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This research study was attempted to addressftiie anost important aspects of
mechanistic-empirical (M-E) pavement design. A€Mesign continues to advance
toward full implementation by state agencies, the@need to assess the accuracy of the
load-response models under dynamic truck loadirtte load response model is a core
component of flexible pavement M-E design and thramon practice is to use a layered
elastic approach to predict pavement responseg loate Concerns regarding accuracy
of this type of model arise when considering unltbomaterials exhibiting non-linear
behavior, viscoelastic hot-mix asphalt (HMA) matésiand dynamic loads applied by
moving traffic. Despite this, layered elastic misd®ntinue to be the state-of-the
practice for most pavement design and analysidagtigns. Considering this, one of the
objectives of this study was to assess the accuiaayayered elastic model with respect

to measured pavement responses under live truiic tra
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Specifically, eight test sections at the Nationaht@r for Asphalt Technology
(NCAT) Test Track were instrumented to measureicedrpressures in the unbound base
and subgrade layers. The test sections consistetious HMA thicknesses and used
modified and unmodified asphalt binders. Matepraperties were established using
backcalculation of falling weight deflectometer (BP)\data. The test sections were then
simulated with the layered elastic computer progrdfBSLEA. Comparisons between
theoretical and measured pavement responses weleeoxar a wide range of
environmental conditions and the two different krlmad configurations. The measured
responses were generally within 15% of theoretigti a strong correlation between the
two sets of data.

After validating the load response model, an éffeas made to develop a rut
prediction model that can accurately predict fieitting. HMA layer rutting was the
only source of rutting observed in all eight set$io During the development of the rut
prediction model, two different approaches werdwatad and compared. First, a
vertical strain-based rut model was built by relgtihe measured rutting to the vertical
strain on the top of granular layers and the numbéuck axle passes. In the second
approach, rutting was linked with maximum sheaaistm the HMA layer and the
number of truck axle passes. The model coeffisiamre analyzed for both approaches
and their validity was evaluated. It was conclutteat the shear strain model predicted
rutting realistically and the model coefficientstthiguished rutting in polymer-modified

and unmodified asphalt sections.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

The empirically-based Guide for Design of Paven&nictures published by the
American Association of State Highway and Transggarh Officials (AASHTO) in

1972, 1986 and 1993 is currently used by almogie€80ent of the U.S. state departments
of transportation (DOTSs) to design flexible pavetsgiERES, 2004). This design guide
uses empirical equations developed from the AASH@RTest (HRB, 1962) to relate
pavement characteristics with pavement performance.

To design flexible pavements using the 1993 AASH3Wde, the designer has to
input specific values for reliability, variabilitghange in serviceability, subgrade
modulus, and predicted future traffic in terms gliwalent single axle loads (ESALS).
The structural number is calculated from the AASétfdation from which the required
pavement thickness is determined. The structunaler is an abstract number
expressing the structural strength of a pavemeptimed for a given combination of soil
support, total traffic in ESALs and allowable chang serviceability over the period of

pavement life.



Though the design guide has been used for traffidihgs greater than 50 million
equivalent single-axle loads (ESALS), the basiegiesquations in the guide were
developed from traffic loadings of less than 2 imillESALs (Seeds, 2000). The
developed equations were based on the specifimpavematerials and roadbed soil
present at the AASHO Road Test and they are saifablthe environment equivalent to
the AASHO Road Test site only. Identical axle lwaad configurations, as opposed to
mixed traffic were used to develop the empiricaide equation. The limited nature of
the AASHO Road Test in terms of pavement layerigomation, loading pattern, and
environmental conditions forced pavement enginelsok beyond existing empirical-
based design and move toward mechanistic-emp(iitd&t) design procedures.

M-E design is an efficient method of pavement degigwhich pavement
responses such as stress and strain are deterfronethe load, material properties and
climate, which are then empirically related todiglerformance. The result leads to more
robust analysis and design approach that is afigdicarzer a much wider range of
environmental conditions. Further, M-E design adapt to new materials and different
types of loading conditions.

Generally, M-E design combines the elements of meishic modeling and
performance observations to determine the requua@eément thickness for a set of
design conditions (Timm et al., 1998). The envin@mtal conditions, different pavement
layers and traffic loading, are the primary inpute the mechanistic model. The model
predicts the mechanistic pavement responses irstefistress and strain, which are then
used to calculate the pavement damage (ruttindgatigie cracking) with the help of
transfer functions. If the pavement damage ismttin the predetermined permissible
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limit, then the pavement thickness is increasedthagbrocess is repeated. A simple M-

E design framework is shown in Figure 1.1.

Material Pavement Traffic
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Figure 1.1 M-E Design Framework.




Transfer functions are the performance equatioatsate used to predict
pavement life and are a critical empirical compdnemM-E design. They are typically
derived from statistically-based correlations ofgraent responses with observed
performance from laboratory test specimens or flalirscale road test data. These
transfer functions need local calibration, sina ¢lquations generated for a particular
climate and location may not be applicable for haotegion (Priest, 2005). Extensive
field and laboratory calibrations are of paramauoortance for the success of the M-E
design approach (loannides, 1992).

Examples of some of the new M-E based procedurs long states are those that
have been developed for the Minnesota Departmehtasfsportation (Timm et al., 1998)
and the Washington State Department of Transpon@WSDOT, 1995). There is also a
group of lead states working toward a successfplementation of M-E design. These
include: Arizona, Florida, Kentucky, Maryland, Miesota, Mississippi, Missouri,
Montana, New York, New jersey, New Mexico, Pennayla, Texas, Utah, Virginia,
Washington and Wisconsin (FHWA, 2006). Other caast such as Canada, the United
Kingdom, the Netherlands, Australia, India and &iftrica, have also adopted M-E
design methods in whole or in part (Hajek et 02 AUSTROADS, 2001; Das, 2004,
Theyse et al., 1996)

As the M-E design approach for designing flexitdegments is in the process of
evaluation by many state agencies and resear¢hers,is a need to assess the accuracy
of the load-response model and performance prediatiodels under dynamic truck

loading which are the core components in the M-&igeprocess. The research study



reported in this dissertation explored two impor@spects of M-E design; namely, the

mechanistic load response model and the pavemédotp@nce model to predict rutting.

1.1.1 Flexible Pavement Rutting

Historically, the term “pavement rutting” or “perment deformation” was used to
describe any distortion in the pavement surfacgueing shoving and pushing due to
mix instability (Goetz et al., 1957). The distrédsntification manual for the long term
pavement performance program (LTPP) defines rutig\g longitudinal surface
depression along the wheel path (LTPP, 2003).xilflkee pavement rutting is also called
“permanent deformation”. It represents an accutiariaf small amounts of
unrecoverable deformation that occur wheneverrtféd load is applied on the
pavement.

Research and trench studies at the AASHO Roadpfesgéd that rutting does not
occur only in HMA layers, but can also occur in aiyhe underlying pavement layers.
However in most pavements, rutting appears onby @sange in transverse surface
profile and it is often contributed to surface aistity (Southgate et al., 1988; Dawley et
al., 1990; Sousa et al., 1993; Archilla and Mada?@®1; Chen et al., 2003; Fwa et al.,
2004; Zhou et al., 2004; Gokhale et al., 2005).

There are two basic types of rutting common infild; they are structural
rutting and mix densification or consolidation.rdstural rutting occurs when one or
more pavement layers show permanent deformationiaderecessive loadings or
insufficient shear strength. Mix densification orxzwhen the pavement surface exhibits
wheel path depressions as a result of compactiardesign problems. Usually, rutting
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occurs predominantly under the action of heavyalehiin hot climates and under slow
moving traffic conditions. It is mostly found ihe surface layer of asphalt pavement
near the loading area. Shear deformation and fittgn are the main reasons for

flexible pavement rutting. A typical rutting prigfiis shown in Figure 1.2.

Rutting (After Shearing)

« "\ VAN JaN N v
\/ \J

Rutting (After Consolidation) l
X Rut Depth %

Traffic

99850

»Y (Not to Scale)

Figure 1.2 Typical Flexible Pavement Rutting Profe.

Rutting is a serious safety issue for road usérben the vehicle moves along the
rutted portion of the pavement, steering becomiééswli and it reduces driving comfort.
If rain water pools in the rutted wheel path, ihcasult in the hydroplaning of vehicles.
Further, the decreased thickness in the ruttedgmsrinay accelerate fatigue cracking.

So, accurate rutting prediction of pavements iy waportant to pavement design.



1.1.2 Load Response Mechanistic Model and Transfer Funain

The mechanistic model that computes pavement reggan different locations of a
pavement is the core component in the M-E desigoguiure. Hence, the validity of
response models is an important prerequisite f@hle evaluation of structural
pavement condition. Historically, analyses havenbanited to static loads resting on
layered elastic systems.

Generally speaking, these approaches are reasomahlyate for design
purposes; however, there is a need to further atdithyered elastic models with the help
of field-measured responses. Though there were sprestions about the assumptions
made in the layered elastic theory in pavementiegidns, such as uniform contact
pressure, isotropic layers, interface conditiooading pattern etc., the layered elastic
theory predict pavement responses reasonably @eddbourn et al., 1997; Hildebrand,
2002; Epps et al., 2003; Barrett and Timm, 2005n&anuel and Timm, 2006). Ullidtz
(2002) compared the available software results thi¢hmeasured response and the
comparison shows that the layered elastic packagelct the pavements responses
reasonably well in most cases. The current meshammpirical pavement design guide
(MEPDG) also uses a layered elastic analysis packHdLEA to compute the pavement
responses. A questionnaire conducted to studsthigable accelerated pavement testing
(APT) sites around the world show that elastic tamalysis is the most frequently used
procedure to compute pavement responses in APTqldad Epps, 2004).

Currently, many available computer packages hadptvement designer to
calculate pavement responses by inputting the doafiguration and material properties.
WESLEA, VESYS, KENLAYER, CIRCLY4, BISAR, VEROAD, ERYM, PDMAP,
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JULEA, ILLIPAVE, FENLAP are some of the importantaslable computer programs
that are used in pavement analysis and design @vtoti, 2004). In some cases, the
models have been further refined to estimate paweperformance in terms of rutting
and fatigue by incorporating appropriate transtections (e.g., WESLEA for Windows
3.0 and KENLAYER).

Finite Element (FE) models are also very good fedjcting pavement response
and are capable of considering both dynamic whaedleamvironmental loading. But they
are complicated to operate and time consuming.refbwe, they are not typically used in
M-E design for flexible pavements. However at tinse, the state of the art is to use the
multilayer elastic theory which has been implemémtemost of the available software
packages.

The pavement response parameters in terms of stnelsstrain are included in the
transfer function to relate the mechanistic andigogb parts of pavement design. The
transfer function to predict the number of loadlegdor rutting failure typically has the
following form (Shook et al., 1982; Timm et al.,98) Newcomb and Von Quintus,

2002; Priest, 2005):

N, = k{i) 2 (1.1)

&

\

Where:

N, = Number of load repetitions until rutting failure
g, = Maximum vertical compressive strain at the tophef subgrade

k,, k,= Empirically derived constants



While the vertical compressive strain can be meistiaally determined through
a load-response model, the empirical constants twalve determined from laboratory or
field performance data. Including an accurate raaidtic model to predict pavement
response in the design approach is very importarddcurate rut prediction. Further, it
would be advantageous to derive the empirical emtstmentioned in Equation 1.1
directly from field data since they do not need ahift factors. Shift factor accounts for
differences between laboratory and field conditjarsen a model is built purely from

lab data to reflect field behavior.

1.1.3 National Center for Asphalt Technology (NCAT) TestTrack

Accelerated pavement testing is a useful tool tmanplish the above-mentioned task of
calibrating the load response model with field ese data. Here the pavement is
subjected to accelerated traffic and the empigoalstants can be directly derived from
the field. In addition, before laying any new nuires in the field or adopting new
pavement design methods, they have to be testabdmrusefulness. It would take at
least 20 or more years to effectively test andfyéhie materials and design methods in
existing highways. However, full scale accelatdtsting facilities such as the NCAT
Test Track and WesTrack can safely verify thesaiwitwo or three years of accelerated
loading. Further, the outcome of these test readlts, in addition to facilities such as
Virginia Smart Road and Minnesota Road Researcjeé&rbelp to verify the available

theoretical models for pavement design.



The NCAT Test Track has now been in use since 200@ experimental
sections on the 1.7 mile oval-shaped accelerateelhpant testing facility are being
funded by a number of state DOTs and Federal Highiehministration (FHWA). The
first research cycle in 2000 focused primarily @nfprmance evaluation in terms of
surface rutting of the available 46 HMA test seasiovhen they were subjected to 10
million equivalent single axle load (ESAL) in twears. The ESAL is defined as the
total number of a standard 18 kip standard axlé &@plications required to produce the
same damage or loss of serviceability as a nunfegpmications of one or more
different axle loads and/or configurations over lifeeof pavement.

In 2003, twenty three of the original 46 test &8t were left in place for further
traffic loading of another 10 million ESALs and 88w sections were built. Of the 22
new sections, 8 sections were used for M-E desadjdation and analysis. The eight
sections that were especially dedicated for M-Egiewere called structural study
sections. The main objectives of the structuradigtexperiment were to validate
mechanistic pavement models, develop transfer ilumefor typical asphalt mixtures and
pavement cross-sections, studying the dynamic tsffiat pavement deterioration from a
mechanistic viewpoint and to evaluate the effe¢hatkness and polymer modification
on structural performance (Timm et al., 2004). $tractural study sections were
sponsored by the Alabama DOT, Indiana DOT and Hhe/B.

Various sensors were embedded in the structurdy stections to fully capture
the pavement responses and environmental chastiteri A detailed explanation of the

instrumentation and the structural study sectisageovided in Chapter 3.
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1.2 OBJECTIVES

The primary objectives of this research study were

1. Develop a field-calibrated rut performance modehfrthe NCAT Test Track
structural experiment sections.

2. Assess the accuracy and validate the layered elasiilel relative to measured

pavement responses.

1.3 SCOPE OF STUDY
To fulfill these objectives, eight 200 ft test sent were instrumented in the structural
study sections to measure vertical pressures inrtbeund base and subgrade layers.
High speed pavement response data, pavement parfoendata, environmental data and
traffic data were collected at regular intervalgith the help of collected instrumented
responses (vertical pressure) comparisons were betdeen measured and predicted
pavement responses under a variety of environmeatalitions. This attempt falls
under fulfilling the secondary objective of loadspense mechanistic model validation.
The measured pavement rutting was studied inldetdia fully field-calibrated
model to predict rutting was developed. In thisprediction model, the conventional
vertical strain rut model approach was comparedhagthe proposed new shear strain
rut model approach. A fully field-calibrated ruepiction model that can be easily used

in the M-E design guide was presented as a fin@omoe of this research.
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1.4 ORGANIZATION OF DISSERTATION

This dissertation is organized into six remainihgputers. Chapter 2 presents a literature
review of M-E design, available rut performance elsdfield rutting characterization
and measurements and effect of binder modificatiopavement performance with
respect to rutting. Chapter 3 mainly details t@AN pavement testing facility. The
main focus of this chapter is to explain structstaldly sections, embedded
instrumentation, trucking operation and data ctibecefforts. Chapter 4 deals with the
layered elastic pavement response model validafidre dynamic data collection and
processing are also presented in this chapter alithghe material characterization. In
Chapter 5, the development of vertical strain basedodel and the new fully field
calibrated shear strain based rut model developmexplained. A detailed study on
the model coefficients is also presented. The losans and recommendations for
future work related to load response model valatatind rut prediction model are given

in Chapter 6.
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CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION
In this chapter, available literature on the depeient of mechanistic empirical design
concepts, pavement load response model validdtexible pavement rutting

phenomenon and rut prediction models are explameétail.

2.2 HISTORY OF PAVEMENT DESIGN

2.2.1 Empirical Design

Over the years, test road results have been useffiicient design of pavements and for
better understanding of pavement performance awer ainder traffic loading. Some key
findings from earlier road tests such as MarylanddRTest (HRB, 1945), AASHO Road
Test (HRB 1962), San Diego Road Test (Hicks ana,Fi®70), WesTrack Test Track
(Epps et al., 1998), the Minnesota Road Reseajkrqir(Mn/Road, 1990) and NCAT
Test Track (Brown et al., 2002) helped designedetcelop more efficient pavement
design procedures. The foremost among thesedads was the AASHO Road Test
conducted in Ottawa, lllinois from 1958 to 1960heTdata gathered from the test road

form the basis of the AASHTO Design Guide for PagahStructures (AASHTO, 1993).
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Historically used pavement design methods in tis gach as California Bearing

Ration (CBR) method of design, and other empidieaed designs relied more on

empirical correlations with past performance, indalue-based characterizations of

material properties and engineering judgment faigiestrategy selection (Seeds, 2000).

Further, the empirical design method which was bigexl from the AASHO road test

had many shortcomings. The developed empiricahtops in the design guide only

related loss in serviceability, traffic, and paverickness. Since the equations were

developed from specific conditions at the AASHO &dast, they have some significant

limitations. The main limitations are given bel@W SDOT, 2003):

1.

The design equations were developed for specifiep@nt materials and

roadbed solil present at the AASHO Road Test.

. The equations were developed only based on theament at the AASHO

Road Test conditions.

The final design equations are based on an actedet®o-year testing period
rather than for a longer, more typical pavemesttiiifat normally ranges from 20
to 40 years. Therefore, environmental factors vadfesult if not impossible to
extrapolate out for longer periods.

The traffic loading applied during the testing @@las only 1.1 million ESAL.
The loads used to develop the equations were opgnathicles with identical
axle loads and configurations, as opposed to npedfic.

The truck tire pressures used to apply acceleoaidirhg was only 80 psi.

In order to apply the equation developed as atesthe AASHO Road Test,

some unrealistic assumptions are needed:
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1. The characterization of subgrade soil support neagxtended to other subgrade
soils by an abstract soil support scale.

2. The mixed traffic loading may be characterizedhms/ ESAL concept.

3. Material characterizations may be applied to otwefaces, bases, and subbases
by assigning appropriate layer coefficients.

4. The two year period accelerated testing done adA&®HO Road Test can be

extended for longer design periods.

2.2.2 Mechanistic-Empirical Design

The limited nature of the AASHO Road Test in tewwh#oading pattern, environmental
conditions and the unrealistic assumptions fora@dement engineers to look beyond
existing empirical-based design and move towarddMkE design procedure. Increased
axle loading and tire pressures, different axlefigonations, new materials for pavement
construction, advances in mix design methods, mgrglimatic condition with in and
between regions, make the current 1993 empiridadlsed AASHTO design guide less
applicable for present conditions.

Further, advancements in computing technology avement performance
prediction models enable designers to considerfspdistress modes such as rutting and
fatigue cracking as a function of mechanistic pagetmesponses. The M-E design
concept has been in practice for quite some tindetla@ basic principles and framework
of mechanistic design method was laid out durirggRinst International Conference on
Structural Design of Asphalt Pavements (Dormon 2)96n an attempt to demonstrate
that mechanistic design methods were complete aaithhle, several substantial papers
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were solicited during the Fourth International Goehce on Structural Design of
Asphalt Pavements to describe such systems. ®€H6$2) and Dormon (1962) and
Dormon and Edwards (1967) presented several canydegeted on such analyses, which
would later become a part of the M-E based desayeldped by Shell researchers and
later by other organizations and researchers.

Though there are existing M-E pavement design aubres developed by various
organizations, the M-E Pavement Design Guide (MEP@¢veloped under NCHRP 1-
37A has brought international attention to M-E dasi A typical M-E design approach is
depicted in Figure 2.1. The M-E design procedales on predicting pavement
responses such as stresses, strains and defleatidasload and empirically relating
these to field performance. The pavement respareethen converted through transfer
functions into pavement life predictions{{Mnd damage (D) is computed through
Miner’s hypothesis. The concept of seasonal chaimgenaterial properties is also shown
in the Figure 2.1 whereby the design method caoranmwdate changes in properties as a
function of changing temperatures and moistureargstwhere applicable (Timm et al.,
1998). Further, the M-E design is a more robuatyans and design approach that is
applicable over a much wider range of climatic abads and this method adapt new
materials and varying traffic patterns.

One important aspect of M-E design method is tlae Fesponse model which
predicts stress and strains in various layers oépent structure. The other core
component in the M-E design process is the perfoo@arediction models that predict

pavement distresses in terms of rutting and fatayaeking.
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2.3 LOAD RESPONSE MODEL VALIDATION
2.3.1 Development of Multilayer Layer Elastic Theory
Modeling pavement responses is central in mechampavement analysis and design.
Hence, the validity of response models is an ingmdrprerequisite for efficient design
and reliable evaluation of pavement condition. idaportant consideration in M-E
design is the accuracy of load response modepitiedicts pavement response under
wheel loads. An accurate mechanistic model isirequo determine the pavement
response that may be used in the performance egquatimm and Newcomb, 2003).
After Boussinesq's elastic theory was developedetscribe single layer
structures of infinite width and depth in early 083 for over half a century their
applicability to pavement structures as a layegestiesn was not explored. The original
Boussinesq’s elastic theory was based on a coratedtioad applied on an elastic half
space. The solutions are based on the assumptbothe material that constitutes the
half space is linear elastic. The stresses, stramd deflections due to a concentrated
load can be integrated to obtain those due tocaleir loaded area (Huang, 1993).
Before the development of Burmister’s layered ty@nrl943, much attention
was paid to Boussinesq’s solutions because theg theronly ones available (Huang,
1993). In 1943, Donald M. Burmister expanded Bomess)’'s formulations to derive
elastic response for two layered systems. In 1BdEnister developed three-layer
elastic theory. It was then possible to treat psamts as layered systems in order to
compute responses at layer interfaces under rapetse loading conditions. This

development of multilayer elastic theory was a stdee for pavement analysis and
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design. The main assumptions involved in the kye&lastic theory are explained in the
later part of this chapter.

Burmister’'s multi-layered theory to predict pavemeasponse did not receive
widespread attention until the First InternatioGahference on the Structural Design of
Asphalt Pavements in 1962. In that conferencepiapt contributions were made by
many researchers (Whiffin and Lister, 1962; Skod# Bimn, 1962; Peattie, 1962;
Dormon, 1962). They illustrated how the layereakat analysis could be used for
pavement response computation and to analyze panehséress. A number of general
solutions for determination of stresses and deftons in multilayered elastic solids
also were presented at the 1962 conference. Teesral solutions, coupled with
rapidly advancing computer technology, fostereddieelopment of current generation
multi-layer elastic and other advanced programé sscviscoelastic and finite element
based computer programs.

Currently, available computer packages help thepent designer to calculate
pavement responses by inputting the load configuratnd material properties.
WESLEA, VESYS, KENLAYER, CIRCLY4, BISAR, VEROAD, ERYM, PDMAP,
JULEA, ILLIPAVE, FENLAP are some of the importantaslable computer programs
that are used to compute pavement responses (Mitimi2804). Some computer
programs (WESLEA, KENLAYER, BISAR, CIRCLY and JULBAse the multilayer
elastic theory assuming all pavement layers aealiy elastic. Few computer programs
(VESYS, VEROAD) consider the HMA layer as viscostie, and some packages use

the finite element approach (ILLIPAVE and FENLAB)dompute pavement responses.
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In currently used analytical based pavement dgsigoedures, layered elastic
analysis is the primary method for defining pavetmesponse under traffic loading. The
use of finite element approach (ILLIPAVE, FENLABa$limited application to date
because of its complexity and computational timest@ints. At this time, it has been
used primarily for research purposes. It is tengpto believe that a more complex
model will produce better results than a simple ehgdout that is not necessarily the case.
If the results from the simple model are as goadéter) than those from more complex
models, the simpler model has to be preferred tz1li2002).

The current MEPDG uses layered elastic analysikgugec JULEA to compute
pavement responses (ERES, 2004). A questionnanducted in various APT facilities
shows that elastic layer analysis is most freqydyging used in APT facilities for
pavement response calculation (Hugo and Epps, 2004)

The elastic layer theory employs some assumptmialtulate mechanistic
responses at different depths in a pavement sysgame of the main assumptions are
(Ullidtz, 2002):

1. The pavement layers are isotropic, homogenous lastiein nature.

2. Each layer has a finite thickness except for teeldayer, and all layers are infinite
in lateral directions.

3. The loading pattern is static over a circular area.

4. Full friction is developed between layers at eaxthriace.

Though the assumptions are questionable for cdioglpavement responses,
layered elastic theory has been in practice beoafuse simplicity. Even though the
assumptions on which a model are based are siogildins of reality, the model may
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still be useful if the stresses and strains it pogdare reasonably close to stresses and
strains in real pavements (Ullitdz, 2002). To fout whether a particular model is useful
or not, the response predicted by the model hlas ttompared to the response measured

from actual pavement structures.

2.4 MULTILAYER ELASTIC THEORY VALIDATION STUDIES

As mentioned above, in order to validate the theéloeyresponse needs to be compared
against field measurement. This section detaihslai research done to validate layered
elastic models. The accuracy and validation frehable field measurements are of vital
importance for load response models. With the béipstrumentation embedded in
pavements, actual pavement responses can be nekdsecly from the field. The First
International Conference on the Design of AsphaltdPents held at the University of
Michigan (Ann Arbor) in 1962 was the starting pdiot studies on validation of elastic

layer theory with field measured responses.

2.4.1 TRRL Study (1962)

In a study conducted at the Transportation Roa@#&tel Laboratory (TRRL) in London,
3" diameter and 5/8” thick piezoelectric gaugesewesed to measure vertical stress on
base and subgrade pavement layers (Whiffin an@n,i$062). The tested pavement
structures had an HMA thickness of 4” and the lth®s&ness varied from 6 to 8”. The
base layer was composed of different materials agsdean concrete, soil-cement,
crushed stone and asphalt treated base. A 15d&iérper hour (km/h) moving wheel
load of 2,300 Ib was applied and the vertical st@stop of pavement layers was
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measured by the embedded piezoelectric gaugeswave propagation technique
developed by Shell researchers and dynamic modesting were done to compute the
elastic moduli of component pavement layers.

A layered elastic model was used to calculate e@rtresses and they were
compared with measured vertical stresses. Goakagnt between measured and
calculated responses was obtained in this studh@sn in Figure 2.2. Being the first
study of its kind, the researchers were not abf@dwide any reasons for the small
differences seen between experimental and thearetitues. However this study
proved to be a starting point for similar researEhom this work it was also shown that
the dynamic stresses applied to the soil increasdan increase in road temperature.
This outcome was expected since asphalt modulusesdvith increasing temperature
resulting in higher stresses transmitted to theelgpavement layers. Further, the
measured stresses were found to be proportionehéel load. The measured and
calculated vertical stresses at the top of the mdggfor different base types are given in

Figure 2.2.
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Figure 2.2 Comparison of Experimental and Theoretial Values of Stress on

Subgrade (Whiffin and Lister, 1962).

2.4.2 Shell Research Study (1967)

In a similar study conducted by Shell research€lsnip and Niesman, 1967), field
measured strain values were compared against tietigecomputed strain values. The
strains were measured at different depths of pame(@e 3, 8 and 14 cm from top of
pavement surface) for a wheel load of 1650 kg dradvelocity of about 30 km/h. The
moduli of the asphalt materials were determinedaabus temperatures and various

frequencies to obtain an elastic moduli curve ciogea wide range of stiffness values.
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In order to obtain dynamic modulus of subgrade uadeual moisture content
and compaction conditions, the wave propagatiorhatetvas used. Wave propagation
is a non-destructive method in which the propagatieocity of the wave travel is
related to the layer stiffness. This method wasex out on top of the subgrade and
later on top of all the layers. For theoreticahist calculation, a layered elastic computer
program developed by researchers at the Shell TdroResearch Center was used. Two
different Poisson ratios (0.35 and 0.50) were assuior the asphalt layer during
computation.

Figure 2.3 shows the comparison between measuad ahd calculated strain
values at different depths. Except strain measengsmt the very top of the structure,
reasonable agreement was observed between measwaréueoretical values, though the
simulated values were generally lower than measuBegeper in the structure, at 11 cm,
the simulation and measurement showed very goaskaggnt. This signifies potential
problems with both simulation and measurement tieapavement surface that should
be further investigated. Also, as shown in Figdif&s the calculated pavement response
varies with Poisson’s ratio, which signifies thepmntance of accurate estimation of

Poisson’s ratio in the analysis.
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Figure 2.3 Comparison Between Measured Strain an@alculated Strain at

Different Depths (Klomp and Niesman, 1967).

2.4.3 TRRL Study (1967)

In a research study conducted at TRRL (Brown arlgd F#67), 2.5” diameter and 0.43”
thick diaphragm type pressure cells were used tasore vertical pressures on top of
granular layers. Two different contact pressuves, (17 psi) and three different loading
areas (6, 9 & 12”) were used to apply the trafhiad on the test pit. The pressure values
calculated with elastic theory matched very wethvield-measured pressure values.
The satisfactory prediction of strain and deflect@lues by elastic layer theory was an

outcome of this validation work.
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2.4.4 Shell Laboratory Study (1967)

A study was conducted by researchers at Amsterdarorhpare theoretical pavement
responses with field measurements (Gusfeldt andatff, 1967). Two test sections
(10x10 m) in the test track were used for this pag The test sections had an asphalt
layer thickness of 14 cm and a gravel base thicko&€86 cm. Strain gauges, pressure
cells and thermocouples were installed at diffedapths in the asphalt concrete and base
layers. Dynamic elastic modulus measurements thélvibration machine developed at
Amsterdam Shell Laboratory gave a subgrade modilue of 1300 kg/cf The gravel
base used in the test section had a dynamic efastitlus value of 2600 kg/énThe
dynamic HMA stiffness varied from 8000 kg/€tn 100,000 kg/cth The wheel load
was varied between 400 and 2000 kg. However, nogpeoe theoretical results with
measured responses, the wheel load was kept atktO0Dhe tire pressure was set at
5kPa/cmi. The maximum speed of the loading vehicle wasitaaied at 50km/h and it
was driven by an electric motor via a cable line.

The theoretical pavement response in terms ofssted strain was calculated
using a layered elastic computer program develdyyeshell researchers. The results
obtained in this study (Figures 2.4-2.6) showedaaably good agreement between
direct measurement and theoretical model resiilt® experimental values at the bottom
of asphalt concrete layer were somewhat smaller tiva theoretical results (Figure 2.4).
Theoretical and measurement values matched clésmedyrain values measured at a
depth of 9.5 cm (Figure 2.5). The reasons fothafe observations were not explained

by the researchers.
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Figure 2.4 Measured and Calculated Strain at the &tom of Asphalt Layer for
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Figure 2.5 Measured and Calculated Strains at 9.6m in Asphalt Layer for Varying
Asphalt Stiffness (Gusfeldt and Dempwolff, 1967).

In the case of pressure cells embedded at a défgha@an, the conformity
between measured and theoretical values was g (Figure 2.6). At greater depths
the deviations became somewhat greater. The nezhstress values were always
somewhat lower than theoretical values. Thought miothe measured responses
compared well with theory, appreciable deviatiotscl did not show a systematic trend

were also observed. This study recommended mdadatbstudies to compare theory
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and measured responses with extensive/advancediragesits to eliminate systematic

errors to reduce the scatter in test results.
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Figure 2.6 Measured and Calculated Vertical Stresm Gravel Layer for Varying

Asphalt Stiffness (Gusfeldt and Dempwolff, 1967).
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2.4.5 Dutch Road Research Study (1967)

In research conducted at the Dutch Road ResearntteCa Holland, Nijboer (1967)
used the pressure cell developed in TRRL to measrtial stress on top of base and
subgrade layers. Strain gauges developed in thk Bésearch Laboratory were used in
this study to measure strain responses. For magstertical deflections, a new optical
system designed by the Shell Researchers was U$edtests were carried out on State
Highway No.1, a four lane undivided highway thatrieal 15,000 to 20,000 vehicles a
day in both directions. The test road consistetifoém of asphalt concrete thickness.
Strain gauges were embedded at different depttiseiasphalt concrete layer (0, 4, 9, and
19 cm) and pressure cells were embedded at theitageface and at different depths in
the soil.

The dynamic elastic properties of the asphalt cetecvere determined by a
vibration technique developed by Shell researchmt on the road and in the
laboratory. A small difference between the roagsoeements and the laboratory
investigation was observed by the researchers.estic modulus (E) value of HMA
varied (20,500 kg/cfito 135,000 kg/cA) based on vehicle speed. The soil had a
stiffness of 2,400 kg/ct The theoretical values were calculated usingvBster layer
theory and good agreement was observed when thiksresre compared against field

measured responses (Figure 2.7).
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Similarly, the measured deflection was comparednagaalculated deflection
using Burmister’s elastic layer theory. Both valueatched reasonably well and Figure
2.8 shows the comparison between these two vaReasonably good agreement was
found between measured and theoretically calculatetical pressure values also (Figure

2.9).
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2.4.6 San Diego Test Road Study (1970)
One of the main objectives of the San Diego TestdRmnducted in 1966 was to
compare measured responses against theoreticlisr@4icks and Finn, 1970). This
project was considered to be the first instrumepiment test track project in the
United States. Pressure cells, strain gaugesntuples, and moisture gauges were
installed at different locations in the pavemesgela. The strain gauges were made with
polyester heat resistant backing and were 7/8”.I0Rgey were placed on the top of
surface, top of base and in the first lift of ba3éwe subsurface strain gauges were
installed in pairs in all asphalt treated baseisestand about 50% of those were
damaged during construction. Some 61% of the stdxistrain gauges were not
operational during the course of this experimditcessive strain and weak solder
connection between gauge and the lead wire waibwdtd as a cause for gauge failure.

The pressure cell used in this project, DC-200igiell, was manufactured by
Spitz Laboratories in Delaware. Of the 8 pressetks installed in the top of subgrade,
only 3 were operational after construction. Th#edtion measurements were made by
linear variable differential transducer (LVDT) mdd€©3C-200. American Wire Gauge
(AWG) 20 iron and constantan thermocouples wereliesl in 4 locations, at the bottom
of base, on top of first lift of base, on top oband about one half inch below the
surface. When compared with other instrumentatio&thermocouples were found to be
generally reliable.

Measurements of stresses, strains and deflectiens mvade at three different
times, in August 1966, immediately after construetin February 1967, and in April
1968. An 18 kip test vehicle (2 axle dump trucldswised to apply loading with a tire
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pressure of 70 psi. For material properties, reguelmad lab tests were conducted in the
University of California, Berkeley (UCB) and the gtslt Institute Lab. After
considering the variability in the stiffness valumesasured from lab tests, a nominal
subgrade modulus value of 75 ksi was considerethémretical computation of
pavement responses. The base modulus value wasd fiam 8.4 t010.3 ksi during wet
conditions and 16 to 21.2 ksi during dry conditioihe HMA dynamic elastic modulus
ranged from 272 ksi at 83 to 93 ksi at 9tF.

Due to lack of manpower, out of 32 sections in$a@ Diego Test Road, only 4
sections were considered for measured and caldulesponse comparison. These test
sections had HMA thickness of 3”. The base madteadasisted of aggregate base,
asphalt concrete base and emulsion treated aggregs¢ with thickness varying from
5.6"to 14.6". After 7 months, when the presswllscwvere examined, none of them was
in working condition.

Computations of stress, strain and deflection weade by use of the N-layer
program developed at the Chevron Research Instife&tatively good correlation was
found between measured and theoretical respoiges.project vouched for accurate
field-measured material properties to be usedeoittical response calculation for
future work. Though the collected vertical presstdiata were limited as a result of low
survivability of pressure cells, the percent deviabf pressure value between measured
and theory was only 4%. From Figures 2.10 and,2tThAn be seen that the measured
and calculated strain profiles matched reasonabli, W he measured transverse strain

beneath the tire center was lower than computagegal The large number of instrument
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failures during this study emphasizes the neegrfoper selection of instruments to

measure responses, proper installation practideseband after construction.
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2.4.7 TRRL Study (1972)

Laboratory-derived material properties were usechtoulate pavement responses in
terms of stress, strain and deflection in a re$estudy done at the TRRL by Thrower et
al. (1972). The dynamic modulus of the asphaltrimgacourse was calculated by cutting
beam samples from the test road and testing theheitab by subjecting a sinusoidal
vibration at frequencies ranging from 1 to 100 Hd at temperatures from Dto 35C.

The wave propagation method was used for base m®dunid the value was found to be
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7 ksi. The tire pressure of 75 psi and a wheet@dmé 20 mph were kept constant and the
wheel load was varied during load application.

Figure 2.12 showed good correlation between mredsand calculated pavement
response in terms of vertical stress in the tedt@mes. However, at high stress levels
small scatter was visible between measured andetieal results. The computed values
were reasonably close to those measured for logeldeaf deflection (Figure 2.13), but

became progressively higher with higher levelseifettion.
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Section 1 Vertical Normal Stress (Thrower et al., 972).
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In general, when the measured responses were cethagainst layered elastic
theory results they matched very well with 20% elretween them. A reasonably

accurate prediction was observed in stiff layers.

2.4.8 WSU Test Track Study (1972)
A moving dual wheel load of 10,600 Ib with a tiregsure of 80 psi was applied in the
Washington State University Test Track (Terrel &ndkar, 1970; Krukar and Cook,

1972) at a speed of 20 mph in the 12 sectionsaMaikt the Test Track. The asphalt
38



concrete had a thickness 4.25 and 7.75". All sasthad a standard base thickness of
5.25". Pavement instrumentation such as pres&lieand strain gauges along with
other instrumentation was installed at differentttis. Thermocouples were placed in all
layers and moisture gauges were placed only inradleg Longitudinal and transverse
strain gauges were placed only in 5 test section®p of base and top of subgrade. Two
test sections were instrumented with WSU hydrguiessure cells on top of base and
subgrade. Further, Filpip pressure transducers @aisp introduced on the top of base
and subgrade.

Repeated load triaxial tests were conducted toaci@nze base and subgrade
materials. The base modulus value ranged fromtb119 ksi. Complex modulus tests
were conducted to characterize the HMA at threediht frequencies and temperatures.
The HMA modulus had values between 1,100 and 1kSD0The obtained subgrade
modulus value ranged from 8 t013.5 ksi. Layeradtét theory developed by Chevron
Research Corporation was used for theoretical pamenesponse computation. The
measured responses compared very well with thger-kastic theory computed
responses.

From Table 2.1, it can be clearly seen that theededn values matched
reasonably well between theoretical results andsored values. However there were
large differences in strain values measured onaph@f base and subgrade. For
example, the measured longitudinal strain on tpeofcsubgrade at 8” was very small
(15); whereas the computed value was 277. Thargsers concluded saying that the
instrumentation placement techniques adopted qoaddibly be the reason for these
differences. This highlights the fact that meamerts may not always be “truth.”
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Table 2.1 Measured and Computed Responses (Afteefirel and Krukar, 1970)

Item Section | Measured Computed
2 8.4 5.2
Deflection (in, 10) 6 17.6 4
Shallow LVDT 8 9.0 5.8
10 1 0.24
2 36.0 33.8
Deflection (in, 10) 6 35.0 33.7
Deep LVDT 8 22.0 24.9
10 21.0 20.3
2 Not available 26.0
Longitudinal Strain (in, 18) |6 15.0 309
Surface 8 200 235
10 100 111
2 95 261
Longitudinal Strain (in, 16) |6 Not available 315
Top of base 8 180 238
10 80 8
2 40 389
Longitudinal Strain (in, 18) 6 Not available 436
Top of subgrade 8 15 277
10 80 129

2.4.9 Nottingham (TRRL) Study (1979)

At the Nottingham pavement test facility (Brown &ell, 1979), 25 mm diameter strain
coils (Bison Instrument) and diaphragm type pressetls were employed to measure
strain and vertical stress, respectively. LVDTsevased to measure vertical deflection.
Three pavement sections were tested in this stlithg. applied wheel load was varied
from 11-15 kN with a speed of 14kmph. The conpmessure in pavement section 1 was
kept at 660 kN/mwith a load radius of 85mm. In the other two &et, the contact
pressure was maintained at 550 kRiimith a nominal load radius of 80mm. The
nominal HMA thickness in sections 1 and 2 was 150ameh test section 3 had a

thickness of 230 mm.
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Laboratory-derived layer moduli were used for tie¢ical pavement responses to
be used in layered theory. When the measured mespavere compared against
predicted response, two of the pavement sectiagsir@2.14) did not compare well with
theoretical responses. Instrument error and irgsefft replicate instrumentation to
measure pavement response were attributed todkiattbn. In the remaining pavement
section (Figure 2.15), the theory compared readgmed| with measured responses.
This study recommended the use of field-measurddrmabproperties instead of

laboratory-derived properties for theoretical cidton.
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Pavement Section 3 (Brown and Bell, 1979).

2.4.10 Amsterdam Study (1982)

In a similar research study conducted in Amster@aos et al., 1982), the Falling
Weight Deflectometer (FWD) was used to measure maatgoperties in situ. This was
the first study where FWD measured values were usttkoretical pressure
computations. Besides FWD measurements, waveityelneasurements, dynamic
bending test and creep tests were also conducteddterial property evaluation. A 100
kN load was applied at three different speeds (5nd 45 km/h) in 9 trial sections.
This Highway A15 research project was carried suaeries of trial sections between

1970 and 1980.
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The BISAR linear elastic multi-layer program wagdigor theoretical response
computation. Strain gauges (in longitudinal ameh$verse at the bottom of HMA layer)
and solil pressure cells (in subgrade) were embeddeifferent depths in the pavement
layers and the response was noted. Accordingetoetbearchers, a good correlation
between measured and computed values was obseruaukt of the trial sections for soil

pressure values.

2.4.11 Minnesota Road Research Study (1997)
In the Minnesota Road Research project (Chadbaduwah,e0997; Bao, 2000),
instrumentation such as strain gauges, pressuss ttedrmocouples and moisture gauges
were embedded inside the pavement layers. Theayweo bituminous test cells
comprising the 5-year mainline, 10-year mainlind low-volume road (LVR)
bituminous test sections at Mn/ROAD have differemmnbinations of layer thicknesses
and subbase types. Subbases consisted of gramatarials and permeable asphalt
stabilized bases (PASB).

Two types of strain gages were used in this stadye¢asure pavement strain.
The first, Dynatest PAST-Il PCC gages, consistedl@trical resistance strain gages
embedded within a strip of glass-fiber reinforcedey, with transverse steel anchors at
each end of the strip to form an H-shape. Thersegauge was a Tokyo Sokki PML-60
gauge, which consisted of standard wire gages hmailg sealed between thin resin
plates and coated with coarse grit to bond the ¢g@atjee concrete. The Tokyo Sokki
gauges were installed to measure longitudinal @) transverse (TE) strain. Three TE
strain gages and three LE strain gages were pktcg® locations in each test section.
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Both of two strain groups were transversely locateithe outside wheel paths. Some of
the flexible pavement sections were instrumentet thie Schaevitz HCD-500 DT linear
variable differential transformers. LVDTs were d$e measure deflection at the
pavement surface, base and subgrade material® gt

Some of the flexible pavement cells used at theRMAD was dynamic soill
pressure cells that measured the vertical stretteibase and subgrade layers. The
instrumentation used in this study was the Geoksfid3lynamic soil pressure cell.
Thermocouples installed at Mn/ROAD allowed the mieasent of temperature
gradients experienced by the HMA layers. At least set of thermocouples was present
in each cell. Resistivity probes (RPs) were usemdnitor changes in soil moisture
state. The resistivity probes installed at Mn/ROédhsisted of 250-cm-long tubes with
concentric pairs of copper conductors located eBexm (2 in). Time domain
reflectometer sensors (TDRs) were used to meakanenfrozen base/subgrade moisture
content.

The Mn/ROAD test vehicle is a five-axle semi-tradrailer combination with a
single steering axle with single tires and two &mdaxles with dual tires for the drive
and trailer axles. The wheel loads applied topéneement are expressed in terms of a
particular wheel configuration.

Backcalculated modulus values from FWD measuremeats used for material
properties. The material properties along withgheement configurations and truck
loading were the inputs for theoretical respondeutation. The layer elastic program
“WESLEA” (Waterways Experiment Station Linear Elasknalysis for Windows) was
used to compute theoretical responses. WESLEAMiodows is a mechanistic analysis
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program that calculates pavement response to aptirkéeloads through user-input tire
pressure and tire load and pavement layer properiibe theoretical results and
measurements for strain are given in Figure 2Tlough small scatter at higher strain
levels (exceeding 20@yuwere visible, according to the researcher, batlasared and

predicted values match closely.

Field MicroStrain Vs Calib. WESLEA Prediction

& Field(ue)
m Calib. Weslea

Figure 2.16 Measured and Calculated Strains from M/Road (Bao, 2000).
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2.4.12 NCAT Study (2005)

Similar efforts to compare field measured respomsstheoretical results were done at
the National Center for Asphalt Technology (NCABsT Track under FWD loading
(Barrett and Timm, 2005; Timm and Priest 2006)stdmmentation in these test sections
was comprised of asphalt strain gauges and eatispre cells. The asphalt strain
gauges measured strain at the bottom of the adplalt while the earth pressure cells
measured stress in the top of the base and sublgnggte The layout of the
instrumentation array consisted of 12 asphaltrsauges with four positioned to the
left, four positioned to the right, and four posited in the center of the outside
wheelpath to record longitudinal and transversarstrThere were two pressure plates
(Geokon 3500 Earth Pressure Cell) in each sectsitipned in the center of the
wheelpath at the top of the base layer and atjheft the improved subgrade layer,
respectively.

FWD testing was conducted on eight different ceesgions at the facility. The
sections represented different pavement thickneaselsuse of modified and unmodified
asphalt binders. FWD loads were dropped directlyop of and in close proximity to
strain gauges and pressure cells. This enableshéasurement of both surface
deflections and in situ pavement responses unddd lBAding. The surface deflections
were used to backcalculate elastic layer propevtitsn each test section. The
properties were then used in forward calculatioodmpute stresses and strains at
locations coinciding with embedded instrumentation.

Direct comparisons were made between predictednpanveresponses and
measured responses to evaluate the effectivendésglothe backcalculation and forward
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calculation models. Good agreement between meahsme predicted responses was
observed for horizontal strain in the bottom oftedplayer and vertical pressures on the
top of base, subgrade layers. However, it wasrgdgdound that layered elastic back-
and forward-calculation was sufficiently accuratethe conditions at the NCAT Test
Track and also served to validate the sensor lastal procedures. The strong
correlation between linear-elastic and measureémpant response (Figures 2.17 and
2.18) has served as a reference point for theatabial of the installation and operation of

the embedded instrumentation at the 2003 NCAT Temtk Structural Experiment.

(+) Strain = Compressive Strain

(-) Strain = Tensile Strain

'
(0]

300 400

y = 1.0376x
R%=0.8358

Theoretical Strain (microstrain)

Measured Strain (microstrain)

Figure 2.17 Measured Vs Theoretical Asphalt StrairfBarrett and Timm, 2005).

47



-
[op}

5 N

[ay
o
1

Calculated Stress (psi)
[00)

0 2 4 6 8 10 12 14 16

Measured Stress (psi)

Figure 2.18 Measured Vs Theoretical Vertical Stresin Base and Improved

Subgrade Layer (Barrett and Timm, 2005).

2.4.13 European Study Results (2002)

Ullidtz (2002) compared available elastic layerkzage results with the measured
responses from three full scale pavement testioggts from Europe (CEDEX in Spain
DTU in Denmark and LAVOC in Switzerland) and tlemparison showed that the
elastic layered theory predicted some mechanisipanses reasonably well. Table 2.2
shows the research results. In all three proj#otselastic layer programs

underestimated the vertical stress in the subgrade.
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Table 2.2 Comparison of Model Results to MeasureBesponse (Ullidtz, 2002)

CEDEX DTU LAVOC
Model

& c; d & & o5 & € d
BISAR ! ! 7 ! ! ! © ! 1
CAPA3D | | 1 | | ) N ) <
CIRCLY < ! 7 l ! | < ! T
KENLAYER — l - — ! — > ! PN
MICHPAVE | - - - - - - PN ) -
NOAH 7 ! — > - - PN ! 0

ex = horizontal strain at the bottom of asphalt

o, = vertical stress in subgrade

d = deflection at the surface

< = predicted response close to measured response
| = underestimation of response

1 = overestimation of response

2.4.14 Advanced Models

From the late 1960s, along with layered elastitesys, multi layer viscoelastic approach
and finite element modeling were also exploreddsearchers to measure pavement
response (Pister and Westman, 1962; Huang, 196i&ridaise, 1967; Kenis, 1977;
Hornych et al., 2002; Siddharthan et al., 2002Qaldi et al., 2004; Sukumaran et al.,
2004; Elseifi et al., 2006). VESYS and VEROAD aoene of the programs that use
multilayer viscoelastic approach to calculate pasetmesponses. Increasingly, the
finite-element method has been used to model paverasponse, particularly to
describe the nonlinear response characteristipawgment materials. Examples of this

approach include ILLIPAVE and FENLAP (Monismith,@0).
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2.4.15 Summary

Historically, analyses have been limited to sthtazls resting on layered elastic
systems. Generally speaking, these approachesasenably accurate for design
purposes; however, there is a need to further atdithyered elastic models. Apart from
the Nottingham (TRRL) study conducted in 1979reliewed literature included in this
section showed good correlation between measurmtthaoretical pavement responses.
In most of the research studies conducted for &yetastic model validation, a reduced
tire pressure (75 to 80 psi) and slower speedd@®tmph) were used. For material
properties, most of the studies utilized laboratbeyived values instead of field
measured properties. In almost all studies, resggm conventional HMA mixes were
only studied and not much work had been done ysBuperpave mix responses and the
multilayer elastic theory validity for those mixes.

So a field validation study to compare elastic tagsponses with field measured
responses from the NCAT Test Track Structuraldestions was necessary as part of this

research.
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2.5 FLEXIBLE PAVEMENT RUTTING

Rutting is one of the most prevalent forms of distrin flexible pavements; it is quite
obvious that a thorough knowledge of rutting pheanan is very important to control
rutting. Modeling rut progression and predictitgyaccurrence will help pavement
engineers to design pavements in such a way tbaiahement can avoid excessive
rutting in its expected service life.

Rutting problem should be addressed for structumdleconomic reasons; it is
also related strongly to traffic safety. The causkrutting may be traffic or non traffic
associated. Table 2.3 gives an overall view of¢htevo causes of rutting (Monismith et
al., 1972).

Table 2.3 Causes of Rutting (Monismith et al., 1Z)

Cause Causative Factor Example of Distress

Traffic- » Single or comparatively few Plastic flow/Shear

Load excessive loads deformation

Related + Repetitive traffic loading Rutting

Non Traffic » Soil Volume Change Swell/shrinkage

Associated « Compressive material underlying Consolidation Settlement

pavement structure
 Frost susceptible material Heave (particularly

differential settlement)
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2.5.1 Rutting Progression

Flexible pavement rutting is categorized in thrages (primary, secondary and tertiary).
In the primary stage, permanent deformation accateslrapidly. But the rate tends to
decrease, reaching a constant value in the secostdaye. The stresses and strains
within the pavement structure increase quite rgpddiring early loading cycles and then
tend to increase at a much slower rate becaudeeaf glistortion and densification of
materials. Finally, at the tertiary stage, the starts to increase (flow point/accelerated
deformation zone) and permanent deformation ra@dbumulates. A typical field rut

progression curve is given in Figure 2.19.

A

Primary Secondary Tertiary

> —>

Perm
Strain

: Flow Point

v

Load Repetitions

Figure 2. 19 Rut Progression for Increasing Load Bpetitions (El-Basyouny et al.,

2005).

52



It was shown that the shear movement in asphatsagan also occur at the same
time as densification and the shear deformatiomstitoiies a major part of rutting
mechanism in accelerated pavement testing (Harvaly, 2000; Gokhale et al., 2005).
Rut depths measured in more than 50 pavement stegainder accelerated pavement
tests were limited to rutting in asphalt layer oahd no rutting in base and subgrade was
evident (Zhou et al., 2002). Further it was fotimak HMA layer rutting is the common
form of rutting in APT facilities (Hugo and EppO)@®). So modeling the HMA layer
rutting is sufficient in most cases. By modelihg HMA layer rutting alone, the rutting
can be captured fully for many cases (Archillalgtz001; Fwa et al., 2004).

The field rutting can be measured manually andraatzally. The manual
measurements include straight edge method, dipstafider, and rut measurement from
pavement cores. The automated rut measureméuatl@scthe automatic road analyzer
(ARAN) which uses a laser profiler to measure ngftprofile. These rut measurement

techniques are discussed in detail in the nexttehap

2.6 RUT PREDICTION MODELS

Predicting actual performance of a pavement urtgeattions of traffic load and
environmental conditions is a major part of the MidSign scheme. Further, predicting
the future condition of a pavement with or withawdlintenance and rehabilitation is an
essential element of most pavement managementsyste/ith this in mind, an attempt
of modeling the pavement deterioration must necigse based on simplifications of

reality (Ullidtz, 1999).
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Accurate prediction of pavement performance hdipsstate highway agencies
for proper work planning and budget allocationadeurate or unrealistic performance
prediction will result in uneconomical pavementigesand premature failures.
Accelerated pavement tests are being used in n@amrees around the world to
evaluate pavement performance and to establisiréaihodes for pavement life
predictions (Madanat et al., 2002; Hugo and Epp642 While M-E design relies
heavily on mechanistic pavement modeling, the tesuk meaningless without accurate
performance equations that allow designers to ptgdivement performance and design
accordingly (Timm and Newcomb, 2003).

Starting from earlier 1960’s, many rut predictiondels were developed by
researchers from all around the world that rangeswh simple linear regression equation
to advanced mechanistic empirical rut predictiordels. In this part of chapter, a

detailed literature review on available importanttprediction models is presented.

2.6.1 Historical Trend on the Development of Rut Predicton Models

Prior to AASHO Road Test in late 1950’s, the foofisnost research was to develop
preventive design methodologies rather than ageidbrmance modeling. This changed
with the completion of the AASHO Road Test becatsetest results provided a large
database of useful information that allowed predits to be compared with measured
performance (Sousa et al., 1991). An abundancdgaimation on construction, material
characterization, traffic and the environment wdiundlly allow researchers to scrutinize

the effects of various factors on pavement perfoicea

54



The First International Conference on the Stru¢tiDesign of Asphalt Pavements
held in 1962 provided a great opportunity to discBASHO findings. At this time, the
first pavement design approach which explicitly sidered both fatigue and rutting as
mechanisms of distress was presented (Dorman, 19&2part of this design, rutting
was controlled by limiting the vertical compressstgin on the top of the subgrade.
With gradual increase in allowable axle loads, piressure and truck volume, the need
for an improved approach to predict rutting, paifacly in the upper part of the pavement
layer became apparent (Sousa et al., 1991). Tteeion for allowable subgrade strain
was developed by Dormon and Metcalf (1964) basedata from the AASHO road test,
and reported in 1962 by the Highway Research B@4RB, 1962).

During the Second International Conference orStinectural Design of Asphalt
Pavements held in Ann Arbor, Michigan (1967), theus was shifted to layered elastic
model validation rather than performance model gment. However during the third
international conference held in London in 1972kBdale came up with a layer strain
approach for rut prediction. In the Fourth Inteéio@al Conference on the Structural
Design of Asphalt Pavements, various approachdsasistatistical techniques based on
observed rut performance, limiting subgrade stna@thod, elastic analysis combined
with creep test data and linear visco-elastic aisywere presented. The important work
among others was the VESYS model developed by K&misis, 1977). At this time,

laboratory test results were normally used to buitdprediction models.
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In 1980, Allen and Deen developed rutting modetsHbIA from repeated load
tests (Allen and Deen, 1980). In 1982, reseamatiiass were directed both in material
characterization and in developing models for retction ranging from simple
empirical methods to viscoelastic plastic consitiens (Sousa et al., 1991). In 1989,
the Tseng and Lytton model, which formed the bEsi8$IEPDG rut prediction model,
was developed. In the late 1990’s, researchern®edgthe LTPP data as a potential base
for M-E based rut prediction model development @&lal, 1998; Kim et al., 2000).
Research at the University of California, Berkelaychilla et al., 2001) developed rut
prediction models from AASHO Road Test data andralmned model from AASHO
and WesTrack data. The continuous revision irotiginal Tseng and Lytton model
resulted in the final form of MEPDG rut predictiorodel in 2002.

Recently, researchers from Texas Transportatiditutes (Zhou at al., 2004)
suggested a three stage permanent deformatiorcposdmodel. Still research efforts
are going all around the world to develop a simeésy to use field derived and

calibrated rut prediction model.

2.7 SIGNIFICANT RUT PREDICTION MODELS

Since rutting poses problem to the driving pub$iaagell as affects the life of pavement, it
is very important to predict accurately in advantrethe area of rut prediction model
development, hundreds of models were develope@dsarchers over the past 45 years.
Since it is impractical to discuss all availabledals, only a few important models that

are relevant to this study are discussed in tlus®se
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Earlier studies suggested limiting the verticahistion the top of subgrade to
control rutting at the surface. The examples idelGhell design procedure (Claessen et
al., 1977), and the Asphalt Institute design mett&itbok et al., 1982). Some studies
(Barksdale and Miller, 1977) included limiting Viegtl stress instead of strain as a way to
minimize rutting.

The layered strain approach that predicts ruttsiggilab test results together
with pavement analysis methods such as layer eldsory was first proposed by
Barksdale (Barksdale, 1972) and Romain (Romain2)l9This method was considered
to be a simplified engineering approach for rutdprton since it permits the flexibility

of using either linear or nonlinear elastic anay8ousa et al., 1991).

2.7.1 Finn et al. Model (1977)

Researchers (Finn et al., 1977) relied upon stistnalysis of rutting data from the
AASHO Road Test to produce a rut prediction modgdhta from 32 sections in the
AASHO Road Test were used in model building. #liy, a regression model that
related rutting rate as a function of stress aradrstn component layers, surface
deflection and ESALs was evaluated. The stepvageession analysis indicated that
vertical deflection at the surface of the pavemeeittical compressive stress in asphalt
concrete and cumulative traffic were the most $iggunt variables for rutting. Finally,
two prediction models were obtained; one modettoventional sections up to 6” of

asphalt concrete, and one for thick or full degplelt concrete as follows;
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For conventional construction:

Log(RR) = -6.866+ 4.325xlog(d) - 0.131xlog(N,;); R = 0.974 (2.1)
For full depth or thick (>6”) pavements:

Log(RR) = -1.173+ 0.717xlog(d) - 0.658x log(N,;) + 0.666x log(c, ); R? = 0.974 (2.2)

Where,
RR = rate of rutting, micro inches per repetition
d = surface deflection, Tdinches
oc = vertical compressive stress in asphalt concpesie calculated from layer elastic
theory
N1g = total equivalent number of 18000 Ib single dgbd

The models given in Equations 2.1 & 2.2 are onlgligpble to pavements similar
to AASHO Road Test and its related climatic locasio In this particular model the
traffic coefficient had a negative sign which iraties decrease in rutting rate as traffic
application increases. This was expected, sirtee sdme point of time, the rutting rate

decreases for increasing traffic applications.

2.7.2 TRRL Equation (1979)

A layered strain based rut prediction equation degeloped by researchers from TRRL,
London (Brown and Bell, 1979). For the developtwrut prediction model, axial
repeated load tests were conducted on dense bitusimacadam samples af@0 The
loading was applied as a continuous sinusoidalihggat a frequency of 1 Hz for

convenience rather than simulating in-situ loadingditions. The model form is:
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£, =(9j x N (2.3)

Where,
gp= permanent strain
g = deviator stress
a,b = regression constants
N = number of load applications

The validity of this model was checked by comparnmgdel results with the
TRRL Test Track results for three pavement sectighigood agreement was found
between model predicted rutting and the TRRL TeatlH measured rutting. The main
disadvantage of this model is that the model foras derived from the laboratory test

results which did not replicate actual field corudit.

2.7.3 Shell (1977) & Asphalt Institute Model (1982)
Based on results from the AASHO road test, Shekaechers (Claussen et al., 1977)

developed the rut model which used the subgradecakstrain criterion.
N, =6.15x 107 (&,)"° (2.4)

Where,
N, = allowable number of load repetitions to limittnag to 0.5 inches
ey = Maximum vertical strain at the top of subgrade
The Asphalt Institute (Shook et al., 1982) camewitp a similar model in 1982

for rut prediction.

N, =1.365x10°(g,)**"” (2.5)
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Where,
N, = allowable number of load repetitions to limitthag with in 0.5 inches
ey = Maximum vertical strain at the top of subgrade

Though the models developed by Shell and Asphatitirte researchers were
simple and easy to use, the validity of the subgstchin criterion is questionable and
this equation does not distinguish rutting in diiet layers of pavement. Further the
constants in the model were derived from partictdarperature conditions and loading
conditions and hence they can not be applicab&vasole to other locations. This
requires local calibration for different locatiossd the model validity to predict HMA

deformation is questionable.

2.7.4 Allen & Deen Model (1980)

A model to predict permanent deformation in aspbt@aticrete was proposed by Allen
and Deen (1980). Repeated load tests were conducBdsamples with three deviator
stress ranges (20, 50 & 80 psi) and at three eéiffietlemperatures (45, 77 & 108). In
addition three loading times were used at eachati@vstress levels. A linear regression
analysis was performed on the data from each testree following model was built.
loge, =C, +C,(logN)-C,(logN)?* +C,(logN)? (2.6)
Where,

&, = axial permanent strain

N = number of deviator stress repetitions

Co, G, G, and G =regression constants
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The predicted rut depth was checked against mehsuteepths from two full
depth asphalt concrete pavements. These secibn®thave any base layers and built
with HMA layers over the subgrade. The measurédepth in the first pavement
section was 1.75” and the model predicted a rutevbketween 1.6 and 1.9”. In the
second pavement section, the predicted rutting2’ and the measured rutting was
1.15".

The inherent disadvantage of this model was thaag developed entirely from
laboratory test results and has only number ofstrepletion in the model form. A
mechanistic based rut prediction model would bg wseful to predict rutting in any

field conditions.

2.7.5 Leahy’s Model (1989)

The model developed by Leahy (1989) to predict akglavement rutting was the
starting point for MEPDG rut prediction model dey@inent. In the study developed at
the University of Maryland, College park, nearly023MA specimens were tested to
study their permanent deformation characteristits the help of repeated load test
machine. The experimental factorial included trasghalt content, three stress levels,
two binder types, three temperatures and two agigdgpes. The test results were
based on unconfined repeated load permanent defomtasts. About 2,860 permanent
strain data were used in the model building. Ts#ient strain was assumed to be

reasonably constant and independent of the nunibbead repetitions.
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The model developed by Leahy was:

£
Iog[—pj = -6.631+ 0.435log N + 2.767logT + 0.110log S+ 0.118log#

r

2.7)
+0.930logV,; +0.5010gV,;R* = 076

Where,

£,= accumulated permanent strain

&, = resilient strain

N = number of load repetitions
T = mix temperature, deg F
S = deviatoric stress, psi
n = viscosity at 70 deg F, ipoise
Vet = effective asphalt content, percent by volume
V4 = air void content, percent

The sensitivity analysis showed that temperatluas ly far the most important
variable. The model was less sensitive to loadomgditions, material type and mix
properties.

Though the developed model had%avBlue of 0.76, their implementation
usefulness was limited because of complex modél meny parameters. Besides the
model used limited number of HMA mixtures for thedel development (El-Basyouny

et al, 2005).
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2.7.6 WesTrack Model (1999)

Research works highlighting WesTrack findings edeld densification and assumed that
rutting was controlled by shear deformation. Aresgion model was developed to

model the WesTrack rutting by considering elagtieas response and axle loadings. The
developed model employed an hourly change in elabgar strain in order to encompass

time hardening. The model form is (Hand et @99):
yP =ae®) )AN° (2.8)
Where,

yP = plastic shear strain at a depth of 2” from HMA to

r° = elastic shear stress at a depth of 2” from HMp t
y° = elastic shear strain at a depth of 2" from HNbA t

N = Number of 18kip load applications
a,b,c = regression coefficients

Though the methods proved that elastic shear strebsshear strain can be used
in a model to predict plastic deformation, the magl@enly applicable to WesTrack

mixes.

2.7.7 M-E based Rut models from LTPP Data

An M-E rutting model was developed and calibratednf LTPP data (Ali et al., 1998).
The subgrade strain approach was used to prediictgin 61 LTPP test sections and the
actual load spectrum was used to build the modké developed model only considered
vertical strain in different layer locations aneyhdid not account for lateral flow

resulting from horizontal shearing strain in layefhe authors suggested the use of
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shearing strain in future research as potentiaipter of rutting. Similar models were
also developed for rutting prediction in base amogsade layers. After mathematically
deriving the model and calibrating them with 61 [PT§ection data, the model form to

predict rutting in HMA layer was;

K 09
P, =0.00011xh,. {Z n (&,;«;)““} (2.9)

i=1
Where,

P, = rut depth in HMA layer

h,. = HMA layer thickness

n, = number of divisions in HMA layer

& ac = Vertical compressive elastic strain in middlesath divided layer corresponding

to load group ‘i".

The model was validated using a different set ¢& dl@mm LTPP that were
obtained at different times. The model validatitmme for this model showed a standard
error of rut depth estimate to be around 0.14”isThodel form did not include traffic
load application and only the mechanistic respguesical elastic strain) controls rutting

in this developed model.

2.7.8 Rut Prediction Model from In-Service Pavements
Kim et al., (2000) proposed a rut prediction matkteloped from 39 in-service
pavements from Michigan. The developed model ohetlinventory type variables like

pavement cross section, layer stiffness, ambienpéeature and asphalt consistency
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properties. For mechanistic response calculatathsagar layered elastic solution
developed by Chevron was used. To backcalculatenpant layer moduli for use in the
mechanistic model, the backcalculation program MBAIEK was used.

A nonlinear regression analysis was conducted Wsthdata points from 39 test
sections. After grouping all data points intoshatistical samples that represents every
test site, numerical optimization was done to bthkelmodel. The final rut prediction

model had the following form;

[-0.016H . +0.033n(SD) +0.01T,, , — 00UN(KV)]x

nual

RD =

2.10
—2-703+0-657(ev,m>°-°97+0.27xev,$>°-883+o.zsan(N)-0-034'”(EACH -

G
Where,

RD = rut depth, in

H . = thickness of asphalt concrete, in

D = pavement surface deflection

T.wa = annual ambient temperature, deg F

KV = kinematic viscosity

&, mse = Vertical elastic compressive strain at the tbpase layer, 16
£, = Vertical elastic compressive strain at the tbgubgrade, 16

N = cumulative traffic volume, ESAL

E,. = resilient modulus of asphalt concrete, psi

Ey, = resilient modulus of subgrade, psi
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The rut model was validated with data from 24 LTdetions and two test sites in
Michigan. The plot of observed versus predicteddagth indicated reasonable
agreement between them and the variation ranged3r@mm. In the developed model
the variables such as temperature, stiffness aridalestrain in different layers are
dependant of each other and there was no propé&aratn given by the researchers for
including all variables separately in the modeheTodel is applicable only to cold

temperature regions and the model is complex imfand had many variables.

2.7.9 MEPDG Model (2004)

From the laboratory derived permanent strain dataMEPDG rut model to predict
HMA rutting was built. Test data from Leahy’'s mb@ecahy, 1989) was taken and
some more test results were also added which yl&8d&6 permanent strain data points
for regression analysis. The developed model \ahsrated with the help of seven
sections of Mn/ROAD trench rutting data. The fieldibrated form of HMA rut

prediction model used in the design guide was (ERB84):

i — k1 ﬁr110—3.1552-|- 17348, N 0.39937 5, , (2_1 1)
gr
Where,

gp= accumulated permanent strain
g = resilient strain

T = mix temperature, deg F

N = number of load repetitions

K1 = function of total asphalt layer thickness angtdg¢o computational point
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Br1, Br2, Bra = calibration factors for the asphalt mixtureshe tut model

The disadvantage of this model is that it was gexl from unconfined repeated
load tests and no confining pressure was considergd model. When trial runs were
done with the model, asphalt rutting increasedaghickness increased which did not
conform to field observations. To overcome thisitation, the model was calibrated
with trench study data from Mn/ROAD. One more dismntage of this rutting model is
that it models only the secondary stage of ruting the primary stage was modeled as
an extrapolation of the secondary stage trend @lyBuny et al., 2005). These
limitations necessitate the development of a siprgdAsy to use, HMA rut prediction

model developed from field data to be used in #g=gh guide.

2.7.10 Three Stage Model

In order to characterize the three stage permatefntmation behavior of asphalt
concrete, Texas Transportation Institute reseasgZdrou et al., 2004) developed three
separate models to predict primary, secondary enidry rutting stage. An algorithm
was established to determine the model parametarsrepeated load test data. The
transition point between different stages of rgftivas identified. The authors observed
all three stages of rutting in the FHWA accelerdtadling facility, located in Mclean,
Virginia. The proposed model given below was t@stéh seven different field mixes
and for most mixes the model predicted rutting carag well with laboratory tested mix

rutting. The developed model is:
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Primary stage:

— b
£, =aN (2.12)
Where,

£, = permanent strain

N = number of load repetitions
a, b = material constants
Secondary stage:

£, =&, tC(N=N) (2.13)
£, = permanent strain corresponding to the initiabbsecondary stage

Nps= number of load repetitions corresponding to theation of the secondary stage
¢ = material constant

Tertiary stage:

g, =&y +d(e ™M) -1 (2.14)
&4 = permanent strain corresponding to the initiabbtertiary stage

d, f = material constants
Nst = number of load repetitions corresponding toittigation of the tertiary stage

The main disadvantage of this model form is thatrtftodel material constants
vary based on mixes and it is very difficult to eoop with a uniqgue model to predict
rutting. Along with number of loading, the modetiuded only material parameters and
the model did not include any mechanistic paramsetéurther, having three models to
capture rutting makes the process more complicateldt would be advantageous to

have a single model that can capture the trueragrpssion in the field.
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2.7.11 Other Rut Prediction Models

Since the objective of this study was to develgmaple M-E based rut prediction
models, only related literatures were discussedabblowever, very complicated and
advanced models were also developed by researcBerae researchers developed non-
linear finite element models to predict rutting iian et al., 1977; Meyer and Hass.,
1977). Some research studies (Kenis, 1977; Thrdl®@at7; Battiato et al., 1977;
Mahboub and Little, 1988; Sousa et al., 1993; L&t§)1; Blab and Harvey, 2002;
Hornych et al., 2002; Fang et al., 2004; Park, 2@eifi et al., 2006) focused on
including the viscoelastic and plastic charactessof pavement layers on the model and
developed rut prediction models. However, thesdetsohave employed many
assumptions and further used laboratory test efuitmaterial behavior in the model

development. Detailed explanations of these maateldeyond the scope of this study.

2.7.12 Summary
Most rut prediction models given above includecelayg vertical strain on pavement
layers as one the variable for rut prediction. daeshers hypothesized and later proved
with laboratory test results (Bissada et al., 1983)sa et al., 1993; Hand and Epps,
1998; Drakos et al., 2001; Long, 2001; Park, 2@b4) consideration of shear strain in
the asphalt layer is a more valid approach for HM®prediction. In their studies, they
found very good correlation between permanent dedtion (rutting) and shear strain.
After reviewing the literature, the necessity ofdavertical strain approach and
shear strain approaches for rut prediction modadlimg and comparing them for their
ability to predict field rutting was explored inigtresearch.
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CHAPTER 3

TEST FACILITY AND DATA COLLECTION

3.1 INTRODUCTION

There are many developments in the field of paveéreegineering that needs field
verification before implementation. One amongdkgelopments is the newly proposed
M-E pavement design method. Further, there areymarformance tests that need field
verification. This field verification effort wiltake at least 20-25 years in existing
highways. However, for accurate field verificatiorthe shortest period of time,
accelerated pavement testing facility such as tBANTest Track can be used very
effectively. Since the research study was conduatéhe NCAT Test Track, having a
complete understanding of the NCAT Test facilityg dne data collection efforts at the

Test Track are very important to understand the tvex chapters.

3.2 NCAT TEST TRACK

The NCAT Test Track was built in 2000 and it hasrb& service since then. The Test
Track is cooperatively funded by a number of DOiid the Federal Highway
Administration (FHWA), with operation and researmhnaged by NCAT. State DOTs
that have sponsored research at the Test Traakd@cRAlabama, Florida, Georgia,

Indiana, Missouri, Mississippi, North Carolina, @kbma, South Carolina and
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Tennessee. A complete Test Track research cyoprses one million laps on the 1.7
mile track in about two years.

The NCAT Test Track is a fully access controlledalsshaped, full scale
accelerated pavement testing (APT) facility. lioisated near the campus of Auburn
University in Auburn, Alabama. The Test Track dstsof 46 different test sections, out
of which eight sections were assigned for strut¢tsixady in 2003. The construction

details of these sections are given in detail efsre/(Powell, 2001; Brown et al., 2002;

Powell, 2006). The overall view of the Test Traskiven in Figure 3.1.

Figure 3.1 Overview of the NCAT Test Track.
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Mixture rutting was the preliminary study varialibethe 2000 Test Track cycle.
In 2003, twenty three of the original 46 test swtsiwere left in place for continuous
performance evaluation and twenty two new sectwa® built in 2003. One test section
was removed to serve as a transition for new cocistn. In the 2003 Test Track cycle,
eight sections that are located in the north tan¢f&ections N1 through N8) were
allocated for M-E design evaluation and to learmerabout material characterization and
validation of pavement responses. The locatiorsdrattural study sections in the Test

Track are shown in Figure 3.2.

ONSITE LAE
Structural Study Sections AND TRUEK

M INTEMS MCE

HMA PLANT

Figure 3.2 Location of Structural Study Sections.

Specifically, the 2003 structural study was condddb address many issues
pertaining to M-E design. The main objectivesha structural experiment study was to
validate mechanistic pavement models, develop feeafisnctions for typical asphalt

mixtures and pavement cross-sections, to studgthamic effects on pavement
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deterioration from a mechanistic viewpoint andvaleate the effect of thickness and
polymer modification on structural performance (et al., 2004). The structural
study sections were sponsored by the FHWA, AlabBey@artment of Transportation
(ALDOT) and the Indiana Department of Transportatio

The two preliminary experimental factors in theustural study were HMA
thickness and binder modification. The structstatly sections utilized a modified and
an unmodified binder and different HMA thickness@&se PG 67-22 was an unmodified
binder. The modified binder PG 76-22 used the saase asphalt as the PG 67-22, but
was modified with Styrene-Butadiene-Styrene (SBS3ymer. Both materials have been
used by ALDOT.

The eight test sections were designed for varyenglk of traffic which resulted
in the design of thin, medium and thick sectionsgisinmodified PG 67-22. These three
sections were replicated with SBS modified PG 76-2Re final two sections were
designed for medium traffic level with stone matsphalt (SMA) as their wearing
course in the top one inch. The last section (IN&) a rich bottom with an additional
0.5% asphalt content above optimum. The thin (hNd Md2), medium (N5 and N8), and
thick HMA sections (N3 and N4) have HMA thicknegsbt 7” and 97, respectively.
All eight sections have a 6” granular base cousseh@wn in Figure 3.3. Beneath the

granite base was a fill layer to bring all testt&ets to the same surface elevation.
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Figure 3.3 Structural Experiment Sections Layer Coss Section (Timm et al., 2004).
The top HMA layer was built with different lift tbkness and the component
material varied in subsequent lifts. Figure 3.dvgsithe HMA sub-layer constituent
information. The different mix characteristics icated in Figure 3.4 are given in Table
3.1. From the Table, it is clearly evident tha tbpmost layer (wearing course) had a
standard asphalt content value of 6.1% betweemssct The detailed structural design
of all eight test sections is given in detail ipublished NCAT research report (Timm et

al., 2004).
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Figure 3.4 HMA Layer Composition of Structural Experiment Sections (Timm and

Priest, 2006).

Table 3.1 Structural Study Section HMA Mix Parameers

Mix Number | Asphalt Grade | Gradation | Design No of Gyrations| AC, %
1 76-22 Wearing Superpay80 blows 6.1

2 76-22 Base Superpay&0 blows 4.3

3 67-22 Wearing Superpay&0 blows 6.1

4 67-22 Base Superpay&0 blows 4.3

5 76-22 SMA Marshall | 50 blows 6.1
6 67-22 Base Superpay@&0 blows 4.8

In this research effort, all mix specific constian parameters such as asphalt

content, air voids, and gradation were kept condiatween test sections and the only

study variables were HMA thickness and binder miodifon.
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3.3 STRUCTURAL SECTION INSTRUMENTATION

The structural sections have asphalt strain gaiegesasure longitudinal and transverse
strain, pressure cells to measure vertical stlesgavith moisture probes and
temperature probes. The general instrumentatyoutas shown in Figure 3.5. Since
the objective of this research was to build a retigction model, this study focused on
the vertical pressure response derived from theseiadd pressure cells. Historically,
vertical responses over the granular layers insesfistress and strain were attributed to

the permanent deformation of pavement layers.
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Figure 3.5 Structural Experiment Sections Instrumatation Layout.
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3.3.1 Earth Pressure Cells
The earth pressure cells were placed at the ttipedbase layer and at the top of the
subgrade layer at the center of outside wheel pakie role of the earth pressure cell was
to measure dynamic vertical stresses generated ummeng wheel loads. Geokon 3500
earth pressure cell (EPC) was used in this studytlaa same type of instrumentation had
also been used at the Mn/ROAD project to collectaayic vertical stresses successfully.
Geokon 3500 EPC consists of two 9” diameter cac@D4-stainless steel plates
welded together around their periphery and spapad ay a narrow cavity filled with
de-aired oil. External pressures squeeze the tategptogether causing an equal internal
pressure in the internal fluid. The attached sendactor transducer then converts this
pressure into an electrical signal which is trartedias a voltage change via cable to the
readout location (Geokon, 2006). Figure 3.6 shawgical Geokon 3500 EPC used at
the Test Track structural study sections. Fig@r#sand 3.8 show the placement of a

pressure cell in the test sections.
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Figure 3.6 Geokon 3500 Earth Pressure Cell Used tite Test Track.

Figure 3.7 Subgrade Earth Pressure Cell Placed dhe Top of Subgrade.

78



Figure 3.8 The Base Pressure Cell on Top of Basayer.

The EPC 3500 type produced by Geokon is availabtifierent ranges to
measure pressures up to 10 MPa (100,250,600 KP&.%, 6.0 and 10 MPa). After
conducting preliminary mechanistic analyses to fimtithe maximum stress values
expected at the top of base and subgrade layénsg irest sections, gauges with
maximum limit of 100 kPa (14.5 psi) and 250 kPa 838si) were selected. During this
process, estimates were made regarding materipégies, wheel loadings, and stresses
were calculated at the top of base and subgradé amad found that the 14.5 psi and
36.3 psi gauges would work well for the subgrade lzase, respectively. The accurate
and careful installation efforts resulted in 1009vs/ability of the pressure cells during
the 2003 Test Track cycle. The calibration of éhpeessure cells is documented
elsewhere (Timm at al., 2004).

79



3.3.2 Temperature Probes

In each test section, four thermistors suppliecChynpbell Scientific were bundled
together (Figure 3.9) and installed in the pavent@mprovide temperature information
near the surface, at 27, 4” and 10” depth. A heés drilled in the pavement in such a
way that the thermistor bundles could be inseméal the pavement with ease. After

placing the thermistor bundles, the hole was filleth asphalt roof sealant cement and

made sure that there was no trapped air withirnthe.

Figure 3.9 Temperature Probes Bundled Together.
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3.4 DATA ACQUISITION
The temperature data was sampled at a relatively sequency, without missing any
important information. Data collected using thewskpeed system was logged at one
sample per minute using a Campbell Scientific CR@l@¥alogger located at each test
section in the roadside box. The datalogger sairgti@very minute and recorded the
hourly average, maximum and minimum readings. Waaadings were transmitted
through a radio modem to the data storage compadated in an onsite laboratory
building throughout the duration of the test cycle

The sampling rate required for pressure cells washnhigher, relative to
temperature readings, due to the dynamic natutieediraffic loading. Since the trucks
are driven at a higher speed (normally 45 mph)]dbding duration on the gauges under
live traffic is in the range of 20 to 100 millisewts.

A high speed data acquisition system Dataq DI-52@8s used to collect data at
a higher sampling rate. The data acquisition sysised at the Test Track is shown in
Figure 3.10. This acquisition system has a 32 iobka250,000 Hz capability with
individual channel signal conditioning cards unidoeeach type of gauge. While
collecting high speed data under live truck loadihg slow speed sensors were
disconnected from the road side box (Figure 3.btl)wired into the high speed data

acquisition system and the data were collected.
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Figure 3.11 Road Side Data Logger Box Used at tiest Track.
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3.5 TRUCKING

At the Test Track, one box trailer and four tripdgilers were used initially to apply

traffic loading. At a later stage of this traffigcle, one more triple trailer (6-Triple) was
added to accelerate the traffic. In general, thetbuck had a steer axle (12 kip) and two

tandem axles (34 kip/axle group); the triple tradensisted of a steer axle (12 kip), one

tandem axle (40 kip) and five single axles (20&xt¢). However the exact loads were

monitored and varied slightly from truck to truckhe exact axle weight data are given
in Table 3.2. For the analysis, the triple-tralarere considered equal and duplicates of

the same test vehicle, while the box trailer wassadered as a separate vehicle. The test

vehicles are shown in Figure 3.12 and 3.13.

Table 3.2 Axle Weight Data by Truck (Priest and Tinm, 2006)

Truck Steer Ib Drive Tandem, Ib Single Axle, Ib
ID ' 1 2 1 2 3 4 5

1-Triple | 10,150 19,200 18,550 21,6pR0,300| 21,850| 20,100| 19,966

2-Triple | 11,000 20,950 20,40Q 20,96Q21,200| 21,000( 20,900| 20,900

3-Triple | 10,550 20,550 21,050 21,0p@1,150| 21,150| 21,350| 20,850

4-Triple | 10,500 21,050 20,700 21,1pQ1,050| 21,050( 20,900| 21,050

6-Triple | 11,200 19,850 20,750 20,3bR0,100| 21,500| 19,500| 20,300

Average| 10,680 | 20,3200 20,290 21,J120,760| 21,310| 20,550| 20,613

coVv 3.9% 3.9% 4.9% 2.2%| 25% 1.79 3.6% 2.2¢
Steer Drive Tandem Rear Tandem

5-Box 11,550 16,850 17,000 16,8P(D6,1OO

ICoefficient of Variation
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Figure 3.12 NCAT Test Track Test Vehicles — TripleTrailer.

Figure 3.13 NCAT Test Track Test Vehicles — Box THiler.

84



Drivers were employed by NCAT to operate trucksitoulate real traffic. At the
beginning of the 2003 Test Track cycle, a singl@drtrailer was operated for
approximately two months and full operations beigabecember 2003. The main
reason to begin the test cycle with a single tnvek to provide some seating and aging
of pavement layers before accelerating the loading.

The trucking operations were done in two shiftgheeonsisting of eight hours of
driving around the track. The drivers were instieddo drive the trucks at a constant
speed of 45 mph. From the collected pressure nsgpsignals (refer Figure 3.15); the
speed of the trucks can be verified. To have at@wcheck on the vehicle speed, the
collected pressure data were randomly selectefbéordifferent dates (11/7/2003,
4/13/2004, 7/20/2004, and 1/11/2005). The timeireg for an axle to cross the distance
between base and subgrade pressure plates (12véretjneasured from the collected
signals. By knowing the linear distance betweent®to pressure plates, the velocity of
the vehicles were calculated. When analysis wag do the data, it was found that the
trucks were moving at an average speed of 45.76mipha standard deviation of
1.7mph.

Traffic was applied six days a week and every Mertdacking was suspended
for weekly truck maintenance and so that perforreatata could be collected to
thoroughly document the field performance over tiriée traffic volume data were
recorded based on the mileage per shift and thewvected to laps per hour based on the
shift schedule and track length (1.7 mile/lap).4Amph, typically each truck was able to
complete 28 laps in an hour. The triple trailgrslavere combined and considered
together, while the box trailer was considered spdy. This trucking database was
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assembled manually and efforts were taken to véndythe collected data is accurate
and complete with no missing data. The truckini diaat were used to calibrate fatigue
transfer functions for M-E pavement design (Pri2é05; Priest and Timm, 2006) was
used in this study. Trucking operations were catgal in the middle of December 2005

after applying 10 million ESALSs.

3.6 HIGH SPEED DATA COLLECTION AND PROCESSING

3.6.1 Data Collection

During high speed data collection, the portabla daquisition system was taken to each
test section and three passes of each truck wéeetenl. Over the two year period, the
high speed data were collected once a week frorieseTrack, for three passes of live
traffic loads (triple trailer and box truck) andden different environmental conditions.

It was necessary to collect multiple passes of &achk to account for natural wheel
wander variation. The decision to record threesessvas taken at the starting of this
project based on a balance between having a repiatise distribution of pavement
responses that included wheel wander and othepnamdfects with the need to conduct
testing in a relatively short amount of time forgmnal safety purposes.

A detailed study on wheel wander was carried othaflTest Track and the
results showed that the wheel load distributiothenTest Track was consistent with the
wheel wander in typical highways (Timm and Pri@6i05). The wheel wander was due
to the mechanical alignment of the trailers andidg pattern of human drivers. By

collecting three passes and using the maximum nsgpfor analysis, the effect of natural
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wheel wander could be minimized. This strategy prased successful with the
collected pressure data and documented in thechexiter.

Further, analysis on the Test Track strain data ptoved that three truck passes
captured full variability of the data. A study wasnducted on October 13, 2004, to
investigate the effect of lateral placement ondbiéected strain data. For this purpose,
ten consecutive passes of each truck were collectster analyzing the collected data,
it was found that the individual truck responsesenfairly consistent by pass, and the
range of variability was captured in about thressea. From Figure 3.14, it was evident
that no additional information was drawn from ttegedwhen ten passes were compared
to three passes. Therefore, it was decided toviodl testing scheme of collecting and

processing three passes of trucks during the testiale (Priest, 2005; Priest and Timm,

200
130
160
= === = = = Rl S——— —————
(ol
= 140 i A £ * e £ 3 O £
o
S
= 120
=
=
g 100
=)
=
5 sao
a
g
g 60 —— Truck 1[]
=3
40 === Truck 2| |
- -0 Truck 3
20 —w— Truck 4 [
o T T T T T T T T T
1 2 3 4 5 (5] 7 a =] 10 11
Number of Passes Included in Average

Figure 3.14 Average Strain by Truck and Pass (Pr& and Timm, 2006).
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3.6.2 Data Processing

In each test section, three passes of the trucks rgeorded at 2,000 samples per second
per channel and checked in the field to make $watdll three passes were successfully
recorded. The voltage outputs of the gauges vem@rded in the field, and then the
conversions to pressure (psi) were later appligtieéalata when the data were processed.

The recorded high speed data signal were processegl a signal processing
software DaDisp2002. The DaDisp 2002 is a comrablycavailable signal processing
software. Unlike the strain response (Priest, 200f% pressure cell signal had less
electrical noise. Cleaning the signals for eleairnoise was required because of residual
noise that is inherent with electrical signals. cl@an the pressure gauge signals, a ten
point moving average was more than sufficient withmompromising the data.

A typical processed pressure response trace fasa g triple trailer is given in
Figure 3.15. When the collected pressure gaugmnsg is processed by the signal
processing software, it first picks the minimum amaximum inflection points. Then the
average of all maximum and minimum inflection peifdr a single truck pass is
computed. The difference between the maximum andmam inflection points are then
converted to average pressure amplitude and the steolved in that process is
explained below. In this way, an average pavemesgonse over an entire truck pass is
represented. The final output from the DaDispwafe contains the test section number,
gauge ID, gauge factor, truck ID, pass number, mara, minimum and average
amplitudes. The processed data were stored impm@hensive database for further data

analysis.
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Figure 3.15 Typical Pressure Response Trace forTaiple Trailer.

The conversion of voltage differenc&\) between the average maximum and
minimum inflection points in the processed sigsatonverted to average pressure
amplitude (base, subgrade) for a truck pass byoiteving procedure.

The average of maximum and minimum inflection peifor a single truck pass is
indicated as a thick line in Figure 3.15. The g®im output voltage between the
recorded points was calculated and converted t&spre by:

Pressure= AV* Gauge Factor (3.1)
Where:

AV = change in output voltage = voltage differeneéAen consecutive inflection points

fullscale

P
Gauge Factor = (3.2)

fullscale
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Where,
Pruiscale = full scale pressure of the gauge, psi
Vuiscale = full scale output (5V)

The full scale voltage is 5V and the full scalegsuge for subgrade pressure cell
is 14.5 psi and for base pressure cell is 36.3 $si.the gauge factor for subgrade
pressure plate = 14.5/5 = 2.90 psi/V. The gaugwfdor base pressure plate = 36.3/5 =
7.26 psi/V for base pressure gauge.

When the change in voltage was multiplied withibgpective gauge factor, the
pressure value in psi was obtained. This voltagaréssure conversion was done in the
DabDisp software when the respective gauge factmpistted while processing the signal.
All axles in a single truck pass were processetltahe and the final output from DaDisp

is the average amplitude (psi) which was usedisdtudy.

3.7 MATERIAL PROPERTY DATA COLLECTION

Accurate material properties are critical inputdA+E design, since they govern
pavement responses and performance evaluatiorthe ontext of M-E design and
analysis, field characterization of modulus is im@ot. Further, it is important to link
the material properties to their mechanistic respamhenever loadings are applied on
the pavement. Laboratory derived layer moduluseskan also be used as an input in
M-E design. However, in the laboratory it is velifficult to exactly replicate the field
conditions, changing environment, loading condgietc. For accurate mechanistic
analysis, the available literature suggests theotifeld derived material modulus

values.
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To accomplish this, FWD testing was conducted amathly basis by ALDOT
in all eight sections. Due to scheduling confligtsl equipment problems, tests were not
conducted in some months. The FWD used at theTrask was a Dynatest 8000,
(Figure 3.16) and it had seven sensors spaced ainl&nter. The load plate had a
radius of 5.91” and had a split configuration te@m® good seating on the pavement

surface.

Figure 3.16 FWD Testing on the Structural Study Setions

At the beginning of the test cycle, three randooatmns were determined for
each of the eight test sections. The FWD testiag @onducted at those three
predetermined locations per test section in baldenand outside wheelpath, and each

testing location was thumped twice with an appraterioad of 9000 Ib.
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While the FWD testing approach is straightforwdralckcalculation of the data to
determine the pavement layer properties requiggeat deal of care. The procedure
requires a level of engineering judgment and undeding because a small error in
backcalculation would yield unreasonable and ineateumoduli.

Back calculation procedures were carried out WMERCALC 5.0 program to
arrive at material properties. The FWD data codldafter the pavement showed various
signs of distresses were not used in further aisalysce cracked pavements do not give
accurate deflection values, which will lead to in@a@te layer moduli. The cut off dates
for FWD data are given in Table 3.3. The matesfaracterization (modulus values of
HMA, base and subgrade) for all test sections ssudeed in the next chapter. The FWD
testing and backcalculation protocol are documeimtetktail in a NCAT report (Timm
and Priest, 2006).

Table 3.3 FWD Data Cut Off Dates for Analysis

Section Cut-Off Dates for FWD Measurement

N1 22-March 2004

N2 14-June 2004

N3 No Cracks Observed; Data Collection Continugd
N4 No Cracks Observed; Data Collection Continugd
N5 7-February 2005

N6 7-February 2005

N7 7-February 2005

N8 12-July 2004
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3.8 PERFORMANCE DATA COLLECTION

Once a week (Monday), the performance data weteatetl from the field. It included
rut depth measurement, crack mapping and roughmeasurement. The field
performance evaluations focused on the middle @66ach 200’ test section. The
middle part of test section was divided into thB@ésections, each containing a stratified
random location to measure transverse profile weekly basis.

The main focus of this study was to build modelpredict rutting. The cracking
was also mapped and measured in the field. Exjiamaf fatigue cracking
measurement methods are beyond the scope of s@iarsh work. The rutting was
measured using three different methods; dipsticklpr/precision level (Figure 3.17),
laser profiler (Figure 3.18) and wire line measueabnwith the six foot straight edge
(Figure 3.19). A study conducted to compare thiesse methods of rut measurement
showed that all three methods give relatively samiesults (Brown, 2004).

An accurate transverse profile is needed to ses\theaprimary source of
information as shearing in the outside the whetlgphecame more influential (Powell,
2006). The dipstick profiler captures rutting ajomith the exact transverse profile, so it
was further used in this study. However the pavemeting captured using the other

two forms of measurements were used for other relsestudies.
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Figure 3.18 Automated Profile Measurement at the &st Track using ARAN.
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Figure 3.19 Six Foot Straight Edge Transverse Prdé Measurement.

The dipstick measures the transverse slope ofdterpent, in increments, which
changes with the presence of ruts. While usinddiipstick profiler to capture transverse
profile, the profiler was walked across each dtestirandom locations within each
section. In all three stratified locations witharest section, a pin of known elevation
(E1 and k) was available as shown in Figure 3.20. The knelgmations at both ends of
the random locations helped to close the trav@reelucing elevations that could be used

to compute both left and right wheel path rutting.
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At first, one end of the Dipstick profiler was kegitthe known elevation;EThen
the Dipstick was walked across and the differencgleévation at different locations (1, 2,
3...11) were recorded. After recording the elevatiandifferent locations across the
pavement, finally the profiler was placed at thewn elevation in the other end &nd
the traverse was completed. Whenever the Dipstieisured elevation at the eng @&d
not match with the known elevation of the pin, thigerence between the known and the

measured elevation was calculated and distribugadly among the number of surveyed

locations.
C|_ EL
|
|
. |
IEl v LRut X RRut , E2
1 2 3 4 5 6 ! g 9 10
|
|
E.Es = Known Pin Elevation, mm
C. = Center of Road
E. = Road Edge
L rut = Maximum Left Wheel Path Rutting, mm
Rgrut = Maximum Right Wheel Path Rutting, mm
1.2..11 = Dipstick Measured Elevations, mm (Not to Scale)

Figure 3.20 Computation of Rutting from DIPSTICK Profiler.

To compute the maximum rut depth in each whedl,mate Dipstick measured
elevation was considered on each side of the wieghl The procedure to identify the
maximum rut depth is entirely manual. Six poimsd &heir average location were first

assumed within the wheel path location. Then #rear of the left wheel path was
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moved around iteratively to achieve the maximuntldepVhen the center point was
identified, the left peak was adjusted back anthfto find the maximum computed
depth. The maximum depth at that location wasrdEambas the location having the
highest rut depth. Similar procedure was carrigidfar the other side of the wheel path
and the maximum rut depth was recorded manually.

After finding out the maximum rut depth in all terecations on both wheel
paths within a test section, the average valuetaken from six rut depth measurements
and it was presented as the rut depth for thatosecConsidering the natural variability
within a test section, the decision to have anayerut depth from all three locations
was reasonable from an engineering stand point.

To supplement and accurately quantify rutting all ageto have a counter check
over the measured rutting, transverse profiles wezasured at the same six locations
within each test section using straighted@be measured rutting difference between

these two methods was well with in 0.5 to 1” (Bro®A04).
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3.9 SUMMARY

The NCAT Test Track is a state-of-the-art, fulldlecaccelerated test facility with the
capability of conducting a variety of pavement amaterial testing. This research facility
includes full-scale pavement sections, actual draictiler test vehicles, human drivers,
pavement instrumentation, environmental monitoand the ability to conduct a wide
range of performance and material characterizaésting. Since most or all of the
above elements are essential for a successful lvEment design, the contribution of
the NCAT Test Track to the pavement community iapeunt.

The detailed explanation of the NCAT Test Track wasvided in this chapter
with main emphasize on the structural study. Farrthe high, slow speed data
collection, data processing and field performarata d@ollection methods and efforts
employed at the Test Track were explained. Thgeaisathese data from the Test Track

to fulfill the main objectives of this researchayus given in subsequent chapters.
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CHAPTER 4

LOAD RESPONSE MODEL VALIDATION

4.1 INTRODUCTION
As M-E design continues to advance toward full iempéntation by state agencies, there
is a need to assess the accuracy of the load-respoodels under dynamic truck
loading. Further, as mentioned in Chapter 2, tlael Fesponse model needs to be
validated in the field for increasing tire pressyneehicle speed, loading conditions and
for new mixes. So a field validation study to cargload response model (elastic layer
responses) with field measured responses from @®TNTest Track Structural test
sections was necessary to accomplish one of the ofgectives of this research study.
The load response model is a core componengxibie pavement M-E design
and the common practice is to use a layered elagpooach to predict pavement
responses under load. Concerns regarding accafdbis type of model arise when
considering unbound materials exhibiting non-line@navior, viscoelastic hot-mix
asphalt materials, and dynamic loads applied byingowaffic. Despite this, layered
elastic models continue to be the state-of-thetjwaéor most pavement design and
analysis applications. For example, the new M-#epaent design guide developed
under the National Cooperative Highway Researclgi@aro (NCHRP) project 1-37A

relies upon layered elastic analysis for pavemespaonse predictions (ERES, 2004). To
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make sure that an accurate pavement response mdekehg used in M-E design, the
layered elastic model has to be validated witheesfd measured pavement responses
under live traffic loads in real field conditionsdathe theoretical responses have to be
verified by field measurements.

In this regard, one of the main objectives of tkeisearch effort was to assess the
accuracy of a layered elastic model with respeat¢asured vertical stresses on top of
granular layers under live traffic for eight test8ons from the NCAT Test Track.
Historically, the mechanistic responses on toprahglar pavement layers are related

strongly to the rutting performance of pavements.

4.2 DYNAMIC DATA VALIDATION
As explained in the previous chapter, the dynamesgure response was collected over a
two year period (October 2003 to November 2005nftbe Test Track structural study
sections. The data were collected once a weekhfee passes of live traffic loads and
under different environmental conditions. Thoulgé tlata were collected during the
entire testing cycle, only the intact pavement oasgs were used in the analysis. The
data cutoff date considered for FWD was also applefor dynamic pressure response
data.

Before using the data for further analysis, anaysethe pressure data were done
to get a better understanding of the collected ttataake sure that the processed data

were valid.
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4.2.1 Trend in Base and Subgrade Pressure
Seasonal temperature variations had a profoundteffemeasured pressures and the
influence of temperature was clearly visible on¢bbected pressure response. In winter
periods, lower ambient temperatures increased MA bhodulus, which in turn reduced
the pressure in the base and subgrade layersndluoi summer periods, the pressure in
the base and subgrade was higher due to increasgebtature and its influence on HMA
modulus.

To explain this concept and to show the relatiomvben temperature and
measured pressures, Figure 4.1 is given belowm Engs figure, it is clearly evident that
increase in temperature increases pressures irbbethand subgrade layers. This

behavior was a theoretically proven and well vaeddact in flexible pavements.
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Figure 4.1 Pressure vs Temperature Relationship €stion N3, Triple Trailer).
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When the processed pressure (base, subgrade) elsgplotted against colleted
dates, a seasonal trend was clearly visible. DQwsiummer, the measured responses were
higher than the winter and spring periods thatardent from Figures 4.2 to 4.15.

Similar trends were also observed for box trabading. For the box trailer,
there were not enough data to show the trend glbativeen base and subgrade

pressures in sections N1 and N2.
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Figure 4.2 Trend of Base and Subgrade Pressures 8ection N1-Triple Trailer.
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Figure 4.3 Trend of Base and Subgrade Pressures 8ection N2-Triple Trailer.
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Figure 4.4 Trend of Base and Subgrade Pressures 8ection N3-Triple Trailer.
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Figure 4.5 Trend of Base and Subgrade Pressures 8ection N4-Triple Trailer.
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Figure 4.6 Trend of Base and Subgrade Pressures 8ection N5-Triple Trailer.
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Figure 4.7 Trend of Base and Subgrade Pressures 8ection N6-Triple Trailer.
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Figure 4.8 Trend of Base and Subgrade Pressures 8ection N7-Triple Trailer.
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Figure 4.9 Trend of Base and Subgrade Pressures 8ection N8-Triple Trailer.
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Figure 4.10 Trend of Base and Subgrade Pressures$ection N3-Box Trailer.
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Figure 4.11 Trend of Base and Subgrade Pressures$ection N4-Box Trailer.
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Figure 4.12 Trend of Base and Subgrade Pressures$ection N5-Box Trailer.

107



Isd ‘ainssald

Sep-04 19-D4c09-Mar-05 28-May-05

04 30-

15-Nov-03 03-Feb-04 23-Apr-04 12-Jul

Date

Figure 4.13 Trend of Base and Subgrade Pressures$ection N6-Box Trailer.
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Figure 4.14 Trend of Base and Subgrade Pressures$ection N7-Box Trailer.
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Figure 4.15 Trend of Base and Subgrade Pressures$ection N8-Box Trailer.

As expected, the base pressure was typically nmare the subgrade pressure.
Results showed that the percentage reduction sspre between base and subgrade was
approximately 30-45% in most of the test sectiofi.structural sections showed similar
trends in pressure response. The fluctuationsrebden Figures 4.2 to 4.15 between
successive measurements in the same season tiestadections, were due to temperature
variation at the time of testing, since data weléected at different time of the day in
successive weeks. Therefore, it is importanhétude temperature as a primary factor

in the pressure prediction model as will be ex@difater.
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By using the maximum pressure value out of threektpasses in the analysis,
the natural wheel wander effects were minimizedr tfple trailer response, a maximum
pressure value out of twelve passes was takemtdysis (4 triple trailers x 3 passes).
For the box trailer, the maximum pressure out tddlpasses was considered in the
analysis. A special study was conducted at thé Tieek on October 13, 2004 to check
the sufficiency of three truck passes in section Nlén passes of both triple and box
trailer responses were captured from the fieldjufés 4.16 and 4.17 show the base and
subgrade pressure for different passes, respectivel

From the figures it was evident that the respomgse fairly consistent with
respect to number of passes. Within three pabsgsréssure variability was captured.
Beyond three passes, no additional informationdvas/n from the data. From both
figures, compared to other triple trailers, tripigler 4 response was varying between
passes which was observed during the whole durafitime Test Track cycle. This
purely depended on the driving habits of the sjpetifick driver which was observed
during the data collection from the field. Thid dot make any effect on the study since
the maximum pressure response out of all fourdri@ilers was used in the study for
analysis. As expected when the maximum pressgponse was plotted against pass
numbers (Figure 4.18), the pressure was consiseween passes and beyond three
passes no additional information was drawn. Thappsrted the decision of using the

maximum response out of three truck passes.
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Figure 4.16 Base Pressure by Truck and Pass.
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Figure 4.17 Subgrade Pressure by Truck and Pass.
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4.3 PRESSURE PREDICTION MODEL

Collecting and processing high speed data fronT#ést Track is a voluminous work and
it is impractical to collect data continuously thghout the day. However, the
environmental data were available for every hounughout the duration of the Test
Track cycle. Therefore, an effort was made in sigly to develop models that would
predict the pavement response in terms of vernficedsure at any point of time of the
day, by knowing the pavement temperature and tleisgn

The base and subgrade pressures were plotted fgaugsnent temperature at 2”
from the surface. A good correlation was foundueein the measured temperature at 2”
from the top of HMA surface and the measured pressuln other related studies also
(Gokhale et al., 2005; Kim et al., 2000) tempemtmeasured at 2” gave a very good
correlation with pavement response and performance.

Before choosing the 2” temperature, temperaturé#fatent depths (surface,
interpolated mid depth of HMA temperature, 4” freorface, and temperature at 10”
from HMA top) were analyzed. However the pavententperature measured at 2” from
the HMA surface gave a good correlation with meagyoressure values than
temperatures measured at other locations in mdkedest sections. So it was decided
to use the temperature at 2” from the surface fesgure data related analysis. By using
the collected pressure data from the Test Trapkessure prediction model was
developed using pressure as a function of temperatnnd HMA thickness. When
thickness and temperature were included in thetiomdor pressure prediction, a very

good fit was observed for all sections rather tbamsidering temperature alone.
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Having separate models to predict pressures in gaaion would be
advantageous and the model would be very accunagesection by section basis.
However, test sections N1, N2 and N8, failed vemheduring the test cycle, and there
were not enough pressure data from those sectidmsild a pressure prediction model.
In the Test Track, each test section had diffeFviAA thicknesses and different binder
modification. So, in order to accommodate sectidhsN2 and N8 in the study, it was
decided to group modified, unmodified and stonerxaisphalt (SMA) sections
separately. By doing so, the limited data fronsthtest sections (N1, N2 and N8) were
used in the model and the developed model helppcettict pressures in those test
sections.

By grouping the sections, different HMA thicknessese also brought into the
pressure prediction equation to give a good fitneein the measured and the predicted
pressures. A preliminary mechanistic analysis easlucted to study the effects of
varying HMA thickness on pressure response. Thepcted pressure values had a

nonlinear relationship with HMA thickness as shawirigure 4.19.
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Figure 4.19 Example shows the HMA Thickness and Bssure Relation

As shown earlier in Figure 4.1, the pressure resp®ifor varying temperature
also suggested a non-linear relationship amongdhables. So a non-linear least square
regression equation was built by having pressuefasaction of pavement temperature

and HMA thickness. The basic form of the pressuegliction model was:

P

hose.subaraae = Ko + Ky OT2 + K, OT + K, OH? + K, OH (4.1)
Where:

Poase,subgrade Vertical pressure over the top of base or sulsyrpsi

H =HMA thickness, in

T = Pavement temperature at 2” from top of HMR,

Ko,K1,K2,K3,K4= Regression constants
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The preliminary model results are given in Tabldsahd 4.2.

Table 4.1 Pressure Prediction Model Coefficientof Triple Trailer Truck

Coefficients Base Prgssure _ Subgr.a.de Pressgre

Unmodified | Modified | SMA Unmodified | Modified | SMA
Ko 31.2088 50.6896| 10.320 13.2399 34.47%2 4.7975
K1 -0.0003 0.0010 0.0011 0.0008 0.0007 0.0Q010
K> 0.1540 -0.0705 -0.04500-0.0270 -0.0621 | -0.034y7
Ks 0.5038 0.7616 0.1457 0.1032 0.4333 -0.47742
Ka -8.3668 -12.0968| -2.039 -2.2165 -7.373p  3.0303
R* 0.88 0.88 0.80 0.93 0.90 0.95

Table 4.2 Pressure Prediction Model Coefficientof Box Trailer Truck

Coefficients Base P_re_:ssure _ Subgr_a}de Pressgre

Unmodified | Modified | SMA Unmodified | Modified | SMA
Ko 29.6513 50.8963 | 9.7870 13.3125 32.5737 4.4874
K1 0.0005 0.0016 0.0014 0.0007 0.0006 0.0013
K> -0.0238 -0.1605 -0.1128-0.0498 -0.0464 | -0.1129
Ks 0.4073 0.7129 0.471% 0.1123 0.4113 -0.25p7
Ky -6.9187 -11.3306| -3.9148-2.1636 -7.0256 1.9554
R? 0.77 0.89 0.92 0.80 0.88 0.88

Statistical tests were conducted on the developadkiand the p-value, t-ratio

and ANOVA tables were built for each model. Frdra tesults, the model regression

constants K Ki, and k were found to be highly significant (p-value <0.09he p-

values for Kk and K;terms exceeded the significance level of 5%. S decided to

remove those terms from the model. The final moelgllts are given in Tables 4.3 and

4.4. The final pressure prediction model form was:

P

base,subgrdae

=K, +K,OT? +K, OH?
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Table 4.3 Final Pressure Model Coefficients for Tiple Trailer

Coefficients Base Prgssure _ Subgr_qde Pressgre

Unmodified | Modified | SMA Unmodified | Modified | SMA
Ko 3.380 2.749 1.282 4.211 3.860 14.198
K, 6.34x10" 6.85x10° | 7.14x10" | 5.96x10% 3.44x10° | 7.71x10°
Ks -8.50x10° | -1.45x1(7 | 0.00 -4.30x1G | -3.33x10F | -2.6x10"
R? 0.86 0.74 0.70 0.92 0.77 0.95
Table 4.4 Final Pressure Model Coefficients for BoTrailer
Coefficients Base P_rt_essure _ Subgr_a_de Pressgre

Unmodified | Modified | SMA Unmodified | Modified | SMA
Ko 2.704 0.625 1.143 2.933 3.404 7.413
K, 6.42x10" 5.96x10% | 7.14x10" | 3.86x10" 3.62x10° | 5.64x10°
Ks -1.84x10° | 0.00 0.00 -2.34x10 | -2.90x10° | -1.3x10"
R? 0.81 0.87 0.78 0.78 0.88 0.86

The model coefficients tabulated above for botblérand box trailers had a p-
value less than 0.05. This showed that the prdibabf the model parameters reaching
the value of zero is less than 5%. The completistical output for all models shown in
Table 4.3 and 4.4 is given in Appendix A.

In SMA sections (sections N7 & N8), the term did not play a significant role in
the base pressure prediction. This was expeateé $ie in-situ HMA thickness in those
two sections did not vary much and the pressungegahlso did not change significantly
between them.

The measured pressure value was less for modietibeas when compared to
the unmodified sections at a same temperature & tHickness. To explain this, in
the model, a temperature value of7@nd a HMA thickness of 6” were assumed. For
this case, the model for modified binder sectidisaged a base pressure value of 5.58 psi

for triple trailer loading; whereas the unmodifigidder sections had a base pressure of
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6.18 psi. This behavior was also an expected amesidering the difference in
performance between modified and unmodified birsgéetions as explained in the next
chapter.

With the help of the models given in Tables 4.3 4y by knowing the
temperature and thickness of the section, one eatiqb the base and subgrade pressures
accurately. When the model-derived pressure valges plotted against the field
pressure data, a good fit was observed=(B.70 to 0.95) for all sections. The pressure
prediction coefficients for triple and box trailevere different. This behavior was
expected since both trucks have different loadigandéition and magnitude. From these
models, for a given temperature and HMA thicknéss pavement pressure responses
can be predicted with reasonable accuracy at amy pbtime of a day.

Figures 4.20 to 4.25 depict the relation betweemtieasured pressures from the
Test Track and the model predicted pressures falifred, unmodified and SMA test

sections and for both truck types.
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Figure 4.20 Measured and Predicted Pressures - Mokd binder Sections (Triple).
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Figure 4.21 Measured and Predicted Pressures - Urndified Test Sections (Triple).
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Figure 4.22 Measured and Model Predicted PressuresSMA Test Sections (Triple).
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Figure 4.23 Measured and Predicted Pressures — Midigd Test Sections (Box).
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Figure 4.24 Measured and Predicted Pressures - Urndified Test Sections (Box).

T T
| |
| |
| |
| |
| |
| |
| |
| |
” ” L
. | I
« ! !
e | |
| I |
I ” ”
” < A [] ” ”
| l | |
\\\\\\ i
| e |
B D |
I & ‘ 1 I
| < < |
| Bl | |
| ' |
“““““““ L ST R
) L ”
; -\ |
— | |
<
g - L ”
| |
L |
? g |
\\\\\\\\\\\\\\\ - Mg
| Af -l |
” .y
(] | |
(2] | |
© | |
m | |
< | .
| o |
” .
| | [
| | |
| | |
| | |
| | |
| | | )
| | |
I I I
” T ” T ”
o (o] O < N o
-

12

Isd ‘ainssald pa1oipald

12

10

Measured Pressure, psi

Figure 4.25 Measured and Predicted Pressures - SMPest Sections (Box).
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4.4 THEORETICAL PRESSURE CALCULATION

4.4.1 Material Characterization

Central to the main objectives of the structuratigtis the accurate characterization of
material properties. For example, the validatiba mechanistic pavement model
requires accurate material properties as inputiseanodel. Regardless of the pavement
design approach, it is important to characterievent material properties as they have a
direct impact on the mechanistic pavement respohsemponent pavement layers

(Timm et al., 2006).

4.4.2 Selection of Pavement Cross Section

As mentioned in the previous chapter, FWD testewenducted periodically at three
random locations per test section to measure therrabproperties (layer modulus). The
pavement layer modulus values were backcalculated the deflection data obtained
from FWD testing. During the backcalculation prdaee, different pavement cross
sections were investigated and the finally selecteds section for back calculation is

shown in Figure 4.26.
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Figure 4.26 Pavement Cross Section for Backcalcuian

To check the validity of the selected cross sectonApril 2004, FWD testing
was conducted on top of the instrumentation amagllitest sections. The collected
pavement responses were compared with the themrpigement responses. For
theoretical pavement responses the backcalculabeldilors values from the selected
cross sections were used. The good match betwediciged and measured responses in
terms of vertical pressure and strain confirmedvtidality of the selected cross section.
The selected cross section produced lowest pegewotfaerror (lowest RMS error), most
repeatable and also the backcalculated modulugsahatched well with laboratory test

results. The results are documented elsewherenfTand Priest, 2006).
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4.4.3 HMA Modulus Characterization
It is important to link the material propertiesth@ir mechanistic response whenever the
loadings are applied on the pavement. Like pressdiA modulus also has a very
good correlation with temperature. After examinmgdulus-temperature relationships
representing temperatures obtained from varioughdep the structure, the best
correlation was found between the HMA modulus dedtéemperature measured at 2”
below the pavement surface. The modulus data tegppar this study were the
backcalculated average modulus values of botheraimtl outside wheel paths at the
three random locations in each test section.

The backcalculated HMA moduli were plotted versidAdtemperature to

establish modulus-temperature relationships fai@@specific HMA moduli according

to:
E= CleC2T (4.3)
Where:

E= HMA modulus, psi
T = Temperature at 2” from top of HMAF
C,1, G, = Regression coefficients

From the above equation, the HMA modulus can badayiven the temperature
at any time of the day. The HMA was most affedigdeasonal changes, which was
expected since it is well known that HMA modulus laastrong dependence upon
temperature. Figure 4.27 shows the HMA modulusesfor varying pavement

temperatures.

124



10000000 \ ‘ ‘ ‘ ‘ ‘

O IeNL=NZON3 N4 xNS N6 N7 -NBL
~~~~~~
***** t;ﬁ*:;rﬂT
by s = 3 | | | | |
1000000 —— = B ag g $g g o o
B e T E N
e [_____" (B P $ L ,,;;,,\ ,,,,, oo _ o ___ 1 __
g  fe----- - $ - R B R
- R e R R
= R S L L S S [ S
2 | | | | | | i
10000 | | | | | | | |
40 50 60 70 80 90 100 110 120 130

Temperature, Deg.F

Figure 4.27 HMA Modulus vs. Temperature Relationstp.

It is to be noted that sections N1 and N2 had &ohjpre-cracking backcalculated
data with a small temperature range because thiesestarted showing signs of distress
in early March and June 2004, respectively. Howexé&apolation was carried out since
the trend in modulus for varying temperature waslar to other test sections. The
model coefficients (¢ C,) for all test sections are given in Table 4.5.e Tinodel
statistics such as t-ratio, p-value arfdwWre also given in the table. As expected the

temperature was negatively correlated to HMA moslulu
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Table 4.5 HMA Modulus Prediction Model Coefficient

Test Ci C, R®
Value t-ratio | p-value | Value t-ratio | p-value

Section

N1 11.95x10 0.98 0.33 -0.0466 | -2.40 0.02 0.3D
N2 14.08x10 2.15 0.04 -0.0414 | -4.73 0.00 0.6p
N3 7.77x10 6.73 0.00 -0.0346 | -14.28| 0.00 0.78
N4 7.04 x10 11.97 0.00 -0.0315| -23.19| 0.00 0.89
N5 10.51 x10 | 12.54 | 0.00 -0.0371| -28.73] 0.00 0.92
N6 7.23 x10 7.66 0.00 -0.0270 | -13.12| 0.00 0.7p
N7 6.50 x10 9.36 0.00 -0.0302 | -17.77| 0.00 0.8p
N8 6.60 x10 10.82 0.00 -0.0309 -18.80 0.00 0.95

Similar correlation between HMA temperature anddoios were found from the
MnRoad research project. In their study, the teatpee at 1/3 HMA depth were
strongly correlated to the modulus (Alvarez andmpeon, 1998). The backcalculated
HMA modulus and temperature relationship develdpethlibrate fatigue transfer
functions from the NCAT Test Track data also ha@me trend and similar to the one
given in equation 4.3. In that study, the HMA ndielpth temperature was strongly

related to the HMA modulus (Priest, 2005; Priest almm, 2006).
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From Table 4.5, it is clear that the model coeéints G and G were highly
significant with a p-value less than 0.05 with éxeeption of section N1. Itis to be
noted that section N1 had very low HMA modulusighkr temperature ranges with
poor R (R? = 0.30). A few factors were believed to be aoedsr this observation. The
first factor was the presence of distress in teegection. The fatigue cracking was
observed in this section with pumping of fines qoriA8, 2004. Though the cracking
cut-off date was March 22, 2004, the cracks thatwet clearly visible in the section
could have contributed to higher moduli variabili®%nother reason being, that the test
section itself might have been built with greatariation. Finally, the limited amount of
pre-cracked FWD data from the section with smadgeof temperature (maximum
temperature of 6F and minimum temperature of %9 could also have resulted in this
variation.

Tables 4.6 and 4.7 tabulate the HMA modulus valusesl in the mechanistic

analysis for varying temperatures.
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Table 4.6 Backcalculated Modulus Values for Modigd Binder Sections

Section Specific HMA Modulus, ksi

Temp, P N1 N4 N5

30 2956.314 2740.80 345851
40 1855.665 2000.92 2387.46
50 1164.793 1460.77 1648.09
60 731.1353 1066.43 1137.70
70 458.9304 778.54 785.37
80 288.0686 568.37 542.15
90 180.8194 414.94 374.25
100 113.4995 302.93 258.35
110 71.24314 221.15 178.34
120 44.719 161.45 12311

Table 4.7 Backcalculated Modulus Values for Unmodied & SMA Binder Sections

Section Specific HMA Modulus, ksi
Temp, F
N2 N3 N6 N7 N8

30 4065.43 2753.54 3221.57 2632.43 2616.42
40 2686.86 1948.03 2460.05 1947.14 1921.48
50 1775.76 1378.16 1878.54 1440.25 1411.12
60 1173.61 975.00 1434.48 1065.32 1036.32
70 775.64 689.77 1095.40 787.99 761.07
80 512.63 487.99 836.47 582.85 558.92
90 338.80 345.24 638.74 431.12 410.47
100 223.91 244.24 487.75 318.89 301.45
110 147.99 172.79 372.46 235.88 221.38
120 97.80 122.24 284.42 174.47 162.58
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4.4.4 Base Modulus
From all three random locations within a test settthe backcalculated average base
modulus was considered as shown in Figure 4.28evithr bars indicating one

standard deviation.
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Average Base Modulus, psi
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Test Section
Figure 4.28 Backcalculated Average Base Modulus [&ection.

An ANOVA test was conducted to compare the baseutusdvith other section
modulus at a confidence level of 95% to study tiffer@nces in base modulus between
test sections. The null hypothesis that all seatnmdulus were equivalent was rejected
(F-statistic = 71.57, p-value = 0.00). This shalat the modulus values between
different sections were statistically significandiferent. Considering this, it was

decided to use the section specific base modultiggrstudy. Though the reasons for
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this variability between the sections were not knpivwas believed that the variability
resulted from natural spatial variation betweem $estions.

The section specific base modulus values usdteimiechanistic analysis are

given in Figure 4.29.
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Figure 4.29 Backcalculated Base Modulus Values Us@& Mechanistic Analysis.

It should be noted that the base modulus was Itlher expected, but an
extensive laboratory and field study utilizing xie resilient modulus and FWD testing
on top of embedded instrumentation demonstratddhbasalues were reasonable. The
laboratory and field study results are documentseléhere (Timm and Priest, 2006). As
expected, the HMA thickness played a significate o defining the base modulus
values through confinement, as observed by thel tirethe base modulus with respect to

HMA thickness in the test sections.
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4.4.5 Subgrade Modulus
The backcalculated average subgrade modulus aldhgwor bars, indicating one

standard deviation, in each section is given irufégt.30.
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Figure 4.30 Backcalculated Average Subgrade Modusuby Section.

From Figure 4.30, there seems to be no clear digims in moduli between tests
sections. The average subgrade modulus betweesetdmns varied between 25830 psi
to 33987 psi; where the average of all section radas found to be 30000 psi. The
subgrade moduli did not show large differencestduseasonal variation and it
maintained a modulus near 30,000 psi throughoutvtbeyear research cycle in all test
sections. The small differences between sectiere attributed to natural spatial

variability, not necessarily depend upon particp@avement parameters.

131



For a statistical check, ANOVA test was conducteddampare the subgrade
modulus of all test sections at a confidence lev&5% to determine if there are any
differences between the test sections. The nglbthesis that all section average moduli
were equivalent was rejected (F-statistic = 5283alue = 0.00). This shows that the
subgrade modulus between different sections wéifereint.

However, there was no appreciable practical diffiee in the mechanistic
pavement response values when a subgrade moduB@s08f0 psi was used instead of
26,000 psi or 34,000 psi. This is explained byureg 4.31 and 4.32. Here base and
subgrade pressures were computed, using WESLEA different subgrade moduli at a
constant HMA (700 ksi at ?B) and base moduli (10ksi) for three different HMA
thicknesses (57, 7" and 9”). The steer axle wasiaged with an axle load of 10,000 Ib

with a tire pressure of 100 psi.
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Figure 4.31 Computed Base Pressure for Varying Sgjpade Moduli.
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Figure 4.32 Computed Subgrade Pressure for Varyin§ubgrade Moduli.

From an engineering standpoint there was not apyeam@ble practical difference
in the mechanistic response of pavement layers wieesubgrade modulus was varied
between 26,000 psi to 34,000 psi. Therefore, # decided to use all section average
subgrade moduli of 30,686 psi in this study for ¢benputation of pavement response in

terms of vertical pressure.
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4.4.6 Pressure Computation

To validate load response model, theoreticallyudated layered elastic responses need
to be compared with measured pressures from tlte fieor that purpose, theoretical
pressures have to be calculated first. For thealgiressure calculation, a layered
elastic analysis software package ‘WESLEW dterwaysExperimentStationL ayered
ElasticAnalysis) was used. The modulus values that wesgepted earlier were used as
material inputs. The typical Poisson ratio valag6.35, 0.40 and 0.45 were used for
HMA, base and subgrade materials, respectively ffenal., 1998).

The HMA modulus values in Tables 4.4 and 4.5 weeto calculate theoretical
pressure in the pavement while using the layerastielsoftware package as will be
explained below. To have a broad range of paveteemperature which can represent
the Test Track temperatures over the 2-year peténaperatures were considered from
30°F to 120F at 10 degree increments while computing the panemesponse.

The WESLEA simulations were run for different tkusxles (steer, tandem and
single) and for test track configuration. In tl#®23 Test Track cycle, exact locations of
each axle were not able to be tracked, since thaseno facility to point out the exact
location of each axle in a truck with respect @ ithstrumentation array. As a result, an
average of a single truck response was considardgaeistudy instead of individual axle
response. ltis believed that installation of awhed facilities such as non-contact laser to
track the axle location, installing axle sensinggiin each section before and after the
instrumentation array would be a ideal solutiofind out the truck axle location on the
pavement. To account for different axles in akribe average pressure value for a
truck passdayg was calculated by:
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+ +
Uavg = Ust nst Utnt asns (44)
NT
Where:

o4 0, 0, = Calculated pressures (base, subgrade) for steiem and single axles,

respectively
Ns, N, Ns = Number of steer, tandem and single axles inekirrespectively

Nt = Total number of axles st n+ ng

4.5 VALIDATION OF LAYERED ELASTIC RESPONSE MODEL
The theoretically-calculated pressure values whrgal against the measured pressures
from the Test Track in Figures 4.33 and 4.34 cpoading to the triple and box trailer
vehicles, respectively for a wide range of tempeet. The figures include all the data
from each of the test sections collected beforeking was observed in each test section.
From the figures given below, it is quite cleaattboth theoretical and measured
pressures are close to each other. Since thesesvale reasonably close to each other, it
can be claimed that layered elastic analysis carsbd to predict stresses in pavement
layers within 2 psi difference in most cases. Hesvevhen the pavement temperatures
increased more than 1%0or the pressure value is more than 12 psi in aadeabout 7
psi in subgrade, the deviation between measuregatticted pressure value increased.
Similar observations were found from the MnRoadlgt{Chadbourn et al., 1997),
Virginia smart road study (Al-Qadi et al., 2004ndahe study conducted at NCAT with

FWD loading (Barrett and Timm, 2005).

135



25

1 1 .. 1
20+----------- - ® Base 4 Subgrade---------- s B e
B | | ® e |
o | | | |
g . Base 1 1 1
=1 | | |
15 | ‘ ‘ ‘
a y = 1.0894x - 1.05 | |
T ' R?=0.8396 ' ; ;
< | | | |
9 | | | |
P o J E———— [ P P o O
£ ; ‘; Subgrade! ;
| a ® y=0.8409x +0.329 |
51 o b R*=0.8382 - P
0+ 1 1 1 1
0 5 10 15 20 25
Measured Pressure, psi
Figure 4.33 Measured and Theoretical Pressure Conapison for Triple Trailer.
25 - :
20 ® Base A Subgrade] "~ I et
) | :
o | |
) : o :
2 15 Base ! e
o y =1.0802x - 0.7422 :
a :
< |
o :
© 10 !
o |
[} |
= |
= :
Subgrade !
ST T e Ly é’o’.?z’ééx’ﬁ})fééée ”””””””””””
; R? = 0.9556
0 ‘ l | ‘
0 5 10 15 20 25
Measured Pressure, psi
Figure 4.34 Measured and Theoretical Pressure Conapison for Box Truck.

136



4.6 SUMMARY AND CONCLUSION

The collected dynamic pavement response in termsrtital pressure, collected over
the period of two years was validated. Then aguesprediction model was built to
predict vertical pressure over the top of basesatdjrade layers at any point of time,
given the temperature and HMA thickness. Withitbk of backcalculated material
properties, the theoretical pavement response aaputed using the layer elastic
analysis package ‘WESLEA'. The predicted pressime theoretical pressure responses
were compared for a long range of temperature laadhieoretical load response model
was validated.

From obtained results, it was concluded that layetastic analysis is a
reasonable approximation of actual pavement regsomsder dynamic wheel load up to
certain pressure values. However, at higher presgmore than 12 psi in the base and
about 7 psi in subgrade) which are resulting froghér pavement temperatures, some
deviations were observed between predicted andurezhsesponses in this study.

To alleviate such problems, the need for an adwhnuedel which can account
for non-linearity of pavement materials at higheggsures to predict pavement responses
is recommended. In general, the results from Eyefastic back and forward-
calculation compared well with measured pavemesgorses obtained from the NCAT
Test Track data. Even for dynamic truck loadimg, kayered elastic method is suitable in
predicting pavement responses for different envirental, loading conditions. So this

model can be used to compute pavement respondesantidence.
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CHAPTER 5

RUT PREDICTION MODEL DEVELOPMENT

5.1 BACKGROUND

Accurate prediction of pavement rutting under tbioas of traffic load and changing
environmental conditions are critical for an effict pavement design. Typically, M-E
design uses two different calibrated transfer fismst for rutting and fatigue crack
prediction, respectively. Historically, various tihematical equations and models were
developed by researchers to predict pavement peaface. These equations illustrated
the effect of various factors on pavement perforceanTheir usefulness in practice
might be limited by the scope of the data base usetbdel development and the
assumptions made (Huang, 200&urther, most of these models were developed from
laboratory data and then calibrated to field caodg using shift factors.

Historically, two different approaches have beesdu® limit rutting in pavement
layers. One approach limited the vertical compvesstrain on top of the subgrade
thereby reduced the rutting. Another approachtéchthe total accumulated permanent
deformation on the pavement surface based on tinegpent deformation of each

individual layer (Huang, 2004; El-Basyouny et 2D05).
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Rutting normally occurs in three stages (primaegondary and tertiary) and a
comprehensive rut prediction model should be ablaré¢dict all three. However, at the
tertiary stage, fatigue cracking (macro crackirey) sometimes precede rutting and there
is no need to model the tertiary stage of ruttitigou et al., 2003). The present
mechanistic-empirical pavement design guide (MEPD@{lels only the secondary
stage of rutting; the primary stage was extrapdl&tem the secondary stage.

While most rutting transfer functions have religgbn vertical strains to predict
rutting, recent lab studies showed better cormtadf shear strain along the edge of the
tire to HMA rutting and indicated that the magniguaf shear strain is strongly related to
permanent deformation accumulation. However tleashtrain approach has not been
brought to model form and calibrated with largeadset to predict rutting (Long, 2001).
Therefore, there is a need to further explore tiktyaof HMA shear strain to predict rut
progression and compare with the conventional cartitrain approach. There is also a
need to assess the capabilities of a verticalnsttaisus shear strain approach in the

context of M-E design.
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5.2 RUTTING PROGRESSION IN THE NCAT TEST TRACK
As discussed in Chapter 2, flexible pavement rgtisncategorized in three stages
namely, primary, secondary and tertiary stage.ofAdovember 2005, both primary and
secondary stages of rutting were observed in straicstudy sections and none of the
sections had reached the tertiary stage. In tingapy stage the rutting accumulated quite
rapidly. Later, the progression rate decreased@ached a constant value in the
secondary stage. The tertiary stage did not oesmam after the application of 10 million
ESAL. Itis expected that further load applicaiaf another 10 million ESALS during
the 2006 traffic cycle will increase rutting whioay lead to tertiary stage.

Figure 5.1 shows the progression of measured gutteg dipstick profiler in the
NCAT Test Track structural sections. After a cerfgeriod of loading, the rutting did
not show any appreciable increase. A similar ragpession trend was also seen in the
AASHO Road Test (HRB, 1962) as number of axle @agilbns increased, the rutting

rate decreased (Thompson, 1993).
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Figure 5.1 Rutting Progression in Structural TestSections.

From the figure, it is clearly visible that formsa number of load repetitions and
thickness, the modified and unmodified binder sedtiperformed differently in terms of
rutting. Modified binder sections (N1, N4, and Niave less rutting when compared to
unmodified binder sections (N2, N3, N6, N7, and k8)the same HMA thickness.
Several research studies (Maccarrone et al., 188#anuel, 2003; Immanuel, 2004)
showed that modified binders exhibit better rutgpggformance even at higher pavement
service temperatures.

It was observed from the thicker sections (7 amd)&hat the differences in
measured rutting were not differentiated by HMAdathickness, but by binder
modification. For example, sections N4 and N5 heivdlar rut depths despite N4

having an HMA thickness 2 in. greater than N5.shibuld also be noted that all the
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sections performed very well with respect to rggtiwith the maximum below 10 mm.
Further, section N8 deserves special mentionhdrspring of 2005, a portion of N8 was
milled and inlayed with new mix due to extensivegae cracking. However, data
collection continued on the section and the appatep in rut depth was due to the
surface repair.

Since the sections shown in Figure 5.1 were grogpiedarily by binder
modification with respect to rutting performancethe field, it was expected that the
developed rut prediction model would also differatet rutting between modified and

unmodified sections.

5.3 MODEL METHODOLOGY: VERTICAL STRAIN BASED MODEL

One of the main objectives of this study was tddan M-E based rut prediction model.
To achieve this, a conventional vertical strainrapph similar to the one that is being
used in the present MEPDG was developed to moddHMA rutting at the Test Track.

The brief methodology is given in the form of flmart in Figure 5.2.
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Figure 5.2 Vertical Strain Based Rut Prediction Méhodology Flow Chart.
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Here, the time stamp (i) is used to link varialdash as measured temperature
(T;) and traffic (N) for a particular period. The measured pavenmamperature plays a
vital role in establishing the HMA modulus valueigthhad a major influence on the
mechanistic response of pavements in terms ofcatdirain.

The calculated vertical strain on the top of gtanilayers for a particular time;(
vi) and number of axle passes at that timg \(ére used as the independent variables in
the rut prediction models. The total measuredieypth (Ru) at a particular time was
calculated as a sum of the previous total ruttilug pdditional incremental rutting caused
by traffic (N) at the calculated strain leve] 0ry;) in the current time increment. The
non-linear regression coefficients were then areyfor their validity in the developed

rut prediction model.

5.4 VERTICAL STRAIN BASED RUTTING MODEL DEVELOPMENT

5.4.1 Need for Base and Subgrade Strain Calculation

As mentioned in the methodology, there is a needdode the measured vertical strain
responses on the top of granular layers in thenediction model development.
However in the Test Track there was no instrumesriavailable to measure vertical
strains in these layers. While it would be advgetas to also measure vertical strain,
these types of gauges were not used because abinadly high cost (Timm et al.,
2004). Since the layered elastic model prediggtvement responses reasonably well
and the model was validated successfully in theipus chapter, it was decided to use
the same layered elastic analysis program, WESIi& Aalculate vertical strains at the
top of base and subgrade layers.
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Literature (Monismith, 1992) shows that for ruttiegaluation, linear elastic
analysis is a reasonable tool when the pavemefacautemperature does not go beyond
40°C (~110°F). Since the maximum pavement temperature medhdutbe Test Track
lies within 120F, it is reasonable to use linear elastic modekréalict pavement strains
which can be used to build the rut prediction mod&ko, this is the current state-of-

practice for M-E pavement design (ERES, 2004).

5.4.2 Strain Prediction Models

A unique approach was adopted to calculate therpantresponse for a truck pass after
studying the typical pavement response trace dellieitcom the embedded
instrumentation at the Test Track. Using the samaterial properties and load
configurations that were used earlier for theoedtpressure calculation, the vertical
strain at the top of base and subgrade was catculat using WESLEA. The WESLEA
simulations were run for different truck axles &tdandem and single) and the average

vertical strain (base, subgrade) value for a sitrglek passdayg was calculated by:

— 4Ny tEN +EN

avg N
T

™

(5.1)

Where:

&st &, €s, = Calculated strain (base, subgrade) for steedeta and single axles,
respectively

Ns, N, Ns = Number of steer, tandem and single axles in&kirrespectively

Nt = Total number of axles s n+ ng
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To predict vertical strain on the top of base amogsade layers at any point of
time for a given pavement temperature, WESLEA satiohs were run for a wide range
of temperatures (38 to 120°F), representative of pavement temperatures afeke
Track, and the strain responses were computedhéatriick loading. Then a model
(Equation 5.2) was built to predict vertical straimthe top of base and subgrade layers
as a function of pavement temperature for bothetgmd box trailer. The basic form of
the vertical strain prediction model was:
e=ae™" (5.2)
Where:
¢ = Vertical strain (base, subgrade), microstrain
T = Temperature at 2” from top of HMAF
a1, 0 = Regression coefficients

During the development of rut prediction model, pa@ement layer vertical
subgrade strain had to be linked with the traffiexsery hour as will be explained below.
Figures 5.3 to 5.6 show the relation between thgoat strain (base, subgrade) and
temperature relationship for both triple and bailérs. It is to be noted here that for
section N1, for temperatures higher thafl FOthe vertical strain was not calculated since
the backcalculated modulus values were highly bégiand not very reliable at higher

temperatures.
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Figure 5. 4 Subgrade Strain Vs Temperature (Eq 5)2 Triple Trailer.
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Table 5.1 gives the non-linear regression equagsalts for computing base and
subgrade vertical strain under truck loading. Rgeeted, the data show the effect of
thickness where the; terms are highest for the thinnest sections awedofor the
thickest. Strain prediction coefficients for bimailers were lower than triple trailer
model coefficients and the strains for box trail@ese always lower than the triple
trailer, because of differences in loading. Thekdwior was in tune with the theory that
higher load magnitude produces more strain inucsire.

Table 5.1 Vertical Strain Model Results for Tripleand Box Trailer

Triple trailer Box trailer

Base Subgrade Base Subgrade
Section o1 (1 573 o1 a2 o1 a2 a1 a2
N1 150.32( 0.0293| 184.00| 0.0230 | 127.86| 0.030 154.37 0.0282
N2 154.22( 0.0233| 201.37| 0.0166 | 130.21| 0.0241 166.37 0.0170
N3 69.57 | 0.0208 74.70 | 0.0173| 69.55 0.0207 66.59 0.0168
N4 68.95 | 0.019172.03 | 0.0160| 61.43 0.0189 64.64 0.0154
N5 116.19( 0.0221| 138.41| 0.0179 | 118.59| 0.0200 136.13 0.01H9
N6 105.76| 0.0164| 112.07| 0.0136 | 93.67 0.0164 99.03 0.0132
N7 124.47/ 0.0181| 135.21| 0.0146 | 108.20| 0.0183 116.79 0.0144
N8 123.07| 0.0186| 135.14| 0.0151 | 107.67| 0.0187 117.88 0.0148

5.4.3 Trucking Data

As mentioned in Chapter 3, the category of thealel{box, triple), and the number of
laps each category of vehicle traveled were recbad@very hour. The total number of
axle passes for a particular vehicle category vaésutated by multiplying the number of
laps per hour and the total number of axles invkhicle (box: 5 axles, triple: 8 axles).
The cumulative axle passes at any point of timetwas calculated by cumulatively
adding the number of total axle passes until tbattpf time. The trucking data were

linked with the environmental database with thelwdlthe time stamp and thereby at
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any given time, the vertical strain produced bydain number of axle passes was

available for model development.

5.5 VERTICAL STRAIN BASED RUT PREDICTION MODEL RESULTS

5.5.1 Rut Prediction Model Form

When the mechanistic responses are combined wathumber of axle passes, it explains
the rutting mechanism clearly. For example, 10@ aasses at a strain value of 400 will
have less effect on the pavement than the sameemnuhhxle passes at a strain of 800.
Accumulation of axle load passes also increaseruttiag in pavement. So it was
believed that with the help of load cycles and dyitapavement response in terms of
vertical strain, the nature of rutting can be medel

The rut measurements made on a weekly basis wearly interpolated to have
a rutting value for each hour of each day in theeexnent. As mentioned previously,
from the trucking database, the total number of @esses for every hour for both trucks
were calculated from the total number of laps meirh The vertical strain on the top of
the granular pavement layers was calculated ayéwair by substituting the measured
temperature in the developed vertical strain ptezhanodel (Equation 5.2).

By relating the measured hourly rutting to the icaltstrain on the top of base
granular layers and the total number of axle passegrediction models were developed
by performing a non-linear regression. The basimfof the vertical strain based rut
prediction model is given in Equation 5.3. Theptediction results showed that the
accuracy of the prediction was not affected byslection of strain location (top of base
or top of subgrade). So, either base or subgrad®|s can be used in the model. The
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developed model form is given in Equation 5.3. téfisally vertical stress over the top
of subgrade has been correlated strongly to rdbpeance, so to be in consistent with
that theory, the vertical strain over the top dignade layer was used in the developed

model.
Rut, = Rut,_, + B,N, ") (5.3)
Where,
Rut = Rutting at time ‘i’
Rut.; = Rutting at time ‘i-1’
N; = Total number of axle passes at time ‘i’
& = Vertical base or subgrade strain calculatedha ti’ from strain prediction models
Bo, p1 = Regression constants for traffic and strain eéespely
Table 5.2 gives the regression constants for threldped rutting model.

Table 5.2 Subgrade Vertical Strain Based Rut Predtion Model Coefficients

Section Bo B1 R®

N1 1.90x10" 1.05x10" 0.94
N2 2.33x10" 1.85x10" 0.99
N3 5.62x10° 8.02x10" 0.82
N4 4.09x10 9.37x10" 0.84
N5 7.32x10 3.11x10° 0.89
N6 5.57x10 8.70x10" 0.89
N7 7.22x10° 5.27x10" 0.87
N8 9.79x10° 4.71x10" 0.94

When an ANOVA test was performed in the developedehwith a confidence
level of 95% , both model coefficients were provedbe significant in all test sections, as
evident by the low p-value (p-value = 0.00). lotgens N1 and N2, after some point of

time, the sections failed because of fatigue, saleasured rutting was a result of
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excessive fatigue cracking which resulted in purgmnfine materials from base. The
effect of thickness is readily apparent in this mlod=or example, thg, terms in the
vertical strain model are an order of magnituddérgor N1 and N2 compared to the
other sections.

The positive coefficients for both traffic and stieshow that increase in number
of axle passes and strain levels will increaseukteng which is in tune with the theory.
Figures 5.7-5.14 show the predicted rutting fromitiodel and the measured rutting
from the Test Track for increasing axle passeser@ll the vertical strain based rut
prediction model satisfactorily predicted fieldtimg).

In some sections, at higher axle passes, the npoeeicts an upward trend in
rutting, however in the field the measured ruttygmerally levels off or even decreases.
It is believed that during the end of the Test Kreycle, those sections (N7, N8) that
showed decrease in rutting trend had fatigue fesluvhich could have affected the
measured rutting. Since the trucks were veeringrat sections N1 and N2 after they
failed in fatigue, and the trucks wander could haffected the measured rutting in

section N3.
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Figure 5.7 Predicted and Measured Rutting for Sean N1.
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Figure 5.8 Predicted and Measured Rutting for Sean N2.
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Figure 5.9 Predicted and Measured Rutting for Sean N3.
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Figure 5.10 Predicted and Measured Rutting for Se¢on N4.
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Figure 5.11 Predicted and Measured Rutting for Seéon N5.
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Figure 5.12 Predicted and Measured Rutting for Seéon N6.
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Figure 5.13 Predicted and Measured Rutting for Se¢on N7.
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Figure 5.14 Predicted and Measured Rutting for Se¢mn N8.
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5.5.2 Analysis on Model Coefficients

A developed model may yield good prediction, eghe model coefficients do not
make proper engineering sense. So in order taateathe model coefficients for their
validity in the model to make proper sense in tregljgtion a relationship between the
rutting model coefficients and the in-situ HMA tkiness was established (Figure 5.15).

This plot shows that for increase in HMA thickneg® strain coefficient
increases and the traffic coefficient decreases.ekample, in the 9” modified HMA
section N4, the strain coefficient valya¥ 9.37x10%) was higher than section Nf.£
5.27x10% which had 7" HMA thickness. The strain modelféicéent (81) should have
been lower for thick pavement sections, since theyless rutting. However, in the
vertical strain approach as the thickness of HMé&eased, the vertical strain coefficient
(B1) also increased.

It is believed that the strain and traffic coe#icis compensate for each other
while predicting the rutting and the strain modatfficients were influenced only by the
HMA thickness. To produce higher amount of ruttinghick pavements, the number of
traffic applications should be higher, i.e., theffic coefficient should have a higher
number. Despite accurate prediction of rut deptiess model coefficients did not explain

the field measured rutting mechanism from a conadtandpoint.
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Figure 5.15 HMA Thickness vs Rutting Model Coeffients.

Figure 5.16 shows that the model coefficients ditirelate well with modified
and unmodified sections, and there were no distshga differences between modified
section model coefficients and unmodified sectiardel coefficients. Though, the
developed model did a very good job of predictimg pavement rutting on section by
section basis, it failed to explain the field mitibehavior observed in the test sections
from a materials standpoint.

On an additional note, a similar occurrence hapgpevtale validating the
developed model to predict asphalt layer ruttinthemMEPDG. The model predicted
higher HMA rut depth as the thickness of the HMArgased. This limitation was then

overcome by calibrating the model using trenchisgifom the Mn/Road project (El-
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Basyouny et al., 2005). So analysis on model eoefits to check whether they make

proper sense is very important.
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Figure 5.16 Rutting Model Coefficients for Modified and Unmodified Sections.

Having different individual models to explain thétmg mechanism in each
section is not a viable solution in the field. §methodology requires development of
individual models whenever materials or pavemeicktiess changes which is practically
an impossible and time consuming process.

To alleviate this problem, an effort was madeeflicate the field observed
behavior by grouping all modified, unmodified seos separately. As explained earlier,
the rutting appeared to be grouped by binder meation. Therefore, it was logical to

perform model calibration with grouped sections.
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To develop a generalized model for rut predictiomiodified (N1, N4 and N5)
and unmodified sections (N2, N3, N6 and N7), anréfivas made to develop one unique
equation to minimize the error for all sectionshmtthe group. When sections were
grouped, the non-linear regression could not beessfully computed. In other words,
there was not a single set of coefficients thatdcoeasonably predict rut progression in
all the unmodified and modified sections, respatyiwhen the vertical strain criteria
was considered. Further the model coefficientsndidmake any engineering sense, and
both traffic and strain coefficients were negativdne combined model failed to predict
rutting and it could not model the primary and setary stages of rutting observed at the
Test Track.

Despite accurate prediction of rut depths on a@edty-section basis, the vertical
strain model coefficients did not explain the fieldting mechanism and they did not
distinguish rutting between modified and unmodifssdtions. However, in the field,
modified sections had lower rutting than unmodifsedtions. After extensive literature
review, in order to alleviate such problems, maugthe rutting by considering the shear

strain response was attempted as a next stepsisttidy.
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5.6 SHEAR STRAIN BASED RUTTING MODEL DEVELOPMENT

5.6.1 Background

Since the vertical strain based rut prediction nhéalks to explain the rutting
phenomenon in the field, it is believed that thiimg phenomenon could be a result of
another related mechanistic response within the Hdj&rs. Researchers (Theyse et al.,
2006; Kim et al., 2000) have shown that it is difft to control the pavement rutting only
by controlling the vertical compressive strain ba top of roadbed soil. The models
built from subgrade strain approach have limitatiand they normally have large scatter
between predicted and measured rutting (Ali, 1998erature shows that limiting
subgrade strain approach does a reasonably waledicting base and subgrade rutting
but fails to predict the HMA layer rutting accurgte Studies have shown that in most of
the pavements rutting occurred as a result of stefarmation and not by excessive
subgrade vertical strain.

From these earlier studies, it is expected thatyamay other mechanistic
responses (shear stress, shear strain) in the iy bnd correlating them to the
measured rutting could explain the rutting phenamnan the Test Track sections.
Laboratory study results indicated that the rataa@umulation of permanent
deformation is strongly related to the magnitudshodar strain. Some studies (Long,
2001; Epps et al., 1997) proposed a correlatishefr strain at 2” depth below the edge
of the tire to the pavement rutting. However thetmod had not been calibrated with a
large data set. So it was decided to make anteéfdouild a fully field calibrated model

with a large data set (approximately 12,000 datatpger section) in this study.
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5.6.2 Methodology
The procedure to build shear strain based modebkwaitar to the previous

model, except the mechanistic response was suiestitvith maximum shear strain.

Measured /
Temperature —> Erma= fn(Ti)
(Ti) /
A
® WESLEA
Traffic
(Ni)
> Ruf =Ruf, +AN""
Kz
>
()
i x
Measured. / Least Square
Rut Depth (i) " Regression
(Interpolated)
A
Reasonable Rut)_NO
Predictior
Yes
\4
Final Analysis on Model
Model Coefficients Lo,\1)

Figure 5.17 Shear Strain Based Rut Prediction Metbdology Flow Chart.
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5.6.3 Maximum Shear Strain Computation

The shear strain computation was similar to thécadrstrain computation approach.
However the shear strain was computed at diffedepths in the HMA layer and the
maximum shear strain was observed at about 1” thensurface, at the edge of the tire.
The used mechanistic model WESLEA provides mangpent responses in terms of
stress, strain, deflection etc., it does not comghear strain. However; WESLEA
computes the shear stress and using Equatiorh&.4hear strain for a single axle load
was calculated;

_2r(1+v)
=

(5.4)
Where:
vy = Shear strain, microstrain
1 = Shear stress measured along the edge of adire,
v = Poisson ratio of HMA, taken as 0.35 for thisdstu
E = HMA modulus, psi
It should be noted that strain profiles represgnstrains at 0.1” depth increments
were first examined and found that the maximumdsity occurred at 1” depth. For the

majority of test sections, the maximum shear stnas found between 0.5-1". However

to be consistent between sections, the maximunt she&dn at 1” was selected.
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A typical shear strain profile at different deptadculated for a test section (N1)
is given in Figure 5.18. At 1” the shear straaches its maximum value and beyond 1”
the value starts decreasing. Recently this wasslewn with finite element modeling
by researchers at the University of lllinois at &ima Champaign (Yoo and Al-Qadi,

2007) wherein the maximum shear strain was fourizetat about 20mm (~1").

Shear Strain

0.00E+00 1.00E-05 2.00E-05 3.00E-05 4.00E-05 5.00E-05 OE-05
0

Max
Shear™ |
Strain

Depth from Top,in

N
I

5 4

Figure 5.18 Typical Shear Strain Profile (SectiomN1 at 40 Deg F-Triple Trailer).
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A similar approach adopted to compute verticalistiar a single truck pass was

followed to compute shear strain. The shear staaia truck pass was:

_YaNg N+ png
yavg - N
T

(5.5)

Where:
Yst, Y1, Vs, = Calculated maximum shear strain in HMA at 1" tthefor steer, tandem and
single axles, respectively
Ns, N, Ns = Number of steer, tandem and single axles inekirrespectively
Nt = Total number of axles = n+ ng
Following the procedure outlined for vertical gtrahe shear strain as a function

of temperature was:

y=ae" (5.6)
Where:

vy = Maximum shear strain at 1” from the top of HMayér, microstrain

T = Temperature at 2” from top of HMAF

a, b= Regression coefficients

The Figures 5.19 and 5.20 show the shear steasus temperature relation for

both triple and box trailers.
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Figure 5.19 Maximum Shear Strain Vs Temperature Rlation (Triple Trailer).
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Figure 5.20 Maximum Shear Strain Vs Temperature Rlation (Box Trailer).
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Table 5.3 gives the results of the shear straidiptien model to predict
maximum shear strain for triple and box traileckst Unlike the vertical strain models
(Table 5.1) there was not a clear effect of thidsn@ the model coefficients. There was
also not a clear distinction between modified anchadified test sections. For example,
the model coefficients for N1 and N2 are very samimeaning they experienced
approximately the same shear strain level at angi@mperature. This would imply that
N1 experienced less rutting because the asphadtrialatvas more shear strain resistant.

Table 5.3 Shear Strain Model Results for Triple ad Box Trailer

Triple trailer Box trailer

Section a b a b

N1 7x10° 0.0493 8x10 0.0489
N2 7x10° 0.0414 7x10 0.0411
N3 1x10° 0.0348 1x10 0.0347
N4 1x10° 0.0316 1x10 0.0315
N5 8x10° 0.0373 8x10 0.0372
N6 1x10° 0.0271 1x10 0.0271
N7 1x10° 0.0303 1x10 0.0302
N8 1x10° 0.0311 1x10 0.0310
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5.7 RUT PREDICTION MODEL: SHEAR STRAIN APPROACH
The same approach described for vertical straiadasdel building was used to

develop the shear strain based rut prediction model

Rut, = Rut,_, + AN, (5.7)
Where,

vi = shear strain in HMA calculated at time ‘i’ frofmet shear strain prediction model

Ao, A1 = Regression constants for traffic and shearrstraHMA respectively

The model result is given below in Table 5.4.

Table 5.4 Shear Strain Model Coefficients

Section o M R?

N1 2.88x10" 197.33 0.94
N2 3.64x10" 465.83 0.98
N3 0.89x10" 1064.33 0.84
N4 1.09x10¢ 980.00 0.85
N5 4.18x10" 1199.97 0.88
N6 2.23x10" 1301.24 0.89
N7 1.10x10" 1531.59 0.88
N8 1.12x10" 1499.81 0.94
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In the model both traffic and shear strain coedints were found to be highly
significant when ANOVA tests were conducted atgmsicance level of 5%. The very
high t-ratio value and the p-value approaching zeml test sections proved that both
model variables were very significant. From th&utts, it is evident that the terms are
much lower for N1 and N2 when compared to the o$lkeetions. This is compensated by
Ao terms being higher than all, but section N5. FtheR values, it can be seen that this
approach predicts HMA rutting with good accuraéyso, the coefficients are all
positive, which is theoretically sound, since orauld expect rutting to increase with
increases in load applications or strain levelgufes 5.21-5.28 show the capability of

the model to accurately model the field rutting.

Rutting,mm

0 500000 1000000 1500000 2000000 2500000 3000000 3500000040 4500000
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Figure 5.21 Shear Strain Model: Predicted and Meased Rutting for Section N1.
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Figure 5.22 Shear Strain Model: Predicted and Meased Rutting for Section N2.
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Figure 5.23 Shear Strain Model: Predicted and Meased Rutting for Section N3.
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Figure 5.25 Shear Strain Model: Predicted and Meased Rutting for Section N5.
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Figure 5.26 Shear Strain Model: Predicted and Meased Rutting for Section N6.

——rm

J + Measured Rut = Predicted Rutt

ww'‘bumny

1000000 2000000 3000000 4000000 5000000 6000000 7000000
Cumulative Axle Passes

0

Figure 5.27 Shear Strain Model: Predicted and Meased Rutting for Section N7.
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Figure 5.28 Shear Strain Model: Predicted and Meased Rutting for Section N8.
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5.7.1 Analysis of Model Coefficients

After determining the coefficients from the nondar regression, the model coefficients
(o, A1) were analyzed for their validity. This step vpesformed to make sure that the
developed models did not predict unrealistic rgttimnitially, the model coefficients
were analyzed on a section-by-section basis. FHigwre 5.29, there appears to be no

clear trend in the model coefficients for incregsiMA thickness.
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Figure 5.29 HMA Thickness vs Shear Strain Based Riing Model Coefficients.
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Figure 5.30 Shear Strain Based Model Coefficienfer Modified and Unmodified
Sections.

From Figure 5.30, there did not appear to be amool grouping of coefficients
as a function of binder modification. Specificalyhen comparing coefficients between
paired sections (e.g., N1 vs. N2 or N3 vs. N4)egheere no consistent trends in the
coefficients (e.g., N1 lower than N2 and N4 lowsart N3). Therefore, there was a need
to perform further model calibration using one mddepredict rutting performance for
modified sections and one model for unmodifiedisestby combining data. However,
when comparing coefficients between paired sectfergs, N1 vs. N2 or N3 vs. N4)
there were no consistent trends in the coefficiéats., N1 lower than N2 and N4 lower

than N3).
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5.7.2 Grouped Model Based on Binder Modification
To develop a generalized model by grouping dataubprediction in modified (N1, N4
and N5) and unmodified sections (N2, N3, N6 and, Mg equation was developed to
minimize the error for all sections within the gpou

This resulted in two individual models, one to peedutting in modified sections
(Equation 5.8) and the other to predict ruttingilmmodified sections (Equation 5.9). The

final model forms are:
Modified: Rut = Rut_, +137x10°N,***): R2=0.92 (5.8)

Unmodified:Rut, = Rut,_, + 305x107*N, ) Rz=0.80 (5.9)
ANOVA test was conducted on the final rut predintmodel given in equations
5.8 and 5.9 at a significance level of 5%. The pwalue (p-value = 0.00) showed that
both model variables are highly significant in thedel.
When the sections were grouped for the sheanstfgiroach, the resulting model
predicted rutting reasonably well and closely textkhe measured Test Track rutting as

shown in Figures 5.31-5.33.
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Figure 5.31 Shear Strain: Rut prediction for Modified Sections (N1, N4, N5).
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Figure 5.33 Shear Strain: Rut Prediction For SMA &ctions (N7 and N8).

It is to be noted that the traffic and shear straiefficients for the modified
model was smaller than the unmodified section moellts, which makes sense since
less rutting was observed in the modified sectiofise generalized models predict
rutting with reasonably good accuracy, typicallghin 1 mm of measured. The two
worst cases were N3 and N7 where the model prebiseieeral more mm of rutting than
measured. This may be due to testing conditiotisealest Track. When sections N2
and N8 began to show severe fatigue cracking, srwake forced to veer around these
sections. Consequently, the traffic pattern inatigcent sections (N3 and N7) likely
changed as well since the drivers required sigmitidistance to safely make the lane
transition. Had the vehicles maintained their ioidgjlane placement, the rut depths in

sections N3 and N7 could have been greater.
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5.8 SUMMARY

In this chapter, the development of a verticalistbsed rut prediction model was
explained. The model predicted rutting on a seekig-section basis. However the
conventional model approach failed to distingulsh field measured rutting between the
sections that were differentiated by binder moditien. The combined data based on
binder modification, failed to yield a sensible nebd

After this, an attempt was made to incorporateimarm shear strain response in
HMA layer into the model rather than vertical straiAn effort was made to validate the
lab proven concept on the use of shear strainddigir HMA rutting was done
successfully with the help of field data. This nepproach predicted rutting in
individual sections. When the data were groupeeflect the field measured rutting, it
resulted in two different models, one to predidting in modified binder sections and
another to predict rutting in unmodified sections.

Though, it will be highly advantageous to incluamstruction variables such as
air voids, asphalt content in the developed maalerédict field rutting, this present
study was not designed to include those variaBlase the test sections were built to
study two important variables, HMA thickness anadar modification. All other

variables were kept constant between test sedtatiss research cycle.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS
Accurate prediction of pavement rutting and an eateuload response model are critical
for an efficient M-E pavement design. The condusiof this research to address these
two main components of M-E design are given beldive limitations and
recommendations for further study are also present® fulfill the first objective of this
research effort, the load response model was \tatidaith respect to field measured
pavement response. Then, a fully field calibrdfe&8 based rut prediction model was
built to accomplish the second objective.

Regarding the load response model validation,dhewing conclusions were
made:

1. From the results obtained, layered elastic analgsasreasonable approximation
of actual pavement responses under dynamic whaesloln general, the results
from layered elastic back and forward-calculatiompared well with measured
pavement responses obtained from the NCAT TeskTdata. Since the use of
layered elastic analysis approach was validatedesstully with respect to field
responses, this model can be used to compute paveesponses with more

confidence in the M-E design approach.
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2.

The weekly dynamic response data collection eff@gee proven to be sufficient
to develop dynamic response prediction modelsefims$ of pressure) which can
predict vertical pressure at any time of a day.

It was shown in this study that three passes dif &st vehicle was sufficient
enough to get the maximum pavement response. fgtareamaximum pressure
response and to get full range of variabilitysisuggested to continue recording
three passes in future test cycles.

Though the FWD data collection efforts by ALDOT g@mnel were satisfactory
to establish links between temperature and layetutng, more FWD data at
varying pavement temperatures before the pavemxgetiences any distress
would result in a very accurate material charazédion. So it is suggested to

collect more FWD data at frequent intervals in fattesearch cycles.

Below are the conclusions regarding the developraenit prediction model from this

study:

1.

2.

Both the vertical strain and shear strain approsicbheld accurately predict
rutting on a section-by-section basis. Howeves Mértical strain approach could
not accurately predict rutting when sections wenaiged according to binder
modification.

The shear strain approach accurately predicted figting when sections were
grouped according to binder modification. The lfisiaggested models to predict
HMA rutting in modified and unmodified binder sexts are:
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For modified pavement sections;
Rut = Rut_, + 137x10*N, %)

For unmodified pavement sections;
Rut, = Rut,_, + 305x10™ Ni(459yi)

Where,

Rut = Rutting at time I’

Rut.; = Rutting at time ‘i-1’

N; = Total number of axle passes at time ‘i’

vi = shear strain in HMA calculated at time ‘i’ frofmet shear strain prediction
model

. Distinguishable difference in rut performance whseayved between modified
and unmodified binder sections. Modified bindestms had less rutting when
compared with unmodified sections.

. The developed model was entirely from field dathis shear strain approach to
model HMA rutting can be readily incorporated itite M-E design after
performing additional field verification studies.

. As theorized by laboratory rut-performance testhsas the Asphalt Pavement
Analyzer, mixes exhibiting higher shear resistastoeuld perform better in terms
of HMA rutting. From this study, it was concludgtt shear strain in the HMA
layer can be successfully used to predict surfatteng. The laboratory derived
shear strain approach developed by researchersdacpHMA rutting was

proved with a large set of field data in this resha

182



6.2 LIMITATIONS AND RECOMMENDATIONS
Given the above conclusions, there are some lilmitatand recommendations to
be made:

1. Though the approach adopted in this study to addoumpressure response for a
single truck pass instead of considering each taxd separately, is valid on an
engineering standpoint, for more accurate anabggpsuring each axle response is
recommended. In the 2003 test cycle, there wasayato capture the exact
location of each axle pass with respect to theuns¢ntation array. In future test
cycles, advanced methods such as installing axiéirsg strips immediately
before and after the instrumentation array andofis®n-contact lasers to capture
exact location of each axle need to be explored

2. The layered elastic model was validated for soghelanatic regions. However,
when the pavement experiences higher pressurehwdsalts from higher
pavement temperature, some deviations were obsbetasten predicted and
measured responses in this study. While keepisgrtmind, for other climatic
regions where higher temperatures are expectealltorger duration, the layer
elastic model needs to be validated and if requareddvanced model that can
account for non-linearity of pavement materialkigher pressures is

recommended.
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3. The shear strain based rut prediction model isiegiple only when HMA layer
rutting is the leading source of pavement ruttihgpractice, where rutting is
seen in other underlying layers, it may be necgdsanse a shear strain model in
conjunction with vertical strain models in undenlgilayers to completely capture
total rutting.

4. The M-E based field-calibrated rut model was depetbfrom a limited number
of test sections. Further refinement of the med#i more test sections with
different layer configuration and material propestis suggested. A large data set
exists from the 2000 Test Track research cyclés dtiggested that the shear
strain approach be applied to those sections fiadateon purposes. The same
approach can be used to predict HMA layer ruttmthe 2006 Test Track
research cycle and the result can be comparedieithresults in future.

5. The FWD backcalculated modulus used to calculaterpant responses does not
differentiate between various lift thickness in thilA layer and each lift
thickness may contain different mix component1ic8iHMA rutting was visible
in the topmost layer, it is recommended to expl@mous possibilities to

accurately measure different lift layer modulugrrthe field in future.
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6.

It is recommended to expand the rut prediction bdipias of the developed
model to include the effects of change in asphaitent, air voids and other
related mix criteria. This can be done by buildngre sections with more
experimental variables such as varying asphaltecinair voids, change in
aggregate gradation and compaction efforts andlolgwe rut prediction models
as per the model development procedure followatigstudy. It should be
noted that the research efforts presented in thgedation had only two primary
experimental variables, HMA thickness and bindediincation.

It should be noted that the rutting model this gtwes based upon moderate
climate conditions in East-Central Alabama. Therefthe model should not be
applied to low temperature regions where the paneteenperature goes below
20°F and at very high temperature regions where thhemant temperature often
goes above 11%. Calibration for low, high temperature regionsl durther

validation of this shear strain based rut predictimodel is recommended.
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TRIPLE TRAILER

SUMMARY OUTPUT (Modified Base-Triple)

Regression Statistics

Multiple R 0.8579
R Square 0.7360
Adjusted R Square 0.7312
Standard Error 1.1972
Observations 113
ANOVA
Significance
df SS MS F F
Regression 2 439.6044 219.8022 153.3436 0.0000
Residual 110 157.6736 1.4334
Total 112 597.2780
Standard
Coefficients Error t Stat P-value Lower 95%
Intercept 2.7494 0.4418 6.2229 0.0000 1.8738
Temp”2 0.0007 0.0000 17.3843 0.0000 0.0006
Thick"2 -0.0145 0.0053 -2.7346 0.0073 -0.0250
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SUMMARY OUTPUT (Unmodified Base-Triple)

Regression Statistics

Multiple R 0.9266
R Square 0.8587
Adjusted R
Square 0.8559
Standard Error 0.7672
Observations 107.0000
ANOVA
Significance
df SS MS F F
Regression 2 371.8964 185.9482 315.9017 0.0000
Residual 104 61.2172 0.5886
Total 106 433.1135
Standard
Coefficients Error t Stat P-value Lower 95%
Intercept 3.3802 0.3835 8.8133 0.0000 2.6196
Temp”2 0.0006 0.0000 25.0173 0.0000 0.0006
Thick”2 -0.0085 0.0048 -1.7807 0.0779 -0.0180
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SUMMARY OUTPUT (SMA Base-Triple)

Regression Statistics

Multiple R 0.8373
R Square 0.7011
Adjusted R
Square 0.6947
Standard Error 1.2978
Observations 49
ANOVA
df SS MS F Significance F
Regression 1 185.6650 185.6650 110.2264 0.0000
Residual 47  79.1666 1.6844
Total 48 264.8316
Standard Upper
Coefficients Error t Stat P-value Lower 95% 95%
Intercept 1.2819 0.5543 2.3127 0.0252 0.1668 2.3970
Temp”2 0.0007 0.0001  10.4989 0.0000 0.0006 0.0009
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SUMMARY OUTPUT (Modified Subgrade-Triple)

Regression Statistics

Multiple R 0.8752
R Square 0.7660
Adjusted R Square 0.7607
Standard Error 0.6212
Observations 90
ANOVA
Significance
df SS MS F F
Regression 2 109.9411 54.9706 142.4349 0.0000
Residual 87 33.5763 0.3859
Total 89 143.5174
Standard
Coefficients Error t Stat P-value Lower 95%
Intercept 3.86E+00 2.77E-01 1.39E+01 7.74E-24 3.31E+00
Temp”"2 3.44E-04 2.47E-05 1.39E+01 8.44E-24 2.95E-04
Thick”2 -3.33E-02 3.20E-03 1.04E+01 6.07E-17 -3.97E-02
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SUMMARY OUTPUT (Unmodified Subgrade-Triple)

Regression Statistics

Multiple R 0.9571
R Square 0.9161
Adjusted R Square 0.9145
Standard Error 0.5812
Observations 114
ANOVA
Significance
df SS MS F F
Regression 2 409.1036 204.5518 605.6522 0.0000
Residual 111 37.4889 0.3377
Total 113 446.5926
Coefficients Standard Error t Stat P-value Lower 95%
Intercept 4.2108 0.2075  20.2943 0.0000 3.7996
Temp”2 0.0006 0.0000  31.7989 0.0000 0.0006
Thick”2 -0.0430 0.0026 -16.4515 0.0000 -0.0482
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SUMMARY OUTPUT (SMA Subgrade-Triple)

Regression Statistics

Multiple R 0.9759
R Square 0.9524
Adjusted R
Square 0.9509
Standard Error 0.5258
Observations 66
ANOVA
Significance
df SS MS F F
Regression 2 348.6938678 174.3469 630.5692 2.17935E-42
Residual 63 17.41895572 0.276491
Total 65 366.1128235
Standard
Coefficients Error t Stat P-value Lower 95%
Intercept 14.1982 2.0514 6.9214 0.0000 10.0989
Temp”2 0.0008 0.0000 35.3571 0.0000 0.0007
Thick”2 -0.2591 0.0416 -6.2295 0.0000 -0.3422
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BOX TRAILER

SUMMARY OUTPUT (Modified Base-Box)

Regression Statistics

Multiple R 0.7411
R Square 0.5493
Adjusted R Square 0.5380
Standard Error 1.2368
Observations 83
ANOVA
Significance
df SS MS F F
Regression 2 149.1344 74.5672 48.7483 0.0000
Residual 80 122.3709 1.5296
Total 82 271.5053
Standard
Coefficients Error t Stat P-value Lower 95%
Intercept 2.5107 0.5579 4.5001 0.0000 1.4004
Temp”2 0.0005 0.0001 9.8029 0.0000 0.0004
Thick”2 -0.0141 0.0065 -2.1571 0.0340 -0.0271
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SUMMARY OUTPUT (Unmodified Base-Box)

Regression Statistics

Multiple R 0.9005
R Square 0.8110
Adjusted R Square 0.8053
Standard Error 0.8723
Observations 70
ANOVA
Significance
df SS MS F F
Regression 2 218.6996 109.3498 143.7165 0.0000
Residual 67 50.9784 0.7609
Total 69 269.6780
Coefficients Standard Error t Stat P-value Lower 95%
Intercept 2.7042 0.5521 4.8981 0.0000 1.6022
Temp”2 0.0006 0.0000 16.8263 0.0000 0.0006
Thick”2 -0.0184 0.0067 -2.7319 0.0080 -0.0318
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SUMMARY OUTPUT (SMA Base-Box)

Regression Statistics

Multiple R 0.8841
R Square 0.7816
Adjusted R
Square 0.7764
Standard Error 1.1298
Observations 44
ANOVA
df SS MS F Significance F
Regression 1 191.7986 191.7986 150.2712 0.0000
Residual 42 53.6067 1.2763
Total 43 245.4053
Standard
Coefficients Error t Stat P-value Lower 95%
Intercept 1.14265 0.50061 2.28252 0.02759 0.13238
Temp”2 0.00076 0.00006 12.25852  0.00000 0.00064
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SUMMARY OUTPUT (Unmodified Subgrade-

Box)
Regression Statistics
Multiple R 0.8859
R Square 0.7849
Adjusted R Square 0.7796
Standard Error 0.5836
Observations 85
ANOVA
Significance
df SS MS F F
Regression 2 101.9008 50.9504 149.5943 0.0000
Residual 82 27.9284 0.3406
Total 84 129.8293
Coefficients Standard Error t Stat P-value Lower 95%
Intercept 2.9336 0.2765 10.6107 0.0000 2.3836
Temp”2 0.0004 0.0000 16.2682 0.0000 0.0003
Thick"2 -0.0234 0.0033 -7.0178 0.0000 -0.0301
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SUMMARY OUTPUT (Modified Subgrade-Box)

Regression Statistics

Multiple R 0.9359
R Square 0.8758
Adjusted R Square 0.8726
Standard Error 0.4335
Observations 79
ANOVA

df SS MS F Significance F
Regression 2 100.7643 50.3821 268.0531 0.0000
Residual 76 14.2846 0.1880
Total 78 115.0489

Coefficients Standard Error t Stat P-value Lower 95%

Intercept 3.4044 0.2183 15.5955 0.0000 2.9696
Temp”2 0.0004 0.0000 19.8029 0.0000 0.0003
Thick~2 -0.0290 0.0024 -11.9393 0.0000 -0.0339
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SUMMARY OUTPUT (SMA Subgrade-Box)

Regression Statistics

Multiple R 0.9292
R Square 0.8634
Adjusted R Square 0.8575
Standard Error 0.6239
Observations 49
ANOVA

df SS MS F Significance F
Regression 2 113.1795 56.5897 145.4040 0.0000
Residual 46 17.9027 0.3892
Total 48 131.0822

Coefficients Standard Error t Stat P-value Lower 95%

Intercept 7.4130 2.8762 2.5774 0.0132 1.6235
Temp”2 0.0006 0.0000 17.0458 0.0000 0.0005
Thick~2 -0.1249 0.0587 -2.1259 0.0389 -0.2431
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