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leQO |}xU=t Kr=Yt |m}v=mt X=wN |UQQ@

|Dr=iU; uD@ =@ lQDWt pYi
�Q=}O=DU=� �=DUwQu}yt =[Q

TQOt C}@ QD x=oWv=O 'CU} R \}Lt w u=Qta |UOvyt |xOmWv=O
�Q=}O=DU=� |v=NQy=] uUL

�OWQ= T=vWQ� � |v}OG=D Oq}t
u=HvR x=oWv=O '|UOvyt w |vi |xOmWv=O

|=yOU QO Ov@?; u=tr= u=wvax@ 1948 p=U QO Q=@ u}rw= |=Q@ |Dr=iU; uD@ |=yxDUy
QB w Q}UOQU j]=vt QO =yxDUy xvwou}= R= xO=iDU= "OvDiQo Q=Qk xO=iDU= OQwt |}xR} QnvU
uD@ Kr=Yt CQw=Ht p}rO x@ "CU= xOW x}YwD |UQ |xDUy x@ C@Uv R}NxRQr w u=Q=@

xO}J}B xO=t wO u}= lQDWt K]U QO Q=DiQ 'h=Q]= |}xU=t Kr=Yt w xDUy |Dr=iU;
=yv; T=tD K]U |wQ Q@ |y=oW}=tR; |=y|UQQ@ x@ R=}v 's=y@= u}= `iQ |=Q@ w OwW|t
s}kDUt VQ@ x=oDUO =@ |}=yV}=tR; Q=DWwv u}= QO 'T=U= u}= Q@ "OwW|t T=UL=

Q_v QO T=tD K]U u=wvax@ u; |WQ@ K]U xm '(10� 10� 2 5 cm) T=}ktlJwm
K]U Kr=Yt QO |m}v=mt |=yQDt=Q=B Vy=m =yV}=tR; G}=Dv "CU= xOW s=Hv= 'OW xDiQo

QO xm OW u}}aD VvmQOv= C@Uv u}vJty "O=O u=Wv =Q |}xU=t Kr=Yt x@ C@Uv T=tD
"CW=O Q=Qk XNWt |}xOwOLt

reza.mahinroosta@gmail.com
taherkhani.hasan@znu.ac.ir
milad tajdini@ alum.sharif.edu

'VvmQOv= 'T=tD K]U Kr=Yt '|}xU=t Kr=Yt '|Dr=iU; uD@ %|O}rm u=oS=w
"T=}ktlJwm s}kDUt VQ@ V}=tR;

xtOkt "1
Kr=Yt w Q}k TvH w ẁv %xrtH R= |rt=wa `@=D 'lQDWt K]U |=yQDt=Q=B xm
'xU}=kt l} u=wvax@ [2w1]"OvDUy """w u=tR '=tO 'xOQ=w |=yQ=@ 'xO=iDU= OQwt |m =N
|Oqwi w |vD@ Kr=Yt w hrDNt |=yl =N VvmQOv= |wQ Q@ |OOaDt u=QoWywSB
QO u}= &OwW|t xDiQo Q=mx@ =QH= w |L=Q] p�=Ut QO =yv; G}=Dv xm [3]'Ov=xOQm j}kLD
s=Hv= |v=OvJ C}r=ai |Dr=iU; Kr=Yt w l =N VvmQOv= OQwt QO xm CU= |r=L

"CU= xOWv
xDUO 3 '|Dr=iU; uD@ |xDUy =@ |m =N |=yOU |xvO@ OQwt QO |rm Qw]x@
Q}_v� |Dr=iU; |xDUy u=tr= OwN |wQ Q@ VywSB &CU= xDiQo CQwY |R=UpOt
|wQ Q@ C=ar=]t u}vJty w |OOa C=ar=]t '�"""w |WWmw |WQ@ |=yCtw=kt
uD@ u}@ |WvmQOv= Q=DiQ xm �Sw}i} QDv=U w xRQrR}t V}=tR; Q}_v� |m} R}i |=ypOt

"OQ}o|t Q=Qk EL@ OQwt QDW}@ Q}N= OQwt wO QO u; h=Q]= QDr}i w |Dr=iU;
|]N |=yR}r=v; G}=Dv '2002 p=U QO |v=QoWywSB '|OOa |=yp}rLD QO
OvO=O x�=Q= =Q |Dr=iU; uD@ |xDUy =@ OU l} |wQ Q@ xOWs=Hv= |]NQ}e w pO=at
|O=} R |=ypmWQ}}eD 'xrRrR pw] QO xDUy h=Q]= |r=kDv= |L=wv xm OvDiQo xH}Dv w
|v=OvJ CUWv w CU= xOv=t u=UWm ,=@} QkD xDUy xm |r=L QO &OvwW|t ptLDt =Q
h=Q]= |m =N Kr=Yt w |Dr=iU; uD@ u}@ VvmQOv= CU= sRq u}=Q@=v@ [4]"Ovm|tv

"OvwW |UQQ@ CkO x@ sm |=yVvD QO xS} w x@ u;
|Dr=iU; uD@ |xDUy VvmQOv=|UQQ@ x@ '2005 p=U QO|v=QoWywSB u}vJty

ẁv u}= R= xO=iDU= 'u; sm |Q}PBPwiv C}Y=N w TQ l =N |v=w=Qi p}rO x@ xJ Qo =
=yxRet u}= um}r &CU= pw=ODt Q=}U@ |m =N |=yOU Ov@?; u=tr= u=wvax@ Kr=Yt
'=QH= |vqw] u=tR '|Q}PBsm =QD C}Y=N 'sm |WQ@ Ctw=kt %xrtH R= |@}=at |=Q=O
OQ@ s=v u=wD|t =Q """w sm =QD Q}_v j}kO |=ypQDvm x@ R=}v 'q=@ Kr=Yt sHL x@ R=}v
|m =N OU %Ovv=t |m =N |=yOU R= Qo}O OQ=wt x@ u=UOvyt =D CU= xOW Ea=@ xm
xO=iDU= x@ p}=tD Ea=@ xm |rt=wa xrtH R= "Ovvm =O}B p}=tD |Dr=iU; uD@ |xDUy =@
QDsm C}U=UL 'xDUy sm Q=}U@ ZQa %R= Ov=CQ=@a 'CU= xOW =yxDUy xvwou}= R=
q=@ |WQ@ Ctw=kt 'Q}k |yOs=}Dr= OwN C}Y=N '|}=wy w ?; \}=QW x@ C@Uv u;

" """w
|}xS} wC}ty= =yOU xvwou}= QO u; h=Q]= QDr}i w|Dr=iU; uD@ Kr=YtVvmQOv=
h=Q]= QDr}i w |Dr=iU; uD@ T=tD K]U QO |m}v=mt |=yQDt=Q=B u} QDsyt R= "OQ=O
Ctw=kt |=yQDt=Q=B w �l =m]Y= ?} Q[ Q}_v� |m =m]Y= |=yQDt=Q=B x@ u=wD|t

[2w1]"OQm xQ=W= �`=UD= |x} w=R w |WQ@ |DNU Q}_v� |DU@ w pik
=i}= OU |Q=O}=B QO |}=RU@ Vkv h=Q]= QDr}i w |Dr=iU; uD@ Kr=Yt VvmQOv=
|=yVywSB "CU= xDiQov CQwY OQwt u}= QO |i=m C=k}kLD xv=iU-=Dt =t= 'Ovvm|t
OvyO|t u=Wv |Dr=iU; uD@ w hrDNt |=yl =N u}@ VvmQOv= OQwt QO u}W}B

pw�Ut xOvU} wv �
"1391 11 17 VQ}PB '1391 11 4 x}LqY= '1391 6 19 Ci=} QO %M} Q=D
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QQ@Q=}U@ xOWp=ta= |Oa@ l} VRQr QO |Dr=iU; |xDUy w |r=kDv= |x}L=v 'xDUwB
0 6g =D 0 2g u}@ |=y?=DW QO |r=kDv= |x}L=v w xDUwB xm|Qw] x@ 'CU= Cw=iDt
Oa@ w QDq=@ |=y?=DW QO |DL |Dr=iU; |xDUy xm |r=L QO 'CU= Q=O}=B=v Q=}U@
p@=k Qw]x@ �pm}U 50 smCUO� xHwD p@=k |Q=PoQ=@ |=ypm}U O=OaD ptLD R=
ptLD seQ|ra |Dr=iU; |xDUy QO u}vJty "CU= xOv=t |k=@ Q=O}=B |}x_Lqt
=Q OwN Vkv u=vJty xDUy w xOWv xOy=Wt |Qy=_ lQD 'xHwD p@=k pmWQ}}eD

"CU= xOQm ^iL Ov@?; sDU}U u=wvax@
u}= w CU= xO}J}B Q=}U@ |Dr=iU; uD@ |xDUy =@ |m =N |=yOU Q=DiQ 'u}=Q@=v@
"CU= u; h=Q]= Kr=Yt =@ |Dr=iU; uD@ |xDUy VvmQOv= R= |W=v QDW}@ |oO}J}B
K]U |=yQDt=Q=B =D 'OwW |UQQ@ O}=@ Cw=iDt |=yV}=tR; =@ xr�Ut u}= ?}DQD u}O@
=Pr "O}; CUOx@ |@ wr]t wLv x@ u; h=Q]= QDr}i Kr=Yt w |Dr=iU; uD@ u}@ T=tD
|WQ@ Ctw=kt QO Q=PoQ}F-=D hrDNt |=yQDt=Q=B xm CU= u; Q@ |aU Q=DWwv u}= QO
Q}k TvH 'sm =QD OYQO '`=@W= C@ w]Q Q}F-=D 'Q=@ QU u=R}t %xrtH R= xO=t wO u}= u}@

"OvwW |UQQ@ 'l =N ẁv w

V}=tR; s=Hv= VwQ w Kr=Yt 'x=oDUO "2
x=oDUO "1"2

VQ@ x=oDUO R= |}xU=t Kr=Yt w |Dr=iU; uD@ \wrNt VvmQOv= |UQQ@ CyH
V}=tR; u}= QO "CU= xOW xO=iDU= �10�10�2 5 cm� T=}ktlJwm s}kDUt
C@=F CaQU =@ |WQ@ VvD TBU w OvDiQo Q=Qk |v}at s�=k VvD CLD Kr=Yt =OD@=
VvQm V}=tR;� OwW xDN}Uo xvwtv =D OW OQ=w T=tD K]U w |}xU=t Kr=Yt x@
|}q=@ |x@aH xm CU= lQLDt w C@=F |x@aH wO pt=W VQ@ x=oDUO "�pQDvm
CaQU s}_vD Qw_vt x@ xm '|r=D}H}O sDU}U \UwD |v}}=B |x@aH w C@=F x=oDUO
"OwW|t Kr=Yt VQ@ Ea=@ OwN |ki= CmQL =@ 'CU= xOW |L=Q] VQ@ x=wNrO

Kr=Yt "2"2
|xDUW |xU=t Kr=Yt |wQ Q@ |WywSB Q=m u}= QO xDiQoQ=mx@ |=yV}=tR; ?re=
'Dmax = 1 cm =@ l =N ẁv 3 =OD@= Qw_vt u}= |=Q@ "CU= xOW s=Hv= xWwoOQo
Dmin = 0 1 cm =@ |oty w Dmax = 0 2 cm w Dmax = 0 5 cm

u}= xm =Hv; R= w OW s=Hv= |Ov@xv=O V}=tR; x@DQt Q=yJ "OvDiQo Q=Qk V}=tR; OQwt
'OvOw@ j@]vt sy Q@ ,=@} QkD w OvO=Ov u=Wv OwN R= |yHwD p@=k hqDN= =y|vLvt
|=yVwB |x}yD |=Q@ "Ow@v u}ov=}t |Ov@xv=O |vLvt R= xO=iDU= x@ R=}v V}=tR; |=Q@
|rY= X=wN '1 pwOH QO "OW s=Hv= |Ov@xv=O V}=tR; '1 pmW j@=]t \w@ Qt

"CU= xOt; OLDt |Ov@xk@] T=U=Q@ Kr=Yt |Ov@xv=O
uRw u}}aD |=yV}=tR; '|}xU=t Kr=Yt |m} R}i C=}YwYN u}}aD Qw_vt x@
xv}W}@ XwYNt uRw 'ASTM D4254�91 OQ=Ov=DU= VwQ x@ xv}tm XwYNt
QO u; G}=Dv xm 'CU= xOW s=Hv= R}v ASTM D4253�93 |xRQrR}t VwQ x@

"CU= xOt; 2 pwOH
�|v=}t� Qrwi |vLvt |Ov@xv=O =@ Kr=Yt R= |Dr=iU; uD@ \wrNt |x}yD |=Q@
j@=]t |vLvt u}= QO =yxv=O |Ov@ xR=Ov= `} RwD "CU= xOW xO=iDU= 2 pmW j@=]t

[11]%CU= 1 |x]@=Q

Pi =
�

Di
Dmax

�0=41
� 100 (1)

'Qw_vt u}= |=Q@ u=W}= "OW xDN=OQB xRQrR}t R= xO=iDU= =@ u; h=Q]= |}xU=t QDr}i w
|=y?=DW CLD R}t w OvO=O Q=Qk xar=]t OQwt =Q 1:100 T=}ktnQR@ pOt l}
OvO}UQ xH}Dv u}= x@ =yV}=tR; G}=Dv R= xO=iDU= =@ u=W}= "CiQo Q=Qk 0 05�0 3 g

l =N Q@ OQ=w Q=Wi 'Cr=iU; xD} RwmU} w Vy=m w l =N |v=UWm pwOt V}=Ri= =@ xm
[5]"O@=}|t V}=Ri= |Dr=iU; uD@ |xDUy hQ] R=

OQmrta QO h}a[ CU@ w pik Ctw=kt QF= p=U u=ty QO |Qo}O VywSB QO
|UQQ@ T=U= w |R=UwQ |x}q u}@ T=tD K]U X=wN uDiQoQ_vQO =@ |R=UwQ
j]=vt QO |R=UwQ |=yx}q QO VvD `} RwD 'xDiQoCQwY C=k}kLD j@] Q@ "OW
'OQ=Po|t Q}F-=D =yx}q u}@ CU@ w pik w |oOv@UJ \}=QW Q@ COW x@ T=tD K]U
|Q@ Q=@ C}iQ_ Vy=m x@ QHvt x}q Q@ OQ=w VvD K]U QO V}=Ri= xm |Qw] x@
|]NQ}e R}r=v; l} R= xO=iDU= =@ QwmPt VywSB QO u}vJty [6]"OwW|t |R=UwQ
u}= w OW xO=iDU= |R=UwQ |m}v=mt |=yMU=B |=Q@ 0 3�2 l =m]Y= ?}=Q[ R=
|DU@ w pik Ctw=kt 0 8�1 5 u}@ l =m]Y= ?}=Q[ =@ xm Ot; CUOx@ xH}Dv

"OwW|t xv}y@
|R=UwQ |x}q wO u}@|DU@ w pikCtw=kt|UQQ@ x@ �2006� Qo}O|k}kLD QO
O=wt x@ QDW}@ T=tD K]U X=wN xm Ot; CUOx@ xH}Dv u}= w OW xDN=OQB T=U= w
[7]"OwW|t xDN} Q T=tD K]U QO xm |Q}k Q=Okt x@ =D OvQ=O |oDU@ T=tD K]U
x=oDUO x@ |O=} R Cy=@W xm � s=yov}D=v |WQ@ x=oDUO R= OwN |=yV}=tR; QO =yv;
xDWe; nvUxwrk R= x=oDUO |=yx@aH uwQO w OvOQm xO=iDU= �OQ=O s}kDUt VQ@
|Q}k |xvwD@ =@ \wrNt |xR} QovU |xO=t wO R= w T=U= |xO=t u=wvax@ Q}k x@
R= u}vJty w |R=UwQ |x}q u=wvax@ �15 pNrND OYQO =@ pNrNDt Cr=iU; w
Q}k 'OQ=Ov=DU= OL R= V}@ Q}k Q=Okt 'OQ=Ov=DU= Q}k Q=Okt hrDNt T=tD K]U 4
u=W}= "OvOQm xO=iDU= x}q wO u}@ T=tD K]U QO Q}k uwO@ K]U w po x@ xDWe;
OQwt Q}k x@ C@Uv T=tD K]U QO Kr=Yt ẁv QDW}@ C}ty= x@ OwN VywSB QO
CU@ w pik l} x@ |@=}DUO |=Q@ OvO=O u=Wv w OvOQm O}m -=D K]U u}= QO xO=iDU=
R= xO=iDU= Qw_vt u}O@ w CU= R=}v OQwt T=tD K]U QO q=@ sm =QD Q=Okt '?U=vt
QDy@ Q@=Q@ u}OvJ pNrNDt Cr=iU; =@ xU}=kt QO |Q}k xvwD@ =@ \wrNt |xR} QovU

"CU=
`=iDQ= x@|Dr=iU; uD@ |xDUy =@|m =N OUl} �2009� R}v |Qo}O u=QoWywSB
xO=iDU= =@ =Q '�OwQsQo OU |OQwt |xar=]t� QDt 1 |xDUy Ct=N[ =@ w QDt 110
|R=UpOtFLAC |xt=vQ@ QO �1970 Duncan and Chang� |rwrPy pOt R=
|Q=DiQ 'xDUy =@ xU}=kt QO '�QDr}i� |r=kDv= |L=wv xm OvDiQo xH}Dv u=W}= [8]"OvOQm
uD@ lQDWt pYi QO |O=} R u=mtQ}}eD ,qta w OvyO|t u=Wv OwN R= |Q}tN ,qt=m
QDTwULt OU G=D |m}ORv QO xr�Ut u}= xm ODi=|t j=iD= |}xU=t QDr}i w |Dr=iU;

"OvW=@ xDW=O |y=Dwm `=iDQ= '=yOU R= ẁv u}= CU= QDy@ u}=Q@=v@ &CU=
OU |wQ Q@ |y=oW}=tR; w |OOa C=k}kLD '2006 p=U QO |}xar=]t QO
|xvwtv 'Sw}i} QDv=U x=oDUO R= xO=iDU= =@ u; QO xm 'OW s=Hv= QDt 60 `=iDQ= x@ u=QH}t
|R=UpOt 100 g ?=DW CLD QDt|Dv=U 25 `=iDQ= x@ u=QH}t OU T=}ktlJwm
xm |r=L QO O=O u=Wv xar=]t u}= G}=Dv [9]"CiQo Q=Qk |}x@ Q[ Q=@ CLD w OW
QDr}i 'OwW|tv xOy=Wt |Dr=iU; uD@ K]U QO |oDN}Uo =} |oOQwNlQD xvwoI}y
Ck@=]t xOWs=Hv= |OOa |=yp}rLD w CU= xOW CUWv Q=JO u; h=Q]= |}xU=t

"OQ=O |m} R}i pOt G}=Dv =@ |@ wN
=@ |m =N OU l} 'xRQrR}t x=oDUO R= xO=iDU= =@ �2007� R}v |v=QoWywSB
|DiQ@; |B l} |wQ Q@ =Q 1:75 T=}kt =@ QDt 30 `=iDQ= x@ |Dr=iU; uD@ |xDUy
OQmrta xm OvDiQo xH}Dv w OvOQm p=ta= OU Q@ |irDNt |=y?=DW [10]"OvOQm pOt

36



"""w
|v=N

Qy=]
uU

L'
=DUw

Qu}
yt=

[Q "|Dr=iU; uD@ \wrNt |m} R}i C=YNWt "3 pwOH

Q}k ẁv Q}k OYQO |Ov@xv=O |xR=@
?} Q[

|v=UWm pwOt
OQwt OQwt uD@ \wrNt

uwU=wB
uD@ \wrNt

xO=iDU= xO=iDU= |Dr=iU; |Dr=iU;
(mm) (MPa)

B60 6 1 0� 16 0 34 180
B80 6 1 0� 16 0 36 170

C}a[w |=Q@ hrDNt |=ysm =QD QO |WQ@ VvD QO xv=O |xR=Ov= Q}F-=D "3 pmW
"lWN

V}=tR; s=Hv= VwQ "3"2
uRw 'Q_vOQwt |@Uv |r=oJ u}vJty w xv}W}@ w xv}tm |r=oJ Q}O=kt x@ xHwD =@
|r=oJ x@ uO}UQ |=Q@ w OvQ}o Q=Qk s}kDUt VQ@ |x@aH pN=O QO O}=@ xm |Lr=Yt
VQ@ |=yV}=tR; '=yxvwtv |R=UxO=t; R= TB "Ot; CUOx@ 'OvwW =}yt Q_vOQwt
X=N |Ov@xv=O ẁv 3 |=Q@ =OD@= �ASTM D3080 OQ=Ov=DU= =@ j@=]t� s}kDUt
|xR=Ov= Q}F-=D uDi=} |=Q@ 1 pwOH C=YNWt w 1 pmW |=y|Ov@xv=O =@ j@=]t
`=@W= w lWN Cr=L wO QO �0 8 kg/cm2� x}rw= s�=k VvD p=ta= =@ =yxv=O
xO=iDU= p@=k |=yxv=O Q]k |xv}W}@ 'jwi OQ=Ov=DU= |x}YwD T=U=Q@ "OW s=Hv=
'OW=@ QDsm V}=tR; |xvwtv Ct=N[ sWW l} R= O}=@ s}kDUt VQ@ x=oDUO QO
|xv}W}@ 'V}=tR; OQwt x=oDUO QO xvwtv |QDt|Dv=U 2 5 Ct=N[ x@ xHwD=@ xm
|wQ Q@ s}kDUt VQ@ V}=tR; p=L u}= =@ "OW=@ QDt|Dv=U 0 42 O}=@ =yxv=O Q]k
Ctw=kt QO =yxv=O |xR=Ov= Q}F-=D '3 pmW QO "CU= xOW s=Hv= sy QDnQR@ |=yxv=O
|xv}W}@V}=Ri= xm OyO|t u=Wv pmW u}= "OwW|t xOy=WtV}=tR; |xvwtv |WQ@
Ctw=kt Q=Okt QO |v=vJu; Q}F-=D '?NDvt |=yxv=O R}=U |xOwOLt QO =yxv=O Q]k
V}=Ri= w Vy=m ?}DQD x@ O=} R w sm |=y|r=oJ QO xm OvJ Qy 'OQ=Po|tv |WQ@
ẁv |Ov@xv=O '?r]t u}= x@ xHwD =@ "OwW|t xOy=Wt |WQ@ Ctw=kt QO |mJwm

|x}YwD |xR=@ QO sy xm =QJ 'CiQo Q=Qk xO=iDU= OQwt =yV}=tR; s=Hv= |=Q@ swO
xOW ?=NDv= CWQO l =N |xvwtv 'u=mt= OL =D xmv}= sy w CU= V}=tR; OQ=Ov=DU=

"CU=
%Cr=L 4 QO =yV}=tR; |xt=O= 'u}ov=}t |xv=O |xR=Ov= ?=NDv= x@ xHwD =@
"2 &lWN |}xU=t |=yxvwtv |wQ Q@ T=}ktlJwm s}kDUt VQ@ V}=tR; "1
V}=tR; "3 &`=@W= |}xU=t |=yxvwtv |wQ Q@ T=}ktlJwm s}kDUt VQ@ V}=tR;

"V}=tR; QO xO=iDU= OQwt |=y|Ov@xv=O |vLvt "1 pmW
"|}xU=t QDr}i VwB =@ j@=]t xO=iDU= OQwt |=yl =N |Ov@ xk@] "1 pwOH

Kr=Yt ẁv
|x}W}@ |xv}tm

Cu Cc
h}YwDxv=O Q]k xv=O Q]k l =N

(mm) (mm)

1 |xQ=tW |xWwoOQo |xU=t 10 1 8 8 3 9 SP

2 |xQ=tW |xWwoOQo |xU=t 5 1 6 6 2 SW

3 |xQ=tW |xWwoOQo |xU=t 2 1 4 6 3 2 SP

"|}xU=t Kr=Yt |m} R}i C=YNWt "2 pwOH
Kr=Yt ẁv 
(d) max 
(d) min

(gr/cm3) (gr/cm3)
1 |xQ=tW |xWwoOQo |xU=t 1 87 1 61
2 |xQ=tW |xWwoOQo |xU=t 1 85 1 57
3 |xQ=tW |xWwoOQo |xU=t 1 84 1 51

[11]"Qrwi |Ov@xv=O |vLvt "2 pmW

Q]k |xR=Ov= Di 'lr= R= |Qw@a |=yxv=O |vRw OYQO Pi 'x]@=Q u}= QO xm
CyH "CU= \wrNt QO xO=iDU= OQwt |xv=O u} QDnQR@ |xR=Ov= Dmax w lr=
|Jv}= 6 OQ=Ov=DU= p=WQ=t x=oDUO R= |Dr=iU; uD@ |xvwtv |x}yD w uOQmsm =QDt
wO R= |Dr=iU; uD@ \wrNt |x}yD QO "CU= xOW xO=iDU= ASTM D6927�06
3 pwOH QO =yv; |m}v=mt X=wN xm CU= xOW xO=iDU= B80 w B60 Q}k ẁv

"CU= xOt;
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QO|
}xU=
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QQ@

|WQ@ Ctw=kt |=yV}=tR; |UQQ@ "3
|}xU=t |=yxvwtv |wQ Q@ s}kDUt VQ@ |=yV}=tR; "1"3

|Owta u=mtQ}}eD w (�h)|ki= u=mtQ}}eD?UL Q@|WQ@VvD |=y|vLvt '6pmW
|r=oJ =@ |}xU=t Kr=Yt xm |]}=QW x@ \w@ Qt |ki= u=mtQ}}eD ?UL Q@ (�v)

lWN Cr=LQO (kg/cm2) 4 8 w 2 8 '0 8 x}rw= s�=k VvD CLD w �85 |@Uv
|=y|vLvt R= "OyO|t u=Wv =Q 'CU= xOQwN VQ@ s}kDUt VQ@ x=oDUO \UwD
Kr=Yt QO xmCi=} QO u=wD|t|}xU=t Kr=Yt|ki= u=mtQ}}eD?UL Q@|WQ@VvD
l =N |oOvwWCNU Q=DiQ =@ xrLQt u}= xm 'xv}W}@ |WQ@ VvD x@ uO}UQ R= TB
w O@=}|t Vy=m |WQ@ VvD =yv; QO TBU w OyO|t MQ |oDN}Uo 'CU= x=Qty
x@ \w@ Qt u=mtQ}}eD ?UL Q@ |WQ@ VvD R= pmW u}= xD@r= "OwW|t C@=F C}=yvQO
CLD xm |}=yxvwtv OwW|t xO}O =y|vLvt u}= QO u}vJty "CU= sm =QDt Kr=Yt
x@ uO}UQ R= TB 'Ov=xDiQo Q=Qk (�n = 0 8 kg=cm2) QDlJwm |x}rw= s�=k VvD
VvD R= |D@=F ,=@} QkD Q=Okt x@ |QDlJwm |ki= u=mtQ}}eD QO |WQ@ VvD |xv}W}@
xOy=Wt R}v |ki= u=mtQ}}eD ?ULQ@ s�=k u=mtQ}}eD |vLvt QO "OvUQ|t |WQ@
u}= "OvyO|t RwQ@ OwN R= |a=UD= |Q=DiQ 'x}rw= CUWv R= TB Kr=Yt xm OwW|t
|NQ@ x@ R}v |Oa@ |=yCtUk QO xm 'CU= xOW xOy=Wt sy `=@W= |=yxvwtv QO Qt=

"CU= xOW xQ=W= =yu; G}=Dv R=

w 2 8 '0 8 s�=k |=yVvD CLD lWN \}=QW QO |}xU=t Kr=Yt Q=DiQ "6 pmW
"(kg/cm2) 4 8

|Dr=iU; uD@ =@ xU=t T=tD K]U |=yxvwtv |wQ Q@ T=}ktlJwm s}kDUt VQ@
K]U |=yxvwtv |wQ Q@ T=}ktlJwm s}kDUt VQ@ V}=tR; "4 &lWN Cr=L QO
=@ |}=yxvwtv Qw_vt u}O@ "OW s=Hv= `=@W= Cr=L QO |Dr=iU; uD@ =@ xU=t T=tD
u}= =D 'OW x}yD s}kDUt VQ@ |x@aH QO xU=t R= �85 w �65 '�50 |@Uv |r=oJ
"OwWR=e; (kg/cm2) 4 8 w 2 8 '0 8 |x}rw= s�=k VvD 3 p=ta= =@ =yV}=tR;
|WQ@ CaQU ?=NDv= =@ '|Owta VvD p=ta= =@ \w@ Qt |=yxvRw |Q}oQ=Qk R= TB
TB |xrLQt =D |WQ@ |wQ}v w OW xO=O VQ@ |xR=H= xvwtv x@ '0 1 mm/min

wO x@ xm |}=yxvwtv |wQ Q@ V}=tR; s=Hv= VwQ u}= "Ci=} xt=O= R}v |oDN}Uo R=
CU= u}= \ki =yu; Cw=iD w CU= u=Um} 'Ov=xOQwN VQ@ `=@W= w lWN VwQ
V}=tR; |=Q@ "OW pt=m `=@W= VQ@ R= V}B xvwtv '`=@W= \}=QW V}=tR; QO xm
w xOQ=w s�=k Q=@ R= sa=� u=Um} \}=QW =@ =yV}=tR; u}ty R}v T=tD K]U Kr=Yt
cm Ct=N[ x@ x=oDUO |v}}=B li QO xm Cw=iD u}= =@ 'OW s=Hv= �sm =QD \}=QW
Q=Qk 1 cm Ct=N[ x@ |}xU=t QDr}i x=oDUO |}q=@ li QO w |Dr=iU; uD@ 1 5
xOW xO=O u=Wv s}kDUt VQ@ x=oDUO QO Kr=Yt u}= pOt 4 pmW QO xm 'CiQo

"CU=
x@ p=WQ=t x=oDUO QO x}yD R= TB |Dr=iU; uD@ |=yxvwtv xm CU= sRq QmPD u}=
10�10�1 5 cm O=a@= x@p}]DUt?amtl}CQwYx@ 6 in �15 24 cm� Q]k
x=oDUO QO xO=iDU= p@=k =D 'CU= xOW GQ=N 5 pmW j@=]t |}xv=wDU= |xvwtv R=

"OW=@ s}kDUt VQ@
's�=k VvD Q}_v T=tD K]U |=yQDt=Q=B Q=Okt QO Q=PoQ}F-=D pt=wa 'xt=O= QO
s}kDUt VQ@ V}=tR; ltm x@ xm l =N ẁv w Q}k ẁv '`=@W= C@ w]Q '|@Uv |r=oJ

"Ov=xOW |UQQ@ 'CU= xOW s=Hv=

"s}kDUt VQ@ x=oDUO QO T=tD K]U Kr=Yt pOt |=tv "4 pmW

"p=WQ=t |xvwtv R= s}kDUt VQ@ x=oDUO QO xO=iDU= OQwt?amt uOQmGQ=N "5 pmW
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Qu}
yt=

[Q

�|oDN}Uo VwB� s�=kVvD?UL Q@|WQ@VvD |xv}W}@ C=Q}}eD|vLvt "8 pmW
lWN \}=QW QO Dr = �65 sm =QD =@ T=tD K]U w xDUW |xU=t Kr=Yt |=Q@

"`=@W= w

x}rw= s�=kVvDC@Uv?UL Q@ xv}W}@ l =m]Y= |x}w=R C=Q}}eD|vLvt "9 pmW
QODr = �65 sm =QD =@ T=tD K]U w xDUW |xU=t Kr=Yt |=Q@ QiUtD= Q=Wi Q@

"`=@W= w lWN \}=QW
|=yxvwtv xm CU= u}= 8 pmW OQwt QO QmP p@=k |xDmv "OQ}o|t Q=Qk lWN Cr=L
|WQ@ VvD CLD lWN C}a[w x@ C@Uv `=@W= Cr=LQO T=tD K]U w |}xU=t
VwB u=}t hqDN= 'x}rw= s�=k VvD uDiQq=@ =@ w OvUQ|t |oDN}Uo x@ |QDu}}=B
|=Q@ u}vJty "CU= xOW QDW}@ `=@W= w lWN |=yCr=L QO Kr=Yt |oDN}Uo
x=oDUO Q=Wi QF= QO xm |Dr=iU; uD@ QO =yxQiL OwHw p}rO x@ T=tD K]U Cr=L
|oOv@UJ QDt=Q=B?trwm � Qywt |]N |x]@=Q j@] Q@ 'O};|t OwHw x@ s}kDUt VQ@
xm |r=L QO &CU= |oDN}Uo VwB -=O@t R= ZQa u=ty xm 'OwW|t u=}=tv R}v (c)

QDt=Q=B u}= '200 |xQ=tW lr= R= |Qw@a l =N uDW=Ov p}rOx@ '|}xU=t Kr=Yt QO
|rN=O l =m]Y= |x} w=R Vy=m Ea=@ xH}Dv QO xm &OQ=Ov |Wkv |WQ@ Ctw=kt QO
"OwW|t |iQat � =@ T=tD K]U QO x} w=R u}= xm 'OwW|t T=tD K]U Kr=Yt QO
O=H}= |}=ylQD w =yxQiL u; QO xm 'VQ@ R= TB |Dr=iU; uD@ R= |}=tv '10 pmW QO

"CU= xOW xO=O u=Wv 'CU= xOW
%O};|tCUOx@ 2 |x]@=Q R=|}xU=t Kr=Yt ('p) |xv}W}@ l =m]Y= |x} w=R
'p = tan�1

�
�p
�n

�
(2)

OwW|t xO}O 9 pmW QO "CU= |WQ@ VvD Q=Okt |xv}W}@ (�p) 'x]@=Q u}= QO xm
T=tD K]U w �xDUW� xWwoOQo |xU=t Kr=Yt |xv}W}@ l =m]Y= |x} w=R xm
V}=Ri= =@ w OQ=O s�=k VvD =@ |]NQ}e |x]@=Q '`=@W= w lWN Cr=L wO Qy |=Q@
T=tD K]U w xDUW xU=t Kr=Yt |xv}W}@ l =m]Y= |x} w=R Vy=m |Owta VvD

2 8 '0 8 s�=k |=yVvDCLDlWN\}=QW QO T=tD K]U Kr=Yt Q=DiQ "7 pmW
"(kg/cm2) 4 8 w

T=tD K]U |=yxvwtv |wQ Q@ s}kDUt VQ@ V}=tR; "2"3
|xvwtv VQ@ |=yV}=tR; QO xm |y@=Wt sm =QD u=R}t =@ R}v T=tD K]U |=yV}=tR;
Q=QmD (kg/cm2) 4 8 w 2 8 '0 8 x}rw= s�=k VvD xU |=Q@ 'Ow@ xDiQ Q=mx@ xU=t
x@ ,=@} QkD =y|vLvt u}= |i}m ^=Lr R= 'OwW|t xOy=Wt 7 pmW QO xm Qw]u=ty "OW
|a=UD= Q=DiQ w xv}W}@ Ctw=kt Vy=m =yu; Cw=iD w OvQ=O Cy=@W |}xU=t Kr=Yt
|}xU=t Kr=Yt x@ C@Uv T=tD K]U Kr=Yt Q_=vDt \}=QW QO 'u; QDTwULt=v

"CU=

|WQ@ Ctw=kt |=yV}=tR; G}=Dv p}rLD "3"3
\}=QW QO |rN=O w xv}W}@ l =m]Y= |x}w=R '|oDN}Uo VwB "1"3"3

T=tD K]U Kr=Yt w |}xU=t Kr=Yt |=Q@ `=@W= w lWN
VvD ?UL Q@ xv}W}@ |WQ@ VvD C=Q}}eD |vLvt ?}DQD x@ '9 w 8 |=ypmW QO
(Pa) QiUtD= Q=Wi Q@ s�=k VvD C@Uv ?UL Q@ xv}W}@ l =m]Y= |x} w=R w s�=k
`=@W= w lWN Cr=L wO QO T=tD K]U Kr=Yt w xDUW |xU=t Kr=Yt |=Q@
'CU= |]N ,=@} QkD Cr=LQy QO |oDN}Uo VwB '8 pmW x@ xHwD =@ "CU= xOt;
Q=DiQ h} QaD |=Q@ (�p = �n tan(') + c) ?trwm � Qywt |]N Q=}at u}=Q@=v@
|yHwDp@=k `=UD= w |oDUmW w Ov=xv=OR} Q ,=@} QkD Kr=Yt "CU=?U=vt Kr=Yt u}=

"OQ}PB|tv CQwY =yv; QO VvD K]U uDiQq=@ =@
R= |QDu}}=B K]U QO |oDN}Uo VwB `=@W= Cr=L QO xm OwW|t xOy=Wt
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QQ@|x} w=R xm OyO|t u=Wv =Q |y}O@ Qt= u}= 4 pwOH R= xOt;CUOx@ Q}O=kt
R= QDW}@ lWN Cr=LQO T=tD K]U w |}xU=t Kr=Yt |rN=O l =m]Y=
QF= p}rOx@ `=@W= |=yxvwtv QO xm CU= p}rO u}= x@ xr�Ut u}= "CU= `=@W=
u=tR QO xU=t C=QP u}@ l =m]Y= '|}xv=Ou}@ T=tD \=kv QO ?; |oOvvmu=wQ
"Ovvm|t CmQL sy |wQ Q@ QDu=U; =yxv=O w O@=}|t Vy=m =yv; T=tD w VQ@
C}a[w wO u}@ |}xU=t Kr=Yt QO |rN=O l =m]Y= |x} w=R u}@ hqDN= u}vJty
u}= w CU= QDW}@ T=tD K]U Kr=Yt QO Q=Okt u}ty R= `=@W= w lWN
Kr=Yt QO |QDW}@ |=y|oDUmW w =ylQD 'VQ@ QF= QO xm CU= p}rO u; x@
`=@W= C}a[w QO w O};|t OwHwx@ T=tD K]U Kr=Yt x@ C@Uv |}xU=t
u}@ QO ?; |oOvvmu=wQ QF= w CU= xDiQo Q=Qk =yxv=O u}@ ?; |QDW}@ Q}O=kt
Vy=m QDW}@ |rN=O l =m]Y= |x} w=R w OyO|t u=Wv QDW}@ =Q OwN Q}F-=D '=yxv=O

"O@=}|t
|}xU=t Kr=Yt x@ T=tD K]U Kr=Yt |rN=O l =m]Y= ?}=Q[ C@Uv
C@Uv C=Q}}eD |xU}=kt '11 pmW QO &OwW|t h} QaD VvmQOv= C@Uv (�=')

V}=Ri= =@ "CU= xOW xO=O u=Wv (Dr � �=') sm =QD OYQO p@=kt QO VvmQOv=
xm OwW|t xOy=Wt VvmQOv= C@Uv V}=Ri= `=@W= w lWN Cr=L wO |=Q@ sm =QD
V}=Ri= =@ xm OyO|t u=Wv 11 pmW QO OvwQ u}= "CU= |]N ,=@} QkD x]@=Q u}=
"OwW|t QDW}@ R}v |Dr=iU; uD@ \wrNt =@ =yu; CU@ w pik '|}xU=t Kr=Yt sm =QD
Cr=L R= C@Uv u}= `=@W= Cr=L |=Q@ xm OwW|t xOy=Wt 11 pmW x@ xHwD =@

"CU= QDW}@ lWN
w (Dr) |@Uv sm =QD ?UL Q@ (�=') VvmQOv= C@Uv Q}O=kt '5 pwOH QO
|xU=t Kr=Yt |=Q@ T=tD K]U Kr=Yt |=Q@ |oOv@UJ Ctw=kt QDt=Q=B u}vJty

lWN Cr=L wO QO |@Uv sm =QD ?UL Q@ �='VvmQOv= C@Uv Q}O=kt "11 pmW
"`=@W= w

VQ@ x=oDUO Q=Wi QF= QO |Dr=iU; uD@ QO xOWO=H}= |=ylQD w =yxQiL "10 pmW
"s}kDUt

R= QDsm `=@W= Kr=Yt |xv}W}@ l =m]Y= |x} w=R '9 pmW x@ xHwD =@ "OQ=O OwHw
|x} w=R u}@ \=@DQ= 3 |x]@=Q '9 pmW T=U=Q@ "CU= xOt; CUOx@ lWN Kr=Yt

[12]%Ovm|t u=}@ =Q s�=k VvD w xv}W}@ l =m]Y=

'p = '0
�
�n
Pa

��D
(3)

QiUtD= 1 =@ |w=Ut s�=k Q=Wi <=R= x@ Kr=Yt l =m]Y= |x} w=R ('0) 'x]@=Q u}= QO
QDt=Q=B wO u}= xm OwW|t ?=NDv= Kr=Yt ẁv T=U=Q@C@=F |Q=OktD w xvwtv |wQ Q@
u=QoWywSB "OQw; CUOx@ 9 pmW R= xOt;CUOx@ |]NQ}e \@=wQ R= u=wD|t =Q
VvD =@ xv}W}@ l =m]Y= |x} w=R \=@DQ= |=Q@ R}v =Q 4 |x]@=Q '3 |x]@=Q Q@ xwqa

[12]%OvO=O x�=Q= |}xv=O |=yxvwtv |wQ Q@ s�=k

'P = '0 ��'Log
�
�n
Pa

�
(4)

V}=Ri= Q@=Q@ 10 <=R= x@ Kr=Yt l =m]Y= |x} w=RVy=m Q=Okt �' 'x]@=Q u}= QO xm
|xU=t Kr=Yt |=Q@ �' w D Q}O=kt '3 pwOH QO "CU= u; |wQ Q@ s�=k VvD
"CU= xOW x�=Q= `=@W= w lWN Cr=L wO QO xO=iDU= OQwt T=tD K]U w xDUW
x@ u=wD|t '4 w 3 |x]@=Q wO R= xOt;CUOx@ '0 Q=Okt |xU}=kt CyH u}vJty
OwHw |v=OvJ hqDN= QwmPt |x]@=Q wO R= '0 Q=Okt xD@r= xm OQm xaH=Qt 4 pwOH
T=tD K]U w xDUW |xU=t Kr=Yt |oDN}Uo VwB xJv=vJ '8 pmW QO "OQ=Ov
Q=Okt '\N u; ?}W '?trwm � Qywt |]N |x]@=Q x@ xHwD =@ 'OwW xDiQo Q_v QO
u}= 4 pwOH QO xm 'Ovm|t u=}@ =Q (') Kr=Yt |rN=O l =m]Y= |x} w=R Cv=Sv=D
xOt; `=@W= w lWN Cr=L wO QO T=tD K]U w xDUW |xU=t Kr=Yt |=Q@ Q}O=kt

"CU=
\}=QW QO T=tD K]U w �xDUW� xWwoOQo |xU=t Kr=Yt �?trwm � Qywt |]N VwB R=� |rN=O l =m]Y= |x}w=R w 4 w 3 \@=wQ |=yQDt=Q=B Q}O=kt |xU}=kt "4 pwOH

"`=@W= w lWN

V}=tR; ẁv D
3 x]@=Q R= '0 4 x]@=Q R= '0 �' '

�xHQO� �xHQO� �xHQO� �xHQO�
lWN |xDUW |xU=t Kr=Yt �0 15 40 2 40 5 8 2 33
`=@W= |xDUW |xU=t Kr=Yt �0 13 33 9 34 5 5 28 8
lWN T=tD K]U Kr=Yt �0 09 32 1 31 7 5 4 27
`=@W= T=tD K]U Kr=Yt �0 08 28 4 27 9 4 4 24 5
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=DUw
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yt=

[Q

w T=tD K]U Kr=Yt x}rw= s�=k VvD C@Uv =@ `=UD= |x} w=R C=Q}}eD "12 pmW
"`=@W= w lWN Cr=L wO QO |}xU=t

T=tD K]U Kr=Yt |x}rw= s�=k VvD C@Uv =@ |WQ@ |DNU C=Q}}eD "13 pmW
"`=@W= w lWN Cr=L wO QO

K]U Kr=Yt w |}xU=t Kr=Yt Q=DiQ QO QF-wt pt=wa "4
T=tD

x@ C@Uv |Dw=iDt Q=DiQ 'uwoty=v |]}Lt uDN=U p}rOx@ T=tD K]U Kr=Yt
T=tD K]U Kr=Yt QO "OvyO|t u=Wv OwN R= 'CU= uwoty xm '|}xU=t Kr=Yt
w CU= xOW O=H}= �V}=OH� Xkv |awv '|DU@ w pik Ctw=kt Vy=m Cra x@
QO |Dr=iU; uD@ Kr=Yt Qo = xD@r= "OvyO|t u=Wv |QDsm |WQ@ Ctw=kt OwN R=
'OwW xO}@ wm w xO=O T=tD |}xU=t Kr=Yt =@ �1600C pta QO� q=@ Q=}U@ |=tO
u=Q@H =Q xY}kv u}= |O=} R OwOL =D xm OwW|t QDW}@ xO=t wO u}= u}@ CU@ w pik
QO ,qwtat� q=@ s�=k |=ywQ}v '|}xU=t Kr=Yt |q=@ |=ysm =QD u}vJty [13]"Ovm|t
pt=wa R= QDxWwoR}D |}xU=t Kr=Yt w QDCNU Q}k R= xO=iDU= '�OU hm |m}ORv

"CU= Kr=Yt u}= u}@ |WQ@ Ctw=kt uOQ@q=@ QO Q=PoQ}F-=D

"Kr=Yt sm =QD ?UL Q@ �='VvmQOv= C@Uv Q}O=kt "5 pwOH

Dr
lWN `=@W=

��� �='
C

�='
C

(kg/cm2) (kg/cm2)

50 0 79 0 180 0 83 0 123
65 0 82 0 278 0 85 0 260
85 0 84 0 372 0 87 0 353

x_Lqt xm Qw]u=ty "CU= xOt; `=@W= w lWN Cr=L wO QO T=tD K]U w xDUW
V}=Ri= |@Uv sm =QD V}=Ri= =@ |oOv@UJ Q=Okt u}vJty w VvmQOv= C@Uv 'OwW|t

"Ov@=}|t
QO T=tD K]U w |}xU=t Kr=Yt |WQ@ |DNU w `=UD= |x}w=R "2"3"3

`=@W= w lWN \}=QW
|WQ@ |DNU QDt=Q=B wO u=wD|t 'V}=tR; R= xOt;CUOx@ |=yQ=Owtv x@ xaH=Qt =@

%OQm h} QaD 6 w 5 |=yx]@=Q j@=]t =Q ( ) `=UD= |x} w=R w (Ks)

Ks = d�
d (�h)

����
�h=0

(5)

 = tan�1
�
d (�v)
d (�h)

�
max

(6)

VvD C@Uv ?UL Q@ |WQ@ |DNU w `=UD= |x} w=R C=Q}}eD '13 w 12 |=ypmW
Cr=L wO QO T=tD K]U w |}xU=t Kr=Yt |=Q@ =Q QiUtD= Q=Wi Q@ x}rw= s�=k
Q@ x}rw= s�=k VvD V}=Ri= =@ xm OwW|t xOy=Wt "OvyO|t u=Wv `=@W= w lWN
R}v 6 pwOH QO "CU= xDi=} Vy=m |]NQ}e CQwYx@ `=UD= |x} w=R 'xvwtv |wQ
Kr=Yt w T=tD K]U Kr=Yt |=Q@ `=UD= |x} w=R w |WQ@ |DNU QDt=Q=B wO C@Uv
C@Uv T=tD K]U |xvwtv 'OwW|t xOy=Wt xm Qw]u=ty "CU= xO=O u=Wv |}xU=t
?@U x@ u}= xm &OyO|t u=Wv OwN R= |QDsm `=UD= |x} w=R '|}xU=t Kr=Yt x@
|}xU=t Kr=Yt x@ C@Uv uOw@?rY p}rOx@ '|Dr=iU; uD@ Kr=Yt R}J=v sHL Q}}eD
|QDsm Vy=m w CU= QDlJwm `=UD= |x} w=R Q=Okt `=@W= Cr=L QO u}vJty "CU=
Ctw=kt QO `=UD= |x} w=R C@Ft Q}F-=D x@ xHwD =@ ?r]t u}= xm 'OyO|t u=Wv OwN R=
CQwYx@ s�=k VvD V}=Ri= =@ R}v |WQ@ |DNU Q=Okt "OwW|t O}}-=D Kr=Yt |WQ@
"Ov=xOW QDCNU Kr=Yt x}rw= s�=k VvD uDiQq=@ =@ w CU= xOW QDW}@ |]NQ}e
xm O};|t CUOx@ xH}Dv u}= `=UD= |x} w=R w |WQ@ |DNU |=yQ=Owtv |xU}=kt =@
`=UD= |x} w=R w |WQ@ |DNU Q=Okt '`=@W= w lWN Cr=L wO QO |}xU=t Kr=Yt

"OvQ=O T=tD K]U Kr=Yt x@ C@Uv |QDW}@
"`=@W= w lWN Cr=L wO QO |}xU=t Kr=Yt x@ T=tD K]U Kr=Yt |xv}W}@ `=UD= |x}w=R w |WQ@ |DNU |=yQDt=Q=B C@Uv "6 pwOH

x}rw= s�=k VvD lWN `=@W=
(KPa) KsT=tD K]U=Ks xU=t  T=tD K]U= xU=t KsT=tD K]U=Ks xU=t  T=tD K]U= xU=t

80 0 79 0 49 0 74 0 83
280 0 88 0 70 0 84 0 91
480 0 91 0 86 0 86 -
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QQ@

|}xU=t Kr=Yt |=Q@ sm =QD OYQO ?UL Q@ xv}W}@ |WQ@ VvD C=Q}}eD "16 pmW
"`=@W= w lWN Cr=L wO QO T=tD K]U Kr=Yt w

T=tD K]U Kr=Yt VvmQOv= QO |@Uv |r=oJ QF= "2"4
sm =QD� �65 '�pW l =N� �50 |=ysm =QD =@ Cr=L xU |=Q@ VvmQOv= |=yV}=tR;
'0 8 |x}rw= |=yVvD R}v =Hv}= QO "CiQo s=Hv= R}v �sm =QDt l =N� �85 w �\UwDt
\}=QW CLD |=yV}=tR; w OW p=ta= =yxvwtv x@ ?}DQD x@ (kg/cm2) 4 8 w 2 8
?UL Q@ xv}W}@ |WQ@ VvD C=Q}}eD '16 pmW QO "OvOW s=Hv= `=@W= w lWN
Cr=L wO QO T=tD K]U Kr=Yt w |}xU=t Kr=Yt Cr=L wO |=Q@ sm =QD OYQO

"CU= xOW xO=O u=Wv `=@W= w lWN
w OQ=O Kr=Yt CU@ w pik QO |}=RU@ Vkv sm =QD V}=Ri= xm OwW|t xOy=Wt
Ctw=kt q=@ |=ysm =QD R}v `=@W= Cr=L QO "OwW|t u; |WQ@ Ctw=kt V}=Ri= ?@U
sm =QD V}=Ri= =@ Ck}kL QO "OyO|t u=Wv OwNR= u}}=B |=ysm =QD x@ C@Uv |QDW}@
Kr=Yt u}@ |xU}=kt u=wvax@ =t= 'O@=}|t V}=Ri= Kr=Yt |}xQP u}@ l =m]Y=
T=tD K]U Kr=Yt xm CU= u}= Qov=}@ ?r]t u}= T=tD K]U Kr=Yt w |}xU=t
Vy=m xm Ovm|t ptLD |QDsm |m =m]Y= |wQ}v |}xU=t Kr=Yt =@ xU}=kt QO

"OQ=O |B QO =Q |WQ@ Ctw=kt xH}Dv QO w |rN=O l =m]Y= |x} w=R

l =N ẁv Q}}eD Q}F-=D "3"4
|m}v=mt C=YNWt =@ xWwoR}D|}xU=tKr=Yt R= w 'OQm Q}}eD l =N ẁv xrLQt u}= QO
j@=]tGs = 2 83 w 
dmin = 1 63 gr=cm3 ' 
dmax = 1 87 gr=cm3

Q=m R= CtUk u}= QO "CiQo Q=Qk V}=tR; OQwt 1 pmW QO 2 |xQ=tW |Ov@xv=O
CyH Dr = �65 w �\}=QW uOw@ QD|v=QL@ p}rOx@� `=@W= l =N \}=QW '|WywSB
(kg/cm2) 4 8 w 2 8 '0 8 |x}rw= |=yVvD R}v =Hv}= QO "OW ?=NDv= xU}=kt
=Q l =N ẁv wO |=y|vLvt VwB '17 pmW Q=Owtv "OW p=ta= =yxvwtv x@ ?}DQD x@
|}xU=t Kr=Yt QO 'OwW|t xOy=Wt xm Qw] u=ty "OyO|t u=Wv `=@W= Cr=L QO
l =m]Y= |x} w=R 'xWwoOQo Kr=Yt x@ C@Uv QDW}@ CU@ w pik p}rOx@ xWwoR}D
Kr=Yt |vLvt wO VwB R}v '18 pmW QO "O@=}|t V}=Ri= �Q=Owtv ?}W� |rN=O
l =m]Y= |x} w=R V}=Ri= Q@ xwqa =Hv}= QO xm 'CU= xOW xO=O u=Wv T=tD K]U
R}v T=tD K]U Kr=Yt u}@ �Q=Owtv -=O@t R= ZQa� |oOv@UJ Ctw=kt |rN=O
|Dr=iU; uD@ \wrNt QO xv=OR}D Kr=Yt QDQF-wt Pwiv u; p}rO xm 'CU= xOQm =O}BV}=Ri=

"CU=
T=tD K]U Kr=Yt w |}xU=t Kr=Yt QO `=UD= |x} w=R xm CU= QmP u=}=W
Kr=Yt |=Q@ Q}O=kt u}= xm CU= xOw@ xHQO 1 9 w 5 7 'Cr=L u}= QO xWwoOQo

T=tD K]U Kr=Yt |WQ@ VvD C=Q}}eD u=R}t QO x}rw= s�=k VvD QF= "14 pmW
"|}xU=t |xvwtv x@ C@Uv

C@Uv T=tD K]U |xv}W}@CUWv C=Q}}eD u=R}t QO x}rw= s�=kVvD QF= "15 pmW
"|}xU=t |xvwtv x@

K]U |xv}W}@ CUWv w |WQ@ Ctw=kt Q}}eD QO s�=k VvD QF= "1"4
|}xU=t |xvwtv x@ C@Uv T=tD

T=tD K]U CUWv w |WQ@ Ctw=kt C=Q}}eD u=R}t QO s�=k VvD QF= |UQQ@ CyH
VvD xU p=ta= =@ T=}ktlJwm s}kDUt VQ@ V}=tR; '|}xU=t |xvwtv x@ C@Uv
Cr=L wO QO T=tD K]U w |}xU=t Kr=Yt |=Q@ (kg/cm2) 4 8 w 2 8 '0 8
QO s�=k VvD QF= ?}DQD x@ '15 w 14 |=ypmW QO "CU= xDiQo s=Hv= `=@W= w lWN
lWN Cr=L wO |=Q@ CUWv C=Q}}eD u}vJty w xv}W}@ |WQ@ VvD C=Q}}eD u=R}t
R= |}xU=t Kr=Yt |xv}W}@ |WQ@ VvD u=R}t Qo = "OwW|t xOy=Wt Kr=Yt `=@W= w
"OwW|t pY=L 14 pmW Q=Owtv 'OwW xDU=m T=tD K]U Kr=Yt QO Q=Okt u}ty
K]U Kr=Yt QO Q=Okt u}ty R= |}xU=t Kr=Yt |xv}W}@ CUWv xm |DQwY QO

"OW Oy=wN pY=L 15 pmW Q=Owtv 'OwW sm T=tD
T=tD K]U Kr=Yt 'OwW|t x_Lqt 15 w 14 |=ypmW QO xm Qw]u=ty
CUWv w OvwW|t xDN}Uo |QDu}}=B VvD K]U QO |}xU=t Kr=Yt x@ C@Uv
xOwRi= x}rw= s�=k VvD u=R}t V}=Ri= =@ Q=Okt wO u}= C=Q}}eD u=R}t w OvQ=O |QDsm
w O@=}|t V}=Ri= |}xv=O u}@ T=tD K]U 'x}rw= s�=k VvD V}=Ri= =@ =Q} R &OwW|t
?r]t u}= R}v `=@W= Kr=Yt OQwt QO "ODi=|t j=iD= =yxv=O QO |QDW}@ |oDUmW
�|Q=mv=wQ� Vkv p}rO x@ �OU |Q}o@;� `=@W= C}a[w QO xm CU= QmP u=}=W
xOy=Wt lWN Kr=Yt x@ C@Uv |QDW}@ CUWv w QDsm |WQ@ Ctw=kt u=R}t '?;
l =N xm =Hv; R= w OwW|t Kr=Yt QO CU@ w pik Vy=m Ea=@ ?; =Q} R "OwW|t

"CU= Q}PBx}HwD u; CUWv V}=Ri= 'CU= xOW |Ov@xv=O ?wN
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�|oDN}UoVwB�s�=kVvD?UL Q@|WQ@VvD|xv}W}@C=Q}}eD|vLvt "19pmW
"`=@W= Cr=L QO T=tD K]U Kr=Yt |xO=iDU= OQwt Q}k ẁv wO |=Q@

K]U Kr=Yt |=Q@ |oOv@UJ Ctw=kt w �=' VvmQOv= C@Uv Q}O=kt "8 pwOH
"B80 w B60 Q}k T=tD

Dr
B60 Q}k T=tD K]U Kr=Yt B80 Q}k T=tD K]U Kr=Yt

��� �='
C

�='
C

(kg/cm2) (kg/cm2)

65 0 85 0 260 0 82 0 299

Vy=m =Hv}= QO "CU= xOW xO=O u=Wv B80 w B60 |Dr=iU; uD@ \wrNt =@
R= xm |Dr=L x@ C@Uv |oOv@UJ Ctw=kt V}=Ri= w |}xv=Ou}@ l =m]Y= |x} w=R
w B80 Q}k uOw@ QDsQv x@ xHwD =@ xr�Ut u}= xm &OW xOy=Wt 'OW xO=iDU= B60 Q}k
u}= xD@r= "CU= Q}PBx}HwD |Dr=iU; uD@ \wrNt QO xU=t QDW}@ |oDiQwQi xH}Dv QO
"CiQo Q_v QO u=Um} =Q Cr=L wO u}= u=wD|t w CU}v x_Lqt p@=k u=OvJ Q}}eD
R= |NQ@ QO B180 QDsQv Q=}U@ Q}k R= |L=Q] |=yR=}v x@ =v@ xm CU= QmP x@ sRq
x=oW}q=B QO Q}k ẁv u}= xm 'CU= xOW xO=iDU= """w u=tr; w SwQv |=yQwWm |=yOU

"OwW|tv O}rwD u=Q}=
|=Q@ |oOv@UJ Ctw=kt QDt=Q=B u}vJty w VvmQOv= C@Uv Q=Okt '8 pwOH QO

"CU= xOW xU}=kt Q}k ẁv wO T=tD K]U Kr=Yt

|Q}oxH}Dv "5
w |}xU=t Kr=Yt |wQ Q@ T=}ktlJwm s}kDUt VQ@ V}=tR; 'VywSB u}= QO
xOW s=Hv= `=@W= w lWN Cr=L wO QO |Dr=iU; uD@ =@ u; T=tD K]U Kr=Yt
OvDiQo Q=Qk |@=} RQ= OQwt T=tD K]U Kr=Yt QO |DU@ w pik |=yQDt=Q=B QF= "CU=

%OvDUy KQW u}= x@ V}=tR; R= pY=L G}=Dv R= |NQ@ w
|x} w=R x@ T=tD K]U l =m]Y= |x} w=R C@Uv� VvmQOv= C@Uv |rmQw]x@ ��
u}ty R= '|Dr=iU; uD@ w xU=t T=tD K]U Kr=Yt QO �xU=t |xvwtv l =m]Y=
Ot; CUOx@ QDW}@ |xU=t =@ |vD@ w |Oqwi T=tD K]U Kr=Yt |=Q@ C@Uv
QO xm |r=L QO 'CU= 2

3 =D 1
2 u}@ ,qwtat C@Uv u}= q=@ C}@rY =@ Kr=Yt QO�

s=Hv= |}xU=t Kr=Yt =@ VvmQOv= QO |Dr=iU; uD@ Kr=Yt |wQ Q@ xm VywSB u}=
l =m]Y= '?r]t u}= p}rO "�CU= xOw@ 0 79 smCUO C@Uv u}= 'CU= xOW

�|oDN}UoVwB�s�=kVvD?UL Q@|WQ@VvD|xv}W}@C=Q}}eD|vLvt "17pmW
"`=@W= Cr=L QO |}xU=t Kr=Yt |=Q@

�|oDN}UoVwB�s�=kVvD?UL Q@|WQ@VvD|xv}W}@C=Q}}eD|vLvt "18pmW
"`=@W= Cr=L QO T=tD K]U Kr=Yt |=Q@

K]U Kr=Yt |=Q@ |oOv@UJ Ctw=kt w �=' VvmQOv= C@Uv Q}O=kt "7 pwOH
"xWwoR}D w xDUW |xU=t T=tD

Dr
R}tD |xU=t xWwoR}D |xU=t

��� �='
C

�='
C

(kg/cm2) (kg/cm2)
65 0 85 0 26 0 85 0 278

"CU= xOQm =O}BV}=Ri= xHQO 3 5 w 7 1 x@?}DQD x@ T=tD K]U Kr=Yt w xWwoR}D
V}=Ri= ?@U VQ@ u}L QO xWwoR}D Kr=Yt QDy@ CU@ w pik xm CU= u; Vr}rO xm
u}vJty w VvmQOv= C@Uv Q=Okt '7 pwOH QO "OwW|t xvwtv |oOWOvr@ w sHL
xU}=kt xWwoR}D w xDUW |xU=t T=tD K]U Kr=Yt |=Q@ |oOv@UJCtw=kt QDt=Q=B

"CU= xOW

T=tD K]U |WQ@ Ctw=kt QO Q}k ẁv Q}F-=D "4"4
'VywSB G}=Dv QO |Dr=iU; uD@ \wrNt OwN Q}F-=D |UQQ@ |=Q@ |WywSB Q=m u}= QO
|v=w=Qi u} QDW}@ B60 Q}k R= TB xm � B80 Q}k R= w Qrwi |vLvt |Ov@xv=O =@ j@=]t
"OW xO=iDU= |Dr=iU; uD@ \wrNt |x}yD |=Q@ �OQ=O |Dr=iU; uD@ CN=U QO =Q
'xrLQt u}= QO "OQ=O |QDu}}=B |oOv@UJ w CU= QDsQv B60 Q}k R= Q}k ẁv u}=
QO "CiQoQ=Qk (kg/cm2) 4 8 w 2 8 '0 8 |x}rw= s�=k VvD xU CLD xvwtv
V}=tR; QO `=@W= Cr=L w Dr = �65 sm =QD =@ Kr=Yt R= xU}=kt CyH R}v =Hv}=
T=tD K]U Kr=Yt Cr=L wO |=Q@ ?trm � Qywt VwB '19 pmW QO "OW xO=iDU=
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QQ@"CU= QDsm lWN Cr=L R= Q=Okt u}= `=@W= Cr=L QO w OQ=O |]N V}=Ri=
|x} w=R '|WQ@Ctw=kt 'xWwoR}D |}xU=t Kr=Yt |Dr=iU; uD@ =@ T=tD K]U QO ��
Kr=Yt x@C@Uv |QDW}@ `=UD= |x} w=R w '|oOv@UJCtw=kt '|rN=O l =m]Y=

"O};|t OwHwx@ xWwoOQo
|�RH Q=}U@ Vy=m ?Hwt '|Dr=iU; uD@ \wrNt QO u; uOQmsQv w Q}k ẁv Q}}eD ��
T=tD K]U Kr=Yt QO |oOv@UJ Ctw=kt V}=Ri= w |rN=O l =m]Y= |x} w=R

"OwW|t

C@Uv 'xU=t =@ |Dr=iU; uD@ Kr=Yt u}@ QDW}@ CU@ w pik w |Q}oQO w |rN=O
"CU= |vD@ w |Oqwi Kr=Yt x@

'O};|t CUOx@ `=@W= Cr=L R= QDsm lWN Cr=L QO VvmQOv= C@Uv ��
`=@W= Cr=L QO w 0 79 < �=' < 0 84 'lWN Cr=L QO xm |Qw]x@
x@ Q=Okt u}= sm =QD V}=Ri= =@ xm &OwW|t pY=L 0 83 < �=' < 0 87

"O@=}|t V}=Ri= xR=@ |q=@ u=Qm CtU
|@Uv |r=oJ V}=Ri= =@ T=tD K]U Kr=Yt |=Q@ |oOv@UJ Ctw=kt u=R}t ��
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