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Abstract

Project Code: MRG49

Project Title: Potential Use of Industrial By-Products in Moisture Damage Resistance of

Hot Mix Asphalt Pavement in Thailand

Investigator: Assistant Professor Kunnawee Kanitpong

School of Engineering and Technology, Asian Institute of Technology

E-mail Address : kanitpon@ait.ac.th

Project Period: December 2006 to September 2009

Moisture damage is one of the main problems in asphalt pavement which is found
especially in areas with high a amount of rainfall. One effective solution is to apply anti-
stripping additives in asphalt mixtures to reduce the stripping of asphalt binder from the
aggregate surface due to moisture. Another solution is to select an aggregate type that
provides better affinity with asphalt binder rather than water and hence provides better
adhesion. In this study, fly ash and cement kiln dust (CKD) were selected as the anti-
stripping additives, while steel slag and reclaimed concrete were selected as the
aggregates in asphalt mixtures. The resilient modulus test and the indirect tensile strength
test were conducted to evaluate the performance of asphalt mixtures. It was found that the
use of CKD as additive increased the stiffness of asphalt mixtures at intermediate and high
temperatures, while the application of fly ash and reclaimed concrete reduced the stiffness
of the asphalt mix. Results also indicated that asphalt mixtures with fly ash and CKD
additives and those with slag and reclaimed concrete aggregates could resist moisture

damage.

Key words : Industrial waste, fly ash, cement kiln dust, slag, reclaimed concrete,
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ldwr wehaae (Fly Ash) uaz Cement Kiln Dust
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Noureldin W&z McDaniel [7] "L@i”ﬁﬂmwudﬂqmauﬂamaﬂamam:n%’umﬁﬂﬁfu
sanIndunMunIEnnianldd lasiaainen Los Angeles Abrasion Hengafis 20-25%,
fauudsusamumugs laodaldainedn soundness loss d1nd1 12%, uaziidn bearing

strengthgd laeialeane California Bearing Ratio (CBR) g4t 300%

waninimsfnmlasanzindsunanangu [2, 8, 9, 10] lunadensiiavedus
a . o A [ 6 A v a R A [
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(basic aggregate) ﬁ]:ﬁ@]mauﬁ'&ﬂu Hydrophobic

mM3Anslas Riedel [11] WUA1 basic aggregate en) hydrophobic aggregate
v A ' A o Aa wa & .
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AawNIALMN (Reclaimed Concrete Material) "l@TgﬂﬁﬂmLﬁaﬁmﬂ"ﬁﬂmmu’?aq
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ABWNIALINEIRTLINWAINIG (pavement concrete) %W3a Precast concrete ﬁ]:gﬂwui’ﬂ"ﬁ'
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concrete

Hanks W&z Magni [14] lananiin aaunIawinfazsanlevy latwnszuiums
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P  (permeability) gdﬂdﬁa@;mmmmmiwma LT ﬁugu AUNTIA AZNING
a e 1 g: 1 ‘é | 1
FIINTIG msﬁnmqmauummomﬁmaaﬂauﬂ%mmuuwmw gus"ﬁmuﬁmmumuwau
RANVBINAWNINUTENAUAIEINLINaUVDY calcium-aluminum-silicate 531949 calcium
. A A A . Ao I o & = .
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LBINAVBINBWNIALALAZWLINABWNIALANENNITOA W UMTFANTBW LA G (abrasion
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2.3 Cement Kiln Dust (CKD)
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U

#aNNRUNIINLIT CKD ﬁ'ammsnﬁwmlﬁﬂui’a@;Na&u,ﬁuslui'a@y,l,aaﬂaﬁ
AaUNIAle lay Kraszewski Waz Emery [17] WUIMIHEN CKD &4 bblaaWanoiuua
\ A o o \ a &a ea [ &
ﬂaumzwauﬂma@]immwmmmmﬂa@ﬂsmmuaaﬂawmw@mlﬂma@wauLLaaﬂa‘n
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mmsmj"snéﬁumumwgmaﬂﬂnaoLLaaﬂaﬁs’?jmuﬁaaﬂmﬂﬁwaﬁa@;mmmmzfl@T
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Collins Uaz Emery [18] Fnmifnmamautianiaiaiives CKD uazwuin CKD &
susznaufindeny Portiand Cement G9dduisznay Cao §9T19 40% danwauzidu
wa uazlidwdszney alkali g4 289 lsAMUANINLTIN CKD Taunanaadlanswin
[19] efiltu uaelon azia uay LIdiow Uztuagene foudeniulsumiivas
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2.4 1n1aad (Fly Ash)

wiaes (Fly Ash) anihanlglunuaauniaanudiiian 60 T Lﬁaaﬁnﬂﬁqmawﬂ‘a
1)) pozzolanic %uﬁa siliceous 38 alumino-siliceous a%iluamwa:l,'é‘muaufiaﬁuﬁu
i e NdIEndsAuGY calcium hydroxide TuEiund ﬁalﬁﬁmmauﬁ'&%auﬂizmu
(cementitious compounds) [20] Qmawﬂ‘@ﬁmmmmwmauﬁmaUfuﬁﬁﬂungﬂi’mﬂau
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. . v v a . | ' A
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D

atluztued calcium hydroxide uaz calcium sulfate lunia3snug1u id1aay Class C &
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UIunmw alkalis a2 sulfates g«imh L0Naee Class F
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3.1 UNuI

nl‘y [ 1 =3 aa A o Aa .
‘luuwmﬂ@ﬂmammmgﬁmﬁmim}aaummdaamummgmmaa ASTM (American
Standard for Testing Material) L8z AASHTO (American Association of State Highways
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en & % A [ [ .
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Aggregate) mmn”mﬁwazu,a::mig@%uﬁwaﬁa@;mmm (Specific  Gravity and
Absorption) @ﬁﬁmwmmumwaamgmﬂ (Flat and Elongated Particle) anaLdwnisuy
34 (Aggregate Angularity) WasioudninuanvaduIaI I (Percent Fractured of Course

1 =3 1 s .
Aggregate) AMAAINUADINIIINNIDUVIINQUINIIURLIU (Los  Angeles Abrasion)
anuasnuvasiaguiaTnlaslflodoudaWaniounniiiBoudaine (Soundness) A
wanaufisuiunTy (Sand Equivalent) #uinqizaunaunuazld AC60/70 inIaifin

ARNDAINWIDL
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ﬂ’;’]&l%ﬂ (Moisture Damage Resistance) LLa:@hIngé'a (Resilient Modulus) uaﬂ'cn'mf:
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\@3BuNauAIaLNg (Watah 3.2)

T
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szLAni 1 Usaann 2 || dsznnn 3 521N 4 1sz1An® 5

y

nagaLfMFNTANIIFINTIN (Wadah 3.3)

AITUR N']‘Jﬂl%ﬂ'ﬁ(ﬁ'] WNu

B nMInageunIenlugas

Compaction Energy Index (CEI)

Traffic Densification Index (TDI)

\ 4

a [ A
LRANLLAZALATIERNANITINARAL (UNN 4)

Uz U UN AU ALRZHANTENUNIRILIaa oW D896 (UNN 5)

satuaztaunziin (Unh 6)

311 3.1 LNIWU DI LATINNTIRL

3.2 NILASLNNDUADENY

sluﬁﬁafﬁﬂumim%wﬁaué’mﬁ'ﬂomumiaaﬂl,l,uuhUﬁ%'gjmﬂaiww LAZNNTOANLUY
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WRanlaTIaiIueINIaTIN (LLa@olugﬂmawumﬂaz) WAz (3) MIvanuuUUINIUIEG
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Compactor)  iNafazdsziinguauiiiilSunasvasdandiadsudazdanneia
RHIUUBATI Y ANUTIWIBTBLNAINITUADAAINURAI WA TIWUEFAIATUABILI
(Compaction density curve) mﬂﬁuwaﬁnﬂmsmé’mz"l,@”lmaa’i”fmmasamm:ﬂ%mm"i’aq

dl' £ s 1 d'd wva A a d'dai
\IeaunauaanuuuINiaucaisniguauaEslinahanga
3.2.1 m‘stﬁan"’a’aq

lui”'u@lauf:l,ﬂumﬂﬁani’a@!mm’m LLazfa@;L%auwa’mﬁmmzauﬁ‘uanwwéaLLamﬁauLLa:
FNIWAITVTNDY aﬁ'ﬂd"liﬁmulumu'ﬁ%’aﬁﬁlﬂ‘*ﬁa@;L%awmmﬁmmﬁmamﬁlﬂuﬁmﬂi
muquﬁ?uﬁﬁa LARWANTLNUALNTA 60/70 dmi’aqmmmfﬂﬁ’tﬁmasauﬁg\mm 3 THha
fa ﬁugu (limestone) ASNTULAAN (steel slag) LRZABWNIALAN (reclaimed concrete

material)

miﬁa:ﬁ’ﬁ'a@;@m e]mwauﬁ'mﬂuﬁauﬁaasmﬁ?mzuusgﬂl,ﬂaiwvxlﬁ"ﬁaﬁmumﬁmﬁ'u
i'aqmaiw%ﬁaﬁwu@aaaaﬁ'nﬁa (1) TaQuIaTNazgnaIugulag 39AILAN (control
point) LazlIASNTa (restrict zone) TIUEAIRIAT1II A1 11 Appendix A Uaz (2) eCOIEE
ifamzﬁaamuﬁaﬁmumﬁlmﬁ'uqmauﬁ'amoﬂszmiﬁa mﬂmﬂumﬁlwgmaammw
VEULAZUIATINALLEEA ANUINILAZLUKTBIOUNA LazdIunmsdwiniied Fouaasle
@13719 A2 I Appendix A dau’i%‘msmaauqmawﬁaﬁugﬁmao‘;”a@;maiwvlﬁa;ﬂvlﬂu
1971 3.1
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A19197 3.1 NATFIBMNINATIUAUFNTANUIIUVBINIATIN

NI
LS

A5nInagay

AASHTO T11 & T27

Sieve Analysis for Determining Gradation and Size

AASHTO T84-88

Specific Gravity and Absorption of Fine Aggregate

AASHTO T85-88

Specific Gravity and Absorption of Coarse Aggregate

AASHTO TP56-99

Standard Test Method for Uncompacted Void Content of Coarse
Aggregate — As Influenced by Particle Shape, Surface Texture, and
Grading

Standard Test Method for Uncompacted Void Content of Fine

ASTM C1252 Aggregate — As Influenced by Particle Shape, Surface Texture, and
Grading

ASTM D5821 Determining Percent of Fractured by Particles in Coarse Aggregate
Resistance to Abrasion of Small Size Coarse Aggregate by Use of

AASHTO T96

the Los Angeles Machine

AASHTO T104

Soundness of Aggregate by Use of Sodium Sulfate or Magnesium

Sulfate

Plastic Fines in Graded Aggregate and Soils by Use of the Sand
AASHTO T176

Equivalent Test
ASTM D4791 Flat or Elongated Particles in Coarse Aggregate

' a Ao & o & a A (% = (2
ﬁ']%ﬁ’]iﬂﬁ&lLW%ﬂuﬂ’]Tﬁﬁ]U%’%zsLT“ﬂ\‘lﬁﬂJ(ﬂ 2 T1ueaad LaaY (fly ash) WRINITIUUBG

. ! a & v A4 o a
(cement kiln dust) LLa:muﬂszﬂaumamﬁmaammamwwmaaamﬁmmmsmi@m%’

x-ray fluorescence spectroscopy (XRF) wazHanInasey lauaad biluund 4

3.2.2 m‘stﬁan‘[ﬂ‘ma%’wwaammm

nasnirgaunm ez izquianaldgnidanuazldiudaimuadisgudr Az

A v A < 3 A A 1 A
miLaaﬂimamwmmwaammu TGI@UV]'JVLULLEI’J’QzLaaﬂ 3 LUURIBNNNNINNY LY

Tlaveaglvurnwn et ‘mé’oﬁnﬂﬁfuﬁazﬁwmumﬂ%mmi'a@;L%ammm‘%mﬁ”u NN

azﬁwﬂ%mmi’a@; L%awNmm‘%mﬁuﬁfumNauﬁui’a@lmamwluLL@iaz%saa%wmaammm

LLa:mﬂﬁfuﬁﬂizLﬁuqmauﬁaL%aﬂ%mmﬂ@ edIuuieunuTaniInuka GRERATMIG S181 as

i (01774 A3 lu Appendix A) iiadsziliwilassasananunullquanifangaazld
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i lassaantaunwin llunsnguianalang U7 3.2 LRAILHNWIATIRIIIEINTY

N3 ammuIma RIINIRITN

Lﬁaﬂi‘a@;mmwuﬁﬂﬂLiﬁ'ﬂuL‘ﬁﬂuﬁuﬁaﬁmu@?ﬂmaiww&'ﬁq

IR S —

51'@LLﬂJIﬂidﬁ%ﬁﬁaqmmmuﬁ’sﬂinﬁu
laisnn

a o o o <
MNEINUUBNAUAUBITUINARES I@]U'Y]'JVL?J

w3 wuuwIanInninvaslasIae
YINTINVIVIINTU T2 T

ﬁwumﬂ‘%mmﬁ'&q A NNE TN
mé'@ﬁ’mwauLﬁwﬁuslﬁ'uﬁﬂ%mm’?a@y,%awwmm‘%uﬁu

ﬂsuﬁuqmawﬂ‘&%aﬂ%mmmaoﬁaué’h atindluueazlasaasng

VBININIIY

A o A wa a Aad &
LﬂﬂﬂIﬂi\jﬁqG"UﬂG&n'ﬂiqNﬂw@lma&]l}@L“ﬁﬂﬂiu"l@]?ﬂ@'ﬂq@uqtﬂu

Imaaﬁ”ﬁamaimaammu

E‘llﬁ 3.2 LLN%IﬂSx‘]ﬁ%/'N LLﬁ@x‘]ﬂ’]iaaﬂLLUUIﬂiGﬁ%’]GN’] BRIPEN

3.2.3 mstﬁanﬂ%mmi’ﬁqLﬁ’auwm%aammu

dl v 2 c?; c?; 1 =} a -5 dl

1 lalaTIRIIINIAIINDANUUL LA I mumau@a"lﬂﬂamimﬂsmmm@mawwa’m
= o o X a o &

anLuy smmvl,@ﬂ@uNauﬂaumamwﬂ@ﬂLﬂiaama@egﬂl,ﬂaiwa (Superpave gyratory

compactor) lasldSinmizqizennaui 0.5 waz +1.0 asSanodiwaizanny

SUA% INBUNENINaRA 081918 az AT ETIINaTIN IS I T asIsan e lag

ﬁlzmﬂ%mmfm}L%asJwmuaanLLUUVL@TﬁiJ%mm"ﬁaodwmmﬂwi"nﬁ'u4 LRZWANITNTE
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rﬁ”aué'haﬂ'wﬁﬂ%mmi'a@]L%auwmuaaﬂLLuuﬁﬁ]:ﬁaamuﬁaﬁmu@@m s]maoszuwgmﬂa%
Wwnaae (@319 A3 11 Appendix A) 3N 2.3 LLamiTm]aulunwsmﬂ%mmd”aqL%ammu

aankuy

ﬁnﬂimaaﬁ”ﬂamasauaammuﬁuﬂ%mmfa@; L TDNNRIBLS NN L6

WRanUTINUIEAITaNNEIM (0.5 WAz

+1.0 2093 UL TANNF LT W)

v

ﬁ']ﬂ’]iNﬁ&JLLUU%@'JSJ‘J&%'JIW\‘]'T?(@JN’J amuﬁ'ui’am%awmm%

MUK NNUWINMIAANUENTUNENIN BN FIFA(Crm)

T

V‘hmimé'@ﬁauéhaﬂ"mu,azahzLﬁuqmauﬁaluu@iazs:é’w 84

USunawiag VTONHE

V‘hmimﬂ%mmﬂf’a@] WaNNIIWENWULNUS N T 8971981 nNALYN

= P va A |a o o A a o A
WIsun Ullﬂma&]'ﬂ@lvﬁﬂﬂiuqﬂjmaﬁﬂﬂu@’gaﬂqﬁﬁﬂiwqm’]ﬁ@llfﬁaw

4 1lasiaug

NmuaaﬂLLuuﬁuﬁaﬁmu@maa?ﬂLﬂ aLAN

= & a o A
Eﬂ‘ﬂ 3.3 71U E]%l%ﬂ’ﬁ%’?ﬂi&l"lﬂn ﬁ@]' LTRNNRIUaaNLLLY

3.3 MINAFaLUN oA

@ 9 g a A v o 1 A v
SL‘HMTIJﬂﬁ"ﬂza'ﬁﬂﬂﬂﬁdﬂﬂﬁﬂﬂaﬂﬂﬂma&m@mﬂdﬂﬂ%@nE]Uﬂd‘ﬁdﬂﬁzﬂaﬂ‘lﬂ@’lﬂﬂ’]iﬂ(ﬂﬁﬂﬂ

NIABNIUAINTY (Moisture damage resistance) ﬂﬁw@aaum@iﬂug}é’a (resilient
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modulus test) LRZNITNAROLRIANATHNRIIUY BIAITNRW U (densification energy

indices)
3.31 msnmaaums&‘mmumw%u

MINARDY Indirect Tensile Strength it la8198IANUNIAIFINVEI AASHTO (AASHTO
T283, “Standard Test Method for Resistance of Compacted Asphalt Mixtures to
Moisture-Induced Damage”) Wafaz 13z iunmsmunuanuIuaainonaias9ne 5

UseLnn

MINARAUNRIZIT 6 Hawa20819U98IBNENLARZLTELAN Uazl 6 ﬁauéhamaﬁa:gﬂ
1 & 1 1 v 1 1 o e v s 1 a
wudaantlu 2 NYY NYNUAZ 3 Naw I@smq:uLLiﬂfﬂzvl,meima:"l,iﬂunaumamaLLaszﬂ

o o ' - @ ' A . . Ao
ﬂaumamaﬂgwm’maumamoLL‘uu"LuuLdau"lm (Unconditioned specimen) Uthennah

@ﬁ"saﬂwnﬁjuﬁ 2 azﬁmsgmwmaaanmnﬁaué’aasm wIavinlwnanalat198u67

=y

1523104 70-80% %é’omnﬁfuﬁ%mﬁauﬁaa:halumjwﬁ"lﬂuiﬁmqm%gﬁ 60°C 1iu

J2uziaa 24 Tl deudratengunasizunidaudiadnsuuniiianly (Conditioned

specimen) U7 3.4 ugaamItuiaudiatvvasiaudatuuuiinenly

5111 3.4 MIesuNNanAat1ILULNTaw b

u

ﬁau@“hasmﬁy'aaaaﬂﬁjufm:gnﬁﬂﬂuﬁfwﬁqmugﬁ 25°C 1lwam 2 Falug dowinian
oﬁ";aﬂ'wﬁ”'mm"lﬂmﬁauL‘ﬁaﬂ%’uamwqm%gﬁmaaﬁauéﬁama WaININR a8t H
NENAIVAN RN TUE" AazieogalUnaifanmassuussdansdaniisasine
50.8 Naaasdewf lagldiasoinasauusisa %mamlugﬂﬁ 35 UAZLAIAINARDUIL

v aaAd o . a [ A
Viq@‘ﬂuqﬂlﬂla@'}aﬂ']\?l,ﬂ@]saﬂLL@ﬂ@GLLﬁ@GI%gﬂ“ﬂ 3.6

ms*‘n@1aauﬁfﬂzi’@mm:numnmm%ﬂugﬂmaaé’mwdmﬁwé’a%’uLtiaaﬂmﬁaw (Indirect

Tensile Strength Ratio, TSR) T4NA28AINEINIZNINIMAITUUTIAIaedaNvaINDY
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'
[l A

ratnuuNanlanazinadsunsiadlasdanuainanalatsuuuludizanly drvan
@ oA A o &
datefidn TSR gauaasindianusananlunsduniuanuiuen

dl v o ] g
E‘l]?l 3.6 NAUAIBLNNLRIINNINARDL

893U LLix‘iﬁx‘lI@ HEDUR &l'ﬁﬂ‘ﬁ’]vlz@?ﬁ]’]ﬂallﬂ'ﬁ

o o o P
M{IIVWI (Pa) = —
mt

lagfi P = WI90AFIFa (Haaw)
t = ANNRWIVBIN0819 (RaRLNaT)
D = idurngudraifiege ((afiuns)

FIUIANFIUIRITUUTIAIlaedan (Indirect Tensile Strength Ratio, TSR) &13n3nw le
AIRNNIT
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TSc

DAINFEIWANRITULIIAILABEaY (TSR) = —
[# 4

dl o @ o =1 £ U (% ¥ =1 dl
laaf  TS.= Madsuusaslasdanvasnanalatnanuuiianly
o o o = U U s 1 1 dl'
TS,= MassuLsIfilasdanvasnauaatanuy laiidonly
3.3.2 MInadaumaluaad

minagaumdlugasiiunisiadriasiuussdslasdon (indirect tensile strength)
o o @ S . 2 A v A

muldiminusmndn (Repeated loading) mmsmaauuﬁlﬂmaaamummgm ASTM

(ASTM D4123-82, Standard Test Method for Indirect Tension Test for Resilient Modulus

of Bituminous Mixtures) LaznInaaasiazld 100 JOUVBINIRUNLIINND uazlu 1 Aau

datsazimInasaungunni 5° 25° uaz 40°C
3.3.3 NINAFDURIATATIHWARIITHAITNA LI

ATHNRINU 2 AAe Compaction energy index (CEIl) waz Traffic Densification index
a Aa o q‘dﬁ ] [ 1 ¥ v g d b . g .
(1Dl)  azpnuszdinlunuiseidsdauiimaini ldaniunld Densification  curve
whie 2 9ed9Bs lapfidl CEI Aadiwasnunidasmslunmivadanuuauldninu
] { v a 1 1 1 L 1 1 U é v
AWUUNFBINT (USNmmgadindenmiarinny 8) luseninemInesind 9aunsanle
a a d? A 2 ] Ao A [ 6
I(ﬂElﬂ’]iau“nLﬂ‘i@]W%ﬂI@]ﬂ‘i’]Wﬂ’J’]&l%%’]LL‘LL%YI’J@E]aﬂ&l’II@ULﬂSaGU@a@]‘gULﬂa‘iLWW
(Superpave gyratory compactor) 1t#insafiluituiusauraimMInyuIaULINALIANA
& & ! V@ A « A Al v o« A e P = &
\Waslouauadal Gy, ¥NNU 92 smLﬂui}i@wauwvl,mwLﬂu%muuumaomsmamsaau
MINaaT9 AINUEAT CEl BednAazdsdiilasanndasnmsnasanulunisuadaaniining
RLUUNAINITHBENTIN §1udN TDI A nadNuNdaInsiunsuadaauuwaniinng
A & & A A o A =
AWLUUN 98 Lasouduad Gy, WIBNABATNAIIUALILENDIANNRINITD LT
MUNIUUTNIUNNITITIAT TIRINTW balasnsdufitnsanuildnwanununiud
% ‘ﬂl % 6 1 dld
maaﬂwﬂ@mmaoma@qﬂmanww (Superpave gyratory compactor) 3x#399ANY
wWasluduaddn Gy WAL 92 Auganilidafiouduaddn Gy, iU 98 asuudnen
A & a a A v A |a v o ' AaA A o '
TDI Begenaziisanitosnndaslisiunmnsanesunnnitdeudadeniien TDI fidndn
A ) A o &A A o a o , & A
WIanadntuNAalaNNEINITAA UM UUTUIMNNTITITLENINATIN UL U 3.7

LEAINWNUBIAT CEl waz TDI
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gﬂﬁ 3.7 N WLRAIA CEl thaz TDI
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UNN 4
NAaNIINA&L

4.1 UNw

A’ a [ 3 [ s 1 & o AN o '
luuniazuzasnazidianzinanInagauainandiasind 5 Uszianash lananlulu
{ A U L ' g: { o v 1 v wAa A =3
uni 2 eﬁcmaumamamm@ﬁmmmaammaomummvﬁmamuqmaumLfmﬂsmm
mmzuusﬁqmﬂaﬁwwmu meﬁauﬁaaaiwmﬁhﬁﬁlzgﬂﬁﬂﬂﬂmaauamamﬁ'@mﬁmmm

& v v dw . .

Fadvenau a1 smunuanuan (Moisture damage resistance) LRzNITNARBUNRN
ﬂ'ﬂug]é'a (Resilient Modulus) %8naNNHRANNFINITAIUANTUABA (compactability) Way
NI BUTNIHNITT13T (traffic densification) a:gﬂﬂsuﬁuﬁm

4.2 SIBHENDANLULY

NIZUIBNITEANLULAIRNRNLAST DI IRUAGANS s]a]:gml,amluﬁ'ﬁaﬁ RRIINNHUDL
LRAINAT LAIINNITADNUUURIBNRN NORA0L19NI 5 UTsnnNaantuULAEAaINI%
mm«?ﬁmaﬁxuu‘gﬂLﬂaﬁwWﬁ'\‘mm ﬁau‘ﬁﬁ]zgﬂﬁﬂﬂmaau

421 mnﬁan%’aq

& 0 @ ad & & a A o @ @ A
TuaauiaylunsaanuuumadtgUideasinnnudaninfeniag linanzaniudinm
MIITT  amwpiameauazainzaslasiasiinuy Tuudsoiilalduaasn 3 oda
lefuri Autu (limestone) @znFuindn (Steel Slag) wnzaauniaLin (Reclaimed concrete

material) LNafazsin lUiaSouiaualaend
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311 4.2 AxnTULKAN (steel slag)

suin 4.3 ABWNIALAN (reclaimed concrete material)

T,ﬂiaa%”’lwaammmﬁazﬁ’]maaﬂLmuﬁfm:é’aamuﬁar‘imumao?ﬂnJainﬁa 70
. o o . & o o 1

auAa (Control point) UazLYAING (Restrict zone) TITuaad At 422 §u

wn A A v

AUFUTANUIIUVDINIATINATNARAUANIIATIINYEI AASHTO Uz ASTM TIURAIAS

TN 34 uazHamInaseuqmENTANugIuTasnaTvudazsiiams i lduaaslu
=
A1319% 4.1
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A en . a
M1319N 4.1 ﬂﬂ,LﬁlJle(ﬂ‘?J BNUIRIAULLARETUA

JININY
Aulu ALNTULARN ABUNIALMN
ALRNIIA Vel
4 EURR) yIn 4N Ee )|
VINTINNEY 3
- RIPEY RPN RIPEY RIPEY
RHBHL A .
RETU | SLaya Hneuy NLYA
HB2 HB3 HB4 HB1
Bulk Specific
2.677 2.685 2.692 2.660 | 3.035 - 2.320 -
Gravity
Percent Absorption 0.500 0.420 0.320 0.890 | 4.343 - 5.302 -
Uncompacted Void
Content of Fine - - - 49.1 - - - -
Aggregate
Uncompacted Void
Content of Course 47.6 46.7 46.1 - 521 - 48.9 -
Aggregate
Fractured Particles
100/10 | 100/10 | 100/10 100/10
in Coarse - 16/2 - -
0 0 0 0
Aggregate
Los Angeles
25.5 25.2 24.6 29.4 28.8 - 29.7 -
Abrasion
Soundness 3.802 0.970 2.180 4.559 1.34 2.44
Sand Equivalent - - - 79 - - - -
Flat and Elongated 0.13 0.16 0.22 - 0.1 - 0.51 -

suguaLianaiaiiuad Fly ash, CKD LAz AzNiuinan azgnnasauduliznaudeis

x-ray fluorescence spectroscopy (XRF) WATHANTNAFDL LALRAINIANTIIN 3.2
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31]1?‘; 4.4 \0"a0y (fly ash)

5N 4.5 NITLUUG (cement kiln dust)

M13197 4.2 FIUI2NaUNLANVBILINAY NITLUUALAZAZNTWLAAN

\wasioug
f13Usznay - — —
13RI ANEIEN R ASNIVLHRAN
Calcium oxide (CaO) 15.14 72.88 33.11
Iron oxide (Fe,O3) 14.22 3.38 23.17
Silicon oxide (SiO,) 39.85 14.6 20.86
Magnesium oxide (MgO) 2.74 1.16 10.20
Aluminium oxide (Al,O3) 20.61 6.13 6.15
Manganese oxide (MnO) 0.09 - 3.36
Sulfur oxide (SOs;) 3.68 0.39 0.93
Chromium oxide (Cr,0O3) - - 0.88
Titanium oxide (TiO,) 0.36 0.25 0.61
Phosphorus oxide (P,05) 0.13 0.10 0.25
Zinc oxide (ZnO) - - 0.16

23



Potassium oxide (K,0) 2.21 0.77 0.07
Sodium oxide (Na,O) 1.00 0.15 -
Bromine (Br) - 0.10 -
Chlorine (ClI) - 0.08 -

4.2.2 IR 1NARSVDINIAIIN

a & @ ' =

miaammumm%‘:qﬂmaﬁwvxluumm@ﬂawadmammmaamummsﬁ Sﬁdgﬂmqui@s

. o o . né g; 1l g; {
2aaUAN (Control point) WaclI®3ING (Restrict zone) TUNUNNIFDIDENITY ﬁaﬁ;@ﬁ
WRDALULNLAIVBY Federal Highway Administration (FHWA) Tiwdaaszninailafioud
NMINIBAZUNTNVBININIIN NUVWIAVBINLUNIILNTEING 0.45 uaﬂmnﬁﬁ'\ﬁ;@mugmm:

o £ | o ) i . = Ae &

1DAIING URDLINUIWINTZYVBININTIY (nominal maximum size) Faluauiduhuia
UMY 3 %ﬁmﬂ%"nmmzqﬁ 19 HafNAT A13199 4.3 UROIIWIAARZVBINIRTINNG 3
siadlteanuuulunuidsh Laz3UN 4.6 LFAINTINTBITIIAALTBININTINNG 3 THA

s & o @
mmummeﬁm ’@‘@]ﬂ’J‘UQN LRSLYAITNG

P
N3N 4.3 VW IAARSVDININTIN

YUAATLNTI (MN) \asiouann
19 100
12.5 93.38

9.5 80.83
4.75 53.32
2.36 32.31
1.18 21.95
0.6 14.59
0.3 9.08
0.15 5.88
0.075 4.32
Pan 0
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Blend Design of All Mixture Type

100 =

80 e
o1 60 : @,/
% 40 =
oy e
20 . A

W Sievesize 1%1 mm.(raised to 0345 ) 4

gﬂﬁ 4.6 NIWLEAIVUIAARZVDINIRTIY

daldvwanazuasuiasiuflteanuuuud tuneudeliifunsulsdasiwuas3unm
POINIATINURE TN FUL AN LA Rz T LN NTasandiagng a9 44 B9 4.12 U&a9
msutslSan s asuaasaNasssHautnluudaz sz %aﬁaué’aaﬂwmnﬂnmwfuﬁ
WM 1,200 n3uian

dl s 1 a2 v 0/ 1 lﬂl
M139N 4.4 FAFIMUIIUUIATINTAINaUABE1IUTELANT 1

y wwin
WUIA (V) TaGLUNW o
(NIW)
12.5 (limestone) 1/2" 79.44
9.5 (limestone) 3/8" 150.60
4.75 (limestone) #4 330.12
2.36 (limestone) #8 252.12
1.18 (limestone) #16 124.32
0.6 (limestone) #30 88.38
0.3 (limestone) #50 66.06
0.15 (limestone) #100 38.40
0.075 (limestone) #200 18.72
0-0.075 (limestone) Pan 51.84
Sample size 1200.00
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A13190 4.5 FasnUSunmulanvvadnaualegslszani 2 (Iidaes 3%)

WA (W) Sanzunss | dmin (n3)
12.5 (limestone) 1/2" 79.44
9.5 (limestone) 3/8" 150.60
4.75 (limestone) #4 330.12
2.36 (limestone) #8 252.12
1.18 (limestone) #16 124.32
0.6 (limestone) #30 88.38
0.3 (limestone) #50 66.06
0.15 (limestone) #100 38.40

0.075 (limestone) #200 18.72

0-0.075 (limestone) Pan 15.84

0-0.075 (fly ash) Pan 36.00
Sample size 1200.00

A13197 4.6 FasuUSumulanvvadnauaeislszan 2 (Iidaes 5%)

PUNA (W) Saazunss | swin (n3w)
12.5 (limestone) 1/2" 79.44
9.5 (limestone) 3/8" 150.60
4.75 (limestone) #4 330.12
2.36 (limestone) #8 252.12
1.18 (limestone) #16 124.32
0.6 (limestone) #30 88.38
0.3 (limestone) #50 66.06
0.15 (limestone) #100 38.40

0.075 (limestone) #200 10.56
0.075 (fly ash) #200 8.16




0-0.075 (fly ash) Pan 51.84
Sample size 1200.00

M13199 4.7 FasnUSunmulanvvadnauaegslszaani 2 (Iidaas 9%)

YU (W) Saazunss | siawein (n3w)
12.5 (limestone) 1/2" 79.44
9.5 (limestone) 3/8" 150.60
4.75 (limestone) #4 330.12
2.36 (limestone) #8 252.12
1.18 (limestone) #16 124.32
0.6 (limestone) #30 88.38
0.3 (limestone) #50 66.06
0.15 (limestone) #100 0.96

0.15 (fly ash) #100 37.44

0.075 (fly ash) #200 18.72

0-0.075 (fly ash) Pan 51.84
Sample size 1200.00

13197 4.8 FasnUSunauianvvadnaualatIUszand 3 (I5aaTiunud 3%)

WA (W) Faazunss | min (n3)
12.5 (limestone) 1/2" 79.44
9.5 (limestone) 3/8" 150.60
4.75 (limestone) #4 330.12
2.36 (limestone) #8 252.12
1.18 (limestone) #16 124.32
0.6 (limestone) #30 88.38
0.3 (limestone) #50 66.06
0.15 (limestone) #100 38.40
0.075 (limestone) #200 18.72




0-0.075 (limestone) Pan 15.84
0-0.075 (CKD) Pan 36.00

Sample size 1200.00

A15199 4.9 FasuUSnauaINainawaag1idsziang 3 (IBnsTiauud 5%)

YU (UN) Foazunss | Wmen (n3w)
12.5 (limestone) 1/2" 79.44
9.5 (limestone) 3/8" 150.60
4.75 (limestone) #4 330.12
2.36 (limestone) #8 252.12
1.18 (limestone) #16 124.32
0.6 (limestone) #30 88.38
0.3 (limestone) #50 66.06
0.15 (limestone) #100 38.40

0.075 (limestone) #200 10.56

0.075 (CKD) #200 8.16

0-0.075 (CKD) Pan 51.84
Sample size 1200.00

A13197 4.10 FasuUSINIATINVRINBUAa81IUTEANT 3 (LERITLuud 9%)

YUNG (W) Foazunss | wwmnn (n3w)

12.5 (limestone) 1/2" 79.44
9.5 (limestone) 3/8" 150.60
4.75 (limestone) #4 330.12
2.36 (limestone) #8 25212
1.18 (limestone) #16 124.32
0.6 (limestone) #30 88.38
0.3 (limestone) #50 66.06
0.15 (limestone) #100 0.96




0.15 (CKD) #100 37.44

0.075 (CKD) #200 18.72

0-0.075 (CKD) Pan 51.84
Sample size 1200.00

A13719N 4.11 FAEIWUSVINIRIINVAIN UM BENIUTTANN 4

WA (W) Faezunss | thnnn (n3W)
12.5 (steel slag) 1/2" 79.44
9.5 (steel slag) 3/8" 150.60
4.75 (steel slag) #4 330.12
2.36 (limestone) #8 252.12
1.18 (limestone) #16 124.32
0.6 (limestone) #30 88.38
0.3 (limestone) #50 66.06
0.15 (limestone) #100 38.40

0.075 (limestone) #200 18.72
0-0.075 (limestone) Pan 51.84
Sample size 1200.00

A13191 4.12 FAFIUUITNMNIRIINVDINBUAI8E19UIZLANN 5

IR (UN) Foazunss | siawin (nsu)
12.5 (RCM) 1/2" 79.44
9.5 (RCM) 3/8" 150.60
4.75 (RCM) #4 330.12
2.36 (limestone) #8 252.12
1.18 (limestone) #16 124.32
0.6 (limestone) #30 88.38
0.3 (limestone) #50 66.06
0.15 (limestone) #100 38.40




0.075 (limestone) #200 18.72
0-0.075 (limestone) Pan 51.84
Sample size 1200.00

423 qmauﬂ'ﬁ@aﬂ%mm

NINTIWANUUL (WD 4.2.2) 39NN HENALIRGLTOUNEN (ACB0/70) UATRITNFY
ﬁl ~ Q. J 1 v = ] { =y Qs {
W (rfhavesansnauindnagnulszianvasfianaeig) NlSualaqiaunan
A o X { o { & f e A
(36w (trial asphalt content) N 1WIRTAUNYWIINAFS (FuagAUUTINMNITITIIUAL
a d‘ [ 6 >
8NIWDHBINA) I@mmaw@aﬂgjmﬂaﬂww (Superpave gyratory compactor) ®Wa43N
WUAITIAANNEI9E NN (bulk specific gravity) VadudaznawiNetilundSunmaes
TROLTANHEBALANNZEN (optimum  asphalt content) wazQmAFNUALTIUTINATNUARE
o a o A a o . A a o A A
AU ITTONNTIUIINA (trial asphalt content) TILUTUAIFTOUNTINA
WANNZRY (optimum asphalt content) luudazUszinnaaifeudliagninu wilalasls
aIgukazdainuavasgiileiinnfedasiitasivemealszanm 4 weafioud uag

@ { v v o & v 1 1
Ausulidaugdendullawdainue Seazldndndaly

T3 e aanuuUUSUIIWAN397193N 1 811 ESALs é’aﬁfm‘hmmaumuﬁazmﬁ@
Aaudiatlasinrasuadagiidasind (Superpave gyratory compactor) Ludsit S1uan
iaumgulf%wéfumﬁﬁ‘u 8 ﬁ‘i’lmmauwguaammmmﬁ‘u 100 LLazﬁﬁuausauwgugaq@

WiINAU 158

a [ A P o [ v o []
4231 ﬂsmtmaqma&mmwnmmzaumﬁmna%mamdﬂszm‘n

1,2uaz3

AAUA28819M9 3 Uzl T UUIaaAazuaIuIaTINaNN A NLLULAINAIINN 4.3 21N
ﬁauéf'sazi’mLwia:ﬂszmngﬂLm'aé’@dmmaaﬂ%mmmummaﬁ 4.4 §SIRIUNOWADENS

A A ~ =2 ° Y o ' A ~
UIZLANNHRHT @INANT19N 4.5 D9 4.7 SRIUNaUM0819UTLANNIRDI BAZANNAIT NN
4.8 04 4.10 STUNauAIatIUITLANTNRNY

(Y o ' A & o o ' £ ' o a
luﬂa%(ﬂ?aﬂ%‘]ﬂiﬂﬂ‘ﬂ'ﬂ 1, 2 U3 ‘%%ﬂa%(ﬂ'ﬁaUWG%zQﬂNﬁNT%I%LL@]ﬂz‘R@U%?J\‘]ﬂ‘iﬂﬂm

1RQLIDUNEN (trial asphalt content) NTUAITTIIIIRITINAIETaNNAINERY
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. o en A ~a [ A A g
(optimum asphalt content) ez MENUA19 9NIaUTIN TR Ta NN UMz FU T

o ' & v o & @ A wa A
rdasrminauinazdarinuavesszuugidofinndin a13190 4.13 uraIguaNUAIT
U3uasvasnaualatelssani 1, 2 way 3 qu@ia:ﬂ’%mmmaﬁa@;L%auwmu Eﬂﬁ 4.7
09 411  WEAIAMNFNNWIILRINIUTUN T aIIN901ma, Lasioud VMA,  tiasiannd
VFA, Wasiaud Gpy, NEminsaunyuindin, iweiiaud G,, N wiusaunyuaanuuy,

& & A o o o a ) A
Ll]ﬂil,":ﬁu@] Gmm 'Y]"i]']%')%i@ﬂ%llq%fﬂﬂq@ ﬂUiZ@U“llaﬂﬂill’]m’)a@lL"ﬁﬂlJNﬁ']%

t:i va a ;& | o Y A
M1979N 4.13 Qma&m(ﬂLﬁdﬂiw’mﬂmmaﬁ:@umE]x‘]’Jﬁ@lL‘IiaﬂJNa’m

AC Content s Air Voids | VMA VFA %Gmm
(%) (%) (%) | (%) | Ny | Ny | Npoy
4.5 2.532 4.72 13.81 65.82 | 84.72 | 95.28 | 96.78
5.0 2.510 3.03 13.49 | 77.57 | 85.61 | 96.97 | 98.51
5.5 2.501 2.1 13.45 | 84.30 | 86.21 | 97.89 | 99.30
Limestone
%0 Gn @ Njes VS 20 AC
98.0
97.5
97.0 1
£ 965
Z,
® 96.0
g 95.5
& 950 4
045 1
{)40 'I\/ T T T T T T
4.5 4.7 4.9 5.1 5.3 5.5 5.7 5.9
20 AC

3UN 4.7 nTINURAIANUTFUAUTTENIN %G m@Naes NULUTUUTRGLTONHE
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Limestone
%0 Gy @Njyi Vs % AC

Nine

1mn'~/.(_‘.

%G;

84-0 T T T T T T T
4.5 4.7 4.9 5.1 5.3 3.5 5.7 S
% AC

31U 4.8 NINUEAIAMUTNAUTIEN I %Grnm@Nini NULTNWIRQLTDUNEL

Limestone
% Gy @ Ny VS 2% AC

99.0
. 980 -
E
z
= 970 A
: <
£ 960 -
95-(] T 1 1 1 1 1 1
45 47 4.9 5.1 5.3 53 5.7 5.9

% AC

31U 4.9 MMUUFAIANVTURUTIZAIN %Gun@Niax NULUTUUTRGLTOUHEY
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Limestone
%VMA vs %AC
14.00
<
13.75 +
A
:. 13.50 + =
I
-
& 13.25
1300 I I I I I I I
45 4.7 4.9 5.1 5.3 5.5 5.7 5.9
%2 AC

gﬂﬁ 4.10 NINLFAIANNTUNWEIZHIN %VMAﬁuﬂ%mmﬁ'&@;L%ammu

Limestone
o % VFA vs % AC
[
90 -
85 -
80
._11
= a2
S
=]
S
70 -
65 -
60 T T
4.5 5.0 5:5 6.0
% AC

511 4.11 PNLFAIANNIFNNWTIZHINI %VFA ﬁ'uﬂ%mmi’a@y,%auwmu

u

a a o A a o A a | '

nn3Uh 4.7 mmmmﬂsmmqa@;mauwmu*ﬂmmzau"lmmaﬂimm"ﬁamwmmﬂ

WA 4 Wediaud nIalefiaud Gy, NIWINTBURYUBBNLULIYINAL 96 §augLn 4.7

=1 L% a va A a a 1 6 6 d' ) n' U

019 4.1 Imﬂszmu@]mawummﬂimm 07w Watloud Gy, NwIuToURYUSTNGY,
{ o A wn , A= ) '

Wasioud G, NI wIUTEURYUFIFR, VFA Udz VMA Digaisutanainazdairin

iaﬁmu@maasgﬂl,ﬂaﬁww AN319N 4.14 agﬂmqmawﬂ'@L%aﬂ‘%mmﬁg@ﬂ%mm‘fﬁ@p%au

' , VN VI i 4
NENWNLANZRY (optimum asphalt content) frTunaual0819U52IANN 1, 2 uaz 3 T4
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1 =Y ™) dl dl o Qs v a 1 dl d &
wohdSnanagimaunawimanzandwiudauaainalsiani 1, 2 uaz 3 daiu
ﬂs:mwﬁlﬁugmﬂummw A8 4.713%

A135191N 4.14 Qmauﬂ'@ L%aﬂ'%mmlmzﬁmaai’a@y%awwmuﬁmmmu

%Gmm

AC Air Voids (%) VMA (%) VFA (%)

Content Gmm Nim Ndes Nmax

(%)

Result | Req. | Result | Req. | Result Req. Result | Req. | Result | Req. Result | Req.

13

4713 | 2.511 4.0 4.0 13.63 " 70.83 65-78 8510 | <89 | 96.00 | 96.00 | 97.52 | <98
in.

a Qo A P o [ ¥ o 1
4.2.3.2 ﬂi&J’IM’)ﬁG‘!L“ﬁB&INﬁ’]%“ﬂ WMNzaNd1nIUNa w0819l 3zAN
4

=Sh.

Aaua8t19UIz AN TUUIAA ALY BINIRTINGNNADNULLATNANTINN 4.3 3NNUUNTDY

éhaﬂ"mLL@iazﬂizmngnuﬂaé’aﬁmﬂ%mmmumﬁaﬁ 4.11

v L 1 { g; v a 1 J 1 Q a Q {
lufaueatelsziand 4 uuﬂaumamaﬁlzgﬂwawﬂmmazsmwa\iﬂsmmaa@ﬁaw
W& (trial asphalt content) anUuAITEINIIIMIUTINIRQLTONNIAINZEY (optimum
asphalt content) ld uazquanTAdg 9NaUTINMTRGTaNHEUAAINz R R BY
ﬁaﬁmumaaszuugjﬂLﬂaﬁww&w A139N 4.15 meqmauﬂaL%aﬂ%mmmaaﬁau
aatglsziang 4 IuLL@iazﬂ‘%mmmaﬁa@;l,%awmu gﬂﬁ 412 09416  LRAJ
ANMUFNNWTIZRINIUTIN T 09719010 a, Lasiaud VMA, Liasianud VFA, tilasiand

Ao ) & & Ao & &
G NIMMIUTOUWYUANGY, 1WoTITUA Gy NIIIRTEUNYUEANLULY, LWBTTUA G,

ﬁaﬁwmmawgugdqﬂ r"fm:é’umadﬂ%mmi'a@y,%ammu

1357191 4.15 Qmauﬁ'@ L%oﬂ'%mmlmwiazszé’umaai’a@;L%ammu

AC Air 0
VMA VFA AL
Content G,m | Voids . .
(%) (%) ( A)) (A)) Nint Ndes Nmax
5.0 2.731| 533 | 13.00 | 72.39 | 84.10 | 94.67 | 96.41
55 2.692 | 3.87 13.37 | 8542 | 8549 | 96.13 | 98.05
6.0 2.682 | 2.58 13.00 | 94.69 | 86.25 | 97.42 | 99.31
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Steel Slag
%0 G @Nges VS %0 AC

98.0

DTS
97.0 -
96.5 -

.\"N des

@

96.0 4

al

955 4

0L

0

95.0 -
94.5 -

94.0 T . T

%AC

31U 4.12 N NUFOIANUFURUTTZAIN %G n@Nges NULTHNHIRGLTANNE

Steel Slag
% G @Nyyig V5 %0 AC

86.5

86.0

'Ninit

0 Gy @
7'y

85.5 A

85.0 A

L]

45 5.0 5.5 6.0 6.5
%AC

3UM 4.13 NINLFAIANUFNRUTTERIN %Grm@Niye NULTN TR TOUNEY
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Steel Slag
% Gy @ Nyjay VS %0 AC

100.0
99.5 ~
99.0 ~
98.5 ~
98.0 ~
97.5 A
97.0 -
96.5 A
96.0 A
95.5 ~
95.0 T T T

45 5.0 5.5 6.0 6.5

% 11'un@.\"N max
A

%AC

31U 4.14 NWUEAIAMUTNAUTIER TN %Grnn@N e NULTNWIRQLTDUNEL

Steel Slag
%VMA vs %6AC
14.00
13.75
13.50
13.25 1 \
« 13.00 1
5 1275 -
2
* 1250 A
12.25
12.00 . . ;
4.5 5.0 5.5 6.0 6.5
%BAC

gﬂﬁ 4.15 NINLRAIANUFNNUTIZNRIN %VMA ﬁ'uﬂ‘%mm"i'a@]'l,%ammu
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Steel Slag
% VFA vs % AC

(vl
th

%VFA

60

h
h

45 5.0 5.5 6.0 6.5
% AC

gﬂﬁ 4.16 NTINLIAIANNUFUNWTIZNINI %VFA ﬁ'uﬂ%mmi’a@y,%ammu

NNIUN 4.12 SansamdSanaiagTauns uiwanza (optimum asphalt content) l6f
A a ' ' @ & ¢ A & & A o
WarSinagasivienmeinnu 4 esioud wialoiiaud Gy, NIMIUTBUNYYK
2anNLULLYINNY 96 d’mgﬂﬁ 412 1D494.16 1°1?1Ji:|,ﬁuqmamﬂ'at%oﬂ%mm NLT
Waslaud Gy NWIRTAURY UGN, WaTlaud Gy, NIWIUTDURYUFIFN, VFA Uaz
& wa [ 9./‘: U 1 U o { 1
VMA Gﬁdqmauummmﬁﬂﬁ]madmwuamﬁu@maaizuuqmﬂaﬁww AN319N 4.16 aqﬂm
Qmawﬂ'@nL%aﬂ%mmﬁﬁ;@ﬂ%mmfaqL%auwmuﬁmmzauém%’uﬁauéﬁashoﬂ‘s:mﬂﬁ 4
= ' a o A A ° o o o ' A A a
mawmwﬂsmmqa@]'mauwa’mﬂmmmummmaumamaﬂizmw‘n 4 adunyszinnn
v Qo =1 & { 1 v N [l { v

lFaznTunaniunuiasiy fa 5.455% smLﬂul,ﬂa%muﬁﬁgamwnaumamaﬁimmmw
Dduiiugu (Foudedadsziani 1, 2 uaz 3) eradwwnzdudefioudnigaduvas

% =3 1 a =3 n:l' v %] 1 dl J L3 dld
mﬂmmaﬂmﬂmmugumLLa@alumﬁm 41 NawalatnuaNdulayltulrasiund

mwg@%wgd LLﬁ@\T’J"‘Iﬁa\‘lﬂﬁiﬂ%M’m&{ﬁ@]‘ LT NHRIWFINILLAROURIY aammwgaﬁa ]
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M1357191 4.16 Qmauﬁ'@L%aﬂ'%mmlmzﬁmaﬁa@p“‘fmuwmuﬁmmzaw

AC %G
Air Voids (%) VMA (%) VFA (%)
Content | G Nint Naes Nmax
(%) Result | Req. | Result | Req. | Result | Req. | Result | Req. | Result | Req. | Result | Req.
13 65-
5455 | 2.707 4.0 40 | 13.34 Vi 69.97 78 85.37 | <89 | 96.00 | 96.00 | 97.9 | <98
in.

a Q’ d. d. o e v Q 1
4.2.3.3 ﬂ‘i&d’lﬂlﬂﬁ@‘! IWaNNdIwNBNIzENTIIUNanaA0a19lIzLAN

a5

Aaua0t19UIz AN TUUIAA AU BINIRTINGNN AN UL LATNANTINN 4.3 INNURNTDY

@T’JaLmLL@iazﬂ‘szmngﬂLLﬂdé’ﬂmuﬂ%mmmumﬂaﬁ 412

o o ' d & o o ' & ' [ a o {
lufaueatslsziani 5 uuﬂaumamw:gﬂwaumu1uLL@1a:s:@umaaﬂsmmm@;L%au
W& (trial asphalt content) anUuAIzEINIIIMIUTINAIRQLTONNAINZEY (optimum
asphalt content) ld uazqmiauiAd1s gNadTIMIEQITaNNIUARNNzAENEIzdDd
Lﬂu"lﬂmuiaﬁmumaﬁwusgﬂLllaﬁiww @18 139N 4.17 LLa@aqmauﬁ'@L%aﬂ%mm
PYpINDWA2BE1IUIZLANN 5 1uLL@iaziJ’%mmmaﬁa@;L%auwmu gﬂﬁ 417 049421 UENI
ANMUFTUNBTIZAINUSU T 09794, Lasinud VMA, tasiaud VFA, 1dasiand

Ao A v & & Ao & &
G NIWIBTAUWHUAINGY, LBTITUG Gy NSIWIUTEURYUBANUUY, WWBSITUSA Gy

ﬁi‘hmmaumug\iq@ ﬁ‘m:@ﬁ‘maaﬂ'%mmi‘a@p%auwmu

A13191N 4.17 qmauﬁ'ﬁL%oﬂ%m@ﬂuu@iazs:é’waﬁm}L%ammu

AC Air 0
VFA G
Content Gmm Voids | VMA (%) )

° Nin N Nm X
(0/0) (%) t des a
55 2.400 7.20 15.47 53.47 82.25 92.80 94.58
6.0 2.380 5.96 15.51 61.57 83.19 94.04 95.84
6.5 2.350 4.38 15.62 71.97 84.36 95.62 97.53
7.0 2.350 3.84 15.60 75.38 84.71 96.16 98.15
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RCM
% Gy @Nges VS %0 AC

98.0

97.0 -

96.0

95.0 -

N, des

Yo Gy @

94.0 -

LU

93.0 -

92.0 -

91.0 T T T T T

45 5.0 5.5 6.0 6.5 7.0

%AC

31U 417 nINUROIANUFURUTITZAIN %G un@Nges TULTUNHIRGLTANNEN

RCM
96 Gy @ Ny Vs %0 AC
85.0
L -
84.5 1 s
g 84.0 A
A
Z
"—E 83.5
S 830
]
82.5
820 T T T T T
4.5 5.0 5.5 6.0 6.5 7.0
%AC

3N 4.18 NMUUFAIANVTNRUTIZNIN %G @Nigy NULTIN TR TOUHE
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99.0
98.5
98.0
975
97.0
96.5
96.0
955
95.0
94.5
94.0

N max

%0 Gy @@

0

RCM

% Gyuun@ Ny VS %0 AC

A

5.0

3.3

6.0

%AC

31U 4.19 NINUFAIANVFURUTITZAIN %Gun@Npae NUUTINUTRGLTOUHTU

15.80

15.70

15.60

% VMA

15.50

15.40

RCM
%VMA vs %AC
_: )""""---.__
4.5 5.0 5.5 6.0 6.5 7.0
Y% AC

gﬂﬁ 4.20 NINLIAIANNUFUNWEIZHIN %VMA ﬁ'uﬂ'%mmi’a@;l,%ammu
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%VFA

80

60

55

RCM
% VFA vs %AC

6.0

%AC

gﬂﬁ 4.21 nNLRAIANNFUNWTIZNINI %VFA ﬁ'uﬂ%mmi’a@y,%ammu

= a o a A v A a ) '
"ﬂ’]ﬂglh’l 4.17 ﬁ']ﬂJ"IiﬂVi"lﬂi&J']ﬂrL’Jﬁ@!LTQNNE‘TW%‘HLVS&J'WE‘TNVLG‘ILNQU?&JWM“EQGT‘IGQ']WWI

| a & & A & & A o @ . P
WNNU 4 Watioue nistdadiowa Grm ml’lmmaumguaamwum’mu 96 a’mgﬂ‘n

417 4421 IHszidliugmandfiiaianes enfiiau wefioud Gy, N winsaunyu

U6, LWoSlTud Gy, NiWINTALNYEIEA, VFA Uaz VMA Tigmsauiiainaninazdas

mml”aﬁmumadﬁgmﬂaﬁww A319N 4.18 a;ﬂmqmawﬁaL%aﬂ%mmﬁﬁ;@ﬂ%mmfm

a P o o o @ , P s A @ a P
WRNNRIBNLRNZRUFIRTUN WAL I2LANN 5 %GWU?WU?NWM?N@JL%B&IN&’]%Y]

o o o ') ' P A Aq o a D& A
ANNERUE IR TUNauA a9 seiAnd 5 anfluwlszsiannldaannIaiiniuuiaiiu fa

6.852% ﬁ]:Lﬁuvlﬁdﬁﬂ%mmi'a@gL%auwmuﬁmm:awaaﬁauﬁaaﬂ'wﬂi:mwﬁ5 's;mmfﬁ

Aanelasndlssnnn 4 medﬂLiJaieﬁuﬁmsg@%wamaun’%@l,rhgdﬂd’m:ﬂ%‘umﬁﬂ a9

LRAI a7 4.1

A wva A a > o A A
19191 4.18 ﬂmauu@]L%Oﬂiu"l@iluiﬁ@ﬂmaﬂ’)a@;llfﬁal]Na’]uﬂlﬁﬁquau

%Gmm

AC Air Voids (%) VMA (%) VFA (%)

Content Gmm Nint Nees Nimax

(%)

Result | Req. | Result | Req. | Result | Req. | Result | Req. | Result | Req. | Result | Req.

13 65-

6.852 2.350 4.0 4.0 15.59 Vi 74.37 78 84.61 | <89 | 96.00 | 96.00 | 97.97 | <98
in.
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4.3 ms‘nﬂaauqmauﬁamﬁmnsm
o U
4.3.1 NSNAFBUNITANRNIWBANNDT W

NIN@®AY Indirect Tensile Strength ﬁu%zﬁﬁdadmﬁwwﬁﬂsgﬂumad AASHTO (AASHTO
T283, “Standard Test Method for Resistance of Compacted Asphalt Mixtures to
Moisture-Induced Damage’) WafiazlduUsziiunmsmunmuanuauaaifouaiasnams 5

UszLnn

minageudiazld 6 feudletsasudaslszian uas 6 ﬁ”auf:ﬁ]:gmmaaamﬂu 2 ngyl
nguaz 3 faw I@ﬂmjwuﬁm]:"lajﬁmsﬁﬂazvliﬁ'uﬁaué‘;asi*muazﬁmﬁaué";amamjuf:’h
foumagsuuulufidanly (Unconditioned specimen) mmzﬁauéﬁamamjmﬁ 2 9z8m3
992IMNABENINADUAIBLN viaavin W raudaet9BuaIlszanmh 70-80% WaINUWA
ﬁ]:ﬁwﬁauéhaﬂ'wluﬂﬁiuf:vlﬂuﬁ{wﬁaqm%gﬁ 60°C flutaan 24 Talug ﬁauﬁaaﬂ'nmjuﬁ:

= 1 v o [ = tﬂl age .
Liﬂﬂ?ﬁﬂﬂ%@]’]aEI’NLLU‘]J&ILGQ%VL"II (Conditioned specimen)

2 ]
o A

ﬁ”aué’haﬂﬁaﬁoaaaﬂ@:mfmzﬁﬂﬂLL“ﬁquwMQﬁ 25°C flwaan 2 Falus fewsiinaw
@Taazhd"l,ﬂmaauLﬁaﬂ%‘uamWQM%Qﬁmaaﬁauﬁaaﬂ’m WaIaNINTane108198waNn
GERGRMGHELAE D Aazshdedslunatiowmassuussaslagsanlasfildaang
nafl 50.8 adLwATAaWT %omsmaauﬁa:i’mNamzmmﬂm’m%ﬂugﬂmaaé’mwdm
faasuusseelapdan (Indirect Tensile Strength Ratio, TSR) G9RfasaIdIUs=ZnIN
fassuusaslassonvastondradrsuuuiidanlauazinasiuussaalausonvasrion
sragnsnuylididewly driaudaasnedien TSR gaLLa@a'j’lﬁmmmmmiunwﬁmmu

ANNTUNIN AN 4.19 LLazgﬂﬁ 4.22 L&AIAN TSR VaINauaIas9udazlszinn
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A13197 4.19 FANFNRITULIIGS laudaNuadnanaatIusazlszinn

Conditioned
e o . o Unconditioned
suanwoh | dseinn AN Strength TSR
Strength (kPa)
(kPa)
A 1 ﬁamﬁ";amamuqu 373.52 308.05 0.82
It aes 3% LuanInaw
B 2 o 427.80 368.47 0.86
ATV
lieae8 5% LHwanIHaw
C 2 o 372.70 404.08 1.08
ATV
g daay 9% LusInaw
D 2 o 487.82 488.50 1.00
LN
1T0IBLune 3% LTwans
E 3 o 490.56 441.52 0.90
NRNULALY
1T0IBI e 5% LTwans
F 3 o 508.72 406.08 0.80
NRULAY
I BLund 9% LTuans
G 3 o 604.52 412.87 0.68
NRULAY
H 4 lEaznTmmantduuiaiig 432.90 366.29 0.85
| 5 lFaaunIainiuuiaiy 341.42 292.75 0.86
Tensile Strength Ratio
12 -
1 . [ ] p—
08 1 [ — =1 [
0.6 - [ ]
04 -
02 -
0 T T T T T T T 1
A C D E F G H I
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gﬂﬁ 4.22 aanaIwinassunssaslasdaulundaziszinnuasnaualaing

MNNANINARBIITLAWINTD UG BE1IAILAY (ausrogsdszanit 1) 2:8en TSR 6n
ﬁq@ﬁa 0.82 sunaud10819filE fly ash 5% 1w Inauiie szl TSR angaluian
fa819U3snd 2 §aumsld CKD 3% Lﬂummamﬁm:ﬁmmumm%uﬁﬁq@luﬁau
fhainatssnn?i 3 suteudletfildasnwmanuazaawniariniuuiauiwasiian

TSR lnalAusnufe 0.85 waz 0.86 MUSEIAL
4.3.2 Mnadaunaluaad (Resilient Modulus Test)

mimaaumﬂ'ﬂw@é’aﬁtﬂumsi’mdnﬁné’o%’uLLSJ@@I@&]E‘T@N (indirect tensile strength)
ﬂﬁﬂlﬁﬁﬁ%ﬁﬂﬂﬁﬂﬂ%’] (Repeated loading) s'i?omsmaauﬁa‘”naﬁamummgm ASTM
(ASTM D4123-82, Standard Test Method for Indirect Tension Test for Resilient Modulus
of Bituminous Mixtures) LazmsnAaadiiazld 100 load repetitions uazlu 1 Hawiratn

azhmInaseungmnd 5° 25° uaz 40°C

M1519N 4.20 ﬂ'waoiwgﬁaluLL@iﬂsanwmaoﬁauéﬁan"m

e . . . dnlugas (MPa)
wanwal | Uszian AN - - -
5C 25 C 40 C
A 1 foualetninugw 8968 | 1919 | 380.5
B 2 THea08 5% LwaIHRULAY 8618 | 1515 | 349
v a4 e . R 2801.
C 3 1THIBLNUG 5% tTuaSHINAN | 7458.5 692
5
D 4 lFaznsmnaniduuiaiu 91415 | 2114 | 390
L 1236.
E 5 lFaaunIaiiniuuiaia 7612.5 331.5
5

INT19N 4.20 URAIHATBININARDLMIANLUQAT INNHANITNARBLATARINAD UGB
drziand 3 (fwsdudidumsnauiiing azlidnlugdagenigangunni 25° uaz 40°C
& Y & 1 v Qs 1 dl v a 6 &, QI s wa £

TawsasliiAuindeudmatinldmadinudiduanauivazlguandalunisdiuniu
niifiasastesda (Rutting) lddnamnyiigs agslsionuedrlugaags gfigunnidands
dunasazannsarildiiansuan (Fatigue cracking) ladne @aunaudlagrenls
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a ~ I £ a 1 dl A a a dl
aznFwnaniduniasin (faudiadwdsziani 4 ) azlidnlugaagennamnniiila
a a o o o \ o o . A A a @ \
Wisuifisududeudiadaaiugy (faudadiidszinnd 1) Sssunsnadunslddn dn
anuduinAsuyy (Angularity)  vasaznIURANzlEinRAnIARIERINsayANA

. . A v a a ' ' [ a ' A o o &
(interlocking) TIFINALALANLED BTN INVRIRIUNEN EIwHaua 8t Tiiaaaduans
WaaLi (Taudiatsdszinni 2 ) axfidnlugdalndifoanuiaudiadiiniugu (fau
o \ A A o A \ = o o . A9 o = |
dradadszinnd 1) Sagldanansen 420 adslsiianu feudredsildaauniamiy
I A o A:ll c; d' = =) o 2 o ] d' wan:l'
duiarvazldlugaand Wasuiisuiudeudsdniuguitasnnguaudan
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(TDI) fﬂzgﬂﬂi:Lﬁulumu’ifﬁ'ﬂf:s'fia@hé’“ﬁﬁmmﬁmvlﬁmﬂﬁyumﬁ Densification  curve
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A19191 4.21 LFAIAIVDI Compaction Energy Index (CEl) ez Traffic Densification

Index (TDI)
IIWINIOL | IIWINIBL
tszLan AN 7l 92% 7l 98% CEl | TDI
Grm Grm
1,2,3 Limestone Aggregate 35 151 2995.48 | 440.05
4 Steel Slag Aggregate 41 167 3522.87 | 461.87
5 Reclaimed Concrete Material 39 144 3338.69 | 381.31
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AC60/70 4.713 313.674 13,000 4,077,762
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e . - HB1 38.115 2536.744 60 152,205
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- HB2 33.351 2219.676 60 133,181
- HB3 19.057 1268.339 130 164,884
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AC60/70 4.713 313.674 | 13,000 | 4,077,762
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NAMANWIN

(il'li'ld‘ﬁ. A1 Control Points and a Restricted Zone

Superpave 37.5 mm nominal size gradation requirements

Restricted Zone Boundary

Sieve, mm Control Points
Minimum Maximum
50 - 100 - -
37.5 90 100 - -
25 - - - -
19 - - - -
12.5 - - - -
9.5 - - - -
4.75 - - 34.7 34.7
2.36 15 41 23.3 27.3
1.18 - - 15.5 21.5
0.6 - - 11.7 15.7
0.3 - - 10 10
0.15 - - - -
0.075 0 6 - -

Superpave 25 mm nominal size gradation requirements

Restricted Zone Boundary

Sieve, mm Control Points
Minimum Maximum
37.5 - 100 - -
25 90 100 - -
19 - - - -
12.5 - - - -
9.5 - - - -
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4.75 - - 39.5 39.5
2.36 19 45 26.8 30.8
1.18 - - 18.1 24 1
0.6 - - 13.6 17.6
0.3 - - 11.4 1.4
0.15 - - - -
0.075 1 7 - -

191971 A1 Control Points and a Restricted Zone (continued)

Superpave 19 mm nominal size gradation requirements

Restricted Zone Boundary

Sieve, mm Control Points
Minimum Maximum
25 - 100 - -
19 90 100 - -
12.5 - - - -
9.5 - - - -
4.75 - - - -
2.36 23 49 34.6 34.6
1.18 - - 22.3 28.3
0.6 - - 16.7 20.7
0.3 - - 13.7 13.7
0.15 - - - -
0.075 2 8 - -

Superpave 12.5 mm nominal size gradation requirements

Sieve, mm

Control Points

Restricted Zone Boundary

Minimum

Maximum
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19

- 100

12.5

90 100

9.5

4.75

2.36

39.1

39.1

1.18

25.6

31.6

0.6

19.1

23.1

0.3

15.5

15.5

0.15

0.075

191971 A1 Control Points and a Restricted Zone (continued)

Superpave 9.5 mm nominal size gradation requirements

Restricted Zone Boundary

Sieve, mm Control Points
Minimum Maximum

12.5 - 100 - -
9.5 90 100 - -
4.75 - - - -
2.36 32 67 47.2 47.2
1.18 - - 31.6 37.6
0.6 - - 23.5 27.5
0.3 - - 18.7 18.7
0.15 - - - -
0.075 2 10 - -
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15191 A2 Consensus Requirements

Superpave Coarse Aggregate Angularity Consensus Requirements

Traffic, million

Depth from Surface

ESALs <100 mm > 100 mm
<03 55/- -/-
<1 65/- -/-
<3 75/- 50/-
<10 85/80 60/-
<30 95/90 80/75
<100 100/100 95/90
> 100 100/100 100/100

Note: "85/80" denotes that 85 % of the coarse aggregate has one fractured face and 80 %

has two fractured faces.

Superpave Fine Aggregate Angularity Consensus Requirements

Traffic, million

Depth from Surface

ESALs <100 mm > 100 mm
<03 - -

<1 40 -

<3 40 40
<10 45 40
<30 45 40
<100 45 45
> 100 45 45
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Note: Criteria are presented as percent air voids in loosely compacted fine aggregate.

19197 A2 Consensus Requirements (continued)

Superpave Flat and Elongated Particles Consensus Requirements

Traffic, million

Percent
ESALs
<03 -
<1 -
<3 10
<10 10
<30 10
<100 10
> 100 10

Note: Criteria are presented as maximum percent by weight of flat and elongated particles.

Superpave Clay Content Consensus Requirements

Traffic, million

Sand Equivalent, minimum

ESALs

<03 40
<1 40
<3 40
<10 45
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<30 45
<100 50
> 100 50

A1519N A3 Superpave Mix Design Criteria

Superpave Air Void Design Criteria

Range of Design Air Voids: 3 to 5 percent

Optimum Air Void Content: 4 percent

Superpave Voids in Mineral Criteria

Minimum
Nominal Maximum Aggregate Size

VMA, %

9.5 mm 15

12.5 mm 14

19 mm 13

25 mm 12

37.5 mm 11
Superpave Voids Filled With Asphalt Criteria Design

VFA,
Traffic, ESALs

%
<3x10° 70 - 80
<1x10° 65 - 78
<3x10° 65 - 78
<1x10 65 - 75
<3x10 65 - 75
<1x10° 65 - 75
>3x10° 65 - 75
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A1319% A3 Superpave Mix Design Criteria (continued)

Compaction Level

Required Density

(% of Theoretical Maximum Specific Gravity)

Nint Cint < 89
Ndes Cdes =96
Nmax Cmax <98

Volumetric Properties

Superpave Limit

V, at Nges 4%
VMA at Nyes Set by nominal maximum size of aggregate
Ces < 89.0% of G
Crnax < 98.0% of Gun
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Abstract

Moisture damage is one of the main problems in asphalt pavement which is found especially
in areas with high a amount of rainfall. One effective solution is to apply anti-stripping
additives in asphalt mixtures to reduce the stripping of asphalt binder from the aggregate
surface due to moisture. Another solution is to select an aggregate type that provides better
affinity with asphalt binder rather than water and hence provides better adhesion. In this
study, fly ash and cement kiln dust (CKD) were selected as the anti-stripping additives, while
steel slag and reclaimed concrete were selected as the aggregates in asphalt mixtures. The
resilient modulus test and the indirect tensile strength test were conducted to evaluate the
performance of asphalt mixtures. It was found that the use of CKD as additive increased the
stiffness of asphalt mixtures at intermediate and high temperatures, while the application of
fly ash and reclaimed concrete reduced the stiffness of the asphalt mix. Results also indicated
that asphalt mixtures with fly ash and CKD additives and those with slag and reclaimed
concrete aggregates could resist moisture damage.

Keywords: Industrial waste, fly ash, cement kiln dust, slag, reclaimed concrete, Superpave
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INTRODUCTION

Moisture damage is one of the main problems in asphalt pavement, typically found in
a tropical area where high amounts of rainfall are expected. Moisture leads to several types of
asphalt pavement distresses because it causes stripping of asphalt binder from aggregates, and
hence results in loss of load support and long-term durability. It is very important to
investigate an appropriate method to reduce pavement distresses caused by moisture damage.
One effective method is to apply the anti-stripping additives in asphalt mixture to reduce the
stripping of asphalt binder from aggregates. However, the anti-stripping additive is
expensive. Another solution is to select an appropriate aggregate type that has better affinity
with the asphalt binder than water.

In the pavement engineering view point, materials which are considered as industrial
wastes could have the potential to improve engineering properties of the asphalt mixtures.
However, many types of industrial wastes are different in physical, chemical and engineering
properties which can affect the performance-related properties of the asphalt mixtures.

Currently, large amounts of fly ash, cement kiln dust, steel slag, and reclaimed
concrete are the industrial by-products produced in Thailand. According to the Mae-Moh
Electricity Generating Authority of Thailand (Mae-Moh EGAT), approximately three million
tons of coal fly ash have been generated. Even though the fly ash has been applied to the
production of concrete, the amount of fly ash produced annually still remains approximately
two to three million tons. In the Portland cement industry, it is reported that 800,000 tons of
cement kiln dust (CKD) is generated each year from the Portland cement production. Some
portions of the CKD are fed back to the production process; however, some are considered as
production waste. One million ton of steel slag is generated each year and most of them are
generally used for pavement construction. The reclaimed concrete used in this study is the
over-ordered concrete. A report by Tam and Tam (2007) shows that the quantity of over-
ordered concrete is about 1.5% of the total quantity of concrete produced in Thailand, or
144,000 tons of over-ordered concrete is disposed each year which is a considerably large
amount of concrete waste.

As discussed previously, it is therefore necessary to conduct the study to find out
different applications to reuse industrial wastes to improve the engineering properties of
asphalt mixture, particularly for the resistance of asphalt mixtures to moisture damage. The
first application is to reuse fly ash and cement kiln dust as anti-stripping additives in order to
improve the resistance of asphalt mixtures to moisture damage. The second application is to
reuse slag and reclaimed concrete materials to replace natural aggregate in order to reduce the
budget in the production and construction of asphalt mixtures, and also to prevent moisture
damage of asphalt mixtures. The application of these material types not only can minimize
the amount of industrial wastes, but also can bring both technological and economical
benefits to the asphalt pavement industry.

The objectives of this study are therefore to investigate the properties of asphalt
mixtures when using industrial wastes as anti-stripping additives and replacement of natural
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aggregate. The property of asphalt mixture to resist moisture damage is focused on in this
study.

PREVIOUS RESEARCH

Slag is generated from the steel manufacturing process during the separation of the
molten steel from impurities in steel-making furnace. A study conducted by Collins and
Ciesielski (1994) indicated that the slag had an angular shape and a rough surface texture
which were desirable for asphalt mixtures. Use of slag in asphalt mixtures increases the
stability due to particle interlocking and bonding between asphalt and aggregate surface.

Reclaimed concrete materials (RCM) can be used as coarse aggregates of which the
properties depend on the properties of the virgin materials used to produce concrete. Hanks
and Magni (1989) stated that the processed RCM or the crushed RCM material were highly
angular in shape and had a rough texture which was believed to be beneficial to the properties
of asphalt mixtures. The RCM has the basic component of calcium-aluminum-silicate which
includes calcium hydroxide with high alkaline. RCM is therefore expected to provide good
bonding with asphalt binder, especially under moisture susceptibility. Additionally, many
researchers (Hanks and Magni 1989, ACPA 1993, and Petrarca and Galdiero 1984) found
that the RCM exhibited good resistance to weathering and erosion.

Fly ash is the residuals generated in the combustion of coal, which is generally
captured from the chimneys of coal-fired power plants. Fly ash is a fine-grained, powdery
particulate material which contains substantial amounts of silicon dioxide (SiO,) and calcium
oxide (Ca0). Two classes of fly ash are defined by ASTM C618 as Class F fly ash and Class
C fly ash. The major difference between these two classes is the amount of calcium, silica,
alumina, and iron content in the ash. The chemical properties of the fly ash are significantly
influenced by the chemical content of the coal burned (ASTM C618). Class F fly ash
contains calcium oxide of 1-12%, while Class C fly ash contains 20% or more of calcium
oxide (McKerall et al., 1982).

Many researchers observed that fly ash released from the lignite-fired power plant
contained a high amount of calcium oxide up to 15-40% (Meyers et al. 1976, McKerall et al.
1982, ASTM C204). With the pozzolanic properties, fly ash can be used as an additive or
mineral filler to fill the voids and attribute larger contact between aggregates in asphalt
concrete mixes. The hydrophobic nature of fly ash provides stripping resistance (Ali et al.
1996). Use of fly ash can also increase the stiffness and durability of the asphalt mixture, as
well as rutting resistance. (US FHWA, Zimmer 1970)

Cement kiln dust (CKD) is a fine by-products collected from a filter during the
cement production process. The maximum particle size of cement Kiln dust is 0.30 mm (No.
50 sieve), and generally 75% of the material passes through a 0.03 mm No. 450 sieve. CKD
has a similar chemical composition to the conventional portland cement. The principal
components are lime, iron, alumina, and silica. The CKD contains a high amount of CaO up
to 40% with high alkaline (Collins and Emery 1983). Kraszewski and Emery (1981)
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indicated that when CKD is used as mineral filler in asphalt pavements, CKD can reduce the
amount of asphalt cement by 15-20%. Another study conducted by Taha et al. (2002)
showed that the use of 5% CKD as additive in the asphalt mixture did not affect the optimum
asphalt binder content. In addition, the lime content in CKD can provide stripping resistance
in asphalt mixture under water-exposed conditions.

MATERIAL SELECTION
Asphalt and Aggregate

The original asphalt binder AC 60/70 and limestone aggregate were selected to
prepare the controlled mix in this study. The 19-mm nominal maximum limestone aggregate
was used to produce the asphalt mixture specimens according to the Superpave mix design
method. The slag and reclaimed concrete with the same nominal maximum aggregate size
were used as two materials replacing limestone coarse aggregate. Figure 1 shows the pictures
of limestone, slag, and reclaimed concrete used in this study. The aggregate blend selected
for this study included coarse and fine aggregate, and was controlled according to the
gradation chart illustrated in Figure 2. The basic properties of each aggregate type were
summarized in Table 1. It should be noted that the slag and reclaimed concrete replaced the
coarse aggregate portion in the aggregate blend. Fine limestone aggregate was still used in
all mix types.

Figure 1 Limestone (Left), Slag (Center), and Reclaimed Concrete (Right)
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Blend design of all aggregate type

0 l 2 3 4
Sievesize in mni. (raised to 0.45)

Figure 2 Gradation Chart of Aggregate Used in this Study

Table 1 Basic Properties of Each Aggregate Type

Aggregate
Limestone Steel Slag RCM
Property .
Fine
Coarse Agg. A
99 Coarse Agg. | Coarse Agg.
Binl Bin2 Bin3 Binl

Bulk Specific Gravity 2.677 2.685 2.692 2.660 3.035 2.320
Percent Absorption 0.500 0.420 0.320 0.890 4.343 5.302
Uncompacted Void
Content of Fine - - - 49.1 - -
Aggregate
Uncompacted Void
Content of Course 47.6 46.7 46.1 - 52.1 48.9
Aggregate
Fractured Particlesin ) /105 | 1001200 | 1007100 . 16/2 100/100
Coarse Aggregate
Soundness 3.802 0.970 2.180 4.56 1.34 244
Los-AngelesAbrasion 255 252 246 204 288 297
Sand Eqtiivaren 4 - g 79 = -
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Flat and Elongated ‘ 0.13 ‘ 0.16 ‘ 0.22 ‘ - ‘ 0.1 ‘ 0.51 ‘

Fly Ash and CKD as Anti-Stripping Additives

Fly ash and CKD generated in Thailand were used as two types of anti-stripping
additive in this study (Figure 3). The chemical compositions of fly ash and CKD were
measured by using the X-ray fluorescence spectroscopy (XRF), and the results were
summarized in Table 2.

Figure 3 Fly Ash (Left) and Cement Kiln Dust (Right)

Table 2 Chemical composition of fly ash, cement kiln dust, and steel slag

Item Ca0 Fe0O3 SiO, MgO AlLO; MnO SO; Cr,03 TiO, P,0Os ZnO K,0 Na,0O
Flyash 1514 1422 3985 274 2016 0.09 3.68 - 036 0.13 - 221 1.00
CKD 72.88 3.38 146 116 6.13 - 039 - 025 010 - 0.77 0.15
Steel

slag 33.11 2317 2086 1020 6.15 336 093 088 061 025 016 0.07

SPECIMEN PREPARATION

The Superpave Gyratory Compactor was used to produce all mixture specimens
which were designed according to the Superpave volumetric mix design method. The mix
design selected follows a fine gradation with 19-mm nominal maximum aggregate size. The
mix type selected is E-3 mix, which represents the designated mixtures for traffic volume on
Thailand’s highways. The 102-mm diameter and 64-mm height specimens were prepared for
the resilient modulus test and the indirect tensile strength test. The compaction was
performed using the number of gyrations to achieve 7% air voids. At least two specimens
were produced for different combinations among binder, aggregate, and content of anti-
stripping additives selected.
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The fly ash and CKD were primarily added to the dry aggregate prior to mixing with
the original asphalt binder. The fly ash and CKD used in the mixing process was 3%, 5%,
and 9% by weight of dry aggregate. Besides the addition of fly ash and CKD as the anti-
stripping additive, the controlled mixtures were produced without adding any additive. Table
3 shows a total combination of specimens produced and tested in this study.

Table 3 A Total Combination of Specimens Produced

Mix Type Description

Control Controlled Mixture (limestone aggregate)
S Use slag to replace coarse limestone aggregate
R Use reclaimed concrete to replace coarse limestone aggregate
F3 Use 3% fly ash as anti-stripping additive
F5 Use 5% fly ash as anti-stripping additive
F9 Use 9% fly ash as anti-stripping additive

CKD3 Use 3% CKD as anti-stripping additive

CKD5 Use 5% CKD as anti-stripping additive

CKD9 Use 9% CKD as anti-stripping additive

EXPERIMENTAL TESTING PROGRAM
Resilient Modulus Test (My)

The resilient modulus (M) test (ASTM D 4123) was conducted to measure the cyclic
response of asphalt mixtures under the specified temperature. The asphalt mixture specimens
were subjected to a repetitive indirect tensile load for 1,000 cycles under a 25°C testing
temperature and 100 cycles under a 40°C testing temperature. The resilient modulus was
calculated based on the Poisson’s ratio of 0.35 for 25°C and 0.40 for 40°C. Two replicated
tests were performed for each testing temperature. The amplitude of applied load was 20% of
the indirect tensile strength for Mr tested at 25°C and 10% for Mr tested at 40°C. Loading
frequency was 5 Hz (0.1 sec pulse and pulse period of 1 sec).

Indirect Tensile Strength Test (IDT)

The IDT test was conducted in accordance with AASHTO T283, a standard test
method to measure the resistance of compacted bituminous mixtures to moisture induced
damage. Six specimens (102-mm diameter and 64-mm high) were compacted at the optimum
binder content and to attain 7% air voids.
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Six compacted specimens were divided into two groups. The first three specimens
were not subjected to any conditioning. The other three specimens were saturated to 55-80%
degree of saturation. Afterwards, these specimens were conditioned in a water bath at 60°C
for 24 hrs following the AASHTO T283. Both unconditioned and conditioned specimens
were stored in a water bath at 25°C for 1 hr to allow thermal equilibration prior to testing.

During the test, all specimens were subjected to a loading rate of 51 mm/min until
failure. The compressive load was applied through two loading strips. The maximum indirect
tensile force was recorded and the corresponding IDT strength of the asphalt mixture was
determined. The tensile strength ratio (TSR), a ratio of the IDT strength of conditioned
specimens to the IDT strength of unconditioned specimens, was calculated and used as a
moisture susceptibility index of asphalt mixtures.

Compactability and Traffic Densification Measurement

The compactability of mixtures was measured by using the gyratory compactor as
indicated in Bahia et al. (1998). An approach of utilizing the gyratory compactor to
determine the mixture resistance to densification was developed using the densification
height data as described in Bahia et al. The concept of using the gyratory compactor to
calculate the energy required to change the volume of the asphalt mixture was introduced by
calculating the area under the densification curve between selected reference points to relate
to the actual field construction and in-service conditions. The energy calculated can be used
as indicators of mixture suitability for construction and performance under traffic.

Two energy indices were developed by Bahia et al. (1998), which are the Compaction
Energy Index (CEIl) and the Traffic Densification Index (TDI) as shown in Figure 4. The
CEl is the energy needed to compact the mixture to the required density during construction.
The CEI can be calculated by integrating the area under the densification curve measured by
the gyratory compactor between the first gyration and the 92% Gmm, which is assumed as
the required density at the end of the construction. Therefore, lower CEIl is more desirable
because less energy is needed to achieve the required density. The TDI is the energy needed
to compact mixture specimen to final density of 98% Gmm. This energy can be considered
as an indicator for the mixture resistance to traffic. The TDI can be calculated by integrating
the area under the densification curve between 92% Gmm and 98% Gmm. Higher TDI is
more desirable because more traffic is required to densify the mix to the final density.



Journal of Solid Waste Technology and Management, Vol. xx, No. xx

52.00 1

22.00 TDI

84.00 ,/‘i\
J#_.f”“

% Gmm

&0.00 CEl

76.00 1

72.00 T T T T T T T T
0 20 40 60 &0 100 120 140 160 180
Humber of Gyrations

Figure 4 Densification energy indices
RESULTS AND ANALYSIS
Volumetric Properties Analysis

It was found that the optimum asphalt contents for limestone aggregate mixes
(control, F, and CKD) are 4.713%; while the optimum asphalt content for S and R mixes are
5.46% and 6.85%, respectively, which are higher than those for the limestone aggregate mix.
As shown in Table 4, the percentage of absorption of slag and reclaimed concrete are 4.34%
and 5.30% which are much higher than limestone. Aggregate with a higher percentage of
absorption needs more asphalt to coat around aggregate particles, and therefore resulting in
the requirement of higher optimum asphalt content in the mixes. Results also indicated that R
mix requires very high amounts of asphalt content (up to 6.85%) which could be explained by
the high percentage of voids in mineral aggregate (VMA) (15.59%) in the mixes. To achieve
the required density at 4% air voids, the mix with high VMA needs more asphalt to fill up
voids.

Table 4 Volumetric properties at optimum binder content for all mix types

_ Air Voids (%) VMA (%) VFA (%)
Mix Type AC G
(%) mm
Result Req. Result Reqg. Result Req.
4,71 2511 4.0 4.0 13.6 13 70.8 65-78
Limestone (Control, F ' : ' ' ' Min. ' )
and CKD)
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5.46 2.707 4.0 4.0 13.3 le'3 69.9 65-78
Slag (S) In.
6.85 2.350 4.0 4.0 15.6 13 74.4 65-78
Reclaimed Concrete : ' : : : Min. ' )

(R)

Mixture Compactability and Resistance to Traffic

The energy indicators were used as the parameters to estimate the effort required for
the compaction and densification of asphalt mixtures at different compaction temperatures.
In Figure 5, the control, F, and CKD mixes which are limestone mixes show similar CEI
values which are lower than the CEI measured for S and R mixes. The measurement of CEI
indicated that more energy was needed to compact S and R mixes from the first gyration to
the required density of 92% Gmm when comparing to the energy used to compact limestone
mixes. As a result, limestone aggregate which is used to produce control, F, and CKD mixes
are easier to be compacted as shown by the fact that less energy is required to compact the
mixes from their initial density to 92% Gmm. This finding could be explained by the
uncompacted void content of coarse aggregate or coarse aggregate angularity as shown in
Table 1. Due to the high angularity of slag and reclaimed concrete aggregate (52.1% and
48.9%), S and R mixes could not reach the required density easily. It can be implied that the
aggregate with higher course aggregate angularity needs more energy to be compacted in
order to achieve the required density. Use of slag and reclaimed concrete as aggregates was
therefore found to adversely affect the compactability of asphalt mixtures.

The traffic densification index (TDI), shown in Figure 6, indicates that S mixes
require more energy to densify under traffic loads to the design density of 98% Gmm as
shown in higher TDI values when comparing to limestone mixes (control, F and CKD).
However, the TDI exhibited lower values for R mixes. The results indicated that the slag
aggregate provided greater resistance to densification under traffic as well as a potential of
greater resistance to permanent deformation under the traffic loads. On the other hand, using
reclaimed concrete as aggregate could result in less resistance to permanent deformation.
The results could be explained by the high coarse aggregate angularity of slag which can
provide aggregate interlocking, and thus can resist rutting due to traffic load. Although the
reclaimed concrete also has high coarse aggregate angularity, it was found that the abrasion
value is considerably high, and this could be the reason for the poor performance of the mix
to resist rutting.
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Figure 5 Compaction Energy Index (CEI) Measurement
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Figure 6 Traffic Densification Index (TDI) Measurement

Moisture Damage Resistance Test

The indirect tensile strength test was conducted to measure the sensitivity of all mix
types to moisture damage. The Tensile Strength Ratio (TSR) which is a ratio of the indirect
tensile strength of wet specimens to the indirect tensile strength of dry specimens was
calculated to compare the moisture susceptibility of all mix types. Figure 7 shows a
comparison for all mixtures and depicts the effect of aggregate types and the addition of anti-
stripping additives. It can be seen in Figure 7 that controlled mix shows the lowest TSR
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value when comparing to S and R mixes. Due to the fact that slag and reclaimed concrete
aggregate contains a high amount of calcium composition (CaO) this can result in basic
component of aggregate. The basic component could be used as a measure of the
hydrophobic nature or “water-hating” surfaces, which have a greater attraction for asphalt
binder than for water. Therefore, using slag and reclaimed concrete aggregate can improve
the resistance of asphalt mixtures to moisture damage.

For the mixes adding fly ash as anti-stripping additive, the TSR values are higher
when the fly ash content is increased in the mixes. For the mixes adding CKD as anti-
stripping additive, the TSR value is higher when the 3% CKD is added. As the amount of
CKD is increased, the TSR is gradually decreased, and shows very low TSR value when 9%
of CKD is applied to the mixes. Higher value of TSR in F and CKD mixes when comparing
to controlled mix could be explained by the chemical composition of fly ash and CKD.
According to Table 2, fly ash used in this study contains 15.14% calcium oxide (CaO) which
is considerably high as indicated in the range for high calcium fly ash (15%-40%). Applying
additive with high calcium into the aggregate can increase the ratio of the basic component of
aggregate. The basic component can be used to represent the hydrophobic surface (water-
hating), which generally gives better adhesion to the asphalt under water-exposed conditions,
and thus results in higher TSR values. The chemical composition of CKD used in this study
also contains a high amount of CaO (72.88%) which can explain the higher TSR values.
However, it appeared that when using too much CKD in the mixes, it could adversely affect
the moisture damage resistance of the mixes, which is not what had been expected.

0.8 -

0.6 A

TSR

0.4 -

02 +-1 - |- s T s T s T --

Control S R F3 F5 F9 CKD3 CKD5 CKD9

Mix Type

Figure 7 Tensile Strength Ratio (TSR) of all Mix Types
Resilient Modulus Test (M)

Figure 8 shows the comparison of Mr for all asphalt mixtures tested at 5°C, 25°C and
40°C. At 5°C, the Mr values of all mix types are not significantly different. At 25°C and
40°C, the Mr of S mix is slightly higher than the controlled mix, but the difference is not so
significant. The Mr of CKD5 is higher than the controlled mix at 25°C and 40°C which can
imply that CKD increases the stiffness of the asphalt mixture at intermediate and high
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temperatures. On the other hand, the Mr of R and F5 mixes are significantly lower than the
controlled mix which indicates a lower stiffness of the mix adding fly ash and using
reclaimed concrete as aggregate. This result conveys the same trend as previously shown in
lower TDI value or less resistance of reclaimed concrete mix to permanent deformation.
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Figure 8 Resilient Modulus of all Mix Types

SUMMARY OF FINDINGS
The main findings from the study are summarized as follows:

e Aggregates with a higher percentage of absorption (Slag and Reclaimed Concrete)
needs more asphalt for coating, and result in the requirement of higher optimum
asphalt content.

e Use of slag and reclaimed concrete as aggregate was found to adversely affect the
compactability of asphalt mixtures due to particle angularity.

e Slag can provide greater resistance to densification under traffic or greater resistance
to permanent deformation under traffic load, while reclaimed concrete could result in
less resistance to permanent deformation.

e Use of fly ash and CKD as additives or slag and reclaimed concrete as aggregates can
improve the properties of asphalt mixture to resist moisture damage.
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e CKD increases the stiffness of the asphalt mixture at intermediate and high
temperatures, while fly ash and reclaimed concrete reduce the stiffness of the mix.
There is no difference in resilient modulus between slag and controlled mixes.
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