rehabilitation Strategies
= Recycling of Existing Pavement
= |dentification of Feasible Strategies

= AC Rehabilitation
= PCC rehabilitation
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Overview of Rehabilitation
Design Process

Zofka, Fall 2010
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Pavement Rehabilitation and
Maintenance Activities

~
Preventive

Maintenance
J REDUCE AGING
~ RESTORE SERVICEABILITY

Minor Rehabilitation
5555

~\

Major Rehabilitation T
$ESSS y INCREASE STRENGTH
) / REDUCE AGING
- RESTORE SERVICEABILITY
$$$55$S Reconstruction
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Major Rehabilitation Strategies

= Objective:
= To repair existing deterioration and minimize future
deterioration

= Parameters: type, quantity, and timing

= Conditions addressed:
= Structural (distresses)
= Functional (smoothness)
= Material durability
= Shoulder condition
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Major Rehabilitation Strategies

Reconstruction with/without Lane Additions

Deficiency Addressed Scope of Treatment
Type

Flexible H-severity fatigue cracking
H-severity rutting
Stripping
Major subgrade movements Remove & Replace paved lane(s)
Frost heave Remove complete structure
Add extra lane
Rigid High %% of cracked slabs Widen existing lane
High %% of deteriorated joints
D-cracking

Inadequate subgrade support
Frost heave
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Major Rehabilitation Strategies

Structural Overlay

Thick Increase structural capacity for
HMA over Flexible (h > 1.5 in) anticipated future traffic
Correct functional deficiencies

Thin Improve ride quality

HMA over Flexible (h <= 1.51in) Increase surface friction
Repair M-severity rutting, bleeding,
weathering, raveling, bumps,
settlement, or heaves
(Does not address fatigue cracking and
H-severity rutting)
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Major Rehabilitation Strategies
Structural Overlay (Cont.)

Thin HMA over Intact Rigid or Improve ride quality
Composite (1lin<=h <= 3 in) Increase surface friction

Thick HMA over Intact Rigid or Increase structural capacity for
Composite (h > 3 in) anticipated future traffic

Correct functional deficiencies

HMA over Intact Rigid:
*Must withstand reflective cracking
*Does not address excessive joint/crack deterioration

HMA over Fractured PCC Prevent reflective cracking
(Rubblized in12-in pieces Increase structural capacity for
or Crack-and-Seated in 1-3ft anticipated future traffic
pieces)
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Major Rehabilitation Strategies

PCC over PCC
Bonded Unbonded

O

HMA h< 27
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Major Rehabilitation Strategies
Structural Overlay (Cont.)

Bonded PCC over PCC Increase structural capacity

(h <= 4in) Correct L,M-severity distresses
(Not recommended if H-severity
deterioration or D-cracking exists)

Unbonded PCC over PCC Address H-severity distresses
(h > 5in) (separation level)
Increase structural capacity
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Major Rehabilitation Strategies
Structural Overlay (Cont.)

PCC over HMA (Whitetopping)

Conventional (>=8in) Thin (4-8in)

Existing Asphalt



Major Rehabilitation Strategies
Structural Overlay (Cont.)

Conventional Whitetopping Behaves as a new PCC over asphalt treated base
Thin Whitetopping (ATB)

Increases structural capacity

Repairs H-severity distresses

Ultrathin Whitetopping Requires bonding between UTW overlay and
existing HMA
Requires shorter joint spacing ( 2-6 ft)
Substantial HMA thickness is desired (e.g., full-
depth HMA)
Medium or low traffic volume is recommended
Best addresses rutting and washboarding on
parking lots and intersections
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Other Repair and Preventive Treatments

Table 3.5.1. Candidate repair and preventative treatments for flexible, rigid, and composite

pavements (I).

Pavement Diistress Bepair ITI'E'-[I tments Preventative Treatments
Type
ijz::i?:: (fatigue) Full-depth repair Crack sealing
Bleeding Apply hot sand
Block cracking Seal cracks
Depression Level up overlay
Flexible Skid resistant surface
and Polished aggregate treatment
composite Slorry seal
Potholes Full-depth repair Crack sealing and seal coats
Raveling Seal coats Eejuvenating seal
Ruttine Level up overlay and/or cold
= milling
Eeflective cracking Full or partial depth repair Saw and seal
Jointed conerete . Reseal JGH'.W'”
i : Subseal (effectiveness Eestore joint load transfer
pavement pumping depends on materials and Subdrainage
(and low joint load i s .
transfer efficiency) procedures) Edge suppert (tied PCC
! shoulder edge beam)
Subseal
Jointed concrete : Reseal jomnts
) . Grind Eestore load transfer
?:J:E’lmm-mmt Structural overlay Subdrainage
Risid s Edge support (tied PCC
= shoulder edge beam)
Jointed concrete . Subseal (loss of support)
pavement slab iullidep:l‘.h repinr 1 Eestore load transfer
cracking eplaceiecyce lane Structural overlay
Jointed concrete Full-depth repair .
pavement joint or Partial depth repair Eeseal joints
crack spalling
. Polymer or epoxy growting
Punchout (CRCP) Full-depth repair 119 Subseal {I-::-:sp-::-f :}uE:npmjl =
PCC disintegration Full-depth repair MNone, thick overlay




Recycling of Existing Pavements

Table 3.5.2. Highway and pavement applications and material uses (11).

Major Laver Category

Primary Application of Recvcled
Paving or Byproduct Material

Recveled Paving or Byproduct Material

Asphalt concrete or AC-
treated lavers

Aggregate m AC

Blast furnace slag. coal bottom ash, coal boiler
slag. foundry sand mineral processing wastes,
nonferrous slag. recycled asphalt pavement.
scrap tires, steel slag

: . Coal bottom ash
Aggregate in cold mix AC Eecycled asphalt pavement
Aggregate m seal coat or surface Blast fumace slag
treatment Coal boiler slag

Mineral filler Cement kaln dust, lime kiln dust, coal fly ash
PCC or cement-treated Aggregate %enzfgi:ﬁncrete
layers Supplementary cementitious materials Blast famnace slag

Agoresate Coal bottom ash

8ETeR Coal boiler slag

Pozzolan stabilized Cementitious material
base/subbase s Pozzolan Coal fly ash

*  Pozzolan activator Cement kaln dust

Lime kiln dust

¢ Selfcementing material

Blast furnace slag. coal boiler slag. mineral

Granular unbound base Granular base processing wastes
and subbase Nonferrous slag, cycled asphalt pavement,
Recycled concrete
Coal fly ash. mineral processing wastes,
Embankment or fill Embankment or fill nonferrous slag
Eecycled asphalt pavement, Fecvcled concrete
Coal fly ash
Aggregate Foundry sand
Quarry fines
Flowable fill Cementitious material
s Pozzolan Coal fly ash
¢  Pozzolan activator 320 Cement kaln dust
Lime kiln dust

*  Self-cementing material




ldentification of Feasible MR Strategies

/Step 1: Determine )

Existing Condition

Step 2: Determine
Causes and
Mechanism of Distress

Z

Step 3: Define Existing
Problems and
Inadequacies

Step 4: Identify
Possible Constraints

.

J

N

Phase I: Phase Il:
Evaluate :> Select and
Existing Design MR
Pavement Alternatives
- - 2

Step 5: Select feasible\
Candidate Strategies

Step 6: Develop
Preliminary Design for
Each Candidate

Strategy p

321

Phase llI: Phase IV
Evaluate Select Most
MR Alternatives Feasible MR
Alternative
e . e ) . :
Step 7: Perform Life- Step 9: Determine
Cycle Cost Analysis Most Feasible or
Preferred MR Strategy
Step 8: Determine
Relevant Non-
Monetary Factors
o J



|dentification of Feasible MR Strategies

= Phase | Considerations and AssessmentsS

Table 3.5.4. Areas of overall condition assessment and corresponding data sources.

Area of Data Source Condition
e Distress | Smoothness | Friction | Drainage | Nondestructive | Destructive .
Assessment . . _ . . Eating
Survey Testing Testing Survey Testing Testing
Structural : _ Adequate
Adequacy v v \ v Marginal
S Inadequate
Functional . : , .'—‘:.dquate
Adequacy K " v Marginal
i Inadequate
Drainage : _ Adequate
Adequacy ' v V v Marginal
i Inadequate
Materials ; . .' . .'—‘Ldquate
Durabality K A N | Marginal
i Inadequate
Maintenance . ;EHE;QILE:ZEI‘
Applications ! g
Inadequate
Shoulders . .' . .'—"Ldquate
Adequacy K N | Marginal
: _ Inadequate
Vanability _ _ Adequate
Along v v v v Marginal
Project Inadequate
. Adequate
Misc. v y Y Marginal
322 Inadequate




|dentification of Feasible MR Strategies

= Phase Il Step 5 — Candidate MR Treatment Selection
for existing HMA and HMA on PCC pavements

Candidate Treatments for Developing Eehabilitation Strategy
- = &= = = == - oy = = -
=& = =L - E = = TE| - &0 S 20U
= £ = = = == = = = = | Woe | &= = = iy
Pavement . = 2 ~ = = = i s | E_|EF| 2= = E 2y
. oy Distress Tvpes - = - = - = o o o v S 3| =T = I o=
Condition . o R I - = w - = w = = _ = = = - .
L = == .- - = o 2 S| = = = = = = 2
S = T = = S o P = U |CS|E&8| 28| 22 Eu
= = =5 | 3 Bl = - = |CE| & = 7 E g
- = - _—— o - | = = o= = =
Fatigue cracking y Y v Y v v Y v '
Longitudinal cracking i wheel i | ! | | !
: y Y y v v y
path (low sevenity)
Structural - 7 7 ] 1 - ' i
Thermal cracking Y v y v y v v
- y | | | y
Rutting N Y N
Reflection cracking v v v y v y v
: Excessive patching ) V
Functional P = - - - i
Smoothness W v v W
Drainage Raveling v V v v
Stripping y Y v v
Raveling Y v Y Y v
Bleeding y Y v Yy y
Durability | Block cracking y Y v v y v |
Shoving v
Rutting V v o v v
Shoulders Same as traveled lanes Same treatments as recommended for traveled lanes
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|dentification of Feasible MR Strategies

= Phase Il Step 5 (Cont.) — Candidate MR Treatment
Selection for existing PCC pavements

Candidate Treatments for Developing Rehabilitation Strategy
st E|E |Bpds| 2|5 u3 |5|5E [8.]5. ]88 ¢
P.m'enlnl?ut Distress Types _E" ca E 5 E|F = % | 7 S TE. f £ S|z TS ==z = E 3 =
Condition S22 2232 =5| £ |EE|=2|8|2EE S s|=2s|Ez| =
= a¥ S| Zg|57|=F| = |EE|E=S||ICELF A EAIZ E £
E2 S|E |28 2| E|ROL|%cE |5CEC 28 ¢
= 2|2 |ER|EE|E|T|E |FIRE (2R R 2
JPC and JRC deteriorated cracked slabs V v v V
CRC longitudinal cracking y V v Y
Structural JPC and JRC transverse joint/crack faulting v V V y y y Y
CR.C punchouts i V v Y
JPC. JRC. and CRC patch/patch deterioration y v Y y W
; Excessive patching N y Y
Functional F— J J N
JPC and JRC pumping
JPC and JRC transverse joint/crack faulting W vV V v il V V
Dramage PCC durability (D-cracking and reactive y y y J y
aggregates)
JPC and JRC corner breaks Y J V V
PCC Durability (D-cracking and ASE) v y V v Y
JPC, JRC. and CRC Patch/Patch Deterioration Y W Y Y W
Durabality PCC Longitudinal Joint Spalling i V v v Y
JPC and JRC Transverse Joint Spalling Y W Y Y W
Treated base/subbase durability y
Shoulders Same as traveled lanes
JPC and JRC load transfer deterioration Y
Toint JPC and JRC transverse joint seal damage _ y .
condition JPC and JEC pumping y i . _ _ v
JPC and JRC transverse joint/crack faulting. 324 y y | y v v y
Jownt surround cracking y J V Y




|dentification of Feasible MR Strategies

= Phase |l Step 6 — Preliminary Design of
Alternatives
= Information needed:
» Project location and right of way
» Description of MR strategy
» Project Layout
= Layout of all repair work required prior to MR

» Design data (layer geometry and features
(shoulders, slopes, medians, curbs etc.)

> Estimates of materials required for MR
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|dentification of Feasible MR Strategies

= Phase |ll Step 7 — Life-Cycle Cost Analysis

= Objective:

= compare cost versus benefit (service life) of the candidate
MR strategies

= Highway Agency Costs:
= Initial rehabilitation construction
» Future Maintenance and rehabilitation
» Future salvage value

= Highway User Costs:
> Traffic delay
= Vehicle operation
= Accident and discomfort
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Pavement Condition Index (PCI)

110
100

90 -
80
70
60 -
50
40 A
30
20 1
10 A

0

|dentification of Feasible MR Strategies
= Phase Ill Step 7 — Life-Cycle Cost Analysis

= Benefit/Cost Ratio Concept
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Year
1971 1975 1979 1983 1987 1991 1995 1999 2003 2007 2011 2015
Upper benefit cut-off value
il O
_Good Condition _ N\ _ ______ SN___ X ____N______
Lower benefit cut-off value
Fair Condition
Lower benefit cut-off value  \ \
AREADO-NOTHING AREABENEFIT
O PCI Measured
— Fitted Performance Curve
0 4 8 12 16 20 24 28 32 36 40 44
Age

< | d@+d)”
EUAC, = > PWS$, {(1+d)9' _J

%BENEFIT = AEAEABENEF'T *100%
0
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|dentification of Feasible MR Strategies

= Phase lll Step 8 — Determine Non-monetary
factors that influence rehabilitation

J

Lol I i U0 B, Ho IS &

Overall policies for pavement management of a network
Future rehabilitation options and needs

Traffic volume

Future maintenance requirements

Traffic control during MR construction (safety and congestion)
Duration of MR construction

Potential foundation and climate problems

Performance of similar pavements in the area

Material availability and contractor capabilities
Incorporation of experimental features

Stimulation of competition

Municipal/local preference and industry recognition
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|dentification of Feasible MR Strategies

= Phase IV Step 9 — Determine Preferred MR Strategy

= Considerations:
» Cost-effectiveness
= Addressing the specific problems of the existing pavement
= Prevention of future problems
= Meeting all existing constraints of the project

Criteria
g 8
P
c EE S =
g c B o § L
- =] 2 = E -
E | 8 - E 3 58 £5 &5 8
Xa.l I lp e et 2 o] 23, = € g o -
E B | ¢ | 233 | 8% | £5 8 5
= oo b & 5 = o £ =
Relative importance 20% 0% 258, 158 5% 15% 100%
e 60 B0 100 80 o0 100
Altemative 1 12 12 25 12 45 15 80.5 1
i 80 B0 100 80 oD 100
Alternative 12 12 12 ,//;5, 12 45 ////1; 80.5 1
i 80 B0 70 50 B0 40
Alternative 2
rmative 12 12 /’/17,; 75 //3/ ,/;I 58 5
] 80 B0 70 50 B0 40
Alemative 2a
rmative 12 12 17.5 75 3 [0 58 g
] 60 40 100 80 100 o0
Alternative 3 12 B 25 12 5 135 75.5 2
. 60 80 40 20 a0 20
Alternative 4 12 8 10 3 2 3 “ B
] 40 80 40 50 50 a0
Alternative 5 8 12 10 75 25 45 44.5 7
i 70 80 B0 50 80 40
Alternative &
rmative 14 18 125 75 4 & 60 4
i 100 100 20 a0 40 40
Alternative 7
Ve 20 20 5 3 2 6 56 6
Alternati 30 B0 100 100°%2 | 100 a0
mative 8 70 12 25 15 5 45 7.5 3




HMA Overlay
Rehabilitation Design Process

Zofka, Fall 2010
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Overview of HMA Overlay Design

COMPOSITE FLEXIBLE OR
SEMI RIGID

PCC

EXISTING
PAVEMENT

MILL ¥
MILL ¥

IN-PLACE
CRACK & SEAT RECYCLE

BREAK & SEAT

L 4

v RUBBLIZE ¥

FULL DEPTH REPAIR ) .| PARTIAL OR FULL
SLAB REPLACEMENT h "| DEPTH REPAIR

______________________ S

—» AC OVER PCC OVERLAY —» AC OVER AC OVERLAY |+

PRE-OVERLAY
TREATMENTS

F

AC OVER FRACTURED
SLAB OVERLAY

OVERLAY
ANALYSIS
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Inputs for HMA Rehabilitation Design

= General information

= Site/project identification

= Analysis parameters

= Traffic

= Climate

= Drainage and surface properties

= Pavement structure
= Qverlay structure
= EXisting pavement
= Drainage and surface properties
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Inputs for HMA Rehabilitation Design

General Information

Input Variable

Description/Source of Information

Project name and
description

User mput

Design life

Expected rehabilitation design life

Existing pavement
construction date

Month 1n which existing pavement was constructed
Year in which existing pavement was constructed

Pavement overlay
construction date

Month 1n which HMA overlay construction 15 expected
Year in which HMA overlay construction 1s expected

Traffic opening date

Expected month 1n which rehabilitated pavement will be opened to traffic
Expected vear in which rehabilitated pavement will be opened to traffic

Asphalt Concrete
Overlay

HMA overlay of existing HMA surfaced pavement

o

Includes conventional. deep-strength, full-depth, and semi-rigid pavements.

HMA overlay of fractured PCC slabs

o

Includes HMA overlays of fractured JPCP and CRCP.

HMA overlay of existing mtact PCC pavement

o

Includes HMA overlays of intact JPCP and CRCP.
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Inputs for HMA Rehabilitation Design

Analysis Parameters

Distress HMA over HMA over | HMA over Intact
HMA Fractured PCC PCC
Terminal Smoothness/TRI Yes Yes Yes
Longitudinal Cracking Yes Yes Yes
Bottom-up Faticue (Alligator) Crﬂtkjﬂgl Yes Yes Yes
Thermal Cracking Yes Yes 1:?};‘3232? EDRIEd;d
Rutting in HMA Layers Yes Yes Yes
Rutting in Unbound Lavyers Yes Yes When I:JSEd ml
Overlay Layers
CSM' Modulus Reduction Yes NA NA
CSM Fatigue Eirat:kjn,gj Yes NA NA
PCC: CRCP Punchouts NA NA CRCP only
PCC: JPCP Transverse Cracking NA NA JPCP only
Reflection Cracking Yes NA Yes

" Alligator cracking 1s not expected to be a major distress type in these pavement systems unless i some special
cases where the HMA overlay debonds with the PCC or when relatively thicker overlays are placed.

* CSM = Chemically stabilized material (e.g.. cement-treated. lime flyash. soil cement bases or subbases). Note
that the fatigue cracking prediction procedures for CSM layers are uncalibrated.
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Inputs for HMA Rehabilitation Design

Analysis Parameters

Project Mame:

Iritial IRI finmil

Performance Criteria

[ Rigid Pavement

v

v

<]

<l

v
i~

Analysis Parameters

|HMA_overIay_Hh-1A

yr

[ Flexible Pavement l

Terminal IR [indmile]

AL Surface Down Cracking
Long. Cracking [ft/mi]

AL Bottor Up Cracking
Alligator Cracking (%)

AL Thermal Fracture [ft./mi)

Chemically Stabiized Layer
iFatigue Fracture(%) i

Permanent Defarmation - Tatal Pavement [in)

Permanent Defarmation - AC Only [in]

Lirnit Fieliability
|1 72 |sn
|1nnu |sn
|1 ] |sn
|1 ] |sn
|25 |sn
|D.?‘5 |sn
|D.25 |90

9r‘[,?‘l

W 0K

| x Cancel |

Analysis Parameters

Project Mame: |HM.&_DverIa_I.J_.JF'EF'

Iritial R (i i) 73

Performance Critenia

O Rigid Pavement l|:| Flexible F'avement]

-

v Transverse Cracking [% slabs cracked}

v tean Joint Faulting [in)

O O O g =z

Lirmit

Feliability

15

|9|3

|9|3

7T

W 0K

‘ x Cancel |
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Rehabilitation Prediction Models
CSM Modulus Reduction

= The CSM modulus is reduced due to traffic induced damage during
the overlay period (for existing HMA only).

E s~ E
E=E__ + 1+ g™ 5@
Where:
E = Modulus of chemically stabilized material. psi.
Ewin = Minimum modulus, psi.
Emae = Maximum modulus. pst.
a and b = Fitting parameters.
d = Fatigue damage i chemically stabilized material.
Modulus, E
A
El'l'li'.lI I o
-
Cement Treated
Parameter . 1
Material Modulus at
Emax. pil PART 2. ('hapter 2 Beginning of
Emnin. psi 50.000 Overlay Analysis
A -4
B 14 E min
! These values pertain to cement treated base or subbase materials. E..
mimn
Y Y »
336 @t = >
d@t=0 Damage

(Time of Overlay)



Rehabilitation Prediction Models

Reflection Cracking

= RC is a major distress in HMA on HMA and HMA on PCC pavements
= RC propagates from bottom up due to:

= Load-related movements (f(overlay h, exist. h, E, and LTE))

= Temperature-induced movements (f(dT, CTE and crack spacing))

~Joint Reflection  Transversa ~Jaint Reflection
[ Crack o Crack # Crack

1 ¥

1 1 AC Ovarlay 1

Jaint

T 5 S,
e

" Longitudinal
Joint Reflection

TrENSVErse
T Tragfau;ma Ft?ef ﬁéﬂ Erack
Crack
Traffic
e -
077 S 07
L Edge
Stripa Maote:  Uniform spacing of cracks reflects

337 the spacing of undarlying joints.



Rehabilitation Prediction Models
M-EPDG Reflection Cracking Model

Distress Model Calibration Settings - Flexible Rehabilitation 2 X

Subgrade Rutting | AC Cracking ] CSM Cracking ] IRI ]
AL Fatigue Reflective Cracking l AL Rutting ] Thermal Fracture ] CSM Fatigue ]
EC = Percent of cracks reflected, %
t = Time, vears
RC 100 h.: = Overlay thickness(in)
— a = 3.5+ 0.753(Heff) )
]+ 290y 0688584 — 3.37302(He )OS HE
C =1
d = Calibration parameter (user input)
AC over AC AC over Rigid, Good AC over Rigid, Poor
Load Transfer Load Transfer
Helf hy by — 1 hoe 3
Recommended Calibration Parameter - d
Heff Delay Cracking Accelerate Cracking
bv 2 vears by 2 vears
e 0.6 3
46" 0.7 1.7
= 6" 0.8 14

Reflective cracking o |1.000

Feflective Cracking d: |RA

W 0K 3%8 X Cancel |




Rehabilitation Prediction Models
Analysis of Fatigue in Existing HMA Layers after Overlay

= EXisting layer undergo additional fatigue damage even
after overlay

D,, => AD;
i=1
Where:
Dy, = Damage for month m.
AD; = Increment of damage in month 1.
CA = 100
m
TRA,, = > RC,,_; x ACA;
i=1
Where:
TRA = Total reflected area for month m.
RC,.; = Percent cracking reflected for Age =m —i; (Age in vears).

ACA; = Increment of fatigd® cracking for month 7.



Rehabilitation Prediction Models
Analysis of Fatigue in Existing JPCP

= Use the same cracking model as new JPCP

100 —
/..-. ./,',——' .- /r——/,/——
50 . Ff m 7 7
/ f . / /
80 { / /
/ /
" * 4 [ - / J
El ] 7 ]
v H /
= ' v
Q601 _— / 1
x s ! f‘ : Model 2 in AC
o =0 ;1 F 7 ,': — —Model 4 in AC -
ju I I ;! I / " = = Model 6 in AC
2 a0 f " ! ! — = Model §in AC I
Y ] / . / / — = Mode! 10in AC
g 30 e . v / ® GA2inAC ||
I i ’ / / B GA4inAC
-0 4 4 J A GAGACIN ||
/ GA 2in AC + Fabric
10 A& GA4inAC + Fabric| |
GA B in AC + Fabric
./lﬁl ‘*
i . .
0 8 10 12 14 16
TIME, YEARS

Effect of h,,» on RC
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Effect of hy,., pavement type

and LTE on RC

REFLECTED CRACKS, %

—H&—4 in AC Over Rigid Poor Load
Transfer

—C=—4 in AC Over Rigid, Good Load
Transfer

= Ta= 4in AC Over Flexible

——3 in AC Over Rigid Poor Load
Transfer

—*—3 in AC Over Rigid Good Load
Transfer

- - 8in AC Over Flexible

1 2 3 4 5 6 7 8
TIME, YEARS

]

T T T T T
0 n 12 13 14 15




Rehabilitation Prediction Models
Equivalency Principle in HMA on JPCP Analysis

ACTUAL STRUCTURE
T1
AC T, /— Eac, Mac
PEC -SUF Epce: Nece
Base Egase: Nease
Foundation ATpce ATac Subgrade k-value
EQUIVALENT STRUCTURE
Equivalent slab / Equivalent Epec, he,
&

Foundation Subgrade k-value

Equivalent ATg ,5
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Rehabilitation Prediction Models
Equivalency Principle in HMA on JPCP Analysis

= Assumptions

= Equality of temperature gragdient moments between
actual and equivalent structure

= Equality of deflection basin at the same axle
configuration and temperature loading

= Modified properties
= Layer thickness
= Layer modulus
= Temperature gradients
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Rehabilitation Prediction Models

Smoothness Prediction

HMA over HMA

Where:

IRI = IRI; +0.011505(t)+ 0.0035986(FC )+ 3.4300573 ;]
(TCo ) (3.6.6)

+0.000723(LCy ),y +0.0112407(P), 5 +9.04244(PH )
IRI, = Imitial IRI at the time of HMA overlay placement, m/km.
t = Time after overlay placement. years.
FC = Total area fatigue cracking. % of wheel path area.
(TCs)unm = Average spacing of medium and high seventy transverse cracks. m.
LCs = Medium and high severity sealed longitudinal cracks in the wheel path.

m/km.
(Py = Area of medium and high severity patches, % of total lane area.
(PH) = Pot holes, % of total lane area.
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Rehabilitation Prediction Models

Smoothness Prediction

HMA over PCC

IRT = IRI, + 0.0082627(t) +0.0221832(RD) + 1.330—“[

A,

(3.6.7)
)

AMH
Where:

RD = Average rut depth, mm.

All other variables as described previously.
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Pre-Overlay Treatments
HMA-on-HMA Overlay

-

Alligator Cracking Medium to High  Full-Depth Repair
Cold Milling

Longitudinal Cracking Medium to High  Cold Milling
Partial-Depth Repair (for joints)

Transverse Cracking Low to Medium  Cold Milling
High Full-Depth Repair or Fabric
Rutting Low to Medium  Cold Milling

High Overlay is not recommended
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Effect of Design Factors on
HMA-on-HMA Performance

100
90 ——AC overay = 2 in —m— AL overday =4 in
80 AC overlay =8 in
g 70 7~
a g
g !
§ 50 :
g !
5.1 1 |1
+
z 0 F 4
: [ ]
20 3
#
0

15 20

Age, years

Effect of HMA overlay thickness on alligator cracking
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Site Factors:

Climate: Midwest
Traffic:18 million trucks

Design Features:

Existing pavement: 7.5 in HMAC, 12
in granular base, A-1-b subgrade
HMA Overay: 2, 4, and 6 inches

Design Life:
20 years



Effect of Design Factors on
HMA-on-HMA Performance

—

Site Factors:

03 ——AC overay =2in —a—AC overlay =4 in Climate: Midwest
Traffic:18 million trucks
0.8 AC overday =8 in
' Design Features:

0.7 Existing pavement: 7.5 in HMAC, 12
= in granular base, A-1-b subgrade
5 06 HMA Overlay: 2, 4, and 6 inches
$ 05
E Design Life:
™
< 04 20 years
-

03

02

0.1

[] T T T
0 5 10 15 20
Age, years

Effect of HMA overlay thickness on total rutting
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1800
1600

P
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=2 o

1000

800

Transverse cracking, ft/mi
=
=

400
200

0-

Effect of Design Factors on
HMA-on-HMA Performance

—— AZ overay =2 in —— AC overlay =4 in
AC overlay =86 in
Syl —
RLmmRIIET
[
——.—1
—
|
0 5 10 15 20

Age, years

Site Factors:
Climate: Midwest
Traffic:18 million trucks

Design Features:

Existing pavement: 7.5 in HMAC, 12
in granular base, A-1-b subgrade
HMA Overlay: 2, 4, and 6 inches

Design Life:
20 years

Effect of HMA overlay thickness on transverse cracking
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100

IR, infmile

80
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Effect of Design Factors on
HMA-on-HMA Performance

AC overday =6in

——AC overday = 2 in —m— AC overlay =4 in

/

———

5 10
Age, years

15

Site Factors:
Climate: Midwest
Traffic:18 million trucks

Design Features:
Existing pavement: 7.5 in HMAC, 12

in granular base, A-1-b subgrade
HMA Overlay: 2, 4, and 6 inches

Design Life:
20 years

Effect of HMA overlay thickness on IR
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Alligator cracking, percent

Effect of Design Factors on
HMA-on-HMA Performance

100

a0
a0
——Existing AC Excellent —=—Existing AC Vey Poor

70

60

50

40

30 -

20

. k_—

0 T . .

Site Factors:
Climate: Midwest
Traffic:18 million trucks

Design Features:
Existing pavement: 5.0 in HMAC, 4 in
cement treated base, A-6 subgrade

Design Life:
20 years

0 5 10 15 20

Age, years

Effect of existing pavement condition on alligator

cratking



Total rutting, in

Effect of Design Factors on
HMA-on-HMA Performance

16 Site Factors:
" L Climate: Midwest
14 H —— Existing AC Excellent —m— Existing AC Very Poor Traffic-18 million trucks
12 Design Features:
Bxasting pavement: 5.0 in HMAC, 4 in
1 cement treated base, A-6 subgrade
Design Life:
0.8 20 years
0.6
0.4 -
0.2
[I T T T
0 5 10 15 20

Age, years

Effect of existing pavement condition on total rutting

351



IRI, in/mile

Effect of Design Factors on
HMA-on-HMA Performance

160

Site Factors:
Climate: Midwest
Traffic:18 million trucks

140 —— Existing AC Excellent +F::ci5'jng AC Very Poor

Design Features:
Existing pavement: 5.0 in HMAC, 4 in
cement treated base, A-b subgrade

120
Design Life:
20 years
100 ;'
80 —fA
0 b 10 15 20
Age, years

Effect of existing pavement condition on IRI
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Pre-Overlay Treatments
HMA-on-PCC Overlay

Distress Severity Pre-Overlay Treatment

Cracking, heaves, Medium to High  Full-Depth PCC Repair
spalling, punchouts (dowelled or tied)

Faulting and Pumping  Medium to High Installation of edge drains,
Maintenance of existing drains,
Other drainage improvements
Clean-up of incompressibles
HMA leveling course
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Pre-Overlay Treatments
HMA-on-PCC Overlay

= Reflection Crack Control:
= Sawing and sealing joints in HMA Overlay
= |[ncreasing HMA Overlay thickness
= Granular Interlayers

= Fabric treatments and Stress Absorbing Membrane
Interlayers (SAMISs)
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Alligator cracking, percent

o

L

o

—

Effect of Design Factors on
HMA-on-JPCP Performance

—— Existing JFCP cracking, 20%, 0 percent repaired

—— Existing JPCP cracking, 20%, 10 percent repaired

Existing JPCP cracking, 20%, 20 percent repaired

o

5 10 15 20

Age, years

Site Factors:
Climate: Midwest
Traffic:18 million trucks

Design Features:
Existing pavement 10 in PCC, 6 in
granular base, A-6 subgrade

Design Life:
20 years

Effect of existing pavement condition on alligator

cracking



Effect of Design Factors on
HMA-on-JPCP Performance

i

Site Factors:
0.9 Climate: Midwest
—+— Existing JPCF cracking, 20%, 0 percent repaired Traffic:18 million trucks
0.8 —— Existing JFCP cracking, 20%, 10 percent repairsd Desi Feat
o . o esign ures:
0.7 Existing JPCP cracking, 20%, 20 percent repaired E:r:isiing pavement: 10in P‘CC, 6 in
granular base, A-b subgrade
< 06
e P Design Life:
505 20 years
2 04 g
[ -
0.3
5
0.2
¥
0.1 ’
D !. T T T
0 ) 10 15 20

Age, years
Effect of existing pavement condition on total rutting
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IRI, infmile

Effect of Design Factors on
HMA-on-JPCP Performance

160 Site Factors:
150 —— Ex?su:ng JPCP -:rad-t?ng, 20%, 0 percent repairfe-d ﬁwest
—B— Existing JPCP cracking. 20%, 10 percent repaired Traffic-18 million trucks
140 Existing JPCP crackimg, 20%, 20 percent repaired
Design Features:
130 Existing pavement: 10 in PCC, & in
, granular base, A-b6 subgrade
120
Design Life:
110 20 years
100
90 /
BD B ---’-,..-1
70 gt
50 - . . .
0 b 10 15 20

Age, years

Effect of existing pavement condition on IRI
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PCC Overlay
Rehabilitation Design Process

Zofka, Fall 2010
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Overview of PCC Overlay Design

=

@

£ JPCP/CRCP Overlay Design/Analysis JPCP Restoration Design/Analysis

>

[+

o

o  [HMAC or HMAC/PCC UPCP or CRCP| JPCP]

%

>

w

2 ) .

=

E *Millinglevelling *L oad transfer restoration (LTR) Diamond grinding and a combination of:

£ | +Patching *Full-depth repair *Full-depth repair _

® | »Shoulder repair/replacement| | -Partial-depth repair *Transverse joint LTE restoration (LTR)

Y2 | sSubdrainage improvement «Slab replacement =Slab replacement

= *Shoulder repair/replacement *Retrofitted tied PCC shoulder,

4 *Retrofit tied PCC shoulder shDuIdgr repqlrfreplacement

E *Subdrainage improvement *Subdrainage improvement

o

" v

® PCCC E“E”E? Existing PCC

T? *racking »Cracking

E Faulting *Faulting
*Punchouts -Smoothness
*Smoothness
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JPCP Restoration Strategies

Distress Repair Treatments Preventive Treatments
. e Reseal joints
Jointed concrete pavement (L
. e e Restore joint load transfer
pumping (and low joint load — , .
ik o ? ¢ Subdrainage
transter efficiency) » , o S
e Edge support (tied PCC shoulder)
. . e e Reseal joints
Jointed concrete pavement Diamond grinding ]
Do : : A ol o Restore load transfer
joint faulting Structural overlay . ,
¢ Subdrainage
: e Retrofit tied PCC shoulder
. Full-depth PCC repair i
Jointed concrete pavement : e Restore load transfer
A Slab replacement e
slab cracking ) ¢ Bonded and unbonded PCC overlays
Replace/recycle lane :
e  Thick HMA overlays
Jointed concrete pavement Full-depth PCC repair -
D > ) pa O<P P ¢ (Clean and reseal joints
joint or crack spalling Partial-depth repair
PCC disintegration (e.g.. D- . .
cracking and al}:ali-giliLm Full-depth repair ® grhickliot mix A qyerkay
=5 \ e Unbonded PCC overlay

reaction [ASR])
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Inputs for PCC Rehabilitation Design

= General information

= Site/project identification
= Analysis parameters

= Traffic

= Climate

= Pavement structure

= Design features
= Drainage and surface properties
= Layer definition and material properties

= EXxisting Pavement Condition
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Inputs for HMA Rehabilitation Design

General Information

Input Variable Description/Source of Information
Project name and description e TUser input
Design life e Expected rehabilitation design life
Existing pavement e  Month in which existing pavement was constructed
construction date e Year in which existing pavement was constructed
Pavement overlay e Month in which PCC overlay construction is expected
construction date' e Year in which PCC overlay construction is expected
Pavement restoration date? ¢  Month in which existing PCC restoration is expected

e  Year in which existing PCC is restoration is expected
e  Expected month in which rehabilitated pavement will be opened to
traffic
e  Expected year in which rehabilitated pavement will be opened to
traffic
e JPCP rehabilitation without overlays
1. Existing JPCP subjected to CPR’
e Rehabilitation with JPCP or CRCP overlays
1. Existing JPCP. JRCP, CRCP. or composite overlaid with
unbonded JPCP overlay
Existing JPCP, JRCP. CRCP. or composite overlaid with
unbonded CRCP overlay
Existing JPCP and CRCP overlaid with bonded PCC overlay
Existing flexible pavement overlaid with JPCP overlay
Existing flexible pavement overlaid with CRCP overlay

Traffic opening date

Type of rehabilitation strategy

1o

ok W

1. Applicable to PCC overlays only.

2. Applicable to existing JPCP subjected to CPR only.

3. CPR 1s defined as diamond grinding with a combinattfifof CPR treatments such as full-depth patching, load transfer
restoration, shoulder replacement, and lane widening.



Inputs for HMA Rehabilitation Design

Analysis Parameters — JPCP Overlay

Analysis Parameters

Project Marme: |LInI:u:unu:|eu:|_J PCP_over_JPCF

Imitial (R [ir i) B3
Performance Criteria

Lirnik Feliability
¥ Terminal IR (indmi 172 190
[v Transverse Cracking [ slabs cracked) |-| 5 |E|EI
[v Mean Jaoint Faulting [in) |I:I 12 |E|EI

1 71 71 71 T

o OK | X Cancel |
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Inputs for HMA Rehabilitation Design

Analysis Parameters — CRCP Overlay

Analysis Parameters

Project Mame: |Llnl:u:|n|:|ed_EF| CP_owver JFCP

Initial R {ir.Arni]

Performance Crteria

[ Rigid Pavement l O Flexible F'avement]
Reliability

|an

v Terminal IR [indmi)
=
=

<

Lirnit
|1 72
W CRCP Existing Punchouts |1 0
v Maximum CRCP Crack ‘#fidth [in) |I:I.I:IE

<

v Minimurn Crack Load Transter Efficiency [LTE ) 750

v Minirmurm Crack Spacing [ft] |3.EI
v Maximum Crack Spacing [ft) |E.EI

" Ok | X Cancel |
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Inputs for HMA Rehabilitation Design

Analysis Parameters — Pavement Condition

Existing Pavement Structural Condition
Type Good Moderate Severe Rubblized
4 p— . . :::,_ q - sp—
JPCP (peuentlslabs <10 10 to 50 50 or crack Rubblized
cracked) and seat
JRCP (percent area ) . = 15 percent or .
] < & 5
deteriorated)” . i break and seat Ropihizen
CRCPWereentalea <3 3t0 10 >10 Rubblized
deteriorated)

'Percent slabs cracked with all severities and types of cracks plus any repairs.
“Percent area including repairs or patches, deteriorated joints, and deteriorated cracks (deteriorated joints and

cracks converted to repair areas).
3 ~ % 2. . -
Percent area includes repairs, patches, and localized failures and punchouts converted to repair areas.
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Pre-Overlay Treatments
Unbonded JPCP/CRCP on JPCP

Distress Pre-Overlay Treatment

Spalling (H-severity) Remove any loose material
If HMA separator layer >=1in, no repair is
necessary

Faulting If HMA separator layer >=1in, no repair is
necessary
If LTE<50, HMA sep. layer >=1.5 in is needed
Fracturing of existing pavement
Increase CRCP reinforcement

D-cracking HMA separator layer >=1in
Remove loose pieces
Improve drainage
Fracture existing slabs

Loss of support Slab replacement
Level settlements with HMA layer
Fracture existing slabs



Pre-Overlay Treatments
Unbonded JPCP/CRCP on CRCP

Pre-Overlay Treatment

Punchouts Full-depth CRCP repair
Repair foundation beyond the distress boundary

Deteriorated Full-depth CRCP patch
Transverse Cracks

Joint Spalling Full-depth patch
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Pre-Overlay Treatments
Bonded PCC on PCC

Critical Severity Pre-Overlay Treatment

Corner Breaks Low Slab stabilization
LTE restoration with full-depth repair

Punchouts Low Full-depth reinforced repair
(CRCP only)
Joint Spalling Medium Partial-depth repair

Full depth repair (where deterioration
extends beyond mid depth)

D-Cracking Medium Partial-depth repair
Full depth repair (where deterioration
extends beyond mid depth)

Transverse Medium LTE restoration with full-depth repair
cracking Saw joint above repair oint
Longitudinal Medium Cross-stitch crack

Cracking Place reinforcement bars across crack
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Pre-Overlay Treatments

PCC on HMA
Critical Severity Pre-Overlay Treatment
Rutting Medium(<=1in)  No milling (direct placement)
Rutting High (>1in) Milling

Leveling course

369



Effect of Design Factors on
Unbonded JPCP Overlay Performance

0.14
43 million trucks
Wet-freeze climate
0.12 10-in JPCP; 9-in existing PCC
1-in HMAC separator layer
EROD=1 /
0.1 AC shoulder
: 15-ft joint spacing P
~ —
. no dowels
= Ne
o 0.08 /_/ - ~~7d=1in
= -~ .
= Ve [ N d=1251mn
= 7 _ .
& 0.06 e d=1375m
- _—d=15in
0.04
0.02
0
0 50 100 150 200 250 300

Age, months

Effect of dowel diameter on faulting
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Effect of Design Factors on
Unbonded JPCP Overlay Performance

43 million trucks
1] Wet-freeze climate
0.16 T 10-in JPCP; 9-in existing PCC

1-in HMAC separator layer

4 4 Mo dowels # s
0. l-l' EROD=1 l____,..---"';; — —
AC shoulder _,«"""':_ -
0.12 H e ‘
T T I S
= e e P
r Eali S e . .
Eﬁ Dll __.ff/” ‘.."' ._____,-—"' lgi-t
= P e —
LE e /.’#, f"—/ — T15ft
z', i . — / — 12 ft

0.06 gL —
SR f’f /
0.04 e
//Aﬁi'zfjf "fﬁr-f"_’—-
7T
ot
Lo

0.02

0 50 100 150 200 250 300

Age, months

Effect of joint spacing on faulting
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Effect of Design Factors on
Unbonded JPCP Overlay Performance

0.25

43 million trucks

Wet-freeze climate

10-in JPCP; 9-in existing PCC

1-in HMAC separator layer

0.2 777 No dowels
AC shoulder
15t joint spacing
/"/-
£ 0.15 —
c — - -
= - ~ 7~ moderate
% - . - - d
- - = o0
=01 — -
// - ”
~ - -
/ s
ol
0.05 A
S »
P - -
/./,-' L.
-
Vit
0
0 50 100 150 200 250 300

Age, months

Effect of existing PCC condition on faulting
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Effect of Design Factors on
Unbonded JPCP Overlay Performance

0.18
Design life = 20 yrs
Two-way AADTT = 4000
0.16 No. of trucks = 18.0 million
PCC slab thickness = 8-in
014 28-day PCC MR =710 psi
. T |Existing HMAC thickness = 10-in
) A-2-T subbase thickness = 4-in
c 012 H Subgrade type = A-6
o
£
= 0.1
=
Ri
€ 0.08
2
c
@ 0.06
[eb)
=
0.04 —+— Existing HMAC condition = Very poor (average HMAC |—
dynamic modulus = 150,000 psi, Erodibility = 4)
0.02 —&— Existing HMAC condition = Excellent (average HMAC |
dynamic modulus = 650,000 psi, Erodibility = 2)
O T T T
0 5 10 15 20
Age. yrs

Effect of existing HMA condition on faulting
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Effect of Design Factors on
Unbonded JPCP Overlay Performance

100
——0-in —=—10-in
90
—— 11-In 12-in _
o dowels o
70 16-ft joint spacing; AC shoulder /

Mo initial cracking (0 percent)
20 million trucks

60

50 /
40

30 /

20

10 /

Percent slabs cracked

/ .
0 *f‘“rﬁ_f-_-/_‘: — ____!__I-_-__-__-_: T I I |
0 40 80 120 160 200 240

Age, months

Effect of slab thickness on transverse cracking
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Effect of Design Factors on
Unbonded JPCP Overlay Performance

100
90 — —=+—12-ft —=—16-ft —a—20-ft
i 10-in PCC slab; no dowels /
AC shoulder; no initial cracking (0 percent)
20 million trucks
70 -
60 /
50
40
30 /
10 .._.._._..... —
/ -___-_---_-.—--_"-”“-
O 0o !_ | " I * T + T

0 40 80 120 160 200 240

Age, months

//'//‘l

Percent slabs cracked

Effect of joint spacing on transverse cracking
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Effect of Design Factors on
JPCP over HMA Performance

25
—a— Existing HMAC condition = Very poor (average HMAC
dynamic modulus = 150,000 psi, Erodibility = 4)
3
—m- Existing HMAC condition = Excellent (average HMAC
20 1 dynamic modulus = 650,000 psi, Erodibility = 2)

Design life = 20 yrs
Two-way AADTT = 4000

No. of trucks = 18.0 million

15 PCC slab thickness = 8-in
28-day PCC MR =710 psi
Existing HMAC thickness = 10-in
A-2-7 subbase thickness = 4-in
Subgrade type = A-G

10

Percent slabs cracked, percent

0 5 10 15 20
Age, yrs

Effect of existing HMA condition on transverse cracking
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M-EPDG Example -HMA on HMA
General Information Screen - Inputs

General Information

Project Mame: |F'r|:|ie-:t1 1]
Description:

Hkdd overlay wver existing Hbdd

cofstruction manth; |“49Ust - | “ear |1385 -
FPlvement overlay

cAnstruction month |5‘3|:'t‘3""":"3r ¥ | ‘fear |2|:|'||:| -
Year (2010 -

Type of Design

Mew Paverment

: Jointed Plain Concrete Continuously Beinforced
. - Y
Flexible Pavement Favement [IPCF) s [CRCF

R estoration

" Jainted Plain Concrete Pavement [JPCP)

Owerlay

@alt Concrete Dverlay) " PCC Owerlay

|.-‘-‘-.E over AT ﬂ | J

W DK | X Cancel |
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M-EPDG Example -HMA on HMA
Site/Project ldentification

Site/Project Identification

Location: |H'3'Ut'3 135
Project [D: |
Sechan D |
Date: 10/20/2010 |
Station/milepost format; ||'n,|'|i|eg: 0.000 j
Station/milepost begin: |E.1 Iri
Station/milepost end: |5_3??
Traffic direction:
W OF | x Cancel |
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M-EPDG Example -HMA on HMA
Analysis Parameters

Analysis Parameters

Project Mame: |F'ru:uieu:t1 n

Initial 1RI [ina’mi

Perfarmance Criteria

Termninal IR [inmile]

AL Surface Down Cracking
Long. Cracking [ft/mi]

AL Bottom Up Cracking
Alligatar Cracking []

Cherizally Stabilized Layer
Fatigue Fracture[%]

Fermanent Defarmation - Total Pavement [in]

v
v
v
v AC Therral Fracture [fr/mi]
v
v
v

Permanent Defarmation - AC Only [in]

" 0K | X Cancel |
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Example — JPCP Design

Program Indicates Status of Inputs

|

| Untitled - Mechanistic Emperical Pavement Design Guide

Ele Edit Wiew Tools Help

D 7

_g Project [C:\DE2Z002YProjectsiProject1,dgp]
O neral Information

E sikefProject Identification

O & alysis Parameters

™

Completed
Inputs have

—

“Greerg” Icons

= B Traffic
A TP

wfFic Yolurme Adjustment Factors

[ Results

-0 Input Summary
El Praoject
E Traffic
B] diimatic

E Design
B Laver

O Design Featuras
=N | Layers
O Layer1- Pcp

For Help, press F1

B Cutput Summary
-l IPCP Surnmmary
Faulting Summary
Faulting {plat)
LTE {plat)
Cracking Summary
Cumulative Damage (plok)
Cracking (plot)
IRI {plok)

380

Default Inputs
have "Yellow”

Icons

Incomplete

| Inputs have

"Red” Icons

Linalyzis Status:

Analyziz % Complete
W Traffic 0%
B Climatic 14
W todulus 0%

=
@l

M Faulting JPCP
B Cracking JPCP
W Summary

=N =]}
ad ol

General Project [nformation;

Parameter Walue
Type Mew JPCP
Dresign Life 20%ears
Clirnate

Construction Date 942006
Traffic Open Date  10/2008

Initial AADTT
Properties
Setting Value
Unitz US Customarny

Analvsiz Type  Probabilistic
Output Type  Excel Warksheset
W arnings Enabled

PN :
=== AII




M-EPDG Example -HMA on HMA

Dresign Life [vears); 20

Opening Date: |September, 2010

Initial bwo-wap AADTT: 140
MHurnber of lanes in design direction: 2

Percent of trucks in design direction [%]:

50.0
Percent of trucks in dezign lane [%]; 100
40

Operational speed [mph]:

Traffic Wolume Adjustment: [0 Edi
Aule load distribution factor: [] Edi G Impor/Expor

General Traffic Inputs [0 Edi

Traffic Grovath |E|:|m|:u:|un|:|, 4%

o OK | X Cancel |
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M-EPDG Example -HMA on HMA

Structure

Surface short-wave abzorptivity:  |0.85

Layers
Layer Type | Material Thicknes | Interface
1 A=phat Azphat concrete 2.0 1
ZI—
Inzert Delete
Opening D ate: |September, 2010 Design Life [vears): |20 W 0K | x Cancel |

Flexible Rehabilitation
Rehabilitation Level:

Lewel 3 -

Milled thickness [in):

—

FPavement rating:
|Fair ﬂ
Total Rutting [in]):

——

X
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M-EPDG Example -HMA on HMA

HMA Design Properties

HMA E* Predictive Model

(* NCHRP 1-374 Yisocity based model {nationally calibrated)

" WNCHRP 1-400 G* based model {nationally uncalibrated),

HM& Rukting Model Coefficients

¥ MNCHRP 1-3748 coefficients (nationally calibrated),

Check ko set a Fatigue analvsis endurance limit [onky li
applicable o bottam up aligator cracking] (microstraing:

Iv Check ko include Reflective Cracking in analysis.

W OK | X cancel |
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M-EPDG Example -HMA on HMA

Asphalt Material Properties

|Asphalt cancrete

—

Azphalt matenal bype:
Level |3« P 4

Lawer thickness [in]:

O &sphakt M B Asphalt Binder l. Azphalt General]
Options

{+ Superpave binder grading

" Conventional viscosity grade

" Conventional penetration grade

High Low Temp (°C) |
Temp (°C)| 10 16 22 -28 -34 -40 -46
[ -
52
58
64 |
T0
76
82

A 10,3800

| % Cancel | View HMA Plots

W 0K

384

Asphalt Material Properties

sphalt concrete [existing]

—

Level: 3__|v Azphalt material type:

Layer thickness [in):

O &sphalt Mix B Asphalt Binder ]. Azphalt General]
O ptions
* Superpave binder grading
" Conventional viscosity grade

" Conventional penetration grade

High Low Temp (°C) |
Temp (°C)| 10 16 -22 -28 -34 40 -46
* |
52
58
= 7
T0
76
82

A (10,3800

iew HiA Plots

26

' UK | X Cancel |




M-EPDG Example -HMA on HMA

Thermal Cracking

2
(& [mport -
E Export

" Level 1
" Lewvel 2

Average tenzile strength at 14 °F [pai):

3E1.14

Creep Compliance (1/psi)

Loading
Time | | ow Temp (°F)
sec 4
1 2.93692e-007

3227 26e-007
36:32539e-007
4 011693e-007
4 4141e-007
4.93934e-007

100 3.49423e-007

[v Cormpute mix coefficient of thermal contraction,

P imbure Wb [

Agagregate coefficient of thermal contraction;

ix coefficient of thermal contraction [inding Fl:

oK | X

Mid Temp (°F)
14
4 75806e-007
5.55902e-007
£.85707e-007
5.00415e-007
9.3431 2e-007
1 14629-006
1.33805e-006

High Temg (°F)
32
65467 1e-007
5.37601 e-007
11601 2e-006
1,454 25e-006
1.59902e-006
2 53023e-006
3.36515e-006

185
Fe-006 J

Cancel |

—
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M-EPDG Example -HMA on HMA

]

Insert Layer After

Inzert after |Layer 2 - Asphalt

k aterial Type: |Granular Baze

L Ll

b aterial |Hiver-run aravel

Layer Thickness

Thickness [in] |9 [ Last layer

W OF | X Cancel |
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M-EPDG Example -HMA on HMA
Unbound Layer - Layer #3 |

Unbound - . e Unbound - . .
Material |F|wer-run aravel ﬂ Thickness(ing: |8 [~ M aterial |F|wer-lun aravel ﬂ Thicknesslin]: |2 I
@ Strength Properties ] @ ICH ] [ Strength Properties & 1CM ]
: " Range * Mean
Input Level Analyziz Type d E Export | [&8 Impart ‘
- ICM Calculated Moduluz . .
O Lovel 2 Sieve Percent Passing Plasticity Index (PI) 1
SR " ICM Inputs — Licguiel Limit (L) B
001mm
Compacted Layer Mo
Uzer Input Moduluz o002 3 i r
Poizzon's ratio: 035 f'“ 0.020mm Index Properties from Sieve Analysis
Coefficient of lateral |E|57 i Hepre@entati\fe walue [degign \.'a|ue] #200 8.7 % Pazsing #200 a7
pressure Ko : #100 % Pazsing #40 20.0
M aterial Property 50 129 % Pagsing #4 44.7
#50 D10 (mm) 01035
& Modulus (psi] L 020 (mm) 0425
#40 200 D0 (mm) 1 308
- #30 DEQ (mim) 1052
AASHTO Classification | #20 D90 (mm) 4519
. #16
— — #0 38 Uszer Overridable Index Properties |
r Unified Claszification
#a Macimum Dry Unit Wesight(pcf) v 1272
~ _ _ #4 4.7 Specific Gravity, Gs ¥ 270
tdodulus (input] (psi: 13000 3" 572 Sat. Hydraulic Conductivity(fir) ¥ 0051
F 12" 3.1 Optimum gravimetric water contert(3%) | [ 7.4
34" 27 Degree of Saturation st Optimum( %) £1.6
1" 788
Wiew Equation 112 a5 g Uszer Overricable Soil Water Characteristic Curve |
2 9.6 af [v 7235
210" bt [v 1333
3 ot ¥ 0242
31 a7 & i v 1174
' O | X Cancel | v OK | X Cancel |
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M-EPDG Example -HMA on HMA

]

Insert Layer After

|hzert after: |La_l,ler 3 - Granular Baze

k aterial Type: |Sul:|grade

L Ll

I aterial |-"1"--2-5

Layer Thickness

Thicknessfin) | Lasilayer
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M-EPDG Example -HMA on HMA

Unbound [ . i e IInbound i Feih
M aterial |.f-‘-. 26 ﬂ Thickness{in]: I Last laper Matorial |,£-.,-2-5 ﬂ Thickness{ink Iw Last laper
[ strength Properties l O IcM ] O Strength Properties B 1CM l
. { s
Iput Lewvel Analysiz Type T > Mean m Export | (& Import | w” Update ‘
i~ ICh Calculated Modulus ) )
L 2 & ICH Inputs SIET ) Lo T Plasticity Index (FI) 15
& Level & Liguid Limit (LL) 32
Jzer [nput b odulus 0.001 mm Compacted Layer [ Ho
Pai i< ratio: KR ~ 0.002mm
QIEFANE T50: : 0.020mm Index Properties from Sieve Analysis |
Coefficient of lateral i~ Re Lt lue [desi I
_ 05 presentative value [design value) #200 248 % Passing #200 0
prESS_UIE'KD' e % Passing #40 0
b aterial Property #a0 324 % Passing #4 0
_ #&0 10 (mm) i
s Modulus [psi] #50 D20 (mm) o
- #40 435 D30 (mm) 0
AASHTD Classification | #30 D0 (mm) 0
r #20 DI (mm) a
— e #16
' Unified Classification | #10 504 Uzer Overridable Index Properties |
~ #3 Maximum Dry Unit Weight(pet) #1175
M odulus [input] [psi): 20500 #4 BT.2 Specific Gravity, Gs ¥ 27
r 348" 758 Sat. Hydraulic Conductivity(fir) [V 1.7e-005
10 833 Cptimum gravimetric water cortent;%) | [w 139
S 0.4 i i
View Equation = s Degree of Saturation at Optimumi(9:) 559
11" a7 T Uzer Overridable Soil Water Characteristic Curve |
ol 994 af @] 231
210" bf ¥ 135
— of [v 0586
15 994 hr v 734
O X Cancel |
W OK | X Cancel |
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M-EPDG Example -HMA on HMA

" Untitled - Mechanistic Empirical Pavement Design Guide

Eile Edit Yiew Tools Help

DEE 7

Project [C:\DGE20024Projects'Project10.dgp]
B General Information

B site/Project Identification

B snalysis Parameters

Inputs
- [ Traffic
- O Traffic Yalume Adjustment Factors
O manthly adjustrnent
O wehicle Class Distribution
0 Hourly Truck Distribution
O Traffic Growth Factor
O axle Load Distribution Factors
-~ General Traffic Inputs
O murrber Axles Truck
[ sxle Configuration
O wheelbaze
E Climate
- 0 structure
B HMa Design Properties
- @ Layers
B Layer 1 - Asphalt concrete
B Layer 2 - Asphalt concrete (existing)
] Layer 3 - River-run gravel
O Layer 4 - 4-2-5
B Thermal Cracking

For Help, press F1

[ Results

--@ Input Summary

Project

Traffic

Climatic

Design

Layer

Output Summary

Flexible Surmmary

Layer Modulus

AC Modulus (plat)
Fatigue Cracking

Surface Down Damage (plot)
Surface Down Cracking (plot)
Bottom Up Damage (plot)
Bottorm Up Cracking (plat)
Thermal Cracking

Crack Depth (plot)
Thermal {C-h) (plot)
Crack Length {plot)

Crack Spacing (plot)
RLitting

Rutting {plat)

IRI (plat)

ZOE

o o o o o o

390

Analpgiz Statuz

Analyziz | % Complete
& Traffic 100%
O Climatic 100%
B Themal Cracking 100%
I AC Analysis 100%
O Summary 100%

General Project Infarmation:

Pararneter | Walue
Design Life 20 ears
Clirnate C:ADG20024Projects\Indy icm

Construction Date  3/2010
Traffic Open Date 942010
Iritial AA0TT 140

Propertiez
Setting | Walue
|ritg 115 Cugtomary

Analyzis Type  Probabilistic
Output Type  ExcelwWorksheet
wlarnings Enabled

i === Run Analysis |
= tysis




Appendix C. Inputs and Outputs

New AC

FNAME

NAC1112Z
NAC1122;
NAC1132%
NAC1212%
NAC1221%
NAC1222:
NAC1222%
NAC1222%
NAC1222%
NAC1222;
NAC1222%
NAC1222:
NAC1223:
NAC1232;
NAC1312%
NAC1322%
NAC1332:
NAC2112%
NAC2122%
NAC2132%
NAC2212%
NAC22212
NAC2222:
NAC2222%
NAC2222:
NAC2222;
NAC2222%
NAC2222%
NAC2222:
NAC2223;
NAC2232%
NAC2312:
NAC2322:
NAC2332;
NAC3112%
NAC3122%
NAC3132:
NAC32122
NAC3221%
NAC3222:
NAC3222%
NAC3222;
NAC3222:
NAC3222%
NAC3222:
NAC3223;
NAC3232:

AADTT

400
400
400

ACOLGRAD ACOLBIND HAC2

4 50.375
450.375
450.375
4 50.375
4 50.375
450.375
350375
4 50.375
4 50.375
4 50.375
350375
4 50.375
4 50.375
4 50.375
450.375
4 50.375
4 50.375
450.375
450.375
4 50.375
4 50.375
4 50.375
450.375
350.375
4 50.375
450.375
450.375
350.375
4 50.375
450.375
450.375
4 50.375
4 50.375
450.375
450.375
4 50.375
4 50.375
450.375
450.375
4 50.375
350.375
450.375
450.375
4 50.375
4 50.375
450.375
450.375

70-22
70-22
70-22
70-22
70-22
70-22
70-22
64-22
70-22
76-22
70-22
70-22
70-22

ACGRAD ACBIND STRUCT

650.5
650.5
650.5
6 50.5
6 50.5
650.5
550.5
6 50.5
6 50.5
650.5
3505
6 50.5
6 50.5
650.5
650.5
6 50.5
6 50.5
650.5
650.5
6 50.5
650.5
650.5
650.5
550.5
6 50.5
650.5
650.5
3505
6 50.5
650.5
650.5
6 50.5
6 50.5
650.5
650.5
6 50.5
6 50.5
650.5
650.5
6 50.5
550.5
650.5
650.5
6 50.5
6 50.5
650.5
650.5

64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22
64-22

4+6+0
44640
44640
4+6+0
4+6+0
44640
34540
4+6+0
4+6+0
24640
34346
4+6+0
4+6+0
24640
44640
4+6+0
4+6+0
44640

CLIMATE HBASE

SHORE
SHORE
SHORE
SHORE
SHORE
SHORE
SHORE
SHORE
SHORE
SHORE
SHORE
SHORE
SHORE
SHORE
SHORE
SHORE
SHORE
INLAND
INLAND
INLAND
INLAND
INLAND
INLAND
INLAND
INLAND
INLAND
INLAND
INLAND
INLAND
INLAND
INLAND
INLAND
INLAND
INLAND
MOUNT
MOUNT
MOUNT
MOUNT
MOUNT
MOUNT
MOUNT
MOUNT
MOUNT
MOUNT
MOUNT
MOUNT
MOUNT

391

SG
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
20000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
30000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
20000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
30000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
20000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
30000 A-1-b
25000 A-1-b
25000 A-1-b

BASE SUBGRAD LONGCRA ALLIGCRA TRANSCR. ACRUT

10000 Grading B Soil A
15000 Grading B Soil B
20000 Grading B Soil C
10000 Grading B Soil A
15000 Grading B Soil B
15000 Grading A Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading C Soil B
15000 Grading B Soil B
20000 Grading B Soil C
10000 Grading B Soil A
15000 Grading B Soil B
20000 Grading B Soil C
10000 Grading B Soil A
15000 Grading B Soil B
20000 Grading B Soil C
10000 Grading B Soil A
15000 Grading B Soil B
15000 Grading A Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading C Soil B
15000 Grading B Soil B
20000 Grading B Soil C
10000 Grading B Soil A
15000 Grading B Soil B
20000 Grading B Soil C
10000 Grading B Soil A
15000 Grading B Soil B
20000 Grading B Soil C
10000 Grading B Soil A
15000 Grading B Soil B
15000 Grading A Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading C Soil B
15000 Grading B Soil B
20000 Grading B Soil C

0.02
0.19
0.59
0.05
0.41
0.52
45.7
0.47
0.45
0.27

4.01
0.02
0.13
0.41
0.03
0.27
0.33
26.5
0.35
0.29

0.2
0.23
0.34
0.99

0.0638
0.0516
0.0451
0.152
0.128
0.137
0.5
0.12
0.122
0.114
0.321
0.109
0.118
0.106
0.37

0.048
0.049

0.05
0.068
0.069
0.068
0.081
0.079

0.07
0.057
0.062
0.071

0.07
0.071
0.099
0.102
0.104
0.048
0.049

0.05
0.068
0.069
0.068
0.081
0.079

0.07
0.057
0.062
0.071

0.07
0.071
0.099
0.102
0.104
0.044
0.045
0.045
0.062
0.063
0.062
0.066
0.074
0.063
0.055
0.064
0.064
0.064

TOTRUT

0.26
0.211
0.203
0.303
0.246
0.252
0.293
0.258

0.25
0.235
0.209
0.246
0.253

0.24
0.358

0.3
0.288

0.26
0.211
0.203
0.303
0.246
0.252
0.293
0.258

0.25
0.235
0.209
0.246
0.253

0.24
0.358

0.288
0.261
0.234
0.217
0.302
0.268
0.276

031
0.283
0.272
0.261
0.267
0.275
0.252

99.5.
97.6
9
101.3
99
99.3
101.1
99.5
99.1
98.6
97.6
99
99.3.
98.5
103.6
101.3
100.5
99.5
97.6
97
101.3
9
99.3
101.1
99.5.
9.1
98.6
97.6
99
99.3
98.5
103.6
101.3
100.5
102.9
101.8
100.9
104.5
103.2
103.5
103.9
105.7
103.3
101.7
103.1
103.5
102.3

<

TRUCKS

1912450
1912450
1912450
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
11952800
11952800
11952800
1912450
1912450
1912450
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
11952800
11952800
11952800
1912450
1912450
1912450
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120



AC over AC

FNAME  AADTT

owT

HMILL

PR
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
1 Fair
2 Poor
2 Fair
2 Fair
2 Fair
2 Good
3 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
1 Fair
2 Poor
2 Fair
2 Fair
2 Fair
2 Good
3 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
1 Fair
2 Poor
2 Fair
2 Fair
2 Fair
2 Good
3 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair
2 Fair

TotRutExi HAC1

ACOLGRA ACOLBINIHAC2

35505
35505
35505
35505
35505
35505
2505
3550375
35505
35505
35505
35505
35505
35505
35505
3551
5505
35505
35505
35505
35505
35505
35505
35505
35505
35505
35505
35505
35505
35505
35505
2505
3550375
35505
35505
35505
35505
35505
35505
35505
3551
550.5
35505
35505
35505
35505
35505
35505
35505
35505
35505
35505
35505
35505
35505
35505
2505
3550375
35505
35505
35505
35505
35505
35505
35505
3551
5505
35505
35505
35505
35505

70-22

ACGRAD ACBIND STRUCT
34540

150375
150375
150375
150375
150375
150375
150375
150375
250375
150375
150375
150375
150375
150375
5505

150375
150375
150375
150375
150375
150375
150375
150375
150375
150375
150375
150375
150375
150375
150375
150375
150375
150375
250375
150375
150375
150375
150375
150375
5505

150375
150375
150375
150375
150375
150375
150375
150375
150375
150375
150375
150375
150375
150375
150375
150375
150375
150375
250375
150375
150375
150375
150375
150375
5505

150375
150375
150375
150375
150375
150375

64-22

CLIMATE HBASE EB

392

15000 High
20000 High
10000 High
15000 High
20000 High
10000 High
15000 High
15000 High
15000 High
15000 High
15000 High
15000 High
15000 High
15000 High
15000 High
15000 High
15000 High
15000 High
15000 High
15000 High
15000 High

20000 High

TGR

TPRESS  BASE
120 Grading B Soil A
120 Grading B Soil B
120 Grading B Soil C
120 Grading B Soil A
120 Grading B Soil B
120 Grading A Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading C Soil B
120 Grading B Soil B
120 Grading B Soil C
120 Grading B S
120 Grading B Soil B
120 Grading B Soil C
120 Grading B Soil A
120 Grading B Soil B
120 Grading B Soil C
120 Grading B Soil A
120 Grading B Soil B
120 Grading A Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading C Soil B
120 Grading B Soil B
120 Grading B Soil C
120 Grading B Soil A
120 Grading B Soil B
120 Grading B Soil C
120 Grading B Soil A
120 Grading B Soil B
120 Grading B Soil C
120 Grading B Soil A
120 Grading B Soil B
120 Grading A Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading B Soil B
120 Grading C Soil B
120 Grading B Soil B
120 Grading B Soil C

1.4

155

195

26.7

182
108

03
7.15
6.87
103
25

00126

28.8815
34.2805
34.2519
50.295
34.2862
34.2862
34.2862
17.7425
0
34.2885
35.763
34.2803
34.2759
34.2862
34.2756
34.4393
343971
343757
34.2488
34.2383
34238
343091
34.2981
34.3087
34.2938
28.9118
34.2916
34.2534
50327

28.8511
34.2684
34.2395
50.253
34273
34.273
34.273
17.7319
0
34.2831
35.7607
34.2763
342728
34273
34.2626

SUBGRAD LONGCRA ALLIGCRA REFCRACI SURFCRA TRANSCR, ACRUT

0042
0.044
0.044

0.06
0.062
0.061
0075
0076
0.064
0058

0.07
0079
0.062
0.062
0.061
0073
0055
0059

0.05



AC over Rubblized PCC

FNAME AADTT DWT

OPC1112:
0OPC1122
0PC11322
OPC1212:2
0OPC12212
0PC12221
0PC1222;
0PC1222;
0PC1222;
0OPC1222:
0OPC1222
0PC1222;
0OPC1222:
0PC1222;
OPC1222:
0PC1222;
OPC1222;
0OPC1222:
0OPC12232
0PC12322
0PC13122
0OPC13222
0PC13322
0OPC21122
0PC2122;
0PC21322
0PC2212:
0PC22212
0PC22221
0PC2222:
0PC2222:
0PC2222;
0PC2222:
0PC2222;
0PC2222;
0PC2222;
0PC2222;
0PC2222:
0PC2222:
0PC2222:
0PC2222:
0PC2223;
0PC2232;
0OPC23122
0PC2322;
0OP(C23322
OPC31122
0OPC3122:
0PC31322
0PC3212;
0OPC32212
0PC32221
0OPC32222
0PC3222;
OP(C32222
0OPC3222;
0OPC3222:
0OPC32222
0PC3222;
0OPC32222
0OPC3222;
0OPC32222
0PC3222;
0OP(C3222:
0OPC3223;
0PC32322

400

400

400
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
2500
2500
2500

400

400

400
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
2500
2500
2500

400

400

400
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000

HACOL

3.550.5
3.550.5
3.5 50.5
3.550.5
3.5 50.5
3.550.5
3.5 50.5
2505
3.5 50.375
3.550.5
3.550.5
3.5 50.5
3.550.5
3.5 50.5
3581
5505
3.550.5
3.5 50.5
3.5505
3.550.5
3.5 50.5
3.550.5
3.5 50.5
3.550.5
3.5 50.5
3.550.5
3.5 50.5
3.5505
3.550.5
3.550.5
2505
3.5 50.375
3.550.5
3.5 50.5
3.550.5
3.5 50.5
3.5505
3.551
5505
3.550.5
3.5 50.5
3.550.5
3.5 50.5
3.550.5
3.5 50.5
3.550.5
3.550.5
3.550.5
3.550.5
3.5 50.5
3.550.5
3.5 50.5
3.550.5
2505
3.5 50.375
3.550.5
3.550.5
3.550.5
3.550.5
3.550.5
3551
5505
3.5 50.5
3.550.5
3.550.5
3.550.5

ACOLGRA ACOLBINI HPCC

70-22
70-22
70-22
70-22
70-22
70-22
64-22
70-22
70-22
70-22
70-22
70-22
70-22
70-22
70-22
70-22
76-22
70-22
70-22
70-22
70-22
70-22
70-22
70-22
70-22
70-22
70-22
70-22
70-22
64-22
70-22
70-22
70-22
70-22
70-22
70-22
70-22
70-22
70-22
76-22
70-22
70-22
70-22
70-22
70-22
70-22
70-22
70-22
70-22
70-22
70-22
70-22
64-22
70-22
70-22
70-22
70-22
70-22
70-22
70-22
70-22
70-22
76-22
70-22
70-22
70-22

i
1S)

i

5]

N
o

© LYoV o oo

© 0 VWYY oo

© 0 WYYV wvo

© VLV

EPCC

500000 SHORE
500000 SHORE
500000 SHORE
500000 SHORE
500000 SHORE
500000 SHORE
500000 SHORE
500000 SHORE
500000 SHORE
200000 SHORE
500000 SHORE
500000 SHORE
500000 SHORE
1000000 SHORE
500000 SHORE
500000 SHORE
500000 SHORE
500000 SHORE
500000 SHORE
500000 SHORE
500000 SHORE
500000 SHORE
500000 SHORE
500000 INLAND
500000 INLAND
500000 INLAND
500000 INLAND
500000 INLAND
500000 INLAND
500000 INLAND
500000 INLAND
500000 INLAND
200000 INLAND
500000 INLAND
500000 INLAND
500000 INLAND
1000000 INLAND
500000 INLAND
500000 INLAND
500000 INLAND
500000 INLAND
500000 INLAND
500000 INLAND
500000 INLAND
500000 INLAND
500000 INLAND
500000 INLAND
500000 MOUNT
500000 MOUNT
500000 MOUNT
500000 MOUNT
500000 MOUNT
500000 MOUNT
500000 MOUNT
500000 MOUNT
200000 MOUNT
500000 MOUNT
500000 MOUNT
500000 MOUNT
1000000 MOUNT
500000 MOUNT
500000 MOUNT
500000 MOUNT
500000 MOUNT
500000 MOUNT
500000 MOUNT

CLIMATE HBASE

SG
25000 A-1-b

25000 A-1-b
25000 A-1-b
30000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b

25000 A-1-b
25000 A-1-b
20000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
30000 A-1-b
25000 A-1-b

25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
20000 A-1-b
25000 A-1-b

25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
30000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
25000 A-1-b
20000 A-1-b
25000 A-1-b
25000 A-1-b

393

BASE SUBGRAD LONGCRA ALLIGCRA TRANSCR. ACRUT

10000 Grading B Soil A
15000 Grading B Soil B
20000 Grading B Soil C
10000 Grading B Soil A
15000 Grading B Soil B
15000 Grading C Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading A Soil C
15000 Grading B Soil B
20000 Grading B Soil C
10000 Grading B Soil A
15000 Grading B Soil B
20000 Grading B Soil C
10000 Grading B Soil A
15000 Grading B Soil B
20000 Grading B Soil C
10000 Grading B Soil A
15000 Grading B Soil B
15000 Grading C Soil C
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading A Soil C
15000 Grading B Soil B
20000 Grading B Soil C
10000 Grading B Soil A
15000 Grading B Soil B
20000 Grading B Soil C
10000 Grading B Soil A
15000 Grading B Soil B
20000 Grading B Soil C
10000 Grading B Soil A
15000 Grading B Soil B
15000 Grading C Soil C
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading B Soil B
15000 Grading A Soil C
15000 Grading B Soil B
20000 Grading B Soil C

0
0.02
0.05
0.02
0.07
0.03

0.1

0
0.05
7.06

0.3
0.08
0.02

0.08
0.06
0.07
0.06
0.08
0.19
0.06
0.28
0.71
0.01
0.03
0.07
0.02
0.11
0.04
0.14

0.07
7.28
0.41
0.11
0.03
0.01
0.12
0.07
0.09
0.08
0.11
0.25
0.09
0.39
0.92
0.01
0.02
0.05
0.02
0.08
0.03
0.11

0.05

0.33
0.08
0.02
0.01
0.09
0.06
0.07
0.06
0.09

0.2

0.0182
0.0166
0.0128
0.0117
0.0122
0.0126
0.0393

0.0418
0.0037
0.0039

0.0125
0.0132

0.011
0.0126

0.0085

0.261
0.0173

0.013
0.0104
0.0006

0.019
0.0171
0.0134
0.0122
0.0129
0.0133

1610
1610
1610
1610
1610
1620
1610
1450
733
1610
1610
1610
1620
1610
1630
13.2
1200
1620
1610
1610
1610
1610
1610
137
137
137
137
131
138
139
75.6
18.8
137
128
137
148
137
347
84.9
54.2
142
137
137
137
137
137
1630
1630
1610
1630
1630
1630
1620
2110
1180
1630
1630
1630
1630
1630
1990
1510
1620
1640
1630
1630

0.047
0.049

0.05
0.068

0.07
0.074
0.086
0.037
0.072
0.077
0.069

0.07
0.071
0.071
0.061
0.092
0.062
0.072

0.07
0.072
0.099
0.102
0.105
0.066
0.067
0.068
0.094
0.095
0.101
0.117
0.047
0.098
0.102
0.094
0.096
0.098
0.099
0.085
0.108

0.08
0.098
0.096
0.097
0.137
0.139
0.141
0.052
0.053

0.05
0.074
0.075
0.079
0.094
0.039
0.077
0.082
0.074
0.075
0.077
0.077
0.066
0.084
0.067
0.077
0.076
0.077

TOTRUT

0.236
0.22
0.206
0.283
0.259
0.253
0.28
0.251
0.265
0.297
0.273
0.262
0.254
0.244
0.251
0.267
0.254
0.266
0.265
0.247
0.342
0.318
0.3
0.257
0.24
0.225
0.311
0.286
0.28
0.312
0.263
0.292
0.324
0.299
0.29
0.281
0.274
0.277
0.284
0.273
0.293
0.293
0.273
0.382
0.356
0.337
0.278
0.257
0.234
0.329
0.299
0.284
0.322
0.291
0.305
0.342
0.314
0.303
0.292
0.282
0.291
0.291
0.293
0.299
0.306
0.282

113.2
112.5

112

115
114.1
113.9
114.9
112.4
107.3

1
114.6
114.2
113.9
113.4
113.9
100.8
110.6
114.4
114.3
113.6
117.5
116.5
115.8

1
101.3
100.7
104.2
103.1
102.9
104.2
101.7
102.4

1
103.6
103.3

103
102.6
104.5
102.7

102
103.5
103.4
102.7

107

1
105.3

1
114.2
113.1
117.1
115.9
115.3
116.8
119.4
112.5
117.9
116.5

1
115.6
115.2
118.4
114.6
115.6
115.9
116.1
115.2

oy
o

S
]

o
&

=)
&

e
&

e
o

TRUCKS

1912450
1912450
1912450
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
11952800
11952800
11952800
1912450
1912450
1912450
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
11952800
11952800
11952800
1912450
1912450
1912450
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
4781120
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