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AHSTIU C J" 

A combined laboratory and field study was undcrtak<·n to in\"cstigatc the 

JX'Tfomrancc characteristics of some Hol li.!ix Asphalt (I l/1.1,\) mixes 11ml arc commonl~ 

used by Oklahoma Department of Transportation (ODOT). Four different typ<.""S of loose 

H/1.·!A mixes colkctcd from three projcc1 sites. namely. Da\'is. Tar Creek and Oklahoma 

City (OKC) were examined wi1h a series of laboratory tcsting. namely resilient modulus 

(MR), APA rut. fatigue and permeability . Fidd cores wen, rctric,·cd from the sites and 

laboralOI)' tests. namely. resilient modulus. APA ml and seismic modulus \\Cre 

perfonncd . l'icldnon-dcstmctivetcstswerealsopcrformedinthisstud) 

Thelaborntoryrcsilien1modulustestswcrcp<.""rfonncdwith, ·al) 'ings1rcsslc, ·eland 

at three selected temp<.""ratures. namcl)" 5°C. 25°C and 40°C. as recommended in the 

ASTM D 4123 test methods. The test rcsut1s indicate that the wsiliem modulus is a 

function of applied SlTI.'SS and tcmp<.""rature. Also. the results sho"cd tha1 the resilient 

modulusvalucsvary\\ithmixproP"rtics.namclybindercontcnt.bindertipe.air,oids. 

percentage passing No. 200sicvc.amongothers. Jn re\"icwinglhcresuh s. thelaborntory 

Davis sp,-cimens rcsultt-d in the highest average rcsi!ienl modulus values. follo"·~-d by lhc 

OKC specimens. 1he Tar Creek b.1s., mi~ spc:cimcn. and then the Tar Creek surface mi~ 

sp..-cimcn. in gcm,ral. for all thR'C temperatures. The rcsilicnl moduli of the field cores 

were comparatively lo"w than that of laboratory sp,,.-cimcns. This is due lo !he 

differences in compaction reprcs,.•nte<I by laboratOI) gyrntory comr,;,ction and field 

compaction. and the resulting differences in mix properties of thc sp,,...:imcns. A model to 

predict rcsilicm modulus of HMA from the stress ratio. tcmpcrature and Jforcmcntioned 

specific mix prop,-rtics was d,·,dop..--d. Th~ model was tested for its tinm~ as \\Cl! as 



L 

pr..--dicting carxibih1i1,s. APA rut test results showed that the Tar Crcd mixes are 

susceptible to ru11ing potential. Comparatively lower ru1 dcplhs "ere obtmnt'd for lh<· 

Davis and the OKC mixes. The difference in Sp<..-cific mix properties. namcl). binder 

comcn1.air, ·oidsandpcreentagepassingNo.200sievewercidcntifiedas1hcreasonfor 

lhischangcs 

A model was ds·vdopcd lo predict the rutting potential wi1h these ,•arying mix 

propcrtil'S. Attempts were made to correlate APA ru! dcplhs with resilient moduli. APA 

ru1dcp1hsat2000and 8000rcpcat~..:lcycles"erccorn,laa . ..:l with1he/\1R values at three 

selceted temperatures (S°C. 25°Cand 40°C) and thrt:cspceific stn.·ss r::uios(0.20.0.35 

and 0.50). Scanned R-squarcd values ""re obiained for the corrdmion of each 

aforementioned parameters. This may be due to the diffcr,..nccs bc1wcen rcsilicm modulus 

and APA rut testing parameters and m,:chanisms. Runing is cxp..-ctcd 10 ocwr al high 

1<'mpcraturcsandwithalargenumbcrofload rcpctitions (duetoplastienowandothcr 

mcchani~ms). "hcrca srcsilicnt modulus shouldprcscmstrcss-strnin propcrticsofll/\!A 

under cyclic loading at intcm1cdia1<' tcmpcrnmres and lower loading cycles. 

fhc laboratory seismic mOOulus test showed thm the seismic modulus values were 6 

10 10 limes higher than the MR values wuh different slrcss ratios. This is due 10 the 

diffcrenc~-s in stra;n le,cl and strain rntl'S inrnkcd in the5C mo test methods. The back• 

~akulated modulus from Falling Weii;ht Ddkctometcr (FWD) data Sho\\cd that the 

[)avis results arc well comparable with that of laboratory MR \'alws . Significan1 scatter 

was observed for similar comparison for the Tar Cm:k and th<· OKC sites. h is expected 

!hat the predicti,c moddsand the comparison bct"ecn laboratory and field modulus 



rcsullS will be a helpful 1001 for implementing 1he Supeipa,., m,x dcs,gn mJ me, 2002 

AASIITOdcsignguidc 



INT RO DUCT ION 

l'awment design and evaluation For conmuclion and whabilimlion purpos..,s rcqu,re 

a careful e, ·aJu:nion of a numher of fac-tors incll.lding material rrorx-nin. 1raffic 

characteristics nnd cn, ·ironmcntal cooditions. among others. Undoublcdl). rr13lcrial 

prop,!rtiesareoncof1hcmos1significantfactorsinthcstructuraldesignandpcrformancc 

of pawm..-nts (Barksd~k ct al.. 1997). faisting p.wt·mcm d..-sign procedure s. namdy, 

AASH TO ( 199J) and the Asphah lnstitu1c (Al) n.-cognizc 1he rcsilicm modulus (MR) as 

the primary mechanistic propc-rt} toe\'alu.:ncthe~o~ofp:,,cmcnt rrl3tcrial5 

undcr,·chicularloadingandcn, ·ironmcntalconditions.Sp..-cifically.thescdcs1gnmcthods 

n:<111ire the evaluation oF MR of Hot Mi.x Asphah (llMA) with tcmp,!r'Jlure us "ell as the 

MR of subgradc soil \\ith moisture . Jn the new AAS I !TO 2002 design guide. 1hc d)·namic 

modulus is used 10 characterize the I [MA mi.x,:s and the M~ to charactcri1.e the subgradc 

With the mo,cmcnt 10ward tilt, ne" m«hanical-cmpirical (M•H bm;ed design 

rrocl-durc (A,\SHTO 2002 Design Guide), prt-dicti,c ~'<[uations ha,·c bc.-en dc"clopcd w 

estimate 1he dynam;c modulus of the JIMA ln}<'r as a function ofprop,!rtll"S ~,xh as mix 

l)'J)C. agg.reg:uc structure. binder spccificauon. compa-u.-d mi.xturc, ,olumctric. and m" 

tcmpcraturc(Cro,c111t"1al..2005).S1udicshavcbo.-<-npcrformcd10corrcl~1c1hc,res,hcnl 

modulus with the dynamic modulus of llMA For namplc. l.oulill <1 al. (2006) 

conducK-d a study that compar~-d resilient modulu~ nm.I dynamic moduluj for t"o l}pi:S 

ofll1' 1A mi~cs, t)'p1call} us..,d b} ihe Virginia lkpartmcm of Tnmsport;,llon (VIXYI ). A 



strong relationship was observed in that s1udy between the dynamic modulus pcrfonned 

at S I lz and the resilient modulus performed with a loading lime of 0.0J ~. Ar.other 

stud)'byCrovcuietal.(2005)rcportc-dthatthc laboratorrtestcquipmcmandprO<:edurcs 

for dl.'lmnining the dynamic modulus of HMA mixtures are still in the dc,clopmcnt 

stage. That study also noted that a regression modd that correlates M~ of IIMA mi.ws 

with tcmpcra1ure will be a good comp.irati,·c measure for 1hcir dynamk modulus 

counterpart. 

Jn addition to the aforementioned s1udies. the cum:nt dynamic modulus protocol 

(ASTM D 3497) calls for the axial compression testing of 1111.-!i\ specimens having a 

diameter of 100 mm (4 in) and a height of 150 mm (6 in). Performing d)'namic modulus 

tcstsrnaybcquitcadifficulttaskinthccaseofficldcorcs.sinceitisoftcnimpossiblcto 

obtain this size sp,,cimtm from actual pawmcnts (Kim Cl al.. 2004). Thus. the !ldvm11agc 

of the current protocol for indirect tension (IDT) resilient modulus test. ,\STM O 4123 

appcarstobemorcappropriatcandrelati\'elysimplc forthCC\'aluationofcxistingllMA 

pavements by performing the test on field cores (Kim Cl al.. 2004). As such. it is 

reasonable to lllili1.c s1andardi1.c'<l l'(!Uipmcnt and procl'<.lurcs for measuring the· MR of 

llMA mixtures. The present study p<rtains to 1his 1opic. 

U . lt csilicnt Mudulu ~ 

It is well knm,11 lhat most paving materials arc not elastic but cxp,:,ricncc some 

pcrmancntdcfomiationaftcrcachloadapplication.l!owe,-cr.ifthc!oadisrapidand lor 

small compared 10 !he strength of the ma1crial and is repcatc><l fora largenum!x,rof 

C)'clcs. the dcfonnation under each load repetition is almos1 completely recoverable 



(Huang. 2()().1). The elastic modulus com:sponding lo lhc r,-co,crablc strain under 11\i., 

rcpemedloadisknownasrcsilientmodulus./l. lR. Mathcma1ically./l.1Risddinedas : 

( II ) 

"hcrcddisapplicd deviatorslrcss and t , is recoverable (rcsilienl)strain 

Scveralsludics(scee.g .• BrownandFoo.1989:Almudaih,-cmandAI-Sugair.1991: 

Ali and Lobci. 1996; Katicha. 2003; Tarcfdcr. 2003: Tarcfd,·r and Zaman. 2003; Crovcni 

ctal .• 2005)ha\'ehighlighk-dthc imponanceofrcsilicntmodulusandhavc,·valuatcdthe 

M~ wi1h tempcralUrc and mix prop,:nics. Allhough SC\'eral procedures ha,·c b<.-cn used b} 

1hoses1Udicsandothcrstod<'tcm1inethercsili<'nlmodulus.onlrom.•proc,·durchasb,,cn 

standardized by ASTM (AST/1.11) 4123). The 1cst consists ofa haversinc-shapcd cyclic 

load pulse applied in the ,·cnical diametric plane ofa cylindrical specimen through a 

loadingslrip. The resultant recowrable horizontal dcfom,ationmcason.-d byasurfacc

gagc-poim moum,-<l lincarvariablcdiffcrcntial trnnsduci,r(LVl)"I) and the applied load 

arc used to calcubtc 1hc resilient modulus. Consequently. the ASTM D 4123 test 

proccdurcisuscdhcrcintoe, ,aluatcthercsilicntmodulusofsck-c1cdllM,\mix,•s 

I.J. nuuing Effc,·t on IIMA Pa, ·cmrn ls 

Permanent dcfonnation is on<' of th,· most imp0nant types of lnad-a;;SO<;iatcd 

distresses occurring in a nc~iblc p;,\'cmcnt S)Stcm (lluang . 20().1). It is associated wi1h 

rutting in the \\heel path. wh1chdcvclopsgradually asthi, numbcrofloo<l rcpctll1ons 

incrc.'.IS(:s. Rulting in H/1\A pan-mc111s has 0C<"n a major problem nat1on-,"dc for many 

years. It is becoming a grcatcrproblcmcspctiallrwithgrcatcr"hccl lnadsandhighN 

1irc pressure. Runingr.om1all} appears as longitudinal depressions mthc"hccl r;,1hs. 



accompanied by small upheavals l0 the side (l'igurc 1.ll'. The ,qdth and depth oftlw 

rutting profile is highly d"pcndcm upon the pavement sm,cmrc (fayer thickness and 

quality of materials). 1ra!Tic composition and qumnity. as "ell as th" cn,·ironmcma\ 

condition at th" site. Studies have been conduc1cd (sec e.g .. Collins"' al.. 1995: 

Christopher cl al.. I 999: Choubanc ct al.. 2000: Knndha!. 2002) to rdat<· l:tborJIOI) 

asphalt pavement analy-.rer (APA) rul depths to actual field ruuing. A stud} by Snni,·asan 

(200-l)cvalua tedtheindirccl tcnsilc(ID"l)s1rcng1htoidcntif>, !11'·lA rutting potential. A 

strong correlation between IDT strength and APA n.ming potcmial was obscf\·ed in lhal 

study. A different study by Anderson cl al. (2002) examined the relationship of 

Supcrpa,c g)'rntory compac1ion-rdated prop,:rtics IO H1'·1,\ runing behavior. h was 

conclud,>Jthatthetcstingtcmpcraturcandthcairvoidshavcasignificantcff"cton1hi, 

l!/I.IArullingpotcmial. lnpa11icular.therutdcpthdccreasedwithanincrcaseinair, ·oids 

andanin,·.rcascin lcstinglcmpcratur<•.andtllcsc ,·ariablcs:in,thcrcforcbdic\'edtobe 

ke) fac1orstha1affcc1runingpo1cntial. 

Two typ,:s of strain arc dc,cloped in 111'1,\ pa,crnrnts under repeated uamc 

loading. One is the cla~tic strain which is completely rcco,·ernblc under exh loading 

cycle. and it is rclaicd to the stiffness or modulus ofth<' ll:.1A material. !"he other strain 

is the plastic strain. "hich accun1ulmcs with r<.·pcated loading cycles and is rcla1cd 10 

pem1am,nl deformation (runing). It is logical 10 question if an HMA mix with high 

rcsilkm moduluscxhibils lo" rut potcn1ial and ,·isc vcr,;a. In a broader sense.one may 

qu..,stion ifnming potcmi:d could be correlated wi1h ,..,silicm modulus of I 1/\1A mi.~cs. So 

far.nosystcmaticstudieshavcbccnundcriak..,ntoans"·cr1hcscquestions. Thisispa111) 

because the field of resili"m modulus ICS!ing for l!MA materials is large\} uocxp!on..-:1 

'Figur<Sar<rn,o<nl«l•11h<•odof<xhchap«•r 



Limit~-<l swdics have been conducted 1ocxaminc corrc!J1ions bct"een runing po1cntial 

and resilicm modulus (sec e.g .. Brown and Cross. 1989: Tarefder, 2003; Tarefder and 

Zaman. 2003: Bhasin ct al.. 2005). Brown and Cross ()989) reportc-<l that there is no good 

cordation (R-squared - 0.01) bctwttn fll,,-1A la}t'r nmi ng and indin:ct tension r<'sihenl 

modulus. Their siudy concludc-<l that th<'rc is no reason to expect a good n:lnlionship 

bctwttnlhescpJramcterssinccrut1ingisductocompressivestrcssandrcsili,·n1modulus 

test measures tensile properties of !he HMA mixes. Tan:fdcr (2003) and Tarcfder and 

Zaman (2003) conducted a study to correlate APA rot depth a1 8000 loading C)'clcs wi1h 

th<' cyclic indin:ct tension resilient modulus at 1hrtt different !empcratur.-s (0'C, 23'C 

and 40'C) The highest R-squaJ\.-<l value ob1aincd for the regression equation rclaiing 

nming and resilient modulus at 40"C was 0.27. Overall. a poor correlation was obtained 

for each test temperature. ThcrcasonstaK-<l forthispoorcorrclationwasthemt-.::hanistic 

diffrrcnccs (stress lel'cl, strain. tcmpcra!ur<', loading crclcs. mechanisms. Ne.) between 

resilient modulus and ,\l'A rut Their study also n01cd that ifindircet tension resilient 

mod11lus 1est is rx-rformcd al a higher lcmi:x-rature i1 \\Ould be interesting to S<.'t: whether 

thecorrclationbctwttnrcsilicmmodulusand ,\PArotimpruws . 

In the present slUd)'. a series of resilient modulus and i\P,\ nil tests arc conducK-<l 

for sclec1ivc 1111.1,\ mi~,·s that arc commonly used in Oklahoma. Results arc organi1.e<l as 

rcsilicn1 modulus al diffrrcnt s1rcss k,·cls and ditTcrcm 1cmpcraturcs and lhc APA ru! 

,·alucs at dirn:rcm loading crclcs. These laboratory data arc then used to c.~wmne if 

ru1tingpo1en!ialcould be correlated with resilient modulusbyditTcrcntcombinationsof 

slrt.'SS level. 1<·mpcra11m:, and loading C)'clc 



1.4. l'r oblr m S1atcme111 

1\latcrial properties ha,·c been rccogniz~-<l as one of the most vital factors in thi: 

stmctural design and pcrfonnancc ofllMA pawmcnts (s..-e e.11. .. Barkstfalc ct al.. )997). 

The 1986 and 1993 AASHTO design guides ha,·c highlig]ncd the importance of 

pawmcm ma1<·rials and have r~-<cognized the resilient modulus of each layer as thi: mos! 

vim! parame1er in the design. Asphalt ma1crials a"-' considered as one of the mos! 

complicatcdgroupsamong1hcsix groups classified inthcncwpavcmemdcsignguide 

(l'DG) name\)'. asphalt materials. l'CC ma1erials, chemically stabili~,1.,-d materials. non· 

s!abilized grnnularmaterials.subgradcsoils.and bedrock. Thisisdue 1othe foctthatlhc 

111,.IA mi.~ bcha,·ior can be hea,ily influenced by 1empcrature. mess level and mix type 

Currently. Oklahoma Department ofTranspo r"lation (01)()"1) docs not ha,·,· an~ da1a base 

for resilient modulus c,·cn for the mos1 wide!)· used HM,\ mixes. Therefore. generating p 

databa&· for IIMA mix bcha,io r wi1hrcspcc1 !O the aforementioned influencing foc1ors 

and finding corrcl31ions bct"·c,:n resilicnl mo<lulus and APA rut can ha\'C positive 

impacts on the transpor"lation communi!) ·s continued cffori lo impkmcm th,· Supcrp1"C 

mix design and the 2002 AASll"I O design 1;uide. 

Non-[)cstructi,c Testing (N Dn ofpavcmcnt.s has made substantial progress during 

thcpasttwodecades(scec.g .. Abdallahc1al..200l:Na;-.arianctal..2004:Shalabyctal.. 

2004). Th,, n,·wcr pawmcnt design and rehabilitation sck-etion mc1hods incrcasingl) use 

non-dcs1ruc1i,·c1cstingproccdurcsforstruc1Ural1,,a lua1ion(Abdallahrtal..2001). W11h 

the rapid ad,ancemcnl of hardware and software lc-ehnolog). non-dc-s1ruc1i,c testing 

ins1rum,·ntation and data anal)·sis li.'Chniqucs arc being conlinuall) impro,;.-d Most 

al;;orithmscurrcntl> · us..-dtodc1cm1inc1hcrc111aininglif,·ofp.1"emcn1srd}OllsUffnc,;s 

parameters dctennined from NOT de, ices. 01!<' major area of conunual imprO\cment is 



!he reliable and rapidcx1rac110nofs1ifTncss paramclcrsfrorn nondcstnictise ficlddala 

Therefore, combining non-destmctive and laborato~ t<:sl darn can provide a weahh of 

information not available fromasingledc, ·icc. Morespccificall;.intcgratingda1afro111 

both the laboratorydcs1ructivc tests and field non-dcstructi.-c test methods ma) )'idd 

more robus1. consistent and accurate modulus pro!iks. Therefor,., a correlation between 

bborator; resilient modulus and back-caltubtcd modulus From 11011-<ksuuctivc field tests 

is cxpt:cted to be a helpful tool for implementation of !he new AASllTO 2002 pa,·cmcm 

design guide 

l. S. ll ypothc sis ~nd Objfctivc ~ 

Thcmainh;pothcscsof1hisstud) arc 

1. The indirect tension rcsiliern modulusofl!/1. IA mixes isa func1ionofappli,·<lstrcss. 

tcmp,,raturc.andma!crialsandmixpropcrtics. 

The HMA performance characteristics. namcl). Al'A rut_ fatigue and pcm1cabili1r arc 

dcp,,ndrnt on materials and mix propcnic.~ 

3. The indirect tension resilient modulus may bc corrdatcd with Al'A rul <lcpth 

.i , Indirect tension rcsilicm modulus can bl· ~orrclatcd "ilh back-<.:alculntcd modulus 

To, ·nify1hcschypo 1hcscs,laboratoryandficldtcst s wcrcconductcdin1hcprcia,nt 

stud; on four difTcrcm HM,\ mixes collected fmm tlm'<' difTcrcnl si1cs. Specific 

objcctiYcsofthccurrcnts\u<l; nregivcnbclo" 

1. Dm·m1inc the qelic indirect tension r~silicnt modulus of labor.nor; sp,.-ciniens and 

ficl<lcoresa1di!Tcrentstresslnelsanddi!Tcrcm1cmpcra1urc s. 



Correlate the MR valll<'s "ith specific mix propcnies. namely air ,oids. b,rn.kr 

comem. spedfic gm1·ity and percentage passing No. 200 s1c1e and test p:u;tmcters. 

namclytemp;.•mturcandapplicdstrcss 

Detcnnin<' the rutting. faiiguc cycles and pcm1cabili1y of loose !lMA mixes collected 

from sdcctcd field siies and compacml in the labomtory. Corrdau.· results with 

selected material and mix propenies. namely air 1oids. binder content sp,:cific 

gravityandpe rccmagcpassingNo.200sicw 

4 Examine correlations. if any. bctwc,:n rcsilicnl modulus and APA nil depth. 

5 IX1cm1inc the modulus of field cores using a non•destructil'c 1cchniquc. namdy 

laboratory seismic modulus test. Comp.~re the seismic modulus values with the 

rcsiliemmodulusvalucsfromqdicindircct1ension1es1 

6 ]Xtcrminc !he modulus of HMA layer using a non-dcstructil'C i.-.:hnique namely. 

Spectral Analysis of Surface Wa,·cs (S,\SW) test. Comp.ire the SASW modulus 

values \\ith the bad.-calculatcd modulus values from Falling Weight l)cfk-.:to1neter 

(FWD) tcsts 

7 [ktcm,ine back-calculated modulus of the II/I.IA la)Cr from FWD data for .,n three 

sites. and compare 1hc labor~tory r,:silimt modulus from field cores "ith the 

com:spondingl'W()modulus 

1.6. Th ('~i~ Fornrn1 

This thesis is based on a laboratory and fidd stud) for sdccti,·e l!\IA mixes that 

arc commonl} us,:d b; Oklahoma Department of Transponmion (Ol)()T). The 

perfonnancc charac1cris1ics1csts(rcsi!icnt modulus. APA rut. fauguc:ind penncabilny) 

of these sd.:.:1.:d H,'1-1,\ mixes were performed b) a series of bborator) tests for 



laboratory and field compacK..J (i.e .. core) 111'·\A specimens. A series of non-<.kstructi,c 

field tCSIS"'Cr<'alsopcrformcd inthisst11dy. 

To doc11mem 1hc rcs11lts obuincd from 1h<' present st11dy. this thesis is di~idcd imo 

fi,c chaplers. Chapter I is an introduction 10 the research subjcc1 with pl',iincm 

backgro11nd informat ion. This chapter also presents the problem sta1cn1cllt and objccthcs 

of this Stlld}. Chaptcr 2 presents 1hc litcra1ure revic" on rcsilicn1 modulus. Al',\ rut. 

fatigue and pcm,cabili l)' testing. Factors affecting the resilient modulus and APA nu 

res11hs arc also discussed. A li1crawrc review on labora1oryand fidd non.<Jestructiw 

testing techniques for1hc cvalua1ionofc!as1ic modul11s isa!so presemc-d. lnChaptcrJ. 

the laboratory c.xpcrimcmal n1<•thodology uS<..-d in this st11dy is outlinL..J. This ch.ipkr 

includes a ~>ctiononm.itcrial so11rccsand their properties. A detailed test matrix ofth,s 

sWd)· isalsoprcscntcd.Furthcr.c.xpl'rims·ntalmcthodologyfornon•dcstructi, ·ctcs\ingin 

the field isprescn tc-d. Chapter-I isdc,·otcd tothcdisc11ssionofthe test rcsul1s ob1aincd 

from both laboratory and fidd tcs! programs. Chaptcr5 prcscntsthcconclusionsofthis 

studyandrcco111mcmla1ionsforfuturcs1Udics 
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un : RAT URE R EV IEW 

2. l. General 

This chapter pro,·idcs an o,·crvie" of the previous studies on 111\1,\ p,.:rfom,:mc,· 

characteristics by laboratol) and lidd !<•sling. It also presents a brief discussion on 111<, 

fJ<.'rformancc of chat mm,-rial in 111\1,\ pa,cnwms. Non--destructi,c 1cs1ing tc-chniqucs arc 

alsodiscusscdbccauscoftheirrdc\'ancc101hcprescntstudy 

2.2. Cyclic hul ircc 1 Te nsion Resilicnl Modul us Tcsl 

The modulus of 111'1A has be.!n prcsimted in the litcra1urc in sc,·cral differcn1 forms 

including dynamic modulus. stiffness and resilient modulus (r..·IR) in both comprcS5ion 

and tension. The MR is more appropriate for use in multi-layer elastic thc'Orics. as 

rcporK"d by !luang (2004). Therefore. the measurement of Ma ofllMA matenal has bc<·n 

th,- subjc-cl of considerablc research. It has been dc1erm;m."d by two approaches :( \) 

predict the MR using physical and mc-ch:mical prop,.:nics of the mixture using availablc 

corrclations.and(2)dc1crminethcrcsilicntmodulusby!abora101) testing. 

The MR mcasurem<-'nl by an indirccl tension test is consider.."<! most promisinl! m 

tcnns of rcp,.:atabilit) compared to 1hc c,ah1a1ion of resilient modulus from triax,al 

1cs1ing (Bar~sJalc c•t al.. 1997: Tarcfdcr ct al.. 2004). A pa,cmcnt la}·cr is gcncntll) 

bclinc"dtocxhibitanisolrop)in"hichradialprop,.:nicsarcconstammalldir,-clionsbut 

arc diff<.'rem from propcnics 111 the ,cnieal direction . Due to the aniso1rop) of ll\ ·!A 

mixes. the· «'sultan\ di51:repanc) in resilient modulus bi:t\\cen diamctral 1es11ng and 

1ria~ial 1cs1ingcan be quite pronounced. Wallaccand/\1011ismi1h(l986)eaf1le<lou1 tcsls 

on ! IMA cores ta~cn from San Diel:() test rood. It was shown that as a result ofplaccmcnt 

and compaction cffons. lhc malcrial was abou1 twice as s111T in the radial d,rc-c1ion 



compared to th<' \'<'rtical dirt"s'.tion. An llMA la)eroftypical thickness was subj<-..:tcd hJ a 

bending action. which is primarily r<'sistcdbythcradia l ratherthanthc\"crtical suffness 

of 1hc HMA layer. Therefore. for vertical cores rnkcn from an actual pa,·cmcn1. lhc 

di.imc1ral tcst or flc.xural bending 1cst should gi,·c a morc rclc,ant asscssmcnl of 1he 

s1ifliicss of the IIMA layer than tests l)l'rfom1i-d in the ,·enica) dirl"s'.!ion (Barksdale ct al.. 

1997). The main ad,·an!agc ofihe tcs1 is its failure to complctcl; simulate 1hc ,tress 

conditionscncoun1crcdinprac1icc. Thcdiamc1ral1cs1isbclicvc<ltosimula1cthctcnsilc 

stress condition <'Xisting in the bonom ofthc l!J\1A larcr rcasonabl)' well. This test has 

additional advantag<'s since 1hin cor.:s can be tested. "hich l)l'm>its Hdditional 

mcasuremcms owr the dcp1hsofthick Ill\!,\ larcrs (Barksdale ct al .. 1997) 

Originally indircc1 tension WS!S "we us.,d lo measure ruptur,• strain in concrete 

(Blake)" and Beresford. 1955). The)' "WC thereafter adapti-d to dctcnninc the das1ic 

properties (Young·s modulus (E) and l'oisson"s ratio (v)) of ll).1A (Wright. 1955; 

llondros.1959). Kcnn,-d~ and lludson(l%8)firstsuggcstcdthcuscofindir,-ct1msion 

1cs1fors1abi!i7.edmatcrials."hi!cSchmidt(l972)uscd thclc stlodetmn incthcrcsilicm 

modulusofllMA. Since then. indir,;-,:t tension tcs1ing has become 1hc main s.,tup s.,kctcd 

b) most cngin<'~<S for (.•,aluation of resilient moduli of 11\IA (l.lrown and l'oo. !989). A 

summaryofrcsilicmmodulos1cstsconduc1cdh) diffcr<'mrcs.,archcrsandasS(!Cia1ionsis 

prcS<:ntcJinTablc2.I .: 

2.J. r :1rh>r1i Affrciin~ lndir cf l Tcnsinn ltcsilicnl Modulu s 

S<·wral factors aff(.-.,:\ the rcsuhsofn::silicnt modulus testing. Applied load.1cst 

tCmJX'ralurc and air ,oids arc amonii th<: important factors. ,\ number ofs1udics (51.-e e.g .. 

'Toblos..-optt,cntcJ•1thcondQfoa<h<hart.,-

12 



llro"nand Foo. 19ll9:Almudaih1:emandAl•Suga1r.199l: Ali and Lobt:z.1996: Kaucha. 

2003: TarefU<'r. 2003) han, bl:t:n condoct,-d on resilient modulus b} ''1ll:mg t~ fac1ors. 

asdiscusscdbclo" . 

2.J . I.Eff ccto fL oadin g 

The repcaml-load indirc.:t tension tcs1 for dctcm,ining rcsi!iem modulus of II/I.IA 

mi~es is conducted by appl)'ing comprcssiw cyclic lood using a ha\'Crsinc sh:1pcd pulse 

l"ht: load is upplie<l \'Crticall> in the \Crlical diumei,.Jl plane of a c~lindrical sp1:c1men 

Thcapplil-dqclic lood and resul1ing 1'1."eO\cr.lblc hori7.0ntaldcnection ofthcspc:c1mcn 

arc measured and. with an assumt:d l'oisson"s ratio oom,,sponding to test temperature, is 

used to calculate MR, The test pnx:e<lurc is <kscribed in the ASTM D 4123. As 

r«ommcndOO b) ASTM D 4123. IIK-load magnin,dc should r.mgc from 10 .o 50"1o of the 

ind1rcc1wnsilcstrcngthofthcsp,..-eim,•n 

Almudaihl'l.'m and AI-Sugair (!991) used a load l'Jnging from 10 to 30"'• of the 

mdire<:t 1cnsik strength of a specimen The upper limi1 was r.."duccd from the 50"'• 

indir<-et 1ensilc strength, as m:ommcndcd b)' ASfi\1 D 4123. to 30% 10 ensure the s1rcss 

"ithin the samples did oot c.xcccd the clasuc r.tngc. Also. three: differcm bm<kr oontcnl!I 

"ere uscd10St:cifthcchangcin \I • is a1Tec100 b) 1hcpcrccn1agcofbmde1 mthc "'"' 

fhc~tud) suggcot,-dthatalargcrload(doscrto50" ·•ofih,;,ind1rcrttcnsiks1l'l."llgthof1hc 

spccim~·n) should be used in the 1cs1 bc<:aus,,, n } 1clds a smaller resilient modulus ,a hie, 

"hich in tum results in a mon: conscr1·a1i1·c design. It alSQ reporK-d that tlus is 

panicularl> imponant for m1~cs " ·,th a lower bmdcr contcm 

To analr,tc the cffcr1 of stn.-ss lc-wl on rcs1Jicn1 modulus.. IJro"n and I oo {19891 

p,:rformcdas1ud) onlaboralr>r) rrcpan:dspcc1mcn s andfiddcoo:s . ln1hat stud) ahn<::u-

I) 



model "-as developed to predict resilient modulus 111 1 stress ratio (applied sueu d" 1tk.-d 

br md1rec1 tensile srn:ngth) of 15•·-. To e, ·alu.:itc 1h,, effect of sm:ss lc,cl on M •• Lhc: 

resulting modulus ratio defined as (MRfP"-'ll,etcd M• at 15"• stress rut10) of each 

sp1.-cimcn tested was ploned against the pcm.-ntagc of applied s1n.,ss corrcspond,1111 10 

1ensilcstrcng1hofthespttimcn.lt"-asconclllded1ha1theamountofstres!larrliedtothe 

sample during testing has si~ificant effect on Lhc: measured resilient modulus . The stud) 

also recommended charac1erinition of 11~11\ m,xcs at a stress ra1io of 15° •. The 

following linear model ""J S reported from the stud) in,oh'ing combined field and 

labor:uoryspccimcns· 

(2.1) 

"Ile-re l' is the modulm rauoand Xis Lhc: stress r.nio(in pcrttntagc). ~mm tile model i1 

was reported 1hat a change m s1ress from 15••• to IO"io of tensile strength at 25"C "ill 

Z.J. l . Eff.-cl QrT cm[IHMIUrc 

The rcsiliem modulus 1.1fll\l,\ tk.-cr= sigmficamly with increasing ltmJ)CTlllUrc 

(Stteg.ll.onnaun.,t'\al..1982;RoqucandUuular.1992;Barksdalcctal.. l997;Ka11cha. 

2003; Tar,•fdNand /.mnan. 2004).t\sphahbindcrsarchighl} s<,nsitiH· lotcmpcralurc. 

"hich aff,-cts the resilient and visi;ouspropcrt,cs as "di asagingchamc1eris11n1.1fa 

bmder(Shalabyc!al.2004) 

,\ com:lauon bci"<.Tn resilient modulU$ and tcmpcra1urc "-as rq,oricd b) Kaucha 

(~003). h was found 1ha1 the resilient modulu5 dc-crcascs "nh mcrcas1ng 1~mp1.T.11ure. and 

itislx·st r~pn:scnK-d b) an,·~por.cntia l model sho"nbclo" 

,11,, •a ~-,r (2.2) 



"here a and P arc model parameters. An R-squarcd valucof0 .97 "as r;:portcd for this 

model. It was also reported that the model paramc1crs u and p arc functions of birn.kr und 

mix properties. Also. it dnelopcd a relationship for u and p "i1h respect to bul~ specific 

gravity. air voids. binder comcm and fine to binder ratio. This cum,111 study is slightly 

di!Tcrem than the study by Katicha {2003). The resilient modulus of HMA mi~es are 

corrcl:ued with stress ratio. and the model parameters me reported as a fun.uon of 

tcmpcratureandmatcrialpropcrtics. 

Ali and Lobez (1996) found that th<' back-calculated HMA layc•rs· elastic modulus 

could be well co1Tclatcd (R-squarcd • 0.72) 10 the layer t<'mpcralurc has(,'<l on data 

collcctcda t sitc48SA (SllRPNo .481077)1ocatcda 1sou1hboundlanes onU.S. ll ighway 

287 in fr:rns. The following model was reported in 1ha1 s1ud): 

(2.J) 

where T is temperature in •c a1 a point 25 mm hdow the pa,·emcm surface. and £ 

wprcscnts cfas1ic modulus in 1'1/'a. Another s11Xl) by Sakm {2004) reported that 1hc 

H~,,1A modulus could be rcbted to the pal'Cm{'nl tcmpcr~!ure with an c.~poncntial 

function in th•• form: 

(2A) 

"h..-r.: Tis pavement tcmpcmluw in °C and Kr and Ki arc model parameters. ,\n R· 

sq1L1rcd,·alucof0 .8wasobtain<'<linlha1study. 

2..1.].EffcclufAir\'uids 

Both li1cr:tlurc and cxpcncncc tia,c sho"n that sp,:cimcns compact~-d using 

g}TatOT)' rnmpactors tend to have a non-unifom1 air,oid distribution along both th•· 

diameter and thl.' height (llan·I.'} <'( al. 1994). loob1ain a uniform air ,oiddistribu11on 
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withinaspe<:imcn, thcfinal1estspccimcnsho11ldbccoredandcu101Tthc10pan.lbonom 

partsof thegyratorycompactcdsamplc(Chehabctal .. 2000) 

A brief preliminary study was conducted by Chehab et al. (2000)onc>linders 75 

mm in diameter cored from both I 00 mm and 150 mm diame1cr sr<,-cimcns to compare 

their air \'Oid distrib11tion. This smdy revealed that in the cast, of 100 mm compacted 

SP<,>cim..,ns. S<'C1ions in the middle of the 75 mm core had higher air ,oid con1cn1 than 

those :u the top and bonorn. This distribution was opposit" 10 that fo11nd in 75 mm 

diamewr cores taken from 150 mm diameter sp,.>cimens. This finding and the foct that the 

Supcrpave gyrator)·co mpac1or{SGC)had been originallydesignL..:I for compac ting 150 

nun dia1netcr specimens suggest Ihm 100 nun diamcla sp.,cim;,ns are nm b<•ing 

compacted as effect ively as those ha, ing 150 mm dimm·tt'r 

Tarefdc r (2003) perform,..:! tria.~ial and diametral resilicm 111od11lus tcs1s for 

Supcrp;,vcgyrator> compac1edsamp!cs . lnthatstudyi1 wasreponedthat1hc:1ir"oidsof 

12.1% and 8.6% show slightl~ lower triaxial resilient modul11s than those of1hc samples 

"ith -1.2¾ and -1.7¾ air voids. It was also reported 1hat the air voids have higher 

influence on th<: diam,:trnl resiliml modulus values than that of triaxil r<:silicm modulus 

, alucs. Th<: slud) ri.'Commcndcd that the r<:silient modulus sampk-s be, corc·d from the 150 

mm diameter SGC sampk lo 100 111111 diameter core to reduce the densit) ' gradit'nt in lhc 

final specimen 

Loulizi ct al. (2005) conducted a s1udy to compare the resilient modulus and 

d}namic modulus of IIMA as material propenies for flexible pavc1ncm d<:sign Two 

types of mi~cs (surfoc<: mi~ (S/11-9.SA) and base mi.l (B)l.·!-25.0)) '""' prepared for 1hat 

stlld), according to Supcrpaw mix design . The stud) rcpon,..:I thm the mix type did not 
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have any significant effect (p-value of 0.637 > 0.05) <"\m 1hough there arc major 

differences bc1w,"<.'n lhc mo mixes. especially in the voiJ comem (2.6"·• d,ffcr.·ncc 10 the 

2A. l'crnrnnc,u l) cfor mati on or ltutlin g 

Pennancm ddorma1ion or nming is one of th,• main failure mechanisms in l!M ,\ 

pavements.Total pemianentdefonnationatlh<'Surfoc<·isthcaccun1ufationofp;:rmancnt 

defonnation in all of the HM,\ and unbound layers in the pavement S)'Stem (,\,\S IITO. 

2002). Excessive permanent deformation can occur in mixtures 1hat lack aJCi!U.'.lle 

stiffness and/ or stn·ng1h al high tempcr:iturcs. Signif,cam runing occurs during ho1 

w,•athN. whcn the surface of fle.~iblc p;wemcnts can reach a tcmpcraturc of 60°C or 

higher. Furthem,orc. 1his mode of distress is also associated wilh rrlali\'dy high traffic 

lc\'dS;lhegrcatcrthcnumbcrofvehiclcsandgrcatcrtheproportionofhca\'ylrutks,thc 

grea1er the potential for permanent deformalion (Srinivasan . 2004: Christensen ct al.. 

2000) . Kuning normally appears as longitudinal depression in the "h,..:I paths 

accompaniedb) sma!luphcavalstothesid cs.Thcwidthanddep tho f theruuingprofileis 

high!)' dcpcndcm upon lhc pa,·,·mcm structure (layer thid..ncss and qualit)}. tr.:iffic mamx 

and quan!itr as \\rll as the environment at the design site (AAS HTO. 2002). In the 

1r:insvcrsc profile. ru11ing along !he wheel path modifies drainage characteristic s and 

reducesm11offcap.1bility . Watcrcanaccumulateintratljclancs.creatin11condi1ionsfor 

h)droplaningof,<·hicles.reducingskidresis1;,nceof1hcsurfacccourscandunsafc tr.:iffic 

condi1ions. 

Numerous smdics ha\'e been conductc'O to compare results of APA rut 1cs1in11 to 

ac\Ual field performance. Most of these Sludk$ have been able to rd.'.11<" Al'/\ ru1 deplhs10 



actual fidd ruuing (sec e.g .. Collins ct al.. 1995: Chrmophercl al.. !999: Choub.~ncel al.. 

2000: Kandhal. 2002). A joim study by the FHWA and WcsTrack c,·aluated the Al',\ 

rcsultstoprcdictruningperfonnancconmi.xturcsplaccdalfullscalepavcmcnt(Williams 

ct al.. 1999). Da1a from 10 test sections from WcsTrack cxhibik-d a strong correlation (lt

squarcd - 0.91) bi.·tv,,cen APA and ficld rutting 

Srinivasan (20()4) conducted a smdy lo emluatc !TD Slr.·ngth to identify ll,\1/\ 

rulling potential. The objective of that research was10 S!udy if rutting potential can be 

evaluated with equipment readily available to state highway agencies. In 1ha1 study, 

nming potemial was evaluated with the Asphalt l'avemcnt Anal)"LN (APA). The 

parameters that were evaluated as indepcndem variables includc ths• IDT slreng1h. 

volumelric parameters. compaction slope. and lhc compac1cd aggrq:atc r,•sislance. IDT 

strength was measured using the /l.1arshall Stabilomtt,•r with a split tensile head and with 

the samples al 60°C. The main factors included in that e.xpcrimenl were binder tyJ)i'. 

binder content, sand conle111. nominal ma.~imum aggregate size and gradation. The Study 

reported thal the analysis of variance dcmonstrJK-d significant effl-cts ofatl the main 

factorsandthcirinteractionsonruningpo1ential.Furthcr.as1rongcorrcla1ion(lt-squarcd 

- 0.78) bemccn runing potential and indil\.--cl tensile stn:nglh as measured ""i!h the 

slahilomctcr was obtained in that stud). In the pn:sclll study. "hich is t<-chnicall> similar 

10 the stud> by Srini,asan (20()4). the runing potcntial is curn:btcd " ·ith resilient 

modulus and the «•silicm n1od11lus corrclati-d w11h Stress rauo (applied strcs, tensile 

stn:ngth). 

Asworth(2003)performcdastud> abou1thekcy foctors1hataffo;1runingpo1cn1ial 

in sainpl<"s prepared with materials from Ne" Brunswi<·k. Canada. Four variabk's that ore 
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bclic,·l'<l lo play an acti.-c role in permanent dcfommtion performance ,wn, thcrefon: 

examin<'<l in thm study. Th<, variabks included in 1ha1 suidy "ere test lcmpermurc. a,r 

voids. agg,.,gate source and courw aggregate comcm. Th., studr suggested that a,r \'Oids 

and test temper:uurc an, key factors that aff<'<"l runing pot.,nlial. Th., eou= aggrega1c 

content was also identified as a key foc1or. but ii was rcponcd that it did r><>l e.xhibit 

predictable results . The study therefore sugg.,stcd a need for a larger s.1mplc size and 

funhcr testing. In the prcscn1 study. in addition 10 the aforcmcntion~..J ,·ariablcs. the 

specificgrn,i1yofbinder.specificgravityofaggregmeandpt.•rcl•n1agctincsarcindudl'<l 

askcyfactors1ha1affec1ru1tingpotcn1ial 

25. Non-drsiruc l in T esting Tt·rhnic1ucs 

Non-Destructive Testing (NDT) of pa\'emcnts has mad" suhstanlial progress during 

1hcpas11wodccadcs(sccc.g .. Abdallahctal..200l:Na:,,arianctal..2004:Shalabyctal.. 

200-l)., \1os1algori1hmscum.·n1lyuscd1ode1cm1i11c1h.,rcmaininglifrofpawmcntsrel) 

on stiffness parameters dct..nnincd from NDT d.,viccs. One major area of cominual 

improvement is th" rdiabk and rapid "xtraction of stiffness parameters from 

nondcstructi,·e field data. T" o of 1hc 1oost common NDT mc1hods used m,, the 

dcnc'Ction-bascd me1hod and seismic-based method (13andarJ cl al.. 2()().1). The Falling 

Weight [)dlcctomctcr {FWD) is currcmlr the most common structural crnluation tor,I for 

1hcdenecti on-bas....JNl)Tmc1hod(Abdallahc1al.. 2001).Dc flectionbo"lsarcu-..dto 

backcalcubtl·themodulusprofilcsofp;,wmcr11susing1hcim·crscthl"Ory.ThcSpcc1rJI 

Analysis of Surface Wa,cs (St\SW) is one of the mos1 common s..·ismic bas....! methods 

of NDT (Abdallah ,·t al. 2001). In th,· SASW method. time «-cords ob1aincd mlh 



•·ibrationscnsorsarcuscdtoobminancxll<'rimen1aldisl)<'rsioncur.s•,"hieh.throughan 

inwrsion proc~-<lurc. provides an estimate of the clutic modulus profile of the p,ncmcm . 

To dc1cm1inc pavcmcm layer thickness and moduli b} SASW method. NaL.man ,'I 

al. (1988) performed a field study at the Pavcmen1 Test Faci!it} of rc~as ,\&M 

Uni,·ersity in Bryan. The SAS\\' test was l)<'rfomml at nine sites, and th,· primary 

objccthe of that smdy was 10 <'Valuate the em,cti,cncss of the S,\SW method in 

detenniningthicknessofvariousla)'crsofdiITcrcnt matcrialscomprisingthepa,·cmcnt 

S)'Stcms and to study moduli variations in similar materials al carcfull} conlrolk<l 

pawmcnt sites. The stu<lr concluded that the o,·crall. moduli an<l thicknesses <le1em1inc<l 

by1hc•SASW1cstssc,·mvcryrcasonablc.Thcs111<lyalsorcponcdtha11hecomparisonof 

modulus valus·s from the SASW and FWD tests at the same sit<:s sho" scn·ral general 

points. Also. moduli of the top pa,cm<:nl layer c.xhibit less scancr in SASW tests lhan in 

FWD tests b.::causc of the higher sensitivity of the SASW m,·thod to propcnies . One of 

the conclusions made in 1hat ,mdy was that th,, moduli obtained b} the two methods 

compaw "ell "hen 1hc pn:dominam pa,cm,•nt la)<.'rs arc· thick and stiff In such c:lSt's 

both1<:s1san: pcrfornK-<l in the linear range 

Shalabyetal.(200-l)l)<'rfomicdaslud} to compare b;,ck-calculai,-<l modulus and 

laboratory resilient modulus ofll1'1A 1111.xcs. Eight lest sites "ere construrtrd for the 

study byusingt"o!ypcsofll1'! ,\ mi.xcslhatarccnrnmonl~ u_-;,,d in1'fanitoba.Canada 

From1heF\\'Dficldanal>sisandindircctt<:nsiklabora1orytc stingof1heficldcorcs.thc 

follo"ltl!l conclusions "ere made: {l) labornlOI) Sliffrn:ss modulus ,aluc s were 

considerably Jo"cr than FWD b:icl-eakulated ,alucs . am.I (2) laborJIOr} results 

undercs1i111at<' th,· s1iffncss compared " ·ith FWD results. Their slud) a!so rcponcd that 



1/ 

!her;.• arc oo s1:mdanl11.l-d test procedures and no cons,rnsus on ,anous 1..-s1 par.urn:tcrs 

tksignand11.-s1mc1hods. 

2.6. t' atigucC nd ;ing 

Fatigoccnl<:kinginllMAmix1uresisaprim:lr)cauS<"offailurc.along"nhruning. 

thermal crack mg and moisture damag,!'. Fatigw:, crad,mg is 11,,,, ph<-nomcoon of frac1un: 

under repeated or nuclllaung stress hal'ing a maximum sm,ss value kss than the 1cns1lc 

s1n:ng1h of the mmcrial (Roberts ct al., 1996: ll calo". 1998). An undNst:mding of the 

fouguc behavior of a llf.\,\ mixture is r..--quircd to imr,mc its d.-sign and p.,rfonnano::c 

llowcn:r, accurate rn:diction and evaluation of fati(:lK' damage is a difficult task because 

11\\A mixture typicall) demonstrate inelastic bcha,ior and an: oompoSi:d of 1m:gularly 

shaped and nmdomly oricm~-d aggrega1e pan1cks (Kim ct al. 2006). This t)pc of failure 

gcncmll) occurs"hcn1hcpa,crnc111hasbccnsm:sscdtothclimi10fi 1sfo1iguclifcby 

repcti1iwa.~kloadapphca1ions. 

Fatigucrrsislllnce1 s closcl)re!a1ed1ocon1pa,:1eJa,rwiJs(~eg_.rinnandEpps.. 

1980: llubcrand llc1man. 1987: K:rntlh.al cl al. 1991). 11\IA with relali\cl) Jo" dmsit} 

(high air voids) h:1s lo" cohesion and tends to l()!;C aggr.:gatc mther casil). \\'here 

poc~ctsofsegregationoccurand fincaggrcga1c isabst."111. stress from 1ruffica11d "cath<....

tcnds 10 strip the hindi...-. lca, ·mg the aggregate panidC'll rclauvcl) fm: 10 b«-.:d a".i) 

Generali) spcal..ing. un increase incompa,:ted air ,01ds ,.,JI dfoc1"cl> reduce fauguc hfr 

as the compa,:tcd rmx is less rcs1s1am 10 the cumulau,c effects of r.:pcaced loadmg 

(llcalo". 1998). Finn and l·.pps (1980) quanuficd the ruhcrsc clTi.-c1s of inade<iu.11c 

compa,:tion on fo1iguc lifr and sJio,., 1ha1 a 1•,. 1ncreast' in air ,oids ma) reduce the 



fatigue life of IIMA by th,· ord,·r of )5 3/• . Epps and Monismith ( 1972) explain,..! the two 

prima') factors con1ribU1ing to ma.~imum fatigue resistance in H/\·1A: binder comcm and 

air void comem. IJindercomenl is limited on the high side by stabili1y rc'<tuircn1cnts 

during mix design, and the oplimum binder contem should approach this upper limit 

Adequate compaction during construction will lca,·t.• the JIMA layer al design dcnsit) 

with ,·oid comem approaching 4¾ from the high side. !n order to develop more c/Tecti,·c 

analy1ical design methods for pavements. incrcased knowledge of mmerial propenies as 

well as dcti,rioration mechanisms. sud as fatigue cracking as a performance 1cst. is ,·e') 

1mponant 

2.7. Pcrmc~hi lity of ll ,\I ,\ 

Permeabili1y of 1-IMA continues 10 generate considerable interest in 1he asphalt 

materials. design and constn1c1ion communi1y. 11 is general!~ agreed that excess moisturc 

in llMA pawrn<'nts is potentially detrimental to pavemen1 pcrfommncc h.."<:au;;i-of such 

phenomena as stripping in the l!MA mixture and softening or weakening in underlying 

unbound b)ers. Developing an ability to measure the no" of water through H:SIA la)cr 

is n01 nne" lopic(Crul.2 000). lnree.-nlyca rs. ho"e,cr . anumlx,r ofne" l<'stmethoJs 

for measuring the permeabilit y of ll:SlA have b<:en dcwl opcd (or rcfin<.'<i) for both 

]aborJtOry and field (in•place) applicmions (Colle) ct al.. 200 1: Pro"dl el al .. 2002: 

Brandon c1 al., 20().l: l!all. 20().l). Most laborato') -ba.><...t methods for estimating the 

permeability of IIMA feature either a constam•h<·ad or a foiling-head type test 

(Kani1pongc1al .. 2003; 1'foham1nadct al .. 200J) . 

Mc Williams ( 1986) obserscd 1h~1 the si~,e and shape o f the , oid structure of hot

mix asphalt mixtures depends on the aggregate gradalion. comp.~ction cfTon. and lhe 
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amount of the min.era! filkr or fine sand. The binder conK'tlt. shape, and 1cx1ure of the, 

llilll"-'ga1calso ha"can mflucnccon the ,oidcharac1cnsucsm a 11"-IA m1,um: Oth,.or 

re.searchers (Chouhanc cl al. 1998: lluang cl al, 1999: Cook) and Bro""· 2000: 

Maupin, 2000) wpon<-d that 1hc air \'Oid conlcnl. aggrcga1c nominal maximum s11.c and 

mixlure gradation arc 1he m3Jor foc1ors 1ha1 mfluenc<.' the pcm,cabih1y of 11~1,\ m1x1un:s 

Among lhcse. air ,·oid is the most critical factor in 1hc pcrmcabitit> of a IKM-m,x asphalt 

Kamipong el al. (2002) pcrfom,ed a stud) 10 cva tu.~lc the pcrmcabiht) of HM,\ 

mixes prepared b)' usin11 theaggrega1.-s from different sources. The stud) reponl-d 1hm 

1hcaggrt"gat1:sourceisshown1oha,,..asignificamcffcc1on1hcpermeabih1r.Aggrt"galc 

shape affects size of ,·oids. shape. and connccthit)' of , ·oids. and hence. direc ll) 

mflucnccs1hcpcrmcabili1y. 

2.K. l' crfo rnrnn cc of C h:u i11 Flc., iblt • l' a,cmrnb 

Numerous was1c materials result from manufocmring operations. sen ice industries, 

sewage tremmcnt planls. households. and mining . I cgislaLion has been t'fl.'letcd in r;:ccnl 

~cars 10 cithcr mandate thc use of some waste materials in road conslruclion or lo 

cxmninc the fcasihi!it) ' of such us:1gc (Kandhal. !9%). Th<• uscofwasti: materials ,n ho1 

mi.xasphahforpa,cmcmapplica1ionhasal"11}sll;:,,nanaurncti,·echoiccforthcasrhal1 

industry. A"aslcma1crialllla1canbccas1l)incorpora1edinhotmixasph.lhandchat"1IJ 

l'fO' idc a bcncr pcrfom11ng p:,.,cmcnt has been an important ~ubJccl amoni the pa,cmcm 

dcs1gn.crsandcnginccrsforalon1,:1imc 

!'he Tri•Stmc Mining D,stricl m I\Qrth,,asl Ollahoma. sou1hc3.11 ls.an .... s and 

south\\cstMlssouri" ~Jsthes1tcofsubstan1ial1.mcand!cadorccxtr.ic110ns1nccthclatc 
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l8 th cc111ury. Thisac1ivi1yinOklahoman:sul1cdma101alofapproxinmclyl65m1llion 

tons of chat (i.e .. chen fragments) of which about 75 million tons is curr('nll)' wxkp1lcd 

inlargequantilicson1hcsurfaccofthc•T:,.r(r.,ckSupcrfundSitc (Wahnccctal.. 2000 

Hughes. 2002: Wasiuddin cl al.. 2005: Tc·rcdcsai ct al.. 2005: Tcrc·,ksa1. 2005; Wasiuddin 

ctal..2006a:Wasiuddinctal..2006b).,\systcmmicstud}wasconduc1cdby\Vasiuddin 

ct al. (2005) 10 develop 1111.IA mi~ designs that would incorpora1C rem chat in 11~1,\ for 

basecourseandsurfaccco1111>Capplicationsinancnvironmcn1allysafcmanncr . ,\totalof 

six mix designs were pursued in that smd}' wi1h diffcrcm pcrccmagcs of rJ" chai. Three 

surface mi.~es wi1h 40%. 60% and 80% chat and thn..-c base mi.,es with 40-/4. 50"/4 and 

70-/0 raw chat in the mix were prepared and performance characicristics tcsts were 

pcrfonm.-d.lbcs1udyconcludcd1hatthc·useofnl\,chatinho1mixasphahshowcdgrem 

potcntialforOOthsurfocecourseandbasecourseapplicationsbymce1ing1heSup,,rpa,c 

mi.x design rcquircmellls. These designs also met the pcrfonnance test R-quirc•ments for a 

surface mix, as specified by Ol)()T in its s1andards and sp,.-.;ificmion. Wasiuddin cl al 

(2005) also ~ondudcd thal the use of r3" chm in hot mi.x asphalt i$ a promising cffon and 

as much as 80% and 50% rm, chat can be used in an S5 type Supcrpa>e surface mix and 

S3 type Supcrpavc base mi.x, rcsp,.-.;tiwly, as far as 1hc engineering propcmes ar<.' 

concerned. 
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ncrc~n cc 

ASTM 0 4123. 
(1982) 

Bro"11.1ndFoo 
(1989) 
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RESEAn CI I Al' l' ltO,\ CII 

J . I. Gcncr-~I 

lbischaptcrprcscntsthc research approach adopi.'d in 1hisstud} . The sources of 

materials. sample preparation . laboratory 1cs1 procedures and field test procedures arc 

outlined in the follo" 'ing s,,ctions. A test matri.x with number of specimens tcste<l in each 

laboratory 1cs1 is included in Table J.!. Table 3.2 shows 1he di!Tercnt non-destructive 

!icldtcstspcrfornicdatcachsite . 

J.2. Sour ccs of M:olcri~ls 

The main obj{'Ctivc of this stud} was to c.~aminc 1hc performance characteristics of 

sclc-<:kxl H~IA lhat arc 1ypicatly used in Oklahoma. lkhavior of chat-asphalt used in IIK" 

Tar Creek tes1 road project wasalsoc,.aluatlxl.1n the process ofachic,·ing thisobjl-cti,c 

four di!Tcrcnt asphah mixes were collcctlxl from 1hrcc different projec1 si1cs (rdcr to 

Figure 3.1): ( I ) Davis (IIW # 7. Da,·is. OK): (2) OKC (Eastern A,·c .. Oklahoma Cit)". 

OK): and (J) Tar Creek (Test Road Projl-c!. Miami. OK). Bulk HMA mixes "ere 

colk-ctcd from Jidd during pa,·c1ncm cons1ruction. as shown in Figure 3.2. Th,·sc bulk 

mixes were used to prepare specimens in the labornlOr)'. Fiddrnrc s ",·rc:d so rctri,·,lxl 

from each project silc for lalx,r:uory !.•sting !Jast· !l~[A mi.xcs were co!h:c!cd from all 

thrl-c project sites. In addition lo base mi.x. surfocc mi~ "as also coll{'Ctcd from 1hc T:u 

Crl..:k site. ,\loo. in tenns of materials. the Tar Creek projcc1 site contains Ch:u ma1~rial 

in th;.• HM,\ mix. A summary of mix propcrucs for the collcc1ed IOOS(.' llMA mi.xcs is 

sho"n in Table J.3. Addilional infonna1ion on the asphalt mixes is prc»cnkxl m the 

dcsignshect sa uachcdinApp<'ndi.xA 
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Laboratory tests included in this study arc rcsi!icnt modulus (J\·1~). AP,\ rut fati1:1,w 

andpcm,cability. Two typcsofsJJ<.-cimcns"crcpn:parcdinthclaboratol)·:(l)c)'lindrical 

specimens and (2) b<:am spc<:imcns. C}iindric:1! specimens were compacted usrng a 

Supcrp;il'c Gyrato~· Compac1or (SGC) and 1hcn tcst~-<l for Mk. indirttt 1cn,ilc (ID"l) 

s1rcngth. AP,\ rut. and pcm1cabili1y. The Asphalt Vibratory Compactor {AVC) was used 

to compact beam specimens for the fatigue test The field specimens consislcd of two 

S<..·w 5.,, \ consisted of specimens hal'ing a diamdcr of 100 mm (4 in); and Set 2 

consisted of specimens having a diamci.•r or 150 mm (6 in). Figur..· 3.3 sho"s a 

photogrJphic l'icw of coring a sp,:cimcn in th<' fidd. Specimens in Set I were tcs1':d for 

/\1R and IDT strength. "hilc specimens in Set 2 were onl} tcsk-<l for Al'A nu. The field 

corcsfromthcDavissitc"crcalsotcstcdforlabor:110rys.-ismicmodulus. 

J .3.l. Cyd ic huli r« I Tcn., ion Hcsiticnl o\ 1ndulu .i Tc." 

The resilient modulus is a measure of the• elastic modulus of a linear ,isco-dsatie 

makrialatagi,cnstrcs ssta tc(lluang.2004) . lti s mathematicall}dcfincdasthcappli,,d 

dc,iator ,tress (a.1) dhid~-<l b) the rccO\-crable (rcsilic,11) strain (c,) that occurs "hen the 

applied load is rcmowd from 1he test sp,..-cimcn (Equation l .1 ). Ac~-ordini; 10 llro" 'n ct al 

(1989). the AST,\1 I) -1123 1esting protocol sufT~rs from the lack of accuracr and 

prccision. l'hcrcforc.thec.xprcssion forc,alua1ini:d1amctralorindircc11cnsionMR.as 

dcri,·cd b) Tarcfder (2003). is used in this s1u<ly. The dcrivaiion below is rcproduc~-<l 

from Tarcfdcr(2003).withthcfinalc .xprt:ssionforr.·1Rcom--c1cd. 

lfa plastic disk or qlindcr i> loaded diamctricallI. as sho"n in Figure 3.5. from 1hc 

1h,-ol) of clasticit}. it is pos,iblc to d~1cnnmc the• elastic modulus of the material It can 
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be shown that this load g.ivcs ri!>!: 10 a unifonn tensile sm,ss along the llonzuntal 

diamctral plane of the cylinder (Timcshcnko and Goodier. 1970). The npression for lhc 

totalnor111alstresson1hcw11icalpla nc.o ,and thcto\al non11alstrcssonthchori1.on1:1l 

plane.r,1canbcc.xprcsscdasfollows: 

-3!._[1 -~i a ,. - md (d 2 +4x 2)2 

where 
f' - 1,ppliedl oad. 
:r • distanccfromlh<·originalongthcabscissa(hori1.0mal). 
y - distancefromtheoriginalongthcord inatc(\"Cl1ical), 
1 • thickness of the C}lindcr. and 
d • diamc1crof1hccylindcr 

(JI) 

(Jl) 

As,uming plane stress condition and elastic b.:ha,ior. the expression for the llori1on1al 

strain.i;canbcgi,cnas 

E • Young'smodulus. 
sm:ssalongz•dircction."hichis1,ero.and 

• Poisson's ratio 

(JJ) 

Uodcrsho11durationdynamic loadsona,iscous material suchashotnuxasphah. 

the viscous effects arc generally small and the app;ucm Young·s modulus (F) is 
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frequentlyreforrcdas1hcrcsilicmmodul1.1S(tl-lR)fTari:fdcr.2003).B)sUbs!ilut1ng11,ar>d 

n,. from Equation (J.3).lh s·followingcxprc ssioncanbcob!a ined 

fhetotal horizomaldcformation.,://risgivcn by: 

(dgl?l 

t:J.h = Ji::J,· 
\ - d.,- 2) 

where"~ is the gauge length of1hc horizontal I.VDT. 13ysubs1 iiuting c,and im,·~ating 

bcl\\CCnlhclimilsofgaugckngth.th;.•followingcxprcssioncanbcobiainL-dandus,.-<lto 

calcufatc1hcM"ofal!MAspccimcnintcnsion. 

!nlhis1cs1ingapproach.thcdiametral,enical load.anddcfonnationalong,cnical 

and lateral directions arc measured using two L VD Ts. Each L VDT has a stroke length of 

2.5-1 mm (0.1 in). The /\.'l~ ,aluc is determined from th<' <ls·, ialoric stress and n.~o,cr:ihlc 

horizontal dcforma1ion. An ass,uncd l'oisson"s ratio values of0.2. 0.35. and 0.5 "•·re 

u~d for test tcmp1:raturcs of5•C (4!•1'). 25•C (77. I') and 4Q•C (10-l"F). rc~pt,ctl\CI)'. as 

suggcsK"<l by Barksdale ct al. {1997) and th<' SHIU' Protocol P07 (Slllll'. 1992). The 

Poisson· s ratio of each specimen was C\'aluaK-<l from lhc test resulls as the muo of the 

111casur<-<llatcralandvenicaldcfommtions 
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J.3. I. I.S am 1,lc l'rc[lantlionforM MTcstin g 

Hoth labora1ory prepared cylindrical sp,:cimens and field cor.·s of JOO mm (-1 in) 

dia111e1cr and 75 mm (3 in) height were uS<...J in 1he testing program. In order to get 

labora1ory prepared test specimens. the following s1cps were followed. as dl-scribt.,d in !he 

ASTM D -1123 test method. First. the lh~'Orctieal maximum specific gra, ·it} (Gmml lest for 

each asphalt mixes was pcrfonncd on reference samples in accordance with the 

AASIITO T 209·04 ICSI method. Then the loose HMA mi.~ was hcat~-d in an oven for 

approximately two hours at a temperature of 149°C (300"F). The heated loose mix was 

then compac ted in a 150 mm (6•in) diam,·tcr cylindrical mold and a h<:ight of 

approxima tely IOOmm(-1 in)usingaSupcrpawgyrator} compactor. In order to Obtain 

sp,:cim<:ns of specific hcight (75 mm or 3in). as shown in Figure J.-1. both cndsof1h<: 

SGC compacted specimens were trimmed using a heavy dUl} aspha\1 sa" (Figure 3.6). 

Aller trimming. the n:,maining part was corc<l using a heavy dutr a,,phalt coring machine. 

Field cores ",;re extracted from the field b} using a 100 mm { -I in) coring rig. The 

final 1cs1 specimens of 75 mm (Jin) thickness were prepared in the labora1or:, b> 

trimming both ends of the sp<:cimcn using a hc~v~ dut) a.sphah s,rn . For both laborator:, 

prep.ired sp<..«:imcns and field cores. the bulk specific gravit) (G,..) "asc,aluatcd b} 

using the Core Lok s.:aling method. in accordance mth 01 !D IAS lest method 

J.J.l.2.MM T csll' r occd ur t 

11,c ),,•!R 1cs1 proc~..Jure consisK..J of appl} ing six slr<:;;S scqucnc<:s. as hslc..J m Table 

3.-1.Eachtcstsequcnccconsislcdofaha,_.r,,inc•Shapcdloadpulscha, ·ingadunmonof 

0.1 51."C and a rest period of0.9 51."C. Anc\cctrn-h}Jraulic lest S)S!Clll m.inufocturc..J b} 
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1'lateri:1I Testing Srs1cm (M'IS ) was us..-d lo load th<: Sp<"Cimcn The load-tkfom1anon 

response wasr«cordcd for 50th and the las1 5 cycles of each slr,,ss sequence b) using a 

compuler-controlled FlcxTcst SE Test Comroller (sec l'igurc 3.8). The He.,lcs! SI, 

digital servo-controller from MTS is made up ofa powerful array of reliable. flniblc and 

easy-lo-use controllers designed to address the full sp,,ctn,m of material and compon,,m 

testing need<; (t\ffS, 200S). Basic capabilities include stmion configura1ion l-diting, the 

crea1ion ofup to four parameters sc1s per configuration, auto-zeroing. control mode 

switching with hydraulics on. and adaptive comrol. The controller provid~-s a sclf

containcd. singlc-channcl control. and can bc linked1001hcrcomrotlers for multi-channel 

Tahle3. 4 sho"slh<·numbcrofloadingcyclcsuscdincachscquence.,\22.21..N(5 

kips) load cell was used for samples al 40'C (!04"1') and a 97.9 I..N (22 l..ips) load u!I 

was used for samples at 5'C (41'F) and 25"C (77°1') lcmpcratures. The wnical and 

hori;onlal dcfonnations were measur<·d by two L VJ Ds Im, ing a s1rol..c length of 2.54 

mm (0.l in). attached in the diamctricall~ pcrpcnd;cular dircc1ion of one facc of the 

sp,.-.;imcn. as shown in Figure 3.9. ,\ gauge lcng1h ofapproximatdy 80 mm (J 15 in) "as 

usc<l to 111011111 the LVDTson one foci:oflhe spccm1cn. MR tests \\Cn., conduct~-d within a 

tcrnpcrawre chamber, as shown in the l'igure ).lO. The sampks \\Crc ~cpt in the 

temperature chamber for a time pcriodofl8 to 2-i hour, for the sp.-.;imcn 1on,achand 

maintain the rcquiK-d tcs1 tcrnp.·mturc. A SCI of four s.1mplcs were prepared for test al 

each temperatures (5"C. 25°C. and -iO"C). On<· sample was tcsll-d for indircc1 ten,1lc 

slr<-ngth and other llm~ samples were lcSl<-<l for resilic111 modulus at each temperature 

Th<· applied stn,ss lc,cl was chosen according 10 1he t<·nsilc sm·nglh 01 1h<: sample of 
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each set. A load corresponding lo 0.lO stress ratio (appl il-d stress d1\ldt'd bi tensile 

strcnglh)was used For thccondi1ioningsequcncc. For the remaining fivc,cqucnc.-s. a 

starting load mthc firs1sequencecorrcspondingtoastressrat1oof0.20was used and a 

0.10 stwss ratio incwmem in each subsequent sequence was applied. In orJcr to ma1c 

full comact between specimen and loo.ding s1rip. lO"/o of the peak applied load was us..-d 

as the seating load in each loading cycle. The rcsilien1 modulus was calculated from th,:, 

a1·cragc r.'covcrablc dcfl~-ction and awragc load from the las1 fiw cycles of each 

sequence. A sample of the MTS test software and a tu1orial explaining ··]low to Run 

Indirect Tensile Kcsilient Modulu s Tesf" and ""How to Run lndim:t Tensile S1rcng1h 

Tcsf ".dcvclopcdby1hcauthor.arcauachcdinAppcndixll. 

.1 . .1.1..1. Acrnrac~ -of l>cflcclion Va lue in "1w Cakul:olion 

Ilic accumc} of dcfll-ction mcasurcm,·nt in M~ calculation dcpcnds on thi, 

rcsolutionofthcdataacquisition S)Stcm and LVDls. In the currcmstudi. using±2.5-' 

mm (± 0.l in) LVDTs and 16-bit data acqui$i1ion. the ,,:solution of the measured 

displacement was 0.2/2 1~ · · 3 x I 0~ in ["he cxpcc1cd displacement for J IMA ,pc--cimen is 

genemllr bct.,..ccn 25.4 x 10""' {10""' in) 10 25.4 x 10·3 (10"3 in). So. the dcvimion of 

displaccmem or ma~inmm relative em,r was in thc mngc of 3 x 10~/ I0""'and 3 x 10~/ I0"J 

(J"/o. 0.3•·0). Ba.cd on this calcukuion. the possible error associa1cd wi1h the M R 

calculacionconsidc•rcdnegligib!c 

J.J .2.Al'A lh,1Tt •st 

The Asphalt l'a, ·cmcm ,\nalFcr (APA) is a multi-functional Loaded Wheel Tcsicr 

that has been succcssfull> used forcvaluatingpcmianc•mdcfontllltlon(n.mmg). fatigue 
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cracking and rnoislun, sus.:cptibilil} of IIMA mi.xe~ (Kandhal and 1-!all,c~. 199<)). The 

APA has the capabili ty oftcs1ing both rcc1angular and q ·lindrical ~p;.-.:im,·ns. ,\ t)·p,cal 

APA rut test uses three beam specimens or six cylindrical sp;.-.:imcns. l:.ach bi:arn 

sp;.-.:imcn is 75 mm (3 in) tall. 125 mm (5 in) wide and JOO mm {!2 in) long (sec Figure 

3.12). Each C) lindrical sp..-.:imcn is 150 mm (6 in) in diameter and 75 mm (3 m) in 

11-"ight. Both SGC sampl<"S and field cores can be tested. ln !his shill> six SGC C) lindrical 

sp;.'eimcn~ from each mi.~ and six field cores from each site were us,,d for lahoratOr) rut 

testing. Laboratory cylindrical specimens were comp;ictcd from each loose l!MA mix 

type. The \\eigh1 of the loose mix was chosen lO obtain 7"/4 air ,·oids. in accordance with 

the 0110 L-43 test method. The compacted sp;.-.:imcns were h•pt o, ·cmight m room 

icmpcrnturc and then bulk specific gr:wity test~ "ere performed in accordance with the 

O!llJ L-45 ts·st method. Subsequently. the compacted sp;.-.:imrns \\WC plac~-d in the 

molds. as shown in Figure 3.11 and preconditioned at 64°C (147.2°F) fora minimum of6 

hours. inside the APA test chamber. This was done h> switching on ,\l'i\ chamber and 

selling the duration of pr\:condiuoning time. Following precondi1ioning. the desire<l 

,·crtical \\heel lood(,U5 Nor 100)1,s)wasapplicdand the hoscprcssurewassctat690 

ll'a ( IOOpsi) . Th1•,\I',\ wasallo\\c<l torun for8000 loading cycles maccordancc wi1h 

the OllD L-43 test method. The rut depth was measured as a function of load cycles b) 

the au10mmcd rut depth measuring SIStcm. Manual mcasurcm,·nlS w;:re talcn b} dignal 

measuring gauge a~ a check on th,· automatic S}Stem rut dc•plh mcasurcmcn1 rhc a,crJ~e 

rut dcp1hs of six sp;.-..·imcns (thr~-..· sets) \\Crc reported as the rut <lepth of the nll~turc. as 

recommended b} th<' 0! ID L-43 test method 
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J .J .J. r a1igueTe s1 

Fatigue failure g<'ncrally occurs "hen a pa.-cm<'m is stressed to the limit of1ts 

fatigue life by rq>clitiw a.xlc load applications. Fatigue cracking is ofkn associaK"d with 

loadsthmarc 1oohca"yfo r thcpa"cmcn1s1ruc turcormorcrcpctitionsofagivcnloadare 

imposed than prO\idc<l for in the design. Fa1iguc cmcking isgcn<·rall~ considered to be 

more of a structural problem than just a malcrial problem (Brown cl al. 2001). his 

usuallycauscdbyanumbcrofpa,·cmentfoctorslha t occursimultan1:ously . lnaddilion10 

rcpcatcd hca"y loads. poor sub-ya<lc <lminagc can contribute to high dcncctions in a 

pa"cmcnt."hichisalsooncofthcprincipa l causcsoffatiguccmcking. 

The Asphalt l'a,·cmcnt Analy-lcr(Al'A)iscapablcof1cs1 ing fatigue lifcofasphah 

spccimcns. l'atiguccrncki11grcsistanccofl!MAcanbcdctennincd by subjl-ctmgbcam 

spc-cimcns to a rcpcatcd \\hl-cl loads and conlact pressures. The automall-d data 

acquisition system in Al'A plots the ,·enica l dcfonnation of tht• beam from which the 

fatigue life is evaluated . In this study. a sctofthr,-e 125 mm x 300 mm x 75 mm (5 in.x 

12 in x J in)bcam specimens "ere prepared from,:ach tyl)<'ofllMA mix. The weight of 

loose mix was chosen was togc1 a targcled airvoidof7± 1% in thc.sc specimens. The 

compac1cd sp:ci1ncns \\ere kcpl O\'Cr nigh1 m room lcmp,.·ruturc and 1hcn bul~ spc-cific 

gra,ity test (Gm1,) was p,.•rformcd in accordance with the AASl !TO 1166 1cs1 method 

The APA "heels'""" calibmtcd b) using a prc-calibrat<xl load cell to a 1113 ± ~ 5 N 

(250± ! lb) loadand1h,·~yclecoumer"11sprc.sclto50. 0<Xlc)Ck s. l'hen thcsp,.--cimcns 

"ere plact"d in th<· testing molds. as sho"n in Figure 3.12. and sccur<·d in the Al'A 

s.1mpk tmy. The temperature of the APA was set lo the 1c~1 tcmp,,raturc (20T) nnd 1hc 

specimcns"~r,·allo"cdtocondi1ionatlhctcsltcmperalurcforonchourbcforcsianmg 
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the test. The APA was stanC'd and allowed 10 run for 1he pres..1 number of qclcs. The 

,\J>i\stopauiomaticall)atthccndofthctcstc)Clcor"hcnallthn.-;:bcamsha,cfa,ledm 

fatiJ!ue. After 1he APA stopped. the number of9clcs coinpletcd for i.'ach sp« 1111cn "as 

n...:ordcd from the tcs1 da1a shl..:t and reponed as the faugue life of the l t\l A nu~ 

J .JA. l' crmubilit) T~ I 

11 is gencrall) agn:i.-d that e~cess moistures in 11:,,1.., p.:i,emcms ,. P')tcnuall~ 

dctrimcnta l to p.:ivcmcm performance bi...:ausc of phenomena such as stripping 111 the 

l !Mt\ layers m>d soflcni ng or weakening in undt•rl)'ing unbound Jaicrs. 1',lo~l laborJIOC)· 

ba5Cd methods for cstimating pcnncability of IIMA foaturc either a constant head or a 

falling hcad typc test(c .g .. Kantipong.cl al.2003; Mohammad. cc al. 2003) In this 

snkl). a rdathc!) simple labomtor) me1hod in,oh111g a falling head dc,ice. sho"n m 

Hgurc 3.IJ and manufoc1urcd b) Karol-Warner. \\;IS used according to the O IID L-4-1 

test method. Two SJX-"Cimcns ha,ing 150 mm (6 in) diameter and 75 mm() in) height 

\\CTC pn,pan,d using the Super-pave Gyrator) Compac!Of for cach tJpc of 1 [\IA mi~ l'he 

"eight of looS<., mi~ was chos,.-n so as to obtain a target air ,o,J of 7 l 1•• The 

compacted samples "ere lcpl o,cmighl at room tcmpcmture and lh<·n bull spt...:ilic 

gra,il) (Gm1,) lest "as p.·rfomicd in accordance "ilh th•· 0111) 1.-45 test method Then 1he 

p.•nneabilit~ test "as pcrfommi. as dcscnht:d in 1ti.., OHD L-44 test method fhe 1m1C 

mlcn fortht- meniscusof"ater to drop in the gr.idu:llcd C}l111dc:1 from the 11111ml unung 

marl (65--cm) 10 lo"t"r u,mng marl (0-Cm) "as m,orded 10 ncar.-s1 0 I -...-c(IIIJ lhe 1.-,1 

" ·as pcrfonncd 1hn...: urn,·s for each spcc,mcn and lhc lo"cst Um<" "as n...:<.•rd,-<l lor 

samples h.:!.,·ing a test tmi.· approaching 30 mm durm11 the tirst run "Ith.out 1hc "ate, 

le,cl reaching the lo,.cr urning marl. the wall'r le,cl at 30 min wa, m:onkJ and then 1he 
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1c·st was performed one mon., 1imc. The cocflkien1 of p,:nn<·abilil) (k) was calculat<.'\l b) 

usingthcfollowingcquation(Ol!UL-44.2003) 

where 

k = ~,n(!!.i.)c 
At h , 

k • cocfficicntofp,:m1eabili1y.cm/s 
" - insidecross-scctionalar,•aofth,·burct.cm 1 

L • avcragcthickncssofthctcstsp,:cimcn,<'m 
A • average· cross-S<'Ctional :1.rca of1h,· test specimen. cm1 

1 clapscdtimcbc1weenh1andh1.scc 
h1 • initialhcadacrossthctcs!Sp,<'<;im,·11.cm 
h., .. tinalheadacrossthc1cstsp1:cimcn.cm 
C • !cmpcrmurc corr<...,tion for \'iscosity of watc·r 

For th,• pcm,cubility cakulmion. the mar~ and the time record "hkh n.,suhs in 1hc 

highest coefficient of pcm,cability was used and rq,o ned as the p,:m,cabilit) of that 

J .. l.SLaboratorySri smit i\lodulu s Tf/>C 

The bbormor) seismic modulus test was performed on field cores fro1n the Da, is 

si1c. The test consisted ofplaeing un accelerometer al one end of the sp,:cimen and 

1appingtheo1hcrcnd"ithahammcrha,1ngaloadccllanathcd1oi1,asshowninl1gurc 

3.14. 13olil the atcckromctcr and hamnicr an., connected 10 a dam acquisition system that 

is connected to a portable compu1cr. ,\ soft" ·are dc,dopcd b) Khanna (2006) was used m 

acquin., and process the 1ime rs><:ords from the accelerometer and the lo.id cell The 

rc·sponscmcasurcdwi1h theaccclcromctcrcon1ainsanoscilla1ionlha1com,spond sto thc 

standing "3\C cncr1,u lrnpp,<..l '"Ihm the specimen (Na~.arian Cl al, 2003, fer..--desai. 

2005). 
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The ft\:qucncy of oseillaiion was de1cm1in~-d by tmnsfonrnng the two s,i;.nals 

(acceleration and load) imo frC{luCr\C} domain using the Fast 1-ouri,,r I ransfonn (H -1) 

technique and 1hcn nommli1.ing the accckmtion amplitude "ith 1hc load amplitude Till

variation ofnonnalizcd amplitwk as a function offrequcnc}. "hich is calll-d tr:111~fer 

function, contains peaks that correspond 10 thc· oseilla1ion of the smnding wa,·cs. A 

typical plot of the transfer function is sho"'n in Figure· 3.15. l'hc tmnsfcr function in 

Figurc3.15 sho"stwodis1inc1pcaks. Thcfirstpcakcorrc·spondstoshcarrcsonance(/,). 

"hilc the second peak corresponds lo longitudinal resonarn:cifi,). Knowing th.:rcsonan\ 

frequency(/,,, H1.), massdcnsity(y /g. {lb/inl),(in/sl)).and the length of the Spl'Cimen{/, 

inches). the labormory seismic modulus (Es. psi) could be dctcrmin~-d using the following 

C{IUation(Nazarianctal.,2003): 

E,"' r (2f ~l.)' 
R 

(J}/) 

,\ non-destmctiw field 1cs1. called l'allinH Weight Deflcc10metcr (l'WD) 1cs1. "as 

pcrfom1ed al all three p;ncml·nl Siles. In addition to FWD tcsl, Ground l'enctrating lbdar 

(Gl'R)teslondSp1.'Ctral,\nalysisofSurfoccWa,c(S ,\SW)tcs1"crcp1.·rformcdm1hc 

Tar Creek site. 

JA.I. Fallin g Wt•iJ!hl lldk ctomch'rT rs1 

Falling \\'eight Octlect omelcr (I WD) is or>e of lhc mos1 popular l'<[Ulpmcm for 

pa,cment deflection measurement and t, ·aluation of existing p;,,cmcm structures 

(Abdallah ct al., 2001) . The impulse load is i;cncrntcd by a folhng mass from one or more 

prcdctcnnincd hei~hls that l}picall) last for 15 lo 30 ms. lh,· rcsullmg load pulse I~ 



trnnsrnitlcd 10 thc pavement as a half sine wa,c (Bandara and Briggs, 200-I) The I II D 

!!:SI was conducted in accordance with 1hc AST/\1 [) .J69-I 1cs1 s1andard. l"l>e pea~ 

dcnoxtions and load magnihKk an: captured. reported and au1oma1!call} stored m the 

sys1cm. 

Figure 3.16 sho"s the FWD de,icc us.:d a111li: Tar Creek site. The 1e;;1 consisted of 

applying1"odiffcrcm 1oads:onc4 -l.5 kN(I0kip)andtheother80kN(18 kip).fa!ling 

from !wo different hdghts of 100 mm (-1 in) and 396 nun (15.6 in). n:specliVd} . Each 

load is impound~._J five 1imes a1 each location. Figure 3.17 shows 1hc F\\'D de, ice used m 

the Da'"is and the OKC sites. This equipment used 1!m:ediffm:n1 loads (-10 kN (9 kip). 53 

kN (12 kip). and 80 kN (18 kip)) falling four times per load at each location from a 

eonstanthcight. The resul!ing load pulse istransmincd 10 1hc p.wementasahalfsmc 

waw. A time-history plot of a typical FWD load pulse is shown m Figure 3.1 k. Ilic fl"ak 

dctkctions and load magnitude wen: captured. rcpon,._t and au!oma1icall} stor~._t by the 

s~·stcm. Deflections "ere mcasun.._t wi1h sewn ,·elocil! lransduc,•rs (sensors) th.11 arc 

mo11111cd on a bar. :,s shown in Figure J.19. Tht} are :mtonmticall) lowcn:d lo the 

pawmcm surface during 1es11ng. On,· 1rnnsduct·r is locutcd in lhc cemcr of 1hc [oadrng 

pfo1cando1hersarcspaccdat0.0. 2.0.J . 0.5.06.0.9a nd l.5m(0.8.12.18.2-l.36and 

60 in.) from the unter. as recommended b) the l·cdcral llighwa~ ,\dminisuation The 

rcsultingdcfketionsforma "basm""hos.:dcpthand shap,, "crcus,.._t tocalcula1c1hc 

mawrial pmp,:rtics (moduli {E,. 11)) of the consmu,·m pa,cmcm l:t)CTS (Bandar.i and 

Briggs. 200-1), The results of the·! \\U 1cs1s "cw processed u,mg a compute prov.im. 

Mlllf11/us 50. d<.·,elopt.._t b) Liu cl al. (2000). Th;: results of tht· I· \\'I) 1cs1s arc discuss..._t 

inChaptcr.J 
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J A.2. Ground Pcnrtntini: lhdar (G l' I<) 

A Ground l'cm:lrating Radar (Gl'R) technique was used lo determine 1hc 

1hicknesscs of the pawmcm Slmciurc. spccific:tll). the AC b)cr and 1hc stab,hh-<l base 

course. Gl'R is a pulse.echo method for measuring pa\"Cmcnt laicr thic~ncs,,cs (USDO"I 

2005:t). llworkslikeanuhrasounddcvice.bu1usesradiowa\"CSralhc r thansound"a'"c s 

10 penetrate the pa,·emcnl (USDOT. 2005a). Antennas mounted on a moving tn.ick arc 

US<.-<l 10 1ransmit short pulses of radio wave cncrg) into the p.1wmen1. as shown in Figure 

3.20. As this cncrgy lrnn:h down through the p.wernenl stmi:tur,-_ ccho..•s ar,· crc.'.u,-<l at 

boundariesofdissimilarmalcrials(such as the asph:,)1-basc interface) . The arrival time 

and str,·ngth of thc!it ,~hoes can be used to calculaic p.w..-mcn1 l:l)cr thil'kncss 

(Tcrc..Jcsai. 2005: Na:r.arian ct al.. 2006). Figure 3.21 shows a typical lransmiHed radio 

wave and a rcflcct,-d wave. 11 is important lo 1101c 1hat GPR is one of the most rapid 

techniques for data collcc1ion. among all the gCQphrsic:il methods. 111 terms of bmh ,.a,c 

prop.1ga1ion and sampling rates (scans1~ond) {USl)OT. 2005b). A Gl' R anal)"sis can bc 

performed al walking or slo" driving sp<.-...-ds for QA asscssmcms and condi1ion 

asscssm,·nls of a pavcmelll s1n,cturc (TcR-d,·sai. 2005). Resu]\5 of the Gl'R tes1s 

pt.·rformcd at the Tar Cree~ si1carcdi,cu sscd in<.:h:1p1cr4 

J A.J S11f1·1r:,I Ana l~ ~i) of Surfo, •r W~, r., (SASW) 

Sfl"'<:!rJI Analysis of Surface Wa,·cs (SASW) is a non--Ocstructi1·c licld 1es110 

c,alua1cth<·modulusofdi1Tcr<."nlla}Crsmapa,cm,•n1. llcanalsobcusc<ltodetcm1,nc 

1hc prolik of" pmcm1·m sirucmrc. This m~1hod of seismic 1esung J,·H•lofl"'d for 

dctcnninm~ small strain Young·s modulus profiles at a P"'cmcm site :md small s1mlll 

shear modulus profile a1 a soil s,tc (Na7.arian. cl al. 1988: Tcrcdc).li. 2005). The method 



is lxtscd on the dispcr,;i,c charactcristic of Ra)lcigh wa,cs "hen 1ra,·cling through a 

la}eR-d mc-dium (G,-o, ision. 2004). The SASW test is pcrfonnl·d on the surface. allo"ing 

for lcss costl) mca~urcmcnts than "i1h tradi1ional bor.:hok ms·thod, (Bomdara and 

Briggs.2004) 

SAS\\' 1ests were pcrformcd al 1hrce sck-cK-d locations on the Tar Cn,ck si1c. The 

tcs1 consisted of miking the surface of a pa\'emcm with a hammer and recording th,· 

resuhantslrcss wave-lime hislorics using l"on:ce i\'ers(gcophones)al known offsets or 

known dis1anccs. Figure 3.21 shows a photographic ,,icw of a SASW test in progress. It 

is imponant 10 note thac diffi:rem si1:es of hammers we«· u,;;,d for diffrrem source• 

rc-cciver geometrics so 1hat difTcrcm wavelengths an: achic, ed. Also. Sfl'ICing b!.·t"c"<:n th,• 

receivers was varied to sample different pawrncnt la)C"I. The wa,c arrival histories at 

different spacing were analy1.ed to determine 1hc pavement la)c"r thi,·kncsws and moduli 

(Na1_arian ct al.. l988). Oncethcshear"a,·e,cloci1yprofilesaredctem 1in,·d. shear and 

Young"s modulus (modulus of elastici1y) of the materials (Et, s~) an, cakubwd through 

1he use of mathematical t·qu:uions. The equations are inccorporn1cd in the WinSASW. a 

computer program dc,dopcd at the Uniwrsur of Texas at Austin (Joh. 1996). This 

software was uS\.-d in this slud} to evalua1e the nfon::mcmion,-d prup,,riies. 1-igurc J.D 

shows the positions of soum,s (hammer) and recei,er.; (acedcromd,·r and ~~-ophoncs) 

used 10 ix:rfonn 1hc SAS\\' test. The resulls of1hc SASW tests arc discussed in Chapter.I 



Table 3. 1: Te st J\lal ri ., for l.ub onTO~ · Tc st, Cc111d11c1ctl 

l'r oj....-1 Mi~ Tn..-/ --~ '='"="''='"="'=Sl"=''=i"'=""=s ~="'=•·a=""='"='""=·=Tc=" __ 
Site ,\I' ,\ Fa1i~u,• l' r rn..-,.bilil ) SC; m"c 

TarCN't "k Surface ~1ix 

!lse Mi~ 

Table 3.2: Tn t J\lalrh for Non•l>c , truct ivc Field Tc,IS 

l' rojcrl 

FWD FallmgWoi!!J,cDcnec,omc t<r 
SAS\\' Sp,,ciralAnalysosofSurfaccWa,·o, 
GPR Groundl'rnotra t ing Radar 



Tabl e J,J: Summa~ · ofi\liI l' ro11n1ics for thf Co llt•c1~,1 Loos, • IIM,\ Mi.>e• 

J'roj ecr 

Si1c 

forCrcck SurfaccMix(S5) 

13aseMix {S3) 

Da,is Base/'-.1ix{S2) 

OKC !las., Mi.~ (S2) 

A)!~n ga1c 

Type 

LimcS 1oncwi1h 

80%rawchal 

Lime Stone with 

50"/orawchm 

Lime Stone 

l.imcS1onc 

l'G64- 220 K 

PG64-220K 

PG64-220K 

PG64-220K 

Tahlt· J A : Number of l .. oalling Cy dc lJ~cd in Eac h Stre ss Scqm·ncc 

Sequence 
II ) 

S2 
SJ 
S4 

ss 

43 

200 
100 

100 
100 
100 

100 

AC 

6.9 



·- -::;:-__ --=-:---:_-__ =-:_ __ ~~ ,._f" 
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Notn: I. [),,.;, (IIW #7 , Davi~. OK): 2. OKC (Eastern Ave .• Oklahoma City. OK): and 3. TorCrtt~ 
ITCSlkoad?roJ«1,Miomi,OK) 

HgureJ.1: Loc111ionorl'roj cc-1Si1cs 

Figure J.2: Colh:dio n or Loose 111\IA Mii from th Ta r Creek Site 



figu~J.J:FitldA sphalt Co ringM ac hinr 

Figurr 3.4: C)-·dic Indir ect Tco sioo llC!lilicnl Modutu , Tes! Specimen 



' 

IIMAC.) lindri ra l 
Tes t Specimen 

Figu~ J,S; A l)ia mctri ca lly Loaded Cy lindri ca l Specimen 



Di~ital Data 
Acqui silion 
S~·s1cm 

•·igur-cJ.7: ll uvy Dur, · L.11hon11111· Coring Machine 

Cl'lJ 

Fii:urt J. 11: Co mputer Co nl ro llctl MTS Digital D 11111 Acquhition Sys tem 



figu.-., 3.9: LVDTs A1111chcd to lhe Cycl ic lndir «-1 Tension Resilient i\todulu.<Tttl 
Specimen 

Tcm 1wniturc 
Chamber 

Test 
Specimen 

Figure 3.10: Tcmpenilurt • Cha mher and Loa din~ Sel up Connec1ctl wifh the i\tTS 
Frame 



s~ mpt .. Tn. y 

fis:11FT J.1 1: A .. A R11t Sa m pit Mold •nd Molds S«11rfd in th t SMmpl t Tra y 

fis:urt J. 12: APA f a lig11tSa mplt Mold~ Stcurt<l in th t Sampll'Tn) 

., 



Initial Tim in):__,_ ___ _ .., 

,\hrk 

Fii:ur tJ . 13: Karol-W• rncr 's F• llin ~ l lud l'crm n mclrr 

,0 



Figur tJ . 14: Laboratory SeismicTe:slSct up 

Longi1Udin11l 
Re:sun11nt 

•-•- 1:rr ucnc(f . ) :r=9 
,:~ 

Re:sun~nt 
,: Frc(lucnc y if,) 

l· 
-. ""' "':'--"i"' """ ... 

·=□ .:o· ··-,= 1: 
1: l. - ' 

•• ' • • • • •• ' > 3 • • 

''"t<n , ,o" ''"M , ,.-

Figure 3. 15: A Typiul Plol ofl htT nns fcr function (N.z11rian ti 111.. 2003) 



Figur t 3. 16: FWI) Device lJsell in the Tar C reek Sile 

FiJ!urc 3. 17: FWD llc, ·ict Uni.I in the Onis Mnll •:•stu n ,\\' ~. l'rojcd Site 
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•·iitur e J. 18: Typica l Force Output from • ••wo Test (B• ndan and Briw. 2004) 

l 
, ..... ® ,~·"• .... c~~· .... I 

• Veloaty Tranoducer ( S.n..,,. ) 

•·ii:,u re J, 19: T)·pie• l FWD Lon i ion of Lu. din 1: l'lall' Mnd Dche c1ion S..nwn 
{8and a1111nd Briggs , 2004) 

ll 



fig ure J.20: The GP R Equ ipmcn• USw ai TMr Creek Site 

... 
Tra,.m;nO<J~ ~ 
\ \ '~•·es .........,.__ 

' --
ri gon, J .21: Printipl t of G PR (aflu USDOT , 2005b) 
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~ 
Accclerome1en 

Figure 3.22: A Photogra phic Virw or a SASW Tt'St 

12' 

1·-· I . L.._.\:,t_ 

■ ·--~-

I'_, I "·----~ Gl.c-2 ~5 

SG!SG2Sou<ceot,~5 

t"ie un, .l .23: Plan Vit ,. · of th t-SAS WT est Sctup 
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IU:SU LTS Ai'll l>ISC LS3 10 ,'1 

lk l:lboralOT) and fidd k'SI n:suhs arc pn:scnu.-d and disrn'i5<.-d Ill lklaol, m lh" 

d1.1ptcr It rn11sis1s of two sections. The first s..-.:tion prescms 11>., 1cs1 re,uhs for the 

laborJIOT) prepared speci mens and field cores. Thcsccond ,;.cc1ionprcscms1hc field lest 

r,·sulls n:uncl}. Falling Weight l)ctlcc1om,:1cr(FW[))andSpcctral ,\nal )sisofSurfoc,• 

\\a,,·s(S ,\SW) . 

-I.?. l. •OOn1loT) lc~i, 

lh.- laborat()r) results for qclic ind,n:1:1 u:11sion n:siliem modulus 1,-s1. APA rui 

ICSI. fa11guc IC51 alld pcrmcabilil) ICSI aloni; \\llh the laboralOT) SCISlll!C modulus lest an: 

pn:scntcda11ddiscusscdin1hcfollo"ingst:c11ons . 

-1.?. I. C) dic lmlin ~t T,·o sion 1t. ,silk111 Mu,lulu, Test 

Thcc)clicindirectl<"nsionresilicn1rnodulus(l\1•)tcstwasp,:rfom1cdinthiss1uJ} 

lO c,alua !c 1hc ,·ariatioo ofmodulusofl l\1\ rn,ws "ilh stn:ss ra1io. tClllll(:r.llUre and 

s1ics A! rncn1ion;:d in Chap1cr 3. sp,:cimcns "ere t,·s1<.-d for lhn~ dilTcn-nL 1..-Sl 

1,·rnpcrJ1urcs. riamcl}. 5•c. 15•(· and 4o•c (i c .• -11•f. n •F alld 1~•n. as r<.-.:ommcndcd 

f'n:"ou sstu,hes( l loss:11nctaLl992;/.houc 1ul.l99l ; 'ihalJb}c1al.199 7;larcJ dcr. 

~l. hn·fdc-r and Zaman. W03) "en: ur>dcrtalc11 to c1a!U.1tc the ,ana11(11111frcs1hcm 

modulus of 11\IA rn,xes "ilh test 1cmp<:ra1urc. a,r ,o,ds. bmJ..,r content and l>1ndcr 1,1rJdc. 
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among othl-rs. The resih,,m modulus ,alucs "er..- gcn,-rall) ..-,aluaM.I at onl} on.., sp,.-.;1fic 

stress kid . Tarcfdcr (:?003) and T:m:fd..-r and Laman (200J) r..-pon,-d the res,h..-m 

modulus III a sp,.-cific me ss lc.-cl belw<!<!n 10"'• and -10"·• of the ind,n.-ct tensile strcn1,;1h 

{ll"S). lnasimilarsmdy.lloss.1inctal.(1992)uscdunav,..rag,·loadof-i-l SN(l00 1b)to 

cakulalc th<" resilient modulus of IIMA pav,..menl COrt-$. In 11- studies. no ancmpt, 

""re mack 10 e:<ammc the: 1·ariation of MR with stress kwl 

A study b) Barksdale ct al. ( 1997) no1,-d that the modulus of HM,\ m,xes. a1 a 

tcmp.,rntun.•hii,;hcrthan 25°C.ishii;hlyinnuc nc,-d by1hcs1rcsss1mc. ln1lw s111d)'. it 

".u also reponed that SI IIU' 1'07 recommend,'(] tlu, naluation ofr<·sili,·nt moduhu al 

d1ff..-rc111 stress k,els. namcl). 5"'•· 15•• and JO"o of the 1ridm:c1 t,"Tl!lilc s1rcni,;1h. The 

and 104•]·).Anothcr stud) b) Brownaridl·oo(l989) stutcdthat1hcs1re ssa ppli..-dtothc 

sp,.-..:imcnhassignificamcOs'ctonthc/ 1,1R val111.•. lnthat s1ud).thc rc·silicm modulus tests 

,,,.,c condoct.>d in accor<lancc wnh the ASl"l-1J)-1 1~31..-s1 method . Sp,.-.:,mcns ",..,,., 

strength 

lnth<C prcsi:nt stlld).!h.., ,·mialion sofrc,ilic lll moduli urldcrv;1r1ouss trcss lc,cls 

"m." •·~amin<-d. The resilient modulus ,aluc s for di1Tc·re11l s1n.'SS r:tlios (applied 

s1rcss,1rid1n.-..:1 1..-nsil..-s1r..-ngthl. ai diffcrcm t,•mpcraturcs. for all the m1M:s an: 

summanz,,.-d 1n hblcs -I I lhTO\tgh 4. 7. 11 1s ,.., tdcnt that th.I., n:silicnl modulus. ,n g<"roeral. 

d,-cn:a5CS with the increase 111 s1rcss ratio. !'or ..-~a111pk. th~ MR rnlue or for Creek bJs..-

sp,.-c1111cn (IC-li-\lM•6) 111 25 C (7T'F) cxhibn~-d u d,-crcasc from appro~inMtd) JH61 

~-1f'a(560ksi)10 J06S \1l'a (H5 ~si)asthc stn:SS r"Jl10 1ncr<:aS<.-d from 0.21 to0.15. Thi., 

S1 



variationofMRvalucswi1hthi:s!rcssratioforthcDJvisbaS<'n11xsp,.."C1mcnstcstc<lat 

5°C, 2S°C an<l 40 °C (i.e .. 41°C. 77°F an<l 10~0 1') arc graphical Ii illustratc<l m hgures 4.1 

1hrough4.3.Asdcpic1c<linthcs.,figurcs.thc/\1R"alucs<lccr,·asc<l"ithth,·strcssrnuo . 

For ,·xampk. The MR rnlucs <lccrcasc<l approximatd; 17% as the stress ra1io mcrcasc<l 

from 0.30 10 0.50 for sp,.."Cim;:ns tested al 5°C (41°F). Th" rcsilicm mo<lulus 1.'Xhibited a 

similar b;:ha,·ior with str,:ss ratio :11 t"mpcr;uures 25°C (77 °FJ and 40°C (104 °F). ,\lso. 

the OKC bas,: mix exhibited 1hc same behavior "ith 1hc stress rn1io, as can be S<,.._.n from 

Table 4.6. A similar 1rc11d has been rcponcd in the litl.'raturc. For c.xampk Bro"11 and 

Foo(l989)rcporll'<llhatthcrcsilicntmo<luluscxhibi1cda<l;:crcasc"ithth" increase in 

the stress ratio. Almudaihccm and AI-Sugair (!991) r.:poncd a <lc"Crcasc in rc,ilicnl 

mo<lulus "ith incr.:asing s1rcss rJ1io from approxirnatd)' 10% to J()<'/i,_ Also. Boudn:au ct 

al. (1992) reported that th,· resilient mo<lulus <lcpcnds on th<· pcrrcnL1gcs ofindir,•ct 

tmsilcstrcssapplicd 

l1haslx...,nrccognizcd1ha1thcs1a1cofs1rcssanddcfonnation s a1anrl0<:a1ion 

"ithinapa\'CITlCn!slmcturc.ductolraffic loading.is a funct1onofmo<luli{Witc1.ak. 

2000). Also, th,·mo<lulus, in tum, isa functionofthcslatcofthcstrcss . t\saresuh,a 

pn:dictiw mo<lcl corrdating Ma "ith state of stress is ... ,pcctcd 10 be beneficial to 

pa,cmcnt ,!cs1gn. l'hes.: mo<lds ma) also be uwful in the linilc clcmcn1 analrsis of 

!XI' cmcnt s. T!ws. il \\J S decided to c,alu~1c the performance of three potential mo<lcls in 

predicting M~ of HMA mi.~cs wi1h the s1rcss ratio. K. The following 1hrcc mo<lcl~ \\\.'re 

tincar1'1o<lcl : 

Scmi•Log/l·lo<ld 

1.og.J.og ;\1o<ld 

A + BR 

AliR or /og(.\111) log(A) • Rlog (IJ) 

A R6 or log(.\//!) lo)!(A) !J loi:( R) 

( 4/) 

(Jl/ 

(JJ ) 



"here. "A" ond "/J" ore model par:nnetcrs th:u \\ere e, aluated from test data. l:ach mo,.kl 

was then us.."<l 10 predict the r,·silient modulu,; \"alues of the 53 test SJX-cimens. his 

imponant to nuts· Iha!. ulhcr studies haw used some of those modds. 1-,,r example. 

Brown and Foo (1989) used:,. similar linear model to correlate r.:,ihrnt modulu, wnh 

Slr\'SS ratio. Results showed that MR \':tines ds.-creascd approximatd) 12°··• a, the stress 

ra1io incrcas.."<l from 10% 10 15%. for :;amplcs tested at 25"C (77°1'). !n !luang (2004). 

the dynamic modulus in of l!/1.·1,\ mixes l•nder !lexurJI stress was predicted using o 

similar semi-log model. It "as rcponed. in that s111d;. that the dynamic sti1Tncss modulus 

dccn:i!SCS "ith an in.r.-ase in dynamic load magnitude. due to rebti,·cly large strJill in t!w 

nexuraltest 

Tabks 4.8 through 4.16 show the model parameters and the R-squarcd ,alucs for all 

the mixes. using the aforcms.-ntioncd models. The R•sql1ared vah1e. also known as 

coefficient of determination. was used 10 compare the rclati"c performance of each model 

in pr;,dicting the resilient modulus of I IMA with stress ratio. A frt.xtncnc) plot for the 

t0<'11icicm of detennir1a1ion (R-sql~~rcd) for each regression modd was generated. as 

shown in Figures ~ . .J 1hrough 4.6. From Figures 4.4 and ~.5. one rnn st-c th.ii 47 out of 

53 R-squarcd ,alucs for the linear and semi-log models rnris"<l OCt"ccn 0.7 and 1.0 

Comparati'"ely. 1hc log-log model r,,,cak"<l a 1otal of41 out of 53 R-squared "alucs 

,ar) 'ing lx:i-,cen 0.7 and 1.0. The R•squarcd ,·alue \\:IS the onl) indicmot us.:d here to 

c,alua1c1hcpi:rfunnancc·of1hesemodcls. ln,ic" of1hcscres11l1s.1hclincarands,:mi

log models were cunsideml OCucr in prcd1c1ing 1hc MK , alu,,s than the log-log moc.kl 

Ahhough bo1h models rcwal ed high R-squarcd \'alucs. only the scmi•log model "as used 

subs..xtucml~ 10 determine the resilient modulus al sp,,citic stress rJtlOS. nlmcl}. 0.20. 
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0.35 and 0.50. These stress k\"clS were us,,d sinrc thC) fall ";th in the• rm,gc sp1:cifK-J I:>} 

the ASTM D 4123. The n:silicm modulus m those specific stress ratios "ere used to 

c,·alua1<,ths·perfomrn.nccof 1hcfoursclcctcdmixesi n 1hcsuh,cquc•nts..'Ctions 

4.2.1.2. Mw Values at Selecte d S1rc." lb 1io., 

l"he1'·1R,alucsfor1hclabora1orymixs·satthc·aforc·rncntioncdstrcssr.1tios.i.c .. 

0.20. 0.35 and 0.50, arc" summarized in Tabk 4.17 and graphitall} illusmned in Figures 

4.7through4.12. Jneornpar ing1hcscrcsuhs. laboratoryDavisspecirnensrcsuhed in1hc 

highest a,·erage resilient modulus values, followed by the OKC specimens. the Tar Creek 

ba,;c mix specimens. and lhs·n the Tar Creek surfac1: mi~ specimens. in grneral. For 

example. the a,cragc ,\1R value of the Davis specimens (laboratory compacted) at a 

1cmpcralllrc of 2S°C (77°1') and a s1rcss ra1io of 0.20 is appro~ima1ely 26~<>. 39% and 

74% highN than the corresponding \'Jlucs of the OKC base. the Tar Creek b:lsc and the 

hr Crc-.:k surface spctimcns, rcsp1...:1i,cl). as shown in l' igurc 4.8. The corrc~ponding 

a,·cragcMR\"alucsan:9.8 1l ,\1Pa(l42J ksi)for1hcDa\lsbasc. 7.288 Ml'a(l0571.si) 

for the OKC base, S.992 Ml'a (869 ksi) for the Tar Cn:d base and 2.565 ,\11'a (372 hi) 

forth,·TarC rccl...surfaccspcci1ncns. From Figurc47through Figurc412,itisclcarthal 

1hc Davis mix "ould pcrfonn better compared to all the other mixes. Whik !he OKC 

base. the ·1arncd. bas.· arc c.xp,.-ctcd. ba~ed on this rcsilicm modulus ,"~lucs, 10 ha,·c the 

similar performance. The· Tar Creek surface mi.~ appears to ha,e 1be IO\\eSt P,.'rfonnancc 

compared 10 the 01hcr mixes. The difference in ,\1R ,alues is belie,cd 10 h..•du..' lo the 

difference in the specific mix prop,.·rtles, nan1cly. bmder content. bmdcr grade. air 101ds, 

!l()minal maximum aggrcga1c· si1c (NMAS) and perccruagc of iinc•s. among others. A 

summ:t') of the rni.x propeni,·s is pn:S<"ntcd in Table 4.18. ,\11cmptS ha,c been made to 
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c,·aluatcthcd'frctofcachindividualprul"'nyonthcbch:"iorofrcs1hcntmodulus, ·alucs 

of these mixes, as di5Cusscd in lh<· following sections. Also. a r"gression modd dcp1ctin~ 

1hecombincdeffc.:tofthcscpmpcrticswasdcvclo1"'d. 

4.2.t.3. Effrct ofllindnCo nlent on Resilient ,\ lodulu s 

Figure 4.13 sho"s the ,·arimion ofn·sihenl modulus "ith the bindt·r contrnts for 

laboratory compacted specimens. II is evidem that the highest rcsills·nt modulus 

coITTsponds lo specimens with a binder comem of 4.5%. Spccimt·ns with a high<•r binder 

contents e.xhibitcd lower MR values. as shown in Fi gun· -t 13. As also d"picicd in this 

figure. the resilient modulus of SJX>cimcns with a bind.,, comcnt of 4.3% haw a lo"er 

rcsilicnl modulus values than th" corresponding ,·alues at a binder conwm of 4.5%. A 

similarqualitmivcm:ndwasalsoob tainedfo r ficldcorcs.asshownin Figurc4.l4. For 

example. an increase in MR \"a)ue for the Oa,iscorcs( bindcrcontent4.3%)thanthe 

OKC cores ( binder content 4.5%) and a dc.:rcase in MR '"alue for the Tar Creek cores 

(bindc•r comem 5.6%) than the· Da, is cor,·s (birukr content 4.S0,;,) :,re wen 

Theincrcaseinresilicmmodulusasthebinderco111cn1incrcascdfrorn -l.)%to4.5~. 

couldbca11ributcd tothcfact 1hmaslightincrcascinbindcrcomcntincreascsthebmdcr 

film thickness between aggregate· paniclcs, thcr-•by, an increased proportion ofasphah 

acts to n:sist the applied stress and thus mcrca,,i, the re;;ihent mOOulus. ,\ smular 

explanation was giv.·n b} !ard,kr (2003). A dc>cn,as,_• in resilient modulus as !he hinder 

content incrc·ascd bcyond4 .5°1o"ouldhcatmbutc-d tolhe fact 1hat additional asphalt 

(more 1han the oplimum binder content) "ould increase the bin(!cr film tluckncss 

between JX)rticlcs "xccssiwl> und decrease the intern;,! fricuon of the aggrc~ate, 1hus 

making 1hc ll'-IA specimen to undergo a !ar~e strau1 "ith applied !o.l<l. 11-fatcrials can 
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nowlatt'rali)·duc101hclossofaggregatcinterlock(Kobcrtscta!.. l996J.lh11sn,ducing 

rcsilicnl inodl1l11svalucs. It is also worth noting tha1 the difference in resilient modulus 

(increas,:ordccrcasc)duc101hc bindcrcomcnt ma)·bcamibutcd1001hcrpropcrtics 

previously listed. bemuse 01hcrmi~ propcnicsarc not identical. ['he cm-ct of,arious 

bindcrcomcmsonthcsamcmix.b) fixingthcothcrpropcr1ies.wasnotaddresscdinthis 

s!udy. A future study ma) bcundcrtakcntoa<ldrcssthisissue 

Figurc4 .15and Figurc-l.16showthcvmimionnfrcsi!icm modul11s,·alucs"ithair 

,·oidsfor1hclabora1oryspccimcnsandficldcorcs.respcc1ivcl)'. Kesultssho,wdthatno 

specific trend is evident b.:twecn 1hc resilient modulus and the air , oids. This is 

comist<:nt for all thn,e tcmpcral11rcs. For e.~amplc. laborator} sp;:cimcn with air ,oids of 

6.4°'ohasanavcragcrcsilicmmodulushigherlhanth.-corrcsponding,alucsoflaboratory 

specimen "ith 6.3%. 6.7% and 8.0% air voids. Also. laborator) specimens "ith air ,·oids 

of6.3°/0ha ,','alowcr/l. ·1Kval11clhan1hclaboratory· spccim"nwi1h6.7%air\'Oidsanda 

higher i\lR value than th,· laborator} specimen wi1h 8.0% air ,nids. The range of air ,oid 

,ariation \\ilhin the laboratory· specimens arc IO\,er (6.0% to 8.0%) in lhis stud)' 

l'hcreforc,ascud)'"i1hchangingair,oidswi1hinacomparath·clyhighcrrange. l..ceping 

other ,·ariabk•s 11nchanl!,ed. would ghc a clear conclusion for the effect of air mids on 

resilient modulus 

t\ trend was obsc•,-,.·cd for resilient modulus b.:mccn the lallomtor) specimen, and 

field cores. As one can s;:c from Table-I 19. 1hc laboratOI) rc,ilicnt modulus \"alues w;;rc 

higher than Iha! of field cores cxci:pl for wme sck-ctivc sp..><:imcns Th,s is due lo 1hc fact 

1hatthefieldcorcdcn sitiesarclowi:rthan1hoseofth,·laborator) prcpar,..Jspccimcns 
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Difference in compac1i1.m imparted b) a laboratory gyratory compactor and a , 1bra10r) 

compactor in the field compaction is1hc primar)' reason forthis,·ariation. rablc419 

shows that Mk of laboratory spt:cimcns could be as high as 76% of the field cores. 

l"hercforc.wccancondudcthallhcincrcasingair,oids(dccreasingdcnsity )significa nlly 

decreases the resilient modulus values. This suggests that homogcncit) is more 

successfully achic"cd for specimens compacted in the laboratory than for fidd core. 

which can rnry dl•pcnding upon the compaction quali1y. This is t(msistcnt " 'ith the study 

by Kaucha (2003). The present study showed that dcnsi1ies of the field cores arc much 

lower than those of laboratory prepared specimens. thcrdOre. the average resili,·nt 

modulus or field core is lo"er 1han that oflabor.1tOr) prcparcd specimens. ,\lso. the 

present swdy showed that the predicted resilient moduli decrease with increasing void 

rn1ios. Similarconclusinnsw.,rcmadcbyCro,·cui cta!.(2005). That stud)' reported that 

th,· resilient modulus values dccrcas.- ala giwn temperature. as the percent air voids 

increase 

Wi1h regard IO tile N1'·!AS of the afo,..•mcmioned mixes. the OKC and 11!., far 

Cn:ck base mixes. wi1h an N1'·1ASnf25 mm (1 in). "·ere coarser than the Da,is and th,· 

J"ar Creek surface mixes. llw NM,\S was 19 mm( ¼ in) for the Da,is mix and 12.5 mm 

(''' in) for th,, Tar c ... -ek surface mi.~ A study b) 1'!indess ct al (2002) rcport~-d 1ha1 the 

largerthcN1'1t\S.1hchighi,r1hcsm·ngth. llo\\c,er,in1hi sstudi.thccffcc 1ofaggregats· 

size un resilient modulus is 1101 clear and could not h<, adcqu.atl"ly inscstigats-d. l'his is 

due 10 the fac11ha11hc Da,i s base m1~ with a N/l'[AS of 19 mm( '/, in). "hieh is less 1han 



the N~lr\S (25 mm (l in)) of the Tar Creek basi, and the OKC l>;,sc m1.,es. c.,hib1tcd a 

higher resilient modulus values 

The percentage of aggregate passing No. 200 sieve for the Tar Creek surface mix 

and the Da,is base mix were higher an<l arc 6.0% anJ 5.9%. rcsp;.-cti,·el). as shuwn in 

Figure 4.17 und Figure 4. 18. These values for the Tar Creek bas,· mix and the OKC mi., 

arc comparati,·cl) lo"er and arc approxima tely 4.9% and 4.7~o. rcspecti,dy. But. the 

resilient modulus for the Tar Cr.,ek surface mix specimens is lo\\cr than the Davis mix 

sp,:cimcns followcd b) the OKC mix and the Tar Creek base mi., specimens. A SUKI)· by 

Cm,·,·ni ct al. (2005) reported that 1he resilient modulus increase s at a giH·n 1cmpcraturc 

as the aggregmc passing No. 200 sieve increases. in 1hc present stu<ly. no clear 1rcnd 

could be identified for variation in n-silicm modulus with percentage fines. This may be 

a11ribu1cdto1hcchangcinothcrmixpropertics. 

4.2. 1.6. \'ari .. 1ion of M~ "i1hTcmpcrnturt · 

The varimion of r.:silicm modulu~ ,alucs "ith tcmpcrJ1Urc for all 1hc mix,•s is 

presented inTahlc4.17andgrnphicallyillustrnt.·d in Figurcs4 . l91hrough Figurcs4.23 

The rcsilicm modulu.s dccrcaS(.-d significanl l} with increasing in temperature for al! 

mixes. For cx:,mplc. resilient modulus (a1 stress r.:itio 0.35) decreases from 11.935 M!'a 

(1731 bi) to 1.103 Ml'a {160 ksi)as the 1cmpcrJUirc inc"·ased frum 5°C to40 "C (41"1 

to 104°F) for the Tar Crn·k base mi~. The DJ,is sp;.-.;imens exhibi1cJ a dcx-n,as,, in MR 

,alues from 15Al0 ,\1Pa (2235 lsi) to J.172 Ml'a (460 bi) as the Mnpernlurc ,ark-<l 

from 5"Cto40°C(4l°Fto 1().l"F). ltisanindicationthrn 1he\"ana1ionin/,.1 Rv alucs.duc 

to temperature. varied from one mix 10 another. ,\ snnil.tr bcha,1or for ll:S1A mi:,.cs has 

b,.,enrcportcdinprc,iousstu<lics.Forexarnplc. Kat1cha(200J)rcpon,-<lthmlhcrcsilicm 
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modulus d..-cr,,asc.-s with mcreasmg tcmpcra1urc w,d 1he ,·arrn110n can bc bc~1 rcpn-s.·nt~-d 

b) an cxponcn11al model, as was discussed inCh:ip1cr 2 A decrease m MR ,aha "nh an 

mi:rcas.: in temperature was also reported h> Tar<:fdcr (2003) and by Tarcfdcr and Laman 

(200)) 

Tn<: performance of each mix due 10 tcmpcrmurc "11S examined. ri gurc -I 2-1 sho"s 

thcan,ragcperccn1age rcduction(PR)in1'1Rforallthelaborat0<} spccmumsand field 

con.-s. As dcplcted In Figurc -1.2-1. the awr.tgc pcm.,ntage n-ductions in MR for laboratol')' 

specimens arc 87¾ for 1hc Tar Cn-.:k base. and the Da, is and the OKC base mi~cs. l'or 

the Tar Creek surface mi.~. the percent reduction is 89"I •. for the field eon-s lhc owragc 

pcrccnlagc reduclion for thc Tar Cn.-.:1.: and the D.:l\iS cor,,s an- 87°•• and for the OKC 

co~ the reduc1ion is 9) ., •. ,\ s1m1lar percentage n:duction for d1fTcrcm I\Mi\ mixes ha:, 

bl.-.:n rcport~-d in the li1craturc (Salem. 2()().1: Kaucha. 2003; and 1\li and l.ohcz. 1996) 

l·orcxamph:. Katicha( 200)) rcport<:d thal the p,.·rccntagc reduction due 10 tcmpeniturc 

,anl-d bctw,.._.n 78'1, and 90': ♦• J3ascd on these r.:sults. il may b,: oonchwkd th:it the Tar 

Cn'Ck surface mi.~ ".is more suscepoblc 10 tcmpcr:nurc lhan Lhc olhcr nu~cs. if the 

pcrc..•n1 rcduction m ,\1M ought 10 b.: uSl-d as an mdocator of t<·mpcr.mm: ~u)<:cp11b1l1L). h 

is bdicH-d that the temperature susccplibiht) of the JIM/\ spcc1m,·ns ma) be annbut~-d Lo 

1he b111dcr content in the miitcs. since the Tar Cn:ck surface mis has th,· higher bmds·r 

con1cn1comparcdioth<:01hcrml\cS 

-1.2.1.7. ,\ ,\1 od dt o l'r r i.lir1H r,i 1icnt.\1odulu, 

fron1 the :tforcm,·m1oned results, it is c,1dcnt that rcs11ic111 modulus ,ar1cs "'th 

s1ress lc,cl. tcmp,,r.,nire, material properties and m1~ prupcnics . This is cons1~t,·nl with 

Kaucha (2003) !ha! Ille diff~rencc m ml"asun-d rcs1hcn1 modulus 1s l,elic,cd 1d bc due to 
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1ho.• dilfrrcncc in propcnit'5 orurious mi.ct'5. naltll.'I), air ,01ds. binder w111,·n1. ,r,.,ifi<.: 

gr,,."t) of materials ruv.t percentage fines. To this end, 11 "as d,--cnk-d 10 tk,clop a 

general model corrclmmg n:silknl modulus w11h s1rcss ratio. i,~nperJtUre ar,d 

afor;:1mm1ioned sp,.-.:ific mi~ properties. n,,. emplo)cd si:mi-log model ([411:,t,on .i 6) 

,ncluJcs t\\0 model p:,.rnmc1crs ("A" and "B" ). The: parameter "A" rcprcscms Ilic rcs,lo;:m 

modulus at a sircss rnuo of,ero. "hik "8" represent s the scnsiti\'it) of resihcn1 modulus 

lo stress ra1io changc1. Th,•s,:, model parameters were com:!atcd " ·uh temperature 

matcrial properties and specific mi:,; properties. namcl) air "oids. binder conwm. sp<.--cific 

i;ra,i ty and percentage fines . lbc actual model p.1ram,·tt-rs "A" and "H". shown m Tables 

.i II through -113. "ere us,,d 10 de,clop a gcnmtl model as a function of tho.· 

afon,mcnuoncd rropcn,c s. The: SAS s1.;11isiical soft"are was used for 1h1s purpos,, llle 

stepwise method at a lc,cl of0. 15 "as used in dc, ·cloping model for",\ " and "B" . Tl,.., 

~!CP" isc mc1hod consb ts of cnt..ring or n·mm ing on,· rnriablc a1 a timc in the rq:ression 

the model parameter ",\ " "a s rda1,-d 10 1cmp,.,.,1Urc. percentage ofa,r ,u,d :,.. p,..-rcemai;c 

ofbmdcr content and percentage of material pas,m g , o. 100 sic,c. Parameter "B" """ 

found to b.:-onl) related 10 u,mpcr~lurc and percentage air ,·oids . lhc rcla11onsh1ps for 

predicted modd paramc1crs ",\ " and "B" arc prc!,C'nlcd in Equalions -1',1"nd410. 

"here. 

1,·rnpcr~turc. in I . 
A, air,oads . m • .. 
I( " bmdcrc omcnt,in "• ·and 
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.V_.,,,," aggrcgatcpassing"lo.200sic"c._in°'o 

Ille analysis of,·ariance (ANOVA) of this predicted model parameter }ielJs an I ,;,luc 

of)5.l and an R-squared valucof0 .75 "ith a I', ,·aluc lcssthan0.000!. for parameter 

"A". l'arame1er "B"" model had 1111 F-valueof38.4 and R-squmcd \alucof0.61 "ith a P, 

lcssthanO.OOOl. "hich indicates1hat the modd isconsid,,n:,d statis1icallys1gmfican1111 

pn:,dicting the variation of model parameters "i th aforcmcn1io11,xl specific nux 

properties. A comparison between the calcula1ed and the prcdict,xl model pammc1crs "A"" 

and"B"an:,summarized in"1"3blc4.20andillustratc'dinl'igun:,4.25an<lFigure4.26 

From Figun: 4.25. thc pn:,<licte<l "A" can be correlated with the measured",\" l'ith a 

straight !me regression ha,ing aslofl',' ofapproximatcl} l.O .ind ;m R-squ;1rcd ,·alu,,of 

0.75. For paramc1er "13". the predicted "B" is corrcla1ed with a !me of slope 1.002 and 1m 

R-squan.xl ,·alucof0.6.asshowninl'igun:4.26. Thus.theproposcdmodcltoprcdictthe 

rcs1licmmodulus"itho1hcrcnl,\inceringprofl"rticscanbci,xpr,·sscdasfollows: 

.\IR (J0.J896-1J /2 T- l./836:l, - 11WJ9 ,I(' ,I-IJQ.J ,\ "~r,,,Jx (01103- UUIUT • 

o.os1,1,l (.J61 

From the developed rcgrc,sion model. n is ,:,idem that ,\1~ \'3lues of 11:SIA mi.xcs 

<ler,,:nds on the tc·mrx-m1un:. air ,oids. binder comcnt and fl','rcemal,\C pa~<;ing \lo. 200 

~(>'>,0 \\ilh respect to the n:f,·rcncc ,aluc shown in '!able 4.21 It 1s c\ldem 1ha1 the 

trn1p<,mturc and percentage· passing No. ~00 sieve arc more ,cn,iti,c ,ariablcs than tbc 

others. A di:crcasc of 3~•• and an increase of 33°0 "ere obtamcd for the ,ariahk~ 

temp,,ratufi.•andpcrccnrni;Cpas.,ml,\1'0.100,1e,c.rc,p,.-c11,cl) 
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Finall}. th,· proposed model was us-"d to cstimatc rcsilicnl modulus. Th,· a"·r.igc 

n:si!icm modulus was compared lo lhc calculaK"d values for alt the mi.xcs. The ,\1~ ,:,luc, 

\\Crt: plolt<."d with the calculated M~ \":tlucs sho"n m Figure ~ 27. As a r.:sult. the 

predicted 1,.-1~ can lx,corrcl:,t cd "ith 1hecorrespondingactua l \":tlues withascraight line 

regression having a slope ofapproximatcl} 0.98 (fairly close 10 !.0) and an 11.-,cquared 

1alucof0.84. lt isan indication that such a model could Ix," good indicmorin malmg 

p<:rfom,anccprcdictionsofMRdt1clothc,·aria1ionofstrcsslc,cl.1c111p<:r;llurc.matcrial 

propcn iesandmixprop<:nics. 

~.l.l . Al'A Rut Tc.11 

The Al',\ rut test results for laboF.ttor:, pn:parcd and field cores are shown in hbk 

~.22. A total of 42 Sp<:Cim<·ns were· tested in this stud)" and th<· rcponed Al',\ ml •alu.-s 

correspond to 8000 lo;,ding C}Clcs. The Al'A ml values wi1h numl><'r of loading qclcs 

art· graphically shown in Appendix C. From the test n:suhs for all thr<'e HMA ba~ mi~cs 

it is evident that 1hc Tar Creel bast· mix show<-d a high rut ,aluc of 4.9 nuu (0.2 n1) for 

sp,:cinu:ns \\Ith an a,crngc air ,·oid of7.0"'0. Comparntivcl). lhe OKC and !he Da\l s ba,;c 

mixes cxhibi1ed lo"cr nn '"lucs. rhs• a, ... mgc rut ,aluc for ,pccuncns trom the Da,1s 

mi.x "as 2.7 mm (0.1 m) \\ilh :1 standard d,·,iation of04 mm \0 .02 in). As for lhc OK(" 

haw mix. th<· >1H'F.tgc value was 2.4 mm (0. 1 in) "1lh a standard dc,·iation of 0.05 mm 

(0.002 jnJ. The a,nagc air ,oids for the Da,is and 1hc OKC specimens was 

approximate!) 7.00 ♦. For all these base mi.xcs. the rut ,alucs arc· kss 1han 1h,· Ollahoma 

Di:panrncn1 of I ronsporn11ion (OOOT) dc,ign rut rcqu1renwm \S mm or 0.2 in). Onl) one 

surface mix (i.e .. 1hc Tar Creek ~urface mix)""' 1c,1cd 111 this stud~ for Al',\ nn An 

a,crngc rut ,·aluc of 7.6 nun (0.3 m) was ohrnincd for the Tar Creek surface 1111~ wnh an 
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a,·cragc air ,oid of7 .9%. From Table -1.22. one can sec that the l"ar Cr.:ck cores wuh :111 

a,crng,· air wid 8.0% had a higher rut depth of9.5 mm (OA in). follow(:d b) the OKC 

cores 5.6 mm (0.2 in) and th(.'n th,· Da,·is con:s 3.J mm (O.l in). Com,cqucml~. one can 

conclude th.it thc T!lf Creek mixes arc more sus,:.cptiblc to ruumg polrntial than the OKC 

-1.2.!. 1. Effcc1oflliru k r Contcnto n lhu Depth 

The binder eont.:nts varied from one mix to another. ,\rnong the base mixes. the Tar 

Creek base mi.~ had a 5.6%. "hich is higher than the binder comcm used for the Da,is 

(-1.5%) and !he OKC (-1.3'¼) HMA 005<' mixes. Eliminating 1he affcc1 of other propcnii.•s 

suchasairvoids.spccifiegravi1yandp1:rccntagclines.onceanconcludc1hmahigher 

binder cont mt produn·s a larger rut depth. This is alw true for the Tar Crcck surface mi.~ 

" 'ithabin<lcrcomcmof6.9¾.whichgivcseompara1ivclyhighcrrutd<·pthsthanthco th,·r 

rnixcs. ThisisconsistCnt\\ithRobcn sc tal. (1996)tha tahigh bindNcomemise.xp1:c1cd 

toprodueehighcrrutdcpth.ltisductothcfaetthataninm,as.:inbindcreontcm"ould 

incr.:as<· the binder film thickness b;:t"<·,·n panicks and would decrease the internal 

friction 0F1hc aggregate. Thus. making the nux tend,·r and 1norc susceptible 10 nming. 

b<.-causcmatcrialscanllo" btt."r.tll~ du,·tothclossoFaggrcgate ,nterlod(Robcnsctal .. 

1996). Similar obscr\'ations """' al<;o reponed b) Tarddcr (2003). larcfdcr and 7..;,man 

(2003)andWasiuddinctal.(2005) . Wasiuddinctal.\2006)rcponcdinastudylh:ita 

trial bknd for a base mix with 70",,chat material has high rut ,aluc due 10 the higher 

bindercomem used m the mi.x. l"his 1scons1s1cnt wnh1hc currc111 stud). the lar Crcck 

surface mix contained a higher chat pcrcen1agc (80%,) than 1hc far Creek ba,,,: mix 

(50",) . Thcbindcrcontcmus..-.J in the Tar Creek surface mix "as higher than lhatinthc 
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hr Creek base mix. The increased binder conl<'nt led to 1ncrcas1:d rul dcp1hs in the 

surface mi.x sp,:dmcns. Th<' reason for th<' high,•r binder comcnt in 1he Tar Creek surface 

mi.~ could b<: a1lributcd !o th,· high<'r amoum ofN_:oo in the mix requiring mor,- to co.11 the 

aggr<'gati'. llowc,c r. N.100isnotthi'on!yfac1or.1heoverall gr.1dationisalso:111cffocli\'e 

factorforhighcrbindcrcontcnl in thi'TarCr,·1:ksurfocemix . Sp,:ciiically.although lhe 

(6.0% and 5.9%. respcc1ivcly). overall the Tar Creek surfac;; mix is finer than the other 

thn,c mixes. as can be sccn from Figurc A.1 in Appendix t\ 

~.2.2.2. Effect uf Air Voids on Rul l)q uh 

l·rom the pn,,cm stud). effects of air ,·oids on the rut depth could not b<: id,·ntifi~-d 

sine,- th<· laborator:, pn,p.~rcd specimens were compacted at avcrJgc air ,oids 

approxima tdy of7±1 %. as r,;,-commendc-d in !h<·OHD L-43 test method. Due 10 limited 

scope of1his stud}. no aucmpls were made to imcs1igmc the ,·arimion ofru1 depths "ith 

,ar)ingair,oids.Thcairvoidsofthclaboratoryspccimcns,aricdbct"'-"Cn6°otoH•o. ln 

asimilar study by l'arcfdcr(2003)andb) larcfdcrctal.(2003)r<'portcdthat1h<'rcisno 

significant dT,;,-ct on nil depth for 1111.-specimens air voids .-ar} ing lx·t>s<·en 6% lo 8% 

But. 1hc air voids of 1hc Tar Creek cor,:s vark-d between 6.9"'o 10 9.6•~. Therefore. if \IC 

compare the rul depth of the Tar Cn:ck labomtof} specimens \\ith the far Creek til<.-d 

cor<'s. "c can ohsc"c that the rut d,·pths ;,n: n.-<luc~-d "Ith decreasing air ,oids. This is 

due to the fac1 that specimens ha,ing smJller air ,oids create a mor.• homogenl'OUS 

bindcr-aggr.·gat~ slmcturc. Therefore. rtduccd air ,o,dsc;m lead 10 incrcas..-d stiffness 

andn.-ducedmtpo1cntialof111'>1Amixcs 
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-U.2.J. Effcct ofl 'Hce nl3,:c •·incto nRutO ep1h 

111<.' ,,uimion of 1\11 depth with pc=ntage lines in mixes could not be dcarl) 

examined in this stud>. l'or c.xamplc. the pcn:cnrngc lines (passing 'w WO ~,e,cl for th<, 

JJa,·is base mi.x and th;,• Tar Creek surface mix me apprm:immcl~ the same (~.90. anJ 

6.0"t. resp,.-ctivcl)). lto"c,er. the aH:ragc nll depth of the Tar C'red surface mix 

specimens is highcr(7.6 mm. i c .• 0.3 in) than the :m:ragc rut depth of1he l:>a,isbasc mix 

,p,.-cim..,ns(2.7 mm. i.e .. 0 1 on). Also. 1hcTarCrcek base mix specimens \\llh p,,rc,·ntagc 

passing No. 200s1c,cof49"•0.exhibi1cdana,crai:cru1d -,pthof 4.Qmm(02 rn). "hich 

is higher than the Da, is base mix spccimcns hut lo"er than the Tar Cree~ surface mix 

spccim<'ns. This ma) be auribu1cd to the vananon of other mix propcn1es in these mixes. 

llicrcfore.ooclearconclus1onscouldbedra"n"nhre5J)CC1tothcdfl-ctofpcrcrnt.:1gc 

lines on the rumn11 po1cn1ial. A stud~ b) Teng (1998) rcpon.-d that th,: 1ncn:asc in 

pcrci,ntagc• lincsrcxluccscxccss bindcri111hc HM,\ mi.xc·s.conscqucnll) n:ducc·sthe rut 

dcp1hO,er-Jll.thcp~ms1ud)Supponthisobs;,r,a1ion . 

Based on the afon:mcnuoncd n:sults. ,1 wa~ dcc,d,xl lo d,·,clop a re11n:~~1on modd 

rnrn,lating nming po1cn1i~I "nh sp,.-cilic m,x propcn,..,s. nanu,1,. uor w,d~. hm,kr 

content and pcrc..,n1ai;c fnl'-"s. The 5tcp"is,,• method at a 0.15 lc1d "a~ us,..'([ for 1h,s 

purpos.:. The follo"mi;rut modc:I wasdc,cl()JX'd 

"h<,n: 

Rut rntd,·plh.rnmm. 
AC a bindcreomen 1.rn °/o.and 
-'"·""' aggrc11a1cpassin11No. ~()()sic,~. m • o 



Ille A}.OVAofth1smodcl >ield:m F ,'lllucofll 6wnha I', of less than 0.0006and an 

R-squan:d value of0.S6, "h,ch ,nd"atcs 1hat the model nia) be consid,·rcd staUshcall) 

s,g.nificamin prcdic1ingthcvana11onofn11dcpthwithsp,.'('.ific mix propc111cs.naim:l) 

bindercomcmand pcrccntag,·fincs. From this model. it isclcarthaltlli.' irn:,.·a~111g h1nd,,r 

oonu:nl increases the rut depth and an increase m percentage fines dc'('.rc.lSl."!I 1hc rut 

depth. This obsen'l!.tion is consistent "nh the obscr,,ation rcpc.mcd b) Tarcfdcr (2003). 

Tarcfdcr and Zaman (2003) and Teng {1998). Binder content is 1hc on!) common 

variable in the rul models rcrx,rtcd byTarcfdc·r(200J) and rarcfdcr :md l'.am:111 (2003) 

and the rut model de, eloped here. The other rropcnics. narncl). air ,oids and Spl'('.ific 

gra,·it) were 00\ included m this model due to staostical msignificancc ,n the mo,:kl. 

fable 4.23 shows a surnrnll) of measured and prcdictc'<l rul d.-pths. ,\ con,pan5<m 

be1"l'i.'n Che• pr,:,'<lictcd ru1 dcpthsandthcactualr11tdepths is illustrated m Figurc4 2ll 

The aH:ragc rut dcp,hs of the si;,; Spc(imcns t...stcd from each labor.itQr} Sl)C(imcns 

anJ ficld cores ws·re com:laK-d "ith the M~ ,:!.lucs ac tcmpcraturcs S"C. 2S"C and .io•c 

\ie . .iJ"F. 77•~ and l().1°F). The a,cragc ,aluc of\lM at 1hrec stress le,cls (R 0.20. 

OJS and 050) ,,c•rc used to dc,dop a model ,·"m:latmg MR and ru1 depth A linear 

model similar to the one vrnplo)Cd b) T:m:fJcr c200JfanJ Tarddcr and /.ama.n (2003) 

lcmper~!mc'S "ith 1hc Al',\ rul depths al diff,·rcnt nurnbi,rs of loading qcle-s, namcl) 

2000 and 8000. as sho"n 111 fable .i:,.i Thi: htlCJr models along "nh cocilicicnl of 

dc1m11111mion (R,squar.:d) arc shown in the Tahlc .i 2~ d1id arc grarh1c3II) 1llu,1rut1.-d in 

figures .i 29 1hrough .i .1J from Table 41~. cvrnra,:it"el) a hii;h R•<,quarc-d ,aJuc ot 



0.72 was obtained for rut a1 2000 loading crclcs and Mk at .\0' t: (IQ.I~) and a stress 

ratio of0.50. A low K-squar<:d value of0.5.\ was obtained for rut :I.I 2000 loading cycles 

and 11.1k m 5°C {.\l°F) and a stress m1io of0.20. The obtained K-,qu.ircd '"alucs for 

different icmpcrmure and stress lewis for MR and ditfrrent loading cycles for nu dcplh 

did not show a clear trend. This may be due to the testing pamme1ers and 111~-.:hamsms 

invohcd in these 1wotypcsof1cs1ing. Kut1ingiscxpcc1ed lo occur at hightcmpcm1urcs 

andwithbrgcnumbcrofloadrcpctitions."hs·rcasmodulusshould prescnt slress-stmin 

propcnics of l!/l.·1t\ mixes a1 intcm,cdimc tcmpt.'rnturcs and lo\\a loading cycles 

{Tarddcr. 2003: Tarefdcr and Zaman. 2003). Also. rulling measures the consolidation 

and plastic llo" ch11ractcris1icsof!lM1\ mixes under repeated loading. whcrcasrcsi!icnl 

modulus rcprcscms the elastic stress-strain bi:ha,ior under cyclic lo.-u.ling. Th,·sc 

differences in lest parameter and different mechanisms result in difTerclll corrdmion 

cocffici,·nts. This is also c,ident from the study h) Brown and Cross (1989). Tarcfder 

(2003). l"arcfderandZ:,man\2003)and llhasinctal.(2005) 

13r0\,n :,ndCross(l989)rcponcd1hat1here 1snogood rclation(R-squ.1rcd = 0.0I) 

bi.-twecn rn1,1A rnt1ing and indim;t !cnsioo resi!icm modulus. Th,n study al,o noted lhat 

thcr.· is oo reason to c~p,.~1 H good rdationsl11p to c.xist h,:twccn thc•S<' parameters since 

rnning is due lo compressi,c sire~, and resilient modulus test measures tcnsik prop,.·nies 

of the ll,\1A mi~cs. Tmddct (2003) and larcfdcr and /.anmn (2003) conductc·d a stud) lo 

corrdak' Al'A rut at 80(K) loadi11g c~c!cs ,.,1h the indirl-.:t wnsiun resi!i,·nl modulus a1 

thn.-.: temperatures (0"C. 23•c and .\0°C). The highest K-squar~'<l ,aluc of 0.27 was 

obtained for the rcgrc:»ion cqumion relating rnlling and rcsilicm modulus at .\0°C 

Overall. a poor correlation was ob1ain~'<l for e~ch test lcmp;:rJlure. rhc rc•ason stated for 
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this poor correlation was the mc<:hanistic diffrrences (slress kwl, s1r:1in, tcmpcrn111re. 

loading cycles etc.) bctwwn modulus and n.11 tests. But, comparu1i\'cl} hi!;h R-squari"<I 

\'alm."s were obtained in the present study. This may bc due to the stn·ss lcn·ls u;;cd m the 

rcsiliem modulus testing b.',h,een theSi.'. l\,o studies. A stn:ss level of20 psi 10 30 psi "as 

us.."d byTarefdcr(200J)andTan:fdcrand laman(2003). "hilc in lhc prcscnts1Ud} the 

stressltvclvaricdbctwecn20psito l50psi . 

.t.2A. Al' A Fa tigue T est 

A total of 12 beam spccimcns (3 S[X"CinH.·ns from each !IMA mix) were 1cs1cd for 

,\l'A fatigue. The results arc summarized in Tabl,· .t.26. l'rom the number of fatigue 

C}clcs shown in Table .t.26. it is i·, idtnt that both the Tar Crl"C~ surface and base mi.xes 

sho" a high fatigue cydc of approximatd) .t9.(K)(). Compar:ui,c ly. the Da1is and the 

OKC mixes exhibited lower fatigue cycles of approximately 20,(K)() and 27.(K)(). 

rcspccli\'cly. The rcsuhs indicate that 1hc larCri"<:k sp,:cimcns nhit,it,·d a greater fa1iguc 

resistance than the Oa,is and the OKC SJ)<."Cimens. This can possihl} be a11ribu1cd to 

man) foctorssuchasairvoids.aggregatel}pcandbirnkrco11tcn1,amongo1hcu 

Higher bind,•r contents will result in u mi~ ha,ing a greater !endenc} 10 dcfonn 

dasticall} (or al kast ddorm) ralhN 1han fracturing under n·p;,atc<l load. The opurnum 

bindcrcontcnt.nsdctcrmi11,"<lh} mixd.-sign,shouldlx·highenough1oprc,cn1cxces,;"c 

fatigue cracking, The use of an asphalt binder wnh a lo"cr stiffness "·ill increase a 

111i.x1ur.:•sfatiguc lifcbrprovidinggreaterncxibilil} (Robo.•nsctal .. 1996). Ho"e,cr.1hc 

potc·nlial forruttingmustalsobcconsidercdin1hesck-ctionofihcasphahbinderarno11nl 

A study b} Buchanan (2(K)()) rcponcd tha1 increasing cfTctliH· binder content is the mos1 

likcl} innw.:mial foctoringrca1crfatigucresis1a11ccofagmn11c.JI\IAn11x. lnthcprcs.:nt 



study. a similar observation can be mad<· for both the Tm cr;:d: base and sorfocc mi~es. 

The cfli:cti,·e asphall content us,.-J in these mixes was higher compar~-J to 1hc Da,·,s ar>d 

the OKC mixes. Thc•rcforc a greater fatigue resistance was obscr, cd for both lh<· Tar 

Creek base and surface mixes . A stud) b) Kun cl al (2006) rcponcd Iha! fat,gm• fo,lurc 

undcr rcpca1c-<l loading is due to a combinationofsc, ·crnl mc-chanisrns.arnong "htch 

damage growth. relaxa1ion due to ,iscodasticity. and hcalingofrnicrocra,ks pla) an 

esscmia! role. The increase in the binder comen1 helps healing of mkro crnds . Tim is 

also evident from the prcSl.'.nt study. the increilsc in binder content in the Tar Crc-ck mi.~cs 

increased the fatiguc lifo. A s,,par.uc study by Tangclla cl al. (1990) rcponcd that the 

bindcrcomem has a significam e1Tccl on the fatigue life ofl l1'·1A mi~cs. ,\ccording to 

that study. the op1imum binder content to obtain maximum fatigm: lifc is gcncmll) higher 

thanthc•dcsignbascdonruuingconsidcrations. 

In the present study. it "'as dccid.>d to de,dop a statistical m0<kt 10 ,,,·alual(" the 

c1Tcc1 ofsp<.-cific mix properties namd). air ,oids. bindN comcm. Sp<.'Citic grmit) and 

percentage fines on the fatigue resistance of HMA mixes. A stepwiS<' method was 

employed at a 0. 15 lc,'Cl. The final model obtained frnm this dTon is gi,en b,:lo" 

,\1 · 826568-33"/A, :r9230G ,..-J23-IS ~ 

nombcroffotiguec)clc s 
A, - air\'oids.in%. 
G,, ;:.sp<.-.:ificgnwit)ofaggrcgai,._a11d 
N:,oo• aggr,·gmcpassing/\o.~OO,ic"c.in %. 

The pr<·dicted model yields an R-squar.-<l ,aluc of0.98 and an l ,aluc of !~8.2 with n I', 

lessthan0 .OOl."hichindicJlesthatthcprcdictedm<xkli s considcrcd,tallsllcall) 

significant The predicted and calculated fmiguc C)cks for each specimen 1esK-<l ar,· 
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shown in Table 4.27. Figure 4.35 sho"s the prl..Jic1cd fauguc cycle, from 1h,· ,nodd 

agams1 the calcula1cd fa1iguc cyclcs. ll can b;.• S(:Cn rrom the 111odcl thal inc«·asingair 

voids. specific grnvil)' of aggregate and aggn:-gatc pa,;sing No. 200 sic,c reduce the 

number orfa!iguccyckssince these a!I variables haw a ncgati,ccodfici,·n1 m 1h,· 

model. Inadequate compaction results in incrcas....J air,oidsand subscqucnll) rcdun..J 

stiffn,·ss of ll1'1A sp;,cim,,ns {Hughes. 1989). Therefore. the higher the air voids the 

lower the number of fatigl!<' cycles. This is also evident from the S!Udy by Harrigan Cl al 

(2002). Thai studyrcponed1ha1a l¾ incrcascinairvoids"ill results in a 10":•deercas., 

in fatigu" life. An increase in percentage fincsrcdl1cesthccffrc1ivcncssofthc binder in 

the HMA mi.xcs. 1hcreforc it reduces the fatigue life of l!MA p~,cmcnts. This is 

consistcnt"iththcstudyby "lcng(l998 ). h wasrq1onedbyTcng ( l998)thalallo"dust 

to bind<.·r ratio values. additional fines act as an asphalt binder c.~tcndcr. nnd causes 1hc 

fa1iguc pcrformancctodcchnc . 

4.25.1', ·rmc:ihilitr T,·st 

nic pcnncabili1: test results for all nu,e, nr,· summarized in Tabk 4.28 All the 

miw s c•xhibitcd the pcrmcabili1) ,·alucs bclos, 1hc maximum design pcrmcabilit) of 125 

x I0"1 cmls (49 .x 10·1 in/s). a.s n~ommcndcd b) ODOI". Among the diffcrcnl t)pt: of 

mixes. the Tar Creek surface mi~ and the OKC base mix sho\\cd high,·r p;,mwabilil) 

,aluc s. The a,·cragc pcrmcabill1) , aluc for the Tar Cn·c~ ,u rfacc mix was 10 8 x !O .. 

cnu(4 3 .x 10-ll i1i's). This <Jlue is .onsistcnl "ilh similar ,alue s n,portcd b) \\ 'a,iuddm 

c1 al. (2005). That stuJ) reported a pcrmcabilit) ,aluc of 12.0 xlO-ll cm.is (4 7 x 10-ll in s) 

for a similar type of 11/v\A spct:imcn. The OKC base mi~ sho"cd an aH·ragc rx·micat>ilit) 

,alu.:ofl-18x1 0-llcnl s(5.8x 10-llins). "hich ish ighi,rthanth<, corrcsponJing,aluc of 
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lhc Tar Creek surface mix. Comp.~rati,·cly. the Tar Cn-.:k bas..' and the Da,,s hase ,mxcs 

showed a lo"er pem1eability ,·alucsofapproximatcly 2.-4 x 10"' cmls(0.9 ~ 10"' in's)and 

J.0x IO"'cm/s(l.2x I0"'inls).respecti,·cly. ltis,·vid<:ntthatthcgrnda1ionsofthcn11xcs 

andthcamoumofimcrconnc-ctcdandop,,ncdair,oidsan• thekcrfac tors1hataffccttlle 

penneability. The gradation curves for all four I IMA mi.ws arc shown in Appendi.~ ,\ 

along with the mix design sheets. From the lower ponion of the g111da1ion euf\·e (!he 

ponion representing percentage passing of the small,·r p:tnitlcs with si,c<: kss than 1 mm) 

lhc OKC mix is of coarser gradation. followed by the Tar Creek surface. the Davis and 

the Tar Crec•k base mixes. Therefore. the pcnneabili1y ,·aloes of the OKC base mix and 

1hc TarCm:k surface mix an• greater than the Da,·is and lhc Tar Creek base mi~es 

From the results. shown in Table ~.28. cwn a slight change in air ,oids. 

approximately 1% in the Tar Crc-ek surface mi., and the OKC hasc mix. changes the 

penncability valu<'S appro.,imatcly by 50"/o. Therefore. it isc,idcm that the air ,·oids is 

one of the key fac10rs affecting the pcnncability ofllM,\ mixes. l! isc,·idcm th:n the si,cc 

ofairvoid sincrease. thcpo!entialforintcrconnl>cK-dairvoiJsalsoincreascs . Thisi,also 

c,idcntfrom1hestudybyJ\follickc1aL(2003)thataslightchani;einairvoidscaus..-sa 

major change in pcrmeabilit}. /1.lallic~ et al. (2003) also rcponcd that mixes with larger 

NMAS mixes ha><· more potelllial to be pcnncahk. But. it depends on whether a 

gm<lation is fine or coarsc gmdl-d for a f:I\ en Nl-1AS. l"h..• combination of !argi:r NI-IAS 

and kss fine oggrcga1c to till the air ,·u1ds li~cl) results in coar"" gr:LJcd nuw, h:",ng 

more intc·rconncctcd voids. This factor is tot1"S1ent \\llh the results ob1amcd from lhc 

present snid). The pcrccmagc tirn,s in the Tar Creek surface mix and the OKC ba_w 

mixes arc compami,,cl} lo"er than the Da,is hasc 1111~ and the 'lar Cr~-.:~ base mix !"his 



leads 10 an increase in in1crconncc1cd open air , oids in the Sl)<--cimens and it c,cnluall} 

incrcascsthcpcnncabilit}\ 'alucs 

A statistical model was dcn·loped 10 correlate the pcnncability with Sl)<--cific mi.x 

prop.-rties.namd) air,oids.bind,:rcontcnt.sf)<'tificgnH"ityandpcrcmtagcfincsusing 

the stcp"isc method. The dcvdop,,d model is shown bclo": 

kp,-;J'""penncabi!ity.inl0 .. cmls. 
A, s airvoids.in%.and 
.\'.¥XJ- aggregatcp.:tssingNo.200sic, ·c.in ¾. 

As e.XJX,'Ctcd. the air voids and percentage passing No. 200 sicw are well corrclaK-<l 

withthepcrrncability"i1hanR-squarcd\'alucof0.%.Fro1n1hcdcvdopcdmodd.itis 

dear that an increaseinair\'oidsincn:ascthcpcm1cabilit).ascxpec1cd . Also. ksscr1hc 

amount of N100 particks in the• mi.x. higher the permeabili1y. This is consistent with th,: 

factors discuss~-d previously. The· t\NOVA of1his statistical modd yidds an F \'alue of 

55.J with a I' , less than 0.000... "hich indicate·s thal thi: model is considered s1atis1icall) 

significam in prcdic1ing the variation of pmncabilit) with mix properties. namcl) air 

,oids and rx:rccntagc fines. Tablc-' .29 shows a comparison bct"cen the prt.-dicu.-d and 

calcubttd perrnl·:1bilil) ,·alucs. Also. a comparison bcm,·en 1he predicted :md obtain,-d 

pcnncahilil) isillu.-;lrat,-dinFigurt4.36.From1hisfigure.iti s c,idtnllhatthc\'alucsare 

dose to the -'S" line. "hich indicates 1ha1 such a model could be a good indicator in 

making performance rrcdic 1ion of IPbormory pcrrne.ibili1) due to the afor,·me·ntion,-d 

sf)<·citicmixpropertic s. 
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4.2.6. l.a bo n lol) Seismic-Mod ulu , T1·, 1 

'\1nc1<-cn field cores from the Da,is s,1<., \\<:n, 1,:s1,..J for lahoMor) sc,sm,c modulus 

tesc A total of chm: hits ,wr,:, performed on cxh Spl'Clmcn tl-sullmg ,n 57 modulu~ 

,"llh,..,s. riguw 4 37 st.ows th,,, Fast 1-ouncr lmnsfonn (Fl-7") g,:,ncrnt,'tl transf,·r funcuon 

for a sekcti\'c hii on Core ~I. The graph sho"s 1wo ckarl) ,·isibk pcals The first pcal 

corr,:,sponds1oshcarrcsonanci:fr.::qucnc),"h il<:lhcscco ndp,,alcorrcsponds101hc 

loni;itudmal r,:,sonanc,:, fn,qucnq. l"h<:SC peal, \\Cr,:, 1dcntifi,-d in accordan<.:c \\llh the 

procedure dl-scribt..'tl b) Nu.arian c1 al. (2003). The resonant frcqucnq com:spondmg to 

thl: second peak ""ll.S used for the cakulauon of seismic modulus (Es). using Fqua1ion J.8 

A summ:11) of the frcqucnc-} and the seismic modulus ,·aJ...,s obla1111.-d from th= hits on 

ca-h spttimcn is presented III Table 4.30 un.J graphicall1 i!lustnit,'tl III l1gurc 4 ;g 

S1aus11cal m1al~sis "as pcrfonncd to idcntlf)' possible ou1licrs using the bo~ plot Pnd 

\\ hisl <:rs rm:thod (McClaw ct al, 2001). 1-igln •·alucs out of 57 were 1dcn1ilicd as 

outliers. as shown in Figures 4.38 nnd 4 J9. The outliers \\Ct<.· r.:mo"·d from 1hc final 

,c1simcmodul11s,alucs,ar1l'tlbcm,-..,041.:168\ll'a(6,000l.si)anJ6S,9H\ll'a(10.000 

L,i)\\1thana,m1gc,alucofS8.336Ml'a(8.J61lsi)anJastandarddc"auonof7.177 

\!Pa(l.0-11 ksi). "lltis giwsacocfficicn1of,:uianc<:(CV)ofl2" i,. Nazarian<:tal tWO~) 

1101i-.l 1ha1 the scisnuc modulus'" more scns11"c m th.c aggrc~utc slclcton and IC) the 

modulus i$ dcpcnd<:nt on ho" 1h..· a~grct;J!cs pan1ck~ and air ,oids arc d1s1r1hu1cd ,ns,Jc 

Orll) 1hc, Oa,·is cores "en: icsted for labonilot) sc1.smic modulus Ix-cause of hmn,-d 

""CJfX'ofthiJS1ud),sinc-c1hc:sp.:cimcndm1cnsionsarcrcstrictedfor1h1st}pcoftc~b 11:u 
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,:1 al. (2()()-1) reported Ihm typically a hcighl/diame1Cr (I I DJ rntio of J or greater is 

rc-.:ornmendc..:I for 1his 1cs1. In order to ob1ain a HID ratio of:l for a 100 nun (4 ui) 

specimen. the HMA thickness should be al least 200 111111 (8 in). llut. the !IJ\IA lift 

thicknesst-s for the Tar Creek and the OKC sites arc approxi111a!d~ 100 nun (4 in). To 

this end. 1herc arc no results a,·ailablc to compare 1he scismic modulus for differem l lM ,\ 

4.2.7. Rclatht • Comp~riso n hctnt •t•n ,\l k anti E, 

Six out of the• nineteen Daviscorcswc•rc tesK-d for both si,ismic modulus and1hc 

labom1ory MR. In ordcr to compare the scismie modulus and l\·I•. thc 1-1• valu.:s at room 

1cmix-rnturc approxima tc·ly 25°C or n•F and different stress ratios (I{ - 0.20 . 0.35 and 

0.50) were used. ,\ summary of the seismic modulus and lhc corresponding J\1R is 

presented in Table 4.31. An ;l\cragc seismic modult1s \'alu<: of61.5J7 MPa (8925 ksi) 

with a standard deviation of 5688 Ml'a (825 bi) and a codlicicnt of vari:mcc of9'%, was 

obtainc-d for the six selected cores. The E~ , alucs arc 6 !O 8 timcs higher than thc MR 

,alucs at a sm,.,s ratio of0.20. 7 10 9 tirm.·s higher1han 1hc ~1R al a ,tress mtioof0.35 ""d 

910 lOhighcr1han1hc/..1Ra1as1rcssratioofO.SO. Nostudics.totheauthor',kno"lcJge 

have address..-d the difference bcmecn the seismic modulus and the l:1borator} MR for 

HMA nmts·rials. ,\ study b) Na7~1rian c1 al. (2003) rcportcd that the seismic modulus of 

sub-grade material s is approximatCI) JO times higher than 1hn1 of labomtor} lriaxial 

rcsilient modulus. The diffrrcna bch,ccn the labomtor) MR and F, could be a11ribu1cd W 

1hc fac1 that s1min le,cl and Strain rate in,·ol<ed in th,·sc \"0 1c,1s an· diffcrenl 1"11c 

s;,ismic modulus is a IO\< s1ram modulus. measured at a high strain rate, "hctcas. resilient 

modulus is compamthcl) a larger ~lrain modulus(Na,-.arian cl al. 2003) 
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The results of non-dcs1ructiw fidd 1cs1s namcl). Falling \\ cigh1 l).:llectomew 

(FWD). Sp<..°(Clral ,\nalysis of Surface Wa,cs (S1\SW) and Ground l'cnc1m11ng KaJar 

(Gl'K)arcprescmc<landdiscussc<lin1hcfollo"ingsec1i ons. 

~.3.1. r allini,: Wcii:ht Dt•ncct omctHTc st 

FWD tests were pcrform,-<l al selccK-<l S<.°(C!ions in the Da, is and the OKC si1cs and 

all S<.°(C!ions of the Tar Cn:ck site. A comnu:rcially a,·ailablc sofiwarc. ,\/u,/,i/1,.,. j 0. 

dc·wlop,.-<l by Liu Cl al. (2000). was used lo determine 1hc bad.-cakulatcd modulus of 

JIM,\ layers. The overall FWD b:ick-cakubtcd moduli for !he Tar Crc,,k sites arc 

presented in Table 4.32 and graphically illustr.ncd in Figure 4.41 along wi1h 11>., 

pavement sections. The modulus \'alucs \'ary bc1wt.-cn 6891'.ll'a ( 100 ksi) and 2.413 1'1Pa 

(350 ksi) "i1h an a,·cragc ,·aluc of 1.400 Ml'a (203 ksi) and a scand:ml dc,mtion (SD) of 

490 MPa (71 ksi). From Table 4.32. it can be obscnc-<l that the modulus obtained from 

I WI) d,ua(E,"") for sc,;tion TS-I was approximatd~ 1.751 MPa (154 ksi) ("i th a SD of 

approx1niatcl~ 283 Ml'a i.e .. 41 hi). U55 :,,11':i(l82 ksi) for section TS-2 ("ith a SD of 

appro.x1matcl) 310 Ml'a i.e .. 45 ksi). 841 Ml'a (122 hi) for S<°(Clion l"S·J ("ith a SD of 

approxim:,lcly 186 !\11'a i.e .. 27 ksi)a11d 1.668 Ml'a (242 ksi) for S<°(Ction 'J S-4 (\\ilh a SD 

ofapproximatd) 538Ml'ai.c .. 78ksi) 

Table 4.33 prcS<cnls chc En,t> result~ for the Da,is site The rcsulls arc al.o ploncd 

along "ith the P'"cnmll kn~lh in Figure 4.42. The ,alucs arc ,ar}llll, b,;l"ccn 

approximmdy 2.758 11.1Pa to 4.4~1 Ml'a (400 bi lo 650 ksi) "llh an a,cragc ,ah,..., of 

J .378 ,\11'a(490ksi)andaSDof62M!'a(9ksi) 
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The FWD test rcsuhs for the OKC site is prcsen!i,d in 1he I able -1 3-1. Figure -IA) 

shows the variation of modulus along the pa,·cmem length. l"hc ,alucs ,aT) bcmccn 552 

Ml'a(80ksi)and6.895MPa(1000ksi).lnconsistcn1lrhigh,·alues",·rcob1amc<l1nthn:e 

kx:alions m 42.4 rn (139 fl). 100.6 m (330 fl) and 122.8 m (-103 ft) from th,· sou1h end 

This was possiblr due to the surface irregulmi1ii:s and debris at the site due 10 1he 

construction work. Thcr.•forc. lhc•sc three ,·alucs were rcmovcd . The rcsul1ing average 

was of3.875 /T.H'a (562 ksi). mth a SD ofl.8891'11'a (274 ksi). 

From 1hc aformcmioned rcsuhs. it is c, idem Ihm thc Tar Creek ~itc sho" 

comp.1mti,·cly lower FWD bac·k-cakulak-d modulus than the· Da, ,is and the OKC siles. 

This is consistent with the· laOOrnt0T)" indin,ct tc•nsion test. As a rcsuh. on,• can conclude 

th.II the Davis mix is expected 10 pcrfom1 bc11cr than the OKC. fo!lo"cJ b) the TarCrc,·l 

Field cor.·s were rdriC\cd from locations \\hcre l·WO t<:Sls \\erc performed. 

J.lcsilienl modulu~ tests wc•rc conducll'<I on these cores. Sine<: MR tc;;ts \\Crc pcrfom,cd at 

diffcrenl slress levels and al difTcn.·nt lcmpcrJturcs. it "as dc-ciJed !o c:ikulatc th~ )\·1~ 

values :u thn:c strcs, mtios (0.20. 0.35 and 050) from the dC\clop.:d scmi•log model h) 

using the mod.-! parnmetcrs corre~ponding to the FWD 1es1 temperature. The results arc 

summaril.cd in Tahks 4 35 tlm>ugh 4.37 for th,· Da,is. the Tar Creek and 1he OKC sites. 

resp,..-c1ivcly. From Table 4.35. the results for th<: Da,is sit., comp.1rc "ell The ratio of 

laOOmtory l\l~ a1R - 0.210 FWD modulus at a load of 40 kN (9 lip) i, appro~imatcl) one 

(0.92 to 1.09) with an R-squarcd value of 0.67. as shown in Figure 444 This is 

con~istem with the obsi:r.ation b~ llos,ain cl al. (1992) "ho reported 1ha1 the a>1.·ragc 



ratio of laboratory moduli to back-calculmcd moduli varied between 1.10 and 1.22. Tht.• 

Tar Creek and the OKC sites result>. on the other hand. sho" a scal1,·red bchm 1or 

Vnrious factors could lead to such bcha,·ior mclu<ling p.1H""mcnt thickness. l"he 1£\11\ 

thicknesses for both lhc Tar Creek and 1hc OKC sites are 100 mm (4 in). "hilc the 111\lA 

chicknessforthcDavissitcis267mm(10.5in) . ltiscvidcmfro1111hesludyb} l"credcsa1 

(2005)chatathickncsslcssthan 150mm(6in)mayproduccunn:liablcback•calcula1c.J 

modulus 

4 .. L \. Spcclral An:, lys is or Surfoc, .. w~.-es (SASW) ll'SI 

SASW tests were only pcrfonncd at 1hree selected locations at the Tar Creek site.,\ 

Summar} oflht• lest results is presented in Table 4.38. Results show~'<! that lhc HM,\ base 

layer modulus is hil,\hcr than the surface layer modulus. This is consistent with the 

indirect tension MR 1cs1 resuhs "hi,·h show higher modulus ,a lues for 11k, base mix. 

From Table4.38. it can bcobscr>·cd that thcscctionTS-2sho"cd acomp.1r:1ti\"cl)' high 

E,,.~" value. approxim:11cly 8.618 Ml'a (1.250 ksi) for the surface mix and 9.3081'11'a 

(1.350 ksi) for 1hc bas,, mix. While scc1ion 'IS •I and TS-I showed approximate!) same 

SASW modulus. 4.895 Ml'a (7!0 ksi) and 4.275 /\11'a (620 ksi) fur th<:· surface mi~ and 

6.4121'11'a(9J0ksi)and5.J09Ml':,(770bi)forthcb.1,;(,mix.n:,specti,cly . 

A comparison of both FWD and SASW fidd moduli arc prcscmcd in Table 4.39 

111c resulls sho" thnt E~~•" is approxima!cl} 4 times higher m :i<.'Ction 1'S•4 anJ 61 11nes 

high,-r at scc1ion TS-2 than the h, 11,. This is consis1cm w11h the study b} Nu1~1rian ct al 

(1988) "ho rcpon~-d that th,,modul1ofll/\1A l:,ycrobtainl-d fr(lm l•WDdatacxhibit . in 

gcncnil. gn,atcr ,·ariation than 1hosc of SASW test data. Na~,;man ct al. (1988) also 

reponcd1ha111k,diffcrcnceisducto1h,·l.ickofscns1ti,icy of1hcl \\ 'Ut<."S!mc1hod1othc 



s1iffn-,ssofthctopthinlaycr,"hilc1hcSASW mcthodi squi1cs.,ru;i tiwm1hi srcgion 

Funhcr. Na1.arian et al (1988) wponcd that the strain le,·cl is an importml1 factor ,n this 

variation of test results. Moduli from SASW tcs1s arc lo"•strain moduli. On the other 

hand. moduli back-calculated from FWD dcncction basins may contain mani i;:,ia1ions o! 

nonlincarbchaviorinduccdbyth<'hcavyloadsimpan-,d toth-,pavcmcntsurfacc. 

4.J .4. C round l'c111·1r,11ing lhdH (GPH.)1c.\l 

Ground l'cnc'lrating Radar (Gl'R) test was pcrfonnc-d in the Tar Creek site. This test 

"as pcrfonncd onl} to dctc·m,inc the thi,kncss prolik of th<· pa,cmcm. The r\.'Suhs 

obtained from bo1h the south and the north lanes arc shown grJphicallr in Figur" 4.45 

and Figure 4.46. rCSp<.--<:tivdy. The layer thicknesses calculaicd from the Gl'R data depend 

on lhc dielectric constant ofth-, mcdiun1. For rda1i,d) similar mixes. th;.• GPR data docs 

not diffcrc·ntiak' the 11;,,1A surface and base la~crs (Roddis ct al.. 1992). Al the Tar Cr,·ck 

sitc.rclati,cl> simil:J.rll ,\-1,\mixc swcrcuscdforthcsurfac-,andbasccoursc.Th,·rcfor,-. 

the results shown in th-,sc figures r.·prc..:nt the combincxl l!;..1A la)"' 1hick111,ss. The 

thickness profik of the souih l;uic ,·arics bel\"'''" 100 mm (-l in) lO 150 mm (6 in). "hile 

that of1hc nonh la,w ,mies bct,H-cn 100 mm (4 in) to 140 mm (5.5 in). U: comhrning 

bothsou1ha11d nonhl3ncs,thi,a,·erngc1hicknc•,;s~sofll\lA la)c·rs"m:foundtobc 11.8 

mm p.7 in). 1-17.3 mm (5.8 in). 124.5 nun ( -l 9 in) and I !9.-l mm (-l.7 m) for s,,.-cuuns 

TS•I. TS-2. TS-3and IS-J.resp<.'eti\'cl) Thcdcsignthickncssfor!,;C1ion ·1s-Jwcs 125 

mm(5.0in). \\hilcfor1hcrcrnainingscctions(IS · I.TS•2andTS-4)lhedesignth1ckn-,ss 

"as 100 mm (-l in). l'rom th-,,;., n,sults. it can be conclud,·d that th-, lluc~ncsscs of the 

1i;,,1A ]a)c·r obtaincJ from the Gl'R data "ere fmrl) conS"!cnt and cornpamblc 10 the 

" 



rcspe1:ti1·cdcsign thicknesses. Only scc1ion TS-2 showed a high l'ariat,on . This ma) be 

ductothcinconsistcncicsofthickncssprofilcduringconstruction 

Tho: 11/l'!i\ thickness profile oflhc Tar Creek site \\as obo obt"incd from lh•· S.\\\\ 

anal) ;;i~. The n:suhs arc includ,-<l in Tahk -t38 . From the lhickm,s""s rq xmcJ in this 

1ablc. other than lhi, IH\·IA base thickncssofs,.._,tion TS•2. the thickn<'SS rnluc;;ofcach 

layer in scc1ions TS-2. TS -J and TS-I comp.1rcd fa1·ornbly with the SASW rcsulB 
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Tab le 4.20: Meas ur ed a nd Pr edicted ~lodd P~ra mc1crs 
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Tabl {' 4.20: Mca s un:d and l'rcd ictc, I Model l' aramet er, (Cont' d) 

TC-C-MR-2 
TC-C-MIM 

" " " 

" " 

10.9 ,., 
'' ... 
9.2 
10.4 ,., 

H ... 

,1,... • J04896-2Jl1T-f-#iJ6,1, J80J9AC + UJ04/V ,-
8,_ • 080J-00/0T+O.OHA. 

"'l:trM 
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Table 4.23: l'r ~dielrd Rut Depth from MAlrrial and Mix proptrli tc< 

Sampl< IIJ K111-.. 
(111111) ,, ,., 
" 

" " " 

log (R"',...J · Od'6 + 0.r9AC - 0 /78.V,. 

JO) 

1.70 
1.70 

... ... 



Tabl e 4.24: l'rc di ticd ,\ IN and Al' ,\ Rul lkp 1h at 2000 and 8000 Loadiug C1de s 

Rut , .. Ru, _ M0 (ksi )o t41 ° F M8 (k,i)at77 °F M6 (ksil •1I O~•F 

Cort (nun) (mn,) -~~--~~--~-

TCB J.I 869 74S 639 2\7 lS9 
TCS 4.6 76 372 339 310 81 61 46 
TCC S.S 9,7 108 627 40 32 
DO 2.7 2342 2234 2132 1202 1017 626 ,t6(I 338 
DC 1.9 JI 1960 1932 11'().1 1218 1082 961 6SS 290 

OKCB I.S 2.S 1690 1051 890 295 
OKCC '' 

Table 4.25: Models for l'rcdictcd MN and Rut Dcr>th al 2000 and 8000 Loadin g 
Cn les 

Rut,..,(m n,) c--0.0036 M,( ksi) • 9.70 

Ru'-(mm)•--0.0065M•(k.si)•l7.02 

Ru,,_ (mm) • --0.00-IO M,(ksi) • 10.24 

Ru....,,(mm) --0.0072M.(hi) • 17.62 

Ru1,.., (mm) --0.00-15 M,(hi) • 10.70 

Rllloooo(mm) --0.0079Ma(ksi)+l8.46 

Rut- (mm) • --0.0039 M, (ksi).,. 6.75 

Ru1-,(mm) • --0.0063Mo(ksi)+ II .OJ 

Rut,..,( mm) --0.00-16MR(~si)..-6.83 

Rut-, (mm) • --0.0075 M0 (ksi) • 11.17 

Ru1,.., (mm) • --0.00S3M0 (ksi) • 6.87 

Ru1-( n1m) --0.0087Mo(hi) • l l.2S 

R'" _,( mm) --0.0052Mo (ksi) • 48S 

Rui..o.( mm) • --00089M,( ksi) .,.8.08 

Rul- (mm) • --0.0079 M,( ksi) • 4 96 

Ru1_,( mm) • •0.01J4M ,( ks;) • 820 

Ru1-( mm) • --0.0117M, (ksi) •S .Ol 

Rui.- (mm) · --0.0194M,( ksi) • 82:! 

"" 



Table 4.26: APA hli gu.- lt u ult s 

Sam 11lt Air Void, •o r Ci ·•k> Sa mple 

'" ID (¾ ) 

.. 
TC-B-F-2 8.9 
TC-B-F-J 

47.440 
49.920 

49.680 

16.240 
22.320 
16.240 

TC-S--F-2 10.0 47.'.120 
TC-S-f ·l 10.8 49,920 

SA 27.040 

QKC-B-f-2 8.2 26.960 

Tallk4 .27: i\lc aaur cdandl'rcdict cdFa1i gucCyc lcs 

~fo Typ, S•~r• NoN N~: N,_.,,. 

I 46.8'.12 
49.920 
49,680 

49,211 
50.222 

47,520 S0.178 
49.920 47.48 1 
16.N0 18.9'.ll 

HO 18,616 

16.240 S.90 17,9-12 

27.0-IO 
26.960 27.014 

(R-,qwar,J QV8) 



Table 4.28: l'cnnc ~bilit y Te ~t lt csuh.< 

S• mpl< Air Void s l' rrme•bi li1y S•mple Air\'oid, Perme•hilit )" 

II) «¾ ) ( 10 .. cm/, ) IO (o/• l (lO"' ront,) 

TarCre,~ S"rlaet Mi, 

rablc 4.2? : Co m11ari son of i\lea, ur cd a nd l' n 'dicl cd l'cn11c~hi li1r Value s 

Mi, TJ'pt" S•~it• (10~;:;,,,) ~~f~: 
2.315 l.352 
2.422 O.S0-1 

3385 Jil2 

1.993 4.260 

t ,,,.., - 8./0 +548,1 , • 7.IJN ,.. (R-squamJ - 096) 
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Tab le ~.JO: LYltonolory ~ ismit Modulu~ Tesl ku ull$ for lh•is Cous 

ll r i( hl Wri(hl Ma .. l)o ,i l )' F""IWH< ) 1:_ 

D,( in ) 11,(lnl (lb/ Wb/lnJ)lilnl, ?H (11,1 (~,i) 

10S57 ll.4S7 0.00026S $,677 J,102 
10.SSi 0.00026S 7,274 

---+-+:~:~"'":---::~~,;;,:C-'----,-,-----+:~~.~~'- -'!-:::~!:i--;--'-::1: ~:!!~ 
3990 9909 12.702 0000265 USI 7.100 
3990 '1.909 12.702 0.000265 t.SS5 7.62' 
3989 9612 0000256 UII 
3989 9.612 11.902 9,099 

" 

JWS 
3.99S 
)995 
J9U 
39&1 
l.9U 
l9SS 
l.9SS 
J.9SS 

10 5932 

" 

5937 
S.937 

12 J.990 
12 3990 

" IJ J.991 
ll l.991 
\4 3993 
14 3993 

J.991 

9612 ll.902 0.000256 9.167 9,224 
9120 12.63 
9820 12.68 
9.820 12.68 

10465 U.306 
10465 1}_}(16 

10.465 B.J06 
10.as 1u1 
!0,2H ll.2 1 
!023S 13.2! 
9860 2., 12,623 
9&60 12,621 
9&60 12.621 
10341 1).119 
IOl-13 
10.Hl 

'"" ""' 

0.000267 
0000267 

0000266 
0000266 
0000263 
0000263 
0.000263 
0.000267 
0000267 
0000267 
0.00026S 
0.000265 
0000265 
0000267 
0.000267 

7,461 S,739 
6,411 4,232 
1.076 6,7ll 
1.396 7,414 
1.971 
7.621 6,120 
9.131 9,(,(M 
9.01.S 9,403 
9.451 10.219 
I.JOO 7.693 
B.364 7.111 
9.001 9.0S2 
S,460 7,JSI 
U24 7,493 
I.JOO 7,105 
9.227 9.120 
1.971 9,IU 
1,619 1.411 
un 9,404 
9,001 9,677 

10,600 0000266 9.35' 10,"49 
10.0U l.i 28443 0.000264 9,4SI 9,579 
10.083 2HH 0000264 9.067 1.816 
10083 214.il ooooe,,.,c---'- - 'C,·ll6 l.430 
9824 1263 0000267 
9824 0000267 ~o•:~ -;:"':,'e~"-' - -'-- - 9.19l 
10679 0622 0000264 9.419 
10679 13622 0.000264 9.643 
10.137 25 1)15 0000268 9.067 
10.137 9,1)1 
10137 000026& 9,995 11009 
1066' IS JOOSI 0000263 

15 S.938 10665 30051 0000263 1.421 '-512 

---'-'"--"''"'"'------""'-'""-'- --'"'-'""-'- -"' .. ="'--' - 2------'"'·IOI 7.rs 

,07 



Tabk4.J0: La bora 1011· Scismit Modulu s T~, t Rcsull s for l)a, ·is Core• (Cont'd ) 

S.93S 9.830 8JJ2 7.156 
S.93S 9.U0 0.000267 9.803 9.906 
S.9H 0000267 8.332 7.156 
B40 !00S0 1.7 28.281 0000263 9.123 9.230 
'.1940 t00S0 28.281 0000263 9.163 

.,., 
9.760 

18 9.760 
19 '.l.9J'.I 10.JS0 
19 '.1.93'.I 10.350 
19 S.93S 10.lS0 

12776 0.000269 
12776 

0.000267 
29.'.l'.18 0.000267 

0.000267 

8.0-14 
9,931 10.126 
9.6-ll 9,H7 

8,460 S.193 
8.939 9.147 

11.001 

Table 4.31: Seismic Modulu s and l' r cdictc, I Mw for 1hc l>a,·is Cores 

Sample Ill 1:, (~,i) l' rotlirl«I MR (~;i). (lh1io. EJM1) 

IO A•·K C\' Co/,) 11.~ o.Js 11.~ o.5l> 

1100(7) 996(&) 901(9) 

3 8141 966 (8) 890 (9) 820 (10) 

9 9130 1243(7) 1099(8) 972(9) 

6 9765 119-1(8) 106.1(9) 950(10) 

12 88S0 1422(6) 1205(7) 1020(9) 

18 9836 1-100(7) 119-1(8) 1018(10) 
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Ta hie 4.32: FWI) Hack-Catcub,ted J\loduli for Tu Creek Sit,• 

"" "" "'" .. 
162~ 

1750 

1)2 

"' 

'•fltldro,tswtreretne,·tda11hi,loc•1100,andproformcd laborator) ' M, 1ts1 
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Tab le -1.H : ~"WI) lla ck-Cakulaccd Muduli for Da.-is Si1c 

(fl) 9kiC 12 kip 15 kip 

50' S54 543 S26 
100 400 421 
ISO" 614 620 628 
200 46-1 

"" 420 
528 497 
3116 372 438 

450° 464 467 
,oo 
sso• 

• .;·;, 1J,,.,,.,. ,.., ,.,.r,S,,·cda11hi,loc•110n , andprcformcd labon1oryM 0 1<11 

Tab le 4.J -1: FWD lbe k-Caku latcd Modul i for OK C Site 

"' 139 1726 
n o• 18n 

"" 630" 

881' 

"' 

A,·rragc • ~2ksi 

1747 

931 
288 

325 288 
810 160 

492 4n 
84 91 -~ 432 

m 

287 

'" 

Std. D<v.• 2?4ksi 
• .f;c1Jeone,,.crrr<1ric,·eda11hi,1o<a1ion , andpn,form<'dlabonlOl)M , 1<sl 
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Tab le 4.JS: Co m11adso 11 ofi\ lodu lus from FWD Test am l ,\lw b~· Semi- Lo~ ,\1odd 
(Da, ·is Sit.-) 

Modolu<fromFWf>To,1 

Hip llkip 15klp 

554 543 526 
528 497 

"" '" 

M, a1Fwt1 ·r,.1T,mp,r•1uro 

it • OlO 

604 524 

"' 462 

'"' 

Tab le 4.36: Co mpari son ofi\lu d11lus from FW D T'-"il an d Mw by Semi-Log i\ludcl 
(THr C reck Site) 

Modulu, from FW D Tut 

IOkip 

'"' m 

Table ~.37: Compariso n of Modu lus from FW I) Test and i\l w by Semi-tog Model 
(OKCSite) 

9kip llkip 

.. , 
rn 

15kip 

291 

"' 



l'ab lc 4.]8: Moduli 11ml lli\l ,\ Thid;n...sscs from SASW Tesl FurT:i r Creek Site 

12S1.S 707.S 
IH0 .0 772.5 9J0.0 

Table 4.39 : Co mpari so n of FWD and SASW Moduli for Tar Creek Sire 

S(TS-4) 

J8(TS-2J 
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• 

ri gure 4. 1: Va ria l ion of MR with Stress lb1i o ( D:" ·is s11ecimcn at 41°F) 

• • • 
"00L ,~ 

,oo 

• 
• 

Figure 4.2: Variation of Mw wilh Strc ~s Rat io ( Da, ·is speci men at 77° F) 
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., 

rigur,;- 4.3: Varia tion ori\lw wit h Sl ress lh tio ( ll a, ·is s111•cimt•r1 al J0~"F) 

0.4 0,5 08 0.9 1 

ri gur e ~.-1: Fr eque nt) ' Diagram for Linear i\lodcl from 53 Oh s,·n ·a1iuns 



5 

0 Lch_ 6 □ 
0.1 0.2 0.3 0.4 0.5 

I 
o D 

[] 

figur e -1.6: Fr c1p1cncy Dia i,:rnm for l.og-t og Mo<lcl fr om SJ Oh .wr..a tiuns 
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s,,. ,. R.,io 

Figu re -1.7: Variali on or i\l M with S1n-ss Rati o for Lahon1 ory specimen at T • -11°F 

11400 

; 1200 

::: IOOO 

~ 800 

! : 
~ 200 

' 0 

" 
Figur f -1.S: Va ria tion of ,\l w with Sl rcss Rat io for La bon1 or, · Sl)l'<'imcn a t T ,. 77°•· 
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figure -U O; Vub tion of i\l k wi lh S1rcss lb1i o for Field Co r rs al 1' E;41°F 

t 1000 

~: 
1 400 

i 200 

I"" I 
. , ~---------

Figur e -U I: v~ riatinn of l\lK wit h Sl rcss Ratio for Field Corl 'S at T "' 77°•' 
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i3oo 
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Figure 4.12 : Varia tion ofi\l K " ith Stre ss Rati o for Field Co res ul T • 104°F 
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P...,• •7 % P..,• 5 9"' P>X>•6 0% 

~il LL. L 
Fi,:ure--1. 13: Vuialion or-"• "i 1h llindcr Co ntenl (Lahontol") ' Spcdmtn !I) 

; 

PG6' -22 
A,• 61 % 
P,,,.• •7 % 

PG6' -22 
A,• 7.~ 
P:u,• 5.9% 

A,•89 % 
P:a,• 49 % 

1: L. l 1._ 
Figur e 4. 14 : Vari11l ion or ,\1N with lli11,kr C 011l~n1 (r icld Curc !I) 
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Figure 4.15: Vwrialion of MN with Air Voitls ( l.ab orntory Spt( irtocns) 

Fig urc4 .16: Variatio n of MN ,.;, 1, Air Vuitl, (Ficltl Co res) 

Q 4 1' F 

• n •F 



08 TCS 
PGS.-22 PGS.-22 
..c . , ~"' ..c •60% ...... ~°"' ..... -6~ 

lL.lL 
PaH"'9No.200S lo,..r%i 

Fii ur t -1. 17: \'• riat ion or ~IK "ith Pr r crnt ai;t Pass in)!No. 200S ic• t{ L• honi lol") 
Spt dm r ns) 

Pa Hing No. 2oos 1o .. r"'1 
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~ 

Figun , ~.19: Vari~lion ofM " wilh Tem11•enirutt for L3borator y s1=imfn ~ ~• ~ - 0.20 
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r:iOKCB 

!iTCB 

■ TCS 

Figurt' 4.21: Var iati on of ,\ 1R with TemperaHtre for Laborn 1ory Sf>edmea • al I{ - 0 . .50 

f igure 4.22: Voria !ion o f i\l" wi1l1 Te rnrH)rnfure at I{ "' O.JS (Labor:olory Sp,,eim,·ns) 



. oc 
oOKCC 

Figure ~.2J: Variatio " ofJl.lK with Temp,·ra1..r~ at~ • 0.35 (Field Cores) 

LaboratorySp,c<:irens 1-ieklCores 
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Figure 4.25: Calcu lat ed and l' r c,lictcd o\ Jo,ld l'ar,uncr cr A for Power i\lotkl 

IA,..., )04896 - ZJ IZT - /48 J6A, - 28QJ9AC • UJ OJ,\',_ (R-,quawl ~ O 75)] 

.. 

Figur e 4.26: Calculated and Predicted .\ ludd l'ara mNcr B for l 'u,nr Model 

1B,-,, - 08QJ.Q(J/0T + 0053A, (R-,qu1ircd 061)1 
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t'igur t .f.27: Ca kulaltd a nd l' rrdi t lt d ,\lw from Po"t r Model (,\ lw • A IIR) 

... -- . . . . 

Fii:urr-1 .28: C alcul31cd and l'rrdiclrdRu! Dr 111hs 

11.oi(kul _ ) 0676 • 0179/\C-0171N ,- /R-,q~aud OJ6/) 
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:L~· ... oo~ • • .,~ • R' • 071 . . 
I 3 . . . 

M0 ii,oi) ot R • 0.20. T • 7rf 

Figure -1.29: Variation of Rut Depth al 2000 c, ·d cs wit h M K at R - 0.20 an(I 
T • 77°r 

• ··•=··""' . ~ . . . 
200 .t00 eoo aoo 1000 1200 14(1(1 

M0 (i,•lla! R•0 .35, T • 77'F 

Figur e -I.J O; Variation of Rut [)cpth al 2000 C)·dc ~ \\ith ,\JK at R • 0.35 ant.I 
T- n· r 

• •·•~••m• . ~ . . . 
t"igur c LH: Va rial ion of Rut Depth at 2000 Cyc k , ,.;11, l\l K at R • 0.50 ~no.I 

T • 77"f' 
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Figure 4.32; Vurfation uf Hut lkp th at 8000 C) dt· ~ "it h o\ 111 at H • 0.20 aoul 
T • 77°11 

h :l -~ _···::~;,•"M 

i~: ~ . 
0 000 900 100 1000 1200 

111,l ~•ijac R• D.ll. T•TT"F 

Figure -1.JJ ; Var iAtion of Hut Depth at 8000 C) d n "ith "111 al H. • 0.35 an ,J 

T • 7rP 

M, (hlla1R •O.Ml,l• 11'f' 

f igure 4.34; Vuia tion of Kut l)ept b al 11000 C) dc s ni 1h ,\111 al I( • 0.50 and 

T • 7r t' 
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Figur r ..1.35: Comp11ri5on lkl,. « n Ca lcubh •d ~ntl Pn,,lictcd F~1igut Cyd es 
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c. ........ , ...... , .. 111y. • 11t•-

Fii:ur r ..S.36: Co mpari so n Brt ., ecn Ca lcub!N and l'rnli c1fil l'crn11·ahili13 Valu e~ 

[i._ 110•'41AV•71SN• IR•sq•- 011611 
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Figur e ~ .. 17: nT gcncrn lctl Transfrr Fu11c1io11 for NIH H.csull s {Con· 111; llil 112) 

L 
j 

I• 

" 
" " " 

, l I•<• 7 I 9 to 11 "IJ I< i, >O 17 u 

X -Outlicrs 

Figur,- ~.311: L~l>nrntory Seism ic Mu<lulus for lla ,·is Cu res 
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• •outliers 

Figur r .t.39: Bo.~ \'l o! for Se ismic i\l odolu s for 1),,.-is C ore s (57 Ob scn-atiun s) 

Figur e .tA0: An.crag c Lab orarnr y Se ismic i\lodu lu) for lh vis Co res 
(,\f wr O utlicrlfrm on d ) 

<JO 



Fi;:ur e 4.41: FW D IJack•cakulaml i\l od ulu s for T ar Creek Sire 

t"i;:ur e ~.42 : FWD lla ck-u kulaled ,\ ludulu s for Da,·iI Site 

1) 1 



It 

Figure -IAJ: FWIJ llack-rnlru b tcd Modulu s for OKC Sire 

"'"/ y-l(l(M6, 

:::- 600 1>'•061 •• 

! 500 

" 
""' 
""' 400 500 700 

&..o(ksi) 

• I 

•·igurc 4.H : Compari son ofLahornlorr MM al I~• 0.20, E1n o al') I.it> Load for 
IJa,·isS irc 
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Fii,:u.-r ~.45: G l'R Thi ck ness Pr ofik for South Lanr. Tar Crrt •k Sit~ 



~ 

l' ii:u n, -1.46: Gl'K Thkkn "'~ l'rofil .. for N11rth I.a n .. , T■r Crttk Si1r 



CONCL US[O;>.S AN D 1u:co :-.1MENIM TIO NS 

5.1. Condu siuru 

The main objccli\"C of this study was 10 cvaluatc the p;,rfonnancc charackrislics 

(indirec1 ccnsion r.-silicm modulus (MR)-APA nu. Al'A fatigue and p;,m1.-ability) of the 

sdcctcd IIMA mixes and correlate them "ith test par;imcters (stress ratio and 

tcmp;,ramre) and specific mix propenics (air ,·oids. binder co1HC11t and aggr<."galc 

percentage passing No. 200sie"e). In order co aehic"e this objective. four loose JIMA 

mixes wcrc collected from three project sites. namc!y Dal'is. Tar Creek and OKC. Ficld 

cores were aloo retrieved from 1he three Siles for laboratory cesting. The MR tes1 was 

performed wi1h varying stress ratios mnging from 0.15 to 0.70 and three test 

temperatures. namely 5°C. 25°C and 40°C (i.e .. 41 °F. 77°F and I 04°F). In a<ldi1ion. non-

demuctiw tests were perfom1ed in the labomtor) (seismic modulus. Es) and field (foiling 

weight dencclomcte r (EFwu). spcc1ral analysis of surfacc waws (Es,<Sv.) and ground 

penetrating radar) and the results were compar<.-d with the laboratory r~siliem modulus 

results."hcne,·crpossiblc. Fromthclabora1oryandficld1cstre,uhs.andthc11nalysisof 

darnprcscntcdintheprccedingchaplers.lhcfollowingconclusionscanbcdrawn 

1 The test r<·sults suggesc that the indirect tension resilient modulus depends on the 

applied load (strc>SS ratio) and tempcrnlur<'. Based on ths· test resuhs. the resilient 

modulus dcrreascs with increase in s1ress Incl and lcmpcrnturc. 

from 1hc four HMA mixc>s !CS!Cd for indirc°"t 1cnsik resilient modulus. 1hc Da\'is 

base mix pcrfonns better than the• OKC base mix fol!o"cd by the Tar Creek base 

and surface mixes. An a\'eragc resilient modulus,alucat a strcssratio0.20anda 

135 



lest temperature of25"C (77°F) are 9.811 MPa (l-123 hi) for the Da\"is base. 7.288 

Ml'a (1057 ksi) for the OKC base. 5.992 1'1Pa (869 ksi) for the Tar Cr~-ek base and 

2.565 Ml'a (372 ksi) for the Tar Creek surface specimens. llased on lhc rcsuhs of 

fourmixcsusedinthissludy.thespccificmixprop,,nies.namclyairvoids.bitldcr 

content.spccificgravityofaggrcga1csandsizcsofaggrq;atcswrn:idcntificdaslhc 

aITecti\"efac1orsinthc1cs1rcsui1s 

A statistically significant model for resilient modulus with test paramcu,rs (stress 

rmio and temperature). specific mix propcnics (air voids. binder content and 

aggregate percentage passing No. 200 siC\'C) was de\'elopt:d. The resilient modulus 

correlates wdl with stress ratio and the model parameters "A"" and "Ir" in 1he semi• 

log model. The parameter "A" depends on tempcrntur". air ,·oids. binder eomcm 

and aggrcga1c pcrcemagc passing No. 200sieve. "hile the parametcr"ll"depcnds 

ontempcraturcandairvoidsonly 

4 The APA rut results suggest that the Tar Creek mixes arc more susceptible to 

rutting. An avcrag" rul dcplh of the Tar Creek surfac" mix is 7.6 mm (O.J in) and 

that of the base mix is 4.9 mm (0.2 in). The Da,·is and th<' OKC base mi.,cs exhibit 

a lower runing po1cn1ial among the mixes. An a,-crage ru1 dcp1h of the D:ivis base 

mi~ is 2.7 mm (0.l in) and tha1 of the OKC base mi.xis 2A mm (0.1 in). Th~ APA 

lest rcsulls for field cores also suggest that lhe Tar Creek mi~<'S arc more 

susceptible to rutting. The a\'cragc rut depths arc 9.5 mm (0A in). 5.6 mm (0.2 in) 

and 3.1 mm (0.1 in). n:spc,cti\'cl)". for th<' Tar Cl\."Ck. lhc OKC and 1h~ Davis cores 

Thccorrcla1ionsbascdon1h~ limitl"d rcsultssho" that the rutd~ptharc funcuonsof 

binder com~m and aggregate pc,rc~ntagc passing No. 200 sk"c 
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S Test Rcsul1s from this limited study show thal rcsilicm modulus ma) be corrdat~'<l 

with APA rut depths. A comparati\"cly high R-,;quar;,d "aluc of0 .72 was obtainc•d 

forrutat20001oadingcyclcsandlaborntory/l.1 Rat40 °C ( I04"F) andastressratio 

of 0.SO. However. this corrda1ion may not be applicable to other mi.xcs because il 

dcpends on associated icst r-~ramcters an<l nK-chanisms 

6 The APA fatigue results indicate that the Tar Cn.-.:k specimens ha,·c a greater 

fatigue resistance than the Davis and the OKC mixes. The fatigue cydcs for the Tar 

Creek base and surface mixes arc approximately 49.000. On 1heothcr hand.the 

fatigue cycles for the Davis and the OKC mixes arc 20.000 and 27.000. 

respectively. The difference in number of fatigue cycles for different J-11'.·IA mixes 

suggest that the fo1iguc rcsistancc for J-IMA mixes depends on specific mix 

propcrties.13ascdonthcfourdiffcrcmll1'-·!Amixcstcs1cdinthissludy.thc number 

offatiguec)clcscanbccorrclaK-dwithair\"Oids.specilicgra, •ityofaggrcgatcsand 

aggrcga1cpcrccmagepassingNo . 200sieve 

7 Among the differcm types of mi.xcs. the Tar Creek surface mix and the OKC base 

mix have higher pem1eability \'alucs. The avemgc p<,rmeabihly value for the Tar 

Cn.-.:k surface mi,i is 10.8 x 10""' cmls (4.3 x 10""' in/s) and thmofth(.• OKC base mix 

is 14.8 x 10""' cm/s (5.8 x 10""' in/s). Thl· Tar Creek base and th,· Davis base mixes 

showlowerpcrmeabilit; values ofapproximatcl; 2.4x !O"" cm/s (0.9x IO"" inls) 

and3.0x 10-i;cmls( l.2x IO""inls).rcspectivcly . l\ascdonthepc.•rmcabilil y ,alucs 

of four HMA mi,ics tested in this study. there is a strong corrdmion of permcabili1y 

wi1hairvoidsandaggrcga1cpercc1nagcpassingNo . 200 sie,c 



8 Laboratory seismic modulus( Edof the !)a,·iscurcsrangcsbe t\\( ... 'n 4 1.3681' ·!Pa 

(6,000 ksi)and 68.9471' ·1Pa{ I0.000ksi)"ilhanav<,ragcvalu<·Of5 8.JJ6Ml'a 

(8-461 bi) and a standard deviation of7.1771'·1 l'a (1.041 ksi). Six of the Da,·is 

cores tested for both n:silient modulus and seismic modulus at room lcmfl"ralllrc of 

approximately25 °C (77°F) suggest 1ha1 the Es valuesare6 to 8 times higher than 

the MR values at a stress ratio of 020, 7 to 9 times higher 1han the M~ at a Stress 

ra1ioof 0.35.and91o!Ohigh cr thanthcl,.· IRat as!ressra1ioofO.SO 

9. The average FWD back-calculated modulus for the Tar Creek si1e is approximately 

1.751 MPa (254 ksi) for scrtion TS-1. 1.255 MPa (182 ksi) for scr tion TS-2. 841 

MPa ( 122 ksi) for s..-ction TS-3, and 1.668 MPa (242 ksi) for scrtion TS-4. The 

average En,o values for th1, !Javis and the OKC sites arc approximate!; 3,378 MPa 

(490ksi)and3.875 MPa{562ksi).n-sp..-ctiwly.Thetcst resuhssuggcstthatthc 

laboratory ,\,JH at a stn-ss raiio of0.20 and E,wu al a load of40 kN (9 kip) are 

almost equal for the Davis site. On the other hand, the• Tar Creek and the OKC sites 

showasca1tcrcdbchaviorwi1hcomp.1rcdtolaboratoryMHvalocs 

!O The SAS\V modulus for so.-ction TS-2 of the Tar Creek si!c is approxima1d; S.618 

Ml'a(l.250ksi)for1hcsurfocc1Jycra11d9.308Ml'a(1 .350J...si)forthcbascla)c•r, 

Thccorrespondingvalucsforscc!ionsTS-1 andTS •-iarc-i .8951'-·Il'a{710ksi)and 

4.275Ml'a(620ksi)forlh<·surfacclaycrand6.412Ml'a(930ksi)and5.309/ V11'a 

(770ksi)for thcbascla}Cr,rcsp."<:tiw ly. Ovcrall.thcrcsul1ssho" thatE ,;,,1" is 

approximately 4 times higher al section TS-4 am! 6 limes higher at section TS-2 
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11 The 111-,1,\ la)cr thickru:ss.:s obtained from the GPK data ar.- fairl) cons1su:m and 

close 10 Uk'. respective design thiclncsscs . Only the section TS-2 sho" a high 

vruiauon . 

5.2. RccumnH•n,fatiuns 

BaSl.'don1hisstudy.thefollo"in grecommcnda1ionsarc madcforfuturc s1Udies: 

1 Since the 2002 AASHTO design guide use dynamic modulus to ~haractcrize the 

llMA mixes. A study correlating dynamic modulus with stress ratio. 1cmpc1111Urc 

and mix propcnies is =ommcnded. Such a study will be useful for the 

implementation of the 2002 A,\Sl ITO ra,cmcnt Ocsign Guide. 

A com:lation between resilient modulus and dynamic modulus will also be useful 

for the HM,\ mi.~cs used m this stud). 11 is n:commcndcd that such a stud) be 

3. The number of W,·IA mixes should be irn:rcaiiCd lo get a lx-ncr data base. Also. a 

system atic study with changing mix propcnics will be morc useful to identify the 

facton affecting the performarw;c characteristics of llMA mixes.. 

.i The resilient modulus teSl should be performed at higher 1emp1:r:uurcs (for exam pk. 

6-l 'C. i.e .• 147°F. equirnknt 10 nn 1~1 temperature) to establish com:b1ions 

behwcn MR and APA rot. 

S FWD 1estscould be pcrform~-d on pmcmcnts with layer thicknesses over ISO mm 

(6 in) in order to gd a OCncr com:lution between rcsilicm moduli of lubonnor) 

specimcnsandfic!dcores 
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APP•:N DIX 8: Test Prrn,edurei by MT S FluT cst Contn:illcr 

I. Run Indire ct Tension MM Test for A~pha lt 

Start >> Program >> MTSFlexTest >> StationManager 
lnthcopcnstation"'indowselcctasshownbclow 
File Name: ProponionAIR w-cxlemal LVDT.cfg 
Parameter Sets: MR Asphalt Tension Test (Calibration and lllning of pulse are sets in this 
parameter) 

.:..!gj~ 
.!.I~ 

~ 
.:l ~ 

!n the menu Go to Application >> Multipurpose Tes1ware 
YoucanscclhefollowingMf>Ttoolbar 

Open Specimen Options Reset '\:.,'~;'\ ;t"' /=/ e,;, 

~ !!J, !4'J~ 2J 1fJ ~ 
New Specimen Procedure Toi;g.lc Exc.-culc/ 
Specimen Log Editor Edit Mode 



File Name: MR Asphah Tcnsion.000 

Click Specimen Edi1or >> Set Spccimcn Directory path, C:l f1.st lmrt l.'il"'cimcn sll\lR 
As11h ltT cnsio n 

Click New Sf><.--cimcn and give specimen Name: for e.g. D-MR-l 

Then Click Toggle Exe.::utc/falit Mode and lock it. 

Ch~-ck Exclusive Control under Stations Controls 

SlationCon uols 

£1~ ~c11.e!I 

lbcn Click the Rese t llunon in the following windo" " 
Click the HSM 1 to lli gh Power 
Then Click HPU to Low Power and Then lli gh Power 
(Now the Hydraulic system will s1an) 

I lntenock 
1 ~ l'owcr Low 

~ .. -, ,-~y 
HPU I- __{"~•wwe,lhgh 

HSM I I- J----
AII; • Powe r High 

Now you ca11 sec the Sta lion Mana ge r Window as follows 



f'tll°""'""-!oo!s ..... 

i:il:i '" !!J•!!l~ !!l:1 0· ■ - 1 .. - 3 t 

Then Click l'rogn,m kun buuon I l 1os1an1hc1cst 

M-Spo,, -~ .. ---,-, ,-,-,-, -.. J;J 

1- I~ ,,,,...,~, 
I- _J_J 
I- _J 

All: • 

Ourin i: thc test 10 sec tht: load fl!JISC aOO dcn~-clion ClH'\'C Click Senf><'~ in the main 
ionlbar.aScopc"indow .. illopcn.youcandw.nb"-'O..'<!Uireds.:ningtosccabt:ucrwavc 
fonns. 

"' 



l . lndirectT ensilcSINngthTc sl 

OpcnMPTProccdurcEditor 
Thcnopenthcf'ik <\ndircc1TcnsilcStrcngth.OOO> 

Right click ■ 
Sck"(:tOpcnTab!e 

'0 ~r\<G~ ,-----;.s:=~'---, ~ - '=""""=---
!;1J ~ 

Double Click 12]. and in each tabComm3nd. Chanocls. and Ci<,ncral fill the following 
values 
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ii 
Close this 

i,;-Ploo,::,os,[nllblod 

ri-- t ... ,1 

IN- .:.I 

"' 

..J'1J2'1 



Thcngo10 
E ..Jcj2!) ·~ '"" • ~ 1r.,....,~~,~~--~-~--

~ ra-,-

Ar1dOouble Click~.andincachtab~Slgnolsl~'""lo..r 1>,rn·••l0enet•Lri 11 

thefollo"ingvalucs 
.Jgj.?J 

~Slgnols1-10<1p.1:u-n1--1 

js...,..R• ..:JI 
jc--,.5-,r,g_3 

.Jgj.?J 
~l~~jO<lp.l:lhlslO<no<o!I 



,dg.J~ 
-1s..,,.,.1~0..-U-n1Geno, 1111 
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~rwd_lOWLSh"s 
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.:..!QJ~ 
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W.S. £N5SETSM•U.S. E-U""4"""'] 
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r-olhooUnU,,~S111 

Soloc!Olhot. I~ 

.,Jgj~ 
.......-1~10em-.110..-U-n1~1 

.:l 

Then close this window 

rhcn go to Procedure window and Double Click~ . and in each tab Action and Gcnernl 
fillthcfollo"ingvalucs 
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.cl 

..,JQJ2!.J 

jiiokll 
J;,Procen[nllblod 

r--, ..... ,) 
jNono .:I 

Thisprogramforlndirec1TensileS1rengthtestwasdc~·elopedby1hcauthor. 



Al'l'EN DIX C: Al'A Ru1 Result., 

Figure C. I : APA Rul with Number oFCycles for Tar Cree k Surface Mi, 

4000 5000 6000 7000 8000 

fi gurc C. 2: Al'A Rut wilh Numb l•r of C) cles forTar Crc ,·k Hase o\ li , 



Figur e C.J: APA H.ut wilh Numhcrof C) ·dc s forTar Cn•ck Co re s 
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Figure CA: Al' A H.ur " ith Numb ,·r of Cycles for lla ,·is lfase Mi~ 
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Figure C.6: A l'A Rut w ilh Nurnh rro f C) d t•s for OK C llasc ,\ Tix 
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Figure C.7 : Al',\ Rut wilh NumbcrofC~ •dc , for Oh'.C Co res 



APl'E Nll lX I) : i\lodd V.-ril1rn1ion 

The dndopcd model for APA rul was verified with the test data rCfl"-'rtCd by 

previous smdi.-s. Specifically, the Al',\ nil resulls uS<.xl hen: were taken from th.:: studies 

by Tarcfder (2003) and \V3siuddin ct al. (2005). Th<.· Al'A rut depths from these s1udics 

andthc•calculak'<lrutdcp1hsfromthemoddde,clopedinthcpr<.·scmstud) ' 3n,presentcd 

in Figure D.l. In view of this figun:. i1 is cvidcm that the model over predins the rul 

dcpthcomparcdtothercsullsn,portcdbyTarefdcr(200J)and\Vasiuddinelal.(2005) 

This may b<: due to the bck offaetors indud~'<l in thi~ model. As mentioned previouslr in 

ChaptN 4. additional material and mix propcni<'s. such as nominal maximum aggregate 

siz,: and binder type wer<.• not examined in 1hc prcsem study. Only PG 64-22 bindc-r was 

used in all four mixes. However. Tare fdcr (2003) and Wasiuddin ct al. (2005) used 

different types of binders. as shown in Table D. l. To verifr the present model further. it 

isr~ommendcdthatadditionalcomparisonsb<:made 



Table D. I : Rut Dcplh• fr uni Lit cn horc ~ntl l) e, ·d opctl Mod el 
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Thio •o.'ume is the prnperty of tlio ll•innity of Oklahoma, hut tbt Ht<ury rigl,to ol the out.bor 
lnl I oer,,.,•t< property ud muot be , .. p,,ct«l. P- g<O "'"" not be oopied or el-!y paroph,atcd 
wilhout the p, .. io ... wrin,n eoru,mt of the oulhor,lllhere11<lerohu..in1any .. W...,.,,from1hi o •o l• 
wn,,he mu>t gi•ep,opn cn<lit in bi, own "" 'k 

lg:r antlhe Uni,·ersltyolOl<lahom.o.Libro,i <0pern,;,.;.," to make " ""PY of myth .. itupon the 
requeotolindi,idtl.Wo rlibr a,-;,..n,iopermitoioniog:ranltdwitli thoundet otandingth&1o e<>pywill 
bepro,idedfortt0«rrhpurp,-.only,ondlho1 ,equcotonw illbeinfotmed ol 1h,..,eot,iclion o. 
NAM( 

Alihr orywbichbor,ows th ittheoitforu .. byi topal ronoioup,,clC<lto>t<u ,elhe oignotu,eol ........... 
ThiotheoiobySlNN!AHKARUPP!AHNAVARATNARAJAH hMboenll>tdby thefollo,..in g 

peno115,wh- oignotu1eo ott..tlheiracttp1anceo fth eabover001 r.:1io RO. 
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