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=@ VvD Qo}O |=yQ}Ut QO =yv; OQmrta |xwLv 'X=N VvD Q}Ut l} QO |y=oW}=tR;
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\w@ Qt |m}t=v}O w |m}D=DU= |OOa |=yp}rLD QO s}rUD Kw]U Q}F-=D xH}Dv QO w |Q=DiQ
|@=} RQ= OQwt �|Q=OQ@Owo w 'pvwD '|B |Q@ Q=@ C}iQ_ pFt� l}vmDw�S hrDNt p�=Ut x@

=@ 'VywSB u}= QO xDiQQ=mx@ |Q=DiQ |=ypOt |v}@V}B '|rm x=ov l} QO "CU= xDiQo Q=Qk
u} QDtm |B |Q=PoQ=@ QO '�pw=ODt |QwLtxU V}=tR; |va}� uw}U=Q@}r=m VvD Q}Ut x@ xHwD
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'|Q=PoQ=@ hrDNt |=yQ}Ut '|Q=DiQ |=ypOt 's}rUD K]U %|O}rm u=oS=w
"|m}t=v}O w |m}D=DU= |OOa |=yp}rLD

xtOkt "1
=yv; `]=kt xm Ov=xOW x�=Q= |rY= |=yVvD |=[i QO \wQNt w |ar[VW sQy
s}rUD |=yQ=}at 'xt=O= QO "CU= xQ}=O w s_Dvt=v |ar[VW '|i=QLv= |xLiY QO
|i=QLv= |xLiY QO =yv; s}rUD Kw]U xm CU= xOW O=yvW}B l =N |=Q@ |irDNt
"OwW|t u=}@ 'OvQ=O Q=Qk |ar[VW w xQ}=O u}@ ?re= xm |vLvt l} \UwD
|=yQ}eDt=v T=U=Q@ s}rUD Q=}at l} [5]'1975 p=U QO |WywSB QO 'p=Ft u=wvax@
|Qo}O VywSB QO u}vJty "CU= xOW x�=Q= J31=J3 = const CQwYx@ VvD
xOW x�=Q= J1:J2=J3 = const CQwYx@ Qo}O s}rUD Q=}at l} R}v [6]'�1974�

"�OvDUy VvD |=yQ}eDt=v J3 w J2 'J1� CU=
|=yp}rLD QO s}rUD Kw]U u}= pmW Q}F-=D u=R}t 'u}@ u}= QO KQ] p@=k |xr�Ut
=yQ=Ri=sQv 's}rUD Q=}at R= xO=iDU= x=oDN=U xm|}=Hv; R= 'Qo}O CQ=@a x@ "CU= |OOa
's}rUDhrDNt Kw]U u}= xm O}O O}=@ 'OvDUy|m}vmDw�S p�=Ut |OOa |=yp}rLD w
=Hv}= QO Qw_vt u}= |=Q@ "Ow@ Ovy=wN Q=PoQ}F-=D |OOa |=yp}rLD QO QOkJ ,qta
x@ OwN Q=DN=U QO xm 'Ov=xOW |iQat DPH w MCH |=ys=v x@ |Q=DiQ pOt wO
u}= pmW "Ovvm|t xO=iDU= Qo =QB � Qm =QO w ?trwm � Qywt |=vW; |=yQ=}at R= ?}DQD
=ypOt u}= |rm Q=DN=U "CU= 1 pmW Ovv=t |i=QLv= |xLiY QO s}rUD Kw]U
"Ov=xOQ@ Q=mx@ xm CU= |t}rUD Q=}at u=ty QO \ki =yv; Cw=iD w CU= x@=Wt ,qt=m

hrDNt |=yV}=tR; s=Hv= |=Q@?U=vt C=v=mt= O=H}= w |SwrwvmDCiQW}B =@ s=oty
|QDj}kO Q=DiQ =D CU= xOW O=H}= CYQi u}= 'l}vmDw�S |xYQa QO |y=oW}=tR;
|=ypOt xm OwW|t VqD C=Oy=Wt w C=ar=]t u}= |xH}Dv QO "OwW OYQ l =N R=
=Q l =N R= |QDK}LY Q=DiQ u=wD@ |OOa |=yp}rLD QO =D OwW x�=Q= |QDj}kO |Q=DiQ
|=yQ=}at |x�=Q= 'CU= xOW s=Hv= =DU=Q u}= QO xm |D=t=Ok= R= |m} "OQm |R=Ux}@W
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|O}rm C=}YwYN R= |m} "OvDUy xv=wDU= w |ar[VW QwWvt hQat ?}DQD x@
l} 'Qo}O CQ=@ax@ "CU= l =N u}ov=}t VvD 'uO}UQ s}rUD x@ s=ovy QO =yl =N
u}ov=}t VvD =} VvD Q}eDt=v u}rw= R= |a@=D O}=@ 'l =N |=Q@ s}rUD K}LY Q=}at
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%OwW|t u=}@ 2 |xrO=at CQwYx@
_�ij = Dijkl _"ekl =} _"eij = Cijkl _�kl (2)

%OvwW|t h} QaD ?3 w hr=3 CqO=at CQwYx@ Cijkl w Dijkl '=yu; QO xm
Dijkl = (K � 2G

3 )�ij�kl +G(�ik�jl + �il�jk) (hr=3)

Cijkl = ( 1
9K �

1
6G )�ij�kl + 1

4G (�ik�jl + �il�jk) (?3)

"CU= lr=@ pwOt K w |WQ@ pwOt G '=yu; QO xm
xOt;CUOx@ |QwLt VvQm p@=kt QO |i=QLv= VvD Q=Owtv ,qwtat '=DU=Q u}= QO
|vLvt l} VR=Q@ =@ w OwW|t sUQ �xOW|WmyR� pw=ODt |QwLtxU V}=tR; R=
s}taD R=TB xD@r= "O};|tCUOx@ pOt |=yQDt=Q=B '|y=oW}=tR; |=yxO=O x@ |rwrPy
xrtH R= VvD |=yQ}Ut Q}=U |=Q@ u; R= u=wD|t '|Q=PoQ=@ |rm Cr=L |=Q@ pOt

"OQm xO=iDU= xOWv|WmyR |QwLt xU V}=tR;
'|QwLtVvQm C=Q}}eD x@ �|i=QLv=VvD C=Q}}eD =}� |QwLtVvD C=Q}}eDC@Uv
VvQm � |i=QLv= VvD Q=Owtv ?}W 'Qo}O CQ=@ax@ "CU= Kr=Yt nv=} pwOt u=ty

"Ow@ Oy=wN nv=} pwOt Q@=Q@ 'OwW ZQi u=UWm Kr=Yt Q=DiQ xJv=vJ '|QwLt
|x]@=Q� =@ Ow@ Oy=wN Q@=Q@ x_Lr Qy QO Q_vOQwt |rwrPy `@=D ?}W 'xH}Dv QO

%�4
d(�11 � �33)

d"11
= d�11
d"11

= _�11
_"11

= E ) E = a1
(a1 + b1"11)2

(4)

O}; CUOx@ VvD ?UL Q@ nv=} pwOt Q=Okt xm OwW|t xDWwv |Qw] 4 |x]@=Q
%�5 |x]@=Q�

E = (1� b1(�11 � �33))2

a1
(5)

x}rw= |x@v=H xty VvD �33 w '|QwLt VvD �11 '|QwLt VvQm "11 'u; QO xm
"OvDUy

u=wvax@ w CU= |rwrPy |vLvt ẁQW |x]kv QO Q=Owtv ?}W Qov=}@ 1
a1 QUm

%�6 |x]@=Q� OwW|t xDiQo Q_v QO �Ei =} E1� x}rw= nv=} pwOt
Ei = 1

a1
(6)

VvD x@ =Q (Ei) Q=Owtv |x}rw= ?}W Q=Okt [21w20]'hrDNt |=yVywSB T=U=Q@
%�7 |x]@=Q� OvyO|t C@Uv (�33) |@v=H

Ei = Khpa(�33
pa

)n (7)

QO Qo =QB � Qm =QO w ?trwm � Qywt s}rUD Kw]U pmW l}D=tW V}=tv "1 pmW
"|i=QLv= |xLiY

xty R= pw= u=wD|t Qo =QB � Qm =QO w ?trwm � Qywt Q=}at wO ?=NDv= |}=QJ u=}@ QO
w Q=DN=U 'swO |xryw QO "OQm xQ=W= s}rUD Q=}at wO u}= `}Uw OQ@ Q=m w CQyW x@
OvQ}o|t OwN x@ |i=QLv= |xLiY QO Q=}at wO u}= xm CU= |Dw=iDt ,qt=m pmW
'|i=QLv= |xLiY QO s}rUD |=yQ=}at Q}=U xm OQm =aO= u=wD|t ,=@} QkD w '�1 pmW�

"OvQ=O s}rUD |=yQ=}at u}= u}@ |tQi
Q=DiQ 'pt=m |Q}tN � |]NQ}e u=UWm CQwYx@ 'xOWQmP |Q=DiQ |=ypOt
pOt R= 'l =N |]NQ}e Q=DiQ |R=Ux}@W |=Q@ "OQm Ovy=wN |R=Ux}@W =Q l =N
x@ =yQ=@ w CU= QwyWt Q=}U@ |rwrPy pOt Q=DN=U "CU= xOW xO=iDU= |rwrPy
|=v@t =t= "CU= xOW `k=w xO=iDU= OQwt uwo =vwo |=yVywSB QO hrDNt |=yVwQ
w [15]'CU= 1963 p=U QO |WywSB QO xOWO=yvW}B ?r=]t R= xDiQoQ@ pOt u}=

"CU= xOW xO=iDU= w xDi=} pt=mD QDW}@ [17w16]'=yVywSB |NQ@ QO ,=Oa@
MCH |Q=DiQ |=ypOt uw}UqwtQwi w Q=DN=U |x�=Q= R= TB 'Q=DWwv u}= QO
VvD hrDNt |=yQ}Ut QO |Q=DiQ pOt wO u}= =@ xOWx�=Q= |=y|v}@V}B 'DPH w
OQwt [19w18]'u=Q=mty w Mo�z \UwD xOWx�=Q= |y=oW}=tR; |=yxO=O x@ xHwD =@
FLAC Q=Ri=sQv x@ |Q=DiQ |=ypOt u}= TBU "CU= xDiQo Q=Qk xU}=kt w VHvU
C}iQ_� |B |Q=PoQ=@ |va} l}vmDw�S QO OQ@ Q=mQB |xr�Ut 3 KQ] =@ w |iQat
QO l =N Q=DiQ |v}@V}B QO =yv; OQmrta |xwLv '|Q=OQ@Owo w pvwD '�|B |Q@ Q=@
xOW |@=} RQ= w p}rLD |m}t=v}O w |m}D=DU= \}=QW CLD VvD hrDNt Kw]U

"CU= xOW x�=Q= \w@ Qt |=yVN@ QO 'xt=O= QO EL=@t KwQWt "CU=

�l}rw@ QB}=y� |rwrPy pOt "2
p@=kt QO (��) VvD |=yC}tm R= |@}mQD xJv=vJ '|rwrPy pOt |Qw�D T=U=Q@
OwN x@ �l}rw@ QB}=y� |rwrPy |vLvt l} sQi '(�") VvQm |=yC}tm R= |@}mQD
VR=Q@ =yxO=O u; x@ xm |rwrPy |vLvt ?}W T=U=Q@ u=wD|t '�1 |xrO=at� OvQ}o
uwv=k R= xO=iDU= =@ w OQm OQw;Q@ VvD R= |L]U Qy QO =Q Kr=Yt pwOt 'O@=}|t
|xrO=at |rm sQi "OQm |R=Ux}@W =Q l =N |]NQ}e Q=DiQ �2 |xrO=at� lwy |wtv

%CU= 1 |xrO=at CQwYx@ |rwrPy
�� = �"

a1 + b1�"
(1)

l}D=tW Qw]x@ =yv; Q=Okt xm OvDUy |rwrPy xrO=at |=yQDt=Q=B b1 w a1 'u; QO xm
lwy |wtv uwv=k =} xrO=at "CU= xOW x�=Q= xt=O= QO =yv; C=}YwYN w '2 pmW QO
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sF}y QDt=Q=B Q=Okt CU}v R=}v Qo}O =Hv}= QO "OwW xOR u}tND |rwrPy pOt |Qw�D ltm
Q=Okt u=wD|t xmr@ &OwW OQ=w pOt QDt=Q=B CQwYx@ ,=t}kDUt '|rwrPy pOt QO b1
xm CQwY u}= x@ "OQm x@U=Lt Qo =QB � Qm =QO s}rUD Q=}at R= xO=iDU= =@ =Q QDt=Q=B u}=
� Qm =QO s}rUD Q=}at R= xO=iDU= =@ |i=QLv= VvD |}=yv Q=Okt 'VvD C}akwt T=U=Q@

"O}; CUOx@ b1 u; |wQ R= w OwW x@U=Lt Qo =QB
%CWwv 13 |x]@=Q CQwYx@ u=wD|t =Q Qo =QB � Qm =QO s}rUD Q=}at

f =
p
J2 � �fp� kf = 0 (13)

u}vJty "OvDUy C@Ft Q}O=kt =@ w Qo =QB � Qm =QO Q=}at |=yQDt=Q=B kf w �f 'u; QO xm
R= |L]U Qy QO "CU= xOW xDiQo Q_v QO C@Ft 'QwmPt |x]@=Q QO |Q=Wi VvD
|x]@=Q CQwYx@ |oDN}Uo |x_Lr QO pJ2 |}=yv Q=Okt 'OW=@ Q_v Ot xm VvD

%Ow@ Oy=wN 14
p
J2 = �fp+ kf (14)

CUOx@ 15 |x]@=Q R= (qf ) |oDN}Uo |x_Lr QO |i=QLv= VvD Q=Okt wQ u}= R=
%O};|t

q =
p3J2 ) qf =

p3 (�fp+ kf ) (15)

Q=Okt 'Ovm|tv `]k =Q |rwrPy pOt ?v=Ht x=oI}y VvD C}akwt xm |}=Hv; R=
|oDN}Uo |x_Lr |i=QLv= VvD R= QDnQR@ |mOv= u=wD|t =Q |i=QLv= VvD ?v=Ht

%�16 |x]@=Q� CiQo Q_v QO

qu = Rf :qf ) qu = Rf :
p3 (�fp+ kf ) (16)

XNWt =yV}=tR; T=U=Q@ O}=@ xm 'CU= 1 R= QDnQR@ ?} Q[ l} Rf 'u; QO xm
x@U=Lt p@=k 17 |x]@=Q CQwYx@ 11 |x]@=Q x@ xHwD =@ nv=} pwOt u}=Q@=v@ "OwW

%CU=

E = Ei

 
1� qp3Rf : (�fp+ kf )

!2
(17)

pQDvm =Q l =N |oDN}Uo Qo =QB � Qm =QO s}rUD Q=}at '|Q=DiQ pOt u}= QO u}=Q@=v@
"OwW|t u}}aD 17 |xrO=at x@ xHwD =@ l =N pwOt 's}rUD K]U pN=O QO w Ovm|t

K]U x=Qty x@ |rwrPy pOt� MCH |Q=DiQ pOt "4
�?trwm � Qywt s}rUD

Q=DN=U |x�=Q= 'xH}Dv QO w ?trwm � Qywt s}rUD K]U =@ |rwrPy pOt s=eO= CyH
'|rwrPy pOt QO R=}vOQwt |}=yv |i=QLv=VvD =D OwW|t VqD 'MCH |Q=DiQ pOt
� Qywt s}rUD Q=}at |rm |x]@=Q "O}; CUOx@ ?trwm � Qywt s}rUD K]U T=U=Q@

%CU= 18 |x]@=Q CQwYx@ ?trwm

fs = J1
3 sin�+

p
J2 cos � �

p
J2p3 sin� sin � � c cos� � 0

(18)

u}vJty "Ov};|t CUOx@ �3 p@=kt QO Ei Q=Owtv sUQ =@ n w Kh Q=Okt 'u; QO xm
xDiQo Q=Qk xO=iDU= OQwt CyH u}O@ xm 'CU= <=v@t Q=Wi =} QiUtD= Q=Wi pa Q=Okt
CQwYx@ R}v b1 QDt=Q=B "OQwNv Q@ pmWt x@ |O=a@= ^=Lr R= xOWQmP |x]@=Q xm CU=

%OQ=O \=@DQ= |}=yv VvD =@ 8 |x]@=Q
b1 = 1

(�11 � �33)ultimate
(8)

u}@ 'pw=ODt |QwLt xU V}=tR; R= xO=iDU= =@ u=wD|t |rwrPy pOt T=U=Q@ u}=Q@=v@
'uwU=wB C@Uv uDUv=O =@ TBU "OQm Q=QkQ@ \=@DQ= VvD K]U w Kr=Yt nv=} pwOt
C}=yv QO "OwW|t Ci=} VvD R= |L]U Qy QO |WQ@ pwOt w lr=@ pwOt Q=Okt
|=yQ}Ut |=Q@ |rm Cr=L QO =Q l =N Q=DiQ u=wD|t 3 w 2 |=yx]@=Q R= xO=iDU= =@

"OQm |v}@V}B |rwrPy VwQ T=U=Q@ hrDNt VvD
|va} X=N VvD Q}Ut l} T=U=Q@ xOWQmP \@=wQ xm CW=O xHwD O}=@ =t=
C}at=H \@=wQ u}= x@ u=wD@ xmv}= |=Q@ "CU= xOW xDWwv pw=ODt |QwLt xU V}=tR;
C}rm x@ p=L u}a QO w OQ}o@ Q_v QO QDy@ =Q hrDNt VvD |=yQ}Ut =D O=O |QDW}@
u}= QO 'OwWv OQ=w xt]r 'CU= xOW xQ=W= uDt QO xm |}=yQDt=Q=B w \@=wQ G=QNDU=

%CU= xOW ^=Lr C=LqY= u}= VywSB
xOWQmP\@=wQ QO xH}Dv QO w pw=ODt |QwLt xUV}=tR; QO |i=QLv=VvD Q=Okt "1
VvD |rm Cr=L QO =t= "CU= xOW xDiQo Q_v QO (�11 � �33) CQwYx@

%O};|t CUOx@ 9 |x]@=Q R= |i=QLv=
q =

p3J2 (9)

QO |i=QLv= VvD |xR=Ov= q w |i=QLv= VvD QwUvD swO Q}eDt=v J2 'u; QO xm
%CW=O s}y=wN =Q 10 |x]@=Q xH}Dv QO "CU= |rm Cr=L

q =r1
2
h
(�11��22)2+(�11��33)2+(�22��33)2i+�212+�213+�223

(10)

%OwW|t xDWwv 11 |x]@=Q CQwYx@ 5 |x]@=Q u}=Q@=v@
E = (1� b1q)2

a1
) E = Ei (1� b1q)2 (11)

"CU= q = (�11 � �33) 'pw=ODt |QwLt xU V}=tR; QO
QDy@ "CU= xOW \@DQt �33 x@ xOWQmP \@=wQ QO �a1 xH}Dv QO w� Ei Q=Okt "2
|x@v=Hxty VvD� l}D=DU=wQO}y VvD x@ QDt=Q=B u}= '|rm Cr=L QO CU=

%�12 |x]@=Q� OwW \@DQt p �u}ov=}t
Ei = Khpa( p

pa
)n (12)

p=tQv VvD ẁtHt (�ii) w p = 1
3 ((�11) + (�22) + (�33)) 'u; QO xm

"CU=

K]U x=Qty x@ |rwrPy pOt� DPH |Q=DiQ pOt "3
�Qo =QB � Qm =QO s}rUD

xHwD =@ s}rUD Q=}at xm CU= u}vJ DPH x@ swUwt |Q=DiQ pOt QO xDiQQ=mx@ swyit
=@ l =N |]NQ}e Q=DiQ 'K]U u}= uwQO w u}}aD Qo =QB � Qm =QO |oDNU}o K]U x@
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RQ=|wQ V}=tR; u}= "CU= xOW xO=iDU= [19w18]'�2010� u=Q=mty w R}iwt \UwD
w |Q}UtQo |L=wv x@ jraDt xm 'CU= xOW s=Hv= Barind l =N x@ swUwt |m =N

"CU= xU=t �22 w 'Cr}U �28 'TQ �50 pt=W w |Q}UtQox@W
OQmrta |xwLv |@=} RQ= Qw_vt x@ 'l =N u}= |wQ hrDNt V}=tR; |QU VW
Ov=CQ=@a QwmPt VvD |=yQ}Ut "CU= xOW s=Hv= 'hrDNt VvD |=yQ}Ut QO u;

%R=
x@v=Hxty VvD V}=tR; u}= QO %(CTC) pw=ODt |Q=Wi |QwLtxU V}=tR; "1

"O@=}|t V}=Ri= |QwLt VvD Q=Okt w CU= C@=F
C@=F |QwLtVvDV}=tR; u}= QO %(CTE) pw=ODt |WWm |QwLtxUV}=tR; "2

"O@=}|t V}=Ri= x@v=Hxty VvD Q=Okt w CU=
C@=F |QwLt VvD V}=tR; u}= QO %(RTC) xOvy=m |Q=Wi |QwLtxU V}=tR; "3

"O@=}|t Vy=m x@v=Hxty VvD Q=Okt w CU=
x@v=Hxty VvD V}=tR; u}= QO %(RTE) xOvy=m |WWm |QwLtxU V}=tR; "4

"O@=}|t Vy=m |QwLt VvD Q=Okt w CU= C@=F
Vy=m x@v=HxtyVvD wV}=Ri= |QwLtVvD %(TC) |Q=Wi |QwLtxUV}=tR; "5
��3 = ���12 CQwYx@ =yVvD C=Q}}eD C@Uv V}=tR; u}= QO "O@=}|t

"CU=
V}=Ri= x@v=HxtyVvD wVy=m |QwLtVvD %(TE)|WWm |QwLtxUV}=tR; "6
��3 = ���12 CQwYx@ =yVvD C=Q}}eD C@Uv V}=tR; u}= QO "O@=}|t

"CU=

|Q=DiQ |=ypOt uw}U=Q@}r=m "2"5
R= 'Q_vOQwtl =N|=Q@ DPH w MCH |Q=DiQ |=ypOt R=l} Qy uw}U=Q@}r=mCyH
|=yQDt=Q=B Q}O=kt "CU= xOW xO=iDU= �CTC� pw=ODt |QwLtxU V}=tR; |=yxO=O

"Ov=xOW x�=Q= 1 pwOH QO pY=L
|=yVvD QO (Ei) x}rw= nv=} |=ypwOt T=U=Q@ =D CU= xOW VqD =Hv}= QO
|va} 12 |x]@=Q |=yQDt=Q=B 'CTC V}=tR; R= xOt;CUOx@ p00 x}rw= u}ov=}t QF-wt
u}ov=}t VvD p@=kt QO (Ei) nv=} pwOt |x}rw= Q}O=kt "Ov}; CUOx@ n w Kh

"CU= xOW x�=Q= 2 pwOH QO u; Q_=vDt
xOWVR=Q@ |v=wD |x]@=Q u} QDy@ '100 kPa (Pa) |=v@t Q=Wi uDiQoQ_vQO =@

%CU= 23 |x]@=Q CQwYx@ =yxO=O x@
Ei0 = 31235

�
p00

100
�0 6607

) Ei = 31235
�
p0

100
�0 6607

(23)

l =N |=Q@ uw}U=Q@}r=m R= pY=L Q_vOQwt |Q=DiQ |=ypOt |=yQDt=Q=B "1 pwOH
"Barind

MCH |Q=DiQ pOt DPH |Q=DiQ pOt
C 20 93 kPa kf 25 36 kPa

� 27 170 �f 0 622
� 0 25 � 0 25
Rf 1 2 Rf 1 2
Ei xOWQmP C=L}[wD T=U=Q@ Ei xOWQmP C=L}[wD T=U=Q@

=Q VvD C}akwt |=DU=Q Ck}kL QO w CU= swUwt Lode |x} w=R x@ � |x} w=R
'OwHwt VvD C}akwt |=Q@ x} w=R u}= Q=Okt "OyO|t u=Wv |i=QLv= |xLiY QO

%OwW|t h} QaD 19 |x]@=Q CQwYx@

� = �1
3Arc sin

0@3p3
2

J3
J

322

1A ; ��
6 � � � �

6 (19)

x@U=Lt 20 |x]@=Q CQwYx@ |i=QLv= VvD swO Q}eDt=v |xv}W}@ Q=Okt wQ u}= R=
%OwW|t

p
J2 � �J13 sin�+ c cos�

cos � � 1p3 sin� sin �

) �p
J2
�

max
=

����� �J13 sin�+ c cos�
cos � � 1p3 sin� sin �

����� (20)

21 |x]@=Q CQwYx@ '|rwrPy Q=}at QO qu |i=QLv= VvD |}=yv Q=Okt 'u}=Q@=v@
%OwW|t h} QaD

q =
p3J2 ) qu =

p3
����� �J13 sin�+ c cos�
cos � � 1p3 sin� sin �

�����Rf (21)

|OOa 'CU= xOW u=}@ u}W}B VN@ QO xm Qw]u=ty 'Rf Oa)@ uwO@ ?} Q[
=@ x_Lr Qy QO nv=} pwOt 'C}=yv QO u}=Q@=v@ "CU= �1 1 ,qFt� 1 R= QD nQR@

%CU= x@U=Lt p@=k 22 |x]@=Q R= xO=iDU=

E = Ei
�

1� q
qu

�2
) E = Ei

�
1�

p
J2

Rf :(
p
J2)max

�2

(22)

QwUvD swO Q}eDt=v 'VvD QwUvD pw= Q}eDt=v '?}DQD x@ J3 w J2 'J1 'Q}N= \@=wQ QO xm
"OvDUy |i=QLv= VvD QwUvD swU Q}eDt=v w '|i=QLv= VvD

'MCH w DPH pt=m |Q}tN � |]NQ}e u=UWm |Q=DiQ |=ypOt u}=Q@=v@
u=UWm |=ypOt x@ C@Uv 'l =N Q=DiQ R= |QD?U=vt |v}@V}B |x�=Q= seQ|ra
R=}v |}xi=[= QDt=Q=B I}y x@ 'Qo =QB � Qm =QO w ?trwm � Qywt pt=m |Q}tN � |]N
� Qm =QO w?trwm � Qywt |=ypOt x@C@Uv MCH w DPH |=ypOt Cw=iD "OvQ=Ov
Ovm|t OQ=w |OwQw QDt=Q=B u=wvax@ Q@ Q=m xm CU= |rwOt Q=Okt QO \ki |rwtat Qo =QB
"�CU= R=}v \UwDt pwOt |=H x@ x}rw= pwOt x@ MCH w DPH |=ypOt QO xm �
\w@ Qt kf w �f w ?trwm � Qywt s}rUD K]U x@ \w@ Qt � w C xm OwW xHwD
sUQ =} Qywt |xQ}=O sUQ |va} pwtat VwQ u=ty R= 'Qo =QB � Qm =QO s}rUD K]U x@
CkO V}=Ri= |=Q@ xD@r= "OvDUy x@U=Lt p@=k \UwDt VvD � |i=QLv= VvD Q=Owtv
|=Q@ x]@=Q l} '|y=oW}=tR; |=yxO=O x@ |vLvt l} VR=Q@ =@ u=wD|t =y|v}@V}B
xO=iDU= OQwt w OwW u}}aD u}ov=}t |x@v=H xty Q=Wi ?UL Q@ Ei |x}rw= pwOt

"OQ}o Q=Qk

|=ypOt |=y|v}@V}B w |y=oW}=tR; |=yxO=O "5
DPH w MCH |Q=DiQ

=yV}=tR; w l =N |rm C=}YwYN "1"5
|va} 'VywSB u}= QO xOWx�=Q= |Q=DiQ pOt wO OQmrta |xwLv |@=} RQ= Qw_vt x@
xOWx�=Q= |y=oW}=tR; |=yxO=O R= hrDNt |Q=PoQ=@ |=yQ}Ut QO 'DPH w MCH
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|�=}
raO

tLt
wxO

=RQO
}L

sF}y

|=ypOt \UwD xOWx�=Q= |=y|v}@V}B w |y=oW}=tR; |=yxO=O |xU}=kt "4 pmW
"CTE V}=tR; QO DPH w MCH |Q=DiQ

|=ypOt \UwD xOWx�=Q= |=y|v}@V}B w |y=oW}=tR; |=yxO=O |xU}=kt "5 pmW
"RTC V}=tR; QO DPH w MCH |Q=DiQ

|=ypOt \UwD xOWx�=Q= |=y|v}@V}B w |y=oW}=tR; |=yxO=O xU}=kt "6 pmW
"RTE V}=tR; QO DPH w MCH |Q=DiQ

|=ypOt \UwD xOWx�=Q= |=y|v}@V}B w |y=oW}=tR; |=yxO=O |xU}=kt "7 pmW
"TC V}=tR; QO DPH w MCH |Q=DiQ

"x}rw= u}ov=}t QF-wt VvD p@=kt QO x}rw= nv=} pwOt Q}O=kt "2 pwOH
x}rw= u}ov=}t QF-wt VvD x}rw= nv=} pwOt

(p00) (kPa) (Ei0) (kPa)

100 115000
200 90000
300 80000
400 55000
500 45000
600 35000

n = 0 6607 wKh = 312 35 CQwYx@ '12 |xrO=at |=yQDt=Q=B Ck}kL QO
"Ov=xOt; CUOx@

QO DPH w MCH |Q=DiQ |=ypOt |=y|v}@V}B |x�=Q= "3"5
VvD hrDNt |=yQ}Ut |=Q@ |y=oW}=tR; |=yxO=O =@ xU}=kt

'Q_vOQwt l =N |=Q@ |Q=DiQ |=ypOt R=}vOQwt |=yQDt=Q=B uOQw;CUOx@ R= TB
R= xO=iDU= =@ |Q=PoQ=@ hrDNt |=yQ}Ut QO VvQm p@=kt QO VvD C=Q}}eD |xwLv
x@ =y|v}@V}B u}= Q}O=kt "CU= xDiQo Q=Qk |v}@V}B OQwt xOWQmP |Q=DiQ |=ypOt
"CU= xOW x�=Q= 8 |r= 3 |=ypmW QO 'x=oW}=tR; QO xOW|Q}oxR=Ov= Q}O=kt x=Qty

%CU= QmP p@=k OQ=wt u}= 'xOWx�=Q= G}=Dv x@ xHwD =@
V}=tR; VvD |=yQ}Ut |=Q@ |Q=DiQ |=ypOt 'CU= xOW xQ=W= xm Qw]u=ty ��
x@ \w@ Qt |y=oW}=tR; |=yxO=O w =y|v}@V}B '3 pmW "Ov=xOW xQ@}r=m CTC

|Q=DiQ |=ypOt |=y|v}@V}B u; j@=]t xm 'OyO|t u=Wv =Q VvD Q}Ut u}=
j=@]v= =y|v}@V}B u}= u}vJty w OvDUy j@]vt sy Q@ ,qt=m DPH w MCH

"OvyO|t u=Wv OwN R= |y=oW}=tR; |=yxO=O =@ =Q |@U=vt
|=ypOt QO xDiQQ=mx@ s}rUD Kw]Uj=@]v= 'uw}U=Q@}r=m ẁv x@ xHwD =@ xm|}=Hv; R= ��
|=y|v}@V}B '|rm Qw]x@ &CU= |Q=Wi |Q=PoQ=@ Cr=L QO DPH w MCH

R= =yV}=tR; xm |Dr=L QO DPH w MCH |Q=DiQ pOt wO \UwD xOWs=Hv=
"OvDUy j@]vt sy Q@ ,qt=m '�7 w 5 '3 |=ypmW� OvDUy |Q=Wi ẁv

|=y|v}@V}B '�8 w 6 '4|=ypmW� OvDUy|WWm ẁv R= =yV}=tR; xm|Dr=LQO ��
|oDN}Uo|x]kv w OQ=O|y=oW}=tR; |=yxO=O =@ |QD?U=vtj=@]v=MCHpOt
� Qywt s}rUDK]U|va}� pOt u}= QO xDiQQ=mx@ s}rUDK]U\UwD xOW|v}@V}B

|=ypOt \UwD xOWx�=Q= |=y|v}@V}B w |y=oW}=tR; |=yxO=O |xU}=kt "3 pmW
"CTC V}=tR; QO DPH w MCH |Q=DiQ
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=yp

}rLD
QOs

}rUD
K]

Up
mW

Q}F- =D
|@=}

RQ=

"XN=W \=kv C}akwt w |B |xr�Ut |rm |=tW "9 pmW

Q=Wi u=R}t p@=kt QO Q_vOQwt XN=W \=kv �CUWv� s�=k u=mtQ}}eD "10 pmW
|Q=DiQ |=ypOt \UwD xOWs=Hv= |=yp}rLD T=U=Q@ l =N Q@ |B hQ] R= OQ=w

"DPH w MCH

T=U=Q@ 'xar=]t OQwt l =N C=}YwYN x@ xHwD =@ |B |Q@ Q=@ C}iQ_ xm CU=
\=kv |O=OaD "OwW|t xOR u}tND 200 kPa OwOL '|B |UOvyt pwtat |=yVwQ
u}= |=yC}tm Q}}eD x@ xHwD =@ xm CU= xOW u}}aD xr�Ut |xUOvy |wQ XN=W
|=ypOt R= l} Qy OQmrta |xwLv u=wD@ �s�=k |}=Hx@=H u=ty =} CUWv� \=kv
u}= C}akwt w xr�Ut |rm |=tW "O=O Q=Qk |UQQ@ OQwt =Q DPH w MCH |Q=DiQ

"CU= xOW xO=O u=Wv 9 pmW QO '?NDvt XN=W \=kv
'|Q=DiQ |=ypOt R= l} Qy ltm x@ =yp}rLD s=Hv= w =y|Q=PoQ=@ s=tD= R= TB
|Q=PoQ=@ R= wtv Qy QO 'XN=W \=kv QO �s�=k |=yu=mtQ}}eD� pY=L |=yCUWv
|r=ta= s�=kVvD p@=kt QO \=kv u}= x@ \w@ Qt s�=k u=mtQ}}eD xm 'CU= xOt;CUOx@
|ewrW R= R}yQB CyH xm CU= sRq QmPD u}= "CU= xOW x�=Q= 10 pmW QO |B |wQ
xOW|iQat XN=W \=kv u=}t R= '10 pmW QO =y|vLvt |xR=Ov= R= V}@ s=LOR= w
|x]kv u}vJty w |v=QL@ \=kv u=wvax@ 4 w 2 '1 \=kv QO CUWv |=y|vLvt \ki
wO \UwD xOW|v}@V}B Q}O=kt Cw=iD |xOta "CU= xOW sUQ xvwtv u=wvax@ 5
QO xm CU= |}=yxk]vt x@ \w@ Qt '|B |Q=PoQ=@ QO DPH w MCH |Q=DiQ pOt
QDQwO \=kv w |B |Q=vm \=kv� \=kv Q}=U QO "OvQ=O Q=Qk u; |m}ORv QO w |B Q} R
xOy=Wt =y|v}@V}B u}@ |iqDN= u=OvJ '9 pmW QO 8 |r= 5 \=kv |va} �|B Q} R

"OwW|tv
Kw]U s=tD QO|va} OQ=wt|t=tD QO ,=@} QkD 4|r= 1 \=kv QO xmCU=Hv}=?r=H
DPH |Q=DiQ pOt R= xO=iDU= =@ xOWOQw;Q@ CUWv '|B hQ] R= |r=ta= VvD

|=ypOt \UwD xOWx�=Q= |=y|v}@V}B w |y=oW}=tR; |=yxO=O |xU}=kt "8 pmW
"TE V}=tR; QO DPH w MCH |Q=DiQ

'=yV}=tR; ẁv u}= QO "OQ=O |y=oW}=tR; |=yxO=O =@ |QDy@ j=@]v= �?trwm
�Qo =QB � Qm =QO s}rUD K]U |va} u; QO xDiQQ=mx@ s}rUD K]U w� DPH pOt
xOW|Q}oxR=Ov= |=yxO=O =@ u=OvJ xm 'OvR|t u}tND =Q |QDnQR@ u=UWm |xk]vt

"CU}v nvy=ty
xOW|v}@V}B |=yxO=O?U=vt j=@]v=u}a QO xm OwW|t xOy=Wt|rmCr=L QO ��
|=yQ}Ut QO |Q=DiQ |=ypOt \UwD xOWOQw;Q@ pwOt '|y=oW}=tR; |=yxO=O =@
|=yxO=O x@ \w@ Qt Q}O=kt R= QDW}@ |tm '�CTC Q}Ut R= Q}e� |Q=PoQ=@ hrDNt

"CU= |y=oW}=tR;

|m}D=DU= Cr=L � |OOa |=yp}rLD "6
|v}@V}B QO =yv; OQmrta |xwLv |@=} RQ= w Q_vOQwt |Q=DiQ |=ypOt |x�=Q= R= TB
OQmrta |xwLv CU= Q=Qk hrDNt VvD |=yQ}Ut QO |y=oW}=tR; |=yxO=O G}=Dv
R= pY=L |}=yv G}=Dv QO s}rUD K]U pmW Q}F-=D u=R}t xH}Dv QO w QwmPt |=ypOt
Qw_vt u}= |=Q@ "OQ}o Q=Qk |@=} RQ= OQwt |m}vmDw�S syt p�=Ut |OOa |=yp}rLD
|Q=OQ@Owo w 'pvwD '|B |Q=PoQ=@ |va} l}vmDw�S QO KQ]t w OQ@ Q=m QB |xr�Ut xU
CU= |WvD uwo =vwo |=yQ}Ut C}y=t 'p�=Ut u}= ?=NDv= Cra "CU= xOW ?=NDv=
CQ=@ax@ "O};|t OwHwx@ l =N QO |m}vmDw�S |=yxR=U u}= |=QH= |xH}Dv QO xm
pvwD |=Q@ '|Q=PoQ=@ CQwYx@ |B Q} R l =N |=Q@ =Q VvD Q}Ut C}y=t u=wD|t 'Qo}O
|Q=PoQ=@ u=t-=wD |=yQ}Ut CQwYx@ '|Q=OQ@Owo |xr�Ut QO w |Q=OQ@ Q=@ CQwYx@

"CiQo Q_v QO |Q=OQ@ Q=@ w
w MCH� xOW|iQat |Q=DiQ |=ypOt sD} Qwor= 'Qw_vt u}= |=Q@ xH}Dv QO
'CU= xOW x}@aD FLAC Q=Ri=sQv QO xm Fish |U} wvxt=vQ@ u=@ R ltm =@ �DPH

p�=Ut `=wv= p}rLD u=mt= '?}DQD u}= x@ "CU= xOW |iQat QwmPt Q=Ri=sQv x@ w xDWwv
xOW sy=Qi Q_vOQwt |Q=DiQ |=ypOt w FLAC Q=Ri=sQv R= xO=iDU= =@ |m}vmDw�S

"CU=

|B |Q=PoQ=@ "1"6
w MCH |Q=DiQ |=ypOt R= l} Qy OQmrta |xwLv w |B |xr�Ut |UQQ@ QO
QO C}=yv|@ pw] x@ w QDt 2 ZQa x@ |Q=wv |B l} 'p�=Ut ẁv u}= QO DPH

10 kPa |Q=PoQ=@ wtv =@ |B |Q=PoQ=@ "CU= xOW |R=UpOt FLAC 2D Q=Ri=sQv
sRq QmPD u}= "CU= xOW s=Hv= �300 kPa� nQR@ |i=m |xR=Ov= x@ |=yVvD =D
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|�=}
raO

tLt
wxO

=RQO
}L

sF}y

w |@=} RQ= CyH XN=W \=kv C}akwt w pvwD |xr�Ut |rm |=tW "11 pmW
"|Q=DiQ |=ypOt OQmrta |xwLv |xU}=kt

|Q=DiQ |=ypOt R= xO=iDU= =@ pvwD p}rLD QOXN=W \=kv s�=k u=mtQ}}eD "12 pmW
"DPH w MCH

|=ypOt R= xO=iDU= =@ pvwD p}rLD QO XN=W \=kv |ki= u=mtQ}}eD "13 pmW
"DPH w MCH |Q=DiQ

u=mtQ}}eD |v}@V}B QO MCH w DPH |=ypOt R= pY=L G}=Dv QO hqDN=
s�=k u=mtQ}}eD u} QDW}@ u}vJty "CU= �pvwD |xQ=w}O� 3 |x]kv x@ \w@ Qt �|ki=
QO 'OwW|t x_Lqt xm Qw]u=ty "CU= �pvwD hm � 5 |x]kv x@ \w@ Qt 'xOWC@F
MCH \UwD xOWs=Hv= |=yp}rLD R= pY=L G}=Dv u}@ hqDN= 'lJwm |=yQ]k
hqDN= �pvwD Q]k V}=Ri= =@� |Q=iL Q]k V}=Ri= =@ xDiQxDiQ w CU= R}J=v DPH w

"O};|t sWJ x@ QDW}@ G}=Dv u}@
p}rLD QO 'CU= QDt 8 pvwD Q]k xm |t=ovy pvwD QwLt |q=@ QO u}tR K]U
p}rLD QO =t= &OyO|t u=Wv =Q CUWv QDt|Dv=U 2 5 OwOL MCH pOt \UwD
=@ xDiQsy} wQ "OwW|tv x_Lqt x]kv u; QO |DUWv DPH |Q=DiQ pOt \UwD
|Q=DiQ pOt |=y|v}@V}B =@ G}=Dv u; QD?U=vt j=@]v= w |y=oW}=tR; G}=Dv x@ xHwD

QO xmv}= x@ xHwD =@ "CU= MCH pOt \UwD xOW|v}@V}B Q}O=kt hYv ,=@} QkD
|y=oW}=tR; |=yxO=O =@ xU}=kt QO |Q=DiQ |=ypOt |=y|v}@V}B |x�=Q= VN@
'VvD hrDNt |=yQ}Ut QO MCH pOt |=y|v}@V}B xm CU= xOW x_Lqt
xH}Dv u=wD|t &OvQ=O Q_vOQwt l =N |y=oW}=tR; |=yxO=O =@ |QD?U=vt j=@]v=
OW=@ |QDj}kO Q=Okt Ov=wD|t MCH pOt R= pY=L G}=Dv w =yp}rLD xm CiQo
QO u}=Q@=v@ "OW=@ xDW=O |QDW}@ |Q=oR=U '|B |xr�Ut QO |ak=w |=yxO=O =@ w
K]U |=yQDt=Q=B xJv=vJ '�Qo =QB � Qm =QO s}rUD K]U =}� DPH pOt |Q}oQ=mx@
R= QDtm |}=yCUWv 'OvwW OQw;Q@ �CTC Ovv=t� |Q=Wi VvD |=yQ}Ut R= s}rUD

"OW Ovy=wN |v}@V}B �|ak=w Q=Okt hYv x@ l}ORv |DL� |ak=w Q=Okt
s}rUD K]U |=Q=O |Q=DiQ |=ypOt R= xO=iDU= QO xm OUQ|t Q_vx@ u}=Q@=v@
's}rUD K]U x@ \w@ Qt |=yQDt=Q=B xm OW=@ u}= QDy@ '|B |Q=PoQ=@ QO Qo =QB � Qm =QO
Q=Okt R= QDtm |r}N CUWv Q}O=kt =D OvwW u}}aD |WWm |=yV}=tR; |=yQ}Ut R=
Qo =QB � Qm =QO s}rUD K]U R= |t_a= CtUk 'Cr=L u}= QO "OvwWv |v}@V}B |ak=w
u}= xD@r=� CiQo Oy=wN Q=Qk ?trwm � Qywt s}rUD K]U pN=O |i=QLv= |xLiY QO

"�OQ=O QDW}@ |UQQ@ w xar=]t x@ R=}v ẁ[wt

pvwD "2"6
|xUOvy 'DPH w MCH |Q=DiQ |=ypOtltm x@ pvwD |xr�Ut|@=} RQ= Qw_vt x@
xm |Qw]x@ 'CU= xOW xDiQo Q_v QO QDt 40 `=iDQ= x@ w QDt 80 pw] x@ pOt
|=yp}rLD |xU}=kt CyH "OQ=O Q=Qk u}tR K]U R= |QDt 20 jta QO pvwD RmQt
hrDNt |=yC}akwt QO x]kv OvJ '|Q=DiQ |=ypOt R= l} Qy \UwD xOWs=Hv=
x@ 11 pmW QO \=kv u}= C}akwt "CU= xOW xDiQo Q_v QO XN=W \=kv u=wvax@

"CU= xOW xDW=Po V}=tv
QO |Q=DiQ |=ypOt |@=} RQ= w xr�Ut x@ VvD K]U |H} QOD <=kr= CyH
Q]k CU= xOW ZQi pvwD QiL G}=Q |=yxw}W R= Q_vhQY 'VvD hrDNt |=yQ}Ut
Q]k x@ QDt 1 xrLQt Qy QO xm |Qw]x@ "O@=} V}=Ri= xDiQxDiQ 'hrDNt pL=Qt QO pvwD
Q_v QO QDt 8 pvwD Q]k u} QDnQR@ 'C}=yv QO w xOwRi= �pvwD `=aW x@ QDt s}v� pvwD
|wQ �pvwD Q]k QO V}=Ri=� xrLQt Qy QO pvwD QiL R= |W=v Q}F-=D "CU= xOW xDiQo
'QwmPt |=ypmW� OQm xOy=Wt 13 w 12 |=ypmW QO u=wD|t =Q XN=W \=kv
R}v =Hv}= QO xD@r= "�Ov=xO}Wm Q} wYD x@ =Q XN=W \=kv |ki= w s�=k |=yu=mtQ}}eD
|=yu=mtQ}}eD \ki '=yQ=Owtv QO =y|vLvt |xR=Ov= R= V}@ s=LOR= R= R}yQB Cra x@
"CU= xOW xDW=Po V}=tv x@ 13 w 12 |=ypmW QO X=N \=kv |NQ@ x@ \w@ Qt
\=kv w �12 pmW� s�=k pmWQ}}eD sUQ |=Q@ 11 w 5 '3 '1 \=kv Qw_vt u}= |=Q@
u=wD|t xH}Dv QO "Ov=xOW ?=NDv= �13 pmW� |ki= u=mtQ}}eD sUQ |=Q@ 4 |r= 2
w hrDNt |=yQ]k =@ |}=ypvwD QO =Q Q_vOQwt |Q=DiQ |=ypOt OQmrta |xwLv

"O=O Q=Qk |@=} RQ= OQwt hrDNt |xOW <=kr= VvD Kw]U QO u}vJty
x@ xQ=w}O |vD@ VWwB 'pvwD |xQ=w}O |Q=O}=B Qw_vt x@ xm CU= sRq QmPD u}=
Q_v QO 2200 kg/m3 |r=oJ w 20 GPa nv=} pwOt 'QDt|Dv=U 15 Ct=N[
|=yu=mtQ}}eD R}v pvwD |xr�Ut QO 'OwW|t x_Lqt xm Qw]u=ty "CU= xOW xDiQo
\UwD xOW|v}@V}B |=yu=mtQ}}eD R= QDtm DPH pOt =@ xOW|v}@V}B |ki= w s�=k
QDtm |B |xr�Ut =@ xU}=kt QO 'hqDN= u}= Q=Okt w COW =t= 'CU= MCH pOt

"CU=
11 w 10 '6 '5 '1 \=kv QO |ki= |=yu=mtQ}}eD 'OwQ|t Q=_Dv= xm Qw]u=ty
u} QDW}@ xH}Dv QO w� |ki= u=mtQ}}eD u} QDW}@ "OvDUy QiY 'xr�Ut uQ=kD Cra x@

21



"""|
=yp

}rLD
QOs

}rUD
K]

Up
mW

Q}F- =D
|@=}

RQ=

CyH Q_vOQwt XN=W \=kv x=Qty x@ |Q=OQ@Owo |xr�Ut |rm |=tW "14 pmW
"|Q=DiQ |=ypOt OQmrta |xwLv |xU}=kt w |@=} RQ=

"xr�Ut u}= QO xDiQQ=mx@ |=yQBU C=YNWt "3 pwOH
MQt}v s=v TvH `]kt T=U= |UQv}= u=tt C=L}[wD

(mm3/m) (mm4/m)

PS� 28 Oqwi 10 20� 104 3 82� 106 CU@ w pik p@=k
VOwN =@

"PS-28 QBU �MQt}v� `]kt Q}wYD "15 pmW

=@ |Q=OQ@Owo p}rLD � XN=W \=kv QO |ki= |=yu=mtQ}}eD Q=Owtv "16 pmW
"DPH w MCH |Q=DiQ |=ypOt R= xO=iDU=

T=U=Q@ |Q=DiQ |=ypOt |=yQDt=Q=B Qo = xm OwW|t \=@vDU= u}vJ ,=vt[
Q=}U@ Qo =QB � Qm =QO pOt R= pY=L G}=Dv 'OvOW|t xQ@}r=m |WWm V}=tR; |=yQ}Ut
\UwD xOW|v}@V}B Q}O=kt R= QDW}@ |r}N =Q =ypmWQ}}eD w OW|t xv=Q=mx_i=Lt
|=yVN@ QO xOWx�=Q= |y=oW}=tR; |=yxO=O x@ xHwD =@ xm � MCH |Q=DiQ pOt

"OR|t u}tND '�CU= QDK}LY ,q=tDL= 'p@k

|m}t=v}O Cr=L � |OOa |=yp}rLD "7
|=yp}rLD QO |Q=DiQ |=ypOt s}rUD Kw]U pmW Q}F-=D u=R}t |UQQQ@ Qw_vt x@
p}rLD x@ \w@ Qt VN@� p@k VN@ QO xOWKQ]t |xr�Ut xU =Hv}= QO '|m}t=v}O
Cr=L wO QO =yp}rLD "Ov=xDiQo Q=Qk p}rLD OQwt|m}t=v}O |Q=PoQ=@CLD '�|m}D=DU=

CU= QDl}ORv C}ak=w x@ pOt u}= G}=Dv |rmQw]x@ xm CiQo xH}Dv u=wD|t 'MCH

"OvwW KqY= O}=@ |awv x@ DPH pOt |=yQDt=Q=B w
K]U |=yQDt=Q=B |va}� pOt u}= s}rUD K]U |=yQDt=Q=B Qo = O}=WCr=L u}= QO
'OvwW xDiQo Q_v QO |WWm w |Q=Wi Cr=L wO R= |v}ov=}t '�Qo =QB � Qm =QO s}rUD
O}=W Ck}kL QO |va} "OwW KqY= 's}rUD K]U u}= R= |W=v |=y|v}@V}B G}=Dv
� Qm =QO s}rUD K]U |xQ}=O xm OvwW ?=NDv= |Qw] s}rUD K]U |=yQDt=Q=B Qo =
s}rUD K]U u}= uOQmxQ@}r=m R= pY=L Q}=wO u}@ |awv x@ '|i=QLv= |xLiY QO Qo =QB
�QDlJwm u=UWm |xk]vt =} xQ}=O� |WWm |QwLtxU |=yV}=tR; |=yxO=O =@
Q}=wO u}@ 'Qo}O CQ=@ax@ =} w �QDnQR@ |xQ}=O� |Q=Wi |QwLtxU |=yV}=tR; w
QO l =N Q=DiQ 'OQ}o Q=Qk ?trwm � Qywt s}rUD K]U x@ \w@ Qt |]}Lt w |]=Lt
C}ak=w x@ QDW}@ �Qo =QB � Qm =QO s}rUD K]U� DPH |Q=DiQ pOt \UwD pvwD p}rLD

"OwW l}ORv

|Q=OQ@Owo "3"6
|Q=O}=B CyH 'VvD hrDNt |=yQ}Ut O=H}= Qw_vt x@ '|Q=OQ@Owo |xr�Ut QO
l =N 'xvwtv u=wvax@ '=Q} R "CU= xOW xO=iDU= �|}xQ] QBU� QBU R= Owo |xQ=w}O
'Owo Q} R QO u; CWB l =N w |@v=H |Q=OQ@ Q=@ Oy=W 'Owo |q=@ QO QBU CWB
Oy=W |awv x@ Owo |rN=O |xk]vt u}vJty w Ow@ Oy=wN |@v=H |Q=PoQ=@ Oy=W
'xr�Ut u}= QO xm CW=O Q=_Dv= u=wD|t T=U= u}= Q@ "CU= |QwLt |Q=OQ@ Q=@

"O=O Oy=wN MQ VvD hrDNt |=yQ}Ut
xm 'CU= xOW xDiQo Q_v QO XN=W \=kv u=wvax@ |]=kv R}v xr�Ut u}= QO

"CU= xOW x�=Q= 14 pmW QO xr�Ut |rm O=a@= x=Qty x@ =yv; C}akwt
|QDt 10 |xrY=i QO QDt 12 `=iDQ= x@ |R=wt QBU wO 'Owo |Q=O}=B^iLCyH
QO� xrLQt x@ xrLQt CQwYx@ |Q=OQ@Owo TBU "CU= xOW =QH= u}tR pN=O sy R=
xO}UQ QDt 10 x@ Owo jta C}=yv QO xmv}= =D 'CU= xOW s=Hv= �QDt 1 xrLQt Qy
DPH w MCH |Q=DiQ |=ypOt R= l} Qy OQmrta |xwLv ?}DQD u}= x@ "CU=
R= |W=v xOW<=kr= VvD hrDNt Kw]U xH}Dv QO� |Q=OQ@Owo hrDNt pL=Qt QO

"CU= xDiQo Q=Qk xU}=kt w |@=} RQ= OQwt �|Q=OQ@Owo
QO xm CU= [22]'l}vmDw�S |UOvyt pwY= ?=Dm R= xDiQoQ@ 'QBU C=YNWt
"CU= xOW xDW=Po V}=tv x@ 15 pmW QO u; `]kt |Qy=_ |=tv w x�=Q= 3 pwOH
p}rLD QO DPH w MCH |Q=DiQ pOt wO OQmrta |xwLv |xU}=kt w |@=} RQ=
16 pmW QO xm XN=W \=kv |ki= |=yu=mtQ}}eD x@ xHwD =@ '|Q=OQ@Owo |xr�Ut
|rm Cr=L QO 'OwW|t x_Lqt xm Qw]u=ty "OQ}PB|t s=Hv= 'CU= xOW x�=Q=
MCH |Q=DiQ |=ypOt wO R= l} Qy R= xO=iDU= =@ xOW|v}@V}B |=yu=mtQ}}eD
|=yjta QO |Q=iL 'xr�Ut u}= QO "OvDUy x}@W w l}ORv sy x@ Q=}U@ DPH w
w CU= QDW}@ VvD Kw]U w =ypmWQ}}eD O=H}= CyH \ki 'QDt 8 |r= 7 R= V}@
|=yu=mtQ}}eD 'OwW|t x_Lqt xm Qw]u=ty "CU}v |k]vt u=OvJ Q=mu}= pta QO
j=ta= QO ,=YwYNt 'DPH w MCH |Q=DiQ pOt wO \UwD xOW|v}@V}B |ki=

"OvDUy j@]vt sy Q@ ,=y=o w l}ORv sy x@ Q=}U@ 'QDt 8 |r= 7 R= QDtm
|Q=DiQ pOt R= xO=iDU= =@ xOW|v}@V}B |=yu=mtQ}}eD R}v =Hv}= QO OvJ Qy
=t= 'CU= MCH pOt \UwD xOWs=Hv= |=y|v}@V}B R= QDtm |rm Cr=L QO DPH

XwYNQO xm OQm \=@vDU= u}vJ u=wD|t wCU}v O=} R|r}N xDiQsy} wQ hqDN= u}=
|=ypOt uOQmxQ@}r=m CyH |Q=Wi |=yQ}Ut R= xO=iDU= '|Q=OQ@Owo Ovv=t |r�=Ut

"OW Oy=wN sDN K}LY G}=Dv x@ w CU= pwkat |Q=DiQ

22



|�=}
raO

tLt
wxO

=RQO
}L

sF}y

"QDU@ Q@ OQ=w p;xO}= |xrRrR |ki= ?=DW |vLvt "17 pmW

|v=QL@ \=kv QO |m}t=v}O Q=@ Q}F-=D CLD |B �CUWv� s�=k pmWQ}}eD "18 pmW
"DPH w MCH |Q=DiQ |=ypOt \UwD xOWs=Hv= |=yp}rLD T=U=Q@

|v}@V}B lOv= Q=}U@ u; x@ \w@ Qt |=ypmWQ}}eD xH}Dv QO 'OyO MQ |oDN}Uo
"OwW|t

\UwD xOWx@U=Lt s�=k |=yu=mtQ}}eD xm OwW|t x_Lqt 18 pmW x@ xHwD =@
=t= 'OvDUy j@]vt sy Q@ xrRrR R= TB swO |x}v=F =D ,=@} QkD 'Q_vOQwt |Q=DiQ pOt wO
OwW|t O=} R Q=}U@ MCH |Q=DiQ pOt \UwD xOWx@U=Lt |=yCUWv u; R= TB
R= "Ovvm|t =O}B DPH \UwD xOWx@U=Lt |=yCUWv =@ |WL=i ,qt=m hqDN= w
s}rUD K]U pmW Vkv '|B |m}t=v}O |Q=PoQ=@ QO xm CiQo xH}Dv u=wD|t wQ u}=
xO=iDU= |Q=DiQ pOt R= xm CU= sRq Cr=L u}= QO w OW=@ nvQQ)B Q=}U@ Ov=wD|t
w Ovm|t pOt QDy@ =Q s}rUD \}=QW xm CU= |}xvwo x@ u; s}rUD K]U xm OwW

"OwW CUQO=v ,=O}OW G}=Dv x@ QHvt Ov=wD|t QDxO=U s}rUD Kw]U R= xO=iDU=

pvwD |m}t=v}O p}rLD "2"7
xOWKQ]t |xr�Ut C}rm R= 'VywSB u}= QO pvwD |m}t=v}O p}rLD s=Hv= Qw_vt x@
xm CU= xOW ZQi '=DU=Q u}= QO "CU= xOW xO=iDU= pvwD |m}D=DU= p}rLD QO
xO=O K}[wD V}B CtUk QO xm Qw]u=ty� |m}t=v}O Q=@ CLD QDt 6 Q]k x@ |rvwD

"OQ}o Q=Qk �CU= xOW
w �pvwD |xQ=w}O w G=D ?}DQD x@� 3 w 1 |x]kv wO QO s�=k |=yu=mtQ}}eD
|Q=DiQ pOt wO \UwD xm �pvwD |xQ=w}O� 3 w 2 \=kv QO |ki= |=yu=mtQ}}eD
\w]N "Ov=xOW x�=Q= 20 w 19 |=ypmW QO 'Ov=xOW x@U=Lt DPH w MCH

MCH pOt \UwD xOW|v}@V}B u=mtQ}}eD |xOvyOu=Wv =ypmW u}= QO s}N[
"OvyO|t u=Wv =Q DPH pOt |=y|v}@V}B lR=v \w]N w CU=

OvyO|t u=Wv |Q=DiQ pOt wO Qy 'OwW|t x_Lqt 19 pmW R= xm Qw]u=ty
QO |yHwD p@=k u=Uwv G=D QO =t= 'Ovm|t u=Uwv xrRrR =@ s=oty pvwD |xQ=w}O xm

pY=L G}=Dv |xU}=kt =@ w s=Hv= DPH w MCH |Q=DiQ |=ypOt T=U=Q@ |va}
xOW |@=} RQ= |m}t=v}O |Q=PoQ=@ QO s}rUD K]U pmW Q}F-=D '|Q=DiQ pOt wO u}= R=

"CU=
u}= "CU= xOW xO=iDU= '�17 pmW� |ki= ?=DW |vLvt R= Qw_vt u}= |=Q@
|UQQ@ OQwt p�=Ut QDU@ QO xm 'OyO|t u=Wv =Q p;xO}= |xrRrR l} ?=DW pmW
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pOt |=y|v}@V}B 'OvDUy |WWm |QwLtxU ẁv R= xm |}=yV}=tR; x@ \w@ Qt
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