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[9]"|Q@ Q=@ C}iQ_ u}}aD Q=Owtv "11 pmW
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s}rUD Q=@ VwQ '6QvOvwm � uJ |@=}uwQ@ VwQ '5uUvy |}=yv Q=@ VwQ '4|rwy w QD=@
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"xDUmWxU=t QO =y`tW CUWv � lwv Q=@ Q=Owtv "14 pmW

"xDUmWxU=t QO =y`tW CUWv � xQ=OH Q=@ Q=Owtv "15 pmW

"|O=@xU=t QO =y`tW CUWv � lwv Q=@ Q=Owtv "16 pmW

"|O=@xU=t QO =y`tW CUWv � xQ=OH Q=@ Q=Owtv "17 pmW

"�sQowr}m � xDUmWxU=t QO =y`tW |Q@ Q=@ C}iQ_ "4 pwOH
CUWv u}ov=}t uwU}w}O uUvy OvrOQwv `tW ẁv
(mm)

3 93 451 509 443 400 xHQO 3
5 85 843 838 774 917 xHQO 2
6 41 763 774 734 783 xHQO 1
6 53 739 741 718 759 |}xv=wDU=

"�sQowr}m � |O=@xU=t QO =y`tW |Q@ Q=@ C}iQ_ "5 pwOH
CUWv u}ov=}t uwU}w}O uUvy OvrOQwv `tW ẁv
(mm)

3 2 263 311 271 209 xHQO 3
3 9 316 368 336 242 xHQO 2
4 2 355 421 383 260 xHQO 1
4 6 404 481 429 303 |}xv=wDU=

"xDUmWxU=t QO =y`tW �sQowr}m � xQ=OH w lwv |Q@ Q=@ C}iQ_ "6 pwOH
|}xv=wDU= xHQO 1 xHQO 2 xHQO 3 sQowr}m wQ}v

503 404 362 149 lwv |Q@ Q=@ C}iQ_
236 359 481 302 xQ=OH |Q@ Q=@ C}iQ_

2 131 1 125 0 752 0 493 xQ=OH Q=@ x@ lwv Q=@

"|O=@xU=t QO �sQowr}m � xQ=OH w lwv |Q@ Q=@ C}iQ_ "7 pwOH
|}xv=wDU= xHQO 1 xHQO 2 xHQO 3 sQowr}m wQ}v

303 208 148 88 lwv |Q@ Q=@ C}iQ_
101 147 168 175 xQ=OH |Q@ Q=@ C}iQ_
3 1 415 0 881 0 503 xQ=OH Q=@ x@ lwv Q=@

=@ Q_=vDt |xQ=OH w lwv |=yQ=@ x@ \w@ Qt Q=Owtv '15 w 14 |=ypmW QO
"CU= xOW xOy=Wt xDUmWxU=t QO CUWv

=@ Q_=vDt |xQ=OH w lwv |=yQ=@ x@ \w@ Qt Q=Owtv '17 w 16 |=ypmW QO
"CU= xOW xO=O u=Wv |O=@xU=t QO CUWv

'pm |}=yv Q=@ Q_=vDt CUWv uDW=O x@ xHwD =@ w xOWx�=Q= |=yQ=Owtv x@ xHwD =@
"CU= u}}aD p@=k =yQ=Owtv |wQ R= xQ=OH w lwv |Q@ Q=@ C}iQ_

=yV}=tR; G}=Dv Q}UiD "5
x�=Q= `tW lwv |Q@ Q=@ C}iQ_ u}}aD |=Q@ |irDNt l} Qw�D \@=wQ xmv}= x@ xHwD =@
\@=wQ u}= R= |O=OaD =@ =yV}=tR; R= xOt;CUOx@ G}=DvCtUk u}= QO [11]'CU= xOW
|Q@ Q=@ C}iQ_ |xU}=kt x@ 9 w 8 |=ypwOH QO "CU= xDiQo Q=Qk xU}=kt OQwt
V}=tR; u}= R= pY=L |Q@ Q=@ C}iQ_ w hrDNt u=QoWywSB \@=wQ R= xOt;CUOx@

"CU= xOW xDN=OQB
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'Ovm|t Ci=} QO OwN x@=Wt |}xv=wDU= `tW R= |QDW}@ Q=Okt |r@k Q=Owtv QO sy
Cw=iD u}= =@ 'OQm Q}UiD xHQO 2 w 1 `tW Q=DiQ Ovv=ty R}v =Q Cr=L u}= u=wD|t xm

"OQ=Po|t `tW lwv |Q@ Q=@ C}iQ_ QO |ivt Q}F-=D uOW|}xwo QF= =Hv}= QO xm
CUOx@ u; =@ Q_=vDt CUWv T=U=Q@ xm 'xQ=OH |Q@ Q=@ C}iQ_ VN@ u}= QO

"xDUmWxU=t QO =y`tW lwv �sQowr}m � |Q@ Q=@ C}iQ_ "8 pwOH
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"|O=@xU=t QO =y`tW �sQowr}m � lwv |Q@ Q=@ C}iQ_ "9 pwOH
|}xv=wDU= xHQO 1 xHQO 2 xHQO 3 VwQ
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"CU= xOW xO=O u=Wv hrDNt |=y|]wQNt |x} w=R QO Q=Hvr= |x]@=Q

xOW xH}Dv l =N ẁv wO QO xQ=OH |Q@ Q=@ R= pY=L Q=Owtv |UQQ@ =@ OQ=wt u}=
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V}=Ri= R}v xQ=OH |Q@ Q=@ C}iQ_ |O=@xU=t QO |]wQNt |x} w=R V}=Ri= =@ ��
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l =m]Y= |x} w=R =@ xDUmWxU=t QO xDiQoQ=Qk|]wQNt |=y`tW |Q@ Q=@C}iQ_ �
|}xv=wDU= ẁv R= QDW}@ xHQO 2 45 w 1 63 |]wQNt |=yx} w=R QO xHQO 45
ẁv R= `tW |Q@ Q=@ C}iQ_ xHQO 3 27 `tW QO w CU= u=Um} uwiOt sHL =@

"CU= QDtm xOWO=} |}xv=wDU=
Qo}O `=wv= =@ xU}=kt QO lwv lJwm CL=Ut uDW=O p}rO x@ xHQO 3 27 `tW �
pt=m \wQNt uwJty |Dr=L xm CU= xOW ?Hwt V}=tR; QO OwHwt |=y`tW
CUWv p}rO u}ty x@ 'OwQ|t wQi l =N QO xwo Ovv=ty xH}Dv QO 'OW=@ xDW=O

"xU=t QO 3 27 |]wQNt |x}w=R =@ `tW Q=DiQ V}=tv "19 pmW
"xDUmWxU=t QO =y`tW �sQowr}m � |xQ=OH |Q@ Q=@ C}iQ_ "13 pwOH

|}xv=wDU= xHQO 1 xHQO 2 xHQO 3 VwQ
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xm 'Q=Hvr= \UwD xOWx�=Q= pwtQi R= pY=L |xQ=OH |Q@ Q=@ C}iQ_ =@ 'CU= xOt;
[4]"CU= xOW xU}=kt 'CU= xOW KQ]t |y=oW}=tR; \}Lt QO =y`tW |=Q@

QS =
Z L

0
KtKs�v tan(�)pdz

Kt = tan(� + �): cot(�)
1 + (2�: tan(�): tan(� + �))

+ 4G: tan(� + �): tan(�): cot(�):Sr
[1 + (2�: tan(�): tan(� + �))] ks:�v

(4)

|]wQNt |x} w=R uO=OQF= |=Q@ |@} Q[ Kt 'xQ=OH |Q@ Q=@ C}iQ_ QS 'u; QO xm
CU= l =N |@v=H Q=Wi ?} Q[ Ks 'CU= 1 Q@=Q@ |}xv=wDU= `tW QO xm CU=
QF-wt s�=k VvD �v 'CU= xOW xDiQo Q_v QO 1 |w=Ut q=@ |=y|}=H@=H QO xm
G 'l =N w `tW l =m]Y= |x} w=R � '|oOW\wQNt |x} w=R � 'Q_vOQwt jta QO
Q]k 0 1 OwOL QO CUWv� |}=yv Q=@ CLD `tW CUWv Sr 'l =N |WQ@ pwOt
QO xm CU= |Q]k r1 'u; QO xm CU= ln(r1=rm) =@ Q@=Q@ |@} Q[ � '�`tW lwv
pw] L 'u; QO xm 'CU= 2 5L(1� �) =@ pO=at w R}J=v |Q=Okt |WQ@ VvD u;

"CU= `tW u}ov=}t Q]k rm R}v w uwU=wB ?} Q[ � w `tW
u}@ |O=@xU=t QO xQ=OH |Q@ Q=@ C}iQ_ |xU}=kt x@ 14 w 13 |=ypwOH QO

"CU= xOW xDN=OQB Q=Hvr= G}=Dv w x=oW}=tR; G}=Dv
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"OyO|t u=Wv

|}xv=wDU= ẁv =@ xU}=kt QO =yxU=t QO |]wQNt |=y`tW lwv |Q@ Q=@ C}iQ_ �
=@ Vy=m u}= w CU= QDtm 'OQ=O u=Um} Q]k u}ov=}t w u=Um} sHL xm OwN
|]wQNt |x} w=R V}=Ri= =@ |va} 'OQ=O s}kDUt |x]@=Q |]wQNt |x} w=R V}=Ri=

"CU= xOW QDtm `tW lwv |Q@ Q=@ C}iQ_
C}iQ_ xQ=wty 'hrDNt |]wQNt |=yx} w=R w u=Um} lwv CL=Ut =@ |=y`tW �
u=Um} uwiOt sHL Qo = =t= 'OvQ=O OwN|}xv=wDU= |xvwtv x@C@Uv |QDq=@ |Q@ Q=@
|x} w=R QO 'OW=@ |}xv=wDU= |xvwtv R= QDlJwm |]wQNt `tW lwv Q]k w OW=@
QDtm |]wQNt |x} w=R V}=Ri= =@ |Q@ Q=@ C}iQ_ xHQO 33 4 |rN=O l =m]Y=
|x} w=R =D |Q@ Q=@ C}iQ_ xHQO 45 6 l =m]Y= |x} w=R QO |rw 'CU= xOW
"CU= xDiQo OwN x@ |Wy=m OvwQ u; R= Oa@ w xDi=} V}=Ri= xHQO 2 45 |]wQNt

=yCWwv=B
1. loadcell
2. Divisson o�set limit
3. Mazurkiewics
4. Nordland- Butler & Hoy
5. Hansen ultimate load
6. Chin- Kondner
7. De Beer
8. Shen & Niu Maximum curvature
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