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lePwiv V}=tR; R= xO=iDU= =@ u}tR |ki= VvD u}}aD

=yxO=O x=o}=B OQm}wQ %\wQNt
�Q=}Wv=O� �|OtL= |OytOtLt
�OWQ= T=vWQ� � VN@sQm =}wB

�|QDmO |wHWv=O� |v=DUro Q@m =|ra
h} QW |DavY x=oWv=O 'u=Qta |UOvyt |xOmWv=O

xOW |Qw;`tH \wQNt lwv Ctw=kt V}=tR; uw}U=Q@}r=m |x_iLt G}=Dv R= |}xO=O x=o}=B
'|@Uv |r=oJ %pt=W� l =N \}=QW w =yQDt=Q=B QF= w xOW xO=iDU= xO=O x=o}=B u}= R= "CU=
\wQNt lwv Ctw=kt QO �|t}mLDV}@ C@Uv w xOWOwOLt pwOt '|ki= VvD 's�=k VvD

|ki= VvD w |@Uv |r=oJ '=y|UQQ@ u}= R= xO=iDU= =@ "CU= xDiQo Q=Qk |UQQ@ OQwt
xOW O=yvW}B \wQNt lwv Ctw=kt w =yv; u}@ |}x]@=Q w ?=NDv= |rY= |=yQDt=Q=B u=wvax@

T=U= Q@ l =N |ki= VvD u}}aD CyH Ov=wD|t Twmat |x@U=Lt =@ x]@=Q u}= "CU=
|xO=O x=o}=B R= xO=iDU= =@ xrO=at CkO u=R}t "OQ}o Q=Qk xO=iDU= OQwt \wQNt lwv Ctw=kt
|xrO=at wO =@ u; |}=Q=m u}vJty "OwW|t |HvUCLY \wQNt uw}U=Q@}r=m |=yV}=tR;
w uOw@=Q=m Cra u}vJty "OQ}o|t Q=Qk xU}=kt OQwt u=QoWywSB Q}=U |xOWO=yvW}B OwHwt

"OwW|t p}rLD w |UQQ@ xO=iDU= OQwt |=yQDt=Q=B ?=NDv= p}qO

mmahmadi@sharif.ir
pooya karambakhsh@yahoo.com
ali akbar golestani@yahoo.com

lwv Ctw=kt 'uw}U=Q@}r=m |x_iLt V}=tR; 'CPT uwtR; %|O}rm u=oS=w
"|ki= VvD '|@Uv |r=oJ '\wQNt

xtOkt "1
V}=tR; u}= |=Q@ |v=w=Qi |=yOQ@ Q=m uwvm =D =yQ}UiD u}= |x}=B Q@ "OQw; CUOx@ u;

"CU= xOW O=yvW}B
|Q_v |x}=B "CU= l =N |@v=H Q=Wi uOQw;CUOx@ CPT |=yOQ@ Q=m R= |m}
VvD\}=QW u; T=U= Q@ xmCU= u=QoWywSB R= |Q=}U@ Q_vQ=y_= T=U= Q@ OQ@ Q=m u}=
[6�1]"OQ=O \wQNt Pwiv V}=tR; |xH}Dv QO syt |QF= l =N |ki= VvD XwYNx@ w
p=U QO xm |}x]@=Q xrtH R= "CU= xOW O=yvW}B \@=wQ |NQ@ OQwt u}= QO

[7]%CU= xOW x�=Q= 1998
log10

(qc � �h)
�0h

= 1 51 + 1 23Dr (1)

QF-wt |ki= VvD �0h 'l =N |ki= VvD �h '\wQNt lwv Ctw=kt qc 'x]@=Q u}= QO
u}= QO 'OwW|t xOy=Wt xm Qw]u=ty "CU= l =N |@Uv |r=oJ Dr w 'l =N
|HvU `=UD= |wQ Q@ C=ar=]t xm p}rO u}= x@ "OwW|tv xO}O |t}mLDV}@ QF= x]@=Q
C@Uv R= QDW}@ Q=}U@ 'l =N |ki= VvD Q}F-=D xm OyO|t u=Wv xU=t QO |DmQ=t
Q}O=kt QO uw}U=Q@}r=m |x_iLt |=yxO=O QO xm |}=yCw=iD w &CU= |t}mLDV}@
VvD QO Cw=iD p}rO x@ QDW}@ 'OwW|t xO}O hrDNt �OCR� |t}mLDV}@ C@Uv

[7]"|t}mLDV}@ C@Uv =D CU= |ki=
CU= xOW x�=Q= 2 |x]@=Q [8]' u=kkLt |O=yvW}B |x]@=Q T=U= Q@ u}vJty
?r=k QO `k=w QO =t= &CU= xOW xO=iDU= 2 |x]@=Q |=Q@ u}ov=}t VvD R= xJ Qo = xm

u} QDOQ@ Q=mQB �SPT� OQ=Ov=DU= Pwiv V}=tR; R= TB �CPT� \wQNt Pwiv V}=tR;
|Rri |]wQNt 'V}=tR; u}= QO "CU= l}vmDw�S |UOvyt QO |}=QLY V}=tR;
xO=iDU= OQwt |=yQoUL T=U=Q@ w Ovm|t Pwiv u}tR uwQO x@ C@=F CaQU =@
u}= u} QDpwtat xrtH R= "OQm C@F u=wD|t =Q |irDNt C=aq]= 'xr}Uw u}= QO
lwv Ctw=kt� \wQNt lwv Q@ l =N ?v=H R= xOQ=w Q=Wi x@ u=wD|t C=aq]=
�fs 'xQ=OH l =m]Y=� x=oDUO |xQ=OH Q@ OQ=w |m =m]Y= VvD '�qc '\wQNt
R}v |Qo}O |=yQoUL u}vJty "OQm xQ=W= �u2 w u1� l =N |Pivt ?; Q=Wi w
|WQ@ Gwt CaQU uwJty |D=aq]= xm OvQ}o|t Q=Qk xO=iDU= OQwt x=oDUO QO
C@F =Q OQ=wt Q}=U w l =N QO OwHwt |}=}t}W O=wt |NQ@ C_re 'l =N QO

"Ovvm|t
|oDUw}B u}= xm Ovm|t \@[ xDUw}B CQwYx@ =Q C=aq]= CPT V}=tR;
%Ovv=t Qo}O |}=QLY |=yV}=tR; |Q=}U@ x@ C@Uv V}=tR; u}= |=}=Rt u} QDsyt R=
�PMT� |HvUQ=Wi w '�DMT� |HvU `=UD= '�SPT� OQ=Ov=DU= Pwiv |=yuwtR;

"CU=
Q@ w OvQ}o|t Q=Qk Q}UiD OQwt CPT V}=tR; R= xOt;CUOx@ s=N |=yxO=O
|m}v=mt |=yQDt=Q=B w l =N \}=QW OQwt QO |vwo =vwo C=aq]= u=wD|t u; T=U=

pw�Ut xOvU} wv �
"91 9 8 VQ}PB '91 8 21 x}LqY= '91 5 1 Ci=} QO %M} Q=D



"""P
wivV

}=tR;
R=x

O=iD
U=

=@u
}tR

|ki
=V

vDu
}}aD&|@Uv |=y|r=oJ R= |}xOQDUo |xvt=O QO =yxvwtv Q=QmD u=mt= w |voty "2

&=yxvwtv x@ xOWp=ta= s�=k w |ki= |=yVvD j}kO pQDvm u=mt= "3
"=yxvwtv VvQm w VvD |xJN} Q=D |R=Ux}@W u=mt= "4

OwW|t Ea=@ xm CU= x_iLt O=a@= C}OwOLt 'VwQ u}= Xkv u} QDsyt =t=
Q=Qk Q_v Ot Q=@H= x@ V}=tR; G}=Dv QO x_iLt |RQt \}=QW Q}F-=D 'G}=Dv Q}UiD s=ovy
|=yVywSB uwvm =D \wQNt Pwiv V}=tR; G}=Dv QO |RQt \}=QW Q}F-=D OQwt QO "OQ}o

[24�22'6]"CU= xOW s=Hv= |O=} R
G}=Dv QO Q=PoQ}F-=D |=yQDt=Q=B w \wQNt Pwiv V}=tR; sR}v=mt |UQQ@ |=DU=Q QO
'l =N |x}rw= |=yQDt=Q=B |NQ@ u}}aD |=Q@ V}=tR; G}=Dv R= xO=iDU= u=mt= w u;
hrDNt `@=vt R= \wQNt Pwiv uw}U=Q@}r=m |x_iLt |=yV}=tR; R= xO=O x=o}=B l}
1 |=ypwOH QO xO=O x=o}=B u}= |Q=t; C=YNWt [26w25'2'1]"CU= xOW |Qw;`tH

"CU= xOt; 2 w
xOWx�=Q= OQ=wt Q@ xwqa |Qo}O |=yh=Qo 'xOW|Qw;`tH |=yxO=O R= xO=iDU= =@
[27w6]'Qo}O |=yVywSB |NQ@ QO =Q =yv; u=wD|t xm Ov=xOt; CUOx@ Q=DWwv u}= QO

"xO=O x=o}=B |rm C=aq]= "1 pwOH
OYQO O=OaD KQW
66 1 417 BC1

|RQt \}=QW4 3 27 BC2
22 0 139 BC3
7 6 48 BC4
67 8 428 NC |oDi=} s}mLDV}B \}=QW32 0 202 OC

9 7 61 Berkley[25w1]

V}=tR; u=mt

25 7 162 ENEL CRIS[26w25'1]

39 1 247 ISMES[26w25'1]

4 1 26 NGI[26w25'1]

9 0 57 Oxford[2]

9 5 60 Southampton[26w25'1]

2 9 18 Tokyo[25w1]

631 =y V}=tR; pm

QO =yQDt=Q=B |Q}oxR=Ov= s=Hv=� =yQDt=Q=B u}ov=}t w xv}W}@ 'xv}tm Q}O=kt "2 pwOH
"�x_iLt |v=}t jta

u}ov=}t Q=Okt xv}W}@ Q=Okt xv}tm Q=Okt QDt=Q=B
15 563 17 111 13 694 
d (kN/m3)

65 3 98 5 Dr ���
140 4 715 8 29 1 �0v (kPa)

0 688 2 702 0 229 K0
2 92 15 13 1 OCR

118 2 312 9 11 4 M (MPa)

17 0 56 7 1 2 qc (MPa)

93 1 441 1 0 fs (kPa)

87 5 356 5 17 0 �0h (kPa)

105 1 473 5 25 4 �0m (kPa)

[4]%CU= QF-wt \wQNt lwv Ctw=kt QO l =N |ki= VvD 'QDt=Q=B u}ty
qc = C0Pa

�
�0m
Pa

�C1
exp (C2Dr) (2)

'98 1 kPa =} 1 kg/cm2 =@ Q@=Q@ w QiUtD= Q=Wi =@ Q@=Q@ |D@=F Pa 'x]@=Q u}= QO
l}D=DU=w�S QF-wt VvD |xir-wt l} |rm Cr=L QO� l =N QF-wt u}ov=}t VvD �0m
0 46 '24 94 =@ Q@=Q@ ?}DQD x@ w C@=F Q}O=kt C2 w C1 'C0 w '�VvD C@=F l} =}

"OvDUy 2 96 w
QO R}v =Q |Qo}O |=yQDt=Q=B u=QoWywSB '|@Uv |r=oJ w VvD \}=QW Q@ xwqa
C@Uv '1991 p=U QO |WywSB QO xrtH R= "Ovv=O|t QF-wt \wQNt lwv Ctw=kt
Ctw=kt w C@Uv u}= u}@ |]@=wQ w xOW xOQtWQ@ QF-wt |=yQDt=Q=B R= |t}mLDV}@

[9]"CU= xOW x�=Q= \wQNt lwv
V}=tR; G}=Dv QO xOWOwOLt pwOt Q}F-=D =yVywSB R= |NQ@ QO Qo}O |wU R=

[12�10]"CU= xDiQo Q=Qk xHwD OQwt \wQNt Pwiv
VvD 'xOw@ EL@ OQwt xQ=wty \wQNt lwv Ctw=kt QO u; Q}F-=D xm |Qo}O QDt=Q=B
CqO=at QO s}kDUt CQwY x@ QDt=Q=B u}= R= u=QoWywSB |NQ@ "CU= l =N s�=k
CQwYx@ w u}ov=}t VvD ?r=k QO =Q u; Qo}O |NQ@ w [8w1]'Ov=xOQm xO=iDU= OwN

[4w3]"Ov=xOQ@ Q=mx@ |vt[
Ctw=kt R= l =N |ki= VvD u}}aD CyH ?U=vt |}xrO=at x@ uO}UQ |=Q@
\wQNt lwv Ctw=kt QO |}=yQDt=Q=B xJ xm OwW |UQQ@ =OD@= O}=@ '\wQNt lwv
|w=m =w 'Ov=xOW QmP uwvm =D xm |}=yQDt=Q=B |x}rm Q}F-=D O}=@ p}rO u}ty x@ "OvQ=PoQF=

"CU= xOW xDN=OQB u; x@ Q=DWwv |xt=O= QO xm 'OvwW

|RQt \}=QW w uw}U=Q@}r=m |x_iLt "2
xm |vat u}O@ 'OvDUy Q}UiD OvtR=}v CPT V}=tR; G}=Dv 'OW xQ=W= xm Qw]u=ty
|=yQDt=Q=B w x}rw= \}=QW x@ \@=wQ |QU l} j} Q] R= O}=@ xOt;CUOx@ |=yxO=O
'u}=Q@=v@ "OwW s=Hv= Twmat p}rLD '|DQ=@a x@ w OvwW \@DQt V}=tR; OQwt l =N
x@ OQwt u}= QO xm |y=Q u}rw= "OvW=@ swrat V}B R= l =N |=yQDt=Q=B w \}=QW O}=@
R= xOQwNvCUO |}xvwtv |x}yD 'l =N |wQ Q@ CPT V}=tR; s=Hv= 'OUQ|t Q_v
|y=oW}=tR; |=yV}=tR; s=Hv= 'u=tRsy Qw] x@ V}=tR; OQwt |xk]vt u=ty l =N
CPT V}=tR; G}=Dv u}@ x]@=Q |x�=Q= TBU w '=yQDt=Q=B u}}aD 'xvwtv u}= |wQ Q@
umtt xOv@UJ |=yl =N QO |OwOL =D VwQ u}= "CU= xOWu}}aD |=yQDt=Q=B w
Cra x@ |QDW}@ |Q=wWO ,qwtat 'xU=t Ovv=t xOv@UJQ}e |=yl =N QO =t= &CU=

"OQ=O OwHw xOQwNvCUO |xvwtv |x}yD O=} R |xv} Ry
=yv; QO xm 'OwW|t xO=iDU= uw}U=Q@}r=m |=yx_iLt R= '|DU=m u}= u=Q@H |=Q@
|rmWQ}}eD w |Dtw=kt |=yQDt=Q=B w VvD \}=QW =@ xOv@UJQ}e l =N R= |}xvwtv
w s=Hv= u; |wQ Q@ �CPT ,qFt� pLt QO V}=tR; TBU "OwW|t xO=t; XNWt

"OvwW|t \@DQt q=@ O=tDa= C}r@=k =@ x}rw= |=yQDt=Q=B x@ G}=Dv
QO uwvm =D w OQ=O |}xOQDUo ,=D@Uv C}rw@kt uw}U=Q@}r=m |x_iLt R= xO=iDU=
xOW xO=iDU= [18]=}r=D}= w [17]SwQv [16]'=}v=D} Q@ [15]'=}r=QDU= [14w13]'xOLDt Cq=}=
KQW u}= x@ uw}U=Q@}r=m |x_iLt |=}=Rt =@ Ov=wD|t VwQ u}= C}rw@kt [21�19]"CU=

%OwW x}HwD
|W=v |a}@] l =N x@=Wt 'Q=DN=U QO |OwOL =D 'xm =yxvwtv CN=UR=@ u=mt= "1

&CU= |Q=Po?wUQ R=
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"(BC3) \wQNt lwv Ctw=kt QO |@Uv |r=oJ Q}F-=D "2 pmW

"CPT OQmrta sR}v=mt "3 pmW

\wQNt Q]k x@ x_iLt Q]k C@Uv xm '2 |xDUO RH x@ "Ov=C@=F ,=@} QkD =yV}=tR;
u}= x@ xHwD =@ "CU= 34 Q@=Q@ C@Uv u}= =yxDUO Q}=U QO 'CU= 47 Q@=Q@ �RD� u;
Qo}O R= pkDUt |@Uv |r=oJ V}=Ri= '1 pmW Ovv=ty xm OwW|t x_Lqt pmW
|x]@=Q 'Qo}O CQ=@a x@ "CU= \wQNt lwv Ctw=kt V}=Ri= =@ Q_=vDt '=yQwDm =i
'x]@=Q u}= |ovwoJ xD@r= "CU= s}kDUt \wQNt lwv Ctw=kt w |@Uv |r=oJ u}@
u; x@ EL@ |xt=O= QO w CU}v |UQQ@ p@=k ,qai 'uOw@|]N Q}e =} |]N Q_v R=

"CU= xOW xDN=OQB
u}= sR}v=mt x@ 'l =N |@Uv |r=oJ R= \wQNt Pwiv V}=tR; Q=mW; |Q}PB Q}F-=D
3 pmW l}D=tW pmW R= xO=iDU= =@ u=wD|t =Q sR}v=mt u}= "OQ=O |oDU@ V}=tR;
QO uDiQwQi |=Q@ \wQNt 'OwW|t xO}O pmW u}= QO xm u=vJ "O=O K}[wD QDW}@
Qw=Ht l =N |=yxv=O u}=Q@=v@ "OQ=O OwN |=Q@ |i=m |=[i uOQmR=@ x@ R=}v l =N
"OwW QDsm =QDt \wQNt h=Q]= |xOwOLt 'xH}Dv QO w OvwW =Hx@=H O}=@ \wQNt
|=[i |DQ=@a x@ w OW=@ sm |@Uv |r=oJ =@ w pW xOwOLt u}= l =N xJv=vJ
O=H}= w l =N uOWsm =QDt '=yxv=O OOHt V}=Q; 'OW=@ O=} R l =N |=yxv=O u}@ |r=N
=t= "OQ}o|t CQwY |QDtm |SQv= w wQ}v hQY =@ w QDu=U; \wQNt |=Q@ sRq |=[i
|=yxv=O OOHt V}=Q; u}=Q@=v@ w CU= sm =yxv=O u}@ |=[i 'OW=@ sm =QDt l =N Qo =
"OQ=O |QDW}@ |SQv= hQY x@ R=}v xk]vt u}= l =N uOWQDsm =QDt w \wQNt h=Q]=
sm =QDt l =N QO w QDtm pW l =N QO \wQNt lwv Ctw=kt 'C@=F \}=QW QO 'u}=Q@=v@

"Ow@ Oy=wN QDW}@
|xOwOLtCaUwCQwYx@ |OOa|R=UpOtG}=Dv QO =Q OwNu}vJty xr�Utu}=
R= QD`}Uw xOwOLt u}= 'sm =QDt |=yl =N QO "OyO|t u=Wv \wQNt h=Q]= |Q}tN
C@Uv w |RQt \}=QW Q}F-=D Cra Ov=wD|t u}vJty xDmv u}= "CU= pW |=yl =N

"OyO K}[wD =Q \wQNt Pwiv V}=tR; G}=Dv QO \wQNt Q]k x@ x_iLt Q]k

CU= xOW CkO xO=O x=o}=B u}= R= xO=iDU= =@ xOWs=Hv= |=y|UQQ@ QO "OQm xOy=Wt
C@Uv w |RQt \}=QW 'xU=t TvH |=Q=O =yxU}=kt R= xwQo Qy QO =yxO=O |x}rm xm
Ovv=t Qo}O \}=QW Q}F-=D CLD =y|UQQ@ |xH}Dv =D 'OvW=@ u=Um} \wQNt x@ x_iLt

"OQ}ov Q=Qk =yQDt=Q=B Qo}O w |RQt \}=QW

=yQDt=Q=B |UQQ@ "3
|@Uv |r=oJ "1"3

QO QF-wt |=yQDt=Q=B u} QDsyt R= =Q |@Uv |r=oJ u=QoWywSB R= |Q=}U@ '|vi uwDt QO
|O=yvW}B\@=wQ w CqO=at QO ,=t}kDUt =Q u; |NQ@ "Ov=xDUv=O \wQNt lwvCtw=kt
QO w |vt[ Qw] x@ =Q u; Q}F-=D Qo}O |NQ@ xm|r=L QO [7w4'3'1]"Ov=xOQm OQ=w OwN
Q}=U R= V}B 'QDt=Q=B u}= x@ xQ=W= CQFm p}rOx@ [28]"Ov=xO=O u=Wv Cr=L QDt=Q=B ?r=k

"OwW|t |UQQ@ |@Uv |r=oJ QDt=Q=B 'pt=wa
4 x@ uw}U=Q@}r=m |x_iLt |=yV}=tR; QO xO=iDU= OQwt |RQt \}=QW `=wv=

[29]"CU= xOW x�=Q= 3 pwOH QO xm '�BC4 =D BC1� OvwW|t s}UkD xDUO
C@Uv "�4 pwOH� OvDUy BC1 |RQt \}=QW CLD |oty '1 pmW |=yxO=O
xDUO l} QO w 34 Q@=Q@ =yxO=O R= xDUO xU |=Q@ �RD� \wQNt Q]k x@ x_iLt Q]k
|UQQ@ CLD |xU=t TvH 'OW xQ=W= u}= R= V}B xmu=vJ 'xDUO Qy QO "CU= 47
p@=k C=Q}}eD =@ |}xOwOLt QO� C@=F ,=@} QkD |x}rw= |=yQDt=Q=B |t=tD "CU= u=Um}
RHx@ "Ovm|t Q}}eD |@Uv |r=oJ \ki w CU= ��10 R= QDtm ,qwtat w |WwBsWJ
x_Lqt "CU= u=Um} =yV}=tR; |xOvyO s=Hv= RmQt =yxDUO |xty QO '2 |xDUO
'|@Uv |r=oJ V}=Ri= =@ <=vFDU= uwO@ '=yxDUO |xty QO 1 pmW QO xm OwW|t

"O@=}|t V}=Ri= 'x}rw= \}=QW R= pkDUt 'R}v \wQNt lwv Ctw=kt
BC3 |RQt \}=QW CLD xm '=yxO=O R= |irDNt |=yxDUO R}v 2 pmW QO
|x}rm 'x}rw= |=yQwDm =i xDUO Qy QO "�5 pwOH� OvwW|t ?=NDv= 'Ov=xOW V}=tR;

"uw}U=Q@}r=m |x_iLt |=yV}=tR; QO |RQt \}=QW `=wv= "3 pwOH

|v=DLD |RQt \}=QW |@v=H |RQt \}=QW |RQt \}=QW ẁv
C@=F %s�=k VvD C@=F %|ki= VvD BC1
QiY %s�=k VvQm QiY %|ki= VvQm BC2
C@=F %s�=k VvD QiY %|ki= VvQm BC3
QiY %s�=k VvQm C@=F %|ki= VvD BC4

"(BC1) \wQNt lwv Ctw=kt QO |@Uv |r=oJ Q}F-=D "1 pmW
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"""P
wivV

}=tR;
R=x

O=iD
U=

=@u
}tR

|ki
=V

vDu
}}aD"1 pmW x@ \w@ Qt |=yxO=O "4 pwOH

Chamber/
BC

qc Dr
Sand

Test Test Set

Cone ratio (MPa) ��� no. done by No.

34 1 13 8 71 9 TS 189 ISMES

134 1 13 8 74 8 TS 168 ISMES

34 1 5 3 54 8 TS 62 ISMES

34 1 13 6 71 0 TS 15 ISMES

234 1 19 6 89 7 TS 10 ISMES

34 1 16 0 77 9 TS 115 ENEL CRIS

34 1 14 0 35 5 TS 59 ISMES 334 1 7 8 20 9 TS 32 ISMES

34 1 31 6 80 8 TS 70 ENEL CRIS 434 1 43 7 92 7 TS 61 ENEL CRIS

34 1 32 1 77 2 TS 82 ENEL CRIS 534 1 19 9 56 4 TS 75 ENEL CRIS

47 1 16 4 83 0 TS 146 ENEL CRIS

647 1 21 9 94 1 TS 153 ENEL CRIS

47 1 25 3 94 4 TS 161 ENEL CRIS

"2 pmW x@ \w@ Qt |=yxO=O "5 pwOH
Chamber/

BC
qc Dr

Sand
Test Test Set

Cone ratio (MPa) ��� no. done by No.

34 3 16 6 73 1 TS 81 ISMES 134 3 26 2 91 1 TS 77 ISMES

47 3 10 1 57 7 TS 166 ISMES 247 3 18 9 62 4 TS 188 ISMES

34 3 10 9 71 0 TS 50 ISMES 334 3 18 4 91 8 TS 34 ENEL CRIS

34 3 15 7 76 0 TS 169 ISMES 434 3 9 1 61 8 TS 33 ENEL CRIS

uDW=Oxov C@=F =@ '�7 w 6 |=ypwOH� xO=O x=o}=B R= xO=iDU= =@ \=@DQ= u}ty QO
QO xH}Dv xm CU= xOW |UQQ@ \wQNt lwv Ctw=kt QO s�=k VvD QF= =yQDt=Q=B Q}=U

"CU= xOW xO=O u=Wv 5 w 4 |=ypmW
Q]k C@Uv w BC1 |RQt \}=QW CLD V}=tR; |QU VW G}=Dv 4 pmW QO
w =yQDt=Q=B |x}rm '|QU Qy QO "CU= xOW xO=O u=Wv 30 '\wQNt Q]k x@ x_iLt
s�=k VvD V}=Ri= '1 |QU QO "OvDUy C@=F [,=@} QkD] s�=k VvD RH x@ x}rw= \}=QW
6 w 4 '2 |=y|QU QO xm |r=L QO "CU= x=Qty \wQNt lwv Ctw=kt Vy=m =@
QO =t= "CU= xOv=t|k=@C@=F ,=@} QkD \wQNt lwvCtw=kt 's�=kVvDV}=Ri= seQ|ra
"CU= xOW \wQNt lwvCtw=ktV}=Ri= x@ QHvt s�=kVvDV}=Ri= '5 w 3 |=y|QU
C@Uv =@ =t= 'BC1 |RQt \}=QW CLD V}=tR; |QU xU '5 pmW QO u}vJty

s�=k VvD "2"3
[8]"Ovv=O|t QF-wt \wQNt lwv Ctw=kt QO =Q s�=k VvD u=R}t u=QoWywSB |NQ@
lwv Ctw=kt |v}@V}B |=Q@ |ki= VvD Q=vm QO =Q QDt=Q=B u}= R}v Qo}O |NQ@ w
u}ov=}t VvD R= xm R}v |DqO=at u}vJty [1]"OvyO|t Q=Qk xO=iDU= OQwt \wQNt
=Q QDt=Q=B u}= |vt[ Qw] x@ 'Ovvm|t xO=iDU= \wQNt lwv Ctw=kt |v}@V}B |=Q@

[4]%OvQ=O Q_v Ot 3 |x]@=Q p}rOx@
�m = [�v (1 + 2K0)]

3 = (�v + 2�h)
3 (3)

"CU= uwmU Cr=L QO u}tR |@v=H Q=Wi ?} Q[ K0 'x]@=Q u}= QO
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Lt "4 pmW x@ \w@ Qt |=yxO=O "6 pwOH
Chamber/

BC
qc �0v Sand

Test Test Set

Cone ratio (MPa) (kPa) no. done by No.

30 1 7 2 99 0 M0 10 Berkeley 130 1 8 7 59 0 M0 12 Berkeley

30 1 12 5 59 0 M0 7C Berkeley 230 1 13 5 98 0 M0 6C Berkeley

30 1 17 3 66 0 M0 5 Berkeley 330 1 19 2 98 0 M0 3 Berkeley

30 1 14 9 198 9 M0 9 Berkeley 430 1 15 4 136 9 M0 17 Berkeley

30 1 25 0 131 9 M0 15 Berkeley 530 1 28 9 199 9 M0 7 Berkeley

30 1 30 8 124 9 M0 6 Berkeley 630 1 30 8 117 0 M0 16 Berkeley

"5 pmW x@ \w@ Qt |=yxO=O "7 pwOH
Chamber/

BC
qc �0v Sand

Test Test Set

Cone ratio (MPa) (kPa) no. done by No.

54 1 15 4 59 0 M0 7 Berkeley 154 1 13 5 98 0 M0 6 Berkeley

54 1 24 5 99 0 M0 2 Berkeley

254 1 11 1 96 0 M0 5 Berkeley

54 1 30 8 130 9 M0 16 Berkeley

54 1 13 0 195 9 M0 1 Berkeley 354 1 24 5 110 0 M0 8 Berkeley

"�RD = 54 w BC1� \wQNt lwv Ctw=kt QO s�=k QF-wt VvD Q}F
-
=D "5 pmW

QO p=Ft |=Q@ xm =QJ 'OQm Q_v Q=y_= s�=k VvD R= X=N |}xvt=O |=Q@ u=wD|tv |DL
w 'C=@F 'Vy=m Cr=L xU Qy '50�100 kPa s�=k VvD |xOwOLt QO '4 pmW
u}vJty "OwW|t xOy=Wt s�=k VvD V}=Ri= p@=kt QO \wQNt lwv Ctw=kt V}=Ri=
Ctw=kt uOv=tC@=F sy w V}=Ri= sy '120�200 kPa s�=k VvD |xOwOLt QO

"OwW|t xOy=Wt s�=k VvD V}=Ri= =@ x=Qty \wQNt lwv
"OQ=O |v=wNty R}v [2]'u=QoWywSB |=yxDi=} =@ XNWt |x]@=Q OwHw sOa u}=

"�RD = 30 w BC1� \wQNt lwv Ctw=kt QO s�=k QF-wt VvD Q}F-=D "4 pmW

VvD V}=Ri= =@ '1 |QU QO "CU= xOW xO=O u=Wv 54 \wQNt Q]k x@ x_iLt Q]k
"OwW|t xOy=Wt \wQNt lwvCtw=kt O}OWVy=m 3 |QU QO w |@UvVy=m 's�=k
xOW xi=[= R}v \wQNt lwv Ctw=kt 's�=k VvD V}=Ri= =@ 2 |QU QO p=L u}= =@

"CU=
XNWt OvwQ w X=N |x]@=Q sqa= xmCio u=wD|t 5 w 4 |=ypmW T=U= Q@
"CU= umttQ}e 'OwHwt |=yxO=O T=U= Q@ smCUO 'lwv Ctw=kt w s�=k VvD u}@
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"�RD = 34 w BC1� \wQNt lwv Ctw=kt QO |ki= QF-wt VvD Q}F-=D "6 pmW

"�RD = 106� \wQNt lwv Ctw=kt QO |ki= QF-wt VvD Q}F-=D "7 pmW

"�RD = 34 w BC1� \wQNt lwvCtw=kt QO|t}mLDV}BC@Uv Q}F-=D "8 pmW

|t}mLDV}@ C@Uv "4"3
lwv Ctw=kt QO OQ=O u=mt= xm CU= |}=yQDt=Q=B R= Qo}O |m} |t}mLDV}@ C@Uv
[9]"Ov=xOQm Q=QkQ@ QDt=Q=B wO u}= u}@ |]@=wQ 'u=QoWywSB |NQ@ "OW=@ QF-wt \wQNt
Ctw=kt QO |t}mLDV}@ C@Uv QF= '=yQDt=Q=B Q}=U uDW=Oxov C@=F =@ 'xDWPo Ovv=t

"�12 |r= 10 |=ypwOH� OwW|t |UQQ@ \wQNt lwv
'|t}mLDV}@ C@Uv uOWQ@=Q@ wO =@ '1 |xDUO QO xm OyO|t u=Wv 8 pmW
"O@=}|t V}=Ri= �22 OwOL |va} p=mU=B=ot 1 2 |xR=Ov= x@ \wQNt lwv Ctw=kt
lwv Ctw=kt QO V}=Ri= u=R}t '|t}mLDV}@ C@Uv uOWQ@=Q@ Q=yJ =@ '2 |xDUO QO

"CU= �6 pO=at w p=mU=B=ot 1 7 =@ Q@=Q@ \wQNt
'|t}mLDV}@ C@Uv |OYQO 27 V}=Ri= =@ '1 |xDUO QO w 9 pmW QO

?UL Q@ \wQNt lwv Ctw=kt sm V}=Ri= |OOa p}rLD =@ R}v |Qo}O u=QoWywSB
QO s�=k VvD u=}=W |Q=PoQF= Q@ u=vJty xJQo = [5]"Ov=xOQm VQ=Ro =Q s�=k VvD

[30]"CU= xOW u=aP= \wQNt lwv Ctw=kt

|ki= VvD "3"3
lwv Ctw=kt Q=Okt QO QF-wt |QDt=Q=B u=wvax@ u; R= |vi uwDt QO xm |Qo}O QDt=Q=B
|r=oJ w s�=k VvD Q=vm QO QDt=Q=B u}= "CU= l =N |ki= VvD 'xOW O=} \wQNt
[CU= xOW xO=O u=Wv QDnQR@ |v=wD CQwYx@ xm s�=k VvD R= QDW}@ |Q}F-=D =@ '|@Uv
[CU= xOW xO=O u=Wv QDnQR@ |v=wD CQwYx@ xm] s�=k VvD R= QDW}@ w xOQ@ Q=m x@

[1]%CU= xOW x�=Q= 4 |x]@=Q w xDiQ Q=m x@
Dr =

� 1
C2

�
ln

 
qc

C0�
0C11

!
(4)

|=yxU=t |=Q@ xrO=at u}= "OvDUy |@ QHD |=yC@=F C2 w C1 'C0 'x]@=Q u}= QO
x@ ,=@} QkD qc xm CU= u; Qt= u}= p}rO "CU}v xO=iDU= p@=k �OC� xDi=}s}mLDV}@
"OQ=Ov Q@ QO =Q |ki= VvD xrO=at u}= w CU= �0h |ki= QF-wt VvD Q}F-=D CLD |rm

xOW xO=iDU= l =N |@Uv sm =QD Q=vm QO \ki u; R= Qo}O |WywSB QO u}vJty
[2]%CU= xOW x�=Q= |@Uv |r=oJ hrDNt |xQDUo |=Q@ 5 |x]@=Q w

qc
Pa

= A
�
�0h
Pa

�0 6
(5)

"CU= uwmU p=L QO l =N |ki= QF-wt VvD �0h w 'C@=F |Q=Okt A 'x]@=Q u}= QO
QF= '�C2 w C1 'C0 Q}O=kt QO Cw=iD =@ 2 |x]@=Q x@=Wt� R}v u=QoWywSB |NQ@
u}ov=}t VvD R= xO=iDU= Cra u}vJty [31w4'3]"Ov=xO=O u=Wv u}ov=}t VvD QO =Q u;

[4]"CU= xOW u=}@ |ki= VvD u}}aD |Q=wWO
'OvDUy C@=F =yQDt=Q=B |xty xm |Dr=L QO 'OwW|t xO}O 6 pmW QO xmv=vJ
"CU= \wQNt lwv Ctw=kt V}=Ri= =@ Q_=vDt |ki= VvD V}=Ri= =yxDUO |t=tD QO
�86 ,=OwOL w QDq=@ |@Uv |r=oJ xm 4 w 3 |=yxDUO QO xm s}v}@|t u}vJty
QDW}@ '|ki= VvD QO OL=w V}=Ri= <=R= x@ \wQNt lwv Ctw=kt V}=Ri= u=R}t 'CU=
OvQ=O �55 w �42 OwOL w QDu}}=B |@Uv |r=oJ xm &CU= 2 w 1 |=yxDUO R=
QO |@Uv |r=oJ w |ki= VvD u=t-=wD Q}F-=D |xOvyOu=Wv 'xr�Ut u}= "�8 pwOH�
"OQ=O |v=wNty |@Uv |r=oJ OQwt QO u}W}B EL@ =@ w CU= \wQNt lwv Ctw=kt
\wQNt x@ x_iLt Q]k C@Uv =@ |}=yV}=tR; |xOvyOu=Wv xm R}v 7 pmW
s}kDUt Q}F-=D Qov=Wv 'CU= BC3 w BC1 |RQt\}=QW QO xOWs=Hv= w 106 |w=Ut
pt=wa Q}=U uOv=tC@=F CQwY QO \wQNt lwv Ctw=kt QO |ki= VvD Q=mW; w
lwv Ctw=kt Q}O=kt |@} QkD |Q@=Q@ 'pmW u}= pt-=D p@=k C=mv R= "�9 pwOH� CU=
C@Uv |oQR@ 'xr�Ut u}= Cra "CU= |RQt \}=QW hrDNt Cr=L wO QO \wQNt
x_iLt Q]k C@Uv nQR@ Q}O=kt QO "CU= \wQNt Q]k x@ uw}U=Q@}r=m |x_iLt Q]k
\}=QW Q}F-=D "OwW|t |WwBsWJ p@=k QwQt x@ w sm |RQt \}=QW Q}F-=D '\wQNt Q]k x@
x@ R=}v Q}F-=D u}= uOQ@u}@ R= |=Q@ w CU= OQ=wt Q}=U R= QDW}@ 'BC2 Cr=L QO |RQt

[22w6]"Ow@ Oy=wN |QDnQR@ RD
u=wD|t =Q \wQNt lwv Ctw=kt QO |@Uv |r=oJ Q=vm QO |ki= VvD Q}F-=D
w uORQ=vm swRr EL@ w '\wQNt Pwiv V}=tR; OQmrta sR}v=mt T=U=Q@ 'p@k Ovv=t
QO "O=O K}[wD �3 pmW R= xO=iDU= =@� \wQNt h=Q]= l =N |=yxv=O |}=Hx@=H
'OW=@ QDW}@ [|ki= VvD] |@v=H Q=Wi xJ Qy 'C@=F |@Uv sm =QD w x@=Wt \}=QW

"OwW|t QDW}@ \wQNt |xr}Uwx@ =yxv=O uORQ=vm w uOQm =Hx@=H |=Q@ sRq Q=Wi
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Test Test Set

Cone ratio (MPa) (kPa) no. done by No.

34 1 6 0 75 2 TY 389 ISMES

134 1 7 4 106 5 TY 389 ISMES

34 1 9 2 156 9 TY 396 ISMES

34 1 13 1 249 7 TY 396 ISMES

34 1 9 2 51 8 TY 388 ISMES 234 1 18 0 249 5 TY 388 ISMES

34 1 17 6 49 2 TY 311 ISMES

3
34 1 28 5 156 9 TY 401 ISMES

34 1 40 1 306 6 TY 401 ISMES

34 1 19 7 57 8 TY 396 ISMES

34 1 15 4 47 4 TY 387 ISMES

34 1 27 3 67 8 HS 12 SU

434 1 21 7 54 4 HS 174 ENEL CRIS

34 1 31 1 107 4 HS 13 SU

"7 pmW x@ \w@ Qt |=yxO=O "9 pwOH
Chamber/

BC
qc �0h Sand

Test Test Set

Cone ratio (MPa) (kPa) no. done by No.

106 1 22 1 48 7 TY 407 ISMES

1106 1 34 1 107 6 TY 407 ISMES

106 1 48 2 206 1 TY 407 ISMES

106 3 21 3 48 0 TY 409 ISMES

2106 3 33 7 107 5 TY 409 ISMES

106 3 47 5 205 6 TY 409 ISMES

"8 pmW x@ \w@ Qt |=yxO=O "10 pwOH
Chamber/

BC
qc

OCR Sand
Test Test Set

Cone ratio (MPa) no. done by No.

34 1 5 5 4 00 HS 53 SU 134 1 6 7 8 00 HS 52 SU

34 1 29 0 4 00 HS 17 SU 234 1 27 3 1 HS 12 SU

8 13 x@ TBU w 6 31 x@ 5 57 R= |t}mLDV}@ C@Uv V}=Ri= 'swU |xDUO
x=Qty 25 6 x@ V}=Ri= =@ TBU w 20 8 x@ 23 6 R= lwv Ctw=kt Vy=m =@ =OD@=

"CU=
x@ ?}DQD x@ 3 |r= 1 |=yxDUO QO |t}mLDV}@ C@Uv V}=Ri= '10 pmW QO
Ctw=kt uOv=tC@=F w �39 V}=Ri= '�67 Vy=m =@ '�61 w �12 '�158 Q=Okt

"CU= x=Qty \wQNt lwv

u}ov=}t 'Q=Okt u}=� O@=}|t V}=Ri= �1 \UwDt Qw] x@ \wQNt lwv Ctw=kt
C@Uv V}=Ri= '2 |xDUO QO "�CU= |OYQO 1 7 Vy=m w |OYQO 4 V}=Ri=
V}=Ri= 'swU |xDUO QO "CU= Q}F-=D|@ \wQNt lwv Ctw=kt QO ,=@} QkD |t}mLDV}@
Ctw=kt Vy=m x@ QHvt '��15 pO=at� 7 31 x@ 6 38 R= |t}mLDV}@ C@Uv
7 31 x@ 6 36 R= u; V}=Ri= w '�10 pO=at p=mU=B=ot 1 u=R}t x@ \wQNt lwv
QO "CU= xOW ��27 pO=at� \wQNt lwv Ctw=kt |r=mU=B=ot 2 V}=Ri= x@ QHvt
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}=tR;
R=x

O=iD
U=

=@u
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}}aD"9 pmW x@ \w@ Qt |=yxO=O "11 pwOH

Chamber/
BC

qc
OCR Sand

Test Test Set

Cone ratio (MPa) no. done by No.

34 1 22 4 3 60 TS 89 ENEL CRIS

134 1 23 3 4 47 TS 289 ISMES

34 1 23 7 3 62 TS 88 ENEL CRIS

34 1 30 1 4 50 TS 94 ENEL CRIS 234 1 30 0 5 4 TS 97 ENEL CRIS

34 1 10 0 6 38 TS 109 ENEL CRIS

334 1 7 0 6 36 TS 135 ENEL CRIS

34 1 9 0 7 31 TS 103 ENEL CRIS

34 1 25 6 8 13 TS 293 ISMES

434 1 23 6 5 57 TS 68 ENEL CRIS

34 1 20 8 6 31 TS 66 ENEL CRIS

"10 pmW x@ \w@ Qt |=yxO=O "12 pwOH
Chamber/

BC
qc

OCR Sand
Test Test Set

Cone ratio (MPa) no. done by No.

60 1 8 7 7 27 TS 202 ISMES 160 1 14 5 2 82 TS 91 ISMES

60 1 23 3 7 24 TS 195 ISMES 260 1 32 3 8 12 TS 294 ISMES

60 1 21 1 1 28 TS 281 ISMES

360 1 20 5 1 96 TS 283 ISMES

60 1 21 2 1 96 TS 276 ISMES

60 1 21 3 1 16 TS 280 ISMES

"�RD = 60wBC1�\wQNtlwvCtw=kt QO|t}mLDV}BC@Uv Q}F-=D "10pmW

%�6 |x]@=Q� OwW|t

K0 = (1� sin�) :OCRsin� (6)

uw}U=Q@}r=m |x_iLt QO =t= "CU= l =N |rN=O l =m]Y= |x} w=R � 'x]@=Q u}= QO
u}@ x]@=Q u}= w OvwW|t O}rwD |awvYt Qw] x@ |t}mLDV}@ C@Uv w |ki= VvD
xrtH R= =yQDt=Q=B Q}=U uOv=tC@=F =@ xm OwW|t x_Lqt u}=Q@=v@ "OQ=Ov OwHw =yv;

"�RD = 34 w BC1� \wQNt lwvCtw=kt QO|t}mLDV}BC@Uv Q}F-=D "9 pmW

|t}mLDV}@ C@Uv |x]@=Q xm Cio u=wD|t xOWKQ]t OQ=wt `}tH x@ xHwD =@
'Twmat 's}kDUt� =yCr=L |xty w CU}v xv=o} |}x]@=Q '\wQNt lwv Ctw=kt =@
QO C=Q}}eD R}v \UwDt Qw] x@ "CU= xOW xOy=Wt QwmPt OQ=wt QO �|Q}F-=D|@ w

"CU= �20 OwOL |t}mLDV}@ C@Uv C=Q}}eD T=U= Q@ lwv Ctw=kt
\@DQt |ki= VvD w |t}mLDV}@ C@Uv '|a}@] Cr=L QO xm CU= u}= Qw=@
xOy=Wt s}mLDV}@ |=yl =N QO K0 u}}aD CqO=at QO xDmv u}= [33w32]"OvDUy
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Lt '|RQt \}=QW wO u}= QO xOWs=Hv= |=yV}=tR; O=OaD "�1 pwOH� OvDUy 7 |xrO=at
"OvDUy =yV}=tR; pm �88 1

CkO xmv}= uO=Ou=Wv |=Q@ "OvQ=O Q=Qk |@ wN Q=}U@ |xOwOLt QO =y=]N u}=
wO QO Qo}O |xrO=at wO =@ 'CU= ?wN Q=}U@ =y=]N |xOwOLt u}= QO xrO=at u}=

"OwW|t xU}=kt [7w4]VywSB
=@ 'VywSB u}= QO 8 |xrO=at uw}UQoQ OOa xm OyO|t u=Wv 15 pwOH
w 0 81 '0 84 ?}DQD x@ |RQt \}=QW |x}rm |=Q@ [7w4]=yVywSB Q}=U |xrO=at
39 w 33 '23 ?}DQD x@ QwmPt CqO=at |=Q@ =]N OYQO u}ov=}t "CU= 0 74
\}=QW |t=tD OQwt QO VywSB u}= QO xOWx�=Q= |xrO=at u}vJty "CU= OYQO
|RQt \}=QW OQwt QO \ki "OyO|t u=Wv Qo}O |xrO=at wO R= QDy@ |OQmrta |RQt
=@ Q@=Q@ [7]Qo}O |xrO=at QO w 0 84 =@ Q@=Q@ 8 |xrO=at QO uw}UQoQ OOa 'BC3
|xrO=at R= QDtm '8 |xrO=at |=]N OYQO sy OQwt u}= QO |DL xm &CU= 0 85

"��33 p@=kt QO �26� CU= Qo}O
j} Q] R= Qo}O |xrO=at wO =@ Q=DWwv u}= QO xOWx�=Q= |xrO=at |xU}=kt
\wQNt lwv Ctw=kt =ypmW u}= QO "CU= QU}t R}v 13 =D 11 |=ypmW |xU}=kt
xOW|Q}oxR=Ov= \wQNt lwv Ctw=kt p@=kt QO QwmPt \@=wQ \UwD xOW|v}@V}B
|Q@=Q@ Qov=Wv '�xHQO 45 |x} w=R� 1 ?}W =@ |RmQt QB \N "CU= xOW s}UQD
xJ Qy `k=w QO w CU= CqO=at \UwD xOW|v}@V}B w xOW|Q}oxR=Ov= Ctw=kt wO
'\wQNt lwv Ctw=kt QDy@ u}tND |vat x@ 'OvW=@ QDl}ORv \N u}= x@ =yxO=O
'CqO=at 1|q=@ CUO u}tND \N u}= |q=@ \=kv "CU= Q_vOQwt |xrO=at \UwD
�30 'u}J \N wO "OyO|t u=Wv =Q 2u}}=B CUO u}tND '\N u}= Q} R \=kv w
"OvyO|t u=Wv =Q xOW|Q}oxR=Ov= Q=Okt x@ C@Uv |RmQt \N R= h=QLv= w =]N

[4]"1998 p=U QO |WywSB QO xOWx�=Q= |xrO=at "11 pmW

Q}}eD u}= w CU= xOQm Q}}eD �OCR� |t}mLDV}@ C@Uv Q=Okt 'l =N |ki= VvD
"OQ=Po|tv |k=@ xv=o} |Q}F-=D \wQNt lwv Ctw=kt QO

xrO=at |x�=Q= "4
|=yQDt=Q=B u} QD|rY= xm OwW|t xDiQo xH}Dv xOWKQ]t EL=@t `}tH x@ xHwD =@
CyH "OvDUy |@Uv |r=oJ w |ki= VvD 'OvQF-wt \wQNt lwv sw=kt QO xm l =N
Q=Owtv 'hrDNt |RQt \}=QW QO Cw=iDt |@Uv |=y|r=oJ <=R= x@ 'xrO=at |x�=Q=
|ki= QF-wt VvD T=U= Q@ QiUtD= Q=Wi x@ C@Uv xOWp=tQv \wQNt lwv Ctw=kt
=yVR=Q@ QDW}@ xm CU= xOW x_Lqt w s}UQD QiUtD= Q=Wi x@ C@Uv xOWp=tQv
?}=Q[ R= xO=iDU= =@ O}OH |=yQ=Owtv TBU "OvDUy |ki= VvD R= |v=wD CQwYx@
|RQt \}=QW R= l} Qy QO |@Uv |r=oJ |=Q@ Q=@ u}= 'p@k |xrLQt R= xOt;CUOx@
|=Q@ u=wD w ?} Q[ u} QDy@ u}}aD =@ ?}DQD u}O@ "OW xO=O ?U=vt VR=Q@ w s}UQD

%Ot; CUOx@ 7 |x]@=Q '|RQt \}=QW R= s=Om Qy QO |@Uv |r=oJ w |ki= VvD

qc = 300Pa
�
�0h
Pa

�C1
DC2
r (7)

QiUtD= Q=Wi Pa '�MPa =} kg/cm2� \wQNt lwv Ctw=kt qc 'x]@=Q u}= QO
'�MPa =} kg/cm2� l =N |ki= VvD �0h '�0 098 MPa =} 100 kg/cm2�
Q=Okt xm OvDUy |@}=Q[ C2 w C1 "OvDUy �|Q=Wa= CQwYx@� |@Uv |r=oJ Dr

"CU= xOW xOQw; 13 pwOH QO =yv;
7 |xrO=at 'C@=F ?}=Q[ =@ xrO=at l} \ki R= xO=iDU= w CrwyU Qw_vt x@

%CU= xOW |U} wvR=@ 8 |x]@=Q CQwYx@
qc = 300Pa

�
�0h
Pa

�0 5
D1 5
r (8)

14 pwOH QO "CU= xDiQo Q=Qk |UQQ@ OQwt |O=yvW}B |xrO=at CkO u=R}t =Hv}= QO
uw}UQoQ OOa xm OwW|t x_Lqt "CU= xOW x�=Q= 8 w 7 |=yxrO=at |=]N u=R}t
�23 '8 |xrO=at |=Q@ w �22 '7 |xrO=at |=Q@ |@Uv |=]N u}ov=}t w '0 84

"CU=
|=yu=wD xmCU= u}= =yC@=F Q}}eD OwHw =@ xrO=atCkO|@} QkD uOv=tC@=FCra
QO BC3 w BC1 |RQt \}=QW |=Q@ |O=yvW}B |=yu=wD =@ Q@=Q@ ,=@} QkD 8 |xrO=at

"7 |xrO=at ?}=Q[ Q}O=kt "13 pwOH
Total BC4 BC3 BC2 BC1
0 5 0 45 0 45 0 25 0 5 C1
1 5 1 3 1 5 1 1 1 5 C2

"8 w 7 |=yxrO=at |=]N u=R}t "14 pwOH
Overall BC4 BC3 BC2 BC1

0 84 0 91 0 84 0 95 0 85 R2

7 |x]@=Q22 14 25 18 23 =]N OYQO
[jqc;predicted � qc;measuredj)=qc;measured]

0 84 0 91 0 84 0 91 0 84 R2

8 |x]@=Q23 15 26 17 23 =]N OYQO
[jqc;predicted � qc;measuredj)=qc;measured]
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}=tR;
R=x

O=iD
U=

=@u
}tR

|ki
=V

vDu
}}aD"\@=wQ Q}=U =@ 8 |x]@=Q |xU}=kt "15 pwOH

Overall BC4 BC3 BC2 BC1
0 84 0 91 0 84 0 91 0 84 R2 Q[=L VywSB
23 15 26 17 23 =]N OYQO 8 |x]@=Q

[jqc;predicted � qc;measuredj)=qc;measured]

0 81 0 83 0 85 0 89 0 79 R2
[4]

33 26 33 18 39 =]N OYQO 2 |x]@=Q
[jqc;predicted � qc;measuredj)=qc;measured]

0 74 0 84 0 75 0 74 0 75 R2
[7]

39 23 41 32 41 =]N OYQO 1 |x]@=Q
[jqc;predicted � qc;measuredj)=qc;measured]

CkO =@ =Q \wQNt lwv Ctw=kt |v}@V}B |}=v=wD w CU= |}q=@ OQmrta CkO w
"OQ=O |}q=@

xO=iDU= =@ l =N |ki= VvD u}}aD |=Q@ u; R= xO=iDU= '8 |xrO=at C}r@=k u}=
pw@k p@=k =Q CPT |ak=w V}=tR; \UwD xOW|Q}oxR=Ov= \wQNt lwv Ctw=kt R=
Q=Wi u}@ \=@DQ= |Q=QkQ@ QO |@ wN |}=v=wD x]@=Q u}= 'Qo}O CQ=@a x@ w &OR=U|t

"OQ=O \wQNt lwv Ctw=kt =@ |@Uv |r=oJ w l =N |@v=H

x]@=Q OQ@ Q=m C}OwOLt "5
xO=iDU= OQwt |=yxO=O xmCW=O xHwD O}=@ |O=yvW}B |x]@=Q?U=vtC}r@=k OwHw =@
=yv; QO xm &CU= uw}U=Q@}r=m |x_iLt |=yV}=tR; x@ \w@ Qt 'x]@=Q u}= |x�=Q= |=Q@
OwHw |t=Rr= "CU= xOw@ CUOl} w 'CN=wvm} 'R}tD %xOWxO=iDU= |}xU=t l =N
xO=iDU= OQwt l =N xm =Hv; R= "OW=@ xDW=O |]}=QW u}vJ sy |a}@] u}tR xm OQ=Ov
xOWv|v=t}U w 'xv=OR} Q C=QP Ok=i 'X=N |Ov@xv=O |=Q=O QwmPt |=yV}=tR; QO
sm =L |x]@=Q 'OQ=O Q=Qk |awvYt VvD |xJN} Q=D w \}=QW CLD u}vJty w CU=
u; p=ta= s=ovy QO O}=@ w OW=@v jO=Y |a}@] u}tR |=Q@ ,=t=Rr= CU= umtt u; Q@

"OQm |i=m CkO |a}@] u}tR \}=QW x@

|Q}oxH}Dv "6
=yxO=O u}= "CU= xOW |Qw;`tH CPT uw}U=Q@}r=m |=yV}=tR; R= |}xO=O x=o}=B
'|ki= VvD 's�=k VvD '|@Uv |r=oJ %pt=W hrDNt |=yQDt=Q=B Q}F-=D u=}@ |=Q@
\wQNt lwv Ctw=kt Q@ |t}mLDV}@ C@Uv w �xOWOwOLt pwOt� l =N |DNU
|r=oJ xHwD u=}=W |Q=PoQ}F-=D '=y|UQQ@ u}= |xH}Dv "Ov=xDiQo Q=Qk |UQQ@ OQwt
Ctw=kt QO =yQDt=Q=B Q}=U sm |Q=PoQ}F-=D =} |Q=PoQ}F-=D sOa w |ki= VvD w |@Uv

"CU= xOw@ \wQNt Pwiv
|}x]@=Q w '?=NDv= |ki= VvD w |@Uv |r=oJ QDt=Q=B wO '=y|UQQ@ |xH}Dv QO
w p=ta= xO=O x=o}=B Q@ x]@=Q u}= "CU= xOW x�=Q= \wQNt lwv Ctw=kt w =yv; u}@
R= u=Wv xm 'CU= xOW |UQQ@ \wQNt lwv Ctw=kt |v}@V}B QO u; CkO u=R}t

"OQ=O xar=]t u}= QO |O=yvW}B |xrO=at ?wN C}i}m
Qo}O |xOWx�=Q= |xrO=at wO =@ VywSB u}= QO |O=yvW}B |xrO=at u}vJty

[7]"2003 p=U QO |WywSB QO xOWx�=Q= |xrO=at "12 pmW

"VywSB u}= QO xOWx�=Q= |xrO=at "13 pmW

|x_iLt |=yV}=tR; G}=Dv QO OwHwt |=yC}a]k sOa x@ xHwD =@ QwmPt \N wO
OwW|t x_Lqt =ypmW u}= x@ xO=U |y=ov =@ [25]"CU= xOW ?=NDv= uw}U=Q@}r=m
[7w4]"OvvR|t u}tND q=@ CUO =Q \wQNt lwv Ctw=kt |OwOL =D xrO=at wO Qy xm
Houlsby[4] |xrO=at |=Q@ �30 |=]N |xOwOLt R= GQ=N \=kv u=R}t u}vJty

"CU= u} QDtm '8 |xrO=at |=Q@ w 'u} QDW}@
|}=Q=m |=Q=O VywSB u}= QO xOWx�=Q= |xrO=at xm OyO|t u=Wv |UQQ@ u}=
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Lt C@=F uwO@� |rm CQwYx@ l =N |DNU w \wQNt lwv Ctw=kt |x]@=Q |UQQ@ ��
&�=yQDt=Q=B Q}=U uDW=Oxov

&\wQNt lwv Ctw=kt w u}ov=}t VvD u}@ |x]@=Q |UQQ@ ��
"V}=tR; G}=Dv QO \wQNt Q]k x@ x_iLt Q]k C@Uv w |RQt \}=QW QF= |UQQ@ ��

w 'CkO '|}=v=wD |=Q=O xm CU= xOW xO=O u=Wv w xU}=kt �u=QoWywSB Qo}O \UwD�
"CU= Qo}O |xrO=at wO x@ C@Uv |QDq=@ |}=Q=m

u; R= w CU= xOw@ q=@ C}i}m =@ |}=yxO=O |=Q=O 'xOW|Qw;`tH |xO=O x=o}=B
%OQm xO=iDU= R}v |Qo}O OQ=wt QO u=wD|t

=yCWwv=B
1. overestimate
2. underestimate
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