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EYXAPIXTIEX

Oa Mela va ekepdom TV eMKPIVY guyvopoovivn pov otov EmPrénov Kabnynm «.
Avopéa AoiCo yo v kabodnynon tov, TiG MOAVTHES cLINTNOEL, GLUPOVAEC Kot

evBoppOVeELS KOTA TN OIIPKELD ALTNG TNG SLOOIKOGTOG.

®a MBeha va gvyoplotio® daitepa Kot To GAAo 000 HEAN ™G ZVUPOVAELTIKNG
emtpomic, tov Opdtipwo Kabnymmy x. Tedpyio Kovelkaidn wou v  Emikovpn
Konyntpa xa. Xpotiva ITAat yuo TG €M0KOSOUNTIKEG TOPATNPNCES TOVS Yo TN

SUOPP®OT TOV KEWEVOL TNG SLOTPIPNG.

Eniong, Oa Beha va ekppbowm T1g Oeppéc euyopiotieg Hov ota UEAN TNG EPEVVNTIKING
ouadag tov Epyactnpiov Odomotiag tov EMII yio v vmootpin kot OvGlOGTIKN

SLUPBOAT TOVS BTNV VAOTOINOT TNG EPEVVOLG.

Téhog, Ba Oela Vo ELYOPIETNO® TOVS YOVEIS LoV Yia TIC Bucieg TOLG Kat TOL EPOSIOL TTOV
LoV TPOGEPEPAY, KOOMG Kol TNV OWKOYEVELWD LOV Yo TV OUEPIGTN GUUTOPACTACN,

VTOLOVY] KOl VTOGTNPLEN TOVS GTNV EMTLYN OAOKANPWOGT TNG SLodKaGTiag.
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ABSTRACT

Asphalt mixture compaction has been well recognized as one of the most critical factors
affecting the pavement behavior, providing all desirable mixture design characteristics
are met. This poses a challenge the laboratory compaction to simulate the field
compaction, so that a reliable assessment of the on-site asphalt mixture’s characteristics,

both mechanical and surface, is enabled to ensure proper asphalt pavement behavior.

Comparative evaluation between the commonly available laboratory compaction
methods has reached inconclusive results as to which method is the best in terms of
simulating the field compaction conditions. However, it is widely acknowledged that
compaction method has direct impact on the aggregate structure within the compacted
mixture, and hence studying this can lead to understanding of the mechanism of the
aggregate inter-particle arrangement. It is believed that linking this to the changes in
asphalt mixture performance-based characteristics can thus lead to better understanding
of the dominant compaction parameters and the resulting mechanical response.
Furthermore, the pavement surface shall provide adequate skid resistance, which is vital
for the safety of the driving public. This implies that pavement engineers shall be able to
precisely evaluate and quantify before construction the field compaction-based surface
texture characteristics of asphalt mixtures, which so far has been investigated to a
limited extent. Hence, a practical methodology shall be developed to allow the
prediction of the on-site asphalt surface characteristics of the mixture with respect to the

compaction process from laboratory produced specimens.

The aim of this Thesis was to contribute to a better simulation of in-situ conditions
through laboratory compaction methods, so that reliable results can be obtained to
assess, as accurately as possible, the on-site characteristics of field-compacted asphalt

mixtures.



To reach this aim, extensive laboratory (based on impact, gyratory and roller compaction
methods) and field experiments were designed and performed, including the
implementation of modern Non Destructive Testing (NDT) technologies for rigorous
evaluation purposes. A holistic approach, including investigations for both the
compaction dependent surface and mechanical characteristics of asphalt mixtures, was

adopted.

In this methodology, at first the compaction factors affecting significantly the
compactability, stiffness and rut resistance characteristics of asphalt mixtures are
identified, characteristics which have been found to be strongly influenced from
compaction methods. Secondly, evaluating the internal structure of asphalt mixtures by
means of 2-D image analyses understanding of the compaction factors controlling the
formation of aggregate skeleton, in terms of aggregate ‘contact points’, orientation and
segregation, is obtained. This is important to understand the interplay between the
internal structure and mechanical performance of asphalt mixtures and relate this to the
compaction methodology. Based on the experimental findings, a clear understanding of
the key compaction parameters for each compaction method has been reached. For
instance, the compaction temperature, (initial) diameter and angle of gyration,
compaction temperature and effort were found to be the dominant parameters for the
impact, gyratory and roller compaction, respectively. These factors eventually form the
basis for laboratory compaction regimes to contribute to bridge the gap with the field
compaction-based mechanical characteristics, which will have a significant influence
when using mechanistic-empirical pavement analyses methods to improve the pavement

analysis outcome towards better representing the actual pavement behavior.

This research’ findings also indicated that the laboratory compaction testing during
mixture design process cannot reliably reflect the compactability of asphalt mixtures in
the field and hence provide essential input to be used for the construction process. In
practice, achieving on-site the target compaction degree is still a heuristic process,
mainly, on the basis of installation of a trial section. Within this procedure, contractors

seek to establish the rolling pattern to achieve the target density by determining the



compaction density curve with number of roller passes without however taking into
consideration dominant parameters controlling the compaction process, such as mixture
temperature properties. In this Thesis, attempting to maximize the benefits from the
installation of a trial section, an improved and practical NDT-based methodology to
establish effectively the rolling pattern has been developed making due allowance for the
mixture temperature properties and the variability in construction conditions.
Furthermore, an integrated GPR-based methodology to assess reliably the in-place
density was introduced, which enables within production rolling to verify the
effectiveness of the established rolling pattern to fulfill the compaction requirements.
Both these methodologies can benefit contractors and agencies to improve not only the
on-site compaction methodology to ensure a proper pavement initial condition, but also
the compaction quality control procedures offering the benefit, compared to more
traditional destructive test methods, of full coverage nondestructive evaluation of the
pavement mat. Particularly, through enhanced field compaction a proper pavement
initial condition, according to design criteria, will be ensured and the positive influences
will therefore be not only a substantial decrease in needs for maintenance works and

thereby in the total life cycle cost, but also less disruption to road users.

Moreover, in this Thesis a simple, yet, and practical methodology has been developed,
which allows to estimate the field compaction-based surface texture characteristics of
asphalt mixtures. With this methodology, which includes the roller compaction method
for producing laboratory specimens to be subjected to typical laboratory tests (namely
the sand patch and British pendulum), it was demonstrated that the performance of
different mixtures in terms of skid resistance and the efficacy of the various compaction
modes may be effectively evaluated. Also, the preliminary experimental results indicated
a good correlation between the skid resistance characteristics of laboratory- and field
compaction-based asphalt surface. Hence, this methodology can benefit pavement
engineers offering them the possibility to quantify and optimize the skid resistance-
related properties of asphalt mixtures during the laboratory design process, as well as
helpful information that may be potentially used to assess the safety of road users at the

early stage of asphalt pavement in service. Further, this methodology offers essential



information for contractors to establish an effective field compaction mode to achieve

conformity with construction requirements.



HEPIAHYH

H copmikvemon tov ac@oitikav piypdtov £xel avayvoplobel o1iebvag 0Tt anoteAel icmg
TNV 7O KPICIUN TOPAUETPO TNG GULUTEPLPOPAS TOV 0O0GTPMUATOS, EPOGOV KOUTE TOV
oYEOOUO e£00PAAGOOVV ToL EMBLUNTAE YOPOKTNPIGTIKA TOV OGPOUATOUIYUATOC. AVTO
0étel wg mPOKANGN M EPYACTNPLOKT] CUUTVKVOGT VO TPOGOUOIALEL TN CLUTHKV®OGT GTO
nedilo, dote va pmopel va emitevydel a&lOMIGTN EKTIUNGCT TOV EMTOTOV UNYOVIKOV KoL
EMPAVEINKDV  YOPAKTNPIOTIKOV TOV OCQOATOUIYHOTOS Yoo TN  OGOAMOT NG

KATAAANANG GLUUTEPLPOPAS TOV 0OOGTPDLOTOC.

And 1 ovykpurikn] a&odoynon petosd tov  debvog epappolopeveov  pedddmv
EPYOUCTNPLOKNG CUUTOKVOONG O0eV €xel LIOPEEL UEXPL OTIYUNG OHOP®VIK MG TPOG TN
néBodo m omoia mpocopoldlel KaAdTepa T SVUTOKVOON o010 Tedio. QoTOGO, £xet
eVPEMG avayvoptoBet 0TL N nEB0d0G GLUTVKVMONG EYEL AUEST EMMTMOGN GTNV ECOTEPIKN
dopr| TOV AGPAATOUIYLATOS, KOl MG €K TOVTOV 1) LEAETY] TNG ECMOTEPIKNG OOUNG UTOPEL Vo
00MYNOEL GTNV KOTAVONGT TOL pNyavicpol dtaéng tov adpoveov oty pdlo Tov
CUUTVKVOUEVOL ac@altopiypatos. H obvoeon g ecwteptkng doung e Tig Hetafoiég
OTO YOPOUKTINPIOTIKA GLUTEPIPOPAS TOL OGPOATOUIYHOTOG TGTEVETOL OTL Umopel va
OOMYNoEL G€ KOADTEPN KOTAVONOT TOV KOPLOV TOPOUETPOV GLUTVHKVEOCNS TOL
SLPOPOTOLOVYV TN UNYOVIKT) GUUTEPLPOPE TOV acPaltoypdtov. Emonuaiveton eniong
OTL M EMOPKNG AVIIOMOONTIKNY KAVOTNTA TNG ETPAVEWNS TOL 0J0CTPMUATOS E£ivol
COTIKNG oNpaciog ywo TV 0oQAAEl. T@V odnydv. Avtd onuoivel 0Tt ol pnyovikol
odootpopudtov Bo mpémel va eivar ce Béom va a&oloyncovv pe akpifeld Kot vo
TOGOTIKOTTO|GOVV TPV TNV KATOGKELT] T EXIPAVELNKE YOPAKTNPIOTIKA VNS AGY® TNG
OLUTOKVOONG OTO £PY0, OVTIKEIUEVO TOV WEYXPL OTYHNG €xel OlepevvnBel pudévo oe
TEPOPIOUEVT] €KTAON. G €K TOVTOV, OVOOEIKVOETOL 1 OvAyKN va ovomtuydel o
pnébodoc, m omoio Bo emTpémer TV WPOPAEYN TOV  EMITONMOV  EMPAVELNKADV
YOPOKTNPLOTIKOV VPN TOV OGPOATOUIYUOTOC GE GYECN UE TN O0OIKAGIN GUUTVKVMOOTG

HEC® EPYOOCTNPLOKMV OOKIUIMV.



21010 NG AaKTOpIKNG AlaTpif|g amoTéAese 11 CLUPOAN OTNV KAAVTEPT TPOGEYYIoN
TOV EMTOTOV CLVONKAOV HECH TOV EPYACTNPLOKAOV HEBGOMV GLUTIKVOGNG Y10 TNV, KATA
10 ovvatdv, okpEoTEPN  EKTIUNON TOV  YOPOKTNPIOTIKOV GUUTEPLPOPIS TMOV

OACQOATIKOV HYHATOV LE GOUTVKVOOT 6T0 TTedio.

Mo v enitevén tov VIdym oTdYOL, TPOYUOUTOTOMONKE CYESIOCUOS Kol VAOTOINGN
TEWPOUATOV  UEYAANC KAMpokoc o100 gpyoostnplo  (He  epopuoy Tov  pebddwv
CUUTVUKVOONG:  KPOVOTIKNG, YUPOOKOMIKNG KOl HE KOLAWIPO) Kot otTo 7edio,
CUUTEPIAOUPAVOUEVIG TNG EQPOPUOYNG GUYXPOVAOV TEYVOAOYLOV UM KOTOGTPEMTIKMV
JOKI®V Yo Adyovug Kpttikng aSloAdynong. £1o mhaicto ovtd v1ofethOnKe o OMOTIKN
TPOGEYYLON, 1| OToio TEPIAAUPAVEL SLEPEVVIOELS TMOV EMPOVEIOKDOV KOl TOV UNYOUVIKOV

YOPOKTNPLOTIKAOV TOV OGOUATOUYULAT®V.

Méow ™G vaoyn pebodoroyiag, apykd, ovoyvopicOnkav ot Kpiowues moapdpetpot
GUUTVKVMOGNG OV EXNPEALOVY CTULOVTIKA T1) GUUTVKVAOGILOTNTO, T VoKLY io Kot TV
avOEKTIKOTNTOL  GE  TOPUUEVOVCES — TOPOUOPOMCES  TOV  OCQUATOULYLAT®V,
YOPOKTNPIOTIKA To. omoio €xel Ppebel Ot emmpedlovtal onpaviikd amd ™ pébodo
ocopumvokvoons.  Emiong, omd v afloddynon g  €0MTEPIKNG  OOUNG  TOV
OCQOATOUYHATOV UHEC® OVOADCEMV EKOVOG  OloOIoTATNG  HOPONS  emrtedybnke
KaTavonon 1oV KPIG®V TOPOUETPOV GCUUTHKVOGCTG OV JOUOPPADOVOLV TOV CKEAETO,
V7o TV €vvola ToL aPOUOY TOV KCNUEIMV ETOPTC, TPOCAUVOTOMGLOD Kol SL0YMPIGLOV
TOV adpavaVv oTo piypo. Avtd eivor onUovTKO dcTe Vo LIAPEEL KaTOvOMoTm NG
oAANAETIOpaONG HETAED TNG ECMTEPIKNG OOUNG KOL TNG UNYOVIKNG CUUTEPUPOPAS T®V
OCQOATOUYHAT®OV KOl GUCYETION Ue TN pebodoroyio cvpmikveoons. Me Bdon ta
TEPOLOTIKA EVPNUATA, ETITEVYONKE COPNG KATAVONGT, Yo KAOE epyactnplokn pebodo,
TOV BACIKOV TOPOUETP®V OV EMNPEALOVY CMUAVTIKE TN S10OIKOGI0 CLUTVKVOGNG KOl
KT E€MEKTAON TN GLUTEPLPOPA TOV acPortopiypotoc. [a mapdderypo, Ppébnke 6TL N
Oepuokpacio. copmdkvoons, M (apykn) OWIUETPOS KoL 1 YOvio TEPIGTPOPNSG, 1
Oepuoxpacio Kot 1 VEPYELNL GUUTHKVMOOTG OMOTEAOVV TIC KUPLOTEPEG TAPAUETPOVS TG
KPOVOTIKNG, YUPOOKOTMIKNG Kol TNG CUUTOKVOONG UE KOAWVOPO, avtiotoryo. Ot vroyn

TOPAUETPOL  OMOTEAECAY  TEAKA TN Pdaon 7poTacng odNyudv  EPYUCTNPLKNG



OLUTOKVOONG, M Omoiot CLUPAAAEL otV KOADTEPN EKTIUNOT TOV  UNXOAVIKOV
YOPOKTNPIOTIKOV TOV ACQOATOUIYUATOV LE CUUTVKVMOOT] GTO £PY0. ZNUEIOVETAL OTL M|
oupuPoAn avt) Bo EYEl ONUOVTIKY EMPPOT GTO TAMIGLO TNG EPAPUOYNG WNYOVIGTIKOV-
EUTEPIKAOV HEBOd®V aVAALGNG TOL 000CTPAOUATOS KATA TPOTO 7ov Oa Peitidvel Ta
OTOTEAECUOTO TV  OVOADGE®MY MOTE VO OTOSIO0VV  KOADTEPO, TNV TPAYLOTIKY

GLUTEPLPOPE TOL 0SOCTPDLATOG.

Ta gvpiuata g Epevvag £de&av emiong OTL O SOKIUES GUUTVKVMGNG GTO EPYUCTIPLO
Katé TN Odikacio oxedlacHoy TV piypdtov  dev  omodidovv  afldmicto  To
YOPOKTNPIOTIKE CUUTVKVOGIHLOTNTOS TOV OCQOATOMYUATOV oTO0 7edio, MOOTE v
napéyovv ovolactikn Ponbeia mov Ba pmopel va ypnoomomBel ot dadKaGior TG
KaTookeLNG. XtV wpdln, efaxolovbel vo yivetar avalmon g pebodoroyiog
CLUTOKVOGNG YL TNV OTOL0 EMTLYYAVETAL EMTOTOV O PBaBUOG CLUTVKVAOGONC TOV £)EL
1e0el ¢ 010)0¢, drdikacio n omoia vVAomoteital, Kuplwe, HEG® NG KATAOGKELNG EVOG
JOKIHOOTIKOD  TUNUOTOG. XT0 TAOIGI0 NG Odkaciog auThg, Ol KOTOOKELOOTES
EMOOKOVV VO, SOHOPPOGOLY TNV KATAAANAN- pe otdyevon v emitevén g
TUKVOTNTOG avaPopdc- pebodoroyior GULUTOKVOONG UEG® TPOGIOPIGLOL TNG KOUTOANG
TUKVOTNTOG GUUTVKVMOOTG G GYE0T LE ToV aplBpd TV SEAELGEDV TOV 000GTPMTNPO,
Yopic ®oTd60 va. AapuPdvouy VoY CNUAVTIKEG TAPOUETPOVS OV ennpedlovv
dwdwacion CLUTVKVOONG, OGS Ol BepUikég WO1OTNTEC TOL ACEUATOUIYHOTOS. XTO
mAaiclo g olatpiPrg, otnv mpoomdBeia vo peyiotomomBovv Ta 0QEAN omd TNV
KOTOOKELY] €VOG SOKIHOGTIKOD TUNUOATOG, avomTuXOnKe pior BEATIOUEVT KO TPOKTIKY|
peBodoroyie m omoia Paciletor o €mMTOMOV UM KOTOGTPEMTIKEG OOKIUES Yol TN
Swpopemon ¢ nefodoroyiog CLUTOVKVOONG, LEG® TNG omoiag AapuPdavoviol vedyn ot
Oepuikég 1010TNTEG TOL OCEUATOUIYHOTOS Kol 1 UETOPANTOTNTO TOV CLVONKOV
kataokevns. Emumiéov, doapopedbnke por ohokAnpopévn pebodoroyia -pe Paon v
vew@Lokn péBodo GPR- yio v a&idmiom ektipnomn ¢ emTOnov TukvOTNToS, LEGH
¢ omotog dlvetor 1 duvatotnTa ASloAdYNoNG, KOTA TN SIIPKELD TOV KOPI®V EPYACIOV
OLUTOKVOONG, 1TNG OMOTEAECUHOTIKOTNTOG 1TNG  MPOCOopopévng  pebodoroyiog
CLUUTVKVOONG ®G TPOG TNV ££00QPAACT TOV OTOLTNGEDV GLUTVKVOOoNG. Ot vroyn

pebodoroyleg pmopel Vo ®EEANCOVV  TOVG KOTOOKEVLOOTEG KOl TS  YTNPEGLES



0000TpOUAT®V 01N Pedtimon g pebodoroyiog EMTOTOV CLUTVKVOONG, KABMG KOl TWV
SLOOIKOCLDY TTOLOTIKOV EAEYYOV. ZvyKeEKPIUEVa, LEow TG Peitimong g pnebodoroyiog
CLUTVKVOGNG 0TO £pYo Umopel va e£ac@oAcbel | KOTAAANAY, COUPOVO LLE TO KPLTHPLOL
oXEO10GLOV, OPYIKN KATAOTOOT TOL 000CTPAOUOTOC, 1 omoia Bo PEIDCEL TNV OvAYKN
EPYOCLOV GLVTNPNONG Kol KT EMEKTOOT TO KOGTOG cuvvtinpnons, kobwc emiong Ha
TEPLOPICEL TNV OYANCN TOV XPNOTOV NG 000V. Emiong, n xprion tTov pun KoTosTPENTIKOV
JOKIU®MV, GE GYECN HE TIG TOPUOOCIOKES KATOOTPEMTIKEG UEDOOOVS, TPOGPEPEL TO
mieovékTnUa TG aloAdynong o€ mANPN KAMUpOKE TnG TOOTNTOS GLUTOKVOONG TOV

ACQOATOTATNTA PEATIOVOVTOG TIG O10OTKOGIES TOV TOLOTIKOV EAEYYOV TNG KATACKEVTG.

EmumAéov, omv vidyn €peguva avantdydnke pio amhr], oAl kol Tpoktikn pEBodog, M
omoio. emTpémel TV TPOPAEYN TOV EMPOAVEWNKADV YOPOKTINPIGTIKOV VONG TOV
QCQOATOUYHATOV HE OCLUMVKVOON oto medio. Me t pébodo oavtny, m omoia
nepLoUPAavel T GLUTOKVEOGCT e KOAVOPO Yo TN ONUIOVPYIN EPYACTNPLOKOV JOKIUI®V
T0. 01010 VWOPAAAOVTOL GTI GUVEYEWD GE TUMIKEG EPYOOTNPLOKES OOKIUES (dNAAdN NG
KnNAidog duppov kot tov Bpetovikov ekkpepovg), amodeiyfnke OtL pmopel va
a&10AoyN0oHV amOTELECUATIKA 1) GUUTEPLPOPH SUPOPETIKAOV LYUATOV ©OG TPOG TNV
AVTIOAMGONTIKN KOVOTNTO, KOODS Kot 1) amodoTikOTNTA TG LeBOdOA0YING CLUTVKVOGNC.
Eniong, ta mpokatapkTikd melpapatikd amoteAécpata 610V KOAN CLGYETION LETOED
TOV EMPOVEIOKADV YOPOKTNPLOTIKAOV [LE EPYUCTIPLOKT COUTIKVOGT KOl TOV AVTIGTOLY WOV
OV EMTVYYXAVOVTOL e GLUTOKV®ON 610 TEdi0. £2G €K ToVTOV, N HEBOSOG VTN popet va
OEEACEL SIvOVTOS a@QevOc TN OLVOTOTNTO GTOLG UNYOVIKOUS O0J0GTPOUAT®V Vv
TOGOTIKOTOMGOVY Kol Vo PeAtidcovv 115 W0tteg mov oyetilovior pe v
AVTIOMOONTIKN IKOVOTNTO TOV ACQOATOULYLATOV KOTO TO 6TAO0 TG LEAETNG chvOeDTg
Kol OQETEPOVL  divoviag KOTAAANAES mAnpoeopieg mov  pmopel  dvvnTikKd v
xpNoonomBodv yia v agloAdynon g AGPAAELNG TOV YPNOTOV TOV 001KOD SIKTVOV
Kot To apylkd oTAd0 AETovpYlog TOV OAGQOATIKOV 0d0cTpoOpaTtos. H vmdyn
pefodoroyia TPosEEPeL emiong MPEMUIEG TANPOPOPIEG GTOVG KATAOKEVOOTEG DOTE VO
SLLOPPMCOVY L OTOTEAEGHOTIKT LEOOOO GLUTVKVMOONG 6TO TEdi0, HEG® TNG Omoiag

Oa emTvyYdvETAL GULUUOPPMOT LLE TIG KOTACKEVAGTIKEG OTOLTNGELS.



EKTETAMENH HEPIAHYH

1. EIXATQI'H — ANTIKEIMENO AIAAKTOPIKHX ATATPIBHX

H ovumdxvmon tov ac@aAtopiypatog apopd ot d1001kacior LECH TNG OTOL0G LELDMVETOL
0 OYKOG TV KEVAOV 0£POL TTOV EUTTEPLEXOVTOL GTN HAL0 TOL KOl KOT™ EMEKTOCT OLEAVETOL
N wokvoTnTa, ToL piypatog. Katd tn ddikacic cupumdkvoons to adpav], HECH TV
OCKOVUEVOV SVVAUE®VY, £PYOVTOL GE EMAPY| LETAED TOVS, TO O0moio odnyel otV avénon
™G OAANAOEUTAOKNG KOl KOT' EMEKTACTN TNG ECMOTEPIKNG TPIPNG, avadlaTAoCOVTAL Kot
KOTAVEHOVTOL OTN UACH TOV OCQOATOUIYLOTOS SLOUOPPOVOVTAG TNV ECMTEPIKY OOUN
TOV, 1 OTol0 OVOPEPETAL OTOL ONUEID ETAPNG, TOV TPOCAVATOMGUO KOl TNV YOPIKN
KOTOVOUN TOV adpavmdv. MEcw® Tov vITdyn UNXOVIGLOD TO OGQUATOLULYLLO OVOTTUGGEL TO
YOPOKTNPLOTIKE GUUTEPLPOPAS TOV, TO OTOio Ogv UTOPOVV vo BertiowBodv petd v
OAOKANPpOON NG  SodKaoiog  CUUTOKVOONG.  XNUEWOVETOL  OTL, 1 OVETOPKNG
CLUTOKV®OOT GLVOEETOL HE TNV ERPAvVIon TPpOwpwV OHBOPADV GTO 000CTP®UA, EVEO
avtifeta 1 ‘KoA’ ocvumdkvoon odnyel oty avénon ¢ avlekTikOTNTOg £vavTl
KOTWGONG KOl TUPAUEVOVCHV TOPAUOPPDOGEDV, GTN LEIWGT TOL PAVOLEVOL 0EEIOMONG T
YNPAVONG TS AGPAATOL TTOV CYETILETOL e PNYUOTAOGCELS Kot TG POopds Adym vypasciog,
kaBmg Kot oy avénomn g evotdlelng Kot avIoyns Tov OGQOATOMIYUOTOS Kol TNG
BeATioTOMOINONG TOV EMPAVEINKDV YOPUKTNPIOTIKOV VPNG TOV AGPUATIKOV CTPOGEMV.
INvetoar avtnmtd 6Tt KOTd TNV KOTOOKELT, Bo mpémel vo eEacPOAOTEL HEG® NG
dtdkaciog CLUTHKVOONS 1 KATAAANAN, COLPOVO LE TO KPLTHPLOL GYESIOGLOD, OPYLKN
KOTAGTAOT] TOV OCGQPUATIKOV GTPOCEMV KOl KOT' ETEKTOCT] TOV 000GTPOHATOS, 1| OTOiN
pe TN o€pd TG Bo HEUDOEL TNV OVAYKN EPYACIOV cuvInpnong Kot Bo meplopioet v

OYANoM TOV XPNOTOV TNG 0000.

Me Bdaon 1o mopoamdve, €xel mpo TOAALOD ovoyvopioBel 6Tl 1 cvumdKveOon TV
OCQOATIKOV UIYHOTOV OTOTEAEL IGMOC TNV O KPICIUN TAPAUETPO TNG CLUTEPUPOPAS TOV

0000TPOUOTOG, €QOCOV Kot To oyeolacud eacpoicbodlv  ta  embounta



YOPOKTNPIOTIKG TOV OCQOATOUIYHOTOS. AVTO 0ETel OC TPOKANCT 1 E€PYOCTNPLOKN
CLUTOKV®OGN VO TPOCGOMOLALEL TI CLUTVKVOGOT G6TO TTEdi0, MOTE Vo, UTopel va emtevydel
a10moTN EKTIUNGOT TOV EMTOTOV UNYOVIKOV KOl ETLPAVELNKDV YOPUKTIPICTIKMOV TOV

AGQUATOUIYHOTOS Y10 T SLOCPAALOT TNG KATAAANANG GUUTEPLPOPES TOL 0O0GTPMLUATOG.

210x0 NG AaKTOpIKNG AlaTpif|g amotéAese N GLUUPOAY, OTNV KOADTEPN TPOCEYYIoN
TOV EMTOMOL CLVONKOV HEGH TOV EPYUSTNPLOK®OV HEBOd®Y GLUTOKVMOONG, YL TNV,
Katd To dvvatov, okpPEoTEPn  EKTIUNOM TOV  HNYOVIKOV KOl  ETUPOVEIOKDV

YOPOKTNPLOTIKOV CUUTEPLPOPAS TOV OCPOUATIKOV HYUATOV LE GUUTVKVOGT 6TO TedO.

2. MEOGOAOAOTITA

Mo v enitevén tov otdyov ™G Aatpng ténke o gpappoyn éva pebodoroyikd

mAaic10, T0 omoio amotedeital amd To akdAovOa Pocikd oTAdN:

o) Extevig BipAoypagpikn avackomnon
B) Zyedraopdg Kot VAOTOINGT TEPAUOTIKOV EPEVVAOV

v) AvaAvon TEWPALOTIKOV OEOOUEVDV
2.1 Biplroypagixny avackonnon

Apywd, mpaypotomombnke ektevig PiPAloypagiky ovaoKOTNGON HE OKOTO va
oLAAeYBoOV  YPNOIUES TANPOQPOPIEG OYETIKA pHE: o) TNV EMPPon] TV HeBOd®V
CLUTOKVOONG OTIC O1OTNTEG KOl TN GUUTEPLPOPE TOV OGPAATOUIYHATOG Kot ) TOLG
TAPAYOVTEG TOV EMNPEALOVLY TN GLUTOHKVMOT TOGO GTO TEdi0 OGO Kl GTO EPYNCTHPIO.
Ao ™ BPAoypapikn avacKOTNGN TPOEKLYE OTL 1] CLUTVKVOGIULATNTA, 1) dSvoKoLyio
Kot 1 ovOEKTIKOTNTO GE TOPOUEVOVGES TOPOLOPPMOCES, TO YUPAKTNPIOTIKO NG
E0MTEPIKNG OOUNG KABMG Kt TNG VOTG TOV AGPUATOMYUATO®V EXNPEALOVTOL CUOVTIKA
and ™ Swdikacio cvumdkvmons. EmmAéov, amd to evpnuata g ddkaciog ovTng

npoékoye Otl, peToEL dAA®v, m Ogpuokpacio, M evépysw kot M pebBodoroyio



ocvumdokvoong €ivor ot Poacikég mopdpetpol mov  emNPedlovv TOL YOPUKTNPIOTIKG

CUUTEPLPOPES TOV AGPAATOULYULATOV.

Emiong, agorloynnkav cuykpitikd ot epappolopeves debvag nébodol epyastnploknig
CUUTVKVOGONG KO TPOEKVLYE OTL OV VITAPYEL LEXPL CTLYUNS OLOPMVID ¢ TPOGS T HEB0SO
N omoia mpocouoldlel KOADTEPO TN GLUTOKVMOT 610 £pyo. AvayvopicOnke OtL 1
uébodog  ovumdkvmong  €xel  dueon  EmMNTOON  OTNV  ECMOTEPIKT]  OOUN  TOL
ACQOATOUIYHOTOS KOl KOT' — EMEKTOCY, OTN OCLUTEPLPOPE TOL  OCPOUATOULYHOTOC.
Tavtdypova, avadeiydnike 0Tt 1 cHVOEST TNG E0OTEPIKNG SOUNG HE TIG HETAPOAES oTO
YOPOKTNPIOTIKE GUUTEPLPOPAS TOV OCOOATOMIYLATOS, WEG® TNG ONoiog UmOpel va
TPOKOYEL KOADTEPN  KOTOVONON TOV KOPIWV  TOPOUETPOV  GUUTVKVOOTNG  TOV
SlPOPOTOOVY TN UNYXOVIKY]  CUUTEPIPOPE  TOV  ACGQOATOUIYUATOV — (OCTE Vo
SwpopemBodv  KaTAAANAEG 00MYyieg CLUTVKVEOGONG 7oL TPocsouoldlovy, KoTd TO
duvatdv, Tic emtdémov ocvvOnkeg, elvar avtikeipevo To omoio pEYPL OTIYUNG ExEt

dlepeuvnOel LOVO GE TEPLOPIGUEVT EKTAGT).

Emumiéov, avadeiyOnke m avaykn ovamtoéng pebddov, m omoio Bo emtpémer tnv
TPOPAEYN HECH EPYOSTNPLUK®V SOKIUIOV TOV EMTOTOV EMPAVEIAKDY YOPAUKTPICTIKMOV
VONG TOV OGQUATOUIYUATOS G GYEOT HE TN OdKacio cupmLukVmoNs. Ot GYeTIKE
épevveg mov Eyovv mpaypoatomombel HEYPL CTIYUNG EMKEVTIPMOVOVTAL GT| YUPOGKOTIKN
péEB0S0 GLUTHKVOONG KOl TO, OTOTEAECUOTO GLGYETIONG £XOVV Oei&el OTL 1| YLPOOKOTIKY|

HEB0S0G CLUTVKVOGNG OV EIVOL AVTITPOCMOTEVTIKT TNG CLUTVKVOOCNG GTO TESTO.
2.2 Xye010610G KOl DAOTOIN G TEIPAUATIKDY EPEVVOV

Me PBdaon ta svpiuota ™G PPAOYPAPIKNAG  OVOCKOTNGONG, TPOYLATOTOmONKE
OYEOICUOC KOl VAOTOINGN TEPAUATIKOV EPELVOV TOGO GTO TESIO OGO KOl GTO
EPYUOTNPLO. ZKOTOG TMOV GLVOLUGUEVOV GUOTNLOTIKOV OEPEVVIICEMYV GTO EPYACTNPLO
Kot 670 MEdio NTav 1 a&loAdYNoN TNG CLUTEPLPOPAS AGPAUATOULYUATOV SULPOP®Y TOTMV
VIO TNV €VVOla TNG KOKKOUETPIKNG O1ofABons, Tov ovOHOGTIKOD HEYIGTOL KOKKOV TOV
UIYHOTOC TOV adpovAY, TOL TOGOGTOV KOl TOTOV OGPAIATOV, KOONDC Kol TG OTPMOONG,

oniaodn depevviOnKoV PIyHOTO ETQOVELNKNG, GUVOETIKNG KOl OAGQAATIKNG PAong, evd



vy TV a&loAdynon e CLUTEPIPOPES TOVS YPNCLULOTOMONKAY Tapadoslakés HEBodot

OAAG KO GUYYPOVES UM KATAOTPETTIKES EBodOL.

Y10 mhoicto avtd VAOTOMONKE KOTOUGKELN] TEPOUATIKOV TUNUATOV OGQOUATIKOV
odootpoudtov (trial sections) ywo g avaykeg g €pevvag, 1 omoia meplEAaPe ™
OlOTPMOTN Kol TN GLUTLKVMOTN He cvpPatikég epapuolopeveg pebddovg O1apoOpmV
TOTOV OCQOATOUYLATOV, T®V 0OToimV 1) cOvOeoT Tpaypatomomdnke pécw e pebodov
Marshall. Katd t didpkela g Kataokevng £ywve GLAAOYN oTolEiov amd emtdmo
Kataypapéc pe un kotaotpentikég uebdodovg (Non Destructive Testing: NDT) yuo
OlEpPELYNON NG  GLUTEPLPOPAS TMOV  ACQOATOUIYUATOV ©T0  €pyo, KaODS Kot
OEIYLATOANYIES OAGPAATIKMOV TUPVAOV Ol OTTOT0L XPNGLOTOMONKAY O aVaPOPd Yo TN
oLYKPITIKN a&loAOYNoN TOV EPYACTNPLOKOV HEBOd®MV Kol TNG EMTOTOV CLUTVLKVOGCNG.
Emiong, mpoaypatomomOnkayv odetypotoAnyiec yoaAapod 0CQOATOUIYHOTOC, TO OTOio
YPNOWOTOMONKE Yoo TNV  VAOTOINGY TOV TEPOUATIKOV EPELVAV UECH  TOV
gpyacTNPOK®V HeBOO®V GLUTHKVAOGCNG, ONANOT TNG KPOVGTIKNG, TNG YUPOOKOTIKNG Kol
™G SLUTOHKVAOGONG e KOAVOpo. Ewdikdtepa, 060V apopd GTo epyacTNPLOKE TEPALOTO
0o mpémel va avagepbel OTL €ytvaov OEPELVNCEIS KOl ®G TPOS TIG AEITOVPYIKES
TapapéTpovg Kabe pebooov. 1o miaicto ovtd emALyOnKav Pacicéc TapaueTpot, OTMG 1
Oepuokpacio, n yovie TEPIOTPOENG, N OWAUETPOG TV Odokidiov, o aplBuog Tov
Oledevoe®V Kol 1 Agltovpyiot COUTOKVAOGONGS (EQPOPUOYN OTOTIKNG QOPTIONG 1| O©F
ovvdvacuUoO He dOVNoT), Yo TN SWHOPP®ST] TOKIAAWY LEBOSOAOYIDV CLUTVKVOGNG Y10
Kda0e epyactnploky HEBOSO KOl TO GUUTVKVOUEVO dOKIp VITOPANONKAV GE EAEYYOVS MG
mPpog To POCIKA  YOPOKINPIOTIKE GULUTEPIPOPAS Tovs. Edikdtepa, otdyo TV
TOPAUETPIKOV SEPEVVNGE®V ATOTEAEGE N a&loAdYNoN TG EMOPACNC TOVG MG TPOS TN
CLUTVKVOGIHOTTO, TN dvokapyio, TNV avOeKTIKOTNTO G  TAPUUEVOLGES
TOPALOPPDCELS, TNV ECMOTEPIKY OOUT, KAODG Kol TNV aVTIOAMCONTIKY KOVOTNTA TOV

ACGPUATOULYLATOV.
2.3 Avaiven TEPAUATIKDY OEOOUEVOV

H pebodoroywin mpocéyyion mov axorovdnbnke mepiélafe emiong v avdivon twv

TEPAUATIKOV SEG0UEVOV TOV GUVOLAGUEVOV OLEPEVVIICEDY GTO EPYOCTNPLO KOl GTO



nedio vy KaBe emuépovg evotro. o to okomd avtd ypnoyomombnkov péBodot
TEPLYPOPIKNG  OTOTIOTIKNG, ToAOpOuUnone, kabmg Kot  ovaAvong  SloKOLOVOTG
(ANOVA) yuwo erinedo gpmotocivng 95%, evd pe Baon tn odvleon tov gupnudtov

00KV ATAVTAGELS GYETIKA e TOV KUPLO 6TOY0 TG Alatpipnc.

3. EYPHMATA IIEIPAMATIKQN AIEPEYNHXEQN

3.1 Zvunvkvoowuotyro

Mo v a&oddynon g cupTLKVEOGIUATNTAS ¥PNoLoTomOnKay dvo dgiktec: o) 1 KAlom
™G KOUTOANG MU-AoyaplOpkng popeng (oOuemva [e T eVpOTAiKd TPOTLTA) TOV
TOGOOTOD KEVAOV GPA GE GYECT UE TNV EVEPYEWD CLUUTLKVOONG (nAadr tov aplduod
TEPIOTPOPMV M dlehevoemV) kot B) 0 aplOuog TeEPIoTPOPDV/ dEAEVCEDY TOV AVTIGTOLYEL
0€ GLYKEKPYEVO TOGOGTO KEVOV aépa. ATO TIC GYETIKEG OVOAVGELS TMV TEPULOTIKOV
OedOUEVMV GTO €PYACTNPLO, OGOV aPOpd GTN YVPOSKOTIKY HEBOdO Tpodkvye OTL 1|
EMPPON NG YOVIOG TEPICTPOPNG Kol TNG YEOUETPIOG T®V OOKIUIOV OTO €MimEdO
CLUTOKVOONG €IVOL OTATICTIKE GNUOVTIKY, VO Yo TV mepintwon g pnebodov e
KOMVOPO GTOTIGTIKG GNUOVTIKY TPOEKLYE 1) EMPPON TG Bepprokpaciog Kot Tov aptfpov
derevoemv. Avtiotorya, mpoodlopicOnkay ot deikteg cupmLKVOSILOTNTOS (e Pdon Ta
TEPOUOTIKA OEGOUEVE CUUTOKVOONG TOV MYHATOV 0T0 7edio. AmO TN GLYKPITIKN
a&loAoyNno”n HETOEy epyoaotnpiov Kot eSOV TPOEKLYAY SLUPOPETIKG YOPOKTIPLOTIKE
CUUTVKVOGIUOTNTOS KoL G €K TOVTOL O pmopel va yiver a&lomotn extiynon tov

EMTOTOV YOPUKTNPIGTIKOV HECH TOV EPYACTNPLOKADV JOKILMV GUUTVKVOOT|G.

YOVETEWD TOV TPOOVAPEPHEVTOV EVPNUATOV OTOTEAEGE 1) OVAYKN OlEPELVNONG TNG
dvvatdmrog agloAdynong e EMTOMOV GUUTVKVOGIUOTNTOG HECH U KATOGTPETTIKMV
oKDV, CLUPOVE KOl HE TN oVYXpovn aviiinyn vy v  afloAdynon Ttov
0000TPOUATOV. XTO TANIGI0 NG VIOYN £psuvag dlepevvinkay ot pébodor g
YrépuOpng Oeppoypapiog kot ¢ yemeuowkng pebddov GPR (Ground Penetrating
Radar).



Apykd, pécm g pebodov e YrépvOpng Bepuoypapiog diepevviOnke n emppon g
Oepuoxpaciog Kot EVEPYELNG CLUTVKVOGONG 6T0 Pabud copumdikvoons. And v avdivon
TOV TEPOUATIKOV OEOOUEVOV TPOEKLYE OTL 1 Beppokpaciocc GLUTVKVMOONG  £)El
oNUaVTIKN midpacn otnv adénon Tov Pabpod cLUTLKVMOGNG, CLVETMOG Ha LTOPOVGE Va
avartuyBel oyéon mov vo TEPLYPAPEL TNV TLKVOTNTO OC cLVAPTNON TG Beprokpaciog
KOl TNG &VEPYELNG CLUTVKVOONG AapuPavovtag vmoyn 1t uébodo g Ymépubpng
Oeppoypapiog.

Emiong, péow g pebddov GPR kot g OmAektpikng otabepdc €qma TOV
acoitopiypotog, 1 omoia mpoodopiletar pEc® NG AVAALONG TOV YEOPLOIKMOV
OedOUEVMV GUAAOYNG LLE KEPALD CLYKEKPLUEVIS GLYVOTNTOG, SIEPELVNONKE N EMPPOT] TNG
pebodoroyiag ocvumdkvmong oto Pabud copmdkvoons. Amd TV ovOALGN  TOV
TEPAPATIKOV O£S0UEVOV OV GLAAEXONKOV GTO TANIGIO TV E€PYACIOV O1AGTPMONS-
GUUTVKVOONG OCOOATOMYHATOV HE Saeopes, cuvnBelg oty mpdsn, pebodoroyieg
CUUTVKVOONG TPOEKLYE SPOPOTOINGT) ®G TPOG TN UETABOAN TNG OMAEKTPIKNG
otafepdc TOL ACQOATOUIYHOTOG G€ OYéomn HE TOV aplBpd TtV OlEAELoEDV TV
odootpotypmv. To ehpnua avtd aroktd Wiaitepn a&io 6TV TEPITT®ON KOTA TNV OMOiN
Ba pmopovoe, HECH TNG OINAEKTPIKNG GTAOEPAS TOL AGPAATOUTYLLATOG, VA TPOGOL0PLGOEel
N emtdémov TLKVOTNTO, 1| 0Tolo AmOTEAEL HETPO GUUTVKVAOGIUOTNTOS KOl AaiTnon TG
KataokeLvns. [a 10 okomd avtd, apywkd, gvepyomomOnkav poviéAa TpdPAeymg mov
BaoiCovtar omv nAektpouayvntikn Oswpio (dniadn CRIM, Rayleigh and ALL) og
GLVOLOGUO LE TN YPNON TEPLOPIGUEVOL aplBpov Tupnivev Yo Adyovs Baburovounong, ta
Omoi0L EKTILOVV TNV TUKVOTNTO TOV OCPUATOUYLATOV MG GUVAPTNOT TV SMNAEKTPIKOV
010TNTOV TOV ACPOATOUIYOTOG KOl TOV GUOTATIKOV TOV. ATO TIG GYETIKES AVAAVCELG
TPoEKLYE OTL HEG® TOL povtélov mpoPAeyng ALL pmopel va yiver mpdPfieym g

EMTOMOV TUKVOTNTOG LLE TKOVOTOUTIKT okpiPetoL.

Me Bdon to evBoppuvTIKG OTOTEAECUATO TOV TPOKATUPKTIKAOV JEPEVVICEWV EYIVE
TEPALTEP® EPEVVO, Y10 TNV A&LOAOYNON TNG EMTOTOV TVKVOTNTAG HEG® TG peBodov GPR
aALG kot tng peBddov PQI (mov ypnopomoteitan S1€0vidc) g Tpog T0 GPAANN EKTIUNONG

TOVG GE OYECN HE TNV TLUKVOTNTO avopopds twv mupnvev. Edikotepa, o¢ mpog



XV | Extetapévn mepiAnym

uébodo GPR diepeuvnOnkay cuykpitikd Stdeopa Hoviélo TpoOPAEYNC TG EMTOTOV
TUKVOTNTOG, KAODC Kot M emppon tov appod tov mupnvev Pabuovéunong Kot g
ovuyvoTNTOG TG Kepaiag oty akpifeia TpoPreyns. Amd TIC avoAVoELS TPoEkLYE OTL
apBpdc 3 mopnvev givorl erapkng yio Adyovg Pabpovounong tov poviédmv tpopieymng,
TO WKPOTEPO OPAApO EKTIUNONG emTVYYAVETAL PE YpNon Kepaiag ocvyvotntag 2 Ghz,
EVD KAVOTOMTIKY aKpifelo 6TV eKTIUNGN TG EMTOTOV TUKVOTNTOG OAGPAATOULYULATOV

emroyyavetal pécm tov aiyopibumv PANK kot ALL, copeova pe to Zynua 1.

10

9t I 1 Ghz 2 Ghz

Méco Anéivto IMocostinio Zeaipa (%0)
ol

ALL PANK Regression-based

M£00060¢ eKTipNO6G EMTOTOV TUVKVOTNTOAS

Yympo 1. Zedipo ektipnong o€ 6y£cn PNe To povréda TPoPrLEYNS KOl T1] oVYVOTITO

¢ kepaiog Tov svetiparog GPR.

EmumAéov, Aoappdvovtag vmdym evpnuato g €pevvag avthig mov €0siav 0Tl 1
Oepurokpacio £xel CNUAVTIKY EMPPON GTNV AOENCN TG TLKVOTNTAS, dlepevvnOnKe av
umopel va emtevyfel 1KAVOTOMTIKY EKTIUNOT TNG EMTOTOL TLKVOTNTAG LECW e&lomONG
mov vrdpyel ot PipMoypagia, N omoia TEPIYPAPEL TNV TLKVOTNTA MG GLVAPTNGN TNG
petafoing g Oeprokpaciog Tov ACEUATOULYHOTOG Kot TOV aplfuol tov dteleboewv

TV 000GTPMOTNP®V. ZTO TAAIGLO AVTO EYIVE TPOCTAOELD TPOGAPUOYNG, OTH GXECT LT,



TEPOLOTIKOV OEOOUEVOV CUUTVKVOONG ACPAATOUTYHOTOS OTO TTEdT0, OTMG POIVETAL GTO

Zympo 2.
2400
*  Sroysio perpicemv .
2350 | "B Sroyegio ektipfosov - g --9---0
. *
~ R ;
‘e 2300 | .- A
g x~
=] .
= 2250 ‘
[
o
% 2200
= p=2197+ 258{1-exp[-0.638 exp((-101.822)/T)] N}
R%=0.934
2150
2100 '
0 2 4 6 8 10
140
120 1 T=-0.2052N?-1.4422N+86.878
R?=0.754
G 100 f
e ®
2 80} * =3
g ¢ ] .
§_ g
S 60 r PN
=
°d
@ 40
20
O L L L L
0 2 4 6 8 10

AprOpoég drerevoemv

Yympo 2. Emppon Ogppoxkpociog ac@artopiypotrog ko aplOpod owerevocmv

0000 TPOTHPOV 6T1| HETAPOI TNG ETLTOTOV TVKVOTNTOG.



Méow g mpooéyyiong avtig Ppédnke 6t1 10 opdipa extiunong eivar eEoapeTikd
xopnAo (g taéng tov 0.03%). Katd cvvérewo Bo pmopodoe va yivel exktiumon g
EMTONOV TLKVOTNTOG HECH® TNG OVATTLENG GYECEWV TNG TLKVOTNTOS GLVOPTHGEL TNG

Oepurokpaciog Kot Tov aplfpod TV deAedcemy.
3.2 Avokauyio

[Tedio Oepedvnong omotélece emiong 0 EAEYYOG TV HNYOVIKOV 1O10THTOV TOV
ACQOUATOUYHATOV, HETAED GAA®VY Kot TNG dSuoKouyiog Toug HEGM NG HeBOdoV EUpEGOL
epeikvopod ITSM (Indirect Tensile Stiffness Modulus) copeova pe TIC VPOTOIKES
vopues. Méow tov eAéyy®v TOL TPAYLATOTOMONKOV apyLKA dlEpELVIONKE M EMPPON
TOV TOPAUETPOV EPYUGTNPLOKNG CUUTVKVOOTNG 0T SVOKOUYIO TOV 0COAATOUYULATOV.
Amo To gupnpato TPoEKLvye OTL OGOV APOPE GTNV KPOLGTIKY] CUUTOKV®OGT, N avENGN
m¢g Oeppokpociog ocvumdkveoong odnyel omv  avénon ¢ dvokapyio TV
OCQOATOUYHAT®OV Kot 1 UETOPOAN] avTth €ivol GTOTIOTIKA OMUAVTIKY Yo EMITESO
epumotoovvng 95%. Ocov aeopd 6tn YLPOGKOTIKT] GLUTVKVMGT|, Tapatnpeital peimon
™m¢g ovokauyiag pe v avénon g OBepuokpaciog CLUTOHKVEOONS OTA GLUPATIKA
ac@oAtopiypata, evd m pkpdtepn Svokoauyic aviiotoryei otn yovioe 1.45° ko m
ueyaAvtepn otn yovia 1.16° n onoia wpodiaypdeetar oto apeptkdvika npotura. Eniong,
N emppon S SWpPETPOV oTN JuoKapyio TOV OCQUATOUYHATOV elvol GTATIOTIKE
onuoavTikn pe ta dokipto dtopéTpov 100 mm va gppavifovv peyoidtepn dvokapyio ce
oxéon pe ta opyikng owpétpov 150 mm. Ocov agopd ot puébodo pe kOAVOpo, M
dvokopyio emnpedletor onuovikd amd T Oeppokpacio Kot tov aplBud TV
dedeboewv, evd avtifeta n pebodoroyio. copmOKVEOONG 0 Qaivetal vo, EXEl GoEN

enidopaon.

[MpaypatomomOnke eniong cvykprtikny aloAdynon HeTaEy Tov HeBdO®V ePyOcTNPIOKNG
KOl EMTOTOV GULUTVKVOOTG AopPdvoviag vrdyn Kot T0 EMIMESO GLUTVKVOONG TOV
emtevyOnke yoo ka0 pébodo. Me Pdomn ta mepopatiKd dedopéva TPoEKLYE OTL Yo
TOPOUOL0 EMMEDO GLUTVKVAOONG TO OOKIHULO YUPOGKOTIKNG CLUUTVKVAOONG eUPovifovv
YEVIKA VITEP-OMAGGIEG TIUEG SVOKAUYING GE GYECT LLE TOVG TVPVES, OTTMOC POIVETAL GTO

Zyue 3. Emiong, to doxipio KpOLGTIKNG GUUTVKVMOONG TPl TO YEYOVOS OTL £XOLV



VYNAGTEPO TOCOOTO KEVAOV 0EPO GE OYEOT WE TOVLG TLPNVEG eRPavilovy ®GTOCO
peyoAvtepeg TIHEG dvokapyiag. Avtifeta, To doKipa GUUTHKVOONG LE KOAMVOPO Kot Ot
TUPNVES EPPAVILOVY GLYKPIGIUES TIUEG duGKAUYING oV ANPOOHY VTTOYT Ol SLUPOPES TOVG

G TPOG TO EMIMEDO GLUTVKVMOOT|G.

AC12.5 surf 50/70% AC12.5 surf PmB (SBS)
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Yympa 3. Avokapyio og oxéon pe ™ pé0060 cLUTVKVOONC.

EmnAéov, £ytve mpoKatopKTIKY] d1EPELYNOT TNG EMOPACTS TOV HETPOV OLOKOUWYING LE
T1G dLAPOopeS LeBOGOVE GLUTHKVAOGONG GTNV OVOAVGCT) 030CTPOUATOV. ZTO TAAIGIO 0VTO
&ywe ovOiAvorn TUMIKNG OTOUNG, 1M omole TEPIAAUPAVEL TO OCQOATOUIYLOTH OV
eEMEYYOMKaY KOl LITOAOYIGTNKOV TO TAPALOPPOSIOKA UEYEON oTIc kpioiueg BEoelg Tov
000GTPOUOTOG, ONANOT 6TOV TLOUEVA TOV OGPOATIKOV GTPOGEMY KOl GTNV ETLPAVELD

™mg oTp®oNg £dpaons. Amd ta amoteAéopata TG avdivong mpoékvye OtL ot pHEBodot



KPOVLGTIKNG KOl YOPOOKOTIKNG GCUUTOKVMOTC VITOEKTILOVY TO, KPIGULO TOPAUOPPDCIOKE,

peyedmn e xoatackevacHeicog dstatouns, Avtifeto, HEow TNG GLUTOHKVMOONG HE KOAVOPO

VIEPEKTILMVTOL TO Kpiotpa pey€dn Kot ¢ €K ToVToL 1 TPOGEYYIon oV Bo UTopovsE Vo

Bewpnbel cuvinpntiky (VEp g acepaieiog) oto TAaiclo TG TPOPAEYNS TNG OLAPKELOG

Cong Evavtt KOTMONG TOV OGPUATIKOV GTPOCGEMY GE CYECT] UE TN CULUTEPLPOPA TNG

kataokevacOeicag datopng. Ta svprpato ovTd 0dNYOHV GTNV OVAYKT TPOGILOPIGHOD

CUVTEAEGTOV UETOTPOTNG LE PAoT TO AGYO TOV TIL®OV SVCKAUWING TV EPYAUCTNPLOKDV

neBddV ¢ TPOS TIG TWES SvoKapyiog TG EMTOTOV GLUTHKVAOGCNS, COLPOVO UE TO

Zympo 4.
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3.3 AvOeKTIKOTYTO OE TOAPAUEVOVOES TIOPAUOPPDOEIS

Ta dokipo epyacTnNPLOKIG Kol ETITOTOV CLUTVKVOONG EAEYYONKOV €MioNg OC TPOS TNV
AVOEKTIKOTNTO TOVG GE TOPOUEVOVGES TOPUUOPPDOGES HECH TNG OOKIUNG EUUEONC
epeixvotikng avtoyne ITS (Indirect Tensile Strength) oe vynAn Bepuokpacio eErEyyov
50°C. Zxomdg TV ALYV fTov apevOC 1 SIEPEHVION TNG EMPPONC TMV TOPAUETPMV
EPYOUOTNPLOKNG CLUUTVKVOONG GTN GUUTEPLPOPE TOV ACPOATOULYLATOV, OO TIC OTOleg
TPOEKLYOV GE YEVIKEG YPOUUEG TOPOUOLNL EVPNUATO e TN Svokapyio, kabmdg Kot M

ovykprtikn a&loAdynon peta&d epyactnplokdv pefoddmv Kot EMTOTOV GLUTHKVAOGCTC.

AC12.5 surf 50/70% AC12.5 surf PmB (SBS)
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Yympo 5. AvOEKTIKOTNTO 6€ TOPUNEVOVGES TUPUNOPPDGELS OE 6YEGT PNE TN pE00d0

CUUTVKVMONC.



A&iler va onuelwbel o1, amd TV VoYM OlEPELYNON TPOEKLYE OTL 1| KPOLOTIKY| KOl
YUPOGKOTIKY HEBOOOG GLUTHKVMGTG TaPBEyoVvV doKipo LeYyoADTEPNC AVOEKTIKOTNTAG G
TOPAUEVOVGES TOPALOPPOGELS (e cVVTELESTN NG TAENG Tov 1.6 ko 2.2, aviictolyn)
CULYKPITIKA HE TNV EMTOMOV GULUTVKVOOT. Avtifeta, To JOKiU GLUTOKVOONG HE
KOAWVOPO Kol 01 TUPNVES EPPVICOVV TOPOUOL0 GCUUTEPIPOPE, OTMOS PAIVETAL GTO ZyNUa

5.
3.4 Ecwtepixny doun

Avayvopilovtag 0Tt pécm TV mopadocslokdv uefddwv o umopel va eEnynbovv ot
SLPOPES GTO YOPOKTNPLOTIKG GUUTEPLPOPES TOV AGPAATOUYIATOV AOY® TV HeBOd®V
CLUTOKVOONG, Olepevviidnke emiong 1 eowtepikny douny (internal structure) tov
ACQUATOMYUATOV HECH GUYYPOVOV TEXVIKOV ovAALGNG ynolokng swovag (image
analysis). Eiwdikotepa, péow g odpoong oplléviiov TOp®V TV OOKIHimV
OCQOATOUYHAT®OV KOU TNG EQOPUOYNG KatdAAnAwv oiltpov enefepyaciog £yive

TOGOTIKOTOINGT TMV YOPUKTNPICTIKOV TNG EGMTEPIKNG OOUNG.

Apywcd, OtepevvOnke 1 EMPPON TOV TOPOUETP®V TOV EPYUSTNPLOKADV HeOOd®V
CLUTOKVOONG € JEIKTES YOPAKTNPIGUOD TNG ECMTEPIKNG OOUNG TOV HYUAT®V, Ol 0Toi0l
oyetiCovtar pe ta onueio exaeng (nradn apbpog eraemv (CP), unkog eraeng (CL),
unKkog emagng adpavov ce daxkiddwon (CLB)), tov mpocavatolMopd (emkpotovso
yovia 6 Kot Taon A TPOCAVATOMGHOD VIO GUYKEKPIUEVN YOVIO) Kol TOV S0 ®PIGHO
(xopwn xatovopr (Sp)) tov adpavaov. Amd v aloAdynon TG EMPPONG TOV
TOPAUETPMOV GUUTVKVAOGTS, OGOV 0pOPE GTNV KPOVGTIKT] GUUTVKVOGT TPOEKLYE OTL M|
Oepurokpacio. GLUTVKVOONG OeV EMOPE CMUOVTIKA GTOVG OEIKTEG EGMTEPIKNG OOUNG.
Oocov apopd 61N YUPOCKOMIKY) GUUTOHKVMGT], 1 OGUETPOC Kol 1) YOVIOL TEPIGTPOPNS
emmpedlovy TIC EMAPES KOU TOV TPOGOVOTOAIGUO TOV AdpavVAV, VO 1 ETPPON NG
Bepurokpaciog coumdkvmong meplopileTot oTiG EnAPES TV adpovav. Ocov agopd ot
péBodo pe KOAVOpo, M Bepuokpacio Kot 1 EVEPYELD GUUTVKVMOONG emnpediovy To
YOPOKTNPLIOTIKG ECOTEPIKNG OOUNG, avtiBeta n pebBodoroyio coumdkvmong o aiveTot

va €€l KATO1 EMPPOT).



AmO ™ ovykptikn aSoA0YNoN UETOED TOV JOKIUI®MV EPYOCTNPIOKNAG KOl ETITOTOV
CLUTOKVOONG TPOKLITEL OTL O1 EXAPEG UETOED TOV AOPAVAV OTIMG SIOUOPPDOVOVTAL GTO
nedio HEo® TG EMTOTOV GLUTVKVMOONG TPOoeYYilovtal KAOADTEPA GTO EPYUCSTIHPLO UE TN
YUpOooKoTIKY HEB0d0 kol og pkpdTEPo Pabud pe ™ CLUTOKVOON pe KOAVOPO, OTWS
eaivetor oto Zynua 6. Avtictolo €vpnuoTe TPOEKLYOV KOl OGOV dAPOopd oTnv
EMKPATOVGO YOVIOL TPOGAVATOAGLOV, COLP®VA e TO Zynuo. 7. Q¢ Tpog TO da(®wPIoHO
TOV adpovav TPokuye, pe Baon to Zyfua 8, 6Tt N YOPIKN KOTOVOUN TOV AOPUVOV

OTOVG TUPNVEG TPOGOUOLALETAL KOADTEPO HECH TNG CVUTVKVOOTG HE KOALVOPO.

AC12.5 surf 50/70? AC12.5 surf PmB (SBS)
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AC12.5 surf 50/70° AC12.5 surf PmB (SBS)
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Tympa 6. AIKTES EMAPOV 0dPAVOV € 6Yfon pe TN pE0060 cLVPUTVKVOONC.



AC12.5 surf 50/702 AC12.5 surf PmB (SBS)
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Xympa 7. AEIKTES TPOGAVATOMGHOV UdPAVAV 6€ oyéon ne 11 pE00do cvpTikvoong.



AC12.5 surf 50/708 AC12.5 surf PmB (SBS)
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Xyqpa 8. Agiktng oy mpiopov adpavav og oyéon pe T pébodo cvpndKveonc.

EmumAéov, €yve mpoomdBeto avaltnong dadtkasudy GUUTHKVAOGCNG, Yo KAOE EMUEPOVS
gpyaotnplokn pEBodo, Yo TIG Omoieg EMTVYYAVETOL KAAVTEPT TPOGEYYIOT TV EXITOTOV
ocLVONKAOV G TPOG TNV £6MTEPIKN doun. 10 TANiG10 avtd Oa mpémel va avapepBel ot
YL TNV WEPIMTOGN TNG KPOLOTIKNG GUUTOKVOGNG TPOGEYYION 1TNG  EMTOTOL
CUUTVKVOONC TPOKLTTEL Y10, Ogppokpacio cvumvkvoong 135°C yio to cvpPoticd
OCQOATOUIYHOTO, E€VO EAAPPDOG LYNAOTEPTN YO TO. TPOTOTOMUEVO UE EAOGTOUEPN
doparto. Ocov a@opd GTN YLPOOKOTIKY] GUUTVHKVMCNG TPOCOUOIMOT TOV EMTOTOV
SUVONKOV EMTLYYAVETAL Y100 GLVOVOGHO VYNANG Yoviag meptotpoeng 1.45° kat apyikig
dwpétpov dokiuiov 150 mm, evd 6Gov apopd otn péBodo pe KOAVOpo Sidpopot
ocvvdvacuol Beppokpaciog Kot aptBpov dlelevcemv TPooeyYYilovy 1IKOVOTOMTIKG TIg

EMTOTOV GLVONKEC.



3.5 Xyéon eowTEPIkS OOUNS Kal UIYOVIK®DY 1010THTOV O.CYAATOUIYHATOV

Ta amoteAéopato TV GUVOVUCUEVOV OEPEVVIICEDY TOV YOPUKTNPIOTIKMOY EGOTEPIKNG
JOUNG KOU TOV UNXOVIKOV YOPOKINPICTIKOV aflomombnkay mepotépm Yo v
a&loAdyno”n G EMPPONG TOV OEIKTMOV E0MTEPIKNG OOUNG oTn SvoKopyio Kot v
AVOEKTIKOTNTA GE TOPAUEVOVCEG TAPALOPPDCELS. ATO TIC GYETIKES OAVAAVGELS TPOEKVYE
0T1 01 dgikteg MOV oyeTilovTotl LE TNV OAANAOEUTAOKT TOV 0OPAVOV ETOPOVY CTUAVTIKA
o Jvokapyio TV SOKIUIOV YUPOSKOTIKNG HEBOOOV KOl GUUTVKVMOONG He KOAVOPO,
ocvppwvo pe ta otoryeio tov Ilivaxa 1. Oa wpénetl eniong va emonuavOel Tt pkpn
avENON OTIg ML LeTAlD TV adpavdv 0dnyel o onuavtikny avénon g dvokapyiog

TOV SOKILI®V YOPOGKOTIKNG CUUTVKVOGCTC.

IMivokog 1. Avalven dwokvpaveng (p-values) dvokopyiog Kol SEIKTAOV E6OTEPIKNG dOUNS

Yo 0Aeg TS pEBOOOVS GLUTVKVMOG.

Mé60d0g CP CL CLB o A SL
GLUTOKVOONG

Kpovotikn 631 958 876 .270 221 .657
I"'vpookomikn .000 .030 .047 129 .104 478
Me kdAvdpo .000 374 535 296 .568 .902
Enutonov .264 384 696 .857 .496 .879

IMMivokog 2. Avdlven OJwkopaveng (p-values) oavOekTIKOTNTOS 6& TUPUAPEVOVOES

TOPOPOPPADCELS KOL OEIKTAV ECAOTEPIKNS oG Y10 OAES TIG neBddOVG cupuTOKVOOTC.

Mé60d0g CP CL CLB o A SL
GLUTOKVOONG

Kpovotkn 522 693 659 332 478 .803
I'vpookomikn .010 343 093 .208 .888 .613
Me kOAvdpo .003 .678 950 .003 .312 .164
Enutonov 129 441 649 835 .966 .678

Avtictoyn dadikacio akoAovOnOnKe Kot ¢ TPog TV avOEKTIKOTNTO GE TOPAUEVOVGES
TOPULOPPDOELS KO TPOEKLWYAV OVTIGTOTYO, EVPTLLATO. ZVYKEKPIUEVA, Ol EXAPES LETAED
TOV o0pOovVOV EYOVV CNUAVTIKY EMPPON, EVA YOO TNV TEPIMTOON TOV JOKIi®V
CLUUTVKVOONG He  KOMVOpO onuoavtiky elvar  emiong kot n  emidpacmn 1oL

TPOCAVOTOAIGLOD TV 0dpavaV, cOLEmVA [e To ototyeia Tov [Tivaka 2.



3.6 AvtiolicOntiky ikavoTyTa

Ot Ymmpeoieg 0000TtpopdTov, d1edvmg, mpodlaypapovy ToloTkovg EAEYYOVS LETE TV
KOTOGKELY], Ol 0TTO10l HETAED ALV TEPIAAUPAVOLY TNV 0E0AOYNON TG LOKPODPNG O
oxéon pe TG amorthoelg ocvupopewons. Iloapd to yeyovdg 0t M poxkpoden £xet
avayvoplodel 0Tl GUVEIGPEPEL ONUOVTIKE GTNV  OVTIOAISONTIKY  1KovOTNTO  TOV
OCQOATIK®OV O000CTPOUAT®OV OTN (Aon Aetovpylag TOvg, HEXPL OTIYUNG Oev glval
draBéoun omotadnmote TvmomomuEVn HEB0S0C mov va emTpénel TV aldmIoTN EKTiUMON
TOV EMTOTOV YOPAKTNPICTIKOV VO TNG EMPAVELNG HECH EPYOOTNPLOKAOV SOKIU®DV. g
ek ToUTOV, PEMeL va, avomtuyBel por pebodoroyia 6to gpyactiplo pécm g onoiog Ba
emtuyybvetal aSlOmoTn EKTIUNOTN TOV EMTOTOL YOPAKTNPICTIKOV VONG GTO EPYOCTNPLO
TPV TNV KATOOKEVT]. XTO TAOIG1O0 aVTO, 1] EPYASTNPLOKT] HEBOSOG GUUTVKVMGTG QOivETOL
va omoterel koboplotikd mopdyovta yu va eEac@aiicBel 0Tl TO. HOPPOAOYIKA
YOPOKTNPIOTIKE TNG EMPAVEWNS TOV OOKIU®V EVol OVIUTPOCOTEVTIKA OLTAOV TOV

TPOKVTTOVV LE GUUTVKVMOOT] TOV AGPUATOULYLATOG GTO TEDTO.

Aopupavoviag vrdyn TO TPOYEVESTEPO ELPNUATO TNG £PELVOC OLTNG, 1N VEOYM
depedvnon emkevipoOnke ot pEBodo cvpmdkvoong pe KOMvopo. Oa mpémer va
onpewdel 6t 1 kpovoTiK HEB0JOG dev eMAEYONKE VO GLUTEPIANPOEL GTIG TEPAUATIKES
OlEPEVVNGELS GLVETELD aPEVOS NG advvapiag T vTdyn peBOdoL VoL TPOGOUOACEL TN
dwdwasion TG CLUTVKVMOONS TOV 000CTPOTINPMOV OTO EPY0 KOL OPETEPOL TOV
OpupUaTIGHOY TOV AdpaVAOV TTOV ONUOVPYEITAL AOY® TOV UNXAVICHOD GULUTOKVMOTG.
Ewwotepa, Bo mpénet va avapepBet 611 0 OpLUHOTIGUOC TV AdpaV®OY TOV TPOKAAEITAL
HEG® TNG KPOLGTIKNG CLUTVKVMONG OVIOVOKAATOL GTOV aLENUEVO aplBUd ETAPOV
HETOED TOV 0OPOVDV, GLYKPITIKO HE TA OKIHA €MTOTOV GLUTVKVWOGONG, YEYOVOS TO
omoio motedETOL  OTL €YEL  EMPPOY] OTO  YOPOKTNPLOTIKE pukpobeng. Emiong,
napatnpOnke 0Tt N PEB0OOC VT TPOKAAEL YMPIKY AVIGOKATOVOUN TOV AOPOVOV CE
oxéon pe TV emtoéHmOv OCLUTOKVOOTN, 1 omoio moTeveETOl OTL  emnpedlel  To
YOPOKTNPIOTIKG pokpodeng. Me Pdon ta mapamdve Kpivetar OTL 1 KPOLOTIKY
ovumOkvwon Oe Umopel vo. TPOCOUOLIGEL TO HOPPOAOYIKE YOPOUKTINPICTIKA TG

EMPAVELNG TOV ACOUATOULYHLATOV LLE GUUTVKVMOOT] 6TO TEdi0. AvtioTorya, To EVPNUOTA



TOV SIEPELVIGE®V Y10 T1 YUPOOKOTIKN GUUTVHKVMOT] KOTEOEIEQV OTL HEG® NG HeBdOoV
OLTNG M KOTOVOU TV 0dpoveV Ol(POPOTOLEITOL GE OYE0T HE TNV  EMITOTOV
CLUTOKVOGCT, OV Kol 68 HKPOTEPO PabUd GUYKPITIKA PE TNV KPOLGTIKY) GUUTVKVOOT).
Qo1600, Bo wpénel va emonuaviel 6Tl Ta dOKIHO YUPOSKOTIKNG CUUTOKVOGNG EXOLV
TEPLOPICUEVT] O10OECIUN EMPAVELN Y10, TOV TPOGOIOPIGUO TOV YUPOUKTNPIGTIKOV LOTG.
Ta mapoamdveo @aivetor vo €Enyodv To €UPNUOTO TPOYEVECSTEP®Y EPELVMOV TOV
avagépovtor ot PipAoypagio, ocOuemva pe To omoic M YVPOOKOTIKY WHEBOSOC
CLUTOKVOONG OEV €IVOL OVTITPOGMOTEVTIKY], OO TNV ATOYN TOV YOPOKTNPICTIKOV TOV
oyxetilovion pe TNV OVTIOAMOONTIKNY 1KOVOTNTO, TNG CLUTVKVOONG 010 Tedio. Q¢ ek
TO0UTOV, Kpifnke 611 N yuvpookomikn HEB0OOG GuumuKVMONG Oev TTpémel va peretnBel €1t
TepalTEP®. YO 10 Tpiopa avtd, HEGM NG SAdIKOGTIOG GUUTVOKVIOONG GTO EPYUCTIPLO
He KOAVOpo dlepevvinOnke 1 SLVOTOTNTA TPOGOUOIMONG TG EMPAVELNS TOV UIYUATOV
KoL K0T’ €MEKTACT TOV WO0THTOV TNG OVTIOAMGONTIKNG TOVG kavOTNTOG Le GLUTHKVOOT

6710 TEdTO.

Apyikd, depguvnOnke 1 duvatdtnTa aSl0AOYNoNG TG OVTIOAGONTIKOTNTOG UIYHATOV LUE
SLPOPETIKA YOPOUKTNPIGTIKA (MG TPOS TNV KOKKOUETPIKY dtofdOuion, To Héyloto KOKKO
TOL HiYHOTOG TMV 0dPOV®VY KL TO TOGOGTO OGOAATOV) Kol TO OTOTEAEGHLATA EOEEAV OTL
HEG® NG CLUTHKVAOONG LE KOAVOPO GTO £PYACTNPLO UTOPEL VO YIVEL OMOTEAEGLATIKA

aE0AOYNOT TOV YOPAKTNPIOTIK®V 1010THTOV TOV UIYHATOV.

Eniong, mpaypatomromnke melpapatiky 01EpELVNOT GLVOVOGTIKA GTO EPYOUCTNPLO KOl
o010 meodio Yy v aglodldynon g emidpacng g pebodoroyiag cupmuKVmOONG GTNV
AVTIOMCONTIKY KOVOTNTO TV acQOATOMYHATOV. Me Pdon To omoTeAéoUOTO TOV
avOADCE®V TPOEKLYE OTL 1| LeBOdOAOYID CLUTVKVEOONG EXNPEALEL TN GLUTEPLPOPA TOV
piypotog Kot emmAéov vdpyel cvoyétion petad tov deiktn aviioMcOntwomrog IFI
(International Friction Index) 6énwg mpoodiopiletal 6To €PYacTHPIO Kol GTO MEGIO 0md

peTpNoelg TopdAnia Kot Kabeta otn d1ebfuvon cuumHkveons, COLPOVA LLE TO XYM
9.
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70 dgikTn avrioMoOnTIKN G wavéotnTog IFI.

4. XYMIIEPAXMATA

Me Bdon 1 odvleon TtV KOPLOV ELPNUATOV TNG £PELVOC, OavamTOLYONKAV Kot
npoteivovtol Téooepls peB0d0AOYIKES TPOOEYYIOELS, OL OMOIEC OMOTELOLV TO. KVPLO
onpeia TG EMOTNUOVIKNG GLUVEICPOPAS LTS NG AtaTpiprg, Yo TNV, KAaTd T0 duvaTdV,
aKpIPESTEPT  EKTIUNON TOV  UNYOVIKOV KOl ETPOVEINKADV  YOPUKTNPIOTIKOV

CUUTEPLPOPES TOV AGPOATIKAOV UIYUATOV LE GUUTVOKVOOCT] GTO TEDTO.
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Yympoa 10. Enpeio emoTnRoVIKIG GVVEIGQPOPAS EPEVVOC.

H mpot peBodoroyikny mpooéyyien oyetiCeton pe v extipnomn, péow ToV
gpyacTNPok®v  HeBOO®V  GLUTOKVOONG, TOV UNYOVIKOV  YOPOKTNPIOTIKAOV TOV
ACQUATOUYHATOV HE cLUTOKVOON ot1o medio. Me Pdaon tn dwbéoiun péyxpt oTypng
yvoon AMyn epguvnTikn] mpoomdbsio £xel aplepwbel oto TopeABOV va mpoteivel
Katevbuvimpleg odnyleg OCLUTOKVOONG O©€ OYE0N HE TG, KATO KVOpLo  AdYo,
epappolopeveg 01eBvag epyaostnplokes nedddovg cuUTHKVOGNS, SNAAON TNV KPOLGTIKY,
TN YUPOGKOTIKN 1| T GUUTOKVOOT HE KOAVOPO, Yo TNV KOADTEPN TPOGEYYIOT) TOV
emromov cvvinkov. H Awrpifn avt) motevetor 0Tl TposPEPEL CNUOVTIKT) GLUPBOAN

TPOG OTY| TNV TPOOTTIKY.

Yvuykekpuuéva, pe Pacn to TEWPOUATIKE gupnpato emTedydnKe GOENG KATOVONGT Yo
K@Oe epyacnploxn péBodo TV PACIKOV TAPAUETPOV TOL EMNPEALOVY CNUAVTIKG TN
dtadKacion GLUTHKVMOONG KoLl KOT' ETEKTACT] TN GLUTEPLPOPA TOV acaitouiypatoc. ['a
mapadeypa, Ppédnke O6tL n Beppokpacio copumdkvoons, N (apykn) SGAUETPOC Kot M
yovio TEPIOTPOPNS, Kol 1 Beppokpacio Kot 1 EVEPYELDL GLUUTHKVOONG OTOTEAOVV TIG
KUPLOTEPEG TOPOUETPOVS TNG KPOVLGTIKNG, YVUPOOKOTIKNG KOl TNG GLUTUKVOONG L
KOAWOpo, avtiotoryo. Ot vmdyn moapdpetpol omotelobv T Pdorn mpdtacng 0oNyLdV

EPYOOTNPLOKNAG CLUTVKV®ONG (Compaction regimes), n omoia cupPdiel otV KaAvTEPN




TPOGEYYIOT TOV UNYOVIKOV YOPAKTNPIOTIKOV TOV OACQUATOUIYUATOV UE CLUUTVKVEOGCN

010 Tedio pe avapopd Tov 1010 Pabud cvumdkvmong. Ewdwkotepa:

Oocov apopd oTNV KPOLOTIK] GLUTVKV®OGT], TPOTEIVETOL 1] GLUUTVKVOCT TMV

EPYOOTNPOKOV JOKIUimv Tov  mpokeltor vo  vroPAnBodv o SOKIUES
TPOGOIOPIGOD TOV HUNYOVIK®V YOPOKTNPICTIKMOV VO, TPOLYUOTOTOLEITOL EVIOC TOV
gopoug  Oeppokpooctdv  125-135°C  yi 1o ovpPatiké  KAEGTOO  TOTOVL
ac@oitopiypata. o v mepintoon UIYHATOV e TPOTOTOUEVY ELAGTOUEPN
dopalto mpoteivetal va kabiepmbBoiv eAappdg vynAdTepEg Bepprokpacies (Tng
16éng twv 5-10°C).

Ocov agopd 61N yupooKOmKY) GUUTVKVOGT, Omd TIS Odpopes pebBodoroyieg

ocvumdkvoong mov aloAoyndnkav, copmepAapuPavopéveoy Tov TPOTOKOAA®Y
mg evponaikng (CEN) kot oapepwcavikng mpodwaypapns (AASHTO), n
KOADTEPT TPOCEYYION TOV GLVONKAOV TOov TEedlov emTLYYAvVETOL PEG® TNG
ocvumdkveong pe yovio mepiotpoeng 1.45° o cvvdvooud pe ™ Sadikocio
mopnvoinyiog amd dokipo dwpétpov 150 MM ®ote vo TPokvYEL doKipo
dwpétpov 100 mm.

Ocov  a@eopd ot ocvumdkveon pe  kKoAvdpo, O1dpopeg peBodoroyieg

coumukveoong (vmd v évvoln cLVOLOCUMV Beppokpaciog Kol evEPYELNG
ocvumdkvoong) Ppeédnkoav va aviikoatontpilovy T PUNYOVIKO YOPOKTNPLOTIKA
AMOyom ™ ovumvkvoong oto medio. Kot’ ovola, péocw g epapuoyng evog
otafepov poptiov kot kabopilovrag ) Beppokpacio cuumdiKvoong (cuoTiveTo
avénpévn Beppokpacia) 1, EVOALOKTIKA TNV €VEPYELD GLUTVKVOONS (ONAadn
apOuod d1EAEVGEMV) UTOPEL VO TPOGOIOPIOTEL 1] EVATOUEVOVCO, LETOPANTY Yo VO

emrevyBel o Pabuog cvumdixvmong mov Exet tebel ¢ 6TOYOG.

[Mepartépw, avayvopiloviag tn GOYYPOVN TAGT EPOPUOYNG UNYOVIGTIKOV-EUTELPIKOV

peBdd®V avdAvong 000GTPOUATOV TOL TEPIAAUPAVOVY MG UETAPANTEG GYEOIAGLOD TO

HNYOVIKA YOPOKTNPIOTIKA TOV OOQOATOUIYHOTOS, Omwg 1 dvokapyia, Oa mpémer va

TOVIOTEL OTL 01 IOOTNTEG TOV VAIK®V TOL TPOGO10pilovTal HEGH EPYACTNPLOKADV OOKIUMV

Katedelyn Ot emmpedlovv oNUaVTIKA TV TPOPAEYT TG CLUTEPLPOPES TG OLOTOUNG



TOL 00006TPONNTOS. QG €k TOVTOV, 0TV Tpoonadela vo Peitimbel To amotéleopo ™G
avEAALONG DOOTE VO OVTITPOCMOTEVEL TNV TPAYUOTIKY] CUUTEPUPOPE TOV 000GTPDOUATOS
npoteivetal va v1oBeNOel ol 1EPpaPYIKN TPOGEYYIGT dVO EMITEI®V Y10l TNV EKTIUNGCT TNG
duoKOUYIoG TOV ACEUATOUYHATOV. Moo TV 300 emmédmv yivetar didkpion o€ oxéon
pe tn onuocio ™g dvokapyiog OTav YPNCLOTOLEITOL G UETABANTY G AVOAVTIKOVS
vroAoyiopovs, pe to Emingdo 1 va avrmpoowmedel v mepintoon amaitmong yo
avénuévn aéomotio v eEayduevov arotelespdtov. To dvo enimeda ameikovilovton

070 aKOAOVOO GO KO TEPTYPAPOVTOL KATOTEP®:

Enincoo 1
NMAS 12.5mm: NMAS 12.5mm:
CF=0.4 . CF=0.3
NMAS 20mm:
CE=0.6
, Mebodohoyia 1\"1890;5?0}0“,'{%
Eﬂlﬂ860 II GUUTOKVOONC GOUTUKVBGNS

(yovid,
OlOETPOL)

(Bepuokpascio)

Xypa 11. MeB0doroyiki) TPOGEYYIGN YO TNV EKTIUNGT], HECH TOV EPYUCTPLUKOV

nefOd®V GVUTVKVOOGG, TS OVOCKUPYINS HE COUTVKVOGT 6TO TTEHTO.

Eninedo I: agopd otn dvokopyioc mov mpocsdiopiletor pHEc® SOKIUMV o) 6€ doKipua
CUUTVKVOUEVOV HEC® KLAIVOpoL M B) o€ JoKipo KPOLGTIKNG 1] YVPOCKOTIKNG
CLUTOKVOONG €Papuolovtac tavtdypova KoTdAAnAlovg cvvtedeotég petotponng (CF)

0€ GLVAPTNON UE TO OVOLOOTIKO péyefog adpavmv tov piypatoc (NMAS).

Eninedo II: agopd otn ovokopyio mov mpocdlopiletor péEcm OOKIU®V € doKipa
KPOVOTIKNG 1 YUPOOKOTIKNG GUUTOKVOONG EQOUPUOLOVTAG TIG TPOTEVOUEVEG, AVAOTEPW,

uebodoroyieg cupmdkvmong (compaction regimes).



H dgvtepn peboooroykn mpooéyyron oyetiCeton pe ) dapudpewon e pebodoroyiog
oLUTOKVOONG 6To Tedio, dote vao emtevyBel o embBvuntdg Padudc cvpumdikvoons. Me
Baon to gupNUOTO TNG TOPOVGOS EPEVVAG TPOEKLYE OTL HECH TOV EPYAGTIPLOKAOV
JOKIU®MV GLUTHKVAOGTNG OgV TPOKVTTTOVV aE1OTIoTO GTOLYElD Y10 VO YpNGILOTTOmBobV 61N
SLUOPPMOT TOV OlOIKACIDV KATOOKELNG. XNUEWDVETOL emiong OtL 1 pebodoroyia
ocoumdokveong Y. v omoio  €Eac@OAilovTol Ol OMOUTHGELS GCLUTVKVEOONG
OUOPOOVETAL OO TOVG KOTOOKELOOTEG, OCLVNOMG KOl €POGOV TO OMALTOOV Ol
TPOJAYPOUPES, GTO TAOIGIO TNG KATAOKEVNG EVOC SOKILOGTIKOD TUNIOATOG, XOPIG WGTOGO
v AMpUBAvovToL LITOYT CNUOVTIKES TAPAUETPOL TOL EMNPEALOVV TN GLUTVKVOCILOTNTA,
Om®g ot BepUIKES 1010TNTEG TOL AGPOATOUTYILOTOG KOt 1) LETAPANTOTNTA TOV GLVONK®OV
KOTOOKELNG. ATO auTn TV oy, Yo TV TepinTmon Katd v omoia 1 Oeppokpacia
TOV UIYHOTOG OPOPOTOLEiTOL OO TIC AVTIOTOWES TWEG KOTA TNV KOTOOKEVLT TOV
dokooTikod Tpunpotog eivor mBavd O6tt Y va egmrevyfel o embBountdg Pabpog
ooumvkveong Ba ypelaotel £vog SOEOPETIKOS apBOS SEAELGE®V, YWPIG OCTOCO V.
umopel va extiunfel. Yno to mpiopo avtd, n emomnuovikn cvufoAn g Awotpipng

agopd otV avamtuén  pog  Peitiopévng kot mpaktikng  pebodoroyiag yio

dwpdpemon o anoteAecpotikng  pebodoroyiog cvoumbikveons, HECH TG Omoiog

Aoppdvovtor veoym ot BepUikéc 1010TNTEG TOV OCPUATOULYHOTOS KOt 1 HETAPANTOTNTA
TOV CLVONKOV KOTAUGKEVNG OTOCKOTMVTOS GTN UEYICTOTMOINGT TOV OQEADV amd TNV

KOTOGKELT EVOG OOKIUACTIKOD TUNHOTOC.

H peBodoroyion avtr|, n omoia amewoviletor oynuatikd okoiovda, mepthapupdvel 6to
TAOIC0 NG KOTAGKELNG €VOG OOKIUOGTIKOD TUNUOTOS TNV €QPOPUOYN GUYYPOVOV UN
KOTAGTPENTIKOV HeBOdwv, dndadn g YrépuOpng Oeppoypaeiog kot g texvikng PQI,
v T pétpnon g Bepuoxpaciog kot G EMTOMOV TLKVOTNTAS OvE SIEAELOT TOL

odootpmtipa Yo kb vrd a&loAdynon pebodoroyio GLUTOHKVEOOTG.
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Yynpo 12. MegOodoroyikn) mpocéyyion Y TN OWHOPP®OT TNG EMTOTOV

nedodoroyiog cupTOKVOONC.

A&iler va avagepbel 611 M epoppoyn TV vIoyn HeBdOOV cuuPdiiel oe cagn
Katavomon g enidopacng ¢ Oepuokpociog acealtopiypatog otnv €EEMEN NG
mokvotntoc. H katavonon avt) pmopet va Bedtiobdel mepattépm HEGm TS GUUTVKVOOTG
VIOTUNUATOV GE @) TUTIKEG Kot ) TNV YOUNAOTEPT EMTPENTY, KATA TNV TOPAS0GT GTO
épyo, Oepupokpocios TOv AGEUATOUIYUATOS (OGTE Vo, €mMTPAmMEl VO TPOGOIOPIGTOVV
EVOEYOLEVEG  TPOMOMOINGEL, GTOV  OmOUTOVUEVO  oaplud  deredoewv  Ady®m NG
HETAPANTOTNTOC TV OEPUOKPOUCIOV TOL AGPUATOUIYHOTOS 0TO £€pyo. ¢ €K TOLTOV, N
mpotevopevn pebodoloyla mAeovektel évavtt g Swdikaciag mov  akoiovbeital
ocuvnBwg otV TTPAEN TPOCPHEPOVTOG TN OLVATOTNTA VO, TPOGOOPIGTEL N aVENCT NG
TUKVOTNTOG O OYEON WHE TNV ATOOY NG OepUoKpOciog TOL OGPAATOUIYLATOG,
mAnpogopia M omoia elval kaBoploTIK) Yo TN SOUOPP®CY UG OTOTEAEGHATIKNG

pebodoroyiag copumdiKvmoNg.



Emiong, emonuoaiveton 611 00 ototyela emrtoOmov petpioemv umopel va aglomoinfodv
TEPOULTEP® Y10, VO TTEPTYPAYOVV LOONUATIKG TN S1001KOGI0L CLUTVKVEOONG. XTO TANIGLO
avtd umopel va ypnowomomBel o e&icmon, n omola €xel emPeforwbel péow twv
TEPAUATIKOV OEOOUEVOV TNG £pEVVOAG OTL €lvol TOAD OMOTEAEGUOTIKY Yol TNV LVIOYM
avédivon. H eficoon ovtn, péoom g TPOCOPUOYNS TOV TEPUUATIKOV OEOOUEVOV,
weprypdpel v €EEMEN NG TLKVOTNTOG G OY€om He ToV aplpd TV O1EAehoE®V TOV
0000 TPMTAPA Kot TO pLOUd YOENG Tov aceaitopiypatos. Katd cuvénela, ehéyyovtog
aUTEG TIC OVO TOPAUETPOVS, OVOUEVETOL VO KATOOTEL €VKOAOTEPO va emtevydel 1
emBounT TLKVOTNTO GLUTOLKVMOONG. AVTN 1 OAOKANP®UEVT TPOGEYYIoY, M Omoin
TPOcPEPEL TN OvvoTOTNTO va. AapuPdvetor 0eovimg vmdym 1M petafAntoétnto TV
ocuvOnkadv Kataokevng, oOivet T dvvatotnta va  kabopiotel Oxt pdévo 1M mo
OMOTEAECUOTIKY]  OGTPOTNYIK] GULUTOKVOONG, OAAGL KOl T  OTOLTOVUEVY] EVEPYELN
CLUTVKVOONG ®OTE Vo €£00QoMoTEl  GLUUOPO®ON  HE TIG OMOLTNCELS TOV

TPOJAYPUPDV.

Qo61660, 1 OTOTEAEGUATIKOTNTA TNG OLOUOPPOUEVNG HeBOdOLOYIOG GLUTOKVOONG GE
oyxéomn pe v enitevén tov emBountov Pabuod cvopmvkveoong Ba tpénel va erainBevbel
KT TN S101IKAGI0 TOV KOPLOV EPYACLOV KOTACKELVNG. ATO TNV Aoy avTn, 1| TodtnTa
GLUTVKVOONG TTPETEL VA aE10A0YNOEl e ava@opd GTIS TPy PAPES TUKVOTNTOS (KOTA
KOpto Adyo to Pabud ocvumdkvmong). v mpdln, COUEOVO UE TS LITAPYOVGESG
wpodaypapeg M aglohdynon g emtevyfeicog TUKVOTNTOS TPOUYUOTOTOEITOL HEGH
TUPNVOV 1] EMTOTOV JOKIU®V HE (1) TUPNVIKES GLOKELEC. TLMIKA, Ol TPOSIAYPAUPES
opiouv Vv vAomoinon OEIYUATOMTTIKOV OOKIUADV, TOTIKA, € TuYoieg BEcelc NG
KataokevacOeicag otpoong kot pe Pdon to amoteAéopaTo TOV VTOYN SOKIUDV
a&loAoYEiTOL 1) TOLOTNTA GLUTVKVMOOTNG GTO GOVOAO TNG AGPAATIKNG oTp®onG. Eropévag,
VILAPYEL O KivOLVOG M TLKVOTNTO TTOL TPOGOOPILETAL HECH CNUEKDV EAEYXOV VO UMV
€lVal QVTITPOGMMTEVTIKN TNG GLUVOMKNG KATACTOONG KOl OC €K TOVTOV AVAOEIKVOETOL M

avaykn a&loAdynong TG ToldTnToS GLUTVKVMOONG GTO GOVOAO TNG AGPOATIKNG GTPMOTG.



210 mAoic10 aVTO ElodyeTon 1 TPITN pEBodoroykn TPooEyyion, 1 onoia apopd Ge Lo
pueboooroyia, m omoio Paciletor otn yeweuown pébodo GPR oe cuvvovooud e
KaTAAANAOVG olyopiBpovg, yia tnv a&lomotr eKTipnomn ¢ EmToOmov TUKVOTNToG. MECm
™G voyn mpoodyyong dlvetar 1 dvvordtnTa a&loAdyNnone, katd TN OdpKeEl TV
KOPL®V  EPYOCLDYV CUUTOKVOONG, TNG OMOTEAECUATIKOTNTOS TNG TPOGOIOPIOUEVIG
pneB0d0AOYING CLUTVKVIOONC MG TPOG TNV EEACPAALCT] TOV OMOLTICEDV GCUUTVKVOONG,.
YUYKEKPIUEVO, HE OVOQEOPA TNV LIAPYOLCO YVAOGCT Kol OlEvpdvovtag TNV HECH
TEPAUATIKOV TOUPOUETPIKMOV SIEPEVVIGEMY TOV TPOYUOTOTOWNONKOV ®¢ TPOG TNV
EMOPOON TOV JAPOPOV OaBESIU®Y aAyopiBuwy, TS cLYVOTNTOS TG KEPOLNG Kol TOV
aplBpov Tov Tupivov Pabpovounong oty extipnon g EMTONOV TLKVOTNTAS, GTO
mAaiclo ¢ Awtping dtapopembnie n oAokAnpouévn pebodoroyio mov ameikoviletal

070 aKOAOVOO Gy,

Extipnon
Ymoroyiopog EMTOTOV TOV
GUVIEAEGTOV OAYOPIOpmY ' PaBpod cupmukvmong
(LECH TPUDY TUPNVOV TESTOV)
) PANK model: &

ALL model: &,

Extipmon emya

® Tewpavtap
(GPR)

Yympo 13. MegOodoroyikn mpooéyyion Yoo TNV €mtémov ektipnon tov Padpov

CUUTVKVMONC.

H peBoooroyio avtr amoteleiton amd o) extetopéveg petpnoelg GPR pe xepaia
ouyvottog 2 GHz yio v mAnpn 6dpwon Tov vd a&loAdYNoN ACPIATIKOV GTPOCEWYV,

B) extipnon g dSmMAEKTPIKNG 6TaBEPAS TOV OGPUATOUIYUATOS EHMA, Y) TPOGOOPICUO



™G QOVOUEVNC TUKVOTNTOS TPIOV TLUPNVOV TESIOV, 0) OVAGTPOPO VTOAOYIGUO TV
OUVTIEAEGTMOV TPOCAPLOYNG TOV oAyopiBuwv pe Pdon ta ototyelc mTokvoOTNTOG TMV
TUPNVOV Kot €) evepyomoinon twv oiyopibuwv (dniadn PANK v/xor ALL) ywo v

EMTONOV eKTipnom Tov Pabpov GLUTHKVEOOTG.

O vdyn pebodoroyikég mpooeyyioelg motedetan OTL Ba GUVEICPEPOVY CNUOVTIKE GTNV
ovolooTKY PeAtioon ™ pebodoroyiag emTOHTOL GLUTLKVOONG, KAOMG Kol TV
JLOIKOGLOV TOLOTIKOV EAEYYOV. ZVYKEKPIUEVa, LEGH NG Pedtiwong g pebodoroyiog
CLUTVKVOGNG 0TO £pYo Umopel va £ac@oAcbel | KOTAAANAY, COUPOVO LLE TO KPLTHPLOL
OYEOLOGLLOV, OPYIKT KATAGTOGT TOV 000GTPAOLATOG, 1| OTola e TN GEPA TG Ba peunoet
TV OVAYKN €PYACLOV GLVTNPNONG Kot Kat' enéktaotn Oa mepropicel tnv OyAnon tov
XPNOTAOV NG 000V. Emiong, n xpnon Tev Un KATooTPENTIK®OV SOKIU®OV, GE GYECT UE TIG
TOPAOOGLOKEG KOTAGTPENTIKES HEBOOOVS, TPOGPEPEL TO TAEOVEKTNUA TNG AEOAOYNONG
oe TANPN KAMUOKO NG TOOTNTOS CLUTVKVMOCNG TOV AGPAATOTATNTO PEATIOVOVTOG TIC

J10d1KaGIES TOV TOLOTIKOV EAEYYOV TNG KATOGKELNG.

H tétaptn peBodoroywkn] mpoofyyron a@opd otnv eKTIUNON HECH EPYOCTNPLOKDOV
oKDV, 6TO TANIGLO TOV GYEOAGHOD TOV ACPOUATOUIYUATOV, TOV YOPOKTNPIOTIKMOV

AVTIOMGONTIKNG IKAvOTNTAG LE GUUTVKVOOT GTO TTEDO.

2mv mpdén, ot Yrnpesieg 00dv d1e0vidg Tpodioypapovy moloTikoVs EAEYYOVG HETd TV
KOTOOKELN, o1 omoiol petalh dAAwV mepthapufavouy v a&loAdynon e HoKpoVPNG G€
oxéon pe TG amontoelg cvppopewons. opd to yeyovdg 6TL M pakpover, n omoio
OCUVEIGQEPEL CNUAVTIKO OTNV  OVTIOAICONTIKY 1KOVOTNTA TOL  OVOTTOCCETOL GTN
Jlemedveln.  HETAED  TPOYOV-0J0GTPAOUATOS, £xel  avayvoplobel ®g £€va  Paocikd
YOPOKTNPIOTIKO GUUTEPIPOPES TOV  AGQUATOMYHAT®V, UEXPL OTIYUNG Oev  givan
dwbéoun omoladnmote TuTomOMUEVN pHeBodoroyio mov va emitpémel TV alOmoT
EKTIUNON TOV YOPAKTNPIGTIK®V TNG EMUPAVELONS TOV 000CTPOUOTOC LECH EPYOTTNPLOUKDV
doxymv. o mapdderypa, to gvponaixkd mpdtuono (EN 13108) wg mpog to okéhog awtd
nepropileton otV mopoy Kabodnynong yo. v KAALYN omoutnoe®v mov oyxetilovron
UOVO pHE TNV KOKKOUETPIKY| dtofdbion, To ToGooTd ac@AATOL (EAGIOTN TIUY]) KOl TO

TOGOOTO KEVAV 0€pa (EAAYIOTN- HEYIOTN TIUN) TOV ACQOATOUYHATOV. ATTO vty TV



dmoymn, HECH NG GLUUOPP®ONG HE TIG LTOYN KotevBuvinpileg odnyiec M g
TPOYEVESTEPNG  EUMEPIOG Ol  UNYOVIKOL TOv  aoyoAoOVTOL HE TO  OYEOOGUO
ACQOUATOUYHAT®V VTTOBETOLY OTL TEAIKA PETE T CLUTVKVMGN 610 Ttedio Ba KaAvEBovv
Ol OTTOUTNOELS O€ GYE0T LE TO apytko BAbog veng, y®mpic vo uropody a priori 6to 6Tado
TOV OYEOoUOD TOV UIYHOTOG OTO €PYACTNPO VO EKTIUNCOLV TO  OTOLTOVUEVO

YOPOKTNPLOTIKA VOT|G.

2V mapovoa Epgvuva avartiyOnke po oA, aAAd Kot Tpaktikn pebodoroyia, 1 omoia
EMUTPENEL TNV TPOPAEYT TOV EMPOAVEIOKDY YOPOKTNPIOTIKAOV TOV OCOUATOUYUATOV LE

CLUTLKVOGOT 610 Tedio kot anmewkoviletal 6to Zynuo 14.

Aoxim a) Extipnon

Bpetavikod aVTIOAMGONTIKNIG

EKKPELOVG KOVOTNTOG ETLPAVELLG

08006 TPOUOTOS

) A&whroynon
AMOTEAECULATIKOTNTAG
™m¢ pebodoroyiog
GUUTOKVIOT|G

Aoxiun
KnALdag dppov
XoUTOKVOOoT
OCQUATIKAOV TAOKODV UE .
Sbpopeg puebodoroyieg

@
YUOKELT GUUTOKVOGCTG

Je KOMVSpO Ko :

Yympo 14. MeBodoroyikn] mpoosEyyion ywo TNV EKTipNON TNG GvTioAcOnTKi)g

IKOVOTNTOS TOV AGPUATOPLYRATOV.

H pebodoroyia avtn, n omoia mepthapfavel t péBod0 GLUTLKVAOONS LE KOAIVOPO Vi T
oNuovpyion EPYOCTNPIOKAOV SOKI®V, OVTIOCTOWOL TAYOVE HE TNV TPOPAETOUEVN
OCQOATIKT] GTPMON, TO OTOi0. VITOPAAALOVTOL GTN GULVEXEWD GE TUTMIKEG EPYUCTNPLOKES
dokég (nAadn g knAidag dppov Kot tov Bpetavikod ekkpepong), amodeiytnke 0Tt
umopel vo a&loAOYNGEL OMOTEAEGUOTIKA TN CLUTEPLPOPE SLOUPOPETIKMOV UIYHATOV G
TPOG TNV OVTIOATONTIKY] wKovoTnTa, KaOMG Kol TV omodotikdtnta TG pebodoroyiog

ocvoumvkvoons. Emiong, to mpokatapktikd melpopotikd amoteAéopato £3€1Eav KOAN



oLoYETION HETAED TOV EMPOVEINKOV YOPAKTNPIOTIKOV AOY® NG EPYOOSTNPLOKNG
CLUTOKVOONG KOl TOV OVTIGTOLY®V oL EMTLYYAVOVTOl 6TO0 Tedio. ¢ €K TOVTOV, M
pnebodoroyio avt pmopel vo @@eANceEl divoviag agevog TN SuvVOTOTNTO GTOVG
LUNYOVIKOVG 000GTPOUATMV VO TOGOTIKOTO|GOVY KOl VO, BEATIOGOLV TIG WOOTNTES TOL
oyetilovtat e TNV aVTIOAICONTIKN IKOVOTNTO TOV OCQUATOULYLATOV KOTE TO 6TAO10 TNG
HEAETNG 6VVOEON G KO ALPETEPOV TOAVTIUEG TANPOPOPIEG GTOVG KOTAGKEVAGTEC MGTE VO

SUOPPAOCOVV 10 OTOTEAEGHOTIKY peBodoroyia cuUTOKVEOONG 6TO TTEdiO.

SOUTEPAGHOTIKA, OvVAPEPETOL OTL Ol HEBOSOAOYIKEG TTPOCEYYIGEIS OV TEPLYPAPTNKOV
avVOTEP® £YOVV TPOAKTIKY GNUOGIO Y0 TOVG KOTOGKELOOTEG, TIC YTNPEGIEC KOl TOVG
pnyovikovg odootpopdtov. ITieteveton emiong 6Tt Oa copPfdriiovy onuavtikd o
BeAtioon omd ™ po pepld TV SodIKACIOV GYXESNGHOD OGQUATOUIYUATOV Kot
0000 TPOUATOV KOl 0O TNV GAAN HEPIE TOV JAOIKAGIOV EMTOTOV CLUTVKVOONG KoL
TOWOTIKOV €AEYYOV, €VOAPPLVOVIOG TNV EQPAPLOYY] CUYYPOVOV UN KATOCTPEMTIKMOV

JOKILDV.
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1. Introduction

1.1 General

Compaction is the process by which the volume of an asphalt mixture is reduced.
Compaction increases the unit weight and reduces the air voids in the asphalt mixture by
applying external forces (Corps of Engineers 2000). During the compaction process the
internal structure of the asphalt mixture, which refers to the content and the spatial and
directional distribution of air voids and asphalt-coated aggregates, evolves. The asphalt-
coated aggregates in the mixture are forced closer together, which increases aggregate
interlock and interparticle friction and leads to the formation of the aggregate skeleton.
Through this process the asphalt mixture gains its characteristics and strength which
cannot be improved after completing the compaction.

Asphalt mixture compaction has been well recognized as one of the most critical
factors affecting the pavement behavior, providing all desirable mixture design
characteristics are met. Inadequate compaction has been associated with poor asphalt
pavement performance. On the contrary, the good or proper compaction of asphalt
mixture increases fatigue life, decreases permanent deformation or rutting, reduces the
amount of oxidation or aging, decreases moisture damage or stripping, increases strength
and internal stability and optimizes the surface texture (Crispino et al. 2007; Brown
1990; Linden et al. 1989; Bell et al. 1989).

Achieving consistency in both laboratory and site compaction is key to proper
asphalt pavement behavior. Over times numerous laboratory compaction methods have
been developed which vary in terms of specimen preparation, compaction type etc.
Hence, the challenge is to adopt a compaction procedure in the laboratory that accurately
simulates field production and construction conditions.

Although numerous studies have been carried out to assess the relationship between
laboratory and field compaction methods and the resulting mechanical performance of
the mixture, limited research has been devoted to evaluate the prediction of asphalt
pavement surface characteristics from laboratory testing (Boscaino et al. 2009; Goodman

et al. 2006). By studying the relationship between laboratory and field compaction
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methods pavement engineers have long recognized that different laboratory compaction
methods create volumetrically identical but mechanically different specimens; hence
density alone cannot characterize the asphalt mixture mechanical performance. While
yet no consensus has been reached as to which laboratory method is the best in terms of
simulating the field compaction conditions (Airey et al. 2006; Peterson et al. 2004;
Hartman et al. 2001; Khan et al. 1998; Sousa et al. 1991; Von Quintus et al. 1991), there
IS agreement among researchers that the compaction method has a direct impact on the
aggregate structure within the compacted mixture and hence characterization of the
internal structure of the asphalt mixture is needed.

Previous research has demonstrated that asphalt mixture internal structure, which
refers to the distribution of aggregates and their associated voids, can be characterized
using imaging techniques (Hunter et al. 2004; Saadeh et al. 2002; Masad et al. 1999a,
Masad et al. 1999b; Yue et al. 1995). Due to technological advances, the competence of
these techniques in terms of image capturing, processing and analysis has been improved
significantly over time, hence providing the users with methods to characterize
efficiently the asphalt mixture internal structure (Coenen et al. 2012).

The focus on the asphalt mixtures’ internal structure generated by the use of various
laboratory compaction methods can lead to thorough assessment of the impact of
specimen fabrication on the mixture performance along with the differences between
asphalt mixture compaction in laboratory and in-field (Sefidmazgi and Bahia 2014). In
this framework, the internal structure-based approach is believed to assist in establishing
compaction regimes for specimen fabrication in the laboratory towards better resembling
the field conditions (Georgiou et al. 2016).

1.2 Problem statement and objectives

Numerous methods - which vary in terms of specimen preparation, compaction type and
procedure, including impact compaction (Marshall hammer), gyratory (kneading)
compaction, and roller compaction - are used to compact hot mix asphalt (HMA)
specimens in the laboratory. Extensive research has been carried out to assess the
influence of various compaction methods, both in the laboratory and in the field, on

asphalt mixture performance. Particular emphasis has been given to evaluate the
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fundamental mechanical properties of asphalt mixtures, whereas few studies focused on
the assessment of predicting the surface characteristics by using gyratory compaction.
From this limited research it has been shown that the gyratory specimens cannot be
considered representative of the real mixture in-situ in terms of assessing the texture
characteristics, which in turn highlights the need for systematic research in this area.
Moreover, the remaining studies while emphasize the significant influence of the
compaction methods on the formation of asphalt specimen structure and subsequently on
its performance-based properties such as stiffness, permanent deformation etc., they
limit to provide a comparative assessment between the various laboratory methods and
the field compaction based on conventional laboratory testing. Although the results
obtained in this area are contradictory and the laboratory compaction method which is
the best in terms of simulating the field compaction conditions is still hotly debated, it
can be argued that it is of more vital importance to attempt improving the efficacy of
each available compaction method by defining test procedures, based on its dominant
operational factors, which result in emulating, as closely as possible, the conditions
generated during the field rolling operations. This challenge becomes more essential
considering that, for instance, the European specifications not only offer the potential of
selection among several compaction methods (CEN 2007a; CEN 2007b; CEN 2007c;
CEN 2007d) for fabricating asphalt specimens prior to their performance-based testing
(CEN 2006), but also within each compaction method let the pavement engineers the
initiative to specify several compaction related parameters which is likely to influence
the outcome of asphalt performance testing. To the best of the author’s knowledge, little
effort has been devoted in the past to develop a framework for an improved procedure
for each laboratory compaction method to simulate the field compaction with reference
its compaction level (namely compaction degree or void content), based on the
comprehensive evaluation of varying compaction regimes.

In light of the above, this Thesis aims to contribute to a better simulation of in-situ
conditions through laboratory compaction methods, so that reliable results can be
obtained to assess, as accurately as possible, the on-site characteristics of field-

compacted asphalt mixtures, as illustrated schematically in Fig. 1.1. A holistic approach,
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accounting for both the compaction dependent surface and mechanical characteristics of

asphalt mixtures, was adopted.

Fig. 1.1 Main aim of thesis

On this purpose, extensive laboratory experiments (based on impact, gyratory and
roller compaction methods) and field investigations were designed and performed. Also,
not only conventional testing -similarly to previous studies- was conducted, but also
emerging Non Destructive Testing (NDT) techniques were employed both in the
laboratory and field in order to maximize the benefits of gaining a deep insight of

compaction.

1.3 Research methodology

For this research, a methodological framework was implemented which consists of
several essential steps:
4 The first step concerns an extensive literature review covering several fields
of the overall research area.
+ In the second step, extensive field and laboratory experiments were designed
and performed, including the implementation of modern Non Destructive
Testing (NDT) technologies for rigorous evaluation purposes.
4 In the third step, the large dataset that was collected from the experimental
investigations both in the field and laboratory were statistically analyzed.
More specifically, in the first step a comprehensive literature search was conducted

in order to collect pertinent information on: a) influence of compaction methods on
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mixture properties and performance, b) factors that influence compaction in both the
field and the laboratory and c) influence of compaction methods on the internal structure
of asphalt mixtures. The findings of the literature review form the basis for the selection
of the mixture compaction dependent key performance characteristics, as depicted in
Fig. 1.2. Based on this, extended literature review is also carried out regarding the key
compaction parameters that influence the mixture performance both in the laboratory
and in the field, which will form the basis for subsequent experimental investigations.

Compactability

- Mixture key

performance

Internal \characteristics

structure /' resistance
\\\_/\/

Skid
resistance

¥

Fig. 1.2 Mixture key performance characteristics

The second step, which constitutes the core of the methodological framework,
concerns the design and implementation of experimental investigations both in field and
in the laboratory, regarding the influence of the compaction on mixture key performance
characteristics. Within this framework, multiple tasks were executed, as listed
hereinafter and presented thoroughly in the following chapters, in order to meet the
thesis objectives.

a) Evaluation of field and laboratory compactability

b) Evaluation of field and laboratory stiffness

c) Evaluation of field and laboratory rut resistance

d) Evaluation of mixture internal structure due to the compaction in the field and in

the laboratory
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e) Evaluation of the relationship between the mixture internal structure and
mechanical properties
f) Evaluation of mixture skid resistance due to the compaction in the field and in
the laboratory
The third step concerns the analysis of the comprehensive experimental dataset of
each subtask mentioned above. Moreover, based on the pertinent findings of each
subtask, a statistical analysis of the interrelation between key parameters of laboratory
compaction methods and asphalt mixture performance with respect to the in-situ
compaction is performed. On this basis, the complete results are discussed and based on

this synthesis answers on the research objectives are given.

1.4 Thesis outline

This document is divided into ten chapters.

The first chapter provides an introduction about the research and its objectives.
The second chapter presents the current state of knowledge regarding a) the influence
of the compaction on mixture performance characteristics, b) the factors that influence
the compaction in both the field and the laboratory and c) the influence of compaction
methods on the internal structure of asphalt mixtures.

The third chapter provides a brief description of the asphalt mixtures and the
pavement trial sections (test sites) under investigation.

The fourth chapter addresses the issue of the asphalt mixture compactability. Key
compaction parameters are being highlighted and the relationship between the asphalt
mixture compactability in the field and the laboratory is being discussed.

The fifth chapter documents the differences in terms of stiffness properties of
asphalt mixtures as a function of laboratory and field compaction methods. Moreover,
the effect of various compaction factors on the stiffness of laboratory-compacted
specimens were also investigated to gain more insight to the key parameters affecting the
asphalt mix mechanical properties.

The sixth chapter, similarly to previous chapter, documents the differences in terms
of rut resistance characteristics of asphalt mixtures as a function of laboratory and field

compaction methods.
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The seventh chapter presents the results of the image analysis techniques that were
used to analyze the internal structure of asphalt mixture specimens by means of cross
sectional (i.e. 2D) images. These procedures and techniques were used to quantify the
aggregate skeleton of asphalt specimens in terms of contact points, orientation and
segregation.

The eighth chapter gives particular emphasis in evaluating the relationship between
the internal structure and the stiffness-rut resistance characteristics of asphalt specimens.
The findings offer useful insight to identify and quantify the controlling parameters
influencing the internal structure and in turn the mechanical properties of asphalt
specimens.

The ninth chapter documents the effort to evaluate the feasibility of characterizing
efficiently in the laboratory the frictional performance of asphalt mixtures. Moreover,
the relationship between laboratory and field compaction methods from a frictional point
of view is investigated.

Lastly, the tenth chapter discusses the main findings, and concluding suggestions
of this study, and presents recommendations for further research.



2. Literature review

2.1 Introduction

Following the methodological framework discussed in the previous chapter, a literature
survey on earlier attempts to evaluate the asphalt mixture compaction is presented in this
chapter.

The first part of the chapter focuses on the evaluation methods regarding the asphalt
mixture compactability, underlining the key parameters affecting the asphalt mixture
compaction characteristics both in the field and in the laboratory.

In the second part of the chapter the impact of the compaction methods on mixture
performance is discussed, highlighting the mixture properties that are mostly influenced
by the compaction methods and reviewing which laboratory compaction method better
reflects the field-compacted asphalt mixture characteristics.

The third part of the chapter reports the state of the art regarding the influence of
compaction methods on the internal structure of asphalt mixtures, as characterized and
quantified by means of image analysis methods. It also reviews the relationship between
internal structure indicators and mixture mechanical properties.

Finally, on the basis of the literature review the past research findings are discussed
and reviewed in order to set the key parameters which will form the basis for the

experimental investigations of the present research.

2.2 Compactability

In-situ field density (or air voids) is often regarded as one of the most important controls
used to ensure that a pavement being placed is of high quality because it is a good
indicator of future performance (Brown 1990). Hence, it is vital to relate field
compaction to laboratory compaction in order to predict asphalt mixture compactability
based on laboratory measurements.

Leiva and West (2008a, b) evaluated the compactability of asphalt mixtures in the
laboratory by means of gyratory compaction and attempted to relate compaction

parameters measured in the laboratory to compactability in the field in terms of ACP
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(Accumulated Compaction Pressure) indicator. These researchers did not find a simple
relationship between field and laboratory compaction for different asphalt mixtures.
However, a multiple regression analysis was used to relate field compaction to various
mixture characteristics such as laboratory compaction slope, number of gyrations to
achieve 92 percent of maximum specific gravity (N92), number of gyrations required to
reach locking of the mixture, and mixture characteristics (binder content, aggregate
shape, gradation, and volumetric properties).

Schmitt et al. (2009) evaluated the effect of temperature, roller passes, roller type
and binder grade on density growth. Moreover, a laboratory experiment was carried out
to understand the effects of temperature, pressure, and related variables on laboratory
compaction using the Superpave Gyratory Compactor (SGC). The statistical results from
the laboratory data analysis revealed that temperature and pressure significantly affect
the densification of asphalt mixtures. Moreover, the field data analysis showed that the
factors affecting density gain in rank order were mat temperature, number of passes,
roller type, and binder grade. Delgadillo and Bahia (2008) reached similar conclusions
with regard to the effect of pressure on HMA compaction and further suggested that a
lower limit for the compaction temperature can be set without affecting the compaction
effort required to achieve density.

Kassem et al. (2008) found that the efficiency of the compactive effort across the
steel rollers was found to be non-uniform and proposed the Compaction Index (Cl),
which quantifies the compaction effort at any point in the pavement, with the aim to
achieve uniformity of the desired percent air voids across the pavement section. A
relationship between slope of laboratory compaction curve obtained from the SGC and
Cl calculated from field compaction was found. Further research on CI, which is
determined on project basis with respect to the roller equipment used, demonstrated that
the compaction temperature and mode had a great effect on compaction (Kassem et al.
2012). The same study presented a field experimental-based method to determine the
compaction pattern required to achieve the desired density of asphalt pavements. This
method may be integrated in an automated system that can be used by roller operators to
estimate density during construction, similarly to the Intelligent Compaction (IC)

technology.
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Asphalt technologists have also demonstrated that the density that can be obtained
under normal rolling conditions is clearly related to the lift thickness (t) and in particular
to its ratio with the nominal maximum aggregate size (NMAS). The study results
indicate that care must be exercised when the thickness gets too large to ensure that
adequate density is obtained and they also indicate that one of the reasons for low
density at thinner sections (lower t/NMAS) is the more rapid cooling of the mixture
(Williams et al. 2015; Brown et al. 2005).

Although these studies highlight the key parameters affecting asphalt mix
compactability in terms of density (or air voids), it is vital that the desired in-situ
compaction degree is achieved during construction and the quality control/quality
assurance (QC/QA) specifications are met. Hence, monitoring and assessment of the real
time HMA compaction should be performed to fully support the compaction procedures.
Over time conventional methods for assessment of in-situ density, such as through
coring of asphalt samples which is both an intrusive and a time-consuming method
requiring that the mat temperature has sufficiently cooled, tend to be less implemented
and replaced mainly from non-destructive testing (NDT) methods. As such, contractors
and agencies have implemented for many years both non-destructive nuclear and non-
nuclear density gauges for quality control and in some cases acceptance (Smith and
Diefenderfer 2008; Choubane et al. 1999). Non-destructive gauges allow for a more
rapid assessment of the in-situ density during construction, however nuclear density
gauges use radioactive material and require special licensing to transport and operate, a
fact that results in increased operational costs. An alternative method for estimating
pavement density is by using more recently developed non-nuclear gauges (Megali et al.
2010; Hurley et al. 2004). However, both nuclear and non-nuclear gauges provide
density readings at randomly selected discrete locations of the mat; judgment about the
density level of the entire roadway is made based on the results of this spot testing.
Unfortunately, density measurement from a small number of spots may not be
representative of the density of the pavement mat; hence, full coverage evaluation of
compaction quality of the pavement mat is needed. To overcome the aforementioned

limitations, multiple recent studies have investigated emerging technologies, such as
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intelligent compaction, infrared thermography (IRT) and Ground Penetrating Radar
(GPR) for the assessment of in-situ density during construction.

The intelligent compaction (IC) technology has recently been implemented in the
USA and Japan to improve compaction quality and process. IC produces massive
amounts of geospatial data with 100% coverage of the compacted area in real time,
which needs to be effectively analyzed and managed for quality control and acceptance
(QC/QA) applications for HMA pavement (Xu et al. 2012; Commuri et al. 2011; Furuya
et al. 2010).

The infrared thermography technique has been implemented for the evaluation of
pavement construction operations by means of temperature profiling of the pavement
mat surface (Stroup-Gardiner et al. 2004). IRT allows continuous real time data
collection during both the laydown and compaction process, which provide useful
insight for the compaction quality (ter Huerne et al. 2009; Elsafey et al. 2009). It has
been demonstrated that temperature differentials in the mat during HMA paving can
result in substantial density differentials (Rahman et al. 2013; Henault and Larsen 2006;
Willoughby et al. 2002; Mahoney et al. 2000; Stroup-Gardiner et al. 2000). Research in
this area has emphasized the identification of cooler areas in the mat and its relationship
with final HMA density. Evaluation of the final density has indicated that areas
experiencing overall large mat temperature differentials exhibited higher air void
contents when compared to areas with more normal temperature differentials.
Considering the above, asphalt mix density-growth curves, with respect to the IRT-based
mat temperature evolution, need to be established for the enhancement of pavement
compaction quality.

The Ground Penetrating Radar (GPR) is a non-invasive sensing technique, whose
principles emerged from the electromagnetic theory. Although GPR has been effectively
used in multiple pavement surveys, such as determining layer thickness, detecting
subsurface distresses, estimating moisture content, detecting voids and others (Plati and
Loizos 2013; Benedetto 2010; Diamanti et al. 2010; Loizos and Plati 2007; Benedetto
and Pensa 2007; Al-Qadi and Lahouar 2005, 2004; Loulizi et al. 2003), limited research
has been devoted to the evaluation of pavement compaction. Saarenketo (1997) used the

dielectric constants of the pavement to predict the asphalt pavement density based on the
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concept that the dielectric constant of asphalt mixture is a function of the dielectric
constants of its components. More recent studies have shown promising results with
respect to its capability, coupled with the use of novel algorithms based on the dielectric
properties of HMA, to predict the in-situ field density. This can be achieved by utilizing
density prediction models that are based on Electromagnetic Mixing (EM) theory
(Shangguan et al. 2013; Leng et al. 2012; Leng et al. 2011; Al-gadi et al. 2010). The
practice of using GPR to predict in-situ field density of compacted asphalt mixture
material is still under development and research (Shangguan et al. 2014); however the
related research findings seem to be promising and further research in terms of

monitoring compaction during construction is needed.

2.3 Mechanical and surface mixture properties

It is of utmost importance that the laboratory-compacted specimens have similar
properties to field cores. Over the years, significant research effort has been devoted to
assess the relationship between laboratory and field compaction methods and the
resulting mechanical performance of the mixture. However, research in this area has
reached conflicting conclusions as to the laboratory compaction method that best
resembles field conditions. In this section, some of the most significant previous studies
on this topic are reviewed and their findings are presented.

Consuegra et al. (1989) evaluated the ability of different compaction devices to
simulate the compaction in the field in terms of similarity between engineering
properties. The field cores and the laboratory specimens of similar air void contents were
evaluated for indirect tensile strength, indirect tensile creep, and diametral resilient
modulus. Five different laboratory compaction methods were used in this study, namely
the (a) the mobile steel wheel simulator, (b) the Texas gyratory compactor, (c) the
California kneading compactor, (d) the Marshall impact hammer, and (e) the Arizona
vibratory-kneading compactor. The field compaction procedure used at the sites was the
standard procedure used by the state highway departments responsible for the highways
involved. The results analysis showed that the engineering mechanical properties of
asphalt mixtures were dependent on the compaction method. Overall, the Texas gyratory

compactor demonstrated the ability to produce mixtures with engineering properties
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nearest to those determined from field cores. The study ranked the compaction methods
in terms of simulation of mechanical properties of field cores as follows: (1) Texas
gyratory compactor, (2) California kneading compactor, (3) mobile steel wheel
simulator, (4) Arizona vibratory-kneading compactor, and (5) Marshall mechanical
hammer.

Von Quintus et al. (1991) investigated the differences between five laboratory
compaction methods, namely Texas gyratory compactor, ASTM kneading compactor,
Arizona vibratory/kneading compactor, Marshall hammer and a steel roller, as a part of
the Asphalt-Aggregate Mixture Analysis System (AAMAS) study in the NCHRP
project. The aim was to identify promising laboratory compaction techniques which may
simulate actual site condition. From the analysis of the results, it was found that the
specimens compacted by the Texas gyratory compactor showed similar behaviour to
actual site cores in terms of mechanical properties.

Sousa et al. (1991) investigated the permanent deformation characteristics of
laboratory-compacted specimens in the SHRP project. In this study, three compaction
methods namely Texas gyratory, kneading and rolling-wheel compactor were compared
to analyze the differences of compaction methods. In addition to this, three types of
mechanical test were performed in order to examine fundamental mixture properties
among three types of compacted specimen. From their research, it was found that the
rolling-wheel compaction most closely represents the aggregate structure characteristics
of field cores. Also, their research indicated that the kneading compactor produces
specimen with the strongest aggregate structure, while gyratory compaction produces the
weakest specimens. This research also concluded that fatigue performance of asphalt
mixes is not greatly affected from the compaction method. These findings were
confirmed by a similar study (Harvey et al. 1994).

Button et al. (1994) examined the correlation between field cores and laboratory-
compacted specimens. In their study, field cores were obtained from five different
highway pavements, whereas specimens were manufactured using four laboratory
compaction methods (i.e. Exxon rolling wheel, Texas gyratory, rotating base Marshall
hammer, and the EIf linear kneading compactor) and using materials and mixture

designs identical to those used in the pavement cores. Various physical properties of
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pavement cores as well as the laboratory specimens were measured. Based on the results
analysis their study concluded that the Texas gyratory compactor is the most suitable
compaction method to simulate site compaction. The Exxon rolling compactor and EIf
linear kneading compactor often simulated the behaviour of actual site cores, whereas
the Marshall hammer did not show any similarities to site cores. However, specimens
compacted by Exxon rolling-wheel compactor did not have similar air void contents to
other laboratory-compacted specimens and therefore the specimens were not comparable
to field cores.

Khan et al. (1998) evaluated the relationship between three laboratory compaction
methods, namely Marshall (both manual and automatic), California kneading, and
gyratory shear compaction (angles 1.25° and 6°) and field compaction. Laboratory-
compacted specimens and field cores were evaluated in terms of resilient modulus, air
voids, bulk density, and static creep behavior. Overall, the gyratory shear compactor
(1.25° angle of gyration) appeared to most closely represent the engineering properties of
the field cores. The gyratory shear compactor (6° angle of gyration) ranked second on
the basis of its elastic and viscoelastic behavior as compared to that of the field samples,
while the Marshall automatic impact compactor exhibited the poorest comparison to the
field cores.

Renken (2000) studied the effect of various laboratory compaction methods relative
to the field compaction. The mechanical characteristics - namely deformation, low-
temperature and fatigue - of asphalt specimens, which were compacted in the laboratory
using the Marshall, gyratory, slab compactor with sliding plates and slab segmented
roller compactor, were determined and compared to cores compacted by rollers in the
field. The results indicated that contrary to the Marshall and gyratory compactor which
produce specimens with mechanical characteristics considerably better from the roller-
compacted specimens, the segmented roller-compacted specimens show nearly the same
mechanical behavior like the field cores.

Hartman et al. (2001) investigated the effect of different laboratory compaction
procedures (roller, Marshall, vibrating hammer, and gyratory) on the indirect tensile
stiffness and fatigue properties of two standard Irish bituminous mixtures (hot-rolled

asphalt and dense base coarse macadam). The results indicated that the roller-compacted
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specimens had lower stiffness properties that were similar to site compacted specimens;
higher stiffnesses were measured for Marshall- and gyratory-compacted specimens. The
findings of this study also suggest that using either the Marshall or the roller compaction
methods similar indirect tensile fatigue strengths would be concluded when measuring in
practice for HRA mixtures. Nevertheless, for continuously graded mixtures the Marshall
compaction technique would probably produce specimens with significantly inferior
indirect tensile fatigue strengths.

Peterson et al. (2004) evaluated field and Superpave gyratory compaction.
Particularly, this study focused on the effect of various SGC control parameters, namely
angle of gyration, height of specimen, compaction pressure, and compaction temperature
on the mechanical properties of a conventional HMA measured with the Superpave
shear tester. Results of this comparative study indicated that current gyratory protocol
produces specimens with significantly different mechanical properties than field cores
produced with the same material and compacted to the same air voids. However, the
study results demonstrated that the 1.5° angle of gyration along with a specimen height
of 50 or 75 mm would better simulate mechanical properties of roadway cores. Similar
results may be also achieved by using the current 1.25° angle along with a 400 kPa
pressure.

More recent studies compared field cores with specimens compacted in the
laboratory by means of gyratory, vibratory and roller compactor (Airey and Collop 2016;
Hunter et al. 2009; Airey et al. 2006). These studies considered the influence of
laboratory compaction methods on the mechanical properties (stiffness modulus,
permanent deformation and fatigue) of several continuously- and gap-graded asphalt
mixtures relative to what is found in standard field compaction. The results demonstrated
that in general mold-based compaction methods, namely gyratory and vibratory, tend to
produce asphalt mixture specimens of greater stiffness and permanent deformation
resistance than roller-compacted specimens. In terms of fatigue cracking resistance, the
results indicated that mode of compaction does not significantly affect this mechanical
property. Overall, the site compacted specimens tend to have mechanical properties that
are more aligned with roller-compacted specimens than gyratory- or vibratory-

compacted specimens particularly with regard to their stiffness modulus. On a similar
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study, researchers found that the impact (Marshall) and gyratory compaction produces
specimens with superior resistance to permanent deformation compared to field cores.
On the contrary, laboratory roller-compacted specimens better represent field
compaction-based deformation characteristics (Mollenhauer and Wistuba 2016).

Other researchers acknowledged the need to describe the magnitude of difference in
stiffness modulus behaviour of asphalt mixes compacted in the laboratory (using the
Marshall and Superpave Gyratory Compactor) and field (Thenoux and Sandoval 2011,
Katicha et al. 2011). The results indicated that the modulus values of laboratory-
compacted specimens (both Marshall and gyratory) are higher than the respective
modulus values of field-compacted specimens by a factor of the order of 1.5. This
finding seems to be confirmed from the results of a similar recent study, which found a
stiffness ratio of the order of 1.8 between gyratory and field compaction (Airey and
Collop 2016).

Engineers involved with asphalt mix design attempt to account for several key
mixture parameters, including stiffness, fatigue resistance and permanent deformation.
The above mentioned parameters characterize the asphalt mix and control the asphalt
pavement structural performance. However, the asphalt pavement should provide road
safety, as well. Pavement surface frictional characteristics play an important role in road
safety and thus the incorporation of the skid resistance evaluation in the asphalt mix
design practices is of extreme importance.

In particular, it is important for the safety of the driving public that roads provide
adequate friction at the tire-pavement interface. Various factors affect the frictional
characteristics of a tire- pavement surface system. These factors can be grouped into four
categories; pavement surface characteristics, vehicle operational parameters, tire
properties, and environmental factors. Among these categories the microtexture and
macrotexture of asphalt mixture surface are key components of the tire- pavement
surface interaction (Ergun et al. 2005; Dahir 1979). The microtexture and macrotexture
of the surface and its friction are integrally related.

The texture of a new pavement is a consequence of HMA composition (mix-design)
and of construction techniques, especially considering the compaction process.

Currently, the design of asphalt mix accounting for skid resistance is rather empirical,
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based on previous experience gained from typical textures achieved in the field from
dense, gap or open-graded aggregate gradation and selection of high polish resistant
aggregates.

As such, research has been launched to evaluate various aggregates blends to
optimize the combination of micro- and macro-texture and achieve a satisfactory level of
friction (Friel et al. 2013; Kowalski et al. 2008). Moreover, a laboratory polishing device
and testing procedure was developed to accelerate polishing and evaluate the surface
friction characteristics of HMA laboratory samples. However, this approach needs to be
verified with field polishing results. Results from another study showed that the
simulated road friction evolution curve, based on Wehner/ Schulze polishing test
method, is similar to laboratory aggregate friction after 2 years (Do et al. 2007).
However, the assessment of road polishing cannot be done only from the results of
aggregate tests and should be complemented with the initial road surface friction
information.

Other laboratory studies investigated the relationship between mix components
properties and friction. A statistical model was developed to predict mix friction based
on gradation and aggregates resistance to polishing (Rezaei et al. 2009). The British
Pendulum Number (BPN) value of aggregates was recognized to affect the mix skid
resistance and thus the proposed model may help in selecting the appropriate aggregate
type for the desired mixture friction. A relationship between the initial field friction and
mix properties (asphalt content, fineness modulus, bulk density and percent of aggregate
passing the 4.75 mm sieve) was also proposed. A good correlation between macrotexture
in terms of the mean texture depth (MTD) (measured using the sand patch method) of
field- and gyratory-compacted specimens was further concluded (Goodman et al. 2006).
However, poor correlation was observed between the British Pendulum Numbers
recorded on unpolished field specimens versus gyratory specimens. The results
suggested that the gyratory compactor orients the aggregate particles in a different
manner compared to field compaction equipment. A more recent study evaluated the
gyratory compactor ability to represent the surface properties of an asphalt mixture when
laid on site (Boscaino et al. 2009). Based on the experimental results the authors

concluded that, when predicting the surface characteristics (in terms of BPN and MTD)
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of asphalt mixture, the gyratory compaction is not representative of the compaction in-

situ.

2.4 Internal structure

Studying the relationship between laboratory and field compaction methods pavement
engineers have recognized that the compaction method has a direct impact on the
aggregate structure within the compacted mixture and hence characterization of internal
structure of asphalt mixture is needed (Thyagarajan et al. 2010; lwama et al. 2007;
Hunter et al. 2004; Tashman et al. 2002). Previous researches have demonstrated that
asphalt mixture internal structure, which refers to the distribution of aggregates and their
associated voids, can be characterized using imaging techniques (Hunter et al. 2004;
Saadeh et al. 2002; Masad et al. 19994, b; Yue et al. 1995).

Among the several well-known laboratory compaction methods gyratory
compaction, which has developed and improved over the past 50 years, has been the
subject of significant research effort over time. Especially, after the implementation of
the Superpave mixture design method where the use of Superpave Gyratory Compactor
is integral part of mixture design, many research studies focused on evaluating and
analyzing the asphalt mixtures behavior including the internal structure with respect to
this method.

For example, Yue et al. (1995) published one of the first comprehensive studies on
defining internal aggregate parameters in asphalt concrete (AC) mixtures derived from
imaging, namely major and minor axes of aggregate particles, area, Feret diameter,
major axis orientation, shape factor, and compactness. The quantitative results of AC
microstructure study indicated the following findings: a) major and minor axes of
aggregate particles are essential for quantifying both aggregate shape and orientation, b)
the area gradation of aggregate cross sections by the Feret diameter gives an excellent
prediction of the sieve gradation of coarse aggregates (greater than or equal to 2 mm)
used in the design of AC mixtures and c) shape factor and compactness are measures of
the aggregate particle shape and circularity. Moreover, the digital image-processing
technique applied was found to be effective to evaluate the effect of two laboratory and

two field compaction techniques in terms of preferred aggregate distribution within the
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mixtures. Particularly, the study results indicated that asphalt mixture samples prepared
by the gyratory compactor in the laboratory and the AMIR compactor in the field had
more uniform distribution of coarse aggregate compared to the Marshall compactor and
the conventional field roller compactor.

Masad et al. (19993, b) proposed computer-automated image analysis procedures to
quantify the internal structure of AC in terms of aggregate orientation, aggregate
contacts, and air void distribution. The new procedures were used to study the difference
in internal structure of AC specimens compacted with the SGC and the linear kneading
compactor (LKC). Digital images of specimen sections were analyzed for aggregate
contact and orientation and computed tomography (CT) images were used for
quantifying the air void. Specimens compacted with the SGC were found to have
aggregates with more preferred orientation (towards horizontal) and fewer contacts than
specimens compacted with the LKC. Both compaction method samples (SGC and LKC)
have non-uniform air void distributions. SGC specimens were found to have higher air
void percentage at the top and bottom than in the middle, whereas air voids in LKC
specimens were found to increase from the top to the bottom. In a follow-up study, the
internal structure of asphalt samples prepared using the SGC varying the compaction
level in terms of gyrations, namely 8, 50, 100, 109, 150, and 174 gyrations, was
compared to that of samples from field cores. The internal structure parameters
quantified in this study were air void distribution, aggregate orientation, and gradation.
A similar finding with respect to air void distribution was found with more internal voids
concentrated at the top and the bottom portions of the gyratory-compacted specimen.
Moreover, it appeared that preferred orientation of the aggregates became more
pronounced with compaction until an optimum value was reached (i.e. 100 gyrations);
thereafter aggregates tended to have random orientation. Comparison of the internal
structure of the gyratory-compacted specimens with field cores showed that the gyratory
specimens reached the initial aggregate orientation of the field cores at a higher number
of gyrations whereas they reached the percentage of air voids in cores at a lower number
of gyrations. Moreover, coarse aggregate gradation of gyratory-compacted specimens
was well captured using the image analysis techniques, while no change in gradation

was observed with compaction.
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Tashman et al. (2001) studied the factors affecting the internal structure of asphalt
mixtures using the specimens compacted by SGC and field cores taken from three
different sites. The asphalt mixtures were compacted changing four factors: gyratory
angle; pressure; height and temperature, while the field pavements were constructed with
different compaction methods. The results of the air void distributions for the gyratory-
compacted samples were similar to previous studies, while the different patterns for field
compaction did not influence the air void distribution. The aggregate contacts had
random distribution in both gyratory specimens and field cores. The analysis showed
that aggregate orientation was not affected by field compaction patterns. However, for
the gyratory-compacted samples, both gyration angle and the height of the sample
affected the aggregate orientation. Also, there was statistically no significant difference
between gyratory specimens and field cores in terms of the separation between coarse
and fine aggregates, although it was noticed that coarse aggregates had a slight tendency
to move towards the circumference of a gyratory specimen. Overall, the findings
suggested the use of an angle of 1.5° and a specimen height of 50 mm to 75 mm in the
gyratory compactor to better simulate the internal structure of field cores; pressure of
600 kPa gave the closest results to field cores although it was not a significant factor in
influencing the internal structure. A similar study demonstrated that laboratory
specimens compacted to a height close to that of field cores and using an angle of
gyration of 1.25° were better in simulating the aggregate distribution in the field (Saadeh
et al. 2002).

Further research studies evaluated the air void distribution in gyratory specimens by
means of X-ray computed tomography (Thyagarajan et al. 2010; Partl et al. 2003;
Tashman et al. 2002). Air voids were found to be non-uniformly distributed along the
horizontal and vertical directions in Superpave gyratory-compacted specimens. Tashman
et al. (2002) found that more air voids were present in the outer region, while Partl et al.
(2003) showed that the difference between the average air-void content of the core and
exterior zone of the specimen is as large as 8.7% after initial compaction and decreases
rapidly to less than 1% for the higher compaction levels. Moreover, both studies found
that more air voids are concentrated in the top and bottom regions of a specimen. This

suggests that the kneading process just below the center of the top and bottom loading
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plate of the gyratory is not very effective and the compaction energy distribution follows
a cone-shape pattern related to the geometry of the specimen (Thyagarajan et al. 2010).
The compaction homogeneity within the gyratory-compacted specimens has been further
investigated and cutting/coring process has been proposed to reduce the heterogeneity in
the vertical direction, although this process did not seem to be sufficient in improving
homogeneity in the lateral direction (Airey and Collop 2016; Thyagarajan et al. 2010;
Muraya 2007).

Given the previously acknowledged capabilities of imaging techniques, research
effort was also devoted to evaluate the influence of various compaction methods on
internal structure of asphalt mixtures. Hunter et al. (2004) undertook research on the
aggregate orientation and segregation of asphalt mixture laboratory specimens
compacted using gyratory, vibratory and roller compaction. By means of image analysis
techniques on cut surfaces of asphalt specimens using Image ProPlus software, it was
concluded that significantly more aggregate orientation was obtained in mould-based
specimens, namely gyratory and vibratory compacted specimens. This behavior is more
pronounced in larger aggregate particles and in those with an aspect ratio (maximum
length/ maximum width) greater than two. This performance may be attributed to the
combined effects of compaction dynamics and the confining effect of the mould. Roller-
compacted specimens showed random particle orientation. Moreover, whilst overall
levels of aggregate particle density are similar across all the compaction methods
considered, greater segregation occurs in vibratory and to a lesser extent in gyratory-
compacted specimens. On the contrary, the slab compacted specimens showed a near
uniform particle size distribution across the regions considered. Airey et al. (2006) also
studied the aggregate orientation and segregation of laboratory-compacted specimens
(i.e. gyratory, vibratory, roller compactor) compared to field specimens. The results
indicated overall that slab compacted specimens tend to show closer correlation with
field cores than gyratory and vibratory compacted specimens. Building on previous
gained knowledge, the internal aggregate structure of laboratory-compacted specimens
as a function of compaction method, specimen size and specimen orientation was also
investigated (Ilwama et al. 2007). Particularly, with regards to specimen size, it was

demonstrated that specimens cored from larger specimens were less affected by mould
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confining effects. Therefore, a more random particle orientation for both the gyratory
and vibratory compacted specimens is observed. Similar conclusions were also drawn by
means of X-ray CT image analyses (Hassan et al. 2012).

With advancements in technology, the capabilities of both 2-D and 3-D imaging
techniques in terms of image capturing, processing and analysis have been improved
significantly over time (Papagiannakis et al. 2014; Coenen et al. 2012; Zelelew and
Papagiannakis 2011a, b). In this framework, new software for processing and analysis of
two-dimensional images of asphalt mixtures has been developed to quantify the internal
aggregate structure in terms of meaningful indices (Sefidmazgi et al. 2012). This
software was used to analyze mixtures and quantify the effect of compaction methods
and conditions on aggregate structure, as discussed hereinafter.

Coenen et al. (2012) studied the effect of varying compaction temperatures and
pressures used in the SGC on aggregate structure indices. Lower temperature and
pressure led to less contact points, no clear trend was identified with respect to the
orientation results, while the results showed no evidence of segregation. Within the same
study, various compaction methods, including Hveem, Marshall, German steel sector
and Superpave Gyratory were compared. The results indicated compaction method
influences significantly the aggregate orientation. Although the Superpave Gyratory
showed the highest influence on the aggregate orientation in a radial fashion, this
method seems to best resemble the predominant aggregate orientation seen in the field.
However, it is worth mentioning that the level of influence (severity) observed in the
field was similar to alternate laboratory methods such as the Marshall or the Hveem;
hence additional investigation was suggested to determine which laboratory compaction
method better reproduces internal structure parameters of field-compacted mixtures. In a
follow-up study, newly developed image analysis indices, namely number of aggregate-
to-aggregate proximity zones; total proximity zone length; and proximity zone plane
orientation, were proposed to characterize the aggregate structure (Sefidmazgi and Bahia
2014). The study results showed that these indices can capture the effect of compaction
conditions on the mixture internal structure; overall, samples compacted using different

methods in the laboratory can lead to highly different microstructure.
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Bessa et al. (2012), evaluating the effect of the Superpave gyratory compactor and
LCPC compactor on the internal structure of various mixtures, found that the specimens
extracted from the roller-compacted slabs have a higher level of contact points compared
with the SGC ones. Regarding aggregates orientation after compaction, the aggregates
distribution and orientation in terms of the vector magnitude were very similar for both
compaction methods; however LCPC compactor mixtures presented lower segregation

compared to SGC ones.

2.5 Lessons learned from the literature review

Regarding the asphalt mixture compactability, the literature review clearly indicates
that among multiple factors affecting asphalt densification, the key compaction
parameters are temperature; compaction energy (effort) and methodology; and lift
thickness. Several studies attempted to examine the relationship between laboratory and
field compactability, by means of gyratory method and field compaction methods,
however results showed that a single correlation could not describe this relationship. It
seems that evaluating in-situ the compaction characteristics of asphalt mixtures more
essential information can be obtained in real-time, hence contributing to the
improvement of compaction process and its effectiveness. Within this framework, the
emerging technologies of infrared thermography and GPR have shown promising
results. However, further research should be conducted in an effort towards
standardization and inclusion of these technologies in compaction quality assurance
practices.

Extensive research has been carried out to assess the influence of various
compaction methods both in the laboratory and in the field on asphalt mixture
mechanical properties. The results demonstrated that permanent deformation (or
rutting) characteristics of asphalt mixtures are significantly affected from compaction
methods. Also, the results indicated that between the asphalt mixture performance-based
properties which interrelate with analytical pavement analyses, fatigue characteristics
appear to be less influenced from the compaction method. On the contrary, stiffness
properties of an asphalt mixture vary significantly with respect to the compaction

method and also the stiffness modulus in laboratory does not necessarily correspond to
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stiffness modulus in the field. This implies that for pavement analyses purposes either
conversion factors should be established between laboratory and field compaction-based
stiffness or research should be conducted to develop laboratory compaction regimes
which tend to produce specimens with similar properties to field cores. This challenge
becomes more essential considering that the European specifications offer the potential
of selection among several compaction methods for the fabrication of asphalt specimens
prior to its performance-based testing and hence comparability between the test results is
vital. On this basis, within any compaction method, operational factors such as angle of
gyration, number of roller passes etc. need to be evaluated.

Moreover, from research regarding the asphalt mixture internal structure, it has
been manifested that gyratory specimens are heterogeneous in terms of air void
distribution in vertical and lateral directions. Given the gyratory compactor wide spread
and use, a limited number of studies focused to evaluate the ability of the Superpave
gyratory compactor to simulate the internal structure of asphalt pavements. The results
indicated that gyration angle and specimen thickness influence asphalt microstructure.
Better simulation of field compaction is obtained using an angle of 1.25° or 1.5° and
height close to that of field cores. Comparative studies also showed mixed results
concerning compaction method best simulating field compaction in terms of aggregate
orientation and segregation. Although new image analysis indices can be obtained due to
technological advancements, for these indices to be meaningful it is essential that they
are related with asphalt mixture engineering properties. This will provide insight to the
impact of compaction factors on asphalt mixture microstructure and subsequently its
performance; then image analysis can be an effective tool to improve the compaction
process towards reproducing the field conditions.

Also, the importance to incorporate the skid resistance evaluation in the asphalt
mixture design practices implies that the asphalt surface characteristics of specimens
produced in the laboratory may be considered representative of the real mixture in-situ.
Study results based on gyratory compaction demonstrated that this method is not
representative, from a frictional point of view, of the field compaction. Hence, the effect

of compaction on surface frictional characteristics still calls for further research to



25 Literature review

identify the most adequate method for producing specimens that allow predicting the

frictional properties of the as-constructed pavement surfaces.



3. Test sites and materials

3.1 Introduction

To accomplish the thesis objectives the research plan included three main tasks. Initially,
the field sites, from which test samples would be collected, were selected; these were
sections where paving and compaction was commenced. Secondly, loose mixtures from
these sites were compacted using laboratory methods. Lastly, laboratory tests were
conducted on the laboratory-compacted specimens and their performance, in terms of the
key characteristics described in Fig.1.2, was compared to the performance of the field
cores obtained from the selected sites. For the research purposes, laboratory batched and
compacted specimens would alternatively be used to be compared with the field-
compacted specimens. However, it is worth mentioning that differences generally exist
between laboratory produced and plant produced mixtures. This variation would
possibly affect the experimental results, thus adding complexity in evaluating differences
in behavior of asphalt mixtures related to the compaction methods. In that respect, the
approach that all specimens (laboratory- and field-compacted) are from mixtures
produced in the plant was followed in terms of better understanding the differences
induced from the laboratory- and field compaction methods. This chapter describes the

test sites and HMA mixtures used for this research study.

3.2 Testsites

Three pavement construction projects were selected for the purposes of the present
study. In each project, field test sections were constructed using various asphalt mixtures
and compaction methods and monitored to record compaction-related parameters.

The first pavement construction project involved the paving and compaction of a
40mm surface course and 150mm asphalt base course over a 250mm granular base-
subbase layer and subgrade. The asphalt base course was placed in three 5cm lifts;
particular focus of this study was the top lift. Compaction was undertaken through

common techniques. The rollers used was 10-ton steel double drum rollers, able to
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operate in vibratory or static mode and a 9-ton rubber wheeled roller consisting of 8
tires.

The second pavement construction project involved the paving of a 50mm asphalt
overlay surface course, using different dense-graded mixtures and compaction methods
over the existing flexible pavement structure. Three new full-scale HMA pavement test
sections were selected and evaluated, from which one section was divided into four
subsections, which were compacted using different compaction modes. A 10-ton steel
double drum roller, able to operate in vibratory or static mode was utilized to construct
the test subsections.

The third pavement construction project involved the paving of a 30mm asphalt
surface course, a 50mm binder course and 140mm base course over compacted unbound
granular materials. This study concentrated only into the binder and base course
mixtures. Field compaction was undertaken through common techniques and similar

rolling patterns were followed for both mixtures.

3.3 Materials

As mentioned earlier, three construction projects were selected to provide the materials
for this research study. Particularly, during paving plant-produced mix samples were
collected, when feasible, to be used for the laboratory compaction studies. Moreover,
after the asphalt layers construction and prior to trafficking, an adequate number of field
cores (100mm in diameter) were retrieved from characteristic pavement locations to be

used as ground truth data for comparative analysis, as shown in Fig. 3.1.

Fig. 3.1 Mix sampling (left) and field coring (right)
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The experimental testing program included a range of asphalt mixtures designed by
the standard Marshall Mix design method. Table 3.1 provides a description of mixtures
used in this research study. Mixtures designation indicates the aggregate size on the mix,
the course and the bitumen type (CEN 2006). Also, Fig. 3.2-3.3 show the gradation

curves for the surface courses and binder-base course mixture types.
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Table 3.1 Study mixtures information

Construction | Designation Bitumen type Bitumen content | Aggregate | Design air void
Layer (%) (%)
SURFACE | AC12.5surf PmB (SBS) 80/100+ 4%SBS | 4.5 Steel slag- | 11.5
COURSE limestone
AC12.5 surf 50/70° 50/70 4.3 Limestone | 5.3
AC12.5 surf 50/70° 50/70 4.3 Limestone | 5.2
AC12.5 surf 50/70° 50/70 4.3,4.8,5.2,5.7 | Limestone |6.3,4.8,4.0,3.2
AC 20 surf 50/70 50/70 3.8,4.3,4.8 Limestone |5.1,4.0,3.2
BINDER AC12.5 binder 50/70+8%SLN | 50/70+ 8%SLN 4.3 Limestone | 3.3
COURSE
BASE AC20 base 50/70 50/70 4.3 Limestone | 4.5
COURSE AC20 base 50/70+8%SLN 50/70+ 8%SLN 4.2 Limestone | 3.6
AC20 base 50/70+10%SLN 50/70+ 10%SLN | 4.3 Limestone | 3.1
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It is worthwhile to mention that the mixtures were carefully chosen to represent
varying aggregate gradations, sizes and bituminous binders and was expected to exhibit
different performance. Also, the mixtures selected include basic mix designs used in the
construction practice in Greece. Particularly, different types of surface course mixes -
designed with crushed limestone and steel slag aggregates of various sizes (e.g. 12.5mm
etc), pure (namely 50/70) and polymer modified bitumen (PmB) with SBS - were used in
this Thesis. All surface course mixtures were dense-graded, except for the PmB mixture
which consists of a semi-open gradation. Binder and base course mixtures, designed
with crushed limestone aggregate and Selenizza (SLN) asphaltite modified bitumen

along with a base mix with 50/70 bitumen, were also studied.



4. Compactability

4.1 Introduction

In the literature review presented in Chapter 2, the profound influence of compaction
temperature, energy (effort) and methodology on the asphalt mix compactability was
underlined. For this reason, a multi-factorial evaluation of the compactability of various
asphalt mixes is commenced, by means of modern test methods, on the basis of
extensive laboratory and field experiments.

Starting with an introductory overview of the test methods, focusing on the Non
Destructive Testing (NDT) technologies and its principles used for the research, in the
second part of this Chapter the laboratory experiments conducted by means of gyratory
and roller compaction methods for the assessment of compactability of various HMA
types are presented.

In the third part of this Chapter, the field experimental surveys for the assessment of
the in-situ HMA compactability are also presented. Moreover, the performance of
various models to predict the in-situ density along with the relationship between

laboratory and field compactability indicators is evaluated.

4.2 Test methods
4.2.1 Gyratory compaction

Among the several well-known laboratory compaction methods gyratory (kneading)
compaction, developed and improved over the past 50 years, now enjoys popularity
throughout the worldwide asphalt pavement industry (Harman et al. 2002). This
compaction method is widely used in USA, France, Australia and other countries, while
many countries are involved in a transition process from Marshall to Gyratory
compaction.

Compaction by means of gyratory compactor is achieved by the simultaneous action
of a low static compression, and of the shearing action. This results from the motion of
the axis of the mould which generates a conical surface of revolution, while the ends of

the test piece should ideally remain perpendicular to the axis of the conical surface, as
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shown in Fig. 4.1. Using a gyratory compactor, compaction is governed by vertical
pressure, angle of gyration and gyratory speed. According to European norm vertical
pressure, gyratory speed and angle of gyration are specified as 0.6 MPa; 30 revolutions
per minute; and 0.82° respectively (CEN 2007), while the AASHTO specifies 1.16° for
the angle of gyration (AASHTO 2012).

Fig. 4.1 Gyratory compactor

Different approaches can be followed when using a gyratory compactor: a)
compaction with a set number of gyrations, b) compaction to a target density or air voids
content and c¢) compaction to a target specimen height. During compaction the height of
the sample (i.e. h(ng)) is automatically measured and displayed to the nearest 0.1 mm.
Using the height data taken throughout the compaction cycle, the density of the mix at
various numbers of gyrations is determined, as mathematically expressed in Eq. 4.1.
Then, the air voids content of the mix is calculated and may be plotted on a semi-
logarithmic graph with the log of the number of gyrations on the x-axis.

M
ping) =—Fpz—— (41)
nTh(ng)

where M is the mass of the mixture to be introduced in the mould, D is the internal
diameter of the mould, h(n(g) is the height of the specimen after a number of gyrations

Ng-
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It is also worth mentioning that researchers, on the basis of the gyratory compaction
curves, developed indicators to assess the HMA compactability. Many indices have been
reported in the literature (Dessouky and Diaz 2015). In this research, meaningful indices
- namely the slope of compaction curve and the gyrations to achieve 8 percent air voids-
as described hereinafter, have been accounted for the evaluation of the mix
compactability. The aim was to compare the results obtained for gyratory compaction, as
well as roller compaction, of specimens with the results achieved by field compaction
and hence to establish laboratory test conditions to obtain field-like compaction
characteristics.

The slope of compaction curve (b) may be used as criterion to assess whether
compaction is difficult or easy. For example, higher slope indicates that there is an
elevated reduction of air voids as a function of gyrations.

The number of gyrations to achieve 8 percent air voids (Ng) reflects the uppermost
compaction level to be achieved in the field for dense asphalt mixtures and can be used

to assess the requisite number of field roller passes.

4.2.2 Roller compaction

The steel roller compactor provides a means of compacting parallelepipedal specimens
(slabs) of bituminous mixtures in the laboratory under conditions which simulate in-situ

compaction.

Fig. 4.2 Roller compactor
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The roller compactor consists of a curved steel segment, pivoting on a hinge and
applying downwards force, as illustrated in Fig. 4.2a. Different levels of vertical force
can be selected up to approximately 30 kN. The width of the roller is 305 mm, thus the
compactive effort of the largest site roller can be reproduced. Applied load can be
constant throughout the compaction, or can be increased at a preset number of cycles. A
vibration option is also available to simulate on-site vibratory rollers, as illustrated in
Fig. 4.2b.

Three different approaches can be followed when using a smooth steel roller: a)
compaction by a specified energy, b) compaction with controlled compaction energy and

c) compaction to obtain compaction degree (CEN 2007).

4.2.3 Infrared thermography

Infrared thermography makes use of the infrared spectral band and Planck’s law, which
claims that all objects with temperatures above absolute zero (-273.15°C or -459.67°F)
emit infrared radiation. The magnitude of the radiation emitted is heavily dependent on
the objects’ temperature. Based on this, it is possible to produce images of that radiation
and consequently the objects’ temperature, called thermographs (Arndt 2010).

The radiation emitted by an object is a percentage of the radiation emitted by a
blackbody at the same temperature (Maldague 2001; Gaussorgues 1994). A blackbody is
defined as an object capable of totally absorbing all incident radiation, whatever its
wavelength. According to Kirchhoff’s Law, the blackbody is also an emitter of radiation
of all wavelengths, transferring energy to the surrounding until a state of thermodynamic
equilibrium is achieved. Real objects, however, never comply with these laws over an
extended wavelength region, although they may approach the blackbody behavior in
certain spectral intervals.

There are three events that occur and prevent a real object from behaving as a
blackbody: a portion of the energy received is absorbed (), a portion is reflected (r) and
if the body is not opaque a portion is transmitted through (t). The sum total of the three
individual parts must always add up to the initial value of radiation which left the source,

as (Eq. 4.2):

a+r+t=1 (4.2)
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An object’s ability to radiate infrared energy depends on several factors which
include material type, surface condition and wavelength. The value of emissivity (&) for
an object is an expression of its ability to radiate infrared energy. Emissivity is really a
comparison between the energy emitted by the target object and an ideal emitter or black

body at the same temperature. Hence, emissivity may be expressed as follows:

_ Lo 4.3

where Ey is the radiation emitted by target object at temperature T, and Ey, is the
radiation emitted by ideal emitter or black body at the same temperature T.

Emissivity (&) of an object is not constant, as it depends on temperature, wavelength
and direction. However, it may be considered as a constant within a certain bandwidth,
range of temperature and cone of direction. Theoretically, it ranges from 0 (completely
non-emitting materials) to 1 (completely emitting materials). For example, a mirror
would exhibit emissivity below 0.1, while the human skin has an emissivity of 0.98. For
asphalt pavement surfaces, emissivity is also a measure of the ability of asphalt mixtures
to radiate absorbed energy. It is worth mentioning that for an opaque object Eq 4.2.

changes as:
a+r=1 (44

This means that a target surface such as an asphaltic one, which is non-reflective,
has a high emissivity. For instance, asphalt concrete’s emissivity ranges from 0.93 (in-
service pavements) to 0.98 (new pavement constructions) (I1bos et al. 2006).

The systems used to measure and image the emitted infrared radiation from an
object are based on complex infrared or thermal cameras. When viewing an object, the
camera receives radiation not only from the object itself, but it also collects radiation
from the surroundings reflected via the object surface. Both of these radiations are

affected to some extent by the atmosphere in the measurement path (Maldague 2001).
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In summary, there are three major contributors to infrared radiation:

a) the emission from the object ez/ypj, Where ¢ is the emittance of the object, z is the
transmittance of the atmosphere and Wy, is the radiation power from a blackbody source
of temperature Tsource, While the temperature of the object is Top;,

b) the reflected emission from ambient sources (1-g&)cWen, Where (1-¢) is the
reflectance of the object, while the ambient sources have the temperature T, and

c) the emission of the atmosphere (1-z) Wam, Where (1-z) is the emmitance of the
atmosphere, the atmosphere has the temperature Tagn.

The total received radiation power is expressed as following:
Wtot = STWobj + (1 - E)TWrefl + (1 - T)Watm (4'5)

By using Eq. 4.5, Wqpj can be calculated and the object’s temperature Topj Can be
defined. Figure 4.3 shows a schematic representation of the thermographic measurement.

Object Atmosphere
PP i Infrared camera
£ W,,,,j £T W,,,,j
& Loy R (1-6) W, | (1-6)T Wy
N OO
.\\ Wn’ﬂ
BT
Surroundings

Fig. 4.3 Representation of a thermographic measurement

The thermographic system used in this thesis, consists of a ThermoVision A325G
infrared camera developed by Flir Systems (Flir Systems 2007) and a conventional
digital camera. The ThermoVision camera provides a 320 x 240 pixel image,
temperature measurements ranging from —20 to 350°C with an accuracy of £ 2°C,
operating in the far infrared spectrum (7.5-13um). The system collects data as scans of
temperature, is portable and is mounted on a properly modified vehicle, as shown in Fig.
4.4,
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Fig. 4.4 The NTUA thermographic system

The NTUA thermographic system was used to record surface mat temperature
during the laying and compaction of several pavement test sections. The collected data
were preprocessed and analyzed with suitable software and the results are presented in

the following sections.

4.2.4 Ground Penetrating Radar

The Ground Penetrating Radar technique is an example of a non-intrusive technique that
is increasingly being employed in pavement surveying. The principle of GPR systems
operation is based on sending an electromagnetic pulse through an antenna to the
pavement surface and then recording the reflected pulses from the internal interfaces,
where there is a contrast in the dielectric properties. Depending on the way the antennas
are used, GPR systems are classified as either air-coupled or ground-coupled systems.

In air-coupled systems, the antennas (usually horn antennas) are typically deployed
150-500 mm above the surface. These systems give a clean radar signal and allow for
highway speed surveys. For flexible pavements, the air-coupled system is usually
preferred over the ground-coupled system, as data collected by the air-coupled system
allows for the estimation of the dielectric properties of the layers, which are necessary

for accurate GPR data interpretation (Saaranketo and Scullion 2000).
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In general, air-coupled GPR systems operate in the range from 500 MHz to 2.5
GHz. Their penetration depth is typically 0.5-0.9 m and they are consistent with the
impulse technique. The impulse radar technique is based on the principle that a short
(0.5 to 1.5 ns) electromagnetic pulse is transmitted into the pavement through its surface.
The pulse travels through the pavement layers and reflects off surfaces or objects, which
cause discontinuities in electrical properties such as changes in the type of material or in
either moisture content or density (Daniels 2004). The recorded reflections depend on
the velocity of the waves’ propagation, which is governed by the electromagnetic
properties of the materials. The propagation velocity of electromagnetic waves in
pavement materials is a function of the electric permittivity of the material mixture and
is influenced by the water content.

The electric permittivity, which is the key property for GPR applications, describes
the behavior of the material to polarize in response to the electric field (Al-Qadi et al.
2001). For a layered structure, such as a flexible pavement, the electric permittivity of
the HMA layer eyma Ccan be estimated from the amplitudes of the reflected pulses as
following, referred among others by Maser and Scullion (1991):

1o
Egma = AZ (4.6)
'7a,

where epma IS the electric permittivity of the HMA layer, Ay is the amplitude of the
surface reflection (Fig. 4.5) and Ap is the amplitude of the incident GPR wave obtained

by collecting data over a metallic plate placed on the surface of the pavement (Fig. 4.6).

GPR antenna

. A

Subgrade

e

Fig. 4.5 GPR trace reflection amplitude in HMA pavements
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Fig. 4.6 Calibration procedure using a metallic plate

It is worthwhile mentioning that by using Eqg. 4.6 the attenuation of the GPR signal
with increased propagation distance is not considered. This aspect is not binding towards
the accuracy of the electric permittivity value referred to the initial air-surface reflection,
as the attenuation of the GPR signal in air is limited. However, signal attenuation in the
pavement subsurface layers is not negligible and may reduce the accuracy of the
permittivity value arising from amplitude data recorded for deeper pavement layers
(Saarenketo and Scullion 2000).

4.2.4.1 Density prediction models

Recent improvements in hardware, as well as the advancements in computer and
software technologies have contributed to the rapidly expanding popularity and usability
of GPR technique in pavement engineers’ community. Further to popular GPR
applications in pavements, such as determining layer thickness, detecting subsurface
distresses, estimating moisture content, detecting voids and others, limited research
studies concerning evaluation of pavement compaction have shown promising results.
Particularly, researchers have demonstrated the potential of GPR coupled with the use of
novel algorithms to predict the in-situ field density.

HMA is a composite material that contains asphalt binder, aggregates and air.
Similar to HMA density, which depends on the specific gravities and volumetric
fractions of its components, the electric permittivity of HMA is considered to be a
function of the dielectric and volumetric properties of its components, as well. On this

basis, researchers have recently developed various models, based on the Electromagnetic
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Mixing (EM) theory, to assess the electric permittivity of HMA and predict its bulk
specific gravity (density) in the field (Leng et al. 2012; Leng et al. 2011). These models,
namely the Complex Refractive Index Model (CRIM), the Rayleigh model, and the Al-
Qadi, Lahouar and Leng (ALL) model are expressed, respectively, as follows:

Véuma — 1
Gmp = — (4.7)
@)+ () Ve - (o)

Euma — & 1—¢&,
_ Euma + 28, 1+ 2¢, (4.8)

Gy = —— - -
" (eis+ 285,,) (3 G: ) - (15 285,,) (G:lm)

€ama —E€p 1—¢
3£HMA — 2.3€b 1-— 2.3$b + ZEHMA

Gmp = — — —
" (85 - 2f€353b -T—b2£HMA) (1 Gsepb) N (1 - 2.;81, -T—bZSHMA) (Gnlm)

(4.9)

where Gpp and Gpy, is the bulk and maximum specific gravity (density) of asphalt
mixture respectively, Gs is the effective specific gravity of aggregate, Gy, is the bulk
specific gravity of aggregate, Py is the bitumen content, Gy is the specific gravity of
binder, enma is the electric permittivity of the asphalt mixture, &, is the electric
permittivity of the bitumen, and & is the electric permittivity of the aggregate.

According to the above equations, Gy, is the model output, while eyua is measured
from GPR, ¢, is assumed as constant with a value of 3 and & is the electric permittivity
which depends on the aggregate type and source; thus it should be determined from a
back calculation procedure. The remaining parameters Gmm, Gse, Gsb, Pp and Gy can be
obtained from the mix design.

Moreover, Finnish researchers in previous studies (Saaranketo 2012; Roimela 1998)
based on statistical analysis results developed an exponential model, described by Eq.
4.10 and known as PANK model, relating the asphalt pavement surface electric
permittivity and air void content. Using the air void content values determined using
laboratory methods from the drill cores, and their respective electric permittivity values,

the calibration coefficient k is determined. Then, based on the established function, the
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air voids in the asphalt pavement layers can be predicted by plugging the epua into Eq.
4.10.
Air voids (%) = 272.93e~13012kenma  (4,10)

where k is the calibration factor

Certainly, regression equations can be developed using the same exponential form
and relating the electric permittivity eyva and density pp, (or air voids content), as shown
in Eq. 4.11. In this case, the calibration factors a, b should be determined on the basis of
fitting the experimental data.

pp, = aePeHma  (4.11)

where a, b are regression-based calibration factors.

4.2.5 Nuclear/ Non-nuclear density gauges

Conventionally, in-situ density is monitored using three basic methods: cores, nuclear-
or non-nuclear density gauge measurements. Cores are generally considered to be the
most accurate means of measuring in-situ density, this method however is both intrusive
and time consuming. Cores can be taken only after the compacted bituminous mixture
has cooled sufficiently and the cored samples need to be completely dry before bulk
density measurements can be performed in the field or laboratory using the surface
saturated dry (SSD) method and by dimensions method (CEN 2007). Because of the
destructive nature of extracting cores, contractors and agencies have implemented for
many years both non-destructive nuclear and non-nuclear density gauges for quality
control, and in some cases for acceptance (Smith and Diefenderfer 2004; Choubane et al.
1999). Further, non-destructive gauges allow more rapid assessment of in-situ density
during construction.

The application of the nuclear gauges is based on the transmission and reception of
gamma rays (ASTM 2005). Nuclear gauges usually contain a small gamma source such
as the Cesium-137 on the end of the retractable rod (Fig. 4.7). Gamma rays emitted from
the source interact with electrons in the pavement; some rays are absorbed by the HMA
and only those which are scattered back into the Geiger-Mueller detectors are counted.
Although nuclear density gauges can work in a back-scatter or a direct transmission

mode, most pavements are tested in back-scatter mode where both the source and
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detectors are placed on the pavement surface. The number of photons reaching the
detectors is inversely related to the density of HMA; namely, the fewer the photons, the
higher the density. However, calibration of nuclear gauges is required to achieve better
correlation between the nuclear gauge density values and core sample density values.

Fig. 4.7 Troxler gauge

Recently, non-nuclear electromagnetic density gauges have entered the market,
which have the potential to replace nuclear density gauges and the coring process. These
non-nuclear devices use electromagnetic signals to measure in-place density (ASTM
2010). The use of electromagnetic signals has the advantages of completely eliminating
nuclear source licensing, training and certification of operators, specialized storage, and
risks associated with devices that use a radioactive source, while also being non-
destructive. The most popular of these devices is the Pavement Quality Indicator (PQI),

commercially available by Trans-Tech Systems Inc. (Fig. 4.8).

Fig. 4.8 PQI gauge
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The PQI operation is based on a novel toroidal electrical sensing field that is
established in the material to be measured (e.g., HMA) via a flat sensing plate. Density,
or compaction degree, is measured by the response of the PQI's electrical sensing field to
changes in electrical impedance of the material matrix, which in turn is a function of the
composite dielectric constant of the paving material and the air trapped in the voids of
the material. Once calibrated, respectively to the nuclear method, direct density readings
can be consistently obtained. PQI is also equipped with an infrared temperature probe

and hence mat temperature can be measured and displayed during measurements.

4.3 Laboratory study
4.3.1 Gyratory compaction

Primarily, the objective of the gyratory compaction study was to investigate the
influence of the compaction temperature, internal angle of gyration- which is believed to
be related to the compactive effort, and specimen geometry on the compactability of
asphalt mixtures. However, recalling the literature review a further investigation was
carried out to gain more insight regarding the non-homogeneity of air void distribution
induced by means of gyratory compaction.

The test matrix included gyratory compaction at various temperatures, a typical and
higher one, while the vertical pressure was held constant at standard 600kPa, which is
believed to approximate the contact pressures at which most of the compaction happens
in the field (Delgadillo and Bahia 2008). Also, three different values of internal angle of
gyration, which hereafter will be found as gyration angle or, simply, angle for sake of
brevity, were selected which are specified in different international standards.
Specifically, the gyration angles selected were: 0.82° as suggested by the European
Standard (CEN 2007), 1.16° according to AASHTO specifications (AASHTO 2012) and
a higher value of 1.45° for which it was hypothesized to produce specimens with
different compaction characteristics. Specimens of different geometries in terms of
diameter (100 mm and 150 mm) and height (70 mm and 170 mm) were fabricated. After
compaction, specimens dedicated for evaluation of air void distribution were trimmed,
while the 150 mm diameter specimens were cored and 100 mm diameter specimens were

obtained. Hence, two groups were obtained, namely cut and cut/cored gyratory
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specimens to evaluate air voids in both the vertical and lateral directions in comparison
with the as-compacted specimens. Also, additional specimens were fabricated at the
same compaction energy (in terms of gyration number) for the compactability
assessment. Overall, the gyratory compaction parameters studied are summarized in
Table 4.1.

Table 4.1 Gyratory compaction study parameters

Parameters Level
Temperature (°C) 135, 150
Internal gyration angle (°) 0.82,1.16, 1.45

Specimen geometry (diameter-height) (mm) 100-70, 100-170, 150-70, 150-170

Two hot-mix asphalt mixtures were used in the investigation. Both represent
‘production’ mixes, sampled during placement. The two mixes include: (1) a surface
course mix with 50/70 binder and (2) a base course mix with 50/70 binder, denoted,
respectively, as AC12.5 surf 50/70% and AC20 base 50/70 as described in Chapter 3.
Buckets of HMA were heated and the loosened mixtures were compacted. A total of 72
specimens for both mixtures were fabricated. After fabrication, the HMA laboratory-

prepared specimens were tested for density and air voids content (CEN 2007).

4.3.1.1 Influence of gyratory compaction on air void homogeneity

This subsection discusses the influence of the gyratory compaction parameters on the air
void distribution, both vertical and lateral, by means of mechanical process. Particularly,
fabricated specimens were tested to evaluate the air voids after: a) compaction (denoted
as-compacted), b) cutting of both top-bottom surfaces (denoted cut), and c) coring, only
for 150mm diameter specimens (denoted cut/cored). Based on the bulk densities
measured (using the SSD method) and the maximum density of each mixture, the air
voids contents were calculated for all as-compacted and cut/cut-cored specimens (CEN
2007a; CEN 2007b; CEN 2007c).

Figures 4.9-4.12 show the air void test results with respect to the various specimens’
geometries concerning the AC12.5 surf 50/70° while Fig. 4.13-4.16 show the
counterparts related to the AC20 base 50/70 mix.
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Fig. 4.10 Air void results concerning type 150-70 specimens (AC12.5 surf 50/70%)
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Fig. 4.11 Air void results concerning type 100-170 specimens (AC12.5 surf 50/70%)
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Regarding the AC12.5 surf 50/70% mix, when comparing the air void content of the
specimens before and after coring, there is a mean reduction of approximately 0.7%. The
paired t-test analysis, as reported in Table 4.2, demonstrates significant difference at
95% confidence level between the air voids in as-compacted and cored specimens. This
indicates non-uniformity in the lateral air void distribution, which can be attributed to
the mould-induced restrictions in aggregates movement towards its circumference.
Similar findings were obtained with respect to the AC20 base 50/70 mix. The analysis
results are tabulated in Table 4.2.

Table 4.2 Paired t-test results

Mix type Air voids (%) P-value Are
As- Cored differences
compacted significant (a=0.05)
AC12.5 surf 50/70° 6.0 5.3 0.0017 Yes
AC20 base 50/70 5.9 53 0.00001 Yes
Mix type As- Cut/Cored P-value Are differences
compacted significant (a=0.05)
AC12.5 surf 50/70° 5.9 5.6 0.243 No
(5.2) (4.4) (0.00000001) (Yes)
AC20 base 50/70 5.6 4.6 0.0000002 Yes

Moreover, after cutting, the air voids of specimens further decreased. A mean air
void decrease of approximately 0.3% was calculated for all specimens, although this
value is masked due to the results concerning the 100-170 specimens, as illustrated in
Fig. 4.11. For this type of specimens, after cutting 10mm of the top and bottom regions
of the specimens, the air voids increase. Given the above, when the air voids variations
regarding the 100-170 specimens are excluded from the t-test analysis, the statistical
results showed in parentheses demonstrate a significant air void decrease between the as-
compacted and cut/cored specimens. This could be due to the ‘cone effect’ as concluded
from Thyagarajan et al. (2010). Particularly, tall specimens tend to receive less shearing

action at the center, and hence less compaction compared to the top and bottom regions,
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as illustrated in Fig. 4.17. On the contrary, if the specimen is thick, compaction pressure
from both sides interferes, creating overlapping cones in the middle region and thus
higher compaction. Similar results were generally obtained regarding the AC20 base
50/70 mix as shown in Table 4.2, although the ‘cone effect’ seems to be less pronounced

for this mix.

Region of low
AirVoi, % compaction due to |

0 10 20 resistance from
top/bottom plates \
: AirVoid, %
Compaction energy N : 0 10 20

Region of low
compaction

Cones overlapping
region of high
compaction

Slender Specimens Thick Specimens
Fig. 4.17 Effect of specimen geometry on gyratory compaction (cone effect) (after Thyagarajan et al.
2010)

The above results support previous findings which indicated the non-uniform air
void distribution that HMA gyratory specimens typically experience (Thyagarajan et al.
2010; Partl et al. 2003; Tashman et al. 2002). Cutting and coring process tent to reduce
the heterogeneity. Also, it is clear that when aiming to fabricate specimens at a target air
void content, the as-compacted specimens need to be prepared at much higher air void
contents.

Moreover, it is worthwhile to mention that the general trend observed from the plots
indicates that the variation in air voids is particularly attributed to the gyration angle and
specimen geometry rather than the compaction temperature. The latter is confirmed by
means of one-way analysis of variance (ANOVA) shown in Table 4.3.
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Table 4.3 ANOVA test results for air voids differences between the compaction temperatures (o =

0.05)

Mix type Compaction Sumof  df Mean F. Sig.
temperature squares Square

AC12.5surf 50/70°  Between groups .024 1 024 .020 .888
Within groups 25.887 22 1.177
Total 25.911 23

AC20 base 50/70 Between groups .220 1 220 209  .652
Within groups 23.239 22 1.056
Total 23.460 23

The ANOVA analysis indicated that there was not a significant effect of compaction
temperature on the air voids of as-compacted gyratory specimens at the 95% confidence
level. This indicates that a similar compaction level can be achieved for compaction
temperature range 135-150°C. Hence, further analysis to evaluate the influence of
gyratory compaction on asphalt mix densification will be restricted to more significant

parameters, namely gyration angle and specimen geometry.

4.3.1.2 Influence of gyratory compaction parameters on HMA compactability

This subsection discusses the influence of the gyratory compaction parameters on
asphalt mix compactability in terms of air voids content. On the basis of the previous
results, the test matrix included compaction varying the gyration angle and specimen
geometry as presented in Table 4.1. The standard conditions for compaction of all
specimens were the pressure 600 KPa, number of gyrations N=205 and rotational speed
30rpm.

During compaction, the height of the specimen is recorded at various gyrations
levels. By recording the sample height, an entire history of compaction may be
developed using Eq. 4.12, in contrast to the traditional Marshall impact compaction
process. After complete compaction, the bulk density py, of the sample is measured. With
this parameter and knowledge of the maximum theoretical density py, of the mixture, the

air voids are back-calculated at any given gyration of interest as follows (ASTM 2009):
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ho.
pp(ngx) = pp (ngfinal)% (4.12)
X

_ pp(ngx)
Pm

Air voids(%) = (1 > * 100 (4.13)

where pp(ngX) is the bulk density of the extruded specimen at any gyration X; pn is
the maximum theoretical density of the mixture; hsna is the height of the specimen
recorded at the final gyration (mm); hy is the height of the specimen recorded at any
gyration x during the compaction process (mm); pp(ngfinal) is the bulk density of the
extruded specimen at the final gyration.

Figures 4.18-4.20 shows the compaction curves with respect to the various gyration
angles and specimens’ geometries concerning the AC12.5 surf 50/70% while Fig. 4.21-
4.23 show the counterparts related to the AC20 base 50/70 mix.
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Fig. 4.18 Compaction curves for different specimens geometries using 0.82° angle (AC12.5 surf
50/70%)
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Fig. 4.21 Compaction curves for different specimens geometries using 0.82° angle (AC20 base 50/70)
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Fig. 4.22 Compaction curves for different specimens geometries using 1.16° angle (AC20 base 50/70)
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Fig. 4.23 Compaction curves for different specimens geometries using 1.45° angle (AC20 base 50/70)

From the above plots, it was observed that the lowest compaction level is achieved
using the 100-170 type specimens for both mixtures under investigation. Also, with
respect to the gyration angles the highest compaction level is achieved using the 1.45°
and the lowest using the 0.82° suggested by the European Standard. Intermediate
compaction level is achieved using the 1.16° as specified by AASHTO.

A detailed statistical analysis was performed to evaluate the significance of the
effect of different variables on the air voids of gyratory specimens. Main compaction
parameters were investigated at 95% confidence interval by means of Analysis of
variance (ANOVA) test. Using a 95% confidence interval means that a p-value of 0.05
or less is statistically significant. From the statistical analysis results, as tabulated in
Table 4.4, it was demonstrated that both the gyration angle and specimen geometry are

important factors affecting the asphalt mix compactability.
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Table 4.4 ANOVA test results of air voids (o = 0.05)

Mix type Factor Sum of df  Mean F. Sig.
squares Square
AC12.5 surf 50/70% Model 266.872 6 44,749 41.792  .000
Angle 28.422 2 14211 13.410 .006
Spec. geometry 79.309 3 26.436 24947 .001
Error 6.358 6 1.060
Total 273.230 12
AC20 base 50/70 Model 65.045 6 10.841 68.110 .000
Angle 18.870 3 6.290 39.518 .000
Spec. geometry  17.345 2 8.673 54.487 .000
Error .955 6 159
Total 66.000 12

4.3.1.3 Evaluation of compactability indicators

To further evaluate the compaction characteristics of the mixtures, subjected to different
test conditions, namely gyration angle and specimen geometry, a semi-logarithmic curve
fit, in accordance with the European standard (CEN 2001), was performed between the
air void percentage and the number of gyrations applied to the mix. The change in the air
void content in the compacted samples in relation to the compaction energy was
expressed as follows:

v(ng) =a- bln(ng) (4.14)

where v(n(g) is the air void content for a number of gyrations (%), a and b are
regression-based constants, and n(y) is the number of gyrations.

On the basis of the gyratory compaction curves, the slope of compaction curve and
the gyrations to achieve 8 percent air voids were determined using regression analysis to
evaluate the mix compactability.

Tables 4.5-4.6 show the results of the above study.
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Table 4.5 Compactability indicators for AC12.5 surf 50/70% mix

Specimen Angle  Regression equation R* b factor Ng
geometry

100-70 0.82 y=30.18- 5.17Inx 993 517 73
150-70 y= 25.06- 3.59Inx 999 359 116
100-170 y=22.32- 2.61Inx 997 261 241
150-170 y=27.29- 4.19Inx 998  4.19 100
100-70 1.16 y= 28.36- 5.24Inx 993 524 49
150-70 y=25.20- 4.42Inx 999 442 49
100-170 y=21.92- 2.55Inx 993 255 235
150-170 y=24.62- 4.42Inx 999 442 43
100-70 1.45 y=27.40- 5.27Inx 981 5.27 40
150-70 y=24.01- 4.48Inx 999 448 36
100-170 y=19.26- 2.44Inx 986 244 101
150-170 y=23.31- 4.38Inx 999  4.38 33

Table 4.6 Compactability indicators for AC20 base 50/70 mix

Specimen Angle  Regression equation R* b factor Ng
geometry

100-70 0.82 y=23.30- 4.16Inx 992  4.16 39
150-70 y=20.82- 3.36Inx 999  3.36 45
100-170 y=21.06- 2.89Inx 998  2.89 92
150-170 y=20.76- 3.47Inx 999 347 39
100-70 1.16 y= 25.47- 4.92Inx 986  4.92 35
150-70 y=20.58- 3.91Inx 994 391 25
100-170 y=19.49- 3.29Inx 995 3.29 33
150-170 y=20.76- 3.47Inx 999 347 39
100-70 1.45 y= 26.37- 5.20Inx 976  5.20 34
150-70 y=20.32- 3.97Inx 995  3.97 22
100-170 y=17.23- 2.87Inx 986  2.87 25
150-170 y=16.61- 3.40Inx 969  3.40 13

Comparing specimens with different geometries, for example, those fabricated using
gyration angle 0.82° it can be established in terms of the slope factor b that the
specimens with diameter-height 100-70 are more easily compactable. On the contrary,
the 100-170 type specimens densify with a slower rate. This finding is also supported
from the compaction effort needed to achieve compaction level corresponding to 8% of
air voids; the number of gyrations (Ng) needed is significantly higher compared to the

other specimens.
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Table 4.7 Statistical results

Mix type Angle b factor Ns
Mean StDev Mean StDev
AC12.5 surf 50/70* 0.82 4.3 8 96 215
1.16 4.7 5 47 3.3
1.45 4.7 5 36 3.3
AC20 base 50/70  0.82 3.7 4 41 3.5
1.16 4.1 T 33 7.4
1.45 4.2 9 23 10.8

It should be pointed out that excluding the 100-170 type specimens, the variance of
results in terms of the compactability indicators is significantly reduced. This is clearly
supported from the statistical results shown in Table 4.7. Also, clear trends may be
revealed regarding the compactability and angle of gyration for both mixtures. For
instance, it can be concluded that by using 1.45° angle less compaction effort compared

to both the 0.82° and 1.16° is needed to obtain the prescribed compaction level.

4.3.2 Roller compaction

Several factors that control HMA densification were varied in order to assess their
impact on mixtures compactability by means of Roller compactor. For the current
research study, the approach of compaction by specified energy was followed adjusting
three compaction factors, namely the compaction mode, effort and temperature, which

are summarized in Table 4.8.

Table 4.8 Roller compaction study parameters

Parameters AC12.5 surf PmB (SBS)  AC20 base 50/70
Temperature (°C) 130, 140, 150, 160 125, 135, 145

Effort (number of passes) 90, 110, 130 70,90, 110

Mode Static, Vibratory, Static-Vibratory, Vibratory-Static

The laboratory experimental study was meant to mirror the four phases of field
compaction; pre-compaction and the three main compaction phases. During the pre-
compaction phase minimum compaction energy of 5 kKN was applied in the asphalt mix

in order to avoid bow effects and achieve a smooth surface in the compacted slab, while
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the main compaction phases simulated roller compaction in the field. Four modes of
roller compaction (i.e. static (S), vibratory (V), static-vibratory (SV) and vibratory-static
(SV)) were established including the pattern followed during field compaction, while
varying the compaction effort (i.e. number of passes) and temperature. The main
compaction energy and vibration frequency (i.e. 10 kN and 40 Hz, respectively)
reflected the operational characteristics of the steel wheel rollers used in the field
compaction.

Two hot-mix asphalt mixtures were used in the investigation. Both represent
‘production’ mixes, sampled directly from paver during placement. The two mixes
include: (1) a surface course mix with polymer modified bitumen (SBS) and (2) a base
mix with 50/70 bitumen, as described in Chapter 3. Taking into consideration the above
operational principles, multiple batches of the asphalt mixture were heated gently and
placed in steel mould, moved beneath the roller and the compaction procedures were
commenced. A total of 36 slabs were fabricated with regards to the base course mix and
48 slabs with regards to the surface course mix at heights representing the field layer
thicknesses. After cooling of the slabs to room temperature, coring of four 100-mm
diameter specimens was commenced from the top of each compacted slab. Then, the

HMA laboratory-prepared specimens were tested for density and air voids content.

4.3.2.1 Influence of roller compaction on air void homogeneity

Similar to the gyratory compaction study, this subsection discusses the influence of the
roller compaction on the compaction homogeneity achieved within the slabs.
Compaction homogeneity was assessed by comparing the air voids of the four 100-mm
specimens cored from each slab, as shown schematically in Fig. 4.24.
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Fig. 4.24 Coring layout of roller-compacted slabs

Figures 4.25-4.26 show the air void test results for the slab cored specimens,
denoted as A, B, C, D, concerning the AC12.5 surf PmB (SBS) and the AC20 base 50/70
mixtures. The box plot of air voids content data provides information about the center
and spread of the compaction data. It is based on the median and interquartile range,
which is believed to provide a realistic interpretation of the results. The ends of the

vertical lines or whiskers indicate the minimum and maximum data values.
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Fig. 4.25 Air void results of cored slab specimens (AC12.5 surf PmB (SBS))
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Fig. 4.26 Air void results of cored slab specimens (AC20 base 50/70)

Regarding the AC20 base 50/70 mix, the median values were calculated as 6.9%,
6.4%, 6.7% and 6.1% for the specimens denoted as A, B, C and D, hence indicating that
the compaction level is rather homogeneous within the roller-compacted slab. Similar
results are observed regarding the AC12.5 surf PmB (SBS) mix, where the median
values ranging from 16.3-16.6% for the A-D specimens.

To validate the homogeneity of air voids in the compacted slabs a statistical analysis
was undertaken to compare the results of each cored specimens (i.e. A, B, C & D) with
the others. The laboratory compaction data was analyzed using the ANOVA test.

Table 4.9 ANOVA test results for air voids differences the slab cored specimens (a = 0.05)

Mix type Air voids Sumof  df Mean F. Sig.
squares Square
AC12.5 surf PmB Between groups 1.552 3 .517 397 755
(SBS) Within groups 244,963 188 1.303
Total 246.515 191

AC20 base 50/70 Between groups 9.491 3 3164 1.01 .388
Within groups 436.599 140 3.119
Total 446.090 143
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The ANOVA results, as shown in Table 4.9, indicated that there was not a
significant difference among the means of the four specimens cored from each slab. This
indicates uniform air void distributions in the center of the slab and hence it can be
stated that the roller compactor offers homogeneous samples.

4.3.2.2 Influence of roller compaction parameters on HMA compactability

This subsection discusses the influence of the roller compaction parameters on asphalt
mix compactability in terms of air voids content (Plati et al. 2016). The test matrix
included the compaction varying the compaction temperature, effort and mode as
presented in Table 4.8. The air void contents of all laboratory fabricated specimens were
calculated. Based on previous results which indicate air void homogeneity within the
slab, the average of the four specimens cored from each slab was calculated as a
representative value for the data analysis interpretation.

Figure 4.27 illustrates the compaction level achieved as a function of compaction
temperature, covering the full spectrum of roller compaction effort and modes regarding
the AC12.5 surf PmB (SBS) mix.
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Fig. 4.27 Air voids as a function of compaction temperature (AC12.5 surf PmB (SBS))
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Accordingly, Fig. 4.28-4.29 show the compaction level achieved as a function of

compaction effort and mode.
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Fig. 4.28 Air voids as a function of compaction effort (AC12.5 surf PmB (SBS))
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Fig. 4.29 Air voids as a function of compaction mode (AC12.5 surf PmB (SBS))
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The counterpart results related to the AC20 base 50/70 mix are presented in Fig.
4.30-4.32.
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Fig. 4.30 Air voids as a function of compaction temperature (AC20 base 50/70)
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Fig. 4.31 Air voids as a function of compaction effort (AC20 base 50/70)
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Fig. 4.32 Air voids as a function of compaction mode (AC20 base 50/70)

From Fig. 4.27, it is demonstrated that the air voids box plot of the AC12.5 surf
PmB (SBS) mix is rather narrow, except for the 130°C, and that if the compaction
temperature is increased, the air voids generally decrease. Also, it is observed that as the
number of roller passes increased from 90 to 110, the air voids decreased, as expected.
However, an additional compaction effort (20 passes) applied did not enhance HMA
densification, as observed in Fig. 4.28. Variability of air voids content is observed both
between and within the various compaction modes, as illustrated in Fig. 4.29.

Regarding the AC20 base 50/70 mix, the general trend indicates that the air voids
decrease when there is an increase in the compaction temperature, as illustrated in Fig.
4.30. However, the air voids box plot is wide, indicating variability of the achieved
compaction level. Similar to the surface mix, the air voids decreased as the number of
roller passes increased from 70 to 90, while additional roller passes marginally affected
the compaction level, as shown in Fig. 4.31. From Fig. 4.32, increased variability of air

voids is also observed among the various roller compaction modes.
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Table 4.10 ANOVA test results of air voids (o = 0.05)

Mix type Factor Sum of df  Mean F. Sig.
squares Square

AC12.5 surf PmB Model 13107.613 9 1456.401 2834.756 .000

(SBS) Temperature 5671 3 1.890 3.679 .020
Effort 9.712 2 4.856 9.451 .000
Mode 1.121 3 374 127 542
Error 20.037 39 514
Total 13127.650 48

AC20 base 50/70 Model 1582.270 8 197.784 106.233 .000
Temperature 12.184 2 6.092 3.272 .053
Effort 21111 2 10.555 5.669 .009
Mode 7.104 3 2.368 1.272 .303
Error 52.130 28 1.862
Total 1634.400 36

A detailed statistical analysis was performed to evaluate the significance of the
effect of different variables on the air voids of roller specimens. Main compaction
parameters were investigated at 95% confidence interval by means of Analysis of
variance (ANOVA) test. From the statistical analysis results, as tabulated in Table 4.10,
it was demonstrated that both the compaction temperature and effort (in terms of roller

passes) are important factors affecting the asphalt mix compactability.

4.3.2.3 Evaluation of compactability indices

The compaction characteristics of the mixtures under investigation were also evaluated
by means of indicators related to semi-logarithmic densification curves fitted to the
experimental data. Similar to the gyratory compaction study, the slope b and the number
of passes to achieve 8 percent air voids (Ng) were used, as described earlier. In addition,
the number of passes to achieve 15 percent air voids (Nis5) was also determined for the
AC12.5 surf PmB (SBS) mix, which reflects the uppermost compaction level to be
achieved in the field for open-graded surface mixtures. On the basis of the ANOVA
results (see Table 4.10), the significant parameters were considered to determine the
evolution of the air void content, covering the full spectrum of compaction modes, in

relation to the number of passes for each temperature as follows:
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where v(n(p) is the air void content for a number of passes (%), a and b are
regression-based constants, and n(;,) is the number of passes.

It should be pointed out that for the AC12.5 surf PmB (SBS) mix the air void
content with respect to compaction temperature and passes indicate little variation, as
demonstrated from the statistical results of Table 4.11. Hence, the mean value of air void
contents may be considered appropriate for the purpose of the analyses regarding the
determination of compactability indicators. Although, for the AC20 base 50/70 mix the

results indicate variance of air voids, for consistency reasons in analyses the mean values

were selected for both mixtures.

Table 4.11 Statistical results

v(np) =a- bln(np) (4.15)

Mix type Temp Effort Air voids (%)
(°C) Mean  StDev

AC12.5 surf PmB 130 90 17.7 1.6
(SBS) 110 16.6 8
130 16.7 4

140 90 17.1 v

110 16.1 2

130 16.1 4

150 90 17.0 1.0

110 16.6 5

130 16.0 .6

160 90 16.7 .6

110 15.7 4

130 15.7 8

AC20 base 50/70 125 70 8.7 1.0
90 6.7 2

110 6.3 4

135 70 6.9 .6

90 7.2 1.9

110 5.6 1.6

145 70 7.3 1.8

90 4.3 1.4

110 5.9 1.2

Figures 4.33-4.34 illustrate the experimental compaction data for both mixtures,

while Tables 4.12-4.13 tabulate the analytical results of the above study.
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Fig. 4.34 Air voids variation as a function of compaction effort and temperature (AC20 base 50-70)
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Table 4.12 Compactability indicators for AC12.5 surf PmB (SBS) mix

Temperature  Regression equation R® b factor Ngs
130 y=29.75- 2.72Inx 709 272 228
140 y=29.69- 2.83Inx 842  2.83 180
150 y=29.82- 2.83Inx 964  2.83 188
160 y=29.71- 2.91Inx 825 291 156

Table 4.13 Compactability indicators for AC20 base 50/70 mix

Temperature  Regression equation R® b factor Ng
125 y=31.62- 5.43Inx 912 543 77
135 y=18.86- 2.75Inx 505 275 52
145 y=20.83- 3.35Inx 260  3.35 46

Regarding the AC12.5 surf PmB (SBS) mix, Fig. 4.33 shows that when increasing
the compaction temperature, the specimens are more easily compactable; this finding is
also supported from the gradual increase of slope factor b, as well as the decreasing
number of roller passes (Nis) to achieve compaction level corresponding to 15% of air
voids with the increase of compaction temperature, as shown in Table 4.12.

With regards to the AC20 base 50/70 mix, the data in general do not appear to
follow a semi-logarithmic curve. For instance, with respect to 145°C, the compaction
data seems to follow a polynomial curve which shows that the ultimate compaction level
is achieved for 90 passes and continued rolling beyond this point may lead to mix
decompaction. This may be the reason to obtain low R? values for fitted regression
equations and subsequently some ambiguous indicator b values. With this in mind, it
could be however stated that the increase of compaction temperature enhances mix
densification and hence the roller passes (Ng) needed to obtain the prescribed

compaction level decreases.
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4.4 Field study

Primarily, the first task involved the evaluation of the compaction temperature, effort
and mode on HMA compactability, giving particular emphasis on the lab-studied
mixtures. The second task consisted of the estimation of field density using various
methodologies. The third task involved the evaluation of the relationship between
laboratory compaction and field compaction in terms of various compactability

indicators.

4.4.1 Assessment of mat temperature during construction operations

The initial stage of field surveys focused on the applicability of the IRT technique to
obtain full coverage evaluations on new HMA layers (Plati et al. 2014). The aim was to
identify factors or conditions that contribute to the occurrence of mat temperature
differentials during paving and compaction process. Mat temperature differentials are
defined as the maximum temperature differences in-between any two points within the
specified test volume at a given instant. Commonly, temperature differentials are
associated with poor compaction, segregation and premature distress of asphalt
pavements (Elsafey et al. 2009; Herold et al. 2008; Mahoney et al. 2000; Stroup-
Gardiner et al. 2000). Considering the mat surface temperature as representative
measure, two HMA types were monitored during paving and compaction using the
thermographic system in order to identify the existence of temperature homogeneity on
the mat. Temperature homogeneity can be considered as evidence for the good
compaction of the mixtures.

During the full coverage data collection of mat placement temperatures of the AC20
base 50/70 mixture, a section was identified in which there was a delay in delivery of the
mixture that resulted in paver pause (cold area). In this section a temperature differential
of 15°C was detected while the paver was waiting for the next truck. Once the paver
resumed progress a temperature differential of 22°C was revealed between the hot and

cold area, as illustrated in Fig.4.35.
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Fig. 4.35 Temperature differentials of base course mixture due to paver pause

It is also worthwhile to mention that based on the analysis of thermal images
collected during rolling operations a thin longitudinal line was detected. This defect
seemed to be expanded with time, as shown in Fig. 4.36a-b. In addition, the dynamic
force imparted by the vibratory tandem roller increased the line width (Fig. 4.36¢), while
the compaction effect of the pneumatic rubber wheeled roller had the opposite effect
(Fig. 4.36d), minimizing the line width till disappearance. It is of particular interest to
highlight that the above mentioned defect was only captured from the infrared camera,
as illustrated in the left side of Fig. 4.36a-d. Conventional digital camera did not manage

to record the phenomenon, as illustrated in the right side of Fig. 4.36a-d.
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Fig. 4.36 Infrared and conventional images of defect at base course mixture
Trying to explain this defect, it could be stated that the line is perhaps a micro-crack

indicating mix tenderness (Scherocman 2006). Tender mixes tend to move or shove

excessively under the weight of the compaction equipment while being rolled, which
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causes areas of localized tension in the mat surface. If this tension is enough to
overcome hot mix asphalt cohesive forces, micro-cracks will develop on the surface. The
subsequent passes of the pneumatic tire roller can lead to disappearance of these cracks
due to their kneading compaction effect. The non-existence of the micro-crack, after the
compaction had finished and the mat had cooled down, produces evidence in support of
the mechanism described above. Given the above, it can be argued that the IRT offers
the potential of quick diagnosis of defects, hence contributing essentially to the benefit
of the compaction’s results that are desirable for satisfactory pavement performance.
During monitoring of the AC12.5 surf PmB (SBS) mixture, the average mat surface
temperature -after paving but before breakdown- was 111°C, while the maximum
temperature differential was observed to be approximately 29°C. Figure 4.37 illustrates
the thermal profile of the uncompacted mat for a section which exhibited minimal

thermal fluctuations and a temperature differential of 9°C approximately.

Fig. 4.37 Temperature differentials of surface course mixture

The examples above produce evidence in support of the statement that commonly,
pavement temperature differentials result from the concentrated placement of a cooler
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mass of hot mix into the mat. This cooler mass is generally associated with the crust that
can develop on the hot mix during transport from the mixing plant to the paver.

It is always worth remembering that temperature differentials frequently occur
during HMA pavement construction projects, causing lack of homogeneity of the
mixture and consequently, failure to achieve the desirable performance of the HMA
layer(s). However, temperature differentials may be minimized or even eliminated by
HMA remixing, shorter hauling distances, warmer environmental conditions, and good
rolling practices. The knowledge of specific cold areas on the mat is valuable for the
engineer in order to decide either to apply further compaction or to test the compaction
level and reinforce properly the affected area. It seems that this knowledge is readily
available through the use of IRT systems, as they can measure the surface temperature

and present the data visually, leading also in the identification of cold spots.

4.4.2 Influence of compaction temperature and energy on HMA compactability

Asphalt material is compacted to obtain the desired density for maximum strength and
wear and of course to provide a smooth riding surface. It is well-known that the initial
(as-constructed) density of HMA depends on the ease with which the mixture can be
compacted, the type of compaction equipment, the rolling sequence and procedure, the
mixture temperature during compaction and of course, the weather conditions during
construction. Although, the above mentioned factors have a synergic effect on asphalt
mix compaction, temperature is a key factor on mix compactability. Specifically, HMA
temperature has a direct effect on the viscosity of the asphalt binder and thus on
compaction. As the mix cools, the asphalt binder becomes more viscous, which results in
smaller density gain for a given compactive effort. Furthermore, the effects of
temperature on the density growth of HMA in the field, as defined in Eq. 4.16, combined
with the applied compaction effort were evaluated in the present study (Plati et al. 2014).

AC; = (Cg)iv1 — (Ca); (4.16)

where Cq4: compaction degree (%); i: compaction phase
For this purpose, a pavement test section was established covering a 2x3 m? mat
area and sixteen (16) stations were located defining a grid with fixed distances, as shown

in Fig. 4.38. At these stations, thermographic measurements were conducted during
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laydown and compaction until the end of rolling operations. This was carried out for
each HMA layer (i.e. AC12.5 surf PmB (SBS) and AC20 base 50/70 mixtures). It is
worthwhile to mention that the reason for sampling 16 stations was to provide a balance
with statistical requirements, while minimizing interference with construction

operations.

Fig. 4.38 Test section

In addition, a nuclear density gauge was used to measure the in-place HMA density
(ASTM 2005). Although the nuclear density gauge offers portability and quick results,
due to the short time between roller passes it was not feasible to obtain density readings
after each pass for the whole test stations. Thus, it was decided to conduct density
measurements at the end of each compaction phase, for each HMA layer.

Figure 4.39 illustrates the surface temperature readings on the base course mixture
at the a) breakdown, b) intermediate and c) finish phase of compaction. In
correspondence the density growth is calculated according to Eq. 4.16. Figure 4.40
summarizes the density growth values of the base course mixture due to the different
compaction phases for each station. The roller compaction train of the HMA course
layer used two rollers. The breakdown roller was a 10-ton steel double drum roller. First
passes of this roller were in static mode. Then compaction was conducted with the steel
drum roller in vibration mode and a pneumatic rubber wheeled roller with tire pressures

of 73 psi. For final leveling, the steel drum roller in static mode was used.
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Fig. 4.39 Mat surface temperatures of base course mixture
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Fig.4.40 Density growth values during compaction of base course mixture

Figure 4.40 shows that the higher values of density growth, ranging from 10.3-
18.8%, were observed after the breakdown phase, when mat surface temperatures were
quite high. With the progression of compaction, density growth decreases sharply. The
decrease in density growth is partially due to temperature, but is also partially due to the
fact that as the mixture is compacted, it takes more effort to further compact it. However,
considering that the same steel roller used for both breakdown and finish compaction,
thus the operating weight is almost identical, it can be argued that the density growth
differences observed in Fig. 4.40 are greatly associated with the decrease in temperature.
For instance, the finish roller passes, made at lower temperatures for final leveling, have
the least contribution (0.1-4.0%) to the final measured density.

Similar to the case of the base course mixture, Fig. 4.41 illustrates the temperature
readings on the surface course mixture at the a) breakdown, b) intermediate and c) finish
phase of compaction. In addition, Fig. 4.42 summarizes the density growth values of the
surface course mixture due to the different compaction phases for each station. The
roller compaction train of the HMA surface course layer used two identical 10-ton steel

double drum rollers with 1.8 m drum width operating in echelon. The initial rolling was
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performed using static mode, followed by a number of passes in vibratory mode. At the

end of compaction process the static mode was used for final leveling.

Fig. 4.41 Mat surface temperatures of surface course mixture
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Fig. 4.42 Density growth values during compaction of surface course mixture

From Fig. 4.42, the general observation is that density increases significantly after
both the breakdown and intermediate phase. It is interesting to note that the density
growth at the fourteen out of the sixteen stations was greater after intermediate phase,
when mix temperature was significantly lower compared to the breakdown phase.
However, considering again that the applied compaction energy (i.e. roller passes) at the
intermediate compaction phase is three-fold compared with the breakdown phase and the
difference in density growth is not proportionate, temperature seems to be the most
significant factor affecting density growth. The finish roller passes, made at lower
temperatures for final leveling, have the least contribution (0.2-3.8%) to the final
measured density.

To substantiate the observations relating to the influence of the mat surface
temperature (Tsuf) and applied compaction effort in terms of the Accumulated
Compaction Pressure (ACP) on the density growth of asphalt mixtures, a statistical
analysis was undertaken. The goal was to fit a reliable model that can describe or explain
the experimental data. Considering the sixteen test stations, an adequate sample of data
was collected and used for statistical analysis. It should be noted that ACP is a well-

documented indicator for field compactability that quantifies the total applied
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compaction effort to the HMA mat (Leiva et al. 2008). In the light of the above, the

contact pressure of steel rollers was estimated for each roller pass (and compaction

phase) using the methodology presented in Delgadillo et al. (2008), while for pneumatic

rollers it was assumed to be equal to the tire pressure. Taking into consideration that

finish compaction phase remotely contributes to the gained density growth, the related

data were eliminated from statistical analysis of both mixtures. Tables 4.14 and 4.15

tabulate the results of the applied linear regression for the base and surface course

mixtures, respectively.

Table 4.14 Statistical analysis results of base course mixture

Variables Coefficient ~ Std. error  t-Stat. p-value  Significant
at a=0.05

Regression summary

ACP .000547 .000920 593828 562099  No

Teure 151866 .034502 4.401696  .000603  Yes

ANOVA Sum of df Mean F p-value
squares squares

Regression 3904.919 2 1952.460 367.178 .000000

Residual 74.445 14 5.317

Total 3979.364

Goodness of fit

statistics

r 991

R*(adj.) 979

Std. error 2.306
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Table 4.15 Statistical analysis results of surface course mixture

Variables Coefficient  Std. error  t- Stat. p-value  Significant
at a=0.05

Regression summary

ACP .000362 .000336 1.076951  .299710 No

Teurt .137006 .024305 5.636996  .000061  Yes

ANOVA Sum of df Mean F p-value
squares squares

Regression 4072.706 2 2036.353  1119.170 .000000

Residual 25.473 14 1.820

Total 4098.179

Goodness of fit

statistics

r 997

R*(adj.) 993

Std. error 1.349

According to the ANOVA results of Table 4.14 the F-test with a p-value of almost
zero shows a strong relation between the density growth and the variables selected.
Moreover, the high R? of 97.9% indicates that almost full of variation in density growth
is explained by the ACP and mat surface temperature Tg,+. However, the mat surface
temperature has a significant effect on the density growth, while ACP has a marginal
effect for 95% confidence level. In the light of the above the practical finding that could
be derived is that higher compaction temperatures yield greater increases in density
growth, as expected. At lower compaction temperatures more roller cumulative passes
(i.e. ACP) may be not efficient enough to gain the desired level of density growth.

Similar findings were derived with respect to the surface course mix. Again, the
ACP variable is insignificant, suggesting no statistical difference in the gained density
growth. The statistical results of Table 4.15 indicate that 99.3% of variation in density
growth is explained mainly by the mat surface temperature.

The above results demonstrate that a density-growth curve must be developed for
the specific mixture and compaction train being used. To accomplish this goal, it seems
that the emerging IRT technology provides a powerful advantage as it makes the

measurement of HMA temperature during construction routine work.
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4.4.3 Influence of compaction mode on HMA compactability

To explore the relationship between the HMA compactability and the compaction mode,
GPR surveys utilizing a 2 GHz air-coupled GPR system were conducted (Plati et al.
2016). Preliminary surveys investigated the feasibility of using eyva as HMA
compactability indicator. For this purpose, two full-scale pavement test sections were
selected in which stationary GPR scans, as illustrated in Fig. 4.43, combined with PQI
measurements at the same test locations were conducted. The pavement construction
sites involved the paving and compaction of a 50 mm thick new asphalt overlay surface
course, using different dense-graded mixtures, over the existing flexible pavement

structure.

Fig. 4.43 GPR field data collection

During the asphalt construction process of test section No. 1, stationary GPR
measurements data were collected at three spots across the mat width. GPR
measurements were conducted immediately after paving of AC12.5 surf 50/70* and
successively after each roller pass (a pass corresponds to one forward or backward
motion). As seen in Fig. 4.44, the PQI density progressively increases as the number of
roller passes for each test point increases respectively. A similar trend is observed with
respect to the eqyva and the number of roller passes, which indicates asphalt mixture

densification. When asphalt mix material is compacted the volumetric proportion of air,
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which has a low dielectric value, is squeezed out of the mixture and thus the dielectric

value of the asphalt mixture increases.

2600 10
2550 | #1_ G #2 Gy ™ #3 Gy lq
- #1 o¢ #2 ¢ - #3 ¢
2500 | _EHMA _EHMA —_EHMA lg
2450 | 17
i; 2400 | ‘_____f:::::::::::3:::::::::::::::::: s
= <
£ 2350 — s =
— w
O 2300 14
2250 | 3
2200 | 2
2150 | 1
2100 ' ' ' ' ' 0
0 1 2 3 4 5 6
Passes

Fig. 4.44 Evolution of gy and bulk density of asphalt mix with respect to roller passes

To further verify the effectiveness of enma indicator test section No. 2, constructed
using a similar surface course mix (i.e. AC12.5 surf 50/70°) was monitored again by
means of GPR and PQI testing. The idea was to assess the effect of preconstruction
works (i.e. milling vs non-milling) on overlay HMA compactability. Figure 4.45
presents an example of the equa- PQI curves corresponding to three spots across the mat
width of two subsections. While both Fig. 4.45a-b show that eyua Values increase with
the number of roller passes, it is further demonstrated that higher eyva and PQI density
values are derived concerning the milled subsection. Given that the same compaction
effort was applied to HMA, the enhanced compaction outcome for the milled subsection

could be attributed to the milling process, as expected.
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Fig. 4.45 Evolution of gua and bulk density of asphalt mix with respect to roller passes for different

compaction techniques
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The feasibility study results indicate that the estimated eyva value during the
compaction process could be considered as a measure of the asphalt mix field
compactability.

Given the above, a new test section (No0.3) which also included the overlay
construction of a surface course mix (i.e. AC20 surf 50/70) over the same existing
flexible pavement structure, was monitored by means of GPR testing to investigate the
effect of compaction mode on in-situ HMA compactability. For this purpose, the test
section was divided into four subsections that were compacted using different

compaction methods, as illustrated in Fig. 4.46.
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Fig. 4.46 Schematic layout of test section

A 10-ton steel double drum roller, able to operate in a vibratory or static mode was

utilized to construct these test subsections. Each subsection (approximately 40m long)
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was compacted using a varying number of roller passes. Subsection # 1 was compacted
in a static mode. Subsection # 2 was compacted using a vibratory steel roller at a
medium frequency of 35Hz. Subsection # 3 was compacted using a static steel roller for
breakdown and then a vibratory mode with a 35Hz frequency was implemented.
Subsection # 4 was compacted using a vibratory steel roller at a high frequency (i.e.
50Hz) for breakdown and then a static mode for finishing.

Figure 4.47 illustrates the evolution of eyma per test spot and roller pass for the
various subsections (i.e. Static, Vibratory, Static-Vibratory and Vibratory-Static). From
Fig. 4.47 it can be seen that after paving (i.e. roller pass # 1), deviation -with respect to
enma Values (ranging from 4.2 to 5.0) among the four subsections- is observed and thus
it could be stated that the finisher screed provides a non-uniform precompaction. A more
uniform precompaction seems to be achieved across the mat width, if we compare the

enma Values from the two test spots.

a) Static (S) b) Vibratory (V)
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Fig. 4.47 Evolution of g Values with respect to roller passes and compaction mode
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A comparative analysis between the four subsections shows that the compaction
curve slope of the Static-Vibration subsection increases at a changing rate, even after
seven roller passes. Regarding the remaining subsections, the equa Starts experiencing a
slow rate of increase after the fifth roller pass, almost tapering off beyond this point, and
it is thus expected to reach a steady-state condition. After finish compaction stage, the
subsections final eyva Vvalues present a substantial deviation, thus providing an
indication of differently achieved field compaction degree. Given the above, it is argued
that this approach could be used to evaluate the efficiency of compaction modes and
further set up the compaction pattern that is needed to achieve the desired asphalt
pavement density.

A week after the construction process, repetitive GPR static measurements were
performed in combination with coring/cutting at the same test locations for further
evaluations. The aim was to investigate the effect of compaction temperature to GPR
readings. Figure 4.48 presents the gyma Values from both after the finish compaction
stage (where the mat temperature was still warm) and a week long period after
construction (where the mat temperature had cooled down).

[ ] Compaction
B After compaction

EHMA

0 s1 S2 \Yl 2 sv1 S\V2 VS1
Test locations

Fig. 4.48 Evaluation of g4y Values with respect to time period (temperature) of GPR measurements
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In Fig. 4.48, substantial differences can be observed, except for Static, for all
subsections. Generally, the overall trend was that eqva values at the end of compaction
process were higher than the values obtained a week period after construction; these
differences ranged from +1.76 to -0.28. Based on the above results, it is evident that in
place density prediction using GPR data during the compaction process can lead to

overestimated values.

4.4.4 Evaluation of compactability indices

The compaction characteristics of the mixtures under investigation were also evaluated
by means of indicators related to semi-logarithmic densification curves fitted to the field
experimental data. Similar to the gyratory and roller compaction study, the slope b and
the number of passes to achieve 8 and 15 percent air voids, (Ng) and (N;s) respectively,
were used. The evolution of the air void content, covering the full spectrum of
compaction modes, in relation to the number of passes is expressed as follows:

v(nfp) =aq- bln(nfp) (4.17)

where v(n(s) is the air void content for a number of field roller passes (%), a and b
are regression-based constants, and n(s) is the number of field roller passes.

It should be pointed out that the air void content with respect to roller passes for all
mixtures, in general, indicate little variation, as demonstrated from the statistical results
of Table 4.16. In that respect, the mean value of air void contents may be considered
appropriate for the purpose of the analyses regarding the determination of compactability

indicators.
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Table 4.16 Statistical results

Mix type Passes Air voids (%)
Mean StDev
AC12.5 surf 50/70° 1 12.6 .6
3 8.8 2
5 6.7 6
7 6.3 5
9 55 .6
AC12.5 surf PmB (SBS) 1 314 .6
3 25.2 1.0
5 20.7 9
10 17.7 8
12 16.7 .8
15 14.2 1.1
AC20 base 50/70 1 23.4 1.6
4 10.4 .8
6 8.5 1.0
8 7.2 1.0
11 5.9 1.0

Figure 4.49 illustrates the experimental compaction data for all mixtures, while
Table 4.17 tabulates the analysis results of the above study.

36
34 i ® AC12.5 surf50-70a

30 A AC12.5 surf PmB (SBS)
¢ AC20 base 50-70

Air voids (%)
N
o
>

1 10 100
Number of field passes

Fig. 4.49 Air voids variation as a function of compaction effort (all mixtures)
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Table 4.17 Compactability indicators for all mixtures

Mixture Regression equation R° b factor Ng/Nis
AC12.5 surf 50/70° y=12.50- 3.29Inx 988  3.29 4
AC12.5 surf PmB (SBS) y= 31.45- 6.16Inx 991  6.16 14
AC20 base 50/70 y= 22.53- 7.49Inx 969  7.49 7

Table 4.17 shows that the experimental data fit well to the regression equations; the
R? values are higher than 0.97. It can also be stated that the higher value of slope b
indicates greater ease of compaction for the AC20 base 50/70 mix. However, the
required number of passes to achieve 8% air voids is higher, compared to the AC12.5
surf 50/70°. This may be attributed to the different percentages of initial air voids, as
obtained from the paver screed. Also, the AC12.5 surf PmB (SBS) mix seems to need
more compactive effort compared to the other mixtures, which may be attributed to its

mixture properties and the rather low pre-compaction level delivered from the finisher.

4.4.5 Estimation of in-situ density

This section discusses the study results related to the effort devoted for the estimation of
the in-situ HMA density using two different methodologies. As previously mentioned,
researchers have demonstrated the potential of GPR coupled with the use of novel
algorithms to predict the in-situ field density. On this basis, the prediction performance
of these models is evaluated.

Also, building on previous findings which demonstrated the significant effect of
temperature on compaction, a formulation to describe the compaction process is studied.
For this purpose, a closed formula found in the literature (Huh and Nam 2000) which
quantifies the relationship between density and number of roller passes, taking into
consideration the temperature evolution (cooling) with respect to roller passes is verified

using experimental compaction data.

4.45.1 GPR-based density prediction models

Primarily, the prediction performance of the three recently developed EM-based density
models, as described in Eq. 4.7-4.9, was evaluated using different methodological
approaches (Plati et al. 2016). Particularly, a laboratory-based methodology and a field-
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based methodology were followed with respect to the backcalculation of &5 of the mix
aggregates, which are to be discussed in the subsequent sections. Also, a comparative
assessment was conducted between the CRIM, Rayleigh and ALL models to illustrate
the performance of these density prediction models.

Based on the findings of this study, the best EM-based model was selected for
further evaluation. Particularly, a comparative assessment of predictions obtained using
also other GPR-based algorithms, PQI results and field cores densities. Moreover, a
parametric analysis was performed to evaluate the error performance of density models
with respect to the number of calibration cores and GPR antenna frequency.

For these purposes, the experimental data obtained through the construction of the
three full-scale test sections, as described in section 4.4.3, were further analyzed. The
mixtures information needed for the course of this study are tabulated in Table 4.18.

Table 4.18 Mix design

Mix design properties AC125surf AC12.5surf AC20 surf
50/70° 50/70" 50/70
Aggregate type Limestone  Limestone  Limestone
Aggregate bulk specific gravity (Ggp) 2.735 2.710 2.648
Aggregate effective specific gravity (Gs,)  2.746 2.750 2.650
Bitumen type 50/70pen 50/70pen 50/70pen
Bitumen content (Pp,) 4.3% 4.3% 4.3%
Bitumen specific gravity (Gp) 1.02 1.02 1.01
Maximum specific gravity (Gmm) 2.560 2.563 2.480

4.45.1.1 Laboratory-based approach

Laboratory tests were conducted on HMA slabs to evaluate the three EM-based density
models. Tests included the fabrication and compaction of asphalt slabs, corresponding to
AC20 surf 50/70 mix, and GPR measurements with a 2-GHz antenna. The aim was to
investigate the prediction performance of the density models based on GPR laboratory-
measured dielectric constants. For this purpose, determination of bulk densities by
means of coring of asphalt slabs coupled with the asphalt slabs measured exma values
were used to backcalculate the &5 of mix aggregates in order to be employed as input in

the density models for the assessment of field density.
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Laboratory compaction was performed using the steel segmented roller compactor,
for which multiple research studies argue that it simulates in-situ compaction (Renken
2000; Sousa et al. 1991). Particularly, laboratory compaction was meant to mirror field
compaction, as illustrated in Fig. 4.46, adopting four compaction modes (i.e. Static: S,
Vibratory: V, Static-Vibratory: VS and Vibratory-Static: VS). Also, the main
compaction energy and vibration frequency reflected the operational characteristics of
the steel wheel rollers used in the field compaction. After cooling of the RC slabs to
ambient temperature, GPR testing was performed over the laboratory-compacted slabs
implementing several test configurations. In addition, three 100mm diameter specimens
were cored from the top of each slab. The volumetric properties of the cored specimens
were evaluated with the saturated surface dry (SSD) method. The bulk densities results
combined with the GPR measured gqma values were utilized to backcalculate the g of

mix aggregates. The results of this approach are presented in Table 4.19.

Table 4.19 Backcalculated & of mix aggregates based on laboratory-based approach

RCSlab Gy measured  gxma Backcalculated &
(mean) CRIM Rayleigh ALL
S 2.373 6.6 7.5 7.8 7.8
V 2.375 4.6 5.0 5.1 5.3
SV 2.407 4.8 5.2 5.3 5.4
VS 2.377 4.2 4.6 4.6 4.8

Utilizing the mean & obtained from the different laboratory compaction modes and
the parameters values of Table 4.18, the three density models were employed to predict
the Gy, of field cores. From the results, rather poor prediction performance was
observed for all models. The mix aggregates s — RC-based value seems to be unrealistic

and thus the models over predict Gy, values of field cores, as illustrated in Fig. 4.50.
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Fig. 4.50 EM model prediction performance (laboratory approach)

The overall trend showed that the ALL model exhibited the best prediction
performance. However, this model still provided rather high prediction errors and thus
further investigation should be attempted.

4.45.1.2 Field-based approach

Within this methodology, the bulk densities of two out of seven field cores, namely V1,
V2 corresponding to Vibratory subsection of test section illustrated in Fig. 4.46, were
utilized in combination with the related GPR measured enva to backcalculate the electric
permittivity & of mix aggregates, as described in detail by Leng et al. (2011). The
criterion for selecting the specific cores for the backcalculation of &5 was that the related
enma had the lowest variation compared to the remaining subsections. After the value of
€s Was obtained, the three density models were applied to predict the G, for each test
location and subsection. Note that the model parameter values utilized to employ the
density algorithms are listed in Table 4.18. Based on the previous findings of the current
study, it is worthwhile to mention that the predicted G, values were based on the equa

values obtained a week after construction. Table 4.20 presents the backcalculated & of
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the three density EM models with respect to the measured Gy, values of the extracted

cores.

Table 4.20 Backcalculated & of mix aggregates based on field-based approach

Field Gmb EHMA Backcalculated &
cores measured CRIM Rayleigh  ALL
V1 2.347 6.1 7.0 7.3 7.3
V2 2.352 6.0 6.8 7.1 7.2

Figure 4.51 illustrates the predicted Gn, values from the three EM models with

respect to the ‘ground truth’ measured Gpp Values of the remaining cores.
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Fig. 4.51 EM model prediction performance (field approach)

It can be observed that the predicted G, values closely approach the ‘ground truth’
field cores densities. From the comparative analysis with the previous laboratory-based
methodology results it is evident that the prediction performance of the EM density
models based on the electric permittivity &s of mix aggregates, as assessed from field
data, is superior. Moreover, the ALL model exhibits the best prediction performance

among the three models.
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To further verify the prediction performance of the ALL model, GPR data collected
from test section No. 2 were also analyzed. The in-situ densities as predicted from the
GPR data were compared to the laboratory measured densities of field cores. Figure 4.52

illustrates the measured and predicted data of the field cores.
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Fig. 4.52 Verification of ALL model prediction performance

The prediction error in terms of the root mean square percentage error (RMSPE) is
1.4%, hence indicating that the predicted values are close to the measured ones.

4.45.1.3 Comparative evaluation of density models

Building on previous findings, a further study was employed to evaluate the
effectiveness of GPR methodology to estimate the in-situ compaction degree. The aim
was to evaluate the error performance of density models with respect to the number of
calibration cores and GPR antenna frequency, as shown schematically in Fig. 4.53. For
this purpose, a field GPR survey was conducted on a pavement test section which
involved the construction of an overlay course layer using AC12.5 surf 50/70° mix. GPR
measurements along six lanes of a 2.8km-long pavement section were conducted with
both a 1-GHz and 2-GHz antennae. Then, the collected GPR data were analyzed and
predictions of the in-place densities were obtained using the dielectric-properties based
algorithms, as described in Eq. 4.9-4.11. PQI measurements were conducted per 200m
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and field cores (in total 20) were also retrieved from an adequate number of these test

locations.
Assessment of in-situ
compaction degree of
HMA surface layer
| I l
Ii GPR —\ PQl Field cores
Reagression- Mean Absolute
i ALL PANK %ased Percent Error
| | | (MAPE)
= Evaluation of number of calibration cores

~= Evaluation of antenna frequency (1 Ghz vs 2 GHz)

Fig. 4.53 Methodology layout

Data analysis included the determination of density algorithms coefficients, namely
the &, k, and a-b, with respect to the number of calibration cores and GPR antenna
frequency. Using these coefficients, the density prediction models -namely ALL; PANK;
and regression-based- were employed and the in-place density for the remaining cores
was estimated. The error performance of these models was then evaluated with respect
to the remaining field cores densities based on mean absolute percentage error (MAPE).

Figures 4.54-4.55 illustrate the variation of MAPE with respect to the number of
drill cores used for calibration purposes concerning the PQI and GPR data collected

using 1 and 2-Ghz antennae, respectively.
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As shown above, the parametric analysis indicates that the GPR-based prediction
algorithms, except for the regression-based, in general do not show significant error
variation increasing the number of calibration cores. Hence, it could be claimed that a
number of 3 cores is sufficient for calibration purposes. On the contrary, the error
prediction performance of the regression-based method is improved significantly with
the increase of number of calibration cores. Particularly, a number of 7 cores are needed
to improve the predictions accuracy. From the comparative analysis of the results
obtained using the two antennae, it can be also stated that using 2-Ghz antenna for GPR
surveys more accurate predictions are obtained independently of the density model
applied. Also, the PQI method was found to outperform the GPR-based methods,
although this method provides information only at discrete test locations.

Figure 4.56 summarizes the (mean) error prediction results as a function of the

GPR-based algorithms applied.

10
9t [ 1Ghz 2 Ghz

MAPE (%)

ALL PANK Regression-based
In-situ density estimation method

Fig. 4.56 MAPE (mean) vs GPR-based prediction models and antenna frequency

It can be seen that both the ALL and PANK prediction models provided reasonably
accurate predictions on the basis of the 2 Ghz antenna data collected. The average

prediction errors of the models with respect to the ‘ground truth’ data are 1.8% and
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0.9%, respectively. This is more clearly demonstrated in the example of Fig. 4.57. This
Figure shows the density profile of the HMA surface, as estimated implementing the
GPR-based prediction models, throughout a lane of the pavement section along with PQI

and field cores densities.

2800
— ALL (2 Ghz)
2700 1 — PANK (2 Ghz)
Regression-based (2 Ghz)
2600 O PQI
— A Cores
£ 2500
Es)
X ‘
= 2400 ML \
f o H g™ 'ﬂl'n':":'
|:| T i i J \"_
g 2300 ”ﬂnﬂﬁ%ﬂhﬂnﬂ F‘:' TR 1| B ':' e E’F”‘?:F =L
2200 |
2100 |
20000 94—4—m-nm040——m——
1 401 801 1201 1601 2001 2401 2801
201 601 1001 1401 1801 2201 2601

Chainage (m)
Fig. 4.57 MAPE (mean) vs GPR-based prediction models and antenna frequency

Comparing the data obtained from the GPR and PQI methods and measured density
of core samples, it can be concluded that the GPR-based algorithms could be used to

assess rather accurately the in-situ density of HMA pavement surface layer.

4.45.2 Closed form equation for density prediction

This subsection discusses the study results related to the effort devoted for the estimation
of the in-situ HMA density using compaction density functions. As previously
demonstrated, temperature influences significantly the compaction process. On this
basis, a closed formula (Huh and Nam 2000) which quantifies the relationship between
density and number of roller passes, taking into consideration the temperature evolution
(cooling) with respect to roller passes is verified in terms of its prediction performance

using experimental compaction data. This equation is expressed as follows:
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p = po+ (Pm — Po) {1 — exp [—Vexp(i)] N} (4.18)

where

yol [W] (4.19)
=—exp|=—| (4
ng" " T

kE
W = T“ (4.20)

where p is the density of a mix, po is the initial density value obtained with no roller
passes, pm is the upper limit of density obtained with an infinite number of roller passes,
o is mixture’s zero shear viscosity, T-To are temperature and reference temperature,
respectively, b-k are constants, E, is the activation energy for flow, and R is the universal
gas constant.

The closed form Eq. 4.18 describes density changes between the obtained finisher-
based precompaction po (with no roller passes) and the upper limit obtained with an
infinite number of roller passes pn as a function of both roller passes and temperature.
Note that solidification by cooling is represented by a temperature-dependent factor
[exp(—W/T)] and that consolidation by rolling compaction is denoted by a temperature
independent factor V. This equation can be simplified inserting one more relationship
expressing the cooling of mix temperature with respect to roller passes, for example, in
terms of a quadratic form. Then, the compaction density can be expressed by a single
variable of roller passes.

The experimental data used for this investigation was obtained during the
construction of a full-scale test section which involved the paving of a 50 mm thick new
asphalt overlay surface course, namely the AC12.5 surf 50/70°, over the existing flexible
pavement structure. The test section was divided into two subsections subjected to
different compaction modes, namely vibratory and a combination of static-vibratory
mode using a 10-ton steel double-drum roller. To fulfill the aim of this study, five spots
were located across the mat width, at a fixed distance of 0.8m, and measured
immediately after finisher paving and successively after each roller pass (a pass
corresponds to one forward or backward motion). Monitoring of roller operations was
conducted by means of PQI testing given its practicability. It should be pointed out that
PQI is also equipped with an infrared temperature probe and hence mat surface
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temperature can be easily measured simultaneously with density. Although surface
temperature is generally lower than the in-asphalt temperature, it can be accepted as a
reliable indicator of mat asphalt temperature (Delgadillo and Bahia 2008). In that
respect, the infrared-based temperature was used for the purpose of this study analyses.
Figure 4.58 shows the effect of mix cooling on compaction density evolution with
respect to field roller passes for the static-vibratory compaction mode. The counterpart

results related to the vibratory compaction mode mix are illustrated in Fig. 4.59.
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Fig. 4.58 Effect of mix cooling on compaction density for static-vibratory compaction mode



107 | Compactability

2400
™ [ |
2350 .
i}
—_ n A A 0.6
2300 X = .y
S A
g n 22
>, 2250 5 30
= 3.8
5
A 2200 K
A
2150
2100 -
0 2 4 6 8 10
140
120
o 100}
L
S g0l 1 ) 0.6
S L4 as [ | -
= i = 14
—- - A
L 60 = 2.2
E’ 40} 29
3.8
20 f
O " " " "
0 2 4 6 8 10

Number of passes

Fig. 4.59 Effect of mix cooling on compaction density for vibratory compaction mode

As shown in Fig. 4.58-4.59, the compaction density of paving layer increases
rapidly at the beginning. With the increase of rolling passes and mix cooling, it increases
slowly. Generally, when the mat surface temperature falls below 80°C it seems that
additional compaction causes insignificant mat density increase.

The experimental compaction data, in terms of the average values of the five test
spots, were then fit into the closed form (Eq. 4.18). Figures 4.60-4.61 show the predicted

compaction data for each subsection, respectively.



108 | Compactability

2400
*  Measured data
2350 ¢ “®  Predicted data
= |
&> 2300 .- : .- ® ¢
E e
g » SR
> 2250 } R
g : - -
8 2200}
p=2186+ 269 { 1-exp[-0.158 exp((-33.929)/T] N}
2150 | R2=0.851
2100 :
0 2 4 6
140
T=0.6951N2-9.9466N+119.88
120 ¢ R%=0.983
'S
~ 100 | ®
§ w0l * > ®
S
S 60
e
(¢D]
~ 40
20 }
. , , .
0 2 4 6

Number of passes

Fig. 4.60 Effect of mix cooling on compaction density for static-vibratory compaction mode
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Fig. 4.61 Effect of mix cooling on compaction density for vibratory compaction mode

Figures above demonstrate a good fit to the experimental data. The high R? values,

which exceed the 0.9, as well as the low mean absolute error (MAE) values ranging from

8.3-11.1 kg/m® and mean absolute percentage error (MAPE) of the order of 0.03%
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indicate that the Eq. 4.18 can successfully predict density evolution with respect to roller
passes.

Also, Fig. 4.62 summarizes the compaction curves related to each subsection and
compaction mode. The results show that vibratory compaction mode is preferred
compared to the static-vibratory mode, as manifested from the superior compaction

density achieved for the same number of roller passes.
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Fig. 4.62 Effect of compaction mode on HMA compactability

Summarizing, it could be stated that the mathematical formulation of the
compaction process on the basis of Eg. 4.18, in lieu of sophisticated but complex
computational models (Masad et al. 2016), may be an effective tool for suggesting the

number of roller passes required to achieve the desired compaction level.

4.5 Relationship between laboratory compaction and field compaction

This section discusses the relationship between laboratory compaction and field
compaction. The evaluation is based on the compactability indicators, namely the slope
b and Ng/Njs. On the basis of the obtained results, as tabulated in Tables 4.7, 4.12-4.13
and 4.17, a comparative assessment is performed with respect to gyratory, roller and
field compaction. Figures 4.63-4.65 summarize the results of the compactability

indicators for the three mixtures studied. With regards to the gyratory compaction
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results, the mean values -excluding the results concerning the 100-170 type specimens-

have been considered for the evaluation.
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Fig. 4.63 Laboratory vs field compactability indicators (AC12.5 surf 50/70%)
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Fig. 4.64 Laboratory vs field compactability indicators (AC12.5 surf PmB (SBS))



112 | Compactability

8.0 120
75¢

el i\

1105
190
175

160

Slope b
Ng

{45

130

115

Gyro 0.82 Gyro 1.45 Roller 135 Field
Gyro 1.16 Roller 125 Roller 145

Fig. 4.65 Laboratory vs field compactability indicators (AC20 base50/70)

Generally, different compaction characteristics are obtained comparing laboratory
and field compaction methods. It can be seen from Fig. 4.63-4.65 that the slope b of
laboratory compaction curves differs significantly from the field. Particularly, higher
slopes, generally speaking, by a factor of two were assessed for the field compaction
compared to the laboratory methods. With regards to gyratory compaction, it seems that
field compaction is better resembled using the 0.82°. No clear trend could be found with
regards to roller compaction. Regarding the compaction effort to achieve the same
compaction level, simple relationships can be derived between the gyrations and field
roller passes. For instance, in this study the ratio between gyrations and field roller
passes to achieve 8% air voids is estimated to be eight. Similarly, an equivalent number
of field roller passes by roughly a factor of eight and thirteen is required to achieve the
specified field compaction level for the dense and open-graded mixtures, respectively.



5. Stiffness

5.1 Introduction

This Chapter focuses on the study of stiffness properties of various HMA types. By
means of laboratory tests carried out using the Indirect Tensile Stiffness Modulus
(ITSM) method, the stiffness modulus for specimens compacted using different
compaction methodologies is investigated.

Primarily, the influence of the most commonly used laboratory compaction methods
-namely Marshall, gyratory and roller- relative to field compaction performance on the
stiffness properties of various asphalt mixtures, is investigated with regards to the
compaction degree. The aim is to capture the differences between the laboratory
compaction-based stiffness and assess the laboratory compaction methods with regards
to its capabilities to reproduce the field compaction-based stiffness.

The main step of this course encompassed a comprehensive parametric study to
evaluate the influence of various compaction factors on the stiffness of the laboratory-
compacted specimens. For this purpose, different including standardized compaction
regimes were established for each laboratory compaction method with the aim to gain
more insight to the factors that affect the HMA stiffness properties. In the following

sections, the analysis results are demonstrated and discussed.

5.2 ITSM test method

The ITSM test was carried out in this study to determine the stiffness of the asphalt
mixtures manufactured using the three different laboratory compaction methods and
field compaction (EN 12697-26). This test, which is non-destructive, consists of
sinusoidal load pulses applied along the vertical diameter of specimen and characterized
by the rise-time and transient horizontal deformation measured along the horizontal
diameter using linear variable differential transformers (LVDT). For 100-mm diameter
specimens, the target peak transient horizontal deformation is 5 um and the target load

pulse rise time is 124 milliseconds.
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Fig. 5.1 ITSM test equipment

In terms of temperature conditioning, each specimen is placed in a controlled
temperature cabinet and monitored until it has attained the test temperature. After
temperature conditioning, the specimen is placed in the ITSM testing equipment, as
illustrated in Fig. 5.1. A preliminary conditioning of ten load pulses is applied to bed the
test specimen on the loading platens and to enable the equipment to adjust the load
magnitude and duration in order to give the specified horizontal diametral deformation.
Then, stiffness modulus is determined as the average modulus corresponding to five load
pulses and the specimen is rotated through 90° about its horizontal axis. A further five
load pulses are then applied and the resulting mean stiffness modulus is obtained. The

stiffness modulus is then calculated as the average of these two mean values.

5.3 Influence of compaction method on HMA stiffness modulus

Three hot-mix asphalt mixtures were used in this investigation. The three mixes include:
a binder course mix with Selenizza (SLN) asphaltite modified bitumen, and two base
course mixtures with the same bitumen varying the dosage of SLN. These mixtures,
which were described in Chapter 3, are denoted, respectively, as AC12.5 binder
50/70+8%SLN, AC20 base 50/70+8%SLN and AC20 base 50/70+10%SLN. All
mixtures represent ‘production’ mixes, sampled during placement along with field cores
retrieved, where feasible, to be used as ground truth data for comparative evaluation.
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Using the loose mixtures samples, laboratory compaction was carried out using the
Marshall, gyratory and roller compaction aiming to achieve 97% compaction degree, as
generally required from technical specifications. For each mixture, two specimens were
fabricated using the Marshall hammer and varying the compaction effort to achieve the
target density. Also, three replicate 150-mm diameter and 70-mm tall specimens were
initially compacted using the CEN gyratory compaction protocol, which were then cored
to obtain 100-mm diameter specimens. The approach of compaction by specified energy
was followed during the roller compaction complying with CEN and four 100-mm
specimens were cored from each slab for subsequent testing. After fabrication, all
laboratory specimens were trimmed. A total of 45 specimens, both laboratory- and field-
compacted, were tested to assess the volumetric and stiffness properties. Controlled
deformation stiffness tests, at a target deformation of Sum, were performed at a test
temperature of 15°C.

Figures 5.2-5.4 illustrate the stiffness modulus with respect to the compaction

method and degree for the three mixtures.

18000

16000

14000 ¢

12000 | b

10000 ¢

Stiffness modulus (MPa)
°

8000 | A A AA

Marshall
A Roller
® Gyratory

6000 |

4000 - - -
93 95 97 99 101 103

Compaction degree (%)

Fig. 5.2 Stiffness modulus as a function of compaction method and degree (AC12.5 binder
50/70+8%SLN)
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Fig. 5.3 Stiffness modulus as a function of compaction method and degree (AC20 base
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Fig. 5.4 Stiffness modulus as a function of compaction method and degree (AC20 base
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From the above figures, variability of the achieved compaction degree is observed
with respect to the various HMA types. For instance, the mean compaction degree
achieved is of the order of 96%, 98% and 97% concerning the AC12.5 binder
50/70+8%SLN, AC20 base 50/70+8%SLN and AC20 base 50/70+10%SLN mixtures,
respectively. Particularly, concerning the AC20 base 50/70+8%SLN significant
variability is observed with respect to the field compaction. This indicates that in general
it is rather difficult to control HMA densification.

Moreover, it is interesting to note that significant differences, with regards to the
stiffness modulus values, are observed for similar compaction degree achieved. This is
clearly demonstrated in Fig. 5.4. The mould-based, namely Marshall and gyratory,
compaction methods produce specimens with (mean) stiffness values reaching
16390MPa and 12570MPa, respectively. On the contrary, the roller compaction and field
compaction-based modulus values are significantly lower, around 9400MPa. Similar
conclusions can be drawn with respect to the other mixtures. From the comparative
analysis of the laboratory compaction methods it is indicated that the Marshall
compaction method tends to produce specimens with the highest stiffness modulus. On
the contrary, the roller compaction produces specimens with the lowest stiffness
modulus, which nonetheless is comparable to the field compaction-based stiffness.

It is also worth to mention that the achieved compaction degree influences the
stiffness modulus. To clearly demonstrate the impact of compaction degree on stiffness
modulus, a linear trend was fitted to the experimental results separately for each

compaction method as graphically shown in Fig. 5.5-5.7.
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Fig. 5.7 Influence of compaction degree on stiffness modulus (AC20 base 50/70+10%SLN)

This study results indicate that an increase in the field compaction degree results in
a stiffness modulus increase. For instance, complying with the minimum specified
compaction degree of 97% the (mean) stiffness modulus reaches 7400MPa. Further
densification to achieve 99% and 101% compaction degree, enhances significantly the
HMA stiffness properties and an increase of modulus of the order of 7% and 28% is
observed, respectively. A similar trend is observed with respect to the gyratory
compaction results. On the contrary, the stiffness modulus of the roller-compacted
specimens seems not to be affected from the compaction degree. No clear trend was

observed with respect to the Marshall compaction.

5.4 Influence of compaction factors on HMA stiffness modulus

Three HMA mixtures were tested within this course, following the compactability
laboratory studies presented in Chapter 4. The three mixes include: a surface course mix
with 50/70 binder, a surface course mix with polymer modified bitumen (SBS) and a

base course mix with 50/70 binder. These mixtures, which were described in Chapter 3,
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are denoted, respectively, as AC12.5 surf 50/70%, AC12.5 surf PmB (SBS) and AC20
base 50/70.

As mentioned before, all mixtures represent ‘production’ mixes, sampled during
placement along with field cores retrieved to be used as ground truth data for
comparative evaluation. Using the loose mixtures samples, laboratory compaction was
carried out using the Marshall, gyratory and roller compaction. The field cores were also

tested for air voids to be used as key parameter, linking laboratory to field compaction.

5.4.1 Marshall compaction

The asphalt mixtures were compacted using standard Marshall (impact) compaction, as
described in CEN 12697-30, at compaction energy level of 75 blows per side. Varying
compaction temperatures were used to fabricate the asphalt mixture specimens to
evaluate the impact of compaction temperature on stiffness modulus (Georgiou et al.
2015). Particularly, the compaction was carried out at 125°C, 135°C and 145°C for both
the AC12.5 surf 50/70* and AC20 base 50/70 mixtures, while for the AC12.5 surf PmB
(SBS) mixture, which consists of modified bitumen, compaction was performed at
elevated temperatures 130°C, 140°C, 150°C and 160°C to cover a wider compaction
range. Three replicates were fabricated at each temperature, which were subsequently
subjected to volumetric and stiffness testing. Controlled deformation stiffness tests at a
target deformation of S5um were performed at a test temperature of 20°C.

Figures 5.8-5.10 illustrate the stiffness modulus evolution with respect to

compaction temperature for the specimens fabricated with the Marshall compaction.
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Fig. 5.8 Influence of compaction temperature on stiffness modulus (AC12.5 surf 50/70)
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Fig. 5.10 Influence of compaction temperature on stiffness modulus (AC20 base 50/70)

From the above plots, the general trend observed is a modulus increase as the
compaction temperature does. Concerning the AC12.5 surf 50/70% mix, the modulus at
125°C yields a median value around 6000 MPa, which is increased to around 6600 MPa
and 7200 MPa for 135°C and 145°C compaction temperatures, respectively.
Accordingly, in the AC12.5 surf PmB (SBS) mix, the modulus at 130°C has a median
value around 4500 MPa, at 140°C close to 4900 MPa, while at 150°C and 160°C values
of 6100 and 7250 MPa were yielded. In the AC20 base 50/70 mix, at 125°C the modulus
has a median value around 4500 MPa, at 135°C the modulus has a median value close to
5300 MPa, whereas at 145°C the modulus reaches 7100 MPa. Given the above, it is
interesting to note that the % increase of modulus is more pronounced for the higher
compaction temperatures.

The significance of the effect of compaction temperature on the stiffness of
Marshall specimens was evaluated by means of Analysis of variance (ANOVA) test at
95% confidence interval (Table 5.1).
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Table 5.1 ANOVA test results of stiffness (a0 = 0.05)

Mix type Temperature
AC12.5 surf 50/70° .000
AC12.5 surf PmB (SBS) .000
AC20 base 50/70 .000

From the statistical analysis, it was demonstrated that the compaction temperature

influences significantly the asphalt mix stiffness properties.

5.4.2 Gyratory compaction

Specimens compacted using the gyratory compactor and varying internal angle of
gyration; compaction temperature; and (initial) diameter (100 mm and 150 mm), as
already presented in Ch.4, were further tested to assess their stiffness properties
(Georgiou et al. 2015). The stiffness modulus evolution with respect to these factors
concerning the AC12.5 surf 50/70% is illustrated in Fig. 5.11-5.13, while Fig. 5.14-5.16
and Fig. 5.17-5.19 show the counterparts related to the AC12.5 surf PmB (SBS) and
AC20 base 50/70 mix, respectively.
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Fig. 5.13 Influence of specimen diameter (initial) on stiffness modulus (AC12.5 surf 50/70%)
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Fig. 5.16 Influence of specimen diameter (initial) on stiffness modulus (AC12.5 surf PmB (SBS))
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Fig. 5.18 Influence of compaction temperature on stiffness modulus (AC20 base 50/70)
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The above results indicate that the angle of gyration influences the stiffness
modulus. In general, the angle of 1.45° produced the lowest modulus values. However,
with respect to the angles specified in the CEN and AASHTO standards it can be stated
that there is no significant difference among the stiffness modulus of the mixtures,
except for the AC20 base 50/70 mix where increasing the gyration angle from 0.82° to
1.16° a higher modulus was obtained.

The temperature effect was found to be mixture dependent. Specifically, an increase
in compaction temperature from 135°C to 150°C results in a decrease of modulus of the
conventional bitumen based mixtures, namely the AC12.5 surf 50/70% and AC20 base
50/70; a modulus decrease of the order of 14% and 7% was calculated, respectively. On
the contrary, for the AC12.5 surf PmB (SBS) mix stiffness modulus increases gradually
with temperature. A modulus increase of the order of 17% is observed varying
temperature from 130°C to 160°C.

In addition, it is interesting to note that by coring 100mm diameter from larger
150mm specimen a lower modulus is obtained compared to the as-compacted 100mm
specimens. This effect is more pronounced with respect to the AC12.5 surf 50/70% and
AC12.5 surf PmB (SBS), where a modulus decrease more than 30% is observed.

A detailed statistical analysis was performed to evaluate the significance of the
effect of different variables on the stiffness modulus of gyratory specimens. Main
compaction parameters were investigated at 95% confidence interval by means of
Analysis of variance (ANOVA) test and the results are tabulated in Table 5.2.

Table 5.2 ANOVA test results of stiffness (a = 0.05)

Compaction factors

Mix type Angle Temperature ~ Diameter
AC12.5 surf 50/70° .996 .735 .022
AC12.5 surf PmB (SBS) 021 .005 .000
AC20 base 50/70 .300 .060 044

The statistical analysis demonstrated that specimen diameter affects significantly the
stiffness modulus; the parameters studied were ranked in order of significance as

diameter, temperature and angle of gyration.
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5.4.3 Roller compaction

Specimens compacted using the roller compactor and varying compaction mode; effort
(number of passes) and temperature, as already presented in Ch.4, were further tested to
assess their stiffness properties. The stiffness modulus evolution with respect to these
factors concerning the AC12.5 surf PmB (SBS) is illustrated in Fig. 5.20-5.22, while Fig.
5.23-5.25 show the counterparts related to the AC20 base 50/70 mix (Plati et al. 2016;
Georgiou et al. 2015).
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Fig. 5.20 Influence of compaction mode on stiffness modulus (AC12.5 surf PmB (SBS))
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Fig. 5.21 Influence of compaction effort on stiffness modulus (AC12.5 surf PmB (SBS))
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Fig. 5.25 Influence of compaction temperature on stiffness modulus (AC20 base 50/70)

The compaction mode seems to affect the modulus of the AC12.5 surf PmB (SBS)
mix. Also, the results indicate some variability between the stiffness properties of the
roller-compacted specimens of the AC20 base 50/70 mix.

In addition, compaction effort (in terms of roller passes) seems to affect both
mixtures. Increasing the roller passes from 90 to 110 and from 70 to 90 for the AC12.5
surf PmB (SBS) and the AC20 base 50/70 respectively, an increase in modulus of the
order of 13% and 19% is observed. Meanwhile, additional passes reduce the modulus to
its initial state, possibly due to the reorientation and rearrangement of bitumen-coated
aggregates.

In general, the results indicate a modulus increase with temperature. Concerning the
AC12.5 surf PmB (SBS) the modulus increases by 14% when passing from 130°C to
140°C, and a further increase is observed when passing from 150°C to 160°C, hence
indicating that similar moduli can be obtained for a wide temperature range of
compaction temperature (140-160°C). Also, significant increase of the order of 20% is
appreciated for the AC20 base 50/70 when passing from 135°C to 145°C.

To substantiate the influence of roller compaction parameters on the stiffness

properties of asphalt mixtures, the ANOVA test was performed.
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Table 5.3 ANOVA test results of stiffness (o = 0.05)

Compaction factors

Mix type Mode Effort Temperature
AC12.5 surf PmB (SBS) .000 .000 .000
AC20 base 50/70 456 .001 .003

From the statistical analysis results, as shown in Table 5.3, it was demonstrated that
both the compaction effort (namely number of passes) and the temperature affect
significantly the stiffness modulus; a lesser effect on stiffness is attributed to the

compaction mode.

5.4.4 Comparison to field compaction

The air voids in HMA were used as a key parameter linking laboratory to field
compaction. Figure 5.26 illustrates the compaction level achieved with respect to each
compaction method covering the full spectrum of compaction factors considered
(Georgiou et al. 2015).
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Fig. 5.26 Air voids as a function of compaction method
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For the AC12.5 surf 50/70% mix, the air void content of field cores shows variability
compared to the laboratory-compacted specimens. Also, specimens compacted using
gyratory compaction show less air voids compared to field cores. The median values
were calculated as 4.1%, 5.2%, and 5.6% for the gyratory, Marshall and field
compaction method, respectively.

With regards to the AC12.5 surf PmB (SBS) mix, the air voids content varies among
and within the various compaction methods. Increased variability is observed with
respect to the roller compaction, relative to the other laboratory compaction methods,
which can be attributed to the effect of compaction mode and effort. Compared to the
field compaction variability, laboratory roller compaction method appears to show a
similar performance. The median values were calculated as 15.3%, 14.4%, 16.1% and
15.1% for the Marshall, gyratory, roller and field compaction method, respectively.

More variability of air voids content is generally observed with respect to the AC20
base 50/70 mix, which can be attributed to the larger 20-mm nominal maximum
aggregate size relative to the other mixtures. Again, similar variability is observed
between the roller and field compaction method, hence indicating that the steel
segmented roller compactor can simulate the in-situ performance of field rollers. The
median values for all compaction methods are generally close to the average and were
calculated as 6.2%, 4.4%, 6.5% and 4.7% for the Marshall, gyratory, roller and field
compaction method. The above results, in general, indicate that the air void contents of
the laboratory-compacted specimens fairly approximated the air voids content of the
field cores.

Figure 5.27 summarizes the effect of each compaction method, including the field

compaction, on the stiffness modulus (Georgiou et al. 2015).
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Fig. 5.27 Stiffness as a function of compaction methods

According to Fig. 5.27, field compaction seems to produce specimens with
variability in terms of the ITSM values. Also, the median values were calculated as
3200, 1700 and 5600 MPa for the AC12.5 surf 50/70% AC12.5 surf PmB (SBS) and
AC20 base 50/70 mix, respectively.

The combined results for the three studied mixtures indicate that, in general, the
mould-based compaction methods (Marshall and gyratory) tend to produce specimens of
higher stiffness than the roller-compacted specimens, as shown in Fig. 5.27. The
gyratory-compacted specimens, with similar air void content to the field-compacted
specimens, as shown in Fig. 5.26, have almost two and a half fold the stiffness modulus
of the field cores. It is also observed that, although the air voids of Marshall specimens
are higher than the field cores, the modulus is higher, especially, for the AC12.5 surf
PmB (SBS) mix. On the contrary, the roller- and field-compacted specimens are of
comparable stiffness if the difference in air void content is accounted for (increased air

voids for roller specimens).
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Using the above results, a preliminary study was carried out to investigate the
impact of laboratory compaction-based HMA stiffness modulus on pavement response.
Although such investigation would typically need more advanced calculations, a
simplified approach using the BISAR (BISAR 1998) was adopted. For this purpose,
pavement analyses were carried out in a typical flexible pavement taking into account
the material characteristics of asphalt mixtures as measured in the lab. The pavement
structure consists of a subgrade with a modulus of 200MPa, 400mm of a granular base
with a modulus of 600MPa, 150mm of an asphalt base (type AC20 base 50/70) and
40mm of a surface mix (type AC12.5 surf PmB (SBS)), as shown in Fig. 5.28.

15011,1111_.&('.2"0 base 50/70 53
X 8"
: 400mm Crgshed aggregate

v

Subgrade

Fig. 5.28 Pavement structure

The aim was to calculate the tensile strain (&) at the bottom of the asphalt layer and
the compressive strain (gc) at the top of the subgrade soil under an Equivalent Standard
Axle Load (ESAL) of 80 kN (single axle, double wheel, 20 kN load per wheel). In light
of the above, four pavement structures associated to the laboratory and field compaction
methods -namely Marshall, gyratory, roller and field- were analyzed using the BISAR.
The critical strains & and ¢. for the considered standard load was determined for each
pavement structure using different inputs for the HMA material stiffness properties and
assuming Poisson’s ratio of 0.35 for all layers, except for the subgrade (v=0.40). The

four different considered moduli selections were based on the mean values of the
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measured stiffness modulus at temperature of 20°C with respect to the compaction
method for both HMA mixes, as shown in Table 5.4. Prior to commencement of the
strain analyses, the ITSM values of the two mixture types were used for the estimation
of one composite modulus (SHRP 1993). The tensile strain &; at the bottom of the asphalt
base and the vertical strain ¢ at the top of the subgrade for the different structures are
illustrated in Fig. 5.29.

Table 5.4 Stiffness moduli for pavement analysis

Mix type Stiffness modulus (MPa)
Marshall Gyratory Roller  Field
AC12.5surf PmB (SBS) 5610 5410 1540 1870
AC20 base 50/70 5740 9080 3990 5720
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Fig. 5.29 Critical strains

The results indicate that that the lowest critical strains are estimated using the
gyratory compaction-based stiffness for the asphalt mixtures. Conversely, the highest
values are associated to the roller compaction, whereas the Marshall compaction-based
results fall in between. Comparing with the field results, both Marshall and gyratory

underestimate the field pavement strains. In contrast, it is demonstrated that roller
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compaction-based results are greater than the field results, which in turn implies that by
using these results for the purpose of predicting the pavement performance the estimated
life span, especially fatigue, is conservative and from the safe side compared to the as-
built pavement service life. Exemplifying the impact of the compaction-based stiffness
modulus on pavement prediction performance would offer meaningful information,
however this is beyond the scope of this study. In any case, it is unequivocal that the
prediction of pavement performance is affected by the choice of compaction method and
relative modulus. Therefore, closing the gap between the laboratory- and field
compaction-based stiffness the differences in strains and the resulting pavement life span
will be definitely lower. This implies that for analytical design purposes conversion
factors should be established between laboratory- and field compaction-based stiffness.
In the light of the above, the stiffness ratio for each laboratory compaction method

relative to field compaction was calculated, as presented in Fig. 5.30.
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Fig. 5.30 Stiffness ratio of laboratory compaction methods relative to field compaction
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For the interpretation, the median values- although not significantly differentiated
from the mean- were used for the analysis and the results in terms of the ITSM ratios
(i.e. Marshall/field, gyratory/field and roller/field) are presented in Fig. 5.30. The results
indicate that the modulus values of Marshall-compacted specimens differentiate from the
respective modulus values of field-compacted specimens by a factor ranging from 0.9 to
3.3. Also, this factor ranges from 1.7 to 3.2 with regards to gyratory and field
compaction. On the contrary, the modulus values of roller-compacted specimens are
generally lower but comparable to the field-compacted specimens with ratios calculated
ranging from 0.7 to 0.9. On average, the stiffness modulus of laboratory-compacted
specimens (namely Marshall, gyratory and roller) is approximately 2.1, 2.6 and 0.8

times, respectively, the stiffness modulus of field cores.



6. Rut resistance

6.1 Introduction

This Chapter focuses on the evaluation of rut resistance characteristics of various HMA
types. By means of laboratory tests carried out using the Indirect Tension (IDT) Strength
test method, the rut resistance of specimens fabricated using different compaction
methodologies is investigated.

Following the stiffness study presented in the previous chapter, this study further
examines the influence of various compaction factors on the high temperature IDT
strength of the laboratory-compacted specimens with the aim to gain more insight to the
factors that affect the HMA rut resistance characteristics. In addition, the magnitude of
differences between the laboratory- and field compaction-based IDT strength is

evaluated. In the following sections, the analysis results are demonstrated and discussed.

6.2 IDT Strength test method

In principal, the IDT strength test involves the application of a loading diametrically
along the direction of the cylinder axis of a specimen with a constant speed of
displacement until it breaks. The IDT strength is the maximum tensile stress calculated
from the peak load applied at break and the dimensions of the specimen. Further, the
IDT strength test performed at high temperatures has been found to be a simple and
effective test for evaluating the rut resistance of asphalt mixtures (Christensen and
Bonaquist 2007; Christensen et al. 2004). The recommended test protocol suggests
applying the load at a rate of 50mm/min, hence offering the capability for the test to be
performed using a commercial Marshall test frame. In addition, the test temperature
should be 9°C lower than the yearly, 7-day average, maximum pavement temperature 20
mm below the pavement surface.

Taking into account available climatic data and pavement temperature models the
design high pavement temperature was calculated, based on which the test temperature
of asphalt mixtures was selected to be 50°C. Prior to testing, each specimen was placed

in a controlled temperature chamber and monitored until it attained the test temperature.
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After conditioning, the specimen was removed from the chamber, then placed in the
testing apparatus and immediately loaded to failure at 50mm/min, as illustrated in Figure
6.1.

Fig. 6.1 IDT Strength test

Considerable attention was given so that specimen failure occurred within 60s of
removal from the chamber, to ensure the specimen temperature did not significantly
change during testing. The IDT strength was then calculated using the following

formula:

2P
OipT = TtD (6.1)

where o(pr) is the IDT strength (KPa), P is the maximum applied load (kN), t is the

thickness of the specimen (m), D is the diameter of the specimen (m).

6.3 Influence of compaction factors on HMA rut resistance

Three HMA types were tested within this course. Mixtures studied include a surface
course mix with 50/70 binder, a surface course mix with polymer modified bitumen
(SBS) and a base course mix with 50/70 binder and are denoted, respectively, as AC12.5
surf 50/70%, AC12.5 surf PmB (SBS) and AC20 base 50/70.
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6.3.1 Marshall compaction

Specimens compacted using the Marshall compactor and varying compaction
temperatures were further tested to assess their rut resistance characteristics. IDT
strength tests were performed at a test temperature of 50°C and the results with respect to

compaction temperature for the various HMA types are illustrated in Figures 6.2-6.4.
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Fig. 6.2 Influence of compaction temperature on IDT strength (AC12.5 surf 50/70%)
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Fig. 6.3 Influence of compaction temperature on IDT strength (AC12.5 surf PmB (SBS))
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Fig. 6.4 Influence of compaction temperature on IDT strength (AC20 base 50/70)
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From the above plots, the general trend observed is an increase of high temperature
IDT strength with the increase of the compaction temperature. This indicates an
improved rut resistance of Marshall specimens at elevated compaction temperatures. For
instance, concerning the AC12.5 surf 50/70 mix, the IDT strength yields similar values
for compaction at 125 °C and 135°C, however specimens compacted at 145°C show an
increased IDT strength of the order of 20%. Accordingly, in the AC12.5 surf PmB (SBS)
mix, the IDT strength value of specimens compacted at 160°C is 12% and 17% higher
than those of specimens compacted at 150°C and 140°C, respectively. Also, a gradual
increase of IDT strength of the order of 13% and 24% is observed regarding the
specimens of the AC20 base 50/70 mix when compaction temperature rises
consecutively from 125 °C to 135 °C and 145°C.

Table 6.1 ANOVA test results of rut resistance (o = 0.05)

Mix type Temperature
AC12.5 surf 50/70° .001
AC12.5 surf PmB (SBS) .000
AC20 base 50/70 .000

The significance of the effect of compaction temperature on the rut resistance of
Marshall specimens was evaluated by means of Analysis of variance (ANOVA) test at
95% confidence interval. From the statistical analysis, it was demonstrated that the
compaction temperature influences significantly the Marshall specimens rut resistance

characteristics (Table 6.1).

6.3.2 Gyratory compaction

Specimens compacted using the gyratory compactor and varying internal angle of
gyration; compaction temperature; and (initial) diameter were also tested to assess their
rut resistance characteristics. The high temperature IDT strength evolution with respect
to these factors concerning the AC12.5 surf 50/70% is illustrated in Fig. 6.5-6.7, while
Fig. 6.8-6.10 and Fig. 6.11-6.13 show the counterparts related to the AC12.5 surf PmB
(SBS) and AC20 base 50/70 mix, respectively.



145 | Rut resistance

850
800 t S—
750 t
700 t
650 |
600 |
550 t
500 | - -
450 t
400 } 1

IDT Strength (KPa)

350 I
300 ¢
250

0.82 1.16 1.45

Gyration angle (°)
o Median [J 25%-75% | Min-Max

Fig. 6.5 Influence of gyration angle on IDT strength (AC12.5 surf 50/70%)
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Fig. 6.6 Influence of compaction temperature on IDT strength (AC12.5 surf 50/70%)
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Fig. 6.7 Influence of specimen diameter (initial) on IDT strength (AC12.5 surf 50/70%)
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Fig. 6.9 Influence of compaction temperature on IDT strength (AC12.5 surf PmB (SBS))
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Fig. 6.11 Influence of gyration angle on IDT strength (AC20 base 50/70)
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Fig. 6.12 Influence of compaction temperature on IDT strength (AC20 base 50/70)
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Fig. 6.13 Influence of specimen diameter (initial) on IDT strength (AC20 base 50/70)

The above results indicate that the angle of gyration influences the high temperature
IDT strength. In general, the angle of 1.45° produced the lowest IDT strength values.
However, with respect to the angles specified in the CEN and AASHTO standards it can
be stated that there is no significant difference among the high temperature IDT strength
of the mixtures, except for the AC20 base 50/70 mix where increasing the gyration angle
from 0.82° to 1.16" a higher IDT strength was obtained. It is worth mentioning that
similar conclusions with respect to the effect of gyration angle were drawn from the
stiffness study results.

The temperature effect was found to be mixture dependent. Specifically, an increase
in compaction temperature from 135°C to 150°C results in a decrease of IDT strength of
the conventional bitumen based mixtures, namely the AC12.5 surf 50/70* and AC20
base 50/70; a IDT strength decrease of the order of 5% and 6% was calculated,
respectively. On the contrary, similar IDT strength values are obtained concerning the
AC12.5 surf PmB (SBS) mix when varying compaction temperature from 130°C to
160°C.

In addition, it is interesting to note that by coring 100mm diameter from larger

150mm specimen a lower IDT strength is obtained compared to the as-compacted
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100mm specimens. This effect is more pronounced with respect to the AC12.5 surf
50/70% and AC12.5 surf PmB (SBS), where IDT strength decrease reach up to 30%.

Table 6.2 ANOVA test results of rut resistance (o = 0.05)

Compaction factors

Mix type Angle Temperature Diameter
AC12.5 surf 50/70° .968 754 .059
AC12.5 surf PmB (SBS) .166 .982 .003
AC20 base 50/70 .307 462 .660

A detailed statistical analysis was performed to evaluate the significance of the
effect of different variables on the rut resistance of gyratory specimens. Main
compaction parameters were investigated at 95% confidence interval by means of
ANOVA and the results in terms of the p-values are tabulated in Table 6.2. The
statistical analysis demonstrated that, in general, specimen diameter affects significantly
the high temperature IDT strength.

6.3.3 Roller compaction

Specimens compacted using the roller compactor and varying compaction mode; effort
(number of passes) and temperature were also tested to assess their rut resistance
characteristics. The high temperature IDT strength evolution with respect to these factors
concerning the AC12.5 surf PmB (SBS) is illustrated in Fig. 6.14-6.16, while Fig. 6.17-
6.19 show the counterparts related to the AC20 base 50/70 mix.
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Fig. 6.14 Influence of compaction mode on IDT strength (AC12.5 surf PmB (SBS))
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Fig. 6.15 Influence of compaction effort on IDT strength (AC12.5 surf PmB (SBS))
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Fig. 6.16 Influence of compaction temperature on IDT strength (AC12.5 surf PmB (SBS))
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Fig. 6.17 Influence of compaction mode on IDT strength (AC20 base 50/70)
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Fig. 6.18 Influence of compaction effort on IDT strength (AC20 base 50/70)
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Fig. 6.19 Influence of compaction temperature on IDT strength (AC20 base 50/70)
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The compaction mode seems to affect the high temperature IDT strength of the
AC12.5 surf PmB (SBS) mix. Less variation of the IDT strength with respect to the
compaction mode is observed for the AC20 base 50/70 mix.

In addition, the results indicate that for both mixtures increase of compaction effort
(namely roller passes) up to a certain level (i.e. 110 and 90 passes for AC12.5 surf PmB
(SBS) and AC20 base 50/70 mix, respectively) results in IDT strength increase of the
order of 17% and 13%. Further compaction effort does not improve the rut resistance of
mixtures.

Moreover, the results indicate that although similar IDT strength values can be
obtained when compacting AC20 base 50/70 mix at 135°C and 145°C, significant
increase of IDT strength of the order of 60% is achieved for the AC12.5 surf PmB (SBS)
with the increase of compaction temperature from the 130°C to 160°C.

To substantiate the influence of roller compaction parameters on the rut resistance
of asphalt mixtures statistical analysis was performed. Table 6.3 summarizes the
ANOVA results in terms of the p-values for the three main compaction factors at 95%

confidence interval.

Table 6.3 ANOVA test results of rut resistance (o = 0.05)

Compaction factors

Mix type Mode Effort Temperature
AC12.5 surf PmB (SBS) .000 .082 .006
AC20 base 50/70 .648 .382 .350

The analysis reveals that both the compaction mode and temperature affect
significantly the high temperature IDT strength of AC12.5 surf PmB (SBS) mix; a lesser
effect on IDT strength is attributed to the compaction effort (namely number of passes).
Less significant effect of compaction factors on the IDT strength was found for the
AC20 base 50/70 mix.

6.3.4 Comparison to field compaction

Field-compacted specimens were also tested to evaluate their rut resistance

characteristics and to compare them with the laboratory-compacted specimens. Figure
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6.20 summarize the high temperature IDT strength results with respect to the compaction

methods, both laboratory and field.
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Fig. 6.20 IDT strength as a function of compaction methods

According to Fig. 6.20, field compaction seems to produce specimens with some
variability in terms of the IDT strength values, which is more pronounced for the
AC12.5 surf 50/70% mix. Also, the median values were calculated as 189, 158 and 251
KPa for the AC12.5 surf 50/70%, AC12.5 surf PmB (SBS) and AC20 base 50/70 mix,
respectively.

The combined results for the three studied mixtures indicate that the mould-based
compaction methods (Marshall and gyratory) tend to produce specimens of higher rut
resistance than the field-compacted specimens, as shown in Fig. 6.20. Particularly, the
high temperature IDT strength values of Marshall- and gyratory-compacted specimens
are higher than the respective strength values of field-compacted specimens by a factor
of the order of 1.6 and 2.2, respectively. It is interesting to note that for the pure
bitumen-based mixtures the magnitude of IDT strength differences between laboratory
and field compaction methods becomes larger for smaller NMAS (i.e. 12.5mm). On the
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contrary, the rut resistance of field-compacted specimens seems to be aligned with the
roller-compacted specimens. Particularly, the IDT strength values of roller-compacted
specimens are lower compared to field cores by a factor of the order of 0.9, as also found

from the stiffness study results.



7. Internal structure

7.1 Introduction

In the course of the stiffness- rut resistance studies presented in the previous chapters,
significant differences were manifested with respect to the compaction factors and
regimes considered. As already underlined during the literature review, the differences in
engineering properties of asphalt mixtures compacted using various compaction methods
may be associated to the variation of specimen’s internal structure. In this regard, this
chapter focuses on the evaluation of the internal structure by means of 2-D imaging
analysis, as described hereinafter, of various HMA types compacted both in the lab
(using Marshall, gyratory and roller compaction) and field.

The aim was to investigate the impact of various laboratory compaction factors on
asphalt mix microstructure and assess the laboratory compaction methods with regards
to its capabilities to reproduce the field compaction-based microstructure. In a follow up
level, the interrelation between the asphalt mix microstructure and engineering
properties will be discussed; hence to gain a better insight, image analysis was focused
on specimens representing significant variation in mechanical properties. Also, it should
be mentioned that the 2-D imaging analysis was performed at horizontal cross-sections
of the compacted specimens. This approach was supported given that the loading and,
mostly, the corresponding load-induced stress distribution within the mixture during the
mechanical testing (both stiffness and rut resistance) was in the same direction.
Therefore, it was reasonably hypothesized that, in such case, more meaningful results
will be obtained on the purpose to assess subsequently the microstructure and its relation

to asphalt mix performance.

7.2 Imaging technique

Generally, imaging techniques consist of three main stages: i) image acquisition, in
which a physical object is converted to digital form, ii) image processing, which
involves application of various filters on the image, in order to enhance its visual

appearance and define its features for subsequent measurement and iii) image analysis,
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which refers to the acquisition of specific information by measuring certain image
characteristics (regions of interest) via the appropriate mathematical procedures (Russ
2011). In this subsection, the imaging technique used in this study to capture and analyze
the internal structure of asphalt mixes is described.

Internal structure characterization of laboratory- and field-compacted specimens
was performed by means of 2-D imaging, which is considered to be a cost-effective and
efficient method. A flatbed scanner was used for capturing the internal structure in terms
of RGB (Red-Green-Blue) colored images. All specimens were cut at two sections, 10
mm from the top and the bottom and digital images of the two cut surfaces for each
specimen were taken. Figure 7.1 illustrates a representative scanned raw image for each

mixture studied.

Fig. 7.1 Scanned images of mixtures; (a) AC12.5 surf 50/70% (b) AC12.5 surf PmB (SBS) and (c)
AC20 base 50/70

The processing stage, along with the image analysis was performed using iPas
software (Coenen et al. 2012), which has been developed as part of the RILEM
Technical Committee 237-SIB TG2 activities and applied effectively for the internal
structure characterization of HMA samples (Sefidmazgi et al. 2014; Sefidmazgi et al.
2012). In this stage, the color image is converted into a binary image (i.e., black and
white) to facilitate the analysis towards separation of the phases of mixture in terms of
their color intensity differences.

The main target of image processing is to detect the aggregate areas in the image
accurately and isolate them from the rest of the mixture’s constituents. To accomplish
this goal primarily the image resolution and mix volumetrics are entered in the iPas

software. Then, the filters described hereinafter are applied in the scanned image (Fig.
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7.2a) as: i) median filter, to reduce the noise in the image, as shown in Fig. 7.2b; ii)
Hmax filter, in order to smooth the color variation in aggregate areas (Fig. 7.2c); iii)
watershed transformation, to separate the aggregates (Fig. 7.2d); and iv) thresholding, to
convert the grey scale image into a binary one where white pixels represent the
aggregates (Fig. 7.2e). The filter values are adjusted properly verifying that the obtained

images are representative of the actual mixture.

Fig. 7.2 Image processing procedure

It is worthwhile to point out that the images of mixture AC12.5 surf 50/70% and
AC20 base 50/70 specimens, which contain light-colored limestone aggregates, were
very accurately processed hence the output image was close to the original physical
image as shown in Fig. 7.3. Processing of the planar images of mixture AC12.5 surf
PmB (SBS) proved to be very challenging due to the low contrast between bitumen and
steel slag aggregates. Nevertheless, the obtained output images seem to represent rather
accurately the original ones, as illustrated in Fig. 7.4.
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Fig. 7.4 Image processing of steel slag-based mixture

After processing, the internal structure can be quantified by means of various
indicators related to aggregate contact points, orientation and segregation, which are
described hereinafter. The minimum aggregate size used for calculations, distinguishing
coarse aggregates from sand, was set to 2.36 mm. This threshold was determined based
on the capacities of the image analysis software. Target was to identify the smallest
clearly visible aggregate within the mixture image, while including the maximum

percentage of total aggregates.
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Number of contact points (CP). Neighboring aggregates separated by distance less

or equal to 0.5 mm, defined as surface distance threshold (SDT) and illustrated in Fig.
7.5a, are considered in contact. By defining the contact distance and the minimum
aggregate size, the locations that meet the criteria are determined and the total number of
contact points is reported. For each specimen the average contact points of the top and
bottom image were averaged- this was also applied for each of the indicators described
below- to be used for further analysis.

Contact length (CL). Moreover, capturing aggregates’ perimeter pixels that are

within the specified SDT, the total pixels form a contact line between the two aggregates
and subsequently the contact length can be assessed, as illustrated in Fig. 7.5b.

Contact length in branches (CLB). The aggregates that are inter-connected (i.e.,

contacted) along the sample, as assumed to form the aggregate skeleton, were also

considered to define the contact length in branches (Fig. 7.5¢c).

Fig. 7.5 a) Contact between aggregates, b) contact line and c) branches in aggregate skeleton
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It is worthwhile to mention that the above indices represent the connectivity of the
aggregate structure, which is believed to be associated to the load-induced stress
distribution within the mixture.

Orientation. Orientation was characterized in terms of the orientation angle 6y,
which is defined as the angle between each aggregate’s major axis and the radius of the
cross section (Fig. 7.6). Orientation angle was calculated with respect to the center of the
cross sectional area, so that the rotation of the specimens does not affect the results and
ranges from 0 to 179°.

100

Number of occurences

0 40 80 120 160 200 240 280

Orientation

Fig. 7.6 Orientation angle (left); harmonic fit parameters (right)

Due to the large number of aggregates within an asphalt mixture, the distribution of
aggregate orientation needs to be concisely described. For this purpose, in this study a
harmonic function, which has been well documented in literature (Partl et al. 2013;
Coenen et al. 2012; Tashman et al. 2001), was assigned to the aggregate orientation
angle distribution expressed as follows:

n(0;) = ng(1 + acos?0; + 2bsinb;cosH;—asin?6;) (7.1)
where
ng, =N/Ny; (7.2)

=2 Z:ﬂcos 2601/N  (7.3)

b =2 z:zlsin 26)1/N  (7.4)

where n(#;) is the number of aggregates oriented at an angle of 6; and n, is the

number of aggregates randomly oriented within an image.
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Then, quantification of aggregate orientation was based on parameters ¢ and A of
the harmonic function. Parameter ¢ corresponds to the first maximum value of the
harmonic and identifies the predominant orientation angle, while A is the amplitude of
the harmonic and indicates the tendency of the aggregates to orientate towards
orientation angle ¢ (Fig. 7.6). A uniform orientation is indicated by value of zero for
parameter A, while the higher the value the more variance from the uniform distribution
within the mixture is considered.

Segregation. To calculate aggregate segregation, the circular cross section image
was separated in two regions; the inner and the outer region. The inner region is defined
as the circular section whose radius is the 2/3 of the total radius of the image, while the

outer region is the rest of the initial cross sectional image, as illustrated in Fig. 7.7.

Fig. 7.7 Inner and outer region definition for segregation analysis

Determining the aggregates whose centroids are within each region, quantification
of lateral segregation was based on parameter S_, which is defined as the percentage
change in the average aggregate diameter in the outer region to that in the inner region
(Saadeh et al. 2002) and expressed as follows:

S, = (%"”t - 1) 100 [%] (7.5)

mn

Consequently, a S value of zero indicates uniform aggregate spatial distribution. A
positive value of S indicates distribution of coarse aggregates in the outer region, while

a negative value indicates the opposite.
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7.3 Influence of compaction factors on HMA internal structure

Three HMA mixtures were tested within this course, following the compactability,
stiffness and rut resistance laboratory studies presented in Chapters 4, 5 and 6. The three
mixes include: a surface course mix with 50/70 binder, a surface course mix with
polymer modified bitumen (SBS) and a base course mix with 50/70 binder. These
mixtures, which were described in Chapter 3, are denoted, respectively, as AC12.5 surf
50/70%, AC12.5 surf PmB (SBS) and AC20 base 50/70.

7.3.1 Marshall compaction

Internal structure characteristics derived from the image analysis of Marshall specimens
are summarized in Tables 7.1-7.3. Table 7.1 tabulates the analysis results regarding the
aggregates contact points as a function of compaction temperature for the various

mixtures.

Table 7.1 Contact points as a function of compaction temperature

Mix type Temp CP CL CLB
(’C)

Mean StDev Mean StDev Mean StDev

AC12.5 surf 50/70* 125 145 12 328 23 168 45
135 159 17 359 106 165 79
145 149 15 339 16 172 3

ACI125surf PmB 130 88 25 633 358 554 319
(SBS) 140 87 2 511 84 424 57
150 103 10 740 132 637 104
160 99 12 751 109 697 122
AC20 base 50/70 125 164 16 374 36 231 32
135 155 6 316 18 170 10
145 171 3 348 4 196 20

Although the results show some variation, in general, the contact-based indices
seem to follow the same trend for all mixtures. This indicates that each indicator may
explain the differences in internal structure due to the compaction temperature. The
effect of compaction temperature on connectivity between aggregates seems to be
mixture dependent. For instance, in regard to the AC12.5 surf 50/70* mix the results

showed that by increasing the compaction temperature from 125°C to 135°C the
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aggregate packing increased, and then began to slightly decrease at higher temperature
of 145°C. Moreover, in regards to the AC12.5 surf PmB (SBS) mix which is composed
of an open gradation, it is demonstrated that higher connectivity between aggregates is
achieved in the highest compaction temperatures (ranging from 150-160°C). On the
contrary, in regard to the AC20 base 50/70 mix, the contact points evolution follows a
parabolic curve where the fewest aggregates contacts seem to be obtained at the
intermediate compaction temperature of 135°C. Surprisingly, for this mix the most
contact points are yielded for the lower compaction temperature (namely 125°C).

Aggregates orientation was quantified by the parameters 6 and A of the harmonic fit
function, whose variations with respect to compaction temperature is summarized in
Table 7.2.

Table 7.2 Orientation as a function of compaction temperature

Mix type Temp ) A
(°C)
Mean StDev Mean StDev
AC12.5 surf 50/70% 125 99 14 5 0
135 94 4 6 0
145 105 2 5 1
AC125surfPmB 130 84 12 2 0
(SBS) 140 85 13 3 2
150 71 6 1 0
160 88 38 2 0
AC20 base 50/70 125 104 11 2 1
135 83 18 3 2
145 119 5 3 3

In general, the mixtures designed with pure bitumen (namely AC12.5 surf 50/70°
and AC20 base 50/70) follow the same trend. Particularly, the results indicated lower
orientation angles as going from 125°C to 135°C followed by an increase in orientation
angle for further increase of compaction temperature up to 145°C. For 135°C, the
aggregates tend to orientate to angle close to 90° for both mixtures, which implies that
the particles are aligned in a circumferential direction. Also, for these mixtures the
greatest values for amplitude A correspond to the higher compaction temperatures,
hence indicating a narrow distribution of aggregate orientation values and tendency of
aggregates orientation to a particular angle. With regard to the AC12.5 surf PmB (SBS)
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mix no clear trend is identified for the harmonic fit parameters & and A in respect to the
compaction temperature variation. Predominant angles close to 90° are observed for all
compaction temperatures, except for the 150°C; also examining the orientation
parameter A results, in general rather low values are noted indicating little influence on
the aggregate orientation.

Segregation was evaluated based on the distribution of aggregates in the two
regions, as defined in Fig. 7.7, in terms of the parameter S,. The effect of compaction

temperature on the radial segregation for the three study mixtures is shown in Table 7.3.

Table 7.3 Segregation as a function of compaction temperature

Mix type Temp S. S|
(°C)
Mean StDev  Mean StDev
AC12.5 surf 50/70* 125 4 4 4 4
135 0 14 10 0
145 -1 13 9 1
AC125surfPmB 130 10 9 10 9
(SBS) 140 0 14 10 0
150 -4 5 4 5
160 0 13 9 0
AC20 base 50/70 125 15 15 15 15
135 9 6 9 6
145 18 0 18 0

Segregation parameter S; values show variation and range, in general, up to about
+10% for the 12.5-mm surface course mixtures. For these mixtures, it should be noted
that the almost equal number of positive and negative S, values implies that there is no
specific trend for the coarser aggregates’ movement towards the inner or outer region of
the Marshall specimens. Considering the above, along with the fact that the use of mean
S| values might give a misleading perception of homogeneity due to counterbalance, it
makes more sense that the absolute values of S_ are also included for consideration.
Regarding the AC20 base 50/70 mix, in general the higher S, values compared to the
surface course mixes indicate more segregation which may be attributed to the higher
NMAS. Significant variation in aggregates’ spatial distribution is also observed with
respect to the upper and lower compaction temperature. It should be noted that for this

mixture only positive S; values were calculated, which indicates that coarser aggregate
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is distributed in the outer region. In general, the data suggest that Marshall compaction

produce rather non homogeneous specimens.

Table 7.4 P-values of compaction temperature for image indicators in each mixture

Mix type Contact points Orientation Segregati
on
CP CL CLB 3 A SL
AC12.5 surf 50/70° 642 893 991 514 .696 912
AC125surf PmB (SBS) .652  .644 532 .848 847 643
AC20 base 50/70 404 191 154 142 .650 622

To further evaluate the impact of compaction temperature on the internal structure

indices statistical analysis was also carried out. Table 7.4 tabulates the analyses results in

terms of p-values at 95% confidence interval. The statistical results suggest that the

internal structure indicators of asphalt mixtures did not differ significantly in respect of

the compaction temperature.

7.3.2 Gyratory compaction

Specimens compacted using the gyratory compactor and varying the internal angle of

gyration, compaction temperature, and (initial) diameter (100 mm and 150 mm), as

already presented in Ch.4, were further tested to assess their microstructure’s properties

(Georgiou et al. 2016). The analysis results are presented hereinafter.

Tables 7.5-7.7 tabulate the analysis results regarding the aggregates contact points,

orientation and segregation as a function of gyration angle for the various mixtures.

Table 7.5 Contact points as a function of gyration angle

Mix type Angle CP CL
(0)
O Mean StDev Mean StDev Mean StDev
AC12.5 surf 50/70* 0.82 245 34 581 130 396 195
1.16 226 16 523 74 328 100
1.45 204 20 433 62 254 62
AC125surfPmB  0.82 91 11 420 100 344 72
(SBS) 1.16 78 24 389 159 268 177
1.45 87 10 415 78 288 77
AC20 base 50/70 0.82 118 28 260 100 115 119
1.16 116 13 267 39 118 37
1.45 110 11 230 30 106 28
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Table 7.6 Orientation as a function of gyration angle

Mix type Angle ) A
(0]
0 Mean StDev Mean StDev
AC12.5 surf 50/70% 0.82 104 14 9 4
1.16 98 8 12 5
1.45 75 16 11 6
AC125surf PmB  0.82 102 19 7 1
(SBS) 1.16 91 12 8 5
1.45 92 8 9 2
AC20 base 50/70 0.82 111 6 4 2
1.16 83 12 5 2
1.45 72 19 5 1

Table 7.7 Segregation as a function of gyration angle

Mix type Angle S. S|
(0]
0 Mean StDev Mean StDev
AC12.5 surf 50/70° 0.82 1 4 3 2
1.16 7 9 10 4
1.45 -2 5 4 3
AC125surf PmB  0.82 0 5 5 2
(SBS) 1.16 0 5 5 1
1.45 -5 4 5 4
AC20 base 50/70 0.82 -7 10 10 6
1.16 -3 9 6 7
1.45 0 11 9 2

In general, the contact-based indices seem to follow the same trend for all mixtures,
although results present some variance. Also, the effect of gyration angle on stone-to-
stone contact seems to be mixture dependent. For instance, in regard to the AC12.5 surf
50/70% mix the results demonstrated that when increasing the angle, the contact points
were successively decreased; the lowest number of proximity zones between aggregates
was reported for the angle of 1.45°. Mixed results were obtained in regards to the
remaining mixtures. Particularly, in regards to the AC20 base 50/70 the higher
connectivity between aggregates seems to be achieved for the angle of 1.16°, as specified
in the AASHTO standard, while using the same angle for the AC12.5 surf PmB (SBS)

mix less contact points seem to be obtained, compared to the other angles.
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With respect to predominant orientation angle (9), it was found that the increase in
gyration angle leads to reduction of the orientation angle; this trend was more
pronounced with respect to the AC12.5 surf 50/70* and AC20 base 50/70 mixtures.
Moreover, the transition from the standard angles of 0.82° and 1.16°, where aggregates
tend to align in a circumferential direction, results in a more random orientation of
aggregates towards 70°. Examining the orientation parameter A results, generally high
values were noted, except for the AC20 base 50/70 mix, hence further indicating the
aggregates tendency to orientate towards the identified angles.

Segregation parameter S_ values range up to about +10% for most gyratory
specimens, whereas in few cases values up to +15% were observed. The above results
indicate that the gyratory compaction produces rather non homogeneous specimens,
while the almost equal number of positive and negative S, values implies that there is no
specific trend for the coarser aggregates’ movement towards the inner or outer region of
the specimen. Also, the effect of the gyration angle was found to be dependent on the
mixture’s type.

Tables 7.8-7.10 tabulate the analysis results regarding the aggregates contact points,

orientation and segregation as a function of compaction temperature.

Table 7.8 Contact points as a function of compaction temperature

Mix type Temp CP CL CLB

(°C)

Mean StDev Mean StDev Mean StDev

AC12.5 surf 50/70% 135 232 30 557 106 378 144

150 218 28 467 92 273 108
AC125surfPmB 130 87 14 444 83 321 96
(SBS) 160 84 19 372 123 279 133
AC20 base 50/70 135 126 14 275 67 141 82

150 104 13 230 49 85 33

The contact-based indices seem to follow the same trend for all mixtures, although
results present some variance. The results indicate that the increase in compaction

temperature reduces the proximity zones between aggregates.
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Table 7.9 Orientation as a function of compaction temperature

Mix type Temp ) A

(°C)

Mean StDev  Mean StDev

AC12.5 surf 50/70* 135 95 18 9 4

150 89 18 11 6
AC125surfPmB 130 101 12 7 3
(SBS) 160 88 13 9 2
AC20 base 50/70 135 89 26 5 1

150 89 16 5 2

Table 7.10 Segregation as a function of compaction temperature

Mix type Temp SL ISi|

(°C)

Mean StDev  Mean StDev

AC12.5 surf 50/70* 135 1 6 5 3

150 3 8 6 6
ACl125surfPmB 130 -2 7 6 3
(SBS) 160 -2 4 4 1
AC20 base 50/70 135 -3 11 9 6

150 -4 9 8 5

Specimens compacted at higher temperatures presented lower orientation angles,
although temperature didn’t seem to influence significantly the aggregates directional
distribution. Moreover, compaction at higher temperatures led to a more pronounced
preferred aggregate orientation within the mix. Also, variation of compaction
temperature did not seem to have substantial effect on lateral segregation.

Tables 7.11-7.13 summarize the analysis results regarding the aggregates contact
points, orientation and segregation as a function of specimen (initial) diameter.

Table 7.11 Contact points as a function of specimen (initial) diameter

Mix type Dia CP CL CLB
(mm)
Mean StDev Mean StDev Mean StDev
AC12.5 surf 50/70* 100 241 28 567 108 401 139
150 208 19 457 76 251 79
AC125surfPmB 100 95 10 474 68 373 74
(SBS) 150 76 15 342 101 227 98
AC20 base 50/70 100 123 16 290 62 144 81

150 106 15 215 31 82 31
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Table 7.12 Orientation as a function of specimen (initial) diameter

Mix type Dia ) A

(mm)

Mean StDev  Mean StDev

AC12.5 surf 50/70* 100 83 16 9 4

150 102 14 12 5
AC125surfPmB 100 97 9 8 2
(SBS) 150 93 18 8 4
AC20 base 50/70 100 79 24 4 1

150 98 14 6 1

Table 7.13 Segregation as a function of specimen (initial) diameter

Mix type Dia S|_ |S|_|

(mm)

Mean StDev Mean StDev

AC12.5 surf 50/70% 100 2 7 5 5

150 2 7 6 4
AC125surfPmB 100 -1 5 6 2
(SBS) 150 -3 6 6 3
AC20 base 50/70 100 -6 10 9 7

150 -1 9 8 4

With respect to the specimen diameter, the results have indicated a significantly
higher number of contact points and longer contact lengths for the as-compacted 100mm
specimens, compared to the cored 100mm -from larger 150mm- specimens. Regarding
the dense-graded mixes, namely the AC12.5 surf 50/70* and AC20 base 50/70 mixtures,
the aggregates in the cut/cored specimens were orientated at a higher angle, while the
opposite was found for the open-graded mix. A narrow distribution of aggregate
orientation values and tendency of aggregate orientation to a particular angle was
observed for these specimens as well, as suggested by the higher values of parameter A.
The segregation analysis results indicate minor variations with respect to the specimen
diameter.

A detailed statistical analysis was performed to evaluate the significance of the ef-
fect of different variables on the gyratory specimens’ internal structure indices. Main

compaction parameters were investigated at 95% confidence interval by means of



172 | Internal structure

Analysis of variance (ANOVA) test and the results are tabulated in terms of p-values in
Table 7.14.

Table 7.14 P-values of gyratory compaction factors for image indicators in each mixture

Mix type Factor Contact points Orientation ~ Segrega
tion

CP CL CLB d A S|

AC12.5 surf 50/70° Angle .020 .014 141 .001 .736 073

Temp 147 020 .07r7 179 448 .858
Dia .007 008 .021 .001 .265 .842

ACI25surf PmB (SBS)  Angle 422 875 501 480 542 847
Temp 662 206 .448 122 199  .196
Dia  .037 .039 .026 .54 .934 .38l

AC20 base 50/70 Angle  .620 514 963 .001 392 541
Temp .009 132 163 1.000 .456 749
Dia 026 026 .134 .009 .031 124

The analysis reveals that the specimen’s diameter affects significantly both the
aggregates’ contact points and its orientation; in general this was consistent for all
mixtures tested. Moreover, gyration angle was found to influence significantly the
orientation angle, and to a lesser extent the contact points (only for the case of AC12.5
surf 50/70* mix). The compaction temperature seems to have some effect on contact
points, particularly for the dense-graded mixtures.

7.3.3 Roller compaction

Specimens compacted using the roller compactor and varying the compaction mode,
effort (number of passes) and temperature, as already presented in Ch.4, were further
tested to assess their microstructure’s properties.

Tables 7.15-7.17 tabulate the analysis results regarding the aggregates’ contact

points, orientation and segregation as a function of compaction mode.
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Table 7.15 Contact points as a function of compaction mode

Mix type Mode CP CL CLB
Mean StDev Mean StDev Mean StDev
AC12.5 surf PmB S 82 23 460 120 330 154
(SBS) SV 98 28 499 114 416 147
Vv 95 11 600 100 506 140
VS 102 15 587 115 520 131
AC20 base 50/70 S 189 79 468 242 321 235
SV 181 41 453 150 292 155
Vv 182 24 431 75 273 95
VS 158 36 362 126 195 128
Table 7.16 Orientation as a function of compaction mode
Mix type Mode ) A
Mean StDev  Mean StDev
AC12.5 surf PmB S 96 34 2 1
(SBS) SV 87 26 2 1
Vv 71 27 2 1
VS 93 20 2 1
AC20 base 50/70 S 93 16 4 1
SV 104 22 3 1
\Y/ 86 16 3 1
VS 65 15 3 1
Table 7.17 Segregation as a function of compaction mode
Mix type Mode SL S|
Mean StDev  Mean StDev
AC125surfPmB S -3 4 5 2
(SBS) SV 0 10 7 5
Vv 2 4 3 2
VS -11 8 11 7
AC20 base 50/70 S 0 5 4 2
SV 0 4 3 2
Vv -6 8 7 6
VS -2 7 4 5
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The results regarding the contact-based indices indicate slight variability with
respect to the compaction mode. It is worth noting that, regarding the AC12.5 surf PmB
(SBS), the highest and lowest proximity zones were induced respectively by the
vibratory-static and static mode. Converse effect was observed for the AC20 base 50/70
mix, where the static mode was found superior compared to the other compaction modes
in terms of aggregates connectivity. Hence, the mode of compaction appears to influence
the contacts between aggregates of different mix designs (namely dense- and open-
graded mixtures).

With respect to predominant orientation angle (3), considering the wide variation of
results it can be concluded that the different compaction modes did not induce a
substantial effect on aggregates arrangement. In general, for all modes of compaction
average predominant angles close to 90° were reported; combined with the low severity
A values, this is fairly indicative of aligning the aggregates concentric to the perimeter.
Departure from this trend showed the vibratory and vibratory-static mode regarding,
respectively, the AC12.5 surf PmB (SBS) and AC20 base 50/70 mixtures, which tend to
orient the aggregates to around 70°.

Segregation parameter S values range up to about £10% for most roller-compacted
specimens. No discernible trend was observed with respect to the compaction modes
independent of the mixture type studied.

Tables 7.18-7.20 tabulate the analysis results regarding the aggregates contact
points, orientation and segregation as a function of compaction effort (namely number of

passes).

Table 7.18 Contact points as a function of compaction effort

Mix type Effort CP CL CLB
Mean StDev Mean StDev Mean StDev
AC125surfPmB 90 96 13 583 104 522 96
(SBS) 110 87 24 466 130 361 184
130 100 20 560 120 447 166
AC20 base 50/70 70 167 47 398 134 248 143
90 185 54 451 181 281 182

110 181 51 436 179 281 182
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Table 7.19 Orientation as a function of compaction effort

Mix type Effort ) A
Mean StDev Mean StDev
AC125surfPmB 90 96 26 2 1
(SBS) 110 79 26 2 1
130 85 31 2 0
AC20 base 50/70 70 89 27 3 1
90 95 20 3 1
110 77 15 4 1
Table 7.20 Segregation as a function of compaction effort
Mix type Effort SL ISi|
Mean StDev Mean StDev
AC125surfPmB 90 -2 7 5 4
(SBS) 110 -4 12 9 7
130 -4 5 5 4
AC20 base 50/70 70 -4 8 6 6
90 -2 7 5 4
110 0 4 3 2

In general, the compaction effort seems to have some influence on the contacts
between aggregates. However, the trend observed is not similar for both mixtures. For
instance, regarding the AC12.5 surf PmB (SBS) the highest proximity zones were
induced for the low number of compaction passes (i.e. 90). Within the same mix,
additional passes appear to affect negatively the aggregates contact formation. With
regard to the AC20 base 50/70 mix the lowest compaction effort induced the lowest
aggregate proximity zones; additional passes appeared to enhance the connectivity
between aggregates.

The evaluation of the aggregates orientation was based on the parameters of the
predominant angle of aggregate orientation (8), and the level of severity (A) estimated
from the harmonic fit of the orientation spectrum. This evaluation is tabulated in Table
7.19. Although variance is observed the reported (mean) predominant angles tend to
approximate 90°, indicating that aggregates tend to align circumferentially in a radial

fashion.
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Segregation parameter S values range up to about £10% for most roller-compacted
specimens. The degree of segregation decrease as the roller passes considered increases
for the AC20 base 50/70 mix, while for the AC12.5 surf PmB (SBS) mix the highest
degree of segregation is indentified for the intermediate compaction effort.

Tables 7.21-7.23 tabulate the analysis results regarding the aggregates contact

points, orientation and segregation as a function of compaction temperature.

Table 7.21 Contact points as a function of compaction temperature

Mix type Temp CP CL CLB
(°C)
Mean StDev Mean StDev Mean StDev
AC125surfPmB 130 88 22 503 120 423 141
(SBS) 160 101 19 570 125 463 179
AC20 base 50/70 135 214 41 552 127 397 129
145 140 30 305 98 143 97

Table 7.22 Orientation as a function of compaction temperature

Mix type Temp ) A
(°C)
Mean StDev Mean StDev
AC125surfPmB 130 103 27 2 1
(SBS) 160 71 21 2 1
AC20 base 50/70 135 85 19 4 1
145 89 25 3 1

Table 7.23 Segregation as a function of compaction temperature

Mix type Temp SL S|
(°C)
Mean StDev Mean StDev
AC125surfPmB 130 0 8 6 5
(SBS) 160 -6 8 8 6
AC20 base 50/70 135 -1 6 4 4
145 -3 7 5 5

From Table 7.21, considerable impact on aggregates contact points is observed for
both mixtures in respect to the compaction temperature. However, mixed effect is
identified. For the open-graded mix designed with PmB, the elevated compaction

temperature (160°C) considered in this study enhanced aggregate packing. In contrast,



177 | Internal structure

for the conventional bitumen-based mix the increase of the compaction temperature from
135°C to 145°C led to a significant decrease of contact points.

The predominant angle of aggregate orientation (8) and the level of severity (A) for
all compaction temperatures were calculated. According to the results shown in Table
7.22, the orientation angles are significantly different for the different compaction
temperatures considered for the AC12.5 surf PmB (SBS) mix, following a decreasing
trend from 130°C to 160°C. The average angle values of around 100° and 70° indicate a
more random directional distribution of aggregates. In case of the AC20 base 50/70 mix,
the average orientation angles combined with the low severity A values indicate that the
aggregates are aligned in a circumferential direction.

On the basis of segregation S; values shown in Table 7.23, the results show no
evidence of considerable segregation as the values range up to about 5% for most
roller-compacted specimens. Also, marginal increase of average S, values is observed
for compaction temperature increase for both mixtures.

A detailed statistical analysis was performed to evaluate the significance of the ef-
fect of different variables on the roller specimens’ internal structure indices. Main
compaction parameters were investigated at 95% confidence interval by means of
Analysis of variance (ANOVA) test and the results are tabulated in terms of p-values in
Table 7.24.

Table 7.24 P-values of roller compaction factors for image indicators in each mixture

Mix type Factor Contact points Orientation ~ Segrega
tion
CP CL CLB d A S|

AC12.5 surf PmB (SBS)  Mode 951 387 285 452 111 .988
Effort  .552 A57 152 412 242 330
Temp 189 190 .533 .008 737 .500

AC20 base 50/70 Mode .785 899 885 .822 .345 .168
Effort  .640 .704 841 .366 .064 454
Temp .000 .000 .000 .658 173 717

The analysis reveals that the compaction temperature affects significantly both the
aggregates’ contact points and orientation; this was particularly demonstrated for the

dense-graded AC20 base 50/70 mix. For this mix, compaction effort also seems to
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marginally affect the predominant orientation angle (8) of aggregates. Moreover, it was
found that the compaction mode did not have any statistically significant effect on the

internal structure of roller-compacted specimens.

7.3.4 Comparison to field compaction

Field-compacted specimens were also analyzed to evaluate their internal structure’s
characteristics and to compare them with the laboratory-compacted specimens. The
results derived from the image analysis regarding the contact points, orientation and

segregation are summarized in Tables 7.25-7.27, respectively.

Table 7.25 Contact points of field cores

Mix type CP CL CLB
Mean StDev  Mean StDev Mean StDev
AC12.5 surf 50/70% 99 15 178 34 43 13
AC12.5 surf PmB (SBS) 78 13 431 81 307 98
AC20 base 50/70 89 14 157 24 40 16

Table 7.26 Orientation of field cores

Mix type o A

Mean StDev  Mean  StDev
AC12.5 surf 50/70° 89 16 6 3
AC12.5 surf PmB (SBS) 90 12 8 3
AC20 base 50/70 88 17 6 4

Table 7.27 Segregation of field cores

Mix type SL |S|_|

Mean StDev  Mean  StDev
AC12.5 surf 50/70° 2 7 6 2
AC12.5 surf PmB (SBS) 0 7 6 2
AC20 base 50/70 -1 9 6 5

Examining the results, it can be argued that the variation of contact points observed
between the mixtures studied, with the AC12.5 surf PmB (SBS) mix presenting
significantly higher proximity zones between aggregates compared to the other mixtures,

may be attributed to the mix gradations. However, orientation angle data indicate that
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field compaction induces, in general, concentric orientation of the aggregates (5=90°)
for all mixtures. Furthermore, the spatial distribution of aggregates in field cores
presented low levels of segregation, as the S values ranged up to £6% independent of
the mixture studied. In light of the above, it can be concluded that the field compaction
produces similar internal structure in the paving mixtures studied.

To highlight the differences in microstructure induced due to various compaction
methods, both lab and field, box-plot graphs were developed for each image-based
indicator. Figures 7.8-7.10 illustrate the contact-based indicators with respect to the
compaction methods.
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o Median [J 25%-75% T Min-Max

Fig. 7.8 Contact points as a function of compaction methods
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Fig. 7.9 Contact length as a function of compaction methods
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Fig. 7.10 Contact length in branches as a function of compaction methods
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Clear differences in the aggregates contact-based indicators were identified between
the field and laboratory compaction methods. Results indicated fewer contacts between
aggregates in field-compacted specimens relative to laboratory-compacted specimens
independent of the mixture type. In most cases, the aggregates proximity zones within
the Marshall specimens appear to deviate from field cores more than the other
laboratory-compacted specimens. Conversely, the gyratory specimens of mixtures
AC12.5 surf PmB (SBS) and AC20 base 50/70 seem to better approximate the aggregate
contacts identified within the field cores. Also, the aggregate structure parameters related
to the roller-compacted specimens falling in-between and appear to be in some extent
comparable to those of field cores, although the results show some variations.

Figures 7.11-7.12 illustrate the orientation indicators with respect to the compaction
methods. Moreover, the segregation results are illustrated in Fig. 7.13.

AC12.5 surf 50/702 AC12.5 surf PmB (SBS)
150
120
WO 0 O o []
60
30
Marshall Gyratory  Roller Field Marshall Gyratory  Roller Field
2]
AC20 base 50/70
150
120
60

Marshall Gyratory  Roller Field

Compaction method
o Median [] 25%-75% | Min-Max

Fig. 7.11 Orientation angle (8) as a function of compaction methods
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Fig. 7.13 Segregation (S, ) as a function of compaction methods




183 | Internal structure

Comparative evaluation of the predominant angle (in terms of the median values) of
approximately 86° of field cores relative to the various laboratory compaction methods
indicates that this aggregate orientation is most closely reproduced by the gyratory and
roller compactors. Also, the severity A results (with a median value 6.1) indicated that
field cores show preferred orientation towards the specified predominant angle of 86°.
This trend seems to be better represented from the gyratory compaction method with an
average severity of 7.8. Both Marshall and roller show low severity values (close to 3),
which imply that these methods have lower tendency to orient the aggregates towards
particular angle.

Regarding the spatial distribution of aggregates, the overall results indicate that
roller compaction better reproduced the field compaction in terms of the S, values.
Gyratory compaction seems to produce more segregated specimens than field cores,
particularly with increasing NMAS, while more segregation of aggregates caused by
using the Marshall compactor. It can be argued that the segregation observed in
gyratory-compacted specimens is induced, mainly, from the rotational movement the
gyratory. Also, it can be plausibly hypothesized that the specimen preparation plays
some role in the spatial distribution of aggregates. This is more obvious for the mould-
based compaction methods (namely gyratory and Marshall). For instance, when filling
the moulds with asphalt material, clusters of coarser aggregates may be positioned across
its perimeter without being able to move due to the mould wall restrictions.
Correspondingly, it should be mentioned that the coring process in terms of the locations
selected along the surface of the slab may has affected the results regarding the roller-
compacted specimens.

It is worth noting that the above results correspond to the full spectrum of
compaction variables considered for each laboratory method. In other words, various
combinations of compaction parameters are included within this analysis. To find out the
combination of compaction parameters that offer the best approximation of the aggregate
structure induced by the field compaction a more detailed investigation is needed.

Figure 7.14 shows the comparison of Marshall and field compaction effect on each
internal structure indicator. Line plots show the effect of the compaction temperature on

the mean values of Marshall specimens’ contact points, orientation and segregation,
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while a horizontal line represents the field compaction as the mean value of field core
specimens.

Accordingly, the comparative evaluation between the gyratory and field compaction
is illustrated in Fig. 7.15. For this case, taking into consideration the statistical analysis
results which demonstrated that the specimen (initial) diameter and angle of gyration
were the most significant parameters in influencing the aggregate structure of gyratory
specimens, evaluation of the interaction of these key parameters relative to the field
compaction-based internal structures was performed (Georgiou et al. 2016). Also, the
mixed effect of compaction temperature and effort on the internal structure of roller

specimens relative to the field cores is illustrated in Fig. 7.16.
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Overall, the results indicate that different compaction methods and regimes induce
variable microstructures. Within each compaction method, variation of the compaction
regime (temperature or/and effort) it appears to affect the mechanism related to the
aggregate mobility during compaction and the corresponding aggregate packing
formation. Researchers argue that mastic (bitumen and mineral filler) viscosity is the
controlling factor for particle arrangement and packing level (Sefidmazgi and Bahia
2014). This explains, for instance, the diversity of aggregate packing evolution with
compaction temperature increase for the dense-graded mixtures compacted using the
Marshall compaction method. Particularly, at the same compaction temperature (i.e.,
135°C) the maximum and minimum packing level is achieved, respectively, for the
AC12.5 surf 50/70* and AC20 base 50/70 mixtures. This further indicates that for each
mixture varying compaction regimes may be suggested, due to the impact of mastic
viscosity and compaction conditions on aggregate structure, to simulate, as closely as
possible, the aggregate structure induced by the field compaction.

Comparing Marshall specimens and field cores, the results indicate differences
between aggregate contacts, as shown in Fig. 7.14. Particularly, more stone-to-stone
contacts are identified in Marshall specimens. However, for some compaction
temperatures the differences shall be reduced. For instance, compaction at 135°C
produces Marshall specimens that appear to approximate the aggregates contacts of field
cores for the AC12.5 surf 50/70% and AC20 base 50/70 mixtures. Compaction at 140°C is
better reproducing the aggregates contacts of field cores for the AC12.5 surf PmB (SBS)
mix. Regarding the aggregates orientation, the best simulation to the field cores in terms
of the parameters 6 and A was achieved again for the temperatures discussed earlier.
Mixed results were obtained with respect to the segregation analysis. Compaction at
145°C, 150°C and 135°C induce similar aggregate spatial distribution of Marshall
specimens relative to the field cores, respectively, for the AC12.5 surf 50/70%, AC12.5
surf PmB (SBS) and AC20 base 50/70 mixtures. Summarizing, it can be argued that
compaction at 135°C for the AC12.5 surf 50/70* and AC20 base 50/70 mixtures along
with compaction at 140°C for the AC12.5 surf PmB (SBS) mix results in the best

approximation of field compaction.
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Moreover, measurements of aggregate contact points have shown that, in most
cases, gyratory specimens have more stone-to-stone contacts than field cores. This is
more pronounced with respect to AC12.5 surf 50/70* mix, as illustrated in Fig. 7.15.
However, differences are not significant for the remaining mixtures. The results indicate
that cut/cored- from larger 150mm- gyratory specimens compacted at angle 1.45° had
the closest approximation to the aggregates contacts of field cores. Regarding the
orientation angle, the best simulation to the field cores was achieved again following
cutting/coring process of gyratory-compacted specimen at angle 1.45°. Segregation
analysis showed that compaction at angles 0.82° and 1.45° along with cutting/coring the
150mm specimens gave the best results in duplicating the field conditions. Overall, the
results above demonstrated that the 1.45° angle of gyration along with coring a 150mm -
to obtain a 100mm- diameter specimen would better simulate the internal structure of
field cores.

Regarding the roller-compacted specimens, the results indicate some differences in
terms of aggregate contacts compared to the field cores. However, there are several
combinations which approximate the aggregates contacts occurrences of field cores, as
demonstrated in Fig. 7.16. For instance, specimens subjected to compaction effort of 110
roller passes at temperature of 130°C seem to better reproduce the internal structure of
field cores for the AC12.5 surf PmB (SBS) mix. Field conditions may be also
reproduced for compaction at 160°C and 90 roller passes. With regard to the AC20 base
50/70 mix, the compaction effort of 110 passes along with compaction temperature of
145°C was found to be the best compaction regime in approximating the aggregate
contacts of field cores. Considering the low A values, it can be argued that the
aggregates’ orientation within the roller specimens of both mixtures is comparable to
that of the field cores for the basic compaction regimes discussed earlier. Additionally, it
could be stated that for the case of AC20 base 50/70 mix, specimens subjected to
compaction effort of 90 passes at temperature of 135°C also represent the aggregates
orientation distribution within the field cores. Segregation analysis showed that using the
roller compactor several combinations may be followed to approximate the field
compaction in terms of the S values. This manifests that roller and field compaction

methods induce similar aggregate spatial distribution. Based on the above, it can be
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argued that compaction at 130°C and 145°C along with compaction effort of 110 passes
better reproduces the aggregate structure induced by the field compaction. Alternatively,
field conditions may be also approximated for compaction at 160°C and 90 roller passes,
and compaction at 135°C and 90 roller passes, respectively, for the AC12.5 surf PmB
(SBS) and AC20 base 50/70 mixtures.



8. Relationship between mixture internal
structure and mechanical properties

8.1 Introduction

In a follow up level, this Chapter discusses the interrelation between the asphalt mix
microstructure and mechanical properties. Particularly, the relationship between HMA
stiffness (Chapter 5), rut resistance (Chapter 6) and microstructure properties in terms of
image analysis-based indices (Chapter 7) is investigated. To achieve this objective the
analysis methodology followed consists of simple correlations along with regression
models, particularly General Linear Models (GLM). In the following sections, the

analysis results are demonstrated and discussed.

8.2 Results and discussion
8.2.1 Effect of aggregate contact points on the mechanical properties

The correlation between the stiffness modulus and high temperature IDT strength and
aggregates contacts in terms of the various microstructure indices for the Marshall
specimens is shown, respectively, in Fig. 8.1 and 8.2. To clearly demonstrate the impact
of connectivity between aggregates on the asphalt specimens’ mechanical properties, a
linear trend was fitted to the experimental results for each mixture. The correlation plots
show that the increase in the number of proximity zones between aggregates (i.e., CP
indicator) increases the stiffness modulus. In general, the results show variation and
hence the R® values are very low, however the general trend observed seems to be
reasonable. Similar findings were found with respect to IDT strength and aggregates’
contact points. It is worth mentioning that the enhanced stiffness and rut resistance
behavior of Marshall specimens due to the higher aggregate packing is more pronounced
for the AC12.5 surf PmB (SBS) mixture, which consists of a semi-open aggregate
gradation. Hence, for this mixture it seems that the stiffness and rut resistance
performance due to Marshall compaction is controlled by the development of
mechanical interlocking of the aggregate structure through stone-to-stone coarse

aggregate contacts.
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Accordingly, Fig. 8.3-8.8 illustrate the correlations between the stiffness and IDT
strength and the indicators of aggregates’ contacts for the gyratory-, roller- and field-
compacted specimens, respectively.

Regarding the gyratory specimens, the results indicate higher correlations compared
to the Marshall specimens between the mechanical properties and indicators related to
aggregates’ contacts. This is supported from the increased R? values independent of the
indicator considered. Hence, it is arguable between CP, CL and CLB, which index better
characterizes the performance of mixtures. It is interesting to note that for some mixtures
the stiffness modulus and high temperature IDT strength is very sensitive to the variation
of proximity zones between aggregates. For instance, it can be seen that the increase of
contact points from around 90 to 130 for the AC20 base 50/70 mix leads to an increase
of modulus and IDT strength, respectively, from 6700 MPa to 11700MPa and 350 KPa
to 490 KPa. Therefore, it can be concluded that the increase of aggregate packing and
interlocking in the gyratory specimen results in significantly improving its mechanical
performance.

No discernible trend is observed regarding the roller-compacted specimens of the
various mixtures. Significant scatter of results is observed for both the aggregate
contacts and mechanical properties within each mixture. However, by examining the
contact points occurrences between the mixtures studied, it appears that the higher
stiffness modulus and IDT strength values of AC20 base 50/70 are associated to the
higher number of proximity zones identified.

Comparing the various compaction methods, the highest correlation between micro-
structural aggregate contacts indices and mechanical properties of mixtures was
observed for the field compaction. On the basis of the R? values obtained, variance of
results up to 87% can be explained. The correlation plots show that there is an increasing
trend between the aggregates contacts and stiffness-IDT strength especially for the
AC12.5 surf 50/70* and AC20 base 50/70 mixtures. Results also demonstrate that a
change of contact length indicators significantly changes the stiffness and rut resistance
characteristics of the field-compacted specimens. No meaningful results were obtained
with regards to the AC12.5 surf PmB (SBS).
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8.2.2 Effect of horizontal orientation angle on the mechanical properties

The effect of horizontal orientation angle on the stiffness modulus and high temperature
IDT strength for the Marshall specimens is shown respectively, in Fig. 8.9 and Fig. 8.10.
The results show variation and hence the R? values are low; also, mixed effect is
observed with respect to the various mixtures. The correlation plots demonstrate an
increasing trend between the predominant orientation angle & and mechanical properties
for the AC12.5 surf 50/70% and AC20 base 50/70 mixtures; on the contrary a decreasing
trend is shown for the AC12.5 surf PmB (SBS). However, it is interesting to note that the
lowest values of stiffness and IDT strength for all mixtures correspond to specimens
with aggregates orientated in circumferential direction (i.e., §=90°). The range of A

values of each mixture is very narrow and hence no valid conclusions can be drawn.
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The correlation between the stiffness and IDT strength and aggregates’ orientation
indicators, respectively, for the gyratory-, roller- and field-compacted specimens are
illustrated in Fig. 8.11-8.16.



203 | Relationship between mixture internal structure and mechanical properties

18000 — -
© AC12.5 surf 50/70% R*=0.198
16000 0 AC12.5 surf PmB (SBS); R*=0.011
S A AC20 base 50/70; R*=0.035
14000 2
= .
(-5
2. 12000
w
=
S 10000
(=]
£
2 8000
2
=
Z 6000
4000
2000
40 50 60 70 80 90 100 110 120 130
)
18000 -
~0 AC12.5 surf 50/70% R*=0.002
po_— 0. AC12.5 surf PmB (SBS); R?=0.013
“A AC20 base 50/70; R*=0.327
___ 14000 2
£ 12000}
w
=
3 10000 f----
(=}
=}
% 8000
2
=
Z 6000
4000

2000
0

Fig. 8.11 Correlation of stiffness with indicators of aggregates’ orientation for gyratory specimens



204 | Relationship between mixture internal structure and mechanical properties

900
"O. ACI2.5 surf 50/70% R=0,182
‘0. AC12.5 surf PmB (SBS); R*=0.024
800 ° *8. AC20 base 50/70; R%=0.009
700~
— - - o 0 o
g To
2 600
<] Sy
2 o e,
§ 500 « ® 0T
E . ﬂ__ __?-__l:_’___P.‘.',:-l-::-'
= 400 coiroeeeee e o R = ) A0 =
__________________ I R BT LT St
Iy &% o A
300 4
200
40 50 60 70 80 9 100 110 120 130
)
900
“a ACI12.5 surf 50/70a; R*=0.001
8001 u AC12.5 srf PmB (SBS); R*=0.050  ©
& AC20 base 50/70; R*=0.090
700 i
. o
6: (=]
¥ 600
-
o 2 o
% 500 A o 9 o
P . 5.1 8 %o
= 400 g R = R = | B iy o e o
A é“'"n‘-.____ ﬂ:' """""
AATt---. 0 o
300 i
200
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Regarding the gyratory specimens, the results show scattering for all mixtures; this
explains the low R? values obtained. Also, mixed effect is again observed with respect to
the various mixtures. The correlation plots between the predominant orientation angle 6
and stiffness- IDT strength show a decreasing trend for the AC12.5 surf 50/70° as
opposed to the AC12.5 surf PmB (SBS) mix. Moreover, variation of orientation angles
in the specimens of AC20 base 50/70 mix seems to marginally influence their stiffness
and rut resistance properties. As with Marshall specimens, the results do not reveal any
specific trend regarding the severity A and stiffness- IDT strength values of gyratory

specimens.
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Fig. 8.14 Correlation of IDT strength with indicators of aggregates’ orientation for roller specimens

Regarding the roller specimens, no clear trend can be identified between the
mechanical properties and aggregates’ orientation angles. Although directional
distribution of aggregates in roller specimens varies widely, as also supported from the
narrow range of severity A values, this variation does not seem to significantly influence
the stiffness modulus of the various mixtures. This explains the almost zero values for
the R% On the contrary, the results demonstrate that there is some influence of the
preferred orientation angle on the high temperature IDT strength of the AC12.5 surf

PmB (SBS) mix.
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Fig. 8.16 Correlation of IDT strength with indicators of aggregates’ orientation for field cores

No discernible trend is observed between the predominant orientation angle and
mechanical properties of the field-compacted specimens. This is probably due to the
narrow range of stiffness and IDT strength values of each mixture. However, it can be

seen an increasing trend between the severity A and stiffness- IDT strength for the field

cores.
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8.2.3 Effect of radial segregation on the mechanical properties

The effect of radial segregation on the mechanical properties of specimens fabricated

using Marshall, gyratory, roller and field compaction is shown in Fig. 8.17-8.24.
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Fig. 8.20 Correlation of IDT strength with aggregates segregation for gyratory specimens
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Fig. 8.24 Correlation of IDT strength with aggregates segregation for field cores

In general, the spatial distribution of aggregates in terms of the S, parameter does
not seem to influence the stiffness modulus irrespective of the compaction method used
for specimen fabrication. Comparing the various compaction methods, it can be argued
that the most influential method in stiffness modulus changes due to the aggregates
spatial distribution seem to be the field compaction method. In this case, more
segregation seems to affect negatively the stiffness modulus. This trend is more
pronounced evaluating the relationship between the spatial distribution of aggregates and

high temperature IDT strength for all compaction methods, except for the Marshall. For
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this method, aggregates segregation within the specimen seems to positively affect the

rut resistance characteristics.

8.24 GLM analysis

Furthermore, an analysis of variance (ANOVA) on the experimental datasets was
performed using a general linear model to determine which internal structure indicators
significantly contributed to the stiffness modulus and high temperature IDT strength
results. The GLM fits a model to the variables that have been specified and tests the
significance of a variable when entered in the model; in this study, analysis was
performed at 95% confidence level. The p-values of all microstructure indicators with
respect to stiffness and IDT strength independently for each compaction method are
reported, respectively, in Tables 8.1 and 8.2. It should be noted that a variable is
considered to be statistically significant at a 95% confidence level, when its p-value is
lower than 0.05.

Table 8.1 Stiffness and internal structure GLM results (p-values) for all compaction methods

Compaction CP CL CLB A SL

method

Marshall .631 958 876 .270 .221 .657
Gyratory .000 030 .047 129 .104 478
Roller .000 374 535 .296 .568 .902
Field .264 384 696 .857 496 .879

Table 8.2 IDT strength and internal structure GLM results (p-values) for all compaction methods

Compaction CP CL CLB o A SL

method

Marshall 522 693 .659 .332 478 .803
Gyratory .010 343 .093 .208 .888 .613
Roller .003 678 950 .003 .312 .164
Field 129 441 649 835 .966 .678

The analyses results indicate that several parameters have a statistically significant
impact on the mechanical properties of compacted specimens. Regarding the Marshall
specimens, none of the internal structure indicators considered seems to be significant in

affecting the stiffness modulus and high temperature IDT strength. This was also
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concluded for the field-compacted specimens. However, with regards to the gyratory-
compacted specimens all parameters representing the connectivity between aggregates
were found to significantly affect the stiffness modulus. For these specimens, it is also
worth noting that the predominant orientation angle was found to be a marginally
significant factor. Also, the number of proximity zones between aggregates was found to
affect significantly the rut resistance characteristics of gyratory specimens. Significant
impact of this indicator was also found with respect to the stiffness properties of roller-
compacted specimens. In addition, it was further demonstrated that the rut resistance
behavior of these specimens is strongly influenced by the number of contact points and
the preferred orientation angle of aggregates.

Summarizing, it can be argued that the indicators representing the aggregate’s
contacts and packing within the mixtures structure, especially for the gyratory- and
roller-compacted specimens, appear to provide essential information in terms of
characterization of the stiffness and rut resistance performance of mixtures studied.
Hence, it is believed that image analysis can assist in optimizing the compaction
conditions on the purpose to improve the aggregate structure formation and the

corresponding mechanical properties of asphalt mixtures.



9. Skid resistance

9.1 Introduction

Road agencies internationally specify that after final compaction on site the surface
course of asphalt pavement shall be tested for compliance to construction specifications,
including, among others, the surface macrotexture. Although macrotexture, which
significantly contributes to the skid resistance during the pavement service life, has been
recognized as an essential characteristic of asphalt material, so far no standardized
methodology that enables the reliable estimation of pavement surface texture
characteristics from laboratory testing is available. For instance, the European standard
(EN 13108) is limited to provide guidance to fulfill requirements related only to grading
envelope, binder content (minimum value) and void content (minimum-maximum
values) of asphalt mixtures. Following these guidelines or through past experience
practitioners and engineers involved with mixtures design assume that eventually after
compaction on site of the surface course mixture the requirements for initial texture
depth will be fulfilled. In this respect, practitioners and engineers, however, are not able
a priori, during the mix design process, to quantify and assure the relative texture
requirements. The importance to incorporate the skid resistance evaluation in the asphalt
mix design practices implies that the asphalt surface characteristics of specimens
produced in the laboratory may be considered representative of the real mixture in-situ.
Therefore, a laboratory testing procedure capable of assessing reliably, as accurately as
possible, the texture characteristics of a mixture in the laboratory before its installation
as a surface course layer needs to be developed. In such framework, the laboratory
compaction method seems to be a critical component to guarantee that the surface
morphological properties of fabricated specimens are representative of the field values of
the same mixture.

Under this view, it should be pointed out that the impact (Marshall) compaction
method cannot be considered a potential candidate for such investigation. This method,
which encompasses the asphalt mix to be placed into a defined mould and then

compacted with the impact of a steel hammer, does not mimic the movement of a roller



216 | Skid resistance

during compaction and has been recognized as being the most severe mode of laboratory
compaction in terms of potential aggregate degradation (Airey et al. 2008). This is
supported from the higher connectivity between aggregates of Marshall specimens in the
horizontal direction compared to field-compacted specimens, as demonstrated in Chapter
7. So, it seems reasonable to hypothesize that the aggregate degradation (breakdown)
induced during compaction may affect the microtexture properties. Also, this research
indicated the trend of this laboratory compaction method to induce lateral segregation of
aggregates, as opposed to field compaction, which may be argued to affect the
macrotexture properties. In light of the above, it can be speculated that the Marshall
compaction cannot mimic the surface texture morphology induced from field
compaction. Gyratory compaction could be potentially included as candidate,
recognizing that this mould-based compaction method creates both normal and shear
forces in the mixture which appears to better reproduce the field compaction conditions,
as opposed to the impact compaction. However, it was previously demonstrated (in
Chapter 7) that the distribution of aggregates induced by gyratory compaction method
also differs, although clearly to a lesser extent compared to the impact compaction, from
the field-compacted specimens. This possibly explains the findings from previous
research which indicated that the gyratory compaction is not representative, from a
frictional point of view, of the field compaction (Goodman et al. 2006; Boscaino et al.
2009). Hence, it was judged that the gyratory compaction method shall not be further
studied. Besides, it is worth mentioning that the specimens fabricated with the mould-
based compaction methods (namely impact and gyratory) have defined surface area,
which is believed to be not sufficient to perform reliable characterization of the asphalt
surface. Based on the above, this study focuses on roller compaction, for which this
research findings support the argument that it best simulates the in-situ compaction
(lwama et al. 2007; Renken 2000; Sousa et al. 1991). Particularly, by means of
laboratory fabrication of asphalt slabs and simple tests, it is investigated whether
surfaces produced by a standardized laboratory compaction method may be used to
simulate the frictional properties of the as-constructed pavement surfaces.

Starting with an overview of the test methods and skid resistance evaluation, this

Chapter has been divided in two parts. In the first Part, the frictional characteristics of
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asphalt mixtures with different aggregate sizes, mix gradations and binder contents were
investigated in the laboratory to verify the concept. In the second part, based on new
full-scale hot mix asphalt road test section constructed using several compaction modes,
laboratory and field friction measurements were compared. The analysis results are

demonstrated and discussed in the following sections.

9.2 Skid resistance evaluation
9.2.1 British Pendulum

A common device to measure friction characteristics of pavement surfaces is the British
Pendulum Tester (BPT). The British Pendulum Tester produces a low speed sliding
contact between a standard rubber slider and the pavement surface and measures
frictional properties by determining the loss in kinetic energy of the slider when in
contact with the pavement surface (ASTM 2013). The loss of kinetic energy is converted
to a frictional force and thus pavement friction (i.e. BPN value). The BPT has the
advantage of being easy to handle and provides friction and microtexture indicators at a
low speed (i.e. 10 km/h) for any pavement, whether in the field or from laboratory
analysis of cored or prepared samples. Furthermore, the BPT can be used to measure

both longitudinal and lateral pavement- tire friction.

9.2.2 Sand patch method

Measuring the pavement microtexture and macrotexture and relating these
measurements to pavement skid resistance has been a major concern for pavement
researchers. The practice of measuring pavement macrotexture has been a common
practice in recent years. Macrotexture data is generally measured using the sand patch
method (ASTM 2006). Essentially, the sand patch method is a volumetric-based spot test
method that assesses pavement surface macrotexture through the spreading of a known
volume of sand or any fine-grained materials with uniform gradation onto a cleaned
pavement surface. The material is then evenly distributed over a circular area and the
diameter of the resulting circle is measured. The volume divided by the area of the circle

is reported as the mean texture depth (MTD). This volumetric test is still used worldwide
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as the reference ground truth standard (China and James 2012) and when combined with

other data can provide friction information.

9.2.3 The IFI model

In this study, the frictional performance of asphalt mixes is reported in terms of the
International Friction Index (IFI). The IFI represents a method for reporting both
components of the tyre/ road pavement interaction in terms of friction and is often used
for mix skid resistance evaluation (Fuentes et al. 2012; Fontes et al. 2008; Yeaman
2005). The IFI (ASTM 2011) consists of two parameters: the calibrated wet friction at
60 km/h (F60) and the speed constant of wet pavement friction (S;), related to the
surface macrotexture.

= Initially, the speed constant (Sp) parameter is calculated based on texture

measurements:
S, =a+bTy (9.1)

where a and b are calibration factors and different for each measuring device and Ty
is a measure of pavement texture.

= The friction measurement at a slip speed FR(S) is then converted to a

measurement at 60 km/h FR(60):

Cs50)
FR(60) = FR(S)exp' Sp / (9.2)

= Finally, the F(60) is recalculated by the use of speed adjusted friction value
FR(60) and the following equation:
F60 = A+ BFR(60) + CTy (9.3)
where A, B, and C are calibration constants for a selected friction device.
A transformation equation has also been established to allow for calculation of the
IFI at speeds other than 60 km/hr, thus providing the potential of generating frictional

curves.

9.3 Laboratory study

Initially, a preliminary laboratory study was conducted seeking to investigate the
potential of using the standardized roller compaction method for ranking and efficient

evaluation of the frictional performance of two HMA types (i.e. AC12.5 surf 50/70°,
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AC20 surf 50/70) with different NMAS, gradations and various binder contents
(Georgiou and Loizos 2014). Specifically, this study included AC12.5 surf 50/70° mix at
the optimum Marshall binder content, also 0.5% less and 0.5%, 1.0% binder higher than
the optimum. Moreover, AC20 surf 50/70 mix at the optimum Marshall binder content,
also 0.5% less and 0.5% binder higher than the optimum were also evaluated. Note that
the optimum Marshall binder content for each mix type was that which provided 4% air
voids in the mix.

A total of seven mixtures were prepared and compacted (four Type AC12.5 surf
50/70° mixes; and three Type AC20 surf 50/70 mixes) using a segmented roller
compactor, which allowed aggregate particles to move relative to one another and
orientate in a manner similar to the in-situ material. At the time of slab fabrication, the
laboratory produced mixes were reheated gently to the compaction temperature and
compacted into square steel moulds with dimensions (width and length) of 305 x 305
mm?. Both asphalt concrete type mixes were compacted into 50 mm deep moulds. For
the current test program, the approach of compaction by specified energy was followed
to prepare the asphalt slabs. Compaction was accomplished in three phases and meant to
mirror field compaction; pre-compaction and the main compaction phases. The pre-
compaction phase comprised of five passes (each pass corresponded to one forward and
one backward motion) applying a minimum compaction energy of 3 kN in order to avoid
bow effects and achieve a smooth surface in the compacted slab. The main compaction
phases comprised of ten passes applying compaction energy of 10 kN with vibration
frequency of 35 Hz, followed by ten passes of 10 kN static compaction energy.

After the cooling of the roller-compacted (RC) slabs at ambient temperature, density
measurements were performed to evaluate the achieved compaction degree (CEN 2007).
As presented previously, the desirable air void content for each RC slab was varied
based on the binder content (see Table 3.1). The results indicated that there is
consistency between target and achieved density. It should also be noted that, based on
preliminary tests, uniform compaction is usually generated in an area positioned about 4
cm far from the edges of the compacted RC slab. Hence, due to the segregation that
occurs at the edges of the slab and the associated increase in air voids, it was decided to

conduct the friction and macrotexture tests around the centre of the slab.
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Friction measurements were commenced using the British Pendulum Tester. This
test was performed on five different locations, within a rectangular area at the centre of
each slab, in both the longitudinal and lateral directions of roller compaction. Five
swings were recorded at each location and an average was calculated. Water was used as
a lubricant to wet the sample surfaces. Surface temperatures were measured during each
test as 20°C and thus no correction in BPN values was applied. The results showed that
the BPN20 values of Type AC20 surf 50/70 mixes were generally higher than those
measured for Type AC12.5 surf 50/70° mixes. Specifically, BPN20 values recorded for
Type AC12.5 surf 50/70° mixes ranged from 64 to 55, while for Type AC20 surf 50/70
mixes 81 to 79. Also, the overall trend showed that the BPN20 values decreased with an
increase in binder content, while no significant deviation was observed between
longitudinal and lateral to compaction direction measurements.

The sand patch method was used to measure the texture depth of the asphalt slabs.
Two replicate measurements were performed and averaged to obtain the MTD value.
Some interesting observations were made after analysis of texture results. Initially,
higher magnitude of texture was achieved concerning Type AC20 surf 50/70 mixes as
compared to Type AC12.5 surf 50/70° mixes. This difference could be attributed to
different NMAS; higher NMAS corresponds to higher texture depths. Moreover, an
increase in the binder content leads in a decrease of achieved texture depth as
demonstrated from MTD range values; 0.74mm to 0.51mm and 0.78mm to 0.80mm
corresponding to Type AC12.5 surf 50/70° and AC20 surf 50/70 mixes, respectively.
Thus, it could be argued that the binder content and subsequently the air void level affect
the surface macrotexture; minimizing the air void content lower textured surfaces are
produced.

Friction and texture data were further analyzed to provide skid resistance
information of the mixes under investigation. Essentially, skid resistance was quantified
by the IFI (F60,Sp) which has been proposed in order to develop a universal method for
the characterization of pavement surface friction (Wambold et al. 1995). The calculated
IFI values with respect to type AC12.5 surf 50/70° and AC20 surf 50/70 mixes are

shown, respectively in Fig. 9.1 and 9.2.
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According to Fig. 9.1, it is evident that type AC12.5 surf 50/70° mix with 4.5%
binder content had the highest friction performance compared to the remaining mixes.
On the contrary, type AC12.5 surf 50/70° mix with 6.0% binder content showed the
lowest friction performance, which is associated with its low MTD and BPN values. The
IFI values between longitudinal and lateral measurements were almost identical, thus
indicating that roller compaction results in homogeneous asphalt slab surfaces.

Also, the results demonstrate that type AC20 surf 50/70 mixes had almost the same
friction performance, as shown in Fig. 9.2. Again, the IFI values between longitudinal
and lateral measurements were found to be almost identical.

Comparing the IFI values between Type AC12.5 surf 50/70° and AC20 surf 50/70
mixes it can be clearly seen in Fig. 9.1 and 9.2 that Type AC20 surf 50/70 mixes have
superior friction performance. Both the macrotexture differentiation, as a result of
changes in mix design practices (different NMAS), and the inferior physical aggregate
properties of Type AC12.5 surf 50/70° mixes seemed to be the key factors in mix types’
friction performance differences. Based on the above findings it could be argued that
methodologically the roller compaction method produces surfaces that discriminate in
terms of friction due to the different mix properties; thus it could aid in ranking and

evaluating the friction performance of different mixes.

9.4 Comparison to field compaction

The second part of this study aimed to investigate whether surfaces produced by roller
compaction method, using several compaction modes, could be used to simulate the
frictional properties of as-constructed pavement surfaces. For this purpose, type AC20
surf 50/70 mix designed with 4.5% binder content was selected for the field
implementation. During construction, samples of plant-produced mix were collected for
laboratory evaluation. For this mix, laboratory and field friction measurements were set
up with the aim to correlate the laboratory and field performance (Georgiou and Loizos
2014).
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9.4.1 Laboratory testing

The laboratory experiment included the fabrication and compaction of plant produced
mix samples adopting four different compaction modes using the Roller Compactor.
Specifically, four modes of roller compaction (i.e. Static: S, Vibratory: V, Static-
Vibratory: VS and Vibratory-Static: VS) were established that might be implemented in
the field. The main compaction energy and vibration frequency reflected the operational
characteristics of the steel wheel rollers used in the field compaction. Based on density
measurements conducted on the four RC slabs, after cooling to ambient temperature, air
void content was determined as 4.5%, 4.3%, 3.0% and 4.4% for S, V, SV and VS
compacted slab, respectively. Thus, it can be argued that achieved density fulfils the mix
design requirements (target air void content 4.0%).

Moreover, each slab was tested for friction and texture. The British Pendulum test
was utilized to measure friction on five different locations within the area of uniform
compaction at the centre of each RC slab, in both the longitudinal and lateral direction of
roller compaction. The average value of the five swings was recorded at each location.
Surface temperature was also measured during each test as 20°C and thus no correction
in BPN values was applied. The BPN values were of the same order of magnitude
(ranging from 75 to 79), irrespective to the compaction mode followed (i.e. S, V, SV and
VS). Also, no significant deviation was observed between longitudinal and lateral to
compaction direction measurements.

On the contrary, the MTD values (average of two replicate tests) measured on
asphalt slabs differed significantly (ranging from 0.70 mm to 1.25 mm) and thus
compaction mode seems to affect significantly surface texture. Specifically, adopting the
Vibratory-Static mode the higher MTD value was yielded, while with the Static-
Vibratory mode the lower MTD was obtained. Fig. 9.3 demonstrates the end result of

sand patch tests on the four differently compacted asphalt slabs.
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Fig. 9.3 Laboratory sand patch test results with respect to compaction mode

Friction and texture measurements were further analyzed to quantify skid resistance,
in terms of the IFI (F60,Sp). The calculated IFI values with respect to different roller

compaction modes are shown in Fig. 9.4.
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Fig. 9.4 IFI values corresponding to different laboratory roller compaction modes
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From the results, it was demonstrated methodologically that the Vibratory-Static
mode showed a significant effect on the asphalt mix friction performance, while the
Static-Vibratory mode resulted in a reduced effect. Again, consistency was observed
between longitudinal and lateral friction characteristics.

Given the above results friction values for different slip speeds, ranging from 20 to

100 km/h, were calculated based on the following equation:

60—S.

F(S) = Feoexp(T) (9.4)
where S is any slip of interest.

Fig. 9.5 illustrates the IFI curves for the various compaction modes for both
longitudinal (designated as ‘long’) and lateral (designated as ‘lat’) measurements. As
expected, a decreasing tendency of IFI values with increase in slip speed is observed.
This decrease is more pronounced with respect to the Static-Vibratory compaction mode
where an almost 50% decrease of skid resistance between 60 and 100 km/h slip speed is

estimated.
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Fig. 9.5 Frictional curves corresponding to different laboratory roller compaction modes
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9.4.2 Field testing

For the purpose of this study, skid resistance measurements were also conducted on a
new full-scale HMA pavement test section. The test section was divided into four sub-
test sections that were compacted using different compaction modes, as illustrated in
Fig. 9.6. A 10-ton steel double drum roller, able to operate in vibratory or static mode
was utilized to construct these test subsections. Subsection #1 was compacted at a static
mode (i.e. S). Subsection #2 was compacted using vibratory steel roller at a medium
frequency of 35 Hz (i.e. V). Subsection #3 was compacted using the static steel roller as
a breakdown and then the vibratory mode with 35 Hz frequency was implemented (i.e.
SV). Subsection #4 was compacted using the vibratory steel roller at a high frequency of

50 Hz as a breakdown and then static mode for finish (i.e. VS).
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Fig. 9.6 Schematic layout of asphalt pavement subsections

A day after compaction was finished skid resistance measurements were performed
on the various subsections. There are a wide range of devices for characterizing the skid
resistance of a road pavement (SCRIM, Grip Tester etc) which are used to evaluate the
macrotexture or the microtexture of the road. Although a wide range of these devices

exists, the Sand patch method and British Pendulum were used again in the field
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investigation so that comparable results to the laboratory experimental data would be
derived (see Fig. 9.7). Two locations were selected across the test subsection width and

were averaged to obtain the MTD value.

Fig. 9.7 Field microtexture and macrotexture measurements

Results demonstrated that the subsections had different texture properties (ranging
from 0.45 mm to 0.89 mm) and thus the compaction mode affected the surface texture,
as illustrated in Fig. 9.8. Ranking the field compaction in terms of macrotexture both the
Vibratory- Static and Static mode showed the superior performance, while the Static-
Vibratory the inferior performance. It is worth mentioning that a similar trend was
observed during the laboratory texture measurements.

Microtexture measurements were conducted on the same test locations. Both
longitudinal and lateral to compaction direction measurements were recorded as an
average of five swings. Surface temperature was also measured during each test ranging
from 33°C to 40°C. Consequently, a correction related to the temperature was applied in
BPN values on the basis of a proper interpretation of the test data obtained at different
temperatures (Steven 2009). The reference temperature was 20°C and a correction was
applied to the individual measured BPN values. Then, the corrected values (five readings
per test spot) were averaged to give a single BPN20 value. Based on the results, BPN20
values ranged from 82 to 92, while the inherent variability among the four subsections
was +3 BPN20 and £4 BPN20 units for the longitudinal and lateral measurements,
respectively.

It should also be mentioned that after macrotexture and friction testing, cores were
drilled from the test locations of each subsection, as illustrated in Fig. 9.6, in order to
determine the achieved field densities. Based on the laboratory testing the air void
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content (as an average of two cores) was determined as 6.5%, 4.4%, 3.8% and 4.4% for
subsection S, V, SV and VS, respectively.

Skid resistance measurements were further analyzed and the IFI (F60,Sp) was
calculated. The calculated IFI values with respect to different roller compaction modes
are shown in Fig. 9.8. The IFI results demonstrated that Static and Vibratory- Static
modes resulted in superior friction performance, while the Static- Vibratory mode had
the opposite effect on the IFI values. Again, consistency was observed between

longitudinal and lateral friction characteristics.
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Fig. 9.8 IFI values corresponding to different field roller compaction modes

Friction values for different slip speeds, ranging from 20 to 100km/h, were also

calculated to generate IFI curves which are presented in Fig. 9.9.
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From Fig. 9.9, it could be concluded that both the Static and Vibratory-Static
subsections showed a better skid resistance at low and high speeds compared to the
Vibratory and Static-Vibratory subsections. Specifically, the high macrotexture values of
former subsections resulted in good skid resistance at high speeds. On the contrary, the
latter subsections presented a poor friction performance at high speeds, due to its lower
macrotexture values. In such a case, all the subsections demonstrated high microtexture
(i.e. BPN20 values) that contributes to good skid resistance at low speeds.

Following the above results, a statistical analysis was conducted to evaluate the
correlation between laboratory and field measurements. Specifically, regression analysis
was adopted between the skid resistance data of laboratory and field testing with respect
to the various compaction modes (i.e. S, V, SV and VS) and measurements direction (i.e.
longitudinal and lateral). Fig. 9.10 illustrates the results of the applied linear regression
between field and laboratory data, in terms of the IFI (F60,Sp) values, for longitudinal

and lateral measurements respectively.
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Fig. 9.10 Correlation between laboratory and field friction performance for different roller
compaction modes

According to the results of Fig. 9.10 well-defined statistical relationships between
field and laboratory friction can be established with coefficient of determination R? fair
to good (i.e. 0.87, 0.82). Although, the analysis was based on limited data the initial
findings from this investigation give promising results. The general trend shows that the
laboratory roller compaction modes well characterize the field pavement surface friction
performance. In particular, for this study the Static and Vibratory-Static mode, when
adopted in the laboratory, seem to predict rather accurately the friction performance of

the as-constructed (with the same compaction mode) field pavement surface.



10. Findings and conclusions

10.1 Summary

The aim of this Thesis was to contribute to a better simulation of in-situ conditions
through laboratory compaction methods, so that reliable results can be obtained to
assess, as accurately as possible, the on-site characteristics of field-compacted asphalt
mixtures.

To achieve this aim, extensive laboratory experiments (based on impact (Marshall),
gyratory and roller compaction methods) and field investigations on mixture
performance have been performed which, collectively, allowed for the development of a
methodological approach for the reliable assessment of asphalt field compaction-based
characteristics. At first, the factors that control asphalt mixture compactability in both
the laboratory and field were identified. Secondly, the influence of compaction
methodology on asphalt stiffness, rut resistance and internal structure was evaluated. In a
follow-up level, the interrelation between the asphalt mixture microstructure and the
mechanical properties was investigated. Lastly, the relationship between the frictional
properties of asphalt mixtures compacted in the laboratory and the field was assessed.
Based on these, the main findings and the relative concluding suggestions of this study

are presented hereafter and discussed along with recommendations for further research.

10.2 Findings

This section discusses the main findings within the methodological framework followed.

Regarding Marshall compaction, compaction temperature influences significantly

the asphalt mixture stiffness and rut resistance characteristics. Although this factor found
insignificantly affecting the internal structure in terms of aggregates contacts, as well as
directional and spatial distribution, the results indicated that, in general, aggregates tend
to be oriented in angles higher than 90° and show evidence of segregation. Furthermore,
an increase in the number of proximity zones between aggregates, results in stiffness

modulus and high temperature IDT strength increase.
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Regarding gyratory compaction, angle of gyration and specimen geometry were

found to influence significantly the asphalt mixture compactability. To achieve the target
compaction degree less compaction effort is needed when using the 1.45° angle; between
the CEN and AASHTO standard angles the slowest rate of mixtures densification is
observed using the 0.82° angle suggested by the European Standard. Also, when
increasing the height to diameter ratio, density gradients generate within the specimen
structure with the middle portion receiving less compaction energy. This implies that the
gyratory specimens experience non-uniform air void distribution, as also indicated from
several researchers (Thyagarajan et al. 2010; Partl et al. 2003; Tashman et al. 2002).
However, it was demonstrated that the cutting and coring process on the as-compacted
specimens tend to reduce this heterogeneity. Moreover, variation of compaction
temperature from 135°C to 150°C does not have a great effect on densification properties
of the conventional bitumen-based mixtures studied; hence indicating that in this range
gyratory compaction is not sensitive to the mixture temperature.

Examining the stiffness properties of gyratory specimens, although the influence of
compaction temperature is not statistically significant, the results indicate a decreasing
trend of modulus with temperature for the conventional mixtures. On the contrary,
concerning the AC12.5 surf PmB (SBS) mixture, stiffer specimens are produced at a
higher temperature. Also, evaluating the relationship between the CEN and AASHTO
standard angles of gyration and the stiffness, no discernible trend is observed, although it
is clear that with the increased operation angle of 1.45° lower modulus is reached.
Significant influence of angle of gyration on stiffness was found only for the AC12.5
surf PmB (SBS) mixture. It is interesting to note that the stiffness is predominantly
influenced by the specimen diameter, irrespective of the mixture type. By coring 100mm
diameter from larger 150mm specimen, a lower modulus is obtained compared to the as-
compacted 100mm specimen; this decrease may transcend 30%.

Similar conclusions were drawn evaluating the impact of gyratory compaction
variables on the rut resistance of asphalt mixtures. Diameter was found again to be a
statistically significant factor; coring from 150mm specimen results in decreasing high
temperature IDT strength compared to the as-compacted 100mm specimens, which may

reach up to 30%. Angle of gyration and temperature were found to have a lesser effect
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on the rut resistance behavior of asphalt mixtures. Nevertheless, the results demonstrated
a decreasing trend of high temperature IDT strength with temperature for the
conventional bitumen-based mixtures and that specimens compacted using the 1.45°
angle, compared to the CEN and AASHTO standard angles of gyration, exhibited the
lowest IDT strength values.

It is worth mentioning that similarly to the stiffness and rut resistance evaluation,
specimen diameter also found to influence significantly the internal structure, especially
aggregates’ connectivity and directional distribution. The results indicated less aggregate
interlocking for the cored 100 mm -from larger 150 mm- specimens; tendency was the
same with the increase of compaction temperature. In addition, the angle of gyration was
found to influence significantly the orientation angle, as also indicated from a previous
study (Tashman et al. 2001); the results indicated a decreasing trend of the predominant
orientation angle with gyration angle and aggregates oriented more randomly for
specimens produced using the 1.45° angle. Instead, the effect of gyratory compaction
parameters on the spatial distribution of aggregates is insignificant; nonetheless, the
results suggest that the gyratory compaction produces rather non homogeneous
specimens. Several previous studies found that a slight non homogeneity is generated in
a gyratory-compacted specimen (Coenen et al. 2012; Hassan et al. 2012; Hunter et al.
2004), although other studies reported that lateral non homogeneity is proven to be
significant in gyratory specimens (Azari 2005).

One of the most noteworthy issues to consider is the high correlations between
aggregates’ contacts indicators and mechanical properties; an increased stiffness
modulus and high temperature IDT strength is linked to higher number of proximity
zones between aggregates. Predominant orientation angle also seems to affect the
stiffness and rut resistance characteristics, although to a lesser extent.

Regarding roller compaction, compaction temperature and effort (in terms of roller

passes) found to influence significantly the asphalt mixture compactability. In general,
mixtures’ densification is enhanced with the increase of compaction temperature and
roller passes; however, there is a certain level of compaction effort up to which the
impact on the degree of compaction is maximized. Although variability of air voids

content is observed, this may not be attributed to the different compaction modes. In
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addition, evaluation of air voids distribution indicates that roller compactor offers
compaction homogeneity within the compacted slab.

It should be emphasized that compaction temperature and effort (in terms of roller
passes) were identified also as the predominant parameters affecting the stiffness
properties of roller-compacted specimens; stiffness is less influenced from the
compaction mode. Particularly, a tendency to produce stiffer specimens with increase in
compaction temperature is observed and this increase may transcend 20%. The trend is
the same with respect to the roller passes, although the modulus increase is tapered off
after a certain compaction effort, identically to compactability. The above findings
indicate that the stiffness properties of roller-compacted specimens reflect their
compactability characteristics.

It is interesting to note that the same trend was also found in evaluating the
influence of compaction effort on the rut resistance behavior of these specimens.
Compaction temperature was found to strongly affect the rut resistance characteristics of
the AC12.5 surf PmB (SBS) mixture; the results indicated significant increase of high
temperature IDT strength of the order of 60% with the increase of compaction
temperature. For this mixture, compaction mode was also found to be a significantly
influential factor. Less significant effect of compaction factors on the IDT strength was
found for the conventional bitumen-based mixture.

Although mixed results were revealed with respect to the significance of the effect
of compaction mode on stiffness and rut resistance characteristics of asphalt mixtures, it
should be highlighted that this factor influences the macrotexture and in turn, the skid
resistance-related characteristics of roller-compacted asphalt surfaces. This indicates that
macrotexture is dependent not only on mixture grading and volumetric characteristics,
but also on the compaction methodology.

Examining the internal structure, it was revealed that both the aggregates’ contact
points and orientation are mostly influenced from compaction temperature. However, the
impact on each indicator was found to be mixture dependent. Compaction effort and
mode did not have any statistically significant effect on the internal structure of roller-

compacted specimens.
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It is worth mentioning that, similarly to gyratory compaction, the number of
proximity zones between aggregates has a statistically significant impact on the stiffness
modulus of roller-compacted specimens. Correspondingly, the rut resistance behavior of
these specimens is strongly influenced by the number of contact points and the preferred
orientation angle of aggregates.

Comparing laboratory compaction methods to field compaction, different

characteristics in terms of compactability was assessed in the laboratory relative to field.
Although it is essential to relate field compaction to laboratory compaction in order to
predict asphalt mixture compactability, the study results indicate that the in-situ
compaction characteristics cannot be reliably predicted from laboratory testing. This
may be attributed to several factors affecting field compaction such as environmental,
laydown site and confinement conditions, compaction equipment and others, which
cannot be simulated in the laboratory. However, the in-situ compaction characteristics of
asphalt mixtures can be efficiently evaluated by means of modern NDT techniques. For
instance, this study has demonstrated that the GPR technique not only provides measures
of HMA compactability but also coupled with the use of novel algorithms based on the
dielectric properties of asphalt mixtures (i.e., PANK and ALL models) may predict
rather accurately the in-situ field density. The PQI method has been also found to
provide useful real-time information regarding asphalt mixture compactability, although
employing this method is not feasible to check the density of the entire surface of the
pavement mat. Moreover, from the implementation of the infrared thermography during
compaction it was demonstrated that this technique can offer possibilities to capture
temperature differentials on the mat, evaluate the mix temperature evolution and develop
density-growth curves.

Furthermore, from the assessment of the mechanical properties the test results
revealed that the mould-based compaction methods (Marshall and gyratory) tend to
produce specimens of superior stiffness and rut resistance characteristics compared to
the field-compacted specimens. Although compaction using the steel segmented roller is
a laborious method, requiring large quantities of asphalt material for specimen
fabrication, it should be emphasized that the roller-compacted specimens show stiffness

and rut resistance properties comparable to that of field cores. This pattern, in terms of
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relative ranking of the asphalt mixtures compaction-based performance, is consistent
with that presented in more recent and earlier research (Airey and Collop 2016;
Mollenhauer and Wistuba 2016; Renken 2000), but contradicts with findings from Khan
et al. (1998).

Trying to explain the differences between the laboratory- and field compaction-
based stiffness and rut resistance characteristics, the mixtures’ internal structure
evaluation is utilized. In this sense, it can be concluded that regarding Marshall and field
compaction, differences observed may be attributed mainly to aggregate contacts;
particularly, when using Marshall compactor, it is likely that aggregate degradation
occurs from impact compaction (Airey et al. 2008) and hence a significantly higher
number of proximity zones between aggregates is induced compared to the field
compaction. Regarding gyratory and field compaction, the analysis results demonstrated
that the gyratory specimens can reproduce accurately the horizontal distribution and to
some extent the spatial distribution of aggregates of field cores. Fairly good
approximation was also observed in terms of the aggregate packing indicators. The best
approximation of field conditions is achieved by means of compaction with gyration
angle of 1.45° along with coring from 150 mm -to obtain a 100 mm- diameter specimen.
It is worthwhile to highlight that this compaction regime not only comes in contrast to
relative compaction procedures suggested from previous research (Peterson et al. 2004;
Tashman et al. 2001), but also raises under criticism the gyration angles specified from
the international standardization organizations (CEN and AASHTO). However, even for
this compaction regime the mechanical properties of gyratory specimens still appear to
deviate from field cores. As previously demonstrated, the stiffness and rut resistance
characteristics of gyratory specimens, compared to field-compacted specimens, are
highly sensitive to aggregate interlocking. This implies that a slight increase of aggregate
interlocking results in significantly improving the mechanical performance of gyratory
specimens. Therefore, for similar aggregate packing level induced from field- and
gyratory compaction methods, it appears the latter compaction method to induce a more
‘effective’ aggregate skeleton to carry the stress intensities imposed during loading.
Lastly, it can be inferred that the microstructure of roller-compacted specimens fairly

well simulates that of field cores. Particularly, the aggregates contact-based indicators of



237 | Findings and conclusions

roller-compacted specimens are comparable to those of field cores. Also, the aggregates
within the roller-compacted specimens tend to mimic the horizontal and spatial
distribution of field-compacted specimens. Recalling that the number of contact points
and the preferred orientation angle of aggregates contribute significantly to the
mechanical behavior of roller-compacted specimens, this by extension may explain why
the roller compaction-based stiffness and rut resistance approximates the mechanical

characteristics of field-compacted specimens.

10.3 Concluding suggestions

The aim of this Thesis was to contribute to a better simulation of in-situ conditions
through laboratory compaction methods, so that reliable results can be obtained to
assess, as accurately as possible, the on-site characteristics of field-compacted asphalt
mixtures. Based on the synthesis of the main findings methodological approaches, which
constitute the scientific contributions of this Thesis, have been developed and suggested
for the reliable assessment of asphalt field compaction-based mechanical and surface

characteristics.

Assessment
of m-situ
compaction degree

Fig. 10.1 Scientific contributions of this Thesis

Although it is acknowledged that the development of the methodological
approaches, to be described hereafter, was relied upon a comprehensive research focused

on typical mixtures used in the construction practice in Greece, it is anticipated for these
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methods to be implemented on an international basis accounting for the local mixtures
and conditions. It is strongly believed that these approaches, which have practical
relevance for contractors, agencies and pavement engineers, will contribute significantly
to improve not only the asphalt mixture and pavement design procedures but also the on-
site compaction process and the quality control encouraging the implementation of

modern NDT techniques, as presented hereafter.

10.3.1 Mechanical characteristics

Nowadays, the international standards related to bituminous mixtures specifications,
including the European standards, contain a number of requirements for physical as well
mechanical properties. Hence, during mixture design process fabrication of laboratory
asphalt specimens shall be performed in order to be subjected to performance-based
testing. This implies that among a multitude of options available a compaction
methodology shall be followed, which in turn has a pronounced influence on the
outcome of asphalt mixture performance-based testing. Moreover, when evaluating
asphalt concrete mixtures in the laboratory it is desirable to fabricate compacted
specimens that closely duplicate the properties of asphalt mixtures compacted in the
field to ensure the proper behavior of asphalt layers and subsequently of the road
pavement. To the best of the author’s knowledge, little research effort has been devoted
in the past to suggest guidelines for the compaction procedure in respect to the
laboratory compaction method employed, namely impact, gyratory or roller, for the best
simulation of in-situ compaction in terms of the mixtures’ mechanical properties. This
Thesis offers significant input towards this perspective.

Particularly, to bridge the gap between the lab- and field compaction-based
mechanical characteristics of asphalt mixtures with reference to the same compaction

degree (or air void content) compaction regimes are suggested, based on the typical

greek mixtures studied, for each laboratory compaction method, as outlined hereinafter.
» Regarding Marshall compaction, it is suggested that the fabrication of

laboratory specimens for performance-based testing should be performed

within temperature window of 125-135°C for conventional dense-graded
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mixtures. Slightly higher temperatures (of the order of 5-10°C) should be

established for the compaction of SBS modified asphalt mixtures.

= Regarding gyratory compaction, from the various compaction protocols
evaluated, including standard CEN and AASHTO, the best approximation
of field conditions is achieved by means of compaction with gyration angle
of 1.45° along with coring from 150 mm -to obtain a 100 mm- diameter
specimen.

» Regarding roller compaction, several laboratory compaction regimes (in

terms of combinations of compaction temperature and effort) were found to
reflect the field compaction-based characteristics. In essence, applying a
fixed load (to represent the field roller), and establishing the compaction
temperature (higher temperature is preferred) or effort interchangeably the
remaining variable to achieve the target compaction degree can be

determined.

It is also believed that these guidelines form a good basis to further improving the

compaction regimes towards achieving harmonization between the available laboratory

compaction methods.

Further, recognizing the modern trend towards the use of mechanistic-empirical

pavement analyses methods that encompass asphalt mixture characteristics as design

inputs, such as stiffness, it shall be emphasized that material properties obtained from

laboratory testing have profound influence on the pavement response, as demonstrated in

Chapter 5. Therefore, in an attempt to improve the pavement analysis towards better

representing the as-built pavement performance a two-level hierarchical approach is

proposed, which is illustrated schematically in Figure 10.2. This approach allows

estimating the stiffness modulus of the as-built material (i.e., field core) from mixture

collected during production.
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Fig. 10.2 Proposed two-level hierarchical approach for stiffness assessment

The two levels refer to the significance of the HMA stiffness when used as input in

the analysis, with Level | representing the case of requirement for increased reliability of

results. The two levels are outlined hereafter:

Level I: stiffness obtained through testing a) of roller-compacted specimen
or b) Marshall- and gyratory-compacted specimens and use of conversion
factors (CF) with respect to NMAS.

Level I stiffness obtained through testing of Marshall and gyratory

specimens compacted using the above-suggested compaction regimes.

More specifically, a pavement engineer can adopt the suggested compaction

regimes, as previously described, for the specimen fabrication followed by stiffness

testing or implement conversion factors, developed on the basis of our experimental

results, to the stiffness results obtained from the mould-based compacted specimens. Of

course, for those agencies using solely the gyratory compaction, the process of changing

the standard angle being used to evaluate the volumetric properties of asphalt mixtures to

a different angle for the purpose of assessing their stiffness properties may be not

feasible, so in that case the use of conversion factors may be inevitable.

10.3.2 Compactability

Based on our findings, laboratory compaction testing during mixture design process

cannot reliably reflect the compactability of asphalt mixtures in the field and hence
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provide essential input to be used for the construction process. In practice, achieving on-
site the target compaction degree is still a heuristic process. Prior to commencement of
permanent works, road agencies specify the installation of a trial section so that
evaluation of the contractor’s construction techniques is possible. Within this process,
the contractors seek, among others, to establish the rolling pattern that ensures the
quality acceptance specifications are met. To accomplish this goal, contractors generally
try several different combinations of equipment, and numbers of passes with each
combination, to determine the most effective rolling pattern. In-place density, defined by
nuclear/ non nuclear density gauges, is the measure of rolling pattern effectiveness. With
this procedure, compaction curves relating density and number of passes are developed,
which enable to define the required compactive effort to achieve the target density.
Although this procedure concerns a general guide described, in some instances, in the
construction specifications, the outcome of this procedure reflects only the site
conditions met during the installation of the trial section. Besides, it is noteworthy to
point out that this procedure lacks dominant factors affecting compactability, such as
mixture temperature. In this respect, for the scenario that the mixture temperature after
placement departs from its relevant value during the installation of the trial section, it is
likely that a different number of roller passes to achieve the target density will be
needed, which however cannot be assessed. This implies that a more effective
methodology based on mixture temperature properties shall be followed to establish the
rolling pattern, thus making due allowance for the variability in construction conditions.
Under this view, the scientific contribution of this Thesis concerns the development
of an improved and practical methodology to establish effectively the rolling
pattern and maximize the benefits from the installation of a trial section. This
methodology, which is shown schematically in Fig. 10.3, involves, during the
installation of the trial section, the implementation of modern NDT techniques, namely
Infrared Thermography and PQI techniques, and roller pass-by-pass measurements of
mat temperature and in-place density, respectively, for each compaction strategy to be

evaluated.
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Fig. 10.3 NDT-based methodology to establish the rolling pattern during installation of trial section

With the implementation of these methods a clear understanding of the impact of
asphalt mixture temperature on densification is gained. This understanding may be
further enhanced commencing rolling at a) typical and b) the lowest allowable mixture
temperature on delivery at site, which will thus enable to define necessary modifications
to be conducted due to the diversity of mixture temperatures on delivery at site. Hence,
the proposed methodology is superior to the procedure commonly followed in practice
by offering the potential to capture the density growth in respect to the temperature drop
curve, which is crucial to define an effective rolling pattern. The measured in-situ data
may be further reclaimed to describe mathematically the compaction process. A closed
formula, described in Chapter 4 and verified with our experimental data, has been found
to very effective for such analysis. The fitted model describes the compaction density
evolution with respect to mixture temperature cooling and number of passes; by
controlling these two parameters it is expected to become easier to achieve the desired
compaction density. This comprehensive approach, which offers the possibility to make
due allowance for the variability of construction conditions, enables to establish not only
the most effective compaction strategy but also the required compaction effort to ensure
compliance with density specifications. It is therefore believed that this model offers

essential information for contractors to enhance the compaction process. Considering
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also that the quality of paving and compaction conditions of individual asphalt mix layer
has a major impact on the life-time and durability of the pavement, with this
methodology a proper pavement initial condition, according to design criteria, will be
ensured. In this case, the positive influences through enhanced field compaction will
therefore be not only a substantial decrease in needs for maintenance works and thereby
in the total life cycle cost, but also less disruption to road users.

However, the effectiveness of the established rolling pattern to achieve the target
density needs to be verified within production rolling. In this respect, the as-built
compaction quality should be evaluated with reference to the density specifications
(mostly compaction degree). In practice, nearly all agencies specify either cored samples
or nuclear/ non nuclear density gauges to provide in-place density measurement of the
constructed pavement. Typically, a small number of spot tests (with either cores or
nuclear gauges) are performed and a judgment about the density level of the entire
roadway is made, based on the results of this spot testing. However, density
measurement from a small number of spots may not be representative of the density of
the pavement mat and therefore full coverage evaluation of compaction quality of the
pavement mat is needed. This perspective can be attained by implementing the GPR
technique and HMA dielectric properties-based novel algorithms. Building on prior
knowledge, this Thesis introduces an integrated methodology to reliably assess the
in-place density. Based on the experimental parametric investigations conducted, which
explored the influence of various available algorithms, the antenna frequency and
number of calibration cores on the assessment of the in-place compaction density, the

methodology shown schematically in Figure 10.4 is recommended.
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Fig. 10.4 Verification of rolling pattern effectiveness during production rolling using an NDT -based
methodology to assess the in-place compaction density

This methodology consists of a) GPR measurements with a 2 GHz antenna, b)
assessment of asphalt mixture electric permittivity eyma based on GPR, c) extraction of
three cores to determine its bulk density, d) back-calculation of algorithms coefficients
and e) activation of the novel algorithms (i.e., PANK and/or ALL models) to estimate
the in-situ compaction degree. It should be noted that this methodology offers reasonably
accurate prediction capabilities of in-place density as well as the benefit of full coverage
nondestructive evaluation of the pavement mat compared to more traditional destructive
test methods. In light of the above, it is believed that this methodology may be

considered a surrogate tool for pavement compaction quality purposes.

10.3.3 Skid resistance

Road agencies internationally specify that after final compaction on site the surface
course of asphalt pavement shall be tested for compliance to general requirements,
including, among others, the surface macrotexture. However, practitioners and engineers
are not able a priori, during the mix design process, to quantify and assure the relative
texture requirements. Therefore, a methodology that enables the reliable estimation of

pavement surface texture characteristics from laboratory testing is of utmost importance.
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Given the above concern, in this Thesis a practical-oriented methodology was
introduced based on laboratory roller compaction method, as illustrated
schematically in Fig. 10.5. This methodology includes primarily fabrication of
laboratory asphalt specimens of the same thickness to be laid on site using the steel
segmented roller, which accommodates also a vibration assembly to simulate the field
rollers operation. It follows assessment of surface texture indicators by means of typical

laboratory tests (such as the sand patch method and the British Pendulum test).

British pendulum

testing a) Assessment of field

pavement surface
skid resistance

b) Evaluation of efficacy
of compaction mode

Sand patch
testing

Fabrication of asphalt
slabs using various
compaction modes

Steel segmented roller

compactor and
vibration assembly g )

Fig. 10.5 Proposed methodology for skid resistance assessment

Based on the experimental results, this Thesis highlighted that the laboratory roller
compaction method can be a reliable method to represent, from a frictional point of
view, the field compaction; it is noteworthy to be mentioned that this methodology has
been validated from recent study results (Ramirez et al. 2015). The controlling factors
for the skid resistance of the as-built pavement surface, namely the macrotexture as set
out in the construction acceptance specifications as well as the microtexture, may be
reliably assessed from laboratory measurements on the basis of roller-compacted asphalt
slabs. Also, the efficacy of various compaction modes can be laboratory evaluated in a
competent manner. Hence, this methodology can benefit pavement engineers offering
them the possibility to quantify and optimize the skid resistance-related characteristics of
asphalt mixtures during the laboratory design process, as well as helpful information that
may be potentially used to assess the safety of road users at the early stage of pavement

in service. Further, this methodology offers essential information for contractors to
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establish an effective field compaction mode to achieve conformity with construction
requirements. Of course, field verification of the laboratory texture measurements on
roller-compacted asphalt slabs may be conducted in terms of a trial section, thus further
maximizing the benefits from its installation.

It is clearly pointed out that adopting the suggested roller compaction methodology,
to take the benefit for the skid resistance evaluation of asphalt mixtures, does not
premises that for the assessment of mechanical characteristics this methodology shall be
also followed. Another possibility would be to alternatively use the compaction regimes

related to impact or gyratory compaction methods (as described in section 10.3.1).

10.4 Recommendations for further research

The research conducted in this Thesis raises some questions that can be further
investigated in future research.

Firstly, given the wide spread of gyratory compaction along with advantages
attributed to its controlled and straight forward use, further research should be devoted to
identify other significant compaction parameters, in an attempt to better mimic the
aggregate packing and interlocking induced by field compaction. It is then likely to
further improve the suggested compaction regime and produce specimens showing
similar mechanical characteristics to field-compacted specimens.

Secondly, it was anticipated that by matching the direction for the 2-D image
analysis with the loading direction imposed during the mechanical testing of laboratory-
compacted specimens and field cores a clear understanding will be attained with regard
to the aggregate microstructure and its relation to the asphalt mechanical behavior.
However, it is likely that differences in mechanical properties between laboratory-
compacted specimens and field cores may be also associated to the microstructure
anisotropy (aggregates and air voids distribution) induced by each compaction method.
In other words, the aggregates and air voids distribution in the vertical direction within
the internal structure of asphalt specimens appear to affect in some extent its behavior in
the stress-induced loading. Therefore, it is suggested that 2-D vertical cut surfaces of
laboratory and field-compacted specimens (or a higher number of 2-D horizontal cross-

sections) be also analyzed to explore potential relationship and add further insight.
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Lastly, the relationship between the laboratory compaction-based and the field roller
compaction-based frictional characteristics may be further improved. Therefore, it is
recommended that additional types of HMA and different compaction methods should
be investigated. Moreover, skid resistance of asphalt surfaces decrease during pavement
service life due to polishing and hence it would be valuable for pavement engineers and
road managers to estimate this variation during the laboratory mix design process.
Hence, to the future steps consists the extension of the current proposed laboratory roller
compaction-based methodology by incorporating as well the laboratory characterization

of asphalt mixture friction evolution with respect to the polishing mechanism.



11. References

AASHTO (2012). Preparing and determining the density of Hot-Mix Asphalt (HMA)
specimens by means of the Superpave Gyratory Compactor. AASHTO T312,
American Association of State Highway and Transportation Officials.

Airey GD, Collop A, Zoorob SE, Hunter AE (2006). Comparison of field and laboratory
compacted asphalt mixtures. In: Proceeding of 10th international conference on
asphalt pavements, 12-17 Aug Quebec City, Canada.

Airey GD, Hunter AE, Collop AC (2008). The effect of asphalt mixture gradation and
compaction energy on aggregate degradation. Constr Build Mater 22(5): 972—
980.

Airey GD, Collop A (2016). Mechanical and structural assessment of laboratory and
field-compacted asphalt mixtures. Int J Pavement Eng 17(1): 50-63.

Al-Qadi IL, Lahouar S, Loulizi A (2001). In situ measurements of hot-mix asphalt
dielectric properties. NDT & E International 34:427-434.

Al-Qadi IL, Lahouar S (2004). Ground penetrating radar: state of the practice for
pavement assessment. Mater Eval 62: 759-763.

Al-Qadi IL, Lahouar S (2005). Measuring layer thicknesses with GPR—theory to
practice. Constr Build Mater 19: 763-772.

Al-Qadi IL, Leng Z, Lahouar S, Baek J (2010). In-place Hot-Mix Asphalt density
estimation using Ground-Penetrating Radar. Transp Res Rec 2152: 19-27.

Arndt RW (2010). Square pulse thermography in frequency domain as adaptation of
pulsed phase thermography for qualitative and quantitative applications in
cultural heritage and civil engineering. Infrared Phys 53(4): 246-253.

ASTM (2005). Standard test method for density of bituminous concrete in place by
nuclear methods. ASTM D2950 / D2950M, West Conshohocken, Pa.

ASTM (2006). Standard test method for measuring mavement macrotexture depth using
a volumetric technique. ASTM E965, West Conshohocken, Pa.

ASTM (2009). Standard test method for preparation and determination of the relative
density of Hot Mix Asphalt (HMA) specimens by means of the Superpave
Gyratory Compactor. ASTM D6925, West Conshohocken, Pa.

ASTM (2010). Standard test method for density of bituminous paving mixtures in place
by the electromagnetic surface contact methods. ASTM D7113 / D7113M, West
Conshohocken, Pa.



249 | References

ASTM (2011). Standard practice for calculating International Friction Index of a
pavement surface. ASTM E1960, West Conshohocken, Pa.

ASTM (2013). Standard test method for measuring surface frictional properties using the
British pendulum tester, ASTM E303, West Conshohocken, Pa.

Bell C, Hicks R, Wilson J (1989). Effect of percent compaction on asphalt mixture life.
ASTM, STP829 Placement and Compaction of Asphalt Mixtures, 107-130.

Benedetto A and Pensa S (2007). Indirect diagnosis of pavement structural damages
using surface GPR reflection techniques. Journal of Applied Geophysics 62: 107-
123.

Benedetto A (2010). Water content evaluation in unsaturated soil using GPR signal
analysis in the frequency domain. Journal of Applied Geophysics 71: 26-35.

BISAR (1998). User Manual. Bitumen Business Group

Boscaino G, Celauro B, Celauro C, Amadore A (2009). Evaluation of the laboratory
prediction of surface properties of bituminous mixtures. Constr Build Mater 23:
943-952.

Brown R (1990). Density of asphalt concrete — How much is needed? NCAT Report No.
90-3, Auburn, Alabama.

Brown ER, Hainin MR, Cooley LA (2005). Determining minimum lift thickness for Hot
Mix Asphalt (HMA) mixtures. J Assoc Asphalt Paving Technol 74: 23-66.

Button J, Little D, Jagadam V, Pendleton O (1994). Correlation of selected laboratory
compaction methods with field compaction. Transp Res Rec 1454: 193-201.

CEN (2001). Bituminous mixtures. Test methods for hot mix asphalt. Part 10:
Compactability, EN 12697-10: 2001.

CEN (2006). Bituminous mixtures - Material specifications - Part 1: Asphalt Concrete,
EN 13108-1.

CEN (2006). Bituminous mixtures - Material specifications - Part 20: Type Testing, EN
13108-20.

CEN (2007). Bituminous mixtures - Test methods for hot mix asphalt - Part 5:
Determination of the maximum density, EN 12697-5: 2007.

CEN (2007). Bituminous mixtures - Test methods for hot mix asphalt - Part 6:
Determination of bulk density of bituminous specimens, EN 12697-6: 2007.



250 | References

CEN (2007). Bituminous mixtures - Test methods for hot mix asphalt - Part 8:
Determination of void characteristics of bituminous specimens, EN 12697-8:
2007.

CEN (2007). Bituminous mixtures - Test methods for hot mix asphalt - Part 30:
Specimen preparation by impact compactor, EN12697-30.

CEN (2007). Bituminous mixtures - Test methods for hot mix asphalt - Part 31:
Specimen preparation by gyratory compactor, EN12697-31.

CEN (2007). Bituminous mixtures - Test methods for hot mix asphalt — Part 32:
Laboratory compaction of bituminous mixtures by vibratory compactor, EN
12697-32.

CEN (2007). Bituminous mixtures - Test methods for hot mix asphalt — Part 33:
Specimen prepared by roller compactor, EN 12697-33.

China S, James D (2012). Comparison of laser-based and sand patch measurements of
pavement surface macrotexture. J Transp Eng 138 (2012): 176-181.

Christensen D, Bonaquist R (2007). Using the indirect tension test to evaluate rut
resistance in developing Hot-Mix Asphalt Mix designs. In: Transp Res Circ E-
C124. Transp Res Board, 62-77.

Christensen D, Bonaquist R, Anderson D, Gokhale S (2004). Indirect tension strength as
a simple performance test. In: Transp Res Circ E-C068. Transp Res Board, 44-
57.

Choubane B, Upshaw P, Sholar G, Page G, Musselman J (1999). Nuclear density
readings and core densities: A comparative study. Transp Res Rec 1654: 70-78.

Coenen A, Kutay E, Sefidmazgi N, Bahia H (2012). Aggregate structure characterization
of asphalt mixtures using two-dimensional image analysis. Road Mater Pavement
Des 13(3): 433-454.

Commuri S, Mai AT, Zaman M (2011). Neural network-based intelligent compaction
analyzer for estimating compaction quality of hot asphalt mixes. Journal of
Construction Engineering and Management 137(9): 634-644.

Consuegra A, Little DN, Quintus HV, Burati J (1989). Comparative evaluation of
laboratory compaction devices based on their ability to produce mixtures with
engineering properties similar to those produced in the field. Transp Res Rec
1228: 80-87.

Corps of Engineers (2000). Hot-Mix Asphalt paving handbook 2000. US Army Corps of
Engineers, Washington, D.C.



251 | References

Crispino M, Rampini R, Pozzi M (2007). An experimental analysis of the effects of
compaction on asphalt pavement macrotexture. In: Proceeding of International
Conference on Advanced Characterisation of Pavement and Soil Engineering
Materials, Athens, Greece.

Dahir S (1979). A Review of aggregate selection criteria for improved wear resistance
and skid resistance of bituminous surfaces. J Test Eval 7(5): 245-253.

Daniels D (2004). Ground Penetrating Radar, second ed. The Institution of Electrical
Engineers, London.

Delgadillo R, Bahia H (2008). Effects of temperature and pressure on hot mixed asphalt
compaction: field and laboratory study. J Mater Civ Eng 20(6): 440-448.

Dessouky S, Diaz M (2015). Evaluation of asphalt mixes workability and compactability
using laboratory and accelerated field testing. In: Proceedings of TMS Middle
East - Mediterranean Materials Congress on Energy and Infrastructure Systems,
MEMA 2015, Doha, Qatar.

Diamanti N, Redman D, Giannopoulos A (2010). A study of GPR vertical crack
responses in pavement using field data and numerical modelling. In: Proceedings
of 13th International Conference on Ground Penetrating Radar, Lecce, Italy.

Do M-T, Tang Z, Kane M, de Larrard F (2007). Pavement polishing—Development of a
dedicated laboratory test and its correlation with road results. Wear 263: 36—42.

Elsafey M, Herry C, Abd El Halim O, Goubran R, Goodman S (2009). Utilization of
infrared imaging as a tool of hot and warm asphalt mixes. In: Proceedings of
Sixth International Conference on Maintenance and Rehabilitation of Pavements
and Technological Control MAIREPAVG. Turin, Italy.

Ergun M, lyinam S, lyinam A (2005). Prediction of road surface friction coefficient
using only macro- and microtexture measurements. J Transp Eng 131(4): 311-
319.

Flir Systems (2007). ThermaCAM Researcher: Users Manual. Flir Systems.

Fontes L, Pereira P, Trichés G, Pais J, Ferreira A (2008). Skid resistance and texture of
compacted asphalt mixes evaluated by the IFI in laboratory. In: Proceedings of
EPAM 3- 3rd European Pavement and Asset Management Conference, Coimbra,
Portugal, 7-9 July 2008.

Friel S, Kane M, Woodward D (2013). Use of Wehner Schulze to predict skid resistance
of Irish surfacing materials. In: Proceedings of Airfield and Highway Pavements
Conference: Sustainable and Efficient Pavements, Los Angeles.



252 | References

Fuentes L, Gunaratne M, lzeppi E, Flintsch G, Martinez G (2012). Determination of
pavement macrotexture limit for use in International Friction Index model.
Transp Res Rec 2306:138-143.

Furuya H, Tsukimoto Y, Koseki H, Mansell T, Gallivan V, and Uchiyama K 2010.
Innovative QC/QA compaction method for HMA pavement using Intelligent
Compaction (IC) technology. In: Proceedings of 11th International Conference
on Asphalt Pavements, Nagoya, Japan.

Gaussorgues G (1994). Infrared Thermography. Chapman & Hall, London.

Georgiou P, Loizos A (2014). A laboratory compaction approach to characterize asphalt
pavement surface friction performance. Wear 311: 114-122.

Georgiou P, Sideris L, Loizos A (2015). Evaluation of the effects of gyratory and field
compaction on asphalt mix internal structure. Mater Struct 49(1): 665-676.

Georgiou P, Loizos A, Leventis A (2015). Influence of compaction method on stiffness
performance of asphalt specimens. In: Proceedings of 6th International
Conference Bituminous Mixtures and Pavements (ICONFBMP), Thessaloniki,
Greece.

Goodman SN, Hassan Y, Abd El Halim AO (2006). Preliminary estimation of asphalt
pavement frictional properties from Superpave gyratory specimen and mix
parameters. Transp Res Rec 1949: 173-180.

Harman T, Bukowski J, Moutier F, Huber G, McGennis R (2002). History and Future
Challenges of Gyratory Compaction: 1939 to 2001. Transp Res Rec 1789:200—
207.

Hartman AM, Gilchrist MD, Walsh G (2001). Effect of mixture compaction on indirect
tensile stiffness and fatigue. J Transp Eng 127(5): 370-378.

Harvey J, Monismith CL, Sousa JB (1994). An investigation of field-and laboratory—
compacted asphalt-rubber, SMA, recycled and conventional asphalt-concrete
mixes using SHRP project A-003A equipment. J Assoc Asphalt Paving Technol
63: 511-560.

Hassan NA, Airey GD, Khan R, Collop AC (2012). Nondestructive characterisation of
the effect of asphalt mixture compaction on aggregate orientation and
segregation using X-ray computed tomography. Int J Pavement Res Technol
5(2): 84-92.

Henault J, Larsen D (2006). Thermal imaging of hot-mix asphalt paving projects in
connecticut. Transp Res Rec 1946: 130-138.

Herold M, Roberts D, Noronha V, Smadi O (2008). Imaging spectrometry and asphalt
road surveys. Transp Res Part C Emerg Technol 16: 153-166.



253 | References

Huang YH (2004). Pavement analysis and design. 2" edition, Upper Saddle River, NJ:
Prentice Hall.

Huh JD, Nam YK (2000). Study of compaction density in closed form. Transp Res Rec
1712: 66-73.

Hunter AE, Airey GD, Collop AC (2004). Aggregate orientation and segregation in
laboratory-compacted asphalt samples. Transp Res Rec 1891: 8-15.

Hunter A, McGreavy L, Airey GD (2009). Effect of compaction mode on the
mechanical performance and variability of asphalt mixtures. J Transp Eng
135(11): 839-851.

Ibos L, Marchetti M, Boudenne A, Datcu S, Candau Y, Livet J (2006). Infrared
emissivity measurement device: principle and applications. Meas Sci Technol 17:
2950-2956.

Iwama M, Airey GD, Hunter AE (2007). Influence of asphalt mixture compaction
method and specimen size on internal structure and mechanical properties. In:
Proceedings of Advanced Characterisation of Pavement and Soil Engineering
Materials, Athens, Greece, 1063-1073.

Kassem E, Scullion T, Masad E, Claros G (2008). Influence of field compaction pattern
on asphalt pavement uniformity. J Assoc Asphalt Paving Technol 77: 257-298.

Kassem E, Scullion T, Masad E, Chowdhury A (2012). Comprehensive evaluation of
compaction of asphalt pavements and a practical approach for density
predictions. Transp Res Rec 2268: 98-107.

Katicha S, Al-Qadi IL, Flintsch G, Loulizi A. (2011). Effect of compaction method on
the resilient modulus of Hot-Mix Asphalt. In: Proceedings of Transportation
Research Board 90th Annual Meeting, Washington, DC.

Khan ZA, Al-Abdul Wahab HI, Asi I, Ramandhan R (1998). Comparative study of
asphalt concrete laboratory compaction methods to simulate field compaction.
Constr Build Mater 12: 373-384.

Kowalski KJ, McDaniel RS, Olek J (2008). Development of a laboratory procedure to
evaluate the influence of aggregate type and mixture proportions on the frictional
characteristics of flexible pavements. J Assoc Asphalt Paving Technol 77: 35-70.

Leiva F, West R (2008). Relationships between laboratory measured characteristics of
HMA and field compactability. J Assoc Asphalt Paving Technol 77: 183-220.

Leiva F, West R (2008). Analysis of HMA field compactability using the Accumulated
Compaction Pressure (ACP) concept. In: Proceedings of Transportation Research
Board 87th Annual Meeting, Washington, DC.



254 | References

Leng Z, Al-Qadi IL, Lahouar S (2011). Development and validation for in situ asphalt
mixture density prediction models. NDT & E Int 44(4): 369-375.

Leng Z, Al-Qadi IL, Shangguan P, Son S (2012). Field application of Ground
Penetrating Radar for asphalt mixture density measurement: A Case Study of
[llinois Route 72 Overlay. Transp Res Rec 2304: 133-141.

Linden R, Mahoney J, Jackson N (1989). Effect of compaction on asphalt concrete
performance. Transportation Research Record 1217: 20-28.

Loizos A, Plati C (2007). Accuracy of pavement thicknesses estimation using different
ground penetrating radar analysis approache. NDT & E Int 40(2): 147-157.

Loulizi A, Al-Qadi IL, Lahouar S (2003). Optimization of ground-penetrating radar data
to predict layer thicknesses in flexible pavements. J Transp Eng 129: 93-99.

Mahoney J, Muench S, Pierce L, Read S, Jakob H, Moore R (2000). Construction-
related temperature differentials in asphalt concrete pavement: identification and
assessment. Transp Res Rec 1712: 93-100.

Maldague X (2001). Theory and practice of infrared technology for nondestructive
testing. J. Wiley & Sons, Canada.

Masad E, Muhunthan B, Shashidhar N, Harman T (1999). Internal structure
characterization of asphalt concrete using image analysis. J Comput Civ Eng
13(2): 88-95.

Masad E, Muhunthan B, Shashidhar N, Harman T (1999). Quantifying laboratory
compaction effects on the internal structure of asphalt concrete. Transp Res Rec
681: 179-185.

Masad E, Scarpas A, Rajagopal KR, Kassem E, Koneru S, Kasbergen C (2016). Finite
element modelling of field compaction of hot mix asphalt. Part 1l: Applications.
Int J Pavement Eng 17(1): 24-38.

Maser K, Scullion T (1991). Automated detection of pavement layer thicknesses and
subsurface moisture using Ground Penetrating Radar. Transportation Research
Board Paper.

Megali G, Cacciola M, Ammendola R, Moro A, Pratico FG, Morabito FC (2010).
Assessing reliability and potentiality of nonnuclear portable devices for asphalt
mixture density measurement. J Mater Civ Eng 22(9): 874-886.

Mollenhauer K, Wistuba M (2016). Influence of asphalt compaction procedure on 3D
deformation properties. Int J Pavement Eng 17(1): 5-12.

Muraya PM (2007). Homogeneous test specimens from gyratory compaction. Int J
Pavement Eng 8(3): 225-235.



255 | References

Papagiannakis T, Zelelew H, Agaian S (2014). Comparing image processing techniques
for asphalt concrete X-ray CT images. In: Proceedings of the International
Conference on Asphalt Pavements, Raleigh, North Carolina, USA.

Partl M, Flisch A, Jonsson M (2003). Gyratory compaction analysis with computer
tomography. Road Mater Pavement Des 4(4): 401-422.

Partl M, Bahia H, Canestrari F, de la Roche C, Di Benedetto H, Piber H, et al. (2013).
Advances in interlaboratory testing and evaluation of bituminous materials.
State-of-the-Art Report of the RILEM Technical Committee 206-ATB Series:
RILEM State-of-the-Art Reports, Springer, London.

Peterson RL, Mahboub KC, Anderson RM, Masad E, Tashman L (2004). Comparing
superpave gyratory compactor data to field cores. J Mater Civ Eng 16(1): 78-83.

Plati C, Loizos A (2013). Estimation of in-situ density and moisture content in HMA
pavements based on GPR trace reflection amplitude using different frequencies.
Journal of Applied Geophysics 97: 3-10.

Plati C, Georgiou P, Loizos A (2014). Use of infrared thermography for assessing HMA
paving and compaction. Transp Res Part C Emerg Technol 46: 192-208.

Plati C, Georgiou P, Loizos A (2016). Influence of different roller compaction modes on
asphalt mix performance. Int J Pavement Eng 17(1): 64-70.

Plati C, Georgiou P, Loizos A (2016). A comprehensive approach for the assessment of
HMA compactability using GPR technique. Near Surface Geophysics 14(2):
117-126.

Rahman M, Grenfell J, Arulanandam S, lanakiev A (2013). Influence of thermal
segregation on asphalt pavement compaction. Transp Res Rec 2347: 71-78.

Ramirez A, Gallego J, Marcobal JR, Blazquez C (2015). Development of new laboratory
equipment for measuring the accelerated polishing of asphalt mixes. Wear 322-
323:164-170.

Renken P (2000). Influence of specimen preparation onto the mechanical behaviour of
asphalt mixtures. In: Proceedings of the 2nd Eurasphalt & Eurobitume Congress,
Barcelona, Spain, 729-735.

Rezaei A, Masad E, Chowdhury A, Harris P (2009). Predicting asphalt mixture skid
resistance by aggregate characteristics and gradation. Transp Res Rec 2104: 24—
33.

Roimela P (1998). Ground Penetrating Radar surveys in pavement quality control 1996-
1997. Tielaitoksen selvityksia 4/1998. Rovaniemi, Finland (English abstract), 55

p.



256 | References

Russ JC (2011). The image processing handbook. 6th ed, CRC Press, Boca Raton.

Saadeh S, Tashman L, Masad E, Mogawer W (2002). Spatial and directional distribution
of aggregates in asphalt mixes. J Test Eval 30(6): 483-491.

Saarenketo T (1997). Using Ground-Penetrating Radar and dielectric probe
measurements in pavement quality control. Transp Res Rec 1575: 34-41.

Saarenketo T, Scullion T (2000). Road evaluation with ground penetrating radar. Journal
of Applied Geophysics 43: 119-138.

Saarenketo T (2012). Recommendations for guidelines for the use of GPR in asphalt air
voids content measurement, INTERREG: Mara Nord.

Scherocman J (2006). Compaction of stiff and tender asphalt concrete mixes. In: Transp
Res Circ E-C105. Transp Res Board, 69-83.

Schmitt R, Johnson C, Bahia H, Hanz A (2009). Effects of temperature and compaction
effort on field and lab densification of HMA. J Assoc Asphalt Paving Technol
78: 171-208.

Sefidmazgi RN, Tashman L, Bahia HU (2012). Internal structure characterization of
asphalt mixtures for rutting performance using imaging analysis. J Assoc Asphalt
Paving Technol 81: 109-134.

Sefidmazgi RN, Bahia HU (2014). Effect of compaction conditions on aggregate
packing using 2-dimensional image analysis and the relation to performance of
HMA. Mater Struct 47(8): 1313-1324.

Shangguan P, Al-Qadi IL, Leng Z, Schmitt R, Faheen A (2013). Innovative approach for
asphalt pavement compaction monitoring using Ground Penetrating Radar.
Transp Res Rec 2347: 79-87.

Shangguan P, Al-Qadi IL, Lahouar S (2014). Pattern recognition algorithms for density
estimation of asphalt pavement during compaction: a simulation study. Journal of
Applied Geophysics 107: 8-15.

SHRP (1993). SHRP’s Layer Moduli Backcalculation Procedure. SHRP-P-655, National
Research Council Washington, DC.

Smith B, Diefenderfer B (2004). Evaluating nonnuclear measurement devices to
determine in-place pavement density. Transp Res Rec 1900: 56-64.

Smith B, Diefenderfer B (2008). Comparison of nuclear and nonnuclear pavement
density testing devices. Transp Res Rec 2081: 121-129.



257 | References

Sousa JB, Harvey J, Painter L, Deacon JA, Monismith CL (1991). Evaluation of
laboratory procedures for compacting asphalt —aggregate mixtures, Report No.
SHRP-A-UWP-91-523, Strategic Highway Research Program, National
Research Council, Washington DC.

Steven B (2009). Friction testing of pavement preservation treatments: Temperature
Corrections and Operator/Machine Variability, Technical Memorandum:
UCPRC-TM-2008-05.

Stroup-Gardiner M, Law M, Nesmith C (2000). Using infrared thermography to detect
and measure segregation in hot mix asphalt pavements. Int J Pavement Eng 1(4):
265-284.

Stroup-Gardiner M, Nixon J, Das P (2004). Automated temperature profiling during hot-
mix asphalt construction. Transp Res Rec 1900: 41-49.

Tashman L, Masad E, Peterson B, Saleh H (2001). Internal structure analysis of asphalt
mixes to improve the simulation of superpave gyratory to field conditions. J
Assoc Asphalt Paving Technologists 70: 605-655.

Tashman L, Masad E, D'Angelo J, Bukowski J, Harman T (2002). X-ray tomography to
characterize air void distribution in superpave gyratory compacted specimens. Int
J Pavement Eng 3(1): 19-28.

Ter Huerne HL, Doree AG, Miller SR (2009). Monitoring hot mix asphalt temperature
to improve homogeneity and pavement quality. In: Proceedings of Sixth
International Conference on Maintenance and Rehabilitation of Pavements and
Technological Control MAIREPAVG. Turin, Italy.

Thenoux G, Sandoval G (2011). Stiffness modulus behavior in Hot Mix Asphalt. In:
Proceedings of Transportation Research Board 90th Annual Meeting,
Washington, DC.

Thyagarajan S, Tashman L, Masad E, Bayomy F. (2010). The heterogeneity and
mechanical response of hot mix asphalt laboratory specimens. Int J Pavement
Eng 11(2): 107-12.

Von Quintus H, Scherocman J, Hughes C, Kennedy T (1991). Asphalt-Aggregate
Mixture Analysis System, AAMAS. National Cooperative Highway Research
Program (NCHRP) Report 338, Transp Res Board, Washington, DC.

Wambold JC, Antle CE, Henry JJ, Rado Z (1995). International PIARC experiment to
compare and harmonize texture and skid resistance measurement, PIARC,
Technical Committee on Surface Characteristics, France.

Williams K, Cox B, Howard I, Cooley LA (2015). Asphalt concrete field compactibility
models focusing on lift thickness. In: Proceedings of Transportation Research
Board 94th Annual Meeting, Washington, DC.



258 | References

Willoughby K, Mahoney J, Pierce L, Uhlmeyer J, Anderson K (2002). Construction-
related asphalt concrete pavement temperature and density differentials. Transp
Res Rec 1813: 68-76.

Xu Q, Chang G, Gallivan V (2012). Development of a systematic method for intelligent
compaction data analysis and management. Constr Build Mater 37: 470-480.

Yeaman J (2005). Are we afraid on the IF1?, International Surface Friction Conference:
roads and runways: improving safety through assessment and design, 1-4 May,
Christchurch, New Zealand.

Yue ZQ, Bekking W, Morin | (1995). Application of digital image processing to
quantitative study of asphalt concrete microstructure. Transp Res Rec 1492: 53—
60.

Zelelew HM, Papagiannakis AT (2011). A volumetrics thresholding algorithm for
processing asphalt concrete X-ray CT images. Int J Pavement Eng 12(6): 543-
551.

Zelelew HM, Papagiannakis AT (2011). Wavelet-based characterization of aggregate
segregation in asphalt concrete X-ray computed tomography images. Int J
Pavement Eng 12(6): 553-559.



