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�Q=}Wv=O� xO=RQiaH u}OQi
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�Q=}O=DU=� �u=}v=tR |i]Yt
|DWy@ O}yW x=oWv=O 'CU} R \}Lt w ?; 'u=Qta |UOvyt |xOmWv=O

|v=}t VvD QDt=Q=B w (�) xv}W}@ |rY= VvD QwLt CyH QO Q}}eD
|m}vmDw�S |=yxR=U QDW}@ QO G}=Q |}=yxO}OB u=wvax@ (b = (�2 � �3)=(�1 � �3))

w |m}t=v}O |WQ@ pwOt QO xOWQmP |xO}OB wO Q}F-=D 'Q[=L Q=DWwv QO "OvwQ|t Q=tWx@
'OvwQ|t Q=tW x@ l}vmDw�S |UOvyt p�=Ut QO syt QDt=Q=B wO xm Kr=Yt |}=Q}t C@Uv
l} |@ w=vD |r=NwD |xv=wDU= x=oDUO R= xO=iDU= =@ Qw_vt u}ty x@ "CU= xOW |UQQ@

|=yxvwtv |wQ Q@ 'b w � Q_v R= |YNWt \}=QW QO xOWv|WmyR |@ w=vD V}=tR; |QU
pwOt 'xHQO 45 x@ � uOW l}ORv =@ xm O=O u=Wv G}=Dv w OW s=Hv= QUr@=@ |xU=t pW
QO RH x@ b QDt=Q=B p=L u}a QO "O@=}|t Vy=m |}xU=t |=yxvwtv |}=Q}t C@Uv w |WQ@
u}vJty "CW=Ov =yxvwtv |}=Q}t C@Uv =} w |WQ@ pwOt QO |v=OvJ Q}F-=D '� = 45 \}=QW
QF-wt |x@v=Hxty Q=Wi V}=Ri= =@ '|}=Q}t C@Uv w |WQ@ pwOt QO b w � |=yQDt=Q=B Q}F-=D

"Ci=} V}=Ri=
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|rY= VvD QwLt CyH 'xU=t '|}=Q}t C@Uv '|WQ@ pwOt %|O}rm u=oS=w
"|v=}t VvD QDt=Q=B 'xv}W}@

xtOkt "1
hwQat |D=P |v=Uty=v x@ xm CU=yxv=O O=a@= w pmW '�OQ}o|t pmW =yu; |]
R= |W=v 'OyO|t MQ |v}WvxD Ov}=Qi R= TB xm |v=Uty=v 'swO VN@ "CU=
"OwW|t xDN=vW |}=kr= |v=Uty=v u=wvax@ xm CU= l =N Q@ OQ=w VvD |xJN} Q=D
|D=P |v=Uty=v =} w VvD |v=Uty=v Q=F; u=wD|t ẁvDt VvD |=yQ}Ut p=ta= =@
|=yQDt=Q=B R= l} Qy Q=F; w |UQQ@ '|@ w=vD =} w |m}D=DU= |Q=PoQ=@ \}=QW QO =Q
|xv=wDU= V}=tR; C=R}yHD R= xO=iDU= =@ "OQm xar=]t l}miD x@ =Q |v=Uty=v
|YNWt \}=QW CLD =Q l =N Q=DiQ 'xOWpQDvm |Q=PoQ=@ =@ u=wD|t |r=NwD
|UQQ@ |v=}t VvD Q=Okt R}v w (�) xv}W}@ |rY= VvD QwLt CyH Q_v R=

"OQm
QDt=Q=B 'xv}W}@ |rY= VvD QwLt CyH Q}F-=D |UQQ@ 'Q[=L VywSB R= hOy
pwOt QO QF-wt |x@v=H xty VvD w (b = (�2 � �3)=(�1 � �3)) |v=}t VvD
"CU= |@ w=vD |Q=PoQ=@ \}=QW QO |}xU=t l =N |}=Q}t C@Uv w |m}t=v}O |WQ@
R= xOWpQDvm \}=QW R}v w xOWv|WmyR |Q=PoQ=@ \}=QW QO V}=tR; |O=OaD u}=Q@=v@
C@Uv w |@ w=vD |WQ@ pwOt Q=Okt w s=Hv= hrDNt |x@v=H xty VvD w b w � Q_v

"OvOW xU}=kt sy =@ =yxvwtv |}=Q}t

|xOWxDN=vW QDt=Q=B wO '(D) |}=Q}t C@Uv w (G) |m}t=v}O |WQ@ pwOt
wO |xOQDUo OQ@ Q=m "OvwQ|t Q=tW x@ |m}t=v}O |Q=PoQ=@ \}=QW QO l =N
w l =N VvmQOv= R}r=v; %p}@k R= 'l}vmDw�S |UOvyt p�=Ut QO QwmPt QDt=Q=B
'l}i=QD R= |W=v C=W=aDQ= '|}=Qou=wQ '=y|B |m}t=v}O |Q@ Q=@ C}iQ_ 'xR=U
|=yVwQ R= |a}Uw h}] |xaUwD x@ QHvt """ w pL=U G=wt= |Q=PoQ=@ Q}F-=D
?}=at w =yC} Rt 'QwmPt |=yVwQ R= l} Qy [4�1]"CU= xOW |y=oW}=tR;
|Q=PoQ=@ \}=QW x@ xHwD =@ O}=@ xv}y@ VwQ ?=NDv= xm OvQ=O =Q OwN X=N
|QwQ[ '?U=vt |y=oW}=tR; C=R}yHD R= xO=iDU= u}=Q@=v@ [5]"OQ}PB CQwY |ak=w
xDiQW}B |y=oW}=tR; C=R}yHD R= |m} '|@ w=vD |r=NwD |xv=wDU= x=oDUO "CU=
ẁvDt VvD |=yQ}Ut p=ta= w pQDvm QO |O=} R |=yC}r@=k xm OwQ|t Q=tW x@

"OQ=O
VN@ %CU= pt=a wO Q}F-=D CLD 'l =N Q=DN=U QO |v=Uty=v |rm Qw]x@
QO l =N xm |U=vWu}tR w |]}Lt \}=QW� C=QP |v}WvxD Ov}=Qi Q}F-=D CLD 'pw=

pw�Ut xOvU} wv �
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Q}F=Dw pNrND C@Uv 'QF-wt VvD 'VvQm |xvt=O ,qFt [16]"OQm |Ov@xk@] sytQ}e ,=@} QkD

"OvQ=O Q=Qk �syt Q=}U@� C}ty= QB |xDUO QO |Q=PoQ=@ pm}U O=OaD
xOv@UJ |=yl =N QO |WQ@ pwOt QO |QDtm Q}F-=D '|oDi=}s}mLD V}B C@Uv
Cr=L x@ xm OwW|t Gmax V}=Ri= Ea=@ QwmPt QDt=Q=B ,qFt "OQ=O xOv@UJQ}e w
Q}F-=D uwO@ ,=@} QkD '|Q}tNQ}e l =N QO xm |Qw] x@ 'OQ=O |oDU@ R}v xvwtv |Q}tN
Q}F-=D |WQ@ pwOt Q=Okt QO OwN |OwN x@ =yxv=O C=YNWt 'p=Ft |=Q@ "CU=
Q_v QO xvwtv Ctw=kt w pNrND C@Uv Q=Okt QO =yu; Q}F-=D xmv}= Qot 'OvQ=Po|tv
QO QF-wt |=yQDt=Q=B u=wvax@ QwmPt QDt=Q=B wO xm ẁ[wt u}= x@ xHwD =@ "OwW xDiQo
sytQ}e '|WQ@ pwOt Q=Okt QO =Q =yxv=O C=YNWt Q}F-=D u=wD|t 'OvwW|t xDiQo Q_v
x@v=Hxty QF-wt VvD '|WQ@ VvQm QDt=Q=B 3 xm O=O u=Wv C=k}kLD "CiQo Q_v QO
|=yl =N QO |}=Q}t C@Uv QO QF-wt |=yQDt=Q=B u} QDsyt '|Q=PoQ=@ pm}U O=OaD w
QO u}= w O@=}|t V}=Ri= '|WQ@ VvQm V}=Ri= =@ |}=Q}t C@Uv Q=Okt "OvDUy |}xU=t
C@Uv Q=Okt QO Vy=m ?Hwt x@v=Hxty QF-wt VvD Q=Okt QO V}=Ri= xm CU= |r=L
l =N |}=Q}tC@Uv Q=Okt '|Q=PoQ=@ pm}U O=OaDV}=Ri= =@C}=yvQO "OwW|t |}=Q}t

[18�16]"O@=}|t Vy=m
u}W}B C=ar=]t |xOta VN@ 'OvyO|t u=Wv =yVywSB G}=Dv xm Qw]u=ty
C=YNWt Q@ |}xU=t |=yl =N |m}t=v}O C=}YwYN QO Q=PoQ}F-=D |=yQDt=Q=B QO
|Q=PoQ=@pm}U O=OaD w |Q=PoQ=@ Ot=U@ '|WQ@VvQm 'x@v=HxtyVvD 'l =N|m} R}i
=} w |D=P |v=Uty=v R= sa= xU=t QO |v=Uty=v Q}F-=D x@ w [21�17]'CU= xOW RmQtDt
|Q=PoQ=@ x@ u; MU=B w xU=t Q=DiQ QO Q=PoQ}F-=D QDt=Q=B l} u=wvax@ |}=kr= |v=Uty=v
OwHwt |=y|Q=wWO u; syt p}qO R= |m} O}=W xm CU= xOW xHwD QDtm |rm}U
xO=iDU= =@ ,=Q}N= xm |D=ar=]t xrtH R= "CU= l =N u=Uty=v \}=QW |R=UpOt |=Q@
|NQ@ x@ u=wD|t 'CU= xOW s=Hv= xU=t |wQ Q@ |r=NwD |xv=wDU= x=oDUO R=
|v=Uty=v Q=F; |UQQ@ |wQ Q@ =yu; |rY= VN@ xD@r= xm OQm xQ=W= [23w22]'C=ar=]t
"CU= xOw@ RmQtDt |m}D=DU= |Q=PoQ=@ \}=QW QO |Q}tNQ}e |xv=OR} Q OYQO w
|}xU=t |=yxvwtv Q=DiQ QO |Dr}U Kr=Yt QF= [22]'Q}N= |xOWs=Hv= |xar=]t QO
Kr=Yt OYQO QF= 'VvD |x}rw= uOw@ u=UtyQ}e Q}_v |Q=PoQ=@ X=N \}=QW |=Q@
|rY= VvD Q=Okt Q=F; R}v w |t}mLD VvD C@Uv 'x@v=Hxty Q=Wi Q=Okt '|Dr}U
w |}xU=t |=yxvwtv |}xQiL ?; Q=Wi C=Q}}eD |wor= w Ctw=kt '|DNU QO |v=}t
|xOWs=Hv= |xar=]t |U=U= Cw=iD "CU= xOW |UQQ@ w |@=} RQ= Q=OCr}U |}xU=t
=yxvwtv 'Q[=LVywSB QO "CU=yxvwtv |Q=PoQ=@ VwQ QO Q[=LVywSB =@ [22]'Q}N=
pwOt� l =N|m}t=v}O |=yQDt=Q=B QO|@ w=vD |Q=PoQ=@ Q=F; wV}=tR;|@ w=vD CQwYx@
[22]'Q}N= |xOWQmP |xar=]t QO xm |r=L QO 'Ov=xOW xar=]t �|}=Q}tC@Uv w |WQ@
l =N Q=DiQ QO xv=OR} Q OYQO Q=F; R}v w u=Uty=v \}=QW QO |m}D=DU= |Q=PoQ=@ Q=F;

"CU= xOW |UQQ@
|=yQDt=Q=B QO |irDNt pt=wa Q}F-=D xm OQm xOy=Wt u=wD|t |vi uwDt |UQQ@ =@
Q=DiQ QO Q=PoQ}F-=D pt=wa R= |m} "CU= xOW |UQQ@ |}xU=t |=yl =N |m}t=v}O
QDt=Q=B Q=F; 'xOWs=Hv= C=ar=]t QO uwvm =D xm 'CU= |Q=PoQ=@ QwLt CyH 'xU=t
hQ] R= "CU= xOWv |UQQ@ uwOt CQwYx@ l =N |m}t=v}O C=}YwYN QO QwmPt
,=@r=e 'l =Nl}v=mt |=yx=oW}=tR; swUQt C=R}yHD |=yC}OwOLt x@ xHwD =@ 'Qo}O
u; Q}F-=D x@ hrDNt |vi uwDt QO xD@r= xm 'CU= xOW Q_vhQY R}v |v=}t VvD Q=F; R=
VvD QwLt CyH Q}F-=D 'Q[=L VywSB QO [23w22]"CU= xOW xQ=W= l =N Q=DiQ QO
QO (�00m) QFwt |x@v=Hxty VvD w (b) |v=}t VvD QDt=Q=B '(�) xv}W}@ |rY=
x@ "CU= xOW |UQQ@ |@ w=vD |Q=PoQ=@ \}=QW QO QUr@=@ |xU=t |@ w=vD |=yQDt=Q=B
|=yQDt=Q=B QO b w � QDt=Q=B wO Q}F-=D |UQQ@ CyH |vwOt |=yV}=tR; Qw_vt u}ty

VywSB |xv}W}B "2
xOW s=Hv= |}xU=t |=yl =N |m}t=v}O C=YNWt |wQ Q@ |O=} R C=ar=]t
Cr=L 'x@v=Hxty QF-wt Q=Wi '=yxv=O O=a@= xm OvO=O u=Wv QwmPt C=ar=]t [14�6]"CU=
x@ [15]"OvQ=PoQF= |}=Q}t C@Uv w |WQ@ pwOt QO |Qo}O O=} R |=yQDt=Q=B w |Q}tN
R}v w xOt; CUOx@ G}=Dv pN=OD sOa Qw_vt x@ w xOWs=Hv= C=ar=]t OOaD CyH
CQwY u}=x@ l =N Q@ sm =L |]NQ}e Q=DiQ u=}@ |=Q@ |}xO=U pOt '|R=UxO=U

[15]"CU= xOW x�=Q=
Q=Qk VvQm Q=Okt Q}F-=D CLD RoQy p;xO}= u=UWm Kr=Yt l} |WQ@ pwOt
]}=QW 'wO u}= "Ov=t Oy=wN |k=@ QiY xW}ty R}v u; |}=Q}t C@Uv w CiQo Oy=wNv
Q=DiQ |yHwD p@=k Qw]x@ xU=t w uW |iQ] R= "OvwQ|t Q=tW x@ l =N |=Q@ |RQt
|WQ@ VvQm =@ =yu; |WQ@ pwOt w |}=Q}t C@Uv w OvyO|t u=Wv OwN R= |]NQ}e
1uOw@ xDUUo =@ l =N uOw@|]NQ}e Q=Okt xm CiQo xH}Dv u=wD|t =Pr "Ovm|t Q}}eD
xJ x@ l =N |=yxv=O xm CU=vat u}= x@ uOw@ xDUUo "OQ=O |t}kDUt \=@DQ= =yxv=O

[15]"OwW|t xOy=Wt 1 pmW QO xO}= u}= "Ov=xOW xDUUo Qo}Om} R= CQwY
|U=tD CQwYx@ =yu; p=YD= w OvDU}v 2O}kt sy x@ =yxv=O '=yxU=t w uW QO
G}=Dv "O}t=v O}OW |oDUUo \}=QW u=wD|t =Q C}a[w u}= "CU= |m =m]Y= w
"OvyO|t u=Wv TQ =@ xU}=kt QO =Q O}OW|oDUUo '=yxU=t w uW |wQ Q@ =yV}=tR;
Q=PoQ}F-=D =yl =N uOw@ |]NQ}e QO xm CU= |QDt=Q=B R}v x@v=Hxty Q=Wi Q=Okt
|oDUUo R= w OwQ|t QDq=@ Kr=Yt VvmQOv= 'QDq=@ |x@v=H xty Q=Wi QO "CU=
3|QDsHUvt Q=DiQ 'QDq=@ |x@v=H xty Q=Wi QO =yxU=t w uW w OwW|t xDU=m =yu;

[15]"OvyO|t u=Wv OwN R=
|=yVywSB x@ xHwD =@ "OvDUy QF-wt |WQ@ pwOt Q=Okt QO |OOaDt |=yQDt=Q=B
w syt ,=D@Uv 'syt Q=}U@ %xwQo 3 QO =Q QwmPt QF-wt |=yQDt=Q=B u=wD|t 'xOWs=Hv=

[15]"=yl =N |}=Q}t C@Uv w |WQ@ pwOt C=Q}}eD QO uOw@ xDUUo Q}F-=D "1 pmW
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"QUr@=@ |xU=t |Ov@xv=O |vLvt "3 pmW

"QUr@=@ |xU=t |=yxv=O |BwmUwQm}t Q}wYD "4 pmW
[24]"|r=NwD |}xv=wDU= |xvwtv V}=tR; x=oDUO C=YNWt "1 pwOH

CkO C}iQ_ OL=w xYNWt
� 10 cm |HQ=N Q]k
� 6 cm |rN=O Q]k
� 20 cm xvwtv `=iDQ=

0 001 �10 kN |QwLt |wQ}v
0 01 �300 N.m |WJ}B Qovr
0 1 100 cc sHL C=Q}}eD

1 5 uwQm}t �50 mm |a=aW u=mtQ}}eD
0 01 �25 mm |QwLt u=mtQ}}eD
0 1 1000 kPa |}xQiL ?; Q=Wi
0 1 1000 kPa pwrU |rN=O Q=Wi
0 1 1000 kPa pwrU |HQ=N Q=Wi
0 1 100 cc |rN=O pwrU sHL C=Q}}eD

"QUr@=@ |xU=t |m} R}i |=y|oS}w "2 pwOH
QUr@=@ |xU=t |oS}w

2 753 �Gs� xS} w |r=oJ
0 790 xv}W}@ pNrND MQv
0 531 xv}tm pNrND MQv

"|rm}U |r=NwD |xv=wDU= x=oDUO |xDU@ |xkrL |rQDvm sDU}U "2 pmW

Q=F; |UQQ@ R}v w G}=Dv j}kOD CyH x@ "CU= xOW s=Hv= |}xU=t l =N |m}t=v}O
"Ov=xOW s=Hv= hrDNt |x@v=H xty VvD Q=Okt wO QO =yV}=tR; 'x@v=Hxty VvD

xO=iDU= OQwt x=oDUO "3
xO=iDU=|rm}U|r=NwD |xv=wDU= x=oDUO R= 'Q[=LVywSB |=yV}=tR; s=Hv=CyH
QO p=YLDU= p@=k G}=Dv w |Q=PoQ=@ |xOwOLt 'u; |rY= C=YNWt xm 'CU= xOW
|m}D=twvB 'QwmPt x=oDUO |wQ}v p=ta= w |Q=PoQ=@ sDU}U "CU= xOW x�=Q= 1 pwOH
xO=iDU= Q=Wi w VvQm 'wQ}v |Q}oxR=Ov= |=Q@ |OOaDt |m}vwQDmr= C=R}yHD R= w xOw@
|=yp=vo}U x@ =Q|m}v=mt |=yCmQL '|rm}U|r=NwD |xv=wDU= x=oDUO "CU= xOW
C�=Qk x=oDUO \UwD =yu; VHvU w |Qw;`tH u=mt= =D Ovm|t p}O@D |m}vwQDmr=
u}@ |YNWt \=@DQ= 'VvQm w VvD Q}O=kt j}kO pQDvm |=Q@ "OwW sy=Qi |RmQt
'l}D=twD= |=yQ}W 'C=aq]= `} QU |Qw;`tH sDU}U 'x=oDUO Q=Ri=sQv |xir-wt 5
Q=QkQ@ u=mtQ}}eD w Q=Wi 'Q=@ |=ypO@t w |WJ}B lQD w |QwLt Q=@ |=ylQLt
QO xm OwW|t s=Hv= xDU@ 4|xkrL l} \UwD xOWQmP |=yxir-wt pQDvm "OwW|t
|wQ}v pkDUt QwLt 5 pQDvm x@ QO=k QwmPt x=oDUO "CU= xOW xO=O u=Wv 2 pmW
QO 'Q=WiTB w |HQ=N pwrU Q=Wi '|rN=O pwrU Q=Wi '|WJ}B lQD '|QwLt
|HQ=N Q]k x@ 'QwmPt x=oDUO \UwD xOWxDN=U |=yxvwtv [24]"CU= RDQy 1 Ot=U@

"OvDUy QDt|r}t 200 `=iDQ= w QDt|r}t 60 |rN=O Q]k 'QDt|r}t 100

xO=iDU=OQwt Kr=Yt w =yV}=tR; s=Hv= VwQ "4
�QRN |=} QO pL=wU Q@ `k=w� QUr@=@ |xU=t |wQ Q@ Q[=L VywSB |=yV}=tR;
'ASTM |=yOQ=Ov=DU= T=U=Q@ XN=W |=yV}=tR; s=Hv= =@ "CU= xOW s=Hv=
xOW x�=Q= 2 pwOH QO u; G}=Dv xm 'OW u}}aD QUr@=@ |xU=t |m}v=mt C=}YwYN
|Ov@xk@] T=U=Q@ w xOWs=Hv= XN=W |=yV}=tR; G}=Dv x@ xHwD =@ [28�25]"CU=
xOW|Ov@xv=O O@ w\UwDt|}xv=O |xR=Ov= =@ |=yxU=t|xOQ QO QUr@=@ |xU=t 'O}=i}vw}
"OyO|t u=Wv =Q QUr@=@ |xU=t |Ov@xv=O |vLvt '3 pmW "OwW|t |Ov@xk@] �SP�
j@=]t xm OyO|t u=Wv =Q QUr@=@ |xU=t |=yxv=O |B wmUwQm}t Tma '4 pmW
=yxv=O pmW '|Qy=_ Q_v R= w CU= CN=wvm} ,=D@Uv |Ov@xv=O =@ QUr@=@ |xU=t u;

"CU= 6Q=OxWwo xt}v =D 5QwOt xt}v
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y=v
Q}F=D"xOWV}=tR; |=yxvwtv C=YNWt "3 pwOH

(e) Dr(�)
�

b �0om
|xvwtv

xHQO xOWV}=tR;
0 723 26 10 0 1 50 1
0 728 24 30 0 1 50 2
0 728 24 45 0 1 50 3
0 725 25 60 0 1 50 4
0 730 23 80 0 1 50 5
0 728 24 10 0 5 50 6
0 730 23 30 0 5 50 7
0 723 26 45 0 5 50 8
0 733 22 60 0 5 50 9
0 720 27 80 0 5 50 10
0 723 26 10 0 9 50 11
0 730 23 30 0 9 50 12
0 733 22 45 0 9 50 13
0 720 27 60 0 9 50 14
0 717 28 80 0 9 50 15
0 730 23 10 0 1 150 16
0 723 26 30 0 1 150 17
0 725 25 45 0 1 150 18
0 717 28 60 0 1 150 19
0 720 27 80 0 1 150 20
0 725 25 10 0 5 150 21
0 717 28 30 0 5 150 22
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1. discreteness
2. bonded
3. less discrete
4. loop
5. sub-rounded
6. sub-angular
7. hysteresis loop
8. secant shear modulus
9. less discreteness

10. integrated
11. triaxial compression
12. triaxial extension
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