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pOt |WRN |=ypmWQ}}eD |v}@V}B Qw_vtx@ '\}=QW u}= QO pvwD h=Q]= nvUxOwD
xO=iDU= OQwt |D=k}kLD pvwD l} |=Q@ O}OH \@=wQ "CU= xOt; CUO x@ |O}OH |r}rLD

G}=Dv "OW xU}=kt FLAC Q=Ri=sQv |OOa p}rLD =@ u; R= pY=L G}=Dv w CiQo Q=Qk
"CU= Q=OQwNQ@ |}q=@ CkO w CLY R= xOWO=} pOt xm OyO|t u=Wv xrY=L
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h=Q]= |=yu=mt Q}}eD Q@ Q=m xv}U QF= uDiQo Q_v QO =@ 'Qw_vt u}ty x@ [7]"CU=
x@ xDU@=w Q=DiQ u=}@ |=Q@ xOWKqY= *u} wrm *|WRN pOt R= xO=iDU= =@ R}v w pvwD
CLD |}xQ}=O |=ypvwD u=tR `@=D |=yu=mtQ}}eD |=Q@ |}xDU@ pL VwQ 'xOwD u=tR
|a=aW w |U=tt VvD 'u=UWm Cr=L QO [8]"CU= xOW x�=Q= l}D=DU=wQO}y VvD
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'pvwD `=aW O=ODt= QO w pvwD RmQt R= |a=aW |xrY=i r 'pvwD `=aW R u; QO xm
|=yVvD Q}O=kt 'OvUQ@ s}rUD OL x@ =yVvD xJv=vJ "CU= x}rw= VvD Q=Okt �0 w
x@U=Lt 4 |x]@=Q j@=]t 's}rUD |x_Lr QO pvwD Q=OH |=Q@ |U=tt w |a=aW

[8]%OwW|t8<:�� = �0(1� �e)
�� = �0(1 + �e)

(4)

w Ovm|t ^=Lr =Q Q=m xv}U |wQW}B QF= xm CU= � QDt=Q=B R= X=N |Q=Okt �e
pmWx@ x}L=v u}= "OwW|t p}mWD pvwD h=Q]= |Q}tN |x}L=v � > �e |=R=x@

*sDU}U Q@ xOQ=w Q=Wi w pvwD |xQ=w}O |}=Hx@=H u=R}t Q@ 'pvwD |Q=iL u}L QO
|m} %OQtWQ@ Qt= u}= |=Q@ u=wD|t syt p}rO wO "OW Oy=wN xOwRi= |Q=Oxov
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"OwW
Q=m xv}U R= u=W|rw] |xrY=i xm |a]=kt � �Q=m xv}U x@ l}ORv `]=kt� |=Q@
,=DOta pvwD |xQ=w}O QO xO=ONQ *|}=Hx@=H � CU= pvwD Q]k Q@=Q@ xU =D wO R= QDsm
x@ 'Cw=iDt `@=wD ltmx@ hrDNt u}ir-wt "Ow@ Oy=wN Q=m xv}U |wQW}B QF= R= |W=v
|xQ=w}O QO xO=ONQ *|}=Hx@=H =@ Q=m xv}U R= `]kt |xrY=i u=}t |@ QHD \=@DQ= u=}@
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|UQQ@ OQwt `]kt |xrY=i x 'pvwD |wQW}B QF= |xOvvm^=Lr QDt=Q=B � x]@=Q u}= QO
xm |a]=kt � �Q=m xv}U R= QwO `]=kt� |=Q@ "CU= pvwD `=aW R w Q=m xv}U R=
|=y|}=Hx@=H � �� = 1� OvQ=O Q=m xv}U R= xOW QmP |xrY=i R= |QDW}@ |xrY=i
VRN |xO}OB "�VRN QF=� CU= xOwD *u=tR x@ xDU@=w Q=DiQ QF=Q@ xQ=w}O QO xOWO=H}=
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=Q pvwD |Q=iL R= |W=v Q=OH QO xOWO=H}= pmW Q}}eD u=R}t xm |]@=wQ 'OwW xDiQo
\@=wQ u}= CU= umtt "OQm Oy=wN =O}B |}xO}J}B Q=}U@ pmW 'Ovm |v}@V}B Ov=wD@
xOwD Q=DiQ |vt[ Qw]x@ C=}[Qi QO u}vJty "OQm x�=Q= xDU@ pL CQwYx@ u=wDv =Q
OwN pt=m |Q}tN Q=DiQ "CU= xOW xDiQo Q_v QO pt=m |v=UWm�|Q}tN nvU
|QwLtxU w |QwLtlD C=W}=tR; T=U=Q@ "CU= |tHL VvQm uOv=tC@=F Qou=}@
CU= 0 5 OwOL uwU=wB C@Uv Q=Okt s}rUD |x_Lr QO '=ynvU QFm = Q@ xOWs=Hv=
QO =@ CU= |y}O@ "CU= s}rUD |x_Lr QO `=UD= u=mt= sOa R= |W=v R}v u}= xm

"CU= p}Uv=DB `@=D uOQmh} QaD x@ \wvt \@=wQ |x�=Q= '`=UD= u=mt= uDiQo Q_v
`]kt |xrY=i "OwW|t QiL 1 pmW j@=]t xQ}=O `]kt =@ |rvwD O}vm ZQi
OQwt `]kt =Pr "CU= Q=m xv}U R= pvwD `=aW Q@=Q@ Q=yJ R= V}@ pmW u}= QO A-A

OQwt `]kt |=yu=mt Q}}eD Q@ Q=m xv}U u}=Q@=v@ "CU= Q=m xv}U R= QwO `]kt '|UQQ@
"�� = 1 |va}� OQ=Ov |Q}F-=D |UQQ@

Q=m xv}U R= pvwD `=aW Q@=Q@ Q=yJ R= QDsm u=WxrY=i xm |a]=kt Q}=U |=Q@
|}xk]vt I}y � < �e xm |t=ovy "�� < 1� Ow@ Oy=wN 1 R= QDlJwm � CU=
xm |v=tR =t= [10]"CU= u=UWm p}rLD =Pr w OW Oy=wNv s}rUD pvwD |xQ=w}O R=
j@=]t |UQQ@ OQwt `]kt QO pvwD Q=OH u}tR OwW|t ZQi 'OwW|t � < �e
2 |x]@=Q R= xO=iDU= =@ pvwD Q=OH QO |a=aW VvD "OwW s}rUD ?trwm�Qywt Q=}at

%O};|t CUO x@
�3 = �r = (1� �)�0

%=@ CU= Q@=Q@ Cr=L u}= QO 5 |x]@=Q R= xO=iDU= =@ |U=tt VvD
�1 = �� = Kp�r + �C = Kp(1� �)�0 + �C

%CWwv u=wD|t Cr=L u}= QO R}v u}ov=}t |=yVvD |=Q@
�mean = �1 + �3

2 = �r + ��
2 = (Kp + 1) (1� �)�0 + �C

2
%CWwv u=wD|t |i=QLv= |=yVvD |=Q@ u}vJty

�dev1 = �1 � �mean = (Kp � 1) (1� �)�0 + �C
2 (8)

�dev3 = �3 � �mean = � (Kp � 1) (1� �)�0 + �C
2 (9)

p}Uv=Qi}O |xrO=at 'QoQ@ QYva QO 9 w 8 |=yx]@=Q j@=]t|r[=iD |=yVvD p=ta= =@
'CrwyU Qw_vtx@ "OQw; CUO x@ u=wD|t =Q pvwD h=Q]= |xOwD *u=tR `@=D |=yVvQm
C}=yv QO w 'G=QNDU= xv=o =OH CQwYx@ pwUm =t w u} wrm QYva wO R= l} Qy \@=wQ
\=@DQ= "CU= xOW xO=O u=Wv 2 pmW QO u} wrm QYva "OvwW|t ?}mQD Qo}Om} =@

[11]%R= CU= CQ=@a QYva u}= QO u=tR =@ |WQ@ pwOt |r}Uv=Qi}O
G = �1

d
dt

+G1 (10)

"�CU= Q=m xv}U R= QwO |UQQ@ OQwt `]kt� Q=m xv}U \}=QW "1 pmW

|=Q@ ?trwm�Qywt Q=}at R= xm |DQwY QO "OwW|t xDiQo Q_v QO rp `=aWx@ |}xQ}=O
[8]%OwW xO=iDU= u}tR xOwD s}rUD X}NWD

�� = KP�r + �C (5)

|@} Q[ R}v KP CU= pvwD h=Q]= l =N =} nvU |QwLtlD |Q=Wi Ctw=kt �c
[8]%�6 |x]@=Q� =@ CU= Q@=Q@ u; Q=Okt xm CU=

KP = 1 + sin'
1� sin'

(6)

[8]%R= CU= CQ=@a Cr=L u}= QO �e Q=Okt "CU= xOwD |rN=O l =m]Y= |x} w=R '
�e = 1

KP + 1
�
KP � 1 + �C

�0

�
(7)

pkDUt� |v; |=yVvQm u}}aD x@ QO=k ,=iQY xOWKqY= u} wrm pOt xm CU= |a}@]
|=yVRN u; \UwD u=wD|tv w CU= xOwD QO x}rw= VRN uO=Ou=Wv R}v w �u=tR R=
xm CU= |r=L QO u}= "OQm |v}@V}B =Q =ypvwD h=Q]= |=yxOwD QO Q=O}=B w x} wv=F
|QDpt=m |R=UpOt x@ QO=k CU= pwUm =t w u} wrm QYva wO R= |@}mQD xm QoQ@ QYva

"CU= Kr=Yt u=tR `@=D Q=DiQ R=
CLD |}xQ}=O |=ypvwD |=Q@ sRq \@=wQ QoQ@ QYva R= xO=iDU= =@ Q=DWwv u}= QO
G=QNDU= pvwD h=Q]= |xOW|Q}tN xOwD Cr=L QO w l}D=DU=wQO}y VvD \}=QW
Q=m xv}U R= QwO w l}ORv \=kv QO pvwD |WRN |=yu=mt Q}}eD T=U= u}ty Q@ w xOW
u=wD|t 'Q=DWwv u}= QO xOt; CUO x@ \@=wQ R= xO=iDU= =@ "CU= xOW |v}@V}B pvwD
Q=Okt xm |DQwY QO "O=O s=Hv= COtR=QO QO VRN |xO}OB R= |QD|k]vt |R=UpOt
|Ov@ Q=R@= G}=Dv j@=]t 'Qo}O hQ] R= [8]"Ov=t|t C@=F COtR=QO QO |WRN VvQm
CWPo QO |WRN VvQm Q=Okt Q@ OW=@ |Q=Oxov sDU}U Ok=i pvwD xJv=vJ '=ypvwD
|y}O@ "�|mtv |=ynvUxOwD QO xOWE=OL= |=yQ=et Ovv=t� OwW|t xOwRi= u=tR
u=tR QwQtx@ p�=L sDU}U Q@ xOQ=w Q=Wi'|Q=Oxov sDU}U OwHw CQwY QO CU=
CU= |y=wo OwN ?r]t wO u}= "O@=}|t V}=Ri= |WRN |=yVvQm =@ xr@=kt |=Q@
QO "O@=}|t V}=Ri= u=tR |] QO VvD K]U x@ xDU@ |WRN VvQm xm =aOt u}= Q@
|Ov@ Q=R@= G}=Dv R= xO=iDU= =@ R}v w [9]�FlacQ=Ri=sQv� |OOa VwQ R= xO=iDU= =@ xt=O=

"CU= xDiQo Q=Qk |UQQ@ OQwt xOWx�=Q= pOt '|D=k}kLD pvwD l} QO

`@=D |=ypmW Q}}eD |v}@V}B |=Q@ QoQ@ pOt OQ@ Q=m
xOwD uOW|Q}tN CQwYQO pvwD u=tR

|v}@V}B |=Q@ 'QoQ@|v=tR QYva R= xO=iDU= =@ w =yVvD u=UWm |xOwOLt QO u}ir-wt
Q=DWwv u}= QO [10]"Ov=xO=O O=yvW}B |rOt pvwD Q=OH QO xOW O=H}= |=yu=mt Q}}eD
QD=Qi u=UWm |xOwOLt R= =yVvD u; QO xm OQ}o|t Q=Qk |UQQ@ OQwt |O}OH Cr=L

%xm C=}[Qi u}= =@ "OwW|t p}mWD pvwD h=Q]= QO |Q}tN |}x}L=v w xDiQ
&OQ=O |v=UWm�|Q}tN Q=DiQ pvwD h=Q]= |xOwD "1

&�K = 1� CU= OL=w Q@=Q@ s�=k |=yVvD x@ |ki= |=yVvD C@Uv "2
&OwW|t Q_vhQY pvwD hkU QO xOW CUU |xOwD uRw R= "3

&CU= Q=QkQ@ 1|QwLtuQ=kD \}=QW "4
"�OQ=Ov OwHw `=UD= u=mt=� CU= Q}PB=vsm =QD pvwD h=Q]= Kr=Yt "5
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= VvQm |=Q@ "CU= QYva u; |}=Q}t �2 w pwUm =t QYva |WQ@ pwOt G2 u; QO xm

%CWwv u=wD|t "1 = �dev12G |x]@=Q R= xO=iDU= =@ QYva u}= QO QDnQR@ |rY=

"1 = (Kp � 1) (1� �)�0 + �C
4�2 ddt

+ Kp(1� �)�0 + �C
4G2

(16)

"3 = �dev32G |x]@=Q R= xO=iDU= =@ QYva u}= QO QDlJwm |rY= VvQm u}vJty
%OwW|t u=}@ u}vJ

"3 = � (Kp � 1) (1� �)�0 + �c
4�2 ddt

� (Kp � 1) (1� �)�0 + �c
4G2

(17)

CQwYx@ pwUm =t QYva |=Q@ �t = 0� ẁQW |x_Lr QO VvQm |va} x}rw= \}=QW
%CU= xOW xDiQo Q_v QO 18 |x]@=Q8<:"1(0) = (Kp�1)(1��)�0+�C

4G2

"3(0) = � (Kp�1)(1��)�0+�c
4G2

(18)

=@ w 16 p}Uv=Qi}O |xrO=at pL =@ QDnQR@ |rY= VvQm |=Q@ 'pwUm =t QYva QO
%CWwv u=wD|t QYva u}= |=Q@ '18 |x]@=Q j@=]t x}rw= \}=QW uDiQo Q_v QO

"1 ="�= (Kp�1)(1��)�0+�C
4G2

+ b(Kp�1)(1��)�0+�Cct
4�2

(19)

18 |x]@=Q j@=]t x}rw= \}=QW p=ta= =@ w 17 p}Uv=Qi}O |xrO=at pL =@ u}vJty
%R= CU= CQ=@a xOt; CUOx@ |a=aW VvQm Q=Okt

"3 ="r=� (Kp�1)(1��)�0+�c
4G2

� b(Kp�1)(1��)�0+�cct
4�2

(20)

QoQ@ QYva QO |U=tt VvQm �19 w 13 \@=wQ� xOW xQ=W= QYva wO \@=wQ `tH =@
%=@ CU= Q@=Q@ \}=QW u}= QO pvwD |=Q@

"1 = "� = [(Kp � 1)(1� �)�0 + �C ]� 1
4G2

+ t
4�2

+ 1
4G1

�
1� exp

�
�G1t
�1

���
(21)

`tH� OwW|t u=}@ u}vJ pvwD |=Q@ QoQ@ QYva QO |a=aW VvQm '\}=QW u}ty QO
%�20 w 14 |=yx]@=Q

"3 = "r = � [(Kp � 1)(1� �)�0 + �c]� 1
4G2

+ t
4�2

+ 1
4G1

�
1� exp

�
�G1t
�1

���
(22)

%O};|t CUO x@ |a=aW u=mt Q}}eD '|a=aW VvQm R= |Q}o p=QoDv= =@
Ur =

Z
"rdr (23)

p=ta= =@ w 23 w 22 \@=wQ x@ xHwD =@ "CU= |a=aW Q}eDt <RH dr x]@=Q u}= QO
|=yu=mt Q}}eD u=R}t '|[=} Q C=}rta |QUl} R=TB pvwD Q=OH |=Q@ |RQt\}=QW

"u}wrm QYva "2 pmW

|rY= VvQm |=Q@ "CU= u; |}=Q}t �1 w 'u} wrm QYva |WQ@ pwOt G1 u; QO xm
%CWwv u=wD|t QYva u}= QO QDnQR@

"1 = "� = �dev1
2G =

(Kp�1)(1��)�0+�C
22G =

(Kp�1)(1��)�0+�C
2

2 ��1 ddt +G1
�

(11)

%OwW|t u=}@ u}vJ QYva u}= QO QDlJwm |rY= VvQm u}vJty

"3 = "r = �dev3
2G = �

(Kp�1)(1��)�0
2 + �C22G

= �
(Kp�1)(1��)�0

2 + �C2
2 ��1 ddt +G1

� (12)

<=O@t� u} wrm QYva |=Q@ '(t=0) ẁQW |x_Lr QO VvQm |va} x}rw= \}=QW Qo =
%R= OW=@ CQ=@a �OW=@ |Q=iL QO hkwD ẁQW Ov=wD|t u=tR8<:"1(0) = 0

"3(0) = 0
u=wD|t x}rw= \}=QW uOQm^=Lr w 11 |x]@=Q R= u=tR x@ C@Uv |Q}op=QoDv= =@

%CWwv
"1 = "� = (Kp � 1) (1� �)�0 + �C

4G1

�
1� exp

�
�G1t
�1

��
(13)

%CWwv u=wD|t 12 |x]@=Q R= |Q}op=QoDv= =@ R}v |a=aW VvQm |=Q@
"3 = "r = � (Kp � 1) (1� �)�0 + �c

4G1

�
1� exp

�
�G1t
�1

��
(14)

CU= CQ=@a |WQ@ pwOt |r}Uv=Qi}O |x]@=Q '�3 pmW� pwUm =t QYva |=Q@
[11]%R=

1
G

= 1
�2 ddt

+ 1
G2

(15)

"pwUm =t QYva "3 pmW
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WwQR= '�UC � =y|Q=iL hkwD |=yDv= QO pvwD |xQ=w}O |}=Hx@=H u=R}t Qo}O |wU R=
%OwW|t x@U=Lt Q} R CQwYx@ x]@=Q u=ty

UC(t) = �
��

(Kp � 1)(1� ��)�0 + �c
4RKP (Kp � 1)

��
RKP � rKPP

�
+���0R2

2rP
�� 1

G2
+ t
�2

+ 1
G1

�
1� exp

�
�G1t
�1

���
QO xOt; OwHwx@ VRN Crax@ =yvD '|}=Hx@=H wO u}= u=}t hqDN= CU= |y}O@

"CU= pvwD |xQ=w}O

FLAC Q=Ri= sQv R= xO=iDU= =@ |OOa p}rLD
|r}rLD pOtCLY pQDvm Qw_vtx@ w '�4 00 |xNUv�FLAC Q=Ri=sQv R= xO=iDU= =@
s=vx@ |D=k}kLD pvwD l} |R=UpOt =@ =Pr "OQ}o|t CQwY |}xU}=kt xOt; CUOx@
|xU}=kt R}v w 'Q=Ri=sQv |Q}oQ=mx@ R= pY=L G}=Dv pQDvm w Quatre-chemins

QO OwHwt *QoQ@ QYva "OwW|t |UQQ@ G}=Dv CLY pvwD u}= *|r}rLD \@=wQ =@ =yv;
"CU= xOW xO=O u=Wv 5 pmW QO l}DUqB wmU} w p}rLD QO Q=Ri=sQv

QYva "1 %CU= xOW p}mWD Cw=iDt <RH xU R= QoQ@ QYva 5 pmW j@=]t
xm Flac Q=Ri=sQv QO "?trwm�Qywt |Q}tN QYva "3 &pwUm =t QYva "2 &u} wrm
QYva QO pm *|i=QLv=VvQm |=Q@ 'CU= OwOLt Cq[=iD VwQ Q@|vD@t u; Q=m VwQ

[9]%CWwv u=wD|t QoQ@
�eij = �eKij + �eMij + �ePij (27)

w 'pwUm =t QYva |WvQm <RH �eMij 'u} wrm QYva |WvQm <RH �eKij u; QO xm
=@ VvD \=@DQ= u} wrm QYva |=Q@ "CU= ?trwm�Qywt |Q}tN |WvQm <RH �ePij

%OwW|t u=}@ u}vJ |v=tR s=o Qy QO VvQm
Sij ��t = 2�K�eKij + 2GKeKij ��t (28)

�|wQu=Qo � xD} RwmU} w '�K |v=tR s=o �t '|i=QLv= VvD u}ov=}t Sij u; QO xm
"CU= u} wrm QYva u}ov=}t |i=QLv= VvQm w eKij u} wrm QYva |WQ@ pwOt 'GK

%O};|t CUO x@ 29 |x]@=Q R= �|i=QLv= VvD u}ov=}t� Sij Q=Okt
Sij =

SNij + SOij
2 (29)

R}v �eij � u}ov=}t |i=QLv= VvQm "CU= O}OH s=o SNij w |r@k s=o SOij u; QO xm
|x]@=Q� O}OH s=o w |r@k s=o QO C}tm u}= Q=Okt ẁtHt hYv R= CU= CQ=@a

%�30
eij =

eNij + eoij
2 (30)

"Flac Q=Ri=sQv QO QoQ@ QYva "5 pmW

%O};|t CUO x@ 24 |x]@=Q j@] pvwD Q=OH QO |WRN8>>>>>><>>>>>>:
Ur = �

��
(Kp�1)(1��)�0+�c

4RKP (Kp�1)

��
RKP � rKPP

�
+ ��0R2

2rP

�
n

1
G2 + t

�2 + 1
G1

h
1� exp

��G1t
�1

�io
rP
R =

�
2

Kp+1
�0(Kp�1)+�c

(Kp�1)(1��)�0+�c

� 1
(Kp�1)

(24)

Q]k |=yDv= wO� pvwD Q=OH |wQ sy p@=kt |x]kv wO u=mt Q}}eD Qo = \}=QW u}= QO
Oy=wN Q@=Q@ |}=Qosy u}= Q=Okt '�pvwD |}=Qosy� OwW |Q}oxR=Ov= u=tR |] QO �pvwD

%=@ Ow@
C (t) = 2 [Ur(t)� U0] (25)

x]kv l} |}=Hx@=H u=R}t Ur(t) 'pvwD u=tR x@ xDU@=w |}=Qosy C(t) u; QO xm
QO pvwD |xQ=w}O QO xO=ONQ |}=Hx@=H u=R}t U0 w 't u=tR |] QO pvwD Q=OH |wQ
VRN |xO}OB ẁkw Crax@ 'u=tR QwQt x@ CU= |y}O@ "CU= |}=Qosy ẁQW u=tR
25 w 24 \@=wQ R= xO=iDU= =@ |}=Qosy u=R}t "OW Oy=wN xOwRi= |}=Qosy u=R}t Q@

%O};|t CUO x@

C(t)=�
��

(Kp�1) (1��)�0+�c
2RKP (Kp�1)

��
RKP �rKPP

�
+ ��0R2

rP

�
�
t
�2

+ 1
G1

�
1� exp

�
�G1t
�1

���
(26)

l}ORv xm OwW|t xDiQo Q_v QO |a]kt 'xOt; CUO x@ \@=wQ R= xO=iDU= Qw_vtx@
Cr=L u}= QO Q=m xv}U QF= |xOvvm^=Lr QDt=Q=B ��� "�� = ��� CU= Q=m xv}U x@
"��� > �e� CU= xOW s}rUD xQ=w}O `]kt u}= QO xm CU= u; Q@ ZQi "�CU=
&Ov=t|t C@=F �� ?} Q[ w OwW|t hkwDt |DOt |=Q@ pvwD |Q=iL \}=QW u}= QO

"�4 pmW� CU= xOW ZQi umttQ}e VvD |R=U=yQ Cr=L u}= QO
|x]@=Q R= �UB� |=y|Q=iL hkwD |=OD@= QO pvwD |xQ=w}O |}=Hx@=H u=R}t

%O};|t CUO x@ 24

UB=�
��

(Kp � 1)(1���)�0+�c
4RKP (Kp�1)

��
RKP � rKPP

�
+ ���0R2

2rP
�

� 1
G2

�

QDsm |}xrY=i =@ |a]kt |=Q@ p�=L ptar=Tma w u}tR xYNWt |vLvt "4 pmW
"Q=m xv}U R= `=aW Q@=Q@ Q=yJ R=
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|v=Q
yD x

O=R|
Wvt

O=W
Qiw

Qi|
t}yi

OtL
= |HvUC}U=UL u}= G}=Dv "CU= xOW ?=NDv= |r}rLD pOt u}= QO sRq |=yQDt=Q=B

u}= QO RwQ 50 |=Q@ p}rLD |xH}Dv [10]"CU= xOt; u=oOvQ=ov C=WQ=Ro R= |m} QO
"CU= xOt; 6 pmW QO Cr=L

x@ |OOa |R=UpOt G}=Dv w |r}rLD \@=wQ R= xOt; CUO x@ G}=Dv |xU}=kt
p=Ft u=wvax@ "CU= xOW xO=O u=Wv 7 pmW QO QwmPt pvwD |Ov@ Q=R@= G}=Dv x=Qty
|Dr=L QO "OwW|t xDiQo Q_v QO pvwD u=ty R= Q=m xv}U x@ QDl}ORv |a]kt 'Qo}O

xQ=w}O QO |}=Hx@=H u} QDnQR@� RwQ 50 R= Oa@ pvwD |xQ=w}O |}=Hx@=H "6 pmW
"�QDt|Dv=U 3 5

"u=tR x@ C@Uv pvwD |xQ=w}O |}=Hx@=H |xU}=kt "7 pmW

"pvwD h=Q]= QO xOWs}rUD j]=vt V}=tv "8 pmW

%R= CU= CQ=@a VvQm =@ VvD \=@DQ= pwUm =t QYva QO

�eMij = �Sij
2GM + Sij

2�M �t (31)

|=Q@ =t= [9]"CU= pwUm =t QYva |wQu=Qo �M w |WQ@ pwOt GM x]@=Q u}= QO
uwv=k x@ xDU@ "OQm xO=iDU= u=} QH uwv=k R= O}=@ ?trwm�Qywt |Q}tN |WvQm <RH
p}Uv=DB `@=D O}=@ u=} QH uwv=k uOw@ ]@DQtQ}e CQwY QO�\@DQt Q}e =}\@DQt u=} QH
]@DQt Q}e u=} QH uwv=k uDiQoQ_v QO =@ "Ow@ Oy=wN Cw=iDt \@=wQ '�OwW h} QaD

%CWwv ?trwm�Qywt |Q}tN |WvQm <RH |=Q@ u=wD|t

�ePi = �s @g
s

@�i
i = 1; 3 (32)

w p}Uv=DB `@=D gs 'C@Ft Qr=mU= C}tm'�s |Q}tN |i=QLv= VvQm �ePi u; QO xm
"CU= �sy Q@ Owta |=DU=Q xU QO� C=YDNt x=oDUO QO C}tm Q=Okt iT}Ov=

�xDU@ pL VwQ� K} QY Q=Ri=sQv QO xDiQ Q=mx@ \@=wQ OW xOy=Wt xm u=vJ
|v=tR s=o Qy QO l}DUqB wmU} w p}rLD Cr=L QO VvQm |x@U=Lt x@ QO=k w xOw@v
"OwW|t xO=iDU= |Oa@ |D=@U=Lt s=o QO |D=@U=Lt s=o Qy G}=Dv R= xmr@ 'CU}v
VwQ wO u}= =Pr CU= xDU@ pL CQwYx@ ,qt=m Q=DWwv QO xOt; CUO x@ \@=wQ

"CU= Cw=iDt sy =@ ,qt=m

Quatre chemins pvwD
G}=Dv R= 'Ov}=tv pQDvm =Q OwN |O=yvW}B\@=wQCLY xmv}= |=Q@ |w u=Q=mty w srwU
|wQ}=O pvwD l} 'pvwD u}= [8]"OvOQm xO=iDU= Quatre chemins pvwD |Ov@ Q=R@=
l} QO u}tR K]U R= |QDt 85 OwOL jta QO QDt 3 Q]k x@ w QDt 38 pw] x@
xOwD C=YNWt "CU= xOW E=OL= |D=k}kLD h=Oy= Qw_vt x@ |vQ=t nvU xOwD
|}=Qosy R= pvwD u}= |Ov@ Q=R@= Qw_vtx@ "CU= xOW xOQw; 1 pwOH QO uQ=t nvU
hkwD u=tR QO '|Q=iL ẁQW R= pvwD xQ=w}O |}=Qosy u=R}t "CU= xOW xO=iDU= GvU

[8]"CU= xOW |Q}o xR=Ov= COtR=QO QO w |Q=iL QO
u}= Q@ ZQi "OW pOt FLAC Q=Ri=sQv ltmx@ |Q}tN Cr=L QO QwmPt pvwD
|WRN |=yQDt=Q=B "CU= QwO Q=m xv}U R= Cr=L u}= QO |UQQ@ OQwt `]kt xm CU=
|=Q@ pvwD |Ov@ Q=R@= G}=Dv =@ |O=yvW}B *l}DUqB wmU} w |r}rLD pOt =yv; |=R=x@ xm
|x]@=Q VR=Q@ w Excel Q=Ri=sQv R= |Q}oxQy@ =@� Ovm Q=QkQ@ ?U=vt j@=]D `]kt u}=
|@=NDv=G2 xm OwW|t Qw;O=} "CU= xOW xOQw; 2 pwOH QO '�|Ov@ Q=R@= G}=Dv =@ 24
=@ u}vJty "OwW|t x@U=Lt uwU=wB C@Uv w |v=UWm pwOt Q=Okt |wQ R= w CU}v
|=Q@ Q}O=kt u} QDy@ '|HvUC}U=UL s=Hv= =@ w pvwD u}= |Ov@ Q=R@= G}=Dv uDiQo Q_v QO

[8]"Quatre chemins pvwD nvU xOwD |m}v=mt C=YNWt "1 pwOH
�c �MPa� C �MPa� ' �Deg.� � E�MPa�

2 0 5 30 0 4 360

"u=tR x@ xDU@=w p}rLD |=Q@ Q=Ri=sQv x@ |OwQw |v=tR pOt |=yQDt=Q=B "2 pwOH
�2 �MPa-Day� �1 �MPa-Day� G2 �MPa� G1 �MPa�

20000 100 128 57 78
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|=y
pmW

Q}}eD
u}t

ND|
=Q@|

r}rL
D|

WwQOQwt pvwD |OOa p}rLD G}=Dv w |r}rLD pOt R= xOt; CUO x@ G}=Dv u}vJty
"Ov=xOW xU}=kt sy =@ 9 pmW QO EL@

|Q}oxH}Dv
w x}rw= |x}L=v wO QO VRN u=}@ |=Q@ pt=m |QYva xm QoQ@ QYva R= xO=iDU= =@
'CU= Q=QkQ@ l}D=DU=wQO}y VvD xm |]}=QW QO =ypvwD |=Q@ 'CU= VRN |x} wv=F
|WRN |=ypmW Q}}eD CU= QO=k pOt u}= "Ot; CUO x@ |O}OH |WRN pOt
R}v w '|Q=iL QO hkwD s=ovy QO xOwD uOWs}rUD CQwY QO =Q pvwD Q=OH |xOwD
|v}@V}B pvwDhrDNt `]=kt |=Q@ =Q COtR=QO QO pvwD |xQ=w}O |=y|}=Hx@=H u=R}t

"Ovm
Q=Ri=sQv ltmx@� |OOa p}rLD G}=Dv =@ |r}rLD pOt R= xOt; CUO x@ G}=Dv
CUO x@ |r}rLD \@=wQ CU= |y}O@ "OW xU}=kt 'pvwD |Ov@ Q=R@= G}=Dv w �FLAC

|=yp}rLD |=Q@ "CU= xO=iDU=p@=k|}xQ}=O |=ypvwD |x}rw=p}rLD |=Q@|@ wNx@ xOt;
xQ=W= u; x@ Q=DWwv uDt p=Ft QO xm |WwQ Q}_v� |OOa |=yVwQ R= u=wD|t QDj}kO

"CiQo xQy@ �OW

"u=tR x@ C@Uv pvwD xQ=w}O |}=Hx@=H |xU}=kt "9 pmW

"OW hkwDt |DOt |=Q@ =y|Q=iL 'CU= 0 85 Q@=Q@ ��� Q=m xv}U R= |Q}PB Q}F-=D xm
nvU xOwD |=Q@ xOW xO=O |m}v=mt C=YNWt |=Q@ 7 |x]@=Q j@=]t 'p=Ft u}= QO
OwW|t s}rUD pvwD |xQ=w}O R= |DtUk CU= |y}O@ "O};|t CUO x@ �e = 0=77

"�8 pmW�

CWwv=B
1. axisymmetry
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