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a 'u; QO xm

CLD |WWm Ctw=kt |va}� CU= |oDUw}B VvD R 'u; QO xm J1 + 3R=Pa
QO xmR = �c=3p w �|WWm |Q=PoQ=@ CLD |Q=Wi Ctw=kt w |Q=Wi |Q=PoQ=@
"CU= Kr=Yt |oOv@UJ Ctw=kt =@ ?U=vDt w �c |}=yv VwB |vLvt ?}Wp 'u;
w OwW xO=iDU= R |x@U=Lt |=Q@ Ov=wD|t uD@ QO ft |xQwLtlD |WWm Ctw=kt
Q}}eD QDt=Q=B n "CU= 1 003ft � R � 1 014ft CQwYx@ u; Q}}eD |xOwOLt
OUQ|t QiY x@ =} O@=}|t Q}}eD \=U@v= x@ Z=@kv= R= p=kDv= QO sHL xm 'CU= R=i
'|}=yv s}rUD K]U x@ \w@ Qt QDt=Q=B  "OwW|t xO=iDU= m = �0 5 ?re= w
w xOw@ VvD C@Uv Sr 'CU= �1 � �2 � �3 |=[i QO F pmW x@ \w@ Qt �
xm 'CU= |oOWCNU =} OWQ QDt=Q=B � w 'CU= (

p27=2):(J3D=J3 2
2D) =@ Q@=Q@

%OwW|t u=}@ 3 w 2 \@=wQ CQwYx@
� = a1

��1 (2)

� =
Z

(d"p1 :d"
p
1 + d"p2 :d"

p
2 + d"p3 :d"

p
3 )1 2 (3)

|Oa@ xU |=[i w |i=QLv= VvD |=[i QO HISS s}rUD K]U V}=tv "1 pmW
"VvD
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x}RH
DVvD |=Q@ '|Q=OQ@ Q=@ R= p@k %?}DQD x@ VvD |=yQ=OQ@ d� w � '�b 'u; QO xm

S = �1 'u}vJty "OvDUy |Oa@ VvD wtv |=Q@ w �|Q=OQ@ Q=@ pqN QO� G}=Q
Cr=L S = 1 xm |r=L QO 'CU= 1 Cr=L QO OOHt |Q=PoQ=@ Cr=L |xOvyOu=Wv

%�12 |x]@=Q� OyO|t u=Wv =Q 2 |Q=PoQ=@
1
Ebr

= 1� S
2Eb + 1 + S

2Ee (12)

%O};|t CUOx@ 13 |x]@=Q CQwYx@ OOHt |Q=PoQ=@ pwOt TBU
1
ER

= 1�R
Ebr

+ R
E

(13)

p=YD= \N ?}W u=wvax@ ?re= xm 'CU= Kr=Yt u=UWm pwOt E 'u; QO xm
"�hr=3 pmW� OwW|t xDiQo Q_v QO x}rw= ?}W =} |Q=OQ@ Q=@ |}=yDv= w ẁQW \=kv
R= s}qt p=kDv= xm 'CU= ER = Ebr; R = 0 'OOHt |Q=PoQ=@ ẁQW QO TBU
|Q=PoQ=@ |=yDv= QO "�?3 pmW� OR=U|t |a]k =Q OOHt |Q=PoQ=@ x@ |Q=OQ@ Q=@
|Q=PoQ=@ x@ OOHt |Q=PoQ=@ R= s}qt p=kDv= xm CU= R = 1 w ER = E 'OOHt

[31]"OR=U|t umtt =Q �VwB |vLvt� |rY=

Oqwi |=Q@ VvQm � VvD |x]@=Q "5
xDiQo Q_v QO |Oqwi |=yOQor}t |R=UpOt |=Q@ |Q}tN ,qt=m � u=UWm Q=DiQ
j@=]t |}xQwO w CN=wvm} |Q=PoQ=@ |=Q@ Oqwi VvQm � VvD |x]@=Q "OwW|t
|WWm VwB |vLvt |wQ Q@ �s VvD "s '|[Qi VvQm l} |=Q@ "CU= 4 pmW

"Oqwi |=Q@ VvQm � VvD |x]@=Q "4 pmW

OOHt |Q=PoQ=@ "4
u=Wv =Q xQ}Ut wO w xQ}Ut l} Cq=L |=Q@ OOHt |Q=PoQ=@ Cr=L wO '3 pmW

%CU= Q=QkQ@ 9 |x]@=Q 'QwmPt Cr=L wO Qy |=Q@ "OyO|t

d�a = RCDSCd" + (1�R)Ced" (9)

0 � R � 1 CQwYx@ u; Q=Okt xm |}xvwox@ 'CU= ?=}uwQO QDt=Q=B R 'u; QO xm
R = 1 'OOHt |Q=PoQ=@ |=yDv= |=Q@ w R = 0 'OOHt |Q=PoQ=@ ẁQW |=Q@ "CU=
s}y=wN =Q 10 |x]@=Q w CU= u=UWm Q=DiQ 'OOHt |Q=PoQ=@ ẁQW QO u}=Q@=v@ "CU=

%CW=O

d�a = Ced" (10)

QO |Q=OQ@ Q=@ ?}W Eb 'u; QO xm 'CU= Ebr = Eb 'hr=3 pmW 1 Cr=L |=Q@
Ee 'u; QO xm 'CU= Ebr = Ee '?3 pmW 2 Cr=L |=Q@ w |Q=OQ@ Q=@ ẁQW
R =

p
J2D=

p
Jb2D '2 w 1 Cr=L wO Qy |=Q@ "CU= |Q=OQ@ Q=@ |=yDv= QO ?}W

ẁQW QO ?}DQD x@ VvD QwUv=D |=yQ}eDt=v u}twO 'J2D w Jb2D u; QO xm &CU=
Q}Ut 'OwOLt <=RH= p}rLD QO "OvDUy OOHt |Q=PoQ=@ pqN QO w |Q=OQ@ Q=@ u} QN;
QDt=Q=B l} TBU "OW=@ 2 w 1 Cr=L wO u}@ CU= umtt OOHt |Q=PoQ=@ VvD
h} QaD 11 |x]@=Q j@=]t OOHt |Q=PoQ=@ uO=Ou=Wv CyH xOv}=tv u=wvax@ 'S

%OwW|t
S =

�
�b � ��T d �(�b � �)T

 kd �k ; �1 � S � 1 (11)

"OOHt |Q=PoQ=@ Cr=L wO "3 pmW
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pOt QO xO=iDU= OQwt |Ov@ xm@W w [33]KrUt uD@ ?=k C=}�RH V}=tv "6 pmW
"|OOa

u}= "Ov=xDiQo Q=Qk xar=]t OQwt |}xQwO w CN=wvm} |Q=PoQ=@ CLD ?}DQD x@ Q}D 1
|y=oW}=tR; G}=Dv =@ w |R=UpOt |O=yvW}B |Q}tNCr=L pOt R= xO=iDU= =@ '=yxvwtv
pw] OwHw p}rOx@ uD@ w QwD=tQ; u}@ VRer R= xm CU= xHwD u=}=W "Ov=xOW xU}=kt
"CU= xOW xDiQo Q_v QO QwD=tQ; w uD@ u}@ pt=m |oDUw}B w Q_vhQY |i=m |}=Q}o

l}vwDwvwt |Q=PoQ=@ CLD [33]'u=Q=mty w w}=R ?=k "1"6
"CU= xOW x�=Q= hr=6 pmW QO [33]'uQ=mty w w}=R V}=tR; OQwt ?=k C=}�RH
Mpa =@ Q@=Q@ ?}DQD x@ uD@ |v=UWm Cr=L pwOt w xRwQ 28 |Q=Wi Ctw=kt
Q@=Q@ ?}DQDx@ =yCwt=N w |rw] |=yQwD=tQ; s}rUD VvD w '33000 Mpa w 27
=@ Q@=Q@ |Oqwi |=yQwD=tQ; u=UWm pwOt u}vJty w '433 Mpa w 448 Mpa =@
=@ Q@=Q@ =yQwD=tQ; w Xr=N uD@ VWwB u}@ |xrY=i "CU= xOw@ 200000 Mpa

wO R= s=Om Qy |q=@ Q@ 150 KN s�=k |=yQ=@ "CU= xOW xDiQo Q_v QO 20 mm

p=ta= Q}D AJ CtU |=yDv= R= swU wO w swU l} QO 12 KN |=yQ=@ w 'uwDU
u=}=W "CU= xOW xO=O u=Wv '?6 pmW QO ?=k OwOLt <=RH= |Ov@xm@W "Ov=xOW
x@ C@Uv xOWx�=Q= s}rUD K]U pOt xm CU= xO=O u=Wv [31]'|=UO xm CU= xHwD
|}xQo 8 u=tr= 398 R= ?=k |Ov@xm@W QO "CU}v T=UL|a[wtCUmW |xO}OB
xO=iDU= =yQwD=tQ; |R=UpOt |=Q@ |}=B QN u=tr= 1012 R= w uD@ |R=UpOt |=Q@
w '2834 =@ Q@=Q@ |O=R; C=HQO O=OaD '1431 =@ Q@=Q@ =yxQo pm O=OaD "CU= xOW
xDiQQ=m x@ |=yQDt=Q=B "CU= xOw@ 28 =@ Q@=Q@ =yuwDU |=B QO Q=OQ}o C=HQO O=OaD
|}q=@ CtUk |=Q@ u=mtQ}}eD � Q=@ |vLvt w xOw@ 1 pwOH j@=]t 'HISS pOt QO

"CU= xOW xO=O u=Wv 7 pmW QO ?=k

"|]NQ}e p}rLD |xt=vQ@ CQ=Jwri "5 pmW

%O};|t CUOx@ 14 |x]@=Q j} Q] R= fy s}rUD VvD w Es nv=} pwOt ?UL Q@

�s =

8<:Es"s if "s � fy=Es
fy if "s > fy=Es

(14)

VwQ R= '|rm}U |Q=PoQ=@ CLD =yxR=U |]NQ}e p}rLD Qw_vtx@ VywSB u}= QO
"CU= 5 pmW j@=]t u; CQ=Jwri xm 'CU= xOW xO=iDU= [32]'uwUi=Q � uDw}v pL

|OOa |R=U x}@W "6
p}rLD w x} RHD QO VywSB u}= QO xOWx�=Q= pOt |}=v=wD |UQQ@ Qw_vtx@ 'xt=O= QO
w ?=k 1 pt=W |y=oW}=tR; |xvwtv wO 'xtQ;uD@ |=yxR=U |]NQ}e OwOLt <=RH=
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x}RH
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VwQ QO xO=iDU= OQwt |Ov@ xm@W w [34]KrUt uD@ Q}D C=}�RH V}=tv "8 pmW
"OwOLt <=RH=

pOt T=U=Q@ 'xv=yO \Uw u=mtQ}}eD � Q=@ |=y|vLvt u}@ |xU}=kt "9 pmW
[34]"|QOQw@q |y=oW}=tR; G}=Dv w xOWx�=Q=

|Q}oxH}Dv "7
|v}@V}B |=Q@ |]NQ}e OwOLt <=RH= p}rLD w x} RHD VwQ R= xar=]t u}= QO
"CU= xOW xO=iDU= |}xQwO w l}vwDwvwt |Q=PoQ=@ CLD xtQ;uD@ |=yxR=U Q=DiQ
Ov=wD|t xm 'HISS s}rUD K]U R= VWm w Q=Wi QO uD@ Q=DiQ |R=Ux}@W |=Q@
xHwD u=}=W "CU= xOW xO=iDU= 'OQ}o@ Q_v QO =Q |Q}tN w u=UWm |=ypmWQ}}eD
j=iD= Ov=wD|t |Q}tN |=ypmWQ}}eD 'OOHt |Q=PoQ=@ w |Q=OQ@ Q=@ s=ovy QO CU=
|=UO \UwD xOWx�=Q= CqO=at R= =Pr "OyO Q=Qk Q}F-=D CLD =Q xR=U |rm MU=B w ODi=
R= |WN@C}=[Q |R=Ux}@W Ov=wD|t uOw@xO=U u}a QO xm 'CU= xOW xO=iDU=
|}xQwO |Q=PoQ=@ CLD xtQ;uD@ |=yxR=U |=Q@ OOHt |Q=PoQ=@ w |Q=OQ@ Q=@ Cq=L
ZQi |Q}tN,qt=m � u=UWm CQwYx@ |Oqwi |=yQwD=tQ; Q=DiQ u}vJty "OyO x�=Q=
|]NQ}e Q=DiQ |v}@V}B QO |O=yvW}B pOt |}=v=wD |UQQ@ Qw_vt x@ "CU= xOW
w |R=UpOt ?=k 2 w Q}D 2 '|}xQwO w CN=wvm} |Q=PoQ=@ CLD xtQ;uD@ |=yxR=U
xU}=kt OwHwt |y=oW}=tR; G}=Dv =@ w xOt; CUOx@ =yu; |=Q@ u=mtQ}}eD � Q=@ G}=Dv

%CU= G=QNDU= p@=k G}=Dv u}= 'xDiQos=Hv= |=yxU}=kt x@ xHwD =@ "CU= xOW
C}r@=k 's}rUD Kw]U Q}=U x@ C@Uv HISS s}rUD K]U |=yC} Rt R= |m} �
u; OQ@ Q=m `k=w QO w CU= Kr=Yt R= |a}Uw h}] QO xO=iDU= |=Q@ QwmPt pOt
`=wv= %uwJty |Lr=Yt |=Q@ u; |=yQDt=Q=B s}_vD =@ w CU}v uD@ x@ OwOLt \ki

"HISS pOt QO =yC@=F Q}O=kt "1 pwOH
R(Mpa) �1 a1 n � 

2 2 0 37 9 8� 10�11 4 76 0 614 0 068

|O=yvW}B pOt T=U=Q@ ?=k |q=@ CtUk QO |@v=H u=mtQ}}eD |xU}=kt "7 pmW
[33]"u=Q=mty w w}=R |y=oW}=tR; G}=Dv =@

"HISS pOt QO =yC@=F Q}O=kt "2 pwOH
R(Mpa) �1 a1 n � 

2 2 0 4 9 5� 10�11 4 76 0 6 0 07

30 x@ xR=U Q@ OQ=w |@v=H pm Q=@ 'uwUi=Q � uDw}v VwQ x@ |]NQ}e p}rLD QO
Q=@ QO ?=k '7 pmW j@=]t OwOLt <=RH= p}rLD T=U=Q@ "CU= xOW s}UkD Q=@ wtv
=@ Q@=Q@ x=oW}=tR; QO xOWxOy=Wt |@v=H Q=@ "CU= xOW |oDN}Uo Q=JO 84 KN

u}= xm CU= sRq QmPD u}= "CU= 1 17 =@ Q@=Q@ =]N OYQO u}=Q@=v@ 'CU= 85 KN

|R=UpOt 'HISS s}rUD K]U pOt ltm x@ R}v [5]'|=UO w |U} wN= \UwD ?=k
xDiQos=Hv= |xU}=kt QO "CU= xDiQo Q=Qk xU}=kt OQwt |y=oW}=tR; G}=Dv =@ w xOW
u=Wv =Q |@ wN j@=]D |y=oW}=tR; G}=Dv =@ |O=yvW}B pOt R}v u=QoWywSB u}= \UwD
R}v [5]'|=UO w |U} wN= Q=m R= xOt;CUO x@ G}=Dv xm Cio u=wD|t =Pr 'CU= xO=O

"CU= Q[=L VywSB QO |O=yvW}B pOt |}=v=wD Q@ |O}}-=D OwN

|}xQwO |Q=PoQ=@ CLD [34]'|QOQw@q Q}D "2"6
'OwW|t OQ=w u; |xv=yO \Uw x@ xm |Q=@ =@ xO=U |=yx=ox}mD =@ KrUt uD@ Q}D l}
|=yQwD=tQ; Q]k "�hr=8 pmW� CU= xDiQo Q=Qk V}=tR; OQwt [34]'|QOQw@q \UwD
u=UWm pwOt w '450 Mpa =@ Q@=Q@ Oqwi |}=yv Ctw=kt '12 mm =@ Q@=Q@ |rw]
w 31 Mpa =@ Q@=Q@ uD@ |Q=Wi Ctw=kt "CU= xOw@ 200000 Mpa =@ Q@=Q@ u;
R= 'OwOLt <=RH= p}rLD QO "CU= xOw@ 30000 Mpa =@ Q@=Q@ u; u=UWm pwOt
xOW xO=iDU= =yQwD=tQ; |=Q@ |}=B QN u=tr= 136 R= w 'uD@ |=Q@ |}xQo 8 u=tr= 136

"CU= xOW xO=O u=Wv ?8 pmW QO Q}D OwOLt <=RH= |Ov@xm@W "CU=
Q=Owtv |xU}=kt "CU= 2 pwOH j@=]t 'HISS pOt QO xOWxO=iDU= |=yQDt=Q=B
QO |y=oW}=tR; G}=Dv =@ [34]'Q}D |xv=yO \Uw |=Q@ xOt;CUOx@ u=mtQ}}eD � Q=@

"CU= xOW xO=O u=Wv 9 pmW
|O=yvW}B pOt T=U=Q@ xOt;CUOx@ G}=Dv xm OwW|t xOy=Wt 9 pmW j@=]t
"CU= xDW=O |y=oW}=tR; G}=Dv =@ |@ wN j@=]D 'QwmPt p=Ft QO VywSB u}= QO
'OOHt |Q=PoQ=@ w |Q=OQ@ Q=@ |=yQ}Ut 'CU= xOy=Wt p@=k R}v pmW QO xm Qw]u=ty

"CU= xO=O u=Wv |y=oW}=tR; G}=Dv =@ |@ wN j@=]D l}DQDUy |=yxNQJ w
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xOWxDWwv |]NQ}e OwOLt <=RH= |xt=vQ@ T=U=Q@ [33]'u=Q=mty w w}=R ?=k QO
Q=}U@ |}=v=wD l}vwDwvwt |Q=PoQ=@ |=Q@ |O=yvW}B pOt xm CU= xOW xOy=Wt

"OQ=O xtQ;uD@ |=yxR=U |]NQ}e Q=DiQ |v}@V}B QO |@ wN
|}xQwO |Q=PoQ=@ Cr=L |=Q@ xOt;CUO x@ u=mtQ}}eD � wQ}v Q=Owtv x@ xHwD =@ �
OwOLt <=RH= |xt=vQ@ T=U=Q@ [34]'|QOQw@q Q}D QO '�9 pmW� |DWoQ@ w CiQ
w |Q=OQ@ Q=@ |=yQ}Ut 'VwB |vLvt xm CU= xOW xOy=Wt xOWxDWwv |]NQ}e
|@ wN j@=]D w xOW |R=UpOt |@ wN x@l}DQDU}y |=yxNQJ w OOHt |Q=PoQ=@
OwOLt <=RH= |xt=vQ@Cio u=wD|t u}=Q@=v@ "CU= xO=O u=Wv |y=oW}=tR; G}=Dv =@
|=yxR=U |]NQ}e Q=DiQ |R=UpOt QO |@U=vt |}=v=wD 'xOWxDWwv |]NQ}e

"OQ=O |DWoQ@ w CiQ |}xQwO |Q=PoQ=@ CLD xtQ;uD@
R= xtQ;uD@ |=yxR=U `=wv= |=Q@ xm 'CU= pt=m |xt=vQ@ l} 'xOWxDWwv |xt=vQ@ �

"OQ=O OQ@ Q=m ?=k w 'uwDU 'Q}D %xrtH

[31]"OQm xO=iDU= u; R= |DL=Q x@ u=wD|t xQ}e w 'l}t=QU '=ynvU '=yl =N
R= xO=iDU= =@ u=wD|t xvwoJ Ov=xO=O u=Wv [35]'Vv=Q=mty w |U} wN= u}vJty
R= xO=iDU= '=DU=Q u}= QO "OQm |R=UpOt =Q xU=t QO |oOvwWsQv 'QwmPt pOt
QO xOWxDWwv |xt=vQ@ =Pr "CU= xOW O=yvW}B �DSC� V=WDe= Cr=L |xO}=
HISS s}rUD K]U |=yQDt=Q=B s}_vD =@ xm 'CU= pt=m |xt=vQ@ l} 'VywSB u}=
xO=iDU= R}v uD@ R= Q}e |Lr=Yt |=Q@ u; R= u=wD|t 'hrDNt Kr=Yt T=U=Q@

"OQm
w =yC@=F 'l}Uqm |Q}tN Cr=L |=ypOt Q}=U =@ xU}=kt QO 'HISS pOt �

"Ovm|t QDu=U; =Q u; =@ Q=m xr�Ut u}= xm 'OQ=O |QDtm R=}vOQwt |=yQDt=Q=B
Ov=wD|t |@ wNx@ OOHt |Q=PoQ=@ w |Q=OQ@ Q=@ |=yQ}Ut |=Q@ |O=yvW}B pOt �
|R=Ux}@W =Q|r=kDv= |=yQU}t w|rm w|�RH OOHt |Q=PoQ=@ w |Q=OQ@ Q=@ Cq=L

"Ovm
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