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Periode juin - juillet 2000

Chronique piezo des forages CM14 et CM18
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Periode jan - fev 1999

Chronique piezo des forages CED02 et CED05
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Periode sept - nov 2000

Chronique piezo des forages RJH18 et RJH25
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RJH25

Yz9\{�C"EGs<]D9\EGCQBH=IEGCQ;GTÍ}�C0F"Õ0C0BH3I3:98}&3:CdEGFGBD369ÃT89<7VE&B�2�583:9<;>=S7I=Æed}�9<7VEG9ÍT@UG36C0;GBHgdF&987W}GBD5<è8C0{�5<=:3:BHgdF&987
C0¾&=S9<;fFG987O98;Í3658}�C0;G7:9l�^E&9874}G]HFGBD9<7�)Q9Á=4T89�{À,8{�9a}�C0FG3~EG987�r C03:?Q[09<7�}G3:CdT@UG9<74]wqpFG;\EG9�]wqk?QF&=:3:9�%¯�^]wqp58T@U&98]D]H9
EG9|T<9<=6=S9Í{|CdEG5<]DBD7:?A=SBHC0;D'c/�ßÆ]4EGCQBH=I,Á=S3:9�T8CQUG583698;>=Ã?�ÕQ98T�]D987WEGCQ;G;G589<7V9<;G3:9<[0BD7Ý=S3658987�}R?Q3I]H987WT�?A}&=S9<FG3:7�EG9
}G3:9<7:7:BHC0;Í9<=4}�C0F&ÕQC0BD3�3:9<T8C0;G7Ý=SB1=SFG9<3�]D9<7�T@UG3:CQ;GBDgfFG9<74}GBD5<è8C0{�5<=:3:BDgfFG9<7�7:F&3�EG9MT<C0FG36=:9874}�5836BDCdEG987�E&9a=S9<{|}G71)
}�C0F&3¤]H9876gdF&98]D]H987�]H987lEGB�2�583698;GT<987lEG9WT8CQ{|}�C036=:98{�98;>=l7:CQ;f=¤;G9Á=:=:98{�98;>=lÕ"BH7:BH¾G]D9<78/

2,C0FG3\T89<]È��),]È?µT<C0;G;R?ABD7:7:?Q;GT<9�EG987ÃÕA?Q36BÈ?A=:BDC0;G7�EGFm;GB1Õ09�?AF¥U>edEG36C076=S?A=SBHgdF&9�ER?Q;G7\]¯q`?QgfFGB1r s8369ÞT8365<=S?QT85
9876=�=S3:s<7^BD{�}�C036=S?Q;>=S9W}GFGBH7:gfFG9�)�;GC0FG7�]wqk?�Õ0C0;G7¤ÕdF0)¢T<98]D]H987��ÆT8BZ}�98F&ÕQ98;>=t,<=:3:9Ç=:3:s<7�3S?A}GBDEG9<7�]HC03:7¤EG987�r C036=:987
}G3:5<T8BD}&BH=@?v=SBDCQ;G7�)A78qk?Q7:76BD{�BD]È?A;f=~�IEG987OT<3:FG9<7¤ÂQ]D9M;GB1Õ098?QFÍEG9l]È?�;R?A}G}�9�{�C0;>=S9*)0}R?Q3Ýr C0BD7~98;ÍgfFG98]HgdF&987�UG98FG36987
7:98F&]D98{�98;>=�)&T8F&]D{�BD;G9l98;ÞFG;ê}GBHT�gfFGB�}�9<F&=�?A=6=S9<BD;GEG369�}&]DFG76BD98F&3:7a¾G?Q3:7 EG9�}G3698767:BDCQ;0)&}GF&BD7�3:98E&987:T<98;GEÀ}G]HFG7
C0F|{�C0BH;G743S?Q}&BDEG9<{|9<;f=8/fu"9<FG]D7�EG987O9<;G3:9<[0BD7Ý=S3:9<{|9<;>=S7�98;ÞT<C0;>=SBH;dF�EGF�;GBHÕQ9�?QF�EG9¤;R?Q}G}�9l}R?Q3OT�?A}&=S9<FG3:7�EG9
}G3:9<7:7:BHC0;�}�9<3:{�9<=:=:98;>=�EG9¤{|9Á=:=S369�98;�5<ÕdBDE&98;GT<9�EG9<74ÕQ?A3:BÈ?v=SBDCQ;G7�3S?A}GBDEG9<7OgdF&BR58T@UR?Q}&}�9<;f= }�C0FG3O]È?^}G]HFG}R?Q3Ý=
?QF"b {�9876FG3:9<7Í{|9<;G7:FG9<]D]H9878/ X ;m{|?vb"BD{ÃFG{�EG9êr CQ3S?Q[09<7\EG9<Õd36C0;>=Í}R?Q3\T8CQ;G7:5<gdFG?Q;>=[,Á=S369�58gfFGBD}�587ÍE�qpFG;
=S98]4T8?Q}&=:98FG3W9<=WT<C0;>Õ09<;R?Q¾G]H98{�98;>=Ç3658}R?A36=SB~ER?Q;G7W]wqp9876}R?QT<9�}�C0FG3I]H9\7:FGB1ÕdB�98;äT8C0;>=:BD;fF EG9ÍT8987WC0F"Õ"3:?Q[09<78/
Ja9874d�egf*h!ikjbl�mkn�o�pOjQqsr�h!tuq+vbfsjbl&mkn�oÇE&9<Õd3:C0;>=�EGC0;&T�,Á=S369¤CQ¾&=S9<;dF&987�7:BD{ÇFG]H=S?Q;G58{�98;>=476FG3O]È?�=:CQ=@?Q]HBH=:5aEGF
7:BH=:9Q/,L4]D]H987�}�9<3:{�9<=:=:3:C0;>=VgfFR?Q]DB1=@?A=:BHÕQ98{�98;>=WEG9|r)?ABD3:9Í]¯qkBH;fÕQ98;>=@?ABD3:9ÍEG9|T89<36=@?ABD;G9<7Vè<C0;G987VC]õÙ7<qkCQ¾G7:9<36Õ09<;>=
T8987¤{�C0;>=S589<7lEG9W;R?Q}G}�9W3S?Q}GBHEG987l9Á=l7:983ÝÕdBD3:CQ;f=¤gfFR?Q;>=:BH=@?v=SBHÕQ98{�98;>=��\]È?ÇÕA?Q]DBHER?A=:BDC0;êE&F�{�CdEGs8]H9Q/

$ + !$�z®,Ñd� +
Yz9\T8CQ;f=:9Ábd=S9Í[05<C0]DCQ[0BDgfFG9�% T�?Q]HT�?QBH3:9<7�+v?Q3:7Ý=SBHÐG587�'�T<C0{�{|9Ã]H987IEGCQ;G;G589<7WEG9\]wqp98767S?QB4}R?A3^}�CQ{|}R?A[09ÃC0F

98;GT<C03:9À]È?�EGBHÕQ983:76BH=:5�EG987ÍT8CQFG3:¾�987\}GBH58è<C0{|5Á=S36BDgfFG987Ç7:FGB1=S9À�µEG9<7�}&3:58T<BD}GB1=@?A=:BDC0;&7ÇBD{�}�C036=S?Q;>=S987W%){À,8{�9
}�C0F&3^EG98Fdb }GFGB1=S7�=:3:s87�}G3:CdT@UG987W]¯qkFG; E&9Ã]wqk?QF&=:3:95'()¢;GCQFG7^T8CQ;GEGFGBH7:98;>=V�Þ9<;fÕdBH7S?Q[09<3I]D9Ã{�BD]HBD9<FK�êEGCQFG¾G]D9c�
}�C036C07:B1=S5�9<=ÞEGC0FG¾G]H9Á�Ä}�9<3:{�5�?Q¾GBH]DB1=S5 ÂO]wqk?QgfFGBHr s<3:9�7:9µT<C0{�}�C0769�E¢qkFG; 3658769�?QF EG9�r 3S?QTÁ=SFG36987|{Þ?�õ69<FG3:9<7ê�
T8C0;GE&FGT<=:BHÕdBH=:5�UfedEG3:?QFG]HBDgfFG9�58]H9<ÕQ589À{Þ?ABD7Ç}�98FmT8?Q}R?QT<BH=SB1Õ09<7�)�EG3:?QBD;G?Q;>=\EG987ÃÐG7:7:F&3:987�}G]HFG7ÃÐR;G9<7�CQF EG987
R�¾G]HC"T<7¾T¤}�98F�T8CQ;GEGFGTÁ=SBHr 7 {Þ?ABD7OgfFGB¢T<C0;G76=:BH=:FG98;>=�]¯qk9<7:7:9<;>=SBD9<]¢EG9�]È?Wr C0;GT<=:BDC0;|98{�{Þ?A[>?Q7:BH;G98{�98;>=8/dJa9�=Æed}�9
EG9\{|CdEGs<]D9Ç}�9836{|9Á=IEG9\EGBU2¢5<3:9<;GT8BH983^EG9Ãr)?*38C0;¥ødùÁÿC�	�cö\û��RûDýÁÿó�Ã]È?Þ}G36587698;GT<9|E�qp58T<C0FG]H98{�98;>=S7IEGBU2¢5<3:9<;GT8BH587
ER?Q;G7lEG9<7¤7Ý=S36FGT<=:FG3:9<7�}�9836{|58?Q¾G]D9<7�EG9I}G36C0}G3:BH5<=:587lU>e"E&3S?QFG]HBDgfFG9<7�EGBD7Ý=SBD;&T<=S9<7V%)}R?Q3a9Áb�/R58T<C0FG]D9<{|9<;>=�EG?Q;G7
]È?\{Þ?v=S3:BHT89^9Á=¤58T8CQFG]D9<{|9<;f=:7lER?Q;G7l]D9<7�3:5<7:9�?AF"b�EG9Ir 3S?QTÁ=SFG36987�'Á/

Yz987Ç3:5876FG]H=S?A=S7ÇEGFm}�C0{�}R?Q[Q9Þ3:58?Q]DBH7:5�7:FG3\]H9|r)?QBH7:T<9�?QF EG9�JaUGBDT8?QEG9�C0;>=\E�qk?QBH]D]D9<FG3:7�5<=:5êBD;>=:983:}&3:5<=:587
}R?Q3V2�/��aBDER?AF"bû%wJ�û)ø>þ���;��Áÿ^þQúü/¸�Å.nÊ0Ê0X���'^9<;´F&=SBH]DBH7S?Q;>=WFG;${|CdEGs8]H9ÍEG9�=Æed}�9ÞEGCQFG¾G]D9c�Æ}�C03:CQ7:BH=:5�)zEGCQFG¾G]D9c�
}�9<3:{�5�?Q¾GBH]DB1=S5I98;�}G]È?*3�?Q;>=�]D9W}GFGB1=S7�2�j".ÇER?Q;&7�FG;G9�ÐR7:76FG3:9V9<=�]D9W}GFGB1=S7�2�Ï0X�ER?Q;&7�FG;�¾G]DCdTQ/ºYz9�{|CdEGs8]H9
F&=SBH]DBD765V9<76=IT<98]HFGB�E&9Gx$÷5�	�á��$ %Q�Å.nÊ0�Ao���'�gfFGBA)�UGC036{|BH7�T<98]HFGB�E&9[�WþQö\ö �Áÿ�Jlû)ø>þ��*;ö%Q�Å.nÊ0Ê0t���'()�9<76=IFG;KEG987
}G]DFG7\[Q58;G5<3S?QF"b´98; T<9�gdF&BMT8C0;&T89836;G9À]D9<7Ã{|CdEGs<]D987VEG9�T89ê=Æed}�9�)4?A}G}G]DBHgfFG587\?AF"b´9<7:7:?QBD7\}R?A3Ã}�CQ{|}R?A[09
98;�{|BH]DBD9<FÞÐR767:FG365Q/�Ja9<=6=S9�?Q}G}G36C"T@U&9Ç�\EGC0F&¾G]D9c�Æ}�C03:C076BH=:5^9<=lEGCQFG¾G]D9c�Æ}�9836{|58?Q¾GBD]HBH=:5�EGCQBH=lT89<}�9<;GER?Q;>=B,<=:3:9
5<=S9<;GEGFG9�ER?Q;G7O;GCA=S3:9l76BH=SFG?A=SBHC0;\}�CQFG3O}�9<3:{�9<=:=:3:9�EG9l=S9<;GBD34T<C0{�}&=S9lEG9l]wqk?Q76}�9<T<=�¾GB1�ÄT8C0F&T@UG987OEGFÍ=S9<3:3S?ABD;ÀÂ
EGB�2�583698;GT<BÈ?A=:BDC0;�E&9 ]wqk?QgfFGBHr s<3:9 ½�BHC"T<s8;G9�H+�^FR?A=:983:;G?QBD369K9<=ÀT<98]HFGB^EGF Ja3:5Á=@?QT<5Q/�2,C0FG3�T<98]È�8)M]D9�{|CdEGs8]H9

_Qt



T8C0;GT<98}&=:FG98]"T@UGC0BH7:B>BDT<B>987Ý=~]¯qzy+pgpOfNh�dse{n|t}m�~Cv8j8��d*h?ikvbjwiOm�yêgdF&Bd76983:?�}G36587:9<;>=S5M9<;VEG5Á=@?QBH]>ER?Q;G7,]D9OT@UR?A}GBH=:3:9
_"/

Ja9Á=:=S9À?A}G}G3:CdT@UG9�{ÃF&]H=SBÅ�ÆT<C0;>=SBD;fFR?�987Ý=|E¢qkFG;&9�}R?Q36=ÃT8C0UG5<3:9<;f=:9K?�ÕQ98TÀ]È?K76BD[0;&BHÐRT8?A=SBHC0;ÙEG9<7ÍEGC0;G;G5<987
{|9<7:FG3658987a7:FG3 ]D9l=S98363S?QBH;6% 3:98]H9<ÕQ587a}&BD58è<C0{�5<=S36BDgfFG9<7�'49<=ME¢q`?QF"=S3:9�}R?Q3Ý=�)f98]H]D9l987Ý=�58[>?A]D98{�98;>= ?Q}G}&3:C0}G36BD5<9��
]È?�{�BD769O98;ÃCd98F&Õd369aE�qpFG;\?Q]H[0C036BH=SU&{|94EG9t�:þQú1þ5>��Mþ��"ÿÆ÷vö�þQÿ¯û9
����aEG987�}R?Q3S?A{|sÁ=S3:9<7~EG9<7~5<gdFG?A=SBHC0;G78/AL4;Ã912�9<=�)
98;êU>edEG3:CQ[058C0]HC0[0BH9�)>]È?WEG5<{Þ?Q36T@UG9l=Æe"}&BDgfFG9�F"=SBD]HBD76589�)f?A}G3:s<7a]È?IT<C0;G76=:3:FGTÁ=SBHC0;ÞEGFÞ{|CdEGs8]H9l{Þ?A=:UG58{|?A=:BDgfFG9�)
T8C0;G76BD7Ý=S9I�Ç3698}G36C"E&FGBD369�]D9<7aT@UR?A3:[09<7M}GBD5<è8C0{�5<=:3:BHgdF&987aCQ¾G7:9<36Õ05<987</º2�C0FG3aT898]D�ÇBD]Rr)?QF"=MT�?A]D983 ]D9<7a}G36C0}G3:BH5<=:587
UfedEG36C"E"e";G?Q{|BHgfFG987¤EG987l36587:9<36ÕQC0BD367\% =S98]H]D9<7�gdF&9�]¯qk9<{|{|?Q[>?A7:BD;&98{�98;>=M9Á=�]D?\T8C0;GE&FGT<=:BHÕdBH=:5IUfedEG3:?QFG]HBDgfFG95'()
TQqp9876=Ý���v�ÄEGBD369�?�õ6FG76=:983�?QF�{�BD9<F"bÀT<987¤}R?Q3S?A{|sÁ=S3:9<7lEG9�r)?*38C0;K��76FG}�9<3:}�C07:9<3�]H987¤T@UR?Q36[0987¤T�?Q]HT8FG]H589<7¤}G?Q3�]H9
T8CdEG9a?AF"b�T@UR?Q36[0987,U>e"E&3S?QFG]HBDgfFG9<7�C0¾&7:983ÝÕ05<9878/0J�qk9<76=~T89�gdF¢qkC0;Ç?Q}G}�98]H]D94]wqp5<=S?Q}�9�E&9 T8?Q]È?Q[Q94EG987,}R?Q3:?Q{|sÁ=S36987
gdF&B�9<76=�FG;G9�5<=S?Q}�9�9<7:7698;>=SBH98]D]H9\}�CQFG3W]È?ÞÐº?Q¾&BD]DB1=S5ÃE&987W7:BH{ÃFG]È?v=SBDCQ;G7^FG]1=S5836BD9<FG3:9<78/ X ;G9�r CQBD7^T<9<=:=:9|5Á=@?Q}�9
3:5�?A]DBD76589êCQ;¥}�98F"=\7:BH{ÃFG]D9<3Ç]H987\58T<C0FG]H98{�98;>=S7\}�C0FG3Ç=:C0F&=:987\]D9<7Ã7:B1=SFR?v=SBDCQ;G7tRÆ;GC03:{|?Q]H987¾T|C0F�RÆ9Ábd=S3Q,8{�987óT
=@?Q;>=¤gfFG9V]H987�U>ed}�CA=SUGs<7:987�7:BH{|}G]HBHÐRT8?A=S36BDT<987a36987Ý=S98;>=¤ÕA?Q]È?Q¾&]D987</

Y4qp5<=@?A}�9ME&9MT�?Q]D?Q[09 78qp912�98T<=:FG9�[05<;G583:?Q]D9<{|9<;f=~}R?Q3�]D?�{�5<=:UGC"E&9ME�qp987:7:?QB1�Ä98363:98F&38/>J�qp987Ý=OFG;G9M}&3:CdT858E&FG3:9
gdF&B~r)?QBH=^?Q}G}�98]~�ÞFG; 9Áb"}�9836=^UfedEG36C0[05<C0]DC0[QFG9ÃgfFGB�9<76=SBH{|9V]D9<7^}R?Q3:?Q{|sÁ=S36987�BH;GT8CQ;G;fFG78/ZJa9<7I}R?Q3:?Q{|sÁ=S36987
7:C0;>=\?A]DC0367VBH;võ698TÁ=S587�ER?Q;&7Ç]D9�T8CdEG9�EG9ÞT8?Q]DT<FG]O9<=Ã��}R?Q3Ý=SBH3�E&987Ç365876FG]H=S?A=S7�EGF´{�C"E&s8]D9*)zT89Á=:=S9|}�9<3:76C0;G;G9
9Áb"}�5<3:BH{|9<;f=:589�987Ý=�T8?Q}R?Q¾G]H9WEG9W7S?�Õ0C0BH3�T<C0{�{|9<;f=l{�CdEGBHÐR9<3�]D9<7¤}G?Q3S?Q{�s<=:3:9<7¤}�C0FG3�[Q58;G5<3:983¤FG;�{|9<BD]D]H98FG3
?�õ6FG76=:98{�98;>=�9<;f=:3:9µ]H987|EGC0;G;G5<987êCQ¾G7:9<36Õ05<987À9<=Þ]D9<7|EGCQ;G;G589<7�EGF�{�C"E&s8]D9A/�Ja987�5Á=@?Q}�987|7:C0;>=�3658}�5<=S5<987
õ6FG7:gfF�qk�ÇT89¤gfFG9¤]D9l{|9<BD]H]D98F&3�?�õ6FG7Ý=S9<{|9<;f= 7:CQBH=O=S36C0F&Õ05A/dYZ9¤}G36BD;GT<BD}R?Q]G?nÕA?Q;>=S?Q[09lE�qpFG;G9l=S98]H]D9�{�5<=:UGC"E&9¤9<76=
gdF&9�]D9~õ6FG[Q98{�98;>=�E�qkF&;Þ9Áb"}�983Ý=a9Á=a76C0;ÞBH;f=:FGBH=:BDC0;\}&Ufed76BDgfFG9�E&987�}G3:CdT89<7:7:F&7a{�BD7498;|C"9<F&Õd3:9¤}�9<F&Õ09<;>=J,<=:3:9
BD;GT<C03:}�C03:5<7�ER?Q;&74]È?�}G36C"T<58EGF&3:9�EG9�3698T@UG9<3:T@UG9*)dE&9Mr)?�38C0;Í�^E&5<=S9<3:{�BD;G9<3�EG9<74}R?Q3S?A{|sÁ=S3:9<7�R�3:?QBD76C0;G;R?A¾G]D9<7¾T@/
2~?Q3Í9Áb"9<{|}G]H9�gfFR?Q;GE¥}G]DF&7:BD9<FG3:7Í36587:F&]H=@?v=S7\[05<;Gs83698;>=ÞE&987ÍT@UR?Q36[0987ÍU>edEG3S?QF&]DBDgfFG9<7Í7:BD{�BD]D?QBD369871),]¯qk9cb"}�9<36=
EGC0BH=P,Á=S3:9äT�?A}R?Q¾G]H9äE¢qk9<;�7:5<]D98TÁ=SBHC0;G;G9<3�F&; 7:9<]DC0; 7:C0; õ6FG[09<{|9<;f=8/¤YZ9äEG9<F"b"BDs8{�9ä?�ÕQ?A;f=S?Q[09äEG9äT89<=6=S9
{|5Á=SUGCdEG9�9876=^gdF¢qkBH],;¢qk9<76=^}G?Q7�;G5<T89<7:7S?ABD3:9VE�qp58T836BD369�)�C0FKE�qk?�Õ0C0BH3�FG;K?QF&=:3:9Ç}&3:C0[03:?Q{�{|9I}�C0FG3¤]È?Í{|9Á=:=:3:9
98;�Cd98F&Õd369´ÂOC0;�;�qk?Ù¾�9876C0BD;¦gdF&9KE�qpFG;�{�C"E&s8]D9ÀEG9�7:BH{ÃFG]È?v=SBDCQ;�/4YZ?${�5<=:UGC"E&9�E�qp98767S?QBÅ�Æ9<3:3:9<FG3Þ9<76=Þ]È?
{|5Á=SUGCdEG9Þ]D?�}G]HFG7ÇF"=SBD]HBD76589�98; }G3:?A=SBHgdF&9�),T898}�98;&ER?Q;>=�)�TAqk9<76=\F&;G9ê}G36C"T<58EGFG369êgfFGBa}&3:98;&E ¾�98?QFGT8CQFG} EG9
=S98{�}G71)�}R?A36=SBHT8FG]HBDs<3:98{�98;>=¤gfFR?Q;GE ]H9V;&C0{Ã¾G369ÇEG9V}R?Q3S?A{|sÁ=S3:9<7�BH;GT8CQ;G;fFG7^987Ý=^BH{|}�C036=S?Q;>=�/ºË�9V}G]DF&7�)�EG987
7:C0]HF&=SBHC0;G7Í}G3:5<T8BH7:987|EG987�}R?Q3:?Q{�s<=S36987��$9<76=:BD{�983Í;G9�}�9<F&Õ09<;f=�,<=:3:9À=S3:CQF&Õ05<987ê?�ÕQ98TKT<9<=6=S9K{�5<=:UGCdEG9À9<=
EGB�2�583698;>=S7¤3:5<7:FG]1=@?A=:7¤769836C0;>=�C0¾"=S98;fFG7¤}R?Q3lEGBU2¢5<3:9<;f=:7lF&=SBH]DBD7:?A=S9<FG3:7</RL4;&ÐR;0)ºBH]�987Ý=�EGB1Ì�T8BD]H98{�98;>=�}�C07:76BD¾G]H9
EG9M=S9<76=S9<3�}G]HFG7:BH98FG367�}�CQ7:7:BH¾GBD]HBH=:587,T8C0;GT<9836;R?Q;>=OT89<36=@?ABD;G9<7�U>e"}�CQ=:UGs876987OEGF\{�C"EGs<]D9·%)EG5<T8C0F&}R?Q[09�EGF\{�BD]HBD9<F
98;�}G]DFG76BD9<FG3:7lè8CQ;G987¤UGC0{�C0[0s<;G987�9<;�r C0;&T<=SBHC0;ÀEG9W]È?Ã[05<C0]DCQ[0BD9^}G?Q3�9Áb"98{�}G]H95'Á/

Y4qk?QF&=S369I?Q}G}&3:CdT@UG9^F&=:BD]DBH7:5<9�}�C0FG3M]H9�}G36C"T<98767:FG7lEG9^T8?Q]È?A[09�9<76=�]¯qkF&=:BD]HBD7S?v=SBDCQ;�E¢qkFG;�t�h+�`��~In�jwik�Kn�f�o�n
gdF&9�;&C0FG7MF&=:BD]HBD7:9<3:C0;&7aBDT<B!% T@UR?Q}GB1=S3:9^j�'Á/&2~?Q3M9<7:7698;GT<9�)ºT89Á=:=S9I{�5<=:UGCdEG9�9<76=lBDE&98;>=SBHgdF&9W�ÇT89<]D]D9�EG9^]wqp98767S?QBÅ�
983:3698FG3OÂ�]H987�ÕA?Q]H98FG367zEG987Z}R?Q3:?Q{�s<=S36987z76C0;>=~?nõ6FG76=:58987&õ6FG76gfF�q`�lT89OgfFG9O]D9<7zT@UR?Q36[0987ZU>edEG3S?QF&]DBDgfFG9<7ZC0¾G7:9<36ÕQ58987
9<=|T�?Q]HT8FG]H58987�7:9�7:F&}�9<3:}�C07:9<;f=ê?QF�{�BD9<F"b�/4L4;�E�qk?QF&=:3:9<7|=S9<3:{�9871)�]H987Í}R?Q3:?Q{�s<=S36987Í7:CQ;f=ÞC0}&=:BD{�BD7:5<7\EG9
r)?�38C0;Ù��{�BD;GBH{|BH7:9<3^]wqp58T8?Q36=�98;>=:3:9Þ]D?�T@UG?Q3:[09|C0¾G769836ÕQ589ê9Á=Ã]D?ÀT@UG?Q3:[09|T�?Q]HT8FG]H589A/~Ja9<}�9<;GER?Q;>=ÇTQqp9876=ÇFG;G9
?Q}G}G36C"T@UG9$?QF&=:C0{|?A=SBH7:589KgdF&BI}�9<3:{�9<=ÀEG9 3:5<7:C0F&EG3:9 ]D9 }&3:C0¾G]Hs8{�9 3S?Q}&BDEG9<{|9<;f=�=:C0F&=À9<; C0¾"=S98;G?Q;>=�]H9
{|9<BD]D]H98FG3�?�õ6FG7Ý=S98{�98;>=�}�C07:76BD¾G]H9Q/ZJaC0;&;R?*÷D=:3:9\]H987^ÕA?Q]D9<FG3:7WEG9<7W}R?Q3S?A{|sÁ=S3:9<7IgfFGB4}G3:CdEGFGBH7:9<;f=�]H9\{|9<BD]D]H98FG3
T�?Q]D?Q[09Þ}�C0767:BD¾&]D9Þ}�C0FG3VFG; {�C"EGs<]D9�T8C0;&T898}"=SFG9<]M987Ý=ÍT83:F&T8BÈ?A] }�C0FG3VT8C0{�}R?Q36983ÇE&B�2�583:9<;>=S7Ã{�C"E&s8]D9<78/ X ;
T�?Q]D?Q[09�CQ¾&=S9<;dF|Õ"BD?ÇFG;G9�?Q}G}G36C"T@U&9^;GC0;"�Æ?QF&=:C0{Þ?v=SBD76589¤7:9<FG]D9�;�qk9<76=�}G?Q7aC0}"=SBD{�BD765�)fEG9�]È��)fEG9<7MEGB�2�583698;GT<987
ER?Q;G7W]wqk?�õ6FG7Ý=S9<{|9<;f=W;&9�}�98F"Õ098;>=V}R?Q7I=SCQFvõ6C0FG367I,<=S369�?A=:=:3:BD¾&FG589<7W�À]D?êgfFR?Q]DB1=S5ÃE&F${�C"E&s8]D9VT8C0;&T898}"=SFG9<]w/
N,ÕQ98Tµ]H987Þ{�5<=:UGCdEG987�E�qpBD;>Õ09<3:7:BHC0;�C0;¦}R?Q767:9K{�C0BH;G7ÍEG9�=:98{�}G7Þ76FG3ÞEG9<7ÞgfFG9<76=SBHC0;G7�=S98]H]D9<7�gfFG9�Rc�^FG98]H7
}R?Q3S?A{|sÁ=S3:9<7ÍEGC0BHÕQ98;>=À,<=:3:9�T@UR?Q;&[0587�9<=�EG9ÀgfFG98]H]D9êgfFR?A;f=:BH=:5{�1TÀ9<=Í}G]HFG7ÍEG9�=S9<{|}G7\76FG3ÍEG987ÍgfFG9<76=SBHC0;G7
}G]DFG7�r C0;GER?A{|9<;f=S?Q]D9<7 =:98]D]H987�gfFG9ÃÂ]Rc�^FG9¤7:9^}R?A7:7:9c�Ä=Ý�ÆBD]º76FG3M]D9<7aT@UR?A3:[09<7MC0¾G769836ÕQ589<7�C0Fê7:F&3a]D9<7aT<C0;GEGB1=SBDCQ;G7
?QF"bm]HBD{�BH=S9<7VgfFGBa;G9À3:98;&E¥}G?Q7Í]wqk?�õ6FG76=:98{�98;>=ÍC0}&=:BD{|?Q]*�1TÍC0F&Rb�IF&9�EGC0BD7��Hõ69êT@UG?Q;G[09<3�EG?Q;G7\]D9Þ{|CdEGs8]H9
}�C0F&3�EGBH{|BH;fFG983�]¯qk5<T�?Q3Ý=�9<;>=S3:9$]È?mT@UR?Q36[09$CQ¾G7:9<36Õ05<9´9<=�]È? T@UR?A3:[09$T�?Q]HT8FG]H589{�1T@/¤Ja9<7K5<T�?Q3Ý=S7�}�9<F&Õ09<;f=
}G3:CnÕ09<;GBD3I9<;>=S3:9Í?AF&=S36987^EGFµ=Æed}�9\EG9Ãè<C0;R?Q[09ÇT@UGC0BD76BA)�EGF T@UGC0BÅbµEG9<7^T8CQ;GEGBH=:BDC0;&7^?QF"bK]DBH{|B1=S9<7�C0FK98;GT<C03:9
EG9|]D?�gdFG?Q;>=SBH=:5ÍEG9Í}G]DFGBH9\912�ÐRT�?AT89�BD;>=S36C"EGF&BH=S9ÇER?Q;G7�]D9\7Ýe"7Ý=Ss<{|9A/~Ja9�{�C"EGs<]D9ÃBH;>Õ098367:9�r 983S?�]¯qkC0¾fõ69<=�EG9
EGB�2�583698;>=S7l=S9<76=S7l7Ýe";>=:UG5<=:BDgfFG987�EG9IÕA?Q]DBHER?A=SBHC0;êER?A;G7l]D9IT@UR?Q}&BH=S369IoG/

2,C0FG3|=:9836{|BH;G9831)�76BD[0;G?Q]DC0;&7|]H9�}G36C0¾G]Hs8{�9�gfFGB�7:9K}�C0769µT8C0;&T89836;R?Q;>=�]¯qk9<76=SBH{Þ?v=SBDCQ;¥E&9K]È?ägfFR?Q;>=SB1=S5

_0¿



EG9�:�úæ�"ûA����� �:þ����	)�TQqp987Ý=6�Æ�v�ÆEGBH3:9Ã]D?ÞgfFR?Q;>=SB1=S5\E�qp9�?AFäE&9\}G]DFGBH9ÇgfFGB4T<C0;>=S3:BH¾GFG9Ã36589<]D]D9<{|9<;>=W�ê]È?Þ3698T@UR?A3:[09
EG9K]¯q`?QgfFGB1r s8369Q/OJa9Á=:=S9�gfFR?Q;>=SB1=S5�9876=|EGB1Ì|T<BD]H9À�ä9<76=SBH{|9<3ÍT�?Q3�]DC0367ÍEG987|}G3:5<T8BD}&BH=@?v=SBDCQ;G7�)�F&;G9�}G?Q36=:BD9ÀEG9
]È? }G]DF&BD9ê36FGBD767:98]H]D9ê9Á=�78qp5<ÕA?Q}�C03:9*)4FG;G9�?QF&=:3:9À78qpBD;&ÐG]H=S369êER?Q;&7�]D?µè8C0;&9�;&C0;¦7:?A=SF&3:589�% }R?Q36=:BD9�T<C0{|}&3:BD769
98;>=S369Ç]È?\76FG36r)?QT<9V=:C0}�CQ[03S?Q}&UGBDgfFG9I9Á=�]H9W=:C0BH=lE&9V]D?�;R?A}G}�9�'MC]õK9<]D]D9I}�98F"=·,Á=S3:9�7:CQFG{|BH7:9�?QF�}GUG5<;GC0{�s8;G9
E�qk5ÁÕA?Q}�CA=S3S?A;G7:}GBH3S?A=:BDC0; %)912�9<=WE¢qk5ÁÕQ?A}�C03:?A=SBHC0;KE¢qkFG;&9�}G?Q36=:BD9ÇE&9\]wqp9�?QFµ}G?Q3�=S3:?Q;G76}GBD3:?A=SBHC0;µEG9<7I}G]È?Q;>=:987�'c/
ßÆ]�987Ý=VE&C0;GT\BD{�}�C036=S?Q;>=�EG9\T<C0;G;R?�÷D=S369Ã]È?êgfFR?A;f=:BH=:5\E�qk98?QF T8C0;>=:3:BD¾&FR?Q;>=I3:5<98]H]D98{�98;>=W�ê]D?ê3:9<T@UR?Q3:[Q9\EG987
;R?Q}G}�9874T<3:5<=S?QT85<98749Á=4{|BHC"T<s8;G9<7�ER?Q;&7�T89Á=:=S9a3:58[QBDC0;�/Qu"FGB1=S9���T89874}&3:58T<BD}GB1=@?A=:BDC0;&7�)�]D9<7~76ed7Ý=Ss8{�987�?QgfFGB1r s836987
}�9<F&Õ09<;f=�?AFG7:76Bn,<=:3:9V7:C0FG{�BD7��|E&987B:��	�cÿC�@ý\ø��À��$&þ���>��@ýÃC�õKT89<36=S?QBD;G7�}GFGB1=S7�}�98F"Õ098;>=IE&9<Õ09<;GBD3^?Q36=:587:BH98;G71)
TQqp9876=Ý���v�ÄEGBD369ÞgfFG9�]H9Þ;GB1Õ09�?AF EG9ê]È?�;R?Q}G}�9êE�qp9�?AF 7:9ê76BH=SF&9�?QF"�ÄEG98767:FG7\EG9Þ]È?�=:C0}�C0[03S?A}GUGBD9�EGF´=:983:3:?QBD;¢/
YOqp9�?AF|76C036=S?Q;>=OEG9�T89Á=a?AgdF&BHr s8369�78qp58T<C0FG]D9l?A]DC0367�7:FG3O]D?^7:FG3Ýr)?QT89l9<=O}�98F"=O98;G76FGBH=:9¤7<qk5ÁÕA?Q}�CQ3:9834CQF�7<qkBH;&ÐR]1=S3:9<3
EG9W;GC0F&ÕQ9�?QF�ER?Q;G7l]D9I7Ýed76=Ss<{|9A/

ªL�X�N��� ����£V���G�Ý���z� �"���"�Ý�O��� å������&���0���������Ý�a���z���Kà�£�£^����¡¢���"�Ý�O�§���§�����09z�����
âä�O���4�&��¡&å��

Ja9Á=:=S9�{|CdEG58]HBD7:?A=SBHC0;Í;dF&{|5<3:BDgfFG9�78qk?Q}G}GF&BD983:?Ã7:FG3 EG987�E&C0;G;G5<987MBH7:7:F&987ME�qp9Áb"}�5836BD{�98;>=@?A=:BDC0;&7agfFGB¢E&9Á�
Õ"36C0;>=I,<=:3:9Ã365�?Q]HBD7658987¤7:F&3^]wqp98;G7698{Ã¾&]D9ÇE&Fµ7:B1=S9Ç}�C0FG3�FG;G9V{|9<BD]D]H98FG369WT�?Q3:?QT<=:583:BH7S?A=:BDC0;�U>e"E&3:CdE&ed;R?Q{�BDgfFG9
EG9IT89IEG9<3:;GBH983</=�^FG98]HgdF&987�9Áb"}G]HBDT8?A=SBHC0;G7a76FG3�T89<7�9Áb"}�583:BH{|9<;>=@?A=:BDC0;G7a7:C0;>=lEGC0;&;G589<7¤EG?Q;G7�]D9�}R?Q3:?Q[03S?A}GUG9
T8B1�ÄEG98767:C0F&7�)v98]D]H987,T8C0;&T89836;G98;>=49<7:7698;>=SBH98]D]H98{�98;>=�EG987�T�?Q{�}R?Q[0;&987,}GBD5<è8C0{�5<=:3:BDgfFG9<7~�¤]wqp5<=:BÈ?Q[0949Á=�EG9<7~9<7:7S?ABD7
EG9V}&FGBH=:78/ºÜ�CQF&=S9<7�T<987¤9Áb"}�5<3:BH{|9<;f=S?A=SBHC0;G7l}�983:{�9<=6=S36C0;>=�E¢q`?Q]HBD{�98;>=S9<3�98;�EGC0;G;G5<987�]D9I{�C"EGs<]D9IE�qp58T<C0FG]H9Á�
{|9<;f=:78/ZYZ?ê{�C"EG5<]DBH7S?A=:BDC0;�}G3:C0}&3:98{�98;>=WEGB1=S9\EGF 76BH=S9Ç7:983:?�}&3:587698;>=S5<9|EG?Q;G7I]D9\T@UG?Q}GBH=:3:9ÍtêER?A;G7W]D98gfFG9<]
7:9836C0;>=�EG5<T83:B1=S7�98;�E&5<=@?ABD]l]D9�=Æed}�9KEG9�T<C0;GEGB1=SBHC0;G7|?QF"b¥]DBH{|B1=S9<7\T@UGC0BD76BD9<7|9Á=ê]D9Àè<C0;R?Q[09�EGF�E&C0{Þ?ABD;G9A/
YOqpF&=:BD]DBH7S?A=:BDC0;ÞEG987¤3:5<7:FG]1=@?A=:7¤BH7:76FG7lEG987¤98767S?QBH7�EG9W}GF&BH=S7l9<76=¤{|CQ;f=:3:5WER?Q;&7¤]H9WT@UR?Q}GB1=S3:9WoÍ9<=�¾G36BDs<ÕQ98{�98;>=
ER?Q;G7¤]D9^E&983:;&BD983lT@UR?A}GBH=:3:9Q/

¼ #G!ÙØ�#�½�±Z+d°|Ø�')�&%>��!Ù�>%n�v')(�*,+d°
JaC0{�{�9�C0;�]¯q`?VÕdF�ER?A;G7�]D9�}R?Q3S?A[03S?Q}&UG9^}G3658T85<EG98;>=�)R]D987a{|9<7:FG36987�}GBH58è8CQ{|5Á=S3:BHgfFG987a�Ã}R?Q7�EG9�=:98{�}G7

3S?Q}G}&3:CdT@UG5�)�9<;G3:9<[0BD7Ý=S3658987I}G?Q3^]D9<7^T�?A}&=S9<FG3:7IEG9Ç}G3:9<7:7:BHC0;0)�{|9Á=:=S9<;>=I98; 5<ÕdBHEG98;GT<9\]DCdT�?Q]H98{�98;>=�EG987�ÆRF&TÁ�
=SFR?A=:BDC0;&7Ç3S?A}GBDEG9<74% 9<=Ã}G?Q36r C0BH7V]HBD{�BH=:58987WER?A;G7Ã]D9�=S9<{|}G7�'�9Á=ÃEG9<7Ã{|CQ;f=:589<7Ã98; }G3698767:BDCQ;´¾G3:F"=@?Q]H9878/�Yz987
{|9<7:FG36987ÇE&9|=Æed}�9|UG98¾�EGC0{|?QER?ABD3:9<7WC0FÙ{�98;G76FG98]H]D9<7�{�9<=6=S9<;f=V98;Ù5<ÕdBDEG9<;GT89|gfFR?Q;>=\�À98]H]D987�]D9<7V[Q3S?Q;GE&987
5<Õ0CQ]DF&=:BDC0;G7�EG9|]wqk?QgfFGBHr s<3:9\ÐR7:76FG3:5*)~5ÁÕ0C0]HF&=SBHC0;G7�C0¾G7:9<36ÕQ58987\EG?Q;G7Ç]¯qk9<;G7:9<{Ã¾G]H9|EG9<7ÇC0F"Õ"3:?Q[09<7ÞÂZ3:9<T@UR?Q3:[Q9�)
?Q7:76s8T@UG9<{|9<;f=8/�2�C0FG3�ÕdBD76FR?Q]HBD7:9<3aT<987l5<ÕQC0]DF&=:BDC0;&7�)&}&]DFG76BD98F&3:7\d�y=t(p�y?�!i>n�o"pkjQq�r�h!t�q�v8f�jbl�mkn+o�)&EGC0;>=lFG;G9
�W]¯qk5Á=SBD?Q[09I% ¾R?Q767:987O98?QF"b�'	)0CQ;f=O5Á=S5�365�?Q]HBD7:5<987</>Ja987OT8?Q{|}G?Q[0;G9<74T8C0;G76BD7Ý=S98;>=��^{�9876FG3:9<34{Þ?Q;fFG9<]D]H98{�98;>=�]H987
;GBHÕQ9�?QF"b�EG9<7�;R?A}G}�9<7�E¢qk98?QFµER?Q;&7�]H987lr C03S?Q[Q987lEG9Ç]¯qk9<;G7:9<{Ã¾G]H9�E&FKEGC0{|?QBH;G9�)RER?A;G7�]H9W¾GF&=�EG9VT8?Q36=:C0[03:?v�
}GUGBD9<34T89<7�;&BHÕ098?QF"bÃ98;�R�FG;ÍBH;G76=S?Q;>=QTaEG9�]wqk?Q;G;G5<9Q/>»l98{|?Q36gdF&C0;G74gfFG9lT89<74;GBHÕQ9�?QF"b\}�C0F&3:3S?ABD98;>=45<[>?Q]H98{�98;>=
,<=S369WT�?Q3Ý=SC0[03:?Q}GUGBH587�9<;�BH7:C0]D?Q;>=�]D9<7MÕQ?A]D98F&3:7�EG9<7¤T1.Q=S9<7l}GBD5<è8C0{�5<=:3:BDgfFG9<7l?QFÀ{[,<{|9BRÆBD;G7Ý=@?Q;>=¾T^}�C0FG3�]¯qk9<;"�
7:98{Ç¾G]D9�EG9<7OT@UG3:C0;&BDgfFG987O}GBH58è<C0{|5Á=S36BDgfFG987~EGBD76}�C0;&BD¾G]H9878/AÜ�CQF&=S9Ár C0BD71)QFG;G9�r)?QBH¾G]D9 gfFR?Q;>=SB1=S5�EG9Mr C03:?Q[09<747:C0;>=
?QT<=:FG98]H]D98{�98;>=�58gfFGBD}�587�E�qkF&; T�?Q}&=:98FG3�EG9Ã{�9876FG3:9<7^T8C0{�}R?Q36589\?AFµ;GC0{Ã¾&3:9ÇE&9Çr C03S?A[0987�}G3:5<7:98;>=:7I7:FG3^]H9
7:BH=:9Q/>Ë�9�}G]DFG71)0T89<7OT�?Q}&=:98FG3674;G9�T8CQF&Õd3:98;>=�}R?Q74]¯qk9<;G7:9<{Ã¾G]H9�EGFÍ7:BH=:9MEG9Mr)?�3<C0;\UGC0{�C0[0s<;G9�)Q]D987~T�?Q{�}R?Q[0;&987
EG9W{|9<7:FG36987¤7:C0;>=¤EGC0;GTWBH;GEGBD76}�9<;G7S?A¾G]D9<78/

Yz987OT8?Q36=:987O?QBH;G7:BG365�?Q]HBD76589874}�9836{|9Á=:=:98;>=�?Q]DCQ3:7�[05<;G583:?Q]D9<{|9<;>=OEG9MÕdBD7:FG?Q]DBH7:983~]D987�=:98;GEG?Q;GT89<7 [Q58;G5<3S?Q]H987
EG9K]¯qk5<T8C0FG]H98{�98;>=|?Q}G36s87ÞBH;>=S9836}�CQ]È?A=:BDC0;�/�YZ9�T@UR?Q}&BH=S369µX }G3:5<7:9<;f=:983:?´]D987�3:5<7:FG]1=@?A=:7|E&9KT89<7ÞEGBU2¢5<3:9<;f=:987
T�?Q{�}R?Q[0;&987Í}GBD5<è8C0{�5<=:3:BHgdF&9878/�u"BD[Q;R?Q]DCQ;G7ÃT89<}�9<;GER?Q;>=�gfFG9À]È?µ}GBH58è<C0{|5Á=S36BD9êE�qpFG;¦?QgfFGBHr s<3:9�9<;mÐG7:7:F&3:987
9<=(HvC0FW+v?Q3:7Ý=SBHgdF&9�=S9<]¢gfFG9^T<98]HFGB�E&9�]wqk?QgfFGB1r s83:9�Ja3:5Á=@?QT<5�)";�q`?V}R?Q7a=:C0F&=a�Vr)?QBH=�]D?V{À,8{�9�76BD[0;GB1ÐRT�?v=SBDCQ;|gfFG9
T898]H]D9�{|9<7:FG36589êEG?Q;G7ÇF&; ?QgfFGBHr s<3:9|BD7:CA=S3:CQ}�9�EG9|=Æed}�9�½�BHC"T<s8;G9|C0Fu�^FR?A=:9836;R?QBD369Q/,Ë^?Q;&7Ç]D9|T�?Q7VEG9ÞT<987
EG9836;GBD9<3:7�)n]D?aÕA?Q]D9<FG3�EGFW;GB1Õ09�?AFVEGFI=:C0BH=zE&94]È?M;R?Q}&}�9O98;WFG;W}�C0BD;>=�)�C0¾&=:98;fFG9O}R?Q3zBH;f=:9836}�C0]D?A=SBHC0;�E&9�ÕQ?A]D98F&3:7
{|9<7:FG3658987\9<; }G]DF&7:BD9<FG3:7�r C03S?A[09871)�}G36587698;>=S9ÀFG;G9Þ¾�C0;&;G9Þ9cbG?AT<=SB1=SFGE&9ê9<=\]H987VEGBD3698T<=:BDC0;&7VE�qp58T<C0FG]H98{�98;>=S7
7:C0;>=I?A]DC0367�76T@UG58{|?A=SBHgfFG98{�98;>=�C036=:UGC0[0C0;G?Q]D9<7�?QFdb�BD7:CQ}GBDs<è8987�7S?Q;&7�=S36C0}KE¢qk9<3:3:9<FG38/�ßÆ]Z98;µ9<76=^?QF&=S3698{�98;>=
ER?Q;G7Ã]H9|T8?Q7ÇE¢q`?QgfFGB1r s836987Ã9<;ÙÐR7:76FG3:9<78/4Yz9<7ÃBD76C0}GBDs<è89<7ÇC0¾&=:98;fFG9<7Ã}R?Q3VBD;>=S9<3:}�C0]È?A=:BDC0; EG9<7Ã{�987:F&3:987Ç7:C0;>=

_Q�



¾GBD9<;Ù3:9<}G3:5<7:9<;f=S?A=SB1Õ09<7ÃE�qpFG;Ù5Á=@?A=�EG9�}G3:9<7:76BDC0;$ER?Q;G7�]wqk?QgfFGBHr s<3:9��ÀFG;ÙBH;G76=S?Q;>=VE&C0;G;G5*),{|?QBH7�9<;´?QF&T8FG;
T�?Q7�;G9�}�9<3:{�9<=:=:98;>=|EG9�=:3S?QT<983�EG987�7:9<;G7ÞE¢qk5<T8C0FG]H98{�98;>=|T8C0{�}&=S9�=:98;fF�EGF¦T�?Q3:?QT<=:s8369K?Q;&BD7:CA=S3:CQ}�9ÀEGF
{|BH]DBD9<F^%)]D?ÃÕ"B1=S9<7:7:9�;�qp987Ý=�}R?A7¤r C036T85<{|9<;f=¤}�9836}�9<;GEGBDT<FG]È?ABD3:9^?QF"b�BD76C0}GBHs8è89<7�'c/�Ja987¤58T8CQFG]D9<{|9<;f=:7l}�9<F&Õ09<;f=
98{�}G3:FG;>=:983IEG9\;GCQ{Ã¾G3:9<FG7:9<7IÕ0C0BH987�)¢7:98]HC0; ]D9V=S3S?nõ69<=WEG9<7IEGBD76T8C0;>=SBH;fFGBH=:587^U>edEG3S?AFG]DBHgdF&98{�98;>=�?QT<=:BHÕQ987IEGF
{Þ?Q767:B1r�/

¼ � #R°�°8'�B~¸0#&%�' ��±�®Z+"°Í·Ä�º��#�½º+d°�Ø,#G�ê+d°�°8#G'¯°�®,+KØ~*,' %n°
Y4qk?QF&=S369�=Æed}�9ÇE�qp9Áb"}�5836BD98;&T89ÇgfFGB�?Í5<=S5V3:58?Q]DBH7:5W987Ý=�]¯qk9<7:7S?AB�EG9�}GFGB1=S7¤}R?Q3¤{|5Á=SUGCdEG9WEG9<7\o�~zm���v�n+osvÁ7</

J�qk9<76=OFG;\9<7:7S?AB&EG9M}&FGBH=:7~gfFGB&T<C0;G76BD76=:9M98767:9<;f=:BD9<]D]D9<{|9<;>=4��{�9876FG3:9<3�]È?¤3:98E&987:T<98;>=S9lEGF\;&BHÕ098?QF\E�qp9�?QF\EG?Q;G7
FG;|r C03:?Q[09¤?Q}G36s87 ?�Õ0C0BH3Or)?ABH=4ÕA?Q3:BH9834T<9�EG9<3:;GBH983OEG9lr)?�38C0;�gfFR?Q76B1�ÆBH;G76=S?Q;>=@?Q;&589Q/"Ja9Á=:=S9lÕA?Q3:BD?A=SBHC0;\}�98F&=¸,<=:3:9
r)?QBH=:9a7:BH{|}&]D98{�98;>=~98;\BD;>=:3:CdEGFGBD7:?Q;>=�EG9 r)?�38C0;\¾&3:F&=S?Q]D9 FG;ÍC0¾dõ69<=�7:C0]HBDEG9 C0FÃFG;\Õ0CQ]DFG{�9a5<gdF&BHÕA?Q]D9<;>=4E�qp9�?QF
ER?Q;G7W]D9Vr C03S?Q[Q9�)¢T8?QFG7:?Q;>=Ç?ABD;G76B~FG;G9�?QF&[0{|9<;>=@?A=:BDC0;µ3:?Q}GBHEG9ÃEGFä;GBHÕQ9�?QF E�qp9�?AF�/�N�}&3:s87WT<9<=:=:9\ÕQ?A3:BÈ?v=SBDCQ;
7:C0FGEG?QBD;G9*)R]D9^;&BHÕ098?QF�ER?Q;G7l]D9�}GFGBH=:7l3:9<ÕdBH98;>=¤�\7:C0;�;GBHÕQ9�?QFÀBH;GBH=:BÈ?Q]�98;�3:5<}�C0;&7:9�?QFÀ[03S?AEGBD9<;f=lE&9IT@UR?Q3:[Q9Q/

ËÇqpFG;G9�{|?Q;GBDs<3:9^[Q58;G5<3S?Q]H9�)R]D9<7l7:]DF&[Í=:987Ý=S7¤C0;>=�5Á=S5W}�C0}GFG]D?Q3:BH7:587�}�C0FG3�]¯qk5Á=SFGE&9�E&9�76BH=:987lT8C0;>=S?Q{|BH;G587</
ËÇq`?A}G}G3:CdT@UG9�}G3S?v=SBDgfFG9W76BD{�}G]D9*)&BD]H7�}�9<3:{�9<=6=S98;>=¤98;>=:3:9�?QF&=:3:9871)ºFG;G9W{|9<7:FG369WBD;À7:B1=SF�EG9W]È?ÃT8CQ;GEGFGTÁ=SBHÕdB1=S5
UfedEG3:?QFG]HBDgfFG9\EGFä{|BH]DBH98F�gdF&B49876=W9<76=:BD{�589\98; r C0;&T<=SBHC0; EGF =S9<{|}&7IEG9\3:9<{|BH7:9Í�ê]wqp58gfFGBH]DBH¾G3:9VEGF ;GBHÕQ9�?QF
E�qk98?QFKEG?Q;G7¤]D9Ir C03S?A[09�)R}R?A3¤T<C0{�}R?Q3S?ABD7:CQ;�?�ÕQ98TÇE&987�{�CdEGs8]H987M=SU&58C036BDgfFG987¤EG9�3:5<}�C0;&7:9Q/�Ë^?Q;&7�T<9836=S?QBD;&987
T8C0;GE&BH=SBHC0;G71),]H987�7:]HFG[�=:9876=:7Ç}�9836{|9Á=:=S9<;>=Ç5<[>?Q]D9<{|9<;>=ÇE�qpC0¾&=:98;GBH3VF&;G9Þ9<76=SBH{Þ?v=SBDCQ;äE&9Þ]È?ÀT�?A}R?QT8B1=S5�EG9�]È?
r C03:{|?A=SBHC0;��Þ98{�{Þ?A[>?Q7:BH;G983lEG9Ç]wqp9�?QF % ÕA?Q]D9<FG3�E&FµT8Cd9<Ì�T8BH98;>=IE�qp98{�{|?Q[>?Q76BD;G9<{|9<;f=�7:}�58T<BHÐRgfFG9

Ss

'c/¢Yz9
7:]DF&[Ã=S987Ý=�}�983:{�9<=a[058;&583S?A]D98{�98;>=�E¢q`?�Õ0CQBD3aF&;G9I}G3:9<{|BHs8369�987Ý=SBH{Þ?A=:BDC0;|EG987a}G3:C0}&3:BD5Á=S5<7MEGF�{�BD]DBH98F�98;êÕdFG9
E�qk9<7:7:?QBD7|}R?Q3Í}�CQ{|}R?A[09À�ä[Q3S?Q;GE&9�5<T@UG98]H]D9�C0F¥]È? EG5<=:9836{|BH;R?A=SBHC0; E�qk?QF&=:3:987�]DBH98F"b E�qkBH{|}&]È?Q;>=@?v=SBDCQ;´EG9
r C03S?Q[Q987l}�CQFG3�}R?Q3ÝÕ098;&BD3¤�\FG;G9WT8C0F"Õ0983Ý=SFG369VCQ}&=SBH{Þ?Q]H9�EG9W]¯qk9<7:}R?QT<9Q/

Y4qpF&=SBH]DBD7:?A=SBHC0; EG9�]È? {|5Á=SUGCdEG9KE&987Þ76]DFG[Q7ÞER?Q;&7Þ;GCQ=:3:9�5<=SF&EG9µ?Ù}&3:BD;&T8BD}G?Q]D9<{|9<;f=Í}�C0FG3|¾GF&=|E�qpC0¾"�
=S98;&BD3êEG9<7�ÕQ?A]D98F&3:7êEG9 T<C0;GEGF&T<=SB1ÕdBH=S5KUfedEG3:?QFG]HBDgfFG9 ?AÐR; E&9 EGB�2�583698;GT<BD983Þ]D987|r C03S?Q[Q987êEGF Ja365<=@?AT85 98;
EG98F"bµr)?Q{|BH]D]H9878/�Ja9Á=:=:9\EGB�2�583698;GT<BÈ?A=:BDC0;�9876=WT<3:FGT<BÈ?Q]H9Ã}�C0FG3�]D?ÞT8CQUG583698;GT<9�E&987WEGC0;G;&58987W?�ÕQ98TÍ]D9V{|CdEGs8]H9
E�qk5<T8C0F&]D98{�98;>=:7�9<;>Õ"BH7S?Q[Q5Q/zYz987I76]DFG[ê=:987Ý=S7WEG9<Õd36C0;>=W}�9<3:{�9<=:=:3:9\EG9\E&BD76=:BD;G[QFG983�]D987IE&C0;G;G5<987W}G3:CnÕQ98;R?Q;>=
EG987Ir C03:?Q[0987W?A}G}R?Q3Ý=S98;G?Q;>=�?QF 3:58769�?QF EG9\r 3:?QT<=:FG3:9<7I9<=WT89<]D]H987I}G36C�ÕQ98;R?A;f=�E�qpC0F&Õd3:?Q[0987W76BH=SF&587IER?Q;&7IEG987
¾G]DCdT87^{�C0BH;G7^T8CQ;GEGFGTÁ=SBHr 7</0K¤C0FG7IEG5<T83:BH3:C0;&7I}G]DFG7�98; EG5<=S?QBD]�]D9Ã]HBD9<;µ98;>=S369Í]D987�7:]DF&[07�=S9<76=:7�9Á=W]D9V{|CdEGs8]H9
ER?Q;G7�]D9ÍT@UR?Q}&BH=S369|_ÀT<C0;G7S?AT83:5Þ��]D?�}G3:5<7:98;>=S?A=SBHC0;ÙEGFä{�C"EGs<]D9\T<C0;GT89<}&=SF&98]w/,YZ?À{|BH7:9Í98;$C"9<F&Õd3:9�EG9Í]È?
{Þ?Q;&BD}GFG]D?A=SBHC0;0)>]H987a365876FG]H=S?A=S71)&9<=M]È?Ç3658}R?Q3Ý=SB1=SBDCQ;|EG9<7Mr C03S?A[0987M{|?A=:3:BDT<95Hvr 3:?QT<=:FG3:9¤7:9<3:C0;>=�}&3:587698;>=S5<7�EG?Q;G7
]D9IT@UR?Q}&BH=S369�X"/RË^?A;G7�T89Á=:=S9WC0}"=SBDgfFG9*)G9<=lT<C0{�}&=S9^=:98;fF�E&F�;&C0{Ã¾G369IBD{�}�C03Ý=@?Q;>=aEG9W}GFGBH=:7�}G3:5<7:9<;f=:7�EG?Q;G7
]wqk?QgfFGBHr s<3:9�T83:5Á=@?QT<5�) ]D987|?�ÕA?Q;>=@?Q[09<7Þ{|?�õ698F&3:7ÞE&9KT89Á=:=:9�=S9<T@UG;GBHgdF&9µ7:C0;>=ÞgdF&9µT89<7|=S9<76=:7ê7:C0;>=Þ3S?Q}GBHEG9871)
7:BD{�}G]H987M�V{|9Á=:=S369�9<;êC"9<F&Õd3:9*)G9<=aE�qkF&;êr)?QBD¾G]H9�T<C]G&=a98;ê=S9<3:{�9�EG9�{Þ?QBH;|E¢qkCd98F&Õd369I9<=ME¢qk5<gdF&BD}�98{�98;>=IÂ�.])
_�C0FKj|}�983:76C0;G;G9<7^}�98F&ÕQ98;>=I{�98;G9<3�}G]HFG7:BH98FG367�T8?Q{�}R?Q[0;G9<78/�Yz9Ç76]DFG[Í=S9<76=^9<76=�EGC0;GTV3:5�?A]DBD7:?Q¾G]H9I7:FG3¤FG;G9
{ÃFG]H=:BH=:FGEG9^EG9Ir C03:?Q[09<7¤9<;�F&;�=:98{�}G7�3:9<]È?A=:BHÕ09<{|9<;>=lT8C0FG3Ý=�/

ßÆ]>r)?QF&=,369876=:983,T8C0;&7:T8BH98;>=�gfFG9 ]D9<7ZÕA?Q]H98FG367ZEG987�}R?Q3S?A{|sÁ=S3:9<7�CQ¾&=S9<;dF&987~}G?Q3ZT89<=6=S9 {|5Á=SUGCdEG9O;G9�}�9<F&Õ09<;f=
}R?Q7I,<=:3:9ÃF"=SBD]HBD7658987�EGBD3698T<=:98{�98;>=IT<C0{|{�9ÇE&C0;G;G5<987IEGF {�C"EGs<]D9*)�T8?Q3^EG9<7IEGBHÕQ983:[Q98;GT<987IC0;>=W7:CQF&Õ09<;f=�5Á=S5
C0¾G7:9<36ÕQ58987l9<;f=:3:9�]È?VT<C0;GEGF&T<=SB1ÕdBH=S5¤U>edEG3S?QF&]DBDgfFG9�C0¾&=:98;fFG9^}R?A3 76]DFG[�=S987Ý=S7M9Á=MT<98]D]H9�CQ¾&=S9<;dF&9^}R?Q3�E�qk?QF&=S36987
{|5Á=SUGCdEG9874=:98]D74gfFG9l]H987498767S?QBH74}R?Q34}�C0{�}R?Q[09<78/fJa9<T8BR78qp9Áb"}G]HBDgfFG9l}G36BD;GT<BD}R?Q]H98{�98;>=�}G?Q34]È?�r)?QBH¾G]D9 gfFR?Q;>=SB1=S5
E�qk98?QFµBH;võ698TÁ=S589VgfFGB~;G9V}�9<3:{�9<=�EG9ÇT8?Q3S?AT<=S5<3:BH7:983¤gfF�qpFG;G9Ã}�9<=:BH=S9�è8CQ;G9\?QF&=:C0FG3¤EGFKr C03:?Q[09A/¢J�qp987Ý=^T<9ÇgfFGB
EGB�2�583698;GT<BD9¤FG;Þ76]DFG[W=S9<76=ME¢qkFG;|98767S?QB�}R?Q3O}�C0{|}G?Q[09lT�?Q3�T89¤EG9<3:;GBH983�}�C0767:s<EG9�FG;|3S?�e0CQ;ÞE�qpBD;�ÆGFG98;GT<9�}G]HFG7
5<=S9<;GEGF�/,Yz987�98767S?QBH7W}R?Q3I}�C0{|}G?Q[09\7:CQ;f=W=:C0F&=S9Ár C0BD7I]HC0FG36EG7W��{|9Á=:=S369\98;äC"9<F&Õd3:9*),9<;$T<C0;G7658gfFG98;&T89�)�BD]H7
;G9ê}�98F&ÕQ98;>=Â,<=:3:9ê365�?Q]HBD7:5<7ÇgfFG9ê76FG3ÇF&; ;GC0{Ã¾G369Þ369876=:3:9<BD;>=\E�qpC0F&Õd3S?A[0987</�Ë^?Q;&7Ã;GCQ=:3:9Þ}&3:C0¾G]Hs8{�9�)Z}�C0FG3
?Q3:36BHÕ09<3\�µFG;G9ÞT�?Q3:?QT<=:583:BH7S?A=:BDC0;Ù7:}R?A=:BÈ?Q]H9Þ}�983Ý=SBD;&98;>=S9êE&9ê]wqk?QgfFGBHr s<3:9|UG5<=:583:CQ[0s8;G9*)4BD]�987Ý=\;G58T<98767S?QBH3:9ÀEG9
3:5�?A]DBD76983�FG;�[03:?Q;GEÀ;GC0{Ã¾&3:9WEG9W{|9<7:FG36987</

2,C0FG3l3:5<7:FG{�9831)�]H987l7:]HFG[07�=S9<76=:7�;GCQFG7�}�9836{|9Á=:=:3:C0;>=¤E�qk?nÕQC0BD3lFG;&9V}G3698{�BDs<3:9IBDE&589�EG9W]È?ÃÕA?Q]D9<FG3lEG9W]È?
T8C0;GE&FGT<=:BHÕdBH=:5|U>edEG3S?AFG]DBHgdF&9Þ?QF"=SC0FG3�EGFär C03S?Q[Q9�E&F Ja3:5Á=@?QT<5Þ9<;ÙÕdFG9ÞE�qpFG;G9�987Ý=SBH{Þ?A=:BDC0; EG9|]wqp9<Ì�T�?AT8BH=:5
EG9|T<9ÞEG9<3:;GBH9831)zTQqp9876=Ý���v�ÄEGBD369Í}�C0F&3�T<C0;G;R?�÷D=S369Í7S?�T<C0;G;G9cb"BDC0;$5<Õ09<;>=SFG9<]D]D9|?�Õ09<TÞ]D9Í36587:98?QFÙE&9�r 3:?QT<=:FG3:9<78/
YZ9<7 365876FG]H=S?A=S74EG9<7 76]DFG[Q74;GC0FG7Or C0FG36;GBD36C0;>=458[>?A]D98{�98;>=OEG9<7 BH;GEGBHT�?A=:BDC0;G7�}�CQFG3OFG;G9l{|9<BD]H]D98F&3:9a3658}R?A36=SB1=SBHC0;

_QÊ



7:}R?A=:BÈ?Q]H9 EG987�T�?Q}&=:98FG367�E&9Ù}G36987:76BDC0;á)¤T<987�EG9836;GBD9<3:7�;�qk5Á=@?Q;>=K}R?Q7�EGBD76}�C0;&BD¾G]H987�}�C0FG3�]wqp98;G7698{Ã¾G]H9 EG987
r C03S?Q[Q9878/

j0Ï



d ����� ���¦��� a��ã�ê����

ñò� e��z�z
�����ñ ð ð óh� e����gf ó	� �ëô ñ ð ô � a��
 � 
� �z
ê� � ð ñ ��ó������

j&.



_ ` �ba������� �

ñò� e��z�z
������ñ ð `�� �	��ñò� � ð �P� �gf ó	� �	��
 � �z�z����ó��
� ���Pô$�ó	�Pe�


Ja9µT@UG?Q}GBH=:3:9�9876=êFG;�EG9<7ê}G]DF&7Þ]DCQ;G[07�9<=�FG;�EG987ê}&]DFG7|BD{�}�C03Ý=@?Q;>=:7|EG9�T89µ{�58{�C0BH3:9ÀT�?Q3|;GC0FG7|e
}G3:5<7:98;>=:C0;G7l]D9¤{|CdEGs<]D9¤T8C0;GT<98}&=:FG98]�)&769836ÕA?Q;>=�E&9^¾R?Q769I�Ç]È?�{|CdEG5<]DBD7:?A=SBHC0;Í;fFG{|5<3:BHgdF&9�)&9Á=a=:C0F&=S9�]È?V7Ý=S3:?v�
=S58[QBD9ÇE¢q`?Q}&}G]DBHT�?A=:BDC0;K?QFµ7:B1=S9ÃE&F JML4NÇ/gK¤C0FG7�e�EG5<=S?QBD]H]DC0;&7¤76987IU>ed}�CA=SUGs<7:987W9Á=IEGBD76T8F&=:C0;G7^9<;G7:F&BH=S9ÇEG987
EGBHÌ�T8F&]H=S5<7Ã7:CQFG]D9ÁÕ0589<7Í}R?Q3Ã76C0;m?Q}G}G]HBDT8?A=SBHC0;$T<C0;GT<3:s<=:9�?QBD;G76B gfFG9�E&987\{�5<=SU&C"EG9<7Ã98;>ÕdBD7:?Q[05<987Í}�CQFG3Ç]H987
7:FG36{|C0;>=:983�Âd98767S?QBH7aEG9�}GFGB1=S7�¯ýÁúæ�]>\ÿó�@ýÁÿ ýw I}�C0FG3 ]È?WEGB�2�583698;GT<BÈ?A=:BDC0;�EG9<7 r C03:?Q[0987 98;Þ=:9836{|9¤EG9�3698}G36587698;"�
=@?A=:BHÕdBH=:5ÇE�qpFG; T8CQ;f=:BD;fFGFG{�}R?Q3Ý=SBDT<FG]DBH9830MºT@UGCQB1bKEGF 3S?Q¾G?A=:=:98{�98;>=W?QF ]HBD98FKEG987^T@UG?Q3:[09<7I}GBD5<è8C0{�5<=:3:BHgdF&987
}�C0F&3¤5ÁÕdBH=S9<3�]D9I}G36C0¾G]Hs8{�9IEG987lT8CQ;GEGBH=:BDC0;&7�BD;GB1=SBÈ?A]D987¤/1/H/

YZ?|}&3:98{�BDs<3:9V7:98TÁ=SBHC0;µ987Ý=IFG;µ3:?Q}G}�98],EG987�58gfFR?A=:BDC0;G7�T8]È?A7:7:BHgfFG987�EG987^5<T8C0F&]D98{�98;>=:7^98;µ{�BD]HBD9<F"bÀ}�CA�
3:98FdbÃ?ABD;G76BdgfF�qpFG;G9 ¾G3:sÁÕ09ME&987:T<3:BH}&=SBHC0;VE&FÇ{�C"EGs<]D9���E&C0FG¾G]H9Á�Æ}�C036C07:B1=S55HvEGC0FG¾G]H9Á�Ä}�9<3:{�5�?Q¾GBH]DB1=S5z=S36s87~F"=SBD]HBD765
ER?Q;G7M]H9�EGCQ{Þ?QBH;G9¤EG987M3658769836ÕQC0BD367ar 3S?AT<=SF&3:587</RJa9Á=:=S9I7698TÁ=SBDCQ;ê;GC0FG7a}�9<3:{�9<=:=:3S?�EG9^EG36987:76983�]H9�EG5<T8C03MEG?Q;G7
]D98gfFG9<]º7:9¤7:BH=:FG9¤]wqk?Q}G}G36C"T@UG9l9Á= E&9�EG5ÁÐR;GBH3O=:C0FG7�]D9<7O=:9836{|9<7�E&C0;>=a;GCQFG7�r 9<3:C0;&7 FG7:?Q[09�=SCQF&= ?QFÞ]HC0;G[WEG9lT89
{|5<{|C0BH3:9A/QYZ?^7:9<T<=:BDC0;�_"/`_�}G36587:9<;>=S9l=SC0FG74]H987�E&5<=@?ABD]D7�EGFÍ{|CdEGs<]D9�)v]D9<7�U>ed}�CQ=:UGs8769871)dF&;�9cb"98{�}G]D9ME¢q`?Q}&}G]DBÅ�
T�?A=:BDC0;0)v9<=~]D9<7~EGB1Ì|T<FG]H=:587,BD;GU&583:9<;>=S9���T<9<=6=S9�?Q}&}G3:CdT@UG9Q/QJa9<=6=S9M}&3:587698;>=@?v=SBDCQ;Ã7:9<3S?^}G3658T85<EG589�E¢qkFG;&9M¾G3:sÁÕ09
3:9<ÕdFG9\¾&BD¾G]HBDC0[03:?Q}GUGBHgfFG9WEG987^{�CdEGs8]H987¤{ÃFG]H=:B1�ÄT8C0;>=SBH;fFR?�9cb"BD76=S?Q;>=S7^EG?Q;G7^]D?|]DB1=:=:583S?v=SFG369W% {ÃFG]H=:BD}�C03:CQ7:BH=:5Á�
{ÃFG]H=:BD}�9836{|58?Q¾GBD]HBH=:5äM>{ÃFG]1=SB1�Ä3:5<[0BDC0;IMf{ÃF&]H=SBÅ�ÆT<C0;>=SBD;fFGF&{�/1/1/�'c/RL4;&ÐR;0)R]D?ÃEG9836;GBDs<3:9W7:9<T<=SBHC0;�%w_"/kj�' }&3:587698;>=S9
]D987lEG5ÁÕ09<]DC0}G}�98{�98;>=:7�;fFG{�5836BDgfFG987lgfFGBzC0;>=¤5<=:5W3:5�?A]DBD76587�}�C0FG3�T<9<=:=:9V}G?Q36=:BD9Q/

PÀi1h ¡ sL¢£¢6pTU1o ovyWk�U	p�o¥¤ wÀx(¦TU	p�o x§WCm��¸w�y�U	p¨¤ p�qÂr�o
Ja9Á=:=S9Þ7:98TÁ=SBHC0; 987Ý=\FG; 3S?A}G}�9<]a76FG3Ã]D9<7Ã{�C"EGs<]D9<7VE�qp58T<C0FG]H98{�98;>=\ER?Q;&7\]D987V{|BH]DBH98F"b r 3:?QT<=:FG3:5<78/ X ;G9

]DBH=6=S5<3S?A=:FG3:9�=S3:s<7O?Q¾�C0;GER?Q;>=:9M9Áb"BD7Ý=S9M76FG34T89�76Fvõ69<=�9<=O}G]HFG7:BH98FG3674?Q}G}G36C"T@U&9874T8CQ;GT89<}&=SFG9<]D]H987�C0;>=O5Á=S5M}G36C0}�CA�
7:589<78/dßÆ]º;�qk9<76= }R?Q7�98;>ÕdBD7:?Q[09�?A¾G]D9lBDT<BGEG9¤]D9<7�E&58T836BD369¤=:C0F&=S9<7O9<= ]D9�]D9<T<=:98FG3�}�CQFG3:3:?W769�365<r 5<3:983�}R?Q3O9cb&9<{|}&]D9
�\�äè�èvù:øQû��á�t%Q�Å.nÊ0ÊQo���',}�C0FG34F&;G9�EG9876T836BD}&=:BDC0;\}G]HFG74EG5Á=@?QBH]D]D5<9 E&9M=SC0F&=:987OT89<74EGB�2�583698;>=S9<7�?Q}G}G36C"T@UG9<78/�K¤C0FG7
;GC0FG7lT8CQ;f=:98;>=S9<3:C0;&7¤BHT8B�EG9I]D9<7�T8]È?A7:7:9<3�98;ÀEG9<F"bÀ[03:?Q;GEG9<7Mr)?Q{|BH]D]H987�9<=lEG9I]H987MEGBH7:T<F&=S9<3�ER?Q;G7�]H9^T�?QE&3:9WEG9
]wqk?Q}G}G]HBDT�?v=SBDCQ;\gdF&B�;&C0FG7�BD;>=S5<3:98767:9A/&ßÆ]º78qk?Q[0B1=OEG987a?Q}G}G36C"T@UG9<7aEG9l=Æed}�9�T8C0;>=:BD;fFG987 9<= EG987 ?Q}G}&3:CdT@UG987 E�÷D=:987
EGBD76T83:sÁ=S9<7/©</

Ja9<7�E&983:;&BDs836987IT<C0;G7:BH76=:98;>=V�À9	2¢9<T<=:FG983WFG;G9\3698}G36587698;>=@?A=:BDC0;ä[05<C0{|5Á=S36BDgfFG9ÃEG9<7Ir 3S?QTÁ=SFG369878/zJ�qk9<76=6�Æ�v�
EGBD369VgfF�qpBD]�r)?QF"=�]H987l3:9<}�5<3:983¤7:F&3�]D9I=:983:3:?QBD;�9<=�EG5Á=S9836{|BH;G983l]¯qk9<;G7:9<{Ã¾G]D9WEG9�]D9<FG3:7¤T�?A3S?QTÁ=S5836BD7Ý=SBDgfFG9<7\% EGBD7��
=S3:BH¾GF&=:BDC0;\76}R?A=SBD?Q]D9*)Q]HC0;G[0FG9<FG3�)ABD;GT<]DBH;R?QBD76C0;0)vC0F&ÕQ9836=:FG3:9*)f3:FG[0CQ7:BH=:5�)"/H/1/�'c/ X ;G9�r C0BH7�T89Á=:=:9¤5Á=@?Q}�9�3:58?Q]DBH7:5<9�)0BH]
9876=M}�C0767:BH¾G]D9lE�qp98;êE&58EGFGBH3:9�EG987 3:98]D?A=SBHC0;G7O76=S?A=SBH76=:BDgfFG987 7:FG3 ]È?W¾R?Q769�EG9<7:gfFG98]H]D9<7aC0;ê[Q58;Gs<3:9�F&;ê98;G7698{Ã¾&]D9
EG9�r 3S?AT<=SF&3:987 3:9<}G3:5<7:98;>=:58987lT<C0{|{�9lEG987aC0¾dõ69<=:7M[05<C0{|5Á=S36BDgfFG987O=S9<]D7 gdF&9�EG9<7MEGBD76gfFG987MCQFÞEG9<7M}G]È?A;G78/dYz987
58T8CQFG]D9<{|9<;f=:7O78qp912�98T<=:FG98;>=a[058;G5<3S?Q]H98{�98;>=OER?Q;&7�E&987O]DBH98;G74FG;&BDEGBH{|9<;G7:BHC0;G;G9<]D7~gfFGBR9<;>=S3:9<T8C0F&}�9<;f= T89<7 CQ¾"�
õ69<=S7�9<=¤gfFGB,T8C0;G7Ý=SB1=SFG9<;f=�FG;�3:58769�?QF�EG9�T@UG98;R?AF"bµEG?Q;G7¤]D98gfFG9<]Z]wqp58T8CQFG]D9<{|9<;f=¤9<76=�7:FG}G}�C0765Ç7:F&BHÕd3:9�]È?\]DCQB
ª�«C¬�8®N¯±°2²I´³¶µb³¶¸·NQ°`³¶¹�·*ºb¬±c°`»�¼�½*¾I¯¿·NQ°�·N¸À8Q°�·NbÁN®ZÂÄÃ*Ã�¾I¹NÀ�»*Q°bÅ

j>_



EG9ÃË^?A3:T<e % ÕQC0BD3¤}R?Q3¤9Áb"9<{|}G]H9 � þ��:þvýW�Å.nÊ0�0Ê*��'Á/�Ja9V=Æe"}�9ÇE¢q`?Q}&}G3:CdT@UG9ÇE&98{|?Q;GEG9VFG;G9ÇgfFR?A;f=:BH=:5V5<;GC03:{�9
EG9\EGC0;G;&58987W76FG3I]D9<7^T�?Q3:?QT<=:5836BD76=:BDgfFG9<7IEG987^r 3:?QT<=:FG3:9<7�9Á=I;�qp987Ý=VE&C0;GTÃ9<;fÕdBH7S?Q[098?Q¾G]H9\gdF&9\7:FG3IEG9<7W}�9Á=SBH=:7
EGC0{|?QBD;G9<7 E&9�gfFG98]HgfFG987ME&BDè�?ABD;G9<7�% Õ0C0BH3:9¤T898;>=S?QBD;G9<7�'OEG9�{�s<=:3:987 T�?Q363:5<78/dßÆ]�;�qp987Ý=M}R?A7a}�C07:76BD¾G]H9�E�qpF&=:BD]DBH7:9<3
T89I=Æed}�9�E�qk?Q}G}G36C"T@UG9WER?A;G7l;GCQ=S369I5<=:FGEG9�)RÕdF�]wqp58T@UG9<]D]D9�EGF�E&C0{Þ?ABD;G9I�\{�C"E&58]DBH7:9<3agfFGBz987Ý=¤EG9W]wqpC03:EG369IEG9
}G]DFG76BD9<FG3:7lEGBHè�?QBH;G987�EG9t+f{ 2 9Á=�Õ"F�]È?Ç=:3:s87�r C03Ý=S9IUG5Á=S5<3:C0[05<;G58B1=S5WEGF�{|BH]DBH98F��Ã=SCQF&=S9<7¤]H987l58T@U&98]D]H987</

K¤C0FG7¤;GC0FG7�]DBD{�BH=:C0;G7ME&C0;GT�ER?Q;G7�]È?Í7:FGB1=S9�EG9VT<9ÇT@UR?A}GBH=:3:9V?QFK3:?Q}G}�98]ZEG987�{|CdEGs<]D987¤EG9W=Æed}�9VT8C0;>=SBÅ�
;dF&7|=S9<]D7�gfFG9�]H9À{|CdEGs8]H9ÀEG9�E&C0FG¾G]H9Á�Æ}�C036C07:B1=S5�)~EGC0FG¾G]H9À}�9<3:{�5�?Q¾GBH]DB1=S5�)~¾R?Q7:5�7:F&3|]¯q`?Q}&}G3:CdT@UG9�{|BH]DBD9<F"b
T8C0;>=SBH;fFG7�5<gdF&BHÕA?Q]D9<;>=S7l9<=¤=S36s87¤F&=SBH]DBD765I98;�}G3S?A=:BDgfFG9A/º2~?Q36{|Bz]D?Í[Q3S?Q;GE&9VgfFR?Q;>=:BH=S5�EG9�{|CdEGs<]D987�9cb"BD76=S?Q;>=S7
58[>?Q]H98{�98;>=4ER?A;G74T89Á=:=S9l?A}G}G3:CdT@UG9*)>;GC0FG7O?�Õ0CQ;G74T@UGC0BH7:BGT<98]D]H9IødùÁÿC�	�cö\û��RûDýÁÿó�M}R?Q34C0}G}�C076BH=SBHC0;Ã?AF"b\{�C"E&s8]D9<7
ýÁÿ�÷5��$&þvýÁÿ)û9
��D�@ýVgfFGBzEG5<T836BHÕ09<;>=�=:C0F&=S9<7�]H987�}G36C0}G36BD5<=:587lEGF�{|BH]DBH98FêT<C0{|{�9IEG9<7¤r C0;&T<=SBHC0;G7l?Q]H5�?A=:C0BD36987</GYz987
}R?Q3S?A{|sÁ=S3:9<7^EGF {�BD]DBH98F�9<=W]D?|ÕA?Q3:BD?Q¾G]D9�E�qp5<=S?A=I7:CQ;f=W]HBD5<7�ER?Q;&7IT89<=6=S9Í?Q}&}G3:CdT@UG9\}R?Q3�FG;G9Kù/
��&þQÿ¯ûw÷��Ùþ���;
ødù	�Áû�7Qù��@ý�:&þ��cÿ)ûA�Áú ú��@ý�ýÁÿÆ÷5��$&þvýÁÿ)û9
��D�	)�[058;&583S?A]D98{�98;>=�3:5<7:C0]HFG9Ç}R?A3�EG9<7^{|5Á=SUGCdEG9<7�EG9Ã½�C0;>=S9ÃJM?Q3:]HCG/�Ë^?Q;G7
T89Í=S3S?�ÕA?QBH]~C]õ$?QFGT<FG;G9Í5<=:FGEG9�}G3:58?Q]È?Q¾&]D9ÃEG9Í{�C"E&58]DBH7S?A=:BDC0;K��T<9<=6=S9Í58T@UG9<]D]H9�;¢q`?�5<=:5|}&FG¾G]DBH589*)�BD]�9<76=�]DCv�
[0BDgfFG9|E�q`?A¾�C036EG983V]D9�}G3:CQ¾G]Ds<{|9�98;´F"=SBD]HBD7:?Q;>=V]H987V{|5Á=SUGCdEG987V9<=Ç]D987VT8C0;&T898}"=S7Ã]H987Ç}&]DFG7�7:BH{|}G]H9871),9Á=Ã]H987
}G]DFG7�r)?QT8BH]D9<7Ç��{|9Á=:=S369Þ9<;´C"9<F&Õd3:9A/�2�CQFG3ÇT<98]È�8)�]¯q`?Q}&}G3:CdT@UG9�EG5<=:983:{�BD;&BD76=:9|9<76=Í?AER?Q}&=:589ê?AF´}G3:CQ¾G]Ds<{|9*)
?QFG7:76B ¾&BD98; }�C0FG3W]È?�}G36BD769�9<;ÙT<C0{|}"=S9ÍEG987�EGBH7:T8CQ;f=:BD;fFGB1=S5871)z]È?�}G36BD7:9Í9<;ÙT8CQ{|}&=:9ÍEGF$T8?Q3S?AT<=Ss<3:9�{ÃFG]1=SB1�
T8C0FGT@U&987�EGFê=:983:3:?QBD;|9<=a]È?VT<C0UG5<3:98;&T89I?�Õ09<TI]D9<7aEGC0;&;G589<7M{|9<7:FG36589<7M7:FG3a]D9l=S98363S?QBH;�/�K�C0F&7M]DBH{|B1=SC0;G74E&C0;GT
T89Þ3:?Q}G}�98]O�À]È?ÀEG9876T836BD}&=:BDC0;äEG987�{�C"EGs<]D9<7�E&9|T<9�=Æed}�9Q/,Yz987�{|CdEGs8]H987�?Q;R?A]Hef=SBHgdF&987WgfFGBOBD;>=S9<36ÕdBD9<;G;G98;>=
ER?Q;G7�]È?�]DB1=:=:583S?v=SFG369ÃEG987�98767S?QBH7WEG9|}&FGBH=:7�9<;${�BD]HBD9<F"b�r 3S?QTÁ=SFG36587�7:C0;>=�]È?QBH7:76587WEG9ÍT�.Q=:5|T8?Q3WBD]H7^;G9�7:C0;>=
3:98}&3:587698;>=@?v=SBHr 7¤gfFG9WEG9WT8C0;"ÐR[0FG3:?A=SBHC0;G7l9Ábd=S3Q,8{�98;G9<;>=�76BD{�}G]D9<78/

Ë^?A;G7I]È?ê76FGBH=:9ÃEG9ÍT89Á=:=S9\7698TÁ=SBDCQ;0)�;GC0F&7W?Q]D]HC0;G7�3:?Q}G}�98]H983�=:C0F&=S9<7W]D987�58gfFR?A=:BDC0;G7I9Á=WEG5<ÐG;GBD3�=:C0FG7I]H987
=S9836{|9<7~EGCQ;f=�;GC0F&7�;GCQFG7~769836ÕdBH3:C0;G7,T8CQ;f=:BD;fFG9<]D]D9<{|9<;>=�EG?Q;G7~T<9 {�58{�C0BH3:9Q/�K�C0FG7,eW3S?Q}&}�9<]DC0;G7,¾G36BDs<ÕQ98{�98;>=
]È?µ;GCQ=:BDC0;ÙEGF ÛOC0]DFG{�9êL4]H58{�98;>=@?QBH3:9Þ»¤9<}G3:5<7:98;>=S?A=SB1r�9Á=Í]È?K]HC0BaEG9ÀË�?Q3:TÁe´gfFGBM9<76=Í]È?µ]HC0B�EG9�¾R?Q769�EG987
58T8CQFG]D9<{|9<;f=:7Z98;�{|BH]DBD9<F"b�}�CQ3:98Fdb¢/vJa9Á=:=:9�E&983:;&BDs8369O;GC0FG7Z}�983:{�9<=6=S3:?lE&9�E&5<ÐR;GBH3z]È?MT@UR?A3:[09O}GBH58è8CQ{|5Á=S3:BHgfFG9
9<=�]È?´T<C0;GEGFGTÁ=SB1Õ"B1=S5 U>edEG3S?QF&]DBDgfFG9 E¢qkFG; {�BD]DBH98F�}�C03698F"b�/�K�CQFG7�3S?Q}&}�9<]D]D9<3:C0;&7�98;G76FGBH=:9ä]H987�5<gdFG?A=SBHC0;G7
E�qk5<T8C0F&]D98{�98;>=V98;$;R?Q}G}�9|T8?Q}&=:BHÕ09Í9Á=Ç;GCQ;ÙT�?A}&=SB1Õ09�)z9Á=Ç]H9Í{|CdEGs8]H9\EG9�EGC0FG¾G]H9Á�Ä}�C036C07:B1=S5Ã9Á=ÇE&9|EGCQFG¾G]D9c�
}�9<3:{�5�?Q¾GBH]DB1=S5Q/AÜ�CQF&=S9<7 T<987�;GCQ=SBHC0;G7476C0;>= =:C0F&= �^r)?QBH=OT<]È?Q767:BDgfFG9<7 EG?Q;G7O]D9�EGCQ{Þ?QBH;G9�EG9<7 {�BD]HBD98FdbÃ}�C03:9<F"b�/
2~?Q3lT8CQ;G7:5<gdF&98;>=�)�]D9<7¤]H98TÁ=S98F&3:7lEG5�õ:�\r)?Q{�BD]HBD98367 E&9�T<987l=S9<3:{�987�}�98F&ÕQ98;>=^7:?QF&=S9<3lT89<=6=S9W7:9<T<=:BDC0;K_"/1.0/

�J�Ýª��6ª ÆÀ�M���4�"���O���¥���z� �z¡��������Z���z� �"�¥���O���m���z�¦���������z���ò£V�4�G�z�¨�
Ç ���)*�!$+��d� �"!$+"±�%n#R' �v+À��+fØ����d°8+d±�%n#"%�')·

Yz987V?Q}G}&3:CdT@UG987VEG9�=Æed}�9|T<C0;>=SBH;dF&987Ç76C0;>=Ç¾G?Q7:5<987Ç76FG3�]È?�;GCQ=:BDC0;äEG9 ��÷vúæ�"ö��\� úDùÁö��	�RÿwþQû����?���C:F�Sù	�
ý5�	�RÿÄþQÿ)û ñ% ÛILO»B'�EGFÙ76ed76=:s8{�9Ì% Õ0CQBD3�}R?Q3Ç9cb"98{�}G]D9µø��|x þ��SýÁû úæ�ö�1.nÊQ�Qo���'Á/�Ja9<=6=S9ê;GCA=SBDCQ;$ÕdBD9<;f=ÇEGF´r)?QB1=
gdF&9�]H987\}G36C0}G36BD5<=:587\]HC"T8?Q]D9<7ÃE�qpFG;m{|BH]DBD9<FÙ}�C03:9<F"b =:98]D]H987ÃgfFG9À]D?µ}�C036C07:B1=S5^% Õ0C0]HFG{�9êEG987Í}�C03:9<7ÍEGBHÕdBD765
}R?Q3Ã]H9ÞÕ0C0]HFG{�9|=SCA=@?Q]�EG9�3:CdT@UG9�'V7:C0;>=ÍEG9<7\;GCQ=:BDC0;G7V}�CQ;GT<=:FG98]H]D987VgfFR?Q;GEmC0; 5<T83:B1=\FG;G9Þ58gfFR?A=:BDC0;m?QFdb
EG5836BHÕ05<987�}R?Q3Ý=SBD9<]D]H987^}R?A3I9Áb"98{�}G]D9A/�N�]HC03:7IgfF�qp98;ä}G3:?A=SBHgdF&9\T8987�}G36C0}G3:BH5<=:587I;G9Í}�98F&ÕQ98;>=�,Á=S369�{�9876FG3:5<987
gdF&9�76FG3�FG;�Õ0CQ]DFG{�9�T<C0{|}�C03Ý=@?Q;>=�FG;ÀT<9836=S?QBD;�;&C0{Ã¾G369^EG9I[03:?QBD;G7 7:C0]HBDEG9<7M9<=lE&9I}�C036987</RY4q`?Q}&}G3:CdT@UG9IEGF
ÛILO»îT8C0;G76BD7Ý=S9ÍEGC0;GT���?*2�98T<=:983��ÀFG;$}�C0BH;f=W{|?A=:UG58{|?A=SBHgfFG9\EG9Í]wqp9876}R?QT89*)Z]È?�}G3:CQ}G3:BH5<=S5\E¢qkFG;$T89<36=@?ABD;
Õ0C0]HFG{|9\E&9\{Þ?A=:5836BÈ?QF0)�]D9ÇÛ^LO»�/Zu"?�=S?QBD]H]D9�EGC0B1=I,<=:3:9Í7:F&Ì�7:?Q{|{�98;>=W[03:?Q;GEG9\}�C0FG3IT<C0;>=S9<;GBD3IFG; [03:?Q;GE
;GC0{Ã¾G369^EG9I}�C03:9<7�)"EG9�r)?�3<C0;À�ÃT89^gfFG9I]¯qkCQ;ê}GFGBH7:7:9IE&5<ÐR;GBH3aFG;&9I}G3:C0}&3:BD5Á=S5^{�Cne09<;G;G9I[0]HC0¾R?Q]H9Q/fL4]D]H9�EGC0B1=
?QFG7:76BD,<=S369l7:F&Ì�7S?A{|{�98;>=�}�9Á=SB1=S9�}�C0FG34gfFG9l]D9<7OÕA?Q36BÈ?A=:BDC0;&7~EG9<7 }R?A3S?Q{�s<=:3:9874E¢qkFG;�EGC0{|?QBH;G9�?QF�EGC0{|?QBD;&9
Õ0C0BH7:BD;$}GFGBH7:7:9<;>=\,<=:3:9Þ?Q}G}G36C"T@UG5<987V}R?Q3�EG987�r C0;GT<=:BDC0;&7VT<C0;>=SBD;fFG9<7�),}�CQFG3V}�C0F&ÕQC0BD3V?Q}G}&]DBDgfFG9<3W]wqk?Q;R?Q]1e"769
BD;&ÐR;&BH=S5<7:BH{Þ?Q]H9Q/

»l98{|?Q3:gfFGCQ;G7OgdF&9�T89Á=:=:9�76BH=SFG?A=SBHC0;Í9876=aBDEG9<;>=SBDgfFG9¤�WT89<]D]D9l3698;GT<C0;>=S3:5<9�9<;Þ{�58T�?A;GBDgfFG9¤EG987�ÆRFGBHEG987�C]õ
C0;KT<C0;G7:BHEGs8369VF&;G9V}G?Q36=:BDT8F&]D9IEG9tÆRFGBHEG9WT8C0{�{|9IF&;K58]H58{�98;>=¤EG9tÆRFGBDE&9�E&9�ÕQC0]DFG{�9

V
=S98]ZgfFG9�7S?Í=@?QBH]D]D9

7:C0B1=V=:3:s87V}�9Á=SB1=S9�EG9<ÕA?Q;>=\]H987�58T@UG9<]D]D9<7ÇEG9|]DC0;&[0FG98F&3VT8?Q3S?QTÁ=S5<3:BD7Ý=SBHgdF&987ÇE&9Þ]wqp58T<C0FG]H98{�98;>=4% ]È?Q36[098F&3VE�qpFG;
T�?Q;R?A]A)&3:?�e0C0;�E�qpFG;�=SF&¾�9*)&=@?QBH]D]H9¤E¢qkFG;ÀC0¾&76=@?AT8]D9*)¢/1/H/ 'Á/&2~?Q3�T<C0;>=S369�)&9<]D]H9�EGC0B1=N,Á=S3:9^=:3:s<7�[03S?Q;&EG9^EG9ÁÕQ?A;f=l]H9
]DBD¾&3:9\}R?Q36T8C0F&3:7W{|CneQ98;ÙE&987W{|CQ]D58T<FG]D9<7IE�qp9�?QFäT8C0;&76=SB1=SFR?A;f=�]H9\]DBDgfFGBHEG9�% Õ0C0BH3�}G?Q3I9Áb"98{�}G]H94�N���N���f÷���@

j0j



ø��U�N�¸�·�"úüû���@�ùä�¸���Áÿ)û ÿÀ�1.�Ê0Ê&.���}�/,Ê>¿]'c/,YZCQ3:7:gfFG9|]D9�{|CdEGs<]D9ÍEGF$Û^LO»Ç% C0FÙE&987Ç}G?Q36=:BDT8F&]D987tÆRFGBHEG987�'W9<76=
F&=SBH]DBD7:?Q¾G]H9�)dBD]�9<76=¤}�CQ7:7:BH¾G]D9IE&9�E&58T836BD369�]H9I{|BH]DBH98FÞ}�C03698F"b�% C0F�]D9�ÆRFGBHEG95'aT<C0{�{|9IFG;À{�BD]HBD98FÞT8C0;>=SBH;fF�/

$ ��'M®Z+�È�#G�v¸Q³
Yz987l5<gdFG?A=SBHC0;G7lEG9VK�?�ÕdBD983��Ýud=:C]+Q9<7�)º]È?A3:[09<{|9<;f=lF"=SBD]HBD7658987a98;KU>edEG36C"E&ed;R?A{|BHgdF&9�)R;G9�7:C0;>=¤}R?Q7¤?Q}&}G]DBÅ�

T�?Q¾G]H987�=S98]H]D9<7�gfFG9<]D]H987�98;´{�BD]HBD98F }�C03698F"bO),T�?Q3�C0;Ù;&9Þ}�98F&=ÇEG58T<3:BD369Þ?A7:7:9<èÞ}G3658T<BD7:5<{|9<;>=Ã]D9<7V}&3:CdT898767:FG7
{|BH7Ã98;Kõ698Fá)�9<=Í]D?µEGBD7Ý=S3:BH¾GF&=:BDC0;$EG987Í}G36987:76BDC0;&7�9Á=ÍEG987ÃÕdB1=S98767:9<7|?AF¥;&BHÕ098?QFm{|BHT836C07:T<C0}GBDgfFG9ÞER?Q;G7\]H987
}�C036987</"ßÆ]Rr)?QF&= EGC0;&T¤=:3:C0F&ÕQ983 FG;G9¤]DC0BR{|?QT836C07:T<C0}GBHgdF&9�)>ÕA?Q]È?Q¾&]D9l�V]¯qk5<T@UG98]H]D9lEGF�ÛILO» EGFê{�BD]DBH98F\}�C03:9<F"bO)
3:98]HBÈ?Q;>=I]D?ê}G3:9<7:76BDC0;0)¢]È?ÞÕdBH=:987:769\9<=�]D9<7�r C036T8987W9cb"=:5836BD98F&3:987</,Ja9<=6=S9Í]DC0B�987Ý=WT898]H]D9ÃE&9|Ë�?Q3:TÁeµgfFGB4987Ý=WFG;G9
]DC0B�9cb"}�5<3:BD{�98;>=S?Q]D9W9<=¤}GU&58;GC0{�58;&C0]DC0[QBDgfFG9Q/GLO]H]D9I}�9836{|9Á=�E&9VEG5ÁÐR;GBH3¤]D?47nû ÿó�@ý@ý5�Vø��¸ÉOúüÿ9�6þQÿ¯ûw÷�� EGF�ÆRFGBHEG9
�K=S3S?�ÕQ983:7\]H9Þ{�BD]HBD98Fä}�C03:9<F"b % C0FÙÕdBH=:98767:9�EG9�Ë�?Q3:TÁe�'Ç}&3:C0}�C036=:BDC0;&;G98]H]D98{�98;>=V�K]¯qkC0}&}�C0765êEGF [03:?QEGBH98;>=
EG9P��$&þ���>���:�ûwù/èv÷vöÞùÁÿ��cû9
����Á/ºYz9ÇT8Cd9<Ì�T<BD98;>=�EG9Ç}G36C0}�C036=:BDC0;G;G?Q]DB1=S5^9<76=^]D?6�@÷���ø����Áÿ)û�7nû ÿ�ù=$��0ø��6þ��dúüû9
��D�VgfFG9
;GC0FG7¤EG5<ÐG;GBD767:C0;G7lT<B1�ÆE&987:76C0FG7</�YZ?\]DCQB¢EG9VË^?Q36T<e�7<qk9cb&}&3:BD{�9W}R?Q3�]D?Ã3:98]D?A=SBHC0;

~u = −K~∇h
/

YZ?µÕdBH=S9<7:769�E&9ÀÐG]H=S3:?A=SBHC0;
~u(x, t)

987Ý=|F&;G9�Õ"B1=S9<7:7:9À{�Cne098;&;G9�ÐGT<=SB1Õ09ÀEGF ÆRFGBHEG9�gfFGBl?QFG3:?QBH=�)~}�C0FG3
78qp58T8CQFG]D9<3�)�]¯qk9<;G7:9<{Ã¾G]D9VEG9Ã]¯qk9<7:}R?QT<9�%)}�C0369ËÊ�[03S?ABD;G7�'�?QFµ]HBD9<FKEG9Ã;¢qkCdT8T<FG}�9<3IgfFG9Ã]D9<7�}�C03:9<7^7:9<FG]D7</�L4]D]H9
Õ05836BHÐR9�}R?Q3�E&5<ÐR;GB1=SBHC0;0)G]¯qk5<gdFG?A=SBHC0;�EG9WT8C0;>=:BD;fFGBH=:5Q/

YZ?MT@UR?Q36[09O}GBD5<è8C0{�5<=:3:BHgdF&9
h(x, t)

9<76=,C0¾&=:98;fFG9O98;�;G58[Q]DBD[Q9�?Q;>=zER?A;G7z]È?MT@UR?A3:[09OU>edEG3S?QF&]DBDgfFG9�% EG5<ÐG;GBD9
98;�U>edEG3S?AFG]DBHgdF&9KT8]D?Q7:76BDgfFG9�}R?Q3��a9836;GC0FGBH]D]DB�'V]D9À=S9<3:{�9�E&9KT@UR?Q36[09KE"e";G?Q{|BHgfFG9Q/ ì^;�9<76=�9<;�EG36C0BH=|EG9
;G58[0]HBD[09<3ÞT<9µ=S9836{|9KT�?Q3�ER?A;G7ê]D9<7�{|BH]DBH98F"bm}�C03698F"bO)M]H987êÕdBH=:987:76987�365898]H]D9<7ê7:C0;>=�=:C0Fvõ6C0FG367ê=S36s87ê]H98;>=S9<78/
Ja9<=:=:9ÞT@UR?A3:[09�78qp9Áb"}G36BD{�9|?A]DC0367�T<C0{�{|9\]H9�3:?Q}G}�C036=WE&9|]D?À}&3:98767:BHC0;ÙU>edEG3:CQ76=@?v=SBDgfFG9|}R?Q3W]D9Í}�C0BDE&7I}R?Q3
FG;GBH=:5IEG9^Õ0CQ]DFG{�9^E�qp9�?QF�?QFGgfFG9<]�C0;�?�õ6C0F"=S9I]È?VT�.Q=:9

z
%
h = p

ρg
+ z

'Á/ºYZ?ÃT�.A=S9I}GBH58è8CQ{|5Á=S3:BHgfFG9^987Ý=¤EGC0;GT
T8C0;&r CQ;GEGFG9�?�ÕQ98TM]D?¤T@UR?A3:[09A/QYZ?¤ÕA?Q]H98FG3,EG9 ]È?lT@UR?Q3:[Q9a987Ý=~r C0;&T<=SBHC0;ÇE&9a]wqpC036BD[0BH;G94EG9�]wqk?vb"9

z
/Qì^;Ç]wqp9Áb"}G36BD{�9

[058;G5<3S?Q]H98{�98;>=M}G?Q3M3S?A}G}�CQ36=a?QFê;GB1Õ098]H]D9<{|9<;f=a[058;&583S?A]ä%9K��WÎ!'	)dT8C0{�}&=:58987M?QF"�ÆE&987:76FG7MEGF�;&BHÕ098?QF�{�C�eQ98;
EG987¤{|9<3:71)RT8C0{�{|9�]D987l?A]H=SB1=SFGE&987M=SCQ}�C0[Q3S?Q}GU&BDgfFG987</

L4;&ÐR;á)&]È?WT8CQ;GEGFGTÁ=SBHÕdB1=S5�U>edEG3:?QFG]DBHgfFG9
K(x)

T�?A3S?QTÁ=S5836BD769�]È?Wr)?QT8BH]DB1=S5�gfF�qk?Ã]D9�ÆRFGBDE&9^�V7<qk5<T8C0F&]D983aER?Q;G7
]D9�{�BD]DBH98F$}�C03698F"b�/4L4]H]D9ê7<qk9cb&}&3:BD{�9�98; r C0;&T<=SBHC0; EG9<7�T8?Q3S?AT<=S5<3:BH76=SBHgfFG987\EGF ÆRF&BDEG9�9Á=ÍT898]H]D9êE&F¥{�BD]HBD9<F
}�C03698F"b Âa]D?$}�9836{|58?Q¾GBD]HBH=:5�BH;>=S3:BH;G7:s<gfFG9KEGF {�BD]HBD9<F

ki

) ]D?$ÕdBD76T8C076BH=S5�E&ed;R?Q{�BDgfFG9
µ

9<=�]D?$EG9<;G7:B1=S5
ρEGF ÆRFGBHEG9�)�9<=\]¯q`?QT<T85<]D583:?A=SBHC0;äEG9�]È?�}�9<7S?Q;>=S9<FG3

g
%
K = ρgki

µ

'Á/~Y,?�T8C0;GE&FGT<=:BHÕdBH=:5ÞU>edEG3S?QF&]DBDgfFG9ê?KFG;G9
EGBD{�98;G76BDC0; UGC0{�C0[0s<;G9ä�¦FG;&9äÕdBH=:98767:9é%¾�kY0��H�� ÜN��'c/�L4]H]D9 987Ý=µ76FG}G}�C07:5<9&,<=:3:9$FG; =:98;G7698FG3�76ed{|5Á=S36BDgfFG9
E�qkCQ3:EG369�_8)¢TAqk9<76=6�Æ�v�ÆE&BD3:9ÇgdF&9\gdF&9

K
987Ý=IFG;G9\{|?A=S36BDT<9ÇEG9ÍÊêT<C"9ÁÌ|T<BD9<;f=:7�)�7Ýed{|5Á=S3:BHgfFG987I}R?A3^3S?Q}&}�C03Ý=I�

]È?µEGBD?Q[0C0;R?A]D9Q/�Ja9Á=:=S9�}&3:C0}G36BD5Á=S5Þ=:98;G76C03:BH98]D]H9ÞEG9�]D?KT8CQ;GEGFGTÁ=SBHÕdB1=S5�)�}�9<3:{�9<=�)��µFG;m[03:?QEGBD9<;>=\EG9�T@UR?Q36[09
ER?Q;G7�FG;&9^EGBD3698TÁ=SBDCQ;

x
EGC0;G;G5<9�)"EG9^r)?QBD369�;G?*÷D=:3:9�E&987�T8CQ{|}�C07S?A;f=:987ME&9^]wqp58T<C0FG]D9<{|9<;>=M7:F&3M]D9<7MEGBD3698TÁ=SBDCQ;G7

}�9<3:}�98;GEGBHT8FG]D?QBD36987
y

9<=
z
/~Y4qp58T8CQFG]D9<{|9<;f=ÃER?Q;G7VFG;´{�BD]DBH98Fä?Q;GBH7:CQ=:3:C0}�9�;G9ê7:9<3S?KE&C0;GTê}R?A7Vr C036T858{�98;>=

EGBD36BD[05^EG?Q;G7l]È?\EGBH3:98TÁ=SBHC0;�C0}G}�C07:5<9�?QF�[Q3S?QEGBH98;>=lEG9WT@UR?Q36[09Q/
L4;ÃT<C0{Ã¾GBH;R?Q;>=~]D?�]HC0B>EG9MË�?Q3:TÁeÃ?�Õ09<TM]wqp58gfFR?v=SBDCQ;ÇEG9 T8C0;G76983ÝÕQ?v=SBDCQ;ÃEG9a]D?¤{|?Q767:9a9Á=�]¯qk5<gdFG?A=SBHC0;ÇE�qp5<=S?A=

EGFãÆRF&BDEG9�C0;KCQ¾&=SBH98;>=�% Õ0CQBD3l}R?Q3l9Áb�/~ø��4x þ��SýÁû úæ�^�Å.nÊ0�Qo*�Z}�/��>X8)�J��:þ��Vþ���ø �F�	�(�(�"û �cÿ=�Å.nÊ0�>¿��Z}¢/�XQj�'MFG;G9
58gfFR?A=:BDC0;ÍEG9M=Æed}�9�øQû Ì��fýÁûw÷��|gdF&BG}�9<3:{�9<=4E&9�T�?Q]HT8FG]H983�]¯qk5ÁÕ0C0]HF&=SBHC0;ÇEGF?ÆRF&BDEG9MEG?Q;G74FG;Í{�BD]DBH98FV}�C03698F"bÃ98;
;G9^r)?QBD7:?Q;>=aBH;>=S983ÝÕ09<;GBD3MgfF�qpFG;G9I7698FG]H9�ÕA?Q3:BD?Q¾G]H9�EG5<}�9<;GER?Q;>=:9\Â"]D?Ç}G3:9<7:76BDC0;�C0FÞ]È?ÇT@UR?A3:[09^}&BD58è<C0{�5<=S36BDgfFG9A/
Ja9<=:=:9I58gfFR?A=:BDC0;Þ}G3:9<;GEÀFG;G9�r C036{|9�]D5<[0s83698{�98;>=MEGBU2¢5<3:9<;f=:9^7:F&BHÕA?Q;>=�]D9¤=Æed}�9^E¢q`?QgfFGB1r s8369^ER?Q;G7a]D98gfFG9<]¢]H987
58T8CQFG]D9<{|9<;f=:7�}&3:98;&;G98;>=�}G]È?QT<9Q/

D (�*,' ·ÄÑf�v+d°Í¸0��±{B~±Z�"°
YzC0367:gfF�qpFG;Ç?AgdF&BHr s8369�987Ý=,]DBD{�BH=:5~?AF"�ÆEG9<7:76FG7Z9<=,?QF"�ÄEG98767:C0F&7,}G?Q3zEG987zT<C0FGT@UG9<7�BH{|}�9836{|58?Q¾G]H987�)ÁBD]AT8C0;&76=SBÅ�

=SFG9IFG;$þ�
��dû ��	�����@÷���É��¢ù	)dC0Fäþ�
��"û ��	���V�:þ	:�ÿ¯û c/Gu"B�]D9�{Þ?v=S5836BÈ?QFÞ7:FG7��Hõ:?QT<98;>=l987Ý=l{|C0BH;G7a}�9836{|58?Q¾G]H9�)&{|?QBH7
7S?Q;G7 }�CQF&Õ0C0BH3�,<=S369�T<C0;G76BDEG5<3:5�BH{|}�9836{|58?Q¾G]H9�)0?A]DC0367�]H9l{Þ?A=:5836BÈ?QF�?QgfFGB1r s83:9lT<C0;G76=:BH=:FG9�F&; þ�
��dû ��	���lý5�Áö\û��
�:þ	:�ÿ¯û c/fË^?A;G7aT<987 ?QgfFGBHr s<3:987�]D9<7O;R?Q}G}�987�7:C0;>= E�÷D=:987�T�?Q}"=SBHÕQ987·%)C0F�7:9<{|BÅ�ÆT8?Q}&=SB1Õ09<7�'Á/fYZ?W}G3:9<7:76BDC0;|EG9�]¯qk98?QF
9876=lUG?Q¾GBH=:FG98]H]D9<{|9<;f= }G]HFG7a5<]D9<ÕQ589IgfFG9I]D?Ç}G3:9<7:76BDC0;À?A=:{|CQ7:}GUG5<3:BHgdF&9�)&E&9^7:C03Ý=S9^gfFG9IEG?Q;G7MFG;�}&FGBH=:7�?A=:=:98BÅ�
[0;R?Q;>=�FG;&9^=S98]H]D9¤;R?Q}G}�9�)&]D9�;&BHÕ098?QF�E�qp9�?QFá)&{�C0;>=S9I?QFd�ÆEG9<7:7:F&7�EGFê=SC0B1=M9Á=�{[,<{|9�gfFG98]HgdF&9<r C0BH7�?QF"�ÄEG98767:FG7

jQo



EG9l]È?^7:F&36r)?QT<9�EGF|76C0]v%�:F�"û ÿ ý�þ��cÿ�ù@ýÁûA�	�&ý¬'Á/02,C0FG3OT89<74=Æe"}�987OE�qk?QgfFGB1r s83:9<7O]wqp58gfFR?A=:BDC0;ÃgfFGBRE&58T836BH=O]¯qk5ÁÕ0C0]HF&=SBHC0;
EG9W]È?\;R?Q}G}�9WE�qp9�?QF�ER?Q;G7l]H9I76ed76=:s8{�9V7<qk5<T83:B1=WÂ

Ss

∂h

∂t
+ q = ~∇ ·

(
K~∇h

) %¯_"/1.¬'
C]õ

K(x)
9<76=�]D9I=S9<;G7:9<FG3¤EG9VT<C0;GEGF&T<=SB1ÕdBH=S5WU>edEG3S?AFG]DBHgdF&9�E&5�õ:�|E&5<ÐR;GBZT<B1�ÆE&987:76FG7¤9<=

q(x, t)
987Ý=�]H9^=S9836{|9

7:C0FG36T89·%Q�pY0� 3 � ÜN� −1 H8�kY0� 3 'Á/vJa94=S9<3:{�9OT8C0363:9876}�CQ;GEÇ?AF"b�?Q}G}�C03Ý=S7ZC0F�?QF"bW}&3:58]Hs<ÕQ98{�98;>=S7,E�qp9�?QFVER?Q;G7Z]wqk?QgfFGBÅ�
r s83:9A/AJ�qk9<76=�FG;êødù�Ã8û ÿO7Q÷vúæ�"ö\û9
����OEG9�ÆRFGBHEG94}G3658]D9ÁÕ05·%)}�C07:B1=SB1r�'�CQFV?A}G}�CQ36=S5B% ;G58[>?v=SBHr�'F:&þ����8�Rû ÿÆùMø��¸7Q÷vúæ�"ö��
98;KT@UG?QgfFG9Ç}�C0BD;>=8/

Ss(x)
987Ý=�]H94�@÷5���é�ÁûA�	�Rÿ ø�� �Áö\ö�þ5>>þvýÁû��á�Áö��	�Rÿ~ýC:Rù��Áû É¸
�����EG9W]wqk?QgfFGBHr s<3:9[%)EG9�EGBH{|9<;"�

7:BDCQ;é�kY0� −1 'Á/,ßÆ]a3698}G36587698;>=S9�]H9|Õ0CQ]DFG{�9|E¢qk98?QF ]DBH¾�5<3:5ÍEG9ê]¯q`?QgfFGB1r s8369�)Z}R?Q3VFG;GBH=:5ÞEG9�Õ0C0]HFG{�9ÞEGF´{�BD]HBD9<F
}�C03698F"b�9Á=�7:C0FG7�]wqp912�9<=�E�qpFG;Þ?Q¾R?QBH7:7:9<{|9<;>= F&;GBH=:5¤E&9¤]D?IT@UR?Q3:[Q9�}GBH58è<C0{|5Á=S36BDgfFG9

h(x, t)
%¾�kY0��'Á/dJ�qp9876= FG;G9

gdFG?Q;>=SBH=:5^ER?Q;&7a]È?AgdF&98]D]H9�BH;>=S983ÝÕdBD98;&;G98;>=�]H9�}�C0BDE&7a}R?Q3 FG;GB1=S5�E&9�Õ0C0]HFG{�9�E�qp9�?AF
ρg
)"]D?V}�C03:C076BH=:5¤=:CQ=@?Q]H9

ωEGF|{�BD]HBD9<FÇ}�C03:9<F"bO)>]D9874T<C"9ÁÌ�T8BD9<;>=S7OEG9lT8C0{�}G36987:76BD¾GBH]DB1=S587�EGF�7:C0]
βs

)0EGF�]DBHgfFGBDEG9
βl

9Á= E&F�{�BD]HBD9<FÃ}�CQ3:98Fdb
α

/ºL4]D]H9^987Ý=�3698]HBD589W�\T<987¤gdFG?Q;>=SBH=:587l}R?Q3�]D?\3:98]D?A=SBHC0;
Ss = ρgω

(
βl − βs + α

ω

) /
Y4qp58gfFR?A=:BDC0;^%¯_"/1.¬' 987Ý=�FG;G9I5<gfFR?A=SBHC0;ê]HC"T8?Q]D9A/dßÆ;>=:58[036589W7:FG3aFG;êÕ0C0]HFG{�9

V
)"98]D]H9�76BD[0;GB1ÐR9�76BD{�}G]D9<{|9<;>=

gdF&9�)º]D9·ÆGF"bÀEG9W]È?ÇÕdB1=S98767:9WEG9^ÐR]1=S3:?A=SBHC0;êEGF�ÆRFGBHEG9I7:C03Ý=@?Q;>=¤�Ã=S3:?�Õ098367�]D?Ç7:F&36r)?QT<9�9<;>=SC0FG3:?Q;>=¤]D9^Õ0CQ]DFG{�9
V
% {|9<{Ã¾G3:9lEG9¤EG36C0BH=:95'	)>9<76= 58[>?A]º��]D?IÕA?Q36BÈ?A=:BDC0;\}G?Q3OFG;GBH=:5lEG9¤=:98{�}G7�)fT@UR?A;G[0589¤EG9¤7:BH[0;G9V%)T8?Q3

K~∇h =
−~u

'()~EG9ê]D?�T@UR?A3:[09ê}&BD58è<C0{�5<=S36BDgfFG9Þ�µ]wqpBD;>=S5<3:BD9<FG3WEG9�T89|Õ0C0]HFG{|9|{ÃFG]1=SBD}&]DBD5<9\}R?Q3V]È?KT8?Q}R?QT<BH=S5|gfFG9êT89
Õ0C0]HFG{|9I}�C0767:s8E&9VE�qp98{�{|?Q[>?Q76BD;G9<3MEGF�ÆRFGBDE&9À%)}G3698{�BD983M=:9836{|9IEGF�{�98{Ã¾G369IEG9W[>?QFGT@U&95'Á/RN T<9�}&3:98{�BD9<3
=S9836{|9*)�gfFGBM76BD[0;GB1ÐR9ÞE&C0;GT�FG;m?Q¾G?QBD767:98{�98;>=ÍEG9�}&3:98767:BHC0;m�µ]wqpBD;>=S5<3:BH98FG3VE�qkF&;¥5<]D5<{|9<;f=ÃEG9êÕ0C0]HFG{�9êEG9
]wqk?QgfFGBHr s<3:9�)R9<76=�?�õ6C0F&=:5VF&;�=S9<3:{�9WE�q`?A}G}�CQ36=�%)C0F�EG9�}G3:5<]DsÁÕ098{�98;>=�E�qk98?QFD'

q
/¢J�qp987Ý=�E&C0;GT�FG;G9�58gfFR?A=:BDC0;

EG9Ã¾GBH]È?Q;�gdF&B~58gfFGBH]DBH¾G3:9�]D9<7·ÆRF"bK98;>=S3:?Q;>=S7I?AF"bYÆGF"b 76C036=S?Q;>=S7I?QF&gdF&98]~7<q`?nõ6C0F&=S9ÇFG; ?Q¾R?QBH7:7698{�98;>=^EG9Ç]È?
T@UR?Q3:[Q9Þ}GBH58è8CQ{|5Á=S3:BHgfFG9|}G?Q3VF&;GBH=:5�E&9|=S9<{|}&78/�Y,?À3:5<7:C0F&EG3:9ê76BD[0;&BHÐR9ÍgfFG9Þ76B CQ;´?�]H987�T8C0;&EGBH=:BDC0;G7�?QFdb
]DBD{�BH=:9871)¢]È?êT<C0;GEGB1=SBHC0; BD;GB1=SBÈ?A]D9�9<=�]D9<7WÕA?Q]H98FG367WEG9\=SC0FG7W]H987W}R?Q3:?Q{|sÁ=S36987[%

Ss

)
K
)
q
'I?Q]HC03:7IC0; }�98F&=V98;

EG58EGF&BD3:9�]È?ÍT@UR?Q36[09�}GBD5<è8C0{�5<=:3:BDgfFG9
h

9<;�=:C0FG7¤}�C0BH;>=S7lEG9�]wqk?QgfFGBHr s<3:9W9<=���;¢qkBH{|}�C036=:9IgfFG98],BD;G7Ý=@?Q;>=
t
/ºßÆ]

9876=�EGCQ;GTÍ}�C0767:BH¾G]D9ÃE&9ÍÕQC0BD3I]D?ê{Þ?A;GBDs<3:9ÃEGCQ;f=W5ÁÕ0C0]HFG9Í]È?ê}G3698767:BDCQ;$��]¯qkBH;f=:5836BD98F&3^EG9ÍT89Á=�?QgfFGBHr s<3:9Q/ X ;G9
r C0BD7WT89Á=:=:9ÞT@UR?Q36[09ÞT8?Q]DT<FG]D5<9�)zBH]49876=Ã?Q]DCQ3:7W}�CQ7:7:BH¾G]D9ÍE�qp98;ÙEG58EGF&BD3:9�]D9ÍT@UR?A{|}$EG9|ÕQ98T<=:98FG367ÃEG9<7VÕdBH=:987:76987
[03�EQT<9��Í]D?\]DC0B�EG9�Ë^?Q3:TÁe0/

YZ?´3:9<]È?A=:BDC0; %w_"/1.¬'|? 5Á=S5 5<=:FGEGBH589 EG9µr)?�3<C0; BD;>=:98;G76BHÕ09 ?AFG7:76BI¾GBD9<; EG9 {Þ?A;GBDs<3:9µ?A;R?Q]Hef=:BDgfFG9µgfFG9
;dF&{|5<3:BDgfFG9|T�?Q3V98]H]D9�BD;>=S9<36ÕdBD9<;f=V7:CQFG7Çr C036{|9ÍBDE&98;>=SBHgdF&9ÞER?Q;&7ÇEG9<7ÃEGC0{|?QBD;&987W=S98]H7VgfFG9Þ]È?ÀT8C0;GE&FGT<=:BDC0;
=SUG9<3:{�BDgfFG9�)A]È?�E&B�2�FG7:BHC0;ÇEG9aT8C0;GT<98;>=S3:?A=SBHC0;0)AC0F\98;GT<C03:9�]D?�EGBU2¢F&7:BDCQ;ÃEG987~;G98F&=:3:C0;&78/0ßÆ]"9876=OE&C0;GTM}�C07:76BD¾G]H9
E�qkF"=SBD]HBD76983�)O9<; }&]DFG7|EG987�{�5<=:UGC"E&987ÞE&5<Õ09<]DC0}&}�5<987À98; U>edEG3:CQ[058C0]HC0[0BH9�)4=SC0F"=ê]wqk?Q367:98;G?Q]�{|?A=SU&58{|?A=SBHgdF&9
EG5<ÕQ98]DCQ}G}�5Þ9<=ÃF"=SBD]HBD765\ER?Q;G7VT8987ÇEGC0{|?QBD;G9<7V}�C0FG3�]È?À}G3658EGBHT<=SBHC0;ÙE&987Ç5<T8C0F&]D98{�98;>=:7ÇER?Q;&7Ç]D9<7Ã?QgfFGB1r s836987
T8C0;&ÐG;G587</>ì^;Ç}�98F&=�T8B1=S9<3,E&987~CQF&Õd3S?Q[09<7�gfFGBd7:CQ;f=,=SCQF&=��lr)?QBH=ZT<]È?Q767:BHgdF&987,ER?Q;G7�T@UR?QT8F&;ÃEG9�T8987�EGC0{|?QBD;&987OÂ
� þ��@ýÁú1þ�Í þ���ø�ø&þ��A>��	�Y%¾�1.�Ê>XQÊ*��'¤}�C0FG3¤]È?�T8C0;GE&FGT<=:BDC0;µE&9Ã]È?�T@UR?Q]D9<FG3�EG?Q;G7^]H987�76C0]DBHEG9871) � �:þ���Ä&%¾�1.�Ê>¿0X���'
}�C0F&3V]H987�{Þ?A=:UG58{|?A=:BDgfFG987WEG9|]È?�EGBU2¢FG76BDC0;ä9<=|J��(�]>5>��Áö�þ��ú%¾�1.�Ê0Ê0Ê*��'^}�C0F&3V]H987W7:C0]HF&=SBHC0;G7�?Q;R?A]Hef=SBHgdF&987
3:98]D?A=SB1Õ09<7�?AF"bÀ}G36C0¾G]Ds<{|9<7�U>e"E&3:C0[05<C0]DCQ[0BDgfFG9<78/

ì^F&=:3:9\]wqpFG;GBHT8B1=S5Ç¾&BD98; T<C0;G;fFG9ÍEG9\7S?�76C0]DF&=:BDC0;á)¢]DCQ3:7:gfFG9
h

Õ05<3:BHÐG9\]wqp58gfFR?A=:BDC0; {ÃF&;GB�EG9\T<C0;GEGB1=SBDCQ;G7
?QF"b�]DBH{|B1=S987�9Á=^BH;GBH=:BÈ?Q]H987�)"FG;G9VEG987^}&3:C0}G36BD5Á=S587¤BD{�}�C036=S?Q;>=S987¤EG9�T89Á=:=S9Ç58gfFR?A=:BDC0;�T8C0;GT<9836;G9Ã7S?�]DBH;G5�?Q36BH=:5
98;

h
/4Ja9<=:=:9�]DBH;G5�?Q36BH=:5Þ}�983:{�9<=ÃE�qkF"=SBD]HBD76983ÇF&;¥}&3:BD;&T8BD}�9�)�EGBH=ÃEG9�7:FG}�9836}�CQ7:BH=:BDC0;á)�gfFGB�;GCQFG7\EGBH=ÃgdF&9�76B

%
h1, q1

'49<=�%
h2, q2

'�76C0;>=MEG9<F"b|7:C0]HF&=SBHC0;G7O}R?Q3Ý=SBDT<FG]DBHs8369874EG9\%w_"/1.¬'~Õ05<3:BHÐR?Q;>=MEG9<7aT8CQ;GEGBH=:BDC0;&7 ?AF"b�]DBH{|B1=S987
EGC0;G;G5<9871)�?Q]HC03:7�=:C0F&=S9<7�T<C0{Ã¾GBH;R?QBH7:C0;G7�]HBD;G58?QBD36987�EG9äT89<7KEG9<F"b 7:CQ]DF&=:BDC0;G7À76983:CQ;f=K?QFG767:B�7:C0]HF&=SBHC0; EG9
T89<=6=S9À58gfFR?v=SBDCQ;�/4Ja9À}G36BD;GT<BD}�9Þ987Ý=\=SC0F"=��Kr)?QBH=Ç[058;G5<3S?Q]a9<=ÍBD;>=:9836ÕdBH98;>=ÍER?Q;G7\¾�9�?AFGT8C0F&}¥E&9�EGC0{|?QBD;G9<7
EG9|]D?�24U>ed7:BHgdF&96%)5<]D9<T<=S36C0{|?Q[0;G5Á=SBD76{|9*)�C0}&=:BDgfFG9*)z{|5<T�?Q;GBHgfFG9ÍgdFG?Q;>=SBDgfFG9*) /1/1/�'I}�CQFG3W]È?�3:5<7:C0]HF&=SBHC0; EG987
}G3:C0¾&]Ds8{�987</¢L4;µU>edEG36C0[058CQ]DC0[0BH9�)ºBD]Z}�9836{|9Á=I?QFG767:B�EG9V=:3S?�ÕA?QBD]H]D983l9<;µ3S?Q¾G?A=:=:98{�98;>=S7

r(x, t)
/¢Ja9ÃEG9<3:;GBH983

9876=|EG5ÁÐR;GB�T8CQ{|{�9�]È?µEGBU2¢5<3:9<;GT89À98;>=:3:9�]È?µT@UR?Q36[09
h0(x)

76C0]DF"=SBDCQ; EGF¦}&3:C0¾G]Hs8{�9�76=S?A=SBHC0;G;R?QBH3:9ê9Á=Í]È?
T@UR?Q3:[Q9

h(x, t)
)�76C0]DF"=SBDCQ;ÙEGF´}&3:C0¾G]Hs8{�9�=:3S?Q;&7:BH=:C0BD369�)Z?�e>?A;f=Ã]D987V{[,<{|9<7VT<C0;GEGB1=SBHC0;G7V?QF"b$]DBH{|B1=S987IgfFG9

h0(x)
9<= EG9¤T8C0;GE&BH=SBHC0;�BD;GB1=SBÈ?A]D9

h0(x)
%
r(x, t) = h0(x)−h(x, t)

'Á/dY4qkBH;f=:3:CdEGFGTÁ=SBDCQ;�E&9�T89Á=:=:9�;GCQF&Õ09<]D]D9
ÕQ?A3:BÈ?A¾G]D9ÃE&9�3:?Q¾R?A=6=S9<{|9<;f=�}�9836{|9Á=WEG9Í7:BD{�}G]HBHÐR9<3�T8CQ;G7:BHEG583:?Q¾G]D9<{|9<;>=V]H9\}G3:CQ¾G]Ds<{|9Ã}&FGBD76gdF¢qk9<]D]D9\ÕQ583:B1ÐR9
]È?Ç{À,8{�9�5<gfFR?A=SBHC0;êEG9�]È?VE&B�2�FG7:B1Õ"B1=S5�%¯?QFÞ7:BD[Q;G9^EGFÞ=:9836{|9�7:C0FG36T89I}G36s87�' gfFG9

h
=SC0F&=a98;�}�C07:7658ER?A;f=MEG987

j>X



T8C0;GE&BH=SBHC0;G7ÃBH;GBH=:BÈ?Q]H987W9<=\?QF"b ]HBD{�BH=:987W;fFG]D]H9878/nK�C0F&7\F&=SBH]DBD769836C0;G7ÇT<9<=6=S9�}G36C0}G3:BH5<=:5êER?Q;G7Ç]È?K7698T<=:BDC0;¦_"/`_
}�C0F&3¤76BD{�}G]DB1ÐR983 ]D9I}G36C0¾G]Hs8{�9^EG987¤T8CQ;GEGBH=:BDC0;&7MBD;GB1=SBD?Q]D9<78/

L4;&ÐR;á)�=:9836{|BH;GC0;G7ZT89�}R?Q3:?Q[03:?Q}GUG9O7:F&3�FG;&9 }G36C0}G36BD5<=:5O}R?Q36=:BDT<FG]DBHs83:94E&987,}GUG58;&C0{|s<;G987�EGB�2�FG76BHr 78/�Ë^?Q;G7
FG;K{�BD]HBD98F�BH7:CQ=:3:C0}�9W9<=¤UGC0{�C0[0s<;G9�)ºBH]�987Ý=^}�C07:76BD¾G]H9IEG9VE&5<ÐR;GBH3�F&;G9VgfFR?A;f=:BH=:5Ç?Q}&}�9<]D589W]D?�EGBU2¢F&7:BHÕdB1=S5

κ
/

Ja98]D]H9Á�ÄT8B,9876=^EG5<ÐR;&BD9ÇT<C0{�{|9�]D9V3S?Q}G}�C03Ý=�9<;f=:3:9\]D?|T8CQ;GEGFGTÁ=SBHÕdB1=S5ÇU>edEG3:?QFG]DBHgfFG9Ç76FG3^]wqp98{�{|?Q[>?Q76BD;G9<{|9<;f=
7:}�58T8B1ÐRgfFG9Q/zu&?ÞEGBH{|9<;G7:BHC0;K9<76=IEGCQ;GTÇUGCQ{|C0[Qs8;G9Ç�S�kY0� 2 �pÜN� −1 /�NP}R?Q3Ý=SBH3�EG9ÇT89<=6=S9ÃE&B�2�FG7:B1Õ"B1=S5*)�CQ;µ}�9<F&=
T8C0;G7Ý=S36FGBD369Þ]È?�ÕA?Q3:BD?Q¾G]H9 √

κt
gfFGBa?�]È?ÀEGBD{�98;&7:BDCQ;$E�qpFG;G9|]DC0;&[0FG98F&38/,L4;Ù;GC036{Þ?A]DBD7:?Q;>=WEGC0;GT|]D9<7VT<C"C03��

EGC0;G;G5<987
x

}R?A3�T<9<=6=S9Í]DC0;&[0FG98F&3I98; r C03:{|?Q;>=I]D9\3:?Q}G}�C036=W7:?Q;G7�EGBD{�98;&7:BDCQ;
x/

√
κt
)zBD]~9876=�}�C07:76BD¾G]H9\EG9

{|C0;>=:3:983�gfF�qU�8�á�Íýn÷vúæ�dÿ¯ûw÷�� EG9|]wqp58gfFR?A=:BDC0; EG9�]È?ÀEGBU2¢FG76BHÕdBH=:5\;G9�EG58}�98;GEÙgdF&9|EG9|T89Á=:=S9ÍÕA?Q3:BD?Q¾G]H9Q/ZJa9<T8B
Õ098F"=^EGBH3:9WgfFG9V76C0FG7¤]wqp912�9<=¤E�qpFG;G9�}�9<36=:FG3:¾R?v=SBDCQ;0)GT89<]D]H9Á�ÆT<Bz78qp987Ý=�}G36C0}R?Q[Q589���F&;KBD;&76=@?A;f=

t
7:FG3¤FG;G9�EGBD7��

=@?Q;GT<9ÞEG9�]wqpC036EG3:9ÍEG9 √
κt

/�J�qk9<76=ÃF&;G9|E&987ÇT8?Q3S?AT<=S5<3:BH76=SBHgfFG987�98767:98;>=:BD98]H]D9�EG987�}GUG5<;GC0{�s8;G9<7ÃEGBU2¢FG76BHr 7W�
7S?�Õ0C0BH3�)R]D?Ã}G3:C0}�C03Ý=SBDCQ;G;R?Q]HBH=S5¤98;>=:3:9W]È?ÃEGBH76=S?Q;GT89W{�Cne098;&;G9WEG9WEGB�2�FG7:BHC0;�9<=l]D?\3S?QT<BD;G9^T8?Q3:36589WEGFÀ=S9<{|}G7</
Ja9ê3:5<7:FG]1=@?A=Ç9Áb"}G]DBHgfFG9�)�98;´}R?A36=SBHT8FG]HBD9<3�)z]wqpBD;&9<Ì�T�?QT<BH=:5ÞEG9<7Ã}GUG5<;GC0{�s8;G9<7ÃEGB�2�FG76BHr 7Ã��[03S?A;GEG9êEGBH76=S?Q;GT89A/
u�qkBH]zr)?QF&=�FG;K=S9<{|}&7

tL
}�CQFG3�gfF�qpFG;G9Ç}�9<36=SF&3:¾R?A=:BDC0;�EGBU2¢FG769Ç76FG3�FG;&9ÇEGBH76=@?A;GT89

L
)�BH]�r)?QFGEG3:?|FG;K=:98{�}G7

.nÏ0Ï�r CQBD7l}G]DF&7�[03:?Q;GEK}�C0FG3¤gfF�qp98]D]H9VE&B�2�FG7:9�7:FG3�FG;G9VEGBD7Ý=@?Q;GT<9Ç7698FG]H98{�98;>=Ã.nÏÍr C0BD7l}G]HFG7¤[03S?Q;&EG9Q/�24Ufed76B1�
gdF&98{�98;>=�),T89Í3:5<7:FG]1=@?A=�9<76=VE�GÙ?AFär)?QB1=WgfFG9|]H9\ÆRF"bäEG9Í]D?�ÕA?Q36BÈ?Q¾&]D9\gfFGB4EGBU2¢FG769Í9876=V}G36C0}�CQ36=SBHC0;G;G9<]4?QF
[03S?QE&BD98;>=�EG9Ç]D?�T@UG?Q3:[09�Â�}G]DFG7¤]D9Ir 36C0;>=�EG9�ÕA?Q3:BD?A=SBHC0;À78qp5<=@?A]D9�)º}G]HFG7¤]È?Í}G3:C0}G?Q[>?A=:BDC0;À7:9�r)?QBH=¤]H98;>=S9<{|9<;f=8/
YZ9<7�}&UG58;GCQ{|s<;G987lEG9WEGBU2¢FG76BDC0;�76C0;>=¤EGC0;GTW}R?Q3Ý=SBHT8FG]HBDs83698{�98;>=M9ÁÌ�T�?QT<987^�\EG9<7�=S98{�}G7lT8CQFG36=:7�C0F�76FG3lEG9
}�9Á=SBH=:987lEGBH76=@?A;GT89<78/

D (�*,' ·ÄÑf�v+d°Í±Z��± ¸0��±�B�±Z�d°
YzC0367:gfF�qpFG;¦{|?A=:583:BD?QF´?AgdF&BHr s8369�;�qp9876=Í}G?Q7\3:9<T8C0F&ÕQ983Ý=|}G?Q3\FG;G9�T<C0FGT@UG9À{�C0BD;G7V}�9<3:{�5�?Q¾&]D9�)�T89�365Á�

7:983ÝÕ0C0BH3^T8CQ;G76=:BH=SF&9Ã?Q]HC03:7¤FG;¥þ�
��dû ��	���Çúüû9Ã����ÃCQFmþ�
��"û ��	�����¢÷�� �@÷���É��¢ùÁ/�YZ?Þ76FG36r)?AT89ÃEG9Ç]È?|;G?Q}G}�9ÃE�qp9�?QF
7:C0F&=:98363S?QBH;G9�)zgfFR?Q]HBHÐR5<9\EG9P��þ	:�:��\úüû9Ã����	)0ÆRFGTÁ=SFG9�?Q]HC03:7I]HBD¾G3698{�98;>=WER?Q;G7W]H9Ã=S98{�}G7W9<=�3698}G36587:9<;>=S9Þ]D?ê]DBÅ�
{|B1=S9IEG9<7¤è<C0;G9<7�7:?A=SFG36589�9<=¤;GC0;À7:?A=SFG36589�EG9W]wqk?QgfFGBHr s<3:9A/ºJ�qk9<76=Ý���v�ÄEGBD369IgdF¢q`?QFd�ÆEG9<7:7:CQFG7�EG9WT<9<=:=:9W7:FG3Ýr)?QT89
]wqp987:}G?QT89IEG9<7�}�CQ3:987�9<76=l3698{�}G]DB�E�qp9�?QFÀ9<=�?QF"�ÆE&987:76FG7�)R]¯qk9<7:}R?AT89IEG9<7�}�C036987�T<C0;>=SBD9<;>=�EG9I]wqp9�?AF�9<=�EG9I]¯q`?ABD38/
X ;G9Ã;G?Q}G}�9ÇT�?A}&=SB1Õ09ÇCQFµ7:9<{|BÅ�ÆT�?A}&=SB1Õ09�9876=�FG;G9Ã;G?Q}G}�9Ç7S?A;G7^7:F&36r)?QT<9Ç]DBH¾G3:9A/�YZ9V;GBHÕQ9�?QFKE�qk98?QFµER?A;G7^FG;
}GFGBH=:7lT�?Q}&=S?Q;>=¤FG;G9�;R?Q}G}�9W]DBD¾&3:9I987Ý=���]D?Í}&3:98767:BHC0;K?v=S{�C0}GUG5<3:BDgfFG9I9Á=¤;G9V}�98F"=�E&C0;GTW}R?Q7¤{|CQ;f=:983�}G]HFG7
UR?QF&=lgfFG9I]D?Ã7:FG3Ýr)?QT89I]HBD¾G369Q/"YOqp58gfFR?v=SBDCQ;�[058;G5<3S?Q]H9^EG9I]¯qk5<T8C0FG]H98{�98;>=�}�C0FG3MT<987�=Æed}�9<7lEG9I;R?Q}G}�9^7<qk5<T83:B1=WÂ

Sy

∂h

∂t
+ Q = ~∇xy ·

(
K(h − σ)~∇xyh

) %¯_"/`_]'
C]õ

Sy(x, y)
%wu"}�98T<BHÐRTTÎIBH98]HED'~987Ý=a]D?I:R÷��S÷nýÁû ÿÆùI��� �:þ����¤gfFGB�BD;>=:9836ÕdBH98;>=�BDT8Bº?AFÞ]DBH98FÍEG9¤]È?W}�CQ3:C076BH=S5M=:CQ=@?A]D9

ω
E�G�?QF"bWÆRFGT<=:FR?A=:BDC0;G7�E&9�]D?Ã7:FG3Ýr)?QT89W]HBD¾G369Q/GYz9<7�BH;GEGBDT<987

x
9<=

y
E&9I]wqpC0}�5<3S?A=:98FG3�;G?Q¾G]È?�% ~∇ 'M7:BH[0;GBHÐG98;>=

gdF&9K]D9<7ÍEG5836BHÕ05<987|;G9�7<qk9	2¢9<T<=:FG98;>=�gfF�qp98;
x

9<=
y
/�Y,?äT8C0{�}�C07S?Q;>=:9

z
?$5Á=S5�58]DBH{|BH;G589Þ98;�76FG}G}�C07S?A;f=

%¯�Wõ6FG7Ý=S9�=SBH=:3:9V}�C0F&3�]H987�5<T8C0F&]D98{�98;>=:7�]D9<;>=S7�'lgfFG9Ç=SCQF&=S9<7�]D9<7�ÕdBH=:98767:987I76C0;>=^UGCQ3:BDè<C0;>=@?Q]H987¤9<=�}R?Q3S?A]D]Ds<]D9<7
98;>=S369^98]H]D987O76FG3a]D?�{À,8{�9�Õ0983Ý=SBHT�?Q]H9\% Ufed}�CQ=SU&s87:9�EG9^Ë�F&}GFGBH=�'O9Á=a9<;ê7:F&}G}�CQ7S?Q;>=�?AFG7:76B�gfFG9^]H9�=S98;&7:98F&3MEG9
}�9<3:{�5�?Q¾GBH]DB1=S5W?QEG{�9<=¤]D?ÍÕQ9836=:BDT8?Q]D9WT8CQ{|{�9WFG;G9�EG9Ç76987�E&BD3:9<T<=:BDC0;G7l}G36BD;GT<BD}R?A]D987</�Ja987�EG98F"b�U>ed}�CA=SUGs<7:987
7:C0;>=ÃE&58T836BH=:987�}G]DFG7W9<;´EG5<=S?QBD]4EG?Q;G7�]È?�7:C0F&7Ý�Æ7698TÁ=SBDCQ; _"/`_"/`_�% N�}G}G36C"T@U&9ÞU>edEG3S?QF&]DBDgfFG9�'Á/,Yz9�=:98;G7698FG3VEG9
T8C0;GE&FGT<=:BHÕdBH=:5�U>edEG3S?QF&]DBDgfFG9¤987Ý=MEGCQ;GT�3658EGFGB1=M��FG;G9�{Þ?A=:3:BHT89lT8C0;&76=SB1=SFG5<9�EG9¤gfFR?A=:3:9�5<]D5<{|9<;f=:78/dN,ÕQ98T^T<987
Ufed}�CQ=SU&s87:9<7�)

h(x, y, t)
3:98}&3:587698;>=S9�{|?QBH;f=:98;R?A;f=Ç]È?ÀT@UR?Q36[09ê7:F&3ÇFG;G9|Õ0983Ý=SBHT�?Q]H9�),9<=Ã9<;´}R?Q3Ý=SBHT8FG]HBD9831)z]È?

T�.Q=:9|EG9Í]D?À76FG36r)?AT89Í]DBH¾G3:9\EG9Í]D?À;G?Q}G}�9Q/
σ(x, y)

9<76=VFG;G9\r C0;GTÁ=SBHC0; EG9|]D?ê}�CQ7:BH=:BDC0; gfFGBOT8?Q3S?QTÁ=S5<3:BD769Í]D9
7:FG¾G7Ý=S3:?A=SFG{ÔBD{�}�9<3:{�5�?Q¾&]D9�]DBH{|B1=@?Q;>=O]D?V;R?Q}&}�9¤Õ098367�]D9¤¾R?Q7</GL4;&ÐR;

Q(x, y, t)
9876=M{Þ?QBH;>=S98;G?Q;>=a]H9Ãødù�Ã8û ÿ

:F�@ùÁú��	7Qù�:&þ��P���Rû ÿÆùKø��êý	�8��<þ����Kø��Àú1þ&��þ	:�:��&%¾�kY0� 3 � ÜN� −1 H��pY0� 2 'c/�Ja9�=:9836{|9À}�983:{�9<=|EG9�=S9<;GBD3ÍT<C0{|}"=S9
EG987l58T@UG?Q;G[09<7�EG9I]D?Ã;R?Q}G}�9W?�Õ09<TV]¯qk9cb"=:5836BD98F&3t%)}G3658]Hs<Õ09<{|9<;>=S7�)ºBH;&ÐR]H=:3S?A=:BDC0;á)�/1/1/�'a9<;�76FG}G}�C07S?A;f=¤gfF�qpBD]H7M7:9
3:5�?A]DBD7698;>=�7:FG3O=SCQF&=S9l]wqp58}G?QBD767:98F&3�E&9�]D?W;G?Q}G}�9Q/dJa9<=6=S9¤58gfFR?A=:BDC0;|?W5<=S5¤C0¾&=:98;fFG9¤98;|7:FG}G}�C07:?Q;>=M?QF&7:7:BºgfFG9
]D987¤?vb"9<7

x
9<=

y
76FGBHÕQ98;>=�]D987�E&98F"b�EGBH3:9<T<=SBHC0;G7M}&3:BD;&T8BD}G?Q]D9<7�EG9W]wqk?Q;GBD76CQ=S36C0}GBH9�EGF�}G]È?A;�/

YZ?Ù}G36BD;GT<BD}R?A]D9�3:98{|?Q36gdF&9µT8C0;&T89836;G9 ]È?$;GC0; ]DBH;G5�?A3:BH=:5�9<;
h

E&9µT89Á=:=S9 5<gfFR?A=SBHC0;�/¸K�C0F&7êÕ098363:C0;&7�)
=SC0Fvõ6CQFG3:7VER?Q;G7V]È?�76C0FG7��Æ7:9<T<=:BDC0;m_d/y_"/`_8)Z]wqpU>ed}�CQ=:UGs8769ÞgfFGB�ÕQ?�;GC0FG7V}�9<3:{�9<=6=S3:9�EG9ê;&C0FG7Ç9<; ?*2�3S?Q;&T@UGBD3</

j0t



YZ9<7\58gfFR?A=:BDC0;&7Ç;GC0;d�Æ]DBH;G5�?ABD3:9<7V76C0;>=\98; 9	2¢9Á=\EG9<7Ã58gfFR?A=:BDC0;&7ÃEGBHÌ�T<BD]D9<7Ç�µ365876C0FGEG369ê9<=Ãr CQ;f=Ã]wqpC0¾dõ69<=ÇEG9
=SUGs<{|9<7IEG9Ã3:9<T@UG9836T@UG987V?QTÁ=SFG9<]D78/¢2�C0F&3^T89<7^=Æe"}�987IE¢qk5<gdFG?A=SBHC0;G7�)¢BD],9876=^;G58T<987:7:?QBD369\EG9\{�9<=:=:3:9Ç?QF }�CQBD;>=
EG9W;GC0F&ÕQ98]D]H987�=SU&58C036BD987l9Á=�]H9I}G3:BH;GT8BH}�9�EG9W7:FG}�9836}�C076BH=:BDC0;ÀEG9W78qk?Q}G}&]DBDgfFG9I}&]DFG7</

�J�Ýª���� �i���09z�Ý�Ï�î���O�0Ð���� £Ç�4�&���d�Ä�"�Ñ� ���O�0Ð^��� £V���R���z�ÒÐ��Ý���Ä�"�
K¤C0FG7�?A]D]DCQ;G7Z{Þ?QBH;>=S98;G?Q;>=~3:?Q}G}�98]D9<3~¾G36BDsÁÕ098{�98;>=~]wqk?Q}G}G36C"T@UG9 T8C0;&T898}"=SFG9<]D]D9 F&=SBH]DBH7:589O}�C0FG3,]È?¤EG9876T83:BH}"�

=SBDCQ;�E&987O58T<C0FG]D9<{|9<;>=S74ER?Q;&7�]H9874{�BD]HBD98FdbÇ}�C03698F"b\r 3:?QT<=:FG3:5<78/>L4]H]D9�?I5<=:5lEG5<ÕQ98]DCQ}G}�5<9lER?Q;G7O]D9<7O?Q;G;G5<987 t0Ï
}R?Q3YJ�þ����	�FÃ8ú1þQÿ)ÿJ�ÁÿÒÓ0$��ÁúüÿÆ÷�7Y�Å.nÊ0tQÏ*��9Á=ZJ�þ����	�FÃ8ú1þQÿ¯ÿ#�Áÿ þQúU�v�1.nÊQt0Ï*��}�C0FG3a]È?ÃEG9<7:T836BD}&=:BDC0;�E&987l58T<C0FG]D9<{|9<;>=S7
ER?Q;G7W]D9<7W3:5876983ÝÕ0C0BH3:7W}�5Á=S36C0]DBH983:7�9<=�78qk?Q}G}�98]H]D9\]D9\{�CdEGs8]H9\�ÀË�C0FG¾G]H9Á�Æ2�C036C07:B1=S5\9<=VË�CQFG¾G]D9c��2,983:{�5�?A¾GBD]HBH=S5
%¯Ë^2OË^2L'Á/�LO]H]D9ÍT8CQ;G7:BH76=S9Þ�K{�C"EG5<]DBH7:983W]H9ÀÆRF&BDEG9�T8C0{�{�9|T<C0;G76=:BH=:FG5ÞEG9|EG98FdbÙ}&UR?Q7:9<7êÂ,FG;G9ÞCdT8T<FG}R?Q;>=
]D9µ36587:98?QF EG9µr 3S?QTÁ=SFG36987�9Á=�]wqk?QF&=:3:9µCdT8T<FG}R?Q;>=À]D9<7ê¾G]HC"T<7ê}�CQ3:98Fdb¢/�JaUR?QT8F&;G9 EG9 T89<7�}GUR?Q76987À987Ý=À}R?Q3
T8C0;G7658gfFG9<;f=\ÕdFG9ÞT8C0{�{|9�FG; �@÷��Rÿ¯û������"öxgfFGB�C"T<T8FG}�9ê]D9�EGC0{|?QBH;G9Í98;>=SBH9838/,Y4qpUfed}�CQ=SU&s87:9�T<98;>=S3:?Q]D9|EG9
]wqk?Q}G}G36C"T@UG9�Ë^2OË^2î987Ý=ÞE&C0;GT�gdF&9�]H9�{�BD]HBD9<F´r 3S?QTÁ=SFG365�}�98F"=�,Á=S3:9�7:5<}R?Q365K98; ø��	�*;$ý	��ýÁÿC�Áö��@ý?:R÷����	��;
øQûDýÁÿ¯û��á�Áÿ ý	)~CdT8T<FG}R?Q;>=Í]D9KöÕÔÁö��êÕ0CQ]DFG{�9�),T@UR?QT<FG;¦T8?Q3S?AT<=S5<3:BH7:5ê}R?A3Ã7:9<7�}&3:C0}G36BD5Á=S587ÇUfedEG36C"E"e";G?Q{|BHgfFG987
}G3:C0}&3:987</,YZ9<7WEG98F"bä7Ýed76=Ss<{|9<7V}�C03698F"b }�98F"Õ098;>=ÇBD;>=S9<3S?Q[0BH3�9<;f=:3:9�98F"b 98;ä58T@UR?Q;&[09�?Q;>=VEG9Í]wqp9�?QF 9<;$365Á�
}�C0;&7:9¤�^FG;Í[03S?AEGBD9<;f=�EG9�T@UR?Q36[09Q/f½�?QT836C07:T<C0}GBDgfFG9<{|9<;>=�)0]H9M{|BH]DBH98FVÐG7:7:F&3:5l987Ý=OT�?Q3:?QT<=:583:BH7:5��	�W���êöÕÔÁö��
:R÷vû��RÿOø��^ú/� �@ýC:&þ����¤}G?Q3 E&98F"b|ÕdBH=S9<7:76987aE&9�ÐR]1=S3S?v=SBDCQ;0)>EG98FdbÞT@UG?Q3:[09<7a}GBH58è<C0{|5Á=S36BDgfFG9871)"E&98F"b|}�C03:C076BH=:587�9<=
EG98F"b�T<C0;GEGF&T<=SB1ÕdBH=S5<7lUfedEG3:?QFG]HBDgfFG987</

Ja9<7�=Æed}�9<7~EG9�{�C"EGs<]D9<7,769a¾R?A7:98;>=~7:FG3,]wqDþ	:�:F�S÷5��$��J�@÷��Rÿ¯û������ EG58T<3:BH=:9 EG?Q;G7,]D9O}R?Q3:?Q[03S?A}GUG9�}G3:5<T858E&98;>=�/
ìI;\}�98F"=OEGC0;GT�?A}G}G]DBHgfFG983�T8987�=Æed}�987OEG9M{�CdEGs8]H987�=S?Q;>=4gfF�qpBD]&9<76=O}�C07:76BD¾G]H9aEG9aEG5<=:983:{�BD;&983�FG;ÃÛ^LO»¦}�C0FG3
FG;KEGCQ{Þ?QBH;G9IEGC0;&;G5Q/º24FGBH7:gfF�qpC0;KEGBU2¢5<3:9<;GT8BH9�]¯qk5<T8C0F&]D98{�98;>=lER?A;G7�]D?\{Þ?A=:3:BHT89I}�C03:9<FG7:9�9<=¤]wqp58T<C0FG]H98{�98;>=
ER?Q;G7O]D9a3:58769�?QFÍEG9Mr 3:?QT<=:FG3:9<7�)>T@UR?AT8FG;�EG987476C0FG7��Æ76ed7Ý=Ss8{�987�987Ý=OEG58T<3:B1=O}R?Q3�FG;\Û^L�»W/fJa9<]DFGBGE&F�3658769�?QF�EG9
r 3S?QTÁ=SFG36987a9<76= 7:FG}&}�C0765�T<C0;>=S9<;GBD3�FG;Þ[Q3S?Q;GE�;GC0{Ç¾G3:9lEG9lÐR7:76FG3:9<7M9<=�EG9¤¾G]HC"T<78/>ßÆ]ºEG58}�98;&EêEG987�}G36C0}G3:BH5<=:587
UfedEG3:?QFG]HBDgfFG987O9Á=OEG9�]È?^[05<C0{�5<=S36BD9ME&9874ÐR7:76FG3:9<7a?ABD;G76B&gfFG9lEG9�]wqp58T@U&98]D]H9MEGF�}G3:CQ¾G]Ds<{|9A/>Ja98]HFGBGEGFÍ7Ýe"7Ý=Ss<{|9
EG987 ¾G]DCdT87�;�qp9876= }R?Q7 ;G58T<98767S?QBH3:98{�98;>=a]D9l{[,<{|9lgfFG9�T898]HFGBREG9<7 ÐR767:FG36987M9Á=aEG5<}�9<;GEêEG9<7aT8?Q3S?QTÁ=S5<3:BD7Ý=SBHgdF&987
EG9W]È?\{Þ?v=S3:BHT89^36C"T@U&98FG769Q/

YzC0367:gfF�qpBD]¤9876=ê}�C0767:BH¾G]D9�EG9K=S36C0F&ÕQ983êFG;�7:98F&]�ÛILO»§}�C0F&3Þ]wqp98;&7:98{Ç¾G]D9�EGF {|BH]DBH98Fmr 3S?QTÁ=SFG365�) ?Q]DC0367
T898]HFGB1�ÄT8Bº}�98F&=J,Á=S369�3:9<}G3:5<7:9<;f=:5WT8C0{�{|9¤FG;ê7698FG]�T8C0;>=:BD;fFGFG{�/GJa9�EG9836;GBD9<3a}�C07:76s8EG9I?A]DC0367 EG9<7M}G36C0}G3:BH5<=:587
{|Cne09<;G;G5<987IgfFGB,3:91ÆGs<=S9<;>=W?QFG767:B~¾&BD98;�]D9<7�}G36C0}G36BD5<=:587�EG987�r 3:?QT<=:FG3:9<7�gfFG9VT898]H]D9<7�EG9<7^¾G]HC"T<7�}�C03:9<F"b�/�ì^;
}R?Q3:]H9�EG9IöÞ÷8ø��Áú���<Çö\û úüûA�	��:R÷����	�*;�ù/
��"û�7vþQú��	�Rÿ�}�CQFG3�3:9<}G3:5<7:9<;f=:983�]D9�{�BD]HBD98FWr 3S?AT<=SF&3:5Q/>ìI;�?Q767:BH{|BH]D9aE&C0;GT
ER?Q;G7IT<9Ã{|CdEGs<]D9�)�]D9<7^¾G]HC"T<7^?QF"bµ[03S?ABD;G7�9<=I]H987�r 3:?QT<=:FG3:9<7I]DBH{|B1=@?Q;>=¤T89<7I¾G]DCdT87�?QF"bK}�C036987</ZJa98}�98;GEG?Q;>=�)
]D9^T<C0{|}�C03Ý=S98{�98;>=�E&FWÆRFGBDE&9^ER?Q;G7�]H987ar 3:?QT<=:FG3:9<7�9<=�EG?Q;G7�]D9<7M¾G]HC"T<7M}�CQ3:98Fdb�gfFGB�9<76=�=SCQFvõ6C0FG367MEGB�2�583698;>=
�ê}�9Á=SBH=:9Ç5<T@UG98]H]D9�)�EGC0B1=·,Á=S369ÃEGBD7Ý=SBH;G[0FG5Ç?QFG7:76B��ê[03:?Q;GEG9V58T@UG9<]D]H9Q/�2�?Q3^9cb&9<{|}&]D9ÇgfFR?A;GE ]wqpC0F&ÕQ9836=:FG3:9ÇEG987
r 3S?QTÁ=SFG36987�9<76=4[03:?Q;GEG9 =@?Q;GE&BD7,gdF&9�]D987�}�CQ3:987�ER?Q;G7~]D987�¾G]DCdT87�7:C0;>=4}�9<=:BH=:7�)v]wqp58T8CQFG]D9<{|9<;f=�78qp912�98TÁ=SFG9�}&]DF&=/.Q=
�\=:3S?�Õ09<3:7l]D9<7Mr 3S?QTÁ=SFG36987l?Q]HC03:7agdF&9�]¯qk9<{|{|?Q[>?A7:BD;&98{�98;>=aE&FPÆRF&BDEG9^769Ir)?QBH=aER?Q;G7l]wqp9876}R?QT<9IEG987l}�C03:9<7�EG987
¾G]DCdT87</¢ßÆ]~9<76=IF"=SBD]H9VEG?Q;G7^T<987I7:B1=SFR?v=SBDCQ;G7�EG9ÇEGB�2�583698;GT<BD983�]D9<7�3:5<[0BD{�987�58T<C0FG]D9<{|9<;>=S7^EGBH76=:BD;GTÁ=S7^ER?A;G7^FG;
{|CdEGs8]H9W�\EGC0FG¾G]H9Á�Ä}�C036C07:B1=S5�HAEGC0FG¾&]D9Á�Ä}�9<3:{�5�?Q¾&BD]DB1=S5A/

Yz987�58gfFR?A=:BDC0;&7^?QF"b�EG5<3:B1Õ0589<7I}R?Q3Ý=SBD9<]D]H987lgfFGB�3658[0BH7:7698;>=I]wqp58T<C0FG]H98{�98;>=�EG?Q;G7�]H9V3658769�?QF EG9Vr 3S?QTÁ=SFG36987
9<=�ER?Q;G7O]D?^{Þ?A=:3:BHT89M76C0;>= T<98]H]D9874E&9¤]D?^EGB�2�FG76BHÕdBH=:5t%)5<g�/F%¯_"/1.¬'/'�?�Õ09<T�F&;Í=:9836{|9�E�qp58T@UG?Q;G[09¤98;>=S369�T<987OEG9<F"b
T8C0;>=SBH;fFR?&/ºYz987l58gfFR?v=SBDCQ;G7lE�qk5<T8C0F&]D98{�98;>=¤E�qpFG;�ÆRFGBDE&9�EG?Q;G7lFG;À=S98]¢76ed76=:s8{�9V7<qk5<T83:B1Õ09<;f=�EGC0;&T�Â

Ssf

∂hf

∂t
= ~∇ · (Kf

~∇hf ) − qα.
%¯_"/kj�'

Ssm

∂hm

∂t
= ~∇ · (Km

~∇hm) + qα.
%¯_"/po�'

C]õ|]H987OBD;&EGBDT<987
f

9Á=
m

7:BH[0;GB1ÐR98;>=4r 3S?AT<=SF&3:9l9<= {Þ?v=S3:BHT89A/>2�C0F&3�T<C0;G7Ý=S3:F&BD3:9V%¯_"/`j]'49Á=·%w_"/po�'�]È?I]DCQBGEG9¤Ë^?Q36T<e
9876=W76FG}G}�C07:5<9Â,<=S369ÃÕA?Q]È?Q¾&]D9�}�C0F&3^]D9<7^58T<C0FG]D9<{|9<;>=S7IER?Q;&7I]D987�ÐR7:76FG3:9<7�9Á=WER?Q;G7�]È?Þ{|?A=S36BDT<9Ç3:9<7:}�98TÁ=SBHÕQ9Á�
{|9<;f=8/ZYz9Í=:9836{|9\E�qp58T@UG?Q;G[09

qα

98;>=S369�]H9\76ed76=:s8{�9|E&987Wr 3S?QTÁ=SFG36987W9<=�]D9\7Ýed76=Ss<{|9�EG9<7V¾G]HC"T<7I}�9<F&==,<=:3:9

j>¿



=S3S?ABH=S5a7:FGB1ÕQ?A;f=�EG98F"b\7:T@UG5<{Þ?Q7lÂAER?Q;G7O]D9a}G3:9<{|BH983�)v]wqp58T@UG?Q;G[09�9<76=OT8CQ;G7:BHEG58365¤}&7:98F&EGCA�Æ7Ý=@?A=:BDC0;&;R?QBD369äMQEG?Q;G7
]D9Ã7698T8CQ;GE0)zBD],987Ý=I=S3:?Q;G7:B1=SC0BH3:9A/¢Ë^?A;G7I]wqpU>e"}�CQ=:UGs8769\}G7:9<FGEGCA�Ä76=@?v=SBDCQ;G;R?QBH3:9�)�C0; 76FG}G}�C07:9ÍgfFG9

qα

9<76=W}G36CA�
}�C03Ý=SBHC0;G;G9<]��ê]È?|EGB�2�583698;GT<9\98;>=S369�]D?ÞT@UR?Q36[09\U>edEG3S?QF&]DBDgfFG9Ç{|Cne09<;G;G9ÍER?Q;&7I]D987�r 3S?QTÁ=SFG36987I9<=^]È?êT@UR?Q36[09
UfedEG3:?QFG]HBDgfFG9W{|CneQ98;G;G9�ER?Q;&7¤]H987�¾G]HC"T<78/ºudC0;�9cb"}G3:9<7:7:BHC0;K7<qk5<T836BH=

qα = λ · (hf − hm)
/

Yz9�{|CdEGs8]H9���EGCQFG¾G]D9c�Æ}�C03:CQ7:BH=:5Í?�5Á=S5Þ5Á=SFGE&BD5Kþ���þQúæ�Aÿ)û9
��D�Áö��	�Rÿ�EG9|r)?�3<C0;ÙBH;>=S98;&7:BHÕQ9|EG?Q;G7Ç]D?�]DBH=6=S5c�
3S?A=:FG3:9Í9<=V?ÀEGC0;G;&5|]HBD98F ?ÀEG9<7�E&5<Õ09<]DC0}&}�9<{|9<;f=:7V=:UG58C036BDgfFG9<7�BH{|}�C03Ý=@?Q;>=S7</Zì^F&=S369Í]D9\{�C"EGs<]D9\C036BD[0BH;R?Q]
3:5876C0]DF }R?A3\J�þ����	�FÃ8ú1þQÿ¯ÿ·�Áÿ�þQúU�!�1.�Ê0t0Ï*��)¢C0; }�98F&=WT<BH=:983�Ö\þ��(���	�ö�ÁÿN�l÷n÷vÿ\�Å.nÊ0t0j*�~gfFGB4C0;>=W3:5<7:C0]HFä]H9Ã}G36CA�
¾G]Ds<{|9�EG9ÃEGCQFG¾G]D9c�Æ}�C03:CQ7:BH=:5W9<=^76BD{�}G]D9W}�9836{|58?Q¾GBD]HBH=:5äMgxä÷5�	�á��$ �Å.nÊ0�Ao��,gdF&B�?|E&5<=S9<3:{�BD;G5�FG;G9Ç7:C0]HF&=SBHC0;
E�qkF&;�{|CdEGs<]D9��$EGCQFG¾G]D9c�Æ}�C03:CQ7:BH=:5À9<=|7:BD{�}G]H9�}�9836{|58?Q¾GBH]DBH=:5ê98;¦=S98;G?Q;>=êT8CQ{|}&=:9�E&9�}�983Ý=S9KE&9KT@UR?Q36[09
�K]È?À]DBH{|B1=S9Ãr 3S?AT<=SF&3:95Hv¾G]DCdTS% 912�9<=ÇEG9�u8+fBH;D'OM!�WþQö\ö �Áÿ�J�û)ø>þ���; �Å.nÊ0Ê0t*��gfFGB�C0;>=Ã5Á=SFGEGBH5Þ]H9|{�C"E&s8]D9��
EGC0FG¾G]H9Á�Ä}�C036C07:B1=S5Or 3S?QTÁ=@?Q]H9Q/vÜ�CQF&=S9<7�T89<747:C0]HF&=SBHC0;G7�?Q;R?Q]1ed=:BDgfFG9<7~7:CQ;f=�T898}�98;&ER?Q;>=OC0¾&=:98;fFG98749<;\912�98TÁ=SFR?Q;>=
¾�98?QFGT8CQFG}ÀE�qkU>ed}�CQ=SUGs<7:9<7¤76BD{�}G]DB1ÐRT�?v=S3:BHT89<7�76FG3M]H9�{�BD]DBH98FÍÐR7:76FG3:5nMG}R?Q3M9cb"98{�}G]D9�98;�T8CQ;G7:BHEG583:?Q;>=�]D9�76ed7Ý�
=Ss8{�9Í98;äT8CdC03:E&C0;G;G5<987�3S?QEGBD?Q]D9<7Â%¯?AER?Q}&=:58987�}�C0FG3W]D9<7I987:7:?QBD7�EG9Í}�C0{|}G?Q[0987�'�9<=W=SCQF&=S9<7�]H987W}G36C0}G3:BH5<=:587
7:C0;>=¤7:FG}&}�C076589<7�,Á=S369IUGC0{�C0[0s8;&9878/G2�C0FG3�T<987l3S?ABD7:CQ;G7M;GC0F&7�;G9I]D9<7MF&=SBH]DBH7:9836C0;G7 }R?Q7�ER?Q;&7�]D9^T8?QEG3:9IE&9I]È?
{|CdEG58]HBD7:?A=SBHC0;��\[03S?A;GEG9W58T@UG9<]D]H9IgdF&Bz;GC0FG7lT8CQ;GT89<3:;G9A/

PÀiQP × w[x�¦TU	pb�#w�q��#pT¢4r�y4pTU\x�yØ¢4k�wÙ(U/¦¨¤ p}x4u(knp��LrÛÚ�U�WósL¢£¢4k�wÀ�!��pÜ¤ y�U	rvu:Ý
�#wVqÂrvu1qÀyPs

u"F&3~]È?�¾R?Q7:9aEG987�3698]D?A=SBHC0;G7,EG58T<3:BH=:987�EG?Q;G7�]D?�7:9<T<=:BDC0;Ã}&3:58T<58EG9<;>=S9l9<=4E&FÃT8C0;&T898}"=OEG9MEGC0F&¾G]D9c�Æ}�C03:C076BH=:5
EGC0FG¾G]H9Á�Ä}�9<3:{�5�?Q¾GBH]DB1=S5�)Z;GCQFG7�?Q]D]HC0;G7Ç{|?QBH;f=:98;R?A;f=Í}&3:587698;>=S9<3|]H9ê{�C"EGs<]D9ê{ÇFG]H=:B1�ÆT<C0;>=SBH;dFG?KgfFGBMÕA? ;&C0FG7
7:983ÝÕdBD3V�À]D?�{|CdEG58]HBD7:?A=SBHC0;µEG9<7V5<T8C0FG]H98{�98;>=S7�7:CQFG7V]H9\7:B1=S9ÍEG9|JM?QER?Q3:?QT@UG9A/nK¤C0FG7�?Q]D]HC0;G7^=:C0F&=WE�qk?Q¾�C03:E
r)?QBD369IFG;G9�¾G3:sÁÕ09�3:9<ÕdFG9�EG9<7�?Q}&}G3:CdT@UG987¤EG9�T89I=Æed}�9�gfFGBZ9Áb"BD7Ý=S9<;f=�ER?Q;&7¤]D?\]DBH=6=S5<3S?A=:FG3:9A/�K�C0F&7¤E&58T836BD36C0;G7
98;G76FGBH=:9$]H987ÀU>e"}�CQ=:UGs876987KE&F {�C"E&s8]D9*)M}GFGBH7À;GC0FG7�98; }G3:5<7:9<;f=:9836C0;G7K]H987À58gfFR?v=SBDCQ;G7À[058;G5<3S?Q]H987�9<=�FG;
9Áb"98{�}G]D9�E�qk?Q}G}G]HBDT8?A=SBHC0;�/�K¤C0FG7¤}R?Q36]D9836C0;G7¤98;G76FGBH=:9VE&987¤EGBHÌ�T8F&]H=S5<7�3698;GT<C0;>=S3658987�ER?Q;G7¤]wqk?Q}G}G]HBDT8?A=SBHC0;êEGF
{|CdEGs8]H9W?QBD;&7:B�gfFG9WEG9<7�U>ed}�CA=SUGs<7:987�9<=�HAC0FÀEG987¤{�5<=SU&C"EG9<7�98;>ÕdBD7:?Q[0589<7�}�C0FG3l]H987�7:F&3:{�C0;>=S983</

Y4qk?Q}G}G36C"T@UG9�{ÃFG]1=SBÅ�ÆT8CQ;f=:BD;fFR?ê9<76=VFG;G9 þ	:�:F�S÷5��$��W�@÷��Rÿ)û������4�ÁÿIødùÁÿC�	�Áö\û��RûDýÁÿC��}�C0FG3W3:9<}G3:5<7:98;>=:983Ã]H987
58T8CQFG]D9<{|9<;f=:7aER?A;G7aEG9<7M76ed7Ý=Ss8{�987a{ÃFG]H=:B1�ÄT8C0FGT@U&987�9<=�r 3S?QTÁ=SFG365878/&Yz987a5<T8C0F&]D98{�98;>=:7aER?Q;&7a]D9l7Ýe"7Ý=Ss<{|9^9<;"�
=SBD9<34}�9<F&Õ09<;>=N,<=:3:9l}G36BD7O98;�T8C0{�}&=:9�)>98;�F&=:BD]DBH7S?Q;>=~FG;|7Ýed76=Ss<{|9¤E�qp58gfFR?A=:BDC0;&7�)>=SC0F"=S987OEG9�r C036{|9�BHEG98;>=:BDgfFG9
%)58gfFR?v=SBDCQ;êEG9^]D?VEGBU2¢FG76BHÕdBH=:5�9cb"}G3:BH{|5<9�98;ê=:3S?Q;&7:{�BD7:76BHÕdBH=:587�'	)fT8C0F&}G]D5<987M9<;f=:3:9I9<]D]D9<78/"Ja9<=6=S9^{À,8{�9�5<gfFR?v�
=SBDCQ;�3698}G36587698;>=S9V?QFG767:Bz¾GBH98;À]D9<7�58T8CQFG]D9<{|9<;f=:7lEG9W]wqp9�?QFÀER?Q;&7¤F&;G9IT8C0F&T@UG9�)ºER?Q;&7¤]H9I76ed76=:s8{�9W{Þ?A=:3:BHT8BD9<]A)
ER?Q;G7�]D9W76ed76=:s8{�9VE&9�r 3:?QT<=:FG3:9<7�T8CQ;G76=:BH=SF&5�E&987�r 3:?QT<=:FG3:9<7�}&3:BD;&T8BD}G?Q]D9<7�)GC0F�{[,<{|9WER?A;G7�F&;K7:CQFG7Ý�Ä3:58769�?QF
EG9�ÐR7:76FG3:9<78/ 2�C0FG3\T<9<=6=S9À3S?QBH7:C0;á)�C0;m;G9À}R?Q36]D983:?µ}G]DF&7\ER?Q;G7Í]È?µ76FGBH=:9�)4;GBaEG9ÀT8C0FGT@U&9�)O;GBMEG9À7Ýe"7Ý=Ss<{|9
EG9Vr 3:?QT<=:FG3:9<7?%)CQFK7:CQFG7Ý�Ä3:58769�?QF E&9�r 3:?QT<=:FG3:9<7�'¤;&B,E&Fµ76ed76=:s8{�9Ç{|?A=S36BDT<BD98]�)&{|?QBD7lEG9��@÷��Rÿ¯û������dö�9Á=^]¯q`?Q}d�
}G3:CdT@UG9ÃF&=:BD]HBD7:5<9I7:9<3S?ê?Q}&}�9<]D589|ú/� þ	:�:F�S÷5��$���ö?�"úüÿ)û��/�@÷��Rÿ¯û����&þQ/ºN�BH;G7:B�)R}�C0F&3�EGBU2¢5<3:9<;GT8BH983¤]D987�58T<C0FG]D9<{|9<;>=S7
ER?Q;G7\]H987Ãr 3S?AT<=SF&3:987\9Á=ÍER?Q;G7\]D?K{|?A=S36BDT89|EG9�]wqk?QgfFGB1r s83:9ÞT83:5Á=@?QT<5�)�CQ;¥}G?Q3:]H983S?�EGFl�@÷��Rÿ¯û������"öëö�þQÿ��cûA���
9<=lEGF �@÷��Rÿ)û����8�döñ(�6þ��Áÿ������@ýÁ/ºJa9<=6=S9W?Q}&}G3:CdT@UG9I987Ý=¤FG;G9I7:BH{|}&]D9�[Q58;G5<3S?Q]HBD7S?v=SBDCQ;Þ}GUG5<;GC0{�58;GCQ]DC0[0BHgfFG9^EGF
{|CdEGs8]H9OEGC0FG¾G]H9Á�Ä}�C036C07:B1=S5�HAEGC0FG¾&]D9Á�Ä}�9<3:{�5�?Q¾&BD]DB1=S5,}�CQFG3�}�9836{|9Á=:=:3:9�EG9�=:98;GBH3�T<C0{�}&=S9O]D9�}G]HFG7�76BD{�}G]D9<{|9<;>=
}�C0767:BH¾G]D9IEG9<7¤=:98363S?QBH;G7�{ÃFG]1=SB1�ÄT8C0F&T@UG987</

�J�X�N�6ª ��6 �4£�£��G��¡Gå������Ä�"����¡¢�O� �"���M���é���O��� ���î���Ä�f�&���&���&�¤�G�
Y4qk?Q}G}G36C"T@UG9I{ÇFG]H=:B1�ÆT<C0;>=SBH;dFG?�;�qp987Ý=l}R?Q7Mr C0;&ER?Q{�98;>=@?Q]H98{�98;>=M;&C0F&Õ09<]D]H9^98;À7:CQBw/"Ë�98}GF&BD7�]wqk?Q}G}G?Q3:B1=SBDCQ;

EGF�{|CdEGs<]D9lEGC0FG¾&]D9�}�C036C07:B1=S5¤EG9J�þ����	�FÃ8ú1þQÿ)ÿL�Áÿ´Ó0$��ÁúüÿÆ÷�7P%Q�Å.nÊ0t0Ï*��'4EG9�;GCQ{Ã¾G3:9<F"bÞ{|CdEGs8]H987�[058;&583S?A]DBD7:?Q;>=
T89<=6=S9K?Q}G}G36C"T@UG9K�ä}&]DFG76BD98F&3:7�}�C036C07:B1=S5<7�9Á=Þ}&]DFG76BD98F&3:7�}�9<3:{�5�?Q¾GBH]DB1=S587\CQ;f=|5<=:5�365�?Q]HBD7658987</ON�BD;&7:B�BD]�9<76=
?Q}G}R?Q36FêEG9<7M{|CdEGs<]D987 �V=:3:BD}&]D9l}�CQ3:C076BH=S5�% � úD÷nýÁö�þ����^�Å.nÊ>¿QX���'()=J¤þQû~þ���ø��l÷5�A>QûA�	�Sý?�Å.nÊ0Ê>¿¬��'()dE&987M{�C"E&s8]D9<7
�ê}�C036C07:B1=S5<7^9<=I}�9836{|58?Q¾GBH]DBH=:587l{ÃFG]1=SBH}G]D9<7\%�J�þQû�þ���ø�þQúU�!�Å.nÊ0Ê0j���'l9<=I{À,8{�9ÇFG; {�CdEGs8]H9Ç]DBD?Q;>=�}&]DFG76BD98F&3:7
}�C036C07:B1=S5<7a9<=a}�9<3:{�5�?Q¾&BD]DB1=S5<7�EG?Q;G7MFG;ê?QgfFGBHr s<3:9�{ÇFG]H=:B1�ÆT<C0FGT@UG9<7�% }R?Q3 9Áb"98{�}G]D9 � $��	�&�Å.nÊ0�QÊ*��9<=Bù�û���þ���ø
� $��	�Z�1.nÊQÊ0Ï*��' T8C0{�{�9IC0;À]D9IT8CQ;G7:BHEGs8369�BHT8B¯/

j0�



Yz987�=S3S?�ÕA?QF"bKEG9\T<987IEG9<3:;GBH983:7�C0;>=I5<=:5Ã3:58?Q]DBH7:587�ER?Q;G7^]H9Ç¾GF"=IEG9\T�?A3S?QTÁ=S5836BD76983^EG9<7I98767S?QBH7^EG9Ã}GF&BH=S7</
YZ9<7�?QF&=S9<FG3:7OT<C0;G7:BHEG583:?QBD9<;>=O]D9�76ed7Ý=Ss8{�9¤?QgfFGBHr s<3:9�9<;|T<C"C036EGC0;G;&58987O3:?QEGBÈ?A]D987~9<=O3:9<T@UG9836T@UR?QBH98;>=aF&;G9l7:C0]HF"�
=SBDCQ;K?Q;G?Q]Hef=SBHgfFG9IEGFK}&3:C0¾G]Hs8{�9Q/GN�BD;G76BzC0;�}�9<F&=�369<=:3:C0F&ÕQ983¤ER?Q;G7¤T89Á=^?A36=SBHT8]H9I]D987l3698]È?v=SBDCQ;G7M{|?A=S36BDT8BH98]H]D987
}G3:9<7:gfFG9ÇBHEG98;>=:BDgfFG987¤�\T89<]D]H9I58T836BH=:987lER?Q;G7l]H9I}R?Q3S?A[03S?Q}&UG9�_"/`_"/`j\T<B1�ÆE&987:76C0FG7WÂR98]H]D9<7MC0;>=¤]È?Ã{À,8{�9^r C03:{�9
{Þ?QBH7a]D?VEGBU2¢5<3:98;&T89�ÕdBD9<;>=�EG9^T<9IgdF&9^]wqp58gfFR?A=:BDC0;Þ[058;G5<3S?Q]H9�9<76=�5<T83:B1=S9^9<;�T8CdC03:E&C0;G;G5<987�3S?AEGBÈ?Q]H987�98;�76FG}"�
}�C07:?Q;>=I]D9<7^}G36C0}G3:BH5<=:587�U&C0{|CQ[0s8;G9<7^9<=^BD7:CA=S3:CQ}�9<7^?Q]HC03:7�gdF&9Ã;GC0FG7�;�q`?A]D]DCQ;G7�}R?A7^;GC0FG7�}G]È?QT<983�ER?Q;G7^T<987
Ufed}�CQ=SU&s87:9<7O7:BD{�}G]HBHÐRT8?A=S36BDT89<78/ X ;G9�?QF"=S3:9 EGB�2�583698;GT<9M987Ý=4?QF&7:7:B&��7:CQFG]DBH[0;G983</AJaC0{|{�9�;GC0FG7~=:3S?�ÕA?QBD]H]D9<3:C0;G7
98; =S3:?Q;G7:{�BD767:B1Õ"B1=S5<7�)¢;&C0FG7IC0¾&=:BD9<;GEG3:CQ;G7^98; ]HBD;G58?Q3:BH7S?Q;>=^]H9Ç=S9<3:{�9ÃEG9<7tÆGFGT<=:FR?A=SBHC0;G7^}�C0FG3�FG;ä?QgfFGBHr s<3:9
;GC0;ÞT<C0;&ÐR;&5�)fFG;G9l58gfFR?v=SBDCQ;|76BD{�BD]È?ABD3:9�}�C0FG3O]È?IEG9<7:T836BD}&=:BDC0;ÍEG9<7 5<T8C0F&]D98{�98;>=:7 EG9<7 ;G?Q}G}�987�]DBD¾&3:98749Á=�EG987
;R?Q}G}�987lT�?A}&=SB1Õ0987</�K�CA=S3:9W?A}G}G3:CdT@UG9I;GCQFG7l}�9<3:{�9<=:=:3S?ÃEGCQ;GTIEG9^=S9<;GBD3aT8C0{�}&=S9^?QFG7:76BzEG9I]È?V;R?Q}G}�9I]DBH¾G3:9A/

Ë^?A;G7Z]D98F&3Z?Q}G}G36C"T@UG9¶J�þQûRþ���øIþQúü/��1.�Ê0Ê0j*�>T<C0;G76BDEGs<3:98;>=,]D9<7z{|CdEGs<]D987zE¢qk5<T8C0FG]H98{�98;>=~½�FG]1=SB1�Æ2�C036C07:B1=S5�9<=
½�FG]H=:B1�Æ2�9836{|58?Q¾GBH]DBH=:5=%w½K2�½K2L'aEG5<}�9<;GER?Q;>=:7¤E&9^]È?�EG5<r C036{Þ?v=SBDCQ;�/dY,?Çr CQ3:{ÃFG]D?A=SBHC0;ÍEGF�{�C"EGs<]D9^½K2�½K2
gdF¢qkBH]D7Þ}&3:C0}�C07:9<;>=êr)?QBH=�BH;f=:983ÝÕ098;&BD3�)�C0F&=:3:9�]È?$}�9836{|58?Q¾GBH]DBH=:5ÀBD7:CA=S3:CQ}�9�9<=Þ]È?äÕdBH7:T8CQ7:BH=:5KE&ed;R?A{|BHgdF&9KEGF
ÆRFGBDE&9�)dEG987�=S9836{|9<7�=:98]H7 gfFG9�]D9l{|CdEGFG]H9lEG9�T<BD7S?ABD]D]H98{�98;>=�)A]D9<7 T<C"9ÁÌ|T<BD9<;f=:7aEG9�YZ?Q{|5*)>]D9<7 EG5<}G]È?AT898{�98;>=:7�)
]D9W=S98;&7:98F&3�EG9<7^T8C0;>=:3S?QBH;f=:987¤9<=�T898]HFGBZEG987�EG5<r CQ3:{|?A=SBHC0;G78/GYZ9<7�ÕA?Q36BÈ?Q¾G]H987lE�qp5<=S?A=�76C0;>=^]H987¤}G3:9<7:7:BHC0;G7�EG987
EGB�2�583698;>=S7êT<C0;>=SBH;dFG?&/MJa9K{|CdEGs8]H9�9<76=ÞEGC0;GTKr CQ3:{ÃFG]H5�E&F�}�CQBD;>=ÞE&9KÕdFG9K=SCA=@?Q]H98{�98;>=�{|5<T�?Q;GBHgfFG9�)�T89
gdF&9µ;GC0FG7|;�qp98;>ÕdBD7S?A[098C0;&7ê}R?Q7|EGF�=SCQF&=ÞBHT8B¯/�Ja98}�98;GER?A;f=�)a9<;�}G3S?v=SBDgfFG9*)O]D987|{|CdEGs<]D987ÍE�qp58T<C0FG]H98{�98;>=S7
EG58}�98;GEG?Q;>=ÇEG9\]D?êEG5<r CQ3:{|?A=SBHC0;µC0;>=I=S36s87W}�98Fä5<=S5Í?A}G}G]DBHgfFG587IE�G&7�}&3:BD;&T8BD}G?Q]D9<{|9<;f=^?QF T8C0F&}G]È?Q[Q9Í?nÕQ98T
]È? EG5<r CQ3:{|?A=SBHC0; {Þ?ABD7\?QF&7:7:B¤� T�?QF&7:9ÀEG9�]È?µEGB1Ì|T<FG]H=:5�� E&5<=S9<3:{�BD;G9<3Í]È?µ{ÃFG]1=SB1=SFGEG9ÞEG987�}R?Q3:?Q{|sÁ=S36987
;GC0;"�Ä]DBD;&5�?QBH3:987agdF&BzEG58T<3:BHÕQ98;>=�]D9I76ed7Ý=Ss8{�9Q/

ì^F&=:3:9MT<9874{�C"EGs<]D9<7O½K2�½K2$BH]&9<76=�?QFG767:BR?A}G}R?Q36F\]D9aT<C0;GT<98}&=�EG9M{ÇFG]H=:B1�Æ}�C036987Ý�Ä3:5<[0BDC0;&7#%	�¶Ía÷Vþ���øÃþQúU�
�1.nÊQÊ>X���'a}�C0F&3�]È?Ã{�C"EG5<]DBH7S?A=:BDC0;|EGF�=:3S?Q;&76r 983Ý=¤EG9W{Þ?Q767:9A/ºJa9WT8C0;GT<98}&=�987Ý=¤7:BD{�BD]D?QBD369¤��T<98]DF&B�EGFK½K2�½K2
9<=I?v=:=S36BD¾GF&9VEG9<7^}G36C"T<987:76FG7^EG9V=S3S?A;G7:}�C036=�EGBU2¢5<3:98;>=:7^�ÞEG9<7�}G36C0}G36BD5<=:587�UfedEG36C"E"e";G?Q{|BHgfFG987^E&9Ç3:5<[0BDCQ;G7
}�C03698FG76987ÀEGBH76=SBH;GT<=:987</�YZ?´EGB�2�583698;GT<9ä{|?�õ69<FG3:9µ9<;>=S3:9 ]H987�{�C"EGs<]D9<7�½K2�½K2 9Á=À{ÃFG]1=SB1�Ä3:5<[0BDC0;&7|36587:BHEG9
ER?Q;G7�]È?�{|?Q;GBDs<3:9ÃE&C0;>=V]H987W{�C"EGs<]D9<7IT�?Q3:?QT<=:583:BH7:9<;f=V]D9<7I}�9<3:{�5�?Q¾&BD]DB1=S5<7^9<=�]D9<7WT8C0;GE&BH=SBHC0;G7W?QFdb ]DBH{|B1=S987
EG9l3:98T@UG?Q3:[09�?Q767:CdT8BD5<987</fYZ9<7O{|CdEGs8]H987�½K2�½K2´76C0;>=�7:BD{�BD]D?QBD36987�?QF"bÍ{�CdEGs8]H987�{ÃF&]H=SBÅ�Æ3658[0BHC0;G7�ÿ�÷vÿwþQú��Áö��	�Rÿ
ý8þQÿ����Sù@ýÁ/�Ü,C0F&=:9<r C0BH7�)º{À,8{�9�76B�]H987l¾R?Q76987�T8C0;GT<98}&=:FG98]H]D9<7�7:CQ;f=�EGBU2¢5<3:98;>=:987�)�]D9�76ed7Ý=Ss8{�9ÇE¢qk5<gdFG?A=SBHC0;G7¤EG987
58T8CQFG]D9<{|9<;f=:7�9<76=¤BDE&98;>=SBHgdF&9W��T<98]DF&B�gfFG9V;&C0FG7¤?Q]D]HC0;G7M5<T836BD3:9IT<B1�ÄEG98767:C0FG7�%)3698]D?A=SBHC0;^%w_d/`��'Q'Á/RYz9<7�?AF&=S9<FG3:7
=S3S?�ÕA?QBH]D]D9<;>=V=:C0F&=S9Ár C0BD7V98; T<C0;GEGFGTÁ=SB1Õ"B1=S5|UfedEG3:?QFG]HBDgfFG9Q/~Yz987Ã{�C"E&s8]D9<7Ç{ÃF&]H=SBÅ�Æ3658[0BHC0;G7W7:C0;>=\5Á=S36C0BH=:98{�98;>=
3:98]HBD5<7�?AF"b�{|CdEGs<]D987l{ÃF&]H=SBÅ�ÆT<C0;>=SBD;fFR?V}�C0F&3�]H987�r C03:{|?A=:BDC0;G7 r 3S?QTÁ=SFG3658987�}R?Q3Ý=SBD9<]D]H98{�98;>=�7S?v=SFG36589871)�C�õ�]H987
T8C0;GE&BH=SBHC0;G7���]D?¤]HBD{�BH=S9~9<=�]H987,}G3:CdT89<7:76FG74BD;>=S9<3Ý�Ä3:58[QBDC0;G7Z76C0;>=�98767:9<;f=:BD9<]D]D9<{|9<;>=~]H987~{À,8{�987,gfFG9a]H9 T<C0;GT<98}&=
{ÃFG]H=:B1�Ä3:58[QBDC0;�/ºË�?Q;G7^]H98FG3I?A36=SBHT8]H9�)L�¶Ía÷�þ���ø�þQúU��C0;>=W?Q}G}G]HBDgfFG5VT89ÃT<C0;GT89<}&=W7:F&3^FG;G9\T<C0]DC0;&;G9ÇEG9Ã=:98363:9
EG9Í_Ao|T8{�EG9ÇUR?AF&=^9Á=IoG/`_0X�T<{�E&9Ã3S?�e0CQ;0)¢7Ýe"7Ý=Ss<{|9Ç=:3:s<7�EGBU2¢5<3:98;>=IE&9ÇT89<]DFGB,gfFG9Ã;GCQFG7^5<=:FGEGBHC0;G7�EG?Q;G7
T89W=S3S?�ÕA?QBH]w/

�aBH98;µgfFG9ÇEG9Ã;GC0{Ç¾G3:9<F"bK=Æed}�987^E&9Ã{|CdEGs<]D987�{ÃFG]1=SB1�ÄT8C0;>=:BD;fFR?\C0Fä½K2�½K2�)¢C0Fµ{ÇFG]H=:B1�Æ3658[0BHC0;G7¤?QBH98;>=
5<=S5�5<=:FGEGBD5<7 CQFÞEG5ÁÕ098]HC0}G}�5871)&?QF&T8FG;|E�qk9<;>=S3:9�98F"bO)á<\�¢÷vÿ����=�@÷�����þQûDý@ý8þ��á���	)Q;�qk?V5Á=S5�r CQ3:{ÃFG]H5�9Áb&?QTÁ=S98{�98;>=
EG9I]È?Ã{|?Q;GBHs83:9�EGC0;>=l;GC0F&7�]wqp9Áb"}�CQ7:C0;G71)G;GB¢?Q}G}G]HBDgfFG5^76FG3�FG;À7:B1=S9^ER?A;G7�]D9^T8?QEG369IE�qkF&;G9I5<=:FGEG9��Ã[03S?A;GEG9
58T@UG9<]D]D9lT<C0{|{�9�BD]&9876=�9<;fÕdBH7S?Q[05¤BDT<BA)A;GBRF&=SBH]DBH7:5MFG;&9�?A}G}G3:CdT@UG9¤}R?Q34{�C"E&58]DBH7S?A=:BDC0;VBD;>Õ09<3:769�}�C0FG34]D9�T8?Q]È?A[09
EG987I}R?A3S?Q{�s<=:3:987</¢Ë�?Q;G7^T<9Ã¾GF&=�)¢FG; T<C"EG9VEG9Ã{�C"E&58]DBH7S?A=:BDC0;�?Þ5Á=S5ÃE&5<Õ09<]DC0}&}�5A/gK�C0F&7^98;µE&C0;G;GC0;&7^FG;G9
¾G3:sÁÕ09µEG9<7:T<3:BD}"=SBDCQ;�ER?Q;&7Þ]È? 7:9<T<=:BDC0;�_"/`j8)�{|?QBH7|?�ÕA?Q;>=|EG9K]H9�E&58T836BD369�)�;GC0FG7|?Q]D]HC0;G7Í}�C07:9<3|=SCQF&=S9<7|]H987
Ufed}�CQ=SU&s87:9<7�912�98TÁ=SFG5<987�}�C0FG3�]È?WEG58EGF&T<=SBHC0;êEGFÞ{|CdEGs8]H9lT8C0;GT<98}&=:FG98]�9<=a}�C0F&3 76C0;�?Q}G}&]DBDT8?A=SBHC0;ÍT8C0;&T83:sÁ=S9
7:FG3¤]D9^76BH=:9�E&9ÇJM?AER?Q3S?AT@UG9Q/

�J�X�N��� Þß�M£Ç���"åY9z�d�z� ���������Y9z���
Ç ×Zàx®�*�¸0��±�%n'¯±�*,*,! !Ù#&%n�v')¸0+�+>%|®�* ¸0��±�%n'¯±�*,*,! ·Ä��#R¸Q%�*Z�v+d°

YZ?Ã}G3698{�BDs8369�U>ed}�CA=SUGs<7:9WT8C0;&7:BDE&583:5<9I987Ý=l]DBD5<9^�Ã]D?Ç;GCQ=:BDC0;êE&FÀÛOCQ]DFG{�9^L4]D5<{|9<;>=@?QBH3:9^»l98}&3:587698;>=@?v=SBHr
EGFÞT<C0;>=SBD;fFGF&{î{Þ?A=:3:BHT89M9Á=aEGF�T8CQ;f=:BD;fFGFG{�r 3:?QT<=:FG3:9<78/f243:5<T8BH7:C0;G7�FG;|}�9<F|}G]HFG7OT8]D?QBD3698{�98;>=OT89¤gfFG9�;&C0FG7
98;>=S9<;GEGC0;G7�}R?Q3Çö�þQÿ��cûA���Í]HC03:76gdF¢qkC0; }R?A3:]D9ÇEGF �@÷��Rÿ¯û������"ö�ö�þQÿ��cûA���Á/¢Y,?�{|?A=S36BDT<9ÇT�?A]DT�?ABD3:9V987Ý=V9<; 912�9<=

j0Ê



T8C0;G76BDEG5<3:5<9^ER?Q;G7a]È?W]DBH=6=S5<3S?A=:FG3:9¤T8C0{�{�9¤=:3:s87 }�9<Fê}�983:{�5�?A¾G]D9A/"Ë�987�{�987:F&3:987a}G3:5<T8BD76987ME&9�}�983:{�5�?A¾GBD]HBH=S5
BD;>=S36BD;G76s8gfFG9a76FG3~E&987�5<T@UR?Q;>=SBH]D]DCQ;G7ZEGFÍJML4NIH0JM?AER?Q3S?AT@UG9MC0;>=�E¢q`?QBH]D]H98FG367,T<C0;&ÐR36{|5�T89�r)?QBH=,T8?Q3~]H987ZÕQ?A]D98F&3:7
C0¾&=S9<;fFG987�76C0;>=~T<C0{�}G3:BH7:987,98;>=:3:9¤.nÏ −19 9Á=a.�Ï −21 { 2 )n7:CQBH=,98;>=S369�.nÏ −1 µ

Ë^?A3:T<eW9Á=a.�Ï −3 µ
Ë^?Q3:TÁe�98;>ÕdBD3:CQ;�/

2~?Q3�?QBH]D]D9<FG3:71)QEG9<7 {�9876FG3:9<7O}R?Q34=S36BD}G]H9M}�9<7:5<9�9	2¢9<T<=SF&58987 7:FG3l.0.l5<T@UR?Q;>=SBH]D]DCQ;G7�%wJMLO»¤LL��LL'4EGFêJML4N C0;>=
{|C0;>=:3:5^gfFG9I]D?Ç}�CQ3:C076BH=S5�987Ý=�[058;&583S?A]D98{�98;>=�BH;&r 5836BD9<FG3:9��ÍX+� 9Á=�gfFG9IT89<]D]H9Á�ÆT<B�}�98F"=l?QFG[0{�98;>=:983,õ6FG76gfF�q`�
.�oG/1.*��9<; r CQ;GT<=:BDC0; EGF =@?AF"b E�qk?Q36[0BD]H9ÇT8CQ;f=:98;fFäER?Q;G7W]È?ê{|?A=:3:BDT<9ÇT8?Q]DT8?QBD369Q/�24]HFG7I]D9Ç=S?QF"bµE�q`?A3:[0BH]D9Ç9<76=
BD{�}�C03Ý=@?Q;>=�)G}G]DF&7¤]D?\}�C036C07:B1=S5�?QFG[Q{|9<;f=:9Q/ºYz987lÕA?Q]D9<FG3:7lEG9�]È?\}�C03:CQ7:BH=:5W9<=¤]È?\T8CQFG3:¾�9VE&9V]D?Í}�C036C07:B1=S5W98;
r C0;GT<=:BDC0;ÀEG9W]D?Ç=S98;&98FG3¤98;�?Q3:[QBD]D9�}�9<F&Õ09<;>=�,<=:3:9I=S36C0F&ÕQ58987¤ER?Q;&7IùZ÷8øvý[�k_QÏ0Ï0ÏQ?*�w/

Ja9<7�ÕA?Q]D9<FG3:7¤EG9V}�9<3:{�5�?Q¾GBH]DB1=S5IBD;>=:3:BD;&7:s8gfFG9�7:CQ;f=�9Ábd=S3Q,8{�98{�98;>=�r)?ABD¾G]H987lT89VgdF&BRõ6FG7Ý=SB1ÐR983:?QBH=¤]wqk?Q}G}&]DB1�
T�?A=:BDC0; E�qpFG; {�C"EGs<]D9\�êE&C0FG¾G]H9Á�Æ}�C036C07:B1=S5Ç9Á=ÃýÁû ö·:�ú��<�Ä}�9<3:{�5�?Q¾&BD]DB1=S5W}�C0FG3^]H98gfFG98]~]D987�58T8CQFG]D9<{|9<;f=:7W7:C0;>=
7:FG}G}�C076587�78qp912�98T<=:FG983ÍER?A;G7\]D9<7Çr 3S?QTÁ=SFG36987Í}G36BD;GT<BD}R?Q]H987V9<=\]¯qk9<{|{|?Q[>?Q76BD;G9<{|9<;>=ÇER?A;G7\]È?µ{|?A=S36BDT<9Q/~Ja9Á�
}�9<;GER?Q;>=�]È?Ã{�BD7:9I9<;À5<ÕdBDEG9<;GT89�EGF�T8C0{�}�C036=:98{�98;>=lEGFÀEG3S?ABD;ÀEG9VJaUGBDT8?QEG9W98;�}�583:BHC"E&9^EG9W¾R?Q767:987¤9�?AF"b
%)58T<C0FG]H98{�98;>=S7Í78qp912�98TÁ=SFR?A;f=|EG9�]D?µ{Þ?A=:3:BHT89êER?A;G7\]D9�EG3:?QBD;IM,ÐR[0FG369 .0/H.8o EGF¦T@UG?Q}GBH=:3:9 .¬'�;GC0FG7Í]È?ABD7:769
T83:CQBD3:9�gfFG9ÇT<9<=6=S9Ã{|?A=S36BDT<9�T8?Q]DT8?QBD369W}�C0767:s<EG9ÇFG;&9Ç}G36C0}G3:BH5<=:5VEG9VT8C0;&EGFGT<=:BHÕdBH=:5VU>edEG3:?QFG]DBHgfFG9Ç;GCQ;K;G5<[0]DBÅ�
[09�?Q¾&]D9êT<C0;>=S3S?ABD3:9<{|9<;>=Í�µT89�;GCQFG7\BD;GE&BDgfFG9ê]H987ÇÕA?Q]H98FG367ÃEG9�}�983:{�5�?A¾GBD]HBH=S5ÍBH;f=:3:BH;G7:s<gdF&9Q/4Ë�CQ;GT�T89�gfFG9
;GC0FG7Í98;>=:98;GEGCQ;G7Þ]HC03:76gdF¢qkC0;¥?A=6=S36BD¾GFG9�E&987Í}G3:CQ}G3:BH5<=S5<7ÍEG9�=S3S?A;G7:{�BD767:BHÕdB1=S5ê9Á=ÍE�qk9<{|{|?Q[>?A7:BD;&98{�98;>=Í?QF
T8C0;>=SBH;fFGFG{§{Þ?v=S3:BHT89W;G9�7:C0;>=�}R?Q7¤7:98F&]D98{�98;>=�]D987¤}G36C0}G3:BH5<=:587¤EG9V]D?�{|?A=:3:BDT<9Q/DK¤C0FG7¤7:FG}G}�C076C0;G7^gfFG9�T89
7:C0;>=^]H987l}G36C0}G3:BH5<=:587¤T8C0363:9876}�CQ;GER?Q;>=S9<7^��FG;�ÕQC0]DFG{�9WEG9�{Þ?A=:3:BHT89I7:F"Ì|7:?Q{�{|9<;f=�[03:?Q;GEK}�C0FG3lT<C0;>=S98;&BD3
58[>?Q]H98{�98;>=�FG;Ù[Q3S?Q;GEä;GC0{Ç¾G3:9ÍEG9^õ6C0BD;>=:7�E&9|7Ý=S3S?v=SBHÐGT�?A=:BDC0; 9<=VEG9�}�9Á=SB1=S987IÐR767:FG36987</~Yz987V58T<C0FG]D9<{|9<;>=S7
ER?Q;G7\T<9�T<C0;>=SBH;dF&FG{ ;G9�76C0;>=ÍEGC0;GTÞ}R?Q7\7:9<FG]D9<{|9<;>=ÍT898FdbmT8C0;>=:98;fFG7ÍER?Q;G7\]D?K{|?A=S36BDT89ÞT�?Q]HT�?QBH3:9Þ{|?QBH7
?QFG7:76B¢9Á=M7:F&36=SCQF&=MT<98F"b|T8CQ;f=:98;fFG7�ER?A;G7a]H987a}�9<=:BH=:987OÐR7:76FG3:9<7�9<= ]D987zõ6C0BD;>=:7 EG9�76=:3S?A=:BHÐRT8?A=SBHC0;�/dJa9�76C0;>=M]H987
}G3:C0}&3:BD5Á=S5<7�EG9�=SC0FG7�T89<7�EG9<3:;GBH983:7�58]H58{�98;>=S7\%){|?A=S36BDT89*)Aõ6C0BD;>=:7�)RÐR7:76FG3:9<7�'()¢gfFGBA)�{�C�eQ98;G;&58987�7:FG3�]D9WÛILO»
EGC0;G;G9<3:C0;>=�]wqp98{�{|?Q[>?Q76BD;G9<{|9<;f=�9<=W]D?Þ=S3S?A;G7:{�BD767:BHÕdB1=S5ÃEGFäT8CQ;f=:BD;fFGFG{�{Þ?v=S3:BHT89A/zJa9<=6=S9ÍU>ed}�CQ=:UGs8769|9<76=
BD]D]HFG76=:3:5<9^7:FG3¤]È?ÇÐG[0FG3:9V_"/1.0/

Continuum matrice Continuum fractures

Aquifère Crétacé fracturé

}

(porosité de matrice, (Fractures, karsts)
fissures, joints)

¡g¢�£Â»�¥�¤�¦!á!¨*«�±�âÀ²Yã�«äãåâÀ²�¯]®/ª¬¢Ï¹�²Yæ�²åç�¹�ã�/²�¯]®Qª5®/¢_èv°�±4bé�Q®cê�âÂ²

2,C0FG3�]H9MT8C0;>=:BD;fFGFG{ r 3S?QTÁ=SFG369871)0C0;\T8CQ;G7:BHEGs8369�gdF¢qkBH]&987Ý=4}�C07:76BD¾G]H9MEG9MEG5Á=S9<3:{�BD;G9<3�FG;ÃÛILO»m=S98]&gdF&9MT89
T8C0;>=SBH;fFGFG{î}GFGBH7:769B,Á=S3:9¤T8CQ;G7:BHEG58365¤T<C0{�{|9�FG;|{|BH]DBH98FÃ}�C03:9<F"b�58gfFGB1ÕA?Q]D9<;f=OEG?Q;G7�]D98gfFG9<]º]È?I]DC0B&EG9¤Ë^?Q3:TÁe
3:987Ý=S9^9<;GT8CQ3:9�ÕA?Q]D?Q¾G]D9A/dJ�qk9<76=�F&;G9�U>ed}�CA=SUGs<7:9IgfFGB¢9<76= =S3:s<7ar C03Ý=S9¤9<=M}�98F"=M{À,8{�9B,Á=S3:9�ER?Q;G7aT8983Ý=@?QBH;G7aT8?Q7
BD3:365�?Q]HBD7Ý=S9Q/d2�?Q3M9Áb"9<{|}G]H9^ER?Q;&7�]D9�T8?Q7MC]õ�F&;êr)?QBD76T89�?AFêr)?QBD]H]D5¤?Ç5<=:5I{|BH7 9<;À5<ÕdBDEG9<;GT89I9Á=�gfFG9IT89<]DFGBÅ�ÆT<B�9<76=

o>Ï



[03S?Q;&EµEG9<ÕA?Q;>=I]D?�=S?QBD]H]D9IEGF ¾R?A7:7:BH; �Þ{�C"E&58]DBH7:9<38/ºË^?Q;&7^T89Á=:=S9Ç7:BH=:FR?A=:BDC0;0)ºBH],76983:?QBH=�;G58T<987:7:?QBD369ÃEG9Ç=:98;GBH3
T8C0{�}&=S9�E&9�T<9<=6=S9êr)?QBH]D]D9|EG9êr)?�3<C0;mEGBD76T83:sÁ=S9*)�9<=�T8CQ;G7:BHEG5836983\;GC0;m}G]HFG7\]È?µ]HC0BaE&9ÀË^?Q3:TÁe 3:5<[0BD767S?Q;>=Í]H987
58T8CQFG]D9<{|9<;f=:7aER?A;G7 T<9<=6=S9lr)?QBD]H]D9�)A{Þ?ABD74}G]HF&=�.Q=�]H987�58gfFR?A=:BDC0;G7OEG9·K�?�ÕdBD9<3Ý�Ýuf=SCdT�+Q987</GJa9Á=:=:9�76BH=SFG?A=SBHC0;Í;�qk9<76=
}R?Q7^EGF�=SC0F&=�98;>ÕdBD7:?Q[0589ÇER?Q;G7�T89Ç=:3S?�ÕA?QBD]zT8?Q3�;GCQFG7^;�qk?�Õ0C0;G7�}R?Q7�]H987�EGC0;G;G5<987^;&58T89<7:7:?QBD36987IT8CQ;GT89<3:;R?Q;>=
]D987�}G36C0}G3:BH5<=:587aE&9�T<987ar)?QBH]D]H9878/QË�9�}&]DFG71)dT<9<=6=S9�76BH=:FR?A=SBHC0;�{|s<;G983:?QBH= �V369<r C036{ÃFG]H983O]D9<7 5<gdFG?A=SBHC0;G7�EG9�¾G?Q7:9
EG987�58T<C0FG]D9<{|9<;>=S78/ZL4]H]D9\?�E�qk?QBD]H]D9<FG3:7^5Á=S5Í5<=:FGEGBH589Í}R?Q3\ët��>��dû)øµþ���ø�ùv���Y%Q�Å.nÊ>¿0¿¬��'�gfFGB4CQ;f=�EG5<EGFGB1=WEG987
58gfFR?A=:BDC0;G7 EG987a58T8CQFG]D9<{|9<;f=:7aER?A;G7a]H987�{|BH]DBD9<F"b\}�C03698F"b�r 3S?AT<=SF&3:587a98;ê}R?A36=@?A;f= EG9�]È?V]HC0BREG9�Ë^?Q3:TÁeÞEG?Q;G7
]È? }�CQ3:C076BH=S5�}&3:BD{|?QBH3:9�)�]D9<7�5<gfFR?A=SBHC0;G7ÍEG9À{�C0F&Õ09<{|9<;>=ÞEGFZÆRFGBHEG9ÀER?Q;G7Í]H987\r 3S?QTÁ=SFG36987Y%)5<gdFG?A=SBHC0;G7ÍEG9
K�?�ÕdBD983��Ýud=:C"T�+A987�'	)�9<=�EG98F"b�5<gdFG?A=SBHC0;G7¤EG9VT<C0;>=SBH;dF&BH=S5A/�Ë^?Q;G7¤T89Á=:=S9�r C03:{ÇFG]È?A=:BDC0;�]D?\T8C0{�}G3:9<7:76BD¾GBH]DBH=:5IEG9
]È?Í3:CdT@UG9Ç9<76=^;&58[0]HBD[05<9�T<C0;>=S3:?QBD3698{�98;>=^��T89<]D]D9WEG9V]wqp9�?QFá)�]D?�}�C036C07:B1=S5W987Ý=^7:F&}G}�CQ7:589VÕQ?A3:BD9<3l98;Kr C0;&T<=SBHC0;
EGF =S98{�}G71)¢9<=W]H987�r 3:?QT<=:FG3:9<7I7:C0;>=W76FG}G}�C07:5<987t,<=:3:9\EG9<7^=SFG¾GF&]D987�98]D]HBD}&=:BDgfFG9<7�EGBH76=S36BD¾GF&587^ER?A;G7^]wqp9876}R?QT<9Q/
YZ9^=:9836{|9�EG9IT8C0F&}G]È?Q[Q9�78qp9Áb"}G36BD{�9^EG9^r)?�3<C0;�?Q767:9<è�T<C0{�}G]DBHgdF&5Q/"Ë^?Q;G7M]H98FG3M?Q}G}G]HBDT�?v=SBDCQ;|;fFG{�5836BDgfFG9^]H987
?QF&=S9<FG3:7WC0;>=I365876C0]DF T89<7I58gfFR?A=:BDC0;&7I}R?Q3^]D?ê{|5Á=SUGCdEG9ÃEG9<7W58]D5<{|9<;>=S7�ÐR;&BD7IEG9À�W?Q]D9<3/+fBD;¢/¢Y4qk?Q}G}G]HBDT�?v=SBDCQ;
EG9êT89Þ{|CdEGs8]H9Þ;G5<T89<7:7:B1=S9�;G58?Q{�{|C0BH;G7W]D9<7ÇÕA?Q]D9<FG3:7V;dF&{|5<3:BDgfFG9<7ÃEG9Þ=:C0F&=ÇFG; ;GC0{Ã¾&3:9ÞE&9ê}R?Q3:?Q{|sÁ=S36987
}R?Q3:{�B�]H987:gfFG9<]D7lC0;�}�9<F&=lT8B1=S9<3¤]¯qkCQF&Õ09<36=SF&3:9WEG987�=:FG¾GFG]H9878/

u"BH[0;R?Q]HC0;G7�gdF&9�;GCQ=S369�U>e"}�CQ=:UGs8769�76FG34]D9<7�EGB�2�583698;>=S745<]D5<{|9<;f=:74T8C0;&76=SB1=SFR?A;f=OT@UG?QT8FG;�EG9<74EG98F"b\T8C0;>=SBÅ�
;dFG?Í9<76=�)R7:FG3�T<9836=S?QBD;&7�}�C0BH;>=S7�)"T8C0{�}R?Q3:?Q¾G]H9^?QF"b�T8C0;GT<]DFG76BDC0;&7MBD767:FG9<7¤E&987M=S3:?�ÕQ?AF"b�EG9�ø��Yët���	�]è��W�Áÿ þQúü/
%Q�k_QÏ0Ï&.n?��&9Á=��`_QÏQÏ&.�¾���',ER?A;G74]wqk?Q}G}G36C"T@U&9MEGBD76T836s<=S9�E&9M]È?�T8?Q3S?AT<=S5<3:BH7S?A=:BDC0;ÃE&987458T<C0FG]H98{�98;>=S74EG9<743:5<7:983ÝÕ0C0BH3:7
r 3S?QTÁ=SFG365878/>ìI;Ç3S?Q}G}�98]H]D9�gfFG9MER?Q;&7�T89Á=:=S9M?Q}G}G36C"T@UG9*)Q]H987~r 3:?QT<=:FG3:9<7�7:C0;>=43698}G36587698;>=S5<987OEG9ar)?�3<C0;ÃEGBH7:T<3:s<=:987
9<=�7:C0;>=WT8?Q3S?QTÁ=S5<3:BD76589<7�}G?Q3IEG987W5<]D58{�98;>=:7IEGBD7Ý=S3:BH¾GFG5<7IER?Q;G7I]¯qk9<7:}R?QT<9Q/zßÆ]�9<76=�[05<;G583:?Q]D9<{|9<;f=I?QEG{�BD7^gfFG9
T8987Ç58]D5<{|9<;>=S7�7:FGB1Õ098;>=ÇEG987V]DC0BH7�E&9Þ}GFGBH7:7:?Q;GT89|}�CQFG3W]È?ÀEGBD7Ý=S3:BH¾GF&=:BDC0; EG9<7Ã]DC0;&[0FG98F&3:7�EG987V58]D5<{|9<;>=S7�9<=
FG;G9\]DCQB,]HC0[0;GCQ3:{|?Q]D9W}�C0FG3�]D?ÞEGBH76=S36BD¾GF"=SBDCQ;�EG9Ç]D98F&3^C0F&ÕQ9836=:FG3:9A/zË^?Q;&7^]D9<FG3^?Q3Ý=SBHT8]D9*)�T<987I?AF&=S9<FG3:7I9	2¢9<TÁ�
=SFG9<;f=ÃEG987\5Á=SFGEG9<7Ç=SU&58C036BDgfFG987Ç9<=Ã;fFG{�5836BDgfFG9<7ÃgfFGBa{�C0;>=S3698;>=ÃgfFG9ê]H987V}G3:C0}&3:BD5Á=S5<7ÃEG987ÇT8C0;GE&FGT<=:BHÕdBH=:587
UfedEG3:?QFG]HBDgfFG987lE�qpFG;À3:5<7:98?QFÀEG9^r 3S?QTÁ=SFG36987�}�98F&ÕQ98;>=B,<=S369IT8]D?Q7:7658987�9<;�=S3:CQBD7a=Æed}�987lEG9I{�C"EGs<]D9�7:BD{�}G]H9Q/&u"B
]È?\]DC0B¢EG9VE&BD76=:3:BH¾GF&=SBHC0;�EG9�]DC0;&[0FG98F&3�EG987lr 3S?QTÁ=SFG36987

n(l) ∼ l−a 9876=�F&=:BD]DBH7:5<9IER?Q;G7l]D9W36587:98?QF�=:UG58CQ3:BDgfFG9*)
]D9Ã{�C"E&s8]D9VEG9\}�983:T<C0]È?v=SBDCQ;µT8]D?Q7:76BDgfFG9\¾R?Q765\7:FG3IF&;G9\}�CQ}GFG]È?v=SBDCQ;KEG9\}�9<=:BH=S9<7^r 3S?QTÁ=SFG36987I9<76=�?Q}G}&]DBDT8?Q¾G]H9
}�C0F&3�FG; 9cb&}�C07:?Q;>=

a
7:FG}�5836BD98F&3I�êj&/�2�C0F&3

a
}G]DFG7�}�9Á=SB1=^gfFG9Í_8)�?QFµT<C0;>=S3:?QBD369�)�]D9Ç{�CdEGs8]H9Ç?Q}&}G]DBHT�?Q¾G]H9

9876=�T8CQ{|}�C07:5WEG9<7�]D?Q3:[Q987Mr 3S?AT<=SF&3:987lEGF�3:5<7:9�?AF�/�LO;>=:3:9�T8987¤EG9<F"b�]DBH{|B1=S9871)"TAqk9<76=Ý���v�ÄEGBD369I}�C0F&3
a

T8C0{�}G36BD7
98;>=S369 _ä9Á=�j�)OFG;�{�CdEGs8]H9�{�B1bd=:9�9<76=ê}&3:C0}�C07:5�gfFGB¤=:BD9<;f=|T8CQ{|}&=:9µ�ä]È? r C0BD7�EG987|T8C0;>=:3:BD¾&F&=SBHC0;G7�EG987
[03S?Q;&EG987¤r 3S?QTÁ=SFG36987¤9<=�T898]H]D9<7¤E&987�}�9<=:BH=:9878/�Ë^?A;G7�]¯q`?A}G}G3:CdT@UG9�T8C0;>=:BD;fFG9�gdF&9Ç;GC0F&7�F&=:BD]HBD7:CQ;G7�)G;&C0FG7�;&C0FG7
}G]È?�3<C0;G7�EGC0;GT¤ER?Q;&7 ]H9�{[,<{|9lC036EG3:9¤E�qpBDEG5<9¤}&FGBD76gdF&9�;GC0F&7 T<C0;G7:BHEG5836C0;G7�gfFG9�]H9lT8C0;>=SBH;fFGFG{î{|?A=S36BDT89�9<76=
T8C0{�}�CQ7:5^EG9�}�9Á=SBH=:987�r 3S?QTÁ=SFG36987�)&EG9�õ6C0BH;f=:7aEG9�76=S3:?A=SB1ÐRT�?v=SBDCQ;Þ9<=MEG9^]È?�{Þ?v=S3:BHT89¤T�?Q]HT�?QBH3:9A/&Yz9�T<C0;>=SBH;dF&FG{
r 3S?QTÁ=SFG36987W987Ý=WgdFG?Q;>=��À]HFGB~T<C0{�}�C0765ÃEG9Ãr 3:?QT<=:FG3:9<7I}G]DFG7IBH{|}�C03Ý=@?Q;>=S9<7�9Á=WEG987IEG3:?QBD;&7I{Þ?�õ69<FG3:7�{|BH7^98;
5<ÕdBDEG9<;GT89�7:F&3¤]H9I7:B1=S9Q/

D Ø�Ø,���z¸A²Z+ ²�³z®,��#R*,�¯')(�*Z+
Ë�5Á=@?QBH]D]HC0;G7�{|?QBH;f=:98;R?A;f=^EG987WU>ed}�CQ=:UGs876987VgdF&B~Õ0C0;>=�;GC0F&7�}�9836{|9Á=:=:3:9\EG9Í7:BH{|}&]DBHÐG983¤]wqk?Q;R?Q]1e"769\{Þ?��

=SUG5<{Þ?A=:BDgfFG9IEGF�{�C"EGs<]D9I9Á=lEG9W7:C0;�?Q}G}G]HBDT8?A=SBHC0;�?QF�T�?Q7l365898]¯/
YZ?�}&3:98{�BDs<3:9ÍU>ed}�CQ=:UGs8769�T8C0;&T89836;G9Þ]¯qÈþ	:�:F�S÷1;0û ö�þQÿ)ûw÷��#ì�ëáEG987Ç?QgfFGBHr s<3:987|ÂZ]wqp58T8CQFG]D9<{|9<;f=VER?Q;&7ÇFG;

{|BH]DBD9<F^}�C03:9<F"b�987Ý=~[05<;G583:?Q]D9<{|9<;>=z=S3:BÅ�ÆEGBH{|9<;G7:BHC0;G;G9<]QTAqk9<76=6�Æ�v�ÆE&BD3:94gfFG9�]È?�T@UR?A3:[09�}GBD5<è8C0{�5<=:3:BHgdF&94EG58}�98;GE
EG987W=S36C0BD7^ÕA?Q36BÈ?Q¾G]H987^E¢qk9<7:}R?QT<9

x, y, z
9<=�EG9�]È?ÞÕA?Q3:BD?Q¾G]H9ÃEG9\=S9<{|}G7

t
/,Ja9<}�9<;GER?Q;>=�)�?QF ÕdFÙEG9<7WT�?Q3Ý=S987

[058C0]HC0[0BHgdF&987^% ÐR[0FG36987µ.0/po 9<=µ.0/y_AÏ�'	) EG9µ]È?$T8C0FG}�9 [05<C0]DC0[QBDgfFG9�BD;>=S9<3:}G365<=@?v=SBHÕQ9ö% ÐR[QFG3:9´.Q/yX]'Í9<=ÀEG9K]È?
T�?Q3Ý=S9êEG5<]DBH{|B1=@?Q;>=W]D9|EGC0{|?QBD;&9�E&9ê{|CdEG5<]DBD7:?A=SBHC0;û% ÐR[QFG3:9�.0/y_d.¬'WE&F T@UR?Q}GB1=S3:9�.]),C0;´3:9<{Þ?A3:gfFG9ÞgfFG9Þ]È?
[058C0{�5<=:3:BH9 EG9<7�EG9<F"bÇ?QgfFGBHr s<3:987~}G3:BH;GT8BH}R?QF"bO)�987Ý=~=S9<]D]H9 gfFG9�ú��	�8��ùC:&þQûDý@ý5�	�����@ýÁÿg�¢ùA>QúüûU>��:þ�Ã8ú��v:&þ��¸�:þ	:�:R÷��cÿv<
ú��	�8��øQû ö��	�&ýÁûw÷��À$R÷��cûUèv÷��RÿwþQú��Á/QL4;�912�9<=�)0]È?�}&FGBD767S?Q;GT<9lEGFÍT83:5Á=@?QT<5l}�9<F&=�,<=:3:9�987Ý=SBH{|5<9�)0T<C0{|{�9aCQ;�]¯q`?�ÕdF
ER?Q;G7M]D?V}G3698{�BDs<3:9¤}R?Q36=:BD9*)d9<;>=S3:9I_QÏ0ÏV9Á=¤XQÏ0Ï�{|sÁ=S36987a9Á=MT<98]D]H9�E&F�{|BHC"T<s8;G9¤}�9<F&=�?v=:=S9<BD;GE&3:9Ç.�Ï0ÏV{�s<=:3:987</
Ü~?Q;&EGBD7 gdF&9�]wqp5<=:98;GE&FG9�UGCQ3:BDè<C0;>=@?Q]H9lEGFÞEGCQ{Þ?QBH;G9¤�V{�C"E&58]DBH7:9<3�9<76=aEG9�]¯qkCQ3:EG369�EG9�}G]DF&7:BD9<FG3:7�EGBHè�?QBH;G987�EG9
+d{ 2 /{íN��:��	�dÿ4ød÷��á�lý	�¬:�:R÷ný5�	�B
�����ú��@ýIù��@÷��"ú��Áö��	�Rÿ ý�ø>þ��&ý¤ú��@ý�þ�
��"û ��	���@ýlýn÷��Rÿ�:&þ��ÁÿÆ÷��dÿ¸�@ý@ý5�	�Rÿ¯ûA�Áú ú��Áö��	�Rÿ
$R÷��ÁûUèv÷��Rÿwþ��*;])zC0F$}�98F"Õ098;>=?,Á=S369�T<C0;G76BDEG5<3:587VT8C0{�{�9Ã=S98]H7�)z9<;Ù;G5<[0]DBH[09�?Q;>=W]H987WT8C0{�}�C07S?Q;>=:987WÕ0983Ý=SBHT�?Q]H987

oG.



EG9�T<987|58T8CQFG]D9<{|9<;f=:78/OË�9�}G]HFG7�)�?QFGT<FG;G9�BD;&r CQ3:{|?A=SBHC0;´7:F&3|]D? E&BD76=:3:BH¾GF&=SBHC0;´Õ09<36=:BDT�?A]D9ÀEG987�}G36C0}G3:BH5<=:587
;�qk9<76=�E&BD7:}�C0;GBH¾G]D9A/du"98F&]¢FG;Þr CQ3S?Q[09��\XQÏQÏV{ ;GC0FG7a}�9<3:{�9<= E�qkCQ¾G7:9<36Õ09<3M=S36s87M]HC"T8?Q]D9<{|9<;f=O]D?VEGBH76=:3:BD¾&F&=SBHC0;
Õ0983Ý=SBHT�?Q]H9�)RgfFGBZ?Q}G}G?Q3S?*÷H=�ER?Q;&7¤T<9WT�?Q7l}�98F�EGB�2�583698;>=¤EG9W]È?ÃEGBH76=S36BD¾GF"=SBDCQ;�UGC03:BHè8C0;>=S?Q]D9A/

Ja9Á=:=S9l?A}G}G3:C�b"BD{|?A=:BDC0;V7:BD{�}G]HBHÐR9�[03S?A;GEG98{�98;>=4]¯q`?A;R?Q]Hed769M{Þ?v=SUG5<{Þ?A=:BDgfFG9�EG987O5<T8C0FG]H98{�98;>=S7~ER?Q;G74]H987
?QgfFGBHr s<3:987a9<=M]¯qk9<3:3698FG3�BD;>=S36C"E&FGBH=:9�}R?A3 T<9<=:=:9^U>ed}�CQ=:UGs8769I987Ý=M}�9<=SB1=S9�ER?Q;G7 ]È?V}&]DFG}R?A36= EG987 T�?Q7M}&3S?A=:BDgfFG987</
Y,?�EG58E&FGT<=:BDC0;|{Þ?A=:UG58{|?A=:BDgfFG9�987Ý=ar)?QB1=S9*)0BDT<BA)>98;|7:FG}&}�C07:?Q;>=MgfFG9l=SC0F"=S987 ]D9<7OÕdB1=S98767:9<7M7:C0;>= UGC036BDè8CQ;f=S?Q]D9<7
%)EGC0;&T�}R?Q74EG9MT<C0{�}�C07:?Q;>=S9aÕQ983Ý=SBDT8?Q]D9aEG9�]È?�ÕdB1=S98767:9�'~9<=4}R?A3S?Q]H]Ds8]H987��^T@UR?QgfFG9¤?QF&=:3:9M]H9M]DCQ;G[^E�qpFG;G9�{À,8{�9
]DBD[Q;G9�ÕQ983Ý=SBDT8?Q]D9A/>Ja9Á=:=S9aUfed}�CQ=SU&s87:9�9<76=O?A}G}�9<]D5<9M]wqæ$��(:R÷vÿ�$��@ý5��ø���ët�5:F�"û ÿ)/0Y4qk?QF&=:3:9aU>ed}�CQ=SUGs<7:9�F&=:BD]HBD7:5<9 9<76=
gdF¢qkFG;&9ÃEG987�EGBD3698TÁ=SBDCQ;G7l}G3:BH;GT8BH}R?Q]D9<7lEGFK=S9<;G7:9<FG3�E&9Ç}�983:{�5�?A¾GBD]HBH=S5�9876=�}G3:BH7:9�]D9�]DC0;&[�E&9Ç]wqk?vb"9WÕ0983Ý=SBHT�?Q]¯/
Ë�C0;GT�7:9<]DC0; ]È?�]HC0B~EG9|Ë^?Q36T<e�)z}GFGBD76gfF�qkBH]4;�q e ?�}G?Q7WEG9ÍT8C0{�}�CQ7S?Q;>=S9ÃÕQ983Ý=SBDT8?Q]D9ÍEG9Í]D?ÞÕ"B1=S9<7:7:9*)ZBD]�;�q e ?
}R?Q7�E&9ÇEG9V[03S?QE&BD98;>=�U>e"E&3S?QFG]HBDgfFG9�Õ0983Ý=SBHT�?Q] (∂h

∂z
= 0

) /�YZ?ÞT@UG?Q3:[09VU>e"E&3S?QFG]HBDgfFG9
h (x, y, t)

3:9<}G3:5<7:98;>=:9
?Q]DC0367a]D?VT@UR?Q36[09^U>edEG3S?AFG]DBHgdF&9^98;�FG;�}�C0BH;f= EG9^]¯q`?�b&9�Õ0983Ý=SBHT�?Q]�9<=�9<76=�)&98;�}G?Q36=:BDT8F&]DBD9<3�)f58[0?Q]¢�V]wqp58]D5ÁÕA?A=SBHC0;
EG9I]È?Ç76FG36r)?AT89I]DBH¾G3:9�EG9I]wqk?QgfFGB1r s83:9A/GJa9Á=:=:9I}G3:CdT85<EGFG3:9IE&9I3:98}&3:587698;>=@?v=SBDCQ;�E&987�58T<C0FG]H98{�98;>=S71)GT8C0{�{�9�FG;
{|CdEGs8]H9Ç9<7:7:9<;>=SBD9<]D]H98{�98;>=^¾GBÅ�ÆEGBH{|9<;G7:BHC0;G;G9<]zER?Q;G7�]D9Ç}&]È?Q;µU&C03:BHè8C0;>=@?A],9<76=W76C0F&Õ09<;>=�?Q}G}�98]D5<9Ç]¯qÈþ	:�:F�S÷5��$��
$��0ø��6þ��dúüû9
��D�Á/zL4]H]D9Ã9<76=W=S36s87WF&=SBH]DBH7:589VER?Q;G7W]H987^{�C"E&s8]D9<7IE�qpUfedEG36C0[05<C0]DC0[QBD9Ã9Á=�?À}�C0FG3�T8C0;G7658gfFG9<;GT89<7ÃEG9
3:98;&EG3:9�]D9<7MÕQ?A3:BÈ?A¾G]D9<7MEG58}�98;&ER?Q;>=S9<7�FG;GBHgfFG98{�98;>=¤EG9

(x, y, t)
/

L4;Þ9	2¢9<T<=:FR?Q;>=�T89<7aU>ed}�CA=SUGs<7:9871)GC0;|C0¾&=SBH98;>=�EG9�;&C0F&Õ09<]D]H987�58gfFR?A=:BDC0;G7 EG987 58T<C0FG]D9<{|9<;>=S7�)dBDE&98;>=SBHgdF&987
ER?Q;G7W]D9<7WT�?Q7WT8CQ;&ÐR;G5Í9<=W;&C0;$T<C0;&ÐR;&5�)zC0¾&=:98;fFG9<7V9<;${�Cne098;&;R?Q;>=Ç]H987I5<gdFG?A=SBHC0;G7I58T<3:B1=S987WER?A;G7W]È?ê}G369Á�
{|BHs83:9�7:9<T<=:BDC0;�/�Ja9Á=:=S9V{|CneQ98;G;G9Ç78qp912�98T<=:FG9Ã76FG3�]¯qk5<}R?QBH7:7:9<FG3�E&9V]¯q`?QgfFGB1r s8369VER?A;G7�]H9VT8?Q7�T<C0;&ÐR;&5�)�9<=^76FG3
]wqp58}R?QBH7:7698FG3^7:?A=SF&3:589ÇER?Q;G7I]H9ÇT�?A7^;GC0;µT<C0;&ÐR;&5Q/Zì^;µ9<; ÕdBH98;>=I?Q]HC03:7��ÞEG5ÁÐR;GBD3�EG9Ã;GC0F"Õ098]H]D9<7�[03:?Q;GEG9<FG3:7
}GU>e"76BDgfFG9<7^gfFGB�76C0;>=�]D?Ã=S3S?A;G7:{�BD767:BHÕdB1=S5

T
%Q�pY0� 2 � ÜN� −1 '��|]D?\}G]È?QT<9VE&987¤T8C0;GE&FGT<=:BHÕdBH=:587¤UfedEG3:?QFG]HBDgfFG987

K%Q�pYg�A� ÜN� −1 '\9<=|]wqp98{�{Þ?A[>?Q7:BH;G98{�98;>=
S
% ;GC0;¥EGBD{�98;&7:BDCQ;G;G5ê�

[ . ]
'Í�ä]È? }G]D?QT89�EG987�98{�{|?Q[>?Q76BD;G9<{|9<;f=:7

7:}�58T8B1ÐRgfFG987
Ss

%Q�pY0� −1 '�EGF�76ed7Ý=Ss8{�9Q/dË^?A;G7 ]H9�T�?Q7�;GC0;�T8CQ;&ÐR;G5*)d]¯qk5<}R?QBH7:7:9<FG3O7S?A=:FG3:5<9lE�qkF&;G9�;G?Q}G}�9�]HBD¾G369
}�9<F&=4?QF&7:7:BfÕA?Q3:BH983,ER?Q;G7�]D94=S9<{|}&7~9<=�ER?Q;&7~T89<7�T8CQ;GEGBH=:BDC0;&7,]D?l=:3S?Q;&7:{�BD7:76BHÕdBH=:5OT@UR?Q;G[09a?QFG767:Bw/Qì^;Ç76FG}G}�C07:9
EGC0;GTW98;�}G]DF&7�gdF&9V]D?Ç=S3S?A;G7:{�BD767:BHÕdB1=S5�ÕA?Q36BD9I}�98F�?nÕQ98T�]È?ÃT@UR?A3:[09

h
)RTQqp987Ý=6�����ÆEGBH3:9IgfFG9�]D987MÕA?Q36BÈ?A=:BDC0;&7MEG9

h
7:C0;>= ;G58[Q]DBD[Q9�?Q¾G]H987�E&9<ÕA?Q;>=

(h−σ)
Â0}G?Q3O9Áb"98{�}G]D9lBH;&r 5836BD98F&3:987��\.nÏ�W)>C0F|9<;GT8CQ3:9lgfFG9�]D?I3:58}G?Q36=:BH=SBHC0;

Õ0983Ý=SBHT�?Q]H9�EG9À]È?µT8CQ;GEGFGTÁ=SBHÕdB1=S5�U>edEG3S?QF&]DBDgfFG9
K

987Ý=Í=S98]H]D9êgfFG9À]H987ÃÕA?Q3:BD?A=SBHC0;G7VEG9
h

;�qp98;>=S3:?*÷È;&98;>=�}R?Q7
FG;G9ÃÕA?Q3:BD?A=SBHC0;�EG9Ã]È?�=S3S?A;G7:{�BD767:BHÕdB1=S5

T
EG9Ç}G]DFG7�EG9�.nÏ��ê/�ìI; }&3:CdT8s8E&9\?QBD;&7:B��êFG;G9Ã]HBD;G58?Q3:BH7S?A=:BDC0;�EG9

]wqp58gfFR?A=:BDC0;À;GC0;À]HBD;G58?QBD369^ER?Q;G7l]H9IT�?Q7l;GC0;�T8CQ;&ÐR;G5A/
Ü,C0F&=:9�T89<=6=S9�}G36C"T<58EGF&3:9�987Ý=\=SC0F"=Í�Kr)?QBH=Ç76=S?Q;GER?Q36E ER?Q;G7\]H9êEGC0{|?QBH;G9|E&987Í{|BH]DBH98F"b }�C03698F"b�/4L4]D]H9

9876=VEG5Á=@?QBH]D]D5<9ÇER?A;G7W}G]DFG76BD9<FG3:7W3:5Ár 583698;GT<987�T8]È?A7:7:BHgfFG987[% ÕQC0BD3I}G?Q3I9Áb�/ ø��^x þ��@ýÁû úæ�&�1.�Ê0�Qo���)�C0F#J��:þ���þ���ø
�F�	�	�(�dû �cÿt�1.�Ê0�>¿���'Á/
È�' ��+d¸Q%�')��±,°ÃØ��v')±�¸>' Ø,#R�)+d°\® , #R±�')°8�R%n���ºØ~' +�®�*�Ø��)#G±

Ë^?A;G7I]D9ÃT8?Q7I¾GBÅ�ÆEGBH{|9<;G7:BHC0;G;G9<]A)R]D9V=S98;&7:98F&3IEG9Ã=S3:?Q;G7:{�BD767:B1Õ"B1=S5
T

987Ý=W;GC036{Þ?Q]H98{�98;>=^F&; =:98;G7698FG3W�
gdFG?A=S369ÃT8C0{�}�C07S?Q;>=:987

Txx

)
Txy

)
Tyx

9<=
Tyy

%¯?�Õ09<T
Txy = Tyx

'Á/�ßÆ]�9<76=IEGCQ;GTÇ}�C07:76BD¾G]H9VE&9Ã7:BH{|}G]HBHÐR9<3�T89
=S98;&7:98F&3�9<; F&=SBH]DBH7S?Q;>=VFG;m;GC0F&ÕQ98]M9<;G7:9<{Ã¾G]D9�E¢q`?vb"9<7\C036=:UGC0[0C0;G?QF"b

X
9<=

Y
)~EG5<EGFGBH=ÃEGF }G3:9<{|BH983V}R?Q3

3:CQ=S?A=SBHC0;m9<=�3:9<;GER?Q;>=|]D9 ÿó�	�&ý5�	����øQû)þ5>d÷���þQúü/O½K?A=:UG58{|?A=:BDgfFG98{�98;>=�)
X

9Á=
Y

7:CQ;f=|]D9<7ÍEGBD3698T<=:BDC0;&7\EG987
Õ098TÁ=S9<FG3:7|}G3:C0}&3:987ÍEG9À]D?µ{Þ?A=:3:BHT89

T
/O24Ufed76BDgfFG98{�98;>=�)

X
9Á=

Y
76C0;>=�]D987ÍEGBH3:9<T<=SBHC0;G7Ã}�C0FG3\]H9876gdF&98]D]H987

]wqp58T8CQFG]D9<{|9<;f=�9<76=ê36589<]D]D9<{|9<;>=|}G?Q3S?Q]H]Ds<]D9�?QF¦[03S?AEGBD9<;f=�EG9�T@UR?Q36[09KU>edEG3:?QFG]DBHgfFG9Q/ Ja987|EGBD3698TÁ=SBDCQ;G7Í7:C0;>=
?Q}G}�98]D5<987�]D9<7Ç?vb"9<7V}G36BD;GT<BD}R?AF"b E�qk?Q;GBH7:CQ=:3:C0}GBH9\EGFÙ{�BD]HBD9<F�/áK¤C0FG7�F&=SBH]DBH7:9836C0;G7IBHT8B4T8CQ{|{�9\}G3:9<{|BH983�?vb"9
}G3:BH;GT8BH}R?Q]A)vT89<]DFGB&}R?Q3S?A]D]Ds<]D9a?QF"b\E&BD3:9<T<=:BDC0;G74E&9874r 3S?QTÁ=SFG369874}G36BD;GT<BD}R?A]D987~gdF&BAõ6C0FG98;>=OFG;�3/.Q]D9MU>edEG3:CQ]DC0[0BHgfFG9
BD{�}�C03Ý=@?Q;>=�)�TAqk9<76=Ý���v�ÄEGBD369Ç]È?�EGBD3698TÁ=SBDCQ;SK�L~��u�Áô)¢9Á=IT8C0{�{�9VEG9<F"b"BDs<{|9\?�b&9*)¢T<98]DF&B�}�9836}�9<;GEGBDT<FG]È?ABD3:9V?QF
}G3:9<{|BH9838/�ßÆ]�r)?QF&EG3S?ê}R?A3^T8C0;&7:58gfFG9<;>=Ç9	2¢9<T<=SF&983I]È?ê36CQ=@?v=SBDCQ;KEG9Ã=:C0F&=S9<7I]D9<7^EGC0;G;&58987IE&Fä76BH=:9�%)}�C07:B1=SBHC0;
EG987¤r C03S?Q[Q987�)R]HBD{�BH=:987M[05<C0]DCQ[0BDgfFG9<7�)R]DBH{|B1=S9<7MEG987�?QgfFGB1r s83:9<7�)º3:B1ÕdBDs836987W/1/H/ 'lE¢qkFG;K?Q;G[0]H9W58gfFGBHÕA?Q]H98;>=���T<98]HFGB
T8C0{�}G3:BH7�98;>=S369V]H9IK�CQ3:E�9<=¤]È?ÃEGBH3:9<T<=SBHC0;�EG9<7¤r 3:?QT<=:FG3:9<7¤}&3:BD;&T8BD}G?Q]D9<78/

of_



�J�X�N�¯© �À�M���4�"���O���ö�O�z�����G�O���z�
u"CQFG7|T<987|Ufed}�CQ=SU&s87:9<7�) ]D9À76ed76=:s8{�9KE�qp58gfFR?v=SBDCQ;G7|7<qk5<T836BH=�)O}�C0FG3ÍFG;G9�=S9<]D]D9À?A}G}G3:CdT@UG9*) 76C0FG7Ír C03:{�9

T8C0{�}R?QTÁ=S9Ã��]wqk?QBDE&9�E¢qkFG;&9Ã7:9<FG]D9V58gfFR?A=:BDC0;K?QF"b�EG5836BHÕQ58987�}R?Q36=:BD9<]D]D9<7�{Þ?v=S3:BHT8BH98]D]H9�)"]DBD;&5�?QBH3:9I}R?Q3�3S?Q}&}�C03Ý=
?QF�ÕQ98TÁ=S98F&3

H = (h1, h2, ..., hN )T Â

S
∂

∂t
(H) + Q = ~∇xy ·

(
T~∇xyH

)
+ AH

%w_"/`X]'
C]õÞ]H987OBD;GE&BDT89<7

x
9<=

y
EG9¤]wqpC0}�583:?A=S9<FG3O;R?Q¾G]D? ~∇ 7:BH[0;GBHÐG98;>=OgfFG9�]H987OEG5836BHÕA?A=:BDC0;G74;&9�7<qk9	2¢9<T<=SF&98;>=�gfFG9¤}R?Q3

3S?Q}G}�C03Ý=¤��T<987�ÕA?Q3:BD?Q¾G]D9<78/RYz9<7¤{|?A=:3:BDT<987
S
)
T

9<=
A

9<=l]H987lEG98FdbÀÕ098TÁ=S9<FG3:7
H

9<=
Q

7:C0;>=¤EG5<ÐG;GBD7l}R?Q3WÂ

S =




S1 0 ... 0
0 S2 ... 0
... ... ... ...
0 0 ... SN(x)


 , T =




T1 0 ... 0

0 T2 ... 0
... ... ... ...

0 0 ... TN




, H =




h1

h2

...
hN


 , Q =




Q1

Q2

...
QN




9<=

A =




−∑N
j 6=1 α1j α12 ... α1N

α21 −∑N
j 6=2 α2j ... α2N

... ... ... ...
αN1 αN2 ... −∑N

j 6=N αNj




%¯_"/kt�'

?nÕQ98T�Â

αij = αji,
7:B

N > 1
%w_"/`¿]'

C]õm]D987\BH;GEGBHT8987
1, ..., N

9<=
j

76C0;>=�]D987Ç;dF&{|5<3:C07ÍEG9�T@UR?AgdF&9�T<C0;>=SBH;dF&FG{ EGC0;>=Í]H9ê;GC0{Ã¾&3:9ê=SCA=@?Q] 9876=
N

/�Ë�?Q;G7�]È?${Þ?A=:3:BHT89
A

T<B1�ÆE&987:76FG7�) =SC0F&=:987�]H987ê76C0{|{�987ÞBD;>=S9<36Õ09<;R?Q;>=�ER?Q;G7Þ]D987ê=:9836{|9<7êEGBÈ?A[0C0;R?QFdb
78qp912�98T<=:FG98;>=�EG9

1
�

N
/ ßÆ]¤987Ý=�;G5<T898767S?QBH3:9µE&9K3S?nõ6C0F&=S9<3Þ]D?äT<C0;GEGB1=SBDCQ; %w_d/y¿]'\7:F&3Þ]D9<7ÞT<C"9ÁÌ|T<BD9<;f=:7êEG9

T8C0FG}&]È?Q[09\76BD;GCQ;ä]H9\76ed76=:s8{�9|;&9�76983:?QBH=W}R?A7IT8C0;G76983ÝÕQ?v=SBHr�/ZYz9<7�BH;GEGBHT8987
i

9Á=
j

EG9ÍT89Á=:=:9|T<C0;GEGB1=SBHC0; 7:C0;>=
]D987�;fFG{�5836C07�EG9 T@UR?AgdF&9 T8C0;>=SBH;fFGFG{�/�YZ?´{Þ?A=:3:BHT89

A
9<76=ÀEGC0;&T FG;G9 {|?A=S36BDT89�76ed{�5<=S36BDgfFG9 EGCQ;f=À]H9

;GC0{Ã¾G369ME�qp58]H58{�98;>=S7�BD;GEG5<}�9<;GER?Q;>=:7�987Ý=458[>?A]&� N(N−1)
2

/QLO;Ç912�9<=�)A]D9<7~58]H58{�98;>=S7�EG9M7:?�EGBÈ?A[0C0;R?Q]H9 ;&9 r C0;>=
BD;>=S9<36Õ09<;GBD34gfFG9�]H987�=:983:{�987~EG9�]È?�}G?Q36=:BD9a=:3:BÈ?A;G[0FG]D?QBD369�76FG}�583:BH98FG369�)>BH]"76F&ÌÍ=O}R?Q34T8CQ;G7:5<gdF&98;>=aE&9MT8C0{�}&=:983
]D9I;GC0{Ç¾G3:9IE�qp58]H58{�98;>=S7lEG9WT<9<=:=:9W}R?Q36=:BD9A/RYz987l{Þ?v=S3:BHT89<7

S
)
T

9<=
A

7:C0;>=¤EGC0;GTI=:C0F&=S9<7l76ed{|5Á=S36BDgfFG987</�u"B
N = 1

]D9V76ed76=:s8{�9\T8B1�ÄEG98767:FG7I769Ã3:5<EGFGB1=I�ê]wqp58gfFR?v=SBDCQ;µEG9Ã]D?|EGBU2¢FG76BHÕdBH=:5tRÆC03:EGBH;R?QBH3:9	TIEG987I5<T8C0FG]H98{�98;>=S7
98;�{|BH]DBD9<F"bÞ}�C03698F"b�¾GB1�ÄEGBD{�98;G76BDC0;&;G98]H78/

Y4qp58T836BH=:FG3:9�%¯_"/yX�'¢T8B1�ÄEG98767:FG7Z}G36587698;>=S9 ]wqk?nÕA?Q;>=S?Q[09�EG9O{�C0;>=S36983z7:BH{|}&]D98{�98;>=z]D?M]DBH;G5�?Q36BH=:5~EG9O]È?M3698]D?A=SBHC0;
}R?Q3Í3S?Q}&}�C03Ý=|?QF Õ098TÁ=S9<FG3ÞE�qp5<=S?A=

H
9<=�EG9�{|C0;>=:3:983\]H9À;GC0{Ã¾G369ÀEG9ÀT8Cd9<Ì�T8BH98;>=S7�EG9�T8C0FG}&]È?Q[09�BH;>=S983��

T8C0;>=SBH;fFR?&/ºL4]D]H9^}�9<F&=¤T89<}�9<;GER?Q;>=B,<=S369WEG5<ÕQ98]DCQ}G}�5<9V9Á=¤58T836BH=:9IEG9W]È?Ãr)?�38CQ;�76FGBHÕA?Q;>=:9�Â

Si

∂hi

∂t
+ Qi = ~∇xy ·

(
Ti

~∇xyhi

)
+

N∑

j = 1
j 6= i

αij (hj − hi)
%¯_"/k��'

C]õ
i

9<=
j

76C0;>=Ç]H987WBD;GE&BDT89<7WEG9|T@UG?QgfFG9ÞT<C0;>=SBD;fFGF&{�/,Ja9Á=:=S9�58gfFR?v=SBDCQ;$EGCQBH=W98]H]D9Í?QF&7:7:BL,Á=S3:9�T8CQ{|}G]H5<=:589
}R?Q3M]D?ÇT8C0;&EGBH=:BDC0;S%w_"/`¿]'Á/"2�CQFG3�EG58T<3:BH3:9^T<C0{|}&]Ds<=:98{�98;>=M]H987 58T8CQFG]D9<{|9<;f=:7�EGF�76ed7Ý=Ss8{�9�)&C0;�EGC0B1=M?Q767:CdT8BH983
��T@UR?AT8FG;G9�T89<7�5<gfFR?A=SBHC0;G7�]H98FG367¤T<C0;GEGB1=SBHC0;G7MBH;GBH=:BÈ?Q]H987a9Á=¤]D98F&3:7�T8CQ;GEGBH=:BDC0;&7l?QF"bÀ]HBD{�BH=S9<78/

Ë�5<T836BHÕ0CQ;G7Í{Þ?QBH;>=S98;G?Q;>=\T@UR?QT<FG;mEG987\=S9<3:{�987\BH;f=:983ÝÕ098;G?Q;>=|EG?Q;G7P%w_d/`��'c/
Qi (x, y, t)

987Ý=Í]D9Þ=:9836{|9
7:C0FG36T89�EGF�T8C0;>=SBH;fFGFG{

i
EG5<}�9<;GER?Q;>=�EG9W]È?Ã}�C07:B1=SBHC0;�9<=lEGFÀ=S9<{|}&7¤9Á=l3:9<}G3:5<7:98;>=:9Ç]D9IE&58¾GB1=l}G3:5<]D9<ÕQ5[%)C0F

BD;võ69<T<=S5�'a}R?Q3�FG;&BH=S5�EG9I7:FG3Ýr)?QT89WEG9I;G?Q}G}�9Q/
Si (x, y)

9<76=lFG;&9^r C0;GT<=:BDC0;�E&9I]È?Ã}�C07:B1=SBDCQ;ê9<=l3698}G36587:9<;>=S9�]D9
T8Cd9<Ì�T8BH98;>=lE�qp98{�{Þ?Q[0?Q7:BH;G98{�98;>= }�C0F&3M]D9<7M;R?Q}G}�987�T<C0;&ÐR;&589871)G9<=l]D?V}�C03:CQ7:BH=:5^9<Ì�T8?QT89I}�C0FG3M]H987 ;R?Q}G}�987

o>j



]DBD¾&3:987</�ßÆ]0r)?QF&=Z¾&BD98;W;GCA=S983zgfFG9�]D94{À,8{�9�7Ýe"{Ç¾�C0]H9
S

9<76=�F&=SBH]DBD765~BHT8BA)<{Þ?ABD7�gfF�qpBD]0}�C0767:s8E&9 FG;&9�76BD[0;&BHÐRT8?A=SBHC0;
}GU>e"76BDgfFG9|EGB�2�583698;>=S9Í7:F&BHÕA?Q;>=�]D9Ã=Æed}�9�E�qk?QgfFGBHr s<3:9ÍgfF�qpBD]4EG5<T83:B1=�/

Ti (x, y)
987Ý=Ç]H9Ã=S98;&7:98F&3VEGBD?Q[0C0;G?Q]�EG9

=S3S?A;G7:{�BD767:BHÕdB1=S5�EG9ÇT<C0{|}�C07:?Q;>=S987
T i

xx (x, y)
9<=

T i
yy (x, y)

gfFGB�76C0;>=IEG9<F"bKr CQ;GT<=:BDC0;G7¤EG9V]È?|}�C076BH=SBHC0;
x9<=

y
9<=¤C0;>=l}�C0FG3lEGBH{|9<;G7:BHC0;^�kY0� 2 � ÜN� −1 /RN;GCA=S983lgfFG9�T89I=S9<;G7:9<FG3¤9876=¤EG5ÁÐR;GBzT<C0{|{�9I]D9I}&3:CdEGFGBH=MEG9W]È?

T8C0;GE&FGT<=:BHÕdBH=:5aU>edEG3S?QF&]DBDgfFG9
Ki

}G?Q3~]¯qk5<}R?QBD767:9<FG3~EG9 ]wqk?QgfFGBHr s<3:9
ei

Â
Ti = Ki ·ei

ER?Q;G7~]D9�T�?Q7�E¢qkFG;&9M;R?Q}G}�9
T8C0;&ÐG;G589*)�9<=�T8C0{�{|9�]D9V}G3:CdEGFGB1=�E&9Ã]È?�T8C0;GE&FGT<=:BHÕdBH=:5ÇU>edEG3S?QF&]DBDgfFG9

Ki

}R?Q3�]D?|T@UR?A3:[09ÃU>edEG3:?QFG]DBHgfFG9
hi]DBD;&5�?Q36BD7:5ÇÂ

Ti ≈ Ti (hi) = Ki · (hi − σi)
ER?Q;G7l]H9IT�?Q7lE�qpFG;G9�;R?Q}G}�9I]DBH¾G3:9A/

Yz987
αij (x, y)

7:C0;>=�]D9<7IT8Cd9<Ì�T8BH98;>=S7WEG9ÍT<C0FG}G]D?Q[09Ã9<;f=:3:9Í]D9<7IT8C0;>=:BD;fFR?
i

9<=
j

9<=WEG5<}�9<;GEG98;>=VEG9\]È?
}�C076BH=:BDC0;�/ºL4;µ=:3:C0BH7�EGBH{|9<;G7:BHC0;G7l]D9VT8Cd9<Ì�T8BH98;>=^E¢qk5<T@UR?Q;G[09Ç9876=^UGC0{�C0[0s8;&9Ç��FG;G9ÇÕdBH=:98767:9Ã}R?A3�FG;&BH=S5VEG9
7:FG3Ýr)?QT89W%Q�pYg�A� ÜN� −1 H��pYg� 2 'c/�Ë�?Q;G7¤;GCQ=S369WT�?Q71)�T<9VT<C"9ÁÌ�T8BD9<;>=�9<76=�BD;>=S5<[03:5W7:F&3�]¯qk5<}R?QBD767:9<FG3�E&9�]¯q`?AgdF&BHr s8369W9<=
}�C0767:s<EG9ÇEGCQ;GTVF&;G9VE&BD{�98;G76BDC0;ÀUGC0{�C0[0s<;G9���]¯qkBH;>Õ098367:9�E�qpFG;�=:98{�}G7\%¾�pÜN� −1 '^/�Ë^?Q;G7¤]È?\]DB1=:=:583S?v=SFG369IEG987
987:7:?QBD7¤EG9W}GFGB1=S7l98;�{�BD]DBH98FÞÐG7:7:F&3:5�)ºT<9�=:983:{�9WE�qp58T@UR?Q;&[09Ç?\EGCQ;G;G5�]DBD9<FÀ��E&987¤BD;>=S9<3:}G365<=@?v=SBDCQ;G7�EG9I=Æed}�9
[058C0{�5<=:3:BHgdF&9Q/GYZ?Ã[03:?Q;GEG9<FG3�UGC0{�C0[0s<;G9I�ÃFG;&9^Õ"B1=S9<7:7:9W9<76=l[05<;G583:?Q]D9<{|9<;f=�?Q7:76BD{�BD]D5<9��Ã]D?ÇT8CQ;GEGFGTÁ=SBHÕdB1=S5
UfedEG3:?QFG]HBDgfFG9ÀEG9�}G]DFG7Ãr)?ABD¾G]H9ÞÕA?Q]D9<FG3\EG987�EG9<F"b¥T8C0;>=:BD;fFR? 9<=�]È?µ[03:?Q;GEG9<FG3ÍUGC0{�C0[0s<;G9À�äF&;G9À7:FG3Ýr)?QT89
9876=ÇT�?Q3:?QT<=:5836BD7:5<9Þ}R?A3VFG;$T8Cd9<Ì�T8BH98;>=ÃgfFGB�3:9<}G3:5<7:9<;f=:9êFG;G9|7:FG3Ýr)?QT89|EG9Þ¾&]DCdT87W}R?Q3:?Q]D]H58]D5<}GBD}�58E&BDgfFG9871)�C0F
EG9|¾&]DCdT87W98;6RÝ?Q]H]DFG{�9<=6=S987óTVC0F$9<;GT8CQ3:9�98;Ù¾&]DCdT87·RÆr 9<FGBD]H]D9<=:7¾T4% ÕQC0BD3I}R?A3�9cb�/Òë�þ�7nû)þ�� �Å.nÊ0�0t��A)kJ^÷����6ø>þ��S÷vÿ
�1.nÊQÊ0t*��'Á/RudBD[0;R?A]DC0;G7�gfFG9W]D9¤=S9836{|9�E�qk5<T@UR?Q;G[Q9�)R9Áb"}G36BD{�5^EGC0;&T^T8C0{�{�9�]D9�}G3:CdEGFGB1=MEGFÀT8Cd9<Ì�T<BD98;>=

α
}R?Q3

]È?µEGBU2¢5<3:98;&T89�EG9�T@UR?A3:[09�9<;f=:3:9�]H987ÃEG9<F"bmT<C0;>=SBD;fFR?8)~987Ý=�FG;´=S9<3:{�9�98{�}GBD36BDgfFG9ÞBH;>=S3:CdEGFGB1=Ã}�C0FG3Ç=:98;GBH3
T8C0{�}&=S9�EG9<7Ç58T@UG?Q;G[09<7Çr 3S?QTÁ=SFG36987�HA{Þ?v=S3:BHT89�ER?Q;G7�]D9<7V{�CdEGs8]H987V��EGCQFG¾G]D9c�Æ}�C03:CQ7:BH=:5Q/Z24]DF&7V]D?ÀÕA?Q]H98FG3�EG9
α

76983:?ÀBH{|}�C03Ý=@?Q;>=S9Ç9<=�}G]DF&7I]wqp58T@UR?Q;&[09ÍEG9?ÆRFGBDE&9\7:983:?�?ABD7:5\9<;>=S3:9�]D9<7IEG98Fdb T8C0;>=:BD;fFR?ÀT8C0;GT<9836;G587</~ì^F
98;GT<C03:9ÀE�qpFG; }�C0BD;>=\EG9|Õ"F&9�[058C0{�5<=:3:BHgdF&9�)~}&]DFG7Ã]H987Ã¾&]DCdT87Ã76983:CQ;f=Í}�9<=:BH=:7�)~}&]DFG7Ã[Q3S?Q;GE 76983:? ]H9|=:983:{�9
E�qk5<T@UR?Q;G[Q9Q/

u"CQFG]DBH[0;GC0;G7l?AFG7:76B�gfFG9*)�T<C0{�{|9W}�C0FG3l]D9WT8Cd9<Ì�T<BD98;>=
Si

)ºFG;�{[,<{|9I=S9<3:{�9
αij (hj − hi)

987Ý=�F"=SBD]HBD765
}�C0F&3ÞEG5<T83:BH3:9�EG98F"b�}GUG5<;GC0{�s8;G9<7�}GU>ed7:BDgfFG9<7�EGB�2�583698;>=S7</ ßÆ]�}�9<F&=êE&58T836BD369K]wqp58T@UG?Q;G[09�UfedEG36BDgfFG9 E�qpFG;
76ed76=:s8{�9�EG9�r 3:?QT<=:FG3:9<7|� FG;¥76ed7Ý=Ss8{�9À{Þ?v=S3:BHT8BH98]A),{|?QBD7ÃBH]a}�98F&=|?QF&7:7:B�E&58T836BD369�]wqp58T@UR?Q;&[09ÀE�qkF&;�?QgfFGBÅ�
r s83:9ê�µFG; ?QF&=:3:9A/�Ë^?Q;&7ÃT89�EG9<3:;GBH983VT�?Q71)~C0; 76FG}G}�C07:9êE&C0;GTêgfFG9�]D?�EG3:?QBD;R?A;GT89�Õ0983Ý=SBHT�?Q]H9ê98;>=S369êEG9<F"b
?QgfFGBHr s<3:987�987Ý=Ç}&3:BD769Í98;ÙT<C0{�}&=S9Í}R?Q3WT<9�=:983:{�9ÍE�qp58T@UR?Q;&[09Q/�L4;$E�qk?QF&=:3:9<7�=:983:{�9871)ZC0;$76FG}G}�C07:9|gfFG9|]H9
=S9836{|9WE�qp58T@UG?Q;G[09�EGFK{�CdEGs8]H9^{ÃFG]1=SB1�ÄT8C0;>=:BD;fFGFG{é987Ý=�76BD{�BD]È?ABD3:9��\]È?\EG3:?QBD;R?A;GT89IÕ09<36=:BDT�?A]D9IEG9<7�{�C"E&s8]D9<7
{|C0;&CA�ÆT<C0;>=SBD;fFGF&{ jQE�/ºË�?Q;G7l]wqk?Q}G}G36C"T@U&9�F"=SBD]HBD76589�)"]D9<7¤5<T8C0F&]D98{�98;>=:7¤E¢qkFG;�76ed7Ý=Ss8{�9�T8C0;G7Ý=SB1=SFG5WEG9WEG9<F"b
?QgfFGBHr s<3:987l76FG}�9<3:}�C07:5<7�]¯qkFG;À76FG3l]wqk?QF&=S369I7:C0;>=¤}G36BD7�98;�T8CQ{|}&=:9I}R?Q3lFG;�EGC0FG¾&]D9Á�ÄT8C0;>=:BD;fFGFG{�/

×�¶z+d!ÙØ��)+�® , #GØ,Ø��¯')¸0#&%�' ��±
JaC0{�{�9K9Áb"9<{|}G]H9 E�qk?Q}G}G]HBDT�?v=SBDCQ;�EG9 T<9 {|CdEGs8]H9�)�}G3:9<;GC0;G7À]H9K76ed7Ý=Ss8{�9ä?QgfFGBHr s<3:9µE&9 ]È?´è8CQ;G9 EG9

JM?QER?Q3:?QT@UG9Q/GYZ9�76ed76=:s8{�9I9876=MT8C0{�}�CQ7:5�)"C0;�]D9�3S?Q}&}�9<]D]D9¤E�qpFG;À?QgfFGB1r s83:9�T83:5Á=@?QT<5�)&r 3:?QT<=:FG3:5*)"gfFGB¢T8C0;>=SBH98;>=
FG;ê?QF"=S3:9¤?QgfFGB1r s8369¤E&9l=Æed}�9�{�BDCdT8s<;G9Q/>Ja9¤7Ýed76=Ss<{|9�987Ý= 3698}G36587698;>=S5�7:T@UG5<{Þ?A=:BDgfFG9<{|9<;f= 7:F&3 ]D?�ÐR[0FG369^_"/`_
C]õµ]D9WT<3:5<=S?QT85V987Ý=^T8CQ]DC0365V9<;K¾G]H98FK9Á=^]H9�{�BDCdT8s<;G9�9876=�98;�3:C0FG[Q9Q/�Yz987�r 3:?QT<=:FG3:9<7�76C0;>=^3:9<}G3:5<7:9<;f=:589<7I}R?Q3
EG987l=S3:?QBH=:7�;GC0BD3678/

Couche crétacé fracturée

Couche Miocène
(1 continuum)

(2 continua)
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Solution semi-analytique du continuum 1
Resultats du code num. pour le continuum 1
Solution semi-analytique du continuum 2
Resultats du code num. pour le continuum 2

Legendes

Cas transitoire, 1D, 2 continuums
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Verification du code avec une solution analytique en 2d stationnaire
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Verification du code avec une solution analytique en 2d stationnaire
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Résolution du problème direct
Relation (3.5)

(boucle sur le pas de temps)

Entrées des données

(boucle inverse en temps)
Relation (3.6)

Résolution du problème adjoint

Calcul des gradients
Relation (3.7)

Appel de l’optimiseur
Arret ?

Non Oui Fin

Etape 5

Etape 4

Etape 2

Etape 3

Etape 1

Boucle sur les itérations

Calcul de la fonctionnelle (3.2)

¡g¢U£Ëð�¥U¤\¦Kñä¹�¢�¯8©1¢�çF²I°�²I«(J ª¬«U£�¨*¹�¢U®Qº!âÂ²·°-J ¨�ç�®Q¢äâÂ¢U/ª5®Q¢�¨*¯

×I¸0�v' %�*Z��+K®Z+d°�����*z%�'¯±Z+d°
ËÇqpFG;ä}�CQBD;>=IEG9\ÕdFG9ÍEG9Í]È?ê}G36C0[03:?Q{|{|?A=:BDC0;0)º]D?ê{|5Á=SUGCdEG9\EG9Í]wqp5<=S?A=W?QE�õ6C0BD;>=W;G5<T898767:B1=S9ÍE�qp58T836BD369�]H9

}G3:C0¾&]Ds8{�9W?QEvõ6CQBD;>=V%¯j&/kt�'c/�Ja9<=:=:9W5<=@?A}�9�;G9W;G58T<98767:BH=:9VgfFG9�]wqp58T<3:B1=SFG369IEGF�=:983:{�9I7:CQFG3:T<9
An

}GF&BD7:gfFG9W]H987
{Þ?A=:3:BHT89

G
9<=

M
3:987Ý=S9<;f=MBDEG9<;f=:BDgfFG9<7M?QFê}&3:C0¾G]Hs8{�9�E&BD3:9<T<=8/"ßÆ]ºr)?QF&=M?QFG7:76B¢5<T83:BH3:9�]È?�r CQ;GT<=:BDC0;G;&98]D]H9V%¯j&/1.¬'

9<=V]D9ÃÕ09<T<=:98FG3V[03S?QE&BD98;>=WER?A;G7VE&98F"bä;GCQF&Õ09<]D]D9<7W7:FG¾G36C0F&=:BD;G9<78/Z2�CQFG3VT<9<=6=S9�EG9836;GBDs<3:9ÍBD]�9<76=V¾�CQ;äE¢q`?�Õ0CQBD3
58T836BH=�?QF }&3:5�?A]È?Q¾G]H9ÞFG;&9�?AF&=S369ê3:C0F"=SBD;&9êT�?Q]HT8FG]D?Q;>=\]D9<7ÃEG5<3:BHÕQ589<7�E&987Í{Þ?v=S3:BHT89<7

G
9<=

M
BD;>=:9836ÕQ98;R?A;f=

ER?Q;G7Í]D9�T8?Q]DT<FG]MEG9<7|[Q3S?QEGBH98;>=S7</�ßÆ]Mr)?QF&=�?AFG7:76B�]DBD369êER?Q;&7�E&987\ÐRT@UGBH983:7\=:C0F&=S9<7Í]D987Í9<;f=:3:5<987�EGFm{|CdEGs8]H9
BD;>Õ09<3:7:9*)ZTQqp9876=Ý���v�ÄEGBD369\]D9<7�T@UG?Q3:[09<7W}GBD5<è8C0{�5<=:3:BDgfFG9<7IC0¾G769836ÕQ589<7�),]D987W}R?A3S?Q{�s<=:3:987IBH;GBH=:BÈ?QFdbKE¢qkB1=S583:?A=SBHC0;G71)
]D987 ÕQ?A]D98F&3:7aE&987MT<C"9ÁÌ|T<BD9<;f=:7MEG9^3658[0F&]È?Q36BD7S?v=SBDCQ;0)>]D9<7aT8CQ;f=:3S?QBH;>=S987aEG9^¾�C03:;G9<7a76FG}�5<3:BH98FG36987�9<=aBD;&r 5<3:BH98FG36987
}�C0F&3¤T@UG?QgfFG9V}G?Q3S?Q{�s<=:3:9W�\987Ý=SBH{|9<3�)G]H987MÕA?Q]D9<FG3:7lEG9<7¤?�}G36BDC036Bw/

K ±�Ò�+f�v°�' ��±¦+f%�Ø,#G��#R�)�)�d�)'¯°8#"%�')��±
ÛOF\]D?�{�5<=SU&C"EG9 EG9M36587:CQ]DF&=:BDC0;Ã;fFG{�5836BDgfFG9M9<{|}&]DCne05<9a}�C0FG3�36587:CQFGEG3:9�]H9a}G36C0¾G]Hs8{�9 BH;fÕQ98367:9�)QC0;\}�9<F&=

EGBD369�gdF&9�T89<=�?A]D[0C036BH=:UG{|9�987Ý=OEGBHÌ�T<BD]D9<{|9<;>=�}R?Q3:?Q]D]H58]HBD7S?A¾G]D9OT�?A3�T@UR?QT<FG;G9¤EG98745Á=@?Q}�9874;G9�}�98F"=O78qp912�98T<=:FG983
BD;GEG5<}�9<;GER?Q{�{�98;>=�EG9I]D?Ç}G3:5<T85<EG98;>=S9A/RÛOC�eQC0;G7l}�C0FG3:gfFGCQBw/GY4qp5<=S?Q}�9Ç.�;&C0FG7�EGC0;&;G9I]D9<7aÕ09<T<=S9<FG3:7¤T@UR?Q36[09
}GBD5<è8C0{�5<=:3:BDgfFG9aT�?Q]HT8FG]H589

h
T�?Q]
n

%
n = 1, ..., N)

�^T@UR?AgdF&9¤}G?Q7�EG9M=:98{�}G78/fJa9Á=O98;G7698{Ã¾&]D9MEG9MÕQ98TÁ=S98F&3:7O987Ý=
?Q]DC0367�F&=SBH]DBH7:5�EG?Q;G7�]D9<7�5<=S?Q}�9<7�_\9Á=¤j\}R?Q3�]wqpBD;>=:983:{�58E&BÈ?QBH3:9¤EG9W]È?Çr C0;GTÁ=SBHC0;G;G9<]D]D9�T8C]G"=l9<=lER?Q;&7¤]¯qk5Á=@?Q}�9^o
ER?Q;G7M]H9lT�?Q]HT8FG]�EG987 [03S?AEGBD9<;f=:78/"L4;G7:FGB1=S9�BD]R987Ý=�;G5<T898767S?QBH3:9�E�q`?�ÕQC0BD3 3:5876C0]DF|]D9¤}G3:CQ¾G]Ds<{|9�?QEvõ6C0BH;>=a?�ÕA?Q;>=M]H9

t0t



T�?Q]HT8FG]�EGF�[03S?AEGBD9<;f= }GFGBH7:gfFG9I]¯qk5Á=@?A=a?QEvõ6C0BH;>=MBD;>=:9836ÕdBH98;>=MER?A;G7M7S?ÃE&5<ÐR;GB1=SBHC0;�/d2~?Q3M?QBD]H]D98F&3:7�)f]¯qkC0}"=SBD{�BD7698FG3
F&=SBH]DBD769I]D9<7lÕA?Q]H98FG367lEG987¤}R?Q3:?Q{|sÁ=S36987l9<=¤EGF�[03S?AEGBD9<;f=��Í]wqpBH=:583:5IT<C0FG3:?Q;>=�}�C0FG3l]H987lT�?Q]HT8FG]H983l�Í]wqpBH=:583S?v=SBDCQ;
7:FGB1ÕQ?A;f=:9Q/RßÆ]z;�qp987Ý=�E&C0;GTW}R?Q7l98;>ÕdBD7:?Q[098?Q¾G]D9IE&9�}G?Q3S?Q]H]D5<]DBD76983 ]È?Ã¾�C0FGT8]H9I7:FG3l]H987lBH=:583S?v=SBDCQ;G78/

t>¿



_ ` �ba������� L

M � a e¦�K��� ð ôm��
 ð óh� e¦�K�gf ó	��


K¤C0FG7V?Q]D]HC0;G7I3:58?Q]DBH7:9<3IBDT8B�=:C0F&=:9|FG;&9Þ7:5<3:BH9�E¢qk9cb&}�5836BD9<;GT89<7Ã;fFG{|5<3:BHgdF&987�gdF&B�ÕQC0;>=Ç;GCQFG7V}�9836{|9Á=:=:3:9
EG9�ÕQ?A]DBDE&983Ç]D?µ}G3:CdT85<EGFG369�E¢qkBH;fÕQ98367:BDCQ;¥E&987Í}R?Q3:?Q{|sÁ=S36987\7:F&3�E&987\T�?A7�7Ýed;f=:UG5<=:BDgfFG9<78/�YZ? {�5<=:UGCdEG9�EG9
ÕQ?A]DBDEG?A=SBHC0;�T8C0;&7:BD7Ý=S9Ç��769ÇEGC0;&;G983¤EG987�76ed76=:s8{�987�=:UG58CQ3:BDgfFG9<7�ER?A;G7�]H9876gdF&98]D7¤C0;�EGBD7Ý=S3:BH¾GFG9WEG9<7�r C03:?Q[0987</
ìI; Ð&b"9�9<;G7:FGB1=S9�ER?A;G7\T89<7\76ed76=:s8{�987ÍEG987\ÕA?Q]H98FG367ÃEG9�}R?Q3:?Q{�s<=S36987\�µ}G?Q36=:BD3ÇE&987:gfFG9<]D7ÍC0; 76BD{ÃFG]H9Þ]H987
58T8CQFG]D9<{|9<;f=:78/�Yz987ÍUR?QF"=S98F&3:7Í}GBD5<è8C0{�5<=:3:BHgdF&987Í7:BH{ÃFG]D5<987\76C0;>=|3658T<FG}�5<3:5<987ê?AF"bm;GCd98FGE&7�E&F¦{|?QBD]H]È?Q[Q9�)
T8C0363:9876}�CQ;GER?Q;>=\?AF"b r C03S?A[09871),9Á=ÇT<9|76C0;>=ÃT<987VÕA?Q]H98FG367WEG9ÞT@UR?A3:[09�}GBD5<è8C0{�5<=:3:BHgdF&9�gfFGBO769836ÕdBH3:C0;>=ÃEG?Q;G7
FG;G9\7:9<T8C0;&EG9\5<=S?Q}�9Ç�ê987Ý=SBD{�983¤]D9<7^}R?Q3:?Q{�s<=S36987�EGF {|BH]DBH98F�}R?Q3�CQ}&=SBH{|BH7S?A=:BDC0;�/GYZ9<7^}R?Q3:?Q{�s<=S36987^9Á=^]H987
T@UG3:C0;&BDgfFG987�}&BD58è<C0{�5<=S36BDgfFG9<7a[05<;G583658987l}R?A3a]È?�7:BH{ÃFG]È?v=SBDCQ;|EGBH3:9<T<=S9�7:C0;>=lgfFR?Q]HBHÐR5<7aEG9�}R?Q3S?A{|sÁ=S3:9<7a9Á=�EG9
EGC0;G;G5<987�76ed;>=SUG5Á=SBHgdF&9878/,Y4qp9Áb"}�5<3:BH98;GT<9|EG9ÃÕA?Q]HBDER?v=SBDCQ;KT8CQ;G7:BH76=S9ÍEGCQ;GT��ê3:9<=:3:C0F"Õ0983WT<987�}R?Q3S?A{|sÁ=S3:9<7I98;
F&=SBH]DBD7:?Q;>=�EG9<7¤T@U&3:C0;GBHgfFG987¤}GBD5<è8C0{�5<=:3:BHgdF&987�76ed;>=SU&5<=SBHgfFG987�T8C0{�{|9IE&C0;G;G5<987¤E�qk9<;>=S3:5<9Q/

YZ?À7:98TÁ=SBHC0;Ù76FGBHÕA?Q;>=S9Y%)7698TÁ=SBDCQ;ÙoG/`_]'^;GC0FG7�}�983:{�9<=6=S3:?�9<;G7:FGB1=S9|E�qk9	2¢9<T<=:FG983VE�q`?AF&=S36987ÇBH;>Õ098367:BHC0;G7�9<=
EG9ÇÕ0CQBD3¤]D987�}�CQ7:7:BH¾GBD]HBH=:587�9<=�]D9<7�]DBH{|B1=S9<7�EG9Ã]È?Í}G36C"T<58EGFG369ÃE�qpBD;>Õ09<3:76BDC0;µBH{|}&]D58{�98;>=:589�ER?Q;G7^JaN^YZj0Î#)�98;
}R?Q36=S?Q;>=�E&9Vè<C0;R?Q[09<7�E&B�2�583:9<;>=S7¤EG9VT<98F"b�F&=:BD]HBD7:5<7�}�CQFG3l]D987l76BD{ÃFG]D?A=SBHC0;G7ME&BD3:9<T<=:987�)º9<;K{�C0;GC�9<=¤EGC0FG¾&]D9
T8C0;>=SBH;fFGFG{�/

2,C0FG3�r)?QT8BH]DB1=S983a]È?\{|BH7:9I9<;�r C036{|9IEG9<7�ÐRT@U&BD98367�E¢qk9<;f=:3:5<987^?AF�r C036{Þ?v=lEG9ÃJaN�YZj0Î¥9Á=¤]È?\T8365�?A=:BDC0;�EG9
EGC0{|?QBD;G9<7VE&9êEGB�2�583698;>=S9<7Ã[05<C0{|5Á=S36BD9871)ZFG;´}G365Á�Æ}&3:CdT898767:9<FG3Ã[03:?Q}GUGBHgdF&9ê?K5Á=S5Þ5<T836BH=ÃEG?Q;G7Ç]H9|T8?QEG369êEG9
T89V=:3S?�ÕA?QBD]¯/GßÆ],}�9<3:{�9<=¤98;>=S369\?QF&=:3:9�]È?ÍT8365�?A=:BDC0;�BD;>=S9<3S?QTÁ=SB1Õ09�EG9Ç]D?�[05<C0{�5<=S36BD9WEG9<7�EGC0{|?QBH;G9871)REGFK}�C07:BÅ�
=SBDCQ;G;G98{�98;>=�EG987¤r C03S?Q[Q987�9<;Kr C0;GTÁ=SBHC0;�E&9Ã]D9<FG3�T<C0;>=SBH;dF&FG{§E�q`?A}G}R?Q3Ý=S98;G?Q;GT89*)¢EGFK}�C076BH=:BDC0;G;&98{�98;>=¤EG987
T8C0;GE&BH=SBHC0;G7¤?QF"b�]HBD{�BH=S9<7�)"EG9V]¯q`?v=:=S36BD¾GF"=SBDCQ;�EG987�}G3:C0}&3:BD5Á=S5<7�U>edEG3:CdE&ed;R?Q{�BDgfFG9<7^?QFdbKè<C0;G9<7�)�E�qk9	2¢9<T<=:FG983
]È?Ã3:CA=@?A=:BDC0;�EG9<7lT8CdC03:EGCQ;G;G589<7lEG987l}�C0BD;>=S7aEGF�{|?QBH]D]È?A[09W/H/1/GßÆ]z}�983:{�9<=M58[>?Q]H98{�98;>=l]È?ÃT<3:58?A=SBHC0;À?QF&=:C0{Þ?��
=SBDgfFG9VEG9�è8C0;R?A[0987�}R?Q36=:BDT<FG]DBH983:7=% 9Áb�/�T898]H]DFG]H987lEG9�ÛOC03:C0;&C=<ó'�?AÐR;�E�qp912�98T<=:FG983�FG;K}R?�ÕA?Q[09�R�3658[0F&]DBD9<3¾T^EG987
EGC0{|?QBD;G9<7\?QF&=:C0FG3ÃE&987\r C03S?A[0987</4Ja9À}G3:5c�Æ}G36C"T<98767:98F&3�9<76=Í5<T83:B1=\98;¥Î,ìI»~Ül»lN�K^¿Q¿K9<=\r)?QB1=\?Q}G}�98]M�µ]È?
]DBD¾&3S?QBH3:BD9¤[03:?Q}GUGBHgdF&9LþÇ.0.W}R?Q3�]¯qkBH;f=:9836{|5<EGBÈ?QBH3:9�E�qkF&;G9W3:C0F&=:BD;G9I5<T836BH=S9W9<;µJ }R?Q3�¿&/D�a3:?QFG;�%Ý.nÊQÊ0Ï�'Á/

N�i1h OÇmNknuQPã�Nstrvu	wVqPo x�y �#wÀx�p p�q u1qA8\pNknovp
NZÕA?Q;>=ÃEG9|T8C0{�{|9<;GT89<3�)Z912�98TÁ=SFGCQ;G7ÃFG;G9|}�9Á=SB1=S9�}R?Q3:9<;>=SUGs<7:9êgfFR?Q;>=Ã?QFÙÕ0CdT�?A¾GFG]È?ABD3:9Í9<{|}G]HCne05�}R?Q3

]È?�7:FGB1=S9A/gK�C0F&7�}G?Q3:]H983:CQ;G7^EG9�R�E&C0{Þ?ABD;G9(TÇ}�C0FG3IE&587:BH[0;G9<3�]H9ÃEGC0{|?QBH;G9Ã98;>=:BD983IE&9�{�CdEG58]HBD7S?v=SBDCQ;0)º9<=�EG9
7:C0FG7��ÆEGCQ{Þ?QBH;G987ÇC0FmEG9�è8C0;&987�)~]DC0367:gfFG9�;GC0F&7Ãr 983:CQ;G7\3:5Ár 583:9<;GT89��µFG;&9�98;>=SB1=S5�UGC0{�C0[0s<;G9êT<C0{|}&3:BD769ê�
]wqpBD;>=S5<3:BD9<FG34EGF|EGC0{|?QBD;G9A/ X ;|EGC0{|?QBD;&9�}�9<F&=aE&C0;GT¤T8C0;>=S9<;GBD3�FG;|[03S?Q;&E|;GCQ{Ã¾G3:9lEG9¤7:CQFG7Ý�ÄEGC0{|?QBD;G9<7B%)C0F
EG9Wè8C0;G9<7�U&C0{|CQ[0s8;G9<7�'MBD767:FG7lEG9W]D?Ã}R?Q3S?A{|5Á=S3:BH7S?A=:BDC0;ÞT@UGC0BD76BD9A/

2,C0FG3�]D?ÍÕA?Q]HBDER?v=SBDCQ;�;fFG{�5836BDgfFG9VEG9Ç]D?�}G36C"T<58EGF&3:9ÃEG9VT�?Q]D?Q[09*)R;GC0FG7I?A]D]DCQ;G7�912�98TÁ=SFG9<3^EG987�=S987Ý=S7^76FG3
EG98F"b¥T8?Q7�7:BD{�}G]H987�Â4]D9�}&3:98{�BD9<3\98;¥{|CQ;GCA�ÆT<C0;>=SBH;dF&FG{ UG5Á=S5<3:C0[0s<;G9�9<=|?Q;GBH7:CQ=:3:C0}�9�)�9Á=�]D9À7:9<T8C0;GE¦98;
EGC0FG¾G]H9Á�ÄT8C0;>=SBH;fFR?$UG5Á=S5<3:C0[0s<;G9�9<=êBH7:CQ=:3:C0}�9Q/�� BD98;¥98;>=:98;GEGFá)aER?Q;&7|T<987ÞE&98F"b¦9Áb"9<{|}G]H987Y%)9Á=ÞT<98F"b¦gfFGB
7:FGB1Õ098;>=�'	)ºC0;�7:9WEGC0;G;&9�}�C0FG3l]¯qkC0}"=SBD{�BD7:?A=SBHC0;�]D987l¾�C0;G;G9<7lT8C0;GE&BH=SBHC0;G7�BH;GBH=:BÈ?Q]H987�)f]H987l¾�CQ;G;G987lT<C0;GEGB1=SBDCQ;G7
?QF"b�]DBH{|B1=S9<7�?QBH;G7:BGgfFG9¤]È?^ÕA?Q]H98FG349cbG?AT<=S9¤EG9¤gfFR?Q;>=SB1=S5lEG9l}G]DF&BD9�9<Ì�T8?QT89A/&Ja9Á=:=:9�7698T<=:BDC0;�987Ý=a76BD{�}G]D9<{|9<;>=

t0�



FG;G9aÕA?Q]HBDER?A=:BDC0;W;fFG{�5836BDgfFG9aE&9M]wqk?Q]D[QC03:B1=SUG{�94��=:3S?�Õ09<3:7�gfFG9<]DgfFG98749cb"98{�}G]D9<7~76ed;>=SU&5<=SBHgfFG9871)Q=SC0F"=�T8CQ{|{�9
;GC0FG7V?�Õ0C0;G7WÕA?Q]DBHEG5\]D9\E&5<Õ09<]DC0}&}�9<{|9<;f=VEGF$T�?Q]HT8FG]4EGBH3:9<T<=�98;äEGC0FG¾&]D9Á�ÄT8C0;>=:BD;fFGFG{	}G?Q3WEG98F"bä76C0]DF"=SBDCQ;G7
?Q;R?Q]1ed=:BDgfFG9<78/lË^?Q;&7À=:C0FG7À]D9<7�9Áb"98{�}G]H987ÀgfFGBI7:FGB1Õ09<;f=�)l]D987�}�C0BHEG7�gfFGBW?Q}G}R?A3S?*÷D7:7:9<;>=�T<C0{�{|9Kr)?AT<=S9<FG3
EG9<ÕA?Q;>=�]D987�{�C0BH;GEG3:9<7�T�?Q363:5<7¤76C0;>=l=SC0FG7l}�C07:5<7�5<[>?QF"bÀ�ÍF&;�/

5B�Ýª��6ª R ���&�#�^¡¢���"���O�	�z���������k�v¡¢�O� �"���M����� å��¢�"���&�L�¸9z��� �O�����d�4�d�&�O£V�
�V���d°8+d±�%n#&%n')��±�®Z+µ� #ä°�'¯! *,�)#"%�')��±¥®�' ��+d¸Q%n+

2,C0FG34T89Á=�9Áb"98{�}G]D9*)0C0;ÍT8CQ;G7:BHEGs8369¤F&;|?AgdF&BHr s8369�EG9l�I+f{�EG9�]DCQ;G[I9<=OEG9¤tI+f{PEG9l]D?Q3:[09a9<=O}�C07:7658ER?Q;>=
FG;G9 7:F&}�9<36ÐRT<BD9 EG9µo>_8)y¿Ì+d{ 2 /MJa98]DF&B1�ÆT<B�9<76=ÀEG5<T8C0F&}�5 9<;.�_$7:CQFG7Ý�ÄEGC0{|?QBD;G9<7êEG9K=:3S?Q;&7:{�BD7:76BHÕdBH=:587|9<=
E�qk9<{|{|?Q[>?A7:BD;&98{�98;>=S71)QEGBU2¢5<3:98;>=:7�E¢qkFG;&9¤è<C0;G9l�I]wqk?QF&=:3:9A/0YZ?^[058CQ{|5Á=S3:BH9MEG9�]¯q`?QgfFGB1r s8369M987Ý=O}G3:5<7:98;>=:589�76FG3
]È?|ÐR[QFG3:9VoG/H.Q/¢Yz987�7:C0FG7��ÆEGCQ{Þ?QBH;G987�T8C0]HC03:5<7�9<; {Þ?Q[Q98;>=@?Q7�7:C0;>=IT<98F"bµ}�CQFG3�]H987:gfFG9<]D7^]D?�=:3S?Q;G76{|BH7:76BHÕdBH=:5
9876=¤76FG}G}�C07:5<9Ç?Q;&BD7:CA=S3:CQ}�9A/Rì^;À}�9<F&=lT8C0;&76=@?v=S983lgfFG9WT@UR?QT<FG;G9WEG9<7¤T<98]H]DFG]H987�?Q;&BD7:CA=S3:CQ}�9<7�T8C0;>=SBH98;>=lEG9<F"b
r C03S?Q[Q9878/�YZ?�3:?QBD76C0;$9<;´987Ý=ÃgfFG9|7:B�C0;Ù;G9|78qp98; EGCQ;G;G9ÞgfF�qpFG;´7698FG]�)�]H987�3:5<7:FG]1=@?A=:7VEG9|]wqpBD;>Õ09<3:76BDC0;$7:C0;>=
¾�98?QFGT8CQFG}K{�C0BD;&7M¾�CQ;G7�9<=¤{�C0BD;G7a}G3:5<T8BD7lgfFG9WT89<F"b�gfFGB�Õ0CQ;f=B,<=:3:9W}G36587:9<;>=S587�ER?Q;G7lT<9�}G?Q3S?Q[Q3S?Q}GU&9Q/RYz9
=S3S?ABH=W¾G]H98F 3:9<}G3:5<7:98;>=:9ÞgfFR?Q;>=Ç�À]HFGB4]D9<7I]DBH{|B1=S987�C]õäFG;G9ÍT8C0;&EGBH=:BDC0; EG9ÍT@UR?Q36[09Í987Ý=ÇBH{|}�C07:5<9Q/�Ü,C0FG7W]H987
;GC"9<FGEG7O7:B1=SFG5<7��WT<9<=6=S9�r 3:C0;>=:BDs8369M7:CQ;f=�BH{|}�C07:5<74��_QÏ0Ï^{P)Q=SCQF&=S9<74]D987O?AF&=S36987O]DBH{|B1=S987,7:CQ;f= ��ÆRF"b\;dF&]w/0YZ?
T8C0;GE&BH=SBHC0;KBH;GBH=:BÈ?Q]H9^987Ý=^}G36BD769Ç58[0?Q]D9<{|9<;f=��ê_AÏ0Ï|{§7:F&3^]wqp98;G7698{Ã¾&]D9�EG987^;&C"9<FGEG78/�Yz9Ç7Ýe"7Ý=Ss<{|9Ã9<76=IE&C0;GT
BD;GB1=SBÈ?A]D98{�98;>=l��]wqp58gfFGBH]DBD¾&3:9W?QFµ;&BHÕ098?QFKE&9Ç]È?ÍT8CQ;GEGBH=:BDC0;��|]D?�]HBD{�BH=:9^9<=�C0;K]H9V}�983Ý=SFG36¾�9�98; ?A}G}G]DBHgfFR?Q;>=
FG;G9ÍgfFR?Q;>=SB1=S5ÍEG9Í}G]DF&BD9ÃEG9À.�XÞ{�{á76FG3W]È?Þ=:CQ=@?Q]HBH=:5ÇEGFäEGC0{|?QBD;&9Q/�YZ?�7:BH{ÃFG]D?A=SBHC0;K9<76=�3:58?Q]DBH7:589\76FG3�t0Ï
}R?Q7IEG9Ç=:98{�}G7^EG9\o0j>_QÏ0Ï�78/�%�.�_AU�/ '¤9Á=W]È?|}&]DFGBH9Ç987Ý=�?Q}G}G]HBDgfFG5<9Ç]D9ÇgdFG?A=S36BDs8{�9lõ6CQFG38/�Ja9<=:=:9Ã}G]HFGBD9VEG9�.�X
{|{Ô9876=�3:5<}R?Q3Ý=SBD9IF&;GBHr C036{|5<{|9<;>=�7:FG3l]H987�7:9<}&=SBHs8{�9W9<=¤UfFGBH=:BDs8{�9^}R?A7¤E&9W=:98{�}G7lEG9WT�?Q]HT8FG]¯/

2,C0FG3�r)?QT8BH]DB1=S983a]È?Ã=�EQT@U&9�E&FK{|?QBD]H]D98F&3�)f=SC0FG7l]H987lT�.Q=:587¤EG987¤}�C0]Hed[0C0;&987lC0;>=¤5<=S5W]H58[0s<3:98{�98;>=¤¾�C0{Ã¾�587
T89^gfFGB�9Áb"}G]DBHgfFG9^]È?�T8C0F&3:¾GFG369^EG9<7MT89<]D]DF&]D987�7:F&3a=SC0F"=S987a]D987�ÐR[0FG36987ME&9^T89Á=�9Áb"98{�}G]H9�9<=a=SC0F&=:987MT<98]H]D987�gfFGB
7:FGB1Õ098;>=8/

È!É�ÊPåDÍ�Ë Ð�S Þ�ß Ö Ê Ý[Ý�Ø=Õ�Ö É Û�Û�Ö Ê ÝÀÜ0Ú6Ø(Ý*×�ØVÕ Þ8ßOÞUT Ò Þ�ß Ø É�ß ÚáÚáÕ

1000

2000

3000

4000

5000

6000

1000 2000 3000 4000 5000 6000 7000 8000 9000

Y
 (~

 6
 K

m
)

X (~ 8 Km)

Contour : 12 sous-domaines - 17 forages

Sous-domaines anisotropes
Limites charge imposee

1000

2000

3000

4000

5000

6000

1000 2000 3000 4000 5000 6000 7000 8000 9000

Y
 (~

 6
 K

m
)

X (~ 8 Km)

Maillage du domaine

Forages

V0ã�©1¨*±�ç�ª�£*²t°�±4°�¨sâÂª�¢U¯�²XWó¤t©	¨�¯]®Q¢�¯�±8±!âZY [^ª�¢U«U«�ª¬£�²·°�±4°�¨sâÂª�¢U¯�²

2,C0FG3M]D?Ç7:BH{ÃFG]È?v=SBDCQ;|EGBH3:9<T<=S9*)&]H987M}R?A3S?Q{�s<=:3:987a76ed;>=SUG5Á=SBDgfFG9<7lEG9^=S3:?Q;G7:{�BD767:B1Õ"B1=S5¤C0;>=�5<=:5^Ð&b"587�9<;f=:3:9
]D987¤ÕA?Q]D9<FG3:7¤{Þ?�b&BH{Þ?A]D987�9Á=^{�BD;GBH{Þ?A]D987a7:FGB1ÕQ?A;f=:987VÂ�_8)`¿QÊ&/1.nÏ −1 { 2 /k7 −1 9<=V.])1.�oG/1.nÏ −2 { 2 /p7 −1 }�C0FG3

Txx

)

t0Ê



_8)y¿AÊ&/H.�Ï −1 { 2 /p7 −1 9<=Í.�)H.�o&/H.nÏ −2 { 2 /p7 −1 }�C0FG3
Tyy

/,Ja9ÍgdF&B�3:9<}G3:5<7:98;>=:9ÞFG;ä58T8?Q36=W{|?vb"BD{|?Q],E�qkF&;$}�98F
}G]DFG7�E�qpFG;G9¤EG58T8?QEG9�}�C0F&3

Txx

)f9<= FG;|}�9<FÞ}G]HFG7OEG9�E&98F"b|EG5<T�?QEG9<7a}�C0FG3O]È?WT8CQ{|}�C07S?A;f=:9
Tyy

EGF|=:98;G7698FG3
EG9\=S3S?A;G7:{�BD767:BHÕdB1=S5Q/¢2�C0F&3�]H9ÃT8Cd9<Ì�T<BD98;>=�E�qp98{�{Þ?A[>?Q7:BH;G98{�98;>=I]H987^ÕA?Q]H98FG367^ÕQ?A3:BD9<;>=I98;>=S369À.])koQoG/H.�Ï −2 9<=
_8)`ÏAoG/H.�Ï −3 T89ÍgfFGB�3:9<}G3:5<7:9<;f=:9ÞFG;&9ÍÕA?Q36BÈ?A=:BDC0;�E�qpFG;$}�98Fä{�C0BD;G7�E�qpFG;G9�EG58T8?QEG9Í7:FG3I]¯qk9<;G7:9<{Ã¾G]H9\EGF$E&CA�
{Þ?QBH;G9Q/vYz987,ÕA?Q]D9<FG3:7�EG987�}G3:C0}&3:BD5Á=S5<7vR�36589<]D]D9<7¾T�;G9�ÕA?Q3:BH98;>=~E&C0;GTa}G?Q7~E�qpFG;\C036EG3:9 EG9a[Q3S?Q;GE&98FG3,=S3:CQ}Ç58]H9<ÕQ5�)
}GFGBD76gfF�qk9<]D]H9874;G9�EGBU2¢s<3:9<;f=OgfFG9lEG9�E&98F"bÍE&58T�?AEG987�?QFÍ{|?vb"BD{ÃFG{�/AJa98}�98;GEG?Q;>=�)>T8CQ{|{�9M;GC0F&747:C0FGUG?QBH=:C0;G7
7:BD{�}G]H98{�98;>=�ÕA?Q]DBHEG983~;dF&{|5<3:BDgfFG9<{|9<;>=O]wqk?Q]D[0CQ3:BH=:UG{�9�E¢qkBH;fÕQ98367:BDCQ;S% 9<=O;GC0;Í9<;�ÕQC0BD3�76987�}�CQ7:7:BH¾GBD]HBH=:587�'ZT89<]È�
;�q`?�}R?Q7~=:3:C0}ÃE¢qkBH{|}�C036=S?Q;GT<9Q/vL4;ÃC0F&=:3:9�)vT8CQ{|{�9 ;&C0FG7�9<;fÕdBH7S?Q[09<C0;G7�E¢qkF&=:BD]HBD7:9<3�]H9 E&C0FG¾G]H9Á�ÆT<C0;>=SBH;dFG?�}�C0FG3
{|CdEG58]HBD76983~]H9a{�BD]HBD98FW=S36s874UG5Á=S5<3:C0[0s<;G9�EGF�JML4N�)Q;GC0FG74;�qp912�98TÁ=SFG9<3:C0;&7�}G?Q7�E�qpBD;>Õ09<3:76BDC0;Í?�Õ09<TlFG;\;GC0{Ã¾&3:9
=S3:s<7O58]D9ÁÕ05lEG9lè8CQ;G987B%Ý.�Ï0Ï0Ï^}R?Q349cb"98{�}G]D9�'~gdF&BG}G3:5<7:9<;f=:98;>=ME&9874ÕA?Q3:BD?A=SBHC0;G7~BH{|}�C03Ý=@?Q;>=S9<7�EG9<7�}&3:C0}G36BD5Á=S587</

È!É�ÊPåDÍ_1 Ðnà�Ö�Ù1Ø(Ý�×tÜáÝ�×=ëOÙ Þ ëáÙ É Ô�Ø(Ô�×I×: ß Ø	ÓOÔ¬Ø É�ç ÚOÝ�×tÜ0Ú6Ø(Ý*×�ØVÕ Þ�ßFÞ\T Ò Þ8ß Ø É�ß ÚáÚOÕ

æ0ãåç�ª5¹�®/¢Ï®Q¢�¨*¯Wcç�ª¬®Q¢Uª�«U²I°�²�#®Q¹�ª�¯8QâÂ¢U//¢]��¢Ï®Qã�Lcé�¯]®Qº!ã1®/¢_ï�±�²�
Txx

²�®
Tyy

æ0ã�ç�ª5¹�®Q¢U®Q¢�¨*¯�bç�ª5®/¢Uª¬«�²t°8²�N²�â"âÂª¬£�ª¬/¢U¯�²�âÂ²�¯]®Q
S

¿QÏ



YZ?V3658}R?A36=SB1=SBHC0;Í7:}R?A=:BÈ?Q]H9�EG9�T<987�ÕQ?A]D98F&3:7�EG9�=:3S?Q;G76{|BH7:76BHÕdBH=:5�9<=ME¢qk9<{|{|?Q[>?Q76BD;G9<{|9<;>=O7:C0;>=M3698}G36587698;"�
=S589<7 76FG3O]D9<74T�?Q3Ý=S987OEG9l]D?�ÐR[0FG369�oG/y_d/>Yz9874ÕA?Q]D9<FG3:7OEG9<7O=:3S?Q;&7:{�BD7:76BHÕdBH=:587

Txx

9<=
Tyy

CQ;f=O5Á=S5l3:9<}G3:5<7:9<;f=:589<7
ER?Q;G7¤]È?Í{[,<{|9I5<T@UG98]H]D9�EG9�T8C0FG]H98FG3678/�ì^;�}�98F"=�ÕQ583:B1ÐR983¤gfFG9�]D987¤T8BH;Ggê76C0FG7Ý�ÄEGC0{|?QBD;&987¤?Q;GBH7:CQ=:3:C0}�987lC0;>=
EG987lT8CQFG]D9<FG3:7ME&B�2�583:9<;>=S987l9Á=�gfFG9^=SC0F"=S987�]H987�?AF&=S36987�)&gdF&B�}�CQ7:7:s<EG98;>=¤]È?Ã{À,8{�9�ÕA?Q]H98FG3a}�C0F&3

Txx

9Á=
Tyy

)
C0;>=�E&987¤T8C0FG]H98FG367�BDEG9<;>=SBDgfFG9<78/

YZ?|76BD{ÃF&]È?A=:BDC0;�EGBH3:9<T<=S9�EG9<7�58T<C0FG]H98{�98;>=S7�912�98T<=:FG589Ã?nÕQ98TÃT<987�}G3:C0}&3:BD5Á=S5<7�EGC0;&;G9Ç?A]DC0367V.�¿\T8CQFG3:¾�987
}GBD5<è8C0{�5<=:3:BDgfFG9<78/F�^FG9<]DgfFG987��ÆFG;&987¤E�qk9<;>=S3:9c�Æ9<]D]D9<7l7:C0;>=¤}G3:5<7:9<;f=:589<7�7:F&3¤]D?ÃÐR[0FG369IoG/`j"/

È!É�ÊPåFÍæÎ Ð�àBÓOÙ Þ�ßOÉ�ç ÚOÝ�×Ië É Ô 	 Þ Õ�Ô¬Ø(Ù É�ç ÚFÝ*×I×: ß Ø	ÓOÔ¬Ø É�ç ÚFÝ*×tÜ0Ú6Ø(Ý�×(ØVÕ Þ�ßFÞ\T Ò Þ8ß Ø É�ß ÚáÚOÕ

199.8
200

200.2
200.4
200.6
200.8

201
201.2
201.4
201.6
201.8

202

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Piezo 2

199.8
200

200.2
200.4
200.6
200.8

201
201.2
201.4
201.6
201.8

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Piezo 3

200

200.5

201

201.5

202

202.5

203

203.5

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Piezo 5

199.8
200

200.2
200.4
200.6
200.8

201
201.2
201.4

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Piezo 8

199.8
200

200.2
200.4
200.6
200.8

201
201.2
201.4
201.6

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Piezo 9

199.8
200

200.2
200.4
200.6
200.8

201
201.2
201.4
201.6
201.8

202

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Piezo 10

200

200.5

201

201.5

202

202.5

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Piezo 11

200

200.5

201

201.5

202

202.5

203

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Piezo 13

2,C0FG3¤T89<=�9Áb"98{�}G]H9VBH],7<q`?A[0BH=¤EG9VEG5<=:983:{�BD;&983�)���}R?Q36=:BD3lEG9<7Ç.�¿\T@UG3:CQ;GBDgfFG9<7^}GBD5<è8C0{�5<=:3:BHgdF&987¤98;G[09<;"�
EG3:5<987�}R?Q3^]D?ê7:BD{ÇFG]È?A=:BDC0;�EGBD3698TÁ=S9�)¢]D987I}G?Q3S?Q{�s<=:3:9<7IEG9\=S3S?A;G7:{�BD767:BHÕdB1=S5Ç9Á=WE�qp98{�{Þ?Q[0?Q7:BH;G98{�98;>=IEG9\T<987
.�_Ã7:C0FG7��ÆEGCQ{Þ?QBH;G987</GßÆ]�7<q`?Q[QBH=�EGCQ;GTWE�qk9<76=:BD{�983�FG;�=SCA=@?Q]�E&9�_QÊ\}R?Q3S?A{|sÁ=S3:9<7IÂ�.�¿Ã}R?Q3:?Q{�s<=S36987�EG9^=:3S?Q;&7Ý�
{|BH7:7:B1ÕdBH=S5\%Ý.�_WÕQ?A]D98F&3:7MEG9

Txx

9Á=�X�ÕA?Q]D9<FG3:7ME&9
Tyy

'�9<=I.�_VÕA?Q]H98FG367aE�qp98{�{|?Q[>?Q76BD;G9<{|9<;f=8/&»l98{|?Q36gdF&C0;G7
gdF&9�;GC0F&7M?�Õ0C0;&7a7:F&}G}�CQ7:5�T<C0;G;R?�÷D=S369¤?V}G36BDC036BRC]õÞ769�76BH=SF&98;>=a]H987�è8C0;&987M?A;GBD76CQ=S36C0}�9<7 9Á=aE&C0;GT¤EG9�;¢q`?�Õ0CQBD3
�ÞEG5<=:9836{|BH;G983�gdF&9ÃER?Q;G7�T8987�è8C0;G9<7^]D9<7�EG9<F"b T<C0{�}�C07:?Q;>=S9<7�EG9Ã]D?�=:3S?Q;G76{|BH7:76BHÕdBH=:5Q/�Ja98T<B~5<ÕdB1=S9ÇE¢q`?�Õ0CQBD3
��]H987l987Ý=SBD{�983�=:C0F&=S9<7l]D987lEG9<F"b�ER?Q;G7l]D?\=:CQ=@?A]DBH=:5^EG9<7�76C0FG7Ý�ÄEGC0{|?QBD;&987l9<=¤}�983:{�9<=�?QBH;G7:BzE&9�E&BD{�BD;fFG983�]H9
;GC0{Ã¾G369Ç=SCA=@?Q],EG9Ã}R?A3S?Q{�s<=:3:987</zu"F&3^]D9VT�?Q7^36589<]~EG9�JM?QEG?Q3S?QT@U&9�)¢T<987Iè<C0;G987W?A;GBD76CQ=S36C0}�9<7�}�98F&ÕQ98;>==,<=:3:9
EG5<ÐR;&BD987�7:FG3�]È?|¾G?Q7:9VE�q`?A3:[0FG{�98;>=:7�[05<C0]DC0[QBDgfFG987¤9<=�76=:3:FGTÁ=SFG3:?QF"bO)¢}R?A3�9cb&9<{|}&]D9Ç]H9V7698TÁ=S98F&3^EG9Ç]D?|è<C0;G9
EG9VJaUGBDT8?QEG9WEG58T<3:B1=S9WER?Q;G7l]H9I}G3:9<{|BH983�T@UR?Q}&BH=S369Q/

Ç �d�v'CB�¸0#"%�')��±¦®,+d°Â½���#R®,' +"±�%�°\Ø�#G�ê�)#ä!Ù�>%�²Z�z®Z+µ®Z+"°�®,'(^O�f��+d±�¸0+d°^B�±,' +"°
YZ?V}&3:98{�BDs<3:9�T@UGC07:9^�Vr)?QBD369�]HC03:76gfF�qkCQ;ÞÕ05<3:BHÐG9�7:B�]wqk?Q]D[QC03:B1=SUG{�9ME�qpBD;>Õ09<3:76BDC0;êr C0;&T<=SBHC0;G;G9¤¾GBH98;0)d987Ý=�EG9

Õ05836BHÐR9<3I7:B�]D987�[03S?QE&BD98;>=:7^EG9\]È?Ír C0;GTÁ=SBDCQ;G;G98]H]D9�7:C0;>=W5<T83:B1=S7^T<C03:3698TÁ=S98{�98;>=8/z2�C0F&3^T89<]È��)�C0; T8C0{�}R?Q369Ç]H987
ÕQ?A]D98F&3:7z;fFG{�583:BHgfFG987ZEG9OT89<7ZEG5836BHÕ05<987ZT�?A]DT8F&]D589<7z}R?Q3z]D?M{|5Á=SUGCdEG94EG9O]wqp5<=S?A=Z?QE�õ6C0BD;>=�)8?�Õ098TOT<98]D]H987zT8?Q]DT<FG]D5<987
}R?Q3�E&B�2�583:9<;GT89<7�ÐR;&BD9871)�{�5<=:UGCdEG9VE&5�õ:�|BH;>=S3:CdEGFGB1=S9WER?Q;&7�]D9�T@UR?Q}&BH=S369Ç}G3658T<58EG9<;f=8/0�aBH98;�98;>=S9<;GEGF0)�T89<=6=S9
EG9836;GBDs<3:9�{|5Á=SUGCdEG9�;�qk9<76=~F&=SBH]DBD765894gfF�qk�¤=:BH=S369OEG9�ÕQ5836BHÐRT8?A=SBHC0;V9Á=~;&C0;Ç}�C0FG3,]wqpC0}&=:BD{�BD7S?v=SBDCQ;0)c5<=@?A;f=�EGC0;&;G589

¿".



7S?l]D98;>=:98FG3z9<;�=:983:{�987zE&9O=:98{�}G7zEG94T8?Q]DT<FG]D7</nL4;�9	2¢9Á=�)n}�C0FG3zT<9<=,9Áb"98{�}G]H94C]õW;GC0FG7z76C0FGUR?QB1=SC0;&7zC0}&=SBH{|BH7:9<3
_QÊ�}G?Q3S?Q{�s<=:3:9<7�)R]D9WT8?Q]DT<FG]zEG987¤[03:?QEGBD9<;>=S7¤}R?Q3l]È?\{�5<=SU&C"EG9WEG9<7�E&B�2�583:9<;GT89<7¤ÐG;GBD9<7�;G5<T89<7:7:B1=S9*)¢�ÍT@UR?QgfFG9
BH=S5<3S?A=:BDC0;á)z]È?À3:5876C0]DF"=SBDCQ;$EG9|j0Ï�}G3:C0¾&]Ds8{�987�EGBH3:98TÁ=S7�Â�F&;Ù}�C0FG3�]D987WÕA?Q]D9<FG3:7�EG9<7Ç}R?Q3:?Q{�s<=S36987V��]¯qkB1=S58365
T8C0FG3:?Q;>=�),9<=Ã_QÊ�?QF&=S36987V98;ÙBH;GT83658{�98;>=@?A;f=VT@UR?QT<FG;´EG9<7Ç}R?A3S?Q{�s<=:3:987V�À{|BH;GBD{�BD76983I��=SC0F&3VEG9�3/.Q]D9Q/ZYZ?
{|5Á=SUGCdEG9�EG9K]¯qk5Á=@?A=|?QEvõ6CQBD;>=�)4gfFR?Q;>=ê�ä9<]D]D9*)4;G9K;&58T89<7:76BH=S9�EG9K365876C0FGEG369µ�$T@UG?QgfFG9KB1=S583:?A=SBHC0;mgfFG9K]H987
}G3:C0¾&]Ds8{�987�EGBD3698T<=^9<=�?QEvõ6CQBD;>=�)�58gfFGB1ÕQ?A]D98;>=:7W�êEG98F"bµ}G3:CQ¾G]Ds<{|9<7^EGBD3698TÁ=S7I7:9<FG]D9<{|9<;>=�)�}�C0FG3^E&5<=S9<3:{�BD;G9<3
]wqp98;G7698{Ã¾G]H9WEG987�_QÊ\EG5<3:BHÕQ589<78/

YZ?À{|5Á=SUGCdEG9ÍEG987�EGBU2¢5<3:98;&T8987�ÐR;GBH987�)Z¾GBH98;ägfFG9ÞT<C]G&=S9<FG7:9|98; =S9<{|}G7�EG9�T�?Q]HT8FG]H7�)z}�9836{|9Á=V]D?�T8C0{\�
}R?Q3S?ABD7:CQ; EG987\ÕA?Q]D9<FG3:7\;fFG{�5836BDgfFG9<7\EG987Í[03:?QEGBD9<;>=S7Í?�Õ09<T�T<98]H]D987\T8?Q]DT<FG]D5<987\}R?A3Ã]È?µ{�5<=:UGC"E&9�EG9�]wqp5<=S?A=
?QEvõ6C0BH;f=8/º2�C0F&3�T<98]È�8)RBD]z987Ý=^;G5<T89<7:7S?ABD3:9�E�qk?�õ6FG7Ý=S983�]D9<7�BH;GT83658{�98;>=S7

∆T i
xx

)
∆T i

yy

9Á=
∆Si % ]wqpBD;GE&BDT89I76FG}�5Á�

3:BD9<FG3
i

BD;GEGBHgfFR?Q;>=Ç]H9Þ;fFG{�5836C EG987Ã76C0FG7��ÆEGC0{|?QBH;G987�'�gfFGBM?A}G}R?Q3:?QBD767:98;>=Ç98; 58T<3:B1ÕQ?A;f=Ç]D9<7ÃEG5836BHÕQ58987Ç}R?Q3
EGB�2�583698;GT<987IÐR;GBH9878/¢Ë^?Q;G7I;&CQ=S369Ã9Áb"98{�}G]H9�)¢CQ;µÕ0C0B1=^EGC0;&T\gdF¢qkBH]�r)?QF&=^?�õ6FG7Ý=S983�_AÊÞÕQ?A]D98F&3:7^E�qpBD;&T83:5<{|9<;>=S7
}GFGBD76gfFG9l;GC0FG7�?�Õ0C0;&7 �IEG5Á=S9<3:{�BD;G9<3�_QÊ^EG5836BHÕQ58987</�K�C0FG74;¢qk9<;Þ?�Õ0CQ;G7 T8?Q]D5agdF&9¤gfFG9<]DgfFG9<7Ý�ÆF&;G7�)fEG9<F"bÍ}�C0FG3
T@UR?QT8F&;µEG987¤EGBU2¢5<3:98;>=:7�}R?A3S?Q{�s<=:3:9871)R}�CQFG3lEG987¤7:C0F&7Ý�ÆE&C0{Þ?ABD;G9<7�EGB�2�583698;>=S7¤9<=���]D?\}G3:9<{|BHs83:9IB1=S5<3S?A=:BDC0;�/
Ja9�T8?Q]È?A[09�? EGC0;G;&5�E&9ê=S3:s<7Í¾�C0;&7\3:5876FG]H=S?A=S7\}�C0FG3\]H987\gfFG9<]DgfFG987|?�õ6FG7Ý=S9<{|9<;f=:7Í3:5�?A]DBD765871)�}GFGBH7:gfFG9ÀEG9
gdFG?A=S369V�Ã76B1bÞT@UGB�2�3:9<7�7:BH[0;GBHÐGT�?A=:BHr 7aBHEG98;>=:BDgfFG987�CQ;f=l}&FP,Á=S369IC0¾&=S9<;fFG7l}R?Q3M]H987�EG9<F"b�{�5<=:UGC"E&987�}�C0FG3M]H987
ÕQ?A]D98F&3:7^EG9<7^EG5<3:BHÕQ589<78/z2,C0FG3�=:C0F&=S9<7^]D9<7I?QF&=:3:9<7^EG5836BHÕQ58987I]H987�7:BD[Q;G9871)¢]D9<7�C036EG3:9<7IEG9Ã[03:?Q;GEG9<FG3�9Á=IEG9<F"b
T@UGB�2�3:9<7¤76BD[0;&BHÐRT8?A=SB1r 7MC0;>=¤5<=S5WC0¾"=S98;fFG7¤}R?Q3�F&;K?�õ6F&76=S9<{|9<;>=�}G]HFG7�[036C07:76BD983</

àê�d°�*�� %n#&%n°�®Z+ � , ��ØZ%�')!´')°8#&%�' ��±
2,C0FG3^EG5<{Þ?A3:3:9<3^]wqpC0}&=:BD{�BD7:?A=SBHC0;0)&BH]�9<76=W;G5<T89<7:7S?ABD3:9\E&9Ã7:9\EGCQ;G;G983IE&987�ÕA?Q]H98FG367^EG987�_AÊÞ}R?Q3:?Q{|sÁ=S36987

}�C0F&3V]D?À}&3:98{�BDs<3:9\B1=S583:?A=SBHC0; EG9�]wqpC0}&=SBH{|BH7:9<FG38/�Ja98F"bf�ÆT<BOC0;>=V=:C0FG7W5<=:5�Ð&b"5<7Ã?Q36¾GBH=:3S?QBH3:98{�98;>=W��j&/1.nÏ −2?QFG7:76BZ¾GBD9<;�}�C0FG3l]¯qk9<{|{|?Q[>?Q76BD;G9<{|9<;>=agfFG9�}�CQFG3�]È?Ã=S3:?Q;G76{|BH7:7:B1ÕdBH=S5A/

È!É�ÊãåDÍæå Ðnà�Ö�Ù1Ø(Ý�×tÜáÝ�×tÜ É�þ Ô�Ù�Ý ß Ò¬Ý*×tÙ1Ý�Û�Ö]Ø É ÿ�Ý�×tÝ ß Ø(Ù1Ý�ëáÖ�Ù1Ö�Õ£'¬Ø(Ù�Ý�×t×: ß Ø	ÓOÔ¬Ø É�ç ÚOÝ�×
Ý�Ø=ëáÖ�Ù1Ö�Õ£'¬Ø(Ù�Ý�×tÝ*×�Ø É Õ�Ô�×=ÜáÚ^Ø(Ý�×�ØVÕ Þ8ßOÞUT Ò Þ�ß Ø É�ß ÚOÚáÕ

V·¢]_Fã�¹�²�¯8©1²�#¹�²�«Uª5®/¢]��²�J/±8¹�«U²�¸®¾¹�ª¬¯�câÂ¢�Q/¢]��¢U®cã�

¿0_



V·¢]_gã1¹�²�¯�©	²�#¹�²�«�ª5®Q¢
�*²�JQ±8¹�«�²�#²�â"âÂª¬£�ª¬/¢U¯�²�âÂ²�¯]®Q
Yz987WT<C0;>=S3S?ABD;>=S9<7�E&9|¾�C03:;&987W98;>=S369Í]D9876gfFG98]H]D987W76983:CQ;f=V3:9<T@UG9836T@UG587V]D9<7�}G?Q3S?Q{�s<=:3:9<7�)�C0;>=W=SCQF&=S9<7V5Á=S5

Ð&b"58987���.nÏ −6 }�CQFG3l]È?ÇÕA?Q]D9<FG3�BD;"r 583:BH98FG369I9<=¤Ê&/1.nÏ −1 }�C0FG3�]È?ÇÕA?Q]H98FG3�76FG}�583:BH98FG369Q/
2,C0FG3�T89<=6=S9|C0}&=SBH{|BH7S?A=:BDC0;á)¢gfFGB�?�5Á=S5Þ365�?Q]HBD76589Í7S?Q;&7V=S9<3:{�9|E&9|3658[0FG]D?Q3:BH7S?A=:BDC0;á)�]D9<7�365876FG]H=S?A=S7V7:C0;>=

=S3:s<7�¾�C0;G7�}GFGBD76gfFG9Ç]H987¤EGB�2�583698;GT<987^3698]È?v=SBHÕQ987�%)EGBU2¢5<3:9<;GT89V98;>=S369Ç]È?\ÕA?Q]D9<FG3¤EGFµ}R?Q3:?Q{�s<=S369W76ed;>=SUG5Á=SBDgfFG9
9<=ÃT<98]H]D9�C0}&=SBH{|BH7:5<9�)zEGB1Õ"BH7:5<9|}R?A3V]D?ÀÕA?Q]H98FG3�EGF´}R?A3S?Q{�s<=:3:9�76ed;>=SUG5Á=SBDgfFG9�'�ÕA?Q3:BH98;>=V98;>=S369�X8)1.0.0/1.nÏ −4 9<=
t�)y¿QX"/H.�Ï −8 % 98;ÞÕA?Q]H98FG3�?Q¾&7:C0]HFG95'�}�C0FG3�]È?^=S3:?Q;G7:{�BD767:B1Õ"B1=S5l9<=�.])`_Q�&/1.nÏ −5 9<=aÊ�)`¿"/H.�Ï −8 % =SC0F�õ6C0FG3:7�98;�ÕA?Q]D9<FG3
?Q¾G7:CQ]DFG9�'�}�C0FG3�]wqp98{�{Þ?Q[0?Q7:BH;G98{�98;>=�/>Ja987MEGBU2¢5<3:9<;GT89<7M3:9<]È?A=:BHÕ09<7 76C0;>=M3698}G36587:9<;>=S589<7l7:FG3 ]D987 T�?Q3Ý=S9<7aEG9�]È?
ÐR[0FG369�o&/ko�)R9<;�}&3:98;G?Q;>=�]H98FG3MÕA?Q]H98FG3l?A¾G7:C0]HFG9Q/

2,C0FG3�T<9<=6=S9Ã}G3658T<BD7:BHC0;µEG9V3:5<7:FG]1=@?A=:7�)¢]¯qkBH;>Õ098367:BHC0;K7<qk9<76=I9	2¢9<T<=SF&589\98;ä_Aj|{�BD;fF&=S9<7�9Á=W_QÊ>¿�BH=S5<3S?A=:BDC0;&7
7:FG3MF&;�2�J�2�98;>=:BDFG{ ß:ß6ßO�Ç�0ÏQÏÃ½KÉ¤è^7:C0F&7MYzBD;fF"bS%¯j0_�¾GB1=S7�'c/d2�C0FG3 EG9�{�C0BH;G7 ¾�C0;G;&987a}&3:58T<BD76BDC0;G71)"{|?QBH7
EGC0;G;R?A;f=�EG9<7V365876FG]H=S?A=S7^=:C0F&=�?QFG767:B4¾�C0;G71)zTQqp9876=Ý���v�ÄEGBD369\}�CQFG3IEG987WEGBU2¢5<3:9<;GT89<7V3698]È?v=SBHÕQ987^ÕA?Q36BÈ?Q;>=I9<;f=:3:9
.])yXAj&/H.�Ï −1 9<=\_8)pof¿"/1.nÏ −5 }�C0FG3

Txx

9<=
Tyy

9<=Ã9<;>=S3:9êj�)y_AÏ&/H.�Ï −3 9Á=ê.])k�>¿"/1.nÏ −5 }�C0F&3
S
)Z]wqpC0}&=SBH{|BH7S?A=:BDC0;

78qp9876=|3:58?Q]DBH7:5<9ê7:FG3\]D?µ{[,<{|9Þ}G]È?A=:9Á�wr C03:{�9Þ9<; .�_K{�BD;fF&=:987\9Á=À.�of¿KBH=:583:?A=SBHC0;G78/~2�C0F&3\T89<=6=S9ÀEG9<F"b"BDs8{�9
BD;>Õ09<3:7:BHC0;0)G]H987aÕA?Q]H98FG367MBD;&BH=SBD?Q]D9<7OEG987�}R?A3S?Q{�s<=:3:987a9<=�]H987aÕA?Q]H98FG367MEG987�¾�C036;G987�C0;>=�5Á=S5I}G36BD76987�BDE&98;>=SBHgdF&987
��]D?Ã}G3:9<{|BHs83:9ICQ}&=SBH{|BH7S?A=:BDC0;�/

2,C0FG3zT894E&98[0365�E&94}G3:5<T8BD76BDC0;ICQ¾&=S9<;dF�7:F&3z]D987z}G?Q3S?Q{�s<=:3:9<7�)�BH]A9<76=,BD;fF&=:BD]D9�EG94{�C0;>=S3:9<3z]È?a76FG}�983:}�C076BH=SBHC0;
EG987VT8C0FG36¾�9<7V}&BD58è<C0{�5<=S36BDgfFG9<7V7Ýe";>=:UG5<=:BDgfFG987V9<=V3:9<T8C0;G7Ý=S36FGBH=:987ÇgfFGBO7<q`?�õ6F&76=S9<;>=Ã}R?Q3Ýr)?QBH=:98{�98;>=�]D9<7�F&;G987
?QF"b�?QF"=S3:9<7¤��T@UR?AgdF&9�r C03:?Q[09A/

�V���º�~� Ñd!Ù+�®,+d°�!´'¯±,')!Ù# � �z¸0#R*z¶
24]DF&7:BD9<FG3:7|?QF&=:3:9<7|=S9<76=:7êEG9�ÕA?Q]HBDER?v=SBDCQ; 98;�{�C0;GCA�ÄT8C0;>=:BD;fFGFG{ CQ;f=Þ5<=:5K3:58?Q]DBH7:5<7|9<;�T@UR?Q;&[09�?Q;>=�]H9

;GC0{Ã¾G369ÃEG9ÃE&C0{Þ?ABD;G9<7�)º]È?�EGBD7Ý=S3:BH¾GF&=:BDC0;�7:}R?A=:BÈ?Q]H9VE&987�r C03:?Q[09<7�)�]D987¤=Æed}�9<7IEG9ÃT8CQ;GEGBH=:BDC0;&7�BH;GBH=:BÈ?Q]H987V%)[05c�
;G583658987�}G?Q3�JaN�Y,jQÎ!'�9Á=êT8CQ;GEGBH=:BDC0;&7ê?QF"b¦]HBD{�BH=S9<78/�Ja9<36=@?ABD;G7|E�qk9<;>=S3:9K98F"b�C0;>=�EGC0;&;G5KEG9�=S3:s<7ê¾�C0;G7
3:5876FG]H=S?A=S71)&{|?QBD7�E�qk?QF&=:3:987aC0;>=M{�BD7�98;�5<ÕdBHEG98;GT<9IER?Q;G7 T89<36=@?ABD;G9<7M7:B1=SFR?A=:BDC0;&7 EG9<7M}G36C0¾G]Ds<{|9<7aEG9�T8C0;>Õ09<3Ý�
[098;GT<9�E&9�T<9836=S?QBD;&7�}G?Q3S?Q{�s<=:3:9<78/OJa9<7ÞEG9<3:;GBH983:7Í369876=:98;>=|7:C0B1=Í¾G]DCdgfFG587�� ]wqpFG;G9ÀEG987�EG9<F"b¥¾�CQ3:;G9<7�)4C0F
3:987Ý=S9<;f=ÀT<C0;&ÐR;&587��äEG987ÞÕA?Q]H98FG367�)O;G9�T8C0363:9876}�CQ;GER?Q;>=�}R?A7ê�$]D?äÕA?Q]H98FG3�3:5<98]D]H9Q/ Ja987|ÕQ?A]D98F&3:7�}�9<F&Õ09<;f=
,<=S369ÃEG9<7^{|BH;GBD{|?\]DCdT�?QFdb�ER?Q;G7^]H9876gdF&98]D7�T8983Ý=@?QBH;G7�}G?Q3S?Q{�s<=:3:9<7�;G9V7:98{Ç¾G]D9<;f=^}R?Q7�}�C0F&ÕQC0BD3�7:C03Ý=SBH38/�Ja987
}G3:C0¾&]Ds8{�987 EG9�{�BD;&BD{|?^7:C0;>=MBH;G5<ÕdB1=@?Q¾G]H987OER?Q;&7a]D9<7a{�5<=:UGC"E&987aE&9�{�BD;GBH{|BH7S?A=:BDC0;V}R?Q3a[Q3S?QEGBH98;>=S7�T8CQ{|{�9
T898]H]D9�F&=:BD]HBD7:5<9ÞBHT8Bw/~Ë�987Í=S9<76=:7�76FG}G}G]H58{�98;>=@?ABD3:9<7\98;¥T@UR?Q;G[Q9�?Q;>=�]D9<7ÃÕQ?A]D98F&3:7\BD;&BH=SBD?Q]D9<7VE&987Í}R?Q3:?Q{|sÁ=S36987
9<=(HvC0F$9<;$T@UG?Q;G[098?Q;>=V5<[>?Q]H98{�98;>=W]D9<7WÕA?Q]H98FG367IEG987W¾�C03:;&987W7:FG}�5836BD9<FG3:9<7V9Á=VBH;&r 5836BD9<FG3:9<7IC0;>=W;G9<=6=S98{�98;>=
?Q{|5<]DBHC03:5^T<983Ý=@?QBH;G987�BH;fÕQ98367:BDCQ;G78/

¿Qj



5B�Ýª���� R ���&�#�^¡¢���"���O�	�z�§���O�0Ð��Ý�g��¡¢�O� �"���M��� å��¢�"���&�L�¸9z��� ���"���d�G�4£V�
2,C0FG3WE�qk?QF&=S36987W=S9<76=S7�BD]~9876=V;G5<T898767S?QBH3:9�EG9Í3S?�õ6CQF&=S9<3�E&987W=S9836{|9<7W7:FG}G}&]D58{�98;>=S?QBD36987���]D?êr C0;GT<=:BDC0;d�

;G98]H]D9äÂ EG9<7Þ=S9<3:{�987êE&9K3:5<[0FG]D?Q3:BH7S?A=:BDC0;�/äK�C0FG7ÞEGC0;G;GCQ;G7ÞER?A;G7êT89�}R?Q3:?Q[03S?A}GUG9�)�EG9<7ê3:5<7:FG]1=@?A=:7ÞE�qpFG;G9
BD;>Õ09<3:7:BHC0; ?�Õ09<TÃ9<=I7:?Q;G7�=:9836{|9<7�EG9Ã3658[0F&]È?Q36BD7S?v=SBDCQ;�76FG3^FG;K76ed76=:s8{�9\gdF¢qkC0; T<C0;G76BDEGs<3:9Ç{|?QBH;f=:98;R?A;f=�98;
EGC0FG¾G]H9Á�ÄT8C0;>=SBH;fFR?&/ Ja9<=Þ9Áb"98{�}G]D9�;GC0F&7|}�9836{|9Á=:=@?äEG9ÀÕQ?A]DBDE&983Í]È? }G3:CdT85<EGFG369KE�qpBD;>Õ09<3:76BDC0;¦98;�EGCQFG¾G]D9c�
T8C0;>=SBHFGFG{ {|?QBD7O?QF&7:7:B�EG9lÕ0C0BH3 ]H987�912�9<=S7 EGF|=:9836{|9¤EG9�3658[0F&]È?Q36BD7S?v=SBDCQ;\7:FG3 ]D987�3:5<7:FG]1=@?A=:7 E&9�]wqpBD;>ÕQ983:76BDC0;¢/

�V���d°8+d±�%n#&%n')��±�®Z+µ� #ä°�'¯! *,�)#"%�')��±¥®�' ��+d¸Q%n+
Yz9M7Ýe"7Ý=Ss<{|9�5Á=SFGEGBH5M987Ý=OT8C0;&76=SB1=SFG5aEG98F"bÃT8C0;>=:BD;fFR?^}R?Q3:?Q{�5<=S365a9<;|t�è8C0;G9<74ER?Q;G74T@UG?QT8FG;&9�EG9876gdF&98]D]H987

BD]^e ?mEG98F"b ÕA?Q]H98FG367�E&9ä=:3S?Q;G76{|BH7:76BHÕdBH=:5�)MEG9<F"b ÕA?Q]D9<FG3:7ÀE�qp98{�{|?Q[>?Q76BD;G9<{|9<;f=À9Á=KF&; T8Cd9<Ì�T<BD98;>=�EG9
T8C0FG}&]È?Q[09*)GT89�gfFGBz3:9<}G3:5<7:9<;f=:9ÇFG;À=SCA=@?Q]�E&9VjQÏÍ}G?Q3S?Q{�s<=:3:9<78/

u"BH[0;R?Q]HC0;G7¤�|=:BH=S369VBH;GEGBHT�?A=:BHr�gdF&9ÍJaN^YZj0Î¥;G9Ã}�983:{�9<=�}R?Q7^�|]wqpUG9<FG3:9Ç?QT<=:FG98]H]D9�EG9Vr)?QBH3:9�EG987�EG58T<C0F"�
}R?Q[09<7�E&B�2�583:9<;>=S74}�C0FG34T@UR?QT<FG;�EG987OEG9<F"bÍT8CQ;f=:BD;fFR?�)QTQqp9876=Ý���v�ÄEGBD369MgfFG9l]È?�[Q58C0{�5<=:3:BD9aEG987O7:CQFG7Ý�ÄEGC0{|?QBD;G9<7
9876=Ç]È?À{[,<{|9Í}�C0FG3W]D9<7VE&98F"b${�BD]DBH98F"b�/�Ja3:589<3ÇEG9<7Çè<C0;G987�EG9|[058C0{�5<=:3:BH9\EGB�2�583698;>=S9<7ÇE�qpFG;ÙT<C0;>=SBH;dF&FG{
�ÞFG; ?QF&=:3:9V}�C0769Ã98;K912�9<=IgfFG9<]DgfFG987I}&3:C0¾G]Hs8{�987l=S9<T@UG;GBDgfFG9<7IT�?Q3�BD]Zr)?QF&=¤r)?QBD369VT<C03:369876}�C0;&EG3:9\]H9|öÕÔÁö��
ö�þQû ú ú1þ5>��K76FG3ÞE&98F"b�EG58T<C0FG}R?A[0987êE&B�2�583:9<;>=S76% Õ0C0BH3:9�}G]DFG76BD9<FG3:7�98;�T<C0;G76BDEG5<3S?Q;>=�}G]HFG7�EG9KEG9<F"b�T8C0;>=SBÅ�
;dFG?�'¤}GF&BD7:gfFG9V]D9�{|CdEGs<]D9WT8C0;&7:BDE&s83:9VgfF�qkBH]Z9Áb"BD7Ý=S9ÇE&98F"b�T@UR?Q36[0987�}GBD5<è8C0{�5<=:3:BDgfFG9<7�?AFK{À,8{�9�;&C"9<FGEµEGF
{Þ?QBH]D]D?Q[09Q/

È!É�ÊPåFÍUê Ð`S Þ�ß Ö Ê ÝÀÝ¬Ø�Õ�Ö É Û�Û�Ö Ê ÝÀÜ0Ú6Ø(Ý*×�Ø=Ü Þ ÚbaáÛ�Ý T Ò Þ8ß Ø É�ß ÚOÚáÕ

1000

2000

3000

4000

5000

1000 2000 3000 4000 5000 6000 7000 8000 9000

Y

X

Contour du domaine

Charge imposee
Continuum 1
Continuum 2

1000

2000

3000

4000

5000

1000 2000 3000 4000 5000 6000 7000 8000 9000

Y

X

Maillage du domaine

1000

2000

3000

4000

5000

1000 2000 3000 4000 5000 6000 7000 8000 9000

Y

X

Maillage du domaine

Continuum 1
Continuum 2

Ë^?A;G7WT@UR?QT8F&;G9ÍEG9ÍT8987W76B1b è<C0;G9<7�76C0;>=�}�C076BH=:BDC0;G;&587^EG9<7Ir C03S?Q[Q987^3698}G36587:9<;>=@?A=:BHr 7W7:C0B1=WEGF }G3:9<{|BH9831)
7:C0B1=|E&F�7:9<T8C0;&E�T8C0;>=:BD;fFGFG{�/4ßÆ]D7�7:C0;>=|T8C0]HC03:5<7Í98;¦ÕQ983Ý=êC0F¥98;¦3:C0FG[Q9�9<;¦r C0;GTÁ=SBHC0;mEGF�{�BD]HBD98F gfF�qpBD]H7
{|9<7:FG3698;>=�/¢Y,?|3:58}G?Q36=:BH=SBHC0;�EG987�r CQ3S?Q[09<7�7<qk9<76=I9	2¢9<T<=SF&589\EG9Ã{|?Q;GBHs8369Ç�|?nÕQC0BD3�?QFµ{�BD;GBH{ÃFG{ÔFG;µr C03S?A[09
3:C0FG[Q9^9<=lFG;êÕQ983Ý=lER?Q;G7MT@UG?QT8FG;&9�E&987�è8CQ;G9871)GBD]ºeê9<;À?\?QFê=SCQ=S?Q]¢_Ao\}�CQFG3MT89Á=�9Áb"9<{|}G]H9Q/&Y,?Ã3658}R?A36=SB1=SBHC0;
7:}R?A=:BÈ?Q]H9�E&987Þ}&3:C0}G36BD5Á=S587|7:C0;>=Þ}G3:5<7:98;>=:58987�76FG3Þ]H987|T�?Q3Ý=S987|EG9K]D? ÐG[0FG3:9�oG/kt&/ X ;G9�C0F�EG9<F"b�E&58T�?AEG987
7:58}G?Q3:9<;f=V]D9<7^ÕA?Q]D9<FG3:7IEG9<7I=S3S?A;G7:{�BD767:BHÕdB1=S587�EG987�EG98Fdb T8C0;>=:BD;fFR?&/zL4]H]D987I76C0;>=�}G3:CdT@UG987W]¯qkFG;&9\EG9Í]wqk?QF&=S369
�|]wqpBD;>=:583:BH98FG3lE�qpFG;µ{À,8{�9WT8C0;>=:BD;fFGFG{P)º{Þ?QBH7�=SC0F&=:987¤EGB�2�583698;>=S9<7�)�¾GBD9<;KgfFG9ÇT<98]D��;G9V7:9VEGB�2�583698;GT<BD9�}R?Q7
7:FG3^]H987¤T�?Q3Ý=S9<78/zJa9<]D]H987Ý�ÄT8BZ7:CQ;f=^3:98}&3:587698;>=S5<987IER?A;G7^FG;G9V58T@UG9<]D]H9ÇEG9VT8C0FG]H98FG367�BHEG98;>=SBHgfFG9Ç}�C0FG3¤]D9<7�EG9<F"b
T8C0;>=SBH;fFR?&/��^FR?Q;>=�?QF"bÃÕQ?A]D98F&3:74EG9<7�9<{|{|?Q[>?A7:BD;&98{�98;>=S71)Q98]H]D9<7~ÕA?Q3:BH98;>=O98;�{|CneQ98;G;G9lE�qpFG;G9lEG5<T�?QE&9�E�qpFG;
T8C0;>=SBH;fFGFG{ �ä]¯q`?AF&=S369�)O9<=|7:C0;>=|58[>?A]D98{�98;>=�}G36C"T@UG9<7Þ]H987�FG;G987|EG987|?QF&=:3:9<7ê� ]wqpBD;>=S5<3:BD9<FG3ÍE�qpFG;�{À,8{�9
{|BH]DBD9<F�/"YZ9WT<C"9ÁÌ|T<BD9<;f=¤EG9WT<C0FG}G]D?Q[09^ÕA?Q3:BH9I98;>=S369�j&/H.�Ï −7 9<=��&/1.nÏ −8 s−1 /

¿Ao



È!É�ÊãåDÍÏü Ðnà�Ö�Ù	Ø(Ý*×tÜáÝ�×tëáÙ Þ ëOÙ É Ô¬Ø(Ô*×I×: ß Ø	ÓFÔ�Ø É�ç ÚFÝ*×tÜáÚ^Ø(Ý�×�ØVÜ Þ Ú-a0Û�Ý T Ò Þ�ß Ø É�ß ÚáÚáÕ

³¸¨*¯]®/¢U¯�±�±�â ¤ ³¸¨�¯]®Q¢�¯�±8±!â »

³¸¨*¯]®/¢U¯�±�±�â ¤ ³¸¨�¯]®Q¢�¯�±8±!â »

³¸¨�±�ç�«Uª¬£�²I¢U¯]®/²�¹cò�©	¨�¯]®Q¢�¯�±8±!â

¿0X



YZ? gfFR?Q;>=SB1=S5 EG9 }G]HFGBD9µF"=SBD]HBD76589µ9<76=�j0Ï {|{�/ LO]H]D9<7�9876=�?Q}&}G]DBHgdF&589 7:9<FG]D9<{|9<;>=�EG?Q;G7�]D9 }&3:98{�BD9<3
T8C0;>=SBH;fFGFG{�/GË^?Q;&7M]È?�7:BH=:FR?A=:BDC0;�3:5<98]D]H9�)d7:B�C0;êT8CQ;G7:BHEGs8369^gfFG9^]D9�}G3:9<{|BH983�{|BH]DBH98F�3:98}&3:587698;>=S9I]H9�7Ýe"7Ý=Ss<{|9
EG987Wr 3S?QTÁ=SFG369871),9Á=W]D9Í7:9<T8C0;&E${�BD]HBD98FK]D9\76ed7Ý=Ss8{�9�{Þ?A=:3:BHT8BD9<]A)�T89Á=:=S9ÍU>ed}�CA=SUGs<7:9Þ7698{Ã¾&]D9�õ6FG7Ý=SBHÐG589Q/ZßÆ]�9<76=
98;ê9	2¢9Á=a}G36C0¾R?Q¾&]D9¤gdF&9�]D?�}G]HFGBD9l7<qkBH;&ÐR]H=:3:9¤?�Õ09<T�}G]HFG7 E&9�r)?QT<BD]DB1=S5��W=S3:?nÕQ98367a]D9<7�r 3:?QT<=:FG3:9<7 9Á=M?A[0BH=�98;&7:FGB1=S9
7:FG3¤]D9^7698T<C0;GEKT<C0;>=SBH;dF&FG{ 98;�58T@UR?A;G[09�?A;f=¤E�qpFG;�{|BH]DBD9<Fê�\]wqk?QF&=:3:9A/

àê�d°�*�� %n#&%n°�®Z+ � , ��ØZ%�')!´')°8#&%�' ��±}-�Ø����º�~� Ñd!Ù+�® , *,±�')¸>' %��K®Z+ � #$°<���)*z%�')��±
JaC0{�{�9�}G3658T<58EG9<{|{�98;>=�)a]È?$}&3:98{�BDs<3:9�Õ05836BHÐRT8?A=SBHC0;�gfFG9µ;&C0FG7ê9	2¢9<T<=SF&C0;G7�987Ý=�EG9µT<C0{�}R?Q3:9<3Þ]H987

ÕQ?A]D98F&3:7^EG9<7IEG5836BHÕQ58987IE&9Ã]È?|r CQ;GT<=:BDC0;G;&98]D]H9V}G?Q3�]D?Þ{|5Á=SUGCdEG9VEG987IEGBU2¢5<3:9<;GT89<7^ÐR;GBD9<78/¢Y,?�Õ05836BHÐRT8?A=SBHC0; ?
FG;G9Í;GC0F&ÕQ98]H]D9Ãr C0BH7^EGC0;G;&589\EG9Í¾�C0;G7I3:5<7:FG]1=@?A=:7I}�CQFG3^]D9<7IgfFG98]HgdF&987W[03S?AEGBD9<;f=:7^=S9<76=S5<7�)zeµT<C0{�}G3:BH7^T89<F"b
T8C0;GT<9836;R?Q;>=�]H9IT8Cd9<Ì�T8BH98;>=¤EG9WT8C0F&}G]È?Q[Q9Q/

X ;G9Ir C0BD7MT<9<=6=S9W5<=S?Q}�9I365�?Q]HBD76589�)&]D9^}G3698{�BD9<3M=S987Ý=lEG9IÕ05<3:BHÐGT�?A=:BDC0;ÀgfFG9W;GC0FG7�9	2¢9<T<=:FGC0;G7¤987Ý=�E&9�;&C0FG7
EGC0;G;G9<3O]D987~7:B1bÇT8Cd9<Ì�T<BD98;>=:7�E&9�T8C0FG}&]È?Q[09<7�R�36589<]D7¾Ta9<=OE¢qk9<76=SBH{|9<3�]D9<7Ot^}R?Q3:?Q{|sÁ=S36987�E�qp98{�{|?Q[>?Q76BD;G9<{|9<;f=:7
9<=^]H987�tÞ?QF"=S3:9<7�E&9V=S3:?Q;G76{|BH7:7:B1ÕdBH=S5WEG9�T@UR?QT<FG; EG9<7�EG9<F"b�T8C0;>=SBH;fFR?|T<9ÇgfFGB,3:98}&3:587698;>=S9ÇFG;�=:CQ=@?Q]ZEG9Ã_Ao
}R?Q3S?A{|sÁ=S3:9<7l}�C0F&3¤T<9<=6=S9W}G3:9<{|BHs8369�BH;>Õ098367:BHC0;�/RYz987¤3:5<7:FG]1=@?A=:7�)R9cb&}&3:BD{�587l9<;�EGBU2¢5<3:9<;GT89<7�3698]È?v=SBHÕQ9871)R7:C0;>=
]D987l76FGBHÕA?Q;>=S7V% ÐR[0FG369�o&/y¿]'�Â

È!É�ÊãåDÍ�� Ðnà�Ö�Ù1Ø(Ý�×tÜáÝ�×tÜ É�þ Ô�Ù�Ý ß Ò¬Ý*×tÙ1Ý�Û�Ö]Ø É ÿ�Ý�×tÝ ß Ø(Ù1Ý�ëáÖ�Ù1Ö�Õ£'¬Ø(Ù�Ý�×t×: ß Ø	ÓOÔ¬Ø É�ç ÚOÝ�×
Ý¬ØtëáÖ�Ù�Ö�Õ('¬Ø(Ù�Ý�×VÝ�×�Ø É ÕPÔ�×tÜ0Ú6Ø(Ý*×�Ø=Ü Þ ÚbaáÛ�Ý T Ò Þ8ß Ø É�ß ÚOÚáÕ ì�×(Ö ß ×=Ù�Ô Ê ÚáÛ�Ö�Ù É ×(Ö]Ø É�Þ�ß ï

³¸¨*¯]®/¢U¯�±�±�â ¤ ³¸¨�¯]®Q¢�¯�±8±!â »

¿Qt



³¸¨*¯]®/¢U¯�±�±�â ¤ ³¸¨�¯]®Q¢�¯�±8±!â »

2,C0FG3WC0¾&=:98;GBH3^T89<7V36587:F&]H=@?v=S7�)¢]wqk?Q]D[0CQ3:BH=:UG{�9V7<qk9<76=V?Q3:3Q,<=:5|?A}G3:s<7V?�ÕQC0BD3IB1=S58365�¿0XQjÞr C0BH7I98;Ù_AU�.�_d/�Yz987
EGB�2�583698;GT<987O]D9<7�}G]DF&7458]D9ÁÕ05<987O}G3:CnÕdBD9<;G;G9<;f=OE&987O}G3:CQ}G3:BH5<=S5<7�EGFÍ7:9<T8C0;&E|T<C0;>=SBD;fFGF&{ã)A;GCQ=@?A{|{�98;>=�}�C0FG3~]È?
=S3S?A;G7:{�BD767:BHÕdB1=S5�E&9I]È?Ç76B1b"BDs<{|9�è8C0;G9À% 98;ÀUR?QF"=l�ÃEG3:CQBH=S9�' }�C0FG3M]D?QgfFG98]H]D9¤]È?VÕA?Q]H98FG3ME&9I]È?V=:3S?Q;G76{|BH7:76BHÕdBH=:5
C0}&=SBH{|BH7:5<9I9876=¤EG9Í.])`X".0/1.nÏ −4 { 2s−1 ?A]DC0367MgfFG9V]D?Ã=S3S?A;G7:{�BD767:BHÕdB1=S5^7Ýe";>=:UG5<=:BDgfFG9WÕQ?AF&=�_8)y¿d/H.nÏ −3 { 2.s−1 )T89�gdF&Bz3:98}&3:587698;>=S9VFG;�58T�?A36=lE�qpFG;K}�98FÀ}G]HFG7lE�qpFG;G9WEG58T8?QEG9A/

È!É�ÊãåDÍ�� Ð`
VÔ*×	ÚáÛUØ(Ö]Ø(×VÜáÚÌÒ¬Ö�Û�Ö Ê Ý�ÜOÝ*×tÒ�ÓFÙ Þ8ßáÉ�ç ÚFÝ*×·Ü0Ú^Ò Þ8ß Ø É�ß ÚOÚáÕ 1

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 15

Synthetique
Inversee

0
0.5

1
1.5

2
2.5

3

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 16

Synthetique
Inversee

0
0.5

1
1.5

2
2.5

3
3.5

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 17

Synthetique
Inversee

0
0.5

1
1.5

2
2.5

3
3.5

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 18

Synthetique
Inversee

0
0.5

1
1.5

2
2.5

3

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 19

Synthetique
Inversee

0
0.5

1
1.5

2
2.5

3

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 20

Synthetique
Inversee

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 21

Synthetique
Inversee

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 22

Synthetique
Inversee

Ja9<}�9<;GER?Q;>=�)�T89<7µEGB�2�583698;GT<987µ;¢qkBH;�ÆRFG9<;f=K}R?Q7�7:FG3�]D987�r C03:{�987�EG9<7KT8CQFG3:¾�987µ}&BD58è<C0{�5<=S36BDgfFG9<7�369Á�
T8C0;G7Ý=S36FGBH=:987^gfFGB,78qk?�õ6FG7Ý=S98;>=W}R?A36r)?QB1=S98{�98;>=�?QF"b�EGC0;&;G589<7^76ed;>=SUG5Á=SBHgdF&9878/�YZ9<7^T8CQFG3:¾�987�EG9Ã]È?\ÐR[0F&3:9ÃoG/k�
{|C0;>=:3:98;>=W}R?A3I9Áb"98{�}G]D9Ç]D987IT<C0FG36¾�9<7I76ed;>=SUG5Á=SBDgfFG9<7V9Á=W3:9<T8C0;G7Ý=S36FGBH=:987WEGF 7:9<T8C0;GEäT8CQ;f=:BD;fFGFG{�/¢Ü,C0F&=:987
]D987¤?QF"=S3:9<7l7:9W7:FG}�9836}�CQ7:98;>=�58[>?A]D98{�98;>=l}R?A36r)?QB1=S98{�98;>=8/

N¤ÐR;|E¢qk9<7:7S?�eQ983aE¢q`?Q{�58]HBDC036983�]¯qk9<76=:BD{|?A=SBHC0;ÇEG9¤]È?�=:3S?Q;&7:{�BD7:76BHÕdBH=:5MEG9lT89Á=:=:9�è<C0;G9�)>E¢q`?QF"=S3:9<7�=:987Ý=S7 ?nÕQ98T
]È?Ç{À,8{�9^T8CQ;&ÐR[0FG3:?A=SBHC0;0)d{Þ?ABD7a9<;ÀT@UR?Q;G[098?Q;>=l]D9<7aÕA?Q]D9<FG3:7ME&987�}R?Q3:?Q{�s<=S36987MBH;GBH=:BÈ?QFdb�9<=�]H987M¾�C03:;&987�C0;>=
5<=S5�3:58?Q]DBH7:5<7�)G7:?Q;G7lEGC0;G;&983lEG9W{|9<BD]H]D98F&3:7M36587:F&]H=@?v=S78/

¿0¿



5 Ø,%n'¯!´')°8#&%n')��±m#fÒ�+d¸K*,±�%n+f�v!Ù+�®,+µ����½�*�� #G�v')°8#&%�' ��±
Yz987a3:5876FG]H=S?A=S7 C0;>=M5Á=S5^]D?Q3:[09<{|9<;>=M?Q{�58]HBDC036587�98;�EGCQ;G;R?Q;>=ME&987MBH;&r C03:{|?A=:BDC0;G7�?Ç}&3:BDCQ3:Bº7:FG3a]D987 }R?Q3:?v�

{|sÁ=S3:9<7�gfFGBZ7:9�r)?QBH=¤9<;µ?�õ6C0F"=@?Q;>=�EG987¤=S9836{|9<7�E&9Ç3:5<[0FG]D?Q3:BH7S?A=:BDC0;À��]È?Ãr C0;GTÁ=SBDCQ;G;G98]H]D9IT<C]G&=�/¢Ja987¤=S9<3:{�987
EG9Ã3:5<[0FG]D?Q3:BH7S?A=:BDC0;�?Q}G}G?Q3S?*÷D7:7698;>=I58[0?Q]D9<{|9<;f=�ER?Q;&7^]D9<7�[03:?QEGBH98;>=S7�EG9ÃT89Á=:=:9Çr C0;GTÁ=SBDCQ;G;G98]H]D9W}R?Q3�3S?Q}&}�C03Ý=
?QF"bÀ}R?A3S?Q{�s<=:3:987¤�\987Ý=SBH{|9<3=% Õ0CQBD3�T@UR?Q}&BH=S369�j�'Á/

Yz987ÀT8?Q36=:987ÀEG9 ]È?´ÐR[0F&3:9 oG/kÊm{�C0;>=S3698;>=À}R?Q3À9cb&9<{|}&]D9 ]D9<7À3:5876FG]H=S?A=S7�E¢qkFG;&9$BH;fÕQ98367:BDCQ; ?�ÕQ98TäEG987
BD;&r C036{Þ?v=SBDCQ;G7�?I}G36BDC036BG7:FG3O]H987�=S3:?Q;G76{|BH7:7:B1ÕdBH=S5<74EG9lEG98Fdb�è8C0;G9<7�)>76BH=SF&58987 �I]wqp9Ábd=S3Q,8{�9�EG3:CQBH=S9*)0EGF�7:9<T8C0;GE
T8C0;>=SBH;fFGFG{�/~Yz987VÕQ?A]D98F&3:7Ã?�}G3:BHC03:BOC0;>=Ç5<=S5|Ð&b"58987Í?AF"bäÕQ?A]D98F&3:7Ç36589<]D]D9<7Ç?�ÕQ98T�EG9<7Ã}�CQBDEG7�58[>?AF"b �ä.nÏ 5}�C0F&3VT@UR?AT8FG;´E&987ÇE&98F"b�/�2�C0FG3�=SC0F&7V]H987V?QF&=S36987�}R?Q3:?Q{|sÁ=S36987�),?QF&T8FG; ?AF&=S369�=:983:{�9ÍEG9Þ3658[0F&]È?Q36BD7S?v=SBDCQ;
;�q`?Í5<=:5W3S?�õ6C0F"=S5Q/

È!É�ÊãåDÍ�� Ðnà�Ö�Ù1Ø(Ý�×tÜáÝ�×tÜ É�þ Ô�Ù�Ý ß Ò¬Ý*×tÙ1Ý�Û�Ö]Ø É ÿ�Ý�×tÝ ß Ø(Ù1Ý�ëáÖ�Ù1Ö�Õ£'¬Ø(Ù�Ý�×t×: ß Ø	ÓOÔ¬Ø É�ç ÚOÝ�×
Ý¬Ø=ëáÖ�Ù1Ö�Õ£'¬Ø(Ù�Ý�×tÝ*×�Ø É Õ�Ô*×tÜáÚÌØ(Ý�×(ØtÜ Þ Ú-a0Û�Ý T Ò Þ�ß Ø É�ß ÚáÚáÕ ì�Ö¬ÿ8Ý*ÒÀÙ�Ô Ê ÚOÛ�Ö�Ù É ×	Ö]Ø É�Þ�ß ï

³¸¨*¯]®/¢U¯�±�±�â ¤ ³¸¨�¯]®Q¢�¯�±8±!â »

³¸¨*¯]®/¢U¯�±�±�â ¤ ³¸¨�¯]®Q¢�¯�±8±!â »

¿Q�



Yz987O36587:F&]H=@?v=S74EG9l]wqpBD;>ÕQ983:76BDC0;�?�Õ09<TlT8987�EG9<F"b\=S9<3:{�987O7:F&}G}G]D5<{|9<;>=@?QBH3:987476C0;>=�¾GBD9<;�{�98BH]D]H98FG367~T8CQ{|{�9
]D9¤{|C0;>=:3:98;>=a]D987�T�?A36=S9<7aEG9<7aEGBU2¢5<3:9<;GT89<7M3:9<]È?A=:BHÕ09<7 gfFGBºÕA?Q3:BH98;>= T89<=6=S9¤r C0BD7O98;>=:3:9W¿8)k�0�&/1.nÏ −4 9<=�_8)kj>_"/1.nÏ −6}�C0F&3Þ]È? =S3:?Q;G7:{�BD767:B1Õ"B1=S5�9<=�9<;>=S3:9 ¿8)`tQ�&/H.�Ï −6 9Á=�_8)kÏ>¿"/1.nÏ −7 }�C0FG3|]wqp98{�{Þ?A[>?Q7:BH;G98{�98;>=|?Q]HC03:7�gfF�qk9<]D]H987
ÕQ?A3:BÈ?ABD98;>= 98;>=S369WÊ�)po0oG/1.nÏ −1 9Á=¤¿8)poG/1.nÏ −5 }�C0FG3 ]È?�=:3S?Q;&7:{�BD7:76BHÕdBH=:5�9Á=M9<;f=:3:9Wj�)`¿0X"/1.nÏ −3 9<=lj8)ko>t"/H.nÏ −5 }�C0FG3
]wqp98{�{Þ?Q[0?Q7:BH;G98{�98;>=�EG?Q;G7�]wqp9Áb"98{�}G]D9�}&3:58T<58EG9<;>=�/d2�C0F&3�T<9<=6=S9¤}G3:5<T8BD76BDC0;á)0]wqk?Q]D[QC03:B1=SUG{�9a?IB1=S58365I.nt0j0j^r C0BH7
98;�o0URjQoG/
5 Ø,%n'¯!´')°8#&%n')��±¥°�*,�ê�)+�¸0��+Uc ¸>' +d±�%|®,+ ¸0��*ZØ~� #�½º+

Yz987ÞEG98F"b�BD;>ÕQ983:76BDC0;&7ÞC0;>=�5Á=S5K365�?Q]HBD7658987|98;�Ð&b&?Q;>=Þ]D987�ÕA?Q]D9<FG3:7|EG987êT<C"9ÁÌ�T8BD9<;>=S7êE�qp58T@UG?Q;G[09 ?QFdb
ÕQ?A]D98F&3:7�3:589<]D]H987�)¢}�C0F&3�{�C0;>=S36983W]D9Í}G36C0¾G]Hs8{�9\E�qkF&;GBDT<BH=S5ÍEG9�]È?�76C0]DF&=:BDC0; EG9Í]¯qkBH;fÕQ98367:BDCQ;�/,Ja9|}&3:C0¾G]Hs8{�9
?$5<=:5�76FG3:{�C0;>=S5�98;¥EGC0;&;R?Q;>=ÞE&987ÞBH;&r C036{Þ?A=:BDC0;&7Ã?$}&3:BDCQ3:BM76FG3|]H987\ÕA?Q]D9<FG3:7�EG9�gfFG98]HgdF&987Ý�ÄFG;G7|EG9�T<987
}R?Q3S?A{|sÁ=S3:9<78/

È!É�ÊãåDÍ�Ë�� Ðnà�Ö�Ù1Ø(Ý�×tÜáÝ�×=Ü É�þ Ô*Ù1Ý ß Ò¬Ý*×tÙ�Ý*Û�Ö]Ø É ÿ8Ý�×=Ý ß Ø(Ù�Ý[ëáÖ�Ù1Ö�Õ£'¬Ø(Ù�Ý�×t×Ä ß Ø	ÓFÔ�Ø É�ç ÚOÝ�×
Ý¬ØVëOÖ�Ù�Ö�Õ('�Ø(Ù1Ý*×tÝ�×�Ø É ÕPÔ�×tÜ0Ú6Ø(Ý*×�Ø=Ü Þ ÚbaáÛ�Ý T Ò Þ8ß Ø É�ß ÚOÚáÕ

ì�Ö¬ÿ8Ý*Ò[Ù�Ô Ê ÚOÛ�Ö�Ù É ×(Ö]Ø É�Þ8ß Ý�Ø É�ß ÿ8Ý�Ù�× É�Þ8ß ×	ÚOÙVÛ�ÝÀÒ Þ ÝedãÒ É Ý ß ØtÜ�HæÔ�Ò�ÓOÖ ßFÊ Ý�×�ï

³¸¨*¯]®/¢U¯�±�±�â ¤ ³¸¨�¯]®Q¢�¯�±8±!â »

³¸¨*¯]®/¢U¯�±�±�â ¤ ³¸¨�¯]®Q¢�¯�±8±!â »
¿QÊ



³¸¨�±�ç�«Uª¬£�²I¢U¯]®/²�¹cò�©	¨�¯]®Q¢�¯�±8±!â

K¤C0FG7Ç{�C0;>=S36C0;G7�{Þ?ABD;>=S9<;R?Q;>=Ç]H987�3:5<7:FG]1=@?A=:7ÇE�qpFG;G9|BD;>Õ09<3:7:BHC0;´365�?Q]HBD7:5<9|76FG3Ç]H987Çj0Ï�}R?A3S?Q{�s<=:3:987�7:BÅ�
{ÃFG]H=S?Q;G5<{|9<;f=8/aY4qpBD;>Õ09<3:76BDC0;�9<76=�9	2¢9<T<=:FG589 9<; [>?Q3:EG?Q;>=ê]D9<7ÞEG9<F"b�=:9836{|9<7ÞEG9µ3658[0F&]È?Q36BD7S?v=SBDCQ;¥76FG3ê]H987
=S3S?A;G7:{�BD767:BHÕdB1=S587|EGF 7:9<T8C0;&E T<C0;>=SBH;dF&FG{�/aYz987ê36587:F&]H=@?v=S7êC0¾"=S98;fFG71)MgfFGB�76C0;>=ÀFG;G9µ;&C0F&Õ09<]D]H9Kr C0BD7�=S36s87
¾�C0;&7�)R7:CQ;f=¤9cb&}&3:BD{�587l9<;�EGBU2¢5<3:9<;GT89<7�3698]È?v=SBHÕQ987�76FG3l]D987lT8?Q36=:987lEG9W]È?ÇÐR[QFG3:9WoG/1.nÏ&/

Yz987~EGB�2�583698;GT<98743:9<]È?A=:BHÕQ987�ÕA?Q36BD9<;f=~98;>=S369lX"/1.nÏ −2 9Á=�.])`¿AoG/1.nÏ 6 }�C0FG3�]D9<7�=S3:?Q;G76{|BH7:7:B1ÕdBH=S5<7~EG9<7�T8CQ;f=:BD;fFR?
.M9<=4_#MA9<]D]D9<7,ÕA?Q36BD9<;f=�98;>=:3:9^.])kÏQoG/1.nÏ −4 9<=�t�)`ÊQ�&/H.�Ï −7 }�C0FG3�]D987,98{�{|?Q[>?Q76BD;G9<{|9<;f=:7�)�9<=~98;>=S369^.])1.nÊ&/1.nÏ −4 9<=
_8)`ÏQt&/H.�Ï −6 }�CQFG3�]D9aT8Cd9<Ì�T8BH98;>=OEG9MT<C0FG}G]D?Q[09Q/Q2�C0F&34C0¾&=S9<;GBD3�T89Á=:=S9l}G3658T<BD7:BHC0;ÃEG9<743:5<7:FG]1=@?A=:7�)0]¯q`?Q]H[0C036BH=SU&{|9
?�B1=S58365�_QÏ0Ï0ÏÇr CQBD7�98;KXAUGo0Ê&/

N�iQP f�p�o0r�o x§WCu1qA8\pNknovu	wVqPo ogp¨¤ u:Ý�o�g�qÂr��4mNrvu�h[y4p�o
Yz987\=:9876=:7Í}G3:5<T858E&98;>=S7|;GC0FG7\}�9836{|9Á=:=S9<;>=|E&9ÀÕA?Q]HBDEG9<3Ç;fFG{�5836BDgfFG98{�98;>=�]È?µ}&3:CdT858E&FG3:9ÀE�qpBD;>Õ09<3:76BDC0;

7:FG3�]¯qk9<;G7:9<{Ã¾G]D9�EG987�}G?Q3S?Q{�s<=:3:9<7MEGF�{�C"EGs<]D9A/8K¤C0FG7l?Q]H]DC0;&7 {|?QBD;>=:98;R?Q;>=a912�98T<=:FG983�E¢q`?QF"=S3:9<7M=S9<76=S7�EG?Q;G7
]D9ê¾GF"=ÍEG9�T�?Q3:?QT<=:5836BD7:9<3\]D9<7Ã}�CQ7:7:BH¾GBD]HBH=:587�9<=Í]D9<7Ã]DBH{|B1=S9<7VEG9�]¯q`?A]D[0C036BH=:UG{|9\E¢qkBH;fÕQ98367:BDCQ;0)�98;m}R?A36=SBHT8FG]HBD9<3
98; r C0;GTÁ=SBDCQ; EGF è8C0;R?A[09µEGF 76ed7Ý=Ss8{�9 gfFGB^987Ý=ÀFG; }R?Q3:?Q{|sÁ=S369KT836BH=:BDgfFG9µT8?Q3�EGBHÌ�T<BD]D9�� EG5<=:9836{|BH;G983</
Ja9<=W9Áb"9<{|}G]H9ÇÕA?ê58[>?A]D98{�98;>=�{|C0;>=:3:983�]È?ÞEG5<{Þ?A3:T@UG9\EG9Ç{|CdEG58]HBD7:?A=SBHC0;�gfFGB~}�C0F&3:3S?[,<=S369\F&=SBH]DBH7:589�}�C0FG3
]wqk?Q}G}G]HBDT�?v=SBDCQ;êEGFÀ{|CdEGs<]D9I7:F&3¤]H9IT�?Q7l365898]zE&F�76BH=S9IE&FµJML4N 98;�EGC0FG¾&]D9Á�ÄT8C0;>=:BD;fFGFG{�/

NZÕA?Q;>= E¢q`?Q]H]D9<3~}G]HFG74]DC0BH;0)QE&C0;G;GC0;&7O=:C0F&=OE�qk?Q¾�C03:EÍgfFG9<]DgfFG987�}G3658T8BH7:BHC0;G747:F&3�]H9M=SB1=S3:9aEG9lT89<=6=S9l7:9<T<=:BDC0;
gdF¢qkC0;À?AFG3S?QB1=O=S3:s<7a¾GBH98;|}GF�?Q}G}�98]H983äR�Ü,987Ý=S7ME�qpBD;>ÕQ983:76BDC0;&7a7:9<{|BÅ�Æ365898]H]D9<7¾T@/f2�?Q3äR�7:9<{|BÅ�Æ7Ýe";>=:UG5<=:BDgfFG9	T�)";&C0FG7
98;>=S9<;GEGC0;G7�}R?Q3Ç]È�KgfFG9�T<9836=S?QBD;&987ÃEGCQ;G;G589<7ÍF&=SBH]DBD76589<7ÇER?Q;&7\T89<=Í9cb"98{�}G]D9ê76C0;>=Í3:5<98]D]H987Ã9Á=\T8CQ;GT89<3:;G9<;f=
;GCQ=@?A{|{�98;>=ê]D?$[05<C0{�5<=S36BD9�EGF�EGCQ{Þ?QBH;G9�)O]H987Þ}�C076BH=SBHC0;G7�EG987Þ]DBD{�BH=:987Í9<=Þ]D9<FG3:7|}G3:BH;GT8BH}R?QF"b¥=Æed}�9<7�EG9
T8C0;GE&BH=SBHC0;G7�?A7:7:CdT8BH589<7�)G]D?Ã}�C076BH=:BDC0;|EG9I=SC0FG7a]D987Mr CQ3S?Q[09<7MF&=:BD]DBH7:5<7a9<=l9<;&ÐR;0)R]H98FG3a3:58}G?Q36=:BH=SBHC0;ÞT<C0;>=SBH;dF&FG{
{Þ?A=:3:BHT895HvT8C0;>=SBH;fFGFG{�r 3:?QT<=:FG3:9<78/�Ja9<=6=S9Í3:5<}R?Q3Ý=SBH=:BDC0; 7<q`?A}G}GFGBH9�76FG3WEG987�3:5<7:FG]1=@?A=:7WEG9ÍT8C0;GE&FGT<=:BHÕdBH=:5�U>e>�
EG3S?QF&]DBDgfFG9ÞC0¾&=S9<;fFG7Í}R?Q3Ã76]DFG[µ=:9876=:7Í7:FG3ÍÊ0jKr CQ3S?Q[09<7\EGF 7:B1=S9A/4Yz987\EG5Á=@?QBH]D7ÇE&9�T<9<=6=S9�3:5<}R?Q3Ý=SBH=:BDC0;Ù7:C0;>=
9Áb"}G]DBHgfFG587¤ER?Q;G7l]H9IT@UR?Q}GB1=S3:9IT<C0;GT<983:;G?Q;>=�]H987�9Áb"}�5836BD{�98;>=@?A=:BDC0;&7�UfedEG36C"E"e";G?Q{|BHgfFG987�%)T@UR?A}GBH=:3:9�X]'c/

2�?Q3OT8C0;>=S369�)>=SCQF&=S9<7 ]H987�?QF&=:3:987�EGC0;&;G589<7aF&=:BD]DBH7:5<98747:CQ;f= 76ed;>=SU&5<=SBHgfFG987</G2~?A3�9cb"98{�}G]D9¤]D9<7�T@U&3:C0;GBHgfFG987
}GBD5<è8C0{�5<=:3:BDgfFG9<7 76C0;>=M76BD{ÃFG]H589<7�T<C0{�{|9lER?Q;&7a]D9<7O9Áb"98{�}G]D9<7a}G3658T<58EG9<;f=:7M}R?Q3�]D9l{�C"E&s8]D9lEGBH3:9<T<=a��}R?A36=SBH3
EG987¤EGC0;G;&58987�EG9W}G]DF&BD9I9<=¤EG9�T@UR?Q{�}G7lEG9W}R?Q3:?Q{�s<=S36987l76ed;>=SU&5<=SBHgfFG987Â%

T1
)
T2
)
S1
)
S2

9<=
α
'c/RYz987¤}R?Q3:?v�

{|sÁ=S3:9<7VE&9|T@UR?AT8FG;$EG987�EG98FdbÙT<C0;>=SBH;dFG?�C0;>=V5<=:5�T@U&C0BD76BD7I=S9<]D7WgfFG9Þ]H9\}G3:9<{|BH983W3:9<}G3:5<7:98;>=:9Þ]D9Í7Ýe"7Ý=Ss<{|9
EG987¤r 3S?QTÁ=SFG36987l9<=�]D9I7698T8CQ;GE0)�]D9I76ed7Ý=Ss8{�9�{Þ?A=:3:BHT8BD9<]w/GJ�qk9<76=6�Æ�v�ÆE&BD3:9IgfFG9�]D9W}G3698{�BD9<3�T8C0;>=SBH;fFGFG{ò}�C07:76s8EG9
EG987M=:3S?Q;G76{|BH7:76BHÕdBH=:587�}G]DFG7a58]D9ÁÕ05<987�gfFG9^]H9�7:9<T8C0;&E0)G{|?QBD7�}�CQ7:7:s<EG9IEG9<7MT8Cd9<Ì�T8BH98;>=S7�E¢qk9<{|{|?Q[>?Q76BD;G9<{|9<;>=
{|C0BH;G7OBD{�}�CQ36=@?A;f=:78/>Ë�?Q;G7�]D987�9Áb"9<{|}G]H987�T8BÅ�ÆEG9<7:7:CQFG7�)f]D9<7 E&58T8CQFG}R?Q[09<7aF&=:BD]HBD7:5<747:C0;>= T83658587 7:}�58T<BÈ?Q]H98{�98;>=

�0Ï



}�C0F&3�T<987¤9Áb"98{�}G]D9<78/�2�CQFG3�]¯q`?A}G}G]DBHT�?A=:BDC0;Þ7:FG3¤]D9WT�?A7�365898]�)R]D9Wè8CQ;R?Q[09�7:9<3S?�r)?ABH=l98;�7:9�¾R?Q7:?Q;>=�}G36BD;GT<BD}R?��
]D98{�98;>=I76FG3^]D?Þ[058CQ]DC0[0BH9WEGF 7:B1=S9�% T8C0;>=SCQFG3^EGF {�BDCdT8s<;G95'l9<=I76FG3^]È?�r C03:{�9ÇEG9<7^BD76C0}GBHs8è89<7^gfFG9\{�9<=:=:98;>=
98;Ù5ÁÕdBDEG9<;GT89|EG987�T�?Q{�}R?Q[Q;G987W}GBH58è8CQ{|5Á=S3:BHgfFG987W3:58?Q]DBH7:5<987W7:FG3�]wqp98;&7:98{Ç¾G]D9ÍEGFä7:B1=S9Q/ZYZ?ÀEG9876T836BD}&=:BDC0;äEG9
T89�è8C0;R?A[09I987Ý=�EG5Á=@?QBH]D]H589�EG?Q;G7l]D9IEG9<3:;GBH983lT@UR?Q}&BH=S369À%)T@UR?A}GBH=:3:9�t�'Á/
5B�X�N�6ª 9µ�&�z�"�z� �"���"�����i��� �Ý���"�Ý��������"����� �����&�z¡��"���Þ�������Ý�z� ������Ð^���g�v¡������&���M���

å��¢�&���&���>9z��� ���d�4�d�&�O£V�
2,C0FG3\T89Á=Í9Áb"98{�}G]H9ê;GC0FG7Í?�ÕQC0;G7ÍT@UGC0BH7:BaE&9�7:BD{ÇFG]D9<3Ç]D9<7\58T<C0FG]D9<{|9<;>=S7Í?�Õ09<T�F&;G9�}R?Q3:?Q{|5Á=S36BD7S?v=SBDCQ;

T8C0{�}�CQ7:589IE&9^T8BH;Gg|76C0FG7��ÆEGC0{|?QBH;G987t% ÐR[0FG369^oG/1.0.¬'OEG9I[058CQ{|5Á=S3:BH9�9Á=lEG9^}G36C0}G36BD5<=:587ME&B�2�583:9<;>=S987=% 98{�{Þ?��
[>?Q7:BH;G98{�98;>=¤9<=¤=S3:?Q;G76{|BH7:7:B1ÕdBH=S5IBH7:CQ=:3:C0}�95'()G9<=�]D9<7�ÕQ?A3:BÈ?v=SBDCQ;G7�EG987¤T@UG36C0;GBDgfFG9<7�}GBH58è<C0{|5Á=S36BDgfFG987l7Ýe";>=:UG5Á�
=SBDgfFG9<7 76C0;>=aCQ¾&=S9<;dF&987�7:FGB1=S9��WF&;G9�}&]DFGBH9MÕ098;G?Q;>=M}�9836=:FG3:¾�983O]H9¤7Ýed76=Ss<{|9A/dY,?WgfFR?Q;>=SB1=S5lEG9¤}G]DF&BD9�F&=:BD]DBH7:5<9
9876=�EG9I.�Ï0Ï^{|{�3:5<}R?Q3Ý=SBD9aFG;GBHr CQ3:{�58{�98;>=�ER?A;G74]D9<74EG98F"bÃT8C0;>=:BD;fFR?\ÂfXQÏ^{�{ãEG?Q;G74]D9a}G3:9<{|BH983�9Á= XQÏ^{|{
ER?Q;G7I]H9Ç7:9<T8C0;&E�/g�aBH98;µ9<;f=:98;GE&F0)zER?Q;G7�]D9ÇT8?Q7I3:5<98]�)�BH]�9<76=W}G]HFG7�]HC0[0BDgfFG9VEG9Ã76FG}G}�C07:9<3IgdF&9\]È?|3698T@UR?A3:[09
EG9Ã]wqk?QgfFGB1r s83:9W7<qk9	2¢9<T<=SF&9\}G]DF&=/.Q=¤}R?Q3�]D9�T8C0;>=SBH;fFGFG{òr 3S?QTÁ=SFG36987^T<C0{�{|9WER?Q;&7�]wqp9Áb"9<{|}G]H9V}&3:58T<58EG9<;>=�/zYz9
76ed76=:s8{�9K987Ý=ê76FG}G}�C07:5ã,<=S369�BH;GBH=:BÈ?Q]H98{�98;>=\�ä]wqp58gfFGBH]DBD¾&3:9Q/~YZ?$T8CQ;GEGBH=:BDC0;mBH;GBH=:BÈ?Q]H9ê?$5Á=S5�T@UGC0BH7:BD9�� FG;G9
ÕQ?A]D98F&3�;dF&]D]D9^�ÍT@UG?QgfFG9V;&C"9<FGEÀEGF�{|?QBH]D]È?A[09l}�C0F&3�]D987�E&98F"bÀT<C0;>=SBH;dFG?Í9Á=l]D9<7�T8C0;GE&BH=SBHC0;G7l?QFdb�]DBH{|B1=S9<7a�
ÆRF"bÍ;fFG]H7�)>9Áb"T<98}&=:5�?QFdb\3:B1ÕdBDs8369874EG9�]D?IË�FG3:?Q;GT89¤9<=OE&FÍÛO9<3:EGCQ;|76FG34]D9<7:gfFG98]H]D9<74C0;�?WBH{|}�C0765MFG;G9lT@UR?Q36[09
;dF&]D]D9Í}�C0FG3W]D9<7WEG98F"b$T<C0;>=SBD;fFR?"/,ìI;ä3:58?Q]DBH7:9Í]D9<7WT�?Q]HT8FG]H7�9<;$3:?Q¾R?A=6=S9<{|9<;f=:78/,Yz9|T<C"9ÁÌ�T8BD9<;>=ÇE�qp58T@UG?Q;G[09
9876= 7:F&}G}�CQ7:5lUGC0{�C0[0s<;G9�7:FG3O]¯qk9<;G7:9<{Ã¾G]D9�E&F|76BH=S9�9Á=OÐ&b"5��I]D?�ÕQ?A]D98F&3�X"/H.�Ï −8 7 −1 />YZ?W7:BD{ÇFG]È?A=:BDC0;VEGBD3698TÁ=S9
9876=M3:5�?A]DBD76589�7:FG3at0ÏÇ}R?Q7 EG9�=:98{�}G7aEG9�o>j>_QÏQÏV78/0%Ý.�_WU�/ ' TQqp987Ý=6�����ÆEGBH3:9¤7:FG3MF&;G9�}�5836BDCdEG9�E�qpFG;ê{�C0BH7�)f9<=a]È?
}G]DFGBH9I987Ý=�?A}G}G]DBHgfFG589W?QFdbÀ}R?Q7lEG9I=S9<{|}&7�¿Ã9Á=��\ER?A;G7l]D987lEG9<F"bÀT<C0;>=SBD;fFR?"/

2,C0FG3OT89Á= 9cb"98{�}G]D9*)f_QÊI}GBD5<è8C0{�s<=:3:9<7�E&F|76BH=S9�CQ;f=O5Á=S5¤7:5<]D98TÁ=SBHC0;G;G5<7�)>EGC0;>=�Ê�?Q}G}R?A36=S9<;R?Q;>= ?QFÍ7:9<T8C0;GE
T8C0;>=SBH;fFGFG{�/�Yz9<7�}GBH58è<C0{|sÁ=S36987�3:9<=:98;fFG7�}�C0F&3�T<9<=�9Áb"98{�}G]D9äC0;>=�5<=S5ä7:5<]D9<T<=SBHC0;G;G5<7�9<; r C0;&T<=SBHC0; EG987
EGBD7Ý=@?Q;GT<987Í3:9<]È?A=:BHÕQ987Ã9<;f=:3:9êr C03:?Q[09<7ÃE�qpFG;m{[,<{|9êT<C0;>=SBH;dF&FG{ã)~?AÐR;mEG9�;G9�}G?Q7\?�Õ0C0BH3ÃEG9<7�E&BDè�?ABD;G9<7ÃEG9
}GBD5<è8C0{�s<=:3:987Ç3:98}&3:587698;>=@?v=SBHr 7ÇE�qkF&; {[,<{|9�{|BH]DBH98F =S3:CQ}´}G3:CdT@UG9<7Ã]wqpFG;´EG9Þ]wqk?QF&=S369|T<C0{�{|9|TQqp9876=Ã]D9ÞT8?Q7
7:FG3êT<983Ý=@?QBH;G987|è8C0;G9<7êEGF JML4N�H0JM?QER?Q3:?QT@UG9A/MYz987Þr CQ3S?Q[09<7|T@U&C0BD76BD7Þ76C0;>=êEGCQ;GTµT89<F"b�gdF&B�T<C0F&Õd3:9<;f=ê]È?
è8C0;G9V]È?Í}G]DF&7�5Á=S98;&EGFG9Ã9Á=�gfFGB,C0;>=�r)?QB1=l]wqpC0¾dõ69Á=�EG9�=S9<76=S7�}R?Q3¤98767S?QBH7�EG9�}GFGB1=S78/�YZ?|3658}R?A36=SB1=SBHC0;�76}R?A=:BÈ?Q]H9
EG987�}R?Q3:?Q{|sÁ=S36987WEGFä{|CdEGs8]H9ÃEGBH3:98TÁ=�}�C0F&3IT@UR?QT8F&;ÙEG9<7VEG9<F"bä{�BD]DBH98F"b�9<76=�3:9<}G3:5<7:98;>=:589ê76FG3W]D987IT8?Q36=:987
EG9I]È?VÐG[0FG3:9Io&/H.�_d/Gu"F&3�T898]H]D9<7Ý�ÆT<BA)d;GC0FG7a;�q`?�ÕQC0;G7l{|CQ;f=:3:5^gfF�qpFG;À7:9<FG]�T<C"9ÁÌ|T<BD9<;f=lE&9^=S3S?A;G7:{�BD767:BHÕdB1=S5¤}R?Q3
T8C0;>=SBH;fFGFG{�}GF&BD7:gfFG9l]¯qk9cb&9<{|}&]D9M9<76=O7:F&}G}�CQ7:5lBD76CQ=S36C0}�9A/]K¤C0FG7O;G9�{�C0;>=S3:CQ;G74}R?Q74;GCQ;�}&]DFG7�]H9�T8Cd9<Ì�T8BH98;>=
E�qk5<T@UR?Q;G[Q9V}GF&BD7:gfF�qpBD]z9<76=¤}G36BD7�UGC0{�C0[0s<;G9I7:F&3l=:C0F&=:9�]D?Ãè8C0;&9VE�qp5<=:FGEG9<78/

È!É�Ê�åFÍ�Ë8Ë Ð�S Þ�ß Ö Ê Ý[Ý�Ø=Õ�Ö É Û�Û�Ö Ê ÝÀÜ0Ú6Ø(Ý*×�Ø=×(Ý�Õ É
T ×: ß Ø	ÓOÔ¬Ø É�ç ÚOÝ

157000

158000

159000

160000

161000

162000

163000

872000 874000 876000 878000 880000 882000

Y

X

Zonage ’reel’ : 5 sous-domaines

Charge imposee
Fracture
Matrice

157000

158000

159000

160000

161000

162000

163000

872000 874000 876000 878000 880000 882000

Y

X

Maillage du domaine

ITER01  

CAD15   

CAD23   

TFA17   

ITER03  

CABRI06 

CAD21   

CAD24   

ITER02  

ENT06   

STE06   

RJH12   

RJH13   

CAD01   

CAD04   

CAD09   

CAD17   
CAD18   

CM13    

CAP12   

CAD14   

PZ109   

CAD08   

CAD16   

CAD22   

CAD26   

CM22    

ENT17   

RJH25   

157000

158000

159000

160000

161000

162000

163000

872000 874000 876000 878000 880000 882000

Y

X

Maillage du domaine

ITER01  

CAD15   

CAD23   

TFA17   

ITER03  

CABRI06 

CAD21   

CAD24   

ITER02  

ENT06   

STE06   

RJH12   

RJH13   

CAD01   

CAD04   

CAD09   

CAD17   
CAD18   

CM13    

CAP12   

CAD14   

PZ109   

CAD08   

CAD16   

CAD22   

CAD26   

CM22    

ENT17   

RJH25   

Fracture
Matrice

�&.



È!É�ÊPåDÍ�Ë+1 Ðnà�Ö�Ù1Ø(Ý�×tÜáÝ�×=ëOÙ Þ ëáÙ É Ô�Ø(Ô�×IÜ0Ú6Ø(Ý�×(Ø=×(Ý*Õ É
T ×: ß Ø	ÓFÔ�Ø É�ç ÚFÝ

i ¹�ª¬¯�QâÂ¢U/Q¢
��¢Ï®Qã�¸°8²�J©1¨*¯]®/¢U¯�±�ªÀ¤t²�®�»

´Oâ"âÀª¬£*ª�Q¢�¯8²�âÂ²�¯]®Qä°�²�#©1¨*¯]®/¢U¯�±�ª�¤t²1®�»
È!É�ÊPåDÍ�Ë]Î Ð�àBÓOÙ Þ8ßáÉ�ç ÚOÝ�×Ië É Ô 	 Þ Õ�Ô�Ø(Ù É�ç ÚOÝ�×I×: ß Ø	ÓOÔ¬Ø É�ç ÚOÝ�×tÜ0Ú^Ò Þ�ß Ø É�ß ÚOÚáÕ Ë

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Chronique piezo du forage 1

Continuum 1

0
0.5

1
1.5

2
2.5

3
3.5

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Chronique piezo du forage 2

Continuum 1

0

0.5

1

1.5

2

2.5

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Chronique piezo du forage 5

Continuum 1

0

0.5

1

1.5

2

2.5

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Chronique piezo du forage 8

Continuum 1

�>_



0
0.5

1
1.5

2
2.5

3
3.5

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Chronique piezo du forage 11

Continuum 1

0

0.5

1

1.5

2

2.5

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Chronique piezo du forage 13

Continuum 1

0
0.5

1
1.5

2
2.5

3
3.5

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Chronique piezo du forage 16

Continuum 1

0

0.5

1

1.5

2

2.5

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Chronique piezo du forage 17

Continuum 1

YZ?V76BD{ÃF&]È?A=:BDC0;ÍEGBH3:98TÁ=S9�3:5�?A]DBD76589�?�Õ098T�]wqp98;G7698{Ã¾G]H9�EG9�T89<7M}R?Q3:?Q{|sÁ=S36987�EGC0;G;G9I_QÊVT@UG36C0;GBHgdF&987M}GBH58è<CA�
{|5Á=S3:BHgfFG987lEGC0;>=��\7:C0;>=¤}G36587:9<;>=S589<7^7:F&3¤]H987MÐR[QFG3:9<7¤o&/H.nj\9Á=�o&/H.�oÍ}�C0FG3�T@UR?AT8FG;�EG987¤EG98FdbÀT8C0;>=:BD;fFR?&/

È!É�ÊPåDÍ�Ë�å Ð�àBÓOÙ Þ8ßáÉ�ç ÚOÝ�×Ië É Ô 	 Þ Õ�Ô�Ø(Ù É�ç ÚOÝ�×I×: ß Ø	ÓOÔ¬Ø É�ç ÚOÝ�×tÜ0Ú^Ò Þ�ß Ø É�ß ÚOÚáÕ 1

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Chronique piezo du forage 21

Continuum 2

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Chronique piezo du forage 22

Continuum 2

0
0.2
0.4
0.6
0.8

1
1.2
1.4

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Chronique piezo du forage 23

Continuum 2

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Chronique piezo du forage 24

Continuum 2

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Chronique piezo du forage 25

Continuum 2

0
0.2
0.4
0.6
0.8

1
1.2

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Chronique piezo du forage 26

Continuum 2

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Chronique piezo du forage 27

Continuum 2

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Chronique piezo du forage 28

Continuum 2

Yz987�BH;>Õ098367:BHC0;G7�gfFG9W;GC0FG7l?A]D]DCQ;G7a365�?Q]HBD7:9<3a{|?QBD;>=:98;R?Q;>=�T<C0;G76BD76=:98;>=��Ã98767S?�e09<3�EG9IT8?Q]D9<3MT89<7lEGC0;G;G5<987
76ed;>=SUG5Á=SBDgfFG9<7�)>ER?A;G7�FG;\}G3698{�BD9<3,=:98{�}G7�98;Ç{|C0;&CA�ÆT<C0;>=SBD;fFGF&{�9Á=�9<;G7:FGB1=S9M9<;\EGC0FG¾&]D9Á�ÄT8C0;>=:BD;fFGFG{�/vË^?Q;G7
T@UR?QT8F&;|EG9<74EG98FdbÍT�?Q71)0EG9<F"bÃ=:9876=:74EGB�2�583698;>=S74769836C0;>=O912�98T<=:FG587lÂ0]H9a}G3698{�BD9<3�98;\}G3698;R?A;f=OF&;�è<C0;R?Q[Q9M3:5<98]
9<=W]D9V7:9<T8C0;GE 9<; }G3:9<;R?Q;>=WFG; è8CQ;R?Q[09ÃgfFG9<]DT<C0;GgfFG9\}�C0FG3�ÕQC0BD3�98; }G3:5<T8BH7:983�]D987�912�9<=S7I76FG3^]H987^36587:F&]H=@?v=S7
EG9W]wqpBD;>Õ09<3:7:BHC0;�/

5B�X�N��� �Q�a¨O���G�d�����á�z�����O���´��¡¢�O� �"���M�����
K ±�Ò�+f�v°�' ��±¦#fÒ�+d¸K� +£%>��±Z#�½º+µ���f+d�

L4;À}G3:9<;R?Q;>=¤]D9Iè<C0;R?Q[09I36589<]z9<=¤98;À;G9WT8CQ;G7:BHEG583:?Q;>=�gfF�qpFG;�7:9<FG]zT8C0;>=:BD;fFGFG{P)G]wqpBD;>ÕQ983:76BDC0;À5<T@UGC0FG9�?QF
¾�C0F"=ÍEG9ÀgdF&98]DgfFG9<7|{�BD;fF&=:9871)�9<=Í]H987\T8CQFG3:¾�987Í76ed;>=SU&5<=SBHgfFG987|;G9�7:C0;>=�}R?Q7ÍEGF =:C0F&=ÍT�?A]D589<78/4ßÆ]M7698{Ã¾&]D9
98; 912�9<=IE&BHÌ�T8BH]D9�)RÕQC0BD369ÇBD{�}�C07:76BD¾G]H9VEG9ÇT�?Q]H983�E&987^EGCQ;G;G589<7W}GBD5<è8C0{�5<=:3:BDgfFG9<7�EG9Vr C03:{�987�EGB�2�583698;>=S9<7I9<=

�0j



=SC0F&=:987 7:BH=:FG589<7 EG?Q;G7�FG;G9¤è8C0;G9¤BDE&98;>=SBHgdF&9\% EGC0;GTlT�?A3S?QTÁ=S5836BD76589�}G?Q3OFG;G9¤7:98F&]D9lÕQ?A]D98F&3�E&9¤=:3S?Q;G76{|BH7:76BHÕdBH=:5
9<=^F&;G9Ç7698FG]H9�ÕA?Q]H98FG3¤E�qp98{�{Þ?Q[0?Q7:BH;G98{�98;>=('c/RL4;µE�qk?QF&=:3:987¤=S9<3:{�987�)ºC0;�;�qpBD{|?Q[0BD;&9I{Þ?Q]ZT<C0{|{�98;>=¤EG9<F"b
T8C0FG36¾�9<7�}GBH58è8CQ{|5Á=S3:BHgfFG987,}G3:5<7:9<;f=S?Q;>=4EG9<7~ÕA?Q3:BD?A=SBHC0;G7ZEGB�2�583698;>=S9<7~9<;Ç=S9<3:{�987~E¢q`?Q{�}G]HBH=SF&EG987Z9<=~EG9 =:98{�}G7
3:9<=:C0FG3W�ê]¯qk5<gdF&BD]DBH¾G3:9*)�}&3:CnÕ09<;R?Q;>=�EG9\EG98Fdb r C03S?A[0987^76BH=:FG587W�êEG9\T<C0FG3Ý=S987WEGBH76=S?Q;GT89<7I]wqpFG; EG9\]¯q`?QF"=S3:9Ç9<=
?Q}G}R?Q3Ý=S9<;R?Q;>=Í�KFG;&9ê{[,<{|9�è8CQ;G9�)�}�9<F&Õ09<;f=Â,Á=S369êT�?Q]H589<7Ã98;´;&9êT8C0;&7:BDE&583S?A;f=ÃgdF¢qkFG;&9ê7:9<FG]D9ÞÕA?Q]H98FG3VEG9
=S3S?A;G7:{�BD767:BHÕdB1=S5^9Á=�F&;G9W7:98F&]D9IÕA?Q]D9<FG3�E�qp98{�{Þ?Q[0?Q7:BH;G98{�98;>=�/

K ±�Ò�+f�v°�' ��±¦#fÒ�+d¸K*,± %>��±,#�½�+µ®,+�%Á³�Ø4+ Ç ������±Z�j:
ì^;�98767S?QBH9^}R?Q3aT8C0;G7658gfFG9<;f=¤EG9�7:9IEGC0;&;G983ME&987�EG9<[03:5<7�EG9^]DBH¾�9<36=:5�76FG}G}G]H58{�98;R?QBH3:9<7M98;À?QF&[0{|9<;>=@?Q;>=

]D9ê;GCQ{Ã¾G3:9|EG9�}R?Q3:?Q{�s<=S369871)~TQqp987Ý=6�Æ�v�ÆEGBH3:9S%)}�C0FG3Ç;&CQ=S369êT@UGC0BÅb´EG9�}G?Q3S?Q{�5<=:3:BH7S?A=:BDC0;D'()z98;m?QF&[0{|9<;>=@?Q;>=
]D9�;GC0{Ã¾G369VE&9Çè8CQ;G987^E&FK76ed7Ý=Ss8{�9Q/¢2�C0F&3�C0¾&=:98;GBH3lFG;K=S9<]�è<C0;R?Q[Q9�)ºF&=SBH]DBH7:C0;G7l}R?A3�9cb&9<{|}&]D9�]È?Í{|5Á=SUGCdEG9
EG987VT898]H]DFG]H987WEG9ÍÛOC03:CQ;GC=<lgfFGB�}�9<3:{�9<=�FG;ÙE&58T8CQFG}R?Q[09Þ?QF&=:C0FG3WEG987�r C03S?A[0987WE�qk?Q}G}GF&Bw/�Ja9<=6=S9�{|5Á=SUGCdEG9
}G3:5<7:98;>=:9a]wqk?�ÕA?Q;>=@?Q[09~E�q`?�ÕQC0BD3Z?QF"=@?Q;>=ZEG9O7:CQFG7Ý�ÄEGC0{|?QBD;G9<7�gfFG9OEG94r C03S?A[0987zEGBH7:}�C0;GBH¾G]D9<7¢9<=,}R?A3zT8C0;G7658gfFG9<;f=
EG9V;&9V}R?A7�?�ÕQC0BD3lEG9�è8C0;&987¤7:FG}G}&]D58{�98;>=S?QBD36987l7S?Q;&7�EGCQ;G;G589<7�3698}G36587:9<;>=@?A=:BHÕ09<7�EG9<7�}G36C0}G36BD5<=:587lEG9�T89<]DFGBÅ�
T8Bw/ Ja9<}�9<;GER?Q;>=�)aT89�=Æed}�9KEG9�EG58T<C0FG}R?A[09K9<76=�3698]È?v=SBHÕQ98{�98;>=�}�9<F�3:58?Q]DBH76=:9�}GF&BD7:gfF�qpBD]l;G9�78qk?Q}G}GF&BD9K76FG3
?QFGT8F&;G9ÍEGC0;G;G5<987�[058CQ]DC0[0BHgfFG987^9Á=(HACQFä7Ý=S36FGT<=:FG3S?Q]H987</ X ;ä?QF&=:3:9Í}G36C0¾G]Ds<{|9Ç7:9\}�C07:9Í58[0?Q]D9<{|9<;f=^]DC0367:gfFG9
]D987|EGC0{|?QBD;&987ÞT<3:5<587ê}R?A3ÞT89Á=:=:9µ{|5Á=SUGCdEG9�7:C0;>=Þ=:3:C0}�5<=S9<;GEGFG7Ì% TQqp987Ý=�]D9�T�?Q7|}R?Q3Þ9cb"98{�}G]D9�EGF 7:C0F&7Ý�
EGC0{|?QBD;G9Í76BH=SF&5ê��]¯qk9<76=�'Á/�Ja98]D?K7:BH[0;GBHÐG9�gfFG9Þ]D987�}R?Q3:?Q{�s<=S36987�T�?Q]H587V98;´F&=:BD]HBD7S?A;f=W]H987�EGC0;G;&58987ÇEGF´7:9<FG]
r C03S?Q[Q9�}G36587:9<;>=¤�V]wqpBD;>=:583:BH98FG3�EG9^]D?Vè<C0;G9�E&C0BHÕQ98;>=J,<=:3:9^3698}G36587698;>=@?A=:BHr 7ME¢qkFG;&9^è8C0;&9�=S36s87M5Á=S9<;GEGFG9IT<9�gfFGB
9876=�?\}G3:BHC03:B�}�9<F�365�?Q]HBD7Ý=S9Q/

Ë^?A;G7l]D9^T8?Q7lC]õÀC0;À;G9I7:C0F&UR?QBH=:9IF&=SBH]DBH7:983 gfF�qkF&;�7698FG]ZT8CQ;f=:BD;fFGFG{Ô}�CQFG3�T�?Q]H983�EG9<7lEGC0;G;G5<987lUG5Á=S5836CA�
[0s8;G9<7�)�BD]Z7:9<3S?QB1=�7QGG3:9<{|9<;>=I}G]DF&7�?QEG?Q}&=S5�E�qpF&=SBH]DBH7:983lFG;K{|CdEGs8]H9WEG9V=Æed}�9Ç76=:C"T@UG?Q76=:BDgfFG9ÇEG?Q;G7�]H98gfFG9<]�]H987
}R?Q3S?A{|sÁ=S3:9<7a76FGBHÕQ98;>=MEG9<7M]DCQBD7O76=S?A=SBH76=SBHgfFG987</"Y4qpBD;>Õ09<3:76BDC0;ê769�3:?Q{|s<;G9�?Q]DC0367a��]wqp987Ý=SBD{|?A=:BDC0;\EG9<7MgfFG98]HgfFG987
}R?Q3S?A{|sÁ=S3:9<7�EG9IT89<7l]DC0BH78/&J�qk9<76=¤FG;G9�?QF&=:3:9^{|?Q;GBHs8369^E�qk?QFG[0{�98;>=S9<3�]D9^E&98[0365IEG9W]DBD¾�983Ý=S5<7a7S?A;G7�=SC0F&=:9<r C0BH7
?QFG[0{�98;>=S9<3lEG58{�9876FG3:5<{|9<;f=�]D9�;GC0{Ã¾G369WEG9W}R?Q3S?A{|sÁ=S3:9<78/

È!É�Ê�åDÍ�Ë]ê Ð�S Þ8ß Ö Ê Ý�Ý¬Ø=ÕPÖ É Û�Û�Ö Ê ÝÀÜ0Ú6Ø(Ý�×(Ø=Ü�H É�ß ÿ8Ý*Ù1× É�Þ�ß Ý ß Õ Þ�ßFÞ\T Ò Þ8ß Ø É�ß ÚáÚOÕ
ì�ëOÖ�Ù�Ö�Õ�Ô�Ø(Ù É ×(Ö]Ø É�Þ�ß Ý ß}1�� Ò¬Ý�Û�Û�ÚáÛ�Ý�×tÜáÝ"� Þ Ù Þ8ßOÞUk ï

157000

158000

159000

160000

161000

162000

163000

872000 874000 876000 878000 880000 882000

Y

X

Contour : 29 sous-domaines

Forages

157000

158000

159000

160000

161000

162000

163000

872000 874000 876000 878000 880000 882000

Y

X

Maillage du domaine

Forages

N�}G3:s<7�è<C0;R?Q[Q9�)0]H9M76ed76=:s8{�9l9876= ?Q]HC03:7~3:98}&3:587698;>=S5¤T8CQ{|{�9MBD;&EGBDgfFG5M76FG34]È?�ÐG[0FG3:9�o&/H.�Xd/fJaC0{�{|9M;&C0FG7
?nÕdBHC0;G7Ã?AF´EG58}G?Q36=�_AÊ�r C03:?Q[09871)�]H9Þ7Ýe"7Ý=Ss<{|9ê9<76=\E&58T8CQFG}�5Þ98;m_QÊ�è8C0;G9<7ÃER?Q;&7ÃT@UR?QT<FG;G9êEG9<7:gfFG9<]D]D9<7ÃC0;

�Qo



EG5876BD3:9ÞEG5<=:983:{�BD;&983�FG;G9|ÕA?Q]H98FG3VEG9|=:3S?Q;&7:{�BD7:76BHÕdBH=:5Í9<=ÃF&;G9ÞÕA?Q]D9<FG3�E�qk9<{|{|?Q[076BD;G9<{|9<;>=�/ X ;Ù=:98]�}R?Q3:?v�
{|5Á=S3S?A[09VT<C0;GEGF&BH=I��987Ý=SBD{�983¤FG;K=:CQ=@?A],E&9ÍXQ�|}G?Q3S?Q{�s<=:3:9<7VÂ¢_QÊ|}G?Q3S?Q{�s<=:3:9<7�EG9�=S3S?A;G7:{�BD767:BHÕdB1=S587¤9<=I_QÊ
E�qk9<{|{|?Q[>?A7:BD;&98{�98;>=�/

È!É�ÊãåDÍ�Ë�ü Ð�
�Ô�×	ÚáÛ�Ø(Ö]Ø(×=Ü0Ú^Ò¬Ö�Û�Ö Ê Ý�Õ Þ8ßOÞUT Ò Þ�ß Ø É�ß ÚáÚáÕ
ì�� Þ Ù1Ö Ê Ý�×tÖ�ëáëáÖ�Ù	Ø(Ý ß Ö ß ØtÖ�Ú�ëOÙ�Ý*Õ É Ý�Ù=Ò Þ8ß Ø É�ß ÚOÚáÕ ÜáÖ ß ×tÛ�Ý[Ò¬Ö�×t×: ß Ø	ÓOÔ¬Ø É�ç ÚOÝ�ï

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 01

Synthetique
Inversee

0
0.5

1
1.5

2
2.5

3
3.5

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 02

Synthetique
Inversee

0

0.5

1

1.5

2

2.5

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 05

Synthetique
Inversee

0
0.5

1
1.5

2
2.5

3
3.5

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 06

Synthetique
Inversee

0

0.5

1

1.5

2

2.5

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 09

Synthetique
Inversee

0

0.5

1

1.5

2

2.5

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 12

Synthetique
Inversee

0
0.2
0.4
0.6
0.8

1
1.2

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 14

Synthetique
Inversee

0
0.5

1
1.5

2
2.5

3
3.5

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 19

Synthetique
Inversee

È!É�ÊãåDÍ�Ë&� Ð�
�Ô�×	ÚáÛ�Ø(Ö]Ø(×=Ü0Ú^Ò¬Ö�Û�Ö Ê Ý�Õ Þ8ßOÞUT Ò Þ�ß Ø É�ß ÚáÚáÕ
ì�� Þ Ù1Ö Ê Ý�×tÖ�ëáëáÖ�Ù	Ø(Ý ß Ö ß Ø=Ö�Ú�×(Ý*Ò Þ8ß ÜÌÒ Þ�ß Ø É�ß ÚOÚáÕ ÜáÖ ß ×tÛ�ÝÀÒ�Ö�×=×: ß Ø	ÓOÔ¬Ø É�ç ÚOÝ�ï

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 21

Synthetique
Inversee

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 22

Synthetique
Inversee

0
0.2
0.4
0.6
0.8

1
1.2
1.4

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 23

Synthetique
Inversee

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 24

Synthetique
Inversee

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 25

Synthetique
Inversee

0
0.2
0.4
0.6
0.8

1
1.2

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 26

Synthetique
Inversee

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 27

Synthetique
Inversee

0
0.2
0.4
0.6
0.8

1
1.2

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 28

Synthetique
Inversee

�>X



2,C0FG3a]¯qkBH;>Õ098367:BHC0;0)>=SC0F"=S987a]D987�ÕA?Q]D9<FG3:7�BD;GB1=SBD?Q]D9<74C0;>=M5<=:5^}G36BD7:9<7aEG9�r)?�38C0;Þ?Q3:¾&BH=S3:?QBD369l58[>?Q]H987a�Çj&/1.nÏ −4?QFG7:76B ¾&BD98;$}�CQFG3W]È?�=S3S?A;G7:{�BD767:BHÕdB1=S5\gfFG9Þ}�C0FG3�]wqp98{�{|?Q[>?Q76BD;G9<{|9<;f=^9<=�=SC0FG7�]D9<7V}G?Q3S?Q{�s<=:3:9<7V76C0;>=Ç369Á�
T@UG9836T@UG587Ã9<;>=S3:9|EG987�¾�C03:;G9<7V76FG}�583:BH98FG36987�9<=VBD;&r 5<3:BH98FG36987WEG9ÍÕQ?A]D98F&3:7Í.nÏ −6 9<=ÇÊ&/1.nÏ −1 /,Y4qpC0}&=SBH{|BH7S?A=:BDC0;
78qp9876=�3:58?Q]DBH7:5<9I7S?Q;G7l=S9<3:{�9IEG9W3:5<[0FG]È?A3:BD7:?A=SBHC0;�/

Yz987¤3:5<7:FG]1=@?A=:7lEG9V]¯qkBH;>Õ098367:BHC0;À7:C0;>=�[0]DC0¾G?Q]D9<{|9<;f=M{Þ?QF"ÕQ?ABD7�T�?A3¤¾&BD98;�gfFG9�T8983Ý=@?QBH;G987¤T8CQFG3:¾�987¤7:C0BH98;>=
3:98]D?A=SB1Õ09<{|9<;f=Ã¾GBD9<; T�?Q]H589871)�E�qk?QF&=:3:987\;&9�]D9ê76C0;>=Í}R?Q7\EGF´=:C0F&=\T<C0{|{�9êC0; }�98F"=Í]D9ÞT<C0;G7Ý=@?A=:983\7:F&3\]È?
7:58]H98TÁ=SBDCQ;KEG9VT8C0FG36¾�9<7�}G36587698;>=S5<987I7:F&3�]D9<7¤ÐG[0FG3:9<7�oG/1.nt�9<=�oG/H.n¿�gfFGB,{|C0;>=:3:98;>=�]D9<7�76FG}�9<3:}�C07:B1=SBHC0;G7¤EG987
T@UG3:C0;&BDgfFG987\7Ýed;f=:UG5<=:BDgfFG9<7�9Á=Ã3698T8CQ;G76=:3:FGB1=S987</�YZ?K}G36BD;GT<BD}R?A]D9�3:98{|?Q36gdF&9Þ}G36C�ÕdBH98;>=\EG9ê]D?�}G36587698;GT<9�EG987
}R?Q]DBH98367I7:FG3W]D9<7IT8C0F&3:¾�987�3:98T<C0;G7Ý=S3:F&BH=S9<7WgdF&B4{|C0;>=:3:98;>=�gfFG9Í]wqk?Q]D[QC03:B1=SUG{�9Ç?�9<F$gfFG9<]DgfFG987�EGB1Ì|T<FG]H=:587W�
T8C0;>Õ09<3:[09<3�}�C0FG3�]H987�}R?Q3:?Q{�s<=S36987lEG9WT89Á=:=:9�è<C0;G9A/

L4;´?AFG[0{�98;>=@?Q;>=V]D9Í;GC0{Ç¾G3:9�EG9�è8C0;G9<7�),C0;´?A3:3:B1Õ09�EGC0;GT|��?�õ6FG76=:9831)�3698]È?v=SBHÕQ98{�98;>=�¾GBD9<;ÙT<9836=S?QBD;&987
T8C0FG36¾�9<7�)�{|?QBH7Ç}R?Q7ÇE�q`?AF&=S369878/4JaC0{|}G?Q3:5Þ?QF }G3:9<{|BH983V987:7:?QB�?�Õ09<TÀ]D9Þè<C0;R?Q[Q9ê3:5<98]A),C0;m?Q{�58]HBDC0369|E&C0;GT
]wqpBD;>Õ09<3:7:BHC0; 7S?A;G7^}�C0FG3I?QF"=@?Q;>=W?Q363:B1Õ0983^�Þ7:FG}�9836}�CQ7:983I=:C0F&=S9<7^]D9<7^T8CQFG3:¾�987I]H987^FG;&987W?QF"bµ?QF&=:3:9<78/z2,C0FG3
T89<=6=S9�BD;>Õ09<3:76BDC0;�]wqk?Q]D[QC03:B1=SUG{�9�E¢qkC0}"=SBD{�BD7:?A=SBHC0;ê7<qk9<76=�?Q3:3Q,<=S5�?QFÀ¾�C0F&=¤EG9WofXÃ{�BD;fF&=S9<7¤?Q}G3:s<7¤?nÕQC0BD3lB1=S58365
_Qt>XÍr CQBD78/�ËÇqk?QF&=:3:9<7�98767S?QBH7�C0;>=�5<=S5V3:58?Q]DBH7:587¤98;K}R?Q36=S?Q;>=�E&9VÕA?Q]D9<FG3:7¤EGBU2¢5<3:98;>=:987^}�C0FG3¤}R?Q3:?Q{|sÁ=S36987¤BD;GBÅ�
=SBÈ?AF"bS%)}�C0FG3�]D987 }G3:CQ¾G]Ds<{|9<7 EG9�{|BH;GBD{|?I]DCdT�?QFdb�'O?AÐR;|E�qk?Q{|5<]DBHC03:9<3�T<9�T8?Q]È?Q[Q9Q/dYz987MT<C0FG3:¾�987 }G3:5<7:9<;f=:589<7
T8B1�ÄEG98767:FG7 9<= ]D9<7�}G?Q3S?Q{�s<=:3:9<7 BH;fÕQ98367:587 7:C0;>=�=SC0F"=S9<r CQBD7O]D9<7�{�98BH]D]H98FG3674gdF&B�CQ;f= 5<=:5�CQ¾&=S9<;dF&7I%)7:?Q;G7O=S9<3:{�987
EG9�3658[0F&]È?Q36BD7S?v=SBDCQ;D'Á/QYZ9<FG3�3:58}G?Q36=:BH=SBHC0;Í7:}R?v=SBÈ?A]D9�987Ý=a}&3:587698;>=S5<9^7:F&3 ]H987OT�?Q3Ý=S9<7aEG9¤]È?^ÐR[0F&3:9¤oG/H.��&/dJa98]H]D987��
T8B~76C0;>=IEGB1Ì|T<BD]H987��ÞT8C0{�}R?Q36983�?�Õ098T\]H987�T�?Q3Ý=S987�EG987^}G?Q3S?Q{�s<=:3:9<7�R�36589<]D7¾TVEGF�r)?QBH=�gfFG9Ã]D9V]D9�76ed76=:s8{�9\EG9
3:5<r 5<3:9<;GT89\T<C0;>=SBD9<;>=^EG9<F"bµT<C0;>=SBH;dFG?ÞEGBD7Ý=SBH;GT<=:7^?Q]HC03:7lgfFG9ÃT<9<=:=:9ÃBD;>ÕQ983:76BDC0;K;�q`?|5<=S5V3:58?Q]DBH7:589VgfF�q`?�ÕQ98T\FG;
7:98F&]w/

È!É�ÊãåDÍ�Ë�� Ð�à�Ö�Ù1Ø(Ý�×=ÜOÝ*×tëOÙ Þ ëáÙ É Ô�Ø(Ô�×IÝ*×�Ø É Õ�Ô�Ý*×=Ý ß Õ Þ8ßOÞUT Ò Þ�ß Ø É�ß ÚáÚáÕ

³Lª¬¹/®/²t°�²�#®Q¹�ª�¯8QâÂ¢U//¢]��¢Ï®Qã�L¨sç8®/¢_âÂ¢�cã�²�

�0t



³¸ª5¹�®Q²V°8²�N²�â"âÂª¬£�ª¬/¢U¯�²�âÂ²�¯]®Q!¨sç8®/¢_âÂ¢�cã�
5B�X�N�¯© �Q�a¨O���G�d�����á�z�����O�0Ð^���g�v¡��O� �"�Ý�a���

ì^;´9<7:7S?ABD9ÞE¢q`?Q{�58]HBDC036983WFG;G9Þ;GC0F&ÕQ98]D]H9|r C0BH7V]H987V3:5876FG]H=S?A=S7VEGF´T8?Q]È?Q[Q9|9<; {|CdEG58]HBD7:?Q;>=VT<9<=6=S9Þr C0BH7V]H9
76ed76=:s8{�9�}R?A34FG;ÍEGC0FG¾G]H9Á�ÄT8C0;>=SBH;fFGFG{�/>Ja9<=6=S9¤?Q}G}&3:CdT@UG9l;GC0FG74}�9836{|9Á=OE�q`?�ÕQC0BD34FG;ÍEG9<[03:5lEG9�]HBD¾�983Ý=S5M76FG}"�
}G]D5<{|9<;f=S?QBD369W98;K3698{�}G]È?*3�?Q;>=¤]È?\EG5Á=S9836{|BH;R?A=:BDC0;ÀEG9�}G3:CQ}G3:BH5<=S5<7�=S3:s<7�ÕA?Q36BÈ?Q¾G]H987�ER?A;G7�]¯qk9<7:}R?AT89�%)T8CQ{|{�9
ER?Q;G7�]H9�T�?A7�E�qkF&;�{�C0;GCv�ÆT8CQ;f=:BD;fFGFG{�'4}R?Q3M]¯qk9<76=SBH{Þ?v=SBDCQ;|EG9�r C0;GT<=:BDC0;&7M7:FG}&}G]D5<{|9<;f=S?QBD36987M{|?QBH7aT@UR?QT<FG;G9
E�qk9<]D]H987�}G]HFG7�3658[0FG]HBDs<3:987</>ì^;\}�C0FG3:3:?�EGC0;&TMT8C0;&7:BDE&583:9<34gfFG9�]D9<7�}R?Q3:?Q{|sÁ=S36987�9<76=SBH{|5<7�}�C0FG3�T@UR?AgdF&9�T8C0;>=SBÅ�
;dF&FG{ 76C0;>=l3:98}&3:587698;>=@?v=SBHr 7aEG9Iè8C0;&987�}G]HFG7a5Á=S98;&EGFG987l9Á=�}G]DF&7MUGC0{�C0[0s<;G987</RJa9<=6=S9I?A}G}G3:CdT@UG9I;GCQFG7M5<ÕdB1=S9
E�q`?AFG[0{�98;>=S9<3�]H9\;GC0{Ã¾&3:9\EG9Íè8CQ;G987WEG9\r)?�3<C0; EG58{�9876FG3:5<9Y% T8C0{�}&=:9Í=:98;fFäEGF ;GC0{Ã¾G369\EG9Í}R?Q3:?Q{|sÁ=S36987
}G]DFG7O5<]D9<ÕQ5¤�WCQ}&=SBH{|BH7:983�98;�EGC0FG¾&]D9Á�ÄT8C0;>=:BD;fFGFG{�'�=SC0F"=O98;�}�9<3:{�9<=:=S?Q;>=OEG9lT�?Q]H9834?AF|{�BD9<F"bÃE&987�3:58}�C0;G76987
}GBD5<è8C0{�5<=:3:BDgfFG9<7l3:98}&3:587698;>=@?v=SBHÕQ987�EG9W{|BH]DBD9<F"b|EG9W}G3:CQ}G3:BH5<=S5<7�U>e"E&3S?QFG]HBDgfFG9<7¤E&BD76=:BD;GTÁ=S9<78/

YZ?Ã7:B1=SFR?v=SBDCQ;êER?Q;G7a]È?QgfFG9<]D]D9�C0;�7:9W}G]D?QT89�{Þ?QBH;>=S98;G?Q;>=M987Ý=l]È?Ç76FGBHÕA?Q;>=:9Q/ºì^;�7:F&}G}�CQ7:9�?�Õ0C0BH3��Ã;GCQ=:3:9
EGBD76}�C076BH=:BDC0;´]H987\T@UG36C0;GBHgdF&987Í}GBD5<è8C0{�5<=:3:BHgdF&987\}G36C�ÕQ98;R?A;f=�EG9<7|_QÊ T�?Q}&=:98FG367ÍEG9�}G3:9<7:76BDC0;mEGC0;>=|Êµ}G365Á�
7:98;>=:98;>=�EG987^ÕA?Q36BÈ?A=:BDC0;G7¤}GBH58è8CQ{|5Á=S3:BHgfFG987�3:98}&3:587698;>=@?v=SBHÕQ987WEGF 7:9<T8C0;&EäT<C0;>=SBH;dF&FG{�/¢ì^; 7:FG}&}�C0769Í?QFG767:B
T8C0;G;G?*÷D=:3:9�)�T8CQ{|{�9�}&3:58T<58EG9<{|{�98;>=�)a]È?ägfFR?Q;>=SB1=S5KE&9K}G]HFGBD9�9<Ì�T�?AT89µ9cbG?AT<=S9*)a]H987ÞT<C0;GEGB1=SBHC0;G7|?QF"b¦]DBÅ�
{|B1=S987�9<=aBD;GB1=SBD?Q]D9<749Áb&?QT<=:987�{|?QBD7�?QF&7:7:B�)"]D?�3658}R?A36=SB1=SBHC0;|9cb&?QT<=:9^EG987 r C03S?Q[Q987�98;êr C0;GTÁ=SBHC0;ÞEG9�]D9<FG3 {�BD]HBD9<F
E�q`?A}G}R?Q3Ý=S98;G?Q;GT89*)�TAqk9<76=Ý���v�ÄEGBD369VgfF�qpC0;K76FG}G}�C07:9V7S?�Õ0CQBD3¤EG9VgfFG9<]�{�BD]HBD9<F�9876=�3:9<}G3:5<7:98;>=S?A=SB1Õ09ÇF&;G9ÇT<C0FG3:¾�9
}GBD5<è8C0{�5<=:3:BDgfFG9aE�qkF&;Ír CQ3S?Q[09 EGC0;G;&5Q/>Ë^?A;G7O]D9aT8?Q743:5<98]�)QT89Á=:=:9�BD;&r C036{Þ?v=SBDCQ;V9<76=4r C0FG36;GBD9a}R?Q3�]H987�36587:F&]H=@?v=S7
EG987¤7:]HFG[\=S987Ý=S7</

K ±�Ò�+f�v°�' ��±¦#fÒ�+d¸K� +£%>��±Z#�½º+µ���f+d�
N�=:BH=S369MEG9�;GCQF&Õ09<]D]D9 Õ05836BHÐRT8?A=SBHC0;\9<=4ÕA?Q]HBDER?v=SBDCQ;ÇEG9�]¯q`?Q]H[0C036BH=SU&{|9*)v;&C0FG74;GC0F&747:C0{�{|9<74EGC0;G;&5874}�C0FG3

T89�}&3:98{�BD9<3O9Áb"98{�}G]D9*)"]D?�[Q58C0{�5<=:3:BD9�9cb&?QT<=:9^EG9¤]wqk?QgfFGBHr s<3:9¤}�C0F&3OÕQC0BD3�7:B�]D9<7 365876FG]H=S?A=S7�EG9¤]wqpC0}&=SBH{|BH7S?A=:BDC0;
EGC0;G;G9<;>=W]D987�¾�C0;&7^}R?Q3:?Q{|sÁ=S369878/¢Yz987^ÕA?Q]D9<FG3:7�BD;GB1=SBÈ?AF"bÀEG9\T<987IEG9<3:;GBH983:7�7:C0;>=I=SCQFG7^}�C07:5<7I58[>?QFdb ��Ï�)kj
?QFG7:76BZ¾GBD9<;�}�C0FG3

T
gdF&9�}�C0FG3

S
/

È!É�ÊãåDÍ�Ë�� Ðnà�Ö�Ù1Ø(Ý�×tÜáÝ�×=Ü É�þ Ô*Ù1Ý ß Ò¬Ý*×tÙ�Ý*Û�Ö]Ø É ÿ8Ý�×=Ý ß Ø(Ù�Ý[ëáÖ�Ù1Ö�Õ£'¬Ø(Ù�Ý�×t×Ä ß Ø	ÓFÔ�Ø É�ç ÚOÝ�×
Ý¬ØVëOÖ�Ù�Ö�Õ('�Ø(Ù1Ý*×tÝ�×�Ø É ÕPÔ�×Àì É�ß ÿ8Ý*Ù1× É�Þ�ß Ö�ÿ8Ý�Ò�Û�Ý 	 Þ�ß Ö Ê ÝEl(Ù�Ô�Ý�Û�m�ï

�>¿



Yz987O36587:F&]H=@?v=S7OEG9¤]wqpBD;>Õ09<3:7:BHC0;ÍC0;>=�EGC0;G;G5¤EG9�=S36s87�¾�CQ;G7O3:5876FG]H=S?A=S7O76FG3O]D987 _0XI}R?Q3:?Q{�s<=S369874C0}"=SBD{�BD765871)
9Áb"T89<}&=S5I}�C0FG3 ]È?Vè<C0;G9�7:BH=:FG589^�V]wqp9Ábd=:3/,8{�9�E&3:C0B1=S9¤EGF�EGC0{|?QBD;&9¤}�C0FG3 ]È?QgfFG9<]D]H9�?AFGT8FG;êr CQ3S?Q[09¤;�qp987Ý=�EGBD7��
}�C0;&BD¾G]H9�)�9<=~C]õ\?QFGT<FG;G9ME&C0;G;G5<9a;G9aÕdBH98;>=�T<C0;>=S3S?ABD;GEG369a]¯qkC0}"=SBD{�BD7:?A=SBHC0;�/8½K?Q]H[03:5�T89Á=:=S9aEGB�2�583698;GT<9�)A=:C0F&=:987
]D987VT8C0F&3:¾�987\}GBH58è8CQ{|5Á=S3:BHgfFG987�76ed;>=SUG5Á=SBHgdF&987Í9<=Ç3:98T<C0;G7Ý=S3:F&BH=S9<7Ã7:9Þ7:FG}�9836}�C07698;>=Í9Áb&?QTÁ=S9<{|9<;f=ÃT�?Q3ÃEG?Q;G7
=SC0F&=:987M]H987a?QF&=S36987Mè<C0;G9<7�)&]H987ME&B�2�583:9<;GT89<7M3:9<]È?A=:BHÕQ987a76C0;>=�}�9<=SB1=S9<78/"2�C0FG3aT89<=6=S9^BH;>Õ098367:BHC0;ê]wqk?Q]H[0C03:B1=SUG{�9�?
BH=S5<3:5�Ê0Ï>¿�r C0BH7�9<;�_AUR_QÏQ{�BD;�/�K�C0FG7�{�C0;>=S3:CQ;G7a�I=SB1=S369�BD;GEGBHT�?A=:BHr�]D9<7 T8?Q36=:987�EG987�EGBU2¢5<3:98;&T8987 3:9<]È?A=:BHÕ09<7OEG987
=S3S?A;G7:{�BD767:BHÕdB1=S587OEG9<7aEG9<F"bÞT8C0;>=SBH;fFR?�76FG3a]H9876gdF&98]D]H987�C0;Þ}�98F"=aT<C0;G76=S?A=S9<3agfF�qp98]H]D987�7:CQ;f= ]D9¤}G]HFG7 5<]D9ÁÕ0589<7M�
]wqp9Ábd=S3Q,8{�9VEG36C0BH=:9IEGFKE&C0{Þ?ABD;G9À% ÐR[0FG369VoG/1.nÊ�'c/RßÆ]Z98;K9<76=�EG9�{[,<{|9W}�C0FG3l]D9<7¤9<{|{|?Q[>?A7:BD;&98{�98;>=S7l9<=¤]H987
T8Cd9<Ì�T8BH98;>=S7¤EG9WT8C0F&}G]È?Q[Q9Q/
K ±�Ò�+f�v°�' ��±¦#fÒ�+d¸K*,± %>��±,#�½�+µ(�*,+d�)¸0��±�(�*Z+

u"F&}G}�CQ7:C0;G7Ç{Þ?QBH;>=S98;G?Q;>=ÃgfFG9ê;GCQFG7Çr)?Q767:BDCQ;G7ÇFG;&9ê98363:98F&3ÃBD{�}�CQ36=@?A;f=:9|76FG3Ã]H9|EG5<T8C0F&}R?Q[09�EGFÙ76ed7Ý�
=Ss8{�9Þ9Á=ÇgfF�qpC0;´9<7:7:?QBD9|EG9|]H9|{�CdEG58]HBD7:9<3IEG9Þ]D?Àr)?*38C0;$7:FGB1ÕQ?A;f=:9KÂZC0;$T8C0;G76BDEGs<3:9|gdF¢qkBH]�9<76=ÇEG58T<C0FG}�5ê98;
.nÏ�76C0FG7��ÆEGC0{|?QBH;G987IgfFG9<]DT8CQ;GgfFG987VT8C0{�}�CQ36=@?A;f=WT@UG?QT8FG;ÙFG;$T<983Ý=@?QBH;$;GCQ{Ã¾G3:9ÍEG9\r C03:?Q[09<78/,Ja9<=6=S9�}R?Q3:?v�
{|5Á=S3:BH7S?A=:BDC0;Þ98; .nÏÃè8CQ;G987lBD{�}G]HBDgfFG9¤]È?ÃEG5Á=S9836{|BH;R?A=:BDC0;êE&9�XQÏÃ}R?Q3:?Q{|sÁ=S36987IÂ&E&98F"bÀ9<{|{|?Q[>?A7:BD;&98{�98;>=S71)
EG98F"bÞ=S3:?Q;G7:{�BD767:B1Õ"B1=S5<7 9Á=�FG;êT<C"9ÁÌ|T<BD9<;f=MEG9^T8CQFG}G]È?A[09�}R?A3aè8CQ;G987</RYZ?ÇEGB1b"BHs8{�9�è<C0;G9I?Ç76BD{�}G]D9<{|9<;>=a5Á=S5
T83:5<589Ã}�C0FG3¤EGBH{|BH;dF&983l]È?\=@?QBH]D]H9IEGFK76C0FG7Ý�ÄEGC0{|?QBD;&9VT<C0;>=S3/.Q]D5W}R?Q3�]D987lr C03:?Q[0987¤EGFµ76FGE"�Ä9876=�EGFKE&C0{Þ?ABD;G9A/
YOqpBD;>ÕQ983:76BDC0;�78qp987Ý=�F&;G9W;GC0F&ÕQ98]D]H9^r C0BD7�9	2¢9<T<=:FG589�7S?Q;&7¤=:983:{�987�E&9�3658[0F&]È?Q36BD7S?v=SBDCQ;�/

È!É�ÊãåDÍ_1&� Ð`S Þ8ß Ö Ê Ý[Ý¬ØVÕPÖ É Û�Û�Ö Ê Ý[ÜáÚ^Ø(Ý�×�ØVÜ�H É�ß ÿ8Ý*Ù1× É�Þ�ß Ý ß Ü Þ Ú-a0Û�Ý T Ò Þ�ß Ø É�ß ÚOÚáÕ
ì�� Þ Ù�ÕPÝÂÜáÝ�× 	 Þ�ß Ý*× ç ÚOÝ*Û�Ò Þ8ßOç ÚOÝ�×�ï

157000

158000

159000

160000

161000

162000

163000

872000 874000 876000 878000 880000 882000

Y

X

Contour : 10 sous-domaines

157000

158000

159000

160000

161000

162000

163000

872000 874000 876000 878000 880000 882000

Y

X

Contour : 10 sous-domaines

Fracture
Matrice

157000

158000

159000

160000

161000

162000

163000

872000 874000 876000 878000 880000 882000

Y

X

Maillage du domaine

157000

158000

159000

160000

161000

162000

163000

872000 874000 876000 878000 880000 882000

Y

X

Maillage du domaine

Fracture
Matrice

�0�



Yz987\365876FG]H=S?A=S7ÃE&9�T89<=6=S9�BH;fÕQ98367:BDCQ;¥76C0;>=Í;G9<=6=S9<{|9<;f=Í{�98BH]D]H98FG367VgfFG9ÀT89<F"b CQ¾&=S9<;dF&7�9<;m;�qkF"=SBD]HBD7:?Q;>=
gdF¢qkFG;¥7:9<FG]�T8CQ;f=:BD;fFGFG{P)~T<C0{�{|9êCQ; }�9<F&=Í]D9�T<C0;G76=S?A=S9<3\7:FG3\]D?K7:F&}�9<3:}�C07:B1=SBDCQ; EG987ÍT@UG36C0;GBDgfFG9<7Í76ed;"�
=SUG5Á=SBDgfFG9<7V9Á=�3:98T<C0;G7Ý=S3:F&BH=S9<7VE&987WÐR[0FG36987�oG/y_d.�9Á=�oG/y_Q_"/�N�ÐG;ÙEG9Í}�C0F&Õ0CQBD3IT8CQ{|}R?A3:983W]H987I3:5<7:FG]1=@?A=:7WEG987
BD;>Õ09<3:7:BHC0;G7O98;|{|CQ;GCI9<=�EGC0F&¾G]D9c�ÆT8CQ;f=:BD;fFGFG{P)QT<987�T8C0F&3:¾�987O}G3:CnÕdBD9<;G;G9<;f= EG9<7�{À,8{�9874r C03:?Q[09<7�)0gfFG9¤T89<]D]D9<7
}G3:5<7:98;>=:58987�ER?Q;G7l]D9IT8?Q7lEGF�{|C0;&CA�ÆT<C0;>=SBD;fFGF&{ÔEG9�]wqp9Áb"9<{|}G]H9^}G3658T85<EG98;>=8/

È!É�Ê�åFÍ�1�Ë Ð`
VÔ*×	ÚáÛUØ(Ö]Ø(×=ÜáÚ�Ò¬Ö�Û�Ö Ê Ý�ë Þ ÚOÙ=Û�Ý�×�� Þ Ù�Ö Ê Ý*×tÜ0Ú^Ò Þ�ß Ø É�ß ÚáÚáÕ Ë

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 01

Synthetique
Inversee

0
0.5

1
1.5

2
2.5

3
3.5

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 02

Synthetique
Inversee

0

0.5

1

1.5

2

2.5

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]
Pas de temps [  12 h]

Resultats du calage pour le forage piezo 05

Synthetique
Inversee

0
0.5

1
1.5

2
2.5

3
3.5

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 06

Synthetique
Inversee

0

0.5

1

1.5

2

2.5

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 09

Synthetique
Inversee

0
0.5

1
1.5

2
2.5

3

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 12

Synthetique
Inversee

0
0.2
0.4
0.6
0.8

1
1.2

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 14

Synthetique
Inversee

0
0.5

1
1.5

2
2.5

3
3.5

0 10 20 30 40 50 60
R

ab
at

te
m

en
t [

m
]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 19

Synthetique
Inversee

È!É�Ê�åFÍ�1�1 Ð`
VÔ*×	ÚáÛUØ(Ö]Ø(×=ÜáÚ�Ò¬Ö�Û�Ö Ê Ý�ë Þ ÚOÙ=Û�Ý�×�� Þ Ù�Ö Ê Ý*×tÜ0Ú^Ò Þ�ß Ø É�ß ÚáÚáÕ 1

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 21

Synthetique
Inversee

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 22

Synthetique
Inversee

0
0.2
0.4
0.6
0.8

1
1.2
1.4

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 23

Synthetique
Inversee

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 24

Synthetique
Inversee

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 25

Synthetique
Inversee

0
0.2
0.4
0.6
0.8

1
1.2

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 26

Synthetique
Inversee

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 27

Synthetique
Inversee

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

0 10 20 30 40 50 60

R
ab

at
te

m
en

t [
m

]

Pas de temps [  12 h]

Resultats du calage pour le forage piezo 28

Synthetique
Inversee

�0Ê



2,C0FG3lC0¾&=:98;GBH3MT89<7�36587:F&]H=@?v=S7�)�_AÊ0ÏÃBH=:583S?v=SBDCQ;G7MC0;>=¤5<=:5�;&58T89<7:7:?QBD369V�Í]È?Ã}&3:CdT858E&FG3:9WEG9W{�BD;GBH{|BH7S?A=:BDC0;
gdF&Bz78qp9876=¤365�?Q]HBD7:5<9^98;�X0XÇ{�BD;fF&=:987</RYz987�T@UG36C0;GBDgfFG9<7l}GBD5<è8C0{�5<=:3:BDgfFG9<7�7:C0;>=l{�BD9<F"bêT8?Q]D5<987�gfF�qp98;�;�qpF&=SBH]DB1�
7S?Q;>=�gfF�qkF&;�7698FG]RT<C0;>=SBH;dF&FG{�/0Ja9lgdF&BG}R?Q3:?*÷D=~;GC03:{|?Q]"}GFGBD76gfFG9�]D9<74T8C0FG36¾�9<7476ed;>=SUG5Á=SBHgdF&987�7:C0;>=O[05<;G583658987
}R?Q3�FG;�{|CdEGs<]D9^EGCQFG¾G]D9c�ÆT<C0;>=SBD;fFR?"/GË�9<7¤=:9876=:7l7:FG}G}&]D58{�98;>=S?QBD36987�}�C0FG3:3:?QBD9<;>=�,<=S369I3:58?Q]DBH7:587�9<;À[058;G5<3S?Q;>=
}R?Q3�9Áb"9<{|}G]H9IEG987�T<C0FG36¾�9<7¤7Ýed;f=:UG5<=:BDgfFG9<7�9<;�{�C0;GCv�ÆT8CQ;f=:BD;fFGFG{Ô�\}R?Q3Ý=SBD3 EG987l}G36C0}G36BD5<=:587�7Ýe";>=:UG5<=:BDgfFG987
ÕQ?A3:BÈ?A;f=�r CQ36=S9<{|9<;>=lE�qkF&;�5<]D58{�98;>=¤�\FG;�?QF&=:3:9WEGFÀ{Þ?ABD]D]D?Q[09*)d9Á=¤3:9<r)?ABD3:9�]D987�=:9876=:7l98;�987:7:?�e>?Q;>=^E&9�T8?Q]D9<3
T8987¤T8CQFG3:¾�987¤98;�EGC0FG¾&]D9Á�ÄT8C0;>=:BD;fFGFG{�/

È!É�Ê�åDÍ_1�Î Ð�à Þ Õ�ëáÖ�Ù1Ö É × Þ�ß ×IÜáÝ�×=Ò¬Ö�Ù	Ø(Ý*×tÜáÝ�×tëáÙ Þ ëOÙ É Ô¬Ø(Ô*×I×: ß Ø	ÓFÔ�Ø É�ç ÚFÝ*×tÝ¬Ø=Ý*×�Ø É Õ�Ô*Ý�×

³¸¨sâ"ç�ª5¹�ª¬¢�Q¨�¯�°8²�#®¾¹�ª¬¯�câÀ¢U/Q¢
��¢Ï®cã�¸°8±4©1¨*¯]®/¢U¯�±�±�â ¤

³¸¨sâ"ç�ª5¹�ª¬¢�Q¨�¯�°8²�#®¾¹�ª¬¯�câÀ¢U/Q¢
��¢Ï®cã�¸°8±4©1¨*¯]®/¢U¯�±�±�â »

Ê0Ï



³¸¨�âËç�ª5¹�ª¬¢U/¨*¯�°�²�N²�â"âÂª�£*ª¬/¢U¯�²�âÂ²�¯]®Q!°�±4©	¨�¯]®Q¢�¯�±8±!â ¤

³¸¨�âËç�ª5¹�ª¬¢U/¨*¯�°�²�N²�â"âÂª�£*ª¬/¢U¯�²�âÂ²�¯]®Q!°�±4©	¨�¯]®Q¢�¯�±8±!â »

³¸¨�âËç�ª¬¹�ª�¢U/¨*¯�°8²�N©	¨�²�nÂ©1¢U²�¯]®QN°�²I©	¨�±�ç�«Uª�£*²
Ê&.



2,C0FG3W3:9ÁÕ098;&BD3V�À;&CQ=S369�9cb"98{�}G]D9*)z¾GBD9<;$gfFG9�T89<7VT<C0FG3:¾�987W76C0BD9<;f=�{|?QBD;>=:98;R?Q;>=W{�BD9<F"bä?�õ6FG7Ý=S5<987�)Z]H987
T�?Q3Ý=S987~EG987�}&3:C0}G36BD5Á=S587�987Ý=SBD{�589<7~EGBU2¢s<3:9<;f=~EG9aT<98]H]D987�BD{�}�CQ7:589<7~?AFÃ76ed76=:s8{�9M3:5<98]dT8C0{�{�9 ]H9 {�C0;>=S3698;>=�]H987
T8C0{�}R?Q3:?QBD76C0;G7�EG9<74T�?Q3Ý=S9<74EG9874}G36C0}G36BD5<=:587�7Ýed;f=:UG5<=:BDgfFG9<7 9Á=4987Ý=SBD{�589<7�% ÐR[QFG3:9Mo&/y_Qj]'Á/>Ja9�365876FG]H=S?A=�3698}�C07:9
¾GBD9<;K98;>=:98;GEGF ]H9W}G3:C0¾&]Ds8{�9WE�qpFG;GBDT<BH=:5�E&Fµ}G3:CQ¾G]Ds<{|9WBD;>ÕQ983:769Ç]HC03:76gdF&9VEG9<7�9<3:3:9<FG3:7�7:C0;>=�T8C0{�{|BH7:9<7¤76FG3
]È?\[058CQ{|5Á=S3:BH9^EG9<7�è<C0;G987lEGF�76ed7Ý=Ss8{�9Q/

N�ibú {bw�q���U1y�ovu	wVq
YZ?ê}R?Q3Ý=SBH9Ç=SUG5<C03:BHgfFG9\EG9\T89\=:3S?�ÕA?QBD],78qk?QT@UGsÁÕ09Þ}G?Q3^T89Á=:=:9�765836BD9\EG9\76BD{ÃFG]D?A=SBHC0;G7¤76ed;>=SUG5Á=SBHgdF&9878/,L4]D]H9

;GC0FG7Í?µ}�9836{|BH7�)�?QF´ÕdF EG9�]È?KE&987:T<3:BH}&=SBHC0;´[05<C0]DC0[QBDgfFG9ÞE&F 7:BH=:9ê9<=ÃEG987\EGCQ;G;G589<7\EG9�T@UG36C0;GBDgfFG9<7\}GBD5c�
è8C0{�5<=:3:BDgfFG9<7�E&FK}G3698{�BD983lT@UR?A}GBH=:3:9�)ºEG9�T8CQ;G76=:3:FGBH3:9�FG;K{�C"E&s8]D9IT<C0;GT<98}&=:FG98]~?QER?Q}&=:5Ç?AF"b�58T<C0FG]D9<{|9<;>=S7
ER?Q;G7 ]D987�{�BD]DBH98F"bÇ=S36s87�UG5<=:583:CQ[0s8;G9<7�)d=S98]ºgfFG9�T898]HFGB�EGF�JML4NIHQJM?QER?Q3:?QT@UG9Q/GJa9�{�C"E&s8]D9*)0EG5<T83:B1=a9<;êEG5Á=@?QBH]
ER?Q;G7V]D9�7:98T<C0;GE´T@UG?Q}GBH=:3:9*),9<76=Ç¾R?Q7:5|7:FG3�]D9�T8CQ;GT89<}&=ÃEGF${ÃFG]1=SB1�ÄT8C0;>=:BD;fFR?&/zL4;$C0F&=S369|T<C0{�{|9Í7:CQF&Õ09<;f=
ER?Q;G7^]H9VE&C0{Þ?ABD;G9WEG9<7^[058CQ7:T8BH98;GT<9871)¢]D9<7�}R?A3S?Q{�s<=:3:987�EGFµ{�BD]HBD98FÀ76C0;>=^EGB1Ì|T<BD]H987��|EG5Á=S9836{|BH;G9831)ºTQqp9876=^]È?
3S?QBH7:C0;À}�C0FG3M]D?QgfFG98]H]D9�)"FG;�?Q]D[QC03:B1=SUG{�9�EG9IT8?Q]È?A[09I?QF&=:C0{|?A=SBHgdF&9^EG987l}R?A3S?Q{�s<=:3:987l?\5Á=S5IEG5ÁÕ098]HC0}G}�5Q/�Ja9
T@UR?Q}GB1=S3:9�;GC0F&7^?Í}�9<3:{�BD7lEG9WÕQ?A]DBDE&983�]È?Í}G36C"T<58EGFG369VE¢qkBH;fÕQ98367:BDCQ;µ7:FG3¤EG9<7�T�?A7�7Ýe";>=:UG5<=:BDgfFG987�7:BD{�}G]H987l98;
{|C0;&C�9Á=�EGC0FG¾G]H9Á�ÄT8C0;>=SBH;fFGFG{�/0YZ?WÕA?Q]HBDER?v=SBDCQ;Ç78qp987Ý=a9	2¢9<T<=:FG589¤7:FG3OEG9<7 7Ýed76=Ss<{|9<7a?A;GBD76CQ=S36C0}�9<749<=�UG5Á=S5836CA�
[0s8;G9<7�)A9<=�]D?�{�BD;GBH{|BH7S?A=:BDC0;�78qp912�98T<=:FG9M76FG3�]wqp98;&7:98{Ç¾G]D9�EG987~}R?Q3S?A{|sÁ=S3:9<7�E&987�7Ýe"7Ý=Ss<{|9<7MÂv=:3S?Q;&7:{�BD7:76BHÕdBH=:5871)
98{�{Þ?Q[0?Q7:BH;G98{�98;>=S71)G9<=¤T<C"9ÁÌ|T<BD9<;f=:7�E&9�T<C0FG}G]D?Q[09A/�Ja9�T@UG?Q}GBH=:3:9W;GC0F&7�?\58[0?Q]D9<{|9<;f=l}�9836{|BH7�EG9W{|9Á=:=:3:9
98;m5<ÕdBDE&98;GT<9�EG9ê{�98BD]H]D9<FG3:7�3:5<7:FG]1=@?A=:7ÃEG9ê]¯qkC0}"=SBD{�BD7:?A=SBHC0; 98; F&=:BD]HBD7S?A;f=VEG9<7Ç=S9<3:{�987\EG9ê3658[0F&]È?Q36BD7S?v=SBDCQ;
?�õ6C0F&=:587��Í]D?Çr C0;GTÁ=SBDCQ;G;G98]H]D9A/

u"F&BH=S9��ÙT<9<=:=:9KÕA?Q]DBHER?A=:BDC0;m}GFG3698{�98;>=ê;fFG{�5836BDgfFG9*)aC0;�?Ù}GF�ÕQC0BD3|58[>?Q]H98{�98;>=|]D987|}�CQ7:7:BH¾GBD]HBH=:587ÍEG9
JaN^YZj0Îm98;�BD;>Õ09<3:7:9V7:FG3lFG;�9Áb"9<{|}G]H9W7:9�3S?Q}G}&3:CdT@UR?Q;>=¤¾�98?QFGT8CQFG}�E&9VT<98]DF&B�EGFK76BH=:9IEG9ÃJM?AER?Q3S?AT@UG9Q/�Ja9
EG9836;GBD9<3M;�qk?nÕA?QB1=M}R?A7�}�C0F&3M¾GF&=�E&9^{|CQ;f=:3:9<3M]D9<7M912�9<=:7�EGF�è8C0;G?Q[09^76FG3M]D9<7M3:5<7:FG]1=@?A=:7MEG9I]¯qkBH;fÕQ98367:BDCQ;0)"T8?Q3
T8987�912�9<=S7�7:C0;>=^T<C0;G;fFG7^9<;µ{�C0;GCA�ÄT8C0;>=SBH;fFGFG{ % ÕQC0BD3¤}R?Q3¤9Áb"9<{|}G]H9Z�D���$þ���ø3�O��$ �Å.nÊ0�>X���MºC0;µ3S?A}G}�9<]D]H9
?QFG7:76B¢gfFG9^]H9�}G36C0¾G]Hs8{�9�EG9�]È?�}R?Q3S?A{|5Á=S3:BH7S?A=:BDC0;Ír)?QB1= ]¯qkCQ¾dõ69<=aEG9�=:UGs8{�987ME&9�3:9<T@UG9836T@UG987¤?QTÁ=SFG9<]D7 ER?Q;G7M]H9
EGC0{|?QBD;G9WEGFK}G3:C0¾&]Ds8{�9WBD;>Õ09<3:769V�aÕQC0BD3¤]D9W3:?Q}G}�98],EGFµT@UR?Q}&BH=S369Çj]'	)º{Þ?ABD7l}G]DF"=�.Q=¤EG9�Õ0C0BH3�76987�9	2¢9Á=S7^76FG3
]D987V3:5<7:FG]1=@?A=:7ÇEG9ê]¯qkBH;>Õ098367:BHC0;Ù9<; 987:7:?�e>?Q;>=ÍE�qpBD;>Õ09<3:76983\EG9<7ÃEGC0;G;&58987ÇUG5<=:583:CQ[0s8;G9<7�)�9<;´;G9êT<C0;G76BDEG5<3S?Q;>=
ER?Q;G7WFG;ä}G3:9<{|BH983�=:98{�}G7WgfF�qkF&;$7698FG]OT8CQ;f=:BD;fFGFG{P)�}GF&BD7IEG9<F"b�/ZY,?�76FGBH=:9�E&9�T<9Ã=S3:?nÕA?QBH]�987Ý=�T8C0;G7:?QT836589
?QF"bÀ9cb&}�5836BD{�98;>=@?v=SBDCQ;G7�BD;À7:B1=SFÀ9<=��\]wqk?Q}G}&]DBDT8?A=SBHC0;ÞE&9ÇJaN�YZj0Î¥76FG3l]D9IT8?Q7l3:589<]zEG9VJM?QER?Q3:?QT@UG9A/

Ê>_



o ��ó��á����� � a��ã�ê����

p a a��z�zôm����ñ ð �ãó 
����� �	� _ �P�h���K�ãô ` �

Ê0j



_ ` �ba������� q

M � a e¦�K�z� � ð �����ñ ð 


¡ m��Ns�¢�u(r�y�U�sIrvu�r
Yz9Þ}&3:98{�BD9<3ÇT@UR?A}GBH=:3:9Þ;&C0FG7\?K}�9836{|BH7VE&9ê}G3:5<7:9<;f=:983\]H9Þ7:B1=S9|E�qk5Á=SFGE&987\9<=ÇEG9êEG5<[>?Q[09<3�),[03�EAT89�?QFdb

5<=SF&EG987�}&3:58T<58ER?A;f=�T89 =:3S?�ÕA?QBD]�)�]D9<7�}&3:BD;&T8BD}G?Q]D9<7,T8?Q3S?AT<=S5<3:BH76=SBHgfFG987�EG987~?QgfFGBHr s<3:987�?QBH;G7:BfgfFG9M]H987,T8C0;>=S3:?QBD;>=:987
gdF&B4EG9<ÕA?QBH98;>==,<=S369\BD{�}�CQ7:589<7W?QF {|CdEGs<]D9ÃT<C0;GT89<}&=SF&98]w/,udFG3WT8987W¾R?A7:987W9Á=Ç?A}G3:s<7�F&;G9Í5<=SF&EG9Í¾GBD¾G]HBDC0[Q3S?v�
}GUGBDgfFG9WEG9<7lEGB�2�583698;>=S9<7�?A}G}G3:CdT@UG9<7¤F"=SBD]HBD76589871)&;GCQFG7¤?nÕQC0;G7lEG5ÁÕ098]HC0}G}�5WFG;�{�CdEGs8]H9^gfFGB�987Ý=�?QER?Q}&=:5��Ã]È?
7:BD{ÇFG]È?A=:BDC0;|EG987�5<T8C0F&]D98{�98;>=:7�7:FG3�T<9I7:BH=:9Â%)T@UG?Q}GBH=:3:9W_�'Á/G2�?Q3l?QBH]D]D9<FG3:71)f;GC0FG7l?�Õ0CQ;G7lEG58T<BDEG5IE�qk?Q}G}&]DBDgfFG9<3
]wqk?Q}G}G36C"T@UG9�{|CdEG58]HBD7:?A=SBHC0;|BH;>Õ098367:9[%)T@UG?Q}GBH=:3:9Ij]'�gfFGB¢r)?QT<BD]HBH=S9¤]È?�}G3:CdT85<EGFG369IEG9IT�?Q]D?Q[09�EG987�}R?A3S?Q{�s<=:3:987</
2O]HFG7:BH98FG367�ÕQ5836BHÐRT8?A=SBHC0;G7�EG9êJaN�YZj0Î C0;>=V5<=:5|365�?Q]HBD7:5<987�?QFG767:B�¾GBD9<;Ù9<;ÙEGBH3:98TÁ=�gdF¢qk9<;´BD;>Õ09<3:769�)~9Á=Ç;&C0FG7
]wqk?nÕQC0;G7�?QFG767:B�?Q}G}&]DBDgfFG5l�IFG;�T�?A7�7698{�B1�Ä76ed;>=SUG5Á=SBDgfFG9lgfFGBR;GCQFG7�?W}�9836{|BH74EG9�Õ0C0BH34]D9<74T�?Q}R?AT8BH=:587OEGF�T8CdEG9
%)T@UR?Q}&BH=S369Wo�'Á/

K¤C0FG7\?Q]H]DC0;&7V{|?QBD;>=:98;R?Q;>=Ã?Q}G}G]HBDgfFG983ÃJaN^YZj0Î�?AF T�?Q7Ã36589<]aEG9ÀJM?AER?Q3S?AT@UG9Q/4YZ?K;&58T89<7:76BH=S5�E¢q`?�Õ0CQBD3
FG;G9�[03S?Q;&EG9WgdFG?Q;>=SBH=:5WEG9WEGC0;G;G5<987¤;�qp9876=�}G]HFG7¤�Í76C0FG]HBD[0;G9<38/R2�?Q3lT8C0;&7:58gfFG9<;>=�)�?A}G3:s<7�?�ÕQC0BD3l}G36587:9<;>=S5�]È?
EGBD7Ý=S3:BH¾GF&=:BDC0;ä?QTÁ=SFG9<]D]D9ÍEG9<7�r CQ3S?Q[09<7WEGFÙ76BH=S9*)Z;GC0FG7�5<=:FGEGBD9<3:C0;&7V¾G36BDsÁÕ098{�98;>=V]D9<7�365876FG]H=S?A=S7�E�qpFG;G9�T�?Q{\�
}R?Q[0;G9�}GBH58è8CQ{|5Á=S3:BHgfFG9Í3:5�?A]DBD76589Í7:F&3�]¯qk9<;G7:9<{Ã¾G]H9|EG9ÍT<987ÇCQF&Õd3S?Q[09<78/,Yz987�T�?Q{�}R?Q[Q;G987�C0;>=�5<=S5�3:58?Q]DBH7:5<987
ER?Q;G74]H9M¾GF&=4E&9�{|BH98F"bVÕdBD7:FG?Q]DBH7:983�]D9<7�EGBD3698TÁ=SBDCQ;G7~3658[0BHC0;R?Q]H987~E&9874[03:?QEGBD9<;>=S74EG9MT@UG?Q3:[09A/�K�CQFG7�=S3:?QBH=:983:CQ;G7
98;G76FGBH=:9¤]H9874EGCQ;G;G589<7 }&BD58è<C0{�5<=S36BDgfFG9<749Áb"BD7Ý=@?Q;>=S9<7�?Q}G}R?Q3Ý=S9<;R?Q;>= ?QF|JMLONV/fL4;&ÐR;0)>;GCQFG7OEGBD76T8F&=:983:CQ;G7OEG987
3:5876FG]H=S?A=S7lEG9<7�76]DFG[\=:9876=:7�)R}R?A36=SBH9^=S36s87lBD{�}�CQ36=@?A;f=:9^ER?Q;&7¤T<9I=S3S?�ÕA?QBH]w/

sÀi1h {}s¤ ¢PsLS�q4p�o�¢�u1mutNw¤ mNrgk�uvhÀy4p�oöpNrZu�¤ ¢(U�s=qÂr�sIrvu	w�q x�pôq4wVyw8\p�s=ywx
r�w=kns�S=p�o

y �Ýª��6ª �0�P£^���O� �"�4�"���O�á�������O��¨O�z�O�¨��7@�4�G���O�z�
YZ?ÞÐR[0F&3:9ÍX"/1.\3:9<}G3:5<7:9<;f=:9|]D?ÞEGBH76=S36BD¾GF"=SBDCQ;KEG9<7^r C03S?Q[Q987^EGF T<3:5<=S?QT85\9<; ;GCnÕ09<{Ã¾G3:9À.nÊQÊ0�6%)T8?Q36=:9\EG9

[>?QFGT@UG9�'ÃER?Q;G7\]H9êT8C0;>=:C0FG3ÃEGFmEGCQ{Þ?QBH;G9ê� {�C"E&58]DBH7:9<3Ç?QBH;G7:B gfFG9À]È?KEGBH76=:3:BD¾&F&=SBHC0;Ù9<;�_AÏ0Ï&.Ì%)T8?Q36=:9�EG9
EG3:C0B1=S9�'M?Q}G3:s<7l]È?\3:58?Q]DBH7S?A=:BDC0;êE&9�}&]DFG76BD98F&3:7�;GC0F"Õ09�?AF"b�}GBD5<è8C0{�s<=:3:9<78/

Ë�9<}GFGBH7|]D? T<3:58?A=SBHC0;¦E&F¦T<98;>=S369K98; .nÊ>XQÊ 9Á=Iõ6F&7:gfFG9KEG?Q;G7�]D987�?Q;&;G589<7K.nÊ0ÊQÏ�)�]wqpBD{�}G]D?Q;>=@?A=:BDC0;$EG987
r C03S?Q[Q987�?�ÕA?QBH=M?�ÕQ?A;f=a=SC0F&=MFG;�3/.0]H9�EG9�T8C0;>=S3Q.0]D9�EG987�BH;G76=S?Q]D]D?A=SBHC0;G7�)QT89IgfFGB�9cb&}&]DBDgfFG9�]wqpUG5<=:583:CQ[058;G5�<w=:5^EG9
]È?�3658}R?A36=SB1=SBHC0;Ù9<;�.nÊ0Ê0�"/~YZ?KEG9<;G7:B1=S5|EG987\C0F"Õ"3:?Q[09<7Ç987Ý=Ã=S36s87ÇÕA?Q36BÈ?Q¾&]D9�E�qkF&;´7:9<T<=S9<FG3Í�K]¯q`?QF"=S3:9*)~?ABD;G76B
EG987Ãè<C0;G9<7Ã98;>=SBHs836987Ã76C0;>=ÃEG5<}�C0F&36ÕdFG987ÇEG9Þ}GBH58è<C0{|sÁ=S36987Ç3698;GEG?Q;>=\]wqp5<=:FGEG9�UfedEG36C0[05<C0]DC0[QBDgfFG9ê��[03S?A;GEG9
58T@UG9<]D]D9WEGF�7:B1=S9IEGB1Ì�T8BD]H9Q/

Yz987aT�?Q363:587a¾G]D9<FG7a76C0;>=�]D9<7MC0F&Õd3S?A[0987M365�?Q]HBD76587�}�C0F&3MT89�=:3S?�ÕA?QBD]ºER?A;G7M]D9¤¾GF&=MEG9^T8CQ{|}G]H5<=:983�]È?Ç{|?QBD]H]D9
EG9 {�CdEG58]HBD7S?v=SBDCQ;�/8ËVq`?QF"=S3:9<7�CQF&Õd3S?Q[09<7ZC0;>=�5Á=S5�3:58?Q]DBH7:587z}�C0FG3Z]D?l76FG36ÕQ98BH]D]È?A;GT8949Á=�]H9OT8C0;>=S3Q.0]D94E&9 T<9836=S?QBD;&987
BD;G7Ý=@?Q]H]È?A=:BDC0;G7,EGF�T89<;f=:3:9A/dßÆ]&9876=�}�C07:76BD¾G]H9�EG9l3:9<{Þ?Q36gfFG9834gfF�qk?QFGT<FG;Þ}GBH58è<C0{|sÁ=S369M;�qp9876= EGBH7:}�C0;GBD¾&]D9M�I]¯qk9<76=
EG9Ã]È?Íè8CQ;G9ÃE�qp5<=:FGEG9Q/¢Y4q`?Q¾&7:98;&T89ÃEG9VEGC0;G;&589ÃER?A;G7�T<9Ç7:9<T<=:98FG3I}�C07:9V¾GBD9<;K9<;f=:98;GE&FäF&;µ}G3:CQ¾G]Ds<{|9W}�C0FG3

ÊQo



]È?V{�CdEG58]HBD7S?v=SBDCQ;�T8?Q3�)dBD]º76983S?ÃE&BHÌ�T8BH]D9lE�q eÞ9<76=SBH{|9<3 F&;G9^T8CQ;GEGFGTÁ=SBHÕdB1=S5�U>edEG3:?QFG]DBHgfFG9Q/ X ;G9�}G3:5<T8BH}GBH=S?A=SBHC0;
ER?Q;G7VT89�7:98TÁ=S9<FG3Ã}�C0FG3:3:?QBH=IÕQ98;GBH3VBH;�ÆRFG9<;GT89<3Ç]D?À}&BD58è<C0{�5<=S36BD9��À]wqpBD;>=S5<3:BD9<FG3WEGFÙT<98;>=S369Þ}G]HFG7�C0F${�C0BH;G7
3S?Q}GBHEG98{�98;>=l9<;�r C0;&T<=SBHC0;ÀEG9W]È?ÇÕA?Q]H98FG3�EG9WT<C0;GEGFGTÁ=SB1Õ"B1=S5WER?Q;&7¤T<9<=6=S9Wè8C0;&9�©Á/

È!É�ÊSê�Í�Ë Ð{z É ×�Ø(Ù É a0ÚDØ É�Þ�ß ÜOÝ*×L� Þ Ù1Ö Ê Ý�×IÝ ßZË+����� Ý¬Ø=Ý ß§1�����Ë

157000

158000

159000

160000

161000

162000

163000

872000 874000 876000 878000 880000 882000

Y

X

Position des forages en 1998

Forages en 1998
Contour domaine

157000

158000

159000

160000

161000

162000

163000

872000 874000 876000 878000 880000 882000

Y

X

Position des forages en 2001

Forages en mai 2001
Forages CAD

VB¢�¾®Q¹�¢]|�±�®/¢U¨�¯�°�²�¶è�¨*¹�ª¬£�²�J°�±W©(¹:ã�®Qª¬©�ã=²�¯S¤~}�}=� VB¢�¾®Q¹�¢]|�±�®/¢U¨�¯�°�²�¶è�¨*¹�ª¬£�²�J°�±4©(¹:ã�®Qª�©/ã=²�¯�»�����¤

y �Ýª���� âä���P£^���O���z�$£^���{�¢�����¢�d�G���M���z�
24]DF&7:BD9<FG3:7�T�?A{|}R?A[0;G987V}GBD5<è8C0{�5<=:3:BHgdF&987�),EGC0;>=ÇFG;G9ê��]wqp5<=:BÈ?Q[09*)zC0;>=Ã5Á=S5|r)?ABH=S9<7V76FG3Ã]¯qk9<;G7:9<{Ã¾G]D9�EGF

7:BH=:9�?vÐR;|E&9�T8?Q3S?QTÁ=S5<3:BD76983O]D9lT<C0{|}�C03Ý=S98{�98;>=�U>edEG3:CdE&ed;R?Q{�BDgfFG9¤EG9¤]wqk?QgfFGBHr s<3:9Q/>Ja987aT8?Q{�}R?Q[0;G9<7OC0;>=a5Á=S5
3:5�?A]DBD76589<7�}R?Q3M{�9876FG3:9IEGF�;&BHÕ098?QFÀ}GBD5<è8C0{�5<=:3:BHgdF&9I�Ã]wqk?QBDE&9�E�qpFG;G9I76C0;GEG9IER?A;G7�]È?Ç{|?�õ6C036BH=:5�EG9<7Mr C03S?Q[Q987
EGFÙT<98;>=S3696% ∼ _Q_QÏÀr CQ3S?Q[09<7�'I?QF"bä{�C0BH7IEG9|{|?Q367�)Z?QC]G"=�)z7:9<}&=S9<{Ã¾G369K.nÊ0ÊQÊÀ9Á=Vr 5ÁÕd3:BD9<3Ã_AÏ0Ï0Ï&/zL4]H]D987WC0;>=
5<=S5V3:58?Q]DBH7:589<7�}G?Q3�NV/¢É¤98;G3Ýe])�L�/¢É¤BD]D]H98]�9Á=�NV/�JM?Q36=S?Q]È?QE&9Q/�YZ?|T�?A{|}R?A[0;G9�EG9�r 5ÁÕd3:BD9<3I_QÏQÏ0Ï�9<76=�]È?Í7:98F&]D9
}G3:5<7:98;>=:589WER?Q;G7aT89�T@UG?Q}GBH=:3:9�T�?Q3M9<]D]H9¤9<76=l�VT89�õ6C0F&3a]È?�}G]DF&7aT8CQ{|}G]Hs<=:9�365�?Q]HBD7:5<9�76FG3M]¯qk9<;G7:9<{Ã¾G]D9�EGFê76BH=S9A/
Ja98]D]H9lEG9�7698}&=:98{Ã¾&3:9Ç.�Ê0Ê0Ê[%)5<=:BÈ?Q[Q95'~987Ý=a}&3:587698;>=S5<9^ER?Q;&7 ]H9¤T@UG?Q}GBH=:3:9�t�9Á=a76983ÝÕ"BH3S?�)d?�Õ09<T�T<98]D]H9�EG9lr 5<Õd3:BH983
_QÏ0Ï0Ï�)G�Í9	2¢9<T<=:FG983¤FG;�è8C0;R?A[09WEGF�E&C0{Þ?ABD;G9^E&9�{�CdEG58]HBD7S?v=SBDCQ;�/

YZ?ÙT8?Q36=:9µEG9 [>?QF&T@UG9µEG9µ]D?$ÐR[0F&3:9 X"/`_Ù3:9<}G3:5<7:9<;f=:9 ]D987|BD76C0}GBDs<è89<7êBD767:FG9<7�EG9µ]wqpBD;>=:983:}�C0]D?A=SBHC0;m}R?Q3
+d36BD[098?Q[09ÍEG9<7VEGCQ;G;G589<7VE&9|]D?ÀT8?Q{�}R?Q[0;G9\E&F¦.�Xêr 5<Õd36BD983V_QÏQÏ0Ï&/ZJa9<7VEGCQ;G;G589<7V76C0;>=Ç]H987W;GB1Õ09�?AF"bäE�qp9�?QF
{|9<7:FG36587V?QF"b r C03:?Q[0987À% }�CQBD;>=S7W3:CQFG[0987�'^9<=�]D9<7�T1.Q=S9<7WEG9|]D?�Ë�FG3:?Q;GT89*)�E&FäÛO9<3:EGC0;á)zEG9Í]wqpN�¾�58C0Fä9<=�EGF
3:FGBH7:7:98?QF EG9 ]È? �aCQF&=S369 % T�?Q363:5<7�{Þ?Q[Q98;>=@?Q7�'Þ3:9<]D9<ÕQ587À7:F&3�T8?Q36=:9 BD[0; ?QF _0X´ÏQÏ0ÏQ9Q/MYZ9µÕA?Q36BDC0[Q3S?Q{�{|9
9Áb"}�5<3:BH{|9<;f=S?Q]�% ÐR[0FG369ÃEG9\EG36C0BH=:95'¤9<76=�?Q]HC03:7�?�õ6FG7Ý=S5Í�ê]wqk?QBHEG9ÇE�qpFG; {�C"E&s8]D9V]DBH;G5�?QBH3:9�%)EG36C0BH=:9Ç¾G]H98FG9�'�EG9
}�9<;f=:9lÏ&/kÏ0j&.nÏ0Ê�?nÕQ98T�FG;\9	2¢9Á=4EG9�}�58}GB1=S9 EGC0;>=4]È?¤ÕQ?A]D98F&3~987Ý=Oo0oG/vÜ�CQF&=S9<74]D987�?QF&=S36987~ÕA?Q]H98FG367�EG9M]D?�T@UR?Q36[09
7:C0;>= ?Q]DCQ3:7�9<76=SBH{|5<987O7:F&3�F&;G9�[03:BH]D]H9M�I{Þ?ABD]D]H9 3698TÁ=@?Q;G[QFG]È?QBH3:9 }R?Q3!+f3:BH[09�?Q[Q9l�W]¯q`?ABDEG9ME&9�T89�ÕA?Q3:BHC0[03S?A{|{�9Q/
YZ9W]HC0[0BDT<BD9<]�E�qpBD;>=:983:}�C0]D?A=SBHC0;êF&=:BD]DBH7:5^9<76=�u"FG3Ýr 983�¿"/kÏ\EG9V�WC0]HEG98;�u"CAr =C M?Q369Q/

u"F&3�]D?�T�?Q3Ý=S9Í}GBD5<è8C0{�5<=:3:BHgdF&9�)z]D9<7WT8CdC03:EGCQ;G;G589<7
x

9<=
y

76C0;>=Ç9cb&}&3:BD{�589<7W98;´YZ?Q{Ç¾�9<36=Wß:ß6ß�)z]wqpFG;GB1=S5
E�qk5<T@UG98]H]D9�EG9�E&BD76=S?Q;GT<9�9876=�]H9�+f{�/�YZ9<7\UR?QF&=:987ÍT�.A=S987\}&BD58è<C0{�5<=S36BDgfFG9<7Ã7:C0;>=ÍT<C0]DC036589<7\98;m¾G]D9<F 9<=Í]H987
¾R?Q7:76987�98;�õ:?QFG;&9Q/0Yz9<7O=:3S?QB1=S7�98;Í}�CQBD;>=SBH]D]D5<7�¾&]È?Q;GT<74EG58]HBD{�BH=:98;>=~]H987�è<C0;G9<7�E¢qkBH;f=:9836}�C0]D?A=SBHC0;4%)�^[>?QFGT@U&9�EG987
}�C0BH;>=SBD]H]D5<7�'�9Á=~E�qp9Ábd=:3S?Q}�C0]È?v=SBDCQ;IEG987�EGC0;G;G5<987N%¯�lEG3:C0B1=S9�'Á/nßÆ]f;G9Or)?QF&=,EGC0;GT�}R?Q7,}G3698;GEG369 9<;ÇT<C0;G7:BHEG583:?A=SBHC0;
]D9À;GBHÕQ9�?QF¦}GBD5<è8C0{�5<=:3:BHgdF&9�9cbd=S3S?A}�C0]H589��´_AÊ0Ïä{�s<=:3:9<7[K·��Î�� EG3:C0B1=S9ÀEG9<7Þ}�C0BD;>=SBH]D]H587Ã}GF&BD7:gfF�qk?QFGT<FG;G9
ÕQ?A]D98F&3ê;�qp9876=�{�9876FG3:5<9äEG?Q;G7�T89 7698TÁ=S98F&38/l2~?A3�T8C0;>=S369�)l�´[>?AFGT@UG9�)�]D?Ù[03:?Q;GEG9 gfFR?Q;>=:BH=S5 E&9 EGC0;G;G5<987
ª�� ¯!����ÂÄ¬±¹���°{�åÁ\� )¨Àb���¹/Á*¾����Q�������`·*��*¹/Áe�/cÂ/ÁN®���¹�¾XÂ��/c°`¹��å²�$8²+$>¾+$QÂÄ¬±¯±°+$c°�·*Â���°{Àb8²2²X��b¹��*Ò8²k·N��*¹�Á%�/c¬ù¬±c°{·*¹��%�%$cc°°Ib¾X¹��å²�½*¯±��å²+�/²�8®NÃ*¬±¹/¯ù²XÂÄ½�¬ùQ°bÅ

Ê>X



T8C0;>=S3:?QBD;>=M?Q7:7698èI¾GBH98;ê]H9·+f3:BH[09�?Q[Q9�9<=a]D9�[03S?QE&BD98;>=aEG9^T@UR?Q36[09^EG9�]È?V;G?Q}G}�9^EGFêT<3:5<=S?QT85I769^EGBH3:BD[Q9lÕQ98367�]È?
Ë�FG3S?A;GT89¤EG9�r)?�38CQ;Þ?Q767:9<è¤U&C0{|CQ[0s8;G9A/dì^;�}�98F"= 3698{|?Q3:gfFG9<3OFG;G9lè8C0;&9¤E&F|EGCQ{Þ?QBH;G9�)AT8C0{�}G36BD7:9�9<;>=S3:9l]H987
T�.Q=:987BK��WÎm_0XQÏ\9<=�_0¿AÏÍ{�s<=:3:9<7�)GER?A;G7l]È?QgfFG9<]D]D9�]D987�]HBD[0;&987M}GBH58è<C0{|5Á=S36BDgfFG987�76C0;>=lr C036=:98{�98;>=l3:9<7:7:9<3:3658987
%)}R?Q3Ý=SBH9�76FGE"�ÆCQFG987Ý=�EGF Ja9<;f=:3:9�'Á/MYZ?äEGB�2�583698;GT<9KEGF�;&BHÕ098?QF�}GBH58è<C0{|5Á=S36BDgfFG9�ER?Q;G7|T89K7698TÁ=S98F&3ê987Ý=�EG9
Õ"BH;G[Q=W{�s<=:3:987I76FG3IFG;G9ÍEGBH76=S?Q;GT89\E¢qkFG;^+fBD]HC0{�s<=S369Ç9<;fÕdBH3:C0;�/�YOqpU>ed}�CQ=:UGs8769Þ?�ÕA?Q;GT<589Í}�C0FG3I9Áb"}G]HBDgfFG9<3^T89
[03S?QE&BD98;>=�EG9ÍT@UR?Q36[09�?QT8T<98;>=SF&5|ER?A;G7WT89�7:98TÁ=S9<FG3V76983:?QBH=W]D?ê}G3:5<7:98;&T89ÞEG?Q;G7WT89Á=:=S9�è8CQ;G9ÍE�qkF&;G9|¾G?Q3:36BDs8369
{|C0BH;G7a}�9836{|58?Q¾G]H9^gfFGB�T8CQ3:3:9<7:}�C0;GEG3:?QBH=MER?Q;G7MT<9IT�?Q7l�Ã]D?Ç}G36587:9<;GT89WEG9I]¯q`?AgdF&BHr s8369^{�BDCdT8s8;&9�gfFGBz?A=6=S9<BD;>=
ER?Q;G7\T<9ê7:9<T<=S9<FG3ÍFG;G9êT<98;>=@?ABD;G9�EG9Þ{|sÁ=S3:9<7ÃEG9�}G36CQr C0;GE&98FG3�% }R?Q]H]D58Cv�ÄÕA?Q]D]H589\EG9�½�C0FG3:369Á�ÆÎº3:?QBD7�'Á/�Ja9<=6=S9
Ufed}�CQ=SU&s87:9V3:9<76=S9WT<98}�98;GER?A;f=��ÍT8C0;&ÐG3:{�983�)&;GC0FG7l98;�3:9<}R?Q36]D9836C0;G7lER?Q;&7¤]H9IT@UR?Q}GB1=S369Wt&/

È!É�ÊYê�Í_1 Ðnà�Ö�ÕPëOÖ Ê�ß Ý[ë É Ô 	 Þ Õ�Ô�Ø(Ù É�ç ÚOÝÂÜ0Ú Ë]ê �9Ô�ÿDÙ É Ý�Ù 1&�����

ñ!¢_ã'�	¨�â"ã�®¾¹�¢U² áäª¬¹�¢�¨*£*¹�ª*â"âÂ²

sÀiQP fÌkns=u(rvp¨¤ p�qÂr x4p�o x4wVqPq4mJp�o ¢�u	mutNw¤ mNrgknu�h[y4p�o p�x�u1ogr�s=q?rvp�o
Ë�9�;GC0{Ã¾&3:98Fdb¦r CQ3S?Q[09<7|9cb"BD76=:98;>=�76FG3Þ]H9�76BH=S9�EG9µJM?QER?Q3:?QT@UG9µ9Á=Þ]H987ÞBH;&r C036{Þ?A=:BDC0;&7\BD7:76FG987|EG9KT<987

C0F&Õd3S?Q[Q987I}G36587:9<;>=S98;>=�FG;G9\¾G?Q7:9\EG9ÇEGC0;G;G5<987W}R?Q3Ý=SBHT8FG]HBDs83698{�98;>=�BD;>=S5<3:98767S?Q;>=:987W}�CQFG3^]È?�{|CdEG5<]DBD7:?A=SBHC0;�/
Ja98}�98;GER?A;f=�]H9Ã7:FGB1ÕdB~EG9<7I}GBD5<è8C0{�s<=:3:987^?ê5<=S5\T<C0;GEGF&BH= õ6FG76gfF�q`��}G36587698;>=W}R?Q3^E&987IFG;GB1=S5<7IEGBD7Ý=SBD;&T<=S9<7^EGF
JMLON 9<=OF&;�=:3S?�ÕA?QBD]"EG9l3:58T<FG}�583S?v=SBDCQ;�9Á=�EG9�76ed;>=SUGs<7:9�EG987�T@UG3:CQ;GBDgfFG9<7�}&BD58è<C0{�5<=S36BDgfFG9<749Áb"BD7Ý=@?Q;>=S9<7 7<qk9<76=
?nÕQ58365�;G58T<987:7:?QBD369Q/�J�qk9<76=Í]D9Í=S3:?�ÕQ?ABD]OgfF�q`?µ365�?Q]HBD765Þ»W/�N�{Þ?A]D¾�9836=�EGF&3S?Q;>=ÃF&;G9ê}R?Q3Ý=SBH9|EG9Þ7:C0;´7Ý=@?Q[Q9êEG9
½K?*÷D=:3:BH7:94%����n �ö�þQúUÃ	�	�cÿ��k_QÏ0ÏQÏ*��'lER?Q;G7�]D9Ç]D?Q¾�C03S?A=:C0BD369�Y��WL�½ EGFäu"9<36ÕdBDT<9�u&L�u&Ë %¯?Q;GT<BD9<;äu"NI½K»lNI'c/
2O]HFG7�E&9Þ.�_QÏQÏ�ÐRT@UGBH98367^C0;>=^?ABD;G76B�5Á=S5Ç3658T<FG}�5<3:5<78/zJa9<}�9<;GER?Q;>=�)�}R?Q36{|BZ98Fdbá)�FG;µ[Q3S?Q;GEK;GC0{Ã¾G369V5Á=@?QBH98;>=
BDEG9<;f=:BDgfFG9<7|{|?QBD7Í?�ÕA?QBH98;>=ÞF&;¥r C036{Þ?v=ÍEGB�2�583698;>=6%�/ b"]H7�9Á=K/pT87ÝÕ�'	)�E�q`?AF&=S36987�}�C0767:5<ER?QBD9<;>=ÞEG9<7Þ76583:BH987�EG9
{|9<7:FG36987IT8CQ;f=:98;fFG9<7�9<;>=SBDs<3:9<{|9<;f=^ER?Q;G7^F&; ?QF&=S369ÇÐRT@UGBH983</�L4;&ÐR;0)�FG;G9Í?QF"=S3:9Ç}R?Q36=:BD9�}G3:5<7:9<;f=S?QBD9<;>=WEG987
ER?A=S9<7�9<3:36C0;G589<7\% 9Áb�/Z.nt�H".n_]H0_QÏ>_At�'Á/dN�}G36s87¤T89�}G3:9<{|BH983M=:3:BzBD{�}�C036=S?Q;>=M9<=�7:F&3¤]D?\¾R?Q7:9WEG9<7^XAÏ0ÏÃÐRT@UGBD9<3:7
3:987Ý=@?Q;>=:7�)�BH]�r)?Q]H]È?QB1=W98;G76FGBH=:9ê3:9<[03:CQFG}�9<3V=:C0FG7ÃT<98F"b´T8C0363:9876}�CQ;GER?Q;>=Í?QFdb´EGCQ;G;G589<7\E�qpFG; {[,<{|9�r C03S?A[09
ER?Q;G7¤FG;ÀFG;GBHgdF&9WÐGT@UGBD9<38/

Î~BH;R?Q]H98{�98;>=�)�]È?ê¾R?A7:9ÍEG9ÍEGC0;G;&58987WEGBH7:}�C0;GBH¾G]D9<7^9<=�9Áb"}G]HC0BH=S?Q¾G]H987�BH7:76FG987�EG9\T89\=:3S?�ÕA?QBD]�T8C0;>=SBH98;>=VÊ&.
ÐRT@UGBD9<3:7¤EG9�EGC0;G;G5<987�T8C0363:9876}�CQ;GER?Q;>=�?QF�;&BHÕ098?QF�}GBD5<è8C0{�5<=:3:BDgfFG9WEG9�]È?\;R?A}G}�9WEG9VÊ&.Wr C03S?A[0987lEGBH76=SBH;GT<=:7
EGF 76BH=S9A/ X ; }G3:5c�Ä=:3S?QB1=S98{�98;>=ÀEG9 T<987ÀÐRT@UGBD9<3:7�78qp987Ý=K9<;GT8C0369Ù?�ÕQ583:5ä;G5<T898767S?QBH3:9A/�Ü,C0F&=�E�qk?Q¾�C03:E }�C0FG3

Ê0t



T8C0;>Õ09<36=:BD3I]D9<7^ER?A=:987^9cb"}G3:BH{|5<987I98;|õ õ�Hv{|{�HQ?Q;À��UG3�HA{|;�HA7:7^9<; FG;G9\EGFG36589\}G36BD769\�Þ}R?Q3Ý=SBH3�E�qpFG;G9\ER?v=S9
EG9I3:5Ár 583:9<;GT89À% T@UGC0BH7:BD9�?Q3:¾&BH=S3:?QBD3698{�98;>= ?QF .�9<3,õ:?Q;>ÕdBD983�.nÊ0ÊQo�'�}GFGBH7 =:3:BD9<3a}R?A3aC036EG3:9^T<3:C0BH7:7:?Q;>=�]D9<7MER?A=:987
9<=Ã365Á�ÄC03:EGCQ;G;G983W]H987�;GBHÕQ9�?QF"b$T<C03:36987:}�C0;GEG?Q;>=ÃEG9�]È?À;R?Q}G}�9�}�C0F&3VT<9836=S?QBD;&7�ÐRT@U&BD983678/�Ja983Ý=@?QBH;G7WÐRT@UGBD9<3:7
T8C0;>=S9<;R?QBH98;>=¤EG987¤EGC0;G;&58987l;G9W769�76FGT8T<58ER?A;f=�}R?Q7lT@UG36C0;GC0]HC0[0BHgdF&98{�98;>=�)GBH]¢5Á=@?QB1=�EGC0;GTW;G5<T89<7:7S?ABD3:9�EG9I]H987
3:58CQ3:EGC0;&;G983</¢ËÇqk?QF&=:3:9V}R?Q36=�)R7:9<FG]D9<{|9<;f=�}�CQFG3lgdF&98]DgfFG9<7Ý�ÄFG;G7^E�qp98;>=:3:9Ã9<F"bO)�BH]�r)?Q]D]D?QBH=aT8C0363:BD[Q983l]È?\ÕA?Q]D9<FG3
}GBD5<è8C0{�5<=:3:BDgfFG9�EG9^]wqpBD;&T8]DBH;R?QBH7:C0;�EGFêr C03:?Q[09Q/!�^FG98]HgfFG987Mr C03:?Q[09<7MBD;GT<]DBH;G587 7:C0;>=l98;�9	2¢9Á=l3:58?Q]DBH7:587 ER?Q;G7�]H9
¾GF&=¤EG9W3:9<T8C0FG}�983¤9<=l76FG36ÕQ98BH]D]D9<3�T89<36=@?ABD;G9<7lr 3:?QT<=:FG3:9<7�Õ0983Ý=SBHT�?Q]H987l{|BH7:9<;f=l9<;�5ÁÕdBDEG9<;GT89�7:FG3l]H9I7:BH=:9Q/

Yz9�[03:?Q}GUGBHgdF&9�EG9À]È?KÐR[0F&3:9�X"/kj 3698}G36587698;>=S9�]D987\}�5836BDCdEG987\E&9�EGC0;G;G5<987�EGBD76}�CQ;GBD¾G]H987Ã}�C0FG3\T<987|Ê&.
r C03S?Q[Q9878/0YZ9M=:98{�}G7O987Ý=O3:98}&3:587698;>=S5¤98;|?Q¾G76T8BH7:7:9<7O9<=O]D9<74;fFG{|5<3:C07OEG9Mr CQ3S?Q[09<7498;ÍC036EGC0;G;G5<987</fY,?I}�5836BDCdEG9
EG9V{�9876FG3:9<7l}�C0F&3¤]H987Mr C03:?Q[09<7¤76BH=:FG587lER?Q;&7¤]H9I{|BHC"T<s8;G9I76C0;>=¤T8C0]HC03:5<7¤9<;�36C0FG[09I9Á=¤T898Fdb�7:BH=:FG587lER?A;G7�]H9
T83:5Á=@?QT<5V9<;�ÕQ983Ý=�/

È!É�ÊYê�ÍæÎ Ð�E#Ô�Ù É�Þ ÜOÝ*×tÜOÝ[Ü Þ�ßOß Ô�Ý*×IÜ É ×(ë Þ8ßáÉ a0Û�Ý�×

0

10

20

30

40

50

60

70

80

90

01/1994 01/1995 01/1996 01/1997 01/1998 01/1999 01/2000

N
um

er
o 

de
 fo

ra
ge

Temps [annee]

Periodes de donnees disponibles par forage

Forage cretace
Forage miocene

YZ?Ç}G36BD;GT<BD}R?A]D9¤3:98{|?Q36gdF&9�ÕdBD9<;f=MEG9^]È?�EGBD76T8C0;>=:BD;fFGBH=:5�EG9<7M{�987:F&3:987l?ABD;G76B�gfFG9^]H9�;GCQ;"�Æ3698T8CQF&Õd3:98{�98;>=
EG987�}�5<3:BHC"EG9<7IEG9ÍEGC0;G;&58987WEGBH7:}�C0;GBH¾G]D9<7I7:BD{ÇFG]H=S?Q;G58{�98;>=8/zJa98T<B4}G3:CnÕdBD9<;>=VE&9�E&B�2�583:9<;>=S987WT8?QFG7:9<78/ZÜ,C0F&=
E�q`?A¾�C036E�]wqpBD;&76=S36FG{�98;>=@?A=:BDC0;¥EG9<7êC0F&Õd3S?A[0987ê}G?Q3ÞEG9<7ê98;&3:98[QBD76=:3:9<FG3:7�?AF&=SC0{|?A=:BDgfFG987�987Ý=�3:9<]È?A=:BHÕQ98{�98;>=
3:58T<98;>=S9�9Á=Ã;GCQ; 76ed76=:58{|?A=SBHgdF&9ÞT�?A3Ç]D9<7Ç5Á=SFGEG9<7\U>e"E&3:C0[05<C0]DCQ[0BDgfFG9<7Ç3:58?Q]DBH7:5<987lõ6F&7:gfF�qk�µ}G3:5<7:98;>=\5Á=@?QBH98;>=
]DCdT�?Q]H987¤9<=I;GCQ;µEG987Ý=SBH;G589<7W�ÞFG;µ76FGBHÕdB~E¢qk9<;G7:9<{Ã¾G]D9A/�2�?Q3^?QBH]D]H98FG367�)ºEG9Ç;&C0F&Õ098?QF"bKr C03S?Q[Q987�76C0;>=IT836585<7I9<=
58gfFGBD}�587¤}�C0FG3�]È?\76FG36ÕQ98BD]H]È?Q;&T89IEG9W;GC0F"Õ098]H]D9<7¤BH;G76=S?Q]D]D?A=SBHC0;G7 �\BD{�}G]D5<{|9<;f=:983</GL4;G7:F&BH=S9*)REG987¤T�?A}&=S9<FG3:7¤EG9
}G3:9<7:7:BHC0;¦=:C0{Ã¾�98;>=�98;¦}R?Q;G;G9�EG9�¾R?A=6=S9836BD9�?Q767:98è�3:5<[0FG]DBHs83698{�98;>=ã%)76FG36=:C0F&=|}�C0F&3�]H987ÍT�?A}&=S9<FG3:7�E�qk?Q;"�
T8BD9<;G;G9<7�[058;G5<3S?A=:BDC0;&7�'�9Á=�]D9�=S9<{|}G7ÞEG9µ3:9<{|}&]È?QT<98{�98;>=ê}�98F&=ê}G3:9<;GEG3:9K}G]DFG76BD9<FG3:7ê7698{|?QBD;&987�) ?QFGT<FG;G9
}�9<3:7:CQ;G;G9Þ;¢qk5Á=@?Q;>=ÃT@UG?Q3:[05<9ÞEGF$7:FGB1ÕdB�E&9|]¯qk9<;G7:9<{Ã¾G]D9�EG9<7ÇT�?A}&=S9<FG3:7VEG9|}&3:98767:BHC0;´?QF´JML4NÇ/~u"BD[0;G?Q]DC0;&7
=SC0F&=:9<r C0BH7lgdF¢q`�ÞT<9�õ6CQFG3�)R]H9V2�.0]D9��I58C0]HC0[0BD9�EGF JML4NP9<76=�EG5876C03:{|?QBH7¤T@UG?Q3:[05�EGF�7:FGB1Õ"BZEG9<7�T8?Q}&=S9<FG3:7�EG9
{|9<7:FG369878/ºL4;&ÐG;0)&T<9836=S?QBD;&7Mr C03S?Q[Q987�)d7:F&BHÕdBD7ME&98}GFGBH7�}G]DF&7:BD9<FG3:7M?Q;G;G5<987�)&}�9<F&Õ09<;f=�,Á=S3:9�7:FG}G}&3:BD{�587a]DC0367MEG9
=S3S?�ÕA?QF"bÇ7:F&3�]D9 7:BH=:9Q/QJ�qk9<76=O]H9aT�?A7�}R?Q3�9Áb"98{�}G]D9aEGFÇr C03:?Q[09M2Oj&.�76BH=:FG5aER?A;G7�]È?¤è8C0;&9MEG9874Ü,3S?A;GT@UG589<74gfFGBG?
5<=S5�58]DBH{|BH;G5�}�C0FG3a]D?VT<C0;G76=:3:FGTÁ=SBHC0;êE�qpFG;�¾�EA=:BD{�98;>=�/fßÆ]�987Ý=�{Þ?ABD;>=S9<;R?Q;>=a3698{�}G]È?AT85¤}R?Q3a]H9^2Oj&.�¾&BD78/fÜ,C0FG7
T8987�}G36C0¾G]Ds<{|9<7Í3:98;&EG98;>=|]D9�7:F&BHÕdB�}GBD5<è8C0{�5<=:3:BHgdF&9�EGBD76T8C0;>=SBH;fF¦9Á=|E&BD{�BD;fFG98;>=Í]H9�;GC0{Ã¾G369�EG9�EGC0;G;G5<987
F&=SBH]DBD7:?Q¾G]H987WER?Q;G7VFG;G9|{[,<{|9�}�5<3:BHC"EG9�EG9�=S98{�}G7VER?Q;G7V]D9�T�?QEG369ÞEG9|]È?�{|CdEG58]HBD7:?A=SBHC0;�/¢ßÆ]�987Ý=\98;Ù912�9<=

Ê>¿



;G58T<987:7:?QBD369êE�qk?�Õ0C0BH3Ç}�C0FG3�T89<=6=S9|5<=SF&EG9êEG9<7ÇEGC0;&;G589<7Ã7:BH{ÃFG]H=S?Q;G5<987�7:FG3ÃF&;Ù[03:?Q;GE´;GCQ{Ã¾G3:9�EG9�r C03S?Q[Q987
}�C0F&3¤}�C0F&ÕQC0BD3�9	2¢9<T<=:FG983lFG;�¾�CQ;�T8?Q]È?Q[Q9^EG987¤}G36C"T<987:76FG7l=S3S?A;G7:B1=SC0BH3:987</

Ë�9�T89Á=:=:9 3658}R?Q3Ý=SB1=SBDCQ;�E&987,}�5<3:BDCdEG9<7,E&9 EGCQ;G;G589<7�)vFG;G9�}�5<3:BHC"EG9OEG9O=S9<{|}&7~?l98;G76FGBH=:9 5Á=S5�BD76C0]D5<9Q/�Ja9<]D]D9c�
T8BOEG9<ÕA?QB1=WT8C0{�}G3698;GEG369|F&;${|?vb"BD{ÃF&{áEG9Ír C03S?A[0987W9<=�T<9�)Z}�9<;GER?Q;>=VFG;G9ÍEGFG36589|7:F&Ì�7S?A{|{�98;>=�[03S?A;GEG9
}�C0F&3MgfF�qkBH]�eê?Q}G}R?Q3:?*÷È767:9^F&;G9Â%)CQF�}G]DFG76BD9<FG3:7�' }G]DF&BD9�{�CdEGBHÐº?A;f= ]D9�T8C0{�}�CQ36=S9<{|9<;>=MEG9I]D?Ç;R?Q}G}�9Q/"N�}G36s87
FG;�¾R?Q]D?ne0?Q[09^E&9�=SC0F"=S9�]D?Ç}�583:BHC"E&9�)fBD]�987Ý=l?Q}G}R?A3:F�gfFG9^]D?Çè8C0;&9^T8C0{�}G36BD7:9�98;>=S369^]D9<7aEG9<F"b�]HBD[0;&987a¾&]D98F&987
T8C0;>=S9<;R?QB1=l]D9^}G]HFG7�[03:?Q;GEÀ;GC0{Ã¾&3:9IEG9^r C03:?Q[09<7=%¯j>¿]'c/RJa9Á=:=S9W}�5836BDCdEG9^7:9I76BH=:FG9I98;>=S369W]D9Ã.�9<3�9<=l]H9�_0¿Ç{Þ?AB
.nÊ0Ê0Ê&/�YOqp9Ábd=:3S?QTÁ=SBDCQ;�E&987ZUR?QF&=:98FG367�E&9�;G?Q}G}�94EG9OT89<=6=S9O}�583:BHC"E&94}G3:CnÕ09<;R?Q;>=�EG987,j>¿aÐRT@UGBH98367�)�9<=Z]H9�=S3S?AT85OEG9
T89874T<C0FG36¾�9<747:FG3�F&;\{[,<{|9 [03S?Q}&UGBDgfFG9M;&C0FG7�{�C0;>=S369�?Q]DCQ3:7,]D987~T@UG3:C0;&BDgfFG9874T<B1�ÄEG98767:C0FG7</fì^;\?^7:F&}�9<3:}�C07:5
7:FG3ZT89<]DFGBÅ�ÆT<BQ]D9<7ZgdFG?Q;>=SBH=:587ZEG94}G]HFGBD9*)�9Áb"}G36BD{�589<7z98;�EGB1b"BDs<{|9~EG9O{|BH]D]DBH{|sÁ=S36987�)S=:C0{Ã¾�589<7,}�98;&ER?Q;>=,T89O{|CQBD78/
ßÆ]G987Ý= }�C0767:BD¾&]D9MEG9�E&BD76=:BD;G[QFG983�76FG34T89l[03:?Q}GUG9�]D?�EGB1Õ098367:B1=S5�EG9<7�3658}�C0;G76987O}GBD5<è8C0{�5<=:3:BHgdF&987�)Q?QFG767:BR¾GBH98;Í98;
?Q{|}&]DBH=:FGEG9IgfF�qp98;K=:98{�}G7¤EG9V365�?QTÁ=SBHC0;�9Á=�E&9V369<=SCQFG3��Í]wqp58gfFGBH]DBH¾G3:9A/ºJa983Ý=@?QBH;G987¤T8C0F&3:¾�987¤3:987Ý=S9<;f=�}G]È?v=S9871)
E�q`?AF&=S36987^}G36587698;>=S9<;f=^EG9Ç}�9<=:BH=S7¤}GBHT87¤9<=^9<;&ÐR;µgfFG9<]DgfFG9<7Ý�ÆF&;G987^}&3:587698;>=S9<;>=WEG9V]D?Q3:[Q987¤98;>Õ09<]DC0}G}�987</zJa9<T8B
;�qk9<76=�}G?Q7 76FG3:}&3:98;G?Q;>=�}GFGBH7:gfF�qpC0;Þ7:?QBH= gfFG9�T<9836=S?QBD;&7�r C03:?Q[09<7 C0;>= 5<=:5�3:58?Q]DBH7:5<7 EG9lr)?�3<C0;ê��3:98T<C0FG}�983 EG987
EG3S?QBH;G7�{Þ?�õ69<FG3:7�?Q}&3:s87 ]D9<7 ?�ÕQC0BD3�{|BH7498;|5<ÕdBDEG9<;GT89�}R?Q3�EG987�{�5<=SU&C"EG9<7 E&9�76BD7:{�BDgfFG9lC0F|E�qp58]D9<T<=:3:BDgfFG9A/"u"B
T8987 EG3S?ABD;G7O7:CQ;f= T8CQ;G;G98TÁ=S5<7M?QF�3:5<7:9�?AFÞ[0]HC0¾R?Q]GE&9¤r 3:?QT<=:FG3:9<7�)fT89<7 r C03:?Q[0987�?QF&3:C0;>=�FG;|=:98{�}G7OEG9¤3:5�?AT<=SBHC0;
¾�98?QFGT8CQFG}K}G]HFG7�3S?A}GBDEG9W�\FG;&9V}G]HFGBD9�T8C0{�}R?Q365W�ÍF&;K?QF"=S3:9W;G9W3698T8CQFG}R?Q;>=�?QFGT<FG;G9Wr 3S?QTÁ=SFG369Q/

È!É�ÊSê�Íæå Ð�àBÓFÙ Þ8ßáÉ�ç ÚFÝ*×IÜOÝ�Û�Ö4ë�Ô�Ù É�Þ ÜáÝÂÜáÝÀÕ�Ö É¸Ë+�����

230

240

250

260

270

280

290

300

310

01/05 06/05 11/05 16/05 21/05 26/05

200

87
69

30

10

C
ha

rg
e 

pi
ez

om
et

riq
ue

 [m
] (

N
G

F)

Pl
ui

e 
[1

/1
0e

 m
m

]

Temps [jours]

Chroniques piezometriques

Pluviometrie

ì^;ê}�98F&= Õ0C0BH3a}G]HFG7M?ABD7:5<{|9<;>=aT<987MEGBU2¢5<3:9<;GT89<7�EG9�T<C0{|}�C03Ý=S98{�98;>= 98;�BH7:C0]D?Q;>= gfFG9<]DgfFG9<7�T8C0FG36¾�9<7MEGF
[03S?Q}&UGBDgfFG9A/0ßÆ7:C0]HC0;G74}R?A349Áb"98{�}G]D9�]H987�;&BHÕ098?QF"bÍ}&BD58è<C0{�5<=S36BDgfFG9<7�}G3:CnÕQ98;R?Q;>= EG9Mr C03:?Q[0987476BH=:FG5874ER?A;G74FG;G9
{[,<{|9Vè8C0;G94%¯»B¿0É�'Á/�Yz987^}&BD58è<C0{�s<=S36987�EG9\»B¿0Éã7:9Ç7:BH=:FG98;>=^=:C0FG7I�|FG;G9ÇÕdBD;&[Q=@?QBH;G9�EG9Ã{�s<=S36987�]D987�FG;G7
EG987\?AF&=S36987�)�EGBD7Ý=@?Q;&T89|r)?ABD¾G]H9�}G?Q3Ç3:?Q}G}�C036=Ç�K]wqp58T@U&98]D]H9|E&9ê]È?À{|CdEG5<]DBD7:?A=SBHC0;�/�ßÆ]H7Ç76C0;>=ÃT8CQ]DC036587Ç9<;ÙÕ09<36=
7:FG3�]È?�EG9<3:;GBHs83:9�T�?A36=S9ÍEG9�]È?�7698T<=:BDC0;ägfFGBO{|CQ;f=:3:9Í]È?�3658}R?Q3Ý=SB1=SBDCQ; 7:}R?A=:BÈ?Q]H9\EG987Vj>¿ê}GBH58è8CQ{|sÁ=S3:9<7VEG?Q;G7
]wqp98;G7698{Ã¾G]H9VE&FKEGC0{|?QBH;G9IEG9Ç{�CdEG58]HBD7S?v=SBDCQ;ê}�CQFG3lT89<=6=S9V}�5<3:BDCdEG9[% ÐG[0FG3:9ÇX"/`X]'Á/�Yz987¤[03:?Q}GUG9<7�T<B1�ÆE&987:76C0FG7
;GC0FG7�T<C0;&ÐR36{|9<;>=4]È?¤EGB�2�583698;GT<9MEG9aT<C0{�}�C03Ý=S9<{|9<;f=~EG9M]D?�;R?Q}&}�9 EGF\T8365<=@?AT85M9Á=�T89*)Q{À,8{�9a9<;ÃEG9874}�C0BH;f=:7
EG9\{|9<7:FG36987^=:3:s87I}&3:CdT@UG987W]D9<7^FG;G7IE&987W?QF&=:3:9<78/z2,C0FG3^]D?Þ}�5<3:BHC"EG9Ç98; gfFG987Ý=SBDCQ;0)¢]H987^T8?Q}&=S9<FG3:7WEG9ÇT89<=6=S9
è8C0;G9�C0;>=l5<=:5W58T@UR?Q;>=:BD]D]HC0;G;G5<7l?QF�}R?Q7lEG9I=S9<{|}G7lEG9Í.�_ÃUG9<FG3:9<78/

Ê0�



N�F´Õ"FmEG9<7\EG98Fdb }G3698{�BDs836987ÃT<C0FG36¾�9<7ÃC0; }�98F&=ÍEGBH3:9|gdF&9À»·¿0É�.nÊµ3:58?Q[0BH=V3S?A}GBDEG9<{|9<;>=Í�K]È?�}G]DFGBH9
}GFGBD76gfFG9V]H9^;GB1Õ09�?AF�EG9W]D?Ã;R?Q}G}�9W{|C0;>=:9IEG9Í.])`jQÏÃ{|sÁ=S3:9W9<;K_vo�U&98FG36987¤9<=¤3:9ÁÕ"BH98;>=¤�Í7:C0;À;GB1Õ09�?AF�BH;GBH=:BÈ?Q]
98;�7698}&=^õ6C0F&3:7Í98;>ÕdBD36C0;�/O2~?A3�T<C0;>=S369�CQ;¥;&9�3698{|?Q3:gfFG9�?QF&T8FG;G9�3:5<}�CQ;G7:9ÀT8]D?QBD3698{�98;>=\BHEG98;>=SB1Ðº?Q¾G]H9�EG9
»·¿0É�Ï&.$}�C0FG3À]H98gfFG98]WC0; ;G9ä{|9<7:FG369$gfFG9äEGF ¾G3:F&BH=�/lËVq`?QF"=S3:9<7KT<C0FG3:¾�987�C0;>=�FG;G9$?Q]D]HFG3:9 E&B�2�583:9<;>=S9
T8C0{�{|9I]H9W{|C0;>=:3:9W]D9<7¤T<C0FG36¾�9<7¤E&9Ç»B¿0ÉV.�o�9<=�»B¿0É^_Q�"/ºì^;�3698{|?Q3:gfFG9W=SC0F"=�E¢q`?Q¾�C036E�gfFG9�]D9WEG5<¾GF&=�EG9
T8987O[03:?Q}GUG9<74}G3:5<7:9<;f=:9lEG987O}�98;>=S9<7�BH{|}�C03Ý=@?Q;>=S9<7J% ]D58[Qs83:9<{|9<;>=�ÕdBD7:BH¾G]D9 }�CQFG3O»·¿0É�.nÊ�'ZT89�gfFGBR7:BH[0;GB1ÐR9agfFG9
}�C0F&3IT89<=6=S9\}�5836BDCdEG9�)�]D9Ã7Ýe"7Ý=Ss<{|9\;�qp5<=S?QBH=^}R?Q7W�ê]wqp58gfFGBH]DBH¾G3:9A/¢»B¿0ÉV.�oÞ9876=�9<; =:3S?QBH;µEG9\769ÃÕ"BHEG983^=S?Q;GEGBH7
gdF¢q`?QF�{[,<{|9�{|C0{�98;>=¤»B¿0É^_Q�\769�3698{�}G]DB1=�/

292

292.2

292.4

292.6

292.8

293

293.2

293.4

293.6

01/05 06/05 11/05 16/05 21/05 26/05

200

87
69

30
10C

ha
rg

e 
pi

ez
om

et
ri

qu
e 

[m
] 

(N
G

F)

Pl
ui

e 
[1

/1
0e

 m
m

]

Temps [jours]

Chronique piezometrique du forage RJH19

- Chronique piezo -
- Echantillonnage -

- Pluviometrie -
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Temps [jours]

Chronique piezometrique du forage RJH01

- Chronique piezo -
- Echantillonnage -

- Pluviometrie -
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Temps [jours]

Chronique piezometrique du forage RJH14

- Chronique piezo -
- Echantillonnage -

- Pluviometrie -
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Temps [jours]

Chronique piezometrique du forage RJH28

- Chronique piezo -
- Echantillonnage -

- Pluviometrie -
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Temps [jours]

Chronique piezometrique du forage RJH12

- Chronique piezo -
- Echantillonnage -

- Pluviometrie -
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Temps [jours]

Chronique piezometrique du forage RJH18

- Chronique piezo -
- Echantillonnage -

- Pluviometrie -
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Temps [jours]

Chronique piezometrique du forage SP04

- Chronique piezo -
- Echantillonnage -

- Pluviometrie -
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Temps [jours]

Chronique piezometrique du forage SP09

- Chronique piezo -
- Echantillonnage -

- Pluviometrie -
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Slug test du RJH11
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Slug test du RJH25
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Slug test du AGT37
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Slug test du RJH33
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Slug test du CED02
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Slug test du RJH25
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Periode mars 1999 - mai 2000

Chronique piezo du forage CAD08

Pluie totale
Pluie efficace
Niveau piezo

Campagnes

dºó
©�evg � i ³�� ñEõ0ö%ó�óhþ%úXïóoî�òGõÆ�jî9ò¨ñró�óhþ%úXûAþ/¨fõ ñEðª©0ú ³ � ü ��»
�k¤u@¢�ã
 vè>�8¢�6;�8¢A�7�86�ä@¤ @ �¥8�86�å�ã7¥8÷�¤ç}¥�sx¢�ã7ævu@��6Aã76�6;u@��6�ä@��£8�>ç}å-�>y @��6Aå�¤ @£Rsxu@���7�7��68ù��TâE�>�7y>¤¢;ã	sx�@ç}��ä@�

£n�>�7�>y��� z"�>ã	s(�$âE¤>ì�ý���s(ä[âGu@ @�fç}¤�ä@ã��-£8��sxã
¤ Bævu@ã%£�¤ @£��8¢; ��)å@¢;ã
 @£8ã
å-�>�
�8ç}�8 tsk�7��sx�8¢�ç1��6;¤>u@¢;£��fä@u�å�¢;¤ì@�
ú8ç}�
�>ä�ý�¤ã
 vs8ë]Ë� D�>�L��s8ùåL¤>u@¢�ã7 tè��¢;6��8¢�ä@�)s;�8�7�
�86�ä�¤ @ @¥��868ùtã
�%ø���ä@�86�è��>�7��u@¢;6hä@��£V�-�>¢�y�86�£n���7£8u��7¥8��6�î�£V�-�>ævu@�
å-�>6kä@��s;�8ç}å@6�ä@�f£8�>�7£�u@�tä@u�£�¤%ä��>ùªç���ã76+ã7�t KâGø3� å-�>6�zl¤¢;£�¥8ç}�8 tshä���è��>�
�8u@¢�6kç}�86�u@¢;¥��86(£8¤¢�¢;�86�åL¤> @ä-�> tsx��68ë
öf�8£8ã�6;�}sx¢x��ä@u@ã
s3ç1��sx��¥8ç1��sxã
æ�u��8ç}�8 tsBå-�>¢3u@ @���> @ vu@�¡��sxã7¤> ¯ä�u°sx��¢;ç}�16�¤u@¢;£���ä@u�å@¢;¤>ì@�7ú�ç1�}�>ä�ý�¤>ã7 ts
��sBå-�>¢Au@ @��ä@ã�K¥�¢;�8 �£8�� vu@�7�
��î{£�� � ¤u�£��86��Aå@�>6�ä@��s;�8ç}å@6�åL¤>u@¢��¡�}zl¤ @£�s;ã7¤ � @�8�
�7�3£8¤���s8ëºË� �ä[âE�>u�sx¢��86
sx�8¢�ç1��68ù��7��sx��¢;ç}��6�¤u@¢;£��fä@u�å@¢;¤ì��7ú8ç}���>ä�ý�¤ã
 vsk��6�s� vu@��å�¤u@¢k�7�86kå-�>6(ä@��s;�8ç}å@6hä���£8�>�7£�u@�%å�¤u@¢k�7��6;ævu@���76
ã7�h KâGø��{å@�>6�ä@��ä@¤ � @¥8��63ç}�86�u@¢;¥��86Bä@ã
6;å�¤ @ã7ì��7�86�ë[�âE�> @ vu@�¡��sxã7¤> �ä@u�sx��¢;ç}��6;¤u�¢;£8�Dä-�� @6��7��å�¢;¤ì@�
ú8ç}�
�>ä�ý�¤ã
 vs�6;�/ç1�> @ã
zl��6�s;�/�>u�s;¤ç���sxã7ævu@��ç1�� ts�6;u�¢��7�86�y>¢x�>ä@ã
�8 tsx6�å@u@ã7ævu@�/£��86Dä@��¢; @ã
�8¢;6�ä�¥8å��8 @ä@�� ts1ä��/�¡�
è>���7�8u�¢�ä@�86 ¥�sx��sx6 �>ä�ý�¤>ã7 tsx6�ë

� �'�;�l�¤��� �'� ���l�¤��� ��å��I���Z���m������� ��� �;�v�Z�;�'�;�;�h�v�
�âE�>ì@6;�� @£8�:ä@�:£V�@¢�¤ @ã
æ�u��86{å@ã
¥8÷�¤ç1¥Rsx¢�ã7ævu@�86}6;u�¢{�TâG�8 @6��8ç�ì��7�Fä@�86�zl¤>¢x�>y��6��nø�> ts{z"�>ã
s}�$âE¤ìvý���s1ä@�86

ç1��6;u@¢��86kç��> vu@���7�
�86[ @�� @¤>u@6�åL��¢;ç}��s�å-�>6+äKâEã
6;¤�
�8¢[u@ ���å�¥8¢�ã7¤�ä@��å�¤u@¢+�¡��æ�u��8�7�
�h�
�� @ã
è>�n�>u3ä@u�zl¤¢x��y��åL��u�s
þ�sx¢��=£8¤ @6�ã7ä@¥�¢;¥�£�¤ç1ç}�f6wsV��s;ã7¤ � -�>ã7¢��f�Rs�å-�>¢�£8¤> @6;¥�æ�u��8 tsfä��)sx¢x�nè��>ã
�7�7��¢(�� D¢x�>ì-��s;sx��ç1�� tsx68ë�âGu�s;ã7�7ã
6x��s;ã7¤ 
ä@�N£���s�sx��è��>¢;ã7�>ì@�7�A @¤u@6��>u@¢;�>ã
s��7�>¢;y>�8ç}�8 ts�z"�>£8ã
�7ã	sx¥A�7��sV�>£V�@�Bå�¤u@¢=�7��6)è��>�7��u@¢;6=ä@�B£8¤> @ä@ã
s;ã7¤ �6�ã7 @ã	sxã¡���7�86
��s�ä@��6�£8¤ �ä@ã
s;ã7¤ @6N�>u%í°�7ã
ç1ã	sx��68ë,Ë� �¤u�s;¢;�>ù(åL¤>u@¢��7�:ç��_ý�¤¢;ã	sx¥}ä@�86�zl¤>¢x�>y��6�¥�æ�u�ã7å�¥86�ä@�{£8�>å�s;�8u@¢�6 � î
�TâG¥8£V�@���7�7��ä@��£8�Rs;sx��ç}¤�ä@¥8�
ã76x��sxã7¤> m�Rù-�
�86�å�¥8¢;ã
¤%ä��86�ä@��ä�¤ @ @¥��86Bä@ã76�åL¤> @ã7ì@�
�86� @��6;¤ tsBå-��6�6;u��}6x��ç1ç}�8 ts
�7¤ @y>u@�86 � ç}¤ã
 @6)ä[âGu@ @�3�> @ �¥8�t��å�¤u@¢�ã76�¤�7��¢)ä@��sx���7�
�86�å�¥8¢;ã
¤%ä��868ë�k¤u@¢��
�86}è>���7�8u�¢;6�ä��86{£�¤ @ä@ã	sxã7¤> @61ã
 @ã
s;ã¡�>�
�86� @¤>u@6�u�s;ã7�
ã76;¤> @6Då-�>¢�£�¤ @6�¥8ævu@�8 tsF�7��61ä�¤ @ @¥��86/ä@���¡�
å@¢;��ç1ã
ú8¢;�B£8�>ç1å@�>y @��å@ã
¥8÷�¤ç1¥Rsx¢�ã7ævu@� � £��8�
�7��ä@�3ç1�>¢;6 �ts·s�s ��ã
 vs;�8¢�åL¤�
¥8��6 å@�>¢ í ¢;ã7y>�n�>y��6�u@¢=�TâG�8 @6��8ç�ì��7�
ä@u/ä@¤ç1�>ã7 ��>ë�rfã7�� ��� vs;�8 @ä�uF�
��å�¢;ã7 �£8ã7å@�>�5å@¢;¤ì��7ú8ç}� åL¤6�¥�å-�>¢�u@ @� sx�8�
�7� ç1¥Rsx�@¤�ä@���86�s)æ�u����¡�36;¤�
u�sxã
¤ 
ã7 @ã	sxã¡���7��ã
ç1å�¤6;¥��D�>u°6wø�6�sxú�ç1�} [âG�86ws�å-�>6Bzl¤¢�£8¥8ç}�8 tsN6;¤�
u�sxã
¤ �ä@�}�TâG¥8ævu-��s;ã7¤ �ä@�}�¡�/ä@ã�Ku@6�ã
è�ã
s;¥>ë�� ¤u@6
�>�7�
¤ @6)£��8å��8 @ä-�� vsA£8¤ �6;ã7ä�¥8¢;��¢=æ�u��3�$âE��¢;¢��8u@¢=¤ì�s;�8 vu@�3å-�>¢�u@ ��3s;�8�7�
��ç}¥�sx��¤%ä@�B��6�s  @¥8y>�7ã7y>�n�>ì@�
��£n��¢��8�7�
�
å@¢;¥�6;�8 ts;�/�TâE�_è��> tsx�>y�}ä@�� @��å-�>6�þRsx¢��1sx¢�¤å°¥��7¤ã
y @¥��1ä@u° @ã
è>�n�>u�¢�¥8����ä@�1�¡�F -�>å@å���ä@�1�¡�FåL¥�¢;ã7¤�ä@�}�8 
æ�u��86�s;ã7¤ Këh�âGã7 tsx��¢;å�¤�¡��s;ã7¤ �6�âE���K��£�s;u@�{6x�� @6����K�Rs�ä@�1åL¥�å@ã
s;�DåL¤u�¢Nævu@�1�¡�/è>���7�8u�¢3ç}�86�u@¢;¥��{�>u¯zl¤¢x��y�
¢;�86wsx��ã
ä@�8 tsxã
ævu@��î{���7�7�½²§ç}þ8ç}�3�>å@¢;ú�6�ã7 ts;�8¢;å�¤�7��sxã
¤ [ë�:§ @6�ã76�s;¤ @6�£��8å��8 @ä@�> tsB6;u@¢��
�3z"��ã
s�æ�uKâE�� ¯u%sxã7�
ã76;�> ts

� ! �



£8��s�sx��ç}¥�s;�@¤%ä��>ù��7�86��8¢�¢;�8u�¢;6�å��8u�è>�8 tsBþ�s;¢;��ã
ç1å�¤¢wsV�> tsx��6�£8�>¢A���7�
�86Aå��8u%è�8 tsBþRsx¢;��ä@��ä@ã�K¥�¢;�8 ts;6As§ø�åL��68ë:§� øé�¯s;¤u�s1ä[âE�>ìL¤>¢;ä �
�86}�8¢�¢;�8u�¢;6�ä��:ç}�86;u�¢;�861¢;¥8�>�7ã
6;¥8��6�6�u@¢1�
�Fs;�8¢�¢x�>ã
 [ë�rfã7��  ævu[âG�8�7�
�86}68âG�>�L�8£Rsxu@�� vs
�_è>�8£Då@¢�¥8£n��u�sxã
¤ [ùK£��8¢wsV�>ã
 @6�å@¢;¤>ì@�7ú�ç1��6��Rí%å�¥8¢;ã
ç1�� tsV�>u%í:å��8u�è>�8 ts�6�u@¢�è>�8 @ã
¢ � 6�¤ @ä@��ævu@ã�¢��86wsx��£8¤>�7�7¥���î
�¡�1å@�>¢;¤ã
6�ä�u:zl¤¢x��y�Nå@�>¢A�Xí���ç1å��7�t�=��s�z"�>u@6;6��8¢���ã7 @6�ãk�
�86�ç1��6;u@¢��86�ä@�Nævu@�8�
æ�u��86�£��8 tsxã
ç1úRsx¢;��68ë&Ë� �6;u@ã	sx�
�TâGã7 tsx��¢;å�¤�¡��s;ã7¤ Då-��¢ í ¢;ã
y�n�>y>�Aå��8u�sfã7 tsx¢�¤%ä@u�ã7¢;� ä@�� �¤u�è���7�
�86f��¢;¢��8u@¢�6�å@u@ã76�ævu@���¡�Bè��>�7��u@¢�ã
 tsx�8¢�åL¤>�7¥8���8 
u@ �å�¤ã7 ts3ä@u°ç1�>ã
�7�¡��y�� [âG�86ws�å-��63zl¤¢�£8¥�ç1�� vsN£8���7�
�}ævu@ã�å�¤u@¢;¢;�>ã
sBþRsx¢���ç}�86;u�¢;¥8�}6;u�¢��7��s;�8¢;¢;�>ã7 ¯�8 �£8�
ç1þ�ç1� åL¤>ã7 tsnë�Ë� ��- {u� @�Aä@��¢; @ã
ú8¢�����¢;¢;��u@¢få�¢;¤_è�ã7�8 tsfä@�A�$âEã
 vs;�8¢�åL¤�7��sxã
¤ �ì@ã
�7ã7 �¥n�>ã
¢;�)���K��£�sxu�¥8��å�¤u@¢�z"�>ã7¢��
£8¤¢�¢;�86�åL¤> @ä@¢;���
�86�ä@¤ @ �¥8�86�ã
 tsx�8¢�åL¤>�7¥8��6få-��¢ í ¢;ã
y�n�>y>��ä@u/ç1�>ã
�7�¡��y�)£n��¢;¢;¥�6;u@¢f�7� ç��>ã
�7�7�>y�)�� /¥8�7¥�ç1�� tsx6�- @ã76=ä@uFç}¤%ä@ú��7��ë�(�>¢��>ã7�
�7�8u�¢;68ù>�Æ�- }ä@�=åL¤>6;ã
s;ã7¤ � @�8¢��
��6�ø�6�s;ú8ç}��ä-�� @6��7��ä@ã7¢��8£Rsxã7¤> 1�Bå@¢�ã7¤¢�ã�å@¢�ã7 @£�ã7å-�>�
�)ä[âE�> @ã
6;¤>s;¢;¤å@ã
�� zl¢x��£�sxu�¢;�86�¤¢�ã7�� vs;¥8��6(6�u@äy²§¤>u@�86wsX&� @¤>¢;äy²o�86�s8ù_å-�>¢+�Xí���ç1å��7��6;u@¢(öf�@ã
£n�>ä����Rs(#%�`Ë�&#%�Q���+ç}ã76;���� N¥Rè�ã7ä@�� @£8�
6;u@¢=�7�A6;ã
s;�>ù�s;¤u�s;�86��7��6�ä@¤ @ �¥8�86=£�¤ @£8��¢; -�� vs �7��åL¤6�ã
s;ã7¤ {6�å-��s;ã¡�>�
�Aä@u9ä@¤ç1�>ã
 @��¤ ts)z"�>ã	s��TâG¤ì�ý��Rs�ä[âGu@ @�
¢;¤>sx��sxã
¤ �ä@�D!�{ä��8y¢�¥86Bä-�> @6��
��6��8 @6�sx¢�ã7y¤> @¤ç}¥�sx¢�ã7ævu@��ëK+��£��8 tsx¢��}ä���¢;¤>sx��sxã
¤ ��86wsB£V�@¤ã
6;ã��>u�ç}ã7�
ã7��u
ä@u�ä@¤ç1�>ã7 @��ä@��ç1¤�ä@¥��7ã76;��sxã
¤ [ë�öf�Rs;sx��¢�¤>sV��sxã7¤> �£8¤ �£8�8¢� @�D�7��6�£8¤�¤¢;ä@¤> @ @¥8��6�6;å-��sxã¡���7�86Aä@�86�zl¤¢;�>y�86A��s
£8�8�
�7��6 ä��86=åL¤>ã7 tsx6�ä@�B£�¤ tsx¤u@¢�6�ä��86=÷8¤ ��86 ä@u�ç1�>ã
�7�¡��y�>ë

�	� ����� ß äh�����v�f������� � �h���y� Ü � Ø �'ã��5å�� Ü ��å � Ö �
öf¤ç}ç}�A�7��6)ã7 ts;¥8¢;þRsx6�ä@uFöVË � &ö)�>ä-�>¢;�>£V�@�B£8¤> @£8��¢; @�� vs ��6;6;�� tsxã7���7�
�8ç}�8 ts��7��6)¥�è>�8 tsxu��8�7�
�86=¢;���¡��s;ã7¤ �6

�8 tsx¢����7��6B�n�>u%í�ä@u�öf�� vs;¢;�}ä[âiË�s;u@ä@��6���sN£8���7�
�86�ä@��6�6;¤>u@¢;£��863ä@�1�$â � ìL¥�¤u[ù[�
�86B�>�L¤¢wsx63ä@u�£8�>�¡��y�D6;¤ ts
£8¤ @£��8 tsx¢�¥86�6�u@¢=�7��6=è��>�
�8u@¢�6=å@ã7¥�÷8¤ç}¥�s;¢;ã7ævu@��6=ç1��6;u@¢�¥8�86�ä-�> @6=�
�86�zl¤¢x��y�86=ä@�3�¡��å-�>¢wsxã
��6;u@ä�ä@u�öf�� vs;¢;�
��s�£��8u%í:6;ã	sxu@¥�6Aå@¢�ú86�ä��86A6�¤u@¢�£8�86Aä@���$â � ìL¥�¤u � ÷8¤ @��6 � ùLr �Rs��7�1å-�>¢wsxã
�3ã
 �zl¥8¢�ã7��u@¢;�3ä@u»���XùLã
�76=6;��¢;¤ ts
æ�u@�>�7ã�-¥86(ä@��zl¤¢;�>y��6(ä@��¢;¥Rzl¥8¢;�� @£8��ëtöf�)6�¤ ts��
�86k¤u�è�¢x�>y>�86�ö � � ñ !�ù>ö � � ñ J@ùö � � ñ ��ù>ö � � ñ�s ö � � �nñ ù
ö � � ��� ùfö � � � !�ù�ö � � � J@ë¦���� @61�
�/6;��£�sx��u@¢}ä@��öf�@ã7£8�>ä@�F��s}ä@�7´�¤u@¢�¢;�½²a�-¢x�>ã
68ù��
�86�zl¤¢;�>y��6�#y� ñ%� ù
öVË¦�A� � ñ�� ùLöVË���� � ñ ò%ù'� �t¿ ��s©´:�hJvö 6;��¢�è�ã7¢�¤ ts�ä��N¢�¥�zl¥8¢��8 @£��Nå�¤u@¢=�
��£n�>�7�>y��ä@�3£8�Rs;sx�3÷8¤> @�>ë�#%��u@���! �  [âG�86�s�å-�>6Nå@¢;ã
6��8 °£8¤ç}å�sx�}£n��¢�ã7�� KâI�:¥Rsx¥1ç1��6;u@¢�¥�ævu@�{ä@��u%í¯zl¤ã763�7¤>¢;63ä@��£��86�£8�>ç}å-�>y @��6A<k�8 
ç��>¢�6���s��8 �ý�u@ã
�7�7�Rs �ts·s�s ët���å@¢;��ç1ã
ú8¢���ä@¤ @ @¥�����6�s�u�s;ã7�7ã
6;¥��)£8¤ç}ç}��£8¤ @ä�ã
sxã
¤ �ã7 �ã
sxã7�>�7��£8� ævu@ã- @�=�¡��ã76;6��
æ�uKâEu@ ���6;��u@�7� ä@¤ @ �¥8�Aævu@ã� @� åL��¢;ç}��s�å-�>6�ä[âE�_è>¤ã7¢��¡��å��8 tsx��ä@�A�7��sx�8 �ä-�> @£���îN�7�3ì@�>ã76�6;�>ë � u�ý�¤u@¢�ä[âE�vu@ã$ù��! �  [âG�Rí%ã76wsx�1å@�7u@6�ù�ã7��¥�sx�>ã
s3ã
 vs;¥8¢��86;6;�> ts�£8�>¢N�
�1å�¤ç}å-�>y�}�nè��>ã
sBç}ã76B�� �¥�è�ã7ä��8 @£���6x�F£8¤ � @�8£Rsxã7¤> ��>u
ä@¢x�>ã
 9ç��ªý���u@¢�ä@�Nöf�@ã
£n�>ä@� � è¤ã
¢��7��£V�-�>å�ã
sx¢�� � �Rë���! � ��6�s�ä@¥86�¤¢;ç1�>ã76f¢;�8ç}å@�7�>£8¥�å-��¢���! � ì@ã76�ë

rfã
�8 ��8 tsx�� @ä@uê�7�Dz"�>ã
s3ä@��£8¤ @£��8 tsx¢��8¢��
�86N�>�L¤¢�s;6�ä@��6��ªý�u@6wsx�8ç}�8 ts;6�6;u@¢��7�863ä@¤ � @¥8��6�ä@�863zl¤¢x�>y>�86
ä@�{�¡�Få-�>¢wsxã7�16;u@ä� ���è��u�s�å-�>6�ä@ã7¢���ævu@�{£��8�7�
�86Nä@�86D�>u%sx¢;��6�å@u@ã	sx6N @��è¤> vs�å-�>6�þRsx¢;�1u�sxã
�7ã
6;¥8��68ë�Ë��7�7��6
6;�8¢wè�ã7¢;¤> vsN¥8y�>�7��ç1�� vsNî9£n�>�
�8¢B�7�Dç}¤%ä�ú8�7��ù[6x�� @63s;¤u�s;��zl¤ã
63£V���8¢;£V���8¢�îF��s�sx�8ã
 @ä@¢��}u� ��ªý�u@6wsx��ç1�� vsNsx¢�ú86
å@¢;¥�£8ã76�6;u@¢f�7�86�¢;¥�6;u@�	sV��s;68ë%+�Aì@u�sfä@�A£���ç}¤%ä@ú��7�=ç}¤ @¤Æ²o£8¤ tsxã
 vu@u@çC [âG�86ws)å-�>6fä[âI�nè>¤ã7¢�u@ {£8�>�¡�>y>��å@¢�¥8£�ã76
îDè�ã7 �y>s=£8ç å�¢;ú86 6;u�¢ �7��sx¤>sx�>�7ã	sx¥Aä��86 å@ã7¥�÷8¤ç}ú�s;¢;�86�ä�u�6�ã
sx��ë�öf��s ¤ì�ý���£�s;ã
z�6��8ç�ì��7��ä[âE�>ã7�
�7��u@¢;6)ä�ã��}£8ã
�7��î
��s;s;�8ã7 �ä@¢;�D�8 ¯u�s;ã7�7ã
6x�> tsAu@ @�}å-�>¢x��ç1¥Rsx¢;ã
6x��s;ã7¤ :å-�>¢�÷8¤> @�86N�nè�8£}ä@��6Nä@¤>ç��>ã
 @�86��>u@6;6�ã�y¢x�> �ä@68ù+6�u@¢�s;¤u�s
åL¤u�¢f£8��u%í1ä@u{ @¤>¢;ä[ëy���> @6�£8��ì@u�snù�ã7�-z"�>u�ä@¢x�>ã	s�£8¤ @6�ã7ä@¥�¢;��¢fä@��6f6;¤>u@6^²oä@¤ç1�>ã7 @��6�å��7u@6�åL�Rsxã
s;6�¤>u�u�s;ã7�7ã
6;��¢
u@ @�/å-�>¢;�>ç}¥�sx¢�ã76;��sxã
¤ °��u�sx¢���ævu@�/£8���7�
�1ä@u�÷�¤ -�>y>�>ëF:§��6;��¢x�>ã	s�ã7 ts;¥8¢;��6;6;�> tsDå-�>¢��Xí%�8ç}å@�7�1ä[âEu%sxã7�
ã76��8¢3�¡�
ç1¥Rsx�@¤�ä@�)ä@uw��¤��= �6;£n���7ã7 �y ��� ¡¢���v��£'���l®·£|@� �ts�s�¿�� ��ä-�> @6��7�>ævu@�8�
�7���¡��s;¢x�> @6�ç1ã
6;6�ã
è�ã
s;¥���6�s�å-�>¢;�>ç}¥�sx¢�¥8��å-�>¢
�¡�Bç1¥Rsx�@¤�ä@�=ä@�86�¥8�
¥8ç}�8 tsx6��- @ã
6��Rs�åL��¢;ç}��s�u@ @� è>��¢;ã¡��sxã7¤> ��7ã7 �¥n�>ã
¢;�)ä@� �¡��s;¢x�> @6�ç1ã
6;6�ã
è�ã
s;¥�ä[âEu� �¥8�
¥8ç}�8 ts
î��TâE�>u�s;¢;��ë(��/è��>¢;ã7��sxã
¤ ��7ã7 �¥n�>ã
¢;��ä@��6�å@¢�¤å@¢;ã
¥�s;¥863å-�>¢x���7sBå@�
u@6N¢�¥n�>�
ã76wsx�Dævu@��£��8�7�
�Dæ�u��� @¤u�6�u�s;ã7�7ã
6;¤ �6
ã7£8ãhæ�u�ã�è>��¢;ã7��ä@��z"�0Ï8¤ �£�¤ @6wsV�> tsx�}å-�>¢�ç}¤¢�£8�n��u%íLë+��¤u�6�è�8¢�¢;¤ �6Nå-��¢��Rí%�8ç}å@�7��ævu@�D£��8¢�sx�>ã7 ��86�÷8¤> @�86
å@¢;¥�6;�8 ts;�8 ts�ä[âGã7ç}å�¤¢�sx�> tsx�86�ä�ã76;£�¤ tsxã
 �u�ã
sx¥�6�ä@��sx¢;�> @6;ç}ã76�6;ã	è%ã	sx¥���u�å-��6;6x��y�Bä[âEu� @�N÷�¤ @�3î��TâE�>u�s;¢;�>ë�k¤u@¢A�
�Bå@¢;¤ì��7ú8ç}�3æ�u�ã( @¤>u@6Aã
 vs;¥8¢��86;6��>ùLî16;�_è>¤ã7¢�ùL�
�86 �7ã
�8 @6=ævu[âGã7�kåL¤u�¢;¢x��ã
s�ø��nè¤ã
¢��� vs;¢;�N�7�86 �n��u%í
ä@u/öf�� vs;¢;�AöVË � �Rs�£��8�
�7�86�6�¤¢�sx�> tsf��u%íD6;¤>u@¢;£��86�ä@���$â � ìL¥�¤u[ù�$âE¤>ì�ý��8£Rsxã
zLä@�=£8�Rs;s;��6��8£�s;ã7¤ }�86wsfå��7u�s/Ò>s�ä@�
£8¤ç}å@¢;�� @ä@¢���£8¤ç}ç1�� ts)68âG�>�L�8£Rsxu@�� ts��
�86)¥�£8¤u��7�8ç}�8 ts;6)ä-�> @6��7��å-�>¢wsxã
�A6;u�ä/ä@u96;ã
s;�>ëy�(¤u�¢�£8�8�7î�ã7��68âE�>yã	s
ä[âEþRsx¢����
�)å@�7u�6�å�¢;¥8£�ã76�å�¤6;6�ã7ì@�
�)6;u@¢��
�86�¢;¥�6;u@�	sV��s;6�ä@�86�£n���¡�>y��6�ä@�86� @ã	è�n��u%íDå@ã
¥8÷8¤>ç1¥Rsx¢;ã
ævu@�86�ä@��6�zl¤¢x�>y>�86
6;ã
s;u@¥86�ä-�� @6��¡��÷8¤> @�=6;u@äDsx¤u%s��8 }¢;�8å�¢;¤�ä@u@ã76;�> ts��7��6�sx�8 �ä-�> @£��86�ä@�86� @ã	è�n��u%í1î��¡��ì-�>ã
6;6���¤ì@6;��¢�è>¥8�Aä@�> @6
�¡��ç1�ªý�¤¢;ã	sx¥)ä��86�å@u@ã	sx68ëtöf��s;s;�=å@¢;¥�£8ã76�ã7¤ Dä@¤>ã
s�þRsx¢;�=¤ì%sx�8 vu@��s;¤u�s��8 }¢;��6�sx�> ts�£�¤�@¥�¢;�8 tsf�nè�8£=�7��y¥8¤�
¤yã
�
ä@u�6�ã
sx��ùt�¡��zl¤¢;ç}��ä@��6�ã
6;¤å@ã
ú8÷��868ùv�Rsf�
�)zl¤ @£�s;ã7¤ � @�8ç}�8 ts�y¥8 �¥8¢x����ä����$âI�>ævu@ã	zlú8¢��>ëh�(¤>u@¢�£���ä��8¢; �ã7�8¢�å�¤ã7 ts8ù

� ! �



ã7�� @��z"�>u%s)å-�>6�ù�å-��¢f�Rí%��ç1å@�
�>ù�ævu[âEã
��ø1�>ã	sfä��86)£�¤ tsx¢x��6�sx��6�ä@��s;¢x�> �6;ç}ã76;6�ã
è�ã
s;¥86�sx¢�¤å{ã7ç}å�¤¢�sx�> tsx�86�ä[âGu@ @�
÷8¤ @�Nî��TâE�>u�s;¢;�>ù%sx�8�
6�ævu@�N�
�86�¥�£8¤u@�
�8ç}�8 tsx6=6�âE���K��£�sxu��8 ts�ä@uF6;u�ä�ä@uFä@¤ç1�>ã
 @�Aè��¢;6 �7�� @¤>¢;ä[ë
� ���¤�täh���y�	�;�����vå�� Ü ��� �'� ���v�w�ïã��t���v� � �m��� Ö �y� ÙmÜ �ï� Ø �ï�t��� Ü ãlå�� �v�w�����! !���#"%$¬���Z��� � �/®&"'$

��u�s;¢;���7��6��>u�s;¢;��6�zl¤¢x�>y>�86�£8ã	sx¥�6�£8ã²oä@�86�6;u@6�ù+ä[âE�>u�sx¢��86�¤ tsB¥�yt�>�7��ç1�� ts�¥�s;¥�6;¥8�
�8£Rsxã7¤> @ @¥86�å�¤u@¢�£8�>�7��¢
�7�Dç1¤�ä@ú��7�>ë+öf�863ä@�8¢� @ã7��¢;63¤ tsN¥Rsx¥}£V�@¤ã
6;ã76B6��8�7¤> �å@�
u@6;ã
�8u@¢�6B£8¢;ã	sxú�¢;�863£8¤>¢;¢;¥��7¥�63�
�86Bu@ @6N�>u%í���u�sx¢��868ëk+�
å@¢;��ç1ã
�8¢�ä[âG�8 tsx¢��)�8u%í3£�¤ @£��8¢; ��)�7��u@¢�åL¤6�ã
s;ã7¤ B6;å@��sxã7�>�7��ù_å@�7u@6kå@¢�¥8£8ã
6;¥�ç1�� vs(�7��6(ä�ã76�sx�> @£��86h¢��8�7��sxã	è�86��� vs;¢;�
zl¤¢x�>y>�868ë-öf��£8¢�ã
sxú�¢;��ä@�A6;¥8�
�8£Rsxã7¤> /�86�s= �¥8£8��6;6;�>ã7¢���£n�>¢�£�¤ç1ç}�A¤> /�TâE�Nè�uFä@�> @6��7��å@¢;��ç1ã
�8¢)£V�@�>å@ã
s;¢;��ù�u@ 
 @¤ç�ì@¢���ã
ç1å�¤¢�sx�> ts3ä@��å@u�ã
sx636;¤> vs�£8¤ �£8�8 ts;¢;¥86D��u�sx¤u�¢Nä@�1£8��¢�sV��ã7 @��6�ã7 �6�sV���7�¡��sxã7¤> @68ù[£�âE��6�s��7�}£n�>6Nå-�>¢
�Rí%�8ç}å@�7�Aä@�3öf�@ã7£8�>ä@��ù�ä@�3#%�`Ë�&#��Q��ù@ä@���7��öf¤�
�7ã7 ���ä@u7´�¥�ä@�8£�ã7 [ù%¤u/�8 �£8¤¢���ä@������Në-öf��6=¤u�è�¢x�>y>�86
6;¤ ts=�¡�Nå@�7u@å@�>¢�s�ä�u{sx�8ç}å@6�å�¤6;ã	sxã
¤ @ @¥�6)î�ævu@�8�
ævu@�86=ä@ã
÷n�>ã
 @�86)ä���ç1úRsx¢;��6)�7��6)u@ @6�ä��86=�>u�s;¢;��68ë����� @6�£8�
£n�>6�ùKu@ �6��8u@�kzl¤¢x�>y>����¥Rsx¥�y�>¢;ä@¥NåL¤>u@¢A�
�N£8�>�¡�>y>�>ù�å@¢;¥�6;�8 tsx�> tsBä@�86Aè��>�
�8u@¢�6Aä@�N£V�-�>¢�y��å@ã
¥8÷8¤>ç1¥Rsx¢;ã
ævu@�
��sBä@��£�¤ @ä@u�£�sxã	è�ã
sx¥��vø�ä@¢;�>u@�
ã7ævu@��ç}¤_ø�8 � @�Dä@���¡�1÷8¤ @���� �ævu@�86wsxã7¤> [ë+��{ä@ã76wsV�> �£8��¢��8�¡��sxã
è>���� vs;¢;���
�86
å@ã7¥�÷8¤ç}ú�s;¢;�86��:¥�s;¥A��í%¥8��ä@�1z"�0Ï�¤ ��>¢�ì@ã
s;¢x�>ã
¢;�}î � ò ñ çFë�Ë��
�7�}6;�8ç�ì@�7�1¢x�>ã
6;¤ @ @�>ì@�7�}£8¤>ç1å�s;�1s;�8 vu�ä@�
�TâG¥8£V�@���7�7�=î��7�>ævu@�8�
�7�)�7�Bç}¤�ä@¥8�
ã76x��sxã7¤> ��86ws��8 tè�ã76x��y¥8��ëy�(�>¢��Rí%��ç1å@�
�=å-�>¢;ç}ã@�
�86�zl¤¢;�>y�86�#��Q� ñ�� ù�#%�Q� ñ !�ù
#%�Q� ñ ò%ù[#%�`Ë ñ ò%ù[#%�`Ë ñ�¿ ��s � 'B� � ñ�� æ�u�ã(6�¤ ts�sx¤u�6A6;ã	sxu@¥�6�î�ç}¤ã7 �6 ä�� � ò ñ ç �
�86Au� @6Aä@��6��>u�s;¢;��68ù
6;�8u��+�7��zl¤>¢x�>y��#%�`Ë ñ ò���¥�s;¥�¢;�Rsx�8 vu9å�¤u@¢)�
��£n�>�7�>y��ä@��£8��6�£n�>ç}å-�>y> @�86�ë-öf��ä@��¢; @ã
�8¢)��6�s=¢;���¡��s;ã
è>�8ç}�8 ts
ã7ç}åL¤¢wsV�> tsBå@u�ã76;ævu[âGã7���F¥Rsx¥Dzl¤¢;¥Dä@�Dç1�> @ã7ú�¢;�Dî9¢;��£8¤u@å��8¢3u@ ¯ä@¢x��ã7 ¯ç��ªý���u@¢�ç}ã76��8 �¥�è�ã7ä��8 @£��16�u@¢N�
�
6;ã
s;�>ë@öf�Azl¤¢x��y�A��6�s�ã
 @£8�
ã7 @¥=ä@��JtòNä@�8y>¢;¥86�ë�:§�Lå@¢;¥�6;�8 ts;�B�>u@6;6�ã[u@ @��è>���7�8u�¢�ä@�A£8¤ @ä�u@£�s;ã
è�ã
s;¥Aç}¤ªø>�8 @ �����s
ä@�86Bè��>�7��u@¢;6�ä��}£V�@�>¢;y��6Bå@ã7¥�÷8¤ç}¥�s;¢;ã7ævu@��6�¥8yt���7�8ç}�8 ts�ç}¤_ø�� @ @�8636;u�¢3�$âE�� @6;��ç�ì@�
��ä@�86Bå@ã
¥8÷8¤>ç1úRsx¢;��6�ä@�
£8��s�sx�1÷8¤ @� � ã
��6;�}6;ã	sxu@�Dä-�� @6N�7�{sx¢;¤>ã76;ã
ú8ç}��£8�7�>6;6��1ä[âG¥8ævu@ã	è��>�7�� @£8�D��sNå@¢�¥86;�� tsx��u� @�}è��>�
�8u@¢Bä@�}£V�-�>¢�y�
å@ã7¥�÷8¤ç}¥�s;¢;ã7ævu@��ä@� � ò � ç � ' ���� tè%ã
¢;¤ ��Rë4�A�Dç}þ8ç}��ä-�> �6��¡��÷�¤ @�1ö � r)�Q: 6;ã
s;u@¥8�Dî/�$âE�Xí%s;¢;þ�ç1����6�s
ä@u�6;ã	sx�>ù�ä-�> �6��¡�>ævu@���7�
� �� zl¤¢x�>y>�86A6�¤ ts�å@¢�¥86;�� tsx68ù+£�âE��6�sB�
�3zl¤¢;�>y��ö � r)�Q: ñ ò�ævu@ã��1¥�sx¥�¢;��s;�8 vu�å�¤u@¢
�TâG�86�s;ã7ç1��sxã
¤ �ä@��6Nå@�>¢x�>ç}ú�s;¢;��68ë����> �63�7�/÷8¤ @�Dä@�D�7�9£�¤�7�
ã7 @��ä@u�ç}¥8ä��8£8ã
 [ù[£�âE��6�sN�7��zl¤¢;�>y�}öV´ � JFævu@ã
�}¥Rsx¥3¢;��s;�8 vu:£8�>¢=�TâE�> -�>�	ø�6;��ä@��6�£V�@¢�¤ @ã
æ�u��86Aä@�> @6=£8�36;��£�sx��u@¢ ç1¤ ts;¢;�Bævu@�N£�âE��6�s��7�Bå@�
u@6=¢;�8å�¢;¥86��8 tsV��sxã
z
ä@�86 ¥8£�¤u@�7��ç1�� tsx6 î�y¢x�> �ä@�B¥8£V�@���7�7��ë

�âE�>u�sx¢���£�¢;ã	sxú8¢��:ä@�F6;¥��7��£�sxã
¤  u%sxã7�
ã76�¥Få�¤u@¢}¢;�Rsx�� @ã7¢}�7��61å@ã
¥8÷�¤ç1úRsx¢��86�ä��:£n���¡�>y�96��:ì-�>6��:6�u@¢��
�86
è>���7�8u�¢;6=ä@�B£8¤ �ä@u@£�s;ã
è�ã
s;¥��tø%ä�¢x�>u@�
ã7ævu@��¤ì%sx�8 vu@6 å-�>¢=6��7u@y6)s;�86wsx68ù5£�¤¢;¢�¥8�7¥�6=�nè�8£3�7��6)è��>�7��u@¢;6=ä@�B£V�-�>¢�y�
å@ã7¥�÷8¤ç}¥�s;¢;ã7ævu@��ç}�86�u@¢;¥��86h�
¤¢;6�ä@��£8��6(£8�>ç}å-�>y @��68ë��� N¢;�>å@å��8�
�7��ævu@�f�
�86�6;�
u@y6�sx��6�sx6k [âG¤ tshå��8¢�ç1ã
6+ä[âG¤ìy²
sx�8 �ã7¢hä��86hè��>�
�8u@¢�6hä@��£8¤ @ä�u@£�s;ã
è�ã
s;¥86�ævu[âE�>u�s;¤u@¢hä�u�zl¤¢x��y�>ù���sh @¤ �ä[âE�nè¤ã
¢hä@��6hè��>�7��u@¢;6(¢;��å@¢;¥�6;�8 tsx��sxã	è�86
ä@�D÷8¤ @��6�å@�7u�6�¥�sx�� @ä@u@��68ë(öAâG�86�s3�7��¢x�>ã
6;¤ �å�¤u@¢A�¡�>ævu@���7�7��ùL�
�86�¢�¥86;u��
sV��sx6�ä@��6�6;�7u�y6�¤ tsB¥�s;¥�£8¤ç}å-�>¢�¥86
��s)£�¤¢;¢�¥8�
¥86��>u%í}è��>�7��u@¢;6�ä@�86�£V�-�>¢�y�86�å@ã7¥�÷8¤ç}¥�s;¢;ã7ævu@��68ùvå@�
u@6f¢��8å@¢�¥86;�� tsV��s;ã
è��6)ä[âG¥8£�¤u@�7��ç1�� tsx6)î3y¢x�� @ä@�
¥8£V�@���7�7��ë � ã
 @6;ã@å@�>¢��Rí%�8ç}å@�
�>ù�
�86�zl¤¢;�>y�86 � '�� � ñ�¿ ��s � '�� � ñ H%ùævu@ã-6�¤ ts�ä@ã76wsV�> tsx6�ä�� � H ñ ùE! ¿ ç�ù>6;¤ ts
sx¤u@6��
�86�ä��8u%íê6�ã
s;u@¥86�î��7�:ç}þ8ç}�{£9Ò>s;��sx¤>åL¤y>¢x�>å@��ã7ævu@� � ∼ ! ñ�¿ ç{�Xùh��s�å@¢;¥�6;�8 ts;�8 ts�ä��86�ä@ã�K¥�¢;�8 �£8�86
ä@�B @ã
è>�n�>u%íFå�ã7¥8÷�¤ç}¥�sx¢�ã7ævu@��6�æ�u�ã[è>��¢;ã7�� ts=�8 tsx¢��Nä@�3!>JD�RsA!H�ç¦6;u@ã	è>�� vs=�
�86=£n��ç1å-��y @�86�ë��A�3�¡��ç}þ8ç}�
z"�0Ï8¤ KùK�7��6Azl¤¢;�>y�86 � 'B� �=!�1��s3ö � � ñ�¿ 6;¤ ts�ä�ã76�sx�> tsx6�ä�� �� H%ù ñ�¿ ç ��s�6;¤ tsB6;ã	sxu@¥�6�î{ä@��6�£9Ò>s;�86�s;¤Æ²
åL¤y>¢x�>å@��ã7ævu@�86�ä@��! ñ�� �Rs �·s�s ç ¢;�86�åL��£�s;ã
è��ç1�� ts � � ç ä@��ä@ã��L¥8¢��8 @£��t�Xù%å@¢�¥86��8 tsx�� vs=ä��86)ä@ã�K¥�¢;�� @£8��6)ä@�
 @ã
è>�n�>u%íFå�ã7¥8÷�¤ç}¥�sx¢�ã7ævu@��6 ævu@ã+è��>¢�ã7�8 ts��>u�s;¤u@¢=ä@�3! ¿ ç �8 �ç1¤_ø>�8 @ @�36;u�¢ s;¤u�sx��6��
�86=£n��ç1å-��y @�86�ë�öf�86
ä@ã��L¥8¢��8 @£��86�ä@��å@�
u@6�ä@�Nsx¢;�� tsx��ç}ú�sx¢��86�å�¤u@¢�ä@�86�¤>u�è�¢x�>y��6�6;ã	sxu@¥�6�î{£8�� vsB¤>u�ä@�8u%í�£8�� vsBç}ú�s;¢;��6��TâGu@ 
ä@�1�$âI��u�sx¢���6;¤ tsN¢;�8�7��sxã	è��ç1�� vsBã
ç1å�¤¢wsV�> tsx��6�åL¤>u@¢Bþ�sx¢��16�¤u@�
ã7y @¥��86�ë+��F£�¤ç1å@�>¢x�>ã
6;¤ �ä@�D£��86Bè>���7�8u�¢;6
å@ã7¥�÷8¤ç}¥�s;¢;ã7ævu@��6}�_è>�8£�£8�8�
�7��6�ä@�86Dzl¤¢x��y�86}�>u%íê�>�7�� vs;¤u@¢�6} �¤u@6Dã7 @ä�ã7ævu@�9å-�>¢}�>ã
�7�7��u@¢;6�æ�u����
�/ @ã
è>�n�>u
ç1¤_ø�� �6���6;ã	sxu@�D�>u%sx¤u@¢Aä@��£8���7u@ã�ç}�86�u@¢;¥�å@�>¢ � '�� � ñ H{åL¤u�¢��7��å�¢;�8ç}ã7��¢�£n��68ù[�Rs � 'B� �=!�{å�¤u@¢��
�
6;�8£�¤ @ä[ë'�(�>¢=£8¤ @6�¥8ævu@�� vs8ù � '�� � ñ�¿ ��s�ö � � ñ�¿ ¤> vs=¥Rsx¥B¥8�
ã7ç}ã7 @¥�6)ä@�B�¡��ç}¤�ä@¥8�
ã76x��sxã7¤> [ë

� !!



157000

158000

159000

160000

161000

162000

163000

873000 875000 877000 879000 881000

Forages utilises pour le calage

Forages references
Autres forages de calage

dºó
©�evgI»ui)(�õ0÷¨óoò¨óKõdöøûAú9÷)¨fõdñrð�©dú#÷	þ%ò¨óoùKóo÷/î#÷lïÝõ0þ�ñùoú�öRð ùoðª©0úÑûAþ5�jõ;û��9ùKú
öf�Rs;sx�få@¢;¤�£8¥�ä@u@¢;�fä[âE¥��7ã
ç1ã
 -��sxã
¤ �ä@��6hzl¤¢x��y�86h�A¥�s;¥f¢;¥�åL¥Rsx¥���åL¤u�¢ks;¤u@6��
�86hå�ã7¥8÷�¤ç}ú�sx¢��86(ç1�Rs;sV�� vsh�8 

¥�è�ã7ä@�� @£8�Nä@�86 £8¤>ç1å�¤¢�s;�8ç}�8 tsx6=ä@�3�¡�� -��å@åL�Bå��8u�£8¤ç}å-��s;ã7ì@�
�86��nè��£�£��8u%í�ä@��6 zl¤¢;�>y��6����7�8 ts;¤u@¢;6�ë5?� 
sx¢x�nè��>ã
�kå��7u@6A�>å@å@¢�¤>zl¤ @ä@ãk6;u�¢A�7��6A£8�>u@6;��6�ä@��£��86�ä�ã��L¥8¢;�� @£8��6�ä@�� �ã
è�8�>u%í:å@ã7¥�÷8¤ç}¥�s;¢;ã
æ�u��86  [âI�1å-�>6�¥Rsx¥
¢;¥n���7ã76�¥�ä-�> @6��
��£n�>ä�¢;��ä@�=£8��s;¢x�nè��>ã7�$ë>+�86�è��>�
�8u@¢�6�ä@�=£8¤ �ä@u@£�s;ã
è�ã
s;¥=�>å@å�¤¢�s;¥8��6�å@�>¢��7��6�6;�7u�y6�sx��6�sx6� [âG¤ ts
¢;ã7�� :ç}¤ tsx¢�¥3ä���å-�>¢wsxã
£8u@�
ã7�8¢�ë � '�� � ñ�¿ �Rs�ö � � ñ�¿ 6�¤ ts�¢��86;å��8£Rsxã	è�8ç}�8 tsA6;ã
s;u@¥86 ä-�> �6A�¡�Då@¢��8ç}ã7ú8¢��B��s
sx¢;¤>ã76;ã
ú8ç}��£8�7�>6;6���ä[âG¥8ævu@ã	è>���7�8 �£8�>ù�£��1ævu@ã��7��63£��¡�>6�6;�}å-�>¢�ç1ã��
�86Bzl¤¢x�>y>�86B�7��6Nå@�
u@63£8¤ @ä�u@£�s;ã
zl68ë�:§��6;��¢x�>ã	s
 @¥8£��86;6;�>ã7¢��NäKâE���K��£�sxu��8¢=ä@�86=��6;6x��ã76=å-�>¢�å�¤ç}å-�>y�AîD£��86=�8 �ä@¢;¤ã	sx6�å�¤u@¢�u@ ���ç1��ã7�7�
�8u@¢��A£�¤ç1å�¢;¥8���8 @6�ã7¤ 
ä@�86�å@�@¥� @¤ç}ú8 @��6(å��vø�6�ã7ævu@�86(î��TâG¤¢;ã
yã7 ��(ä@��£��86�ä@ã��L¥8¢��8 @£��86�ë��� Bå��8u�s�s;¤u�sx�Rzl¤ã76[�_è��> �£8�8¢�u@ ����vø�å�¤>sx��ú86;�
£8¤ @£��8¢� -�> ts�ö � � ñ�¿ �� �£8¤ç}å-�>¢;�> ts�6;��6�è��>�7��u@¢;6�ä��{£V�-�>¢�y�{å@ã
¥8÷8¤>ç1¥Rsx¢;ã
ævu@�/�nè��£/£8�8�
�7��6�ä[âGu@ ê�>u�s;¢;�
zl¤¢x�>y>�A6;ã	sxu@¥Aî�ævu@�8�
ævu@�86�ç}ú�s;¢;�86 � J@ù ¿�s çA��ä@���7u�ãL�Rs)£n��å�sV�> ts��$âI��æ�u�ã
zlú8¢���ç}ã7¤�£8ú� @��<�ã7�56�âI�>y>ã
s�ä@u{zl¤¢x��y�
ö � � ñ H�ët�(¤u%sx�86��
�86�£n��ç1å-��y @�86�¢�¥n�>�
ã76�¥8�86�ç}��s�sx�� vs��� D¥�è�ã7ä@�� @£8�=ä@��6� @ã
è>�n�>u%í�ä@� �·s�� ç å�¤u@¢�ö � � ñ H
��s �·s>ñ ù ò3çüå�¤u@¢)ö � � ñ�¿ ë�:§�K��6�s�ä�¤ @£As;¢;ú86�å�¢;¤ì-��ì@�7��æ�u���ä[âGu@ @��ç1�> @ã7ú�¢;� ¤u/ä[âGu@ @����u�sx¢��>ù��$âI��æ�u�ã
zlú8¢��
ç1ã
¤%£�ú8 @�=è�ã7�8 � @���>�
ã7ç}�8 tsx��¢fö � � ñ�¿ �Rs)ç}��s�sx¢x��ã
s��8 /£8�>u@6;�A�¡��z"�>ã7ì@�
�����}£n�>£�ã
sx¥�ä@�A�$âEã
6;¤�7��sxã
¤ ��8 ts;¢;���
�86
�>ævu@ã
zlú�¢;�86�ë

Ë� ��- 9�
��ä@�8¢� @ã7��¢�£8¢�ã
sxú�¢;��u%sxã7�
ã76�¥>ù�£8¤ @£��8¢� @�B�7�� @¤>ç�ì@¢;��ä���ä@¤ @ @¥��86=å@ã
¥8÷8¤>ç1¥Rsx¢;ã
ævu@�86)ä�ã76;å�¤ @ã
ì@�7��6)î
£V�-�>£8u� @��ä@��6�£8�>ç}å-�>y @��68ë5� ¤u@6= [âE�_è>¤ @6�¢;��s;�8 vu:ævu@�B�
�86�zl¤¢x��y�86=ævu@ã+¤ ts ¥�s;¥Nç}�86�u@¢;¥�6A�>uFç}ã7 @ã
ç�u@ç
ä@�8u%í�zl¤ã767<f�7¤>¢;6{ä@��6/ä@�8u�íÿ£n��ç1å-��y @�86/ä�u �ts ý�u@ã7�
�7�Rs1�Rs9ä@u s 6;��å�sx��ç�ì@¢��>ë öf�86/ä��8u%í ä@��sx��6/6;¤ ts
ã7ç}åL¤¢wsV�> ts;�86+£n��¢+�8�7�
�86+å��8¢�ç1�Rs;sx�� ts(äKâI�nè¤>ã7¢+ä@��6(ã
 @ä@ã7£8��sxã
¤ @6[6�u@¢��7��6[sx�8 �ä-�> @£��86(î �7�)ì-�>ã76�6;��ä@��6k �ã
è�8�>u%íLë�h�>¢ �Rí%�8ç}å@�
���7�86�zl¤¢;�>y��6Aö � � � ò%ù�ö � � �t¿ ��sAö � � � HD6�ã
sxu�¥86 î}�$âE�Xí�sx¢;þ�ç1��6�u@ä:ä�u�6�¤u@6^²oä@¤ç1�>ã7 ��BrAù
��s ö � � �>ñ ù@ö � � �%� ù-ö � � ��� ù5ö � � � !�ù%��s=ö � � � JD6;ã	sxu@¥�6fä-�� @6��¡�3÷8¤ @���°¤ ts�¥�s;¥�¢;¥8�>�7ã
6;¥�6)�>å@¢�ú86)£��86
£n�>ç}å-�>y ��868ùL£>âG�86wsBåL¤u�¢;ævu@¤ã(ã7�76  [âG¤ ts�å-�>6A¥�sx¥�å@¢;ã
6A�8 �£�¤ç}å�sx��ë~:§�76�¤ ts�¥�s;¥�ç}�86;u�¢;¥86�ç1�> vu@���7�7��ç1�� ts
åL¤u�¢ �7��å@¢;��ç1ã
ú8¢���zl¤ã76��
¤¢;6)ä��3�7��£n�>ç}å-�>y ���ä@u � ò�zl¥Rè�¢;ã7��¢ �>ñññ ë

rfã
�8 }�8 tsx�� @ä@u{�7��6;¥8�
�8£Rsxã7¤> 1ä@� £8��¢�sx�>ã7 @6�zl¤¢;�>y�86�u�s;ã7�
ã76;¥�6�åL¤>u@¢��
��£n�>�7�>y�=��s��TâG¥8�
ã7ç}ã7 -��sxã7¤> Nä[âE�>u�s;¢;��68ù
 [âE�� @�7úRè���� :¢�ã7�8 �î1�7��y¥8 @¥�¢x�>�
ã
s;¥3ä�u:ç}¤%ä@ú��7�Bç}¤ @¤Æ²o£8¤ tsxã
 vu@u@ç å�¤u@¢=u@ @�N£8¤ç}å@¢�¥8�@�� @6;ã
¤ :î}y¢x�� @ä@�
¥8£V�@���7�7���Rs3î{�7¤ �y�sx��¢;ç}��ä@�86�¥�£8¤u@�
�8ç}�8 tsx6�ä�u¯6�ã
s;�+*[ä[âGu@ @�Då-�>¢ws�å-�>¢�£8�½²§ævu@�D�¡��ç1�ªý�¤¢�ã
s;¥�ä@��6�zl¤¢x�>y>�86
ã7ç}åL¤¢wsV�> ts;68ù�6;ã
s;u@¥86)�>u/6;u@ä9ä@�A�¡��÷�¤ @��ä[âG¥�s;u@ä@��6 �Rs�å@¢�ú86)ä@��6�6;¤u�¢;£8��6�ä@���Tâ � ì�¥8¤>u[ù%¤> vs)¥�sx¥�y�>¢;ä@¥�68ù%��s
ä[âI��u�sx¢��3å@�>¢�s�å@�>¢;£���²§ævu@�B�
�86)ä@ã
¢;��£�sxã
¤ @6)å�¢;ã7 �£8ã7å@�>�7��6)ä@�86�zl¢;�>£�s;u@¢;��6���s=�7��6�£8¤ �ä@u@£�s;ã
è�ã
s;¥86��tø�ä@¢x��u@�7ã
æ�u��86
�>6;6�¤%£�ã7¥8��6�6;¤ ts�å@¢�ã76;��6��8 D£�¤ç1å%sx�)ä-�� @6�£8�)s§ø�å�� ä���ç1¤�ä@ú8�
�få-��¢�ä@�86�å@�>¢x�>ç}ú�s;¢;��6�ç1¤_ø>�8 @6�ùt¥8ævu@ã
è��>�
�8 tsx6�ë

� !>J



\cç¢nÔçon , ë	Ç�-��.�0/Ja	Ç1�ïë�
��4ë2��ë�
lÈ�V»3�
?  @�/zl¤ã76��7��6�¥8�
�8£�s;ã7¤ êä@��61å�ã7¥8÷�¤ç}ú�sx¢��86�¢�¥n�>�
ã76;¥��9åL¤u�¢��7�/£n���¡�>y��ù�ä@��6}s;�86�s;61ä��F6��8 @6�ã7ì@ã
�7ã	sx¥86�6�u@¢

�TâG�8ç}ç��>y�>6;ã
 @�8ç}�8 ts3¤ ts�¥Rsx¥{���K��£�sxu�¥86 � îFsx¢x�� @6;ç}ã76�6;ã
è�ã	sx¥86N��í%¥8��6���å�¤u@¢N�86�s;ã7ç}�8¢N6;�86Nè>���7�8u�¢;68ëhöf��s�sx�
�86�s;ã7ç1��sxã
¤ /�86wsA¢�¥n�>�
ã76�¥8�B�8 F£8¤ç}å-�>¢;�> ts=è%ã
6;u@���7�
�8ç}�8 ts=�7��6 ç}¤ tsx¥��86 ä@�86  @ã	è�n��u%íFä@�B -�>å@å��3¤ì@6;��¢�è>¥8�86
6;u@ã	sx�B�>u%í/å@�7u@ã
�86��nè>�8£B£8���7�7��6�6;ã
ç�u@�7¥��86�å-��¢)�7��ç}¤%ä�ú8�7��ë@öf��s;¢x�nè��>ã7�K�Då��8¢�ç1ã
6)ä[âG�86wsxã7ç}�8¢f�7�86)è��>�
�8u@¢�6�ä@�
�TâG�8ç}ç��>y�>6;ã
 @�8ç}�8 ts3�8 tsx¢�� � ë �_ñ −2 �Rs}ò%ë �_ñ −2 å�¤u@¢N�TâG�8 @6��8ç�ì@�
��ä@��6�÷8¤ ��86�ä@u�6wø�6�sxú�ç1��ë�öf�86Nè>���7�8u�¢;66;�8ç�ì@�7�� vs�å-�>¢��>ã7�
�7�8u�¢;6�¢x��ã76;¤> @ -�>ì@�
�863åL¤>u@¢Nu� @��ç}¤%ä�¥8�7ã
6x��s;ã7¤ ��� �ç}¤ @¤Æ²o£8¤ tsxã
 vu@u@ç ævu@ã�u�sxã
�7ã76���u@ @�
å-�>¢x��ç1¥Rsx¢;ã
6x��s;ã7¤ ¯å-�>¢3÷8¤> @�86�¥Rsx�� @ä@u@��6���s�£�¤¢;¢��86�åL¤ �ä@�8 tsD�>u�í�è��>�
�8u@¢�6Ns;¢;¤u�è>¥8��6�å-�>¢ ' ë(+¤%ä@63å�¤u@¢
�7�86N¥�s;u@ä@�86�ä���ç}¤%ä@¥��7ã
6x��s;ã7¤ �ä@�{�7�:öf¤>�7�7ã
 @�Dä@u ´�¥�ä@�8£�ã7 ���s�ä@�/���� � � �>ñ>ññ ì � ��s{� ��ññ��8� �Rë(öf�8�
�7��6^²§£�ã
åL��¢;ç}��s;s;�8 ts�ä@�Aä@¥�s;�8¢;ç}ã7 ��8¢�ä@�86)å@�>¢x�>ç}ú�s;¢;��6fç}¤ªø>�8 @6�6�u@¢f�$âE�� @6;��ç�ì@�
�Aä@��6)6;¤u�6^²§ä�¤ç���ã7 @��68ëv:§�L��6�s�£��¡�>ã
¢
æ�uKâEu@ ��{sx�8�
�7�}ç1¥Rsx�@¤�ä@�1ä@�{£n���¡�>y�}ä@�{�$âE��ç1ç1�>yt��6;ã7 ��8ç}�8 ts3 [âE��6�s�å@�>6�sx¢�ú86�å�¢;¥8£�ã76��{ç���ã76B�8�
�7�}åL��¢;ç}��s
ä[âI�nè>¤ã7¢Bä@��63è��>�
�8u@¢�6�¢;¥n���7ã76wsx��63å�¤u@¢�6�ã7ç�u��7�8¢�ä��86Bç1¤> vs;¥8��6Nä@�D -��å@åL��ë����> @6Bsx¤>u�sx�D�¡�{6�u@ã
s;�Dä@�D£8��s�sx�
¥�sxu�ä@���8 :ç1¤ �¤Æ²§£�¤ tsxã7 vu@u�ç�ù-�$âE��ç1ç1�>yt�>6�ã7 @��ç1�� ts=¢;�86wsx����í%¥�î�£��86�è��>�
�8u@¢�68ë���âE�>u�sx¢���å-��¢�snù-s;¤u�sx��6A�
�86
6;ã7ç�u@�¡��s;ã7¤ �6k¤> vsh¥�s;¥)�>�L�8£Rsxu@¥��86��>u�å@�>6hä@��sx�8ç}å@6-ý�¤u@¢; @�>�7ã
�8¢�6;u@¢hu@ ��> �ä��8å@u@ã
6hç1�>¢;6 �ts�s�s �8 �u%sxã7�
ã76;�> ts
�¡��ævu-�> tsxã	sx¥Bä@�Bå@�
u@ã7�����}£n�>£��3ä�¥8£8¢�ã
s;��ä-�> @6=�¡��6��8£Rsxã7¤> �å@¢�¥8£�¥8ä@�� vs;�>ë����£n�>¢wsx�Bä@��¢;¥�å-�>¢wsxã
s;ã7¤ /6�å-��s;ã¡�>�
�
ä@�86 �8ç}ç���yt�>6;ã
 @�8ç}�8 ts;6)�86ws�ç}¤ tsx¢�¥8�B6;u�¢ �7�	�-yu@¢�� ¿ ë s ë

âÁÀ¥Â �"ã �2ä54 Ë�Ç>Ê½ÄAÐ�Ä È ÄÆÑ7ÑIË�ÂvË È À¥É�ÄÆÑ)ÄÆÉ�Ê È Ä È Ê�ÀÏÑ èÆÈ
�k¤u@¢h�$âE��6�s;ã7ç1��sxã
¤ Bä@�86�è��>�
�8u@¢�6hä@��sx¢x�� @6;ç}ã76�6;ã
è�ã	sx¥86�ùª�7�86(¢;¥�6;u@�	sV��s;6hä@u�£8�>�¡�>y>�� [âG¤ ts�å-��6h¥�s;¥)¤ì�s;�8 vu@6

ä@�Nç1�> @ã
ú8¢����>u�s;¤ç���sxã7ævu@��ù@£>âG�86ws_²§î�²§ä@ã
¢;��ævu@�3�7��6)è>���7�8u�¢;6= [âG¤ ts�å@�>6=¥�sx¥3¤ì�s;�8 vu@��6��� �u@ ��N6��8u@�
�3¥RsV�>å��
ä@u{å@¢�¤ì@�7ú�ç1� ã7 tè>�8¢;6��>ë����
u@6;ã
�8u@¢�6���6;6;�>ã76�ä@�A£8�>�¡�>y>�86�¤ tsf¥Rsx¥A¢�¥n�>�
ã76�¥868ùvå@¢�ã7 @£�ã7å-���7�8ç}�8 ts��8 �ç1¤�ä@ã��-�> ts��
�
÷8¤ -��y�Aä@u�6�ø�6�s;ú8ç}�>ëï�(�>¢��Rí%�8ç}å@�7��ù%�
�86�¢;¥�6;u@�	sV��s;6fä@��£8�86f�ªý�u@6wsx�8ç}�8 ts;6)¤ ts)¥Rsx¥���ç1¥��7ã7¤>¢;¥86��� /�ªý�¤u%sV�> ts
å@�7u@6�ã7��u@¢;6�6�¤u@6^²oä@¤ç1�>ã7 ��86�6;u�å@å@�7¥�ç1�� tsV�>ã
¢;�86��RsD�8 êç}¤%ä@ã�5�> ts��7��åL¤>6;ã
s;ã7¤ °ä@�9£8�8¢wsV�>ã
 @�86��
ã7ç}ã
s;�863ä@�86
÷8¤ @��68ëy��âE�>u�sx¢��86�s§ø�åL��6fä@� ÷8¤ @�>y�86�¤ ts�¥8yt���7�8ç}�8 ts�¥�s;¥����K��£�s;u@¥86f�Æ�- �ä��=s;�86wsx�8¢�å@�7u�6;ã7��u@¢;6��tø�åL¤�sx�@ú�6;�86
6;u@¢N�7�86Bä@ã
¢;��£�sxã
¤ @63ä@�863¥8£�¤u@�
�8ç}�8 tsx6�ëh��9å@¢;ã
 @£8ã
å-�>�7����6�s�£8�8�
�7�Dä@u�ç1ã
¤%£�ú8 @�Dævu@ãKý�¤u@��¢x�>ã	sNu� °¢/Ò>�7�Dä@�
ì-�>¢;¢;�>y���>u%í�¥8£�¤u@�7��ç1�� tsx6�ä@�1�¡�F -�>å@å���ä@u°£8¢;¥RsV�>£�¥>ëh�âE�>u�s;¢;�1�vø�å�¤>sx��ú86;�{s;�86wsx¥8��ùhç1�>ã76Bævu@ã� [âI��å-�>6
 @¥8£��86;6�ã
s;¥��7�Aç1¤�ä@ã�-£n��s;ã7¤ Nä@u}ç��>ã
�7�7�>y�>ù_£�¤ @£��8¢; �� �
�)¢/Ò>�7�)ä[âG�Rí%u�s;¤ã7¢��(ý�¤u@¥�å-��¢��7��6�6;¤u@¢�£8��6�ä�� �$â � ìL¥�¤u
åL¤u�¢3�7�{ -�>å@å��D£8¢�¥�sV��£8¥>ë����
u@6;ã
�8u@¢�63ä�¥8£8¤>u@å-�>y��6N¤> vs3��ã7 @6�ã�¥�s;¥1¢�¥n�>�
ã76;¥�6�î9å-�>¢�s;ã7¢�ä�u�÷�¤ -�>y��ä��}ì@�>6;�
¢;¥n���7ã76�¥�ä-�> @6��7��å-��¢x�>yt��å@�@��å@¢;¥�£8¥�ä@�8 ts��Rshå��7u@6�ã7�8u�¢;6+sx��6�sx6kä@��6;�� @6;ã
ì@ã7�
ã
sx¥h6;u@¢k�7��6�è��>�
�8u@¢�6�ä@�86kå-�>¢;�>ç1úRsx¢��86
ä@�86 ÷8¤ ��86=6;u@äF¤ ts ¥�s;¥3���K��£�s;u@¥86�ëL+��6 ÷�¤ @��6�ä@uF @¤¢�ä9 [âE¤> vs å-��6)z"�>ã
s��$âE¤>ì�ý���s=ä[âGu@ F£n�>�7�>y��s;¢;ú86=å@¢�¥8£�ã76
��s}åL¤>u@6;6�¥Fä@�> @6D�7�{£8�>ä@¢��Fä��/£8��s�sx�9¥�s;u@ä@��ë��(¤u@¢D£��86Dä@�8¢� @ã7ú�¢;��68ù��7��6�è��>�7��u@¢;6�ä@�{s;¢x�> �6;ç}ã76;6�ã
è�ã
s;¥{¤ ts

� !tò



¥�sx¥=��í%¥8�86�î1ä@��6Aè��>�7��u@¢;6=sx���7�7��6�ævu[âG�8�
�7��6A¢;��£8¢�¥8�8 tsB��6;6;��÷�ì@ã
�8 :�
�86�ã76;¤>å@ã7ú�÷8�86 ��sA6;¤ã	sA£�¤�@¥�¢;�8 ts;���nè�8£��¡�
y¥8¤�
¤yã
�>ù+��sN�7��u@¢;63è��>�7��u@¢;63 [âG¤ ts�å-�>6Bz"�>ã	sN�$âE¤>ì�ý���sNä@��£V�@�> @y��ç1�� vs;6�ã7ç}å�¤¢�sx�> tsx6B�7¤¢�6Bä@�86�ä�ã��L¥8¢;�� tsx6
sx�86wsx6�ë°Ë� ��>�L��snù(¥�sx�> ts�ä@¤ @ �¥86��7�Fsx¤>åL¤y>¢x�>å@��ã7�}ä@u�6;ã	sx�>ùk�¡�9zl¤¢;ç}��ä��86�ã
6;¤å@ã
ú8÷��86��Rs��¡�Få@¢;¥�6;�� @£8�9ä@u
à��8¢;ä�¤ ���s�ä@���7�{�Au@¢;�> @£��>ù[ã
�h�86wsBåL��u�å@¢;¤>ì-�>ì@�
��ævu@���7��6��n�>u�í�ä@��6�÷8¤ @��6B����s ' ã7 �³@u@�8 @£��8 ts3£8���7�7��6
ä@�{�¡�F÷8¤ ��/rAëhöf�8�7�
�86Nä@���7��÷8¤> @�/� å�¤u@¢�¢x�>ã
�8 ts���yã7¢B6;u�¢��7��6� @ã	è�n��u%í�ä����¡�F÷8¤ ��5� ç���ã76Bå-�>6�6�u@¢
r £n�>¢  @¤u�6A�>�
�7¤ �6)è¤ã
¢�ævu@�N�7�B6;¤u�6^²§ä�¤ç���ã7 @��� ý�¤u��Nu@ �¢/Ò�
�Bã7ç}åL¤¢wsV�> ts ä@�3ä@¢x��ã7 -�>y>�3ä��86A�8�>u%í�ä@u
öf�8 tsx¢��>ë4�k¤u@¢As;¤u�sx��6�£8��6�¢x�>ã
6;¤ �6A @¤u�6�6;u@å�åL¤6��8¢�¤ @6�ä-�> �6Asx¤u%sx���7��6;u�ã
sx�Nævu@��£8��6�ä@�8u�í�÷�¤ @�86B�é��s
'  [âGã7 �³-u��8 @£��8 ts}å-�>6��7��6�sx¢;�> @6;ç}ã76�6;ã	è%ã	sx¥�6�ä@��6}÷�¤ @��6}6�u@ä[ëÁ:§�)��6�sDä@ã�}£8ã7�
�>ùkå-�>¢�£�¤ tsx¢;��ù�ä[âGþ�sx¢��9�>u@6�6;ã
£n��s;¥8y¤¢�ã7ævu@�Bå�¤u@¢��¡��÷�¤ @�mË�ù-¥�sV�� vs ä@¤> @ @¥8�36x��sx¤>åL¤y>¢x�>å@��ã7�>ù%£8��åL�� @ä-�> ts��TâE�>ì@6;�� @£8��s;¤>sV�>�
��ä@��zl¤¢x��y�
ä-�> @6�£8� 6;¤u�6^²§ä�¤ç���ã7 @�= @�= @¤u�6�å��8¢�ç1�Rs�å@�>6�ä����7�B£8�>�7��¢�å@¢;¥�£8ã76�¥8ç}�8 tsnë�?  @� è��>�
�8u@¢�ä@� ��ë �_ñ −4 ç 2 ëE6 −1 ù¥8ævu@ã
è��>�
�8 tsx�3î�£8���7�
��ä@�B�¡��÷8¤> @��ö � ¤ì%sx�8 vu@�Bå-��¢ £8�>�¡��y�t�Xù��7u�ã+��¥�sx¥3��s�sx¢�ã7ì@u@¥��>ë
�76'å����;�v�Z���'ã;� Ü �v�w�;�»å�89�7:Á�h��ã

� å@�>¢�s;ã7¢�ä��{sx¤u�s;�86��
�86�£n��¢x�>£Rsx¥8¢�ã76wsxã7ævu@��6�ä@¥RsV�>ã
�7�7¥��86Nä-�> @6��
�86�å-�>¢;�>y¢;�>å@�@��6�å@¢;¥�£8¥�ä@�8 tsx6�ù�u@ êä@�86
ç1��ã7�7�
�8u@¢�6�¢;¥�6;u@�	sV��s;6��� 1sx��¢;ç}�86�ä@� £n�>�7�>y�=ä@�86�ä@¤ � @¥8��6få@ã
¥8÷8¤>ç1¥Rsx¢;ã
ævu@�86��3¥Rsx¥ ¤ì�s;�8 vu/�nè��£Au@ 1ä@¥8£�¤uy²
å-�>y��£�¤ç1å�¤6�¥�ä@��ä@ã í�÷�¤ @�86� vu@ç}¥8¢�¤>sx¥��86�ä@� � î �nñ £8¤ç}ç1�N�7�Nç1¤ ts;¢;���7�u�-yu@¢�� ¿ ë �_ñ ë[��{÷�¤ @��  ◦ò1£8¤¢�¢;��6;å�¤ @ä��>u�6;��£�sx��u@¢�ä@��öf�@ã7£8�>ä@�N��s�ä��f´�¤u�¢;¢;�½²a�-¢x��ã768ë5+��6A£V�-�>ç}å@6�ä@�Ns;¢x�> @6�ç1ã
6;6�ã
è�ã
s;¥3��6�s;ã7ç}¥86
åL¤u�¢�£8��÷8¤ -��y��6�¤ ts�å@¢;¥�6;�� vs;¥86D6;u�¢��7��6�ä@��u%í�£8�>¢�s;�86�ä����¡�I�-yu@¢�� ¿ ë �� ëk+�86�è��>�
�8u@¢�6�ä@�1sx¢x�� @6;ç}ã76�²
6;ã
è�ã	sx¥86�è>��¢;ã7�� ts��8 tsx¢�� � ë �_ñ −2 ��s �_ñ −5 ç 2 ëE6 −1 ë+öf��ç}¤�ä@ú8�
��6;��ç�ì@�
���>ä-�>å%sx¥�£8�>¢�ã7�kåL��¢;ç}��sAä@��¢;��£8¢;¥��8¢u@ �£V�-�>ç}å�å@ã7¥�÷8¤ç}¥�s;¢;ã7ævu@�Nævu@ãhå�¤6;6�ú8ä@�Du@ ���zl¤¢;ç}��å�¢;¤�£V�@��ä@��£8���7�
��ä@��6�£n�>ç}å-�>y ��868ù�sx¤u%s��8 �¥RsV�> ts
£8¤�@¥�¢;�� vs��nè>�8£=�TâE�> @ã
6;¤>s;¢;¤å@ã
��ç1ã
6;�f�� �¥�è�ã7ä��8 @£���å-�>¢h�
�få�¤ç}å-�>y���>�L�8£�s;u@¥�ä-�> �6��7��6;�8£Rsx��u@¢�ä@�=öf�@ã
£n�>ä@��ù
�>ã7 @6�ã(ævu@���7�1å@¢�¥86��8 @£��}y>¥8¤�
¤yã7ævu@�Bä@u�ç}ã7¤�£8ú� @�>ëKöf��÷�¤ -�>y��ùK��6;6;¤�£8ã
¥��>u%í�è��>�7��u@¢;6�ä@��s;¢x�> @6�ç1ã
6;6�ã
è�ã
s;¥
ä@�B£V�-�>ævu@��6�¤u@6�²§ä@¤ç1�>ã
 @�>ù%£8¤ @6wsxã	sxu@�B£8�Bævu@�3�TâG¤ / @¤ç}�8¢;���¡��£8¤> ��-yu@¢;��sxã
¤  � ë���� @6A�7�16;u�ã
sx�Nä@��£���s�sx��6��8£Rsxã7¤> [ùL�
�86�¢;¥86�u@�
sx��sx6�ä@��£���s�sx��£�¤ ��-y>u@¢x��s;ã7¤ �6;¤ tsA£8¤ç}ç1�� tsx¥86���sA£8¤çf²
å-�>¢;¥�6)�nè��£�£8��u%í1ä[âGu@ @����u�sx¢�� � £8¤ ��@yu@¢x��sxã7¤>  � ��¥�yt�>�7��ç1�� ts�s;�86�s;¥8��æ�u�ãL6�u@å@å�¤6;��æ�u��A�7�=ç}ã7¤�£8ú� @�hý�¤u@�
u@ 1¢¨Ò�7�fä@�=ì-�>¢;¢;�>y�=�>u�í�¥8£�¤u@�
�8ç}�8 tsx6�ä@�=�¡�� @�>å@å���£8¢;¥RsV�>£�¥8��ëy�k¤u@¢�s;�86�s;�8¢�£8�Rs;s;� �tø�å�¤>sx�@ú�6;��ù��
��÷8¤ @�>y�
��s3�7��63å@�>¢x�>ç}ú�s;¢;��636�¤ ts3ç1¤�ä@ã��@¥868ër�(¤u@¢B£V�-��£8u@ @�1ä@�D£8��6Nä@��u%í¯£8¤> ��-yu@¢;��sxã
¤ @6�ù[ä@�} @¤ç�ì@¢��8u%í�sx�86wsx6
ä@�16��8 @6�ã7ì@ã
�7ã	sx¥86�¤> vs3¥Rsx¥}¢;¥n���7ã76�¥86B6;u�¢N�
�86�è��>�7��u@¢;6Bä@��6Nå-��¢x�>ç}ú�s;¢;�86Bä@��6N÷�¤ @��6 � ù � ù�!%ùkò9�Rs ¿ �Æ�- �ä@�
ç1ã
�8u%í�£8¤ç}å@¢;�� @ä@¢��F�
�{zl¤ @£Rsxã7¤> @ @�8ç}�8 ts�ä��F�$âI��æ�u�ã
zlú8¢��>ëÁ�k¤u@¢�£V�-��£8u@ @�Fä[âG�8�
�7�86�ù��7�/£V�@�>ç1åêå@ã
¥8÷�¤ç1¥½²
sx¢;ã
ævu@�=�86�s�6;ã
ç�u@�
¥���s��7�=£V�-�>ç}å}ä@��è%ã	sx��6;6;��6fä@�c����¢;£�øD6�¤ tsfå�¢;¥86��8 tsx¥�6få�¤u@¢��¡��å�¥8¢�ã7¤�ä@��£8¤¢�¢;��6;å�¤ @ä-�> ts
î��¡�N£8�>ç}å-�>y @�Aä@u s 6;��å�sx��ç�ì@¢�� �ts�s�s ë%+�86�¢�¥86;u��
sV��sx6f�Rs��7��6)£8¤> @£8�
u@6;ã
¤ @6)ä@�A£8�86�ä��8u%í{£8¤ ��@yu@¢x��sxã7¤> @6
åL��¢;ç}��s;s;¢;¤ ts��>�
¤¢;6)ä��3å�¢;¥86��8 tsx��¢A�
��ç1¤�ä@ú8�
��ç}¤ @¤Æ²o£8¤ tsxã
 vu@u@ç¦å�¢;¤å�¤6;¥�å�¤u@¢=�
�86�¥8£�¤u@�
�8ç}�8 tsx6�ë

� ! ¿



� �'� Û=Ö ã�������� ����;

157000

158000

159000

160000

161000

162000

163000

873000 875000 877000 879000 881000

Y

X

Fig 6.10 : Zonage de la configuration 1
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Fig 6.16 : Zonage de la configuration 2
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Limites a charge imposee
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Periode 15 sept - 10 nov 2001

Chronique piezo du forage STE06
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Periode 15 sept - 03 nov 2001

Chronique piezo du forage CAD03
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Periode 15 sept - 17 nov 2001

Chronique piezo du forage RJH01
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Periode 15 sept - 03 nov 2001

Chronique piezo du forage cad12
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Periode mai 1999

Chronique piezo du forage agt05
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Periode octobre 2001

Chronique piezo du forage agt05
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Periode mai 1999

Chronique piezo du forage CAD14
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Periode octobre 2001

Chronique piezo du forage cad14
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Periode mai 1999

Chronique piezo du forage CED05
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Periode octobre 2001

Chronique piezo du forage CED05
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Periode mai 1999

Chronique piezo du forage CED06
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Periode octobre 2001

Chronique piezo du forage CED06
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Forages du continuum fracture
Forages du continuum matrice

\cç�èQçon ··ì¹¸��º�)��p�ë¦ì»�4ì¼��ël»�½����'¾J��ë�ì��>p^ì »�»��
���� @6�£8�/å@�>¢x�>y>¢x�>å@���>ùk @¤u@6����K��£�s;u@¤ @6�ævu-�> �äûç}þ8ç}��u� @�{ã7 tè>�8¢;6�ã7¤ ��� �ä@¤u@ì��7��²o£8¤ ts;ã7 vu@u@ç �8 

u�sxã
�7ã76;�> tsD�7��61£V�@¢�¤ @ã
æ�u��86{ä@�F�¡��ì-�>6��:ä@�Fä@¤ � @¥8��68ëZ¿�¤u@�7ã
y @¤ �6�sx¤u�s;��zl¤ã
61ævu@���7�9ì@u�s1 [âG�86ws{å-�>61ä@�
zl¤u@¢; �ã7¢)ä@��6=£V�-�>ç}å@6=ä@��å@¢;¤>å@¢;ã
¥�sx¥�6�¢;��å@¢;¥�6;�8 tsx��sxã	è�86�ä@�86�¥�£8¤u��7�8ç}�8 ts;6 6�¤u@6=�7�A6;ã
s;��ä@�3ö)�>ä-��¢x�>£V�@��ù-£8�
æ�u�ãL @� å-�>¢;�>ã
s�å@�>6�s;¢;ú86�¢;¥8�>�7ã
6�s;���nè>�8£A�7��ä@ã76wsx¢;ã
ì@u�s;ã7¤ D6;å@��sxã7�>�7��ä@��6fä@¤> @ @¥8��6fä@� £8�Rs;s;�Aì-�>6��>ë�+��ì�u�sf��6�s
ä[âI�nè>¤ã7¢Nu@ @����6�s;ã7ç1��sxã
¤ ��
¤%£8�>�7��ä��86�¤¢�ä@¢;��6�ä@�1y¢x�� @ä@�8u�¢;6�ä@��6�ä@ã�K¥�¢;�� vs;�86�è��>�
�8u@¢�6�ä@��6�å-��¢x�>ç}ú�s;¢;�86�ù
 @¤>sV��ç1ç}�8 ts{£��8�
�7�:ä�u�£8¤��>�}£8ã
�8 ts/ä@�:£8¤u@å��¡�>y��ë¹Q��
�7�: �¤u@6{å��8¢�ç1�Rs;sx¢;�°¥8y�>�7��ç1�� vs1ä@��ç}¤ tsx¢��8¢�6�u@¢
ä@�8u%í�£V�@¢;¤> @ã7ævu@��68ùfå�¢;¤_è�� -�> ts9ä@��ä@��u%íézl¤¢x�>y>�86�6�ã
s;u@¥86{ä@�> @6{u@ ���ç1þ�ç1�F÷8¤> @�>ù��TâE�>ç1¥��7ã
¤¢x��s;ã7¤ °ä@�86
�ªý�u@6�s;�8ç}�8 tsx6�¤ì%sx�8 vu@6��� }u%sxã7�
ã76;�> ts�u@ @�=��å@å@¢;¤�£V�@��ä@¤>u@ì@�7�½²§£�¤ tsxã7 vu@u�ç �>uD�
ã7�8u�ä[âEu� @� �>å@å@¢�¤%£V�@��ç}¤ @¤�²
£8¤ tsxã
 vu@u@çFë>Q��
�7�� @¤u�6�å��8¢�ç1�Rs;sx¢;�3�� ��- {ä�� è>¤ã7¢��7��6��>�L��sx6�ä@� �¡��¢;¥�å-�>¢�s;ã
s;ã7¤ Dä@� �¡��å@�
u�è�ã7¤ç}¥�s;¢;ã7��ä@�> @6
£V�-�>£8u� :ä@��6�ä@��u%í9£�¤ tsxã7 vu-�D6;u�¢ �
�86�¢�¥86;u��
sV��sx6=ä@�B�TâGã7 tè��¢;6�ã7¤ [ë

� òò



���'q'�h����� ��� �y� ���'ã5:lå �Bu¬À��'�������rã;ãmÁ
���� )ÂD�TâG�Rí%�8ç}å@�7��æ�u��F �¤u)Â�sx¢;�]Ã
s;¤ )Â8ù( @¤u)ÂD @�/£�¤ )ÂlÃ7ä@¥�¢;¤ )ÂD�
�/ä@¤u@ì@�
��²o£8¤ ts¬Ã
 vu@u@ç ævu@�&Â�u@¢�u@ @�

Â;�8u��7��÷�¤ @��å-��¢�s¬Ã
£8u@�«Ã7ú�¢;� ä@u!ÂTÃ	sx�Aä��Bö)�>ä-�>¢;�>£V�@��ë�:§��Â�âI��y�Ã
s�ä@u!Â;¤>u)Â^²oä@¤ç1�]Ã7 @�AòNä@u/÷�¤ -�>y>��ä@���7���-yu�¢;�¿ ë �JÄ ë(öf��s;s;��÷�¤ @����Â�s#Ã7 tsx¥�¢;��ÂTÂx�� vs;�{£n��¢N£�âE��Â�s�ä@�> )Â�£��8�
�7��²o£¥Ã�ævu[âG¤ ts�¥Rsx¥}çÅÃ«Â3�� �¥�è�Ã
ä@�8 @£����
�¥Â3å@¢TÃ
 @£¥Ãà²
å-�>u%í�ä@¢x�]Ã
 )Â�£�¤ @ä@u�£�sx��u@¢TÂ�ä�u�ÂTÃ
s;�>ù(£8�8u�í�ä@��ÂtÂ;��£�sx��u@¢TÂ1öf�)Ã
£n�>ä��{��sÆ¿>ÇQ��È�¿>ÇeQ�ë��k¤u@¢�£���s��Xí���ç1å��7�
¤ é���K��£�s;u@�:�� éævu@���7ævu@�MÂ;¤¢wsx�Fu@ éä�¤u@ì@�
��²§£�¤ ts¬Ã
 �u�u@ç �7¤�£n���Tùh�� ÉÂ�u@å@å�¤�Âx�� vs1ævu@�9sx¤u�s;�¥Â}�7��Â1��u�sx¢��¥Â
÷8¤ @��Â�ä@u�ÂTÃ
s;�Nå��8u%è�8 ts�þRsx¢���£8¤> )ÂTÃ
ä@¥8¢�¥8�¥ÂA�8 :ç}¤ @¤�²§£8¤> vsTÃ7 vu@u@çFëm�(¤>u@¢A£��¥ÂAä��8¢; RÃ7ú8¢��¥Â�ùL�
�¥Â=è>���7�8u�¢TÂ ä@�¥Â
å-�>¢x��ç1úRsx¢;��ÂBä[âE��ç1ç1�>yt��ÂTÃ7 ��8ç}�8 tsB��s3ä@�Dsx¢;�> )Â;ç`Ã�ÂlÂTÃ	è>Ã	sx¥�¤> vs3¥Rsx¥w��í%¥8�¥ÂN¥8yt���7�¥Â3�>u�í�è��>�7��u@¢TÂB�¥Âws¬Ã
ç1¥��¥Â
ä-�> )Â1�¡�xÂ;�8£Rs¬Ã
¤  � ë � �Rs{¤ é @�:£V���8¢;£V����å-�]Â�î��¥Âws¬Ã
ç1��¢}�
�¥Â}å-�>¢;�>ç1úRsx¢��¥Â�ä���£��¥Â{÷�¤ @�¥Â�ëf�âÊÃ7 tè��¢TÂlÃ7¤ 
 @�ËÂ8âG�>�L�8£�s;u@�}ä@¤ @£Dævu@�Dä-�> )ÂB�7�{÷8¤ @�1ò�¤�±¯ @¤uRÂB�_è>¤ )ÂGÂ;¥��7�8£Rs¬Ã
¤ @ @¥��
�¥Â�£V�@¢�¤ )Ã7ævu@��ÂBå@¢;¤_è�� -�> tsNä@�¥Â
zl¤¢x�>y>�¥ÂÌ¿>ÇeQ ñ ò¯�Rs/ögQ���Í µ ñ ò�£8¤ç}ç}�Fä�¤ @ @¥��¥Â�ä���£8�>�¡�>y>�>ë�öf�¥Â}ä@��¢; )Ã
ú8¢;��Â�¤ ts1¥�s;¥�£V�@¤]Ã�ÂTÃ
�¥ÂDå�¤u@¢
�TâÊÃ7 tè��¢TÂTÃ
¤ �£8�>¢��
�¥Â�¢�¥¥Â;u��
sV��s¬Â�ä��¥ÂtÂ��7u@y�ÂNsx�¥Âws¬Â� �¤u)ÂtÃ
 �zl¤¢;ç}�8 tsNævu@�/�7�Dzl¤¢x��y�!¿>ÇeQ ñ ò:��Â�s�¢��8å@¢�¥¥Â��8 y²
sV��sTÃ
z�ä@u�£�¤ ts¬Ã
 �u�u@ç zl¢x��£�sxu�¢;�¥ÂN�>�
¤¢TÂ�ævu@��ögQ���Í µ ñ ò9�¥Â�s3¢��8å@¢�¥¥Â;�� tsV��sTÃ
z)ä��1�7�{ç���s;¢TÃ
£8�>ë[���Â�è>���7�8u�¢TÂ
ä@�{£8¤> @ä@u@£Rs¬Ã
è�Ã	sx¥}�vø�ä@¢;�>u@�«Ã7ævu@�ÌÂ�¤ ts��8 °�>�L��s�ä�� ¿ ù ¿�¿ ë �_ñ −7 çFëÊÂ −1 å�¤u@¢N�7�}å@¢;��çÅÃ
�8¢3��s�ä@�!Î%ùIò%ë �_ñ −10ç�ëÊÂ

−1 å�¤u@¢N�7�ÌÂ��8£�¤ @ä[ë��âG¥�s;u@ä@�/ævu-�>�«Ã
sV��s¬Ã
è>�1ä��{�¡�9zl¤¢;ç}��ä@��£8�¥Â�£V��¢;¤ )Ã
ævu@�¥Â � £8¤u@¢�ìL��Â�¢;¤>u@y�¥Â�ä@�¥Â�-yu@¢��¥Â ¿ ëÐÏ ¿ î ¿ ëÐÏ���RùL£8¤ y�-¢;ç}��å-�>¢���Ã7�7�
�8u@¢lÂA£���£8¤ç}åL¤>¢�sx��ç1�� tsnëºQ� ��>�L��s8ù[�7�� )Ã
è>�n�>u�å)Ã
¥8÷8¤>ç1¥Rsx¢TÃ
ævu@�
ä@uFzl¤>¢x�>y��¿>ÇeQ ñ ò��>u@yç}�8 tsx��ä��cÏ�ù ò�çü��s=¢���è�Ã7�� vs�îtÂ�¤ 9 )Ã
è>�n�>u&Ã7 RÃ
s¬Ã7�>�5¢x�>åRÃ7ä@��ç1�� vs8ù-�>�
¤¢TÂ�æ�u��3£��8�
u)Ã
ä@�/ögQ���Í µ ñ òF @�1ç}¤ tsx�}ævu@��ä�� � ùIòFç �RsÑÂ;��£V�@¢�¤ )Ã
æ�u���å@¢�¥¥Â;�� tsx�{u@ ��1zl¤¢�ç1�Då@�
u)Â���¢;¢;¤> @ä)Ã7��ëköf�¥Â
ä@�8u%íF¤>u�è�¢x�>y��ÂeÂ;¤ ts åL¤]ÂTÃ
sTÃ7¤ � @¥¥ÂZÂ�u@¢=�¡��£n�>¢wsx��ä@�B�7�f�@yu@¢;� ¿ ëÐÏtò%ë

�ÁÀ¥Â �?��hRAN�ºÒ Ì È À�Ê�À�Ì�É È Ð~Ä È C�ÌvÇ�Ë�ÂvÄ È ÕmÓeÓ Ü>A ØÕÔ�ÌyÉ�Ê�ÀÏÉ�Í�Í~ÑÖC�Ç�ËBÔtÊ�Í�Ç>Ä È ß
Ä�Ê 4 Ó FÆ×ÑE	Ü>A ØÕÔ�ÌyÉ�Ê�ÀÏÉ�Í�Í~Ñ%Ñ)Ë�Ê½Ç�À�Ô�Ä ß

157000

158000

159000

160000

161000

162000

163000

873000 875000 877000 879000 881000

Y

X

Positions des forages STE05 et CEDRA05

1

2 3

4

6
7

8

91011

STE05 (continuum fracture)
CED05 (continuum matrice)
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:
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? ? ?
? ? ?
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. . ?

? . .
. ? .
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. . ?

? . .
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. . ?
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? ? ?
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h
(1)
i

h
(2)
i

h
(3)
i

h
(1)
j

h
(2)
j

h
(3)
j

h
(1)
k

h
(2)
k

h
(3)
k
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b
(1)
i

b
(2)
i

b
(3)
i

b
(1)
j

b
(2)
j

b
(3)
j

b
(1)
k

b
(2)
k

b
(3)
k




°²± - ± ³óPô�ÂN�Åõ�Ù¬ö7	 ú ô�Â%�)ô ú ø�Ø�)Ûýõ]Ý]ôY	�ùBÙTô¥ö�Ã ú ø�ùBÙ)	�ù�Ø)Ø�� α
ô�ÙN���Êô*�0�Åõ]ÝBõ]Â7	�ù)ô��Åô�ù�Ù

S
ÂTø�ùBÙU�)ô�ÂN�Åõ�Ù¬ö7	 ú ô�Âa��	ýõ]Ý�øsÃ

ù?õ]Û�ô�Â*- © ô�ÂÆÙ¬ô¥ö7�Åô�ÂÆù��V	�ùBÙ¬ô�ö7�2	�ô�ù)ù)ô¥ùBÙ0�)ø�ù ú �?õ]ù)ÂÆÛ�õ=�Ìõ�ÙTö)	 ú ôÌ÷�Û�÷��Åô�ù�Ù¬õ 	�ölô � Ø)ô&Â)	 i = j ú �Êô¥Â.Ù7Ãc>yÃ"��	«öTô�?õ]ù)Â�Û�ô¥Â�()Û«ø ú Â���	ýõ]Ý�ø]ù?õ]Ø��0�)ô1ÛýõK�Åõ�Ù¬ö7	 ú ô�-�ó�ô¥Â�ÙTô¥ö7�Åô�ÂL���Êô*�0�Åõ]ÝBõ]Â7	�ù)ô��Åô�ù�Ù�ùRô3ÂTø]ù�ÙL)öl÷¥ÂTô�ùBÙ¬Â � Ø)ô3ÂlØ)ö
ÛýõY��	�õ]Ý�ø�ù)õ]Û�ôa�)ô¥Â?()Û«ø ú Â*-Ró5õ+�Åõ�ÙTö)	 ú ô�÷�Û�÷��Åô�ù�Ù¬õ 	�ölô�õtØ)ù)ô%��	3�`ô¥ù)Â7	�ø�ù ° ù)ø#�Y()öTôN�Rô ú ø�ùBÙ,	«ù�Ø?õ@ÄGù)ø#�+(RöTô�)ôcù)ø>ô�Ø��)Â ³

3 × 3 = 9
ÂlØ)ö

9
-?ó�ô¥Âe÷�Û�÷*�`ô¥ùBÙTÂ1ô�ùBÙ¬öTô ú ölø ú ÚRô�Ù¬ÂeÂ��Ð÷ ú ö)	6��ô�ù�Ù%�)ôcÛýõ+�Åõ]ù�	5ª¥öTô�ÂlØ�	5��õ]ùBÙTô�¯




T
(1)
ij + α

(12)
ij + α

(13)
ij + M

(1)
ij −α

(12)
ij −α

(13)
ij

−α
(21)
ij T

(2)
ij + α

(21)
ij + α

(23)
ij + M

(2)
ij −α

(23)
ij

−α
(31)
ij −α

(32)
ij T

(3)
ij + α

(31)
ij + α

(32)
ij + M

(3)
ij


 °²± -òÎ ³

õ`�]ô ú i = j
ô�Ù

i = 1, 2, 3
-?ó�ô¥Â!()Û�ø ú ÂZù)ø]ù.��	ýõ]Ý�ø]ù?õ]Ø��7Â*�Ê÷ ú ö7	5�]ô¥ùBÙY¯




T
(1)
ij . .

. T
(2)
ij .

. . T
(3)
ij


 °²± - ñ'³

õ`�]ô ú i = 1, 2, 3
®
j = 1, 2, 3

ô�Ù
i 6= j

-�õ�ù)Â�Û�ô ú õ�Â��Rô � Ø?õJÙ¬öTô ú ø�ùBÙ,	�ù�Ø?õ�®'	�ÛRô�ÂlÙ�àðõ ú 	�Û�ô
�)ô/�Åø�ùBÙTöTô¥ö � Ø)ô1ÛýõN�Åõ�ÙTö)	 ú ôg÷¥Û«÷*�`ô¥ùBÙ õ�	�öTôeõ�Û�õ3àüø�ö)�`ô
ÂTØ�	6�]õ�ù�ÙTôI¯

Ånõ�Ù¬ö7	 ú ôGô�Û�ô��Åô�ù�Ù¬õ 	�ölô =




? ? ? ? ? . . . ? . . .
? ? ? ? . ? . . . ? . .
? ? ? ? . . ? . . . ? .
? ? ? ? . . . ? . . . ?
? . . . ? ? ? ? ? . . .
. ? . . ? ? ? ? . ? . .
. . ? . ? ? ? ? . . ? .
. . . ? ? ? ? ? . . . ?
? . . . ? . . . ? ? ? ?
. ? . . . ? . . ? ? ? ?
. . ? . . . ? . ? ? ? ?
. . . ? . . . ? ? ? ? ?




°²± - ¾'³

Þ ± ñ



Æ£Ç � x �;� Ç � ���w�È�QÉ£�;�XÊ x � ��� ËE� �.�;���w�G�Q� Ç ���;�

´�ù��)÷�Â)	�ölôM�)÷�Ù¬ô¥ö7�@	«ù)ô¥ö<Ûýõ3Âlø�Û�ØRÙ)	�ø�ùtõ]ù?õ]Û6¬�Ù)	 � Ø)ô�ô¥ùËØ)ù)ô?��	5�Åô�ù)Â)	«ø�ù+���Êô¥Â7?õ ú ô ®'���ÊØ)ùÆÂ7¬�Â.Ù,ª*�`ô ú ø�ùRÂlÙ,	ÌÃ
Ù¬Ø)÷I�)ôI�)ô�Ø�� ú ø�ùBÙ)	�ù�Ø?õ � Ø�	ÜÂTø�ùBÙcÙ¬ø]Ø)ÂcÛ�ô¥ÂU�Rô¥Ø��iÚ)ø �Åø�Ý ª¥ù)ô�Â*-H�õ]ùRÂ ú ô�ÙlÙ¬ôËÂ)	9Ù¬Ø?õ�Ù)	�ø�ù�®�Û�ô�ÂU?õ]öTõ �@ª�Ù¬ölô¥Â���Ðô��@�Åõ]ÝBõ�Â)	�ùRô*�`ô¥ùBÙ

S
®��)ô!Ù¬öTõ]ù)Â)�0	�ÂlÂ)	6��	9Ù¬÷

T
ô�ÙËÛ�ô ú ø>ô1Í ú 	�ô�ùBÙA�)ô ú ø�Ø�)Û�õ]Ý�ô α

ÂTø]ù�Ù0	«ù��)÷*%ô¥ù��?õ]ùBÙ¬Â�)ô
x
-Ü´�ù�ÂlØ��%ø�ÂTô!÷�ÝBõ]Û«ô*�`ô¥ùBÙ � Ø)ôÌÛ�ô¥ÂB�)ô¥Ø2� ú ø]ù�Ù)	�ù�Ø?õnø]ù�ÙY�)ô¥ÂB�]õ�Û�ô¥ØRöTÂY���Ðô��@�Åõ]ÝBõ]Â7	�ù)ô��Åô�ùBÙÑô�Ù��)ô

Ù¬ö¬õ�ù)Â)�0	�ÂlÂ)	5�2	9Ù¬÷+	5�)ô¥ùBÙ,	 � Ø)ô¥Â�® ú �Êô¥Â.Ù7Ãc>yÃ"��	«öTô � Ø)ô S1 = S2 = S
ô�Ù

T1 = T2 = T
-�óPô�ÂcÛ3	3�0	«ÙTô¥Â!�)ô¥ÂK�)ô�Ø��

ú ø�ùBÙ,	«ù�Ø?õÌÂTø]ù�Ù3Ù¬ø�ØRÙTô¥ÂU> ú Ú?õ]ölÝ�ô+	3�0%ø�ÂT÷�ô -QÎmø�ØRö�Û�ô4)öTô��@	«ô¥ö ú ø�ùBÙ)	�ù�Ø)Ø��.®'ô�Û�Û«ô¥Â1ÂTø�ùBÙ�÷�ÝBõ]Û�ô�ÂN>0Á¥÷¥ölø!ô¥ù
x = 0

ô�ÙN>ÌØ)ù¶ô¥ù
x = 1

ô�Ù%'ø�ØRö3Û�ô#ÂTô ú ø�ù�� ú ø�ùBÙ,	«ù�ØRØ��;®%ÛýõI��õ]Û�ô�Ø)öa�RôtÛýõ ú Ú?õ]öTÝ]ôtô¥Â.ÙU	3�0'ø]ÂT÷¥ôG÷¥Ý�õ]Û�ô>ÌØ)ùNô�ù
x = 0

ô�ÙU>AÁ�÷¥ölø7ô¥ù
x = 1

-�´�ù<�)÷¥Â7	�öTô#÷¥ÝBõ�Û�ô*�`ô¥ùBÙ ú ø�ùRù?õ�Ï�ÙTöTôGÛh�Ê÷��]ø�Û�ØRÙ)	�ø�ù.�)ô�ÂN�)ô¥Ø2� ú Ú?õ�öTÝ�ô�Â�	�÷�Á¥ø#�`÷�ÙTö)	 � Ø)ô�Â+�?õ]ùRÂÆÛ�ôÅÙTô*�0)Â*-<ó�ô¥Â��)ô�Ø�� ú Ú?õ�öTÝ�ô�ÂÆÂTø�ùBÙËÂTØ��'ø]ÂT÷¥ô�ÂIÐ�Ù¬ölô!ù�Ø)Û�Û«ô¥Â+>NÛf�O	«ù)ÂlÙ¬õ]ùBÙ+	«ù�	«Ù)	ýõ]Û
t = 0

-w´�ù ú Ú)ô�ö ú Ú)ôB�)ø�ù ú Û«ô ú ø�Ø�)Û�ôK�)ôcÂTø]Û�ØRÙ)	�ø�ù)Â
(h1, h2)

T �]÷¥ö7	5«wõ]ùBÙ1Û�ô�Â�¬�ÂlÙ,ª��Åô0¯
{

S ∂h1

∂t
= T ∂2h1

∂x2 + α (h2 − h1)

S ∂h2

∂t
= T ∂2h2

∂x2 + α (h1 − h2) °²± - Þ W ³
õ`�]ô ú Û�ô�Â ú ø�ù���	9Ù,	«ø�ù)ÂZõ]Ø2�&Û3	5�@	9Ù¬ô¥Âa¯

{
h1 (0, t) = 0

ô�Ù
h1 (1, t) = 1

h2 (0, t) = 1
ô�Ù

h2 (1, t) = 0 °²± - Þ]Þy³
ô�Ù1Û�ô�Â!�Rô¥Ø�� ú ø�ù���	9Ù,	«ø�ù)Â?	�ù�	«Ù,	�õ]Û�ô�Âa¯

h1 (x, 0) = h2 (x, 0) = 0 °f± - Þ ¿ ³ÑYÒ�ÓtÔ%Õ2Ö_×gÒ �ÙØXÚ~ÛaÚ~Ü ÓgÝNÞcÓtß Ú
k1Ù,	«Û3	«ÂTø�ù)Â¹Ûýõ��Å÷�Ù¬Ú)ø2�)ôU�)ôcÛ�õÑÙ¬ö¬õ�ù)Âlàüø�ö7�Å÷�ôU�)ôGóPõ )Ûýõ ú ô -�à�ùMù)ø]ÙTôK�?õ]ù)ÂeÛýõtÂlØ�	«ÙTô

h̃
ÛýõtÙTö¬õ]ù)Â.àüø�ö)�`÷¥ôU�Rô

h
¯

h̃ =
∫ ∞

0
e−pt h (x, t) dt °f± - Þ Ï ³á�ù�õ �RÛ3	 � Ø?õ�ù�Ù ú ô�ÙlÙ¬ôcÙ¬ö¬õ�ù)Âlàüø�ö7�Å÷�ôcõ]Ø��R�Rô¥Ø��&÷ � Ø?õ�Ù,	«ø�ù)Â/�)ô °f± - Î Þ`³ õ 	�ù)Â7	 � Ø��Ðõ]Ø�� ú ø]ù���	«Ù)	�ø�ùRÂZõ]Ø��Û3	3�0	«ÙTô¥ÂL�)ô °f± -òÎ#¿ ³ ®)Û�ôU)ölø#()Û5ª*�`ôK>Ëöl÷¥Âlø�Ø��)ölô#Â��Ð÷ ú ö)	9ÙK¯





Sph̃1 = T d2h̃1

dx2 + α
(
h̃2 − h̃1

)

Sph̃2 = T d2h̃2

dx2 + α
(
h̃1 − h̃2

) °²± - Þ¥ÄP³




h̃1 (0, t) = 0
ô�Ù

h̃1 (1, t) = 1
p

h̃2 (0, t) = 1
p

ô�Ù
h̃2 (1, t) = 0 °²± - Þ $ ³

Þ ± ¾



â ×�ã:ã Ú
áÜùxô�Â'ô ú Ù¬Ø?õ]ùBÙGÛýõ7Âlø#�0�Åô+�Rô¥ÂU�)ô�Ø��x÷ � Ø?õJÙ,	�ø]ù)ÂU�)ô °f± - Þ�ÄP³ ô�Ùcô¥ùD%ø�Â¬õ�ù�Ù

g̃ = h̃1 + h̃2

Ûf�Ð÷ � Ø?õ�Ù,	«ø�ù��	5Â'÷¥ölô¥ùBÙ,	«ô¥Û�Û«ôU>ÆöT÷�ÂTø�Ø��RöTôGÂ*�Ê÷ ú ö7	«Ù4¯
d2g̃

dx2
− Sp

T
g̃ = 0 °²± - Þ ± ³õ`�]ô ú Û�ô�Â!�Rô¥Ø�� ú ø�ù���	9Ù,	�ø]ù)ÂZõ]Ø��!Û3	3�0	«ÙTô¥Âa¯

g̃ (0, t) = g̃ (1, t) =
1

p °²± - Þ Î ³ó5õËÂTø]Û�ØRÙ)	�ø�ù!Ý�÷�ù)÷¥öTõ]Û�ôU�Rô °²± -òÎ�Î ³ Â*�Ê÷ ú ö)	9ÙK¯
g̃ = Aeγx + Be−γx °²± - Þ�ñ'³ø#ä

γ =
√

Sp
T

-wó�ô¥Â/�)ô�Ø�� ú ø]ù)ÂlÙ¬õ]ùBÙ¬ô¥Â A
ô�Ù

B
ÂTø]ù�Ù!�)÷�Ù¬ô�ö)�0	�ù)÷�ô¥Â/?õ]öeÛ�ô�Â?�)ô¥Ø2� ú ø�ù���	«Ù,	«ø�ù)ÂZõ�Ø��&Û3	5�@	9Ù¬ô�Â

°f± -À$ ñ'³ ô�Ù�ø]ù�Ù!%ø�Ø)öZô���RöTô¥ÂlÂ)	«ø�ù�¯
{

A = 1
2p

· 1−e−γ

sinh γ

B = 1
2p

· eγ−1
sinh γ °²± - Þ�¾'³á�ùMöTô��@RÛýõ å¥õ]ùBÙeÛ�ô¥Â?�Rô¥Ø��Mô���RöTô¥ÂlÂ)	«ø�ù)Â ú 	6Ãd�)ô¥ÂlÂTØ)Â!�?õ]ùRÂ °²± - ± W ³ ø�ù!Ù¬ölø�Ø��]ôB%ø�Ø)ö

g̃
¯

g̃ =
1

p
· sinh (γx) − sinh γ (x − 1)

sinh γ °²± -æ¿�W ³
çSè"é Ø Ò Ú Ôaß Ú

áÜùäô1Â�ô ú ÙTØ?õ]ùBÙY�Åõ 	«ù�ÙTô¥ù?õ�ù�ÙGÛ�õR��	5Â'÷¥öTô�ù ú ô ° Û�õG�)ô¥Ø���	5ª*�`ô0�`ø#	«ù)Â�ÛýõG)ölô*�0	3ª¥ölô ³ ô�ÙGô�ù�%ø�Â¬õ]ùBÙ
k̃ =

h̃2 − h̃1

®?Ûýõ+�Rô¥Ø���	3ª��Åôc÷ � Ø)õ�Ù,	«ø�ù.>`öl÷¥ÂTø]Ø��)öTôcÂ��Ð÷ ú ö)	9Ù4¯
d2k̃

dx2
− 1

T
(2α + Sp) k̃ = 0 °f± -À¿ Þy³õ`�]ô ú Û�ô�Â!�Rô¥Ø�� ú ø�ù���	9Ù,	�ø]ù)ÂZõ]Ø��!Û3	3�0	«ÙTô¥Âa¯





k̃ (0, t) = 1
p

k̃ (1, t) = −1
p °²± -æ¿ ¿ ³

ó5õ1ÂTø�Û«ØRÙ,	«ø�ùGÝ�÷¥ù)÷�ö¬õ]Û«ô�ô�ÂlÙ��)ô�Û�õ!�0Ð*�`ô�àüø�ö)�`ô � ØRô °f± - ± W ³ õ��]ô úgú ô�ÙTÙTô�àüø#	«Â�Ã ú 	 δ =
√

1
T

(2α + Sp) ú ø#�0�Åô
õ]öTÝ�Ø��Åô�ù�Ù!�)ôcÛf�Ðô���%ø�ù)ô�ùBÙ,	�ô�Û�Û«ô�ô�Ù ú ø#�@�`ô ú ø]ù)ÂlÙ¬õ]ùBÙ¬ô¥Â C

ô�Ù
D

�)ôcÛýõÑàüø]ö)�`ô�¯




C = − 1
2p

· 1+e−δ

sinh δ

D = 1
2p

· 1+eδ

sinh δ °²± -æ¿�Ï ³á�ùMöTô��@RÛýõ å¥õ]ùBÙ/�)ø�ù ú Û�ô�Â?�)ô¥Ø2�Mô1��)öTô�ÂTÂ7	�ø�ù)Â ú 	ÌÃ"�)ô�ÂTÂlØ)Âa�)õ]ù)ÂeÛh�Êô1��)ölô¥ÂTÂ7	�ø�ùMÝ�÷�ù)÷¥öTõ]Û�ô�®)ø�ùMø#(RÙ,	«ô¥ùBÙ/%ø�Ø)ö
k̃
¯

k̃ = −1

p
· sinh (δx) + sinh δ (x − 1)

sinh δ °²± -æ¿ ÄP³
Þ Î W



ç Ø�ê�Ú Ò�ã è ÔaÓ ê è ×tÔ Û%Ú
h̃1

Ú�ê
h̃2áÜù!öTô��@RÛýõ å¥õ]ùBÙM�?õ]ùRÂ °f± -À$ ¾'³ ô�Ù °f± -À¿ ÄP³ ® g̃ ô�Ù k̃

?õ]ö�Û�ô¥ØRö¹ô1��)ölô¥ÂlÂ)	�ø]ù.�R÷*%ô¥ù��?õ�ù�ÙTô¥Â/�)ô
h̃1

ô�Ù
h̃2

®�ø�ù
ø#(RÙ,	«ô¥ùBÙ4¯





h̃1 + h̃2 = 1
p
· sinh(γx)−sinh γ(x−1)

sinh γ

h̃2 − h̃1 = −1
p
· sinh(δx)+sinh δ(x−1)

sinh δ °²± -æ¿ $ ³á�ù&ô1Â�ô ú Ù¬Ø)õ]ùBÙ�Û�õÑÂTø �@�`ô3ô�ÙeÛýõY��	6Â�÷�öTô�ù ú ôU�)ô ú ô¥Â/�)ô�Ø��!÷ � Ø?õ�Ù,	«ø�ù)Â�®)ø�ù!ø#(RÙ)	�ô�ù�ÙgÛ�ô¥Â¹ÂTø�Û«ØRÙ,	«ø�ù)Â h̃1

ô�Ù
h̃2�?õ]ù)Â1Û�ôN�Rø#�Ìõ�	�ù)ôU�)ôGóPõ )Û�õ ú ôU�RôGÛ�õÑàüø�ö)�`ô�¯





h̃1 = 1
2p

[
sinh(γx)−sinh γ(x−1)

sinh γ
+ sinh(δx)+sinh δ(x−1)

sinh δ

]

h̃2 = 1
2p

[
sinh(γx)−sinh γ(x−1)

sinh γ
− sinh(δx)+sinh δ(x−1)

sinh δ

] °²± -æ¿ ± ³
ø#äD¯





γ =
√

Sp
T

δ =
√

1
T

(2α + Sp) °²± -æ¿]Î ³
óPô�Â�Âlø�Û�Ø>Ù,	�ø]ù)Â

h1

ô�Ù
h2

ø�ùBÙ1÷�ÙT÷ ú õ]Û ú Ø)Û�÷�ô¥ÂZô�ù�ô1Â�ô ú Ù¬Ø)õ]ùBÙ3ù�Ø��`÷¥ö7	 � Ø)ô*�`ô¥ùBÙ�õ�?õ]ö.Ù,	�ö?�Rô °²± - ± ÄP³ ° õ`�]ô ú°f± -À¿�Î ³7³ Ø)ù)ô�Ù¬öTõ]ù)Âlàüø]ö)�`÷¥ôK�)ôGóPõ )Ûýõ ú ôU	�ù'�]ô¥öTÂlôGõ`�]ô ú Ûh�Ðõ]Û�Ý]ø�ö)	9Ù¬Ú��`ôa�RôIë ¸}¶�¹íì�¹_î1¸K° ÿ Þ`¾ Î W �q³ -

Þ Î Þ



�ï�;ð Ç ��� ��� �/ñ �T�;��� �È�Sò Ç �X�m� �F�
� Ç � Ç~ó v Ç �m�;�X� xwx �

â1ø�Ø)Âcõ]Û«Û�ø�ù)Âa�)÷��]ô¥Û«ø#�%ô¥öK�?õ]ù)Â ú ô�ÙlÙ¬ô`õ]ù)ù)ô��>ô`Û�õA�`÷�Ù¬ÚRø��)ô��RôÆÛh�Ê÷�Ù õJÙcõ �sôlø#	«ùBÙU�)÷ ú ö)	9Ù¬ô�()ö7	3ª��]ô*�`ô¥ùBÙ�?õ]ù)ÂcÛ�ô ú Ú)õ �	«ÙTöTô`Ï�- © ô�Â ú õ]Û ú Ø)Û«Â�ÂTø�ùBÙGô¥ÂlÂTô¥ùBÙ)	�ô¥Û«Û�ô��Åô�ù�Ùcölô*)ö7	�ÂK�)ôGë ¼2õ�° ÿ Þ`¾#¾]Ä��}³ -�ößÛ�Â�Âlø�ùBÙ#÷�ÝBõ]Û«ô*�`ô¥ùBÙ�)÷�Ù¬õ 	�Û«Û�÷¥Âg�)õ]ù)ÂM÷ ¹1¼2ø0· õ=ùÈút· û�û_¹1û7·&° ÿ Þ�¾�ñ ± ( �q³ -P3õ]ù�ü�ÛýõUüTØ�	«Ù¬ô/�)ô ú ô�ÙTÙTô3õ�ù)ù)ô1�>ô�®�Û�õU�Å÷�Ù¬Ú)ø2�)ô/�)ôeÛh�Ê÷�Ù¬õ�Ù
õ �sôlø#	«ù�Ùeô�ülÙ�õ �RÛ3	 � Ø)÷�ôU�?õ]ù�üeÛ«ô ú õ ü ú ø]ù�Ù)	�ù�Ø�®�)Ø�	3ü/�?õ]ù�üeÛ«ô ú õ ü/��	5ü ú ölô�Ù*-

óPõ=)ölø ú Ú?õ�	�ù)ô!õ�ù)ù)ô1�>ôG�)÷�Ù õ 	«Û�Û«ô¥ö¬õ � Ø?õ]ùBÙ0>Nô¥Û«Û�ôÌÛ�õ<�`÷�Ù¬ÚRø��)ô@�)ô!Ûh�Ê÷�Ù¬õ�ÙÆõ��sôlø#	�ùBÙtõ �)Û5	 � Ø)÷¥ô&>=�)ô*üü7¬2ülÙ)ª*�`ô*ü ú ø�Ø�)Û«÷*ü�®�)Û�Ø�ü?)õ]ölÙ)	 ú ØRÛ3	3ª�öTô��Åô�ù�ÙM�?õ]ù�üeÛ�ô ú õ �)ölô4�RØ;�)ø]Ø�()Û�ô�Ã ú ø�ùBÙ,	�ù�Ø)Ø��;-
ý ¨4¥e¦
�B§�¢H¤*§0 

óPõr�Å÷�Ù¬Ú)ø2�)ô ú ø�ù�ü)	5ülÙTô;>D�)÷��)Ø�	�ölôR�)Øï)öTø#(RÛ3ª*�`ôG��	«öTô ú Ù�®ÜÛ«ôG)öTø#(RÛ3ª*�`ôA��õ]ö7	ýõ�Ù)	�ø�ù)ùRô¥Û
�Rø�ùBÙ
δh

ô�ülÙüTø�Û«ØRÙ,	«ø�ù�-?à�ù��)÷��)Ø�	9Ù!ô¥ù�ülØ�	«ÙTôD�)ô ú ôr�)ô�öTù�	«ô¥ö7ØRù)ô¶öTô�Ûýõ�Ù)	�ø�ù � Ø�	f®
ülø�Ø�ülÙTö¬õ 	9Ù¬ôr�)ô¶Û�õJ��õ]ö)	�õ�Ù,	«ø�ù��Rô¶Ûýõ
àüø�ù ú Ù)	�ø�ùRù)ô¥Û«Û�ô ú ø#þ>Ù+%ô¥ö)�`ô�ÙlÙ¬öTõ;�)ô`àðõ 	�ölôÅõ��?õ]öTõ�Ï�ÙTöTôËÛh�Ê÷ � Ø?õ�Ù)	�ø�ùJ�)ØC)ölø#()Û5ª*�`ôÅõ��sôlø#	�ùBÙÑõ 	�ù�ü)	 � Ø)ôÌÛ«ô*ü
Ý�ö¬õ ��	�ô¥ùBÙ)ü��)ô!Ûýõ�àüø]ù ú Ù)	�ø�ù)ùRô¥Û�Û«ôÅölô ú Ú)ô�ö ú Ú)÷�ü*- © ô�ÙlÙ¬ô&öTô�Ûýõ�Ù)	�ø�ùDô*ü.ÙËø#(RÙ¬ô�ù�Ø)ô&ô¥ùï�tØ)Û9Ù,	3RÛ3	ýõ�ù�ÙcÛf�Ð÷ � Ø?õ�Ù,	«ø�ù�)ØR)öTø#(RÛ3ª*�`ô%��õ]ö7	ýõ�Ù)	�ø�ù)ùRô¥Ûj?õ]öZØ)ùRô�àüø�ù ú Ù)	�ø�ù � ØRô¥Û ú ø�ù � Ø)ô H

®>Ûh�Ðõ �sôlø#	«ù�Ù
�)ô�Ûýõ ú Ú?õ]öTÝ]ô�ÚP¬2�)öTõ]Ø)Û5	 � Ø)ô h
®� Ø��Ðø�ù ú Ú)ø 	3ü)	«ö¬õ`ô¥ù�ülØ�	«ÙTô��)ôÑàðõ å�ø�ùr>Ìàðõ 	«öTôtõ��?õ]öTõ�Ï�ÙTöTôGÛ�ôYRöTø#()Û5ª*�`ôtõ �yôlø#	�ùBÙ�- © ô*ü ú õ]Û ú Ø)Û3üaü*�Êô�Â'ô ú Ù¬Ø)ô�ù�Ù

ô¥ùG	�ùBÙT÷¥Ý�öTõ]ùBÙgÛh�Ê÷ � Ø?õJÙ,	�ø]ùA�)ø�ùBÙ
δh

ô*ü.Ù?üTø�Û«ØRÙ,	«ø�ù0üTØ)ögÛ«ô�ÙTô*�0�ü¹ô�ÙgÛh�Êô*ü7?õ ú ô�ô�ÙZô�ù&�`ø���	6«wõ]ùBÙ ú Ú?õ ú ØRùG�)ô*ü
Ù¬ô¥ö7�Åô�üeô¥ùMØRÙ,	«Û3	3üTõ]ùBÙZÛ�ô�üZÛ�ô�üZöTô¥Û�õ�Ù,	«ø�ù�üM�RôY��öTô�ô¥ù�-wâ1ø�Ø�ü1õ]Û«Û�ø�ù�ü
�)ø�ù ú ö¬õ��'ô�Û�ô�öZÛ�ôU)ölø#()Û3ª��Åô%��	�ölô ú Ù*®?ô¥ù�)÷*�)Ø�	�öTô�Û«ô%)ölø#()Û5ª*�`ô%�)ø�ùBÙ

δh
ô�ülÙ/ülø�Û�ØRÙ)	�ø�ù�®2RØ�	3ü¹ÙTö¬õ���õ 	�Û«Û�ô�öLülØ)ö ú ô�Û�Ø�	ÌÃ ú 	i%ø�Ø)ögô�ùR�)÷*�)Ø�	�öTôN>tÛh�Ðõ 	3�)ôa�)ô

Ûýõ+��õ]ö)	�õ�Ù,	«ø�ù&�)ôcÛýõÑàüø]ù ú Ù)	�ø�ù)ùRô¥Û�Û«ô ®>Û�ôU)ölø#()Û3ª��Åôcõ��sôlø#	�ùBÙZô�Ù1Û�ô*ü?�R÷¥ö)	6��÷�ô*ü*-
ÿ��������	��
�����	�������
ót�Ê÷ ��� õ��,	�ø]ù;�)ô�üe÷ ú ø ��� ô��Åô�ù��)ü/�?õ]ù�ü � ù�õ ��� 	��íª�öTô ú ø]ù�«?ù)÷Kü*�Ê÷ ú ö)	��B¯

S
∂h

∂t
−∇ · (T∇h) − Q = 0 (x, y) ∈ Ω, 0 ≤ t ≤ tf °²± -æ¿ ñ'³ø#ä

S
ô�ü�� � ô ú ø>ô1Í ú 	�ô�ù �K���Ðô��@�Åõ�!Bõ�ü)	�ùRô*�`ô¥ù � ° ù)ø�ùD��	3�`ô¥ù�ü)	�ø]ù)ù)÷ ³ ®

h
ô*ü"� � õ ú$# õ]ö�!�ô # ¬2�)ö¬õ �%� 	 ��� ô ° �)ô��	3�`ô¥ù�ü7	�ø�ù

[L]
³ ®

T
ô*ü"� � õ&�Tö¬õ]ù�ü)�0	3ü)ü7	5�2	��T÷ ° �)ôN��	5�Åô�ù�ü)	«ø�ù

[L]2 / [T ]
³ ô'�

Q
ô*ü"� � õÑölô ú$# õ�ö(!�ôUü � ö��ðõ ú 	 ��� ô

° �)ôK��	5�Åô�ù�ü)	«ø�ù
[L] / [T ]

³ -?ó�ô*ü ú ø�ù���	��)	�ø�ù�ü
	�ù�	��,	ýõ � ô*ü�ô'��õ � � � 	3�0	��Tô*ü�üTø�ù �4¯
h (x, y, 0) = f0 °²± -æ¿ ¾'³




h|Γ1
= f1

T ∂h
∂n

∣∣∣
Γ2

= f2 °²± -*) W ³
ó�ô*ü¹÷ ��� õ+�)	�ø�ù�ü °f± -À¿ ñ'³ Ã °f± -*)#W ³ �)÷1«?ù�	5ü)üTô�ù � � ô%RöTø#( � ª*�`ô%��	«öTô ú ��-��õ]ù�ü � õBü � 	��TôN�)ô ú ô'���¬ôNülô ú �)	�ø�ù�®Rø�ùü � �%ø#ülô ��� ô � ô*ü ��� õ]ù �,	��¬÷*ü h

®
S
ô'�

Q
üTø�ù � ú ø�ù)ù � ô�ü�ô'� ��� �Êø�ù ú$# ô�ö ú$# ô0>A�)÷,�¬ô�ö)�0	�ù)ô�ö

T
-.-�	/!]ù?õ � ø]ù�ü�¬ø � �Tô'�üø#	5ü ��� �O	 � ô*ü"�a%ø#ü7ü)	3( � ôU�)ôK�)÷,�¬ô¥ö7�@	«ù)ô¥öeõ � ü)ü7	X(�	�ô�ù T

®
S
ô,�

Q � ø�ö7ü ��� ôKüTô ��� h
ô*ü"� ú ø�ù)ù � -

0�1 ¿



ÿ��������	��
���2�435�
δh

��6'�768�4�:9;���	�53
à�ù ú$# ô¥ö ú$# ô<�¬ø � �a���Ðõ (%ø�ö)� � ôK)öTø ( � ª��ÅôK��õ]ö)	�õ+�,	«ø�ù)ù)ô � õ ü)ülø ú 	�÷Ñõ � )ölø#( � ª*�`ô4��	�öTô ú � ú 	ÌÃ"�)ô�ü)ü � ü*-�áÜù)öTô�ù?õ]ù � � õY��õ]ö)	�õ+�,	«ø�ù&�)ô�ü�÷ ��� õ+�,	«ø�ù�ü °f± -æ¿ ñ#³ Ã °²± -=)#W ³ ®>ø�ù&ø#(%�)	�ô¥ù �4¯

S
∂ (δh)

∂t
−∇ · (δT∇h) −∇ · (T∇δh) = 0 °²± -*) 0y³õ`�]ô ú ¯

δh (x, y, 0) = 0 °f± -=)'¿ ³
{

δh|Γ1
= 0

(δT∇h + T∇ (δh)) · n|Γ2
= 0 °²± -*)�) ³>?��
@��sp.9A�=����B��C�:
D�C3A@E�C���

à�ùG� ��� �,	5 � 	«ô!�Åõ 	«ù��Tô¥ù?õ�ù�� °f± -=) 0y³ ?õ]ö H
®��üø�ù ú �,	�ø]ù ��� ô � ú ø�ù ��� ôU%ø � ö � �O	«ù�ü��¬õ]ù �Zô'�gø�ùG	�ù �,ª'!�öTôUü � ö

∫ tf
0 dt

∫
Ω dΩ

-�áÜùF�ðõ 	��*®
H
ô�ü�� � ù)ôG�üø�ù ú �)	�ø�ù ú ø]ùsô � ! � ÷�ô@�Rô

h
ô,�Ñø�ù � õ ú$# ø#	5ü)	«ö¬õR> � õG«)ù��)ô0�Ìõ�ù�	3ª�öTô>H�ðõ�	�öTô7õ �?õ]öTõ�Ï/�TöTô � õI�üø�ù ú �,	�ø]ù)ù)ô ��� ôA>D�0	�ù�	3�0	3üTô�ö*-�à�ù ú$# ø#	3ü7	�öTõ=�)ô � õ=�0Ð*�`ôJ�ðõ å¥ø]ù � ô*ü ú ø�ù���	��,	�ø]ù�ü	�ù�	��,	ýõ � ô*ü�ô'��õ � � � 	3�0	��Tô*ü�-�Å �%� �,	5 � 	«ø�ù�üL�)ø�ù ú °f± -*) 0`³ ?õ]ö H

ô'�/	«ù��T÷8!�ölø�ù�ü/ü � ö ∫ tf
0 dt

∫
Ω dΩ

-
∫

Ω

[∫ tf

0
SH

∂δh

∂t
dt

]
dΩ −

∫ tf

0

[∫

Ω
H∇ · (δT∇h) dΩ +

∫

Ω
H∇ · (T∇ (δh)) dΩ

]
dt = 0 °f± -=)�K ³© ø�ù�ü)	5�)÷¥ölø�ù�ü ú$# õ ú � ù<�)ô�üL�¬öTø 	3üM�¬ô�ö)�`ô*ü/�)ô °f± -*)�K ³ üT÷�?õ]öT÷��Åô�ù ��-N Îmø � ö � ôARöTô*�0	�ô�ö��Tô¥ö)�`ô ®5ø�ù�ô1Â�ô ú � � ô � ù)ôG	�ù �T÷8!�öTõ+�,	«ø�ù�?õ�ö+?õ]ö"�,	�ô�üÑô�ùO�Tô*�0�ütô�ù ú$# ø#	3ü7	3ü7ü¬õ]ù �

H (x, y, tf) = 0, ∀ (x, y) ∈ Ω
-Qà�ù&ø#(%�)	�ô¥ù �4¯

∫ tf

0
SH

∂δh

∂t
dt = −

∫ tf

0
S

∂H

∂t
δhdt °²± -=)'$ ³N Îmø � ö � ôU�)ô � ��	5ª*�`ôP�¬ô¥ö7�Åô�®)ø�ù � �,	 � 	5üTô � ùRôQ�üø]ö)�`ôN� � � # ÷�ø�ö)ª��ÅôK�)ôB��öTô¥ô�ù ��� 	Xü��Ð÷ ú ö7	��4¯

∫

Ω
H∇ · (δT∇h) dΩ = −

∫

Ω
δT (∇h) (∇H) dΩ +

∫

Γ
HδT(∇h) · n dΓá�ù ú$# ø#	5ü)	5ü)ü¬õ�ù�� H|Γ1

= 0
®Rø�ù&ø#(%�,	«ô¥ù �4¯

∫

Ω
H∇ · (δT∇h) dΩ = −

∫

Ω
δT(∇h)(∇H)dΩ +

∫

Γ2

HδT(∇h) · n dΓ2 °²± -*) ± ³N Îmø � ö � ôR�TöTø#	5ü)	5ª*�`ôQ�Tô¥ö7�Åô�®�ø�ù � �)	 � 	3üTô � ùRôËõ � �¬ölô��üø�ö7�ÅôB� � � # ÷¥ø�ö7ª*�`ô+�)ôI��öTô�ô¥ù ° � ôY)öl÷ ú ÷*�)ô�ù��
õ � � 	 ��� ÷U�)ô � �S�üø#	5ü ³ ¯

∫

Ω
H∇ · (T∇δh) dΩ =

∫

Ω
δh∇ · (T∇H) dΩ +

∫

Γ
T (H∇δh − δh∇H) · n dΓá�ù ú$# ø#	5ü)	3ü7ü¬õ]ù �2ô¥ù�«?ù

T∇Hn|Γ2
= T∂H

∂n

∣∣∣
Γ2

= 0
ô'��ô¥ù � �,	 � 	3üTõ]ù � � ôL�ðõ 	�� ��� ô δh|Γ1

= 0
%ø � ö � ôM�Tô¥ö7�Åô�)ôK('ø�ö7��ô�ù

Γ1

®?ø]ùMø (%�,	«ô¥ù �K¯
∫

Ω
H∇ · (T∇δh) dΩ =

∫

Ω
δh∇ · (T∇H) dΩ +

∫

Γ2

TH∇(δh) · n dΓ2 °²± -*) 1#³á�ùÉöTô'!�öTø � ?õ]ù �I«?ù?õ � ô*�`ô¥ù � °f± -=)'$ ³ ® °f± -*) ± ³ ô'� °f± -=) 1#³ ®<ô,�Åô�ù � �)	 � 	3ü¬õ�ù�� � õr�)ô � ��	3ª*�`ô ú ø�ù���	��)	�ø�ù�õ � �� 	3�0	��Tô*ü ° ú ø]ù���	��)	�ø�ùGü � ö Γ2
³ � � RöTø#( � ª*�`ôN��õ]ö)	�õ+�,	«ø�ù)ù)ô � ®�ø�ùMø#(%�,	«ô¥ù �?«?ù?õ � ô*�`ô¥ù �K¯

∫ tf

0

∫

Ω

{[
S

∂H

∂t
+ ∇ · (T∇H)

]
δh − (∇H∇h) δT

}
dtdΩ = 0 °f± -=) ñ'³

0�1 )



TA�432�����	�53U�V�5W;�
à�ù.�)÷1«?ù�	��/�Åõ 	«ù��Tô¥ù?õ�ù�� � ù)ôP�üø�ù ú �)	�ø�ùRù)ô ��� ô ú ø#þ%�!?õ]ö � õtöTô � õ+�,	«ø�ùr¯

J (h(T)) =
∫ tf

0

∫

Ω
f (h(T), x, y, t) dtdΩ °²± -*) ¾'³�õ]ù�ü °f± -=) ¾'³ ® f ô*ü"� � ù)ôP�üø�ù ú �)	�ø]ù;> ú$# ø 	3ü)	«ö*-jà�ù.'ô � �/?õ]öeô��Rô��@ � ô � õ�)ölô¥ù��RöTôc÷8!Bõ � ôK>G¯

f (h(T), x, y, t) =
I∑

i=1

J∑

j=1

w2
i, j

[
h

(
ú õ �

)
i, j (T) − h

(
ø#(�ü

)
i, j

]2
(xi, yi, tj) °²± -=K#W ³��� 	��`ô*ü � öTô � �Ê÷ ú õ]ö�� ��� õ �Rö¬õ+�)	 ��� ôcô¥ù �¬ölô � õ ú$# õ]ö(!]ô#ø#(�üTô¥ö���÷�ô+ü � ö � ôQ�Tô¥ölö¬õ 	«ùMô,� � õ ú$# õ]ö(!]ô ú õ � ú ��� ÷�ôU?õ]ö� ô ú ø2�)ô4���Ð÷ � ÷��Åô�ù��)ü!«)ù�	3ü�-Qà�ù;'ø � öTöTõ 	��?¬&õ`ôlø � �¬ô�ö � ôP�¬ô¥ö7�ÅôKü � � � ÷*�`ô¥ù � õ 	«öTôK%ø � öL�¬ô�ù�	�ö ú ø �@%�TôK�)ô*ü	�ù%�üø�ö7�Ìõ��,	�ø]ù�üÑõr)ö7	�ø�ö7	Lü � ö � õ��Tö¬õ]ù�ü)�0	3ü)ü7	5�2	��T÷Ìô�ù ú ô¥ö"� õ 	«ùo � 	��)ü*-�3õ]ù�ü °f± -XK'W ³ ® w2

i, j

üTø�ù � � ô�ü�'ø 	3��ü�®
(xi, yi)

üTø]ù�� � ô�ü ú ø�ø�ö)�Rø�ù)ù)÷�ô*ü!�)ô*ü/ � 	��,üZô,� tj
� ô*üL�Tô*�0�ü/�)ôK�Åô�ü � ölô -áÜù.)öTô�ù?õ]ù � � õY��õ]ö)	�õ+�,	«ø�ùG�)ô

J
®Rø�ù�ø (%�,	«ô¥ù �K¯

δJ (h(T)) =
∫ tf

0

∫

Ω

[
∂f

∂h
δh +

∂f

∂T
δT

]
dΩdt °f± -XK 0y³ÿ��������	��
�Y@E��Z'�5�C35�

á�ùMô�Â'ô ú � � õ�ù�� � õ���	6Â�÷�öTô�ù ú ôcô¥ù �TöTô °f± -XK 0y³ ô,� °f± -=) ñ'³ ®)ø�ù&ø#(%�)	�ô¥ù �K¯

δJ (h, T) =
∫ tf

0

∫

Ω

[
∂f

∂h
− S

∂H

∂t
−∇ · (T∇H)

]
δh +

[
∂f

∂T
+ ∇h∇H

]
δTdtdΩ °f± -XKP¿ ³á�ù ú$# ø#	5ü)	5ü)ü¬õ�ù�� � õ[�üø]ù ú �)	�ø�ù H

�¬ô �/� ô ��� ô0¯
S

∂H

∂t
+ ∇ · (T∇H) − ∂f

∂h
= 0 °²± -XK ) ³õ`�]ô ú � õ ú ø]ù���	��)	�ø�ù&«)ù?õ � ô�ô,� � ô*ü ú ø�ù���	��,	«ø�ù�üeõ � � � 	3�0	��Tô*ü!¯

H (x, y, tf ) = 0 °²± -XKVK ³




H|Γ1
= 0

T∂H
∂n

∣∣∣
Γ2

= 0 °²± -=K'$ ³
óPô�ü�öTô � õ+�)	�ø�ù�ü °f± -XK ) ³ Ã °f± -=KP$ ³ ú 	6Ãd�)ô*ü7ü � üa�)÷�«?ù�	3ü)ülô¥ù � � ôB)ölø#( � ª*�`ô#õ��sôlø#	�ù �a� � RöTø#( � ª*�`ôB	«ù�	��)	ýõ � °f± -À¿ ñ'³ Ã°f± -=)#W ³ ®)ô'� H

ô*ü"� � �Ð÷,� õ+�1õ��sôlø#	�ù �/�)ô h
-

\ ��@E�2�C��35�7�A�H�C@^]_�432�����	�53U�V�5W;�
áÜù.)öTô�ù?õ]ù �!�)ø�ù ú H

��÷�ö)	5«?õ]ù � � ô*üe÷ ��� õ��,	�ø]ù�ü ú 	ÌÃ"�)ô�ü)ü � ü*® °f± -XKP¿ ³ �Rô��2	�ô�ù��!�)ø]ù ú ¯
δJ (h, T) =

∫ tf

0

∫

Ω

[
∂f

∂T
+ ∇h∇H

]
δTdtdΩ

��	�ù?õ � ô*�`ô¥ù �*® � ô�ü`!�ö¬õ ��	�ô¥ù �)ü?�)ô � õR�üø�ù ú �,	«ø�ù J
ü��Ð÷ ú ö7	5��ô�ù �%�)ø]ù ú ¯

0�1 K



δJ

δT
=
∫ tf

0

∫

Ω

[
∂f

∂T
+ ∇h∇H

]
dtdΩ °f± -XK ± ³aAbdc�e � b+�,	�fVgQh*	6Ãd��e*ü7ü � ü�e1���c7	3�ie � ej!Vc(b ��	�e8g ���%e � bk�	fVg�h,�,	�fVg�h'f#þ%�

J
Eb+c�c(b �4fVc���> � b`�(clb�g�ü7�@	5ü)ü7	5�2	��(m	/g�h'fVg�g � e T

-5-�fVg�e1���c(e�ü)ü7	/fVgrü��=e���%c)	3�ie&e8gI�	fVg%h'�,	�fVg.��e � bGh # b�c(!Ve # ¬��%clb ��� 	 ��� e h ° m'�lb+�a��	/c�e8h'� ³ ®j��eü(fVg�b �sô�f#	�g �
H

e,�!��e � b+��m'c)	5��m8e4��e � bR�	fVg%h'�,	�fVg
f
Eb�cLc(b �4fVc��!> � b<�(clb�g�ü7�@	5ü)ü7	5�2	��(m

T
-aAbT�7m,� # f2��enh'fVg�ü7	3ü��(eD��fVg�hl>Dhob � h �%� e8c h

e8gpc(m�ü(f � �+b�g � � e*üqm ��� b+�,	�fVg�ü °f± -æ¿�r ³ Ã °²± -=)#W ³ ®� � 	5üG��ehob � h ��� e8c H
e8g?c�m���f � �+b�g � � e*üsm ��� b+�)	/fVg�ü °f± -=K ) ³ Ã °²± -XKP$ ³ e'�te8g�«EgR>&hob � h ��� e8c � e�ü
��m'c)	5��m8e�üM��e � bQ�	fVg%h'�,	�fVg

f
Eb�cMc(b �4fVc��`b � Eb�clb��@ª,�lc(e

T
h8e ��� 	i5e'c)�ie'���lclb+�%ePhob � h ��� e8c °²± -XK ± ³ ��� �XfVgR	/gyô�e8h'�(e8c(b<e8g�ü � 	��(eU�Eb�g�ü� �Xf#%�,	5�@	5ü(e � c*-

ý ¨4¥vuG¤�¥�¦�¡ � ¢
w�@%�+�	@%���	�43U�A�H�	@F]x�532�����	�43U�V�4WA�

-�f � üL�	fVc)�ieN��	5ü(h8c7ª'�(e ® � bR�	fVg%h'�,	�fVg�g�e �/� eyh8f#þ��/ü*�Xm8h8c7	��4¯
J =

L∑

l=1

wlfl (h1, h2, . . . , hN , p) °²± -=K 1#³f#ä
p
e*ü"� � �Xe8g�ü(e*�Y( � e4��e*üaEb�c(b �@ª,�lc�e*üa>7f#%�)	3�0	3ü�e8c*®

L
e*ü�� � eQg�f#�Y(�c(eQ�lf��lb � ��eY � 	��)üa��e4�ie*ü � c(e*ü�® Ng�eQg�f#�+(�c�eP�lf��lb � ��eKEb ü/��eP�(e*�0�ü*-jázg.�c(e'gEb�g � � bY�+b�c)	/b+�,	�fVgG��eQh8e,�(�(e&e����c(e�ü)ü)	�fVg�®�fVgSf#(%�)	/e'g��K¯

δJ =
L∑

l=1

wl

[
∂fl

∂h1
δh1 +

∂fl

∂h2
δh2 + . . . +

∂fl

∂hN

δhN +
∂fl

∂p
δp

]

°²± -=KVr ³àPgJc(e8!�c(f � 4e`�lf � ü � e�üs�(e8c7�7e�ü
�Eb�g�ü � g%e%ü(f �@�ie ®'ü(b � �Ah8e �/� 	�h'fVc(c�e*ü)4fVg���b�g �Lb � Eb ü
�%ek�(e*�0�ü
N
-�àPgf#(%�,	�e8g �db � f�c)üN¯

δJ =
L∑

l=1

wl

[
N−1∑

n=1

∂fl

∂hn

δhn +
∂fl

∂hN

δhN +
∂fl

∂p
δp

]

°²± -=K ¾'³ü(f#	���®�e'g;ü�m*Eb�c(b�g � � e*üM�(c(f#	5üM�le8c7�7e�üK¯
δJ =

N−1∑

n=1

L∑

l=1

wl

∂fl

∂hn

δhn +
L∑

l=1

wl

∂fl

∂hN

δhN +
L∑

l=1

wl

∂fl

∂p
δp °²± -À$ W ³ÿ��������	��
�����C6o�V��B ���:6'B

ag�Xm ��� b+�)	/fVgR��e � b+��	5Â � ü)	6��	��lm�¯
S

∂h

∂t
−∇ · (T∇h) − Q = 0 (x, y) ∈ Ω, 0 ≤ t ≤ tf °²± -æ$ 0y³ü*�Xm8h8c7	��!ü(f � ük�	f�c)�ieN��	3ü�h8c7ª'�le�®Ee8g � �,	 � 	5ülb�g � � g%e4�im'� # f2��eU���Xm � m��7e'g �,ü?«Eg�	5ü4¯

Kh + Sḣ = Q °²± -À$#¿ ³f#ä
K

e�ü�� � bB�7b+�(c)	/h'e/��e*üt�(clb�g�ü)�0	3ü)ü7	5�2	��(m*ü�®
S � b4�Jb��lc)	�h8e/��e�üMe*�0�Jb+! b ü)	�g�e*�ie8g �)üse,�

Q � ea��e8h,�le � cM��e*üü(f ��� 	/h�	��lb+�,	�fVg�üse1���lm'c)	/e � c(e�ü{b���e8h0¯
K =

E∑

e=1

Ke, S =
E∑

e=1

Se, Q =
E∑

e=1

Qe

0�1 $



at�V	/g���	/h'e
e
c(e*%c(m*ü�e8g �le � e{g � �7m'c(f���e � �=m � m��7e'g��Me'�

E � eyg�f �+(�c(ed�lf��lb � ���Xm � m*�ie8g �,ü�-Ea;e*üLm � m*�ie8g �)üM��e*ü�Jb+�(c)	�h8e*üLm � m��7e'g��lb 	/c�e*üLe,�a� � ��e8h'�(e � c!��e�ü!ü�f �/� 	/h�	��$b��,	/f�g�üje����lm8c7	/e � c(e�üaü�fVg �a�%e � bR�	fVc)�ie�¯
Ke

ij =
∫ ∫

De

[
∂φi

∂x
Txx

∂φj

∂x
+

∂φi

∂y
Tyy

∂φj

∂y

]
dxdy °f± -À$�) ³

Se
ij =

∫ ∫

De
Sφiφjdxdy °f± -À$+K ³

Qe
i =

∫ ∫

De
φiqdxdy °f± -À$#$ ³yb+g�ü � e�ü|c(e � b+�)	/fVg�ü�h�	6Ã"�%e*ü)ü � ü*® i e'� j

ü(f�g�� � e*ü�	/g���	�h8e�ü���e*ü�g�f�e � ��ü�® φ � e*ü��	f�g�h'�)	/fVg�ü����O	�g �le8c75f � b+�)	/fVg�®
Txx

e,�
Tyy

� e�üY��e � �h8f#�05f ülb�g �le�üY��	/b�!VfVg�b � e�üB� � �le8g�ü(e � c+��e7�(clb�g�ü)�0	3ü)ü7	5�2	��(m ®
S

e*ü"� � e7h8f�e�Íih*	�e8g ����=e��@�7b�! b�ü)	/g%e*�ie8g �}e'�
q
c(e��c(m�ü(e'g��(e � e�üsb �4fVc��)üse����lm8c7	/e � c)ü ° e���-�c�e8h # b�c�!Ve!ü � c"�Cb�h*	 ��� e ³ -2Î2f � ct��	3ü�h8c�m1Ã�,	3ü�e8c`e8gS�le��@�ü � b[c(e � b+�)	/fVg °²± -À$#¿ ³ fVg � �,	 � 	5ü(e � g;ü�h # m*�7b0	5�@ � 	/h�	��(eB¯

[
K +

S

∆t

]
hn = Qn +

S

∆t
hn−1 °²± -æ$ ± ³

°f± -À$ ± ³ b^m'�lmYf#(%�(e8g � eYe8g � �,	 � 	3ü(b�g � � bH�	fVc7� ��� eG�%e*ü0��	5Â5m8c�e8g�h'e*üI«Eg�	/e�ü@�%m8h8e'g �lc(m'e=>D��c(f 	��le�-tÎ�f#ü�fVg�ü
G = K + M

b��Ve8h
M = S

∆t

¯
Ghn = Mhn−1 + Qn °²± -æ$ 1#³w�@%�+�	@%���	�43U�A�H��~�B2p.9A@%���	�43U�2�:68�V��� ���

á}g.�c�e8gEb�g � � bY�+b�c7	�b+�)	/fVg&�%e � b[c(e � b+�,	�fVg?h�	6Ã"�%e*ü)ü � ü*®�fVgSf#(��,	/e'g �B¯
(δG)hn + G (δhn) − (δM)hn−1 − M (δhn−1) = 0 °²± -À$�r ³© f#�@�ie+�Eb+g�ü � e<h8b üPh8f�g��)	/g � ®.f�gr� ��� �)	3 � 	/e4>?! b � h # e�Eb�c

HT
n

e,�PfVgDü(f �@�ieYü � c n
�+b�c)	/b�g �N��e

1
>

N
¯

N∑

n=1

HT
n [(δG)hn − (δM)hn−1] +

N∑

n=1

HT
nG (δhn) −

N∑

n=1

HT
nM (δhn−1) = 0 °²± -À$ ¾'³àPg.ü(f�c�� � ey�a	3ª��7ey�(e8c7�7eU��e � b+ü(f#�0�ieU� � ��e � ��	5ª*�ieQ�(e8c7�7ePe,�`fVgSc(m1Ãd	/g���	/h8e � ey�lc�f#	3ü7	3ª��7ea��e °f± -À$ ¾'³ -àPgYf#(%�)	/e'g��K¯

N∑

n=1

HT
n [(δG)hn − (δM)hn−1]+

N−1∑

n=1

HT
nG (δhn)+HT

NG (δhN)−
N−1∑

n=1

HT
n+1M (δhn) = 0 °²± - ± W ³

N∑

n=1

HT
n

[
∂G

∂p
hn − ∂M

∂p
hn−1

]
δp +

N−1∑

n=1

(
HT

nG − HT
n+1M

)
δhn + HT

NG (δhN ) = 0 °²± - ± 0y³á}gAü(f#�0�Jb+g���«EgEb � e*�ie8g � °f± - 1 K ³ e,� °f± - ± 0`³ ® fVg7f#(%�,	�e8g �je8g?c�e8!Vc�f � Eb�g �j�lf � ü � e�üj�(e8c)�ie*üse8g
δhn

®
δhN

®e'�
δp

¯
δJ =

N−1∑

n=1

[
HT

nG − HT
n+1M +

L∑

l=1

wl

∂fl

∂hn

]
δhn +

[
HT

NG +
L∑

l=1

wl

∂fl

∂hN

]
δhN

+

[
N∑

n=1

HT
n

(
∂G

∂p
hn − ∂M

∂p
hn−1

)
+

L∑

l=1

wl

∂fl

∂p

]
δp °²± - ± ¿ ³

0�1 ±



ÿ��������	��
�Y@E��Z'�5�C35�
àygSh # f#	5ü)	��

H
�%e4�7b�g�	5ª8c�eK>Gh'e ��� �=e �/� eN��m8c7	5«Ee � e�ü`c(e � b+�,	�fVg�üMü � 	5�+b�g �(e*üK¯
GHn = MHn+1 −

L∑

l=1

wl

∂fl

∂hn

, (n = 1, 2, . . . , N − 1) °f± - ± ) ³
GHN = −

L∑

l=1

wl

∂fl

∂hN

, (n = N) °f± - ± K ³{f�g�ha4f � c � e*ütEb ü���e`�le*�0�üg�+b�c)	/b�g ����e
1
>

N −1
® fVgJh8b � h ��� e H

e8g � �,	 � 	5ülb�g � � b&c�e � b��,	/f�g °f± - ± ) ³e'��5f � c � e?Eb�üg��eL�le*�0�ü
N
® fVg � �,	 � 	5ü(e °²± - ± K ³ -�aAe�ü}m ��� b+�)	/fVg�ü}h�	6Ã"�%e*ü)ü � ütü(fVg � � e�üzm ��� b+�)	/fVg�ü}b �sô�f#	�g��(e*ü� � %c(f#( � ª*�ieU��	/c�e8h,�/��	3ü�h8c(e,�ke'�

H
e*ü"� � �*b��sô�f#	/g �?�%e h

-
\ ��@E�2�C��35��6

-�	
H

��m8c7	5«Ee � e�üLm ��� b+�)	/fVg�ü °²± - ± ) ³ e'� °²± - ± K ³ b � fVc)ü °²± - ± ¿ ³ ��e��2	�e8g �4¯
δJ

δp
=

N∑

n=1

HT
n

(
∂G

∂p
hn − ∂M

∂p
hn−1

)
+

L∑

l=1

wl

∂fl

∂p °²± - ± $ ³��� 	2e�ü��!��fVg%h � eP!Vclb���	/e'g��/�%e � bR�	fVg�h,�,	/f�gYh'f#þ%�kh # e'c(h # m�-Î�b�cde���e*�0 � e4ü)	2fVgIh # e8c(h # e�>@��m,�le'c)�0	/g�e'c � e4�b�clb �0ª'�(c(e4��eQ�lclb+g�ü)�0	3ü7ü)	5�2	��lm
T (k) � � ��f#�7b 	�g�e

k
®� eP!Vc(b ��	/e'g �/��e J

�b�cLclb �5fVc"�!>ih'eKEb�clb��@ª,�lc(eUü��=m'h8c7	/clb ° ülb�g�ü`�le'c)�ieU��eQc(m'! ��� b+c)	3ü(b+�,	�fVg ³ ¯
δJ

δT (k)
=

N∑

n=1

HT
n

∂K

∂T (k)
hn

yb�g�ü � �=e����c(e�ü)ü)	�fVgJh�	6Ãd��e*ü7ü � üMü�e ��� e � b4�%m8c)	6�Vm'eNEb�csclb �5fVc"�L> � bK�Jb��lc)	�h8e/��e�üj�lc(b�g�ü7�@	5ü)ü)	6�2	��lm�ü}e*ü��tg�fVgg �%�/� e�hob�c%�Eb�g�ü
G = K + S

∆t

e'�
M = S

∆t

ü(e �%� e � b@�7b+�lc7	/h8e
K

��m�5e'g��D��e � b7�lc(b�g�ü)�0	3ü7ü)	6��	��lm�-�-2	�fVg�Ve � � � eP!Vclb ��	/e8g �/Eb+cLclb �4fVc"�!> � �=e��@�7b�! b ü7	/g�e��7e'g ��®�h8e ��� 	6Ã_h*	iü*�Xf#(%�,	�e8g��%clbIEb�c � b<c�e � b+�,	�fVgr¯
δJ

δS(k)
=

N∑

n=1

HT
n

(
∂M

∂S(k)
hn − ∂M

∂S(k)
hn−1

)

°²± - ± ± ³a2br�c�m*ü�e8g�h'e;� � �c�e*�0	/e8c��le8c7�7eA� � �ie*�Y(�c(e&�%e.�%c(f#	��le&ü��=e��� � 	 ��� eREb+c � eJ�Cb 	�� ��� e � b<�7b+�(c)	/h'e
G��m*4e8g��;��e � �Xe*�0�Jb+! b ü)	�g�e*�ie8g �

S
Eb�c � �O	�g��(e8c7�7m���	�b 	�c(e!��e � b��7b+�lc7	/h8e

M
-

0�1V1



�ï�;ð Ç ��� ��� �/ñ �T�;��� �È�Sò Ç �X�m� �F�
� Ç x�� ��� ó v Ç �m�.�X� xwx �

aAbJ�im'� # f2��e<��e � �Xm'�lb+�?b��sô�f#	/g �7e*ü"�&�7b 	/g �le'gEb�g �Jb � � 	 ��� m8eIb � ��f � ( � e�Ã�h'fVg �,	/g ��� � ��� 	{e*ü"�?c�e1Ã�c(m�ü(e8g �(m.�7b+� # m*�7b+�,	 ��� e*�ie8g �+�b�c � gTü�¬2ü��,ª��7eG���=m ��� b+�,	�fVg�üGb � ����m'c)	5��m8e�ü�Eb�c��)	/e �/� e�ü�h'f �  � m8e�ü*-|aAb�7m,� # f2��er�7b+� # m��Jb��,	 ��� e;5f � c&��m�� � 	/c�e � e�ü?c(e � b+�)	/fVg�üJb �sô�f#	�g �le*üJe'� � e�ü?!Vc(b ��	/e'g �,üG�Eb�g�ü � enh8b üG��eü7¬2ü��)ª*�ie*üRh'f �  � m*üQe*ü"�4	/g���	 ��� m8e�Eb+c+ë ¼�õo· õ4���i¹_¶�°�� 0`¾#¾ WVb�� ³ -�á �/� e[e*ü��4(�c7	3ª1�Ve*�ie8g �4��m'h8c)	��leI�Eb�g�ü � eEb�clb+!Vclb  # eAü � 	5�+b�g �<e,�[b � � 	 ��� m8eie8g�ü � 	��(eA4f � c � e@�%f � ( � e1Ã�h'fVg �,	�g �%� �;-2aAb;�0Ð*�ie0��m*�7b�c(h # e&5e � �m8! b � e*�ie8g ��Ð'�lc�eje1Â�e'h'� � m8eM4f � c � e}h8b � h ��� ��e*ü���m8c7	5�Vm'e*ü�4f � c;�(c(f#	5ü�h'fVg �,	/g � b ° f �  ��� ü ³ ®s�7b 	5ü � e*ü2hob � h ��� üg�eKü(e8c�fVg �%�b ü/��m���e � f �5m�üa	�h*	f-
� ¡��M� � u � ¥H¦L¡�¤'�G¢H¤1�Y§ u � ��¨ � � ¢2�G�iu �
ÿ��������	��
�Y@E��Z'�5�C35�

a;e*ü`m ��� b+�,	�fVg�ükb �sô�f#	�g �le*ü?ü��=f (%�,	�e8g�g�e'g �N> � �=b 	5��eN��e � b<c�e � b+�,	�fVgr¯
∇+

hLH +
∂f

∂h
= 0 °²± - ± 1#³f#ä ∇+

h

e�ü�� � �Xf#5m'clb+�(e � cL�(clb�g�ü75f ü(m�b �sô�f#	�g��/�%e ∇h
��� 	Ae*ü"� � gIf#4m8c(b+�le � c/��eB�%m8c)	6�+b+�,	�fVgREb�c`clb �5fVc"�>

h = (h1, h2, . . . , hn)T � g�e8g�ü�e*�+( � eR��e
n

��b+c)	�b�( � e�ü+���Xm'�$b��,ü.�
L = (L1, L2, . . . , Ln)T e�ü�� � ge8g�ü�e*�+( � eB�%e

n
m ��� b��,	/f�g�ü{b � �R��m'c)	5��m8e�ü%Eb�c"�,	�e �/� e*ü.� H = (H1, H2, , . . . , Hn)T e*ü"� � �=e'g�ü(e��+( � eK��e

n��b+c)	�b�( � e�ü`b �sô�f#	�g��(e*ü/> h
e'�

f � bR�	fVg�h'�)	/fVg%g�e ��� eyh'f#þ%�!��m�«�g�	/eKEb�cU¯
J =

∫ tf

0

∫

(Ω)
f (h, p, x, t) dΩdt.

aAe�üdm � m��7e'g��)ü?��e � b+�7b+�lc7	/h8e ∇hL
ü�fVg �B¯

∇hL =




∂L1

∂h1

∂L1

∂h2
· · · ∂L1

∂hn
∂L2

∂h1

∂L2

∂h2
· · · ∂L2

∂hn--- --- - - - ---
∂Ln

∂h1

∂Ln

∂h2
· · · ∂Ln

∂hn




at�Xf#4m8c(b+�le � c��7b+�(c)	/h�	/e � ∇+
hL

ü��=f#(��,	/e'g ��e'gY�c�e8gEb�g � � e*üAe���%c(e*ü7ü)	�fVg�üzb �yô�f#	/g �le�üH��ejh # b�h � gY��e*ü�m � m��7e'g �,ü��e � b&�7b+�lc7	/h8e ∇hL
e,�Qe8g^�lc(b�g�ü)4f#ü(b�g �Qh8e'���leI��e'c(g�	5ª8c(e�- ∇+

hL
e*ü�� � g^f#4m8c(b+�le � cU�7b+�lc7	/h*	�e ����� 	}b�!#	��ü � c H

-a;e*ükh8f�g���	��)	/fVg�ü?	/g�	��,	�b � e*üje'�kh8f�g���	��)	/fVg�ü`b � � � 	5�@	��le�üMb ü7ü(f�h*	/m'e*üa>ih'eB%c(f#( � ª*�ieQb �sô�f#	�g �/ü(fVg �a��e � b�	fVc)�ie�¯
H = 0

4f � c t = tf ,

0�1 r



{
H = 0

ü � c (Γ1)
∇+

hLBH = 0
ü � c (Γ2) °²± - ± r ³f#ä

LB = (LB, 1, LB, 2, . . . , LB, n)T e*ü"� � �=e'g�ü(e��+( � e4�%e*ü`h8fVg���	��)	/fVg�ü`b � � � 	3�0	��le�üte'gY� � ��-Î2f � cR��m'�(e8c7�@	�g�e8c � e*üSc(e � b+�)	/fVg�üqb �sô�f#	�g �le*üSb � %c(f#( � ª*�ie=��	�c(e8h,�Sh8f �  � mD	 � �Cb � �R��f�g�hD�Eb�g�ü � g�c(e��@	�e8c<�le��@�ü���m�«Eg�	/c � e�ü L1

®
L2

®
-5-6-5®
Ln

e,�Ghob � h ��� e8c � e � c)ü��%m8c)	6�Vm'e*ü0Eb�c[clb��5f�c��ib � �C��b+c)	�b�( � e�ü���=m,�$b+�)ü
h1

®
h2

®2-5-6-6®
hn
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TL�Câ49A��� ��°±�³² a;f�hob � Ê3ü(b+�lÊ�fVgJÉ � ü(Ê��leQÉ �µ´ á Ù ñ ´ b�É�b�clb�h # e ÎTL�Câ49A��� ��°m�,² a;f�hob � Ê3ü(b+�lÊ�fVgJÉ�e�ük�(e8c�clb�Ê�g�üLÉ �µ´ á Ù

ÎTL�Câ49A��� ��°m�,² -�h # m8Í7b0ü"�lc � h'� � clb � É%e � b[c(m8!�Ê/fVgqÉ�e ´ b�É�b�clb�h # e ÎTL�Câ49A��� ��°t�¶² ´ b+c��leQ!Vm'f � f�!VÊ Ñ�� eyÉ%e � b<c(m'!VÊ/fVgSÉ�e ´ b�É�b�clb�h # e ÎTL�Câ49A��� ��°m�,² ´ f � Ë eQ!Vm'f � f�!VÊ Ñ�� ey!�m8g�m'clb � e&É%e � b<c(m'!VÊ/fVgSÉ�e ´ b�É�b�clb�h # e
·	h8f � Ë e ÙE¸ ´8¹ ÎTL�Câ49A��� ��°m�,² a;f�hob � Ê3ü(b+�lÊ�fVgJÉ�e�üdÉ%Êmº5m8c(e'g �,ü/ü(e'h'�le � c)üdÉ�eQc(e � e'Ò�m*ü ÎTL�Câ49A��� ��° � ² ´ b+c��leQÉ�e�ü � Ê/g%mob�Íie8g �,üLÉ%e � b Ë b�c"�lÊ/eUü�e Ë �(e8g �lc�Ê/fVg�b � ePÉ �µ´ e8g �(c(e ÎTL�Câ49A��� ��°m�,² ´ b+c��leQÉ�e�ü � Ê/g%mob�Íie8g �,üLÉ%e � b Ë b�c"�lÊ/ePh'e8g �lc(b � eQe,�dÍim8c�Ê/É�Ê�fVgEb � edÉ �»´ e'g��(c(e ÎTL�Câ49A��� ��°m�,² ´ b+c��leQÉ�e � bR�	clb�h,� � c(b+�lÊ�fVgSÓ Ë e'�(Ê��(ePm8h # e �/� ePÉ�b�g�ü � g�eR¼8fVg%e�b � g%fVc(ÉYÉ � ü(Ê��(e ´ á Ù
ÎTL�Câ49A��� ��°±�G�¶² ´ b�c"�le #V½ É�c(f � fV!VÊ Ñ�� ePÉ�e � b<c(m'!VÊ/f�gYÉ%e ´ b+ÉEb�clb+h # e ÎTL�Câ49A��� ��°±���¾² ´ b�c"�leQÉ�e�ük�	fVc(b�!Ve�üLe Ì Ê3ü"�$b�g �,ü`e'g 0Q¿A¿ r

ÎTL�Câ49A��� ��°±���2² -�h # m'ÍJb&É�e*üjm8h'f ��� e'Í7e'g �,üse'�MÉ%e*üsc(e � b+�lÊ�fVg�ü}e8g �(c(edb Ñ�� Ê��ÁÀ'c(e*üsÍiÊ/f�h6À8g%e�ñ Ñ�� b+�(e8c�gEb�Ê/c�e`e'�h8c�m'�$b+h8m
ÎTL�Câ49A��� ��°±���2² Îzc(Ê�g�h8Ê Ë b ��Ì?� Ê�g�mob�Íie8g �)üLe'� � f�hob � Ê3ü(b+�lÊ�fVgJÉ � É�c(b�Ê/gSÉ�e ´ # Ê�hob�É%e ÎTL�Câ49A��� ��°±�V�Â² -�h # m8Í7biÉ�eP�	fVg%h'�lÊ�fVg�g�e'Í7e'g �`É�e �xÏ b Ñ�� Ê��ÁÀ'c(e # b � �le8c�Ê�Ò�Ê/e'g ÎTL�Câ49A��� ��°±���2² a;f�hob � Ê3ülb��lÊ/f�g?e'�kb�!�clb�g�É%Ê3ü)ü�e8Íie8g �kÉ � ü(e8h,�le � cdÉ%e Ë fVÍ Ë b�!Ve ÎTL�Câ49A��� ��°±���2² ´ # c�fVg�Ê Ñ�� e*ü Ë Ê/m�¼8fVÍim'�(c(Ê Ñ�� e�üLÉ � �le*ü"�kÉ�e Ë fVÍ Ë b�!�e ÎTL�Câ49A��� ��°±� � ² ázÍ Ë � b�h'e8Íie8g �`É�e�ü`�	f�clb�!Ve�ükb ��Ì c�m Ë fVg�ü(e�üdc(b Ë Ê�É�e*üLe,�{b ��Ì c(m Ë f�g�ü(e�ü � e8g �le�ü ÎTL�Câ49A��� ��°±���2² ázÍ Ë � b�h8e'Í7e'g �,ü2e'�|c�m Ë fVg�ü�e*ü�É%e*ü��	fVc(b�!Ve�ü�Î}) 0KÃ -�Î Ú )de'�|-�Î Ú Ý ü � Ê��lejb ��Ì Ë ��� Ê/e�üAÉ Ï boÒ�c(Ê �0Q¿K¿ Ý

ÎTL�Câ49A��� ��°±���2² -�h # m8Í7byÉ Ï m'ÒVf �/� �(Ê/fVg<É%e*ü Ë c�e*ü)ü�Ê/fVg�üze8g<�	fVg�h,�lÊ�fVg<É�e � b Ë f ü(Ê��(Ê/fVg�É�e �:Ï f � Ò�c(b�!VeMÍie*ü � c(m ÎTL�Câ49A��� ��°m���¶² ´ b�c"�leQ!Vm'f � fV!�Ê Ñ�� eyÉ � ¸ íLßRÄçb � 0 ñKÅ Ý�Ú[Ú�ÚVÚ b�!Vclb+g�É�Ê/e
ÎTL�Câ49A��� ��°m���¾² Î2f#ü(Ê��lÊ/f�gYÉ%e*ü � Ê�Í7Ê��le*üjÉ � É�fVÍ7b�Ê/g�e{É�eQÍ7f�É�m � Ê3ü(b+�lÊ�fVg ÎTL�Câ49A��� ��°m���2² a;f�hob � Ê3ülb��lÊ/f�g?e'�L� ½ Ë e*ükÉ�eQc(m Ë fVg�ü�e*ü!ü � c Ñ�� e �/Ñ�� e*ü`�	fVc(b�!Ve*ü`É ��´ e'g��(c(e Îý �«ªQ�¤¬®�¯`� �

TL�Câ49A��� ��°±�³²ÇÆ f �/� ÍieUá � m'Í7e'g��lb�Ê/c�ePc(e Ë c(m�ü(e8g �lb+�lÊ��|É � ü ½ ü��ÈÀ8Íie
ÎTL�Câ49A��� ��°m�,² - ½ ü"�§À'Í7e�b Ñ�� Ê��ÁÀ'c(ePÊ�É�mob � Ê3ü�m ÎTL�Câ49A��� ��°m�,² Îzc�Ê/g�h'Ê Ë ePÉ�e �xÏ b Ë�Ë c�f�h # ePÍ ��� �(Ê�É�h'fVg �lÊ�g � b ÎTL�Câ49A��� ��°t�¶² Îzc�Ê/g�h'Ê Ë ePÉ � ü �/� ![�(e*ü��

ÎTL�Câ49A��� ��°m�,²ÇÆ m8c�ÊmÊEh8b+�lÊ�fVgqÉ�e ´ Ù aA)Và�boÒVe8h � g�eKü�f �/� �(Ê/fVgqe'g 0 ÉS�(clb�g�ü(Ê��(fVÊ/c�e
ÎTL�Câ49A��� ��°m�,²ÇÆ m8c�ÊmÊEh8b+�lÊ�fVgqÉ�e ´ Ù aA)Và�boÒVe8h � g�eKü�f �/� �(Ê/fVgqe'g»Å�É.ü"�$b+�(Ê/fVg%gEb�Ê/c�e
Î0Q¿ Ý



ý �«ªQ�¤¬®�¯`� Ë
TL�Câ49A��� ��°±�³² Îzc�Ê/g�h'Ê Ë ePÉ�e �xÏ b � !Vf�c(Ê�� # ÍiedÉ Ï f Ë �(Ê/ÍiÊ3ü(b+�lÊ�fVg

Îý �«ªQ�¤¬®�¯`�ÍÌ
TL�Câ49A��� �Î°±�³²�Ï f�gEb�!VePe,�dÍ7b�Ê �/� b+!Ve`É � �(e*ü"�{ÍifVg�f�É_h8fVg �(Ê/g ��� Í ÎTL�Câ49A��� �Î°m�,² ´ b+c��le�ü`É�e*ü Ë c(f Ë c(Ê�m'�lm�ü/ü ½ g � # m,�lÊ Ñ�� e�üdÉ � �(e*ü��dÍifVg�f�É_h8fVg �lÊ�g ��� Í ÎTL�Câ49A��� �Î°m�,² ´ # c(fVg�Ê Ñ�� e*ü Ë Ê/m�¼8fVÍim'�(c(Ê Ñ�� e*ü?ü ½ g � # m'�lÊ Ñ�� e*üdÉ � �(e*ü"�dÍifVg�fNÉ�h8f�g��(Ê/g ��� Í ÎTL�Câ49A��� �Î°t�¶² ´ b�c��(e*üyÉ%e*üyÉ�Ê�º�m'c(e'g�h8e�üyc(e � b+�(Ê�ÒVe�ü{e'g��(c(e Ë b+clb�ÍÐÀ'�(c(e*üaü ½ g � # m,�lÊ Ñ�� e*üPe'� Ë b�clb+Í¦À,�lc(e�ü{e�ü^É�lÊ�Í7m�üLÉ � �(e*ü"�dÍifVg�fNÉ�h8f�g��(Ê/g ��� Í ÎTL�Câ49A��� �Î°m�,²�Ï f�gEb�!VePe,�dÍ7b�Ê �/� b+!Ve`É � �(e*ü"�{É�f � Ð � e®É�h'fVg �lÊ/g ��� Í ÎTL�Câ49A��� �Î°m�,² ´ b+c��le�ü`É�e*ü Ë c(f Ë c(Ê�m'�lm�ü/ü ½ g � # m,�lÊ Ñ�� e�üdÉ � �(e*ü��dÉ�f � Ð � e®É�h8f�g��(Ê/g ��� Í ÎTL�Câ49A��� �Î° � ² ´ b�c��(e*üyÉ%e*üyÉ�Ê�º�m'c(e'g�h8e�üyc(e � b+�(Ê�ÒVe�ü{e'g��(c(e Ë b+clb�ÍÐÀ'�(c(e*üaü ½ g � # m,�lÊ Ñ�� e*üPe'� Ë b�clb+Í¦À,�lc(e�ü{e�ü^É�lÊ�Í7m�üLÉ � �(e*ü"�dÉ%f � Ð � e�É�h'fVg �lÊ�g �%� Í0·íülb�g�ükc(m'! ��� b�c(Ê5ülb+�(Ê/fVg ¹ ÎTL�Câ49A��� �Î°m�,² í`m*ü ��� �lb+�,ü`É � h8b � b�!�ePÉ�e*ü`h # c�fVg�Ê Ñ�� e�üdÉ � h'fVg �lÊ/g ��� ÍÑÅ

ÎTL�Câ49A��� �Î°m�,² ´ b�c��(e*üyÉ%e*üyÉ�Ê�º�m'c(e'g�h8e�üyc(e � b+�(Ê�ÒVe�ü{e'g��(c(e Ë b+clb�ÍÐÀ'�(c(e*üaü ½ g � # m,�lÊ Ñ�� e*üPe'� Ë b�clb+Í¦À,�lc(e�ü{e�ü^É�lÊ�Í7m�üLÉ � �(e*ü"�dÉ%f � Ð � e�É�h'fVg �lÊ�g �%� Í0·Cb�Ò�e8h&c(m'! ��� b+c(Ê3ü(b+�lÊ�fVg ¹ ÎTL�Câ49A��� �Î°±�G�¶² ´ b�c"�le*ü2É�e�ü�É�Ê�º�m'c(e'g�h8e�ü�c�e � b��lÊ�Ò�e*üAe8g �(c(e Ë b�clb+Í¦À,�lc(e�üHü ½ g � # m,�lÊ Ñ�� e�ü�e,� Ë b+clb�ÍÐÀ'�(c(e*üAe�ü��lÊtÉÍ7m�ü;É � �le�ü��AÉ�f � Ð � e®É�h8f�g��(Ê/g ��� Í¶·:boÒVe'h}c(m8! ��� b�c�Ê3ü(b+�lÊ�fVg{e,�AÊ/g ÒVe'c)ü(Ê�fVgKü � c � e|h8f�e�Íih'Ê/e8g �2É Ï m8h # b+g�!Ve*ü ¹ ÎTL�Câ49A��� �Î°±���¾²�Ï fVg�b�!VePe'�kÍ7b�Ê ��� b�!�edÉ � �(e*ü��aü(e'Í7ÊtÉ"ü ½ g � # m'�(Ê Ñ�� e ÎTL�Câ49A��� �Î°±���2² ´ b�c"�le�ükÉ%e*ü Ë c(f Ë c(Ê/m,�lm�ükÉ � �(e*ü��!ü�e8ÍiÊ�É"ü ½ g�� # m'�(Ê Ñ�� e ÎTL�Câ49A��� �Î°±���2² ´ # c�fVg�Ê Ñ�� e*ü Ë Ê/m�¼8fVÍim'�(c(Ê Ñ�� e�ü?ü ½ g � # m,�lÊ Ñ�� e*ü{É � h'fVg �lÊ/g ��� Í 0
ÎTL�Câ49A��� �Î°±�V�Â² ´ # c�fVg�Ê Ñ�� e*ü Ë Ê/m�¼8fVÍim'�(c(Ê Ñ�� e�ü?ü ½ g � # m,�lÊ Ñ�� e*ü{É � h'fVg �lÊ/g ��� ÍÑÅ
ÎTL�Câ49A��� �Î°±���2²uÏ fVgEb�!Vede'�LÍ7b�Ê �/� b+!VeMÉ � �(e*ü��MÉ Ï Ê�g ÒVe8c7ü(Ê�fVgqe8gqÍifVg�f�É_h8fVg �(Ê/g ��� ÍÒ· Ë b�clb�Íim'�(c(Ê5ülb+�(Ê/fVgie8gÅ ¿ h8e �/�/�%� e*üLÉ%e Æ f�c(fVg�f�� ¹ ÎTL�Câ49A��� �Î°±���2² í`m*ü ��� �lb+�,üGÉ � hob � b�!VeqÍifVg�f�É_h8fVg �(Ê/g ��� Í ·	�	fVc(b�!Ve*üGb Ë�Ë b�c"�le8g�b�g �?b � Ë c�e8ÍiÊ/e'c[h8fVg �lÊtÉg ��� Í ÉEb�g�ü � ePhob ü/ü ½ g � # m'�(Ê Ñ�� e ¹ ÎTL�Câ49A��� �Î°±� � ² íkm�ü ��� �$b+�)ü�É � hob � b�!Ve}ÍifVg�f�É_h8fVg �lÊ�g ��� ÍÓ·	�	f�clb�!Ve�ü�b Ë�Ë b�c"�le8g�b�g �zb � ü(e8h'fVg�É<h'fVg �lÊ�g �%� ÍÉEb�g�ü � ePhob ü/ü ½ g � # m'�lÊ Ñ�� e ¹ ÎTL�Câ49A��� �Î°±���2² ´ b�c"�le�ükÉ%e*ü Ë c(f Ë c(Ê/m,�lm�üke�ü��(Ê/Íim8e*üLe'g�ÍifVg�fNÉ�h8f�g��(Ê/g ��� Í ÎTL�Câ49A��� �Î°±���2² ´ b�c��(e*üqÉ�e�ü?É�Êmº5m8c�e8g�h'e*üqc�e � b��lÊ�Ò�e*ü7e8g �lc�e Ë b�clb+Í¦À,�lc(e�üAü ½ g � # m'�(Ê Ñ�� e*üSe,� Ë b�c(b�Í¦À,�lc�e*üe*ü"�lÊ/Íim*ü�·	Ê/g ÒVe'c)ü(Ê�fVgYboÒVe8h � eU¼'fVgEb�!�eEy�c(m'e � z ¹ ÎTL�Câ49A��� �Î°m���¶²vÏ f b�g�!�eRe'�{ÍJb+Ê �/� b�!VedÉ � �le�ü��yÉ Ï Ê�g�Ò�e8c7ü(Ê/f�gne8gnÉ%f � Ð � e�É�h'fVg �lÊ�g �%� ÍÔ·	�	fVc�Í7e�üdÉ�e�üE¼8f�g�e*üÑ�� e � h8fVg Ñ�� e�ü ¹ ÎTL�Câ49A��� �Î°m���¾² í`m*ü ��� �lb+�,ü`É � hob � b�!Ve Ë f � c � e*üL�	fVc(b�!Ve*üLÉ � h'fVg �lÊ/g ��� Í 0

ÎTL�Câ49A��� �Î°m���2² í`m*ü ��� �lb+�,ü`É � hob � b�!Ve Ë f � c � e*üL�	fVc(b�!Ve*üLÉ � h'fVg �lÊ/g ��� ÍÑÅ
ÎTL�Câ49A��� �Î°m���2² ´ fVÍ Ë b�c(b�Ê3ü�fVg�üLÉ�e�ü`hob�c"�le*ü`É�e�ü Ë c(f Ë c�Ê/m,�lm*ü/ü ½ g � # m'�(Ê Ñ�� e*üde'�`e�ü��lÊ�Í7m'e*ü

Îý �«ªQ�¤¬®�¯`� Õ
TL�Câ49A��� ��°±�³²�Ö Ê3ü��(c(Ê�Ð � �lÊ�fVgqÉ�e�ü`�	f�clb�!Ve�ü`É � h'c(m,�$b�h'm&e'g 0P¿K¿ r[e'�;Å ÚVÚ�0

ÎTL�Câ49A��� ��°m�,² ´ b+Í Ë b+!Vg�e Ë Ê�m6¼8f�Í7m,�lc(Ê Ñ�� ePÉ � ¿ ü�e Ë �(e8Í<Ð%c(e 0Q¿K¿K¿ ·Cm,�lÊ/b�!Ve ¹ Î0Q¿K×



TL�Câ49A��� ��°m�,² ´ b+Í Ë b+!Vg�e Ë Ê�m6¼8f�Í7m,�lc(Ê Ñ�� ePÉ � 0�Ý �	m'Ò�c(Ê�e8cÅ ÚVÚ�Ú · � b Ë ��� ü`h8fVÍ Ë � À'�le ¹ ÎTL�Câ49A��� ��°t�¶² Î2m8c�Ê/f�É�eQÉ�eQÉ�Ê3ü Ë fVg%Ê/Ð�Ê � Ê��(mdÉ%e*ü`É�fVg�g%m8e*ükÉ�e � b<Ð�b ü(e&É�eQÉ�fVg�g%m8e*ü ´ á Ù
ÎTL�Câ49A��� ��°m�,² ázg�ü�e8Í<Ð � eQÉ�e*ükh # c�fVg�Ê Ñ�� e�ü Ë Ê/m�¼8fVÍim'�(c(Ê Ñ�� e�ü`É�e � b Ë m8c(Ê�f�É%ePÉ�eQÍJb�Ê 0Q¿K¿K¿

ÎTL�Câ49A��� ��°m�,² í`m Ë b�c��(Ê��lÊ�fVgGü Ë b+�lÊ/b � eyÉ%e*ü`É�fVg�g%m8e*ükÉ�e � b Ë m8c�Ê/f�É�eyÉ�eQÍ7b�Ê 0Q¿K¿A¿
ÎTL�Câ49A��� ��° � ²�Ï f�g�e*üL�le�ü��(m8e*ü � f�c)üLÉ ÏX� g.ü �/� !G�(e*ü"�

ÎTL�Câ49A��� ��°m�,² í`m Ë b�c��(Ê��lÊ�fVgGü Ë b+�lÊ/b � eyÉ%e*üL�	fVclb+!Ve*üL�le�ü��(m*ü ÎTL�Câ49A��� ��°m�,² íkm Ë b�c��(Ê��(Ê/fVg&ü Ë b+�(Ê�b � e{É�e�ü`Ò+b � e � c7üMÉ�ePh'fVg�É � h,�lÊ�Ò�Ê��lm #V½ É�clb ��� Ê Ñ�� ePe'� # Ê5ü��lf�!Vclb�ÍiÍie{Ó[rh � b ü)ü�e*ü ÎTL�Câ49A��� ��°±�G�¶² í`m Ë fVg�ü�e*ü`� ½ Ë e*ükÉ ÏX� gS�	fVclb�!�ePÉ�eQh # b Ñ�� e&h � b�ü)ü(eQÉ Ï m Ñ�� Ê�Ò+b � e'g�h8e ÎTL�Câ49A��� ��°±���¾² íkm Ë b�c"�lÊ��(Ê/fVgRü Ë b+�lÊ/b � ePÉ%e*ü{Ò+b � e � c7ükÉ%eRh8f�g�É � h,�lÊ�Ò�Ê��lm #G½ É�c(b ��� Ê Ñ�� e&e'� # Ê3ü��(fV!Vc(b�Í7ÍiePÓÝ h � b ü7ü(e�ü ÎTL�Câ49A��� ��°±���2² a;f�hob � Ê3ülb��lÊ/f�g?e'�kb�!�clb�g�É%Ê3ü)ü�e8Íie8g �kÉ�e � b�¼'fVg�e&í{îVï
ÎTL�Câ49A��� ��°±���2²�Ö Ê�º�m'c(e'g��)ük� ½ Ë e*ü`É�e&c(m Ë fVg�ü(eKü � c � b�¼8fVg�e�ídîVï

ÎTL�Câ49A��� ��°±�V�Â² a;f�hob � Ê3ülb��lÊ/f�g?e'�kbG!Vclb+g�É�Ê3ü7ü(e'Í7e'g��`É%e � bØ¼8fVg�e4á}�dð
ÎTL�Câ49A��� ��°±���2² ð ½ Ë e�ü{É�eQc(m Ë f�g�ü(e�ü`Ò � e�ü{ÓG!Vc(b�g�É�e�ükm'h # e ��� e ÎTL�Câ49A��� ��°±���2² ÄIb+Ê �/� b�!VedÉ � É%fVÍJb+Ê/g�eye,�db�!Vclb+g�É�Ê3ü7ü(e'Í7e'g��`É � ü�e8h'�(e � cdídîVï ÎTL�Câ49A��� ��°±� � ² àEfVc�Í7eyÉ%e �:Ï # Ê3ü��(fV!Vc(b�Í7Íie{e'gY�	f�g�h'�(Ê/fVgSÉ � g�fVÍRÐ�c(eQÉ�eQh � b ü)ü�e*ü ÎTL�Câ49A��� ��°±���2² í`m Ë b+c��lÊ��lÊ�fVgGü Ë b��lÊ�b � eyÉ�e�üL�	fVclb�!�e*ü`ÍJb��lc(Ê�h8eye,�`�	clb�h,� � c�e*ü`e'� # Ê5ü��lf�!Vclb�ÍiÍie
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Résumé

L’objet de ce travail concerne la modélisation des écoulements dans le système aquifère
fracturé du site du CEA/Cadarache où deux aquifères ont été différenciés : un aquifère
crétacé dans lequel les fractures jouent un rôle majeur dans les écoulements, et un aquifère
miocène en relation hydraulique avec le premier. Une synthèse des connaissances géologique
et hydrogéologique du site d’études a permis l’élaboration d’un modèle conceptuel basé sur
une approche continue et déterministe. Il s’agit de l’approche multi-continua adaptée pour
la prise en compte des écoulements dans le réseau de fractures, dans la matrice, mais
aussi pour la prise en compte des échanges d’un aquifère à l’autre. Ces bases conceptuelles
ont mené au développement d’un outil numérique de modélisation en problèmes direct et
inverse, validé par plusieurs tests synthétiques.

L’approche inverse du multi-continua nécessite la distinction des charges piézométriques
des différents milieux. Dans ce but, plusieurs campagnes d’essais de puits ont été réalisées
sur de nombreux forages du crétacé. Les valeurs de conductivité hydraulique ont permis
une classification des forages en fonction de leur représentativité. Plusieurs campagnes
piézométriques couvrant la totalité des forages du site ont également été effectuées. Les
données de ces campagnes ont permis de réaliser une première modélisation qui a mis en
évidence les rôles importants joués par les sources de l’Abéou et le secteur du ravin de la
Bête sur les écoulements de la nappe crétacée.

Ce travail a posé toutes les bases conceptuelles et méthodologiques pour la caractérisa-
tion des écoulements sous le site du CEA/Cadarache. Il a fourni une première modélisation
des écoulements qui pourra être approfondie et finalisée grâce au réseau de piézomètres mis
en place dans le cadre de cette étude.

Mots clefs :

Site du CEA/Cadarache, réservoirs fracturés multi-couches, modèle multi-continuum,
éléments finis, problème inverse, méthode de l’état adjoint, optimisation sous contraintes,
slugs tests, modélisation.
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