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xOv=t|k=@ |WWm |DNU xO}OB u}= x@ xm CU= lQD x@ Owta CyH QO VWm
pOt CyH |]N |xO=U pOt R= 2 pmW j@=]t 'Q[=L |xar=]t QO "Ov} wo|t
VvD CLD uD@ VvQm � VvD |vLvt "CU= xOW xO=iDU= uD@ |WWm Q=DiQ uOQm
pO=at |WvD OwOL =D xJQo = 'OyO|t u=Wv OwN R= |]NQ}e Q=DiQ |mOv= |WWm
|WWmVvD Q}_v |WWmVvQm "CU= |]N Q=DiQ (ft) uD@ |WWmCtw=kt �50
VWm QO 0 0001 Xr=N VWm QO 'OwW|t xO=O u=Wv "t =@ xm uD@ |xv}W}@
William pOt R= xm CU= 0 0002 =D 0 00014 |xOwOLt QO VtN R= |W=v
|oOQwNlQD Q}_v|WWmVvD ft [2]"CU= xOW xO=iDU= Q[=LVywSB QO Varnk

"CU= xOW xDiQo Q_v QO 12"t OwOL QO uD@ CUmW Q}_v VvQm w uD@
w OvQ=O |]NQ}e Q=DiQ |DNU x@ |rw] CyH QO xOvvmKrUt |Qt}rB h=}r=
|[Qa |=y|Q=PoQ=@ u}vJty "CU= xOW xDiQo Q_v QO |]N CQwYx@ =yu; Q=DiQ
|]NQ}e u=R}t =t= 'CU= xOW xOy=Wt |]NQ}e Q=DiQ R= h=QLv= |xLiY uwQO
xm =Q |]NQ}e Q=DiQ u}= ,qwtat "CU}v |}xLiYuwQO VQ@ =@ xU}=kt p@=k uOW
|Q=DiQ pOt '3 pmW QO "CiQo xO}O=v u=wD|t 'CU= |[Qa |=y|Q=PoQ=@ =@ s-=wD

"CU= xOW xO=O u=Wv xOvvmKrUt |Qt}rB h=}r=

|Q}tN pYit |x}L=v pw] "2"2
xO=iDU= |OOa |=yVwQ R= |Q}tN |qwr w <=vLv= |x@U=Lt CyH xm |}=Hv; R=
|=yVNQJ T=U= xm |Q}tN pYit pw] |x@U=Lt CyH O}=@ TB 'CU= xOW
|wQ Q@ |irDNt u=QoWywSB "OwW xO=iDU= ?U=vt |xrO=at l} R= 'CU= |Q}tN
'CU= |Q}tN |=vLv= |wQ u; T=U= xm |Q}tN pYit pw] |Qw�D |x@U=Lt
CyH [7]'�7 |r= 3 CqO=at� xrO=at 5 R= 'Q[=L |xar=]t QO "Ov=xOQm xar=]t
VNQJ Q=Okt |xrO=at '=yv; T=U=Q@ w xO=iDU= |Q}tN pYit pw] |x@U=Lt
?} QkD =Q pYit pw] |ak=w Q=Okt xm |}xrO=at u} QDy@ "CU= xOW x@U=Lt |Q}tN
|=Q@ |vD@ `]kt '|Q}tN pYit pw] Q=Okt u; T=U=Q@ xm CU= 3 |xrO=at 'OvR|t
215mm w 173 26mm Q@=Q@ ?}DQD x@ B79cal w B33cal |xOWxQ@}r=m Q}D wO
|xar=]t QO |Q}tN VNQJ C}iQ_ w |Q}tN VNQJ C=@U=Lt T=U= xm CU=

129



"""|
=yQ}

DV
Q}PB

|=y
Q=}at

|r}
rLD

|U
QQ@|xrY=i w 41 37MPa |Q=Wi Ctw=kt 'Q}D QO xO=iDU= OQwt uD@ "CU= �mm�

0 172Ct=N[ x@ FRP |x}q 3 =@ xmCU= xOw@ 2439mm Qo}Om} R= =yx=ox}mD
"CU= 2 pwOH T=U=Q@ R}v FRP |=yx}q C=YNWt "CU= xOW |R=Uy@ �mm�
0 79�b |rw] QwD=tQ; C@Uv =@ Q}D B79 '0 33�b |rw] QwD=tQ; C@Uv =@ B33 Q}D
Q]k x@ |WWm QwD=tQ; wO xm CU= FRP =@ xOW|R=Uy@ |y=oW}=tR; Q}D BFRP w

"OQ=O 3mm Q]k x@ |Q=Wi QwD=tQ; wO w 13mm

u=tr= l}� C3D8 u=tr= R= |vD@ |=yu=tr= |R=UpOt CyH 'Q[=L p}rLD QO
|Oqwi |=yQwD=tQ; |R=UpOt |=Q@ w �xQo Qy QO |r=kDv= |O=R; xHQO 3 =@ |}xQo 8
\ki xm xQo Qy QO |r=kDv= |O=R; xHQO l} =@ |}=B QN u=tr= l}� D1D2 u=tr= R=
R= FRP |=yxkQw |R=UpOt CyH w �OQ=O wQ}v p=kDv= |}=v=wD |rw] CyH QO
3 w |r=kDv= |xHQO xU |O=R; xHQO 6 =@ |}xQo4 u=tr= l}� S4R 'Shell u=tr=
VvmQOv= |R=UpOt |=Q@ [8]"�5 pmW� CU= xOW xO=iDU= �xQo Qy QO |v=QwO xHQO
|xv} Ro R= uD@ K]U w FRP u}@ u}vJty w uD@ w xOvvmKrUt |=yQwD=tQ; u}@
QOFRP w QwD=tQ; u; QO xm 'CU= xOW xO=iDU= Intraction |wvt QO Embed

|oDUw}B CUmW xvwoI}y xm CU= u}= |=vat x@ ZQi u}= "OvwW|t uwiOt uD@
O}=@ QwmPt ZQi R= xO=iDU= CyH "OyO|tv MQ uD@ w FRP =} uD@ w QwD=tQ; u}@
QF-wt R=Ht VvQm R= O}=@v QwmPt |=yVvQm w OwW pQDvm FRP |=yxkQw QO VvQm

[10�8]"OW=@ QDW}@ FRP |=yxkQw

|HvUCLY "4"2
R= xO=iDU= =@ 'CU= xOW QmPV}BVN@ QO =yu; C=YNWt xm |Q}D 3 xrLQt u}= QO
TBU "Ov=xOW|]NQ}e|m}D=DU= p}rLD w |R=UpOt 'Twm =@; OwOLt u=tr= Q=Ri=sQv
|y=oW}=tR; |=yxvwtv w xOWxQ@}r=m Q}D 3 u=mtQ}}eD � Q=@ |=yQ=Owtv u}@ |}xU}=kt
xOW x�=Q= 4 w 3 |=ypwOH w 8 |r= 6 |=ypmW QO u; G}=Dv xm CU= xOW s=Hv=
KrUt uD@ Q}D OOa 3 'KrUt uD@ |=yQ}D Q=DiQ QO FRP QF= j}kO |UQQ@ |=Q@ "CU=
KrUt uD@ |=yQ}D|HvUCLYCyH FRP uwO@ =yu; R= OOa 2 xm Ov=xOW xQ@}r=m
"CU= FRP =@ xOW|R=Uy@ KrUt uD@ Q}D |HvUCLY CyH FRP =@ |Qo}O w
OYQO |xOvyOu=Wv 79 w 33 O=Oa=� B79 w B33 |=yQ}D uD@ |Q=Wi Ctw=kt

[8]"|R=UpOt |=yu=tr= "5 pmW

QO xm � xOvvmKrUt |=yOQor}t C=}YwYN '1 pwOH QO "CU= xOw@ 0 79�b w
xOW x�=Q= �Ov=xDiQo Q=Qk Q}D u} Q} R R=QD R= 30 mm |xrY=i QO Q}D |WWm |x}L=v
FRP =@ xOW|R=Uy@ Q}D w QwmPt Q}D wO u}= |UOvy C=YNWt u}vJty "CU=

"CU= xOW xO=O u=Wv 4 pmW QO
|HvUCLY Qw_vt x@ xm CU= Vv=Q=mty w u=Uwy x@ \w@ Qt BFRP Q}D
2743 pw] w 305 � 203�mm� O=a@= |=Q=O w xOW p}rLD FRP |R=UpOt

"=yOQor}t C=YNWt "1 pwOH
|v=UWm pwOt s}rUD VvD `]kt K]U OQor}t |xQ=tW�GPa� �MPa� (cm2)

119 344 7 0 07065 D3
175 406 0 71 D10
200 413 1 27 D13
172 443 1 99 D16
174 419 2 87 D19

[8w2]"xOWxQ@}r=m |=yQ}D |UOvy C=YNWt "4 pmW

[2]"FRP |=yx}q C=YNWt "2 pwOH
�12 G23MPa G12 = G13MPa Y0MPa Y MPa X0MPa X MPa E22GPa E11GPa

21 0 52 3 86 5 206 52 �2758 2758 5 14 3 141
Ctw=kt Y0 '|[Qa CyH QO |WWm Ctw=kt Y '|rw] CyH QO |Q=Wi Ctw=kt X0 '|rw] CyH QO |WWm Ctw=kt X %u; QO xm

"CU= |[Qa CyH QO |v=UWm pwOt E22 '|rw] CyH QO |v=UWm pwOt E11 '|[Qa CyH QO |Q=Wi

130



3/
2|

xQ=t
W'

33
�2

|xQ
wO'

�13
96

R}}=B
�h

}QW
u=Qt

a|
UOv

yt "|HvUCLY G}=Dv |xYqN "3 pwOH
�u �y Pu Py xvwtv
14 8 5 9 52 55 49 45 B33AZ

38 12 84 6 09 55 11 50 B33KAL

5 11 8 5 04 108 82 103 B79AZ

5 13 38 10 1 125 773 110 B79KAL

19 9 8 9 117 92 87 BFRPAZ

46 17 5 9 89 124 95 93 BFRPKAL

' 0 33�b =@ |y=oW}=tR; |xvwtv B33AZ

'0 33�b =@ xOWxQ@}r=m |xvwtv B33KAL

'0 79�b |y=oW}=tR; |xvwtv B79AZ

'0 79�b =@ xOWxQ@}r=m |xvwtv B79KAL

'FRP =@ xOW |R=Uy@ Q}D |y=oW}=tR; |xvwtv BFRPAZ

"FRP =@ xOWxQ@}r=m |xvwtv BFRPKAL

�CU= 0 79�balance w 0 33�balance |va} =yQ}D QO xOWxO=iDU= |WWm QwD=tQ;
T} wvQ} R� CU= xOW xO}t=v BFRP xm swU Q}D |Q=Wi Ctw=kt w 66 6MPa Q@=Q@
|R=UpOt 41 37 MPa Q@=Q@ '�CU= FRP =@ xOW|R=Uy@ Q}D |=vat x@ FRP

ltm =y?=wH |}=Qosy x@ xm CU= xOW ?=NDv= |}xvwox@ |Ov@Vt |xwLv "CU=
=@ |Oqwi |}xLiY R= RmQtDt Q=@ p=ta= R= |W=v VvD RmQtD R= |Q}owrH |=Q@ "Ovm
xOW xO=iDU= 'OW=@ xDW=Ov pmW Q}}eD Q=@ Q} R QO xm �?rY� q=@ |v=UWm pwOt
xrLQt 100 |] xm RmQtDt |=yQ=@ R= =yQ}D |]NQ}e |m}D=DU= p}rLD CyH "CU=
CyH 'Oa@ |xrLQt QO "CU= xOW xO=iDU= 4 pmW j@=]t 'Ov=xOW p=ta= =yQ}D x@
xOW|R=UpOt |=yQ}D u=mt Q}}eD � wQ}v |=yQ=Owtv '|HvUCLY |xwLv |UQQ@
QwmPt G}=Dv TBU w �CU= xOw@ Q}D \Uw pQDvm |x]kv� G=QNDU= Twm =@; Q=Ri=sQv R=
xOWG=QNDU= |=yQ=Owtv x@ xHwD =@ "CU= xOW xU}=kt Qw@ Rt |y=oW}=tR; G}=Dv =@
j@=]D 'OwOLt u=tr= VwQ '3 pwOH QO xOWx�=Q= G}=Dv w 8 |r= 6 |=ypmW QO
|=]N |xv}W}@ '4 pwOH T=U=Q@ "CU= xDW=O |y=oW}=tR; |=yQ=m =@ |rw@k p@=k
�16 OwOL QO =ywQ}v x@ \w@ Qt |=]N |xv}W}@ w OwOL =yu=mt Q}}eD x@ \w@ Qt

"CU= xOw@

FRP |=yxkQw R= xO=iDU= =@ Q}D |R=Uy@ "3
"CU= xOW xOv=@UJ Q}D |WWm CtUk x@ FPR |=yxkQw 'B33 Q}D |R=Uy@ CyH
xO=iDU= embed |xv} Ro Interaction |wvt R= Twm =@; Q=Ri=sQv QO Qw_vt u}O@
Q}D CUmW xm CU= T=U= u}= Q@ QwmPt ZQi R= xO=iDU= |xtRq "CU= xOW

"B33 Q}D u=mt Q}}eD � Q=@ Q=Owtv "6 pmW

"B79 Q}D u=mt Q}}eD � Q=@ Q=Owtv "7 pmW

"BFRP Q}D u=mt Q}}eD � Q=@ Q=Owtv "8 pmW

"=y|HvUCLY |=]N OYQO "4 pwOH
Pukal=Pu Pykal=Py �ukal=�u �ykal=� xvwtv

05 1 1 1 84 0 16 1 B33KAL

16 1 06 1 17 1 2 1 B79KAL

06 1 08 1 87 0 06 1 BFRPKAL

|xvwtv s}rUD u=mt Q}}eD �yaz 'Q}D |}=yv u=mtQ}}eD �u 's}rUD u=mt Q}}eD �Y

|}=yv u=mt Q}}eD �uaz 'xOWxQ@}r=m |xvwtv s}rUD u=mtQ}}eD �ykal '|y=oW}=tR;
"|y=oW}=tR; |xvwtv

131



"""|
=yQ}

DV
Q}PB

|=y
Q=}at

|r}
rLD

|U
QQ@4 w 3 =@ |R=Uy@ R= Oa@ B33 Q}D s}rUD Q=@ 'xOt; CUOx@ G}=Dv x@ xHwD =@

R}N u}vJty "CU= xDi=} V}=Ri= 2 38 w 1 7 u=R}t x@ ?}DQD x@ FRP |x}q
|=yxvwtv |=Q@ 1 07 w 1 05 u=R}t x@ R}v |WWm |=yOqwi s}rUD =@ Q_=vDt
uOQ@ Q=mx@ =@ xm CU= p}rO u}= x@ xm CU= xDi=} Vy=m B33F4 w w B33F3
pkDvt FRP x@ |WWm |=ywQ}v R= |DtUk 'Q}D |WWm CtUk QO FRP |=yxkQw
QO =yQwD=tQ; w O@=}|t Vy=m |WWm |=yQwD=tQ; QO VvQm w VvD =Pr "OwW|t
w p@k Q}D |}=yv Q=@ u}@ xm |}xU}=kt =@ "OW Ovy=wN s}rUD |QDW}@ Q=@ w R}N
1 98 u=R}t x@ Q}D |}=yv Q=@ xm CU= xOW xOy=Wt 'xOt; ptax@ |R=Uy@ R= Oa@
Qo = 'T=U= u}= Q@ "CU= xDi=} V}=Ri= B33F4 w B33F3 |=yxvwtv |=Q@ 2 5 w
Q}}eD w B33F4 w B33F3 |xOW|R=Uy@ |=yQ}D |}=yv u=mt Q}}eD u}@ |}xU}=kt
s=Hv= 'CU= Q}D |ak=w |}=yv R}N |xOvyOu=Wv xm '|y=oW}=tR; Q}D |}=yv u=mt

"|R=Uy@ R= Oa@ w B
33

Q}D u=mt Q}}eD � Q=@ Q=Owtv "9 pmW

FRP |=yx}q uOW xkQwxkQw =} |vD@ Q}D w FRP u}@ p=YD= uDiQ u}@ R= QF= QO
"OW=@ QDtm R=Ht VvQm R= FRP |=yxkQw QO QF-wt VvQm O}=@ CQwYu}= QO "CU}v
xm OwW|t ZQi 'OW=@ R=Ht VvQm R= V}@ FRP |=yxkQw QF-wt VvQm Qo = =t=
V}=Ri= =Q =yx}q O=OaD O}=@ CQwY u}= QO xm OvwW|t xDN}Uo FRP |=yxkQw

[10w9]"O=O
3 |aU u}rw= QO 'FRP |=yxkQw R= xO=iDU= =@ B33 Q}D |R=Uy@ Qw_vt x@
xOv=@UJ Q}D u} Q} R CtUk x@ 5 pwOH QO xOWx�=Q= C=YNWt =@ FRP |xkQw
R= pY=L |=yVvD w =yVvQm pQDvm w xOW|R=Uy@ Q}D p}rLD R= Oa@ "CU= xOW
xOw@ 0 0075 Q@=Q@ ,=@} QkD FRP |=yxkQw QO VvQm xm |r=L QO 'Q=Ri=sQv |HwQN
xOt; CUOx@ 0 0026 OwOL Q}D \Uw |v=QL@ `]kt QO uD@ |Q=Wi VvQm 'CU=
|xrLQt QO p}rLD 'FRP |=yVvQm MQv QO O}OW V}=Ri= x@ xHwD =@ xm 'CU=
pL =Q pmWt OvDUv=wDv C}U=UL R}r=v; =@ u=QoWywSB w CU= xOW hkwDt 53
R= p@k xm Ov=xO}UQ xH}Dv u}= x@ 0 1 R=Ht QF-wt VvQm Q=Okt x@ xHwD =@ w Ovvm
Oy=wN MQ FRP |=yx}q |oDN}Uo 'OUQ@ OwN |}=yv C}iQ_ x@ |vD@ Q}D xmv}=
xOW xO=iDU= |vD@ Q}D |R=Uy@ CyH FRP |x}q 4 R= '|aU u}twO QO "O=O
QO 'FRP w uD@ |=yVvQm w =yVvD pQDvm w Q}D C}U=UL R}r=v; R= Oa@ xm CU=
QO VvQm 'CU= xOt; CUOx@ 0 0064 OwOL FRP |=yxkQw QO VvQm xm |r=L
Qw] x@ =Q Cr=L u}= u=wD|t xm CU= xOw@ 0 003 OwOL Q}D |Q=Wi Q=D u} QDQwO
=@ u=tRsy xm |Dr=L |va} 'OQm ZQi xOW|R=Uy@ Q}D Tvq=@ CUmW Qou=}@ |@} QkD
|xYqN "OvQ}o|t Q=Qk |oDN}Uo |xv=DU; QO R}v FRP |=yxkQw 'uD@ |oOWOQN
xOW xO=O u=Wv 9 pmW w 7 w 6 |=ypwOH QO B33 Q}D |R=Uy@ x@ \w@ Qt G}=Dv

"CU=

"FRP |=yxkQw C=YNWt "5 pwOH
E �GPa� X �MPa� �0 0� |}=yv VvQm �mm� Ct=N[

240 3400 14 8 16
"CU=yx}q |WWm Ctw=kt X w =yx}q |v=UWm pwOt E

"|R=Uy@ R= Oa@ w p@k B33 Q}D u=mt Q}}eD "6 pwOH
�y=�u �ukal=�u �uaz=�u �ykal=�y �yaz=�y xvwtv

2 5 0 885 � 0 86 � B33AZ

1 83 � 0 836 � 1 247 B33Cal

1 73 1 02 0 86 1 07 1 244 B33F3
1 8 1 195 0 885 1 05 1 22 B33F4

|xvwtv s}rUD u=mt Q}}eD �yaz '|vD@ `]kt s}rUD u=mt Q}}eD �y '|vD@ `]kt |}=yv u=mt Q}}eD �u

"|y=oW}=tR; |xvwtv |}=yv u=mt Q}}eD �uaz w |y=oW}=tR;
"|R=Uy@ R= Oa@ w p@k B33 Q}D G}=Dv "7 pwOH

Pu=Puaz Pu=PuAZ PY =Pykal PY =Pyaz xvwtv
0 95 � 0 907 � B33AZ

� 1 04 � 1 1 B33Cal

2 5 2 62 1 7 1 87 B33F3
1 98 2 07 2 38 2 62 B33F4

'|y=oW}=tR; |xvwtv |}=yv Q=@ Puaz '|y=oW}=tR; |xvwtv s}rUD Q=@ %Pyaz u; QO xm
"CU= xQ@}r=m |xvwtv s}rUD Q=@ Pykal 'Q}D |}=yv Q=@ pu 'Q}D s}rUD Q=@ py

132



3/
2|

xQ=t
W'

33
�2

|xQ
wO'

�13
96

R}}=B
�h

}QW
u=Qt

a|
UOv

yt

�p = ('u � 'y)LP (11)

kd 'Oqwi |v=UWm pwOt ES '|rw] |=yQwD=tQ; s}rUD VvD fy '=yu; QO xm
|FvN Q=D `=iDQ= c 'Q}D |}=yv |=vLv= w <=vLv= ?}DQD x@ 'u w ' '|FvN Q=D C}akwt

"OvDUy xtQ;uD@ Q}D |Q}tN VNQJ �p w Q}D CUmW |x_Lr QO

Q}D |OQmrta |=yR=QD =@ ?U=vDt VQ}PB |=yQ=}at G=QNDU= "2"3
B33

R=QD Qy =@ Q_=vDt VQ}PB |=yQ=}at |x�=Q= '|OQmrta VwQ QO Qo}O syt ẁ[wt
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