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Abstract

Full-depth reclamation (FDR) is an-piace recycling process that utilizes the entire depth
of deteriorated asphalt concrete (AC) pavement to produce a uniform stabilized base course and
enhance new AC overlay performance. This study was conducted tonitetehe optimal
stabilized FDR (SFDR) mixture design and thickness of an AC overlay over an SFDR base via
laboratory and accelerated pavement testing (APT). SFDR mixtures were prepared using Portland
Type I/l cement Class C fly ashand reclaimed asphalt pavement (RAP) materials. These
mixtures were evaluated llyestandard Proctor, unconfined compressive strength (UCS), vacuum
saturation, and linear shrinkage tests. The AASHTOWare Pavement Mechamgiiical
Design (PMED) software (ver. 2.5) used the UCS test results as input parameters to determine the
minimum thickness of the overlaying AC layers.

Four asphalt pavement test sections of the laboratesigned SFDR mixtures and two
AC overlay thicknesses (3 and 4.5 in.) were constructed at the Kansas State University (KSU)
Civil Infrastructure System Laboratory (CISL) for APT tedtise test sections were instrumented
to measure horizontatrainat the bottom othe AC layerthe temperaturen top ofthe basdayer,
and stress on top of the subgraflesingle axle with dual tires was used to apply arkip8load
on each test section for 500,000 r#pEns. The data acquisition system intermittemdgorded
strain under the AC layer and stress beneath the SFDR Tdygetemperature during testing was
monitored Rutting on the test sectionsasquantified at certain APT loading intervalghe test
sections were also inspected for any signs of cracl&ij. results and the PMED software
(ver.2.6.2) reanalysis showed that predicted rut depénslower than those observed in the APT
test. APT testing did not show any cracking in the sections, wwashin contraswith the PMED
software prediction. All sections had a much lower predicted International Roughness Index (IRI)
thanthe PMEDIRI failure criteron. The APT results showethatfor SFDR mixtures that met the
minimum 250 psi ®May stabilized base UCS required by the US Army Corps of Engineers, 5%
cement was the most suitable stabilizesr the SFDR mixture design, 5% cement by dry weight

of FDR material would be an appropriate starting ptmirdoan SFDR mixture design following



the US Army Corp of Engineers andorBand Cement Association guidelines Moisture
susceptibility evaluation using the vacuum saturation test is highly recommended.

A comparisorof the AASHTOWarePMED results and 993 AASHTOPavemenbDesign
Guide computationshowed thathte lattercan beapplied to theSFDR flexible pavemerdesign.

Hence this design method is recommended for the AC overlay desSlgnstabilized FDR base
layer structuralcoefficients corresponding to the unconfined compressive stresfjthdd be
taken from the 1993 AASHTO Guidemograph.

Finite element models (FEM) with moving and constant loading applications were
developed to simulate the APT tests. The FEM outputs were compared with the APT test results.
The FEM analysis with constant loading exhibited a similar trend to the APT rigstdtsns of
AC surface rutting and horizontal strain at the bottom of the AC layer but not for the subgrade
stress. The pavement test sections with the cestabilized FDR layer showed lower rutting than
those observed in the APT results. However, tBestons had higher transverse and longitudinal
strains measured at the bottom of the AC layer and stress on top of the subgrade. Better constitutive

models for the SFDR mixtures are needed to be developed
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Abstract

Full-depth reclamation (FDR) is an-piace recycling process that utilizes the entire depth
of deteriorated asphalt concrete (Atgvement to produce a uniform stabilized base course and
enhance new AC overlay performance. This study was conducted to determine the optimal
stabilized FDR (SFDR) mixture design and thickness of an AC overlay over an SFDR base via
laboratory and accelasd pavement testing (APT). SFDR mixtures were prepared using Portland
Type I/l cement Class C fly ashand reclaimed asphalt pavement (RAP) materials. These
mixtures were evaluated llyestandard Proctor, unconfined compressive strength (UCS), vacuum
saturation, and linear shrinkage tests. The AASHTOWare Pavement Mech&nigtiGcal
Design (PMED) software (ver. 2.5) used the UCS test results as input parameters to determine the
minimum thickness of the overlaying AC layers.

Four asphalt pavement test sections of the laboratesigned SFDR mixtures and two
AC overlay thicknesses (3 and 4.5 in.) were constructed at the Kansas State University (KSU)
Civil Infrastructure System Laboratory (CISL) for APT tedtise test sections were instrumented
to measure horizontatrainat the bottom othe AC layeythe temperaturen top ofthe basdayer,
and stress on top of the subgraflesingle axle with dual tires was used to apply arkip8load
on each test section for 500,000 repetitions. The data acquisition system intermigisorityed
strain under the AC layer and stress beneath the SFDR Tdygetemperature during testing was
monitored.Rutting on the test sectionsasquantified at certain APT loading intervalghe test
sections were also inspected for any signs of cracl&ij. results and the PMED software
(ver.2.6.2) reanalysis showed that predicted rut depdhslowerthan those observed in the APT
test. APT testing did not show any cracking in the sections, wwashin contraswith the PMED
software prediction. All sections had a much lower predicted International Roughness Index (IRI)
thanthe PMEDIRI failure criteron. The APT results showed thatrfSFDR mixtures that met the
minimum 250 psi ®May stabilized base UCS required by the US Army Corps of Engineers, 5%
cement was the most suitable stabilizer the SFDR mixture design, 5% cement by dry weight

of FDR material would be an appropriate starting pemtlo anSFDR mixture design following



the US Army Corp of Engineers andorBland Cement Association guidelinesMoisture
susceptibility evaluation using the vacuum saturation test is highly recommended.

A comparisorof the AASHTOWarePMED results and 993 AASHTOPavemenbDesign
Guide computationshowed thathte lattercan beapplied to theSFDR flexible pavemerdesign.

Hence, this design method is recommended for the AC overlay design. The stabilized FDR base
layer structural coefficients corresponding to the unconfined compressive strehgthd be
taken from the 1993 AASHTO Guidemograph.

Finite element models (FEM) witimoving and constant loading applications were
developed to simulate thPT tess. The FEM outputs were compared with the APT test results.
The FEM analysis with constant loading exhibited a similar trend to the APT restdteis of
AC surface rutting and horizontal straahthe bottom of the AC layer but not for the subgrade
stressThe pavemertestsectiors with the cemenstabilized FDR layer showdower ruttingthan
those observed in the APT resulfawever these sections had highesinsverse and longitudinal
strains measured at the bottom of the AC layer and stress on top of the subgrade. Better constitutive

models for the SFDR mixtures are needed to be developed
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Chapterl-l nt roducti on

1.1Background

Cold recycling (CRdf asphalt concrete (AC) pavemeoatssistf cold inplace recycling
(CIR), cold centraplant recycling, and fullepth reclamation (FDR). Ithe CR processes,
existing asphalt coursgbase, subbase, or subgrade materialseayeledo produce a base course
via pulverization and compaction at ambient tempergiXieo et al., 2018)In general, the CR
technique is typically applied to existing pavement in poor or mediocre conitgdiminate most
pavement structural distresses, such as rutting, potholes, and raveling, while maintaining and
improving the crosslope and profile of the existing pavement (Jaleeal., 1999) Previous
studies indicate that CR methods are sustainable alternatives for maintaining, rehabilitating, or
reconstructing AC pavements due to tmeinor environmental impact and reduced transportation
and construction cos{glkins et al., 2008)

Kansas ranks fourth among the states in terms of public road system by miles, with 139,181
miles in 2020 Approximately 89% of its paved highway and local road netwoskiifaced with
AC materials. About 110,000 miles of road are unpaved, and many of these roads have evolved
from simple farmto-market routes to significant highways through successive applications of chip
seals and thin asphalt overlays. These pavemenésneédesigned to handle the stress of modern
traffic, according to the Kansas Department of Transport@D®OT, 2022) The Transportation
Advocacy Group (TRIP) reported t hweteinpoprpor oxi ma
mediocre condition in 2B. Kansas drivers lose $629 million a year ($306 per driver) due to
driving on roads in such conditions; the losses stem from increased tire wear, fuel consumption,
and automotive repairéTRIP, 2024) To help rgair these deteriorated roads, conventional

pavement rehabilitation techniquasd improve pavement performanseich as thick overlays



and full reconstruction, can bmogly. Consequently, there is a growing need for more-cost
effective, environmentally sustainable, and efficient rehabilitation strategrepairpavements

without placing undue strain on public budgets. The FDR technique has emergedmsaa
technique. FDR is a CIR asphalt pavement rehabilitation method that utilizes the entire depth of
deteriorated AC pavement to produce a uniform stabilized base or subbase course to improve new
AC overlay performance. Stabilized ROGISFDR) material is formed whetl existing AC layer
materials areeusedand mixed with stabilizingqgents According to the Asphalt Recycling and
Reclaiming Associationhe SFDR mixtureachieve the desired design strength with adequate
durability and resistance to moisture sensitijAiRRA, 2015).

1.2 Problem Statement

Transportation agenciegre interested in further developing new AC pavement
rehabilitation processestilizing a stabilized FDR base with a thin AC overlay to lower
construction costs and impropavement performance. However, the performance of-b&¥ed
pavements depends on the new asphalt overlay thickness and the strength of the SFDR base layer.
Inadequate AC overlay thickness could lead to premature pavement failures, such as rutting and
cracking; on the other hangeakbase strength can resultA€ overlay rutting under traffic loads
However higher basestrength can lead to reflective crackimgthe overlayingasphaltlayer,
underminngt he rehabi |l i tati on-effectivkeresst 6s | ongevity an

Although the use of fully reclaimed asphalt pavements for road rehabilitation and
reconstruction has increased in popularity over the past three decalyes,fewstate highway
agencies and organizations haheadydeveloped their guidelines and specifications for SFDR

mix design, particularly for FDR mixtures utilizing cement and fly as stabilizing agemtse is

no nationally acceptedesignstandardXiao et al., 2018)This lack of standardization could lead



to inconsistencies in project specifications actbgsstatesand bring achallenge in optimizing
performance and ensuring the letegm durability of pavement. This studynedto fill this gap
by developing and validating a design methodology that optimizes cemefly astiuse in the
FDR processandthe AC overlay thicknes3hese designaould beevaluated througfull-scale,

accelerated load testing
1.3 Objective

The primary objective of this study was to develop a practical aneetfestive design
method for optimizing the thickness of asphalt overlays placed on the SFDR base. The aim was to
develop design guidelines for SFDR mixtures with Portland cement warastl to achieve the
desired strength and durability of the stabilized base. Another objective was to validate the
performance of thin asphalt overlays placed on the SFDR base throughkalellaccelerated
pavement testing (APT) and numerical simulatismg the ABAQUS software.

The SFDR materials werprepared by blendingDR materialsvith various quantities of
Portland cement and fly ashhen, theSFDRproperties were evaluated by conducting laboratory
tests for optimum moisture content (OMC), maximum dry density (MDD), unconfined
compressive strength (UCSyoisturefreezethaw resistanceand shrinkage. Théaboratory
basedproperties were used as inputs foe AASHTOWare Pavement ME Desigi®MED)
software to determine the optimum thickness of the AC overlay placed oveFbiRR base. To
validate the performance of tiRMED-designed pavement structurésur testsulsections were
built at the Civil Infrastructure System Laboratory (CISL) of Kansas State University (KSU). All
sections had the SFDR base layer with various cement and fyuaskitiesor only cement. The

sections were paved with multiple hoix asphalt (HMA) concretthicknessesAn 18kip single



axle load was applied repeatedly to the pavement sections. Finite element models were developed

using ABAQUS tosimulatethe full-scale APTtests
1.4 Syngsis of Research Plan

The study was conducted in two phases. In the first phase, laboratory experiments were
conducted taleterminethe optimal mix designtr the SFDR base mixturéhe AASHTOWare
Pavement ME Design software wtmeen used to determine the optimum thickness of the AC
overlay on top of the SFDRasdayer. Two of the foutestsectionconstructeat CISLcontaired
SFDR with 5%cement & 5%Class Cfly ash, and the other two sectidreadl5% cemenbnly. The
test sectiors were pavedvith anAC overlayof two thicknessesAdditionally, each section was
equipped with pressure cgllstrain gauge and thermocouples to monitor the mechanaal
thermalresponse

A full-scale APTwas conducted on the test sectionthe second phas€&€he performance
of these test sections was monitored and evaluated to assess the effectiveness of thettiesign
used in this study. A thredimensional (&D) finite element (FEjnodel(FEM) was created using
the commercial FE software ABAQUS. The FE mqateldictedresults were then compared with

the APT results.

1.5Report Outline

The dissertationeportis organized intmine chapters:
Chapter 1. Introduction - provides the introductioto this report
Chapter 2: Literature Review - provides a comprehensive overview of existing studies on
FDR stabilization techniques, material properties, perdormance evaluation of pavements

with thin asphalt overlays



Chapter 3. Research Methodology - outlines the experimental design, matenaking,
laboratory testing procedures, and MED software

Chapter 4: Laboratory Testing and Analysis- presents the results of the laboratory tests
conducted on the stabilized FDR mixtures and disclAgED softwareoutputsfor pavement

design

Chapter 5: Full-ScaleTesting (Phase Il)- describes the construction, instrumentation, and
accelerated pavement testing (APT) of the test sections at the Civil Infrastructure Systems
Laboratory (CISL)

Chapter 6: Full-Scale Test Results - analyzesthe performance data obtained from APT,
focusing on rutting, strain measurements, and pavement condition

Chapter 7: Finite Element Modeling (FEM) Program i discusseshe ABAQUSFEM for
simulatingthefull-scale APTsubsections

Chapter 8: FEM AnalysisResults- compareshe FEM results with the APfEstresults based

on the AC surface rutting, horizontal straitthe bottom of the AC layer, and vertical stress

on top ofthe sibgrade

Chapter 9: Conclusions andRecommendations- s ummar i zes the studyéo

providesrecommendations based on the research outcomes



Chapter2-Li t erature Review

This chapter introduces the FDR technique and includes a review of the properties, stabilization
techniques, performance testing, and design approaches teld&3€dDR mixtures, providing a
critical foundation for the study presented in this dissertation report. This section alscsreview
previous research on Fillepth Reclamation (FDR), focusing on the stabilization techniques

employed and the performance evaluation of flexible pavements.

2.1 Introduction

FDR is a coldn-place recycling (CIR) technique that recycles the existing asphalt

pavement layers and underlying base materials into a new base or subbase. The FDR process

consistsof pulverization, blending, reshaping, and compaction, as showigume 2.1. Studies
have indicated that the FDR technique is advantageous in terms of economic and environmental

benefits and pavement performance improver®RRA, 2015)

O<——Injection of water

&

Deep
recycled
layer

Operating direction

Milling drum

Distressed
asphalt

Underlying
base material

Figure 2.1 Schematic of FDRProcess(Reede et al., 2017)
The earliest documented applications of FDR were reported in the 1910s when recycled

pavement materials were primarily utilized for baserse constructiofMorian et al., 2012)
During this period, bituminous stabilization, typically using asphalt, emerged as the most prevalent

met hod f or enhancing the reclaimed materi al

S |



technique became popular due to economic considerations and a growing awareness of the need
for energy conservatiofXiao et al., 2018)After the 1980s, the application of FDR gained wider
acceptance, extending beyond its initial use on\olume roads to encompass city streets, state
highways, airport roadways, and parking lots. During this period, the engineers adopted cement,
fly ash and lime as stabilizeto blend with FDR material to enhance stifness(Lewis et al.,
2006) Starting in the 2000s, with developments in materials science, pavement design
methodologies, and construction equipment, FDR technology emphasized perfebasede
specifications, life cycle cost analysis, and integrating FDR with other pavement taliabili
strategies. Transportation engineers focused on optimizing the FDR mix design and investigating
the longterm performance of the FDBased pavement structup&ao et al., 2018)
2.1.1Economicand Environmental Benefits

FDR strategy significantly reduces energy consumption compared to conventional
pavement methods, typically hauling virgimaterialsand disposing of old materials. The Portland
Cement Association (PCA) reported that using SFDR materials reduced the consumption of new
materials by over 90% and diesel fuel by 80% compared to a standard reconstructio(R£dject
2005) Nevada DOT reported saving over $600 million over 20 years using CIR and FDR instead
of completereconstructionBemaniaret al.,2016) Virginia DOT foundpotential cost savings of
approximately $10 million and $30.5 million over 50 years using SFDR compared to the traditional
primary and secondary networgproachrespectivelyDiefenderfer& Apeagyei,2011)

In addition, the FDR process consumes less energy and generates fewer environmental

concerns becaughe processoccus at ambient temperatur&nizek et al. (2015yseda carbon
footprint methodology to compare five paving

The results showed that CIR consumed approximately 20.4% of the energy required for



conventional HMA paving, which indicated that it is the most eneffigient option among the
methods analyzed. The reduced energy consumption also resulted in lower emissions of carbon
dioxide (CQ), nitric oxide (NOXx), hydrocarbon (HC), carbon monoxide (CO), and particulate
matter
2.1.2Pavement Performance Improvement

The FDR technique involves pulverizing the entire deteriorated asphalt layer with the
underlying base layer and a partial/upper part of the subgrade. The blending process in FDR
produces a more homogeneous material while eliminating inconsistencies d&nspetsain the
existing pavement structuréThomas et al.,, 2007) The Pennsylvania Department of
Transportation (PennDOT) reported that FDR directly mitigated surface defects, such as rutting,
flushing, and slipperiness, by pulverizing the existiiggressed asphalt layer and incorporating it
into the recycled base. This process effectively removes the source of these defects and creates a
more uniform surface for a new wearing coui&ehren, 2018)Garrett et al. (2017) demonstrated
that FDR with chemical stabilization significantly reduces the occurrence of rutting and fatigue
cracking, which are significant contributors to pavement failure. FDR is a comprehensive approach
to pavement rehabilitatn that removes existingavementistreses and strengthens the entire

pavement structur@RRA, 2015).

2.2Properties of FDR Material

FDR materials are typically produced by milling the deteriorated asphalt layer, the
underlying base, and a portion of the subgrade, resultingnifam material, as shown iRigure
2.2. These materiaiscludeaggregates coated with aged binder, water, virgin aggregates, and fine
materials.Figure 2.3 illustratescompressive strength (UCS) test specimens of unstabilized and

stabilized FDR material$zigure2.3 (a) shows thathe unstabilized FDR specimen showed poor



mechanical behavior, including brittleness and low {beadring capacityfigure 2.3 (b) shows

some visible cracks on the SFDR specimen, but it maintained a more cohesive structure. This
indicated significant improvements in leadaring capacity. Theeclaimed asphalt pavement

(RAP) particle sizefrom milling the deteriorated asphalt laysignificantly impacts the SFDR
effectiveness. Large RAP particles can -hinder
mixed SFDR laye(Reedeet al., 2019)lt is noted that KDOT requires 100% of the RAP particles

topassi1/ 40 si eve for (KD®T, 2006) with stabilizers

= " s"' '
(a)”OvnDr'ieFR Materials (b) Clean FDR Materials
Figure 2.2 FDR Material

(a) FDRSpecimen (b) SFDR Specimen‘ |
Figure 2.3 Comparison of UCS TestSpecimens




2.3 Stabilization Techniquesfor FDR Materials

ARRA (2015) has categorized FDR stabilization as mechanical, chemical, and bituminous.
Because each stabilizer has unique characteristics, selastiitgble stabilizer is primarily based
on material properties, cost, lotgrm durability, and local policies.
2.3.1Mechanical Stabilization

Mechanical stabilization requires the addition of granular aggregates (new or recycled) to
existing subgrade mat er i achrgingtcapacityrthpough enbande® p av
soil-aggregate particle interlock. This technique primarily relies omipoating existing
pavement materials and their gradation to achieve the desired strength and stability. This method
requires the existing pavement materials (aggregates) to reach a certain level of quality without
any chemical stabilizer modification. HeDOT reported that mechanical stabilization is the most
costeffective FDR approach but provides less strength gain than chemical stabilixédioen(
et al., 2012).
2.3.2Chemical Stabilization

Chemical stabilization, also known as cementitious stabilization, blends cdinexsty
or | ime with FDR materials to increase the st
water.

2.32.1Cement Stabilization

Cement is a widely usestabilizerin FDR due to its easgvailability andability to
significantly increase the recycled basebds st
FDR materials with cement and water, the cement hydration creates a hardened matrix that binds
the FDR aggregates together, increasing its stneargt stabilityAfrin, 2017). Garrett et al. (2017)

stated that this water/cement hydration process is crucial for the effectiveness of cement

10



stabilization; it fills the voids between the patrticles, reducing permeability and increasing the
mat er i abedrisg capacayd Cementabilized FDR bases distribute the wheel load
uniformly across the pavement depth profile, the stress spread lavgemarea in the base layer,
and the load more evenly across the subgrade laleis reduceshe occurrence of rutting and

extendt he pavemen{Réeslerstalt20i9c e | i f e

Unstabilized granular base FDR with cement base

3
Distributed stress -
<«— Concentrated stress

Subgrade

Figure 2.4 StressBehavior betweenFDR and CementTreated FDR L ayers(Reeder et al.,
2017)

Owino et al. (2022) conducted a comprehensive nationwide survey on the design and
construction practices iproducingSFDR mixtures. The survey included responses from 361
participants across 41 states; the results revealed that over 80% of the respondents utilized cement

as the primary stabilizer in FDojects(Figure2.5).

Asphalt emulsion (7777 iz
Foamed asphalt///7/77777
Portland Cementi /i /7 2002007000000 00200
Lime

Fly ash

N
NI
YR

Others(please specify

0% 20% 40% 60% 80% 100%

Figure 2.5 Survey Results ofStabilizer Selection for FDR Projects (Owino et al., 2022)
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Studies have indicated that cement stabild]i
selection of cement content; there is concern about the range of cement content that maximizes
strength without causing excessive shrinkage or environmental iniE@tDOT recommends
t hat SFDR mi xturesd cement content range fror
courseg(Morianet al.,2012) Highercement conterimprovest he FDR b a ;n@causesst r e n
shrinkage cracking during the hydration and cugngcess. This shrinkage happens due to the
cementtreated FDR mixture losing moisture, resulting in drying shrinkage. The progressive strain
al so develops with the mixtureds drying shrinl
overlay, leadingo premature pavement failure due to reflection cracking. Jahren et al. (1999)
stated that the SFDR mixturesé UCS, i ndirect
term durability, and cracking characteristics must be considered when cemergdswvith FDR
material. Euch et al. (2015) investigated the mechanical properties of eeesat RAP
mixtures that contained 6% cement by dry constituent weight. The laboratory results showed that
mixture blends with high RAP content demonstratedédrigbhmpressive strength, flexural strength,
indirect tensile strength (ITS), and elastic moduli. The results also showed that the RAP content
did not statistically affect unrestrained shrinkage strain.

2.32.2Fly Ash Stabilization

Fly ash is a byproduct of coal combustion for electricity generation that is a sustainable
alternative to cement. Based on its chemical composition, it is categorized into two main classes:
Class C anclassF. Class C fly ash consists of alumina, silicon, and iron; these elements exceed
70% in Class F. Compared to Class F, Class C fly ash has a higher calcium oxide content and a
specific sefcementing propertf{Amran et al.,, 2021)Class C fly ash is widely used as a

stabilizing agent in FDRpplicationan the Midwestincluding Kansaswhere it is the only class
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of fly ash available. PennDOT recommends that fly ash content in SFDR mixtures range from 6%
to 14% by weight of the dry existing base coursaerials(Morian et al, 2012) When fly ash
treated FDR materids mixed with water, the asteactswith the calcium hydroxide released
during the hydration of cementitious materials to form additional calcium silicate hydrages (C
H), thereby increasing the stabi letag 20@l)Thease | a:
pozzolanic reaction in fly ashadtilization binds the aggregates togethet @duces thenixture's
void pore ratio; it i mproves the stabilized
susceptibilityWen et al., 2003Previous studies in Kansas demonstrated that pavement structures
with Class C fly ash treated base layer exhibited significantly increased structural capacity (Cross
& Fager, 1995; Todd et al., 2000). Furthermore, Wen et al. (2003) founth¢t@@iass C fly ash
treated base course met the technical requiresmiemt structural performance, proved eost
effective, and aligned with environmental conservation goals.
2.32.3Lime Stabilization
Lime is a widely utilized stabilizer and is particularly effective when combined with fly
ash to reduce soil plasticity and enhance stat
and subsequent hydration process. Lime acts as an activagesing a reaction with the fine
particles in soils to form cementitious compo
strength, stiffness, and overall performa(émo et al., 2018)PennDOT recommended that lime
content in SFDR mixturesmge from 2% to 6%Morian et al., 2012)KDOT constructed two test
sections usindpotlime slurry and Class C fly ash. Their results indicated that thérhetslurry
could substitute for Class C fly ash due to its increased mixture tensile s{i@ea@tCross, 2007)
rutting resistance (Cross, 1999), and moisture damage resistance (Thomas et aNi2fG)d

Jalili (2009) investigated the effects of Portland cement andtlieated CIR mixtures, revealing
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that combinilg cement and lime enhances compressive strength and improves rutting resistance

by increasing the CIR material so limeisdfdcive e r es
on its own and in combination with other stab
performance and durabilifNiazi & Jalili, 2009)

Xiao et al. (2018) <concl ud e douldvaradepehdingne st a
on the project sitebés soil type and environme
in clay-rich soil, where the pozzolanic reaction is meffective In sandy or noplastic soils, the
benefits of lime stabilization may be limited, and alternative stabilizers may be more appropriate.
Therefore considering soil properties and site conditions is essential when selecting lime as a
stabilizer for FDR projects
2.3.3 BituminousStabilization

Bituminous stabilization involves using bituminous materials, such as asphalt cement,
cutback asphalt, or emulsion, to enhance recl e
durability. The primary goal of bituminous stabilization is to incréadee r ecycl ed ma
cohesi on, t hereby i mp-beanng capacity, meistule aesisganck,agde r 6 s
overall stability. The bituminous binder creates a waterproof layer that helps protect the underlying
pavement structure from moistureiittation or water capillarity to resist pavement distress, such
as rutting and cracking. Studies have indicated that the ashalsionstabilized pavement
structure resulted in reduced susceptibility to moisture damage and improved resistance-to freeze
thaw cycles compared to natabilized pavementMorian et al., 2012)Snizek et al. (2015)
concluded that the bituminowsabilized FDR mixture had limitations in cold temperatures and
high-moisturecontent areas due to the weaker bonds between the g@pBgates and asphalt. In

addition, the cost of bituminotstabilized materials isigherthan other stabilizers.
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2.4 SFDR Mix Design Guidelines

Due to a lack of standardized natiot&alel SFDR mix design, many state agencies have
developed theimethods, which vary in sample preparation, specimen size, testing methodologies,
and required physical properti€3ahren, 2018)Owino et al. (2022) conducted a nationwide
survey report regarding SFDR mix design. Thirteen state agencies have specific FDR mix design
guidelines, as shown Figure2.6. These design methods can typically be categorized by stabilizer
type or stabilizer usage, with the primary objective of the mixture design being to select the most
effective stabilizer. The SFDR mix designs consider local factors, such as climate, traffi
conditions, avail able materials, and the proj
design methods have been derived from thentimtasphalt (HMA) mix design methods, such as
Marshall, Hveem, and Superpave mix designs. The SFDR mix desigoaaphes are meant to
achieve performaneeased goals for the pavement over its design life, such as high rutting and

fatigue resistanc@u & Cross, 2007)

=E T Ty = States with Mix Design Guidelines

Figure 2.6 Distribution of State DOTswith FDR Mix Design Guidelines(Owino et al.,
2022)

The current SFDR mix design practices focus on achieving the desired strength of the

SFDR mixture, using the proper stabilized agents apipropriatelosagePCA (2004)suggested
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a 7-day target UCS value of 300 to 400 psi (average of 350 psi) for ceéreated base materials

used in FDR with cement and 200 to 300 psi (average of 250 psi) for lime oriyeatdd FDR

materials. PCA also recommended a minimum compressive strehg8€@0 psi for the vacuum
saturation test (ASTM C593) for cemdntated base materialReeder et al., 2019Y¥he U.S.

Army Corps of Engineers (USASE) recommended a minimeiay? UCS of 750 psi for base

courses for flexible pavement, and it required aimum #day UCS of 250 psi for subbase layers

in flexible pavementfUSACE, 1994) Reeder et al . (201-€8adyUGSUmmar i
requirements for the cemestiabilized mx material, as shownTiable2.1.

Table 2.1 Summary of DOTsbDesign Standards for CementStabilized Base Layer(Reeder

et al., 2019)
Design 7Day
Agency/DOT | Compressive Strength Aggregate Properties
psi
0,
Liquid | Plasticity | 2. Comment
. . A Passing
Minimum | Maximum | Limit Index
(LL) PI) No. 200
Sieve
California 10
DOT 750 3i 15%
Coc;"%rha:r?]tﬁ)ty 650 1000 <30 31 15% Cement: >5%
Federal
Aviation 400 800 <25 <6 28i day strength < 1,000 psi
Administration
Georgia DOT 300 450
Paybased on percent within limit
Kansas DOT 650 1600 reference SD: 260 psi
Maryland 750 <6 01 8% Cement: 3.254.75%
Michioan 0i 25% passing No. 80 sieve;
Dogl' 750 <6 <6 sliding pay scale with 98% to 95¢
compaction
Minimum 95%compaction;
Montana DOT 500 1500 <30 <7 4i12% | sliding pay scale with 4G@2,000
psi compressive strength
Oklahoma 120 Target strength: 8G@,000 psi
DOT 600 1200 115% Cement: 35%
South Caroling 600 0 20% Cement; 2.55%
Tennessee
DOT 500
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2.5 Performance Testing of SFDRMixtures

Performance tests are commonly proposed befogeneering application® ensure the
SFDR mixture meets specifications and performance standards. These tests help identify potential
issues with the mixture composition and ensure that the stabilizers perform as expected under
various environmental and load conditions. The BFBixture performance testsclude
laboratory tests and field tests
2.5.1 Laboratory Tests

Laboratory performance tests are used to e
and effectiveness. These tests are typically modified from HMA test procedures that assess mixture
strength, stiffness, and durability. Literature reviews have sughtsitlaboratory performance
tests include UCSshrinkageand moistursusceptibility tests

2.5.11 UCS Test

UCS tests measure the SFDR mixturebfs maxin
critical parameter in SFDR mix design and helps determine the optimal binder content for a desired
strength level. The UCS test involves compacting the SFDR mixture into cylindrical molds,
typically with a heightto-diameter ratio of 2:1 or 1.15(@ameson, 2019t is recommended that
an SFDR mixture containing rock or bound matefigtested using a heigte-diameter ratio of
2:1. SFDR specimens usually requireusefor 7 or 28 days; the PCA and the USACE adopted
sevenday UCS values as the SFDR mixture strength star(@@d, 2005 USACE, 1994)The
SFDR specimen is then subjected to unconfined axial compression until failure. The peak load at

failuredefinesst he SFDR mi xturebs compressive strength
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2.5.12 Shrinkage Test

Shrinkage tests are essenti al for assessi

due to water loss, which can lead to shrinkage cracking. It was noted that mixtures with high UCS
values typically contain a high cement content, leading to a st# keyer. This may cause
shrinkage crackingh the base, which may spread to the top AC layer due to repeated traffic load,
thus reducing the pavementdés service |ife.
standards for cemetiteated FDR matél, but Australian specifications set a maximum allowable
shrinkage strain of 0.00025 in./in. after 21 days for ceftreated materialGuthrie et al., 2002)
George (2002) claimed thatabilized base materials with high cement content were more
susceptible to shrinkage crackindowever, no shrinkage crackiragcurredwhen #day UCS
values of the cemetiteated base mixturegere lower than 300 psinder wet cung conditions.

Louw et al. (2016) suggested optimizing the censtalbilized FDRdesign, which contrtgd the

7-day UCS in the range of 30600 psi, or improving the inplace CTB construction via careful
curing and microcrack repair before constructing the top/overlaying AC layer. Niazi and Jalili

(2009) suggested combining cement with other stabilizers, such as fly ash or lime, can improve

n

the FDRmixtu e 6s wor kabil ity and reduce the shrinka

2.5.13 Moisture Susceptibility Test

The moisture susceptibility test measur es

damage, which is a significant concern for pavement durab8tyne moisture susceptibility
testsconsist of indirect tensile strength ratio (TSR), Marshall stability ratio (MSR), ftbexe

durability, and vacuum saturation (V&pts
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TSR tests compare the ITS of conditioned specimens to that of unconditioned specimens;
a higher TSR value indicates better resistance to moisture damage. MnDOT adopted this test
method to test the durability of asphalt emulsstabilized FDR materialgddahren, 2018)
The MSR test is like the TSRst It compares the Marshall stabilityS) of conditioned
and unconditioned specimens; a higher MSR value indicates greater resistance to-indistece
damage. Niazi and Jalili (2009) used MS tests to compare CIR mixtures with cement and lime.
Their results showed that CIR mixtures with cemerliree increased MS, and the mixture with
higher cement content resulted in high strength. Kim and Lee (2006) also conducted MS and ITS
tests to validate the effectiveness of th& design method for CIR mixtures, demonstrating that
the ITS test should be used in wet conditions to determine the optimal foamed asphalt content.
Freeze¢e haw durability tests are typieanhl|y us
durability; the tests subject specimensrépeatfreezing and thawingyclesto simulate cold
weat her conditions and assess t he -theatcyelesi al 6s
The specimends durability is cal cu-thawtcgclds by co
and brushing with the original mass, with theasurement reported as a percentagd Restder
et al., 2017)MnDOT mentioned that SFDR ntixre shows the variability of field conditions that
can affect freez¢haw durability test results; for instance, the laboratory tests may indicate a
certain mixing ratio as optimal, but field tests often show different results, highlighting the need
for comprehensive testing approacligshren et al., 1999)
Vacuum saturatiort e st s measur e t bDES aSHoh RBaturatedk dnd r e 0 s
unsaturated@onditions with lower permeability and higher resistance to moisturenintaining
the SFDR materis strength under moisturBempsey and Thompson (19748re the first to

utilize vacuum saturatoh e st s t o predi ct ¢ hemi-thavldlrabilityst ab i | i
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They tested soitement, limefly ash and limetreatedsoil specimens following th&acuum
saturatiortest and freezéhaw test standards (6 cycles and 12 cycles). Linear regression analysis
results indicated a significant correlation betwestuum saturatiorand cyclic freezehaw
strength. Theacuum saturatiotest results showed a good correlation with traditional fréeae
durability tests, and this correlation helps validateviheuum saturatioh e st 6 s ef fecti v
predicting SkgieRndorabiity(Henriehs, 2015)Many other studies have shown
that thevacuum saturatiotest is a quick, costffective method to predict chemically stabilized
mi X t ur e-thaw ddrabibty¢Adtdaood et al., 2014; Zhang et al., 2016; Lake et al., 2017).
25.2 Field Tests

Field tests of the SFDR mixture are used for preconstruction evaluation, construction
quality control, and pavement performance monitoring. Reports have shown that the field tests
include a falling weightieflectometer (FWD), a dynamic cone penetrometer (DCP), and coring

2.5.21 FWD Test

The FWD test is a nondestructive method for evaluatingitin pavement structural
properties. It involves measuring surface deflections by applying an impulse kbado@mvement
surface at various offsets from the load plate. The deflection data are used foalcatition of
pavement layer elastic moduli. The FWD test provides a reliable assessment ofsitioe in
conditions of pavement layers. Johanneck and Ddi3R0sed FWD tests to compare the response
and performance of three sections with different SFDR mixture combinations. The test results
revealed that the section with the emulsstabilized mixture demonstrated improved strain levels.

Butalia et al . (2011) emphasized FWD test

long-term performance, particularly in evaluating the benefits of using Class F fly ash in FDR

projects. Romanoschi et al. (2004) conducted FWD tests to examine theratroohtribution of
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foamed asphafstabilized FDR materials; these SFDR mixtures were compute/éa structural
|l ayer coefficient of 0.18. This coefficient r
contribution in the pavement cressction. A higher coefficient indicates a more outstanding
structural contribution.

2.5.22DCP Test

TheDCP test is an hsitu method for evaluatingnbound pavemématerials'strength and
bearing capacity, particularfpr subgradematerials It involves driving a standard cone into the
ground using a standard dropped weight (195§ from a specific height (39 in.) and measuring
the penetration depth per dr@cullion et al.,, 2008)T he cone ds pwastgpicallat i on
measured in millimeters per blow (mm/blow), praugli nf or mat i on about (.
resistance to penetration. The DCP tmiawere used to compute the California bearing ratio
(CBR) of subgrade soils usirgquation 2.(AASHTO, 2015) Jahren and Keneth (1999ated
that DCP results helpo evaluateby checkingwhether the subgradgelequately suppat the
rehabilitated pavement structure. PennDOT conducted the DCP tests toceenifaction and

material properties uniformityithin unbound pavement laygfglorianetal., 2012)

#" 2p

Equation 2.1

Where
CBR = California bearing rati(), and
DPI = dynamic penetration index (mm/blaw)
2.5.23 Coring
In-situ cring isthe noststraightforwardapproactto evaluatingc o mpact ed SFDR |
strength and stiffnes€.oringcanverify the SFDR design parameters by comparing actual strength

values obtained frorthe cored samples with the intended design values, directly assessing the
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SFDR mix designbés ef f e csubjevtedto@CS sests tddeterminecheie s a m

compressive strength and modulus of elastitigwis et al, 2006).
2.6 DesignApproaches

The philosophy of SFDR design is that optimizing HMA thickness over SFDR layers
involves balancing the cost of the HMA layer and increasing the structural support the SFDR layer
providlesThe SFDR base maymame fiom 8tb biincThentleickness is adjustable
based on the existing pavement thickness, environmental conditions, and subgrade soil
characteristics

Low-traffic-volume roadswere consideredsuitable candidates for FDRince they
providal a costeffective solution for rehabilitating pavements with structural deficiencies (Reeder
et al., 2019)Forthese lowvolumeroads, the percentage of truck traf@ significant pavement
design factor, particularly in the agricultural states, such as Kansas, whesizedeaind weighted
tractors drive on these roads. These heavy agricultural vehicles exert higher stress on pavements
than trucks, significantly impacting the pavement structure. Therefore, a flexible pavement
structure consists of a thicker SFDR layer and a thiAGeoverlayinglayer, potentially restihg
in a longer pavement service life at a lower constroatimst

Studies have showrthat themechanistieempirical pavement design approach is
feasiblefor optimizing AC overlay thickness over an SFDR layer. Tdpproachhas become
increasingly populabecaise it incorporagésmaterial propertigstruck traffic distribution, and
environmental factors into the design process.

The MEPDG is a comprehensive pavement design approach that predicts pavement
distresses, including rutting, cracking, amoughness It was developed by the American

Association of State Highway and Transportation Officials (AASHTO). The AASHTOWare
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Pavement MechanistiEmpirical Design (PMEDsoftware is a comprehensive application that
helps transportation agencies analyze and design pavement strustngeMIEPDG(AASHTO,

2015) MEPDG design predicts pavement response under traffic load, structural material
properties, and climate data. Scullion et al. (2008) used the PMED program to design HMA
pavement with a CTB layer. Similarly, Le et al. (2016) used the PMED software t@atgrthe
long-term rutting of pavements with SFDR mixtures and condubat the computed rutting data

matched irplace rut measurements.
2.7 Finite ElementModeling

The finiteelement method (FEM) is a computational tool for investigating and predicting
the behavior of flexible pavement structures under traffic and environmental loadings. In general,
FEM divides a complex structure into smaller or simpler parts chiiéd elements, which are
analyzed individually and then assembled to I
pavement structure is used to analyze stress, strain, and displacement in the layers under various
loading and environmental conditis(Saghebfar, 2014)

Duncan et al. (1968) carried out the first FEM application for analyzing flexible pavement.
Later, anotheFEM-based computer prograniLl -PAVE was developed to analyze pavement
structure, which consided the pavement as an axisymmetric solid of revolution and divided it
into finite elements. This program was limited in application due to its longer computational time
and large data storage requireméhtgfi & Figueroa, 1980)MICH-PAVE wasanother pavement
analysis program based on FEM developed byhidan State University. MICHPAVE improved
computational efficiency and defined the nonlinear properties of the base and subgrade materials.
Like the ILLI-PAVE program, MICHPAVEc onsi dered the pavement str

(Tseng & Lytton, 199Q) The Flexible Pavement Analysis Structural System (FPASS) was
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developed based on the IL-PIAVE program; it incorporated several enhancements, such as
multiple-axle-load handling and prediction models for pavement distreBB#sSS was limited in
material properties; the useould only run the program with default material proper(i@& et

al., 2010) Sargand and Beegle (2006) developed a FEM called OUPAVE. This program defined
the flexible pavement in linegalastic and nonlinegplastic behavior, and it was conducted to
evaluate the flexible pavement responses under static and dynamic loadingeentite related

case study showed that the OUPAY&mputed results did not show good agreement with the
filed measurements due to a lacksaftablemateriatproperty inputs for the program.

With the development of computer technology, more FteMted programsnd even
commercial softwaréehave beenused for pavement analysis. @ommercial FEM program,
ABAQUS, proved effective in pr dABAQUS,iI201¢) paven
ABAQUS provides a wide range of material models, such as linear elastic, viscoelastic,
hypoplastic, and elastoplastic models; it also provides maximum flexibility in the simulation of
various material behaviors under various loading/environmental comsl(fVu & al., 2010)
Generally, creating an ABAQUS FEM to simulate the flexible pavement involves three
considerations: geometry, traffic loading behavior, and mataiadtitutivemodels.

2.7.1 Geometry

In ABAQUS, geometry is called dimensionality. Three types of dimensionalities are used

to simulate pavement structures: thodmensional (3D), planstrain (2D), and axisymmetric.

The 2D model simplifies the pavement structure into a 2D representati@xtéads infinitely in

the longitudinal direction, making it easier to analyze long pavement sections where the geometry
and loading conditions are relatively constant along the |gigi@him et al., 2014)Kim (2002)

compared 2D and 3D models to invgate the effects of supsingle tire loading on subgrades
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and found that the 2D model stresses, strains, and displacements were higher than those in 3D
modeling. 2D models in ABAQUS improved computational efficiency but were limited in
accurately replicating reavorld traffic loading since it modeled the whemddl as a line load. This
prevenedthe accurate represatibn of thetire contact are@Vu et al., 201Q)The axisymmetric
(2D) model, which used a cylindrical coordinate system to assume the pavement structure, had
uniform properties in the radial dirémh, and the load was applied symmetrically around a central
axis. Although axisymmetric models himdver computational requirements thtre 3-D models,
the load distribution and pavement geometry were considered in the (Waated, 2011) Many
studies have indicated that the 3D ABAQUS FEM simulation achieves the most comprehensive
and relatively accurate response of pavement structures as well as the full complexity of material
behavior, loading conditions, and pavement geon{&thy et al., 201Q)
2.7.2Traffic Loading Simulation

To simulate the neaeal response of the pavement structure, the traffic loazhsidered
a moving and repeated load on the pavement structure. The repeated loads are simulated by
applying a static load for a specified number of cycles to simulate the cumulative effects of traffic
loading. The moving loats simulated by applying the dynamic trafic@d across the pavement.
The pavement response, such as stresses, strains, and deflectiomguted during the traffic
loadings.

In general, flexible pavement consists of multiple layers. Because trafficdoeaispied
to the pavement, a stress pulse transfers from the top pavement to the bottom layer. The pavement
thickness, travel speed, and wheel load magnitude significantly atfess(Wu et al., 201Q)
Zaghloul et al. (1994) simulated traffic loads by converting thepineement contact pressure to

a uniform loading area on the FEM mesh. Saghebfar (2014) and Bortz (2015) adopted a similar
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approach to simulate the accelerated pavement testing (APT) wheel load on pavement structures.
The accumulated traffic load passes were achieved by increasing the loading time on the pavement
(Figure2.7a). Al-Qadi and Hao (2009) simplified the complex 4r@ement interaction with a

tire loading imprint gradually shifting over the loading area until a singjeel path igraversed

The accumulated traffic load passes were achieved by accounting for the load cycles from one side
to the other on the FEM meshkigure2.7b). The FEM results from this simulation showed good

agreement with the APT test results in predicting longitudinal strains

Figure 2.7 Traffic Loading Simulation : (a) Repeated Loagl (b) Moving Load
2.7.3Constitutive Material Models

Constitutive material models are essential to effectively simulate and analyze the behavior
of pavement structures under various loading or environmental conditions. This model is
mathematical and defines the strstimin characteristics of materials INBAQUS FEM
(ABAQUS, 2016) Selecting the proper constitutive model is critical for defirthe material
characteristisaccurately. As discussed earlier, flexible pavement is adaykred structuréhat
consists of an AC wearing course, base, and subgrade layers. Technically, the layered systems
have highequality materials at the top, where the stress is higher, and-tpyvadity materials at

the bottom, where the stress is lower. Many studies haveatedi that the constitutive material
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models for all layers are quite different; even the same material can have various constitutive
material models for different research objectives.
2.7.3.1 Asphalt Concrete (AC) Modeling

AC materials are considered viscoelastic or vielastic materials; they exhibit time
dependent and temperatigensitive behavior. raffic loading rate and creep influendené-
dependent behavior rate dependency, whiésults incontinuous deforation under a constant
traffic load. This behavior is critical when the traffic loading is applied to the pavement.
Temperaturss ensi ti ve behavior indicates that temper
properties, pri mar i |sysensitivity to ttemperathre changep. TleelAC b i n
ma t e rtensidster@gth decreases when the temperature increas@scesmkss strength when
the temperature droggbluang, 2004)

Zaghloul and White (1993Jleveloped a 3D ABAQUS FEM to simulate the actual traffic
load on the flexible pavement. A viscoelastic model was apfigte AC layer, and the results
showed a higher load equivalency factor than the AASHTO design guide recommendations. Wu
et al. (2011) developed a 3D FEM for predicting permanent deformation in pavement structures.
A permanent deformationat er i al model was wused to simul ate
was a modification of a conventional elastoplastic rhadth linear strain hardening. Saghebfar
(2014) developed a 3D ABAQUS FEM to simulate the eightdadlle pavement test sections at
CISL. Two constitutive material models were used for modeling the AC layer: the elastic model
and thecreep model. The creep model was found to be appropriate for showing permanent strain
after unloading. Bortz (2015) developed a 3D ABAQUS FEM to simulate the eigistalé test

sections for evaluating the performance of geematiforced HMA pavementhe linear elastic
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characteristics were defined for the HMA lay€able2.2 provides a summarized comparison of

elastic, viscoelastic, and visetastic plasticity of AC properties in ABAQUS.

Table 2.2 Comparison of AC Material Models in ABAQUS

AC Model
Type

Description

Advantages

Disadvantages

Reference

Linear Elastic

A linear relationship
between stress and strail
AC behaves linearly
elastically and recovers it
original shape after
unloading.

Simple and easy
Computing material
inputs are included in the
software.

Useful for preliminary
analyses or comparisony
with other linear elastic
pavement analysis
methods (such as BIAR,

Does not accurately
capture
viscoelastic or plastic
behavior.

(Kim et al.,2009)
(Bortz, 2015)
(Huang, 2004)

Accounts fo

More accurately capture;

behavior.

environmental conditions|

behavior byconsidering A Cdo S respoj (Al-Qadi & Hao,
. . h ynamic and :
its elastic and viscous . . Requires accurate AQ 2009)
roperties environmental loading. viscoelastic (Zaghloulet al
Viscoelastic prop ) . Standard viscoelastic 9 !
Abl e to sin ; parameters through 1994)
models used in ABAQUS :
delayed response to include the generalized laboratory testing. (Wu et al, 2010)
loading and its gradual 9 (Saghebfar, 2014)
. Maxwell model and the
recovery after unloading P -
rony series.
Requires specialized
material models
Most accurately simulate through usedefined
ViscoElasto | CAPLUTES ASTACss respo S“briﬁ“/_t\'giz(gs'\"”s) (ABAQUS, 2016)
Plastic P various loading and : (Wu et al, 2010)

Requires extensive
material testing to
calibrate model

parameters.

2.7.3.2 Basd.ayer Modeling

The base course is beneath the AC layer in the pavement structure. It is an important layer

that distributes wheel loads across the pavement structure while reducing stress on the subgrade.

The base courseonsistsof granular materials, stabilized granular materials, or Portland cement

concrete. In FEM applications, the Me@oulomb and DruckePrager plasticity models are

commonly used to simulate the permanent sirathe baseinder a repeated traffic load

The MoheC o u |

omb

pl asticit

y model

simul at es

This model is based on the traditional M&wulomb yield criterionyepresented by a linear

relationship between shear stress aadnalstress on a failure plane, computesing Equation
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2.2. The MohrCoulomb criterion assumes that failure occurs when the shear stress on a plane in
the material exceeds tmeaterial'sshear strengthFigure 2.8 shows the MohCoulomb failure
model.Sukumanran et al. (2004) applied the M@woulomb model (elastoplastic model) to define
the base course with granular materials, and a 3D finite FEM was developed to compare the
predicted pavement performance data with the failed pavement data

T o , o Equation 2.2
where
U= shear stress,
c=cohesion ofaill,
0 = normalstresgnegative incompressio)) and

n =sdl internal friction angs.

T

-/
o

Figure 2.8 Mohr - Coulomb Failure Model (ABAQUS, 2016)
The DruckefPr ager model I s ecedrms ivieea rsd d 1Coulpihls mchoet hV

a4,
. T = 2 —

criterion because it addresses the irregularity of the Mimhriomb model in the principal stress
space(Wang, 2011) The DruckeiPrager (DP) model accommodates isotropic hardening and
softening behaviors and allows volumetric changes during inelastic deformation materials to

harden or soften isotopicalfABAQUS, 2016) In ABAQUS, the yield criteriarebased on yield
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surface shape, and the yield surfaaescategorized as linear, hyperbolic, and exponent forms.
Figure2.9 (a) shows the lineaddP modelplot; the nost straightforwardform provides a linear

yield surface in the meridional plane. The hyperbolic mdéigufe2.9 (b)) and general exponent

forms (Figure2.9 (c)) use a von Mises (circular) section in the deviatoric stress (ABA&RQUS,

2016) It provides a curved yield surface in the meridional ptafeat bet t er r esembl e
nonlinear behavioiThe proper failure modeklectiordepends othe material being modeled and

the level of accuracy required. The general exponent form often best fits experimental data, but it

is more computationally demanding, such as the UMAT program in ABAQUS. Zaghloul and
White (1993) and Liu et al. (1998) ustitt DP model to simulate the base layer and investigate

the effects of elastplasticity of the base material under dynamic loading conditions.

t

a) Linear Drucker-Prager, F=t-ptanfi-d=0

—d'ftanp -p,

b) Hyperbelic: F :\ll(d'|-.\ - pl tanfif*+g° - ptan fi- d'=0

-p, P

¢) Exponentform: F=ag“-p-p, =0

Figure 2.9 Drucker-Prager Yield Surfaces (ABAQUS, 2016)
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Minimal literature addregsy SFDR basemodelingin flexible pavementss available
Valanis (1990) developed a damage model to investigate the behavior of materials under repeated
loading. Heymsfield et a{2006)applied a modified version of this model to simulate the behavior
of cemenitreated soil layers under unconfined compression tests with monotonic and cyclic
|l oadi ng. The results showed that Val ani sbés d
behaviorof soil-c e me n t mi xtures under repeated | oading
plastic behavio(Heymsfield et al., 2006).

2.7.3.3 Subgradd_ayer Modeling

The subgrade layer is the foundational layer of a pavement structure and provides essential
support for all layers above it. tomprisesnatural materials such as clay, sand, and silt. In the
ABAQUS FEM application, depending on the type of soil, the subgrade layer is defined as linear
elastic, nonlinear elastic, or elastoplastic. The linear elastic soil behavior represents the r@lationshi
between stress and strain. It is characterized by a constant elastic modulusR ) ansl sation 6 s
The elastic moel assumes the soil deformations are fully recoverable upon unldadBAgQuUS,
2016) Nonlinear elastic models assume that soil deformations are recoverable upon unloading.
These models help analyze the resilient behavior of subgrades under repetitive traffic loads since
they capture the soil s abiel Elastgpladtiosoilrbehaviou nd a
encompasses the recoverable (elastic) and irrecoverable (plastic) deformations of soil; it defines a
yield surface in stress space. The belhaves elastically when stresses reroaithis yield surface.
When the stresses exceed the yield surface, the soil undergoes plastic deformation, leading to
permanent changes in its structvgu et al., 201Q) Saghebfar (2014) and Bortz (2015) used
DruckerPrager and creep models to simuldte subgraddayer in the FEM for their fulkcale

APT test sectionat CISL
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Chapter3-Phase | : Laboratory Test

3.1 Introduction

Thischapter discusses a comprehensive laboratory test progoasigmandevaluate the
SFDR mixture. Figure 3.1 showsa flowchat of the laboratory test program (Phase The
laboratory tests includ@roctor compaction,unconfined compressive strengtdQ@s), linear
shrinkage, andvacuum saturatiotess. These testyielded critical physical properties that
i nfl uence t he sBED& pedoanmrecand langterm dusability. The UCS test
results were considered key input parameters in the AASHTOWare PMED software to determine

the AC overlayodos optimal thickness

FDR Material (98% RAP+2% Soil)
Class C Fly Ash
Type I/IT Cement

3

Maximum Dry Density
Optimum Moisture Content

L 4

Standard Proctor Test >

7-day Unconfined Compressive Strength
(UCS) Test

A 4 A J

USACE: 250 ps1 PCA: 400 psi

1sd 00p<SD0) 10
1sd s> DN

> Linear Shrinkage Test

A 3 3

250 psi <UCS<400 psi

> Vacuum Saturation Test

> AASHTOWare PMED Analysis

Optimum AC Overlay Thickness -

Figure 3.1 Laboratory TestProgram Flowchart
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3.2 Material Properties

3.2.1Subgrade Soil

The clay soll in thisstudywasobtainedfrom Bayer Construction in Manhattan, Kansas.
The Atterberg limit tests and standard Proctor tests were conducted following ASTM D4318
(2017a) t o d e plasticity charactetisticend nsosturédénsity relationship. The
Atterberg limit test results are summarizedrable3.1. The results indicated a liquid limit (LL)
of 45%, a plastic limit (PL) of 25%, and a plasticity index (PI) of 20%, classifying the soil as CL
(lean clay) according to the Unified Soil Classification System (USf@)a A-7-6 per the
American Association of State Highway and Transportation Officials (AASHT@e sieve
analysis showethat95.7% of the soil particles passed through®. No.200 sieve. The standard
Proctor testshowedthat thesoilss maximum dry density (MDDyas 98 pcf at amptimum
moisturecontentOMC of 23%. Additionally, Tavakol (2019) reported a UCS of 27 psi for this
soil.

Table 3.1 Atterberg Limit Test Results

Liquid Limit, LL (%) 45
PlasticLimit, PL (%) 25
Plasticitylndex, P1(%) 20
Passing #200 Sie®) 95.7
USCS Classification  CL
AASHTO A-7-6

3.2.2FDR Materials
The FDRmaterial utilized in this study conssstprimarily of RAP and some &-6 soil.
The RAP material was collected from a highway project site-a@ Kin Marshall County, Kansas.
To ensure representative field conditions, 2% soil by dry weight was premixed with RAP. The

materials were then subjecterla series of Kansas Standard tests, including&72016d), KT
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3 (2016¢), and K¥57 (2016e€) tests, which assess gradation, compaction, and mdistisigy
characteristics, respectively.

The sieve analysis results of the FDR material are depicteidjume 3.2. Approximately
2% of fine material (passing #200) was present in the RAP materials. Proctor test results of the
material are shown iRigure 3.3, theresultsshowedthatthe FDR material haen MDD of 124
pcfand an OMC of 9.5%
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Figure 3.2 Sieve Analysis Results of FDRaterial
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3.2.3Chemical Stabilizer

In this study, Type I/ll Portland cemeamdClass C flyashwereusedto stabiizethe FDR
material. These stabilizers were selected basebesnvidespread use in Kansas and availability
from | ocal sources. These materials sTei sfy
physical and chemical propertiesfly asharesummarized imable3.2. The 1y ash was obtained
from an electricity-generatingpower plant in Kansas City, Kans&etailedproperties of the fly
ash areprovided in Appendix A.1. The fineness of this ash, meadwéde amount retained on a
No. 325 sieve, was 23.8%,el below the maximum limit of 34% set by ASTM C618 and
AASHTO M295 standards. The specific gravity was recorded at 2.62. The moisture content was
negligible ensuring optimal reactivity during mixing.

Table 3.2 Chemical and Physical Properties of Class Ely Ash

Source:Kansas City Performance Center Class C
Chemical Analysis Units Value ASTM C618 AASHTO M295
SiO, % 40.54
Al;Os % 18.97
FeOs % 6.23
SiO+AlLO0z+Fe03 % 65.74 50 min. 50 min.
CaO % 23.53
MgO % 4.73 5.0 max. 5.0 max.
SGs % 1.16 3.0 max. 3.0 max.
Moisture content % 0 6.0 max. 5.0 max.
Loss on ignition % 0.35
Na.0O % 1.52
K20 % 0.49
Physical Analyses
Fineness, the amount retained on #325 sieve % 23.8 34 max. 34 max.
Variation points from the average. 0.5 Five max. Five max.
Density glem®  2.62
Variation points from the average % -0.4 Five max. Five max.
Strength activity index with Portland cemensaten 89
days, % of cement control
Water requirement, % of cement control 96 105 max. 105 max.
Soundness, autalvageexpansionor contraction % 0.04 0.8 max. 0.8 max.
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The physical properties of Type I/ll Portlasdment are summarized irable 3.3. The
cemem wasobtained from Ash Grove Cement Company. The detailed lab test reptteidbed
in Appendix A.2.The compressivstrength testef the cement showed results g820 psi on day
1, 3840 psi on day 3, and#L0 psi on day %&xceeding the minimum required strength in ASTM
C109 standards. The air content of mortar mixed with the cement was 6%, and the setting times
were recorded as 110 minutes for the initial set and 375 minutes for the final se

Table 3.3 Physical Properties of Type I/ll Portland Cement (Ash Grove)

Categories Test method (ASTM) Spec. limit r-(le-gji[t
Air content of mortar (%) C185 12.0 max 6
Blaine fineness (fitkg) C204 2600 min 4020
Air permeability test
Autoclave expansion (%) C151 0.80 max 0.02
Compressive strengths, psi (MPa) C109
1d N/A 2320
3d 1740 min 3840
7d 2760 min 4710
Setting times (min) Cl91
Vicat initial 45 110
Vicat final 375 110
Heat of hydration (cal/gy d C186 A N/A
False set (%) C451 B 86

3.3 Laboratory Tests

Eight SFDR mixtures were prepared to evaluate the stabilized mixture performance for
varying cement and fly ash contents. The proportions of stabilizers were determined as percentages
of the overdried FDR material weight. Theurposewas to identify the SFDR mixtures that would
satisfy the required UCS threshaddspecifically, ensuring that the UCS values fall within the
targeted range of 250 psi to 400 psi.

To ensure uniformity and consistency in the SFDR mixtures, thedneth FDR material
was presieved to remov®AP particledarger than 0.78n. The SFDR mixtures wengrepared

with the following stabilizer combinations: 10% fly ash (10FA), 20% fly ash (20FA), 5% cement
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(5C), 10% cement (10C), 5% cemefat5% fly ash (5C&5FA),6% cement& 4% fly ash
(6C&4FA), 3% cement 7% fly ash (3C&7FA), and 2% cemeéit 8% fly ash (2C&8FA). A
series of laboratory tests were conducted to evaluate megsusity characteristics, UCS, linear
shrinkage, and freezbaw resistance.
3.3.1Moisture-Density Characteristics

The SFDR mi x t-demsigysréationsbip was evaleated using the standard
Proctor compactiotestandfollowing ASTM D69812 (2012). The FDR material was ovéned
to constantveight The overdried FDR material was then blended with the predeternaimeint
of the stabilizer. The dry SFDR mixture was then thoroughly mixed with predetermined water
contents ranging from 3% to 15% by weighttbé dry SFDR mixture in 3% increments, as

depicted inFigure3.4.

t

BT % L £ st e, 008

Figure 3.4 (a) SFDR Material; (b) Dry-Mixed SFDR; (c) WetMixed SFDR
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The specimens were prepared in fivin6diameter molds. Each specimen was compacted
in three equaheight lifts, with each lift receiving 56 blows fronmstandard Proctor hammgs.5
Ib), resulting in a total compaction energy of 12,40 /At3 After compaction, a representative
sample was taken from each lift to determine its water content using theligweg method
following ASTM D2216 (2010). The MDD and OMC values werterpolatedirom the plotted
moisturedensity relationship curves obtained from the Proctor test results. The Proctor test setup

and the compaction process for the SFDR mixture containing 10% fly ash are stoguré3.5.

Figure 3.5 Proctor Test for SFDR Mixture: (a) SFDR Material Preparation; (b) SFDR
Material Compaction

3.3.2Unconfined CompressiveStrength (UCS) Test

The UCS is acritical mechanical property used to characterize the streig®FDR
materials in pavement design. It is widely accepted as a single quantitative measure for designing
SFDRbase coursedhis study determined tHeCS values of th&FDR mixturesusing the UCS
testperASTM D1633 (2017b).

The SFDR mixtures were preparattheir correspondin@MC andMDD values. Three
replicate cylindrical specimens were compacted; each specimen -imashéight and 4n.

diameter (heighto-diameter ratio of 2:1). A heawjuty loading frame was used to compact the
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specimens at a prolonged loading rate. T\as dugo prevent water from squeezing a@lutring
compaction Customamade cylindrical steel molds were used to ensure uniform specimen
dimensions. After compaction, the specimens were carefulynalded and transferred to a
moisture room for curing. The moisture room was maintained at 96% relative humidity (®RH) an
a temperature of 67FAdditionally, the SFDR specimens containing fly ash were sealed in plastic
bags to minimize moisture loss during curing. Afteg Zday curing period, the specimens were
testedfor UCS Each specimen wasibjected to compressive loading at a constant loading rate of
0.05 in./min. The compressive strength was computed as the maximum stress that caused the
specimen to fail. The entire UCS testing process, including specimen preparation, curing, and
compressin testingjs illustrated inFigure3.6.

The UCS values were used to classify the mixtures into three performance categories: If
the UCSvaluewaslower than 250 psi (low strength) vitould beconsidered insufficient to meet
the minimum requirements for the base layer. Using such mixtures in base layers could cause
premature pavement failure, such as rutting. If the W&lBe wa between 250 and 400 psi
(moderate strength), mixtures achieving UCS values within this @oglel be consideregroper
materialfor the base layer. Their strength is sufficient to withstand typical traffic loads, reducing
the risk of brittle failurelf the UCSwashigher than 400 psi (high strength)indicated thathe
SFDRmixtures were ovedesigned. An SFDR base material with an excessively high UCS can
lead to increased stiffness and a higher risk of shrinkage and reflection cracking in the pavement

over time.
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Figure 3.6 UCS Test (a) Specimen Compaction(b) Curing; (c) Compression
3.3.3Vacuum Saturation Test

Thevacuumsaturationtess wereconducted tanvestigatd¢ he SFDR mi xt ur es 6
This test simulates conditions e#e the pavement is exposed to water infiltration or capillary
action, particularly in environments prone to freézaw cyclefDempsey & Thompson, 197.3)

In this testsix specimens were prepared for ea€theeight SFDR mixturegvestigated
each with a height of 4.59 in. and a diameter of 4 in. (heé@btameter ratio of 1.15:1)The
specimens wereompacted, denolded and thercured in the moisture room for seven days. After
curing, three specimens were randomly selected from each batch f@cthemsaturationtest.
The remaining three specimens were set as a control group and underwent the U&S test
discussed in subsection 3.3.2. The selesmgtimens were placed in a vacuum chamber and
subjected to a constant vacuum of 24 in. of mercury for 30 minutes. This process ensured that any
air voids in the specimens weremoved allowing for complete saturation when the specimens
were soaked in water. After the vacuum phase, the specimens were soaked in an open water
container at room temperaturé/{F) for an additional hour for complete water penetration. Once
removed from the water, the specimens were allowed to stafgiaentil no visible watewas

observed before the UCS tests were conducted. The conaptam saturatiotest procedure,
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including specimen preparation, curing, soaking, and compression testing stages, is shown in
Figure3.7.

To quantify moistureds i mpact on the SFDR
of thevacuum saturatiotest were compared to the UCS values obtained from the suifiece
specimens (control group).vacuum saturation rati SR) (or saturation coefficientanalogous
to the tensile strength ratio (TSR) to assess moisture susceptibility in HMA matesaals,
computed using Equation®.The VSR was used to compare the retained strength of the eight
SFDR mixtures under moist conditions. VSR valgise to 100%ndicaied better moisture

resistancén terms ofstrengthretention
@YY — Equation 2.3
where

UCSyet = averageompressivetrength osaturatedamplesand

UCSyy = averageompressivestrength ounsaturatedamples

Figure 3.7 Vacuum Saturation Test (a) Compaction; (b) Curing; (c) Soaking; (d)
Compression

3.34 Linear Shrinkage

Very few studies have addr ess ednixbiledesignmat er i

phase. Shrinkage cracking in the SFDR base layer and its subsequent reflection in the AC overlay

41



has become a significant concern due to its contribution to increased pavement mainten&nce cost
(Ghasemi et al., 2018)
To study the shrinkage behavior of SFDR mixtures with various chemical stabilizer content,
the linear shrinkage test was conducted following ASTM C157 (2017c). Eight SFDR mixtures
were prepared at their MDD and OMC. For each mixture, three identical grecimeasuring 3
in. x3in. x11.25 in. were compactad two lifts using a standard Proctor rammer with 56 blows
per lift. An FDR mixture without any stabilizer was ass&ias the control group. The control group
sets a baseline for comparison, allowinggr a quantitative assessmen
i mpact on the SFDR mixtures6é shrinkage behavi
After compaction, the specimens were sealed in plastic bags and placed in the moisture
room with 96%relative humidityfor 24 hours tocure Once demolded, the specimens were
immediately transferred to a drying room maintained at 73 £3 F. Initial length measurements
were taken as soon as the specimens were placed in the drying room. Subsequent comparator
readings were taken at specifietenvalsfollowing ASTM C157, at 1, 2, 4, 7, 14, 21, and 28 days
The comparator readings were used to calculate the shrinkage [Riffitsilties were
experienced durinthede-moldingof the control grougpecimensso its shrinkage measurements
began at the 4Bour mark. The shrinkage test setup, including the specimens in the drying room
and the comparator device, is showrigure3.8. The linearshrinkage test results were compared
across all mixtures, focusing on balancing strength and shrinkage resistance. Mixtures with lower
shrinkage strains were considered more suitable for pavement applications because they reduce

the likelihood of cracks foning in the base layer and spreading toAQeoverlay.
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The comparator readings were used to calculate the shriatageThe length change of
any specimen at any agéerthe initial comparator reading (in microstrain) was calculatadg

Equation2 4.
Yoo — pm Equation 2.4

where:
glx = strainchange of specimen at any gg&crostrairs),
CRD = differencebetween the comparator reading of specimerand the reference rod at any

age and

G =gage length (10 in).

Figure 3.8 Linear-Shrinkage Test (a) Specimen Preparation (b) Specimen Curing (c)
Drying; (d) Measurement Device(e) Length-ReferenceComparator

3.4 AASHTOWare PMED

To optimize the AC overlay thickness over the SFDR base layer, flexible pavements were
designed usinghe AASHTOWare PMED software. AASHTOWare PMED is a mechanistic
empirical design tool that predicts pavement performance over time by considering the interplay
of material properties, traffic loading, and environmental fadtidtsang, 2004)Version 2.50f

thePMED software wassedin this study.The software requires structured input acsissreas
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general design information, pavement performance criteria, traffic data, climate station data,
pavementayersstructure and material propertiesdprojectspecific calibration factors
3.4.1General Designinformation

In this project, a new flexible pavement with ayiar design life was selected for a two
lane, tweway road. Other software parameters, such as the base construction date and traffic
opening date, were set to the default values defined by the software
3.4.2Pavement Performance Criteria

The design structure directly influences the pavement performance criteria. The flexible
pavement was designed to meet specific PMED performance standards, including terminal
International Roughness Ind€iRI) (in./mile), RermanentDeformation(PD)d total pavement
(in.), AC bottomup fatigue cracking (% lane area), AC thermal cracking (ft./mile), A&itpn
fatigue cracking (ft./mile), and RDAC only (in.). Additionally, design reliability reflects the
probability that the pavement will perform adetelyover its intended service life, ensuring that
distresgsand roughness remain below critical le@&ASHTO, 2016)

Table 3.4 Pavement Performance Criteria and Reliability

Criteria/Default
Distress Type Distress Reliability
Target Level (%)
Terminal IRI (in./mile) 180 75
Permanent deformqtlén 0.45 75
total pavement (in.)
AC bottomup fatigue 20 g5
cracking (% lane area)
AC thermal cracking
(fmile) 750 75
AC top-down fatigue
cracking (ft/mile) 2,000 85
Permanent deformatién 0.45 g5

AC only (in.)
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3.4.3Traffic Data

The traffic inputs included annual average daily truck traffic (AAIpfor the base year,
growth factor, number of lanes in the design direction, percent of trucks in the design direction,
percentof trucks in the design lane, and operational speed in mph. The detailed traffic inputs are
summarized inTable 3.5. It was noted that some traffic inputs, such as traffic volume monthly
adjustment factors (level 3), axle configuration, and monthly and hourly adjustment factors, were
used as the default values provided by the PMED software. The traffic characteristideepte
consistent across all alternative pavement designs

Table 3.5 PMED Traffic Inputs

Traffic Inputs Flexible Pavement
AADTT 300
Growthrate,linear(%) 3
Number of lanes 2
Trucks in design lane (% 50
Operational speed (mph 60

3.4.4Climate Station Data

Environmental factors, such as temperature, precipitation, and -tlesmzecycles, can
significantly impact pavement performance. PMED incorporates these factors using climate data
from an existing weather station or a udefined virtual station. For thiproject, a virtual climate
station was created based on weather data from Topeka, Kansas. The input parameters include the
mean annual air temperature, mean annual precipitation, freezing index, and average yearly freeze

thaw cycles. The detailed climgtarameters are summarizedriable3.6.
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Table 3.6 Climate Inputs

Climate Statiorinformation/Location Virtual
Mean annual air temperature (F) 55.17
Mean annual precipitation (in) 46.49
Freezing index (F- days) 349.22

Average annual number of freeze/thaw cycl 90.09

3.45 Pavement Structureand Material Properties

In Kansas, a typical asphalt pavement structure consists of three AC layers. This three
layer systenincludesa 1.5in. surface layer, a 2-f. intermediate layer, and a variatbhéckness
AC base layer

This studybés desi gned p aiv. AGoweanldy orstapywitictheur e ¢
intermediate and bottom AC layers combined into a single layer for design consideration. The base
layer options include XGnd 12in. SFDR base layers, followed by 18in. subgrade layer. The
schematic of the designed flexible pavement structure is illustratéigyune 3.9. The optimum
AC thickness was the minimum required thickness of the total AC layer that satisfied all
performance criteria. If one or more predicted performance criteria were not satisfied, the

pavement structure was altered by changing the AC overlaydlayert h.i ckness

Combined AC Layer -
Thickness Based on Design

10" or 12" SFDR Base

Semtinfinite (Natural Soil)

Figure 3.9 Trial Flexible Pavement Structure
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3.4.51 Asphalt Layer

The PG binder for the AC layer was determiriedbwing KDOT requirements, which
consider the total equivalent single axle loads (ESALs) and the percentage of RAP in the mixtures
(Tavakol,2019) This study used a PG B binder for the AC surface and the combined AC layer
due to the thin AC overlay on the SFDR base layer. The AC properties used afanpi
AASHTOWare software are summarizedTiable 3.7. The combined AC layer thickness was
adjusted to meet the specified performance criteria

Table 3.7 AC Properties

AC Parameter

Thickness (in) 1.5+Various
Binder grade PG 7028
NMAS (mm) 12.5
Unit weight PCH 1400
Effective binder content (% volume) 11

Air voids (%) 7
Poisson's ratio 0.35
Reference temperature (F) 70
Thermal conductivity (BTU/hft-F) 0.67
Heat capacityBTU/Ib-F) 0.23

3.4.5.2SFDR BaselLayer

The SFDR | ayer 6s t hi-carkyingerexngireniests obthegebabilitated t h e
roadway, subgrade soil type, stability, engineering properties, environmental conditions, presence
of buried utilities, and existing pavement thickn¢Bgeder et al.,, 2019) The SFDR | ay
strength significantly impacts the required thickness of the surface layer. Reeder et al. (2019)
pointed out that a more substant8fDR base allows for reducediC layer thicknessThis
thickness variebom 6 to 12 in., dependg on the specific project requirements.

This study considered two SFDR base layer thicknesses: 10 and 12 in. As discussed earlier,

selecting layer thicknesses in pavement design is an iterative process that balances structural
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capacity with cost considerations. The laboratmgasured properties of the SFDR mixtures were
input into the software as the base layer properties foistamilized crushed stone since ver. 2.5
of PMED did not support chemicaltyeated base layers ilekible pavementdesign The software
selected a nestabilized base with cold recycled (CR) asphalt, including milling.

The elastic modulusKE) of the SFDR layer was an essential input for the base |ayer.
PMED, the modulus of cemertteated soiis computed using Equation 3.1, and the modulus of
lime-cementfly ash treated soils computed by adding 500 psi to the laboratoryasured -day
UCS values (psi) for the limeementfly ash stabilized soil, according to the PMEBASHTO,
2015).

O p¢mm Equation 3.1
where
E = elastic modulus (psi), and
gu = 7-day UCSof cementtreated FDRmeasured according to ASTBDIL633(psi).

Other critical inputs for the SFDR base layer included gradation, specific griehip,
and OMQ all based on corresponding laboratory measureméhts.software mentioned that
Poi s s on G betwadrOul® and 0.35andare typically used for chemically stabilized
material (AASHTO, 2015)The Poisso#s ratiofor the SFDR base layer wassumed to be 0.35
for all pavementlternativedesigrs.

3.4.5.3SubgradelLayer

As mentioned earlier, eompacted subgrade layer (AASHTQ7A6 soil) with an 18n.
thickness was used foral designsThesubgraderoperties used as ingdor the AASHTOWare

software are summarized Trable3.8.
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Table 3.8 Subgrade Properties

Soil classification A-7-6
Layer thickness (in) 18
Poi ssonds ra 035
Modulus level input 2
Coefficient of lateral pressure K 0.5
Modulus (input) (psi) 2,600
Maximum dry unit weight (pcf): 98.0
The specifiggravity of solids, G 2.700
Watercontent (%) 23

3.46 Project-Specific Calibration Factors

In the AASHTOWare PMED software, calibration factors are pavement distbessed
coefficientstha predict pavement performance. The default calibration factors are derived from a
comprehensive dataset provided by the State D
predicting pavement performand@ASHTO, 2015) For this project, the default (global)
calibration factors for new flexible pavemetdgsignswere adopted for allternative pavement
designs.
3.47 AnalysisResults

Once all the related parametene inputted the PMED software runs the analysi#t
automatically generates a PDF report summarizing the input and output for the trial design.

example oPMED software analysisutputis illustratedin Figure3.10.
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Design Inputs

Design Life: 10 years Base construction: June, 2019 Climate Data 37.5,-95
Design Type: FLEXIBLE Pavement construction:  August, 2019 Sources (Lat/Lon)
Traffic opening: September, 2019
Design Structure Traffic
Layer type Material Type Thickness (in) Volumetric at Construction: Heavy Trucks
- - Age (year) lati
Flexible Default asphalt concrete 15 EffECtlve(;JInder 10 (cumulative)
Flexible Default asphalt concrete 15 ;?rn‘tz?;i (‘3 ) 0 2019 (initial) 300
(v .
NonStabilized Crushed stone 10.0 2024 (S years) 276,331
Subgrade A-T-6 18.0 2029 (10 years) 596,673
Subgrade A-7-6 Semi-infinite

Design Outputs

Distress Prediction Summary

Distress Type

Terminal IRI (in/mile)

Permanent deformation - total pavement (in)

AC bottom-up fatigue cracking (% lane area)

AC thermal cracking (ft/mile)

AC top-down

fatigue cracking (ft/mile)

Permanent deformation - AC only (in)

DlstreRs:I i(?bﬁi[;;mfled
Target Predicted Target  Achieved
180.00 111.69 85.00 99.99
0.55 0.29 85.00 100.00
20.00 1.17 85.00 100.00
750.00 337.87 75.00 99.43
2000.00 341.49 95.00 100.00
045 0.05 85.00 100.00

Figure 3.10 PME D Software Analysis Results

50

Criterion

Satisfied?

Pass
Pass
Pass
Pass
Pass

Pass




Chapter4-Laboratory Test Resul

This chapter discusses tladoratory test program resufts SFDR mix design, durability,
and shrinkage. The test results include moistiamsity characteristics, unconfined compressive
strength (UCS), vacuum saturation, and linear shrinkage. The optimum thickness of the AC layer
was then determined based oa ®RMED software outputs.

4.1 Moisture-Density Characteristics

The moisturedensity relationship of the SFDR mixtureyields important physial
parametersin this testeight SFDR mixtures werdesignedFive samples were prepartat each
SFDR mixture to conduct theProctor test The maximum dry densityMDD) and therelated
optimum moisture contenOMC) values werdanterpolatedfrom the moisture contemtensity
curve. An example adimoisturedensity curve from the Proctor test residtshown inFigure4.1.
DetailedProctor test results for each SFDR mixture are attached inn&ippB.
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Figure 4.1 Moisture-Density Curve for SFDR with 5% Cement
The interpolated MDD and OM¢€sultsfor all SFDR mixtures i@ summarizedh Table

4.1, andthe correspondg figure is plottedin Figure4.2. The noisturedensitycharacteristics of
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SFDRmixturesareplotted inFigure4.2. Theplot shows that increasing fly ash contdatreased
MDD and OMC for the SFDR mixtureswithout cement The control specimer{without any
stabilizer)had an MDD of 128.7 pcf with an OMC of 9.5%, while the mixtures with 10% and 20%
fly ashshowed adecreasd MDD of 126.5 and 125.5 pcf, respectivelyhecorresponding OMC
values decreasl from 8.03% to 7.4%For mixtures withoutany fly ashbut with cement,
increasing cement content frdsfo to 10% resulted in a slight increase in MIdd OMC. For

the mixture group that contabothfly ashand cement, SFDR with% fly ash and 5% cement
resultedn thehighest MDD (129.3 pcf) and highest OMC (9.15%ile SFDR with 6% fly ash
and4% cemenshowed the lowest MDPL238 pcf) and OMC(8.50%).

Table 4.1 Proctor Test Results
SFDR OoOMC MDD

(%) (pcf)

FDR(Control) 9.5 1242
10FA 8.0 1238
20FA 7.4 124.8
10C 89 12338

5C 9.1 1238

S5C&SFA 92 1260
4C&6FA 8.5 1238
3C&7FA 8.4 1245
2C&8FA 8.3 1245
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Figure 4.2 Moisture-Density Characteristics of SFDR Mixtures
4.2 UnconfinedCompressiveStrength (UCS)

Many stateagenciesemphasze the keydesignparameteof the SFDRmixture, the UCS
value. Asdiscusedin Section 3.32, this studytargeteda UCS range between 250 and 40Q psi

The average tlay UCS of each SFDR mixturés computed ancdummarizedn Table
4.2The results indicated that the SFDR mixture with 5% cement & 4% cement and 6% fly ash met
the lower strength (250 psi) requirement. The SFDR mixture with 5% cement and 5% fly ash
slightly exceedethe upper rangef thestrength requiremerfd00 psi).The SFDR mixture with
10% cement showed the highest UCS value of 610apsithe other SFDRmixturesshowed

unsatisfactoryJCS values
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Table 4.2 UCS Test Results
UCS Cov

SFDR (0s) %) Remark
FDR 39.7 6 Low
10FA 59.8 11 Low
20FA 124 .4 7 Low
10C 609.6 1 High

5C 244.3 1 Moderate
5C&5FA 473.1 4 High

4C&6FA 277.6 3 Moderate
3C&7FA 174.8 0 Low
2C&8FA 160.3 0 Low

Figure4.3illustrates he average UCS of tleeghtSFDR mixturesnd the control specimen.
For SFDR mixtures containing onfly ash (no cement), increasl fly ash content resulted in
higher UCS values, with 20 and 20% fly asmixtures achieving 60 psi and 124 psi, respectively.
A similar trend was observed fttre SFDRmixturewith only cemen, where the UCS significantly
increasedrom 244 psi (% cementto 610 psi (18 cement Cement had anore significant
effect on the UCS of SFDR mixturéisan fly ash For mixturescontaining boticement andly
ash UCS decreased #e fly ashcontent hcreased anthe cement content decreasédthe SFDR
mixture with 5% cemen®& 5% fly ashachieved a UCS of 473 psi, whilee SFDRmixture with
4% cement & 6% fly ash showed a UCS of 88 TheSFDRmixturewith 3% cement & 7% fly
ashhad a UCS of 175 psi, and tBEDRmixturewith 2% cement & 8% fly askhowed the lowest
UCS at 160 psiThus, the SFDR mixturaiith 5% cement5% cemeni& 5% fly ash and 646
cemen®& 4% fly ashmet the unconfined compressive strength range-4280psi) selected in this

study.
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Figure 4.3 Average UCS of the SFDRMixtures
4.3 Moisture Susceptibility (VS)

Thevacuum saturatiotests wereonducted to evaluatbe moisture susceptibility @ight
SFDR mixtures In this test,the SFDRspecimenswere subjectedo conditions simulating
saturation to assess their performance under moist congipanscularly their resistance to
strengthlosswhen exposed to moisturéhe vacuum saturation resulése summarizedn Table
4.2. The SFDRmixtures with10% cement5% cementand 36 cemen& 5% fly ashemerged as
the mostpromisingmixturesin terms ofUCS values, sincthar averageretainedUCS met the

strength design criteriaf 2501 400 psi
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Table 4.3 VS Test Results

Saturated | Unsaturated
SFDRMixture UCS COV | UCS COV| VSR Remark
(ps) (%) | (ps) (%)
FDR - - - - - -
10FA 38 22 48 3 80% Low
20FA 115 4 86 3 134% Low
10C 503 7 662 4 90% High
5C 285 2 290 1 98% Moderate
5C&5FA 419 2 347 10 |121%  High
4C&6FA 403 4 369 8 |109% Moderate
3C&7FA 220 5 208 10 | 106% Low
2C&8FA 142 8 143 10 | 99% Low

Figure 4.4 illustrates the average UCS values for bsdituratedand unsaturate SFDR
mixtures. The vacuum saturain test results exhibited trendsmilar to the UCS test results.
Cementitious mixtures tend to gain strength when exposed to moisturetdeedatinuedccement
hydration process. Consequently, SFDR mixtures containing cement, fly ash, or both demonstrated
higher strengtluponvacuum saturatiothan the unsaturated (control) condition

The eight SFDRmixtures showed increased UCS values when subjected to saturation,
exceptfor the 1@ cementSFDRmixture The SFDR mixture with % cementand2% cement
& 8% fly ashperformed slightly bettein maintaining UCSunder saturatiogonditions For the
mixtures containing both cement and fly abledecrease vacuum saturation ratio (VSRalues
was observedor decreasingly ashand increasing cement conte@ementand fly ashhelped
controlthe UCS development under moist conditiormwever, the SFDR mixture witlly ash
contenthigher than 1% couldresultin a drastically decreagedJCS undesaturationconditiors.

This led to the conclwsion that10% fly ash by the FDR dryweight would be a tlesholdfor

maintainingUCS under saturation
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Figure 4.4 Vacuum Saturation Test Results

4.4 Linear Shrinkage

Linear shrinkagef cementitiousmixtures, also known as drying shrinkaggedefinedas
the contraction of aementiiousmaterial as it loses moistuHigherlinearshrinkage levalcould
causecracking inthe SFDR base layethat canfurther propagate to the pavement surface
Therefore, investigaing the shrinkage characteristics tie SFDR mixtureswith various
stabilizerss necessarjor pavementesignconsideration.

Figure4.5 illustratesthe average linear shrinkage strain (micros8)dior various SFDR
mixtures over a 28ay monitoring period. The length change of specimens was at various time
intervals,as detailedh Section 3.3.4. The results indicated tHa&&DR mixtures exhibitetigher
shrinkage during the firgevendays (earlier stageyvith mixtures containing cement showing a
rapid increase in shrinkage duritiigeearly stageAfter severdays,the dirinkage levelsemained
stablefor most SFDR mixtures Guthrie et al. (2002) referenced an Australian standard while

evaluating shrinkage of cemeaggregate mixtures in which the shrinkage strain should not
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exceed 250 microstrains after 21 dairs this project, none of the SFDR mixtures ries$
Australianshrinkage level limit.

The shrinkage test results show that in the SFDR mixture with only cement, shrinkage
levels increased with cement content. Conversely, for mixtures containing fly ash only, shrinkage
levels decreased as the fly ash content increased. The SFDR mixtu2@%ifty ash showed the
lowest shrinkage (600 microstrains) among all SFDR mixtures. This observation agreed with the
findings of Rashidi et al. (2020), who concluded that higher cement content in SFDR increased
while higher fly ash content reduced gteinkage level of the SFDR mixture. However, the SFDR
mixture with both cement and fly ash showed a different shrinkage behavior. The SFDR with 2%
cement & 8% fly ash showed the highest shrinkage levels (2,088 microstrains), while the SFDR
mixture with 5% cerant & 5% fly ash showed the lowest shrinkage strain of approximately 1,500
microstrains. These results indicated that in SFDR mixtures containing both cement and fly ash,

lower cement content and higher fly ash amount tend to increase shrinkage.
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Figure 4.5 Linear Shrinkage Level of SFDR Mixtures

58



The overall drying shrinkage test results indicate that SFDR mixtures with higher cement
content are more prone to shrinkagéated cracking, while fly ash serves as an effective stabilizer
in reducing shrinkage when blended witle FDR materialsAdditionally, when desigimg SFDR
mixtures,the fly ash and cemenqtantitiesneedto bebalancé, which couldhelpreducethe risks

associated with excessive shrinkag¢he SFDR base layer
4.5AASHTOWare PMED Analysis Results

This section presents the analysis results obtained from the AASHTOWare PMED
software For the PMEDanalysis, the SFDR base was treated as a separate layer, with the resilient
modulus computed from the UCS test results. The computed resilient modulus values for various
SFDR mixtures are summarizedTiable4.4. As discussed in Section 3.4, the optimum thickness
of the AC layer was determined based orri@nd 12in SFDR base thicknesses. The AASHTO
A-7-6 soil subgrade was subdivided into arrdéh layer consisting of both compacted and natural
soil.

Table 4.4 PMED Resilient Modulus of SFDR Mixtures

SFDR 7-day UCS PMED Resilient Modulus

(psi) (psi)

10FA 60 72,000
20FA 124 149,303
10C 610 731,549
5C 244 293,146
5C&5FA 473 567,703
AC&6FA 278 333,167
3C&7FA 175 209,756
2C&8FA 160 192,397

Figure4.6 illustrates the optimalC layer thicknesses for pavements withidOand 12

in. SFDR bases, as determined by the software outplésred dashed line represents tkeay
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UCS values (in psi) for eacd®FDR mixture, while the bars represent the optimum AC thickness
for the10-in. and 12in. SFDR base layer3he analysis indicated that SFDR mixtures with higher
UCS valueseededhinner AC layers for desiredpavement desigindicating that stronger base
materialsresulted inhigher structural capacity. Th&FDR mxtures with lower UCS values
required athicker AC layer

The PMED analysis results showed thret SFDR mixture with% cementZ44 psiUCS)
neededan AC layer thickness o4.5in, while mixtures withL0% cemen{610 psiUCS) and 36
cement& 5% fly ash(473 psiUCS) requireda minimumof 3-in. AC layer. The SFDRmixtures
with highstrengthresulted inAC layer thicknessethat were independent tife SFDR base layer
thickness 10 or 12 in). However, for mixtures with UCS valuesver tharn244 psisuch as SFDR
mixtures with 1% fly ash 20% fly ash 3% cemen& 7% fly ash and 26 cemen®& and8% fly
ash, increasinthe SFDR base layer thickness from 10 inches to 12 inches resulted in a noticeable
reduction in the required AC layer thickneas discusse@arlier, theUSACErequires a minimum
UCS of 250 psi foa stabilizedlayerin the flexible pavementirrespective othe stabilizertype
used (USACE, 1994). This recommended minimum UCS valueealijasely with the observed
threshold of 244 psi, below which the AC overlay thickness becomes sensitinaSieDR base

layer thickness
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Figure 4.6 Optimum Thickness of AC Layers for 1Gin. and 12in. SFDR Layers
PMED designdesignedhe AC layer to satisfy specific performance criteria at specified

reliability. Theperformance criteriasedor this studyare summarizeth Table3.4. The predicted
pavement performance included rutting,-tigwn cracking, andRI. Figure 4.7 showsthe AC
rutting for all SFDR mixturesThe resultsndicatedthatregardless of the SFDR layer thickness
the pavement section contaig theSFDR mixture withthe highest UCS (1% cementexhibited

theminimum rutting (0.08 in), followedy thepavement with % cement®& 5% fly ash 0.09 in.
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Figure 4.7 Rutting Performance of Designed Pavement Sectian
Top-downcracking is astandarddistress in flexible pavementsnd it ischaracterized by

cracks that initiate athe pavementsurfaceand propagate downwardhe PMED software
predicted topdown cracking results for all design8#DRpavement sections are showrfigure
4.8. For thel(®-in. SFDRbase the mixtures with10% cementind with5% cemen®& 5% fly ash
had the lowest togdown crackingwith 542 and 533 ft/milerespectivelyFor 12-in. SFDRbase,
the5% cement and 4% cement & 6% ash mixturesad the lowest tedown crackingvith 207
and 447 fumile, respectivelylt appeared thaignificant differences in tojlown cracking among

all four SFDR mixtures were related to the stiffness of the SFDR.layer
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Figure 4.8 Top-Down Cracking for the SFDR Pavement Section

The IR value quantifes the ride qualityin pavement engineering. A higher IRI value
indicates a rougher ride, while a lower Nlueindicatesa smoother ride. ThAASHTOWare
PMED-predicted IRI results are summarized and plottdeignire4.9. For both10-in. and 12in.
SFDRbaselayers themixtures with10% cementand5% cemen®& 5% fly ashhad the lowest
IRI values about 87n./mile. Some other SFDR mixtures exhibiteigherIRI for both 10in. and

12-in. SFDR base laysr
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Figure 4.9 IRl Results for the SFDR Pavement Section
Based on the laboratory test resuttseedesiable SFDR mixdesignswere identified:

SFDR with5% cement (5C), 5% cemeit5% fly ash (5C & 5FA), and 4% cemeht6% fly ash
(4C & 6FA). The PMED software outputs indicated thatséhenixtures'optimum AC layer
thicknesses were 4.5 inches, 3.5 inches, and 4.5 inches, respeditetyconsultation with
KDOT, the final SFDR mix designs for the Phase |l-&dhle test werdecidedo selectheSFDR

mixtures for the base layelSFDR with5% cementind SFDR wittb% cement 5% fly ash
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Chapter5-Phase 4SlcallulTesting

Phase Il of this studipcusedonfull-scale testing of pavement structures at the CISL. This
chapterdiscussedhe construdbn of thepavemenstructurein two test pitswhereeach pit was
divided into two subsections. During construction, instruments, including strain gauges, pressure
cells, and thermocouples, were embedded within the pavement structures atlsgatibics An
APT machine waprogrammedo apply up t&00,000wheelload on thgpavemensectionsThis
chapteriscusssethe APT machingtest section constructiomstrumentation, field tests, and full

scale testing program
5.1 Civil Infrastructure Systems Laboratory (CISL)

The CISL at KSU is designed for largeale testing of pavement sections underweald
traffic conditions. The facility includes three test pits, each measuring approximately 20 feet in
length, 16 feet in width, and 6 feet in depth, and an APT machnmeeAPT machine is bettriven
by a 20horsepower electric motor agen applysingle or dual axle loads with g¥ag suspension,
simulating truck trafficDepending on research needss system can be customized for various
testing conditions, such adjasting hydraulic pressure for loading, tire pressure, and test speed
(Lewis, 2008)

The APT machin@peratsin an insulated aluminum chamber with two air conditioners
on either side to maintain temperature dutimgted. Figure5.1 depicts the APT machingith a
test sectionAdditionally, the machine features a lateral wander capability, wdiohlatesthe
varying wheel paths of heavy vehicles on highways. This is achieved by applyinig.dnighis
study, lateralwanderis in a truncated normal distribution, with each wander cycle consisting of

1352wheel load repetitions.
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The APT machine was configured with a single axle and dual tires, applying-kip 18
bidirectional load to the pavement section. The tire pressure was maintained at 90 psi, and the tests
were conducted at a constant speed of 7 fapkhe entire testThe wanderdistribution for the

wheel load isshownin Figure5.2.

Figure 5.1 (a) APT Tester; (b) APT Test Section
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5.2 Test Section Construction

This study used two test pits at CI&lconstructthe designedlexible pavementising
the SFDR baseA picture of the middle and soutbstpits at CISL is shown ifigure5.3 The two
pits had identical pavement structures consisting of four layers: from bottom to top, a natural soil
layer, a compacted subgrade layerS&DR base layer, and an HMA overlay. The middle pit was
constructed with a . SFDR base and a 4is». AC overlay while the south pitonsisted of
12-in. SFDR base with a-®. AC overlay

Each pit was divided into two subsections to accommadtateFDR basenixtures Each
subsection was 10 ft. widé6 ft. longand 6 ft. deepThe SFDR mixture with higher strength
containing 5% cemernd5% fly ash(5C&5FA) wasusedin the eastern subsections of both .pits
In contag, the western subsections of both pits were constructed with a&treegth SFDR base
layer stabilized with 5% cement (5C) onlhe plan viewof the SFDR base construction asub
sectioning is showin Figure 5.4. Four pavement structure combinations were designed and

constructecdaisshown n Figure5.5.

Figure 5.3 Pavement Construction Plan View
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5.2.1 Subgrade

As shown inlie designed asphalt pavemsettionin Figureb.5, a 39.5in. layer of natural
soil (AASHTO A-7-6) was placed in the middle pit using seven liftsn(6loose lift) whereas a
38.5in. layer of natural soil was constructed in the south pitvig&atory sheepsfoot roller
BMP8500 was employed for soil compaction, which followed a specific pattern to ensure the
compaction was applied to the pit uniformiljhecompactofor soil compaction is shown Figure

5.6.

Figure 5.6 Soil Compactor andCompaded Layer

A Troxler 3440 moistur@ensity gauge was usedrtmnitorsoil compaction and moisture
content during pavement constructias shown irFigure 5.7. A Speedy moisture tester was
alsousedto verify soil moisture throughout construction. Each compactedhéifta moisture
content ranging from 26% to 28% andiegreeof compaction between 93% and 95%, meeting
the expected subgrade lagenstruction standardy KDOT. KDOT standard specification states
thatthefisubgradelayer shall be compacted to a minimum of 95% of th&DD, and moisture

content for subgrade compaction shall be within 3% of the OMC 0 (KDOT, 2015)
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Figure 5.7 Nuclear Gauge Testing

The subgrade layer was constructed using the same sef-§Aand construction
procedures as the natural soil layer but wtbre compaction. The proctor test results indicated
that the soil 6s maximum dry density was- 98 pc
inch subgrade layer for all pits was compacted in three lifts, with the overall moisture content
controlled at 251%. Each lift achieved an average compaction degree of 96% or higher.

A DCP test asessedt he subgrade | ayerdéds wuniformity,
based on the DCP results. In each section, DCP tests were conducted at three randomly selected
locations, resulting in 12 DCP tests across thd-mure5.8 illustratesthe CBR test resulfer the
subsections. The resuitsdicate consistent CBR values across the sectowsrall,the average

CBR values for each section are summarizetiable5.1. The overall pit was computed to have

an average CBR of approximately 6.2% at 25% moisture content
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Table 5.1 Average CBR ofSubsection
SFDR Thickness 5C 5C&5FA

Section (in) (%) (%)
Middle 10 6.5 6.0
South 12 6.2 6.3

5.2.2 SFDR Base

The construction of the SFDR base was completed overdays The FDR mixture
containingfly ash and cement for the east sectimasconstructed on the first day. The FDR
material wagpreparedand mixed with the stabilizeutside CISLas shown irFigure5.9 (a). The
existing moisture content was determined before the stabilizeaddasl Due to space constraints
and working conditiondimitations, a 5gallon plastic bucket was used as a makeshift scale,
referred t es caasl etoh ea pfipbruocakceht. l denti cal hei ght

walls of the buckets. The weight of tfig ashor cement was recorded when the buekasfilled
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to each marked leveCalculating the number of buckets ugedieterminehe total amount dly

ashor cement added to the mix. The premeasured and marked buckets of fly ash and cement are
illustrated inFigure5.9 (b) and (c) A waterflow meter attached to a hose was used to ensure the
predetermined amount of water added to the SFDR material. The existing moisture content in the

FDR mixture was considered whealculatingthe added water

(b) S

Figure 5.9 SFDR Mixing Material Prearation: (a) FDﬁateriaI; (b) ABucket o Wei
Scale(Soil)( ¢c) ABucketo Whsh)ght Scale (F

Two percentof soil by dry weight of FDR material was evenly spread over the surface of
the prepared FDR material, as shoimnFigure 5.10 (a). The fly ashand cement were then
uniformly spreadacross the FDR material and leveled usingk&to ensure proper blending. The
in-place mixed SFDR material, along with water application, is depict&igure5.10 (b). An
RS-500B reclaimer/stabilizer was utilized for-site SFDR material mixin¢Figure5.11). A skid
loadertransferedthe fresh SFDR mixtures to the pit®nSpeedy moisture tests were conducted
The test samples were randomly collected along the SFDR milzadeThe overall average

moisture content of the fresh SFDR mixture withh Bemen& 5% fly ashwas 9.7%

72



R ; : e i /

i A g — ‘
Figure 5.10 FDR Material s: (a) with 2% Soil; (b) Ceme

During SFDR mixture placementfour UCS test specimens (each measuring 4 in. in

-
diameterby 4.59 in. in height) were compacted from each subsection. These specimens were
sealed in a bucket and transferred to a moist roora fedtay curing. After curing, the specimens

were subjected to UCS tests to verify the desgtturestrength. A steelvheeled vibratory roller

was used to compact the SFDR mixture, and a jumpingtygeek compactor was employed to
compact the edges of the piEgure5.12). A 6-in. hightimberboardwas installed to separate the

10-in. (middle) and 1an. (south) SFDR base sections. The middle pit containedia. BFDR

base with 5% ceme#t 5% fly ashwhereas the south pit had ait2 SFDR base with 5% cement

only. Both sections were compacted in two lifts, and a nuclear gauge was used to themtor

place SFDR densit{Figure5.12).

Two nuclear gauge tests were conducted for each subsection along the predefined wheel
path zone, with nuclear gauge readings taken at three depth levels: 7 in., 6 in., and 4 in. The results
of the nuclear gauge tests for the SFDR base with 5% cefné&f®b fly ash (5C&5FA) are
summarized ifTable 5.2. The test results indicated that the overall SFDR compaction reached
98. 2%, me e tstahilizedb&sP Dahdak requiremenfaninimum95% (KDOT, 2015)

To prevent premature cement hardening, the construction process was completeahhibirn
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Figure 5.12 SFDR BaseConstruction
Table 5.2 Nuclear Tests Results (SFDR 5C&5FA)

Pit Depth 4in  6in  7in Average

% Proctor 98.1 98.7 983 984

Dry Density(pcf) 124.0 124.4 123.8 124.0

Middle Wet Density(pcf) 137.3 137.6 137.0 137.3
% Moisture 10.8 10.7 10.7 10.7

% Proctor 978 99.2 97.1 98.0

Dry Density(pcf) 123.2 124.9 1224 1235

South Wet Density(pcf) 136.2 138.0 135.4 136.5
% Moisture 10.5 105 10.7 10.6

The west sectiomas constructetbllowing the same construction proceda® the east
section orthe following day. Orsite mixing indicated that the SFDR mixtures wéégment and
fly ashhad better workability than the SFDR mixtures with only cement. The Speadiuretest
results indicated that the overall average moisture content of the fresh SFDR mixtur&owith 5
cementwas 8.9%, whiclwaslower than the SFDR mixture witscemen®& 5% fly ash The

results of the nuclear gauge tests for the SFDR base with 5% cement (5C) are sumnikeitzied in
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5.3 The test results indicated that the overall SFDR compaction reached 97%. The finished SFDR
base layer is shown Figure5.13. After the nuclear tests, all sections were covered with a plastic
sheet to prevent moisture loss. Al&y curing period wasbservedo allow the cement anithe

fly ashto react with wateadequatelyThe surface was periodically moistened to prevent excessive
drying and crackingFigure 5.14 shows the compacted SFDR mixture covered by a plastic
membrane during the-day curing process

Table 5.3 Nuclear Tests Results (SFDR 5C)

Pit Depth 4in  6in  7in Average

% Proctor 96.8 96.5 97.1 96.8

Dry Density(pcf) 122.2 121.6 122.4 122.1

Middle WetDensity(pcf) 137.4 137.1 137.7 137.4
% Moisture 124 127 125 125

% Proctor 97.3 96.7 974 971

Dry Density(pcf) 122.6 121.8 122.8 122.4

South Wet Density(pcf) 136.8 136.0 136.8 136.5
% Moisture 11.6 11.7 11.4 11.5

Figure 5.13 Nuclear Gauge Testingopn Compacted SFDR Base
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Figure 5.14 SFDR Base Curing

5.2.3 AC Overlay

After seven days of curing, the AC overlay was placed on the SFDR base layar. A 3
AC layer was placed in one lift across the sections in the south pit, andnel# AC layer was
placed in two lifts in the middle pit. The HMA material consisted ofupeBpave (SR2.5A)
mixture with a 12.5mm nominal maximum aggregate size (NMAS), a P&Zbinder, and 15%
RAP. The properties of the Superpave HMA mixture are summarizdabte 5.4. Shilling
Construction, based in Manhattan, Kansas, completed the HMA paving and compaction. The paver
and paved HMA mixture are shownkigure5.15 (a) andrigure5.15(b). A smooth steel vibratory
compactor was used to compact the HMA riagire5.15 (c)). Furthermorea nuclear gauge was
used to check the density and degree of compaction for the HMA layer. The nuclear gauge tests
were conducted at the predetermined wheel path zone, from the middle to the south pit. Four tests
were conducted on the two pits. The tesules are summarized fable5.5, the results indicate
that the overall HMA compaction reached 92.6%.

Loose HMA materials were collected for laboratory performance tests, including Hamburg

wheel tracking and dynamic modulus tegigyure 5.15 showshe completed asphalt pavement
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sections at the CISL. The entire construction process took 2.5 years due to delays caused by the

COVID-19 pandemic and subsequent challenges in acquiring the necessary equipment.and labor

Table 5.4 HMA Mixture Properties

Mix Parameter
% AC by Mass of Mix 6.0
% Aggregate by Mass of Mi; 94.3
Sp. Gr. of AC 1.035
Bulk Sp. Gr. of Agg. 2.577
Theoretical Max. Sp. Gr. 2.433
Bulk Sp. Gr. of Mix 2.346

Eff. Sp. Gr. of Agg. 2.65
Absorbed % AC 1.106
Efferent Asphalt Content 4.960
% VMA 14.4
% Air Voids 3

% V.F.A. 78
Eff. Film Thickness 10.52

Dust/Binder Ratio 1.0

Figure 5.15 (a)HMA Mixture Paver ; (b) Paving; (c) Compaction
Table 5.5 Nuclear Tests HMA Layer
Section Middle South Overall

Nuclear Paramete WP1 WP2 WP3 WP4 Avg.
% Compaction 93.2 920 925 0928 926
Density(pcf) 139.4 137.6 138.4 138.8 1385
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5.3 Instrumentation

Permanent deformation and fatigue are the prumary failure mechanisms in flexible
pavementsand depend on critical responses (stresses or strains) in the pav&fagats sensors
were installedn the pavement test sections in the testtpiiavestigate the pavement's structural
response and performandée typical instrumentation layout for the pavement structure is shown
in Figure5.16. Pressure cells were placed directly on top of the subgradsframigauges and a
thermocouple were installed at the surface of the SFDR base layer

To ensure proper sensor placement, the wheel path and transverse pro8leveane
predetermined, as illustratedrigure5.17. The green zone on the left side of the figure represents
the pavement section with a lowsrength(250 i) SFDR base layer stabilized witkdscement
The red zone on the rigittdicatesa higherstrength 40psi mixture whichthe SFDR base layer

stabilized with 5% ceme& 5% fly ash

Subgrade

LEGENDS:
A Thermocouple E Longitudinal Strain Gauge

@ Pressure Cell [E] Transverse Strain Gauge
SCALE: N.T.S.

Figure 5.16 Schematic of Instrumentation Layout
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Transverse Rutting Profile
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Figure 5.17 Schematicof Wheel Path and Rutting Profile
5.3.1Pressure Cells

The hydraulic pressure cells were selected and installed on top of the subgrade layer to
measure the vertical stress exemedop of the subgrade layer. The cells function by measuring

the hydraulic pressure of @éred hydraulic oil confined between two steel plates, with the pressure
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data converted into an electrical signal via either a semiconelyp®or vibrating wire transducer.
Vibrating wire transducers are typically used for ldagn static pressure measurements. The
semiconductotype transducers are better suited for capgudynamic pressures from traffic
loads(Saghebfar, 2014)These hydraulic pressure cells have been successfully used in previous
projectsat CISL

This studyselectedGeokon 3500 hydraulic pressure cells with a pressure range8f 0
psidue to their static and dynamic pressmeasurement capabilitfhese sensors function within
a temperature range of 5A80F. Additionally, each pressure cell was calibrated by Geokon and
equipped with a 2. wire for efficient data transmission before installation.

Oneach subsection, two pressure cells were installed along the centerline of the wheel path
to measure vertical compressive stresgop of the subgradeccurately A schematic diagram of
the pressure cell installation is presentedrigure 5.18. The wheel path was geometrically
predefined to ensure accurate vertical stress data collection during wheel load application. The
total wheel path width included the -84 dual wheepathplus 12 in. of wander (#6 in.). Small
excavations were made in the compacted subgrade to ¢nsprecise placement of the cells, as
shown inFigure5.19 (a). Sand was used to fill any voideideneath the cells, and the cells were
carefully leveled with additional sand to prevent stress concentration around the geigsmes

5.19(c)). Eight Geokon pressure cells were installed acros$atr subsections
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Transverse Rutting Profile
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Figure 5.19 Pressure Cell Installation (a) Pressure CellSetupLeveling; (b) Pressure Cell
installation; (c) Cable Management
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5.3.2H-Bar Strain Gaugesand Thermocouple

According to the 1993 AASHTO Guide for Design of Pavement Structures, tensile strains
at the interface between pavement layers are a primary factor contributing to fatigue cracking in
asphalt pavementAASTHO, 1993) H-bar strain gauges are known for their accuracy in
measuring strain and have been successfully used in previous experiments at the CISL. For this
study, PML60-2L strain gauges, manufactured by Tokyo Sokki Kenkyujo Co. (TML), were used
to measure straiat the bottom of the AC overlay.

Each gauge was attached by epoxying with two aluminum rods, forming the characteristic
H-shape, as shown Figure5.20 (a). However, earlier studies have highlighted that the standard
lead wires the manufacturer provided were not sufficiently resistant tbighetemperatures
encountered during HMA compacti¢gB8aghebfar, 2014 o address this issue, the original lead
wires were replaced with higluality shielded wiring (22 AWG, 2 conducspto enhance thermal
resistance, as illustrated Figure 5.20 (b). The connection points were soldered and further
protected using a heahrinking sheath and a heasiyty heatshielding tube. To avoid the
potential changes gauge resistance during soldering and installation procedures, eaah H

gauge was calibrated twice: once after soldering and again afterainstall

Figure 5.20H-Bar Strain Gauge ( a )-BaAHO St r a(b)istra@ &augednstallation
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As shownin Figure5.21, two groups of strain gauges were installed within the predefined
wheel path of each subsection, positioned directly above the locations of the pressure cells to
capture criticalstrain responseEach group contained two-lbar strain gauges: one oriented
longitudinally, parallel to the wheel path, and the other oriented transversely, perpendicular to the
wheel path. A total of sixteen strain gauges were used for the project. The schematiof lHheut
H-bar strain gauges across the two test pits is illustratéagime 5.22. To protect the gauges
during HMA construction, loose HMA mixture was spread on the gauges and lightly compacted.
Two of the 16 strain gauges failed to register any electrical sihaketwo transverse gauges
located at the north wheel path in the middle pit lost their electrical signals ddhitéy

construction

Figure 5.21 H-Bar Strain Gauge Installation

In this study, four thermocouples were embedded in the SFDR layers at the center of each
wheel path, as illustrated igure5.22. Two thermocouples were connected to the data acquisition
system for continuous monitoring, and the other two served as backups during wheel load
applicationsincluding thermocouples was essential because LetuaV.(2016) demonstrated that
the strain levels in SFDR base lay&rare susceptible to temperature variations during wheel

loading. Accordingly, in this study, the temperature data collected by the thermocouples was
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utilized to closely monitor and correlate temperature fluctuations with strain changes in the SFDR
layer during testing

Transverse Rutting Profile

250psi 400psi
— H T - T = H-T
= == A T = i et et ters Tyttt —
S
% 45" HMA 4.5" HMA
o 10"|Base (54) 10" Base (SC&5FA)
B il sppliniiselil syl myyiiniil i ——_—
— H & T —H- T
<
<
% 3" HMA 3" HMA
2 12" Basc (5Q) 12" Base (5C&5FA)
= et

Figure 5.22 Plan View of H-Bar Strain Gauge Group
5.3.3Data Collection

Stress and strain data wex@lected using a compact data acquisition (DAQ) system that
National Instruments developed. The DAQ system consisted of a DAQ dock with attachable block
modules interfacing with pressure cellspHr strain gauges, and thermocoupkgure5.23(a)
shows the pressure cell (purple cable) and tHemiHgauges (white wire). Comprehensive signal

diagnostic tests of the sensors were conducted to ensure sensor functionality before everything was
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assembled in the terminal block modules. Resistance values for the pressure cellmastiain
gauges were carefully documented and used for final sensor calibration

The DAQ system was connected to a desktop computer via a standard USB interface. The
LabVIEW software was programmed to monitor and record data, which @mhsfsvertical
stresses on the subgrade, longitudinal and transverse strains at the bottom of the AC (HMA) layer,
and temperature in the SFDR layer. The LabVIEW program is shokigune5.23(b). LabVIEW
facilitatedthe system to save all data in CSV forrmatomatically which could be importethto
an Excel spreadshedthe data collection was manually controlled. The datddbe recorded for
the entire time or terminated at the specific wheel load repetitions. In this test, the test data were
collected for a wander cycle for each test round, which is k&l load repetitions. The

LabVIEW data collection program is shownkigure5.23 (b).

Figure 5.23 (a) SensorConnections (b) LabVIEW Program for Data Collection
5.4 Rutting Measurement

Flexible pavement rutting refers to the permanent deformation of the AC pavement surface,
primarily occurring in the wheel paths due to repeated traffic loads, as shdviguie 5.24.

Rutting is a critical factor in flexible pavement performance evaluatiomdasureéhe pavement
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rutting, transverse profiles at two locations on each subsection were measured after a
predetermined number of wheel load repetitions. The deformation measurement locations were
predetermined geometrically, as showfigure5.17. A Chicago dial indicator was equipped with

a digital linear variable differential transformer (LVDT) and a roller attached to a leveled
aluminum beam, as illustrated Fiigure5.25. The LVDT was connected to a laptop computer to

facilitate data collection.

Figure 5.24 Rutting on PavementTest SectionSurface

Elevation readings were taken at-ih5intervals across the lane. Each transverse profile
consists of 288 data points. The elevation data were referenced against two predefined elevation
control points at the ends of each transverse profile to provadasgstent baseline for rutting
computation. The transverpeofile measurements were imported into an Excel spreadsheet to

calculate rut depths and analyze pavement deformation.
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Figure 5.25 Transverse Profile Measurement
5.5 Falling Weight Deflectometer(FWD) Test

The FWD test is a nondestructive testingmethale d t o eval uate paven
capacity. The FWD simulates a wheel |l oaddés i |
controlled impulse load to the pavement surface and measuring the pavement surface deflections.
This data is then used to bac#lculate the moduli of each pavement layer to evaluate the
pavement 6s stiffness.

The FWD trailer used in the study was equipped with a JILS FWD system feadnring
11.8in.-diameter load plate and seven transducer sensors. The sensors were positioned at specific
distances from the center of the load plate (0, 8, 12, 24, 36, 48, and 60 in.) to measure the pavement
surface deflection. The picture of the JILS FWD #mais shown inFigure5.26. The target load
for the test was set to 9 kips to simulate the impact of an APT axle load. Due to space constraints
at the test site, the FWD test was conducted twice on each wheel path, with the trailer reversing
direction for the second pass. This restllin four FWD tests on each subsectias shown in

Figure 5.26
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Figure 5.26 FWD Testing
5.6 Full-Scale Test Program

As mentionedthe fullscale APT validated the SFDR nard pavement design using the
AASHTOWarePMED software. The goal was to investigate the feasibility of using a thin AC
overlay over the SRDR base layers of varying strength. Thedale test program was planned
to apply 500,00@vheel load repetitions of H8p single axle (0.5 million ESALS) to ¢éhtest
sections. The loading was also plant®terminatevhenever the pavemergached aut depthof
0.5-in. The detailed APT wheel load sequence isrsanzed inTable 5.6. An extra 100,000
wheetload repetitions were applied to observe any cracking that might ensue after 500,000
repetitions. The complete fudicale test was finished in 1.5 years due to equipment issues.

Table 5.6 APT Wheel Load RepetitionSequence

Test No Number of Load Reps  Remark

0 0 FWD Test
1,372

10,000

15,000

25,000

50,000

100,000

250,000 FWD Test

300,000

400,000

500,000 FWD Test

600,000

© 0N OB WN P
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=
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Chapter6-F u-Skt alleest Resul t s

6.1 Introduction

This chapter discusses the fatlale test results at CISL. In parallel to the APT test,
laboratory tests were conducteditad the physical properties of anplace SFDR mixture with
5% cement and a combination of 5% cemerti%:. fly ash.The test results consiet moisture
content, unconfined compressive strength (UCS), and elastic modulus. The properties of HMA
material were also evaluated via Hamburg WHe&akking and Dynamic Modulus tesklll-scale
tests were conducted to investigtte fatigue ad rutting performance of thEvement structure
The test results includédackcalculaed layer modulusing the FWD test data, the rutting on the
AC pavement surface, therizontaltensile strais on the bottom of the AC layer, and vertical
compressive stress on top of the subgrdthe new version of PMED software walsoused to

verify the fullscale APT testesults

6.2In-Place SFDR and HMA Mixture Properties

6.2.1SFDR Base Properties
6.2.1.1 UCS

As discussed in the literature review, moisture content and strength are the primary quality
assurance factors for the base construction with SFDR mixture (ARRA, 2015; PCA, Tii§7).
studyconducted?0 Speedy moisture tests, and five SFDR mixture samples were collected from
each subsection before compaction. The comparison between fresh anddiasigture contents
for the SFDR mixtures summarized iTable6.1. The results indicatethat approximately 0.56%
more watewas applied to the SFDR mixture with 5% cement and 5% fly ash, and approximately

0.46% more water was used for the SFDR mixture with 5% cement. Thus, the speedy moisture
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test results were lower than the nuclear gauge readings due to capillaries drawing up more water

during compaction.

Table 6.1 Comparison of Design and Fresh Mixture Moisture Contents

TestSection SFDR Average Moisture COV Designed OMC Difference

(AC Thickness) Mixture % % % %
Middle 5C&5FA 9.3 10 9.2 0.2
(4.5in) 5C 10.3 11 9.1 1.2
South 5C&5FA 10.1 6 9.2 1.0
(3in.) 5C 8.8 10 9.1 -0.3

As discussedn Section5.2.2,to verify the SFDR mixdesign four UCS specimenseach
with aheight of 4.56 in. and diameter of 4 in.werecompactedrom each subsectiorftera 7
daycuringperiod threespecimens wereandomlyselectedor the UCS testsThe UCSresultsof
thefreshSFDRcompactedpecimes have beersummarizedn Table6.2.

For the middle tessectionwith a 4.5inch AC layer, theaverageUCS for the SFDR
mixtures with5% cemenand a combinationf 5% cemen& 5% fly ashwas539 psiand 260 psi
respectively which were 14% and 6%higherthan the design UC®alues.In the southsection
with a3-in. AC layer, theaveragdJCS for theSFDR with5% cemen& 5% fly ashwas427 psi,
whichwas D% lower than the design UCShe SFDR with 36 cementvas 283psi, 17%higher
than the design UCS

Table 6.2 UCS Test Results for InPlace SFDRMixture s
TestSection SFDR AverageUCS COV DesignUCS %Difference

(AC Thickness) Mixture (psi (%) (psi (%)
Middle 5C&5FA 539 7 473 14
(4.5in.) 5C 260 19 244 6

South 5C&5FA 427 9 473 -10
(3in.) 5C 285 7 244 17
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6.2.1.2In-Situ UCS andElastic Modulus of SFDR Layer

Thein-situ SFDRspecimens wereoredandsubjected to UCS testas shown irFigure
6.1. The UCS testesultsaresummarized imMable6.3. The resuk indicatethatthe insitu SFDR
mixtures with 5% cemen®& 5% fly ashhadUCS valuesapproximately 20% less than the design
value The SFDRmixture UCS with5% cemenin the middle section was 20% higher than the
designvalue, while the south section was 3% less than the de€igh

As shownin the Speegiteserresultsin Table6.1. The SFDR mixture with % cemenin
the middle section had a 13% higheatercontent than its corresponding OMC, and in the south
section it showed 3% lesmoisturethanits OMC. However, the SFDR mixtureith cement and

fly ashdid not showa highetUCS valuedue toits higher water content than its OMC

Figure 6.1 (a) In-Situ SFDR Specimen Extraction (b) Cored SFDR Specimen(c) UCS Tes$
Table 6.3 UCS Test Results of Cored SFDR Mixtures

TestSection SFDR Average COV DesignUCS Difference

(AC Thickness) Mixture  (psi) (%) (psi) (%)
Middle 5C&5FA 377 2 473 -20
(4.5in.) 5C 294 10 244 20
South 5C&5FA 360 5 473 -24
(3in.) 5C 236 22 244 -3

Theloadanddisplacementlatawererecordedduring the UCS tests determine the elastic

modulus of the SFDR base lay€&he elastic modulus was interpolated from the stressisstrain
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curve.Figure6.2 shows an example of the streggin plot for an SFDR specimeFhe average
computedelastic modulusvaluesof in-situ SFDR mixturesare summarizedn Table 6.4. The
results showed th#tte mixtures with higher UCS values alsmntribute tchigher elastic madlus.

Specifically, the SFDRmixturewith 5% cemen& 5% fly ashhad arelasticmodulus 0f28.7 ksi
for themiddlesection and 32.1 ksi for the south section. The SRD&ures with 5% cementad

an elastianodulus of19.7 ksi for themiddle section and 21.9 ksi for the south section

400

300

Stress (psi)
N
o
o

0.0 0.57 1.0 15 2.0 2.5 3.0
Strain (%)

Figure 6.2 StressStrain Curve of SFDR Material

Table 6.4 Elastic Modulus of the SFDR Base
Test Section SFDR Elastic Modulus COV

(AC Thickness) Mixture (ksi) (%)
Middle 5C&5FA 28.7 11
(4.5in) 5C 19.7 9

South 5C&5FA 32.1 9
(3in.) 5C 21.9 32
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6.2.2 HMA Mixture Properties

To evaluate the performance characteristics ofHMA overlay mixture, loose HMA
materials were collecteduring AC layer compactionThese materialsvere used tqrepare
sampledor the Hamburg whedtacking and dynamic modulus tests

6.2.2.1Hamburg WheelTracking Test

The Hamburg whedfracking test was used to evaluate the rutting and moisture
susceptibility of the HMA mixtures. The test was conducted following AASHTO T324.
asphalt specimens were subjected to moving loaded wheels in a tempevatunded water bath
inthetestTh e s p e ci me n dtbe corrasponding putnibesof veheel passes were recorded
during the testThe test would be terminated upon reaching either-dgfieed maximum number
of passes (20,000 in AASHTO T324) or a-defined maximunrut depth (0.5 in. for Texas
Department of TransportatiomXDOT) with PG 70 binder)Figure6.3 illustrateshe HWTD test
output for the irsitu cored HMA specimens. In this studgijlure criteria were set following
TXDOT requirements. TXDOTses the maximum rut depth for HMA mixtures with a high
temperature binder grade of 70€C (PG 7004 in. (L2.5 mn) for 15,000wheel passedutton et
al., 2004)

A Superpave gyratory compactor (SGC) was used to prépalNTD testspecimens
Each specimen was compacteih adiameter of 5.9 in. andheight of 2.44 in. The HWTD test
program is shown ifigure6.4. Twenty-sevenspecimens were compacted and subjected te bulk
specific gravity tests to evaluate air voids, it HWTD testrequiring7 +1% air voids(KT-15,
2016b) The insitu cored HMAspecimensverealsousedin the est. The HWTD testesults are
summarizedn Table6.5. The test results indicated that all samples narrowly failed to meet these

requirements
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PMW WheelTracking Test
Test Number: 58  Project Name. CISL #21 Coring Samples  Start Date: 3/26/2021  Test Point. 6
o
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Figure 6.4 (a) SFDR Cored Specimens; (b) HWDT SFD Specien; (c) HWDT Tester; (d)
HWDT Tested SFDR Specimens

Table 6.5 HWTD Test Results
Sample ID  Test Number Wheel Passe Average
1 12,671
2 10,140
Lab Compactec 3 11,588 10,999
4 9,598
In-situ Cores 5 3,949
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6.2.2.2Dynamic Modulus Test

The dynamic modulus tess a standard methofibr evaluaing the stiffness of HMA
mixtures The dynamic modulugE*|) value determined from the test is typically used to analyze
the permanent deformation and fatigue crackinddMA pavement. It is alsanessential input
for the mechanistieempirical pavement design softwadP®ED (AASHTO, 2015) Higher |E*|
valuesindicategreater resistance fmvementutting.

In this study, three SG€ompacted samples (5i9. diameter and 6.68. height) were
compacted andubjected to bulspecific gravity tests to evaluate air vaid$ie desired samples
were then cored artdmmedto thedynamicmodulustest specimengachwith a3.9-in. diameter
and height of 5.9 in(Figure 6.5(a)). An Industrial ProcessControl (IPC) AsphaltMixture
Performance TesteAMPT) tester was used to conduct the t&sthe reference temperature of
68F according to AASHTO TP6R7 (Figure6.5(b)).

The specimens were tested in an environmentally controlled chamber &t thpeeatures
(40 F, 70 F, and 100 F) and six frequencies (25, 10, 5, 1, 0.5, and 0.1 (Rure6.5(c)). An
E* master curve plot was interpolated by shifting data horizontally ubledimetemperature
superposition principle (reduced frequendsiure6.6 illustrates the computed E* master curve,
with the solid line representing the average of the three HMA mixture specimens and the dashed

line showing each specimen. The coefficient of variation (COV) ranged from 5%.to 9%

Figure 6.5 Dynamic Modulus of HMA Mixtures
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Figure 6.6 Dynamic Modulus Master Curve for HMA Material
6.3Full-Scale APT TesiResults

As discussed earlier, the fidtale test was conducted in 11 cycles, each cyclastonmg
of various wheel load repetitions. A total of 600,000eel load repetitions were applied to the
sections. This section discusgbe full-scale test results, FWD test results, pavement surface
rutting, strain at the bottom ttie AC layer, stress on top tiiesubgrade layer, and tledfects of
temperature and moisture on stress and strainslevel
6.3.1FWD Test Results

The FWD tests were conducted by KDOT and repeated three times at various test stages
of the APT testing program: after construction but before any traffic loading, midway through the
APT at 250,00avheel load repetitions, and finally at the end of the Afy€le at 500,000
repetitions. The measured FWD deflection data were imported into the EVERCALE back
calculation program fothe backcalculation of layer moduli. The EVERCALC program was

developed by the Washington State Department of Transportation (WSO®& average
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calculated moduli for the test sections from the FWD tests in two directions are summarized in

Table6.6. The results indicated that the moduli of the HMA and SFDR base layers increased with

wheetload repetitionsThe HMA layer moduli increased due to pavement densification, while the

base moduli decreasqmbssibly due to microcrackinj.was noted that the badalculatedSFDR

base modulus was much highethan the stresstrain interpolated modulus (Table 6.A¥

expected, the subgrade moduli remained unchanged.

Table 6.6 Back-Calculated Layer Moduli (ksi)

Wheelt

Test Load 0 250k 600k
Section Repetition
(AC SFDR Subgr SFDR Subg SFDR  Subgr
Thickness) SFDR HMA Base ade HMA Base rade | HMA Base ade
Middle 5C&5FA 672 1813 5 850 1114 6 850 1500 7
(4.5in) 5C 699 1861 6 850 1565 6 850 1446 6
South 5C&5FA 857 941 5 725 1166 5 850 1373 5
(3in.) 5C 809 977 7 850 1532 6 850 1383 5

6.3.2Rutting on the AC Pavement Surface

Figure6.7 illustrates the final[HMA deformationin the foursultsectionsafter 600,00APT

load repetitions.rl these plots, the black line represents the initial rut depth measurement, the

green line corresponds to the SFDR section ®thcemen{(250 psi) section, while the red line

represents the SFDR section with higher strength of SEB&RRcement& 5% fly ash). The latter

sectionhadhigher rutting than the lower strength SFDR6(Bement A A Wo

s haumder ar e a

the initialtransverse profile line veadefined as the rutting aratier 600,000 APT load repetitigns

the rutting area was determined using AutoC&1:1 scaldrom thetransrerse rutting profile

Thesummarizedut deptls and rutting area after 600,000 load repetitions are tabulateable

6.7. The results indicated that the pavement section avkdselayer stabilized ly cementnd fly

ashhad relatively higher rut depthsnd rutting areas
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Figure 6.7 HMA Deformation after 600,000wheel loadrepetitions: (a) 4.5in. HMA (5C);

(b) 4.5in. HMA (5C&5FA); (c) 3-in. HMA (5C); (d) 3-in. HMA (5C&5FA)

Table 6.7 Average rut depth and rutting bowl area after 600,000 load repetitions

Test Section

SFDR AverageRut Depth RuttingBowl Area

(AC Thickness) Mixture (in.) (in.2)
Middle 5C&5FA 0.47 21.73
4.5in.) 5C 0.41 19.03

South 5C&5FA 0.44 20.18
3in.) 5C 0.33 18.89
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Figure6.8 summarize the periodic rut measurements froine test sectiong he sections
with higher strength SFDR ¥ cement& 5% fly ash) showed higher ruttinthanthose with lower
strength SFDR % cement) throughouhe test. The sectiowith 4.5in. AC layer witha10-in
SFDR base (5C&5FA) hakdigherrutting, andthe rut depthe@achedapproximately0.45in. rut
depth after 600,000 load repetitoohe sectiomwith 3-in. AC layerand12-in. SFDR (86 cement)
experiencedheleastrutting - approximately 0.25 in. rut depth after 600,000 load repetitibmes.
sedion has a3-in AC layer, 10-in. SFDR base and 5% cement exhibited the best rutting

performance

—o—5C&5FA (4.5-in. AC) —a—5C (4.5-in. AC)

05 - © -5C&5FA (3-in. AC) ~ & =5C (3-in. AC)

o o
[ IN

Average Rut Depth (in
o
N

0 100 200 300 400 500 600
Number of Wheel Load Repetitionis1(,000)

Figure 6.8 Rutting Comparison

A oneway Analysis of Variance (ANOVA) analysis was done to investigate whether AC
overlay thickness and SFDR base strength significantly affect the measured average rut depth
during APT testing. The results are summarized able 6.8, with p-values of 0.000 for AC

overlay thickness and 0.002 for base strength. Both factors have statistically significant effects on
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the measured rut depth. The lowalues suggest that both AC thickness and SFDR base strength
contributed to variations in rut depth, with the AC overlay thickness showing a sligbtky
substantial effect due to its lower-palue. Similar statistical analysis results were found for the
rutting bowl areaas listed inTable6.9. Conclusions were the same as the rut depths.

Table 6.8 ANOVA Analysis of Rutting

HMA . SFDR .
STe?t SFDR Thickness Rutting ANOVA Strength Rutting ANOVA
ection  mixture (in.) (n) PRGF) | (psi)  (n) PR(GF)
Middle 5C&SFA | 4.5 0.47 473 047
5C 4.5 0.41 244 041
0.000 0.002
South 5C&S5FA 3 0.44 473 0.44
5C 3 0.33 244  0.33

Table 6.9 ANOVA Analysis of Rutting Bowl Area

HMA Rutting SFDR Rutting Bowl
STets_t SFDR " Thickness Bowl Area ANOVA Strength Area ANOVA
ection  vixture (in.) (in?) PRGF)  (psi) (in?) PR(>F)
) 5C&5FA 4.5 21.73 473 21.73
Middle
5C 4.5 19.03 244 19.03
0.000 0.002
5C&5FA 3 20.18 473 20.18
South
5C 3 18.89 244 18.89

According to the MEPDG Guide (AASHTO, 2015), rutting on asphalt pavements is caused
by plastic opermanent vertical deformation in the HMA, unbound layers, and foundation soil. In
the PMED software, plastic deformation is estimated for each subsection at tleptticdbf each
sublayer within the pavement structure and then summed, as shown by

3 R E  ErR pm 1 4 Equation 6.1
where:
0» (HmA) = accumulated permanent or plastic vertical deformation in the HMA layer (in.),

G ma) = accumulated permanent or plastic strain in the HMA layer/sublayer (in./in.),
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U wma) = resilient or elastic strain calculated by the structural response model at the mid
depth of each HMA layer (in.),

¢ = numberof axleload repetitions,

T mix or pavement temperature (F),

k. = depth confinement factor,

Kir, kor, kar = global calibration parameters, and

b1y, bor, bar = local calibration coefficientsdefault valuel.0).

In this study, the backalculated layer moduli (as shown Trable 6.6) were used to
compute the resilient (or elastic strain) in the tdepth of the HMA layer for all test sections at
CISL. These calculations were performed using a 9lI90@ad and a tire pressure of 90 psi. The
computed resultare summarized imable6.10. The results show that both sections wim.3AC
layers had much lower elastic strain than theid.?\C sections, which led to lower rutting on
these sections

Table 6.10 Resilient (or Elastic) Strain atVarious Locations

Wheel Passes 0 250K | 600K Wheel Passey 0 250K | 600K

Depth (in) | Gk G- G- Depth (in.) | G V2 G-

2.25 753 | 57.8 | 57.1 2.25 78.0 | 54.8 | 58
4.499 61.6 | 51.5 | 52.0 4.499 63.7 | 545 | 52.1
14.501 92.4 | 97.6 | 101.7 14.501 99.5 | 116.7| 95.6

Wheel Passed O 250K | 600K Wheel Passes 0 250K | 600K

Depth(in) | & | & | G Depth (in) | & | G | G
1.50 50.7 | 51.7 | 50.0 1.50 454 | 49.1 | 49.9
2.999 61.9 | 55.6 | 55.6 2.999 58.4 | 55.7 | 55.6

15.001 | 113.2] 89.9 | 100.5 15.001 | 125.5| 103.4| 100.9

*microstrain

101



6.3.3 AC Layer Strain

Four Hbar strain gauges were installed at each subsection to measure the longitudinal and
transverse strains at the bottom of the AC/HMA layer. The average strain valueseaevalues
from two gauge dateets in the wheel paths. However, two transverse strain gauges lost signal
during pavingn the middle of the test subsectioAs a result, the transverse strain for these two
middle subsections was based on individual transverse strain gauge data rather than an average
value.

Lower strain levelsat the bottom of the HMA layendicatethat the HMA pavement
section is less prone to fatigue. Huang (1994) stated that the fatigue cracking in flexible pavements
typically initiates at the bottom of the asphalt concrete surface layer and propagates upward
(bottomup cracking). The tensile sin at the bottom of the HMA layer significantly influences
this processAs discussed earlier, the APT fglitale test programmed a lateral wander during the
test,which was used to simulate tharnying wheel paths of actual vehicles on roadways. In this
study, the APT was s&b a wander of #6in. andapplied in a truncated normal distribution with
1,352wheel load repetitions to finish one complete wander cycle. The detailed wander distribution
is shownin Figure5.2.

During the APT test, approximately 13,500 strain/stress data points were recorded from
each sensor for one wander cycle. Two transverbart$train gauges failed during the AC layer
construction, so 14 Hdars were used to collect strain data from thei@ext Romanoschi et al.
(2004) summarized the mathematical computation of the strain level using six types of strain signal
shapes, as shown kigure6.9. Type 1 through 3 wengpically appliedto the single axle with the

single wheelwhile type 4 and type 6 were appliedthe single axle with the dural wheel
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Figure 6.9 Strain Gauge Signal Shapes(Romanoschiet al., 2004)
Figure6.10 shows theest sectiondransverse and longitudinal strain signal shapbs

study utilized typesdl, 5, and 6 to compute the straiignaltype 4wascalculated by averaging
the maximum and minimum stram one reading cycle. Typ® and 6 matched the longitudinal

strain signalsandthe strain values were computed udiugiation 6.2.

Y 0O Equation 6.2
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Figure 6.10 Measured Strain SignalShapes
As mentioned in the APT program test, 600,000 load repetitions were applied to each test

section, and a total of 10 strammeasured cycles were conducted at 1,352, 10,000, 15,000, 25,000,
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50,000,100,000, 200,000200,000, 300,000, 400,000, and 500,000 load repetitions. After the
initial data collection session, the sensor data acquisition was reprogrammed and reinitialized
before applying a new APT loading round. The collected data were filtered to removelemyg,out
and the average of the top 300 strain data points was computed for each measurement cycle to
ensure accuracy

The summarized results of the strain levels at the bottom of the HMA layer are presented
in Figure6.11 andFigure6.12. The average transverse strgifgure6.11) were higher than the
longitudinal straingFigure6.12). The sections with -;h. HMA overlay andl2-in. SFDR layer
with 5% cement& 5% fly ash demonstrated stable transverse strain behaperforming
consistently at lower strain levels after 200,000 wieadl repetitionsAdditionally, the section
with 4.5in. HMA overlay andL0-in. SFDR layer wittb% cemeni& 5% fly ashexhibited a lower
average strain level throughout the entire test. The initial strain values were comparable to the
computed values ihable6.10. Overall,the sectionsontainings% cement& 5% fly ashstabilized
base hadow tensile strain throughout the test. This indicates that these two sestionsd
favorable longterm pavement performance in terms of HMA faéigu

SFDR pavements are expected to last longer or function as a de facto perpetual pavement
for low-volume roadsThese pavements consist of a thinner structure compared to thick granular
base courses, significantly reducing the potential for fatigue cracking by minimizing tensile strains
at the bottom of the asphalt layer. A previous study by Brown & Cross (199f9sad that cost
effective millandfill rehabilitation is appropriate when rutting in thicker pavements is confined
to the top two inches of the pavement structure. Monismith and Long (1999) also recommended

that the tensile strain should not exceed 6€rositrains at the bottom of the asphalt layer, and the
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vertical strain should be limited to 200 microstrains at the top of the subgrade for any perpetual
pavements.

In this study, as shown irFigure6.11, the transverse strains at the bottom of the SFDR
pavements with HMA overlays and SFDR bases with 5% ce&adi®o fly ashwere below the
60-micron threshold, which indicates that these pavement sections had better resistance to fatigue

cracking and would have longer service.life
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Figure 6.11 Average Transverse Strain Levels
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Figure 6.12 Average Longitudinal Strain Levels
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A oneway ANOVA analysis was done to investigate whether HMA overlay thickness and
SFDR base strength significantly affect the measaketage transverse and longitudinal strain
during APT testing. ThRANOVA analysisresultsof theaverage transversge summarized in
Table6.11. The results show that SFDR strength is a significant factor influencing transvaise
The HMA thickness hasnainsignificant effect on the transversteain sincethe pvalue for the
HMA thickness is 0.071 (>0.05).

Table 6.11 ANOVA Analysis of Transverse Strain

HMA Transverse SFDR Transverse
Test SFDR Thickness Strain ANOVA Strength Strain

Section Mixture

ANOVA

(in.) (microstrairs) PR(>F) (psi) (microstrairs) PR(>F)

S5C&5F

_ 45 30.06 473 30.06
Middle A
5C 45 196.96 O 2% 196.96 to1a
5C&5F 3 33.00 473 33.00
South A
5C 3 98.48 244 98.48

The ANOVA analysis results of average longitudistehins arsummarized iTable6.12.
The pvalue for the HMA thickness is 0.003, which indicates that HMA thickness has a statistically
significant effect on longitudinal strain. Thevplue for the SFDR base strength is 0.005, which
indicates that SFDR strength also has a statisticalhyfiignt effect orthe longitudinaktrain

Table 6.12 ANOVA Analysis of Longitudinal Strain
HMA Longitudinal SFDR  Longitudinal

STets_t SFDR " Thickness Strain ANOVA Strength Strain ANOVA
ection mixture (in.) (microstrairs)  PR(>F) (psi) (microstrairs) PR(>F)
_ 5C&5FA 4.5 53.60 473 53.60
Middle
4.5 107.89 244 107.89
0.003 0.005
5C&5FA 3 55.60 473 55.60
South
5C 3 53.94 244 53.94
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6.34 Subgrade Vertical Stress

In this study, two Geokon pressure cells were installed on top of the subgrade at each
subsection and positioned within each wheel path lane to monitor the distribution of the vertical
compressive stress. The top 3f¥@ssure readingsere collected from the first complete wander
cycle (1,352 repetitions) for each tegtle data collection round he average stress values were
computed, and the resulie plotted inFigure6.13.

The results indicate that the compressive stress within the subgrade layer increased as the
number of APT wheel load repetitions increased. The section containing the SFDR with 5%
cementhad a higher comprdss stressncrease than thgection withSFDR stabilizedwith 5%
cement& 5% fly ash

A rapid increase in stress was observed at the beginning of the 20¢héeébload
repetition cycle due to the densification of the HMA overlay grepossible weakening of the
SFDR base layer. The sections with 5% cemeb®o fly ash consistently showedaaver vertical
compressive stress on the subgrade for bath 8nd 4.5in. HMA overlays. These two sections
were better able tdistribute wheel loads and reduce stress concentrations, resulting in better
rutting resistance, as lower stress levels on the subgrade indicate less pavement deformation under
repeated loading. As shown irable 6.10, the vertical compressive strains on the top of the
subgrade for these sections were well below 200 microns, indicating thaatnee classified as

perpetual pavement sectsn
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Figure 6.13 Average Vertical Stress at the Top of the Subgrade
A oneway ANOVA analysis investigatewhether HMA overlay thickness and SFDR base
strength significantly affect the measured average vertical stress on top of the subgrade. The
ANOVA analysis results atheaveragesubgrade stressese summarized iffable6.13. The p
value for HMA thickness is 0.171 (>0.05). Thus, the HMA thickness does not have a statistically
significant effect on subgrade stress. For the SBA&estrength thep-value is 0.002 (<0.05).
Thus, only SFDR base strength has a statistically significant effect on subgrade stress.
Table 6.13 ANOVA Analysis of SubgradeVertical Stress

i SFDR HMA Thickness Stress ANOVA SFDR Strengtl Stress ANOVA
Test Section

Mixture (in.) (psi) PR(>F) (psi) (psi) PR(>F)
. 5C&5FA 4.5 1.50 473 1.50
Middle
5C 4.5 19.80 244 19.80
0.171 0.002
5C&5FA 3 4.42 473 4.42
South
5C 3 20.74 244 20.74
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6.3.5Temperature and Moisture Effects onStress and Strain Level

Four thermocouples were installed in the center of each test sectimnitor temperature
on top of the SFDR base lay@figure 5.22). One thermocouple was connected to a portable
thermometer for data verification during APT testing, while the remaining thermocouples recorded
temperatureon top of the SFDR base layer. After filtering outliers, the average of the top 300
temperature data points from the first complete wander cycle (1,352 repetitions) of each test round
was collected, and the average temperature values were computed andrpfogeck6.14.

The results indicate a similar trefat the average strain levels and temperature. However,
the strain level increased rapidly after 300,000 wAesed repetitions, while the associated SFDR
surface temperature showed only a slight change. This suggests that temperature had a minimal
effect onthe strain levels at the SFDR base surface.

As confirmed in previous CISL studies, moisture in the subgrade layer remained constant
during the entire fulcale testThere wereno significant changes during the testing period
because the test sections were paved-wallall; the whole testing process occurred indoor.
Supporting evidence with similar study's time domain reflectometry (TDR) testiogfirmed

this observatioiSaghebfar, 2014)
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Figure 6.14 Average Strainand Related Temperature

6.4 SFDR Pavement Performance Modeling and Verification

As discussed in Section 3.4, the thicknesses of the overlaying AC and SFDR base layers
were selected in the AASHTOWare PMED analysis and used in the APT experiment. During
PMED software analysis, the optimum thickness of the new AC layer was the minimuinede
thickness that would satisfy all performance criteria with defined reliability. If one or more
performance criteria were not satisfied, the pavement structure was altered by changing the
thickness of the AC overlay layer. The PMED software versiénwas used when the APT
pavement sections were designed. Later, a new version (2.6.2) of this software was released in
2022 and was used to verify the fatlale APT test results

The AASHTO MEPDG manual defines FDR aspiace pulverizing conventional flexible
pavements and a cold recycling methAdEHTO 2015. The design of such a pavement was not

included in the AASHTOWare Pavement Mechani&iiopirical Design (PMED) software before
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2022 (ver. 6.2.2). Cold iplace recycling as a rehabilitation strategy is now considered
reconstruction under the AASHTOWare PMED design analysis process and defined as a new
flexible pavement. However, FDR was not included in the global calibration BEPMASHTO
2020).

All four pavement structures weused for pavement respongerification using version
2.6.2 ofthePMED softwareAs discussed in&tion 5.2 four designed pavement structures were
used- 4.5 in. AC and 16n SFDR with 5% cement, 4i&. AC and 12in SFDR with 5% cement
& 5% fly ash, 3n. AC and 12in SFDR with 5% cemengnd3-in. AC and 12in SFDR with 5%
cement& 5% fly ash Both versions othe PEMD software hae the same prograrstepsand
similar propery parameter inputsThe analysigprocedurewith version 2.5 was described in
Section 3.4. The updated performance criteria and reliabilitywéosion 2.6.2verification are
summarized inTable 6.14. An initial IRl of 30 in./mile wasused and reliability levels were
selected based on minarterial functional classification, as suggested by KDOT

Table 6.14 Pavement Performance Criteria and Reliability

Criteria/Default
No. Distress Type Distress Targe IES\'/'Z‘F élo%
1 Terminal IRI (in./mie) 200 65
2 AC bottomup fatigue cracking (% lane are 30* 75
3  AC top-down fatigue cracking (% lane are: 25* 75
4 AC thermal cracking (ft/nhe) 750 65
5 Permanent deformatidntotal pavement (in. 0.65 75
6 Permanentleformation- AC only (in.) 0.55 75

*PMED Default

Figure 6.15 showsthe difference betweernthe PMED-predicted rutting andheasuredut
depthsafter 600,000wheetload repetitionsThe resultsshowedthatthe PMED predictions were

consistently lower than the rut depths measitn@u the full-scaleAPT testing However, except
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for two sections witltement and fly astpredicted rut depthserebelow the projected failure rut

depth of 065 in. atapproximately648,000 ESALSs.

N 5%C&S5%FA (3"HMA+12"SFDR)

8 5%C (3"HMA+12"SFDR)

B 5%C&5%FA (4.5"HMA+10"SFDR)

m5%C (4.5"HMA+10"SFDR)

o

0.6

<

o
("ur) Bumny

N o

o

4.5" HMA

3" HMA

4.5" HMA

3" HMA

APT Testing @ 600,000

Figure 6.15 Rutting on the Test Sections
In the AASHTOWarePMED software astandarddeviationof 10 in.is set aghe default

PMED Output

value for theraffic wander follateral offset from the lane center where the wheel loads are applied.

The meaningof the outer edge dahe wheel load idocated 18nchesfrom the pavement lane

marking as shown irFigure6.16. (AASHTO, 2015).Theoretically,appling the traffic wander

spreads the traffic loadver a wider areaon the pavementwhich can reduce thstress

concentrationn the pavement structyrencreasingpavement lifeby reducingthe ruttingand

iShe higher rutting measuremenssT CISL sections

fatigue cracking in the PMED analys

happened due tmoreload channelizatiofrom the APTwanderof +6 in.
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Figure 6.16 PMED Default Traffic Wander
Figure6.17 summarizes the tegown cracking for all SFDR pavement sections. The test

results indicated that the 4is. AC overlay sections had less tdpwn cracking than the-ia. AC
sections, regardless stabilizertypein theSFDRbase. However, all sections exceeded the failure
criteria of 3.2% of the lane area (converted from PMED versionrésion of 2,000 ft/mile)

In the PMED software (after version 2.5), a fracture mechdrassd cracking model was
developed under NCHRP projeeb2 and added (AASHTO, 2021). The tdpwn cracking model
from NCHRP 152 replaced the older bending bebased model in thearlier version of the
PMED software. In addition, longitudinal and alligator cracks in the wheel paths were confirmed
using cores to initiate at the surface and propagate down through the asphalt layersddiatop
cracking transfer function was modified to includagitudinal and alligator cracks in the wheel
paths regarding the total lane area cracked percentage. In version PMED 2.6.2, the default criterion
for top-down cracking is 25%. This study observed no cracking on sections during APT up to
600,000 ESALsThus, the default criterion for tegiown cracking is recommended for the design

of new AC pavements with FDR.
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Results from the AASHTOWare PMED software show that the sections with stabilized
FDR mixtures with cement had lower IRI than those with cementflgrashstabilized bases

(Figure6.18). However, all sections had much lower IRI than the failure criteria (200 in./mile)
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Figure 6.17 Predicted Top-Down Cracking on Test Sections
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Figure 6.18 Predicted IRI on the Test Sections
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6.5 AC Overlay Design
The 1993 AASHTO Design Guide is commonly used to determine the redjickdess
of AC overlays(AASTHO, 1993) This guide uses a structural number (8NJ)epresenthe
overall pavement structure necessary to support the anticipated traffic load throughout the

designated pavement service life. The required SN for the designed pavemeornpatedising

Equation 6.3
v
11T 3 el i p ™ % gl iT-C ysry
- 8
Equation 6.3
where

W1g = predicted number of 18p Equivalent Single Axle Loads (ESAL) applications,
Zr = standarchormal deviate
So = combined standard error of the trafficzdiction and performance prediction,
SN = structure number,
g P S:-difference between the initial desigarviceability indegpi), and the desigterminal
serviceability indexp), and
Mr = subgrade resilient modulus

In this study, the PMED software predicted 600,000 (ESALs) for the SFDR pavement
sections at CISLThis traffic was used toompute the SN of the designed flexible pavement. A
reliability (R) of 50% was assumed for lewolume road classificatiom.he initial serviceability
index and the terminal serviceability index were set at 4.2 and 2.0, respectively.rTlvasMm
computed using Equation 6.4. The provided SN was calculaiad Equation 6.

0 Cuuvwo'y Equation 64

where

CBR = QGilifornia bearingratio (%).
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YO O wOa Equation 65

where
a1, & = structural layer coefficientsf the surface and base layers,
D1 = thickness of HMA surface courgeach),
D- = thickness of base cour§ach), and
my = drainage coefficient of base course

The structural layer coefficient of the HMA layei)&as set to 0.42 per KDOT practices.
The structural layer coefficients of the SFDR base layer were obtained from the nombigyaneh,
6.19, of the 1993 AASHTO Pavement Design Guidee UCS values of the SFDR bases were
used. Tharainage coefficient of the base coufise) was assumed to be 1Table6.15tabulates
the base layer coefficient and subgrade resilient modulus of the for each subsection.

Table 6.15 Summary of Base LayerCoefficientsand Subgrade Resilient Modulus
Test Section SFDR UCS Mr
(AC Thickness) Mixture (psi) ® (psi)
Middle 5C&5FA 473 0.166 8,077

(4.5in.) 5C 244 0.132 8,432
South 5C&5FA 473 0.166 8,289
(3in.) 5C 244 0.132 8,171
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Figure 6.19 CementTreated Base Layer Coefficientinterpolation (after AASHTO,1993)
The required SN and provided Stere computed and summarizedTiable 6.16. The

pavement thickness is considered adequate when the required SN is less than the progitied SN.
designed pavemends CISL wereadequate for thpredicted600,000ESALSs. This shows that the

1993 AASHTO Design Guide can be used for SFDR flexible pavements. The SFDR base structural
layer coefficient in that caseshould be obtained from the nomograph in 1993 AASHTO
PavemenDesign Guide based on the unconfined compressive strength. This value should not be
taken as 0.2as ARRA (20155uggested

Table 6.16 Summary of Required and Provided SN

Test SFDR  AC Thickness STFhIiDcEnBeize Required Provided Remark

Section . ture (in.) (in.) SN SN

Middle 5C&5FA 4.5 10 2.44 3.55 Adequate
5C 4.5 10 2.40 3.21 Adequate

South 5C&5FA 3 12 2.42 3.25 Adequate
5C 3 12 2.43 2.84  Adequate
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Chapter 7- FinteEl e méMotd e I(iFrEgM)

7.1Introduction

As discussed earlier in the research objective, a HEiNulation was ane using a
commercial3-DimensionalFinite Element (FE) softwarddBAQUS software to simulateAPT
and analyze théull-scaletest subsectionsThe simulation resultsinvestigatel the pavement
responses (deformation, strains, and stresses) under repeatedtantvheelload. The FEnodel
was developetb check the feasibility of a thin@overlaydesignover an SFDR base layérhe
APT testresultswere used taheck those fronthe FEM analysis This chaptediscussedhe
process b developng the FEM using ABAQUS including model geometry, material
characterization, meshing, boundary and loading conditions, and anghesfBAQUS software
hadno pre-definedstandad unit system before creating any modeible7.1 liststhe conventional
US unitsused in ABAQUS for this study

Table 7.1 Unit System in ABAQUS

Quantity US Unit
Length In
Force Ibf
Mass Ibf s%/in
Time S
Stress psi (Ibf/in?)
Energy in Ibf
Density |bf &%/in?

7.2 Geometry Modeling

In this study, two test pits were divided into fawubsections, eadubsection was 16 ft.
long, 10 ft. wide and6 ft. deep Sincethesesubsectios had symmetricalgeometry andhe dual
wheelload applicationonly onehalf was modeled, as shown kiigure7.1. Each model was 80

in. long by 120 in. wide and 72 in. deep
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assumedo model the pavement structutgach layer used a3 solid shape with deformable

propertieswhich wasusedfor pavement structure simulatiw/u et al., 201Q)Figure7.2 shows

Figure 7.1 Geometry of Subsection
A threelayer system with a top HMA layer, SFDR base layer, and subgrade layer was

the partmodule inthe ABAQUS.

&> Create Part

Name: HMA

Modeling Space

@® 3D O 2D Planar O Axisymmetric

Type
@® Deformable
O Discrete rigid

O Analytical rigid

(O Eulerian

Base Feature

Shape Type
® s
O Shell Revolution
S
O Wire i
O Point

Options

None available

Approximate size: | 200

Figure 7.2 ABAQUS Create Part Setup
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7.3 Material Characterization

In ABAQUS, defining material characteristics is a critical step for the FEM analysis.
Material characterization involves selecting appropriate constitutive models and designating
material property parameters within ABAQUEhis studys model consisted of three layers:
HMA/AC, SFDR base, and clay subgrade.

7.3.1HMA Layer Characterization

As discussed in the literature review, the HMA layer has beearacterized using
simplified, elastoplastic, and viscoelastiodels
7.3.11 Simplified Model

The simplified model refes to the linear elastic modelthe asphalt layer defoswnder
loading and fully recovaeronunloading No permanent strais produced irthe AC material This
model cannot accurately simulate AC deformation under repeatieeel loads. Thus the
simplified model for this projecivas limited to investigating the AC layerleng-term rutting
performance
7.31.2 ElastoplasticModel

The elastoplastic model considers bthtbelastic and plastic behavior tife AC mixture.
In this model, the AC materigahowsan elastic behavior with a yield stress, but it startste a
plastidpermanentdeformation when the stressxceeds the yield stress This permanent
deformation does not recover even when the load is removed. The noadedimulae the
permanent deforation behavior in the HMA layer under unloading conditions. Previous studies
mentioned thahe elastoplastic modeocid simulaethe permanent deformation of aggregateebas
and subgrade layers, with assumed isotropic hardening charactéikistibe DruckesPrager and

Mohr-Coulomb models
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7.31.3 ViscoelasticModel

AC material exhibits a viscoelastic behavior, meaning its mechanical response to applied
loads is timedependent, and the strestsain relationship changes over tifWu et al., 2010)
Under constant load, the AC layer deforms gradually and then recovers slowly when unloaded
theprocess is known as "creep". In general, the creep behavtoe AC mixture is characterized
by three stages, as showrFigure7.3.

In the primary stage, the creep rate gradually decreases over time due to strain hardening
At the secondary stage, also knowntlassteadystate stage, the creep rate becomes relatively
stable and uniform over a longer tintke AC materials exhibit a consistent rate of deformation
At the tertiary stage, there is an exponential increase in the creepicMy. At this stagethe
AC material showed an accelerated deformation due to the dominanceetkimey phenomenon.
This causes the AC materidtsfail or ruptureeventually In this study, asecondary stage was

used for HMA rutting

8“

iprimary:  secondary i tertiary

» time

Figure 7.3 Creep Behavior of AC Mixture
In ABAQUS, a poweilaw creep model is defined as tirhardening or stradhardening.

For time hardening, the creep strain rate depends on the loading time. This model is used when
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considering the constant stress applied to the object throughout the analysis. Tierdiemeng

form is expressed as Equation 7.1The creep strain rate depends on the accumulated strain over
time for the strairhardening model. This model is selected when considering different stresses
applied to the object throughout the analysis. The straidening form is expressed ag&muation

7.2

- on o Equation 7.1
where:

R = uniaxial equivalent creep strain rate

N= uniaxial equivalent deviatoric stress,

t = total loading time, and

A, n, andm=constanparameters defined by the user as functions of temperature and material

and narepositive,-1<mQ0 (ABAQUS, 2021)

- on a p-F Equation 7.2

where
-[ =equivalent creep strain.

The viscoelastic properties of the AC matewate determined by conducting a creep. test
In the creep test, thre&guperpave gyratgrcompacted HMA samples were cored and trimmed to
have a4-in. diameter and . height The specimen was mount@do the AMPT machineto
apply a repeated haversine loadwwfg0.1 second and unloadingdf 0.9 secondgl The test was
terminated byeitherfinishing 10,000 load cycles aeaching a maximum plastic strain of 5,000
microstraing Saghebfar, 2014). TE®MPT machine wth creeptestsetupis shown inFigure7.4.
The creep test was conducted at room temperatuf)(@nd adeviatoric stress of 30 psi

(Saghebfar, 2014).
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Figure 7.4 Creep Test Setip (Saghebfar, 2014)
Figure 7.5 shows a creep test result plot for the/A®IA material. In this study, the

secondary stageasonly considered for modeling the creep behavior of the AC matefiaés.
creep parameters of AC for inputs in ABAQUS were determined using a polynomial function with
a stress power law (Equation 7.1) via regression analysis. As mentioned in Section 5.1, the
pavement subsections were insulated in a chamber roomoatstantemperature (7F), and a
constant wheel load of 18 kips was applied for the entireTtbas, the time and stralmardening
models theoretically output the samresimilaranalysisresultsfor this project

Previous studies have usedsimilar AC constitutive modelo investigate the rutting
resistance of pavements under repeated wheel load3ddilet al., 2003; Wu et al., 2010; Wang,
2011; Saghebfar2014). The related creep model parameterd elastic propertiedor their
projectsare summarized inTable 7.2. Creep model parameters for a 12.5 mm NMAS HMA
mixture with the PG 7@2 binder in this study were obtained from earlier work at CISL

(Williamson, 2015). The binder grade and NAMS were the same in the current CISL project.
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Moreover, the AC creep behavior is sensitive to the temperature. Aidalk APT projects at
CISL were conducted at room temperature °fJ:7 herein, the creep behavior at similar
temperature was considered to have a minor effect on the pavement rutting in the FEM, analysis

Poissoiis ratio was assumed to be 0.30 for the AC layers
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Figure 7.5 HMA Creep Test Result(Saghebfar, 2014)

Table 7.2 Previous AC Creep Compliance Test Results

AC RAP Elastic Poi ssc
Binder  content Creep Parameter Modulus Ratio
PG Grade (%) A m n (ksi) Reference
1.0
PG 5828 25 4E-08 -0.8 1 300 0.35 (Saghebfar, 2014
PG 7028 0 5E-08 -0.6 0.6 218 0.30 (Bortz, 2015)
PG 5828 0 5609 -05 05 383 0.35 (Williamson,
PG 70
2015)
22 0 5E-09 -05 0.6 320 0.35
0.6
PG 6422 0 1E-09 -05 7 452 0.35
0.5
PG 6428 0 5E09 -0.5 6 235 0.35 (Onyango, 2009)
PG 70622 0 5609 -05 0.5 350 0.35
PG 6422 0 4E-08 -05 0.8 271 0.35

*Usedin this study
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7.3.2SFDR Base Layer

As discussed earliethe SFDR mixture used cement or cement and fly ash as stabilizers
As shown inFigure 7.6, the SFDR base material was considered to ledastic and plastic
characteristic?assorts ratio was assumed to be 0.35doth SFDR baskyers During modulus
testing, the SFDR base material was observed todlasac and plastic characteristics. Thus, an
elastoplastic model was selected for the SFDR base ilayEM. Base model parameters are

summarizedn Table7.3.
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0 et :
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Strain (%)
Figure 7.6 StressStrain Curve of SFDR Mixture
Table 7.3 SFDR Base Layer Modeling Parameters
Elastic Plastic
. Yield/Ult ;
. . Young's Poi sg§g . Plastic
Test Section S.FDR Density Modulus Ratio imate Strain
Mixture Strength
(AC Thickness) (Ibf s%/in%) (psi) (psi) (%)
Middle 5C&5FA | 0.000205121| 28,716 0.35 307 2.66
(45in) 5C 0.000200574| 19,720 0.35 237 3.26
South 5C&5FA | 0.000205121| 32,118 0.35 320 2.55
(31in.) 5C 0.000200574| 21,286 0.35 254 3.93
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7.3.3Clay Subgrade Layer

As mentioned earlier in Section 5.2, four layers were constructed for each subsection. It
was noted that the third and fourth laybeslthe same soil, A4-6 clay with varying degrees of
compaction. To simplify the geometry of the ABAQUS model, these two layers were combined
into a single layer as the subgrade layer in the model. In previous studies ésaiBebfaf2014)
and Bortz (2015) used a creep model to simulate the plastic characteristics of clay soil. In this
study, creep model parameters were obtained from previous studies due to similar soil (AASHTO
A-7-6) used in the test sections of the current reseamdnsummarized ifiable 7.4, Poissois
ratio was assumed to be 0.45 for sigradeayer.

Table 7.4 Subgrade Model Parameter

Subgrade
Density (Ibf €/in% 1.81E04
E (psi) 10,000*
Poi ssonds R 0.45
A 5.26E08
m 0.6
n -0.58

* AASHTO (2021)

7.4 Meshing

In ABAQUS, meshinginvolves dividing a complex model's geometry into smaller,
manageable elements. This discretization helps to model and analyze corepldarly shaped
structures at thedmer element§ABAQUS, 2021) In this study, the pavement structure had a
rectangular shape, and the literature mentioned that two types of elemenisedioe modeling
pavement structure8-noded linear brick element with reduced integration (C3D8R) ambdéd

linear brick element with reduced integration (C3D20R). These elementaneistFigure?.7.

126



8 7 . °
| 169" | 3 14
! 5 . 6
| e 41 11 ¢18
P B 3 J EEEES *i----p3
,'/, / 12'./ 10
.7 [ .
[
1 2 1 9 2
() (b)

Figure 7.7 Element Type: (a) C3D8R; (b) C3D20R
The C3D8R is commonly applied to simple geometrical structures such as road pavement

structures. Previous studies found that the C3D8R was an appropriate element type for simulating
the APT test section (Sagherbafar, 2014; Bortz, 2015). The C3D20R ibextiiger element
used to capture curved surfaces or complex geometrical models witstiegh gradients more
accurately, but the model requires longer computational time.

In ABAQUS, thefiner elementgroducemore accurate results FEM simulation Figure
7.8 illustratesthe FEM mesh withdifferent dimensions To select the appropriateeshsize for
the APT pavement structuse 15,000 load repetitionsere applied tothe FEM with various
combinationsof mesh sizesThe rutting in the HMA layer and vertical stress on the topthud
subgrade were computed and comparéd summary compariseasultsare shown infable7.5.
The results indicatethat pavement structures with both mesh types exhibit similar rutting and
stresses on top of the subgrade. Thus, Model 5 was selected for modeling all the sulssamions
it significantlyreducel the computational time while maintaining data extracé€itiency. The
lengths of mesh units for the HMA overlay, SFDR base, and subgrade, respectively, are 6, 6, and

20 units
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Figure 7.8 Various Types of ABAQUS Mesh Sizes

Table 7.5 Various Mesh Typesfor PavementFEM
Length of Mesh Unit Total

Mesh Number Rutting (in) % Stress (psi) %
Model | /5 SFDR s:ggr o eg: os| C3D20R  C3D8R Difference | ~apoor  capgr  Dfference
1 3 3 6 9,680 | -0.04  -004  -11.1% | 1121 1015  -9.5%

2 3 3 10 | 7200 | 006 006  -03% 1631 1757 7.7%
3 4 4 10 | 3744 | 006  -0.06 0.8% 1743 17.76 1.9%
4 5 5 10 | 2072 | 006  -0.06 1.6% 1738 17.71 1.9%
5 6 6 20 | 1,087 | -006 006  0.8% 1735  17.59 1.4%

* Usedin this study
7.5 Boundary and Loading Conditions
7.5.1Define Boundary Conditions

In CISL, the HMA layer was paved wab-wall, and half of each APT subsection was
modeled Figure7.9 illustratesmodeled subsection¥he overall model was set to be fixedich
means no displacement or rotatioras allowed; the bottom of the model was defined as
"ENCASTRE" with fully builtin (U1 = U2 = U3 = UR = UR2 = UR3 = ) as shown irFigure
7.10. In the X-direction (east/west), the boundary was set to U1 = UR2 = UR3 = 0, which means
no displacement in the-Kirectionand no rotations on the Y and Z axes. Similarly, in the Y

direction, the boundary was set to U3 = UR1 = URR =

128



;*_*_ﬂmif_*_i _______ I gy = L) W peippnieppeiiayn

10Base (5()) 10"Base (SC&[SFA)

Sputh Wes| South Eagt

Figure 7.9 FEM Section

Figure 7.10 FEM Boundary Conditions
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