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!"+2-!$ "*-*0!79,$ !*/)! ,'!- */,',/0,$ .&-& %&' ,:,-%"&; & '!*& /! '!*A )& ,/0!"#, ,

! 0,/$8& /&-*/!"< &$ 62!*$ /8& %&)*!- $,' ?,- ),Q/*)&$ %!'! .&-%&/,/0,$ ), (&'-!$

-!*$ .&-%",:!$=

T, !.&')& .&- J,0,'$&/DEFGFI< ! $&"278& )& %'&?",-! ,/L&"L, & $*-%",$ 2$& )! 0,/$8&

/& %&/0&< , ), !.&')& .&- C,2?,' DEFGHI ,/L&"L, ! -5)*! )! 0,/$8& /! "*/#!= U!/!V!

DEFHWI -&$0'&2 62,< %!'! & .!$& %!'0*.2"!' ), ,/0!"#, !+2)&< ,$0!$ )*$0N/.*!$ ,'!- b0/2

XY



 2b0! " #$ %&'()* +& ! )##,*'+-. ) /'$0& # - 1,  #&)# * #*)# -'#&2+%')# &)*34*

$.- * # " )$".$"')-)# +) )+56'# -  +&)6/ #7 8#&) * #*) .3# "()9:. ;.' ; '&) $."

<)=6." >?@@@A 1, &)*34* & #&., ) /'$0& # %.*$)")+-. %.* .# -)-.#  B$ "'* +&)'#

-  +&)6/ # $)-"C #  * %."$.# - $".()# & #&)-.#  ,#.,D) +) $" ('#:. -. 6'*'& - 

;)-'E) $)") %.*$.+ +& #7 F.' - #%.3 "&. 1, 3.)# $" ('#C # >- +&". - GHI -. 6'*'& 

- ;)-'E)A $.- "')* # " .3&'-)# $)") ,*) 6)"E) 1,)+&'-)- - *)& "')'#! E .* &"') - 

 +&)6/ #  %.+-'9C # - %)"" E)* +&.7

J'( "#.# &")3)6/.# ><)=6."  ! "#$! GHHHK <)=6."! GHHLA *.#&")")* )# $ %,6')"'-)- # -)

& ."') -) -'#&2+%') %"M&'%) 1, $" (')! 1,  * %.*$.+ +& # 1, %.+&'+/)* *)'# - ,*

%.+% +&")-." - & +#:.! ) ;)6/) $." ;)-'E) +:. .%.""') +. %.+% +&")-." 1, %"')() )

*)'." & +#:.7

N.+#'- " ! $."  B *$6.! -.'#  +&)6/ #! ,* 1, # O) )E,-.! *)# " 6)&'()* +& ")#.!  

.,&". #,)( ! *)# $".;,+-.7 P & +#:. *5B'*) $.- .%."" " +)  B&" *'-)- -.  +&)6/ 

)E,-.! *)# ) ;)6/) $.- .%."" " $" ; " +%')6* +& ) $)"&'" -)  B&" *'-)- -.  +&)6/ 

#,)( 7 Q *4&.-. -) -'#&2+%') %"M&'%) $.- $" ( "  #& %.*$."&)* +&.R ,*) ( S 1, .

 +&)6/ )E,-. & * *)'." E")-' +& - & +#:.! ) & +#:. +) -'#&2+%') %"M&'%) b0/2 >., )

*4-') #.3" 2b0A $.- # " * +." 1, $)") .  +&)6/ #,)( 7

P )3."-)E * -) - ;."*)9:. 6.%)6 >ǫ−NA $.- # " %)$)S - $" ( " . 6.%)6 - ;")&,")

%."" &)* +& ! *)# +) $"5&'%)  ## " #,6&)-. $.- #.* +& # " )6%)+9)-. )&")(4# - 

,*) )+56'# -) & +#:.  6)#&.D$65#&'%) . 1,)6 $ "*'& " -'#&"'3,'" . %)*$. - & +#:.

6.%)67 T#&. ;)S %" #% " %.+#'- ")( 6* +& ) %.*$6 B'-)- -) )+56'# )&4 * #*. $)")

; "")* +&)# %.* "%')'# -  6 * +&.# U+'&.# )# 1,)'# $" ; " * ,*) )3."-)E * #'*$6'UD

%)-) " #,6&)+-.  * '+ U%5%') $)") $" ( " ) " #'#&V+%') W ;)-'E)  *  +&)6/ #! )$.+&)-.

# *$" $)") . $.+&. - *5B'*) & +#:. %.*. # +-. . *)'# %"M&'%.7

X5 " 6)&.# +) 6'& ")&,") -) )$6'%)9:. -. *4&.-. -) -'#&2+%') %"M&'%)! ,#,)6* +& ,&'D

6'S)-.  * %."$.  +&)6/)-.#! ) $".36 *)# - ;)-'E) #.3 %.+-'9C # - %& !!'() *.&'()-.#

$ 6) # * 6/)+9) >-'#&"'3,'9:. - & +#:. *,6&')B')'#  )6&.# E")-' +& # - & +#:.A - ## 

; +Y* +. %.* . $"'* '".R X)&&."'  Z)[)*,") >?@@LAK F "". >GHH\AK  ] +- # >GHH^A7
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 !" #$%&'&( ') '*(%+,-*. -/0%*-.

 !"#$% &'%()#%*+$"'% ,-. ,'/,*+$ '0&1#2*" $ 2$.&$",*.'/,$ +$ *&*"'/,' 3*/4$ +'

"'%#%,-/2#* &*"* 2$.&$/'/,'% 2$. '/,*14'% *3)+$% +'5#+$ *$ 6*,$ ()' * 2$/2'/,"*78$

+' ,'/%8$ $2$""' %$.'/,' '. ). 5$1).' &'()'/$ +$ .*,'"#*1 9:4'&&*"+; <==<> ?*@1$"

' ABC$//'11; <==DEF G 4#&H,'%' *%%).#+* I ()'; &*"* * 6*14* $2$""'"; * ,'/%8$ .I+#*

%$J"' ). 5$1).' 2"K,#2$ &"H0#.$ *$ &$/,$ +' .!0#.* ,'/%8$ 9 !" #$!"E +'5* '02'+'"

∆σflF L*"* %#.&1#M2*" $% 2!12)1$%; * ,'/%8$ I 3'"*1.'/,' *5*1#*+* '. ). N/#2$ &$/,$

$) 6'#,* ).* .I+#* %$J"' ).* 1#/4* $) ).* !"'*F O%%*% 5!"#*% *&"$0#.*7P'% &$+'.

%'" +'/$.#/*+*% +' .I,$+$ +$; &$/,$; +* 1#/4*; +* !"'* ' +$ 5$1).'; 2*J'/+$ /$,*"

()' '. */!1#%'% QC $ .I,$+$ +* !"'* ' +$ 5$1).' %8$ '()#5*1'/,'%F

 !"#$% &'() *+$,+ -. ,$+/% .01%23%-+ 4#5.!1+ % #6% 1.047+ $.6+1% -. 8%-!"%

R*#% "'2'/,'.'/,' ?*/*S* 9QTT<E &"$&U% ()' $ 5*1$" +* +#%,V/2#* 2"K,#2* &$+'"#* %'"

2*12)1*+$ &$" ). &*"V.',"$ +* R'2V/#2* +* W"*,)"*; b0; &"'5#*.'/,' +'M/#+$ &$" O1

X*++*+ %" &'( 9<=Y=E; O(F ZF[ +* %'78$ ZFDF<; $/+' ∆K0 '
∆σfl

2
%8$ $ 5*1$" 1#.#,' +$

6*,$" #/,'/%#+*+' +' ,'/%8$ ' $ 1#.#,' +' 6*+#3* +$ .*,'"#*1; "'%&'2,#5*.'/,'; 2$. *

"*\8$ R *&"$&"#*+*F

G M. +' 6$".*1#\*" $ .I,$+$ +* +#%,V/2#* 2"K,#2*; RC]; '. ,'".$% +* *J$"+*3'.

+$ .I,$+$ +$ &$/,$; RL; ' +$ .I,$+$ +* 1#/4*; R^; 2$/%#+'"' ). 2$"&$ +' &"$5*

'/,*14*+$ 2$.$ /* W#3F _F<F

L*"* $ .I,$+$ +$ &$/,$ * ,'/%8$ +' "'6'"-/2#* I *5*1#*+* * ).* +#%,V/2#* b0/2 +* "*#\

+$ '/,*14';
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σMP = σ(θ = 0, r = b0/2).  !"#$

%& '()&*& *+ ,-./+ + )0.12& *0 304035.6-+ ( 6+,67,+*+ + 8+3)-3 *0 7'+ '(*-+ 1&930

7'+ ,-./+ *0 6&'83-'0.)& 2b0:

σML =
1

2b0

∫ 2b0

0

σ(θ = 0, r)dr.  !";$

%& *&'<.-& *-1630)& + '(*-+ ( 6+,67,+*+ 1&930 7' .7'03& =.-)&: N : *0 8&.)&1 0>?-*-1@

)+.)01 1&930 + ,-./+:

σML =
1

N

N∑

n=1

σ(θ = 0, rn).  !"A$

B1 )3+9+,/&1 *0 C033&  ;DD!$ 0 E0.*01  ;DDF$ '&1)3+3+' >70 & '()&*& *& 8&.)& G03+

9&.1 3017,)+*&1: +801+3 *0 6&.103H+)-H&1: 8+3+ +.I,-10 *0 4+*-G+ 0' 6&.)+)& 0.)30 6-,-.@

*3&1" %01)0 )3+9+,/& & EJ 0 & EK 4&3+' +8,-6+*&1 8+3+ 01)7*& *0 83&9,0'+1 *0 4+*-G+

1&9 6&.*-LM01 *0  !"##$%& *0 6-,-.*3&1 0' 6&.)+)&" B1 3017,)+*&1 4&3+' 6&'8+3+*&1 +

=' *0 H03-=6+3 >7+, *&1 *&-1 '()&*&1 G03+ '0,/&301 3017,)+*&1"

 !" #$%&'& '( ')*%+,-)( -./%)-( (**&-)('& (& #-0#

(12)-('& ( 3(')4( *&5 -&,')678* '8  !"##$%&

B '&*0,& *+ N73H+ *0 O&/,03 E&*-=6+*+ 4&- +8,-6+*& 0' )03'&1 *& E()&*& *+ P-1@

)Q.6-+ N3<)-6+ 7)-,-R+.*&@10 +1 +9&3*+G0.1 *& '()&*& *& 8&.)& 0 *& '()&*& *+ ,-./+"

S C-G" !"; -,71)3+ & 83&60*-'0.)& 01>70'I)-6& *0 +8,-6+L2& *+ '0)&*&,&G-+ 83&8&1)+

80,& 83010.)0 )3+9+,/&"

TA



 !"#$% &'() *+,-.-/-"!% .+ %0/!1%23- *45* %66-1!%.- %- 78,-.- .% .!6,9:1!% 1$;,!1% 0+/%6

%<-$.%"+:6 .- *= + .- *> 0%$% 0$-</+7%6 .+ ?%.!"% 6-< 1-:.!2@+6 .+  !"##$%& +7 1-:,%,-6

+:,$+ 1!/!:.$-6 + 1-$0-6 .+ 0$-A% 0/%:-6'

  



 !"#$%&'()#

 !" #$#%& '()'*+,'-.$+& #+&)%-/0'+& -$ 1+.'*$.2*$

 !"#$%&# '&"()*%(&# +&, -&.!// +$,$ $ /%0$  ! "#$% 1&,$2 ,!$/%*$(&# !2 )2$ 234)%"$

#!,5& 6%(,3)/%'$ (! !"#$%& (! 1$(%0$ )"%$7%$/ 8)2 $9)$(&,:; <2 (%$0,$2$ (& $+$,$9&

(! &'())*+, = 2&#9,$(& "$ >%0; ?;@;  '&,+& (! +,&5$ = A7$(& !"9,! $# 0$,,$# 6%(,3)/%'$#

A7$ ! 2B5!/; C# #$+$9$# '%/D"(,%'$# !2 )2 #)+&,9! #E& +,!##%&"$($# '&"9,$ & '&,+& (!

+,&5$ +&, )2$ '$,0$ "&,2$/ !#939%'$ 0!,$($ +&, )2$ 2&/$; F"4)$"9& & '&,+& (! +,&5$

#! !#9!"(!G (! $'&,(& '&2 #)$ (!1&,2$HE&G #&I $ $HE& (! )2$ '$,0$ ,!2&9$ &#'%/$9B,%$G

& +&"9& (! '&"9$9& = (!#/&'$(& ! $# 5%0$# J!7D5!%# $+/%'$2 )2$ 1&,H$ 9$"0!"'%$/ $&

'&,+& (! +,&5$ +&, 2!%& ($# #$+$9$#; <2 !#4)!2$ ($ '&"A0),$HE& (! '&"9$9& )9%/%*$($

= 2&#9,$(& "$ >%0; ?;K8I:G &"(! R = & ,$%& ($ #$+$9$ '%/D"(,%'$G P = $ '$,0$ "&,2$/ +&,

)"%($(! (! '&2+,%2!"9&G σB = $ 9!"#E& ,!2&9$ (! 1$(%0$ ! Q (!"&9$ $ '$,0$ 9$"0!"'%$/

+&, )"%($(! (! '&2+,%2!"9& %"()*%($ +!/$ 2&/$;  # '$,,!0$2!"9&# #E& $+/%'$(&# '&2&

(!#',%9& "$ >%0; ?;K8$:G %#9& =G P = )2$ '$,0$ !#939%'$ ! Q ! σB #E& 1)"HL!# #!"&%($%# (&

9!2+& ! 9!,E& $ 2!#2$ 1,!4)M"'%$ ! 1$#!; C 0!&2!9,%$ (& '&,+& (! +,&5$ )9%/%*$(& "&#

9!#9!# = 2&#9,$(& "$ >%0; ?;K8':; C 9!"#E& %"()*%($ +!/$ '$,0$ ,!2&9$ (! 1$(%0$ +&(!

#!, $+,!#!"9$($ "$ 1&,2$ σB = σB,maxsen(ωt)G &"(! σB,max = $ $2+/%9)(! ($ 9!"#E&

,!2&9$G ω = #)$ 1,!4)M"'%$ (! &#'%/$HE& ! t = & 9!2+&; C '$,0$ 9$"0!"'%$/ = ($($ "$

1&,2$ Q = Qmaxsen(ωt)G &"(! Qmax = $ $2+/%9)(! ($ '$,0$ '%#$/6$"9!G Q(t);

N$# '%"'& #=,%!# !7+!,%2!"9$%# '&"()*%($ +&, -&.!// 8@OPP: $+!"$# 4)$9,& #E& 2&#9,$($#

"!##! 9,$I$/6& )2$ 5!* 4)! $ 2$
Q

#B 9!2 #&/)HE& ")2=,%'$ +$,$ & '&"9$9& ! +$,$ & '$2+&

(! 9!"#E& #!"(& $##%2 "!'!##3,%& & )#& (! !/!2!"9&# A"%9&# & 4)! 5$% $/=2 (& !#'&+&

(!##! 9,$I$/6&;  &IR!9%5& (&# !7+!,%2!"9&# !,$ (!2&"#9,$, 4)! & 1!"S2!"& (& &'())*+,

"E& 9!2 !1!%9& #&I,! & 2$9!,%$/ $ +$,9%, (! )2 9$2$"6& ',D9%'& (! '&"9$9&G acrit; T$,$

$/'$"H$, !#9! &IR!9%5& &# !7+!,%2!"9&# 1&,$2 +,&R!9$(&# (! 9$/ 2$"!%,$ 4)!G (!"9,& (!

'$($ #=,%!G &# +$,U2!9,&# σB,maxG p0 ! Qmax/P ! f !,$2 2$"9%(&# '&"#9$"9!#G !"4)$"9&

VW



 !"#$% &'() *+%$%,- ./ /01%!- +%$% 2%.!"% +-$  !"##$%& 3-01!./$%.- +-$ 4-5/66 7(899:'

 !"  #"

 $"

 !"#$% &';) 7%: <-.- ./ 3%$$/"%=/0,- ./ P / Q(t)> 7?: ./1/0@- /1A#/=B,!3- .- /C+/$!=/0,-
/ 73: .!=/01D/1 ?B1!3%1 .- 3-$+- ./ +$-E% ./ 4-5/66 7(899:'

 !" # $%&# '%( (%)%*%( +%$&%+%, '" -./0 % % -01 mm2 3#( "4)"$&,"5*#( #6("$+#!7("  !"

"4&(*&% !, +%8#$ 9$:*&9# )%$% # *%,%5;# '# 9#5*%*#/ %6%&4# '#  !%8/ #( 9#$)#( '" )$#+%

%)$"("5*%, +&'% &5<5&*%2 =( *%,%5;#( 9$:*&9#( >acrit? #6*&'#( " #( '",%&( )%$@,"*$#(

AB



 ! "!#"! !$ %& & #'()! !*+!()$!,"&- #./ $/#"(& /# ,& 0&12 3242

 !"#$! %&'( )*+,#- #./#+,0#12!,- 34 2+!"!$54 3# 647#$$ 8'9::;&

5'()!# σB,max(MPa) p0(MPa) Q/P f acrit(mm)

4 6789 4:9 ;8<: ;89: ;87= > ;8?=

7 6789 4<? ;87< ;89: ;8:< > ;89:

? 6789 4<? ;8<: ;89: ;84= > ;879

< 9987 4<? ;8<: ;89: ;8?3 > ;8:<

: 348= 47; ;8<: ;89: ;8:9 > ;894

@ #/-AB./  / %/,"&"/ !,"(! %)-), (/#  !#!,C/-C) & +/( D!("E '  ! F(&, ! )$+/("G,%)&

+&(& /  !#!,C/-C)$!,"/  & &,H-)#!8 +/)# & +&(")(  !#"! +/ !>#! &##!FA(&( & F!(&B./  !

 & /# !$ IA! & +(!##./  ! +)%/ p0 ' $&,") & %/,#"&,"!8 !,IA&,"/ / "&$&,J/  / %/,"&"/

2a C&()&2 K##/ ' +/##LC!- +/)# a ' +(/+/(%)/,&- &

√
PR8 !,IA&,"/ p0 ' +(/+/(%)/,&- &

√
P/R %/$/ +/ ! #!( C)#"/ ,&# MI2 72: ! 723 ,/ %&+L"A-/ 72

@ C&,"&F!$  ! #! C&()&( R $&,"!, />#! p0 %/,#"&,"! ' IA! &##)$ ' +/##LC!- #! /1"!(

A$& #'()!  ! "!#"!# #A1$!") /# N $!#$& $&F,)"A !  ! "!,#./ #A+!(O%)&-8 +/('$ %/$

 )P!(!,"!# F(& )!,"!#  ! "!,#./ QR)F2 32? N R)F2 323S2 T/ !>#! /1#!(C&(8 & +&(")(  !#"&

OFA(& IA! /# "!#"!#  ! $&)/( "&$&,J/  ! %/,"&"/ &+(!#!,"&$ A$  !%&)$!,"/  & "!,#./

σxx $&)# -!,"/8 /A #!U& $!,/( F(& )!,"!  ! "!,#./8 #!, / / $!#$/ /1#!(C& / +&(& &#

/A"(&# %/$+/,!,"!#  / "!,#/( "!,#./2 @-'$  )##/ %&1! (!##&-"&( IA! / !)*/  &# "!,#V!#

!#"H ,& $!#$& !#%&-& / IA! +/##)1)-)"& C!( IA! & "!,#./ σxx ' &  ! $&)/( $W A-/2 @#

%/$+/,!,"!# τxz ! τyz ,./ P/(&$ +-/"& &# +/)# #./ ,A-&# ! σzz ,./ ' ,A-& +/)# & &,H-)#!

' P!)"& %/,#) !(&, / !#"& / +-&,/  !  !P/($&BV!#2

M$ %& & #'()!  ! !*+!()$!,"/#8 P/(&$ A")-)E& /# !$ $' )& /)"/  )P!(!,"!# (&)/# +&(& &#

#&+&"&# /, ! #! /1#!(C/A IA! & C) & & P& )F& C&()/A !$ PA,B./  / (&)/2 @# "&1!-&# 327

& 32: $/#"(&$ & C) & N P& )F& !,%/,"(& & +&(& %& & !,#&)/ (!&-)E& /2 @-FA,# !,#&)/#

")C!(&$ /# (!#A-"& /#  !#%&("& /# +/( "!(!$ &+(!#!,"& /# +(/1-!$&# !*+!()$!,"&)#

IA! /# ),C&-) &(&$2 XA&, / & C) & ,/ !,#&)/ &"),F)& 107
%)%-/#8 ),"!((/$+)&>#! / "!#"!2

Y!#"&# "&1!-&# ,/"&>#! "&$1'$ IA! !$ F!(&-8  !,"(/  ! %& & #'()!8 "!#"!# %/$ $&)/(!#

"&$&,J/#  ! %/,"&"/ &+(!#!,"&C&$ C) &# $&)# %A("&#2

<9



 !"#$% &'() *$%+!,-., +, .,-/01 σxx/p0 2%$% 1/ .,/.,/ +, R = 15, 5mm , R = 150mm +%

/3$!, 4 -% 51-+!601 +, 5%$"% 789!7%'

 !"#$% &':) *$%+!,-., +, .,-/01 σyy/p0 2%$% 1/ .,/.,/ +, R = 15, 5mm , R = 150mm +% /3$!,

4 -% 51-+!601 +, 5%$"% 789!7%'

 !"#$% &';) *$%+!,-., +, .,-/01 σzz/p0 2%$% 1/ .,/.,/ +, R = 15, 5mm , R = 150mm +% /3$!,

4 -% 51-+!601 +, 5%$"% 789!7%'

 !



 !"#$% &'&( )$%*!+,-+ *+ -+,./0 τxy/p0 1%$% 0. -+.-+. *+ R = 15, 5mm + R = 150mm *% .2$!+

3 ,% 40,*!5/0 *+ 4%$"% 678!6%'

9%:+;% &'<( =%!0 *% .%1%-%> R> -%6%,?0 *+ 40,-%-0> a> + @!*% A B%*!"% *0. -+.-+. *% .2$!+ 3'

 !"# $! %!&!'! R (mm) a (mm) ("$! (106ciclos)

)*+, -+)- )-

*, -+). )-

/0+, -+*1 )-

,- -+/1 )+*.

0, -+,0 -+20

)-- -+02 -+1,

)*, -+., -+0/

),- )+)3 -+20

9%:+;% &'C( =%!0 *% .%1%-%> R> -%6%,?0 *+ 40,-%-0> a> + @!*% A B%*!"% *0. -+.-+. *% .2$!+ C'

 !"# $! %!&!'! R (mm) a (mm) ("$! (106ciclos)

)*+, -+-. )-

*, -+)1 )-

/0+, -+*0 3+-3

,- -+/2 )+,-

0, -+,3 -+1-

)-- -+0* -+2)

)*, -+.- )+*3

),- )+-1 -+2.

3.



 !"#$! %&'( )!*+ ,! -!.!/!0 R0 /!1!23+ ,# 4+2/!/+0 a0 # 5*,! 6 7!,*8! ,+- /#-/#- ,! -9:*# '&

 !"# $! %!&!'! R (mm) a (mm) ("$! (106ciclos)

)*+, -+-. )-

*, -+)/ )-

,- -+01 )-

2, -+,3 )+*-

)-- -+2* )+3*

)*, -+.- )+-*

 !"#$! %&;( )!*+ ,! -!.!/!0 R0 /!1!23+ ,# 4+2/!/+0 a0 # 5*,! 6 7!,*8! ,+- /#-/#- ,! -9:*# ;&

 !"# $! %!&!'! R (mm) a (mm) ("$! (106ciclos)

*, -+)3 )-

02+, -+*) )-

,- -+*/ )-

2, -+3* )-

)-- -+,2 )-

)*, -+2) )+,2

),- -+/, )+*0

4 5!'67"!8 $#9 :#7&#9 $6 &7#;! 67! # !8<5=>"# :#5 3? $6 :#@76 AB8C3?D<E+ # F<!8

&#99<" 5G$<8# $6 68!9'":"$!$6 E = 74GPa+ '6>9H# $6 69:#!56>'# σy = 465MPa+

:#6I:"6>'6 $6 769"9'J>:"! ! K!$"L! σ
′

f = 1015MPa+ '6>9H# ;67$!$6"7! >! K!'<7! σ̃fB =

635MPa+ 8"5"'6 $6 769"9'J>:"! σu = 500MPa 6 8"5"'6 $6 K!$"L! !8'67>!$# σ−1 =

124MPaM

 !" #$#%&#'() *# +,-&-./01&# 2 3#*&4#

N!7! !;!8"!7 ! 769"9'J>:"! O K!$"L! $#9 '69'69 6P&67"56>'!"9 <'"8"Q#<C96 >6996 '7!@!8R# #

ST'#$# $! D<7;! $6 UVR867 S#$"I:!$!+ SDUS+ A%<9568 6 W!QQ!7">+ *--*E !99#:"!$#

!# ST'#$# $! X"9'Y>:"! D7='":!+ SXD+AZ![8#7+ )...E <'"8"Q!>$#C96 ! !@#7$!L65 $#

5T'#$# $# &#>'#+ SN+ 6 $# 5T'#$# $! 8">R!+ SWM

,-



 !"#$%#"& !'((& !'"' & )(& *%(('( $%+&*&,&-#'( . ' *%+%"$#/'01& *& !'"2$%+"& $'3

+%"#', b0 & 4)', . ,#(+'*& %$ 5)($%,  ! "#6 7899:;< &/*% (% "%,'+' b0 = 0, 1mm !'"'

' ,#-' *% ',)$=/#& %$ %(+)*&6  (%-)/*& !'((& . ' &>+%/01& *&( *&#( ,#$#+%( *%

?'*#-' (&> *#?%"%/+%( @&/*#0A%( *% @'""%-'$%/+&6  B/#@& ,#$#+% *% ?'*#-' %/@&/+"'*&

/' ,#+%"'+)"' !'"' %(+' ,#-' . & ,#$#+% *% ?'*#-' ',+%"/'*& σ−1 = 124MPa 7C&D%,,<

EFGG; (%/*& /%@%((H"#& %(+#$'" & &)+"& ,#$#+% *% ?'*#-'6 5%-)/*& I&D,,#/- 7899:;< '

"%,'01& *% 5$#+J3K',+(&/3L&!%" 7EFM9; . ' 4)% -%"' &( $%,J&"%( "%(),+'*&( !'"' %(+#3

$'" & %?%#+& *' +%/(1& $.*#' *% +"'01& (&>"% & ,#$#+% *% ?'*#-' %$ ,#-'( *% ',)$=/#&6

N&-&< ' $%($' ?&# )+#,#O'*' &>+%/*&3(% & ,#$#+% *% ?'*#-' (&> @'""%-'$%/+& "%!%+#*&

σ0 = 87, 8MPa6

I%P/#*&( &( !'"2$%+"&( $'+%"#'#(< 'Q',#&)3(% ' "%(#(+R/@#' S ?'*#-' !&" $% !!&'( @&/3

(#*%"'/*& & =/*#@% *% %""& 5T6  /*% !'"' SU > 0 & @"#+."#& !"%QR ?',J' *& @&$!&/%/+%

% !'"' SU < 0 & @&$!&/%/+% +%$ Q#*' #/P/#+' 7≥ 107
@#@,&(;6

C' '>&"*'-%$ )+#,#O'/*& & UV @',@),&)3(% & +%/(&" +%/(1& %$ *&O% #/(+'/+%( *% +%$!&

'& ,&/-& *% )$ @#@,& *% @'""%-'$%/+&< /' %W+"%$#*'*% '/+%"#&" *& @&/+'+& 7x = −a;

% /' !"&?)/*#*'*% 7y = b0/2;6 X !'"+#" *& +%/(&" '((#$ &>+#*&< @',@),&)3(% & =/*#@%

*% %""& *& UYKU !%,& $.+&*& *& !&/+&< SUMP 6 V'"' ' '>&"*'-%$ *& UN & +%/(&"

+%/(1& . 'Q',#'*& %$ *&O% #/(+'/+%( *% +%$!& !'"' )$ *%+%"$#/'*& /B$%"& *% !&/+&(

%4Z#*#(+'/+%( '& ,&/-& *' ,#/J' *%,#$#+'*' !%,&( !&/+&( 7−a[ 0; % 7−a[ 2b0;6 V&(+%"#&"3

$%/+%< . ?%#+' )$' $.*#' '"#+$.+#@' *&( +%/(&"%( @',@),'*&( /%(+%( *#?%"%/+%( !&/+&(6

X !'"+#" *%((' J#(+\"#' *% @'""%-'$%/+& $.*#' . @',@),'*& & =/*#@% *% %""& *& $.+&*&

*' ,#/J'< SUML6

L&*&( &( @H,@),&( (1& ?%#+&( /& *&$=/#& *#(@"%+& *& +%$!& % *& %(!'0&< (%/*&< !&"+'/+&<

#$!&"+'/+% ('>%" (% %((% *&$=/#& %(+H ()P@#%/+%$%/+% *#(@"%+#O'*& ' P$ *% -'"'/+#"

4)% & $%($& "%!"%(%/+% *% ?&"$' ('+#(?'+\"#' & *&$=/#& @&/+=/)& !'"' & 4)', '( +%&"#'(

'/',=+#@'( ?&"'$ *%(%/Q&,Q#*'(6 ]((% . )$ !"&@%((& '/H,&-& ' '/H,#(% *% @&/Q%"-R/@#' *%

$',J' !'"' & $.+&*& *&( %,%$%/+&( P/#+&(6 X((#$< ?&# ?%#+& )$ %(+)*& *' @&/Q%"-R/@#'

*&( "%(),+'*&(< &>+#*&( !%,& UYKU '((&@#'*& '& UN< 'Q',#'/*&3(% '(!%@+&( @&$& '

*#(@"%+#O'01& *& +%$!&< *& 2/-),& *% >)(@' *& !,'/& @"=+#@&< % *& /B$%"& *% !&/+&(

!'"' & @H,@),& *' $.*#' '& ,&/-& *' ,#/J' *%+%"$#/'*' !%,& UN6

^E



 !"#"$%&'!(' )("%"*+),-' + ./ 0$1$ 2'3!"1 $ -)42"5"-6+ "2'$% 2+- 0$17&'(1+- ('&0+ '

7!8)%+ 2' 4)-#$ 2+ 0%$!+ #19("#+: ;)$!(+ < 2"5"-6+ 2+ 2+&9!"+ 2+ ('&0+= 3*'1$&,-'

+- #>%#)%+- 2+ 9!2"#' 2' '11+ 0$1$ 12 "!-($!('- ' 32 "!-($!('- 2' ('&0+ $+ %+!8+ 2+

#"#%+: ?- 1'-)%($2+- &+-(1$1$& @)' + "!#1'&'!(+ 2' "!-($!('- 2' ('&0+ $%('1+) +-

1'-)%($2+- $0'!$- !$ 9a
#$-$ 2'#"&$% ' 2+41$!2+ + ('&0+ 2' 01+#'--$&'!(+: A--"&=

+0(+),-' 0'%$ 2$ $5$%"$B6+ 2+ ('!-+1 $0'!$- '& 12 "!-($!('- 2' ('&0+= )&$ 5'* @)'

+- $%8$1"-&+- -"8!"3#$("5+- !$ $!>%"-' !6+ 56+ $%C& 2$ 3a
#$-$ 2'#"&$%: A+ $5$%"$1 $

-)42"5"-6+ 2+ 7!8)%+ 2' 4)-#$ 2+ 0%$!+ #19("#+= ($&4C& -' #+!#%)") @)' + 0$--+ 2' )&

'& )& 81$) 8$1$!("1"$ 4+!- 1'-)%($2+- ' !6+ $)&'!($1"$ + ('&0+ 2' 01+#'--$&'!(+

2'&$-"$2$&'!('= )&$ 5'* @)' + 0$--+ 2'--' 7!8)%+ C D$(+1 2+&"!$!(' !+ ('&0+ 2'

01+#'--$&'!(+ 8%+4$% E"!5'1-$&'!(' 01+0+1#"+!$% $+ @)$21$2+ 2+ 0$--+F:

 !"

 #"

 !"#$% &'() *$+,-./ 01 -.231$"42-!% 01 5%6 τa/p0 1 σn,max/p07 1 586 SUML 19 :#2;<. 0.

2=91$. 01 >.2?./ >%$% ?1/?1 @ 0% /A$!1 @'

GH



 ! !"#$%!&'( )*+,+-!.%# # /01 2#+ #"3'$4!%# 5)' # .6('$# %' 7#.*#3 )*+,+-!%#3 .!

(8%+! +.9)'.:+! 2#$*'('.*' .#3 $'3),*!%#3 7!$! ('.#3 %' ;<< 7#.*#3= >.*$'*!.*# !

:#.4'$&?.:+! %#3 $'3),*!%#3 3@ 3' %A %' 2#$(! 3!*+32!*@$+!1 3a
:!3! %':+(!,1 2!-'.%#B3'

! (8%+! '( 2000 7#.*#3 !# ,#.&# %! ,+.C!= D#(# $'3),*!%# *'(B3' )( +.:$'('.*#

%' *'(7# %' 7$#:'33!('.*# '( $',!EF# !# /G %' !7$#H+(!%!('.*' I<J1 # 5)' .F# 8

3+&.+K:!*+4#= L M+&)$! N=O ' ! P!"',! N=N (#3*$!( ! :#.4'$&?.:+! %#3 $'3),*!%#3 7!$!

τa1 σn,max/p0 ' SU '( 2).EF# %# .6('$# %' 7#.*#3 )*+,+-!%#3 7!$! :!,:),!$ ! (8%+!

%# *'.3#$ *'.3F#= D#( #3 $'3),*!%#3 #"*+%#3 #7*#)B3' 7#$ )*+,+-!$ 2000 7#.*#3 7!$!

!4!,+!$ ! (8%+! %# *'.3#$ *'.3F# !# ,#.&# %! ,+.C! %'*'$(+.!%! 7',# /0=

 !"#$! %&%' ()*+#,-.*/0! 1)2 ,#23$4!1)2 1# 5!6 τa/p0 # σn,max/p07 # 5"6 SUML #8 93*:;) 1)

*<8#,) 1# =)*4)2 =!,! 4#24# > 1! 2?,0# >&

N o
%' 7#.*#3 Q8$+' R(mm) a(mm) SUML τa/p0 σn,max/p0 θ∗ φ∗

; I IR1; <1I <1<NSI <1TIUT <1TTVI U< TI

I; I IR1; <1I B<1<TU< <1SNSN <1T<IR U< SV

R; I IR1; <1I B<1<O<N <1S;TV <1SV;I U< SV

;< I IR1; <1I B<1<OUN <1STVV <1SVNT U< SO

I<< I IR1; <1I B<1<VNT <1STN< <1SVIS U< SO

S<< I IR1; <1I B<1<U<O <1STTS <1SOVI U< SO

;<< I IR1; <1I B<1<UI; <1STT< <1SOON U< SO

V<< I IR1; <1I B<1<UIU <1STSV <1SOOR U< SO

I<<< I IR1; <1I B<1<URI <1STSO <1SOOI U< SO

R<<< I IR1; <1I B<1<URT <1STSN <1SONU U< SO

S<<< I IR1; <1I B<1<UR; <1STS; <1SONU U< SO

L3 P!"',!3 N=O ! N=I< (#3*$!( #3 $'3),*!%#3 #"*+%#3 )*+,+-!.%#B3' !3 ('*#%#,#&+!3 %#

(8*#%# %# 7#.*#1 /G1 ' %# (8*#%# %! ,+.C!1 /01 !33#:+!%#3 !# /DW/ 7!$! !4!,+!EF#

%! $'3+3*?.:+! ! 2!%+&! %!3 38$+'3 I1 S1 T ' ;=  !3 *!"',!3 :#.3*!( %!%#3 :#(# # $!+# %!

3!7!*!1 R1 *!(!.C# %' :#.*!*#1 2a1 .)('$# %' :+:,#3 5)' # :#$7# %' 7$#4! 3)7#$*#)1

X.%+:' %' '$$# %# :$+*8$+# %' 2!%+&! (),*+!H+!, Y/DW/Z1 SUMP ' SUML1 !(7,+*)%' %!

*'.3F# :+3!,C!.*' .# 7,!.# :$X*+:#1 τa1 *'.3F# .#$(!, (AH+(! !# 7,!.# :$X*+:#1 σn,max1

' ! $!-F# ρ = σn,max/τa=

 !3 P!"',!3 N=O ! N=I< #3 X.%+:'3 %' '$$# 3'(7$' +.%+:!( 2!,C! 5)!.%# ',! #:#$$' 'H7'$B

;S



 !"#$! %&'( )*!$+!,-. /! 0#1+12345+! 6 7!/+8! 9!0! ! :;0+# < =2+$+>!4/. !".0/!8#? /. @A #

/. @B&

R a  !"#$% &' &(

(mm) (mm) (106) SUML τa/p0
σn,max

p0

ρ SUMP τa/p0 σn,max/p0 ρ

)*+, -+) )- .-+-/0 -+122 -+1// )+-0/ .-+-20 -+13- -+10- )+-42

*, -+)0 )- -+-*0 -+2-1 -+2*/ )+-3- -+))/ -+2,0 -+222 -+03/

1/+, -+*4 )- -+))) -+2,- -+2,2 )+--0 -+*12 -+,*) -+20- -+02)

,- -+14 )+*0 -+)4/ -+20* -+243 -+04/ -+1** -+,3/ -+,1- -+01,

/, -+,/ -+3/ -+*0/ -+,24 -+,10 -+042 -+211 -+3** -+,0- -+024

)-- -+/3 -+4, -+130 -+,4/ -+,34 -+03/ -+,-) -+3,3 -+3*, -+0,*

)*, -+0, -+/1 -+2*) -+3), -+,43 -+0,1 -+,2/ -+34- -+32, -+024

),- )+)2 -+3/ -+234 -+31/ -+3)3 -+03/ -+,4/ -+304 -+3/3 -+034

 !"#$! %&C( )*!$+!,-. /! 0#1+12345+! 6 7!/+8! 9!0! ! :;0+# D =2+$+>!4/. !".0/!8#? /. @A #

/. @B&

R a  !"#$% &' &(

(mm) (mm) (106) SUML τa/p0
σn,max

p0

ρ SUMP τa/p0 σn,max/p0 ρ

)*+, -+-0 )- .-+)-1 -+13, -+104 )+-0) .-+-44 -+1/1 -+2-3 )+-40

*, -+)4 )- .-+--1 -+2*2 -+2,- )+-3- -+-/0 -+2/4 -+2/4 )+---

1/+, -+*/ 2+-2 -+-4- -+2/2 -+20) )+-1, -+)0- -+,22 -+,*, -+03,

,- -+13 )+, -+)22 -+,)1 -+,)0 )+-)* -+*33 -+,40 -+,3) -+0,1

/, -+,2 -+4 -+*14 -+,/- -+,,3 -+0/, -+134 -+32, -+3*- -+03)

)-- -+/* -+3) -+1)- -+3)- -+,00 -+04* -+21) -+34- -+3,2 -+03*

)*, -+0 )+*2 -+1,4 -+310 -+3)/ -+03, -+2/2 -+/-, -+3/2 -+0,,

),- )+-4 -+30 -+2-) -+33) -+323 -+0/4 -+,)* -+/*2 -+/-, -+0/,

!56789#56786 :;!<9 567$= >?6 107
"!"#$%@+ 678=68978$ 65 9#A?7% "9%$% $ 6BC6=!5678$

86;6 ;!<9 !7D7!89 :≥ 107
@ 6 $ &( 6 $ &' C=6;E65 F9#G9H I%%$ 5$%8=9 >?6 95J$% $%

5K8$<$% %L$ "$7%6=;98!;$%+ $? %6M9+ 9 F9;$= <9 %6A?=97N9H O$89.%6 895JK5 >?6 $ P7<!"6

<6 6==$+ σn,max 6 τa $J8!<$% ?8!#!Q97<$.%6 $ &' %L$ 567$=6% >?6 $% $J8!<$% C6#$ &(H

I%%$ !7<!"9 >?6 $ &' >?97<$ 9C#!"9<$ A6=9 =6%?#89<$% 567$% "$7%6=;98!;$% >?6 $ &(

$ >?6 K J65 6;!<6786 79% R9JH 3H4 6 3H)-+ $7<6 65 <!;6=%$% "9%$% $% <$!% 5K8$<$%

9C=6%67895 <!F6=6786% C=6;!%S6%+ $? %6M9+ 67>?978$ ?5 !7<!"9 F9#G9 $ $?8=$ !7<!"9 ;!<9

!7D7!89H O9 %K=!6 , :R = 75mm 6 R = 100mm@ 6 %K=!6 1 :R = 25mm@+ C$= 6B65C#$+ $%

,2



 !" !"  #$!%&' $#(& #)*)# &+ ! !),-&) . . /0 1%!$#& 2&34&+ . /5 1%!$#- 6.%%! &'!) !

$#(& #)*)# & 1&%& ." '!"'."7

 !"#$! %&'( )*!$+!,-. /! 0#1+12345+! 6 7!/+8! 9!0! ! :;0+# < =2+$+>!4/. !".0/!8#? /. @A #

/. @B&

R a 8#63." /5 /0

(mm) (mm) (106) SUML τa/p0
σn,max

p0

ρ SUMP τa/p0 σn,max/p0 ρ

9:+; <+<= 9< ><+9=; <+?9: <+?@9 9+<=? ><+9AA <+?:? <+?;: 9+<=<

:; <+9B 9< ><+<=B <+?A? <+?=< 9+<@C ><+<:: <+@:; <+@99 <+=CC

;< <+?C 9< <+<@; <+@;= <+@;A <+==; <+9C? <+;?? <+@== <+=?;

A; <+;@ 9+: <+9?A <+;9; <+@=C <+=C? <+:CC <+;B= <+;C9 <+=;?

9<< <+A: 9+@: <+:<? <+;;@ <+;:; <+=@A <+?:? <+C:? <+;B< <+=?9

9:; <+= 9+<: <+:;A <+;B: <+;C< <+=C: <+?A? <+C@B <+C:9 <+=;B

 !"#$! %&CD( )*!$+!,-. /! 0#1+12345+! 6 7!/+8! 9!0! ! :;0+# E =2+$+>!4/. !".0/!8#? /. @A #

/. @B&

R a 8#63." /5 /0

(mm) (mm) (106) SUML τa/p0
σn,max

p0

ρ SUMP τa/p0 σn,max/p0 ρ

:; <+9@ 9< ><+:;@ <+??; <+?C9 9+<AB ><+:9B <+?A@ <+?CC <+=B<

?A+; <+:9 9< ><+9== <+?AB <+?=: 9+<?A ><+9?< <+@?B <+@9@ <+=@;

;< <+:B 9< ><+9;@ <+@9@ <+@9@ 9+<<9 ><+<CC <+@B? <+@@= <+=:B

A; <+@: 9< ><+<AA <+@CB <+@;B <+=A= <+<:; <+;@? <+;9< <+=@<

9<< <+;A 9< ><+<:< <+;9< <+@BA <+=;; <+<BA <+;B? <+;;@ <+=;<

9:; <+A9 9+;A <+<:C <+;?= <+;:9 <+=C; <+9:A <+C<= <+;A= <+=;<

9;< <+B; 9+:? <+<;A <+;C: <+;?@ <+=@= <+9;; <+C:= <+;=@ <+=@@

D" %!"-3 &(." 1.(!' "!% 6.'1&%&(." (! 2.%'& '&#" !3-6#(& #$& 1.% '!#. (&" E#F"7

C7B ! C7= .)(! "G. '." %&(." ." H)(#6! (! !%%.+ SU + .I #(." & 1&% #% (. /0 ! (. /5

!'  !%'." (. %&#. (& "&1& &+ R+ 1&%& &" "J%#!" !' !" -(.7 K%&*6&'!) ! 6.)" & &>"!

,-! . /5 J %!&3'!) ! '!)." 6.)"!%$& #$. ,-! . 'J .(. (. 1.) .+ !"1!6#&3'!) ! 1&%&

F%&)(!" %&#." (! "&1& & ." ,-&#" !" G. &"".6#&(." & 1!,-!)." F%&(#!) !" (!  !)"G.+

"!)(. !""&  !)(L)6#& .I"!%$&(& 1&%&  .(&" &" "J%#!"7

;;
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 #"

 !"#$% &'() *+,-%$%./+ 0+1 $21#34%0+1 0+ 56 2 0+ 57' 89$!2 : ;%< 2 89$!2 = ;><'

 !



 !"

 #"

 !"#$% &'() *+,-%$%./+ 0+1 $21#34%0+1 0+ 56 2 0+ 57' 89$!2 : ;%< 2 89$!2 = ;><'

 !"#$%& '()* +,-.%& /,+, , 012"/3 23 3%%, SU 3 & &+45".$23 23 .31-6, /"-&57&1.3 1,

45&1, /%0."/, τa/p08 /&5/$5&2,- 435, 9: &;&"<, 2& 3<.%3+"2&23 &1.3%",% 2, /,1.&., =x =

−a8 y > 0> 4&%& , 4%"+3"%, 3 , ?5."+, .3-.3 2& -@%"3 ) =R = 12, 5mm 3 R = 150mm>8

A&%"&+ /,+ & 4%,B$12"2&23( :,23C-3 1,.&% & 4%3-31D& 23 &5.,- #%&2"31.3- 4&%& SU

3 τa/p0 4&%& 43E$31,- .&+&17,- 23 /,1.&., =43E$31,- %&",- 23 -&4&.&> 3 #%&2"31.3-

+&"- &+31,- 4&%& #%&123- .&+&17, 23 /,1.&.,( F--, 43%+".3 "1B3%"% E$3 43E$31&-

A&%"&DG3- &--,/"&2&- & 23.3%+"1&D6, 2, 4&%H+3.%, +&.3%"&5 b08 4,23+ ,/&-",1&% 3+

$+& /,1-"23%IA35 &5.3%&D6, 1, %3-$5.&2,- ,;."2,-(

JK



 !"

 #"

 !"#$% &'()* +%$!%,-. /0 SU 0 τa/p0 %. 1.2". /% 3$.4#2/!/%/05 y5 3%$% .6 706706 /0 R =
12, 5mm 0 R = 150mm /% 68$!0 ('

 !"! #$!%&'()!" ! *+%*','-'.!.+ ./* 01&/./* .+ .'*&2%)'! )"3&')! $&'-'4!./* +*&'5$-/$6*+

$0! 7!"'!89/ :'5/&1&')! .+ b0 +0 ;<= 5!"! 0!'* /$ 5!"! 0+%/*> ?* )@-)$-/* A/"!0

A+'&/* *+B$'%./ / 5"/)+.'0+%&/ '%')'!-0+%&+ +C5/*&/ %/ '%3)'/ .+**! *+89/> D**'0E

5!"! / F )!-)$-/$6*+ SU +0 0, 9b0/2 + 1, 1b0/2 /,&+%./6*+ SU(0,9;MP ) + SU(1,1;MP )E

"+*5+)&'7!0+%&+>  !"! / FG / 3%.')+ SU A/' /,&'./ ! 5!"&'" .! 01.'! ./ &+%*/" %!*

-'%:!* .+ )/05"'0+%&/ 2× (0, 9b0) + 2× (1, 1b0) ):+B!%./6*+ ! SU(0,9;ML) + SU(1,1;ML)E

"+*5+)&'7!0+%&+> ?* B"@()/* .! H'B> I>;; + H'B> I>;J 0/*&"!0 ! 7!"'!89/ ./ 3%.')+ .+

+""/E ∆SU E 5!"! / F + / FG *+B$%./ $0 !$0+%&/ /$ $0! "+.$89/ ./ 5!"20+&"/

b0> K/* B"@()/* *9/ 0/*&"!.!* !* .'A+"+%8!* SU(0,9;MP ) − SUMP E SU(1,1;MP ) − SUMP E

SU(0,9;ML)−SUML + SU(1,1;ML)−SUML 5!"! /* .'A+"+%&+* "!'/* .+ *!5!&! .+ )!.! *1"'+>

LM



 !"

 #"

 !"#$% &'(() *%$!%+,- .- /0.!12 .2 2$$- SU 3%$% - 45 2 - 46 3%$% 7%$!%+829 .2 b0 2: (;<

3%$% :%!9 2 3%$% :20-9' =>$!2 ( ?%@ 2 =>$!2 A ?B@'

 ! "#$%&'! () *+", -,.. / *+", -,.0 1'!2#)1 34/ ' 56 7 1/8'! !/8!9:/; 34/ ' 5<
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/+$ #(0"*# *! >#$ 4)!9:# +?-#/0! &# @!-6 A,  !&0+&*#./+ ! 0+&/:# *+  !" #$%%&%

!(!"?# *! 0+&/:# *+ +/%#! +&0# *#  !0+$"!) -#$ 4 >!0#$ *+ /+34$!&9! !)0#6

 !"  #"

 !"#$% &'() *%$+%, -!"!.%/!0%-%, -1 #2  34 %56, % %5/!+%789 -1 #2% +%$"% :9$2%/ -1 (;<=>

+9$$1,59:-1:-9 %) ?%@ 5%$ -1 ,%5%.%, %/!:A%-%, 1 ?B@ 5%$ -1 ,%5%.%, -1,%/!:A%-%,'

B!$! /+ +?+%40!$ # !)"&8! +&0# *!/ /!-!0!/ %# $+)!9:# !# %#$-# *+ -$#2!, # C4-#$0+

*!/ C!-!0!/ D2+$ E"36 F6FG -#//4" 54!0$# -!$!>4/#/ *+ -!//# '&# 54+ -+$ "0+ !)"&8=.)!/

+ $+)!9:# !# %#$-# *+ -$#2!6 H!/ E"34$!/ I6ID!G, D(G + D%G  #/0$!./+ 4 2"/0! )!0+$!)

*# C4-#$0+ *!/ C!-!0!/, 4 ! 2"/0! *+ 0#-# *# /4-#$0+ %# 4 ! /!-!0! *+/!)"&8!*! + 

$+)!9:# !# @B + 4 ! 2"/0! *+ 0#-# *# /4-#$0+ %# ! /!-!0! !)"&8!*!, $+/-+%0"2! +&0+6

J $!/3# -!$! %#)#%!$ !/ /!-!0!/ &+//+ /4-#$0+ 1 >+"0# %# 4 ! )!$34$! )"3+"$! +&0+

 !"#$ 54+ ! )!$34$! *! /!-!0! -+$ "0"&*# 4 -+54+&# %4$/# !&34)!$ *! /!-!0!6 7//" ,

%# #/ -!$!>4/#/ *+ '?!9:# *! /!-!0! >$#4?#/ DE"36 I6ID!GG + 40")";!&*# #/ -!$!>4/#/

*+ -!//# '&#, -#*+./+ #(0+$ # !K4/0+ *# !)"&8! +&0# *!/ /!-!0!/6 H! E"34$! I6I D(G

! /!-!0! +/0= "&"%"!) +&0+ *+/!)"&8!*! %# $+)!9:# !# %#$-# *+ -$#2!6 H! I6I D%G !

/!-!0! 0+ /+4 !)"&8! +&0# +>+04!*#  +*"!&0+ 4 ! -+54+&! $#0!9:# &# /+&0"*# 8#$=$"#

!0$!21/ *# 4/# #/ -!$!>4/#/ *+ -!//# '&# D#4 -!$!>4/#/ *+ !)"&8! +&0#G6

 !" #$%#$% &$ '()*%%*(+,)$+#( &( &*%-(%*#*.(

L+-#"/ *+ %!)"($!$ ! "&/0$4 +&0!9:#, -!$0"4./+ -!$! 2+$"'%!9:#M%!)"($!9:# *# L"/-#/.

"0"2# *+ '(&))$"* #&*+ >#" 2+$"'%!*! /4! $+/-#/0!, Q, -!$! *">+$+&0+/ %!$3!/ !-)"%!*!/

IN



 !"#$% &'&( )!*+,-% ., %/!01%-,0+2 .% )%3%+%( 4%5 6!*+% /%+,$%/ .% -20+%",- .% *%3%+% 02

*#32$+,7 485 6!*+% ., +2.2 .% *%3%+% .,*%/!01%.% ,- $,/%9:2 %2 ;<7 4=5 6!*+% ., +232 .% *%3%+%

%/!01%.% ,- $,/%9:2 %2 ;<'

 !"# $%&$'#( '$ )*+, F0 !"#$"# %&' %()*(# F0 "#$+$,%(# " %-%.,%(# /&)(' 0$,.,1(2&#

3()( (4"),*0() & %&'3&)$('"5$& 2& 6,#3&#,$,4& 7(),&08#" $('9:' & 3&#,%,&5('"5$&

4")$,%(. 2& %&)3& 2" 3)&4( "' )".(;<& (& 2,#3&#,$,4&= &0 #">(= & $('(5?& 2& %&)3& 2"

3)&4( (%,'( 2& %&5$($&= lSA @' $&2&# "##"# $"#$"# (4(.,()('8#" (# %()*(# .,2(# 5(#

%:.0.(# 2" %()*( 2& 6,#3&#,$,4& " 2( A!B 3")',$,52& (##,' ( &9$"5;<& 2" '"2,2(#

"C3"),'"5$(,# 2( ),*,2"1 2& 2,#3&#,$,4&= ($)(4:# 2( @D E F= (# D0(,# /&)(' %&'3()(8

2(# %&' ( ),*,2"1 &9$,2( 3".( @D E GG H I,*0)( J K '&#$)( & 6,#3&#,$,4& %&'3."$&

'&5$(2& 5( '+D0,5( A!B8JLM 5& N(9&)($O),& 2" @5#(,&# A"%P5,%&# 2( Q5R 

H5$"# 2" ,5,%,() &# $"#$"# 4(),(52&8#" lSA= 2"$")',5&08#" & %&"S%,"5$" 2" ($),$& 2(

#03")/-%," 4,)*"' T#"' 2"#*(#$"U ($)(4:# 2" 0' $"#$"= "' %&'(52& '(50(. 2" /&);(=

&52" ( %()*( F0 /&, (0'"5$(2( *)(2($,4('"5$" )"#0.$(52& 5& *)+S%& 2( I,* J LM 2"

Q %&5$)( F0 7"),S%(8#" 5( S*0)( D0" ( /&);( 2" ($),$& $"' 0' 4(.&) .,',$" & D0(. :

($,5*,2& D0(52& ( %0)4( ($,5*" & 3($('() ?&),1&5$(. &52" Q = 1, 0kN = &0 #">(= &%&))"

"#%&))"*('"5$& $&$(. 2( #(3($( "' )".(;<& V #03")/-%," 2& %&)3& 2" 3)&4( W& '&'"5$&

2& $"#$" ( /&);( 5&)'(. ")( P = 7, 927kN & D0" )"#0.$&0 "' 0' %&"S%,"5$" 2" ($),$&

f = 0, 126 H##,' (2&$&08#" 3()( &# $"#$"# 2" ),*,2"1 0'( %()*( 5&)'(. P = 7, 927kN

" 0'( %()*( %,#(.?(5$" Q < 1, 0kN 2" '&2& D0" (# %&52,;X"# 2( @D E F /&##"'

#($,#/",$(#= %&'& 2,#%0$,2& 5( B09#";<& E Y G 

H# #(3($(# " &# %&)3&# 2" 3)&4( 0$,.,1(2&# 5&# $"#$"# ")(' "' (.0'-5,& 7050− T7451

%0>& 'O20.& 2" ".(#$,%,2(2" : E = 73, 4GPa W& $"#$" 2" ),*,2"1 %&' %()*( F0 "#$+$,%(

JZ



 !"#$% &'() *+,-%"./ 0+ 1!23+2!-!4+ 0.  !"##$%& ,% /56#!,% *789&:; 0+ <%=+$%->$!+ 0.

.,2%!+2 /.?@,!?+2 0+ AB*9C,D

 !"#$% &':;) E$5F?+ 0+ -.2-. 0. 0.-.$/!,%GH+ 0+ ?+.F?!.,-. 0. %-$!-+ <!/!-. /+2-$%,0+ Q
?+,-$% F0 . + <!/!-. 0% I+$G% 0. %-$!-+ ,% 2#3.$IJ?!. 4!$"./ 0+ KL 0. %<#/J,!+ MP = 7, 927kNN'

 !"#$ % &' ()*+, -., /01, 21 3145% As = 11, 50mm× 11, 50mm = 132, 25mm2
1 -.

6%.70).1*(% 8()9 lS = 132mm: ;% (13(1 21 0)<)21= 6%. 6,0<, F0 6>69)6,  !"&$ % &'

()*+, -., /01, 21 3145% As = 13, 10mm×12, 85mm = 168, 34mm2
1 -. 6%.70).1*(%

?@



 !"# lS = 105mm$

%&'& ()(*+!&' ,- !(-!(- .),+/-( 0'"1("'&1(2!( , 3% 2&- 4&''&- "25('",' ( -+0('",'

6& 789 ( &!'&:;- 6( *,2!',#( 1&2+&# <(',+/-( & 5,'=& #"6& 2&- *;#+#&- 6( *&'4& 6&

1>?+"2&$ @1 -(4+"6& &0#"*,+/-( & *&'4& 2,'1&# P 6( 7, 927$ A, &0#"*&' P &0&'(*(+

+1& 0';/*&'4& *,10'(--":& 6& ,'6(1 6( 0, 30kN 2& *;#+#& 6( *&'4& -+0('",' (2?+&2!,

?+( & *;#+#& 6( *&'4& "25('",' 0('1&2(*(+ <('&6& 6(:"6, & &=B, 6, *,2!',#( 1&2+&# 6(

5,'=&$ @--& 0';/*&'4& ; 0',:&:(#1(2!( &--,*"&6& & &#4+1 !"0, 6( 6(5,'1&=B, (#>-!"*&

6, 3% ?+&26, -( &0#"*,+ & *&'4& 2,'1&#$ @--& 0';/*&'4& 5," &2,!&6& (1 !,6,- ,- !(-!(-

( -(+ 1C6+#, &6"*",2&6, D 5,'=& #"6& 2& *;#+#& 6( *&'4& -+0('",'E ,F!(26,/-( &--"1 ,

:&#,' 6( F $

A 8&F(#& G$H #"-!& 0&'& , 8I@ & 5,'=& 2&- *;#+#&- 6& *&'4& -+0('",' ( "25('",' JF (

F0E '(-0(*!":&1(2!(KE , *,10'"1(2!, ( & '"4"6(< 6, 3% &*"1& 6, *,2!&!, J lSA ( kAE

'(-0(*!":&1(2!(KE & *&'4& *"-&#L&2!( QE & '&<B, F0/Q ( & -(1"/'"4"6(< 6, M"-0,-"!":,

kD$

A 8&F(#& G$N #"-!& 0&'& , 8I3 &- 1(6"6&- 6& &10#"!+6( 6( 5,'=& ( 5,'=& 1;6"& 0&'&

&- *;#+#&- 6& *&'4& -+0('",' ( "25('",' JF ( F0E '(-0(*!":&1(2!(KE , *,10'"1(2!, (

& '"4"6(< 6, 3% &*"1& 6, *,2!&!,JlSA ( kAE '(-0(*!":&1(2!(KE & &10#"!+6( 6& *&'4&

*"-&#L&2!( QE & &10#"!+6( 6& '&<B, F0/Q ( & -(1"/'"4"6(< 6, M"-0,-"!":, kD$

 !"#$! %&'( )!*+, +"-.*+, *+ -#,-# *# /.0.*#1 #,-2-.3+4  56&

lSA JmmK F JkNK F0 JkNK Q JkNK F0/Q kA JN/mmK kD JN/mmK

OHP GEPQ OR REGST OOETS QHTHUER QSUOEG

OPP GENO OR REQUG OPETN QUTSSEG QTNUES

OOP GENO OR REQUT OPETG GSSQOER GOUHER

ORP GENT OR REQQT OPEUR UTOSGEO GQPGEN

UP GETR OR REQTR OHEHH ORTTOPET UHRUEU

GP GESR OR REQRR ONEPU OOGHQUEU USHTES

QP GESG OR RESSR OTEOT OHNGPOET ORPTOEN

V- 6&6,- 6, 8I@ ( 6, 8I3 6&- 8&F$ G$H ( G$N -B, 1,-!'&6,- 2,- 4'>.*,- 6& W"4$ G$OO

( *,10&'&6,- *,1 &- (-!"1&!":&- !(C'"*&-$ X& W"4$ G$OO J&K 2,!&/-( ?+( & *+':& 6( kA

GG



 !"#$! %&'( )!*+, +"-.*+, *+ -#,-# *# /.0.*#1 232$.2+4 56&

lSA F (a) F (m) F0
(a) F0

(m) Q (a) F0/Q
(a) kA kD

 mm!  kN!  kN!  kN!  kN!  kN!  N/mm!  N/mm!

"#$ %&'#"# (#&))*) +&')"+ #&#")" #&$"$ "$&*# ""+%+,&* '-"%&'

-$ %&'$," (#&)*)- +&')%" #&#"'$ #&,-" "$&-% ")##%#&- -)"+&#

'$ %&-"%+ (#&),*" +&',+$ #&#)', #&,%$ "%&'% ",$)%*&* -+'#&-

+$ %&-'$% (#&*'"# +&'%-' #&#,%" #&,,* "+&'# "%,+,)&- "#,*%&*

%$ +&#*'# (#&),*% +&',#% #&#)+, #&,#% "-&)# "-##'-&" "#-'-&,

$$ +&#-"+ (#&)#$, +&'%)* #&#$$# #&)'% *#&)' **,%$#&+ "**"-&'

(a)
. /0123456 7 289143:;0 ;2 <6/=2

(m)
. /0123456 7 <6/=2 8>;42

92/2 6 ?@A 0B3C B089/0 2D24E6 ;2 F:/52 ;0 kA 92/2 6 ?@G ;054;6 7 C/02 ;0 B0=H6

;6 GI 92/2 6 ?@A B0/ 80J6/K L632(B0 328D>8 M:0 6 kD 6D34;6 0E90/480J32180J30

;:/2J30 6 ?@A 0 6 ?@G BH6 ;2 80B82 6/;08 ;0 N/2J;0O2 ;6 kD 30P/4F6 6D34;6 9012

<6/8:12=H6 2J21Q34F2 ;2 R:DB0=H6 +K)K*& 82B 0B3H6 2D24E6 ;2 0B34823452 2J21Q34F2K

G686 F6JS0F4;6 ;2 2BB6F42=H6 ;0 8612B& M:2J;6 B0 86J32 :82 8612 08 B>/40 F68

6:3/2 8612& 2 /4N4;0O /0B:132J30 ;6 F6JT:J36 > B089/0 80J6/ ;6 M:0 2 /4N4;0O 4J;454;(

:21 ;0 F2;2 :82 ;012BK ?21 <236 328D>8 > 50/4UF2;6 J6 9/0B0J30 3/2D21S6& 6J;0 <6/28

;0B9/0O2;6B J2 <6/8:12=H6 2J21Q34F2 21N:JB 01080J36B F68 92/2<:B6B& D2B0 ;6 ;4B96B(

43456 0 6:3/6B 6B M:24B 0B3H6 2BB6F42;6B 08 B>/42 F68 6B ;0824BK VBB6 96;0 0E914F2/ 6

<236 ;6B /0B:132;6B 86B3/2/08 M:0 2 /4N4;0O 0E90/480J321 ;6 ;4B96B43456 0B3C 2D24E6 ;2

6D34;2 9012 <6/8:12=H6 2J21Q34F2K

W X4N:/2 'K""  D! 86B3/2 2 /0B96B32 F0/Q ;6 Y4B96B43456 M:2J;6 52/46:(B0 lSA J6 ?@A

0 J6 ?@GK ?28D>8 > 86B3/2;2 2 /0B96B32 30P/4F2 0B90/2;2 92/2 6 ?@A 0 92/2 6 ?@G

2 M:21 <64 6D34;2 :B2J;6(B0 6 kD 30P/4F6 0 2 AMK +K$K L632(B0 M:0 2 <24E2 ;0 F0/Q 6D34;2

J6 ?@G UF6: 2F482 ;2 <24E2 ;6 ?@A ;054;6 7 C/02 ;0 B0=H6 ;6 GI ;6 ?@G B0/ 8246/

<2O0J;6 F68 M:0 6 GI B0 ;0<6/82BB0 80J6B 0 96/32J36 4J;:O4J;6 :82 F2/N2 Q 80J6/

J6 Y4B96B43456& 6 M:21 3/2D21S2 0BB0JF42180J30 F686 :82 8612K L632(B0 328D>8 M:0

F0/Q J6 ?@G 0B3C J2 <24E2 0J3/0 15, 2 0 20, 4 0 2 9/054BH6 30P/4F2 0J3/0 9, 3 0 15, 9& TC

J6 ?@A 2 <24E2 6D34;2 > ;0 11, 5 2 15, 1 0 2 9/054BH6 30P/4F2 0J3/0 6, 7 0 10, 4K Z: B0T2&

'-



 !"

 #"

 !"#$% &'(() *$+,-./ .01!2./ 2. 345 6 2. 3478 -%$"% 9.$:%; P = 7, 9278 :./1$%92. <%= %
$!"!26> kA8 kD 6?@6$!:691%; 6 kD 16A$!-. -.91$% lSA 6 <0= % $6/@./1% 6?@6$!:691%; 6 16A$!-%

2. 2!/@./!1!B. F0/Q 6: C#9DE. 26 lSA'

 !"# $ %" & kD "'!"$()"*+ , #"$ % )"#) &$%") %" -$ *%". %& &/+(%& +"&$(0 )"*+"1

"## %(2"$"*3 ()!,(0 ") 4)  ,+"$ 35& #"*#67", * 2 (' %" $"#!&#+ 1 F0/Q ") 24*35&

%" lSA1 &/+(% # +"8$(0 " "'!"$()"*+ ,)"*+"9

:&$+ *+&1 $"0&)"*% ;#" <4" 0 #& #"= *"0"##>$(& 4# $ 4) ?(- @,"'67", %"  ,+4$ C

%(2"$"*+" &4 4) A: %" ) +"$( , &4 %()"*#B"# %(2"$"*+"# % # +"#+ % #  <4(1 "*+5& #"

CD



 !"! #$%&! !$ ' () *%"% +!"'*,')!*,%  ' $!-#%-,' F0/Q #'$' !--' *%"' -.,('/0%1 2'+

#$%&! .)!*,% 3 -!)#$! *!&!--4$.% *!--! ,.#%  ! 5.-#%-.,."% 6(! ,$'7'+8' &%)% )%+' !

3 $!#%$,' % !) ,$'7'+8%-  !  ."!$-%- '(,%$!- 6(! %#,'$') #%$ !--' &%*9:($'/0%1

; )<*.)' $'=0% F0/Q 3 %7,. ' #'$' &' ' ".:' 6('* % -! #%-.&.%*' % >? *' #%-./0% 6(!

#!$).,' % )'.%$ &%)#$.)!*,% lAS % 6('+ !-,4 +.).,' % #!+'- $!-,$./@!-  ! &%)#$.)!*,%

 % >? &%*A!&&.%*' % !  ' )'*(,!*/0%  ! ()'  .-,B*&.' -!:($' !*,$! %  .-#%-.,."% !

'- :'$$'- 8. $4(+.&'-  ' )46(.*'  ! !*-'.%- (*."!$-'.-1 ; )<*.)' $'=0% F0/Q 3  !

!-#!&.'+ .*,!$!--! #%.- 6('*,% )!*%$ ' )!-)' )'.%$ ' &'$:' &.-'+8'*,! Q 6(! -! #% !

%7,!$ #'$' ()  ' % "'+%$  ! &'$:'  ! A' .:' F0C #!$).,.* % '--.) ,!-,!- %* ! '- &'$:'-

 ! &%*,',% -0% -!"!$'- ! %* ! % A!*D)!*%  !  !"##$%& 3 % :$'* ! &'(-' %$  ' A'+8'-1

; E.:($' F1GH )%-,$' ' )<*.)' $'=0% F0/Q  ! I.:'- E+!J<"!.- &%)  .A!$!*,!- '+,($'-

C1 2!%$.&')!*,! ' $'=0% F0/Q  !"!$.' ,!* !$ ' 2 6('* % %  .-#%-.,."% ,!* ! ' -!$

&%)#+!,')!*,! $<:. % ! Q = 2F01 K*,$!,'*,% *' E.:1 F1GH %7-!$"'L-! 6(! ' )! . '

6(! -! '()!*,' % '+,($' C ' $'=0% F0/Q ,!*,! M '#$%J.)' ')!*,! NC "'+%$ '&.)'  %

!-#!$' % 9-.&')!*,!1 O-,% +.).,' %- ,!-,!-  ! A' .:' #%$  !"##$%& ' -!$!) &%* (=. %-

#%$ !--!  .-#%-.,."% M F0/Q > 71

 !"#$% &'()* +$,-./ 0% 123!1% $%45/ F0/Q 06 7!"%8  96:2;6!8 ./1 0!<6$63=68 %9=#$%8 C'

>4+&(+% #$3".%- )%-,$'$') 6(! ' $.:. !=  ! () I.:' E+!J<"!+  ! C = 30mm 3  ' )!-)'

%$ !)  ! :$'* !=' 6(! '  %- %(,$%- &%)#%*!*,!-C ! &%)% '*,!$.%$)!*,! )!*&.%*' %C

' I.:' E+!J<"!+ -P 3 #$! %).*'*,! *' $.:. !=  %  .-#%-.,."% 6('* % -(' $.:. != 3 7!)

)!*%$ 6(! '  %- %(,$%- &%)#%*!*,!-1 ;--.)C % 6(! #% ! !J#+.&'$ % +.).,!  ' $'=0%

QG



F0/Q  !"#$ #%&'# ( 2 ) *+!"#' ," - .#"- ( /+ 0#$# C > 30mm -!  1 ' ,"-! #," !

( !0$ 2#(-! ,- %-'0+"- (# $&3&( 2 31-4#1 (- (&!0-!&"&5-6 "#&! %-'- 0#$#.+!-!6 #3-$#

.#2 ' - 0#0 1 (  1 ' ,"-! 7 895 &! 1&'&"#,(- - #+' ,"- ( $&3&( 2 (- (&!0-!&"&5-:

 !" #$%&'(%&)( *+ ,+#-&,&#.%# *# (%/&%+ .( 0+.( *# #$1

,+//#2('#.%+

;80 $&' ,"-! (  !"##$%& !<- %-,(+2&(-!  ' $ 3&' (  !%-$$ 3#' ,"- 0#$%&#1: =!"-

!&3,&>%# /+ - %-,"#"- ) %#$#%" $&2#(- 0-$ +'# 2-,# % ,"$#1 ( #( !<-  ,"$ (+#! 2-,#!

(  !%-$$ 3#' ,"-6 -,( -%-$$ '-5&' ,"- $ 1#"&5-  ,"$ #! !+0 $.9%& ! %#+!#,(- +'

! 5 $- (#,- !+0 $>%&#1: ; -4" ,?<- (- %- >%& ," ( #"$&"- , !!# %-,(&?<- 0 %+1&#$

,<- ) +'# "#$ .# !&'01 !: @1)' (- '#&!6 +'# 5#$&#?<- (- %- >%& ," ( #"$&"-  '

.+,?<- (- ,+' $- ( %&%1-! *A .-& $ 0-$"#(# B;,(- "# '()6 CDEF6 G&11! "# '()6 CDHHI: @

J&3+$# H:CK '-!"$# #  5-1+?<- (- %&%1- ( L&!" $ ! (+$#," +' " !" 6 %-,(+2&(-  '

%-,"$-1 ( .-$?#: M-"#N! /+ ,- &,9%&- (- " !" +' %&%1- #4 $"-6 %#$#%" $9!"&%- (-

$ 3&' (  !%-$$ 3#' ,"- "-"#1: @0O! #13+'#! % ," ,#! ( %&%1-!  !! %&%1- #4 $"- ! 

"-$,#  !"$ &"- #") - 0-,"- -,( ,<- -%-$$ '#&!  !%-$$ 3#' ,"- "-"#1: M !! &,!"#," 

(&2N! /+ - %-,"#"-  !"A  ' $ 3&' (  !%-$$ 3#' ,"- 0#$%&#1: P#$ % %1#$- /+  !!#

"$#,!&?<- ( +' $ 3&'  !%-$$ 3#' ,"- "-"#1 0#$# +' (  !%-$$ 3#' ,"- 0#$%&#1 )

%#+!#(# 0-$ +' !&3,&>%#"&5- #+' ,"- (- %- >%& ," ( #"$&"-: ;!! #+' ,"- ) ( 5&(-

#- ( !3#!" (# !+0 $.9%& %#+!#(- 0 1- '-5&' ,"- $ 1#"&5- ,# &," $.#% :

;,"$ "#,"-6 %-'- (&"- #," $&-$' ," 6 " !" ! (  !"##$%& !<- %-,(+2&(-!  ' $ 3&' ( 

 !%-$$ 3#' ,"- 0#$%&#1 #- &,5)! ( $ 3&' (  !%-$$ 3#' ,"- "-"#1: @1)' (&!!- ) ( ! 

 !0 $#$ /+ # ( 3$#(#?<- (# !+0 $.9%& -%-$$ $A "#'4)' ,#! 2-,#! (  !%-$$ 3#' ,"-

/+ %&$%+,(#' # 2-,# ( #( !<- (- ' !'- '-(- /+ ,- $ 3&' (  !%-$$ 3#' ,"-

"-"#1: @!!&'6 +' %-,! /Q ," #+' ,"- (- %- >%& ," ( #"$&"- 1-%#1 ! $A  !0 $#(-:

R ,"$- ,# 2-,# ( #( !<- - 5#1-$ 1-%#1 (- %- >%& ," ( #"$&"- 0 $'#, % %-,!"#," 

0-&! ,<- LA '-5&' ,"- $ 1#"&5-: M-" /+ - ! # .-$?# ( #"$&"- .-$ #+' ,"#(# #") -

1&'&" (  !%-$$ 3#' ,"- "-"#16 ) 0-!!95 1 ' (&$N! - %- >%& ," ( #"$&"- ')(&-6 fm6

/+ ) ' ,-$ /+ - %- >%& ," ( #"$&"- ( ,"$- (# 2-,# (  !%-$$ 3#' ,"-6 fs6  '#&-$

/+ - %- >%& ," ( #"$&"- ,# 2-,# ( #( !<-6 f0: ;!! 5#1-$ ')(&- 0-( ! $ ( >,&(-
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 !"#$% &'()* +,-.#/0- 1- 2!2.- 13 4!563$353 7-56$%81- % 6$%85!/0- 1- $3"!73 13 352-$$3"%9

7386- 6-6%. :%$% 352-$$3"%7386- :%$2!%. 13,!1- % #7 %#7386- 1- 2-3;2!3863 13 %6$!6- 8%

<-8% 13 352-$$3"%7386-

 !"!#

fm =
Qslip

P
=

∫ a

−a
q(x)dx∫ a

−a
p(x)dx

$%&'(

!)*+ Qslip , -  -./-  01-23-)4+ )+ +115.0- 6-.-  -71-. ! +1 !..+/-"+)4! 4!4-2 + q(x) +

p(x) 18! - *014.0970:8! *+ 4+)18!  01-23-)4+ + *+ 6.+118! )!  !)4-4!&

;"- 4, )0 - 6-.- +140"-. fs - 6-.40. *+ 7" fm "+*0*! <!0 *+1+)=!2=0*- 6!. >0221 -)*

?!@+22 $'AAB(& C D0/& %&'B 0.5 -7E020-. )+11+ *+1+)=!2=0"+)4! - F7-2 "!14.- 7"-

 !)G/7.-:8! 6-*.8! 6-.- 4+14+1 *+  !"##$%& !)*+ 7"  020)*.! , 6.+110!)-*!  !)4.- 7"-

176+.<H 0+ 62-)- +2-140 -"+)4+ 10"02-. + 6!14+.0!."+)4+ 179"+40*- - 7"  -..+/-"+)4!

 01-23-)4+  H 20 !& ?!=-"+)4+ 7"- I!)- *+ -*+18! |x| ≤ c0 +14-.5 6.+1+)4+ + 1+.5

20"04-*- 6!. *7-1 .+/0J+1 *+ +1 !..+/-"+)4! c0 ≤ |x| ≤ a& K7.-)4+ !1 6.0"+0.!1  0 2!1

*+  -..+/-"+)4! !  !+G 0+)4+ *+ -4.04! 6+."-)+ + 0)-24+.-*!L f0& M)4.+4-)4!L -6N1 n

 0 2!1L , -117"0*! F7+ - "!*0G -:8! *- 176+.<H 0+ 0.5 -7"+)4-. !  !+G 0+)4+ *+ -4.04!

*+)4.! *- .+/08! *+ +1 !..+/-"+)4! 6-.- fsL 0)*+6+)*+)4+"+)4+ *- *014.0970:8! *+

6.+118!& O!"! ! 4-"-)3! *- I!)- *+ -*+18! , <7):8! *+ fsL MF& %&PL +14+ 4-"9,"

-7"+)4-.5 6-.- |x| ≤ csL  !"! "!14.-*! )- D0/& %&'B$9(& ?!4+ F7+ 6-.- c0 ≤ |x| ≤ cs
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 !"# $ %& f ' %&() *+&),% "-&("$ %& (,./"$0(& &*.$& f0 & fs1

 !"  #"

 !"#$% &'()* +,-.#/0- 1- 2-342!3563 13 %6$!6- 1#$%563 #7 63863 13  !"##$%& 37 $3"!73 13

382-$$3"%7356- 9%$2!%.' :%; <-51!/0- !5!2!%. 3 :=; 2-51!/0- %9>8 n 2!2.-8'

cs

a
=

√
1− Q

fsP
23145

6 ) &7),&*.& %& ".$,. 8'%, - %& (&$  9.,% &:-&$,8&*."#8&*.& -"$"*% 0(& " )"$;"

),("#+"*.&  (),#".<$," & "$$"(."*% 0(&  ),#,*%$ - $ )&$." %,(.=*)," /("*% 0(& ) *.$ #&

%& %&(# )"8&*. 1 6 !"# $ %& fm ' %"% -&#" >?1 31@ & fs - %& (&$  9.,% %" >?1 31A

%&8 *(.$"%" &8 B$"CD E 4FFF1

fm = fs +
4Q

πP

{[
π

2
− cotθs − θs

]
− 2

π

[
fsφs −

Q

P
tanφs

]}
231A5

 *%&

θs = sin−1

√
Q

fsP
231G5

θs = cos−1

√
Q

fsP
231H5
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 !!"# $ %&!!'()* )!+"#,- & .&)/.")0+) 1) ,+-"+& 0, -)2"3& 1) )!.&--)2,#)0+& fs !) &

.&)/.")0+) 1) ,+-"+& #$1"& fm $ #)1"1& ,%4! 5# 05#)-& 1) .".*&! n6  7"26 869:

#&!+-, , -)*,;3& )0+-) )!!)! .&)/.")0+)! %,-, 1"<)-)0+)! (,*&-)! 1) Q/P 6 =# <)0>#)0&

"0+)-)!!,0+) -)()*,1& %)*& 2-?/.& $ @5) %,-, %)@5)0&! (,*&-)! 1) Q/P "#%*".,# @5)

fs %&1) (,-",- !"20"/.,+"(,#)0+) %,-, 5#, %)@5)0, (,-",;3& 0& (,*&- 1) fm6

 !"#$% &'()* +,-./!-01- 2- %1$!1, 0% 3,0% 2- -4/,$$-"%5-01, % 6%$1!$ 2, /,-./!-01- 2- %1$!1,

572!, 0, /,01%1, ,81!2, -96-$!5-01%:5-01- 6%$% 2!;-$-01-4 $%3<-4 Q/P '

 0+)! 1) -),*"A,- 5# +)!+) 1) <,1"2, !&B .&01";C)! 1)  !"##$%& 0& ,*5#'0"& 7050−T7451

.,*.5*&5D!) & .&)/.")0+) 1) ,+-"+& 0, A&0, 1) )!.&--)2,#)0+& fs %,-, 5#, -)*,;3&

Q/P = 0, 25 , @5,* <&" )!.&*E"1, %,-, .&015A"- &! +)!+)! 1)  !"##$%&6 F %-&.)1"#)0+&

.&0!"!+"5 )# %-)!!"&0,- ,! !,%,+,! .&0+-, & .&-%&D1)D%-&(, .&# 5#, .,-2, 0&-#,*

)!+?+"., 1) P = 8, 5kN G 1)"H,01&D!) , 2,--, !5%)-"&- 1, #?@5"0, 1) )0!,"&! ,B)-+, 1)

#&1& @5) F0 = 2QG ) )*)(,- , .,-2, ."!,*E,0+) 2-,15,*#)0+) )# ."0.& %,!!&! 1) <&-;,

%,!!&! ,+$ .E)2,-D!) , -)*,;3& 1)!)I,1, Q/P = 0, 25 0, @5,* & )!%$."#) <&" .".*,1& %&-

4000 .".*&!6 F ,5#)0+& 1) Q <&" &B+"1& ,5#)0+,01&D!) & (,*&- 1, ,#%*"+51) 1, <&-;,

F0 )# ."0.& %,!!&!6 J# !)25"1,G , #?@5"0, 1) )0!,"&! <&" %-&2-,#,1, %,-, 5# )0!,"&

1) +-,;3& )!+?+".,G !)01& , .,-2, F0 ,5#)0+,1, ,+$ @5) , .,-2, ."!,*E,0+) Q ,+"02"!!)

!)5 *"#"+) #?H"#& Qslip &01) & )!.&--)2,#)0+& +&+,* &.&--)56 J!+) %-&.)1"#)0+& <&"

-)%)+"1& +-K! ()A)! !)01& ,! !,%,+,! +-&.,1,! )# .,1, +)!+)6  !!"#G & .&)/.")0+) 1)

,+-"+& #$1"& fm ) & .&)/.")0+) 1) ,+-"+& 0, A&0, 1) )!.&--)2,#)0+& fs <&-,# .,*.5*,1&!
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 !"# $%& '&( ! $%& '&)* +!, !-./0#1!2.!* 3, %4#/, !,.53 "/,.#63, 2# 7#8& '&9&

 !"#$! %&'( )#*+$,!-.* -. /.#0/1#2,# -# !,31,. 45-1. fm6 -. /.#0/1#2,# -# !,31,. 2! 7.2! -#

#*/.33#8!4#2,. fs6 -! 45-1! -.* 3#*+$,!-.* # -. -#*91. :!-3;.&

1 ◦ 2 ◦ 3 ◦ 1:6/# 6!,0/3  #6+53

fm ;*)<9= ;*)9'( ;*))(= ;*)<9 ;*;()

fs ;*9) ;*>? ;*<> ;*9)@ ;*;';

A!,,! 1363 3 -3!B-/!2.! 6! #.+/.3 2# C32# 6! !,-3++!D#1!2.3 E3/ #,,41/63 -313 #

1:6/# 63, +!,4".#63, 63 .+F, .!,.!,* +!,4".#263 !1 fs = 0, 54&

 !" #$%&'(% )# *&)'+& ,(-  !"##$%& #. /'+& Al7050− T7451

7!,.!, 6! E#6/D# ,38 -326/GH!, 6!  !"##$%& E3+#1 +!#"/C#63, !1 41# "/D# 6! #"41I2/3

#!+32J4./-#& K 7#8!"# '&> 13,.+# #,  +3 +/!6#6!, 1!-L2/-#, 63 Al7050 − T7451M 3

1N64"3 6! !"#,./-/6#6! E* .!2,53 6! !,-3#1!2.3 σy* "/1/.! 6! +4 .4+# σrt* "/1/.! 6!

E#6/D# #O/#" #".!+2#6# σ−1* ! "/1/.! 6! E#6/D# #O/#" -31 +#C53 6! .!2,53 R = 0.077&

K183, 3, "/1/.!, 6! E#6/D# ,53  #+# 0/6# 6! 107
-/-"3,&

 !"#$! %&<( =3.:31#-!-#* 4#/>21/!* -. Al7050− T7451&

E PGPaQ σy PMPaQ σrt PMPaQ ν σ−1 PMPaQ σ0,07 PMPaQ

@)*< <9)*@ 9()*? ;*)) (<>*< (;?*@

K, 6/1!2,H!, 63 -3+ 3 6!  +30# ! 6# ,# #.# 6! -32.#.3  +3R!.#63,  #+# 3, !2,#/3, !,.53

/"4,.+#6#, 2# S/D '&(>& T, !2,#/3, 6! E#6/D#  3+  !"##$%& E3+#1 +!#"/C#63, 23 ,!2./63

U7 6! "#1/2#G53 63 -3+ 3 6!  +30#&

K V/,.N+/# 6! -#++!D#1!2.3 63 !O !+/1!2.3 -3264C/63 : 13,.+#6# 6! E3+1# !,%4!1J./-#

2# S/D& '&(@& K N, 3  3,/-/32#1!2.3 63 WX 2# 1J%4/2# 6! !2,#/3, # "/-#Y,! # -31Y

 32!2.! 1:6/# 6# -#+D# +!13.# F0,m*  3,.!+/3+1!2.! # -#+D# 23+1#" P !  3+ B1 #

-31 32!2.! #".!+2#6# 6# -#+D# +!13.# F0,a* # %4#" /264C 23 6/, 3,/./03 41# -#+D#

-/,#"V#2.! #".!+2#6# Q& W313 13,.+#63  !"# E3+14"#G53 63 W# I.4"3 ?* # .!2,53 +!Y

13.# 6! E#6/D# .!1 -313 !E!/.3 3 6!,"3-#1!2.3 6# C32# 6! #6!,53 #3 "32D3 63 -/-"3 6!

-#++!D#1!2.3&A!0!Y,! 23.#+ %4! # -31 32!2.! 1:6/# 6# -#+D# +!13.# 6! E#6/D#* F0,m*

=>



 !"#$% &'()* +,-.,/$!% 0- 1-$2- 0, 2$-3% , 4%2%/%4 #/!5!6%0-4 7-4 /,4/, 0, 8%0!"% 4-9 1-70!:;,4

0,  !"##$%&'

 !"#$%" &$'()&*&+ "# )&*& ",!&(-+ &,."! *& )&%/& ,-%#&'+ P + &!!(# "!.& ,0-  !",.(*&

$"'- )-,.&.- " !"1 "2"(.- !-3%" - )&#$- *" .",!0-  )-#$1.&*- )-#- 1#& !(#$'"!

!1$"%$-!(40- *" 1#& )-#$-,",." *" .",!0- )-,!.&,."+ σm5 6 )-#$-,",." &'."%,&*&

*& )&%/& %"#-.&+ & )&%/& ,-%#&' " & )&%/& )(!&'7&,." $%-*18"# )&#$-! *" .",!0- -!

91&(! !0- )&')1'&*-! )-#- *(!)1.(*- :&$;.1'- <5

 !"#$% &'(<* =4>#,.% 0% ?!4/@$!% 0, 1%$$,"%.,7/- 2%$% -4 /,4/,4 0, 8%0!"% 2-$  !"##$%&'

=&%& -! ."!." %"&'(8&*-! ,"!." .%&3&'7- 1.('(8-1>!" 1#& ?(/& @'"A;B"' *" 30mm *" "!$"!>

!1%& & 91&' )-%%"!$-,*" & #&(-% %(/(*"8 91" - *(!$-!(.(B- $C*" &')&,4&%5 D *(!$-!(.(B-

,"!!& )-,E/1%&40- " )-# .&#&,7- *" )-%$->*">$%-B& &)(#& *- )-,.&.- lSA !",*- -

#&(-% $-!!;B"' /"%-1 1#& %"'&40- F0/Q = 7, 28 & 91&' 2-( )-#1# & .-*-! -! ."!."!5

D! ."!."! *" 2&*(/& !-3 )-,*(4F"! *"  !"##$%& 2-%&# %"&'(8&*-! EA&,*->!" & &#$'(.1*"

*& .",!0- %"#-.& *" 2&*(/&+ σa+ & $%"!!0- *" $()-+ p0+ & %&80- ",.%" & )&%/& )(!&'7&,." "
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 ! "# $%"& '(Q/P ( ) * "+ $,%  !%&-%$)$.) &/,+ , .)$01% ")&%. ,) 2 ,+# (σm(

,) .)0.) - " .)0.)3 40 ")05'. ,%0 ,% )2)+.% , * "+ 61% , !%&-%$)$.) &/,+ , .)$01%

")&%. 0%7")  *+,  2 ,+# 01% ")' . ,%0 $ 8 73 93:3

 !"#$! %&'( )#*+$,!-.* .",/-.* 0!1! .* #2*!/.* 1#!$/3!-.* #4 5!-/6! 0.1  !"##$%&&

σa ;MPa< p0 ;MPa< Q/P f σm ;MPa< =+, =+, >/,+ 

;106
!+!'%0< ;106

!+!'%0<

?@(: ABC C(@B C(BD EB C(EFDFF@ C(E9AFAB

?@(: ABC C(@B C(BD EB C(@C@FC?

?@(: ABC C(@B C(BD C C(E?9F9F C(@AFDF:

?@(: ABC C(@B C(BD C C(@:D@D9

?@(: ABC C(@B C(BD GEB C(@F9@AC C(@9A9??

?@(: ABC C(@B C(BD GEB C(@??BF9

?@(: ABC C(@B C(BD GFC E(ACDF@A E(D@9DDB

?@(: ABC C(@B C(BD GFC E(BB@@:D

?@(: ABC C(@B C(BD G?@(: EC EC

?@(: ABC C(@B C(BD GEDB EC EC

H& 2%"&  '.)"$ .+* ,) 0) *+05 '+I " %0 , ,%0 , 8 73 93: / ." 6 " 5& #"JK!% , 

&JL+& .)$01% ")&%. ,) 2 ,+# !%$." % $M&)"% ,) !+!'%0( *)" N+#3 93E93 4 #"JK!%

. &7/& !%$./& %0 , ,%0 %7.+,%0 ,%0 )$0 +%0 ,) 2 ,+# !%$*)$!+%$ '3

40 ")05'. ,%0 , 8 73 93: 2%" & !%'%! ,%0 $% #"JK!% , N+#3 93E9 %$,) 01% &%0." ,%0

%0 * '%")0 &JL+&%0 , .)$01% ")&%. ,) 2 ,+# $% !+!'% ,) ! "")# &)$.% ,) ! , 

.)0.) ,)  !"##$%&( 0)$,% . &7/& +$!'5O,%0 $% #"JK!% %0 , ,%0 %7.+,%0 - "  2 ,+# 

!%$*)$!+%$ '3 P%. G0) !' " &)$.) Q5) %  5&)$.% , !%&-%$)$.) &/,+ , .)$01%

")&%. ,+&+$5+  *+,  2 ,+# ,%0 )0-/!+&)03

R 0)*)"+, ,) , 0 .)$0S)0 #)" , 0 -)' 0 ! "# 0 ,) !%$. .% 01% . +0 Q5) 01% ! - I)0 ,)

+$+!+ " ."+$! 0 Q5) ')* & T "5-.5" ,%0 !%"-%0G,)G-"%* !%& .)$01% ")&%. &/,+ ,)

 ./ −60MPa ) !%&  &-'+.5,) ,) .)$01% ")&%. ,) 92, 7MPa( &5+.% +$2)"+%"  % '+&G

+.) ,) 2 ,+# !%$*)$!+%$ ' ,% & .)"+ ' - " ! "")# &)$.%  '.)"$ ,% 146, 4MPa3 U&

%5." 0 - ' *" 0(  0 !%&-%$)$.)0 &/,+ )  '.)"$ , , .)$01% ")&%. ,) 2 ,+# Q5)

)& !%$,+6S)0 ,) 2 ,+# !%$*)$!+%$ ' $1% 01% ! - I)0 ,) +$+!+ " ."+$! 0( $ 0 !%$,+6S)0
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 ! "# $%# &'(  !"##$%& )*' (!)&'+),-!$) &!.# &('&#%#/*'  #) 0($+1#) $+$1$# #) &($+1$&#.2

3!+0! &!.#) 0!+)4!)  !-$ ' #' 1'+0#0'5 #) 67#$) )*' #.0#) ! .'1#.$8# #) !9!(1!+ ' #))$3

' &#&!. 3#:'($0,($'  ! $+$1$#/*'  ! 0($+1#);

 !"#$% &'(&) *#$+% ,% -./012 345!3% /2 6!672 ,. 6%$$."%3./-28 σmax8 62/-$% 2 /93.$2 ,.

6!6720 %-: % $#;-#$%8 Nf 8 ;%$% 20 ./0%!20 ,. <%,!"% 62/+./6!2/%7 . <%,!"% ;2$  !"##$%&'

<') 1#)') '+ ! # 1'3&'+!+0! 3= $#  # 0!+)*' (!3'0#  ! "# $%# !(# σm = −92, 7MPa !

σm = −145MPa5 ! ' 1#3&'  ! 0!+)*'  $)0#+0!  # (!%$*'  ! 1'+0#0' !(# !))!+1$#.3!+0!

1'3&(!))$-'5 0#3>=3 "'(#3  !0!10# #) 0($+1#) +*' &('&#%# #) +# 8'+#  ! !)1'((!%#2

3!+0'  !+0('  ' 1'+0#0'; ?)0' 3')0(# 67! #) 1#(%#)  ! 1'+0#0' )*' )7@1$!+0!3!+0!

#.0#) &#(# $+$1$#( 0($+1#) +' 1'(&'2 !2&('-# #) 67#$) +*' .!-#(#3 A (7&07(# @+#. &'$) '

1#3&'  ! 0!+)*' (!3'0' = &7(#3!+0! 1'3&(!))$-' )!+ ' $+1#&#8  ! &('&#%#( #) 0($+2

1#) $+$1$# #); B C$%7(# D;EF G#H 3')0(# # 8'+#  ! !)1'((!%#3!+0' &#(# ' !+)#$' 1'3

σm = −92, 7MPa5 '+ ! &' !2)! '>)!(-#( '  !)%#)0!  ' 3#0!($#. ! # !9$)0I+1$#  ! 0($+2

1#) G(!%$*' 3#$) !)17(#H; J)0! 0$&'  !  #+' "'$ '>)!(-# ' !3 0' # # (!%$*'  ! 1'+0#0'

1'3' 3')0(# # C$% D;EFG>H; ?)0' 1'+@(3# #) 1'+ $/4!) )!-!(#) A 67#. ' 3#0!($#. "'$

)7>3!0$ '  !-$ ' A) 1#(%#)  ! 1'+0#0';

B C$%7(# D;KLG#H $.7)0(# # "(#10'%(#@# 0M&$1#  ') 1'(&')  ! &('-# !+)#$# ') !3 "# $%#

&'(  !"##$%&; N>)!(-#2)! # $+$1$#/*'  ! 3O.0$&.#) 0($+1#) +' .# ' B G$+ $1# ') &!.#)

)!0#)  # C$%; D;KLG>HH5 67! )! "'(3#(#3 # &#(0$(  ' 1'+0#0' !+0(! # )#&#0# ! ' PQ;

J))#) 0($+1#) #.1#+/#(#3 #.%7+) 3M1('+) "'(3#+ ' 73# "(!+0! O+$1# 67! )! &('&#%'7

&!(&!+ $17.#(3!+0! A) )7&!("M1$!)  ! 1'+0#0'; B (!%$*' R 1'((!)&'+ ! # 0(#+)$/*'

!+0(! # &('&#%#/*' &'( "# $%# ! # (!%$*'  ! 1'#.!)1!+1$#  ! 3$1(' -#8$'); P'3 '
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 !"#$% &'()* +,"!-. /, 0.12%2. .34,$5%/% ,6 6!0$.4078!. ,42,$.4078!0.9 8%$% . ,14%!. 0.6

2,14-. σm = −92, 7MPa :%; 5!42% ",$%< :3; /,2%<=, /% 6%$",6 /!$,!2% /. 0.12%2.9 6.42$%1/.

% !1!0!%>-. /, 2$!10%'

 !"#$%& '(&)(#**+,& - %#$*.&/ & '(&0#**& 10&! 2! *# 2!# "&$&%3$+0& #  4( %!( 

'&( 0&5 '*& '56*%+0&  0&$%#0#!/ (#)+.& 7 - 8+)9 :9;<=>?/ 0&" 4&(" @.& -#  5,A&5&*

=-+"'5#*? 0 ( 0%#(B*%+0& -# 4( %!( #" " %#(+ +* -C0%#+*/ 8+)9 :9;D9 E& 5 -& F/ 0&"&

 *#0@.& (#" $#*0#$%# 4&+ -+"+$!+$-&  %#$*.& 4&+  !"#$% $-& *+)$+10 %+, "#$%# #

 $%#* - (!'%!( 1$ 5 '&( 0&5 '*& '56*%+0&/ !" C$+0 %(+$0 +$+0+&! # '(&' )&!G*#

( '+- "#$%# '&( 4 -+)  %A 2!#  (!'%!( 1$ 5  0&$%#0#**# # #$0&$%( **# #*% &!%( 

4(#$%# -# '(&' ) @.&9

 !"  #"

 !"#$% &'?@* A#8,$BC0!, /, B$%2#$% /, #6 0.$8. /, 8$.5% ,14%!%/. ,6 B%/!"% 8.$  !"##$%& %

#6% 2,14-. 6D/!% /, 0MPa9 .34,$5%/% ,6 6!0$.4078!. ,42,$.4078!0.'
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 !"#$% &'()* +,-."!/ 01 $#2-#$% 34%5 67/5%2,/ 25.,-!7/8 9/$:%;</ 01 %5=>/5/, 60!:251,8 7%$?

%7-1$@,-!7/ 01 9$%-#$% 1: :%-1$!%!, 0A7-1!,'
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 !"#!$%&'(& ( )*")"&+,& -( +*,.,$/"&

0%+%*"&

 !"#$%$ %& '()#*+,(& -./#(,&0 )123(+%$ & &4$.%&215 %$ !"#$%$ %& 6(+7&0 1

%$ !"#$%$ %$ 8$+#$0 &))$,(&%& &$ !"#$%$ %& -3.9& %1 :;7<1. !$%(=,&%& >$.&5
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