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Le génie biologique
est-il toujours du génie biologique?
������ "!#��$&%�!#'�("!#)

*,+�-�.0/1+
2�3�465#798#: ; <>=>?�; @BA"46C#7�;D?�E�=#; ?�3�AF?HG#7JI#K�A"; 3
8#; @�: @�I#; C#7�3L4M@�AF?NE�3�: =>?�; O�3�PQ3�AF?NA"@�PQ8#E�3�7�R
4M3�4J3S?TI#K�A"K�E�=#: 3�PQ3"AF?LU =#<>; : 3"PQ3�AF?L<>@�PQR
5#E�K"V"3�A"4M; 8#: 3�4N3S?W=#<><�3"4M4M; 8#: 3�4MXZYB3�E�4[: =LU ; A
G#7]\�^�_`4M; a�<>: 3�bcG#3�4d3�U U @�E ?�4e; Pf5c@BE ?�=#AF?�4eG#3
<�@�PQPQ79A"; <>=>?�; @�Ag3F?hG#3iO�=#: @�E�; 4j=>?�; @BA`G#3g<>3
G#@BPQ=#; A"3�bBA"@�?�=cPfPQ3"AF?�4j@B7�4hU @�E�PQ3fG#3fI#7�; R
G#3�4MbkG#3J<>=#4M4M3F? ?�3�4lO�; G#K�@�bkG#3JmZn,R op@�Pfb
3S?�<�XqbQ@�AF?]KS?�KrG#K"5#: @tsuK�4lGc=#A"4f?�@�7j?�31: v
w"7�R
E�@�5#3`3S?�4M5#K"<�; =#: 3�PQ3�AF?03�A`x ?�=#: ; 3�by3�A`wp4M5#=#R
I#A"3�by3�A`z>E�=#A"<�3"b�3�Al{B7�; 4M4M3�by3�A`|d7S?�E�; <�V"3"b
3S?�<�Xqb�=#; A"4M;#C#79v�3�Ag|D4M; 3�X

}~@�7S?�3L<�3F? ?�3L; A"U @�E�PQ=>?�; @�ATE�K"5#3�E�<�7S?�=#AF?N: 3�4
3���5#K�E�; 3�A"<>3�4l=#<�<>7�PQ79: K�3"4`@�AF?�G#@�A"A"Kr79A
K�: =#A�<>@BA"4j; G#K"E�=#8#: 3�=#7��1?�3"<�V"A"; C#7�3�41G#7
I#K�A"; 3N8#; @B: @�I#; C#7�3�XumZ3S?h3�AF?�V"@�794j; =c4MPQ3N4M=#R
: 7S?�=#; E�3Q=i?�@�7j?�3�U @�; 4�7�AQE�3SO�3�E�4�G#3QPQK"G#=#; : : 3�X
|d7kA"@�P�G#3H: =�4MK�<>7�E�; ?�K"b05#=#EdPQK�<>@�A"A"=#; 4MR
4M=#A"<�3`G#3�4Z: @�; 4ZK�: K�PQ3�AF?�=#; E�3�4ZG#v
K�<>@�: @�I#; 3"b
5#=#EiPQ@BG#3�3S?i5#=#EiPQ3�E�<>=#AF?�; : ; 4jPQ3�bD@BA�=#4MR
4M; 4�?�3&��7�A"3&5#@�794M4jK�3&<�E�@�; 4M4M=#AF?�3&G#3]?�3�<>V"R
A�; C#7�3�4&3S?NG#3T4�sc4q?�a�PQ3�4&4M79Eg: 3�4MC#7�3�: 4H@�A
5#3�7j?�E�=#; 4j@BA"A"=#8#: 3"PQ3�AF?T4Mv
; AF?�3�E�E�@�I#3�ETG#7
8#; 3"A"R U @BA"G#K"Xrx : 4J4M@�AF?L5#=#E~U @B; 4J8#E�3SO�3S?�K�4jb
4M@�7jO�3�AF?L?�E�@�5�: 79�9793"79��3S?L?�E�@�5�4M@�5#V"; R
4�?�; C#79K�4jb�5#: 7940@�7QPQ@�; A"4�8#; 3�A]=#G#=#5>?�K�40=#7��
4M; ?�79=>?�; @�A"4g3S?e?�E�a"4g4M@�7SOB3�AF?�3�A�; A"=#G#K�C#7�=#R
?�; @�A�=>O�3�<�: 3�4�U @�A"<�?�; @�A"4�8#; @�: @�I#; C#7�3�4
C#79v
@�Ag3�4q?h3�AgG#E�@�; ?hG#v
=>? ?�3�A"G#E�3NG#3"4d@�7jO�E�=#R
I#3�4MXumZ3�4u?�3�<>V"A"; C#7�3�4d3S?y<>3�4d4�su4�?�a�PQ3�4d8#=#R
A�=c: ; 4M3"AF?f3S?f7�A"; U @�E�PQ; 4j3�AF?f: 3�5#=>su4M=#I#3�bi; : 4
E�3"5#E�K�4M3�AF?�3�AF?e=#794j4M;uG#3�4WG#K�5#3�A"4j3�4i; PQ5#@�E�R
?�=cAF?�3"4�3F?HC#7�3�: C#7�3�U @B; 46; A"7j?�; : 3�465#@�79E&: 3�4
Pf=�� ?�E�3�4NG#v�@B7SO�E�=#Ic3�XZx : 4N<>@�A"4�?�; ?�793�AF?f=#7�4M4M;
G#3�4�=c: ; 8#; 4y=#7��D<>E�; ?�a�E�3�4yK�<>@�: @�Ic; C#7�3�4y3S?�3�A"R
OB; E�@�A"A�3"PQ3�AF?�=#7��k3�A�G#; 4j<�E�K�G#; ?�=#AF?�be: =65#: 7�R
5#=#E ?#G#7�?�3�PQ5#4jbp: v
3�4M4j3�A"<�3fPQ��PQ3fG#7fI#K�A"; 3
8#; @�: @�I#; C#7�3�X

� 7�3�: C#7�3�4�3���3"PQ5#: 3�4�3S?�C#7�3�: C#7�3�4�E�K�R
U : 3��9; @�A�4TO�@B: @�AF?�=#; E�3�PQ3�AF?�<�E�; ?�; C#793"4�4M@�AF?
5#E�@�5#@�4MK"4[=#U ; A�G#3�4M7�4M<>; ?�3"EW79A"3�5#E�; 4j3�G#3
<�@�A"4M<>; 3�A"<�3TG#3L<>3�E ?�=#; A"3"4�OB=c: 3"79E�4&3S?NG#3
Pf=c; AF?�3�A"; EN7�AT3�4M5#E�; ?NKS?�V"; C#7�3LU @�A"G#=#PQ3�A"R
?�=c: byA"K�<>3�4M4M=#; E�3g�&: =&5#E�@�U 3�4M4M; @�A"X

�1���t-�������+�-
I#K"A"; 3�8#; @�: @�I#; C#7�3�b�x A"Ic3�A"; 3�7�E�8#; @�: @�I#; 3�b
8#; @�3�A"I#; A"3�3�E�; A"I#b�G#K"U ; A"; ?�; @�A"b�5#E�; A"<>; 5#3�b
4�su4�?�a�PQ3g8#E�3SO�3S?�K

 �¡�¢d¡�£�¤>¥T¦e£�§6 �¨0©e§u¨0£q§uª0«t¬e£�­0®�­0©e£�§
¢~«t§�ªL©,§�¬e®�£�§�¬e§�¨f¯

°Dª0¡�±,²L²1§�¨f³
±e¡�¡9ª0¨0©
´¶µl·e¸ ¹#)D����º !#)�¸ »�»t¸ ��º �½¼�����¾�¿ ¿ �� ") º�¸ '>("À9 "·c�� 
Á À�ÂÄÃ�("��ÂQ!�Å  "·c�� y¸ ��À9��¹,¸ Æ�º Æ�·,¸ ��ÇQÀ� "$�¸ Â
Èdº º ·#�"ÂQ��¸  "�� lµ�¸  "$Éµ9¸ �lº ��¸ '�("),»~����µM) Ê# "$#º�¸ '>(
À� "$�·#À�) Á À�·#Ê# "·#º�¸ '>(yËQÌi��·#�� �´¶ "$#�1$#�"µ
ÍDÎyËHÏq!#("��("À� "$#����) µÑÐ0À���$#�� Ò·c��ÆBµjµM��Èd "Ó
µM) ���� "·cÀ9 "·c�� �À9 ") ���� "Æ�ÂQÂQ�� "Ç�À9ÂÕÔ�¹#���
$#�� `%���¹#�� "$#¹#!cÀ Á À�¸  "¿ Æ���Âk¸ ������ gÀ� "$H$,¸ ��Ó
µM�"µhÖ>!#'>(Q!#À�¿ Á ÀuÐ,����) �� y×BÅ  Q·#!# Á ´FÀ���Æ�Ø#!NÙ
 "!#ÂQ�� ") º�¸ '>(Ú!#¹#���Û¸  �Å ) !#ºq¸ �" �Ç�ÜBØ#!# y¸ �� "Ç
Ö>��!# "Ý�����¸ '>(ÞÀ� �$�ßQµM) ��������¸ '>(ÞÙàÀ� �$�¸ Â
!#µ�¸ !#)�¸ µM'>("�� �áp!#À�ÂÕÐ0À���$#�� Á !#("º ����¸ '>(��
áp!#) ·c��¹#��� Ç�¼u¸ $#��Æ�Ý�!#µjµM��) ) �� "Ç�âZãcÓ áhäkå]µ
À�µ�ÐDË�Ø#À�¹#º�¸ Á ¸ �"��)�Ë
ãc!# "Ý�$,¸ ��µM����Å  "¿ Æ���ÂQ!#)�¸ Æ� "µMÆ�¿ ¿ �� "µ9¸ »��TÀ� "$
$#���Nær�y¸ ) �"��·#!#¹#�É$#���N¸  É$,¸ �"µM��Âà��������¸ '>(
·#�"µM!#ÂQÂQ��º ) �� �´F��¿ !#("��À� "·#�� �»~�"� Á ��¸ '�(" "��Ó
) �� ç$,¸ �è¸  "·c�� y¸ ��À9��¹,¸ Æ�º Æ�·,¸ µM'>("�� é�#!#À9Ó
Ð0�y¸ µj�� 6À9 "$�¼>����¿ !#("���� 6��¸  "�� 6¹#��) ��Ê#'>(") º�¸ Ó
'>("�� gÈdÀ�¿ µM'>(yÐ0À9 "·eË0ãe¸ �"µM���]´F ") ("À�µ�¸ !#µMÂQÀ9µ
¿ Ô��u$,¸ �HÅ  "·#�" y¸ �"À9��¹,¸ Æ�º Æ�·,¸ �H¸ µM)� "!#) Ô9��º�¸ '>( Á À
¹#��·c��Ô9µMµj�� "Çy$#Æ�'>(`("!#)�$,¸ ��å[��$#!,¸ º º �g!#À�'>(
��¸  "�Hê���("��µM�y¸ ) �yË�Ü�ÆN("Ê#À�¿ ) �� ]µ�¸ '�(]Ùl¸ Â�ëi!#Ó
ÂQ�� ì$#���`Ü0¸ '>("����("��¸ ) ÇNÀ9 ") ����¼��"��Ý��� " "À9 "·
$#���W¾�Ý�Æ�º Æ�·,¸ µM'>("�� ìÌZ��À� "$#����·#�"º  "ÇD!#À�µ[�y¸ Ó
 "����å[Æ�$#��¹#��Ð,��·#À� "·�("����!#À�µ�Æ�$#���k�y¸  "Ó
¿ !#'>(H!#À�µfí9��Æ�¿�¸ ) ·e¸ �"�eÙk$,¸ �6Ã ��'>(" y¸ Ý��� &À� "$
Ü�îcµM) �"Âf�"ÇW$#������ rÜ0¸  " rÂQ��("��!#º µ Á Ð0�y¸ ¿ ��º Ó
("!#¿ )y¸ µM)�Ë�ïcÀ�Â�Ã ��¸ º9µ9¸  "$kµ9¸ �[Ø#!#) �" ")�¸ �"��) Çd»t¸ ��º Ó
¿ !#'>(TÔ�¹#����¿ ��!#'�(") ��) Ç]À� " "¾�)�¸ ·ðÝ�Æ�ÂQØ#º�¸ Á ¸ ����) Ç
 "À���¹#��$,¸  "·#)�µ�¸ ) À�!#)�¸ ÆB "µj·#������'>(")�À� "$É¸  f$c�� 
ÂQ��¸ µM) �" 1Ö>Ê#º º �� 1Ý�¾� " "�� Lµ�¸ �r$e¸ �1¹,¸ Æ�º ÆB·e¸ Ó
µM'>("�� �Ö>À9 "Ý>)�¸ Æ� "�� � y¸ '>(")��"��¿ Ô�º º �� "Çd$,¸ �Éµ9¸ �
��¸ ·#�" ") º�¸ '>(��"��¿ Ô�º º �� �ÂQÔ�µMµM) �" �ËZÜ�¸ ��(�!c¹#�� 
·#º �y¸ '>("¿ ¾���Âk¸ ·c��À9 "$Äº !# "·eÐ0��¸ º�¸ ·#��%�!# "$#Ó
µM'>("!#¿ ) �� ½À� "$�¿ Ô��&$#�� ½��!cÀ9("������ ½("Æ�("��Ç
ÂQ!# "'>("ÂQ!#ºL·c!#��À9 " "¾�)�¸ ·#�ñê�Æ�µM) �� Á À��
Ö>Æ�º ·#��Ë�Å  �$c��ÂJ$,¸ �NÂQ�y¸ µj) �� g$,¸ ��µM���i¼��"��¿ !#("Ó
���� N$#!#µMÇeÐ0!#µe$,¸ �ÉÅ  "·c�� y¸ ��À���¹,¸ Æ�º Æ�·,¸ �[!#À9µMÓ
ÂQ!#'>(") Ç�¸  H¼�������À�¿�¹#�F¸  "·#�� "Ç�¹,¸ �") �� �µ�¸ �Q��¸  "�

áp��'>(") ¿ �"��)�¸ ·cÀ9 "·cÇpÀ9ÂT$,¸ �lê��F¸ ) ���F¸ �� f$#��µiòcÂQÓ
Ð0��º ) ÓuÀ� "$�%�!# "$#µj'�("!#¿ ) µMµj'�("À�) Á ��µ] y¸ '�(")h¹#��Ó
!#'�(") �" Á ÀgÂQÔ9µjµM�� yË
Å  �$,¸ ��µj��Â�Èd��)�¸ Ý���º�Ð0����$#�� Û��¸  y¸ ·#������¸ Ó
µMØ,¸ ��º �W!#À9¿ ·c��¿ Ô9("��)�À9 "$[��¸  y¸ ·#�WÂk¸ )t���"$#!#'�(")
Ý��F¸ )�¸ µj'�("�Ûóc¹c����º ��·#À� "·#�� ð!# "·#�"µM) ��º º )�Ë`ã#!#Ó
Âk¸ )�µMÆ�º º �� N·#��ÐQ¸ µjµM�Éær����) �É¸  Ò´¶�F¸  " "�"��À� "·
·#����À�¿ �� �Ð0�"��$c�� "ô�$#�� " �Ð0!#µ[¸ µM)pÀ� "µM��������Ó
��À9¿cÆ�(� "��´¶) ("Æ�µ�õ

öf§�÷Òø�­0«t¦,¡
ÌZù� y¸ �ú¹,¸ Æ�º Æ�·,¸ û#À9�"ÇÑÅ  "·#�" y¸ �"À9��¹,¸ Æ�º ÆB·e¸ ��Ç
¹,¸ ÆB�" "·,¸  "�����F¸  "·#Çlãc��¿�¸  y¸ )�¸ Æ� "ÇlÌi��À9 "$#µM!#) Á Ç
Ø#!#) �� ")�¸ ����) ��µDÜ�îcµM) ��Â

üeýeþ .0ÿ��u-S�t�M�����e.��6�����,+
	����
� ���0�����
���,.��
�

2�3àI#K"A"; 3à8#; @�: @�I#; C#7�3à3�4�?r7�A"3à4M<>; 3"A"<�3
VFsc8#E�; G#3kG#=#A"4i: =�PQ3�4M7�E�3l@��l; :�U =#; ?,=#5#5#3�:
�1G#3"4[<>@�A"A"=#; 4M4M=#A"<>3�4N; 4M4M7�3�4NG#v
V"@BE�; ��@�A"4
G#; OB3�E�4MXr{�3�4ðU @�A"G#3�PQ3�AF?�4ð5#7�; 4M3�AF?LG#=#A"4
: = <�@�A"A"=#; 4M4M=#A"<>3ñG#3ñ: = 5#VFsc4j; @�: @�I#; 3
OBK"I#KS?�=#: 3`3S?�by5#: 7�4Z5#=#E ?�; <>7�: ; a�E�3"PQ3�AF?�byG#=#A"4
: 3�PQ@�G#3rG#3r<�E�@�; 4M4M=#A"<>3r3S?�G#3rG#KSO�3�: @�5#R
5#3�PQ3�AF?yG#3[<�3�E ?�=#; A"3�4e3�4M5#a�<>3�4cO�K�I#KS?�=#: 3"4MX
|d; A"4M; bd4M79EZG#3"4�PQ@�G#a�: 3�4�A"=>?�7�E�3�: 4�G#3�PQK�R
<�=#A"; 4MPQ3"4�G#3�<>E�@B; 4M4j=#A"<�3�3S?iG#3ÉG#KFOB3�: @�5#R
5#3�PQ3�AF?�b&<>@BA"A"7�4r3F?�@�8#4M3�E O�K�4Mb&; :[G#KSO�3�R
: @B5#5c3fG#3"4�5#E�@B<>K�G#K�4�C#7�;�5#3�E�PQ3F? ?�3�AF?�bB5#=#E�R
U @B; 4f��I#E�=#A"G#3HK"<�V"3�: : 3�b,G#3HE�K�4M@�7�G#E�3HG#3�4
5#E�@B8c: a"PQ3�4,G#3[5#E�@t?�3"<�?�; @�A[G#3�4e4M@�: 4,<>@BAF?�E�3
: v
K�E�@�4M; @BA"XD}�@�7j?�3�U @�; 4MbD<�v
3"4�?iG#=#A"4]: 3�G#KSO�3�R
: @B5#5c3�PQ3�AF?[G#3�4Q?�3�<>V"A"; Cc793�4k3F?]: 3�7�E�4k=#5#R
5#: ; <�=>?�; @�A"4gC#7�36E�K�4M; G#364M@�A�3�4M4M3"A"<�365#E�@�R
5#E�3�X,w"AÉG#v
=#7j?�E�3�4,?�3�E�PQ3�4Mb,A"@�A&4M3�7�: 3�PQ3�AF?
; :f3"��5#: @�; ?�3ð: 3�4�<>=#5#=#<>; ?�K"4�A"=>?�79E�3�: : 3�46G#7
OBK"I#KS?�=#: bBPQ=#; 4�; :>7j?�; : ; 4M3Q<�3QG#3"E�A"; 3�Ec<�@�PQPQ3
PQ=>?�K�E�; 3�:�G#3N8#=#4M3[�H: =k<>@BA"4q?�E�7�<�?�; @�AgG#v
@B7�R
OBE�=#Ic3�4u?�@�7S?h3"Ag3�4M4j=>sc=#AF?�G#3NU =>O�@�E�; 4M3"Eh: 3�4
<�su<�: 3"4d8#; @�: @�I#; C#7�3�4MX
n,@�A"<>b": =[E�K�7�4M4M; ?�3W<>@�PQ5#: aS?�3WG#3�4h@�7jO�E�=#I#3�4
A"K�<>3�4M4M; ?�3É3�A"<>@�E�3É: =�PQ=>� ?�E�; 4j3ÉG#v
79A�: =#E�I#3
KSO�3�AF?�=#; :hG#36<�@�A"A"=#; 4M4M=#A"<>3�4Mbi=#7�4M4M;ePQ79: ?�; R
5#: 3�4lC#7�3HOB=cE�; K�3"4MX��#@�?�=#A"; C#7�3�bQI#K�@�8#@�?�=#R
A"; C#793�b�5#VFs�?�@�4M@�<>; @B: @�I#; 3ç3F? K�<�@�: @�I#; 3
OBK"I#KS?�=#: 3[3�AN4j@BAF?y: 3�4d5#E�; A"<>; 5#=#: 3�4e5#@�7�Ey<�3
C#79;#3�4�?hG#3g: =HPQ=>� ?�E�; 4M3gG#3N: =&<�@�PQ5#@�4M=#AF?�3

FACHBEITRÄGE

1616_Ingenieur_3_05  24.8.2005  17:04 Uhr  Seite 51



FACHBEITRÄGE

�
� � ����� ��� � ���� !� "�# "���� ��$%��� ��� �� !� "�# "&��� '����)(�*!+�$�,!-

.0/ .013254�687:9;13/ <>=3?5@A<B/ C3DE6EF:G:HEI�1328/ C3DJ6K6L4
M @A2813G:/ C3DJ6 M 6E<:<BN�O <BF
I�N�282813/ <B<B1328I�6 M 6E<
G�1P4�H8Q�/ 13DERS13DERP/ O / 13/ Q�6E<BFUT3H8N0O N�T3/ 68FU=3H M N�V
O N�T3/ 6:6L43<BDEQ 4�N�DL43?5@ M Q�13DEO / C3DJ6 M3W <XC3DE6�O Y!N�2
4�N�DEI�?86Z13DJR[I%N�DEQ�< M Y!6E13DEF\<BN�254�13DL4�13254
M Y!N0DL4�/ O <U/ 2 M / <B=36E28<B1A]3O 68<U^�O 1�Q�H8DJ<B<_/ 4�6 M 6
O Y!1A=3=3O / I�1�4�/ N�2 M 6E<�4�6EI�?828/ CADJ6E< M HL.�6EO N�=3V
=3HE6E<a`!b�13I�?81�4X654X13O 7
ced
d
f8g�7
h 286 M HEi / 28/ 4�/ N02>=3N0DEQ�Q�13/ 4�jL4�Q�6kO 1l<BDE/ .013254�6Em
n o8p%q8res t3uEoEv)w3x x�s w3r8yPx oEv)z3{5s r8p�s z3oEv)|3o:xL} ~Ep����
x ���
s oZoEyk|3u[�3~Eres o[z3��uE{�p%��r8p�o
�&��s {�oEy
� o8y y {�o�o8r��\u
��{�o�|3o8v���u
�&{�w3�AoEv�|3o�vBy w3�
s �
x�s vBw3y�s ��r�|3o>y w3x uEvB�)|Ao>�3oE{��3oEv�o8yA|3o>{5s ��oEvB�
oErUuEy�s x�s v_w3r8yP|3oEv���~E�3~Ey w3uE�k��s ��w3r8y v�p%� �:� o
� wAy ~8{5s w3u�|3o��3wAvBo�z3��uJ{lp���r8� oEp%y�s ��r8r8oE{
|3oEvaw3{ � w3y uJ{�oEv���~E�3~Ey w3x o8vP�
b�6E< M N�G:13/ 286E< M Y!13=3=3O / I%1�4�/ N�2Z=3N�DJQ�O 68<BV
C3DJ6EO <�<BY!DL4�/ O / <B68254
O 6E<)4�6EI%?828/ C3DE6E< M DkT3HE28/ 6
]3/ N�O N�T3/ C3DE6><BN�254�O 6E<�=36E254�6E<�654A4�13O DJ<�` Q�N�DEV
4�68<BF�I�?86EG:/ 28< M 6�i 6EQ F�13DL4�Q�6E<�g�F�O 6E<lI�N0DEQ�<
M Y!6E13D;` O / 4�F�]36EQ�T36E<U6L4aQ�/ .06E<�g�F�O 6E<:6813DJR M 6
<BDJQ&i 13I%68<�<�4�13T32813254�6E<�`!]313<B<_/ 28<�4�6EI�?828/ V
C3DJ6E<_FkHL4�1328TA<BFkO 13I�<BFk654�I%7 g\6L4;O 68<��EN�286E<
Q�H813G:HE2813T3HE68< M 1328< M 68<;<B/ 4�6E<;68RP=3O N�/ 4�HE<
` I�13Q�Q�/ W Q�6E<BF
TAQ�1�.0/ W Q�6E<_FE4�6EQ�Q�/ O <_F M HEI�?813Q�T36E<BF
6L4�I%7 g�70b�6�]3DL4�4�6EI�?E28/ C3DE6 M D�T3HE28/ 6�]3/ N�O N�T3/ 6
6E<�4 M Y!1�4 4�68/ 2 M Q�6�DE2�G:13/ 254�/ 682 M 6E<
<BN�O <�I�N�28V
4�Q�6�O Y!HEQ�N�<B/ N�2�`!=3Q�N�4�68I�4�/ N�2 M 6�<_DJQ&i 13I%65g�F
I%N�254�Q�6\O 6E<�TAO / <B<_6EG:6E254�< M 6\<_DJQ&i 13I%6�` I�N�28V
<BN�O / M 1�4�/ N�2 M D�<BDE]3V <BDEQ&i 1AI%6Lg
N�D�6E28I�N�Q�6 M 6E<
T3O / <B<B6EG:6E254�<�=3O DE<a=AQ�N�i N�2 M <�`!<�4�13]3/ O / <_1�4�/ N�25g
I%N�G:G:6�O Y!/ O O DE<�4�Q�6�O 1�i / T3DEQ�6�c
7
� N�DL4�6Ei N�/ <_FXI�6kC3DE/ M / <�4�/ 28TADJ6>O 6>T3HE28/ 6k]3/ N�V
O N�T3/ C3DE6 M 6E<>13D_4�Q�6E<>T3H82E/ 68<k`!I�/ .�/ O F:i N0Q�68<BV
4�/ 68Q F�7�7�7 g�6E<�4aO 1�=3Q�/ <_6;6E2lI�N�G:=�4�6 M 6E<UHEO HEV

G:6E254�<�.�/ .�13254�<�I%N�28<�4�/ 4�DL4�/ i < M D�<B/ 4�6�281�4�DEQ�6EO 7
�P �¡�¢�£�¤
¥�¦¨§A£�¡�©�¢«ª­¬� �©�®�¯a¦�§�¥
°²±�°
³
´�©
¢�µ�£�¡�©�¢�³·¶
¡�©�¬�©�¥
¡�¸�®�°
³¹°E£�±�°
³¹µ�º�»
µ�¬�°
³¼¤
µ�©�¬�©�¥
¡�¸�®�°
³¼°
³_£�®)¢�½�¦¨¤
µ�°
½A£�°
¡�¢�µP©�¢�£�©�®�¦¨¢�§�¶�¬�°
¾

¿�¾��J°�³>³_º�³L£¨À
Á¹°�³>§
¦�£�¡�´�¡�µ�¡�°�¬�³
¶�¦�°J¯�°E£�¤
³

Â N�DJQA<_/ G:=3O / i / 6EQAO 1�G:/ <B6:682U=3O 13I%6 M 6:<�4�Q�DEI%V
4�DEQ�6E<)=3Q�N%4�6EI�4�Q�/ I%6E<�I�N0254�Q�6UO Y!HEQ�N�<B/ N�28F0]A6E13DJV
I�N�DJ= M 6�<�@�<�4 W G:6E<
ÃJ=3Q�jL4�<
^kO Y!6EG:=3O N�/ Ä:N�254
HL4�H�/ 25.�6E254�HE<a6L4)G:/ <a13D�=3N0/ 254�7
Å /EO 68<�N0DL.�Q�13T36E<�<BN�254�F3=3N�DJQ�O Y!6E<B<_6E254�/ 6EO F�Q�6EV
O 1�4�/ .068G:6E254�=36EQ&i N�Q�G:13254�<�13DÆ28/ .06E1AD�4�6EI%?8V
28/ C3DE6EF
/ O828Y!6E2Ç6E<�4X=313< M 6�G:jEG:6�=3N�DEQXO 6E<
13<B=368I�4�<aHEI�N�O N0TA/ C3DJ68<�654X=31�@�<B13T368Q�<_7
b�68<l=3Q�N0]AO W G:6E<lI�N0DEQ�13G:G:6E254ÇQ�6E28I�N0254�Q�H8<
<BN�254)O 6E<a<BDE/ .�13254�<Bm
È O 6E<�G:N%@A6828<�G:/ <�6E2�É\D_.�Q�6U<BN�254�<_N0DL.�6E254
4�Q W <aI%N�28<BH8C3DJ6E254�<_F
O N�DJQ M <a6L4)I�N0ÊL4�6EDERPË
È =3O DJ<_/ 68DJQ�<X=3Q�N M DJ/ 4�<X<BN�254%4�Q�13/ 4�HE<X1�.�6EI M 6E<
=3Q�N M DJ/ 4�<�I%?8/ G:/ C3DE6E< M 6[I�N�28<B6EQ!.01�4�/ N�2
`!13254�/ V h�Ì FÇ1A254�/ V i 68DJFÇ7�7�7 gÆ<_1328<¼=3Q�HEI�/ <B/ N�2
<BDEQXO 6E<a6Ei i 6L4�<
4�N�RP/ I�N�O N�TA/ C3DE6E<BË

È ]36E13DEI%N�DE= M 6�<�@�<�4 W G:6E<Í28Y!13DL4�N�Q�/ <_6E254
=313<
O 1Ç=3O 13254�1�4�/ N�2�N�D�O 1kI�Q�N0/ <_<B1328I%6 M 6E<
13Q�]3Q�6E<BË

È C3DJ13<_/�4�N�DE<ÎO 6E<Î<�@�<�4 W G:6E<ÎDL4�/ O / <_6E254·O 6
.0H8T3HL4�13O�I�N�G:G:6�HEO HEG:6E254 M 6 M H8I%N�Q�1�4�/ N�2
`!I%N�<BG:HL4�/ C3DE6Lg�`!O 1·]313<_6�6E<�4:<_N�D_.�6E254 M D
G:HL4�13O g�Ë

È I%68Q 4�13/ 28<
<�@�<�4 W G:6E<
28Y!DL4�/ O / <B6E254
C3DEY!DJ286�N�D
C3DJ6ÏC3DE6EO C3DE6E<l=3O 13254�68<BF�T3HE28H8Q�1AO 68G:6E254
M 6E<�T3Q�13G:/ 28HE6E<B7�b�1¼C3DE13O / 4�H>]3/ N�O N�T3/ C3DJ6
6L4eO 1>]3/ N M / .06EQ�<_/ 4�H�<BN�254e/ 2E68RP/ <�4�13254�6E<_7AÐ O_@

1�4�Q W <�=36ED M 6Æ=3N�<B<B/ ]3/ O / 4�H M 6ÆQ�6EI�N�O N�28/ V
<_1�4�/ N�2¹<B=3N�254�1328HE6KQ�13=3/ M 6E7UÑ
6K=3O DE<BFU/ O
13Q�Q�/ .�6�13DJ<B<_/�C3DE6�I�6E<�<�@A<�4 W G:6E<�i 1�.0N�Q�/ V
<_6E254Ò6L4Ò<_N0/ 6E254ÓI%N�O N�28/ <_HE<Ô=313QÓDJ286
68<B= W I�6 M 6�=3O 13254�6E<
6ERJN%4�/ C3DE6E<
/ 25.013<_/ .�6E<
`!RJHE28N�=3?5@P4�6E<�g�C3DE/�4�Q�N�DL.06 M 6E<eI�N�2 M / 4�/ N�28<
/ M HE1AO 68< M 6 M HL.�6EO N0=A=36EG:6E254�F
<B1328<:I%N�28V
I�DEQ�Q�6828I%6EË
È C3DE13<B/Õ4�N0DE<:O 6E<:<�@A<�4 W G:6E<:286;=3Q�HE<B6E254�6E254
28/�28Y!13DL4�N0Q�/ <B6E254 M 6�.�13Q�/ H54�HÆ<�4�Q�DJI�4�DEQ�68O O 68m
O 6E<eO / T32868<BF8O 6E<e<_DJQ&i 13I%6E<_F8O 6E<eT3H8N0G:H54�Q�/ 68<BF
654�I%7�F�<BN�254�?8N�G:N�T W 286E<_F�Q�/ TA/ M 6E<�654�<B1328<
28DE1328I�6E<BË
È 13=3Q W <�=3O DJ<_/ 68DJQ�<�132828HE68<BFP4�Q W <�=36ED M Y!N0DEV
.�Q�13T36E<�Q�6E<B<B68G:]3O 6E254e^>DE2�G:N M3W O 6�281�4�DEV
Q�6EOÕ<B=3N�254�1328HE7
b�6S]3/ O 132 M 6SI%6E<kI�N�28<�4�1�4�<k=3N�DEQ�Q�13/ 4�<BY!68RPV
=3Q�/ G:68QX13/ 28<B/ m
È N�2�DL4�/ O / <B6�<BN�DL.068254
DJ2�ÃPI�1328N�2�=3N�DJQ84�DJ6EQ
DE286�G:N�DJI�?86EÄJË
È N�2Ï6E<�4Ç<_N0DL.�6E254�4�Q W <lHEO N�/ T328H M 6E<lG:N�VM3W O 6E<a281�4�DJQ�6EO <a` .�6EQ M N�DJ/ O O 13T36Lg�Ë
È 4�Q W <�=36ED M 6¼<�@�<�4 W G:6E<�Q�13<B<_6EG:]3O 6E254�O 6E<
13Q�TADJG:6E254�<ÖHEI�N�O N0TA/ CADJ6E<×4�13254K.�13254�HE<
M 1328<aO 1;=3DE]3O / I�/ 4�HEË
È ]3/ N M / .068Q�<B/ 4�HEF M / .06EQ�<_/ 4�Hk<�4�Q�DEI�4�DEQ�6EO O 6Ç`!G:N�V
<_1�Ø�CADJ6E<_F�?EH54�HEQ�N�T3HE28HE/ 4�H M 6E<�<_DJ]3<�4�Q�1�4�<_F
G:N�Q�=3?8N�O N�T3/ 6Lg�6L4 M @�2E1AG�/ C3DE6;HL.0N�O DL4�/ .06
M D�.0/ .�13254Xi N�254 M HEi 13D_4�Ë
È O 6E<�T313/ 28<Ù4�6EI�?E28/ C3DE6E<Ó<BN�254Z<BN�DL.06E254
Q�HE68O <BF�G:13/ <;O 6E<;TA13/ 28<;HEI�N0O N�T3/ C3DE6E<;6L4
=31�@�<B13TA6EQ�<X<BN�254�4�Q W <)G:H M / N�I%Q�6E<_7Õb�6�Q�13=3V
=3N�Q 4�I�N�Ê_4�Ú3]3HE28HEi / I�6 M 6E<�<�@A<�4 W G:6E<�]3Q�6EV
.�6L4�HE<_F�682ÛI%N�G:=313Q�13/ <BN�2 M Y!13G:H82813T36EV
G:68254�< M 6·]313<B6 M D·T3HE28/ 6·]3/ N�O N0TA/ C3DE6
<_N0254 M / <B=3Q�N�=3N�Q 4�/ N�2828HE<B7
b�1Ü=3DE]3O / I�/ 4�HKC3DE/�13I%I�N�G:=313T3286KI�6E<>=3Q�N�V
M DJ/ 4�<�G:N�254�Q�6EFe4�Q W <�<BN�DL.068254�F M 6E<�4�Q�1�.013DER
6E2 M 6E<
6E2 M Q�N�/ 4�<�N�ÝU/ OP28Y @>13DJQ�13/ 4�F31Ç=3Q�/ N�Q�/ F
=313<Ù28H8I%6E<_<B/ 4�H M Y!/ 254�6EQ!.06E28/ QÜ` 4�13O DE<Ù=368D
=36E254�DEF�HEI�N�DJO 6EG:68254�O 6E254�F�I%N�DEQ�]36�/ 254�68Q�286
1�.068IÆ=36ED M 6�I�N�254�Q�13/ 254�68<Ç?5@ M Q�13DEO / C3DJ6E<_F
M / <BI%N�Q M 1328I�6¼1�.�6EI;O 6E<�G:N M3W O 6E<�2E1P4�DJQ�6EO <
=3Q�N0I�?86E<BFe6L4�I�7 g�7
Þ / 2813O 6EG:68254�F�6E2�132813O @�<B13254:I�6E<�<�@�<�4 W G:6E<
M Y!DJ2\=36EDÆ=3O DE<�=3Q W <_FaN02\<BY!13=36EQ�ß�N�/ 4�C3DJ68F
=3N�DJQU]36813DJI�N�DJ=3F�O 6E<k=3Q�N�I%68<B<BDE< M Y!13=3=3O / V
I%1�4�/ N�2�6L4�O 6E<�G:1�4�HEQ�/ 13DERÆDL4�/ O / <BH8<�286\=36EDEV
.0682L4)=313<aI�N�2L.�6E28/ Q)13DJRa.�HET3H54�13DJRJ7
Ð OX28Y @�1KH5.0/ M 6EG:G:6E254�=313<�C3DE6\O 6E<�<�@�<�4 W V
G:6E<Ù]3Q�65.06L4�H8<ÙC3DE/S=36EDL.06E254×=3N0<_6EQ M 6
<BHEQ�/ 6EDERÆ=3Q�N�]3O W G:6E< M 1328<�O 1¹C3DE13O / 4�H¼]3/ N�V
O N0TA/ C3DJ6 M 6E<lN�D_.�Q�13T36E<l`!i / TA7�c
cEg�7�àÇN0DE<
1�.0/ N�28< M H á0^·6ED\O Y!N�I�I%13<_/ N�2 M 6�28N�DJ<�68RPV
=3Q�/ G:68Q
^kI�6�<BD á06L4e`!b�6EDE�E/ 28T36EQ
â�7A6L4
b�13I%?81�4
ã 7�F
c
ded � g�7

ä�å æ0ç0èAéÕêÕë¨ì
í%å î5ï�ð�ñ í%ò�ò%ó å ô�í�õ å ë¨î�ð%ö�æ%÷_î5å ï�ø%å ë�ó ë¨æ%å ù%ö_ï�ïLõ3ø%ö_õ úaûkí�õ õ ïLå îLð%ü ïEçÕý�ñ ÷Ló ÷_ìeï_îLõAþ ë�îLð�í%ì
ï_î5õ í�ó3ð�ï
ð�å ú�õ å î5ô�õ å ë¨î
ð�ö�ÿ�÷_ü å õ í%ø�ó ï�æ%÷_î5å ï�ø%å ë¨ó ë¨æ%å ù�öLï�ï_ú�õ5ô�ë¨î5ú�õ å õ ö_÷�ò�í%üEó ï_ú�þ ë¨îLô�õ å ë�îLú�÷Lô�ë�ó ë¨æ%å ù%ö_ïLú�ð�ïLú�ë¨ö_ÿ�ü í%æ%ï_úLç

1616_Ingenieur_3_05  24.8.2005  17:04 Uhr  Seite 52



FACHBEITRÄGE

���� ����� ��� � 	�
��
� ��� ����� ������� ��� ���
� ��� ����� ��	������
�������

�����! !"!#%$�&!')(� !"+*
,!- (�".#%(�/�01'32 - 0�'4/�0�#6570 -

8:9 ;<9 =)>@? A)B�CEDFCHGF9 =4IJ? CK=4B�ILDFM)N%C)OKOK? C)I
DFP
C)QRGFMKB�? C)OKN%C)ST? 9!OKUV=)IW;XGF;FB�=4ST=4OKCZY UV? I
C)OKN�UVB�C)SVOKM)N%C)IJI[;F? B�C@DFC\GF;FB�9 C)B]DFC\N%C@I[= ^_Ca`
N�;FB19 ;cb4B�M)N%=4GFMKB�;%`�? UVOKdTMKN�UV9 UVeF? fF=)C�g_C)OK=)C
DFC�`�UV=J`1hFUVB�DWGFUV=4B4gVC)OKDFB�C\DFC)I.GFB�U_DF=)? `�I!;
C)Oig_;FjK?�DFCkY ;Fl�UVO+? OKfF=4? Ma`�;FOi`�CkOKU�`�B�CkDFUVm
>T;]? OKCcDFP
;FN6`�? g_? `�M)IJn

o.C)IpI�q1I�`�A)>@C)I�gVC)OKDF=)IrIJU_=)Ip9 CsN%UV=ag_C)B `tDF=
eFM)OK? CuhF? U_9 UVeF? fF=)CuDF? I[N%B�M)DF? `�C)Oi`vI[;FOKI
g_C)B�eFUVe]OKCwCa`xI[;FOKI+D]? IJN�C)B�OKC)>@C)Oi`xOKU�`�B�C
GFB�UVY C)I[IJ? U_OKS_;F=yB�? I[fF=)CTDFCTY ;F? B�CTN%B�U_? B�CTfF=)C
9 P
? OKe]M)OK? C)=4B�m hF? UV9 U_e]? Iz`�C{OKP
C)Iz`@GF9 =4IWDF=|`�U_=a`
=J`�? 9 C\OK?)>@}K>@C\OKM)N�CKI[I[;F? B�C)SFN�;FB19 C\I�q1I�`�A)>@C
GFB�UVGFUVI[Mc;FI[IJ=4B�C�`�UV=J`�CKIp9 CKIpY UVOKN6`�? U_OKIJn

~R;FB.N%UVOKI[M)fF=)C)Oi`�StOKUV=)It`�C)OKUVOKI�hFC);F=)N%U_=)G
� N%C�fF=)P
=4OKC�Mi`�jK? f]=4C�Ca`�=)OKC�GFjK? 9 U_IJU_GFjK? C)S
? OKDF? I[GFCKOKI[;FhF9 C)I � 9 ;�DFM)Y ? OK? `�? UVOWDFP
=)OygVM)B�? m
`�;]hF9 CXe]M)OK? C�hF? UV9 UVeF? fF=4CKS�GF=)? IJI[C)Oi`WI[P
? OKI[m
`�;]=4B�C)B�N%UVOKN%B�Ai`�C)>@C)Oi`�n1o.Cs>@})>@C)S1? 9)C)Iz`�? OKm
DF? IJGFC)OKI[;FhF9 C�fF=)C�Y ? OK;FOKN%C)=4B�I�Ca`c>@;%� `�B�C)I
DFP
U_=agVB�;]eFC)ItI[UV? C)Oi`FN�UVOKI[N%? C)Oi`�ItDFC)ItGF? A)e]C)I
GFU_=)B.OKC|GF;]I�I[C3Y ;F? B�C3DF=4GFC)B n�8LN�Ca` `�C3Y ? OKS
9 CKI�GFB�? OKN%? GFC)I�Ca`XN�B�? `�A)B�C)I�IJ=4? gV;FOi`�I�D]C)m
g_B�;F? C)Oi`@GFC)B�>@Ca` `�B�C{DFC{DFM)Y ? OK? BTN%9 ;F? B�C)>@C)Oi`
I[?R=4O@U_=ag_B�;Fe]CyI[P
;FG]GF;FB�CKOi`�CyB�M)C)9 9 C)>@CKOi`VUV=
O)UVOW;F=se]M)OK? CshF? UV9 UVeF? fF=)C)�

��� C����1��� 57�.$ � ( � �."V5 C)I�` $�� � $ ��� 0�"V5fF=)? 'a57����(�$�(�')0 Ca`�N�UVOKI[UV9 ? DFC�9 C�I[UV94Ca`�C)O
GFB�U�`�A)eFCc;F=)I[I[?F9 ;�IJ=4B�Y ;FN�C_� n
��� ;�B�C)N%UV9 U_OK? I[;%`�? UVO�I[GFUVOi`�;FOKM)C�Ca`�9 C�DFM)mgVC)9 UVGFGFC)>@C)Oi`�DFCKI�gVM)eFMa`�;F=)Q�;F=J`�UVN%jKm
`�UVOKC)ITDFUV? g_C)Oi`r}a`�B�C�Y ;%gVU_B�? I[MKITGFU_=)BrGFC)B�m
>@Ca` `�B�C�=4OKC�Mig_UV9 =a`�? UVO�OK;%`�=)B�C)9 9 C�OKUVB�m
>@;F9 C)n
��� O�N�UVOKDF? `�? UVOKI.GF;FB `�? N%=)9 ? AKB�CKI.UV��9 C�DFMagVC)m9 UVGFGFC)>@C)Oi`�I[GFUVOi`�;FOKM|OKC3GFC)=a`.GF;FIy}a`�B�C
Y ;%gVU_B�? I[M)SZUVOHDFUV? `k=J`�? 9 ? I[C)BkDFC "! �k�
� - 01&!')0�'�0�'4/� �#%0�' gVM)eFMi`�;F9 C)I�;FDF;FGFm
`�M)CKI�;F=�IJ? `�C)Sc¡ �� - ( � (�"!0¢(z" ¡ ( �  �"!01�
� P
UVh
^_C)N6`�? Y � ;%` `�C)? OKDFB�C)SsC)O�GF9 =4I�DFCX9 ;GFB�U�`�C)N6`�? U_O£UV=L9 ;¤I�`�;FhF? 9 ? I[;%`�? UVOKSWC)I�`39 ;
¥ &!��$�( 5 � ��(� !$� � ( ¥ &!0 Ci`x9 ; ��(� ¡ ( �
� 0 - '4( 5 � �
� P
;F>@MKOK;FeFC)>@C)Oi`VC)I�`_N%UVOKI�`�? `�=4MyDFC�DF? gVC)B�I>@? 9 ? C)=4Q¦gV? `�;F=)Q§Y ;%gVUVB�;FhF9 C)I � =)OKC
eFB�;FOKDFCxfF=);FOi`�? `�MxCa`!g_;FB�? Ma`�MxDFP
UVB�e];FOK? I[m
>@C)IJn

��� C�gVM)eFMa`�;F9 Sr9 C�I[UV91Ca`�9 P
C);F=�? Oi`�C)B�I�`�? `�? C)9 9 CY U_B�>@C)Oi`!=)OT`�UV=J`!N%UVjKM)B�C)Oi`!CKO|Ma`�B�UV? `�C|? OKm
`�C)B�DFM)GFC)OKDF;FOKN%C)n�¨�UV=J`�CKIs9 C)IcN�UVOKDF? `�? UVOKI
GFUV=4ByGFC)B�>@Ca` `�B�C�Ci`�Y ;%gVU_B�? I[CKB�9 C�¡��4� 0 �
$� !/�/�0 � 0�"V5s#R � /�$�0)5 ¡ 0�'�'4&!#%#R01' �
'4(z !"!' ���1��� 5©��$�0�' Ca`kDFCKILB�C)9 ;%`�? UVO)I
Y ;F=4OKC)m Y 9 UVB�CZI[UVOi`@B�Ma`�;FhF9 ? C)IcI[=)B@9 ;�hF;FIJC
DFC)Ip>@UVDFA)9 C)IpOK;%`�=)B�CK9 I[n

��� ;LN�UVOKN%C)G%`�? U_O+DFC)I3UV=JgVB�;FeFC)I3DFCkGFB�U_m`�C)N6`�? UVOªC)I�`�hF;FIJM)C¢I[=)B�DFC)I�N%U_OKOK;F? I[m
I[;FOKN%C)I!hFU7`�;]O)? fF=)C)SVjiq1DFB�;F=49 ? fF=)C)SVGFMKDFU_m
9 U_e]? fF=4C)SVeFM)UV>@UVB�GFjKU_9 UVeF? fF=)C)S_eFMKU7`�CKN�jKm
OK? fF=4C)S]M)N%UV9 UVeF? fF=4CKn � P
U_h]I[C)B gV;%`�? U_O�Ci`�9 ;N�UV>@GFB�M)jKC)OKIJ? UVO�DFC)IxGFjKM)OKUV>@A)OKC)IxDFC
`�C)B�B�;F? OWCa`�DFCKIp>@UVDFA)9 C)I�OK;%`�=4B�CK9 I�N%U_OKIz`�? m
`�=4CKOi`19 ;WhF;FIJC\DFCKI!I[UV9 =a`�? U_OKI.Ca`�DFC)IF`�C)N�jKm
OK? fF=4C)IJn � ;3hF? UV9 U_e]? CsI[C�>@;FB�? C � 9 ;3GFjiq]mI[? fF=4CKS�9 C�g_? gV;FOi`tIJCs>@;FB�? C � 9 P
? OKCKB `�C)n

��« OXDFC)I�N%B�? `�AKB�C)I�DFC�B�M)=)I[I[? `�C�DFP
=)OXUV=4mg_B�;Fe]C{DFC{eFMKOK? C3g_MKeFMa`�;F9!C)I�`\fF=4P
;FGFB�A)I
fF=4CK9 fF=4C)Iy;FOKOKM)CKI�UVO�OKCTgVUV? `�GF9 =)I�fF=)P
? 9
qL;�C)=�=4OKC�? Oi`�C)B
g_C)Oi`�? UVOKn � P
;F>@M)OK;FeFC)m>@C)Oi`�Y U_B�>@C�=)OKC�UV=�GF9 =)I[? C)=)B�I 'J5 - &!#657& �
- 0�' ���1��� 57�.$�0�' ¡ ����')/�0�#65Z"!�]57& - 0�$
I[P
? Oi`�M)eFB�;FOi`�GF;FB�Y ;F? `�C)>@C)Oi`�DF;FOKI�9 C�GF;%q]m
I[;FeFC 0)5 ¡ 0¬#% � /. .'4( 57(� ."®­6$� - (�' �
57( ¥ &!0c5�¯y/�( ¥ &!0 ¡ ��&!" � (�$�(�0�& ¥ &!��'4(
(�"V57��#65W !°�$�0�'�#[¯y#%$�0�'��.(z !$� � ( ¥ &!0�'
"!�]57& - 0�$�'|­[ !"!#657(� !"!"!0�"V57�

±���²_³p0 � /�$�0�'|# - ( 57( ¥ &!0�'

´�µp¶J·�¸�¹7º7»a¼_½ ¸J¼_¾�º7¿ ¼�¼zÀ©»a¼_À©Á�½ ¸J¼_Â Ã ¸J¿ ½ ½ º7Ä7¸a¼zÅ%½ Æ º7Ã ·1º7Ç
Â ÁJÃ ¸�¸J»rÈ7À©¿ ¼1É7À©Á[Ã Ã ¿ Â7º�Ê�¸J¾�½ ¸�Â ¸J·�É7¼]¸JÂ�½ ¸J¼]Ê�ËJÄ7ËaÂ º7ÁJÌ
Ê�¿ Ê�º7»aÂ ¼_¿ ·�É7½ º7»aÂ ËJ¼V¼zÂ º7È7¿ ½ ¿ ¼�¸J»aÂi¸J»a¼zÁJ¿ Â ¸!½ Æ À©ÁJÊ�Ã º7Ä7¸)Í

Î6Ï ÐVÑ7Ò]Ó�Ô©ÕaÖF×6Ø�×�Ù7ÕJÖ ÚtÛ�Ü ØJÝ�ÕJÞVß ØJÚtÚ�à[Ú�á âJã�ØaÚtä7Ý�Ö á Ï ×�ÕJå
ß Ï ØaÖ Útã�Ï ÚtØaæ�ä7ß Ý�×�ØaÞVç�Ý�æaá Ý7æiá4Ý7Õ�ä�Ý7Ú�ÚzÝ�Ð7Ø�Û7ØaÚ�è�ÕJÝ7å
ß Ï á éaÚpØJáFÛ�ØJÚpã�éaÖ Ï á ØJÚpéJ×6Ù7ß Ù©Ð�Ï è�ÕJØJÚ�Þtß Ý7Ï ÚzÚ�ØJæiáFè7ÕJÝ�æaÛ
ã�êJã�Ø�Ú�ÕJä7ä�Ù©Ú�ØJÖRè7ÕJØtß ØaÚKÙ7ë ìJØJ×6á Ï í ÚKä�Ý7à[Ú�Ý�Ð7ØaÖ%ØaáJéJ×6Ù7å
ß Ù©Ð�Ï è�ÕJØtÚzÙ7æaáJß Ù7Ï æ�Û7Ü êJá Ö ØtÝ�á á ØJÏ æaá ÚîÚzÏiÙ7ætÚ�Ý7Ï áa×�Øtè�ÕJÜ ØaÚzá
ÕJæ.×�Ù7ÕJÖ ÚVÛ�Ü ØJÝ�Õ4ï

ð6ñ òVóVô]õVö ÷ ÷ øJù�ú û ü�ú ñ ý©þWÿ�� øJþ����7÷ ü��7ø��Jú ú �cñ þ���ñ ú ü7þiú1ü�ø
	�� 
��Fý©þaò�û �aù��Vùzñ ��� �[ü��6ñ � ñ �7ø��cù�øJû�÷ �cò��Jþañ ���7ñ ý©÷ ý7ò7ñ �7ø��)ó
��� ���������7÷ � ��ñ ù!�Jþ"�����aû ò�ø�� �Jù�ú#�$�aû ú ü�ñ þ������aþaúiù%������ú ü���øa÷ ü7ñ û �!ÿ7ø �7ý©ñ þaúiÿ�� ��ø��!ú ���$&aþañ ��ø���'(��ü�ñ ùVÿ�����ý7þaú û �!øJþ
���Jø���÷ ���)�Jþaú*��ý©þaý7ù+�����6ñ � ñ ��ø��-, 	Wù%�JøJ÷ �@ò�û ü���ñ þ����4õ!.�/�0 1 23/%451 6
781 7�6�981 :;1 <�/%= >�? @�ÿ���� ñ þañ ùzù�ü7þaú_øJþ-��ñ ÷ ñ �aøA��÷ øJú B©ú
øJþañ � ý7û �)��'C���aøTü7ú ú û ü���ú ñ �zóD�E�Jú ú �A��÷ ü7þaú �A, ü��3����ÿ��Jø���ü�øJú û �aù �Jù%�����3�aù%F!�aùzúîÿ7ñ � � øJù%���Tü��7ý7þaÿ7ü������JþiúKÿ7ü�þaù!÷ �aù
û �aò�ñ ý7þaùVú û ý��7ñ �6ü�÷ �Jù%'Rü��3����øJþ.û ñ ù+��ø��!ÿ��!ÿ�ñ ù%���aû ù�ñ ý7þ!ñ þ���ü7ù�ñ �3�)ó

1616_Ingenieur_3_05  24.8.2005  17:04 Uhr  Seite 53



FACHBEITRÄGE

G�H I JLKNM JNI M O%P+QRI SLT SLKNI M3U�KNM JLI M3QRI SLT S5KNI VLONMXW�YRZ�U%[R\

]3^ _*`!aCb!c d)e�_�f
g ^ h i�f
j�f
k eld�m�d�f
n�k e�o�p�f�g g f�o�p�f
n�h i�q$i�j�f�d�d�f�r�gR`5strue"v3h e�^ d�f�r�g�j�p)d�e�k�j�w ^ d)e�_�^ r�f�h
o�p�w ^ k;x+w e�_�^ x%x+fyj�fy_�i�r�^ f"z�^ {�k {;_�^ o�p�f"f�g�o�p�fyk f�xEn�h {;|
d�{;g f�p�h x�p�g ^ k ^ x%f�r�g3q$f�k eXq3{�d�d�f}d){;j�~�k f��#d�m�d�f}x+^�j�f�x
z�{;p�g p�h f�xux+{�r�g�n�k e�r�g i�f�x)p�r�^ � {�h d�i�d)f�r�g�j�e�r�x�` ` `�k f�x
q3e�^ k k {�p��D�

�3� �*���C���;���%� ���)�"���"�%� ����� � � �+��� � ���y���"� ��� ���E��� ���������;�����C���;�#���"� �;��� ���E�%���C��� �������+�%��������� �����3� �����"�%�"�3� ���"���
� ���!�3������� �����X��� �������5�����;�����E�3� �;� � � �   ¡�¢��;� �t£�� ��� ���$¤%�

¥$¦ §!¨�©Cª�«�¬�­y­+®�­%¯ °�±�¬�­"²�³ ¬�´3¬�¯ µ�­+¶}­%·;¸�´5¬�¹�¯*¯ ³ °�­"´3¬�³R¯ ­
º�» ¹�­C¼ ¬�­C½�¸�²�¼ ¦ ¾$¦ ¯ µ�­+¶ º ·;¹�¹�¬y¼ ¿ ¦ ¼ ¼ ¸�­+¦ ·;¹ º ¿ ¸�¹t·;¸�´5³ » §�¬
²�¦ ¬�¹)¦ ¹�¯ µ�§�³ µ8¨LÀ;¦�¯ ¬�¾$Á�¹�¦ Â�¸�¬�±�¬�¹�¯�¼ ¬)­+®�­%¯ °�±)¬�½�¬�¸�¯�½ »�Ã
³ »�Ä ¯ ³ ¬Å¬�Æ Æ ¦ ¾ » ¾$¬Ç¬�¹Å¯ ¬�³ ±�¬ º ¬Å­+¯ » ²�¦ ¼ ¦ ­ » ¯ ¦ ·�¹�¶)¼ ¬�­ » ­ Ã
½�¬�¾3¯ ­�µ�¾$·;¼ ·�§�¦ Â�¸�¬�­�¬�¯D½ » ®�­ » §�¬�³ ­�¹�¬È­%·;¹�¯D½ » ­�¦ ¹�¯ µ Ã
§�³ µ�­�¨3É ¾3¦#¼ ¬�­Ê½�¼ » ¹�¯ ¬�­Ê¹�¬u½�·;¸�­%­+¬�¹�¯�Â�¸�¬ º�» ¹�­Ê¼ ¬�­LË�·�¦ ¹ Ã
¯ ¸�³ ¬�­!¬�¹#¯ ³ ¬ ¼ ¬�­!µ�¯ » §�¬�­!Ì Í�Á�·;¯ ·tÎ�¦ ·;¯ ¬�¾3Ï%¨

Ð$Ñ Ò!Ó�ÔCÕ�ÖÊ×�Ø�ÙXÚ%Û�Ú%Ü Ý�Þ)×�ÚEÞ�ß;à#Ü á ×�à�Ü;Ñ â$Ñ�ã�×�ÚEá Ñ Ú%ä�Ø�×�ÚEÑ à�å
ä�Ø�Ñ æ�Ü ç�à�Ü Ú}ã�×tÞ�ç�Ø�è3ç�Ñ Ú�é ß�à�â3Ü Ñ ß;à�à#×�Þ�×�à�Ü(æ�â$ß�ê ß;Ò�Ñ ä�Ø�×
×�ÜÊë�ç�Û�Ú%ç�Ò�×�á+ÓDì�×-Ü ç�ê Ø�Ú ×�Ù�Ü ×�á à�×-ã�×-ê ç
á ß;Ø�Ü ×-×�Ú%ÜÊØ�à
Ú+Û�Ú%Ü Ý�Þ�×íé ç�Ñ Ü)ã�î ç�á Þ�ç�Ü Ø�á ×íÞ�æ�Ü ç�ê ê Ñ ä�Ø�×8ÓCï*ë�á Ý�ÚAâ3Ñ à�ä
ç�à�Ú%ð#ê çXè5æ�Ò�æ�Ü ç�Ü Ñ ß�à}à�î ×�Ú%Ü3ë�ç�Ú�ã�æ�è3×�ê ß�ë�ë�æ�×}×�Ü3ê çXÚ+Ü á Ø�â3å
Ü Ø�á × ×�Ú+Ü;Ü ß;Ø ñ�ß;Ø�á Ú!è3Ñ Ú%Ñ ò�ê ×�ðD×�à�ê ç�Ñ ã�Ñ Ú%Ú+ç�à�Ü#ê × ë�ç�Û�Ú%ç�Ò�×8Ó
ì�×"ó�ô õ�ö�Ú+Û�Ú+Ü Ý�Þ�×�ð�÷øÒ�ç�Ø�â$ù�×�ð�×�Ú%Ü�â3ß�à�Ú%Ü Ñ Ü Ø�æ"ã�×"ã�ç�ê ê ×�Ú
ç ñ�ß;Ø�á æ�×�ÚÈú ã�ç�ê ê ×�Ú+å Ò�ç�û�ß;à#ü)Ü ç�ë�Ñ Ú+Ú%ç�à#ÜCê çíò�×�á Ò�×Åã�î Ø�à
á Ø�Ñ Ú+Ú%×�ç�Ø�Ó5ì�î ç�áRÜ Ñ é Ñ â3Ñ ç�ê Ñ Ú+ç�Ü Ñ ß�àuã�Ø)Ú%Ñ Ü ×u×�Ú%Ü�Ü á Ý�ÚÊé ß;áRÜ ×�ð�ê ×�Ú
è3æ�Ò�æ�Ü ç�Ø�ÙýÚ%×-ã�æ�è3×�ê ß�ë�ë�×�à�Ü*Ü á Ý�Ú"Þ�ç�ê Ó�ì�×�Ú"é ß�à�â$Ü Ñ ß�à�Ú
Ü ×�â$ù�à�Ñ ä�Ø�×�ÚuÚ+ß�à�Ü�ë�×�Ø�Ü å þ�Ü á ×øá æ�ç�ê Ñ Ú%æ�×�ÚuÞ�ç�Ñ Úuê ×�Úué ß�à�â$å
Ü Ñ ß�à�Ú"ë�ç�Û�Ú+ç�Ò�Ý�á ×�Ú"×�ÜÊæ�â$ß;ê ß�Ò�Ñ ä�Ø�×�Ú"Ú+ß�à�ÜÊÞ�æ�ã�Ñ ß;â$á ×�Ú
ú ÿ�ù#ß;Ü ß���Ñ ß�Ü ×�â$ü%Ó

��� ���	��
	��
���� �������	��� � ��� ��� � ��� ��� ����� � ��!��#"����$��� � � ��" ��� ��� ��� � ��%�&���&�� ��� ������" ��� ' (���� ) �������*" �����+��) ��� � � � ��)�� ��� ���
,-�.� � �	(����+�+�/" �/�+��)��+� � � ���.0 ��� �����1" &�%���� 23� �����4" �10 ��5	23!���6���)�&�� ��!#� �/" ����� � � ��� !�&����7� � 23� ��8���' 2�!1� ��� ��� ��� �
��!��+���$��!��	���9� �/� � � ���7)�� ���3��%����:��!/��&�� � !����/� � � � !�� ���4� � ��(#�;��!/0 � ����� ��<=� "���� � &/>?�	�/� 
�� �/"��/��2�� �7����"�' ��6�� 23@
��� � � 23!4��AB���B�+
���� �������B%�� ��� � � � ���+��!��#��� � (������ ������������!��#� � ���B��� �#C D�(�2�� 23�BE�� 23� ����F+�

�	� �B�3G�
��3� ��) � � � ��� � � 2�!H"�' ��!#�?)���� � �?" �?�	23��� ��"�' ��� ��� %����1"������ � � %���� ������" �?�	(������ !H"��H0 ��� <I�+� 
�� �?J�KL� ��� !#��� @
M ��!�" N*�*O1!P%Q2�� �4� 2����4" �R�+��� � �S� ���;� � ��� � ���;" �R�	�S����!�� �S" �R�	2�!���� � ����� � 23!P��� �T� ' &�� 2���� 23!S�+
��+� &��$��� � 8 ���S"����
��� � &�� � ����6:��2�!�� ��!�����" ��!#��� ' 2���%�� � ���9�	A7������!���� ��� �����#��� ��� ���	� 23� ���+� !����;"�����%�&�� &�� � ��6:���#�����#� !�� "���� � &��+���
�	���-� ��� !��B�	23��� �B"�' ��� ��C D�(�23� 2�E�� 23� ����F+�

1616_Ingenieur_3_05  24.8.2005  17:04 Uhr  Seite 54



FACHBEITRÄGE

U�UV WYXYZ W[V Z \+]+^-V _[` _[XYV Z�a XYZ WYV Z�^-V _[` _[XYV b[\+Z�ced-fea+geh

i�j k�l�m*n�o	peq�r	s3t�u v�w�j s3t;x q�t�w�y z�w�{ z�| }�z�w�s3v�x q�t�w�y z�w�j x�~�z�wB��v�� j y w�| z�� | ~�w�z�t�{ z�t�{�j t�x�v�j {#v�t�z�� z�| ��y z���j { ~;w�v�� ��y ~��
}�z�t�{ q j | z;x�q t�wBy � j }�q�k z;q�{ { z�t�x v�z;x�z�wBr	s3v�| w7x�� z�q�v=l
� r	j �4s�t?q�v�| q�j {L��v�w+� q�{ { z�t�x | z?�Rv�t�z?| z�w�{ q v�| q { j s�t?x�q t�w�v�t?w�z�t�w���y v�wTt�q { v�| z�y l#��| �Ij y t#� z�tHz�w+{L| j z�t��Iv�t?z�t�| s��
r���z�}�z�t�{#� ~�{ s�t�t�~;r	q�| q�r	{ ~�| j w+z;y q?| z�w�{ q v�| q { j s�t;� ����s3{ s���j s3{ z�r��Y�

�1�1�/�e�1�e�e�;�1�3�1�1�;�e�
���7� �4�L Y¡�¢B£�¡1¤�¥7�7¦P¡�§Q£�¡1¨L©YªB«�«��7©Y¥7¡1§�£e¬ ¤�£1­
®¯�7©Y�L�7°=¥7¡²±I£´³�µ�µ$¶�£´·¸°9¹ ¥7º»¥�º»¼7©Yª  Yº9�L¬
 +¹ ªB½¾¥7º4«�¿7º9©YÀ�º9«�¥7º¾� ªB°9©Y«�¥7Á-º4�7°¸º9½. Yº9�L�4¬
½9¹ Â7°9º9«ÄÃBÅ9À7Å# Y�7Æ º4«�£Ä®Ç¹ ½4¹ «e YÈ9©YºÉ¥7ºÉÆ Á-Ê4½#ÃB¹ ¬
©+ªB½4½4º9¦Pº4½� Y¡P§*��©+¹ «�£PË/Ì ±IÊIÍÎ±��4Ï�½4º4¬ ¤�Æ ¼7º9«�£
³�¶�ÐÑ¼7£
ÒQÓ=Ô*Õ=Ö ×9ØBÓ=Ù Ú#Û�Ü9ÝÇÒ�Þ�ß à=Þ á+Ú4â�Ü4ãTä�äTåTÜ4ÒQÓ.Ø�æ=×9Ö Ó
ç Ö è�é èIØBÖ êBÔ*Ó»Ó=×ëêBÔ*Ó=ì-á+Ö èI×9Ü´í ×9Ø�Ó=×9Ö Ó=Ô*Ù ç Ö è�é è3î
Ø�Ö Ó²ï�Ù+Ö á+Ö ì	ß�à ç Ó=é Ó=Ô=ß�à�á+Ó�á+Ü�â�Ô*é é Ó�á+Ö ×¸ðBÓ²é ñ òPì�ì	è3î
ß�Ö Þ á+Ö è�×ôóBèIÔ*Ù1é ÓôØBæ=×=Ö Ó ç Ö èIé èIØBÖ êBÔ*Ó=Ü�õ$Ó=Ù+Ó=Ö ×
öQ÷ Ù$í ×9ØBÓ=×=Ö Ó=Ô=Ù ç Ö èIé è�ØBÖ Ó=Ü�ø¸Ù ÜTù�úTóBó�ÜTù=û7üTÜ

ý�þ ÿ����������
	:ÿ���
�þ 	���þ ��� ��ÿ�þ ����	�����������
���������� þ � þ � ��
���!�����" � ��
���� 	$#���ÿ���� ����!�����"��%� ����þ � þ �%	�"�&�	��'� ��� ��� �(!�	����������%��þ
!���"*) ��þ �+�%, ��#���" 	�"'������!�� -�� 	���	�
���) ��"*) 	�� �.	�� þ 
�������!�" ��/�	�
��+þ ��� 	0�213	��+� " 	��%� � ÿ�	��+&�	4����	�� ����	4��� 5�67�8&�	4/�����9
� 	���":�%��
���� �3ÿ þ ����	��;	�
�������"*� �<	��2!�" ��� 	�
�� 	�
2�2��
�	=&���) þ �	þ 	�
���	;þ �;!���"*� ��
2� 	>&�	>" ���+þ �%� ��
���	>? @�/���� ���<A�þ ��� 	���B%�

C�D E<F2G�H�I2J
K4E�L�M�D K4N�D O�P O�E�D Q�R�KTS�U�P�V�O�M�W�R�XYR�Z D P D [%U�M�Z
\ O�R�] Z U�M�Z�P K4^_L�E�L�Z U�P \ O�R�]'[%Z U�N�D P D [%K�]'`�K�[�Z U�P R�[%X \ K�R�Z
U�R�[%[ D \ U�] a O�D [;[ b U�^�L�] K�]3V�O�S \ P c�Z K�S�K�M�Z�a U�]*a K�P R4K�Z�D M�d
V�O�S \ ] L�e2K�M�[%D N�P K0F�f3K�[;Z ] K�[%[%U�E�K�[;`�KgQ�R�K�P Q�R�KgG�F h�i
Sj`�K�e�U�R�Z K�R�]�[%O�M�Z�P O�E�D Q�R�K�S�K�M�Z�S�O�]*Z [:K�Z \ ] L�[%K�M2Z K�M�Z
R�M�Kk`�L�a D V�D K�M�V�KkD S \ O�] Z U�M�Z Kk`�Kk] L�[ D [ Z U�M�V�Kkl m�e�O�Z O�[
n�D O�Z K�V�o%F

prq.s�t+u:u:tvq.tvw x�y=z<{�t�z>s
|<} ~����'��|<� �<� �<�3� ���3�3�3� � ���0�:���<�
����|<�Y���Y�3���8���3�(�Y�(�
�'�<�������3���g�<�:�%���<�:�j�� 
�g¡T¢ £�¤�£�¥§¦�� ���3�:�:¨

���:� � ©�ª;«�£§¥�«�¬§­;­§­�­
®(�3��©;ª�«�£§¥;«�¬§¬�­§¥�­
���3� � ©;¯3� �����Y��°j¯3� �����:��� �(���2�
¯3� �����:�(°±¯3� �����:�(�
² �
} �2���:�³�Y����©
�2� ���3© ´<´3¯3� �����Y��� ���µ�����2� ���3© ´<´<¯�� �����:�(� ² �

1616_Ingenieur_3_05  24.8.2005  17:04 Uhr  Seite 55


