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Ionenbindung Kovalenzbindung Metallische Bindung 

gemeinsame  
Elektronenpaare Elektronenwolke 
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τj = −fcm

30
+ [1, 80w−0,8 + (0, 234w−0,707 − 0, 20)fcm] · v < P;, vDY

σj = −fcm

20
+ [1, 35w−0,63 + (0, 191w−0,552 − 0, 15)fcm] · v < P;,.+]�DY

²!�<C�2r57EGFDH4uA@B57uD�i1��

τj = −fcm

80
+ (1, 495w−1,233 − 1) · v < P;,.+-+5Y

σj = −fcm

40
+ (1, 928w−0,87 − 1) · v < P;,.+]PDY
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µmax = 0, 44 · σj

fcm,cube
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>D5�t?�i1-, +JX .K+JjJ%�1��?�i1<14uD5N8<57Cq��57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8>D�iS�E.u28;:<CDFDHn8;EG5mUWRG57EGFDH4:<1<=

w = 0, 6 · v 2
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τj
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cot β =
σj

τj
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 Mainz - geschliffen

 Mainz - Nadelhammer

 Mainz - HDW-gestrahlt

 Daschner - glatt

 Daschner - sandgestrahlt
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a) Rüttelrau b) Nagelrechen c) Sandgestrahlt 

d) HDW-gestrahlt schwach e) HDW-gestrahlt stark 
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                    C35/45 Nagelrechen
               C35/45 Sandgestrahlt
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/2@<@<E.RG8;:<1<= �;, P-� �9��CAE.1<xoE.��8<5o>�J4uACD57:<R.EGFDH4u§�§¥2@B57C§¦¨�iFDH9571<CsXY:<H957E.uD>AST5]>D>At?57C§K·XYH<CD5719>¯�W�eXYCsXYST57uACAEG>DFDH �i�<uAE��
>DFDH95¤�WXY:<H957E.uD>AST5o>D>A:<1<= < R.E.1<�;>�Y ,¨°±57EG>A�<EG57R�57E.195o>��B�iR��;FDH<CD�iS¯XYuAEG>DFDH9571©J4�B5oFD�$RG57Sm:9>AuD57C
< :W57=4XYuAE.t4� �MXYCD>AuD57R.R.:<1<=�Y±1eXiFDHGDb%Fi %�.lk83 O-O54 < CD5oFDH4uD>�Y

3µE.CD8�89XY@B57E¨S�E.uAuD57RG>µ57E.195o>2J4uACsXYH<R.uD57E.RG57CD>-�<57E.1957Cµt?57CAuAE.�-XYRG571 2dE.19>D5W:<198 57E.1957S ��CAEG>AS¯XV>AuD57uD>6=-RG57EGFDH<S¯�('-E.=
XY:;K�t$EG57C2��H9�iuD�$8;EG�$8<571K´�i�$:9>D>AEG57CAu],9w2Sz8;EG5o>D5N=-RG57EGFDH<S¯�('-E.=?5¤/2:9>ARG57:9FDH4uA:<1<= 8<57C �WEG�$8<57114:<1IXY:9FDHn@B57E
8<57CN=?57CsXi8;R.E.1<E.=?571�/2@<usXi>AuA:<1<=57E.1957CV¥2@B57C§¦¨�iFDH95Txo:�=?573±�YH<CARG57EG>AuD571��	8d, Hr,d8<571 ²9�i�$:9>N8<5o>D2	Xi>D57CD>AuACsXYH<RG>
>AuD57uD>µ:<14t?57Cs�Y198<57CAuMXY:;K�8<57S 4A573657E.R.E.=?571�¥2@B57C§¦¨�iFDH9571<�<:<1<�$uWxo:57CAHeXYR.uD571��<Sm:9>D>28;EG5M:<14uD57CD5N@B573657=-R.EGFDH95
2dE.19>D5¤�<@B57CM57E.195¤� �;uACD57Sm3657CAuACD57=?57R.:<1<=�5714uD>A�<CD5oFDH957198 8<57Cm¥2@B57C§¦¨�iFDH95714uD�i�B�i=-CsXY�<H<EG5¯t?57CAuAE.�-XYR�1eXiFDH<=?5 �
K��<H<CAum3657CD8<571r,��WEG5o>D5T>D�iS�E.um57C§K´�iCD8<57CAR.EGFDH9571 t?57CAuAE.�-XYRG571 /2:;K#�2:<198 /2@<@B573657=-:<1<=?571©8<57C(2dE.19>D5T�?�i1<19571
>DFDH<R.EG5F'-R.EGFDH��<@B57C 57E.19571�ST5oFDHeXY1<EG>DFDH;� 57RG57�$uACAEG>DFDH9571 ��XY198;RG57CXYRG> 57E.1�lIX('©8<57C RG�i�-XYRG571 ¥2@B57C§¦¨�iFDH9571;�
�<CD���9RG�iCD8;E.1eXYuD571 t?57CA3657198<57uT:<198©E.1�57E.195 xo3657EG8;E.ST5719>AEG�i1eXYRG5$�£5714uAR&XY1<=�8<57C E @B57C§K·XYH<CA:<1<=It?57CAR&XY:;K´57198<5
��CD���9R.R.E.1<EG5m:<S�=?573±XY198<57R.u23657CD8<571r,

 

mechanische Tastspitze fokussiertes Laserlicht 

10 µm 

/2@<@<E.RG8;:<1<= �;, P;+ �9ln5o>D>A�<CAE.1<xoE.��57E.195o>32	Xi>D57C§� /2:<uD�YK´�i�$:9>§� p!Xi>AuD57CD>I1eXiFDH 09.KP/F 1 :<198 09.Q%�2Zi .8%�2>%�. 3 ª$+�4
< R.E.1<�;>@Y£:<198nUWCD�J'?5714t?57CA=-RG57EGFDH�8<57Cqp!Xi>AuD57C < CD5oFDH4uD>�Y

�WEG5���57CA3657198;:<1<=M57E.195o>dK´�i�$:9>D>AEG57CAuD571(2	Xi>D57CD>AuACsXYH<RG>	@<EG57uD57u	=?57=?5714�<@B57C�57E.195o>!p!Xi>AuD>DFDH<1<E.uAuA=?57Cs�YuD>�57E.1V8<57:<u§�
R.EGFDHnH9�iH957CD5o>W/2:;¦e�->A:<1<=?>At?57CAST�i=?571r, ��57CW89XY@B57E�XY:;K�57E.195�¥2@B57C§¦¨�iFDH95m�<CD� 4§E.xoEG57CAuD5�2	Xi>D57CD>AuACsXYH<R!HeXYu214:<C
57E.19571 �W:<CDFDH<ST5o>D>D57CVt?�i1�F]X;,!P

µ
S�,r��E.19571���57CA=-RG57EGFDH xo3µEG>DFDH9571©8<57Cmp!Xi>AuD>A�<E.uAx]5b57E.195o>NST5oFDHeXY1<EG>DFDH9571

p!Xi>AuD>DFDH<1<E.uAuA=?57Cs�YuD>�:<198©8<57S~²9�i�$:9>D8;:<CDFDH<ST5o>D>D57C�57E.195o>¤>D�iRGFDH9571��i�<uAEG>DFDH9571�p!Xi>AuD57CD>Vx]57E.=-u�/2@<@<E.RG8;:<1<=
�;, P;+-,



ªi� � ���������� � � � � �� ����� �������� �	��������

� \<f]"4` � �£`i�#\9�	)¨'! #\;%(�#c¨�	f �¨"4` 
 \9h	`Y"$�

) S U�57=?5719>sXYuAx6xo:<S�2	Xi>D57C§� /2:<uD�YK´�i�$:9>§� p!Xi>AuD57C�@B5o>AE.uAxou�8;EG5±XYRG>!prCAE&XY1<=-:<R&XYuAEG�i19>D>D5719>D�iC�@B57x]57EGFDH<1957uD5µln5o>D>§�
t?�iCACAEGFDH4uA:<1<=n8<5o>D2	Xi>D57C§� prCAE&XY1<=-:<R&XYuAEG�i19>At?57C§K·XYH<CD5719>¤�?57E.195�@B573657=-R.EGFDH9571 2dE.19>D571 @<xo3N,!¥2@ 4A57�$uAE.t?5-,d/2:9>§�
=?57H957198nt?�i1�57E.1957C&2	Xi>D57CD8;EG�$8<5V3µE.CD8;�d�YH<1<R.EGFDH 8<57S xo:<t?�iC�@B5o>DFDH<CAEG57@B5719571���57C§K·XYH<CD571��B57E.1 2	Xi>D57CD>AuACsXYH<R
�<@B57CV57E.1 2dE.19>D5719>��;>AuD57S~XY:;KW8;EG5 ¥2@B57C§¦¨�iFDH95b�<CD� 4§E.xoEG57CAu¤:<198 t?�i1©8;EG5o>D57CVCD5 ¦e57�$uAEG57CAu], �MXY@B57E63µE.CD8 57E.1
p	57E.RM8<5o> 8;E &B:9>¯xo:<CA�9FD�;>AuACsXYH<RG57198<571-2	Xi>D57CAR.EGFDH4uD>�t?�i1 57E.1957C >A�B57xoEG57R.RG571 ��S��;K·XY1<=?>D�i�<uAE.��XY:;K�=?5 K·XY1<=?571
:<198_XY:;Km57E.1957S R.EGFDH4u§��>D�]3µEG5�B�->AE.uAEG�i19>D57S��.�9198;R.EGFDH9571 ��57uD57�$uD�iC XY@<=?57@<E.RG8<57u], 6?5�1eXiFDH �WEG>AusXY1<xxo3µE��
>DFDH9571n8<57CN¥2@B57C§¦¨�iFDH95m:<198n8<57S�prCAE&XY1<=-:<R&XYuAEG�i19>D>D5719>D�iC�3µE.CD8H<EG57CA@B57E!89Xi>2CD5 ¦e57�$uAEG57CAuD5�2dEGFDH4u�E.1n57E.1957S
XY198<57CD571 �_E.1<�?57R±XY:;K�=?5 K·XY1<=?571 :<198 XY1 8<571 ��57uD57�$uD�iCm3657E.uD57CA=?57RG57E.uD57u < t$=-R·,	/2@<@<E.RG8;:<1<=��;, P-PDY ,��WEG5o>D5o>
y�XYR.@<RG57E.uD57CD57RG57ST5714u�R.EG5 K´57CAuq3µEG5o8<57CA:<SzE.1n/2@<He�Y1<=-E.=-�?57E.uW8<57CW�!�->AE.uAEG�i1n8<5o>257S��;K·XY1<=?5719571I2dEGFDH4uA�<:<1<�$uD5o>
:<14uD57CD>DFDH<EG5o8;R.EGFDH95 57RG57�$uACAEG>DFDH95�J4E.=-1eXYRG5$�	8;EG5�t?�i1 57E.1957C�J$�YK�u 3±XYCD5 XYRG>N:<14uD57CD>DFDH<EG5o8;R.EGFDH95 ��CD���9RG�iCD8;E.1eXYuD571
E.14uD57CA�<CD57uAEG57CAuV:<198�>DFDH<R.EG5F'-R.EGFDH�57@B571;K·XYR.RG>VXYRG>Nxo3657EG8;E.ST5719>AEG�i1eXYRG5o>��WXY:<H957E.uD>A�<CD���9R±XY:9>A=?57=?57@B571�3657CD8<571r,
�WEG5o>D5o>'2	Xi>D57C§� prCAE&XY1<=-:<R&XYuAEG�i19>At?57C§K·XYH<CD571 3µ:<CD8<5¤@B57CD57E.uD>Wt?�i1N�����
	h!-%�.�3 ¬-� �A¬-O54�xo:<CMln5o>D>A:<1<= t?�i1��WXY:;�
H957E.uD571nXY1�°±57uD�i19�i@B57C§¦¨�iFDH9571n=?57uD5o>AuD57u],

 

 
 
 
 
 

A 

B 

Laserdiode 

Licht- und positions- 
empfindlicher Detektor 
 

Linsen 

�

 

/2@<@<E.RG8;:<1<=b�;, P-P �9��CAE.1<xoE.��57E.195o>�prCAE&XY1<=-:<R&XYuAEG�i19>D>D5719>D�iCD> < R.E.1<�;>�Y ,e��57CA3657198<57uD57C ���i�<�B57R.uACAE&XY1<=-:<R&XYuAEG�i19>§�
R&Xi>D57C < CD5oFDH4uD>�Y

��57CA=-RG57EGFDH4u!S¯XY1N14:<1V8;EG5o>D5�8;CD57E$�i�<uAEG>DFDH9571m��57C§K·XYH<CD571��o3µE.CD8m8<57:<uAR.EGFDH��(89Xi>D>r>AEGFDHm8;EG5��eXYCsXYST57uACAEG>DFDH956�i�<uAE��
>DFDH956�WXY:<H957E.uD>AST5o>D>A:<1<=2K��<C�8;EG56w214uD57CD>A:9FDH4:<1<=Mt?�i1�°±57uD�i19�i@B57C§¦¨�iFDH9571�36�iH<R9XYS�36571<E.=?>AuD571�57E.=-1957u],ilE.u
E.H<C�R&�i>D>Au�>AEGFDH�xo3±XYC�E.1�²9�iCAS t?�i1

Rq
>D�i=4XYC�57E.1��WXY:<H957E.uD>A�eXYCsXYST57uD57C£8<57C�1957:9571 =@? /VM / ? ��� E S�� � 3 �;+�4

@B5o>AuAE.S�ST571�� 4A5o8<�$FDH =?57H4umS¯XY1<=?57RG>¤57E.195o>V�WXY:<H957E.uD>A�<CD���9RG>�XYRG>m��CA=?57@<1<EG> 4A57=-R.EGFDH957C�XY19>DFDHeXY:<R.EGFDH957CT°±5 �
xo:<=¯xo:<C�U�5o�iST57uACAEG5V8<57CM¥2@B57C§¦¨�iFDH95719>AuACA:<�$uA:<C�t?57CARG�iCD571r, ��5o> � 57E.uD57CD571I>DFDH957E.14u�8;EG5N°±5o>AuAE.S�Sm:<1<=�8<57C
ST57EG>AuD571I1eXiFDH;K´�iR.=?57198�XY:;K�=?5 K��<H<CAuD571 �WXY:<H957E.uD>A�?571<143657CAuD5T89XYS�E.uM:<1<ST�i=-R.EGFDHr, �MXY=?57=?571�EG>AuM89Xi>'2	Xi>D57C§�
prCAE&XY1<=-:<R&XYuAEG�i19>At?57C§K·XYH<CD571©3±XYH<CD>DFDH957E.1<R.EGFDH 89Xi>m�<CsXY�$uAE.�-XY@B57RG>AuD5�:<198 :<1<�?�iS��<R.E.xoEG57CAuD5o>AuD5 �i�<uAEG>DFDH95T��57C§�
K·XYH<CD571r,2lE.u�E.H<S 57CAHeXYR.uD57195 �WXY:<H957E.uD>A�<CD���9RG5 �?�i1<19571�xo:98<57S S�E.un8<571���CD���9RG>DFDH<1<E.uAuD571�t?�i1e�����
	JI
!-%�.T3 ¬-� � ¬?ª-4	t?57CA=-R.EGFDH95713657CD8<571��93657RGFDH95N1eXiFDHn8<57CD>D57R.@B571ln57uAH9�$8<5M57CAS�E.uAuD57R.u23µ:<CD8<571r,
) S °µXY:9>AuD�(&B�$:<198<5 ) 19>AuAE.uA:<uT8<57CTp	5oFDH<1<EG>DFDH9571�w21<E.t?57CD>AE.us�Yu¯l�<19FDH9571 3µ:<CD8<5 xo:<CT�WXY:<H957E.uD>AST5o>D>A:<1<=
>DFDH<R.EG5F'-R.EGFDH_57E.1 ���i�<�B57R.uACAE&XY1<=-:<R&XYuAEG�i19>AR&Xi>D57C < t$=-R·,�/2@<@<E.RG8;:<1<= �;, P-PDYVt?57CA3657198<57u],£ln5o>D>§K´57H<RG57C-��8;EG5�XY:9>
8<57C�� 5oFDH9>D57R.3µE.CA�$:<1<=�S�E.uN8<57CMxo:It?57CAST5o>D>D57198<571 ¥2@B57C§¦¨�iFDH95 < x?, °�,B:<14uD57CD>DFDH<EG5o8;R.EGFDH95o>V�25 ¦e5��;EG�i19>At?57C§�
HeXYR.uD571WY�CD5o>A:<R.uAEG57CD571��$3657CD8<571�8;:<CDFDH�8;EG5o>D5o>±ln5o>D>A=?57Cs�YuµXY:;K�=-CA:<198 >D57E.1957C6xo3657E>�$xo:<C 2	Xi>D57CD8;EG�$8<5�>��$S�ST5 �
uACAEG>DFDH XY1<=?57@<CsXiFDH4uD571 R.EGFDH4u§�m:<198 �B�->AE.uAEG�i19>D57S��.�9198;R.EGFDH9571 ��57uD57�$uD�iCD571���3657E.uD5o>AuA=?57H957198��?�iS��B5719>AEG57CAu],



� � � ��������� ����� � ��� �� �  	���� � � ���	� ���� � �	�����+� � ���� ª$+

�MX8<57C¤ln5o>D>A@B57CD57EGFDH©8<5o>�J$5719>D�iCD>VRG5o8;E.=-R.EGFDH ��S�S @B57uACs�Y=-u-�!�?�i1<19571 =-CD�J'?57CD5 �WXY:<H957E.uD571 14:<C¤8;:<CDFDH
E @B57CAR&XY=?57CA:<1<=Ixo3657EG57CTln5o>D>A:<1<=?571 @B5o>DFDH<CAEG57@B571 3657CD8<571r, �WEG5¯ST�i=-R.EGFDH95�/2:;¦e�->A:<1<=I8<5o>¤ln5o>D>A=?57Cs�YuD5o>
@B57uACA:<= � � �

µ
S E.1t?57CAuAE.�-XYRG57C2:<198n�-�

µ
S E.1H9�iCAE.x]�i14usXYRG57C��qEGFDH4uA:<1<=9,¨/2RG>2ln5o>D>D>DFDH<CAE.uAu 3657E.uD5Vxo:<CW>AE.1<1;�

t?�iR.RG571�/2@<@<E.RG8;:<1<=M8<57C!1eXiFDH�/2@9>DFDH<1<E.uAu��;,.+657CAR&�Y:<uD57CAuD571b¥2CD8;14:<1<=M8<57C��WXY:<H957E.u!3µ:<CD8<5µ� � PqS�S�=?573±�YH<R.u
:<198¤57CA=4XY@�>D�iS�E.u!@B57E;57E.1957C�ln5o>D>§¦¨�iFDH95£t?�i1¤�4� × �4�qS�S 57E.1T¥2CD8;E.1eXYuD5719>��;>AuD57S�t?�i1TP-�-� × P-�-�W��:<1<�$uD571r,

 
 
 
 
 
 
 
 
 
 
 

 

/2@<@<E.RG8;:<1<= �;, P-� � �MXYCD>AuD57R.R.:<1<=T8<57C2�(� � 2	Xi>D57CAST5o>D>A:<1<=?571nXY1¥2@B57C§¦¨�iFDH9571eXY:9>D>DFDH<1<E.uAuD571I8<57Cq�25 K´57CD571<x7�
�?�iCA�B57C )·CA�<uAuD57R.CsXY: )

 
 
 
 
 
 

 /2@<@<E.RG8;:<1<= �;, PY� � �MXYCD>AuD57R.R.:<1<=T8<57C2�(� � 2	Xi>D57CAST5o>D>A:<1<=?571nXY1¥2@B57C§¦¨�iFDH9571eXY:9>D>DFDH<1<E.uAuD571I8<57Cq�25 K´57CD571<x7�
�?�iCA�B57C ) >DFDH43±XiFDHIy � � �·=?5o>AuACsXYH<R.u )

�D��� � ��>�� � ��� > � � ��� ����� � �9 9 ����� ����� � >���"��!�
	������

����� �
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 ����� "�
�� 
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/2RG>µ365o>D5714uAR.EGFDH95TJ$571<�$CD5oFDH4uA�?571<1<=-CD�J'?571 8<5o>µ:<1<=?5 �9R.uD57CAuD571I�WXY:<H957E.uD>A�<CD���9RG>q@<EG57uD571n>AEGFDH�E.1/21<RG57H<14:<1<=
XY1 =@? / E����(S 3 P-¬54µt?�iC�XYR.RG57S 8;EG5bS¯X5�;E.S¯XYRG5 ��CD���9R.�$:<�<�B571<H9�iH95

Rp
>D�]3µEG5 8;EG5bS¯X5�;E.S¯XYRG5 ��CD���9R.H9�Y�

H95
Ry
XY1r,	°±57xo:<=?>D>��;>AuD57S K��<CV8;EG5TS¯X5�;E.S¯XYRG5¯��CD���9R.�$:<�<�B571<H9�iH95

Rp
< E.1 8<57CNK�CA�<H957CD571©/2:9>A=4XY@B5T8<57C

=@? / E����(S XYRG>bUWR&�YuAuA:<1<=?>AuAEG5 K´5�@B57x]57EGFDH<1957u�Y¤EG>AuT8;EG5�>D�I=?571eXY1<14uD5lE.uAuD57R.R.E.1<EG5�8<5o>T��CD���9RG>], �MXYCA:<14uD57C
t?57CD>AuD57H4u2S¯XY1n57E.195VU�57CsXi8<5$�98;EG5N57E.1nXY:;K�57E.1957Cq@B5o>AuAE.S�SmuD571n°±57xo:<=?>D>AuACD5oFD�?5N=?57=?57@B57195o>W�WXY:<H957E.uD>A�<CD���9R
E.1n8<57C � 57EG>D5N8;:<CDFDH9>DFDH<1957EG8<57u-�B89Xi>D>28;EG5¤J4:<S�ST5m8<57C�³2:eXi8;CsXYuD5V8<57C2��CD���9R&XY@43657EGFDH4:<1<=?571 t?�i1E.H<CqS�E��
1<E.S¯XYR	EG>Au �<>AEG5N5714uD>A�<CAEGFDH4u�>D�iS�E.u28<57Sz��CA=?57@<1<EG>W57E.1957C2R.E.195]XYCD571�257=-CD5o>D>AEG�i18<57C2��CD���9R.ST5o>D>D89XYuD571r, �_EG5
E.1n/2@<@<E.RG8;:<1<= �;, P-�¤t?57CD8<57:<uAR.EGFDH4u-�d57CA=-E.@<uW>AEGFDH8;EG5NS¯X5�;E.S¯XYRG5m��CD���9R.�$:<�<�B571<H9�iH95

Rp
14:<1IXYRG>q/2@9>AusXY198

8;EG5o>D57C2lE.uAuD57R.R.E.1<EG5Mt?�i18<571�H9�$FDH9>AuD571��:<1<�$uD5718<5o>2��CD���9RG>qE.1<1957CAHeXYR.@8<57C2°±57xo:<=?>D>AuACD5oFD�?5-,
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Mittellinie 

Obere Berührlinie 

Untere Berührlinie 

�
p 

�
y 

/2@<@<E.RG8;:<1<= �;, P-� �9�M571<1<=-CD�J'?571xo:<C2°±5o>DFDH<CD57E.@<:<1<=b8<57C2�WXY:<H957E.u2XY1eXYRG�i= =@? / E����(S

�MXY=?57=?571 EG>Au�8;EG5�S¯X5�;E.S¯XYRG5���CD���9R.H9�iH95
Ry

< E.1 8<57C¤K�CA�<H957CD571 /2:9>A=4XY@B5 S�E.uT�WXY:<uAEG5 K´5
Rt
@B571eXY1<14u�Y
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HDW-gestrahlt 5C � t = 0,78 mm

Rüttelrau 3C  � t = 0,79 mm

Sandgestrahlt 2A  � t = 1,18 mm
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   Typ II - Serie 1

Mohr’scher Kreis 

σ j = τ j / tan52,2° 

Abscheren bei ���  < 1,0 mm 
nach ����� �
	  

Abscheren bei  
� �  < 0,1 mm 
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0, 1 · fcm,min · tan β

tanβ − µ
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nach ����� ����� : 	 ck,cube = 49,2 N/mm² 

Altbeton:  	 ck,cube = 53,0 N/mm² 
Neubeton: 	 ck,cube = 113,0 N/mm² 

Druck- 
bruch 

Druckbruch 

Gleitbruch 

Gleit- 
bruch 

/2@<@<E.RG8;:<1<=b�;,.+-+ �<��57CA=-RG57EGFDHT8<57C���CA=?57@<1<EG>D>D5£t?�i1¤��CA�;K��?�iCA�B57C�p��$� )+)BS�E.u!��CA=?57@<1<EG>D>D571¤t?�i18^ %�X #�%�.O3.+]�-�54
�WEG5n�2�iR.RG5n8<57CT:W57:<@B57uD�i1;K´5o>AuAE.=-�?57E.u @B5o>Aus�YuAE.=-u�>AEGFDH�57CA1957:<u @B57E�8<57C�/2:9>A3657CAuA:<1<=�8<57C ��57CD>A:9FDH95I8<5o>
��CA�;K��?�iCA�B57CAu �$� )+)+) ,9J$��x]57E.=?5718;EG5M@B57EG8<571 �WE&XY=-CsXYS�ST5m8<57C2/2@<@<E.RG8;:<1<= �;,.+]P�8<571�=-RG57EGFDH9571I8<57:<uAR.EGFDH9571
/219>AuAEG57=�8<57CWJ$FDH4:<@<uACsXY=iK·�YH<E.=-�?57E.uWE.1;K´�iR.=?5M8<57Cq²95o>AuAE.=-�?57E.uq8<57Cµ1eXiFDH4uACs�Y=-R.EGFDH9571�°±57uD�i1957CA=4�Y1<xo:<1<=T3µEG5M>AEG5
E.1/2@<@<E.RG8;:<1<=b�;, �VK��<C28;EG5M��57CD>A:9FDH95m8<5o>2��CA�;K��?�iCA�B57CD>2p��$�*)±89XYCA=?5o>AuD57R.R.uq3±XYCD571r, �WEG5M��57CA3657198;:<1<= 57E��
195o> :W57:<@B57uD�i19>6S�E.uµ57E.1957C±S�E.uAuARG57CD571 �WCA:9FD�4K´5o>AuAE.=-�?57E.uµt?�i1�+-+]O � �
:]\(S�S 2 XY19>AuD57R.RG5�57E.195o>±19�iCAS¯XYR�K´5o>AuD571°±57uD�i19>µS�E.u257E.1957CW²95o>AuAE.=-�?57E.uqt?�i1I�-� � �[:]\(S�S 2 CD5o>A:<R.uAEG57CAuW57@B571;K·XYR.RG>µE.157E.1957CqE.157u 3±X�:<S+]�-��� =-CD�Y�'?57CD571�J$FDH4:<@<uACsXY=iK·�YH<E.=-�?57E.u], �WEG5o>�=4XYR.u�:<1eXY@<He�Y1<=-E.=�t?�i1�8<57CM@B5]XY:;K´>DFDH<R&XY=-uD571 ²<:<=?571<19�iCAS¯XYRG>A�eXY1<14:<1<=9,
°±57uACsXiFDH4uD57u�S¯XY1¤14:<1T89Xi>�prCsXY=-t?57CAHeXYR.uD571b8<57C�CD57E.19571T�qEG>D>At?57CAx(XYH<14:<1<=ME.S���57CA=-RG57EGFDH¯89XYxo:��i>D�WR&�i>D>Au�>AEGFDH
57E.1¯��57CD>sXY=?571 @B57Ee=?57CAE.1957CD57C2J$FDH4:<@<@B5]XY19>A�<CA:9FDH4:<1<=�K´5o>AuD>AuD57R.RG571r,$°±57ST57CA�?5719>A3657CAuµH<EG57CA@B57E¨EG>Au 4A5o8<�$FDH 8;EG5
:<1<=-RG57EGFDH95m/2@<1eXYH<ST5ME.1/2@<He�Y1<=-E.=-�?57E.u28<57C :W57:<@B57uD�i1;K´5o>AuAE.=-�?57E.u],
��E.195���57CA@B5o>D>D57CA:<1<= 8<5o>¯prCsXY=-t?57CAHeXYR.uD5719>bEG>Au¯1<EGFDH4u�XY1<1e�YH957CA198 E.1_8<57S >D57R.@B571 lIX('?5�xo:_57CACD57EGFDH9571��
3µEG5 8;EG5o>V@B57E±57E.1957C��2�iSm@<E.1eXYuAEG�i1 S�E.u�8<57S y�X(K�uAt?57CA@<:<198©8<57C�²eXYR.R±3±XYC],��_EG5 XY:9>�8<57C	2dE.uD57CsXYuA:<C�xo:
5714uA1957H<ST571 EG>Au-�d3µE.CD8�89Xi>VprCsXY=-t?57CAHeXYR.uD571�8<57CNCD57E.19571©�qEG>D>At?57CAx(XYH<14:<1<=14:<CVxo:�57E.1957S=?57CAE.1<=?57S~p	57E.R
t?�i1 8<571 °±57uD�i1;K´5o>AuAE.=-�?57E.uD571 @B5o57E.1;¦9:9>D>Au],���E.1�3657E.uD57CD57C�UWCA:<198 K��<CT8;EG5o>D5o>���57CAHeXYR.uD571 >DFDH957E.14u¯E.1 8<57C
J4uACA:<�$uA:<C!8<57C	°6CA:9FDH9�i@B57C§¦¨�iFDH9561eXiFDHV��57CD>sXY=?571V8<5o>	y�X(K�uAt?57CA@<:<198<5o>	xo:mR.EG57=?571r, �WEG5��i@B571m@B5o>DFDH<CAEG57@B5719571
°6CA:9FDH9�i@B57C§¦¨�iFDH95718<57C±S�E.u±H9�$FDH;K´5o>AuD57S °±57uD�i1�57CA=4�Y1<xouD571���CD�i@B57�?�iCA�B57Cq8<5o>±p��$� )��43µEG5o>D571 1eXiFDH�8<57S
/2@9>DFDH957CD571�14:<CAST57H<CW>D57H<Cµ=?57CAE.1<=?5m�WXY:<H957E.uD571nXY:;KA,

�������
� � �
��� ����� & �
� & ��
�������� �*� # � ��� � $

/2RG>6UWCA:<198;R&XY=?5W8<57C6�257E.@<:<1<=?>AH �$�B�iuAH95o>D52>AuD57R.R.u68;EG52²<:<=?571<19�iCAS¯XYRG>A�eXY1<14:<1<=T57E.19571¯@B57�-XY1<14uD571 ��E.1;¦9:9>D>
XY:;KB8;EG5±CD57E.195µ�qEG>D>At?57CAx(XYH<14:<1<=m89XYC], ) 1�8<57C:2dE.uD57CsXYuA:<C�3µE.CD8T8;EG5o>D57C�ST57EG>Au£XYRG>�R.E.195]XYC�@B5o>DFDH<CAEG57@B571r,?/2@<@<E.R��
8;:<1<=N�;,.+]� �(E.1�8<57C�8;EG56°6CA:9FDH9>DFDH4:<@9>A�eXY1<14:<1<=?571 8<57C���CD>AuA@B57R&Xi>AuA:<1<=NXYR.RG57C���CA�;K��?�iCA�B57C�8<5o>�p��$�9>�)+)+)B89XYC§�
=?5o>AuD57R.R.u�>AE.198;�]@B5o>Aus�YuAE.=-u�8;EG5o>D56p	57198<571<x?, �WEG5o>!=-E.R.u!>D�]36�iH<R$K��<C�8;EG5£�2�iSm@<E.1eXYuAEG�i1TS�E.u�8<57S�y�X(K�uAt?57CA@<:<198;�
XYRG>�XY:9FDH�K��<C�8;EG5±CD57E.195µ�qEG>D>At?57CAx(XYH<14:<1<=9,�WEG5qU�57CsXi8<52XYRG>���57CD>sXY=?5719>A�$CAE.uD57CAE.:<S 8<57C��257E.@<:<1<=?>AH �$�B�iuAH95o>D5

admin02
4:<1T89Xi>�prCse=?57CAE.1957CD57C2<ST5ME.1/2@<

admin02
geringerer



� � � � � ��	 	�����������������	� +]P;+ 

0,0

2,0

4,0

6,0

8,0

10,0

12,0

14,0

16,0

18,0

0 20 40 60 80 100 120 140

Neubetonfestigkeit � cm,neu [N/mm²]

B
ru

ch
sc

hu
bs

pa
nn

un
g 

τ c
j [

N
/m

m
²]

0,0

2,0

4,0

6,0

8,0

10,0

12,0

14,0

16,0

18,0

0 20 40 60 80 100 120 140

Neubetonfestigkeit � cm,neu [N/mm²]

B
ru

ch
sc

hu
bs

pa
nn

un
g 

τ c
j [

N
/m

m
²]

σ j = 3,0 N/mm² σ j = 5,0 N/mm² reine Rissverzahnung 

reine Rissverzahnung 

Rissverzahnung & Haftverbund 

Rissverzahnung & Haftverbund 

/2@<@<E.RG8;:<1<= �;,.+]P �9°6CA:9FDH9>DFDH4:<@9>A�eXY1<14:<1<=8<5o>���CA�;K��?�iCA�B57CAu �$�9>�)+)+)£1eXiFDH���CD>Au§�6:<198 �e3657E.uA@B57R&Xi>AuA:<1<=�E.1
/2@<He�Y1<=-E.=-�?57E.uW8<57C :W57:<@B57uD�i1;K´5o>AuAE.=-�?57E.u

EG>Au6E.S ��57CA=-RG57EGFDH�8<57C6:<14uD57CD>DFDH<EG5o8;R.EGFDH9571n�2�iSm@<E.1eXYuAEG�i195718<57C±/2R.u§��:<198 :W57:<@B57uD�i1;K´5o>AuAE.=-�?57E.uD571 E.1 57u 3±X
�eXYCsXYR.RG57R·,<°±5o8;E.1<=-uq8;:<CDFDH�8<571 =-CD�J'?57CD571�/214uD57E.Rr8<57Cµy�X(K�uAt?57CA@<:<198;�$Cs�(K�uD5$�;8;EG5�>AusXYCA�Tt?�i1�8<57C9:W57:<@B57uD�i1;�
K´5o>AuAE.=-�?57E.uµXY@<He�Y1<=-E.=¤>AE.198;�?R.EG57=-u±8;EG5�U�57CsXi8<52E.S ²eXYR.RB8<57C£1eXiFDH4uACs�Y=-R.EGFDH9571��<H9�$FDH;K´5o>AuD571b°±57uD�i1957CA=4�Y1<xo:<1<=
8<57:<uAR.EGFDH�<@B57C�4A571957CµS�E.uq=?57CAE.1<=?57CD57C@:W57:<@B57uD�i1;K´5o>AuAE.=-�?57E.u],

 

0,0

2,0

4,0

6,0

8,0

10,0

12,0

14,0

16,0

18,0

-1,0 0,0 1,0 2,0 3,0 4,0 5,0 6,0

Fugennormalspannung  σj  [mm]

H
af

ts
ch

ub
sp

an
nu

ng
 τ

j  
[N

/m
m

²]

  NFB - NFB

  HFB - NFB

  NFB - HFB
τj = 2,4σj + 3,1

τj = 1,8σj + 1,3

0,0

2,0

4,0

6,0

8,0

10,0

12,0

14,0

16,0

18,0

-1,0 0,0 1,0 2,0 3,0 4,0 5,0 6,0

Fugennormalspannung  σj  [mm]

H
af

ts
ch

ub
sp

an
nu

ng
 τ j

  [
N

/m
m

²]

  NFB - NFB

  HFB - NFB

  NFB - HFB

τj = 1,17σj 

τj = 1,32σj

/2@<@<E.RG8;:<1<= �;,.+]� ���e:9>sXYS�ST571<HeXY1<=�xo3µEG>DFDH9571 °6CA:9FDH9>DFDH4:<@<@<CA:9FDH9>A�eXY1<14:<1<= :<198�²<:<=?571<�<CD5o>D>A:<1<= XY1;�
HeXY198T8<57C£��CA=?57@<1<EG>D>D5q8<5o>£��CA�;K��?�iCA�B57CAu �$� )+)+)d1eXiFDH¯��CD>Au§�	:<198 �e3657E.uA@B57R&Xi>AuA:<1<=m:<14uD57C
��57CA3657198;:<1<= 8<57Cq��CA=?57@<1<EG>D>D5m8<5o>q��CA�;K��?�iCA�B57CAu �$� )

��������� � �����9� & ������
���&�� � � $ �*� � # !

/21©XYR.RG571���57CD>A:9FDH9>A�?�iCA�B57CA1©8<57Cmt?57CD>DFDH<EG5o8<5719571�p��$�B571�3µ:<CD8<5Txo: 8<57CV�qEG>D>At?57CD>DFDH<EG57@<:<1<=
v
XY:9FDH 8;EG5

�qEG>D>D�(&B14:<1<=
w
=?57ST5o>D>D571r, ) 1 8<571���57CD>A:9FDH9571 8<57C���CA�;K��?�iCA�B57C�8<5o>�p��$� )+)¤3±XYC�E.1;K´�iR.=?5�8<57C�>AusXYCA�



+]P-P � ���������� � � �����	 � ��� 	 ��D�  � ����	 	 

�<@B57CD8;CA�9FD�$uD571 ²<:<=?5I�-XY:<S 57E.195��qEG>D>D�(&B14:<1<=�xo:�57CA�?571<19571r, �WEG5�/2:9>A3657CAuA:<1<= 8<57C�ln5o>D>A:<1<=?571 xo:<C
�e3657E.uA@B57R&Xi>AuA:<1<=�8<57CV��CA�;K��?�iCA�B57CVt?�i1©p��$� )+)+)2H<E.1<=?57=?571©57CA=4XY@©8;EG5¯E.1 /2@<@<E.RG8;:<1<=��;,.+7�I89XYCA=?5o>AuD57R.R.uD5
��57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8;@B57xoEG57H4:<1<=b@B57Er57E.1957Sz/2@9>DFDH957CD571r,elE.u2XY@<=?57@<E.RG8<57uqEG>Auq8;EG5N��:<CAt?5M1eXiFDHIUWRG57EGFDH4:<1<=
< P;,.+7��YW8<5o> �fP-R�%�X � P-R�% A�����C�3.+]O54£/219>sXYuAx]5o>�xo:<CM°±5o>AuAE.S�Sm:<1<=8<57CM�qEG>D>D�(&B14:<1<=�@B57E�=?57=?57@B571957CN�qEG>§�
>A:;K´57CAt?57CD>DFDH<EG57@<:<1<=9,

 

0

20

40

60

80

100

0 100 200 300 400 500 600

Rissverschiebung �  [µm]

R
is

sö
ff

nu
ng

 

�  [
µm

]

     3,0 N/mm² 

     5,0 N/mm² 

     rechnerischer Ansatz

 

0,6 ⋅ v2/3

0,55 ⋅ v0,8

/2@<@<E.RG8;:<1<=b�;,.+7� �9p��$�<EG>DFDH95o>���57CAHe�YR.uA1<EG>�xo3µEG>DFDH9571 8<57C��qEG>D>A:;K´57CAt?57CD>DFDH<EG57@<:<1<=
v
:<198I8<57C��qEG>D>D�(&B14:<1<=

w
@B57EdCD57E.1957C2�qEG>D>At?57CAx(XYH<14:<1<=b8<5o>q��CA�;K��?�iCA�B57CAu �$� )+)+) < :2C],9¬-¬ �ev-� �9vY�T:<198v?ª$Y

��57:<uAR.EGFDH_xo:_57CA�?571<19571�EG>Au¯8<57C ��E.1;¦9:9>D>b8<57C�¥2@B57C§¦¨�iFDH9571<CsXY:<H957E.u],WJ$� uACAE &Bub8<57Cb/219>sXYuAx1eXiFDH�8<57S
�fP-R�%�X � P-R�%,A�����Cb8<571¯��57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8¯K��<C£57E.1952�WXY:<uAEG5 K´5qt?�i1

Rt �
� � OMS�S XYS @B5o>AuD571r,4°±57E9=-CD�Y�

'?57CD57Cq�WXY:<H957E.uµS�EG>D>Au±S¯XY1�57E.19571�>Aus�YCA�?57CD571�/219>AuAEG57=T8<57Cq�qEG>D>D�(&B14:<1<=?571r, �WEG5o>D5�8;E.CD57�$uD5M/2@<He�Y1<=-E.=-�?57E.u
EG>AuW57E.1;K·XiFDHI1eXiFDH4t?�iR.R.xoEG57H4@eXYC-�r36571<1IS¯XY1I>AEGFDH�89Xi>W/2@9>DFDH957CD571�8<57CM�qEG>D>A:;K´57CqE.1I²9�iCAS t?�i1n=?57=?5714�<@B57C§�
R.EG57=?57198<571 ��CD���9R.=?5o�iST57uACAEG571 t?�iCD>AuD57R.R.u],±²!�<C�¥2@B57C§¦¨�iFDH95719>AuACA:<�$uA:<CD571�S�E.u =-CD�J'?57CD571 �WXY:<uAEG5 K´571��-XY1<1
8<57CW��57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8 XY@43657EGFDH957198�t?�i1 UWRG57EGFDH4:<1<= < P;,.+7��Yµ1eXiFDH�UWRG57EGFDH4:<1<= < �;, �DYµ@B5o>D>D57C�XY1<=?57�eXi>D>Au
3657CD8<571r,

w = 0, 55 · v0,8 < �;, �DY

) 1;K´�iR.=?5T57E.1957C¤��CAH9�iH4:<1<=�8<57CV²<:<=?571<19�iCAS¯XYRG>A�eXY1<14:<1<=��?�iS�Smu¤5o>mE.S °±57CD57EGFDH �$RG57E.1957Cm��57C§K´�iCASm:<1<=?571
xo: 57E.1957CN>DFDH957E.14@eXYCD571 ��5 K´�iCAS¯XYuAEG�i1�8<57Cm��:<CAt?5�8<5o>M��57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8<5o>],��MX 8;EG5�²<:<=?571 S�E.uN57E.19571
H9�iH957CD571T��CsX(K�u��<@B57CD8;CA�9FD�$u�3±XYCD571�EG>Au�57E.195±=-CD�J'?57CD5q�qEG>D>D�(&B14:<1<=�E.1T8;EG5o>D57S °±57CD57EGFDHT:<143±XYH<CD>DFDH957E.1<R.EGFDHr,
J4usXYuAuD8<5o>D>D571�EG>Au�8;EG5µw2CD>sXiFDH95±H<EG57C§K��<C£57H957C�E.1�8<57C�:<1<=?571eXY:9571b°±5o>DFDH<CD57E.@<:<1<=m8<57C��WXY:<H957E.u�S�E.u�y2E.R�K´5±8<5o>
��XYCsXYST57uD57CD>

Rt
xo:I>A:9FDH9571r,��_EG5mE.1n�NXY�<E.uD57R��T=?57x]57E.=-uW3µ:<CD8<5$�¨@B573µE.CA�?571I:<14uD57CD>DFDH<EG5o8;R.EGFDH95T�WXY:<H957E.uD>§�

=?5o�iST57uACAEG571�EG8<5714uAEG>DFDH957CN�WXY:<uAEG5 K´5¤8;EG5¤/2@43657EGFDH4:<1<=8<57C���57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8<5�E.1I8;EG5o>D57S�°±57CD57EGFDHr,d/2@
57E.1957Cµ�qEG>D>A:;K´57CAt?57CD>DFDH<EG57@<:<1<=¤t?�i1

v �
�-�

µ
S R&�i>D>Au6>AEGFDH�>DFDH<R.EG5F'-R.EGFDH57E.1 E @B57CD8;CA�9FD�?571�8<57Cµ�qEG>D>D�(&B14:<1<=

XY:9FDHnXY1<HeXY198�57E.1957Cq=?57CAE.1<=?57CD571�J4uD57E.=-:<1<=b8<5o>µ��57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8<5o>W57CA�?571<19571r,

admin02

admin02


admin02
R

admin02
R

admin02
t

admin02
t

admin02
=0,6mm

admin02
=0,9mm

admin02


admin02




� � � � ���� �����
	 	�����=��� �����	����������� �������� �����	 � ��� 	 ������ ����� �����	� �� +]P-�
!&��� � �!���*��� � ����� ��� � �����  �"��!����8!�! �"������ ����� �� �"�� ���!�(���! �" � ���������

�WEG5±57CAS�E.uAuD57R.uD571¯°6CA:9FDH9>DFDH4:<@9>A�eXY1<14:<1<=?571 >AE.198Vxo3657E�K´57RG>D�iH<195µ8<57S ��E.1;¦9:9>D>�8<57C�t?57CA3657198<57uD571T��57CD>A:9FDH;�
>D57E.1<CAEGFDH4uA:<1<=�:<14uD57CA36�iC§K´571r,	J$�¯@B5o>DFDH<CD57E.@B571 , +JX .K+JjJ%�1�:<198 @ %l� F +JX i %�.
3 v-¬54�8<571�lIXi>D>D>AusXY@9>D57E.1;¦9:9>D>

λXY1 >DFDH4:<@<@B5]XY19>A�<CA:9FDH4uD571�°µXY:<uD57E.RG571_�iH<195J$FDH4:<@<@B573657H<CA:<1<= K��<CT>DFDH<R&XY1<�?5�:<198©=?5o8;CA:<1<=?57195°µXYR.�?571
1eXiFDH�UWRG57EGFDH4:<1<= < �;, ��YµXY1<HeXY1988<57Cq°µXYR.�?571<H9�iH95

h
,

 

0,0

5,0

10,0

15,0

20,0

25,0

30,0

-5,0 0,0 5,0 10,0 15,0 20,0 25,0 30,0

Fugennormalspannung  σj  [N/mm²]

Sc
hu

bb
ru

ch
sp

an
nu

ng
 τ j

   
[N

/m
m

²]

  Mainz Typ II HDW-gestrahlt

  Mainz Typ II Nadelhammer

  TypI Sandgestrahlt

  TypII Sandgestrahlt

  Typ III Sandgestrahlt

0,464 σ + 7,09

0,5 <  � t < 0,7  [mm]

0,0

5,0

10,0

15,0

20,0

25,0

30,0

-5,0 0,0 5,0 10,0 15,0 20,0 25,0 30,0

Fugennormalspannung  σj  [N/mm²]

Sc
hu

bb
ru

ch
sp

an
nu

ng
  τ

j  
[N

/m
m

²]

  Mainz Typ II HDW-gestrahlt

  Mainz Typ II Stockhammer

  Typ I Sandgestrahlt

  Typ II Sandgestrahlt

  Typ III Sandgestrahlt

0,8 <  � t < 1,3  [mm]

0,4431 σ  + 8,273

/2@<@<E.RG8;:<1<= �;,.+]� �<��57CA=-RG57EGFDHbt?57CD>DFDH<EG5o8<571957C6��57CD>A:9FDH9>A�?�iCA�B57CAu �$�B571bS�E.u£t?57CA=-RG57EGFDH4@eXYCD571�°±57uD�i1;K´5o>AuAE.=-�?57E��
uD571�E.S y2E.14@<R.EGFD�XY:;K�8;EG5N�257E.@<:<1<=?>AH �$�B�iuAH95o>D5

λ = (1 + 10h
3 S 4

)−1/2 < �;, ��Y
w21<�$R&XYC�EG>Au-���i@ 8;EG5�5��;�B57CAE.ST5714uD57R.RG5w214uD57CD>A:9FDH4:<1<= t?�i1_J$FDH4:<@;K�:<=?571 xo3µEG>DFDH9571_/2R.u§�N:<198�:W57:<@B57uD�i1
57E.1957S�>D�iRGFDH9571nlIXi>D>AusXY@9>D57E.1;¦9:9>D>q:<14uD57CAR.EG57=?571r,W:�XiFDH a9+J1WR X!EG>Auq5o>qxo:98<57S K�CsXY=-R.EGFDHn�i@89Xi>2prCsXY=i�6:<198
��57C§K´�iCASm:<1<=?>At?57CAHeXYR.uD571I8<5o>qy�X(K�uAt?57CA@<:<198;uACsXY=4XY14uD57E.RG>W8;:<CDFDH57E.195N�YH<1<R.EGFDH95m°±57xoEG57H4:<1<=T�?�iCACAE.=-EG57CAu23657C§�
8<571I�-XY1<1r,B°µXYR.�?5714t?57CD>A:9FDH95TS�E.u�1eXiFDH4uACs�Y=-R.EGFDH957C�¥2CAuA@B57uD�i1957CA=4�Y1<xo:<1<=3µ:<CD8<571Ixo:�8;EG5o>D57S �e365oFD�nt?�i1
= +(k ����1�%�. 3.+]v54W:<198 ��R&XYuAuD5714t?57CD>A:9FDH95It?�i1_�����
	h!-%�.�:<198_����� . 2 R$iZI � %l��X % 3 ¬Y�J4W:<14uD57CA19�iS�ST571r, �WEG5o>D5
CD57�<Cs�i>D5714uAEG57CD571�XYR.RG57CD8;E.1<=?>�RG5o8;E.=-R.EGFDH 57E.195�8<57C�ST�i=-R.EGFDH9571��£XYCAE&XY14uD571�57E.1957C�°±57uD�i19>DFDH4:<@;K�:<=?5 E.1�°±5 �
uD�i14uACsXY=-3657CA�?571r, �WEG5¤��57CD>A:9FDH95Tx]57E.=-uD571�57E.195�=-:<uD5 E @B57CD57E.19>AuAE.S�Sm:<1<=S�E.uN8<571���CA=?57@<1<EG>D>D571�8<57Cm/2@;�
>DFDH957CA�?�iCA�B57C],�) S y2E.14@<R.EGFD�XY:;K�8;EG5N°±5o>Aus�YuAE.=-:<1<=b8<57C E @B57CAuACsXY=-@eXYCA�?57E.u�XY:9FDH@B57E	8<57C2/2143657198;:<1<=bt?�i1
H9�$FDH;K´5o>AuD571°±57uD�i19571@B5o>AuD57H4uq3657E.uD57CAH<E.1n²9�iCD>DFDH4:<1<=?>A@B5o89XYC§KA,
�WEG5V��57CD>A:9FDH9>A�?�iCA�B57CN8<5o>�p��$� )µ3µEG5o>D571IS�E.uM�-�bF7S�8;EG5m=-CD�J'-uD5�²<:<=?571<R&�Y1<=?5TXY:;KA,¨��57CA=-RG57EGFDH4uMS¯XY1�8;EG5
��CA=?57@<1<EG>D>D5�S�E.uq8<571�°6CA:9FDH9>DFDH4:<@9>A�eXY1<14:<1<=?571�8<57Cµ�2�iCA�B57CµS�E.uµ�$�<CAx]57CD571�²<:<=?571��<>D�Vx]57E.=?571�8;EG5�� 57CAuD5
�?57E.195±:<1957CA3±XYCAuD57uD571¯/2@43657EGFDH4:<1<=?571 < t$=-R·,i/2@<@<E.RG8;:<1<=N�;,.+]�DY ,-°±57E;8<57C���CA�;K�:<1<=N8<5o>���CD�i@B57�?�iCA�B57CAu �$�9>�)+)
3µ:<CD8<5�S�E.uM8<571�@B57EG8<571��£XYCAE&XY14uD571&)+)§XT:<198 )+) @I8;EG5¯J$FDH4:<@;K�:<=?571<R&�Y1<=?5T:<S 8;EG5¤y��YR�K�uD5¤t?57CA�$�<CAxou < t$=-R·,
/2@<@<E.RG8;:<1<= �;, vDY ,9/2:9FDH�H<EG57Cq3±XYC257E.195M=?57ST57E.19>sXYST5N/2:9>A3657CAuA:<1<=¯ST�i=-R.EGFDHr,
�W:<CDFDH 8;EG5µ:<14uD57CD>DFDH<EG5o8;R.EGFDH9571nJ4�eXY1<14:<1<=?>Axo:9>Aus�Y198<5�8<57C657E.1<x]57R.19571b��57CD>A:9FDH9>Au �$�B571b57CA=4XY@B571b>AEGFDHb57E.1<E.=?5
/2@43657EGFDH4:<1<=?571��-3µEG56>AEG5�E.1V/2@<@<E.RG8;:<1<=M�;,.+]�q@B57EG>A�<EG57R.HeX(K�u!89XYCA=?5o>AuD57R.R.u�>AE.198d, ) 1;K´�iR.=?5£8<57C!t?57CAHe�YR.uA1<EG>AS¯�('-E.=
H9�iH9571_²<:<=?571<19�iCAS¯XYRG>A�eXY1<14:<1<=�8<5o>Tp��$� )+)V57CA=-E.@<u¯>AEGFDH 57E.195�=?57CAE.1<=?57CD5IJ4uD57E.=-:<1<= 8<57CbU�57CsXi8<571_8<5o>



+]PY� � ���������� � � �����	 � ��� 	 ��D�  � ����	 	 

��57CD>sXY=?5719>A�$CAE.uD57CAE.:<ST>], ��57CTw214uD57CD>DFDH<EG5o8 EG>Au�S�E.uT8<57CbJ4uACD57:<:<1<=�8<57CT��57CD>A:9FDH9>A3657CAuD5�1<EGFDH4ub57E.198<57:<uAE.=
xo:�@B57=-CA�<198<571 :<198 >D�nEG>AuT57E.1 ��E.1;¦9:9>D>bXY:;K�=-CA:<198 8<57C���57CD>A:9FDH9>D57E.1<CAEGFDH4uA:<1<=©1<EGFDH4u XY:9>Axo:9>DFDH<R.EG5o>D>D571r,
��571<�$@eXYCq>DFDH957E.14u2H<EG57C257E.1�:<1<=-�<19>AuAE.=T3µE.CA�?57198<57CW��E.1;¦9:9>D>qCD5o>A:<R.uAEG57CD57198<57CM³2:957CAxo:<=?>A�eXY1<14:<1<=?571r,

!&��� #H��� > 9 9;����)+>�� � ������� ���:9;����	&���������

lE.uby2E.R�K´5�t?�i1�8;CD57E2:<14uD57CD>DFDH<EG5o8;R.EGFDH9571 ��57CD>A:9FDH9>A�?�iCA�B57CA1�3±XYC 5o>¯ST�i=-R.EGFDH 8<571���E.1;¦9:9>D>¯t?�i1_H9�$FDH;�
K´5o>AuD57S�°±57uD�i1�E.S °±57CD57EGFDH�t?�i1 :<14@B573657H<CAuD571 J$FDH4:<@;K�:<=?571 xo: :<14uD57CD>A:9FDH9571r, �W:<CDFDH�8;EG5��£XYCAE&XYuAEG�i1
t?57CD>DFDH<EG5o8<571957C±��E.1;¦9:9>D>A�eXYCsXYST57uD57CA1��?�i1<14uD571 57E.1<E.=?5 �4:eXYR.E.usXYuAE.t?5W°±5o�i@eXiFDH4uA:<1<=?571 =?57S¯XiFDH4u±3657CD8<571�8;EG5
1eXiFDH;K´�iR.=?57198�xo:9>sXYS�ST571<=?5 K·Xi>D>Auq3657CD8<571�?�i1<19571��


 °±57EW57E.1957C /2:;K�CsXY:<:<1<= t?�i1�°±57uD�i19�i@B57C§¦¨�iFDH9571 EG>Aub89Xi>¯��57CAHe�YR.uA1<EG>bxo3µEG>DFDH9571 °±57uD�i1;�¤:<198 �e:;�>DFDH<R&XY=?>§K´5o>AuAE.=-�?57E.u	57E.1N3µEGFDH4uAE.=?57C���XYCsXYST57uD57C!xo:<C	��CAx]57:<=-:<1<=W57E.1957C�¥2@B57C§¦¨�iFDH9571<CsXY:<H957E.u],i°±57E-H9�$FDH;�
K´5o>AuD57S�°±57uD�i1�57CA3657EG>Au�5o>�>AEGFDH¤89XY@B57E;>DFDH9�i1V�$:<CAx]5 �¨57E.u!1eXiFDH�8<57S�°±57uD�i1<EG57CD571TXYRG>��Y: '?57CD>Au�>DFDH43µEG5 �
CAE.=¯57E.195�@B5o>AuAE.S�SmuD5¤¥2@B57C§¦¨�iFDH9571<CsXY:<H957E.uWxo:57CAxoEG57RG571r,


 �WEG5�J$FDH4:<@;K´5o>AuAE.=-�?57E.uqXY:;K�=-CA:<198b8<5o>6y�X(K�uAt?57CA@<:<198<5o>63µE.CD8TE.S � 5o>D5714uAR.EGFDH9571�8;:<CDFDH 8;EG5W²95o>AuAE.=-�?57E.u8<5o>N1eXiFDH4uACs�Y=-R.EGFDH 57CA=4�Y1<xouD571 °±57uD�i19>m@B5o>AuAE.S�Smu],��MXY@B57E£57CA=4XY@ 8<57C � 5oFDH9>D57R£t?�i1 57E.1957C
:W57:<@B5 �
uD�i1;K´5o>AuAE.=-�?57E.uNt?�i1�v;+$� � @<xo3N,�+]P-� � �0:]\(S�S 2 XY19>AuD57R.RG5¤t?�i1 �-� � �T:]\(S�S 2 57E.195T8<�i�<�B57R.um>D�bH9�iH95prCsXY=-3µE.CA�$:<1<=�8<5o>�y�X(K�uAt?57CA@<:<198<5o>],�/2RG>TUWCA:<198$K´5o>AuAE.=-�?57E.u��-XYS~H<EG57CAxo: 57E.1 /2R.uA@B57uD�i1©S�E.u�57E.1957C
²95o>AuAE.=-�?57E.u�t?�i1T�-� � �@:]\(S�S 2 xo:<C�/2143657198;:<1<=9,-��E.1�/21;K´57:9FDH4uD571T�$8<57C���Xi>D>D57CD>s�YuAuAE.=?571�8<57C£¥2@B57C§�¦¨�iFDH95Nt?�iCq8<57Sz/214@B57uD�i1<EG57CD571n57CA=4XY@��?57E.195M��57CA@B5o>D>D57CA:<1<=¯8<57C2y�X(K�uAt?57CA@<:<198<57E.=?5719>DFDHeX(K�uD571r,


 �WEG5T��CsX(K�uA�<@B57CAuACsXY=-:<1<=�XY:;Kq°µXi>AEG>m8<5o>my�X(K�uAt?57CA@<:<198<5o>V57CA3657EG>AuV>AEGFDH©XYRG>Nt?57C§K´�iCASm:<1<=?>sXY@<He�Y1<=-E.=:<198�3µ:<CD8<5N@<EG>µxo:57E.1957CMJ$FDH4:<@4t?57C§K´�iCASm:<1<=�t?�i1n� ÷ � µ
Sz8<5o>�UWCD571<xo@B57CD57EGFDH9>W8<57C2²<:<=?5M=?57ST5o>§�

>D571r,;U�57ST5o>D>D57195W�qEG>D>A:;K´57CAt?57C§K´�iCASm:<1<=?571 8;EG5o>D57CqUWCD�J'?52=4XY@B571bxo:<S�E.198<5o>Au±57E.19571 y2E.143657EG>µXY:;K!8;EG5
�_E.CA�$:<1<=T8<57C2prCsXY=4XY14uD57E.RG5m@B57Er57E.1957C2�2�iSm@<E.1eXYuAEG�i1It?�i1�qEG>D>At?57CAx(XYH<14:<1<=T:<198�y�X(K�uAt?57CA@<:<198d,


 �WEG5N¥2@B57C§¦¨�iFDH9571<CsXY:<H957E.uW@B5o>AE.uAxouµ57E.19571���E.1;¦9:9>D>qXY:;K�8;EG5mUWCD�J'?5M8<5o>µy�X(K�uAt?57CA@<:<198<5o>],<°±5o>D�i198<57CD>8<57:<uAR.EGFDH�>DFDH957E.14u�8;EG5o>T@<EG>¯xo:_57E.1957Cb�WXY:<H957E.ubt?�i1
Rt �

+�S�S«xo:_>D57E.1r,±UWCD�J'?57CD5�WXY:<H957E.uD571
57CAxoEG57RG571�14:<CAST57H<CW57E.195M=?57CAE.1<=?57CD5¤J4uD57E.=-:<1<=b8<57Cqy�X(K�uAt?57CA@<:<198;uACsXY=iK·�YH<E.=-�?57E.u],


 ��57C6/214uD57E.RB8<57C6�qEG>D>At?57CAx(XYH<14:<1<=VEG>Au£14:<C6=?57CAE.1<=iK��<=-E.=Vt?�i1 8<57C£t?57CA3657198<57uD571�°±57uD�i1;K´5o>AuAE.=-�?57E.uqXY@;�He�Y1<=-E.=9,�) 198;E.CD57�$uM@B5o>AuAE.S�Smum8;EG5 :W57:<@B57uD�i1;K´5o>AuAE.=-�?57E.um8;:<CDFDH�8;EG5�5714uD>AuD57H957198<5T�qEG>D>D>AuACA:<�$uA:<CM8<57C
¥2@B57C§¦¨�iFDH95H4A5o8<�$FDH�8;EG5ln�i=-R.EGFDH<�?57E.u�8<57Cb��CsX(K�uA�<@B57CAuACsXY=-:<1<= 8;:<CDFDH�57E.195��57CAx(XYH<14:<1<=9, �MX 5o>
@B57E.S¸y�X(K�uAt?57CA@<:<198;t?57CD>sXY=?571 S�E.u�H9�$FDH;K´5o>AuD57C :W57:<@B57uD�i1957CA=4�Y1<xo:<1<=�xo:<S¸p	57E.Rqxo:<CT/2:9>A@<E.RG8;:<1<=
t?�i1 ¥2@B57C§¦¨�iFDH9571IS�E.uW=?57CAE.1<=?57CM�WXY:<H957E.uW�?�iS�Smu-�BEG>AuW8<57C�/214uD57E.R�8<57C��qEG>D>At?57CAx(XYH<14:<1<=�8<57ST5714u§�
>A�<CD5oFDH957198�=?57CAE.1<=?57C],



���������
	����

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

�WEG5 :<14uD57CD>DFDH<EG5o8;R.EGFDH95�:�XYuA:<CT8<57C�@B57EG8<571�3µEG8<57CD>AusXY198<>A@B5o>AuAE.S�ST57198<571_��E.1;¦9�9>D>D5�8<5o>Ty�X(K�uAt?57CA@<:<198<5o>
:<198b8<57C±�qEG>D>At?57CAx(XYH<14:<1<=V3µ:<CD8<52@B57CD57E.uD>£E.1 /2@9>DFDH<1<E.uAuµP;,.+qt?57CD8<57:<uAR.EGFDH4u],¨J$�N3µE.CD8b8;EG52prCsXY=-3µE.CA�$:<1<=�E.1
8;EG5o>D57S �NXY�<E.uD57R¨K��<C6@B57EG8<5 �_EG8<57CD>Aus�Y198<5W=?57uACD571<14u±@B57uACsXiFDH4uD57u],<��>6EG>Au689XY@B57E 4A5o8<�$FDH 89XYCsXY:;K	xo:�XiFDH4uD571��
89Xi>D>M@B57EG>A�<EG57RG>A3657EG>D5¯8;EG5�/2:9>A@<E.RG8;:<1<=8<5o>my�X(K�uAt?57CA@<:<198<5o>m57E.19571 365o>D5714uAR.EGFDH9571���E.1;¦9:9>D>VXY:;Kµ8;EG5�1eXiFDH
57E.1957Sz�qEG>D>6E.S ²<:<=?5714@B57CD57EGFDHCD5o>A:<R.uAEG57CD57198<5¤¥2@B57C§¦¨�iFDH95719>AuACA:<�$uA:<C2@B5o>AE.uAxou],;/2:9>A=?57H957198�t?�i1���CA�?571<14u§�
1<EG>D>D571��	8;EG5bXY1<HeXY198�8<57Cm:<14uD57CD>A:9FDH4uD571 2dE.uD57CsXYuA:<CV:<198�8<571 57E.=?5719571 ��57CD>A:9FDH9>D57CA=?57@<1<EG>D>D571 =?5736�i1<19571
3657CD8<571 �?�i1<14uD571��;>D�iR.R¨8;EG5o>£@B57EB8<57C6��CAS�E.uAuAR.:<1<=�8<5o>6�qEG>D>At?57CAx(XYH<14:<1<=?>A3µEG8<57CD>AusXY198<5o>q°±57CA�9FD�;>AEGFDH4uAE.=-:<1<=
�9198<571r,

�D�
 ����� � �9 9 ����� ����� � >�) � ����� �*���������

��E.195�8;E.CD57�$uD5bST5oFDHeXY1<EG>DFDH95�ln�$8<57R.R.@<E.RG8;:<1<=�xo:<C�°±5o>AuAE.S�Sm:<1<= 8<57C�y�X(K�uAt?57CA@<:<198;�$Cs�(K�uD5 >DFDH957E.14uT1eXiFDH
H957:<uAE.=?57S J4usXY198_8<57Cbp	5oFDH<1<E.� 1<EGFDH4u ST�i=-R.EGFDH_xo:_>D57E.1r, �e: :<S¤K·XY1<=-CD57EGFDH�>AE.198 8;EG5��£XYCAE&XYuAEG�i19571�8<57C
°±5o>AusXY198;uD57E.RG5�8<5o>��2�i1<=-RG�iST57CsXYuD5o>m°±57uD�i1I:<198n3657E.uD5o>AuA=?57H957198I:<14@B57�-XY1<14uN>AE.198I8;EG5 �e:9>sXYS�ST571<He�Y1<=?5
8<57Cm57E.1<x]57R.19571���E.1;¦9:9>D>§K·XY�$uD�iCD571r,r°±57E�8<57CN/2:9>A3657CAuA:<1<=n8<57CMt?�iCsXY1<=?57=4XY1<=?5719571��!5��;�B57CAE.ST5714uD57R.RG571 w21;�
uD57CD>A:9FDH4:<1<=?571_�?�i1<14uD571 8;EG5n¥2@B57C§¦¨�iFDH9571<CsXY:<H957E.u-�68;EG5�°±57uD�i1;K´5o>AuAE.=-�?57E.uT:<198�8<57CD571 �2�iSm@<E.1eXYuAEG�i1 K��<C
/2R.u§�	:<1988:W57:<@B57uD�i1��?>D�]3µEG528<57C£��E.1;¦9:9>D>£8<57C£²<:<=?571<19�iCAS¯XYRG>A�eXY1<14:<1<=�:<198Txo:¯57E.1957S =?573µEG>D>D571bp	57E.Re8;EG5
¥2@B57C§¦¨�iFDH9571;K´57:9FDH4uAE.=-�?57E.uT@B57E.S/214@B57uD�i1<EG57CD571 @B57CA�9FD�;>AEGFDH4uAE.=-uV3657CD8<571r,�� 57E.uD57CD5¯²eXY�$uD�iCD571��	3µEG5T57u 3±X
8<57C �¨57E.uA�<:<1<�$uN8<5o>M/214@B57uD�i1<EG57CD5719>�:<198�8;EG5¤�2�i19>AEG>AuD571<x�8<57CM°±57uD�i1957CA=4�Y1<xo:<1<=�Sm:9>D>AuD571�XY1<HeXY198nt?�i1
��CA=?57@<1<EG>D>D571�XY:9>m8<57C(2dE.uD57CsXYuA:<CV@B57:<CAuD57E.R.um3657CD8<571r, �MX H<EG57Cm19�$FDH 57E.1 =-CD�J'?57C¤²9�iCD>DFDH4:<1<=?>A@B5o89XYC§K2@B5 �
>AuD57H4u-�¨>D�iR.RrE.S�²9�iR.=?57198<571nRG5o8;E.=-R.EGFDHI57E.195¤UWCA:<198;R&XY=?5NK��<Cq3657E.uD57C§K��<H<CD57198<5¤w214uD57CD>A:9FDH4:<1<=?571�=?5o>DFDHeX5&d571
3657CD8<571r,

���
� �
� �� & � � � ��
 &(� � # ��
 & �	�

�WEG5�°±5o8<57:<uA:<1<=�8<57Cq¥2@B57C§¦¨�iFDH95719>AuACA:<�$uA:<CµK��<C68<571�y�X(K�uAt?57CA@<:<198b3±XYCµ>DFDH9�i1¯K�CA�<Hb@B57�-XY1<14u],;/2:;K�=-CA:<198
8<57CµlI�Y1<=?57RBxo:<C2³2:eXY14uAE �9xoEG57CA:<1<=b8<57Cµ�WXY:<H957E.u±�?�i1<14uD571�8;E.CD57�$uD5 �e:9>sXYS�ST571<He�Y1<=?5�@<EG>AR&XY1<=¤1<EGFDH4uWXY:9>§�
CD57EGFDH957198��?�i1<�$CD57uAEG>AEG57CAuµ3657CD8<571r, �f+J2"1��T3 �-O54	>AuD57R.R.uD5MXY@�57E.1957Cµ1eXiFDH �
+J��!G. +J1 1d3 �4�54d=?57ST5o>D>D5719571��WXY:;�
uAEG5 K´5

Rt �
+$� ��S�S 14:<CV19�$FDH�57E.19571 =?57CAE.1<=iK��<=-E.=?571���E.1;¦9:9>D>¤8<57CT¥2@B57C§¦¨�iFDH9571<CsXY:<H957E.uD571�K´5o>Au],
�e3±XYC

EG>Au¯57E.1_�YH<1<R.EGFDH957C � &d57�$uTE.S �WXYH<ST571 8;EG5o>D57C¯/2CA@B57E.ubXY:9FDH @B57E2/2143657198;:<1<= H9�$FDH;K´5o>AuD57Cb°±57uD�i195�xo:
+]P-�



+]P-O � ���������� ��� � D��� ����������	� ����� � � ���� � � ��� �A���	�

57CA�?571<19571���4A5o8<�$FDHn3µ:<CD8<571nH<EG57CW�?57E.195m�WXY:<H957E.uD571
Rt �

+$� �TS�Sz=?57�<CA�;K�u], �MXT8;EG5V/21<1eXYH<ST5¤XY:9>W8<571
w214uD57CD>A:9FDH4:<1<=?571 S�E.uVt?�iCAHeXY198<571957CT²<:<=?571<19�iCAS¯XYRG>A�eXY1<14:<1<=�t?�i1 �f+J2"1��n5��;uACsXY�B�iR.EG57CAu¤3µ:<CD8<571���>AE.198
3657E.uD57CD5(2	XY@B�iCAt?57CD>A:9FDH95MK��<Cq57E.195N��R&�YCA:<1<=T19�iu 3657198;E.=9,
�e:¤@B57CA�9FD�;>AEGFDH4uAE.=?571¯EG>Au�8;EG5µp!XYuD>sXiFDH95$�?89Xi>D>�8;EG5±CD5o>A:<R.uAEG57CD57198<5qy�X(K�uAt?57CA@<:<198$K´5o>AuAE.=-�?57E.u�1<EGFDH4u£E.1�8;E.CD57�$uD57C
� 57EG>D5¯8;:<CDFDH©8;EG5Tt?�iS /2R.uA@B57uD�i1 xo:<Cm��57C§K��<=-:<1<=n=?5o>AuD57R.R.uD5 ¥2@B57C§¦¨�iFDH9571<CsXY:<H957E.u�@B5o>AuAE.S�SmuV3µE.CD8d,�J4EG5
>AuD57R.R.u�RG5o8;E.=-R.EGFDHT8;EG5qUWCA:<198;R&XY=?56K��<C�57E.19571�ST�i=-R.EGFDH9571�S¯X5�;E.S¯XYRG571 � 57CAu�8<57C�y�X(K�uAt?57CA@<:<198$K´5o>AuAE.=-�?57E.u�89XYC],
J$�W@<EG57uD57u�57E.195±@B5o>AuAE.S�SmuD5q�WXY:<H957E.u�57E.195µFDHeXYCsXY�$uD57CAEG>AuAEG>DFDH95q²9�iCAS :<198¤57E.1�ST5o>D>A@eXYCD5o>�lIX('NXY1�xo:<C���57C§�
K��<=-:<1<=V=?5o>AuD57R.R.uD57CqU�5o>sXYSmuD�i@B57C§¦¨�iFDH95-,9�2�i1<19571�8;EG5o>D52t?�iS 1eXiFDH4uACs�Y=-R.EGFDH57CA=4�Y1<xouD571�°±57uD�i1 t?�iR.RG>Aus�Y198;E.=
=?5714:<uAxou¤3657CD8<571���>D�57CAxoEG57R.uVS¯XY1©8<571 S¯X5�;E.S¯XYRG571�y�X(K�uAt?57CA@<:<198 K��<CV8;EG5o>D5¯@B5o>AuAE.S�SmuD5 �WXY:<H957E.u],�¥2@
57E.195�>D�iRGFDH95�²95o>AuAE.=-�?57E.u¯E.S¸��57CA@<:<198 S�E.u¯57E.1957S :W57:<@B57uD�i1 57CAxoEG57R.u¯3657CD8<571 �-XY1<1���He�Y1<=-u¯3µEG5o8<57CA:<S
HeXY:<�<uD>s�iFDH<R.EGFDHnt?�i1�8<5o>D>D571lIXYuD57CAE&XYRG57E.=?5719>DFDHeX(K�uD571�XY@r,

���
� ��� � #;� & ����# "�& ��$'&(������
 # �0� &(� ! & � � & ��� ���

�WEG5��e:9>sXYS�ST5719>D57uAxo:<1<=¤:<198b8<57C �e:9>AusXY198¯t?�i1 /2R.u§�!:<198 :W57:<@B57uD�i1b>A�<EG57RG571 57E.19523µEGFDH4uAE.=?5M�2�iR.RG5q@B57E.S
/2:9>A@<E.RG8<5718<5o>2y�X(K�uAt?57CA@<:<198<5o>],��WEG5MuAH957CAST�$8.�$1eXYS�EG>DFDH9571I��Cs�(K�uD5m>AE.198�8;E.CD57�$uqt?�i18<571IXY18<57C2°±57uD�Y�
19�i@B57C§¦¨�iFDH95±t?�iCAHeXY198<5719571T��57CA@<E.198;:<1<=?571T:<198�8<57CD571�/2=-=-CD57=4XYuAxo:9>Aus�Y198<571bXY@<He�Y1<=-E.=9,?°±57E.S /2@<@<E.198<571
8<5o>µ°±57uD�i19>2>AE.198�8;EG5o>D5M>AusXYCA�?571���57Cs�Y198<57CA:<1<=?571n:<14uD57CA36�iC§K´571r,e/2:;K�=-CA:<198�8<57C ) 1<H9�iST�i=?571<E.us�Yu2EG>Auµ57E.195
57E.198<57:<uAE.=?5q��C§K·Xi>D>A:<1<=N89XYH957C6�Y: '?57CD>Au�>DFDH43µEG57CAE.=9,4/2:9>�8<571T/2CA@B57E.uD571�t?�i1�09.KP-��c1. +J1 1 3.+]�54eEG>Au�@B57�-XY1<14u-�
89Xi>D>�57E.1T19�iCAS¯XYR�K´5o>AuD57C£/2R.uA@B57uD�i1T@B57CD57E.uD>�@B57E957E.1957S /2R.uD57C�t?�i1T�<@B57C£ONJ4uA:<198<571¯�-XY:<S 19�$FDH¯57E.19571¯��E.1;�
¦9:9>D>2XY:;K�8<571y�X(K�uAt?57CA@<:<198�x]57E.=-uq:<198�>D�iS�E.u2XYRG>2>AusXYuAEG�i1e�YCq=?57R.uD571��-XY1<1r, �WEG5o>q5714uD>A�<CAEGFDH4uW1eXiFDH � .GB ��X
%Fi +JX�� 3 �?ª-4!8<57CWy �;8;CsXYusXYuAEG�i19>D>AuA:;K´5 )+) , �e:8;EG5o>D57S �¨57E.uA�<:<1<�$u �9198<57uW57E.195Mt?57CAST57H<CAuD5VprCAEG>A:<R�K·XYuA@<E.RG8;:<1<=
>AusXYuAu-�e8;EG5mS¯X('-=?57@<R.EGFDHnK��<CW89Xi>W��CD>AusXYCACD571It?57CsXY14u 36�iCAuAR.EGFDH EG>Au],¨°±57uD�i195NH9�iH957CD57CM²95o>AuAE.=-�?57E.uD571I@B5o>AE.uAx]571
1eXiFDH 8<57C ab2 ����iZX 2"1 2>%@!GB�.8� P-���l!-%lkFi %�1 0@%Fi>PJ1 3 P54q57E.195 CD57R&XYuAE.t =-CD�J'?5�²<CA�<H;K´5o>AuAE.=-�?57E.u],�lIXY1©�-XY1<1©K´�iR.=i�
R.EGFDH 57CA3±XYCAuD571��<89Xi>D>±>AEG5257E.19571��YH<1<R.EGFDH�>AusXYuAEG�i1e�YCD571*�e:9>AusXY198bxo: 57E.1957S K�CA�<H957CD571*�¨57E.uA�<:<1<�$uµ57CACD57EGFDH9571r,
�MX�8<57C
:W57:<@B57uD�i1©P-¬p!XY=?5b�$8<57CV>A�e�YuD57C¤XY:;K�=?57@<CsXiFDH4u�3µ:<CD8<5$�	�-XY1<1�E.1 8;EG5o>D57CV/2CA@B57E.uV8<57C¤/2R.uA@B57uD�i1
t?57CD57E.1;K·XiFDH957198nXYRG>q>AusXYuAEG�i1e�YCWXY1<=?5719�iS�ST571n3657CD8<571r,
�WEG528<57:<uAR.EGFDHb@B5o>D>D57CD571 Xi8;He�i>AE.t?571 ��E.=?5719>DFDHeX(K�uD571 t?�i1¯H9�$FDH;K´5o>AuD571 °±57uD�i19571b�?�i1<14uD571b@B57E¨8<57C6°±57uACsXiFDH;�
uA:<1<= 8<57CW��57CD>A:9FDH9>D57CA=?57@<1<EG>D>D5VE.1I�NXY�<E.uD57R���K´5o>AuA=?5o>AuD57R.R.uW3657CD8<571r,B��E.195��YH<1<R.EGFDHI�B�->AE.uAE.t?5V/2:9>A3µE.CA�$:<1<=
8<57C�lIXYuD57CAE&XYRG57E.=?5719>DFDHeX(K�uD571�H9�$FDH;K´5o>AuD57CM°±57uD�i1957CA=4�Y1<xo:<1<=?571 XY:;K£8<571�y�X(K�uAt?57CA@<:<198n3µ:<CD8<571 XY:9FDHIt?�i1
0@%���kl� +J��k-%�1 3.+-+�4£@B5o>DFDH<CAEG57@B571r,���57C¤UWCA:<198�H<EG57C§K��<CNEG>AuNE.1�8<57CN@B5o>D>D57CD571�²��YH<E.=-�?57E.umxo:<Cm/2:9>A14:<uAxo:<1<=
8<57Cµt?�iS /2R.uA@B57uD�i1�xo:<Cµ��57C§K��<=-:<1<=T=?5o>AuD57R.R.uD571I¥2@B57C§¦¨�iFDH95719>AuACA:<�$uA:<C2xo:�>A:9FDH9571r, �WEG5M²<CAEG>DFDH4@B57uD�i1<�?�i1;�
>AEG>AuD571<x:<198_8<57CbH9�iH957CD5I²957E.1<�?�iCA1eXY14uD57E.RNuACsXY=?571�89XYxo:_@B57E>�6�qEG5 K´571 :<198�XY198<57CD5Iw21957@B571<H957E.uD571 8<57C
lE.�$CD�->AuACA:<�$uA:<CTXY:9>Axo:;K��<R.RG571r, �WEG5 89XYCsXY:9>�CD5o>A:<R.uAEG57CD57198<5nU�5o>sXYSmuA�?�i14usXY�$u§¦¨�iFDH95�-XY1<1 XYRG>��M571<1<=-CD�J'?5
xo:<Cq°±5o>AuAE.S�Sm:<1<=b8<57C2y�X(K�uAt?57CA@<:<198$K´5o>AuAE.=-�?57E.u2=?5o>D57H9571�3657CD8<571r,
:W57@B571b8<57C±5714uD>AusXY198<5719571nU�5o>sXYSmuA�?�i14usXY�$u§¦¨�iFDH95M@B5o57E.1;¦9:9>D>Au±8;EG5W²9�iCAS 8<57C±lE.�$CD�->AuACA:<�$uA:<C±8;EG5MJ$FDH957C§�
:<198 �e:<=iK´5o>AuAE.=-�?57E.u68<5o>£y�X(K�uAt?57CA@<:<198<5o>], ) 1T3657RGFDH957CqUWCD�J'?5719�iCD8;14:<1<=�8;EG5o>D57C6��E.1;¦9:9>D>£R.EG57=-u-�?�?�i1<14uD5�XY:9>
lIXY1<=?57RdXY1¯��57CD>A:9FDH9571 xo:<S y�X(K�uAt?57CA@<:<198¯@<EG>AR&XY1<=V19�$FDHb1<EGFDH4uµ=?57�$R&�YCAu63657CD8<571r,9J$�N�?�i1<19571�8;EG5qE.1 /2@;�
@<E.RG8;:<1<=�O;,.+�89XYCA=?5o>AuD57R.R.uD571 ) >D�iR.E.1<EG571 8<57CqJ$FDH4:<@;K´5o>AuAE.=-�?57E.uq8<5o>±y�X(K�uAt?57CA@<:<198<5o>6xo3µEG>DFDH9571 :<14uD57CD>DFDH<EG5o8;R.E��
FDH9571 °±57uD�i1;K´5o>AuAE.=-�?57E.uD>A�$R&Xi>D>D571b14:<CqXYRG>657E.1�J$FDH<CAE.uAuqXY:;K	8<57S � 57=Vxo: 57E.1957C6ST�i=-R.EGFDH9571n³2:eXY14uAE �9xoEG57CA:<1<=
=?5o>D57H9571T3657CD8<571r,�:W�$FDH¤K´57H<R.u�5o>£XY1T��57CD>A:9FDH957CA=?57@<1<EG>D>D571¯xo:<S y�X(K�uAt?57CA@<:<198;�?:<S 8;EG5o>D5o> �WE&XY=-CsXYS�S XYRG>
57E.1Vy2E.R�K´>AS�E.uAuD57R4xo:<C!°±5o>AuAE.S�Sm:<1<=�8<57C�°6CA:9FDH9>DFDH4:<@9>A�eXY1<14:<1<=Nt?57CD>DFDH<EG5o8<5719>AuD57C��2�iSm@<E.1eXYuAEG�i19571Tt?�i1V°±5 �
uD�i1;K´5o>AuAE.=-�?57E.uD571�xo:�t?57CA3657198<571r, �_EG56E.1�/2@9>DFDH<1<E.uAu6�;, �2=?57x]57E.=-u�3µ:<CD8<5$�iR.EG5 K´57CA1T5��;uACsXY�B�iR.EG57CAuD5 � 57CAuD5qXY:9>
��57CD>A:9FDH9>ACD57E.H9571�S�E.uN²<:<=?571<19�iCAS¯XYRG>A�eXY1<14:<1<=�xo:�H9�iH95T°6CA:9FDH9>DFDH4:<@9>A�eXY1<14:<1<=?571 8<5o>Ny�X(K�uAt?57CA@<:<198<5o>],



��� � � �  	���� � � ���	� ���� � ��	 	�����������������	� +]P?ª
 

0

15

30

45

60

75

90

105

120

135

0 15 30 45 60 75 90 105 120 135
�

cm,neu

� cm
,a

lt

τad,j = 2,8 N/mm²

τad,j = 1,3 N/mm²

 0,4 mm < Rt < 0,8 mm 

0,8 mm < Rt < 1,2 mm 

/2@<@<E.RG8;:<1<= O;,.+ �%) >D�iR.E.1<EG571�8<57CT5��;�B57CAE.ST5714uD57R.RG571_lE.uAuD57R.3657CAuD5�8<57CTy�X(K�uD>DFDH957C§K´5o>AuAE.=-�?57E.u�xo3µEG>DFDH9571 /2R.u§�
:<198*:W57:<@B57uD�i1

�WEG5o>N>DFDH<Cs�Y1<�$uN8;EG5¤xo:<CM��57C§K��<=-:<1<=�>AuD57H957198<5 �MXYuD5714@eXi>AEG>m>AusXYCA�n57E.1r, �MXi> �WE&XY=-CsXYS�S8<57CN/2@<@<E.RG8;:<1<=
O;,.+N57CAR&XY:<@<u2>D�iS�E.uqRG5o8;E.=-R.EGFDH��e57E.19571prCD57198�3µEG5o8<57Cqxo:�=?57@B571r,

�D�76 ����� � �9 9 ����� ����� � �!� � �����%� >�"��'�����

²!�<CT8;EG5 °±5o>AuAE.S�Sm:<1<=�8<5o> �_EG8<57CD>AusXY198<5o>�8<57CT�qEG>D>A:;K´57CAt?57CAx(XYH<14:<1<=�3µ:<CD8<5 t?�i1�t?57CD>DFDH<EG5o8<5719571 ²9�iC§�
>DFDH957CA1 3 O-P �´¬-� �´v?ª��´v-v54r57E.1952=?5o�iST57uACAEG>DFDH95M°±57uACsXiFDH4uA:<1<=�t?57CA3657198<57u-�;8;EG5�XY:;K	8<57C6��57CD>DFDH<EG57@<:<1<=�t?�i1b8<5 �
�91<EG57CAuD571���CD���9RG>AuACA:<�$uA:<CD571�=?57=?571957E.1eXY198<57Cq@eXi>AEG57CAu],;w2S 89XY@B57Ed57E.195W=-CD�J'i¦¨�iFDH<E.=?5N°±57uACsXiFDH4uA:<1<=¯8;:<CDFDH;�
K��<H<CD571�xo:��?�i1<19571��<3µ:<CD8<5M@<EG>AR&XY1<=T8;EG5MusXYuD>s�iFDH<R.EGFDHt?�iCAHeXY198<57195V¥2@B57C§¦¨�iFDH95719>AuACA:<�$uA:<C�8;:<CDFDH57E.1�>A�B5 �
�$:<R&XYuAE.t?5o>-�$t?57CD57E.1;K·XiFDH4uD5o>2ln�$8<57R.RB57CD>D57uAxou],eJ$�m@<E.RG8<57uD5�/g2 klk-%�18;EG5��qEG>D>A:;K´57C68;:<CDFDH�57E.1J;�Y=?57x(XYH<1<ST�$8<57R.R
XY@ < t$=-R·,!/2@9>DFDH<1<E.uAu�P;, �DY��!89X8;EG5¯p!Xi>AuD>DFDH<1<E.uAuAST5o>D>A:<1<=?571 >DFDH957E.14@eXYCT8;EG5o>D57CTU�5o�iST57uACAEG5b5714uD>A�<CsXiFDH9571r,
�WEG5bXY:;Kq8<57C¤U�5o�iST57uACAEG5Tt?�i1 ��:<=?57R.1�@eXi>AEG57CD57198<5T���iCD>AuD57R.R.:<1<=t?�i1 , +JX .K+JjJ%�1�3µ:<CD8<5Tt?�i1�E.H<S 1<EGFDH4u
t?57CA3657198<57u-��89Xn>AEG5 8<57:<uAR.EGFDH�t?�i1�8<57C¯U�5o�iST57uACAEG5 =?57ST5o>D>D571957CT�WXY:<H957E.uD>A�<CD���9RG5�XY@<xo:43657EGFDH9571_>DFDH<EG571r,
�WEG5NE.1/2@9>DFDH<1<E.uAu��;, �T@B5o>DFDH<CAEG57@B57195$�¨>��;>AuD57S¯XYuAEG>DFDH95N��XYCsXYST57uD57CD>AuA:98;EG5�XY1t?57CD>DFDH<EG5o8<5719571��¨8<5 �91<EG57CAuD571
U�5o�iST57uACAEG5 K´�iCAST571 @B57RG57=-u�4A5o8<�$FDH���89Xi>D>¤365o8<57CT89Xi>¤t?�i1V/g2 klk-%�1 t?�iCA=?5o>DFDH<R&XY=?57195 �BXYH<1<ST�$8<57R.R>��19�$FDH
89Xi>Wln�$8<57R.R	t?�i1 , +JX .K+JjJ%�1 8;EG5¤¢£HeXYCsXY�$uD57CAEG>AuAE.�-X¯8<57C23±XYH<CD571�¥2@B57C§¦¨�iFDH95m@B5 K�CAEG5o8;E.=?571983µEG5o8<57CA=?57@B571r,
�MXi>¤y�XY:<�<uA�<CD�i@<RG57S~EG>Au-�	xo:<C :�XiFDH<CD5oFDH<14:<1<=�8<57CV��57CD>A:9FDH95 57E.195¯=?5o57E.=-1957uD5 ln�$8<57R.R�¦¨�iFDH95bxo:&�9198<571��
8;EG5¯8;:<CDFDH©57E.1<x]57R.195b�WXY:<H957E.uD>A�eXYCsXYST57uD57C¤FDHeXYCsXY�$uD57CAEG>AEG57CAuV3657CD8<571 �-XY1<1��r3µEG5¯8;EG5o>N@B57EG>A�<EG57RG>A3657EG>D5Tt?�i1
� %K����i>��� %�.�2"1�%[3 O;+�4BXY1<=?5o>AuACD57@<u63µ:<CD8<5-,�:�XiFDHb8<57C£E.1b�NXY�<E.uD57RB�N8;:<CDFDH<=?5 K��<H<CAuD571 °±57:<CAuD57E.R.:<1<=¤57E.1<x]57R.1957C
�M571<1<=-CD�J'?571�8<57C¯�WXY:<H957E.uT�-XY1<1 8;EG5�usXYuD>s�iFDH<R.EGFDH95�¥2@B57C§¦¨�iFDH95719>AuACA:<�$uA:<C�XYRG>T>AusXYuAEG�i1e�YCD5o> �e:;K·XYR.RG>§K´57RG8
S�E.u�8;EG5o>D571IlE.uAuD57R.1nK��<CW57E.195mST5oFDHeXY1<EG>DFDH95�/2143657198;:<1<=�14:<C�:<1<xo:<CD57EGFDH957198I@B5o>DFDH<CAEG57@B571n3657CD8<571r, �MX
>D�iRGFDH95µST�$8<57R.R.@B5o>AuAE.S�ST57198<571 ��XYCsXYST57uD57C6�YK�uAS¯XYRG>�14:<C£8;:<CDFDH¯>D57H<C£5��9XY�$uD5µ�WXY:<H957E.uD>AST5o>D>A:<1<=?571¯57CAS�E.u§�
uD57R.u23657CD8<571n�?�i1<19571��e>AuD57R.R.u2>AEGFDHn8;EG5N²<CsXY=?5$�¨�i@8;EG5N°±57CD5oFDH<14:<1<=�XY1<HeXY19857E.195o>2>A�B57�$:<R&XYuAE.t?571nln�$8<57R.RG>
�<@B57CAHeXY:<�<uW>AE.1<14t?�iR.RrEG>Au],
°±57E457E.1957C :�XiFDH<CD5oFDH<14:<1<=�8<57Cr��57CD>A:9FDH9>D57CA=?57@<1<EG>D>D5�t?�i1
/g2 klk-%�1T3 O-P544S�E.u	y2E.R�K´5�8<5o>r=?5o�iST57uACAEG>DFDH;� >AusXYuAEG>AuAEG>DFDH9571



+]P-¬ � ���������� ��� � D��� ����������	� ����� � � ���� � � ��� �A���	�

/219>sXYuAx]5o>d1eXiFDH , +JX .K+JjJ%�1 < t$=-R·,oH<EG57CAxo:V/2@9>DFDH<1<E.uAu��;,.+-, �DYB�?�i1<14uD571m=-CD�J'?5£w214uD57CD>DFDH<EG5o8<5�K´5o>AuA=?5o>AuD57R.R.ur3657C§�
8<571r, �WEG5o>D5V/2@43657EGFDH4:<1<=?571�R&Xi>D>D571I>AEGFDHI8;:<CDFDH 8;EG5m:<14uD57CD>DFDH<EG5o8;R.EGFDH9571��rt?57CD57E.1;K·XiFDH4uD571 /21<1eXYH<ST571�t?�i1
�$:<=?57R�K´�iCAS�E.=?571 �e:9>DFDH<R&XY=?>A�?�iCA1957CA1 =?57=?5714�<@B57C¯CD57E.19571_J;�Y=?57x(XYH<1<�<CD���9RG571�57CA�$R&�YCD571r,�� �YH<CD57198V/g2 klk-%�1
8<571��257E.@<:<1<=?>sXY14uD57E.R�xo3657EG57C E.1��2�i14usXY�$u�>AuD57H957198<57C �BXYH<1;¦¨XY1<�?5719>D57E.uD571 t?57CA1eXiFDH<R&�i>D>AE.=-u-�µ>D57uAxou , +JX I
.K+JjJ%�1�8;:<CDFDH 8;EG5I/21<1eXYH<ST5I8<57C���R&Xi>AuAE �9xoEG57CA:<1<= XY1�8<571 �2�i14usXY�$u§¦¨�iFDH9571 E.198;E.CD57�$u�57E.195�?�i19>AusXY14uD5
�qEG>D>D�(&B14:<1<=

w
�<@B57C£8;EG52=?5o>sXYSmuD5W�qEG>D>A:;K´57CAt?57CD>DFDH<EG57@<:<1<=Vt?�iCsXY:9>], �_EG5qE.1b/2@<@<E.RG8;:<1<=¤O;, PNxo:b>D57H9571��?CD5 �

�<Cs�i>D5714uAEG57CD571 8;EG5 �MXYCD>AuD57R.R.:<1<=?571�XM:<198T@¯@B57EG8<5W8<571¯=-RG57EGFDH9571b��57CD>DFDH<EG57@<:<1<=?>Axo:9>AusXY198
wges = w1 +w2:<198

vges = v1 + v2
, �WEG5 �WE &d57CD571<x�8<57C¤�<CD� 4§E.xoEG57CAuD571��2�i14usXY�$u§¦¨�iFDH95

∆ax
E.1©°6E.RG8 @ CD5o>A:<R.uAEG57CAuTXY:9>

8<57C2�<R&Xi>AuAEG>DFDH9571I��57C§K´�iCASm:<1<=�8<5o>W�i@B57CD571I�qEG>D>A:;K´57CD>µE.1;K´�iR.=?5V8<57CW:<14uD57CD>DFDH<EG5o8;R.EGFDH9571 ��57CD>DFDH<EG57@<:<1<=?>A=?5 �
>DFDH<EGFDH4uD5-,

 

���
1

∆ � �

� �
2

�
ges�

ges
�

1+
�

2

�
1+
�

2

���
1

∆ � �

� �
2

�
ges�

ges
�

1+
�

2

�
1+
�

2

a.) b.)

/2@<@<E.RG8;:<1<= O;, P �9��E.1;¦9:9>D>28<5o>µ��57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8<5o>�XY:;K�8;EG5N��CAS�E.uAuAR.:<1<=b8<57C2�2�i14usXY�$u§¦¨�iFDH9571
°±5o8;E.1<=-u£8;:<CDFDH 8;EG5q��:<=?57R.=?5o�iST57uACAEG5$�43µE.CA�$u£>AEGFDHb57E.1T��57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8 XY:;Kd8<57C6°µXi>AEG>�8<57C£°±57xoEG57H4:<1<=
w(v) = vn XY:;K	8;EG5W�<CD� 4§E.xoEG57CAuD5��2�i14usXY�$u§¦¨�iFDH95 ax

@B5o>D�i198<57CD>±>AusXYCA�bXY:9>],$°±57EB57E.1957C±�?�i19>AusXY14uqXY1<=?5o>D57uAx7�
uD571V�qEG>D>D�(&B14:<1<=

w
H<E.1<=?57=?571¤57CAx]57:<=-u�8;EG5£��R&Xi>AuAE �9xoEG57CA:<1<=M8<5o>!�i@B57CD571V�qEG>D>A:;K´57CD>d�?57E.19571¤>��;>AuD57S¯XYuAEG>DFDH9571

�25oFDH9571;K´57H<RG57C], �WEG5W/2143657198;:<1<=T8;EG5o>D5o>6ln�$8<57R.RG>£EG>Au6>D�iS�E.u614:<C6@B57Ee:<1957198;R.EGFDH957S ��57H<19>AuD57E �9=-�?57E.uD>AS¯X('
∆σ

\
∆w � ∞ :<198�:<14uD57C±/21<1eXYH<ST5q�$:<=?57R�K´�iCAS�E.=?57C �e:9>DFDH<R&�Y=?52S�E.u657E.1957C£��57CAuD57E.R.:<1<=V1eXiFDHb8<57C6²<:<R.RG57C§�

�$:<CAt?5Wxo:<R&�i>D>AE.=9, 2dEG57=-uµ�?57E.1�°±57H<E.198<57CA:<1<=¯8<57Cµ�qEG>D>D�(&B14:<1<=�t?�iC-�<>D�¤57CA=?57@B571�>AEGFDH�89XYCsXY:9>µxo3±XY1<=?>AR&�Y:.�9=
:<14uD57CD>DFDH<EG5o8;R.EGFDH95 � 57CAuD5-,
�WEG52/2@<He�Y1<=-E.=-�?57E.u±t?�iS ��57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8b:<198¯8;EG5W��CD�i@<RG57S¯XYuAE.�¯@B57E.S /2@<@<E.RG8<571 57E.1957CµXY:9>ACD57EGFDH957198
=?571eXY:9571b¥2@B57C§¦¨�iFDH95719>AuACA:<�$uA:<C�K��<H<CAuD571�xo:�57E.1957S /219>sXYuAxD�i8;EG5µXY1<HeXY198�8<57C��qEG>D>At?57CAx(XYH<14:<1<=M�<@B57CAuACsXY=i�
@eXYCD571��Cs�(K�uD5NXY:;K�8<57uD57CAS�E.1<EG>AuAEG>DFDH14:<ST57CAEG>DFDH957S � 57=?5Mxo:�@B57CD5oFDH<19571r,

�������
� ��� � # 
 � &(� 	 � � � & � & ��
 ��� � $

prCD�iuAx�57E.1957C¤5��9XY�$uD571©/2@<@<E.RG8;:<1<=�8<57C¤xo:<C¤�qEG>D>At?57CAx(XYH<14:<1<=IS¯X('-=?57@<R.EGFDH9571_¥2@B57C§¦¨�iFDH95719>AuACA:<�$uA:<CbXY1;�
HeXY198�=?571eXY:957C 2	Xi>D57CAST5o>D>A:<1<=?571�EG>Au�5o> 19�iu 3657198;E.= �257E.1<E.=?5I��57CD57E.1;K·XiFDH4:<1<=?571 XY1<xo:9>AuD57R.RG571��µ:<S 8<571
J4�eXY1<14:<1<=?>Axo:9>AusXY198�E.Sz²<:<=?5714@B57CD57EGFDHnCD5oFDH<1957CAEG>DFDHn@B5o>DFDH<CD57E.@B571�xo:��?�i1<19571��

� "4c�$ "?%]`i�#"^!"4`�����"4`(���<gih	"$�	`Y\9'!h	"$�&%
w2S 57E.195µ=?57ST5o>D>D571952�25 K´57CD571<xoCsXY:<H957E.u68<57CµJ4�eXY1<14:<1<=?>A@B57CD5oFDH<14:<1<=�xo:<=-CA:<198<52xo:TRG57=?571��?Sm:9>D>£8;EG5q1eXiFDH
��57CD>sXY=?571�8<5o>�y�X(K�uAt?57CA@<:<198<5o>�CD5o>A:<R.uAEG57CD57198<5T�qEG>D>D�i@B57C§¦¨�iFDH95¤8<57:<uAR.EGFDH95 B2H<1<R.EGFDH<�?57E.uD571 xo:I8;EG5o>D57CNXY:;K#�
3657EG>D571r, :�XiFDH /219>AEGFDH4uT:<14uD57CD>DFDH<EG5o8;R.EGFDH957C�/2:<uD�iCD571 3.+]� �s�-�J4qEG>AuT8;EG5o>�@B57Eµ57E.1957CT1eXiFDH4uACs�Y=-R.EGFDH9571_:W�iC§�
S¯XYR.@B57uD�i1957CA=4�Y1<xo:<1<= S�E.u�57E.1957C�°±57uD�i1<EG57CA�eXY:9>D5mt?�i1nS�E.198<5o>AuD5719>�>D5oFDH9>MJ4uA:<198<571�8<57CW²eXYR.R·,¨�2�iS�SmuM5o>



��� � � �  	���� � � ���	� ���� � ��	 	�����������������	� +]P-v

@B57EB>D�iRGFDH9571�°µXY:<uD57E.RG571 xo: 57E.1957S ��57CD>sXY=?571 E.S °±57CD57EGFDH�8<57CqJ$FDH4:<@;K�:<=?5$�<t?57CAR&�Y:;K�uµ8;EG5W�qEG>D>A@<E.RG8;:<1<=mK·Xi>Au
XY:9>D>DFDH<R.EG5F'-R.EGFDH¯E.S UWCD571<xo@B57CD57EGFDHTxo3µEG>DFDH9571T/2R.u§�d:<198 :W57:<@B57uD�i1r, ��:<CD8<5µ57E.195±ln57uAH9�$8<5±xo:<C�/2:;K�CsXY:<:<1<=
t?57CA3657198<57u-�<3657RGFDH95N8;EG5 �e:9>DFDH<R&�Y=?5WK�CD57E.RG57=-u-�;>D�V�-XY1<1b@B57Ed5714uD>A�<CD5oFDH957198<57C �e:9>DFDH<R&XY=?>§K´5o>AuAE.=-�?57E.u < �WCA:9FD�4�
K´5o>AuAE.=-�?57E.u±8<5o>£uACD�$FD�?5719571U�5o>AuD57E.19> ≥ +$� � ·fcm

Y�89XYS�E.u6=?57CD5oFDH<1957u±3657CD8<571��$1eXiFDH y�X(K�uAt?57CA@<:<198;t?57CD>sXY=?571
57E.195µ¥2@B57C§¦¨�iFDH95±�YH<1<R.EGFDH¤8<57C!w2CD>A�<CA:<1<=?>D�i@B57C§¦¨�iFDH956xo:V57CAHeXYR.uD571r,Yw214uD57CD>DFDH<EG5o8<56H<EG57CAxo:V57CA=?57@B571¤>AEGFDHm@B57E
y�X(K�uAt?57CA@<:<198<>A�eXY1<14:<1<=?571��¨8<57CD571nUWCD�J'?5�t?57CA=-RG57EGFDH4@eXYCWxo:<C±t?�iCAHeXY198<5719571 �e:9>DFDH<R&XY=?>§�£:<198 �¨57ST5714uAS¯X(�
uACAE �$K´5o>AuAE.=-�?57E.u6EG>Au],4°±57RG57=-u£3657CD8<571 �?�i1<14uD5W8;EG5o>£S�E.u6y2E.R�K´528<57C£E.1b�NXY�<E.uD57Rd�M@B5o>DFDH<CAEG57@B5719571 °6CA:9FDH4@<E.RG8<57C
8<57C	:<14uD57CD>DFDH<EG5o8;R.EGFDH9571��-:<14uD57CD>A:9FDH4uD571�°±57uD�i1<�?�iSm@<E.1eXYuAEG�i19571r,-��E.195£3657E.uD57CD5£��57CD57E.1;K·XiFDH4:<1<=�E.S y2E.14@<R.EGFD�
XY:;KB8;EG5qJ4uACA:<�$uA:<C�8<57C£¥2@B57C§¦¨�iFDH95±CD5o>A:<R.uAEG57CAu£XY:9>�8<57C�ln571<=?56:<198¤8<57C6U�571eXY:<E.=-�?57E.u�8<57C�ln5o>D>A3657CAuD5-,-²!�<C
8;EG5WE.1 8;EG5o>D57C±/2CA@B57E.u6t?57CA3657198<57uD571°µXi>AEG>D89XYuD571��$R&XY=¤57E.195W=?57ST5o>D>D571957C2¥2@B57C§¦¨�iFDH9571eXY:9>D>DFDH<1<E.uAuqS�E.u±8<571
/2:9>AS¯X('?571It?�i1I�4� × �4�TS�S @<xo3N,�+]�-� × �-�¯S�S�@B57E�57E.1957S�ln5o>D>ACsXi>AuD57CWt?�i1 � �.+VS�S�xo:�UWCA:<198<5-, �MX8;EG5±ln5o>D>D>DFDH<CAE.uAu 3657E.uD5µ@B57E<8<57S�t?57CA3657198<57uD571T14:<ST57CAEG>DFDH9571T��57C§K·XYH<CD571T8;EG5 2	�Y1<=?5µ8<5o>��qEG>D>A:;K´57CAt?57CD>DFDH<EG5 �
@<:<1<=?>AE.1<�$CD57ST5714uD5o>m@B5o>AuAE.S�Smu-�d3µ:<CD8<5T8;EG5 �MXYuD571<ST571<=?5¯8;:<CDFDH�57E.195T8;CD57EG8;E.ST5719>AEG�i1eXYRG5 ) 14uD57CA�B�iR&XYuAEG�i1
t?57C§K´57E.1957CAu], �WEG5¯��57CA3657198;:<1<=I=-CD�J'?57CD57C �MXYuD571<ST571<=?571 XY:;K�=-CA:<198�K´57E.1957CD57C¤ln5o>D>ACsXi>AuD57CV�$8<57Cm=-CD�J'?57CD57C
=?57ST5o>D>D571957C�¥2@B57C§¦¨�iFDH9571��->AuD57R.R.urK��<C!89Xi>	��57C§K·XYH<CD571V�?57E.1¤��CD�i@<RG57S 89XYC],Y/2R.RG57E.1V8;EG56�25oFDH9571<x]57E.u�8<57C!/2:9>§�
K��<H<CA:<1<=¯8<57Cµ1eXiFDH;K´�iR.=?5719857CAR&�Y:<uD57CAuD571/2R.=?�iCAE.uAH<ST571�3µE.CD8�89Xi8;:<CDFDH�t?57CA=-CD�J'?57CAu], :2EGFDH4uq@B57CA�9FD�;>AEGFDH4uAE.=-u
3657CD8<571 57t?5714uA:957R.R�t?�iCAHeXY198<57195 E @B57CAHe�Y1<=?5V�$8<57Cg:2EG>DFDH9571nE.1I8<57CW=?57ST5o>D>D5719571��WXY:<H957E.uD>D>AuACA:<�$uA:<C],dJ4EG5
3657CD8<571�@B57CD57E.uD>6@B57E¨�<@<R.EGFDH9571�ln5o>D>At?57C§K·XYH<CD571b1<EGFDH4u2XY:;K�=?5719�iS�ST571�:<198bR.EG57=?571�89Xi8;:<CDFDH�XY:9FDH�1<EGFDH4uµE.1
XY:9>A3657CAuA@eXYCD57C�²9�iCAS t?�iC],

aµ ��#"��¨f#"!\9�!�d'!�	)�\9 #f � `i'!�	^� #\<)e"�^!"4` �  #\<fo%(� � �4�#"4`i'!�	)

� 57CD8<571 xo3657E¨�?�i1<=-CA:95714uD5��qEG>D>A:;K´57C£=?57=?571957E.1eXY198<57C±t?57CD>DFDH9�i@B571��$uACAE.uAu£xo:<1e�iFDH9>AuqXY1b>AE.1<=-:<R&�YCD571J4uD57R.RG571
57E.1��2�i14usXY�$u£XY:;KA, �MX2�<@B57C�8;EG5o>D5±�2�i14usXY�$uA�<:<1<�$uD5q>s�YSmuAR.EGFDH95qXY1<=-CD57E�K´57198<571T��Cs�(K�uD56�<@B57CAuACsXY=?571�3657CD8<571��
�?�iS�Smum5o>W:<14t?57CAxo�<=-R.EGFDH�xo:�57E.1957CM��R&Xi>AuAE �9xoEG57CA:<1<=8<57CNlIXYuD57CAE&XYRG>D57E.uD5¤8<57CM=?57CAE.1<=?57CD571 ²95o>AuAE.=-�?57E.u-�B:<198
>D�iS�E.u2xo:n57E.1957CqK´�iCAuD>DFDH<CD57E.uD57198<571I��57CD>DFDH<EG57@<:<1<=9,B/21<=?5719�iS�ST571n3µE.CD857E.195m�?�i19>AusXY14uD5V²!R.EG5F'?>A�eXY1<14:<1<=
σpu

�e3µEG5V>AEG5¤XY:9FDHIt?�i1�, +JX .K+JjJ%�1�K��<C�>D57E.195V°±57CD5oFDH<14:<1<=?571 t?57CA3657198<57uM3µ:<CD8<5-, �WEG5o>D5V²!R.EG5F'?>A�eXY1<14:<1<=
�-XY1<1I�<@B57C�8;EG5VST57H<CsX5�;E&XYRG5¤°±57uD�i1;K´5o>AuAE.=-�?57E.uM8;:<CDFDH w214uD57CD>A:9FDH4:<1<=?571 @B57EG>A�<EG57RG>A3657EG>D5V1eXiFDH�a9PQ#-#�%*3 ªiv54
XY@<=?5o>DFDHe�YuAxou 3657CD8<571r,±��E.195n57E.198<57:<uAE.=?5I°±5o>AuAE.S�Sm:<1<=�8;EG5o>D5o> � 57CAuD5o>¯EG>Au¯E.1_8<57CA2dE.uD57CsXYuA:<C 1<EGFDH4u xo:
�9198<571 :<198 >D�I3µE.CD8 E.1 8;EG5o>D57C¯/2CA@B57E.u¯57E.195n�YH<1<R.EGFDH95/2@9>DFDHe�YuAxo:<1<= 3µEG5�E.1 8<57Cbw214uD57CD>A:9FDH4:<1<= t?�i1
, +JX .K+JjJ%�1V3 v?ª-4�=?573±�YH<R.u],By2EG57CW�-XY1<1I8;EG5V²!R.EG5F'?>A�eXY1<14:<1<= 1eXiFDH�8<57C�8;:<CDFDHI��57CD>A:9FDH9>A3657CAuD5V�-XYR.E.@<CAEG57CAuD571
UWRG57EGFDH4:<1<= < O;,.+5YµXY@<=?5o>DFDHe�YuAxou23657CD8<571��

σpu = 6, 39 · f 0,56
ck,cube

< O;,.+5Y
��57C6>D�M@B57CD5oFDH<1957uD5 � 57CAu£=-E.R.u£1eXiFDH;K´�iR.=?57198 XYRG>£�qEGFDH4u 3657CAu6K��<C£8<571¯��57CA=-RG57EGFDHbS�E.u68<571b��CA=?57@<1<EG>D>D571b8<57C
2	XY@B�iCAt?57CD>A:9FDH95-,4/2:9>A=?57=4XY1<=?571T3µE.CD8T89XY@B57E<t?�i1T57E.1957C£��R&Xi>AuAE �9xoEG57CA:<1<=V8<5o>��i@B57CD571¯�qEG>D>A:;K´57CD>-�(:<1eXY@<He�Y1;�
=-E.=mt?�i1b8<571Tt?�iCAHeXY198<5719571 usXYuD>s�iFDH<R.EGFDH9571�²95o>AuAE.=-�?57E.uD571r, �WEG5o>£>AuD57R.R.u£57E.19528<57:<uAR.EGFDH952��57CD57E.1;K·XiFDH4:<1<=�89XYC],
�MXi>£14:<ST57CAEG>DFDH95W��57C§K·XYH<CD571b57CAST�i=-R.EGFDH4uq57E.195qE.198;E.CD57�$uD52°±57CA�9FD�;>AEGFDH4uAE.=-:<1<=�t?57CD>DFDH<EG5o8<571957C2J4uD57E �9=-�?57E.uD571
57E.195o>¤�qEG>D>A:;K´57CD>m8;:<CDFDH�57E.195¯xo:9>s�YuAxoR.EGFDH95�²eXYR.R.:<14uD57CD>DFDH957EG8;:<1<=9,�y2EG57CAS�E.uV�?�i1<14uD5bE.1©/2@<He�Y1<=-E.=-�?57E.u�8<57C
usXYuD>s�iFDH<R.EGFDH t?�iCAHeXY198<5719571�J4uD57E �9=-�?57E.uD571�XY@4365oFDH9>D57R.198 89Xi>m�i@B57CD5¤:<198 89Xi>N:<14uD57CD5T�qEG>D>A:;K´57CM@B57E�57E.1957C
��57CD>DFDH<EG57@<:<1<=¯t?57C§K´�iCASmuq3657CD8<571r,9²!�<Cµ8;EG5M°±57uACsXiFDH4uA:<1<=¯E.1�8;EG5o>D57Cq/2CA@B57E.u±3µ:<CD8<5NXY:;K�8;EG5W��57CA3657198;:<1<=
8;EG5o>D57C6²eXYR.R.:<14uD57CD>DFDH957EG8;:<1<=Tt?57CAxoEGFDH4uD57u-�$xo:<S¯XYR¨8;EG5�J4uD57E �9=-�?57E.uD>At?57CAuD57E.R.:<1<=¯XY1b8<57C£=?57ST5o>D>D5719571�¥2@B57C§¦¨�(�
FDH95N1<EGFDH4u2@B5o>AuAE.S�Smuq3657CD8<571�?�i1<14uD5-,



+]�-� � ���������� ��� � D��� ����������	� ����� � � ���� � � ��� �A���	�

� "$�#��'!�	)ef]��"$���V"4`(%

�WEG5q/2:9>A3µE.CA�$:<1<=m8<57C±¥2@B57C§¦¨�iFDH95719>AuACA:<�$uA:<Cq�;,$¥2CD8;14:<1<=m1eXiFDHbp!XY@B57R.RG5W�;,.+q3µE.CD8�E.S ln�$8<57R.Re8;:<CDFDH 8<571
�257E.@<:<1<=?>A@B57E.3657CAu

µ
XY1eXYRG�i=�xo:<C��257E.@<:<1<=?>AH �$�B�iuAH95o>D5±XY:9>A=?5o8;CA�9FD�$u], ) 1V/2@<He�Y1<=-E.=-�?57E.u�8<57C�XY:;K�uACD57uD57198<571

¥2@B57C§¦¨�iFDH95719>AuACA:<�$uA:<C6�?�iS�Smu65o>�xo:<S �2�i14usXY�$u£xo3µEG>DFDH9571blIXYuACAE ��:<198¯lIXYuACAE ��>D�]3µEG5qxo3µEG>DFDH9571blIXYuACAE �
:<198 �e:9>DFDH<R&XY=9,��e: @B57EG8<571 R&Xi>D>D571 >AEGFDH XY:9>�8<57C 2dE.uD57CsXYuA:<C�14:<C�36571<E.=_XY143657198;@eXYCD5 � 57CAuD5 �9198<571r,
) 1>D57E.19571nw214uD57CD>A:9FDH4:<1<=?571I@B5o>AuAE.S�SmuD5 ,[%�2 klk 3.+]�-�54!S�E.uWy2E.R�K´5N57E.195o>W>D��=?571eXY1<14uD571 U .�2>�KP/.8%Fi %�.lk¤8<571
y�X(K�uACD57E.@<:<1<=?>A@B57E.3657CAu	xo:

µ = 0, 47
K��<Crln�iCAuD57RG>DFDH<EGFDH4uD571¤:<198

µ = 0, 41
K��<C��e:9>DFDH<R&�Y=?56XY:;K´57E.1eXY198<57C], �MX

8<57Cq°±57E.3657CAu:4A5o8<�$FDH>AusXYCA�¯t?�i18<57C�U�5 K��<=?5o>AuACA:<�$uA:<Cq8<5o> � 57CA�;>AuD�(&d5o>2XY@<He�Y1<=-u-�<EG>Auµ@B57EG>A�<EG57RG>A3657EG>D5M@B57E
H9�$FDH;K´5o>AuD57S °±57uD�i1�S�E.u£8;EGFDH4uD57CD57S U�5 K��<=?5µ57E.1�RG57EGFDH4u£=?57CAE.1<=?57CD57C6�257E.@<:<1<=?>A@B57E.3657CAu£xo:T57CA3±XYCAuD571r,;J$57uAxou
S¯XY1�8;EG5 � PJ��X`P/.8� �§U�57CsXi8<5¤t?�iCsXY:9>-�d>D� 57CA=-E.@<uN>AEGFDH�:<14uD57CN°±57CA�9FD�;>AEGFDH4uAE.=-:<1<=I8<57C���57CD>A:9FDH9>D57CA=?57@<1<EG>D>D5
t?�i1 �f+J2"1��V57E.1 �257E.@<@B57E.3657CAu

µ �
� � �4� ÷ � � �4O;, �WEG5o>D57C6=-E.R.u6E.S UWCA:<198<5 4A5o8<�$FDHb14:<C6K��<C68;EG5NU�5o>sXYSmuAH957E.u8<57Cµ=?57�<CA�;K�uD571n²!R&�iFDH9571�:<198�1<EGFDH4u2=-CA:<198;RG57=?57198�xo3µEG>DFDH9571n57E.1<x]57R.19571nlIXYuD57CAE&XYR.uD57E.RG571r,

 

Flanken der Zähne 1.Ordnung
(Makrorauheit)

Zähne der 2.Ordnung
(Mikrorauheit)

Zähne der 3.Ordnung
(Mikrorauheit)

Globale Kontaktfläche
(Rauheit 0.Ordnung)

Flanken der Zähne 1.Ordnung
(Makrorauheit)

Zähne der 2.Ordnung
(Mikrorauheit)

Zähne der 3.Ordnung
(Mikrorauheit)

Globale Kontaktfläche
(Rauheit 0.Ordnung)

/2@<@<E.RG8;:<1<=bO;, � �¨J$FDH957S¯XYuAEG>DFDH95 �MXYCD>AuD57R.R.:<1<= 8<57C�:<14uD57CD>DFDH<EG5o8;R.EGFDH9571�U�57R.uA:<1<=?>A@B57CD57EGFDH95�@B57Eµ57E.1957CT��C§�
S�E.uAuAR.:<1<=Nt?�i1��257E.@<@B57E.3657CAuD571bXY1T57E.1957S t?57CD57E.1;K·XiFDH4uD571b°±57EG>A�<EG57R957E.1957C �BXYH<1<=?5o�iST57uACAEG5

�_EGFDH4uAE.=¤xo:<C±°±5o>AuAE.S�Sm:<1<=T8<5o> � 57CAuD5o>
µ
EG>Au£1e�YS�R.EGFDH�8<57CqU�57R.uA:<1<=?>A@B57CD57EGFDH E.1 8<57S 8<57C6�<@B57CAuACsXY=-@eXYCD5

��CsX(K�usXY14uD57E.R�E.1;K´�iR.=?5n�257E.@<:<1<= @B5o>DFDH<CAEG57@B571_3µE.CD8d, 2r57=-ubS¯XY1�8;EG5���iCD>AuD57R.R.:<1<=�8<57C >AEGFDH_�<@B57CAR&XY=?57CA1;�
8<571 � 57R.RG571;K´�iCAST571 XYR.RG57C � 57R.RG571<R&�Y1<=?5714@B57CD57EGFDH95b8<57CN�WXY:<H957E.u�xo:<=-CA:<198<5$�r>D�b3µE.CD8�8<57:<uAR.EGFDH��r89Xi>D>M8<57C
�257E.@<:<1<=?>A@B57E.3657CAu

µ
XY@<He�Y1<=-E.=�t?�i1 8<57CTE.H<S¸xo:<=?5o�iCD8;1957uD571_°µXY198;@<CD57E.uD58<57C � 57R.RG571<R&�Y1<=?571_EG>Au],�°±57E

��57CD>A:9FDH9571�1eXiFDH D9+J��X`+�� 3 O-�54 ���f+$i i>P-��cV3 �-v54q:<198 = +(k ����1�%�.d3 P;+�4 ��@B57Eµ8<5719571 8<57CT�257E.@<:<1<=?>A@B57E.3657CAu
CD57�<Cs�i>D5714usXYuAE.t�K��<Cm8<571 8;:<CDFDH©8;EG5T=?5o>sXYSmuD5¯�WXY:<H957E.um�<@B57CAuACsXY=?5719571©��Cs�(K�uD5T@B5o>AuAE.S�SmuV3µ:<CD8<5$�	57CAHe�YR.u
S¯XY1�4A5V1eXiFDH ��57CD>A:9FDH � 57CAuD5VK��<C

µ
xo3µEG>DFDH9571 � � ��:<198�+$� OTK��<CM57E.195¤=-RG�i@eXYRG5T�2�i14usXY�$u§¦¨�iFDH95-,	°±57E�8<57C

/2143657198;:<1<= 8;EG5o>D5o>214:<ST57CAEG>DFDH9571I��57C§K·XYH<CD5719>2@B5719�iuAE.=-u2S¯XY13µEG5Nxo:<C2°±57CD5oFDH<14:<1<= 1eXiFDHI8<57S�ln�$8<57R.R
t?�i1%, +JX .K+JjJ%�1�8<571 �257E.@<:<1<=?>A@B57E.3657CAuV8<57C 4A571<E.=?571��WXY:<H957E.uD571��r8;EG5¤E.1 57E.1957S°±57CD57EGFDH R.EG57=?571��d3657RGFDH957C
E.Sln�$8<57R.R6XYRG>N=-R&XYuAuD5b¥2@B57C§¦¨�iFDH95719>D57E.uD5 89XYCA=?5o>AuD57R.R.um3µE.CD8d,r��57CA3657198<57uVS¯XY1 3µEG5TH<EG57Cm8;EG5�=?57ST5o>D>D57195
¥2@B57C§¦¨�iFDH95714uD�i�B�i=-CsXY�<H<EG5$��>D� EG>Au

µ
E.S~UWCA:<198<5¯XY1�57E.1957CmlIXYuD57CAE&XYR.CsXY:<H957E.umxo:�57CAS�E.uAuD57R.1��r8;EG5�E.S°±5 �

CD57EGFDHnln5o>D>ACsXi>AuD57CA=-CD�J'?5NR.EG57=-u],%�_EG5ME.1/2@<@<E.RG8;:<1<=�O;, ��89XYCA=?5o>AuD57R.R.u-�eR.EG57=-uqE.1n8<57S%4A573657E.R.E.=?571n°±57xo:<=b8<5o>
�257E.@<@B57E.3657CAuD>£57E.1�3µEGFDH4uAE.=?57C±²eXY�$uD�iC�xo:<C :�XiFDH<CD5oFDH<14:<1<=9, ) 1T57E.1957S >D�iRGFDH9571¯²eXYR.R9EG>Au�8<57S K�CsXY�$usXYRG571T/21;�
uD57E.R	XY18<57C�J$FDH4:<@<�$CsX(K�uA�<@B57CAuACsXY=-:<1<= xo:<S�E.198<5o>Au257CD>AuWXY@�w21957@B571<H957E.uD571I�;, ¥2CD8;14:<1<=�XY:;K�57S��<E.CAEG>DFDH957S
� 57=?5N�25oFDH<14:<1<=¯=?57uACsXY=?571r,



��� � � �  	���� � � ���	� ���� � ��	 	�����������������	� +]�;+

��������� 
�& � & �� �
�����9� ������
 & � ����� #;� 	

�WEG5E.1 H9�iCAE.x]�i14usXYRG57C���@B57195S�E.ub57E.1957S =-RG57EGFDH�@<RG57E.@B57198<571��WXi>AuD57CsXY@9>AusXY198 5��9XY�$u¯=?57ST5o>D>D57195n�WXY:;�
H957E.uD>AuD�i�B�i=-CsXY�<H<EG5�@<EG57uD57u¯57E.195 �MXYuD571<=-CA:<198;R&XY=?5xo:<C�14:<ST57CAEG>DFDH9571_°±57CD5oFDH<14:<1<=©8<57CT�2�i14usXY�$u§¦¨�iFDH9571
K��<C£@B57R.EG57@<E.=?5q��57CD>DFDH<EG57@<:<1<=?>Axo:9>Aus�Y198<5W:<14uD57C±°±57CA�9FD�;>AEGFDH4uAE.=-:<1<=T8<5o>���57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8<5o>], �e:b8;EG5o>D57S
�e365oFD�¯uD57E.R.u£S¯XY1 8;EG52p	�i�B�i=-CsXY�<H<EG5WE.1

m
��E.1<x]57RG>AuACD57E�K´571�8<57C �MXYuD5719>sXYuAxoR&�Y1<=?5

n
:<198¯57CAHe�YR.u±>D�iS�E.u657E.195

/21<x(XYH<R<t?�i1¤xo3657EG8;E.ST5719>AEG�i1eXYRG571 p	57E.R.@<E.RG8<57CA1¯8<57C��WXY:<H957E.u],-/21<HeXY198¤=?5o�iST57uACAEG>DFDH957C£w214uD57CD>DFDH957EG8;:<1<=?571
E.1 ²9�iCASt?�i1�/2R.=?�iCAE.uAH<ST571 < t$=-R·,!UWRG57EGFDH4:<1<= < O;, PDYW@<EG> < O;, ��YKY�EG>Aum5o>N14:<1�ST�i=-R.EGFDH��!8;EG5T=?5o�iST57uACAEG>DFDH95
�2�i14usXY�$u§¦¨�iFDH95Ixo3µEG>DFDH9571_8<57S«:<CD>A�<CA�<1<=-R.EGFDH9571��qEG>D>A:;K´57C

A
:<198 8<57S«S�E.u

w
:<198

v
t?57CD>DFDH9�i@B571957S

�qEG>D>A:;K´57C
B
xo:�@B5o>AuAE.S�ST571��

 

1,2

1,4

1,6

1,8

2,0

2,2

0,0 2,0 4,0 6,0 8,0 10,0 12,0

∆ �

∆�

Kontaktfläche nach Verschiebung

Rissuferprofil A
verschobenes Rissufer B

/2@<@<E.RG8;:<1<= O;, � �¨J$FDH957S¯XYuAEG>DFDH95 �MXYCD>AuD57R.R.:<1<= 8<57CW=?5o�iST57uACAEG>DFDH9571��2�i14usXY�$u§¦¨�iFDH9571957CAS�E.uAuAR.:<1<=E.S�xo3657E��
8;E.ST5719>AEG�i1eXYRG571n��CD���9RG>DFDH<1<E.uAuq�6lIX('?5�E.1�3 S�S 4
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EINGABE 

gemessene Rauigkeitsmatrix R�  der Größe (
�

× 
�
) als 

Referenzoberfläche �  des tatsächlichen Rissufers 

Profilhöhe des Einzelpunktes:  � k (� k , � k) 
Abstand des Messrasters: ∆���	� 
 
  ≡ ∆���	� 
 
  

Inkrementlänge (Mindestrissuferverschiebung): ∆���

EINGABE 

Rissufer � :    = R�  

EINGABE 

rel. Rissuferverschiebung:  ���  und rel. Rissöffnung:  ���  
des aktuellen Verschiebungsvektors � i

Interpolation der Rauigkeitsmatrix R�   
Benötigte Inkrementunterteilung:                        x 

 

1−
∆

∆= ��	� � ��
�
��Erzeugung des um � i verschobenen Rissufers �

�  = R�  + � i → � Ck (� k , � k) = � Bk (� k + � i , � k) + ���  

� Bk ( �  , � ) < � Bk (�  + 1 , � ) 

� Bk ( �  + 1 , � ) < � Ck ( �  + 1 , � ) � Bk ( �  + 1 , � ) < � Ck ( �  + 1 , � ) 

),(),1( ���! ���! "
#"

$&%$&%'
(

−+=∆
∆=∆

�  unter � : 

)	*
)	+,,

)	*
)	+

)	*
)	+ -.+-.+*,

/&012

3&0/ 0
/ 03&01

⋅∆=∆

−

−−∆=∆ ),(),(

�  taucht aus �  auf:

4!5
4!677

4!5
4!6

4!5
4!6 8968967

: ;<=

> ;: ;
: ;> ;<

⋅∆=∆

−

−=∆ ),(),(

�  taucht in �  ein: 

0

0

=∆
=∆

?
@

A
A �  über � :

Simulation der plastischen Verformung von Rissufers �  

� Ck (�  , � ) = � Bk (�  , � ) 

Berechnung der Kontaktflächen der Spalte �  

 xm = Σ∆ B x⋅∆�   und   ym = Σ∆B y⋅∆�  

� Bk ( �  , � ) < � Ck (�  , � ) 

Nein 

Nein 

 

Nein 

 

Ja 

 

Ja 

 

Ja 

 

Ja 

 

Nächste Spalte: �  = �  +1 

Nächster Abschnitt: �  = �  +1 

�  = 
�
 Ja 

 

Nein 

 

Nein 

 

�  = 
�
 Nein 

 

AUSGABE 

Berechnung der Gesamtkontaktflächen 

 x ( � i) = Σ�C D ⋅ und   y ( � i) = Σ ym 

 

σ ( � i) E σpu⋅( x - µ⋅�F ) 
τ ( � i) E σpu⋅( y + µ⋅�C ) 

Eine weitere Verschiebung � i+1 ? Ja 

 

Ja 

 

Nein 
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 Simuliertes (definiertes) Höckerprofil
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Schrittweite der aufgenommenen Messwerte:  0,02 mm
Anzahl der Messwerte:  9901
W= 1,5704
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 Simuliertes (definiertes) Höckerprofil mit Plateaus

-5,0

-4,0

-3,0

-2,0

-1,0

0,0

1,0

2,0

3,0

4,0

5,0

0,0 5,0 10,0 15,0 20,0

�  [mm]

� [
m

m
]

Schrittweite der aufgenommenen Messwerte:  0,02 mm
Anzahl der Messwerte:  9901
W= 1,1901
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 Simuliertes (definiertes) Sägezahnprofil
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Schrittweite der aufgenommenen Messwerte:  0,02 mm
Anzahl der Messwerte:  9901
W =1,4142
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 Simuliertes (definiertes) Trapezprofil

-5,0

-4,0

-3,0

-2,0

-1,0

0,0

1,0

2,0

3,0

4,0

5,0

0,0 5,0 10,0 15,0 20,0

�  [mm]

�  [
m

m
]

Schrittweite der aufgenommenen Messwerte:  0,02mm
Anzahl der Messwerte:  9901
W=1,1381
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 Simuliertes (definiertes) Klammerprofil
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Schrittweite der aufgenommenen Messwerte:  0,02 mm
Anzahl der Messwerte:  9901
W = 1,5704
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Analyse nach ��� � � � �  für, von links nach rechts betrachtet, nur negative, vorhandene Steigungen  der simulierten (definierten) Pofile
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Analyse nach � � � ��� �  für, von links nach rechts betrachtet, nur positive, vorhandene Steigungen der simulierten (definierten) Profile
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Analyse nach S�T U V�W T  für, von links nach rechts betrachtet, positive wie auch negative, vorhandene Steigungen der definierten Profile
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Analyse nach "$# % & ' #  für, von links nach rechts betrachtet, nur negative, vorhandene Steigungen (2D-Lasermessung) (B)
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Analyse nach � � � � 	 �  für, von links nach rechts betrachtet, nur positive, vorhandene Steigungen (2D-Lasermessung) (B)
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Analyse nach 576 8 9;: 6  für, von links nach rechts betrachtet, positive wie auch negative, vorhandene Steigungen (2D-Lasermessung) (B)
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Analyse nach 
��  � ���  für, von links nach rechts betrachtet, nur negative, vorhandene Steigungen (2D-Lasermessung) (C)
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Analyse nach ;�< = > ? <  für, von links nach rechts betrachtet, nur positive, vorhandene Steigungen (2D-Lasermessung) (C)

0

2

4

6

8

10

12

14

16

18

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18@BA C C D E�F�E�F�G&C E!A H�IKJ�H!L M#A J%N&E�DPO*Q R S

T UVW
XUY
U
T Z[
\ [
] ^ Y
XU_ `
`
a HDW-schwach

Rüttelrau

Sandgestrahlt

4~}7} R�� 5��767I 498 �2�UT � Q I;: } 6 R� 57: Q LMJ�5 R��D�KR : Q�P :>6 4 6�� ����� :�6��H�=� VYX[Z3\<]^X _ � : P�Q �H�=� P �767I 57: Qv� J ��R�P�R �;:>6
a P : R I��767I;:>6 } : R : R 6D: Q � : �=�=� �=� Q�R�P�P FG: R�P : �;JH6 �Ub � L�Ldc ��� Q �;: Q=� �=� R :K57:>6D:e } : Q>f*g N
�=�D:>6 Q ��� R I2h;: R�P :>6i_

fcm j �U�lk m L�L 2 c



��
 �@
 ����� � ��� ����� � �������l����� ���@�

 

 

 

 

 

Analyse nach ��� � � � �  für, von links nach rechts betrachtet, positive wie auch negative, vorhandene Steigungen (2D-Lasermessung) (C)
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Analyse nach 1 2 3 4 5 2 für von links nach rechts betrachtet, nur negative, vorhandene Steigungen (A)
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Analyse nach ��� � � � � für von links nach rechts betrachtet, nur negative, vorhandene Steigungen (A)
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Analyse nach 0 1 2 3�4 1  für, von links nach rechts betrachtet, positive wie auch negative, vorhandene Steigungen (A)
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Analyse nach ��� � � � �  für von links nach rechts betrachtet, nur negative, vorhandene Steigungen (B)
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Analyse nach 0�1 2 3 4 1  für, von links nach rechts betrachtet, nur positive, vorhandene Steigungen (B)
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Analyse nach ��� � � � �  für, von links nach rechts betrachtet, positive wie auch negative, vorhandene Steigungen (B)
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Analyse nach 1�2 3 4 5 2  für von links nach rechts betrachtet, nur negative, vorhandene Steigungen (C)
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Analyse nach ��� � � � �  für, von links nach rechts betrachtet, nur positive, vorhandene Steigungen (C)
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Analyse nach 2�3 4 5 6 3  für, von links nach rechts betrachtet, positive wie auch negative, vorhandene Steigungen (C)
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