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ABSTRACT

The objective of thistudyis to characterize the properties of typically adopted drainage layer
materials in VA, OK, and ID. A series of laboratory tests have been conducted to quantify the
volumetric properties, permeability and mechanical properties of the labecaimacted

asphalt treated and cement treated permeable base specimens. The modified test protocols to
determine the dynamic modulus of the drainage layer materials have been provided, which can
be followed to determine the dynamic modulus of the drainage layergseh4 leput in
MechanistieEmpirical (M-E) pavement design. The measured dynamic moduli have been used
to calibrate the original NCHRR37A model to facilitate its application on drainage layer
materials for prediction of the dynamic modulus as levep2tinThe compressive strength of the
cement treated permeable base mixture of different air void contents has also been quantified in
laboratory. Numerical simulations are conducted to investigate the location effects and the
contribution of the drainagayeras a structural component within pavem@iite optimal air

void content of the drainage layer is recommerfdeirginia, Oklahoma and Idahmased on

the laboratorydetermined permeability and the predicted pavement performances duyegr20
servie life.
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CHAPTER 1. INTRODUCTION
MOTIVATION FOR RESEARCH

Moisture related problems have long been recognized as a primary cause of pavement
failure. Water enters into the pavement structure through various ways mhigimcrease the
risk of moisture damageThe subsurface drainage systems, especially the systems incorporated
with drainage layers, have been widely adopteditomize the moisture damaged prevent
moisture related deterioratidny effectively draining excessive water oétn increase in using
the drainage layers caate back to the 1980s and 1990s in the U.&fter that, although some
states claimed that the drainage layers have been adoptédess than before, there are still
manystates keep using drainage layerseéwlyconstructed pavements today, and there are also
numerous drainage layers which have been constructed years ago but still in service today.

The drainage layers atgpically consising of treated or untreated opgmnaded
aggregatewith high porosiy. The large air void conteand the special gradations have led to
very different properties of the drainage layers, compared with regulargetss asphalt or
cement concrete. As a result, the conventional test methods to characterize the reguéds mat
may not be applicable on the drainage layer mateénalsveral aspectss stated in the following
sections

Volumetrically, unlike thedense graded mixturghe absencef fine aggregates leads to
more internal aipockes inside theATPB mixture as well asnoreair voids connected to the
surface Thisis benefit to permeability buesults in difficulties in determining the volumetric
properties of the laboratory compacted or fisdded drainage layaspecimendy the
conventional proceduresduas Saturated Surface Dry (SSD) metltmlvever, as important
parameters to Hot Mix Asphalt (HMA) mix design and pavement design, accurately determined
volumetric properties such as bulk specific gravity and air void content will contribute to more
reliable performance predictidfi. Application of suitable techniques to achieve reliable
volumetric properties is significant.

Mechanically, he more than thireyear experiencef the drainage layer applications in
the U.Shas revealed that including a drainage layer reduces pavement deterléfatign
removing moisture from the pavement system rather than providing strength byntasit, |
consisting of opemyraded aggregates and limited fines, the drainage lapegraair void
contentis less stiffas otheasphalt mixturesThe backcalculated or laboratory determined
modulus of the Asphalt Treated Permeable Base (ATPB) drainagaypieally ranges from
400 MPa to 2,000 MRavhichis much lower than that of ratar asphalt concrete, as
doaumented in many repoft$l. The stiffness of conventional asphalt concrete can be 5.5 to 7
times larger than the stiffas of ATPB evenn a dry staté’!. There are also studies reporting
that the heavy traffic loading cawssstripping and modulus reduction of saturated ATPB
drainage layer, finally leading to the failure of pavement in the fdmatting and fatigue
cracking'* ©.. All these studies have indicated that the ATPB drainage lapessbly to be
weak load karing layer and its mechanical propertiesydominate the performance of the
pavementTherefordt is necessary tmvestigate the mechanical properties of typical drainage
layer materials antb consider the structural performance of the drainage IaydrE pavement
design However, the current available test methods to determine the dynamic modulus of
traditional asphalt concrete, the AASHTO TP 342which isoriginally designed for regular
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asphalt concretes approved to be not suitable for ATREterials not only in testing

temperatures but also in stsdevels Customized or modified test methods are needed for
characterizing the mechanical properties of drainage layer materiatidition,there are two

typical locations for the drainage kyin pavement structure, which are either above the base
course, or below the base course as a part of subbase. Being a relatively weak load bearing part
in pavement, the stress and strain within the drainage layer at different locations could be totally
different under traffic loading and should be checked to avoid structural failures. However, few
studieshavefocusedonthe location effects of the drainage layer as a structural component so

far.

In pavement design consideratiome tcurrent ME pavementiesign procedure uses
threelevel hierarchal material inputs: directly using the laboratory data, predicting the inputs
from empirical correlations, or adopting default valud®e structural contribution of the
drainage layer to a pavement structureosaonsidered in the 1993 AASHTO pavement design
guide. Some states follow this approach and do not give the drainage layer a structural layer
coefficient although others do. In the Mechanigirapirical Pavement Design Guide (MEPDG),
while each differenkayer can be evaluated individually, there is no procedure specifically
developed to characterize the fundamental properties of the drainage layehsarghisually
composed ohsphalt/cement treated or granular materials higgh porosities ranging frm 20%
to 35%. With such high level porosities, it is rather difficult to prepare laboratory specimens to
evaluate the modulus and the strength of these mat&esiles the necessary of modification
in current dynamic modulus testr level 1 inputthecommonly used NCHRP-37A model,
which is developed to predict the dynamic modulus of asphalt mixture in levet &¥ement
design,also need to be calibrated for the ATPB material@ddition, the selection of the air
void content is a tradeoff betwe@ermeability and stability. Increase in air void content may
improve the permeability performance loapair the mechanical properties. In this regard, there
should be a range of optimal air void content, among which both required permeability and good
structural performance can be achieved.

All the previously stated problems have illustrated the very significant needs in
developingmore convenient methods or modiifg existing method$o characterize the typical
drainage layer materiaét high porosityto consider the structural contribution of the drainage
layer and evaluate its location effects, anddwelop approaches ilvestigate theanges of the
optimal air void content for the ATPB drainage layer

OBJECTIVE AND SCOPE
Objectives

The objectves ofthis study are to develop meth®ébr characterizing theolumetric,
permeability and mechanical properties suchmadulus and strength of pavement drainage
layers for the MechanistEmpirical pavement desigio perform analysis of the stability and
structural contributiomf the drainage layer in the pavement structireyaluate the location
effect of the drainage layeand torecommend the optimal air void content for the drainage
layers to satisfypothrequired effective drainagend structural performances



Scope of the study
Acquire material and design information

The representative drainatg/er material@ndthe typical pavement structure desigis
selectedstates, including Virginia, Oklahoma @mdaho,are acquired and presented in this
dissertationThis informationis used for analyzing the structure contributaordlocation effect
of the drainage layeas well as specifyinthe optimalporosity for effective drainagand
structural performaceof the drainagéayer in pavement

Develop testing methods or modify/adapt existing noethito characterize themodulus and
strength ofATPB andCement Treated Permeable Ba<gTPB) materialsat high porosities

In thisstudy, thetypical drainagelayer magerialsobtainedfrom each participatingate
aretested using a series stndardaboratory testing methods modified approacheBased on
a comprehensive literature review of the major databases in the area of pavement materials
evaluation, thdollowing set of testing methodsave beemdopted in thistudy.Volumetrically,
the dimensional method, Parafilm method and CoreLok vacuum sealing method are adopted and
compared with each other to determine the air void contetfiffefent mixturesThe
permeability of ATPB specimens with different air void content is determined through both
constant head method and flexible wall falling head method. MechanicalliTPB materials,
themodifieddynamic modulusest isused as the baseline method for measuring directly the
modulus of the asphatiteated materialdzor CTPB materialshe laboratory uniaxial test used
as the baseline testing method for the cerreated materialShe ASTM C39Compressive
Strength oCylindrical Concrete Specimersfollowed to determine the strength of the cement
treated materials.

All the laboratorydetermined dynamic moduli of the typical ATPB drainage layer
materials adopted by the participating states have been used to edhbralCHRP 137A
model. Utilizing the laboratorgetermined dynamic modulus of the specific ATPB mixture
adopted by each state, three calibrated local models with customized gradation parameters as
used in local quality control are provided. In additiaralibrated general model which can be
used to predict dynamic modulus of ATPB mixtures with different gradations, asphalt types,
asphalt contents and air void contents is also provided, by calibrating the original NCHRP 1
model using the laboratodetermined dynamic modulus data of all the three kofdSTPB
mixtures in this study.

Perform pavement analysis to evaluate hdve tdrainage layers will perfornn a typical
pavement structue under typical traffic loading

Finite element method is useditwestigate the structural contributiand the location
effect of the drainage laye8ince aminimum porosity is necessary to ensure the effective
seepagklrainage of the drainage layére porosity is usually a major factor affecting the
modulus and séngth propertiesf the drainage layer materialkheinfluence of the air void
content of drainage layés investigated through FEM simulation on a typical drained pavement
structureln addition, other factors such #e influence of the traffic loadg on the responses of
drained pavement have also been investigated.



Formulate recommendations afrainage layematerial properties andhe optimal air void
content of the drainage layer

Theoptimum/default valuegalibratedempirical correlations, anahodified testing
procedureso directly or indirectly determine the volumetric, permeability and mechanical
propertiedor thedrainage layer acecommendedRecommendationsdhed r ai nage | ayer
optimal ar void contentangeswhicharedeterminedy the integrated results fropermeability
test, dynamic modulus teshdthe M-E pavement desigorocedures hae also beerprovided for
the better performance of drainage layers

OVERVIEW OF DOCUMENT

This dissertatiomas included the findings from a serigf laboratory tests and numerical
simulations to characterize the typical drainage layer materials and evaluate the performance of
pavement with a drainage layer incorporated, whidivided into six chapters amao
appendices. Chapter 2 presehtssynthesized information about typical materials,tthekness
and locations for drainage layers, and the testing methods to determine permeability and
mechanical properties of asphalt mixtutessed on a literature review afrrentavailable
documentsChapter 3 provides the information of the materials collected for laboratory testing in
this study, including aggregate gradation, asphalt type, asphalt content, laydown temperature and
so forth.Chapterd has presented the laboratory tests in detdiich have been conducted in this
study to characterize the high porosity drainage layer matddiagsto the specificity caused by
high porosity of the drainage layer, some conventional test methods are no longer applicable for
the ATPB or CTPB materials, @hefore customized test methods have been developed. The
selected or customized test methods to investigate primarily the volumetric properties,
permeability and dynamic modulus of drainage layer materials are all specified in detail as
presented in chaptd. In chapteb, the results of the series of laboratory tests have been
presented and analyzed. Statistical analysis to determine the most approgtiaigs for ATPB
materialto determine volumetric properties, the relationship between permeabdigiravoid
content of different ATPB mixtures, the dynamic modulus master quivesnoisture
susceptibility of the ATPB mixtureand the calibrated NCHRR37A model have all been
illustrated in chapte®. The chapte6 focuses on the FEM simulation thie location effect and
structural contribution of the drainage layer. The optimal air void content obtained based on
laboratory determined permeabiligyr voids relationship and ¥ pavement analysis is also
included in chapte8. Chaptef7 concludes althe findings and provides recommendations for
drainage layer applications. Appendix A and B have listed the examples of dynamic modulus
master curves for each mixture, and the Prony sapipked in FEM simulations.



CHAPTER 2. LITERATURE REVIEW

Moisture related problesthave long been recognizedpasnary causgof pavement
failures. Water enters into the pavement structure through surface infiltration such as joints and
cracks, from higher ground, rising ground water, ¢apjilaction and vapanovement?. It is
extremely hardo completely prevent moisture from entering the pavement section in real
situation However, he presence of water in pavement structure is undesirable because it would
adversely affect the sheterm and longerm peformance oboth the flexible and PCC
pavement irseveraforms In flexible pavements, the moisture induced problems come from the
deterioration of the base, subbase and subgrade in saturated or partly saturated conditions. In
rigid pavements, entrappedter causes erosion of subgrade and creates voids below the
concrete slalSeveral primary pavement failures related with entrapped water have been
recaynized as follow§': 2, The moisture induced deteriorations and damages of pavements
especially undeheavy traffic loading have become one of the most concerns for engineers.

Reducing the load bearing capacity byrgesing the pore water pressure;

Resulting in swellig in subgrade of expansive soil;

Frost heave and rediign in strength during melting;

Causing the erosion problem under heavy traffic loading and further causing faulting and
slab cracking within PCC pavement;

Fines immigration into the base and subbadech reduces the permeability;

Moisture caused stripping in asphalt treated permd=sie (ATPB) under wheel

loading.

1
1
1
1

= =

The moisturesources are usually prevented from entering the pavement structure or
accumulating in the subgrade through the surface drainage and subsurface drainage
approacheslt is more cost effective and less riskypi@vent water/moisture entry and
accumulation using surface drainage than to remove water/moisture using subsurface drainage.
Theoretically, the best way for reducing the detrimental effects of moisture is to prevent moisture
from entering the pavement $gm. Howeverin practice this is too hard to be achievEtcbom
this standpoint, the subsurface drainage approaches havedosmsary for achieving a robust
pavement systemvhichis subjected to moisture acceN®wadays, @ reduce the moisture
induced premature deterioration for both flexiafel rigid pavementsyver 30 states have
incorporated the drainage layer as a part of pavement strumunsttucted as daylighted or
working together with the edge drain system ®vpnt or minimize moisture damalg2.

For pavements subjected to watelated problemsa subsurface drainage system
typically consising of three basic elemenis used The three basic elements of the subsurface
drainage system include:

1. A permeable ase (typically 24 inches in thickness) to provide for rapid removal of
water which enters the pavement structudepending on structural requirements, the
materials used to construct the permeable base could beyauied granular material
with limited fines, or cement/asphalieated aggregate withraquiredvalue of
permedility .

2. A method of conveying the removed water away from the pavement structure; which
could simply consist of a base sloped towards a drainage ditch or more complexly a pipe
andedgedrain collector system.



3. Afilter layer such as using a geotextile, graded aggregate layer or HMA to prevent the
migration of fines into the permeable base from the subgsadbaser shoulder base
material. Excess fines in the permeable base will clog its drainage routaemtdhe
effectiveness Depending on the subgrade and pavement structure, a filter layer may not
be used.

Additional components of a subsurface drainage system include: an outlet consisting of
short pipes that carry water from the pipe edgedrains collectors to the side ditches, and side
ditches that carry water collected from the outlet away from the pavenieme dre various
subsurface drainage systems available to meet different design requirements. Commonly used
systems are: permeable base system with pipe edgedrains collector, daylighted permeable base
system, nonerodible base with pipe edgedrains collendmerodible base with pipe edgedrains
and porous concrete shoulder, and daylighted dgrasked aggregate base.

To characterize the drainage layer materials and evaluate the performance of drainage
layers, a comprehensive literature review has beentdaralect information about the current
status of drainage layers, including the typical drainage layer thickness, locdugsisength
and modulus of drainage layecsirrent available test methods to determine the volumetric,
permeability ananechanical properties of asphalt mixtures, and common drainage layer failures
and problems encountered in practice. The following next few sections will focus on these
aspects for drainage layers based on the literature review of the major databases.

Typical materials used for the drainage layer

Except &rving the important function of removing water out from pavement, the
drainage layer also works as a load bearing layer within the pavement structure. It should also
satisfy stability requirement tosist theloadingsduring constructiomndin serviceperiod The
selection of material for drainage layer is a tradeoff between permeability and stability, stiffness
and strength. Omitting the fines in gradation can increase the permeability but wiltladfec
stability and other mechanical propertigshe drainage layei herefore, to balance between the
requirement of permeability and mechanical propenias, of thefines in dense gradation are
removed or the stabilized open graded aggregates apécal which result in two types of
typical drainage layematerials unstabilized and stabilized. Unstabilized drainage layer includes
some fine aggregates to improve the interlock betwleeparticles while¢he stabilized drainage
layer relies on the abilizer to provide cementing between particles. fipecal stabilizing
materialincludeasphaliandPortland cement. Asphalt treated permeable base (ATPB) and
cementreatedpermeable base (CTPB) @ahetwo commonly usedtabilizeddrainage layers by
many statesn the U.S

Gradation for unstabilized ggregate

The recommended gradation usually differs for the unstabilized and the stabilized
drainage layers/ery limitedfines are allowed in unstabilized aggregate to keep stability under
construction andraffic loading. Generally thecrushed stones required inunstabilized
drainage layer for the sake of stability during construction operdttengradations of the
unstabilized drainage layer are determined in accordance with two criteria: (lipatffic
permeability capacity and (2) enough stability and streAgth.Norwegian Road Research
Laboratoryfound that the percent passing No.200 sieve should not exceed 9% for the gravel base
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drainage layer to achieve acceptable permeability capacity aadsstengtt¥. An lllinois
cooperative highway research grogram suggested that sieves smaller than 2mm (No.10) should
be minimized for the permeable base matefiaé US. Army Corps of Engineers recommended
the Rapid draining material (RDM) and opgnaded material (OGM) for the drainage layer in
airfield pavement®. The American Concret®avemenfssociation(ACPA) suggested more
intermediate aggregates be added to the No.57 or No.67 gradation for the unstabilized drainage
layer®, Today many stes have their own requirementsthegradation of unstabilized

drainage layer materials thelocal specifications.

Gradation for Stabilized Aggregate

For the stabilized drainage layer, ASSHTO No0.57 and No.67 gradations are commonly
used.Several SHAs use the AASHTO No. 57 gradation for thetgibilized permeable basasd
the WisconsirDepartment of TansportatiofDOT) has reporteducces®f using the AASHTO
No. 67 gradation in stabilizeshses!?. FloridaDOT has reported thahe typical ATPBwas
single coarse aggregat®.57 or No.67 according thestatewide evaluatioh®. In some states
a combination of these two gradations is adopted for the drainage layer tbetach
performanceThe amount of material passing the No.200 sislienitedto O to 2 percent to
reduce the amount of finky somestates'?. Many studieshave beerfocusedon improvingthe
gradations of stabilized aggregatgrginia DOT utilized a 5850 blend of No0.68 and No0.8
aggregate with thick asphalt films in aXiele pavement and received good results in both
constructability and durability}l.

Content of the stabilizer

For stabilizer, typically 2% to 3% (by weight) of asphalt is applied to ATPB and 2 to 3
bags (112 to 167 kgfnof Portland cement argpliedto CTPB per cubic yard?. It is reported
that many highway agencies utilikghtly stabilized opergraded materials with asphalt content
in the range of 3% and cement content of 2280 pounds per cubic yafdr the drainage
layersi*”l. The ACPA remmmended the 2.0% to 2.5% of asphalt binder (by weaid0 to
165 kg/n¥ (150-280 Ib/ydF) of cement used for stabilized aggred&le

Drainage layerthickness

To ensure the structural performance as well as the permeability capacity of the
pavementthe thickness of each layer is determinedlfirsy satisfying the structural
requirement to support traffic loading, then the drainage capacity is checked to see whether the
thickness is appropriate from the drainage point of W&wTypically aminimum of 4 inches of
drainage layer is recommendé&d.

For ATPB,the FHWA has recommended the thickness to be 4 inches to 6 inches in an
implementation package for drainage blankets early in M@thissuggested 4 inches of ATPB
as drainage layét®. Forsyh indicated the range of ATPB used is from 3 to 6 inches and the
most common thickness of ATPB is 4 inclhés California specifies 3 inches of ATPB for
drainage layer and Oregon uses 3 toches ATPB in several desighd. According to an
evaluation of asphalt treated permeable base conducted by the BIOdahe condition of the
ATPB layers in several concrete pavement throughout theastatgpically 4 to 5 inche$d.

For CTPB, the typical thickness ranges from 3 to 6 inches,thgtinost commonly value of 4
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inches.The thickness of untreated permeable base used in Onggoally ranges from 6 to 15
inches. The minimum requirement of 6 inches could ensure the permeaititig/drainage
layer. In addition, the untreated drainaayer of 6inch thicknesss easy to compa&”.

Drainage layer locations

In order to effectively remove the watghich has infiltratednto the pavement, the
drainage layer shodilbe located at depth to allow the time for drainage within requirialit. 1t
is recommended that for the highekiss highways the time for draining 50% of the free water
should be within 1 hour, and for most interstate highways the limit is 2 R8urss a result,
drainage layer should be located at a depth wherdr#neagepathway isshort enougffior
effective drainingaccording taifferentpavement clags At the same time, for the sake of
stability, it should not be placed too near the surface, neither. Typically the drainage layer is
located below the base cseror act as a part of the base course.

The typical locatiosof drainage layer in the pavemestructure are shown in Figute
and Figure 12U, Figure1 shows the base works as drainage layer. Therefore the drainage layer

should satisfy both the pernielity and the strength requirements. The disadvantages of base as

drainage layer are inadequate stability and inconvenience for the drainage ohwsatayase
and lower structure. Figuzshows the drainage layer below subbase or as part of subbase. Th

disadvantage of this location is that the water pathway from drainage layer to infiltration surface
is relatively longer therefore it would take more time for drainage. The permeability of the base

and subbase materials should be greater than theatiiiirrate to eliminate water trapping in
the structue on top of the drainage layer.

Povement ; houlder

‘
HMA& or PCC | Bose
X o

Drainage Loyer

Figure 1. Base as drainage layel*!

Povement ; houlder

'
HMA or PCC |
Base and Sukbase meet Permeckility Criteria

Lo

Drainoge Layer

Figure 2. Drainage layer below subbase or as part of subba&d

Modulus and strength of drainage layer

The resilient modulus ahe ATPBmaterials with very high air void contents ranging
from 34.2% to 35.7% were investigated by the University of California, Berkley and the



Caltrans. Te resilient modulug/as obtainedinderdifferent stress levels with the sum of the
principal stresses (SPS) of 200kpa, 500kpa and 1000kpa thedarhtorytesing on theATPB
specimeng. The ascompact resilient modulus of ATPB used for the pavement design based on
the Caltrans method arlde elastic layer theoiig 1172 MP&"l. The ranges of the resilient

modul of the ATPB mixturesare fromthe minimumof 689 MPa tahe maximumof 1034 MPa,

and the modulus of 1034 MPa for the ATPB was used weitbe pavement fatigue lifé.
Amaraloulizi et al.assigned the modulus of 1034 MPa for the epiaded drainage layer

(OGDL) in their study to calculate the vertical stress responses within the paV&nTéwet

resilient modulus was recommended to be 110,500 psi, or 762MPa for the ATdr&iragto
Vermont Agency of Transpotian Pavement Design Committée

Compared with the conventional derggaded asphalt concrete, the modulus of ATPB is
much lower. The stiffnessf ATPB materialswere reported to be on the order of 1%k®a in
thedry state while decreasing to a half in the wet state. The stiffness of conventional asphalt
concrete can be 5.5 to 7 times than the st#fénof ATPB even in dry stdfé Based orthe back
calculated effective pavement thickness, it is found thatakiempent incorporatedith
permeable asphalt treated aggregate base would have smaller strength than pavement with
regular densgraded asphalt treateddsain SPSI flexible pavemenf?.

For CTPB materials, the typical strength of B€PB materialsranges from 500psito
more than D00psi, at Zday or 14day agedased on both laboratory and field té$is
Thereforethedrainage layecan be considered as a weak load bearing layer in the pavement
structure and its strength should be checmincorporated into the pavement structural
analysis for further study

Stress state within drainage layer

The stress within the drainage layer varies with different pavement structures and
temperaturesThe practical stress lelgeinside the drainage laygeare typicalljjower thanthat in
the surface laysr Amara Loulizi et.aconducted field measurement of the compressive vertical
stress under the asphalt surface and abov@plea Graded Drainage Lay@®GDL). It shows
that the vertical stresses und&i-8.5A surfacedayer vary with the temperature and range from
less than 50 KPa to more than 200 Kiteen the structure subjected to 8@si tire pressuré.

It is reported that the vertical stress above the drainage layer is about 10h&#Pthe

temperature is 20. Imad L. Al-Qadi et.al measured the vertical stress under HMA surface layer
for single loadbf 25.8KN on a pavement withi8 asphalt stabilized open graded drainage layer
locating below the base course. The vertical stresssvatith temperature and ranges from less
than 50KPa to more than 250KPa from @ 4 . The vertical stress at 20is about 80KPa,
which shows consistency with former resiits

Permeability test on asphalt mixtures

There are generally twkinds oftesting method to determine the hydraulic conductivity
of HMA mixtures in laboratorywhich areconstant head method and falling head method
respectivelyThe ASTM D5084Standard Test Methods for Measurement of Hydraulic
Conductivity of Saturated Porous Matds Using a Flexible Wall Permeametesrthe standard
test protocols of th&alling head methodAccording to this method, materials with hydraulic
conductivities greater than 1X10m/s may be determined by Test Method D 2434, which is a
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constant head ethod. Howeverthe ASTM D2434maynot be suitable for laboratory
compactedATPB and CTPBspecimensor road coressince it requires compacting specimens in
the permeability testing container right before theitebeing conductedany dates have

spedfic local testing methoslto determine the permeability of asphalt concrete specimens in
laboratory Virginia validates the constant head method to determine the hydraulic conductivity
of asphalt mixture with high permeabilitgs described in VTMB4. Oklhoma applies a flexible
wall permeameter for laboratory permeability testingegfularasphalt mixtures as described in
Oklahoma testing method OHD44. However, since the asphalt treated open graded aggregates
are much porous thaegularHMA mixtures the inlet cylinder tube should be larger to ensure
the time duringhefalling waterheadis nottoo short ands easy to be recordedo investigate

the permeability of unbonded aggregate biisgi, N. Khouryet al used a devicthat was

fabricated athe University of Oklahoma Broce Laboratd#¥. The device used an inlet tube

with larger diameter and the inlet tube is longer ti@noneprovided bythe typicalflexible wall
permeameter.

Dynamic modulus test on asphalt mixtures

As one of the viscdastic materials, the relationship between stress and strain of HMA is
determined by complex dynamic modulus E*, which is a complex number to relate the stress to
strainfor theviscoelastic materials subject¢ontinuoussinusoidal loadingThe dynamic
modulus is defined as the absolute value of the complex modudwdetermine the dynamic
modulus of HMA materials in laboratory, typically five different test temperatures and six
different loading frequencies are applied, to investigate the time andregomeedependency of
the asphalt mixtuse The AASHTO T34211 standards the current available test protocols for
determining the dynamic modulusrefgular densgradedasphalt mixture8®l. There is
currently no specific test protocols designed for BTRixtures. Under some circumstances
reduced test temperatures and loading frequencies can also be used to describe the dynamic
modulus of asphalt mixtures and to construct the master curveslyhamic modulus at least at
three temperatures and threedguencies determined in laboratory testing allowed in
MechanistieEmpirical pavement level 1 desigm order to construct master curve for the
asphalt mixture, sewefrequencies are requir€d.

Drainage layer failuresand problems

During the service life, the treated permeable materials of drainage layer may experience
material and structural failures due to the combinagitectsof traffic loading and the
environment. The California Department of Transportation (Calterghe Indiana
Department off ransportation (INDOTpothreportedthe material failuresncludingfines
injection from the beneath base course into the AEPBEthe stripping of asphalt coatings
within the drainage layem addition to these material failurébe structural capacity of the
stabilized permeable base may deteriorate when exposure to moisture or poor environmental
conditions. Once the drainage layer loses its structural capacity, the pavement structure will be
affected and damages are caudiénhois monitored the effectiveness of drainage layer in nine
pavements during |l ate 19806s and earihy 1990606s
forms of superficial distresses, severe lane to shoudtéerment and high deflectioft§!.
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To preventhe material and structural failures in drainage layers, effective measurements
should be appliedihe majority of the material failures in the drainage layer is related with the
intrusion of fines from other layers into the drainage layer, causingiolpggdrainage paths.

To prevent fine intrusionslensegraded filtedayeris applied to separate the drainage layer with
other layersHowever, there is currently few research focuses on the structural performance of
the drainage layer§Vithin this corext, research is needed to develop more convenient methods
or modify existing methods to characterize the modulus and strength of these materials at high
porosity, to perform analysis of tis&ructural contribution and location effexftthe drainage

layer in the pavement structure, and to specifydpgmal air void conterfior the effective
drainagdayers
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CHAPTER 3. MATERIAL COLLECTION FROM PARTICIPATING STATES

There aredifferentkinds ofmaterialswhich have beenvidely adoptedor drainage
layersin the U.S Typically the materials used for drainage lay@an be grouped into two
categories: treated and untreatéden among the treated materials, not only the stabilizing agent
can be diferent in types and contents, the gradations of aggregates may aldo aalgition
there arealsodifferentlaboratory tests to characterize the properties of treatedrdarehted
materials Each state has their own experience in drainage tagtarials and applications.
Therefore it is necessary to investigate what are the typical drainage layer maietidde
typical pavement structure incorporated with drainage layer thadapedn each participating
state to facilitate experimentdlbpning and further studyAn online survey has been performed
by the participating state DOTSs to collect adequate information about the drainage layers.

Once enough information about the typigaldopted materials for drainage layer has
been obtained tbugh the survey, technicians from each state DOTs were contacted to help
acquire enough materials for laboratory testing. If there was-@oiog project producing
drainage layer materials, technicidram each DOTwere asked to collect materials ditgct
from the site and mail them to the asphalt laboratdrgre the tests are going to be performed
For states that have no-gning project, material collection was planned and waiting for the next
available project. For stategich have no project proding drainage layer materialgthin the
termof this study the virgin aggregates, asphalt binder and additives were collected to produce
asphalt mixture in laboratory. To produce the asphaltedga¢rmeable base mixture in
laboratory, the temperaturasphalt content and additive content were strictly followed with the
requiremerg provided bystatespecificationsThe collected materials were then stored under
appropriate environment and tested within a few months of storage to avoid environmental
induceddeteriorationsConsequently,lathe materialcollected and testemreconsidered to be
representative of the typical drainage layer materials adopted pgriapatingstates.

ATPB materials

With the help of stuffs at VDOT, ODOT andD, differert kinds of materials were
collected for laboratory testing to characterize the volumetric properties, permeability and
mechanical properties of the drainage layeithethreestates. For Virginia, ATPB mixturesd
unbound aggregategere collected frontheasphalt plant in Lynchburg, VA iduly, 2011 For
Oklahoma, ATPB mixtures and virgin aggregates for CTPB were collected and mailed to the
asphalt laboratory iApril, 2012. The virgin aggregates, asphalt binder anesamping
additives were colleetd from Idaho irApril, 2012 Because no ATPB mixtusevereproduced
or would be producedluring the period of this studg Idaho, the ATPB specimens for Idaho
were mixed and compacted in the asphalt laboratory. Tadllews the parameters of the
materials collected from thmarticipatingstates.
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Table 1. Drainage layer materials collected from Virginia, Oklahomaand Idaho

Total % passing
sieves Virginia Oklahoma Idaho
(ATPB-VA) (OGBB-OK) (ATPB-ID)
1 1/ 100
1066 100 95
3/ 4 92
1/ 2 73 47 50
3/ 8 35
#4 3 4
#8 4 2 1
#200 1 1.4
Asphalt treated material Asphalt type
Virginia Oklahoma Idaho
PG(70622) PG(6422) PG(6428)
Asphalt content
Virginia Oklahoma Idaho
4.3% 2.5% 3.0%
Laydown temperature
Virginia Oklahoma Idaho
28C°F 240°F 28C°F
Total % passing Cement conten{ Water to cement rati
sieves Oklahoma Oklahoma Oklahoma
(OGPCCBOK) | (OGPCCBOK) (OGPCCBOK)
1 1/ 100
Cement treated materia 169 95
1/ 2 47
270lblyc? 0.4
#4 3
#8 2
#200 1.4

These collected materials were stored in the monitored stooagn of the asphalt lab
before they were used in laboratory testing. The temperature was maintained at Zbauttas
storage room. All the plasgroduced asphalt mixtures were used to compact cylindrical
specimens withi fewmonthsof storage to avoid aging problem dwgstorage. Figur8 to
Figure10 have shown the ATPB mixtures and the virgin materials collected from Virginia,

Oklahoma and Idaho for the series of laboratory testing.
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Figure 3. ATPB-VA materials
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Figure 5. OGPCCB-OK materials

Figure 7. ATPB-l D 1/ 266 agg

Figure 9. ATPB-ID No.4 aggregates Figure 10. ATPB-ID No.8 aggregates
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CTPB materials

With the help ofODOT, two barrels of mixed open graded aggregates from the producer
in Oklahomahave been collecte@hesesaggregatesvere from the bataswhich wereused for
paving drainage layer in OklahomEhese aggregatesere then stored in tHEhomas M. Murray
Structures Labin Blacksburg, VA underoom temperaturbefore being used to fabricate CTPB
specimens
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CHAPTER 4. LABORATORY TEST

A series of laboratory teskmve beemronducted to investigate the volumetric properties,
permeability, dynamic modulus and compressive strength of the typical ATPB and CTPB
materialsadoptel for drainage layers in Virginia, Oklahoma and Idaho. All the tests have
followed the AASHTO, ASTMstandard or the local specification of each state.

SPECIMEN PREPARATION

The ATPB mixtures collected from Virginia and Oklahoma were used directly to
compact specimens in lab. These specimens are Plant-MaeGompacted (PMLC)
specimens. However, due to timited production of ATPB materials in Idaho during the period
of this study, the materials collected from ITD were all virgin materials which need to be mixed

in the lab to producthe ATPB mi xture. Therefore all -Labhe | da
Compacted (LMLC) specimens. Due to the different conditions (temperatay of mixing,
etc.) during producton t he |1 dahods ATPB speci mens may exh

specimens for Virginia and Oklahoma in mechanistic properties, puttingtasidgluencs of
aggregate gradatioasphaltindertype and content

Mixing ATPB in lab using typical materials from Idaho

The original materials collected froffiD include virgin aggregates, asphalt binder and
additives which are typical materials ugegroduce ATPB in Idaho. The ATPB mixtures were
produced using the drum mixer in lab as shown in Figlir& ie gradation in accordance with
|l dahods specificat i bimGhapted. §heardoan df ®ydregates ofieach T a b |
sieve size was taulated firstly, then aggregates of different sizes with the desired amount were
thoroughly mixedogether After this steptheaggregates araljar ofasphalt binder were heated
separatelyn oven until that they all reached 28Qdmonitored by thermonter). The aggregates
were placed into the bucket and the bucket with aggregates was placed onto the electronic
balance withresolutionof 0.1 gram. The asphalt binder PG28land the approved additive
Superbon® of calculated mass were slowly added into the bucket. After that, the bucket was
fixed onto the mixeframeand the materials were mixed thoroughly. Blazer torch was used to
heat the materials and maintain the required temperature during mixing. FR2glrevis the
process oadding aggregates of different sizegetherfor ATPB-ID production in the asphalt
lab. Figure B shows the laboratorgroduced ATPBID mixture.

Figure 11. ATPB production for Idaho using drum mixer
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Figure 13. The LMLC ATPV -ID mixture

Compacting asphalttreated opengraded specimen

The gyratory compactor has been used to compact AI/RBOGBB-OK and ATPBID
specimens into 6 inches diameter and about 7 inches heighhedh void contents ranging
from 18% to 32%. These specimens were then cored and trimmexpprimpriatedimensons to
facilitate a series of further tests. The AASHTO standard T24@dard Method of Test for
Preparing and Determining the Density of Hdix Asphalt (HMA) Specimens by Means of the
Superpave Gyratory Compacteas followed to prepare the specimengygsatory compactor
in a height controlled modé». To obtain spcimens with differentargetair void conters, trial
specimens were compacted to investigate the typical amount of mixturernbatled to obtain
desired air void contents of the speamseByadjustingthe amount of ATPB materialdgqued
into the glindrical mold and compactedto the cylinders othe same volumes, different air
void contents can be achievétbwever the air void contents of specimens after coring and
trimming would belifferent from the original specimens prepared by the gyratory compactor.
Therefore, to achieve desired air void content of specimens after coring and trimming, trial and
error method was useflligure ¥ and Figure % show the Superpav@yratory Compactor (SGC)
and the asompacted ATPB specimehigurel16 exhibits an example of the compaction curve
on ATPB-VA specimen.

The temperatusaat which the mixtures were compacted into specimargeiosen to
be the laydown temperatrat field construction as shown in Taldlen Chapter3. Therefore, it
is expected that all the PML&hd LMLC specimens can represent the redieid properties of
thenewly-constructedirainage layer, and the data obtained from the series of laboratory tests
can be applied for pavement design purposes.
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Figure 14. Using the Superpave Gyratory Compactor Figure 15. The ascompactedATPB
(SGC) to compact specimens specimen
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Figure 16. Height of the specimen versus the number of gyratory using SGC

Preparing cement treated opergraded specimens

To investigatehe mechanical propges of the cement treated opgraded aggregates
which havebeen incorporateihto base or subbase courssshedrainage layersspecimens of 4
inch diameter and 8 inch height were fabricated for compressive strengirheeair void
contentof these specimemange fron27% to 3H%.

The first step to produce the cement treated @paded mixtures is to remix the
unbound aggregates thoroughly to eliminate segregation of fines durihguimegof materials
The aggregates were poured out from the barrels and reorixeldan and flaloor free from
cracksas shown in Figur&?. To reduce the size of the aggregate sample into a desired one for
CTPB fabrication, and to maintain the original properties and conditions of the aggregates, the
aggregate quartering method has been adopiestlyFthese aggregates were piled in a cone
with a shovel. Then the cone was flattened from the top and spread into a circular layer with
even thickness. The aggregate layer was then divided into four quarters by two lines at right
angles. Two diagonalugrters were discarded and the left two quarters were mixed thoroughly
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and used to faleate CTPB materials. Figuls8 shows the aggregate quartering method adopted
in this study to sampling aggregates with desired size for prodtie@jr PB mixture.

R,
A TR

Figure 17. Mixing the unbound aggregates in Figure 18. Sampling the aggregates by
laboratory guartering method

Thetraditional cement concrete producing meth®8TM standardC192/C192M
Standard Practicéor Making and Curing Concrete Test Specimens in the Laboratasy
followed to fabricate theement treated specimeff¥. Based ortypical mix designcement
content used for CTPB in field is about 120kéand the water cement ratio is 0.48this
study, heproductionof the CTPB material$ollowed the Oklahom@& specificatiorOHD L-53
as theopengraded Portland cement concrete base construction requireifeatsix design is
present as in Tab[

Table 2. Mix design of the opengraded Portland cement concrete base

Cement content w/c ratio Fly ash
270Iblyc? 0.40 N/A

Theunbound aggregatesllarted from theDDOT areNo. 57 aggregagwhichwere
usedin this studyto compact the cement stabilized mixt@&PCCBOK. The gradations are
presented imable3.

Table 3. Gradation of the cement stabilized aggregates for Oklahoma

Sieve size| Percent passing
1-1/26 6 100
16 6 95
1/26 6 47
No.4 3
No.8 2
No.200 14

The steps for fabricating the OGPCQIK specimens argescribedas follows.The
thoroughlymixedaggregates, water amibrtlandcement were weighted to get desired amount
according to the mix desigihe aggregates and part of the watere addeadnhto corcrete
mixer with the mier runningfor a fewminutes. Then thePortlandcement was added into the
mixer for mixing.The rest of the water and cement were added and mixed for three minutes
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followed by a threeminute rest timeAfter that,themixer is stated again for a final twoninute
mixing and thamixture was used to fabricate specimekisthe specimens were made into 4
inches diameter and 8 inches height cylinders according to ASTM C192/ C192M. Three lifts of
themixture were placed into the plastiold andeach lift of the mixture wammpedbefore the

next lift was placed during the compacti@ifferent air void contents were achieved by placing
different amount of mixture into the mold and applying different numbers of rodding to get the
specim@ compacted to desired density. Trial and error method was used to olsteed d&

void content. Figurd9 and20 showthe OGPCCBOK mixtureproduced in laboraty and the
molded specimens after compaction.

Figure 19. Thelaboratory-produced OGPCCB Figure 20. The molded OGPCCBOK
OK mixture specimens

The compacted specimens were stored under room temperature and fine spray of water
was applied onto the surface of the specimens as long as thet garsie was setVater curing
was applied every two hours during a period of 16 hours for these specimens to simulate the
situation in field construction as described in Oklahoma specificddiaring the storage,
polypropylenesheets are applied to cowbe specimens in moldat 7 days after fabricatiorsjx
of the specimens were tested for the compressive strength and the rest of the specimens were not
tested until they reach idly age21-day ageor 28day ageTable4 lists all he OGPCCBOK
specimasfabricatedfor thecompressive strengtiastat different ages

Table 4. Number of OGPCCB-OK specimens of different air void contents for permeability and mechanical

testing
Specimens for compressive strength { Specimendor permeability test
Age Number of specimen Number of specimen

with air void content fron27%to 35% | with air void content from 27% to 389
7-day age 6
14-day age 6 8
21-day age 6
28-day age 6
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DETERMINING VOLUMETRIC PROPERTIES
Determining the bulk specific gravity of the aggregate (&)

The bulk specific gravity is a measurement of the density of the aggregates compared to
the density of pure water at Z3. The mass and volume considered in the bulk specific gravity
Gsp aretheovendried aggregatmass and overall aggregate volume including the permeable
voids, respectively. The &of aggregates, as the required parameter to predict the effective
asphalt binder content, atafurther predict the dynamic modulus of ATPB mixtures through
empirical correlations, has bedatermined followinghe AASHTO standard T8%tandard
Method of Test for Specific Gravity and Absorption of Course Aggréatehe unbound
aggregates colleetl from Lynchburg, VA, which were also the aggregates used to produce the
ATPB-VA mixtureshave beenestedo determine the &of ATPB-VA mixtures as shown in
Figure21 to Figure 3. Figure 2 to 25 present the unbound aggregates collected from
Oklahomawhich were also the aggregates used to produce GGBRnd OGPCCBOK
mixtures.Figure26 and Figure Z show the aggregates used for AFEBmixtures.

—
e,
;

;' .
Figure 21. Saturated state of the Figure 22. Dry the aggregates in ) _
unbound aggregates from VA oven Figure 23. The dried

unbound aggregates from VA

_Pa-;

Figure 24. The saturated unbound aggregates  Figure 25. The Saturated Surface Dry (SSD) state of
from OK the unbound aggregates from OK
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Figure 26. The saturated unbound aggregates Figure 27. The Saturated Surface Dry (SSD) state of
from ID the unbound aggregates fromD

According to AASHTO T85, the bulk specific gravity of the aggregatalisulatedoy Equation
1.

0 L )
Where,
A= Mass of oven dry sample in air, g;

B= Mass of SSD sample in air, g;
C= Mass of SD sample in water, g.

Determining theoretical maximum specific gravity (Gnm)

The theoretical maximum specific gravigfers tothe specific gravity othe mixtures
with no air voids in itwhich is also the maximum specific gravity can be reachédteory
With givenbulk specific gravity, itan beused to calculate the air void contentshaf
specimens.

The theoretical maximum specific gravities of the AT?PB, OGBB-OK and ATPBID
mixtures were determined following AASHTO T208eoretical MaximunSpecific Gravity and
Density of Hot Mix Asphalt Paving Mixturg4. Before the Gm was determined, the mixture
was heated in oven for 2 hoursfagilitate further handlingThe aggregates were theaparated
carefullyby hand to eminate clumps of fin@articles.Figure28 has shown the separated
asphalt treated aggregat@gater replacement method, by weighing the specimen in air and
under water, was used to determine the volume of solid aggregates. Before weighoagete
aggregates in water, a waon of 3.7 8.3 kPa (27.5 £2.5 mm Hg) residual pressure was applied
on the mixture for 15 £ minutes to remove air by agitating the water and mixture in container at
2-minute intervalsThe apparatus used to determine ths @&re shown in Figurg9to Figue
31. The theoretical maximum specific gravity was calculated by dividing the weight of the dry
mixture by thetotal volumeof the mixtureobtained from the water replacement method.
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Figure 28. Separation of coated aggregates Figure 29. Aggregates in bow! for evacuation

Figure 30. Vacuum the aggregates in water in a

bowl Figure 31. The system to determine the weight

in air and in water bath

For each mixture the maximum theoretical specific gravity was tested twice and the
average was used to calculate the air void content of different ATPB specimens. The maximum
theoretical specific gravities of the ATRPBA, OGBB-OK and ATPRID mixtures are
detemined to be 2.474, 2.524 and 2.525, respectividigformulato calculate the gmis
presengédin Equation2.

O L @
Where,

‘O = Theoretical maximum specific gravity of asphaikture

A = Mass of dry sample in aig;

C = Mass of sample in water bath at@577F), g

To determine thair void content®f the OGPCCBOK specimenghe theoretical
maximum specific gravity of th@ GPCCBOK mixture was determined througfire same test
methodwhich has been applieoh ATPB materialsexcept that the cement treated materials
need not to be heated to get separate particles.
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Determining the Bulk Specific Gravity and Air Void Content of specimens

As aforementioned,nlike traditional densgradedasphalt concrete, the materials used
for drainage layer are usually much more porougeasing thelifficulties in determining air
void content by traditional test method such as Saturated Surface Dry (SSD) method. However,
as important parameters to tHdix Asphalt (HMA) mix design and pavement design, accurately
determined volumetric properties such as bulk specific gravity and air void content will
contribute to more reliable performance prediction. It is necessary to determine which test
method is biter to determine the air void content of drainage layer materials. Among those
available test methods, the paraffin method is time consuming and the specimens are not
reusable after the test, therefore is not adopted in this study. The dimensional peathidd)
method and vacuum sealing method has been adopted to deternbokk thygecific gravityof
the ATPB drainage layer materialhe air void content of each specimen was then calculated
from the bulk specific gravity and theoretical maximum spegifavity determined through
laboratory tests. The difference of the air void content between the specimens before and after
coring and cutting were investigated to better predict the weight of mixture needed for
compacting specimens into desired air vaotitent. A comparison among the three methods has
been conducted and suggestions are made for choosing the appropriate test method to determine
the air void content of the drainage layer materials. Finally, based on the findings obtained from
the comparisn among the three test methods on ATBBand ATPBOK specimens e
vacuum sealing method was applied to quantifyaihgoid contents oATPB-ID and
OGPCCBOK specimens.

Dimensional method

The diameter and height of each specimen were measuredsr ¢alithree times at
120 degree along the circumference. The weight of dry specimen in air was divided by the
volume calculated from the average dimensions to get the bulk specific drnattyation3.
Although this method worked properly for some sp&ns, it had disadvantages. The major
problem of this method lias determining the volume of each specimen accurately especially
for largeair-void specimensWith stabilizedopengraded aggregatefigabsencef fine
aggregates in the drainage layeads to more interngbckes of air in the mixture as well as air
voids connected to the surface compared with dense graded miRsi@sesultthe surface of
the specimen iguiterough, increasing the errors by usthgdimensional methotb determine
the volume and air void content of specimens

" OB A A EOBERE S0 @3)

Where,

A = the mass of the dry specimen in air, g;

d = the average diameter measured from the specimen, cm;
h = the average height measured from the specimen, cm;

" =the density of water at€.
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Parafilm method and CoreLok vacuum sealing method

As stated before, the ttdional SSD method cannot work properly for the specimens of
drainage layer materials. Wheatting the saturated specimen out from the water tank, the water
drains out before the weight of saturated specimen could be determined. It is also hard to dry the
speci menb6s surface because avbidgsconneatedithe e woul d
surface. Tiese difficulties were both encounteredhatrial testingof this studyand reported by
many other studi$® *. As a result, the parafim method and the Corelasuumsealing
method were applied on these porous specimens to determaie \tb&l content. The basic
principle lies behind these two methods is similar, which is sealing the specimens and determine
the volume of specimens by water replacement method, then calculate the bulk specific gravity
and the air void contento deternme the volumef each specimeby water replacementhe
weight of thewrappedspecimerbothin air and inwateraremeasured. Thparafiimmethod
utilizes a waxy film to stretch it over the surface of specimens preventing water infiltrating into
the specimemhile the CoreLok vacuum sealing method applies plastic bags and also gacuum
the sealed specimen before determiriimgweightin wate. The bulk specific gravity of the
specimens calculatedhroughdividing the weight of dry specimen inairbythep e ci men 6 s
volumeusingEquation4.

6 0 Y Q0 QIORH Qé-w—— — (4)

Where,

A = mass of the dry specimémair, g;

D = mass of the specimen wrapped with parafilm in air, g;

E = mass of the specimen wrapped with parafilm in water, g;
F = specific gravity of the parafilm at 25z1.

According to the manufacturer the specific gravity of the parafilm at25410.922,
which was used to calculate the air void content for each specimen.

The air void content, known as one of the important volumetric parameters influencing
the performance of asphalt mixtures, is defined as the percentage of the air voids between the
asphalt coated aggregates to the total volume of the compacted asphalt mixture, which is also
expressed by Voids in Total Mixture (VTMY.can be calculated dyquation5.

WY p — pnum (5)

Where

 "YO= Voids in totalmixture;

‘O = Bulk specific gravity;

‘O = Maximum theoretical specific gravity.

Figure32 andFigure33 shows the specimen in sealed plastic lmathe Parafilm method
and thevacuum sealing methodt.can be seen that the vacuumed sealingataghed more
tightly to the surfaces of the specimmmpared with the Parafilm methdeéigure34 to Figure
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35 showthe apparatus usedseal and vacuum the specimens, and the systdetéomine the
weight and volume of each specimen

Figure 33. Sealed and vacuumed specimen

Figure 34. CoreLok System to seal and vacuum Figure 35. Water displacement measurement of
the specimens sealed specimen

Thebulk specific gravity and thair void content of th© GPCCBOK specimens were
determined byhe vacuunsealing methodrigure36 and Figure37 presenthe cured OGPCCB
OK specimen after demouldiragnd the specimen wrapped by the vacuum sealing method
respectively

) ) Figure 37. The OGPCCB-OK specimen wrapped by
Figure 36. The OGPCCB-OK specimen vacuum sealing method

26



PERMEABILITY TEST

The main purpose of adopting the drainage layer is to get water drained out from the
pavement effectivelyo avoid moisture accumulation in pavement structame to avoid further
moistureinduced problemsTherefore the permeability of drainage layer is an essential property
that shouldsatisfythe effective draining requirement$o investigate the hydraulic conductivity
of thetypical treatedbpenrgradedmaterialsused for drainage laygraboratory permeality test
has beeronductecbn PMLC ATPBVA, PMLC OGBB-OK, LMLC OGPCCBOK, and LMLC
ATPB-ID specimensSince sometates have thespecifictesting method to determine the
hydraulic conductivity of asphalt mixture$e state specifications or the ASHwndard were
followed to test the local materials this study, onstant head method was applied on ATPB
VA specimens while the others were tested by the falling head method. For the cement treated
specimens (LMLC OGPCGCBK) of typically larger air vai content than the ATPB specimens
constant head method has been apgdredarily dueto its convenience in testing specimens
with large air void content arfugh permeability, and alsbecause its requirements in specimen
dimensions are in consistent wihat of the compressive strength t8st adopting the constant
head method, it is more time and cost effective to avoid casting new specimens to satisfy specific
dimensions for the falling head method but also obtain paired permeability and streagth dat

It should be noted thaticrently there is no nationwide standard for determining the
permeability of laboratory compacted specimens made with open graded or gap graded asphalt
or cemenmixtures.The existingflexible wall falling head permeameteasemore effective for
dense graded asphalt mixtur&serefore modifications of the current available permeability test
method are necessdiyr the ATPB or CTPB materials. The local specifications, V-B¥I test
method, which is constant head test for opedgd drainage layer material has been used for
Vi r g ipermealiliy testing?®. Oklahomatypically facilitate the flexible wall falling head
method to determine the hydraulic conductivity of laboratory compacted spechoevesver, to
apply the falliy head methodn operigraded asphalt treated specimens, customized inlet tube
has been used to obtain better restdisept the inlet tube sizédhe Oklahomatesting standard
OHD L-44 has been followed to determine the permeabilitQGBB mixture with ar void
content from 18% to 2994°. There is no local specification to determine the permeability of
ATPB specimens in Idaho, therefore the ASTM D5@8dndard Test Methods for Measurement
of Hydraulic Conductivity of Saturated Porous Materials Using a Flexible Wall Permeameter
has been followed to test ATPIB specimens®.

The dimensions of the specimen adopted in the constant head or the falting he
per meameter method are different. Il n the cons
di ameter while the in the falling head met hod
typically used.Currently no standard test protocols are availabguantify the permeability of
the cemettreated opemgraded mixtures. Considering the most commonly used cement concrete
speci mens ar enddhe addahtagesof tleeroanstamtrhead methegecimens of
high permeabilitythe same test predures as adopted for testing AT-RB specimens was
followed on OGPCCBOK specimensTable Sists the permeability test methods that has been
applied orthedifferent mixturescharacterized in this study
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Table 5. Permeability teg methods on different mixtures

Material ATPB-VA OGBB-OK OGPCCBOK ATPB-ID
Flexible wall Flexible wall
Type of test grogzgﬁarilltithetggt falling head grorrzlzgabri]ltithetigt falling head
P y method P Y method
Specification VTM-84 OHD L-44 VTM-84 ASTM D5084

Constant head method for ATPBVA, OGPCCB-OK specimens

The ATPB-VA specimens were tested the constant head methddrM -84 to
determine the permeability. Befaapplying a water head above the specinie® specimen was
wrapped tightly withrubbermembrane and was hold byginderplastic mold which comfort
tightly to the wrapped specimen. This will prevent water flowing along the space between the
mold and specimen during the permeability texlaffectingthe resultsThen the specimen was
placed on a suspension device whidssubmerged in a tray full of watdBy keeping a
constant water head above the specimehérplastionold and measuring the amount of water
running out of the tray duringaertain period of time, the permeability can be calculbietthe
following equation

(6)
Where,
Q = Amount of water collected
t = Time to collect water
A = Cross sectional area of the sample
L = Length of sample
H =Head Elevation

The schematic of apparaties the constant head method as describadrin -84 is
present in Figur88. The water accumulated in the tray at the bottom of the frame is used to
calculate the permeability. The shortcoming of this test maththdht there may be a space
between the rubber membrane and the specimen which provides a path to water. As a result, the
water collected does not represent the water running through the spéselfeturing a certain
time period. Close attention hasabbeplaced on this problem duripgrforming theestin this
study. The advantage of the constant head method is that it is suitable for specimens with large
permeability because there is no efforts to record the rapidly falling water head during the
testing, compared with the falling head metheidure39 presents the seip of constanhead
permeability test in laboratory.
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Figure 39.Apparatus for constant-head permeability test

With no specified standard method designed for the cement treatedraged
mixtures, this constant head method has also been adopted to determine the permeability of the
OGPCCBOK specimens.

Flexible wall falling head method for OGBB-OK, ATPB-ID specimens

Theflexible wall falling head permeameteas been used determine the permeability
of the PMLC mixture OGBBOK and the LMLC mixture ATPBD with different air void
contentsAccording to former studies, the degree of saturation may significanthendé&the
hydraulic conductivity of the asphalt concrete. To eliminate the impact of degree of saturation
and focus on the influence of air void content on the permeability, all the specimens have been
saturated éforethetesting TheAASHTO T283StandardViethod of Test for Resistance of
Compacted Asphalt Mixtures to Moistdreluced Damagwas followed to saturathe
specimes by applying avacuumof 20 inch Hg for 10 minute$8. The specimen was then
placed into permeametand a vacuum of 10 to 15 psi was applied to the specimen in mold to
get therubbermembrane comfort tightly to the surface of specimen, preventing water leaking
through the space between specimen and memtBgrecordng the time elapsed during water
head dropping from the initial position to the final position, the hydraulic conductivity can be
calculatedby Equation(7).
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Where
k = coefficient of permeability
a = inside crossectional area of the graduated cylinder
L = average thickness of the test specimen
A = average crossectional area of the test specimen
t = elapsed time between h1l and h2;
h1 = initial head across the test specimen
h2 = final head across the test specimen
C = temperature correction for viscositfwater,
In = natural logarithm.

As stated beforghe permemeterwith 500c.c. capability of water head will not work
properly on théreated open gradegpecimens. It takes only 2 to 3 seconds to get the water head
falling to zeroand makes it hard to record the time of water head dropjpirayder to obtain a
longer falling head timahe customizeé permeameter with a larger inlet tube which is capable of
2000c.c. wateras the wateheadhas been adopteAt the bottom of inletube therés a part
with the same diameter as the original inlet tidomake it easier téix into the lid of
permeameteThe customized inlet tubis shown in thd-igure 40. Firgure4l to Figure42 show
the setup of the apparaties the flexible wall &lling head method.

AVED_ gl BT S

Figure 40. Customized large inlet tube with small diameter connection part

30



Figure 41. Setup for specimen saturation Figure 42. The customized permeameteto
determine the hydraulic conductivity of ATPB

specimens

Except the modified inlet tube and water head usedQklahoma specification OHD L
44, which is a falling head permeametezthod, was followed to test OGBBK specimens.
The ASTM D5084 has been followed as the test protocols for AlDP&pecimens. Before the
permeability test was conducted, all the specimens were prepared followlg3Ihero T283
to befully saturatedFor each specimen, the permeability has been tested for two times
following the standard protocols, and an average has been used as the final permeability. In the
situation when the permeability determined from the mwe@asuresire not consistent with each
other, the possible causes such as broken rubber membrane or low pressure are investigated
firstly, and the thetest is reperformed.

DYNAMIC MODULUS TEST
Complex Modulus and Dynamic Modulus

As one of the lineaviscoelastic materials, the relationship between stress and strain of
HMA is determined by complex dynamic modulus E*, which is a complex number to relates the
stress to strain of viscoelastic materials subjecbtdinuoussinusoidal lading.The complex
dynamic modulus is defined as the ratio of the magnitude of the stress at any time and frequency
to the magnitude of the strain correspondmghestress as describedHguation8.
o »r 2980 2R 4 g
- - OHBIO0 % T Q

(8)
Where:
, = the maximum peak stress
- = the maximum peak strgin
1 = angular velocity
%& phase angle
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o= time

0

, Storage modulys

]

, loss modulus

'O andO correspond to the reahpt and the imaginary part of the complex modulus
respectively. The real part represents the energy that has been stored during elastic deformation
of viscoelastic materials while the imaginary part describes the energy converted into heat or the
loss of @ergy during the deformation.

Thedynamic modulus is defined as the absolute value of the complex modulus as the
ratio of the peak stress and the peak strain under a certain loading frequency and temperature.
The following guationcan be usetb calculate the dynamic modulus.

Os =
©)

In the 2002 MEPDG, the dynamic modulus becomes an important input parameter for
pavementesign.lt is recommendethat the dynamic modulus of the paving materials obtained
from laboratory testing should be used for level 1 inguéen in level 2 and level 3 designs, the
dynamic modulus is still an important parameter predicted through empirical correlations with
othe easily obtained properties, or the default values are adopted. However, due to varied
mechanical properties between the degrseled asphalt concrete and the asphalt treated open
graded mixtures, the current available dynamic modulus test method mias aygplicable on
the ATPB specimenthereforethe customized test method is necessary.

M odified Dynamic Modulus Test

Compared with traditional denggaded asphalt concrete, differences in gradations,
compaction temperatures and air void corgatitcontibute to the differencan mechanical
properties othedrainage layer materials. Current available test method to determine the
dynamic modulus of asphalt concrete, B&#SHTO T34211 Standard Method of Test for
Determining Dynamic Modulus of HMix Asphalt Concrete Mixtureds originally designed for
the traditionadensegradedasphalt concretether than the ATPB mixturé®l. Generally, lhe
reasons fomodifying the conventional dynamic modulus test to facilitate its application on
ATPB materialsnclude

1 The temperature inside tAEdPB drainage layer idifferent from that within the surface
layerbecause its not directly in contact withir. In addition the hightesttemperature as
recommendedbr regular asphalt mixtures is possibly destructive to ATPB specimens
during conditioning evehefore the test can be conductBdring the test, high
temperature will also trigger large permanent deformation of the speciimerefore
differenttestingtemperatures associated with the realistic temperatures inside the
drainage layer in field should levestigated anddopted.

1 Conventionally recommended loading magnitudes (stress levels) are too large for the
drainage layer materials to keep the strathin 50-150 micrestrainsduring the
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dynamic modulus tesAccording to the research conducted\®m HTranandKevin D

Hall, it was found that keeping the strain level within low ranges gave consistent results
of dynamic modulus for lineariscoelastt materialsThe difference between the

dynamic modulus obtained under-500 microstrain and 10050 microstrain can reach

up to 55%%9. Therefore itis hardto achieve consistent dynamic modutastresults
underthe conventional loadings.

1 The condiioning time of the dynamic modulus test varies with each environmental
chambermndthere isno experience on the conditioning time of thedified testing
temperaturesn ATPB specimens

As a result, the AASHTO T3421 has been modified especiallytémms of the stress
level, test temperature and the conditioning time to facilitate its application on ATPB mixtures.

Determining the stress levebf the modified dynamic modulus test

In this study, although the difference between the dynamic modulus eacte strain
levelis notas high as 55%s mentioned in literatuké?, it is still necessary to keep the strain
under 150 microstrain as much as possiblaamtain the material within linealastic domain
andget reliable resultdzigure43 shows tle largely deformed ATPB specimen under the
traditional stress levels recommended in AASHTO F34Xtandard, indicating that the
conventionabtress levels affar too large for théATPB specimens. In thiggard the applied
stress level was selected ipé@adently rather than complying with the stress level ranges
suggested by the AASHTO T342 standard, to keep the strain of ATPB specimens within 50
to 150 micro strains as much as possible. Totally about 30 dummy ATPB specimens with
different air void catents have been used to determine the proper stress levels by observing the
strains under different stress levels. Under some circumstancdsaitts keep the strains
under 150 micrestrain especially when the ATPB specimen is of 30% VTM and loacléelru
37.8C at low frequency. At the same time, keeping reducing the stress level is either unpractical
due to the limits of the instrumergsolution Taking all of these into consideration, the upper
limit of the strains to determine the stress levetslieen increased to 200 migwains. It has
also been approved during the modified dynamic modulus test that consistent dynamic modulus
data can be achieved for ATPB specimens when the strain levels are kept below 200 micro
strains. The frequencies, sssemagnitudes and number of cycles applied during the dynamic
modulus inthis study are listed in Table Bigure44 shows the loadime and straiftime
relationship of the ATPB/A specimen with 28% VTM at 0.5 Hz loading frequency under
29.4€C. The averag@eakpeak strain is 142.97 micirain. This specimen deformed too much
under 37.8€C so no valid data under 37.8C was adopted fthetest It can be found that the
strains have been controlled to und@iB® micro straingor this specimenvith the promsed stress
levels
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Table 6. Frequency, pressure and cycles applied at different temperatures for modified dynamic modulus test

Recommended
Tegmp(ir:;lture Frequency Pressure (kPa) Cycles A AZrHe'T%Jr'I???XZ
11 (kPa)
25 500 200
10 500 200
4.4 (40) i 388 12%0 7001400
05 300 15
0.1 300 15
25 300 200
10 300 200
12.7(54.9) ‘;’ ggg 12000 N/A
05 200 15
0.1 200 15
25 200 200
10 200 200
21.1 (70) ‘;’ 128 12000 350700
05 100 15
0.1 100 15
25 100 200
10 100 200
29.4(84.9) 513 ;g 12%0 N/A
05 50 15
0.1 50 15
25 50 200
10 50 200
37.8 (100) 513 28 12%0 140250
05 15 15
0.1 15 15

Figure 43. Largely deformed specimen under traditional stress levels
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DATATRACES

Disp. (micro-sirain)

0
0.04 20414 40428 6.0441 8.0455 10,0468 12 0482 14 0496 16.0509 18.0523
Time (sec)

sload «Disp1 +Disp2 «Disp3

Figure 44. Load-time and Strain-time relationship obtained from the modified dynamic modulus test (ATPB
VA, 28%VTM)

Determining the test temperatures of the modified dgria modulus test

Additionally, the temperatures at which the dynamic modulus is determined are also
modified. Unlike the surface courses, the drainage layer is typically located at the top of the base
course or on the top of the subbase. The emexgyange between the external world and the
drainage layer is not as much as the surface layer which exposes to the environment directly. The
temperatures whin the drainage layer ad#fferent from that of the surface layer. Former studies
showed that th temperatures near the location where the drainage layer settle€Cate 36C
in July in Los Angle$*?. In addition, the absolute values of the thermal gradients from the
pavement surface to quargepth are much larger than that from quadtepthto mid-depth.

From the miadepth to the bottom of the pavement the thermal gradients are not significant at all.
In Virginia, the temperatures within pavement structure at different depths have also verified that
the temperatures within drainage layermarech lower than that in the surface lgysecording to

the fielddeterminedemperature within smart road located in Blacksburg, Virginia in April and
October, 20061, The highest temperatures at depth of 0.188m and 0.413m, which can be seen
as the tpical depths for the drainage layer located above and below the base course, is 25€C.
The measured temperature inside the typical locations of the drainage layer is much lower than
the temperature measured the pavement surface.

To further investigate thtemperature distribution inside the drainage layer in the three
states, the climate data of Lynchburg (VA), Oklahoma City (OK) and Boise (ID) have been used
to predict the pavement temperature by the Enhanced Integrated Climate Model (EICM).
According tothe calculated temperature distribution, the highestantemperatures inside the
drainage layer which is locat@above the base occur in Jahe all below 34 in the three
states, as illustrated in Figu#b. When the drainage layer is located belowlthge course,
lower tempertures are obtained. Figudé shows the quintile temperatures in associated with
10%, 30%, 50%, 70% and 90% accumulated frequencies in July, indicating that there is a 90%
probability that the temperatures inside the drainage layer are belosv, 48188 and 44.8 in
July in Lynchburg Oklahoma City and Boise, respectively. However, testing at these elevated
temperatures could increase the potential for perntigrggforming the ATPB specimen.

Therefore, the highest temperature in the proposed modified dynamic modulus test was selected
to be 37.8 .
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Figure 45. Mean temperature inside the drainage layer located above base calculated by EICM i
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Figure 46. Quintile temperatures inside the drainage layer in July calculated by EI® in MEPDG

According to theesults fromformer studiesnd the temperatures predicted by ECIM in
this study the temperaturdasidethe drainage layarestatistically at low possibility toeach
up to 54.4C evenin summer, which is the highest temperature in the dynamic modulus test
standard fothe denseraded asphalt concreféhe low thermagradientsn the drainage layer
also allow similar temperatures with little changes throughout the drainage layer. The
comparatively low and less fluctuated temperatures in drainage layer make some of the
recommended temperatures in AASHTO T342not necessary for characterizing the drainage
layer materials. In this case, based on the real tempergemegatedn the dainage layer,
modified test temperatures and the equilibrium time are recommended for characterizing the
drainage layer materials. The 524s removed and two more temperatures of 12ahd
29.4C are insertethetweerother conventional temperatun@vided by the AASHTO T342
Finally, the temperatures for tmeodifieddynamic modulus test were set to be withins4 4
37.8 . In addition to the standard temperatured.d$ , 21.3 and 37.8 , theinterpolated
temperatures of 1237 and 2.43 were also adated

Determining the conditioning time for eachesttemperature

The conditiomg time for specimens to reach aquilibrium temperature of £€,
21.1°C, 37.8C and 54.4C arerecommendetly AASHTO T34211.However, due to different
efficiency of theenvironmental chamber, the time needed to condition the specimens varies.
Therdorethe conditioning time suggested by theS%8I O standard should be used with caution
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and the real time needed should be determined for each equipmaadition, the tempatures

at which the dynamic modulus is determined for the drainage layer materials have been modified
based on the real temperatures @xisin the drainage layer gseviousy stated.Part of the test
temperatures are different from what isoemended p AASHTO standaravith no experience

on theappropriateconditioning timeTo determine the conditioning time needed within the
environment chamber for specimens to reach the equilibrium tempesatu®C, 12.7C,

21.1°C, 29.£C and 37.8C, a thermometewas placed on the top dimmyspecimens inside

the chamber to monitor the temperature changing withdwnieg conditioning taeach

modified test temperatureShechangingemperature of the specimen inside the chamitér

the time released frothe beginning ofconditioning is showin Figure47 to Figure54.
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Figure 47. Chart. Temperature change of Figure 48. Chart. Temperature change of
specimen in the environmental chamber from  specimen in the environmental chamber from
room temperature to 4.4C room temperature to 12.7C
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Figure 49. Chart. Temperature change of Figure 50. Chart. Temperature change of
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room temperature to 29.4C room temperature to 37.8C
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37



Temperature of specimen V.S. Conditioning Time Temperature of specimen V.S. Conditioning Time

(21.1°C to 29.4°C) (29.4°C to 37.8°C)
It

LT
;

f

Y
=)

w
=

w
@

N
2

=)

=]
w
=

—+— Istmeasurement

4— 2nd measurement

@

Temperature of specimen (*C)

Temperature of specimen (*C)

=)
@

50 100 150 200 50 100 150 200
Conditioning Time (Minute) Conditioning Time (Minute)

]
]

Figure 53. Chart. Temperature change of Figure 54. Chart. Temperature change of
specimen in the environmental chamber from  specimen in the environmental chamber from
21.1T t0 29.4C 29.4€C to 37.8C

Based on the measured relationship between the temperature of specimens inside the
environmental chamber and the conditioning time réggiired conditioning time to reach the
equilibrium temperatures adetermined antisted inTable7. Both the required time to
condition the specimens from room temperature and from the previous temperature are provided.
All the conditioning time is detenined based on the temperature monitoring results to ensure the
equilibrium temperature is reached throughout the whole specim#re modified conditioning
temperatures, similar conditioning time has been obtained for,£24.3 and 37.8 asin
AASHTO T 34211 standard.tishould be noted that application of this required condition time
with other environmental chamber should be with caution due to diffeperitioning
efficiency.However, theconditioningtime for ATPB materials is generally shortean that for
regular surface mixtures as recommended by AASHTO stapadasibly due tahe highair
voids throughout the specimens.

Table 7. Time to condition the specimens at each temperature

Temperature Time tocondition the specimeng Time _to condition the
o ro specimens from last
C(°F) from room temperature
temperature
4.4 (40) Overnight
12.7(54.9) 3 hours 2 hours
21.1 (70) 1 hour 1.5 hours
29.4(84.9) 1.5 hours 1 hour
37.8 (100) 2 hours 1 hour

The dynamic modulof the PMLC ATPBVA, OGBB-OK and the LMLC ATPBID
specimensveredeterminedollowing theproposednodified dynamic modulus teasstatedn
this chapteusingthe InterlakerCompact Soil & Asphalt Test Systamthis study.

Specimen preparation

The diameter, height and mass of each specimen were determined before the dynamic
modulus testAll the specimens were cut into 6 inches height with tolerant differenb@ of
inches.The end surface will not depart from the plane perpendicular to théoaxmore than
one degreéSmall aluminum studs were attached to the specimens on the side face for
connecting the strain gaugk steel jig was used to attach those studs equally spaced on the
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specimens using epoxy glugifficulties were encountered dugrattaching studs onto the
specimendecause othevoids onthe specimesurfacesAs a result, some studs were not
attached properly and became loose under cyclic loaflomgeduce the failure in test due to
loosen studs, every specimen has been ciyefioserved to determine the optimal positions at
12( interval along the circumference to stick the studiee skressstrain results in loosestuds
case were not included for data analyBesfore the test was conducted, all the specimens to be
tested wee conditioned to reach the equilibrium temperahy¢he condition time as listed in
Table7. When specimens were conditioned to equilibrium temperature, they were placed onto
steel disks under the load cell ahdete sets of linear variable differentiEdnsducer¢LVDT)

with a gauge length of 102mm (4 inches) were mounted on aluminumestacised to the
specimengor strain measuremerfigure55 is the apparatus used to prepare specimens with
aluminum studs anBigure56 shows the prepared specimen.

Figure 55. Apparatus for attaching aluminum studs on ] ] ] ]
specimens Figure 56. Specimen with aluminum studs

Modified dynamic modulus test facilities

The InterlakerCompact Soil & Asphalt Test Systerontrolled by Unitest software was
used to conduct the modified dynamic modulus fHst.sameequipment andetupfor testing
traditional dens@raded asphalt concredeeused ashown in Figuré&7 and Figures8.

Figure 57. Apparatus for conducting the
modified dynamic modulus test Figure 58. Inside the environmental chamber
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Compressive strength test

At the age of 7 dayd4 day=21 daysand 28 daydour groups of specimens were tested
for the canpressive strengthy usingthe Forney Testing Equipmer@pecimens werérstly
capped with bondegypsumto level the ends and provide uniform distribution of loadirgen
they were mounted under the load cell and loaded to failtieemaximum force giwn on the
panel during the compressive loading was recor@led.compressive strength of each specimen
was calculatethroughdividing the maximum force by the cross sectional area of the specimen.
The capped specimen and the setup for the compressngthtest are shown in Figui and
Figure60. The compressive strength test was performed following ASTM C192/C192M
standard.

Figure 60. The compressivestrength test on OGPCCBOK specimen
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CHAPTER 5. LABORATORY TEST RESULTS

Based on the series of laboratory tests performed on tatadiyt150specimens
including asphalt and cement treated open graded drainage layer materials adopted by Virginia,
Oklahoma and Idaho, data analysis has been conducted and the results have been presented in
this chapter. Not only the volumetric properties, but gieogpermeability and the mechanical
properties obtained from laboratory tests are provided. Finally, the recommended test methods to
determine the bulk specific gravity and air void content of the treatedgypeed materials, the
relationship between pmeability and air void content, and the mechanical properties of
different kinds of treated open graded drainagerlanaterials are presented

VOLUMETRIC PROPERTIES

The volumetric properties are basic material properties influencing both the permeability
and the mechanical performance. Therefore, the selection of proper test method to determine the
volumetric properties of the treated opgnaded drainage layer materials with large air void
content is the prerequisite for further study. The volumetripgntaes of the drainage layer
materials presented here include the bulk specific gravity of the aggregate, theoretical maximum
specific gravity, the bulk specific gravity and the air void content of the specintecis are
representative of the drainaggda materials.

Bulk specific gravity of the aggregate

To obtain the effective binder contest ( ) of ATPB-VA, OGBB-OK and ATPBID
mixtures, the bulk specific gravity of the aggregate )\ has been determined bllowing
AASHTO standard T8%Accordingto AASHTO T85, the bulk specific gravity of the aggregate
adopted in ATPBVA, OGBB-OK and ATPBID mixtures have beedetermined as shown in
Table 8

Table 8. The bulk specific gravity of the aggregates for ATPBV/A, OGBB-OK and ATPB-ID mixtures

Types of aggregate

Aggregates in ATPB
VA

Aggregates in OGBB
OK

Aggregates in ATPB
ID

0

2.578

2.680

2.569

Theoretical maximum specific gravity

The maximum specific gravity of ATRBA, OGBB-OK, OGPCCROK and ATPBID
mixtures were determined following the AASHTO T209 standard.ti&éereticaimaximum
specific gravities of different mixtures weecalculated through equation as shown in Figona 3
chapterd and the results are listed in TaBle

Table 9. Theoretical maximum specific gravity of different mixtures

ATPB-VA

OGBB-OK

OGPCCBOK

ATPB-ID

2.474

2.524

2.687

2.525
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Bulk specific gravity and air void content

The dimensional method, parafilm method and CoreLok vacuum sealing method were
performed on ATPB/A and OGBBOK specimens to determine which method is the most
suitable one for testing the bulk specific gravity and air void content of the drainage layer
maerials with high air void contenthen the test methods adopted for ATEEBand OGPCCB
OK specimens were selected based orctimelusionf the comparison among the three
methods. The air void contents obtained by proper test methods were usedéorshudy.

Air void content before and after coring and cutting

Theasc ompacted cylindrical speci mens are of
are not of the standard dimensions required for further testing, such as the dynamic modulus test
and the permeability test. The dynamic modulus test requires sped¢inkensb e of 466 di a
666 height while the falling head permeabil it
and3 0 6 t hAsa kesuk, the asompacted specimens will be handled by coring and cutting
to change them into desired dimemsidefore further testing. In this studyl, the specimens
have cored side surface but a few of them are wittoagpacted ends due ddficulty in getting

completely undamaged specimens after coring and cutting with such high air void content.

Due to tle way of compaction by the gyratory compactor, specimens usually have
different air void contents before and after coring and cutlihg.way of rotating during
compaction possibly leads to larger air void content on the peripheral of the spé8inren
order to obtain desired air void content after coring and cutting, this discrepancy should be
considered ahead during specimen compaction phhsaelationship between the difference of
air void content before and after coring and cutting by dimenisemtbparafin method are
plotted in Figuresl and Figures2 respectivelyDue to the requirements in specimen dimensions
of the CoreLok vacuum sealing method, the specimens before coring and cutting are too large to
be tested, thus no comparison has h@esented here on the vacuum sealing method. However,
the comparisons from dimensional method and Parafilm method have extfihitéue
specimens before coring and cutting usually have larger air void contents than the cored and
trimmed specimens. Theffiirence typically ranges from 1.5% to 3.5% aadmeach up to 4%
for the compacted asphalt treated open graded mixtures with air void content from 18% to 35%.
For specimens with higher air void content the difference before and after coring and @sting h
a deceasing tendendy addition,the Parafilm methodbtains smaller beforafter differences
in air void content with less variation on the same group of specimens, comparéwewith
Dimensional methgdas shown in Figurél and Figure 8.
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Figure 61. Relationship between the air void content before and after coring and cutting by dimensional
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Figure 62. Relationship between the air void content before and after coring and cutting by Parafilrmethod
Air void content (VTM) determined from different methods

The air void content obtained from dimensional method and parafilm method on ATPB
VA and OGBBOK specimensndicates that thdimensionamethodusuallyyields higher VTM
than the parafilm ntbod for themostasphalt treated open graded specimetits most of the
points falling below the equality lin€igure & has presented the comparison between the
dimensional and parafilm methdduring the tests it is also found that as long as thdifmara
comport tightly to the specimen surfaces, the parafilm method could getonsmistenspecific
gravity and consequently VTM than the dimensional method especially feahmighid
specimens. For asphalt treated open graded specimens with aiontadtaip to 30%, the as
compact surfaces are rough and the specimen cannot be seen as true cylinders when aggregates
lost on the edge$n this case the dimensional method which relies on the measured diameter and
thickness to calculate the volume migktumreliable while the parafilm method utilizing water
replacement method could get good estimations.
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Dimensional Method versus Parafilm Method
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Figure 63. Relationship of the air void content obtained from dimensional and Parafilm method
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Figure 64. Relationship of the air void content obtained from Parafilm and CoreLok method
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Figure 65. Relationship of the air void content obtained from dimensional and Parafilm method

A linear regression prediction between the VTMaabed from Parafilm method and
CoreLok vacuum sealing methbds beeronducted 0138 OGBB-OK specimens and the
relationships shown in Figure64. All the data points are below the equality line, indicating that
the air void contents obtained from tereLok vacuum sealing method are all lower than the
results ofParafilm methodWith the slope of theredictedrelationship less than 1, tipeedicted
air void conént deviates further from the equality line at larger air void continssalso found
that with increasing air void content the differences between these two methods will increase.
Therefore selection of proper test method is essential for determining the air void content of
asphaltreatedpermeable specimerSimilar findings can be obtaed from the comparison
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between Dimensional method and CoreLok method as shown in Bigurke CorelLok

vacuum sealing method is shown to be nswigablethan the parafilm method for specimens
prepared with drainage layer materigshis study This isbecause the vacuum procedure will
get the plastic bag lying more tightly to the specimen surface than the parafilm method and
consequentlyhe volume obtained is closer to the true volume.

According toa previous study by Xie et athere is a systemmr for the CoreLok
method when testing specimens with low air void content, and this error should be checked for
eachequipment*3. The system error can be confirmed by testing a steel cylinder which can be
seemed amaterialwith no air void content bthe CoreLok sealing method. A steel cylinder
with 4 in. diameter and 4.5 in. thickness was tested by the CoreLok method. It is found that the
air void content is 0.612%, indicating the system error for the equipment used in this study is
0.612%. Howevergonsidering the specimens used in this study are of air void content larger
than 20%, no correction is applied on the testing data.

Based on the statisticahalyse®f the air void content determined by the three methods
onall thespecimens, the coeffemt of variance (CV) of the vacuum sealing method is the
smallest while dimension method Hhse largest CV as presentTable10. The Coefficient of
Repeatability (CR) of the three methods were also determined by repeated pairs of measurements
on the same specimen operated by the same technician. The CR of the Dimensional method,
Parafilm method and CoreLok vacuum sealing methodetermined to be 0.02458, 0.0049 and
0.00479 based on the measurements on five ATPB specimens by each method, indicating that
the differences of 2.458%, 0.490% and 0.479% in air void content would be exceeded by 5% of
measurements by each method. With libthsmallest CV and CRyé vacuum sealing method
is considered to be the masipeatable procedure with less variation ttheother method$or
the ATPB materialsised in this study

Table 10. Statistical analyses of the air val content determined by the three methods

Coefficient of Variance
Mean Std Dev (V)
Dimensional Method 23.205 3.188 13.740
Parafilm Method 23.343 2.912 12.477
CorelLok Vacuum
Sealing Method 21.465 2.575 11.996

The ANOVA analysesvas also conducted to confirm whether there is significant
difference between the air void content obtained from the three mefhwEtest indicates
that there is no significant difference of the variance between the three methods in determining
the ar void content, with the P value of 0.0647 larger than 0.05. However, the P valuéefdr T
of the air void content obtained from the Parafilm method and the CoreLok vacuum sealing
method is 0.0357 at 95% confidence level, showing that there is acagnifiifference of the
mean between these two metholise results of the ANOVA analyses are present in Fi§ére
and Table 1.
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Figure 66. ANOVA analyses on the significant difference between the three methods in determiniag void
content

Table 11. Analysis of variance

Source DF Sum of Mean F ratio Prob>F

squares squares
Methods 2 48.21675 24,1084 2.8612 0.0647

Error 63 530.84348 8.4261

C. Total 65 579.06023

Level Difference | Std Err Dif | Lower CL | Upper CL | p-Value
Parafilm CorelLok 1.878363 0.8752188 | 0.12938 3.627348 | 0.0357*
Dimensional CorelLok 1.740006 0.8752188 | -0.00898 3.488991 0.0512
Parafilm Dimensional 0.138357 0.8752188 | -1.61063 1.887342 0.8749

The resultshow that for the specimens with high air void content larger than 20% as
representative of the drainage layer, the testing method adopted to determine the air void content
can influence the results significantiyherefore each method has its own applicet and
shouldonly be adoptedvithin certainVTM ranges to obtain good results and improve time and
cost efficiencyThe ANOVA analysigeveas that for specimens dadrgerthan 2% VTM,
significant differencexistsamong the three methods or within le@air of two methods based
on 95% confidencel hereforethe influences of the applied methods on testing results cannot be
ignoredon specimens of VTM larger than 21% especially when accurate result is requitted. W
decreasing in the air void contdram 25% to 20%the differences among the three methods or
between each two of the methods become less significant, with no significant difference
observed on specimens with 20% or less air void contémén the VTM is increasing to larger
than 24%, the diérence between parafilm method and vacuum sealing method becomes
significant.Thereforejn laboratory testdimensional method can be used for specimens of less
than 21% VTMand Parafilm method is good to test specimens of less than 24%faiTtie
sakeof cost efficiency The CoreLok methosghould be applietbr specimens of VTM larger
than 24%To determinewvhich method should be applied at the first place, an estimation of the
air void content by the dimensional method can be usedever, in practie, there might be
large variations between the real and target air void content, battte ofspecimens have wide
ranges of air void contents. In this case, it is more important to conform to a consistent test
method and the CoreLokacuum sealing method seferable The recommended steps to
determine the choice of test method for drainage layer materials are shown below thérstly
rough ranges of the air void contesfitould be estimated. If the air void contents are with small
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variation all below 24%, the Parafilm methocah be adopted his situation is more common in
laboratory test on laborategompacted specimen®nce thee is specimen withir void content
exceeding 24%, the vacuum sealing method should be appliedspecilinens to facilitate

comparisonlin this study, the VTM used in further data analysis were determined by appropriate
test methods as recommended here.

PERMEABILITY PROPERTIES

Followingthe local and nationahodified or standardermeability tesprotols, the

correlationsbetwea the permeability and VTM haywesented different forms. The constant

head method has achieved concave permeability curve on ATPBVA specimens while the
flexible wall falling head method has obtairgdhtly convexpermeaility-VTM relationships

on OGBBOK and ATPBID specimenswith the largest R The VTM of ATPBVA specimens

were obtained by Parafilm methaather than the vacuum sealing metllo@ tothe equipment
problemsencounteredyut still good relationship was achieved. Consideguige amounbf the
laboratory compacted specimens are with VTM larger than 24%, the VTMs from vacuum sealing
method have been used for OGBE and ATPBID specimens to achieve reliable resulise

relationship between the permeability and VTM of ATRB, OGBB-OK and ATPBID
mixtures are showmiFigure67 to Figure69.
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Figure 67. The relationship between the air void content and permeability for ATPBVA specimens
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Figure 68. The relationship between the air void content and permeability for OGBBOK specimens
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Figure 69. The relationship between the air void content and permeability for ATPBID specimens

The permeabilityf the PMLC ATPB-VA specimens by constant head method V8
has hrger increasing rate of permeabikihenthe VTM increaseas shown in Figuré?,
compared with other mixtures tested by falling head methbd permeabilityynder room
temperaturganges from 0.0382cm/s @826cm/sfor specimenst air void contents from
20.3%m to R.61%. The empirical relationship with the largest Retween the permeability and
the air void content by the Parafilm method on AT¥B mixture is presented iBquation10.

0AOI AAAE | pEQiS Y8 (10)
R?*=0.8979

The relationship between permeability and air void content of the GGBBixture is
very different from that of the ATRB'A mixture as shown in Figur@8. The reasons for this
inconsistency include different test methad®ptedand the properties of mixtures due to
different gradations, asphalt tyg@nd asphalt contentin fact, theconstanthead method was
also conducted on th@ k | a hsspeeindens toheck the influences causeddifferenttesting
method. A comparison between the permeability obtained from constant head metthbeé and
modifiedflexible wall falling head method on the specimens of same air void content gfaaws
the former method typally obtains larger permealyl results than the latter oniedicating that
the influences of the testethoddo exist and should be considenstien the permeability
obtained from different methods are useddmmparisonThe permeability of the OGBEDK
specimens ranges from QZm/s to 0319%m/s at air void contents from 17.62% to 31.43%,
which is consistenwith former studie€®. The empirical relationship of the largéét value is
shown inEquationl11.

0AOI AAAEBEGUL YD m8ic X co” YD T& @ p (11)
R?=0.8168

The permeability of ATPBD specimengbtained from flexible wall falling head method
wasshown in Figuré9. Although 16 specimens were made for the permeability test, only the
results from 12 specimens wereefid and wereadopted for data analysiSome of the
specimengollapsed during preparatipar the trimmed specimen cannot satisfy the dimensional
requirements and therefore have been discarded. No permeability result was obtained from these
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underqualifiedspecimensTheeffectivetesting datas plotted in Figur&9. Compared with the
permeability of typical asphalt m&edspecimens for Virginia and Oklahoma, the permeability of
Idahds ATPB specimens is of small variance as the air vantects changed he different
gradations of aggregates used in ATEBmixture is possibly the reason for this variation.
Equation12 shows the empirical relationship between VTM and permeability with the largest R
for the ATPBID specimens.

0AOI AAAEBEGUWL YO m8ic oyw YO T ¢ ¢ w
R?=0.8991

Since there is no standard test method to determine the permeability of cement treated
open graded materials, the constant head method has been applied on GGR G imens.
The specimens afteeé constant head permeability test can be reused in the compressive
strength test and obtain paired Vipdrmeability and VTMstrength resultsTherefore, he
OGPCCBOK specimens were compacted t diameter and @ Beightfor theconstant head
method tadetermine the permeability of specimens with different air void can{€EnéVTM
and permeability of OGPCGBK specimensgrelisted in Tablel2. The relationship between
VTM and permeability is shown in Figuréo.

(12)

Table 12. Permeability determined using constant method for OGPCCBOK specimens

Specimen # VTM (%) Permeability (m/s) Permeability (ft/day)

S19 29.6% 0.038935 11036.83

S20 30.378 0.037709 10689.03

S21 31.%0 0.0467D 13240.76

S22 20.181 0.0338D 9586.0

S24 29.38 0.035994 10203.12

S27 26.876 0.022828 6470.79

S30 31.73 0.050761 14388.86
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Figure 70. The relationship between air void content and permeability for OGPCCBOK specimens

In this study, sincehe lowest VTM which can bachieved by hangunningfor the
OGPCCBOK specimenssi 27% the permeability test was performed only on the specimens
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with a limited ranges of porositidased on the test resulteg permeability of OGPCCBK
specimens ranges frotn0 cm/sto 5.1 cm/swith the VTM from 27% to 3%. It should be noted
that hie permeability of the OGPCCEBK specimens by constant head mettodhuch higher

than that of the asphalt treated drainage layer materials no oeteéeminedy constant head or
falling head methodExcept the effects of gradation, air void content, binder content and so
forth, the rough specimen surface may also attribute t@h@eomenonThe rough surfasof

the OGPCCBOK specimensaveincreased the interspace betwé®sn side surface of the
specimenandthe rigid mold whichs used to hold the specimen anégxéhe constant water

head above the specimés a result, wen the constant head permeability test was conducted,
water flew through the interspace and increase the permeability. Failtaspdited specimens
with cored side surface, the space between mold and specimen is so small that little water can get
through. This is considered to be the major reason for the large permeability of OGRCCB
specimens obtained in this study. The engpirrelationship between the permeability and VTM
for OGPCCBOK specimens is shown Equation13.

0AOI AAAEBEGOUL YO micXxw'YD ™M ¢ 9o (13)
R?=0.9675

DYNAMIC MODULUS OF ASPHALT TREATED DRAINAGE LAYER MATERIALS
(MEPDG LEVEL 1INPUT)

Totally aboutone hundredTPB-VA, OGBB-OK and ATPBID specimens have been
tested to determine the dynamic modulus of asphalt treated drainage layer materials with
different air void contents. The proposed modified dynamic modulus test has been adopted to
test all the specimens. The laboratdetermined dynamic moduli have been compared with the
dynamic modulof traditional asphalt concreteatilized to construcempirical correlation$o
predict the dynamic modulus through more easily obtained matev@éies and used as
references to suggest fodefaultdynamic modulusf drainage layer material$he provided
empirical correlations can be incorporated into level 2 and leveE3gdvement design
procedureso consider the structural performanceta drainage layer.

M odified Dynamic M odulus andPhaseAngle Results

During themodifieddynamic modulus test, three specimens of air void content within
1% variation fromthe averagevereconsidered as a group with the same VIEMEL Each group
of specimens wertested from the lowest to the highest temperattreach temperaturéhe
axialload was applied from the highest to the lowest frequency until the pléoadidgcycles
were reachedrotally five temperatures and six loading frequenaiegreviouly stated in the
modified dynamic modulus test were us€deaverage dynamic module$ each grougnas
beenutilized to constructmaster curves. The ATPBA specimens witlihe VTM levels 0f20%,
21%, 24%, 25%, 26% and 28%, OGEEK specimens witthe VTM levels 0f1l8%, 19%, 20%,
22%,23%, 24%, 25% and 26%, and AFHBspecimens witlthe VTM levels 0f22%, 24%,
26% and 28% have been tested for dynamic modaridsused to construct master curves. In
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following figures showing dynamic modulus and phasgle properties, every point actually
represents the average of triplicated specimens.

Figure71 shows an example of the relationship between axial stress and strain under
cyclic axial loadingpn ATPB-VA specimenA3. The three curves have presenteddiiz
obtained from three LDVTs mounted on the side surface of specimen at 120 degree interval.
Figure72 and Figure 3 show the normalized load and displacem&he other modified
dynamic modulus dataf every specimen and each graup included ilApperdix A.
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Figure 71. Load and displacement versus time during the modified dynamic modulus test on ATPBA

specimen A3
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the ATPB-VA specimen A3 representativeof displacement of the ATPBVA specimen A3
20% air void content representative of 20% air void content

It should be noted thaudng the testing, severAlTPB-ID specimens collapsed and the
moduli of most specimens of 28% air void content above®’@9wkre hardly obtained due to
large strains during the testing, even though the loadings have been reduced down to the
minimum.As a result, the master curve of ATHB specimens with 28% air void content was
constructed based on the dynamic modohisinedunderthree temperatures, which a&°C,
12.7C and 21.31C.

Construct the dynamic modulus master curves

Asaviscoelastic materiathe stiffness of the asphalixture is not only related with the
temperature but also the rate of loadiByg.shifting the dynamic moduli under different
temperatures into one smooth curve at a reference temperature (usuéy,2helrelationship
between the dynamic modulus, temperature and time of loading can be expressed by one single
master curveThe master curve of dynamic modulus describes thedependencyf the
material while the shifting factors at each temperateseiibe the temperatudependency

According to formeresearchethe nmaster curves are constructeaised orthe principle
of time-temperature superpositiofihedynamic moduli obtained from testsvarious
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temperatureareshifted with respect to timentil the curves merge intasmooth sigmoidal
function®* 43, Therefore the modulus master curve can be modeled sitprwidal function
includingfour parameteras shown irEquation 14

1 1s®@s | ——— (14)

Where,

0 isreduced time of loading at reference temperature

U b, o, U are all fittingcoefficients

Thereduced time of loading at reference temperatuatso related to the shift factor as:

AY — (15)

In whichA Y is the shift factor as a function of temperature.

The method which has bradoptedo construct the master curvepieesente@s
follows. Firstly, therelationship between the logarithm of the shift faetod the temperatuie
expressed assecond order polynomials shown irequationl6.

1 TeCY &Y dY o (16)

Then ty simultaneously solving for the four coefficients of the sigmoidal functibh, @ andu)

as described ikquation 14and the three coefficients of the second order polynomial (a, b, and
c) as described iBquation 16the master curve can be constructedhis study, aMicrosoft
Excelworksheet ha beermadeto conduct the nonlinear optimization for simultaneouslyisgl
these seven parametedy minimize the sum of squared residuldtween théaboratorytest
results and the modulus calculated fromgiggnoidal functionthe parameters of tlsggmoidal
functionwere determined and the master curve was constructed.

The master curves of dynamic modulusAdiPB-VA mixtures withdifferentair void
contents are shown from Figuré to Figure79. At each air void content the master curve is
constructed by the averaggnamic modulusver triplicatesThe modified dynana modulus
master curves for OGBBK and ATPBID specimensvith different air void contentare
presented i\ppendixA.
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Figure 74. Dynamic modulus master curve of ATPBVA 20% average VTM specimen
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Figure 75. Dynamic modulus master curve of ATPBVA 21% average VTM specimen
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Figure 76. Dynamic modulus master curve of ATPBVA 24% average VTM specimen
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Figure 77. Dynamic modulus master curve of ATPBVA 25% average VTM specimen
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Figure 78. Dynamic modulus master curve of ATPBVA 26% average VTM specimen
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Figure 79. Dynamic modulus master curve of ATPBVA 28% average VTM specimen

All the master curves wemmnstructed byonlinear optimizatiom Microsoft Excel
worksheet tanodel the laboratory testing results isigmoidal functionlt has bennoticed that
after modification on temperatures and loading magnitudpsoposed modified dynamic
modulus testconsistent dynamic modulus resufghe high porosity drainage layer materials
have beemchieved.

In order to investigate the influence of the air void content on the dynamic modulus
results, all the testing results fronTPB-VA specimenswith different air void catents were
plotted in Figure80. Generally the dynamic modulus decreased thighincrease iair void
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contenfas can be seen from the plottighenthe reduced frequency is getting largbe
differences between the dynamic modutassé bychange i'vTM is alsoincreasingWith 8%
discrepancyn VTM the difference of dynamic modulus can reach up,@®0 MPaFigure81
shows theiine-temperature shift factor of ATRBA specimens with different air void contents
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Figure 80. Dynamic modulus master curve of ATPBVA specimens with different air void contents

Time-temperature Shift Factor (ATPB-VA)
3.00
rN * 44°C
2.00 ‘x; - m 127C
= . 21.1°C
1.00 "“l\‘_: . X 29.4°C
S % 37.8°C
= . ‘"\ .
= 000 S —— Poly. (shift factr-20%)
§° - -‘,r\.:_\ Poly. (shift factr-21%)
-1.00 ..\ﬁ:?:'“'x Poly. [shit factr-245%)
o Poly. [shift factr-25%)
200 .""'»; Poly. (shift factr-26%)
Poly. {shift factr-28%)
-3.00
0 5 10 15 20 25 30 35 40
Temperature (°C)

Figure 81. Time-temperature shift factor of ATPB-VA specimens with different air void contents

The dynamic moduli of OGB®K and ATPBID specimens were determined following
themodified dynamic modulus teptocedurs asproposedn Chapte# in this study Master
curvesand shift factor®f these twomixtures with different VTM areshown in kgure 82 to
Figure85.
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Figure 82. The master curves for OGBBOK mixtures with different air void contents
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Figure 83. Time-temperature shift factor of OGBB-OK specimens with different air void contents

Figure82 shows that typically the dynamic modulus decreases with increase in air void
contenton OGBBOK specimens, which exhibits the same trentha& TPB-VA specimens
The difference between the dynamic modulus due to air void content is larger when tled reduc
frequency increases, although the differences between GG8Bpecimens are not as
significant as the ATPB/A specimensThe difference of specimens with 8% variance in VTM
can cause up to 2,000 MB#ferencein dynamic modulusf the OGBB-OK specimensdopted
in this studyFigure 8 shows theitne-temperature shift factor of OGBBK specimens with
different air void contents

7.00E+03 ‘
6.00E+03 1| ®22%average
249% average »
5.00E+03 +— 25% average e LU
X 26% average ° i
E 4.00E+03 +—- ®28% average P .
= 4 x
* 3.00E+03 ol .
“ o ] .
[ ] X ol
X
2.00E+03 - a‘i x* ."..
®
1.00E+03 el =‘ 202 ,% )t
x®
° e Xt x ’*
4.00E+00 | ! |
1.00E-04 1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02 1.00E+03  1.00E+04
Reduced Frequency (Hz)

Figure 84. The master curves for ATPBID mixtures with different air void contents
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Figure 85. Time-temperature shift factor of ATPB-ID specimens with different air void contents
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Figure84 shows the master curves of ATPB specimens. The same trend can be
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values provided by the MEPDG

In MEPDGthe typical modulus dfaditionalasphaltconcreteat 68°F and0.1Hz is
300,0001,500,000 psf2,006310,000MPaith the meanof 500,000 ps(3,500MPa)However,
as shown in Tabl&3, thelaboratorydetermineddynamic modulus of the ATRBA specimens
at the same temperature and frequency is 671MPa to 1447MPa,isviniabh lower than the
typical madulus adopted in MEPDQ@ helaboratorydetermineddynamic modulus data of
OGBB-OK and ATPBID specimens with different air void contents aleo much lower than
thetypical modulus ofraditional aphaltconcretein MEPDG To reasonably consider the
strudural performance of drainage laggt is necessary to construct a new seriggsretliction
models odefault modulus value for the drainage layer materials-ie pavement design
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Table 13. The dynamic modulus of ATPBVA specimens with different air void contents

Temperature Frequency Dynamic modulus (MPa)

(©) (Hz) 20% 21% 24% 25% 26% 28%
25 8468.706| 9504.015| 6143.557| 6431.133| 5733.412| 4972.584
10 7612.289| 8566.412| 5442.765| 5597.803| 5074.623| 4322.767
44 5 7021.732| 7924.056| 4969.488| 5066.662| 4624.979| 3911.208
1 5631.580| 6392.053| 3900.710| 3886.882| 3557.483| 2994.014
0.5 5079.706| 5818.95 | 3476.811| 3442.135| 3140.724| 2649.219
0.1 3893.660| 4562.901| 2602.250| 2547.241| 2281.573| 1947.919
25 5987.189| 6130.247| 4435.714| 3775.460| 3656.005| 2952.221
10 5309.411| 5409.160| 3875.090| 3235.746| 3190.896| 2548.123
12.7 5 4798.407| 4896.800| 3457.819| 2857.588| 2833.777| 2250.966
' 1 3635.805| 3730.787| 2563.286| 2084.472| 2081.430| 1647.225
0.5 3198.813| 3289.797| 2228.809| 1795.744| 1796.053| 1416.371
0.1 2326.720| 2405.510| 1562.327| 1230.105| 1212.897| 958.6597
25 4285.141| 4410.776| 3159.143| 2667.431| 2677.692| 2100.202
10 3730.375| 3783.761| 2696.169| 2183.735| 2264.236| 1762.647
211 5 3283.707| 3332.196| 2355.260| 1881.605| 1962.015| 1524.546
' 1 2362.498| 2416.202| 1686.497| 1321.910| 1394.245| 1087.244
0.5 2012.362| 2071.027| 1432.312| 1114.078| 1174.744| 921.0182
0.1 1447.453| 1491.524| 1031.253| 791.790 | 841.205| 671.543
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Table 13 (Continued)

Temperature | Frequency Dynamicmodulus (MPa)

(©) (Hz) 20% 21% 24% 25% 26% 28%
25 3200.628 | 3303.324 | 1996.000 | 1697.976 | 1718.295 | 1409.839
10 2673.110 | 2752.110 | 1663.091 | 1382.885 | 1378.151 | 1136.652
29.4 5 2291.545 | 2379.970 | 1421.683 | 1173.786 | 1154.882 | 962.6527
’ 1 1588.128 | 1690.118 | 992.2281 | 820.222 818.867 685.291
0.5 1340.173 | 1442.587 | 838.0825 | 692.401 695.398 586.281
0.1 951.721 | 1034.984 | 608.5079 | 504.121 515.594 | 451.067
25 1972.075 | 2048.396 | 1317.002 | 1018.862 | 1023.184 | 693.413
10 1598.813 | 1621.786 | 1040.927 | 801.887 808.913 516.359
378 5 1353.654 | 1362.077 | 881.294 676.848 683.266 414.403
’ 1 951.9185 | 954.172 641.908 519.735 501.139 287.677
0.5 815.972 812.429 559.205 465.484 439.853 236.525
0.1 614.224 605.179 436.814 359.117 375.598 163.617

CALIBRATED NCHRP 1-37AMODEL TO PREDICT DYNAMIC MODULUS OF
ASPHALT TREATED DRAINAGE LAYER MATERIALS (MEPDG LEVEL 2 INPUT)

In MEPDG, the level 1 design require the laboratbeyermined properties be used
directly as inputs. The dynamic modulus determined by the modified dymnamaiiglus test on
ATPB-VA, OGBB-OK and ATPBID specimens as stated previously can be used as the level 1
inputs in MEPDG to incorporate the drainage layer into structural design. The MEPDG level 2
designs utilize regression models to predict the dynamic imefom more commonly
available mixture parameters, such as the aggregate gradations, asphalt binder properties and
vol umetric properties -dFAd hreodmr IX tiug ea n €l heef AtNHCe
incorporated in MEPDG to predict dynamic dudus E*as shown irEquation17 47,

1T PR T wwomgtqqo’™ TImp XX TEImG YT prdru P mw X
8 8 8 T 8 T 8 7

T Y ¢ G Ftp— 5 5 5 (17)
Where,

'O = dynamic modulus of mixp Tpsi;

d = viscosprpeise,of binder,
(= loading frequency, Hz;

= % passing #200 sieve;,

= accumulative % retained on #4 sieve;

¢ = accumulative % retained on 3/8 in. sieve;
" ¢ =accumulative % retained on 3/4 in. sieve;
@ = air voids, % by volume;

w = effective binder content, % by volume.
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This model has been used to predict the dynamic modulus of the typicat¥*APB
OGBB-OK and ATPBID mixtures in this study to viy its applicability on the ATPB drainage
layer materialsThe predicted dynamic modulus of the ATPB drainage layer materials using the
NCHRP 137A model was then compared with laboratorgasured dynamic modulusrstly,
the parameters requiredtime equationas shown irfequation 17are determined for each mixture
as follows.

Determining the effective binder content

To investigate whether the NCHRPIA model can be applied on drainage layer
materials, ando construct the calibrated NCHRP3YA modelto predict the dynamic modulus
of ATPB-VA, OGBB-OK and ATPBID mixtures, the parameters of aggregate and asphalt
binder as required iBquation17 are determined. The effective binder contént refers to the
portion of Voids in the Mineral Aggrege (VMA) which is filled with asphalt binder, expressed
as a percent of the total volume of the specimen. The effective binder aontertan be
calculatedby Equation18 48,

o 0O — pnmnd®

(18)

Where,

‘O = bulk specific gravity of the mix;

0 ¢ binder content by weight;

"Odx specific gravity of the binder at 60F;

‘0O = effective specific gravity of the aggregate;

0 :

‘O = bulk speific gravity of the aggregate.

The effective binder contedi  was calculated for ATPR/A, OGBB-OK and ATPB
ID specimens with different air void contentsbguation 18All the parameters needed to
calculate the effectivesphalt contenarepresented in Tabl4to Tablel6. The bulk specific
gravity of the mix, the effective specific gravity and bulk specific gravity of the aggregate were
determined in laboratory for each mixture. The binder content of each mixture proyidee
manufacturers has been used. The typical specific gravity of the binder at 60F provided
literaturehas been adoptétf!. Table14to Tablel6 hasalso listedthe effective binder contesit
of ATPB-VA, OGBB-OK and ATPBID mixtures with differenair void contentsletermined
from Equation 18
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Table 14. Determining the effective binder content for ATPBVA specimens

ATPB-VA 20%
To 4 Tl
S I BIE Tva | Tvd [ A= A2 A3 Al A2 A3
43| 1.011 | 2.474 | 2.646 | 2578 | 1.975 | 1.970 | 1.970 | 6.515 | 6.497 | 6.498
ATPB-VA 21%
To 4 Tl
Fe | a4 | oo Tva | Tvh A5 A6 Al-1 A5 A6 Al-1
43| 1.011 | 2474 | 2.646 | 2578 | 1.954 | 1.951 | 1.957 | 6.447 | 6.437 | 6.455
ATPB-VA 24%
To 4 Tl
Fe | a4 | moo Tva | T4 [ g2 B3 B2-2 B2 B3 B2-2
43| 1.011 | 2474 | 2.646 | 2578 | 1.889 | 1.876 | 1.869 | 6.232 | 6.187 | 6.164
ATPB-VA 25%
To4 pE™ | |
Fe | 14 | 10 | va | v B4 Bl1-1 | B1-2 B4 Bl-1 | B1-2
43| 1.011 | 2474 | 2.646 | 2578 | 1.851 | 1.857 | 1.850 | 6.107 | 6.127 | 6.101
ATPB-VA 26%
To 4 Tl
Fe | a4 | moo Tva | T4 [T BS B6 B1 B5 B6
43| 1.011 | 2474 | 2.646 | 2578 | 1.837 | 1.821 | 1.839 | 6.060 | 6.008 | 6.065
ATPB-VA 28%
To4 Tl
Fe | 14 | 1o | v | v c3 C4 C11 c3 C4 C11
43| 1.011 | 2474 | 2.646 | 2578 | 1.773 | 1.792 | 1.788 | 5.849 | 5910 | 5.899
*Note: Al, A2, A3, etc. are specimen numbers.
Table 15. Determining the effective binder content for OGBBOK specimens
OGBB-OK 18%
Tod Timlll
b | | 100 | nva | v E1* E3 E6 El E3 E6
25 | 1.030 | 2524 | 2.621 | 2.680 | 2.055 | 2.072 | 2.071 | 6.663 | 6.719 | 6.718
OGBB-OK 19%
Mo+ BEd ||
TSI P O SR A R S 2 E2 E4 E5 E2 E4 E5
25 | 1.030 | 2.524 | 2.621 | 2.680 | 2.050 | 2.051 | 2.053 | 6.649 | 6.652 | 6.658
OGBB-OK 20%
To4 BIESY | |
b | [ 100 | va | uve E7 E8 F3 E7 E8 F3
25 | 1.030 | 2524 | 2.621 | 2.680 | 2.013 | 2.011 | 2.027 | 6.528 | 6.523 | 6.573
OGBB-OK 19%
Mo+ BEd ||
TSI P O SR A R S 2 E2 E4 E5 E2 E4 E5
25 | 1.030 | 2.524 | 2.621 | 2.680 | 2.050 | 2.051 | 2.053 | 6.649 | 6.652 | 6.658
OGBB-OK 20%
To4 BT | |
b | a4 | 100 | va | uve E7 E8 F3 E7 E8 F3
25 | 1.030 | 2524 | 2.621 | 2.680 | 2.013 | 2.011 | 2.027 | 6.528 | 6.523 | 6.573
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Table 15. (Continued)

OGBB-OK 22%
To4 Tiu Bl
| 14 | o0 | e | T R F7 €E] F1 F7 GS
25 | 1.030 | 2524 | 2.621 | 2.680 | 1.970 | 1.969 | 1.964 | 6.389 | 6.387 | 6.369
OGBB-OK 23%
To T Bl
b | a4 | 100 | nva | v G1 G2 G7 G1 G2 G7
25 | 1.030 | 2524 | 2.621 | 2.680 | 1.955 | 1.946 | 1.936 | 6.342 | 6.312 | 6.280
OGBB-OK 24%
To4 Tiull
b | me | oo | e | v [ H3 H5 H1 H3 | H5
25 | 1.030 | 2524 | 2.621 | 2.680 | 1.908 | 1.917 | 1.912 | 6.187 | 6.217 | 6.200
OGBB-OK 25%
To4 T4
k| w4 | w00 Tva | Tvd [ g HD? 13 H4 H;.. 13
25 | 1.030 | 2524 | 2.621 | 2.680 | 1.885 | 1.899 | 1.894 | 6.113 | 6.158 | 6.143
OGBB-OK 26%
To4 Tiull
B | v | 100 | va | uvd 12 14 5 12 7 5
25 | 1.030 | 2524 | 2.621 | 2.680 | 1.880 | 1.869 | 1.872 | 6.097 | 6.061 | 6.071
*Note: E1, E2, E3, etc. aspecimen numbers.
Table 16. Determining the effective binder content for ATPBID specimens
ATPB-ID 22%
”_ To4 Tl
L L L AL B AL eTT Q@2 | @@ | QL | Q@ | @3
3.0 | 1.00 | 2.525 | 2.644 | 2.569 | 1.959903 | 1.949 | 1.915 | 3.624 | 3.604 | 3.541
ATPB-ID 24%
Tod TiwlN
b | b | oo | nva | vk R1 Ra R5 R1 R4 R5
30| 1.00 | 2525 | 2.644 | 2.569 | 1.914 | 1.917 | 1.926 | 3.540 | 3.545 | 3.561
ATPB-ID 25%
To4 BIETT | |
b | g | oo | nva | ek S1 52 S3 S1 S2 S3
30| 1.00 | 2.525 | 2.644 | 2.569 | 1.896 | 1.896 | 1.894 | 3.506 | 3.507 | 3.502
ATPB-ID 26%
To4 BiEa™ | |
B | b | oo | nva | vk T1 T2 T3 T1 T2 T3
30| 1.00 | 2525 | 2.644 | 2.569 | 1.876 | 1.851 | 1.839 | 3.460 | 3.423 | 3.401
ATPB-ID 28%
To4 BIETT | |
b | g | oo | nva | vk u2 04 U5 u2 U4 us
3.0 | 1.030 | 2.525 | 2.644 | 2.569 | 1.827 | 1.827 | 1.812 | 3.377 | 3.378 | 3.350

*Note: Q1, Q2, Q3, etc. are specimen numbers.
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Determining the viscosity of the asphalt binder

The viscosity of each type of binderwdie t e r mi n e-"8TShelatotnls d& i P A
shown inthe following equatiof??. The regression parameters A and VTS were obtained
through typical A and VTS values for different purchase specification grades from NGHRP 1
37A project.

O oYlyYl'g Y Y

& pm vy (19)

1 iid <
Where,

— = Viscosity of the binder (cP);
O "Y2YRegression parameters;
“Y = Temperature of interest in Rankine;

Y =Temperature in Rankine at which the viscosity is equa$to p 1 cP.

The asphalt binder used to cement aggregates for AJ&BGBB-OK and ATPBID
mixtures are Superpave PG-ZB, PG6422 and PG648 respectively. According to the
relationship betweensahalt binder grade and viscosity parameters provided by NCHIRRA 1
typical © andw "YT¥r each binder aredted in Table 17

Table 17. Regression parameters for the viscosity of asphalt binder

Mixture A VTS
ATPB-VA 10.2990 -3.4260
OGBB-OK 10.3120 -3.4400
ATPB-ID 10.9800 -3.6800

As long as the regression parameters A and VTS have been determined, the critical

temperaturéyY of eachasphalt binder is calculated asHguation 2Go Equation 22
ATPB-VA: NTCicqg pn pRwWwmWE ot 1'¢ (20)
Y T y8pg YJ
OGBB-OK: F1id® pn pwOYNmOHYn 1 'E (21)
Y T YD o
ATPB-ID: 1TId@® pn pwpgmod8tmn 1'E (22)
Y T X8 WY YJ

According to whether the test temperature is below or above the critical temperature,
viscosity of each aspitt binder can be calculated Bguation19. The visosity of binder at
different temperatures associated with the modified dynamic modulus test is listed i &ble
Table 20
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Table 18. Viscosity of binder PG 7022 (ATPB-VA) at different temperatures

Y (€ Y (R) d (cP)
4.4 499.590 "Y 2.05238 10!
12.7 514.530 'Y 1.68278 10'°
211 529.650 "Y 1.81995 10°
29.4 544.590 Y 2.62010 10°
37.8 559.710 Y 4.61749 10

Table 19. Viscosity of binder PG6422 (OGBB-OK) at different temperatures

Y (€) Y (R) d (cP)
4.4 499.590 Y 1.57396 10'
12.7 514.530 "Y 1.11265 10
21.1 529.650 Y 1.07320 10°
29.4 544.590 Y 1.41902 10°
37.8 559.710 Y 2.34683 10/

Table 20. Viscosity of binder PG 6428 (ATPB-ID) at different temperatures

Y (€ Y (R) d (cP)
4.4 499.590 Y 4.84014 10'°
12.7 514.530 'Y 451738 10°
21.1 529.650 "Y 5.48688 10°
29.4 544.590 'Y 8.74633 10’
37.8 559.710 "Y 1.68972 10/

Since all the inputs for the NCHRP3YA model have been determined, the dynamic
modulus of the asphalt treated drainage layer mixtures can be predigqddiyonl7. The
predicted E* has been compared with the laboratory determined dynamic modules to se
whether this model can be directly applied on the asphalt treated drainage layer mixtures. It is
found that the predicted dynamic modulus of these mixtures is much lower than the measured
values if no calibration was applied on the NCHR®7A model, indcating that the NCHRP-1
37A model cannot be used directly to predict the asphalt treated drainage layer mixtures.
Extremely the predicted dynamic modulus is approaching zero in some casessvalticiously
incorrect. Figure6 shows an example of theroparison between the laborataigtermined and
the predicted dynamic ndalus by the NCHRP-B7A model, showing largely underestimated
dynamic modulus by NCHRPR-37A prediction.Under this circumstance, calibrated prediction

mo d e |

S

based S8Mot medé&NCHRRPelbeen constructed

determined dynamic modulus data from each mixture in this study, to minimize the difference
between the measured and predicted E* of these mixtures with different air void contents. These
models can based to predict the dynamic modulus of AFFB, OGBB-OK and ATPBID

mixtures with different air void content in the MEPDG level 2 and level 3 design.
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Log(E*) Versus Frequency
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Figure 86. Comparison between measured and predicted dynamic modulus by tiNCHRP 1-37A model

Constructing the modified NCHRP 1-37A model for ATPB-VA, OGBB-OK and ATPB-ID
mixtures

Totally six groups of specimens with VTMvels from20% to 28% have been used to
construct the modified model for ATPBA mixture. Eight groups of sgémens with VTM
levels from18% to 26%, and five groups of specimens with VIEMels from22% to 28% have
been used for OGB®K and ATPBID mixtures. In each group, three specimens with less than
1% deviation of the average VTM have been used. For eacimsge the dynamic modulus
obtained from five different temperatures, six different frequencies have been utilized to
determine the coefficients in the modified NCHBPA model by fitting the laboratory
determined data into theodel

Since differengradations have been adopted by each state to produce the asphalt treated
drainage layer mixtures, and the sieve sizes used for quality control are different, different
regional models were developed firstly to predict the dynamic modulus of typically used
mixtures with different VTM in each state. For example, the gradations of the aggregates used by

ATPB-ID are provided with the percent passing through sieves No.8,Mod@l, -6 d r at her

than the sieves incorporated in the NCHR®7A model. In thistudy, three modified NCHRP
models aiming at different mixtures used by Virginia, Oklahoma and Idaho, including regional
sieve sizes as the parameters to predict dynamic modulus, have been developed as shown in
Equation 3 to Equation 3. Then all the lab@tory determined dynamic modulus data of the
three mixtures were used to construct an overall model to predict dynamic modulus of asphalt
treated opergraded mixtures throughe parameters @ Q" ,” ,” 7,” 7,0 andw

The laboatory measured versus predicted E* by the calibrated NCHEFRAImodel
customized by regial sieves are shown in Figué to Figure89.
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Figure 87. Comparison between the laboratory measured and predicted E* of ATP®/A mixture by modified

regional NCHRP 1-37A model
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Figure 88. Comparison between the laboratory measured and predicted E* of OGBB®K mixture by

modified regional NCHRP 1-37A model
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ATPB-VA:

1 TC pRTYTCURIC WAL @ TBITTTT QWX T8IL ¢'X X T8I U @ WD
8 8 8 T 8 b 8 T

T8t ) 0 ¢—F6— 5 = 5 (23)
OGBB-OK:
116 c&ouvpmiqgodmno MINMEPc A Ypm” T8BIP YU P

8 8 8 8 8
T TT Y -Fb— 3 5 3 (24)
ATPB-ID:
1T pRTOYUBICwIoEBIMITYXP @ TBIUXR TBIYTTaP ¢

38 3 3 38 38
T8t Y TT 36— - — — i (25)
Where,

= accumulative % retained on #8 sieve;

= accumulative % retained on 1 in. sieve.

As can be seen from Figu& to Figure89, the local calibrated NCHRR37A models
showvery good fit statistics in predicting the dynamic modulus of ANFB OGBB-OK and
ATPB-ID specimens. The goodnessfit statistics incluthg S¢Sy (standard error of estimate
/standard deviation), the sum of squares for error (SSe), standard grenid(he Coefficient of
determination (B of the three calibrated modehave been calculated bytiors 26 to
Equation 8 and tte results are listed in Tablé.2

Bw
0 Q
(26)
Bw w
o p
(27)
v 0 QY
P 0 p Y
(28)

Where:
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Se = Standard error of estimate;

Sy = Standard deviation;

y = Measured dynamic modulus;

W= Predicted dynamic modulus;

w= Mean value of measured dynamic modulus;

N = Sample size;

k = Number of independent variables in the model;
R? = Corrdation coefficient;

Table 21. Goodnessof-fit statistics of the calibrated local models

S, SS S R? N
ATPB-VA 0.163 1.165 0.057 0.974 506
OGBB-OK 0.241 2.794 0.064 0.943 701
ATPB-ID 0.248 2.134 0.082 0.941 331

The ratioof SJ/Sy is an indicator of how the calibrated model improve the accuracy of the
prediction. The smaller the ratio of/S, is, the better the prediction by the calibrated model is.
The correlation coefficient Ralso measures accuracy of the calibratedehdVith the
correlation coefficient closer to one, better prediction can be achieved by using the calibrated
model. It has been found that R a better indicator for linear models with a large sample size
while the ratio of 8S, is more suitable foram-linear models, such as the empirical models, to
evaluate the prediction ralility 4. As shown in Table 2, all of the three local calibrated
models exhibit quite good prediction reliability with small ratio g5

Constructing the modified NCHRP 1-37A model for asphalt treated opergraded mixtures

Although the regional modified NCHRR3IFA models have been constructed to predict
the dynamic modulus of ATRBA, OGBB-OK and ATPBID mixtures with different air void
contents, it is still necessarydevelop an overall model which is not aiming at a specific
gradation but can be used for different asphalt treated giaeled mixtures with different
aggregate gradations, asphalt binder types and air void contents. To develop such a model, the
laboratoy-determined dynamic modulus from the three mixtures with different VTM have been
utilized. Totally about 1700 points of dynamic moduli from 57 specimens under five
temperatures and six frequencies have been included to develop the model.

The general motled NCHRP 137A model to predict the dynamic modulus of asphalt
treated opeigrade mixtures is shown in Figu@0. Equation29 shows theempirical
relationship between the dynamic modulus and gradations, asphalt properties and air void
content.
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Figure 90. Comparison between the laboratory measured and predicted E* of ATPED mixture by modified
regional NCHRP 1-37A model
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(29)

The parameters used in the calibrated general model are the same as in NEHRP 1
model. Thiscalibratedmodel, onstructed based on three different asphalt treated gnaeied
mixtures, can be used to predict the dynamic modulus of the asphalt treated drainage layer
materials in different gradations, asphalt types and air void contents. In some cases, when the
gradaion information is not provided in form 6f ,” ,” 5, and” 5, the aggregate gradation
curve should be constructed firstly using available sieve size information and the required
gradation parameters Eguation 23an be determineddm the graation curves. Table 2Akts
the goodnessf-fit statistics for the calibrated general NCHRB7A model.

Table 22. Goodnessof-fit statistics of the calibrated general model

S SS S R? N
0.247 8.921 0.076 0.939 1538

MOISTURE SUSCEPTIBILITY OF ATPB MATERIALS

The dynamic modulus before and after moisemgironmental conditioning was selected
as the indicator to evaluate the moisttgsistance performance of tA& PB-VA and OGBB
OK mixtures. However, unlike the traidibal densegraded asphalt mixtures, the ATPB adopted
for drainage layers are all opgnaded materials with typical VTM larger than 20% to ensure
adequate permeability and facilitate drainage purposes. The gradation and air void content
adopted for ATPB mxtures have already led to impaired dynamic modulus compared with
traditional asphalt concrete, let alone the moisture deteriorated ATPB specimens. On the other
hand, the current available dynamic modulus test standard, which is AASHTGLT 3dstjuires

68



the strain of specimen during the test to be within 50 to 150 mtcams as much as possible,
not only to remain the material within linear viselastic scope but also to obtain consistent test
results as stated befor&ake all of these into considéom, theproposednodified dynamic
modulus test especially in terms of modified conditioning time and stress |epglliedto

obtain reliable dynamic modulus results of ATPB materials after moistuneonmental
conditioning.Although the modifiedtonditioning time and stress leviehve been provided for
ATPB specimens without moisture damage, it is not sure whether they are applicable on the
moistureconditioned specimens$herefore, the modified conditioning time and the stress levels
were selectedgain using the same procedures as described in Chapter 4, for the moisture
deteriorated ATPB specimenBable 3 and Table24 have listed the modified conditioning time
and stress levels specialized for evaluating the dynamic modulus of maistarmraéd ATPB
specimens in this study.

Table 23. Time to condition the moisturedeteriorated ATPB specimens at each temperature

. . . Time to condition the
Temperature Time to condition the specimen .
o o specimens fronast
C(°F) from room temperature
temperature

4.4 (40) Overnight N/A
12.7(54.9) 3 hours 2 hours

21.1 (70) 1 hour 1.5 hours
29.4(84.9) 1.5 hours 1 hour
37.8 (100) 2 hours 1 hour

Table 24. Modified stress levels specialized for evaluating the dynaminodulus of moisture-deteriorated
ATPB specimens

Pressure for Pressure for Recommended
Temperature Frequency conditioned unconditioned Cycles Pressure by
°C (°F) (Hz) specimens specimens AASHTO T 34211
(kPa) (kPa) (kPa)

25 400 500 200

10 400 500 200

5 300 400 100

4.4 (40) 1 300 200 ) 7001400

0.5 200 300 15
0.1 200 300 15

25 200 300 200

10 200 300 200

5 150 250 100

12.7(54.9) 1 150 50 20 N/A

0.5 100 200 15
0.1 100 200 15

25 100 200 200

10 100 200 200

5 75 150 100

21.1 (70) 1 T3 150 ) 350700

0.5 50 100 15
0.1 50 100 15
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Table 24. (Continued)

Pressure for Pressure for Recommended
Temperature Frequency conditioned unconditioned Cycles Pressure by
C(F) (Hz) specimens specimens AASHTO T 34211
(kPa) (kPa) (kPa)
25 50 100 200
10 50 100 200
5 40 75 100
29.4(84.9) 1 20 75 20 N/A
0.5 30 50 15
0.1 30 50 15
25 30 50 200
10 30 50 200
5 20 30 100
37.8 (100) 1 0 30 20 140250
0.5 10 15 15
0.1 10 15 15

Moisture-induced deterioration in dynamic modulus of ATPB mixtures

In this study, the modified dynamic modulus test has been adopted to evaluate the
moisture susceptibility of the ATRBA and ATPB-OK mixtures. Instead of using the ECS for
specimen conditioning, a simplyday or 10dayperiod of submersion in water tank at 25€C has
been used to imitate the moisture environment that the drainage layer may subject to in field.
This simplified moisture conditioning method, although is not an accelerated approach as the
ECS does, is closén the real situation in field and can be conveniently performed to provide
moistureenvironmental conditioning. The conditioned specimens were then dried in room
temperature and adopted in afonentioned modified dynamic modulus test to investigate the
deterioration in dynamic modulus of ATPB mixtures sad by moisture damage. Figutkeahd
Figure 2 have shown the ATRP®/A and ATPB-OK specimens conditioned in water tank and
prepared for the modified dynamic modulus test.

=

N =
Figure 91. Submerged specimens in water tank for Figure 92. Conditioned specimen mounted for
conditioning modified dynamic modulus test
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The master curves of dynamic modulusAdiPB-VA and OGBBOK mixtures with
differentair void contents have been constructed for both conditioned and unconditioned
specimensby simultaneously solve the equatiddsto 16 Figure93 to Figure98 have
demonstrated the comparison between the dynamic modulus obtained before and after
conditioning in water tank for both the ATP®A and ATPB-OK specimens. Three levels of air
void contensincluding 20%, 26%and 28%for ATPB-VA specimens, 20%, 23% and 25% for
ATPB-OK specimens were tested and evaluated.
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Figure 93. Dynamic modulus before and after moistureenvironmental conditioning of ATPB-VA specimens
with 20% air void content
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Figure 94. Dynamic modulus before and after moistureenvironmental conditioning of ATPB-VA specimens
with 26% air void content
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Figure 95. Dynamic modulus before and after moistureenvironmental conditioning of ATPB-VA specimens
with 28% air void content
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Figure 96. Dynamic modulus before and aftemoisture-environmental conditioning of OGBB-OK specimens
with 20% air void content
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Figure 97. Dynamic modulus before and after moistureenvironmental conditioning of OGBB-OK specimens
with 23% air void content
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Figure 98. Dynamic modulus before and after moistureenvironmental conditioning of OGBB-OK specimens
with 25% air void content

As shown in Figur®3 to Figure98, the postconditioning specimens have exhibited
different properties compared with the-conditioning specimens, even though they are at the
same leel of air void content. Figure3do Figure % illustrate the dynamic modulus master
curves of the ATPB/A specimens with air void content of 20%, 26% and 28% before and after
the conditioning Although the moisturenduced dynamic modulus reduction is not significant, it
still can be found that the moistuireduced deterioration on dynamic modulus is larger as the air
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void content increases. The influence of the moisture on dynamic mod@RHE-OK

specimen are shown in Figured3o Figure98. It is found that the two mixtures have

comparable moisture resistance performance in term of the similar extend of modulus reduction
after 5day water bath conditioning. The application of @ttipping additives may have

improved the moistureesistance property of the two mixtures. Another interesting point is that
the influence of moisture on dynamic modulus of specimens with 20% air void content is so
limited for both mixtures.

Figure99 has shown the comparison between the dynamic modulus master curves of the
ATPB-VA specimen with 24% air void content under different moisttmeditioning periods.
As the moistureonditioning period elongates from 5 days to 10 days, the dynamic moslulus i
decreasing due to moisture damage. In additas can be seerofm Figure99, the difference in
dynamic modulus caused by a certain change in reduced frequency decreases as the moisture
conditioning time increases.
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Figure 99. Dynamic modulus before and after 5day and 18day moisture-environmental conditioning of
OGBB-OK specimens with 24% air void content

Ratio of modulus under different conditions

The ratio of nedulus, as defined in Equation,38 a measurement of how muitte
dynamic modulus has been affected by moistudeiced deterioration. As the dynamic modulus
is known to be significantly influenced by temperature, frequency, and VTM, the ratio of
modulus is also possibly influenced by these variables. Whetherithefratodulus increases or
decreases with these variables will indicate which modulus, the unconditioned or conditioned,
has a larger changing rate due to the variable. That is, whether the unconditioned or the
conditioned modul u svadriable.ore B0 hdsslemorstratedthee 6 t o t h
influence of dynamic modulus test temperature and VTM on the ratio of modulus for-¥APB
and OGBBOK specimens. It is important to note that the ratio of modulus may slightly exceed
one in few cases possibly dicethe experimental error. Especially when the specimens have
good moisturgesistance performance and the difference between the dynamic modulus before
and after conditioning is not significant, the experimental error may exceed the influence of
moisturedamage causing the ratio of modulus larger than one. However, considering the ratio of
modulus is only slightly larger than one in few cases, the laboratory results are still good enough
to be analyzed.
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Figure 100. Ratio of modulus versus temperature and VTM

With increasing temerature or VTM, the dynamic moduli of both the unconditioned and
conditioned specimens are changing accordingly, which further influences the ratio of modulus.
The changes in ratio of modulus indicate the changing rate in dynamic modulus of the
unconditioned and conditioned specimens caused by the variables like temperature, VTM and so
forth. For detailed ilistration, as shown in Figure@(a) and (c), when the VTM and frequency
remain unchanged, the ratio of modulus is increasing as the test tempe@tases. This is
because when the temperature rises, both the unconditioned and conditioned dynamic modulus
decrease while the decreasing rate of the conditioned modulus is not as large as that of the
unconditioned one. As a result, the ratior@dulusincreases. In Figure 0c) and (d), the
unconditioned and conditioned dynamic modulus all decrease as the VTM increases, but with
higher decreasing rate of conditioned modulus, the ratio of modulus is decreasing as the VTM
increases. From Figure A0t is concluded that the watbath conditioning has led to the
ATPB-VA and ATPB-OK specimens less sensitive to temperature but more sensitive to VTM.
That is, as the temperature increases, the drop in dynamic modulus of nrdéséurerated
specimen is nads large as that of no moistutteteriorated specimen. However, as the VTM
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increases, the drop in dynamic modulus of moistiateriorated specimen is larger compared
with no moisturedeteriorated specimen. In addition, the smallest ratio of modulustioithe
ATPB-VA and OGBBOK specimens are about 70%, standing between the 85% and 55%
corresponding to welberformed and poor performed mixtures as reported by NCHRP Project 9
34.

Unlike the monotonically increasing ratio of modulus with increasing lgaii@guency
as obtained in NCHRP Project3d, the relationship between ratio of modulus and loading
frequency has exhibited different trends even for the same mixture in this study. There is no
fixed changing tendency to conclude the influence of loafileguency on the ratio of modulus,
because either situations when the ratio of modulus increases or decreases as the loading
frequency increases can be observed. itagindicate the possibility that the influence of the
loading frequency can be more dfgrant on either unconditioned or conditioned specimen.
Figure D1 has demonstrated both the increasing and decreasing ratio of modulus versus
increasing loading frequency observed from AT¥B specimens.
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Figure 101 Ratio of modulus versus loading frequency for ATPBVA specimens

To sum up, the evaluation on the moistteated reduction in dynamic modulus of the
ATPB-VA and OGBB-OK mixtures in this study has demonstrated acceptable performance of
these two mixtures in resisting moisture damage. A comparison between the dyndoicsnod
the conditioned and unconditioned specimens of both AVREand OGBBOK mixture has
shown that:

A Exposure to moisture for five days does deteriorate the mechanical property of asphalt
stabilized drainage layer materials in term of dynamic modulus.

A As the air void content increases, the moistodeiced decrease in dynamic modulus
tend to be larger, although the difference is not significant-ftaybconditioning.

A For theATPB-VA and OGBBOK mixtures used in this study, generally the ratio of
modulws grows with the increasing temperature but decreases with the increasing air void
content, indicating that the drainage layer materials may become more sensitive to VTM
but less sensitive to temperature after conditioned in moisture environment. Tt is,
influence of VTM on the dynamic modulus of moistaketeriorated specimen is more
significant compared with the toeteriorated specimen, while the influence of

75



temperature on the dynamic modulus of moistieteriorated specimen is less significant
compared with the wdeteriorated specimen. Therefore, the drainage layers with large
VTM are more susceptible to moisture damage in term of reduced dynamic modulus and
mechanical performance.

A With a typical minimum ratio of modulus to be 0.7, the ATPB and ATPB-OK
mixtures used in this study are considered to have acceptable performance in moisture
resistance, based on the findings in NCHRP Projéet.9

COMPRESSIVE STRENGTH OF OGPCCB-OK MIXTURES

Totally 24 OGPCCBOK specimens have been fabricated with diir void content
ranging from 26% to 34%. Due to a combination effects of the gradation adopted by the
OGPCCBOK and thecompaction wayf handrodding the smallest air void content can be
achieved for OGPCCI®K specimen is 26%. After the fabricatiohetspecimens were cured
and stored until they reacheed@y, 14day, 2tday or 28day ages and then the compressive
strength at different ages were determined. ddmapressive strength &iGPCCBOK
specimens with 26% to 34% aioid content are shown in Bee 25and Figurel02.

Table 25. Air void content and compressive strength of specimens withday, 14day, 213-day and 28day age

Air void Compressive . .
# of . . Cross sectiona Compressive
X content loading at failure : .
specimen (%) (b) area (irf) strength (psi)
S1 28.07 6000 12.57 477.33
S2 31.38 6800 12.57 540.97
7-day age S3 27.30 8800 12.57 700.08
S4 34.27 5600 12.57 445.51
S7 32.17 9800 12.57 779.63
S8 33.04 4000 12.57 318.22
S5 28.47 11200 12.57 891.01
S6 32.91 5400 12.57 429.59
14-day age S9 29.30 7200 12.57 572.79
S10 30.49 7600 12.57 604.61
S11 29.71 8400 12.57 668.26
S12 29.29 8600 12.57 684.17
S13 28.10 11800 12.57 938.74
S14 32.07 6800 12.57 540.97
21-day age S15 33.16 8800 12.57 700.08
S16 29.08 11600 12.57 922.83
S17 34.82 8200 12.57 652.35
S18 26.51 9200 12.57 731.90
S26 30.43 8000 12.57 636.44
S28 27.10 12400 12.57 986.48
28day age S29 29.38 9800 12.57 779.63
S31 32.34 9000 12.57 715.99
S32 34.64 6800 12.57 540.97
S33 32.24 6000 12.57 477.33
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Compressive Strength V.S. Air Void Content
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Figure 102 The relationship between the compressive strength and the air void content for specimens with 7
day, 14day 21-day and 28day age

As in Figurel(2, obviousdecreasing in the compressive strength can be observed as the
air void content increased/hen it comes to the influence of the age, generally the compressive
strength of the OGPCCBK specimen increases with the age. The difference can reach more
than 2@ psi from 7Zday to 28day agesln addition, compared with the default level 3 inputs of
PortlandCementConcrete(PCC)in MEPDG, the compressive strengthsQe8PCCBOK
specimensletermined in laboratory are much low&he @mpressive strength atday, 14-day,
21-day and 28&lay ages of OGPCGBK specimensare all below 1,000 psi with air void content
larger than 27%while the typical compressive strength of PCQVIEPDGis from 2,500psito
7,000psi As a result, if the drainage layer will be considesisdh structural layer and included in
the structural design in MEPDG, proper default compressive strength of the cement treated open
graded mixtures should be used. Based on the results from laboratamthésstudy the
recommended default compressistrength of th©@ GPCCBOK mixtures ranges from00 psi to
1000 psi
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CHAPTER 6 FEM SIMULATION ON STRUCTURAL PERFORMANCE OF THE
DRAINAGE LAYER

Generally, he structural performance of the drainage layer has not been considered by
most pavement analysis and design procedti@sever, as part of the pavement structure, the
drainage layer typicallincorporatedas part of the bas® subbase course also penfisr
structural contribution to the system. Due to its particular material properties compared with
regular densgraded asphalt concrete, the stress and strain distribution within the pavement
structure may change a lot when a drainage layer is bete Element Method (FEM) is used
to investigate the structural contribution and the location effect of the drainageTlager.

MEPDG is used to determine the upper and lower bounds of the optimal air void content in
terms of both sufficient permeability andayl structural performance.

STRUCTURAL CONTRIBUTION AND LOCATION EFFECTS
Prony SeriesParameters

The Prony series are usednechanicallydescribe the timéemperature dependent
properties of asphalt mixtures and incorporate the realistic material pespeti FEM
simulations conveniently. Equati@i shows the storage modulus (imaginary part) in form of
frequency domairony seriesSince his mathematicamodel will be more accurate to describe
thelaboratorytesting data when more terms areluded enough terms should be adopted to
make full use of the laboratory data and to accurately describe the material profpecoeding
to our investigation, by increasing the terms in Prony series from 5 to 11, the model will be
approaching the original sedatasignificantlyas shown in Figur&03. Other figures shown the
5-term and 14#erm Prony series to describe the laboratory dynamic modulus data of¥¥WAPB
OGBB-K and ATPBID specimens can be found AppendixB.

0] Op B "Q oB  — (31
Where,

‘O 1 isthe imaginary part of the complex modulus, or storage modulus,

"0,"Q , T are all coefficients.
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Figure 103 The Prony series with 5 and 11 terms to describthe original test data (21% VTM, ATPB-VA
mixture)
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For the accuracy consideration, ttieterm Proly series were used ttescribe the
viscoelatic properties of thATPB-VA, OGBB-OK and ATPBID materials based on
laboratory dynamic modulus test resultbeTitted parameters of the Prony series are presented
in Table26 for the ATPBVA mixture. The parameters of the t&érmProny seriesor OGBB-
OK and ATPBID mixtures are included iAppendix B Thes parameters will be used in the
FEM simulation tadescribe the timéemperature properties of the asphalt treated drainage layer
materials.

Table 26. 11-terms Prony Series Parameters for ATPBVA Mixture

21% 25% 28%

jS) 11443.02 je) 8247.85 je) 7012.767

t 0.00002 Q 0.05978797 Q 0.09527796 Q 0.11011482
t 0.0002 Q 0.23127016 Q 0.26520895 Q 0.27961182
t 0.002 Q 0.22926499 Q 0.22973498 Q 0.24373027
t 0.02 Q 0.14527118 Q 0.14440705 Q 0.12057071
t 0.2 Q 0.11769956 Q 0.10241869 Q 0.09290047
t 2 Q 0.08488443 Q 0.06658912 Q 0.05308622
t 20 Q 0.05326667 Q 0.03571431 Q 0.04091311
t 200 Q 0.03180873 Q 0.01558389 Q 0.03003996
t 2000 Q 0.00000087 Q 0.02071041 Q 0.00989047
t 20000 Q 0.02637300 | "Q 0.01653045 | "Q 0.01658425
t 200000 Q 0.00634667 | "Q 0.00428506 | "Q 0.00255253

FEM Simulation of structural contribution and location effect of the drainage layer

Compared with statimading and multiayer elastic theory, FEM simulation considering
dynamic loading and realistic material properties are more accurate and can provide the closest
pavement regmses to field measured resiitts®l. A flexible pavement model wittypicd
structurebased on the structure adopteddngnklin Turnpike Extension atynchburg Virginia
has been set ignd analyzed by ProgranbAqugStandardThe pavement model is 5 meters
along the direction ahovingtraffic. The configuration of the pavememodel and the contact
area are shown in Figui®4.
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Figure 104 Configuration of the Pavement Model and Contact Area
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The air void content of the ATPB drainage layer was assumed to be 2586 in th
simulation.The Pony series parameters in Table &8dAppendixB representing the
viscoelastic properties of the ATPB drainage layer were used in Dynamic/Implicit analysis.
movinghalf-sinusoidal traffic loading was applied on the surface of the pavement aisgeked
of 40 mph.

In addition to the modulus of the drainage layer, the modulus of other layers would also
influence the pavement responses and the stress or strain distribution within the structure,
therefore totally two scenarios with different moduli of the lay®ave been set up in the
simulation. The comparison between the two scenarios can be used to see how the modulus of
other layers influence the pavement responses, and to what extent the pavement responses are

influenced. Table 27 and 28 liststhe matgpial o per t i es used i n the two
themodul us of all the other | ayer s  Themagntodec h | ow
of thetire-pavement contact pressuses52Kpa based 0KN singlea x | e | oad f or s ce

and 700KPaot ont act pressure regardinmmthafellawing t r af f i
section of structural contribution and location effsct e n amatertal ptoperties have been

adopted. In the section regarding influence of air void content, both thecémarios are

discussed.

Table 27. Summary of Materi al Parameters in sce
Layer Thickness Elastic modulus(MPa) Poi ssonds
AC surface layer 46 6 1800 0.30
AC Base 10606 1200 0.30
ATPB 3606 352 (long term) 0.30
Cement trelatedubbase 666 1200 0.30
Aggregate subbase 2 460 500 0.35
Table 28. Summary of Materi al Parameters in scer
Layer Thickness Elastic modulus(MPa) Poi ssonds
AC surface layer 46 6 3500 0.30
AC Base 1006 6 3000 0.30
ATPB 366 352 (long term) 0.30
Cement trelatedubbase 666 1400 0.30
Aggregate subbase 2 40606 200 0.35

Figure105 has shown the simulated inelastic strain at the bottom of the drainage layer
under moving traffic loading. As in Figure 3,Ghereare still two tracks of inelastic strain at the
bottom of the drainage layer when the wheel loading has passed, indicating tdepgeneent
viscoelastic property of the ATPB material.
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Figure 105 Inelastic strain at the botomof ATPB when it i s above the ba

Figure 1® and Figure 1@ present the stress and vertical deformation on the surface of pavement
versus time. The maximum stress and vertical deformation happens at about 0.001 seconds after
the wheel loadig reaches the maximum values. As the wheel loading passes away, the stress and
strain dissipate dramatically. The damping of the stress, however, is much faster than that of the
deformation as found in other studiy!

Although no notable differences reeobserved in stress and deformation on the surface of the
pavement in time domain, large differences were found along the depth right below the wheel at
the end of the traffic loading, as shown in Figud8tb Figure 11. In Figurel08, the ATPB

drainag layer inside a pavement structure is a location where stress reaches the maximum value.
The vertical deformations under wheel loading are comparable when the drainage layer is
located above or below the base as shown in Figd@eThe total vertical defrmation at surface
under wheel loading is slightly larger when the drainage layer is located above the base. The
horizontal tensile stress at the top of the drainage layer is always the largest no matter the
drainage layer is located above or below theebzourse as illustrated in FigureDlEigure 11
demonstrates that the vertical stress within the surface and drainage layer is larger-bmaabove
case.

The pavement structure without the ATPB drainage layer is also simulated. The mechanical
propertiesof other pavement materials are kept the same. With increasing depth below the
pavement surface, the stress inside an undrained pavement is concentrated at the top layers and
then decreases successively with depth while the drained pavement will obsiele stress

increase in the drainage layer as shown in FigQ8 The nedrainagelayer case has the largest
vertical deformation at the moment of applying wheel loads as present in Figuradicating

that the ATPB drainage layer does undertakegdatie load no matter where it locates, although

the structural contribution of the drainage layer is not significant.
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stabilized drainage laygrgiven a mixturevith specified asphalt binder and aggregates.

Figure 111 Chart. Vertical stress along the
depth under traffic loading
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The air void content is a vital parameter that influence the mechanical properties of the

Accordingly, when considering the structural contribatof the drainage layer, the influence of
the air void content should not be neglected. The FEM simulations have been conducted to
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investigate the pavement responses with drainage layers of different air void £ontkmt
moving traffic loading.
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Figure 12 to Figure 19 show the pavement responses under traffic loadimen the
drainage layer is located above the badkthe negative values represent the coespion and
all the positive values represent tensile stresses. FlddrandFigure 113 present the horizontal
stress below one tire at the moment when the traffic loading reaches the maximum value.
Compression horizontal stress has been observed within the surface layer while the horizontal
stresgs changing to tensile streggthin thedrainage layer. This is very similar to a typical
flexible pavement responses under traffic loading, when the top of the surface layer subjects to
compressive stress and the bottom of the surface layer undergoes tensile stress. However, the
existence of draiage layer has moved the tensile stress from the surface layer to itself. The
maximum tensile stress occurs in the drainage layer and then dissipates rapidly. Compressive
horizontal stress occupies most of the underlying layers.

Figure112 andFigure 113 also give a comparison between the situations when the
drainage layers are of different air void contents. It is found that the stress within the drainage
layer is not a monotorehanging function as the air void content changes. This may be attribute
to the experimental error of the dynamic modulus or air void content, which are inputs for the
simulation. However, generally the pavement with a mechanically stronger drainage layer, or the
drainage layer with lower air void content, will have reduced tessiess within itself.

Figure 14 and Figure 15 have shown the horizontal strain developed along the depth
under one tire when the wheel loading reaches the maximum value. Within the surface layer, the
horizontal strain transfers from compression taitem with depth. The distribution of horizontal
strain within the drainage layer follows the similar trend. Compressive strain has been observed
at the top of the drainage layer while tensile strain at the boftgpncally reducing the air void
content indrainage layer will also reduce the tensile strain within the underlying layers.

At this momenivhen the wheel loading reaches the maximum yaheemaximum
compressive stress is at the top of the surface layer, and is getting smaller as going deeper bel
the surface. The influence of the air void content in drainage layer is insignificant compared with
theinfluence of theraffic loading.To present the effects of the air void content more clearly, the
distribution of vertical stress and deformatiooraj the depth under one tire when the traffic
loading justpassed by have beshown in Figure 16to Figure 1.9.

At this momenthen the traffic loading has just passedthe distribution of the vertical
stress along deptmasshown different configurabn. The traffic loading at pavement surface
reduced to zero and the vertical stress within the surface layer has reduced significantly to almost
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zero, but the vertical stress within the underlying layers is dissipating much slowly. Generally,
the compresse stress is getting larger as the air void content of the drainage layer increases.
The distribution of the vertical strain follows the same trend as that of the vertical stress.
Pavement with lower air void content in drainage layer will achieve snsalfns and
consequently, smaller deflection on the pavement surface as shown inlfigamed Figure 19.

' . Tire Load

Figure 120 Horizontal Stress distribution under traffic loading of the pavement incorporated with the
ATPB-ID drainage layer of 28% air void content

' Tire Load

e
e

Figure 121 Horizontal Strain distribution under traffic loading of the pavement incorporated with the
ATPB-ID drainage layer of 28% air void content

Tire Load

Figure 122 Vertical Stress distribution under traffic loading of the pavement incorporated with the ATPBID
drainage layer of 28% air void content

Tire Load

Figure 123 Vertical Strain distribution under traffic loading of the pavement incorporated with the ATPB-
ID drainage layer of 28% air void content

Figure 20 to Figure B3 presenthe pavement responses under one axle whematfie
loadingreates thanaximumvalue It can be found that underneath the tire load, the surface
layer subjects to compressive stress and strain. Outside the tire load, especially between the two
tires, compressive horizontal stress and strain and tentile verticalesicesgain are observed.
When the drainage layer is located right below the surface layer, tensile horizontal stress and
strain occur at the bottom of it. The vertical stress and strain within the drainage layer and the
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underlying layers below tires arerapressive. Higher compressive strain has been found at the
top of base and subbase.

Figurel124 to Figurel31 have presenteithe pavement responses along the depth below
the wheel loading when the drainage layer is located below the base course. As shown in Figure
124 and Figure 25, the bottom of the drainage layer is the location within the pavement
structure where the horiatal tensile stress reaches the maximum value. Compared with the
situation when the drainage layer is above the base course, it can be found that the tensile stress
within the drainage layer has reduced sigaiftly. As shown in Figure2b and Figure 27, no
compressive horizontal sin occurs in the drainage layer when it is below the base. However,
the tentile strain at the bottom of the surface layer, which is also the maximum tensile strain
within the pavement structure, has increased dramaticallpae@d with the abovbkase
situation. As a result, the horizontal strain within the base course which is directly below the
surface also increased a lot. The influence of the air void content is not significant when the
traffic loading reches tb maximum alue as irmbovebase casd-igurel28to Figure Bl
presenting the stress and deformation distribution when the traffic loadig just passed by can be
used to investigate the influence of air void content. Very similar results have been observed as
the aboe-base situation, that is, generally the increase in air void content will result in
increasing vertical stress and deformation. However, exception may exist due to complex
material properties artthe experiment errors.
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Figure 124. The horizontal stress distribution along the  Figure 125 The horizontal stress distribution along the
depth under traffic loading with below-base drainage depth under traffic loading with below-base drainage
layer (OGBB-OK) layer (ATPB-ID)
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Figure 126. The horizontal strain distribution along the Figure 127. The horizontal strain distribution along the
depth under traffic loading with below-base drainage depth under traffic loading with below-base drainage
layer (OGBB-OK) layer (ATPB-ID)
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Figure 128 The vertical stress distribution along the Figure 129 The vertical stress distribution along the

depth under traffic loading with below-base drainage depth under traffic loading with below-base drainage
layer (OGBB-OK) layer (ATPB-ID)
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Figure 130. The vertical deformation distribution along  Figure 131 The vertical deformation distribution along
the depth under traffic loading with below-base the depth under traffic loading with below-base drainage
drainage layer (OGBB-OK) layer (ATPB-ID)
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Figure 132 Horizontal stress distribution under traffic loading of the pavement incorporated with the
OGBB-OK drainage layer of 28% air void content
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Figure 133 Horizontal strain distribution under traffic loading of the pavement incorporated with the ATPB-
ID drainage layer of 28% air void content
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Tire Load

Figure 134 Vertical stress distribution under traffic loading of the pavement incorporated with the ATPBID
drainage layer of 28% air void content

Tire Load

gy 1T T

Figure 135. Vertical strain distribution under traffic loading of the pavement incorporated with the ATPB-ID
drainage layer of 28% air void content

Figure132 to Figure B5 presenthe stress and strain distribution under the wheel loading
when the drainage layer is located betbe baseCompared with the situation when the
drainage layer is located above the base, it can be found that the drainage layer has moved the
tensile horizontal stress to the place whelecates As a resilt, the drainage layer is under
tensile horizatal stress no matter it is above or below the base. In addition, the vertical strain
within the drainage layer is very small wherever it locates. The layer right below the drainage
layer will have increased compressive vertical strain.

All the above rest$ are obtained from thec&nariousimulations on OGBEOK and
ATPB-ID drainage layers with different air void contents. The results of Scanaiimmulation,
with ATPV-VA drainage layer and increased modulus of the surface and base, are shown as
follows. Figure136 to Figure140 have presented the influence of the air void content in scenario
} with the ATPBVA mixtures used as the drainage layer above the bapare 41 to Figure
145 have presented the influence of the air void content in scénavizen the ATPBVA
drainage layer is located below the ba3s moment when the traffic loading has just passed by
is selected as the base thecomparison. Although the modulus of the surface and base have
been increased and the modulus of the lower sultizesbeen reduced, similar stress and
deformation distribution has been obtained escenariou. The maj or di fferenc
magnitude of the stress, strain and deformation. According to the FEM analysenafiauand
scenarid wi t fentlyerfmiodulus and drainage layer air void content, it can be concluded
that:

1 Horizontal tensile stress occurs at the bottom of the drainage layer, no matter it is located
above or below the base.

1 The horizontal and vertical strain within the drainameel is much lower than that within
the adjacent layers, which are approching zero within the FEM model adopted in this
study.
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