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CHAPTER 1.
INTRODUCTION

1.1 BACKGROUND AND OBJECTIVES

The current flexible pavement design system (FPS) used by the Texas Department of
Transportation (TxDOT) has limitations in that it does not use any results from laboratory testing
so it is impossible to determine benefits from improved base materials or superior asphalt mixes
(Liu and Scullion 2006). Developments over the last several decades have offered an opportunity
for more rational and rigorous pavement design procedures. Substantial work has already been
completed in Texas, nationally and internationally, in all aspects of modeling, materials
characterization, and structural design. These and other assets provided the technical
infrastructure that made it possible to develop the Texas Mechanistic-Empirical (TxME) flexible
pavement design system. The development of this new system will enable Texas pavement
designers to take full advantage of new or premium materials, with a full consideration of the
influential factors including pavement structure, traffic volume, and environmental conditions.

The main objectives of this project are:

= Identify available models and test procedures that allow mechanistic-empirical
prediction of pavement performance for different Texas flexible pavement types and
environmental conditions.

= Identify or develop a methodology for incorporating axle load spectrum into
pavement design.

= Jdentify a practical reliability approach, which can take the design input variability
into account.

= Implement all the available models, load spectrum methodology, climate effects, and
reliability approach into the TXME design program.

= Connect the TXME program with the FPS design program, and use TXME as a
performance check tool for design options recommended by FPS.

In the first year of this project, a comprehensive literature review was made to identify and
recommend available performance models and reliability approaches. Additionally, the
framework of TXME was proposed and the main user interface of the software was developed.
The work was summarized in the published Report 0-6622-1 (Hu et al. 2012a). Thus the Report
0-6622-2 mainly focuses on how these models and approaches are implemented into the TxME
program. Sensitivity analyses were also performed to analyze the impact of design inputs and
demonstrate the advantages of TxME.



1.2 REPORT ORGANIZATION

This report is organized into the following seven chapters:

Chapter 1: Introduction, providing a brief description of the project background,
objectives, and report organization.

Chapter 2: Overview of TXME, summarizing the overall design, inputs and outputs,
user interface, and functions.

Chapter 3: Implementation of models, presenting how the performance models are
implemented into the program. These models include asphalt layer fatigue cracking
model, asphalt layer rutting model, asphalt layer thermal cracking model, granular
base/subgrade rutting model, stabilized base fatigue cracking model, and endurance
limit model. The preliminary calibrations for some models are also discussed.
Chapter 4: Methodology for incorporating axle load spectrum, discussing how the
damage is superposed in terms of each axle load, with respect to each distress type.
Chapter 5: Reliability approach implementation, describing how the system takes the
design input variability into account and how to determine the reliability-based results
using the Rosenblueth method (Rosenblueth 1975).

Chapter 6: Sensitivity analysis, comparing the distress prediction based on different
combinations of pavement structure, material properties, climate, and traffic loads.
Chapter 7: Conclusions and Recommendations.

Additionally, this report includes three appendices, which provide more information on default
material properties, program specifications, and rutting distributions, respectively:

Appendix A: Default Material Properties of Most Common Pavement Materials from
Texas Districts.

Appendix B: Program Specifications for TXME.

Appendix C: Rutting Distribution in Individual LayeChapterrs.



CHAPTER 2.
OVERVIEW OF TxME

The TxME design system aims to enable TxDOT designers to take full advantage of new or
premium materials and to make more economically reliable designs. The main features of TXME
include:

* Mechanistic-Empirical modeling.

= Performance-based material characterization.

= Traffic load spectrum incorporation.

= Consideration of local climate history.

= Design input variability-based reliability methodology.
= Incremental distress prediction.

= Fast running speed.

= User-friendly interface.

= Convenient connection with FPS.

Three types of flexible pavement structures can be handled in the TXME, including:
= Surface treated.
= Conventional or thin HMA.
= Perpetual pavement.

For any type of pavement design and analysis, there are four categories of input:

= Pavement structure and associated material properties.

Traffic loading.

Climate.

Reliability-related input, including performance criteria and variability, etc.

To provide an overview of TxME, the following discusses these four categories of input and
related output for each pavement type.

2.1 PAVEMENT STRUCTURE AND ASSOCIATED MATERIAL PROPERTIES

The user interface aspects of the main screen, pavement structure screen, and material properties
input screen are briefly illustrated below.

2.1.1 Main Screen

Figure 2-1 presents the main screen of the TXME. In this screen, four major input categories are
listed on the left side of the node tree, such as Structure, Climate, Traffic, and Reliability.
Double-clicking each node activates the corresponding input window on the right side.
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Figure 2-1. Main Screen of User Interface.

2.1.2 Pavement Structure

Figure 2-2 presents the pavement structure input screen. On this screen, the upper left window
shows the pavement type and location; the upper right window lists available AC layer material,
base layer material, and sub-base layer material icons; the lower left window shows the
pavement structure; and the lower right window shows the layer material properties.

Users can build their own pavement structures by dragging the layer material icons into the
pavement structure window. To remove a layer from the pavement structure window, users just
need to click the layer and choose “Remove this layer” from the pop-up menu.
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Figure 2-2. Pavement Structure Information Screen.

2.1.3 Material Properties

As in Figure 2-2, by clicking each layer in the pavement structure window, users can browse or
edit this layer thickness and layer material properties in the material properties window. For
some property inputs such as Thickness, Poisson’s Ratio, etc., the user only needs to input a
single parameter. For more complicated inputs such as dynamic modulus and fracture/rutting
properties, the user needs to click on the item drop down menu, and the expanded input screen
will pop up. Several material property input screens are illustrated below, including:

= Figure 2-3, presenting the dynamic modulus inputs for AC layers.

= Figures 2-4 and 2-5, presenting AC layer fracture property and rutting property
inputs, respectively.

= Figure 2-6, presenting the stabilized base material property inputs.

= Figure 2-7 and 2-8, presenting flexible base or subgrade modulus inputs, including
typical modulus and modulus considering moisture impact, respectively.

= Figure 2-9, presenting the flexible base or subgrade material rutting property inputs,
with monthly values.



Subbase Layer Material

Linve {Cement) Stabiiized Subgrade

| B
Modulus Input

© Level 2 (Default Value)

Test Data

@ Level1 (Test Data)

Dynamic Modulus (E*, ksi)

= Layer Information
Layer Number
Layer Thickness (inches)
= Maternial Information
Binder Type
Gradation
RAP %
RAS %

= Maternial Properties

Fracture Property
Rutting Property

MNumber of Temperatures: |5 E MNumber of frequencies: |g E

Temperature (F) Frequency (Hz) |

25 10 5 1 0.5 0.1

14

40

70

100

130
[ Import ] [ Export

m

Dynamic Modulus Complete

Complete

Complete

Figure 2-3. AC Layer Dynamic Modulus Input Screen.
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Figure 2-4. AC Layer Fracture Properties Input Screen.
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Figure 2-5. AC Layer Rutting Properties Input Screen.
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Figure 2-6. Stabilized Base Material Properties Input Screen.
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Figure 2-8. Flexible Base/Subgrade Modulus Input Screen (Considering Moisture Impact).
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Figure 2-9. Flexible Base/Subgrade Rutting Properties Input Screen.
2.2 TRAFFIC LOADING

There are two levels of traffic inputs in TXME: one is Equivalent Single Axle Load (ESAL) input
and the other is axle load spectrum input. The following illustrates the difference between these
inputs.

2.1.1 Traffic ESALSs (Level 2) Input

Figure 2-10 shows the traffic ESALs (Level 2) input screen. The most important input is the total
ESAL number during 20 years (one lane and one direction). The ADT-Beginning and ADT-End
represent average daily traffic in the beginning and in the end, respectively. These values are
used to determine the vehicle growth rate. The tire pressure is used to determine the tire contact
area. The operational speed (could be posted speed limit, or lower in urban traffic) impacts the
AC layer modulus since it relates to loading time.
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Figure 2-10. Traffic ESALs (Level 2) Input Screen.

2.1.2 Axle Load Spectrum (Level 1) Input

Figure 2-11 is the traffic (truck classes 4—13) axle load spectrum (Level 1) input screen. In this
screen, the left window shows the general information and axle configuration information such
as average annual daily truck traffic (AADTT) number, operational speed, tire pressure, axle
spacing, etc.; the upper right window shows the vehicle class distribution and growth rate
information; and the lower right window shows the axle numbers for each vehicle class. By
clicking the “Monthly Adjustment” or “Axle Load Distribution” button in Figure 2-11, screens
such as Figure 2-12 or Figure 2-13 pop up. These screens let users define the axle load
distributions for each vehicle class and their monthly variations.
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Figure 2-11. Traffic Load Spectrum (Level 1) Input Screen.
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Figure 2-12. Traffic Monthly Adjustment Input Screen.
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Figure 2-13. Traffic Axle Load Distribution Input Screen.

2.3 CLIMATE

There are two ways to attach the climatic information to a given project location: users can either
assign a specific weather station or use interpolated climatic data based on the coordinates of the
location.

Figure 2-14 presents the climate input screen when users choose a specific weather station.
Generally, the left part of the screen allows the user to select a weather station, and the right part
shows the summary of the weather data, such as average temperature or precipitation. The tables
on the right side will not appear until after a station location is selected (OK button activated).
The user can look into more detailed information like hourly data by clicking the “Hourly data”
tab on the upper right part of the screen.
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Figure 2-14. Climate for a Specific Weather Station Input Screen.

For a project location without a pre-listed weather station, users can choose the radio button
“Interpolate climatic data for a given location” and the application will provide six weather
stations nearby for the user to select for interpolation. Figure 2-15 presents the user input screen
for climate data interpolation. The lines and numbers such as “#1, #2...” in the graph show the
relative positions and distances from the location defined by the coordinates. The interpolated
hourly data information is listed in the right part of the screen.
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Figure 2-15. Climatic Data Interpolation Input Screen.
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2.4 RELIABILITY RELATED INPUT

Figure 2-16 presents the reliability related input screen for a three-layer conventional pavement.
Two input categories are displayed in this screen. On the left side are the performance criteria
inputs, and on the right side are the variability inputs. For the performance criteria inputs, the
user supplies the analysis stop criteria (performance limit) and reliability level in terms of
percentage. For variability inputs, the user checks the applicable checkboxes and modifies the
coefficient of variation value.

Projectl:Structure™ I/Prmecﬂ:(llmate" ]/Projecﬂ:Trafflc" )/ijectl:Relhbility"} > X
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Figure 2-16. Reliability Related Input Screen for a Three-Layer Conventional Pavement.

Both performance criteria and variability parameters are related to pavement structure and
pavement type. Whenever the pavement structure or pavement type changes, these parameters
are changed accordingly. For example, Figure 2-17 shows the reliability related input screen for
a four-layer perpetual pavement. As can be seen in this figure, the endurance limit entry appears
on the left side and more parameters are listed on the right side.
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Figure 2-17. Reliability Related Input Screen for a Four-Layer Perpetual Pavement.
2.5 OUTPUT

The output of TXME is organized into an Excel® file, which is mainly composed of three parts:
the summary of user’s inputs, the analysis result table, and the distress plots. See Figure 2-18.
The predicted distresses are keyed to the pavement structure and pavement type. The following
information discusses and illustrates the output for each pavement type.
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Figure 2-18. Output of TxME in Excel File Format.
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2.5.1 Output of Surface Treated Pavement

For surface treated pavement with a flexible base, only rutting is predicted and plotted. See
Figure 2-19. The premise is that rutting is rooted in failure in the unbound lower layers. Any
fatiguing in the surface that may be manifested is directly caused by the over-extension of the
surface due to the rutting.
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Figure 2-19. Output of Surface Treated Pavement with Flexible Base.

For surface treated pavement with stabilized base, both rutting and stabilized fatigue cracking are
predicted and plotted. See Figure 2-20; note that the rut depth of stabilized base is ignored.
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Figure 2-20. Output of Surface Treated Pavement with Stabilized Base.
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If there are more than two base or subbase layers, of which some are flexible and the others are
stabilized, TXME will predict the stabilized fatigue cracking only if the stabilized base layer is
just under the surface layer. The rut depth of flexible base layer is always predicted no matter
where the layer is.

2.5.2 Output of Conventional or Thin HMA Pavement

Figure 2-21 shows the typical output of conventional or thin HMA pavement with flexible base.
rutting, AC fatigue cracking, and AC thermal cracking are predicted in the analysis.
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Figure 2-21. Output of Conventional or Thin HMA with Flexible Base.

Similar to surface treated pavement, if the first base layer (counted from top to bottom) is a
stabilized layer, the stabilized base fatigue cracking is also predicted and plotted.
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2.5.3 Output of Perpetual Pavement

For perpetual pavement analysis, the endurance limit is determined according to the traffic input
level. For ESALs input (Level 2), the endurance limit is actually the maximum strain at the
bottom of all HMA layers under the standard 18 kip single axle dual tire load. For load spectrum
input (Level 1), the endurance limit is the frequency of HMA bottom layer strain distribution
under the spectrum of axle load levels. Figure 2-22 shows the endurance limit output under the
traffic load spectrum.
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Figure 2-22. Output of Endurance Limit of Perpetual Pavement under Load Spectrum.

Other typical output of a perpetual pavement analysis is similar to conventional pavement, which
includes rutting, AC fatigue cracking, and AC thermal cracking. There is no stabilized fatigue
cracking analysis for perpetual pavement since normally the AC layers are thick enough to
prevent the occurrence of fatigue cracking in the stabilized base layer.
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2.6 CONNECTION WITH FPS 21

FPS 21 is the flexible pavement design system currently used by TxDOT. Figure 2-23 shows the
program start screen.

FPS21 Main Menu

TEXAS FLEXIBLE PAVEMENT DESIGN SYSTEM

Is' F P s 21 FPS Pavement Design

Siress Analysis Tool

Product Disclaimer

Exit

Figure 2-23. Start Screen of FPS 21.

The users’ input of FPS 21 includes pavement location, beginning and ending serviceability
indices, traffic ESALs, elastic modulus (can be based on Falling Weight Deflectometer [FWD]
backcalculation) of each layer, maximum and minimum thickness of each layer, etc. FPS 21
reports combinations of layer thicknesses that fulfill the performance equation as constrained by
the inputs. Note that FPS 21 only uses FWD backcalculated/estimated elastic modulus, and
Poisson’s ratio to represent each layer’s properties; it does not use any lab testing data so it is
impossible to determine performance benefits from improved base materials or superior asphalt
mixes. To evaluate these benefits, TXME is designed to import pertinent input and output
information from FPS21, then to incorporate additional specific test results such as rutting
properties or fracture properties, to conduct the performance check. Figure 2-24 shows the
connection concept.
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Figure 2-24. Connection Concept between FPS 21 and TxME.

Figure 2-25 shows an example of a TXME pavement structure imported from FPS 21 using a
specially modified version of the program. By clicking the button “TxME Check” in the FPS 21
screen, the TXME will be launched and automatically import the related information, such as
pavement location, layer type, layer thickness, ESALs, and so on. The left part of Figure 2-25 is
the FPS 21 recommended design option, and the right part is the TXME pavement structure after
importation. TXME also searches the embedded database and provides default values for lab
testing data. Users can edit these values if specific lab test results are available.
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Figure 2-25. An Example of TXME Pavement Structure Imported from FPS 21.
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CHAPTER 3.
IMPLEMENTATION OF MODELS

In the published year 1 Report 0-6622-1, performance models and related lab tests were
evaluated. The six models listed below were recommended to be implemented into TxXME.

= Asphalt layer rutting model.

= Asphalt layer fatigue cracking model.

* QGranular base and subgrade rutting model.
= Asphalt layer thermal cracking model.

= Stabilized base fatigue cracking model.

= Perpetual pavement endurance limit model.

This chapter discusses how these models are implemented in the TXME design system.

3.1 IMPLEMENTATION OF ASPHALT LAYER RUTTING MODEL

The VESYS layer rutting model, originally developed by the Federal Highway Administration
(FHWA) in the 1970s, was selected as the asphalt layer rutting model; see Equation 3-1. The
Mechanistic-Empirical Pavement Design Guide (MEPDG) has used a similar conceptual rutting
model (NCHRP 2004).

RD o =k, [AUuN""

(3-1)
where
RDac = rut depth in the AC layer.
kac = calibration factor.
AU = deflection difference between the AC layer top and layer bottom.
N = load repetitions.
a&pu = rutting properties of the AC layer, determined by lab test.

In the TxME, the major feature is to characterize each layer’s properties rather than global
parameters for all layers used in the MEPDG (Zhou and Scullion, 2002). To implement this
model, the key tasks are the determination of AU and the monthly accumulation of RDxc.

3.1.1 AU Determination

Multi-layer linear elastic theory (MLET) solutions were employed to determine the AU. A major
advantage of MLET solutions is the very quick computation times. It is suitable for cases in
which all materials in the pavement structure can reasonably be approximated as behaving
linearly elastically. Solutions for multiple wheel loads can be constructed from the fundamental
axisymmetric single wheel solutions via superposition method.
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Inputs to the MLET module include:

= Pavement geometry: Layer thickness.

= Traffic: a) Speed, b) ESALs or Load Spectrum.

= Material properties: a) Elastic modulus (considering the influence of temperature,
moisture, and traffic speed), b) Poisson’s Ratio.

Figure 3-1 shows the schematic of AU under the standard single axle with dual tires (18 kip)
loading. Only one end of the axle load (dual tires) needs to be considered due to the long
distance between the two ends of the axle. The shape of each tire-pavement contact area is
assumed to be a circle and the contact pressure is assumed to be evenly distributed, thus the
radius R of the circle can easily be calculated based on the load P and the tire pressure from users’
input. X axis is the horizontal direction, which is parallel to the load axle; Y axis is also the
horizontal direction, which is perpendicular to load axle but parallel to the vehicle moving
direction; and Z axis is vertically downward.

P=45001bs P=4500 lbs
K R |

Top
AC Layer
Iﬂ‘IJ:UT:&:up-UBt:u‘ftt:ur‘n
—_— I UBottom
Base Layer
Subgrade

Figure 3-1. Schematic of AU Determination.

The MLET solution can determine the displacement, stress, and strain at any point (X, Y, Z) in

the pavement. In the TXME, the displacements of both AC top and AC bottom at the tire center
location are determined, represented as Urop and Uggtom, respectively. See Figure 3-1. AU is the
difference between Urop and Ugottom.
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3.1.2 Monthly Accumulation of RD4c

Since a, p, 4U, and N for each month might vary because the monthly average temperature is
different, the integral form of Equation 3-1 has to be expanded monthly and accumulated using
the superposition method. The following describes this method by taking a three-month rut depth
accumulation as an example.

Assume RDj, RD;, and RDjs are the rut depths at the end of the first month, second month, and
third month, respectively; N, N, and N3 are the monthly ESALs of the first, second, and third
month, respectively; a;, 1, 02, 1o, 03, and ps are the rutting properties of the first, second, and
third month, respectively. For the first month, the Equation 3-1 can be expanded into the
Equation 3-2.

N l-a,
RD, =k, AU, —
o (3-2)

To determine RD, the equivalent ESASLs N¢q1 (based on the RD; and the parameters of the
second month) has to be determined first, using Equation 3-3.

eql —

_[Raa—a»T?z

AU, p k 4 (3-3)
Then RD, can be calculated as follows:
(v, +N,)=
RD, =k, AU, pt, ————
I-a, (3-4)
Similarly, before determining RDs, the equivalent ESASLs Nq» (based on the RD, and the
parameters of the third month) has to be determined; see Equation 3-5.
L
_ [RDz(l _6)53))(13
eq2 —
! AU, g3k 4 (3-5)
Finally, RD;s can be determined using Equation 3-6.
(v, + N,
RD; =k, AU, p; —
1 - 0(3 (3-6)

Figure 3-2 shows the schematic of this monthly rutting accumulation method.
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Figure 3-2. Schematic of Monthly Rut Accumulation Method.

This monthly rut accumulation method can be used not only when traffic input is in terms of
ESALSs, but also can be used when traffic input is axle load spectrum. In the case of load
spectrum input, the rut has to be accumulated among different load levels and different axles
before monthly accumulation. More details are discussed in Chapter 4: Methodology for
Incorporating Axle Load Spectrum.

3.1.3 Preliminary Calibration of Asphalt Layer Rutting Model

The asphalt layer rutting model has been preliminarily calibrated using eight test sections of the
2006 National Center for Asphalt Technology (NCAT) test track program (Hu et al. 2011). kyc,
the calibration factor used in the above Equations 3-1 through 3-6, was calibrated as follows.

ke = [(T)x fo(E)x fi (e ) (3-7)

where

fi(T) = the pavement temperature correction factor.

fA(E) = the modulus correction factor to alternatively consider non-linear stress
dependency of rutting development.

f3(hac) = the asphalt layer thickness correction factor.
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The three adjustment factors, f;(7), f2(E), and f3(hor) for temperature, modulus, and layer
thickness, have been separately determined and are presented in Equations 3-8, 3-9, and 3-10,
respectively.

3.643124
fl(T): 0.191112 + o 153009 ~0.204437 T (3-8)
1.18771
/> (E ) = 0.37264 o 890208 +0.09879 £ (3-9)
fi(hy, )= (0.01445272 h’ —0.12471319 b +0.22193794 h, +1.37640722 )x
(0.00567302 h,’ +0.07104301 h,” —0.49592553 h, +2.12378879 )x
0.54035153
(0'00199314 + 1+ —2.61478586+0.58494148(h|+h2)j
© (3-10)

where

T = the asphalt layer temperature, °F.

E = the asphalt layer dynamic modulus value at 54°C (130°F) and 10 Hz, ksi.
hjand h, = the representative layer thicknesses.

3.2 IMPLEMENTATION OF ASPHALT LAYER FATIGUE CRACKING MODEL

The proposed asphalt layer fatigue cracking model has three components: 1) Fatigue life model,
2) Fatigue damage model, and 3) Fatigue area model (Zhou et al. 2007 and Hu et al. 2010b).

The fatigue life model includes the following equations:

N, =kN,+k,N, (3-11)
1)"

N;:h(—j (3-12)

&
kl — 106.9700173.201451(2 —0.83661logE (3_ 1 3)
Ky =n (3-14)

h 1
.szj de (3-15)

ok, AK," + k AK "
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Ny = fatigue life.

N; = crack initiation life.

N, = crack propagation life.

ki, ke, kp, ks = calibration factors.

€ = maximum tensile strain at the bottom of asphalt layer.

E = dynamic modulus.

A, n = fracture properties, determined from OT testing.

K, Ky = stress intensity factors (SIF) caused by bending and shearing stresses.

The fatigue damage model is estimated using Miner’s Law:
N
D= 2 - 3-16
N, (3-16)

where
D = the accumulated fatigue damage.
N = the applied load repetitions.

The fatigue area model is proposed as a sigmoidal model:

100

ClogD

fatigued area(%)=———r—
l+e (3-17)

where C is the field calibration factor.

Notice that in each month, pavement layers have different material properties (moduli or
cracking properties) due to different temperature or different moisture content, thus the »; and N,
of each month are different.

To determine the crack initiation life N; for a given month, maximum tensile strain at the bottom
of asphalt layer € needs to be determined based on the MLET program. Equations 3-12, 3-13,
and 3-14 can be used directly to calculate the N;.

To determine the crack propagation life NV, for a given month, the SIFs K; and K need to be
determined at each crack length, and Equation 3-15 has to be expanded to achieve accumulation
incrementally.

The following provides more details about the determination of K; and K;; and monthly N, and
model calibration.
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3.2.1 Determination of K; and Ky

Figure 3-3 shows the fracture mechanism of crack mode / (bending mode) and mode /7 (shearing
mode), and corresponding axle load modes in the pavement. K;and Kj; are the SIFs at the crack
tip under the bending mode and shearing mode, respectively.

(a) (b)

Tire Length
= —-—
% Traffic
Crack A Direction
Tront g N
|
, —— Bending Load
AT c-crack length
(©)
Tire Len
= gth
Traffic
F routa, @:& Direction
I
T ,IJ' Shearing Load
e ! e
c-crack length

(d

Figure 3-3. (a) Bending Mode in Fracture Mechanics, (b) Shearing Mode in Fracture
Mechanics, (¢) Pavement Loading Type in Bending Mode, and (d) Pavement Loading Type
in Shearing Mode.

Only the finite element method (FEM) can determine the SIFs K; and K;;, MLET analysis cannot
do the job. However, directly incorporating the finite element calculation module into TXME is
not practical due to the running time issue. To address this, the research team selected 147,000
combinations in terms of different pavement layer thickness, layer modulus, crack length, axle
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load level (tire length), etc., to determine the corresponding SIFs. Table 3-1 lists the parameters’
range used for the calculation.

Table 3-1. Range of Parameters in Fatigue Cracking SIF Calculations.

Parameters Min. Max. Values Picked
AC Modulus (ksi) 150 4500 5
AC Thickness (inches) 1 64 7
Base Modulus (ksi) 7.5 3000 7
Base Thickness (inches) 4 64 5
Subgrade Modulus (ksi) 3 27 3
Ratio of Crack Length over AC Thickness 0.05 0.95 10
Tire Length (inches) 1.6 10 4

Note: Total combination number is 5 x 7 x 7 x 5 x 3 x 10 x 4, which equals 147,000.

It should be mentioned that one SIF calculation takes about 20—30 minutes for a normal
computer with 3D FE package such as ANSYS or ABAQUS, which implies more than 10 years
of time is needed to complete 147,000 SIF calculations. With the help of SA-CrackPro, a
specifically developed pavement SIF calculation tool (Hu et al. 2008), this work was done in a
couple of months.

To use these pre-determined SIFs data in the TXME, the research team explored the neural
network (NN) technique to fit the relationship between SIFs and the structure and loading
parameters (White 1992). For each dataset, the researchers randomly divided it into training and
validating parts at the ratio of 80 percent over 20 percent. The training data set is used to
build/calibrate NN models, and the validating data set is for validating against over-fitting. To
achieve this, the researchers used the MATLAB® function of “dividevec,” which supports
random partition of original data to avoid the over-fitting on the final results. The validation data
is completely different from the training data, but can represent all features contained in the
trained NN model. The fatigue SIF prediction models were successfully developed and
summarized in Figure 3-4. The overall R? of NN prediction models for K; and Ky are 0.993 and
0.997, respectively. More details about fatigue cracking SIF NN modeling can be found in the
reference (Wu et al. 2013).
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Figure 3-4. Fatigue Cracking Bending (a) and Shearing (b) NN SIF Prediction Performance.

After incorporating the NN SIF prediction model into TXME, the K; ans Kj; values of any
pavement structure at any crack length can be determined instantly.

3.2.2 Determination of Monthly N,

Rewrite Equation 3-15 into incremental form, as follows:

> AN 2. Ac,

"k, AK," +k AK "

(3-18)

where
AN,; = a load repetition incremental number.
Ac,; = the crack propagation length caused by AN,

With Equation 3-18, the monthly N, determination steps are described below.

Step 1: Determine the K; and Ky at the initiated crack length using NN SIF models.

Step 2: Assume a load repetition incremental number AN,;, calculate the crack length increment
Acyi, which equals AN,* (ko AK +k AKy").

Step 3: Determine the Ky and Ky; at the new crack length (initiated crack length plus Acy;) using
NN SIF models.

Step 4: Repeat Step 2 and Step 3 until ZAc,; equals or is larger than the asphalt layer thickness.
Step 5: Sum all the AN,; to obtain N,
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After the determination of monthly N,,, the monthly N is obtained by adding monthly N, and N;
together. Then the fatigue damage and fatigue area at the given month can be calculated by
Equation 3-16 and 3-17.

When the traffic input is load spectrum, the AN,,; has to be calculated separately for each axle
load level and each axle type. More details are discussed in Chapter 4: Methodology for
Incorporating Axle Load Spectrum.

3.2.3 Preliminary Calibration of Asphalt Layer Fatigue Cracking Model

The researchers used measured fatigue cracking data from the seven test sections of the 2006 test
cycle at the NCAT Test Track to preliminarily calibrate this asphalt fatigue cracking model.
Then the calibrated model was further validated using the fatigue cracking data of two test
sections of the 2003 test cycle at the NCAT Test Track. The final values of the calibration
factors k;, and k; are k,=2 and k=4. It is obvious that further calibration and validation are
needed, especially for Texas materials and environmental conditions.

3.3 IMPLEMENTATION OF GRANULAR BASE/SUBGRADE RUTTING MODEL

After reviewing all existing rutting models for unbound materials, Project 0-5798 (Zhou et al.
2010) identified that the VESY'S layer rutting model presented in Equation 3-1 is also a good
candidate for unbound materials, as shown in Equations 3-19 and 3-20.

granularba se = kgramtlarba se I AU#N?O( (3- 1 9)
RD yuic = Korgac | AULN (3:20)
where
RDgranularbase and RDgubgrade = rut depth of granular base and subgrade, respectively.

Koranutarbase aNd Kgubgrade calibration factors.

The general implementation of the granular base/subgrade rutting model is similar to that of the
AC layer rutting model. One major difference between the AC layer rutting model and the
granular base/subgrade layer rutting model is that the moisture impact on layer modulus is
considered for these unbound materials.

The following discusses the implementation of the moisture impact model and the preliminary
calibration of the granular base/subgrade rutting model.

3.3.1 Moisture Impact on M,

Seven granular bases have been tested by Dr. Nazarian's UTEP group (Navarro et al. 2012). As
shown below in Figure 3-5 (Navarro et al. 2012), MEPDG Mr ratio model (Equation 3-21) fits
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better for Texas material. After reviewing the test results, the PMC members and research team
agreed to use Equation 3-19 to adjust impact of moisture on Mr.

M, b—a
log =a+ —
ropt (04K (S=5,,))
+e “ (3-21)
where
M, = representative resilient modulus at a degree of saturation S.
M,op: = representative resilient modulus at the optimum moisture content, (in decimals).
S = degree of saturation.
Sopt = degree of saturation at the optimum moisture content.
a, b, and ks = regression parameters listed in Table 3-2.
6 7
=4
&
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1 m
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Figure 3-5. Variations of Normalized Representative Modulus with Degree of Saturation.

Table 3-2. Regression Parameters Proposed by MEPDG.

Type of Material a b ks
Coarse-Grained —-0.3123 0.3010 6.8157
Fine-Grained —0.5934 0.3979 6.1324

3.3.2 Implementation of Moisture Impact Model

Notice that in Equation 3-21, S, is a material property, which can be calculated by the
following equation (NCHRP 2004):
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Wopt 7 d max

Y water
= (3-22)
Y water G
where
Wopr = oOptimum gravimetric moisture content.
Vimax = Mmaximum dry density of the unbound material.
Ywaer = unit weight of the water (in consistent units of Ygmax)-
G, = specific gravity of the unbound material.

The properties Gy, Wopr, and Ygmq can be directly measured using AASHTO T100 (AASHTO 2010a),
T180 (AASHTO 2004) for base layers, and T99 (AASHTO 2010b) for other layers. Thus the only
unknown parameter in Equation 3-21 is degree of saturation S, which depends on the moisture
content of the base or subgrade layer.

Figure 3-6 illustrates the moisture-related input and output. In this figure, the left side shows the
TxME user inputs such as depth of water table values, M,.p, G, Wops, and Yamar. After processing,
these data are transferred into the Enhanced Integrated Climatic Model (EICM), and the EICM
output is shown in the right side of the Figure 3-6, which includes the sublayer number, sublayer
thickness, and sublayer volumetric moisture content, for each month.
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Figure 3-6. Moisture Related Input and Output.
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Based on the EICM output, TXME determined the monthly average volumetric moisture content
0 for each layer (granular base layer or subgrade layer). Then the monthly degree of saturation S
is determined by the following equation:

9 ]/W(Z er
S = ——’sop, (3-23)
Wopt 7 d max
where
6 = the volumetric moisture content.
Wopts Ydmaxs Pwater» A0d Sopy = the same parameters as those defined previously.

After the monthly S value of the base layer or subgrade layer is determined, the monthly
modulus Mr can be obtained through Equation 3-21. For the users’ convenience, TXME provides
three options for Mr of granular base or subgrade:

Option 1: Users input typical Mr value for all seasons and all analysis periods without any
adjustment. No information about moisture related properties of granular base or subgrade is
needed.

Option 2: Users input M,,;, Gs, Wops, and Ygmer values. Monthly moisture impacted Mr is
determined internally by TxME.

Option 3: Users input monthly Mr values directly.

Each option has its pros and cons, depending on the availability of test data.

3.3.3 Preliminary Calibration of Granular Base/Subgrade Rutting Model

The researchers reviewed several Accelerated Pavement Testing (APT) test results and trench
studies on a variety of asphalt pavements, such as:

= FHWA-ALF test results at intermediate temperatures.

= FHWA-ALF test results at high temperatures.

= Lake Wales test road results.

= National Center for Asphalt Technology (NCAT) study.

= Rutting study in Alabama.

= TxDOT’s trench study on SPS1-US281 sections.

= MnRoad mainline trench study.

= Mississippi (SH302E, SH28E) trench study.

= (Cold Regions Research & Engineering Laboratory (CRREL) subgrade test results.

Based on the above information, the researchers made the following recommendations on rutting
distribution in an individual layer, as indicated in Table 3-3. The details of these test results and
trench studies are summarized in Appendix C.
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Table 3-3. Average Rutting Distribution in Individual Layers.

Surface Asphalt Layer Thickness
Layer
Treated | 1-2 inches | 2—4 inches | 4-6 inches | >6 inches
Asphalt concrete 0 10 60 80 100
Granular base 60 55 25 15 0
Subgrade 40 35 15 5 0

Using Table 3-3 as a reference, the researchers used TXME to analyze hundreds of rutting cases
based on different pavement structures, different pavement type (surface treated, conventional/thin
HMA, and perpetual), and different material types. The preliminarily calibrated factors Keranutar and
Ksubgrade are presented below.

9.4879
kgranularbase =1.0871+ m (3'24)
_8.9494 -

subgrade — e(4.346+0.2304*h_4c)

where hac is the asphalt layer thickness (inches). The calibration factors still need validation or
fine tuning by Texas field test section rutting results.

3.4 IMPLEMENTATION OF STABILIZED BASE FATIGUE CRACKING MODEL

Accurate characterization of the fatigue behavior of stabilized mixtures is a very complex
technical issue. The fact that fatigue cracking in the material layer is not directly observed in the
pavement surface further complicated the situation. Similar to the AC fatigue cracking model,
the stabilized base fatigue cracking model implemented in the TXME includes three components
as well: 1) Equation 3-26 the fatigue life model, 2) Equation 3-27 the fatigue damage model, and
3) Equation 3-28 the fatigue area model. Notice that the fatigue life model is the same as that in
MEPDG (NCHRP 2004).

o
k1Bl —| —1_
II(MR)

N, g =10 ©%

(3-26)
N
D => —— (3-27)
N s
. 100
fati gued_area(%) = T3 000 (3-28)
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where

Nrsp = fatigue cracking life (number of load repetitions) of the stabilized layer.

oy = maximum traffic-induced tensile stress at the bottom of the stabilized layer, psi.
Mpz = 28-day modulus of rupture (Flexural Strength), psi.

k1, k> = calibration factors.

B, B, = stabilized layer fatigue cracking properties.

C = field calibration factors.

N = applied load repetitions.

D = accumulated fatigue damage.

In TXME, stabilized base layer fatigue cracking analysis is needed only if 1) the pavement type is
surface treated or conventional/thin HMA, and 2) the stabilized layer lies directly underneath the
HMA/surface treated layers. If a crack relief layer (e.g., unbound granular base/subbase layer) is
placed between the HMA and stabilized layer, pavement failure by fatigue cracking of the
stabilized layer is presumed implausible.

The implementation of the stabilized base fatigue cracking model is similar to that of the AC
fatigue cracking model after the monthly N¢gp is determined. The following provides more
details about the determination of monthly N¢.sg and model calibration issues.

3.4.1 Determination of Monthly N¢gsp

In Equation 3-26, only the monthly maximum tensile stress o, at the bottom of the stabilized
layer needs to be determined in the TXME; the other parameters are from users’ input. Figure 3-7
shows the schematic of g, determination. As mentioned previously, an MLET solution is used to
determine the displacement, stress, and strain at any point (X, Y, Z) in the pavement. Since the
fatigue cracking can happen in both X and Y directions, the stresses oyy and oyy were compared
and the larger one is used as o,
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Figure 3-7. Schematic of 6, Determination.

After the monthly maximum tensile stress o; is calculated, the monthly N¢gz can be easily
determined by Equation 3-26. Note that when the traffic input is load spectrum, the Nrgp has to
be calculated separately for each axle load level and each axle type. More details are discussed
in Chapter 4: Methodology for Incorporating Axle Load Spectrum.

3.4.2 Stabilized Base Fatigue Cracking Model Calibration and Issues

In MEPDG the stabilized base fatigue cracking has not been field calibrated due to the
complexity and requirements of field section design input and performance data. As a result, the
field calibration factors, k1 and k2 are both defined to be 1.0. In a recently completed research
study, Dr. Jacob Uzan calibrated these two models using the accelerated pavement test data from
an earlier PCA study (Scullion et al. 2006). He developed factors for two materials types: cement
treated base and fine-grained soil cement subbase type material. The final calibration factors for
these two types of cement treated materials are presented below:

= For cement treated base: k1=1.0645, k2=0.9003.
* For fine-grained soil cement: k1=1.8985, k2=2.5580.

TxME adopted these factors and found this model is very sensitive to layer modulus E and
modulus of rupture Mg, since the ratio of o; (impacted by the layer modulus E) over My has a
very big influence on the cracking life N¢.gg. One big issue is that when applying this model to
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the traffic load spectrum scenario, some heavy axle loads often, if not always, cause the o, to be
larger than Mg, which leads N¢gp to be less than 1and the fatigue area to be 100 percent in the
first month.

It is envisioned that more research needs to be done in this area. Currently TxDOT is in the
process of initiating a new project “Updated Testing Procedure for Long Life Heavy Duty
Stabilized Bases.” The main objective of the project is to identify or develop new test procedures
to better characterize stabilized base materials and to better model the long-term performance.
The accomplishments of this project will be incorporated into TxME.

3.5 IMPLEMENTATION OF THERMAL CRACKING MODEL

The proposed thermal cracking model is presented below (Hu et al. 2012a and Hu et al. 2013).

AC = kA(AK )’ (3-29)
*

CA= % (3-30)
where
AC = daily crack length increment in the asphalt concrete pavement layer.
A,n = fracture properties, determined by OT test.
AK = stress intensity factor caused by thermal load.
k = calibration factor for daily crack length increment model.
p = time point (months) when XAC equals the asphalt concrete pavement layer thickness.
m = month number.
CA = low temperature cracking amount, ft/mile.
p, B = calibration factors.

In Equation 3-29, the thermal stress intensity factor 4K is the key parameter that considers the
HMA viscoelastic behavior under thermal load. The following provides more details about the
determination of the thermal SIF 4K and preliminary calibration of the model.

3.5.1 Determination of the Thermal SIF AK

Theoretically, the thermal SIF AK has to be determined by FEM. However, it is not practical to
directly incorporate FEM into TxME due to the running time issue. Based on theoretical FEM
studies and results (Witczak et al. 2000), a simplified relationship was developed between the
thermal SIF and thermal stress due to a cooling cycle, as follows:

AK =(0.45+1.99C"*) (3-31)
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where
C = the crack length.
o = the daily maximum thermal stress due to cooling cycles.

The thermal stress calculating point is at the depth of the crack tip, but far from the crack tip in
the horizontal direction. Figure 3-8 (Hu et al. 2009) shows an example of pavement temperature
profiles at different depths. To obtain the daily maximum thermal stress o, the hourly thermal
stress o(t) corresponding to the hourly temperature variation has to be determined.

40 —e—Depth=0in. Depth=2 in. —%— Depth=4 in.
—@—Depth=6 in. —+— Depth=8 in. ——Depth=10 in.

Temperature (Degree °F)

Time (Hour)

Figure 3-8. An Example of Pavement Temperature Profiles at Different Depths.

Due to the viscoelastic behavior exhibited by HMA under thermal load, o(?) can be determined
by the Boltzmann superposition integral:

ol0)= [ E-) %D 4z

dr (3-32)
where
E(t-t) = the relaxation modulus at time #-7.
e¢(r) = the strain at time 7.
T = the variable of integration.

Note that the E in Equation 3-32 is the relaxation modulus while in TXME the accepted input is
dynamic modulus (or complex modulus); the conversion between them is necessary. Theoretically
this conversion can be achieved by the following relationships (Park and Schapery 1999):
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m 2 2
E(@)=E,+) 2 £2 £
oo p; +1 (3-33)
E(ty=E,+) Ee """ (3-34)
i=1
where
) = frequency, Hz.
t = time, second.
E’'(w) = thereal part of complex modulus £*(w).
E@) = relaxation modulus.
E. = the equilibrium modulus.
E; = constants representing the relaxation strengths.
Di = constants representing the relaxation times.
m = number of E; or p;.

Parameters E,, E;, and p; are referred to as Prony coefficients as well. The number m is also called the
Prony series mode number. Thus the key of the conversion is to determine these Prony coefficients
according to Equation 3-33 based on dynamic modulus data, and then calculate the relaxation
modulus based on Equation 3-34. Using numerical methods and the Levenberg-Marquardt algorithm
(Levenberg 1944 and Marquardt 1963), the researchers developed a specific tool to accomplish this
conversion (Hu et al. 2010a). Figure 3-9 illustrates some results of these conversions at different
Prony mode numbers.
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Figure 3-9. Conversions from Dynamic Modulus to Relaxation Modulus at Different Prony
Mode Numbers.

This conversion tool has been incorporated into TXME. The preferred mode number m is
preferred to be larger than 15 to obtain an accurate conversion. With that, the viscoelastic
thermal stress o(?) at each hour can be determined according to Equation 3-32, and the daily
maximum thermal stress and daily thermal SIF AK can be obtained.

3.5.2 Preliminary Calibration of the Thermal Cracking Model

Based on field observation (Witczak et al. 2000), a maximum amount of 400 ft of cracking per
500 ft of pavement, corresponding to a crack frequency of one crack per 15 ft of pavement, was
selected as the maximum amount of thermal cracking that would typically develop in a pavement.
Thus, the maximum thermal cracking amount CA is 4224 ft/mile, with the assumptions that the
pavement lane width is 12 ft and each thermal crack covers the whole lane width.

Therefore the calibration factor B in Equation 3-30 is currently assigned as 42.24, which assures
that when thermal crack length equals the pavement layer thickness, the cracking amount CA
equals 2112 ft/mile, which is 50 percent of the maximum. Another calibration factor S controls
the CA curve shape; see Figure 3-10 (Hu et al. 2013).
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Figure 3-10. Thermal Cracking Amount Curves of Different f.

To calibrate the f value, the observed thermal cracking data for the Lamount test road (Dunn and
Gavin 1997) were employed and analyzed. Table 3-4 (Dunn and Gavin 1997) lists the number of
thermal cracks observed in the test sections (two lanes, each lane 500 m long).

Table 3-4. Number of Thermal Cracks.

Te?t 1" Year 2" Year 3" Year 4" Year 5™ Year
Section
1 0 24 60 74 83
2 0 100 120 126 144
4 0 108 128 136 137
5 0 2 13 17 33

Note: Other test section data are ignored since very few cracks were observed.

Table 3-5. Thermal Crack Amount (ft/mile).

By interpreting the crack number in terms of cracking amout (ft/mile), and survey period in
terms of month, Table 3-5 is obtained.

Test Months
Section 12 24 36 48 60
1 0 460.8 1152 1420.8 1593.6
2 0 1920 2304 2419.2 2764.8
4 0 2073.6 2457.6 2611.2 2630.4
5 0 384 249.6 326.4 633.6
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According to Table 3-5, test section data were fitted using the thermal cracking amount model.
The results are presented in Figure 3-11.
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Figure 3-11. Thermal Cracking Amount Model Fitting Curves.

Based on the fitting results, the £ value (CA curve shape factor) is preliminary calibrated as
1.185. This factor and other thermal cracking calibration factors need to be further validated and

refined based on Texas field data.

3.6 IMPLEMENTATION OF THE ENDURANCE LIMIT MODEL

The concept of an endurance limit is widely recognized in many areas of material science,
especially that of metals. However, relatively less work was done for HMA, a typical
viscoelastic material. Currently the MEPDG does not fully incorporate the endurance limit

concept.
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3.6.1 Previous Research Findings of the Pavement Endurance Limit Model

Monismith and McLean (1972) first demonstrated the existence of a fatigue endurance limit
below which asphalt mixtures tend to have an extraordinarily long fatigue life, and proposed an
endurance limit of 70 ue for asphalt pavements. The log-log relationship between strain and
bending cycles converged below 70 ue at approximately 5 million cycles (Figure 3-12). Maupin
and Freeman (1976) noted a similar convergence. Nunn (1997) in the United Kingdom (UK)
and Nishizawa et al. (1997) in Japan proposed concepts for long-life pavements where classical
bottom-up fatigue cracking would not occur. Nishizawa et al. (1997) reported an endurance limit
of 200 ue based on the analysis of in-service pavements in Japan. Similarly, strain levels at the
bottom of the asphalt layer of between 96 and 158 ue were calculated based on backcalculated
stiffness data from the falling weight deflectometer for a long-life pavement in Kansas (Wu et al.
2004). Other engineers propose that one should limit the strain anywhere from 60 to 100 ue
based on laboratory testing (Romanoschi et al. 2008). Another experimental pavement project in
China allowed perpetual pavement design to reach the less conservative value of 125 ue (Yang et
al. 2005).
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Figure 3-12. Strain vs. Stress Applications to Failure Relationships
(Monismith and McLean 1972).

Most recently, NCAT has led a research effort for NCHRP Project 9-38 to investigate the
endurance limit for HMA (Prowell et al. 2010). This study involves conducting fatigue tests for a
number of mixtures over a wide range of strain levels. Tests requiring up to 50 million cycles to
failure were conducted. The Asphalt Institute has also been involved in the portion of the work to
test samples having fatigue lives up to 50 million cycles. The primary objectives of that study
were to determine if HMA mixtures do have an endurance limit and to provide guidance on
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determining this limit for various mixture types. The results indicated that HMA mixtures
appeared to have an endurance limit that varies with mix type, so there is not just one limit that
can be used for all mixes.

Based on measured strains from the NCAT Test Track from sections that have not experienced
fatigue cracking (Figure 3-13), Willis (2008) proposed a cumulative frequency distribution of
allowable strains for perpetual pavements design; see Table 3-6. Priest (2005) initially proposed
a similar concept.
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Figure 3-13. Average Strain Distribution with Confidence Bands (Willis 2008).
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Table 3-6. Strain Criteria for Perpetual Pavements (Willis 2008).

Percentile Fatigue Limit
99 394
95 346
90 310
85 282
80 263
75 247
70 232
65 218
60 205
55 193
50 181
45 168
40 155
35 143
30 132
25 122
20 112
15 101
10 90
5 72
1 49

According to the preceding discussion, TXME implements two levels of the endurance limit
model: one is for traffic loading inputs in ESALs and the other is for load spectrum input. Only
perpetual pavement needs endurance limit analysis. The following discusses the details of model
implementation.

3.6.2 TXME Endurance Limit Model Implementation for Traffic ESALs Input

When traffic input is ESALSs, the equivalent standard 18 kip axle load is assumed to be applied
on the pavement structure. The maximum tensile strain at the bottom of the last asphalt layer
is determined and compared to the single endurance limit value. Figure 3-14 shows the
schematic of maximum tensile strain determination using the MLET solution. The monthly
average temperature profile is used to determine each AC layer modulus. The monthly tensile
strains in both X and Y directions, exx and eyy, are calculated and the larger one is used as the
monthly tensile strain. The final maximum tensile strain €m,y is selected among these monthly
tensile strains.
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Figure 3-14. Schematic of Maximum of Tensile Strain Determination.

A single endurance limit value EL is assigned for comparison with the maximum tensile strain: if
emax < EL, the pavement is considered to be perpetual; otherwise, it is considered to be non-perpetual.
Currently TXME adopts 70 pe as the default single EL value and this value can be a users’ input.
Definitely this is a very arbitrary value and further study is needed in this area.

One main objective of the active research NCHRP 9-44A “Validating an Endurance Limit for
HMA Pavements: Laboratory Experiment and Algorithm Development” is to further identify the
endurance limit as a potential function of mixture composition, binder rheology, pavement
temperature, etc. The publication in the NCHRP 9-44A Report series is anticipated in the end of
2013. It is envisioned that the newest findings of NCHRP 9-44 A potentially can be used to
validate and refine the EL value and calibrations.

3.6.3 TXME Endurance Limit Model Implementation for Axle Load Spectrum

When traffic input is load spectrum, the maximum tensile strain under each axle load is
determined; the corresponding strain distribution is evaluated based upon the number of
repetitions of each axle load. The following steps describe how the strain distribution curve is
determined.

Step 1: Process the load spectrum data into monthly repetition numbers for each axle type (single,
tandem, tridem, or quad), and for each load level (3 kips, 4 kips, 5 kips,...etc.). More details
about this step are described in Chapter 4: Methodology for Incorporating Axle Load Spectrum.
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Step 2: Determine the monthly average pavement temperature profile.

Step 3: Determine each AC layer modulus (monthly) based upon the layer temperature at
mid-depth of each HMA layer and loading time (depends on the traffic speed).

Step 4: Determine the monthly maximum tensile strains at the bottom of the last AC layer, for
each axle type and each load level.

Step 5: Replicate these strains according to their repetition numbers determined by Step 1. For
example, if the monthly repetition number of a single axle with load level 3 kips is 200, and the
maximum strain of that is 0.5, then 0.5 should be replicated 200 times.

Step 6: Sort all these strains and divide them into groups (bins). For each group, use the median
strain value as the representative strain.

Step 7: Count the strain numbers of each group and calculate the frequencies of each
representative strain.

Step 8: Accumulate these frequencies and obtain the strain distribution curve.

As a reference to compare the TXME determined strain distribution curve against, a pre-defined
strain distribution limit has to be provided. Currently TXME adopts the strain criteria listed in
Table 3-6 as the strain distribution limit.

Figure 3-15 shows an example generated by TXME. Note that if the predicted strain distribution
curve is to the left side of the strain distribution limit curve, the pavement is deemed as perpetual;
otherwise the pavement is non-perpetual. Again, this model has not been calibrated and further
study is defnitely needed in this area.
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Figure 3-15. Example of Endurance Limit Output for Axle Load Spectrum Input.
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CHAPTER 4.
METHODOLOGY FOR INCORPORATING AXLE LOAD SPECTRUM

Traffic data is one of the key data elements required for the pavement structural design/analysis.
Axle load spectrum input provides the opportunity of evaluating the pavement response under the
real traffic loads throughout the pavement design life. This chapter describes the methodology for
incorporating axle load spectrum into the TXME, which includes how to determine the monthly axle
applications and how to apply these axle applications in performance predictions. The discussed
load spectrum related performance measures are AC fatigue cracking, rutting (AC rutting, granular
base/subgrade rutting), and stabilized fatigue cracking.

4.1 DETERMINATION OF MONTHLY AXLE APPLICATIONS

To determine monthly axle applications, three types of data are required for load spectrum inputs: 1)
basic traffic volume information, 2) traffic volume adjustment factors, and 3) axle load information.
These inputs in the TXME are generally consistent with MEPDG load spectrum inputs (NCHRP
2004). The details about these inputs and corresponding calculations are described below.

4.1.1 Basic Traffic Volume Information

Figure 4-1 shows the basic traffic volume information inputs in the TXME.

General Traffic Information

Traffic Two-way AADTT: 500
Percent of Trucks in Design Direction (%): 50
Percent of Trucks in Design Lane (%): 95.0
Operation Speed (mph): 60

Figure 4-1. Basic Traffic Volume Information Inputs.
Two-Way Annual Average Daily Truck Traffic (AADTT)

Two-way AADTT is the total volume of truck traffic (the total number of heavy vehicles [classes 4
to 13] in the traffic stream) passing a point or segment of a road facility to be designed, during a 24-
hour period.
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Percent of Trucks in Design Direction (%)

Percent trucks in the design direction, or the directional distribution factor (DDF), is used to
quantify any difference in the overall volume of trucks in each direction.

Percent of Trucks in Design Lane (%)

Percent trucks in the design lane, or truck lane distribution factor (LDF), accounts for the
distribution of truck traffic between the lanes in one direction. For two-lane, two-way highways
(one lane in one direction), this factor is 1.0 because all truck traffic in any one direction must use
the same lane. For multiple lanes in one direction, it depends on the AADTT and other geometric
and site-specific conditions.

Thus, the Daily Total Truck Numbers in the Design Lane for the first month of the first year,
denoted by DTTN/, can be calculated using the following equation:

DTTN;=AADTT*DDF*LDF (4-1)
4.1.2 Traffic Volume Adjustment Factors

Traffic volume adjustment factors include vehicle class distribution factors, traffic growth factors,
and monthly adjustment factors.

Vehicle Class Distribution Factors

Vehicle class distribution factors are the pecentages of each type of truck within the total truck
volume. The class distribution factors for truck class k is denoted by CDF;.

Traffic Growth Factors

Traffic growth factors are the yearly growth rates for each truck class. The growth function can be
either linear growth or compound growth. Figure 4-2 shows an example of the vehicle class
distribution factors and the growth rates in the TXME. The growth rate for the truck class & is
denoted by GRy.
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Vehicle Class Distribution and Growth
Vehicle Class Pictorial View Distribution (%5) Growth Rate (%) Growth Functicn
Class 4 4 l(}ompound H
Class 5 4 |Linear -J
Class 6 4 l(}ompound |L
Class 7 4 l(}ompound |L
Class 8 4 l(}ompound |L
Class 9 4 l(}ompound |L
Class 10 4 l(}ompound |L
Class 11 4 ’Compound |L
Class 12 4 ’Compound |L
Class 13 4 l(}ompound |L
Sum of Distribution (%a): 100.0

Figure 4-2. Vehicle Class Distribution Factors and Growth Rates.
Monthly Adjustment Factors

Truck traffic monthly adjustment factors (MAF) simply represent the proportion of the annual truck
traffic for a given truck class that occurs in a specific month. In other words, the monthly
distribution factor for a specific month is equal to the monthly truck traffic for the given class for
the month divided by the total truck traffic for that truck class for the entire year. Truck traffic
monthly adjustment factors depend on factors such as adjacent land use, the location of industries
in the area, and roadway location (urban or rural). For each truck class, the sum of the MAF of all
months must equal 12.

Pavement designs can be sensitive to MAF. If no information is available, it is recommended that
designers assume an even or equal distribution (i.e., 1.0 for all months for all vehicle classes) as
shown in Table 4-1.

The m™ monthly adjusting factor for truck class & is denoted by MAF .
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Table 4-1. Monthly Adjustment Factors for Each Truck Class.

Truck Classification
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Based on these traffic volume adjustment factors, MTTN,,,, i, the Monthly Total Truck Numbers of
Design Lane for the y” year, m” month, and truck class %, can be determined by the equations below.

For compound growth,

MTTN,,,, ,=DTTN;*(No of Days),*CDF*(1+GR) *MAF,, (4-2)
For linear growth,

MTTN,,,,;,=DTTN;**(No of Days),*CDF*[1+ (y-1)*GR] *MAF,, (4-3)
4.1.3 Axle Load Information

Axle load information includes axle configurations, number of axles per truck, and axle load
distribution factors.

Axle Configuration

Figure 4-3 shows the axle configuration information, such as tire pressure, tire spacing, and axle
spacing, etc. These data are needed when using MLET evaluations to determine pavement
responses under different axle loads.
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Axle Configuration

Axle Tire

Single Tire Pressure [psi): 120
Dual Tire Pressure [psi): 120
Dual Tire Spacing (in): 12
Axle spacing

Tandem Axle (in): 51.6
Tridem Axle (in): 49_2
Quad Axle (in): 40_72

Figure 4-3. Axle Configuration Information.
Number of Axles per Truck

This input represents the average number of axles for each truck class (classes 4 to 13) for each axle
type (single , tandem, tridem, and quad). Currently, TXME adopted the MEPDG-suggested default
values, which are listed in Table 4-2. Additionally, TXME allows for dividing the single axle
category into steering single axle (single tire) and other single axle (dual tire). The default values
need to be further refined based on Texas traffic data.

Table 4-2. Default Values for Each Axle Type per Truck Class.

Truck Number of Number of Number of Number of Number of
Classification | Steering Axles Other Single Tandem Axles | Tridem Axles | Quad Axles
per Truck Axles per Truck per Truck per Truck per Truck
4 0.00 1.62 0.39 0.00 0.00
5 0.00 2.00 0.00 0.00 0.00
6 0.00 1.02 0.99 0.00 0.00
7 0.00 1.00 0.26 0.83 0.00
8 0.00 2.38 0.67 0.00 0.00
9 0.00 1.13 1.93 0.00 0.00
10 0.00 1.19 1.09 0.89 0.00
11 0.00 4.29 0.26 0.06 0.00
12 0.00 3.52 1.14 0.06 0.00
13 0.00 2.15 2.13 0.35 0.00

Note: The number of quad axles per truck class is 0.00, because there were too few counted in the LTPP traffic
database.

Using NAy, axienpe (axletype can be Steering Single, Other Single, Tandem, Tridem, or Quad) to represent
the Number of Axles for truck class k and specific axle type, the Monthly Axle Number can be
determined as follows:

MANy m,k, axletypeMTTNy, m,k* NAk axletype (4'4)
where
MAN,, . kavienpe = the Monthly Axle Number in the design lane for the " year, m” month, truck
class k, and specific axle type.
MTTN = the Monthly Total Truck Number, determined by Equation 4-2 or 4-3.
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Axle Load Distribution Factors

The axle load distribution factors simply represent the percentage of the total axle applications
within each load interval for a specific axle type (single, tandem, tridem, and quad) and vehicle
class (classes 4 through 13). A definition of load intervals for each axle type is provided below:

= Single (Steering Single or Other Single) — 3,000 1b. to 40,000 1b. at 1,000-Ib intervals.
=  Tandem — 6,000 1b. to 80,000 Ib. at 2,000-Ib intervals.
*  Tridem and Quad — 12,000 Ib. to 102,000 Ib. at 3,000-1b intervals.

Table 4-3 shows an example of tandem axle load distribution factors (NCHRP 2004). Note that
these factors might be different for each month. The Axle Load Distribution Factor for m” month,
truck class &, specific axle type, and load group g is denoted by ALDF, i, axietype, g-
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Table 4-3. Tandem Axle Load Distribution Factors for Each Truck Class.

Load ﬁﬁz Truck Classification
Group | ) 4 5 6 7 8 9 10 11 12 13

1 6000 5.88 7.06 5.28 1374 | 18.95 278 2.45 7.93 5.23 6.41
2 8000 1.4 35.42 8.42 6.71 8.05 3.92 2.19 3.15 1.75 3.85
3 10000 1.94 1323 | 1081 6.49 11.15 6.51 3.65 521 3.35 5.58
4 12000 | 2.73 6.32 8.99 3.46 11.92 7.61 5.4 8.24 589 | s.66
5 14000 | 3.63 433 7.71 7.06 10.51 7.74 6.9 8.88 8.72 5.73
6 16000 | 4.96 5.09 7.5 4.83 8.25 7 7.51 8.45 8.37 5.53
7 18000 | 7.95 5.05 6.76 4.97 6.77 5.82 6.99 7.08 9.76 49
8 20000 | 11.58 439 6.06 4.58 532 5.59 6.61 5.49 10.85 | 4.54
9 22000 14.2 231 571 4.26 4.13 5.16 6.26 5.14 1078 | 645
10 24000 | 13.14 2.28 5.17 3.85 3.12 5.05 5.95 5.99 724 | 477
11 26000 | 10.75 1.53 4.52 3.44 2.34 5.28 6.16 5.73 6.14 | 434
12 28000 | 7.47 1.96 3.96 6.06 1.82 5.53 6.54 437 4.93 5.63
13 30000 | 5.08 1.89 321 3.68 1.58 6.13 6.24 6.57 3.93 7.24
14 32000 | 3.12 2.19 3.91 2.98 1.2 6.34 5.92 4.61 3.09 | 4.69
15 34000 1.87 1.74 2.12 2.89 1.05 5.67 4.99 4.48 274 | 451
16 36000 1.3 1.78 1.74 2.54 0.94 4.46 3.63 2.91 1.73 3.93
17 38000 | 0.76 1.67 1.44 2.66 0.56 3.16 2.79 1.83 1.32 42
18 40000 | 0.53 0.38 1.26 2.5 0.64 2.13 2.24 1.12 1.07 322
19 42000 | 0.52 0.36 1.01 1.57 0.28 1.41 1.69 0.84 0.58 2.28
20 44000 0.3 0.19 0.83 1.53 0.28 0.91 1.26 0.68 0.51 1.77
21 46000 | 0.21 0.13 0.71 2.13 0.41 0.59 1.54 0.32 0.43 1.23
22 48000 | 0.18 0.13 0.63 1.89 0.2 0.39 0.73 0.21 0.22 0.85
23 50000 | 0.11 0.14 0.49 1.17 0.14 0.26 0.57 0.21 0.22 0.64
24 52000 | 0.06 0.2 0.39 1.07 0.11 0.17 0.4 0.07 0.23 0.39
25 54000 | 0.04 0.06 0.32 0.87 0.06 0.11 0.38 0.13 0.2 0.6
26 56000 | 0.08 0.06 0.26 0.81 0.05 0.08 0.25 0.15 0.12 0.26
27 58000 | 0.01 0.02 0.19 0.47 0.03 0.05 0.16 0.09 0.07 0.18
28 60000 [ 0.02 0.02 0.17 0.49 0.02 0.03 0.15 0.03 0.19 0.08
29 62000 0.1 0.01 0.13 0.38 0.06 0.02 0.09 0.06 0.09 0.14
30 64000 | 0.01 0.01 0.08 0.24 0.02 0.02 0.08 0.01 004 | 0.07
31 66000 | 0.02 0.01 0.06 0.15 0.02 0.02 0.06 0.01 0.02 0.08
32 68000 | 0.01 0 0.07 0.16 0 0.02 0.05 0.01 004 | 0.03
33 70000 | 0.01 0.02 0.04 0.06 0 0.01 0.11 0 0.12 0.01
34 72000 0 0.01 0.04 0.13 0 0.01 0.04 0 0.01 0.04
35 74000 0 0 0.02 0.06 0 0.01 0.01 0 0.01 0.02
36 76000 0 0 0.01 0.06 0 0 0.01 0 0.01 0.04
37 78000 0 0 0 0.02 0 0 0.01 0 0.01 0.02
38 80000 0 0 0 0.02 0 0 0 0 0 0.08
39 82000 0 0 0 0 0 0 0 0 0 0
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4.1.4 Calculation of Monthly Axle Applications for Each Axle Type and Load Group

Based on previous equations, N, m, k avenpes the monthly axle applications of yth year, m™ month,

truck class k, axle type (Steering Single, Other Single, Tandem, Tridem, or Quad), and load group g,
can be determined by the following equation:

N g v, m, k, axletype = MAN, v, m, k axletype* ALDF,; k, m, axletype, g (4'5 )
where
ALDF = the Axle Load Distribution Factor.
MAN = the Monthly Axle Number.

The axle applications for each axle type are then summed for all truck classes to obtain the total number
of axle applications within each time increment (the yth year and m" month), axle type, and load group
g, as follows:

13

Ng,y,m,axletype = Z Ng,y,m,k,axletype (4_6)

k=4

where Ng y, m, axienpe 15 the monthly axle applications for each axle type and each load group that will be
used in all the load spectrum based performance predictions.

4.2 LOAD SPECTRUM-BASED AC FATIGUE CRACKING

AC fatigue cracking model in the TXME considers both crack initiation and crack propagation. The
crack initiation life depends on the AC bottom tensile strain, and the crack propagation life depends
on the stress intensity factor. These pavement responses have to be determined for each axle type
and each axle load level throughout the design period. The method for treating multiple axles in
crack initiation is different from that in crack propagation. The details are discussed below.

4.2.1 Method for Treating Multiple Axles in Crack Initiation

Equation 3-12 shows that to determine the crack initiation life, the maximum AC bottom tensile
strains under the multiple axles have to be analyzed. Figure 4-4 (Zhao et al. 2012) shows the
examples of tensile strain comparisons between single axle and tridem axle. Note that sometimes
the maximum tensile strain of multiple axles is even smaller than that of the single axle, as shown
in Figure 4-4b.
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Figure 4-4. Tensile Strain Comparisons between Single and Tridem Axle Load

(Zhao et al. 2012).

As Huang (2004) stated, “Due to the large spacing between two axles, the critical tensile and
compressive strains under multiple axles are only slightly different from those under a single axle.
If one passage of each set of multiple axles is assumed to be one repetition, the damage caused by
an 80 kN (18 kips) single axle is nearly the same as that caused by a 160 kN (36 kips) tandem axle
or a 240 kN (54 kips) tridem axle; if one passage of a tandem axle is assumed to be two repetitions
and that of the tridem axle to be three repetitions, the damage caused by a 160 kN (36 kips) tandem
and a 240 kN (54 kips) tridem axle are two and three times greater than that by an 80 kN (18 kips)
single axle, respectively. Both assumptions are apparently incorrect.”

One approach Huang proposed is demonstrated in Figure 4-5. This figure shows a tandem axle load
and associated tensile strain responses at different locations. Due to symmetry, the strain under the
2" axle is the same as that of the 1% axle, denoted by &,. The strain between 1* and 2™ axle is
denoted by ¢.. The effect of this tandem axle load on fatigue damage and associated crack initiation
is taken into account by using ¢, for the 1% axle and ¢,-¢2 for the 2" axle. In other words, to
determine the crack initiation life, each set of tandem axles is assumed to be two repetitions; and the
maximum strain caused by each repetition is different: the strain caused by the 1% axle is &, and the
strain caused by the 2™ axle is &-¢2. This method might be appropriate since the AASHTO 1993
Guide (AASHTO 1993) recommended equivalent axle load factor for tandem (36 kip) is 1.38,
which is much larger than 1 but far less than 2.
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Figure 4-5. AC Bottom Tensile Strain Caused by a Tandem Axle.

Similarly, Figure 4-6 shows a tridem axle load and associated tensile strain responses at different
locations. The strains under the 1* axle, midway between the 1% and 2™ axles, and 2™ axle are
denoted by ¢, €2, and €3, respectively. Due to symmetry, the strain under the 3" axle is the same as
that of the 1% axle, and the strain between the 1 and 2™ axles is the same as that between the 2™
and 3" axles. Thus the effect of this tridem axle load on fatigue damage and associated crack
initiation is taken into account by using ¢, for the 1* axle, &.-¢2 for the 2" axle, and ¢-¢2 for the 3™

- :
- /\

£, '
£

Under Midway Under Midway

axle, respectively.

Under
15F Axle Between 1=  2nd Ayle Between d
3™ Axle
Axle and 2nd Axle
2nd Axle and 3
Axle

Figure 4-6. AC Bottom Tensile Strain Caused by a Tridem Axle.

Then Figure 4-7 shows a quad axle load and associated tensile strain responses at different locations.
The strains under the 1% axle, midway between the 1* and 2™ axles, 2™ axle, and midway between
the 2" and 3™ axles are denoted by €, &2, €3, and &4, respectively. The strains at other locations are
also marked in the figure according to the symmetric principle. The effect of this quad axle load on
fatigue damage and associated crack initiation is taken into account by using ¢, for the 1* axle, &.-¢2
for the 2™ axle, ¢;-¢4 for the 31 axle, and ¢,-¢; for the 4t axle, respectively.
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Figure 4-7. AC Bottom Tensile Strain Caused by a Quad Axle.
4.2.2 Method of Treating Multiple Axles for Crack Propagation

To determine the crack propagation life, the stress intensity factors under the multiple axles have to
be analyzed. In the stage of crack propagation, a macro-crack in the direction perpendicular to
traffic exists and ideally propagates in the vertical direction toward the pavement surface. Thus the
method of treating multiple axles for crack initiation may not be applicable to crack propagation
because of the existence of a macro-crack.

The main contributions to the crack propagation are from the SIF K7and Kirin the traffic direction.
As an example, a pavement structure consisting of two HMA layers, a base layer, and the subgrade
was used for investigating the K7and Kivalues corresponding to different crack lengths under a
moving tridem-axle load passing over a crack. Figure 4-8 shows the Krand K development at
different crack lengths under a 240 kN tridem-axle load with a tire pressure of 100 psi (0.689 MPa).
For comparison purposes, the K7and Krr development at different crack lengths (mm) is also
presented in this figure.
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Figure 4-8. K; and K;; Comparisons between Single and Tridem Axle Load.

As show in Figure 4-8, the maximum K7and K values under the tridem axle load are almost the
same as those under the single axle load. Meanwhile, the K7and K values at midway between the
axles are very close to 0, which implies there is little overlapped response between axles. Extensive
analysis results show that this observation is also true for other pavement structures under different
types of multi-axle loads. Therefore, multi-axle loads, for simplicity, can be handled through
multiple applications of the single axle load. Thus, the varied traffic loading spectrum for crack
propagation purposes can be analyzed as a single axle multi-repetitions issue.

The single axle loading may range between 3,000 and 40,000 Ib. (standard MEPDG analysis range),
and may be further influenced by varying tire pressures, contact areas, or both. It is well known that
both K7and K are linearly proportional to the tire pressure for the same contact area. Thus, only

one tire pressure of 100 psi (0.689 MPa) was used in this analysis. Krand Kirunder the other tire
pressures can be readily determined proportionally. In the case of varying contact area but keeping
constant tire pressure, Krand Knmust be specifically calculated for each contact area (the product of
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effective tire width and tire length). The tire length and associated contact area increases with an
increase in tire load level keeping constant tire pressure, but the effective tire width hardly varies
with tire load (Fernando et al. 2006).

Therefore, the increasing contact area is actually equal to an increase in the tire length, since the
effective tire width does not vary with the load level. After reviewing the default load spectrum in
the MEPDG (NCHRP 2004), four levels of single axle loads were recommended for developing
SIF regression equations, as listed in Table 4-4. Note that a constant effective tire width of 6.22 in
(158 mm) was chosen based on the textbook Pavement Analysis and Design by Huang (2004). The
SIF values corresponding to another load level (or contact area/tire length) can be interpolated or
extrapolated based on these SIF values.

Table 4-4. Four Single Axle Loads Recommended for SIF Analysis.

Axle Load Tire Pressure Effective Tire Width Tire Length
(Ib) (psi) (inches) (inches)
4000 100 6.22 1.6
11000 100 6.22 4.4
18000 100 6.22 7.2
25000 100 6.22 10

Note: A standard single axle consists of two sets of dual tires.
4.2.3 Load Spectrum-Based Fatigue Cracking Area Determination

Based on the previous discussion, the steps and equations for determining load spectrum-based
fatigue cracking area are described below.

Step 1: Determine the AC bottom strain for a specific axle according to the section 4.2.1.

This specific axle depends on the axletype (Steering Single, Other Single, Tandem, Tridem or Quad),
axleOrder (1 for a single axle, 1* or 2™ for a tandem. .., 1 or 2™ or 3" for a tridem...etc.), load group
g (e.g., g=1 for a tandem axle means the axle load is 6000 Ib., g=2 means the axle load is 8000
Ib.,...etc.).

For a given month (m’h month, y”’ year), this determined strain is represented by &, g avienpe axicorder-

Step 2: Determine the initial cracking life for that specific axle, as follows:

1 J 4-7)

y,m,g,axletype,axleOrder

N.(y,m,g,axletype,axleOrder) = k{

Step 3: Determine the crack propagation life for that specific axle, as follows:

h 1
N _(y,m,g.axletype) = dc 4-8
»(vm.g,axletype) LOAK T ; (4-8)

1, y,m,g,axletype 11, y,m,g axletype
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To complete this step, the steps in the section 3.2.2 Determination of Monthly N, should be
followed. Note that the crack propagation life is not influenced by axleOrder.

Step 4: Determine total crack life for that specific axle, as follows:

N (y,m,g,axletype,axleOrder) = N,(y,m,g,axletype axleOrder )+ N ,(y,m,g,axletype) (4-9)

Step 5: Determine the damage for that specific axle, as follows:

Ng,y,m,axletype (4_ 1 0)
N, (y,m,g,axletype,axleOrder)

D

y,m,g,axletype,axleOrder =

where Ng ), m, avenpe 15 the monthly axle applications for each axle type and each load group; see
Equation 4-6.

Step 6: Repeat Steps 1 to 5 for all the axleOrder, axletype, and load group g. Sum all the damage
values for a given month and year, as follows:

Dy,m = Z Z ZDy,m,g,m\fletype,axleOrder (4_1 1)

g axletype axleOrder
where D, ,, is the monthly AC fatigue damage at the given month (" month, y" year).
Step 7: Calculate the fatigue cracking area for a given month, as follows:

100

ClogD, ,,

fati gued_area(%) =
l+e

(4-12)

4.3 LOAD SPECTRUM-BASED RUTTING (AC/GRANULAR BASE/SUBGRADE)

Since both the AC layer rutting model and unbound material layer (granular base/subgrade) rutting
model use the VESYS layer rutting model principles, there is no difference between them in terms
of the load spectrum methodology. The following describes the load spectrum-based rut depth
accumulation method and multiple axles treatment method.

4.3.1 Load Spectrum-Based Rut Depth Accumulation Method

As shown in Equation 4-13, the layer rut depth depends on the layer deflection difference AU
caused by each axle load.

RD =k IAU/JN’“ (4-13)
where
RD = layer rut depth.
k = calibration factor.
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AU = deflection difference between the layer top and layer bottom.
N = load repetitions
o & u = layer rutting properties, determined by lab test.

The monthly accumulation method of the rut depth RD is the same as that discussed in Section 3.1.2
“Monthly Accumulation of RDAC.” The following discusses the rut accumulation method during the
same month but among different axle load groups.

The example below takes a single axle with load group 1 (g=1, axle load =3000 1b.) and load group
2 (g=2, axle load =4000 1b.) to demonstrate the accumulation.

Since the accumulation is conducted during the same month, the layer rutting properties a and p do
not change. Thus the Equation 4-13 can be converted into Equation 4-14 to determine the rut depth
under the first group of axle loads.

(N
RD, =k AU, u (4-14)
-
where
AUy = the layer deflection difference under the axle load of group 1.
Ny = the number of repetitions of this load group.

RD,; = the rut depth under this load group.

To accumulate the rut depth with that caused by load group 2, the equivalent axle repetition number
Nyieq has to be determined first, using Equation 4-15.

1

RD, (1-a) |
N, =|— (4-15)
& AU ,, uk

where 4U,; is the layer deflection difference under the axle load of group 2.

Then the accumulated rut depth RD,; > can be calculated as follows:

(Ngleq + Ngz )ﬂz
RDgl,g2 = k Ang /,l (4_16)
-«
where N 1s the number of repetitions of load group 2.
Combining Equations 4-15 and 4-16, Equation 4-17 can be achieved.
1 1 l-a
(Ngl (AUg] )—7 +N,, (Ang )1—7)
RDgl,gZ =k M (4-17)

-«
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Equation 4-17 implies that the accumulated rut depth does not depend on the load group applying
sequence. For example, if applying load group 2 first and then applying load group 1, the final
accumulated rut depth will be exactly the same. This is a very important feature, which assures the
success of implementing the rutting model for load spectrum. If the load group applying sequence
matters, the predicted rut depth will be unstable and inconsistent.

Thus, the equation of load spectrum-based rutting accumulation for a given month is as follows:

l-a
RD = (Z v, (AU, j (4-18)
-«
where
RD = the accumulated rut depth for a given month.
Novie = the repetitions of each axle load.
AU, = the layer deflection difference cause by the axle load.

Combining the monthly accumulation method discussed in Section 3.1.2, the generalized load
spectrum-based rutting can be determined by:

1 l-a,

ko, |[RD, (1- e, !
RD, == { ! “"’)} X NL UL | @9)
T, H

where m is the month number.
4.3.2 Method of Treating Rutting for Multiple Axle Groups

As discussed in Section 4.2 “Load Spectrum Based AC Fatigue Cracking,” it is deemed as
inappropriate for assuming each set of multiple axles to be one repetition or multiple repetitions
(each repetition is of the same single axle load and causes the same AU). Thus TXME proposes the
similar multiple axles treatment method to that of fatigue cracking initiation. The details about
tandem, tridem, and quad axles are demonstrated below.

Tandem Axle

Figure 4-9 illustrates the layer deflection difference AU under a moving tandem axle load. In Figure
4-9a, the X axis is the horizontal direction which is parallel to the axles and the Y axis is also in the
horizontal direction but parallel to traffic movement. The broken line indicates the cross section of
interest (or calculating section). The numbers 1, 2, and 3 show the deflection calculating points.
Figure 4-9b shows the layer deflection differences AU;, AU, and AUj; at the cross section of interest
when points 1, 2, and 3 arrive at this cross section, respectively.
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According to this figure, each set of tandem axle is assumed to be two load repetitions; and the
layer deflection difference AU caused by each repetition is different: the AU caused by the 1% axle
is AU; and the AU caused by the 2" axle is AU;—AUs.

Axle 2 Axle 1 |

i Axle Moving
Direction

OO, N

(h) Q | Cross Section of Interest

(a)

AU5- AU,

AU, AU,
AU,

Under Axle 1 Midway Under Axle 2
Between Two

Axles

(b)
Figure 4-9. Schematic of (a) Tandem Axle Load Top View and (b) Layer Deflection Difference 4 U.

By similar formula derivations, the ‘X’ part in Equation 4-18 for tandem axles can be written in the
following form.

Tandem

> = N g[(AUlg)“le+(AU3g—AU2g)l—la} (4-20)

where
Ntangen® = the monthly axle applications for the tandem axle and load group g.
AU, AU, and AU;* = the layer deflection differences caused by axle load group g

corresponding to points 1, 2, and 3, respectively.

Note that due to symmetry, AU;® equals AU/®. Nrangen® at the m™ month and y’h year equals Ny y, »,
adenpelaxletype=Tandem), determined by Equation 4-6.
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Tridem Axle

By analogy, Figure 4-10 illustrates the layer deflection difference AU under a moving tridem axle
load. According to this figure, each set of tridem axles is assumed to be three load repetitions: the
AU caused by the 1% axle is AU, the AU caused by the 2™ axle is AU;—AU,, and the AU caused by

the 3™ axle is AUs—AU,.
|
Axle 3 Axle 2 Axle 1 1

Axle Moving
Direction

N ™

! Cross Section of Interest

i

o
UJ

S,
G
OQI—\

(a)
AUS-AU,
AU AU,
AU, AU,
Under Midway Under Midway Under
Axle 1 Between Axle 2 Between Axle 3
Axle 1 and Axle 2 and
Axle 2 Axle 3
(b)
Figure 4-10. Schematic of (a) Tridem Axle Load Top View and (b) Layer Deflection
Difference AU.

The X’ part in Equation 4-18 for the tridem axle can be written in the following form:

Sy N (AUl,g)l—l“+(AU3g—AU2g)’—la
e N =

(4-21)



where
Nrigen® = the monthly axle applications for the tridem axle and load group g.
AUE, AU, AU, AUS, and AUS* = the layer deflection differences caused by axle load
group g corresponding to points 1, 2, 3, 4, and 5, respectively.

Note that due to symmetry, AU/ equals AU-* and AU+® equals AU Nrvigen® at the m™ month and "
year equals Ng ., avienpe (axletype=Tridem), determined by Equation 4-6.

Quad Axle

Similarly, Figure 4-11 illustrates the layer deflection difference AU under a moving quad axle load.
According to this figure, each set of quad axles is assumed to be four load repetitions: the AU
caused by the 1* axle is AU;, the AU caused by the 2" axle is AU;~AU,, and the AU caused by the
3" axle is AU s—AUy, and the AU caused by the 4™ axle is AU ~AUs.
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Figure 4-11. Schematic of (a) Quad Axle Load Top View and (b) Layer Deflection Difference
AU.

The ‘X’ part in Equation 4-18 for the quad axle can be written in the following form.

1

@Uﬁ)a+@Uﬂ—AUny

1
> =Y Now |+ 0U.F—aU . (4-22)

NN =

where

Nouw.d = the monthly axle applications for the quad axle and load group g.

AUE, AUSE, AU, AUE, AU, AUSE, and AU = the layer deflection differences caused by axle
load group g corresponding to points 1, 2, 3, 4, 5,
6, and 7, respectively.
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Again, due to symmetry, AUs* equals AU3*, AU® equals AU,®, and AU equals AU%. Nouad" at the
m™ month and y” year equals N g ,, . axienpe (axletype=Quad), determined by Equation 4-6.

Finally, Equation 4-19 can be further expanded to Equation 4-23 to determine the load-spectrum based
rutting.

1 l-a

RD, (1-a,) |
k p { } * z - Z
RD m = 1 m /le Tandem Tridem (4_23)
— am
2D EED I D
Quad Steering Single Other Single
where
1
z = z NSteeringSingleg |:(AU5/ef’rt'ngSi”glf’ ¢ )170[ :| (4-24)
Steering Single g
1
D= Noversingie” [(AU otersigte }7} (4-25)
OtherSingle g
where
Nsteering single: =  monthly axle applications for the steering single axle and load group g.
AUsteering sing® = AU caused by the steering single axle of load group g.
Nother single® = monthly axle applications for the other single axle and load group g.
AUouer singt® = AU caused by the other single axle of load group g.

To be consistent, all the parameters in the ‘X’ parts correspond to the m™ month.

4.4 LOAD SPECTRUM-BASED STABILIZED BASE FATIGUE CRACKING

The crack initiation life depends on the induced maximum tensile stress at the bottom of the
stabilized layer. For load spectrum input, these tensile stresses have to be determined for each axle
type and each axle load level throughout the design period.

TxME adopted the same method as that of AC Fatigue cracking initiation to analyze the influence
of multiple axles. Taking a tandem axle load as an example, if the induced tensile stress under the
1*" axle is o, and the stress at midway between the 1* axle and 2" axle is a5, the effect of this
tandem axle load is taken into account by using ¢, for the 1* axle and ¢ -o 2 for the 2" axle. Similar
rules apply for the tridem and quad axles in terms of a multiple axle treatment method for stabilized
base fatigue cracking.
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USINgG 04y, m,g axietype, axicorder) t0 TEpresent the maximum tensile stress at the bottom of the stabilized
layer, for a given month (m™ month, y" year), load group g, axletype, and axleOrder, the fatigue
cracking life equation (Equation 3-26) can be rewritten in the following form:

) lety) leOrde
leli[m(},m,g,uet}pe,ue r er))
MR

N, g (y,m,g,axletype ,axleOrder ) =10 25 (4-26)

where Ny.sp(y,m, g, axletype,axleOrder) is the fatigue life under that specific axle load (depends on
the load group g, axletype, and axleOrder) for the given month (m™ month, y" year). M, k;, k2, B,
and B, are the same parameters as those defined previously.

Then the fatigue damage of that specific axle and the given month is:

Ng,y,m,axletype (4_27)
N, g (y,m.g,axletype,axleOrder)

y,m, g axletype,axleOrder =

where Ng y, m, axienpe 1S the monthly axle applications for each axle type and each load group,
determined by Equation 4-6.

Sum all the damage values according to the load group g, axleOrder, and axletype for the given
month, as follows:

Dy,m = z Z zDy,m,g,axletype,axleOrder (4-28)

g axletype axleOrder
where D, ,, is the monthly stabilized base fatigue damage at the given month (m” month, y" year).
Finally, the stabilized base fatigue cracking area for the given month can be calculated as follows:

100

ClogD,
l+e *7

fati gued_area(%) = (4-29)
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CHAPTERS.
IMPLEMENTATION OF RELIABILITY APPROACH

It is well known that pavement design and analysis involve a lot of uncertainties and variations
from the specified design and as-constructed parameters. To address this issue, a reliability
concept is often incorporated into the pavement design and analysis process. This chapter
provides the background information of reliability approaches used in existing pavement design
systems and presents the implementation of the recommended approach in the TXME.

5.1 BACKGROUND

In general, reliability is often defined as “the ability of a system or component to perform its
required functions under stated conditions for a specified period of time” (Bagowsky 1961).
Specifically for pavement design and analysis, the reliability is referred to as the probability that
a pavement section designed using the process will perform satisfactorily in terms of pavement
distress over the traffic and environmental conditions for the design period.

Even though mechanistic concepts provide a more accurate and realistic methodology for
pavement design, a practical method to consider the uncertainties and variations in design and
construction is still needed so that pavements can be designed for a desired level of reliability
(i.e., pavement will perform as designed). The sources of variation and uncertainty include:

= Errors in estimating traffic loadings.

=  Fluctuations in climate over many years.

= Variations in layer thicknesses, materials properties, and subgrade characteristics
along the project.

= Differences between mean as-designed and as-built materials and other layer
properties.

= Prediction model limitations and errors.

Different approaches have been employed to consider reliability in a variety of pavement design
and analysis systems. Researchers reviewed the following pavement design and analysis
systems:

= TxDOT’s FPS 21 and AASHTO 1993 Guide.

= MEPDG.
=  VESYS design system.
= CalME.

The reliability approach in each system is summarized below.
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IxDOT FPS21 and AASHTO 1993 Guide

Both TxDOT’s FPS 21 (Liu and Scullion 2006) and the AASHTO 1993 Guide (AASHTO 1993)
incorporate reliability through simply adjusting estimated traffic (or ESALSs) in the design
period. The standard deviation of traffic was preset or assumed. With that, higher reliability
indicates a larger adjusting factor for estimated traffic and consequently results in thicker
pavement.

MEPDG

Different from adjusting the estimated traffic in the FPS21 and the AASHTO 1993 Guide, the
MEPDG design reliability is achieved through adjusting pavement distress using the following
equation (NCHRP 2004):

Distress P = Distress_mean + STD jisiress mea % Zp (5-1)
where
Distress P = distress level corresponding to the reliability level P.
Distress mean = distress predicted using the deterministic model with mean inputs.
STD gisiress mean = standard deviation of distress.
Zp = standardized normal deviate corresponding to reliability level P.

Figure 5-1 further demonstrates the MEPDG reliability concept (Darter et al. 2005). The key
points (or assumptions) behind this concept are

= All predicted distresses are normally distributed.

= The standard deviation of each predicted distress (e.g., fatigue cracking) can be
substituted by that of measured data, since the MEPDG itself is deterministic and
cannot predict the standard deviation of each distress.
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Figure 5-1. MEPDG Reliability Concept for a Given Distress (Darter et al. 2005).
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VESYS Program

The Federal Highway Administration (FHWA) originally developed the VESYS program several
decades ago (Kenis 1978). One of the main features of the program is that it considers the
variability of pavement materials and traffic, and then evaluates the reliability of the pavement
design. The VESY'S program considers not only the reliability of pavement distresses (such as
fatigue cracking, rutting, roughness, and low-temperature cracking) but also the pavement
present serviceability index (PSI). Moavenzadeh and Elliott (1968) developed closed-form
probabilistic solutions for this three-layer linear viscoelastic boundary value problem, and later
Brademeyer (1975) refined and expanded the work. Therefore, the VESYS program, different
from other design programs, evaluates reliability (or probability) of pavement distress using a
closed-form function. Note that the closed-form solution is an analytical solution, which requires
that the pavement response functions are quite simple and the partial derivative of which can be
sought. For a more complicated pavement design system like mechanistic-empirical analysis,
there are no such simple functions for pavement responses.

CalME

CalME is a program that the pavement research center at the University of California created for the
California Department of Transportation (Caltrans). The program was developed to fill the need for
a mechanistic-empirical analysis tool for designing new pavements and asphalt overlays (Ullidtz

et al. 2010). CalME considers input variability and evaluates reliability of pavement distress
through the Monte Carlo simulation. Currently, for nine uncertain variables, 1000 simulations may
be needed. The beauty of the Monte Carlo simulation is that there is no need to assume the
distribution of pavement distress. The major drawback of the Monte Carlo simulation is the
running time: it often takes too long to tolerate for pavement design and analysis.

Table 5-1 presents a summary of all five existing pavement design programs in terms of
reliability approach. More details about the reliability approaches in different pavement design
systems can be found in the Report 0-6622-1 Appendix B (Hu et al. 2012a).
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Table 5-1. Summary and Comparison among Different Reliability Approaches.

Examples of

Reliability Advantages Disadvantages Iteration Design
Approach Number
System
Adjusting Simple afiabilit of other 1 " AASHTO
traffic P N Y 1993
Inputs on pavement
design
Adiustin Cannot account for
justing Simple variability of inputs | 1 MEPDG
prediction .
directly
* Accurate
= Accounts for
all input )
Monte Carlo variability Has long computation ~1000 CalME

simulation time

= (Obtains the
distribution of

response
= Very complicated
= Efficient to get a closed-form
= Accounts for pavement response
Clos§d-form design input function (if not 1 VESYS
function S . :
variability impossible)
= Requires partial
derivatives

Based on Table 5-1, there is no ideal practical approach to be used in the TXME. To further
address this issue, the researchers reviewed the latest development in this area and found that the
Rosenblueth 2n+1 method (n is number of variables with uncertainty) has a high potential for
evaluating pavement design reliability. Detailed information on this method is presented below.

5.2 ROSENBLUETH’S 2n+1 METHOD

Rosenblueth (1975) developed a simple method known as the Point-Estimate method, which is
similar to the finite difference procedure that can be used directly to determine the mean and
variance of any function without knowing its formulation. The basic idea of the Point-Estimate
method is to replace a continuous random variable with a discrete random variable. Specifically
for reliability/probability, the continuous random variable (represented by a mean and standard
deviation) is replaced by two masses representing the distribution of the function with the
characteristic that the discrete distribution has the same mean and variance as the continuous
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one. The following describes the Rosenblueth’s 2n+1 method using the function y = (X}, Xo,...,
X,) as an example.

Define yy as the value of the function y when all input variables are equal to their mean values;
that is,

Yo = f (xt, txz, .., txn) (5-2)
where uy; 1s the mean value of each variable Xi, i=1, 2..., and n, respectively.

Assuming ay; is the standard deviation of each variable Xi, i=1, 2..., and n, respectively, the
values of the function y evaluated at an additional 27 points are presented below.

For each random variable Xi, evaluate the function at two values of Xi, which are shifted from
the mean uy; by +ox; while all other variables are assumed to be equal to their mean values.
These values of the function will be referred to as y;” and y;. The subscript denotes the variable
that is shifted, and the superscript indicates the direction of the shift. In mathematical notation,

Vit =[x, pxz oees i ¥ Oy fx) -3)

yi_ :f(,UXb Ux2, ..., Uxi - 0xi ..., ,UXn) (5-4)

For each random variable, calculate the following two quantities based on y;” and y;:

_ .+ + '7
y, =22 (5-5)
2
_ y,‘+ +y
oy =y (5-6)

Calculate the estimated mean and standard deviation of the function y as follows:

n ;i
u=v] [ (5-7)
i=1 Vo

o, = uyJ{f[(H v, -1 (5-8)

Using the Rosenblueth’s 2n+1 simulation method, the number of simulations is substantially
reduced compared to the Monte Carlo method, which is extremely beneficial to M-E pavement
design and analysis. The Rosenblueth’s 2n+1 method is recommended as the reliability
approach in the TXME program.
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Examples and verifications for the Rosenblueth methods were demonstrated in the Report
0-6622-1 Appendix C: Examples and Comparisons among Closed-Form Method,
Rosenblueth Method, and Monte Carlo Method (Hu et al. 2012). The accuracy and validity
of the Rosenblueth 2n+1 method was verified by comparison with the closed-form method
and the Monte Carlo method according to some simple functions. See Table 5-2.

Table 5-2. Comparison among Different Methods for Y=X;*X,*X;.

Mean Value of Y Std. Dev. of Y
Closed-form method 200 87.7496
Rosenblueth 2n+1 method | 200 90.4323
Monte Carlo method 199.57 90.4957

The mean value and standard deviation for each variable are listed in Table 5-3.

Table 5-3. Mean Value and Standard Deviation of Variables.

Mean Value (1) Std. Dev. (o)
X 10 2
X5 4 1
X3 5 1.5

Note that the results of the Monte Carlo method were based on 3000 simulations, which are
relatively more repeatable than that of much fewer simulations, as shown in Figure 5-2.

Repeatability of Monte Carlo Simulation

Mean value of Y

5000 simulations

=== 10000 simulations

Repeat No.

Figure 5-2. Repeatability of Monte Carlo Solution for Function Y=X7*X2*X3.
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5.3 IMPLEMENTATION OF ROSENBLUETH’S METHOD

In the TXME, the desired level of reliability is specified along with the distress limit at the end of
the design life in defining the performance requirements for a pavement design. For example, one
criterion might be to limit rut depth to 0.5 inches at a design reliability of 90 percent. Thus, if a
designer designed 100 projects, 90 of these projects would exhibit rut depths less than 0.5 inches
at the end of the design life. Different reliability levels may be specified for different distresses in
the same design. For example, the designer may choose to specify 95 percent reliability for rutting
but 90 percent reliability for AC fatigue cracking.

Figure 5-3 shows an example of distress (or performance) limit and reliability level (in terms of
percentage) inputs in the TxME.

Performance Criteria

Peformance Limit Reliahility (%)
Rutting {inch) 05 50
Themal cracking fft./mile) 2112 85

Fatigue cracking of AC layer (percent) h0 95

Figure 5-3. TXME Inputs of Distress Limit and Reliability Level.

Note that the analyzed distress types depend on the pavement structure and pavement type. For
Figure 5-3, the analyzed pavement is a conventional or thin HMA pavement with flexible base.
The parameters of each layer which potentially have variability are listed in Figure 5-4. These
parameters relate to pavement structure and pavement type as well; whenever the pavement
structure or pavement type changes, these parameters change accordingly and automatically.

Variability of Input Parameters

LUse Parameter Coefficient of Varation ()
Layer 1 (AC: DenseGraded) - Thickness 15
Layer 1 (4C: DenseGraded) - Modulus 20

Layer 1 (AC: DenseGraded) - Fracture Property A
Layer 1 (AC: DenseGraded) - Fracture Property n
Layer 1 (AC: DenseGraded) - Rutting Property Alpha
Layer 1 (AC: DenseGraded) - Rutting Property Mu
Layer 2 (Base: Flexible Base) - Thickness

Layer 2 (Base: Flexible Base) - Modulus

Layer 2 (Base: Flexible Base) - Rutting Property Alpha
Layer 2 (Base: Flexible Base) - Rutting Property Mu
Layer 3 (Subgrade) - Modulus 25
Layer 3 (Subgrade) - Rutting Property Alpha
Layer 3 (Subgrade) - Rutting Property Mu
Traffic - ESALs or AADTT 3o

BO00EO0OO0oooooEE

Figure 5-4. TXME Inputs of Coefficients of Variation.
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Users can provide the variability information by checking the checkboxes and modifying the
coefficient of variation (CV) value in Figure 5-4. For example, if users check the checkbox and
input “15” in the first row, the program will take the AC layer (Layer 1) thickness as an
uncertain variable, and the CV of the thickness is 15 percent (CV is the ratio of the standard
deviation over mean value).

With these inputs, the implementation of Rosenblueth’s 2n+1 method is described below.

The program will scan all the checkboxes in Figure 5-4 first. If none of these checkboxes are
checked, the program will run analysis in the deterministic mode. Otherwise, the reliability
analysis will be performed and the algorithm is presented by the following steps.

Step 1: Run analysis based on the input structure, traffic, and climate information. Save all the
monthly distress (performance) results. These results corresponds to y, of Rosenblueth’s method;
see Equation 5-2.

Step 2: For each checked parameter in Figure 5-4, repeat the following sub steps.

Step 2.1: Adjust the parameter to the mean value plus one standard deviation and run analysis.
Step 2.2: Save all the monthly performance results, which corresponds to y* of Rosenblueth’s
method; see Equation 5-3.

Step 2.3: Change the parameter back to original value.

Step 2.4: Adjust the parameter to the mean value minus one standard deviation and run analysis.
Step 2.5: Save all the monthly performance results, which corresponds to y~ of Rosenblueth’s
method; see Equation 5-4.

Step 2.6: Change the parameter back to original value.

Step 2.7: For each monthly value, determine the two quantities ( y and V,) based ony” and y;
see Equations 5-5 and 5-6.

Step 3: According to the two quantities (; and V) of each parameter, determine the 4 and o

value for each month and for each distress type; see Equations 5-7 and 5-8. Note that the y,
determined in Step 1 is needed in this step.

Step 4: Calculate the standardized normal deviate Z, corresponding to reliability level P input in
Figure 5-3.

Step 5: Determine the monthly distress value based on the u, o, and Z, according to Equation 5-1.

The reliability analysis results are organized in Excel file format and are demonstrated in the
following section.
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5.4 TxME OUTPUT OF RELIABILITY ANALYSIS

Using the above pavement structure and reliability input information, TXME reliability analysis
is performed to demonstrate the results. Note that most of the other user inputs such as material
properties and traffic information are from default values, and the climate information (weather
station) is randomly picked up.

Figure 5-5 shows the rutting reliablity analysis results. AC rut depth, granular base rut depth, and
subgrade rut depth are plotted together in this figure. The total rut depth at 90 percent reliability
is about 0.22 inches at the end of the design life (240 months or 20 years), which means 90 out
100 projects would exhibit rut depths less than 0.22 inches at the end of the design life.

Rutting @ 90% Reliability
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Figure 5-5. TXME Rutting Reliability Analysis Result.

Figure 5-6 shows the AC fatigue cracking analysis results. The results show that 95 out of 100
projects would exhibit AC fatigue cracking over 50 percent (the limit) of the wheel path area or
less, before the 50™ month. After the 75™ month, 95 out of 100 projects would probably exhibit
AC fatigue cracking over 100 percent or less of the wheel path area.
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AC Fatigue Cracking @ 95% Reliability
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Figure 5-6. TXME AC Fatigue Cracking Analysis Result.

Figure 5-7 shows the AC thermal cracking analysis results. The results show that 85 out of 100
projects would exhibit thermal cracking at a level of 2112 ft/mile (the limit) or less before the
57™ month; and exhibit 3700 ft/mile or less at the end of design life (240 month or 20 years).
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Figure 5-7. TXME Thermal Cracking Reliability Analysis Result.
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Using different reliability levels or different input parameter variabilities (CV) will cause
different prediction results. More details about these comparisons are discussed in
Chapter 6: Sensitivity Analysis.
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CHAPTER 6.
SENSITIVITY ANALYSIS

The objective of the sensitivity analysis is to investigate how the predicted distresses are
influenced by changes in magnitude of several key input variables. This information will help to
identify the input parameters that appear to substantially influence predicted performances. In
this manner, users can focus efforts on those input parameters that will greatly influence the
design.

To conduct the sensitivity analysis, TXME will run several factorial combinations of the input
parameters and some pilot comparisons as well. In general, this sensitivity study was not
intended to cover a complete full factorial matrix of all input parameters (that would involve
millions of combinations). Rather, the intent was to investigate the effect of varying one
parameter at a time, while keeping other variables as constant input parameters.

The sensitivity analysis conducted in this chapter includes:

= Factorial combinations of AC/Granular base/Subgrade, to evaluate sensitivity of
rutting and AC fatigue/thermal cracking, for a conventional pavement with a flexible
base.

= Pilot comparisons on the impact of performance predictions using alternate axle load
spectrum, for the same conventional pavement structure as above.

= Pilot comparisons on endurance limit trends by varying the axle load spectra and
resulting strain distributions for a perpetual pavement.

= Pilot comparisons on stabilized base fatigue cracking, based on a surface treated
pavement with a stabilized base.

= Factorial combinations varying reliability inputs, using pavement structures described
above.

The following presents the sensitivity analysis results in the listed order.

6.1 SENSITIVITY ANALYSIS ON AC/GRANULAR BASE/SUBGRADE RUTTING AND
AC FATIGUE/THERMAL CRACKING

To study the effect of the sensitivity of input parameters on AC/Granular Base/Subgrade Rutting
and AC Fatigue/Thermal Cracking, a three-layer conventional pavement structure is selected and
the related parameters are listed below.

6.1.1 Design Parameters and Pavement Structure

For each input parameter, three or four values are assigned to ensure that an adequate range of
the variable can be evaluated. The following lists the key input parameters and associated input
values used in this study:
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= Traffic (ESALs 20 YR, millions): 3, 5, 10, 30.

= Climate: Amarillo (cold), Austin (intermediate), McAllen (hot).
= AC thickness: 1.5, 3,5, 7.

=  Mix type: Type C, Type D, SMA D, SMA C.

= Binder type: PG64-22, PG70-22, PG76-22.

= Base modulus (ksi): 30, 50, 100.

= Base thickness (inches): 8, 10, 12.

= Subgrade modulus (ksi): 4, 8, 16.

Note that the “median” value for each parameter above is marked in bold font. TXME will run
analyses based on these median values—each time only the value of the investigated parameter
varies, keeping median values for other parameters constant.

Figure 6-1 shows the selected pavement structure, labeled with all the “median” values.

Chimate: Austin, Texas | | | | | | | | 10 million ESALs, 20 YR

3" AC, Type D, PG76-22 binder

10" Flexible Base, Modulus: 50 ksi

AN NN
Subgrade, Modulus: 8 ksi

Figure 6-1. Conventional Pavement Structure for Sensitivity Analysis.

Detailed sensitivity analysis results are presented next.
6.1.2 Analysis Results

For each combination of the above parameters, five types of distresses are predicted and
compared, such as 1) AC fatigue cracking, 2) AC rutting, 3) granular base rutting, 4) subgrade
rutting, and 5) AC thermal cracking. These predictions are plotted in Figures 6-2 to 6-11.

Influence of Traffic Loading

Figure 6-2 shows the influence of traffic loading. It is clear that traffic level (ESALSs over 20 YR)
has significant influence on all the predicted distresses except the AC thermal cracking, since the
thermal cracking model has nothing to do with traffic.
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AC Fatigue Cracking
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Figure 6-2. Influence of Traffic Loading.

Influence of Climate

Figure 6-3 shows the influence of climate. Note that climate has a significant influence on
AC thermal cracking and AC rutting, but it has only a minor influence on base rutting and
subgrade rutting. This is reasonable since climate mainly impacts AC layer modulus, which
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has direct influence on the AC layer’s performance but has indirect influence on the other

layer’s performance.
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Figure 6-3. Influence of Climate.

In Figure 6-3, note that Amarillo (cold) area has less AC fatigue cracking than that of McAllen
(hot) area, which is somewhat counterintuitive. The reason is that the AC fatigue cracking life
depends on both the crack initiation life and the crack propagation life; stiff AC materials may
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have shorter crack propagation life but longer crack initiation life than that of soft AC materials,
since the AC bottom strain is smaller. By changing the AC material from 3 inches Type D to

2 inches SMA D, an opposite trend is observed in Figure 6-4, which shows Amarillo (cold) area
has more AC fatigue cracking than that of the McAllen (hot) area.
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Figure 6-4. Influence of Climate on SMA D Fatigue Cracking.

This finding is consistent with the MEPDG (El-Basyouny and Witczak 2005), which points out
that “It is observed that for very thick AC sections, fatigue damage (cracking) is increased for
low stiffness AC mixtures. This is 180 degrees opposite to the findings of mix stiffness-fatigue
damage for very thin AC layers. The influence of AC mix stiffness is more significant as the
foundation support decreases. In general, for a very large AC thickness, low E* mixtures would
tend to show more damage (cracking).” Note that the “very large AC thickness” used in this
study is 10 inches.

Influence of AC Thickness

Figure 6-5 shows the influence of AC thickness. Note that AC thickness has a significant
influence on all pavement performance predictions. It is also found that thicker AC layers may
have larger AC rut depth than that of thinner AC layers, but may have smaller total rut depth
since the thicker AC layers lead to smaller rut depth in the base and subgrade layers.
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Figure 6-5. Influence of AC Thickness.
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Influence of Mix Type

Figure 6-6 shows the influence of AC mix type. Note that AC mix type has significant influence
on AC thermal cracking and AC rutting, but it has only a minor influence on base rutting and
subgrade rutting. It is reasonable since AC mix type mainly impacts AC layer modulus, AC
cracking properties, and AC rutting properties, which have a direct influence on the AC layer’s
performance but has indirect influence on the other layer’s performance.
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Figure 6-6. Influence of AC Mix Type.
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Influence of Binder Type

Figure 6-7 shows the influence of AC binder type. Binder type mainly impacts AC layer
modulus, AC cracking properties, and AC rutting properties, which have a direct influence on
the AC layer’s performance but an indirect influence on the other layer’s performance. In

Figure 6-7, both AC fatigue cracking curves and AC thermal cracking curves are little influenced
by binder type; however, it is not always that way. Different pavement structures may show
greater difference among different binder types on AC cracking.
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Figure 6-7. Influence of AC Binder Type.

Influence of Base Modulus

Figure 6-8 shows the influence of base modulus. Note that base modulus has significant
influence on all pavement performance predictions, except the AC thermal cracking.
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Figure 6-8. Influence of Base Modulus.
Influence of Base Thickness

Figure 6-9 shows the influence of base thickness. Note that base thickness mainly impacts base
and subgrade rutting. It also has a minor influence on AC layer performance.
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Figure 6-9. Influence of Base Thickness.

Influence of Subgrade Modulus

Figure 6-10 shows the influence of subgrade modulus. The subgrade modulus has significant
influence on subgrade rutting but minor influences on other layer performance.
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Figure 6-10. Influence of Subgrade Modulus.
Influence of Optimum Moisture Content

The previous sensitivity analysis is based on unbound base or subgrade materials. There is
another option to determine the base modulus: users input the modulus at optimum moisture
content (M,,;) and related base material properties; the TXME program automatically determines
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the monthly base/subgrade modulus based on the estimated monthly pavement layer moisture
content (obtained from EICM result). The user input interface is presented in Figure 6-11.
Obviously, the specific gravity Gs, Maximum dry density Ygmax, and optimum gravimetric
moisture content W,,, all have influence on the determined base/subgrade modulus.

@ Typical value ' Monthly value
Modulus Input

Modulus at optimum moisture content (Mopt), ksi

30

Considering moisture impact

Specific Gravity (Gs): 2.6
Maximum Dry Density (ydmax), |b/cft: 121.9
Optimurm Gravimetric Moisture Content (Wopt), %: 10.0

(o]

Figure 6-11. TXME Moisture Consideration in Base/Subgrade Modulus Determination.

As an example, Figure 6-12 shows the influence of W, of the base layer. It impacts the base

modulus and, in turn, has significant influence on all pavement performance predictions, except
the AC thermal cracking.

97



Base Rut Depth [inch])

AC Fatigue Cracking Area (%)

AC Fatigue Cracking

AC Rutting

100 012 -
010
E 008 |
£
£
S 006
+ Wopt 8% [=}
E]
&
W 'Wopt 10% g 004 4 4 Wopt 8%
A Wopt 12% W 'Wopt 10%
002
A Wopt 12%
o.00 r T T T T |
T T T T T 1
o @ 10 1 200 250 200 0 s0 100 150 200 250 300
Months Months
Base Rutting Subgrade Rutting
010 002
001 -
£ 001
=
£
T oo
=
o
[y
o
g 001-
&«
[}
-E 001 | + Wopt 8%
oo
+ Wopt 8% e W Wopt 10%
W 000
0.02 W Wopt 10% A Wopt 12%
0.00
001 1 A Wopt 12%
0.00 T T T T T 1 0.00 - T T T T T |
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Menths Months
AC Thermal Cracking
030 -
E 0.80
= 080 ]
s i
= 070
£
3
2 os0 -
<
a9
£ o050
5 *Wopt 8%
®
S 0.40
= W 'Wopt 10%
E 030 4
) AWopt 12%
=
(>
<L
250 300

Figure 6-12. Influence of Optimum Moisture Content.
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6.2 COMPARISONS OF LOAD SPECTRUM CASES

The following makes pilot comparisons among different load spectrum cases. The pavement
structure and weather station used to demonstrate these comparisons are the same as Figure 6-1.

6.2.1 Comparisons of Different Vehicle Class Distributions

Three types of vehicle class distribution are selected: 1) only class 9, mainly tandem-axle;
2) only class 7, mainly tridem-axle; and 3) all vehicle classes, mixed axles. Figure 6-13 shows
their TXME input interfaces, respectively.

Class5 | g 0 Class 5

Class 6 o — Class 6

Class7 | Bl yom ]0 o7

Class8 B~ —v |0 E—ry

I T T S R

Class 10 ey 0 Class 10 e ©

Class 11 | Bary—r |0 Class 11 |By—vr—v|0

Class 12 Ew—m'r—r|0 Class 12 Bw—sstr— 0

Class 13 igi 0 Class 13 g1 y|0
Class 9: Mainly Class 7: Mainly All Classes
Tandem Axle Tridem Axle

Figure 6-13. Selected Vehicle Class Distributions for Comparison.

For each type of vehicle class distribution, the ESALs were determined according to the
AASHTO 1993 Guide (AASHTO 1993) recommended equivalent axle load factors. For example,
the load factor is 1.38 for a 36 kip tandem axle and 1.66 for a 54 kip tridem axle. So the AADTT
inputs were adjusted to make sure that all these three types of vehicle distribution have the same
ESALs (10 million during 20 years).

Figure 6-14 shows the comparison results among these different vehicle class distribution cases.
The results of traffic input level two (ESALs) are presented in the figure as well. Generally the
results are comparable to each other since all these cases have the same ESALSs; however,
differences among them do exist, which implies the necessity of load spectrum analysis.
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Figure 6-14. Comparison Results of Different Vehicle Class Distributions.

6.2.2 Comparisons of Different Axle Types

Four axle types are selected for comparison: 1) 18 kip single axle (dual tire), 2) 36 kip tandem-
axle, 3) 54 kip tridem-axle, and 4) 72 kip quad-axle. Figure 6-15 shows the related “Axles per
Truck” input information. The AADTT for all axle load scenarios are the same, which assures

that the applied axle repetitions are the same.

100



Sweng Tandem Tridem Quad Tridem  Quad
Vahoda Plase. Aede Ve Bodan Ades Bodan Adas  Budas
eseles Ak Veh Kles  Ads M Aides Ades
= =

lase | n aa 4 n n [ n Dlase 4 n n n EEE n

D! b Classd 0 1 el 0 Classd ¢ 0 0 —
— —

e L T Cams 10 LI T
fias o P F— i s s o o Class & o a o a
Cassé i L a6 i ] i i ¢ Class§ i s i i ¢
Pt o P ) E i P - o P - . . M P n B - B
G i PR 0 Ciass 7 i 1] i 0 0 Class7 i g i i G Class 7 ¢ i il ] i
Ciassd i {1 i i s & 1] i i i i (Ciaes & i} ] i} 1 i Ciass 8 ] [1] 1] i} 1
Gasd © (O T B ™ S T N T T GO I SRR 5
Chae 10 0 o oo Claes 10 0 LA 0 ¢ Cesst0 0 0 0 ! 0 & g g B
Clae 11 ] {] n [] Dlana 11 n n 1 n n Dlaa 11 n n n 1 n Mana 11 n n n n 1
Chse ! 0 ¢ Cass 0 0 ! 0 0 Class 0 g 0 0 Class 11 ¢ 2 2 o 1
Ciass 14 i (N Ciass iZ 11 ] i [ i Class 12 [ i [ [ Ciass 12 0 ] 1] 1] i
B ) s PR PR P o a s - . P Y a o a - n o -
e I v i v o v L35 1) v v ' v v eSS 12 v v v v v v v v

Figure 6-15. Axles per Truck Input Information for Different Axle Types.

Figure 6-16 shows the comparison results of the different axle types. It can be observed that
multiple axles cause more damage than single axle; the damage differences among them depend
on the distress type and pavement structure.
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Figure 6-16. Comparison Results of Different Axle Type Scenarios.
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6.2.3 Comparisons of Different Vehicle Loading Scenarios

Figure 6-17 shows three vehicle loading scenarios of an 18-wheeler (vehicle class 9) for

comparison: 1) normal 80 kips, 2) 25 percent overloaded (100 kips), and 3) about 50 percent
overloaded (125 kips). The assumed number of passes per day for each scenario is 100, 80, and
64, respectively. Thus the total weight per day for each scenario is the same.

¥ h

N
? 3

Tandem Vehicle No. of

Axle Weight Tandem Axle  |Single Axle  [Weight Passes Per [Total Weight

(Kips) Weight (kips) |Weight (kips) |(kips) Day Per Day (Kips)
Scenario 1 34 34 12 80 100 8,000
Scenario 2 42 42 16 100 80 8,000
Scenario 3 54 54 17 125 64 8,000

Figure 6-17. Three Vehicle Loading Scenarios.

Figure 6-18 shows the comparison results of the three different scenarios. It can be observed that
although the total weight per day for each scenario is the same, the predicted distresses are
completely different. The scenarios with overloaded trucks cause much more damage than that

with the normally (legally) loaded trucks.
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Figure 6-18. Comparison Results of Three Loading Scenarios.
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6.3 COMPARISONS ON PERPETUAL PAVEMENT STRAIN DISTRIBUTIONS
For perpetual pavement analysis, TXME has implemented two types of endurance limit analysis:

= When traffic input is in ESALSs, the maximum AC bottom tensile strain under the
standard 18 kip axle load is determined and compared to a single endurance limit value
(the default value is 70 pe and can be a users’ input).

=  When traffic input is a load spectrum, the corresponding AC bottom strain distribution
curve under the load spectrum is evaluated and compared to a strain distribution limit
curve.

The following demonstrates the different strain distribution curves under different load spectrum
cases.

The perpetual pavement structure used for this demonstration is shown in Figure 6-19. Note that
the subgrade is assumed to be infinite thickness.

Figure 6-19. Perpetual Pavement Structure.

The load spectrum cases used for demonstration are:

e The vehicle class distribution factor is 10 percent for each vehicle class (class 4 to class 13).

e The vehicle class distribution factor is 100 percent for class 4 and 0 percent for all the
others.

e The vehicle class distribution factor is 100 percent for class 13 and 0 percent for all the
others.
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The resulting AC bottom strain distribution curves for each load spectrum case are presented in
Figure 6-20. The differences in the strain distribution curves can be observed in this figure.

AC Bottom Strain Distribution

100
Q0
80
70

60

Percentile (%)

== Case 1 -- 10% for each vehicle class
== Case 2 -- Vehicle Class 4 100%, Others 0%

== Case 3 -- Vehicle Class 13 100%, Others 0%

Microstrain
Figure 6-20. AC Bottom Strain Distribution Curves.
6.4 COMPARISONS ON STABILIZED BASE FATIGUE CRACKING

A surface treated pavement with cement stabilized base is used for these comparisons, as shown

in Figure 6-21. Note that the surface treated layer thickness is often less than 1 inch and the
subgrade is assumed to be infinite thickness.

Figure 6-21. Surface Treated Pavement with Cement Stabilized Base.
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Several tentative analysis input parameters are listed below. The traffic loading level was
assumed to be 10 million ESALs (20 YR), and the climate data from the Austin weather station
was used.

= Stabilized Base Modulus: 100ksi, 200ksi, 300ksi.

= Stabilized Base Modulus of Rupture: 100 psi, 150 psi, 200psi.
= Stabilized Base Thickness: 6 inches, 8 inches, 10 inches.

= Subgrade Modulus: 4 ksi, 8 ksi, 16 ksi.

Note that the “median” value for each parameter above is marked in bold font. TXME will run
analyses based on these median values—each time only the value of the investigated parameter
varies. The influence of the base modulus, base modulus of rupture, base thickness, and subgrade
modulus are presented in the Figures 6-22 to 6-25, respectively. Note that in these cases,
stabilized base fatigue cracking is very sensitive to these factors, which sounds reasonable since
stabilized base is prone to either crack very soon or not crack at all. However this still needs
further validation from field observations.

Stabilized Base Fatigue Cracking

120
100
80

50
# Modulus 100 ksi
a0 W Modulus 200 ksi

Modulus 300 ksi

Stabilized Base Cracking Area (%)

20

Months

Figure 6-22. Influence of Base Modulus on Stabilized Base Fatigue Cracking.
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Figure 6-23. Influence of Base Modulus of Rupture on Stabilized Base Fatigue Cracking.
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Figure 6-24. Influence of Base Thickness on Stabilized Base Fatigue Cracking.
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Figure 6-25. Influence of Subgrade Modulus on Stabilized Base Fatigue Cracking.

6.5 SENSITIVITY ON RELIABILITY ANALYSIS

As described in Chapter 5, the reliability level and CV of input parameters have direct impact on
the reliability analysis results. The values listed below are used to demonstrate the influence of
the reliability level and CV of input parameters.

= Reliability Level: 50 percent, 75 percent, 95 percent, 99 percent.
=  CV of Input Parameters: 5 percent, 15 percent, 25 percent, 35 percent.

The numbers marked as bold font are the “median” values and the analyses are based on these
median values—each time, only the value of the investigated parameter varies.

6.5.1 Comparisons of Different Reliability Levels

The pavement structure shown in Figure 6-1 is selected to perform the comparison among
different reliability levels. The investigated variables include ESALs, AC thickness, AC modulus,
base thickness, base modulus, subgrade modulus, etc. The mean values of these variables are the
same as in Figure 6-1, and the CVs of these variables are all 15 percent. The corresponding
comparison results are presented below.

Traffic Input (ESALs) CV 15 Percent

Figure 6-26 shows the reliability analysis results when traffic (ESALs) has a 15 percent CV. It is
reasonable that the higher reliability level, the higher predicted distress value. It implies that to
design a pavement with higher reliability level, thicker layers (or better materials) have to be
considered to lower the predicted distress values.
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Note that the AC thermal cracking curves at different reliability levels all coincide with each

other, since AC thermal cracking has nothing to do with traffic.
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Figure 6-26. Reliability Analysis Results Due to Variability of Traffic (ESALS).
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AC Thickness CV 15 Percent

Figure 6-27 shows the reliability analysis results when AC thickness has a 15 percent CV. Again,
the higher the reliability level, the higher the predicted distress value.

AC Fatigue Cracking ACRutting
014 -
100 4
90 012
g 0.10
¥ _o
FiEE 5
ﬁ 70 E
;’ 60 - _‘E.O.OB
3 - a + Reliability 50%
5 50 # Reliability 50% 2 006 o
2 4 - M Reliability 75% § M Reliability 75%
[ TN
E 5 A Reliability 95% v0a  Reliability 95%
E o
2, * Reliability 39% « Reliability 99%
* 0.02
10
0.00 T T T T T 1
° ‘ ! . ! ! ' 0 50 100 150 200 250 300
o 50 100 150 200 250 300
Months Months
B Subgrade Rutting
Base Rutting
0.02
0.10
0.09 0.01

# Reliability 50%
M Reliability 75%
A Reliability 95%

# Reliability 50%

M Reliability 75%

Base Rut Depth (inch)
o
2

A Reliability 95%

Subgrade Rut Depth [inch)
o
2

000 < Reliability 99%
0.02 > Reliability 99%
0.00
0.01
0.00 0.00 + T T T T
[+] 50 100 150 200 250 300 o 50 100 150 200 250 300
Months Months
ACThermal Cracking
140
120 gé

—_ .

g 1.00 4 b

£ 4

= >

£ 3

E 080 3

2 3

2 & Reliability 50% .

< pe0 4

w M Reliability 75% 3

£

S A Reliability 95%

g 040 eliability

=~ < Reliability 99%

£

g

-=

=

(=3

P-4

Months

Figure 6-27. Reliability Analysis Results Due to Variability of AC Thickness.
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Similar trends have been found when analyzing the other variables such as AC modulus, base
thickness, base modulus, subgrade modulus, etc. For reasons of brevity, the corresponding
figures are not presented in this report.

To check the TXME capability and processing speed, the researchers also performed the
reliability analysis, assuming that all the variables have variability (CV=15 percent) at the same
time. The TxME run time was about 4 minutes to complete the analysis and the results are shown
in Figure 6-28.
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Figure 6-28. Reliability Analysis Results When All Variables Have Variability.
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6.5.2 Comparisons of Different CVs

To investigate the impact of CV of each variable, the same pavement structure and the same
variables as above are selected. The reliability analyses were performed at the reliability level of
95 percent. As examples, the impact of CV on Traffic Loading and AC Thickness are shown in
Figure 6-29 and Figure 6-30, respectively.

The figures show that the higher the variability (CV value), the higher the predicted distress

value. It is reasonable since high variability should lead to worse performance for a given climate
condition.
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Figure 6-29. Reliability Analysis Results at Different CV of Traffic Loading (ESALs).
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Figure 6-30. Reliability Analysis Results at Different CV of AC Thickness.
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6.5.3 Comparisons of Perpetual Pavement Strain Distribution Reliability Analysis Results

The perpetual pavement structure shown in Figure 6-19 is employed to perform the strain
distribution reliability analysis. As an example, the second AC layer (Superpave C) thickness is
chosen as the parameter with variability. The traffic input is the load spectrum with the default
values in the TXME. The corresponding strain distribution reliability analysis results are
presented in Figures 6-31 and 6-32.

Note that the figures show that, at a given percentile, the predicted microstrain is higher when the
reliability level or the CV value is higher, which is consistent with the previous conclusions.
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Figure 6-31. Strain Distribution Reliability Analysis Results at Different Reliability Levels.
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Figure 6-32. Strain Distribution Reliability Analysis Results at Different CV.

6.5.4 Comparisons of Stabilized Base Fatigue Cracking Reliability Analysis Results

To perform the stabilized base fatigue cracking reliability analysis, the surface treated pavement
structure shown in Figure 6-21 is employed. As an example, the stabilized base layer thickness is
chosen as the parameter with variability. The corresponding stabilized base fatigue cracking
reliability analysis results are presented in Figures 6-33 and 6-34.

The figures show the higher the reliability level or the higher the CV value, the higher the
predicted stabilized base fatigue cracking area value at the same given time (months).
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Figure 6-33. Stabilized Base Fatigue Cracking Reliability Analysis Results at Different
Reliability Levels.
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Figure 6-34. Stabilized Base Fatigue Cracking Reliability Analysis Results at Different CV.
6.6 SUMMARY

In accordance with the sensitivity analysis and pilot comparison results, the potential influences
of input parameters to the predicted distresses are summarized in Table 6-1. Note that during the
sensitivity analysis, the changing of AC mix type and AC binder type corresponds to the
changing of AC modulus, AC cracking properties, and AC rutting properties. Also, changing the
moisture content of the flexible base corresponds to changing the base modulus.

116



Table 6-1. Potential Influences of Input Parameters to the Predicted Distresses.

AC AC Flexible | Stabilized AC Bottom
. AC Subgrade .
Fatigue Ruttin Thermal Base Base Ruttin Strain
utti utti
Cracking g Cracking | Rutting Cracking g Distribution
Traffic *k Hk / Rk wk o o
Climate *% 3k ok * * * %
AC Thickness ok ok *% sk *% Hk P
AC Modulus *ok ok ok ok 3k ok ok
Al ki
C Crac. ing o / - / ) } )
Properties
AC Rutti
u '1ng / r / ) } ) )
Properties
Base Thickness * * * 3k *% * *
Base Modulus *ok w3k * Hk * *k *%
Stabilized Base
Modulus of / / / / *ok / /
Rupture
Subgrade * N . . « o .
Modulus

Note: **—significant influence; *—minor influence; /—no influence.
Other findings and conclusions are listed below.

» For some pavement structures, the predicted AC fatigue cracking in a cold area is less
than that in a hot area, which is somewhat counterintuitive. The reason is that the AC
fatigue cracking life depends on both the crack initiation life and the crack
propagation life. Stiff AC materials (corresponding to the cold area) may have a
shorter crack propagation life but a longer crack initiation life than the soft AC
materials (corresponding to the hot area), since the AC bottom strain is smaller.

» Pavements with thicker AC layers may have a larger AC rut depth than that of thinner
AC layers, but may have a smaller total rut depth since the thicker AC layers lead to
smaller rut depth in base and subgrade layers.

» Load spectrum analyses show that multiple axles (i.e., 36 kip tandem axle, 54 kip
tridem axle, or 72 kip quad axle) cause more damage than a single axle (i.e., 18 kip
single axle). The damage differences among them depend on the distress type and
pavement structure.

» The varied vehicle loading scenario comparison results show that although the total
weight per day for each scenario is the same, the predicted distresses are completely
different. The scenarios with overloaded trucks cause much more damage than that
with normally (legally) loaded trucks.
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= The stabilized base fatigue cracking prediction results are very sensitive to base
modulus, base modulus of rupture, and base thickness, which sounds reasonable since
the stabilized base is prone to either crack very soon or not crack at all. However, this
still needs further validation from field observations.

» The reliability analysis results show that the higher the reliability level, the higher the
predicted distress value. It implies that to design a pavement with higher reliability
level, thicker layers (or better materials) have to be considered to lower the predicted
distress values.

» The reliability analysis results also show that the higher the variability (CV value),
the higher the predicted distress value. This is reasonable since high variability should
lead to worse performance when all other conditions are equal.
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CHAPTER 7.
CONCLUSIONS AND RECOMMENDATIONS

TxME is developed to enable Texas pavement designers to take full advantage of new or
premium materials, with a full consideration of the influential factors including pavement
structure, traffic volume, and environmental condition. The main features of TXME include:

* Mechanistic-Empirical modeling.

= Performance-based material characterization.

= Traffic load spectrum incorporation.

= Design input variability- based reliability methodology.

= Incremental distress prediction.

= Fast running speed.

= Friendly user interface.

= Convenient connection with relevant FPS inputs and thickness outputs.

This report mainly focuses on how the M-E models, load spectrum methodologies, and reliability
approaches are implemented into the TXME program. Sensitivity analyses are also performed to
analyze the impact of design input levels and demonstrate the advantages of the TxXME.

Based on the work presented in the previous chapters, the conclusions and recommendations are
provided below.

7.1 SUMMARIES AND CONCLUSIONS

The summaries and conclusion are listed in the following:

= Three types of flexible pavement structures and corresponding performance
predictions can be handled in the TxME, which include:
0 Surface treated pavement, with predictions of:
e (Granular base rutting (for pavements with granular base).
e Stabilized base fatigue cracking (for pavements with stabilized base).
e Subgrade rutting.
0 Conventional or thin HMA, with predictions of:
e AC rutting.
e AC fatigue cracking.
e AC thermal cracking.
e Granular base rutting (for pavements with granular base).
e Stabilized base fatigue cracking (for pavements with stabilized base).
e Subgrade rutting.
0 Perpetual pavement, with predictions of:
e AC rutting.
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e AC thermal cracking.
e (Granular base rutting (for pavements with granular base).
e Subgrade rutting.
¢ Endurance limit.
TxME provides a seamless tie with FPS 21 to conduct the performance check for
each FPS 21 recommended design option. The information of each design option is
automatically imported from FPS 21 into TXME and the benefits of improved base
materials or superior asphalt mixes can then be determined by TxME. In addition,
TxME will predict the impact of climate and axle load spectrum on the performance
of the structure.
The report describes the implementation methods, models, and preliminary
calibrations, which are listed below. No doubt all these calibrations need to be further
validated and refined based on Texas field data.
O Asphalt layer rutting model, calibrated by NCAT test track data.
O Asphalt layer fatigue cracking model, calibrated by NCAT test track data.
0 Granular base and subgrade rutting model, calibrated by several APT test results
and trench studies.
0 Asphalt layer thermal cracking model, preliminarily calibrated by Lamount test
road data.
0 Stabilized base fatigue cracking model, temporarily adopting MEPDG calibration
factors.
0 Perpetual pavement endurance limit model, not calibrated.
The report describes the methodologies of incorporating axle load spectrum into the
TxME, which includes how to determine the monthly axle applications and how to
apply these axle applications in performance predictions. The equations and
algorithms are provided for each specific performance prediction such as AC fatigue
cracking, rutting (AC rutting, granular base/subgrade rutting), and stabilized base
fatigue cracking.
TxME incorporates the reliability concept to address uncertainties and variation
issues in pavement design. This report describes the implementation approach of
Rosenblueth’s 2n+1 (n is number of variables with uncertainty) method, which has
high practical benefit for reliability analysis of flexible pavement designs.
This report conducts sensitivity analysis by running several factorial combinations of
the input parameters and some pilot comparisons through TxME. This information
will help to identify the input parameters that appear to substantially influence
predicted performances. The sensitivity analyses conducted include:
0 Factorial combinations of AC/Granular base/Subgrade Rutting and AC
Fatigue/Thermal Cracking, based on a conventional pavement with a flexible base.
0 Pilot comparisons on the impact of performance predictions using alternate axle
load spectrum, for the same conventional pavement structure.
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Pilot comparisons on endurance limit trends by varying the axle load spectra and
resulting strain distributions for a perpetual pavement.

Pilot comparisons on stabilized base fatigue cracking, based on a surface treated
pavement with a stabilized base.

Factorial combinations on reliability based analyzing, varying reliability inputs,
using pavement structures previously described.

According to the sensitivity analyses and pilot comparison results, the following
findings and conclusions are made:

(0]

Traffic loading (ESALs or load spectrum) has significant influence on all the
predicted distresses except the AC thermal cracking, since thermal cracking
model has nothing to do with traffic.

Climate has significant influence on AC layer performance, while it has minor
influence on base rutting and subgrade rutting. This is reasonable since climate
mainly impacts AC layer modulus and cracking/rutting properties, which have a
direct influence on AC layer performance but has an indirect influence on the
other layers’ performance.

For some pavement structures the predicted AC fatigue cracking in a cold climate
1s less than that in a hot climate, which is somewhat couterintuitive. The reason is
that the AC fatigue cracking life depends on both the crack initiation life and the
crack propagation life; stiff AC materials (corresponding to a cold climate) may
have shorter crack propagation life but longer crack initiation life than that of soft
AC materials (corresponding to a hot climate), since the AC bottom strain is
smaller.

AC thickness has significant influence on all pavement performance predictions.
It is also found that pavements with thicker AC layers may have larger AC rut
depth than that of thinner AC layers, but may have smaller total rut depth since
the thicker AC layers lead to smaller rut depth in the base and subgrade layers.
Both AC mix type and asphalt binder type have significant influence on AC
thermal cracking and AC rutting, but has only a minor influence on base rutting
and subgrade rutting. This is reasonable since the AC mix type/binder type mainly
impacts AC layer modulus, AC cracking properties, and AC rutting properties,
which have a direct influence on the AC layer’s performance but have indirect
influence on the other layer’s performance.

Base modulus has significant influence on all pavement performance predictions,
except the AC thermal cracking; while base thickness mainly impacts base and
subgrade rutting and has minor influence on AC layer performance.

The subgrade modulus has significant influence on subgrade rutting but minor
influences on other layers’ performance.

Load spectrum analyses show that multiple axles (i.e., 36 kip tandem axle, 54 kip
tridem axle, or 72 kip quad axle) cause more damage than single axle (i.e., 18 kips
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single axle); the damage differences among them depend on the distress type and
pavement structure.

0 The vehicle load spectrum distribution scenario comparison results show that
although the total weight per day for each scenario is the same, the predicted
distresses are completely different. The scenarios with overloaded trucks cause
much more damage than that with normally (legally) loaded trucks.

0 The stabilized base fatigue cracking prediction results are very sensitive to base
modulus, base modulus of rupture, and base thickness, which sounds reasonable
since the stabilized base is prone to either cracking very soon or not cracking at
all. However this still needs further validation from field observations.

0 The reliability analysis results show that the higher the reliability level, the higher
the predicted distress value. It implies that to design a pavement with a higher
reliability level, thicker layers (or better materials) have to be considered to lower
the predicted distress values.

0 The reliability analysis results also show that the higher the variability (CV value),
the higher the predicted distress value. It is reasonable since high variability
should lead to worse performance, given that all other conditions remain the same.

7.2 RECOMMENDATIONS

Overall, the TXME developed in this study offers great promise for accurately predicting
distresses for flexible pavements. The software is user-friendly and available to TxDOT
pavement engineers; its prediction is rational and reasonable. Therefore, it is strongly
recommended to:
= Use TxME to evaluate pavement rehabilitation designs for oil and gas development
locations, since considering the influence of overloaded truck is very important to the
success of these pavement designs.
=  Use TXME for implementation in select candidate districts, and to develop additional
typical default values for asphalt mixes, granular bases, stabilized bases, and subgrade
soils within those districts.
= Use TxME to perform design checks for FPS 21 solutions for state-wide
implementation, and to conduct further performance calibrations based on Texas field
data.
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APPENDIX A. DEFAULT MATERIAL PROPERTIES OF MOST
COMMON PAVEMENT MATERIALS FROM TEXAS DISTRICTS

This Appendix documents the default material properties for common pavement materials that
are included in the TXME program. Note that the default values were selected based on
historical data collected under Project 0-6622 and previous projects.

Table A-1 lists the default values for asphalt mix properties. The dynamic modulus and
associated shift factor equations used in the TXME program are listed below:

a

logE =6 + — A-1

g 1+e,8+ylog(tref) ( )
logar = aT? + bT + ¢ (A-2)

where

E = dynamic modulus.

bref = loading time at reference 7.

T = temperature.

ar = shift factor.

S, a,B,v,a,b,c = regression factors.

Very limited test results are available for dense-graded Type A and B and Superpave A and B
mixes. More effort is needed in this area.

Table A-2 lists the default values of granular base and subgrade soil properties.

Table A-3 lists the stabilized base material properties. The fatigue cracking model for stabilized
base material is given below. It is clear that significant additional testing of these materials is
necessary.

logN; = B1 — B2 () (A-3)
where
Ny = the number of repetitions to fatigue cracking of the stabilized layer.
ot = the applied maximum tensile stress.
MR = the 28-day modulus of rupture (flexural strength).
B1 and B2 = material related fatigue parameters.

Certainly, these default values should be updated and more default values for other types of
material should be added, when more laboratory test results are available from Project 0-6658
and other research projects. Once a more robust inventory of material properties is acquired, the
performance model needs to be calibrated.

129



§0€6'C $9€0°0— | SO0-HOTT8'L— | 8E€CS0 | 69¥S0— | SOIST | 99LL'T | OFSET | 0L9L°0 | 6SISS | 80-HO6CIV'I | CT-9LDd NWVDO
Y8YCT9 ¢601°0— Y0-H68¥8°C €C8Y'0 | €T8L0— | 898S°C | 09vL'l | +008°0 | 90ILO | 99IT°S | 80-HILSO'9 | TC-9LDd d4-VIAS
6€L9°S ¥L60°0— ¥0-H00¥ €€ €195°0 | 66ST0 | 06S8°C | L96ST | 9S8L°0 | 90IL0 | 8S€0°S | 8O-HSIEI'8 | TCT9LDd d-vVIAS
6€L9°S ¥L60°0— ¥0-H00Y €€ €195°0 | 66ST0 | 06S8°C | LI9SO'T | T9LL0 | 90IL0 | 9666'v | 80-H69LT 6 | TCT9LDd O-VINS
7E88'S 2001°0— ¥0-HES0€'C LSEY'0 | €599°0— | 9898°C | 6¥T9'T | TESL'O | 1TSLO | SP90t | 90-H6€08°C | 8T-0LDd |  dAediadng
967S9 0911°0- ¥0-H009T' ¢ €SEV'0 | S€69°0— | 6SYOE | LETH'T | TOT8O | SOVL'0 | €LOT'¥ | 90-H686ET | 8T-#9Dd | ( 2Aaediedng
LEY6'S €001°0— Y0-HS661°C 86SY°0 | ¥TT80— | 6819°C | 06E8'T | S9TLO | 609L°0 | 16€6°C | 90-H08THY | TT-9LDd |  Aediadng
02979 ¥901°0— Y0-HS81+'C 68S7°0 | 9¥8L°0— | €80L°T | L¥PL'T | TOGLL'O | 1TSLO | 1€S6°€ | 90-HI80TY | TT-0LDd |  dAediadng
08S0°L SN ¥0-400¢S ¢ LESK'0 | €608°0— | 0806'C | TOTS'T | TOI8O | S9PLO | L996'E | 90-A¥¥00t | TT-+9Dd | d dAediedng
8V68°S ¥001°0— ¥0-d881¢'C 06£4°0 | S8S9°0— | 90L8'T | ¥¥09'T | 98690 | €THLO | 6620t | 90-A¥081°€ | 8T-0LDd | O oaediadng
88669 6911°0— ¥0-H00Z¢' € L8EY'0 | TO69°0— | 0TSO'E | LL6ET | 90EL'0 | STELO | SSLOV | 90-AYE69'T | 8T-+9Dd | O dAediadng
vcs6's S00T°0— ¥0-H101T°C €19%°0 | €SI8°0— | 08T9°C | 6TI8T | 9SL90 | S8YL'0 | TOELY'E | 90-dS60S'S | TT-9LDd | O oaedradng
8L9T9 S901°0— Y0-HS9TH'C 809%°0 | 08LL'0— | OLILT | 68ILT | #10L°0 | €TYLO | 8768°€ | 90-AIY0T'S | TT-0LDd | O 2aediadng
8ISTL CIero— ¥0-400v6°¢ T8LY'0 | LOYL'O— | YTLL'T | €LTOT | ¥ETLO | SIEL0 | 0016°€ | 90-d8ET6Y | TT-+9Dd | O 2aediadng
CL88'S €001°0— Y0-HI0I€'C 69€¥°0 | TC99°0— | 8T98'C | SETO'T | TO8L'O | ITSLO | TESOY | 90-HSIC6C | 8C-0LDd godAL
€5€S9 €911°0— ¥0-H008T' ¢ S9ev'0 | S169°0— | 80VO'E | CICK'T | COC80 | SOPLO | 6960F | 90-H¥I6v'C | 8C-1+9Dd godAL
L9Y6'S ¥001°0— ¥0-d2¢0T'C 209%°0 | TOI80— | €919°C | 6VE8'T | S9CLO | 609L0 | 8PYC6'E | 90-H6S99V | TT-9LDd godAL
LE9T9 $901°0— YO-HCITH'C S6SY'0 | LI8LO— | ¥SOL'C | OIPL'T | CTOLL'O | 1TSLO | 16€6°€ | 90-HO8CY'Y | CC-0LDd godAL
8690°L LSTI0— Y0-H00€S € YrSy'0 | vL080— | 8S06°C | ¥ICS'T | COI80 | SOVL0 | 1€S6°C | 90-HIBOCTY | CT-¥9Dd godAL
YrL8'S 0001°0— ¥0-H06C'C SEEV'0 | 6VL9°0— | S606C | SE09°'T | 9869°0 | €CPLO | 6LI0Y | 90-HIECE € | 8C-0LDd DdAL
14958 LSIT0— Y0-H00€T € 6CEY'0 | YIOL'0— | 1880°C | TTOV'T | 90EL°0 | SIELO | SPO0OY | 90-H6E08C | 8C-1+9Dd DedAy,
SLEG'S 2001°0— Y0-d1161°C COSY'0 | TTERO— | 16¥9°C | S9T8'T | 9SL9°0 | S8YLO | 0£98°€ | 90-HOEYB'S | CCT-9LDd DadAL
2659 £€901°0— YO-HCEIY'C 6LSY'0 | 6£6L°0— | LOVL'C | COEL'T | ¥IOLO | €CPLO | TOL8E | 90-HS60S'S | TT-0LDd DedAy,
6670°L sero— ¥0-4000S "¢ SCSY'0 | 8918°0— | 61¥6°C | YOIS'T | PECL'O | STELO | 8P68°E | 90-HIVOT'S | TT-1¥9Dd DadAL
St et L e e o i T v [ | e
sanadoag snnpojA diweuA(q sapaadoag sanaddoag danjoeay opury LEN
’ ’ Sumny :

"SOXIA Jeydsy Jo sanfeA Jnej( ‘I-V dqeL

130



Table A-2. Default Values of Granular Base and Subgrade Soils.

Elastic Property Rutting Properties**
Material Type
Resilient Modulus Poisson’s Ratio | Alpha (a) Mu (p)
Granular Base 50 ksi 0.35 0.87 0.06
Subgrade Soil Depending on county* 0.40 0.80 0.10

Note: *—subgrade soil modulus used in TXxME is exactly the same values as those in FPS21.

**_Alpha and Mu values were recommended based on the laboratory test results from the University of

Texas at El Paso.

Table A-3. Default Values for Stabilized Base Materials.

Elastic Property Fatigue Cracking Properties*

Stabilized Base Poi Modulus of P P

Tvoes oisson’s odulus o arameter arameter

P Modulus Ratio Rupture B1 B2
Cement Stabilized |5y ; 0.2 125 psi 0.972 0.0825
Base
FA or LFA . .

Stabilized Base 100 kst 0.2 125 psi 0.972 0.0825
leegzzlhzed 65 ksi 0.2 125 psi 0.972 0.0825

Note: *—Very little information is available for fatigue cracking properties of stabilized base materials.
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APPENDIX B. PROGRAM SPECIFICATIONS FOR TxME

1. INTRODUCTION
1.1 Purpose

The purpose of this specification is to present a clear description of the functionality of the
flexible pavement design and analysis system, called TXME, and to eliminate ambiguities and
misunderstandings that may exist. For the user, this document explains the functions that the
software should perform. For the developer, it is a reference point for use during software design,
implementation, and maintenance.

1.2 Overview

This document is divided into four main sections: 1) Introduction, 2) General Description,

3) Specific Requirements, and 4) Flowcharts. Section 1 describes the purpose of the document
and the scope of product. Section 2 gives a general description of the product, including its main
features. The third section provides the specific requirements for the system, including software
and hardware requirements, and the user interface requirements. The last section presents the
flowcharts for corresponding models.

2. GENERAL DESCRIPTION
2.1 Product Perspective

Developments over the last several decades have offered an opportunity for more rational and
rigorous pavement design procedures. Substantial work has already been completed in Texas,
nationally, and internationally, in all aspects of modeling, materials characterization, and
structural design. These and other assets provided the technical infrastructure that made it
possible to develop the Texas Mechanistic-Empirical (TXxME) flexible pavement design system.
The development of this new system will enable Texas pavement designers to take full
advantage of new and premium materials, with a full consideration of the influential factors
including pavement structure, traffic loading characteristics, and environmental conditions.

2.2 Product Features

The TxME design system aims to enable TxDOT designers to take full advantage of new and
premium materials and to make more economical and reliable designs. It shall be used for:

= Asphalt Concrete (AC) mixture design selection.

= Thickness design, for surface treatment, conventional or thin Hot-Mix Asphalt
(HMA), or perpetual pavement structure.

= Performance predictions of:
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AC thermal cracking.

AC fatigue cracking.

Rutting prediction, including AC rutting, flexible base/subgrade rutting.
Stabilized base fatigue cracking analysis for surface treatment or thin HMA
pavement with stabilized base layer.

O O O O

= Endurance limit analysis for perpetual pavement.
= Load spectrum and reliability analyses.

= Performance check for design options recommended by current TxDOT Flexible
Pavement Design system (FPS).

Three types of flexible pavement structure shall be handled in the TxME, which include
= Surface treated.
= Conventional or thin HMA surfaces.
= Perpetual pavement.
For any type of pavement design and analysis, there shall be four categories of input:
= Pavement structure and associated material properties.
= Traffic Characteristics.
= Climate.
= Reliability related input, including performance criteria and variability, etc.
2.3 User Characteristics

The TxME is designed to be run as a standalone program, where the user interacts with the
system directly, to create and run a project file. No multiple users or remote access are supported
in this system. Users are expected to have experience in pavement design and be familiar with
pavement and material-related terminologies. Users are also expected to have experience using a
computer, in particular computers with a Microsoft® Windows and Microsoft Office
environment.

3. SPECIFIC REQUIREMENTS
3.1 Software and Hardware Requirements

The system will run on a Microsoft Windows computer, such as Windows XP and Windows 7.
For Windows XP, Net Framework 4.0 is required.
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The system will use a Microsoft Excel spreadsheet (version 2003 and later) to generate result
output.

The system will embed the database of default values; no outside database needs to be accessed.

The computer that will run the system should have a minimum of a 1GHz processor and at least
1GB RAM.

3.2 General Interface Requirements

The interface is described in terms of a main screen, input screens, and results screen.
All windows shall display a title with the names of the system: TxXME.

All windows shall include at least a close button.

3.3 Main Screen

The main screen of the system shall provide options of 1) creating a new project, 2) opening an
existing project, 3) saving a project, 4) saving a project by another name, 5) running a project,
and 6) exiting program.

The user shall be able to select an input screen to enter or select data for a pavement structure.
The user shall be able to select an input screen to enter or select data for climate parameters.
The user shall be able to select an input screen to enter or select data for traffic parameters.
The user shall be able to select an input screen to enter or select data for reliability parameters.
The user shall be able to select an input screen to enter or select calibration factors.

3.4 Pavement Structure Input Screen

The input screen shall allow the user to choose which type of pavement: 1) surface treated,
2) conventional or thin HMA surfaces, or 3) perpetual pavement.

The input screen shall provide a visualized way for the user to select materials and create the
pavement structure.

The user shall be able to input design/analysis life, project location, and other optional
information.

For each pavement layer, the user shall be able to edit the layer properties conveniently.

Default values or initial values shall be provided according to the layer type.
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3.5 Material Properties Input Screens

For AC layer property inputs, the user shall be able to input layer thickness, binder type,
gradation, dynamic modulus, fracture properties, rutting properties, Poisson’s Ratio, and thermal
coefficient of expansion, etc.

For the dynamic modulus input screen, two levels of inputs shall be provided: 1) input test data
and 2) default values.

For Stabilized base layer material inputs, the user shall be able to input modulus, modulus of
rupture, fatigue cracking properties, and Poisson’s Ratio, etc.

For Flexible base layers and subgrade material inputs, the user shall be able to input modulus,
rutting properties, and Poisson’s Ratio, etc. Two levels of modulus should be provided: 1) typical
value and 2) monthly values. The modulus input also needs to provide user with the option of
inputting optimum moisture content information with the capability to integrate climatic data to
evaluate the effects of moisture variation.

3.6 Traffic Loading Input Screens

Two levels of traffic loading inputs shall be provided: 1) Equivalent Single Standard Axle Load
(ESAL) input and 2) load spectrum.

ESALs input should be consistent with current FPS traffic input, which includes 18 kip ESALs
(20 years), the beginning average daily traffic number, the ending average daily traffic number,
and vehicle operational speed information.

Load spectrum input should include 1) the basic traffic volume information, 2) traffic volume
adjusting factors, and 3) axle load information, all in a format compatible with MEPDG traffic
characterization inputs.

The basic traffic information should include the average annual daily truck traffic (AADTT)
number, operation speed, tire pressure, axle spacing, etc.

The traffic volume adjustment factors should include vehicle class distribution factors, traffic
growth factors, and monthly adjustment factors.

The axle load information should include axle configurations, number of axles per truck, and
axle load distribution factors.

3.7 Climate Input Screens

Users shall be able to select a weather station, and the system shall provide both the hourly data
and the summary of the weather data, such as average temperature or precipitation.
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For a project location without a dedicated weather station, the system shall be able to provide the
user several adjacent weather stations and “interpolate” climatic data.

3.8 Reliability Input Screens

Two input categories shall be displayed in this screen: performance criteria inputs and variability
inputs.

The performance criteria inputs should include the analysis threshold criteria (performance limit)
and reliability level in terms of percentage.

The variability inputs should include the potential variables and the coefficient of variation
value.

The system shall be able to allow the user to select the variables to be considered by checking the
applicable checkboxes.

3.9 Output Screens
The system shall provide a screen indicating the progress of analyzing (progress bar).
The output of TXME shall be organized into an Excel file format.

The output Excel file shall mainly be composed of three parts: the summary of user’s inputs, the
analysis results table, and the distress plots.

The user shall be able to view the output by selecting corresponding tree nodes in the main
screen.

3.10 Error and Warning Messages

The system shall display error message prompts if any invalid input or data is considered as
erroneous and/or incomplete.

4. FLOWCHARTS
The algorithms for implementing each distress model are shown in the flowcharts below.
= AC fatigue cracking: Figures B-1 and B-2.
= AC/base/subgrade rutting: Figure B-3.
= Low-temperature cracking: Figure B-4.
= Stabilized base fatigue cracking: Figure B-5.

» Endurance limit: Figure B-6.
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APPENDIX C. RUTTING DISTRIBUTION IN INDIVIDUAL LAYERS

1. BACKGROUND

The Texas Department of Transportation (TxDOT) is sponsoring two research projects with the
objective of establishing a Texas Mechanistic-Empirical pavement design system (TXME).

= Project 0-6622: Texas Mechanistic-Empirical Pavement Design System.
= Project 0-6658: Texas Flexible Pavement Database.

Project 0-6658 will collect field performance data of around 100 field test sections and necessary
lab data to characterize materials in the structure. These data will be used as part of the effort to
calibrate the TXME system being developed under Project 0-6622. One of the distresses being
considered in TXME is pavement rutting. Rutting development is often a gradual process under
an increasing number of load applications. Rutting occurs in flexible pavements because of the
accumulation of small permanent deformations in any of the pavement layers or the subgrade. It
is critical to know both total rutting and rutting distribution in each individual layer when
calibrating rutting models being integrated into TXME. However, rutting distribution
information is not currently available from Project 0-6658 due to limited resources. Therefore,
researchers under Project 0-6622 compromised by identifying the rutting distribution information
through literature review. This technical memorandum summarizes the rutting distribution
information found in the literature.

First of all, this document distinguishes the rutting development process. Then field trench
studies and APT testing on a variety of asphalt pavements are presented. Finally, a summary is
presented at the end.

2. PAVEMENT RUTTING DEVELOPMENT

It is well known that normal rutting development is a gradual process, and follows the power law
model (RD=aN’, N-load repetitions, a and b constants) (Zhou and Scullion 2002). However,
this is the case only if there is no fatigue cracking. Field observations clearly indicate that the
rutting development will not follow the power law model once fatigue cracking occurs. A few
examples are presented below.

2.1 FHWA-ALF Phase III Research Program

From 1993 through 2001, FHWA conducted a series of accelerated pavement tests to validate
Superpave asphalt binder and mixture tests and associated criteria for rutting and fatigue
cracking. Twelve pavements were constructed in 1993 at the Turner-Fairbank Highway
Research Center in McLean, VA (Stuart et al. 2002). Each pavement had a length of 144 ft, a
width of 13ft, and was divided into four test sites. The FHWA ALF was used to load these
pavements. The pavements were constructed and evaluated under conditions that promoted
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either rutting or the formation of fatigue cracks. Figure C-1 shows a layout of the pavements,
designated as lanes 1 through 12. For fatigue cracking tests, all pavements were tested at the
temperature of 82°, 66°, or 50 °F, and loaded using super-single load of 12000 1b. with a tire
pressure of 100 psi. For rutting validation tests, the pavement temperature ranged from 115° to
169 °F and was controlled during trafficking using infrared lamps; the 10000 1b. ALF load was
applied using a super-single tire with a tire pressure of 100 psi.

Rut depth in the asphalt layers, without consideration of any upward heaving outside the wheel
path, was measured during each distress survey using a survey rod and level. For tested sites at
both intermediate and high temperatures, the relationships between the measured rutting depths in
asphalt layers and the number of ALF repetitions are shown in Figures C-2 to C-8. In addition,
the corresponding fatigue cracking data at intermediate temperature also are depicted in

Figures C-2 to C-6.

FHWA-ALF Results at Intermediate Temperatures

For all of the curves in Figures C-2 to C-6, the rate of rutting accumulation does not follow the
power law. The most interesting phenomenon is that upon the occurrence of the rapid rutting
development, for all test lanes, there was a concurrent initiation and propagation of fatigue
cracking. Apparently, the initiation and propagation of cracking accelerates the development of
rutting.

FHWA-ALF Results at Hiech Temperatures

For all 17 sites tested at different temperatures, the relationships between the measured rutting
depths in the asphalt layer and the number of load repetitions are shown in Figures C-7 to C-8.
No fatigue cracking was reported in test sections and no rapid rutting development was observed.
All sites followed the power law development. This implies that the development of rutting
itself, when not combined with fatigue cracking, generally follows the rule of the power law.
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Lane1 Lane2 Lane3 Lane4 Lane5 Lane6 Lane7 Lane8 Lane8 Lane 10 Lane 11Lane 12
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Figure C-1. Layout of the Test Lanes at the FHWA Pavement Test Facility

(Stuart et al. 2002).
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Figure C-6. FHWA ALF Phase III Test Results at Intermediate Temperature:
L4-C20@19°C.
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Figure C-8. FHWA ALF Phase III Test Results at High Temperatures: Modified Binder.
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All asphalt pavements discussed previously are APT sections, which behave somewhat
differently from field highway conditions. Therefore, it is necessary to look at the performance
of in-service highway sections. This is discussed as follows.

2.2 Lake Wales Test Road

The construction of the Lake Wales test road with a four-lane facility (Tseng 1988) was
completed in January 1971. Traffic in terms of annual daily traffic was approximately 725
vehicles in 1971 and had a 5.5 percent growth rate in the following years. Various base and
surface thickness combinations were included in the test sections. The performance data
including the cracking and rutting was continuously collected for 15 years. These data are
shown in Figures C-9 and C-10 for two pavement sections, No. 1A and 4B, respectively. The
detailed combinations of pavement structure layers are also presented in the Figures. In addition,
the predicted rutting curve from the three-parameter model (Tseng 1988) is also presented in the
figures. For pavement section No. 1A shown in Figure C-9, there was no cracking during the

15 years of service. Moreover, after initial rapid accumulation, rut depth stopped increasing,
which may partially result from the aging of asphalt binder. As shown in Figure C-10, however,
Section No. 4B indicates a rapid development of the cracked area with increased rutting in later
years. As discussed in the author’s paper (Zhou et al., 2002), the three-parameter model is
similar to the power law model. Thus, the performance of these sections clearly indicates that

the occurrence of fatigue cracking results in an increased rate of rutting appearing in later periods
of service.
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Figure C-9. Performance Data of Section No. 1A on Lake Wales Test Road (Tseng, 1988).
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Figure C-10. Performance Data of Section No. 4B on Lake Wales Test Road (Tseng 1988).

2.3 NCAT Test Track

Eight structural test sections with three different asphalt layer thicknesses (5, 7, and 9 inches)
and two different binder types (PG 67-22 and an SBS modified PG 76-22) were constructed at
the NCAT test track in 2003. All eight sections had an underlying 6-inch crushed granite
granular base over fill material, which was constructed over the existing embankment.

Figure C-11 shows the cross sections of the structural study sections, N1-N8. Notice that the
sections were a full factorial experiment with N7 serving as a duplicate to N6, both with an SMA
surface, and N8 is a duplicate of N7, both with an asphalt-rich bottom layer. Field performance
of these eight test sections, in terms of rutting and fatigue cracking, is shown in Figure C-12.
Note that Section N8 should be excluded from consideration here, because a portion of Section
N8 was milled and inlaid with new mix due to extensive fatigue cracking in spring 2005.

While reviewing the performance data of Sections N1-N7 in Figure C-13, researchers noted that
fatigue cracking in Sections N1 and N2 induced their rapid rutting development in the later stage.
Without fatigue cracking, rapid rutting development in later stages is not observed.
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Figure C-12. Observed Field Performance of NCAT Test Sections (Priest and Timm 2006).

In summary, for itself, the development of pure rutting follows the well-known power law.
Meanwhile, the occurrence of fatigue cracking will accelerate rutting development in later stages
of pavement service. This observation also implies that one should be very careful when
determining rutting distribution in individual layers based on trenching information. If the
trenched section is already fatigued, the associated rutting distribution may not represent the true
distribution before fatigue occurrence.
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3. RUTTING DISTRIBUTION IN INDIVIDUAL LAYERS

In general, for thicker asphalt pavements, asphalt layers are the main contributor to the total
rutting measured at the surface as noted in the MEPDG report (Table C-1). The main concern
with identifying layer contribution to total rutting is with thinner pavements. However, there is
not much trenching information available about rutting distribution in the thinner pavements in
the literature. The researchers of Project 0-6622 turned to the NCHRP 4-30A study and a recent
APT study conducted at the Cold Regions Research & Engineering Laboratory (CRREL). More
detailed information is discussed below.

Table C-1. Average Percentage of Surface Rutting for Different Pavement Layers and

Subgrade.
Asphalt Layer Thickness
Layer
Less than 4 inches 4-8 inches >8 inches

Asphalt concrete 70 80 100
Granular base 15 10 0
Granular subbase 10 0
Subgrade 5 0

3.1 Thicker Asphalt Pavements

NCAT Study

Brown and Cross (1989) surveyed a variety of pavements in the late 1990s. Their trench results
showed that permanent deformation is limited to the upper 100 mm (4 inches) of the mix. It also
indicated that, at least for reasonably stiff supporting materials, most pavement rutting is
confined to the asphalt pavement layer.

Rutting Study in Alabama

Parker and Brown (1991) investigated rutting problems in Alabama in late 1980s. Thirteen
sections with a minimum of 4 inches asphalt layer(s) were trenched; five of them were
considered to have good rutting performance and the other eight sections, considered poor. After
reviewing the trenching results, Parker and Brown concluded that the rutting was generally
confined to the top 3—4 inches of asphalt layer(s) (surface and binder courses).

TxDOT’s Trench on SPS1-US281 Sections

The two trench profiles (Chen et al. 2001) indicated that the rutting was coming primarily from
the top 50 mm (2 inches) of the HMA layer. As shown in Figure C-13, the rutting was
accompanied by the considerable lateral shear flow.
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Figure C-13. Trench Profiles for 161 (Top) and 162 (Bottom).

3.2 MnRoad Mainline Trench Study

Mulvaney and Worel (2002) documented the forensic rutting investigation of the MnRoad
mainline Test Road. The main purpose was to identify the rutting distribution in individual
layers. Figure C-14 presents the mainline layout and pavement structure of each cell. The
minimum asphalt layer is around 6 inches thick. The trench results indicated that all the rutting
was from asphalt layer(s). Table C-2 details the rutting distribution in asphalt layers. Therefore,
basically the surface rutting comes mainly from asphalt layers when the total asphalt layers are
close to or thicker than 6 inches.
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Table C-2. Rutting Distribution in Asphalt Layers.

Left Wheel Path Rutting (inches) Right Wheel Path Rutting (inches)
Calculated Rutting Calculated Rutting
Contribution per Lift Contribution per Lift
Bottom Surface Surface Bottom
Forensic | Cell Cell | Forensic

5 4 3 2 1 Trench | AVG [Cell| AVG | Trench 1 2 3 4 5

NR [0.167(0.289] 0.229 |0.232| 1 |0.210( 0.250 (0.202|0.128|0.018

0.080/0.190|0.363 0.531 |0.321| 2 |0.273| 0.385 |0.447(0.239(0.124

0.075|0.082|0.329( 0.302 |0.248| 3 |0.166]| 0.302 |0.330(0.099(0.088

NR | NR |0.015|0.123 NMT |0.228| 4 [0.397| NMT [0.384|0.260| NR | NR

NR |0.106|0.208|0.287|0.360| 0.328 |0.266| 14 |0.260| 0.391 |0.421(0.372|0.305/0.108|0.169

NR [0.219|0.120|0.066|0.244| 0.250 |0.247| 15 |0.219| 0.266 [0.251(0.303(0.087(0.069| NR

NR | NR (0.104|0.160( NMT |[0.153( 16 |0.116] NMT |0.162|0.008| NR | NR

NR | NR [0.124|0.219( NMT |[0.197( 17 |0.122] NMT |0.132|0.108|0.104| NR

NR | NR (0.015/0.084( NMT |0.207( 18 |0.197| NMT |0.220|0.102|0.083| NR

NR |0.092(0.259|0.257( NMT |[0.235( 19 |0.185] NMT |0.197|0.119|0.083| NR

NR |0.111|0.229(0.426( NMT |0.531( 20 |0.394] NMT |0.305|0.171|0.132|0.061

0.026|0.211|0.389|0.785| 0.719 |0.467| 21 (0.270| 0.3921 |[0.352|0.114(0.022|0.156

NR | NR [0.142|0.247( NMT |[0.263( 22 |0.238] NMT |0.103|0.048| NR | NR

NMT [ NMT [ NMT | NMT | NMT | NMT |0.563| 23 |0.588| NMT ]0.395|0.244|0.163|0.147 |0.026

3.3 Thinner Asphalt Pavements

Mississippi Trenching Study

White et al. (2002) trenched two highways in Mississippi under NCHRP 4-30A, one being on
SH302 and the other on SH28. Detailed trenching information is described below.

SH302 E, Mississippi

The pavement structure on SH302 consists of 80 mm (3.2 inches) of HMA, 230 mm (9 inches)
of asphalt-treated base, 330 mm (13 inches) of subbase, on natural subgrade. Figure C-15 shows
the trenching results. Close examination of the enlarged trench profile showed that rutting
occurred predominantly in the HMA layer, with a minor contribution from the base layer.
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On-site visual inspection using a string line indicated that no pavement failure was present below
the base layer.
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Figure C-15. Trench Information on SH302E, Mississippi (White et al. 2002).

SH28E. Mississippi

The pavement structure on SH28 includes 1.2 inches (30 mm) of HMA, 7 inches (180 mm) of
asphalt treated base layer, 7 inches (180 mm) of subbase layer, and a subgrade layer. The
trenching results are shown in Figure C-16. Close examination of the enlarged trench profile
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showed that rutting occurred primarily in the base layer. This occurrence was verified by an
on-site visual inspection using a string line; no rutting was found below the base layer.

Trench Profile of SH28E (Mississippi)
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Figure C-16. Trench Information on SH28E, Mississippi (White et al. 2002).

CRREL Subgrade Test Sections

A national pooled fund was recently completed in CRREL, focusing on pavement subgrade
performance. Table C-3 shows the test matrix. A total of 12 test sections were instrumented and
tested under HVS loading. All these 12 sections have the same (or similar) pavement structure:
3 inches asphalt layer, 9 inches granular base, and 60 inches subgrade soil and concrete bottom.
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The same asphalt mix and base material were used for all test sections. The only difference
among these test sections is subgrade soil type (see Table C-3).

Table C-3. CRREL HVS Test Matrix.

Subgrade AASHTO Soil Type
Moisture A-2-4 A-4 A-6 A-7-5
Content

Moisture 1 Optimum—10% Optimum—-17% | Optimum—16% Optimum—20.4%

TS701 TS702 TS709 TS712
. 21% (soil borderline

0 0 o

Moisture 2 12% TS707 19% TS704 19% TS708 to A-6) TS710

Moisture 3 15% TS703 23% TS705 22% TS706 25% TS711

After reviewing the reports produced, it was found that only four of 12 sections had full
permanent deformation data in different depth of pavement: TS703, TS704, TS709, and TS712.
As an example, Table C-4 shows the rutting distribution in individual layers of TS703. Table C-5
summarizes the averaged rutting distribution in individual layers of these four test sections. Note
that all HVS testing was conducted at around 68°F so that little rutting was from the asphalt layer.
It is believed that the rutting distribution shown in Table C-5 is applicable to thin pavements with
a 1- to 2-inch asphalt layer.

Table C-4. Rutting Distribution in Individual Layer of TS703.

HVS Applications Asphalt Layer Granular Base Layer Subgrade

500 14 29 57

1000 14 39 47

2500 15 41 44

5000 16 43 41

10000 17 44 38
25000 18 45 37
50000 19 43 37
Average 16 41 43
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Table C-5. Rutting Distribution in Individual Layers of TS703, TS704, TS709, and TS712.

Test section Soil Type f:;::t B(;ls‘:l;:ll;:r Subgrade
TS703 A-2-4 16 41 43
TS704 A-4 11 49 40
TS709 A-6 13 55 32
TS712 A-7-5 15 60 25

Average 14 51 35

4. RUTTING DISTRIBUTION RECOMMENDATION

Based on the information presented above, the author makes the following recommendation on
rutting distribution in individual pavement layers, as indicated in Table C-6. Please note that this
recommendation is not applicable to rutting development after fatigue cracking in the later stages

of pavement li

fe.

Table C-6. Average Rutting Distribution in Individual Layer.

Surface Asphalt Layer Thickness
Layer
treated | 1-2inches | 2-4inches | 4-6 inches >6 inches
Asphalt concrete 0 10 60 80 100
Granular base 70 55 25 15 0
Subgrade 30 35 15 5 0
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