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WISANUKHORN SAMINGTHONG : INFLUENCE OF WETTING-DRYING
CYCLES ON COMPRESSIVE STRENGTH OF SLUDGE-FLY ASH
GEOPOLYMER. THESIS ADVISOR : PROF. SUKSUN HORPIBULSUK,

Ph.D., 50 PP.

GEOPOLYMER/SLUDGE/FLY ASH

Sludge-Fly Ash Geopolymer, which is a mixture of sludge, fly ash (FA) and
liquid alkaline activator, is green construction material. Sludge was obtained from the
Bang Khen water treatment plant of the Metropolitan Water Work Authority of
Thailand (MWA). FA was obtained from the Mae Moh power plants of the Electricity
Generating Authority of Thailand (EGAT). A liquid alkaline activator, L is a mixture
of sodium silicate solution (Na,SiO3) and sodium hydroxide solution (NaOH). This
research studies influences of wetting-drying (w-d) cycles on compressive strength of
sludge-fly ash geopolymer, which is an important parameter for service life design.
The Na,SiO3z/NaOH ratio used was 50:50, 70:30, 80:20, 90:10 and 100:0. Heat
temperatures were 65, 75, 85 and 95°C and heat durations were 24, 48, 72, 96 and 120
hours. The samples w-d cycle test were prepared according to the American Standard
for Testing and Materials (ASTM D 559 — 03). Number of cycles were 1, 3, 6, 9 and
12 cycles. Results show that the optimal Na,SiO3/NaOH, providing the highest
strength, is found at 90:10 in which the strength is greater than 2.5 MPa (allowable
strength for non-bearing masonry units specified by Thailand Industrial Standard).
The water absorption of the samples at this optimal Na,SiO3/NaOH with heat
temperature lower than 95°C is lower than 14.3% (allowable value for both bearing

and non-bearing masonry units). The optimal heat temperature and duration,



providing highest strength, is 85°C and 72 hours. The 12 w-d cycle strength of
samples prepared at optimal Na,SiO3/NaOH and heat temperature and heat duration is
greater than 7.0 MPa, which is the allowable value for bearing masonry unit. Finally,
a predictive w-d cycle strength equation is proposed in terms of initial soaked strength
and number of w-d cycle. The proposed equation facilitates mix design to attain the

required strength at a target w-d cycle.
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NaOH = Sodium Hydroxide

Na,SiO, = Sodium Silicate

L = Liquid Activator

FA = Fly Ash

ASTM = American Society for Testing Materials
Si0O, = Silicon dioxide

ALO, = Aluminium oxide

KOH = Potassium Hydroxide

CSH = Calcium silicate hydrate
Ca(OH)2 = Calcium Hydroxide

ACI = American Concrete Institute
Fe,O, = Ferric oxide

Ca0O = Calcium oxide

MgO = Magnesium oxide

SO, = Sulfate

LOI = Loss on ignition

SEM = Scanning Electron Microscope
LL = Liquid Limits

PL = Plastic Limits



[ d‘ d‘ o ;A v
1.1 ANAINEY !!ﬁ%ﬂﬂ]‘ll@\iﬂiyﬂ1ﬂﬂ1ﬂ1§?‘i]ﬂ
a 2 ¥y 2 a 3 a X A a
mswaau1dszdreglgiauanuraciisssusna suvetulnauaunznou
a H a o v v 19 ] .
nszpaumswaninlszihezliismsinldaznousudinuuazanagduiie (Clarifiers) 18799
sTurgaznaUMaloen ldia1uaInagney (Sludge Lagoons) tiosen1smvaaeld n1sain
v 9
ﬁgﬂ'ﬂuﬁﬁ11!&5]1ﬂ§]$ﬂﬂuuuﬁ]g?ﬂﬁﬂﬁﬂTWLﬂﬂé)@3Jiﬂﬂ‘ﬁiﬁll“lﬂ@l IBU NISUTAN LFALAR UAY

a 3 [ v 3 g a 9y A @ a @
wungu L‘]Jilﬂﬁ]ilﬂﬂﬂfliﬁlﬂiﬂﬁﬂﬂﬂﬂﬁ]”lﬂll!i’)ﬂl!@]%ﬂﬂu LLﬁgi‘BiﬂLﬂiﬂﬂﬂﬂiﬂa‘Wﬂﬂllﬂgﬂﬁ‘ﬂ

R

Y a A Y A A 1Y A a = Ay 9
NIAUANOWNDITINTTZHEVD TUNIaAUN0EY A1 IDAUAZNOUL AN NN INAIDE
v {1 1 ﬁ’ ! o {a
Nanvuznitugeazainaemsvudioeananiiui 1seau luldlss Tesi lunsaunaulu
= a %‘ = Y = Qy A A o (4
FaTagyey IssnuwaninnauutazvalSuama aznouuianasnURAsNTIUIY 247 AU
aotu nazTuuneraedinindeiuaz 300 aulugguds uaz 700 auluggru (aunsy tazaue,
A a A o A ° A ~ Y A
2553) o9 nlsuaniswaniilssihdinslegeainaue aoiiiod uazluud Iiuney
2 X a a =R A gy A 2 A a )
v Usmnaauaznoulszihasun umwyumulsunanssuiumsnan dagivaiu
a, = a 901 j} { o v 4
AINAZNBUAIIDHTTNHIAVEI I59UHaR BV UTlNuNSInAd N5 TS UIAZAIN
A o = 9 Y A o Y a 4 ] A
aznouiesemMsduasavuiie idlszana 2 @ou sl lssnukdamhuivvnnaz nieaun
4 9 9 o = a o o 4 a2
MpeABIasE NIyl Iave sz nouazIUINIINMIMIAazNDUNIZINATY T
GILT

Y @

A 9 Yo R A A A = < Y °
ﬂ1ﬂﬂmﬁ1ﬂﬂa13ﬂ1m1@@]u N7 fﬁ]\iuuuﬁﬂﬂ‘ﬂfl]%ﬂﬂ‘]&ﬂﬂ')”llllﬂullﬂhlﬂ1Uﬂ1§u1@]$ﬂ@u

G
9

a d’ = Qy a ° a [ 1 9 . . a A
ﬂu‘l/lmai’)Vlﬂiliﬂﬂ'ig‘]_lfluﬂﬁwa@]uT]Ji%‘ihiﬂﬂﬂﬂﬁlﬁﬁ]ﬂ@ﬁﬁﬁ (Construction material) YA 1o

a 4 a o
Tnames (Geopolymer) Tﬂﬂmiwamumﬂauﬂumsmzé’u (Liquid alkaline activator) uagit

[

U a a2 { @ a P I Y
ouitu (draee) wazlinnudeuludlsuaimuizay faedle Indwesudailuiaaiion

A . % Vo & s o
(Green material) wianiis FelisuiudosldyuFimumiuiaqyondszaru

q



a o 1 14 14 v a

(uaumskantududlaataesmamsueu lasenlad uazneling Greenhouse effect)

a o dy = a A =~ [ Y 1 o o o a 9y ~ a
NUITBUIANBIDNTHAYRIAN 1 AenadVUHIADMAIBAVDINZNBUALINIADET 10 IND

s & I A a { o o o '
woes Fudugueaniiamadmnssundidglumseonuunanuaimuvesiggnoddn Tag
wilsiudlsnaugy Feldun saaaumsunuiazneuaulszihdrediass Usuimes
NIzAU BAIIAIUILHIN Na,Si0/NaOH guugiinazszeznarlumslianuiou o1gun

o ~ [ Y = o Y 1T o w
tagiuIuseUveIanzAenaduuns wamsanyiasaim lylunsdsznanmaiag
o a a 9 = a o A 9 1 Ao dy I
gavesfuaznouaulsziudiassdlo Inameinergnislyauaieg auiveisziiy

o v 1 ' A v < v

Uiz Temipdrauinaemsdsziuasvaraznsdszihaiugiing Fudluuuimanilalu
9 a [ a = Qy d’d a A a A 4
AuMsTMsIamsazneuaulszilunasnanilssansnmludaiaanssy wsygenaas
uaz Auadon

U

J a
1.2 ﬂq‘lli%ﬁﬂﬂ"ll@ﬂﬂ]i') é
a dyd @ S o A
J1UA EJ‘L!lI'N]Q‘]JiZﬁQﬂ‘Vi N
A o ' 1A v £
1.2.1 IWOHIDATITAIUNTY (igﬁ'}]'l\?ﬂu@gﬂﬂuﬂﬁgﬂ'l D199 Lmzmiﬂ‘jz&{]u) Iag
v Y a ] 9 { 1 9
NANTUANVIDU (QmﬂﬂnllaZigﬂgna'l‘luﬂ'ﬁ‘ﬂll 'E]'Ifalﬂ'lﬁ‘qu\ﬂu) ﬁmmzﬁuﬁammmumu
Y Y
ﬁﬂ??glﬂﬂﬂﬁﬁﬂll?ﬁi
A 9 o o v w a Y = a S A
1.2.2 L‘W’f]ai’lﬂallﬂ’liﬂ’lu1ﬂﬂ'l'ﬁ{l@ﬂell'f]\?@]gﬂﬂu@u‘]Jigﬂ'llﬂ'laaﬂfﬂiﬂiwalllﬂiﬂ

o (2 9
fl]'lu'J‘LlﬁE]‘]J"llE]\iﬂ'liﬂﬂﬁﬂﬂlﬂﬂﬂﬁﬁﬂqu

1.3 vouunvaIlnsIN1sIve

131 azneuaudlFlumsanyiiluazneuniszinnlssaunaninnay

132 dhauiuilFumsaneldnnTsdlifhutnng sansagiha

13.3 msnszquiludiunauund NaOH 1az Na,Sio, Tusasiadauneu 50:50, 30:70,
20:80, 10:90 1182 100:0 NaOHIN1NY 10 Tua

1.3.4 sanaunauszrINazneuautlsyihaediaselinminy 70:30

1.3.5 quugilunsmsond19d19uAUNINY 65, 75, 85 taz 95 °C Tuszezinal 24,
48,72, 96 1Az 120 #1114

1.3.6 32821910 UAI91 (NOUNAADUAIEIDN ﬂ15@ﬂ6§h1§1 HALAINAINY) D2

NAFOUN 7 11aL28 U



13.7 setnaznouauiliziidiaesd To Indwe stvnadurugudnatami s
[HUANAT LS T 10 HUANAT

13.8 Susevlumsnagsuanidzilenaduuite UAUNIAU 0, 1, 3, 6, 9 Hagl2
591

9
1.3.9 MInagaunIaNea ﬂ”l'i&g]ﬂ“?llu"l HAZANUMNU MAUUIATIIU ASTM

da v Yo
1.4 dsglawvimanalasy
1.4.1 510990 NTHavesasonTua (63189 Na,Si0,/NaOH 1511
o 4 a 1 1
msazatwdanlal gunginnuion szeznainisldanuiou wazelgun) Aenu
aumuannzilonaaunis
Y o o v w a Y ~ a A o
142 lagumsihnemawavesazneuauisziudiaeed o Tnaweindmiusou

~ v Y
voIMInaaeulenaauLig



YN 2

U

= Ay Ay
NHHHUASNIHIVYNIN IV

dy ' = 9 zg tﬂy Y o o = @ [ = a 14
Glu‘uwmzﬂanmmfm“awugmmamummummﬂmuaxW@mnﬁﬂﬂaiwamai

a Aw A a Y o = y X
‘I/I’E]‘H;]LLaZNuNEJ‘VIWTLJ&J”ILL’GWLﬂméll’eNﬂ‘]JmﬁﬁﬂBmNu

= a [
21 alnawes (Geopolymer)
=) a J I [ a aa A 9 a A
910 Inawo3s (Geopolymer) Hudaguanogi lugananulniease3  NHauy U e
Y] A A ~ ] 1 ~ a a a ~A R Y Z’,
dg11 (Amorphous) ¥30(38nDN0E1NAITU32NDVI o INANOITNDUUNTT FIYAAUNUATI
Y
usn1udl A.¢.1950 Tae Dr. Glukhosky ¥1an, N Isden viasontiuaen liuuluil a.e.
a = a 14 o dg@’ I ?,’, . .
1970 He1wvedv o Inawes ganuuAvYUIuasIusnlae Prof. Joseph Davidovits
v a J < ya = Aa s X
inInenmaasiativdsuse @ 1vtieuvesd Te Tnawesaail
= a J I o A a & A ! J .
vio Inawesiluiaq¥ouilszaurlianianNaIUNANUD I TIA0IAYD SIOMAE
I o 1 =\ 1 g/} [l o I [
ALOTuvan drvlseneumanive s siguuazedlugilodugiu (Amorphous) 1Wluaiu
' o (% @ 4 A d 1 X 1
TgiTasazgni lduanaadisdant laviniemsazareiiluaiege ¥9ldun arsazare
. A Y 9 9 < o 1 aan a 1w 3 o Yo w
Na,Si0,#30 KOH tdlganuiomiudusalgaseamisainanisnedidadiag 1inas
o v 9 = a P 1 9 a o
gald Taslaseasavesdlo Inamwesirzuanaieaninlnseainvesmsinanis lamssuves
=) S Qy a
YUBUUADIIT U
aana @ aan = o 4 4
2.1.1. maufSeuiovlgnsonlaassunazdgnsentos Taarmvesdmudlosanaua
o aaa A a o o = a 4 .
AulgnsendTe Indwe lsisduaesiagilo Tnaos (Portland cement Hydration VS
Geopolymerization)
w ) . ~ ¢ 7 s 2
anbae 1AT9a319909 Hydration ¥9uduudilosauauauay Geopolymer U

" o v 2 a oA ) 3 ~ I’ ¢ s v
LL@]ﬂ@]'Nﬂu@EJ'I\TETHHNﬂﬂ'I'Jﬂ'E—]Iﬂi\iﬁi'Nh],alﬂiGlf‘L!GUEN“]J,‘Ll“IﬂJJu@ﬂﬂiﬁllauﬂﬂgﬂigﬂﬂﬂﬂﬂﬂ

A v A 1 = aa = g a 1%
ﬁ’li!ﬂf’ﬂllﬂig’ﬁ"lu’ﬂﬁﬂﬂliﬂﬂ')’lllﬂalclfﬂﬂcﬁalﬂﬁllalﬂi@ (CSH) Gﬁﬂlﬂuﬂawaﬁﬁﬁﬂﬂ'lﬂﬂ'lﬁ



a aan o . @ { o { g (3 |
inalfnsenlamsau (Portland Cement Hydration)adarunsf 1 st udusouseaiu
Y v v o a A J A J s & o £y A o o w
waglimaeganuasunIaguUANarIoND IS NUTIAIAT Taaonstidaglos Tyaiu
2 A J v A . 91 v A J J J a aaa y A a 2
(FaueeAilsznounanae Sio,) mlgsunuauualesauauaszinalnsnvunaesunaiu
< = J Aaan . . o ~ = Aaan g '
Faisandnlgnseneds Tea1u (Pozzolanic Reaction)Adaun1si 2 #9101 nsenile vz aina
P A A g o A a da! =< ' Y = A A o =
Ivuwanaaniudnreuilszarunaniniu (CSH) ddanalvineuniansodmuudimai

TaseadannuiurazianunumuuInY
C,S, C,S + H,0 ----- > C-S-H + Ca(OH), (2-1)
SiO2 (Pozzolanic material) + Ca(OH), ------ > C-S-H 2-2)

a J J 1 @ J J
o Indwoilosnlsznounnlaseadwanarenin lamssuuesudmudlosa
s A J @ @ a aan A ' A o = a I
sauaiioannesdilsznounanvesiag uazmainalfnioni lumileunu Tagd o Tnamesil
[ { a J aa a a
Taseadramaniinanesnlsznouvessana (S ozgiition (A uaz eenFau (0)
a aan a da! 9 A I v o Y 1 L:al’ 1 °
nailgnssunavulaglymsazarenianuidluaegalumsmlvansmaiil unndieonuii
aan a < a 2 . a 1 Aaan
Ufnsenalimailu Polymer Chain tiatudeIagdnaudiaz ldanusoulumsisaljnse

LK) 9 [ d‘
ﬂ?ﬂﬂﬂuqﬂﬂﬁﬂﬂ\iﬁhﬂﬁﬂ 3y 4

n(8i,0,,A1,0,)+2nSi0,+4nH,0+NaOH or KOH----- >Na+ K+ +n(OH),-Si -O -Al -Ol-Si-(OH)3

(Si-Al materials) (OH),(Na-poly(sialate-disiloxopolymer)) (2-3)



OH OM OH OH

ot + OH H
I Ny o LT I Mgo O
HO—Si —0—AI . Q0 —5i—0—5i—01° HO—Si—0—A=0—si —0—5i—0I° ,
I | OH N | | TN I | I W
101 T e i 1e]] 01— 10l 101 101 101
i e oL REEFTRRE ) .. | B e 1] I° o]
HO— $i —0—Si—Q|'~<-- o ;S —0—Al—0OH HO= $i —0—Si—D = Si — O—Al—OH
i L 70 O e | I ofr nat®l
101 OH OH 101 oH OH
Lol oL +
Na Na 4+ 2NaOH (7)
N
|/:J’ eRex ~——y
-5 g
Na-Poly(sialate-disiloxo) T |-,
I [
’ | o |
Albite o 1 \ s
- R s
Feldspar crankshaft chain | Oy -0 0 (20T
o | [+]
17 N
ortooss | o~ T
pime] 20 SR e
/ i—Q» I, 07|

gﬂﬁ 2.1 polycondensation of Na-poly(sialate-disiloxo) albite framework

Av A1 [ Y A A . I 4 [
NNMIIVENHIUMINLIND DU AU AN 52 A USIO,Har ALO, T UeAlsEnoUnaNHIN
° ° Aaaa o o 4 Y a = a 7 A
il nsenuasazateoan ladszeuisamldinadsdseneud To Tnamesnd

va & o 9 A = = a A J Y] Aaan ~ ] o
Auantauld lamiounaunind1sd e Indwesinaanmsnesi laslgnaend lugunseih

4 Aaa a o W 4 @ 4 L A 1 Aaaa
Iteendsgnovvesdanuagzeglivisudminuuazilosmnuaislsenouduiimesasignaen
<3 ' ) Y a <3 9 o o a = aa
Avzneai ldinanuudusendienununsinauaadeugana lamsa(c-s-H) Tu

<Y = 4 o a = a = Y <3
NILVIUMILALMILUIAIVITNUANaAlnaa 15 To Tnawest Tasaaiauuuudon
{3 ] § { o {
(Block) iluninensunaen@nii (Tetrahedral) U9AIO Az SiO,fauaalugli 2.1
a 9 = a 4 1o o Y 1 A a [ = 4
asdszneuildnidTe Indwes lusuiludesiunismingurgiganinainstivesiosa

=) =R Y Y [ 1 PR 1
HauABNUAYNIM 1Y sEndanasnutaza lEeuinnn

d
21 aaenlaasenlaa
Tadenlaasonloa (NaOH) Huaraninannnmsrunszuea IWihaslluansazaie

A =) A o 2R o FY A Y
Gummaaﬂae”lmuﬂmﬁnmslumiazmﬂ"lmuumuﬂ“l,%sl,mmqmamﬂimm llﬂﬁaNlleU’E)E]ﬂ

]
= (4

! o ' ) v Y A
L“])’MQG]?H'HﬂiihﬂWﬁijGlﬁWWﬂi‘iMﬂi$ﬂ1EG]HJ‘]ﬂuﬁGlGHGl,ugﬂeUfN8161\11/1614%@@1\1‘1!1 2AnU

=) J 1 A Lo 1 1a aan @ H Yy a 9 1
TclsmEm"lam’aﬂ"lclsmﬂummmqwﬁﬂ@ﬂiaullumllviammﬂgﬂimﬂumummwmmaaul,m

ligunsainTadenlaason laduseaniluzyiia



22 msazaglBAgNTanNn

= aa . < = aa 2 o g '
asazare lsAsuFaINg (Na,08i0,) Humsazatgved Ia@eudamalurivailuaig
anvuzn I lulidvselTmoou TmAondamnamiadd 1M UgaaIMNTTUILIAIWEATIAIU

TaoTuavedlaludouoenlodnedanou laoonloq (Na,0:8i0,) 1intteeliwiuin

M137199 2.1 auiamaniive lsReusamamal

3 DEICITRRVAITS
luanyus ~ 4 ~ 4 ~ 4
WA 1 wiiai 2 wiad 3
oasraauTaoTua lalaAenoon lae 1:1.97 B9 - 1:3.18 B9
e . 1:2.34 D3 1:2.58
aoganeulaoonlud (Na,0:Si0,) 1:2.17 1:3.59
< Y 1A

wian Jevay Tuinu 0.02 0.02 0.02
Fala Sovaz lumnu 0.21 0.21 0.21

v o

A A A 9 = Y Ja A A 2 A X
TﬂfJﬂfuﬂma?Jﬂiﬂl&ﬂﬁﬁﬂWﬂNHﬂﬂ%ﬂﬂﬂZ ANUN.D.N. 433-2539 Cﬁﬂuﬂmﬁj\lﬂ@]ﬂﬂu

Property Percent by weight
Na,O 15.36 %
SiO, 33.28 %
H,0 51.36 %




F'%e
23 1908
9 A Y 1 a A . Y [ A
181908¥ 301818114 WY (fly ash WIpulverized fuel ash) lavinmsrnauiululs sy
1 a v W (I <3 o
TsaTrlthawiudaesazgnaniu lidemandundarsrusmmu 13 u leTalidmumnidnse
¥ kY = A 3 @ 4 & A @
maiiaeslguantiaiuiles lsaiu (pozzolan) duasizrlsznnuialiaiulssneunan
< @ aa a 4 T U I N ' wa A
Wudyglvesdanmazegiuuloogluanmuduazduiludululiguauiadonnie
1 A o o 1] % a a o AaAan [
szrineymanailodudmdinuiinieldguugilndvzansasinlgaseuaiinneas

a I P wa A .. =< Lg "o
Ca(OH)zuazmmﬂumﬂwumﬂmﬁwm%auﬂszmu (cementitious substance) FIVUDEYN

'
Aa

Y
Uszinnvestuiugunginlslunmsmnaz 51992199015 IHIATTUA A INIAZAIIY
' 4 v
A UANOVOUN 108V UDGNULNAINHID WY
1 H 1 wvAa j‘
nouNIgnaNIUauTANUFIUNIUATLAZN1INEATHYB U 1aDIAITNT Y
S A ~AQq U a Yy A o By
aQinaMrIeNIasTIUN g lumsNsanaIuaugumnyeaiassnazi v s uniswey
A A Ao ' Y 1 = wa Y o Aq Y A
ApunsaliiIsuItenaeiienu ldnandguauiauazdemvuaildiuuasgiui
é}N’SQﬁWSﬁ 2 Llﬁdﬁliﬂﬁ’uﬁﬂ American Concrete Institute (ACI) (8¢ American Society for
iy wm
Testing and Material (ASTM) Tufitlagnanidenaantianugiumunaiitagnianenimyeus
ApeATNASTM C-618 LAz ASTM C-593 tiloAluAuAMMHILazAAaD Nid1aeu 14 luau
a g
American Society for Testing and Material (1995) NNMIAATIEHAIULsENOUMIUAL
a o s s '
TagldinaiinX-ray fluorescence 1818081 11l1lsznoudleeenlsznovoon leauoaussia
' 1 aa 4 a J < s s
a9 1dun Fanoen lag (si0,)ogiuesn lua (AL,0,) manesn lua(Fe,0, unadenoon laq
4 [ 4 s ) U
(Ca0) nuntiouoon lua(Mgo) wazdamlos laseon laa (80,) iududiullsznouniunil
4 1
miaHazlimanenuludaSnamuumavseriiavesnuduyuiumsimuazguugin 1y
< % a '
TunsIHIATFIUASTM C-618usnid1aooilu Class F uazClass C Faii1Sumdiuilsznoy
aaaaalumsnnz.
o v 9 o ~ Y N J
disudommuamunlinuuasgIuASTM C-618 ldwasauveslSuimoon laauos
Aaa a < 9 ~ Y = 9 J
FamogiuazianludiaseTasiiClass F 1azClass CADINMATING00AZ V09000 |96
dana1neg1ados 70 uasomwarauive Idiuleiudraesmuisamalgnseediuiisane
dy = v o Jdou o a Aaan a k4 9 v 9
wennlesnNuduNusiusasImanalgnseleslyartialussezenidisdmiviosay
= [ 4 J o 1 a o J ' o
voslsmnagaos lasoon lad (S0,) dvua lilviinu smszdamosinaidononiswann

v o

1) o 1 [ 9 = = 1 A A @ o a 9
ﬂ:nllﬁ1ll1iﬂluﬂfljjﬂﬂﬁla\1'@ﬂ§$ﬂglqa1ﬂ’ﬂ@]’)ll@lla$ENllNa!ﬁﬂﬂ@ﬂ'ﬂuﬂi@‘ﬂlmlﬂﬁ:]@ﬂﬂ]ﬂ

Y
A2 o

wonnntga lminanmsnanisusndama



M5NN 2,290 MHUANIIAILATIATNNIATTIUASTM C-618

Class of Fly Ash
Chemical composition F C
nasmveaunudanmonnledogiuieonladuazaneen lad | 70.0 50.0
(SiO, + ALO,!tagFe,0,), min %
Fanlof lasoonled (SO,), max % 5.0 5.0
ﬂ?mmmm%‘u, max % 3.0 3.0
ﬁmﬁﬂﬁqﬂujwwzﬁmmmﬂmm (Loss on Ignition (LOI), max % 6.0 6.0
sam latlugives Tm@en laoonlaed (Na,0), max % 15 1.5

dy 9 1 a F a g}/ I 1 a oA =
anuruveudiase lininnuiesas sdaziuszifluglassnnenisdfiaaugs
' Y
disuidiaoeClass Cazanusanalfnaerlamsdu (Hydration) lad1euenaniidalinig
. D2 o4 4 o Dy s g
MvuaAiinfigaieiio 191015161 (Loss on ignition(LOD) 13 luinuiesns6tavziilu
@ 1 dytﬁ =Y 4 Aa ] Y = Y . .
MLrtSuumsueuniogludiaserinl Lol uinnsatuguluduair entrainment U9
A [F &
aounsaanzi ldenuazdideamstiniulunounia laena ldududrassain Tsa ezl
J o ' = @ J J . { '
ALOI MnnFesaz 6Usmmdan lailuglveslmfeueon lud(Na,0 Equivalenyuiniigala
a g ] Y o a ) ST =
nudosaz 1.syuiludotmuaainluAST™M C-618ms1zidanelilSuim CaogerziiTona
a Aann . tg Yy 9 ) y Aa (A o 4 vy
a3 on1vealkali-aggregate 1 lanino s aseniiUSumdan latiuinnifosas
15l Fnuurasiuinlaelfasernzdesiinisnadenludesdfiianisalulsingns
@ a = 4
venesunanNuderield
d‘ 4 9 a 4 ] A )
M319N2.2 peAdsznevveudiaean luduaimnzw #2433 - 2541 aaiauiia lagna 11
=Y 4 Y 1 a 1
Hl51aeen leduesio,ALO Bz Fe,0,5mnuuINN M3 0Az 701501 Ca0zgan i ooaz
= o A 9 "9 dyﬁl Al o A a [ [
10 1/53uLol Andedosniiesay 1 uennnildeMitdunanelsuiuFe,0,92ganIud
1 d’ d‘d [ 1 = :, L) d' 4
apounasounioglullszmalnedrumnezlimamniiesay 10115199 2.2 oedlsznoun

= 9 ] 1 =)
ANVOUDIADILUINIE TEHINTN.A.2533 — 2541



10

~ 4 = 9 L} T A
A15197 2.399AU52NDUMUANVD AR ULNLNETEHINUN F.2533 — 2541

pamlszaouMmunll
Ywd | Si0, | ALO, | Fe,0, | CaO | MgO | NaO | K20 | SO, | LOI
2533 37.8 20.5 14.2 17.4 33 0.9 2.1 3.9 0.8
2534 | 428 | 233 140 | 105 | 24 0.8 23 | 39 0.7
2535 40.3 24.0 15.0 11.2 2.8 1.0 2.6 3.1 0.5
2536 | 43.1 | 20.0 132 | 130 | 2.7 13 24 | 26 0.6
2537 | 528 | 18.0 8.5 133 | 14 09 | 20 | 28 0.3
2538 40.6 22.8 12.8 14.4 2.5 0.7 2.0 2.8 0.9
2539 | 40.6 | 236 230 | 130 | 25 1.2 30 | 24 0.7
2540 41.5 28.1 10.0 10.0 1.2 0.6 33 2.0 0.8
2541 | 373 | 221 114 | 114 | 27 1.1 27 | 25 0.1

24.1 U5nv0ud1a00

'
7

9y =~ 1 1 9 A A g}/
@Hﬂ1ﬂlﬂ1'ﬁﬁ]EJI@El‘ﬂ’)hl‘l]%31I§‘]J‘51\1ﬂ’é)uﬁUNﬂﬁﬂﬂiﬂ!ﬂ@ﬂﬂﬁhﬂ?ﬂﬂiﬂ@?ﬂ?‘lﬂ

a3 Y

@ < @ S Y A =l J ' [l é‘
aﬂymmﬂugwwnumummaf]EJu1”l@mam%ngﬂﬁﬂmmu@umuagﬂ‘u

9

JAA o

a A 1 A & ! = < ' A ~ A
Qmwguﬂgw1a1uwu%‘11,mﬂmwmmuumfmaﬂyngﬂmmwi@maﬂmm
[ 9 1 a a o 1 [V v o Y
ﬂ18JﬂW‘I’EJHﬂWﬂ‘U@\Hfﬂﬁ@fJiﬂﬂt‘ITL!1’1‘l.laﬂllu@lf)%ﬂf)LLNLNW%%QW?@QWﬂNiﬂﬂi‘B

. . < ' o = 4 9
Scanning Electron Microscope (SEM) ﬂzmugﬂiwﬂaumgﬂw 2.2 1491008
N o =~ o Y &K = 1R o 4 oA
ﬂmmumuu@f’luﬂ’auﬂmﬂxvnGlmuaﬂauﬂ‘immummmzﬂﬂﬁﬂauﬂmau
[ ] =1 a Y [ wAa 1 dy 19 A 1 [
Vl‘l’iﬁ\ﬂﬂﬁl’f]ﬂTimﬂ’ﬂuﬂiﬁ“]JN‘Ifuﬂ@l’f)Q’E)WﬁﬂﬂmﬁMUﬂLﬁﬁWULW]ﬂ1N§ﬂiNU13J

= = v o

' A T A % Aq v Yo 1 o
LluuﬂuﬁiEJiJ’iW‘iummJWaﬂﬁlﬂin1mu1‘ﬂ1%’nWﬂiﬁﬂWadﬂﬂﬂlﬂﬁﬁﬂuNﬁﬂJmaﬂ

L



11

g‘ﬂﬁ 2.2 Scanning Electron Microscope (SEM) itaoe 819(1,000 L‘Vi'l)

2.42 ANWALI08A (Fineness)
A &’ Aa o Y v = o Aaan
YUIANTONUNHITUNIZVO AN 100892 UIUBNDIANVAINITD TUNTU AT o
pozzolanic¥99z 1N 13 NATOUANUALIDIAYD UBI1ABIANUNIATTIUASTM C-

430 Iﬂﬂﬁﬁ’iuﬂﬂ%ll1'&!"UENLESIJTE‘]’EJﬂﬁﬁﬁﬂﬂu@]guﬂiﬂlﬂﬂg 325 (VUA 45

=

luTasmas) Tasdtsouitlon (Wet Sieving) tipsninidraseiloyniareruszd

&‘ dla o 9 o aan Yy Y 1 d' = 1 o A 1 d‘ 1
‘WL!‘VIN’Ji]”ILWTZ‘L!i’]fJVIT]JQﬂifﬂhlﬂ‘mﬂ’ﬂ’f)‘l;lﬂWﬂVla&iLﬂEJﬂﬂ’Nuuﬂ’Oﬁ’Ju‘VIWWM

aan

Y o Y a A = 1 2o
@]gllﬂiﬁllaﬁﬂgvnﬂgﬂiﬂflﬂﬂﬂigﬁ‘ﬂ‘ﬁﬂTWﬂﬂ'ﬂuﬂﬂ%TﬂuﬂQi]ZUf’Jﬂ‘U‘Lﬂﬂ"U’EN

U &’ a o A . .
PUNIAIINDITIANUNAITUNIE TAsATYD VAU (Blaine specific surface-area
technique) AMUNIATIIUASTM C-204 Ti%ﬁ]a?ﬁparticle size-analysis 130733

1 I a 1 [
Brunauer-Emmett-Teller (BET) N¥U28i /U519 UAINATADNTUNITNATD L

I A s

aa a o
MB3UANADS (turbidimeter test) MMWASTM C-115uazmsldlalasiimes ag
Y daxd ] a ~ ' o Y y X2 Vo
MsnageuNId@ITioInmIaNvazideafiuana ey launnatiiuegn
Y
N35035MINAdo TAgNaMINATODIUDYAUANUHUL MU UIAZAINNTUUDI
1 I~ ] [ o 1
1iB1a0sua0ro UL U E1ININUADINAITNATDULS 10009 1NS UNDUUINIY

M IAa119MIVENUUIAYB 0N A TABITAINA1IAINIT N 2.4



12

A 1 ° a a a '3 s s
AT NN 2.4 ﬂ’J"IﬁJﬂ'J\WWL‘WW%ﬂ'JHJﬁ%L’E]fJﬂ!Lﬁ361]1!Wﬂ!ﬂaﬂﬂlﬂx‘lﬂuﬂ"lﬂﬂ“uﬁﬁmu%ﬂﬂﬁﬂ!mumlﬁ%

ihaoeduneuzsaninag

Simple Type Specific Retained on Air Permeability Mean Particle
Gravity Sieve 325 % (ecm3/mg) Size (micron)
Buug 3.14 4.7 3120 13.0
iBaoy 2.02 37.4 2370 28.5

Y
=

< Y1 v A A Ay A ? o g YA 1 Aa o v '
ﬂglﬂuvlﬂ’NliﬂafJEJiJllﬁ'ﬂJWﬂ‘!“VIﬂN‘Uu@'I%LLﬂ'i\ii;Nﬂ'N“]imu@VﬂalﬂllﬂWWH“V]W'JﬂWLWW%u’OEJﬂ'ﬂ

1 Y Y =\ wa 1 A 1 = 4
ﬂ'\'iWﬁsl'ﬁlﬂTﬁ'ﬁ']ﬂNﬂﬂ!ﬁNUﬁlﬂuﬁWiﬂu')ﬂlNfJWﬁiJﬁ'JlJﬂUG]ﬂﬁJ‘HGI

v A 2

2.4.3 MIMAFUNAY (Strength Activity Index)

1 o A o w ) [ 1 9 o o w = .

MABUNAI921TUBNIAIUT080ZVDINAI0AINAY (Compressive Strength)
s _JdHqy v (2 3 { v

YoINoININ lHdasenaunuifugnualesauaudilszianii Josaz 20 lag

1 o = o J J { 1

MM FINASTM C-311 thguiuvesmsuiasgiui lunauioaTay

° Y1 1 o 19 J J A [
aruTagirua I3 luarsdmnifesaz 7sveawesmsnasgiuieny 7 Junay

[ d' =KX o a A o aan 9
28 mmauﬁmmamwmimﬂmamm"lﬂumamﬂgmmmmtmaaa



13

b4 = Y
2.5 Tﬂsaainwanﬂamgm
aa [ v o " 3
TassademandaniodugiuaziinsGesdinuvesezaouniooyninda lailu
~ [ A A Y 9 A a aa [ a
izlﬂﬂﬂﬂﬁl!ﬁﬂﬁiuﬂw\l‘ﬂ 33 uazma“lwmmiaumqmw{]ummmam@ﬁmgmwmﬂms
v A o ' 1 < = a A Y 3| =KX Aaa = =K Aaa
i]miEJW]’JGU’EN@3G]’ﬂll(lﬁll’EJEJNL‘iJLl'i%L“]JEJ‘]JI,Lﬁgl,ﬂﬂﬂﬁ!,‘ﬂaEJUTﬂNﬁiNL‘]JUWﬁﬂ%’ﬁfﬂ%’ﬁNﬁﬂ“]fﬁ
o T A 9 =2 1 A o A o A o A 9
mmﬂanﬂﬂsminwaﬂmmﬂamai%"hnm"l,mnmzmﬁimua"laﬂ%mmazTﬂimin

103 TurIgUNYINUANA1NY

5U02.3 uuudaeelaseasevessanmodag1u(Makino et al.,1999)

QU

(MUVUTARINGNOZABNYIA T VO IFANWAUFIU (Si,, Oy, cluster)
° ' ] aa o .
(VUVVTIDDINGUOLADNVUIAANVDIFANIOTUFIU (Si,,0,, cluster)

(0 NDDLADNUDIDDNTIIU,0NDDLADUVDITFANDY )

2.6 lassasawan

aa 1 J a J a o 1
Taseasrawanaamiog 3 TnseasenendesyInsa lunuazaiaInsuelavi lasuaaz

' ad v o { 3 '
Tnseaunanziades lusnguugiinuanatsnumsnlasu Tassadwanziiulleaesdg

= a o = S

Y =2 & o A v ¥ 9y = 1
nnTassadunangivilalUd®nginieaniulnssadunanigunglgeezdindiogu

K

Ay Ao ' a ~ Y ' Y = ~ Y A
Qmﬂﬂ“llﬂf]\‘lﬂi’ﬂﬁmﬂ’ﬂqmﬁ{]uﬂi‘ilﬂaEJ‘L!Iﬂi\?ﬁiNLlﬁ&Lﬁﬁ%Iﬂi\‘lﬁiNWﬁﬂfﬂguiﬂiﬁﬁiN‘ﬂ

a

1 1Y Y a { a :, a {
uanaeny 2 Tnseasefeol- wzinangavgiaas B-azinagangiga( Deer et al., 1971)

U U

=KX A a

9 aa ' Y LY .
Iﬂ‘i\‘l’diNNﬁﬂ“]ﬁaﬂnmagIﬂi\iﬁ‘ﬂ\‘lﬂi%ﬂflﬂﬂ’]ﬂimmﬂaSlO HANDSADUUVDIDO NI

4
A aa ] % 1 a3 [] ~ 9 .
Lﬂ?gflgﬂuhlmgﬂgﬁﬂll"llf]\‘i“lfﬁﬂﬂu’f]Qﬁ‘i\‘lﬂﬁ%iﬂigﬂ'ﬂﬂﬂuf]Qlﬂuﬂuﬂﬂgﬂﬂiﬂﬁﬂu1mﬂ\1$104
. (% d' 1 9 2K Aaan a %
(SiO, tetrahedral) fauaaaluzaln 3.5Tuneaz InsaadananFan19LAoND e NFIUITINIZ AL

aa { ' A 1 o ' J
pzaauTaNoU 2 oznauiiaglndifeslumsnasuTasddeszrinao-nu - 1wuo- ne 3y



< 4 { 1% 1 a 4 { <
TiluB- aresymsnlasulaseadiedenanazinannmsinaeuivesezaeuiiiouaniion

v 9 Y I A 9 = ' 9 A a 49! A Ao o A
Glu“lm@@lﬁﬂﬂu*ll'lﬂfﬂlﬂuﬂTilﬂaﬂuiﬂﬁx‘lﬁﬁ'l\‘lwaﬂ53“ri"31\1Tﬂiﬂﬁi'l\iﬂlﬂﬂ‘lluﬂqmﬁﬂuﬂgnﬂﬂ‘ﬂ

a ]

gangigaurulassaawanuuuniesyalasu liiluInsdweivieasaInvue lavinsudou

U

9 [

TassadedenanaznaiiomnmMsaaevoiusziarmMsasudmiueIozasl (Deer et

al., 1971)

: : p— P
AN 3.5 gUnsamiues SO, (SO, tetrahedral) (Deer etal., 1971)

J ' )
B- ADIFUANNANNINTHVUIBNTLNOUDA (hexagonal symmetry) WnquilTgiipe,22
A v J . & ' Yy aa . =
130 P6,66LaZHUITAA (unit cel) MU NOUAIFAN (Si0,) 3 Tuanadailsznow

v & ' A Y W A
nutluriieznsamnauaaluning 3.6

2 | -3
3 w3 £l
M TN S INAY S
TAN X i A Yacer (]
NV ZaVEYINYS LA\ i
2 \,’:) ,'
A = 3
A/ ASA AL
£t A 9 & [y Y . 53
) VAN AN A
p 1
N ,: 3": ,.'.
b'— . = o
L SN
-

Esi()‘ Tetrahedron .S 0. Oxypen

1 4
amii 3.6 Tnssediendn Bondeiwnwasuuszumn (0001 XDeer et al., 1971)



15

< Pl ' A v g = 4 o = '

v ldnmiegUnsaamiumezngquitlminmasuazaumasuasaaslunwi 3.7 M
1 ] o J
ANVINIVBILAAZATUVBINLILITAAAD 5.01 A tazc 5.47 A d-aesalianmasuuyInine
. = 1 2D A A ] s R J Y aa
UoA (trigonal symmetry) Inqu159iiP3,21%30P3,21 lumiigyaaniluyadilszneualesam
14 v @

(si0,) 3Tuanalaseadwanvesd- aresslianvuzadion - Aelimamzainuuesginsg
= 9 . 3| = = ' = a A Y 2 o
aninvessio dluramnmasuuaz enumasuuaazimstailedve Inseasananaaasluy

MUN 3.7A1ANVEVOIUARLATUUDINUIIFAaADA 4.913 A taZc 5.405 A (Deer et al.,1971)

AN 3.7 Tnsead1andnues Q- A03x1nsIad1anAnYD -n1035% RIWAIUU(0001)

(Deer etal., 1971)



16

U

a d' d' v
2.7 WDV
. . v Aa J A o Y= A v a
Prof. Joseph Davidovits 1inanemaasiaiisidiusa laanuiamantiauesiag Ina
o 1 = o o A S A 2 A a ' AAq Y
wos lasnunazlinslszenunuvesiag Indwesmuuiniudieloasidrumaniin 1 dwau
Tnawessznigldlmaoueenled (Na,0)aedanoulasenlad (si0,) 111U 0.20-0.2,
N 1 a 1T W H 1
Fanou'laoon lwa (Si0,) Aovggiiut (ALOIMINY 3.50-4.50, 11 (H,0) sio laTandenoon laa
1w = 4 1 a 1w
(Na,0) 1101 15-17.5 waz la Tadenoon 146 (Na,0) apazgiiui (ALO,) MA 0.80-1.2011
1 YR = wa = a 4= o 1A a d 2 = s a
nataen laAndenuauiavesd Tenamwe s uanuad o Indmwe s iduswudnmnanin

Aaaa a o ' aaa a s o a
Ugnse Indaeuwauadunieizona11Ugnse1d 1o Inawes 151991 (Geopolymerisation) 119

a

I 9 = a .. ES o A a o a
Lﬂuiﬂidﬁimmuﬂﬂa‘ﬂﬂ (Zeolitic) Llf’Jﬂfl]']ﬂuuﬂﬂ!ﬁuﬂ@]ﬂl@ﬂﬂiﬂiwamﬂiﬂﬂﬁ']ll13‘0!,@]%?”5

y
AR A A

] A Y a Aaan < Yo A a 4 <3 FY
aeepite Iinalgnseniadunsomuanuudaseldnui Te Tndwoeseusonumu la lu
1 ] I'd a 1 a
gaeunssuanwuluIassadneusudiaz 01N AeIUgAAIMNTIUNAITANA T 1o THd
4 3 o a a ~ v o ~ wa Y
wosazuden 1 lugumgilnAuazimassa 70-100 wnngwiaaaliguaniandieasnan

= J | < v 9 < Y = J o A A
%Ii’)hlaﬂuﬂﬂﬂ1ﬂﬂﬂ31u!tﬂlﬁﬁﬂ@]3u®ﬂﬂUﬂ'ﬂll!fJLl LLE“I%@HH‘VHHﬂ”liﬁﬂﬂi@l!ﬂﬂﬂllﬂmﬁuﬂﬁ

3 o A ~ o A Yo 9 Ay a A = \
lﬂu’.]ﬁﬂlf]ﬁ’)llﬂigﬁ“lu‘ﬂﬁ?J‘]J“imLL‘]J‘UVIflflgclﬂfﬂllIﬂﬁ\?ﬁi”ﬁ53flgEJTQTlﬁﬂQﬂTiW?VIV]uﬂTiﬁﬂﬂi@u

q

=)

o o 2 ' o a 4 1
ludrumsmudunulagmiledsdwadoununnmsleiagi le Indwesazaniinsly

a

[
a =3

= 14 4 o Y a a a SN v Y Y
gucﬁmummmmuﬂiumumiNamT’oT‘wam@s"l,ammmiﬂizmuﬂmmmmmwnqu

G

9 9)&’ a =) [ Ta o o J A
doalfiromasunnlumsmsondiuilsenovuas limamasasuou lasen ledcounmilion

a =\ 4 4 o
mMsnanuiuudillesanaua

Y
uoNINHardjitolazAE [23] ANHIHANTZNVVOIAIUNANA 1 LAZYUNYUUNAD

0o @ w a 4 1 [ [
Ma9I0AYD9Y 1o INAINDTABUNTA (Geopolymer Concrete) WANITNAADINUNTATIUVOI

= J1_aa o 1 = [ 1 T =
TGBL@EJ?JE’J?]ﬂqcﬁﬂﬁ@%aﬂ@uﬂﬂﬂq%ﬂigﬁﬂﬁ 0.095 94 0.120 maqammau"hmmnﬂafmuﬂm

[

o @ 1 (% 1 ES = J 0 a a JAAa A 1
ﬁummawﬂmﬂuﬂamamﬁmuumaimmamaﬂllcmuazumaﬂaiwammmmwam

v o

° = a o = o v w A 3 ' A 2 A
LGN ﬂﬂlf’)\?ﬁ]Ii’)IWﬂmf’Jﬁﬂﬂuﬂﬁﬁlmxﬂ1aﬂﬂﬂﬁ]3ﬁﬂaﬂ!ﬂ@u11ua’3uWﬁﬂJLWiJﬂJHILl“IIﬂ!%V]ﬂTﬁ

9
Y a o v w =X

' o o o & 1 < ao 2 2
'1_|3Jﬂ'JEJQmW{]?Jq@i]gWTiﬁﬂTjﬁUﬂwaﬂ@ﬂqqmuiuizﬂgma1ﬂuﬁu@81\1]‘13ﬂ§n?~|\ﬂujﬁlﬂsﬁuﬁ

4

Y T Y a a ~ o A [ a A a 1
Llﬁﬂ\‘liﬁlﬁul”llﬂi01uﬁuﬂfuﬂuﬂm"ﬁﬂﬂ@iuﬂﬁWNl‘ﬂMigZ‘Tll@]’é]ﬂﬁNﬂ@ﬂIﬂIWﬁlllﬂiﬂJ1ﬂﬂ’ﬂ
d' o YA a = 1 Y dl dy Ty a a dyd A ]
mmmﬂfuzmﬂmiaT‘wamasm53ﬂznaﬂumiﬂﬂm‘nmummmmwmuwmmﬂunﬂsmmllu

wnlulszmalne

v K 1

1 a 4 J a a
TunadeuHardjitonazams [24] d3fnu1nn13 o Indwesvsesoni1ogil Tu-4

[

a a r{d’ a d'c!t:t: a A =Y (B} a A
ana Inawesnnann ﬁﬁ]mcﬁaﬂauuazagmuﬂﬂuﬂsmmmm"l,u’mnﬂﬁﬁm;mmmnﬂ

= 1 Y 1 a 4 = = a s 9 = 14
ﬂ1ﬂEllE’JQLﬁEJi]”IﬂTiN”IHL“]ﬂ!Lﬂ”IﬂTH‘HHﬂQﬂ‘]Ji%ﬂi’JiJ‘V]NmNﬂlﬂdﬁliﬂiwamﬂiﬂa”lﬂﬂll“ﬁiﬂlla‘Vl



17

9 = a o [ A (% g’/ gj = [
Tn39a5199099 T Inamos luszau Tuanaszre A UNWLUAULAZE1INNNAMTANYIND I
a a PR A wa A 9 ~ 7 s S Y a
Ve Indwesiumsilauavianezan ldnaunuyudmudlosauaua ld lusuinamsizd

a S wa A Y o A a1 A 9 Ay T oA A 9 =
I@IW’GLijJﬁNﬂmﬁuﬂﬁﬂlﬁw’lgﬁullajﬂquWaﬂﬂﬂﬁ\ulﬂﬂﬁ@Mﬂﬂﬂ')ﬂl!ﬂﬂ\jmlﬁf)Qﬁa\jﬁﬂ‘H']

(% 2

A A A 9 a a S ' = a Y
e a3 19uasgIulunmswandaad le Tnawesonuin aenluil 2005 aiins [25] 1a

Aa a a a 1 o o w 4 s o 1 a
ﬁﬂ‘kl']ﬁ\iﬂ“lﬂ‘ﬁWﬁ“UﬂﬂqmﬁawNﬁll!Lagflﬂl‘ﬁﬂ‘lJ‘Ullﬂi’)ﬂ1'ﬂ\i@ﬂllﬁ]5$§I'I§ﬁ°|/]'lﬂ'lﬂlﬁ)']ﬂ']u°ﬁujﬂEJ

Q U

'
JaAA =

1 o o o @ i J J
ﬁﬂ]&ﬂﬁ\‘]ﬂ']ﬂ'm\if]ﬂ"’llf]\‘]ﬂ'lﬂEJ”I\‘]‘JJ@ﬁ@'ITVIN‘UH']ﬂ 5x5x5 WU. 3Jﬁ']ﬁj“lﬂaﬂllulﬁﬂi@ﬂqcﬁﬂﬁWiagaTﬂ

Aaa g 3 1 Y] 1 U a 1 1T @
I“]ﬂaﬂﬂ“ﬁaLﬂ@']l,m31!']!ﬂﬂﬁ')llﬂﬁilﬁﬂﬁﬁ?ﬁ?uﬂﬁuﬂl@ﬂla&m?uﬁu@lﬂﬂﬁ’]ﬂ!ﬂ"lﬂ‘ﬂ 1:2.751a8

¥ o o @ ' = s = aa EI Y a
umuﬂmwummmaumﬂmmﬂamaﬂ"lemmiaszﬂ«mﬂmmmﬂmmzummmamwu

'
Aaa

IR 0.376, 0.386, 0.396118% 0.416 Tagiiviinguvgiin 1 lumskauiiaumny 25 uag 45

QU

o o 1 o 1 LY} ] I [ o 1 1 a
DI UFAFIAHAIINITINITHADAI0U19ILULIA D810 N U2 mum"lﬂwﬁqmmw 30

a

< o o ' {
iag 60 @Qﬁﬁllcﬁal%ﬂﬁ!ﬂulja'] 24 %JTNQLLéjﬁﬁﬂuWM‘UM“ﬁqmﬁﬂm30 f)\jﬁ1l°lfal%f]ﬁﬂ1iﬂﬂﬁaﬂ

QU
[

MAWwAMMINAToUNDIY 1, 7 182 28 TUNAMTANEINUNAI0INIRANLAZUNNQUUYNTN

o v w

U Y ,:' 1 1 9 2 £ o @ w J =) 1 % ] td‘
@:Qﬂ’ﬂiﬁﬂ'}ﬂ?ﬁﬂﬂﬂﬂgﬂﬂ??iu%’lﬂﬁuuazﬂﬂﬂ\‘l“l"lﬁllﬂﬂ?ﬁﬂ@ﬂﬂ@llﬂf)ﬂﬁ’)uﬂ’)ﬂﬂﬁ‘ﬂﬂﬁiﬂlﬁ%

IS) o/ 1

L:' Qtd':, 1 Y o Y- d"b ] ] Y ] o - d‘
mnqmwgummmﬂwmmaqawmmﬂwmmuLm%zmmiwmmmmmaﬂ”lﬂﬁ@fm%u“lu

I

l v o 1

NgAIzIAIMAIDANINANAIDINNNANIA UNNYURYNNFINN

QU QU

=)

Alonso ltagPalomo [26] l@msAnuidninavesguuginazdadiunauiinaned
a P o a [ . <3 a { wAa o AaAan [
To TwamosM191nAUVIIHT (Metakaolin) Fuiluauniiguaniialunisilgaserny

A I 1 Y 9 o A v A 9 = ¢ A P
ﬁ1iﬁ$a"IEJ‘I/IlJﬂTIZJL‘lJuﬂNllﬂmm$1lﬂﬂﬁﬂﬂilﬂmﬁuﬂﬂl“])'ﬂil‘]JﬁZﬁWUﬂﬁ”lfJ“miJumiJE]Gle’ﬂu‘lJn

q

[ = 4 A ) Aaaa o 1 Yy 9 v = Aaa
Nﬁ'iJﬂ‘UmelL“]flel“lE’Iﬂif’)ﬂll"]fﬂCa(OH)mLa8111@‘1/]1‘]J§]ﬂ58”|ﬂu@Eﬂ\‘llleiJsllufl]%hlﬂlmﬁLf’])'EJiJﬁb’ﬁ

= "y Y HAq v ) 2 "o v
m&l'lammmawamiﬁﬂmwmm1ﬂ31utﬂlmmuﬂlaﬁﬁ1iﬂ1%ﬂimquumﬁﬂam%mmmi

~ X

[ o [ % <3 2 [ 1 . 1 [ [
Uumsgurgiigaiuazh ined 1di51uudad1uvo9 Metakaolin/Ca(OH)2 lifinason1sne

Y

@ = a J ' ' a2 v v g A~ a
mmmﬂaiwam’eiamwmmsmmmigmzmﬂu%zqwmmu Ca(OH)2q3LLZ’I$ﬂ1§m3J

a

4 o aan [ P
Ca(OH)2a3 lumIMetakaolintiiorhil gz ennu Tmden laason ladnanududu1om vz 1dogil
Aaa ] ] 1 a i <3 A
Tugddmnasununazne INACSH gl uazirauloninnaen1siiya NI uI UV
P ' [ [ o a o I
Tamden laasen laguinni1 10M agniamMsnealvedd le Inawesyaihunse Txnaoulaas
P Yy 9 o Ya =< 9 ) Aaaa a I Y 1 Y o
on ladiduduildooouvesarsunindudr luhUfnseengumngiiazitluans v
Aaa 2 [ = 4 o 9 A A Aaa A 2
Ufnsenniums ldunadon loason laaca(OH)2 vzvi 1iUSinmez gl Tugdinamu gy
113l 2006 Chindaprasirttazaaie [27] lanaasalddriourivveslse Iuihutnng Tag
o [ o Aaa o ]
waunuTmfen laasen laduas Tsdeusamna ldiinisarugums lvaud (Flow) $ooaz

=) [ o

Y
11045 913545 Wan13ANEINLNAINST Inaurazd 1A gnUdAd 110 INa,0Si0,/NaOH

u



18

' o o w a s o ] 1 @ 1
TagtiaMawavedd o IndwesnnsAnyiogsz g 10-65 wnnzwidaa lngdad1uve

1 1 1 o 1 7
Na,08i0,/NaOHNMu2 g A uminu0.67- luag Anewuud 19 lxdon leason loanuau

! o v w =

3 < (=) a 4 1 o = a O'Qy
an1oM Tashuzom d'litinagesidedauead To Inamasuaznunvaanand To Tnamwosna

a 9 =

Y o v ' v 9 Adg Y1 A A
131 2 Tuslugungiiesnoulianuioudrenisoudsguuginlduniminz auogi 75
~ 1 1 Aa o Y] v o A = k) k)
parradeauazaiTun liny 2 Tz ldmassangannuaznnmsanyidienassves
Y 1 a ' 1 1 Y a <3 = Y =l
aUMAvRAIMIUHUNDNOYMATIU MYV ua 10 R unsInaudaiNvuzHani To
a 2 ~ ¥ v o A ¥ g ) ! D) D) a2 v
Twaweszvilertuaudesodemsaniini lliosas 2-8 sz linnuaumalavu g
9 Y L. ] Y IS A 1 o Y1 o v o o 1
wazns 1¥a1saaii (Superplasticizer) ¥38 1Hmuuy laanas wasz i lvammassaaadann
b4 2 4 1 1 1 -7 1 1 H
mslFihnnmsAnuasiiagdiaims Inauklinadd 14969 518714Na,08i0,/NaOH
9 E =S 4 = 1 1 YR ]
0.67-103 1FanududuvesTstoulaason losdain1oM a9 20M lulinanenaasunsda
Aa oA a Y ' A Y
nazguugif 19 lumstui 60-75osrmuraiBeaduinni7sesrsadea Inseaianieluag
2 2 o qua v P = a a s
gadgoymavedd i lminansuanitmelumsizlaseasamunivess lo Inamoes
H ' v ) ) = 9 o A
Tuanavewiegmeludilauanudeumnlassadeaznaou ldudae Snugungiinig
' Aa ~ 9 v 1 1 o o w A 2 & 4 ~ 3 9 7
PUAINN 60 paA¥aFea 11 UL TAgHI9IAINIAID AN UV UFI N AN AN D N 11U
Y ) A D) v qu Y P v
gamens lsasaaunesislunswautaziuuunyN 195 INA19LANIUNIIZ NS 19
Y 1 o U 2
myaminazinliamdiaanas
A o P ' A 3
Bakharev [21] ARN1AMNAINUVDID To INABS INadN 19819 1UHAUClass F 13 ues
Y )
aadiianyluansazare ladenudana (Sodium Sulfate) tazuuniliFeusama (Magnesium
~ Yy ¥ 9 < A = \ o o ~ a 7
Sulfate) NANUANTUT08AT 5 111U 5 ABUNANTANEINDIINIAI0AVDID 10 INAINDT

Y]

4 Y A 9 = aa = I3 (% EY )
INaaaAaIoeas 18 maﬂl%mﬂmmaummﬂmmﬂcﬁmfm”lam@ﬂ"l,cmu,ﬂumﬂimuuazmm

daanasdovaz 65 tieldas Imaenlaason laauas Inunadeonleason laaidludinszdu

e o oo A X g Y qv a IR W E oA
uazwuNMadanNIuSesaz 4 i1 ldas ImAeulaason lamitludinszquiissodiufen
2 H & ' J i 0 { A '
Wuduurennisldasimdenlaasen lamissndrunsriildlassadnniyoudony

a o [ 1 [ g}/
(Cross-Linked AluminoSilicate Polymer) ¥949 1o Inawmes bifssaza1slumnaoniegaduy
' P A = a o’dsg Ty A 9 A I
anuasnuaeanmiiwndovssd Te Inawesyuegnuinnmadenldaisazareiinnuiu
i I o 9 o Y a 3 o = Yy 9 ' 1]
A19 (KOH, NaOH) 1iusanszquihlfinanmsuiedisiudannududuaeiniedionnns
v I o ' (% a s <
naaoanu N IFa1TKOHIazNaOHT uAInszq UMz 189 To Tndwes Aianuuiawsa
' a A I J 1 ¥ o ' a s
Woon11d 1o Inawesn 1¥a1sNaoHTuA N sz quod1ufendnndinn i Te Tnamesn 1aain
< v o . H
nM31¥a15KOH  nazNaOHHudInszquiIdliarsazatoAlkaline azaroiuoglu

Y A & A [ 9 Y] ) o 1 = Y
ﬁﬂ?WLL?ﬂﬁ@Nﬂlﬂu!ﬂﬁ@“BﬁW\Iﬁﬂ'lflllangW‘]Jﬁﬂ51'5'1'3(11!@'3@EJTQ@ﬂﬂ'JﬂLLﬁgéﬂ']ﬂﬂTiV]ﬂa@Q



1A a Sq Y = d 1 = oA a ds! Yo
wud lo Indwesnldas Imdeon laason ladodrufemazunngungigaiuazildmas
o A X 9 A ! A o
dANNIUIDBaZ4-12(pur0g I uasazatnansaia
113) 1984 Ohsawatazame [10] lTavuausItmsvmlsuiumsiilgnseveudioiu
a o { I ] a a
aululawsadud lasmslsasazarentanuilunsamsunsalalasaasan (HCI), n3an
Y 1
AAN(Picric Acid) agnsa lyanean (Salicylic Acid) TasAsoguuauyAgIuNNoYMAGID 1Y
A Ao Aaan 9 A 3 Y1 1 Y 1 A Ao 1 o
Aunvinlgnse ldudrezazaelumsazmeniinnuilunsaldieniudiaurungs luh
Aaaa 1 a o S Y A Ao aan Y kS 9
Ugnsemamsnageunun lumsimszrmdlsunasdiouiuiilgaser ldudniuns 14
A A g I v o Y I A Y ~
AsANAAN + umuea + Uuduaamazare raunvine lsianudeauuvsananis
9 =) Y = 9 @ ' Y Aa ' 9 A
naaeIteieIdneas 0.23-0.55 FIN13 1ENTAaIna lvinanIsnageunanlgnsamnae
(HCI) uaznsa lyansanegnann
Y o =< Y o . =
Alonso tiegPalomo [26] u],m/l1miﬁﬂ‘]elﬂﬂ’iﬂﬁiN’iZﬂ‘UImafm (Microstructure) U949
a 4 o a Aanan [ 1 a 4 7 o 1 a [
To Indwesmasvazinaljnsennuaevesi lo InawesSmuanamdiouiunuilae
' [ a I [ @ 4 o ] A $
dauun Tuanaveusiourwdunsanau (Spherical) yu1aa 199 Auiiognia Iaga19zisun
& a I ] 3‘.: = 4 )
yalaganilauuiivesnsanavtazvegeonilug lnganiuulxdey lsason laaazdn 11
Y Y
o Aaan o Y] a v v @ [
Moy tazyilgazemaimeuentazelunsnanNUUNANITTUAINUIULTININNITY

< ' = "o & o a /A Y] = Y
MAVIIYISITUIDUNIANITINANNINTADY allﬂ“lu!,umﬂaiwamesmzmuamazumﬁw
o A % 3’/ [ <3 = a 1 ~ 1" o Aaan dy G

’JLGI)"E]NTfJ\‘]ﬂ‘Ll‘L!’f)ﬂﬂ"lﬂuuﬁ'ﬁ!ﬂﬂlﬁu'ﬂ \‘]‘JJLﬂWﬂTUWuUNﬁ'Ju‘VIlliJ‘ﬂTLI{]ﬂiﬂ"lﬁlulu@‘llﬂ\ifﬂi’ﬂiw

IR W 1R Y 1

= < a A o "o Aaan A a Y
LUB TN Qﬂﬁﬂﬁﬂ’l&lﬂ!%!ﬂuﬂi\iﬂﬁuﬂQ“INL'OTﬂTL!‘ﬁu‘l/]fNUl‘iJ‘Vnﬂg]ﬂiEJ'lﬂz‘JJﬂﬁﬂmiﬂﬂu@ﬂ

DD

Woy TwriauazaududuY0Ia1, YUIABYNIAVDUNIDTURY, T2821101NTUULALIS

2he

= 1 9 = an =) a 4 o 9
NANLAZIIANTANKINUNMS MFa15azae Ts@aeusamna lunsHand o Inawesuaz i
oA A = I ] a A a caa A & =] Y
Tunnguuigussesruaaidomiunal 20 1 luunad lo Tndwesnliotuniinadion

A4
nyzanuazitieNavuave
2ATA A1NIM AL 1AANNIDNTNAVDINIAISUUTIOAVDIAUIUTIINTUNN

~ 4 4 9 9 asn Y Y= 1 9 a =
uaAFINAS luAuaziiIaosR1eIsuRIdaitlon wua1e1gMs InuuesaumilemannIn

= P s v A b ) v A
upasseuas luauazidiaessziaidmaeanasanun ACI (1990) tag U.S. Army Corps of

o 1 0o o w a J J

Engineers (2004) 1H21171A1898AY0IAUINTEINTUNINLADIFINATS PUAIZAADIAINNT
] Y v 1
MUATUUDIIUIUTO VU AN TTIaaulsn s aeso s8I aNurU LI ULaL AT
a aan . a =\ = 4 4 =) ~ a
1AAUN381 pozzolanic TuAMMleMTUMINUAAITENATT LU tazSuuizauye Ay

= = 4 4 9 T 9 9 o w
LﬁufJ'JWﬁlIfﬂﬂLLﬂﬁL“D’EJJJﬂTﬁul‘]JﬂLLﬁ&ﬂWJﬁ’E)ﬂ@QVIﬂﬁ%ﬂJWﬂli@ﬂﬁg 7 HaE308ae 20 AUl



20

v o v A

= F) A a 1 Y o 1 1 =Y dy ~ Y
Usuauorasenuninuazdina lvnmassuussoaiamanad muUsuaanusunvngayay In
ANAIDAFIGA

aov 1 o a 4 a .
NuITBaIgalun13a To a9 1nAUAZ NOU(Sukmak and Horpibulsuk, 2012)

[ a J @

Y 1A a o =Y ~ o Y
waaalvimunauazneuluniImedema lulagaguisausoiunlsduingavsuny

q

s ) = =

wouidulumswaaizedlo Indwesnlimawwatazanuaanugs (Mawalin1ged 12 D9
1 = %} . a <
14 MPa)Wan5AnBILaaINnUSuiaimunz au(Optimum water content) 1UPTHAALADND 1D
a o 1 ] { 2 1 a =
Twawesia lun/dsundamulfinadindurazlsnanazanududuvesasnszqu
1 { 0o A a 4 [ 1 . 1w
drumduiinzanlumsiauaznoud To Inaw o570 0A51821Na,Si0,:NaOHINAY 0.7
HazdATIdIUTENINDINTEAUADIG 808NN 0.6 guugl NIz Ay luMIHAMMIND 75
=~ 3 o
parnirama il i 14897 Tu
a = ] I 1

nagnuYeInslszihuasnais azneuaulszihiauisoutseenilureigg

TagLaaznaNonI1aIUUBY Ysand: Ysilt:%eclay 91901 119299 9u Y%sand:%silt:%clay (M1
4
v a ' I a 1 a
21.49:44.46:34.05 NanvazveuiioAutunawasuIMazidea HuausHauALmiien
Pnadunseingaoudiege Tuaegga1uines %sand:%silt:%clay 191101 66.05:29.20:4.75 1)
[ dy a I a ' a a ~ [ 1 Y
anvuzveulafuneIy uauswlunsie Usuausunisingge uazluyegquas
4
[ Y a ' <

%sand:%silt:Y%clay M0 65.64:24.09:9. 47 anMzveuHpAU WA UL NI 11U
AunIerauanIIY Usnasunisingilunais-ge lunngelsualiganilugig 49-58%

a 1 I~3 ] 1 a 1 1
uazazgmuﬂumq 29—35%%'Iﬂ5"IEN"I°Ll%$L1’Tu’31ﬂ311lllﬁﬂ¢]'l\‘]“ll’f)\1@$ﬂﬂuﬂuiullﬁﬁgq@.’ﬂfﬂﬂ

< 9 o
mu'ldda



UN 4
=K a d
NamMIANE Az NAIZTiNG

Pl v
untazinauenan1sany puaulialesdu quauianiunivesduaznou
9
Y v Aa a J
ﬂi%ﬂ?tlﬁglﬁj'la@ﬂ mnuuuﬁmwamsﬁﬂmmﬂmaﬂﬂumﬂauﬂszﬂuﬁ’m@ﬂﬁaiwamaﬁ
Y o =< a Y = a 4
?jﬂVIWEJMWLETL!’E)Nﬁﬂ"lﬁﬁﬂkl”lﬂ?”lﬂﬂ\‘i“l/]u“ll@ﬂﬂuﬂgﬂ@uﬂ’ig‘ﬂﬂﬂ"lﬁﬂﬂﬂI@IWﬁLNﬂi!Lﬁz

=} o a o o
L‘LGEJ‘IJL‘V]EJIIﬂﬂﬂ1ﬂi§1uwaﬁﬂmcﬂQ@]ﬁ1ﬁﬂiﬁN (Won.)

41  puenlnuguvesduazneulszihuazidiaes

a < a %’ I~ Aa A< 1 o 1 a
aznauANUIIN Isananiinlszithiavy dudunmnuunyegary diedieau

ﬂigﬂﬂﬂﬁlﬁﬂﬂi'lﬂgﬁ)ﬂﬁg 0.12 aumﬂau%’aﬂaz 99.72 uazaumﬁm%}aﬂaz 0.16 uazﬁm
1 ° [ ~ o w (] I a o w
AITNUDINIUNITININD 2.61 Gllﬂﬂ']ﬂﬂ!?iﬁ')%}’ﬂﬂﬁg 69 Lla$hlilflﬂ311llﬂu°wa'l’ff§lﬂ ATUAIA Y
' = S a A A '
T;T'Ju'].]33ﬂfJ'Uﬂ'NL‘ﬂiJLLagﬂ']'iﬂﬁ%ﬁnﬂ“llu"lﬂsllﬂ\‘]Luﬂﬂuuﬁﬂ\‘]ﬁluﬁ13']\‘1‘1/] 4.1 L!ﬁggﬂ“ﬂ 4.1 HNDY

[

MAVIYDINZNDUAULAAIAIFUN 4.2



28

100 —
- 80 -
= |
5}
o 60
=
g L
o 40
=
O
Q_‘ L
20
0 1 IIIIII 1 IIIIIIII 1 11 1 1 111

10 100 1000
Particle size (um)

{ S A
Eﬂﬁ 4.1 memiﬂizmﬂﬂlummmLuﬂﬂuLLamﬁ}m’aﬂ

[

H 9
ia0e (FA) 110159 TWihusdnng Sandadiln Aldluauisell Iaaauiananil
aaaaslua1snd 1 wasauvesdSuusig Sio, ALO, uag Fe,0,iMNusooas 67.31 9
o 3 . 1w
fuumilu Class C AWNIATFIU ASTM C-618 YUIAMABYDIDYNIA (D,,) VBUR1ADININY
9 A & Y Y
15.17 lupsou mansznevaveseymadiaoouanslugln 4.1 ¥3ldannmsnaaeudie
Laser particle size analysis A1AI118299UNILUBAUTIAUNINDY 2.53 MINA1WAIG9IVE18 FA
A J o w <3 Y
naaslugli 43 annslnisnszaisyuiaveseymanazN NG IeMaIe1s dziHY 1811

a < 1
61élﬂ1ﬂellflx‘1§5]$ﬂfluﬂuﬁﬂlu1mﬁﬂﬂ’ﬂfl‘1§ﬂ1ﬂ"ll'ﬁ')\il,igﬁaﬂEJ



{ A a 9
GﬂiNﬁ 4.1 ﬂmﬁﬂﬂﬁﬂnmﬁﬂ]@ﬂﬁgﬂ@u@u taglnaoy

Chemical composition (%) ATNOUAU iHaoe
Sio, 67.33 47.51
ALO, 2247 13.14
Fe,0, 6.15 6.66
CaO 0.68 30.24
MgO N.D. N.D.
SO, 1.04 N.D.
Na,0 N.D. 0.41
K,0 1.26 1.63
LOI 0.78 0.42

. L
- R
1 = :

L 4
SElI 20kV WD30mm SS45 X500 l% <

1376 ¥Oct 30, 2013

517 4.2 mmoelassadegamavesduazneulszih



30

= 1 ) Y
gﬂ‘ﬂ 4.3 ﬂW\m181?15\1651\1@?1511?]5116%!61?108

4.2 NaNINATIUNIUADA

{ [ o 1 1 @ 1 { o 1
g'ﬂﬁ 4.4 HFAAANUANNUITIEHIWANUUUILUULALDATITIU L/FA ﬁ’f]ﬁﬁ’]ﬁ')u
. 1 [ v Jo J I g o ' a
Na,Si0,/NaOH 91149 mmauwuﬁmﬂmmJ‘uEﬁlayawu;@miumsm‘%&mmemﬁmﬂauﬂu

a J o 1 1 {1 o ) [
Uszih-daeedlo Tndwes oasiaiu LFA muzauiia)szsuaasinny 1.6 dmsunn

=

1 1 %l Y] @ a 1 4
9A3187U Na,Si0y/NaOH wihermingegaulsiuaniSumaisnszquuaziiaigeigan

Q

Na,SiO,/NaOH 11111 90:10 1taz NoAT1aIU L/FA 1N 1.6



31

Na8i0; /NaOH
| | | | —a— 50:50
-A-  70:30
18 |- --0- 80:20
-~ 90:10
I —k— 100:0
; - 17.30 N’
= 17 |10’ |
o |- -
; 16.82 KNm”
= 16 —
15 | | | Y | |

= o 1 1 a v )
711 4.4 asnimsvagavesdiunanszrINazneuaulszi-iaesmInIzY

43 mMInaaeuMaIdaneIgun 7 I

o v w a

5U% 45 naasmansznuvesguuginudoulunmsuuaemdidavresauaznou

U Q

s o I

=Y 1 % 1 % -7 o v
ﬂizﬂw—zt’fmaﬂ‘%Teiwamamamwmu L/FAIMNUL6 (MUIIUINUNTIFATINTUN

U a q

93189 Na,SiO,/NaOH) d1%5U8A31891 Na,SiO,/NaOH 111171 100:0 90:10 80:20, 70:30
10 50:509WUNYUUNINIAD 65, 75, 85 1Az 95°C UALTLHZIAIUMNING 24, 48,72, 96 11120
&) [V~ 1o o W Aa 9 = Aa s A X

¥ lyawanagouLaad IHuNMaeaveInsnavaulszi-tiaed To Inawe s INNTUA Y

A % a4 2 = ' % ) 9 A ' 9
’iz8313?11%1J3J1M@@1J1/]LW3J%1!%1J€1ﬂizEJznmuuﬂlug]@mmﬂU 39U lﬂ@ﬁgﬂgwa'lﬂll‘lu@j@ﬂ

wunM 3 umaesaiiauneuazmnd msunnoas1dIu LFA nmsnamaioangugi

@

nazszoznatnludeuae mlsduediunnmuens 1@y Na,Sio,/NaOH a15aza1y NaOH

[ 9 A Aaa 4 a 4 9 A o aAan
‘VI”I‘WuTﬂslfgﬁ3@’118"]5ﬁﬂ”|@@ﬂ‘l%’ﬂLLﬁ$@Q3J°L!”Ii’)f’)ﬂul‘ﬁ)’ﬂﬂﬂﬂ%?ﬂlﬂ?ﬁ@ﬂLW@VHﬂ{]ﬂﬁﬂT

]
=1

Geopolymerization fUe5aZa18 Na,Si0, 131181 NaOH fidunu 11ve luiisaneaen1svz 4@
I'4 a 4 1 a o a
neen laauazegiuieon lad uamngunullviuiiadiassnanisuan (Sukmak et al.,

2013a wag 2013b) mamsAnwtuaaalfiiudIe19ions1dIU Na,Si0,/NaOH 1WA

] '
v v [ o v o

Yo < & [ 1 A Y o ! Ao ~ Aa a
90:10 Glﬁﬂ']ﬁ\‘l@ﬂqxiﬂq@ Wﬂlﬂu@@ﬁ’]ﬁ?uﬂiﬁﬂ@ﬁ’]ﬁ?u L/FA NUANALMAININGA ONTNQ

a 9 1 [ o o o w a 9 =) a 4 9
GUE]QQ‘EI!W{]Nﬂ’J”IiJi’E)uﬂl'Llf‘l”lﬁﬂllﬁ@f‘l”lﬁW%J'lﬂﬂWﬁQ@ﬂﬂ]@\?ﬂuﬁzﬂ@ulﬂWﬁ’ﬂﬂ‘ﬂI@IWﬁmﬂﬁﬁ§ﬂqﬂ

Y
v v W a

o a s A 2 A 2 A <
Qﬂ maaamamumﬂaugﬁ'waaﬂ?JTBTwamaimuﬁummﬂmwuﬁummqmwgu IUNTTNM



32

[ Y

a I} 0o v w a a 4 U 4 a 1
UHYUININUY 85 C ﬂWQQEJﬂlefNﬂu@]gﬂ@u-!ﬁﬁﬁﬂﬂ%jﬂiwaIJJfJ'iﬁﬂWﬁﬂa\‘lLﬁ@Qmﬁﬂ“iJNWﬂﬂ’ﬂ

)

o

Qd"o A o = 1 9 aan . .
5°c quuginaunulyl (65 nag75°c) hifisaneaonsnszquilfnien Geopolymerization

oo

A a ) o Y a (Y ] v v ! Y

qmwgwqqmu"lﬂ (95°C) mwﬂmﬂﬂmﬁaﬂawawmmaﬂum@snm‘uwau uazmwaﬂlw
v '

Lﬂﬂﬂ”l'ilmﬂ%jnéllﬂﬂjﬂiﬂﬁ%jﬁﬁﬂﬂEJN(Sukmak et al., 2013a Uagb) AAUU Qﬂ!ﬂgﬂﬁlﬁhﬂﬁﬂ

TumswseuaI19619A0 85°C



—O0— 65°C —&— 75°C —O— 85°C —€— 95°C

15 H Na,SiO3;/NaOH=100:0, L/FA=1.6 -
10 - -y 0
S5+ VA -

Na,Si0; /NaOH =90 : 10, LIFA= 1.6

o
)
o

(e
-

H Na,Si0; / NaOH = 80 : 20, LIFA = 1.6 -

7 - day strength (MPa)

0 1 | - 4 1 | 1 | 1 | 1

1 1 1 i - 1 1 T I T

15 Na,SiO;/NaOH =70 :30, L/FA=1.6 -

10 - -
5+ % -
0 1 | 1 | 1 | 1 | 1 | 1
0 24 48 72 96 120 144

Curing time at ambient temperature (days)

517 4.5 wansznuvesguuginnuioulumstuaetasdavesauaznoutlszi-idase

o Inawesnoasaiu L/FA 10U 1.6

33



34

a d
44  anuaInuvaInuazneullsziludiasadlel wames

1) Y
MINATOUANNAINUATNITNINATDIVDIASTM D599 LﬁﬂﬁugﬂﬂWﬁl@%ﬂN@)@ﬂTﬂ

o v w v

1 o ¥ Y o ]
ﬁJfJﬂﬁamLﬁ}ﬂuLmazs@U lﬁ’%EJmﬂ1maﬂuazmqaﬂﬁﬂumuﬂmmm@EJN NONITNATDUY
o [ a o J <] o 3 @ H
‘Ll']ll']L‘]_ld'iﬂ‘]_lLﬁfJ‘Uﬂ‘]JlI1@]3:12'11!Wﬁ@'Iﬂﬂ!WIQ@'Iﬁ']ﬂﬂﬁﬁllﬂ@Uﬂd'i@‘llﬁ@ﬂﬁUHTWUﬂﬂJ@ﬂ.57-253O (¥u

a o 4 <] 1o 1 @ .
ﬂﬂ!ﬂTWﬂ.) Lmzmmgmwammmqmmﬂﬁmauﬂ?ma@ﬂ"l,m‘umwuﬂ U9N.58-2530 ‘?]ﬁ;’\i

0o w @ A1

) 1 o o 3 go} % LK
sz ldmhasdaiin ludesna 7.0 uaz 2.5 wanzithaaa dwsuaeunsasuinminuas lusy

?:’ v o w = %’ d‘ Yy v 1w Ta 9 d'
HIUMUD AUaIaY LLEIZﬂ”I3f}ﬂ“]ﬁJ‘Ll?‘ﬂEJf’JlJ(lﬁllﬂWmWﬂU”hJLﬂuii’JEJﬁg 14.29 gﬂ‘ﬂ4.6 LA

U [ )

o v J o w [ a
ﬂﬂ?ﬂﬁuwu‘ﬁﬁgﬁﬁﬁﬁﬂ'm\?@ﬂﬂ‘U’i]']l!'Ju'i@‘UﬁﬂTJgﬁJﬂﬂﬁﬁﬂllﬁl\‘]m@\‘]ﬂuﬂgﬂﬂu‘ﬂﬁgﬂ']-lﬁ}']a@ﬂ%

[ 1 a

ToInawes NOATIEIU Na,SiOy/NaOH 1M1 90:10 1agATIAIU L/FA MR 1.6 gungil

U

UWNINY 65, 75, 85 1AL 95°C  LATITLHLIAIUNNINDY 24, 48, 72, 96 uaz 120 314
Y 1 o v o Aa k) ~ a 4 o

nanageuLaad IvifiuIMaIoavesaznauanilszi-o1aesd To Inaiwesanaan1ud LU

~ o ¥ a4 & X = = o Y A 1w A

FOUNTNATOUAN LV INTAVLHINANVY UDIaN M onaauuriaimIn 6 50U 11D

Suseumsnadeuanzilonaauudannndl 6 sou Mawaliaunovazah dmsunn

a 1

QUNYUIALITHZIALY AIDINNYUNYTUNININDY 85°C HAZIzEIAUNINAI 72 FI T34

L] U U

Tnmaswagegalugndauseudenaduuis

[

o [ a Y ~ a o =~ (% 9 T W
MasoaveInznouanlszii-diaeed e Inawesnanzilenaauuiauniny 12
[ [ [ o @ <3 K] %1 v [ 1
soU UAMgInNAIAsIUdMIUAUNIAUARN FUMIN (2.5 wanziheaaa) yndadin
Y] g’/ 1 [ < a a 4 I
Wy ety 2ana1n lanudenaznauauiszah-diassd le Tnawesamso lfiluaounia

< A K 1 @ 2 A 1 =~ o Y =2 o 1
']Jai’Jﬂ‘Vlhllli‘]_IUWiuﬂ FINAMMUNUNUAD TNV nFAVUHININDY 12 50U dAdIUUDI

[ 1

a 9 ~ a s 9 o 1 ) [ =) I
ﬁgﬂﬂuﬂuﬂizﬂT-Lﬂ”la@fJﬁ]T?JIWﬂLlI@S%iﬁﬂiaﬂ’ﬂﬂq\iﬂ31?’1”I‘JJW]?;@TH?TTHTUﬂ@UﬂiW]Ja?Jﬂ

9
v o Y

ihwiin (7.0 wnnzilania) ABSATI1AIU Na,SiO,/NaOH 191111 90:10 1aZ8A3 18U L/FA

a

1w <3| ' ' [
iy 1.6 meldgamgiv 85°C Tudeuilunarlidesnd 3 Ju

< 1 a a 4
NafﬂiﬁﬂBillﬁﬂﬁiﬁlﬁui”lﬂfﬂﬂﬂx‘]ﬂuﬂlﬂ\‘1@8ﬂi’]uﬂu‘ﬂ’iz‘]JT-L%TE’I@EJ%I@IW@LN@?LL‘]J?

1 901 A .. 1 @ ¥ 1
AumumaealuaniigusinGudu (nitial soaked strength, ¢,) W38NA1IDNUENIIIN

'
v v A

o 1Al X 1 a9 Yo Y 1w = 1o Ay v
A0INNINTUNNAIURANN ARG NALINAUIZTANUAINUIMIAY wanadou 1Al
o a 4 4
APANADINUHANIANHIANUAINUVDIAUAZ NOURTUNINLAAITONATS 1UA (Kampala et al.,
v A a s o [
2014) Mg iiedy, , , vesauasnenlszih-dased Te Indwes N 1uanseuidlonadunis
1 =i 9 U [ v J 1 [ 1 @ o ~
19 Jatlszina ldanag, wasanuduiussenindasidiu g, /g, nuuuseuiiln

v Y =2 g v v A v o [ a T W A
AAULNI (¢ mgﬂummﬁnwu‘ﬁmﬂ’muﬁmmnﬂqmwgmmzszazummﬁm‘lugﬂw 4.7



35

[ o 1 Yy s d AR o A
ANVAVIUTIENIN g, /9, 002 c Asadszuna lddrelansudennsnuasaumsi

4.1)

Q-g/9,0~ 0-834-0.0717 In ¢ (4-1)

l
=

4 < 1 1
Wodulszansiseanima (Coefficient of correlation) UA1NIANIT 0.90 dUAITN (4.1) 1
4 [ o @ w a a P o
5z Temioanannlumsdszuamaswavesdauaznouilszal-1idraed To Inames N 1w
= [ Y 1 oA o v w =Y A Y
seuAlenaauuemIvialenI1MaI0a luanzdlensuau

- Y] o Y =S so' v @ o ~ @ Y
gﬂﬂ 4.8 LLﬁ@QﬂjWﬂﬁuwu‘ﬁﬁﬂﬂﬁ3ﬂ’]ﬁﬁ;fﬂ]uLﬁﬂu’]‘ﬁuﬂﬂU%1u3uﬁﬂﬂlﬂﬂﬂﬁaﬂllﬁ\1ﬂl@ﬁ

s

auaznoulszih-diaeed lo IndesNoAs 199U Na,Si0,/NaOH (M1 90:10 1azdaT1dIU
(Y 4 o 1A 2 ] < A =1 3

L/FA 510D 1.6 Mygadeivinla unuuedasiaGiaumsmuyuvessiuiuseuilon

Y] 9y 1 A o = [ Yy a v = %,' v A

aauunalue 6 seuusn WodIUTBUA)ENTAULRANUNI 6 59U MIFYTIUIHTANM

NOVILAINAMTUNNYUNYNLAZIZEZINUN FIADAAZOINUNITANAIVDINIAIDAVOIAU

a o

Y = a J o oA 1w ) T 1
aznoullszih-m1aeed lo Inawos AIDYNNYUNYUUUININU 85 C LASITTILLIANIUNNINNIN

QU

o a 3 ) { % < A
72 $2lus mamsgydeimindesige (Jsznmdesaz 25 Fadwiluguugivaz

1 Y
v o A =

" AqQ Yo L A A o I = a o o a
53ﬂgnﬁ']‘lnﬂ/]GlﬁﬂTﬁQ@ﬂﬂq@iJQlTUﬂu Lu@\ﬁ]']ﬂwaﬂﬂm“ﬂell'ﬂqﬂiﬂjwaluﬂﬁqﬁlcﬁsﬁutﬂﬂﬂlu

a ]

pg N ENY TR NYUNILAZTLOLIAILNAINGT

QU

4 [ (% 4 1 %’ (% [ So' a
51N 4.9 naasnnuduiussznieiesaznsaaFuINUIZeZIA YUV IAY
9 ~ a S A w 1 . 1w [ 1
aznoulszii-iiaosd To InGwos N9MI 189U Na,SiO,/NaOH (M1 90:10 Hazdns1aIU
T W { [ { ) a 1] 4 < o %} o
L/FA 1M1 1.6 N191gN13117 28 T 1103 FIUNAANUNYATIHNITUADUNIALADNTVUINID
90} 1 9 @ 1 ]
wen. 57-2530 3213 0eaznIgAFNIIAINANUHUIMUUYBINDUAIBEN HANITNAADINDT I
1 9 @ ] [ H a A o U 4 1
AMUNU I UYDINDUAIDEIA IR ALY ST 16 D latlduapgnUIAnLAT (HoanI1 16.48
a a o 1 4 . Y] g’; H 1 < { v 1
n latAuADgNUIANINAT) FIATINUFUADNIN N NTZYNABUNIAVABNNLAIANUHUIY
9 v a A o 1 o 9 ul A %} 1T Aa a [ v 4
dooann16.2 flatlduaegnuianuas aeeliainisganauiii lumu 240 nlansuaegnuien
9 A 9 = ¥y A EY A 2 ~ 1
was Govay 14.3) 31N 3.9 taaidosasn1IgATNUUNNIUN UM INVIUYDITTZIA Y
901 o [ a ] 9 =S gu} a 9 ~
MdmSunnguvgiuazszezIaILy SeazmIgadninvesaunznoulszih-iiaosd o In
dwestadmnndeiuadiniuguugiuidind 95°C @edlnluaeguugiiguay
A o & a & v = 3 a Y
WU (95’ Hunannwny 72 $31u9) Josaznisgaduivesauaznaulszi-on
~ a =W v Y aa a o Y o v o
aved 1o Inaweslmgunizmstuaisguuginguazunsnu llhldaearanadag

a 9 [ a s A =2 = &l o 1 v v
Lﬂﬂﬂﬁl!@]ﬂinigﬂﬂll?JIﬂﬁJm@i Lu@qmﬂﬂ”lsqm,mﬂﬂimmmmwiumammuwau
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Durability against Wetting and Drying of Water Treatment Sludge-Fly
Ash Geolopolymer

W. Samingthong, S. Horpibulsuk & C. Suksiripattapong
Suranaree University of Technology, Nakhon Ratchasima, Thailand

P. Sukmak
Walailak University, Nakhon Si Thammarat, Thailand

ABSTRACT: The viability of using two waste materials: waste water treatment sludge and fly ash (FA) for
developing sustainable masonry units is investigated in this paper. The water treatment sludge was from the
Bang Khen water treatment plants of the Metropolitan Water Work Authority of Thailand (MW A) and fly ash
(FA) was from the Mae Moh power plants of the Electricity Generating Authority of Thailand (EGAT). The
durability against wetting-drying (w-d) cycles is an important parameter for service life design of the masonry
units; however, studies on this aspect to date are very limited. It is proved that the sludge-FA geopolymer
with a suitable heat condition (85°C for 72 hours) can be used as both non-bearing and bearing masonry units.
The w-d cycle strength is dependent upon the initial soaked (without w-d cycle) and the w-d cycle strength
number of w-d cycle relationship is represented by logarithm function. The proposed predictive w-d strength
equation facilitates mix design to attain the required strength at a target service life, which is very useful for

civil engineering practitioners.

1 INTRODUCTION

The increasing demand of treated water produced by
the Metropolitan Waterworks Authority of Thailand
(MWA) and in similar water treatment plants
worldwide, has resulted in increasing quantities of
sludge by-products generated annually. For MWA,
the water treatment sludge is generated with the
maximum capacity of 300x 10 m per day in the dry
season and about 700x10° m’ per day in the wet sea-
son. With the continuous increase in water demand
due to growing population, the quantity of water
treatment sludge is subsequently increasing at ever
increasing rate and hence the urgent need to find a
sustainable reuse option for the growing stockpiles
of sludge, which in the past have been disposed to
landfills.

Alkali-activated alumino-silicate cement, known
as “geopolymers’ has become increasingly popular
in recent years as an environmental friendly alterna-
tive to ordinary Portland cement (Davidovits et al.,
1991). Geopolymers are furthermore touted for their
high performance (high strength and durability), low
CO; emission and low energy consumption. Silica
rich materials such as clay or kaolin (Buchwald and
Kaps, 2002), fly ash, and bottom ash (Davidovits et
al, 1999) can be used as a precursor to react with the
liquid alkaline activator.

Sukmak et al. (2013a and b) previously investi-
gated the possibility of using FA as a precursor and

silty clay as aggregates to develop the clay-FA geo-
polymer brick. The 7-day strength of the clay-FA
geopolymer is greater than 10 MPa, suitable as bear-
ing masonry unit according to the Thailand Industri-
al Standard. The strength requirement is 2.5 MPa for
non-bearing and 7.0 MPa bearing masonry units. It
has been illustrated that the durability against sulfate
attack of clay-FA geoplymer is better than that of
clay-cement; i.e., there is no major change in the mi-
crostructure and pH of clay-FA geopolymer when
exposed to sulfate solutions (Sukmak et al. 2014).

This research investigates durability against wet-
ting and drying of sludge-FA geopolymer to ascer-
tain its performance as a masonry unit. FA is used as
a precursor and a mixture of NaOH and Na,SiO; is
used as a liquid alkaline activation. The geopolyme-
rization reaction is accelerated by appropriate heat
temperature and duration. This research will enable
sludge traditionally destined for landfill to be used in
a sustainable manner as an aggregate in geopolymer
masonry units, which is significant in term of engi-
neering, economical and environmental perspec-
tives.

2 MATERIALS AND METHODS
2.1 Materials

The sludge was collected from the Bang Khen water
treatment plant of the Metropolitan Waterworks Au-
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thority of Thailand. The sludge consists of 0.12,
99.72 and 0.16 percent of sand, silt and clay, respec-
tively. The grain size distribution, chemical compo-
sitions of the sludge were obtained from laser par-
ticle size and X-ray Fluorescence (XRF) analysis as
shown in Table 1 and Figures 1, respectively. The
main mineral components in the sludge are quartz,
illite, hematite, calcite, calcium sulfate and mullite.
The sludge is composed mainly of Si0; and Al20; in
crystal form. The specific gravity is 2.61. The liquid
and plastic limits are 69 and 0 percent, respectively
and the sludge is thus classified as a non-plastic ma-
terial.

i0m
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10 100 1000
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Figure 1. Grain size distribution of FA and sludge.

Table 1. Chemical composition of sludge and FA.

Chemical Composition Sludge FA
Si0, 67.33 47.51
AlLO; 2247 13.14
Fe:0: 6.13 6.66
Cal 0.68 30.24
MgO N.D. N.D.
SO; 1.04 N.D.
Na,0 N.D. 0.41
K,0 1.26 1.63
LOI 0.78 0.42

FA was obtained from the Mae Moh power plant
of the Electricity Generating Authority of Thailand
(EGAT) in the northern region of Thailand. Total
amount of the major components (Si0,, Al:O; and
Fe;03) are 67.58% while the CaO content is 30.24%
(Table 1); therefore, it is classified as Class C fly
ash.

2.2 Sample preparation

The sludge-FA geopolymer sample is a combination
of sludge, FA and liquid alkaline activator (Na;SiO;
and NaOH). The sludge/FA ratio was fixed at 70:30.
The Na;Si0+/NaOH ratio was 90:10 and L/FA was
1.6. The air-dried sludge and FA were mixed for 5
minutes in a mixer to ensure homogeneity of the
mixture. The mixer was stopped and the mixture was

activated by the liquid alkaline activator and mixed
for additional 5 minutes. The mixture was then com-
pacted under the modified Proctor energy. Once the
compaction curves were obtained, the sludge-FA-L
mixture at the various L/FA contents was statically
compressed in a cylindrical mold with 50 mm in di-
ameter and 100 mm in height. The compression was
performed by a manual hydraulic jack. The samples
were dismantled, wrapped within vinyl sheet and
then heated at 65, 75, 85 and 95°C for durations of
24, 48, 72, 96 and 120 hours. After heating, the
samples were subsequently cured at room tempera-
ture (27-30°C) until 7 days of curing.

N 8105/ NaOH = 902 10, L/FA = 1.6, 28 days of curing
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Figure 2. g, 4 versus ¢ relationship for different heating con-
ditions.

The method of cyclic wetting and drying test as
per ASTM D 559 was adopted for sample prepara-
tions. The samples were submerged in deionized wa-
ter at room temperature for 5 hours. They were then
dried in the oven at a temperature of 70°C for 48
hours and air-dried at room temperature for at least 3
hours. This process is referred to as 1 w-d cycle. Af-
ter attaining the target w-d cycles, the samples were
immersed in deionized water for 2 hours at the con-
stant temperature of 2542°C. Unconfined Compres-
sion (UC) tests were then undertaken with a rate of
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vertical displacement of | mm/min. The 1, 3, 6, 9
and 12 w-d cycles were considered in this study.

3 TEST RESULTS

Figure 2 shows the relationship between wetting-
drying (w-d) cycle strength, gu,.4) and number of w-
d cycles, ¢ of sludge-FA geopolymer at temperatures
of 63, 75, 85 and 95°C for 24, 48, 72 and 120 hours.
For all temperatures and curing times, the g4 val-
ue decreases as ¢ increases until ¢ = 6. Beyond this
¢, the strength reduction is insignificant. The sample
cured at 85°C with longer than 72 hours provides the
highest strength for all ¢ and regarding as the best
heating condition.

The gup.-4 values at 12 number of w-d cycles of
all the samples are greater than 2.5 MPa, which is
superior than the TIS standard for non-bearing unit.
As such, this material can be considered as sustaina-
ble non-bearing masonry units, which high durabili-
ty against wetting-drying up to 12 number of w-d
cycles. It is noted that the sludge-FA geopolymer
under the optimum heating condition (cured at 85°C
for longer than 72 hours) can be considered as bear-
ing monsorny units (g, at 12 number of w-d
cycles) > 7 MPa).

24 48 72 96 120 hours
65%C e 4 m Y @
75°%C o A O g O
85°C @ & v @
BC e 4 W v @

N3,8i0; /NaDH=90:10
1.2 LJFA = 1.6, 28 days of curing |5
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Figure 3. Normalized gy, versus ¢ for sludge-FA geopoly-
mer.

It is evident from the test results (Figure 2) that
the g,,.4 values at different ¢ is dependent upon ini-
tial soaked (without w-d cycle) strength (g,9) value.
As such, g, is used as a variable in analyzing the re-
lationships between g,,.4 versus ¢. The normalized
strength gu-a/guo is plotted versus ¢ as shown in
Figure 3 as previously undertaken by Kampala et al.
(2014) for Calcium Carbide Residue (CCR) stabi-
lized clay. The g, 4/q.o for CCR stabilized clay at a

particular ¢ is essentially the same for different CCR
contents and FA contents. The same is also found
for this study. The relationship between gqup.-a/quo
versus ¢ is unique for different heating conditions
and is represented by logarithm function in the form:

b —()834+0.072In¢
qa

with a coefficient of correlation is 090. Using Eq.
(1), the w-d cycle strengths of samples with various
heating conditions at a target number of w-d cycle
can be approximated once the corresponding gy is
known. The g, is simply determined directly from
laboratory UC test. Eq. (1) is thus useful for civil
engineering practitioners since the durability test is a
time-consuming.

(h

4 CONCLUSIONS

This research investigates the viability of using
waste materials (sludge and FA) for developing sus-
tainable masonry units. Results of this study suggest
that the initial soaked strength is critical for analysis
of wet-dry cycle strength of sludge-FA geopolymer.
The following conclusions can be drawn from this
research study.

1. For all heating conditions, strength at 12
number of w-d cycles of sludge-FA geopolymer is
higher than 25 MPa, which is acceptable as non-
bearing construction units. The optimum heat condi-
tion (85°C for 72 hours) provides the highest
strength at 12 number of w-d cycles of greater than
70 MPa, which is acceptable for bearing construc-
tion units.

2. The w-d cycle strength and number of w-d
cycle relationship is represented by logarithm func-
tion for 1-12 cycles. The proposed predictive w-d
strength equation facilitates mix design to attain the
required strength at a target service life, which is
very useful for civil engineering practitioners since
the durability test is time-consuming.
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