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PIMCHANOK SERTSOONGNERN : THE USE OF ASPHALT WASTE DUST AND
FLY ASH IN CEMENT-MIXED MATERIALS THESIS ADVISOR : ASSOC. PROF.
JIRATCHAYA AYAWANNA, Ph.D., 64 PP.

Keywords : CEMENT-MIXED MATERIALS/ ASPHALT WASTE DUST /FLY ASH/
COMPRESSIVE STRENGHT /CURING

Due to an environmental problem of the carbon dioxide (CO,) emission
from the cement manufacturing industry, sustainable construction materials with the
reduction of cement usage are being developed. Mixed cement material made of
Portland cement type 1 with asphalt waste dust from asphalt concrete plants and fly
ash from lignite coal-fired power stations was studied. The mixed cement specimens
were prepared from a fixed 50 wt% of Portland cement ratio, with 0 - 50 wt% of each
asphalt waste dust and fly ash. Setting time and compressive strength test were carried
out on the specimens after curing in lime-saturated water and in a plastic wrapping for
3, 7, and 28 days. After the strength test, microstructure and phase development of
all specimens were examined. The initial setting time of all specimens passed the
specified TIS 80 - 2007 standard, which is not less than 45 minutes. The setting time
tended to reduce with an increase of asphalt waste dust due to the small particle size
of asphalt waste dust, providing water is adsorbed on the surface of particles. As a
result, less water for the hydration reaction of cement. Conversely, the setting time
tended to increase with the fly ash content. This is because the pozzolanic reaction
of fly ash takes place more slowly than the hydration reaction of cement. Mixed
cement material at a curing period of 28 days, therefore, provided high compressive

strength above the industry standard.



The use of 20 wt% asphalt waste dust with 30 wt% fly ash and curing by plastic
wrapping generated the highest compressive strength as a result of continuous

hydration reaction and pozzolanic reaction
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Wasksyl (C,AF) ﬁ]uLﬁﬂﬁ’]iUi%ﬂE}U%uE)Ej’lﬂaiiyiiﬂﬁl 1350 geFLgated aude 1400 — 1600
sarwadua azian1suaeudilluyuidln (Clinker) uLasgnangaumnliegasinigd neuazgn

YUNUAALLDEADNASINSBUAUNSHHNTUTU Lﬁmhwu'aqL’;aﬂ,umﬁLL%&@]’waqgu%Luuﬁ



211 Usznnvesyududvaiauaud

WNIFIURFAA I gAAINTIN Yudiuddasauaud w3e uen. 15 Lay 1

[

(2547) IRutisyuBunsiosouaudls 5 Ussan feilfo

2111 Uszianil 1 Yuduudvesnuaud 55511 (Ordinary Portland
Cernent) WUuyuduudinunzdmsuvauneasng uppunsaily nielassadnemouning
FOINITAIIUUTINTIGY

2112 Uszuandl 2 Judiuusvasauaudnaiuas (Modified Portland
Cement) WuyudumdiiAaauieutiooninyudiuudUsziand 1 wazannsanumuse
Famalgunans mnzdmduailasiadnouniaitnnunumiede dudatuiuniothd

fanudntuvesdamnlifaseAugunss

o v o

2.1.1.3 Usziandl 3 Yudmdvesauausiuszinvliigasngasa (High Early

Y

LY

Strength Portland Cement) Wuyuduudlirindidngddussozusn ddnvasnazidoanin

Y

Yudwudusznani 1 mungdmsunuesunsaiiseanisldainuds visaeauuulunandu

2.1.1.4 Uszand 4 YuBmudvesanauauseianiinainuseus (Low Heat

= a

Portland Cement) 1Juyuduudfliuiunm uazdnsnuisuainufiserlamstusi 3ad

NSHAUIAIFI909ABUNTATINIIYUTIUUADY o wnzdmSuauAaunIAnaT (Mass
a A [ v

Concrete) 1% LwaU tUUAU

2.1.15 Uszand 5 Yuduuddesauaunuszinnnudainnge (Sulphate
Resistance Portland Cement) 1 uyudiuudiduuialnsuaaideouozqdiun (CA) 61
ansasumudamadiuiateasunie kagliiiasdininyudiuudussiani 1 mune

dwiunulassasniinesdudaiuannedauneg1eguws



2.1.2  esdusznaumMuaiivesyududuaiauaudussianil 1
mﬁ‘ﬂizﬂa‘uwLﬂﬁmmgu%mwﬁﬂa%mLLauﬁstm‘wﬁ 1 WanefemI31a7 2.1
flesAusznaunan laun waafeueanlys (Ca0), 3801 (SIO,), xgfiun (ALO,) wazinan
oonled (Fe,0,) sansusznoundniivimaunutuinnnifesas 90 Tnsvwiinuesufiusd
Uasauaus druesrusznoviimdeduesdusznouses lun wunii@eueenles (MeO),
samleslasoanlas (SO,), nuna@suoenles (K,0) uazlufsuseonles (Na,0) WWudu i
vnswnlunssuisniswanyuiuudasusenoundnasianissudiluseninansifinyude

Iaansusznouiidfy 4 Usein fuided 2.1.3

A1599 2.1 esAUsEneUMLAlivesuTuudUasaLauAUTHIAMT 1 (Mark and Eric, 2015)

a9AUsznaUNNLAL Zouazlngtmiin
Ca0o 64.18
SiO, 21.02
ALOs 5.04
Fe,Os 2.85
SO, 2.58
MgO 1.67
KO 0.70
Na,O 0.24

2.1.3  asusznauiddguasiudiaudvasauaun
a1sUsEnouvesyuduudvasnuauniinasonuaudAvesuliuug a1u1se

agulanannsnen 2.2



A15199 2.2 gasBuavesansuseneuluyuiuudvasanaudussiani 1

(F1a8 wazAuy, 2553)

Usuau
d1sUsznau Yota anwzuasAMENUR
(%)
lasuaadendding CS  35-55 1) 1duansuszneudifigusisudn 6
(Tricalcium Silicate) \ide
2.) \innsnesuazudaiiniely 2 -
3 Falus wdnuauiuth
3.) @11150 N89S ULSIT A lug 24
SLYLUIN
laupaigeudding CS  15-35 1) umsUszneviiiigusienan
(Dicalcium Silicate) 2)% R CS Fades qmwgﬁﬁﬂﬂ
wazilnauauURgane
3 aiansudeaziauniidssn
981971 9 Tureusn upaziinng
WSS ULTIOnlUTTEZEN?
losumaidesozgiiun GA 7-15  1)4 umiﬂﬁsﬂauﬁﬁgﬂs’wuﬁu
(Tricalcium Aluminate) mgﬂwm
2) ¥ufRsentutiudt deldanns
WIadpgeTIngaziinausaug
FannsBududy Wowhanailunis
N8R LazlAINIISULIIBAABUTIY
el
G LG EHGERHIEY CAF 5-10 1) ufAserduihesnamnids uas
wiaslsyi Aafnelulafundt vlwamaesu
(Tetracalcium TR

Aluminoferrite)




2.2 Ufnselawnstu (Hydration Reaction)

Ufsenlawsdu Aeujisenmealiseninauduudiuii viliiAeauiou msne

1%
(%

v 2 o aaa o a o eavyw aaa = I
i wazmsulai Tneudisenlawmstunasnaniainlannufiseasduegivaisusenauluy

(% 1%
Y aaa 1 LY [ aaa (Y

Judud deluliserseninsfudiaudiui aunsainuiserduansusenouusiaz
Ussuviluyudiuud (00 deiides, 2539) dail
221  Ujfisenlawstuvaslasuaaeadang (C,S) uazlauaaiBeudana (C,S)
lnsueadesddinauar lauaaifendainahuiasetuieeneliAnuaaifon
gawnmlainsn (Calcium Silicate Hydrate, 3Ca0-25i0,3H,0 w3 CSH) uazLinuaaidey
lamsenles (Calcium Hydroxide, Ca(OH),) faunisit 2.1 way 2.2 muddu

2(3Ca0-Si0,) + 6H,O0  —> 3Ca0-2Si0,+3H,0 + 3Ca(OH), 2.1
2(2Ca0-Si0,) + 4H,0 —> 3Ca0-2Si0,-3H,0 + Ca(OH), (2.2)

222 Uftsenlawstuvadlasunaidesazaiiiun (C,A)

a a

UfAsenszmninivlasuaadeuezaiiiunaziiniueg193iasy aziinsidiy

Y

8ULN (CaSO,-2H,0) wievtheufizenlidas nelmintuvesenmnielng (Ettringite) UuR7

a 4 = & v Y |
VIBUNA INAAIMHLUILIILNYILANUDEY ANANNITN 2.3

3Ca0-AlLO; + CaSO,4-2H,0 —> 3Ca0-Al,05-3CaS0O,4-3H,0 (Ettringite)  (2.3)

223 Uftsenlawstuvasnnssuaadenazgiiluinasisn (C,AP)
Ufsenlawsturennnsvuaadenozgilumesls adeiuujizsenves CA
wiind 3 teeuisenasiinTuiuaudulugisi asaunisn 2.4

4Ca0-Al,05:Fe,05 + CaS0O4-2H,0 —>  3CaO(Al,05+Fe,05) -3CaSOy (2.4)

Yudwudgmiluldauegrunsvans sufasansznuidulgmendawedou
iesanenavinssuyudiuudlindsmulunssuaunssdadiuauunn AsliAntyvuany
nnsuanUaseiiva1susulaesnlas (CO,) gi%gumimmﬁ 1ny Barcel et al. (2014)
enulunn q 1 furesnskanyudiuudneliin CO, Useuna 1 fu Fan1sAinwiuazi
YodsNLINLgRAMNITUNMINEALeaTaineunInun s iU TG davgnanisely

Twide 2.3



2.3 Quttaaﬂaﬁtwﬁaﬁd (Asphalt Waste Dust)

Aunoadtavindodis Wurendsannszuaunmsgramnssunoaitaineunin luka
waesldnniswnndisiulusewinansnanueaiiavineundsiiusenaudediunauvesiu
uafiuensuaailaiviessuznes tnglssuihfunatsvuinuinas iy ¥n1smasauiui
gaunnd 150 - 170 ssmnsaidea SoviliiAadufiumdedisninnssuvaunisndaueaiay

ABUNSA TnazilvuNAANNIURZLATIUDS 200 %50 75 tulaswss Feldarunsavunmaniu

v
a Ao

g1auznauls Jukeailarindenlidnyusniaviduniazidvnioou wanA199InYudiuud

s al

Uasauauandd@imnidy 1Wena15u191nAMea1890 Scanning Electron Microscope (SEM)

v
a

Aawansluzui 2.1 nudreuniaduueailaviwmdedsdsusisdnvazdiulngilunisuyy

HIY39se wazlivannvanguwnn

JUN 2.1 suneduueaiiaindeiianin SEM Aimasuene 1500 N (Wiesh yana, 2562)

10
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2.3.1  asrUsznaunaaiivasuiuieailanmaens

1%
a

YWAYSA Yana (2562) ne1uesAlsEneuMuAivamuleaiiaivieds A
m15797 2.3 TnenuuSunas Cao waz MeO tussrdusznoundn wazilan Loss on ignition
(LON Wasni1 10 wagA1 SO; Hauninsesas 4 autaivuanuaulfvesianUegleaiuved
1A551U ASTM C618

M13NN 2.3 aeRUszneumaaiivesiuleaiianivienauiieuiuyuduuduasawaun

(yiesh yana, 2562)

29AUsZNaUNALAL Yuduuavasauaus Auuosilarindaiis
(%) (%)
Cao 64.99 34.66
SIO, 20.62 4.15
ALO, 522 3.40
Fe,0s 3.10 0.97
S0, 270 1.60
MgO 0.91 15.96
K20 0.50 0.08
Na,O 0.07 -
P20s = 0.09

LOI 1.13 3.80




Asphalt waste dust
14000 | A A) CaCO, (PDF 85-1108)
B) CaMg(CO,), (PDF 36-0426)
10000 -
5
8
2
®
=
3
=
= 6000
2000 N A A Ap
A B
IR 1 -
,A.lNaJ_J'umN,~JL~JLA,» %“/LLJN. ~ xk~
1 1 " 1 " 1 1 1 " 1 " 1 " 1 "
0 25

2 30 35 40 45 50 55 60

20 (degree)
JUN 2.2 mTnseiesruseneunnanaUasiuresuieailanivioiia

| & ¢ a | ¢ o A X Y A
EJEJ’NiiﬂG]”IZJENﬂUiSﬂEJUWNLmJ‘UENliJuLLEJaWaWLwa’e‘m\‘i‘uuaﬂﬂuﬂizLﬂ‘V]LLazLL‘Vianm

Y

vosulstnuihnldlumndaweailarineunin wesinduseaiandslignuiundnw v

= a (3 3

e TAssriesdUsEnoumalal o uvesl ukaailaviindens wanafagy 2.2 Hu

ED2

v
a a (3

woadaviindeiisfliesAusznoundnidunpaifaunsuaiun (CaCo,) Aaaraiuyy 3aiin1s

'
A =

AnwideingAuduni CaCosiluasdusznoundnifisuiAssiul uneaiaviwdens 3l

[ v v v v

nsAnwINsttTannsiuyulundn dewinde 2.4

Y

12



2.4 weuyu (Limestone Powder)

wefiuyuldannisuafiuyuiiteldlugmanvnssundnyudiuud uazaeundanas
lagasAUsznounmsananveaiuyu Ae a1susznaulAaifeun1suaium (CaCos)
unaieueonlus (Ca0) uazuuniifonnfueiun (MgCO,) 583 ey (2562) nanrinn
fuuiiviseglusUvasansuseneviifgaaudfiiutandosdliviiufasemiand (nert

[

Material) wag¥anfianunsavhuiisemandl (Reactive Material) anansaagusioazidonld
ol
241 Faqiesiliviiufzemaad
a1sUsznauLAalfENA1SUBLUR (CaCo,) wazuunii@aumisusiun (MgCOs)
Joduasusznevitlivhuiisemaed witinaseruauisalumssuussvesaeuninan
madutandiiu (Filler Material) uwagstsannisuadivesasuniale vnlinisiafesninly
Fanasity
24.2 Fagiawsaviufisemaedl
ansUszneunnadeuoenled (Ca0) datduasusznauiianunsaiujisen
futh s YanUssnnidlurumaunuyuiiuud Telinaesasidu CaOH), anunsold

Wuansnsiulunisihufiseegleandinlé (Rouge et al,, 2017) Avaunis 2.5

Ca0 + H,O —> CalOH), (2.5)

v 1%
LY A a

At Ul uhealavLnd oM aNlansUsENoUveILARTBNATS UBLUA waswunTiTuy

1%
= a =

ArsusiunAdefumiuyu Judnlutandesiiliiujisemaadl dewgiddinisfinw

nsldanuianUeglyausiuiuaeiiuyu dagnanlumdedialy
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[

2.5  Jaguawlyaiu (Pozzolan Material)

Fanuewlvarunumnsgiu ASTM C618 (2019) iuTanfiddmusznoumaniingn
ABTENT (SI0,) IeTAMTINUBEgiun (ALO,) JanUsvleaullnuauifvesianUszauiey
wnuseluiliag wiausavintujaseduseaideulansenlud (Ca(OHy) 13831 UHATeN
Ualaaniln (Pozzolanic Reaction) vilwldansuszneuifinaaud@lunisdalszamlid
ARNERUYUTLLIUA

2.5.1 wlavesianUawleaiuy

FanUerloauilfiunain 2 unas Ae Yagueslvaiuainsssuwid (Natural
Pozzolan) wagYaguenlsauiildannszuiunissdn (Artificial Pozzolan)
2.5.1.1  YaaUeslearusssuyid (Natural Pozzolan)

WIAIIANTEUIUAITAINSTIUVIA bakA AULNIAY (Kaolin Clay)

[
o

#ugu (Shale) LUdenveos (Mollusc Shell) Autuulnluyi (Bentonite Clay) wagtd ity

(Volcanic Ash) {udu Jaauwaniifieaziluldnuassamuazunanou

[

2.5.1.2  JagUaslearuainnszuiunsuan (Artificial Pozzolan)

o

Fanu1nuanasslaniinInnszuIunTHanlugaamn sy taun
Fanwu (Silica Fume) 181888 (Fly Ash) Linunau (Rice Husk Ash) uazmznsuimnagawin
(Ground Granulated Blast-Furnace Slag) Husu

lulagduiagUesleauiisuunldnuasunInlugdiuuvesnisunuiiuisdiuly

[

Yuduug 1lesanniagUagleaiuyieysuussnmuninvesnaunsaluaumidssulsesalvnuy

[y

waranunsnansunulunsldyudiuudas wenaniliianUerlvauudazyindwannau

v
=

AaUNIRTWANGafY Tuegiuauauifanizds InedagUetleaiuniiunlylunsfnwil fe

Y 9

wWnaee (Fly Ash) ssagnanineluluiide 2.6

14



2.6 1888 (Fly Ash)
Wraesdunanassldannisunguiindendanszualiin f§nvuensasiden
Anmaviedimauunasiiun fumdnun wesiansfenseasldfidloyluaninus
18R83YNTIVTINMEITN13ANTUlNTadia (Electrostatic Precipitator) dlofiansanain
AMME8IN Scanning Electron Microscope (SEM) ﬂ‘”ﬁLLaﬂﬂugUﬁ 2.3 \aeearl§usms
nauduvsenatndnes lneluidraseazdaudundn (Crystalline) saufuamuduy
&3 (Amorphous) 39a13150%1UJ A8 U CalOH,) AldanufAserlanstu 14
asUszneuiiFonin waaeudainnlewnsn (CSH) uasuradouezgiiiunlansm (CAH) dq

asuszneunsaeslliinaandiniswenysyanu

U 23 oumAvesthasefimasuens 2580 i (Roberto et al,, 2005)

15



2.6.1 Usznvasinaas
ANUNIATFIU ASTM C618 (2019) louvadnasendu 2 Uszian loun
2.6.1.1 Wasauszanen (Class F)

drasedildainniswigiuiiutounsilee wardyiida lngazd
US1naumasiuaed Sio,, ALO; way Fe,0s innindesay 70 fUSunm Cao #n 39ideiiundn
Fowilein iassuaalensi uazlinuandRdunaiisyyliluinnsgiu ASTM C618 fansns
7i 24
2.6.1.2 aseuszand (Class C)

a A

wnaseilaannsriauiiuantue wasduiniida lngasiuunm
HATINVBI SIO,, ALO; Uae Fe,05 U1NNINTBEaE 50 uiliuTua Cao a1 JeilyaiTendnie
w971 inaeguAANgs wasinuautasununseyliluninggiu ASTM C618 Aan1379¥

2.4

M1399 2.4 TaMNUANILATITOLINAREAINNINTFIU ASTM C618

14 o = ozjﬁﬂ
Fanmuaniual
F C
HaTINvesUSinadaneulaeenlen svaiiunlnseenlen way
~ ) | 70.0 50.0

wassneanlan (S0, + ALOs + Fe,0,) 8899 |, Souay
Falaslnseonlen (SO,) Liiiy, Sevas 5.0 5.0
USinauanudugaan, Seuay 3.0 3.0
nsgaydenmn Wesa1nnise (LON Liviv, Sewax 6.0 6.0

USunadanladasgaileiiouwin Na,0, Seeay 1.5 1.5

16
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2.6.2 a9pUsEnauNLAivaainaay

seRUsznoumnaivediaseialuazadreiuasrUssnauntuaiives
Yuduwud Aedldang (SI0,), azgiiun (ALO,), waakdaueanlas (Ca0) wasinansanlyn
(Fe,05) WunsrUsznaunan wariluunidi@eusanlasd (MO), Faweslnseanlan (SO,),
Tnunadeueenlas (K,0) uarluieusanles (Na,0) Wuesrusznauses uansfemsed 2.5

lngfinsnusznaumaaiivedinassTusgiuaRUsenauLAL WA INYB Uil

a3197 2.5 esdUszneumaaiivhlureadiass (Almufarji et al, 2019)

a9AUsZNAUNILAL Savazlagrimtn (%)
SiO, 46.80
AlLOs 18.41
Fe,Os 6.08
Ca0o 3.32
K,O 1.34
Na,O 1.20
MgO 1.15
SO, 0.53
P20s 0.41

finauneunthilindasslutanegleay dalnuauiflunisdendszau

Agfesldtasuin Fareserdunisvinujisenaniinisujizeeosleaitin fa9enand

aoluludef 2.7



2.7 Ujnserleslaaniin (Pozzolanic Reaction)

¥
= £

Ufseesleau 1uuiseniintunendsainujiseilewmstuvesyudwudiv

v
o = o a o s

U1 Felindnduaianndfisen As waaleuddinalawnse (CSH) wazuaaiduulansanlan

(Ca(OH),) finaaiededuluaunisi (2.1) uaz (2.2) nsuaadeulansenlas (Ca(OH),) 910

[

aun1s 2.2 aziluansasiuinujisemianiidudana (Si0,) uazezgiun (ALO,) Tutan

Uagloau leransaeidunna@eudanalawmsa (CSH) wazuAaeezgiideulawmsn (CAH)

Aanansluaun1si (2.6) waz (2.7) Feansusznoursdesasyinntn iUl swosid

= (%

s aguoglyailosruszneumaniindndudani (Sio,) ausadiouaunisves

[

UfAzenvUeleaiu (Ahmed et al., 2019) gsiedd

3Ca(OH), + 25i0, —> 3Ca0-25i0,-3H,0 38 CSH (2.6)

= (3

st anUegleauiiosrusenaumanivaniduargiun (ALO,) auNsOLTBUANNTS

yaaUseomlaai lasal

3Ca(OH), + 2AL,0; —> 3Ca0-Al,05-3H,0 %38 CAH (2.7)

ndeyavimuainanutiiu nslifuseailavivienssuiudnass finnuduly

Y A

Ienaasuuszlorudeiuuaziuluiagneadaiiyuduuddudiunay Wosndneazn

v
I3 = a

nennved uueailaviviefisidvuinan amnsnantesinluiannounsn vasiieaty

[

W1aeea1u1sainuA3eiu Ca(OH), vesyudiuud aaznd1ineluluiate 2.8 1309

IGRGIAEH
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2.8 ﬂ“u%muﬁwau (Mixed Cement)

[ '3

WIATFIUHEAT U gnaInnTs 80 (2550) TiAumanevesudiuudnas vungis

)

[ =

wamﬁmsﬁﬁlﬁmﬂmilﬁmamau‘[,maqiﬂu@W%’aufﬁ”uﬁ’umsquuﬁmﬁ%Qu%muﬁﬂa%mLLaufﬁ

9

[ P

Usennil 1 vielaainniskauaiaseseniayudmuivaiauaunussinnil 1 duiandulai

ununauds Tneyuduuinansziinudnvazidosnismuuinsgiundndasignamvnssy
WAAIRINNTI 2.6

v

M50 2.6 AMENYETIABIN SV UTUUANEY (18N 80, 2550)

3789N13 AMANEAY nudnmue Asnagauniy

1 USunauonnaluuessans Sevay 12 uen. 15 1au 13
TneUsuns lauinnin

2 erwandun fuihsme (Specific 320 1on. 15 184 6
Surface) NaaaUMENINOINIFATULA
983UaU (Blaine Air Permeability)
Asaasrenlansy lutesnd

3 nsvengRIlagioeslainan 0.8 uen. 15 tau 11

(Autoclave Expansion) 3ouag

laiannnan
a AUAIULIIDA LUNEWIERR 19n. 15 lay 12
laitoana
218 3 U 6.9
91y 7 Tu 11.8
5 SYELLIANNBM NAERULUULILAR a5 wan. 15 lay 9

(Vicat Test) ui¥ hitiognia
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2.9  NISULABUNIA

nsuumeuniea 1WIENsteliuiisenlawmstuvesuiiuudiiniuegauysal 39

Y

]

avdmalinIsiauM& 3 unsIdsanazanuAmUTeInauUnIneg1esaiiles Tnontiidfy
pdnvosnIsunneunin Ao destumsgyidisarudunnidonsunin destumunninues
noundn Ine¥nwissdugumnilvingan warnisannisssmeveshlidesiian 5nsvu
AouNInIsiivannvateIsegiudedninlunisneasiuazanldine lag Jia Yelides (2539)
IeuvanssuAsnsuneeniiu 2 slanuanmgamaifilivy fo msvuigumnlund wagas
Unigumgiuazanunadugs luiiildnssuisnsuuigamafiund awnsaduunseniy
2 Snwaz fail
291 msiinAay
Junshiauudefivesneunislaeasdussesusniinouninudes
ﬁﬁmmmﬁd’saamqmmﬁﬁﬁwamauﬂ%m Teiwn miLLﬁziﬁgﬁ’gmeyJuﬁm?J'uﬁa (Immersion
in Lime - Saturated Water) n1saavm3ansuin (Sprinkling) wagnsldamdend unga
(Water - Absorbent Materials) tJudu
29.2  mstlasiunsidethainidionsunsa
Lﬁ’fluﬂflii’]mﬁ’umm%ummﬁmaua?mhﬂﬁsxmaaamjmauaﬂ Tawn sl
nsgawiuin@uldngu (Reinforced Paper) nisldusiunanafinaga (Plastic Film) Asuudne
ihenailindeulanounsa (Liquid Membrane - Forming Compounds) kaznaslduuuvae

(Formwork) 1Jusu

2.10  LUIANIUIY

Ya v £ A a

IINMITNUNILNUITY UageaAANUIAg o T1eiu JIdedadiumAnvzAnwinisly

Y
&)
g8

duieailaviidensswiuidassluianuuduay wewwunduianlununeasiuuy

whaganuTaunsldyudmudlidesas 9nfinanundeiudsenauiunisnuniu

nansnuIdeilowu wudiduweaiaviviensdlugniiundnyiluauil duieaianvde

Y

[

faflesfUsznoundnidu caco, ?jqﬁﬂﬁﬁﬂwﬁﬂmmqﬁuﬁuﬁﬁ CaCO; WJupsAUsenaunan
deuiestuduuoaiaivdods 09 fiuyusssue (Limestone) uazlalalus (Dolomite)
Budu neflauuigiuideafuiduueailavivdensannsoldusslovdluTanfuudnauld
iy g duneatiavivdeisiiivumasndonduiufiluterisewiveynameluile

Faudnay duasuaiaesuusdasseziulunanenmls vasidiaesduianUeleau
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ninsldunegraunsrnagazgnihuiaunAMasulssasseseilagefeuiisemiund

Fansldanunuiuvesiagiaewiadudunumdninliinns@nyideunneu

2.11 UMDYV

PnuIRatuNMsAnwINMsldTanduieaiiavivionsuiuiinassluTanduudunaud

gnnanluuddnwiu fIeladnyienasidenineitossl

a o a

2111 wideiAnuRfudnsa e INsiuyuvizauaaideumsusiunulY
FAUAUYUTLUUA

AN wazAme (2559) ANWIAIMIAITULTIBALAENITVARILAIYDY

oundafldfuduunuinge TagldAuduunuiinseludasiesar 0, 25, 50, 75 uay 100

Tnethwiin T¥8amauihdeanUszanuiiu 0.45 Tnewuimsliuduludumaunounis

a =

denalvirIn1sguiiveInunInanad LagA MAaIsuLsIdaiuTunIUsSIMAuduliudy

'
a

warAIARITULSIEAT0IRUNIAT I U uANS18ludnsduTegar 100 degenian
wansliiuInAeunsn i ldRu UWIUNNTIBUNEILVEBUNUTITINLA d11saRAILIAIMAISy
wsenunNnIvsainiuAeunIailaldAiudy Wesnnanudumasuyuvesiuluazyaglng
wssBawmilenszninaianuianuazdenfdu wasvuinounadnuesiudy aunsatelunis
Waiuvesdesindduilonaunsn vilineuniadauuuuniu dwalinauniaiildiuulu
druNaNilAMAT U ng YU
43813 gy (2562) AnwiAduasidenvensiuyusenuauiRves
ARUNTANALLA 10EuaTHITTIUY U lagvinnsAnwriuuiiiaduaziden 2, 8 uag 15
lulasiunsunuilududuuddesavaudusesiani 1 ludnsidiusevas 0, 5, 10 wag 20
JwiuaeednsduTesaz 10, 20, 25 uaz 30 lagudmitin Nan1SANYINUIY HeiUYY
a2 lalasiuns dnavilvidimasiuussdavesnouninganitvesnsuninyudiuudlesn
s QA' ! a = | ! o v w v
wauAUTEIANT 1 druReiuyuuuin 8 uag 15 lulasiuns duadaan1desunsdnves
A A v ° i = = 3 s I3 - °o v -
AouNIAflnalALLarAININvesRsUNInUdLURUaIALAUAUSELANT 1 AUa1AU LH8a9n

£
Va2

maululilaiinufiseseidossanduyuduug uidilufudugesinduilensuninldnvu
Jevhlinmeluilensuninfinnudauiuinniunazamarmassulssadiingu ogelsniny
NsuNULT uYese Ly ulazanyudiuudas asilidmdeunssdnvesnauninanas

Wesnniinufiselawmstulitesas
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WAesh yana (2562) Anwauanifvesueinflagldufinimdeiisan
nszvaunsHaeailavirounIamauruyuusissand 1 vdu Tngldduiumdodis
MnlssnundnueaiiaineunIsmauwuyuiisudusinuaudussiani 1 lusasdndesas o,
10, 20, 30, 40 uaw 50 neiwiin 1¥8nsduhdeTanuszatu (W/B) iy 0.60 nan1s
asouiumdsuusdaresmesminu Wenauduiulusnsduiiuiuazhliuesmsd
fdssuussdnanas Taednsdrunsunuiivosd uiumded sliiAudosas 20 netmin
AN IATINAITURSITREUA LN ATIVBINIATEIN Han. 15 wau 1

Aquino wazauy (2010) vamimaaaLquﬁQu%muﬁé’wﬁuQuamﬁsm
$ovaw 0, 30, 50 waw 100 Tneniwidn Tnewuimslduuuassden aunsaannisvadaly
Aoun3ald TasiameraniuiiuuunaziBonunnitdosay 40 Tnetmiin avdsualidiu
QIGERIESLE LLiqﬁmaLLazI:u@é’ammﬁmw&juLﬁuﬁummé’mdauﬁuguazLﬁamﬁlmﬁu

Wendimu wag Abebe (2010) ﬁmammumuﬁquaummgu%Lmuﬁﬂaﬁm
wausshensIRLHsiuuninaronuauTRvINsA ez aRTive T AINER LAz L TS

o v w [

Taemudn nsunuiyudwusddmensiuduazidonfosas 15 % dawalidmdeunsed
deuwihAunsliyudunsivesauauddau uinislinsiuudosas 25 - 35 Tagtmin dewa
TiAMasuLsIsnTosn AN A ULIIBANINTEIUTEITZEZNNTUL 28 Tudntoy Lansds
FadrdaUsinaumesnsldan uendindmsldiiuyuazBensuiuyudundesnaud
dwaliinisiauanuudussaiuniiu vlianssozinanistesuenufusiuay
Maisarah wagpng (2015) Anwinsidianduduluiaanaunudiuud lag
unufide Caco, Seray 10 Taevhwin wuinrounIaflld Caco; famsyuivanzauiiog
PrguiunmEIsAlUASY (Workability) 199910 CaCO, Hvunneyaadnninyudiume
Feanmnsnaifudutosii uaranarumguiluieneunin snsfinrdusedaluszes
150N 3 Fulaz 7 Yureuniafianisly Caco, astinnsnesetnssniSuasdaiaesu
usssalutasnsngsndnjudunddou Wesnilnsnszanguuineynaia andesinassming

aaa

auna ibiAnUgATelawnsturesyudiuudauysaluindu udidonsu 28 Ju AsunIniidl

'
N 1 o0 v ow v o

A5 CaCO; AxilANAAISULTITAFRININIABUNSAT LUE CaCO; tunau191n CaCo; laila

AUz adiuyudiuud uidriaesuussndieglunumunsgugeusula
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Ahmed uagAniy (2018) AnwiAiaesulsdnuarwsafavansiuyuly
Tannauwnudiuud lagldnsiuyulugnsdiunaunuyuiiuudsegas 0, 10, 15, 20 uag 25
lagivtin wuln dnsdrunsiiuyundmalimmaaiuisidngeande sndiusesay 15 lag

wntln FeilvsseziainsnemisudusasANIsgudl (Slump Test) anad

awv asg

2112 ewideidnwuieafudnenwaadiaesldsauiuyuduud

Mdn Infunn (2563) Anwiviunandiassusianziiaiusaldunud
Julwuiuesnuausdmsunanuionsudmiin Tagldsnadmunuiidaodaesiosas 0, 10,
20, 30, 40 waw 50 Tagvmiln wagnudn AmdsiuusadnuesnounImuSonuaN a0l
wngyndasdunanluszezina 7 9 14 Yu farmdsuusssnsindineuninudenain
YuBlnddon ustas 28 s 60 FuAridsiuusednvesaeuninudonsauiaosusinngLi
asiu alndiAsstuouninudenvesudiuuddn Tnenslfidaesusiunsunuiiyufiuud
Tudnsndrudosas 30 anunsatieusuugnuaniivesrauninuden uarliaimasiunsesn
GG

Carolyne wag Atadero (2009) léAnwUSunafivnzauvainisididiass
Lmuﬁiugu%muﬁﬂa%mmuﬁ Tnedisnsndmunufisroidiasssosas 0, 15, 20, 25, 30, 35,
40, 45 waw 50 Ineniniin muauSATIEIIRe TanTl 0.525 uarnuinegtiu 3 - 7 Su
usn A edunsisnazanasmuUsinadrasefiiinty iesandrassdesede Ca(OH),
nUfiseleinstureayuiiund nessziiamnnnd 28 Ju Aridsuusesaiiutuny
Uiinauiasy Haneundnfiiidnaseiesay 25 - 35 lnadNSAMINLALANLINTHILYBIAN
Mae¥unsesn Woswnusunm Ca(OH), Lﬁﬂ%mﬁmwaeiaLﬁﬁaaﬂumw‘mﬁﬁ%mﬂaszﬂsumﬁﬂ

Abushad tag Danish (2017) Anw1AIMAISULTIENYBIABUNTANALAEY
Msunuiyuduusishoiinass Tnelidasaunmsunuifesas 0, 10, 20, 30, 40 wag 50 lay
dwiin wegnuddnsdunsuuiidieiinaesiosay 30 TArdusedngeaaynszerns
U 7 U 14 U uay 28 U

Rishabh (2017) Anw1A1idasuusadavesrauninannsididiasedu
Sagmauvudiaiud Tnedsnsdrunsunuidumuiuisdiusedhassiosas 0, 10, 20 uag 30
Tnethwiin uazmuaudnsdmtretand 0.5 wuihdaruasamls (Workability) uas
AT UMaI989F LU (Consistency of Cement) Liindunuusumid1aosfiiiugu

Wasnninaselidnuaeriazidunvioruineuniadinn YL widmdsuusadaves
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=

= = [V a A £ 2 = ¢ v 1% & a
ﬂaUﬂimﬂﬁa@aﬁLNasLsULﬂ']aaEJllilnmLWllsUu FINTUNUNYUFLUUANIBLD 1808 JUUTUIU

Y
1

WZEUTIARINANMAISULSIIRTIaTY Sovay 30 lagwniin

av asg

2113 wddeidnwnfeiiudnenmvasnisldneiuyusuiuidiasy uae
Yudaud
UA uazay (2546) Anwinisldneiuyusiuduiiiase lneinuauSuin
q' = s v a v & 5 H o
NS udiudaiensiuyu uagidiasenuniesay 20 - 60 lagunin uazaiua
% 1 aol v d‘ ! ! o0 v v v a aa ¥ a A v
gnsdsaTanuei 0.485 lagnunAmassuusadnvasnaunIniinislorafiuyursaw

|
a1 0w ow v o

apgagulaegrmililunisunuinyudiuudlueny 28 Tu defidssuussdaninitveyudiuud

a

du wiidofimsldnsiuyusmiudiasslunsunuiiyudiwudludiunudesas 20 veq
hwiinYagueriavan shldanidssunsedafiony 28 Tugsniienidssuussdnvesyudiuud
aau wansliiiuinnsldidasssiudunsiuyuanunsausuu e Rsumaasuusadale
sislurasiunarlusszen drunavesszpznamsnofnuinilofinisuuiiyudiansde
Saquandnlaviiomils visunuiideiasssamiunsdiulu avdsmaliszoznanisiefives
AouNIRTIT LAt sUmeiniiuiu deiflsutussognamsnesvesyuiuudou
y3dnT dnsiTy wog WNEANA WIna (2547) AnwiauautAvanaves
Aoun3niildidnasey uaznsiiuyu Tngmuin AsunInnauiiass uavnaiuyudainisgus

$a8NINABUNINUNG LﬂumammﬂL{ﬁaaaLLazmﬁuguﬁﬁuﬁamﬂﬂdﬂgu%mwﬁ yMlRaunsn

AnduU IR YagiAgInueuAIA 180y LarNaiuyYuddnwuziiSsulaginiuy

Y 9

o v w [

MINAAU danaliusudenniusenineunInaInIIneunInUNd diud1mdeiunssnves
AauNIaNaNinNaesuazNiuyuludnsduiivindy nisiauididssuusdngania
maunsnunAsaeny 3 JuTuly Weswwniivsuiu Sio, Wnduana1ase (Supplementary

[y £

Silicon Dioxide) 3 slnaLAgesiuusuna Sio, 52ufisasns (Total Silica Demand) lunsvin
Ufnsenlawmstunasuisevesloantin vilvdiusunn Ca(OH), viigsnwalunisiugisen
Jouloaniin Iduaaionddinalawnsn (CSH) 1Ty dwarhlia1idsiuusedauinni
ABUNIAUNG

Uimud ninans (2553) Anwnszeznainisned Arumgy AIN1TVee
Wi wazAasiuussavesneuniniiliidhassuaznaiiuyu Tasnsunuiluuduuduos
LausUsELani 1 wudiszeznainisnedavesnsuniniidnisldidiaesuasseiuyuld

TPYLLIAININOMININNTITEELIAINITNDMVBIYUTUUAIIY ADUNTULAENITUARILINYDS
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AounInfildlinaesuavniuyuirtesninilorieuiufiie gy uiiuudaiu Lansieiixg
Huguanunsaiduiutesinduilionsunin dnadea1fidesuusagnyieiu wazeny 28 Ju
WnasgansaimwIiaasuLsese Wunasnnufisedesleariin uiAidssuussdnves
A Aoy oy ] 9] a o i =~ c v - a aaa o
Aounsafldiinasssuiunsiuyulipennyudiuudaiu Wesninujisenlanstuanas

NMIAAUTIIUYUTLIUA

aa

Iwdu wazame (2557) AnwiufAsenlawnstunasaiiassunsednues

I3

YuBuaninmsuuineasesiuiumsiuyuasden IneimuauSinaunuiveuinase

7
wazneiuyunsesay 30 lngumiln Kan1sNAdoUAINAILIISATeY 3 Tanuau daidesy
wsseaRninfegldidnaseiivted nien Fmiiuyuaansailuiufuiidmalilasaing

ANATAIITLILLLLNNTY Inefegeiiildiunanveiaessesay 20 waskiiuyusauas

o0 v w [

10 fifrdssunsedngaan uandliiuimmeiuguaunsoriedinaiaasuusidavesdiumg
wanfidnaeeld dunansnunujiselawstu Wewnufisenlawmsturesyudundidy
wuuAeANTeu wasueuFauTesufisenlawstures 3 JaguauiaTulaiss urdinei

nYuBuuddu Wesaneunansiiuguifivuiadn IunRidnzas weadedlessulu

a

Heftuyufazatgeanu 01avhuAsennudanianyududviewinasy dilugnisss

Uffseuazneliinndndusivesuiisenlomsdulansvu

= [

Pndeyaniudtedrsiunandiiiuinianfifloadussnaumaaiingn

(v

vowuanTeumivaumviensiuyuililumaiiouifesuueaitaivieda gnunanldidutag
naunuyuudvesauaudifienmantfivsnienim Tuunumvessiivyudilvadauin
aunaiinnIIYuTudUvosauaus Janansngfnssuwuusatiu (Filler Effect) Tugeosing
seriveynaniesnsunsluiiionsunin uazuedng dmaliie Tandaumuuvuiiy
wazdnasonswauiAmasunsednszesdu uiilloruluszozenneiuyuluguiuy

aaa |

whaenA1sUBluATIliTnason1sRnU RS UYuTuG daNaren159EaRURIAINAY

1<

Suusadnluszogen esnusfiuyuduianien (nert Materal) Tuvaizfitdnassdady
fanUeelvaufianunsnthununuiiyudwudlasenfoquandiniand avaansaiame
fdsfuusedluszeren esnihaseiiesdusznevvesdanuarozgiiuilusuuuuiilie
A1 Feanunsaiaufiseveslearudivaisusznouvunaidsulensenlediildain
UfisenlawstuvesyuBiuudveiauaud nelitinansusznouuaadeudiinalawnse uaz
weaidouergiiunleinsniidauautilunisdauszauuazlianuuduss mefideded

wwiAnlunsihveudsananamnssurdnweailarinouninogeiuleaiiaindens Japany
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Aunsiuyualdsuiuiassluianduudnay lnegiduaianisalinnisldduneaitanivie

Y 9
v

Negmiudasy ssdreaivayulinselawmstuiazyjisevesloantinegeaiiles

13 [ o v w [y

MINEIRU A TanduudnanausanaunuautRsuiasuLssalanalugiesiu

wagluszoren wenanddadunmsiiuyaribituvendeingaamnssy andunuingfu

9

LAZNANITENUAUEILINA DY
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uni 3
AT EUIUIY

L4 a L

3.1 dngdu Tagaunsaluazineciaiiasisi

(%
a v A

Smgaulflumsduiiuemidde s

311 duueailarindedia (Asphalts Waste Dust) mnlssnusdanoattasineuns
1ANNTIA FUALANNTIA SUNBDLLOIUATIIVANT JINTAUATIIVEN

3.1.2  Wanua1uiiu (Fly Ash) 9anlseladnuaiung suaudiung oneuliang
FmIna1U9

3.1.3  Judiuuddesauauduszian 1 (Portland Cement Type 1) AMu81AT3IU
ASTM C 150 #518UISINYS 21NUTEN YuBUAuATVIaN 3110 (mww)

3.1.4  YJuwn (Lime)

Taneunsaluaziaiesdontdlunisandunuide wandlunisiei 3.1 wag 3.2

)

AUAIAU

M1599 3.1 Tanuazgunsallunisaniuemuide

Ta9/aunsal

JnnesaunuLad (Stainless Steel Beakers)

\w3nsalmiTnNAasA 2 fwmia (Digital Weighing Scale-0.01)

LATBINIUNEN (Laboratory Mixer)

amargiliiley (Large Aluminium Tray)

PNNESURNAUL (Ladle)

wanafnviela (Plastic Wrap)

LLUUﬁmﬁamzé’m%’u%gﬂ%umumaau YU 5 YU, x 5 U, x 5 9.
(Brass 3-Gang Cube Mold - ASTM C109)




A15197 3.2 1A5095I0ATIEANLYTUNNTATEUINUANY

= A a 4
LAFDIUBILAIISUNAGTDU

g9in/qu

LA5093I9ILATIEANISHALNUUVDISIFLDND

(X-ray Diffractometer : XRD)

BRUKER / D2 PHASER

A4 A a ¢ ax 3 s
Lﬂi@\m@’JLﬂi’lxﬂﬁ’WpﬁLEIﬂ"ULSEJWQ@EJLiﬁLG?J‘LJGU
(Wavelength Dispersive X-ray Fluorescence

Spectrometer: WDXRF)

Rigaku / ZSX Primus I

NADIYANIIALUBANATOURUUADINGIA Uazlenaise
annsalnUuuunsz e wauy
(Field Emission Scanning Electron Microscope /
Energy Dispersive X-ray Spectroscopy: FE-SEM /
EDS)

JEOL / JSM-7800F

WATDIUATIEVVLIN LAENIINTEINLAIVBIBUNA
(Laser Diffraction Particle Size Distribution

Analyzer: PSD)

HORIBA / LA-950V2

\nSennaauTaneluNUTEasA JUIR 100 kN
AIUHNINIZIU ASTM C39
(Universal Testing Machine 100 kN)

TTR / MUL-125

Lﬂ‘%‘BQI’JLLﬂG] AIUHINIYTIU ASTM C191

(Vicat Apparatus)
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o/ ¢

3.2 dydnealvesiannlinageu

Foyanwalnldlusuide wanslunisni 3.3

A% 3.3 dyanwalnldenuide

Heuanual ALY
™ Jududvesauauduszan 1 (Portland Cement)
AD ﬂuuaaﬂaﬁmﬁaﬁﬂ (Asphalt Waste Dust)
FA 11a08 (Fly Ash)
50CM: 50AD msldyudimuisesas 50 naudukeailarisosay 50

TnenniinanUszany
50CM: 30AD: 20FA msldyudimuisesas 50 naudukeailarisovay 30
uaziiaessesaz 20 TnenwiinTanuUszany
50CM: 25AD: 25FA nsldyutauisaas 50 naunuueailaviSevay 25
uazidnaessesaz 25 InenwinTanuszany
50CM: 20AD: 30FA nstdyuBuudsesay 50 Hauduweailanisesay 20
uaziinaesiosay 30 TnenmiinTanUsyanu
50CM: 50FA nstiyufuudseay 50 HauinaesTogaz 50

logthwiindanusvanuy
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¥
4

JUABUNUIY

feazidundunaunuide duandlugui 3.1

Y

LA De

Huneailariviions

v

aufgaumnil 35 °C 24 Falue*

v v

TOUKNIUATWATI #200

v

TATRAMANYTIANY
VBYINGAY

PSD, XRD, XRF, SEM

i * e : unslarnuiuiigamgiivies

PRI ING

a

q

AU (MIUATF190 3.4)

i

v

N GRORNAGH

v

WNEUsEUN

NAgEUITYY

t LIAINNTNBAL

YUl

a

U

v

wog 24 4l

v

v

Unluduvidud 3, 7 uag 28 Ju

v

NAFDUAINIAISULIIBA

v

TATIERAUAN YT
- g9AUsENBUNIaWE (XRD)

- dnwaien1alATaEsegania (SEM-EDS)

JU7 3.1 Tumsumsinidelaedauy
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3.3.1  aasrduniglunisnasgau

N3UN 3.1 151902199008 AT A IUNANVBITLUUANAUVDIY UTLUUA
Funeaianivdens wazianasy NINsunmedIyurdudarnmsuunelditeuluvieviy

MIULNUTRUNAERN Fan15197 3.4

= o | = 3 ~ & ¢ A & %
HI199N 3.4 @ﬁi']a’lumallsﬂa\‘i‘?ﬂllu@Nﬁm‘ﬂaﬂqu‘ﬁl&lu@ B;!ULL@aﬁﬁV]LWa@VN Laglanaay

ludnduiveTannavindu 0.4

gns Yudiaiun dunoailavivdoiis \inaoe

(Souaz) (Soway) ($ouaz)
50CM: 50AD 50 50 -
50CM: 30AD: 20FA 50 30 20
50CM: 25AD: 25FA 50 25 25
50CM: 20AD: 30FA 50 20 30
50CM: 50FA 50 - 50

[ ¥
a o o

Mg NTUNUTANTIUANANLAAZERT vasaIntaniininnausaukaiiyseun

9

AIUBRIIEIU AggNInatemaNkar T udumaNieaiun 5 Uil aunseiaduilodeatu

VAIINTUUTUFUMIBRUUNUATUIUNAGRY YU 5 B3l x 5 94, x 5 9. LilaAuguiandiuud

a

HANLSEUTaELaY WuUNlanzazgnAquasskuildunaradinla telasiunisande

v
o a v =

Artuiidly 24 $3lu wdhdsnentususenanuuURu wasthiunuTanfiuuduanluts
paAs AUt LA Ao nstaluduynidus (Saturated - Lime Water) wagnsus
meldeulvievudeuiuiidunaraiin (Plastic Wrapping) Msgaziiannisus 3 fu 7 3u
uay 28 Yu ndantunhlunadeuaideiuusedn Ima‘wmaauLwiazﬂ%gamumqmsﬂwum

Funu lngneaauasiay 3 Ju ANLINIFIU Nen. 15 1ay 12
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3.3.2  nsAuImUsInansididiaee
= [ a Y v (Y IS (3
1NA15NH 3.4 @nansadaysiunsidiiasslutanduudnauain
nsAwInMIosazvesEsUTEnaUnanms 4 luyudwudlagyszanaluaunisves Bogue ba
USuuuee GS way G5 WinAusaway 53.3 way 14.2 lnguinin aua1ayu 39A1UIMN
USuavewuaadeulansenlend wlundndmananujiserlansturesyudiuudduin
(@1N19 3.1 wag 3.2) Wewniasvaunsniinufisevesleantindusaadeylansonlen

Tnen1sAuMLfIse bt

2(3Ca0-Si0,) + 6H,O  —>  3Ca0-2Si0,-3H,0 + 3Ca(OH), (3.1)
2(2Ca0-Si0,) + 4H,O0 —>  3Ca0-2Si0,-3H,0 + Ca(OH), (3.2)

INAUNIST (3.1) nldyuBiuud 100 n3u azlandndnives Ca(OH), 39.37 n3u

a v dy <) v = & a ¥ 96’ v Y a v 3
ne3Tedidunsldyudiudiiiesiagag 50 Inguvin anaun1sazlandndueives
Ca(OH), WnAu 19.69 Ay
INAUNISN (3.2) nldyudiaug 100 N3 azlandndneives Ca(OH), 17.79 ndu

a v e £ IS ¢ ¥ H Y Y a 1% 3
ne3Teiidunsldyudinudiiesiaeag 50 Ingumin Rnaun1sazlandndueives

Ca(OH), Wiy 8.89 nsu

Aetiunsidyuiaudiissseeas 50 lagumdn 1naunisazlandniagives Ca(OH), winiu

28.58 A5Y

minly Ca(OH), 2 nsu TADLANA0Y 5 N3 (AUUINIFIU ASTM C311)

5 o v 28.58 o
Nk Ca(OH), 28.58 N5U ALFADURU1ADY 7 X 5 = 7145 nsu



atiu mnAadudnsndin Yu: inase fis 1:0.7145

MogazvaINSLUNYUTUAsIEtaey Ll

gnId1a08

NAUNT F088TLO1ADY = S —— X 100 %
amﬂmuyumuum+m’maa

0.7145
= ——— X 100 %
1 + 0.7145

= 41.67 %

Aty e anunsavihiseduuaadeulansenlenluyudiuuniesas 50 lneumiinld
aunue zliiiusesay 42 Tagu1vun hagn1sAIuIurIUsSuIun1stgL81a0891n
U599 UsINAUNSNUNIUINIITERINSIg ey FeTinsiivunUsuiansiaananslu

n1snaaestleglutieiovay 20 - 30 lagunin
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a

3.4, MTIATIRVIAMANBALIANIZVRIINGAY

9

[

91n3U7 3.1 azldesedlenldlumlinsevinaanuvasianzvesingiu Al
3.4.1 NIFAATIRVVUIN LAZNIINTLAYIUINDUNIAVDITAGAY

a

AnneilagldiaTesiinsgivuin uagn1snsznevnoynAvesingAu
(Laser Diffraction Particle Size Distribution Analyzer: PSD) ﬁﬁgﬂﬁ' 3.2 9glIUaNNISURINIS
A oanvureanasiiniawed nvua tnsnasaznszisainayninagd sukuuaudy
(Intensity) isuanssiuiuiuruiaveseyma fdeulummageuie Tdnduduinas

wazLIaMAd@ay 100 WA

JUN 3.2 1AT9IATIEIUINALAEN1SNTEIBVUINEYANA (Laser Diffraction Particle Size

Distribution Analyzer : PSD)

3.4.2  MIATENaAUsENOUNINNHYaLINgAY
psizilagldiaTesdioAs1eRnIs@ e UNYDIsIdLeng (X-ray

Diffractometer : XRD) sla3U#1 3.3 lagadensideauuvesiadiendunliiinszinas ssy

a

yilavetasAuszneumanavesingiu lngliguuuunisideniuuvesssdiend (XRD Pattern)

9

1Y =)

LansANwaulaNzYaUsiaringAy dieulunsmegey Ae YUIATBINITNIAYY (Step Size)
Wiy 0.02 Lanlunisnaaya (Step Time) Wi 0.2 Lagd34ve3N1TMAdRU (Scan Range:

20) A 10 — 60°
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JUN 3.3 1ATesilodiAseninisiiediunresssdiend (X-ray Diffractometer : XRD)

3.4.3  n15ATIVRAUTENUNNALATIvRY Tng AU
Iiasziilngldiaiosdleinsiesisnnisienaisdigesisaivud (Wavelength
Dispersive X-ray Fluorescence Spectrometer : WDXRF) Wuwmadanisimszvsinues
smuazUIuueg lnsendendnnisdessdionditnluludiagng pdsniuazifaiensise
vigeaLsalsusinuasadtumes (Collimator) iesiliaSsdand Judwuruuagluluiianis
finglilunsenuiu Analyzing Crystal vimthiinszanesadiendeenluniuauenindusa
dau%gndﬂﬂé‘fqméaqmwé’u (Detector) Wiaudasduanoanuifuannsy
3.4.4 mieTeianevzLaryuievesingau
Twnsigilagldndesganssaididnnsaunuudoinsin (Field Emission
Scanning Electron Microscope : FE-SEM) sauiutanasgaiunlynsalnUuuunszalenaseu
(Energy Dispersive X-ray Spectroscopy : EDS) LﬂﬂﬂﬁaﬂﬁgamiﬂﬁﬁLﬁﬂﬁliauﬂmﬂmim’r«ﬁm

SLANNTOUNALTDUINNNURIMTNVBIAI0819 AINALALTUN NS NBEYad 3 TR NaWIATIZA

ALYINISATOUTNAUMIENDY 31U 3 50U FOURE 3 W17
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3.5 m‘mﬂaauQmé’nwmzLawqwaa%mmwﬁamsmaau

1N3UT 3.1 insesilenldlunisnaaeunmudnuaEanEYTUNUrGINaaeY ddadl

1w <
3.5.1  MsvAdaUsTEsLIaInIsnanllneuwuulLan

WARIRAgUT 3.4 MULASFIU LN, 15 1A 9 IBNMINAFRUSUAIAYWTLLILA

WAATUUY wAZEIUAITTEZAY RIINUUMTZEZNITINTBATLYN 9 15 Wil lngszaznisne

o v 1 @ a a ! I @ 1
AFBUAU LLUUTLHZNIANVDINITINVDININ 25 UAALUAT dIuszern1snemInaulaivasilu

a 1 <)
syegaMdnlaanunsaaunaduses

JUT 3.4 n3ewedeuszezan1siedlneldiduuuuliuag (Vicat Apparatus)

(fian : http://www.survey4289.com/product)

3.5.2  MIMAFRUAINIAITULIIDATUIIY
lngldiasoamaaoudanolunuszasd Yum 100 kN wansregun 3.5 anu

WINTFIU 1ON. 15 1ax 12-2532 lnanislausenasalunwinss Waduulasuusdnauiu

MASULTER FuuzuAneen ITUINAILIINAFIGANTIIATUIULAN



JUT1 3.5 AT MARBUANMEITULTIEN

3.53  MTIATIRRANBUENURNELFUTNVRIBUNUREINATIY

Tas1rilpenasiganIsalBdnnsoukuUdensn (FE-SEM) saudumailn

1%
A a

EDS Wiievinsiase i nuasiuin JUTN u,axaqﬁﬂizﬂawumsmﬁaqﬁu%umwé’qmaau
lnenawinTEagyNSATaUIRgAUMENDY TIUI 3 58U FAUAY 3 W
354 msiwsviesdusznaumaavetunuRamagey
FiAs1erlnoldindeeiiodiAs1er n15LaeaLUuYe T A LeNd (Xray
Diffractometer : XRD) ldidoulunisnaaeuguiiieniunisinsziesdusy naumanaves

gauluide 3.4.2
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unii 4
HaN15LATIZTaYaLAN1TaAUTIENA

TuuniagnandfamansInTeiaMdN YR YeIngAu NsAnwAuauTR uay
ax T v A 4 =~ v = &4 H 9
Fnsuunmunzauvesianduudnailunimeaeull lngldyudiuudsesas 50 lneumiin

wazdukeailaindensiuiuinasy

4.1  WANITIATITVAMENEULIANIZVDIINGAY

[

maauns 3 wianldlunisveaes wanddusun 4.1 dnwalaeniluvesingAunsay

[

fidnvadunsanden YuBuudvosauaudluud 4.1 (n) Swduniiduseaiiavindeiisly

JUT 4.1 () ausiiinaeslugud 4.1 (p) aslidnvazdundinnma

i: > R i«“‘:u =

[ a

JUT 4.1 TagAu (n) Yudiudvainuaud (1) dukeaiiaivieis uay (A) 1aeey

9



4.1.1  HANTAATIZNVUIALAZNIINTLANLVUINBYAIA

1%
a @

YUIALALNITNTLANGVUINBOUNIAVDITAGAUITE 3 ¥ila TLATIEYAELATES

q

a

AasgivuiauarnInszeuIneyaa (PSD) uandlunsneil 4.1 uazgudl 4.2 Tagwuin
ANWAUENTINNITNTFNLVUINOUNIAVEIYUTIUAUBTALAUATIAINENLIAT kaedin13nsEay
Tudhauavaeulumnmailngininduieaiiavivdedis uazidaes Jafldnuaznminng
nszevImeYMATIAd Y WiTtaansnszeinuniudiuud weeilvnneyniaeds
dnnayuduud Tenssil 4.1 waasliiiuinvunoyniatade D (V,0.5) vesruleailar
widenadniianvinfu 8.1 lalasiwns ansadluldifutandufu (Filler) nadeidrassusl

we wasyudmuileiauauaniivuineumaRiewiiu 10.0 uar 13.5 lulasums audsu

AT 4.1 IUINBUNAREEVDIINGRAY

INQAY D (V,0.5) (um)
Auseailaiindens 8.1
LONABELILINY 10.0

YuTudvaiauaun 13.5
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16
...... OPC
= «=Fly ash
14 H . —— Asphalt waste dust

12

10 1

Frequency distribution (%)
[o0)

Diameter (um)

JUN 4.2 M3ns¥tweunInvesyuBaudUasaLaun Waey waziuleailanivieiie

a

4.1.2  WAN15IATILNBIAUTZNOUMUARVRIINGAY

MTIATIEVesAUsENaUNINLATvesing AU wansluns19il 4.2 wanis
Ainszvinuin esdUszneumaadivdnvesyudiuudUefauaudusziand 1 Ao unaldoy
panled (Ca0) Wasdosay 68.2 Iagtinvein uayesrUszneumaniiau 9 leun 881 (Si0,)
azafiun (ALO,) wdneenlen (Fe,0,) uavdamaslaseanlas (SO,) muLInsgINes ASTM
C150

peAUsENRUNLATVE NYa LR 1aB8LMLINE tawA CaO Spuay 28.9 lay
vmitn Sio, Yesas 26.7 lnsthmiin Fe,0O; Sopay 18.1 Tnetmiin uay ALO; Sevay 14.7
Tnethwidn uenanilfany SO, Beuuundesas 6.6 TBAININAETANATTINYEY ASTM C618
Fifuunnassosazyes S0, , ALO, WAy Fe,0, Wiy 59.5 wazU3unas CaO unnnindes
av 18 Tnethuidn WhasswiwnsfihudnndsndudassUssinan @ (Class O) soidnast

WAALGENge (High - Calcium Fly Ash)
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osfdsznoumaaiivdnluduuoatiarivdeiisio Cao Tnediuunnadegeds
Yovay 81.8 lnotwiin wasilosdusznauseaduuunidousonlas (MgO) way SiO, USuad
Sovow 2.4 uax 1.7 lawthwiln anudidu wenanifuseaitavivderisdiusznaudenisueu
(0) Bevunindesay 12.7 Faunainnszuiundn uazlinu SO, mdleuyuTiuduazidnase

FudupIrUsENaUNTNARDANUNLNIU kazAULTasluUSINaua LR IMUs (Chen et al,
2008)

M15NN 4.2 peRUTENOUNIAALIveYIRgAY

asAUsENaUNNALAL Yudiuud duuweaila  iiassusiang
($ovazlngtimiin) Uasauaun widaiis
Cao 68.2 81.8 289
SiO, 159 1.7 26.7
Fe,05 33 0.5 18.1
ALO, 3.6 1.0 14.7
SO, 34 . 6.6
MgO 1.2 24 2.7

C 4.4 12.7 23




a

4.1.3  Wan1TIATIZNRIAUYTENIUMANEVRITRgRAY
MyiesgiesdUsznaumanavesingiu Ainsgideiaiesdloanzinig
Aeuuvesiadiand (XRD) uansdsguil 4.3 asdusenoumastavosjunoattaiivdofieilly
Tun1snaassil Uszneudasaisuszneunaales (Caldte : CaCoy) 1T utnandn waz
ansUsnaulalalusi (Dolomite ; CaMg(CO),) iumases Jsazaenndetesdiusenounaadl
Tuss19i 4.2 ansdsenou Cacos luduneaiarivdodisadeadsiunafiuyu (Limestone)
Tngrnnsdanafinnrandugeanuesdunoatiavindotisriyy 20 Ussuna 29.5° Hufiaves
Tassassveaunaled daudulnseairsndnsenludnia (Rnombohedral Structure) luguiuy
wnalwdfiafioslugamgiviesmamosTulaudind (Maisarah et al, 2015) fadudsBusuin
c!uuaaﬁaﬁmﬁaﬁqL‘fJu*?aQLﬁ@ﬂﬁ%@iﬁ@ﬁlﬁaﬂuﬂiaLﬁm"dg’jﬁ%m (Inert Material)
psdUsznavmatareadaesiildlumamaaesiusznaudsansuseneud

wanuae baun Sio, kay ALO; MidlugusenlendaszuarlugUaisusenevesgiiludaing

(3A1,05°2Si0,) UoNaNT F9UTENOURIY CaO wazuAald sudaims (CaSO,) wagngy
miﬂizﬂaumﬁﬂﬁgﬂugﬂ Fe,O5 hay FesOq Imawudwﬁgu 20 Uszanay 23 — 35° Aanwaly
WHwduita (Amorphous Broad Hump) U'a‘uamfﬂLﬁwaaaﬁﬁﬂmamﬁﬁﬂawmLﬁuﬁaaﬁmgmﬁ
ansninufisenls (Thamer, 2018) Inenan153LAT1eRvaLNATANITIANIINSULIWDITIE
Laﬂsﬁ‘ﬁlﬁ,{ﬂ@ (Wide Angle X-ray Scattering; WAXS) diUSu1ausnlaadaigiu (Amorphous
Phase) wusovay 56.7 wazUsuiawan (Crystalline Phase) Sovag 43.3

aaﬁ'ﬂﬁzﬂaumuﬂ/\lammgu%muﬁﬂa%mLLauﬁﬁiﬂumimamﬁfﬂizﬂauﬁaa
ansusenaulasuaaLdeudawne (Tricalcium Silicate ; C;5) @15UsynaulauAadoudaing
(Dicalcium Silicate ; C,S) Wutnandn LLaxmiﬂizﬂaﬂmLmaLsﬁamasqﬁLum (Tricalcium
Aluminate ; C:A) luulases FsdauduansuszneuiiannsaiinujAserlamsduiu 16
HAnAuelansEaYsEaU Wavanunsaliaiaesn (Usaan Juauseiasy wasdy 21957vinna
, 2547)
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L oPC
g AB " )
) Ca;Si04 (PDF 03-0753)
2490 B)Ca3SiOs (PDF 42-0551)
C) CazAl,05 (PDF 06-0495)
1660
830
L B
c
0 -
e 15 1 . mw. 1 ., 4 . & o, 1 . 1
- Q Asphalt waste dust
M) CaMg(CO,), (PDF 36-0426)
13800 - Q) CaCO, (PDF 85-1108)
S
5 I
L 9200
>
b — -
4
4600 |
k-
= - Q i a ¢ a Qa
" [ N T L |
- Ay, , N ; L NS o, o,
| y Fly ash
D)Si0, (PDF 70-3755)
420 » E)Al,O, (PDF 11-0661)
F) 3A1,0,-2Si0, (PDF 02-0452)
L G)Fe,0, (PDF 33-0664)
H) CaO (PDF 03-0865)
1) MgO (PDF 89-7746)
280 J)CaSO, (PDF 01-0578)
K) Fe;0, (PDF 03-0862)
140
[} Y NEU I S NI R S—— N —

20 (degree)

JUN 4.3 sUkuunsidgiuuvesiidienduesyudimunlaiauaus Huleaiiavindeds

LALLOADY



4.1.4  HaNTIATINIATIEINTEAURaNATNEMENUR LA US19VRTRgRAY

JUN 4.4 Taseasmieganiavesingiuain SEM Aimdaveng 3000 win

(M) YuBudvasauaud (v) Huneaiiavivdens uaz () Waeey

a4



n3UT 4.4 uansdnunsdugineiveseyniningiviis 3 wiin ayniaves
YuBluuduazdueailaivdoisiidnuuy sunsediliannsossysuitsuduould (regular
Shape) wazdlyaidnualiaunns fimsnszasvesoymaiivarnvanssuin lnseynia
Judnsiidnuuzanuduguuwen (Angularity) sundlyginnnitduseatiaiivdeiis dasu

d‘ o w A v N o @) v oa = IS
N 4.4 (n) hag (V) HIUANU ‘Um%ﬁ/]Lﬂ?ﬁ@ﬂmaﬂ‘t‘}m%ﬁ@ﬂéﬂﬂﬂLUUV]NﬂﬁNﬂUN?LiS‘U LRSUNIT

P 9 -
NITINYVBIDUNIANAINUAKIIUYUA QNE‘U‘V] 4.4 (m)

4.2  HANIINAFBUILELNITNDAIVDIIEATLUUANES
MINPdEUITEEIAINISRaM BT AUl sy azUaevesTanTuinausiaduwuul

wanAABnss il wen. 15 1y 9 FstermuavesszeznainisnonvesTandumudinay

AINLINIFIU WoN. 80 - 2550 Tiiieadarinvunvesseesiainisnemneusudedlivesnit 45

W IAENANT9 4.3 S888LaININefTeesAUYNEATHNILINMILIRNTEIY WBn. 80 - 2550

d‘ 1 £ L a (3
#1919 4.3 i%‘&wL’Ja’ﬂ,uﬂ'l'iﬂ@G‘ITZJEN'J?{Q%LQJUWNEW

sezialun1snana (W1i)

gmi szammmsﬁaﬁmauﬁu S2EzIAINNaRIRnUUANY
100CM 153 273
50CM: 50AD 164 292
50CM: 30AD: 20FA 202 352
50CM: 25AD: 25FA 219 335
50CM: 20AD: 30FA 266 432

50CM: 50FA 325 454
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7//2 Initial setting time
] wo Final setting time
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aletetels
OO0
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e
o
o
o
o
)
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)
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o
0
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)
o
N
o
)
)
o)
N
o
)
o

CM: AD : FA ratios

JUN 4.5 nsvluunliussezinainisnomuedianduuinay

nnsmuualduszeznainisnedivesiandinudnaulugud 4.5 aziulad
srevnanefszeriulassrsrUmeiunliuanas Weduuoattarivdodslugnsdiviun
ity Ineduuoaiiavimienadutandes launsohufitenaiifuyuliuuduiodls us
vneymMafidnvesuLeaiiavindedia vilvisinaunisdugngaduuufinoymavesiu
weatlavimdefiwasiiinluumsnludesisssaivounavesufiuus (Salisa et al, 2022)
dwavilvhildlunisAaufaselamstutuuiiuudiitosas ssasnaedianas way
raoeld vilidagdiuudnanianuududndiudy Seldseoznainisnedatey
(Thongsanitgarn et al,, 2011; NgEAN oG wagalng 11na, 2555) Tumenduiudiednig
iifraosdnnuauiiuarandndiuresunoadiavindeiisas svaznainsnednoudu
wazpoulaefuwiliufuumuiinaidieesiifindu msndsesdutanUolaauis
alsivhugAzenlutassiy widiesende Ca(OH), nufitelawmsiuvosudsndiilensliin

Uiseenleantinauun (Feng et al,, 2018)
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4.3  WANIIMAFIUAIMAITULTISRYaITARTUUANEY
NansAgeUAMAsTuLTISnvesTanTidnanszozUN 3 Fu Inevhnsuudne
fwgumﬁuﬁf’; (Lirme - Saturated Water Curing Condition) a13ien. 15 waufl 12 3
Josiuliliuaadeulooau (Ca?) avaweanunseninansuy dwabiinufisenlanstuls
otaneliles (Bediako et al, 2015) waznsunneldiiouluiousousuil dunanadn
(Plastic Wrapping Curing Condition) #1u31015§11 ASTM C171 Vfawmmﬂmﬁ’umiq@ﬁa
ArdusEinanisun Adluguil 4.6 wuiniuauyngnsrieansiinisussnasiAdasy

LSISRRLR MR Uan. 80-2550 71 6.9 MPa (Euiiu — )

40
1 R Lime-saturated water

36 - NN\ Plastic wrapping
_ - I oPC
S 32
o i
g 1
e 28
-05’ i
c 244
(]
= 1
»n 204
G>J i
16 -
g 16 N
e 12
g | \

1 \
o 8- N
o 1
4

100:0:0 50:50:0 50:30:20 50:25:25 50:20:30 50:0:50

CM: AD : FA ratios

JUN 4.6 AMasTuusadavesTanTluuinaunssezn1suy 3 Tu



NanIMAgeUANdsTUNTIS YR TanTdnauTissarANTUN 7 Tu uansdegUl 4.7
I@EJWU’JIW%UGWUEJG]S 50CM:30AD:20FA, 50CM:25AD:25FA, 50CM:20AD:30FA LLay
50CM:50FA aasisnisunsunasiafdaiuusedn 11.8 MPa 71 7 u (duilu —) any
1MSFIL WBN. 80-2550 VnMzfigns 50CM:50AD vuneldfeulumieviuseusuiidsmanan

fiandninasinnsgudntes

40
| R Lime-saturated water
36 Plastic wrapping
L

OPC

32

28

24 -

20

16

12 +

Compressive strength (MPa)

72

7%

%%

o \ FTTTITes,
100:0:0 50:50:0 50:30:20 50:25:25 50:20:30 50:0:50

\\

CM : AD :FA ratios

SUN 4.7 AMasTuusadavesTanTluuinaunssezn1sun 7 Tu
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Nan1snaaeUAdsfuusSavesTandiudnantissornnsu 28 Ju uanslugui
4.8 1i999103105g1U 1en. 80 -2550 laiflszyinamidivuasidsunsidaiissezinan 28 fu
WAN15AN®15IUTINUATEVBI NRMCA CIP 35 (2014) WUIIAIAEIsuLsI8nvaianduus
waudu o SAdaiuusedaadsegsening 17 MPa 9 28 MPa (fufiusianlunsm) faifu
i’aa%muﬁwau gmn3 50CM:30AD:20FA, 50CM:25AD:25FA, 50CM:20AD:30FA e e

1 v v

50CM:50FA Hrnmassunsednanunsatinluldanulusuianmeneaila

= . R\
gzo—_ \\\ \ \ \
] | N
8 ° \\\\\
5 1 \J \J \J ] \

0_
100:0:0 50:50:0 50:30:20 50:25:25 50:20:30 50:0:50
CM : AD : FA ratios

JUT 4.8 AIMAITULSIATRTANTIUANANTISEEENITUN 28 U
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N3V 4.9 WarSsuifisunliudidssunssavesandumdnauiissornisus
39U 7 Yu wag 28 Fu aniiulddianmdeduussdavesiandiuuduanyngn s uduny
srovnaMsULTAuty desnuiizelawmstu LLamJgjﬁ‘%mﬂasaiﬁzjawﬁﬂﬁﬁwmsﬁuswdw
nsUnmuEIRy 910307 4.9 neldduueaiiavingdefiesautuy udiuudvesauaud
(gn5 50CM:50AD) fididadunsssarmuazinsfmunvosiidsfuusdadnidosidenan
iy Hudsduduivuueaitavindeisliaunsaiiaufaselanstusuiuy udiaudld
waznsiiiaesulduansulutandwudnay vlRldafdfuusdafifud uegaed
foddey Inenuiniandunduauiivssneudeyufiuuddeiauaudionas 50 Tnsmidn
aunsaldidnansliiAudosas 30 nsdwiin ilelimhdsuusidngean Seaenndosiuns
numulenansAeiiendes uazmsduammuansldiiassluanduuduead
wanaliluwiite 3.3.2

AMASuLsIBavasianBiuudnaulaln gn350CM:30AD:20FA, 50CM:25AD:25FA
uag 50CM:20AD:30FA wansamiuAnsagdmauiiovudaeinyumidusa (nsw EEE)
wazvuneliiouluierusewiuiidumatain (15 BN felugud 4.9 dnjuwiBusady
Tdae Ca?* uay OH awnsanszfudnaseliinujiseals (Hui Ling et al, 2012) agslsh
punsvageuAulsaresiimatadethyurnduilieiidstuussdnanainiu
Usmandraesiiindyu 4adaudululddn loveu Ca® 91nyudiuudsgndnanns
AeufAselawstunisdimasaranseeninandunufiesiinadey uasanaznounden
ffuleoou OH AeurhuARsefuihaes Tasngnouiiintunininduiiuyuiildaninue

dudvihufisentuiaansusulasenlealuainie (Sang Jun et al, 2011) faaunis 4.1

Ca(OH)z(aq) + COz(g) —> CaCO3(S) + HZO(L) (4.1)
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(edin) y3buauys anissasdwo)n

ratios

CM:AD:FA

NUYY

A5 ULSIDALILDTLULLIAINITULL

v v

JUT 4.9 winldum
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IINNANIIILAIILN0IAUTENBUNINNAVEITAN T LU UANANNTINAdD Y

WITUAAT 50CM:20AD:30FA wandlugy 4.10 laeg 4.10 (n) {WuauauaInnIsuusie

Y

wy128u67 waegy 4.10 (v) uiunuanmsuunelddoulavieuieuruildunaatin

e R

p9AUsEnauMangluspg1sgaanuIdANNAae Y Na1IRBNUE1SUSENaUYBY CaCOs
waz Ca(OH), Wumlanan wazdsiunnssegadaaufoiyy 20 Uszana 18° Fudusiumis

#inved Ca(OH), ofiansaa1ngui 4.10 (n) aziuldinanuduvesiia Ca(OH), 91nnMsUN

¥ 1 %

FunumeU1yurnduiigandianuduiia Ca(OH), vasnisundegsngldteuluviey

1

De

'
a U

Arguiuildunatadinlugy 4.10 (v) LWeeana1sUTENauYes Ca(OH), 3NUIYUU1IBNG

a

vsdmausaunsndudntutuaiu Ml usuna Ca(OH), Meanudndaeiluljisen
lawnstunazaniiyurndudinniuanudeinisiunisiuiservesleariiniuidnass
(Solikin ey Setiawan, 2014)

TumenduiunisuuneldReuluieiumeuruildunaiadin Fazdunaladnaiing

'
[ [y a

SuwsBaiuUumuUsSIumsldiaeeRaing (3U 4.9) Wewinisnisunilldiinng

a

goydelonou Ca?* uarANAUIENINMITUYN v brugisenlawstulasuiservaslaaiin

<

&

[ '

Rnduldegreanysaiuazsaiies dedusulsedradnaudevanTuudnauvyluauia 28 Yu
LazaonAdoIiuNsAnawesansUsTnauTes Ca(OH), Tuguil 4.10 () iesanmsgaldluly
UffseUoeleandnldinnnidunufiviluihyurndus ddufaguudsaudieins
aolédeulusiefudisuruiidunanainfiaiuisalidAimdsduusedngean Ao

50CM:20AD:30FA Faiduian @ udnau nfuunaninassunniiaalunsanyil

52



(n) Lime - saturated water

50CM : 20AD : 30FA

A) CaCO, (PDF 85-1108)

B) Ca(OH), (PDF 84-1263)

B C) Ca,Si0, (PDF 77-0388)

D) CaMg(COQ,), (PDF 36-0426)
F) CaS0,2(H,0) (PDF 76-1746)
G) CaO (PDF 17-0912)

2250

I
>

1500

750 ¢

() Plastic wrapping

A 50CM : 20AD : 30FA

A) CaCO, (PDF 85-1108)

B) Ca(OH), (PDF 84-1263)

C) Ca,SiO, (PDF 77-0388)

D) CaMg(CO,), (PDF 36-0426)
F) CaSO,-2(H,0) (PDF 76-1746)
G) CaO (PDF 17-0912)

Intensity (a.u.)
(@]
[*2)
™
11}
>

2250

1500

750
B

b A AG AG BAA .
B A
0k

N S U NN ST ST ST ST— T E_——

10 15 20 25 30 35 40 45 50 55 60
20 (degree)

JUN 4.10 5ULUUMSIEEIULYBITIFDNTUDWUNUTANTIUUANENENT 5S0CM:20AD:30FA

1%

¢ (n) NM3ULAIBTYUYRBNT Lag (1) Myuunelateuluvieusoe

WHUNAUNANERN
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4.4  WAN19IATIZALATIEE199EAUANIAYDITANTNUANENNANAGDY

M1397 4.4 dnwarlATIETNTEAUIaNIAYeieg 19 TN TIUANANMAIIAAOUAILTENTUL

Tuihyuendudd wagnsuunelideuluierumeusuildunarafinfisseziia

28 U
ASN15UNAIB819T U
A9E19T U Ly L nsuuneldtouluviaviudiae
NSUNAUIYUYIBUAT . -
LHNUNANNAERAN
50CM:50AD
50CM:30AD:
20FA
50CM:25AD:
25FA
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ATNSUNA2DE19TUIY

A0819TUIU Ly . nsuuneldceuluvieiudoe
NFUNAIBUIYUVIDUA . -
UNUNAUNAIEAN

50CM:20AD:
30FA

50CM:50FA

f-:l' 1Y [ a Y 1 Y A 1Y < v &

NANTNA 4.4 SNYULNNFUFININGIVDIDE1TUUN 28 Tu uladTuny
fAe3U (n) 89 () Badiduueailaviwdenulussdusznevaglidnyarneluninnnuuwiuga
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Abstract: High calcium waste dust from asphalt concrete manufacturing was utilized to stabilize
low-quality lateritic soil as a subbase course material in road structures. Asphalt waste dust up to
30 percent by weight (wt%) was incorporated into the solely lateritic soil and the mixture of lateritic
soil containing 5 wt% Portland cement. The asphalt waste dust was successfully used as a subbase
course material in road structures according to the standard specifications of pavement materials
issued by the Thailand Department of Highways. The minimum 20 wt% asphalt waste dust induced
a sufficiently high California bearing ratio, optimized plastic index, liquid limit, and swelling index
of soil above the minimum standard requirements for a subbase course material. The fine particles
of asphalt waste dust showed filler-like properties to reduce the voids and generated a very dense
surface in the stabilized lateritic soil samples. With the small content of cement mixes, a decrease in
the calcite phase in the soil stabilized with asphalt waste dust indicated a partial promotion of CaCO3
from the asphalt waste dust in the cement hydration reaction. The very high strength (CBR > 250%)
of these stabilized soil samples approached the standard for base course material (CBR > 80%), which
was beyond the expectation for the subbase material (CBR > 25%). Thus, recycling-waste dust from
asphalt concrete manufacturing can be used as an effectively sustainable subbase course and base
course materials in further generation for road construction purposes.

Keywords: asphalt waste dust; California bearing ratio; soil stabilization; sustainable subbase course;
road construction

1. Introduction

Asphalt concrete containing aggregate and bitumen is widely used as a pavement
material for road construction. “Asphalt Waste Dust” is highly produced as a byproduct or
waste at every single production site of asphalt concrete. In the plant mix, the different sizes
of stone are incinerated at 150-170 °C before being mixed with liquid asphalt to produce
ready-mixed asphalt concrete. This results in residual dust from the asphalt concrete
manufacturing process. According to the Department of Highways, asphalt concrete
plants are typically found 100 km or less from the sites of road construction. As a result,
there are numerous asphalt concrete plants located throughout the entire country, and a
substantial amount of leftover asphalt waste dust from hot-mixed asphalt concrete is not
currently being used for any other purposes. In-addition, the disposal of asphalt waste dust
normally uses landfills, which require a large area and subsume high costs to eliminate this
abandoned dust.

In order to use a large amount of recycling asphalt waste dust, the construction
sector offers a large opportunity to use such asphalt waste dust in road construction. The
subbase course is one of the structural support layers in the road structure. According to
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the standard specifications from the Thailand Department of Highways, the California
bearing ratio (CBR) is the main criterion used to select the subbase course materials for
road structure [1,2].

Nowadays, lateritic soil is used as a low-cost subbase course material in road structures.
Since the natural lateritic soil does not possess all the desirable qualities, a stabilization
technique is required to increase its properties to achieve the minimum requirement of the
standard specifications. Chemical stabilization is applied to improve soil strength [3-5].
Portland cement is the most common additive in the soil to increase the strength of the base
in the chemical stabilization technique. Stabilization by cement addition normally depends
on the cement content, water content, and curing time [6,7]. Reports on the stabilization of
lateritic soil with cement in terms of CBR value have been conducted by many researchers.
It was found that the additions of cement in the ratio of about 5-7 wt% were the most
effective ranges to develop the CBR of lateritic soil due to the obtained maximum dry
density of the cement-stabilized lateritic soil [8-12]. These results were also obtained via a
drawback effect on the CBR when the cement above 10 wt% was mixed into the stabilized
lateritic soil [13].

Several additive materials, such as lime, fibers, fly ash, etc., were also used in soil
stabilization by many researchers. The additive contents were relatively varied, depending
on the characteristics and chemical properties of each additive material. Fly ash is one of
the well-known additive examples in soil stabilization. It was typically used in the range of
0 wt% to 30 wt% in stabilizing expansive soil [14-16]. This was because the high content of
fly ash strongly decreased the liquid limit, plasticity index, swelling, and maximum dry
density values of the soil, whereas the CBR gradually increased.

Asphalt waste dust from asphalt concrete manufacturing is another industrial waste
that has attractive characteristics as an alternative additive material for soil stabilization. In
our preliminary study, the asphalt waste dust had fineness and a relatively high content of
calcium oxide (CaO) in the form of limestone (CaCO3) as a major component as analyzed
using an X-ray diffraction technique. Since we found no previous report on the effective
use of asphalt waste dust, a similar material such as natural limestone was considered
as a reference. As opposed to its use in natural soil, the use of CaCO3 in cement mixed
materials has been widely reported [17,18]. The replacement of cement with 10-15 wt%
CaCOj3 was found to be effective in improving the early strength, reducing the setting time,
and providing workability of the cement mortar and concrete. This was attributed to the
filler-like properties of fine CaCOj3 existing in the cement-mixed samples. This resulted in
a reduction in voids in the cement-mixed samples, while at the same time, the hydration
reaction was accelerated between adjacent cement particles. Thus, the CaCO3; components in
asphalt waste dust probably could assist in promoting the strength of soil-cement samples
in a behavior similar to that of the CaCOj3;-mixed cement material in the aforementioned
studies. That means that asphalt waste dust could be a novel additive filler in soil stabilization
that would offer a higher sustainability performance in terms of cost savings and resource
conservation, especially in future generations for construction purposes.

Since road construction requires high-quality materials, location is one of the crucial
choices when selecting construction materials with minimized transportation costs. Many
asphalt concrete plants located near road-construction sites in the entire country could serve
this purpose in the selection of recycling materials such as asphalt waste dust. Therefore,
this study aimed to assess and demonstrate the incorporation of asphalt waste dust into a
soil-cement mixture in order to increase the overall performance of the low-quality lateritic
soil used as a subbase course material in road structures. Asphalt waste dust in the range of
10 wt% to 30 wt% was selected in this study, following the common range of other additives
from earlier works on soil stabilization. The asphalt waste dust was added into the solely
lateritic soil and the mixture of lateritic soil with 5 wt% Portland cement. Furthermore,
the materials testing under the standard specifications of pavement materials from the
Thailand Department of Highways (DOH) was carried out on the prepared samples, and
the performance of asphalt waste dust related to the basic chemical and mineral component

68



Sustainability 2022, 14, 9804

30f17

and microstructure of the stabilized-soil samples was discussed. The replacement of lateritic
soil with asphalt waste dust for construction purposes could potentially offer economic,
social, and environmental benefits.

2. Materials and Characterizations

Lateritic soils are classified by the grain size distribution ranges into five grades: A, B,
C, D, and E, according to the American Association of State Highway and Transportation
Officials (AASHTO) criteria and the standard no. DH-S 205/2532 [19] of the Thailand
Department of Highways (Table 1). The classified series are from the best properties
with high maximum dry density and high California bearing ratio (CBR), but the lowest
optimum water content value (grade A) [20], to the poor properties of dry density, CBR,
and optimum water content (grade E). In this research, the lateritic soil was obtained from
Chachoengsao province, Thailand. The lateritic soil grade E was selected for this research
because it has the lowest mechanical properties that need to be enhanced. The grain size
distribution of the lateritic soil was determined by sieve analysis before preparing the
lateritic soil grade E (Mixed E in Table 1). The percent passing through a 25.00 mm sieve,
2.00 mm sieve, 0.425 mm sieve, and a 0.075 mm sieve of the lateritic soils were 100 wt%,
74 wt%, 20 wt%, and 6 wt%, respectively (Figure 1a and Table 1).

Table 1. Grain size distributions of subbase course classification by the Thailand Department
of Highways [19].

Sieve Size Percent Passing by Weight (%)
Grade A Grade B Grade C Grade D Grade E Mixed E
50.00 mm 100 100 - - - -
25.00 mm - - 100 100 100 100
9.50 mm 30-65 40-75 50-85 60-100 - -
2.00 mm 15-40 20-45 25-50 40-70 40-100 74
0.425 mm 8-20 15-30 15-30 25-45 20-50 20
0.075 mm 2-8 5-20 5-15 5-20 6-20 6

v ————
L ’ Portland
o ' cement

Lateritic soil (Grade E) Asphalt dust

® ©

Figure 1. Materials testing (a) Lateritic soil (Grade E) (b) Asphalt waste dust (c) Mixing samples of
Lateritic soil (Grade E), asphalt waste dust and Portland cement.

Asphalt waste dust shown in Figure 1b was obtained from the asphalt concrete plant
at Nakhon Ratchasima, Thailand. Asphalt waste dust was prepared by sieving through
a 40-mesh sieve in which the particles were smaller than 0.42 mm. Ordinary Portland
cement (OPC) Type 1 was utilized at a low concentration of 5 wt% in a mixture of lateritic
soil and asphalt waste dust (Figure 1c). Laser particle size analysis using HORIBA Partica
LA-950V2 was used to determine average particle size and distribution size. Atterberg’s
limits tests, including plastic limit, liquid limit, and plasticity index, were carried out on
the lateritic soil and asphalt waste dust. The chemical composition of raw materials was
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determined using Energy Dispersive X-ray Fluorescence (EDXRF) Horiba XGT-5200 X-ray
Analytical Microscope. The mineral composition was examined by Bruker D2 PHASER X-ray
diffractometer (XRD) with Cu-Ka radiation over the 26 range of 20-50°. Morphology of the
asphalt waste dust was examined by JEOL JSM-6010 LV scanning electron microscopy with
energy-dispersive X-ray spectroscopy (SEM/EDS Oxford Instrument X-MaxN, Oxford, UK).

3. Testing Methods
3.1. Testing Conditions

This research was performed under the replacement conditions in the soil-cement
stabilizing technique to understand the effect of asphalt waste dust stabilized the lateritic
soil mixes. Asphalt waste dust was mixed into lateritic soil containing 5 wt% Portland
cement. The efficiency of asphalt waste dust in an increment of the strength of the natural
lateritic soil containing a small portion of Portland cement was investigated. The testing
conditions were divided into 8 conditions (Table 2), and the names are as follows:

(1)  LSrefers to ordinary lateritic soil.

(2)  AD refers to pure asphalt waste dust.

(3) 90LS-10AD refers to LS of 90 wt% mixed with AD of 10 wt% of dry LS sample.

(4)  80LS-20AD refers to LS of 80 wt% mixed with AD of 20 wt% of dry LS sample.

(5) 70LS-30AD refers to LS of 70 wt% mixed with AD of 30 wt% of dry LS sample.

(6) 90LS-10AD refers to LS of 90 wt% mixed with AD of 10 wt% of dry LS sample and
added 5 wt?% Portland cement.

(7)  80LS-20AD refers to LS of 80 wt% mixed with AD of 20 wt% of dry LS sample and
add 5 wt% Portland cement.

(8) 70LS-30AD refers to LS of 70 wt% mixed with AD of 30 wt% of dry LS sample and
add 5 wt% Portland cement.

Table 2. The 8 conditions of testing samples.

Condition Names Lateritic Soil Asphalt Waste Dust Portland Cement
& (%wt) (%wt) (©%wt)

LS 100 - -

AD - 100 -
90LS-10AD 90 10 -
80LS-20AD 80 20

70LS-30AD 70 30 -
90LS-10AD-5C 90 10 5
80LS-20AD-5C 80 20 5
70LS-30AD-5C 70 30 5

3.2. Compaction Test

Dry density and water content of LS, AD, 90LS-10AD, 80LS-20AD, 70LS-30AD, 90LS-
10AD-5C, 80LS-20AD-5C, and 70LS-30AD-5C samples were determined by the modified
proctor compaction (AASHTO T 180) [21] to obtain the maximum dry density and the
optimal water content of those samples. The optimal water content was subsequently used
for California bearing ratio testing.

In the sample preparation process, arbitrary amounts of tap water (five different amounts
for each sample) were added to the samples and manually blended until the homogeneous
color and texture were obtained. Then, five equal amounts of each mixture were transferred
to cylindrical molds with a diameter of 152.4 mm in sequential order (to the top surface mold).
Each layer of those samples was compacted 56 blows, using a 44.48 N hammer dropping
from a height of 457.2 mm, equivalent to 2700 kN-m/ m3 compaction effort (approximately
4.5 times of the standard proctor test). The compacted sample molds were weighed before
ejecting the samples from the molds. The ejected samples were dried overnight in an oven
before determining the optimal water content at the maximum dry density.
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3.3. California Bearing Ratio

According to the AASHTO T 193 standard [22], the California bearing ratio (CBR) un-
der soaked conditions and swelling indexes of LS, AD, 90LS-10AD, 80LS-20AD, 70LS-30AD,
90LS-10AD-5C, 80LS-20AD-5C, and 70LS-30AD-5C samples were determined. The CBR
describes the strength of the materials in comparison to the bearing capacity of well-graded
crushed rock with 100% CBR at the maximum dry density. Before the penetration test, the
swelling behavior of those samples was also characterized under soaking conditions for
96 h (4 days). The soaked condition was used to simulate the worst-case scenario of the
fully saturated region after flooding.

Each sample was uniformly blended in the tap water during the CBR test under
soaking conditions at the optimal water content ratio determined by the compaction
test. Five equal portions of each soil sample were sequentially put into each of the three
cylindrical molds, with an inner diameter of 152.40 mm and a height of 177.80 mm. In
those three molds, the transferred soil sample was compressed with 12, 25, and 56 blows
for each layer, respectively. The samples were submerged in the water and then taken out
of the water tank. The samples were dried for 15 min before being loaded axially with
50 kN maximum capacity and 1 x 107> to 6.00 mm/min speed using the penetration test
machine (CONTROLS Triaxial tester T400 Digital, Model MUL125, Ser.no. 610910 by K.
Thaithamrong Engineering LTD., Pathumthani, Thailand).

During the penetration test, a 4.54-kg surcharge weight (two pieces of 2.27-kg circular
discs) was placed on top of the soil sample surface. The penetration was carried out at a
rate of 1.27 mm/min using a steel penetration piston with a 49.63 mm diameter that was
attached to the proving ring through the center. The load measurements for the deformation
depths of 0.64 mm, 1.27 mm, 1.91 mm, 2.54 mm, 3.18 mm, 3.81 mm, 4.45 mm, 5.08 mm,
7.62 mm, 10.16 mm, and 12.70 mm were taken. To determine the water content at the
top layer of the soil samples, the soil samples were taken out of the molds. Equation (1)
was applied to convert the load and deformation at 5.08 mm-penetration depth under
saturated conditions into the CBR of the soil samples. The obtained CBR was compared to
the standard CBR (10.30 MPa) of the standard crushed rock at the same penetration depth.

CBR (%) = (Test unit load /Standard unit load) x 100 (1)

The soil samples in the mold under loading with a 4.54-kg surcharge weight were
submerged for 96 h (4 days) prior to the penetration test in order to analyze the swelling
behavior of the samples and simulate flooding damage. The swelling index after 96 h-
submersion was calculated using Equation (2), in which the initial height of the samples
was fixed as 4.584 inches.

Swell (%) = (Sample extension during soaking/Initial height of sample) x 100  (2)

4. Results and Discussion
4.1. Characteristics of Materials

The average particle size of lateritic soil was larger than 100 um. The plastic limit,
liquid limit, and plasticity index of Mixed E were 16.51%, 32.58%, and 16.07%, respectively.
These values were below the standard specification from the Thailand Department of
Highways (Table 3). The control parameters for optimizing subbase course materials in this
work are based on the standard values of the liquid limit of 35% and plasticity index of 11%
from Table 3. The chemical composition of lateritic soil, asphalt waste dust, and Portland
cement is illustrated in Table 4. One of the major chemical components in the lateritic soil
is Fe;O3, which exists in two different Fe-containing minerals: goethite (x-FeOOH), and
hematite (Fe;O3) (Figure 2a), resulting in a unique brown color of lateritic soil as seen in
Figure 1a. SiO3 is the other significant chemical component, which is in agreement with
the XRD result showing quartz (5i0,) mineral (Figure 2a). The high quartz component
resulted in the low plasticity of the lateritic soil. The clay mineral in the form of kaolinite
(Al;Si205(0OH),) was observed as a minor component. Moreover, calcium carbonate or
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calcite (CaCO3) and gypsum (CaSO4-2H,0) were the trace minerals detected in this lateritic
soil (Figure 2a).

Table 3. Standard specifications of pavement materials from the Thailand Department of Highways.

Pavement Material Liquid Limit (%)  Plasticity Index (%) Soaked CBR (%)  Swell (%) Compaction
Base course [23] <25 <6 >80 <0.50 95% Modified Proctor
Subbase course [19] <35 <11 >25 <4 95% Modified Proctor
Selected material A [24] >10 o s
Selected material B [25] <40 <20 >6 <3 95% Modified Proctor
Subgrade [26] - - - <4 95% Modified Proctor

Table 4. Chemical composition of asphalt waste dust and ordinary Portland cement (Type I).

Chemical Composition (%wt)

Lateritic Soil

Asphalt Waste Dust

CaO = 81.36
ALO3 2 0.96
Si0, 41.03 1.68
Fe, 04 5417 0.48
Cr,03 155 i
TiO, 325 L
MgO, MnO,, SO3, K,0 , 15.52

Portland Cement (Type I)

67.41
3.64
15.71
3.25

9.99
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Figure 2. XRD pattern of (a) natural lateritic soil, (b) asphalt waste dust and (c) the ordinary Portland
cement (Type 1) used in this work.
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The average particle size of asphalt waste dust was about 9.86 um, which was consis-
tent with the result of the sieving method. The plastic index of the asphalt waste dust cannot
be determined since asphalt waste dust itself cannot be molded to evaluate the plastic
limit. This ensures a non-plastic character and low water-holding capacity of asphalt waste
dust. Asphalt waste dust included more than 80% CaO as its major component (Table 4).
Highly detected CaO was associated with the existence of calcium carbonate (CaCO3)
as the major composition, and the mineral dolomite (CaMg(CO3)>) as a minor detected
composition (Figure 2b). These chemical and mineral compositions also confirmed it to be
ab environmentally friendly material for recycling asphalt waste dust in many applications.
Moreover, the XRD analysis of the asphalt waste dust revealed the highest reflection peak
at 20 degrees around 28.5°, which corresponded to the (104) crystal plane. This reflection
plane represented a rhombohedral calcite structure of CaCO3, which is the thermodynami-
cally most stable form of CaCO3 at room temperature [18]. The morphological image in
Figure 3 shows that the asphalt waste dust particles have a variable size distribution and
an angular shape. However, the particle size was rather small, approximately below 10 um,
which was consistent with the findings of the laser particle size analysis.

Figure 3. Scanning electron microscopy (SEM) micrograph of as-received asphalt waste dust.

From Table 4, Portland cement is composed of 67.4 wt% CaO, 3.6 wt% Al,O3,
15.7 wt% SiO,, 3.2 wt% Fe»O3, and 10 wt% of other trace oxides, including MgO, MnO,,
S0O3, and K>O. The XRD patterns in Figure 2c reveals high CaO in the major-mineral forms
of Dicalcium silicate (Ca;SiOy4 or C5S), Tricalcium silicate (Ca3SiOs or C3S), Tricalcium alu-
minate (CazAl,Og or C3A), Calcium silicate oxide (CaSiOs), and Calcium sulfate or gypsum
(CaSO4-2H70) in Portland cement. These all components are well-known precursors of
hydration reactions in the hydrated cement powder.

4.2. Compaction and Strength Characteristics

The compaction curve of the testing samples is shown in Figure 4. The compaction
curves were determined three times repeatedly using a compaction test on the randomized
LS, AD, 90LS-10AD, 80LS-20AD, 70LS-30AD, 90LS-10AD-5C, 80LS-20AD-5C, and 70LS-
30AD-5C samples. The maximum dry density and the optimal water content of those
samples exhibited a bell-shaped trend, in which the peak presented the maximum dry
density at the optimal water content. From Figure 4, the highest average maximum dry
density (2270 kg/m?) was observed in the pure lateritic soil or LS sample, whereas the
lowest maximum dry density (1190 kg/m?) was obtained in the pure asphalt waste dust or
AD sample. This is because the AD particle is both finer and lighter (high volume) than
the LS particles. This is confirmed by some earlier studies [27,28] and the average particle
size from the laser particle size analysis, as shown in Figure 5. Due to a poor water holding
capacity, extra water needs to be absorbed into the spaces between the adjacent AD fine
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particles. As a result, the dry density cannot be as high as that of the LS particles. Moreover,
the average maximum dry density of lateritic soil gradually decreased from 2270 kg/m? to
1360 kg/m? when the asphalt waste dust was replaced increasingly at the ratio of 10 wt%,
20 wt%, and 30 wt% in the LS samples. This also shows the descendent effect of asphalt
waste dust on the reduction of maximum dry density.

24 -
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g 187 —e—AD

= - £F-90LS-10AD
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g -©--70LS-30AD
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Figure 4. Compaction curve of the testing samples.
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Figure 5. Particle size distribution curves of (a) asphalt waste dust and (b) lateritic soil.

A more uniform distribution of finer AD particles in contrast to LS particles can be
observed in the particle size distribution studied by the Laser particle diffraction technique
in Figure 5. These characteristics easily provided dense packing without swelling, which
results in a decrease in dry density [27,28]. On the contrary, a variety of large particle sizes
in mixed-lateritic soil affected the maximum void ratio in the compacted samples [29]. This
result confirmed that an increment of asphalt waste dust decreased the weight per unit
volume and dry density of the LS samples, as seen in Figure 4. The average maximum
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dry density values of 90LS-10AD-5C, 80LS-20AD-5C, and 70LS-30AD-5C increased from
1360 kg/m> to 2060 kg/m?, 2070 kg/m?, and 2050 kg/m?, respectively, when 5 wt% Portland
cement was added to those lateritic soil-mixed samples. The maximum dry density of the
90LS-10AD-5C, 80LS-20AD-5C, and 70LS-30AD-5C samples were, however, still less than that
of the original lateritic soil. This can be attributed to a slightly higher unit volume of cement
mixtures than the original LS. Thus, a lower total weight per unit volume was obtained in
these mixed samples, similar to the earlier report by Mohanty et al. (2017) [14].

According to Figure 4, lateritic soil and asphalt waste dust have an average optimal wa-
ter content of 10.22% and 15.00%, respectively. The replacement lateritic soil samples with
asphalt waste dust showed comparable optimal water content to that of original lateritic soil,
which was not much different among them (90LS-10AD = 10.50%, 80LS-20AD = 10.70%,
70LS-30AD = 10.90%, 90LS-10AD-5C = 10.20%, 80LS-20AD-5C = 10.90%, and 70LS-30AD-
5C =10.80%). The relatively high optimal water content of the asphalt waste dust sample
was due to a higher surface area of fine particles (average size ~9.86 um) that required
high water absorption. In addition, higher optimal water content was also associated
with a lower maximum dry density in the asphalt waste dust sample, as reported by
Pongsivasathit et al. (2019) [30].

In Figure 6, the California bearing ratio, or CBR, along with the swelling index value,
show the strength characteristics of all tested of the samples. The randomized soil samples
were subjected to experimental testing three times each. The CBR values of the original
lateritic soil and asphalt waste dust under the soaked conditions were 14 and 79%, respec-
tively. A higher CBR was found in the samples of asphalt waste dust compared to lateritic
soil because the asphalt waste dust particles were smaller. The Thailand Department of
Highways’ standard specifications for pavement materials (Table 3) show that the CBR
value of asphalt waste dust is high enough to be used as a subbase course material in road
construction. Moreover, the low CBR of the lateritic soil sample was related to the high
water adsorption and high plasticity of lateritic soil under the soaked conditions, leading to
a high shrinkage under the dry condition and high swelling under the wet condition [1,31].

350 , 324.64

300 27834 28436

CBR (%)

150 A

100 - 2
it 68.76

43.43
14.03 13.99

LS AD 90LS- 80LS- 70LS- 90LS- SOLS- 70LS-
10AD 20AD 30AD  10AD-5C 20AD-5C 30AD-5C

Testing Conditions

Figure 6. CBR under soaked condition.

According to Figure 6, the CBR of 90LS-10AD, 80LS-20AD, and 70LS-30AD samples
without cement addition were 14%, 43%, and 69%, respectively. There was no remarkable
improvement with a 10 wt% addition of asphalt waste dust to the lateritic soil. By further
increasing the asphalt waste dust from more than 10 wt% to 30 wt%, the CBR values
were enhanced over the standard requirement of the subbase course material (>25%).
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However, the obtained CBR values were in the range between those of pure lateritic soil
and asphalt waste dust samples. This is probably because the fine asphalt waste dust and
the lateritic soil particles were rearranged, increasing the stability and compactness of the
mixed samples.

Those lateritic soil-mixed asphalt waste dust samples with 5 wt% cement added
significantly 10-times increased the CBR to 278%, 284%, and 325% for 90LS-10AD-5C, 80LS-
20AD-5C, and 70LS-30AD-5C samples, respectively (Figure 6). With only 5 wt% cement
addition, the CBR of the lateritic soil-mixed asphalt waste dust samples was evidently
improved through a hydration reaction between the Portland cement and water in the
soil-mixed asphalt waste dust samples [32]. The products from this reaction were calcium
silicate hydrate (C-S-H) and calcium aluminate hydrate (C-A-H) compounds, which acted
as the “glue” between the adjacent soil and fine asphalt waste dust particles. C-5-H and
C-A-H glues provided more compaction and reduced water permeability and soil swelling,
resulting in an increase in strength. The fine asphalt waste dust also serves as a filler
between the lateritic soil and Portland cement mixed particles at the same time. As a result,
the lateritic soil mixes were compacted more tightly and minimized void or porosity in the
compacted samples [18].

The CBR > 25% of the lateritic soil mixes under the soaked conditions is required for
use as a subbase course material according to the standard specifications of the Thailand
Department of Highways. The CBR of lateritic soil and lateritic soil with 10% asphalt waste
dust from this research were below the minimum criteria and were not appropriate for use
as a subbase course material. As a result, the asphalt waste dust > 10 wt% was suggested
in a replacement of lateritic soil samples in this work. According to Figure 6, the CBR of
the 80LS-20AD sample (43.43%) and the 70LS-30AD sample (CBR 69%) were above the
standard value, indicating that a minimum amount of 20 wt% of asphalt waste dust is
required in lateritic soil mixtures to be suitable as a subbase course material.

The addition of small cement content further improved the CBR value. The extremely
high CBR values from 278% to 325% were achieved in the 90LS-10AD-5C, 80LS-20AD-5C, and
70LS-30AD-5C samples. Without using the asphalt waste dust and other additive materials,
several earlier works have reported a CBR below 200% for natural soil stabilized by Portland
cement [9,11,12]. Therefore, the CBR values of 90LS-10AD-5C, 80LS-20AD-5C, and 70LS-
30AD-5C samples in this work were much higher than those references. This indicated a
capability of asphalt waste dust in lateritic soil stabilization with a small cement content.

The properties of all of the tested soil samples are summarized and presented in
Table 5. In addition to the CBR value, the swelling index is also important to consider the
suitable subbase course material when the road undergoes both dry conditions and wet
conditions. According to Table 5, the swelling indexes of the lateritic soil samples, both
with and without asphalt waste dust and cement, were in the range of 0.25-1.21%. All
the swelling index obtained from the tested samples was all within acceptable limits for
a subbase course material in accordance with the standard specifications of the Thailand
Department of Highways (swelling index < 4%), even though the values were somewhat
variable with the asphalts waste dust content due to the high water absorption of fine dust.

Table 5 also shows the comparison of the liquid limit and plasticity index values of
the testing samples. According to the Department of Highways’ specification of subbase
course material, the minimum requirements of liquid limit and plasticity index are <35%
and <11%, respectively. Only the liquid limit and plasticity index values of pure asphalt
waste dust cannot be evaluated because of the non-plastic behavior of the waste dust.
Meanwhile, all of the stabilized lateritic soil samples showed very acceptable liquid limit
values (31-33%) under the minimum standard requirement.
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Table 5. The properties for all conditions.
Properties Testing Conditions
P LS AD 90LS-10AD 80LS-20AD 70LS-30AD 90LS-10AD-5C 80LS-20AD-5C 70LS-30AD-5C
Maximum dry density
(x10° kg/mt) 2.27 119 136 1.36 136 2.06 2.07 205
Optimal water 102 1500 1050 1070 1090 1020 1090 1080
content (%)
CBR (%) 14 79 14 13 69 278 284 325
Swell (%) 0.64 0.25 032 121 114 0.09 1.03 1.20
Liquid limit (%) 3258 NP 31.25 33.09 3121 3420 32.74 3214
Plastic limit (%) 16.54 NP 17.79 18.67 18.80 29 241 21.39
Plasticity index (%) 16.07 NP 13.46 1441 1240 11.30 1033 1075

On the contrary, the plasticity index values of lateritic soil samples, both with and without
asphalt waste dust, were relatively higher than the accepted standard values. This contributed
to the high plasticity of the original lateritic soil, although the non-plastic asphalt waste dust
was partially replaced in the soil samples. However, the plasticity index values of the soil
samples with increased asphalt waste dust can be further improved to find the standard
requirement by cement addition (<11 for Subbase course of DOH, 1989a). This was likely
because the plasticity of lateritic soil was diminished by the hardening effect between cement
and water [33]. Hence, the accepted plasticity index values of 11.30%, 10.33%, and 10.75% were
obtained for the 90LS-10AD-5C, 80LS-20AD-5C, and 70LS-30AD-5C samples, respectively.
The above findings suggested that the physical and mechanical properties of lateritic soil
replaced with asphalt waste dust containing small amounts of cement could meet standard
criteria for use as a subbase course material in road construction.

4.3. Microstructures and Relevant Phases of Compacted Samples
4.3.1. Microstructures of the Lateritic Soil and Asphalt Waste Dust Samples

The microstructures of the soaked lateritic soil and asphalt waste dust samples after the
CBR test are shown in Figure 7. A loose-packed surface was observed for the pure lateritic soil
sample (Figure 7a,c) compared to a denser compacted surface of the pure asphalt waste dust
sample (Figure 7b,d). This was attributed to the large particle size and non-uniform distribution
of soil particles, as previously shown in Figure 5. However, the compacted asphalt waste dust
sample was still brittle compared to the other mixed samples, indicating that a non-plastic
material such as asphalt waste dust could be utilized in certain strengthening projects.

Figure 7. Microstructures of the soaked lateritic soil (a,c) and asphalt waste dust samples (b,d) after CBR test.
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The microstructures of the soaked lateritic soil-mixed asphalt waste dust samples after
the CBR test are shown in Figure 8. The surface of the 90LS-10AD sample was found to be
better compacted with 10 wt% asphalt waste dust (Figure 8a,b). This was influenced by
the filling effect of fine asphalt waste dust in compacted soil particles. However, 10 wt%-
asphalt waste dust was not enough to improve the strength of the lateritic soil, and therefore
the CBR values and the overall microstructure of the 90LS-10AD samples were almost
the same as the compacted pure lateritic soil samples (Figure 7a,c). When increasing the
asphalt waste dust to 20 wt% in the lateritic soil mixes, the microstructure of the compacted
80LS-20AD samples resembled that of the compacted non-plastic materials. The small
crevasses were observed in between the clusters of compacted particles (Figure 8c,d).

Figure 8. Microstructures of the soaked lateritic soil-mixed asphalt waste dust samples after CBR test:
(a,b) 90LS-10AD (c,d) 80LS-20AD, and (e,f) 70LS-30AD samples.

However, the 20 wt% of fine asphalt waste dust better improved the strength of
lateritic soil than that of the 10 wt% asphalt waste dust. The CBR of the 80LS-20AD samples
was thus higher than that of the 90LS-10AD samples. With 30 wt% of asphalt waste dust
(Figure 8e,f), the microstructure of the compacted 70LS-30AD samples looks very similar to
the singly compacted asphalt waste dust samples. The CBR values, which were comparable
between those two samples, agreed with this. However, compared to the 90LS-10AD and
80LS-20AD samples, the CBR of the compacted 70LS-30AD sample was higher. This finding
confirmed that a 30 wt% replacing amount of asphalt waste dust in the lateritic soil can
improve the physical and mechanical properties over those of the original lateritic soil.
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4.3.2. Microstructures of the Lateritic Soil-Mixed Asphalt Waste Dust and Portland Cement

Figure 9 shows the microstructures of the soaked lateritic soil-mixed asphalt waste
dust with the addition of 5 wt% Portland cement. With the presence of a small amount of
cement, the lateritic soil-mixed asphalt waste dust samples were much more compacted
than the other samples with none of the cement. Especially in the sample with higher
asphalt waste dust, the compactness was much more developed with the addition of cement
powder. As seen in Figure 9¢,f, a very dense surfaces without porosity and air voids were
achieved in the 70LS-30AD-5C samples compared to the other samples in Figure 9a—d.
According to Table 5, the plasticity index values of the lateritic soil samples with increasing
asphalt waste dust were improved by the cement addition (<11 for the subbase course of
DOH [19]). This was attributed to the development of stiffness in those lateritic soil samples
due to the reaction between cement and water, and thus deteriorated soil plasticity [33].
The filler-like properties of fine asphalt waste dust also promoted the compacted area
for the complete hydration process and increased the cohesiveness and uniformity of the
lateritic soil samples. Fine asphalt waste dust could physically disperse cement particles,
thus freeing more water to react with cement powder [18]. Moreover, the fine asphalt waste
dust was able to fill the air voids and reduced the inter-particle fraction of compacted soil
to increase the soil strength. As shown in Figure 6, the CBR values of the 70LS-30AD-
5C sample were much highly improved, and a very high compact microstructure was
achieved, as demonstrated in Figure 9 f. It was implied that the presence of fine asphalt
waste dust with a small amount of cement could simultaneously promote particle packing
and hardening effect between the lateritic soil and cement in the 70LS-30AD-5C samples.

Figure 9. Microstructures of the soaked lateritic soil-mixed asphalt waste dust containing Portland cement
samples after CBR test: (a,b) 90LS-10AD-5C (c,d) 80LS-20AD-5C, and (e,f) 70LS-30AD-5C samples.
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4.3.3. Relevant Phases of Compacted Lateritic Soil-Mixed Asphalt Waste Dust and
Portland Cement

Figure 10 shows the XRD patterns of 70LS-30AD-5C and 70LS-30AD samples in
comparison to the pure asphalt waste dust and lateritic soil samples after the CBR test.
According to Figure 10a, the broad 26 range between 20° to 50° is presented the difference
in mineral phases in the compacted 70LS-30AD-5C and 70LS-30AD samples compared with
the pure lateritic soil and pure asphalt waste dust samples after the CBR test. Generally,
the parent phases in both original lateritic soil and the asphalt waste dust were observed
in both the 70LS-30AD-5C and 70LS-30AD samples, as seen in the reflection peaks in
Figure 10(al,a2), respectively. From Figure 10a, the narrow 26 range between 24° to 31° was
focused on three main peaks; 26 ~ 24.8° of kaolinite (K), 26 ~ 26.6° of SiO; or Quartz (Q), and
26 ~28.5°-29.5° of calcite or CaCOj3 (C1 and C2 peaks) in the original lateritic soil compared
with asphalt waste dust and presented in Figure 10b. The CaCO3 phase was reduced in the
soaked 70LS-30AD-5C samples compared to the 70LS-30AD samples (Figure 10b1). This
was attributed to the filler effect of fine asphalt waste dust containing CaCOj3 that promoted
the hydration of the Tricalcium silicate (C3S) major phase in cement [34]. Furthermore, very
fine CaCOj particles reacted with the Tricalcium aluminate (C3A) minor phase in cement to
form a Carboaluminate. This phase partially took part in the Ettringite of cement hydration
products and increased the early strength of the cement mixed samples [18]. Therefore,
compared to the 70LS-30AD samples, the CBR values of the 70LS-30AD-5C samples were
much greater.
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Figure 10. XRD pattern of (a1,b1) 70LS-30AD-5C and (a2,b2) 70LS-30AD samples in comparison
to (a3,b3) asphalt waste dust and (a4,b4) lateritic soil samples after CBR test: (a) the broad 26
range = 20-50° and (b) the narrow 26 range = 24-31° (K = kaolinite (PDF 05-0143), Q = Quartz (PDF
05-0490), C1 = Calcite (PDF 05-0586), and C2 = Calcite (PDF 85-1108)).
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To confirm the above finding, the amount of the CaCOj3 or calcite phase in both the
70LS-30AD-5C and 70LS-30AD samples was evaluated by Equation (3), based on the theory
reported earlier by Ebadzadeh and Ghasemi (2002) [35] and Imane et al. (2020) [36]. I¢
and Ig are, respectively, the peak intensities of calcite at 26 = 28.5° and quartz at 26 = 26.6°
that are used to estimate the calcite phase in the soaked 70LS-30AD-5C and the 70LS-30AD
samples. Using Equation (3) and peak intensities from Figure 10(b1,b2), the calcite crys-
talline phase in the soaked 70LS-30AD was calculated to be 86.06%; meanwhile, the calcite
crystalline phase in the soaked 70LS-30AD-5C was reduced to 67.36%. This confirmed that
the CaCOj from the asphalt waste dust partially reacted with the chemical components
in cement powder during the hydration reaction and finally increased the strength of the
mixed lateritic soil samples.

Calcite crystalline phase = Ic/(Ic + Ig) x 100 3)

5. Conclusions and Recommendations

This study proposes asphalt waste dust as a sustainable material to improve the
strength of low-quality lateritic soil used as a subbase course material for road construction.
Based on the results, the following conclusions and recommendations can be made:

e The asphalt waste dust itself can be used as a subbase course material in road structure
according to the standard specifications of pavement materials from the Thailand
Department of Highways.

e The minimum 20 wt% asphalt waste dust was suggested for a sufficiently high Cali-
fornia bearing ratio and optimized plastic index, liquid limit, and swelling index of
stabilized lateritic soil above the standard requirement of subbase course materials.

e The fine particles of asphalt waste dust show filler-like properties to reduce the voids
and generate a very dense surface without porosity in the strengthening lateritic soil.

e A partial reaction of the CaCO; phase in asphalt waste dust with the chemical compo-
nents in cement reduced the calcite phase in the stabilized-soil samples containing asphalt
waste dust, resulting in highly developed CBR in the stabilized-soil samples above the
standard of the subbase course to achieve the base course material requirements.

e  The stabilized soil samples containing asphalt waste dust and a small amount of
cement dust were recommended to further use as the base course material instead of
natural crush rock.

Finally, this research demonstrated that the recycling-asphalt waste dust from asphalt
concrete manufacturing is a novel additive filler with highly effective performance to improve
low-quality lateritic soil for construction purposes as an effectively sustainable subbase course
and base course materials for further generation in road construction purposes.
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