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le|m}t=v}O |WQ@ pwOt Q@ |y=oW}=tR; |xar=]t

QyWw@ |D=v@ Qm |xU=t xv}W}@
�Q=}O=DU=� �u=} QiaH QU=}

xrRrR |UOvyt w |U=vWxrRrR |rrtr=u}@ x=oWywSB
�Q=}O=DU=� u=}v=Ow=H Ot=L

OQmQyW x=oWv=O '|UOvyt w |vi |xOmWv=O
�Q=}Wv=O� O=OL u}ULr=O@a

u=vtU x=oWv=O 'u=Qta |UOvyt |xOmWv=O

C}akwt w |R}NxRQr |q=@ Q]N seQ|ra u=Q}= ?wvH |D=v@ Qm Kr=Yt |m}t=v}O Q=DiQ
xv}W}@ |WQ@ pwOt 'Q[=L VywSB QO "CU= xDiQov Q=Qk |v=OvJ xHwD OQwt u; l} SD=QDU=
xDiQo Q=Qk xar=]t OQwt O}OWD uwDU |y=oW}=tR; |=yuwtR; s=Hv= =@ QyWw@ |D=v@ Qm |xU=t

|=yp}rLD QO |m}vmDw�S |=yC}tm u} QDsyt R= |m} 'xv}W}@ |WQ@ pwOt "CU=
u}= C=Q}}eD OvwQ QO pNrND C@Uv w u}ov=}t |xOvvmOwOLt Q=Wi QF= "CU= |m}t=v}O

QF= =D 'Ov=xOW s=Hv= u=UtyQ}e w u=Uty Cr=L wO QO =yV}=tR; "CU= xOW |UQQ@ C}tm
u}ov=}t Q=Wi V}=Ri= xm Ov=xO=O u=Wv G}=Dv "OwW XNWt l =N Q=DiQ QO VvD |v=Uty=v
s}mLD VvD |v=Uty=v "OQ=O p=@vO x@ =Q xU=t |WQ@ pwOt V}=Ri= 'pNrND C@Uv Vy=m w

'Q[=L VywSB G}=Dv T=U=Q@ "CU= xOW xv}W}@ |WQ@ pwOt V}=Ri= ?Hwt R}v x}rw=
|=ypOt =@ TBU w x�=Q= QyWw@ |D=v@ Qm |xU=t xv}W}@ |WQ@ pwOt |=Q@ |}x]@=Q

pwOt C=Q}}eD QO VvD |v=Uty=v QF= 'C}=yvQO "CU= xOW xU}=kt u=QoWywSB |O=yvW}B
"CU= xOW ^=Lr xv}W}@ |WQ@

yjafarianm@iiees.ac.ir
javdanian@eng.sku.ac.ir
ahadad@semnan.ac.ir

|v=Uty=v 'xD=m}r}U |xU=t '|D=v@ Qm |xU=t 'xv}W}@ |WQ@ pwOt %|O}rm u=oS=w
"O}OWD uwDU 'VvD

xtOkt "1
[6]%Ov=xOQm x�=Q= xv}W}@ |WQ@ pwOt |=Q@ =Q 2 |x]@=Q u=QoWywSB

Gmax = 218 8K2;max(�0c)n (2)

=@ xm CU= |@} Q[ K2;max w OvDUy kPa OL=w |=Q=O �0c w Gmax 'u; QO xm
QO C=QP pmW QF= R= u=Wv |y=oW}=tR; C=ar=]t "OwW|t u}}aD l =N ẁv x@ xHwD
[7]"OQ=O |}xU=t l =N xv}W}@ |WQ@ pwOt C=Q}}eD xrtH R= Kr=Yt |m}v=mt Q=DiQ
xv}W}@ |WQ@ pwOt |UQQ@ x@ O}OWD uwDU |=yV}=tR; s=Hv= =@ '2012 p=U QO
Cw=iD R= u=Wv xOt;CUOx@ G}=Dv w xOW xDN=OQB |v=WiWD; w |RDQ=wm |=yxU=t
w |v=m ẁv QO Cw=iD x@ =Q u; xm 'CU= xDW=O V}=tR; OQwt l =N ẁv wO Gmax

V}=tR; OQwt |=yl =N Gmax |=Q@ TBU w Ov=xO=O C@Uv =yl =N u}= Q=DN=U
[8]"CU= xOW x�=Q= |]@=wQ

xO=O p}mWD |D=v@ Qm C=@ wUQ w =yl =N =Q u}tR |xQm R= |a}Uw VN@
'CU= R}v |}xOQDUo |=yxR=U w CN=U pt=W xm |L=wv u}= R= |Q=}U@ [9]"CU=
'xD=v@ Qm |=yl =N Q=DiQ QDj}kO |@=} RQ= 'wQ u}= R= "OvQ=O |}q=@ |R}NxRQr Q]N
|wQ Q@ |y=oW}=tR; w |}=QLY l =N l}v=mt |=yuwtR; G}=Dv "OQ=O |}q=@ C}ty=

|WQ@ pwOt =Q ( < 10�5) lJwm |WQ@ |=yVvQm QO l =N |WQ@ pwOt
l}vmDw�S |=yp}rLD QO|U=U= |=yC}tm R=C}tmu}= "Ovt=v|t (Gmax) 1xv}W}@
xv}W}@ |WQ@ pwOt [1]"O};|t Q=tW x@ |y=oDN=U C=QF= |UQQ@ xrtH R= |}xRQr
VwQ QO [2]"CU= x@U=Lt p@=k |y=oW}=tR; VwQ x@ sy w |}=QLY VwQ x@ sy
C=ar=]t T=U=Q@ "OwW|t xO=iDU= O}OWD uwDU |=yuwtR; R= ,qwtat |y=oW}=tR;
pNrND C@Uv w (�0c) u}ov=}t QF-wt |xOvvmOwOLt Q=Wi 'u=QoWywSB |y=oW}=tR;
|x]@=Q |rm sQi [3]"Ov};|t Q=tW x@ xv}W}@ |WQ@ pwOt QO QF-wt Q=}U@ pt=wa R= (e)
'CU= xOW pY=L |}xU=t |=yl =N |wQ Q@ |y=oW}=tR; |=yuwtR; T=U=Q@ xm '1

[5w4]"CU= xOW `k=w O}}-=D OQwt u=QoWywSB R= |Q=}U@ \UwD
Gmax = A:F (e):(�0c)n (1)

|oDU@ l =N ẁv x@ xm CU= |@} Q[ A 'pNrND C@Uv R= |a@=D F (e) 'u; QO xm
'xt=O= QO "OQ=O |oDU@ Gmax � �0c |x]@=Q x@ xm CU= |@} Q[ n w 'OQ=O

pw�Ut xOvU} wv �
"1394 7 14 VQ}PB '1394 6 18 x}LqY= '1393 12 7 Ci=} QO %M} Q=D
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xar=]
tu=Q}= |Q=HD nQR@ QO=v@ R= |m} QyWw@ QOv@ "CU= xOW x}yD xHQO 28 9 |}=}i=QiH

|R}NxRQr Q]N "CU= Q=}U@ |R=o w |Div uR=Nt u}vJty w l} SD=QDU= C}akwt =@ w
xO=ONQ |=yxrRrR xrtH R= Q}N= |=yp=U QO Q=}U@ |=yxrRrR RwQ@ =@ R}v QwmPt j]=vt
=yv; R= |W=v |=yCQ=UN w QyWw@ u=DU= QO u=mWw@ w 'x@vW '|m =m |=yQyW QO

"CU= xOW C=@F=
|xaW= V=QB V}=tR; 'VywSB u}= QO xO=iDU= OQwt l =N |v=m |UQQ@ Qw_vt x@
QO xm 'QwmPtV}=tR; R= pY=L G}=Dv w xDiQo CQwY l =N |wQ Q@ 7�XRD�Tm}=
s=Hv= u=vtU x=oWv=O O=wt |UOvyt |xOmWv=O |vwQDmr= AwmUwQm}t x=oW}=tR;
Tm}= |xaW= V=QB V}=tR; "CU= xDW=O l =N u}= uOw@xD=v@ Qm R= u=Wv 'CU= xOW
[14]"OwW|t s=Hv= l =N xrtH R= hrDNt Kr=Yt QO OwHwt QY=va u}}aD |=Q@
s}Urm C=v@ Qm 'QyWw@ |xU=t QO ?r=e QYva xm CU= xO=O u=Wv V}=tR; |xH}Dv

"CU= �CaCO3�
xOW xO=O u=Wv 2 pmW QO =yV}=tR; QO xO=iDU= OQwt |xU=t |Ov@xv=O Q=Owtv
�SP� xOW|Ov@xv=O O@ |xU=t OLDt |Ov@xk@] sDU}U T=U=Q@ l =N u}= "CU=

"CU= xOW x�=Q= 1 pwOH QO u; C=YNWt w xOw@

=yV}=tR; |xt=vQ@ "2"2
"CU= xOW s=Hv= 2 pwOH QO xOWx�=Q= C=YNWt =@ VywSB u}= |=yV}=tR;
|@Uv |=y|r=oJ =@ (kPa) 400 w 200 '40 u}ov=}t |=yQ=Wi QO =yV}=tR;

"CU= xDiQo CQwY 9u=Uty=v w 8u=Uty s}mLD Cr=L wO QO w �80 w �50

"V}=tR; OQwt |D=v@ Qm |xU=t |Ov@xv=O |vLvt "2 pmW
"=yV}=tR; QO xO=iDU= OQwt |xU=t C=YNWt "1 pwOH

C}tm
GS = 2 70 xS} w |r=oJ
emax = 0 883 xv}W}@ pNrND C@Uv
emin = 0 671 xv}tm pNrND C@Uv
D50 = 0 35 mm C=QP \UwDt |xR=Ov=
D10 = 0 14 mm C=QP QF-wt |xR=Ov=
Cu = 3 43 |DN=wvm} ?} Q[
Cc = 0 8 |Ov@xv=O ?} Q[

[10]"CU= xDW=O =yl =N u}= |Q=DiQ Cw=iD R= u=Wv |D=v@ QmQ}e w |D=v@ Qm |=yl =N
=yl =N =@ |L=wv QO |v=Qta |=yxSwQB C}ty= u}vJty w xOWs=Hv= C=ar=]t G}=Dv
uWwQ =Q |L=wv u}= |D=v@ Qm |=yl =N Q=DiQ QDj}kO |UQQ@ swRr '|D=v@ Qm C=@ wUQ w
|y=oW}=tR; |=yuwtR; O}=@ C}ak=w x@ l}ORv G}=Dv pwYL CyH [11]"OR=U|t
Ca}@] QO l =N \}Lt "OQ}o CQwY |}=QLY VvD \}=QW pt=m |R=Ux}@W =@
'umtt \}=QW u; R= |m} xm 'OW=@ xDW=O Q=Qk |}xO}J}B VvD \}=QW CLD Ov=wD|t

"CU= x}rw= |WQ@ VvD CLD |=yu=tr=
|rm}U |=yuwtR; s=Hv= =@ |WvQm |SQv= QO x}rw= |WQ@ VvD QF= |D=ar=]t QO
C}tm |x_Lqt p@=k QF= Qov=}@ u; G}=Dv xm 'CU= xOW |UQQ@ =Qw} wD |xU=t |wQ Q@
|QwLtxU |=yuwtR; s=Hv= =@ u=QoWywSB [12]"CU= l =N |rm}U Q=DiQ Q@ QwmPt
VvD QF= |UQQ@ x@ Cr}U l =N |r=NwD |}xv=wDU= |=yxvwtv |wQ Q@ |WQ@ |rm}U
|WQ@ VvD C@Uv |x_Lqt p@=k QF= Qov=}@ u; G}=Dv xm [13]'Ov=xDN=OQB x}rw= |WQ@

"CU= l =N VvQm � VvD |=y|vLvt QO 2x}rw=
nQR@ QO=v@ R= 'QyWw@ |D=v@ Qm |xU=t xv}W}@ |WQ@ pwOt 'Q[=L VywSB QO
R= xO=iDU= =@ lJwm |WQ@ VvQm QO 'TQ=i G}rN pL=U QO w u=Q}= |@ wvH
Q=Wi QF= "CU= xDiQo Q=Qk xar=]t OQwt 3O}OWD uwDU |y=oW}=tR; |=yuwtR;
pt=wa u} QDsyt u=wvax@ (e) 5pNrND C@Uv w (�0c) 4u}ov=}t |xOvvmOwOLt
|D=v@ Qm l =N (Gmax) |xv}W}@ |WQ@ pwOt QO '|}xv=O |=yl =N Q=DiQ QO QF-wt
u=Uty=v w u=Uty Cr=L wO QO |y=oW}=tR; C=ar=]t "CU= xOW |UQQ@ QyWw@
lJwm � VvQm Q=DiQ QO l =N u=tr= Q@ sm =L VvD \}=QW QF= =D 'CU= xOW s=Hv=
CyH |}x]@=Q 'xOt;CUOx@ |y=oW}=tR; G}=Dv T=U=Q@ =Pr &OwW XNWt R}v u;
|O=yvW}B |=ypOt =@ w x�=Q= QyWw@ |D=v@ Qm |xU=t xv}W}@ |WQ@ pwOt |@=} RQ=
p=ta= =@ 6VvD |v=Uty=v QF= T=mav= 'C}=yvQO "CU= xOW xU}=kt u=QoWywSB
VywSB u}= |O=yvW}B pOt =D 'CU= xDiQo CQwY xOWx�=Q= |x]@=Q QO |@} Q[
Q=Qk xO=iDU= OQwt R}v u=Uty=v VvD \}=QW QO xv}W}@ |WQ@ pwOt |v}@V}B CyH

"OQ}o

|y=oW}=tR; C=ar=]t "2
V}=tR; OQwt l =N "1"2

?wvH R= xm '�1 pmW�CU= xOw@ QyWw@ |xU=t 'VywSB u}= QOV}=tR; OQwt l =N
ZQa w xHQO 50 8 |}=}i=QiH pw] C}akwt QO TQ=i G}rN pL=wU QO w u=Q}=

"QyWw@ |D=v@ Qm |xU=t "1 pmW
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"O}OWD uwDU x=oDUO "3 pmW

100 mm `=iDQ= w 70 mm Q]k x@ V}=tR; OQwt |=yxvwtv "CU= xOW p=ta=
"Ov=xOw@

O}OWD uwDU x=oDUO "4"2
|U=vWxrRrR|rrtr=u}@ x=oWywSBl}vmDw�S x=oW}=tR; QO Q[=LVywSB|=yV}=tR;
"Ov=xOW s=Hv= SEIKEN pOt O}OWD uwDU x=oDUO =@ w u=QyD |xrRrR |UOvyt w
|Q=PoQ=@ sDU}U w '|Q=PoQ=@ pwrU 'G}=DvC@F w pQDvm sDU}U pt=W xOWQmP x=oDUO
R= R}v w OQ=O G}=Dv C@F QO |}q=@ Q=}U@ CkO w �3 pmW� CU= |U}]=vetwQDmr=
QO V}=tR; s=Hv= C}r@=k w CU= O=R; � Q=OQ}o |}=yDv= \}=QW =@ |WJ}B VQ@ ẁv
uwDU |=yV}=tR; "OQ=O �10�20 =D �10�40 |WQ@ VvQm |=yxvt=O |xOwOLt

"CU= xOW s=Hv= ASTM D4015 OQ=Ov=DU= T=U=Q@ VywSB u}= O}OWD
sDU}U l} |xr}Uw x@ l =N |}xv=wDU= |=yxvwtv 'O}OWD uwDU V}=tR; QO
C=m} QLD |xvt=O w Ot=U@ w OvQ}o|t Q=Qk |WJ}B C=m} QLD CLD |U}]=vetwQDmr=
Ot=U@ =@ w xvt=OhrDNt Q}O=kt QO xvwtv "CU= pQDvm p@=k x=oDUO |xr}Uw x@|r=ta=
|Q}oxR=Ov= GvU?=DW |xr}Uw x@ C=m} QLD u}= x@ xvwtv MU=B w |Q=PoQ=@ Q}eDt
Q=Okt x@ xvwtv MU=B xmv}= =D 'O@=}|t V}=Ri= ,=H} QOD |Q=PoQ=@ Ot=U@ TBU "OwW|t
Ot=U@ =Q (Ar) GvU?=DW |xv}W}@ MU=B =@ Q_=vDt Ot=U@ "�4 pmW� OUQ@ xv}W}@

"Ovt=v|t (fr) O}OWD

"Q[=L VywSB QO xOWs=Hv= O}OWD uwDU |=yV}=tR; |xt=vQ@ "2 pwOH
� e �0c (kPa) B (�) s}mLD ẁv
0 0 776 40 97 1 u=Uty

0 2 0 778 40 98 6 u=Uty=v
0 4 0 777 40 97 1 u=Uty=v
0 0 705 40 95 3 u=Uty

0 2 0 707 40 100 u=Uty=v
0 4 0 711 40 96 7 u=Uty=v
0 0 777 200 100 u=Uty

0 2 0 776 200 98 5 u=Uty=v
0 4 0 777 200 98 6 u=Uty=v
0 0 710 200 99 4 u=Uty

0 2 0 711 200 99 8 u=Uty=v
0 4 0 712 200 97 1 u=Uty=v
0 0 773 400 100 u=Uty

0 2 0 774 400 97 1 u=Uty=v
0 4 0 775 400 98 6 u=Uty=v
0 0 708 400 99 2 u=Uty

0 2 0 714 400 100 u=Uty=v
0 4 0 714 400 97 1 u=Uty=v

[15]uwDBtmU= |Pivt ?; Q=Wi C}tm %B
u}ov=}t QF-wt |xOvvmOwOLt Q=Wi %�0c

s}mLD R= TB pNrND C@Uv %e
(��0=2�03) x}rw= |WQ@ VvD C@Uv %�

(�01 � �03) QF-wt |i=QLv= VvD %��0
xv}W}@ QF-wt VvD %�01

xv}tm |xOvvmOwOLt QF-wt VvD %�03

V}=tR; |xvwtv CN=U VwQ "3"2
QO xU=t uDN} Q CQwYx@ w lWN VW=B VwQ x@ |R=Uxvwtv 'Q[=L VywSB QO
"CU= xOW s=Hv=|m}DUq |=WeVWwB =@|}xv=wDU=?r=kl} uwQO x@ x}q u}OvJ
'OvO}UQ|t Q_vOQwt sm =QD x@ s}mLD |xrLQt u=}=B QO =yxvwtv O}=@ xmv}= x@ xHwD =@
Q}}eD Q=Okt "CU= xOW xDiQo Q_v QO |}=yv Q=Okt R= QDtm |R=Uxvwtv |=Q@ x}rw= sm =QD
|=yuwtR; s=Hv= =@ xm 'CU= xOw@ xDU@=w xOvvmOwOLt Q=Wi x@ xvwtv pNrND C@Uv
"CU= xOW pY=L hrDNt |xOvvmOwOLt |=yVvD |=Q@ u; |@} QkD OwOL 'x}rw=
uOQm`=@W= QO `} QUD Qw_vt x@ w V}=tR; pwrU uwQO xvwtv uO=OQ=Qk R= TB
xOW xO=O Qw@a xvwtv R= xOW|Q}o =wy ?; TBU w �CO2� u@ QmO}Um =|O R=o 'xvwtv
QO xOWs=Hv= |=yV}=tR; QO "CU= xOW p=ta= 10Q=WiTB xvwtv x@ TBU "CU=
uwDBtmU= |}xQiL ?; Q=Wi?} Q[ x@ uO}UQ 'xvwtv uOW`=@W= lqt 'VywSB u}=

"CU= xOw@ B > �95
|=y|r=oJ =@ w hrDNt u}ov=}t |xOvvmOwOLt |=yVvD QO =yxvwtv 'u=}=B QO
|WQ@ VvD |=yC@Uv =@ u=Uty=v w u=Uty VvD Cr=L wO QO Cw=iDt |@Uv
xOWv|WmyR Cr=L QO |Q=PoQ=@ TBU w xDiQo Q=Qk s}mLD OQwt Cw=iDt |x}rw=
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"xv}W}@ |WQ@ pwOt QO pNrND C@Uv w u}ov=}t |xOvvmOwOLt Q=Wi QF= "5 pmW

"�1 |x]@=Q� xv}W}@ |WQ@ pwOt |x]@=Q ?}=Q[ "3 pwOH
n F (e) A `HQt

0 5 (2 17�e)2
(1+e) 3 3 [17]

0 5 (32 17�14 8e)2
(1+e) 0 032 [18]

0 4 (2 17�e)2
(1+e) 14 1 [19]

0 38 (2 17�e)2
(1+e) 9 [20]

0 5 (2 17�e)2
(1+e) 8 4 [3]

0 5 (2 17�e)2
(1+e) 7 [21]

"u}ov=}t |xOvvmOwOLt Q=Wi =@ xOWp=tQv |xv}W}@ |WQ@ pwOt C=Q}}eD "6 pmW

F (e) = [(2 17 � pNrND C@Uv |x]@=Q pw@k =@ Q[=L VywSB QO
w u=Uty Cr=L QO O}OWD uwDU |=yV}=tR; G}=Dv R= xO=iDU= =@ w e)2=(1 + e)]

?}=Q[ Q=Okt 'u}ov=}t |xOvvmOwOLt Q=Wi p@=kt QOGmax=F (e) C=Q}}eD s}UQD
CU= xOW pY=L 0 45 w 12 Q@=Q@ ?}DQDx@ QyWw@ |D=v@ Qm |xU=t |=Q@ n w A
|D=v@ Qm |xU=t xv}W}@ |WQ@ pwOt |@=} RQ= |=Q@ '4 |x]@=Q u}=Q@=v@ "�6 pmW�

%CU= xOW O=yvW}B QyWw@

"Ot=U@ MU=B |vLvt "4 pmW

xv}W}@ ?=DW ltm x@ |WQ@ VvQm w O}OWD Ot=U@ ltm x@ |WQ@ Gwt CaQU
|x]@=Q R= xO=iDU= =@ l =N (Gmax) xv}W}@ |WQ@ pwOt TBU [2]"OwW|t pY=L

%O};|t CUOx@ 3
Gmax = �V 2

s (3)

"CU= xvwtv |tHL sQH � w |WQ@ Gwt CaQU Vs 'u; QO xm
xv}W}@ |WQ@ pwOt 'Q[=L VywSB O}OWD uwDU |=yV}=tR; |=yuwtR; QO

"CU= xOW |Q}oxR=Ov= �10�40 OwOL |WQ@ VvQm QO QyWw@ |D=v@ Qm |xU=t

G}=Dv p}rLD "3
Gmax Q@ pNrND C@Uv w u}ov=}t Q=Wi QF= "1"3

QF-wt u}ov=}t |xOvvmOwOLt Q=WiV}=Ri= =@ 'OwW|t xOy=Wt 5 pmW QO xm Qw]u=ty
u}ov=}t |xOvvmOwOLt Q=WiV}=Ri= =@ "CU= xDi=}V}=Ri= xv}W}@|WQ@ pwOt '(�0c)
=@ |=yV}=tR; QO xm |Qw]x@ 'CU= xDi=} Vy=m xv}W}@ |WQ@ pwOt C=Q}}eD MQv
=D 40 R= u}ov=}t |xOvvmOwOLt Q=Wi V}=Ri= '(e = 0 777) �50 |@Uv |r=oJ
pwOt �38 1 w �94 7 V}=Ri= ?}DQD x@ (kPa) 400 =D 200 R= w (kPa) 200
V}=Ri= =@ xm OvyO|t u=Wv G}=Dv u}vJty "CU= xDW=O p=@vO x@ =Q xv}W}@ |WQ@

"CU= xDi=} Vy=m QyWw@ |D=v@ Qm |xU=t xv}W}@ |WQ@ pwOt 'pNrND C@Uv
x@ xv}W}@ |WQ@ pwOt C=Q}}eD QO pNrND C@Uv Q}F-=D u=R}t xm OQm xHwD O}=@
C@Uv Vy=m QF= �0c V}=Ri= =@ w xDW=O |oDU@ u}ov=}t |xOvvmOwOLt Q=Wi u=R}t
0 777 R= pNrND C@Uv Q}}eD xJQo = "CU= xOW QDW}@ Gmax V}=Ri= QO pNrND
xv}W}@ |WQ@ pwOt QO |}x_Lqt p@=k Q}F-=D �0c = 40 kPa Q=Wi QO 0 713 =D
|=yQ=Wi QO pNrND C@Uv Vy=m u}= =t= 'CU= xDW=Ov QyWw@ |D=v@ Qm |xU=t
|WQ@ pwOt QO �17 9 w �8 8 V}=Ri= ?}DQDx@ (kPa) 400 w 200 u}ov=}t
C@Uv w u}ov=}t |xOvvmOwOLt Q=Wi QF= 'u}vJty "CU= xDW=O p=@vO x@ =Q xv}W}@
C=ar=]t G}=Dv =@ QyWw@ |D=v@ Qm |xU=t xv}W}@ |WQ@ pwOt C=Q}}eD OvwQ QO pNrND

[16]"CU= xDW=O Ck@=]t u=QoWywSB Qo}O

u}W}B \@=wQ =@ xU}=kt w ?}=Q[ O=yvW}B "2"3
xO=iDU= =@ w |}xU=t |=yl =N |wQ Q@ |y=oW}=tR; |=yuwtR; s=Hv= =@ u=QoWywSB
u}vJty w n w A ?}=Q[ '�1 |x]@=Q� xv}W}@ |WQ@ pwOt |x]@=Q |rm sQi R=

"Ov=xOQm x�=Q= 3 pwOH CQwYx@ =Q F (e) CQ=@a
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yt

u}vJty w OwHwt \@=wQ R= pY=L Gmax � �0c C=Q}}eD |xU}=kt "7 pmW
"|O=yvW}B |x]@=Q

R= pY=L G}=Dv =@ =yV}=tR; R= pY=L xv}W}@ |WQ@ pwOt |xU}=kt "8 pmW
"\@=wQ

[22]'Ov=xDN=OQB (Vs) |WQ@ Gwt CaQU QO VvD \}=QW QF= |UQQ@ x@ l} QDmr=wR}B
xOw@ VvD |v=Uty=v QF= QO |WQ@ Gwt CaQU V}=Ri= Qov=}@ xOt;CUOx@ G}=Dv xm
=@ w |OOa VwQ x@ R}v (E) |v=UWm pwOt |wQ Q@ x}rw= VvD C@Uv QF= "CU=
pY=L G}=Dv xm [23]'CU= xDiQo Q=Qk |UQQ@ OQwt u=Uty=v VvD \}=QW |R=UpOt
CyH u; QO VvD |xir-wt x@ (Ei) CyH Qy QO |v=UWm pwOt |oDU@=w Qov=}@
=@ R}v w CU= xDW=O C}tm u}= QO |}x_Lqt p@=k QF= 'VvD C@Uv w xOw@ (�0i)
"CU= xOw@ V}=Ri= x@ wQ R}v xv}W}@ |WQ@ pwOt QO VvD |v=Uty=v QF= '�0c V}=Ri=
|v=Uty=v ?} Q[ V}=Ri= '(Dr = �50) e = 0 777 pNrND C@Uv QO
400 w 200 '40 u}ov=}t |xOvvmOwOLt |=yQ=Wi QO � = 0 4 =D � = 0 R=VvD
p=@vOx@ =Q xv}W}@ |WQ@ pwOt �11 5 w �9 6 '�5 7 V}=Ri= ?}DQD x@ (kPa)

pNrND C@Uv Vy=m xm OvyO|t u=Wv G}=Dv u}vJty "�9 pmW� CU= xDW=O
|WQ@ pwOt C=Q}}eD QO VvD |v=Uty=v QF= V}=Ri= ?Hwt �|@Uv |r=oJ V}=Ri=�
'�0c = 40 kPa Cr=L QO xm |Qw]x@ 'CU= xOW QyWw@ |D=v@ Qm |xU=t xv}W}@

Gmax = 12 (2 17� e)2

(1 + e)
(�0c)0 45 (4)

"OvQ=O MPa OL=w Gmax w kPa OL=w �0c 'u; QO xm
u}ov=}t |xOvvmOwOLt Q=Wi p@=kt QO xv}W}@ |WQ@ pwOt C=Q}}eD |xU}=kt
u}vJty w �4 |x]@=Q� Q[=LVywSB |O=yvW}B |x]@=Q R= pY=L (Gmax��0c)
xO=O u=Wv 7 pmW QO e = 0 713 pNrND C@Uv |=Q@ u=QoWywSB Qo}O \@=wQ

"CU= xOW
'u=QoWywSB |O=yvW}B \@=wQ QDW}@ 'OwW|t xOy=Wt 7 pmW QO xm Qw]u=ty
|xOvvmOwOLt Q=Wi p@=kt QO QyWw@ |D=v@ Qm |xU=t xv}W}@ |WQ@ pwOt C=Q}}eD
G}=Dv T=U=Q@ OwHwt \@=wQ "Ov=xOQm |v}@V}B |y=oW}=tR; G}=Dv R= QDtm =Q u}ov=}t
|=yl =N Q=DN=U "Ov=xOW x�=Q= |D=m}r}U |=yl =N |wQ Q@ xOWs=Hv= |=yV}=tR;
pmW "CU= |D=m}r}U |=yl =N R= Cw=iDt �QyWw@ |D=v@ Qm |xU=t Ovv=t� |D=v@ Qm
|Q@ R w uOw@xWwoR}D "OvDUy =yl =N u}= Cw=iD R= C=QP K]U |Q@ R w C=QP
p}rO u}ty x@ "OW Oy=wN xU=t |xv}W}@ |WQ@ pwOt V}=Ri= ?Hwt C=QP K]U
QO Cw=iD x@ u=wD|t =Q OwHwt \@=wQ =@ V}=tR; OQwt |D=v@ Qm |xU=t |Q=DiQ Cw=iD
|=yxU=t =@ xU}=kt QO |D=v@ Qm |=yxU=t X=N Q=DN=U w C=QP pmW '|v=m ẁv

"O=O C@Uv |D=m}r}U
|D=v@ Qm |xU=t Gmax � �0c C=Q}}eD [6]'T} QO= w O}U |xOWx�=Q= |x]@=Q
p@=k "OyO|t x�=Q= |y=oW}=tR; Q}O=kt R= QDW}@ |yHwD p@=k Q=Okt x@ =Q QyWw@
|D=v@ Qm |xU=t |wQ Q@ |y=oW}=tR; G}=Dv =@ OwHwt \@=wQ hqDN= xm CU= xHwD
Q=Wi V}=Ri= =@ '�4 |x]@=Q� Q[=L VywSB |O=yvW}B |x]@=Q u}vJty w QyWw@

"�7 pmW� CU= xDi=} V}=Ri= u}ov=}t |xOvvmOwOLt
VywSB QO xOWx�=Q= |x]@=Q u}vJty w u=QoWywSB |O=yvW}B \@=wQ OQmrta
|xU}=kt =@ QyWw@|D=v@ Qm |xU=t xv}W}@|WQ@ pwOt|@=} RQ= QO '�4 |x]@=Q� Q[=L
QO O}OWD uwDU |=yV}=tR; R= pY=L Q}O=kt w QwmPt \@=wQ R= pY=L Q}O=kt

"CU= xOW xO=O u=Wv 8 pmW QO 'l =N u}= |wQ Q@ u=Uty s}mLD \}=QW
O}OWD uwDU |=yV}=tR; G}=Dv T=U=Q@ xJQo = [20]'u=Q=mty w |m =R=w}= |x]@=Q
|@=} RQ= QO hqDN= u} QDW}@ =t= 'CU= xOW x�=Q= xD=m}r}U |xU=t ẁv 11 |wQ Q@
w T}m =DvU |x]@=Q "CU= xDW=O =Q QyWw@ |D=v@ Qm |xU=t xv}W}@ |WQ@ pwOt
Q}O=kt 'xv}W}@ |WQ@ pwOt |x@U=Lt QO |Ov@xv=O QF= ^=Lr seQ|ra [8]'u=Q=mty
|=yuwtR; G}=Dv R= QDtm|yHwD p@=k Q=Okt x@ QyWw@|D=v@ Qm |xU=t |=Q@ =QC}tm u}=
|QDq=@ CkO '\@=wQ Q}=U x@ C@Uv [3]'wWwmwm |x]@=Q "CU= xO=O x�=Q= O}OWD uwDU
xO=O u=Wv 8 pmW QO xm Qw]u=ty "OQ=O V}=tR; OQwt l =N Gmax |@=} RQ= QO
|WQ@ pwOt |v}@V}B QO |}q=@ CkO 'VywSB u}= |O=yvW}B |x]@=Q 'CU= xOW
G}=Dv =@ u}W}B \@=wQ R= pY=L G}=Dv hqDN= "OQ=O QyWw@ |D=v@ Qm |xU=t xv}W}@
w 'C=QP pmW '|v=m ẁv QO Cw=iD x@ u=wD|t =Q VywSB u}= |y=oW}=tR; C=ar=]t

"CUv=O \@DQt |D=m}r}U w |D=v@ Qm |=yl =N Q=DN=U

|O=yvW}B |x]@=Q w Gmax Q@ VvD |v=Uty=v QF= "3"3
|=yQ=Wi QO QyWw@ |D=v@ Qm |xU=t xv}W}@ |WQ@ pwOt Q@ VvD |v=Uty=v QF=
pNrND |=yC@Uv w �0c = 40; 200; 400 (kPa) u}ov=}t |xOvvmOwOLt
=@ xm CU= u; Qov=}@ G}=Dv "CU= xOW xO=O u=Wv 9 pmW QO e = 0 713; 0 777
V}=Ri= xv}W}@ |WQ@ pwOt '�� = 0 4 =D � = 0� x}rw= |WQ@ VvD C@Uv V}=Ri=
VvD QF= |wQ Q@ [23w22]'u=QoWywSB Qo}O C=ar=]t =@ |W}=Ri= OvwQ u}= "CU= xDi=}
VtN |=yV}=tR; s=Hv= =@ u=QoWywSB|NQ@ "OQ=OCk@=]t l =N Q=DiQ QO u=Uty=v
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"VvD |v=Uty=v C@Uv p@=ktQO C ?} Q[ C=Q}}eD "10 pmW

pY=L G}=Dv =@ =yV}=tR; R= pY=L xv}W}@ |WQ@ pwOt G}=Dv |xU}=kt "11 pmW
"6 w 5 \@=wQ

pY=L G}=Dv |xU}=kt =@ �6 w 5\@=wQ� u=Uty=v w u=Uty\}=QW QO QyWw@ |D=v@ Qm
6 w 5 \@=wQ R= pY=L |xv}W}@ |WQ@ pwOt Q}O=kt w O}OWD uwDU |=yV}=tR; R=

"CU= xOW xO=O u=Wv 11 pmW QO
p@=k CkO |O=yvW}B |x]@=Q 'OwW|t xOy=Wt 11 pmW QO xm Qw]u=ty
w u=Uty Cr=L QO QyWw@ |D=v@ Qm |xU=t xv}W}@ |WQ@ pwOt |@=} RQ= QO |rw@k
|xU=t xv}W}@ |WQ@ pwOt QDj}kO |@=} RQ= CyH u=wD|t u}=Q@=v@ "OQ=O u=Uty=v
|O=yvW}B |x]@=Q '|}xRQr l}vmDw�S |rta p�=Ut QO xO=iDU= |=Q@ QyWw@ |D=v@ Qm

"OQm xO=iDU= =Q VywSB u}=

|Q}oxH}Dv "4
l}vmDw�S p�=Ut pL QO |U=U= w syt |=yC}tm R= |m} 'xv}W}@ |WQ@ pwOt
|=Q@ xOWx�=Q= \@=wQ xm CU= u; R= |m =L u}W}B C=ar=]t QwQt "CU= |}xRQr
xD=m}r}U |=yl =N |wQ Q@ xOWs=Hv= |=yV}=tR; T=U=Q@ xv}W}@ |WQ@ pwOt
u}tR |xQm R= |O=} R j]=vt '|U=vWu}tR C=ar=]t T=U=Q@ "CU= xOW pY=L
|@ wvH |L=wv R= |O=} R |=yVN@ "CU= |D=v@ Qm C=@ wUQ w =yl =N R= xO}WwB
xOW C=@F= Q}N= |=yp=U QO Q=}U@ |=yxrRrR RwQ@ =@ u; |R}NxRQr xm 'u=tQwWm
pwOt 'VywSB u}= QO wQ u}= R= "CU= |D=v@ Qm |=yl =N R= xO}WwB 'CU=
OQwt O}OWD uwDU |=yV}=tR; s=Hv= =@ QyWw@ |D=v@ Qm |xU=t xv}W}@ |WQ@

"QyWw@ |D=v@ Qm |xU=t Gmax QO VvD |v=Uty=v QF= "9 pmW

pNrND |=yC@Uv QO � = 0 4 =D � = 0 R= VvD |v=Uty=v ?} Q[ V}=Ri=
=Q xv}W}@ |WQ@ pwOt Q=Okt QO �9 6 w �5 7 V}=Ri= ?}DQDx@ 0 713 w 0 777

"�hr=9 pmW� CU= xDW=O x=Qtyx@
|D=v@ Qm |xU=t xv}W}@ |WQ@ pwOt C=Q}}eD QO VvD |v=Uty=v QF= T=mav= |=Q@
?} Q[ u}= TBU '�5 |x]@=Q� CU= xOW ^=Lr 4 |x]@=Q QO C ?} Q[ 'QyWw@
QO VvD |v=Uty=v QF= "CU= xOW x@U=Lt u=Uty=v w u=Uty |=yV}=tR; |=Q@
|x]@=Q CQwYx@C ?} Q[ "CU= xOW xO=O u=Wv 10 pmW QOC ?} Q[ C=Q}}eD

%OwW|t O=yvW}B 6
Gmax = 12C (2 17� e)2

(1 + e)
(�0c)0 45 (5)

C = 0 28� + 1 (6)

|xU=t xv}W}@ |WQ@ pwOt |@=} RQ= CyH VywSB u}= |O=yvW}B |x]@=Q OQmrta
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}QW
u=Qt

a|
UOv

yt "CU= xDW=O p=@vOx@ =Q xv}W}@ |WQ@ pwOt �11 5 w �9 6 '�5 7 V}=Ri= ?}DQD
�|@Uv |r=oJ V}=Ri=� pNrND C@Uv Vy=m xm OvyO|t u=Wv G}=Dv u}vJty
|D=v@ Qm |xU=t xv}W}@ |WQ@ pwOt C=Q}}eD QO VvD |v=Uty=v QF= V}=Ri= ?Hwt
|v=Uty=v?} Q[V}=Ri= '�0c = 40 kPa Cr=L QO xm |Qw]x@ 'CU= xOW QyWw@
?}DQDx@ 0 713 w 0 777 pNrND |=yC@Uv QO � = 0 4 =D � = 0 R= VvD

"CU= xDW=O x=Qtyx@ =Q xv}W}@ |WQ@ pwOt Q=Okt QO �9 1 w �5 7 V}=Ri=
'QyWw@ |D=v@ Qm |xU=t |wQ Q@ u=Uty Cr=L QO =yV}=tR; G}=Dv T=U=Q@
|xU}=kt "�4 |x]@=Q� CU= xOW KqY= xv}W}@ |WQ@ pwOt |rm |x]@=Q ?}=Q[
|=yl =N |wQ Q@ u}W}B C=ar=]t\@=wQ R= pY=LG}=Dv =@ u=Uty |=yV}=tR;G}=Dv
|WQ@ pwOt Q}O=kt j}kO |@=} RQ= C}r@=k 'QwmPt \@=wQ xm CU= xO=O u=Wv xD=m}r}U
'|v=m ẁv QO Cw=iD x@ u=wD|t =Q u; Cra "OvQ=Ov =Q QyWw@ |D=v@ Qm |xU=t xv}W}@

"CUv=O \@DQt xD=m}r}U w |D=v@ Qm |=yl =N Q=DN=U w 'C=QP pmW
u=Uty=v |=yxvwtv |wQ Q@ xOWs=Hv= |=yV}=tR; G}=Dv R= xO=iDU= =@ 'xt=O= QO
|x]@=Q QO VvD |v=Uty=v QF= T=mav= CyH �5 |x]@=Q� |@} Q[ 'xDi=} s}mLD
VvD\}=QW x@ s}taD p@=kVywSB u}= |O=yvW}B |x]@=Q =D 'CU= xOW p=ta=Gmax

|=yV}=tR; G}=Dv =@ �5 |x]@=Q� |O=yvW}B |x]@=Q |xU}=kt "OW=@ R}v u=Uty=v
pwOt |@=} RQ= QO u; |q=@ CkO Qov=Wv 'u=Uty=v w u=Uty \}=QW QO O}OWD uwDU
|@=} RQ= CyH u=wD|t =Q x]@=Q u}= =Pr "CU= QyWw@ |D=v@ Qm |xU=t xv}W}@ |WQ@
p�=Ut QO u=Uty=v w u=Uty VvD \}=QW CLD QyWw@ |D=v@ Qm |xU=t Gmax

"O=O Q=Qk xO=iDU= OQwt |}xRQr l}vmDw�S |rta
QmWD w Q}OkD

|rrtr=u}@ x=oWywSBC}=tLCLD w ?wYt |WywSB |xSwQB |=DU=Q QOVywSB u}=
"CU= xOW s=Hv= 545 xSwQB Om w 6723C}r=ai Om =@ xrRrR |UOvyt w |U=vWxrRrR

pwOt Q@ pNrND C@Uv w u}ov=}t |xOvvmOwOLt Q=Wi QF= w xDiQo Q=Qk xar=]t
u=Uty Cr=L wO QO =yV}=tR; "CU= xOW |UQQ@ l =N u}= xv}W}@ |WQ@
XNWt C}tm u}= Q@ x}rw= VvD \}=QW QF= =D 'CU= xOW s=Hv= u=Uty=v w

"OwW
w u}ov=}t |xOvvmOwOLt Q=Wi V}=Ri= =@ xm OyO|t u=Wv xOt;CUOx@ G}=Dv
xDi=} V}=Ri= QyWw@ |xD=v@ Qm |xU=t xv}W}@ |WQ@ pwOt 'pNrND C@Uv Vy=m
pwOt C=Q}}eD MQv "CU= j@=]D QO xDWPo C=ar=]t =@ C=Q}}eD OvwQ u}= xm 'CU=
xm |Qw]x@ 'CU= xDi=} Vy=m u}ov=}t |xOvvmOwOLt Q=Wi V}=Ri= =@ xv}W}@ |WQ@
|xOvvmOwOLt Q=WiV}=Ri= '(e = 0 777) �50 |@Uv |r=oJ =@ |=yV}=tR; QO
?Hwt ?}DQD x@ (kPa) 400 =D 200 R= w (kPa) 200 =D 40 R= QF-wt u}ov=}t
xm CU= u; Qov=}@ G}=Dv "CU= xOW xv}W}@ |WQ@ pwOt �38 1 w �94 7 V}=Ri=
OwOLt Q=Wi u=R}t x@ xv}W}@ |WQ@ pwOt C=Q}}eD QO pNrND C@Uv Q}F-=D u=R}t
C=Q}}eD QO pNrNDC@Uv Vy=m QF= �0cV}=Ri= =@ w xDW=O |oDU@ u}ov=}t |xOvvm
QO 0 713 =D 0 777 R= pNrND C@Uv Q}}eD xJQo = "CU= xOW QDW}@ Gmax

|D=v@ Qm |xU=t xv}W}@ |WQ@ pwOt QO |}x_Lqt p@=k Q}F-=D �0c = 40 kPa Q=Wi
w 200 u}ov=}t |=yQ=Wi QO pNrND C@Uv Vy=m u}= =t= 'CU= xDW=Ov QyWw@
l =N u}= xv}W}@ |WQ@ pwOt QO �17 9 w �8 8 V}=Ri= ?}DQDx@ (kPa) 400

"CU= xDW=O p=@vO x@ =Q
V}=Ri= VvD |v=Uty=v V}=Ri= =@ V}=tR; OQwt |xU=t xv}W}@ |WQ@ pwOt
VvD |xir-wt x@ xv}W}@ |WQ@ pwOt |oDU@=w Qov=}@ |W}=Ri= OvwQ u}= "CU= xDi=}
�0c V}=Ri= =@ 'Q[=L VywSB G}=Dv T=U=Q@ "CU= C}tm u}= |Q}oxR=Ov= CyH QO
pNrND C@Uv QO "CU= V}=Ri= x@ wQ xv}W}@ |WQ@ pwOt QO VvD |v=Uty=v QF=
=D � = 0 R= VvD |v=Uty=v ?} Q[ V}=Ri= '(Dr = �50) e = 0 777
x@ (kPa) 400 w 200 '40 u}ov=}t |xOvvm OwOLt |=yQ=Wi QO � = 0 4

=yCWwv=B
1. maximum shear modulus
2. initial shear stress
3. resonant column
4. mean e�ective con�ning pressure
5. void ratio
6. stress anisotropy
7. X-ray di�raction
8. isotropic
9. anisotropic
10. back pressure
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