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ABSTRACT

Many state highway agencies are in the process of transitioning pavement design
procedures from the empirical AASHTO design to the new M-E PDG. The New England
states and the State of New York initiated NETC Project 06-1 “New England Verification
of NCHRP 1-37A Mechanistic-Empirical Pavement Design Guide with Level 2&3
Inputs* to gather more information about the new design and to make the implementation
process smoother. The objective of this project was to evaluate which of the Level 2 and
3 input variables require state specific information, which of the national default values
are acceptable for the M-E PDG in New England and New York, which variables are
available and collected by the state agencies, and for which variables regional or local
calibration will be necessary. This study identified critical state specific factors affecting
predicted flexible pavement distresses and roughness as well as to what degree. This
thesis presents data, analysis, state specific recommendations, and general conclusions

for the states of Vermont, Massachusetts and New York.
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Chapter 1: Introduction

Most of the State Highway Agencies (80%) are still using pavement design methods
based on empirical equations derived from the American Association of State Highway
Officials (AASHO) Road Test that was conducted in the late 1950s. The test was
conducted with modest traffic levels compared to current traffic levels, with limited
structural sections, and the test was based on the study of only one location in Ottawa,
[linois. The results from the AASHO Road Test have limited application relative to
current pavement design criteria in use today. To address this, in the mid-1990s, the
National Cooperative Highway Research Program began work on a design guide based
on a mechanistic-empirical approach. Representatives from state DOT’s, HMA and PCC
paving industries, academia and FHWA worked together to deliver a novel pavement
design software called the Mechanistic-Empirical Pavement Design Guide (M-E PDG).
This user friendly M-E PDG software predicts the pavement condition over time taking
into consideration of many different factors including traffic, climate and pavement

structure.

The Mechanistic-Empirical Pavement Design Guide (M-E PDG) was developed under
the National Cooperative Highway Research Program (NCHRP) Project 1-37A for design
of flexible and rigid pavement structures. The mechanistic-empirical approach of the M-E
PDG methodology represents a fundamental shift for pavement design. It considers the
input parameters that influence pavement performance — including traffic, climate,

pavement, unbound material structure and layer thickness — and applies the principles of
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engineering mechanics to predict critical pavement responses. The responses of the
pavement defined in terms of stresses, strains and as well as other parameters are
analyzed using rigorous theories of mechanics, and subsequently the critical response

quantities are empirically related to pavement performance.

The M-E PDG changes the design process, required inputs and the way engineers
develop and implement efficient and effective pavement design (2) (3). The M-E PDG
does not provide the user with a design thickness of the pavement (like the AASHTO
design does), but rather provides the user with projected pavement distresses and
smoothness (IRI) over the design period. The design process is completed after user’s

acceptance of the projected level of distresses.

In 2006 the New England Transportation Consortium (NETC) introduced Project NETC
06-1 “New England Verification of NCHRP 1-37A Mechanistic-Empirical Pavement
Design Guide with Level 2&3 Inputs®. The main purpose of this project was to help New
England states and the State of New York to gather more information about this new
pavement design, to realize advantages over the existing AASHTO methods, as well as to
provide recommendations of steps that need to be taken before the decision to implement

the M-E PDG.

1.1  Objective

The main objective of the research was to identify critical state specific factors affecting

predicted pavement performance for level 2 and 3 M-E PDG input values, in Vermont,



New York and Massachusetts. The research focused only on the mechanistic-empirical
design of new flexible pavements with a 20 year design life. The research also provides
the state highway agencies with the option of using default inputs for low volume roads,
addresses some issues and concerns that arose during the design process, identifies the
necessity for a local calibration or field and laboratory data evaluations, and specifies the
guidelines for future implementation strategy in terms of data collection techniques and
existence of required specifications for the M-E PDG design. This research is a part of
the New England Transportation Consortium (NETC) Project 06-1: “New England
Verification of NCHRP 1-37A Mechanistic — Empirical Pavement Design Guide with

Level 2 and 3 Inputs” and is presented in this thesis.

For all research sensitivity analyses the M-E PDG version 1.1 was used. Version 1.1
outputs were compared, during the first phase of the research, to results from the previous

analyses, which used the 1.0 version software with different states (RI, CT, ME and NH)

4).

1.2  Research Significance

The mechanistic-empirical pavement design guide (M-E PDG) procedure requires
defining a large number of traffic, climate and material related inputs by the pavement
designer before conducting an analysis. Therefore, before conducting any runs, the
designer must determine which variables are to remain fixed and at what level, which

inputs need to be investigated and which input value ranges are to be used for the



sensitivity analysis to represent specific conditions. It is known that not all inputs in the
performance models have an equal impact on the predicted distresses. Therefore, it is
very important to try to determine which variables have the largest impact for the typical
pavement design. The sensitivity analysis can determine the impact on pavement
performance caused by individual changes in the previously selected significant design

inputs.

The sensitivity analyses were conducted only for new flexible pavements throughout
three states (VT, NY and MA) with inputs variables based on the relevant state’s
Department of Transportation (DOT) specifications, LTPP database, climatic stations
data, selected project locations, and other findings obtained from both the internet and

from published literature, e.g., research papers.

The research significance was to determine the critical state specific factors as well as to

provide an analysis of their influence on the M-E PDG prediction data.

1.3 Research Tasks

The following identify the steps which were used to perform the Sensitivity analysis

process:

1. Identification of the LTPP road sections.
2. Collection of all necessary input values. Analysis data and values were based on
an existing pavement structure, material properties, tolerances, specifications,

monitored performance or literature review.
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3. Evaluation of the accuracy and adequacy of data collection.

4. ldentification of critical inputs which could affect the M-E PDG pavement
distress predictions.

5. Selection of the control input file, which was used as a baseline for the sensitivity
analysis.

6. Variation of one input value over its typical range while holding other inputs
constant and analysis using the M-E PDG software.

7. Repetition of the same process for all critical inputs for the design, including
climatic, traffic inputs, material properties and structural design parameters.

8. Identification of the state specific critical input variables based on the M-E PDG
runs and comparison to nationally calibrated data.

9. Presention of sensitivity analysis in graphical form and summarization of the

pavement performance results.

1.4  Organization of Thesis

Chapter 2 presents a literature review of the M-E PDG. It presents the history and
background of the M-E PDG, the existing AASHTO methodology, differences between
these two designing methods, critical input parameters for the M-E PDG, and findings

from completed research activities in Indiana, Ohio, and South Dakota.

Chapter 3 presents a research methodology used for this study. It contains data collection
methods, tolerances used by the respective states, and input values required for M-E

PDG.



Chapter 4 presents data analysis, results and discussion for the states of VT, NY and MA.

Chapter 5 presents state specific recommendations, general conclusions, and

recommendations for future work.



Chapter 2: Literature Review

Results of the literature review are summarized in the following section. The significant

findings from the literature review were applied to this research.

2.1 Background of Flexible Pavement Design

2.1.1 Existing AASHTO Methodology

Starting in the 1920s the State Highway Agencies and the Bureau of Public Roads started
a series of road tests to determine the relationship between axle loading and pavement
structure on pavement performance (2). This knowledge was needed to assist in the
design of pavements to establish maximum load limits, and to provide a basis for the
allocation of highway user taxation. The AASHO Road Test (1958-1960) was the last of
the series. It was conducted with limited structural sections at one location in Ottawa,
Illinois. The test studied the performance of known thickness pavement structures under
moving loads of known magnitude and frequency. These tests were conducted for both
pavement types: asphaltic concrete and portland cement concrete. The test facilities had
six loops of 7 mile two-lane pavements (Figure 2), which contained 836 test sections with
a wide range of surface, base and subbase thicknesses. Test traffic was inaugurated on

October 15, 1958 and ended November 30, 1960 (Figure 1).



Five of the loops were exposed to traffic loading shown m Figure 3, and one was used to

test environmental effects.

Figure 1: Test Vehicles during the 1950s AASHO Road Test (Ref: AASHTO Design
Guide, 1972).
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Figure 2: AASHO Road Test Layout (Ref. Smith and Skok, Transportation Research
Circular, July 2007).
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Figure 3: Axle Weights and Distributions Used on Various Loops of the AASHO
Road Test
(Ref:http://training.ce.washington.edu/wsdot/Modules/06_structural design/aasho road
test.htm).

The test data established the relationships for pavement structural designs based on
expected loadings over the life of a pavement. Figure 4 shows the construction of

the flexible pavement section for the AASHO Road Test.


http://training.ce.washington.edu/wsdot/Modules/06_structural_design/aasho_road_

Figure 4: Bituminous Concrete Construction for AASHO Road Test
(Ref. CH. Wagner, FHWA — Resource Center, February 2007).

Following completion of the Road Test, in May 1962 the AASHO Design Committee
reported the development of the AASHO Interim Design Guides (1™ — Flexible, and 2™ —
Rigid Pavement Structures). All the pavement design procedures within these Interim
Design Guides were based on the results from the AASHO Road Test and were supported
by existing design procedures and available theory. Although the AASHO Road Test
represented the most comprehensive development of the relationship between traffic
loadings, material characteristics, structural thicknesses and performance, the results were
limited by the scope of the test and conditions under which it was conducted. The

performance equations from the AASHO Road Test were developed based on: (2)

e Specific set of paving materials
¢ One subgrade material type
e A single environment

¢ An accelerated procedure for accumulating traffic
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e Accumulation of traffic on each test section by operating vehicles with identical loads

and axle configuration, rather than by mixed traffic.

To develop a new design procedure for a different location it was necessary to make
certain assumptions, which adjusted the different traffic conditions, specific climate and

material types.

The assumptions and limitations associated with each design procedure were enumerated

in the guides, and each emphasized that:

"The Guide is interim in nature and it is subject to adjustment based on experience and
additional research” (2).

The 1962 Interim Guide was first revised in 1972 (2). The design methods and
procedures contained in 1962 version of the guide were not changed in the 1972 revision,

but both the flexible and rigid design guides were incorporated into one document.

A more significant revision to the Interim Guide was made in 1986, however the
procedures were still based on the performance equations developed in the 1960s (5). At

this revision several important items were considered:

e Resilient modulus for roadbed soils was recommended for characterizing soil support

e Design reliability for adding safety to the pavement structure

e The resilient modulus test (AASHTO Test T-247) was recommended for determining
layer coefficient in flexible pavement design

e Subsurface drainage

e Environmental factors such as frost heave, thaw weakening and swelling soils

11



e Rechabilitation of pavements

o Discussion on the mechanistic-empirical design.

The 1986 Guide for Design of Pavement Structures was, for the first time, not labeled as

Interim.

The most recent revision of the Guide for Design of Pavement Structures, which guide

included the consideration of the flexible pavements was introduced in 1993 (3).

2.1.2 M-E PDG Methodology

In December 1996, the National Cooperative Program (NCHRP) started Project 01-37A:
“Development of the 2002 Guide for the Design of New and Rehabilitated Pavement
Structures,” which was the initial step for developing a new pavement design process.
The design procedure developed under this project was a large leap forward from existing
practice. Project 1-37A was completed in 2004 and has entered the implementation
process. As of December, 2010 forty states in the US (Figure 5) are planning to adopt this
design procedure (a few states are already using it), now known as the Mechanistic-

Empirical Pavement Design Guide (M-E PDG).
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B Using MEPDG

B Plan to use MEPDG

1 No plans to use MEPDG

Il conducting additional research before adoption

Figure 5: M-E PDG Implementation Status as of December, 2010 (Ref: Federal
Highway Administration Office of Pavement Technology, December 2010).

The M-E PDG design incorporates a hierarchical approach to design inputs for subgrade,
materials, environment, and traffic information. Three levels of hierarchy are provided

for within the design nputs:

e Level 1 — the highest level of prediction. This level would be used for designing
heavily trafficked pavements. Material inputs would require field or laboratory
evaluation.

e Level 2 — an intermediate level of prediction. This level could be used when
resources or testing equipment are not available. Inputs would be estimated via

correlations or experience.
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e Level 3 - the lowest level of prediction. This level might be used for designing low
volume roads, in which there are minimal consequences of early failure. Inputs are

based on global or regional values.

The engineers select the inputs and determine the types and quantities of data needed for

a reliable design. This process requires a thorough evaluation of all of design parameters

and a detailed analysis of how the input values will affect the predicted performance. The
M-E PDG design process therefore demands a huge amount of information from the

engineers concerning pavement inputs and pavement performance.

Figure 6 provides a flow chart for the mechanistic-empirical design approach as

implemented in the M-E PDG procedures (6).
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Figure 6: Flow Chart for Mechanistic-Empirical Design Methodology (6).

The following lists the major steps in this design methodology for a new flexible

pavement:

1. Specify and define the required inputs including traffic, environmental, materials,
etc.

2. Select a trial pavement section for analysis.
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3. Define the properties of materials in the various pavement layers.

4. Analyze the pavement response due to traffic loading and environmental
influences.

5. Empirically relate critical pavement responses to damage and distress for the
pavement distresses of interest.

6. Adjust the predicted distresses for the specified design reliability.

7. Compare the predicted distresses at the end of pavement design life against design
limits.

8. If necessary, adjust the trial pavement section and repeat steps 3-7 until all

predicted distresses are within design limits.

To implement the above mechanistic-empirical methodology, the following

corresponding major components are needed:

Inputs — traffic, materials, climate and other general values (e.g. design life, latitude,
longitude and elevation)

Pavement response model

Environmental response model

Material characterization model

Performance prediction model

Design reliability — to increase the safety of the design

Software — to implement the mechanistic-empirical models and calculation in a

usable form.
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The M-E PDG “system” has been designed in a modular fashion. This approach
recognizes that pavement response is a function of three primary influences:
environmental (climate), traffic, and pavement (materials and thicknesses). The

mechanistic-empirical process is outlined i Figure 7 (7).

INPUT

k. k.

PAVEMENT
TRAFFIC CLIMATE STRUCTURE MATERIALS

l | I
'

Mechanistic Pavement
Analysis Models:
Environment, Traffic,
Material

l

Transfer Empirical
Functions

]

OuUTPUT

Analytic

J i i B

Longitudinal Alligator Transverse Ruttin Smoothness
Cracking Cracking Cracking 9 IRI

Figure 7: M-E PDG Outline Process (7).

The environmental model plays a significant role in the performance of pavement. The
M-E PDG software provides environmental data sets for specific locations from over 800
weather stations throughout the U.S., as well as historical records for up to 10 years. This

model recognizes not only external factors such as temperature, precipitation, freeze-thaw
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cycles and depth to water table, but also internal factors such as the susceptibility of the
pavements materials to moisture and frost heaving, drainage ability of the paving layers
and potential infiltration of the pavements. Temperature and moisture variations within
the pavement structures and subgrade over the design life of pavement are simulated by

the Enhanced Integrated Climatic Model (EICM).

The traffic model inputs are also significant for the analysis and design of pavement
structures. The mechanistic response model in the M-E PDG requires the magnitudes and
frequencies of the actual wheel load that the pavement is expected to experience over its
design life. Typically, state highway agencies collect two categories of traffic data:
weight-in-motion (WIM) and Automatic Vehicle Classification (AVC). WIM data
provides information about truck axle weights and gross vehicle weights as they drive
over a sensor. AVC data provides information about the number and types of vehicles

that use a given roadway over some period of time.

The material characterization model is used in the M-E PDG to calculate the stresses,
strains and deflections in the pavement. Pavement performance is evaluated in the M-E

PDG by individual empirical distress models, also termed as transfer functions.

“The transfer function is the empirical part of the distress prediction model that relates
the critical pavement response parameter, either directly or through the damage concept,
to pavement distress” (8).

Empirical models are incorporated in the M-E PDG for the major structural distresses and

smoothness estimation in flexible pavements.

Distress prediction equations and transfer functions for flexible pavements and HMA

overlays are listed in Table 1 (9) (4).
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Table 1: Distress Predictien Equations and Transfer Functions (9) (4).

Distress Type

Eguations

Terms

Fatigue Cracking

N =0.00432 x k;C (—)

39492

£t

®

1.281

Ng=Number of
repetitions to fatigue
cracking
k,=correction for
asphait layer
thickness

E=stiffness of material
g=tensile strain at
critical location
C=laboratory to field
adjustment factor

Alligator
Cracking
(Bottom-Up)

F CBottom

Ca

o)
= (60 1+ e(C;C{"'CZCZILOQ(DIBO“O"‘))

)

FC gotomn=Bottom-Up
Cracking (%)

C GGy,
C,’,C4=calibration
functions; C;=6000
DI gotors =Cumulative
damage index at the
bottom of the HMA
layers

Transverse
Cracking

TC BN[lL ( ¢
= —Lo
! 8d g HHMA

)

TC=thermal cracking,
ft/mi

B1=Regression
coefficient determined
through global
calibration
N[z]=standard normal
distribution evaluated
at [z]

d~=Standard deviation
of log of the depth of
cracks in the
pavement (0.7690, in
C4q=Crack depth, in
Hgva=Thickness of
HMA layers, in

Longitudinal
(Top-Down
Fatigue) cracking

1000

FCrop = (1 + e(7 0—3.5xx(Dx100)))

FCrop=top-down
cracking, ft/mi
D=top-down fatigue
damage coefticient
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Rutting in
Unbound
Materiais

8a(N) = B4 (’3) e_(%)ﬂfvxh

O,(N)=Permanent
deformation of layer,
in

N=Number of traffic
repetitions

By=L.ocal calibration
factor
€0,P,p=material
properties
e~Resilient strain
imposed in laboratory
test to obtain above
properties
g,=Average resilient
strain from primary
response model
h=Thickness of
layer/sublayer

Rutting in
Asphalt Layer

&
D — kl X 10—3.44—88T1.5606NO.479244—

&r

g;=Accumulated
plastic strain at N load
repetitions
£&=Resilient strain of
asphalt as a function
of mix properties,
temperature and
loading time
k,=correction for
asphalt layer thickness
T=Temperature, °F
N=Number of load
repetitions

Smoothness (IRT)

IRl = IRI, + 0.0150(SF) + 0.400(FCro¢q)
+ 0.0080(TC) + 40.0(RD)

SF = FROSTH + SWELL x AGE™*
FROSTH = LN([PRECIP + 1} X FINES
X [FI+1])

SWELL = LN([PRECIP + 1} x CLAY
x {PI+1])

FINES = FSAND + SILT

[RI=Smoothness, in/mi
IRI,=Initial IRI after
construction, in/mi
FCrom=Area of fatigue
cracking

TC=Length of
transverse cracking,
ft/mi

RD=Average rut
depth, in

SF=Site Factor

AGE= Pavement age,
years

PRECIP=Mean annual
precipitation, in
PI=Subgrade plasticity
index

Fl=Mean annual
freezing index
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CLAY=Amount of
clay particles in

subgrade
Smoothness (IRI) FSAND=Amount of
(Continued) fine sand particles in
subgrade

SILT=Amount of
particles in subgrade

2.1.3 AASHTO vs. M-E PDG Design Guide

Table 2 shows some major differences between the old AASHTO pavement design

guides and the M-E PDG design.

Table 2: AASHTO versus M-E PDG Design.

AASHTO Design M-E PDG Design
Predicts AC thickness Predicts pavement performance
Northern Illinois (wet-freeze climate) Uses more than 800 weather stations
based
One subgrade type (A-6 silty sand) Project specific subgrade type

Uses equivalent single axle load (ESAL) | Individual Axle type and actual loading per axle

Uses Structural Number (SN) for flexible | HMA specific characteristics
pavements
AASHO Road Test database LTPP and NCDC databases

2.2 (Critical Input Parameters

The M-E PDG is used to calculate all the pavement responses and to predict the resulting
distresses but the program requires a large number of design inputs. Many of these inputs

are more sophisticated than those currently being collected by the state highway agencies
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(SHA). Some design inputs are more critical for the prediction of pavement distresses
than others. Knowing the critical inputs necessary for the design process will definitely

reduce SHA’s overall cost and minimize the required resources.

This section provides an example of critical input parameters based on research

conducted by different states highway agencies, with the focus on flexible pavements (3).

Traffic Inputs

The M-E PDG uses axle load spectra data, which includes collecting following traffic-

related inputs:

a) Initial two-way Annual Average Daily Truck Traffic (AADTT)
b) Number of lanes in design direction (%)
c) Percent of trucks in design line (%)

d) Operational speed (mph)

Traffic volume adjustments:

a) Monthly adjustment by vehicle class specification
b) Vehicle class distribution
¢) Hourly distribution

d) Traffic growth factor

Axle load distribution factor:

a) Level 1: site specific
b) Level 2: regional (not used in the M-E PDG version 1.1)

c) Level 3: default
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General Traffic Inputs:

a) Mean wheel location
b) Traffic wander standard deviation
c) Design lane width (ft)

d) Number of axles per truck, axle configuration and wheelbase

Climatic Inputs

Within the M-E PDG, the Enhanced Integrated Climatic Model (EICM) handles the
input, collection, characterization and analysis of environmental and material properties
which determine the stiffness or modulus of unbound materials (10). This stiftness
significantly influences the pavement distresses predicted by M-E PDG. The following

are climatic-related inputs:

General Information:

a) Base/subgrade construction completion dates

b) Existing pavement construction date (required for overlay design)
¢) Pavement construction date (required for new and overlay design)

d) Date when the pavement will be opened to traffic
Weather-related information:

a) Hourly values for past air temperatures, precipitation, wind speed, percentage
sunshine, relative humidity, etc. This information is available from over 800 weather

stations throughout the U.S.
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Ground water table depth:
a) Atlevel 1 could be determined from borings.

b) At the level 2 and 3 could be determined from local wells or county soil reports.

Drainage and surface properties:

a) Water infiltration potential of the drainage path length, pavement slope, etc.

Pavement Structure Materials:
a) Layer thicknesses.
b) Material properties such as surface shortwave absorptivity, thermal conductivity (K),

and heat or thermal capacity (Q).

Material Inputs

Materials are divided into two groups: asphalt concrete inputs and unbound materials.
Figure 8 describes M-E PDG pavement layer structure.

- Structure
HMA Design Properties
- Layers

B taver 1- Asphalt conarete
Layer 2 - Agphalt concrete
Layer 3 - Crushed stone
B Layer 4-A-1b

Thermal Cracking

Figure 8: M-E PDG Pavement Layer Structure.
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Asphalt concrete inputs Level 3:

a)
b)

c)

Asphalt mix parameters — layer thickness, aggregate gradation

AC binder parameters — binder grade

Asphalt general parameters — reference temperature (70 °F), Poisson’s ratio,
volumetric properties (air voids %, effective binder content %, total unit weight —

pcf), thermal properties).

Asphalt concrete inputs Level 2:

a)
b)

b)

d)

Asphalt mix — same as Level 3 inputs
Asphalt binder — requires the complex shear modulus (G*), and the phase angle (8)

values and testing temperatures

Unbound material inputs:

Layer type — typical resilient modulus (Mg) value for Level 3 obtained from national
averages, and Level 2 from laboratory test or a state specific value (AASHTO or
Unified Classifications). Level 1 - when active, will incorporate k;, ks, k3 values from
universal model.

Layer thickness

Poisson’s ratio

Material properties — level 2 options: resilient modulus, CBR value, R-value, layer

coefficient, penetration (DCP) or based upon plasticity index and grading.
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2.3 Findings from Completed Research Activities on M-E PDG

Implementation

This section presents some activities, conclusions and results on the M-E PDG topics

conducted by researchers in other states: Indiana (10), Ohio (11), and South Dakota (12).

2.3.1 Implementing the M-E PDG for Cost Savings in Indiana

The implementation of the new pavement design methodology is a huge task for the state
Departments of Transportation (DOT). Indiana DOT’s experience is a good example of
how to handle this difficult and time consuming task (11). Implementation of the M-E
PDG design process demands knowledge about pavement design inputs and pavement
performance. This task was completed by interactions among the highway agency
personnel who work in traffic, material, geotechnical areas and pavement structures to
identify the proper parameters for the design (11). To ensure successful outcome of the
analysis and design process, the team of engineers had sufficient knowledge in pavement
engineering. The implementation process was coordinated with other agencies such as
Federal Highway of Administration (FHWA), state pavement associations and contractor
associations. FHWA must approve all projects supported by government funds and the

contractor association members actually build the pavements.

The full M-E PDG implementation in Indiana began on January 1, 2009, although initial
implementation efforts started seven years earlier, in 2002. Indiana DOT coordinates all

implementation activities with agency pavement design engineers, FHWA, pavement
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association and contractor associations. There were regular monthly meetings, where
implementation issues were discussed and approved for the next steps in the process.
Training sessions were initiated throughout the entire implementation process for all

involved parties.

In 2009, Indiana DOT’s engineers and consultants designed over 100 pavement sections
using the M-E PDG procedure. All the new M-E PDG design pavement thicknesses were
documented and compared to the thicknesses estimated according to the 1993 AASHTO
design. They provided profit calculations based on the material, labor cost and time
savings. Savings resulted from more efficient M-E PDG design which also reduced
thickness of the pavement; most pavements were reduced by 2 inches. Significant

savings of material, labor cost and time were realized.

Summarizing Indiana DOT’s experience, the implementation of the M-E PDG results in

more efficient pavement designs, that can be built at a lower cost as shown in Table 3

(11).

Table 3: Cost Savings Attributed to the M-E PDG Implementation in Indiana.

Road | AASHTO1993 | M-E PDG HMA Estimated CAofltt‘::lc .
HMA Thickness Thickness Contract Saving .
Saving
SR 14 15" 13.5” $333,000 $155,440
US 231 155" 13” $557,000 $673,796
SR 62 16 13” $403,000 $420,548
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2.3.2 M-E PDG Sensitivity Analysis Results for New HMA in Ohio

In Ohio, M-E PDG research mainly focused on the characterization of paving materials
utilized in that state. In this study (12), the basic HMA properties such as air voids %,
effective binder content and total unit weight were obtained from job mix formulas (JMF)
for level 3 design. A very limited amount of effort has been expended on traffic related
studies under Ohio Department of Transportation’s (ODOT) research program. ODOT
typically collects three categories of traffic data: weight-in-motion (WIM), automatic
vehicle classification (AVC) and traffic volume, however most of this information has
not been analyzed for M-E PDG purposes. The following observations were obtained

from the research and from sensitivity analysis:

e Longitudinal cracking was mostly affected by thickness of the HMA layer alone, and
was caused mostly by poor construction methods. The subgrade and base stiffness did
not influence the longitudinal cracking.

e Transverse (thermal) cracking was highly affected by climate, volumetric binder
content and base type. HMA thickness had a moderate influence with thicker asphalt
pavements showing lower thermal cracking predictions.

e Alligator cracking was significantly affected by HMA thickness and asphalt binder
content. Higher thicknesses and higher asphalt contents lead to lower predicted
alligator cracking. Also the base type had a major impact on the alligator cracking.
Percentage of heavy trucks (class 9 or greater), subgrade type and climate affected
alligator cracking moderately.

e Total rutting (includes HMA layers, base and subgrade) as expected, was affected

mostly by the percentage of heavy trucks. Other significant factors affecting total
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rutting were HMA thicknesses (the higher the pavement thickness, lower the rutting),
binder content (the higher the content, higher the rutting), and base type (asphalt
treated based showing lesser rutting). Moderate impacts on the predicted rutting were
observed with the air voids content (higher air voids leading to increasing rutting),
climate and subgrade type.

e Smoothness IRI (Ride Quality) was mostly affected by pavement thickness (thicker
pavements exhibited lower IR1). Base and subgrade stiffnesses had a moderate effect

on IRI (sections with stiffer layers having more beneficial IRI).

2.3.3 M-E PDG Sensitivity Analysis Results in South Dakota
The pavement performance for the sensitivity analysis in South Dakota (13) was

expressed using the following performance indicators:

o Top-down fatigue (longitudinal) cracking,
e Bottom-up fatigue (alligator) cracking,

o AC rutting,

e Total rutting,

e Smoothness (IRI).

The transverse cracking performance predictions were omitted due to the M-E PDG
version 1.1 software having specific shortcomings (transverse cracking values equal to

‘603))'
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Before conducting any runs for M-E PDG sensitivity analysis the South Dakota DOT

Technical Panel (13) needed to determine:

e Fixed variables and their levels,
e Determine which inputs needed to be investigated,

e Input value ranges were to represent typical South Dakota conditions.

The newly designed rural AC pavement was evaluated based on 56 M-E PDG software
simulations. The parameters in Table 4 are placed in decreasing order of their

significance for each investigated performance indicator.

Table 4: Summary of Significance for New AC (Rural Design).

Pavement

Type Distress Type Critical input Variables
e AC layer thickness
Top-down (longitudinal | e Initial 2-way AADTT
cracking) e Base resilient modulus
e AC binder grade
Initial 2-way AADTT
Bottom-up fatigue AC binder grade
(alligator cracking) AC layer thickness
Base resilient modulus
Initial 2-way AADTT
New HMA AC rutting AC layer thickness

AC binder grade
Location (climate)

Initial 2-way AADTT

AC layer thickness
Subgrade resilient modulus
Depth of water table

AC binder grade

Base resilient modulus

Total rutting

Bottom-up fatigue (alligator) cracking

tl . .
Smoothness (IR]) Total permanent deformation (rutting)
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In the overall ranking, it was observed that the initial 2-way AADTT variable had the
largest performance affect on all of the pavement distress types for the new HMA design,
follow by: AC layer thickness, AC binder grade, base resilient modulus, and subgrade

resilient modulus.

The smoothness indicator (IRI) was predicted as a function of the initial (as-constructed)
IR1 and the predicted longitudinal cracking, alligator cracking and total rutting. Based on
these correlations the bottom-up fatigue cracking has the largest affect on the pavement

smoothness in South Dakota.
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Chapter 3: Research Methodology

This section describes in detail the tasks performed in order to accomplish the objectives
of this rescarch, namely, to identify required inputs for Level 3 and Level 2 and conduct
sensitivity analyses with M-E PDG software for Vermont, New York and Massachusetts.
The state-specific inputs were varied for typical ranges used in New England or were
ranges obtained from the LTPP database. The sensitivity analysis was performed using
state-specific input parameters chosen in accordance to state pavement design
procedures, theoretical knowledge of flexible pavements, and engineering experience.

The research methodology consists of three parts:

1. Data collection
2. M-E PDG sensitivity analysis

3. Predicted distresses data compilation

3.1 Data Collection

Input values for all M-E PDG runs were collected from the LTPP road sections (14).
Vermont has two LTPP sections, one located in Addison County and the second in Grand
Isle County. For sensitivity analysis, the first section was selected based on higher traffic
values, thinner structural layers and central location. New York has only one LTPP road

section located in the central part of the state in Onondaga County. The road layer
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structure was obtained from the LTPP section. No other sources of information were
available and the research was completed based on current findings. Massachusetts has
three LTPP road section locations: in the western part of the state (Hampden County), in
the central part of the state (Norfolk County), and in the south eastern part of the state
(Bristol County). Bristol County was selected for the M-E PDG sensitivity analysis based

on traffic, road structure and available data.

The following information was collected for each state:

General information such as construction dates for pavement, base, subbase and

subgrade based on the state’s seasonal paving periods.

e Climatic information and ground water table depths based on the closest weather
station and local well records.

e Asphalt mix design specifications — based on currently adopted procedures and

specifications.

e Unbound material (base, subbase) characteristics — state specifications or the State

Soil Survey Geographic database (STATSGO2) for subgrade information (15).

Figure 9 shows typical road structures (layer thickness and material type) used for the M-

E PDG sensitivity analysis in selected states.
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Vermont

Granular Base Layer 25.8"

New York

Granular Base Layer 15.1"

o

o wh e
# Asphalt Concrete Binder 8.2"
=

Massachusetts

S

N
Ly

Granular Base Layer 25,5"

Figure 9: Pavement Structures Used for Sensitivity Analysis.

3.2 Tolerances and Determination of Material Properties

The research objectives for this project only require level 3 and level 2 approaches for

determining design inputs. Level 3 requires the designers to estimate the most appropriate

design value of the material property based on experience and with little or no testing.

For level 3 analysis, the M-E PDG software contains major material types and their

default values based on national calibration. In contrast, level 2 inputs are estimated

through correlations with other material properties that are commonly measured 1n the

field or laboratory.
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All three states selected for this research are using the Superpave specification for asphalt
binder and asphalt mixture grading requirements (16) (17). The tolerances for unbound
materials were selected from the state agency specifications available online. Table 5
presents the HMA mix grading ranges and Table 6 presents the tolerances from target
grading of percentage by weight of material retained on sieves in accordance with

Superpave specification.

Table 5: Range of Values of HMA Mix Grading — Superpave Specification.

NMAS* 9.5 mm 12.5 mm 19.0 mm 25.0 mm 37.5 mm
of Mix | (3/87) (1/2”) (3/4”) (1”) (1.5”)

Y, sieve 0 0-10 10 - NR NR NR
3/8 0-10 | 10-NR NR NR NR
S1eve

# 4 sieve 10 —NR NR NR NR NR
#200 210 2-10 28 -7 0-6
S1eve

* - Nominal Maximum Aggregate Size

NR - No Restriction on the value

Table 6: Tolerance for HMA Mix Grading — Superpave Specification.

NMAS 9.5 mm 12.5 mm 19.0 mm 25.0 mm 37.5 mm
of Mix (3/8”) (1/2”) (3/4”) a1 (1.5”)
Cum. %
Ret 3/4” + 4% +5% + 7%
sieve
Cum. %
sieve
Cum. %
Ret#4 + 4% +3% +4% + 4% + 6%
sieve
#200 +08% | +0.8% +0.8% +0.8% +0.8%
sieve
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The percentage of air voids for the analysis is 4% with a tolerance of £ 1%. For new
HMA mixtures, the mid-range value or value from previous construction records for a
particular type of HMA mixture needs to be used. For existing HMA layers, the air voids
value can be obtained from pavement cores. Other asphalt properties, such as effective
asphalt content, voids in mineral aggregate (VMA) or voids filled with asphalt (VFA) if

unavailable, could also be obtained from pavement cores (9).

Base and subgrade resilient modulus values could also be characterized using the
hierarchical approach. Appendix D contains typical resilient modulus (Mg) values for
level 3 designs, which are national averages for a given type of soil or base material.
Level 2 designs would require the user to choose resilient modulus values based on
laboratory material testing. The strength of the unbound materials for level 2 inputs could
be also be selected based on other parameters such as California Bearing Ratio (CBR), R-
value, layer coefficient, dynamic cone penetration (DCP) or calculated from plasticity
index or grading. Table 7 presents sieve size characteristics of unbound materials used for

bases and subbases in accordance with the ASTM D 2940 specification.

Table 7: ASTM D 2940 Grading for Dense-Graded Bases and Subbases.

Sieve Size Percent Passing
2 in. (50 mm) 100

1% in. (37.5 mm) 95 - 100

3/4in. (19.0 mm) 70-92

Y in. (9.5 mm) 50-70

No. 4 (4.75 mm) 35-55

No. 30 (0.600 mm) 12 -25

No. 200 (0.075 mm) 0-8
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Performance binder grade selections were specified based on state specifications,
information obtained from the agency, or current Hot Mix Asphalt (HMA) suppliers.
Level 2 design requires the complex shear modulus (G*) and the phase angle (5) values
from laboratory asphalt testing. Table 8 provides the example of binder selections for

Vermont based on design ESAL’s and average traffic speed values (18).

Table 8: Performance Graded Binder Selection Table (Ref: Vermont Agency of
Transportation Flexible Pavement Design Procedures; March 1, 2002).

Adjusted PG Binder Grade
Design ESALSs Average Traffic Speed

(million) <20 kmvh (12 mph) 20t0 70 k;;/;)m o 44 >70 knvh (44 mph)
<0.3 PG 58-XX PG 58-XX PG 58-XX

0.3 to <3 PG 64-XX PG 58-XX PG 58-XX

3to<I10 PG 70-28 PG 64-XX PG 58-XX

10 to <30 PG 70-28 PG 64-XX PG 64-XX
>30 PG 70-28 PG 64-XX PG 64-XX

Five binder grades for New York have been chosen based on the state DOT website and
the NYS DOT Comprehensive Pavement Design Manual and Revision for the selected
locations (Ref: NY Report, Appendix F and G). Massachusetts binder selections were

obtained from the state HMA suppliers.
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3.3 InputValues for M-E PDG

The M-E PDG software predicts the performance of the pavement during its service life
based on a large amount of input values which need to be specified by the designer.
Before choosing input values for the project, the designer should first decide on the “trial
design”, which is a reference file for a future sensitivity analysis. Data for the “trial
design” may be selected based on existing pavement structure, material properties,
monitored performance, a design catalog, or may be created solely by the design
engineer. The “trial design” pavement predictions are then examined by the designer to
achieve satisfactory results. Unacceptable design outputs are revised and re-run until all
performance criteria are met. The following subsections provide characteristics of design
inputs used for this research, and Figures 10, 11 and 12 present the input summaries for

each state.
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/" VERMONT M-E PDG Inputs
\ Level 3 and Level 2

— Traffic Inputs Chimate Inputs l Material Inputs
Track Traffic Volume { ,—J—m
Bennington — 87 months
(AADTT) ‘ Interpolated Data — 3 stations Asphalt Unbound Layer
W g; - ;g; — North Adams MA Material 'n_PUts_ Inputs
N ‘ Albany NY e e o
=878 | Pittsfield MA T Effective Binder
- — - HMA Thickness
Content
| T1=70 F1o05% Base Course
Traffic Growth Rate o - T2=85 F2=115% Resiient Modulus
R1=10% Barre/Montpelier — 116 months T3=100 Fa=135% M1 = 28600 (25000)
b R2=20% Interpolated Data - 3 stations O i - M2 = 24370 (30000)
R3=30% — Mornsville VT M3 = 33500
L o727 % ] Burlington VT b oo
Lebanon VT
Number of HMA Percent Arr Voids Subgrade Resilient
K Layers = 2 Vi=40% Modulus
Track Class —
Distribution T AC Surface =3 V2=50% £1=8000(11500) —
b1 LTPP Burhington — 116 months } ACBinder=55 | V3i=60% E2 = 32000 (21500}
| Interpolated Data - 3 stations E3 = 40000 {23500}
D2 Low Class — Plattsburg NY -
D3 High Class | Mornisville VT ——y CTC {Coefficient of Parentheses contain Level 2 values
b4 - MEPEG De_fault J ! Barre/Montpelier VT | HMA Mix Gradation Thermal
— ( Contraction)
Al A2 A3=95mm
81 62 83-190m N1=-=10€05
e — | = m N2=13E05
Traffic Speed Water Table Depth - — - N3=20EQS
L U1=5mph WTi=2ft I -
U2 =25 mph WT2=5ft
U3 = 55 mph WT3 =8t | PG Binder Grade Surface Short
; — G1=PG58 34 Wave Absorptivity | |
G2 =58 28 MEPDG Defauit =
G3=6428 085

Figure 10: Vermont M-E PDG Inputs Level 3 and Level 2.
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/New York M-E PDG Inputs

Level 3
— Traffic Inputs Climate Inputs ‘ Matenal inputs
| e oot o
D - Asphalt
L Q(?A 41119)2 — Niagara Falls NY P Unbound Layer
Q2 - 6154 ‘ Dunkirk NY Materla[—lnputs Inputs
Q3 - 7161 ‘ Rochester NY - —
Effectlve Binder e ——————————
e e ) HMA Thickness
‘ Albany, NY — 116 months T1-80 Content Base Course
‘ Interpolated Data - 3 stations F1L 50% Resilient Madulus
Traffic Growth Rate Benminaton VT | T2-98 . F2 110% M1-25000
| RL-10% l N A ‘ _T3-110 | F3-130% M2 - 30000
R2=20% L Pittsfield MA ‘ | M3 15000
R3I-30% e _ ST T -
Massena NY - 66 months Nﬁber of HMA | Percent Air Voids Subgrade Resilient
— interpolated Data — 3 stations Layers 2 Vi=30% Modulus
Track Class i Saranac Lake NY "1 ACSurface-12 V2-40% E1 - 8000 proeer
Distnbution Plattsburg NY ACBinder-86 | V3-55% E2 - 25000
= D1~ Low Class L Watertown NY J E3 - 30000

D2 —High Class

D3 ~ MEPDG Default — - —— = CTC {Coefficient of

[
i | | Poughkeepsie, NY — 66 months HMA Mix Gradation ‘ Thermal
Interpolated Data ~ 3 stations ! A1 A2 A3-95mm Contraction) -
b Montgomery NY } BL B2 B3 - 190 mm N1-10E07
Danbury CT N2-13E05
Traffic Speed White Plalns NY i - L N3-10E04
U1l S5mph JR—— J—— — -
U2 =25 mph PG Binder Grade Jo—
U3 - 65 mph Syracuse, NY — 116 manths G1-PG 5834 Surface Short
— Interpotated Data - 3 stations G2 - PG 64 28 Wave Absorptivity | |
— Fuiton NY T G3-PG64 22 MEPDG Default -
Pen Yan NY G4 -PG 7022 085
Watertown NY | ©5-Pa7622 - -
Water Table Depth
WTL-3ft
WT2 6ft
WT3=10ft
WT4 - 1t

Figure 11: New York M-E PDG Inputs Level 3.
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. Massachusetts M-E PDG \

( Inputs Level 3
= o o
——-{ Traffic Inputs ——————Climate Inputs Material Inputs
Lo b ﬁ_rﬁﬁ
. | New Be;ford MA - 116 months—l
Track Trafhic Volume Interpolated, Data - 3 stations | [
cillm?s—?s - Taunton MA I Asphalt Unbound Layer
Q2;11080 Newport Rl Mate"al ‘np_uES Inputs
i Q3 = 1819 e Plymouth MA ~ _ [ rm—————
{ {“_—“‘“_"‘ Effective Binder e e
e ) i — — HMA Thickness
Base Course
- Boston, MA — 116 months | Tl= 80 ‘ F(lion;egt% Resilient Modulus
Traffic Growth Rate | Interpol;toe:i 22‘; _MSASta“QnS | T2-96 { F2-110% M1 = 25000
| R1=10% B(;’: S MA T3=110 l F3-130% M2 - 30000
R2-20% | e A ! IR M3 - 15000
R3=30% L - every =
Westﬁeld/S;r;r;%:Seld MA-51 Number of HMA 1 Percent Air Voids Subgrade Resihent
- ] = ) Modulus
Track Class Interpolated Data — 3 stations L ac ;a\;ers - 21 4 \\g g 80//0 Elo- ;0;0
pe urrace - o
Distribution Windsor CT AC Binder - 8.2 | V3=60% E2 - 25000
D1-LTPP Hartford CT v E3 - 30000
D2 —- Low Class | Pittsfreld MA
D3 - High Class - - T _ - . CTC (Coefficient of
D4 - MEPDG Default Worcester, MA — 116 months | HMA Mix Gradation Thermal
- - - Interpolated Data — 3 stations L AL A2 A3=95mm Contraction) |
- Fitchburg MA B1 B2 B3-190mm N1=10E 07
Orange MA N2=13E05
Traffic Speed Bedford MA — N3=10E 04
L Ul-5mph P - — —
U2 - 25 mph - .
U3 = 65 mph Water Table Depth PG Binder Grade Surface Short
WTL- 2 ft G1-PG52 34 Wave Absorptivity ||
WT2 =4 ft T G2 -PG 64 22 MEPDG Default -
WT3 =6 ft —W‘GBM: PG 94“28va B VWO 85 _

Figure 12: Massachusetts M-E PDG Inputs Level 3.
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3.3.1 General Inputs

The M-E PDG software requires that the designer specify certain general project
information such as pavement design life, base, subgrade and pavement construction
dates, and the traffic opening date. The software will calculate predicted pavement
distresses according to a reliability value which is selected by the user depending on the
importance of the project and road functional classification. The reliability is the
probability that the pavement will not achieve specific performance criteria over the

design period.

The default reliability value used for the M-E PDG sensitivity analysis was 90%.
Recommended reliability values for different roadway functional classifications are

presented in Table 9 (8).

Table 9: Levels of Reliability for Different Functional Classifications of the
Roadway (Ref: MEPDG; A Manual of Practice; July, 2008).

Functional Classification Urban Rural
Interstate/Freeways 95 92
Principal Arterials 90 &5
Collectors 80 75
Local 70 60

Table 10 presents the default failure limits for performance criteria which have been used

to perform this research.
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Table 10: Performance Criteria for Flexible Pavements — Failure Limits.

Performance Criteria Failure Limit
Terminal IRI (inches/mile) 172
AC Surface Down {Longitudinal) Cracking (feet/mile) 2000
AC Bottom-Up (Fatigue) Cracking (% area of lane) 25
AC Thermal Fracture — Crack Length (feet/mi) 1000
Permanent Deformation ~ Total Pavement (inches) 0.75
Permanent Deformation — AC Only (inches) 0.25

3.3.2 Traffic Inputs

The M-E PDG requires the initial 2-way average annual daily track traffic (AADTT)
value. This value can be calculated by using the software calculator and providing the
average annual daily traffic (AADT) and the percentage of heavy trucks (class 4 or higher
— FHWA/AASHTO Vehicle Classification). These two values can be estimated from the

specific DOT traffic count websites or from the LTPP road sections.

Truck Class Distribution values were obtained from the LTPP monitored traffic stations,
state WIM stations, default M-E PDG values and from Iowa DOT research studies with
similar road classtifications (19). Track class selections (class 4 to 13) were specified

based on the FHWA vehicle classification and the M-E PDG requirement.

Table 11 presents four cases of track class distribution investigated for the Massachusetts

sensitivity analysis.
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Table 11: Massachusetts Truck Class Distribution Summary.

CODE
TRUCK
D1 (LTPP-Control) | D2 (low class)* | D3 (high class)* D4 (Level 3)
CLASS
4 35 5.2 0.1 1.8
5 47.2 38.9 0.6 24.6
6 9.7 35.8 0.8 7.6
7 0.5 10.2 0.6 0.5
8 8.8 5.6 6.8 5.0
9 29.8 35 9.2 31.3
10 0.4 0.2 25.8 9.8
11 0.1 0.3 36.4 0.8
12 0.0 0.2 16.5 33
13 0.0 0.1 3.2 15.3

*Based on Sensitivity Study of Design Input Parameters for Flexible Pavement Systems using M-E PDG in Iowa DOT,

2004

Tables 12 and 13 present track class distribution summaries for Vermont and New York.

Table 12: Vermont Truck Class Distribution Summary.

TRUCK CODE
CLASS Di{from LTPP) D2 (low class)* D3 (high class)* D4 (Control)
4 5.5 5.2 0.1 1.8
5 43.0 38.9 0.6 24.6
6 10.8 35.8 0.8 7.6
7 34 10.2 0.6 0.5
8 7.6 5.6 6.8 5.0
9 25.9 3.5 9.2 313
10 32 0.2 25.8 9.8
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Table 12 Continued

11 0.0 0.3 36.4 0.8
12 0.4 0.2 16.5 3.3
13 0.2 0.1 32 15.3
*Based on Sensitivity Study of Design Input Parameters for Flexible Pavement Systems using M-E PDG in lowa DOT,
2004
Table 13: New York Truck Class Distribution Summary.
CODE
TRUCK | D (from LTPP)* | D1 (low class)** | D2 (high class)** D3 (Control)
CLASS
4 N/A 5.2 0.1 1.8
5 N/A 389 0.6 24.6
6 N/A 35.8 0.8 7.6
7 N/A 10.2 0.6 0.5
8 N/A 5.6 6.8 5.0
9 N/A 3.5 9.2 313
10 N/A 0.2 25.8 9.8
11 N/A 0.3 36.4 0.8
12 N/A 0.2 16.5 33
13 N/A 0.1 3.2 15.3

* - no LTPP Truck Class Distribution data

**. Based on Sensitivity Study of Design [nput Parameters for Flexible Pavement Systems using M-E PDG in lowa

DOT, 2004

Traffic operational speed depends on the road functional classification and varies from 55

mph in Vermont’s Rt. 7 (Functional Class 2), to 65 mph in Massachusetts’ [-195

(Functional Class 11). Traffic operational speed for this research was analyzed in

conjunction with different binder grades to observe the effects of slow and fast moving
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traffic. Three operational speeds were selected for the analysis: 5 mph, 25 mph and 65

mph (with the exception of Vermont at 55 mph).

Level 3 and 2 sensitivity analysis allows the use of many default values for traffic inputs
such as the monthly adjustment factors, hourly distribution, and axle load distribution

factors.

3.3.3 Climatic Inputs

Climate inputs needed by the M-E PDG are available from over 800 weather stations
embedded in this software. Multiple weather stations were selected for each state to
provide climatic information for pavement design locations. The user may select only one
weather station to obtain the data if the project is located less than 50 miles from the
station. If it is located more than 50 miles, the user should select and interpolate climatic
data from 2 to 6 surrounding weather stations. The weather stations selected to create the
virtual weather station should have similar elevations (8). Multiple weather stations are
recommended because of the possibility of missing data and errors in the database for a
single station. The state specific project locations and selected weather stations are
presented in details in the attached Appendixes A, B and C. As an example, Table 14

presents the virtual weather station interpolation results for a New Bedford, MA project.
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Table 14: Virtual Weather Station Interpolation Table for New Bedford, MA.

Nearest 3 #Months of
STATION Latitude Longitude Distance
Stations data
New Taunton, MA |  41.53 -71.01 14.0 99
Bedford
Lat. 4141 Newport, RI 41.32 -71.17 19.4 116
Lon. -70.58
Elev. 78 fi Plymouth, MA 41.55 -70.44 20.1 116

The water table depth is another climate input parameter that needs to be specified by the

user. This input value affects pavement distresses such as fatigue cracking, total rutting

and roughness of the pavement (IRI). Water table depths greater than 10 feet below the

planned surface elevation have minimal affect on the pavement distress predictions. The

current data for water table depths were obtained from the USGS website (20).

3.3.4 Asphalt Material Inputs

The asphalt layer thicknesses and grading were obtained from the LTPP database and the

DOT’s websites. The HMA mix grading was selected within the Superpave specification

limits. Table 15 presents the HMA mix grading input values for the surface (9.5 mm)

and the binder (19.0 mm) for all states.
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Table 15: HMA Mix Grading Input Values.

9.5 mm (3/8”) 19.0 mm (3/4™)
o/ it
% of Aggregate mean coarse fine mean coarse fine
Retained on 3/4”
] 0 0 0 14.0 18.6 12.0
sieve
Retained on 3/8”
5.0 8.2 3.6 24.0 32.4 19.8
sieve
Rctained on #4
. 35.0 48.3 22.1 42.0 52.0 34.5
sieve
Passing #200
) 6.0 2.8 8.5 5.0 2.8 7.2
sieve

The mean aggregate mix values are used as the inputs for a control file in the M-E PDG

sensitivity analysis.

The specific binder grade varies between states and they are listed in Table 16.

Table 16: Binder Grade Selections in VI, NT and MA.

State Binder Grades

Vermont PG 58-34, PG 58-28, PG 64-28

New York PG 58-34, PG 64-28, PG 64-22, PG 70-22, PG 76-22
Massachusetts PG 52-34, PG 64-22, PG 64-28

The mix coefficient of thermal contraction (CTC) default value of 1.3 E-05 (in/in/°F) was
used for Level 3 and Level 2 sensitivity analysis in all states. This is the coefficient of
thermal contraction of the AC mix, and is expressed as the change in length per unit

length for unit decrease in temperature. The typical values range from 2.2 to 3.4 /°C.
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3.3.5 Base and Subgrade Material Inputs

The unbound materials used in this research were based on the findings from another
research project conducted for the New England states (21), as well as on the State Soil
Geographic database (15). As an example, Table 17 presents the selected subgrade
material types and resilient modulus values for level 2 and 3 sensitivity analysis in

Vermont.

Table 17: Subgrade Types and Resilient Modulus Values for Vermont Level 2 & 3.

RESILIENT MODULUS
Material )
CODE | SUBGRADE TYPE (psi)
Classification

Level 2 Level 3
E1l Clayey soils A-7-6 11500 8000
E2 Fine sand, some silt A-2-4 21500 32000

Coarse to fine
gravelly, coarse to
E3 medium sand, some A-1-a 29500 40000
fine sand

The base layer material characteristics for the analysis were obtained from the DOT web
sites, or when unavailable, the M-E PDG default values were selected. The State Final
Reports (Appendix A, B and C) contain base layer input values for VT, NY and MA. The
subgrade type resilient modulus range for level 2 is much smaller than level’s 3
sensitivity analysis, giving more conservative approach for this research. Usually level 3

inputs should be lower than level’s 2, as this level is less certain.
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Chapter 4: Data Analysis, Results and Discussion

The results of the M-E PDG software runs for the evaluated input parameters provided
numerous charts and tables. The results of all software runs are presented in separate state
reports (Appendix A, B, and C). This chapter presents the general conclusions and

discussion for all data.

4.1 Normalization of Distresses

Normalization of the distresses was done to compare the effects of each input parameter
on predicted distresses. This method of normalization is based on the variability of
distresses about the control. The normalized value describes how the specific distress
varies about the control value. For a significant variable the normalized value is higher

than for an insignificant value.

The normalized distress levels are calculated as the ratio of the difference between the
maximum and minimum predicted distresses for each input variable to the distress levels
corresponding to the control set of input values. The normalized values in this research
were used to determine the significance of the input variables on the predicted pavement

distress. Equation 1 presents the calculation method.
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Equation 1: Normalized Value Parameter

Maximum Distress — Minimum Distress

N = normalized value

Distress for control input set

As an example, two variables were observed to determine the normalized values for

fatigue (top-down) cracking, one with a significant influence on the predicted pavement

distress, and the other one with a minimal impact. Tables 18 and 19 present the predicted

pavement distress values for HMA thickness, and HMA effective binder content

variables in Massachusetts. Equations 2 and 3 present the calculations and results.

Table 18: Predicted Pavement Distresses for HMA Thicknesses in MA.

HMA Bottom-Up Top-Down
Thickness, Cracking, Cracking, AC Rutting, in | Total Rutting, in | IR, in/mi
in % area of lane ft/mi
8.0 1.63 136791 0.204 0.489 168.2
9.6 151 696.46 0.196 0.426 164.99
{(Control)
11.0 1.47 347.56 0.174 0.378 162.54

Equation 2: Nermalized Value Calculation for Top-Down Cracking and HMA

Thickness.

_ 1367.91 - 347.56

696.46

51

= 1.465



Table 19; Predicted Pavement Distresses for HMA Effective Binder Contents in

MA.
HMA Bottom-Up Top-Down
Effective Cracking, Cracking, . .. . .
. 7 l;
Binder % area of lane fomi AC Rutting, in | Total Rutting, in | IR, in/mi
Content, %
10.0 1.52 735.86 0.189 0.417 164.52
11.0 1.51 696.46 0.1%6 0.426 164.99
(Control)
12.0 1.50 663.95 0.203 0.435 165.41

Equation 3: Normalized Value Calculation for Top-Down Cracking and HMA
Effective Binder Content.

4.2

_ 735.86 —

663.95

696.46

= 0.103

M-E PDG Sensitivity Analysis Results by State

The tables and graphs presented below are results of sensitivity analysis studies prepared

for VT, NY and MA. This research investigated the effect of selected input variables (15

variables) on five predicted pavement distresses:

1. Longitudinal (top-down) cracking, ft/mi

2. Alligator (bottom-up) cracking, % area of lane

3. Asphalt concrete (AC) rutting, in

4. Total rutting, in

5. Smoothness IRI, in/mi.
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The transverse cracking pavement distresses were not investigated in this research due to
a M-E PDG software shortcoming that predicted no cracking (transverse cracking values
equal to “0”). Individual state analyses are discussed in the next three sections, followed

by the general discussion on the impact of various inputs.

4.2.1 Vermont sensitivity analysis results

The M-E PDG analysis in Vermont was performed for two hierarchical levels: Level 3

and 2.

Data presented in Tables 20 — 24 and Figures 13 — 22 show sensitivity analysis results for

Vermont Level 3 and 2.

VT Level 3 results

Table 20 presents normalized value results for the Vermont Level 3 sensitivity analysis.
Based on their ranks, Table 21 shows the six most significant input variables in
decreasing order of significance for the Vermont Level 3 sensitivity analysis. Figures 13
to 17 present significance of effect of each variable on the predicted pavement distress

based on the normalized value.
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Table 20: Normalized Values and Ranks for Vermont Level 3.

VERMONT LEVEL 3
Input Value Bottom-Up Cracking | Top-Down Cracking AC Rutting Total Rutting IRI
Value Rank Value Rank Value Rank Value Rank Value Rank
HMA thickness 0.079 1 0.997 1 0.145 8 0.218 4 0.027 4
HMA mix
gradation 0.013 6 0.258 9 0.395 3 0.198 5 0.025 6
HMA air voids 0.053 2 0.546 3 0.125 9 0.069 12 0.009 11
HMA cffective
binder content 0.033 5 0.28 8 0.151 7 0.085 10 0.007 12
HMA binder grade 0.013 6 0.242 10 0.296 5 0.157 7 0.019 8
Base type/modulus 0.013 6 0.302 7 0.039 13 0.061 13 0.007 12
Subgrade
typc/modulus 0.013 6 0.768 2 0.046 12 0.303 2 0.1 2
Ground water
table 0.007 7 0.203 11 0.066 11 0.102 9 0.012 10
WT with weakest
subgrade 0.013 6 0.018 14 0.033 14 0.074 11 0.009 11
Climate 0.007 7 0.083 12 0.263 6 0.118 8 0.013 9
AADTT value 0.053 2 0.423 5 0.474 2 0.259 3 0.032 5
Operational speed 0.046 3 0.433 4 0.98 1 0.488 1 0.059 3
Traffic growth rate 0.007 7 0.076 13 0.079 10 0.044 14 0.007 12
Traffic distribution 0.04 4 0.409 6 0.309 4 0.171 6 0.022 7
HMA CTC 0 8 0 15 0 15 0 15 0.005 13
Initial IRI 0 8 0 15 0 15 0 15 0.615 1
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Table 21: Ranking of Input Variable Significance for VT Level 3 Sensitivity

Analysis.
Bottom-Up Top-Down AC Rutting Total iRI
Cracking Cracking Rutting
Most HMA Thickness HMA Operational ' Operational Initial IRI
Significant Thickness Speed 1 Speed
Variable
HMA Air Voids Subgrade AADTT Subgrade Subgrade
Type/ Type/ Type/
Modulus Modulus Modulus
AADTT HMA Air HMA Mix AADTT Operational
Voids Gradation Speed
Operational Operational Traffic HMA HMA
Speed Speed Distribution Thickness Thickness
Traffic AADTT HMA HMA Mix AADTT
Distribution Binder Gradation
v Grade
Least HMA Effective Traffic Climate Traffic HMA Mix
Significant Binder Content Distribution Distribution Gradation
Variable

The “zero” value on the graph indicates, there is no impact of an input on a predicted

pavement distress. Figures 13 through 16 show the initial IRI input which has no impact
on the predicted pavement distresses such as bottom-up cracking, top-down cracking, AC

rutting and total rutting.
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Figure 13: VT Level 3 Significance of Effect of Input Variables on Bottom-Up

Cracking.
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Figure 14: VT Level 3 Significance of Effect of Input Variables on Top-Down

Cracking.
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Figure 15: VT Level 3 Significance of Effect of Input Variables on AC Rutting.

Initial IRI

Traffic distribution
Traffic growth rate
Operational speed
AADTT value .
Climate

R ‘SN IV S

WT with weakest subgrade

Ground water table

U S A

Subgrade type/modulus

Base type/modulus

HMA binder grade

HMA effective binder content
HMA air voids

HMA mix gradation

HMA thickness

i
H
|
H
| |
i |

R RV

T
|
|

e e e
S

o

0.1 0.2 0.3 0.4 0.5 0.6

Normalized Values

Figure 16: VT Level 3 Significance of Effect of Input Variables on Total Rutting.
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Figure 17: VT Level 3 Significance of Effect of Input Variables on IRI.

HMA thickness had a significant effect on both fatigue cracking distresses (bottom-up
and top-down). Both of these distresses increased with the decrease of HMA thickness
layer. Longitudinal (top-down) cracking was greatly affected, when the HMA layer
thickness was reduced to 7.0”. In this example, the failure in pavement compared to the
design limit, which occurred after 18 years of service life (Appendix A, Figure 51A). The
trends observed were reasonable for total rutting and IRI, with the highest distress/IRI for

the thinner HMA (Appendix A, Figures 53A and 54A) (Table 21).

Traffic composition (i.e., operational speed, AADTT, and vehicle class distribution) are
expected to influence the extent of pavement condition deterioration. Based on the
literature review, pavement deterioration is significantly increased as the traffic

composition is dominated by heavier trucks and axle loads. In Vermont, the AADTT
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value for the selected LTPP road section has a moderate rate of 10.35%. With the
operational speed of 55 mph and the LTPP track distribution, the traffic composition
impact was greatest on AC rutting and total rutting (Figures 15 and 16), and a moderate
effect on fatigue (bottom-up) alligator cracking (Figure 13). Operational speed had a
significant effect on both rutting pavement distresses, with the highest distresses for the

lower speed value (Appendix A, Figures 70A to 84A).

The effect of subgrade type on pavement performance was determined by comparing
distress and IR over time with subgrade types (Appendix D — AASHTO Classification).
Three soil types were chosen (A-1-a, A-2-4, and A-7-6) along with typical default inputs
recommended for use in the M-E PDG and shown in Appendix A, Table 32A. Figures
90A, 93A, and 94A (Appendix A) present the effect of subgrade soil type on predicted
distresses and roughness. [n general, the lower the subgrade type/modulus the higher

alligator fatigue cracking, rutting and IRI.

Changes in HMA parameters such as air voids or effective binder content were expected
to have an effect on pavement distresses. Based on this research, an increase of air void
content in the HMA layer results in a large increase in fatigue alligator and longitudinal
cracking (Appendix A Figures 45A and 46A). There were no observed effects on the
remaining pavement distresses and IRI with changes in air voids (Appendix A Figures
47A through 49A). The moderate effect of change in the effective binder content was
only observed for fatigue alligator (bottom-up) cracking and longitudinal (top-down)
cracking (Appendix A Figure 40A through 44A). In general, the increase of binder

content reduces alligator and longitudinal cracking and increases rutting (AC and total).
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There is no impact of change in the effective binder content to the pavement roughness

IRL

The effect of climate on the predicted distress and IRI was determined by selecting three
representative weather stations for Vermont and three ground water table depths (2 ft, 5
ft, and 8 ft), and using the representative data to simulate climate condition across the
state Appendix A Figures 30A through 39A). Table 21 presents the moderate effect of
climate change only for AC rutting. In general, higher pavement distresses were observed
in the southern part of the state due to warmer temperatures (Appendix A Figures 30A
through 33A). The effect of ground water table level change was insignificant for all of
the predicted pavement distresses. The ground water table eftect is not reasonable to the
current pavement design knowledge, and it needs to be reevaluated with the new M-E

PDG version.

The moderate effect of HMA mix grading was observed mostly for AC rutting and total
rutting (Table 21). In general, the coarse aggregates used for the production of HMA
pavements, exhibited a higher level of all pavement distresses and IRI (Appendix A

Figures 65A through 69A).

The effect of a binder grade selection was observed on AC rutting pavement distress. The
binder grade selection is presented in Appendix A Table 26A, and the effects on the
predicted pavement performance in Figures 70A through 84A (Appendix A). It was
observed, that the lower HMA binder grades (PG 58) exhibited a higher level of all

distresses and IR, when compared to the higher binder grades (PG 64).
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Table 22 presents Vermont’s overall ranking summary of the significance of each input
parameter on the performance of flexible pavement. This ranking method finds the most
significant variables which impact the predictions of pavement distresses in the state.
This method is very subjective and depends on the variables chosen by the researcher. In
this example, based on the total ranking points (smaller numbers affected more), the
following variables have a significant impact on pavement distress prediction in

Vermont:

1. Operational speed

2. AADTT value

3. HMA thickness

4. Subgrade type/modulus
5. Traffic distribution

6. HMA mix grading

7. HMA binder grade.

In the above overall order of significance ranking, the high position of vehicle operational
speed is surprising. This research did not investigate how realistic the ranking of vehicle
speed is as a variable for pavement performance predictions. It is up to the state agency to
decide if a change of vehicle speed and its range could really affect the pavement

performance.
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Table 22: VT Ranking Summary of Significance of Each Input Parameter on the Performance of Flexible Pavement

VERMONT LEVEL 3
Input Variable Bottom-Up | Top-Down | ACRutting | Total Rutting IRt
Total Ranking Points Overall Order of
Rank Rank Rank Rank Rank . Significance
HMA thickness 1 1 8 4 4 18 3
HMA mix gradation 6 9 3 5 6 29 6
HMA air voids 12 11 37
HMA effective 5 8 10 12 42
binder content
HMA binder grade 10 5 7 8 36 7
Base type/modulus 7 13 13 12 51 11
Subgrade 6 2 12 2 2 24 4
type/modulus
Ground water table 11 11 9 10 48 10
WT with weakest 6 14 14 11 11 56 13
kubgrade
Climate 7 12 6 8 9 42
AADTT value 2 17
Operational speed 3 4 12
Traffic growth rate 7 13 10 14 12 56 13
Traffic distribution 4 6 4 6 7 27 5
HMA CTC 8 15 15 15 13 66 14
nitial IRI 8 15 15 15 1 54 12
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VT Level 2 results

For VT Level 2 sensitivity analysis, only 10 input variables were selected. As a new
variable, mix coefficient of thermal contraction (CTC) was added to the level 2

sensitivity analysis.

Table 23 presents normalized values and their ranks for Level 2 sensitivity analysis in

VT.

Table 24 presents top five significant ranks of input variables for VT Level 2 sensitivity
analysis. Variables are presented in decreasing order for each investigated performance
indicator. Figures 18 to 22 present significance of effect of each variable on the predicted

pavement distress based on the normalized value ranks from Table 23.
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Table 23: Normalized Values and Ranks for Vermont Level 2.

VERMONT LEVEL 2
Bottom-Up Top-Down AC Rutting Total Rutting IRI
Input Variable Cracking Cracking '
Value Rank Value Rank Value Rank Value Rank Value Rank
HMA air voids 0.065 3 0.551 3 0.126 5 0.066 6 0.009 8
HMA effective binder 0.033 5 0.297 6 0.153 3 0.080 5 0.011 7
content
HMA CTC 0.000 8 0.000 9 0.000 8 0.000 9 0.098 2
Base type/modulus 0.013 7 0.185 7 0.022 7 0.032 8 0.005 10
Subgrade type/modulus 0.020 6 0.672 2 0.033 6 0.096 4 0.075 3
WT with weakest 0.020 6 0.022 8 0.033 6 0.055 7 0.008 9
subgrade
AADTT value 0.072 2 0.436 4 0.470 1 0.261 1 0.037 4
Traffic distribution 0.039 4 0.307 5 0.333 2 0.172 3 0.024 6
Initial IRI 0.000 8 0.000 9 0.000 8 0.000 9 0.600 1
HMA thickness 0.131 1 1.153 1 0.148 4 0.222 2 0.032 5
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Table 24: Ranking of Input Variable Significance for VT Level 2 Sensitivity

Analysis.
Bottom-Up
Cracking
Most HMA
Significant  Thickness
Variable
AADTT
HMA Air
Voids
Traffic
Distribution
v
HMA
Least .
Lo Effective
Significant .
. Binder
Variable
Content

Top-Down
Cracking

HMA Thickness

Subgrade Type/
Modulus

HMA Air Voids

AADTT

Traffic
Distribution

AC Rutting

AADTT

Traffic
Distribution

HMA Effective
Binder Content

HMA
Thickness

HMA Air Voids

Total Rutting

AADTT

HMA
Thickness

Traffic
Distribution

Subgrade

Type/
Modulus

HMA
Effective
Binder
Content

IRI

Initial IRI

HMA CTC

Subgrade
Type/
Modulus

AADTT

HMA
Thickness

The “zero” value on the graph indicates, there is no impact of an input on a predicted

pavement distress. As an example, Figures 18 through 21 present the initial IRI and the

HMA CTC inputs which have no impact on the predicted pavement distresses such as:

bottom-up cracking, top-down cracking, AC rutting and total rutting.

The predicted distresses and trends were observed to be similar with Level 3 sensitivity

analysis, with slightly higher values predicted for Level 2 (Figure 13 through 22).
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The effect of a new variable (mix coefficient of thermal contraction CTC) in this level of
sensitivity analysis was insignificant for all of pavement distresses (zero value in Figures

18 through 21), and had only small effect on the roughness IRI prediction (Figure 22).
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Figure 18: VT Level 2 Significance of Effect of Input Variables on Bottom-Up
Cracking.
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Figure 19: VT Level 2 Significance of Effect of Input Variables on Top-Down
Cracking.
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Figure 20: VT Level 2 Significance of Effect of Input Variables on AC Rutting.
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Figure 21: VT Level 2 Significance of Effect of Input Variables on Total Rutting.
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Figure 22: VT Level 2 Significance of Effect of Input Variables on IRI.
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4.2.2 New York sensitivity analysis results

The M-E PDG sensitivity analysis in New York State was performed only for Level 3
because the NY DOT was not interested in participating in the research in order to
provide Level 2 input values. Table 26 presents the six most significant input variables
from the NY State Level 3 sensitivity analysis. The input variables in the table are
presented in decreasing order of their significance for each investigated performance
indicator. Figures 23 to 27 present significance of effect of each variable on the predicted
pavement distress based on the normalized value. The normalized values for New York

State are presented in Table 25.

Data presented in Tables 25 — 27 and Figures 23 — 27 showing sensitivity analysis results

for New York Level 3.
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Table 25: Normalized Values and Ranks for New York Level 3.

NEW YORK LEVEL 3
Input Variable Bottom-Up Top-Down AC Rutting Total Rutting IRI
Value Rank Value Rank Value Rank Value Rank Value Rank
HMA thickness 0.175 1 2.550 1 0.155 9 0.208 5 0.024 7
HMA mix 0.019 11 0.417 8 0.244 6 0.134 8 0.015 10
gradation
HMA air voids 0.130 2 1.047 5 0.113 11 0.063 11 0.002 14
HMA effective 0.026 10 0.141 12 0.167 8 0.089 9 0.020 8
binder content
HMA binder grade 0.065 5 1.409 3 0.768 0411 2 0.046 6
Base type/modulus 0.032 9 0.295 10 0.065 13 0.066 10 0.008 12
Subgrade 0.078 4 1.206 4 0.173 7 0.395 3 0.102 4
type/modulus
Ground water 0.058 6 0.436 7 0.137 10 0.134 8 0.008 12
table
WT with weakest 0.078 4 0.010 14 0.077 12 0.061 12 0.009 11
subgrade
Climate 0.045 8 0.881 6 0.786 2 0.392 4 0.149 2
AADTT value 0.045 8 0.326 9 0.292 5 0.161 7 0.019 9
Operational speed 0.091 3 1.633 2 1.024 1 0.529 1 0.061 5
Traffic growth rate 0.013 12 0.082 13 0.137 10 0.045 13 0.005 13
Traffic distribution 0.052 7 0.224 11 0.327 4 0.166 6 0.019 9
HMA CTC 0.000 13 0.000 15 0.000 14 0.000 14 0.115 3
Initial IRT 0.000 13 0.000 15 0.000 14 0.000 14 0.577 1
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Table 26: Ranking of Input Variable Significance for NY Level 3 Sensitivity

Analysis.
Bottom-Up
Cracking
Most HMA
Significant thickness
Variable
HMA air voids
Operational
speed
Subgrade
type/modulus
WT with
' weakest
il subgrade
Least HMA binder
Significant grade
Variable

Top-Down
Cracking

HMA
thickness

Operational
speed

HMA binder
grade

Subgrade
type/modulus

HMA air voids

Climate

AC Rutting

Operational
speed

Climate

HMA
binder
grade

Traffic
distribution

AADTT
value

HMA mix
gradation

Total Rutting IRI
Operational .
Initial IRI
speed
HMA binder .
Climate
grade
Subgrade
HMA CTC

type/modulus

. Subgrade
Climate
type/modulus
HMA Operational
thickness speed
Traffic HMA binder
distribution grade

The “zero” value on the graph indicates, that there is no impact of an input on a predicted

pavement distress. As an example, Figures 23 through 26 present the initial IRI and the

HMA CTC inputs which have no impact on the predicted pavement distresses such as:

bottom-up cracking, top-down cracking, AC rutting and total rutting.

In New York, HMA thickness had a significant effect on bottom-up and top down fatigue

cracking distresses. Both of these increased with the decrease of HMA thickness
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(Appendix B Figures 57B and 58B). The most significant effect of fatigue top-down
cracking was especially visible when the HMA layer thickness was reduced to 8.0”
(Appendix B Figure 58B). In general, all pavement distresses and roughness IRl were
increased with the decrease of the total HMA thickness (Appendix B Figures 57B

through 62B).

Traffic variables such as operational speed, AADTT, and vehicle class distribution had an
expected influence on the predicted pavement distresses and roughness IRI (Figures 23
through 27). Operational speed was the most significant variable with a large impact on
AC rutting and total rutting (Appendix B Figures 26B through 30B). In general, for all
pavement distresses and roughness IR1, values increased with the decrease of the
operational speed. For the AADTT and the vehicle class distribution (axle loads) as was
expected, with the increase of these two variables the predicted pavement distresses and
IRI increased as well. This study had confirmed this prediction as well (Appendix B

Figures 31B — 35B, and Figures 16B — 20B).

The effect of binder grade selection was observed in New York State for all types of
predicted pavement distresses and roughness IRI. The selected binder grades were
analyzed in conjunction with three different operational speeds. The selected binder
grades are listed in Table 22B (Appendix B). The significant effect of a selected binder
grade was observed on fatigue top-down cracking, and both rutting distresses (AC and
total). The small effect was visible on the fatigue (bottom-up) cracking distress and
roughness IRI. In both examples, the lower selected pavement grade exhibited a higher

distress level and a higher roughness IRI value (Appendix B Figures 77B through 91B).
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The New York climate had a significant effect on fatigue top-down cracking and AC
rutting, and moderate effects on total rutting and roughness IRI. The influence of climate
in NY is very important due to the size of the state, geographic characteristics and local
temperature variations. In general, higher predicted pavement distresses in southern state
locations were observed (Appendix B Figures 36B through 39B). The opposite effects of
binder grades on roughness and thermal cracking were observed in Figures 40B and 41B
(Appendix B). In those two examples, the state’s northern location exhibited a higher

thermal cracking distress and a higher roughness IRI value.

Changes in HMA parameters such as air voids (%) or effective binder content (%) were
expected to have an influence on pavement distresses. This expectation was only
confirmed for the air voids content and its influence on fatigue bottom-up and top-down
cracking. Increased HMA air voids content caused a large increase of fatigue alligator
and longitudinal cracking distresses (Appendix B Figures 52B and 53B). The effective
binder content variations within the state tolerances did not influence any of the predicted

pavement distresses or roughness IR1.

The effect of subgrade type (AASHTO Classification) on performance was determined
by comparing distress and IRI prediction over time with selected subgrade types
(Appendix B Figures 97B to 101B). Figure 98B and 99B (Appendix B) showed
unexpected results for the weaker subgrade type (A-7-6), where there was no influence
on fatigue (top-down) cracking, and an opposite than expected effect on subtotal rutting.
In general, the lower the subgrade type/modulus, there could be expected higher

pavement distresses and IRI.
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The effect of the mix coefficient of thermal contraction CTC in this level of sensitivity
analysis was insignificant for all of pavement distresses (zero value in Figures 23 through
26), and the mix coefficient had only moderate effect on the roughness IRI prediction
(Figure 27). The increase of the CTC value affected the increase in roughness [RI

(Appendix B Figure 111B).
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Figure 23: NY Level 3 Significance of Effect of Input Variables on Bottom-Up
Cracking.
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Figure 24: NY Level 3 Significance of Effect of Input Variables on Top-Down
Cracking.
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Figure 25: NY Level 3 Significance of Effect of Input Variables on AC Rutting.
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Figure 26: NY Level 3 Significance of Effect of Input Variables on Total Rutting.
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Figure 27: NY Level 3 Significance of Effect of Input Variables on IRI.
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Table 27 presents the New York overall ranking summary of significance of each input
parameter on the performance of flexible pavement. This ranking method finds the most
significant variables which impact the predictions of pavement distresses in the state.
This method is very subjective and depends on the variables chosen by the researcher. In
this example, based on the total ranking points (smaller numbers had a higher effect), the
following variables have a significant impact on the pavement distress prediction in New

York:

1. Operational speed

2. HMA binder grade

3. Climate and subgrade type/modulus
4. HMA thickness

5. Traffic distribution

6. AADTT

In the above overall order of significance ranking the high position of the operational
speed was surprising. This research did not investigate how realistic ranking of vehicle
speed is as a variable for pavement performance predictions. It is up to the state agency to
decide if the change of vehicle speed and its range could really affect the pavement

performance.
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Table 27: NY Overall Ranking Summary of Significance of Each Input Parameter on the Performance of Flexible

Pavement.
NEW YORK LEVEL 3
Input Variable Bottom-Up Top-Down | AC Rutting | Total Rutting IRI Total Ranking Overall Order of
Points Significance
Rank Rank Rank Rank Rank
HMA thickness 1 1 9 5 7 23
HMA mix 11 8 6 8 10 43
gradation
HMA air voids 2 5 11 11 14 43 7
HMA effective 10 12 8 9 8 47 8
binder content
HMA binder grade 5 3 3 2 6 19 2
Base type/modulus 9 10 13 10 12 54 10
Subgrade 4 7 3 4 22 3
type/modulus
Ground water table 6 7 10 8 12 43 7
WT with weakest 4 14 12 12 11 53 9
subgrade
Climate 8 6 2 4 2 22 3
AADTT value 8 9 5 7 9 38 6
Operational spced 2 | 1 5 12 1
Traffic growth rate 12 13 10 13 13 61 13
Traffic distribution 7 11 4 6 9 37 5
HMA CTC 13 15 14 14 3 59 12
Initia} IRI 13 15 14 14 1 57 11
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4.2.3 Massachusetts sensitivity analysis results

In Massachusetts, only Level 3 sensitivity analysis was performed due to lack of Level 2
input data. In spite of many requests, the MA DOT did not provide any inputs for this
level. Table 28 shows all input variables used for the study, as well as their ranks based
on the normalized values from the final analysis. Table 29 presents the six most
significant input variables for the Massachusetts Level 3 sensitivity analysis. The input
variables in the table are presented in decreasing order of significance for each
investigated performance indicator. Figures 28 to 32 present the significance of effect of

each variable on the predicted pavement distress based on the normalized value (Table

26).

Data presented in Tables 28 — 30 and Figures 28 — 32 showing sensitivity analysis results

for Massachusetts Level 3.
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Table 28: Normalized Values and Ranks for Massachusetts Level 3.

MASSACHUSETTS LEVEL 3
Input Variable Bottom-Up Top-Down AC Rutting Total Rutting IRI
Value Rank Value Rank Value Rank Value Rank Value Rank
HMA thickness 0.106 1 1.465 1 0.153 7 0.261 4 0.034 8
HMA mix 0.013 7 0.289 11 0.235 6 0.134 8 0.018 10
gradation
HMA air voids 0.086 2 0.942 3 0.133 8 0.075 11 0.010 13
HMA cffective 0.013 7 0.103 12 0.071 10 0.042 13 0.005 15
binder content
HMA binder grade 0.033 4 0.902 5 0.755 2 0.406 2 0.053 5
Base type/modulus 0.026 5 0.360 9 0.087 9 0.101 9 0.013 11
Subgrade 0.013 7 0.623 6 0.046 13 0.202 7 0.084 3
type/modulus
Ground water table 0.013 7 0.349 10 0.061 12 0.096 10 0.012 12
WT with weakest 0.020 6 0.015 14 0.046 13 0.063 12 0.008 14
subgrade
Climate 0.026 5 0.506 7 0.469 3 0.235 5 0.039 7
AADTT value 0.026 5 0411 8 0.332 5 0.207 6 0.027 9
Operational speed 0.046 3 1.096 2 1.051 1 0.556 1 0.072 4
Traffic growth rate 0.007 8 0.069 13 0.066 11 0.040 14 0.005 15
Traffic distribution 0.086 2 0.908 4 0.429 4 0.289 3 0.044 6
HMA CTC 0.000 9 0.000 15 0.000 14 0.000 15 0.087 2
Initial IR1 0.000 9 0.000 15 0.000 14 0.000 15 0.588 1
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Table 29: Ranking of Input Variable Significance for MA Level 3 Sensitivity

Analysis.

Most
Significant
Variable

v

Least
Significant
Variable

Bottom-Up
Cracking

HMA
thickness

HMA air
voids

Traffic
distribution

Operational
speed

HMA
binder

grade

AADTT
value

Top-Down .
. AC Rutting
Cracking
Operational
HMA thickness P
speed
Operational HMA binder
speed grade
HMA air voids Climate
Traffic Traffic
distribution distribution
HMA binder
AADTT value
grade
{
Subgrade HMA mix
type/modulus gradation

Total Rutting

Operational
speed

HMA binder
grade

Traffic
distribution

HMA

thickness

Climate

AADTT value

IRI

Initial IRI

HMA CTC
Subgrade
type/modulus
Operational

speed

HMA binder
grade

Traffic
distribution

The “zero” value on the graph indicates that there is no impact of an input on a predicted

pavement distress. As an example, Figures 28 through 31 present the initial IRI and the

HMA CTC inputs which have no impact on the predicted pavement distresses such as:

bottom-up cracking, top-down cracking, AC rutting and total rutting.

HMA thickness had a significant effect on both fatigue cracking distresses (bottom-up

and top-down). Both of these pavement predicted distresses increased with the decrease

of HMA thickness (Appendix C Figures S9C — 60C). The moderate effect of HMA

thickness was observed for total rutting, and a small effect was observed for AC rutting in
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Figures 62C and 61C (Appendix C). As was expected for the thinner HMA layers, higher

pavement distresses and IRI were observed.

Traffic variables such as operational speed, AADTT, and vehicle class distribution had an
expected influence on the predicted pavement distresses and roughness IRI (Figures 28
through 32). Operational speed was the most significant variable with the greatest impact
on AC rutting and total rutting (Appendix C Figures 29C through 33C). In general, for all
pavement distresses and roughness IR, the decrease of the operational speed increased
distresses and IRI values. For the AADTT and the vehicle class distribution (axle loads),
as was expected, with the increase of the track traffic and axle load values, the predicted
pavement distresses and IRI increased as well. This study had confirmed this prediction

as well (Appendix C Figures 34C — 38C and Figures 19C — 23C).

The effect of binder grade selection was observed in Massachusetts for all types of
predicted pavement distresses and roughness [RI. The selected binder grades were
analyzed in the conjunction with three different operational speeds (5, 25 and 65 mph).
The selected binder grades are listed in Table 23C (Appendix C). The significant effect of
a selected binder grade was observed on fatigue top-down cracking, and both of rutting
distresses (AC and total). The small effect was visible on the fatigue (bottom-up)

cracking distress and roughness IRI. In both examples, the lower selected pavement grade
exhibited a higher distress level and a higher roughness IRI value (Appendix C Figures

79C through 93C).

Changes in HMA parameters such as air voids (%) or effective binder content (%) were

expected to have an influence on predicted pavement distresses in Massachusetts. This
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expectation was only confirmed for the air voids content and its influence on fatigue
bottom-up and top-down cracking distresses. Increased HMA air voids content caused a
large increase of fatigue alligator and longitudinal cracking pavement distresses
(Appendix C Figures 54C and 55C). The effective binder content variations within the
MA DOT tolerance limits did not influence any of the predicted pavement distresses or

roughness IRI.

The Massachusetts climate effects were observed in Figures 39C through 43C (Appendix
C). Four climatic weather stations and three ground water table levels were selected. The
influence on a predicted pavement performance was only observed for the weather station
variables, with moderate effects on AC and total rutting, and on fatigue top-down
cracking distress. In general, the southern state locations had a higher predicted distress
level, with the exception of roughness IRI value prediction, whereas the northern parts of
the state exhibited higher values. The ground water table level variable was insignificant
for all of the predictions (Table 26). The ground water table effect is not consistent to
current pavement design knowledge, and it needs to be reevaluated with the new M-E

PDG version.

The effect of subgrade type (AASHTO Classification) on performance was determined
by comparing distress and IR prediction over time with selected subgrade types
(Appendix C Figures 99C to 103C). Figure 100C and 101C (Appendix C) showed
unexpected results for the weaker subgrade type (A-7-6), where there was almost no
influence on fatigue (top-down) cracking, and an opposite then expected effect on AC

rutting (a weaker subgrade type effected pavement distress less than a stronger subgrade).
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In general, the lower the subgrade type/modulus the higher the pavement distresses and

IRI would be expected.

The effect of mix coefficient of thermal contraction CTC in this level of sensitivity
analysis was insignificant for all of pavement distresses (zero value in Figures 28 through

31), and had only smalli effect on the roughness IRI prediction (Figure 32).
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Figure 28: MA Level 3 Significance of Effect of Input Variables on Bottom-Up
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Initial IR|

HMA CTC

Traffic distribution

Traffic growth rate
Operational speed

AADTT value

Climate

WT with weakest subgrade
Ground water table
Subgrade type/modulus
Base type/modulus

HMA binder grade

HMA effective binder content
HMA air voids

HMA mix gradation

HMA thickness

.
e e ——

04

z

\

|

|
{d

|

d

0.5 0.6 0.7

Figure 32: MA Level 3 Significance of Effect of Input Variables on IRI.

86



Table 30 presents the Massachusetts overall ranking summary of significance of each
input parameter on the performance of flexible pavement. This ranking method identifies
the most significant variables which impact the predictions of pavement distresses in the
state. This method is very subjective and depends on the variables chosen by the
researcher. In this example, based on the total ranking points (smaller numbers indicate a
greater effect), the following variables have a significant impact on the pavement distress

prediction in Massachusetts:

1. Operational speed
2. HMA binder grade
3. Traffic distribution
4. HMA thickness

5. Climate

6. AADTT

7. Subgrade type/modulus.

In the above overall order of significance ranking the high position of the operational
speed was surprising. This research did not investigate how realistic ranking of vehicle
speed is as a variable for pavement performance predictions. It is up to the state agency to
decide if the change of vehicle speed and its range could really affect the pavement

performance.
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Table 30: MA Overall Ranking Summary of Significance of Each Input Parameter on the Performance of Flexible

Pavement.
MASSACHUSETTS LEVEL 3
Input Variable Bottom-Up Top-Down AC Rutting Total Rutting IRI Total Ranking Overall Order
Rank Rank Rank Rank Rank Points of Significance
HMA thickness 1 1 7 4 8 21 4
HMA mix 7 11 6 8 10 42 9
gradation
HMA air voids 2 3 8 11 13 37 8
HMA effective 7 12 10 13 15 57 14
binder content
HMA binder grade 4 5 2 2 5 18 2
Base type/modulus 5 9 9 9 11 43 10
Subgrade 7 6 13 7 3 36 7
type/modulus
Ground water table 7 10 12 10 12 51 11
WT with weakest 6 14 13 12 14 59 15
subgrade
Climate 5 7 3 5 7 27 5
AADTT value 5 8 5 6 9 33 6
Operational speed 3 2 1 1 4 11 1
Traffic growth rate 8 13 11 14 15 61 16
Traffic distribution 2 4 4 3 6 19 3
HMA CTC 9 15 14 15 2 55 13
Initial IRT 9 15 14 15 1 54 12
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4.3 Impact of Traffic Inputs on M-E PDG predictions

Level 3 and 2 M-E PDG sensitivity analysis required a large number of traffic inputs. The
M-E PDG uses the full axle-load spectrum data for flexible new pavements. The axle-
load spectra are obtained from processing weighting-in-motion (WIM) data. The M-E
PDG defaults values were determined from an analysis of nearly 200 WIM stations from
the Long Term Pavement Performance (LTPP) program. The results from this study

show which traffic inputs are significant for the pavement predictions.

Operational speed was the most significant variable of the traffic inputs. The sensitivity

analysis results are especially visible in the AC rutting and total rutting predictions.

Annual Average Daily Truck Traffic (AADTT) value in all three investigated states also
had a significant effect on the predicted pavement performance distresses. This value
could be obtained from the historic traffic data sites, either from the DOT or LTPP
database. AADTT value affects both rutting predictions (AC and total), as well as fatigue

bottom-up and top-down cracking.

The effect of traffic distribution was observed in Massachusetts for all the predicted
pavement performance indicators. In Vermont and New York, a significant effect was
only visible for AC and total rutting predicted distresses. The M-E PDG default AADTT
option allows the designer to choose between different truck distributions depending on
the road functional classification. Table 31 presents the options for selecting AADTT
defaults based on the road functional classification and heavy truck traffic characteristics

(vehicle class 4 to 13).
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Table 31: AADTT Default Options.

Ch il Birts e TR wem - oo ‘S?
Select generalcalegoy  [FiBGpa Aleia I AT E e ] wlocied Germrs Categon
= recommended BiRCipal Alleial e tat and D eTense oy Vehicle Class  Percent(%}
Prncipal Attenals  Others

[ =] 7] Bus% mgg égﬁ;’;‘;s le-unit(SU) Trucks Class 4 i 13
- i 1<2%; Minor Collectors =r frucks Class 5 lﬁ—_—'
- " s 1<2%}  |Local Routes and Streets le-trafier ruck o rh seme sirgk o0
ri j %1 1 i;::’.;i';? ‘(;@;z N;x@é trw“: traffic - tha hxgﬁﬁ}'{;vrchnfage of single-tr Class § E‘g"—."
r - 13 ;5‘2“’/3: {=10%; limed truck traffic with about 4 equal percentages of st
:E { 12 152%. 1>10% _ Predenunantly single-unt trucks Class 7 }'6'3—"“"
E o {f<2%; ”_@; - L:’Y ___ Predeminantly :,mgle-trader truck;
L— i7 “.iz%, 12-10% 1iked truck trafic with a tugher percenage of single-tr Class 8 ]7 [
r 1 (< 12-16% Hixed fruck traffic mfh atcut —qual rcantage: cf sirc
— iz |<¢ % s Zo16%, Predemnantly single_unt truchs Class 8 {?4
Vv * ~ 1 122%%" R (<2°'cﬁ o Pradcmxnanﬂy ~lr‘g|e-lraxler tmc}@
- = “1>2%) 1<2% 1 Predommanny \|rgL iradcf 7 iruchs wih a low percenta Class 10 11 2
_|'= KR 5 22%; T otazes Pr=demmantly ~mgl:-traxter Trucks eah alo., to medera
' < 1122%, 122%; Hed truch fraffic with a highsr percentage of ~u*gL.—uz Class 11 I3 4
r g g>2% 1<2%% tdxed truch traific with at:cui -qual pvrc:ntagea of s sin¢
Ts "2 n’:~2°’ Ta2%, o H«-:E';uclzwfra?f‘i—cwﬁéh ate grvr percentage of sirgle-w Class 12 {U 5
' 14 (>4 122% ¢ Pre:.*cmmantty \mglﬂ yni truchs
r 17 1>25% 142% 1tied wruchk traffic wih about equal single-unt ard spg  Class 13 fU 3

The traffic growth factor was found to have an insignificant effect on the prediction of

pavement distresses

The monthly adjustment and hourly distribution factors were found to be insignificant to

the prediction of pavement distresses.

4.4 Impact of Climate Inputs on M-E PDG predictions

All of the climate data necessary for the M-E PDG sensitivity analysis 1s available from
over 800 weather stations located across the U.S The designer must specify the project
location (longitude and latitude) to obtain the six closest weather stations. At least three

weather stations must be chosen for each project location to create a virtual weather
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station. The purpose of choosing more water stations was to avoid the possibility of
missing data and of obtaining errors from a single weather station. The climate variable

was found to have a significant effect on the AC and total rutting predictions.

The literature review shows that the climatic data have a significant affect on the thermal
cracking predictions. The occurrence was only observed in New York State, where the
thermal cracking model worked well, except for the Buffalo, NY location, where the
thermal crack length values decreased with the increase of time. In the other states the
task could not be completed due to the M-E PDG software shortcoming (transverse
cracking values equal to “0”). The example of the climate effect on the thermal cracking

distress is seen in Figure 33.
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Figure 33: Effect of Climate on Thermal Cracking in NY State.
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The water tablg depth was another climate input parameter selected for this study. This
variable was found to have an insignificant effect on the most of the predicted pavement
distresses, with only small effect on total rutting and fatigue (bottom-up) cracking. This
finding does not seem to be reasonable, and it needs to be reevaluated in a future research

using a new M-E PDG software version.

4.5 Impact of Pavement Layer Inputs on M-E PDG predictions

The research study considered pavement layer inputs variables such as: thicknesses and
types of all layers in the pavement structure. The typical pavement structure consists of
four layers: two asphalt layers (surface and binder), base layer and subgrade. The
designer needs to specify thicknesses of asphalt and base layers, and material types of all
of the layers. For the sensitivity analysis the asphalt layer thicknesses were varied within

specific SHA limits and material types were selected based on local soil characteristics.

It was found during the research that changes in asphalt layer thickness were most
significant for predicting fatigue bottom-up and top-down cracking. The asphalt layer

thickness did not affect rutting or smoothness (IRI) predictions of the pavement.

Base type material was found to have an insignificant effect on predicted pavement

distresses if used within the specification limits.
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Subgrade type had a significant effect on fatigue top-down cracking (in VT), moderate
effect on total rutting (in VT and NY) pavement prediction distresses and, a small effect

on smoothness (IRI) in all three states.

4.6 Impact of Material Inputs - Asphalt on M-E PDG predictions

Asphalt material inputs required for M-E PDG Level 2 and Level 3 sensitivity analysis

are specified by following variables:

e Asphalt layer thickness,

Asphalt concrete mix aggregate gradation,

Asphalt binder grade (Superpave, Viscosity or Penetration grades),

Air void content,

Effective binder content.

Asphalt layer thickness is most significant for predicting fatigue bottom-up and top-down
cracking, and it does not exhibit have any influence on rutting or smoothness (IRI) of the

pavement.

Asphalt mix aggregate grading was not found to be significant for any of the distress

predictor indicators if used within the SHA tolerances.

Based on the literature review, the asphalt binder grade selection is dependent on traffic
value level, operational speed and climate (16) (17). This study only investigated the
interactions between the selected asphalt binder grades and traffic operational speed. It is
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also known that the asphalt binder grade selection has a large impact on the prediction of
thermal cracking in pavements. Since this topic was omitted in this research, it is highly

recommended to review it again.

This study shows the significant effect of asphalt binder grade in the conjunction with the
traffic operational speed in two of the investigated states: NY and MA, and that the

asphalt binder grade had only a moderate effect in Vermont.

HMA air voids content highly affected fatigue bottom-up cracking, and moderately
affected top-down pavement distresses in all states. No significance effect of HMA air

voids content was found on other pavement distresses.

HMA effective binder content was found to be insignificant for all investigated pavement

performance distresses within tolerances examined.

4.7 Impact of Material Properties - Unbound Materials on M-E PDG

predictions

The unbound material inputs for M-E PDG sensitivity analysis Level 3 and 2 are

characterized by the following variables:

e Material type,
e Resilient modulus value,

e Base layer thickness (not investigated),
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e Other methods to characterize material properties in Level 2 such as: CBR value, R-
value, penetration DCP value, AASHTO layer coefficient — a,, or plasticity index and

grading.

In this research, the unbound material properties were only characterized by the material
types and resilient modulus (measured in psi) values obtained from the state
specifications or the LTPP database. It was found that base layer input variables based

only on those two values have an insignificant effect on pavement distresses.

Base layer thickness variable was omitted in this study, but it can impact the M-E PDG
pavement distress predictions as well. Therefore, it 1s highly recommended to review this

topic in the next project.

Subgrade type had a significant effect on fatigue top-down cracking (in VT), a moderate
effect on total rutting (in VT and NY) pavement prediction distresses but only a small

effect on smoothness (IRI) in all three states.
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Chapter 5: Conclusions

Based on the results of the sensitivity analyses conducted for flexible pavement systems
in VT, NY and MA, the following observations were made and the following conclusions

drawn;

The various inputs that affect predicted performance of the pavement in VT, NY and MA

are:

o Fatigue longitudinal (top-down) cracking predictions were mostly affected by:
HMA thickness, subgrade type/modulus, HMA air voids and operational speed.

e Fatigue alligator (bottom-up) cracking predictions were mostly affected by: HMA
thickness, HMA air voids %, AADTT value, operational speed and traffic
distribution.

e Asphalt surface rutting predictions were mostly affected by: operational speed,
HMA binder grade, climate, AADTT value and HMA mix gradation.

e Total rutting predictions were mostly affected by: operational speed, HMA binder
grade, subgrade type/modulus, HMA thickness, traffic distribution and AADTT.

¢ Smoothness IRI was not sensitive to most input parameters. Based on the literature
review fatigue alligator cracking and thermal cracking are the primary contributors to
the IRI value (19).

e Based on the above findings only a few parameters used in this study affected all

predicted performance measures. However, asphalt volumetric properties, AADTT,
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operational speed, and subgrade type generally influenced most of the predicted
performance measures.

e Transverse cracking distresses were only predicted by the M-E PDG software in
New York State (Appendix B). The model did not work in the Vermont and

Massachusetts analysis (transverse cracking values equal to “07).

5.1 State Specific Recommendations

Feasibility of the nationally calibrated M-E PDG models in VT, NY and MA were
investigated based on limited number of resources such as LTPP sections and state web
sites. These resources are inadequate to finally specity the M-E PDG application
feasibility in those states. However, this research and results presented herein can help
with the transition process from the current AASHTO design practices to the M-E PDG,

by evaluating the adequacy of Level 3 and 2 inputs for flexible pavement design.

5.1.1 Vermont Recommendations
According to this study, the most significant M-E PDG input variables on performance

for new flexible pavements in Vermont are:

e Traffic values such as AADTT, operational speed and traffic distribution
e Asphalt thickness
e Asphalt properties such as air voids content and HMA mix gradation

e Subgrade type/modulus value
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[t is also recommended that Vermont carefully attend to the selection of the asphalt
binder grade due to climate variations within the state. The use of the higher binder
grades is recommended due to the smaller predicted pavement distresses. Based on an
initial meeting with the Vermont AOT, it could be stated that they are the most advanced
in the implementation process within the New England States. The Vermont AOT holds
meetings with the involved departments on the regular basis, provides M-E PDG training
to the personnel, discusses the M-E PDG implementation issues, makes future plans,
collects the data necessary for future use with the new software, and validates the

predicted pavement distress values with their road tests data and recent findings.

5.1.2 New York Recommendations

This recommendation is based only on the default input values, which were obtained for
this state from one LTPP road section and from information available on the NY State
DOT web site. According to this study, the most significant M-E PDG input variables on

the performance for new flexible pavements in New York are:

e Traffic values such as operational speed and traffic distribution

e Asphalt thickness

e Other asphalt properties such as air void content and binder grade selection
e Subgrade type/modulus value

e Climate
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Climate is a very important variable for this state due to its area. It was found that climate
highly affected all predicted pavement distresses with the exception of bottom-up fatigue

cracking.

5.1.3 Massachusetts Recommendations

This recommendation is based only on the default input values, which were obtained for
this state from three LTPP road sections and from information from the MA DOT web
site. According to this study, the most significant M-E PDG input variables on the

performance for new flexible pavements in Massachusetts are:

e Traffic values such as operational speed, traffic distribution and AADTT value
e Asphalt thickness
e Other asphalt properties such as air voids content and binder grade selection

e Climate.

The climate variation is especially important with the AC and total rutting predictions for

new flexible pavements.
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5.2 General observations for the M-E PDG implementation

Implementation of the M-E PDG requires:

a) Time and agency resources (staffing, training, testing facilities and equipment).

b) Establishment of performance criteria against which the design evaluation can be
measured.

¢) Validation of the M-E PDG nationally calibrated pavement distress and smoothness
prediction models with current state conditions.

d) Local calibration as may needed.

An example of an implementation plan which can be use by state highway agencies:

1. Form an Implementation Team and develop a communication plan

2. Establish a set of performance criteria against which design evaluations can be
measured. These criteria may be stratified to reflect different levels of traffic,
different levels of functional class, etc.

3. Set recommend M-E PDG input levels, required resources, and obtain necessary
testing equipment

4. Conduct sensitivity analysis of M-E PDG inputs

W

Develop and populate a central database with required M-E PDG input values.

6. Conduct staff training

~

Develop a formal state specific M-E PDG-related documentation

o0

Resolve differences between the M-E PDG predicted distresses and distresses

collected in the field
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9. Calibrate and validate M-E PDG performance prediction models to local conditions
10. Define long-term plan for adopting the M-E PDG design procedure

11. Develop a design catalog.

The benefits of implementing M-E PDG are:

a) Achieving the more cost effective and reliable pavements designs

b) Lower initial and life cycle cost to the agency

¢) Reduced highway user impact due to less lane closures for maintenance and

rehabilitation of pavements

5.3 Recommendations for future work

e Transverse cracking model and its performance predictions for flexible pavements
needs to be analyzing with the new version of the M-E PDG.

e Improve interactions and data sharing between state highway agencies and
researchers, (i.e., academia) to benefit future studies (knowledge of states specific
issues, implementation plans, founding’s, local calibrations, etc.,)

e The M-E PDG predicted pavement distresses should be validated against the recorded
measurements by each of the state highway agencies covered by this research.

e Reevaluate the ground water table affect on pavement performance predictions, due
to suspect findings in this research.

e Investigate the interaction between asphalt binder grades and traffic level.
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Investigate the interactions between asphalt binder grades and climate.

Investigate unbound layer thickness effect on predicted pavement distresses for base
and subbase.

Compare summary resilient modulus values to average resilient modulus values for
unbound layers.

Compare affect of base and subbase on pavement distress predictions (as an example:
rock base/sand subbase).

Investigate how the M-E PDG ground water table values relate to unbound M, values.
Investigate how realistic is ranking of vehicle speed as a variable for pavement
performance predictions.

Perform the M-E PDG Level 1 sensitivity analysis for the New England States and

New York.
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1. General Inputs

1.1 Design Life

e 20 years for a new pavement is recommended

1.2 Construction & Traffic Opening Dates

e Base/subgrade construction month — July, 2010
e Pavement construction month - August, 2010

e Traffic opening date — October, 2010

1.3 Type of Pavement

e This analysis 1s performed for a new flexible pavement.

1.4 Site/Project Identification

The site is located in New Haven, VT on Rt. 7 (LTPP section # 50-1002-1)
e County: Addison
e Latitude, deg. 44.12
e Longitude, deg. -73.18
e Elevation, (ft) 283
e Org. Construction Date: 08/01/1984

e Functional Class: 2
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1.5 Pavement Layer Structure

Figure 1A: New Haven, VT — Rt. 7

Table 1A: Pavement Layers Used for Rt. 7 in Vermont M-E PDG Analysis

Layer Type Layer Thickness (in)
Original Surface Layer (layer Type: AC) 3.0”

AC Layer Below Surface (Bmder Course) 5.5

Basc Layer (Laycr Type: GB) 258”

Subgrade (Layer Type: SS)

Semi-infinite

The pavement layer structure used for VI M-E PDG analysis is similar to the LTPP

section 50-1002-1 on Rt. 7 in New Haven, VT.

Table 2A: Pavement Layers at Rt. 2 in Vermont M-E PDG

Layer Type Layer Thickness (in)
Onginal Surface Layer (layer Type: AC) 3.0”

AC Layer Below Surface (Binder Course) 5.07

Base Layer (Layer Type: GB) 24.3”

Subbase Layer (Layer Type: GS) 22.8”7

Subgrade (Layer Type: SS

Semi-infinite

The pavement layer structure LTPP section # 50-1004-1 at Rt. 2 in South Hero, VT.
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2. Performance Criteria Inputs (Analysis Parameters)

Table 3A: Suggested Performance Criteria for Use in Pavement Design.*

Pavement Type

Performance Criteria

Max. Value at End of
Design Life at Design
Reliability

HMA pavement & overlays

HMA bottom up fatigue
cracking (alligator
cracking)

Interstate: 10 percent lane
area

Primary: 20 percent lane
area

Secondary: 45 percent
lane area

HMA longitudinal fatigue
cracking (top down)

Interstate: 2,000-ft/ mile
Primary: 2,500-ft/ mile
Secondary: 3,000-ft/ mile

Permanent deformation
(total mean rutting of both
wheel paths)

Interstate: 0.40-in mean
Primary: 0.50-in mean
Others <40 mph: 0.75-in
mean

Thermal fracture
(transverse cracks)

Interstate: Crack spacing
> 70-ft

(Crack length < 905-

ft/ mile)
Primary/Secondary:
Crack spacing > 50-ft
(Crack length < 1267-

ft/ mile)

IRI

Interstate/ Primary: 169
in/mile maximum
Secondary: 223 in/mile
maximum

*Report No. UT-09.11a “Draft User’s Guide for UDOT MEPDG”; October 2009
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Table 4A: Analysis Parameters Used in VT

Analysis parameter Maximum criteria at 90% Reliability
Initial IRI (1n./mi) 75

Terminal IRI (in./mi) 172

AC Surface Down Cracking (ft/mi) 2000

AC Bottom Up Cracking (%) 25

AC Thermal Fracture (ft/mi) 1000

Permanent Deformation — Total Pavement (in) | 0.75

Permanent Deformation — AC only (in) 0.25

Ty

Analysis Parameters

Project Name §VT_1 002 U2G1

Intial IR {in/om)

Performance Cntena

Figid Pavement Flexsble Pavement 2

Limst Rehability
W Temnal IRI fin.mile) j172 fsc
4C Surface Down Cracking 2000 =
‘ ~ Long Cracking § my) 1 l
7 AC Bottom Up Cracking {25 isc
Alhgator Cracking (%)
[V AC Themal Fracture f/mi) 112:: [SC
j Chemically Stabihzed Layer !25 ‘gs
Fatigue Fracture:®.}
¥ Pemanert Deformation - Total Pavement in) I8 |sc
¥ Pemanent Deformation - AC Only fn) [: 35 K

Figure 2A: Analysis Parameters Used in VT

110




3. Design Reliability Input

Table SA: Tentative Recommended Level of Reliability

Functional Classification Urban Rural
Interstate/Freeways 95 92
Principal Arterials 90 85
Collectors 80 75
Locals 70 60

A design reliability of 90 percent is selected for this analysis. A higher level of design

reliability is not recommended, because of the significant cost increase.
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4. Traffic Inputs

Table 6A: Recommended Traffic Value Inputs

Traffic Input

Recommended Value

Initial two way AADTT (class 4 and above)

Projected traftic for opening month from

measurcd historical data.

Number of lanes in design direction

Actual or from design plans.

Percent of trucks in design direction (%)

50%, unless higher truck volume is measured
in design direction

Percent of trucks in design lane (%)

Actual measured in design lane over 24-hours,
otherwise use the following:

* 100% for 1 lane in design direction

* 95% for 2 lanes in design direction

For unusual truck traffic situations
(mountainous terrain or urban usage
complexity), conduct on site truck lane usage
counts over 24-hour period.

Operational Speed (mph)

Posted or Design Speed

4.1 Annual Average Daily Truck Traffic (AADTT)

Truck Traffic (AADTT) is calculated by taking 10.35% of AADT as given in 2009
Automatic Vehicle Classification Report. AADT for Rt. 7 in New Haven, VT (Addison

County) was 6800.

Control AADTT for this study is taken as 704.
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' Traffic

{ Design Life [years)

; Opening Date:

L L
Initial two-way AADTT:
Number of lanes in design direction: 1
Percent of trucks in design direction {%): 50.0
Percent of trucks in design lane (%]: 1000
Operational speed {mph};: 55

i

Traffic Volume Adjustment: 4] Edit

Axle load distribution factor: Edit @ Impor/Expor
oA %por

' General Traffic Inputs E dit

Traffic Growth ‘Linear, ZZJ —J

Figure 3A: Traffic Inputs for New Haven, VT

113



FHWA VEHICLE CLASSIFICATIONS

2 Passenger Cars

3 Two Axle, 4 Tie Sngle Unts

-
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®
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§  Three Axde Snge Units

7 Fow or More Axle Single Unis

8 Four orLess Ade Single Trallers

—

o l

oy

Bor—s

9

Five Axie Single Traders

10

Six of More Axde Single Tradess

Five or Less Axke Mule-Traders

Boy—uy

i1
.m,‘.*;) ¢

ONORO

i

12 Six Axle Mult- Traders

Seven or More Axle Mult- Tradess

b s

Figure 4A: Illustration of FHWA/AASHTO Vehicle Class Type Description

4.2

Truck Class Distribution selections

Table 7A: LTPP Truck Class Distribution

TRF_MEPDG_VEH_CLASS_DIST

STATE_ | SHRP_ | YEAR | VEHICLE_ | TRF_DATA | RECORD_STA | PERCENT_OF

CODE |ID CLASS _TYPE TUS _TRUCKS
50 1002 | 2008 4 0 E 5.57
50 1002 | 2008 5 0 E 42.95
50 1002 | 2008 6 0 E 10.79
50 1002 | 2008 7 0 E 3.36
50 1002 | 2008 8 0 E 7.61
50 1002 | 2008 9 0 E 25.89
50 1002 | 2008 10 0 E 3.22
50 1002 | 2008 11 0 E 0.02
50 1002 | 2008 12 0 E 0.42
50 1002 | 2008 13 0 E 0.17

*based on LTPP data base, 2008
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Table 8A: Track Class Distribution Level 3 (Control)

VEHICLE_CLASS PERCENT_OF_TRUCKS
4 1.8
5 24.6
6 7.6
7 0.5
8 5.0
9 31.3
10 9.8
11 0.8
12 3.3
13 15.3

*based on level 3 M-E PDG, 2009

Table 9A: Low-Class Concentrated Distribution /

VEHICLE_CLASS PERCENT_OF_TRUCKS
4 5.2
5 38.9
6 35.8
7 10.2
8 5.6
9 3.5
10 0.2
11 0.3
12 0.2
13 0.1

*Based on Sensitivity Study of Design Input Parameters for Flexible Pavement Systems using M-E PDG in Iowa DOT,
2004
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Table 10A: High-Class Concentrated Distribution

VEHICLE_CLASS PERCENT_OF_TRUCKS
4 0.1
5 0.6
6 0.8
7 0.6
8 6.8
9 9.2
10 25.8
11 36.4
12 16.5
13 3.2

*Based on Sensitivity Study of Design Input Parameters for Flexible Pavement Systems using M-E PDG in Towa DOT,
2004

Table 11A: Truck Class Distribution Summary

CODE

TRUCK D1(from D2 (low class) | D3 (high class) D4 (Level 3-
CLASS LTPP) Control)

4 5.5 5.2 0.1 1.8

5 43.0 38.9 0.6 24.6

6 10.8 35.8 0.8 7.6

7 34 10.2 0.6 0.5

8 7.6 5.6 6.8 5.0

9 25.9 3.5 9.2 31.3

10 3.2 0.2 25.8 9.8

11 0.0 0.3 364 0.8

12 04 0.2 16.5 33

13 0.2 0.1 32 153
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4.3 Rate of Traffic Growth

Table 12A: Selected Traffic Growth Rates for Vermont
Code Traffic Growth Rate

R1

1.0 % linear

R2 (Control)

2.0 % linear

R3

3.0 % linear

4.4 Traffic Operational Speed

Table 13A: Selected Traffic Operational Speeds

Code Traffic Operational Binder Grades
Speed (imph)
U1 5 G1,G2,G3
U2 25 Gl,G2,G3
U3 (Control) 55 Gl1,G2,G3
4.5 Annual Average Daily Truck Traffic (AADTT)
Table 14A: Calculated AADTT Values
Code Station ID Traffic Volume (AADTT)
Q1 (Control) S6A041 - New Haven, VT (Rt.7) 704
Q2 S6A107 — Salisbury, VT (Rt. 7) 932
Q3 S6A014 — Ferrisburg, VT (Rt. 7) 1576
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4.6 The Monthly Traffic Adjustment Factors

Table 15A: Monthly Adjustment Factors (MAF) for Pavement Design in New

Haven
Location | Month | Class | Class | Class | Class | Class | Class | Class | Class | Class | Class
4 5 6 7 8 9 10 11 12 13
Jan. 1071 [0.71 {1071 [ 071 {080 {080 |0.80 | 0.80 | 0.80 | 0.80
Feb. | 064 | 064 | 0.64 |064 | 091 [ 091 |091 |091 |091 | 091
Mar. | 0.87 | 0.87 | 087 | 087 098 098 1098 | 098 |098 | 0098
Apr. 1.01 [ 1.01 [ 1.01 {1.01 |088 [088 |0.88 |0.88 |0.88 |0.88
May [1.21 |1.21 [ 121 |1.21 [1.00 |1.00 |1.00 |{1.00 [1.00 |1.00
New Jun, 135 | 135 | 1.35 [ 135 | 1.11 {111 | 1.11 | L.11 (111 | 1.11
Haven Jul. 1.20 { 1.20 | 1.20 | 1.20 {090 | 090 [ 090 | 090 | 090 | 0.90
Aug. | 1.21 | 1.21 (121 [ 1.21 |12 [ 112 [ 112 [ 1.2 [ 112 | 1.12
Scp. 1094 1094 (094 1094 | 105 |1.05 | 1.05 |1.05 [ 1.05 |1.05
Oct. 1.13 §1.13 | 113 [ 113 [ 1.14 | 1.14 | 1.14 | 1.14 | 1.14 | 1.14
Nov. [094 [094 1094 1094 | 1.11 | 1.11 | 1.11 | 1.11 | L.11 | 1.1
Dec. [0.78 [0.78 | 0.78 | 0.78 | 099 [099 | 099 |0.99 |0.99 | 0.99

*.n/c — not collected

Table 16A: Monthly Adjustment Factors (MAF) for Pavement Design in Salisbury

and Ferrisbur

Locat | Mont | Class | Class | Class | Class | Class | Class | Class | Class | Class | Class
ion h 4 5 6 7 8 9 10 11 12 13
Jan. | 071 ] 0.70 [071 | 071 |080 |0.80 {080 |0.80 |[080 |0.80
Feb. | 064 | 064 [064 (064 091 091 091 (091 |091 |09l
Mar. | 087 | 087 [087 |087 098 098 [098 [098 [098 |0098
Apr. | 1.01 1.01 1.01 1.01 | 088 |[0.88 |0.88 |0.88 |0.88 |0.88
May | 1.21 1.21 1.21 1.21 1.00 {100 [1.00 |1.00 |1.00 | 1.00
Salis [ Jjun. [ 135 [135 [1.35 [1.35 |11 [n11 |11 |11 [ | L
bury Jul. | 120 (120 (120 {120 090 090 {090 [090 |[090 | 0.90
Aug. | 1.21 1.21 1.21 1.21 1.12 | 1.12 {1.12 |1.12 |1.12 | 1.12
Sep. {094 (094 [094 [094 |1.05 [1.05 |1.05 1.05 | 1.05 | 1.05
Oct. | 1.13 | 1.13 | 1.13 .13 | 1.14 | 1.14 |1.14 {1.14 |1.14 | 1.14
Nov. {094 094 |094 (094 | 1.11 1.11 1.11 1.11 1.11 1.11
Dec. 1078 078 (078 |[0.78 1099 (099 099 099 |0.99 |0.99
Jan. | 0.71 ] 0.71 071 |07t |0.80 [080 |0.80 {0.80 |0.80 |0.80
Feb. | 064 1064 (064 (064 |091 1091 [091 [091 [091 |09l
Mar. | 087 (087 |087 |087 |098 098 {098 [098 |098 |0098
Apr. | 1.01 1.01 1.01 1.01 [0.88 |088 |0.88 |08 |0.88 |0.88
May | 1.21 1.21 1.21 1.21 1.00 | 1.00 |1.00 |1.00 |1.00 | 1.00
Ferri Jun. | 135 | 1.35 | 1.35 | 135 |1.11 1.11 1.11 1.11 1.11 1.11
sburg [yl [ 120 [1.20 [ 120 [120 [090 [090 [090 | 090 |0.90 |0.90
Aug. | 1.2] 1.21 1.21 1.21 1.12 | 112 (112 [1.12 |1.12 |1.12
Sep. [0.94 (094 094 1094 |1.05 |1.05 |1.05 1.05 | 1.05 |1.05
Oct. {1.13 | 1.13 113 (113 {114 (114 | 1.14 [ 1.14 |1.14 | 1.14
Nov. {094 | 094 |094 094 | 1.11 1.11 1.11 1.11 1.11 1.11
Dec. |0.78 10.78 |0.78 |0.78 1099 099 {099 |099 [099 | 0.99

118




4.7 The MADT to AADT factor

Table 17A: Collected MADT’s for Selected Locations

MADT* TO AADT FACTOR
Month New Haven Salisbury Ferrisburg
Jan. 1.20 1.21 1.18
Feb. 1.12 1.13 1.10
Mar. 1.08 1.07 1.08
Apr. 1.01 0.99 1.03
May 0.94 0.94 0.96
Jun. 0.91 0.92 0.91
Jul. 0.90 0.90 0.89
Aug. 0.88 0.88 0.86
Sep. 0.93 0.95 0.95
Oct. 0.97 0.97 0.96
Nov. 1.05 1.09 1.08
Dec. 1.12 1.15 1.11

*- MADT — monthly average daily traffic

1.4

1.2 +

== New Haven

MADT to AADT factor*

0.8

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct.

*MADT - Monthly Average Daily Traffic
*AADT — Annual Average Dally Traffic

== Salisbury

<Ferrisburg

o — ey

Nov. Dec.

Figure SA: MADT to AADT Factor for Three Selected Location (Vehicle

Classifications 1 to 13)
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New Haven, VT - Class 5
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Figure 6A: MADTT to AADTT Factor for Class 5 in New Haven, VT

New Haven, VT - Class 9
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Figure 7A: MADTT to AADTT Factor for Class 9 in New Haven, VT
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5. Climate Inputs

Three climate stations are selected from the five stations for which climate data is
available in the M-E PDG. The three stations: Bennington, Barre -Montpelier and
Burlington are chosen as they are more geographically dispersed.

Canada - Quebec
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{ . Island Pond
e PT tt™
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ambijcige
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WASHINGTON
Marshfield
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BEN {
\ Readsboro, | / o1

Figure 8A: Vermont Climate Station Locations
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5.1 Sensitivity to Climate Data Interpolation

Table 18A: Selected Locations Climate Data

STATION Nearest 3 Latitude | Longitud | Distance | #Months of data
Stations e
Bennington North Adams, 42.42 -73.1 133 mi 116
Lat. 42.53 MA
Lon. -73.15 Albany, NY 42.45 -73.48 293 116
(803 ft) Pittsfield, MA 4226 7317 31.1 85
Barre/ Morrisville, VT 44.32 -72.37 23.1 116
Montpelier |5 ington, VT | 4428 | -73.09 335 16
Lat. 44.12
Lon. -72.35 Lebanon, NH 43.38 -72.18 41.6 94
(1172 ft)
Burlington Plattsburg, NY 4441 -73.31 23.4 92
Lat. 44.28 [ Morrisville, VT 4432 21237 26.7 116
Lon.-73.09 g o/Montpelior | 44.12 7235 335 116
(348 ft)

5.2 Water Table Depth Variation

Table 19A: Selected WT Depth for New Haven, VT

CODE Depth of Water Combination with A-2-4 and A-7-6
Table Subgrades
WT1 2 ft WT1 E2, WTI1El,
WT2 (Control) 5ft WT2 E2, WT2EI
WT3 8 ft WT3 E2, WT3EI

The water table depth was selected based on average values from the Addison County
well.
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Figure 12A: Addison County Well (Slte Number: 440016073070901 VT-MGW 11)
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Table 20A: Water Level Measurement Records at Addison Well

Highest WL

Date of Highest WL

Lowest WL

Date of Lowest WL

2.58

09/22/81

25.92

10/26/01

Table 21A: Most Recent Data for Water Levels at Addison Well

Month Lowest 10th 25th 50th 75th 90th | Highest | Number
Median %oile %Y%ile Yoile %ile %ile | Median of
Years
Jan 14.76 9.28 7.18 5.84 5.14 4.70 3.84 29
Feb 10.25 9.40 7.56 6.19 5.29 4.64 3.80 26
Mar 8.20 7.82 6.05 5.33 4,78 421 3.62 28
Apr 8.32 7.50 7.04 5.48 5.06 3.96 3.72 25
May 9.86 9.58 7.85 6.59 5.62 4.84 4.25 26
Jun 11.22 10.59 8.85 7.77 6.52 5.32 4.73 28
Jul 15.58 14.01 11.28 9.74 7.92 6.82 5.95 26
Aug 19.86 15.80 13.33 9.87 7.46 6.06 381 28
Sep 23.51 16.60 12.59 10.50 8.14 6.19 2.58 29
Oct 25.92 15.15 11.01 7.49 5.94 4.57 4.46 25
Nov 19.92 10.15 7.02 6.06 5.12 4.31 3.87 26
Dec 16.75 7.39 6.27 5.53 4.95 4.52 430 28

Note: Bold values in the table indicate closest statistic to the most recent data value.
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6. Material Inputs

6.1 HMA Thickness

An HMA thickness for the control file 1s 8.5”. To see the effect of HMA thickness on

predicting distresses values two more HMA thicknesses has been selected:

Table 22A: Selected HMA Layer Thickness

CODE Total HMA Thickness (in)
Tl 7.0
T2 (Control) 8.5
T3 10.0

The two HMA layers (surface and binder) will be treated as one layer with 19.0 mm

asphalt mix gradation (mean).

6.2 Number of HMA Layers

Two HMA layers are going to be used for the M-E PDG analysis:
e AC original surface — 3” (w/ 9.5 mm mix gradation)

e AC binder course — 5.5” (w/ 19.0 mm mix gradation)
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6.3 HMA Mix Gradation

HMA mix gradation for Vermont conforms to Superpave specifications.

Table 23A: Range of Values of HMA Mix Gradation — Superpave Specification

NMAS of Mix 9.5 mm 12.5 mm 19.0 mm 25.0 mm 37.5 mm
(3/8”) 1/2”) 3/4”) a”) (1.5”)
3/4” sieve <0 0-10 10 — NR* NR NR
3/8” sieve 0-10 10 -NR NR NR NR
# 4 sieve 10 —-NR NR NR NR NR
#200 sicve 2-10 2-10 2-8 1-7 0-6

* NR — No restriction on the value

Table 24A: Tolerance for HMA Mix Gradation

NMAS of Mix 9.5 mm 12.5 mm 19.0 mm | 25.0 mm 37.5 mm
(3/8™) 1/2”) G/4”) a1 (1.5”)

Cum. % Ret 3/4” sieve +4% +5% + 7%

Cum. % Ret 3/8” sieve +4% + 5% + 7%

Cum. % Ret # 4 sieve + 4% + 3% + 4% + 4% + 6%

#200 sieve +0.8% +0.8% +0.8% +0.8% +0.8%
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Asphalt Material Properties
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Table 25A: Recommended Typical Vermont HMA Mix Gradations Input

Gradation Percent Retained Percent
Mix Passing
Designation

%-in Sieve | Y-in Sieve 3/8-in Sieve #4-in Sieve #200 Sieve
I-in (25.0 mm) 15 30 48 62 4
¥-in (9.5 mm) 0 0 5 45 6

6.4 PG Binder Grade

Three different binder grades are chosen from among the PG binders that are suitable for
use in the state of Vermont. PG 58-28 is used as the binder grade for the control case. The
binder grade is tested in conjunction with operational speed of vehicle.

Table 26A: Vermont PG binder Grades

CODE PG BINDER GRADE
G1 PG 58-34
G2 (Control) PG 58-28
G3 PG 64-28

Table 27A: Level 2 asphalt binder values at Angular Frequency = 10 rad/sec (1.59
Hz)

PG Grades Temperature (°F) G * (Pa) Delta (°)
PG 58-28 40 17950000 46.7
68 1336381.7 64.3
113 9478.4 78.4
PG 64-28 40 29540000 41.7
68 2297155.4 58.3
113 35275.56 72.3
PG 58-34 40 n/c* n/c*
68 n/c* n/c*
113 n/c* n/c*

*n/c — not collected
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6.5 Unbound Layer Inputs

ASTM D 2940, Standard Specification for Graded Aggregate Material for Bases or
Subbases for Highways or Airports. The gradation for base material from this standard is

given below.

Table 28A: ASTM D 2940 Gradation for Dense-Graded Bases and Subbases

Sieve Size Percent Passing
2 in. (50 mm) 100

1% in. (37.5 mm) 95 -100

3/4 in. (19.0 mm) 70 -92

Y2 in. (9.5 mm) 50-70

No. 4 (4.75 mm) 35-55

No. 30 (0.600 mm) 12-25

No. 200 (0.075 mm) 0-8

6.6 Base Course Resilient Modulus

Table 29A: Base Course Aggregate Gradations (Level 3)

CODE M1 M2 M3
Type of Crushed Gravel | Crushed Stone (Fine) | Crushed Stone
course (Coarse)
Sieve Size Percent Passing by Weight
3% in - - 100
(90mm)
3 in (75mm) 100 - 92.5
2 in (50mm) 97.5 100 -
1'% in - 92.5 75.0
(37.5mm)
1 in (25mm) 70.0 - -
% in (19mm) - 60.0 55.0
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Table 29A Continued

#4 (4.75mm) 39.5 27.5 27.5
#200 6.0 2.5 2.5
(0.075mm)
Resilient
Modulus 29600 24370 33500
Level 3

* M-E PDG accepts values only between 20000 psi and 30000 psi

Table 30A: Base Course Aggregate Gradations (Level 2)

CODE

M1L2

M21.2

Type of course

Crushed Gravel

Crushed Stone

Sieve Size Percent Passing by Weight
3 % in (90mm) 97.6 97.6
3 in (75mm) - -
2 in (50mm) 91.6 91.6
1 %2 in (37.5mm) 85.8 85.8
I in (25mm) 78.8 78.8
Y in (19mm) 72.7 72.7
Y2 in (12.5mm) 63.1 63.1
3/8 in (9.5mm) 57.2 57.2
#4 (4.75mm) 447 44.7
#10 (2.0 mm) 33.8 33.8
#40 (0.425 mm) 20.0 20.0
#80 (0.18 mm) 12.9 12.9
#200 (0.075mm) 8.7 8.7
Resilient Modulus 25000 30000
Level 2
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Table 31A: Untreated Base Course Gradation Limits

Gradation Limits
Sieve Size Job Mix Gradation Job Mix Gradation
Target Band Tolerance

1',inch 100

1 inch 90 — 100 9.0
*/, inch 70 - 85 +9.0
'/, inch 65 — 80 +9.0
*Iginch 55— 75 +9.0

No. 4 40 - 65 7.0
No. 16 25-40 +5.0
No. 200 7-11 +3.0

6.7 Subgrade Resilient Modulus Mr

Table 32A: Subgrade Types and Subgrade Resilient Modulus

RESILIENT MODULUS
Material .
(psi)
CODE SUBGRADE TYPE Classification
Level 2 Level 3
E1l Claycy soils A-7-6 11500 8000
E2
Fine sand, some silt A-2-4 21500 32000
(Control)
Coarse to fine gravelly, coarse to
E3 A-l-a 29500 40000
medium sand, some fine sand
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6.8 Effective Binder Content Vpe, % (AASHTO T308)

From table 490.03 B — Design Criteria the VT AOT specifies VFA % from 65% to 75%
for Traftic Level (ESALs) >3,000,000

Va = Air voids (%)

Vv .= Effective binder content, %
€

VFA = Void filled with asphalt (%)

VFA= [Vbeff / (Vbeff + Va)]XIOO

Table 33A: Vi Calculated from VFA and V, Values

VFA (%) 65 70 75
V. (%) 4 5 6 4 5 6 4 5 6
Voerr (%) 74 | 93 | 1.1 | 93 | 11.7 | 14 12 15 18

Table 34A: Recommended Typical Mix VMA and Binder Content

Gradation Mix In-situ VMA, percent | In-situ Effective Binder Content, percent
Designation by volume
1-in 16.5 10.0
Ya-1n 18.0 11.5
t5-1n 19.5 13.0
¥&-1n 21.0 14.5
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Table 35A: Effective Binder Content

CODE EFFECTIVE BINDER CONTENT
F1 9.5
F2 (Control) 11.5
F3 13.5
Table 36A: HMA Mix Gradation Input Values
9.5 mm (3/8”) 19.0 mm (3/4”)

% of Aggregate Al A2 A3 B1 B2 B3
Retained on 3/4” sieve 0 0 0 14.0 18.6 12.0
Retained on 3/8” sieve 5.0 8.2 3.6 24.0 32.4 19.8

Retained on #4 sieve 35.0 48.3 22.1 42.0 52.0 34.5
Passing #200 sieve 6.0 2.8 8.5 5.0 2.8 7.2
1 —Mean values of the allowable range of values
2 — Coarse mix gradation
3 - Fine mix gradation
6.9 Air Voids Content, %
Table 37A: Air Voids Percentage (Mixture design)
CODE AIR VOIDS PERCENT
Vi 4.0
V2 (Control) 5.0
V3 6.0

Non mixture design Air Voids (in-situ air voids at construction site) will be based on

percent compaction in specification:
- Range 3.5 t0 9.5 (90.5 to 96.5)
- Target 6.5 (93.5) — recommended
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6.10 Mix Coefficient of Thermal Contraction (CTC)

Table 38A: Mix Coefficient of Thermal Contraction Level 2

CODE COEFFICIENT OF THERMAL
CONTRACTION
N1 1.0 E-05
N2 (Control) 1.3 E-05
N3 2.0 E-05

The Mix CTC default value of 1.3 E-05 is used for Level 3 sensitivity analysis.
Level 2 CTC are listed above.

6.11 Aggregate Coefficient of Thermal Contraction

The MEPDG default value is 5.0%10°/°F.

6.12 Initial IRI Values for New Pavement Design

Table 39A: Suggested Initial IRI Values for New Pavement Design.

PAVEMENT IRI, IN/M1
TYPE MINIMUM AVERAGE MAXIMUM
NEW HMA AND
HMA/HMA* 32 70 106

*- Initial IRT for HMA pavements shall be set within the range of 70 to 85 in/mu.
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Table 40A: Initial IRI Values Used for Analysis.

CODE Initial IRI (in/mi)
S1 32
S2 (Control) 75
S3 106
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7. Vermont Level 3 Sensitivity Analysis

7.1 Effect of Traffic Inputs on Pavement Distresses
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Figure 15A: Effect of Truck Class Distribution on Bottom-Up Cracking
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Figure 17A: Effect of Truck Class Distribution on Subtotal AC Rutting
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Figure 29A: Effect of AADTT on IRI
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7.2  Effect of Climate Inputs on Pavement Distresses
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Figure 31A: Effect of Climate on Top-Down Cracking

146



0.25

0.2

£
0
£ 015
e
=
&
g e Bennington VT
g 0.1 Barre Montpelier VT
L d
3 e B rlington VT
w

0.05

0 T i L) T T
0 5 10 15 20
Year

Figure 32A: Effect of Climate on Subtotal AC Rutting

0.45

0.35

0.3

0.25 -
e Bennington VT

0.2
w—— Barre Montpelier VT

Total Rutting (in)

0.15 amamem B rlington VT

0.1

0.05

Year

Figure 33A: Effect of Climate on Total Rutting

147



140

120
100
"E 80 -
E e Bennington VT
£ 60 |— T T T T T T T T T T T T e Barre Montpelier VT
20 m——Burlington VT
20
0 ! 1 T T 1
0 5 10 15 20

Year

Figure 34A: Effect of Climate on IRI
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7.3 Effect of Material Inputs on Pavement Distresses
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Figure 44A: Effect of Effective Binder Content on IRI
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Figure 47A: Effect of Percent Air Voids on Subtotal AC Rutting

154



0.4

0.35
0.3
£0.25
g
Lo
;:3 0.2 — Ajr Voids = 4.0%
Tg e Ajr VOidS = 5.0%
£0.15
/ W”wb«aAir VOidS = 60%
0.1 -?
0.05
0 = ' ‘ '
0 5 10 15 20
Year

Figure 48A: Effect of Percent Air Voids on Total Rutting

140
120
100
'E 80
S
£ e Ajr Voids = 4.0%
e 60 !
= ! wenaem A7 VOIS = 5.0%
A e o
40 N 3 - Air Voids = 6.0%
20 A e -
0 S - e e i
0 5 10 15 20

Year

Figure 49A: Effect of Percent Air Voids on IRI
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Figure S5A: Effect of Aggregate Gradation of 9.5 mm AC mix on Bottom-Up
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Figure S56A: Effect of Aggregate Gradation of 9.5 mm AC mix on Top-Down
Cracking
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Figure 57A: Effect of Aggregate Gradation of 9.5 mm AC mix on Subtotal AC
Rutting

159



08

0.7

06

— 0 5mm Mean

Total Rutting (in)

— G 5mm Coarse
mmeen Q) S5 Fine

—Design Limit

T T 1

5 10 15 20

Year

Figure S8A: Effect of Aggregate Gradation of 9.5 mm AC mix on Total Rutting

140

120

100

o}
o

IRI (in/mi)

T
i

— O S5mm Mean

40 e oo

weee G 5mm Coarse

«»9 5mm Fine

20

5 10 15 20

Year

Figure S9A: Effect of Aggregate Gradation of 9.5 mm AC mix on IRI
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Figure 60A: Effect of Aggregate Gradation of 19.0 mm mix on Bottom-Up Cracking
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Figure 61A: Effect of Aggregate Gradation of 19.0 mm mix on Top-Down Cracking
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Figure 62A: Effect of Aggregate Gradation of 19.0 mm mix on Subtotal AC Rutting
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Figure 63A: Effect of Aggregate Gradation of 19.0 mm mix on Total Rutting
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Figure 64A: Effect of Aggregate Gradation of 19.0 mm mix on IRI
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Figure 65A: Effect of Aggregate Gradation of 9.5 mm & 19.0 mm mix on Bottom-
Up Cracking
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Figure 66A: Effect of Aggregate Gradation of 9.5 mm & 19.0 mm mix on Top-Down
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Figure 67A: Effect of Aggregate Gradation of 9.5 mm & 19.0 mm mix on Subtotal
AC Rutting
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Figure 69A: Effect of Aggregate Gradation of 9.5 mm & 19.0 mm mix on IRI
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Figure 70A: Effect of Binder Grade on Bottom-Up Cracking at Speed 5 mph
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Figure 71A: Effect of Binder Grade on Top-Down Cracking at Speed 5 mph
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Figure 73A: Effect of Binder Grade on Total Rutting at Speed S mph
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Figure 74A: Effect of Binder Grade on IRI at Speed 5 mph
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Figure 75A: Effect of Binder Grade on Bottom-Up Cracking at Speed 25 mph
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Figure 76A: Effect of Binder Grade on Top-Down Cracking at Speed 25 mph
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Figure 77A: Effect of Binder Grade on Subtotal AC Rutting at Speed 25 mph
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Figure 78A: Effect of Binder Grade on Total Rutting at Speed 25 mph
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Figure 79A: Effect of Binder Grade on IRI at Speed 25 mph

170



1.53

152

1.51

1.5

1.49

1.48

1.47

Bottom_Up Cracking (%)

1.46

1.45

1.44

i
TR, — e PG 58-34
. — —— PG 58-28
“L , ===PG 64-28
0 5 10 15 20
Year
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Figure 82A: Effect of Binder Grade on Subtotal AC Rutting at Speed 55 mph
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Figure 83A: Effect of Binder Grade on Total Rutting at Speed 55 mph
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Figure 84A: Effect of Binder Grade on IRI at Speed 55 mph

7.5 Effect of Base/Subbase Inputs on Pavement Distresses
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Figure 85A: Effect of Base Course Material on Bottom-Up Cracking
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Figure 87A: Effect of Base Course Material on Subtotal AC Rutting
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Figure 89A: Effect of Base Course Material on IRI
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Figure 91A: Effect of Subgrade Type on Top-Down Cracking
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Figure 92A: Effect of Subgrade Type on Subtotal AC Rutting
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Figure 93A: Effect of Subgrade Type on Total Rutting
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Figure 94A: Effect of Subgrade Type on IRI
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Figure 95A: Effect of Water Table on Bottom-Up Cracking with Weakest Subgrade
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Figure 96A: Effect of Water Table on Top-Down Cracking with Weakest Subgrade
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Figure 97A: Effect of Water Table on Subtotal AC Rutting with Weakest Subgrade
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Figure 98A: Effect of Water Table on Total Rutting with Weakest Subgrade
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Figure 99A: Effect of Water Table on IRI with Weakest Subgrade
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Figure 100A: Effect of HMA CTC on Bottom-Up Cracking
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Figure 101A: Effect of HMA CTC on Top-Down Cracking
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Figure 102A: Effect of HMA CTC on Subtotal AC Rutting
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Figure 103A: Effect of HMA CTC on Total AC Rutting
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Figure 104A: Effect of HMA CTC on IRI
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Figure 105A: Effect of Initial IRI on Bottom-Up Cracking
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Figure 109A: Effect of Initial IRI on IRI
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8. Sensitivity Analysis Summary Level 3

Normalization of the distresses was done to compare the etfects of each input parameter

on predicted distresses.

The normalized distress levels are calculated as the ratio of the difference between the

maximum and minimum predicted distresses for each input variable to the distress levels

corresponding to the control set of input values.

Maximum Distress—Minimum Distress

N-=

N - Normalized Value

Distress for control input set

Table 41 A: Difference between Maximum and Minimum Distress Level — Level 3

VYERMONT LEVEL 3

Input Variable Bottom-Up Top-Down | AC Rautting Total IR
Rutting

HMA thickness 0.12 1458.07 0.022 0.079 3.2
HMA mix 0.02 377.43 0.06 0.072 3.0
gradation
HMA air voids 0.08 798.56 0.019 0.025 1.1
HMA effective 0.05 409.08 0.023 0.031 0.9
binder content
HMA binder 0.02 353.41 0.045 0.057 23
grade
Base 0.02 442.11 0.006 0.022 0.9
type/modulus
Subgrade 0.02 1123.56 0.007 0.11 12.0
type/modulus
Ground water 0.01 296.48 0.01 0.037 1.5
table
WT with weakest 0.02 26.87 0.005 0.027 1.1
subgrade
Climate 0.01 121.11 0.04 0.043 1.6
AADTT value 0.08 618.19 0.072 0.094 3.8
Operational 0.07 634.17 0.149 0.177 7.1
speed
Traffic growth 0.01 111.66 0.012 0.016 0.79
rate
Traffic 0.06 598.17 0.047 0.062 2.6
distribution
HMA CTC 0 0 0 0 0.6
Initial [RI 0 0 0 0 74
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Table 42A: Normalized Values for Vermont Level 3 and Ranks

VERMONT LEVEL 3
Input Variable | Bottom-Up Top-Down AC Rutting Total IRI
Rutting
Value | Rank | Value | Rank | Value | Rank | Value | Rank | Value | Rank
HMA thickness | 0.079 I 0.997 1 0.145 8 0.218 4 0.027 4
HMA mix 0.013 6 0.258 9 0.395 3 0.198 5 0.025 6
gradation
HMA air voids | 0.053 2 0.546 3 0.125 9 0069 | 12 |0.009 | 11
HMA effective
binder content | 0.033 5 0.280 8 0.151 7 0.085 10 10.007 | 12
HMA binder
grade 0.013 6 0.242 10 [ 0.296 5 0.157 7 0.019 8
Base
type/modulus 0.013 6 0.302 7 0.039 13 0061 | 13 10.007| 12
Subgrade
type/modulus 0.013 6 0.768 2 0.046 ] 12 | 0.303 2 0.100 | 2
Ground water 0.007
table 7 0.203 11 0.066 | 11 0.102 9 0.012 ] 10
WT with
weakest 0.013 6 0.018 14 14 11 11
subgrade 0.033 0.074 0.009
Climate 0.007 7 0.083 12 0.263 6 0.118 8 0.013 9
AADTT value | 0.053 2 0.423 5 0.474 2 0.259 3 0.032 5
Operational 0046 | 3 |0433] 4 L 1, 3
speed 0.980 0.488 0.059
Traffic growth
rate 0.007 7 0.076 13 0079 10 | 0.044| 14 | 0.007 | 12
Traffic
distribution 0.040 4 0.409 6 0.309 4 0.171 6 0.022 7
HMA CTC 0.000 8 0.000 15 0.000 ] I5 ]0.000] 15 ]0.005] 13
Initial IR1 0.000 8 0.000 15 0.000| 15 | 0.000] IS5 | 0.615 1;
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Figure 110A: Significance of Effect of Input Variables on Bottom-Up Cracking
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Figure 111A: Significance of Effect of Input Variables on Top-Down Cracking
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Figure 114A: Significance of Effect of Input Variables on IRI

Table 43A: Sensitivity Analysis Results Level 3
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Bottom-Up AC Rutting Total Rutting “

HMA Thickness HMA Thickness Operational Operational
Speed Speed

HMA Air Voids Subgrade Type/  AADTT Subgrade Type/

Modulus Modulus

AADTT HMA Air Voids HMA Mix AADTT
Gradation

Operational Operational Traffic HMA Thickness

Speed Speed Distribution

Traffic AADTT HMA Binder HMA Mix

Distribution Grade Gradation

HMA Effective Traffic Climate Traffic

Binder Content Distribution Distribution
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Gradation



Table 44A: Sensitivity Analysis Summary Level 3

Design/ Material Distress/Smoothness
Variable Bottom-Up Top-Down AC Rutting Total IRI (in/mi)
Cracking Cracking (in) Rutting (in)
(%) (ft/mi)
HMA thickness XXX XXX X X
HMA mix XX XX XX X
gradation
HMA air voids XXX XXX X
HMA effective XX XX X
binder content
HMA binder X XX XX X
grade
Base X XX
type/modulus
Subgrade X XXX XX X
type/modulus
Ground water X XX X X
table
WT with weakest X X X X
subgrade
Climate X XX X
AADTT value XXX XX XXX XX
Operational XX XX XXX XX X
speed
Traffic growth X X X
rate
Traffic XX XX XX X
distribution
HMA CTC
Initial IR1 XXX
Note: X — Small effect

XX — moderate effect
XXX ~ large effect
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Table 45A: VT Ranking Summary of Significance of Each Input Parameter on the Performance of Flexible Pavement

VERMONT LEVEL 3
Input Variable Bottom- | Top-Down | AC Rutting | Total Rutting | IRI | Total Ranking | Overall Order
Up Points of Significance
Rank Rank Rank Rank Rank
HMA thickness l 1 8 4 4 18 3
HMA mix 6 9 3 5 6 29 6
gradation
HMA air voids 2 3 9 12 11 37 8
HMA effective 5 8 7 10 12 42 9
binder content
HMA binder grade 6 10 5 7 8 36 7
Base type/modulus 6 7 i3 13 12 51 11
Subgrade 6 2 12 2 2 24 4
type/modulus
Ground water table 7 11 11 9 10 48 10
WT with weakest 6 14 14 11 11 56 13
subgradc
Climate 7 12 6 8 9 42 9
AADTT value 2 5 2 3 S 17 2
Operational speed 3 4 1 1 3 12 1
Traffic growth rate 7 13 10 14 12 56 13
Traffic distribution 4 6 4 6 7 27 5
HMA CTC 8 15 15 15 13 66 14
Initial IRI 8 15 15 15 1 54 12




9. Vermont Level 2 Sensitivity Analysis

9.1 Effect of Traffic Inputs on Level 2 Predicted Pavement Distresses
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Figure 115A: Effect of AADTT on Bottom-Up Cracking
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Figure 116A: Effect of AADTT on Top-Down Cracking
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Figure 117A: Effect of AADTT on Subtotal AC Rutting
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Figure 118A: Effect of AADTT on Total Rutting

200

180

160

140

120

100 e AADTT 704

e AADTT 932

IRI (in/mi})

80

mmmzs AADTT 1576

60 b e e

waees Des1gN LIMit

R

20 fremem e e — e

{

O“r’““““ ¢ T T

0 5 10 15 20

R

Year

Figure 119A: Effect of AADTT on IRI
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Figure 120A: Effect of Truck Class Distribution on Bottom-Up Cracking
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Figure 121A: Effect of Truck Class Distribution on Top-Down Cracking
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Figure 122A: Effect of Truck Class Distribution on Subtotal AC Rutting
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Figure 123A: Effect of Truck Class Distribution on Total Rutting
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Figure 124 A: Effect of Truck Class Distribution on IRI

9.2 Effect of Material Inputs on Level 2 predicted Pavement Distresses
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Figure 125A: Effect of Effective Binder Content on Bottom-Up Cracking
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Figure 126A: Effect of Effective Binder Content on Top-Down Cracking
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Figure 127A: Effect of Effective Binder Content on Subtotal AC Rutting
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Figure 128A: Effect of Effective Binder Content on Total Rutting
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Figure 129A: Effect of Effective Binder Content on IRI
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Figure 130A: Effect of Air Void Content on Bottom-Up Cracking
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Figure 131A: Effect of Air Void Content on Top-Down Cracking
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Figure 132A: Effect of Air Void Content on Subtotal AC Rutting
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Figure 133A: Effect of Air Void Content on Total Rutting
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Figure 134A: Effect of Air Void Content on IRI
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Figure 135A: Effect of Base Course Material on Bottom-Up Cracking
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Figure 136A: Effect of Base Course Material on Top-Down Cracking
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Figure 137A: Effect of Base Course Material on Subtotal AC Rutting
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Figure 138A: Effect of Base Course Material on Total Rutting
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Figure 139A: Effect of Base Course Material on IRI
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Figure 141A: Effect of Subgrade Type on Top-Down Cracking
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Figure 142A: Effect of Subgrade Type on Subtotal AC Rutting
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Figure 143A: Effect of Subgrade Type on Total Rutting
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Figure 144A: Effect of Subgrade Type on IRI
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Figure 146A: Effect of Water Table on Top-Down Cracking with Weakest Subgrade
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Figure 147A: Effect of Water Table on Subtotal AC Rutting with Weakest Subgrade
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Figure 148A: Effect of Water Table on Total Rutting with Weakest Subgrade
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Figure 149A: Effect of Water Table on IRI with Weakest Subgrade
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Figure 150A: Effect of HMA CTC on Bottom-Up Cracking
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Figure 151A: Effect of HMA CTC on Top-Down Cracking
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Figure 153A: Effect of HMA CTC on Total Rutting
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10. Sensitivity Analysis Summary Level 2

Normalization of the distresses was done to compare the effects of each input parameter
on predicted distresses.

The normalized distress levels are calculated as the ratio of the difference between the
maximum and minimum predicted distresses for each input variable to the distress levels

corresponding to the control set of input values.

Maximum Distress—Minimum Distress

N

Distress for control input set

N - Normalized Value

Table 46 A: Difference between Maximum and Minimum Distress Level — Level 2

YERMONT LEVEL 2
Bottom-Up Top-Down | AC Rutting Total IR1
Input Variable Cracking Cracking Rutting

HMA air voids 0.1 762.4 0.023 0.029 1.1
HMA effective 0.05 410.48 0.028 0.035 1.3
binder content
HMA CTC 0 0 0 0 12.1
Base 0.02 256.33 0.004 0.014 0.6
type/modulus
Subgrade 0.03 928.81 0.006 0.042 9.3
type/modulus
WT with weakest 0.03 30.98 0.006 0.024 1.0
subgrade
AADTT value 0.11 603.71 0.086 0.114 4.6
Traffic 0.06 42495 0.061 0.075 3.0
distribution
Initial IR1 0 0 0 0 74.0
HMA Layer 0.2 1595.26 0.027 0.097 4.0
thickness
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Table 47A: Normalized Values for Vermont Level 2 and Ranks

VERMONT LEVEL 2
Bottom-Up Top-Down AC Rutting Total IRI
Input Cracking Cracking Rutting

Variable

Value | Rank | Value | Rank | Value | Rank | Value | Rank | Value | Rank

HMA air voids | 0.065 3 0.551 3 0.126 5 0.066 6 0.009 8

HMA 0.033 5 0.297 6 0.153 3 0.080 5 0.011 7
effective
binder content

HMA CTC 0.000 8 0.000 9 0.000 8 0.000 9 0.098 2

Base 0013 7 018 | 7 [0.022| 7 [0032] 8 [0.005] 10
type/modulus

Subgrade 0020 6 0672 2 [0033] 6 [009| 4 [0075] 3
type/modulus

WT with 0020 6 [0022| 8 [0033| 6 [0055] 7 [0.008][ 9
weakest

subgrade

AADTT value | 0072 | 2 [0436| 4 [0470| 1 [0261 | L [0.037| 4
Traffic 0039 4 [0307] 5 0333 2 0172 3 |0.024
distribution

Initial IR1 0000 8 [0000] 9 [0000] 8 [0.000] 9 [0600] 1
HMA 0131 | 1] [ 1153 L |o0148| 4 [0222| 2 [0032| 5
thickness
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Figure 160A: Significance of Effect of Input Variables on Bottom-Up Cracking
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Figure 161A: Significance of Effect of Input Variables on Top-Down Cracking
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Figure 162A: Significance of Effect of Input Variables on AC Rutting
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Figure 164A: Significance of Effect of Input Variables on IRI
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Table 48A: Sensitivity Analysis Results Level 2*

Bottom-Up AC Rutting Total Rutting “

HMA Thickness

AADTT

HMA Air Voids

Traffic
Distribution

HMA Effective
Binder Content

HMA Thickness

Subgrade Type/
Modulus

" HMA Air Voids

AADTT

Traffic
Distribution

AADTT

Traffic
Distribution

HMA Effective
Binder Content

HMA Thickness

HMA Air Voids

AADTT

HMA Thickness

Traffic
Distribution

Subgrade Type/
Modulus

HMA Effective
Binder Content

Initial IRI

HMA CTC

Subgrade Type/
Modulus

AADTT

HMA Thickness

* Values from highest to lowest

Table 49A: Sensitivity Analysis Summary Level 2

Design/ Distress/Smoothness
Material Bottom-Up | Top-Down | AC Rutting Total IR
Variable Cracking Cracking Rutting
HMA air voids XXX XXX X X
HMA effective XX XX XX X
binder content
HMA CTC X
Base X X X X
type/modulus
Subgrade X XXX X X X
type/modulus
WT with X X X X
weakest
subgrade
AADTT value XXX XXX XXX XXX
Traffic XX XX XX XX
distribution
HMA Thickness XXX XXX XX XX
Initial IRT XXX
Note: X — Small effect

XX — moderate effect
XXX - large effect
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Appendix A: Code Descriptions (Vermont)

CODE DESCRIPTIONS
Al, A2, A3 3/8” {9.5 mm) HMA mix gradation
B1, B2, B3 3/4” (19 mm) HMA mix gradation

A1B1, A2B2, A3B3

Mean, coarse, fine HMA mix gradation

D1, D2, D3, D4 Truck class distribution

El, E2, E3 Subgrade type

F1, F2, F3 Effective binder content

G1, G2, G3 AC Binder grade

M1, M2, M3 Base course aggregate gradation level 3
M1L2, M2 L2 Base course aggregate gradation level 2
N1, N2, N3 Coefficient of Thermal Contraction
Q1,Q2, Q3 AADTT value

R1, R2, R3 Traffic growth rate

§1,S2,S3 Initial IRI

T1,72, T3 HMA layer thickness

U1, uz2,u3 Traffic operational speed

V1,Vv2,V3 Binder air content

WT1, WT2, WT3

Ground water table level
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Appendix B: Vermont Performance Graded Binder Selection Map
(Vermont)
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Appendix C: Material Classification (Vermont)

Material Classification M, Range Typical M,
A-1-a 38,500 — 42,000 40,000
A-1-b 35,500 - 40,000 38,000
A-2-4 28,000 —- 37,500 32,000
A-2-5 24,000 - 33,000 28,000
A-2-6 21,500 -31,000 26,000
A-2-7 21,500 - 28,000 24,000

A-3 24,500 - 35,500 29,000
A-4 21,500 — 29,000 24,000
A-5 17,000 - 25,500 20,000
A-6 13,500 — 24,000 17,000
A-7-5 8,000 - 17,500 12,000
A-7-6 5,000 - 13,500 8,000
CH 5,000 - 13,500 8,000
MH 8,000-17,500 11,500
CL 13,500 - 24,000 17,000
ML 17,000 - 25,500 20,000
SW 28,000 -37,500 32,000
SP 24,000 — 33,000 28,000
SW-5C 21,500 - 31,000 25,500
SW-SM 24,000 — 33,000 28,000
SP-SC 21,500 - 31,000 25,500
SP-SM 24,000 - 33,000 28,000
SC 21,500 - 28,000 24,000
SM 28,000 - 37,500 32,000
GW 39,500 - 42,000 41,000
GP 35,500 - 40,000 38,000
GW-GC 28,000 - 40,000 34,500
GW-GM 35,500 - 40,500 38,500
GP-GC 28,000 — 39,000 34,000
GP-GM 31,000 — 40,000 36,000
GC 24,000 — 37,500 31,000
GM 33,000 - 42,000 38,500
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Appendix D: Permanent Traffic Recorder

Stations (Vermont)
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Appendix E: Performance Graded Binder Selection Table (Vermont)

Performance Graded Binder Selection Table

Adjusted PG Binder
on the Basis of Traffic Speed and Traffic Level
Adjusted PG Binder Grade
Design

ESALsY Average Tratfic Speed
(million) <20 kuvh (12 mph) 20 to 70 kmvh (12 to 44 mph) > 70 kivh (44 mph)

<03 PG 58-xx% PG 58-XX PG 58-XX
0.3to<3 PG 64-XX PG 58-XX PG 58-XX
3to< 10 PG 70-28 PG 64-XX PG 58-KX
10to <30 PG 70-28® PG 64-XX PG 64-XX

> 30 PG 70-28 & PG 64-XX PG 64-XX

o Design ESALs are the anticipated project traffic level expected on the design lane over a 20-year period. regardless of the
actual design life of the roadway.

@ XX indicates the low temperature of the selected PG Binder determined from the Performance Graded Binder
Selection Map. either -28 or -34.

® When the high-end temperature is adjusted two grades to a 70. the low-end temperature needs to be changed to a -28 1f
the selected PG binder is a PG 58-34. If selected PG binder is a PG 58-28. then no change to the low-end temperature is
needed when changing the high-end temperature two grades to 70.

226




Appendix B: New York State M-E PDG Level 3 Report
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1. General Inputs

1.1 Design Life

e 20 years for a new pavement is recommended.

1.2 Construction & Traffic Opening Dates

e Base/subgrade construction month — August, 2010
e Pavement construction month - September, 2010

e Traffic opening date — October, 2010

1.3 Type of Pavement

This analysis 1s performed for a new flexible pavement.

1.4 Site/Project Identification

The site is located in East Syracuse, NY, 481 Highway (LTPP section # 36-1011-1)
e County: ONONDAGA
e Latitude, deg. 43.12
e Longitude, deg. -76.05
e Elevation, (ft) 395
e Org. construction date: 06/01/1984
o Constr. event date 09/14/1993
e Functional class: 11

e Years of climatic data 27
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Figure 1B: LTPP Section 36-1011-1 Coordinates

1.5 LTPP Road Section Structure

Table 1B: Pavement Layers at Section 36-1011-1

Layer Type Layer Thickness (in)
Onginal Surface Laycr (layer Type: AC) 1.2”

AC Layer Below Surface (Binder Course) 8.6”7

Base Layer (Layer Type: GB) 15.17

Subgradc (Layer Type: SS) Semi-infinite

LTPP road section # 36-1011-1 contains of 2 traffic lines in one direction.
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2. Performance Criteria Inputs (Analysis Parameters)

Table 2B: Suggested Performance Criteria for Use in Pavement Design.*

Pavement Type

Performance Criteria

Max. Value at End of Design
Life at Design Reliability

HMA pavement & overlays

HMA bottom up fatigue | Interstate: 10 percent lane
cracking (alligator area
cracking) Primary: 20 percent lane
area
Secondary: 45 percent lane
area
HMA longitudinal Interstate: 2,000-ft/mile
fatigue cracking (top Primary: 2,500-ft/ mile
down) Secondary: 3,000-ft/ mile

Permanent deformation
(total mean rutting of
both wheel paths)

Interstate: 0.40-in mean
Primary: 0.50-in mean
Others <40 mph: 0.75-in
mean

Thermal fracture
(transverse cracks)

Interstate: Crack spacing >
70-ft

(Crack length < 905-

ft/ mile)
Primary/Secondary:
Crack spacing > 50-ft
(Crack length < 1267-

ft/ mile)

IRI

Interstate/Primary: 169
in/mile maximum
Secondary: 223 in/mile
maximum

*Report No. UT-09.11a “Draft User’s Guide for UDOT MEPDG”; October 2009
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Table 3B: Analysis Parameters Used for NY State.

Analysis parameter Maximum criteria at 90%
Reliability
Imitial IRI (in /mz1) 75
Termunal IRT (1in /mi) 172
AC Sutface Down Cracking (ft/mu) 2000
AC Bottom Up Cracking (%) 25
AC Thermal Fracture (ft/mu) 1000
Permanent Deformation — Total Pavement (1n) 075
Permanent Deformation — AC only (in) 025
S VAT wmte B e i o e § e W s Papn— —
Analysis Parameters
- o |
Project Name !NY_T 011 level3 Control ;
intrat IR (in/r) ‘?51 :
Pe;}orma;;e Cntena - —— -
Rigid Pavement Flexable Pavement ‘
Lt Rehabity
' Teminal IRI fin/mile) [172 [s: :
v AL Suiface Down Cracking ]2535 ’g;
| Long Cracking §t/mi) {
{7 AC Bottom Up Cracking [25 [ge
Alhgator Cracking (%)
¥ AC Themal Fracture #t/mi) el '3:
[ Chemically Stabiized Layer f2= EB
Fatigue Fracture(%.)
¥ Permanert Deformation - Total Pavement {n) !C “E lSC '
¥ Pemanent Deformation - AC Only §in) |c 25 |sc

Fi'gure 2B: Analysis Parameters Used in NY
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Table 4B: NY State Level 3 Reliability Summary

Project: NY_1011
level3 Control
Reliability
Summary

Performance Criteria

Terminal IRI (in/mi)

AC Surface Down Cracking
(Long. Cracking) (ft/mile):

AC Bottom Up Cracking
(Alligator Cracking) (%):

AC Thermal Fracture
{Transverse Cracking) (ft/mi):

Chemically Stabilized Layer
(Fatigue Fracture)
Permanent Deformation (AC
Only) (in):

Permanent Deformation
(Total Pavement) (in)

Distress
Target

172

2000

25

1000

25

0.25

0.75

Reliability
Target

90
90
90
80
90

90

90

Distress Reliability

Predicted Predicted Acceptable

1241 92.19
35 99.98
0.1 99.999

460.9 99.999

0.17 92.01

0.38 99.999

Pass
Pass
Pass
Pass
N/A
Pass

Pass

Table SB: IRI Ranges Defined by FHWA Highway Statistics Publications

IRI Scale (in/mi) Description
<60 Very Smooth
61-120 Smooth
121 -170 Fair
171 -220 Rough
> 220 Very Rough
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3. Design Reliability Input

Table 6B: Tentative Recommended Level of Reliability

Functional Classification Urban Rural
Interstate/Freeways 65 92
Principal Arterials 90 85
Collectors 80 75
Locals 70 60

A design reliability of 90 percent is selected for this analysis. A higher level of design

reliability is not recommended, because of the significant cost increase.
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4. Traffic Inputs

Table 7B: Recommended Traffic Value Inputs

Traffic Input

Recommended Value

Initial two way AADTT (class 4 and above)

Projected traffic for opening month from

measured historical data.

Number of lanes in design direction

Actual or from design plans.

Percent of trucks in design direction (%)

50%, unless higher truck volume is measured
in design direction

Percent of trucks in design lane (%)

Actual measured in design lane over 24-hours,
otherwise use the following:

* 100% for 1 lane in design direction

* 95% for 2 lanes in design dircction

For unusual truck traffic situations
(mountainous terrain or urban usage
complexity), conduct on site truck lane usage
counts over 24-hour period.

Operational Speed (mph)

Posted or Design Speed

4.1

Annual Average Daily Truck Traffic (AADTT)

Truck Traffic (AADTT) was calculated by taking 16.0 % of Annual Average Daily
Traffic (AADT) as given in 2010 Traffic Data Viewer. The AADT for 481 Highway
located in East Syracuse, NY (ONONDAGA County) was 26198 for the 2010 year.
Control AADTT for this study is taken as 4192.
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FHWA VEHICLE CLASSIFICATIONS

1 Motorcycles 2 Passenger Cars 3 Two Axe, 4 Tire Single Units 4
-
5 TwoAxie, 8 Twe SingieUnits | Three Ade Single Units 7 Fors or More Axle Single Units 8 Fourorless Axde Singe Traders
9 Five Axle Single Traders 10 Six or More Axle Single Trabers 11 Five or Less Axde Mule-Trailers
12 Six Axie Multi- Trailers 13 Seven or Mose Axle Mult- Tratlers

Figure 7B: Illustration of FHWA/AASHTO Vehicle Class Type Description

4.2 Truck Class Distribution selections

Table 8B: Truck Class Distribution Level 3 Summary

CODE

TRUCK D (from D1 (low D2 (high D3 (Level 3-
CLASS LTPP)* class)** class)** Control)

4 N/A 5.2 : 0.1 1.8

5 N/A 38.9 0.6 24.6

6 N/A 35.8 0.8 7.6

7 N/A 10.2 0.6 0.5

8 N/A 5.6 6.8 5.0

9 N/A 3.5 9.2 31.3

10 N/A 0.2 25.8 9.8

Il N/A 0.3 36.4 0.8

12 N/A 0.2 16.5 33

13 N/A 0.1 3.2 15.3

* -no LTPP Truck Class Distribution data
**. Based on Sensitivity Study of Design Input Parameters for Flexible Pavement Systems using M-E PDG in Towa

DOT, 2004
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4.3 Rate of Traffic Growth

Table 9B: Selected Traffic Growth Rates for New York State

Code

Traffic Growth Rate

R1

1.0 % linear

R2 (Control)

2.0 % linear

R3

3.0 % linear

4.4 Traffic Operational Speed

Table 10B: Selected Traffic Operational Speeds

Traffic Operational Speed

Code (mph) Binder Grades
Ul 5 Gl1,G2,G3
U2 25 G1,G2,G3
U3 (Control) 65 Gl1,G2,G3
4.5 Annual Average Daily Truck Traffic (AADTT)
Table 11B: Calculated AADTT Values
Code Station [D/location Traffic Volume (AADTT)
Q1 (Control) East Syracuse, NY 4192
Q2 1-90 exit 6154
Q3 South of 1-90 7161

* - Figure 8 Traffic data Viewer map
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4.6 The Monthly Traffic Adjustment Factors

lor - Control AADT)

Table 12B: Monthly Adjustment Factors (MAF) for Pavement Design in East

Syracuse, NY*

Locatio | Mont | Clas [ Clas [ Clas | Clas | Clas | Clas | Clas | Clas | Clas | Clas

n h sd s S s6 s7 s 8 s9 s10 |s11 s12 s13
Jan 1 1 1 1 1 1 1 1 1 1
Feb 1 1 1 1 1 1 1 1 1 I
Mar 1 1 1 1 1 1 1 1 1 1
Apr. |1 1 1 1 1 1 1 1 1 1
May |1 | 1 1 1 1 1 1 1 1

East Jun |1 1 1 1 1 1 1 1 | 1

Syracuse [ Jul |1 1 1 1 | 1 1 1 1 1

> Aug 1 1 1 1 1 1 1 1 1 1

NY Sep |1 1 1 1 1 1 1 1 1 1
Oct 1 | 1 1 | 1 1 1 1 1
Nov 1 1 1 | 1 | 1 I 1 1
Dec 1 1 1 1 1 | 1 1 | 1

* _ level 3 default value
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4.7 The MADT to AADT factor

Table 13B: Collected MADT’s for Selected Location

MADT* TO AADT** FACTOR
Month East Syracuse, NY

Jan. n/c n/c n/c
Feb. n/c n/c n/c
Mar. n/c n/c n/c
Apr. n/c n/c n/c
May n/c n/c n/c
Jun. n/c n/c n/c
Jul. n/c n/c n/c
Aug. n/c n/c n/c
Sep. n/c n/c n/c
Oct. n/c n/c n/c
Nov. n/c n/c n/c
Dec. n/c n/c n/c

*- MADT - monthly average daily traffic
**. AADT — annual average daily traffic
n/c — not collected
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5. Climate Inputs

Five climate stations were selected from available climate data base in the M-E PDG.
The five stations have been chosen as they were more geographically dispersed. These

stations are: Albany, Buffalo, Saratoga (control), Massena and Poughkeepsie.

New York P e

Plattsburgh

Lake

Wilmington » Champlan

Lake Pigcid =
Aditondack Mins NP ;f Fort Ticonderoga
« Blue Malntain Lake

Lake Ontano 4
Youngstown Rochestar : /
| ; f— Glens Falls
Lewiston . Saratcgs
Sprirgs
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! Kingsion
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Figure 9B: New York State Map - Climate Station Location
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51

Table 14B: Selected Locations Climate Data

Sensitivity to Climate Data Interpolation

STATION Nearest 3 Latitud | Longitude | Distance #Months of data
Stations e
Buffalo, NY | Niagara Falls, 43.07 -78.57 16.7 54
NY
Dunkirk, NY 42.29 -79.16 41.2 110
Rochester, NY 43.07 -77.41 54.5 116
Albany, NY Bennington, 42.53 -73.15 293 87
VT
North Adams, | 42.42 -73.1 323 116
MA
Pittsfield, MA | 42.26 -73.17 342 85
Massena, NY | Saranac Lake, 4423 -74.13 49.1 93
NY
Plattsburgh, 44.41 -73.31 67.6 92
NY
Watertown, 43.59 -76.01 87.2 62
NY
Poughkeepsie, | Montgomery, 41.31 -74.16 21.4 98
NY NY
Danbury, CT 41.22 -73.29 27.7 94
White Plains, 41.04 -73.43 40.1 59
NY
Syracuse, NY Fulton, NY 43.21 -76.23 21.5 116
Penn Yan, NY | 42.38 -77.04 59.2 98
Watertown, 43.59 -76.01 87.2 62
NY
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5.2 Water Table Depth Variation

Table 15B: Selected WT Depth for East Syracuse, NY

CODE Depth of Water Well Combination with A-7-6
Table Location Subgrade
WT1 3ft Buffalo E1WT1
WT2 6 ft Massena EIWT2
WT3 (Control) 10 ft Syracuse EIWT3
WT4 11t Shawnee E1IWT4
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430243076 180401 - Local number, Od-1825, Camillus NY
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Figure 13B: Historic Data for Depth to Water Level in Camillus, NY (Well # Od-

Table 16B: Water Level Measurement Records at Camillus Well

Highest WL

Date of Highest WL

Lowest WL

Date of Lowest WL

0.0

10/01/08

14.31

08/12/03

Table 17B: Most Recent Data Value: 10.82 on 4/12/2011 at Camillus, NY Well

. ! Average Monthly ! Average X Number
Month { Monthly Median i Monthly ! of
Minimum ; Maximum ] Months
{ Jan ~or 1136 i 11.85 i 6 |
| Feb 11.01 11.39 12.25 i 6
| Mar 9.70 11.07 - 11ss b7
Apr 10.24 1099 11.93 1 8 1
May 11.13 , 12.30 . 12.46 7
Jun 12.18 | 12.52 | 13.07 7
Jul 10.30 12.60 13.23 7
Aug 12.52 12.94 14.31 8
Sep 11.69 13.00 13.87 6
Oct 12.37 12.54 13.84 7
Nov 11.37 12.64 13.09 6
Dec 11.57 11.84 12.14 6
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6. Material Inputs

6.1 HMA Thickness

An HMA thickness for the control file is 9.8”. To see the effect of HMA thickness on

predicting distresses values two more HMA thicknesses has been selected:

Table 18B: Selected HMA Layer Thickness

CODE Total HMA Thickness (in)
T1 8.0
T2 (Control) 9.8
T3 11.0

6.2 Number of HMA Layers

Two HMA layers are going to be used for the M-E PDG analysis:
e AC original surface — 1.2” (w/ 9.5 mm mix gradation)
e AC binder course — 8.6” (w/ 19.0 mm mix gradation)

A total HMA thickness for a control value is taken as 9.8
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6.3 HMA Mix Gradation

HMA mix gradation for New York State conforms to Superpave specifications.

Table 19B: Range of Values of HMA Mix Gradation — Superpave Specifications

9.5 mm 12.5 mm 19.0 mm 25.0 mm 37.5mm
NMAS of Mix (3/8”) (1/2”) (3/4”) (1”) (1.5")
3/4” sieve 0 0-10 10 - NR NR NR
3/8” sieve 0-10 10-NR NR NR NR
# 4 sieve 10 - NR NR NR NR NR
#200 sieve 2-10 2-10 2-8 1-7 0-6
* NR - No restriction on the value
Table 20B: Tolerance for HMA Mix Gradation
NMAS of Mix 9.5 mm 12.5 mm 19.0 mm 25.0 mm 37.5 mm
(3/8”) (1/2”) (3/4”) (1”) (1.5”)
Cum. % Ret 3/4" sieve +4% + 5% +7%
Cum. % Ret 3/8" sieve +4% +5% +7%
Cum. % Ret # 4 sieve +4% +3% +4% +4% + 6%
#200 sieve +0.8% +0.8% +0.8% +0.8% +0.8%
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Table 21B: Recommended Typical NY State HMA Mix Gradations Input

Gradation Mix Percent Retained Percent
Designation Passing
¥-in Sieve | Y-in Sieve | 3/8-in Sieve #4-in Sieve | #200 Sieve
Ya-in (12.5 mm) 0 5 25 5 6
%-in (9.5 mm) 0 0 5 45 6

6.4 PG Binder Grade

Five different binder grades are chosen from among the PG binders that are suitable for

use in the state of New York. The PG 64-22 is used as the binder grade for the control

case. The binder grade is tested in conjunction with operational speed of vehicle.

Table 22B: PG Binder Grades Used in New York State

CODE PG BINDER GRADE
G1 PG 58-34
G2 " PG 64-28
G3 (Control) PG 64-22
G4 PG 70-22
G5 PG 76-22
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6.5 Unbound Layer Inputs

ASTM D 2940, Standard Specification for Graded Aggregate Material for Bases or
Subbases for Highways or Airports. The gradation for base material from this standard is

given below.

Table 23B: ASTM D 2940 Gradation for Dense-Graded Bases and Subbases

Sieve Size Percent Passing
2 in. (50 mm) 100

1% in. (37.5 mm) 95-100

3/4 in. (19.0 mm) 70 —-92

Y2 1n. (9.5 mm) 50-70

No. 4 (4.75 mm) 35-55

No. 30 (0.600 mm) 12-25

No. 200 (0.075 mm) 0-8

6.6 Base Course Resilient Modulus

Table 24B: Base Course Aggregate Gradations (Level 3)

CODE M1 M2 M3
Type of course Crushed Gravel Crushed Stone River-Run Gravel
Sieve Size Percent Passing by Weight
3 Y% in (90 mm) - - 97.6
3 in (75 mm) 100 - -
2 in (50 mm) 97.5 100 91.6
1 % in (37.5 mm) - 92.5 85.6
1 in (25 mm) 70.0 - 78.8
¥ in (19 mm) - 60.0 72.7
#4 (4.75 mm) 39.5 275 44.7
#200 (0.075 mm) 6.0 2.5 8.7
Resilient Modulus 25000 psi 30000 psi 15000 psi
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Table 25B: Base Course Resilient Modulus Level 3 Values for NY State

CODE Mg (psi)
M1 (Control) 25000
M2 30000
M3 15000

Table 26B: Untreated Base Course gradation Limits

Gradation Limits

Sieve Size Job Mix Gradation Job Mix Gradation
Target Band Tolerance
1"/, inch 100
1inch 90 - 100 9.0
*l4 inch 70 -85 +9.0
"/, inch 65— 80 +9.0
*lginch 55— 75 +9.0
No. 4 40 - 65 7.0
No. 16 25-40 5.0
No. 200 7-11 +3.0

6.7 Subgrade Resilient Modulus Mr

Table 27B: Subgrade Types and Subgrade Resilient Modulus

Material RESILIENT MODULUS
CODE SUBGRADE TYPE Classification | (psi)

Level 2 Level 3

E1l Clayey soils A-7-6 n/c* 8000
E2 Fine sand, some silt A-2-4 n/c 25000

(Control)
E3 Coarse to fine gravelly, coarse A-1-a n/c 30000
to medium sand, some fine sand

* n/c — not collected
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6.8 Effective Binder Content Vpe, % (AASHTO T308)

Table 28B: Effective Binder Content

CODE In-situ VMA, EFFECTIVE BINDER
percent CONTENT
F1 13.0 9.0
F2 (Control) 15.0 11.0
F3 17.0 13.0

Table 29B: HMA Mix Gradation Input Values

9.5 mm (3/8”) 19.0 mm (3/4”)

% of Aggregate Al A2 A3 B1 B2 B3
Retained on 3/4” sieve 0 0 0 14.0 18.6 12.0
Retained on 3/8” sieve 5.0 8.2 3.6 24.0 324 19.8

Retained on #4 sieve 35.0 48.3 22.1 42.0 52.0 34.5
Passing #200 sieve 6.0 2.8 8.5 5.0 2.8 7.2

1 Mean values of the allowable range of valucs
2 — Coarse mix gradation

3 - Fine mix gradation

6.9 Air Voids Content, %

Table 30B: Air Voids Percentage (Mixture design)

CODE PERCENT AIR VOIDS
\%! 3.0
V2 (Control) 4.0
V3 5.5

None mixture design Air Voids (in-situ air voids at construction site) will be based on

percent compaction in specification:
e Range 3.51t0 9.5 (90.5 to 96.5)
e Target 6.5 (93.5) — recommended
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6.10 Mix Coefficient of Thermal Contraction (CTC)

Table 31B: Mix Coefficient of Thermal Contraction

CODE COEFFICIENT OF THERMAL
CONTRACTION
N1 1.0 E-07
N2 (Control) .3 E-05
N3 1.0 E-04

The Mix CTC default value of 1.3 E-05 is used for Level 3 sensitivity analysis.

To see the effect of the CTC value on the sensitivity analysis the ranges were selected

based on the M-E PDG help menu from 1.0 x 10”7 to 1.0 x 10™,

6.11 Initial IRI Values for New Pavement Design

Table 32B: Suggested Initial IRI Values for New Pavement Design

PAVEMENT TYPE IRIL, IN/M1
MINIMUM AVERAGE MAXIMUM
NEW HMA AND
HMA/HMA* 32 70 106

*- Initial IR for HMA pavements shall be set within the range of 70 to 85 in/mi.

Table 33B: Sensitivity Analysis Initial IRI Values

CODE Initial IRI (in/mi)
S1 32
S2 (Control) 75
S3 106

6.12 Aggregate Coefficient of Thermal Contraction

The M-E PDG default value is 5.0%10°/°F.
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7. NY State M-E PDG Level 3 Sensitivity Analysis

7.1 Effect of Traffic Inputs on Pavement Distresses
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Figure 16B: Effect of Truck Class Distribution on Bottom-Up Cracking
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Figure 17B: Effect of Truck Class Distribution on Top-Down Cracking
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Figure 18B: Effect of Truck Class Distribution on Subtotal AC Rutting
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Figure 19B: Effect of Truck Class Distribution on Total Rutting
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Figure 20B: Effect of Truck Class Distribution on IRI

1.56
—~ 154 P i
S ]
[>1:) '
£ 1.52
g
;i- 15 e e ‘-‘_u - wmannee Growth 1%
g 1.48 r&,- Li — Growth 2%
g i J - - »Growth 3%
@ 146 - —p= .
i ~~d
1.44 ! ;
0 5 10 15 20
Year

Figure 21B: Effect of Traffic Growth Rate at Bottom-Up Cracking
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Figure 22B: Effect of Traffic Growth Rate on Top-Down Cracking
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Figure 23B: Effect of Traffic Growth on Subtotal AC Rutting
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Figure 24B: Effect of Traffic Growth Rate on Total Rutting
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Figure 25B: Effect of Traffic Growth Rate on IRI
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Figure 26B: Effect of Traffic Speed on Bottom-Up Cracking with PG 64-22
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Figure 27B: Effect of Traffic Speed on Top-Down Cracking with PG 64-22
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Figure 28B: Effect of Traffic Speed on Subtotal AC Rutting with PG 64-22
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Figure 29B: Effect of Traffic Speed on Total Rutting with PG 64-22
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Figure 30B: Effect of Traffic Speed on IRI with PG 64-22
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Figure 31B: Effect of AADTT on Bottom-Up Cracking
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Figure 33B: Effect of AADTT on Subtotal AC Rutting
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Figure 34B: Effect of AADTT on Total Rutting
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Figure 35B: Effect of AADTT on IRI
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7.2 Effect of Climate Inputs on Pavement Distresses
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Figure 36B: Effect of Climate on Bottom-Up Cracking
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Figure 37B: Effect of Climate on Top-Down Cracking
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Figure 38B: Effect of Climate on Subtotal AC Rutting
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Figure 39B: Effect of Climate on Total Rutting
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Figure 40B: Effect of Climate on IRI
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Figure 42B: Effect of Water Table Depth on Bottom-Up Cracking
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Figure 43B: Effect of Water Table Depth on Top-Down Cracking

269



0.3

0.25
=
= 0.2
£
E ammeen \WT 1 ft

0.15 ——
EJ WT 3 ft
g e \\/T 6 ft
e
2 0.1 —\WT 10 ft
v

wmmmsne Design Limit
0.05
0 7 T T 1
0 5 10 15 20
Year

Figure 44B: Effect of Water Table Depth on Subtotal AC Rutting
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Figure 45B: Effect of Water Table Depth on Total Rutting
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Figure 46B: Effect of Water Table Depth on IRI

7.3  Effect of Material Inputs on Pavement Distresses

1.56

i
154 !L‘ -

E [_‘
1.52 lmm—mm s

Bottom-Up Cracking (%)

1.5 e e s [ m—Vbe=o%
1as — [ f  e———Vbe=11%
| DY N Vb = 13%
146 — —_— - -
| [T
144 -+ l - -
0 5 10 15 20

Year

Figure 47B: Effect of Effective Binder Content on Bottom-Up Cracking
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Figure 49B: Effect of Effective Binder Content on Subtotal AC Rutting
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Figure 51B: Effect of Effective Binder Content on IRI
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Figure 52B: Effect of Percent Air Voids on Bottom-Up Cracking
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Figure 53B: Effect of Percent Air Voids on Top-Down Cracking
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Figure 55B: Effect of Percent Air Voids on Total Rutting
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Figure 57B: Effect of AC Layer Thickness on Bottom-Up Cracking
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Figure 58B: Effect of AC Layer Thickness on Top-Down Cracking
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Figure 59B: Effect of AC Layer Thickness on Subtotal AC Rutting
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Figure 60B: Effect of AC Layer Thickness on Total Rutting
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Figure 61B: Effect of AC Layer Thickness on IRI
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7.4 Effect of Asphalt Concrete Mix Gradation
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Figure 62B: Effect of Aggregate Gradation of 9.5 mm AC mix on Bottom-Up
Cracking
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Figure 63B: Effect of Aggregate Gradation of 9.5 mm AC mix on Top-Down
Cracking
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Figure 65B: Effect of Aggregate Gradation of 9.5 mm AC mix on Total Rutting

280



180

170
160
.’g 150
E 140 —F 5 mm Mean
= e § 5 C
E 130 mm Coarse
=meenQ 5 mm Fine
120
—Design Limit
110
100 T T ¥ )
0 5 10 15 20
Year

Figure 66B: Effect of Aggregate Gradation of 9.5 mm AC mix on IRI
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Figure 67B: Effect of Aggregate Gradation of 19.0 mm mix on Bottom-Up Cracking
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Figure 68B: Effect of Aggregate Gradation of 19.0 mm mix on Top-Down Cracking
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Figure 69B: Effect of Aggregate Gradation of 19.0 mm mix on Subtotal AC Rutting
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Figure 70B: Effect of Aggregate Gradation of 19.0 mm mix on Total Rutting
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Figure 71B: Effect of Aggregate Gradation of 19.0 mm mix on IRI
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Figure 72B: Effect of Aggregate Gradation of 9.5 mm & 19.0 mm mix on Bottom-Up
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Figure 73B: Effect of Aggregate Gradation of 9.5 mm & 19.0 mm mix on Top-Down
Cracking
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Figure 74B: Effect of Aggregate Gradation of 9.5 mm & 19.0 mm mix on Subtotal
AC Rutting
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Figure 75B: Effect of Aggregate Gradation of 9.5 mm & 19.0 mm mix on Total
Rutting
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Figure 76B: Effect of Aggregate Gradation of 9.5 mm & 19.0 mm mix on IRI
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Figure 77B: Effect of Binder Grade on Bottom-Up Cracking at Speed 5 mph

286



3000

2500 i —ad
£
£ 2000
w PG 58-34
£
g 1500 PG 64-28
c / o PG 64-22
8 1000 - PG 70-22
g /_,-/"—/ —PG 76-22
500 =

e Design Limit

Q
wn
WY
o
[y
]
]
(o]

Year

Figure 78B: Effect of Binder Grade on Top-Down Cracking at Speed S mph
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Figure 79B: Effect of Binder Grade on Subtotal AC Rutting at Speed 5 mph
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Figure 80B: Effect of Binder Grade on Total Rutting at Speed 5 mph
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Figure 81B: Effect of Binder Grade on IRI at Speed S mph
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Figure 82B: Effect of Binder Grade on Bottom-Up Cracking at Speed 25 mph
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Figure 83B: Effect of Binder Grade on Top-Down Cracking at Speed 25 mph
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Figure 84B: Effect of Binder Grade on Subtotal AC Rutting at Speed 25 mph
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Figure 85B: Effect of Binder Grade on Total Rutting at Speed 25 mph
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Figure 86B: Effect of Binder Grade on IRI at Speed 25 mph
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Figure 87B: Effect of Binder Grade on Bottom-Up Cracking at Speed 65 mph
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Figure 88B: Effect of Binder Grade on Top-Down Cracking at Speed 65 mph
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Figure 89B: Effect of Binder Grade on Subtotal AC Rutting at Speed 65 mph
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Figure 90B: Effect of Binder Grade on Total Rutting at Speed 65 mph
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Figure 91B: Effect of Binder Grade on IRI at Speed 65 mph
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7.5 Effect of Base/Subbase Inputs on Pavement Distresses
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Figure 92B: Effect of Base Course Material on Bottom-Up Cracking
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Figure 93B: Effect of Base Course Material on Top-Down Cracking
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Figure 94B: Effect of Base Course Material on Subtotal AC Rutting
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Figure 95B: Effect of Base Course Material on Total Rutting
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Figure 96B: Effect of Base Course Material on IRI
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Figure 97B: Effect of Subgrade Type on Bottom-Up Cracking
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Figure 98B: Effect of Subgrade Type on Top-Down Cracking
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Figure 99B: Effect of Subgrade Type on Subtotal AC Rutting
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Figure 100B: Effect of Subgrade Type on Total Rutting
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Figure 101B: Effect of Subgrade Type on IRI
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Figure 102B: Effect of Water Table on Bottom-Up Cracking with Weakest
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Figure 103B: Effect of Water Table on Top-Down Cracking with Weakest Subgrade
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Figure 104B: Effect of Water Table on Subtotal AC Rutting with Weakest Subgrade
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Figure 105B: Effect of Water Table on Total Rutting with Weakest Subgrade
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Figure 106B: Effect of Water Table on IRI with Weakest Subgrade
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Figure 107B: Effect of HMA CTC on Bottom-Up Cracking
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Figure 108B: Effect of HMA CTC on Top-Down Cracking
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Figure 109B: Effect of HMA CTC on Subtotal AC Rutting
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Figure 110B: Effect of HMA CTC on Total AC Rutting
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Figure 111B: Effect of HMA CTC on IRI
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Figure 112B: Effect of Initial IRI on Bottom-Up Cracking
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Figure 113B: Effect of Initial IRI on Top-Down Cracking
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Figure 114B: Effect of Initial IRI on Subtotal AC Rutting
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Figure 115B: Effect of Initial IRI on Total Rutting
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Figure 116B: Effect of Initial IRI on IRI
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8. Sensitivity Analysis Summary Level 3

Normalization of the distresses was done to compare the effects of each input parameter
on predicted distresses.

The normalized distress levels are calculated as the ratio of the difference between the
maximum and minimum predicted distresses for each input variable to the distress levels

corresponding to the control set of input values.

Maximum Distress—Minimum Distress

N=

Distress for control input set

N - Normalized Value

Table 34B: Difference between Maximum and Minimum Distresses — Level 3

NEW YORK LEVEL 3

Input Variable Boitom-Up | Top-Down | AC Ruiting Total IR1

' Rautting
HMA thickness 0.27 1821.85 0.026 0.079 3.99
HMA mix 0.03 297.93 0.041 0.051 2.55
gradation
HMA air voids 0.2 748.37 0.019 0.024 0.28
HMA effective 0.04 100.54 0.028 0.034 3.42
binder content
HMA binder grade 0.1 1006.74 0.129 0.156 7.71
Base type/modulus 0.05 210.63 0.011 0.025 1.27
Subgrade 0.12 861.79 0.029 0.15 17.06
type/modulus
Ground water 0.09 311.81 0.023 0.051 1.3
table
WT with weakest 0.12 7.19 0.013 0.023 1.49
subgrade
Climate 0.07 629.77 0.132 0.149 24.86
AADTT value 0.07 233.22 0.049 0.061 3.11
Operational speed 0.14 1166.93 0.172 0.201 10.14
Traffic growth rate 0.02 58.77 0.023 0.017 0.83
Traffic distribution 0.08 160.2 0.055 0.063 3.2
HMA CTC 0 0 0 0 19.2
Initial IRI 0 0 0 0 96.56

Table 35B: Normalized Values and Ranks for NY Level 3
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Table 35B: Normalized Values and Ranks for NY Level 3

NEW YORK LEVEL 3

Input Bottom-Up Top-Down | AC Rutting Total IRI
Variable Rutting

Value | Rank | Value | Rank | Value | Rank | Value | Rank | Value | Rank
HMA 0.175 1 2.550 1 0.155 9 0.208 5 0.024 7
thickness
HMA mix 0.019 |, 11 | 0417 8 0.244 6 0.134 8 0.015| 10
gradation

HMA air voids | 0.130 2 1.047 5 0113 | 11 100631 11 |0.002| 14

HMA effective | 0.026 10 0.141 12 0.167 8 0.089 9 0.020 8
binder content

HMA binder 0.065 5 1.409 3 0.768 3 0411 2 0.046 6

grade

Base 0.032 9 0295 10 [0.065| 13 |0.066 | 10 | 0.008 | 12
type/modulus

Subgrade 0.078 4 1.206 4 0.173 7 0.395 3 0.102 4
type/modulus

Ground water 0.058 6 0.436 7 0.137 10 0.134 8 0.008 12
table

WT with 0.078 4 0.010 14 | 0.077 12 0.001 12 1} 0.009 11
weakest
subgrade
Climate 0.045 8 0.881 6 0.786 2 0.392 4 0.149 2

Nel

AADTT value | 0.045 0.326 0.292 5 0.161 7 0.019

o
O

Operational 0.091 3 1.633 2 1.024 1 0.529 1 0.061 5
speed

Traffic growth | 0.013 12 0.082 13 0.137 10 0.045 13 0.005 13
rate

Traffic 0.052 7 0.224 11 0.327 4 0.166 6 0.019 9
distribution

HMA CTC 0.000 13 0.000 15 0.000 14 | 0.000 14 | 0.115
Initial IRI 0.000 13 0.000 15 0.000 14 | 0.000 14 | 0.577 1
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Figure 118B: Significance of Effect of Input Variables on Top-Down Cracking
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Figure 120B: Significance of Effect of Input Variables on Total Rutting
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Table 36B: NY Sensitivity Analysis Results Level 3
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Table 37B: Sensitivity Analysis Summary Level 3

Design/ Distress/Smoothness
Material Bottom-Up Top-Down AC Rutting Total IRI (in/mi)
Variable Cracking Cracking (in) Rutting (in)
(%) (ft/mi)
HMA thickness XXX XXX X XX
HMA mix X X XX XX
gradation
HMA air voids XXX XX X X
HMA effective X X X X
binder content
HMA binder XX XX XXX XXX X
grade
Basc X X X X
type/modulus
Subgrade XX XX X XXX X
type/modulus
Ground water XX X X XX
table
WT with weakest XX X X
subgrade
Climate X XX XXX XXX XX
AADTT value X X XX XX
Operational XX XXX XXX XXX X
speed
Traffic growth X X X X
rate
Traffic XX X XX XX
distribution
HMA CTC X
Initial IR1 XXX
Note: X — Small effect

XX — moderate effect
XXX —~ large effect
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Table 38B: NY Overall Ranking Summary of Significance of Each Input Parameter on the Performance of Flexible

Pavement
NEW YORK LEVEL 3
; _ _ . . Total Rankin Overall Order
Input Variable Bottom-Up Top-Down | AC Rutting | Total Rutting IRI Points g of Significance
Rank Rank Rank Rank Rank

HMA thickness 1 1 9 5 7 23 4
HMA mix gradation 1 ] 6 8 10 43 7
HMA air voids

2 5 11 11 14 43 7
HMA effective
bind tent

inder conten 10 12 8 9 8 47 )
HMA binder grade 5 3 3 9 6 19 2
B. N
ase type/modulus 9 10 13 10 12 54 10

Subgrade
type/modulus

4 4 7 3 4 22 3
Ground water table 6 7 10 8 12 43 7
WT with weakest
subgrade

4 14 12 12 11 53 9
Climate 6 2 4 2 22 3
AADTT value

8 9 5 7 9 38 6
Operational speed 3 2 1 1 5 12 1
Traffic growth rate 12 13 10 13 13 61 13
Traffic distribution 7 11 4 6 9 37 5
HMA CTC

13 15 14 14 3 59 12
Initial IRI 13 15 14 14 1 57 11
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Appendix A: Code Descriptions (New York)

CODE DESCRIPTION

Al, A2, A3 3/87 (9.5 mm) HMA mix gradation
B1, B2, B3 3/4” (19 mm) HMA mix gradation
AlB1, A2B2, A3B3 Mean, coarse, fine HMA mix gradation
D1, D2, D3, D4 Truck class distribution

El,E2, E3 Subgrade type

F1,F2,F3 Effective binder content

G1,G2,G3 AC Binder grade

M1, M2, M3 Base course aggregate gradation level 3
N1, N2, N3 Coefficient of Thermal Contraction
Q1,Q2,Q3 AADTT value

R1,R2,R3 Traffic growth rate

§1, 82,83 Initial IRT

T1,T2, T3 HMA layer thickness

Ul, U2, U3 Traffic operational specd

V1,V2, V3 Binder air content

WTI, WT2, WT3 Ground water table level
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Appendix B: Seasonal Adjustment Factors (New York)

SEASONAL ADJUSTMENT FACTORS FOR TRAFFIC COUNT PROCESSING 2010
Based on Continuous Count Site Data 2007 - 2009

WORK WEEK
FACTOR
GROUP JAN FEB MAR APR MAY JUN JuL AUG SEP oct NOV DEC
29 $.306 0.923 0.970 1.00% 1,049 1.049 1.055 1.052 1.722 1.021% 3,989 C.54%
urban 30 2.953 0.972 1.023 1.056 1,931 L.103% 1.0986 1.039 L.074 1.074 1.030 0,996
3% 1.€06 1.027 1.932 1.107 1 13e 1.167 1.1490 1 150 1.129 1139 L 973 1.n48
39 G.7%7 0.787 0.833 ¢.879 Q.38% 1.015 1.050 1 031 3.872 0,953 9.857 9.822
suburban 0 7.840 0 856 0 901 > 8953 1.043 1 084 1.161 1133 1.057 1.020 0.8233 0.891
41 0.314 D.939 Q.982 1.041 1.121 1.1%3 1.284 1.232 1.160 1.094 1.018 0.972
- 2% 70.515 0 37 ¢. 911 1.040 %316 1 328 0.981 ¢.813 0 G4
recreational €0 Q.38 0.7 1.200 1.141 1,479 1.483 1,343 3,820 0.783 0.671a
vl $.751 n.73% 1.197 1.254 L. 638 1 8732 1.1 1011 0.3%7 } 839
% Precision with The FHWA Traffic Monitonng Guide 2001 states
Factor Group 95% Confidence
The relability lavels recommended are 10 percent precision with 35 percent confidence, 85-10, for each indradual
urban - 30 193 seasonsl group, excluding recreational groups where no precision requirement is specified
subuchan - 40 4.0%
reorzarional - 40 31 5%

For each factor group, the percent precision value is the
maumum value out of all months

New York State Department of Transportation
Highway Data Services Bureau
MO-TrafficDataViewer@dot state ny us
{518) 457-1965 8/9/2010
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Appendix C: Axle Adjustment Factors for 2010 Traffic Count Processing
(New York)

AXLE ADJUSTMENT FACTORS FOR 2010 TRAFFIC COUNT PROCESSING
BASED ON 2004 - 2009 VEHICLE CLASSIFICATION DATA

RURAL
REGION
FC 1 2 3 4 5 6 7 8 9 10 11 STATEWIDE
01 0774 [0786] oso0 [6786] 0812 0720 0763 o792 { TR 0786
02 0915 0939 0940 0882 0930 0897 0914 0965 0912 | 0 921
06 0955 0956 0944 0952 0938 0955 0950 0962 0956 0955
07 0970 0974 0950 0968 0963 0963 0946 0978 0971 0 965
08 0977 0979 0975 0872 0984 0979 0976
09 o979 [0982][o982] o9s1 [0982] o9es 0986 0978 0 982
URBAN
REGION
FC 1 2 3 4 5 6 7 8 9 10 11 STATEWIDE

11 osss 0947 ossr [0se1][0oss1][088T|[da81][0881][0881] 0881
12 0979 0962 0961 0979 0977 [0967]i "1 0977 0945 0987 0 961

14 0972 0979 0969 0969 0976 0950 0963 0979 0950 0973 0984 0 969
16 0978 0974 0982 0984 0982 0981 0976 0985 0977 0962 0982 0982

17 0982 0983 0987 0989 0989 0988 0981 0988 0983 0985 |0982 0 982

19 0990 0992 0991 ogeo [0984][0984][0984] o984

i 1 Blank cell indicates there are no highway segments in this FC in this region

: Shaded cell indicates isufficient data (< 10 highway segments) - statewide average was used
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Appendix D: Heavy Vehicle (Class 04-13) Percentages for 2009 (New

York)

RURAL

FC
01

02
06
07
08
09

URBAN

FC
1
12
14
16
17
19

NVarrennuvouve!

HEAVY VEHICLE (F04 - F13) PERCENTAGES 2009
BASED ON 2004 - 2009 VEHICLE CLASSIFICATION DATA

REGION
1 2 3 4 5 6 7 8 9 10 1
251% | ] 24 0% [216%] 235% 360% 269% 251%
132% 116% 101% 170% 109% 155% 135% 75% 136%
104% 77% 100% 98% 113% 102% 100% B89% 102%
88% 60% 100% 97% 88% 109% 105% 70% B7%
61% 51% 63% 74% 77% 68%
55% | ]180%] 71% | ] 87% 63% 64%
REGION
1 2 3 4 5 6 7 8 9 10 1
a 4% 14 9% [21 2%)] [16 8%] [15 5%] 23 4% | | [(33%]
49% 75% T76% 49% 46% [160%]i i 48% 92% 39%
64% 56% 62% 62% 57% B86% 69% 58% 88% 62% 70%
64% 58% 55% 45% 50% 56% 64% 51% 64% 53%
60% 50% 50% 41% 44% 51% 68% 51% 57% 55% [146%
37% 33% 35% [ |[38%] 54% [69%][55%][74%]

é Blank cell indicates there are no highway segments in this FC in this region

: Shaded cell indicates no data or insufficient data (< 10 highway segments)

RURAL

FUNCTIONAL CLASSIFICATION (FC) CODES

URBAN
Principal Arterial Interstate

01 Principal Artenal - Interstate
02 Principal Artenal - Other

06 Minor Artenal
07 Major Collector
08 Minor Collector
09 Local

11

12
14
16
17
19
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STATEWIDE
252%

12 5%
95%
8 9%
6 8%
71%

STATEWIDE
15 0%
6 6%
67%
54%
61%
51%

Principal Artenal - Other Freeway or Expressway

Principal Arterial - Other

Minor Arterial

Collector

Local



Appendix E: Material Classification (New York)

Material Classification M, Range Typical M,*
A-1-a 38,500 — 42,000 40,000
A-1-b 35,500 - 40,000 38,000
A-2-4 28,000 -37,500 32,000
A-2-5 24,000 —- 33,000 28,000
A-2-6 21,500 - 31,000 26,000
A-2-7 21,500 — 28,000 24,000

A-3 24,500 - 35,500 29,000
A-4 21,500 - 29,000 24,000
A-5 17,000 — 25,500 20,000
A-6 13,500 — 24,000 17,000
A-7-5 8,000 - 17,500 12,000
A-7-6 5,000 — 13,500 8,000
CH 5,000 — 13,500 8,000
MH 8,000 - 17,500 11,500
CL 13,500 - 24,000 17,000
ML 17,000 — 25,500 20,000
SW 28,000 — 37,500 32,000
Sp 24,000 — 33,000 28,000
SW-SC 21,500 -31,000 25,500
SW-SM 24,000 - 33,000 28,000
SP-SC 21,500 - 31,000 25,500
SP-SM 24,000 — 33,000 28,000
SC 21,500 — 28,000 24,000
SM 28,000 - 37,500 32,000
GW 39,500 — 42,000 41,000
GP 35,500 - 40,000 38,000
GW-GC 28,000 — 40,000 34,500
GW-GM 35,500 - 40,500 38,500
GP-GC 28,000 - 39,000 34,000
GP-GM 31,000 — 40,000 36,000
GC 24,000 - 37,500 31,000
GM 33,000 - 42,000 38,500
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Appendix F: Performance Graded Binder Selection - Standard (New
York)

Performance Graded Binder Selection - Standard

Performance
Location Location by Counties Grade
(Spec Number)
Upstate All Other Counties Not Listed Under Downstate 64-22'
(702-6422)
Downstat Crange, Putnam, Rockland, Westchester, Nassau, Suffolk 70-22
ownstate Counties and City of New York (702-7022)

1. For high volume roadways in Dutchess County, PG 70-22 or PG 76-22 may be specified with the
concurrence of the Reqgional materials Engineer.
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Appendix G: Performance Graded Binder Selection - Polymer Modified
(New York)

Performance Graded Binder Selection — Polymer Modified

Performance
Conditions for Use Location Grade
(Spec Number)'
Cold temperature data wamrants its use | Jefferson, Lewis, St Lawrence,
with the concumrence of the Regional | Frankiin, Clinfon, Essex, and the 58.34
Matenals Engineer Typically Adirondack | Northern Sections of Herkimer, (702-5834)
Region Oswego, Hamilton, Warren, and
Washington Counties

Multiple course overlays, reconstruction,
or new construction where cold 64-28
temperature data warrants its use with Upstate (702-6428)
the concurrence of the Regional
Matenials Engineer
Multiple course overtays, reconstruction,
new construction or roadway segments
containing {(a) grades in excess of 4 0% 64-22
or (b) intersections that have traffic Upstate (702-6422)
control signals (3 light signal) with the
concurrence of the Region Matenals
Engineer
Where the traffic level 1s greater than 30
million ESALSs based on a 20-year design
Iife or the roadway segment contains (a) 76-22
grades in excess of 40% or (b) Downstate (702-7622)
intersections that have traffic control
signals (3 hght signal}

1 Other PG binder grades may be specified in a given location with approval from the Regional Matenals Engineer
and the Matenals Bureau
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Appendix C: Massachusetts M-E PDG Level 3 Report
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MASSACHUSETTS
RANGE OF VALUES FOR CRITICAL INPUT PARAMETERS
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Dapartment of Tramsportation
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INPUT VALUE SELECTION FOR MA FOR M-E PDG RUNS



1. General Inputs

1.1 Design Life

e 20 years for a new pavement is recommended

1.2 Construction & Traffic Opening Dates

¢ Base/subgrade construction month — June, 2010
e Pavement construction month - July, 2010

e Traffic opening date — August, 2010

1.3 Type of Pavement

e This analysis is performed for a new flexible pavement.

1.4 Site/Project Identification

The site is located in New Bedford, MA, 1-195 Highway (LTPP section # 25-1004-1)
e County: BRISTOL
e Latitude, deg.: 41.65
e Longitude, deg.: -70.9
e Elevation, (ft): 49
e Org. Construction Date: 7/1/1974
e Constr. Event Date: 9/1/2002
e Functional Class: 11

e Years of Climatic Data: 59
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Figure 2C: LTPP Section Coordinates Lat/Lon: 41.65/70.9
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Table 1C: Pavement Layers at LTPP Section 25-1004-1

Layer Type Layer Thickness (in)
Original Surface Layer (layer Type: AC) 1.4
AC Layer Below Surface (Binder Course) 8.2
Base Layer (Layer Type: GB) 25.6

Subgrade (Layer Type: SS)

Semi-infinite

The LTPP Section selected for the analysis has four layers of materials: two asphalt

layers and two unbound material layers.

LTPP road section # 25-1004-1 contains of 2 traffic lines in one direction.
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Figure 3C: Three LTPP Sections Located in MA
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Aﬁ;\j&_con& 25: SHRP_1D.1004]
/ /

Figure 4C: LTPP Station 25_1004 at I-195 Used for the M-E PDG Sensitivity
Analysis
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2. Performance Criteria Inputs (Analysis Parameters)

Table 2C: Suggested Performance Criteria for Use in Pavement Design*

Pavement Type

Performance Criteria

Max. Value at End of
Design Life at Design
Reliability

HMA pavement & overlays

HMA bottom up fatigue
cracking (alligator
cracking)

Interstate: 10 percent lane
area

Primary: 20 percent lane
area

Secondary: 45 percent
lane area

HMA longitudinal fatigue
cracking (top down)

Interstate: 2,000-ft/ mile
Primary: 2,500-ft/ mile
Secondary: 3,000-ft/ mile

Permanent deformation
(total mean rutting of
both wheel paths)

Interstate: 0.40-in mean
Primary: 0.50-in mean
Others <40 mph: 0.75-in
mean

Thermal fracture
(transverse cracks)

Interstate: Crack spacing
> 70-ft

(Crack length < 905-
ft/mile)
Primary/Secondary:
Crack spacing > 50-ft
(Crack length < 1267-
ft/mile)

IRI

Interstate/Primary: 169
in/mile maximum
Secondary: 223 in/mile
maximum

*- Report No. UT-09.11a Draft User’s Guide for UDOT MEPDG; October 2009.
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Table 3C: Analysis Parameters Used in MA State

Analysis parameter

Maximum criteria at 99% Reliability

Initial IRI (in./mi) 75

Terminal IRI (in./mi) 172
AC Surface Down Cracking (ft/mi) 2000
AC Bottom Up Cracking (%) 25

AC Thermal Fracture (ft/mi) 1000
Permancent Deformation — Total Pavement (in) 0.75
Permanent Deformation — AC only (in) 0.25

SEGEN.  SEPEI O e & - O e o ey e g o
Analysis Parameters E
Project Name ]MA_1 004 Level3 Control

i
i
! Initial IRI (/o) 175

Performance Crteta —

Rigid Pavemert Flewble Pavement l

@ Temnal IRI fin:mile)
W AC Surface Down Cracking
Long Cracking ft me}

I~3 AL Boitom Up Cracking
Alligator Cracking (%)

i W AC Themat Fracture §t/m)

i~ Chemically Stabiized Layer
Fatigue Fracturei’:)

¥ Pemanent Defomation - Total Pavement (in)

¥ Pemanant Defommation  AC Only in}

Limit Rehabiiity

172 ‘9{)

Figure SC: Analysis Parameters Used in MA
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Table 4C: MA level 3 Control Reliability Summary

Project: MA_1004 level3 Control

Reliability Summary

Performance Criteria Distress | Reliability | Distress | Reliability

Target Target | Predicted | Predicted | Acceptable
Terminal IRI (in/mi) 172 90 122.1 93.27 Pass
AC Surface Down Cracking
(Long. Cracking) (ft/mile): 2000 90 4.1 99.97 Pass
AC Bottom Up Cracking
(Alligator Cracking) (%): 25 90 0.1 99.999 Pass
AC Thermal Fracture
{Transverse Cracking) (ft/mi): 1000 90 0.1 99.999 Pass
Chemically Stabilized Layer
(Fatigue Fracture) 25 20 N/A
Permanent Deformation {AC
Only) (in): 0.25 90 0.19 80.63 Fail*
Permanent Deformation (Total
Pavement) (in}): 0.75 90 0.42 99.99 Pass

*1t was impossible to achieve the acceptable Reliability result for the Permanent

Deformation using allowable (according to the state specification) inputs data.

Table SC: IRI Ranges Defined by FHWA Highway Statistics Publications

IRI Scale (in/mi) Description
<60 Very Smooth
61120 Smooth
121 =170 Fair
171 -220 Rough
> 220 Very Rough
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3. Design Reliability Input

Table 6C: Tentative Recommended Level of Reliability

Functional Classification Urban Rural
Interstate/Freeways 95 92
Principal Arterials 90 85
Collectors 80 75
Locals 70 60

The I-195 Interstate is located in the urban area, so the reliability value for the analysis
should be 95 percent. Because of the low truck traffic value in this area a lower reliability
was selected (90%) for the sensitivity analysis. Higher level of design reliability is not

recommended, because of the significant cost increase.
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4. Traffic Inputs

Table 7C: Recommended Traffic Value Inputs

Traffic Input

Recommended Value

Initial two way AADTT (class 4 and above)

Projected traffic for opening month from

measured historical data.

Number of lanes in design dircction

Actual or from design plans.

Percent of trucks in design direction (%)

50%, unless higher truck volume is measured
in design direction

Percent of trucks in design lane (%)

Actual measured in design lane over 24-hours,
otherwise use the following:

* 100% for 1 lane in design direction

* 95% for 2 lanes in design direction

For unusual truck traffic situations
(mountainous terrain or urban usage
complexity), conduct on site truck lane usage
counts over 24-hour period.

Operational Specd (mph)

Posted or Design Speed

4.1 Annual Average Daily Truck Traffic (AADTT)

Truck Traffic (AADTT) is calculated by taking 5.00% of AADT as given in 2005 Mass
DOT Traffic Statistic. The 2005 year was selected, because of the higher traffic value
(AADT=73,500) compared to year 2008 (AADT=64,400). Control AADTT for I-195 in
New Bedford (Bristol County) for this study is taken as 3675.
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, Local ID: 6324 t
! Direction: 2-VWAY
! Located On: INTERSTATE 195
Year: 2005 *
Count: 73500
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Figure 9C: Illustration of FHWA/AASHTO Vehicle Class Type Description
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4.2 Truck Class Distribution selections

Table 8C: Truck Class Distribution Summary

CODE

TRUCK D1(LTPP- D2 (low D3 (high D4 (MEPDG
CLASS Control) class)* class)* Level 3)

4 3.5 5.2 0.1 1.8

5 472 38.9 0.6 24.6

6 9.7 35.8 0.8 7.6

7 0.5 10.2 0.6 0.5

8 8.8 5.6 6.8 5.0

9 29.8 3.5 9.2 31.3

10 0.4 0.2 25.8 9.8

1 0.1 03 36.4 0.8

12 0.0 0.2 16.5 33

13 0.0 0.1 3.2 15.3

*Based on Sensitivity Study of Design Input Parameters for Fiexible Pavement Systems using M-E PDG in Towa DOT,
2004

4.3 Rate of Traffic Growth

Table 9C: Selected Traffic Growth Rates for Massachusetts

Code Traffic Growth Rate
R1 1.0 % linear
R2 (Control) 2.0 % linear
R3 3.0 % linear
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4.4 Traffic Operational Speed

Table 10C: Selected Traffic Operational Speeds

Code Traffic Operational Speed (mph) | Binder Grades
U1 5 G1,G2,G3
U2 25 Gl1,G2,G3
U3 (Control) 65 Gl, G2, G3

The effect of operational speed is analyzed in conjunction with binder grade and the

traffic operational speed input values.

4.5 Annual Average Daily Truck Traffic (AADTT)

Table 11C: Calculated AADTT Values

Code Station ID Traffic Volume (AADTT)
Q1 (Control) #6383 - New Bedford 3675
Q2 #6526 - Fall River 4080
Q3 #0007 L - Mattapoisett 1819
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4.6 The Monthly Traffic Adjustment Factors

Table 12C: Monthly Adjustment Factors (MAF) for Pavement Design in New
Bedford, MA, (1997 LTPP data)

Location Month | Class | Class | Class | Class | Class | Class | Class | Class | Class | Class
4 5 6 7 8 9 10 11 12 13

Jan. 0.48 (096 (0.84 [0.72 [0.84 {084 | 0.6 0.72 | n/d* | n/d*
Feb. | 0.6 096 | 084 |0.72 | 084 |0.72 |0.6 0.72 | n/d n/d
Mar. | 0.6 084 072 {072 {084 |0.84 |084 |0.72 |n/d n/d
Apr. 08 (09 | 084 (09 (096 (096 084 |14 n/d n/d
May | 1.2 1.08 1.08 132 126 |1.16 |1.2 1.39 | n/d n/d

New Jun. 132 (108 (096 (096 |1.08 |[1.16 |1.2 0.72 | n/d n/d

Bedford | )y, |1.08 |1.08 |1.08 [096 |1.08 |1.08 |12 [0.72 |n/d |n/d
Aug. | 1.2 096 | 1.08 |096 [0.96 |1.08 |0.84 |0.72 | n/d n/d
Sep. 144 | 096 |1.08 | 1.2 1.08 |1.08 | 1.2 0.72 | n/d n/d
Oct. 1.44 1.08 | 132 | 132 |1.26 |1.16 |144 |1.39 |n/d n/d
Nov. |0.84 | 096 |1.08 |1.08 |0.84 (096 |[0.84 |1.39 |n/d n/d
Dec. |096 |1.08 |1.08 |1.08 |09 |09 |12 1.39 | n/d n/d

*- no data available

Table 13C: Monthly Adjustment Factors (MAF) for Pavement Design for Fall River
and Mattapoisett, MA (Level 3 default)

Location

Month

Class

Class

)
o
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o
o
1723
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11
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=
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Aug. |1 1 1 1 1 1 1 1 1 1
Mattapois Sep. 1 1 1 1 1 1 1 1 1 1
ett Oct. 1 1 1 1 1 1 1 1 1 1
Continued | Nov. |1 1 1 1 1 1 1 1 1 1
Dec. 1 1 1 1 1 1 1 1 1 1
4.7 The MADT to AADT factor
Table 14C: Collected MADT’s to AADT’s for Selected Locations
MADT* TO AADT** FACTOR
Month New Bedford Fall River Mattapoisett

Jan. 0.75 n/d*** n/d

Feb. 0.75 n/d n/d

Mar. 0.77 n/d n/d

Apr. 0.97 n/d n/d

May 1.21 n/d wd

Jun. 1.06 n/d n/d

Jul. 1.04 n/d n/d

Aug. 0.98 n/d n/d

Sep. 1.10 n/d n/d

Oct. 1.30 n/d w/d

Nov. 1.00 n/d n/d

Dec. 1.09 n/d n/d

*- MADT — monthly average daily traffic
**. AADT -~ annual average daly traffic
**%. no data available
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Figure 10C: MADT to AADT Factor for New Bedford, MA Vehicle Class 4 to 11

(Missing Data Class 12-13)
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5. Climate Inputs

Four climate stations were selected from the eighteen stations for which climate data 1s

available in the M-E PDG. The four stations: New Bedford (control), Boston, Westfield-
ofi )

Springfield and Worcester were chose as they are more geographically dispersed
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Figure 13C: Massachusetts Climate Station Locations
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5.1 Sensitivity to Climate Data Interpolation

Table 15C: Selected Locations Climate Data

STATION Nearest 3 Latitude | Longitude Distance #Months of
Stations data
New Bedford Taunton, MA 4153 -71.01 14.0 99
Lat. 41.41 Newport, RI 4132 7117 19.4 116
Lon. 70.38 Bl mouth, MA | 4155 | -70.44 20,1 116
Elev. 78 ft
Boston Norwood, MA 42.11 711 14.8 93
Rt 4222 TR Cford MA | 4228 | 7107 52 91
Lon. -71.01
Elev. 180 ft Beverly, MA 42.35 -70.55 15.8 87
Westfield/Sp Windsor, CT 41.56 7241 16.2 116
ringficld Hartford, CT 41.44 -72.39 30.1 105
Lat. 2.1 ™ Piusficld, MA | 4226 | 3.7 343 85
Lon. -72.43
Elev. 276 ft
Worcester Fitchburg, MA 42.33 -71.46 204 101
Lat. 42.16 Orange, MA 4234 7217 29.1 116
Lon. -71.53
Elev. 966 ft Bedford, MA 4228 117 15.2 91

5.2 Water Table Depth Variation

Table 16C: Selected WT Depths for New Bedford, MA

CODE Depth of Water Combination with A-2-4 and A-7-6
Table Subgrades
WT1 2 ft WTI1 E2, WTI1 EL,
WT?2 (Control) 4 ft WT2 E2, WT2E!
WT3 6 ft WT3 E2, WT3El
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The water table depth was selected based on average values from the MA-NGW 116
New Bedford, MA well.
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Table 17C: Ground Water Table Most Recent Data Values on 03/28/2011(Depth to
Water Level, Feet)

Month Lowest 10th 25th 50th 75th 90th Highest Number
Median %oile %Yoile %oile %eile %ile Median of
Years
Jan 451 4.27 4.16 3.94 3.52 3.33 2.56 45
Feb 4.36 4.22 4.06 3.78 3.56 3.20 2.64 46
Mar 4.40 4.04 3.94 3.68 3.45 3.18 2.31 46
Apr 4.38 4.16 4.03 3.85 3.70 3.46 3.13 46
May 4.51 4.36 4.19 4.02 3.81 3.48 3.00 45
Jun 4.83 4.61 4.40 4.29 391 3.73 3.30 46
Jul 5.20 4.84 4.69 443 4.17 3.94 3.63 47
Aug 5.14 5.01 478 4.38 4.04 3.81 2.87 47
Sep 5.13 4.88 4.59 4.32 4.02 3.59 3.24 47
Oct 5.02 4.76 4.44 4.19 3.83 3.53 3.10 47
Nov 4.84 4.20 4.07 391 3.67 3.48 2.99 47
Dec 4.58 4.19 4.00 3.80 3.54 3.27 2.47 46

Note: Bold values in the table indicate closest statistic to the most recent data value.

Table 18C: Water Level Measurement Records at New Bedford Well

Highest WL

Date of Highest WL

Lowest WL

Date of Lowest WL

2.31

03/26/69

5.20

07/23/64
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6. Material Inputs

6.1 HMA Thickness

An HMA thickness for the control file is 9.6”. To see the effect of HMA thickness on

predicting distresses values two more HMA thicknesses has been selected:

Table 19C: Selected HMA Layer Thickness

CODE Total HMA Thickness (in)
T1 8.0
T2 (Control) 9.6
T3 11.0

The two HMA layers (surface and binder) will be treated as one layer with 19.0 mm

asphalt mix gradation (mean).

6.2 Number of HMA Layers

Two HMA layers are going to be used for the M-E PDG analysis:
e AC original surface — 1.4” (w/ 9.5 mm mix gradation)

e AC binder course — 8.2” (w/ 19.0 mm mix gradation)
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6.3 HMA Mix Gradation

HMA mix gradation for Massachusetts conforms to Superpave specifications.

Table 20C: Range of Values of HMA Mix Gradation — Superpave Specifications

NMAS* of Mix 9.5 mm 12.5 mm 19.0 mm 25.0 mm 37.5mm
(3/8”) (1/2”) (3/4”) (17) (1.5”)
3/4” sieve 0-10 10-NR NR** NR
3/8" sieve 0-10 10— NR NR NR NR
# 4 sieve 10— NR NR NR NR NR
#200 sieve 2-10 2-10 2-—-8 1-7 0-6
*. Nominal Maximum Aggregate Size
** _ No restriction on the value
Table 21C: Tolerance for HMA Mix Gradation
NMAS of Mix 9.5 mm 12.5 mm 19.0 mm 25.0 mm 37.5 mm
(3/8") (1/2") (3/4") (1") (1.511)
Cum. % Ret 3/4” sieve +4% +5% +7%
Cum. % Ret 3/8” sieve +4% +5% +7%
Cum. % Ret # 4 sieve +4% +3% +4% +4% +6%
#200 sieve +0.8% +0.8% +0.8% +0.8% +0.8%
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Table 22C: Recommended Typical Massachusetts HMA Mix Gradations Input

Gradation Mix Percent Retained Percent

Designation Passing
¥4-in Sieve | Y-in Sieve 3/8-in Sieve #4-in Sieve #200 Sieve

1-in (25.0 mm) 15 30 48 62 4

¥%-1n (19.0 mm) 5 20 40 58 5

Ya-in (12.5 mm) 0 5 25 52 6

¥-in (9.5 mm) 0 0 5 45 6

6.4 PG Binder Grade

Based on Mass DOT asphalt supplier list, three asphalt PG grades were selected: PG 52-
34, PG 64-22 and PG 64-28 for the M-E PDG sensitivity analysis. The PG 64-22 is used
as the binder grade for the control case. The binder grade is tested in conjunction with

operational speed of vehicle.

Table 23C: Massachusetts PG Binder Grades

CODE PG BINDER GRADE
G1 PG 52-34
G2 (Control) PG 64-22
G3 PG 64-28
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6.5 Unbound Layer Inputs

ASTM D 2940, Standard Specification for Graded Aggregate Material for Bases or
Subbases for Highways or Airports. The gradation for base material from this standard is

given below.

Table 24C: ASTM D 2940 Gradation for Dense-Graded Bases and Subbases

Sieve Size Percent Passing
2 in. (50 mm) 100

1'/2 in. (37.5 mm) 95— 100

3/4 in. (19.0 mm) 70 - 92

¥ in. (9.5 mm) 50-70

No. 4 (4.75 mm) 35-55

No. 30 (0.600 mm) 12-25

No. 200 (0.075 mm) 0-8

6.6 Base Course Resilient Modulus

Table 25C: Base Course Aggregate Gradations (Level 3)

CODE M1 (Control) M2 M3
Type of course Crushed Gravel Crushed Stone River-Run Gravel
Sieve Size Percent Passing by Weight
3 Y2 in (90.0 mm) - - 97.6
3 in (75.0 mm) 100 - -
2 in (50.0 mm) 97.5 100 91.6
1 % in (37.5 mm) - 925 85.6
1 in (25.0mm) 70.0 - 78.8
% 1n (19.0 mm) - 60.0 72.7
#4 (4.75 mm) 39.5 27.5 44.7
#200 (0.075 mm) 6.0 25 8.7
Resilient Modulus 25000 30000 15000
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Table 26C: Untreated Base Course Gradation Limits

Gradation Limits

Sieve Size Job Mix Gradation Job Mix Gradation
Target Band Tolerance
17/,inch 100
1inch 90 - 100 +9.0
*/4 inch 70 -85 +9.0
'/, inch 65 — 80 +9.0
*lsinch 5575 +9.0
No. 4 40 — 65 +7.0
No. 16 25— 40 +5.0
No. 200 7-11 +3.0

6.7 Subgrade Resilient Modulus Mgr

Table 27C: Subgrade Types and Subgrade Resilient Modulus

Material RESILIENT MODULUS (psi)
CODE SUBGRADE TYPE Classification Level 2 Level 3
E1 Clayey soils A-7-6 n/c* 8000
E2 Fine sand, some silt A-2-4 n/c 25000
(Control)
E3 Coarse to fine gravelly, coarse to A-1-a n/c 30000

medium sand, some fine sand

*_ pn/c not collected
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6.8 Effective Binder Content Vye, % (AASHTO T308)

Table 28C: Effective Binder Content

CODE In-situ VMA, EFFECTIVE BINDER
percent CONTENT
F1 14.0 10.0
F2 (Control) 15.0 11.0
F3 16.0 12.0

Table 29C: HMA Mix Gradation Input Values

9.5 mm (3/8”) 19.0 mm (3/4”)

% of Aggregate Al A2 A3 B1 B2 B3
Retained on 3/4” sieve 0 0 0 14.0 18.6 12.0
Retained on 3/8” sicve 5.0 8.2 3.6 24.0 32.4 19.8

Retained on #4 sieve 350 48.3 22.1 42.0 52.0 34.5
Passing #200 sieve 6.0 2.8 8.5 5.0 2.8 7.2
| — Mean values of the allowable range of values
2~ Coarse mix gradation
3 - Fine mix gradation
6.9 Air Voids Content, %
Table 30C: Air Voids Percentage (Mixture design)
CODE PERCENT AIR VOIDS
V1 (Contrel) 4.0
V2 5.0
V3 6.0

None mixture design Air Voids (in-situ air voids at construction site) will be based on

percent compaction in specification:
e Range 3.51t0 9.5 (90.5 to 96.5)
e Target 6.5 (93.5) — recommended
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6.10 Mix Coefficient of Thermal Contraction (CTC)

Table 31C: Mix Coefficient of Thermal Contraction

CODE COEFFICIENT OF THERMAL
CONTRACTION
N1 1.0 E-07
N2 (Control) 1.3 E-05
N3 1.0 E-04

The Mix CTC default value of 1.3 E-05 is used for Level 3 sensitivity analysis.

To see the effect of the CTC value on the sensitivity analysis the broad ranges were

selected based on the M-E PDG help menu from 1.0 x 107 to 1.0 x 10™.

6.11 Aggregate Coefficient of Thermal Contraction

The M-E PDG default value is 5.0%10°/°F.

6.12 Initial IRI values for new pavement design

Table 32C: Suggested Initial IRI Values for New Pavement Design

PAVEMENT TYPE IRI (IN/MI)
MINIMUM AVERAGE MAXIMUM

NEW HMA AND
HMA/HMA* 32 70 106

*- Initial IRI for HMA pavements shall be set within the range of 70 to 85 in/mi.
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Table 33C: Sensitivity Analysis Initial IRI Values

CODE Initial IRI (in/mi)
S1 32
S2 (Control) 75
S3 106
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7. MA State M-E PDG Level 3 Sensitivity Analysis

7.1 Effect of Traffic Inputs on Pavement Distresses
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7.2 Effect of Climate Inputs on Pavement Distresses
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Figure 42C: Effect of Climate on Total Rutting
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Figure 43C: Effect of Climate on IRI
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Figure 44C: Effect of Water Table Depth on Bottom-Up Cracking
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Figure 45C: Effect of Water Table Depth on Top-Down Cracking
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Figure 46C: Effect of Water Table Depth on Subtotal AC Rutting

367



0.8

0.7

0.6

0.5

0.4

0.3

Total Rutting (in)

0.2

0.1

ﬂ-——WT 2 ft

//- —WT4ft

—WT6 ft

e . === Dcsign Limit

5 10 15 20

Year

Figure 47C: Effect of Water Table Depth on Total Rutting
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Figure 48C: Effect of Water Table Depth on IRI
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7.3 Effect of Material Inputs on Pavement Distresses

1.53 -
152
1.51

1.5 l
1.49 ,
1.48
1.47

1.46 =
1.45 A ommem ok

s Vbe = 10%
——Vbe=11%
s Vhe = 12%

Bottom-Up Cracking (%)

1 44 , ; , ,
0 5 10 15 20

Year

Figure 49C: Effect of Effective Binder Content on Bottom-Up Cracking
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Figure 50C: Effect of Effective Binder Content on Top-Down Cracking
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Figure 52C: Effect of Effective Binder Content on Total Rutting
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Figure 56C: Effect of Percent Air Voids on Subtotal AC Rutting
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Figure 57C: Effect of Percent Air Voids on Total Rutting
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Figure 58C: Effect of Percent Air Voids on IRI
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Figure 60C: Effect of AC Layer Thickness on Top-Down Cracking
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Figure 62C: Effect of AC Layer Thickness on Total Rutting
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Figure 63C: Effect of AC Layer Thickness on IRI

7.4 Effect of Asphalt Concrete Mix Gradation
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Figure 64C: Effect of Aggregate Gradation of 9.5 mm AC mix on Bottom-Up
Cracking
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Figure 65C: Effect of Aggregate Gradation of 9.5 mm AC mix on Top-Down
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Figure 66C: Effect of Aggregate Gradation of 9.5 mm AC mix on Subtotal AC
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Figure 67C: Effect of Aggregate Gradation of 9.5 mm AC mix on Total Rutting
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Figure 68C: Effect of Aggregate Gradation of 9.5 mm AC mix on IRI
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Figure 69C: Effect of Aggregate Gradation of 19.0 mm mix on Bottom-Up Cracking
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Figure 70C: Effect of Aggregate Gradation of 19.0 mm mix on Top-Down Cracking
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Figure 72C: Effect of Aggregate Gradation of 19.0 mm mix on Total Rutting
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Figure 73C: Effect of Aggregate Gradation of 19.0 mm mix on IRI
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Figure 74C: Effect of Aggregate Gradation of 9.5 mm & 19.0 mm mix on Bottom-

Up Cracking
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Figure 77C: Effect of Aggregate Gradation of 9.5 mm & 19.0 mm mix on Total
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Figure 78C: Effect of Aggregate Gradation of 9.5 mm & 19.0 mm mix on IRI
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Figure 79C: Effect of Binder Grade on Bottom-Up Cracking at Speed S mph
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Figure 80C: Effect of Binder Grade on Top-Down Cracking at Speed 5 mph
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Figure 82C: Effect of Binder Grade on Total Rutting at Speed 5 mph
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Figure 83C: Effect of Binder Grade on IRI at Speed 5 mph
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Figure 84C: Effect of Binder Grade on Bottom-Up Cracking at Speed 25 mph
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Figure 86C: Effect of Binder Grade on Subtotal AC Rutting at Speed 25 mph
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Figure 87C: Effect of Binder Grade on Total Rutting at Speed 25 mph
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Figure 88C: Effect of Binder Grade on IRI at Speed 25 mph
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Figure 90C: Effect of Binder Grade on Top-Down Cracking at Speed 65 mph
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Figure 91C: Effect of Binder Grade on Subtotal AC Rutting at Speed 65 mph
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Figure 92C: Effect of Binder Grade on Total Rutting at Speed 65 mph
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Figure 93C: Effect of Binder Grade on IRI at Speed 65 mph

7.5 Effect of Base Subbase Inputs on Pavement Distresses
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Figure 94C: Effect of Base Course Material on Bottom-Up Cracking
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Figure 95C: Effect of Base Course Material on Top-Down Cracking
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Figure 96C: Effect of Base Course Material on Subtotal AC Rutting
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Figure 97C: Effect of Base Course Material on Total Rutting

180

170

160

150 wemmmen Crushed Gravel

140 e Crushed Stone

IRI (in/mi)

River-run Gravel

130
e=Design Limit

120

110

100 e

Year

Figure 98C: Effect of Base Course Material on IRI
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Figure 99C: Effect of Subgrade Type on Bottom-Up Cracking
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Figure 100C: Effect of Subgrade Type on Top-Down Cracking
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Figure 102C: Effect of Subgrade Type on Total Rutting
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Figure 103C: Effect of Subgrade Type on IRI
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Figure 105C: Effect of Water Table on Top-Down Cracking with Weakest Subgrade
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Figure 106C: Effect of Water Table on Subtotal AC Rutting with Weakest Subgrade
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Figure 108C: Effect of Water Table on IRI with Weakest Subgrade
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Figure 109C: Effect of HMA CTC on Bottom-Up Cracking
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Figure 110C: Effect of HMA CTC on Top-Down Cracking
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Figure 111C: Effect of HMA CTC on Subtotal AC Rutting
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Figure 112C: Effect of HMA CTC on Total AC Rutting
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Figure 114C: Effect of Initial IRI on Bottom-Up Cracking
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Figure 116C: Effect of Initial IRI on Subtotal AC Rutting
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Figure 118C: Effect of Initial IRI on IRI
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8. Sensitivity Analysis Summary Level 3

Normalization of the distresses was done to compare the effects of each input parameter
on predicted distresses.

The normalized distress levels are calculated as the ratio of the difference between the
maximum and minimum predicted distresses for each input variable to the distress levels
corresponding to the control set of input values.

N =

Maximum Distress—Minimum Distress

Distress for control input set

N - Normalized Value

Table 34C: Difference between Maximum and Minimum Distresses — Level 3

MA LEVEL 3

Input Variable Bottom-Up Top-Down | AC Rutting Total IRi
Rutiing

HMA thickness 0.16 1020.35 0.03 0.111 5.66
HMA mix 0.02 201.37 0.046 0.057 2.89
gradation
HMA air voids 0.13 656.0 0.026 0.032 1.67
HMA effective 0.02 71.91 0.014 0.018 0.89
binder content
HMA binder 0.05 628.13 0.148 0.173 8.67
grade
Base 0.04 251.04 0.017 0.043 2.18
type/modulus
Subgrade 0.02 433.93 0.009 0.086 13.85
type/modulus
Ground water 0.02 242.76 0.012 0.041 2.0
table
WT with weakest 0.03 10.24 0.009 0.027 1.33
subgrade
Climate 0.04 352.37 0.092 0.1 6.39
AADTT value 0.04 286.01 0.065 0.088 4.45
Operational 0.07 763.21 0.206 0.237 11.9
speed
Traffic growth 0.01 47.76 0.013 0.017 0.81
rate
Traffic 0.13 632.25 0.084 0.123 7.26
distribution
HMA CTC 0 0 0 0 14.34
Initial IRI 0 0 0 0 96.96
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Table 35C: Normalized Values and Ranks for MA Level 3

MA LEVEL 3

Input Bottom-Up Top-Down | AC Rutting Total IRI
Variable Rutting

Value | Rank | Value | Rank | Value | Rank | Value | Rank | Value | Rank
HMA 0.106 1 1.465 1 0.153 7 0.261 4 0.034 8
thickness
HMA mix 0.013 7 0289 11 |0.235 6 0.134 8 0.018 | 10
gradation
HMA air 0.086 2 0.942 3 0.133 8 0.075 | 11 |0010) 13
voids
HMA 0.013 7 0.103 | 12 | 0.071 10 10042 | 13 | 0005 15
effective
binder content
HMA binder 0.033 4 0.902 5 0.755 2 0.406 2 0.053 5
grade
Base 0.026 5 0.360 9 0.087 9 0.101 9 0.013 | 11
type/modulus
Subgrade 0.013 7 0.623 6 0.046 | 13 | 0.202 7 0.084 3
type/modulus
Ground water | 0.013 7 0.349 | 10 | 0.061 12 1009 | 10 | 0.012] 12
table
WT with 0.020 6 0015 14 0046 | 13 [0063| 12 |0.008| 14
weakest
subgrade
Climate 0.026 5 0.506 7 0.469 3 0.235 5 0.039 7
AADTT value | 0.026 5 0.411 8 0.332 0.207 0.027 9
Operational 0.046 3 1.096 2 1.051 1 0.556 1 0.072 4
speed
Traffic growth | 0.007 8 0069 | 13 [0.066 | 11 |0040| 14 | 0.005| 15
rate
Traffic 0.086 2 0.908 4 0.429 4 0.289 3 0.044 6
distribution
HMA CTC 0.000 9 0.000| 15 |0.000| 14 }0.000| 15 | 0.087 2
Initial IR1 0.000 9 0.000 | 15 [0.000| 14 |0.000| 15 | 0.588 1
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Table 36C: Sensitivity Analysis Results Level 3

tional tional
HMA thickness HMA thickness Operationa Operationa Initial IRT
speed speed
HMA air voids Operational HMA binder HMA binder HMA CTC
speed grade grade
Tr.a fﬁ? HMA air voids Climate 'Tr'a ffic Subgrade
distribution distribution type/modulus
. . Overati
Operational . Tr?fﬁ? . Trgfﬁcf HMA thickness perational
speed distribution distribution speed
HMA binder HMA binder TT value Climate HMA binder
grade grade grade
AADTT value Subgrade FIMA mix AADTT value Traffic
type/modulus gradation distribution
Bottom-Up
HMA CTC Initial IRI
0% 0%
2
Traffic growth rate HMA mix
1% \ gradation
3%
AADTT value
5%
Climate HMA effective
5%

binder content

WT with weakest 3%
Subﬁ;jlde HMA binder grade
6%
Ground watcr table ubgrade
3%

type/modulus Base type/modulus

3% 5%
Figure 119C: Significance of Effect of Input Variables on Bottom-Up Cracking (Pie
Graph)
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Top-Down

Initial IRI
0%

HMA CTC
0%

Traffic growth rate
1%

HMA mix
gradation
4%

AADTT value
5%

WT with weakest

subgrade
' Og% HMA effective
Ground water table Subgrade blndel; 0C%?rltent
i type/modulus Base type/modulus
8% 4%

Figure 120C: Significance of Effect of Input Variables on Top-Down Cracking

Initial IRI AC Rutting

0% HMA mux gradation
HMA CTC HMA thickness 6%
0%

Traffic growth rate HMA air voids
2% T~ 3%
HMA effective
binder content
2%

Operational speed "
27% T Base type/modulus
2%
Subgrade
type/modulus
1%
Ground water

WT with weakest table

AADTT value subgrade 2%
8% 1%

Figure 121C: Significance of Effect of Input Variables on AC Rutting
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Total Rutting

Initial IRI
0% HMA mix

Traffic growth rate 74 gradation
1% Trattic e 5%

HMA CTC
0%

HMA air voiuds
3%
HMA effective

binder content
2%

Base type/modulus
4%

AADTT value
WT with 8%

weakest Subgrade
subgrade Ground water table type/modulus
2% 4% 7%

Figure 122C: Significance of Effect of Input Variables on Total Rutting

HMA thickness

HMA air voids
3%

1%

IRI

HMA mix

gradation MA effective

binder content

0% HMA
binder
grade

Ground water 33ble
1%

WT with weakest
subgiade

1%
Climate

4%

AADTT value
3 2%

]
% » j——__ Operational speed

y 7%

:\ Traffic growth rate

4 \ 0%
Traffic distitbution

4%

Base
Type/modulus
1%

Figure 123C: Significance of Effect of Input Variables on IRI
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Initial IRI

HMA CTC

Traffic distribution

Traffic growth rate
Operational speed
AADTT value

Climate

WT with weakest subgrade
Ground water table
Subgrade type/modulus
Base type/modulus

HMA binder grade

HMA effective binder content
HMA air voids

HMA mix gradation

HMA thickness

Bottom-Up

=

4

K

0.02

l

0.04 0.06 0.08

Normalized Values

0.1

0.12

Figure 124C: Significance of Effect of Input Variables on Bottom-Up Cracking

Initial IRI

HMA CTC

Traffic distribution

Traffic growth rate
Operational speed

AADTT value

Climate

WT with weakest subgrade
Ground water table
Subgrade type/modulus
Base type/modulus

HMA binder grade

HMA effective binder content
HMA air voids

HMA mix gradation

HMA thickness

Figure 125C: Significance of Effect of Input Variables on Top-Down Cracking
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Initial TR1

HMA CTC

Traffic distribution

Traftic growth rate
Operational spced
AADTT value

Climate

WT with weakest subgrade
Ground water table
Subgrade type/modulus
Base type/modulus

HMA binder grade

HMA effective binder content
HMA air voids
HMA mix gradation

HMA thickness

AC Rutting

Figure 126C: Significance of Effect of Input Variables on AC Rutting
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Figure 127C: Significance of Effect of Input Variables on Total Rutting
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Operational speed
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Figure 128C: Significance of Effect of Input Variables on IRI
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Table 37C: MA Sensitivity Analysis Summary Level 3

Design/ Distress/Smoothness
Material Bottom-Up Top-Down | AC Rutting Total IRI
Variable Cracking Cracking (in) Rutting (in) (in/mi)
(%) (ft/mi)
HMA thickness XXX XXX X XXX X
HMA mix X XX XX XX X
gradation
HMA air voids XXX XXX X X
HMA effective X X X X
binder content
HMA binder XX XXX XXX XXX XX
grade
Base XX XX X X
type/modulus
Subgrade X XX X XX XX
type/modulus
Ground water X XX X X
table
WT with XX X X
weakest
subgrade
Climate XX XX XXX XXX XX
AADTT value XX XX XX XX X
Operational XX XXX XXX XXX XX
specd
Traffic growth X X X X
rate
Traffic XXX XXX XXX XXX XX
distribution
HMA CTC XX
Initial IRI XXX
Note: X — Small effect

XX - moderate effect
XXX — large effect
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Table 38C: MA Overall Ranking Summary of Significance of Each Input Parameter on the Performance of Flexible

Pavement
MASSACHUSETTS LEVEL 3
Input Variable Bottom-Up Top-Down | AC Rutting | Total Rutting| IRI Total I?anking Ove’ral.l Order of
Points Significance
Rank Rank Rank Rank Rank
HMA thickness 1 1 ? 4 8 21
HMA mix gradation N 11 6 8 10 42
HM\A air voids 2 3 8 11 13 37
A effecrive K 12 10 13 13
I};ad:r ct}t;tent 37 14
HM A binder grade + 3 2 2 3 18 2
Base tvpe modulus 3 S S S 11 43 10
Subgrade - 6 13 7 3
tvpe modulus 36 7
Ground water table ) 10 12 10 12 51 11
WT with weakest 6 14 13 12 14
subgrade 9 15
Climate 3 7 3 3 7 27 5
AADTT value 3 S 3 6 9 33 6
Operanonal speed 3 2 1 1 4 11 1
Traffic growth rate 8 13 11 14 13 61 16
Tratfic disuibunon 2 + 4 3 6 19 3
HAACTC ) 15 14 13 2 35 13
Inivial IRT 9 13 14 13 1 34 12
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Appendix A: Code Descriptions (Massachusetts)

CODE DESCRIPTION

Al, A2, A3 3/8” (9.5 mm) HMA mix gradation
Bl1, B2, B3 3/4” (19 mm) HMA mix gradation
AlIBI1, A2B2, A3R3 Mean, coarse, fine HMA mix gradation
D1, D2, D3, D4 Truck class distribution

El, E2, E3 Subgrade type

F1,F2,F3 Effective binder content

G1,G2,G3 AC Binder grade

MI, M2, M3 Base course aggregate gradation level 3
N1, N2, N3 Coefficient of Thermal Contraction
Q1,Q2,Q3 AADTT value

RI,R2,R3 Traffic growth rate

S1, 82, S3 Initial IRI

T1,T2,T3 HMA layer thickness

Ul, U2, U3 Traffic operational speed

V1, V2, V3 Binder air content

WT1, WT2, WT3

Ground water table level
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Appendix B: Specification for Hot Mix Asphalt (Massachusetts)

Specifications for Hot Mix Asphalt
Percent by Weight Passing Sieve Designation

Sieve HMA Base| HMA HMA HMA HMA HMA HMA HMA HMA
Designation | Course Base/ |intermed.| Surface | Surface | Surface | Dense Surface | OGFC
and % Binder Intermed.| Course | Course - | Course — | Course - Mix Treatment
Content Course - | Dense Dense | Standard | Modified
Binder | Binder Binder Top Top
2 inches 100
1inch 57 -87 100 100 100 100
% inch 80 - 10080 -100|80 - 100 95-100
518 inch 100
Y2 inch 40-65 | 55-75 | 65-80 [ 65-80 [95-100|79-100} 100 100
3/8 inch 80-100| 68 -88 | 80- 100 100 90 —
No. 4 20-45 | 28-50 | 48-65|48-65]50-76 [ 48-68| 55-80 | 80-100 (30-50
No. 8 15-33 | 20-38 | 37-49(37-49| 37-49 | 33-46| 48-59 | 64-85 | 6-15
No. 16 26-40 | 20-40 | 36-49 | 46-68
No. 30 8-17 8-22 | 17-30|17-30| 17-29 | 14-30| 24-38 | 26-50
No. 50 4-12 5-15 1 10-22(10-22| 10-21 | 9-21 | 14-27 | 13-31
No. 100 5-16 | 6-16 | 6-18 7-17
No. 200 - 0-5 0-6 0-6 2-7 2-6 4-8 3-8 1-3
Binder - 45-55| 5-6 | 51-6|56-70|51-6| 7-8 7-8 6-7
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Appendix C: Engineering Limits for HMA Aggregate Gradation and
PG Binder Content (Massachusetts)

Engineering Limits for HMA Aggregate Gradation and PG Binder Content

Engineering Limit for Engineenng Limit
Sieve Designation / Binder Content OGFC for all other mixes

1 1 H 0,
;zzszzmg No. 4 sieve and larger sieve JMF Target + 5% JMF Target+ 7%

i i D)
Passing No. 8 to No. 100 sieves JMF Target + 3% JMF Target + 4%

(inclusive)
Passing No. 200 sieve JMF Target + 1% JMF Target + 2%
Binder JMF Target + 3% JMF Target £+ 0.4%
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Appendix D: Material Classification (Massachusetts)

Material Classification M, Range Typical M,*
A-l-a 38,500 — 42,000 40,000
A-1-b 35,500 — 40,000 38,000
A-2-4 28,000 — 37,500 32,000
A-2-5 24,000 — 33,000 28,000
A-2-6 21,500 — 31,000 26,000
A-2-7 21,500 — 28,000 24,000

A-3 24,500 — 35,500 29,000
A-4 21,500 - 29,000 24,000
A-5 17,000 — 25,500 20,000
A-6 13,500 — 24,000 17,000
A-7-5 8,000 — 17,500 12,000
A-7-6 5,000 — 13,500 8,000
CH 5,000 — 13,500 8,000
MH 8,000 — 17,500 11,500
CL 13,500 — 24,000 17,000
ML 17,000 — 25,500 20,000
SwW 28,000 — 37,500 32,000
SP 24,000 — 33,000 28,000
SW-SC 21,500 — 31,000 25,500
SW-SM 24,000 — 33,000 28,000
SP-SC 21,500 — 31,000 25,500
SP-SM 24,000 — 33,000 28,000
SC 21,500 — 28,000 24,000
SM 28,000 — 37,500 32,000
GW 39,500 — 42,000 41,000
GP 35,500 — 40,000 38,000
GW-GC 28,000 — 40,000 34,500
GW-GM 35,500 — 40,500 38,500
GP-GC 28,000 — 39,000 34,000
GP-GM 31,000 — 40,000 36,000
GC 24,000 - 37,500 31,000
GM 33,000 — 42,000 38,500
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Appendix E: MassDOT Hot Mix Asphalt Formulas (Massachusetts)

PLanTS | D% SalchBrum Size | autematc Cortron {X SC BNBER TAIKS HIXSLOS lnsubeat (X} ALLOY ABLE "OLER~NICES
TOSE e o Ter __ Tph par__ e opmt_ | @ gal. |__ @ ___Ton s Hd__ Sieva Desgnatien) Engmaeraglm Enginezrag Lmt
USED- — fTond  Ton par__ et opee__ [ @ gas |___ @ ___Ton ls___ R__ Srder Content all mxss oc C
__om __Toh part__ e pte_ | @& gag j___@ __ Ton I3 Md____ 35~ng R S5 2l JF Target =7 L W Targe S5
COMPONENT LIATERIALS ard larger » eve 31283
CQO-RSE Nom Praducer DassngE¥Bto¥ 100 [JI'r Target t- 5 {J1 Target 23
AGOREGATE 'Sies %0ty 3 5V2 § 282 (RCLIVE)
FINE % Sereenings , Produrer Sassing 5200 M- Targec ze o | M Target <1%
LGGREGATE * Stens Sand 3
BLEND 4 Matyral Sand Cits *t Birder " Target - 6 .0 [JHF Target 203%
RAP A58 = 5 WPG modifier MINERALFILLER,  |°C BMD.RIT0DF xR Crade 8 Source
M7 intermediate W PG madifier # andKind MOTE LI UT-TIOMS (Unless Desiyn Data -ppra od)
FOR __ Surfa.e = % WPG madifier Unless authon_ed by the Engineer no Job {iix Fermula
SPECIAL HATL ANTLSTRIP *% 8131 Kind Ml be appro 2d ahich sperifies
OGFC  Polymer % and Kind SILICOMNE 0z Per gals *Less than b 4 minder for HI1% Surfare Course Standard Tap
FORMULAS (iMR=hlaster Range of Specffications JM=Job Mix Formula) ** Less than o o % bimder far H 1~ Surface Gourse
Aggregate percentages below are proportional percentages of total aggregate for the mix Dense Binder and Hodifired Top for mizes containing REP
Hi1ABase Ht12 Base/ HHAIntermediate] ** HIVA Sudace | *HNASurface | * HMA Surface Hi12 Hra HHA
Sig 8 Course Intermediate Course| Course Course Course Course Surface
BiSE BIMNDER OE!ISE BIlIDER | DENSE BHIDER | ST-NDARD TOP | MODIFIED TOP DENSE HIX Treatment Q3FC
Size LR Jn MR Jit 1R 1R JH HR Jit fiR J R Jit IR JH HR N IR Ji
2 100 T VBT E BT 3 IR VR VL | AR RBRRE FRRROL I 1 v it wn L
1 57 87 100 100 100 ARRSES R ALY 100 [RYAIL N LR A AR TN IR NN AAAY RALEAY (AR SR TR AR NN
- 1
K ASRARYY 80 100 80 100 80 100 Y 3 ) 92100 ARVRLLRER LREERTN IRR LA SO R AR W e
r \ ) .
3 Win AARRERY Wil i 100 nmu PAL O | ey VUL L
¥z [40w3 ] v~ 80 p3-80 9z 100! ~3 100 100 iy Wi 100
. [y an i} it v 80 100 b8 88 80 100 100 90 100
22 (2043 2820 490 48 88 ~0 74 4808 £ 80 80 100 3030
#3 1233 20 38 37 43 3749 3749 33461 48 o9 hi 33 213
£ A (AT wity Yy 25 -0 20 40 3549 dp n3 FEL I !
#30 (817 822 17 30 17 30 17 29 1430 2438 25 -0 P
s | 412 515 10z 1022 1021 & 1427 ! 1331 Wttt
2100 |y Wy AN EATA A 51 ERLIN] B 18 717 Wi
220 1 04 1 3 0y 25 27 2n 48 33 13
%#8ng (40329, i3 535 30n0 5100 5870 5100 7080 70810 n070
13¢rec Sp Gr 1y B 114 S 1 1, LA A
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Appendix D: AASHTO and Unified Material Classifications

Type Clgg:igz;?:on M, Range Typical M,
A-l-a 38,500 — 42,000 40,000
A-1-b 35,500 — 40,000 38,000
A-2-4 28,000 — 37,500 32,000
A-2-5 24,000 — 33,000 28,000
A-2-6 21,500 — 31,000 26,000

AASHTO A-2-7 21,500 — 28,000 24,000
A-3 24,500 — 35,500 29,000
A-4 21,500 — 29,000 24,000
A-5 17,000 — 25,500 20,000
A6 13,500 — 24,000 17,000

A-7-5 8,000 — 17,500 12,000
A-7-6 5,000 — 13,500 8,000
CH 5,000 — 13,500 8,000
MH 8,000 — 17,500 11,500
CL 13,500 — 24,000 17,000
ML 17,000 — 25,500 20,000
SW 28,000 — 37,500 32,000
SP 24,000 — 33,000 28.000
SW-SC 21,500 — 31,000 25,500
SW-SM 24,000 — 33,000 28.000
SP-SC 21,500 — 31,000 25,500
Unified SP-SM 24,000 — 33,000 28,000
SC 21,500 — 28,000 24,000
SM 28,000 — 37,500 32,000
GW 39,500 — 42,000 41,000
GP 35,500 — 40,000 38,000
GW-GC 28,000 — 40,000 34,500
GW-GM 35,500 — 40,500 38,500
GP-GC 28,000 — 39,000 34,000
GP-GM 31,000 — 40,000 36,000
GC 24,000 - 37,500 31,000
GM 33,000 — 42,000 38,500
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