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Ò ¥�²i§�¢b¥{³¯¡«ª��³¯£rÓb±f³rÓt£¯¡«=¥�£¯¡(¿d¥��³¯¦©Ô	Ób�¡«ª�§©¢Õ¥�ÓZ³¯º.²iº�Öt§©¦�¡.×Ø¥{¡¤£¯º��®b¥.±q¡9¥�¢bªÙº�³¯Út¡¤£$¥{®t®t¦©§°±k¥d³r§�º.¢b¤Û�¾mÚt¡�¥�¢b¥{¦©ÔZ�§°=º{Á

³¯Úb¡¤¯¡=�³¯£rÓb±f³rÓt£¯¡«T£r¡¤Ü�Ót§©£¯¡«?¥(o³rÓbªZÔiº{ÁØ¦°¥JÔ�¡¤£¯¡«ª(²i¡«ªZ§�Ób²4ÛW¹`¢À³¯Út¡�¦�§�³¯¡¤£r¥{³¯Ót£r¡�×�¯¡k¿�¡¤£r¥�¦bªZ§©²i¡k¢b¯§�º.¢b¥{¦©¦©Ô(£r¡¤ªZÓN±q¡¤ªÀ²�ºZªZ¡¤¦©
Úb¥J¿.¡�ÖN¡¤¡k¢Õ®t£¯º.®Nº��¡«ª4ÁÂº�£�³¯Út¡io³rÓbªZÔÍº{ÁW³rÚt¡¤¯¡(�³¯£rÓb±q³¯Ót£r¡¤¤Û=¾mÚt¡(²iº�ªt¡k¦°�Öb¥.�¡«ª	º�¢ÕªZ§©¯®t¦°¥�±k¡k²i¡k¢�³�ÁÂº.£¯²(Ót¦°¥d³¯§©º�¢�×b¦©§�Ý.¡
¯Út¡¤¥�£xªZ¡kÁÂº�£r²:¥{Öt¦©¡JÞ�¥{¢bªV¨k§©ß{àÅ¨¤¥�ß�²iº�ªt¡k¦°k× á0¥{£r¡�¿�¡¤£¯Ôi®*º�®tÓb¦©¥�£m¥.R³¯Út¡¤ÔÀ¥{£r¡�§©¢bªZ¡k®*¡k¢NªZ¡k¢�³µº{Á\³¯Út¡�¢�Ót²9Ö*¡k£mº{Á�¦©¥JÔ.¡k£vT§©¢
³¯Úb¡�o³r£¯Ób±q³¯Ót£r¡�Ûâ ºdãx¡k¿.¡k£«×.¥9²i¥{äoº�£xªZ£r¥JãµÖN¥�±vÝ�º{ÁØ³rÚt¡¤¯¡å³rÚt¡kº.£¯§©¡¤R§©R³rÚb¥d³x³¯Út¡=³¯£v¥{¢N�¿.¡k£v�¡å�³r¥{³¯¡�º{Á��³¯£r¡¤r?£r¡k®t£r¡¤¯¡k¢�³r¡¤ª:Ö�Ô�³¯Út¡¤²æ§©
¢tº�³m¥.±k±qÓb£r¥{³¯¡�ÛF¾\º(¥{¦©¦©¡k¿�§©¥{³¯¡�³¯Út§°m®t£rº�Öt¦©¡k²7³¯Úb¡=¡«Ü.Ób§�¦©§�Öb£¯§©Ót²æÖb¥.�¡«ªÀ®*º.�³�àÅ®t£¯ºZ±k¡¤r�§©¢tß9¥�®t®t£rº.¥�±vÚi²(Óbo³mÖ*¡�ÓN�¡«ª:³¯º(ß�¡k³
Ö*¡q³�³r¡k£0£r¡k®t£r¡¤¯¡k¢�³r¥{³¯§©º�¢bçfàrÛ èé¾mÚt§©0¥�®t®t£rº.¥�±vÚ	§°0¥�±¤±qÓt£v¥d³r¡9ãµ§�³¯ÚÙ³rÚt¡¤¯¡�²�ºZªZ¡¤¦©=ÁÂº.£�²iº�o³�º{ÁT³rÚt¡:±k¥�¯¡¤¤Û â ºdãx¡k¿.¡k£«×bÁÂº.£
ªZº.²i¥�§�¢Nmãµ§ê³rÚÙ±qÓZ³¯àhº.ÓZ³rµ¥�¢bª4Ót¢b¯Ô�²i²i¡q³r£¯ÔV§�¢Í¦°¥JÔ.àÅÓt®Í�¡«Ü�Ót¡k¢b±k¡�×Z³rÚt¡¤¯¡$²iºZªZ¡k¦°mÖN¡«±qº.²�¡$§©¢t¡kë*¡«±f³¯§©¿�¡.Û?¾mÚt§°µ®t£rº�Öt¦©¡k²
§°0ºd¿�¡k£v±qº.²i¡9Ö�ÔÙÓb¯§�¢bßÍ¥4²iº�£r¡i£¯¡k´b¢t¡«ª�²iºZªZ¡k¦hÛi¹`¢�¦©¥JÔ.¡k£rãµ§©¯¡9²iºZªZ¡k¦°¤×Ø³¯Úb¡Ào³v¥{¢bªt¥�£rª�²iº�ªt¡k¦°$¥{£r¡�ÓN�¡«ª�¦°¥JÔ�¡¤£¯ãµ§°�¡.Û
¹`¢%³rÚt¡¤¯¡V²iºZªZ¡¤¦©¤×W³¯Úb¡4±kº�¢�³¯§©¢�Ót§ê³oÔ�º�Á�ªZ§©¯®t¦°¥�±k¡k²i¡k¢�³rÍì�¥{¢bª�³r£r¥�¢b¯¿�¡k£v¯¡Vo³r£¯¡«¯¯¡¤(�Úb¡¤¥{£�o³r£¯¡«¯¯¡¤(§©¢��º.²i¡¬±k¥.�¡«rí�§©
§©²�®*º.¯¡¤ªØÛ	¹`¢.³r¡k£r²i¡¤ªZ§°¥d³r¡:²�ºZªZ¡¤¦R§°�º.ÖZ³r¥�§�¢b¡¤ª�Ö�ÔÕ¦©Ót²i®t§©¢tßÙº.¢t¡Àº�£9²�º.£¯¡:¦°¥{²i§©¢b¥{¡VÖN¡¤¦�ºdã�º�£(¥{Ö*ºd¿�¡i³¯Úb¡À¦©¥�²i§�¢b¥Ùº{Á
§©¢.³r¡k£r¡¤�³¤ÛW¾mÚt¡�¦©¥JÔ.¡k£rãµ§©¯¡�²iºZªZ¡¤¦*®b£¯º.®Nº��¡«ª:Út¡k£r¡�§©m¥�ªb¥{®Z³r¡¤ª:ÁÂ£rº�²ïî�Út²i¡¤ª4¥{¢bª¬ðm¥�¯ÓØÛ ñ¬¹Å³µ§©x²iºZªZ§�´b¡¤ª4¥�±¤±qº�£vªZ§©¢tß$³rºÊ ±vÚ�ãm¥{ÖbòxÁÂº.£TÖN¡¤¢bªZ§©¢tß9¥�¢bªi²i¡k²9Öb£r¥�¢t¡åªZº�²i§©¢b¥d³r¡¤ªi®t£rº�Öb¦�¡¤²i¤Û�¹`¢i³¯Út¡å®b£¯¡«�¡¤¢.³T®N¥{®*¡k£Tº.¢t¦�Ô�Ö*¡k¢bªZ§©¢tß9±¤¥�¯¡µ§©Ro³rÓbªZ§©¡¤ªYÛ
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Equivalent
elements

Individual elements Damaged zones

Needle type
fictitious layers
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îå¢N¥{¦©Ô�¯§°åº{ÁF³rÚt§�¢Õ¦©¥�²i§�¢b¥{³¯¡«ª	o³r£¯Ób±q³¯Ót£r¡¤�§©=Öb¥.�¡«ªÍº�¢	Ób¯§�¢bßÀ®t£r¡¤ªZ¡k´b¢t¡¤ª�ªZ§�£r¡¤±q³¯º.£åÁÂÓt¢b±q³¯§©º�¢b=§©¢Í³¯Út¡?O{à`ªZ§©£¯¡«±f³r§�º.¢Ø×
ãµ§�³¯Ú³rÚt¡�ªZ§©¯®t¦°¥�±k¡k²i¡k¢�³V´N¡k¦°ªéß�§©¿�¡¤¢/¥�4¥�¯¡k£r§�¡«À§©¢é³¯¡¤£¯²:4º{Á�®b£¯ºZªZÓb±q³r¬º{Á$³rÚt¡,ªt§�£r¡¤±q³¯º�£VÁÂÓt¢b±q³¯§©º�¢bÍ¥{¢Nªé®t¦°¥{¢b¥�£
ÁÂÓt¢b±q³¯§©º�¢b¤ÛQPT¥{£r§�º.ÓbåÁH¥�²i§�¦©§�¡«0º{Áx®t¦©¥{³¯¡�²iº�ªt¡k¦°$±k¥{¢ÕÖN¡Àªt¡q´b¢t¡«ª�ÖN¥�¯¡¤ªÙº.¢Ù³rÚt¡À�®*¡¤±k§ê´*±(ªZ¡k´b¢t§�³¯§©º�¢b0º�Á?³rÚt¡:ªZ§�£r¡¤±q³¯º.£
ÁÂÓt¢b±q³¯§©º�¢b¤ÛT¾mÚt¡$®t¦°¥d³r¡0²�ºZªZ¡¤¦©å¡k²i®t¦©ºdÔ�¡¤ª¬§©¢V³rÚt§©�o³rÓbªZÔVÖ*¡k¦©º�¢bß(³rºi³¯Út¡0ÁH¥�²i§�¦©§�¡«mº{ÁF®t¦°¥d³¯¡0²iºZªZ¡k¦°µß.§�¿.¡k¢4ÖN¡¤¦�ºdã$Û
RTSVU2W �YX[Z]\H^`_)acb�dfe�gY_5^ihkj Umlon
¾mÚt¡«�¡Ù¥�£¯¡4³¯Úb¡Ù±qº�¢�¿.¡k¢�³¯§©º�¢b¥�¦m®Nº.®tÓt¦°¥{£À®t¦°¥d³r¡	²iº�ªt¡k¦°k×xãµ§ê³rÚLp Ò#q ¾ ¥{¢Nª â Ê � ¾ ²iºZªZ¡¤¦©À¥.:�®*¡¤±k§©¥�¦�±k¥.�¡«kÛ¾mÚb¡
ªZ§°�®b¦©¥.±q¡k²i¡¤¢.³m´b¡¤¦©ªbå±qº.£¯£r¡¤¯®Nº.¢bªZ§©¢tß(³¯º�³¯Út¡«�¡$²iºZªZ¡¤¦©µ±¤¥{¢4ÖN¡�ªZ¡k´b¢t¡«ª4¥.sr

Çst\Évu wxy xz t Þ ì[{}|N~c|<O�ít á ì[{}|N~c|<O�ít ç ì[{}|N~c|<O�í
� x�
x� u wxy xz����

��+� Þ¼��\Þ t Þ�¼ ì`{}|N~tí]� ¼ ìiO�í
� �

� �+� Þ¼��\Þ t á¯¼ ì`{#|<~Zí]� ¼ ì`O�í
� �

� � � Þ¼B�\Þ t çr¼ ì`{#|N~tí:� ¼ ì�O�í
� x�
x� ì ô í

â ¡¤£¯¡.×{¶N¼½'|tÃ u ô |+�]|<��§°µ³¯Úb¡�º�£vªZ¡k£µº�ÁF³¯Út¡�®*º�¦©Ô�¢tº�²i§°¥{¦ØªZ§©£r¡¤±f³rº�£µÁÂÓb¢b±f³r§�º.¢bå§©¢Í³¯Út¡-O{à`ªZ§©£¯¡«±f³¯§©º�¢¬ÁÂº�£ t Þ | t á ¥{¢bª t ç×b£r¡¤¯®*¡¤±f³r§�¿.¡k¦©Ô�Ûm �¡k¢t¡¤£r¥�¦�¦©Ô�¶DÞ½ u ¶Ná½ §©å±vÚbº.¯¡k¢ØÛ â ¡k£r¡�×�O:§°å±vÚtº.¯¡k¢Íãµ§�³¯Ú	£r¡¤¯®N¡«±f³µ³rºi³¯Út¡�²i§°ªtªZ¦©¡�®t¦°¥{¢t¡9º{Á�³¯Út¡�®b¦©¥{³¯¡�Û� º�³¯¡�³¯Úb¥{³?ÁÂº�£x§°�º�³¯£rº�®t§°±m®t¦°¥d³¯¡«R¥�¢bªÀ¥�¦©¯º$ÁÂº�£x�Ô�²i²i¡q³r£¯§°±å¦°¥{²i§©¢b¥d³r¡¤?¯ÓtÖZäo¡«±f³r¡¤ªi³rº�³¯£v¥{¢N�¿.¡k£v�¡µ¦©º.¥.ªtk× t Þ ì[{}|N~c|<O�íT¥�¢bªt á ì[{}|N~c|<O�í�¥�£¯¡¬¥{¢�³¯§°�Ô�²i²i¡q³r£¯§°±{×FãµÚt§©¦�¡ t ç ì[{}|N~c|<O�í$§°(¯Ô�²i²�¡k³¯£r§©±Vãµ§ê³rÚ%£r¡¤¯®N¡«±f³9³rº�ONÛ â ¡k¢b±k¡�×FÁÂº�¦©¦©ºdãµ§�¢tß Ê ±vÚ�ãx¥�Öbò¥{¢Nª��µ¡¤ªbªZÔD× Þ�áÙ¶YÞ½ u ¶Ná½ u ô ¥�¢bª ¶Nç½ u�� §°¬±vÚbº.¯¡k¢/¥.À³rÚt¡�´N£r�³¬º.£rªZ¡¤£¬¯Út¡¤¥�£4ªt¡qÁÂº�£r²:¥{Öt¦©¡Ù³rÚt¡kº.£¯Ô.Û7¾mÚb§©¬§©
£r¡k®t£r¡¤¯¡k¢�³¯¡«ªÍ¥�µ³rÚt¡¬ì ô | ô | � ím²iºZªZ¡k¦hÛ�¾mÚt¡Q��������²iºZªZ¡k¦�§©�ß�¡¤¢t¡k£v¥{¦©¦�Ô¬³r¥�Ý�¡¤¢Ù¥�9ìi�]|+�]| � ífÛå¾mÚt¡(ªZ§�£r¡¤±q³¯º.£åÁÂÓt¢b±q³¯§©º�¢b
¥{£r¡i®Nº.¦�Ô�¢tº.²i§©¥�¦©$ªZ¡k´b¢t¡«ªÕºd¿.¡k£�³¯Úb¡iÁÂÓt¦�¦T³¯Út§°±vÝ�¢t¡¤rkÛÀóbº�¦©¦�ºdãµ§©¢tß Ê ±vÚ�ãm¥{ÖØ× ò ¥Í¢b¥d³rÓt£v¥{¦WÚt§©¡k£v¥{£v±vÚ�Ô4º�Ám¯Ób±vÚ�²iºZªZ¡k¦°0§©
ß�§©¿�¡¤¢ Ö�Ô�ì ô × ô × � íq×xì ô × ô ×���íf×µìi�t× �t×���íf×µìi�t× �t×  �íf×�¡s¡F¡¢¡s¡F¡�Û,¾mÚt¡¤¯¡À²iºZªZ¡k¦°(ß�¡k¢b¡k£v¥{¦©¦�Ô,±qº�£r£r¡¤¯®Nº.¢bª,³¯ºÙÖ*¡k¢NªZ§�¢bß�¡qëD¡¤±q³ÍìH§�Û ¡�Û
®t¦°¥d³r¡VÓt¢bªt¡k£(³¯£v¥{¢b¯¿�¡¤£r¯¡:¦�º�¥�ªZ§©¢tß�ífÛÙ¹`¢ ³rÚt¡¬±kÓt£r£¯¡¤¢.³�o³rÓbªZÔ�×WÖ*º{³rÚ%³rÚt¡¬±kº�¢�¿�¡¤¢.³r§�º.¢b¥{¦RªZ¡q´b¢b§ê³r§�º.¢�¥{¢bª ³¯Út¡Í�¡«Ü�Ót¡k¢b±k¡
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