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|=Q@ w x}yD u=DURwN u=DU= QyWy=t QOv@ R= Q[=L VywSB QO xOW |UQQ@ l =N
|Ov@xv=O |vLvt "CU= xOW xO=iDU= QD VwQ R= 'Q_v OQwt l =N |Ov@xv=O u}}aD
?} Q[ "OwW|t xOy=Wt 1 pmW QO |QDtwQO}y w lr= |=yuwtR; R= pY=L
?} Q[ w 0/48 Q@=Q@ xOW s=Hv= |QDtw�O= uwtR; T=U= Q@ QwmPt l =N |oOQWi
"CU= xOt; CUO x@ �42 's}mLD uwtR; R= R}v u; O=R; sQwD w xOw@ 0/11 u; sQwD
x}=B l =N |wQ Q@ �xOv=Qo =U=m s=H VwQ x@� |v=wQ w |Q}tN OL uwtR; u}vJty
XN=W xH}Dv QO w OYQO 73 w 29 ?}DQD x@ =yv; Q}O=kt xm 'CU= xOW s=Hv=

"CU= xOW �44 Q@=Q@ 7 �PI� |Q}tN
xHwD =@ w |Ov@xv=O 'nQ@ QD= OwOL |=yuwtR; R= xOt; CUO x@ G}=Dv T=U= Q@
�CH� q=@ |Q}tN XN=W =@ TQ 'x}=B l =N '8OLDt l =N |Ov@xk@] VwQ x@
�PI > 40� ,=twta Q}N= xwQo |=yl =N |Q}tN XN=W x@ xHwD =@ "CU= xOw@
=@ |=yl =N xwQo QO =Q =yv; u=wD|t [13]'uD}vU= |Ov@xk@] R= xO=iDU= =@ u}vJty w
lWN XwYNt uRw |xv}W}@ w xv}y@ C@ w]Q OYQO "O=O Q=Qk q=@ |tQwD p}Uv=DB
x@ OQ=Ov=DU= sm =QD uwtR; T=U= Q@ ?amtQDt Q@ uDw}vwr}m 15/6 w �22 ?}DQD x@

"CU= xOt; CUO
�xOvvmC}@FD� u=t}U �

xm 'CU= xOw@ II ẁv OvrDQB u=t}U ẁv R= Q[=L VywSB QO xOW xO=iDU= u=t}U
2800 R= V}@ u; 9u}r@ |tQv '?amtQDt|Dv=U Q@ sQo 3/11 u; XwYNt uRw
C=YNWt Q}=U "CU= xOw@ �0/6 R= QDtm u; wqmwD= \=U@v= w sQo Q@ `@ QtQDt|Dv=U

"Q[=L VywSB QO xOW xO=iDU= |=yOQ=Ov=DU= "1 pwOH
OQ=Ov=DU= uwtR;

ASTM D422[14] |Ov@xv=O
ASTM D2435 |QDtw�O=
ASTM D5890 O=R; sQwD

ASTM D4318[15] nQ@ QD= OwOL
ASTM D2487[16] OLDt |Ov@xk@]
ASTM D698[17] OQ=Ov=DU= QwDmwQB
STM D2166[18] xOWvQwYLt |Q=Wi Ctw=kt

ASTM D2850[19] �UU� |QwLtxU Ctw=kt

"�|QDtwQO}y w lr= VwQ x@� x}=B l =N |Ov@xv=O |vLvt "1 pmW

s}kDUt VQ@ w 2 �CBR� Q; "|@ "|U '�l =N C=QP |xS} w K]U Q=Okt x@
TQ l =N |UOvyt X=wN QO =Q u=t}U w ly; ?}mQD Q=F; 'xOWv|WmyR
w ly; ?}mQD uOwRi= xm OvDi=} QO w OvOQm |UQQ@ xDi=}s}mLDV}@ |xOvwWsQwDt
xH}Dv QO w |tQwD X=wN w |Q}tN XN=W Vy=m Ea=@ 'QwmPt l =N x@ u=t}U
[5]"OwW|t u;|WQ@Ctw=ktV}=Ri= w xOWC}@FD l =N CBRV}=Ri= 'u; QDy@ sm =QD
ẁv wO |m}vmDw�S X=wN QO u=t}U ẁv w Oqwi |xQ=@ QU Q}F-=D |=yuwtR;

312 |wQ Q@ �2018� u=Q=mty w |Oy=t \UwD |tHL sQwD =@ xOvwWsQwDt l =N
OL w 3 �LL� |v=wQ OL xm O=O u=Wv w OW s=Hv= hrDNt \qDN= 18 =@ xvwtv
QDW}@ Q}O=kt |=Q@ w O@=}|t Vy=m �10 =D u=t}U uOwRi= =@ l =N 4 �PL� |Q}tN
V}=Ri= ?@U u=t}U =@ l =N C}@FD u}vJty "OwW|t |W}=Ri= u; OvwQ '�10 R=
|=Q@ w QDW}@ II w I ẁv |=yu=t}U |=Q@ xOW xQ=W= V}=Ri= xm 'OwW|t l =N pH

|Q=Wi Ctw=kt Ow@y@ ?Hwt R}v 'l =N x@ u=t}U uOwRi= "CU= xOw@ QDtm IV ẁv
[6]"CU= xOW l =N 5 �UCS� |xOWvQwYLt

Ov}=Qi =@ \@DQt |=yxOv}q; O}rwD Vy=m w CU} R\}Lt ^iL C}ty= x@ xHwD =@
C}rw�R Ovv=t '|a}@] |=yuqwRwB R= xO=iDU= '|}xv=Nro |=yR=o xrtH R= 'u=t}U O}rwD
u;|v} Ro}=H w u=t}UhQYtVy=m\UwD Ov=wD|t u=t}U R=|WN@|v} Ro}=H|=Q@
Vy=m ?@U 'CU} R\}Lt Q=OCUwO O=wt =} |DavY |=yOv}=Qi R= |Di=} R=@ O=wt =@
[7]"OwW CU} R\}Lt ^iL w |SQv= hQYt Vy=m '|a}@] `@=vt |x} wQ|@ hQYt
ẁv OvrDQB u=t}U|vOwRi= Q}F-=D '�2020 w 2017 '2016� u=Q=mty w|U=@aqt

xOWvQwYLt |Q=Wi Ctw=kt uwtR; s=Hv= =@ =Q |}xU=t |=yl =N QO C}rw�R w II

l =N |oDN}Uo w |Dtw=kt C=}YwYN xm OvDi=} QO w OvOQm |UQQ@ |QwLtxU w
"Ovm|t =O}B Ow@y@ |Qw;pta u=tR CWPo =@ u=t}U |=H x@ C}rw�R |v} Ro}=H =@
hrDNt Q}O=kt |w=L |=yxvwtv |=Q@ R}v 6 �COD� uS}Um = |}=}t}WCU=wN uwtR;
Q=Okt xm OW xOy=Wt w s=Hv= |]}Lt CU} R |@=} RQ= l} u=wva x@ =y|vOwRi=

[10�8]"CU= xDi=} V}=Ri= C}rw�R =@ u=t}U |v} Ro}=H V}=Ri= =@ COD

|xOvwWsQwDt l =N |m}v=mt Q=DiQ |UQQ@ QO '�2021� u=Q=mty w |OtL=
?@U 'C}rw�R =@ u=t}U|v} Ro}=HV}=Ri= xm OvDi=} QOC}rw�R w u=t}U =@ xOWC}@FD
|xv}y@ C@ w]Q OYQO u}vJty w lWN l =N |xv}W}@ XwYNt uRw Vy=m
R}v '�2021� u=Q=mty w u=}m Q=} QyW [11]"OwW|t C}rw�R w u=t}U 'l =N ?}mQD
u}}=B |Q}tN XN=W =@ l =N |m}v=mt Q=DiQ QO C}rw�R w u=t}U Q}F-=D |UQQ@ QO
�3 uOwRi= xm OvDi=} QO ?wP � u=Ov@N} |=yxNQJ CLD TQ w Cr}U 'xU=t |w=L
VvQm w xOWvQwYLt |Q=Wi Ctw=kt V}=Ri= ?@U |v=t}U |=yxvwtv x@ C}rw�R

[12]"CU= xOW u=t}U =@ xOW C}@FD |=yxvwtv x@ C@Uv |oDN}Uo
C=}YwYNV}=Ri= QOC}rw�R w u=t}U QF= u=tRsy|UQQ@ x@ Q[=LVywSB QO
xDN=OQB|QwLtxU|y=oW}=tR;|=y|UQQ@ s=Hv=j} Q]R= xOvwWsQwDtl =N|Dtw=kt
x@ C}rw�R |irDNt Q}O=kt w u=t}U R= |irDNt |=yOYQO Qw_vt u}= x@ "CU= xOW
w xO=iDU= xOvwWsQwDt l =N C}@FD |=Q@ |iQYt u=t}U R= |WN@ |v} Ro}=H Qw_vt
|xDi=}vs}mLD |QwLtxU w xOWvQwYLt |Q=Wi Ctw=kt |y=oW}=tR; |=yuwtR;
"CU= xOW|UQQ@ u;G}=Dv w s=Hv= xRwQ 28 w 7|Qw;pta|=yu=tR QO xOWv|WmyR

=yVwQ w O=wt "2
OvwQ TBU w xDN=OQB |iQYt Kr=Yt w x}=B l =N |iQat x@ =OD@= 'Q[=L VN@ QO
|=yOQ=Ov=DU= |t=tD "CU= xOW xO=O KQW ,=QYDNt |y=oW}=tR; |=yuwtR; s=Hv=
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'x}=B l =N uOw@ xv=OR} Q x@ xHwD =@ 'Q[=L VywSB QO |m}v=mt uwtR; s=Hv= |=Q@
|v} Ro}=H Q}O=kt 'C}rw�R |=Q@ w u=t}U OYQO 12 w 10 '8 '6 u=t}U |=yC@Uv
xOW xDiQo Q_v QO u=t}U XNWt Q=Okt Qy R= OYQO 90 w 70 '50 '30 '10 '0
x�=Q= sm =QD |=yuwtR; G}=Dv R= =yxvwtv lWN XwYNt uRw |=Q@ "�4 pwOH� CU=
xO=iDU= 'xOW x�=Q= 3 pwOH QO xm [11]'�2011� u=Q=mty w |OtL= VywSB QO xOW
� u=t}U � l =N R= Q_v OQwt \qDN= KQ] Qy |=Q@ xm CQwY u}O@ "CU= xOW
�wopt� xv}y@ C@ w]Q w �
dmax� xv}W}@ lWN XwYNt uRw uDUv=O =@ 'C}rw�R
w Kr=Yt Q_v OQwt Q}O=kt '|tHL � |vRw \@=wQ R= xO=iDU= w KQ] Qy x@ \w@ Qt
xvwtv Qy CN=U w \qDN= CyH '�98 Q@=Q@ �Rd� sm =QD |xHQO |=Q@ ?; u=R}t

"CU= xOt; CUO x@

d = (Rd = �98)� 
d max (2)

|Q=Wi |=yuwtR; |=y|R=Uxvwtv |=Q@ �98 sm =QD |xHQO xm CU= QmP u=}=W
"CU= xOW xO=iDU= xOWv|WmyR |xDi=}vs}mLD |QwLtxU w xOWvQwYLt

w xOW x@U=Lt 2 |x]@=Q T=U= Q@ Kr=Yt uRw Q=Okt '=yxvwtv CN=U |=Q@
CQwY x@ \qDN= KQ] Qy ?r=k XNWt sHL x@ xHwD =@ =yv; XDNt ?; Q=Okt
VwQ x@ 'xR=Ov=sy |x}q xU QO xOW QmP Q=Okt |t=tD w xOW \wrNt sy =@ uoty
xm |Qw] x@ 'CU= xOW xO}@ wm xDUy; C=@ Q[ =@ |Rri |xr}t =@ |m}D=DU= sm =QD
|Q}oQO O=H}= CyH 'x}q Qy uO}@ wm R= TB "OQ}ov Q=Qk Q}F-=D CLD l =N |voty
TBU "CU= xOW xOR |}=yV=QN 'x}q wO u}@ p=YD= uOQw; OwHw x@ w K]U QO
QO =D OvDiQo Q=Qk |B} R |=yxU}m QO '|Qw;pta u=tR QO C@ w]Q^iLCyH =yxvwtv
Q=Qk |Qw;pta CLD '�90 |q=@ C@ w]Q w O=Qo|Dv=U |xHQO 24 =D 21 j=D= |=tO
xDN=U xRwQ 28 w 7 |Qw;pta u=tR wO |=Q@ |}=yxvwtv '=yuwtR; |t=tD |=Q@ "OvQ}o
|}=y?r=k QO |Dtw=kt |=yuwtR; |=yxvwtv xm CU= |QwQ[ xDmv u}= QmP "OvOW

"Ov=xOW x}yD QDt|r}t 95 `=iDQ= w QDt|r}t 45 Q]k =@ |}xv=wDU=
xOWvQwYLt |Q=Wi uwtR; �

x@ xv}y@ C}rw�R OYQO uOQw; CUO x@ 'xOWvQwYLt |Q=Wi uwtR; s=Hv= R= hOy
'QwmPt uwtR; "CU= |QwLtxU |=yuwtR; s=Hv= |=Q@ u=t}U hrDNt Q}O=kt <=R=
CaQU "CU= |@v=H Q=Wi I}y uwO@ |Q=Wi Ctw=kt `} QU w |@} QkD u}}aD |=Q@
'xk}kO Qy QO xm CU= xOW s}_vD |}xvwo x@ xOWvQwYLt |Q=Wi uwtR; QO |Q=PoQ=@
|wQ}v Q=Okt 'u}at |=ypmWQ}}eD <=R= x@ "OwW O=H}= xvwtv QO |QwLt VvQm �1
xvwtv QO VvQm �15 xm |v=tR =} w |oDN}Uo u=tR =D R}v |Q=PoQ=@ w CW=OO=} 'xOQ=w
"CU= xOW s=Hv= |Q=Wi Ctw=kt uwtR; 48 pm QO "CU= xDi=} xt=O= 'OwW O=H}=

(UU) xOWv|WmyR |xDi=}vs}mLD |QwLtxU uwtR; �
l =N |=yxvwtv |wQ Q@ 'xOWv|WmyR |xDi=}vs}mLD |QwLtxU uwtR; 48 O=OaD
G}=Dv w s=Hv= xv}y@C}rw�R � u=t}U?}mQD w u=t}U =@ xOWC}@FD |xOvwWsQwDt TQ
|rN=O l =m]Y= |x} w=R C=Q}}eD |=yQ=Owtv w pwOH CQwY x@ '=yv; R= pY=L
s=Hv= |=yuwtR; "CU= xOW x�=Q= |DNU w |oDN}Uo VvQm '�C� |oOv@UJ w �'�
xt=O= �15 |QwLt VvQm =D xOWvQwYLt |Q=Wi uwtR; Ovv=ty '|QwLtxU |xOW
"CU= xDiQo CQwY |QDtm |=yVvQm QO =yxvwtv |oDN}Uo xJQo = &CU= xDi=}
Q=Wi p=ta= s=ovy xm OQm xQ=W= O}=@ xOWv|WmyR |xDi=}vs}mLD uwtR; OvwQ QO
"OwW|tv xO=O |WmyR |xR=H= 'xvwtv x@ p=mU=B wr}m 200 w 100 '50 |}x_iLt

'u; j@=]t xm 'CU= xOW x�=Q= 2 pwOH QO R}v xOW xO=iDU= u=t}U|m} R}i w|}=}t}W
|=yVvm =w QO xm 'CU= �CaO� s}UrmO}Um = 'u=t}U |xOvyOp}mWD C=QP QDW}@

[11]"Ovvm|t CmQW uw}U=D=QO}y
�|vOwRi=� C}rw�R �

VywSB QO "OQ}o|t Q=Qk ML xwQo QO C}rw�R 'OLDt |Ov@xk@] sDU}U T=U= Q@
=@ C}rw}DB wv}rm ẁv R= 3 pwOH QO xOW x�=Q= C=YNWt =@ |vOat C}rw�R 'Q[=L

[11]"CU= 1 |x]@=Q j@=]t |}=}t}W pwtQi
(Na;K)2O �Al2O3 � 10SiO2 � 6H2O (1)

[11]"xOW xO=iDU= u=t}U |m} R}i w |}=}t}W C=YNWt "2 pwOH
|}=}t}W R}r=v;

xOW xO=iDU= OYQO =yO}Um =
0/18 Na2O
4/68 Al2O3
21/4 SiO2
2/3 SO3
0/51 K2O
62/9 CaO

3/75 Fe2O3
4/1 MgO

0/81 L.O.I

Ctw=kt w |m} R}i C=}YwYN

|Q=Wi Ctw=kt RwQ 3 20 <

(MPa)
RwQ 7 31 <
RwQ 28 380 <

C=m} w uwtR; Initial (min) 120 <
Final (hr) 3%30

[11]"xOW xO=iDU= C}rw�R |m} R}i w |}=}t}W C=YNWt "3 pwOH
|}=}t}W R}r=v;

��� xOW xO=iDU= OYQO =yO}Um =
2/31 Na2O
13/62 Al2O3
66/93 SiO2
1/36 SO3
2/38 K2O
4/41 CaO

2/9 Fe2O3
2/54 MgO

3/82 L.O.I

|m} R}i |=y|oS} w
(g=mc3) xS} w K]U 1000

(meq/g) |vw}D=m pO=@D C}iQ_ 2/6
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Q}F- =D"OQ=Ov=DU= QwDmwQB |=yuwtR; R= pY=L Q}O=kt w \qDN= KQ] "4 pwOH
(
dmax) xv}W}@ lWN XwYNt uRw (wopt) xv}y@ C@w]Q |vOwRi=

(kN=m3) ��� C}rw�R ��� u=t}U
1/56 22 0 0
15/29 27/1 0

6
15/09 25/3 10
14/80 24/8 30
14/70 24 50
14/50 23/2 70
14/41 21/7 90

15/48 28/4 0

8
15/39 27/6 10
15/09 25/7 30
14/80 24/6 50
14/70 24/1 70
14/41 22/3 90

15/78 30/6 0

10
15/48 28/7 10
15/29 27/7 30
14/99 26/4 50
14/90 25/9 70
14/50 23/8 90

15/88 31/5 0

12
15/58 29/6 10
15/48 28/3 30
15/19 28 50
14/99 27/1 70
14/70 25/9 90

s=Hv= C}rw�R w u=t}U hrDNt |=yOYQO |w=L |=yxvwtv |wQ Q@ UU |QwLtxU
|xQwO wO |=Q@ '|Dtw=kt |=yuwtR; |=Q@ =yxvwtv xm CU= QmP x@ sRq "CU= xOW
|=yuwtR; R= pY=L G}=Dv 'xt=O= QO "OvDiQo Q=Qk |Qw;ptaCLD xRwQ 28 w 7 |v=tR

"Ov=xOW x�=Q= Q}UiD x@ Q}N=

xOWvQwYLt |Q=Wi uwtR; G}=Dv "1"4
w u=t}U =@ xOW C}@FD |=yxvwtv �UCS� |xOWvQwYLt |Q=Wi Ctw=kt Q}O=kt
'OvwW|t xOy=Wt 4 w 3 |=ypmW QO 'xRwQ 28 w 7 |Qw;pta u=tR wO QO C}rw�R
|Dtw=kt QDt=Q=BV}=Ri=?@U 'OYQO 12 x@ 6 R= u=t}U Q=OktV}=Ri= '=yv; j@=]t xm
uw}U=D=QO}y Vvm =w u=R}t V}=Ri= |xH}Dv =Q u; u=wD|t xm 'CU= xOW UCS

'u=t}U XNWt OYQO Qy QO 'xt=O= QO "CUv=O u=t}U � l =N ?}mQD QO u=t}U
QO =yxvwtv UCS Vy=m 'C}rw�R =@ |iQYt u=t}U R= OYQO 90 =D 10 |v} Ro}=H
'|vqwRwB Vvm =w uOw@ Q@u=tR x@ xHwD =@ "CU= xOw@ OwyWt xRwQ 7 |Qw;pta u=tR

x@ �XwYNt |m}DUq xkrL� nv} Qw= wO \UwD <=We =OD@= '=yuwtR; s=Hv= |=Q@
|=ynvU w |i=Y |=yPe=m x=Qty x@ xvwtv |Q=Po}=H R= TB w pYDt |v}}=B |x}=B
x@ u; |=yp=YD= s=Hv= 'xvwtv |wQ Q@ =We uO=O Q=Qk w |v}}=B |x}=B Q@ pNrNDt
QwmPt |xawtHt |wQ Q@ x_iLt w xOW s=Hv= nv} Qw= wO \UwD |}q=@ lyqm
=D OW pYDt xvwtv lyqm x@ |t=Q; x@ 'Q=@ p=ta= uwDU}B TBU "CU= xDiQo Q=Qk
CLD x_iLt C}=yv QO w OvDUy =DU=Qsy uwDU}B w lyqm xm OwW pY=L u=v}t]=
|QwLtxU x=oDUO |=tv '2 pmW QO "CiQo Q=Qk |QwLt |wQ}v w x@v=Hxty Q=Wi

"OwW|t xOy=Wt Q[=L VywSB |=yuwtR; |=Q@ xOW xOQ@ Q=m x@

G}=Dv p}rLD w x} RHD "4
u=t}U =@ xOW C}@FD |xOvwWsQwDt TQ l =N |m}v=mt X=wN 'Q[=L VywSB QO
w xOWvQwYLt |Q=Wi |=yuwtR; 'Qw_vt u}= x@ "CU= xOW |UQQ@ C}rw�R w
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=v}twr; w =m}r}U OL R= V}@ V}=Ri= ?Hwt 'C}rw�R =@ u=t}U �30 R= QDW}@ Q}O=kt
CtUk w xOW hQYt ,qt=m Ca(OH)2 =Pr 'CU= xOW Ca(OH)2 x@ C@Uv
Vy=m =yxvwtv |}=yv Ctw=kt w xOQmv CmQW |vqwRwB Vvm =w QO C}rw�R s_a=
VywSB QO xOW xOy=Wt |}=}t}W |Q=DN=UR} Q C=Q}}eD 'u}vJty [21]"CU= xDi=}
O}rwD Q=Okt XwYN QO xOW KQ]t OQ=wt R}v [22]'�2020� Vv=Q=mty w x=vBOR}=
u} QDW}@ xm CU= QmP u=}=W "Ovvm|t C=@F= =Q u=tR QPo QO C}rw�R |v=t}U |=ypS
=@ u=t}U |v} Ro}=H u=R}t w u=t}U �12 =@ xOW C}@FD |xvwtv QO UCS Q=Okt

"CU= xOt; CUO x@ �30 C}rw�R

|QwLtxU uwtR; G}=Dv "2"4
�15 VvQm =D =yxvwtv VvQm � VvD Q=DiQ "1"2"4

R= pY=L �u=t}U �10 |=Q@ xvwtv CQwY x@� VvQm � |i=QLv= VvD |=yQ=Owtv
QO |D}rw�R � |v=t}U w |v=t}U |=yxvwtv |wQ Q@ 'xOW s=Hv= |QwLtxU |=yuwtR;
CLD |xvwtv QO VvD V}=Ri= '=yv; x@ xHwD =@ xm 'OwW|t xOy=Wt 6 w 5 |=ypmW
C@=F ,=@} QkD |@}W =@ xm |Qw] x@ 'CU= OwyWt u} R=e; |=yVvQm |i=QLv= Q=@ QF=
'|oDN}UoVvQm x@ uOWl}ORv =@ xmCU= xOy=Wt p@=k =yxvwtv QO "Ov=xDi=}V}=Ri=
u}= "CU= xO=O MQ |oDN}Uo 'TBU w xDi=} Vy=m VvQm � VvD Q=Owtv ?}W
x@ xHwD =@ "CU= |v=t}U l =N |xOvvmW w OQD Q=DiQ R= |W=v Ctw=kt Vy=m
OQD w xOvvmW |Q=DiQ '|v=t}U |=yxvwtv xm Ci=} QO u=wD|t xOW xOy=Wt |=yQ=DiQ
R= |v=t}U |=yxvwtv =@ xU}=kt QO Q}PBh=]av= |Q=DiQ |D}rw�R � |v=t}U |=yxvwtv w
u=tR wO whrDNt |=yxvwtv QOVvQm �VvD |=yQ=Owtv|UQQ@ =@ "OvyO|t RwQ@ OwN
w 100 x@ 50 R= x@v=Hxty Q=Wi V}=Ri= xm Ci=} QO u=wD|t 'xRwQ 28 w 7 |Qw;pta
xm 'CU= xOW CU=Q w q=@ CtU x@ |oDN}Uo \=kv p}=tD ?@U 'p=mU=B wr}m 200
|=yQ=Owtv R= xO=iDU= =@ "CU= xOt;CUO x@ |oDN}UoVvQmV}=Ri= u; |xH}Dv QO
"Ov=xOW |UQQ@ xt=O= QO =yxvwtv |DNU w xv}W}@ Ctw=kt |=yQDt=Q=B 'VvQm � VvD
Ctw=kt QO |Qw;pta u=tR w C}rw�R � u=t}U 'u=t}U uOwRi= Q}F-=D "2"2"4

xv}W}@
w |v=t}U |=yxvwtv |wQ Q@ |QwLtxU |=yuwtR; R= pY=L G}=Dv |UQQ@ =@

"|QwLtxU x=oDUO |=tv "2 pmW

C}rw�R w u=t}U C=Q}}eD ?UL Q@ xOWvQwYLt |Q=Wi Ctw=kt C=Q}}eD "3 pmW
"|Qw;pta RwQ 7 =@

Oy=wNv |i=m Q}N= Vvm =w ẁQW |=Q@ xRwQ 7 |Qw;pta u=tR xm OQm u=}@ u=wD|t
'xRwQ 7 |Qw;pta u=tR QO C}rw�R R= Q=Okt Qy =@ u=t}U |v} Ro}=H u}=Q@=v@ "Ow@
pS Q}O=kt 'xH}Dv QO xm &OwW|t uw}U=D=QO}yVvm =w |=Q@ u=t}U Q=OktVy=m?@U
Vy=m |vqwRwB Vvm =w QO xOW O}rwD 10 �C-S-H� C=QO}y � C=m}r}U � s}Urm

[20w 9]"Ov=xDi=} |O}OW Vy=m =yxvwtv UCS w
V}=Ri= ?@U �30 =D C}rw�R =@ u=t}U |v} Ro}=H '|Qw;pta RwQ 28 R= TB
=D u; R= QDW}@ Q}O=kt |v} Ro}=H =t= "CU= xOW C}@FD |=yxvwtv UCS TwULt
u=t}U |v} Ro}=H �30 =Pr "CU= xOW =yxvwtv UCS Q}otWJ Vy=m ?@U '�90
"CU= xOW xO=iDU= |QwLtxU |=yuwtR; s=Hv= |=Q@ xv}y@ Q=Okt u=wva x@ C}rw�R =@
Ca(OH)2 Q=Okt 'QwmPt |xvwtv QO xmCio u=wD|t xOt;CUO x@ G}=Dv x@ xHwD =@
C}rw�R QO OwHwt |=v}twr; w =m}r}U Q}O=kt =@ 'u=t}U uw}U=D=QO}yVvm =w R= pY=L
Vvm =w QO u=tR CWPo =@ Q}N= O=wt |t=tD xm CU= xOW ?@U w xO}UQ pO=aD x@
'xH}Dv QO w OvwW 11 C-A-H w C-S-H |=ypS O}rwDEa=@ w OvvmCmQW |vqwRwB
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V}=Ri= p}rO x@ 'Q}N= OvwQ "CU= xOW =yxvwtv Ctw=kt QO |W}=Ri= |OvwQ
V}=Ri= "CU= xOW pY=L l =N QO u=t}U uw}U=D=QO}y Vvm =w |=yxOQw;Qi
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Vvm =w CiQW}B w ẁQW |=Q@ R=}v OQwt u=tR uOw@ |i=m p}rO x@ |D}rw�R � |v=t}U
|=v}twr; w =m}r}U u}@ Vvm =w s=Hv= |=Q@ |i=m u=tR 'COt u}= QO "CU= |vqwRwB
xOW sy=Qi u=t}U uw}U=D=QO}y Ov}=Qi R= pY=L Ca(OH)2 =@ C}rw�R QO OwHwt
|D}rw�R � |v=t}U |=yxvwtv QO |Qw;pta u=tR Q}F-=D xm CU= QmP x@ sRq "CU=
u=wD|t =Q Q}N= |=yuwtR; R= pY=L G}=Dv "CU= xOw@ |v=t}U |=yxvwtv R= QDW}@
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|D}rw�R � |v=t}U |=yxvwtv |rN=O l =m]Y= |x} w=R w |oOv@UJ '|Qw;pta
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T=tD R= l =N |WQ@ Ctw=kt xm OQ=O l =N Q=DiQ lQO QO |tyt Vkv CyH u;
|xOvvmOwOLt pt=wa QO x}L=v u} QDh}a[ 'Ck}kL QO "Ovm|t =O}B p=kDv= u; C=QP
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u=tR V}=Ri= xm OQm xOy=Wt u=wD|t 10 pmW x@ xHwD =@ "CUv=O u; R= |W=v
|D}rw�R � |v=t}U |=yxvwtv E50 Q}O=kt uDiQo |W}B ?@U 'RwQ 28 x@ |Qw;pta

"|Qw;pta RwQ 7 =@ =yxvwtv |}x_iLt VvD E50 C=Q}}eD "9 pmW

"|Qw;pta RwQ 28 =@ =yxvwtv |}x_iLt VvD E50 C=Q}}eD "10 pmW

17



"""|
WQ@

Ct
w=kt

QOC
}rw�R

wu
=t}U

Q}F- =D"RwQ 28 w 7 |Qw;pta u=tR wO QO � w C Q}O=kt "5 pwOH
l =m]Y= |x}w=R �C� |oOv@UJ l =m]Y= |x}w=R �C� |oOv@UJ |v} Ro}=H ��� u=t}U(�) |rN=O (kPa) (�) |rN=O (kPa) ��� C}rw�RxRwQ 28 xRwQ 7

135 41/6 0 0
40/5 276/9 27/4 137/3 0 640/6 297 25/9 125/2 30
43/5 354/3 33/4 153/9 0 845/3 377/9 32/7 132/7 30
41/6 410/3 38/1 226/3 0 1048/6 500/49 37/7 190/3 30
50/4 540/5 39/8 201/1 0 1251/2 600/53 38/8 184/9 30

|v=t}U w |v=t}U |=yxvwtv �SEM� |vwQDmr= AwmUwQm}t Q} w=YD "11 pmW
"|Qw;pta RwQ 7 R= TB xv}y@ |D}rw�R

|v=t}U w |v=t}U |=yxvwtv �SEM� |vwQDmr= AwmUwQm}t Q} w=YD "12 pmW
"|Qw;pta RwQ 28 R= TB xv}y@ |D}rw�R

l =N C=QP w u=t}U u}@ Vvm =w R= CU= umtt p=kDv= |L=wv QO O}OH CqwYLt
R= xOt; O}OB pS "OwW|t QHvt =Q xD=QO}y s}Urm C=m}r}U pS p}mWD xm 'OW=@
Ctw=kt V}=Ri= w |Q}owrH p=kDv= |L=wv QO s}UrmO}UmwQO}y QDW}@ Q=Okt V}=O}B
|xR=Ov= QO Q}}eD xrtH R= |D=Q}}eD u=wD|t SEM Q} w=YD =@ [23]"Ovm|t pY=L =Q
Ctw=kt QO s}kDUt Q}F-=D xm =Q 'C-S-H pS \UwD l =N Ci=@ uOW |v=t}U 'C=QP
�12 uOwRi= xm OyO|t u=Wv 11 pmW |=yQ} wYD |UQQ@ "OQm |UQQ@ 'OQ=O xvwtv
C=m}r}U pS uOW pY=L ?@U RwQ 7 R= TB xOvwWsQwDt TQ l =N x@ u=t}U
'C}rw�R |w=L |xvwtv QO =t= "CU= xOW p=kDv=|L=wv uOW QDlJwm w xD=QO}y s}Urm
OQ=w C}rw�R C=QP '|vqwRwB Vvm =w ẁQW |=Q@ |Qw;pta u=tR uOw@ sm ?@U x@
|v=t}U |xvwtv x@ C@Uv |OwyWt C=Q}}eD VwNDUO l =N Ci=@ w xOWv Vvm =w
=@ xm OyO|t u=Wv 12 pmW |B wmUwQm}t Q} w=YD |xOy=Wt =t= "CU= xOWv
QO |Q}otWJ CiQW}B C}rw�R |w=L |=yxvwtv 'RwQ 28 =D |Qw;pta u=tR V}=Ri=
|=yVvm =w |=yxOQw;Qi xm |Qw] x@ 'Ov=xO=O u=Wv OwN R= p=kDv= |L=wv sHLVy=m
V}=Ri= |v=t}U |xvwtv x@ C@Uv |yHwD p@=k Q=Okt x@ |vqwRwB w uw}U=D=QO}y
xOW xvwtv pNrND Vy=m ?@U xD=QO}y s}Urm C=m}r}U pS u=R}t V}=Ri= w xDi=}

"CU=

|Q}oxH}Dv "6
u} Ro}=H u=wva x@ 'C}rw�R |vOat |xO=t R= xO=iDU= Q=F; |UQQ@ x@ Q[=LVywSB QO
"CU= xOW xDN=OQB xOvwWsQwDtTQl =N|m}vmDw�S Q=DiQ Ow@y@ QO u=t}U R=|WN@
l =N |R=Uy@ QO u=t}U hQYt Vy=m ?@U 'C}rw�R |vqwRwB |xO=t R= xO=iDU=
R�=L |O=YDk= |x@vH R= sy w |]}LtCU} R ^=Lr R= sy xm 'OwW|t xOvwWsQwDt
|m}vmDw�S Q=DiQ QO C}rw�R =@ u=t}U |v} Ro}=H Q=F; |UQQ@ CyH "CU= C}ty=
|QwLtxU 'xOWvQwYLt |Q=Wi Ctw=kt |=yuwtR; R= 'xOvwWsQwDt TQ l =N
'xt=O= QO xm &CU= xOW xO=iDU= SEM |=yTma w xOWv|WmyR |xDi=}vs}mLD

%CU= xOW x�=Q= =yv; R= pY=L G}=Dv
|=yxvwtvCtw=ktV}=Ri= OvwQ RwQ@?@U 'OYQO 12 =D 6 R= u=t}U Q}O=ktV}=Ri= �

"CU= xOW |QwLtxU w xOWvQwYLt |Q=Wi Ctw=kt
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yt =@ u=t}U �30 |v} Ro}=H OYQO =@ |=yxvwtv �UU� |WQ@ |Dtw=kt |=yQDt=Q=B �
=t= "CU= xOw@ QDtm |v=t}U |xvwtv x@ C@Uv |Qw;pta RwQ 7 R= TB C}rw�R
=Q |QDW}@ Q}O=kt 'UU |=yQDt=Q=B '|D}rw�R � |v=t}U |xRwQ 28 |=yxvwtv QO

"Ov=xO=O u=Wv OwN R= |v=t}U |=yxvwtv x@ C@Uv
V}=Ri= ?@U p=mU=B wr}m 200 w 100 x@ 50 R= x@v=Hxty Q=Wi V}=Ri= �

"CU= xOW |QwLtxU |Dtw=kt |=yQDt=Q=B
u=Wv =Q C}rw�R w u=t}U =@ xOW C}@FD |=yxvwtv Q=DN=UR} Q Ow@y@ SEM Q} w=YD �

"Ov=xO=O
x@ 'u=t}U w C}rw�R R= xO=iDU= |xv}tR QO =yVywSB |xt=O= CyH OwW|t O=yvW}B
"OwW xDN=OQB |OOa |R=UpOt w h=}r= Q}F-=DCLD |m}t=v}O w s=wO |=yuwtR; s=Hv=

V}=Ri= w C}rw�R =@ |iQYt u=t}U |v} Ro}=H 'u=t}U XNWt OYQO Qy QO �
u=tR =@ |=yxvwtv xOWvQwYLt |Q=Wi Ctw=kt Vy=m ?@U '|v} Ro}=H Q=Okt

"CU= xOW xRwQ 7 |Qw;pta
V}=Ri= ?Hwt '|Qw;pta RwQ 28 R= TB �30 =D C}rw�R =@ u=t}U |v} Ro}=H �
|v} Ro}=Hw|D}rw�R �|v=t}U|=yxvwtv|xOWvQwYLt|Q=WiCtw=ktTwULt
"CU= xOW QwmPt |=yxvwtv Ctw=kt Q}otWJ Vy=m ?@U '�90 =D u; R= QDW}@
|Dtw=kt |=yQDt=Q=B QO|W}=Ri= |OvwQ uOt; OwHw x@?Hwt u=t}U Q=Okt uOwRi= �
28 R= TB |v=t}U |=yxvwtv Ctw=kt V}=Ri= "CU= xOW =yxvwtv �UU� |WQ@

"CU= xOw@ Q}otWJ xRwQ 7 |=yxvwtv x@ C@Uv |Qw;pta RwQ

=yCWwv=B
1. Methylene Blue
2. California bearing ratio
3. liquid limit
4. plastic limit
5. uncon�ned compression strength
6. chemical oxygen demand
7. plasticity index
8. uni�ed classi�cation system
9. Blaine
10. calcium-silicate-hydrate
11. calcium-aluminate-hydrate
12. secant modulus of elasticity
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