£33 Soled (a3 s Ju
44 et
DA—VF o

ANV 223l s b

QYN0 Sy '@)U

Syl 53 o3 (Sule (0195 (B g SR JSh (AL LT Al
5 Sk giungd T 3190 b ol g

* ez Odg0 3l
w2 ed 0 Sy oKL (Ul yes wige (ST 557D (4RI
(95l iy i
w2 gl w0 Sy OIRLIS (Ul yos wiige 0ULNS HLSIS

o>

28wl Jame G ) @8le ki g Qs Crio 50 Olosw B pan SBIT jelaiody (S i85 o g Gl Bud
DB 5ol § oud () cxio il 3ge 9 Of pf ilise Gbbie Suwe GG 31 0okl b &yl g3 oy g dxiliae ol
S aiges (5 Lid Cwglio (595 Baiged cpw § 2B Jokmo £ codlu pla 58 Jlosl (59T Jos (Slod adgl 3k £55 Hgmod
cwglin alodT g yioleo 1ee XV oo Bl b oo (& 4905 N6 § sioalen 0+x0+ Slol b o Hgas 1V e Canl 0D axlline iy
1Veext0ex10r dlal b 45 4 9 S8i5 9 (SHUS Cwoglio (qwyp Cg> siodlan Yoo L1 9 100 yhad b (Slailgin! Bgos YT (5L
oud duylio (Jlogw 9 (S ok 55 (P2 S B9 oo SB (2lg Sk § SR ICD . Nd dSle (oS wglio (ow) 2 e sl
& ol ginn oI T 3o 31 08wl b Badoni oyl 33 ol Mg (S pouls 955 (30 (SLES Cuoglio . b 7 51 B wy g 9 i D)90 b g
Al (59T Jos Ll yh 58 JICWBIRTY 61+ (o cighiy 9 ol 1 el 985 (Fa0 ST 9 cawl camio (Sl o 457 05
s 9 (S14lginl Sladigad 69y maS S k3T 38 J9lio Slomw oy 4 Comd Sy U S oabgil o Aol Cwd @
S Sl oy S ol diSl T (S Higed (S I 018 LS 85 31 (SOY4d & Ko b zhuo (S 15 (59 (Sldlailgx>

il Gl o3 3 ol AL (S1D Aig0d 4 S i £17 9 1E7. 390 i § ) i Cwglio s3T50 o)l 9 gl

c 03 9 (S LS Cuwglio (8 p oy I ¢ 2@ ud 3B ¢ T g oI T 190 (S youls 935 it SIS (So 19

s.moazzenchi@yah00.Com :J sus ot 5

bﬂ/vaé)k&‘rﬂuﬁdbcwa@ﬁﬂ



Lyh g ok 355 e 5 o S & o el e 55 8 e

o3litul OT .l ol 03ls 0la Y K ys o plowit 28

ool o3 edal SVslas b Oganl 3 ey 55 4 2 J b 5 el
.[ﬁ]:}i‘_ga 15T Jg.ﬂ

l O\Si/ O\Si//oo Al | .

I c|>_ . L T N J +2nSi0,+4nH,0 +NaOH/KOH
Si-Al materials (1)
Na. K"+ nH8>5i-0-AI-0-5i¢31

HO/ H
Geopolymer precursor

nHOS Si-0-A170-Si <9 + NaOH/KOH
HO OH
HO H l
@
(Na", K')-(-Li-o-.—l‘l_-o-gi-o-) + 4nH,0

bbb

Geopolymer Backbone

[0 03 sl 3 yorks 55 sl L2875 - S

o L gas 1 HLis Jlast 5 65T Jae e Jsb 55 OT (!
bt STy 53 (B ek 85 Aulp 55 OT 3 8 e
S L3S Ol 5 oI R g S ol
Ml ) 358 g0 6lS| Lgins 4 L0538 5 Sas
Jole bs aby Olem 3 edd pluil (gla nST
2305 5 Sl STy Lamms OT 15 s [Y] ol 05mlil s
2248 3515 e 33 ey 550 50 ad O gl ey 55 ST
53050 Basl .l o oslizal T 15l I Calibes Sl
55 WOT 5l A5 o llimes o8 Al 3 0m5 55 6 S0 pllas
Jj.\q-);c‘tmd;_\j\M.Ma;@l&tj&ll@j)s
[V oY ol

Osel oy Jol o g oSl T Clale 5 L Jglows ¢ 5
O &y gty 45" ol 3o 5 5815 S5 O ol 31 ok 55 om
DIF] ot ossosls 72 Y IS 55 0t ol
S s JT 3150 S5 51 a8 0 0315 Olas IS ol s
LU g 53 5 035 bskne ¢ (oL slad shome b il
Shedd wtle o sh e LSS G ek 85 o S b
DoV ] 5505 055 sl (owige Slaseiio (5 ks 555 Olom

5 R ol Bl LIS e Jsene 6l ol Sl

Sl by rol o 030 UL

Aok — 1
&GOWMWJACJLMJJSL;%{JKJJ_M}\GQ
Al Olow A 55 Bl 0 Olac 03 elliae (o s S !
i ol Lamma 53 0y S U8 (53 58 40,3V 50 A 5 e
0S5 Lol pasn cpl 5 okd sI5T Oleww L5 ol o I3 3
G e ami s 5 IS Gl il 5 e O
S 53 ok 5 oy ) eslial pd 0 s boes
Olosws 3l oalizul ES e (50 ) 350 b Ll g5 oo Sl 5 Sl
G Sl 4 S perk 55 o S ealiml &S5y by ST 1 A
Sl Ao 3 PP L, S AlST s W g Ll o Jsene
SILkl 0355 5 Kan sl 0355 s a4 Js [V]aes
(S ok 55 R Dloo st 1 il oS s 5 A 5 6l Mol
4 Ay Oleww W5 Joml e 53 Sl 0 5 gdome OT 51 05lizl
(hod S g g 5 ST K O plindS e
W5 Sl @l 53 osh e peadl 205 6345 S AeSTss
3ols 5 0ks W op S anST6s 5 &S uh p Olew 5
ob & (dime A0V Lo s [Fa¥]5s 8 0 s Lo
S 53 Glog 3l g0 5 LB o7 51 &1l Sl b ¢ S g5 58
S S o 0baT 1) bglies Sl gbilr £ 55 5 g 0 425 o0
35 0l s 3 VWM Lo s [R5l pb (LS Olew
2 25 sl 5 05 b GUS b glad sl &
Rt N S
S a8 o Sk bl 5 osls STy Sl T
Pl om o) 238 Jsemn 0 03 Olese 5 Kol Wl o0
P b A P iy a5 o [0]l a5
5l T 2 b ek 35 b glos [7 Lyl 15 Itz o
J e G b 3l oS e Ol st 4 L plome ol yen 4 (S
o 2 B0l 1 514 B 48 355 0 A 5 O gl s ok 55
00 el S8 e ady &K ek 55 [V] el s,
Gl o L5 L e mlas 5 LB Jloe 2ST
sl pock 535 ol oo [A]s s oo o 57 DS a1
@ Jloms )3 DS e JT (g5l pls llas 542 L

Sk 5 o7 agise JSUS 4 i oS 55 00 plon]

I Davidovits

£33 85l a3 o ¢y Sligioni / 9



w3 G U AT (sanlllas

CBe 56 o sas 55 Gaio [YO] sl e VL plss A zS
Sk s T ol 5ln Jor 2B NAOH LG J gl
3l gn Mol ColB osle cpl ke 5l 31 L 4SSl 03ls Ol
oS 53 5 Oseel o ey 85 1P Sl 5 asl ol 3l el
555 i 6l G Sl oT clale 1 Js .ol VL Conglie
Ol 32 packs 555 (S 53 0 SIS s1n JT U s sy
[Y8]558 00 SO Slaseiin J55 4 2ete 5 031> 2ol
old o olad Cuglie talS Eel osle ol JY4e \F Clale
Syl e (goisy &K Cunslia IS oS o ) [rv]e
Olowwr o5 5 SO e pa Yo BV oy 85 o A 5 s 5o
S 5 sl dese [YA]Cl ods 55T, il
Lo opl etinls (ﬁ\’u\ Sy $5 o LM lea Sy Slallas
(3L S (o A DS (o rdonS 5y Jshons L3l
oSN s A 5 65T Jos 5 s 5 55 S8 o)l
5 AR s ol ek 55 R G s (Gis S
Chle 1L s 65T Jer eSS Sl eslizal b g
b oromen 3L SR o (o)l Ll (it 55
R0 6oL ST U5 Ao p3 Y (g oIl 4 o)l e Sl enlinl
s o [YA] b RIB o solss Caglin add 55
ol 6 55 Calien grio (il OV uames I add Grle
Shodd W5 g yaly 55 o 45 S Olge 5 AS s S50
Sl Che a Jy o)l o Hlew Slas s ¢ OV suamee o
ailis a5 sl pa (LB 5 ol ( (S8 Sl syt
Fops o) Mookl iy sl Ol (Cxe
o 4B p 5330 5e Dls past a5 1 5 s 4, OIS
o3l b (6 yaddy 35 o [¥r ]l 5L 550 0 5Y (slataleST
(23,8 515 gy 3558 6L Dl 55 St Sl 3l e
S gama 1 6 oy 55 1 M5 505 | BLSe 5 ol
v los 53 65T Jas by Lis S anlllan s Odre il
B b A gyl Caslie & Sy Vol oL Ksle ey
63l S 51T (e 55 o [ ]l s KL
AL ds 5 Y g0 7 e deodenS 5 5 loes 5 050y o o

=y YW L ;\ji;;u a5 W\ s g9l Jos el

PV 1 033 5 )t cons jow Il Do

by 5o e e S Ble S ol G o
X153 3050 51 Ll e OT gadsl osle s 15 ([Va50A5Y]
Ol gea ol S ealazl (il adbie A e sbesls SR
osls 2l 1) 5 SUST (65 56 G pme Olen 0p Sl
Jo 1 s lae ST 4 aly Ol Cmts ST

[re-vf]us o
oslizul oW glaodiS Jlab 5 Sl e JT 5150 =) J gl

[V ] bt ol 5 o

W oS Jle &Ko g0 T 31 50
NaOH, (@3l S S gl )
KOH
oyl oo p Az S =
Ca(OH); S o e S
NaOH+Na2C WS g5 e Odme L L
03 Al,03-2Si0; s
KoCOstCa(o 1 2 r oIz o s
H), Na,SiO3
{"l”\"‘” Q&:l:"" ‘ﬁ‘ﬂ 6}" G“*” )‘}a
uQ&:'L:""Jif.)) Hlﬂf})@yﬁ.«fb

Solid Precursor

Alkali source/Na/K
hydroxide and silicate

— |

+
Na/K hydroxide Sod. silicate

se any of the above

Mix design with

Sand & » aggregate and
sand

aggregate

Geopolymer concrete

D010 stk 55 Jort e Y IS

Mixand Alkali Solution

curing

0556 &8 Slow (2 4 S S ack 85 02 SLI 3o o fege
—Y e (6)Lid Canglie =) il 0k 31 S piives Lo g
S 7ol S 0l 3 O Cdenn 5 5,8 Y Coalie OT Ll
o Ve B Sl plp 5 Cuslie - Jseme omoa
el ST oS g el il 53 YU e slie 0 5| Ksil

Sl ol 5 ALE Y Jsans 4 e S 410K

I Ahmari et al



25 e S 5 el S g (S s s
(S Hlid Taslas il (69 9 Tl w5 )3 S

@‘aﬁwuﬁaﬁ%}jéhmwdﬁ%‘}g&jw

DR LT 4ol 9 -

lao —1-¥

G55 B b g G ) s e eslid) s
S s LS (gl plome ¢ SIS s JT S50 51 sle
52T nle (b (eadSAS g 5 eSS (e
A5 g o il SIS g JT 5 go . died oS0l
ool (Sl (s (I 5 e LS e 85 o
S 205 N3 g2 o Sn 5 AT 33 (g0 ) ST Sl g
TRV IT ORGP I SO I-3 PRESIT Flas ol ol
53 0T SIUT a8 i aslizal O g5 ) g5 Olaww 5 35 Ol 55l
el 0T ¥ 65 les J gt

Odme 31 cdigles Odse I S 85 ST G o) o
0555 (sl gz 305l jun 5 Olghes] Ocdan 51 52 ¢ s )|
5o s b 4ga 1 idu 3 Liks 4 Olgieol (o510KaT
ok onlazwl Lgil:.lé Clad goes Ll odd osliinl 55 Oleww
U Jglome 5 i S 5 S g 5dn s
b5 IS 4 s DS sl liteas ol S5 500
doys WP 5 SI02 oy ¥Y0 (OT doys 0F,)) OS5
5 edenS gode gladgl el sts 4y Na20
4 NaOH iz o Ve Vo Chile L dSTuSy s
3 prnelS S g phep S slome 5 40530 Lo sl LSS D) 50
G Olsy B d 4 T 53 eSS 3y Pl
sl » CA94: Type F oo opl 53 55 odd eslizal
Ll NS 5 S

LS 7, -V-¥
Sk s T b (go3le LM 51 (5 packy 55 0o Lo gl
(2B Jghome (oo ol 5o Sl ol A 5 LIS Jpdloa L
b5 QLSS i b b Sl 5 s LS 558 S 5

2 metakaolin

Sl by rol o 030 UL

IS AFF 6 0 Caglin 4 oy TV ol ol Kl
55 Slidos 3 1y s ol ol ' OLIKes 5 &STI5T [¥¥] o,
sl Gk 5 o 4 Sl il 78 03530 b &8 s S 0L
BB Sl sl Ko 455 YV 3 (5T Jos 5 3L ST
.[Vr]}};@cv\hw6&}5&&)%@}@)3&?’
2 @S gy S Rl OT 53 S 55
Vo Sl o8 sls Ol (s wyy W LS (ool ST
et 1) G)lid Cuslis o pp e Gy S Aoy
g U1 slos 55T I 9Tl 5187 (6 oy 55 o [YF]as e
Coaglie 5958 Sl dny 5 i ol LB Sl 55, 0 51 ey
Gk g5 om0 [ro]sls a1 JKLLE ¥ B Y8
OV L S5 pon SRS SI3IL ) 5T g5l
sdalin s 5 golad Cuglia il STLS el
sl Gkl o w et dT LS syl [Pl
Caslie il Eel GBI los 55 68T Jas 5 o 515k
om PVIT cs & JSKUL K FA Caslin 5 ol (gLt
60371 Joe slos 53 3Y 5 (g0, S oslinul b &7 (g ok 35
Jolows b 1) 255 )Lad sl o g ¢ o U5 a2 ps 7
Cows 5oy ¥ oo ¥ Ve ChE L ol 4STsds
O3t WS 5 o)l Sl odild i o 55 cean [FA]s 5T
Jsboes Chle (21530 487 0 Ol g ame cpl Oloww 1 eslazal
oI o Ll Jglos e S Jsds 5 oL
ok 7 b ad ) (L8 Caslie ST e w5 050 (2 el
e S S ra ]l esls Jrals 1y 5,8 0 s
@bz 53 o pl o eslinul ey 5 o W5 sl 58 ol
33 0 VA (1S5 3 ey 5 ks (55T oo o Sl a5 YA
o |y AL ¥ B A (o lis Canglie SO 5l o]
Jolse il 55 (oo ol (5 oy 455 o Aas s DL &S 515
Gl VS i st gy 55 0T S glia 5 5,05 (olant
o Mg 6l alien slga gy p ol [Fr ]l S sane

.s)lsﬂ)aé}&u@uqlwhi\ﬁjgdﬁ&jj
ok 5 Ol pt Oolan Sidne ol go (g5l (6 ey 55 o andllae ol
Sl Sadon SIS s KT 58 Sl J e

I Adak et al

£33 85l a3 Dl ¢y Dliiond / $Y



w3 G U AT (sanlllas

0 555 &0 sl ol ol S o A5 VL Sl s
I e BT Sl 45 5 3 55 05LeT U ghoen o coslial |

s Jgene anle g 5 55 eslinal 5 4

Y R T L e B SR WA L W g PR
\;'OT}\CJ?‘"" cQT)Y}a\' JM&%&‘}{JL«W‘AM
Bl 8 ods au 58Ty ol 5d o bglies OT 23 &S

O 03 ok o3linal SIS s JT llae glass GIUT Y Jgar

(1) o3ls 35 3 g2 38 denS| s 33

Tl

so, LOI K,0 Na,0O MnO PO, TiO, MgO CaO Fe,0, ALO, SiO,
VE B 27 C SR 777NN V/X YRR T-SERVAY-) BERVAV.Y SERY/N SR V/\ R VA O VY VY/AA s
</ - \/Y¥F YIV <N << YA Frof Y/ WV #A/YA S g

~ <N <N ZAN Y/0 /0 /A /A¥ VY/A #4/0 <y
<N N A /¥ A <Y< 470 \n VY 4/0% Yo o3l
Y oY V/e Y o/ Y < /A /A A \/Y MN ks S

Olows (gl JIUT-Y J 5ot

Si0, ALO; Fe0; CaO MgO TiO, POs MNO NaO KO LOI SOs GCA CAF CS GCS .
AAVANEER FZ\\ A VAC SN 4 VA B /A o SRRV o SECVAY-NNEYA SRNNEVAR BENEYVA'A R VAV, SR VAL SR~ VA NN VAV JRNN) 7} ZR S CABNV

(Sl 1 b leST s (gamglie Cger A3 S 15 28
on A e B e ) Sl g4y VP
R3S B R e A R s ol (et Caslae
Syse 5 Lkd wle e Lo VYoo x V0 X100 slal b S pene
s DS MalS™ 5 5w ot 8515 s (ialejT
b sl bl s cale Ll o sadS g s a5 i
LoV 5 g Lo, T 5148 G bl oo plandl DL Sl
Facko A 8> Rhn 5 228 it 3 ke V¥ b s Ko
(o p Conglae el g 5 Al onlinnl by 5 (6 HLad Cand )
N ek Ve g dhols g adia A LS L 65V 8 o sl
Yoosled JSa s Sl e B S 5 KU
23 55 poa 535w 5l 33 ial3T o8 55 o o 03l 0L

.m@)j@u,.uuwbamb”,ﬂ&i
Fo,uJ).\?,“.M.lg)kzs\c,bl{ua\;ygd)ldd,f,;
wle 65T Joo glos aw 3 5 Sglize gadsl osle Sl b
$8501 3550 555 YA 5y 53 53 0T (o5lad Canglin 5 Ll
doy3 ¥ i db atle gladiged p 93 (sl o 5o b5 s

ks b Sl Ol b 0T G0 s JT (05l |

PY 1 033 5 )k cons jow Il Do

b1 S8 e JT ol s al (6o 55 020 45 S
3ok bgine Su LIS aiimy ) nSCn 55 LS I glone
sl Jols s sl ge o 3,8 &) g0 4l sl 1Sl
g o b gliue 42850 Sodke as 5035530 OT & a0 95 55 T
Culgs 53 5035531 OT 4 LMt ol e OLL 5 oS 015505 98
GosTdoe Sl 55 5wy i) 50 G B 3 1) b sl
w3 1 & gl comlie )3T Joo Sles oy p T S e
St 8 15 4y VA 5 Ve gles ¢ BB les Sl
¢1>,=;\ouju,awmmqu;tbLM;,_‘,sg;;uww.lf
Sag S L e ey I3 bl gl o J,.iLe)'T
Bl T S e A Ol (6 p3ls gl S olad s
JeoSS g (el YF St ) Lo (slos 5 (5,106 5 LB
Il azas o 5135 ST o1 1y Lo T Olesms O el yn 257
L b ellas e oms LIt o 55 03 5T oz 4 g
© G0 Oa el & 530 slul b a4 ge5 VY-
Vo a Ve sl b o (6 4ises PP e 5 b atle S
Yeoplinl 510 ki L sl sl G450 Fr Sl 55 5 fet

5 olid Cusliae o iolT Cow y Ldd ale zesle



ST 03 aises OT 1y 5 GBI slos 55 S5 93 3T Jos
=3 O gunllydn 2571y o S pl s Ldd Lg))TJ.o.c
S S sshg pbul Gse 53 Osmlpedss ST
N 50,5 LS bl sacky 555 2S5 planil 4 O 5]t
plosil W5 adsl slajsy 5o ST cnl plasl e &8 LT
T3 eSS g O 53 wiged O3l S5 51 S s5d e
4 L5 o g ok plosil O sl s oy 55 RSy (O sl
Sy el g S LS les Caglie il 5l
—dnS gt (oS Jleb oUW Jokoes 53 31 O sl 3 ek 55
Loys Voo Gldde s sl (,_:“.154_,5,)4._.» 5 e
sk Ol gy doys 3L 5 OlaleT il b Sl
Orr e LM = b L Gla Jpoms (1 ladisad Il
e 5 08 ol s 4 4 )3 FO T 5 Ol CaSa a0 S S

J.n.l..fbtx::-l.wa.\....sdb)éfjrb m?bWb

Sl by rol o 030 UL

Sladsai a5 ol Lo 4 Bl oslisl (S - b Olea b el
22 G031 Jos 4 5L sl ST gl sl a6 e 5
4 BT glas j3 &S Sladsad Ay ol b (lyls Oyl >
S s IT (o3l 3l e d g e Cos sl

25 ) S8 gl B B oy Sl Sl

‘;
SRR
s Sla 4505 gy 5le )T 1 (sl 450 — ¥ IS

Sk 85 Sl &g LD Cjb—f SPRES

<l 4{4}‘& sl Aeg.fT 4 Jles Hldde 5L J gloen osle
- T ” - w—:lr*‘bg-:‘ ’ - Hldae B
&7 Lo 0 G ST 5 O e ) &Sk 5 1
Jle
Slgo o ys Vo R TPCIR e
YA =Y+ 5] /5 Y8 Saka ) ] - NaOI_—|+Na2( (’J?}J:fa" S Fe TS 8
&S sin T SiOs) ’ o)y — Sl
hrae '5:"‘}“")’3

55,505 sladlin 55 415 40 ol Camed g 13 393 5 (S ack 455
9}0aJMJ&Z‘JJ@TQLﬁf@bgw‘aM@)ﬁ

ol 0k 031 OLES

8000

6000

k WUL\WJW.M

147
2

IR

6000 -1

Culg) SB—uill

'Jlm/‘*'fu. JW M

I S 5 LN, RO

Intensity (counts)

4000

2000 ,\“/NWMMMWUA W ”"""‘«J\M,\,
T T T

R T N

R N RSO |

[ T I T
10 2 ¥ o 50 60 n

200)
X andl il gt i -F S

OTLods st lo ek g5 M- Cd g &Sl -l

Lol mb Juos 3 b k3T -F

XRD 36T -1-¥

G Sk 55 Gk g 5 S 55 S 9, XRD 05037
@l b el G b aaio ol o lejT s ST oyl
3 (S ol sl el el Ol B S st le3T ol
Lsdﬁq‘bﬁfxdw\uiuuiiudeb&ﬁui{_qu
PSS sl a b o g 5 ST 5SS
ROMENEIRARR

&S osbe sk slajh &5 das o OLid HIs e 93 ol (Gauslae
L,:\.Ja)ls>ﬁ}db,>ﬁ):m,b}gﬁcjlbwgm
o oS O sl porky 55 ST plail 31 dny o)l o
AS Ty ols el w sk gl IS b 4 ol

©odbe 53 ;S e 4y 50 ESTT S de ) sl (i gd el

£33 85l (a3 o o ¢y Sligiond / 9F



w3 G U AT (sanlllas

2315 ST A B Y JIKaI 5 ok ais b (gla 45 505 5 (5 0 g

R PR

Olosrt o 55 S5l (S pady 55 2 S35 =V S

a)L!le{‘_sM}jijLsLGQ}M—AJQ

Calises dlﬂéﬁ b ks 835 MalS™ 00 g s -4 Jié
Solid Cwglio (59 W9l (s 03k £ FT-1-T-F

sl gosle Hler b e 55 on ladiged il 3
W5 sl 5 S sy (O (O 5 Calben S g T

95/6333)\“:“"”}’“)\‘“&“—)@3’;

F-1-10 geopolymer paste

Intensity (counts)

WWM‘WMW

0 10 20 30 40 50 60 70
2 theta (degree)

”u@t{jmﬂs‘swxuluuﬁ;,yﬂ«,,g-ap
[PV ]k 55 <5

v

o 10 20 30 40 S0 60 70 80 80 100

20 (%)
I8 6ok ST () g9, X anisl 33 05051 aomi =9 S
[PY] 28Ty 31 ey okt 85 ol 55 5 () 25T

A LLJ.JA A
N—

Intensity (counts)

J-L‘_.a.“

bt

()3 gas C,l&a@\uﬁngd&f»\ o) 93 Sy skiles
)J%H}T&c)uﬂ‘j‘}‘&Q.bﬁf)‘}}aj)b)b
plas 53 4 oSG [FY PV Ll 03 SO i STy plonil 1
Sergdr 3 YO LYY oy g alols 55 5 e 5l 03 2l Layls gl
gl SR ]l O ol 32 e 55 2STT s (gl a7 s 1
Lows dub 1 ys el ' IS 56 s 51 ys 55 b 46

L]t oUW J gloes

SLid gl alo3T gubs Y-
ool o el Sl dm Sa) YA 5V i8Sl W g
53 [f8] ASTM C39 s ikl b les Cwslie
1 Gais opl s i S 15 gl g oKiils ol 3T
A L e b & gei )lid Cuglae g9y bl ok
el ok s LOT LT @ g gls idw j3 a8 3 8

!'amorphous



2245 o)l g oslital 3550 Gidan ST Sl g4 2
)\.,\.S.a O)L.f#)} r_:—-KJ:.«S‘ cb".& C_JTJ C_«.w‘ GAATY d_gub-
osle ol SVL (65 ds 28Ty e 5 S Ll e S 5505 0L
oS Sl b o gl £S5 5o allan oS, 55 S
)"'\bl‘.dji."}g;l:‘*:‘:“ftffﬁ(wﬁ\'f,)')r:”KJrS‘
Srhss o MF 0 led &S5 0 eSS YL
Slse (6oL 28l b b aged (o)lid Cualae Ll oslinal
Sl 83 5 3 W (plaed OS5 53 i eSS
S 35 G ! (6 s [FP] T s 4y oS dST LS
Ll 5 o 5 m sn JT (G030 33 eSS T 5 52y 8 S o
U ges aome LS il (g lhs Caglas EoI530 5 ol S0
v»&f_‘}é‘bdjbbj‘d&f@:jﬁéfu\fcﬁﬁébéu
Prosm B osb 4 iy Hse O) diman K s 5 030
3 oslizal ol gl ol S llae Ll 6505 b 035 Aoy

AL S se Ll e ol 05y S g Cole Lo 53 T

Solid cwglin (595 (6197 Joe Slod J1-Y-Y-¥
Sl O sl iz yocy 55 215 ol 2 oen 31 (S 08T s
A5 5338 e 63l U e ges (65L38 Zuaglie s 55 4
D sd oslawnl Syl o 6);-\1}‘.& I3 3 Lg,‘._.li}aj
sl oy 35 ST oty 4 (K6 OT 55 6057 Jee
S dsl sal- o 53 0l wbdﬁjjéud}d.[\‘\’].\.{@
236031 Jor S OLSS LMt = b 5 ki (5 4 ) pellics
68T Joe SIb a S 5 slee & s Calies glales
S @505 (53T Jas Sl (655 355 oy b dsad ) (S5,

ROWPRE-PHEN A | B (S-SR

45\5;»;)>L:545}¢J‘5)3TJ.~.9—\YJ§.‘~

Sl by rol o 030 UL

Caslie alsT gams A 8 515 Jleil 5,50 5 Ll
a1 )5 0us oslizul (Gosle i ¢SS 4 lad gos opl (g Lad
Canglio Vo IS Sls 505 .Sl 0k 0305 LS VY 5 V0 o)l
530 Sl g amyn Ve (slas 53 (6557 Joe b bs i pe sl
63T Jos b Lok pod (5Lid Cuaslie @ by 0 1) IS s g
las S sl odd o3l Ol sldel .l GBI gles 5>

A & yo3 ¥ (g 5LE Canglin Sl

70
60
350 —
3] 40 —
3
\\}._30 —
420 - —
10 _ I B
0 i T T T 1
zeolite bentonite perlite slag
S sa T ele 56

23 6olas Canslin p SIS s JT (so3le IV e S
:ljigu'hﬂ@).s\'~ sbes

35
3 30 —
J 25 —
3
920 —
Y
3 15 —
d
2
10 —
5 | . l B
0 A T T T
zeolite bentonite perlite slag
ST ool 5

Gl gln s ()t T glin p  FIn 5o T (gole 511 IS

Gosle i Olsie 4 o)l Sl adeiin Layls gad 1 &S glailen
L jlesle opl ST (n Jos olse sk S| g s e85 0
Sl 4w L) :|}A)'\jaAAT¢-:AgL5)'\A§;ATL5U;
STy s o s b oS allas ok 5y
355 5l GRS (golid uaglie 9yl 3l g Lyls (ST (6 s
Jos st Cod S8 LS 1 Ole 5y il esls OLas
LS S 5 O gl o ok 85 NSTs 03 el $ 5 Sl 035

L;a.‘.,;.\iaqf\.@lo:bbbﬁ{,ﬁ-j\d;«d)tﬁg:,a;ﬁa;

£33 85l a3 Dl ¢y Sliiond | 55



w3 G U AT (sanlllas

sla

80 g

60
3
3
3 40
2
Y20
\3)
= 0 T T 1

room ~100°C 180°C
Sosl Jos led

L;Lh4&}&56}@@}&J{6JJTJ~$L§LAQ;‘—\9J§L

a)\.:fu\.:au\.iﬂ\:éb

sl 5 S ol s (S 55 mllae Lol at e (glad s
Coaglie (55 8 S Jale L5 5 dizn OLSS SIS i a |
@5 15 andllas 5y50 & Sl (g7 Jor glos (T (g,lzd
wibe Hlgz a5 Gl bajlsge 1 &S skiles .l
Cwglan p g :\;_::JLW © 4=y Vor gles o LS)}TJ—“’
Lo ol 53 o8 Sl ol SO 5 ol ol ezt | )3
4 e g Lo plnil 5 ST Ol e 55 sl ST
loes ol IS Hsb 4y o 6 5o s dlae Syl
o 53 5 Ogeal e 85 STy Dbk el s Jee
olos 3 dm SRl g il 4 ga LS aglie il 50l
@ aS 55d o agad H3 (o)lid Cuplis alS Cel (ol
ST s s 4 akis5 STy 0 e b ST
3ol b gandllas 5b ol gles ol [FA] ol b lins

[Fa]cnt ot 5,57 5 amy3 40 olil,Kan
Sersd W b ol oo glos il alie Slades s
olid Caaglie ralS Eol g e 55 sl ped s 3 Kl
g ol sl er los (RIB1 Ll s 8 lak s
el (oS5 O gl oy $5 s 5 L T 5 Sk (542
5 Gk 55 pm JSE gy SV ol ol les By
5330 gr b w1y la JT 5 Sk (5 (BT T 0359
63T Joo S T 31 [00-0Y] 5 108 o Se 1 uslin g3,
e ol Sl 1 Cl o il B s La g
Sradiss Sy Lo OT o5 1T 15558 (0 ST
©oLad Cao gl 5ol @l ) pel o ek 55 el b oyl (sl

4705 S e g ge 25 0 Ll OT 3 g il oo 2 a4 500

PV 1 033 5 )t cons jow Il sy Do

Voo glos (B3I glos Sl a5 b wises ool (65T Jes
.a;&amﬁ;uwﬁ;w Slos 531 Kl (6 4 s
5 SNl s a3 4ge ¥ g)lid Cuglie 5 Sle
ok 0305 OLEVE B\ JIKa! gla s 50 53 oy o] oS

!

zeolite

30
3 25
320
3‘
%15
9
% 10
5

0 T T 1

room 100°C 180°C
$o3T Jose sl

S & gai ()b Cuaslin (65T Jos los FI-VY S

55 S b edd aslu

bentonite

25

20
3
315
gl
310
\\_Zr
- O T T 1

room 100°C 180°C
$o3T Jos sles

LQLAﬁrjé)uég;n}uﬁﬁd)j.f&wdb:;‘—\?ﬁ

S g2 ST b okl axs L

perlite

20

15
3
B
310
)
9
SE

O T T 1
room 100°C 180°C
$9T Jos sl

S & 503 (5 Lad Cuaslin 555 Jos glos S1-10 IS

oy S L es a L



Coaslin ke 13505 53 o 0303 OLES s ol ok o315

.@t@w;t&ﬁdlﬁaﬁrwm

70

60

50 —

40 L

30 — W)Y

(IS &) (55l o slin

_ medss YA

-

zeolite

bentonite  perlite slag

S s JT g 03l ¢ 5

szl (Slad sai (g )Lad Cuaslie  0lej SV S

70

60

50
3
340
%30 Jlst 5
¥20 — L
\%10 T F B Jlsl b

0 T T T Hlis
<2 <@ <@ S
N N O >
A% & &
&
7 ST g5

Sk 355 Ss &5 505 555 5Lad Jlas! 1A S

e b s 4500 55, )lad Jasl Ll o gai J1 &S ) shilen
5 Sl sl (glis Caglie LRIl g, ade I Calibes
% 305 LB Ll (5, JE 36 Jol s 51 (S Ol st 0 L 5
%305 0ok 0S| 2 Lol 5L dlasl |5 50 = e (6 oy 55 sl
Cnslin ol Bl 55 cpl 550l OT s o g Yl 2l
Flae 5 SKn sl olid Caglin JnlR 38 e (sle
035 43 ¥ s Y FF OV 5 o)l 5 S e s o 55
ad 5l Cas b sl wee ol Ll Jlesl 56 .ol

ol S ad S (sl (S ged (51 5 5 e gmems

‘SM};} ksl'““jm gS)w Mglﬁn ey —0-Y-v
Oloww S9l>
3lg0 33 Oloww Lo ys ¥ @Ji"\,[,(,j_, R

Golid Cuglie LioleiT Cou s wsle SIS g T

Sl by rol o 030 UL

s Adl s ge IO B Lps s e S« o
IS e 55 bgliee sdas e ESTy old [iST
Flas 1y 8 ol Susbly ol LS b ool [FA]550 00
OT 25m s Lsd r 03liiul ey 55 Mo U 5 Cgr oS Calies
S YL las o 53,0 STy (\’.5‘)5 YL Canl bglies s
Lo gad (L2 Cunglin EalS” dals 35 5 0 OT s 4 i
4 by gilad Caglie o SYL baylssa ulal (s

NG PESTARE LngJJoML;)jTJ.«cL;La&}aJ

S8 Cooglio (59 L 4iged cpw ol 391 1 —F-Y_¥
Olej 93 35 Gadoed ol )3 ol sl (gla & gud (g liad e glin
S s sai )3 68 s b 815 gl 35se 505 YA 5V
A3l o 5oV 5 b &g 45T das e OLES (Canl 0leT VY
YA 5055,V Cuglie 5 Ll o351 Cows a1y 355 Conglin duo s
Conslin e ok 0313 BLES gy 55 i1 Ik gl 055
R 02 oS Jlm s s mllas 1S sl 4 sas ¥ (5o leS
R sl G135 58 55 cege B Ol ¢ Sler Jglikse
Godibua (gosle SWlesls Ol 35 s Sladss Lol
YA Caglin 1 ool idw Al Olecw O 5 (6 e 655
[orsov]s,5T o s & W5 51 dns I3l 555 93 53 1) 055,
4 o Opml a5 Sy b S s (S !
JB oS Ol e 53 s 505 45T Conl Olon O gy

.M&)\Jﬁoﬂ{

b Lg08 (Sl Cwglino (59 HUS S -E-Y-V
Sl Sl dm e o 55 o 4 b g o Sliied I (6 ks 2
b aas o)l 8 5lad Coi 1y aged B s n e 5 9 4 ged
S 0Wd Jlasl 31 s ol 53 [00 50F] 355 oS e SalS”
o S B ale (535 8 attia B ol g s 4 e
Vooolis sl S S0 b W olis Cslie (g9, Ly
3305 % ged s Sl i Codo (gl 4l 4 Sike s IS K
J1s @50 &S 395 05yl Il 53 4 gad (69 SIS Ll ols
G 4 H5Lad ol O s .l 0l ) gumen DS 5515 41 5 LIB
T 03 Sk 5 5585 ol el Jos 51 0T &5l Sl
OLas WA Ko 515 505 53 du Lol (Gt LS 5 g 5 40 LD

£33 83l a3 Dl ¢ty Sliiond / A



w3 G U AT (sanlllas

A3 dsh g Dpema $FSH G Wl 53 S o oe
Wl ok 03ls O e IS 03 odS e g plad
Slhes Ol Ouda b (6 oy 55 Slo 45505 4 Ola 0353
03,51 Cws 4 5 6051 Joo gz ki85 4 O3l Oyl
Slpand 53 &S kil 15 Ao el s (g5Li0 e slie
5 S oI5 e b ek 85 gl w50 i oplal S
Conslin ool 55 (65T Jos 05 5 BT glos 5> Sz

sl Olis 5 g5 51 (6 S g olis

Group 1 Group 2
Li” @ Li|Be® Be
90 ’ 134 |59 90
Na Na Mg Mg
116 ’154 86 s 130
K™ K|Ca¥. Ca
152 /196 114 ‘ 174

V:.Kjﬁ-bﬂ@ﬁtw—\" Jg.&

I dged Al Cawglio Y-
bl Gb (L5 Sy bl g baigel (IS Caslie
Sy oy ded oKl oKal3T ;5 ASTM C496
Sl 0aT 0 05l s 53 0T s o8 S35 515 5bsT
5 b el (28T LT (1l sl 450 VA 3, [6%]
Sl i8S Caglas Gawlie s 4 sl Ol @l:;'
Gk ges (22 Caglis (doliie Sleww o5 (S eik 55
ST Caglie 3 g 630150 53 5 OLSS LB ek £
b &5 503 ) (golid oo slie el Cos a4y Jgome 3 Gb 4 g5
s ol 0555 (G g0 5 AT g s OLSS L &5
3l gely (Sl 0l TYY 5 Y)Y o)leds JISSE1 5 aiS zalejT
Caglin 45 Ll 03,8 Olgie 55 Sladow 3 5 ol 0K
o) V] e Utz e 231 s 5 o 55 2 528
Coaglie Bloed 51 (6 mds 85 o1 ol5s) 457 das oo OLES mb

Wl OLSG Gloss Jsame o b 288

PAL 033 5 )t cons jow Sl Do

2l s keT 1A ISl g 53 0T bt o8 b § 413
Codn ol 4503 ¥ (6)li6 Conglie 5Kl (yl5 ge5 53 o]
b8 55 605 oo 4 55 Oodm cla @ gad pl 25T 5 g

el (6 oy $5 (64 pad (g )Lid Cuaglie LEalS Oyl
Gl (b &30 Sl et 14 S 1 50d 51 457 shailan
Sadisad 5l 6 Caslie (puelS 4S5 5l oL J gl
90 Sl osls QL& Slasa  Lilazdls ﬁ-\*&'-\_:.amf})-)u:ﬁ Sl
Solid Cuaglae I3l Eely 5688 L Olaw 05y (Slad 5ol
& o prdodeS ks Dol S T 1 508
SLos 3s8 o oo Sl G G eSS s
e 5 Wsd 4 g e mllas )3 0S5 pstee T
gy 5o oS Jo s [or]ams UKo 1y ek 85
2L S S eedS S g ¢ Olenw sl (5 ek 55
s ol o3ls Ol 3 1 olid Caglie il
Sy Lol Sl esdle WS Olgie 4 dS U8y s
G 55 Olarr 0 gallpdn (2S5 55 codd O el s oy 85
Oloces (g5l (5o &5 g0 53 2SSy g gy Sl g anils (g 5o

Sl 0l

45

40

35

30
25
20
15 [
10 |
B

NaOH |Ca(OH)2| NaOH |Ca(OH)2| NaOH |Ca(OH)2

(IS Ke) (g5l o slin

zeolite bentonite perlite

S Jos p 5 5 S sa T s 02l g 6

343350 b Oless (Sl (sla 4 gad (55L25 Caglie -V IS

6},93\?@|%M§ox3\ﬂw@ﬁCu«ft;.ﬂ,'\
Cawd Gl 2SI 53 1, OT Lilg o jlaly 5035 S OH
52 oSl Ol 4 edendnS 5 5den Jglone opl ol dads
reelST S 5 5n loms 51 g O sl ek 55 a2

! Rumujeea



LM‘SJ}TJ&&LBU‘&LAJJJE F Jgd> 5o a.\.nTJo}&‘&lCJ]a
Slor (23 Sk 85 1 5 PO slag b il ws L
Aol Caglie b osls b 5 VY S )3 Jeaie Hsba
dlﬁ.wb_lin Voosgde y dhes BlesT Gay 05 o g5
5> ST plomit 51 8 s oal 51 gl gad &S o310
b 33 dlast 155 b s .l 0l 0305 OLES YW o Lo JSCa
2 S5 s ez Ly gy &G Aol 53 S e

Ll el gt g4l

Sl )lg> s 'u':\il.n)'TL;e:LAT Sias (G4 g0 — YV }Qw‘

5135 Sl 5 5 S peab 55 0 Sl o asle gla 5 CSCs
ST ol b sl BT ls samb ox (Sss s
b slaslsse S, olg 5 5 Joow JB ol L Jols
et W3 8 3 gy 355m o Clibes 151 L O
el b sy S5 g g0 S e (s fogn S (S
S5 e QU5 G Sl o a3 500
R TS U FEEERUER VPR SVl e
G O T S
b e oalitel Sslite cbas Sy 5l 6k S8 (Garmlon

Azen (551 b b s al L 0K al s Sy )

LS‘J’, .&:M‘"

3 g o dlon O 185 8L 2 6y SIS 8 bl
ole 5 LY ojlad g ddaly L 5 oS st G
JoA] s slgiy g oy ISS6 L ls ol

Ao.85
Ay

b bl 086 x5 Ao gs sl JS8 pasla T daly onl s

55 5 ke sl Bline O8G ois Ay 5 ity Sl o )3 AD

i= )

S5l by rol (o 0358 5la

Sloww (1 5 6ok 55 (6ls 4 god S2ST uaglin (Gmglio DT gl

;m«s:' “ Ca.n)u.n
_ Lpod ¢ g
S ED) &
So3T Jo)osl o (S5l (6 pack 855 o
\vids
(BL1 sl s
F/+04 Olosw 9 Cd 555 9l (6 ol 55 %

‘A

SR siS Caaglie yisle T - Y)Y ~

ST 3T 5l a5 (5 0 93 geai = VY ST

9 S youls 995yt oo 09l (S dmns lio —¢ T

& yoxe (0
S8 G gl e A olT (G pl o
L osls e Y-Y i 5o &S (oaY :Jil:nlfe.ﬂ»cl.wa
Pl 54l s ploil ol st oails oBlisleT s
Sri 5 o e Olam 5 S8 Gl ek 55 o Calbes
Jsldie o g BT les s oks )57 Jos 5 o)lm (sl
AV RS A L Gocr LS s s Sla
Sol Sadiss om0 S L5 Ll sy s el
Lol o Ol U¥0 5 S 55 &S UV Lol - b L e 55

bk ol S ok 555 55 5 prelS AeeS 5ok (oL U sloe

I'Cohn, Bartlett

32 5 Hleds R o JL (o Oladss / Ve



w3 G U AT (sanlllas

S oSl Felin A5 53 05le 3 Shee 5 Ll o8
355 5 85 05 93 4 Camd (S5 ST 0l (S5l
&:.145@\ el gedias Ol u:‘iL‘J'T(;l‘ @l:} el 0als OlES
Slom 53 il 5 S (0 Jos O Dl e 53 S ek 55
Cnglin 3 g5 3 Gias pl s 5o Ll o OT 51 g o 5 Jslta

s olas dulhﬁ

120000

100000

3 80000

g 60000

'X 40000
ks

20000

0

0 0 40 60
J;“ﬁr“‘f“'ﬂ Ou;”z:”

55 63l 6k 55 o Ol 1 s = YO IS

140000

120000

100000

EEE

3 80000

9

" 60000

&

40000

20000

0

0 20 40 60
Sk oy O 5

0y (S5l (6 s 55 1 5 O i 5Ll gei - Y8 S

120000
100000 —
............ - L -
480000 A —t——
D .
R : :
} 60000 : : v
™ 40000 / : :
20000
0 : i P .
0 10 30 40

20
Sk O i

e s O kil 5l sed = YV IS

VYV /53 85le o s Dl ¢y s

alie ol 03557 Cad 4 G4l b Ll O k- L e
Al 0l 0303 OLa5 YF ol Ko 53 08 i 5l 15 g
Gl o Cand WblE Sl s sl bl 08 4y,
L e P P W P I A NWIS I PPO

AT e s
Load

max f------ ‘/' i=Ag8s /Ay
0.85 Ppyax {

Displacement

Ay Amxs
S5 3 S Ko e ls 03,57 s 4 b, - YF S

[0 oK josis— 5l Jls s

ISl 53 O tim sk lagai ¥ iale3T S 5 65 Y 6l
s a by e YO S s sed il 0 0313 OLES YV G YO
75t by Y8 S 5 503 Ol 5 Sl 55 (S5l 6 pock 55
28 by e YV S s 008 5 05l (65l (5 ey 55 0%
sdaly Gb bl L0, el Jseme Slaw
0 o5 OS5 5L glalagad 03 YF S8 5 (6 JSC
\ dyjéjlo.xﬁTg:.u:@Lgﬁ&p%k;ﬁ:&»al.@\

sl 0l sl & 0 ylads J g o
A5 Gl Sk 55 o G S & das e O il
S K8 5 Sl (2 6 B S8 ) 2 20 )3 VF Ol
Ll Gl o2 51 i o )n BY (Glosl s (g el 85 0
SV oyl gl 53 ol 555 Joow B ol 5L e
5 Sl okd sl O il laslsgal (e
Skl om Jemw BB aiy L Ole S Sl etie
Joos 6 i S (5 Sl QLSS L Sl o 5 (A 55
el Ko g5 935 Fa dess Vool (ki 55 o
Gkl gl CuSs gl s olg S ees
S o Ll Gl (2 55 ) G (55 5 ool
BBl 5 ip s CwSd AL iy S (gebal b S o



3 S Caglie (g lad Cuglis p Jge Calides Jalge 5 LS
s g oman 38 15 anlllan 550 bk sad i
GLeST gl sladsad (65T Jor Ol 5 x> 5
5 S8k sion T 3150 Ao 3 Vo b (6 o 55 o A 5 ¢ Gna
saT Cows 4 5. 38 5 gy 23530 35 Ol o y3 ¥
:@\Q.uza;bc,,z,:ﬂ;;)\y);

Flas bodd a5 sls 4505 (5L Lyl w5 L -
s ol Gol Sladiged (gHlid Caglie (Calie
Gl Ggas s g dzils [ (KWK 54 ) g,Les e slie
Lol alo ladisa ¢ gdns S (3l odd aslajT
Yb):\JizszuLge\q-):\n):a&L;)jTJu)Q:J}?)'JB-
Lzils b & ge e 1 (6 i (6 lid Cnglie (JISKu K
ST Jos slos il 33l ;|>ow°m¢t?.;téuu:iuﬂ@u-
S35 e S bslis 555 518 losl 5 5 Ko amy3 V00
YA+ ‘_;La;);L;J}TJA;GS).:,‘f@ud},&}d)l&é@)uﬁ
I (g las Canglin g5, ostael 315l Kl ax s
el S 5 g5 48 315 DL e lowet LT (s -
boosle oy 28Ty 5o (2t S cpllan gled S5 0
S o M5 VL (o)las sl b o 5 550> (oL J sl
Sk 85 o Mg o e 5l 60T Joe sl o O ) -
slge ool daoys ol eslizl (Sdas slaeSTE (g4l
S sl Ol s s wd bl Olew b Sk e T
U8 S g (g Hlad Coglie do 55 s & gud opl (5 )lad Caylda
sl 3 Kl (gt y5 Voo y30s (65T oo (6 ok 555

o 4 s OLiS (e 85 o S siS uaslie LislaT -
O Caglin JKLL K F Y oy 58S Conglin b (6 ek 55
D415 gleww m alie o

e 5 Gk ges O il Jlssel 5 (et Cuoslis -
Sl dolhie o 5 Calbes #5890 b g iady 85 o Sl edd
Coaslin 5 oo BB sl Db oS sl LS gl ks anylin
e S5 6la g Sl el Sl Sk 55 R S SR
3 e S i) 53 (3 55 2l W 5 e

5Bl o BT (5 5 5 LSl ol 50351 S05 (5o 4 g

Sl by rol o 030 UL

Srdy SIS b Stmlone = 7 sl

i

. . ) .85 -
(1) sy S g
Sl oS
/A \O/% YA/XD Oleswt & 55
(Yo Ja)
Srh 85 52 5
Y/YV VWYY Ya/ff <
(Y7 JSK&) o)l
\/OA \V/F¥ YV/# d <
(v Ja)
O stk slals g b=V Jsar
by olg 5o st .
Ry
Groskes) CnSs (o5 59) C
Sk 85 o2 45
OY/FY AYZY <
Ot 555
DO/NS 44yYsY
o)l
YV/AY SOERR Sl (5 S

o ol w3 gadlie )3 g8 N LS 5 el el 15
23 Slosms (2 & S porky 35 0 2 Shas o il ok

[ ]emtony st ax

Gk 55 m Gl S Sl ol ol 8 Sldlas 53 opioman
o S5 S0k b B et s (63Y 3 5 Kha b &S
03 G5 o (SO Slasite |5 ils Jsame o 4
S e o 4 0L (65188 Caglia b Jghize o b anslie
Sl el e Sl mlae 4 Sl 85 O3 g
o GBS 5 5l (S e e Caglie Ol 5 0

LV -7]5 iy 6ok 555

-t
) 93l S L 5 5 o 5 o 55 e

(=l>u‘ a)l{j-ﬂ cu’l&«é .,\jb -"jﬁ}‘l‘?’}:“‘ ‘“;ﬁjﬁ “:":S}s) J.a\.&

' Ratna srinivas et al.

£33 85l a3 Dl ¢y Dligiond / VY



w3 G U AT (sanlllas

[11] Singh, B. Ishwarya, G. Gupta, M.
Bhattacharyya, S.K. “Geopolymer concrete: a
review of some recent developments”, Constr.
Build. Mater. 85 (2015) 78-90, 2015.

[12] Esaifan, M. Khoury, H. Aldabsheh, I. Rahier,
H. Hourani, M. Wastiels, J. “Hydrated
lime/potassium carbonate as alkaline activating
mixture to produce kaolinitic clay based inorganic
polymer”, Appl. Clay Sci. 126 (2016) 278-286,
2016.

[13] Salih, M.A. Abang Ali, A.A. Farzadnia, N.
“Characterization of mechanical and
microstructural properties of palm oil fuel ash
geopolymer cement paste”,Constr. Build. Mater. 65
(2014) 592-603, 2014.

[14] Singh, N.B. Middendorf, B. “Geopolymers as
an alternative to Portland cement: An overview”,
Construction and Building Materials, VVolume 237,
117455, 2020.

[15] Suwan, T. Fan, M. “Effect of manufacturing
process on the mechanisms and mechanical
properties, of fly ash-based geopolymer in ambient
curing temperature”, Materials and Manufacturing
Processes Volume 32- Issue 5, 2017.

[16] Mehta, A. Siddique, R. “An overview of
geopolymers derived from industrial by-products”.
Constr. Build. Mater. 127 (2016) 183-198, 2016.
[17] Liew, Y.-M. Heah, C.-Y. Mohd Mustafa, A.B
.Kamarudin, H. “Structure and properties of clay-
based geopolymer cements: a review”, Progress in
Materials Science, Volume 83, Pages 595-629,
2016.

[18] Part, W.K. Ramli, M. Cheah, C.B. “An
overview on the influence of various factors on the
properties of geopolymer concrete derived from
industrial by products”, Constr. Build. Mater. 77
(2015) 370-395, 2015.

[19] Peyne, J. Gautron, J. Doudeau, J. Rossignol, S.
“Development of low temperature lightweight
geopolymer aggregate, from industrial Waste, in
comparison with high temperature processed
aggregates”, J. Cleaner Prod. 189 p 47-58, 2018.
[20] Geraldo, R.H. Fernandes, L.F.R. Camarini, G.
“Water treatment sludge and rice husk ash to
sustainable geopolymer production”, J. Cleaner
Prod. 149 (2017) 146-155, 2017.

[21] ElI-Gamal, S.M.A. Selim, F.A. “Utilization of
some industrial wastes for ecofriendly cement
production”, Sustainable Mater. Technol. 12 (2017)
9-17,2017.

[22] Gharzouni, A. Joussein, E. Samet, B. Baklouti,
S. Rossignol, S. ”Effect of the reactivity of alkaline
solution and metakaolin on geopolymer formation”,
J. Non-Cryst. Solids 410 (2015) 127-134 ,2015.

Y/ £33 5yleds R Je Jl o Oldass

et 5 Oloww 5 S 55 Gl (S ek 55 00 6o S8 -
AL Ao Y 9\ F CS 5w el e ool ek 85 o
Bl 6.(;‘)(\., LgﬁJ\.;Jg.i: el s 4 J}“” O kgﬁJ\.;Jg.i

Ll (Sloc Jglie 02 52 53 (S ek 55 0 e S5

&l -0
[1] M.c.Lellan, B.C, Williams, R.P, Lay, J, Riessen,
A, Corder, G.D, “Costs and carbon emissions for
geopolymer pastes in comparison to ordinary
Portland cement” Journal of Cleaner Production,
Volume 19, Issues 9-10, Pages 1080-1090, June—
July 2011.
[2] Hardjito, D. Rangan, B.V. “Development and
Properties of Low-Calcium Fly Ash-based
Geopolymer Concrete”, Faculty of Engineering
Curtin University of Technology Perth, Australia,
pp. 1-94, 2005.
[3] McCaffrey, R. “Climate change and the cement
industry”, Global cement and lime magazine,
Environ. Special Issue 15-19, 2002.
[4] Palomo, A. Krivenko, P. Garcia-Lodeiro, I.
Kavalerova, E. Maltseva, O. Fernandez-Jiménez, A.
“A review on alkaline activation: new analytical
perspectives”, Materiales de Construccion 64 (315)
022, 2014.
[5] Hardjito, D. Wallah, S.E. “Introducing fly ash-
based geopolymer concrete manufacture and
engineering properties”, 30th Conference on Our
World in Concrete & Structures: 23-24, Singapore,
2005.
[6] Lloyd, N.A. Rangan, B.V. “Geopolymer
Concrete with Fly Ash”, Second International
Conference on sustainable construction Materials
and Technologies, The University of Wisconsin
Milwaukee, Ancona, Italy, 2010.
[71 Lubhar, S. Chaudhary, S. Luhar, I
“Development of rubberized geopolymer concrete,
strength and durability studies”, Constr. Build.
Mater. 204 740753, 2019.
[8] Provis, J.L. Bernal, S.A. “Geopolymers and
related alkali-activated materials”, Annual Review
of Materials Research,Vol. 44:299-327, 2014.
[9] Zhang M. Deskins N.A. Zhang, G. Cygan, R.T.
Tao, M. “Modeling the Polymerization Process for
Geopolymer Synthesis through Reactive Molecular
Dynamics Simulations”, J. Phys. Chem. C 122
(2018) 6760-6773,2018.
[10] Liew, Y.-M. Heah, C.-Y. Mohd Mustafa, A.B.
Kamarudin, H. “Structure and properties of clay-
based geopolymer cements: a review”, Prog. Mater.
Sci. 83(2016) 595-629,2016.


https://www.sciencedirect.com/science/journal/09596526
https://www.sciencedirect.com/science/journal/09596526/19/9
https://www.sciencedirect.com/science/journal/09500618
https://www.sciencedirect.com/science/journal/09500618/237/supp/C
https://www.tandfonline.com/toc/lmmp20/current
https://www.tandfonline.com/toc/lmmp20/current
https://www.tandfonline.com/toc/lmmp20/32/5
https://www.sciencedirect.com/science/journal/00796425
https://www.sciencedirect.com/science/journal/00796425
https://www.sciencedirect.com/science/journal/00796425/83/supp/C

from metakaolin and red mud-fly ash admixture: a
comparative study”, Constr. Build. Mater. 30
(2012) 80-91,2012.

[36] Pacheco-Torgal, F. Moura, D. Ding, Y. Jalali,
S. “Composition, strength and workability of alkali-
activated metakaolin based mortars”, Constr. Build.
Mater. 25 (2011) 3732-3745,2011.

[37] Kouamo, H.T. Elimbi, A. Mbey, J.A. Ngally,
S.C.J. Njopwouo, D. “The effect of adding alumina-
oxide to metakaolin and volcanic ash on
geopolymer products: a comparative study”, Constr.
Build. Mater. 35 (2012) 960-969,2012.

[38] Yusuf, M.O. Johari, M.A.M. Ahmad, Z.A.
Maslehuddin, M. “Influence of curing methods and
concentration of NaOH on strength of the
synthesized alkaline activated ground slag-ultrafine
palm oil fuel ash mortar/concrete”, Constr. Build.
Mater. 66 (2014) 541-548, 2014.

AELST (" il o J35y S8 e s i [39)]
Je LB - Oleo sz 5 oW Jsle Chle 5 Jye
—A e ceolgzrisledic orajlss dle o Slidss ¢ " &lo b

A Ol s Y4

[40] Ariffin, M.A.M. Bhutta, M.A.R. Hussin, M.W.
Mohd-Tahir, M. “Sulfuric acid resistance of
blended ash geopolymer concrete”, Constr. Build.
Mater. 43 (2013)80-86, 2013.

[41] Rashidian-Dezfouli, Hassan. Rangaraju,
Prasada Rao. Sai Kumar Kothala, Venkat.
“Influence of selected parameters on compressive
strength of geopolymer produced from ground glass
fiber”, Construction and Building Materials,
Volume 162, 20 February 2018, Pages 393-405,
2018.

[42] Alomayri, Thamer. “Effect of glass microfibre
addition on the mechanical performances offly ash-
based geopolymer composites”, Journal of Asian
Ceramic Societies, Volume 5, Issue 3, Pages 334-
340, 2017.

[43] Alomayri, T. Shaikh, F.U.A. Low, |.M.
“Characterisation of cotton fibre-reinforced
geopolymer composites”, Composites Part B:
Engineering, Volume 50, Pages 1-6, 2013.
[44]Lemougna, P.N. MacKenzie, K.J.D. Melo,
U.F.C. “Synthesis and thermal properties of
inorganic polymers (geopolymers) for structural
and refractory applications from volcanic ash”,
Ceramics International, Volume 37, Issue 8, Pages
3011-3018, 2011.

[45] ASTM C39-Standard Test Method for
Compressive Strength of Cylindrical Concrete
Specimens

[46] Lee, Yuna. Kang, Seunggu. “Effect of the CaO
Content on Microstructure and Mechanical Strength

Sl by rol o 030 UL

[23] Abdollahnejad, Z. Pacheco-Torgal, F. Félix, T.
Tahri, W. Aguiar, J.B. “Mix design, properties and
cost analysis of fly ash-based geopolymer foam”,
Constr. Build. Mater. 80 (2015) 18-30,2015.

[24] Sanjayan, J.G. Nazari, A. Chen, L. Nguyen,
G.H. “Physical and mechanical properties of
lightweight aerated geopolymer”, Constr. Build.
Mater. 79 p236-244,2015.

[25]Thamilselvi, P. Siva, A. Damilola
Oyejobi.”Geopolymer concrete: overview,
International Journal of Advanced Research in
Engineering and Technology (IJARET) Volume 8,
Issue 6, pp. 10-14, 2017.

[26] Sekou, Traore. Sine, Diakite. Laucine, Traro D.
Bakaridjan, Conde. “Synthesis and characterization
of a red mud and rice husk based gepolymer for
engineering applications”, Macromlecul. Symp.
373 (2017) 1600090, 2017.

[27] Hafid, . El. Hajjaji, M. H. Hafid, El. “Influence
of NaOH concentration on microstructure and
properties of cured alkali-activated calcined clay”,
J. Build.Eng. 11 p 158-165, 2017.

[28] Anuradha, R. Sreevidya, V.
Venkatasubramani, R. Rangan, B.V. “Modified
guidelines for geopolymer concrete mix design
using indian standard”, Asian Journal of Civil
Engineering 13(3):353-364, Australia, 2012.

[29] Aquib Javeed, Mohamed. Kumar .M,
Veerendra. Narendra, H. “Studies on Mix Design of
sustainable Geo-Polymer Concrete”, International
Journal of Innovative Research in Engineering
&Management (IJIREM), 2015.

[30] Mehta, Ankur. Siddique, Rafat. “An overview
of geopolymers derived from industrial by-
products”, Construction and Building Materials,
Volume 127, Pages 183-198, 2016.

[31] Ahmari, S. Zhang, L. “Utilization of cement
kiln dust (CKD) to enhance mine tailings-based
geopolymer bricks”, Constr. Build. Mater. 40
(2013) 1002-1011,2013.

[32] Nath, S.K. Kumar, S. “Influence of iron
making slags on strength and microstructure of fly
ash geopolymer”, Constr. Build. Mater. 38 (2013)
924-930,2013.

[33] Adak, D. Sarkar, M. Mandal, S. “Effect of
nano-silica on strength and durability of fly ash
based geopolymer mortar”, Constr. Build. Mater. 70
(2014) 453-459,2014.

[34] Kusbiantoro, A. Nuruddin, M.F. Shafig, N.
Qazi, S.A. “The effect of microwave incinerated
rice husk ash on the compressive and bond strength
of fly ash based geopolymer concrete”, Constr.
Build. Mater. 36 (2012) 695-703, 2012.

[35] He, J. Zhang, J. Yu, Y. Zhang, G. “The strength
and microstructure of two geopolymers derived

r)sé)uavﬁékﬂJb‘&qQ@d/V\‘


https://www.sciencedirect.com/science/journal/09500618
https://www.sciencedirect.com/science/journal/09500618/127/supp/C
https://www.sciencedirect.com/science/article/abs/pii/S095006181731989X#!
https://www.sciencedirect.com/science/article/abs/pii/S095006181731989X#!
https://www.sciencedirect.com/science/article/abs/pii/S095006181731989X#!
https://www.sciencedirect.com/science/journal/09500618
https://www.sciencedirect.com/science/journal/09500618/162/supp/C
https://www.sciencedirect.com/science/article/pii/S218707641730101X#!
https://www.sciencedirect.com/science/journal/21870764
https://www.sciencedirect.com/science/journal/21870764
https://www.sciencedirect.com/science/journal/21870764/5/3
https://www.sciencedirect.com/science/article/abs/pii/S135983681300019X#!
https://www.sciencedirect.com/science/article/abs/pii/S135983681300019X#!
https://www.sciencedirect.com/science/journal/13598368
https://www.sciencedirect.com/science/journal/13598368
https://www.sciencedirect.com/science/journal/13598368/50/supp/C
https://www.sciencedirect.com/science/journal/02728842
https://www.sciencedirect.com/science/journal/02728842/37/8

w3 G U AT (sanlllas

of  Geopolymer  Concrete  Beams  with
GGBS”,International Journal of Recent Technology
and Engineering (IJRTE), Volume-7, Issue-6C2,
20109.

[61] Abraham, R. Raj, S,D. Abraham, V. ”Strength
and behaviour of geopolymer concrete beams”,
International Journal of Innovative Research in
Science, Engineering and Technology ; 2:159-66,
2013.

[62] Dattatreya, JK. Rajamane, NP. Sabitha, D.
Ambily, PS. Nataraja, MC. “Flexural behaviour of
reinforced  geopolymer  concrete  beams”,
International Journal of Civil and Structural
Engineering;2:138-59,2011.

[63] Kumaravel, S. Thirugnanasambandam, S.
“Flexural behaviour of geopolymer concrete
beams”, International Journal of Advanced
Engineering Research and Studies;3:4-6.27, 2013.

VD/C}A 5yleds R Je Jl o Oldass

of Fly Ash-Based Geopolymer”, Contemporary
Engineering Sciences 9(29):1413-1424, 2016

[47] Anas, M. lutfi, A. "engineering properties of
geopolymer mortar bricks", Thesis for Bachelor
Civil Engineering, , Malaysia, 2011.

[48] Qhatani, M. Nasser Yossef, M. "Investigating
the possibility of utilizing low kaolinitic clays in
production of geopolymer bricks”, Journal
Ceramics — Silikaty, Hawayia, Taif, Saudi Arabia,
54(2):160-168, 2010.

[49] Ahmari, S. Lianyang, Z. "Production of eco-
friendly bricks from copper mine tailings through
geopolymerization”, Construction and Building
Materials, 29, 323-331, 2012.

[50] Dongxu, L. Zhongzi ,X. Zhimin, L. Zhihua, P.
Cheng, L. "The activation and hydration of glassy
cementitious materials”, Cement and Concrete
Research, 1145-1152, 2002.

[61] Kayali, O. Zzhu,B. "Chloride induced
reinforcement corrosion in lightweight aggregate
high-strength fly ash concrete”, Construction and
Building Materials, 327-336, 2005.

ARalT obi" Sl (o 0356 el iy b [52]
oo Sliados M T Ul 5 53 O gl 2 ey 55 25815 51 3l
.\VQ? J':.E_Lic?\/—/\' W AN O)la.ni‘ AK 092 V.AJ dL.u

[53] Comrie, D. C. Paterson, J. H. Ritchey, D. J.
"Geopolymer Technologies in Toxic Waste
Management", First European Conference on

Soft Mineralurgy, Compiegne, France,1988.

[54] Ranjbar, N. Mehrali, M. Maheri, M.R. Mehrali,
M. “Hot-pressed geopolymer”, Cem. Concr. Res.
100 (2017) 14-22, 2017.

[55] Ranjbar, N. Kashefi, A. Maheri, M.R. “Hot-
pressed geopolymer: dual effects of heat and curing
time”, Cem. Concr. Compos. 86 (2018) 1-8,2018.
[G6]JASTM C496- Standard Test Method for
Splitting Tensile Strength of Cylindrical Concrete
Specimens.

[57] Kolli, Ramujeea. PothaRajub, M. “Mechanical

Properties of Geopolymer Concrete Composites”,
5th  International Conference of Materials
Processing and Characterization, VVolume 4, Issue 2,
Part A, Pages 2937-2945, 2017.

[58] Cohn, M.Z. Bartlett, M. Computer-simulated
flexural tests of partially pre-stressed concrete
sections. ASCE Journal of Structural Division,
108(ST12): 2747-2765, 1982.

[59] Esfahani, M. R. Kianoush, R. Mousavi, R.
Flexural ductility of reinforced concrete beams with
lap-spliced bars, Canadian Journal of Civil
Engineering, DOI: 10.1139/cjce-2013-0074, 2014.
[60] Ratna srinivas, M. Himath Kumar, Y. Sarath
Chandra Kumar, B. “Studies on Flexural Behavior


http://www.sciencedirect.com/science/journal/09500618
http://www.sciencedirect.com/science/journal/09500618
http://www.sciencedirect.com/science/journal/09500618/29/supp/C
http://www.sciencedirect.com/science/article/pii/S000888460200755X
http://www.sciencedirect.com/science/article/pii/S000888460200755X
http://www.sciencedirect.com/science/article/pii/S000888460200755X
http://www.sciencedirect.com/science/article/pii/S000888460200755X
http://www.sciencedirect.com/science/article/pii/S000888460200755X
http://www.sciencedirect.com/science/article/pii/S000888460200755X
http://www.sciencedirect.com/science/journal/00088846
http://www.sciencedirect.com/science/journal/00088846
http://www.sciencedirect.com/science/article/pii/S0950061804001539
http://www.sciencedirect.com/science/article/pii/S0950061804001539
http://www.sciencedirect.com/science/journal/09500618
http://www.sciencedirect.com/science/journal/09500618
https://www.sciencedirect.com/science/journal/22147853/4/2/part/PA
https://www.sciencedirect.com/science/journal/22147853/4/2/part/PA

Abstract

Experimental study of ductility and mechanical properties of geopolymer
concrete produced with aluminosilicate materials
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Abstract

The purpose of this research is producing geopolymer concrete in order to reduce the consumption
of cement in the construction industry to preserve environmental benefits. In this study, the
production of geopolymer concrete using mineral soils of different regions of Iran and industrial
by-products has been studied and parameters such as type of raw material, curing temperature,
applying pressure during construction, type of alkaline solution and age of samples on
compressive strength of concrete samples have been studied. 120 cubic samples with dimensions
of 50 x 50mm and 64 cubic samples with dimensions of 100 x 100mm for compressive strength
test, 76 cylindrical specimens with a diameter of 150 mm and a height of 300 mm for compressive
and tensile strength test and 9 beams with dimensions of 150x150x1200 mm for flexural strength
test were made. The ductility and load bearing capacity of the geopolymer and cement concrete
samples were compared and the results were analyzed. The compressive strength of the
geopolymer concrete produced in this study by using slag, which are the by-products of the
industry, and the mineral soils of zeolite, perlite and bentonite, was obtained between 10 and 62
MPa under different curing conditions. Geopolymer concrete showed better results in tensile tests
on cylindrical specimens and four-point bending tests than conventional concrete on steel
reinforced beams. The ductility of beam samples made of geoplymer concrete containing zeolite
and slag is about 14% and 43% higher than that of cement concrete samples in the flexural strength
test, respectively.

Keywords: Geopolymer concrete, aluminosilicate materials, final capacity, compressive and
flexural strength.
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