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|O=R; |xHQO l} ?=k l} 'pYit QU wO |=yuwDU w pmW|}xkvRwP ?rY Q}D
CyH Qo}O sDU}U l} '?rY Q}D VNQJ sOa R= u=v}t]= CyH "Ov=xO=O p}mWD
xOW ?Yv pYit QU wO |=yuwDU =@ |R=wt CQwY x@ w u; VNQJ R= |Q}owrH
Q}D |q=@ QO pYDt |rY= ?=k x@ pYDt ?rY |xLiY l} 'u; QO xm 'CU=
Q}D VNQJ R= 'Q}D w xLiY u}@ |Oqwi lDre 4 uO=O Q=Qk =@ w xDiQo Q=Qk ?rY
100 GvUQ=@ w lH wO R= 'xvwtv |Q=PoQ=@ Qw_vt x@ "CU= xOW |Q}owrH |rY=
w Q=Wi j} Q] R= =yv; R= s=Om Qy xm 'CU= xOW xO=iDU= ?rY Q}D u}iQ] QO |vD
QO "OvOQm|t OQ=w Ovw}B Q}D sDU}U x@ =Q |}xNQJ |Q=PoQ=@ '|rY= ?=k Q@ x}mD =@
'OwW|t xOy=Wt |y=oW}=tR; |xvwtv |Q=PoQ=@ w Q=QkDU= C=}�RH hr= - 3 pmW
C=a]k w nvQsm |@; nvQ =@ V}=tR; |xawtHt ?rY |rY= ?=k 'u; j@=]t xm
|=ypmW QO "CU= xOW XNWt OQR nvQ =@ V}=tR; V}=B Q@ |xv=t=U |Oqwi
xvwtv Q} wYD w |y=oW}=tR; V}=B Q@ |r}rLD pOt '?}DQD x@ 'G - 3 pmW w ? � 3

"OwW|t xOy=Wt V}=B Q@ QO ?Yv R= p@k
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at"x=oW}=tR; QO xDiQ Q=m x@ Oqwi C=YNWt "2 pwOH
|Q}tN C=YNWt u=UWm C=YNWt |tQH C=YNWt

|oOvwWCNU s}rUD VvD ?} Q[ |v=UWm pwOt |r=oJ
pO=at VvD

Q1
|oOvwWCNU QDt=Q=B (MPa) uwU=wB (MPa) (kg=m3)

(MPa) (b)

667 227800000 5/8 257/989 0/3 2� 105 7850

�m = (�1 + �2 + �3)/3
�� =

rh
(�1 � �2)2 + (�2 � �3)2 + (�3 � �1)2i.2 (1)

"OvDUy pO=at w u}ov=}t |=yVvD ?}DQD x@ �� w �m'=yv; QO xm
2 |x]@=Q CQwY x@ u=wD|t =Q |@=QN ẁQW VvQm =@ xQwLtxU VvD |x]@=Q

%OQm u=}@

�"pl0 =

8>>>>>><>>>>>>:
1 ; � � �1/3
C1/(1 + 3�) ; �1/3 � � � 0
C1 + (C2 � C1) (�/�0)2 0 � � � �0

C2�0/� �0 � �

(2)

j} Q] R= 'OwW|t xOv=wN R}v Rri |Q}PBpmW ?} Q[ |y=o xm 'C2 QDt=Q=B 'u; QO xm
3 |x]@=Q CQwY x@ 'VWm V}=tR; OQ=Ov=DU= |xvwtv (AR) `]kt K]U Vy=m

%OwW|t x@U=Lt

C2 = �Ln(1�AR) (3)

%OQm xO=iDU= 4 |x]@=Q R= u=wD|t R}v C1 ?} Q[ |x@U=Lt Qw_vt x@

C1 = C2
�p3

.
2
� 1
m (4)

(� = k"m)Kr=Yt|ak=wVvQm -VvD|v=wD |x]@=Q x@ xHwD =@ m QDt=Q=B 'u; QO xm
1/3 R= V}@ xQwLtlD VWm |=Q@ �0 'X=N Qw] x@ u}vJty "O};|t CUO x@
xvwtv RmQt QO xQwLtxU VvD R= |@ wN ?} QkD �0 = 1=3 xm 'CU= xOW xQ@}r=m

[31]"CU=
'Q=Ri=sQv QO 2 |x]@=Q R= xO=iDU= w xvwtv QO Kr=YtCUmW |R=UpOt Qw_vt x@
pO=at |Q}tN |}=Hx@=H w(AR) `]kt K]U Vy=m uwJ |}=yQDt=Q=B u}}aD x@ R=}v
|=yQDt=Q=B u}}aD |=Q@ "CU= OQ=Ov=DU= |xvwtv VWm V}=tR; R= pY=L (�upl)

=@ j@=]t VWm uwtR; 'Qw_vt u}O@ "OwW|t xO=iDU= =]N w |aU VwQ R= Q}N=
'hrDNt |=yQDt=Q=B <=R= x@ w |R=UpOt Q=Ri=sQv QO ASTM E8/E8M OQ=Ov=DU=

"OwW|t xU}=kt |y=oW}=tR; Q=DiQ =@ xO=t VvQm - VvD Q=DiQ
|Q}PBpmW ?} Q[ hrDNt Q}O=kt =@ |WWm OQ=Ov=DU= |xvwtv OOa 9 O=OaD
|OOa p}rLD R= pY=L G}=Dv |xU}=kt =@ =D OvOW |R=UpOt Q=Ri=sQv QO (C2)
QO pY=L |=yQ=Owtv "OvwW u}}aD |@=QN |=yQDt=Q=B Q}O=kt '|y=oW}=tR; G}=Dv =@
x@ |QDl}ORv G}=Dv C2 = 0=725 QDt=Q=B u; j@=]t xm 'OvwW|t xOy=Wt 5 pmW
QO "OyO|t CUO x@ '|@=QN |xOwOLt QO ,=YwYNt 'Kr=Yt |ak=w C=}YwYN
xOy=Wt CUmW R= TB Q_=vDt |OOa w |y=oW}=tR; |xvwtv Q} wYD R}v '6 pmW

"OwW|t

|=Q@ xm '|Oqwi jQw R= w [29] ASTM E8/E8M |xt=vu}�; =@ j@=]t Q}N=
|vwvm V}=tR; 12|r@tO |xvwtv "CU= xOW xDN=U 'xOW xO=iDU= Qo =Q}t CN=U
|Oqwi Kr=Yt C=YNWt "CU= xOW V}=tR; w xDN=U 13OQ=Ov=DU= jQw ẁv R=

"CU= xOW x�=Q= 2 pwOH QO |y=oW}=tR; |xvwtv QO xOW xO=iDU=

u; |}=tR;|DU=Q w OwOLt <=RH= pOt "4
|w[}@ Qo =Q}t |R=U pOt "1"4

x@ "CU= xOW s=Hv= |OOa p}rLD R= xO=iDU= =@l} QDt=Q=B |xar=]t 'Q[=L Q=DWwv QO
14Twm =@; Q=Ri=sQv \UwD |y=oW}=tR; pOt '|OOa |=ypOt |HvUCLY Qw_vt
x@ xHwD =@ "CU= xOW xU}=kt |y=oW}=tR; |xvwtv G}=Dv =@ u; G}=Dv w |R=Ux}@W
'O=} R |=ypmWQ}}eD QO Kr=Yt sHL uDiQoC@=F ZQi =@ w Kr=Yt O=} R |Q}PBpmW
xOW xO=iDU= xDi=}Vy=m |Q}op=QoDv= VwQ =@ C3D8R |yQo 8 |Oa@xU u=tr= R=
|=ypmWQ}}eD R= |W=v |]N Q}e Q=DiQ u}vJsy w Kr=Yt |]N Q}e Q=DiQ "CU=
T=U= Q@ |ak=w VvQm - VvD |=y|vLvt "CU= xOW xDiQo Q_v QO pOt QO nQR@
=@ "CU= xOW xO=iDU= Kr=Yt |R=UpOt QO w x@U=Lt Oqwi u=B wm V}=tR; G}=Dv
|v=}t CtUk QO =yxm@W |xR=Ov= 'Qo =Q}t |v=}t CtUk QO VvD RmQtD x@ xHwD
CkO |OOa p}rLD =D 'CU= xOW ?=NDv= QDR} Q pOt Qo}O |=yCtUk x@ C@Uv
=yu=tr= O=a@= |UQQ@ Qw_vt x@ '|Ov@xm@W C}U=UL p}rLD "OW=@ xDW=O |QDW}@
'|y=oW}=tR; u=mtQ}}eD - Q=@ |vLvt =@ j@=]t "CU= xDiQ}PB CQwY G}=Dv |wQ Q@

"CU= xOW p=ta= OwOLt <=RH= pOt x@ |}=Hx@=H |xJN} Q=D
'|OOa pOt QO CUmW pLt |xOy=Wt w Kr=Yt QDj}kO |R=UpOt Qw_vt x@
Q=}at R= Qw_vt u}O@ "OwW xO=iDU= Q=Ri=sQv QO OwHwt |@=QN |=yQ=}at R= |m} R= O}=@
QO u; OWQ w xQiL OwHw T=U= Q@ xm 'Q}PBh=]av= C=Rri |=Q@ xOW xO=iDU= |@=QN
prN w xQiL uwO@ hrDNt O=wt 'p;xO}= CQwY x@ "CU= xOW xO=iDU= 'CU= C=Rri
|v=tR "OvQ=O |}=ylQDR} Q w =yxQiL C=a]k ,qta =t= 'OvwW|t xDiQo Q_v QO GQi w
|=yxQiLR} Q 'OvQ}o|t Q=Qk �|@}mQD =} |Q=Wi =} |WWm � Q=@ CLD QwmPt C=a]k xm
x@ =ylQD uDUw}B =@ 'xt=O= QO w Ovvm|t lQD O=H}= 'OvOvw}B|t sy x@ xOW QmP

"OQ}o|t CQwY sQv CUmW 'Qo}Om}
xQ@}r=m �2004� 15|m}@ RQ} w w |r \UwD xJv; =@ x@=Wt 'u=tr= |@=QN pOt
|=Q@ 'QwmPt pOt "CU= xOW xDiQo Q_v QO |Oqwi |=yu=tr= |=Q@ [30]'CU= xOW
xQwLtxU VvD R= |a@=D u=wva x@ CUmW VvQm w 'OQ=O OQ@ Q=m Q}PBpmW Kr=Yt

%OwW|t h} QaD 1 \@=wQ j@=]t

�"pl0 = �"pl0 (�)

� = �m/��

where
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"|y=oW}=tR; |xvwtv |OOa p}rLD G}=Dv "8 pmW

"|y=oW}=tR; w |OOa p}rLD R= pY=L u=mtQ}}eD - Q=@ Q=Owtv |xU}=kt "9 pmW

QO CUmW '=ylQD VQDUo w |Q=PoQ=@ |=yxNQJ O=OaD V}=Ri= =@ w xDiQo pmW
xDW=O OwHw |WQ@ VvD RmQtD u} QDW}@ '=ylQD ẁkw pLt QO "CU= xO=O MQ xvwtv
xOW xvwtv CUmW x@ QHvt '=ylQD ẁkw |x}L=v QO |WQ@ |=yVvD VQDUo w

"OwW|t xOy=Wt |w[}@ Qo =Q}t |@=QN Owt R}v ? - 7 pmW QO "CU=
|xvwtv QO Q}PBpmW |@=QN ẁQW Q=}at wVvD `} RwD G}=Dv '8 pmW QO u}vJty
QO |@=QN |wor= 'u; j@=]t xm &OwW|t xOy=Wt QDt|r}t 20 |}=Hx@=H QO |OOa
"CU= xOW xO=O u=Wv 7 pmW QO xm CU= |y=oW}=tR; |xvwtv j@=]t |OOa pOt
'CU= xOW CUmW Q=JO |y=oW}=tR; |xvwtv xm |]=kv QO VvD RmQtD u}vJty

"OwW|t xOy=Wt
xOy=Wt 9 pmW QO |y=oW}=tR; |xvwtv R= pY=L u=mtQ}}eD - Q=@ Q=Owtv

"OwOLt <=RH= |R=Ux}@W w x=oW}=tR; QO VWm uwtR; G}=Dv |xU}=kt "5 pmW

"VWm uwtR; |OOa w |y=oW}=tR; |xvwtv CUmW Q}wYD "6 pmW

"|Q=PoQ=@ |v=}=B |=yxNQJ pw] QO |y=oW}=tR; |xvwtv Q} w=YD "7 pmW

|Jw@=J w xQD}=tr |Q}tN pOt ?}=Q[ R= '|oOvwWCNU |x@U=Lt Qw_vt x@
x@U=Lt 2 pwOH j@=]t u=Q}= |v=tDN=U Oqwi |=Q@ =yv; Q=Okt xm 'CU= xOW xO=iDU=
Q}O=kt =@ w G=QNDU= Twm =@; Q=Ri=sQv R= |UOvyt VvQm w VvD Q}O=kt "CU= xOW
xDN=U pOt G}=Dv xm |QDt=Q=B "CU= xOW xU}=kt V}=tR; R= pY=L VvQm w VvD
|@=QN QDt=Q=B u=wva x@ 'OQ=O =Q |y=oW}=tR; G}=Dv =@ j=@]v= u} QDW}@ 'u; =@ xOW

"CU= xOW ?=NDv= Q_v OQwt Oqwi

|OOa pOt |}=tR;|DU=Q w |y=oW}=tR; pOt G}=Dv "2"4
"OwW|t xOy=Wt u; s=Hv= R= TB w |Q=PoQ=@ u}L QO xvwtv R= |Q} w=YD '7 pmW QO
|Q=vm VN@ x@ |w[}@ |xkrL p=YD= pLt QO =OD@= =ylQD 'hr= - 7 pmW j@=]t
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at"l} QDt=Q=B p}rLD |=Q@ xOW xDiQo Q_v QO |=yQo =Q}t C=YNWt "3 pwOH
H=D1 t=D1 D1=D2 D1(mm) xvwtv |xQ=tW
0/46 0/11 1/36 270 1
0/46 0/11 1/36 150 2
0/46 0/11 1/36 210 3
0/46 0/11 1/36 340 4
0/46 0/11 1/36 400 5
0/46 0/11 1/1 270 6
0/46 0/11 1/5 270 7
0/46 0/11 1/75 270 8
0/46 0/11 2 270 9
0/4 0/11 1/36 270 10
0/5 0/11 1/36 270 11
0/55 0/11 1/36 270 12
0/6 0/11 1/36 270 13
0/46 0/07 1/36 270 14
0/46 0/15 1/36 270 15
0/46 0/16 1/36 270 16
0/46 0/18 1/36 270 17

Q_v QO [32]'ATC�40 |Q=PoQ=@ pmDwQB T=U= Q@ |}xNQJ |Q=PoQ=@ |xJN} Q=D
's}rUD |}=Hx@=H Q@=Q@ 3 R= QDtm |=y|}=Hx@=H |=Q@ 'T=U= u}= Q@ "CU= xOW xDiQo
|}=Hx@=H Q@=Q@ 3 R= QDW}@ |=y|}=Hx@=H |=Q@ w xOW p=ta= s=o Qy QO xNQJ xU

"CU= xOW xDiQo Q_v QO s=o Qy |=Q@ xNQJ wO 's}rUD
|=yQDt=Q=B "CU= xOW x�=Q= 4 pwOH QO l} QDt=Q=B p}rLD x@ \w@ Qt G}=Dv
xv}W}@ Ctw=kt '(Py) s}rUD |wQ}v 'sQH %pt=W Qo =Q}t Q=DiQ |xOvyOu=Wv
|Q}PBpmW '(K0) u=UWm |DNU '(�u) ptLD p@=k |}=yv |}=Hx@=H '(Pu)

QO xOW lryDUt |SQv= w (�) pO=at RwmU} w |}=Q}t C@Uv '�c = (�u=�y)

"OvDUy (ED) |Q=PoQ=@ |xNQJ 29
R= xO=iDU= =@ u=wD|t =Q |Rri |=yQo =Q}t |=Q@ pO=at RwmU} w |}=Q}t C@Uv

[13]%OQm x@U=Lt 5 |x]@=Q
� = ED

4�ES (5)

|w=Ut xm � xNQJ l} QO Qo =Q}t \UwD xOW ?PH pm |SQv= Q@=Q@ ED 'u; QO xm
|WvQm |SQv= Q@=Q@ Es w �CU= |}=Hx@=H - Q=@ Q=Owtv |xNQJ l} pN=O K]U
- Q=@ Q=Owtv \UwD Qo =Q}t Qy |}=Q}t C@Uv '5 |x]@=Q R= xO=iDU= =@ "CU= u=UWm

"CU= xOW x@U=Lt u=mt Q}}eD

|[}@ nQR@ Q]k Q}F-=D "1"5
xOy=Wt 10 pmW QO |[}@ nQR@ Q]k Q}}eD =@ Qo =Q}t MU=B |=yxYNWt C=Q}}eD
nQR@ Q]k Q}}eD =@ w h

D1 w t
D1 'D1

D2 |=yQDt=Q=B uDiQo Q_v QO C@=F =@ "OwW|t
�0/8 R= QDtm =yQo =Q}t |x}rw= |DNU Q}}eD u=R}t 'QDt|Dv=U 40 =D 15 R= |[}@
QO |v=OvJ Q}F-=D |[}@ nQR@ Q]k Q}}eD xm OvyO|t u=Wv G}=Dv u}= "CU= xOw@

Q=O}=B w s_vt sQi x@ |}xNQJ |Q=PoQ=@ CLD Qo =Q}t MU=B 'u; T=U= Q@ xm 'OwW|t
xO=O u=Wv OwN R= |}q=@ |SQv= ?PH C}r@=k w |Q}PBpmW '|O=yvW}B Qo =Q}t "CU=
|=yxNQJ QO |DNU w Ctw=kt |v=yo =v Ci= 'OwW|t xOy=Wt xm Qw]u=ty "CU=

"CU= xO=Ov MQ ?U=vt |}=Hx@=H |xOwOLt QO T} RQDU}y
R=i R= Q=wty p=kDv= l} =@ 'QDt|r}t 1 R= QDtm s}rUD |x]kv QO |}=Hx@=H
QO 'CU= xOQm ptLD =Q |Q=PoQ=@ |xNQJ 15 Qo =Q}t "CU= |Q}tN R=i x@ u=UWm
9 w 8 OwOL hr=Nt |=yCyH QO QN; |xNQJ 3 |=Q@ wQ}v |xv}W}@ xm |r=L
?}DQD x@ 'xOW QmP |xvwtv \UwD xOW ptLD |}=Hx@=H w wQ}v |xv}W}@ "CU= uD
T} RQDU}y |=yxNQJ pN=O CL=Ut "CU= xOw@ QDt|r}t 25/4 w uD 9/5 Q@=Q@
Qo =Q}t ?U=vt |SQv= hqD= C}iQ_ |xOvyOu=Wv xm 'CU= xOw@ pwSwr}m 32 Q@=Q@

"CU= |O=yvW}B
'9 pmW QO |OOa p}rLD R= pY=L u=mtQ}}eD - Q=@ Q=Owtv j@=]t u}vJty
TB "OQ=O OwHw |y=oW}=tR; w |OOa u=mtQ}}eD - Q=@ |=yQ=Owtv u}@ |@ wN j@=]D
Qw_vt x@ |OOa p}rLD R= u=wD|t '|O=yvW}B Qo =Q}t |OOa pOt |}=tR;|DU=Q R=
x�=Q= |Oa@ VN@ QO xm 'OQm xO=iDU= QwmPt Qo =Q}t |wQ l} QDt=Q=B |xar=]t s=Hv=

"CU= xOW

l} QDt=Q=B |xar=]t "5
|}xar=]t 'Q}N=VN@ QO xOQm =O}B xaUwD OwOLt <=RH= pOt T=U= Q@|vwvmVN@ QO
hrDNt |=yQDt=Q=B Q}F-=D |UQQ@ Qw_vt x@ hrDNt O=a@= =@ |w[}@ |=yQo =Q}t |wQ Q@
Q}}eD Q}F-=D |UQQ@ 'l} QDt=Q=B |xar=]t R= hOy "CU= xOW s=Hv= Qo =Q}t Q=DiQ QO
QDt=Q=B l} |Dkw xm Ov=xOW xDN=U |}xvwo x@ =ypOt "CU= u; Q=DiQ QO Qo =Q}t O=a@=
QDt=Q=B Qy Q}F-=D |UQQ@ |=Q@ Qw_vt u}O@ "Ovv=t|t C@=F =yQDt=Q=B Q}=U 'Ovm|t Q}}eD
xDiQo Q_v QO |UOvy |=yQDt=Q=B "CU= xOW |R=UpOt xvwtv 5 'Qo =Q}t Q=DiQ QO
Q}N= |=yQDt=Q=B "OvDUy h

D1 w t
D1 'D1

D2 'D1 pt=W l} QDt=Q=B p}rLD |=Q@ xOW
|=yQDt=Q=B "OvW=@ xDW=O Q}F-=D |HwQN G}=Dv QO ,qkDUt xm Ov=xOW ?=NDv= |Qw]
'L1 |=yQDt=Q=B Q}O=kt "Ov=xOW |iQat 2 pmW QO Qo =Q}t |xUOvy |xOvvmh} QaD
xOW ZQi � = 120 w a = D24 'L1 = 1=04D1 =@ Q@=Q@ ?}DQD x@ � w a

=@ "CU= xOw@ QDt|Dv=U 4 =yQo =Q}t |x}rm |=Q@ xLiY Q@ Owta Ct=N[ "CU=
Qo}O |xvwtv 4 w l} QDt=Q=B |xar=]t |=Q@ =v@t |xvwtv l} uDiQo Q_v QO x@ xHwD
QO GQOvt C=YNWt =@ |OOa pOt 17 ẁtHt QO 'QDt=Q=B Qy Q}F-=D |UQQ@ |=Q@
u=wva x@ '1 |xvwtv "Ov=xDiQo Q=Qk |}xNQJ |Q=PoQ=@ CLD w xOW xDN=U 3 pwOH

"CU= xOW xDiQo Q_v QO =v@t |xvwtv
5 =D 1 |=yxvwtv 'G}=Dv QO |[}@ nQR@ Q]k |xR=Ov= Q}F-=D |UQQ@ Qw_vt x@
xOw@ Q}eDt QDt|Dv=U 40 =D 15 R= =yv; nQR@ Q]k xm |Qw] x@ 'Ov=xOW p}rLD w xDN=U
C@Uv 'OW=@ xDW=O G}=Dv QO |O=} R Q}F-=D OUQ|t Q_v x@ xm |Qo}O syt QDt=Q=B "CU=
|xar=]t Qw_vt x@ 9 w 8 '7 '6 '1 |=yxvwtv "CU= |[}@ lJwm Q]k x@ nQR@ Q]k
xwqa "Ov=xOW xDiQo Q_v QO 2 =D 1/1 |xOwOLt QO u; Q}}eD =@ w xOW QmP QDt=Q=B Q}F-=D
|x}L=v `=iDQ= Q}F-=D |UQQ@ Qw_vt x@ R}v 13 |r= 10 |xvwtv Q=yJ '1 |xvwtv Q@
Q]k x@ p=YD= |x}L=v `=iDQ=C@Uv =yv; QO xm 'Ov=xOW |UQQ@ Qo =Q}t MU=B QO p=YD=
|xkrL Ct=N[ 'Qo}O QF-wt QDt=Q=B "CU= xOQm Q}}eD 0/6 =D 0/4 R= |[}@ nQR@
QO u; Q=Okt Q}}eD w 17 w 16 '15 '14 '1 |=yxvwtv uDN=U =@ xm 'CU= |w[}@
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