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|i=QLv=VvD hqDN= xm Ovm|t =O}B |QDW}@ Owtv xOWxDN=U|y=oW}=tR; |=yxvwtv
,qt=m �3 |q=@ ,qFt VvQm QO p=mU=B wr}m 1000 w 500 '250 |=yQ=Wi u}@

"CU= XNWt

|}xQwO |QwLt xU |=yV}=tR;
'Kr=Yt |m}t=v}O |=yQDt=Q=B u}}aD QO |}xQwO |QwLt xU |=yV}=tR; s=Hv=
x@v=Hxty w |QwLt |=yVvD VvD hqDN= '=yV}=tR; u}= QO "CU= pw=ODt Q=}U@
x@=Wt 'VvD w VvQm pQDvm \}=QW QO "OwW|t p=ta= xvwtv x@ |}xQwO CQwYx@
u=Uty=v w u=Uty\}=QW QO|}xQwO |=yV}=tR; '|m}D=DU= |QwLt xU|=yV}=tR;
|=Q@ '=yV}=tR; u}= QO xOW|Q}oxR=Ov= |=yVvQm w =yVvD "OwW s=Hv= Ov=wD|t
|=yp}rLD T=U=Q@ "OQ=O OQ@ Q=m Kr=Yt |}=Q}t ?}=Q[ w |WQ@ pwOt |x@U=Lt
'|v=Uty=v '|Ot=U@ Q}O=kt ^=Lr R=� u; |=yxO=O R= xO=iDU= =@ w xOWs=Hv= |OOa
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xYqN Qw]x@ "CU= |Q=H j}kLD |=}=Rt u} QDsyt R= |m} |}xQwO |xiQ]wO Q=@
QO xm xOw@ CQwY 3 x@ |Dr=iU; uD@ |=yxvwtv |Q=PoQ=@ |xwLv xm Cio u=wD|t

%CU= xOW xQ=W= u; x@ R}v 2 pwOH QO w p}P
|=Q@ uQ=kDt |xiQ]wO |Q=PoQ=@ =@ u=Uty Cr=L %A ẁv |Q=PoQ=@

&(Kc = �1
�3 = 1 0)

|=Q@ uQ=kDt=v |xiQ]wO |Q=PoQ=@ =@ u=Uty=v Cr=L %B ẁv |Q=PoQ=@
&(Kc = 2 0; 3 0)

"xiQ]l} |Q=PoQ=@ =@ u=Uty=v Cr=L %C ẁv |Q=PoQ=@
|=yQDt=Q=B u}}aD w |oOQwNlQD 'Ctw=kt Vy=m u=R}t 'Kr=Yt Q=DiQ CN=vW
|=yV}=tR; s=Hv= h=Oy= smL QO |OOa |=yp}rLD QO xO=iDU= |=Q@ |m}vmDw�S

"s} R=OQB|t =yv; |UQQ@ x@ xm CU= xOw@ |}xQwO

G}=Dv |x�=Q=
OyO|t u=Wv =Q |QwLt VvQm p@=kt QO |WQ@ |=yVvD Q}O=kt xOWx�=Q= |=ypmW
Q}=U w pw= QwO |=Q@ T} RQDU}y |vLvt =ypmW u}= QO "�7 =D 5 |=ypmW ,qFt�
?}W w OwHwt |=yxkrL pmW T=U=Q@ =D CU= xOW xOQw; xv=o =OH CQwYx@ =yQwO
|}=Q}t '|m}vmDw�S |=yQDt=Q=B 'Ctw=ktCi= OQwt QO |}=yv w |}=OD@= |=yQwO QO =yv;

|Q=PoQ=@ \}=QW h} QaD
l}ORv x@ 'x} wUl} |Q=PoQ=@ hqN Q@|r[=iDVvD xm xiQ]wO |Q=PoQ=@ p=ta= |=Q@
p=Ft |=Q@ "OW KqY= MTS |Q=PoQ=@ |xr}t |}q=@ CtUk 'OUQ|t sy QiY
xO=O u=Wv 4 pmW QO �3 = 500KPa w u=Uty Cr=L |=Q@ |r=ta= |Q=PoQ=@

Kc = 1 0 w �3 = 500KPa |=Q@ u=tR Q@=Q@ QO |Q=PoQ=@ |vLvt "4 pmW
"�Type A�

"|}xQwO |=yV}=tR; G}=Dv |xYqN "2 pwOH
|Q=PoQ=@ ẁv �MPa� |WQ@ pwOt xQwO O=OaD �Hz� Ot=U@ T�C Kc �3 �kPa� V}=tR;xQ=tW

A 1 80 50 2 5 1 500 F1
A 1 75 50 2 5 1 500 F2
B 2 50 50 2 5 2 500 F3
B 2 30 50 2 5 2 500 F4
A 1 40 50 2 5 1 250 T5
B 1 67 50 2 5 2 250 T6
B 1 70 50 2 5 3 250 T7

B and C 1 72 50 2 5 2 250 T8
A 2 00 50'400'50 2 5 1 500 F9
B 3 75 10000'50 2 5 3 500 F11
A 1 30 50'2000'50 10w2 5 1 85 E12
B 1 33 50'1000'1000'50 10w2 5 2 85 E13
B 3 20 50'1000'1000'50 10w2 5 2 500 F14
B 4 00 5000'1000'1000'50 10w2 5 3 500 F15
B 1 6 50'1000'1000'50 10w2 5 2 250 T16

B and C 1 75 50'50'50'50 10w5'2 18 3 500 F17
B 1 25 50'50'50'50 10w5'2 18 3 250 T18
A 0 85 50'50'50'50 10w5'2 18 1 85 E19
A 0 92 50'50'50'50 10w5'2 18 1 250 T20
A 1 00 50'50'50'50 10w5'2 18 1 500 F21
B 1 80 50'50'50'50 10w5'2 18 3 250 T22
A 0 75 50'50'50'50 10w5'2 18 1 85 E23
B 1 90 50'50'50'50 10w5'2 18 3 500 F24
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Ctw=kt |OYQO 15 =D 10 Vy=m xm CU= pw= |=yQwO QO p=mU=B=o}o �1 5�3�

"OQ=O |Dr=iU; uD@ Kr=Yt ?U=vt Q=DiQ R= u=Wv 50 pm}U QO

|m}t=v}O |=yQDt=Q=B |:tm |UQQ@
xOWO=H}= |}xQwO |=yVvQm u=R}t 'CU= G=QNDU= p@=k =ypmW R= xm |tyt QDt=Q=B
R= xO=iDU= uwO@ xm Ow@ |mJwm Q=}U@ |xOwOLtQO VvQm Q}O=kt "CU=yxvwtv QO
|=yVvQm Q}O=kt 8 pmW QO "CW=Ov OwHw =yv; C@F u=mt= xS} w |=yQoTL
|xHQO ^=Lr R=� \}=QW s=tD QO |}xQwO |QwLt 3 |=yV}=tR; QO xOt; CUOx@
|=yQ=Wi hrDNt Q}O=kt CLD l}D=tW CQwYx@ �u=Uty=v Q=Okt w Ot=U@ 'CQ=QL

"CU= xOW x�=Q= x@v=Hxty
sm =QD '|}xQwO |Q=PoQ=@CLD xOWO=H}=VvQm Q}O=kt uOw@lJwm p}qO R= |m}
|=yQ=Wi V}=Ri= "CU= p=WQ=t |xOW x}YwD w ?U=vt VwQ R= xO=iDU= w ?wN
u} QDW}@ "OwW|t QDnQR@ |=yVvQm O=H}= Ea=@ |}xQwO |=yQ=@ p=ta= w x@v=Hxty
O=Oa= "CU= xOw@ RDQy 2 |Q=PoQ=@ Ot=U@ w 18 CQ=QL |xHQO QO VvQm Q}O=kt
R= QDtm 'QDu}}=B CQ=QL |xHQO R}v w RDQy 10 w 5 |=yOt=U@ |=Q@ xOt;CUOx@

"CU= xOw@ q=@ Q}O=kt
=O}B xt=O= R}v QwO u=Q=Ry OwOL =D ,=[a@ xm =yV}=tR; s=Hv= R= TB xrY=iq@
|NQ@ QO xm OW|t |UQR=@ KrUtQ}e w KrUt sWJ =@ =yxvwtv Kw]U 'OQm|t
p=YD= p@=k xm |r=D}H}O |=y=tvnQR@ R= xO=iDU= =@ =yxvwtv K]U |UQQ@ OQ=wt R=
=yv; |rN=O `]kt =D OW xO=O VQ@ =yxvwtv R= |O=OaD "OW s=Hv= OvOw@ xv=}=Q x@
|m =L xm |OH |mQD =} ?}a OwHw R= |}xv=Wv I}y um}r "OW=@ TQDUO QO R}v
pw@k p@=k w ?wN Ctw=kt R= u=Wv xm OWv xO}O OW=@ |}xQwO |Q=PoQ=@ Q}F-=D R=
x@ |Dr=iU; uD@ Kr=Yt |Q}PBh=]av= "CU= xOw@ |}xQwO |Q=PoQ=@ CLD Kr=Yt
|=ylQD Ow@v Qo}O p}rO �Rich xvwtv Kq]Y= QO w� xv}y@ Q}k |q=@ OYQO p}rO

"Ow@ V}=tR; OQwt |=yxvwtv QO |OH
OwOL u=Uty Cr=L QO |WQ@ pwOt Q=Okt |=yQ=Owtv '\UwDt ?}W |wQ R=
"�2 pwOH� O};|tCUO x@ 3GPa OwOL QO 3 w 2 u=Uty=vCr=L QO w 1 5GPa

|=yQwO QO T} RQDU}y |=yxkrL ?}W \UwDt R= 'xOW x�=Q= O=Oa= |x@U=Lt QO
QO xJ "CU= xHQO 5 |=tO |=Q@ xOW x�=Q= Q}O=kt xD@r= "CU= xOW xO=iDU= hrDNt

"hrDNt |=yOt=U@ QO VvQm- VvD |vLvt "8 pmW

"T5 CUD |=Q@ T} RQDU}y |vLvt "5 pmW

"F4 CUD |=Q@ T} RQDU}y |vLvt "6 pmW

"T18 CUD |=Q@ T} RQDU}y |vLvt "7 pmW

%OwW|t |UQQ@ VN@ 3 QO xOW x�=Q= G}=Dv "OQm EL@ Qo}O p�=Ut w
&�xHQO 18 w 5 |=yCQ=QL |xHQO QO� Kc=1 =@ u=Uty Cr=L "1

&�xHQO 5 CQ=QL |xHQO QO� Kc=2 =@ u=Uty=v Cr=L "2
"�xHQO 18 w 5 |=yCQ=QL |xHQO QO� Kc=3 =@ u=Uty=v Cr=L "3

u=R}t |UQQ@ |=Q@ |@U=vt Q=}at u; \UwDt ?}W w T} RQDU}y |vLvt ẁv
Q_v QO u=wD|t =ypmW u}= R= xm xJv; "CU= |Dr=iU; uD@ Kr=Yt Ctw=kt Ci=
Ctw=kt TwULt Ci= ?@U |}xQwO |=yQ=@ p=ta= xm CU= u}= OQm CW=OQ@ pw=
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?} Q[ xm OyO|t MQ |v=tR QO |WQ@ pwOt QDnQR@ Q}O=kt 'u}= Q@ xwqa
|WQ@ pwOt |xU}=kt |=Q@ '�e&d w b&a�9 pmW "OW=@ q=@ R}v |v=Uty=v
=tO V}=Ri= xm OwW|t x_Lqt "CU= xOW x�=Q= hrDNt |=y=tO QO xOt;CUOx@
xHQO Q}F-=D "OwW|t xOt;CUOx@ |WQ@ pwOt K]U Vy=m ?@U Cq=L |t=tD QO
|x]kv QO |}=RU@ Q}F-=D xmr@ 'OwW|tv OwOLt |WQ@ pwOt Q=Okt QO \ki CQ=QL
R= G � 
 |vLvt ?}W Q}}eD pLt 'xv=DU; |x]kv "OQ=O �threshold� xv=DU;
Q=Okt sy 'CQ=QL xHQO V}=Ri= =@ "CUq=@ Ci= =@ ?}W Cr=L x@ C@=F ,=D@Uv Cr=L
|vLvt |]N ,=D@Uv CtUk xmv}= sy w ��10 OwOL� Ovm|t Ci= |WQ@ pwOt
Qt= u}= p}rO "OyO|t MQ sm Q=}U@ |=yVvQm QO xv=DU; |x]kv w xOW sm G� 

QO |Q}tN Cr=L x@ `} QU uO}UQ w |Dr=iU; Kr=Yt |oOv@UJ C}y=t u=wD|t =Q
x@ |O}OW |oDU@=w |}=Q}t u=R}t '|WQ@ pwOt =@ xU}=kt QO "CUv=O q=@ |=y=tO
R}v |}=Q}t Q=Okt 'VvQm K]U V}=Ri= =@ xm Cio u=wD|t xJQo = "OQ=Ov VvQm K]U
O=Qo|Dv=U |xHQO 18 |=tO QO |}=Q}t Q=Okt u} QDq=@ "CU= xDi=} V}=Ri= |OwOL =D
Kr=Yt |SQv= ?PH C}r@=k 'CQ=QL xHQO V}=Ri= =@ xm p}rO u}= x@ "OwW|t xO}O

"Ovm|t =O}B V}=Ri= |}=Q}t u=R}t u; `@D x@ w

|Q=PoQ=@ |=yxQwO O=OaD Q}F-=D |UQQ@
pmW QO "OyO|t u=Wv |WQ@ pwOt |wQ =Q |Q=PoQ=@ |=yQwO O=OaD Q}F-=D '10 pmW
xOW x�=Q= sy=HvB w sm} |=yQwO QO |WQ@ pwOt Q}O=kt 'QDy@ K}[wD |=Q@ w 10

pwOt u}= Q}O=kt Q@ x@v=Hxty |=yQ=Wi Q}F-=D 'u=Uty=v Cr=L QO xJ w u=Uty Cr=L
Q}O=kt u}@ hqDN= |OwOL =D '3 OOa =D |v=Uty=v Q=Okt V}=Ri= =@ xD@r= "CU= sm
Q=_Dv= xm sy xvwou=ty "OwW|t xO}O hrDNt |x@v=Hxty |=yQ=Wi QO |WQ@ pwOt
Q=Wi w 3 |v=Uty=v =@ Cr=L x@ jraDt xHQO 5 |=tO QO u; Q=Okt u} QDW}@ OwQ|t
|xHQO 18 CQ=QL |xHQO |=Q@ |WQ@ pwOt Q}O=kt "CU= 500kPa|x@v=Hxty
Q=Okt CU= C}ty= R�=L xm |Qo}O QDt=Q=B "CUq=@ Q}O=kt hYv OwOL 'O=Qo|Dv=U
%R= CU= CQ=@a l =N l}t=v}O \@=wQ x@ xHwD =@ xO=iDU= OQwt |x]@=Q "CU= |}=Q}t
� = 1

4�
Area of hysteresis loop

Area of triangle
(1)

x@U=Lt 'xOWx�=Q=T} RQDU}y |=yxkrL x@ xHwD =@VN@ Qy x@ \w@ Qt |=yCL=Ut
|=yQ=Wi Q}O=kt "Ow@ 0 3 =D 0 066 u}@ |}=Q}t C=Q}}eD Q=Okt 'u; x@ xHwD =@ "OW
Q=Okt V}=Ri= =@ xty u}= =@ "CW=Ov |}=Q}t Q=Okt |wQ Q@ |O=} R Q}F-=D 'x@v=Hxty
CQ=QL |xHQO QO|}=Q}t Q=Okt u} QDW}@ "Ovm|t =O}BVy=m|}=Q}t Q=Okt '|v=Uty=v

"CU= xO=O MQ 3 u=Uty=v Q=Okt =@ O=Qo|Dv=U xHQO 18

|m}t=v}O X=wN Q@ hrDNt |=yQDt=Q=B QDj}kO |UQQ@
|Dr=iU; Kr=Yt

CQ=QL xHQO w |v=Uty=v Q=F; |UQQ@
CQ=QL xHQO w |v=Uty=v 'x@v=Hxty VvD Q}_v hrDNt |=yQDt=Q=B Q}F-=D '9 pmW
Q=Okt x@ COW x@ |WQ@ pwOt u=R}t xm OwW|t xO}O Kw[w x@ "OyO|t u=Wv =Q

"O=Qo|Dv=U |xHQO 18 w 5 CQ=QL |xHQO QO VvQm K]U x@ |}=Q}t w |WQ@ pwOt |oDU@=w QO |v=Uty=v w x@v=Hxty VvD Q}F-=D "9 pmW
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|Q=PoQ=@ R= Oa@ xrY=iq@ =yxvwtv u}= R= |O=OaD 'xOQ=w lwW R= Oa@ =yxvwtv |Dtw=kt
R= xOt;CUOx@ G}=Dv |xU}=kt =@ =D OvDiQo Q=Qk l}vwDwvwt |=yV}=tR; CLD |}xQwO
|Q=PoQ=@ R=TB Q=DiQCk}kL QO "Ci=}CUOCtw=ktVy=m R=|v}tND x@ u=wD@ 'u;
G}=Dv 11 pmW "OwW|t x�=Q= CtUk u}= QO �Post-cyclic behavior� |}xQwO
xvwtv l} |=Q@ =Q |}xQwO |Q=PoQ=@ R= TB w |Q=PoQ=@ R= V}B l}vwDwvwt V}=tR;
w u=Uty |Q=PoQ=@ CLD xm |}=yxvwtv |=Q@ l}vwDwvwt V}=tR; wO "OyO|t u=Wv
CQ=QL |xHQO "CU= xOW s=Hv= 'Ov=xDW=O Q=Qk �3 |v=Uty=v |xHQO� u=Uty=v
"Ov=xOW ?=NDv= p=mU=B wr}m 500 x@v=Hxty Q=Wi w O=Qo|Dv=U |xHQO 5 V}=tR;
CLD u=Uty=v |xvwtv w �500KPa |Q=PoQ=@ QwO 50 CLD u=Uty |xvwtv
QO |Q=PoQ=@ QwO u=Q=Ry p=ta= "CU= xOw@ �1500KPa |Q=PoQ=@ QwO u=Q=Ry
Kr=Yt |oOQwNlQD |wQ q=@ |Q=PoQ=@ |xvt=O QF= |UQQ@ p}rOx@ 'u=Uty=v |xvwtv
xOQmv |v=OvJ Q}}eD |rm Q=DiQ |vLvt xm OQm xOy=Wt u=wD}t "CU= xOw@ |Dr=iU; uD@
u}= "OyO|t u=Wv =Q Ctw=kt Ci= �10 OwOL u; |xv}W}@ |x]kv \ki w CU=
|Dr=iU; uD@ Kr=Yt QO |Q}PBPwiv V}=Ri= xm =QJ CU}v xOvvmu=Qov Ctw=kt Vy=m

[2]"CU= TwULt q=@ x@ �60 Ctw=kt Ci= u=tR QO

|Q}o xH}Dv
=@|}xrRrR =@ pO=at xmCU= xOw@ QwO 50|r=ta= |=yQwO O=OaD =yV}=tR; QFm = QO �
u=Q=Ry =D =yQwO O=OaD '=yV}=tR; R= |NQ@ QO "CU= QDW} Q T=}kt QO 7 5 |oQR@
=yV}=tR; pw] QO |UwULt |Dtw=kt Vy=m xty u}= =@ "OQm =O}B xt=O= QwO
=Q xr�Ut u}= 'hrDNt |=yQwO pw] QO |WQ@ pwOt Q}O=kt |xU}=kt "OWv xO}O

"OyO|t u=Wv
R= |QF= I}y |rw OW |UQQ@ CkO x@ =yxvwtv K]U '=yV}=tR; s=Hv= R= Oa@ �

"OWv xOy=Wt lQD OwHw
R= u; Q=Okt w CW=Ov |v=OvJ Q}F-=D |WQ@ pwOt Q=Okt QO x@v=Hxty |=yQ=Wi �
|v=Uty=v =@V}=tR; |=Q@ 3Gpa =D u=UtyV}=tR;Cr=L |=Q@ 1 5GPa OwOL
xOw@ O=Qo|Dv=U |xHQO 5 |=tO |=Q@ xOWx�=Q= Q}O=kt xD@r= "Ow@ Q}}eD p=L QO 3
Q=Okt "Ovm|t =O}B Vy=m hYv x@ O=Qo|Dv=U |xHQO 18 |=tO QO w CU=
=@ "OQ=Ov x@v=Hxty |=yQ=Wi x@ |v=OvJ |oDU@=w '|WQ@ pwOt x@=Wt R}v |}=Q}t

"OwW|t |}=Q}t Q=Okt V}=Ri= Ea=@ CQ=QL xHQO V}=Ri= 'xty u}=

"|WQ@ pwOt QO QwO O=OaD Q}F-=D "10 pmW

|WQ@ pwOt K]U Vy=m ?@U '=yQwO O=OaD V}=Ri= xm OwW|t xOy=Wt "CU=
Q}F-=D "CU}v xHwDp@=k |r}N 'Ci= u}= K]U |rw "CU= |a}@] ,qt=m xm OwW|t
Owtv sm |x@v=Hxty |=yVvD QO '|Dr=iU; Kr=Yt Ctw=kt Vy=m QO =yQwO O=OaD
xHQO Vy=m w |v=Uty=v ?} Q[ u=R}t V}=Ri= =@ 'u}=Q@xwqa "Ovm|tv =O}B |QDW}@

"OwW|t QDtm '=yxvwtv QO xOW p=ta= |=yQwO O=OaD Q}F-=D 'CQ=QL

2|}xQwO |Q=PoQ=@ R= Oa@ Q=DiQ |UQQ@
uD@ |=yxvwtv |=Q@ |}xQwO w l}vwDwvwt |=yV}=tR; G}=Dv '|r@k |=yVN@ QO
K]U Vy=m R= |v}tND w l}t=v}O |Q=PoQ=@ Q=F; |UQQ@ |=Q@ "OW x�=Q= |Dr=iU;
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"OQ=Ov OwHw xrRrR |Q=PoQ=@
O=O} wQ p@=kt QO |Dr=iU; uD@ Kr=Yt ?U=vt Q=DiQ R= |m =L xOt; CUOx@ G}=Dv �
\UwDt =@ |v=Q=@ w Q}UOQU |L=wv QO ,=YwYN ?U=vt MU=B u}= "CU= xrRrR

"CU= QDTwULt u}}=B |xv=}r=U CQ=QL xHQO

|v=OQOk w QmWD
Cvw=at VN@ 'u=Q}= ?; `@=vt C} Q}Ot |t=yU CmQW C}=tL =@ j}kLD u}= s=Hv=
Kolo-Veidekke |SwQv CmQW w TOk ?=yt Qw=Wt |UOvyt CmQW '=yVywSB

"OQ=O u=w=Qi T=BU w QmWD |=H xm OW s=Hv=

'=yQwO V}=Ri= =@ |DL "OUQ|t �0 15 x@ xv}W}@ Cr=L QO |WQ@ VvQm Q}O=kt �
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