MIANHIAUANTANINENNIEZIATITTNYANAVBINBUNIANIAIL

v kY IS d a aa Yy
yagaiNaNiolIady "Ifiﬂuli’lﬂﬁﬁiil‘lﬂﬂ !!i’l%ﬂﬂﬂ%ﬁﬂ]

%4

M Inveni

a

a a dz | 1 4! = [ a a S v
InendnusiiiluauniaveamsanimuvangaslIyyiainssumansgulindia
U1 IAINTINIYE
wriInenaemalulaggsun’

= =
Unisanw 2556



A STUDY OF PHYSICAL PROPERTIESAND
MICROSTRUCTURESOF CELLULAR
LIGHTWEIGHT CONCRETE CONTAINING
FLY ASH, NATURAL ZEOLITE

AND NANO-SILICA

Khamphee Jitchaiyaphum

A Thesis Submitted in Partial Fulfillment of the Requirementsfor the
Degree of Doctor of Philosophy in Civil Engineering
Suranaree University of Technology

Academic Year 2013



MsAnHIgaNTANMINENNIezInsIai1sganInveINRUNIANIAIITAga)

k%

kY = d a an
HaNin1aoe “Iiiﬂllﬁﬂﬁ‘iiu‘lﬂﬂ !!ﬁ%‘l-ﬂi‘t!“lfﬁﬂ]

a a

a @ CZ o J J [~ [ %
wimnendema lulaggsuis eyiia IviuImedwus atuildudunilsuesmsanen

q

aunangaslsyaaupiiude

a

AUZNTTUMITOUINGTINUT

(7. A3.qudun Mewyagy)

1J5LFIUNTTUNT

(WA 93.55 %1 AudT)

S (= a a o,
ﬂiiﬂﬂTi(ﬂﬁniﬂﬂﬂiﬂH1QW81uWHﬁ)

@. a3.l3yan Iualszasy)

NITUNIT

A aw a
(3. AT ANTVY LUAIDINAY)

NITUNIT

(WA AT.IUTY d2e)

NITUNIT

a a Ao J 4 o A J
(ﬂ.ﬂi%ﬂ% auﬂﬂTHQﬂ) (5¢1. 9.9. A3. NUATDT %1uﬂ§$ﬁ16u)

59905 MIUAEIMINITHAZUIANT T AUUAGNINIT NI TUAAAS



A Iadeqil : msAnIguaniannmenmiag InsedssganinvenounsALIALN
iragamaudeee 31 ladsssuma uazu1 Tudan (A STUDY OF PHYSICAL
PROPERTIES AND MICROSTRUCTURES OF CELLULAR LIGHTWEIGHT
CONCRETE CONTAINING FLY ASH, NATURAL ZEOLITE AND NANO-SILICA)

s (= FR 4 A o d a aa 9
01158NYTNY1 : HBIANTANT10158 AT.FIIMY TUAT, 248 U1,

9 i1

Ay AAv J A = = ' o = J J
J1H39UY @]Q‘ﬂi%ﬁﬂﬂlW@ﬂﬂHWﬂ@uﬂi@]M’mm”ILG]fE]QEﬂ (CLO) mmﬂgumuumﬂaw

uaud (OPC) mermdranounaiongs (FA) 310ladss5u9a (N2) ez Tugam (NS) ae
3% PRE-FORMED FOAM METHOD Tagunudi OPC 119dud10 FA wie NZ lualSuia
10%, 20%, 1% 30% LAZUNUA OPC 119aIMa10 NS TutlSiar 1%, 2%, ua 3% Tagihmitn
YouTanoallszau anurundunilszine 800 kg/m’ 5@i1dau1§1¢ia‘5aﬂ§ﬂﬂizﬁm
(w/b) 11U 0.5, 0.6, tag 0.7 Anminuaulianianenin Insedsegania nadeunuautia
| wﬂ%ﬁ&tiﬂﬁﬂﬁﬂ”@ 3, 14, 28, 1az 60 U maammauﬁﬁ'gu 7 laun mi@ﬂcdﬁmf"l AREAYR!
anudou sToznaImsnedy Msrasude tazaumumuiionsluaisazarouuniiFo
FamlaZonaz 5 Taetimiin

[ [

HAINNITIVENUN CLC Nldaruman NS Iniiassunsedageninaiuney FA 130

[ [

1 H ° 1 1 <3 8 {
NZ uazdrunauily Nz Isdesuussdagandiunay FA 1antios F3msunuil OPC ae

[ [ (% [

NS Tuilsum twt% fiwb = 07 Tdihassunsedagege Taosiaesuusisaszanainiy
a d‘ Q‘ dgl d’do v @ [ 1 9 v A d‘ d‘
YTuaNungusWNLAY  tag CLC NUMAIsUUIIdanaudgainivia Insaunasi
<] { @ o ' 1 1
an msunuil opC MetaglosTaamihldanungusiw tazauaresi e naanal ua
l v E4 v v
ANUNFUAIT DTS LA ANUNTUIAVEY CLC IMBAUMNTEADUTINUMIunui uaz wb A
A &% o A4 A L : o q¥ a I R '
LAY Fannunguaaa s nmuunazdananse NI 1Y CLC Umsgaduihniuiy ua
a A A d? ! = o Y1 o a ) Y
YSuunnungusuimivandawadim Ivmduilsganinsinnuiouyed CLC anadlay
' 2 ' v Y
ApunsaNNan NZ dmdulszanimsthanuioudiga uazanuniumalmuiudinai
Y v % Y A dg} @ a A 1 I
Ionsimsnadmniaved CLC muaumuszavlsmamsunun odrelsamunisdszaiu
sawnuvesiaades Ivawi ldlulsmaimngaurgilfanszezinaimineds aadSuw
1 v 4 4 1 4 1
AUNTUITIY HAZAAVUIATOITNVOIFIMUANAS dIUANUNUNIUYEY CLC 1lousTu

ATarAEUUNUITENF AN WLUIOATINITVSIIAIVDIUNIAIDEAAAINNTLAVLT IS

Ay o 44 £ = = a =
Lmmnmmﬁ@;ﬂamicﬁmumwmmmz w/b Naaad lag CLC Anau NS TudSua 3wt%



v 1 Y Y Y
w/b = 0.6 19ATIMIVERIRGA FIHaNTzNUMaITU0IND daT1drihae Jagoalszaiu

Usunarlesema uazilsznn wisszauliunamsunuivesiaglos Teai

A A o =

A% 282034 1851 AU HUNANY
~ = A A P
1nSANHY 2556 A8UWD19156NUTAY

A A ] 1
AMeUFD01159NYTNBIT I
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PROPERTIES AND MICROSTRUCTURES OF CELLULAR
LIGHTWEIGHT CONCRETE CONTAINING FLY ASH, NATURAL
ZEOLITE AND NANO-SILICA. THESISADVISOR : ASST. PROF.

THEERAWAT SINSIRI, Ph.D., 248 PP.

FLY ASH/ NATURAL ZEOLITE/ NANO-SILICA/ PHY SICAL PROPERTIES

MICROSTRUCTURE/ SULFATE RESISTANCE

This thesis presents an experimental study of the cellular lightweight concrete
(CLC) with the controlled density of approximately 800 kg/m*® was made from a
preformed foam, ordinary Portland cement (OPC), high-calcium fly ash (FA), naturd
zeolite (NZ), and nano-silica (NS) with PRE-FORMED FOAM METHOD. FA and
NZ were used to partially replace OPC at 0, 10wt%, 20wt%, and 30wt% of the binder.
The NS was used to partialy replace OPC at 0, 1wt%, 2wt%, and 3wt% of the binder.
The water-to-binder mass ratio (w/b) of 0.5, 0.6, and 0.7 were used for all mixtures
and its compressive strengths of specimens at 3, 14, 28, and 60 days, water absorption,
thermal conductivity, setting time, drying shrinkage, sulfate resistance, and
microstructure of were tested.

The testing results indicated that CLC containing NS has the compressive
strength were higher than those of NZ or FA, while CLC containing NZ has
compressive strength was slightly higher than that of FA. The incorporation of 1wt%
NS with w/b = 0.7 had the highest compressive strength. The compressive strength of
CLCs were decreased with the increase of porosity. This suggest that the CLC with

relatively high compressive strength is usualy has the average pore size is small. The



replacement of OPC with pozzolan decreased the total porosity and air void size, but
increased the gel and capillary porosity of the CLC as a result of adding pozzolans at
all replacement levels and w/b increased. Which the water absorption increased as the
capillary porosity increased, but increase of porosity affects the thermal conductivity
of CLC is decreased, which CLC containing NZ had the lowest therma conductivity.
In addition, the gel and capillary pore increased as the replacement level increased,
which affects the drying shrinkage rate of the cement paste. However, the
incorporation of a suitable amount of pozzolans decreased the setting time, total
porosity, and pore size of the cement paste. The expansion of CLC due to sulfate
decreased as replacement level of pozzolan increased and lower w/b, which CLC
containing 3wt% NS with w/b = 0.6 had the lowest expansion rate; this effect

depended on the volume of air entrained, w/b, and the type or amount of pozzolan.
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A = Cross-section area

A = 99aAT0N (1 098ATON = 110 'm)

AAC = Autoclave aerated concrete

ACI = American Concrete Institute

ASTM = American Society for Testing and Material

Al O, = Aluminium oxide

a.u - arbitrary unit AoV1I0IAAMUITY (intensity) AT Sondiaoun iy
Taseadawan

B = Boron

BET = Brunauer-Emmett-Teller (cmz/g)

bar = M1 IAA1INAY (1 bar = 1x10° N/m’)

Ca = Calcium

Ca(OH), = Calcium hydroxide

CaO = Calcium oxide

CA = Tricalcium aluminate

C-S-H = Calcium silicate hydrate

C,ASH, = Calcium alumino silicate hydrate

C,AH,, = Calcium aluminate hydrate

°C = Degree Celsius

CLC = Cellular lightweight concrete w%’aﬂﬂuﬂ%mmmmaqdw

CON = Control mix

Cu = Copper

D, = Design density

dia, = Diameter ¥3oldurUAUINA

Dr = wesiFudmendeuuasnnuen
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Dr = HOANIE1 119N TAgUNYLl
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Thermal conductivity
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Square meter per kilogram
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Cubic meter
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Viwen = Volume of batch

v, = Volume of foam

W = Watt

w, = Weight of foam

w/b = Water-to-binder ratio

wi/c = Water-to-cement ratio
W/m.°C = Watt per meter—Degree Celsius
W/m.K = Watt per meter—Kelvin

w. = Weight of cement

wt% = Percent by weight

W, = Unit weight of foam

w, = Weight of water

XAS = X-ray absorption spectroscopy
XRD = X-ray diffraction

XRF = X-ray fluorescence

Zn = Zinc
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2Al +3Ca(OH), + 6H,0 —> 3Ca0.ALO,.6H,0 + H, (2.1)
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3N 2.1 YomMruaMUANUe UMY (ASTM C618-2001)

Class
Chemical requirements
N F C
SiO, + Al,0, + Fe,0O,, min, % 70 70 50
Sulfur trioxide (SO,), max, % 4 5 5
Moisture content, max, % 3 3 3
Loss on ignition (LOI), max, % 10 6 6

MUY : min = minimum, max = maximum
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M3 2.2 Gfl}f)ﬁ'muﬂﬂNﬂ18|ﬂ1W“UfNL5}1ﬂ'THﬁH (ASTM C618-2001)

Class
Chemical requirements
N F C

Fineness:

Amount retained when wet-sieved on 45 um (No. 325) sieve, max, % 34 34 34
Strength activity index:

With Portland cement, at 7 days, min, percent of control 75 75 75

With Portland cement, at 28 days, min, percent of control 75 75 75

Water requirement, max, percent of control 115 | 105 | 105
Soundness:

Autoclave expansion or contraction, max, % 0.8 | 0.8 0.8
Uniformity requirements:

Density, max variation from average, % 5 5 5

Percent retained on 45-pm (No. 325), max variation, percentage points 5 5 5

from average

UUIYLHE : min = minimum, max = maximum
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A A o 1 1 = Jd ) o 1
compacted concrete ¥159 RCC) Tﬂﬁmﬁﬂmuwamzﬁ31@ﬁ,umuummmaaﬂiuammau 1:
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4 2 1
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= @ Y = 1 9 6 3 A o 1 '
s2UUADUNIALADA (RCC) I¥naunsaneai1etlszana 5x10° m’ Taelidaaiunaussning
4 o 1 [V 1 4 ]
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J = 3
ADADUNTA 1 m
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S. = Compressive strength
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aaa [

= [ A A o'J d‘ 9 d’ o
LlﬂﬁL%ﬂh%mﬂﬂﬁi@ﬂﬂ%u‘ﬂqﬂﬁﬂﬂﬁwﬂTﬁ“VI 2.14 E’fﬂﬂﬁﬂ‘l’ﬂ‘ﬂgﬂiﬁﬂﬂ‘u

aa gy o

= a ~ Y ] == 4
uﬂmﬁmueqmum%mm MUFAUNITN 2.13 Ulﬂﬁlﬂ muuuﬂuwau"lamaﬂ"lcmuamammaﬂ

a

Ugasoduiailuuunilidoudanalawsa dsaunisi 2.15
4Mg(OH), + Si0,nH,0 — 4MgO-Si0,8.5H,0 + n-4.5H,0 (2.15)

=~ Y a A 1< a 4 . . A a ~
LLﬂaL“IiEIiJGl)'aIV\I@QN!UﬂﬂﬁﬂL@Wﬂi\ﬂ\?@ (Ettringite) NNAINTNNITN 2.11

o Yy 4 I 3w Y Aa v A (A A 4? 1 Y = a
inag 2.13 ‘VHGI,WG])'LiJumWﬁﬁ“VILL“II\‘W]’JL!%’I'JLﬂﬂﬂWﬁGIJEIWElﬂ'J NﬂiuTﬂiLWNﬂluﬁ\iNﬁiﬂﬂGUﬂiﬁLﬂﬂ



34

aay =

MIUANT I AIUFTADUVAUALUNNITOUTAINA 181AT0 MAAIINAUNITN 2.14 1AL 2.15

[

o w <3| A (=) I = A 9 Yo =
ATNAIAY lﬂuﬁ']ﬁﬂulllllﬂ"]']illmlquﬁq 3JWalﬁﬂﬂWjWﬂqaqm@QﬂfJUﬂi@]aﬂaq

4
Mamun and Bindiganavile (2011) #n¥1A NN NNV INUTFUUAZ I
4 a v W 1% [ %
uaz IuFmuaaSudulelumsdudasamalasnsnaaoausluasazate TaReusame
A Yy 9 o o 1 <3 A 1
(Na,80,) ATaNudndu 5% awdwuziiily ASTM C1012-2012 ed13lsnauiionsu
% d! = % o U W U = d‘d 1 ]
msazaetamladavaz@ernuniaesunsoaved Iuaounsand Iy og1auuunu (AN

nuwsudlen 750 kg/m’) anad 4% Aeudledrslianu tag linuanuialnila o ad1g

E4
v v =)

[ [ o I A o 1 A A 9 A ~
wmuiumisumamﬂ ‘L!L‘]Juﬂ”liEJL!EJ‘L!’NI‘V\Illﬂﬂuﬂi@mﬂ31%@11&%1”%@@@‘?1151%%@]i]”lﬂ

Y
sala Tuszordu

2.6.3.4 MIQATHI

Yy 9
o A A

Kearsley and Wainwright (2001) W‘U’hm’iﬂﬂﬁﬂﬂm‘i@ﬂ@dﬁJHWWHN?

A 9 R . ' o o A AA 1 Y o '

(5UAY (initial surface absorption) litManzaud sy IuasunIadiaNuHuULLEId 1N

3 & S| v A '

Usema 1,500 kg/m' Horwdumsiz Iasaad g niuauianeiuuay INsa0199z15oudo

4 v Y [

5YNI199U (interconnectivity) V8InUN3ANUNB I INANTT IHavevhvaznageuieh
Y Y Y 1

ATEUNIToAMUT NVBIFUIUNAEEU 1A HaveINIINATOUMTRAFUINNUANT ALY
=\ d‘d [ 1 9 3 1 1 =4 3' dy a Q' 9 1

TWuAouATANTANUUUINUUAD U NGITUNYIIAINTYATNINNUFNTVAUVOIdIUHAY

s s s o w ' K { ' '3 s

Yudwuatesauauanazidrassunvazdrnnlainganhdiumauilduaudiuudlose

4
Haua

Y
Chindaprasirt and Rattanasak (2011) §951891431M353AM39ATU1I1v09

@ 1

1 Y k4 1 Y
dred1 Trlunouniaiuglnimavuatsvennganssuindienunazszaunsgaduii

) o 1 IS 4 o J IS 4 4 J 9 v 1
ﬁmi1Jfmumeﬂvucﬁmu@]ﬂaimmuﬂmwuazﬂvucﬁmu@]ﬂaimmummaaﬂ NUNTIUNTY

v

Y E4 ' Ed Y
maesilsziniilionsimsgadumuduedsiisdinyausianaiveanisuslui

9

Kunhanandan Nambiar and Ramamurthy (2007) $18914161 Sorptivity

9 [

{ 1 4 1
dmsuTuaouniandidunauvesiudmuduazidrass §1eANUHUMHUIRY 1,400 ke/m’

)

19%24A1910 0.5-0.7 mm/min’” eMeusualszaIn 0.3-0.6 mm/min'” WS UAIUNAY
4 d! = = g % dyw = U = d'

YU UALAZNIIe FIUAIMIQAFUINNINY 25%  wonanddanudniTduneuniai
1 4 Al v A o' [ qul I A v KR
Uszneudedumanvesfudmuduaznsrelisnai Somptivity drga daimilumsguduia

a A & c?/‘
1J5$ﬁﬂﬁﬂWWﬂlﬂQIﬂﬁﬁﬁ%}N!Gﬁaaﬂﬂ (closed cell structure) VOIADUNTANY



[x+]
£
Ly Lo by by by b by by by by by b bw b 1y

Water absorption, % by mass
]
Ma

4 ¢ 8 1

Cement.coarse sand 1:1
Cementfine sand 1:1

Cement:fly ash:Fine sand 1:0.5:0.5
Cementfly ash 1:1

600

800

1000

1200 1400 1600 1800 2000
Dry density, kg/m®

35



36

a =& Y 1 =~ o d A d v Y = d v A
FUTUA FIUTENOVAWTIUNTY FUUANTA FIUUANUID 1808 LALTUUANUNT 1Y AP

1 d! U =< 1 oy = a
Uszuat 100 111 FINNNMIFURIUINIVRIAOUNIAYNA

d
2.6.3.6 duszansmsrhanuiou

a A A 9 I 4
mMsn InuasunIalIassa 19l unuuan (cellular  structure) 81019
1 A o Yy vAa o Y d' 5 4! & [l 1 = g’ @
dawadi Indguantian1sinuseuna1 30N egssning 5%-30% voaAdunIntimin
a 1 a vAa qg;’ z:y 1 = :1 v a 9 =)
Un@ (Jones and Mc Carthy, 2005) TuidveamsiUfiiariuFuaiunsunimiminilnaazdoall

v J 1< @ Vv
mmwummmwaﬂﬂmaunﬁmﬁq 5 '5&%zﬁmmvﬂuamuﬂumm%'amﬁﬂmmﬂullﬁ’

4

De Rose and Morris (1999) wunedulszansmaihnnuden (thermal
L. = "o Ao = P A A =
conduct1v1ty) ﬂlaﬂiv\luﬂauﬂmmmﬁmuuummimmmu”mm 0.10 Wm.K AMNUaInNaa

1 vAa 3 [ = =& o‘ A = =) @ VoA [} [
@I’ﬂﬂﬂ!ﬁ?JUﬁﬂTﬁLﬂuﬁﬁﬂﬂu')um@ﬁjwuﬂQUﬂiﬁ Gﬁﬂﬁ1ﬂ1ﬂluﬁlﬂiﬁlﬂl‘ﬂﬂUﬂUﬂ1ﬂ9§5$ﬁ31\1
o [ = oy o a <3 1 A A o 9 c; J
1.1-1.4 W/m.K ﬁWﬁﬁUﬂ@uﬂﬁﬁu’]WUﬂﬂﬂﬁ %mu’nmuﬂ’auﬂi@lummﬁmmmmumﬂ’n

sz 10 1

1 LK a Q‘{ ) 9 = d‘
Wang et al. (2005) nunmaudszansmsihnnusouvesInuneunsai

° oy [ 1 : ) < @ 1%
ﬂ1ﬂ1ﬂlaj']ﬂ1ﬂﬁ$ﬂ@uunﬁﬂ@Qﬁgﬁj’lq 0.084-0.102 W/m.K G?Qﬁ']u'liﬂu']n'lal%’lﬂujﬁﬂ@ﬂll‘ﬂﬁﬂ

9

AT (lightweight filler) tagauIuiUANNT U

dyl [ a Q‘f o 9 .. A
UoNINUMFUL52@NTNTUIANUGOU (thermal conductivity W30 k)
{ o g} [ v o Jdo . I
woaIunouniantnInmInInagneuindodalinnuduius nuauWgU (porosity) 1ilu

o v a o = J o 9 1 a
FUNTLAVINIAAUDNY INIUUITOR (Exponential) TaansiiaNusoulimanasnulsuiw

o F4 ]
a R [ A

' 9 v
ANUNTUINLTUSWTDUNNINMTNNTLYR/T1as Tnse daaaslugii 2.9
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4825.3p7¢

el

R =0.8699

K=

0.16

0.14

(

o

™~ = )
ol vt =
S S S

W AL) AXADONPUOD [RLIAY ],

70

65

w
wy

Porosity (%)
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0.85

r = 187000 219
1o

I = Porosity (%)

g, = Dry density (kg/mB)

2.6.6 ANUFUNUSITHINIANUNTUIAZ AT UNSIOA

Haumsuinueldsumsuuzihlduaasnnuduiussznineanungu
o w [ <3 . H ' 9
UAENIAIUDIITAALUINT U (porous solid) AN RéBler and Odler (1985) aunisae T

o < v o ' o v
ﬁTJJ15ﬂi%ﬂi%ﬁﬂﬂ?"luﬁni5](11!ﬂTﬁL!ﬁﬂQﬂ”JT?JfTﬂJWU‘D’i%W?"NﬂTJ"I‘JJW'i;ull,azﬂhlax‘]sllﬂx‘]

=~ o 4
HIUNUALNT G
S = s,(a-p (2.17)
A
o
S = Strength
S, = Strength at zero porosity
P = Porosity
n = Empirical constant

o v o d ' o w w @
Hoff (1972) laimsAnyimianuduiusserinanungunazigeiusda
{ o 7 ¢ o
yosTvlunounia Tas Tlunouniaildnadenininyudiwualesauand 1 naz Inluuuy
1 09/’ v A a = 091’ Y

PRE-FORMED FOAM 1111iu a1elditouludSummeine Tluneuniaiivilsznoudie
J o J. 09/ 09/' {
YuBud Jaqunsn (draoen3od 1o lad) wwaz Tnluimad (preformed foam) nziuglunun
idue Iao Hoff (1972) vednsilsunlaswiestmeriaqunsndn T lumlaiaadwanslae
[ 1 9 ' Y v
urunaesedeiieluglf 2.10 - Felsznoudieeinis 1hNszve’la (evaporable) 11
1 @ 4 1 d J

szne 1318 (non-evaporable) Teraunsn (filler) uazludmua Tunouniadoindudmua

sAAN (A ] 1 A A Y
maanflsuagesinevinalvyniennunuguazannisn 2.17 awnsalslumsuaag
v o ' o v { . .

ANUAUNUTIEHINANUNTULAZNAT TUvaENINgURAINNTY (theoretical porosity, P)
dm5uTvlunouninilsznoudle ¥, = Total voids 11ag ¥, = Total volume 1851 Taoaun1sh

2.18
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Theoreticd porosity, P = W = Va Ve (2.18)
Ve V. +V, +V,+V,

Y
Hoff (1972) oF11enguianungundiulsznevdesvesilsunsnanuanoll
Y [ Y v
p1mAUININTzIMe 1@ (evaporable) dnmsinsaimiinuazlsuiasvestagildmeau

k4 1
Anuwguiuamsoudas ldasauns 2.19

d.(1+0.2r +
P=1- c( c S/) (2_19)
(L+k )1+ S, )r g,
&
o
P = Porosity
, W
d, = Fresh density of concrete = —
t
k, = Water-to-solids ratio by weight
S, = Filler-to-cement ratio by weight
S, = Filler-to-cement ratio by volume
', = Specific gravity of cement
0, = Unit weight of water

( Entrained
and V,
Entrapped air V,
Evaporable water v,
Non-evaporable water V.
Cement V Vs
c
Filler
Vﬂ

319 2.10 uruNINTIa09981918vRIa U sE NP UV TNUABUNTA (Hoff

1972; Nambiar and Ramamurthy, 2008)

4

9
MIUNUAUMIUAHTUANUNTUINAUMIANUTUNUTAITILAZANUNTY

A ) v A 4 4 v o NYo 1 dy
(AUMIN 2.17) ﬁWﬁﬁUcﬁlﬂJu@]LWﬁ@ﬂgllﬁﬂ\‘]ﬂ’nmﬁuwu‘ﬁVlﬂﬂ\i@]@llﬂu
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s=s, d(1+02r_ +S,) (220)
(L+k )L+ S,)r g,
[ d. Y\(1+02r +5, Y
° [uj ( @S g, J 20

9) ~ [ A a o [ ~ I o Y
ADUNYUDITUNITN 2.21 fl\iﬂ\uﬁll@ulﬂllﬁ']ﬂiuijuc]ﬂiJu@V]ﬂWWH@ulagﬂjﬂlfﬁﬁ]

by

s ocSo=[ d, J (2.22)

= Strength

Strength at zero porosity

RN )
I

= Density of concrete

by
Il

Water-to-solid ratio

n = Empirical constant

Vo Aa & A Yvo o a A v S
aumstiatidesniluaseladmisulluaouniaflsznoudis e1mia ag
Jd 1 uszl o v { 0911
YUFINUAINIIY Kearsley and Wainwright (2002) ¥imisaauilasaunsi 2.18 agrungu))

1 [ @ 1 :‘ 1w
aumsnnuniuuesdIunaudoslsznoudiadnerzansodulyla sasrdiuiveias

'
A o

= T o o K o 9 A =
Elﬂ']_]5$ﬁAIUL!ﬂ$ﬂ’JAI§Jﬂ'J\Ti]TL‘W”IgsU’E)\‘]']ﬁﬂ8ﬂﬂ§$ﬁ1uaﬂu1ﬂ11%1uﬁuﬂ1ﬁﬂ 2.18 1UDIdAYA

a

Y
%

0 < | s ¢ " . o
Uszaugnimualdiduiaghiinnudua1sFwud (cementitious  material)  A9rualy

Y 9
TIUNTY ﬂ’ZﬂﬁJﬂ’NﬁWLWWﬁ%@\‘]’Sjﬁﬂﬁﬂﬂ35?;1’11!?‘111!’3&!ulﬁ?ﬁﬂEJL@WﬁWWﬁﬂﬁﬁﬂﬁﬂﬂﬁgﬁWHﬁﬁﬁuﬂ

9 3' Y 2’ d’d a 1w = 091’ = = d'

W15ﬂ38u1ﬁUﬂu'ﬁflllﬂiiﬂﬂimTJﬁ'ﬂEJﬂﬂﬁ%ﬁWu‘ﬂQﬁiJﬂ ﬂﬂH@]ﬂ?WHWEHﬂJ@QIWNﬂ@Uﬂi@Iﬂ
1 4 o a % % : @

UsznoudedumaNuFNUAYE 1877 (cement extender) FHANTI FaTiD1gH U9 10M

aaunsaru 1 daasluaumsaeli (Kearsley and Wainwright, 2002)

:1_M (2.23)

(1+ k)r bgw

d_ = Density of concrete



28-Day Compressive strength {Mpa)

3c — = %
]
25 [] O
* L 7
20 4 A & A T _— I-A:‘(_‘.=0
| — 5 mAC =1
15 ~ Dry densities higher than 1000 kg/m™ B _ [ R
D50 xAC =3
10 . ‘X i R e R L S S R € AIC =
51—
a
0 1000

Qver size airvoid Diameter distribution Parameters (um)
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a I'd 1 Aa A { 1 o v w [
ATz maednsnavedInssaiaInssoimanislunideidesunsdavoanounse
4 a { 1 3|
TagldndosganssmivolAnoaniinnuaziBeags numsnszaevua Inssemeduuny
1 d! =1 [ 1y v 0o o w Y] =1 1 A = d' Yo o @ [V

aga1 FIUANUFURUTAUMAITVUTITAVIABUNTA NA1IADABUNIAN INAIAITUUIION
1 @ % < [ ] c'c [
Apud g anvuz InseadnInssomadniivinam@niazniznedrededliuaue adieny

31891UNTITYVD Visagie (2000)

2.6.8 WaveIlTanand anungHIazeE AeMAISLNSIOA

o v w [ = ) ya A ] Y

ﬂ1@ﬂiﬁuiﬂ@ﬂm@ﬂjwuﬂﬂuﬂi@quqﬂNUWﬂQﬂ31MW§uua%ﬂﬁTNﬁuTuuuuﬁﬂ
-Zd'c; [ Ty A 1 [ a Y 1A o v o [
LﬂWHuﬂLﬂuﬂﬂ%ﬂLWRNN@TQﬂTSUN gaunauuazlTuIa0159u9n 31895 UNTI0AVDY

Trluneunsagnsaunulasaumsas 1l (Kearsley and Wainwright, 2002)

f.=( +bIn(t))1- p) (2.24)
4
UNUAIY
b=b,+b,(a/c)+b,(alc) (2.25)
| =1,+1,(alc)+I ,(alcy (2.26)
&
o
f. = Compressive strength (MPa)
t = Time since casting (days)
P = Porosity (as a fraction)
a/c =  Ash-to-cement ratio (by weight)
o b, | = Constants

Kearsley and Wainwright (2002) finuasmfiuanawdmsuamned o, b, uag | )
A H

FNSUIE 1IN (pulverized fuel ash 1130 PFA) tiazid oy (pozz-fill) ¥3otd1aeeh lai ldda
o w @ { 4 v o [

1160 (unclassified fly ash) A9y dauaaaluasied 2.3 MdqfuFudversdrdmsvveus
awv a Y 3 Y = Y
YOIUIVBRNIE Pozz-fill Tuszmeuensnilamiu (61000 unclassified) DUHIINAVDS

a o o v o o 1 <3 1 ' o
Ysnaudrasegeszilnaaiidssvussdalugisergdunaiu ualugiserglarenmsdsulge

o v w v o 4 { 4 a
ArassunsedaildaauldTasmsunuiyududdrodiass Tulsumgegalane 75%
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Y
Tagimin

A1519M 2.3 dadszneudimsumaiiues O, b, uaz | (Kearsley and Wainwright, 2002)

Constant PFA Pozz-fill
a 3.70 3.70
b, 2491 23.74
b, 52.89 56.78
b, 1227 1431
¥ 172.80 176.90
I -196.00 -229.70
I 34.02 46.04

Y Y

2.7 deazlananidenmnedtes

1 ~ 1 I A A A 9 [ a
1) ANURUILYVeINUNIALIAIITaganilmTesineIte TasnsaiulTuiw
v 3 Y Y
o meie Iui ldih lluaz inademaminduvioasasveslsmasveainfumaitu
o v w @ g s v W ]
2) MasusIBaveIneunsauIauraganduilansuulsiuduanumuiutas
91gUDIADUNTA
o v w @ = 1Tg s v v a @ @
3) MAFVusIdavesasunIamIatwaganiuilansurnnAuiulSuTagdaunsn
HAZANUNTU
a A Y A A 1 I 0o v w v 9 o A
4) Ysunamsumuiveun MmNz aungaazdawa i assunsdaged msunny
2
WIUNII
Y I~ va Y Ao o £ Aa a 1
5) TassainaInssemeauaniiavedlasaaingamandidyuingaioninane
AuaUIAvEINRUNIANIALITAGEA

[

1 ) 1 g Iy v W a @
6) ﬂWﬂ"Ii'H1ﬂ'J']3J%I’E'JuGUENﬂ@uﬂ%@]ll’)ﬁlﬂm]fﬁQﬁ']Lﬂuwﬁﬂ%uWﬂWUﬂUﬂiNWﬂ!’Jﬁﬂ@ﬂ

a

UNTNUASAITHNT Y

2.8 NSOUUUIAANUIVEY

vinmsfnewanuIvenmui IR lauuamalumsdnyguanianianeninuaz

J 4 a aa
TasesaseganinvesnounsanIaUIsagaIndud1a0e 1o laasssuaa uazu Tudam

v
IS

Han1aeds PRE-FORMED FOAM METHOD #4laivuadusane o mnauddeicuin
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“lﬁ’mmmuﬁlumi%’%ﬂiuﬂﬁzﬁiTﬂﬂu@iazﬁhummi]z“l%'%ﬂﬂwimmuwammuﬁﬂ?mm
Yudmudlesauaudundudodinssunadougaluilsina 10%, 20%, uaz 30% & 1o lad
F350A 1S 10%, 20%, uaz 30% uazulugamlulsna 1%, 2%, uaz 3% lae
ﬁmﬂ’ﬂmaﬁa@ﬁﬂﬂﬁzmu eﬁ“ﬁiwdauﬁma%’ﬁﬂﬁﬂﬂizmuwhﬁu 0.5, 0.6, Az 0.7 AIUAY
anuuuiandurausEing 800 kg/m’ Uuilgamgiites 3 luguaadnianin
(seal) IUNDIYATV 3, 14, 28, 1AY 60 U NAADVAUAVIANNNIBNIN RIAITVITIOA N3TA
A mssﬂﬂcﬁmi’fw ms1hinwiou #1013 3A518HNINTEI1190171AVEINDUAIDES

A A 3 o Yy Y 9 4 a Aa =
ﬂﬂuﬂi@mm\i@]iua’m%ﬂﬂﬂﬂﬂﬂaﬂiiﬁuﬂﬂﬂﬁﬂﬂaTI?Jﬂ’J"IiJE]%L@EJﬂE;N



N 3
IEMIAUHUMIIDY

1 4 a a % 1 [~
Tuaiuesunilezeiuies1eazBeavoILNUNITNATIY IFNMTNATOL Gd]);QLLTJQf]fJﬂL‘]Ju
1 1 ~ I = a g’ [ = A
2 g Tagludaiun 1 L‘]J“Llﬂ']iﬁﬂ‘HWWtﬂsUfJ\ﬂJﬁiJ']ﬂ!uWﬁ@'Jﬁﬂﬂﬂﬂﬁgﬁ'lu (w/b) LALNITHUNUN
4 a Aana 1 1 Y] 0o w w [ [
UBN Li%ﬁf)ﬁl QI@“ﬁWﬁﬁﬁﬂ“ﬁ?@llLﬁ$u'11u615'ﬁf91}1 ABDITYSLIATINITINDAI NTANTULLIIOA TUIY
Y 9
in magaduiih manadune minudama tazmsnszeInseINIAYIAOUNIANIA
1 1 { < a J . .
kssagan dIUN 2 LﬂUﬂ1§ﬂﬂﬁfJUﬂ1i’Jl‘ﬂ§1$‘ﬁg]jﬁﬁlﬂ']w (image analysis) VOINOUNTANIALLN

= 1

1 Lﬂ' = I d‘ a % d'
wragauienseuneumslasunilasvinae Usuia vazdanvuzvedlnsinerslinane
dszansnmmniinnuiou wansznuveslnssneniaequantiaon q ldun f1aesy

v =2 2} @ Y a A A 2 9 S A
115999 NIYAFVUT NMINARINI MINAAIIVINADIUBININNITYN LINAAIBATUNN HidFe

@ v A = A a A S Y
Faa ﬂ'JﬁJllﬂJﬁﬂmi’)Qle@QIW§\1Lﬂﬂ (open pore) Lumi]”mwammﬂmmmsgmuwcﬁmmma

o ' 1T Aa J dy Y 9 @ ' A A& o 4
aﬁﬂﬂ@cﬂ%mumﬂ g IﬂﬂfﬂﬁNTJLﬂ513WL‘Ll'f]"]]1\1bluelJ'E)\3ﬂi’)l!G]')'EJEJTQﬂ'E]Uﬂi@W]LLGUQ@fJLLa'J

3.1 %@T@ (Materials)
3.1 Yudud

YudwudanlFlumsdne uuFwudesauaud Uszianii 1 (type-I Portland

cement 1130 OPC) AU11ATFIU (ASTM C150-2000)
k%
3.1.2 181008

{ 3 a a
it1ave (Fly ash 150 FA) AlFlumsanpuiludiaseriailSinaunaougs
(high-calcium fly ash) 910 159 Irlihmdeaiunnudon suneusimng Sandadithe Uszme'lne
{ o a J 4
(Mae Moh power plant, Thailand) td1aeef 19 1umsdnyitldAinszineasuesfidsznou

Ml 1ae75 X-ray fluorescence (XRF) 1azAMTUIANINNIININUDI OPC, FA, NZ, 1lag NS
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3.1.3 #lolansssnea

#10'lad55501A (natural zeolite 130 NZ) N1Flumsdnuuiluwiia Clinoptilolite
((Na,K,Ca),(Si,Al),0,,-20H,0) NiH1umMsuaazdealag lun1unszuun1sW (non-calcined)

MNUHAoIUTENUI I Tudaniadnusil
3.1.4 WuBam

Aaay e =) < aa g . A =
W TuUFaN (nano-silica w30 NS) (Hua135an (Sio,) NvuinvesoyYNInaLIDeA
Y v [
FaANUNAI UM (specific surface) T1d1n91 200 m*g T lumsAnsulSeuiouny FA
% ana I o (=] 1 1
uaz NZ Faun Tuganiiinnuiu edugiu (amorphous) 5o liitlunaneglugins (powder)

[ 4 1 a o 1 & [ [
lannmsduns1zd (Zhang et al., 2012) MAurasueIUsENuania Tudanalyusi
3.1.5 msinvles

asmuvesi 1l umsdnuiiuriadunnzilsviamlszay

A A d
3.2 !ﬂiﬂﬂﬂﬁ!!ﬂgﬂqﬂﬂiﬂ!
A
3.2.1 99N aN

A . = <3| = 4

IATOINAN (mixer) ADUNTANIA T UUBVIWa YU TuLUIUEU NlsznaUdIY

c?/‘ 1A o 4 4

Tunaunuuingen (serew) ANy lumsnaugeganssag lumu 0.09 m* dundoudlsuomos
< 4 o { o <

ihwwa2 Hp  naseuanusArenesnaliioasimsvyuvesluniuioainusa

. [ A o F4% A
40-45 r/min AnBUZIATOIHTUALEA 1A TUgR 3.1

3.2.2 1309nudialuly

4 4 o a I a o [ [
miosasaesnsomnToaduila Ty (foam generator) Wuriiananseauldgiu
A o 1% A 9 k2 I o w A o [ [ Y o

IN5090A01NA  anbuzinToIdsaNolsznoudeglnsaind Ay AvdlSuussdwdd

A q9 o o a ¢ A o o & )
(regulator) tWoldnnuaumeludinai 0.6 MPa uazginsainauasivuosnuihday 14

[ v Y ' Y

Wealuilsuamnn Aldnnmslademsmiureadensduihludad iy ensimiuvean 01 1 : 40

Y
Tagimain
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o a oy a = 4 09;’ 1 d' ] d! =\
1) furandsnathnndsnaudgmuanaiua (w/c = AN YU 0.5) G191

[

Yaaoaunsn (filler) DUIWAY 15U FA H30 NZ

2) 15ua501me (m) TuaIUMFNIINAITNIITUIVDINILANUIBUTUIAT (unit

volume) HALMAANINUUUITMUNY (target density) VoaUSuas InluAdeans

o a Ay ) @ ! 9 A A
T;IGﬁﬂWu’JmﬁTﬂilﬂ@ﬁI“V‘IN“VI@]?NﬂﬁﬁTHﬁ‘Uﬁ’JuWﬁhﬁﬂﬂflnﬂfmﬂﬁﬂ 3.1 o
NIWANNRUWHUVDIABUNTANOONLUY (design density W30 D) a1m1sofIuIaldain

UT1aTUe901MANADINS (air required)

Wet density, D, = (\NW W )+WC (3.1)
|(W,,/2000)+ (W, /3.15x1000)+V, |
Lﬁ"ﬂ'] D, = Design density (kg/m3)
Vf = Volume of foam required (m3)
w, = Weight of water (kg)
w, = Weight of cement (kg)

v [ Y
asnurouioeenuiglin1n1ua298ume (Specific gravity) (10U 1

A 1 oy @ Y 3 T A, [l A o a =\ ] g’ v
HIDNUIYUINUMNIND 1,000 kg/m Llﬁluﬂu'lll']w1u1,‘ﬂﬁﬂ\1ﬂWLUﬂIwuﬂguﬁL!'Jﬂu'W‘iUﬂlﬂu

Y
% %

' 1< -4 1 a Aa
w, Giviaedu kgm)  agiuanuduiusszninliuaseimeazdiuas Inlulu 1

4
v A

gnnAnuas e1efmual3dedl

V,=V,+(W/W,) (3.2)
19 v, = Volume of air required (mz)

v, = Volume of foam (mz)

w, = Weight of foam (kg)

w, = Unit weight of foam (kg/mz)

[ 4 ' a a ~ =
ANNFNNUTIEHINYSuIasemauazdsuias Iduanaunish 3.2 9138y

Twill&du v, =v,— v/ m,)

Y
FMTUMIAIUIUAMHUMUULTA (oven-dry density) 01911 1 Iaoaruy@anil

~ =S 1 = 3 Y o Aaaa o 3' v A 4 1 A a
“VIWﬁilﬂ’f]Uﬂiﬁﬁﬁuﬁu\‘]uu@,ﬂﬁl%ﬂWﬂgﬂ‘iﬁﬂll‘e’llﬂiclfu 20% VoMU UNFIIUA na1NeLTuIw
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Y

o I =~ 4 o 5 aAyY 1 9 A 3 a
1120%  nateduGmuana d9iunsaNdeIn1IANNHUIUULEIN 800 kg/m’ YT
= sAq P = 3 J g’ @ = 1 = 09/’
Yuduanlgdvensidszana 666.7 kg 1w 1 m* mazinhminvesneuniaadauntiaium

L. Yo o 2 4 a9 4
1iminuei 1110 (20x800)/(100+20)=1333 kg AU luABUNTAAATIADAND

Aa oy oy @ 4 @ H
U101 20% Yo NINMUAFIUUAVDIADUNTALUF AIAUMTN 3.3

Dry density = (W, +02W)/V, . (3.3)
1o W, = Weight of cement (kg)
Ve Volume of batch (m’)

3.3.2 mamsaalvly

a ~Aq ¥ = 3 ' 9

apunIau AN I lumsfnyuiluszuy CLC TagnruauauruIiuNgg

{ a o oy I . . 1
Y9anaunIAN 800 kg/m’ TasTimaiialunisildiinateduTvumad (iquid foam) D198
1 ~ ) [ =S A A 1 9
Aounazih lmauduasunSaanniseni1l PRE-FORMED FOAM METHOD laen1s 14ens
A 9 3 =~ 2 ' & Al A o A
minvealunmsasraosormava@nivuIaAdua 0.1-1 mm FINTUAUABINE1TINLN DY
Y] U A [ oy [ 1 A 1 g’ z o [} A 9 A
ganarveaanvinludnsaIu asmiuweaneiin 1 : 40 i I Tesasaneanae

(% 4 Y 4 Y qaj I~ [l 4

R IeIdnanrsomIeadne1na mnudadiu Idumar ldasldhwase ey Tnuman
IS) 1 d' 3 a Q’ t:' 1 ! ! )
UANUMUILHUNEAY 45 kg/m’ USmnaasiinvesildasldluudazaiunauvosnsunia

paae B lumsien 3.1 IminaaeuinIuuIATIIN (ASTM C796-2004)

3.3.3 MSvaonaUAILIg

NINTNABUNTATAAI ULV UHADNIATFIUVUIA 100x100x100 mm TN
y ~ g 9y oy A g9 = ) S =2 o o
Mendwwauaounsadsa uazlddewmzndannuie ldneunia Tnadnuiidaiuia
< o a2 & <
douTaomldyuihnuuwandes miniuldesnaidszana 1 ¥ T Seldinseunantha
a Y = Y o 9 o ' ~ U ' Y o v ) @
Amihneunialiizeu Suiudeudieduiivasediadoss i 4 feudmiumsnado

[

] Y
MAITULTION LL%’J‘]JﬂﬁlﬂlmuWﬂTﬁ@]ﬂLﬁ@ﬂ@ﬂﬁuﬂﬁi&ﬁﬂﬂmﬂﬂW

3.34 MIVOALLULAZ MITUN

MenaunaeunIalszuna 24 119 wMMI0ALUUNA0eDN Llélﬂﬁﬁ?]jf)u

% 1 1A @ a Y 09/’ Y Y 1 a <] 9 a Aan
108191 UANUIDVAIMUING 6 AU ﬂ'JEJLLNuWﬁWﬁ@ﬂlla$LﬂU131uQQWﬁ1ﬁﬁﬂﬂﬂﬂﬂ1ﬂQQ
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iotloaiumssziroveatii (ASTM C495-99) ag 11 lin 1A ludesnrugugungil 23+2 °C

MDVTUNATUAD UMD

3.3.5 MINATIUNAISUITION

MINATOUNAITULTION (compressive strength test) YDIADUNTANIALLIIAY
vy o ' A a o s s A ]
NaoNouAIDg19YUIA 100x100x100 mm Tagmsununyudmuailesauauailszmnni 1 aqe

vy a ~ 4 a A

idaoeluilsuna 10%, 20%, uag 30% ¥ 1o ladsssuraluilsuna 10%, 20%, 1az30% uaz
aa gy a 09; v [ = A o 1 09/ T v =2

wmlugamlulsnm  1-3% Teshwinvediagealszaiu andasiaiuiideidgoe

Usgenu (w/b) 1M1 0.5, 0.6, 1ag 0.7 ALANANNHUIUULTIVEIADUNIAMINY 800 kg/m’

NATOUMAITULTIBANDIYUN 3, 14, 28, AT 60 TU MUNINTTIU (BS 1881-116)
3.3.6 ANURMUUNAT

MINATOUNIAIANUHUIMUULAY (dry density) UYDIABUNTANIAILUFAGAIT

) @ T J o {
1aTagn 151130 UAIE19NTIGAUIAANIATIIU YUIA 100 x 100 x 100 mm 311U 3 Ao Nl

1 @ [~ o { a 091’ o ) g’ @ @
21gUU 28 U Lsi’héjamﬂunm 24 F2 14 ﬁ’ﬁ!ﬂlﬁﬂll 110£5 °C NUUUIVIBIUINUNLASIA

U

VINANBHIUTUINT FIANUHUUUABOATIAIUIENINNNIaAB N ALY U IR TN

il kg/m’ MInaaUMAUNIATTIU (ASTM C495-99)

3.3.7 M3gadaiin

Y
NISNATOUNITRAGFUI (water  absorption) YBIABUNIANIALLT IALIDINDU
A29819U11A 100x100x100 mm NH01GNTLY 28 Tu 12U 3 Ao T10aBeAITMINAdDU
e 'Y o 1 9 3‘ 3 o A
AWWIATFIU (ASTM C642-97) ntiuusnoudleda A lutiuiunar 48 ¥2lus Weasy
Y Y v ' Y
svuaduevennniud) lddnduihdununaivesdoudtediuazdsaiminneluna

¥ v Y
30 3% Faan Ianerhviinilen (wet weight) TastiuiinaliaziBenda 0.05 ke

v
= a

0 % 1 < o 4 o )
u1ﬁau¢13@&11&ﬁ1mmum’e‘)mﬁgu 110 °C Tuan 24 GIf’JIlN Lﬁaﬂi‘umwuﬁim

a

Y o

b4 ' ya A Ay Y o 2 19y o =
ONINIATDD ﬂmuuﬂa@ﬂﬁlmﬂuﬂqmﬁguﬁm Lla')clf\iu'lﬁuﬂIﬂEJUUﬂﬂﬂ']clwaglﬂﬂﬂﬂ\i 0.05

1Ay yaA 3' o 9 . 9 @ 1 1 =< oy o Y o
kg ﬂWVIulﬂﬂﬂuWﬂUﬂ@‘lJ!Lﬁﬂ (dry weight) U83INBUAIDEYIY mmﬁsﬂwummmmmmm%m

A < 1 ~ Y o ' 0 Y
aunN1In 3.4 IﬂﬁllfﬂuﬂuﬂﬁElﬂlf)ﬁﬂf)u%i]@iﬂﬂﬁ]1u3u 3 noy

nlesiduanmsaadutih Tasiwin = (w, / w) x 100 (3.4)
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] 9 Y v
141 w, = shmimhludeudredrigadudi 1y kg
9 v 9
w. o= hwtindeudmedianawsluii — dhwindoudiedanaten
091 v Y @ l [
w, = INWINNoUAIBeNYaI0Y (kg)

3.3.8 aulszansmsianuieu

@ L4 A

J
duilsz@nnisiinudou (thermal conductivity l¥dnyanual k& nse A) fo
auautaneluvesigaedanilsgunidesnuanuaisalumsinuiouves Yag ms
) 9 R < P 1% Y 1 o £
11121W30U (heat conductivity) uilsingmsalnwasnuanuiountamaigluingnilg q
v v
[} a = [ [

WipsznIviagaesFuidudany Taslinan19veansAaeuNuea NaIUAINSBUIIN

a td'd a 3 a d’d Qo‘ 1 d’ U d‘ d'
mwmmqmViQuqa"thmnmmqmﬁgummw Tagnainaelsinnmsnaoun

o y g 4 a &£ g 2 g
M31IANNTeNIUNTEUIUMITNAAVH UG Y DL ABNYBIBYNIA FUTUHANN
A A ag a Y o o 3 A a o
nnmsmdsuivesdianaseudasz asenumsih i luvewraiazvewidsiimansdu
9 =% [ o Y a d?' 1 c;z A 1 1 A
yod lwanatnaungalumes mahanuiewnevuiuMsFuasouszne luana na1nae
0 Y < 1 9y ] @ = v A P2 v W
msthanusewiumsmamanuiouriulasassoniaguitalddniagnilalasmsduda
v o o 9 Y A ' g g 1o 1w a = o 9 A Y
nu Jaqlaszihanuiou ldanse liiviuediumdulszaninmnihanuioui lavinms
nadeU Msw3ouAedionadeumIAINThAINouvesnauniauIai1ld Taens
WAIN3 0191210191 AB UMD IR TV IAIFURILEUINE1S 30 mm A2WE1D 25 mm AN
k4 Y 1
dudmiSounsaosdu Jorgmstuasy 28 Tu mindwi liduasemadeuguauiianisii

anudou Tasliinnudou (0) Aremstendanu ihriuvaataanufeuvurrdudadg

v
a

& A Y A v o a Y A 1 v 9 o YA Aa o 1 A Y
RUINQAUNYN 50 °C uazmumﬁuwﬁaﬂmumgmqﬂwum%zgﬂmﬂwuqmwgmmmwaiw

G

v A

k4 1 H
mansmemanuiou Himsianiguuginidedgn FINan19909gunYlTzHINgANTAAD

U Q Q

4
o a

o 1 A Y A Y1 ° ] o
ATU”Iﬂ"WIllﬂLWlan‘luﬁllﬂ1§Tl 35 ilgllﬂﬂ1ﬁllﬂ§$ﬁ‘ﬂ‘ﬁﬂ"liLﬂﬂ'J"llli’E)L! AITNATDUNIAY

V1IN (ASTM C177-97)
k=  (©xL/AxDD (3.5)

= Thermal conductivity (W/m.K 130 W/m.°C)
Usuaanusoun lvarmudiedanaaol (Watt ¥i50 W)

= ANUNUIUDIAI0ENNATDY (m)

N (<
Il

Lﬂy A Y 2
= NUNKUINAVIN (m)

Ar = waansznIgaiingamgil (K 1ie °C)



53

3.3.9 MINATBUHITZHLIAINITNOA

RIMINATOUHITZE21IAINTNOAITZozAY (Initial setting time) HazTzozilaty
(Final setting time) MWUIATFIU (ASTM C191-2001) TagldiSunmdadiuiaquanaini
4 1w { < '
POV HIN15NDAITLIZAUADTZILNIAINNMIINVOITUIIATTIUVIIAFUA U UINA |
< a = 1w A A =
mm JUszee 25 mm lual 30 I tagmInedlssezilarsnesseznaINasuNIANIAIL

1 v v

qul < ' 4 '
Lcﬁagmﬂﬂm%uﬂizmmummgmmmmﬁjungmﬂﬂaN1 mm "lummmin\laﬂﬁj?f’m

Y

o o <
HUINUNVDUVUNINTI T
33.10 MIsNAaTeUMIMANNGIT UM YesTag

a 4
Taolduranaanauinsg1uaIfaoss (Le Chatelier flask) NATOUAIM
% 1 1 o [~ @ 1 ' c’o‘ @ o 1
WIATTIU (ASTM  C188-95) daaIAuaNdnmziudasidiuseninauiminvediageae
g’ o 03} A a 1w 5 a ~ 4 4 4 [V
Wninvesihnulsuasmiagiulassnasvesudmuatlesauauauas aqiom o

a

P A S o @ A
amm”lﬂmﬂmigmuﬁluumumﬂﬂqmﬁﬂu 21 °C

U

J = Ay
3.3.11 MInaaeUIAIANNaPualngItveuUan

' = an . <3| @ =
ﬂ"li‘]/]ﬂﬁi’]U‘Vi”lﬂ”lﬂi]”lilﬂglﬂﬂﬂiﬂﬂ’l‘ﬁ"l}ﬂﬂmﬂu (Blaine) wWumsiannuaziooa

v o J = J 4 o dy Aa o < ' dil Aa 05;1 =) ]
fmwmmmﬁumumﬂmmmuﬂiugﬂmmwuwmﬁmww WUAIUOINUNHINIHNA WKLY

3 2 Yy A o =<
L‘]JL! cm /gT@]a“l%mimaﬂmmwumummﬁmmmaumummgm (ASTM C204-2004)

3.3.12 msnageumsnusamia

MsnaaeuaNunUMuaeassala 9i1ld Tasnmsusnounsavrawnlu
drsazateunniFondama (MgSO,) ANutuU 5% Taenimiin Tael#Aeudaediavuna
100x100x100 mm dMSUMINATBUMEITVUTIOA $1UIU 3 AU ﬁmq 3, 14, 28, 60, 90, 120,

150, 118z 180 TU
MsNATEUMSVEIBRINon151Asunana1e1 (length  change) Vo4
Frodanounia TagluuLMae RouR 196 19UIA 75575285 mm $1u21 3 Hou nloudada
11 Stud Adaeianesdin naaouidunainu 180 Fu Tasannianisinmsveodives

dvdnaunia lannaumsi 3.6 IBMINATEURINWLIATTIU (ASTM C1012-2012)

AL = L[“ %100 (3.6)

g

11 D =  amsnlasuuilasanuenivisevensdn (%)
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L =  ANgMUeanedIed iy luaisazatesang (mm)
L = anuensuAUUDILNAI9619 (mm)
L = Gauge length =250 mm

3.3.13 ﬂ1iﬂﬂﬁﬂﬂﬂ1§ﬂﬂﬁ3!!ﬁﬂ
] Y . . =) 1 o 4
NMINATDUNITHANINY (drying shrinkage) VRIADUNTANIALUUFAGA 1/]111&5]
v
TAgN1TNa0ADUNTANIALIABULUNADUIATTIUYUIA 75x75%285 mm W3 0UAAAIN Stud
d' 1 LY Y d' LY ] [ d' u'z =2 o =
INIMIATINITHAA IV IUNAYUDILUNAIDY N NYHANNDALLLUNDIY 24 GIf’JI?N ﬁ]\‘]uTﬂi’Juﬂﬂ’IUlﬂ
T 3’ | Y 3 o e @ 1 [ o 1
uuiumzﬂunm 1 U ﬁnﬂu‘l'!Ll”lﬁlfu@'J@EJN’Jﬂﬂ'J”IlIEJ”I'JLﬁfl‘]Jﬂ'].ILL‘VNIE‘]W%ﬂ’J”IlIfJ”I'JlIW]iiﬂ!

a

~ £ ST A g9 o o A o ! ' P P
AN (285 mm) CﬁﬂﬁlglﬂUﬂnlﬂ’JTllﬂnnﬁiJ@]u ﬂWﬂuuuhl“Ifu@']@flnl\ﬁJlllljiuﬂﬂﬁﬂﬂﬂqmﬁﬂvll

§ v o o @ [ 1 o 1 <3|
23+£2°C ﬂ')’liJGdIfUﬁNWﬂ‘ﬁ 50 £2 % NINITIAANVYNIVDIUNIAIDYINVIUIU 3 LN Wuran 3,

14, 28, 60, taz 90 31 TasivanTunlasslminanmsnadiuit

1 A o YA 1 o o VY @ 9
ﬂWﬂ'J']iJEJTJV]’JﬂllﬂVI’EnEJﬁWQ 9 mmiﬂm"lﬂﬂmammiaﬂammmiﬁﬂmum

Tdnnaumsn 3.7

AL=t L"ﬂ' (3.7)
[¢]
il Dr =  mmsaloundasnnuenvionadiuis (mm/mm)
L = anwenvewniaiiedaiiensda q (mm)
L, = Anwensuduveiediesns (mm)
L = Gauge length =250 mm

34 ﬂ]iﬂﬂﬁ@ﬂﬁ%’,ﬁﬂi}aﬂ1ﬂ
3.4.1 X-ray diffraction (XRD)

a o o a
MINATIEN IATIA519HEN (crystalline pattern phase) ﬂjﬂﬂ’sﬁ’ﬂiﬂﬂmﬂuﬂmi
g v agd3 J . . = v agd J g ' '
RV UVDIIITONY (X-ray diffraction 159 XRD) Tﬂﬂiﬂfﬂi’]ﬂ“]ﬁ]gmEJ’JLTJull’]JGnllGIfﬂQ’JN
U = = 1 Y o a 4 a 9 =
nmnaz@1amnﬂuwammngmumm !,Lﬂ'J‘Vﬂﬂ15?]!,?13181/?‘]’553%%1@51]@\11?’13\1@'51\1946'?1

3 1 v g o { J
HU T@]aizEmeizw’m6zmauuummmmmm”lﬁmﬂﬁmmsﬁ 3.8 VAW UINE (Bragg)

nh = 2d0sin( (3.8)
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4 v W y o < 3 1
11 n = AUAUMSAYNDY (RUIUIWANAA 1,2,3,...)
g = yuannseny (89m)
A = anuenaY (A vie DIanIeN)
1 1 =1 d‘w = ) A o
d = FLYTHNILHINIZUIUNANNTITANNITZNY (A 1159 9398AT0N)

@ 1 4 3 o @ 1 J
maw3eudlediuiionaden XRD 1u i ldTasmsnudoudledragnuisn
Y < 2 < o 2 o [ 1
YUIA 100x100x100 mm  THuamiusuan Uszuiw 5-10  mm hFudledia ligulu
] v [
Tulasnumadfigaungd -195 °C Uszna s ni hyudeda i IdudelagldinTes
{ a o @ | @ [ 3 ) Qy o 1
Freeze-dryer 19119l —40 °C AMWAY 0.5 Pascal 1Hua 2 0 wasntiudahsudiedia
9 (] (] 4 o Qy o ] ~ 9 9
Tuaudans sWiuazunsawnasgiu ASTM o3 100 1HhFualee199 10 lilnaaey XRD a1

1A309 XRD-6000 Aduaadlugili 3.3

5111 3.3 1509 7A 1L H Ins9a319WaN (XRD)
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3.4.2 Scanning electron microscope (SEM)

AoUAIBE1IABUNTANIALINZ NPT AT 001N TN YNIARIEIFI150
Ja 1
ﬂé'mfga‘vmﬁumaﬂmﬂmmummuw%amﬂsm (Scanning electron microscope W30 SEM)
4 { o 1 . . a 4 @ T
Lﬁ@‘ﬁ%zﬂTﬂWﬂmEJEUEmJ"lJENE]‘Lgmﬂ (Scanning electron microscopy) N1UATIEH AT INAIDE
o y % v g 2 g v
Iﬂﬂﬂ'lﬂ'linﬂﬂﬁ]u@‘ﬂﬂ'lﬁﬂﬂlu'lﬂ 100100100 mm THuanduguan vu1aning x 917
¢ o A o e q Y Y 9 &

U528 10x10 mm ANUKUL S mm i]'lﬂi!u‘l!'ﬁfu@]'.]ﬁ]EJNUlﬂVI'IGlﬂLLWQﬂ')ﬂtﬂiﬁl\‘l Freeze-dryer
{ a o @ <3| @ @ 3 o Iy Y ' a
ﬁqmwgu —40°C ANAY 0.5 Pascal 110412 waqmﬂuuuwumamﬂﬂmﬁaumﬁ'w
nostwazh linadeudonmusisoynnhaigedienTes JSM-6460LA model Scanning

Electron Microscope (JEOL) Qe m‘lug Un 3.4

= A 0w
E‘IJVI 3.4 1TDYMNWVIIYNIAIYN (SEM)

3.4.3 Mercury intrusion porosimeter (MIP)

Mse3eudIg1onadoUmvIIALazNIsNIzIevedInse i ldTasn1snu
Y o s v @ 2 2 &
ﬂ'ﬂu@?ﬂﬂ’l\‘]QﬂU']ﬁﬂ"Uu'lﬂ 100x100 x100 mm 1ﬂll@ﬂlﬂu%ulaﬂﬂigu1m 5-8 mm Tﬂﬂ%zmﬂﬂ

ay o ] ~ [l F2 4 9 [ o ay @ [l 1
Lﬂ'l“]fuﬁ’mﬂ'lﬂ%ﬂgﬁiﬂGli]ﬂa'NﬂE]uQﬂ']J'lﬁﬂ 1¥szum 8§ N3N uwumamﬂﬂﬂuaﬂu
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v ]
~

2 A A o o < = 3 ) Qa} @ ' o Y
ului@]i!%UEﬁajGﬁquqmﬁauﬁ']ﬂ -195 °C ®Wunandszunm 5 un ﬂqﬂuuu1cﬁu@3@81\‘]l’lﬂﬂflﬁ

]

Y v A a a o . A o & o o =
LHRIAIYLATON Freeze-dryer ﬂQﬂ!ﬂ{]u —40 C naNuAU 0.5 Pascal lﬂuna'] 2 AU INUUIIUN

Q" [ 1 [} 1) Y 1 [ % 1 Y a 3 1 [}
yudet19tszana 1-2 n3y lal3luunald@ee19 (penetrometer) udIAada luspInNNAY

o a 4 4 < [ q’j A @ . o J [
a1 dwnseune Iiszuuiluguanme wasnndwnuaNuauINDY 30 psi taziwnald

Y
= [

v Y 1] v v
A10819F NN NIAZAAAINFOINNNAUFY 1HBOAANNAUIUNTZNIDIANNAUGIGAT

33,000 psi

3191 3.5 1nTeanadoU MIP

3.4.4 X-ray fluorescence analysis (XRF)

[

v 1 A Y =2 1 J = 1
G]’J’E]EJN’JKT@‘V]i]glﬂfcluﬂﬁﬂﬂkl"ﬁ]gWTL!ﬂ"Ii‘V]ﬂﬁ@iJ‘H1@Qﬂ1Jigﬂ’E]‘U‘VINLﬂlIIﬂEJW"ILl
4 a 4 o ] o 1
INT893A519H X-ray fluorescence H30 XRF 1114 lagnisihmedledrauvalunsn vaas
. A Y v ] < P = d? = < Y 2 Y
(ceramic or agate mortar) e lideduiluninaz@oatu uazlvuiavoudans Indineenuy
(Y 1 F) A 1 A A 9 Y 1w A A o [ ya
mma&mmuumﬂmumﬂummmmmwimamaau"h Glalfmﬂuﬂﬁ%@']ﬂlﬂﬁﬂwﬁ@I’J’E]EINGI,?WW]
< ua/’ 1 ° o ] @ 1
vumiitlusuuisesrsainaguo VlWﬂ’J'liJﬁ$E)']ﬂLLWL!§I’J’E]EJ'NGlﬁIGEI‘U%’E)EJ AIVTDUAINUY

o' 1 % 1 Y =X 9 a\ v W 1 A o 1q Y [
ginauevUHUAI9819 LA s ladanudaiedi LWfJﬂullllGlﬂW\‘]'ﬂﬁ]ﬂ’t)’ﬂﬂ%Wﬂl!WHW‘lﬁJ
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7101 3.7 1A59931AT1ZHMINTZNGVUIAVBIBYNIA

v v v asa d
3.4.6 ﬂﬁ‘ﬂﬂﬁﬁ)‘UiﬂﬁﬂﬁiN‘M’N’JNE’)]MPIIG]EJ’Jﬁ’J!ﬂ‘ﬂ%‘Vm]W

11109910 15963 199099190 19 (air-void structure) YBIADUNTAVIALLUFAGAT

v '
9 v [ = a A

1 % 2 y 2 1Y 1
(cLo) gnszyduniiludindidguinigavesnuduiiaszauganiniloninane
AuautiAres CLC lumiaun1isnazosuie1aseai 19099199109 (air-void structure) Y04
& A = a an o a g 1 o %
CLC 9 luunn@ozin1slssliumaiin1sveansmMyuaveanIsines ¥0931901mMAd 113y

a o A @ o 9
ABUNIANNNTZEN D90 INANLUIAILA

v [ 4 1 1 1 o |
msaadaglivmeenainiuioszgresitaneluiFoniiniai Stereology 1Hu

g a 4 3 a a d o o
Wdui'lu‘ll'ﬂﬂﬂ'liﬁllﬂi'lgﬁﬂ'lw (image analysis) LW5131!1!1411'185\1'J%lﬂ'liﬂ'lﬂﬂmﬁﬁ'lﬁﬁiﬁ'lﬂiﬂ

a o an 4 [} y o v {
MIAF1IMI003 A WA (three-dimensional) Y111 Nazih ldTiaNuFanuveslnssadan

4

1dnmsiauuaIudga (section) ¥oa1asaars1a (Pleau et al., 2001) TagAouszMIAITNUATIZH
9
A1endosganssmi 12INsAseuFURI0I1INTIQNUIRNANUHUITEHIN 12-15 mm QnAa

4 @ v A d { Qy @ Il { @ v @ :/’ @
Taoms1dinsosdalumes deimulugli 3.8 Fudrednigndanihdudaasnindy

9
1 = (2 = v

@ [ I { 1
UUITI1Y ng@]ﬂ!!ﬂ\?ﬂ@ﬂlﬂuﬁﬁ')u'ﬂﬂﬂiﬂ%ulﬂlu'lﬂ"]J@QGI’JE)EJ'N 5050 mm ANUHUT 12-15
021} ) o dy a A o 1 = Y l;y Y
mm i]'lﬂuu‘lfl'lﬂ'li"llﬂWuW'JVIi]%VIﬂﬁ@UﬂJEN@]'J@EJ'N1uﬁﬂ1WLﬂElﬂﬂ'JfJ‘L!'lIﬂchlG]fﬂigﬂ'IH‘VIi'lﬂ

4 o w A 9 sldy a Aa ~ v A g A 3 2
189 180 tag 600 AUaIAU LW@i‘VillﬂWHW’J‘VILiEJULHEJu mmwu‘lugﬂm 3.9 NNUUBUITUIL

o a

v ' A o o a ¥ =
Qﬂ‘l’nﬂ”ﬂilﬁ%ﬂW’Iﬂ’JEJﬁﬂ!ﬂ11ﬂﬂlﬂiﬂ\‘]®ﬂ®1ﬂ1ﬁﬂ’ﬂﬂ UAZITYNIVUMNBDUNYUNYN 50 °C

U

A

9 [ 1A Y o % a s Y Y 4
LW'E]Gl‘ﬁLL‘L!Glﬂ'NW'J!L‘W\‘]ﬁ']WTUﬂ?iﬂlﬂinﬂﬂﬁﬂﬂﬁ@Qﬂaﬂiiﬁu

k4 E4 v
v A

a I 9 aw =1
ﬂ']iﬂ‘iglnﬁWaﬂTWLLﬁ%i%‘U‘Uﬂ']i'JLﬂi'l$ﬂﬂﬁlﬂfﬁluﬂ'ﬁTﬂflﬂiﬂuuﬁﬂﬂﬁluzﬂﬂ 3.10
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Test Program

Laboratory

Effects of pozzolan on
propertie and microstructure
of CLC

FA, NZ, and NS

I
SEM, XRD, XRF, Specific
gravity, Blaine fineness, and

particle size
1

unuRaugaIe FA, NZ 1518110, 20, t1ag
30% wazinuiianes NS U3t 1-3%
Tas w nwe binder  wh=05,0.6,
0.7 Dry density = 800 kg/m®

Compressive strength

Microstructure Thermal conductivity (k)

Unit weight

MIP SEM XRD | | Image Analyzer

Setting time

\Water absorption

Sulfate resistance

Drying shrinkage

311



3.1 dgmadiumanvesnouniauia usagal
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Mix proportion (kg/m’)
Mix % Binder Foaming
No.| Symbol |Pozzolan| OPC | FA | NZ | NS | agent | Water | wh
1/ CON |- 665.0 |- 0.772 | 332 | 05
2 | 0.5FA10 | 10 598.5 | 66.5 0.759 | 331 | 05
3 | 0.5FA20 | 20 5320 | 133.0 0.746 | 332 | 0.5
4 | 05FA30 | 30 4655 11995 |- 0.733 | 331 | 05
5 | 0.5NZ10 | 10 5985 |- 66.5 0.760 | 331 | 05
6 | 0.5NZ20 | 20 532.0 133.0 0.748 | 332 | 05
7| 0.5NZ30 | 30 465.5 1995 |- 0.737 | 331 | 05
8 | 05NST | 1 658.35 - 6.6 | 0.771 | 332 | 05
9 | 0.5NS2 | 2 65L.7 133 10770 | 332 | 05
10| 05NS3 | 3 645.05 | - 1995 10769 | 332 | 05
11| 0.6FAL0 | 10 598.5 | 66.5 - 0.777 | 398 | 0.6
12 | 0.6FA20 | 20 5320 | 1330 0.764 | 399 | 0.6
13 | 0.6FA30 | 30 4655 11995 |- 0.751 | 398 | 0.6
14 | 0.6NZ10 | 10 5985 |- 66.5 0.778 | 398 | 0.6
15| 0.6NZ20 | 20 532.0 133.0 0.767 | 399 | 0.6
16 | 0.6NZ30 | 30 465.5 1995 |- 0.75 | 398 | 0.6
17] 06NSL | 1 658.35 - 6.65 | 0789 | 399 | 0.6
18| 06NS2 | 2 651.7 133 1 0788 | 399 | 06
19| 06NS3 | 3 645.05 | - 1995 | 0787 | 398 | 06
20 | 0.7FA10 | 10 5985 | 66.5 - 0.795 | 465 | 0.7
21| 0.7FA20 | 20 5320 | 133.0 0.782 | 464 | 0.7
22 | 0.7FA30 | 30 4655 | 1995 |- 0.769 | 465 | 0.7
23 | 0.7NZ10 | 10 5985 |- 66.5 0.797 | 465 | 0.7
24| 0.7NZ20 | 20 532.0 133.0 0.785 | 464 | 0.7
25| 0.7NZ30 | 30 465.5 1995 |- 0.773 | 465 | 0.7
26| 0.7NS1 | 1 658.35 - 6.65 | 0807 | 464 | 0.7
21| 0INS2 | 2 65L.7 133 | 0806 | 464 | 0.7
281 0.7NS3 | 3 645.05 1995 | 0805 | 464 | 07
: CON = Control mix, OPC = Type-I Portland cement  ordinary Portland cement,

FA = Fly ash, NZ = Natural zeolite, NS = Nano-silica
Wiater-to-binder ratio

nano-Si0,, wih =




UNN 4
= a d
NaNIANEIAZNIIATIZTING

41  UNIN

E4
Auv A

~ 1 I o A a o J ) ]
AaunIaNdaragar luaIdetiumaihasmuvessiadunsiz i lnilu

1 @ a o J @
WosTWuneunanasuunsunindalagldiaalosloarusssumansodunsignanny

[

7 7 J { 4 ' s
Yudwuaesauauailuiggdadszan IununFuwudusdiudrodiasoniodlo lad
Y 1
5ITNIATUSATIEIU 10%, 20%, Lag 30% lasiiminvesiaqoalsyaiu uazunundioum
Y
Aaa o [l o o [V o 1 <
Tuganludasidau 1%, 2%, uaz 3% laoiminvesiaqoalszau shimsvasuazinuiou
A0819LNN01Y 3, 14, 28, 1Az 60 TW MRV MTUMINATEUMAITVUTIOALAZ NMTHATY
Y v [ [
111019 28 Tu nadeunmaAuiANITHadts nisnldeunlasnnueralonsluaisazaie
~A A [ ~ 1 FY Y 1 ~ A 3 o Y
BunNIFUFANANDIgAN ) NATRUAMNNFUVOINDUAIOINABUNTA TUTAINNUUIAIAD

Y
HATNAAOUNITLILIAINTADAIVOIADUNIATA NANANTANEINT10aZIDEAAIL

42  aEaiavesiaadaiszaiu
421  QuMaENUAMIMEMN

a Jd o @ @ {
Wa%WﬂﬂTiﬂLﬂﬁ’]gﬁaﬂEﬂ!gﬂWQﬂWﬂﬂWW%@Qjﬁﬂﬁﬂﬂﬁgﬁ”lu AIA15190N 4.1

1 ~ 4 4 =% I = S a 1< a
W Yusmuddesanaudidnvaztlumm Nilsmavewvasesas 99.02 uazisuiw

9
A o =

Ay v o o a < v -
ANUFUIBYAL 0.98 aeslanyuziduFinIa NUsunvewvesesay 98.77 uazilsuw
dy 9 ~ 4 ad v I =\ =\ A A <
ANNBUIDYAE 1.23 G])’I@hlaﬂ‘ﬁiillalﬂﬁmﬁﬂ‘]elﬂ!%&‘l]liﬁﬂﬂ’) YY) VUTUIMVDULVITOAS

a dy Y 1 aAany Ao 3 =\ A A <
98.59 uazlsuunnurusevas 1.41 mumiucmﬂmaﬂvmmﬂumn HUSuavewveien

- 4 9
a2 99.8 uazilsannurusiesas 0.2

M50 4.1 AnYUNNMINMUBIIagoalszaiu

Material Appearance Solid content (%) Moisture content (%)

OPC Powder (gray) 99.02 0.98

FA Powder (light brown) 98.77 1.23
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Material Appearance Solid content (%) Moisture content (%)
NZ Powder (white-green) 98.59 1.41
NS Powder (white) 99.8 0.2
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OPC FA Nz NS
Chemical composition
(wt%) (wt%) (wt%) (wt%)

Silicon dioxide (SiO,) 19.85 43.87 75.32 99.8
Aluminum trioxide (AL,0,) 4.49 26.33 10.28 -
Iron oxide (Fe,0,) 3.56 10.81 2.66 -
Calcium oxide (CaO) 66.96 12.69 3.95 —
Magnesium oxide (MgO) 1.36 1.23 1.2 -
Sodium oxide (Na,O) ¥ - 0.89 —
Potassium oxide (K,0) 0.34 1.10 4.29 —
Sulfur trioxide (SO,) 2.46 2.74 — —
LOI 0.98 1.23 1.41 0.2
SiO, + AL O, + Fe,O, - 81.01 88.26 -

LOI: loss on ignition
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M3 4.4 32E21I0ININBAIVOINBUNTANIAL YA

Time (hours)
Mix No. Symbol
Initial set Final set

1 CON 52 13.1
2 0.5FA10 8.75 16.5
3 0.5FA20 11.2 19.8
4 0.5FA30 14.45 23.5
5 0.5NZ10 8.0 16.0
6 0.5NZ20 10.5 18.78
7 0.5NZ30 12.15 19.95
8 0.5NS1 L 3 —

9 0.5NS2 - —
10 0.5NS3 - -
11 0.6FA10 7.5 16.8
12 0.6FA20 11.3 20.2
13 0.6FA30 15.9 24.4
14 0.6NZ10 8.1 16.0
15 0.6NZ20 9.25 18.85
16 0.6NZ30 13.5 21.5
17 0.6NS1 5.6 11
18 0.6NS2 6.4 9
19 0.6NS3 6.6 8
20 0.7FA10 8.7 17
21 0.7FA20 12 21.7
22 0.7FA30 18 26.5
23 0.7NZ10 8.5 16.5
24 0.7NZ20 10.5 19.25
25 0.7NZ30 14.5 23

1 . ] =2 [ 14
WU - AIUHENVDY Mix No. 8,9, 1ag 10 liawnsaaugihilu cLe 14
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MINN 4.4 52821IININDAIVDIADUNIALIALLFAGEAT (A1D)

Time (hours)
Mix No. Symbol
Initial set Final set
26 0.7NS1 5.7 12
27 0.7NS2 7.2 10
28 0.7NS3 7.5 9
40 L LI LI L +O'5FA Final SEt
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Replacement of pozzolan (%)
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AIUAN NDIYNTUN 3, 14, 28, A 60 TN 1.81, 2.7, 3.05, LAz 3.15 MPa AUA1AL
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MINN 4.5 MATVUIIBAVDIADUNIAN I UFAGAN

Compressive strength, MPa (Relative strength to CON, %)
Mix No. Symbol
3d 14d 28d 60 d
1 CON 1.81 (100) 2.70 (100) 3.05 (100) 3.15 (100)
2 0.5FA10 1.95 (108) 3.17(117) 3.45(113) 3.65 (116)
3 0.5FA20 1.65(91) 2.75(102) 3.10(102) 3.30 (105)
4 0.5FA30 1.27 (70) 2.15(30) 2.42(79) 2.58(82)
5 0.5NZ10 2.19 (121) 3.72 (138) 4.27 (140) 4.51 (143)
6 0.5NZ20 1.92 (106) 3.18 (118) 3.66 (120) 3.91(124)
7 0.5NZ30 0.85 (47) 1.56 (58) 2.05 (67) 2.25(71)
8 0.5NS1 - - - -
9 0.5NS2 - - - -
10 0.5NS3 - - - -

NN

dUHENYDY Mix No. 8, 9, uaz 10 liansatiugihilu cLe 14
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M3 4.5 MATVUIIBAVDIAOUNTANIAVUYAQAT (41D)

Compressive strength, MPa (Relative strength to CON, %)
Mix No. Symbol

3d 14d 28d 60d
11 0.6FA10 1.9 (105) 2.9(107) 3.2 (105) 3.51(111)
12 0.6FA20 1.53 (85) 2.58 (96) 3.05 (100) 3.26 (103)
13 0.6FA30 1.2 (66) 2.03 (75) 2.35(77) 2.45 (78)
14 0.6NZ10 2.24 (124) 3.32 (123) 3.84 (126) 4.16 (132)
15 0.6NZ20 2.41(133) 3.7(137) 4.25(139) 4.65 (148)
16 0.6NZ30 1.75 (97) 2.6 (96) 3.14 (103) 3.37(107)
17 0.6NS1 2.9 (160) 3.7(137) 4.1(134) 4.29 (136)
18 0.6NS2 2.4 (133) 3.13(116) 3.4(111) 3.51(111)
19 0.6NS3 1.5 (83) 2.25(83) 2.45(30) 2.5(79)
20 0.7FA10 1.8 (99) 2.8 (104) 3.11 (102) 3.3 (105)
21 0.7FA20 1.47 (81) 2.5(93) 2.9 (95) 3.1(98)
22 0.7FA30 1.2 (66) 1.89 (70) 2.2(72) 2.35(75)
23 0.7NZ10 1.51 (83) 2.55(94) 3.15(103) 3.53(112)
24 0.7NZ20 2.05(113) 3.2(119) 3.8 (125) 4.4 (140)
25 0.7NZ30 2.4 (133) 3.7 (137) 4.4 (144) 4.9 (156)
26 0.7NS1 3.35(185) 4.25 (157) 4.7 (154) 5(159)
27 0.7NS2 2.72 (150) 3.45(128) 3.75 (123) 4.04 (128)
28 0.7NS3 1.9 (105) 2.45(91) 2.78 91) 2.93(93)
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o o

o v | A o A A A ¢

0.7NS1 ganeergdunaziate sgnalivedinny Aan13190 4.5 nazgdn 411 Tuvazimaa

Yo o o o A A J 1 F4 =2 g o Yo o o

0.7NS3 1Maedad 110991 UNUNFINUADINEIUAIY NS gadeTesaz 3 Mlndiaesa

Aaaa o a d? Y U A A A d Y o Y o 1

Y04 C-S-H nnifnsen lamsrunaduiios nanfomsunuiduuadie NS ilddadiu
s 4 ° [l Y Aa P a o PPN Aaaa o

YyouFuaaadia dawaliiSum ca(OH), Fullundadunnnaanilgnsolansyuves

J 1 o [-) aaa a < o

Yududanas 3193 caOH), TidisanedmsuinlgnsenlosTyariin Juduwaiilims

a aan 1 A ' @ a d? Yy 9 @ z o v w

malgnserszninasdes Taamuniioglu NS Ay ca(OH), Aadulados aeiudidesy
[~ J J = 1 <3 = Yo o w o ] Y

USIBATIUUANTAVDQ 0.7NS3 Tanad 0814 Isnamudadiidesvusedalurieergduves

1 c; 1 1= 9 A d? ] Aaan a o

auwad 0.7NS3 @131 OPC ualuud Tumwnyulugergdarsamilgnsen)es Tyariin d

dunaldnngdi 4.11

Pateniinaneniasivussdavesnouniantauaagar 13 Jade laun
Ugnserlamsdy wavean1soaunsn (filler  effect) nazfnserosTaariin wavos
aan q'z Z d' 9 1 a = o’d‘ 9 1 ] [
Ugaserlamsvuiuwnerdoslasassaellsunaduudnlsludiunay drunaveinison

' 1< o @ @ v
Lwliﬂmi]l,!,uq]l@’]}l,‘ﬂuﬁﬂﬂﬂ%ﬂﬂﬁ?ﬂﬂuﬁﬂ WAINNI1T9AND (packing effect) LLAZWNAIINNIT

E4
v K

Y 1 E4
nsz1eda Taenaesiladeduediuanuazidenvesiag Fawavesnsnszaneannaiula

<] '

A o a o Y % = A a
LN@@HﬂTﬂ?ﬁﬂNmuTﬂ‘ﬂlﬁﬂ Llﬂ$ﬂ$ﬁ\?WaﬂTiﬁ%LNu@LWﬁ@Nﬂigﬁﬂ‘ﬁﬂTWQIQGLUﬂT§

D.

a aan o A v @ qu’ [ A A A a3
Lﬂﬂﬂgﬂiﬂﬂllla!ﬂiﬂfu Guiuz‘ﬂNamﬂmi@ﬂmumﬂuNaﬁmummmﬂﬂ”lwumummgﬂm!,aﬂi]x
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o Y A @ 1 1 = J I YA
Vl'lal‘ﬁﬂ’NNﬁuJWﬁflﬁlUﬂ'ﬁQﬂﬁﬁﬂlmﬁﬂﬁ')iu%ﬂﬁ?Wﬂﬂl@QGmNu@LWﬁ@Vlﬂﬂ (Montgomery et al.,

1981; Gopalan, 1993; Cyr et al., 2006)

4.6  MIHAFINKIVBINDUNIAN I UFAA)

4.6.1  MINAMINKAIVBIABUNIANIAIUUTAgAIN w/b = 0.5

U0 4.12 ngasmanad i aina1a1e 9 veerounIaNIAUEAga N wib =
1 [ 9 =~ 1 A dgl A 1 Y 9 &
0.5 WUIINMIHAAIHIVBIABUNI AN UYga NN NV UA Tz azaN)doe IHuR &9l
[ [ Y ] 9 [ [ [ Y A d‘ ]
9n31MInAaInIgelugIaszezdu (3 u) uazdasimsvaduianaunoundnlugig 28
@ o 1 =\ o 9 a 9 A A ] . [} o' 1 [ =i
T wuzihimniimsih U 190uase arsldnouniaiiongiy (curing) lidna 14 Ju 390z
3 a?’ d' = A = d' a LY Y d' ] 9
muzay MatioaanNud@eiensemIgadenennnanmsnadunangelugieeigau
d‘! A A [ [ @ 9 ~ 4%’ [ @ Y
Y94 CLC 1aAdUNTANDIY 90 11 6ATINTHAAIMHIAINUINIY TAsdATINTHAA IV
durFUAILAY 119871 90 Tu 1A 2,534x10° mm/mm %3 0.2 % dATIMIHAG I
90 JUVBIAIUNAY 0.5FA10, 0.5FA20, L@y 0.5FA30 M0 2,365x10°, 2,274x10°, uay
1,976x10° mm/mm MUEIFY FI8101UD9 CON taziionsInsuaduisanainiuilsuia

< 44 &£
MTUNUN FA MNUYU

MINAAITINNAT 90 SUVBIAIUNAY 0.5NZ10, 0.5NZ20, 1ag 0.5NZ30

MR 2,221x10°, 2,021x10°,  uaz 1,889x10° mm/mm #INAIPUFIAINIIUDI CON tazil

e

FaIIMINAG T aNaINTIUMTUNUN NZ nuay Taga1unay 0.5NZ30 1oa31013
o Y o' A o [ A A~ 4 [ Y (%
NAAWAIMNGATIHIY whb = 0.5 119991NMIUNUNTUUAVNAIUAIY NZ  TUuszaDgs
[ 1 a IS 7o o A = :j a 3' =
dadrlsuamslssuuad Usenouiueynia NZ alanuazdee aziulTuaiig

ana i ldneuniauaisagalionsimsnaa i
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0 —e— CON-4-0.5FAL0 -—=—0.5NZ10
£ -4 -05FA20 —%—-0.5NZ20
g -500 -o--0.5FA30 -—+- 0.5NZ30
«,»E -1000 .
S |
< -1500 _
s
£-2000  \\B - SmSsmesssTiac f=ansannEies
g
[ ORI TS y-qiylptvinlvivlatuislaloieloly
£ -2500 .

g) - -

'S, -3000 | .

(| | i
-3500 | | | | | | | |

0O 10 20 30 40 50 60 70 80 90

Time since drying (Days)

310 4.12 mIvadmravesnounIaNIAITaga I whb = 0.5

Y

nlFeufeumsnaduiaresnounianIa Isaga1sEnINMSHAN FA 11

1 d'd < Y a 1T Aa 09; ] 1] = =\

NZ wunmsunuiGuuaats Nz lulsua linu 30% Tashminvesiagdalseaiy i
o v Y o ' A A A I Y @ a 1w

8A31IMINAGINIAINIIV0Y FA Tuvaizimsununasmuuaads FA Juszauilsunaumiiu

gl o 1Y = 1 A v @ Y ' 3 9 T <

(30%) Tashwtinvesiaqiailseaiy nunlons1MInadiagand1 NZ anios o413 lsn

MudaTIMsnaduiavesnouniauIawaga il wh = 0.5 1198190 Ju lneglusag

6 =2 -6 A =
1,889x10 949 2,534x10 mm/mm 39 0.19% 94 0.25%

462 MINAMINKIVRIABUNIANIAILNTAgAIN w/b = 0.6

U7 4.13 HAAIMIHARILRINNIAIA 9 YDIABUNTANIAUFAYAIN w/b =
' o ] ~ 1 ~ ' T
0.6 WUMINAGIHIVBINDUNTANIAIU UFAgAUNNIUAINTzoza N doe 11N Fal)
[ LY Y ] 9 [ 1Y [ Y A d' ]
ansImInaaiagalurieszezdu G u) uazdasimsvadiuisanadmnaunanlugia 28
Su'lauda 90 Su MIradTaNnal 90 TuvesaIUNeay 0.6FA10, 0.6FA20, t1ag 0.6FA30
M 2,383x10°, 2,291x10°, @z 2,103x10° mm/mm AIUEIFU ¥I81nI1U09 CON tazil
[ @ Y Aa ~ A A dg‘ d‘ =l = [ o
9ATINTHANIHIAAINNUTUIUNITUNUN FA NLIU nazionlseuneuonsinsraad
v Y
uﬁ'wamauﬂ?mmmmmagm FEHIN w/b = 0.5 711 0.6 WUIIAOATINITHAAIA AN

g 1 :l 1 o =X A A d?
mmamm’mummﬁ@;aﬂﬂizﬁmm‘wmu
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MINAAITINNAT 90 SUVBIAIUNTY 0.6NZ10, 0.6NZ20, 1Az 0.6NZ30
M 2,255%10°, 2,043x10°, 1ag 1,898x10° mm/mm NS UFIAINII1U CON tazionsi
o 9 a A 44 4 A Y a
MIHARILHIaAaIMNYSAMSUNUN NZ Ay Taemsunundwuanie NZ Tludsua
1A = [ Y o' d‘ (= = [ [ Y =)
Tt 30% fioasimsvadudeiiga uazilonfSeufioudasimsvaauisveInoUNIALIA

9
! o [

wusagainoaahweiaggalszat wb = 0.5 11 0.6 NUNAIBATINITHAA RS

q

=

A L o ; S 1w 44 2 A a S , 44 2,
MNIUMNOATIEIUTReIdqoalsea UMY HoendSunanh ludiunguiiuyui

a

Y A A A 42} =3 1 Yo [ Y A d%l [ J
°l1»immw§uuﬂﬁmmmmummwa“lmmwmﬁmmgmqmmumﬂan

ATNAGITINNAT 90 J1 YBAAIUNEY 0.6NS1, 0.6NS2, 1AL 0.6NS3 (M1H 1)
2,620x10°,2,767x10° uag 3,022x10° mm/mm MU WY FIgINI1U0 CON taziionsnsia
@ 9 A dgl a ~ A A dgl A A o @ Y
AMAUNVVUMNUTIUNITUNUN NS MNNTU TaeNaIunNay 0.6NS3 HOATINITHAA N

A A = o Y A A
gagaly wb = 0.6 11199910 VUIABYNIAYRY NS UANWAzDeage M linounIalanungu

< . a A 1 y o % Y A
YUIALAN (gel porosity) !,Lazmﬂamiqa mwa“lmamwmiwﬂmgmmf;m

0 —— CON -2--0.6FA10 --#-—0.6NZ10 ——0.6NS1

-4--0.6FA20 --¥-—0.6NZ20 ——0.6NS2

-500 -0--0.6FA30 --¥—0.6NZ30 ——0.6NS3

-1000

-1500

-2000

-2500

-3000

Drying shrinkage strain (10 N mm/mm)

-3500 | | | | | | | |
0 10 20 30 40 50 60 /0 80 90

Time since drying (Days)
d‘ % Y = 1 d’
719 4.13 MIvadriaveInoUNIANIA YA N w/b = 0.6

A = =) % Y = A % a
LlJ’E')L‘iJﬁﬁJ‘]JL‘V]EJ‘Uﬂ1i°ﬁﬂ§°’l’3llﬂ\1"’UENﬂE)’L!ﬂﬁﬂuﬂﬁ!‘iﬂl“ﬁﬁQﬁTﬂi%ﬂ‘U‘ﬂiNWﬂ!ﬂTﬁ

A 1w oA o o Y ] A
UNUNMNINUN w/b = 0.6 1791 90 IU 'f)@l'iTﬂTﬁﬁﬂ@?!tﬁﬂlﬁﬂﬂﬂWﬂu@ﬂqﬂ‘ﬁ’lll’lﬂﬂﬁl NZ, FA, 118y
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=

NS awdidy Taomsunuidwuddis NS TuySuia lidiu 3% Tﬂaﬁwwﬁﬂmaﬁﬁ@aﬂ
Uszenu Tsanmsvadaudaqenimndaunanly whb - 0.6 tleainwavesnnuaziBeaves
oA NS 1azHavedlSIuTIIUA (cement content) FeapaARoIfUTBNUHANMITIToV
Jaturapitakkul et al. (2004) 8814 l3fia s manaduiivesneunsamnaIsagail wib -

0.6 Mra1 90 Ju Hareglusae 1,898x10° §3 3,022x10° mm/mm 138 0.19% 84 0.3%

4.63  MINAMIMHAIVDINOUNINIIAVUTAGAIT w/b = 0.7

U0 4.14 ngasmanadunianna1a1e 9 vesnounIaNIAUEAga IR wib =
1 [ Y =~ 1 A dgl A 1 Y 9 £
0.7 WUIINMIHAAILHIVBIABUNIANIAIU UG UANTUM NI ZaznaIN ) doe i &l
[ o Y ] Y [ [ @ Y = ~ ]
ansIMInaaIiIgalureszezan 3 u) uazdnsimsradiuisanaunounanluegia 28
Fu'lJauda 90 1 MInadurannal 90 TuveaaIuNaAN 0.7FA10, 0.7FA20 1ay 0.7FA30
0D 2,401x10°, 2,311x10°, wag 2,110x10° mm/mm A1N§19Y FIA1NI1YBI CON uazil
[} % Y a d' d‘ Q‘ dg’ dyd' =) = (%
AT IMTHAAMNIAAAININUTUIUNITUNUN FA MNNUU wenonillen/Seumeusasinig

9
WaRIURIveInaUNIANIAIIAgaIAazEns @A Taganlszaiu (wb = 0.5 89 0.7)

q

=

1 4 4 a [ A 4 [ ] g} [
WUNMTUNUNTUUAA8 FA TuaSunar 10%-30% s uiudumusasiainiveiaasa

a

422
szarunnuvy

MINAAITINNIAT 90 FUVBIAIUNAY 0.7NZ10, 0.7NZ20, 1ag 0.7NZ30
MR 2,275%10°, 2,055%10°, uag 1,908x10° mm/mm A1NE19Y FIA1AI1UD9 CON uazil

[ o Y a ~ A A dg’ A A Y
NI INITHAAILNIAAAININYT UM TUNUN NZ  JUNVUU MSUNUNTIUUAAIY NZ Glu

9
| o ' v =2

3 E4 v v Y
Usmm 10%-30% Hoasimsnasudunuiuaudasdiuiveiagoalssaumuiu
J 9 J

= A a g‘ [l A A =K o Y a a dg,
(30 w/b = 0.5 93 0.7) m’mmmJmwmuﬂumuwﬁumwmuwﬂwﬂimmmmw;mwmu

2 Yo o y A 2
ﬁ]\‘l'ﬁ\iNaiﬁﬂ@iTﬂTiWﬂ@nuﬁ%WNmu
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O—

—e—CON -2-0.7FA10 —#-0.7NZ10 ——0.7NS1
-4 -0.7FA20 —+-0.7NZ20 —>—0.7NS2
-0--0.7FA30 -—»-0.7NZ30 ——0.7NS3

-500

-1000

-1500

-2000 - - _-_":\_E _______________ A — ;
2500 \\\ 0 T TiTTo-m-------ge-------mT T

> -3000

Drying shrinkage strain (10 N mm/mm)

-3500 | | | | | | | |
0 10 20 30 40 50 60 70 80 90

Time since drying (Days)
d‘ % 9 = 1 d’
719 4.14 MIvaduriaveInoUNIANIA YA N w/b = 0.7

MINAATINIAT 90 U VIAIUNAN 0.7NS1, 0.7NS2, ag 0.7NS3 (M1HU
2,635%10°, 2,787x10°, uaz 3,052x10° mm/mm MNEIAU §an11U99 CON 9ATINIHAA IR
A dgl a ~ A A d? A Y a
MuuTansunun NS iiuay Taemsununduuadis NS Tudsua 3% Jae
Y ] Y
Wminvesidadalszauiionsimsnaduianimadiunay esnnkaveslsuiani
a 4 { 1 <3
Ysuadwuanazoyninves NS Alianuezdeags diwalnnounialinnuwgusuia@n

Yy o @

a = =KX o Y A [l ] @ o Y
uagmﬂamiqa %Qﬂﬂﬁh’ﬂﬁi1ﬂ1iﬂﬂﬁ’)tlﬁﬂﬂq\‘i f)ElNllﬁﬂﬁ111@ﬂiWﬂ1ﬁﬁﬂ@n!H’N511’6\‘1

ABUNTANIAUFAA N whb = 0.7 1198190 U areglusaa 1,908x10° 949 3,052x10°

mm/mm 139 0.19% 94 0.3%
4.7 Tmaa%’nné’quamﬂmm CLC

4.7.1  ANNNTUYBY CLC

4 1
HANINATOUANUNTUVOIABUNTANIAID UTFAgAINInUATOIY 28 Tu e
Pluans1ei 4.6 nazg1i 4.15 834.17 szuvanunguilsznoudie T 4 sialaun Twsg
A g & a <3 ' 2 A &£~
wanse Inssvadndadivnam@nnil 10 am Inssmtaarzvinalunaiedaiivua 10-50

nm Tnsamilaaizuualvgidelivua 50-10,000 xm wag Ings01MAn3e Insauuia lna Wiey
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Fahuu1a1ani1 10,000 nm (Mehta, 1981; Khatib and Wild, 1996) AIMNIUTIN (total
porosities) YOIAIUNTUAIVAN, 0.5FA10, 0.5FA20, 1182 0.5FA30 N101g 28 T (MAY 52.27%,
48.56%, 50.78%, 18z 59.32% AWMU HavInMslszauswiuvesmsunuiale FA lu
a oy 9 [ = =) ! 1 o Y
U3 10% waz 20% lasihwiinvesiaqeailszauluneuniauiaiusagal Wyl
dyd A a 3 A 9 .
ANUNUIINAAAY Tl uMAIHBWNNINMIANIANNA08 (gradual filling) VU INTIVUIA
Tnajdaeilade Ufnsenlaiasdu navesmsnizaiedl navesmsoaduazlfnserosleari
v = v = ' S o q9 o
nuplIaYMIAIany n1seymMadiiaesizlstansenanuazidniia1u1509A%03919
{ Y { 4
9INALAZAANIIUNIUAL (Montgomery et al., 1981; Cyr et al., 2006) NILAUNIUNUNFIUA
Y a :j o [ = ' A dgl ' =
A28 FA TudSinar 30% Tasihmiinvesdanaaillszaiu wudnnungusmiuIued i
¥ o w 4 v @ a g % o a
Wed iy 110991NKAYEINTEAAIVDIBYNIA FA iduaunese1na e ldanuwgumiaa
4 a oA 2 L I R
JUOINOUNIAVIAVUFAGAUNNIY N1TNANUNTUIINUAZANUNTUAITaa 1T TUITY
danai1d Inssvmnaluguazanuansalunmssudidewesneuniauiawusagaianas

AANUTIBNUHANTIIEUBY Chindaprasirt et al. (2005)

M3 4.6 ANUNTUUDI CLC Hay OPC, FA, NZ, iag NS 191g 28 Tu

Porosity at 28 d (%)
Medium Large
Mix No. | Symbol
Gel capillary capillary Extra large

(<10nm) (10-5072m) (50-10,0002m) | (>10,000nm) | Total
1 OPC 0.05 2.84 26.72 22.66 52.27
2 0.5FA10 0.28 1.94 38.62 7.72 48.56
3 0.5FA20 0.19 2.93 40.51 7.15 50.78
4 0.5FA30 0.24 4.39 47.70 6.99 59.32
5 0.5NZ10 0.20 4.29 33.88 4.69 43.06
6 0.5NZ20 0.38 4.72 34.37 5.34 4481
7 0.5NZ30 0.30 9.26 50.60 9.55 69.71
8 0.5NS1 — - - - _
9 0.5NS2 - - - - -
10 0.5NS3 - - - - -




M13197 4.6 ANUNFUVOI CLC Werl OPC, FA, NZ, tiag NS 101g 28 31 (¢10)

89

Porosity at 28 d (%)
Medium Large
Mix No. | Symbol
Gel capillary capillary Extra large

(<10nm) (10-5072m) (50-10,00072m) | (>10,000nm) | Total
11 0.6FA10 0.28 1.96 39.13 7.82 49.20
12 0.6FA20 0.19 2.94 40.68 7.18 51.00
13 0.6FA30 0.24 4.44 48.21 7.07 59.95
14 0.6NZ10 0.21 4.41 34.83 4.82 44.27
15 0.6NZ20 0.38 4.77 34.73 5.40 45.27
16 0.6NZ30 0.46 5.92 33.55 6.34 46.28
17 0.6NS1 1.32 7.91 29.45 5.27 43.95
18 0.6NS2 1.77 8.40 29.61 4.42 44.20
19 0.6NS3 3.15 9.45 29.70 2.70 45.00
20 0.7FA10 0.28 1.99 39.67 7.93 49.88
21 0.7FA20 0.20 3.06 4231 7.47 53.04
22 0.7FA30 0.24 4.51 48.97 7.18 60.90
23 0.7NZ10 0.22 4.63 36.52 5.06 46.42
24 0.7NZ20 0.40 5.04 36.71 5.70 47.86
25 0.7NZ30 0.49 6.27 35.50 6.71 48.97
26 0.7NS1 1.33 8.00 29.79 5.34 44.46
27 0.7NS2 1.83 8.69 30.65 4.58 45.75
28 0.7NS3 3.27 9.80 31.26 2.33 46.65

N3N 415 ANUNTUITINVBIABUNTANIAUUFAQATFINTUTIUNETY

0.5NZ10 1ag 0.5NZ20 1osn11904 OPC wilumnsizd Nz Juszaniamlumsanvuia

4 Y] v W Aaaa a o
Tnsaitie991n waRveIN1INITz18A1 Mssadazlgnsereslyartinuesoyniadlolad

=) { 4 d .
FITUFIANNANNALIDEA TagyuIApYNIA NZ MANEINITNGAT INTILAzAAAINNTUAL Lig

v H Y
msndFuamsununlusedy 20% uag 30% N9Ued FA 1ag NZ wuauud Tduanumgu

T INNLAY IUNAMINATOUANNNTUVDIAIUHTY 0.5NS1, 0.5NS2, 118 0.5NS3 @
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v Y ] Y
Nalarlugdd 415w idumsz hiisamsnageunaas iiiesnin iawisatugihily

Y
cLe Tuszrintunoumanay la

80
OExtralarge e Large capillary BMedium capillary oGe
O e s
60 —
sof
g
>
2wl 7 I
2 7
30 +....
20 1+
10 +— %
i
‘< BRER R
- s 5
s < = R 3 i
0 T T T T I§I T T T
© g & 8 S & 8 @ © B
O T T B > ¥ 5 & 5
T} ) 0 ) T o o o S
o o o o o o

31U 4.15 AUNFUYBI CLC Way FA uag NZ 71 w/b = 0.5 819 28 U

U

1 w/b = 0.6 ANUNFUIIUBIAIUMTY 0.6FA10, 0.6FA20, 118 0.6FA30 N1

1 v 4 1
28 U MN1 49.2%, 51%, UAE 59.95% ANAIFY FadAuNNIUEoReUND wb = 0.5 uaaald
<3 1 [ { [ A 4 o 1 {
AUIANUNTUITINYOIABUNTANIAUTAQAI AN FA UANANIUAIWOATIAIY wh

22 A A J ) 44 2, o gy 1 A &
WyIU esnsuanhluaiunaunmuyndanai 19y soaNanyIy

N w/b = 0.6 ANUNTUTINYDIAIUHAN 0.6NZ10 LAz 0.6NZ20 No1g 28 U

(Y o w & A A d? A =} ] Y I 1
NN 44.27% 1A 45.27% MNAAY FINAUNLYUNMEVAY w/b = 0.5 taadlimunnnu
v v 9 v
WiUIIMVoIRRUNIANIaaganay NZ (lifu 20%) Haunuduaudaidiu wb i

O S | a J . 44 2 o gy 1 A X A
WY eenlsuanih luaiumnaunmyvuaawan 19N ¥e 9N uny U VUTNANUNTU
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FINVOIAIUNAN 0.6NZ30 111 46.28% FaliAranased niisddyiloiouny wb = 0.5

4 a i A 4 I o a
iosnndSuaiiniu (30 wb = 0.5 131u 0.6) Tra Indsuannungusivanas

= ol a
g 40 1 7 L | 7
.

- %
P EEN e ] % %
10-:— {é % x
0 Y R % % § § gs § §

U

31N 4.16 ANUNFUVDI CLC Mery FA, NZ, 1ag NS 1 w/b = 0.6 91g 28 U

N w/b = 0.6 ANUNTUIINVBIAIUNAN 0.6NS1, 0.6NS2, ag 0.6NS3 No1g 28

U AU 43.95%, 44.2%, 1Az 45% MWA1AD FITAIAINIIVEI CON HazliAANUNIUTIU

v
aA

A 421 a ~ A A 421 Y A~ A = ~ Y I Y
MNIUNUTIRNITUNUN NS vy ﬂ\ig‘ﬂ‘ﬂ 4.16 WordSeuneuAUMTUNUNFNUANIY

1 Vo 1 4 < o
FA uaz NZ wuniiaidini iiiesnnoyninved NS linnwazideaguazuuiaanilii

anwies hlumsinlnsenles Tyartinuaznavesnisoaunsnianin lumsanresinues

CLC
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50 +— _7 ______

301 é%/
ol B
s BB

31N 4.17 ANUNFUVRI CLC Mery FA, NZ, 1ag NS 7l w/b = 0.7 91g 28 U

U

H ' 4 Y
ﬁ]”lﬂgﬂﬁ 4. 17 NUNANUANTUTINVDITIUNTY FA muﬁumuﬁmmmﬁma
@ = A A dgl =X 9 [ [ ~ a
’Jﬁﬁ]ﬁlﬂﬂigﬁWL!‘mWMﬂlu @ w/b = 0.5 930.7) AIUTUICAUMITHNUN FA Tud5um 10%-
Y v 9
30% lagihminuesidadal sy dauANUNTUTINVOIEIUNAN NZ WUIUNNIUAIY
[ 1 g’ " v = A A d?’ =< [ [ 7 ~
’E’JGI'H'W?(’JNUWIﬂ?ﬁﬂﬂ@ﬂﬁgﬁWHﬂ!WNﬂlu (30 w/b= 0.5 93 0.7) AIUTUILAUMITUNUN NZ Tu
Y
UTum 10%-20% Tagimiinvesiaqoalszau uaanuniuswiinranas (310 wb = 0.5
=® = | Q' dg’ td' o 3 % td‘ a oy v
03 0.6) UAZITUAUNNVYUN w/b = 0.7 AINTUILAUNTUNUN NZ Tuilsum 30% Tasiviiin

[ =
vaaquailizauy

{ 4 T 1 A 1
MIENUNTWUAAIS NS WUNAIANWNTUTINVBIAIUNAY NS INNTUAIY
[ 1 g’ " v = A A d?’ = [ [ @ A
pas1didedagaalsza Uiy (310 wb = 0.6 84 0.7) MHFUITAUMIUNUA NS Tu
Y v
Usmaniies 1%-3% Tashmiinvesiagoalszaiu uaznouniauiaisaga indy NS &9
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< 1 a A ' 4 @ v W
IMUITNS ﬁﬂﬁgﬁﬂﬁ31wq3ﬂ31 FA Uag NZ &ﬁﬂ\?ﬂ?ﬂﬂﬁaﬂlﬂﬁﬂ1ﬁﬂ3$ﬂ1ﬂ@3 N1TDANLAL

aaa a aa 4 4
Ufnsenes Taatinvesoymau Tugam luFmudmadwan (blened cement paste)

472  wavesdagdailszarunemsnszargvinalnsives CLC

~ 1 9 9 4 a Aa =
13N 4.18 naaImnaIsdlgnasdgansAloolaneaniniuazdeags
naziioin l)AmsigrimInszaievuia TnssemavesnsunsaNIALIEAgal Tag1udu
[ Y ] v
Tn3901MAN1I (counts) VUNUNTIHAGLIATHVUIA 2,500%2,500 um UYDINOUAIDLIIINED
< 1 o o ] ) o I 3 n'dil ~ .
HAINDAIUNAN (31U 25 A7081) TNAUIUN IO TIFUANUN TNTI010A (% area of air-
' ) . .
pore) VHIAFUATUEUEINA19Y01 TN5I91N1A TABINAY (average diameter) 1HAZHINUIIAIIND
Naadd aaadluglin 419, 420, waz 421 MIUBANTIU whH = 0.5, 0.6, 1AL 0.7
o w 1 o 1 v A 1 o % a 4
MUY AMIHasRoUR98NTARININNDIY 28 TU wh = 0.5 FINAINNITAATIEH
1 J a A 1 Yo A 4 = A 1w
aMmaewu aeunsan bilims 1 aqununguud (CON) TvuamasvesInsumn 376
- s oA A A~ T o o
um VA INsuRfouaz oS EuANUN INTI9171AU09 CLC LNUNTIUUAAIBN1a08d 115U
AIUNAN 0.5FA10, 0.5FA20, 0.5FA30 110U 337 pm, 315 pm, 257 pm LA 46.6%, 39.5%,
283%  WE19U a931UN 419 v TN uaded1n319e3 CON 1119391NN155INAY
. . a A @ a <3 ] 1 09; o Y
(incorporating) TuUTMaNmuIzauveTagles TaauTasnismmanyesinatiuilvaa
A 1 4 4 1 o
ANMUNTUAIAZINNANNHU U UUDITUUAIWGA NA1IAD Si0, uaz ALO, lulagioa s
o Aaaa @ Y a o 4 & g a
auinlfnse1ny ca(OH), Idwannma C-S-H uag C-A-H uilumsaailSuia Ca(OH), as
Aaaa a { { < [ 3 4 [
Tagilgnsentles Toariin vua Insundsianasdeandesnunlosidudanunguvuialng
a . ~ Aad - n'dil = A 9
NIAY (extra large porosity) Nnadoulaeds MIP tazitlosiduanui Ingsomaniuud 1vu
o ; ¢ P 1 2 o ao
ANAINMUTTAUMIUNUNTIUUAAIY FA ANTY AA18AUII891UATIVBVDY Visagie (2000)
A 73 A A Aa 7Y~ ¢ a
via Tnsanae uaziesIFudiui Inseomaued CLC ununFmuanledle ladsssumna
TMTUAIUNAN 0.5NZ10, 0.5NZ20, 11ag 0.5NZ30 MNY 257 pm, 255 pm, 253 pm bag
o o Ay v Y d A A A
24.1%, 30.2%, 50.8% aud1ey wah latuaasliviuivuialnsunaeves CLC Aunui
= J Y o A 1 a g/ @ @ = v o Y
Fuuaaie Nz luszaumsunud linu 20% Tasihminvesiaagalszaiu dawaiild Insa

= < 1 Ay
DINIFANVUIAANNIINITUNUNANIY FA



= [00pm x5 = | 00pum

(a) CON 81¢ 28 U (5%) (b) 0.5FA10 01 28 U (5%)

*

= |00pm x5 = |00pm

(c) 0.5FA20 81¢ 28 TU (5%) (d) 0.5FA30 819 28 U (5%)

A 1 9 k) 4 a
Eﬂ‘ﬂ 4.18 NINDBUUIA TNTIVDS CLC ﬂ’]ﬂﬂﬂﬂ\?i}ﬁﬂiiﬁu@@ﬂﬂﬂ@a
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= |(0pm %5 = |[(0pm

(e) 0.5NZ10 819 28 YU (5%) (f) 0.5NZ20 819 28 U (5%)

= |00pm x5 = |00pm

(2) 0.5NZ30 81g 28 M (5%) (h) 0.6FA10 8¢ 28 YU (5%)

A U 9 Y 4 a v
;“]J‘VI 4.18 ANDBUUIA INTIVOS CLC ﬂ?ﬂﬂﬁ@\ii}ﬁ‘ﬂiiﬁu’ﬂ’ﬂﬂﬁﬂﬂa (919)
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= [00pm x5 = | 00um

(1) 0.6FA20 81 28 U (5%) (j) 0.6FA30 819 28 U (5%)

= |00pm %3 = |(0pm

(k) 0.6NZ10 81g 28 U (5%) (1) 0.6NZ20 ©1¢ 28 T (5%)

A U Y Y 4 a v
;“]J‘VI 4.18 ANDWUUIA INTIVOS CLC ﬂ?ﬂﬂﬁ@\ii}ﬁ‘ﬂiiﬁu’ﬂ’ﬂﬂﬁﬂﬂa (919)
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= |(0pm x5 = |(00pm

(m) 0.6NZ30 01¢ 28 YU (5%) (n) 0.6NS1 01 28 YU (5%)

= 100pum %3 = |(0pm

(0) 0.6NS2 81g 28 YU (5%) (p) 0.6NS3 81g 28 YU (5%)

A U 9 Y 4 a v
g‘]J‘VI 4.18 ANDBUUIA INTIVOS CLC ﬂ?ﬂﬂﬁ@\ii}ﬁ‘ﬂiiﬁu’ﬂ’ﬂﬂﬁﬂﬂa (919)
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= [00pm x5 = | 00pm

(q) 0.7FA10 01 28 U (5%) (r) 0.7FA20 g 28 YU (5%)

= | 00um x5 = [00pm

(s) 0.7FA30 01 28 U (5%) (t) 0.7NZ10 81g 28 YU (5%)

~ 1 9 9 4 a [
g‘ﬂ‘ﬂ 4.18 MNDBYUIA TIN5 U039 CLC ﬂ%ﬁlﬂﬁﬂﬂﬁﬁﬂiiﬁuﬂﬂ‘ﬂﬁﬂﬂa (919)
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= |00um 5 = | 00pum

(u) 0.7NZ20 g 28 TU (5%) (v) 0.7NZ30 g 28 TU (5%)

= |00pm X = [(0pm

(w) 0.7NS1 818 28 T (5%) (x) 0.7NS2 818 28 U (5%)

A U 9 Y 4 a v
?]J‘VI 4.18 ANDBUUIA INTIVOS CLC ﬂ?ﬂﬂﬁ@\ii}a‘ﬂiiﬁu’ﬂ’ﬂﬂ@ﬂﬂa (919)
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100

= |00pum

(y) 0.7NS3 018 28 YU (5%)

1 4 a J
5U7 4.18 mmoeuua Tnsswed CLC Arenadosganssatioolanea (d0)
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12

10 4 CON
8 1 avg. dia. = 376 pm
6 A 0

% area of air-pore = 30 %

|

0.5FA10
avg. dia. = 337 um
% area of air-pore = 46.6 %

0.5FA20
avg. dia. =315 pm
% area of air-pore =39.5 %

Fr

i 0.5FA30

*2 T avg. dia. = 257 um

é % area of air-pore = 28.3 %
12 A

10 A 0.5NZ10

8 1 avg. dia. = 257 um

% area of air-pore =24.1 %

TINPO
I

0.5NZ20
avg. dia. = 255 pm
% area of air-pore = 30.2 %

12

0.5NZ30
avg. dia. = 253 um
% area of air-pore = 50.8 %

=
ON PO
I T R T

0 200 400 600 800
Porediameter (um)

1000

319 4.19 MInsza1evuIa TN Ivod CLC 1919 28 JU 1ag wb = 0.5

A Y

10317 4.20 HaAININTENBUUIA TNTIVBIADUNTANIAI UFAGAIN 199N
T Y o 1 v A 9 d' 9 d' - o'dy d‘
MINA0NDUAIDENTANININD 1Y 28 TU w/b = 0.6 VA TnTaundstazloT s uan U Tnsa
{ { o o o
9IMAVDI CLC NununFudalsidiassdmsuamnay 0.6FA10, 0.6FA20, tag 0.6FA30
MAY 351 pm, 319 pm, 285um LAY 47.4%, 28%, 24.2% MNE1AU FIUU1A InsaundeLay
S I e’dal’ ~ = 1A a dal’ A o
nosiFuanun InssomeavesnounsauIaIFaga lvIALaz TN N UNanaINTE A
4 442 ~ L r 4 a r
MIUNUNVOI FA MAnAY uag Insalivuialuginaived CLC 7 wb = 0.5 Nsumnisunui
v A o g A g o Yy o P 4 ' a
JEAURINY UaNINHYINA TnssnanasdiaeanasanulesiFudnNunguva lugjnery
. Aa o as S I e’dal’ ~ =\ 9
(extra large porosity) 121A3512# 1a835 MIP uazidosiduanun Inssonaiuul liuanainiu

o A Y 44 4 A s o& A
TFZAUNMTUNUNHKIUUANIY FA MWUUYU ﬂluWﬂTWiQ!ﬂaﬂl!aglﬂﬂilcﬁuﬁwuﬂm@\iiw5\1@1ﬂ’]ﬂ
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{ { 4 7 ao Y]
Y94 CLC Nunungmuaaled loladsssumad msuaiunay 0.6NZ10, 0.6NZ20, 0.6NZ30
MY 280 pm, 277 pm, 267um LA 31.5%, 29.1%, 24.4% ANAAD Fvuia Insanaenay
sl A A v (= = 44 2 =
WosyuanuN Ingee1nAanadnINseauUS MM SUNUNYDI NZ MNUIU uaduu1a Tnsg
d' 1 1 td' d’ U a td' = cu 1 d'
maeInan119ed CLC 7l w/b = 0.5 NizgavlIuanmsunuin@edny diuviia lnsundenas
sl o4 A d' A~ 7y aay o w1
WosFuUANUN 1N 991N1AU89 CLC NUNUNFUUAAIU TUFAN 1S UFIUNEN 0.6NS1,
0.6NS2, 118z 0.6N'S3 (MR 270 pm, 260 pm, 195 pum LAz 18.8%, 39.1%, 9.2% ANEINY ¥4
= < 1 A A s Y v ~
VIR TNTURAVANNNMIUNUNTUUANIY FA 118z NZ  laginnedIuna 0.6NS3 Juuia
{ $ < 1 [ 4 { g o
TwsundeNannNnaIuka 1Ho91n0YNA NS Hyinaidnuazanvazideags ¥lims
[ Y] [l =\ Aa A a < [] v o Y
wfuvedagios Tearuesnilsz@nsnim Tasnsauaurednsilnaannunguas

A 1 ~ o d Y aan a
LLﬁ%LWﬂJﬂ’J”ﬂJ‘Vi1!1LLH145116\1¢B13J14{5]LWﬁGlﬂ’JﬂﬂgﬂiﬂTﬂ@%’T%ﬁWUﬂ

1INNTANMINTZNBYUIA THTIOINIAVBIABUNIANIAIUTAGAINLUNUNAIY

Y
sA A

= v (a = o s
NZ A1 wb =05 Tuseavulsunanmsunun 10%, 20%, tiag 30% NidesiFuanui Inssorme

v Y 1 1 ] ' Y 4
uIuIzAUMsUNUN (31N 4.19) ualelimsmulsinanh ludiunanldgadiu 911n wi

U

Y
o w %

I £ 1 < ddal’ ~ =1 9 ] = ~
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dy [ (=1 1 a [ ~ 9 A 4 A 9 1

4.20) u!Lﬁﬂﬂ’NVlNLWENLMWﬁ‘U’EIQ FUA VUIA 611maﬁaﬂa%hmuﬂmmuwmmuﬁ NIDLLULLRA
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Counts
=
o

12

=
OoON PO

319 4.20 MInIza1BYUIATNIIVDI CLC N91Y 28 TU 1Az wib = 0.6

k

CON
avg. dia. =376 pm

% area of air-pore = 30 %

0.6FA10
avg. dia. =351 pm

% area of air-pore =47.4 %

A

0.6FA20
avg. dia. =319 um

% area of air-pore = 28 %

0.6FA30
avg. dia. = 285 pm

% area of air-pore = 24.2 %

0.6NZ10
avg. dia. =280 um

% area of air-pore = 31.5%

0.6NZ20
avg. dia. =277 pym

% area of air-pore = 29.1 %

H

0.6NZ30
avg. dia. = 267 um

% area of air-pore = 24.4 %

0.6NS1
avg. dia. =270 um

% area of air-pore = 18.8 %

0.6NS2
avg. dia. = 260 pm

% area of air-pore = 39.1 %

.
B Th
L

0.6NS3
avg. dia. = 195 pm

% area of air-pore = 9.2 %

Pore dlameter (pm)

800 1000
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. CON
T avg. dia. = 376 um

i % area of air-pore = 30 %
12 -L | |

i 0.7FA10
1 avg. dia. = 359 um

i ' % area of air-pore = 46.6 %

0.7FA20
T avg. dia. =321 um
T % area of air-pore = 32.3 %

. 4.-I_-l_-

[uny
N O0O
1

-

10 A 0.7FA30
8 1 avg. dia. = 303 um
2 ] I I % area of air-pore = 34.3 %
2 m
1 A =

4 0.7NZ10

T avg. dia. =283 um
% area of air-pore = 40.6 %

}

(%]
€10 1 0.7NZ20
8 8 A avg. dia. =281 pm
6 % area of air-pore = 30.6 %
4 -
- L
i
1 0.7NZ30
T avg. dia. =273 pm
] % area of air-pore = 19.9 %
12 L
10 4 0.7NS1

avg. dia. = 274 um
% area of air-pore = 35.6 %

T NROO®©
T R |

- 0.7NS2
1 avg. dia. =272 ym
% area of air-pore = 14.9 %

12

R 0.7NS3
T avg. dia. = 263 pm
% area of air-pore = 20.3 %

[uny
ONB~OOO
L

0 200 400 600 800 1000
Pore diameter (um)

319 4.21 MInszaevuIaTnsaved CLC 91y 28 T uag wb =0.7
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Y

11307 4.21 1AAINMINTZIIBYUIA THTIVOIADUNTANIAI T QAN IA91N

[ @ [ v A Y A @ A A A 4

MINAONOUAIDENTANINIIND Y 28 TU w/b = 0.7 YUIA TWTUNAYVYOI CLC NUNUNTIIUA

Aedaned@ S UaIUNEN 0.7FA10, 0.7FA20, 11ag 0.7FA30 AU 359 um, 321 pm, Lag 303

o & A <3 a ~ A A d? =\

um MUAAY FHvUIa Inseanasnulsnamsununues FA Mmuautaziuuia Tnsg

T1ain11909 CLC 91 w/b = 0.5 tag 0.6 NUTuaUMsunuNIzau@eIng viNa InIunagvod
$ 4 4 a T W

CLC ununduuadie®loladasssusaaiunay 0.7NZ210, 0.7NZ20, uag 0.7NZ30 11y

o w % I a { $

283 pm, 281 pm, 1AL 273 pm MUAIAY Falvua Insudanasudsuiamsunuives NZ A
tQ' dgl = L} 1 d' d' a d' %

mnyunaziywa Insalvgni1wes CLC A whb = 0.5 wag 0.6 NUTMNUMIUNUNTZAY

a o < A A d o Y o P-4 ' a

@Iy wenaIntving Insundsnidnasdiaeanasinulesidudannunguvinalvgjney
. Aa E4 as - n'dil ~ A Y

(extra large porosity) #N13AS12Y 1A% MIP uaziosiFuanunived Inssomaniuul 1w

o da ey 4a 2 4 44

ARNAIAINITZAUMTUNUNTUUAAIY NZ ANTY dIuvu1a Insunaeves CLC Aunui

Fuudarou TugamamsuaIunay 0.7NS1, 0.7NS2, 1ag 0.7NS3 AU 274 um, 272 um,

o U b 4 d A 1

1aE 263 pm MUSIAY Favu1a Insunasved CLC Jvuaanasmuydsuanisunuinves NS
A A dg’ = 1 1 a dy A A g o

Mnyyutag Tnsavualvain1ves CLC 1 whb = 0.6 uennInivuia Insunden@anaady

Y 1% Jd o 1a . Aa 4 an

doanapIN U oTIFUANNUNTUYLIA TR NIAY (extra large porosity) NIIATILH IAYAT MIP

42 IR A A~ v o A A s Y A

naz o SIFUANUNUOI TN 90 1MANNUUI THNAAAIMINTZALMTUNUN TN UAAIY NS 7

v 4 1
MNTUTFURINUMSUNUNAITEe FA tag NZ

473 M3INNHNWEE SEM Tnseaisgannuedlnse CLC

Tnsedi19@INZIMe (fractured surface) YBIABUNIANIAIIIYAQE1N0IY 28

T uaaaluglin 422 nunInsavesdrunauniuguilzliansinanyuiaais 9 yuaved

09: vy v = ~ 1 ~

Aauatioandn 50 pm 11/auda 600 um 17 4.22 (b)-4.22 (d) HAAININGIY SEM Y83 CLC
9 A A L a 09/ v o w 2 A @

HeruidaesunuNFUA IuTw 10%, 20%, uaz 30% ITagiminamuday Fadnyuy

@ { 1 { [ @ 1
TaseadszauganmaiandIukauaIungy (U7 4.22 () WundamuinTnse cLC ins
NIZIPAINATVOIEIUNANAILAN WT1231 FA HanFuariildivesinemanizaieda
TagnsiloadunisisonaenasmMsFeuRUFIAULALAY (overlapping)  Veavlog@ 1A
(Kunhanandan Nambiar and Ramamurthy, 2007) YA IN59999 CLC agj“l,wﬁaq HeenIN 50 pum
- o |a 4 R y o
09400 pm YA TNIIAAAINNIZAVUTINUMTUNUNVDI FA NNTY FIaandoInuHa

a s o = A A S sy 0o q ¥ =
MIAATIEHNIINTLDIEAIVBTNTI NWUIVUBUMIUNUNTUUAAIY FA 114 Insa01n1edl

<
YUIIALANAN
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20KV <100 = 100pm

X100 = 100pm

& i

"SUT 20KV

(g) 0.5NZ30

gﬂﬁ 4.22 7N SEM 494 Fractured Surrface 9494 CLC ﬁmq 28 wh=0.5
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51011 422 (e)4.22 (g) uAAININDIY SEM ¥4 CLC Ainaudloladsssumna

Aa J a g’ @ o w & Ao 1 ~
Lmuﬂclimuﬁsluﬂ‘imm 10%, 20%, iag 30% Tﬂﬂumuﬂﬁmmﬂu Lﬂumﬂfﬂl%u’)’liv\ﬁﬂuﬂ'ﬁ

o ' A A~ J Y Y 3 v 2 a 7 4
NIL1YNINTINNIT CLC NUNUNBIUUNAIYIDIa0UaNHDY mmumiwswawmumwama

U

=

Tu919 o8n31 50 pm 99 300 pm AzVUIA INTIAAAIMNTTAVYT UM TUNUNVES NZ

A 4 1 @ I a @ { % o
indu Tagduun InseliansauziduTnsaia (close pore) #9317 4.22(c) Fadoandoanuma

Y 1
o Ao

9 v
MINATOUMIAFTMINVOITIUNEY 0.5NZ10 INuNidnsimsgaduing

10KV %100 ) SUT ]l.fll(\-" l{_:I 0 — 100pm

(a) 0.6FA10 (b) 0.6FA20

— 100pm =100 — 100um

(c) 0.6FA30 (d) 0.6NZ10

SUT 10KV =100 — 100pum

(e) 0.6NZ20 (f) 0.6NZ30

gﬂﬁ 4.23 7MW SEM 494 Fractured Surrface 9494 CLC ‘17]’618; 28 U w/b = 0.6
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~ 1 ~ 9 A 4

311 4.23 (2)-4.23 () HAAININDY SEM V039 CLC NWANIDIa08UNUNFINUA

v v

TudSua 10%, 20%, 1ag 30% lagtiHiunaIud 1Ay WU INTINNITNTSOA AFURASINUN
& ~ s P ' 9 ' =

w/b = 0.5 F3UUIA TNTIVDIFUUANTADY U UHATT 50 pm D9 600 um LASYUIA TN

v o Y
anaIMNIEAUYTIUMIUNUNYD FA MWL

x100 — 100pum

() 0.6NS1

SUT 10KV <100 — 100um

(i) 0.6NS3

317 4.23 7MW SEM 904 Fractured Surrface Y99 CLC 1918 28 U4 w/b = 0.6 (¢10)

U

511 423 (d)-423 () uaAINING1w SEM 09 CLC Nnandloladsssnma

Aa J a 3 9 o w & Ao ' =
u‘wuwmuﬁiuﬂimm 10%, 20%, Lag 30% Tﬂﬂu’lﬂuﬂ@nﬂa’lﬂ‘ﬂ l'lJ‘L!VI"]fﬂL"I]H'J'IIWiQ?Jﬂ'ﬁ

o ' A Aa 7Y P 3 9 & a s s
NILV1YNININNIT CLC NUNUNBIUUNAIUDIADUNUDY G]fxisllu'lﬂTW5\1‘U'ﬂ\1°]ﬂ3JuﬁLWﬁﬁﬂﬂ

Do e

Tug9 o8n31 50 pm 94300 pm tazvIA InsIaRaINTEAULSINUMTUNUAVDY NZ

D.

A 4 1 @ < =S Y [
iy TaedruannTnselidnvaziiluIngdla (close pore) nazfvuialndifsaiu degila

4.23(e)

5109 4.23 (g)-4.23 () uEAININAY SEM U89 CLC Nnauun Tuganiunui

u

= o a 2’ o o o =& = 4 4
Fuualudsum 1%, 2%, uaz 3% Tagti 1N NA 1Y FIUUIA INTIVDIFUUAINTADEY

U
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Tua9 o8n31 50 pm D9 400 pm HaTVUIA TNTIAAAININTLAVYTIUMTUNUNVDI NS #

v 4
iy TasTnssiivasvnadnsazdinvaiiluTnsellanazduTnsaila

SUT 10KV <100 — 100pm

(a) 0.7FA10 (b) 0.7FA20

SUT 10KV =100 = 100pm

(d) 0.7NZ10

SUT 10K ..

SUT 10KV \
(e) 0.7NZ20 () 0.7NZ30

511 4.24 71M SEM 904 Fractured Surrface Y94 CLC 11918 28 74 w/b = 0.7

J

4 \ A " da

311 4.24 ()-4.24 (c) LAAININDIY SEM Y03 CLC NWANIDIaDEUNUNFIUA

v v

TudSua 10%, 20%, 1ag 30% lagtiiunaIud1ay WU INTINNITNTSOA AFURALINUN
d! = 4 4 L] ] 9 1 =

w/h = 0.5 8% 0.6 FIVUIA TNTIVOIFUUANAADY 1UFI UENI1 50 pm DI 800 pm LA

T = 44 2 =
YU INseanasnNszaudSIaUNSUNUNYY FA NIy Eﬂ‘VI 4.24 (d)-4.24 (f) uaag
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1 A =~ J a A L a
NIND18 SEM U9d CLC 1/]Wﬁll“]fi’é]hlﬁﬁ‘ﬁ‘533J°D’1mmu°ﬂﬁlimu¢lﬁluﬂiw1m 10%, 20%, itag 30%
:' o o o I A w 1 a o 1 ~ A A d Y 9
T@&meuﬂmumﬂu !.‘]J“LWI‘W]L%u’)ﬂWiﬂllﬂTﬁﬂigmﬁlﬁ’m'lﬂﬂDW CLC NUNUNHKUUAA YLD
: v & =~ ¢ s ! ) ! =
agglanyay quumTWi@mﬂwmumwamgiuﬁmq UBYNI 50 pm D9 400 pm LL@%“IIHW@IWiQ
v (a A R A a =
AnaIMNIEAUYT UM SN UNVY NZ DNy Tﬂﬂﬂ'lilmu‘lfl NZ Gl,u‘l_l‘iiﬂﬂl 30% N w/b =
1 o I o v A 4 ' [ { %
0.7 wunlanvaziluInsadansznedunuiunii whb = 0.5 uag 0.6 431 424 (H 9

Y 9
deandesnuKansnadeuMsgaFmhiinuNlidnnsgasuiianaiiig

(g) 0.7NS1 (h) 0.7NS2

(i) 0.7NS3

3191 4.24 77M SEM 904 Fractured Surrface Y94 CLC 7191¢ 28 T4 w/b = 0.7 (¢10)

v
=

51U 4.24 (g)-4.24 (i) uaAINING18 SEM ¥99 CLC AnauunTuganiunui

%!Nuﬂﬁluﬂiﬂ'lﬂ‘l 1%, 2%, uag 3% Tﬂ&lu']ﬂuﬂﬁ'lilﬁ'lﬂ‘l] "N‘UHWQTWEQ“UEN‘BLNHGILWZWIGEJ

U

=D.

Tugae Foondn 50 um 4 500 um uazvinaTnssaaaemszAuUSINuMsENUAves NS fi
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a q v ]| A J d v 14 J a
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(0) 0.7NS1 ©1¢ 28 YU (5%) (p) 0.7NS1 81g 28 YU (150%)
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2.73, 2.88, uaz 2.97 MPa muaau suionlseunsusuasuninilnan lalduely MgSO,

[

1 o v w =) A 3 9 1 Y A @ o "o
NWUITNIAITULLII ﬂ?Jﬂ'liL'iJﬁEJULLTJE‘NL@T‘IHE]EJIUGH'N@'IQ@HVI 39U 1ag 14 U Ny 0.55%

Hae 1.11%  a1ua1au tilesainmisvensdiveundasamanii 1y Insenounialinuuuy

v [

A g < o ' { o @ Vv
LWN%HLE‘]ﬂﬂ}@ﬂ Al Q@ﬂﬁﬂa\i{lu%ﬁﬂﬁl'@ﬂa’lﬂ‘ﬁ 28 U AL 60 YU NINY 5.57% Lag 5.71%
<]

o w 4 a a aa [ v J
ANNAINY Lﬁmmimmamma"lﬂﬁuamaﬁmmaﬂﬂ'aa muwamauﬁ%‘mmmmwagm

v v

A ' A A @ Yy 9 g‘ v Ao
0.5FA10 mauﬂumia:mmmﬂmcﬁﬂucﬁawm (MgSO4) ANNLUVNUY 5% Tﬂﬂ‘u'muﬂ NIy

[ 1
= % g g [ 1

1599a 0 3 Ju, 14 51, 28 U, uag 60 U AU 1.97, 3.18, 3.34, UAT 3.53 MPa U191 FaT

[

o [ [V = I 9 (] 9 [ ] 1N o @ o (]
N1 Qimmamﬂaﬂuuﬂmmﬂu@ﬂﬁlumemqwuwuﬂu LWINﬂWﬁ\?ﬂﬂﬁﬂﬁ\‘]il&‘H’J\‘lﬂWﬁjﬂﬁWﬂ Tﬂﬂ

[

= o d‘ 9 1 d‘ =\ = [ d' 1
Hoasimaseaasunilas (strength change) 198N31U04 CON LﬁJfJL‘]J'iEI‘]JWIEJ‘]JﬂuVIfNEJG]']\‘I 9

< °

v v v v Y
a9 lsnamMasdanldsundasanasmulsinamsunui FA imudunneiy

v 9 v
foandarmhaeiagialszain (wb) MIdy 0.5 ABUNTALIAUYAQAIN

Aa 4 a H o o = A '
WU NZ UNUNBLUUN GluL]JﬁaJ']ﬂ‘l 10% Iﬂﬂu1ﬁuﬂﬂlﬁ]ﬁﬂﬁﬂﬂﬂﬂi$ﬁ1u luﬂll%ﬁlua1iaga1ﬂ

[ [

S A [ Y 9 g} v Ao A [ [ ]
uuniFaugama (MgSO4) ANUVNUU 5% Tagrimiin IMaesuuseon 713 U, 14 71U, 28 27U



115

. HAE 60 U 1A 2.2, 3.71, 4.15, uag 439 MPa muaIaY ¥ain1aasuusIoanlasuualas
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NUMUABNIINANTBUINATazEUUNTFENTANAANI FA dIuAduNIANIaIFagan
A J a :j @ o =2 ~ 1A
ery NS unundud lulsuna 1%-3% lasimiinvesiaguaszaiu 71 wb = 0.6 wuni

- o o o d‘ 1ra d! l; 1
am‘umammﬂaﬂuuﬂm"lumu 5% BIN1NIUDI CON

A a2 Vo AQ Yo ,f,’ [
Nwhb = 0.6 Wmmauﬂmmmmwagam%’;ﬁﬂﬂacﬂ«mmmmmﬂu
1 1 Ao w a 1 < 9 A
TIUNTY (FA, NZ, 1iag NS) wunimaulasuudasnnnives w/b = 0.5 1anHYy 1HUBIIN
a 09; d' Q' d? o yA 4 = t:' dgl = 1 1 = ]
wam'eN1JsaJ1mmmwmumﬂwmuumwammmwaummu WAINAADNITHEUNIUUDITNT

A A 1Y Y o aan Y d?
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M3199 4.7 MABFDUTIOAVEY CLC s ludsazalo MgSO, Anududiu 5%

Compressive strength, MPa
Mix No. Symbol (Strength change to normal, %)
3d 14d 28d 60d
1 CON 1.82 (0.55) 273 (1.11) 2.88 (-5.57) 2.97 (-5.71)
2 0.5FA10 1.97 (1.03) 3.18(0.32) 3.34(-3.19) 3.53(-3.29)
3 0.5FA20 1.67 (1.21) 2.78 (1.09) 3.01 (-2.9) 3.2 (-3.03)
4 0.5FA30 1.28 (0.79) 2.16 (0.47) 2.35(-2.89) 2.51(-2.71)
5 0.5NZ10 2.2 (0.46) 3.71 (-0.27) 4.15 (-2.81) 4.39 (-2.66)
6 0.5NZ20 1.93 (0.52) 3.18 (0) 3.56 (-2.73) 3.81(-2.56)
7 0.5NZ30 0.86 (1.18) 1.55 (-0.64) 2(-2.44) 2.17 (-3.56)
8 0.5NS1 - - - -
9 0.5NS2 - - - -
10 0.5NS3 - — - —
11 0.6FA10 1.93 (1.58) 2.95(1.72) 3.09 (-3.44) 3.37(-3.99)
12 0.6FA20 1.54 (0.65) 2.59 (0.39) 2.96 (-2.95) 3.16 (-3.07)
13 0.6FA30 1.22 (1.67) 2.07 (1.97) 2.28 (-2.98) 2.38 (-2.86)
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M350 4.7 895 U5I0AVY CLC o luaiingas MgSO, ANUINTIU 5% (#0)

Compressive strength, MPa
Mix No. Symbol (Strength change to normal, %)
3d 14d 28d 60d

14 0.6NZ10 2.26 (0.89) 3.32(0) 3.72(-3.12) 4.04 (-2.88)
15 0.6NZ20 2.4 (-0.41) 3.65 (-1.35) 4.13 (-2.82) 4.52(-2.8)
16 0.6NZ30 1.76 (0.57) 2.62(0.77) 3.1(-1.27) 3.26 (-3.26)
17 0.6NS1 2.95(1.72) 3.78 (2.16) 3.9 (-4.88) 4.1(-4.43)
18 0.6NS2 2.44 (1.67) 3.21(2.56) 3.25(-4.41) 3.4(-3.13)
19 0.6NS3 1.53 (2) 2.3(2.22) 2.35(-4.08) 2.43 (-2.8)
20 0.7FA10 1.84 (2.22) 2.87(2.5) 3(-3.54) 3.16 (-4.24)
21 0.7FA20 1.49 (1.36) 2.55(2) 2.8 (-3.45) 3(-3.23)

22 0.7FA30 1.23(2.5) 1.95(3.17) 2.13(-3.18) 2.28 (-2.98)
23 0.7NZ10 1.5 (-0.66) 2.55(0) 3.01 (-4.44) 3.4 (-3.68)
24 0.7NZ20 2.03 (-0.98) 3.21(0.31) 3.68 (-3.16) 4.27(-2.95)
25 0.7NZ30 2.4(0) 3.71(0.27) 4.24 (-3.64) 4.7 (-4.08)
26 0.7NS1 3.44(2.69) 4.35(2.35) 4.47 (-4.89) 4.77 (-4.6)
27 0.7NS2 2.8(2.94) 3.5(1.45) 3.58 (-4.53) 3.87 (-4.21)
28 0.7NS3 1.97 (3.68) 2.5(2.04) 2.66 (-4.32) 2.81(-4.1)
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UNIAIDENABUNIANIAL T AQaINHIUNTUT I UdI5az a1 MgSO, 81g 90
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eie

SUT 20KV x1000 — 10pm

(j) 0.7NS3 818 90 31 (1000x)

=2000 — [0um

(k) 0.7NS3 918 90 TU (2000x) (1) 0.7NS3 818 90 1 (4000%)

3191 4.29 77M SEM 904 Fractured Surrface 499 CLC 115114 MgSO, (19)
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symaanuazlinm sio, vesunTugam sldddszansamlumsinlgnsereaTaan
a :/l =2 =2 9 < ~ 3 9 Y ~ .. 1 ' a
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v 9
A15199 4.8 HAAIANUFUIUTIZUINANUNTUIMHAZMIgAFId MY

1 1 1A @ 4 ) v o d 1
AIUNTUAN Gll@Qﬂ@l&ﬂgﬂu’lﬁLUH“ﬁaQQWﬁﬁﬂq 28 U !,ﬁf)l.l']ﬂ'ﬂllﬁﬂJWH‘ﬁﬁZﬁ?WQﬂ?TNWEH

=< 3' =~ = ~ v o S o . A | Aaa
i’JlILLﬁ$ﬂﬁﬂﬂ"]ﬂJuﬁlﬂﬁﬂf)uﬂ‘imﬂiﬂﬂm&mﬂﬂ‘l’\lﬂﬂ%u (Fit curve) INOHIAINANEA (Best fit)

J [ @ J o
NUINANUWTUIINFUNUTOUNIT

U

< g’ ) & A A a
AATUUIVOIADUNTA FauAnldsunlasmusiauay

a @ { { 4 g’ g
Ysuaddados Tearmnldunundmua Tasaounsalinur Tdunisgaduiminiuaiy

a A A dgl Y A Y P a =\ d‘! (Y a Y
ﬂiummmwqusmmwmu“lﬂamquﬂ%uiwaiumEla Wesnnmdulszansmsaaaule

A a 1 A 2 1 o = Y A A o U s A
NTeNI1 R-Square 159 R NN 0.88 mﬂﬂamm 1.00 mﬂmqﬂ“lummqun%um

= = 3 (% d'
nfFsueuianua aagili 4.30

1 E4 v
A15199 4.8 ANUNTUTIVIAZMIATFUINVEY CLC o1y 28 Tu

Total porosity at 28 days Water absorption at 28 days
Mix No. Symbol
(%) (Wt%)
1 OPC 52.27 30.00
2 0.5FA10 48.56 30.60
3 0.5FA20 50.78 32.50
4 0.5FA30 59.32 35.30
5 0.5NZ10 43.06 26.20
6 0.5NZ20 44 .81 27.30
38.80
7 0.5NZ30 69.71
8 0.5NS1 - -
9 0.5NS2 - -
10 0.5NS3 - -
11 0.6FA10 49.20 32.80
12 0.6FA20 51.00 35.00
13 0.6FA30 59.95 36.10
14 0.6NZ10 44.27 27.50
15 0.6NZ20 45.27 28.90
16 0.6NZ30 46.28 31.50
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H 9 v
AN 4.8 ANUNTUTINLAZNTAATFUINVOY CLC N101g 28 TU (AD)

Total porosity at 28 days Water absorption at 28 days
Mix No. Symbol

(%) (Wt%)
17 0.6NS1 43.95 25.00
18 0.6NS2 44.20 25.50
19 0.6NS3 45.00 26.50
20 0.7FA10 49.88 33.50
21 0.7FA20 53.04 36.50
22 0.7FA30 60.90 38.25
23 0.7NZ10 46.42 29.70
24 0.7NZ20 47.86 30.10
25 0.7NZ30 48.97 30.80
26 0.7NS1 44.46 27.00
27 0.7NS2 45.75 27.90
28 0.7NS3 46.65 29.20

HUULYE : Mix. No. 8, 9, L1ag 10 gNANNMINAaoU
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ys 0.546x + 3.782
R°=0.79 i

43 < x <70
1 I 1 I 1 I 1

S 401 0 1 40
S r © 1 3
& 30 1 8§39
s 18
5 o0l _ , 4 8,9k
g 20 y2—_13.13e° 0171x g 20
s | R%=0.76 1 = |
(<5} [5}
g 10 4 &0}
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ys -0.023x% + 3.0522x - 63.126
R?=0.88
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A A 9 v 1 < J
1n3UN 430 (e) WorduuU THNIEHINANUNTUIINUALNIRATUITIVD

A= dy Y Y o a =\ = 1 [} =
cLc nanmilnamesilandu Ina Tudioa Taslveuwanungusuogluye 43% 09 70%

1 v Y
“?Qﬂ’ﬂﬂJﬁWﬂfojuéll’EN!ng}uL!u’ﬂfﬁJL‘ill'ﬁﬂﬁﬂiu“ﬁ’Nﬂ’NNWﬁquﬁ’)iﬁgﬁ’JN 65-70% HULAAIIIAT

=3 g’ =~ A A dy 3 1 [ d? =3 5} =~ 9
NTAATUUIVDIADUNTANDUANUNTUNINVUAIUATEAL 65% Glluhlﬂ ﬂTiQﬂ“]ﬁJHﬁJLL‘L!’JI‘HiJ

2

A [~ A = ~ o Jo =< oy @ aw

NaaalanUDY l!ag!JJ'EJUJ?EJUWlﬂUWQﬂ%um@Qﬂ'ﬂNWﬁ;uﬁ?Mllﬁzfnﬁﬂﬂ“]fllu’]ﬂ‘UW@\TIH'J%EI
Y

N”Iu?JWW‘]J']Tﬁﬂ'J”JLL@]ﬂ@]ANﬁ}u Iﬂﬂ Cahit (2011) W1J’J”|mi@ﬂ§uﬂmazmquuﬁ

v o Jd oy a g . 1w a v A 1w ~
ANUFUNUSTUNINFUF T (linear) mdaudszansmsaaaulamny 0.86 v Kearsley

v d

. . 2 ' < S A y < ¢y a9
and Wainwright (2001) ﬂW‘lJ’J”lm'ig]ﬂclﬁJu”luazmquuuuummﬁuwumﬂuﬂﬂﬂ%mmmu

4
a v A

Adulszansmsaaaulaniny 0.86 IFUASINY AIA1T 19N 4.9

Y
= o w

M13197 4.9 1fTeUMeEU Fit Curve ANUNIUIINLATMIPATINNAUNANUITEA1 52 imer

Type of concrete

Authors and Function Equation fitted R
dry density
Cahit (2011) Cement mortar Linear y =0.4878x 0.86
(2004 kg/m’)
Kearsley and Foamed concrete Linear y =0.6429x — 10.286 0.86
Wainwright (824 kg/m3)
(2001)

Present study Cellular lightweight concrete | Polynomial | y=- 0.023x” +3.0522x 0.88

(800 kg/m’) * ~63.126

nuname) : * a1 laeilszuna

1 Y
VINWAMIANYT CLC NEIUNANTINAINTAATUIDGTZNIN 25-39 % Haz

d‘ o =) =) % a o d' 1 1 U = 3' 1
LﬁJfJqul‘]JL‘]J‘iﬁl‘]JmEJ‘Uﬂ‘UWﬂQWH’J%EW]W']UNWiHWNﬂi%LWﬁ NUINTAAFUUIVUDI CLC ganN

Y
=W = o =\

v v
apunsathmindnaniisinisgaduiniies 2-3 % (Medina et al., 2013) 13509190812 1471
Y v 1 v
CLC gaduiirgennaounsaimininddszuna 10 111103910 CLC Tanunguiigani
~ = J A
Tuvazineunsaulasvwiev 1o (ee Tanal)) Hfnu11aAg Topeua and Uygunoglu (2007)

% 1 3’ [ 1 1 [ <3 1
FAWAIMIATINTZNIN 66-75 % TAeganI1ved CLC Uszum 2 111 pdelsiamainsga
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9
aA =

< J = ' v o A A . .
#1199 CLC nanwituia lnamesnuIlunounsandny11ae Kearsley and Wainwright

14
o T

(2001) FAUAINMIAATUUDYIZHIN 29-37 % AA15199 4.10

d’ =) =) = g’ = (% Aaov 1
f13719N 4.10 L“lJ‘iEJ‘UWIEJ‘Uﬂﬁﬂﬂ%’uu']ell@Qﬂ@uﬂiﬁﬂUQWH’J%EJ@]N“]J‘i%WIﬁ

Type of concrete Water
Material
Authors and Porosity absorption
composition
dry density (%) (%)
Medina et al. Normal weight concrete Cement-sand-stone 15.72 2-3
(2013) (2,390 kg/m’)
Topgua and Autoclaved lightweight Cement-diatomite 60-63 66-75
Uygunoglu aggregate conrtete (900
3
(2007) kg/m’)
Kearsley and Foamed concrete Cement-pulverized 59-63 29-37
Wainwright (824 kg/m3) fuel ash
(2001)
Present study Cellular lightweight concrete | Cement-FA 49-61 31-38
(800 kg/m’) * Cement-NZ 43-70 26-39
Cement-NS 44-47 25-29

e : % a1 laeilszun

492  AaNuNIHRa ANANFUAITaaIIHazMaITINsIoR

A3197 4.11 1AAIANNANTUTIZHINAWNTUINE ANUNTUATT A3 HAY
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nnna i lugali 431 druanungumavesnsunian s Tugan uud Iduduiusnuiigg
o o A A A A =} o 1 ~Aq Y A [ 3 2
SuusedaiiosnnanungunalUsunannloisuiudiunauin 1y FA wie NZ odraviu 1@
@ 1 @ a ] v o Jdou o v w Y 1
Fa 1ATZAUANUNTUMTAa15Y0INOUNTATURUTAUMEITULTIOAVDIAOUNTA NA1IAD
= v o v w 9 d? A A A A o o v w o
Aounsad s uMawa launluienouniatilsumanungudias Taodidesusda
1 1 dld IS td' J [ dl = td'
9811929 2 — 4.5 MPa YuzNNANUNIUAITAAITIENIN 29% — 60% F931/7 4.32 D9 1N

dyw 1 1 A Aq Yo v o = 1 A d? <3 Y A
4.34 uE)ﬂﬂ1ﬂuENW‘]J’31ﬁ’J'L!WﬁiJﬂ’ﬂuﬂﬁﬂ‘ﬂG]fl’ifﬂaQ@ﬂ?ﬁﬁ]mJﬂ’ﬂﬂJ“ri‘uHLuuLWiJﬁllum NUBYLUD
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=} o dyd 1 g’ 1 I < aaa o
Weunuues CON tiflumsrzinihludiunaunareiluvesisdreljnser lamssunay
AaAan a [l { o a [ 4 4 4 a
UfnserdoaTeartinuisdiu N ldndasuaiFuudmad (C-S-H uay C-A-H) f5uw
d? = A d? 9 Y] a 4 1 = A A
PNVULALTLIANVUY A0AARBINTHNANITAATIZHNITATLIIOVLIA INTI NAIIADIN NS
d‘d J Y % a d' o Y o Y
ununduaalediagios Tsaiululsunanwemuie sz lvvualnssanasuazinlv
= 4 4 1 d? dy [ 1 % ] 1 = o 4
FINUANTALUUYY UonNHoYMIAveIaglos TaaundIudigarosa ludmuamea
~ A <Y [ a 42’ z ] 1
Tuvazimsununduuaasiaglos Tyarm lulsuaunnuuiiy anungunas se93199u19
3 = 4 g A dgl 1 ~ A a J Y a
aamelugGmuamaaniunyuany Taammnzarunauiununduaals Nz Tulsuugs
1 Y Y = 4 &) I Vo a £ 9
(30%) dawa 1N IATIa 1T UAMaAl TNT U UIAENNI£ 91801 1UTIA Faaarelusigan
N1538UDY Jaturapitakkul et al. (2011), Napia et al. (2012), Madani et al. (2012), Setina et al.

(2013)

M3 4.11 ANUNTUIA ANUNTUAITaTHaEAa95 UL I9AURd CLC N0y 28 Tu

Gel porosity Capillary
Dry density Compressive strength
at 28 days porosity
Mix No. Symbol at 28 days at 28 days
J (%) at 28 days
(kg/m’) (MPa)
(%)
1 OPC 802 0.05 29.56 3.05
2 0.5FA10 827 0.28 40.56 3.45
3 0.5FA20 821 0.19 43.44 3.10
4 0.5FA30 773 0.24 52.09 242
5 0.5NZ10 840 0.20 38.17 4.27
6 0.5NZ20 834 0.38 39.09 3.66
7 0.5NZ30 808 0.30 59.86 2.05
8 0.5NS1 - - - -
9 0.5NS2 - - - -
10 0.5NS3 - - - -
11 0.6FA10 822 0.28 41.09 3.20
12 0.6FA20 816 0.19 43.62 3.05
13 0.6FA30 810 0.24 52.65 235
14 0.6NZ10 825 0.21 39.24 3.84
15 0.6NZ20 846 0.38 39.50 4.25
16 0.6NZ30 831 0.46 39.47 3.14
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M13197 4.11 ANUNFUA ANVNTUAITaaTHayMaITuNII9AYed CLC N101g 28 JU (¢910)

Gel porosity (%)

(a) 15 AT

Gel porosity (%)

(b) B0 INUUToa

Gel porosity Capillary
Dry density Compressive strength
at 28 days porosity
Mix No. Symbol at 28 days at 28 days
R (%) at 28 days
(kg/m’) (MPa)
(%)
17 0.6NS1 854 1.32 37.36 4.10
18 0.6NS2 802 1.77 38.01 3.40
19 0.6NS3 789 3.15 39.15 2.45
20 0.7FA10 819 0.28 41.66 3.11
21 0.7FA20 814 0.20 45.37 2.90
22 0.7FA30 778 0.24 53.48 2.20
23 0.7NZ10 820 0.22 41.15 3.15
24 0.7NZ20 800 0.40 41.75 3.80
25 0.7NZ30 848 0.49 41.77 4.40
26 0.7NS1 866 1.33 37.79 4.70
27 0.7NS2 814 1.83 39.34 3.75
28 0.7NS3 806 3.27 41.06 2.78
g 5 T T I T T T o OPC g 5 | <>I | T 1 o OPC
2 [ao¥ e 05FA|2  [acoY . * 05FA
£ 4rog o s 05NZ| £ 4[ox o a 05NZ
> S u A 06FA]l 2 ,Lgm L 4 0.6FA
5 319“ o |° oenz| s 3F® o |2 06NZ
@ = = 06NS| @ '% = | ® 0.6NS
L2 (% y=;0019x 332 v 0.7FAL £ 2f- b.007 v 0.7FA
2 R = 0.0006 v o7Nz| B PYF 3-0261807 v 0.7NZ
2 1 - < 0.7NS g 1+ ‘ < 0.7NS
D_ -
g 0 1 1 | 1 | 1 1 § 0 | 1 | 1 ] 1 1
© o 1 2 3 4 0 1 2 3 4

ﬂﬁ 4.31 mmauwumm’mmmwmmaua 89T UUITIOAVDI CLC ‘VIi’]"IEJ 28 U
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a T o T T °© OPC | a T | ° OPC
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Curing age Compressive strength (MPa)
Mix
(Days) Experiment Model % Error
3 1.95 2.05 5.1
0.5FA10 14 3.17 2.94 -7.2
28 345 3.46 04
60 3.65 4.14 13.5
3 1.65 1.64 -0.6
0.5FA20 14 2.75 2.35 -14.4
28 3.1 2.77 -10.6
60 3.3 3.31 04
3 1.27 1.44 13.3
0.5FA30 14 2.15 2.07 -3.9
28 242 243 0.5
60 2.58 291 12.7
3 1.9 1.95 2.5
0.6FA10 14 2.9 2.80 -3.5
28 3.2 3.29 2.9
60 3.51 3.94 12.2
3 1.53 1.56 1.9
0.6FA20 14 2.58 2.24 -13.3
28 3.05 2.63 -13.6
60 3.26 3.15 -3.4
3 1.2 1.37 14.0
0.6FA30 14 2.03 1.96 -3.2
28 2.35 2.31 -1.6
60 2.45 2.77 12.9
3 1.8 1.87 3.7
0.7FA10 14 2.8 2.68 -4.3
28 3.11 3.15 1.4
60 3.3 3.77 14.3
3 1.47 1.49 1.6
0.7FA20 14 2.5 2.14 -14.2
28 2.9 2.52 -13.0
60 3.1 3.02 -2.6
3 1.2 1.31 9.2
0.7FA30 14 1.89 1.88 -0.4
28 2.2 2.21 0.7
60 2.35 2.65 12.7
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Curing age Compressive strength (MPa)
Mix
(Days) Experiment Model % Error
3 2.19 2.19 0
0.5NZ10 14 3.72 3.25 -12.6
28 427 3.88 -9.2
60 4.51 4.71 4.4
3 1.92 1.91 -0.5
0.5NZ20 14 3.18 2.83 -11.0
28 3.66 3.38 -7.8
60 3.91 4.10 4.9
3 0.85 1.76 107.2
0.5NZ30 14 1.56 2.61 67.2
28 2.05 3.11 51.9
60 2.25 3.78 68.0
3 2.24 2.45 9.3
0.6NZ10 14 3.32 3.63 9.3
28 3.84 4.33 12.7
60 4.16 5.26 26.4
3 2.41 2.13 -11.5
0.6NZ20 14 3.7 3.16 -14.6
28 4.25 3.77 -11.3
60 4.65 4.58 -1.6
3 1.75 1.97 12.4
0.6NZ30 14 2.60 291 12.0
28 3.14 3.48 10.7
60 3.37 4.22 25.2
3 1.51 2.69 78.0
0.7NZ10 14 2.55 3.98 56.2
28 3.15 4.75 50.9
60 3.53 5.77 63.5
3 2.05 2.34 14.2
0.7NZ20 14 3.2 3.47 8.3
28 3.8 4.14 8.9
60 4.4 5.02 14.2
3 2.4 2.16 -10.1
0.7NZ30 14 3.7 3.20 -13.6
28 4.4 3.81 -13.3
60 4.9 4.63 -5.5
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Curing age Compressive strength (MPa)
Mix
(Days) Experiment Model % Error
3 2.9 2.99 3.1
0.6NS] 14 3.7 3.73 0.8
28 4.1 4.12 0.5
60 4.29 4.60 7.2
3 2.4 2.15 -10.6
. . - *
0.6NS2 14 3.13 2.68 14.4
28 3.4 2.96 -12.9 *
60 3.51 3.30 -5.9
3 1.50 1.77 17.9 *
0.6NS3 14 2.25 2.21 -1.9
28 2.45 2.44 -0.4
60 2.50 2.72 8.9
3 3.35 3.42 2.2
0.7NS] 14 4.25 4.28 0.6
28 4.7 4.72 0.5
60 5 5.27 5.4
3 2.72 2.46 -9.5
0.7NS2 14 3.45 3.07 -11.0
28 3.75 3.39 -9.5
60 4.04 3.79 -6.2
3 1.9 2.03 6.7
0.7NS3 14 2.45 2.53 33
28 2.78 2.80 0.6
60 2.93 3.12 6.5
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Average pore size Compressive strength
Mix No. Symbol
at 28 days (um) at 28 days (MPa)

1 OPC 376 3.05
2 0.5FA10 337 3.45
3 0.5FA20 315 3.10
4 0.5FA30 257 2.42
5 0.5NZ10 257 4.27
6 0.5NZ20 255 3.66
7 0.5NZ30 253 2.05
8 0.5NS1 - -

9 0.5NS2 - -

10 0.5NS3 = -

11 0.6FA10 351 3.20
12 0.6FA20 319 3.05
13 0.6FA30 285 2.35
14 0.6NZ10 280 3.84
15 0.6NZ20 277 4.25
16 0.6NZ30 267 3.14
17 0.6NS1 270 4.10
18 0.6NS2 260 3.40
19 0.6NS3 195 2.45
20 0.7FA10 359 3.11
21 0.7FA20 321 2.90
22 0.7FA30 303 2.20
23 0.7NZ10 283 3.15
24 0.7NZ20 281 3.80
25 0.7NZ30 273 4.40
26 0.7NS1 274 4.70
27 0.7NS2 272 3.75
28 0.7NS3 263 2.78
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Total porosity at 28 days Thermal conductivity
Mix No. Symbol
(%) at 28 days (W/m.K)

1 OPC 52.27 0.167
2 0.5FA10 48.56 0.192
3 0.5FA20 50.78 0.177
4 0.5FA30 59.32 0.120
5 0.5NZ10 43.06 0.222
6 0.5NZ20 44.81 0.206
7 0.5NZ30 69.71 0.087
8 0.5NS1 = -

9 0.5NS2 - -
10 0.5NS3 - -
11 0.6FA10 49.20 0.194
12 0.6FA20 51.00 0.175
13 0.6FA30 59.95 0.121
14 0.6NZ10 44.27 0.216
15 0.6NZ20 45.27 0.201
16 0.6NZ30 46.28 0.184
17 0.6NS1 43.95 0.251
18 0.6NS2 44.20 0.243
19 0.6NS3 45.00 0.241
20 0.7FA10 49.88 0.184
21 0.7FA20 53.04 0.151
22 0.7FA30 60.90 0.110
23 0.7NZ10 46.42 0.203
24 0.7NZ20 47.86 0.176
25 0.7NZ30 48.97 0.165
26 0.7NS1 44.46 0.229
27 0.7NS2 45.75 0.216
28 0.7NS3 46.65 0.205
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Type of concrete Thermal
and Material Porosity conductivity
Authors dry density composition (%) (W/m.K)
Tay and Yip (1989) | Normal weight Cement-sand- 5-13 1.15-1.44
concrete (2,400 kg/m3) stone
Wang et al. (2005) Non-autoclaved aerated | Cement-sewage 52-57 0.084-0.102
conrtete (820 kg/m3) sludge ash
Topgua and Autoclaved Cement- 60-63 0.13-0.14
Uygunoglu (2007) | lightweight aggregate diatomite
conrtete (900 kg/mB)
Present study Cellular lightweight Cement-FA 49-61 0.11-0.194
concrete (800 kg/m3) * | Cement-NZ 43-70 0.087-0.222
Cement-NS 44-47 0.205-0.251

e : * a1 laeilszunm
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10. srsiuesdewseneiiuag =31.65/(40+1) = 0.772 kg

11, iz 19iE0 =31.65-0.772 = 30.88 kg

12. 51ﬁazi%wauﬁa@§ﬂﬂsmm =332.5—31.65—0.772 = 300 kg
13. 53nah Bisawmnsiulos =332.5-0.772=331.7 kg

aqlUfmadiunauues CON lunilsgnuisimasisznoudle
YuBud 665 kg
GRFITIEIGE 0.772 kg

Y

iy 331.7 kg



0.2 Medemaannamimnaiunanves 0.7NS3

aa { 4 g/ o @ o ! 2’ v o
Taoldun Tuganumungdud 3% Taethwinvesiagalszau dasrdiuinedag
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a

gatszan 0.7 (w/b = 0.7 AFmMsfuiaauuIag g ASTM C 796-2004 Taslivunouaail

1. Oven dry density Y04 CLC Hd04m3 fio
1 o 43’ 9 ~ 4

2. anunaedunnziiionive s udmud
' o dy 9 aay

3. Anuasuiiontvean Tugam

4. anunuuvean e Iy (Foamed density)

' Y
5. saT1aIUA TN pIA0I 1T
a o 1 4
6. Usmafudmudlunsdi luaduuddu

a an y A 4
7. USuan Tuganununasuua 3%

800  kg/m’
3.15
2.2
45 kg/m3
1:40

=665 kg

=665 x 31100 =19.95 kg

8. USuan)udmud =665-19.95 =645.1 kg
9. smanihvianua (w) w=0.7(645.1+19.95)  =465.5 kg
10. U511A3Tud (V,) V, = M __ 6851 05’
SG,-r, 3.15x1000
e udat (V) v, =M 1995 ;50
G, -r, 22x1000
12. Usnesrimanua (V,,) Vv, = M, __ 4655 =0.466 m’
G, -r, 1x1000
(VVW +Wf )+Wc

(W, /1000) + (W, /3.15x1000) +V, |
(465.5) + (645.1+19.95)

|(465.5/1000)+ (645.1/3.15x1000) + (19.95/2.2 x 1000) +V, |

13. 9218V, =0.734 m’ nSelesIrlunvenodudaiing =45 x 0.734 =33.02 kg

Q‘ 1 A =)
14. @5y NeINaUIBILNIA
J A Y A
15. ¥ ez 190919
091 d' 9 [y =
16. g lsHauiaqualseain

9 d
17. s Taisauasmiviles

=33.02/(40+1) = 0.805 kg
=33.02 -0.805=32.21 kg
=465.5-32.21 - 0.805 = 432.48 kg
= 465.5 - 0.805 = 464.69 kg

aqlfmadiumanves 0783 luwnilsgnuiaimasisznoudie

YuFud 645.1 kg
wTugam 19.95 kg
asiiinles 0.805 kg
i 464.69 kg
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1.1 MsnseuiedsdmSumsInsziinandlendesganssmioniinea

k4

M3 oudIedNdIMiuMIInsziRanAlondnigansimiselaneaisvuiuaeu

[

v
=}
JU

Y w1 a A ¥ & 2 3 A
1. ‘VJUﬂﬂum’oEJNﬂauﬂm‘Vl%zﬂﬂﬁﬂuiwttﬁﬂaﬂmﬂu%umﬂ NTHT@TJigNTﬂ! 10-15

a

o o = < &
mm 901 leungumgil 110 £5°C iflunan 24 ¥ Tuq

U

o 9 o 1 A 9 1 4 Aas 9 1
2. UINBUAIBYNUDN CLC Arumsovndrldasluluaa (mold) WAFVUIALTUNIU

o z:y A Ay v ag A A ' @ 1 Yy 9
HINANW 1 U T]Tlii]WiﬂJll’JLLa’J HAZINONDNG (epoxy) NWNTUTIU A NUFIU B ll’JLLE]’JGHEJ

e

€

Ao Yo ad 4 & Y Y o o ' vq Yo
ATIUNNIUUA 1Wu1@Wﬂﬂ“BLﬂa@ﬂ1ﬁaTﬂUHNﬂﬂu@?@ﬂTQIﬂﬂiﬂU il”lﬂuu’ﬂa@flllfl‘lWBWﬂﬂ

%

< A Y @
LY %Qi%ljaTﬂﬁxu’]m 19U

=D

v

o ag ~ 4 o @ = A & o 2 Y
3. ‘V]”Iﬂ”lil!ﬂ%i’]Wﬂﬂ“]f@i’]ﬂiﬂﬂTiJaﬂ UAZNINITAALTNDWDNYNLUUINILLA D 114"1]1@@9?1

o Ao ] = = Y @ 1 Y A @ <] @ ~
NNNUNANUIYTENUATIHHIVOINOUAIDY AU DIAALI AN ?’NE?JV] 9.1

b)
\ ¥ ¥
aulaau
C) usis daudn
1 UN9F19619 Anaoudn

4, FurldEeudienseasneuasndedudiei
No. 120, No. 320, No. 400, No. 600, No. 800, No. 1200, ¥adefh
Taeldwangiivi No. 5 UM, weegiinia No. 1 Uum, wedaegiinva No. 0.5 M, weiaogiii, NO.

0.05um,  wedimegiiaia No. 0.01 um
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Y .
b. dudeudnddsthazeauaziialiuisdronszauiysg (tissue paper)

Y

6.1 l1ldes drendeegansseni hdadeenelud  wuSeld 1
Fudamaadudswansiluid Iddad i Taeisunnsdnogivivua NO. 1um uds

=2 9 Y L4
WHDI AIYNADIIANTIAU

1. (etching) Swudinaddieloszioves (hydrofluoric
acid)  onldnsaluain (nitric acid) A4 IWAded1segrien 1 - 2 om
Wunan b 2
f0819

N

e
H
losuime s
8 ( 5
L
.
nialalaslgoasn
2 19819628n 59

8. uedoudedidldsims Efthing  awyseiudrnailiinseinandlondas

o a
yanssmiooilanea

v.2 U935 331uM3 Etching NouMI10819

1. Etching Aoudedraazude Y
No. 1200
2. m3vadieinvaazdesnaliutiudle l1linadre
3 foea luunu MliAaresinesernieindady  dleea

=

mld ad Hudan
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UNUYA
! ;\
darundemle @108
3 mstaunsdiedi
Y Y
3. nazanaleniluarsna Bunn 1 mszdedaniu  (scaly)
'Y 9 3 o 1 Y I

uatdes  udede Aidlunaiu

(stop hydration) &e1ulasiwumian (liquid nitrogen) uddredis iumsonli
uhangavgid 11045°C  dou Fuounadn liinlgnse Fruud

Hudduy fodnld

= Y] v ° o a d Y v d a
V.3 fn5!ﬂiﬂ?»lﬂ'J?)El"lﬂﬂ']“ﬁiﬂﬂ'li?!ﬂﬁ]%ﬂsll‘M'lﬂI‘W5Qﬂﬁﬂﬂﬁﬂﬂﬁﬁﬂ§5ﬂuf’)@ﬂﬂﬂﬁﬁ

@ 1 ) @ a d L4 a
MSIATINAI0INAIMIUNISUATIE ﬁ?ﬂﬂéjﬂﬂﬂﬁﬂiﬁﬁu@ﬂﬂ@lﬂﬂﬁ

1. fmsdateudiedeaouniaiaznaaey 1¥iinssgnunaduuiadszuia 30x30

mm 25 mm Taaideniordiuieglanandisluvesioudandis 4

100x100x100 mm

: ‘ " = L4
W 18T WUFTIEN
A/‘

|

[

Auaasdumius  dadeudiedialinaaou

o Ll
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2,508.47 pm;»‘

(counts)
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= o ' Y 9 1T s 9 :l
2. GKHG]'J@UW\‘]Gl‘ViLiEIU AYNISATHNINVLUASUABLIUAIYUN

No. 120, No. 320, No. 400, No. 600, No. 800,  No. 1200

Yy o oy < Yy v v a
foudmedainiazotauazisa  ldudedronszaiyinyy
UAIDE 110 45 °C i§lunan 24

Y] ] a 4 1 Y 9 4 a
auA10619 I Amszrnmaevuia Inssdrendesansssiooilanea

& (Software) 1ae$4u Motic 2000 Mega Advance Co.,

A s 4 a s 7
vetlimosveunTeIneNNIADS lagns Hundainya (trace)

1

Lo

3.4
4,
D,

v
1

v
7

1 Ay 1 Y '
MNDYNABINITNI LA 5 (a) w¥owrzilsingan

yedanaasly 5(b)

2,508.47 um

C1

Radius:400.58um
Area:504118.91umSq
Perimeter:2516.93um

(b)

5 fednamsdniizdvina Inssnnnmoieues 0.5FA20

9 A Y a 4 1 v R Y I ~
6. doyanlannmsinngd  aw unnlvidlusziey
Y I [ @ Y 1 9
wilsinglimiulnse a1 q gnialnedlurisveya
2 ANuAUITUEsznavIa Tng

a2 1dnamung 6
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1 degramsratiuin INTIEH 0.5FA20
Pore No. | Pore diameter (um) Area of air-pore (um’)

1 401.16 45,336.65

2 359.08 101,268.82
3 220.78 38,263.88
4 343.02 92,409.60
5 521.32 21344377
6 3045 7282142
T 476.86 178,602.88
8 360.14 101,869.73
9 407.8 130,614.14
10 240.02 45,246.75
11 260.32 53,225.24
12 309.9 75,431.36
13 319.62 80,322.24
14 195.1 29,895.21
15 176.68 24,516.48
16 3128 76,849.77
17 220.82 38,356.32
18 211.42 35,162.77
19 244.96 47129.92
20 37144 108,304.62
21 364.26 104,157.99
22 240.32 45,336.65
23 323.64 82,223.13
24 400.3 125,788.47
25 304.62 72.842.78
26 301.18 71,206.87

Average dia. = 315 um

Total = 2,488,025.4 pm’

% area of air-pore = ( 2,488,025.4
2508.47 x 2,508.47

j x 100 =39.5%
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2 §19814 0.5FA20

Pore diameter (um) Frequency of counts

0 0
50
100
150
200
250
300
350
400
450
500
550
600
650
100
750
800
850
900
950

1000

O O O O O O O O O = k= W B O /) O DD O o o

10 ~ 0.5FA20
g i avg. dia. = 315 um
4 - % area of air-pore = 39.5%
2 A
0 n T T T T
0 200 400 600 800 1000
Pore diameter (um)

Counts

6 §red1anmluaasnd 0.5FA20
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A1 MIIATIZHMIDA0DHIAZAHTNNUT

nMsnsIzHnIsonnoonazanduius  (regression  analysisand  correlation)

[ aAa o [

9 a ] a Y A o v oAy v
ﬂ3111fﬁﬂmiuﬂ1§@HN1HLWQﬁﬂﬁﬁTW§U1%1“ﬂ153lﬂ518ﬁm@3§|"ﬂ Wﬁﬂ@nﬂfﬂﬂ‘ﬂulﬂ

g

4 1 v

aw A v v @ a A o Y
VY NN IANUANUNUDT TSN wdsamunuaulseaserseadsa

[ g

4l
s o ) o q YU
UNUD AR 2 CN%%V]"IGI,TTEJ

AtenIudnyuzANUFUNUT Iz NG s Fau

a J | o % A v o ¢ ' @
msnsgrinsoaneaiiumsimuadanny (MOdel) iwemaruduiussznied
(dependent variable)  Senddanmat neldsnnavesdauilsdase (independent

H 4 ' v o ! qul o
variable) &asendndamennsal dauuud Idiig WuidssTemilumsldwensainsenisineg
(predict) Ardualsan faian (coefficient of determination)

~ 1 I v A A 9 v A

380 Audsinelylumsdadauls
[ ~ 9 d?’ a v 1 c?/‘ = Y =~ =
Naumsannesiadsiunnmsimsgidredininianuminzaunndeaiiosla Tasd

a J v v dyw 1w = v o d 9 ~ A Aa
AR IEHARTUNUFI Y G]f'Jﬂ'J’l@]'JLUJﬁll‘Uu’]ﬂell’ENﬂ'J']iJﬁiJWU'ﬁiJ’IﬂU@EJLWENGlﬂ UaZUNANIG

Wu'ldedals ( ) wiolifianuduiusiu Fuiumsiannuudands
Y
(strength) szvdnedaualsimaniu
a 4 A d I ax Andq Y Y Y
MIAATIZH apgnsemsneInsal iuItmsneadanldadeaumsiduas

A Y Y A v o d 1 o @ A R Y
n3ota U IAINLaAIANNA NN UTIZHI19A ST 09RINToNINNI FeU5EneU AY

1 1 9
WiRAINUA a0 pen 1A enAIBeITY Ha Yoy

(X) drudutlsa (Y)

a 4 Y A o d A o a = Y= ~
AATITHNTADBEDINAININT TR TodTSINIAIAYIVZITan

e

4 '

msAnpaNuFuRUsITUI Msamszdnsoanoeedisdie (Simple regression analysis)

msdmmzdnisoaneadady (linear regression analysis) uadniidmensataad 2

4
% -3

Y] 4 o J v 1 a J
Tagliaunaaiifiesdufe19zi3enmMsAnEIANUFNNUTITUI MIAATIZHNITADENY )

De

[

(multiple regression analysis) ~ gelszaadndndail

1 A v

§ v o ' @ 1 qg.;‘ ' 4
L. wednmanuduiusszred s quaa 2 Wanuduwus

v d

Hoaeala 81 X Y fanuduiusouunn uaaa 61 X dandasuniladliszinase

[V 4

Y ifluedrann (model) ANMUAUIUS
yoasuls1a
sa o

2. 1¥anuduius iz ldunlsvananmSeweinsal (predict) & Y

4 .
Wetvuaa X
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a 1 a rL
3. nageuauuATIULazlsTINaAITINees luaumIaanesla
A.1.1 MIAATIZHMI0AD00EN9918

Wlumsanudeyaiitlsznoudieduls 2 &1 wie Sond daualsg (Divariate data)

Y

'
1 A

I o a a A g J 0o w o A 9
Wudularalsunanieteyaderiios N512M L1905 NIFDIUNNTUINT ©
4 @ @ 4 1 o a H {
AR R R PR TNV S EAVE AR C IR b, 2 Tugaduasa (linear) Tasihdos
' o o B Ay o 1 o o £ gy Y o Ay
NIUMUDIAMTAIMII uTodeadruamvodls  damieAareanih daudsndeanis
VoA oy ¢ A ! Ao o ¢ v o 2 Vo
NIVUAINITOABDINITNYINT DI (3877 Udydnwaiunudie Y dwlsanduegiu
o A o £ g [ ~ 1 ~ 1 o a A o [ 4 9
daulsandmiiailudnalsinsua Geni dawlsdasy Tdudavaiunuais X

g

a 4
UNIICH

(i X ugazdrduaalsan Y

=

9 a A [="} [ 9 o 3 a 9 A ]
doyantimsuvnutnanie lu Tzduuvanuduiusdugadunso l
2. Srunumdumsnaoeeduduasesimimnzauiganudoya Tagldisiaaes
veuiaa (least square method)
3. mInagouanumuIyauveudunanooFuduaseild (model fit)
A 9 a Yy 1 a T w A [ @ o
wpunIdaunsaesuie Y ladedials Taeinsananadulszansanduiug
4
(1) nagaduszanimsdnduls (Rsquare R
Y 18500azimls
Y Ay v & @ dy 9 a 4
4, asrvaeudunanos ldinilulimundniiosduuesnisinsiziin

@

o a LR~ a [ 3 [ 4 1 . [ H
W dunlsdase (X, ) yaduiludasziu dalinadwiuaasar Corelation naza Covariance
1 [ a 1 ~ a 4 ] 1 d‘dqj a
senindulsdasy X, ualunsaimsinsgrimsoanesedndienidunlsoase X
A dWio & ¥ , A g oy &
@enn lusutudosasrnaoudonnauilosdudoll
v £y o A v ! Y, A \
5. asnasudeanauiesduvesdinuumsosneeFuduasiingndenio i Tae
A P4 N . . A 1 ] o
msanszranuaaranaon (fesidual analysis) wazdnitmsuilsnawisadiildaents
{ 1 . 1 ] 1 a a J Y
nageaunGonit Lack of Fit ua li'ldnanludneriinusil
Y ' IR Y & Y a 4 a g 9
0. dwunlaidluldmudeoanauiios@uusinsAATIZHNTDADDUTUFUATI 09
[ 1A v 9 =) 3 9 o < o =
gy lminmingaunudeyadnasa Tagennlsilandu  w©ng Iwuwdea

= a R | 9
Y50 aam3ny Wuau
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A.1.2 UNUMNNITNISY

(scatter diagram) fumsuaasdnyazanudusiuisznind

(X) (Y) ddnpmzunula Falumsdinazsd Regression
Correlation $ufludesgdnvazvesmmduiugiia X Y difiaowduiusluFuduass
wie'li neuaziimsimszdae I Taeshar X Y Scatter Plot

1

a) Fadunaziiluuin

X

¢) e TmmuFoauaziiuuan

b) Fauduvaziiluay

X

3 o A [
d) dnd TmuuFeanaziluay

4

f) lifiamduius

o 1 o v o 1 @
1 08 1UHUNINUEAIANEUSANNTUNUTTZH AT X

Y
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1 (@) vaasanudiusues X Y ludnvasiBuduaseilinnuduiug
Tumadeadunieduuan dau 1 (0) fanuduiusluneassiuduiunsioduay

Fenauduiusin msansed aanseFudueiiaie (simple linear regression analysis)

v
=}

A2 ngEMaIaesivaiign

msdsznuamaiimes o P Usznnsiitoadieaums
fod1ee19 lanareds wu 33msilszuna (maximum likelihood estimation) i@
MIAATIZH fo3smidsansiosiiqa (Ieast square method)

& v a a 4
F992na12 IUINNUNUF

aunAnaundsnnawdunua i fe m, (8w ia Y given X) eguuidunse

=\ @ v 9 =\ @ o [ 1
UAZUANUTUNUD au 1 E‘T”Ill”liE]HJEJ‘IJ@’JLLU‘]JET”IWS‘].I@]’JLHJ?EI?J

E
Yo A

Y, =Y/, lddail

Y, =a +bX, +E, (.1

1 [ 1

A o 1 <R o 1 9 A g Aa = = o 4
Lllﬂ@nllﬂifﬂl Ei WiJ”IEJﬂ\WYJLL']Ji?!?JLﬁH@]ﬂﬂN mﬂuaaimﬂﬂuummaﬂmmuqua

9
gazmaNulslsnumnu s 2, =s ? auiunamdunavesgousy (X, ,Y,)

| |
9

anuduiuisznie XY 1ddedl

Y, =a +bX, +€ ( -2)
o 1 £ J 1 = I Y o dy
uazauMInAneedlne1 Fuiluanlszinuves my, wewiuaums ldaadl
Y, =a+bX (.3)
Aduna nAINAI0ENABGEUAT {(X,,Y,); i=12,...,n} eazA19edoandeeny
ANUFURUT
Y =a+bX, +e (4)
e Fon1 IANANINAUNS f10819

Tavalsqu e lulsdwsqu e esnndilsqu e nueds drudioanug
&£ g ' a 5% 1 == 1 A
(X, ,Y,) nnaumsoanseisznns Fuiluanswadulsgu e vueds dandsau

voagoud (X, ,Y,) dredrsuihudulszananugii a2
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m =a+bX
YIX

(1dnannsannaelszaIng)

Y Y, =a+ bX
(EuENNSR0BAIDENS)

a

a

X
2 TUNTOANOIAIDINLALTNNITOAD

=~

Y Ay v — & D) Y ' A
Lﬁuﬂiﬂﬂl‘lﬂmﬂﬁuﬂﬁ YX =a+bhX LﬂuﬁﬂJﬂTﬁﬂﬂﬂﬂﬂ%Wﬂﬂlny’ﬁ@’mﬂN’ﬂW%WB@!ﬁElﬂ

v
=

A1e 9w u idulsgnaaunisoanes (estimate line of regression) idusdeaesiosiga
(lease square line) :dunanee (regression line) (regression equation)
@ ' [ 9 4 a g9 o ll [ 9
aan0ea10619 1Tudy Felaslndiduaunisoanesdledis idududuaunisonnoy
( 2) 1tesnn ey sonswldinduaumsoanssinieievelsznnaiy
[l R A 9Y an @ 1 I ) A Y v 9 1
el Selldeaunanaumsnanosdiede sziludununavesilszanns 18 drdeyaluua
azAved X,

=S

A.3 aumsoneewflvdetsaIduiasaesiiosiiga

Aad o

A Y @ 1 Aaa 9 [ 9 A
WBABINITHITUNITOADBYAIDINNANGTAAIYITNIANTDIUDINGA

wyanAN e, i=12,...,n 3
e=Y-Y, i=12..,n (.5)
Y, e mdaunaiifatuam X,

“flo A ldninaunisaanes Y, = a+bX, Weimuam X,

=
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X
3 mdunanngouay (X,,Y,) uaziaandg e
fenhasdouasanannad Nty fe e + e +...+e? 1z lanauiniideaes
UYBIAIAIINA iFona1 wavanfiaeaesldargedn SSE
tidsaeadesiigadiaunsainld SSE Gaesiigaiii 1 Idduaunmsaanesii
Fiteradae (est fit) Feerunsasi @ Taensmenius (differential) SSE ifisuiumaai
a  biluanudu (Slope) veudunsl Y X
Jonduiii (regression coefficient)

e

Yo A

s Y 1 1 Yy S o PR
neNsal 0INTIWA b uaza  a 1dd NEEIWNTANEINI DAV IA LS Y Ulﬂcmﬁ’n;ﬂvlﬂmu

L& b> 0 uansn X Y fanuduwusiulunamafeddu nanas o1 X U

4
Awes Y nzlisngetiuaiulidae

[

2.81b<0uanan X Y ianuduiusiulunaneasaiuing nande a1 X 1

mvea Y

v o 7

3.41b T3 1nd Ouaman X Y Samuduiiusnution

4810 =0ueaan X Y luianuduiusduae 1 & eiffuduase m
Y ozl wiua (3) 4(d)
5. 81 b= 1 uaasanusuveudunimiaunny 45 mX Yaziaun

A dwhiugud 4(b)



b>=1
@A 1un)

- —

b<1
(deuan)

0)
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b=1
(ANVTY 45°)

0)

4 ﬁ'ﬁJﬂ']ﬁLng}u@]'NﬁUfNﬂ']ﬁﬂﬂﬂ’t]ﬁll,ﬁf) b HAMANANY

SSE:ZQZZZ(Yi _a_bxi)2

fuuaz 1
%SSE =2> (Y, —a-bX;)-1)
0
—SSE=2) (Y. —a—bX J- X
O s =25 (v -a-bK )
Taongugmsmaiga 1% §$E =0
a

DY, —na-b> X; =0
D XY, —a) X, -b> X, =0

Y Y
IMNNITIIYVN

na+bd X, =YY,
ay X, +bY XZ=> XY,

%SSE =0 & ldaunsinasiuiu
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Y a 5 Y o
NNMIUATUMITUNANITOITUNS Eﬂzhlﬂﬁ?ﬂ§$ﬂ1ﬂl a b

nZXY DX,
DR i
azzYi—:(ZXi) ( ]_2)

a=Y -bX (.13)

msahuduaumsnanesdiedis Seagl Aillunguidsi
M,x =a +bXNNAUMINANBINIBYN Y, = a+bX
awnsait Ao
b= nZXiYi _ZXiZYi
_ - <
”Z X _(Z i)

a=Y —bX

fenudi .1

i x=X-X  y=Y-Y udraunsoignilan
Ny x2=nY X2~ (3 xf (.14)
ny y*=n>Y? ~(2vy (.15

nY xy=n> XY=>x>y (.16)

9
=1

(.11) enl¥snusidniioulmilaviioiwi a.1 18asi

3-8 g

A4 AUANTAVIIANNIIOADDLFAIDEN

Y
wd

auMsnaneoAled s arduiedesiosnganiiuinla Tnuaniaail

L (X.Y) sguuduidaesiosiign
2. wasmvon nleuUusEnINgoUAULAaZAINUA (Feoguwdn
o [ 9 ~ 1w
fdaeatiosniga) vzmiiu 0

3 wamﬂmaqaawmmmmmu R ”Iﬁﬂ

a



A.5 AI9819NIATNANNIVANRYITHININIGATHHIAZANUNFUYDI CLC

@ s A o qul o I | VA
lunsaieuiuilandudadu duiuaumsinanesdiodndeldiilu ¥, = a+bX

AMUIUNT A a

1 msdnama a

b

1
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2

2

X Y XY X Y
48.56 30.6 1,485.94 2,358.07 936.36
50.78 32.5 1,650.35 2,578.61 1,096.25
59.32 35.3 2,094.00 3,918.86 1,246.09
43.06 26.2 1,128.17 1,854.16 686.44
44 81 213 122331 2,007.94 74529
69.71 38.8 2,104.75 4,859.48 1,505.44
49.2 328 1,613.76 2,420.64 1,075.84

51 3 1,785.00 2,601.00 1,225.00
59.95 36.1 2,164.20 3,994.00 1,303.21
43.95 25 1,098.75 1,931.60 625.00
442 25.5 1,127.10 1,953.64 650.25

45 265 1,192.50 2,025.00 102.25
4427 215 1,217.43 1,959.83 756.25
45.21 289 1,308.30 2,049.37 835.21
46.28 315 1,457.82 2,141.84 992.25
49.88 335 1,670.98 2,488.01 1,122.25
53.04 36.5 1,935.96 2,813.24 1332.25
60.9 38.25 2,329.43 3,108.81 1,463.06
44 46 21 1,200.42 1,976.69 729.00
45.75 219 1,216.43 2,093.06 77841
46.65 29.2 1,362.18 2,176.22 852.64
46.42 2.7 1,318.67 2,154.82 882.09
47.86 30.1 1,440.59 2,290.58 906.01
48.91 308 1,508.28 2,398.06 948.64
52.21 30 1,568.10 2,132.15 900.00

in = ZYu = ZXiYi = ZXiZZ ZYiZZ
1,241.56 11245 38,922.39 62,685.71 2425548
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Tagsviuali
X Y CLC, uazdwandoyanadou n =25
unudr n =25, > XY, =38922.39, > X, =124156, Yy, =T71245, Y x? =62,685.71
11 13 v 1dalsznma b dmfuwisimes a b
s laii

b _ 25(38,922.39) - (1,241.56)(772.45) _
~ 25(62,685.71) — (1,241.56)°

Q= 77245 0.546(1'2;:;56) _ 3782

0.546

25

k4 v
duinaumMInAnooRiodfe y = 3.782 + 0.546x iaad 13lugali a.b
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= | i = | i
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30 40 50 60 70 8 30 40 50 60 70 80
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d' 9 4 ci @ Y A [ 421 (Y 1
aumsaaneei laazawnsonensaimanlasunlasvesdmilsanlaanse lidenaiuegnua
(coefficient of determination)
J . PR ' )|
aduilszansandusius (correlation coefficient) 961 sor*  Rguilu
9y .
Fianuudaunsa (strength of fit)

L (R) fishogagnina 0 1
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2. a1 R%sh1nd 0 namahaumsonnesainsoetneavesd  seulalia
1 Y1 o 3 =1 [ o o 9
aanldndualsnsaestinnuduiusnuios 6(d)
3 ' R2 9 yl ' 1 a 1 o Vlyd
. R @108 1 unwinla vaasnaumsaanesauisnosuieaveadiulsan1da

A o a A o 9 = v o Jdo
ienndulseaszrsedunlsau UANNAURUT AU 6(C)

@ 1 Y 4

2 - ' 'o v o A
4, 81 R* = Luaasimnyagddvegumdunanos uazlinnuduiusiFaduauysol

U U

(perfectly linear) ~ éednalu 6(3)

5. &1 R = 0 uaaaindu aanoe Lty Tesinemanensaiaiueg Y
6(0)
¥ ¥
LFUnAnas ° ° ° o ° QLgﬂﬂﬂﬂﬂﬂ
X X
a) R’ =1 b) R?=(

\ LEUDAnRE

) Rfaudlnd 1 d)  R'Gaudhlnd 0
0 nsmllSeuifisuidunanesiumansznedoya
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}ﬁnﬁmmuﬁ@‘ﬁmaiﬂ% =Y -Y,
o T &
Y, =Y = dnudaauunanae

(X.Y) v }pimﬁ;mmuﬁﬂ“ﬁma"lﬁ =Y -Y
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LRUFNNINANALAIBE:
X
1 1 d‘ 1 U 1 o
I msuenaruandeuuuvesmdunagouay (X, ,Y,)
=) A \ dy
NTAUPAAN [ ao'lail
T 7 Y 1 | o a [ ]
L (X,Y) fe geuduvesaundsnndunlsdase X Y iflugaeguu
IUANNTDANDIAIDE1Y
2. (X, ,Y,) Ao gouduvesmdunavsla q andwtls X Y
3. (X,,Y)) e gdusuveasidunls X (ar X, ) fudt Y, fildnnmsunusi

= o 1

DADBDYLNININUARN Xi

4. (X,,Y) fio gousuves X, funundoves Y

U

Y a oA 1 " W a A 1 = @ 9
DINTUIANUVYUUUIEHINATTUNADVT YI nanANRasYeIaILls Y antau

wa \ 7 1 1 H =% 1 3 1
(Y) Y -Y 1 wunandisauuaenaindi lauen 2 daude
oA A A v Y 1 ~ A A " Y A A [
Andeuuuiesuie laale Andesunesuie lildiieswinaungdu A
4
aumsao il

ToA o’/’ - ~ A A 9y VoA A A " Y
ANVINVUNNTUA = ﬂWL‘]JENL‘UuVI@‘ﬁ“]J']EJUlﬂ + ﬂ?L‘]JEI\H‘UHV]@‘ﬁ“]J']EJUlﬁJhlﬂ

SST =SSR + SSE

Y-V =(7-¥)+ (%) (.18
fenfdsdeazsmnyageuduIndIedavna n zldawauiniidsaes (Sum of
square  SS) anufulsveumasiinnvesdoya feil
S0V =Y+ 30 ¥ (19
i=1 i=1 i=1

N\ Eadi Total sum of square ~ SST
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M -YF  wmnnmdsaesiiosunglddae Sum square due to

regression  SSR

(v -V} flo wanidsansiiosuneluld w3 Sumsquareerror  SSE

F4
i (R?) Fafifidodaua [0, 1] Sunanundennusiunls 2 dau

n VI_V 5
A (2
>e-vp ST
i=1
=]-
nir1ua1nwnalsalsau (variance) n
A R 20 14 edi

(Y)

ﬂﬂﬂﬂﬂﬁ?ﬂEiNEﬂ"’Ll?gl"lu’Jmllg{inﬂﬁMﬂﬁ

> (V-

R? =1- 2L (.22)
(n=1,
Vi, = sanuulsilsivves DANOYHITOUBIAIDY Y
n = IUdIvEN n-15eAN (degreeoffreedom)
Fendndeniiai dulsyansariivua 1¥dydnual
UMY R? winldTaenmsthardulszans anduing 2 R? wif

2 o Y o dy
r2 duna'ld dail

T (Z x(2Z :xt)(zr})\((i)— ny?) (.2

g% glLY
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MNAIDHN ( 1) f
R*'Q

L2156 _s96004 V=125 30808

25

X:

R _ (38,922.39 — 25(49.6624 x 30.898))°
(62,685.71 - 25(49.6624)" 24,255.48 - 25(30.898)’ )

(560.669)° .
(1026.861)(388.3199)
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a1 R? =0.79 viueauin 19 %
( Y)oeFuelddreanunguvesneunsa dauimaodn 21 %
ulsoud i lsanunguiaanunaianaoy (BI10r term) uadrdesmsanumiudrdmsuan
¢ ] Y o w A A o S Y
wensalnnNEfeIvde i@ seu Iy luaw uau
v a Qd v v
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1w Qs’l 1 v o JIda Y 1 1 9
uanaanls “VNﬁ@\‘]uliJﬂJﬂ'J']iJﬁiJWLl‘ﬁW\‘l!ﬁlMﬁ\‘]ﬁ@ HIAUAT T Ulﬂ

XY -2 XY

[x(g g (]

¢ P '
Anfodrag lunnaddvesdulsz@nfanduiuiyuegiudiuiuvesdoya tile

(.25)

fixy) =

4
asndeuA r 99 lumstsyuenieanuduiuimaieddynieananioll aanso
14 Pearson’s correlation coefficient test 2 8 nandedilideyariios 4
@ 9 ) a2 Aaa <3| ' 8 v o Y A Yy
a1 dmsuswauvesdnidasziuy 2 vazmdulszdnTavduiusveuduasaing  1ad
Fhasaearios qamiiy -0.94 vz luildeddgiszauanuaesiu (confidence level) 95%
o013 15An 1w drideyauinnit 60 @ wazar r iy 0.26 (r2 = 0.0676) vzvenlddnd

v o w I v o Jda Y 9 A A o & v o A
uﬂﬁTﬂﬂJWﬂﬁNﬂ?i Lﬂuﬂ?]uﬁﬂwu‘ﬁlﬂfﬂlﬁuﬂ1uu3ﬂ NIDONUINUIANUFAUNUIFAINITDY

WedhdAymeadaniianuduiuiiFadunse'ld
2 Pearson’s correlation coefficient
Degrees of freedom Confidence level
(n-2) 959% (cv = 0.05) 999% (ot = 0.01)
2 0.950 0990
3 0.878 0.959
4 0811 0917
5 0.754 0.875
6 0.707 0.834
7 0.666 0.798
8 0.632 0.765
9 0.602 0.735
10 0.576 0.708
1 0.553 0.684
12 0.532 0.661
13 0514 0.641
14 0497 0.623
15 0.482 0.606
2 0423 0537
30 0.349 0.449
40 0.304 0.393
60 0.250 0.325
Significant correlation when |r| > table value
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99% confidence level
_______ 95% confidence level

8

Degrees of freedom (n-2)

Pearson’s correlation coefficient

d
A.8 Megemsmmanlszansanduwus

@ s A @ :/l o I o VA
lunsaieuiuilandudadu duiuaumsnanesdiedndeldiiu ¥, = a+bX

UMM a b 1
3 mifuuiiaiedeg

X Y XY X’ \'a
48.56 306 1,485.94 2,358.07 936.36
50.78 325 1,650.35 2,578.61 1,056.25
59.32 353 2,094.00 3,518.86 1,246.09
43,06 26.2 1,128.17 1,854.16 686.44
4481 21.3 122331 2,007.94 745.29
69.71 388 2,104.75 4859.48 1,505.44
49.2 328 1,613.76 2,420.64 1,075.84

51 35 1,785.00 2,601.00 1,225.00
59.95 3.1 2,164.20 3,594.00 1,303.21
43.95 25 1,098.75 1,931.60 625.00
44.2 255 1,127.10 1,953.64 650.25

45 26.5 1,19250 2,025.00 702,25
4421 215 121743 1,959.83 756.25
4521 28.9 1,308.30 2,049.37 835.21
46.28 315 1,457.82 2,141.84 992.25
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9

3 mafuumfedeguuemsgaduiie (ei0)

X Y XY ' Y’
49.83 335 1,670.98 2,488.01 1,122.25
53.04 365 1,935.96 281324 1,332.25
60.9 38.25 2,329.43 3,708.81 1,463.06
44.46 21 1,200.42 1,976.69 729.00
45.75 219 1,276.43 2,093.06 17841
46.65 29.2 1,362.18 2,176.22 852.64
46.42 29.7 1,378.67 2,154.82 882.09
47.86 301 1,440.59 2,290.58 906.01
48.97 308 1,508.28 2,398.06 948.64
522 30 1,568.10 2,732.15 900.00

S = LIS | Sy T2 | Sy - BRI | 5 x 0BT | S 2425548

Taodmuali X Y CLC, uazdwndoyadana

n =25 unuaasluaumsn .25 azld

(25)(38,922.39) - (1,241.56)(772.45)

r =
V|25(62,685.71) - (1,241.56? ||25(24,255.48) (772.45)2]

~ 14,016.73 |
\25671.52x9,707.997
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Y Taglfiduninlonnesfazinannuaaiamaounnn udadimnIusmnugazaeg
Y =) 1 Y Y J J 1 @
vudunsmaanesnienglng q idunsiaanssuinmila msnensaimvesdulsaw Y
Y g < v £ a2
Taolddunsaanesnzgndesnnd miniu
(Emor  residual)  aduuandeszrdesvesduliam Y
Mavinmswensal (predicted ) fum & (tested ~ observed)
9 Residual sgvineariiinunenazaiasa winudnyuzuaznuIAg
ATETERL I 10 nazdaldmdoyaniinadoninuldela a1 Emor 14aadea e
, £ A iy Yy o E ]
e=Y-Y' danuaaramaouiiezliiudimeinssininisnszaievesdoyason o
9 9 [ aa Aq Yo 9 Y = '
wdunsoanes dimsuada nldianisnsznevesdoyasov q idunsioanse Senin
anuaaramasuanasgiuluniswensal (Standard error of estimate) 14&ée41 SEE
Residual standard error (Rrse) Residual standard deviation (RsD ) ailudamiisanu
A & Adg = ¢ = v
waspurianiaiilumsdeavuvesnzuuunensainnazuuun 14
1 Wumsianeadavesns Residual W
1At H H J J o o J
(deviation) veaduaanse (regression line) uenvindisn RE daldiuman

Regression saudessesvireiigosiu o Outlier test 3nde

1.4 Intercept Slope residuals

1.27 Y = -0.046 + 0. 1124x
r = 0.9873

Correlation coefficient

Y 0.6
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the regression line

Confidence limits for
the prediction
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+0. 16
+0. 14+
+0.124

Possible outlier ——w= o0

e
2

Residuals

10 mswaeaa Residual
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- 4 @
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o Y a A o 9
= wnualseaseusedulsduluaumsonnoe

wasImdsesvesdauiimae (SUm squares of residual) 3s1d@age1 SSR

S(-vy

lunsdlvesaumsonnooidaudu funlsdaszniedulsduiiosdndon (k =1)
YY)
ReE =+ 2 YT (.20)
n-2
dwnuawasusidsaesvesdiuin - (SSR) Wi 9z ldg

N\ Y
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n = ADE
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n = #1081
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< a [ Y
TunsaiiduaaneauaumaFudunss anuFuveudunse (b) idudn

(a) Wunsiszinanndiedisimiveu duiudsiaim ldmiveu (uncertainty) lusn
mad amw liwdueuiign egiawelunisimsizinannana lagetauaaslugll
(confidence limit)  Standard error Fafiveuruasznirailenan
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vouwataufisendt $aeanudesiu (confidence interval) — dap Tﬂﬂﬁﬁ@&iwmdwfrﬁaéiu

4

a p  anudlull1dfzinas a deanniuilugud Tasinda p iifeondr 0.05
=1

Y
v o o v o a

1 [~ -4 9 = (=) ~ a
Uﬂﬂﬂﬂﬂ\‘luﬁlﬁ']ﬂiyllﬂﬂthﬂuﬂuﬁl PNUUNTITNIITUINAVDIVDYA m”lmuw;wamzﬂ;]m‘ﬁ

<3| 4 9 o a

a A Y o H 1T A W 1 1 A o
AUNATIUNIUTUAALNU (mtercept) Wugud sndunudedAgduIn Al ¥aNuFe

U

o @ 9 <3 v a wa 1
dmsuiduoanes cunsonden lannyaaumuiuny X 9 lumaliianuneanui
wireumiegasinarveadunnniaminedlnady 433014 Regression Tumsaii

~ 3 g Il ] A
unslaeuieumiudiineni luimiveu nSea1ves
seanudesiu (confidence interval) Taeldaunis

4 ORE)1 1 (Y-yf ”
FNANUFOLY =X yaid _T(EJFHJFbZ(n——}i)Sf} (.32
X precicted :Y—ga ( 33)
Sy =M dmSudoya X n

RSE = Residual standard error

n = f98

a = b = fil&anaumsnnnes

Y = dundevesmsnevuaues (Wwasesiienldem) m

y = dAundevesdoya y n

t = miiasediden table ANUDATEMINY N-2

Y
m = fwauihdsilumsinned (aseglugn? 5

ieasavdeud ganila q (x ,y,) Mdinquuiedu Outlier wseld awisels

Outlier test 16

Testvalue __ lresidual | (.34)
RSE\/1+1+(Y‘ -9y
n (n-1)s’
RSE = Residual Standard Error
s, = finﬁ'mmummgmmm Y
Y, =y
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a1 residual

Yy A a
ﬂTiGl‘IfsllfJiJ”aLWE)ﬁf)‘ULWEJ‘Uﬂ'ﬂW

9
Coefficients Standard t Stat p value Lower 95% Upper
Error 95%
Intercept |-0.046000012 | 0.039648848 | -1.160185324 | 0.279423552 | -0.137430479 (0.045430455
Slope |0.112363638 | 0.00638999 | 1758432015 | 1.11755x107 | 0.097628284 0.127098992
.11 C;lJ’Ji’)EJ'Nﬂ1iﬁ"I‘H’Jﬂ!“ll@U!ﬂlﬂﬂ?]ﬂlﬂﬁ1ﬂ!ﬂ§'i’)uﬂl’e‘l\1 CLC

gNAIDYNNTUNITAIUIN

‘V]ﬂﬁ@ﬂlla$Wﬁﬂ1§ﬁ1u1ﬁlﬂlﬂﬂﬁﬂﬂ151%ﬁ1u'}ﬂ

(boundary limit) sz

CLC

28

mdaassuiludmlivase dwmsudiuwaunld FA unundmud

a1
Fit curve 14

4 ! & sy I
Model iduaumsaanesimanzauigailuilsssudnd Iwuwdea fe y =11.083e 0%

R® =0.976

L

(predicted)
2

a1

RGE!

d' Y 1
Vlvlﬂi]”lﬂﬂ”limluﬂ”l

(y=11.083e°% ) TaoT¥unu X 1l

(R°)

(scatter) arwduRuTTEHININANITNATOULAYHANIS

anungumaaisaslu

(tested)

dana1 Tasldaumsii 0.22 (Lildsm R2 i l80nms Model)

3. afrdwanena (equality ling) Fsien

I o
Y Yumamsniue

R2=1

lld ~ Y 2 d'lilsl o o S 2
WTIUNIUNUAT R N EANNANITNATOULALHANITNIUIY D171 R

panmsiinomiy 1 naaeiniduuuaTddy (trend ling) fusudwanenia

Model

A R?

08 =402

v o Jdo
FUNUTNUNIN

mny 1

W

-1=0% ua

[ - ! tﬂ' S 1 ' v
NNy 08 UAAINANUAAIANDUNAUNIND 1 -

(boundary limit)

aatulosidudminy 0.2x100 = +20%

<3 v o ' o o v w o
4. NARANTINANVAUNUTTLHINHANTNATOVLAZNANTHIUIVDINIAITULT I

U NOMANS DULF UV VYA

11
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5 fedng
Tested Tested Predicted Error = Predicted
capillary compressive compressive — Tested
porosity (%) strength strength (MPa)
No. (X)) (MPa) (Y) v Yy v -y
1 40.56 345 3.2825 0.214853792 0.028048466
2 43.44 31 3.0108 0.036794843 0.007953105
3 52.09 242 23221 0.246354947 0.00947538
4 41,09 3.2 3.2307 0.169533003 0.000945185
) 43,62 3.05 2.9946 0.03083719 0.003068583
6 52.65 2.35 2.2840 0.28626382 0.00436079
I 41,66 311 3.1760 0.127426015 0.004351751
8 4537 2.9 2.8414 0.000503737 0.003428794
9 53.48 2.2 2.2218 0.349523087 0.000772574
v-2% v -
=2.8189 =(.182761304 =0.062404628
n=9
Vy, = 0.1827_61304 =0.183 (MP&)Z
R?=1-— w =0.96
(9-1)(0.183)
=1-096=004  +4%
iduvouIUn 4% voaudwavema = %: 18 22 1 &vonauuazaagad
Upper limit =45+18=46.8 X
Lowerlimit ~ =45-18=432 X
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T 6—° 05FA —— Equality line |-
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= gl | Y O7FA ~——-4%line ] |
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Tested compressive strength (MPa)
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F3fand Auds . (2554). gasmsiinvleaiomsnanneunInlauuy CLC gas 1.
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[4] K Pimraksa and P. Chindaprasirt. 2008, Lightweight
bricks made of diatomaccous carth, lime and zypsum.
Coramics International, 35 : P 471 478
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ABSTRACT: This reseurch studies properties of compressive strenglh, waler shsorplion and the porosity ol cellular
lightweight concrete or CLC type preformed foam which is made from portland cement blended with foaming agent and
pozzolanic materials. Fly ash and natural zeolite were used to replace cement in the proportions 10, 20 and 30 percent
by weight of cement. Constant water to binder ratio of 0.5 and unit weight of 800 kg,.f'm" were controlled and the
compressive strength at curing age of 3, 14, 28 and 60 days were investigated. The study showed that replacing cement
wilh Iy ash praduced high strength atl the early age. While (he cement replacemen! by natural zeolite produced high

strength at long term and low water absorption than CLC containing fly ash in all mixes.

KEYWORDS: Cellular ightweighl concrele, Compressive sirength, Pozzolanic. Foaming agent
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Abstract

This research studiss various properties of compressive strength, water absorption, and the porosity of cellular
lightweight concrete or CLC, wlich i1s pre-formed foam method made from portland cement blended with foaming
agent and pozzolan materizls. Uses of fly ash replace cement in the proportions 10, 20 and 30 percent by weight of
binder. Constant water to binder ratio of 0.5 and unit weight of %00 kg/m* compared compressive strength at curing
age 3, 14, 28 and 60 days. The study result that replacing cement with fly ash that is high strength on the carly stage

© 2011 Published by Llsevier Ltd.

Keywords: Cellular lightwe:ght concrete, compressive strength, pozzolan material, foaming agent

I. INTRODUCTION

The ecllular lightweight concrete (CLC) or sometimes might often call that foamed conerete is eithera
cement paste or mortar, classificd as lightweight caonercte, in which air voids arc cntrapped in mortar by
suitahle foaming agent. By proper control in dosage of foam content, a wide range of densities hetween
500 to 1600 kg/m3. A study on fineness of filler type on compressive strength of foamed concrete made
with cement fly ash mix, suggesting that the inclusion of flyv ash helps in achieving mare uniform
distribution of air voids than fine sand, is a journal paper, reference (Nambiar and Ramamurthy, 2006).
The cellular lightweight conerete can be oblained lor application (o structural, partition, msulation wall

* Presenter: Email: khampheej@yehoo.com
+ Corresponding zuthar: Email: sinsiriig g sutac th

THTT=T058 @ 2011 Published by Dlsevier Lid.
doi: 10,1016/ proeng 2011.07.145




231

158

Khamphee Jitchaiyaphum et al. / Procedia Engineering 14 (2011) 1157-1164

and [illing hole. Few studies report on the influence of pozzolan malterials on the properties of vellular
lightweight concrete. By using fly ash as filler (finc aggregate) instcad of sand, the high velumc
utilization of fly ash becomes possible. thus providing a means of economic and safe disposal of this
waste product. The pore sysiem n based cement malerial 1s conventionally classified as gel pores,
capillary pores, maero pores duc to deliberately entrained air, and macro porc duc to compaction has not
enough. The gel pores not influence the strength of concrete through its porosity, although these pores are
directly related to creep and shrinkage. Fly ash being finer, helps in uniform distribution of air voids by
providing a well and uniform coating on each bubbles and preventing it from merging and overlapping. is
a journal paper, reference (Nambiar and Ramamurthy, 2007). This paper discusses a svstemaric study on
the influence of filler contents on the properties of cellular lightweight concrete made using pre-formed
foam method.

2. EXPERIMENTAL
2. 1. Parameters invesiiguted und mix compositions

As the experimental program was aimed at studying the effect of the filler contents on the properties
like density, flow behavior, water absorption and strength of cellular lightweight concrete, the following
mixcs were investigated by constant water to binder ratio of 0.5 by weight. The foam rcquired for onc
density of cellular lightweight concrete of 800 kg/m3 was arrived as per ASTM C 796-97. In the fly ash
mixes 0%, 10%, 20% and 30% by weight ol binder are instead with {ly ash by use symbols ol C300,

FA10, FA20 and FA30, respectively.
2.2, Materials

The foaming agent used was hydrolyzed protein foam and manufactured in Thailand. The mixture
has used ordinary portland cement (OPC) which its particle is shown in Fig. 1(a), no fine river sand added
and class F fly ash conforming to ASTM C 618 were used. The propertics of cement and fly ash used in
this study are presented in Table 1 and the scanning electron microscope (SEM) image of a fly ash
particle is shown in Fig. 1(b).

2.3. Details of study

Foamed conerete is produced under controlled conditions from cement, filler, water and a liquid
chemical thar is diluted with water and aerated to form the foaming agent. The foaming agent was diluted
with water in ratio of 1 : 400 by weight, and then aerating to a density ot' 45 kg/m3. I'he specimens were
removed from the mould after 24 hours then wrapped with plastic film until near the time tests. The
compressive strength, dry density and water absorption were determined. Even for mixes with fly ash at
the age 3. 14, 28, and 60 days for five samples. Strength test was conducted so that comparison with the
fly ash contents mixes would be possible. Size 100x100=100 mm cubic specimens, as the
recomnmendations in ASTM standards, cast [ur the study of each parameler were used for the compressive
strength test.

2.4. Scanning eleciron microscope imuge

The microstructure of cellular lightweight concrete was investigated using SEM (JOEL JSM-6400).
The sample were split middle portion hardened blended cement paste. Samples were submerged directly
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into liquid nitrogen for 5 minutes then are evacuation under pressure of 0.5 N/m2 at temperature of -40 °C
for 2 days (Galle, 2001, Konecny and Naqvi, 1993).
3. RESULTS AND DISCUSSION

3.1. Characterisiic of OPC and [ly ush

Physical propertics of the materials are shown in Table |. The specifie gravity of fly ash is 3.15. The

median particle size of fly ash (D50) is 14.52 um, particle size has small sized and nearby cement particle.

The chemical compositions of OPC and fly ash are given in Table 2. The main chemical composition of
My ash hus total amounl of 5102, A1203 und Fe203 more than 70 %.

Tablz 1: TPhysical prepertics of matcrials uscd

Samplc Specific gravity Median particle size Dlaing fincness (em2/g)
(pm)

OPC 3.15 14.75 3,600

Fly ash 2.02 14.52

Tablza 2: Chemical compos:tion of materials used

Chemical composition (% by weight) OPC Fly ash
Silicon dioxide (5:02) 19.85 4387
Aluminum oxide (AI203) 149 26.33
Tron oxide (F=203) 3.56 10.81
Caleium oxide (CaC)) 66.96 12.69
Mapnesium oxide (Myp(h) 1.36 1.23
Sodium oxide (Na2Q) - -
Potassium oxide (K20) 034 1.10
Sultur trioxide (SO3) 246 204
Loss on ignition (LOT} 098 1.23

5102 | AIZO3 | 'e2Z03 - 51.01
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a) OPC (=500) b) Fly ash (+1.500)

Figure 1: Scanning electron microscope images of particle
3.2. Compressive strength

The cffcet of tly ash contents on the compressive strength of cellular lightweight conercte is presented
in Fig. 2(a). For a given density. the mix with high contents resulted in higher strength than the mix with
low contents and the variation is higher at higher density. Similar results have been reported in literature
as (Kearsley and Wainwright, 2001, Nambiar and Ramamurthy, 2006). Fracture surface of the specimens
viewed through a scanning electronic microscope with magnification factor of 100 showed thar there was
a comparatively uniform distribution of pore in the case of cellular lightweight concrete with low contents,
while the pores were connected mostly and irregular for mixes with high contents. This indicates that high
contents causes clustering of bubbles to form irregular small pores and concrete is slump while it is
setting. Thus it can be concluded that low contents results in uniform distribution of bubbles and hence
results in lower strength than high contents at a given density, (Kearsley and Wainwright, 2002) reported
similar ubservations un the effect of density on the strength ol ightweight concerele.

In arder fo study the effact of replacement of cement with fly ash, the relationship hetween pore size
and compressive strength for cellular lightweight concrete mixes with fly ash as filler is shown in Fig.
2(b). For a given density, an increase in fly ash content results in higher strength. Apart from pozzolanic
activity of fly ash, the lower requirement of foam volume for a given density of foam concrete will also
contribute to strength enhancement by reducing the pore volume and facilitating uniform distribution of
pores. Relerence (Chindaprasirt el al., 2005, Nambiar and Ramumurthy, 2007) observed a similar
enhancement in strength due to fly ash and this was attrihuted to the development of strong inter particle
bond between the gel matrix and the fly ash particles.
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Figure 2: Effect of tly nsh content on strength and pore size
3.3, Water absurption und porosity

I'able 3 shows the variation of compressive strength with water ahsorption of cellular lightweight
concrete. It is noted that, unlikc conventional concrete, water absorption increascs with compressive
strength. A possible explanation can be that for a given cellular lightweight concrete mix, increased
density corresponds to an increase in paste volume of capillary pore and reduction in foam volume of
arlificial pore. However, the compressive strength and waler absorplion increase with densily ol cellular
lightweighl concrete. Thereflore, for a given cellular lighlweight concrele mix, waler absorption mainly
depends on capillary pore volume and the volume of artificial pores governs the compressive strength and
density, (Narayanan and Ramamurthy, 20(0) reported similar conclusions on strength of artificial pore
dependency for autoclave acrated concrete.

The porosity and the water absorption at 28 days of cellular lightweight concrete can be seen in Table
3 and Table 4. From these Tables it can be seen that the relationship is not significantly influenced by the
use of fly ash. Mixtures with replace (ly ash of 30 % seemn (o yield marginally higher absorpuion (han
mixlures with [ly ash replacement of 20 % while replace [ly ash of 30 % has lower porusily. However,
these differences are only small and it can be concluded that for the results available, the volume of ash
used does not signiticantly influence the porosity strength relationship of cellular lightweight concrete.

‘l'able 3: Compressive strength and water absorption of cellular lightweight concrete with variation of fly ash replacement

1161

I'ly ash content

Comprcssive strength (MDPa)

Water absorption

Symbol (%0 by weight) (% by weight)
3 days 14 days 2% davs 60 days

CB00 0 1.65 246 2.04 2.79 31

FALD 10 245 3.25 3.29 332 35

FAZD 20 2.33 3.1 3.38 3.57 ki

I'A30 30 245 3.73 302 408 47
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3.4. Pore size distribution and microstructure

From the lotal pore volume and pore size disiribution ol cellular lightweight concrete shown in Table 4.
[t explained that total pore volume of 0.33 to 0.76 cefa. The capillary pore (>0.01 pm) took 56 to 91% of
total pore volumec. The pore size distribution in Fig. 3, it was known that hydration reactions of ccment
mainly generated pores smaller than 0.1 pm. Similar results have been reported in reference as
{Chindaprasirt et al., 2005). However, during foaming insert of air bubble foam, the pores generated were
mostly larger than 100 pm. In adding fly ash increased the volume of pores smaller than 30 pm. This
meanl that cellular lighlweight concrete with foaming agent mostly produced pores larger than 30 pm and
thus to result in a flowable structure due to its open and connected pores. Similar results have been
reparted in reference as (Wang et al., 20105). "T'hus it can be proved in S51:M micrograph.

Table 4: Porcus structure of cellular lightweizht concrete at 28 days

[ly ash content Pore size Total pore velume Porosity
Symbol (% by weight) (nm) (celg) (%)
FATU 10 5474 .3379 3915
FA20 20 37.23 0.7651 90.03
FA30 30 27.53 0.33235 56.38

Fig. 4 shows the scanning clcetron microscope images of fractured surface of ccllular lightweight
concrete at 28 days. In Fig. 4(a) is shown the plain cement paste, all porous structure has smoothly
surface seen under the higher power microscope (*100). In Fig. 4(b).(c), there are close pores and it
proved that cellular lightweight concrete had the characteristic of low water absorption under the higher
power microscope (*100). In Fig. 4(d), there are connecting pores and small pures which are proved thal
cellular lightweight concrete had the characteristic of high water absorption.

0.03 T T T T
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§ B -——FA30
‘T 002} Ty ]
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Figure 3: Effect of flv ash content on cellular lightweight concrete.
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c) FA20 d) FA30

Figure 4: Fractured surface of cellular lightweight concrete at 28 days (= 100).
4. CONCLUSIONS

‘I'he conclusions drawn from this study and summarized helow are applicable to the characteristics of’
the materials used and the range of parameters investigated:
. Tor a given density, an increase in fly ash content of the mix results in increased strength.
. Replacing cement with high fly ash not affect the compressive strength in early age.
. Replacing cement with high [y ash alfects the pore size decrease and cause compressive strength
increased.
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Abstract: Cellular lightweight conerete (CLC) with the controlled dersity of approximately 800 kg/m* was made from
a preformed foam, Type | Portland cement [OPC), fly ash (FA), or natural zeolite (NZ), and its compressive strength,
setting time, water absorption, and microstructure of were tested. High-calcium FA and N2 with the median pariicle sizes
ol 14.52 and 7.72 pu, respectively, were used to partially replace OPC al 0, 10wL%, 20wi%, and 30wL% of the Linder (OPC
and pozzolen admixture). A water-to-binder mass ratio (W/B) of 0.3 was used for all mixes. The testing results indicated
that CLC containing 10wt% NZ had the highest compressive strength The replacement of OPC with NZ decreasad the
total porosity and air void size but increased the capillary porosity of the CLC. The incorporation of a suitable amount
of NZ deereased the setting time, total porosity, and porc size of the pastc compared with the findings with the same
amount of [A. The total porosity and cumulative pore volume decreased, whereas the gel and capillary pores increased
ax s resnll of adding both poeeolans al all replacerent Tevels. The water alsorption inereased as the capillary porosily
incressed: this affect depanded on the volume of air entrained and the type or amonnt of pozzolan.

Keywords: lightweight concrete; fly ash; zeolites; compressive strength; microstructure; water absorption

1. Tntroduction

Lightweight concrete has been widely used in wall pan-
€ls, masonry blocks, roof derks, and precast comerete units
in many building applications. There are many advan-
tageous qualities of lightweight concrete, such as its low
density, low thermal conduetivity, reduction of dead load,
fast building rate, and low haulage cost [1]. The air voids
needa] Lo prodoee Tighlweight conerete can be oliained
using expanded lightweight sggregate materials, such as
perlite, blast furnace slag, voleanic ash, and coal bottom
ash. 'I'he air voids can also be formed In ecement paste
by adding the prepared foam to the unhardened mixture,
Cellular lightweight concrete (CLC) is a well-known low-
denzity produer that comtzins blends of Portland cement,
silica, pozzolan, and lime as well a5 a homogenecus void or
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cellular stroclure attained with gas-lorming chemicals or
foaming sgents. Autoclave curing is usually emploved for
CLC that contains binder ingredicnts other than, or in ad-
dition to, Portland cement [2]. Density control is achieved
Ly substituiing macroscopic air cells [or all or part of the
fine apgregate. Normal-weight coarse aggregates are not
usually used, but Lightweight aggregates, both fine and
coarse, are often found in CLC [3]. After molding, the
concrele hardens under normal atmospheric conditions [4]

Sinee CLC is a porous material with a homogensous
cellular structure, it possasses a number of attractive char
acteristics, such as good thermal and acoustic nsulation.
satisfactory workability, and self-flowing properties. [ts
pood thermal and aconstic performance makes it a nar-
ural choice as a building construction material Although
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its mechaniral properties are low compared with those of
normal concrete, CLC produets are used in many appli
cations, such as partition walls and load-bearing walls in
low-rise residential buildmgs [5-d].

Fly ash (FA) is a by-product from the combustion of
pulverized coal in power plants. More than 3.5 million
tons of coal fly ash is produced in Thailand annually. Us-
ing FA as a replacement ingredient in cement is currently
a common practice in Theiland because FA improves the
properties of concrete and reduces its cost. '1'he high con-
Lenl of amurphons silica, aluming (which comprises more
than 70wt ), and fine spherical particles (13 pm in diam-
cter on average) in FA are the primary reasons tor its high
puzzolanic index. Many researchers have already examined
the influence of FA on the properties of concrete, such as
compressive strength, sulfate resistance, and durabilivy [7].

Natural zeolite (N4), a volcanic or volcanogenic sedi-
menl, mlerial, Teeo s Wirseedinensional stroctore, sl il
is classified as a hydrated aluminosilicate of alkali and
alkaline carth cations with uniform pores, grooves, and
pits. NZs possess special properties, such as ion exchange,
molecular sieves, large surface areas, and eatalytic activ-
ity, which make this material preferable for large scale in
dustrial applications[1]. Approximately 40 NZs have been
identified over the last 200 yvears.
NZs are analeime, chabazite, clinoptilolite, mordenite, and

The most cunmon

phillipsite. Based on the recorded production and produc-
tion estimates, the worldwide production of NZ is approx-
imately 3-4 millicn tons per year|[1.

The current research presents the test results and eval-
unations of incorporating FA and NY into preformed foam
CLC as a replacement for Portland cernent. This informea-

tion is essential for its wider application to other construc-
tion materials.

2. Experimental

2.1. Materials

Type-I Portland cement (OPC), foaming agent, water,
FA, and NZ were the materials used. The specific gravities
of OI'C, FA, and NY were measurad in accordance with
ASTM € 188-95(2003) [3]. and their particle sizes were
measured using laser particle size analysis. These data
are provided in 'lakle 1. A scanning electron microscopy
(SEAN) photo of @n OPC jwrticle is shown in Fig 1(a). FA
was obtained from a silo at the Mae Moh Power Plant
in northern Thailand. Its SEM photo, which is shown in
Fip. 1), reveals the spherical shape of the particles. N7
was a clinoptilolite ((Nz,K,Ca)e(Si,Al)asOz2-20H20)). An
SEM photo of NZ, which is shown in Fig. 1(c), demon-
strates its irregular and crushed-shape particles. Other re-
searchers have also reported similar observations [9]. The
chemical compositions of these thres materials are listed
in lable 2. 'T'he foaming agent was synthetie. Fig, 2 shows
the particle size disuributions oblained wsing the Malvern
Mastersizer Instrument. The particle size of FA is similar
to that of coment, whereas that of NZ is smaller.

Table 1. Dhysical properties of the material

Median particle  Blaine fineness /

Sample Specific gravity

gize, dyg /pm (em?g™1)
QpC 315 14.12 2600
FA 2.02 14.52 4300
NZ 209 7.72 11300

— 1) jum

= 10 pm

Fig. 1. SEM images of OPC (a}, FA (b}, and NZ ().
Table 2. Chemical compositions of OPC, FA, and NZ wth
Ingrecient Si0a AlaD1 FeaOs CaO Mg NaxO K20 503 LOI S5i02 + AlbO3z + FeaOs
OPC 19.85 4.49 3.56 56.96 1.35 — 0.54 2.46 0.93 —
FA 13.87 26.33 10.81 12.69 1.23 — 1,10 2.4 1.23 81.01
NZ 75.32 10.28 2.66 3.95 1.20 0.89 4.29 = 141 88.26

Note: LOI—loss on ignition.
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5z 100 2.2. Mix proportions
= il E\)KC‘- This experiment studied the effect of the filler con-
et —o— NZ tents on the density, setting time, water absorption, and
:-I an b compressive streneth of CLC, 'The OPC was replaced with
£ FA and NZ al levels of 0-30wL%. The wixes were labelad
Z b CON, FA10, FA20, FA30, NZ10, NZ20, and NZ30. For
2 example. FA 1D denotes the mix with 10wt FA, and CON
2 w0l denotes the eontrol miv (CLC with only OPC). The mass
= ratio of water to binder (W /B) of U.5 was uscd for all mix-
9] 0.1 1 llli l[llll s tures, The foam required for a CLC density of 800-850
- e . - ke/m” was obtained per ASTM C 706-04 [3]. The concrete
Particle sige [/ pan ! : 3 e :
Fig. 2. Material particle size distribution. mix proportions erc provided in Table 3.
Table 3. Mix proportion of CLC
Mix proportion / (kgm™3)
Mix Nu. Symbol Pussolan repleceient [ wi% Binder Foaming agen: Water wW/B
Cement TA NZ Faam .

1 CON 0 655.0 — — 0.772 332 D.5

' FA LD 1o HOR.5 66.5 — 0.750 332 0.5

3 FA20 20 532.0 133.0 — 0.746 332 0.5

4 rA30 30 455.5 199.5 == 0.733 392 0.5

5 NZ1U 10 5UK.5 — 655.5 U. 750 34 0.5

[ NZ20 20 5320 — 1330 0.748 33z 0.5

T NZ.A0 an 4855 — 1995 73T 332 n.s

The foaming agent was diluted with water at a mass
ratic of 1:40. Next, the liuid was pressurized with air
al 6 kyfem? and aerated Lo a density of 45 ke /®. OPC
and FA (or NZ) were thoroughly mixed using a horizon-
tal mixer. The foaming agent was added =nd mixed until
a uniform paste was obtained. This process usually re
quired approximately 3 min., I'he samples were poured
into molds, and an external vibrator was applied to facili-
Labe com paction. The OLOs weres remmoved Teom Lhe miolils
after 24 h, wrapped with a plastic film and placed in a
meist room at (23+£2)°C. A set of 100 mm:<100 mm x 100
mm specimens was used for the strength and porosity tests.
2.3. Compressive strength test

A compressive strength test was conducted at 3, 14,
28, and 60 4 in accordance with BS 18%1-116 [10]. The
results are presented as the averages of three samples.
2.4, Concrete porosity determination

The pore size measurements of the hardened CLC
were determined using mercury intrusion porcsimetry
(MIP) with a pressure capacity of 228 MPa. The Wash-
hurn equation was usad to determine pressure [11]. Afrer
curing for 3. 14, 28, and 60 d, the samples were obtained
by carefully breaking the cube specimens with a chisel.
The representative samples of 5 to 10-mm picces. wrigh-
ing between 2 and 3 g, were removed from the middle of
each specimen, To stop the hydralion reaction, Lhe sam-
ples were submerged directly into liquid nitregen for & min

and vacuumed at a pressure of U5 Pa at 40°C for 4% h
Thiz method has besn previously used to stop the hydra-
tion reaction of cement paste [12-14]. A constaul contact
angle of 140° and a constant mercury surface tension of
48010 *J.m ? were used to caleulate the pore size,
2.5. X-ray diffraction (XRD)

Diried FA and N7 sample powders wers sifted throngh
a No. 100 sieve (150 pm openings). A sample of powder
weighing approximately 1 g was used for XED analysis.
The XHD scans were performed for 2€ between 10° and
65° with an increment of 0.02°/step at a scan speed of
0.5 s/slep. A quaotilalive XRD analysis delermined the
amorphous FA and N7 phases using Bruker's TOPAS soft-
ware.

3. Results and discussion

3.1. Material properties

The chemieal compositions of OPC, FA, and NZ are
provided i Table 2. The main chemical component of FA
is 8i0,, which accounts for 43.37wt’i of its mass. As pre-
seribed by ASTM C 618-03 [13], this sample is a Class Ty
ash bevase Lhe som of Si0a, AlaOgz, and Fea(Oy is higher
than 7T0wt%, and the LOI and SO3 content do not exceed
6% and 5wt%, respectively. NZ has a high 5i0; content
of 75.32wt% and an LUl of 1.41%. 'T'he total contcnt of
5i0a, AlbO4, and IeqOs in the NZ is 88.26wt7, which is

more than the minimum requirement [70wt'%) specified by
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ASTM € 818-08 [15] for natural pozzolans.

The XRD patterns of FA and NZ shown in Fig. 3 in-
dicate that the former powder consists primarily of crys-
talline phases of quartz; for NZ. the common zeolite min-
eral clinoptilolite is the major crystalline phase, and quartz
.I:'i I'[:'Ii'.'ri.:IN"I] As A Illilllll' il}l'ri“'i". -[]V;I.] HII':] ?T‘III','—I.H‘I [g] e
ported = similar result. A quantitative XED analysis re-
veals that the contents of amorphous phases in FA and
NY are 78 8wt% and 20.5wt%. respectively. Moreover, the
crystalline phase consists of 85wt% cuartz and 15wt% mul-
lite for FA and 22w % querlz and 78wl clizoptilolite for
NZ.

Q: Quaris
R Mullita
C: Clinoptilolita

FA
b ooa

Q Moow

[utensity / a.u.

Fig. 3.

XRD patterns of FA and NZ.

3.2, Selling Lime

The initial and finzal setting times of CLCs containing
FA and NZ are presented in Fig. 4 [t shows that the set-
ting times prolong as the content of FA or NZ increases.
"I'be initial setbimg times of FA and N2 pastes inercase from
5.2 to 14.45 h and from 5.2 to 12.15 h. respectively, whereas
the final setting times increase from 13.1 t0 23 5 h and from
13.1 to 19.95 h, respectively. The increasa of pozzolan con-
tent reduces the cement content in the mix. As a result, =
delay in the setting time of the cementitious system is due
primary to a lower proportion of cement in the blended
syslem. The seiting Limes of the paste thal conlaine] N7

are slightly shorter than those of the paste contained FA

hecanse the former is a pozzolan with a Blaine fineness
of 11300 cm:/g, whereas the latter has a fineness of only
4300 em®/g. The fine pozzolan with a high surface arca
produces a preater pozzolanic reaction than the coarser
pozzolan [16-17].

40
—e— FA, final sec time
-0— FA, iitial set time
= 0 -*-NZ final set time
S -<r- NZ, initial set time
g =t
= T
. 0 _,,—r't e
£ — ey
A 0] ==
10 - e
e
0 1 I L 1 L 1
0 5 10 13 20 25 a3

placement of pozzolan [ wiSh
Rep po

Fig. 1.
GL.

Effeet of FA and NZ on the setting time of

3.3. Cowpressive strength

Table 4 shows the compressive and relative strengths
of CON. The compressive strengths of the control mix at
3, 14, 28, and 60 d arc 1.81, 2.70, 3.05. and 3.15 MPa, re-
spectively. The compressive strengths of the CLC increase
with increasing the coring Lime due o Che by deadion re-
action that inereases the ealeium silicate hydrate (C-S-H)
product [I8]. At 3 d the compressive strength of CLC
containing 10wt% FA is shightly higher than that of the
control mix at the same time point. This result is due to
the proper amonnd of FA content, which alTecis the o
zolanic reactiom rate and better dispersion and improves
the compressive strength of the paste [T, 19-20]. The com-
pressive strengths of CLC containing 20wt% or 30wt% FA
are lower than that of the control mix. This result is due
tu the low OPC coutent thal have been observed iu other
resesnch [21]0 Tooaddition, the compressive strengths of
FA30 at 14, 28 and 60 d are lower than those of the other
mixes due to the greater amount of FA. FA is a pozzclan,
and its porzclanic reaction is slow compared with that of
OPC; thus, the rate of strength development is also slow

19, 22].

Table 1. Compressive strength of CLCs containing OPC, FA, and NZ
i . Compressive strength [ MPa Relative strength to CON /%

M Ne. Symbel 3d 14 d 2d 60 d 3d 14.d 26 d 60 d
1 CON 1.81 2.70 3.05 315 100 100 100 100
2 FAIU 1.95 4.17 3.45 .65 10U 117 114 116
3 FAZO L.65 .75 310 3.30 9l 102 loz2 105
4 FAAN 1.27 215 2.42 2.58 ] &N 4 R2
5 NZ10 2.19 a.72 27 4.51 121 138 140 145
6 NZ20 1.92 3.18 3.66 2.01 106 118 120 124
T NZz0 D85 1.56 2.05 2.25 47 58 67 L




242

The compreseive strengths of NZ30 at 3, 14, 28, and
60 d are U.%5, 1.56, .05, and 2.25 MPa, respectively. The
strengths are weaker than those of the OPC due to the
high NZ content and the slower pozzolanic reaction rate of
zeolite, which do not significantly contribute tc compres-
sive strength [23]. The compressive strengths of NZ10 and
WNZ20 at 3, 14, 28, and 60 d are 219, 3.72, 4327, and 4 .51,
and 1.92, 3148, 366, and 3.91 MPa, respectively. These
strengths are higher than those of CON at the same time
point. The high Si0s contenl (75.32wi5%) and NZ fine
ness (median particle size — 7.72 um ) improve the reaction
with Ca(OIl)s to produce an additional calcium silicate hy-
drate (C-S-II), which improves the compressive strength
[1. 24-25].

At the replacement levels of 10wt% and 20wt%. the
compressive strengths of CLU containing N4 are higher
than those of ULU containing FA, as shown in lable 4.
'I'his finding is due to the high purity level (up to 90wt%)
of NZ and the high 510z content comparad with those of
FA. According to Ref. [25], the 28 d strength of zeolite
concrete with a replacement level of 15wt% (the optimum)
is also 23wt% higher than that of the control mix. As a
result, the strength of hardened concrete is improved by
incorporating a proper amount of zeolite [1, 16, 19, 26-27].
The optimim replacement. level of N7 or FA is 10wt %.
For a higher replacement level of 20wt%, the strengths of
CLC are shighuly reduced compared with those al the opti-

%: however, these strenglls

o replacement level of 10wt
are still bhigher than these of the control mix. Replacing
cement with A or N7 affects the compressive strength
because the compressive strength sipnificantly increases
with time but decreases with increasing the replacement
level. Three factors can explain the increased compressive
strength of CLC: hydration reacticon, filler effect, and poz-
zolanic reaction. Hydration reaction is dircetly related to
the cement amount in the mix. The filler effect invclves
the nucleation and packing effecte, which depend on the
material fineness. The nucleation effect ccours when small
particles are dispersed into the cement paste and act as
nucleation sites that enhance cement hydration, whereas
the packing effect is the result of small particles that fill
the voids of the paste [28-30]. Therafore, CT.C! with poz-
zolans of high fineness resnlts in a mora homopeneons and
densar matriv, which increases the compressive strength of
the paste.
3.4. Watcr absorption

The results of CLC water absorption at 28 d are pre-
sented in Fig. 5. The water ahsorption of CON is 30 Owt%
at 28 ¢, whereas those of FA10, FA20, and FA30 are
A0.6wtrh, 32.8wt%, and 353w, respactively. The watar
ahsorption of CLO containing FA increases as the FA ~om-
tent increases. Kunhanandan Nambiar and Ramamurthy
[31] repurted similar results when ey used Class F ly

Int. J Miner. Metall. Mater., Vol. 20, No. §, May 20153

ash to replace sand at the sand tc FA ratio of U 10Uwt% to
obtain foam concrete with the water absorption of 23wt%
30wt %.

40

30

20

10

Water absorption / wi%

0

OFC FA10 FA20 FA3D NZ10 NZ:20 N730
T'ig. 5. Water absorption of CLC at 28 d.

The water absorptions of NZ10 and NZ20 are 263wt
and 27.5wt7), respectively. These figures are lower than
those of CON. This finding i= due to the amount of pore
bubbles from the foam, which is slightly reduced with the
addition of N4, However, the water absorption of NZ30
is higher (38.8wt%). Other rescarchers have made simi-
lar observations regarding water abscorption |25, 32|, 'I'his
finding is related to the porcsity results: a small increase
in capillary pores in CLC hence causes a small increase of
water abscrption.

Fig 5 shows that the water absorption of CLC con-
taining N% is more effective than CLC with FA at replace-
ment levels of 0-20wt%. The water absorption of CLC
romtaining A0wt% FA is slighrtly Tnwer than that contain-
inz 30wt% NZ. It is observed that replacing cement with
puzzolan in CLC results in the increase of laree capillary
pures. The resull shows thal karee capillary pores of FA10
and FA20 are higher than those of NZ210, NZ20, and CON.
Therefore, an increass of large capillary pores in CLC could
influence their water absorption.

3.5. Microstructure of CLC

3.5.1. Porosity of CT.C

The porosily results ol all CLCs al 28 and 60 dJ are
presented in Table 5 and Fig, 6. The porosity system con-
sists of four tvpes of pores: gel pores or small pores, less
than 10 nm; medium capillary pores, 10 to 50 nm; large
capillary pores, 50 to 10000 nm; and air void or extra large
pores, larzer than 10000 nm. Larpe capillary pores and ex-
tra large pores are influential on strength and permeakility
characteristics. whereas small pores and medium capillary
pores are influential on drying shrinkaze and ereep [33—31].
The total porosities of the control mix, FA1U, FAZU, and
FA3D at 2% d are 52.47%, 18.56%, 50.78%, and 59.32%,
respectively. Incorporating 1Uwt% and 20wt% FA results
in the CLCs with reduced total porosity. This result is due
to the gradual filling of large pores from factors, such as
the hydration reaction, the dispersing effect, the packing
effect, and the pozzclanic reaction of FA particles. Small
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and splierical FA particles [l air voids and decrease the
porosity [28, 30]. At 30wt FA, the total porosity signifi-
cantly increases, primarily due to the packing effact of FA
particles filling the air bubbles. which inercases the cap-
illary porosity of CLU. Note that the total porosity and

capillary porosity of the CLCr increase, wheress (he com-
pressive strength and extra large pores decreasa. Other in-
vestigeticns have reported similar findings [7]. The poros-
ity of CLC containing FA at €0 d has a similar trend to
that at 28 d.

Table 5. Porosity of CLCs containing OFPC, FA, and INZ
Mix No. Svmbol i Porosity at 28 d / % - i Prrosity at 60 d / %
= - 5 Medium Larpe Exlra . Mediu Larpe Exlra ]
Small iy ; Tata Small o s Total
capillary capillary large capiilary capillary large
1 CON 0.05 2.84 26.72 22.66 52.27 0.08 215 26.93 22,51 51.64
2 FAl0 0.28 1.94 3852 T12 4856 0.35 1.85 35.80 7.71 46.72
3 FA20 0.19 2.93 40.51 T.15 50.73 0.20 2.42 40.37 7.56 50.55
4 FFA30 0.24 4.39 47.70 6.59 59.32 0.25 3.96 47.67 6.73 58.61
5 NAID 020 4.4 EER. L 4.649 43.05 0.1 3.77 31.72 4.55 40.25
G NZ20 0.38 4.72 34.37 534 14.81 0.31 4.40 3111 513 43.95
i NZ30 0.30 9.26 50.60 9.55 69.71 0.31 T7.90 50.49 9.13 67.83
20 &0
) ]

MAr 8 Large capillary Bhedinm capillary OGel

b

or

Borosity / %

28 4 50d
Fig. 6.

Ag shown in Fig. 6, the total porceity of CLCs con
taining NY10 and N4 20 arc smaller than that of OPU con-
crete at all replacement levels and times. It is because NZ
is more effective at reducing pore size due to a better dis-
pearsing effert, packing effect, and pozzolanic reaction of
finer NZ particles. The small NZ particles fill the pores
and deerease the porosity [U, 27)].

Compared with FA, high-fineness N7 has a faster poz-
zolanic reaction and a better filler effect at reducing the
voids of L. However, s considerable decrease in the Lo-

tal porosity of NZ10 cceur 28 d later, primarily due to

U Ajr mLarge capillary Bhedinm cxpillary O Gel

Puorasity [ %

28 d [

CLC porosity with admixtures FA (a) and NZ [b).

the decrease in large capillary pores. This decrezse might
be associated with the pore system becoming denscr as a
result of the additional formation and growth of the poz-
zolanic reaction products [9, 27].

The 10wt% incorporation of pozzolanie materials de-
creases the total porosity due to the filling afect and pore
refinement. The total poresity of OPC conercte is 52.27%.
whereas thoss of FALD and NZ1C are 48.56% and 43.06%,
respectively. The total porosity of NZ10 is reduced more
than that of FAT0 due Loils finer pacbicles. The inerease

in pozzolan econtent to 20% and 30% inecreases the total
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pornsity. The redueed OPC comtent and hydration prod-
ucts offset the filling effect. The extra large pores of CLCs
containing pozzolans are reduced, whereas the small pores,
medium capillary pores. and large capillary pores increase.
The filling effect reduces extra large pores and increases
small pores, medinm capillary pores, and larpe capillary
pores. All pores other than small pores increase signifi-
cantly for 30% pcezolans. Again, thie result is due to the
reduced amounts of O1I'C and hydration products. Other
investigations also reported similar findings [7]. The pores
exlibit a similar trend al 60d compared with that at 284,

Az shown in Table 3 and Fig. 6, the incorporation of
higher CLC replacement levals of both FA and NZ results
in greater gel porosity compared with that of the control

__ 08
5 () ===~ QPQ
e FALO
El - FA20
= e} 0575 —FA30
% 2.
g
E 1454 h\
__g L 2 :"‘\.
g 0311 e
z —_— N
5 02 e e
5 -
£ 2

g e N
O ¢ 1 1 I i

0001 001 0.1 1 10 100

Pore diameter / pm

Fig. 7.
__ 08 -
B (a) --=- QPC
3 fowsr__ —n
= 06} "y — N730
5 0454 \
® 04rosez NN\
K 0308 "~ > \\
o T X
- e "-.__“‘_
2 02} \\1
E Bty O
E e A
= | L | | N

00Ul 001 .1 L 10 100

Fore diameter [/ pm

CLC with N7 exhibits mereased pel
porosity, which suggests that CLC with NZ is more of-
feetive than that with FA, and this is due to the better
dispersion. packing effect and pozzolanic reaction in the
Other researchers have reported

mix at all times.

blended cement paste,
similar results [7, 16].
352 Effects of FA and NZ on the pore size distribution
of CLC

T'he cumulative pore volumes of CLCs with FA and
NZ are shown in Figs. 7 and 8. The cumulative pore vol-
wines of the control mwix al 28 and 60 d are 0.454 and
0.432 mL /g, respectively. These values decrease with eur-
ing time due to the hydration reactions and the increase
of the U S H product 14, 23]
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Relationship of cumulative pore volume and pore diameter of CLC containing FA: (a) 28 d; (b) 60 d.
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Fig. 8. Relatinnship of cumnlative pore volime and pore diameter of CT.C containing WZ: (a) 28 d: (h) 60 d.

As shown in Fie. 7, the eonmlative pore volimes of
CLC containing 10wt% FA are 0.311 mL/g at 28 d and
0.287 mL /g at 60 d. These fipures zre lower than those of
the eontrol mix and CLC containing 20wt% or 30wt FA.
Az shown in Fiz. 8, the cumulative pore volumes of CLC
containing 10wt% NZ are 0.303 mL/z at 28 d and 0.272
mlL/g at 60 d. FA and NZ are effective pozzclans with

successful pozzolanic reactions.  Ineorporating a proper

armonml. ol poweolan Glls voids, reduees porosity, and in-
creases the density of the paste [14, 16]. The Si0a and
Al;Og in pozzolanic materials react with Ca(OH)s to pro-
duce C S H and C A H, which results in a reduction of
CalOH). content by pozzolanic reaction [23, 27]. The re-
sults also reveal thal the cumulative pore volunes of con-
cretes containing N7 are smaller than those containing FA .
This finding suggests that NZ is slightly more efective than




245

K. .Titchniygaphum. et al., Cellular lightweight concrete comtaining high-calcinm fiy ash and natnral L. 469

FA al reducing porosity.
3.5.3. SEM observations

The morphologies of the fractured surfaces of CLCs at
2% d arc shown in Fige. 9 and 10. The pores of the control

¥

Fig. 9. SEM images of the fractured surfaces of CLCs=

FA30.

mix are clearly shaded circles of various sizes wilth rela-
tively smooth surfaces. The pore sizes vary from less than

50 um to 600 wm. Another researcher reported a similar
observation [32].

< [0} m— L0 jin

Fig. 10. SEM images of the fractured surfaces of CLCs containing NZ at 28 d: (a) NZ10; (b) NZ20; (c) NZ30.

Figs. 9(b)-9(d) display the SEM images of CLCs con-
taining 10wt%, 20wt%, and 30wt% FA respectively, which
have completely diferent microstruetures from the control
mix (I'ig. 3(a)). Clearly, the pores are more uniform than
those of the control mix because T'A facilitates the dis-
tribution of zir voids by preventing them from merging
and cverlapping [35]. The pore sizes of these CLCs range
from less than 50 pm to 400 um. In addition, the pore
size decreases as the FA replacement level increases [14].
I"arthermore, some microcracks are detected at the pore
sirlaces (Fips 9(c) and Gy, Dirying shrinkags and me-
chaniral stresses that occurred during sample preparsticn
probably induce these features.

Figs. 10{a)-10({c) display the SEM images captured

from CLCs containing 10wt%, 20wt%, and 30wt% NZ,
respectively. Clearly, these pore sizes are elightly mere
uniform than thosc of ULUs containing FA. 'L he pore sizes
range from less than 50 pm to 300 wm. g 10(a) shows
that there are several closed pores, which demonstrates
that CLC with 10wt NZ have low water absorption [38]
In addition, the pore size decreases as the N replacement
lIevel mereases (Fig. 10[e)).

SEM ohservations reveal that the pores of CLCs con-
taining NZ are denser than those of CLCs containing I'A
Al the same replacement Tevel (exchuding Lhe 0w L% re-
placement level) and control mix. This effect is due to
cement hydration and pozzolanie reactions [14, 26]. Nu
merous large pores arc observed with 30wt% pozzolan re-
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placement, which reflects the high tntal porosity and Inw
strength of these CLCs, due primarily to their low OPC
content and redueed hydration products.

4. Conclusions

CLCs with OPC partially replaced by I'A or NZ with a
density of approximstely 800 ke/m™ can by prodoced with
relatively good compressive strength. NZ is slightly more
reactive than FA and enhances the strength of CLC. The
optimum replaccment lovel for both FA and N2 i= 10wt%,
which, compared with CON, results in the 28-d compres-
sive strength increasing by 113% and 1407, respectively. A
replacement level of 20w:% results in decreased strength;
however, these CLCs are still stronger than the econtrol
mix.

CLCs containing NZ =et slightly faster than those con-
taining FA This Goding is due o the high fineness of N7,
which also has a higher snrface area and a preater pog-
zolanic reaction. The increase in pozzolans also prolongs
the setting time of CLCs with NZ compared with the con
trol mix due to the lower content of OI'C.

The capillary porosity of CLCs containing FA and N2
increases as Lhe replursment Tevel of hoth Ly pes of poe-
zolans increases. Moreover, water absorption is primar-
ily related to capillary porosity. The water absorption in
creases as the capillary porosity inercascs, which decreases
the compressive strength.

The rednction of air voids in CLOs with density con-
trol is due to replacing OFC with pozzolans. The poz-
zolans cause a filler effect and refine the pore-size structurs
of the paste. This cffect chanzes larger pores into emaller
ones. Thus, the total porosity and curmulative pore vol-
wmes of CLOs containing FA and N7 are less than those
of OPC.
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