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Ionenbindung Kovalenzbindung Metallische Bindung 

gemeinsame  
Elektronenpaare Elektronenwolke 
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��E.1;¦9:9>D>28<57Cq²9�iCAS :<198�8<5o> �W:<CDFDH<ST5o>D>D57CD>28<5o>2UWCD�J'-uA�?�iCA19>qx]57E.=-uD5N>AEGFDH*4A5o8<�$FDH�:<14uD57C28<57Cq=?57=?57@B5719571
ln5o>D>A=?571eXY:<E.=-�?57E.u21<EGFDH4u],
��198<5¯8<57C¤ªi�i57C�64XYH<CD5�t?57CD�(&d5714uAR.EGFDH4uD571 , +JX .K+JjJ%�1©:<198dab%�2"1 � +J.KR$i[3 v?ª-468;EG5T��CA=?57@<1<EG>D>D5TE.H<CD57C¤J$FDH4:<@;�
t?57CD>A:9FDH95$��8;EG5 57@B571;K·XYR.RG>VE.1�/21<RG57H<14:<1<=�XY1 ��57CD>A:9FDH9>A�?�iCA�B57CA1 1eXiFDH �f+$i i>P-��c 3 �4P54µ�?�i1<xoE.�<EG57CAu�3±XYCD571r,
) 1I8;EG5o>D571 2	XY@B�iCAt?57CD>A:9FDH9571�3µ:<CD8<5¤8;EG5V°±57uD�i198;CA:9FD�4K´5o>AuAE.=-�?57E.u <

fcm,cube = 13 ÷ 60
:]\(S�S 2 Yµ:<198n8<57C°±573657H<CA:<1<=?>A=-CsXi8 < � �.+7� ÷ � � �-� �[YVXYRG>¤��XYCsXYST57uD57CT@B57E9:W�iCAS¯XYR��N:<198 2r57EGFDH4uA@B57uD�i1 :<14uD57CD>A:9FDH4u], �MX

, +JX .K+JjJ%�1�@B57CD57E.uD>T8;EG5�/2CAuT8<57Cb¥2@B57C§¦¨�iFDH95719>AuACA:<�$uA:<C XYRG>���E.1;¦9:9>D>¯8<57CT�qEG>D>At?57CAx(XYH<14:<1<= t?57CASm:<uD57uD5$�
3µ:<CD8<571©@B57E68<571 ��57CD>A:9FDH9571©:<14uD57CD>DFDH<EG5o8;R.EGFDH95nUWCD�J'-uA�?�iCA198;:<CDFDH<ST5o>D>D57C < +]O�:<198©�-PYS�S YNt?57CA3657198<57u],
�MXM8;EG5µ�qEG>D>D5±E.1T8<57C±J$FDH4:<@;K�:<=?5qt?�iC���57CD>A:9FDH9>A@B57=-E.1<1 �YH<1<R.EGFDH¯3µEG5µ@B57E<��57CD>A:9FDH9571¯1eXiFDH �f+$i i>P-��c¤8;:<CDFDH
��E.198;CA�9FD�?571¯57E.195o>��q:<198<57EG>D5719>�E.1�8;EG5£K�:<=?5714:<S�R&XY:;K´57198<5±�2� :�XYH4u�57CAx]57:<=-u�3µ:<CD8<571��i3µ:<CD8<5±8;EG554A573657E.R.E.=?5
/21;K·XY1<=?>ACAEG>D>A@<CD57E.uD5V=?57ST5o>D>D571r, �e3±XYCM>DFDH<EG5719571��r�YH<1<R.EGFDHI3µEG5¤>DFDH9�i1I@B57E:@�P5%-�Q%�. �d8;EG5V:<14uD57CD>DFDH<EG5o8;R.EGFDH9571
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UWCD�J'-uA�?�iCA198;:<CDFDH<ST5o>D>D57C±�?57E.195W8;E.CD57�$uD52/2:9>A3µE.CA�$:<1<=¤XY:;K	8<571�J$FDH4:<@<uACsXY=-3µEG8<57CD>AusXY198 xo:¯HeXY@B571�� 4A5o8<�$FDH
�?�i1<14uD5µ57E.1¤8;E.CD57�$uD57C �e:9>sXYS�ST571<HeXY1<=Mxo3µEG>DFDH9571T8<57C£J$FDH4:<@<uACsXY=iK·�YH<E.=-�?57E.u£:<198¤8<57C�°±57uD�i1;K´5o>AuAE.=-�?57E.u!K´5o>Au§�
=?5o>AuD57R.R.u�3657CD8<571r, �WEG5TJ4�eXY1<14:<1<=?571�E.S�°±57CD57EGFDH 8<57CmJ$FDH4:<@;K�:<=?5��?�i1<14uD571�t?�i1%, +JX .K+JjJ%�1L3 v?ª-4£XY1<HeXY198
8<57C±K´�iR.=?57198<571n²9�iCAST57R.1�@B5o>DFDH<CAEG57@B571
3657CD8<571��
²!�<Cb:W�iCAS¯XYR.@B57uD�i1��

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

��u 3±XNxo:<C£=-RG57EGFDH9571 �¨57E.u�3µ:<CD8<571bt?�i1 = +(k ����1�%�.�:<198��,���(!-%�. 3.+]¬ ��P-�54rXY1¯8<57C6p	5oFDH<1<EG>DFDH9571�w21<E.t?57CD>AE.us�Yu
l
�<19FDH9571V57@B571;K·XYR.RG>r��57CD>A:9FDH95�xo:<C�J$FDH4:<@<�$CsX(K�uA�<@B57CAuACsXY=-:<1<=Mt?�iCA=?5719�iS�ST571��(@B57E48<5719571m8<57C!�qEG>D>BS�E.uAuD57RG>
J4�eXYR.uAxo:<=�57CAx]57:<=-uV3µ:<CD8<5-,�) S U�57=?5719>sXYuAxbxo:©8<571 t?�iCsXY1<=?57=4XY1<=?5719571_J4uA:98;EG571���57CAST�i=-R.EGFDH4uD5�8;EG5T��57C§�
>A:9FDH9>D57E.1<CAEGFDH4uA:<1<= < >AEG57H95µ/2@<@<E.RG8;:<1<=VP;,.+]¬DY	xo:9>s�YuAxoR.EGFDHTxo:T57E.1957C��?�i19>AusXY14uD571¯�qEG>D>A@<CD57E.uD5$�-57E.195±�?�i19>AusXY14uD5
²<:<=?571<19�iCAS¯XYRG>A�eXY1<14:<1<=M@B57E?t-XYCAE&XY@<RG57C��qEG>D>A@<CD57E.uD5-, �MXµ8;EG5o>D5���57CD>A:9FDH9>D57E.1<CAEGFDH4uA:<1<=VUWCA:<198;R&XY=?5�K��<C	57E.19571
p	57E.Rq8<57C�E.1 8;EG5o>D57CT/2CA@B57E.uT8;:<CDFDH<=?5 K��<H<CAuD571 ��57CD>A:9FDH95�89XYCD>AuD57R.R.u-���-XY1<1 57E.195 =?571eXY:957CD5�°±5o>DFDH<CD57E.@<:<1<=
8<5o>���57CD>A:9FDH9>sXY:;K�@eXY:9>mE.1 /2@9>DFDH<1<E.uAuN�9, ª$, Pb1eXiFDH<=?5o>DFDH<R&XY=?571 3657CD8<571r, /g2 klk-%�1V3 O-P54£@B5714:<uAxouD5�+]v-¬?ª 8<571
=-RG57EGFDH9571���57CD>A:9FDH9>sXY:;K�@eXY:��i:<S 8;EG5±�qEG>D>At?57CAx(XYH<14:<1<=NXY1¤:<14@B573657H<CAuD571TST�i19�iR.E.uAH<EG>DFDH�H957CA=?5o>AuD57R.R.uD571���57C§�
>A:9FDH9>A�?�iCA�B57CA1bxo:b:<14uD57CD>A:9FDH9571r, ) 1 8<571 °±57uD�i19571bS�E.u±8<571 ²95o>AuAE.=-�?57E.uD571

fcm,cube �
�-�N:<198 �-��:]\(S�S 23µ:<CD8<5*4A573657E.RG>bXY:9FDH_8<57C UWCD�J'-uA�?�iCA198;:<CDFDH<ST5o>D>D57C xo3µEG>DFDH9571�¬ �µ+]OI:<198 �-PYS�S«t-XYCAE.EG57CAu],���>T3µ:<CD8<571

ST57H<CD57CD5bln�i=-R.EGFDH<�?57E.uD571©xo:<CV��R&Xi>D>AE �9xoEG57CA:<1<=�8<57C�¥2@B57C§¦¨�iFDH9571<CsXY:<H957E.u�@B57uACsXiFDH4uD57u-��XY:;K28;EG5TE.1©8;EG5o>D57C
/2CA@B57E.u�E.1T/2@9>DFDH<1<E.uAu£�;, �M19�$FDH�=?571eXY:957C£°±57xo:<=M=?5719�iS�ST571T3µE.CD8d, �e:T8<57S �B�->AE.uAE.t?571T��E.1;¦9:9>D>�57E.1957C�H9�Y�
H957CD571�°±57uD�i198;CA:9FD�4K´5o>AuAE.=-�?57E.uq:<198 57E.1957Cµ=-CD�J'?57CD571*:W�iCAS¯XYRG8;CA:9FD�;>A�eXY1<14:<1<=¯E.1�8<57Cµ²<:<=?571957@B57195NXY:;K�8;EG5
°6CA:9FDH9>DFDH4:<@9>A�eXY1<14:<1<=n�?�i1<14uD5�19�$FDH�8;EG5�°±5o8<57:<uA:<1<=�8<5o>M��57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8<5o>VXY:;K±8<571�J4�eXY1<14:<1<=?>§�
t?57CAR&XY:;K�XY:;K�=?57x]57E.=-uµ3657CD8<571r, �W:<CDFDH�8;EG5���CAx]57:<=-:<1<=¯8<57Cµ�qEG>D>D�i@B57C§¦¨�iFDH95M8;:<CDFDHnJ4�eXYR.uAxo:<=-�$Cs�(K�uD5��-XYS 5o>
XY1�8<571
�W�Y198<57CA1�xo:��M57CA@<:<1<=?571��93µEG5N>AEG5NXY:9FDHIXY1
XY198<57CD571
��57CD>A:9FDH<�?�iCA�B57CA1
E.1;K´�iR.=?5N8;EG5o>D57C2ln57uAH9�$8<5
xo:�@B5o�i@eXiFDH4uD571n3±XYCD571�3 �4P � v?ª-4 ,
�e:¯=-RG57EGFDH957C �¨57E.u6:<14uD57CA1eXYH<ST571 ?;2"1Hi �5%�X %KPJ� :<198NUH+(klk�2 P(k
3 v-P �´v-�54	J$FDH4:<@4t?57CD>A:9FDH95MS�E.u6ST�i19�iuD�i1957C±:<198
x��$�$R.EG>DFDH957C 2	Xi>AusXY:;K�@<CAE.1<=-:<1<=�XY1��<CAEG>AS¯XYuAEG>DFDH9571n:<14@B573657H<CAuD571�°±57uD�i1<�?�iCA�B57CA1r,��WEG5m��CA�;K��?�iCA�B57C23±XYCD571
4A573657E.RG>VXY1 8<571 �Y: '?57CD571 �WCAE.uAuD57R.1��d3µEG5�E.1�/2@<@<E.RG8;:<1<=nP;,.+]¬ xo:�>D57H9571��dE.1 t?57CAuAE.�-XYRG57Cm�qEGFDH4uA:<1<=n57E.1<=?5 �
>A�eXY1<14u-�]:<198m�?�i1<14uD571VE.1mH9�iCAE.x]�i14usXYRG57C��qEGFDH4uA:<1<=�S�E.u	�?�i19>AusXY14uD57C�²<:<=?571<19�iCAS¯XYRG>A�eXY1<14:<1<=N@B5]XY:;K´>DFDH<R&XY=-u
3657CD8<571r,-/2:;K�=-CA:<198�8<57C�=?57CAE.1<=?571¯��CA�;K��?�iCA�B57CAH9�iH95±t?�i1¯�-�iF7S CD5o>A:<R.uAEG57CAu�4A5o8<�$FDH¤@B57E 2	Xi>AuD>AuD57E.=?57CA:<1<=m57E.1
ST57CA�$R.EGFDH95o>�°6EG57=?57ST�iST5714uNE.S ²<:<=?5714@B57CD57EGFDH��B3±Xi>Wxo:I57E.1957S E.1<H9�iST�i=?5719571 J4�eXY1<14:<1<=?>At?57CAR&XY:;K6K��<H<CAu],
��57CA3657198<57uV3µ:<CD8<571 8;EG5¯8;CD57E6°±57uD�i198;CA:9FD�4K´5o>AuAE.=-�?57E.uD571��

fcm,cube �
+]O �!�-� :<198 �4�*:]\(S�S 2 ,��e:�8<571��8;:<CDFDH ��E.198;CA�9FD�?571�57E.195o> �q:<198<57EG>D5719> 57CAx]57:<=-uD571��qEG>D>ACsXY:<H957E.u-�£3µ:<CD8<5n57E.1 p	57E.RM8<57C ��CA�;K��?�iCA�B57C E.S

/219>DFDH<R.:9>D>�xo:9>s�YuAxoR.EGFDHb=?5o>sXY198<>AuACsXYH<R.u],4��E.1bXY198<57CD57C6p	57E.R93µ:<CD8<5qE.1¯8;CD57Ee��E.1<x]57R.uD57E.RG571b=?57uACD571<14u£E.1 J4usXYH<R��
>DFDHeXYR.:<1<=?571�H957CA=?5o>AuD57R.R.uµ:<198bE.S ��57CD>A:9FDH�xo:9>sXYS�ST571<=?5 K��<=-u],<��E.195�=?571eXY:95�ln5o>D>A:<1<=�8<57C2¥2@B57C§¦¨�iFDH9571;�
CsXY:<H957E.u-�µt?�iC�:<198�1eXiFDH���57CD>A:9FDH9>D8;:<CDFDH;K��<H<CA:<1<= �µK·XY198�S�E.uAuD57RG>�57E.195o>�p!Xi>AuD>DFDH<1<E.uAuAt?57C§K·XYH<CD5719> < >AEG57H95
/2@9>DFDH<1<E.uAuT�;, �;, PDY 4A5o8<�$FDH©14:<CTXY1 xo3657Eµ��CA�;K��?�iCA�B57CA1 >AusXYuAuV:<198©57CAR&XY:<@<u�>D�iS�E.u¤�?57E.1957CARG57E±��57CA=-RG57EGFDH9>§�
ST�i=-R.EGFDH<�?57E.uD571r,£/2:<=-CA:<198�8<57C���57CD>A:9FDH9>D57CA=?57@<1<EG>D>D5��?�i1<14uD571�K´�iR.=?57198<5

µ
� � 57CAuD5 K��<C��qEG>D>D�i@B57C§¦¨�iFDH9571
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57CAS�E.uAuD57R.u23657CD8<571��e8;EG5MR&XY:<u3?;2"1Hi �5%�X %KPJ�nXY:9FDH�K��<Cq>sXY198;=?5o>AuACsXYH<R.uD5m�qEG>D>D�i@B57C§¦¨�iFDH9571�=?57R.uD571��

µmax = 0, 44 · σj

fcm,cube

−
2
3 < P;,.+]�DY

²!�<C�=-R&XYuAuD52¥2@B57C§¦¨�iFDH9571TR&XY=M8<57C��257E.@<@B57E.3657CAu
µ
xo3µEG>DFDH9571¯� � �W:<198�� � �9, �WEG5±/2:<uD�iCD571�@B57=-CA�<198<571�89XY@B57E

8<571n/2@;K·XYR.R	8<5o>W�257E.@<@B57E.3657CAuD5o>2@B57E	>AuD57E.=?57198<57Cg:W�iCAS¯XYRG8;CA:9FD�;>A�eXY1<14:<1<= S�E.uW8<57S �e:9>sXYS�ST57198;CA�9FD�?571
H957CAt?�iCD>AuD57H957198<57C �e:9>DFDH<R&XY=?>A�?�iCA1957C-�;3657RGFDH95o>6xo:b57E.1957C E @B57CD>DFDH<CD57E.uA:<1<=¤8<57C �e:<=iK´5o>AuAE.=-�?57E.u±8<57C �¨57ST5714u§�
S¯XYuACAE � :<14uD57CAHeXYR.@ 8<5o>¯�2�iCA19>TK��<H<CAu],£��>¯�?�i1<14uD5
=?57x]57E.=-u¯3657CD8<571��689Xi>D>¯8<57C¯��57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8 E.S
365o>D5714uAR.EGFDH�:<1eXY@<He�Y1<=-E.=¤t?�i1�8<57C :W�iCAS¯XYRG8;CA:9FD�;>A�eXY1<14:<1<=TEG>Au],$w214uD57C±°±57CA�9FD�;>AEGFDH4uAE.=-:<1<=¯8<57Cµ��CA=?57@<1<EG>§�
>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
3

< P;,.+7��Y
@B57CD5oFDH<1957uµ3657CD8<571r,<��E.195W��57CAE �9xoEG57CA:<1<=�S�E.uµ>AusXYCA�Tt-XYCAE.EG57CD57198<571
¥2@B57C§¦¨�iFDH9571<CsXY:<H957E.uD571
3µ:<CD8<5WH<EG57CA@B57E
4A5o8<�$FDH�1<EGFDH4uq8;:<CDFDH<=?5 K��<H<CAu], ��57C2U�57R.uA:<1<=?>A@B57CD57EGFDH
8<57C2UWRG57EGFDH4:<1<=?571 < P;,.+]�DY£:<198 < P;,.+7��Y��<8;EG5Wxo:<S p	57E.R
XY:9FDHnE.1
8<571��fP-R�%�X � P-R�%[A�����C�3.+]O54!�<@B57CA19�iS�ST571
3µ:<CD8<571��e@B5o>DFDH<Cs�Y1<�$u2>AEGFDHn>D�iS�E.uWXY:;K��qEG>D>D�i@B57C§¦¨�(�
FDH9571
:<14uD57Cq��57CA3657198;:<1<=bt?�i1 :W�iCAS¯XYR.@B57uD�i1r,

��������� � ��
�� ��� & ��� ����
 & # � 
 �
�������'��� & ����� �	��� �'��� &("�� � ! & ��� � ���9� 
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) S �e:<=?5N8<57C2/2143657198;:<1<=b8<57C2²957CAuAE.=-uD57E.R.@eXY:43657EG>D5¤xo:�°±57=-E.1<1n8<57C2O-�i57C 64XYH<CD5N3µ:<CD8<5Mx(XYH<R.CD57EGFDH95V²9�iC§�
>DFDH4:<1<=?>sXYCA@B57E.uD571nE.Szy2E.14@<R.EGFD�
XY:;K�8;EG5VJ$FDH4:<@<�$CsX(K�uA�<@B57CAuACsXY=-:<1<= xo3µEG>DFDH9571
xo3657E!°±57uD�i1;K´57CAuAE.=-uD57E.RG571
:<1;�
uD57CA19�iS�ST571r, �MX�@B57E!57E.1957C��WEG57R.x(XYH<R!t?�i1I²957CAuAE.=-uD57E.R.t?57CA@<E.198;:<1<=?571�89Xi>W��E.14@<CAE.1<=?571 57E.1957CW��57CA@<:<198;@B5 �
3657H<CA:<1<= XY:9>µ@eXY:<�<CsXY�$uAEG>DFDH9571�=-CA�<198<571�1<EGFDH4u2ST�i=-R.EGFDH�3±XYC-�<3µ:<CD8<571�E.1�8<57Cq�257=?57RdS�E.u��¨57ST5714u§�±�$8<57C
��:<19>AuAHeXYCAxoST�iCAuD57R!t?57C§K��<R.R.uD5N²<:<=?571�xo3µEG>DFDH9571
xo3657E	°±57uD�i1<�?�iCA�B57CAuD57E.RG571n:<14uD57CD>A:9FDH4u],
w2S 8;EG5�/2143657198;@eXYCA�?57E.ub>D�iRGFDH957CT²<:<=?5714t?57CA@<E.198;:<1<=?571�5��;�B57CAE.ST5714uD57R.Rqxo:�t?57CAE �9xoEG57CD571���:<14uD57CD>A:9FDH4uD571
^ %�X #�%�.¯:<198fa�B�k ����3.+]�-�54±+]v-O;+V8<571n��E.1;¦9:9>D>2t?57CD>DFDH<EG5o8<571957CM²<:<=?571�XY:;K£8;EG5m²95o>AuAE.=-�?57E.uWt?�i1n²957CAuAE.=-uD57E.R��
>DFDHeXYRG571IXY1<HeXY198�t?�i1��<CAEG>AS¯XYuAEG>DFDH9571��9xo3657E.uD57E.R.E.=?571n��CA�;K��?�iCA�B57CA1��e8;EG5M8;:<CDFDHn57E.195�E.S �_E.1<�?57R

β
>DFDH<Cs�Y=

R.EG57=?57198<5mln�iCAuD57R�K�:<=?5Mt?57CA@<:<198<571
3±XYCD571 < >AEG57H95N/2@<@<E.RG8;:<1<= P;, P-�DY ,
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 Mainz - Nadelhammer
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 Daschner - sandgestrahlt
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a) Rüttelrau b) Nagelrechen c) Sandgestrahlt 

d) HDW-gestrahlt schwach e) HDW-gestrahlt stark 
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>AEGFDH¤>DFDH<R.EG5F'-R.EGFDH¤S�E.uAuD57RG>!=?5o57E.=-1957uD57C-�YCD5oFDH<1957CA=?5o>AuA�<uAxouD57C��<H �;>AE.�-XYR.EG>DFDH;� >AusXYuAEG>AuAEG>DFDH957C�/2:9>A3657CAuD57ST57uAH9�$8<571
< t$=-R·,������ �J1�%,3 ¬-¬54e>D�]3µEG5 Db%Fi %�.lk�3 O-O54ZY	3µEG5o8<57CA:<S XY:;Kd8;EG5 4A573657E.R.E.=?571¯89XYxo:<=?57H9�iCAE.=?571¯t?57CD>DFDH<EG5o8<5719571

Rq
�

� 57CAuD5Mxo:<CA�9FD�4K��<H<CD571
R&Xi>D>D571r,

� \<f]"4` � � 'r%]c�
 c��r'	f�� �£\<fo%]"4`
) S���57CA=-RG57EGFDH�xo:�8<571 ST5oFDHeXY1<EG>DFDH9571©p!Xi>AuD>DFDH<1<E.uAuA=?57Cs�YuD571 @B57CA:<H4uV8<57C(2	Xi>D57C§� /2:<uD�YK´�i�$:9>§� p!Xi>AuD57C < t$=-R·,
/2@<@<E.RG8;:<1<=��;, P;+5YqRG5o8;E.=-R.EGFDH XY:;K68<57S���CD>sXYuAx�8<57CMp!Xi>AuD>A�<E.uAx]5�8;:<CDFDH�8<571�²9�i�$:9>M57E.195o>-�B8;:<CDFDH�57E.1 2dE.1;�
>D5719>��;>AuD57S~57CAx]57:<=-uD571��:2	Xi>D57CD>AuACsXYH<RG>], �MXi>¤t?�i1�8<57C¤xo:�t?57CAST5o>D>D57198<571_¥2@B57C§¦¨�iFDH95�CD5 ¦e57�$uAEG57CAuD5 2dEGFDH4u
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Oberfläche 

Laserstrahl (λ) 

Gestreutes Licht 

CCD-Array 

/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�$8<571
K´�i�$:9>D>AEG57CAu],9w2Sz8;EG5o>D5N=-RG57EGFDH<S¯�('-E.=?5¤/2:9>ARG57:9FDH4uA:<1<= 8<57C �WEG�$8<571
14:<1IXY:9FDHn@B57E
8<57CN=?57CsXi8;R.E.1<E.=?571�/2@<usXi>AuA:<1<=
57E.1957CV¥2@B57C§¦¨�iFDH95Txo:�=?573±�YH<CARG57EG>AuD571��	8d, Hr,d8<571 ²9�i�$: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;RG57C
XYRG> 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�$uD�iC XY@<=?57@<E.RG8<57u], 6?5�1eXiFDH �WEG>AusXY1<x
xo3µE��
>DFDH9571n8<57CN¥2@B57C§¦¨�iFDH95m:<198n8<57S�prCAE&XY1<=-:<R&XYuAEG�i19>D>D5719>D�iC�3µE.CD8
H<EG57CA@B57E!89Xi>2CD5 ¦e57�$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],il
E.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,2l
E.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.EGFDH9571
3657CD8<571��93657RGFDH95N1eXiFDHn8<57CD>D57R.@B571
ln57uAH9�$8<5M57CAS�E.uAuD57R.u23µ:<CD8<571r,
) S °µXY:9>AuD�(&B�$:<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],
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�MX
8<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.1
t?57CAuAE.�-XYRG57C2:<198n�-�

µ
S E.1
H9�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��� � ��>�� � ��� > � � ��� ����� � �
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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<14uD5
l
E.uAuD57R.R.E.1<EG5�8<5o>T��CD���9RG>], �MXYCA:<14uD57C
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¦¨�iFDH9571<CsXY:<H957E.u&4A5o8<�$FDH �?57E.195¯�B57CAEG�$8;EG>DFDH95b²<:<1<�$uAEG�i1�89XYCV:<198 >D���-XY1<1 8;EG5b°±57uACsXiFDH4uA:<1<= 57E.195o>¤/2:9>§�
>DFDH<1<E.uAuD5o>WH<EG57CqRG5o8;E.=-R.EGFDH�XYRG>257E.195�:��YH957CA:<1<= 8;EG5719571r, �e:98<57Sz�?�i1<19571
S¯X5�;E.S¯XYR!14:<C

n
\iP¤HeXYCAST�i1<EG>DFDH95

� 57R.RG571�@B5o>AuAE.S�Smu�3657CD8<571r, �WEG5V�$RG57E.19>AuD5V57C§K·Xi>D>A@eXYCD5 � 57R.RG571<R&�Y1<=?5
λmin

8<5o>Wxo: XY1eXYR��;>AEG57CD57198<571 �WXY:;�
H957E.uD>A�<CD���9RG>qEG>Au28<57S�1eXiFDH��

λmin = 2 · ∆x = 0, 4
S�S < �;, P-PDY

�WEG5NE.1
/2@<@<E.RG8;:<1<= �;, �-vT89XYCA=?5o>AuD57R.R.uD571 J4�B57�$uACD571
8<57CW/2S��<R.E.uA:98<571�K��<Cqt?57CD>DFDH<EG5o8<57195�¥2@B57C§¦¨�iFDH9571<CsXY:;�
H957E.uD571�3µ:<CD8<571�1eXiFDH
8<57S t?57CD57E.1;K·XiFDH4uD571��9:<14uD57CWXY198<57CD57S t?�i1 Db%Fi %�.lk-%�1�3 O?ª-4r=?571eXY:957Cµ@B5o>DFDH<CAEG57@B5719571
/2R.=?�iCAE.uAH<Sm:9> 8<57C¯>DFDH<1957R.RG571_²9�i:<CAEG57C§� prCsXY19>§K´�iCAS¯XYuAEG�i1 < ²�²�p Y�57CAS�E.uAuD57R.u], �MX�8<57C¯²�²�p6� /2R.=?�iCAE.uAH<Sm:9>
8;EG5257E.=?571952�!57CAEG�$8;E.xoE.us�Yu±8<57C£prCAE.=?�i19�iST57uACAEG>DFDH9571�²<:<1<�$uAEG�i19571 XY:9>A14�<uAxou-�4=-E.R.u�K��<C£8;EG5q/21<x(XYH<R

n
8<57C68;EG>§�

�$CD57uD571 �MXYuD571��¨8;EG5mS�E.uAuD57RG>W8<57C�²�²�p�XY1eXYR��;>AEG57CAuW3657CD8<571�>D�iR.RG571��e8;EG5V��E.19>DFDH<Cs�Y1<�$:<1<= 1eXiFDH�UWRG57EGFDH4:<1<=
< �;, P;+5Y ,
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Rüttelrau 3C

Klammermodell

Höckermodell
Sägezahnmodell

/2@<@<E.RG8;:<1<=b�;, �4� �¨J4�B57�$uACA:<S 8<57CWy��Y:.�9=-�?57E.u�8<57C�XY:;K�uACD57uD57198<57C�� 57R.RG571<R&�Y1<=?571It?57CD>DFDH<EG5o8<571957CM��CD���9R.S¤�
�$8<57R.RG5M:<198�57E.1957Cq=?57ST5o>D>D5719571
�WXY:<H957E.u <

fcm �
O;+]:]\(S�S 2 Y

¥2@436�iH<ReE.1¯57E.1957S ��CD���9RG>DFDH<1<E.uAu±8<57C 2	Xi>D57CAST5o>D>A:<1<= 4A573657E.RG>6P-�-��� 57CAuD5µxo:<C���57C§K��<=-:<1<=V>AusXY198<571��-�?�i1<1;�
uD571b8<5o>AHeXYR.@¯RG5o8;E.=-R.EGFDH�8;EG5257CD>AuD571n+]P-¬ �MXYuD571b:<14uD57CD>A:9FDH4u±3657CD8<571r,;²!�<C6>s�YSmuAR.EGFDH95W²�²�p6� /21eXYR��;>D571¯3µ:<C§�
8<5M8;EG5o>D57R.@B5Mln5o>D>AR&�Y1<=?5M:<198
J$FDH<CAE.uAu 3657E.uD5Vt?57CA3657198<57u-�9:<Sz57E.195M��57CA=-RG57EGFDH4@eXYCA�?57E.u�xo:�57CAHeXYR.uD571r, ) 1�8<571
J4�B57�$uACD571b8<57C£=?57ST5o>D>D5719571b�WXY:<H957E.uD571buACD57uD571��;�YH<1<R.EGFq3µEG5WXY:9FDHb@B57E;/g2 klk-%�1 � 57R.RG571<R&�Y1<=?571 E.1b8<57CµUWCD�Y�
'?5719�iCD8;14:<1<=�8<57C6HeXYR.@B571 ln5o>D>AR&�Y1<=?52E.1b8<57CqJ4�B57�$uACsXYR.t?57CAuD57E.R.:<1<=T8<57:<uAR.EGFDH H957CAt?�iC],;��RG57E.1957CD5 � 57R.RG571<R&�Y1;�
=?571�>AE.198 E.S ��57CA=-RG57EGFDH
H<EG57CAxo:�t?57CA1eXiFDH<R&�i>D>AE.=-@eXYC2=?57CAE.1<=Tt?57CAuACD57uD571r, �e:<S 57E.19571�EG>Auµ8;EG5o>D57Cq°±57CD57EGFDHn8<57C
R&XY1<=?571 � 57R.RG571n8<57Cµ=-RG�i@eXYRG571n�WXY:<H957E.uqxo:<xo:9�iCD8;19571��exo:<S�XY198<57CD571�EG>Au28;EG5o>2XY:9FDHn8;EG5N/2:9>A3µE.CA�$:<1<=¯8<57C
�i@B571�=?571eXY1<14uD571���E.19>DFDH<Cs�Y1<�$:<1<=
E.1;K´�iR.=?5T8<57CM@B57=-CD571<xouD571�ln5o>D>D>DFDH<CAE.uAu 3657E.uD5-,r��57CA=-RG57EGFDH4umS¯XY1 3µEG5¤E.1
/2@<@<E.RG8;:<1<=¯�;, �4�V8;EG5�:<14uD57CD>DFDH<EG5o8;R.EGFDH9571n=?5o�iST57uACAEG>DFDH9571
ln�$8<57R.RG5WS�E.uµ57E.1957CµusXYuD>s�iFDH<R.EGFDH9571n�WXY:<H957E.u-�;>D�
@B5o>DFDH<CD57E.@B571�89Xi>���R&XYS�ST57C§�	:<198¤89Xi>�yW�$FD�?57CA�<CD���9R98;EG5µXY:;K�uACD57uD57198<571 � 57R.RG571;K´�iCAST571¯XYS 57H95o>AuD571r,i��E.195
�YH<1<R.EGFDH95µ²9�iCAS 8<57C�y��Y:.�9=-�?57E.u-�-8;EG5±XY:9FDH�E.1¤8<571�w214uD57CD>A:9FDH4:<1<=?571Tt?�i1 /g2 klk-%�1bXY1	2r57EG>AuA:<1<=?>§�§J4�B57�$uACsXYR��
²<:<1<�$uAEG�i19571 xo: �9198<571 EG>Au-�d�-XY1<1 4A5o8<�$FDH�t?�i1��?57E.1957S ln�$8<57R.R±XY:9>ACD57EGFDH9571 @B5 K�CAEG5o8;E.=?57198 @B5o>DFDH<CAEG57@B571
3657CD8<571r,
�MXM8;EG5q/2S��<R.E.uA:98<571bt?�i1 � 57R.RG571;K´�iCAST571¯=?57CAE.1<=?57CD57C � 57R.RG571<R&�Y1<=?52�$RG57E.1957C�3657CD8<571��4uACD57uD571¯8;EG5 �
>D5NJ4uACA:<�$uA:<CD571�E.1
8<57Cq>A�B57�$uACsXYRG571�°±57uACsXiFDH4uA:<1<=bE.1�8<571�y2E.14uD57CA=-CA:<198d,e��E.195N°±57uACsXiFDH4uA:<1<=¯E.1
57E.1<x]57R.19571
°±57CD57EGFDH9571�3µ�<CD8<56H<EG57C§K��<C�57E.195 2r�->A:<1<=�@<EG57uD571r,-/2:;K�=-CA:<198V8<57C�=?57CAE.1<=?571 �MXYuD5714@eXi>AEG>�8;EG56xo:<C���57C§K��<=-:<1<=
>AusXY198 3µ:<CD8<5N8;EG5o>D5Nln�i=-R.EGFDH<�?57E.u:4A5o8<�$FDH�1<EGFDH4u23657E.uD57Cqt?57C§K´�iR.=-u],

�D�"! #H��� > 9 9;����)+>�� � ������� ��������� � �����

�WEG5¤t?57CD>DFDH<EG5o8<5719571���57C§K·XYH<CD571 :<198���XYCsXYST57uD57Cmxo:<CNln5o>D>A:<1<=�:<198�°±573657CAuA:<1<=
t?�i1 ¥2@B57C§¦¨�iFDH9571<CsXY:;�
H957E.uD571�>AE.198�57@B5719>D�¤:<14uD57CD>DFDH<EG5o8;R.EGFDHI:<198 x(XYH<R.CD57EGFDH��93µEG5M8<57Cq²9�iCAST571<CD57EGFDH4uA:<S�8<57Cq�WXY:<H957E.uD571
>D57R.@9>Au],
��>NEG>AuV8<57:<uAR.EGFDH xo: 57CA�?571<19571��!89Xi>D>m57E.195¯°±5o>DFDH<CD57E.@<:<1<=I:<198�°±573657CAuA:<1<=nt?�i1�¥2@B57C§¦¨�iFDH9571<CsXY:<H957E.uD571
XY1<HeXY198I57E.195o>M57E.1<x]57R.19571���XYCsXYST57uD57CD>M1<EGFDH4um57E.198<57:<uAE.=�ST�i=-R.EGFDH�EG>Au],rUWCA:<198nH<EG57C§K��<C�EG>AuM8;EG5¤p!XYuD>sXiFDH95$�
89Xi>D>q8;EG5�ST57EG>AuD571���57C§K·XYH<CD571�S�E.u28<57C�³2:eXY14uAE �9xoEG57CA:<1<= 8<57C2�WXY:<H957E.u257E.19571nXY198<57CD571 �e365oFD��t?57C§K´�iR.=?571��
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XYRG>�H<EG57C±XY:9>±J4EGFDH4u68<5o>±J$FDH4:<@<uACsXY=-t?57CAHeXYR.uD5719>q57C§K´�iCD8<57CAR.EGFDHb3±�YCD5-,;J$�M3657CD8<571 ) 1;K´�iCAS¯XYuAEG�i19571b8<57C±J4uACA:<�4�
uA:<C-�¨8;EG5Vy2E.143657EG>D5¤XY:;K£57E.195mST5oFDHeXY1<EG>DFDH95 �_E.CA�$:<1<=?>A3657EG>D5mR.EG5 K´57CA1n�?�i1<14uD571I=-CD�J'-uD5714uD57E.RG>�=?5 �9R.uD57CAuW:<198
8;EG5T�WXY:<H957E.uVXY1©UWCD�J'?571�8<5 �91<EG57CAu-�	8<57CD571�°±57xo:<=nXY:;Kq57E.195TprCsXY=-3µE.CA�$:<1<=n57H957CNxo3657E�K´57R.HeX(K�uV57CD>DFDH957E.14u],
/2:9>W8;EG5o>D57S UWCA:<198n>D�iR.R.uD5NS�E.u�y2E.R�K´5NST57H<CD57CD57CW��57C§K·XYH<CD571nt?57CD>A:9FDH4u�3657CD8<571��B8;EG5m�?�iS��<RG5��<5�J4uACA:<�$uA:<C
t?�i1_¥2@B57C§¦¨�iFDH95714uD�i�B�i=-CsXY�<H<EG571�8;:<CDFDH�t?57CD>DFDH<EG5o8<57195���XYCsXYST57uD57C¯:<198©²<:<1<�$uAEG�i19571 xo:�FDHeXYCsXY�$uD57CAEG>AEG5 �
CD571r, ) 1_�NXY�<E.uD57RNO�3µE.CD8�XY:9> 8;EG5o>D57S UWCA:<198_57E.1�57E.=?571957C ��57CD>A:9FDH�:<14uD57CA19�iS�ST571��qXY:9>D>sXY=?57�$Cs�(K�uAE.=?5
) 1;K´�iCAS¯XYuAEG�i19571
S�E.u2y2E.R�K´5M57E.195o>µ=?5o�iST57uACAEG>DFDH9571n��57C§K·XYH<CD5719>qxo:�57CAHeXYR.uD571r,
w2S 57E.195Vln�i=-R.EGFDH<�?57E.uN8<57CMXY1eXYR��$uAEG>DFDH9571 °±57uACsXiFDH4uA:<1<=�8<57C�prCsXY=iK·�YH<E.=-�?57E.uME.1I/2@<He�Y1<=-E.=-�?57E.uN8<57C��WXY:;�
H957E.uqxo:�>DFDHeX5&d571��<3µ:<CD8<571�=?5o�iST57uACAEG>DFDH95mln�$8<57R.R.t?�iCD>AuD57R.R.:<1<=?571
E.1�²9�iCAS t?�i1�8<5 �91<EG57CAuD571n��CD���9RG571�S�E.u
8<571 ��CA=?57@<1<EG>D>D571 8<57CN/2:9>A3657CAuA:<1<=�=?57ST5o>D>D571957CN�WXY:<H957E.uD571�t?57CA=-R.EGFDH9571 :<198n@B573657CAuD57u],!UM�Y1<=-E.=?5�ln�Y�
8<57R.R.@<E.RG8<57C-��3µEG5�89Xi>¯J;�Y=?57x(XYH<1;�m:<198�89Xi>�yW�$FD�?57CA�<CD���9Rµ3µEGFDH9571 E.1 57E.1<E.=?571���57C§K·XYH<CD571 57CAH957@<R.EGFDH t?�i1
8<571���CA=?57@<1<EG>D>D571�8<57C¤usXYuD>s�iFDH<R.EGFDH�t?�iCAHeXY198<5719571_J4uACA:<�$uA:<CTXY@r,!��E.195b@B5o>D>D57CD5 E @B57CD57E.19>AuAE.S�Sm:<1<=�XY:;K
UWCA:<198;R&XY=?5�8<57C�XY1<=?573±XY198;uD571 °±57:<CAuD57E.R.:<1<=?>AST57uAH9�$8<571�R.EG5 K´57CAuD5 89Xi>V��R&XYS�ST57CA�<CD���9R·,�²<CsXY=-R.EGFDH�@<RG57E.@<u
89XY@B57E�4A5o8<�$FDH���XY1<HeXY198©3657RGFDH957CT=?57ST5o>D>D5719571 ��XYCsXYST57uD57C¯57E.1 >D�iRGFDH95o>T��R&XYS�ST57CA�<CD���9R28;E.ST5719>AEG�i1<EG57CAu
3657CD8<571 >D�iR.R.uD5-, �MX�8;EG5T°±5o>AuAE.S�Sm:<1<=
t?�i1���E.1<=4XY1<=?>A=-CD�J'?571©57E.195�=?571eXY:95¯ln5o>D>A:<1<=�8<57Cm�WXY:<H957E.uNt?�iC§�
XY:9>D>D57uAxou-�]EG>Au!57E.195£>D�iRGFDH956ln�$8<57R.RG�i@B57C§¦¨�iFDH95£ST�i=-R.EGFDH957CA3657EG>D5µ57E.195�xo:9>s�YuAxoR.EGFDH95±w21<=?571eXY:<E.=-�?57E.u�8;EG5£8;:<CDFDH
89Xi>28;E.CD57�$uD5���57CA3657198<571I8<57C2ln5o>D>A3657CAuD5M:<1<19�iuAE.=T3657CD8<571
�?�i1<14uD5-,
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) S�y2E.14@<R.EGFD� XY:;K¤57E.195I²<:<=?5Ixo3µEG>DFDH9571�J4usXYH<R.@B57uD�i14@eXY:<uD57E.RG571��q@B5o>AuD57H957198 XY:9>�/2R.u§��:<198L:W57:<@B57uD�i1��
3µ:<CD8<571 t?�i1�t?57CD>DFDH<EG5o8<5719571_/2:<uD�iCD571 E.1 8<57CT��57CA=4XY1<=?571<H957E.u¯x(XYH<R.CD57EGFDH95���57CD>A:9FDH95�xo:<C J$FDH4:<@<�$CsX(K�u§�
�<@B57CAuACsXY=-:<1<= :<198�H<EG57CA@B57EmXY:9FDH�xo:<C��qEG>D>At?57CAx(XYH<14:<1<=�:<14uD57CA19�iS�ST571 < >AEG57H95I�NXY�<E.uD57RVPDY , ) S �e:<=?5
8;EG5o>D57C¤@<EG>AH957CAE.=?571�²9�iCD>DFDH4:<1<=?>sXYCA@B57E.uD571 E.S~°±57CD57EGFDH 8<5o>�XYR.R.=?57ST57E.19571_J$FDH4:<@<uACsXY=-t?57CAHeXYR.uD5719>¯:<198 8<57C
�qEG>D>At?57CAx(XYH<14:<1<=n>A�<EG57R.uD5T8<57CVy�X(K�uAt?57CA@<:<198�XYRG>m/214uD57E.R6XYS~U�5o>sXYSmuAuACsXY=i�W:<198 ��57C§K´�iCASm:<1<=?>At?57CAHeXYR.uD571
xo:<ST57EG>Au£�-XY:<S 57E.1952�2�iR.RG5-, �_EG5q>AEGFDH¯E.1¯p!Xi>AuAt?57CD>A:9FDH9571 t?�i10^�2"X`���T:<198 ab%�2"1�%K��c$% 3.+]�Y�J4¨@B57CD57E.uD>�H957CsXY:9>§�
>AuD57R.R.uD5$�43µE.CD8¯=?57CsXi8<528<57C±y�X(K�uAt?57CA@<:<198D4A5o8<�$FDHb>AusXYCA�T8;:<CDFDH 8;EG5WlIXYuD57CAE&XYRG57E.=?5719>DFDHeX(K�uD571�8<57C6t?57CA3657198<5 �
uD571 °±57uD�i195�@B5o57E.1;¦9:9>D>Au�:<198ISm:9>D>N>D�iS�E.uN>DFDH9�i1�XYR.RG57E.1 xo:<C���57CAE �9xoEG57CA:<1<=n8<57CN57S��<E.CAEG>DFDH�57CAS�E.uAuD57R.uD571
�257E.@<:<1<=?>A@B57E.3657CAuD5�8<57C :W�iCAS 3 PY�J4d5��;�B57CAE.ST5714uD57R.RB:<14uD57CD>A:9FDH4uµ3657CD8<571r, �MXm8;EG52/2143657198;:<1<=�t?�i1b°±57uD�Y�
19571
H9�iH957CD57CW²95o>AuAE.=-�?57E.uD571nE.Szy�XYR.@;K´57CAuAE.=-uD57E.R��±:<198�°±57uD�i14t?57CA@<:<198;@eXY:�57E.19571
3µE.CAuD>DFDHeX(K�uAR.EGFDH9571I���iCAuD57E.R
t?57CD>A�<CAEGFDH4u-��3µ:<CD8<5bE.S ���iC§K´57RG8�xo:<C¤/2:9>D>DFDH<CD57E.@<:<1<=�57E.1957C¤°6CA�9FD�?5�XY:9>mH9�$FDH;K´5o>AuD571�°±57uD�i1;K´57CAuAE.=-uD57E.RG571
< ¢µªi�D\i¬-�DYqS�E.uN¥2CAuA@B57uD�i1957CA=4�Y1<xo:<1<=�=?57CAE.1<=?57CD57CN°±57uD�i1;K´5o>AuAE.=-�?57E.u < ¢±�-�D\(�4�DY289Xi>2K´�iR.=?57198
@B5o>DFDH<CAEG57@B57195
��57CD>A:9FDH9>A�<CD�i=-CsXYS�S�XY1
8<57Cqp	5oFDH<1<EG>DFDH9571�w21<E.t?57CD>AE.us�Yu2l
�<19FDH9571�E.1<E.uAE.EG57CAu],

�(�

 #H�!��8!� � � � �����

) 1 �e:9>sXYS�ST571eXYCA@B57E.uWS�E.uW8<57S�²9�iCD>DFDH4:<1<=?>AR&XY@B�iCM8<57CW²!E.CAS¯XTlIX5��°±�i=-R�UWSm@9y�� ¢6�¯��U 3µ:<CD8<5m57E.1
:<S¤K·XY1<=-CD57EGFDH95o>���57CD>A:9FDH9>A�<CD�i=-CsXYS�S xo:<S prCsXY=-t?57CAHeXYR.uD571¯:<14@B573657H<CAuD57C£��57CA@<:<198$K�:<=?571T:<14uD57CA19�iS�ST571r,
) 1V8;CD57E$t?57CD>DFDH<EG5o8<5719571���57CD>A:9FDH9>At?�iCACAEGFDH4uA:<1<=?571¯3µ:<CD8<571¤8;EG56/2:9>A3µE.CA�$:<1<=?571¤8<57C�²<:<=?5719�i@B57C§¦¨�iFDH9571<CsXY:;�
H<E.=-�?57E.u�:<198
8<57C���E.1;¦9:9>D>W8<57C�°±57uD�i1;K´5o>AuAE.=-�?57E.uMXY:;K£89Xi>MJ$FDH4:<@<uACsXY=-t?57CAHeXYR.uD571 :<14uD57CD>A:9FDH4u],d°±5o>D�i198<57CD5o>
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/2@<@<E.RG8;:<1<=b�;, � �9°6CA:9FDH9>DFDH4:<@9>A�eXY1<14:<1<= 8<5o>Ny�X(K�uAt?57CA@<:<198<5o>NE.1�/2@<He�Y1<=-E.=-�?57E.uV8<57CN°±57uD�i198;CA:9FD�4K´5o>AuAE.=i�
�?57E.u28<5o>µ1eXiFDH4uACs�Y=-R.EGFDH�57CA=4�Y1<xouD571n°±57uD�i19>

�WEG5M�2�iR.RG5M8<57Cb:W57:<@B57uD�i1;K´5o>AuAE.=-�?57E.uWXYRG>q��XYCsXYST57uD57CW8<57C2y�X(K�uD>DFDH957C§K´5o>AuAE.=-�?57E.uqEG>AuµE.1�/2@<@<E.RG8;:<1<=b�;, �Vt?57C§�
8<57:<uAR.EGFDH4u],
�WEG5±E.1T8;EG5o>D57S �WE&XY=-CsXYS�S XY:;K�uACD57uD57198<5WJ4uACD57:<:<1<=m8<57C£57E.1<x]57R.19571Tt?57CA3657198<57uD571b°±57uD�i198;CA:9FD�4�
K´5o>AuAE.=-�?57E.uD571�>AuD57R.RG571¤xo:<xo�<=-R.EGFDH¯8<57C�1eXYuA�<CAR.EGFDH9571 J4uACD57:<:<1<=N8<57C���57CD>A:9FDH9>D57CA=?57@<1<EG>D>D5µ8<571�4A573657E.R.E.=?571T��E.1;�
¦9:9>D>µt?�i1��WXY:<H957E.u-�9>D�]3µEG5N8<57Cqt?57CA3657198<57uD571I°±57uD�i1;K´5o>AuAE.=-�?57E.u28<5o>q/2R.uA@B57uD�i19>289XYC],
�WEG56/2:9>A3µE.CA�$:<1<=M8<57C�°±57uD�i1;K´5o>AuAE.=-�?57E.u�3µ:<CD8<56@B57CD57E.uD>!t?�i1 = +(k ����1�%�.
3 P;+�4<xo:9>sXYS�ST571;K·Xi>D>D57198V@B57:<CAuD57E.R.u],
²!�<C�°±57uD�i1TS�E.u �WCA:9FD�4K´5o>AuAE.=-�?57E.uD571

fck �
�-�]:]\(S�S 2 �?�i1<14uD571D4A5o8<�$FDHbXY:9>�lIXY1<=?57R¨XY1T��57CD>A:9FDH9>D57CA=?57@;�1<EG>D>D571��?57E.1957CARG57E�/2:9>D>sXY=?571
=?57S¯XiFDH4u�3657CD8<571r, �WEG5m°±57uACsXiFDH4uA:<1<= @B5o>DFDH<Cs�Y1<�$uD5V>AEGFDH
xo:98<57S XYR.RG57E.195¤XY:;K

8;EG5N1<EG5o8;CAE.=?>AuD5¤²95o>AuAE.=-�?57E.uM8<57C��2�iSm@<E.1eXYuAEG�i1�t?�i1I/2R.u§�±:<198�:W57:<@B57uD�i1r,¨��E.195 �WE &d57CD571<xoEG57CA:<1<=�8<5o>���K#�
K´57�$uD5o>!:<14uD57CD>DFDH<EG5o8;R.EGFDH957C±²95o>AuAE.=-�?57E.uD571T8<5o>�/2R.u§�l�Y3µEG5µXY:9FDHT8<5o> :W57:<@B57uD�i19>�3±XYCD571T89XY@B57E<1<EGFDH4u�ST�i=-R.EGFDHr,
J$�N3µEG8<57CD>A�<CD5oFDH9571�8;EG52��CA=?57@<1<EG>D>D5W8;EG5o>D57C±w214uD57CD>A:9FDH4:<1<=T8<57C6/21<1eXYH<ST5$�;89Xi>D>£8;EG52�$RG57E.1957CD5W8<57C6@B57EG8<571
°±57uD�i1;K´5o>AuAE.=-�?57E.uD571n89Xi>qlIX('�xo:<C2°±573657CAuA:<1<=b8<5o>WJ$FDH4:<@;K´5o>AuAE.=-�?57E.u�8<5o>qy�X(K�uAt?57CA@<:<198<5o>289XYCD>AuD57R.R.u],
�WEG5V�2�iSm@<E.1eXYuAEG�i1�8<57CM°±57uD�i1;K´5o>AuAE.=-�?57E.uD571 >AuD57R.R.uWS�E.umJ4EGFDH957CAH957E.uN57E.19571I@B5o8<57:<uD57198<571�:<198n�?�iS��<RG5��<571
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��E.1;¦9:9>D>!XY:;K<8;EG5�prCsXY=iK·�YH<E.=-�?57E.u!8<5o>ry�X(K�uAt?57CA@<:<198<5o>!89XYC],ow2CD>sXiFDH95�H<EG57C§K��<CrEG>Aur89Xi>��e:9>sXYS�ST57143µE.CA�?571¤8<57C
4A573657E.R.E.=?571 >A�B57xoE �e>DFDH9571�lIXYuD57CAE&XYRG57E.=?5719>DFDHeX(K�uD571�8<57C�°±57uD�i195-, �WEG5 �WCA:9FD�4K´5o>AuAE.=-�?57E.uNXYRG>�°±5o>AuAE.S�Sm:<1<=?>§�
S¯X('�8<57C¯°±57uD�i1<=-�<uD5��-XY1<1�xo3±XYC XYRG>Ty2E.143657EG>¯8;EG5719571���R.EG5 K´57CAu¯>AuACD571<=-=?5719�iS�ST571 4A5o8<�$FDH �?57E.195��$R&XYCD5
/2:9>D>sXY=?5±�<@B57C�>D�iRGFDH95q��E.=?5719>DFDHeX(K�uD571r,;J$�N8<57:<uD57u£8;EG5±�B�->AE.uAE.t?5 �_E.CA�$:<1<=m57E.1957C�H9�iH957CD571b°±57uD�i1;K´5o>AuAE.=-�?57E.u
8<5o> :W57:<@B57uD�i19>2XY:;K�>D57E.195M²��YH<E.=-�?57E.u2H<E.1��9>AEGFDH
�i�<uAE.S¯XYRG57C2S�E.u28<57C2/2R.uA@B57uD�i19�i@B57C§¦¨�iFDH95Nxo:�t?57CA@<E.198<571r,
���iCD>AuD57R.R.@eXYC6EG>Au-�?89Xi>D>�57E.195qH9�$FDH;K´5o>AuD52°±57uD�i1957CA=4�Y1<xo:<1<=�XY:;K�=-CA:<198¯57E.195o>�H9�iH957CD571b²957E.1<�?�iCA1eXY14uD57E.RG> < x?, °�,
8;:<CDFDH�J4E.R.E.�-X(�2�$8<57CN�NXYCA@B�i19>AusXY:<@WYW:<198 57E.1957C�¦9�9>D>AE.=?57CD571�²<CAEG>DFDH4@B57uD�i1<�?�i19>AEG>AuD571<x 57E.195¤=-CD�J'?57CD5$�dt?�iS
/2R.uA@B57uD�i1¯xo:<C���57C§K��<=-:<1<=m=?5o>AuD57R.R.uD5�U�5o>sXYSmuD�i@B57C§¦¨�iFDH952K��<C£8<571¯y�X(K�uAt?57CA@<:<198bXY�$uAE.t$EG57CD571¯�-XY1<1r,?/2:9>D>sX(�
=?571¯�<@B57C68;EG52/2:9>A3µE.CA�$:<1<=mt?57CD>DFDH<EG5o8<571957Cµ�2�i19>AEG>AuD571<x]571 8<5o>£1eXiFDH4uACs�Y=-R.EGFDH�57CA=4�Y1<xouD571 °±57uD�i19>£�?�i1<14uD571
E.1
8<57C2>AuA:98;EG57CAuD57132dE.uD57CsXYuA:<C21<EGFDH4uW=?5 K�:<198<571�3657CD8<571r,BJ$��3µ:<CD8<5Nxo3±XYC28;EG5N�2�i19>AEG>AuD571<xV8<5o>2/2R.uA@B57uD�i19>
t?�i1 �����
	h!-%�.*3 ¬-O54!E.Szy2E.14@<R.EGFD�nXY:;K�8;EG5mln�i=-R.EGFDH<�?57E.uD571I8<57CW/2:;K�CsXY:<:<1<=¯t-XYCAE.EG57CAu-�91<EGFDH4u 4A5o8<�$FDHn8;EG5m8<5o>
:W57:<@B57uD�i19>],
�WEG5q��CA�;K�:<1<=mt?�i1b>AusXYCA�¤:<14uD57CD>DFDH<EG5o8;R.EGFDH95M�2�i19>AEG>AuD571<x]571 8<5o> :W57:<@B57uD�i19>�:<1eXY@<He�Y1<=-E.=Vt?�i1
8<57C2°±57uD�i198;CA:9FD�4K´5o>AuAE.=-�?57E.uW3±XYCqE.1�8;EG5o>D57C2/2CA@B57E.u2XYR.RG57CD8;E.1<=?>�XY:9FDH�1<EGFDH4u2t?�iCA=?5o>D57H9571r,
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/2@<@<E.RG8;:<1<= �;, � �9°6CA:9FDH9>DFDH4:<@9>A�eXY1<14:<1<=_8<5o>by�X(K�uAt?57CA@<:<198<5o> E.1_/2@<He�Y1<=-E.=-�?57E.u�8<57C �2�i19>AEG>AuD571<xI1eXiFDH
=@? /BADCFEHGJI S 3 P-�54±8<5o>V1eXiFDH4uACs�Y=-R.EGFDH 57CA=4�Y1<xouD571�°±57uD�i19> < ��57CA=-RG57EGFDH�8<57C¤l
EG>DFDH4:<1<=?571
:W²±+$� :W²�PV:<198*:W²��DY

) 1�/2@<@<E.RG8;:<1<=¯�;, ��EG>Auµ>D�iS�E.u±14:<Cq57E.1 �$RG57E.1957Cq/2:9>D>DFDH<1<E.uAuµST�i=-R.EGFDH957C2/2:9>A@<CD57E.uAS¯X('-�$R&Xi>D>D571�89XYCA=?5o>AuD57R.R.u],
w2S 57E.19571 ��57CA=-RG57EGFDH :<1eXY@<He�Y1<=-E.=�t?�i1 8<57C±°±57uD�i198;CA:9FD�4K´5o>AuAE.=-�?57E.uµxo: 57CAHeXYR.uD571��$3µ:<CD8<571�8;EG5W��CD�i@B57�?�iC§�
�B57CM8<5o>Mp��$� )µS�E.uN8<571�57CA=4�Y1<xouD571�l
EG>DFDH4:<1<=?571�:W²±+$��:W²�PT:<198 :W²��¯1eXiFDH p!XY@B57R.RG5¤�9, ��t?57CA3657198<57u],
�WEG50:W57:<@B57uD�i1<S�EG>DFDH4:<1<=N:W²��
HeXYuAuD5�H<EG57CA@B57Eq89Xi>�=-CD�J'-uD5�/2:9>A@<CD57E.uAS¯X(' :<198©xo:<=-RG57EGFDH_8;EG5 =?57CAE.1<=?>AuD5
S�E.uAuARG57CD5 �WCA:9FD�4K´5o>AuAE.=-�?57E.u],¨/2:;K�=-CA:<198�8<57Cq@B57E.1<HeXYR.uD57uD571n:<14uD57CD>DFDH<EG5o8;R.EGFDH9571��WXY:<H957E.uD571
:<198�/2R.uA@B57uD�i1;�
K´5o>AuAE.=-�?57E.uD571�x]57E.=-u�>AEGFDH�57E.195
=-CD�J'?5 J4uACD57:<:<1<=�8<57C � 57CAuD5-,±prCD�iuAx]8<57S�R&�i>D>Aub>AEGFDH 57E.1�/219>AuD57E.=?571�8<57C
°6CA:9FDH9>DFDH4:<@9>A�eXY1<14:<1<=bE.S ��57CD>A:9FDH @B57E¨=-CD�J'?57CD57Cµ�2�i19>AEG>AuD571<xM8<5o> :W57:<@B57uD�i19>µXYRG>±p	57198<571<x�K´5o>AuD>AuD57R.RG571r,
w2S 8;EG5 E @B57CAuACsXY=-@eXYCA�?57E.u£8;EG5o>D57C���CA=?57@<1<EG>D>D5qXY:;KdXYR.RG5µ8<5 �91<EG57CAuD571¯�2�i19>AEG>AuD571<xo�$R&Xi>D>D571�xo:�=?573±�YH<CARG57EG>AuD571
EG>Auq3657E.uD57CD5V²9�iCD>DFDH4:<1<= 19�iu 3657198;E.=9,B��CA�?571<14uA1<EG>D>D5mH<EG57CsXY:9>q�?�i1<14uD571�XY:9FDHnH<E.R�K�CD57EGFDHn>D57E.1��e8;EG5N��E.1;¦9�9>D>D5
8<57C��2�i19>AEG>AuD571<x < ¥2@B57C§¦¨�iFDH95719571957CA=-EG5 :<198_�WXY198;3µE.1<�?57R"Y¯:<198_8<57C�°±57uD�i1<xo:9>sXYS�ST5719>D57uAxo:<1<= < ²957E.1;�
�?�iCA1eXY14uD57E.R!:<198�xo:<Cµ��57C§K��<=-:<1<=b>AuD57H957198<5N�2�i14usXY�$uD�i@B57C§¦¨�iFDH955Yqxo:�8;E &d57CD571<xoEG57CD571r,
°±57Ed8<57C±��CA�;K�:<1<=�8<57Cµ��CD�i@B57�?�iCA�B57Cµ8<5o>±p��$� )+)�@B5o>Aus�YuAE.=-uD5W>AEGFDH�8;EG5o>D5W°±5o�i@eXiFDH4uA:<1<=9, ��57Cµ��E.1;¦9:9>D>±8<57C

admin02
;EG5mlnŁi=-R.EGFDH<Ł?57E.uD571I
¤:<14uD57CD>DFDH<EG5o8;R.EGFDH95M
G5o>D57C2/2CA@B57E.u2XYR.RG57CD8;
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lIXYuD57CAE&XYRG57E.=?5719>DFDHeX(K�uD571T8<5o>!57CA=4�Y1<xouD571�°±57uD�i19>!3µ:<CD8<5±XY:9FDHVH<EG57C�8<57:<uAR.EGFDHr,4¥2@436�iH<R<89Xi>�J4�eXY1<14:<1<=?>At?57C§�
He�YR.uA1<EG>�S�E.u

σj = τj
\
tan 52, 5◦

1eXiFDH�°±5o>DFDH<CD57E.@<:<1<=�t?�i1 �f+J2"1���3 �-O54�xo:�57E.1957S /2@9>DFDH957CD571�8<57CM²<:<=?5
K��<H<CD571©>D�iR.R.uD5 < t$=-R·,�/2@<@<E.RG8;:<1<= �;, �DY��	uACsXYu�57E.1 ��57CD>sXY=?571�8<5o>¤y�X(K�uAt?57CA@<:<198<5o>¤E.1 �?57E.1957S ��CA�;K��?�iCA�B57C
8<57CM57CD>AuD571�J$57CAEG5 < :2C],d�-P ÷ ªi¬DYWXY:;KA, �MXb8;EG5¤y�X(K�uAt?57CA@<:<198$K´5o>AuAE.=-�?57E.uN8<57CmJ$FDH4:<@;K�:<=?5�365o>D5714uAR.EGFDH H9�iH957C3±XYC�XYRG>¤XY1<=?5719�iS�ST571�CD5]XY=-EG57CAuD571�8;EG5¯�2�iCA�B57C¤ST�i19�iR.E.uAH<EG>DFDH©:<198�x]57E.=-uD571©57E.1 �$R&XYCD5o>V°6CA:9FDH4@<E.RG8�8<5o>
�WCA:9FD�$t?57CD>sXY=?5719>],
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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 

/2@<@<E.RG8;:<1<=b�;, � � �WE.ST5719>AEG�i19>ARG�->D5o> �WE&XY=-CsXYS�Sz8<57C±��57CD>sXY=?5719>AR&Xi>AuD571 K��<Cµ57E.195�°±57uD�i1;K´5o>AuAE.=-�?57E.uµt?�i1
fcm

�
�-�[:]\(S�S 2 S�E.u28<57S ��57CD>sXY=?5719>A�$CAE.uD57CAE.:<Sz1eXiFDH��f+J2"1��g3 �-O54

:�XiFDH �f+J2"1��£�?�i1<14uD5N89Xi>µ��57CD>sXY=?571�8<57CWJ$FDH4:<@;K�:<=?5m8;:<CDFDH
89Xi>µ�257E.@<:<1<=?>A=?5o>D57uAxME.1nUWRG57EGFDH4:<1<= < �;,.+5Y£E.1
/2@<He�Y1<=-E.=-�?57E.uµ8<57C±1<EG5o8;CAE.=?>AuD571 t?57CA3657198<57uD571
°±57uD�i1;K´5o>AuAE.=-�?57E.u

fcm,min
S�E.uµ57E.1957S �257E.@<:<1<=?>A@B57E.3657CAu

µ

�
� � OY��K��<CM=?57CAE.1<=?5¯�WXY:<uAEG5 K´571 <

Rt 

+¤S�S Y�@B5o>DFDH<CAEG57@B571 3657CD8<571r,�J$57uAxouNS¯XY1�89Xi>¤J4�eXY1<14:<1<=?>At?57C§�

He�YR.uA1<EG>V8<57CV=?573±�YH<R.uD571�²<:<=?5 XY:9>�UWRG57EGFDH4:<1<= < �9, �DYN57E.1��!>D�
57CAHe�YR.uVS¯XY1 8<571©��:<1<�$u¤8<5o>mt?57CASm:<uD57uD571
J$FDH4:<@4t?57CD>sXY=?5719>WE.1nUWRG57EGFDH4:<1<= < �;, PDY ,

τj = 0, 1 · fcm,min + µ · σj
< �;,.+5Y

τj =
0, 1 · fcm,min · tan β

tanβ − µ

< �;, PDY

��E.1�ST�i=-R.EGFDH95o>m��57CD>sXY=?5719>A�$CAE.uD57CAE.:<S K��<CN8;EG5¤��57CD>A:9FDH95¯8<57CN57CD>AuD571©J$57CAEG5�Sm�9>D>AuD5�>D�iS�E.um�i@B57CAHeXYR.@�8<57C
t?�iCA=?5o>DFDH<R&XY=?5719571
U�57CsXi8<5qR.EG57=?571r,$l
E.u68<57C£��57CA3657198;:<1<=�8<57C6��CA�;K��?�iCA�B57C6p��$� )+) @�E.1b8<57C£xo3657E.uD571�J$57CAEG5
3µ:<CD8<5W57E.1b��57CD>sXY=?571 E.1;K´�iR.=?52�<@B57CD>DFDH<CAE.uAuD571957C �WCA:9FD�4K´5o>AuAE.=-�?57E.u±t?57CAH<E.198<57CAu±:<198 89Xi8;:<CDFDH�89Xi>6°±57uACsXiFDH;�
uD571
8<5o>�J$FDH4:<@<@<CA:9FDH4t?57CAHeXYR.uD5719>m57CAST�i=-R.EGFDH4u], ) 1
8;EG5o>D57C�J$57CAEG5N3µ:<CD8<571IXY: '?57CD8<57S 8;CD57E	��57CD>A:9FDH9>A�?�iCA�B57C
S�E.um=-R&XYuAuD57CT¥2@B57C§¦¨�iFDH95 <

Rt 

� �.+TS�S YM=?57uD5o>AuD57u], �WEG5o>D5Tt?57CD>sXY=-uD571 E.1 8<57CTJ$FDH4:<@;K�:<=?5b:<198 >AE.198 E.1

/2@<@<E.RG8;:<1<=b�;, ��8;:<CDFDH
57E.19571
��CD57EG>q=?57�?571<1<x]57EGFDH<1957u],
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�_EG5M57CA3±XYCAuD57uqx]57E.=-uD571
8;EG5mJ$FDH4:<@4t?57CD>A:9FDH95V�iH<195N²<:<=?571<19�iCAS¯XYRG>A�eXY1<14:<1<= 57E.1
�Y: '?57CD>Auq>A�<CD�$8<5o>q°6CA:9FDH;�
t?57CAHeXYR.uD571r, ) 1�/2@<@<E.RG8;:<1<=b�;, O¤EG>Auq5��<57S��<R&XYCAEG>DFDH
8<57Cq��57CAR&XY:;K�8<57CWJ4�eXY1<14:<1<=?>§�·��57C§K´�iCASm:<1<=?>§� ��:<CAt?5VK��<C
xo3657E6��57CD>A:9FDH95¯8<5o>mp��$�9> )�89XYCA=?5o>AuD57R.R.u], :�XiFDH 57E.1957CV�qEG>D>A:;K´57CAt?57CD>DFDH<EG57@<:<1<=
t?�i1©� @<EG>V�

µ
S �?�i1<19571

@B57CD57E.uD>q�?57E.195N��Cs�(K�uD5�ST57H<C28;:<CDFDHn8<571
y�X(K�uAt?57CA@<:<198��<@B57CAuACsXY=?571
3657CD8<571r,
 

0,0

0,5

1,0

1,5

2,0

2,5

0 10 20 30

Fugenverschiebung �  [µm]

F
ug

en
sc

hu
bs

pa
nn

un
g 

τ j 
  [

N
/m

m
²]

Nr. 27

Nr. 13

/2@<@<E.RG8;:<1<= �;, O �9p��$�<EG>DFDH95�J4�eXY1<14:<1<=?>§�·��57C§K´�iCASm:<1<=?>§�·��57CAR&�Y:;K´5 8<5o>�>A�<CD�$8<571 y�X(K�uAt?57CA@<:<198;t?57CD>sXY=?5719>
XYS °±57EG>A�<EG57Rrt?�i1
��CA�;K��?�iCA�B57CAu �$� ) < :2C],r+]�V:<198
P?ª$Y

°±57Ed8<571�J$FDH4:<@4t?57CD>A:9FDH9571n8<5o>µp��$� )�S�E.u61eXiFDH4uACs�Y=-R.EGFDH957C@:W�iCAS¯XYR.@B57uD�i1957CA=4�Y1<xo:<1<=TuACsXYu±@B57EdXYR.RG571���CD�Y�
@B57�?�iCA�B57CA1�8<57C °6CA:9FDH�E.S�UWCD571<xo@B57CD57EGFDH 8<57C ²<:<=?5IXY:;KA, �WEG5
�qEG>D>D�i@B57C§¦¨�iFDH9571_x]57E.=-uD571�E.1_57u 3±X 8;EG5
=-RG57EGFDH95m¥2@B57C§¦¨�iFDH95W3µEG52t?�iC±8<57C±°±57uD�i1957CA=4�Y1<xo:<1<=9,<��>6�?�i1<14uD5WRG5o8;E.=-R.EGFDH�57E.1952RG57EGFDH4u±=?57CAE.1<=?57CD5��WXY:<H957E.u
8<57C£°6CA:9FDH;¦¨�iFDH9571 E.S ��57CA=-RG57EGFDH¯xo:<C�:<CD>A�<CA�<1<=-R.EGFDH9571 �WXY:<H957E.u�K´5o>AuA=?5o>AuD57R.R.u�3657CD8<571r,$/21T57E.1<E.=?571�J4uD57R.RG571
t?57CAR.EG5 K�8<57Cq�qEG>D>61<EGFDH4uW5714uAR&XY1<=¯8<57CW¥2@B57C§¦¨�iFDH95719>AuACA:<�$uA:<CW8<5o>q/2R.uA@B57uD�i19>-�<>D�i198<57CA1�8;:<CDFDH
8<571 :W57:<@B5 �
uD�i1r,¨p	57E.R.3657EG>D5V�?�i1<14uD5V@B57E!8<571Il
EG>DFDH4:<1<=?571IS�E.u��NXYR.�;>A�<R.E.uAuAxo:9>DFDH<R&XY=�8;:<CDFDH4uACD571<14uD5 �e:9>DFDH<R&XY=?>A�?�iCA1957C
xo:b@B57EG8<571�J$57E.uD571 8<57C£=?57@<CD�$FDH95719571�²<:<=?52@B5o�i@eXiFDH4uD57uµ3657CD8<571r, �WEG5o>68<57:<uD57uµXY:;K	57E.19571b=-:<uD571¯��57CA@<:<198
8<57C�@B57EG8<571 °±57uD�i1IH<E.1r, �WEG5o>D57CM� &d57�$u�x]57E.=-uD5�>AEGFDHI19�$FDH�8<57:<uAR.EGFDH957CN@B57E�8<57S >Aus�YCA�?57CD571I��57CA@<:<198�8<57C
S�E.uMH9�$FDH;K´5o>AuD57S °±57uD�i1�57CA=4�Y1<xouD571���CD�i@B57�?�iCA�B57C], �WEG5�°6CA:9FDH;¦¨�iFDH9571�8;EG5o>D57CN�2�iCA�B57CM3±XYCD571�=-R&XYuAu <

Rt

�
� �.+ ÷ � � P¤S�S Y6:<198 3µEG5o>D571nXY1��?57E.1957C�J4uD57R.RG5MST57H<C28;EG5M:<CD>A�<CA�<1<=-R.EGFDH95m�WXY:<H957E.uWXY:;KA,

!&�76 � �!� � �����%� >�"��'�����

��57C�prCsXY=-3µEG8<57CD>AusXY198b8<57C��qEG>D>At?57CAx(XYH<14:<1<=N�?�i1<14uD5µE.1T8<571T��57CD>A:9FDH9571bXY1T8<571¯��CA�;K��?�iCA�B57CAu �$�B571 )+)d:<198
)+)+)�:<14uD57CD>A:9FDH4u23657CD8<571r,.�_EG5WE.1�/2@9>DFDH<1<E.uAu2P;,.+�57CAR&�Y:<uD57CAu-�;�-XY1<1�89Xot?�i1nXY:9>A=?57=4XY1<=?571�3657CD8<571��989Xi>D>±57E��
195mXYR.RG57E.1<E.=?5N��CsX(K�uA�<@B57CAuACsXY=-:<1<=bE.1;K´�iR.=?5M�qEG>D>At?57CAx(XYH<14:<1<=b57CD>Auµ1eXiFDH E @B57CD>DFDH<CD57E.uD571n8<57C2y�X(K�uAt?57CA@<:<198$�
K´5o>AuAE.=-�?57E.u¤XY:;K�uACAE.uAu],r/21<HeXY198�8<57Cm5��;�B57CAE.ST5714uD57R.R£@B5o>AuAE.S�SmuD571 �257R&XYuAE.t$t?57CD>DFDH<EG57@<:<1<=?571©8<57CV²<:<=?5�xo:<S
�¨57E.uA�<:<1<�$uT8<5o>�XY1<=?5719�iS�ST5719571 y�X(K�uAt?57CA@<:<198;t?57CD>sXY=?5719>�R&�i>D>Au¤>AEGFDH©>D�iS�E.u�8<57C¤°±57CD57EGFDH�@B5o>DFDH<CD57E.@B571��



+-+]O � ��������
�� � � ��
���	 � ��� 	 
��D� 
 � ����	 	 


E.1I8<57S 5o>2xo:<C��qEG>D>A@<E.RG8;:<1<=bE.S ²<:<=?57@B57CD57EGFDH��?�iS�Smu�:<198n8;EG5TJ$FDH4:<@<uACsXY=-3µE.CA�$:<1<=�t?�iS y�X(K�uAt?57CA@<:<198
xo:<C¤�qEG>D>At?57CAx(XYH<14:<1<=n365oFDH9>D57R.u],£J$57uAxouVS¯XY1©57E.195b²<:<=?57198;CA:9FD�;>A�eXY1<14:<1<= �$8<57CV57E.195b°±57H<E.198<57CA:<1<= 8<57C
�qEG>D>D�(&B14:<1<=�t?�iCsXY:9>-�d>D� �-XY1<1�S¯XY1 @B57E�²<:<=?571<CD57R&XYuAE.t$t?57CD>DFDH<EG57@<:<1<=?571

v �
� ÷ � µ

S�t?�i1�57E.1957CN/2�$uAE��
t$EG57CA:<1<=�8<57Cµ�qEG>D>At?57CAx(XYH<14:<1<=¯XY:9>A=?57H9571r, �WEG5WS¯X5�;E.S¯XYRG5�prCsXY=-�$CsX(K�uq8<57Cµ��CD�i@B57�?�iCA�B57Cµ3µ:<CD8<5�@B57EB57E.1957C
�qE &B:;K´57CAt?57CD>DFDH<EG57@<:<1<=¯t?�i1

v �
�-� ÷ �-� µ

S 57CACD57EGFDH4u],

 

-10,0

-5,0

0,0

5,0

10,0

15,0

20,0

0 50 100 150

Rissuferverschiebung �  [µm]

[N
/m

m
²]

   
 S

ch
ub

sp
an

nu
ng

 τ j
N

or
m

al
sp

an
nu

ng
 σ

�

�
cm,alt = 114,3 N/mm²   

�
cm,neu = 53,3 N/mm² 

�
cm,alt = 55,2 N/mm²   

�
cm,neu = 53,3 N/mm² 

�
cm,alt = 55,2 N/mm²   

�
cm,neu = 116,0 N/mm²   

/2@<@<E.RG8;:<1<=b�;, ª �9p��$�<EG>DFDH95�J4�eXY1<14:<1<=?>§�·��57C§K´�iCASm:<1<=?>§�·��57CAR&�Y:;K´5
8<5o>m��57CD>sXY=?5719>V@B57E6�2�iSm@<E.1eXYuAEG�i1 t?�i1
y�X(K�uAt?57CA@<:<198 :<198 :W�iCAS¯XYRG>A�eXY1<14:<1<=?>AE.198;:<xoEG57CAuD57C <

σj �
� � � :]\(S�S 2 Y¤�qEG>D>At?57CAx(XYH;�14:<1<=¯8<5o>2��CA�;K��?�iCA�B57CAu �$�9> )+)+) < :2C],ev-P �d+]�-O¤:<198 +]�-vDY

) 1�/2@<@<E.RG8;:<1<=¤�;, ª2�-XY1<1T8;EG5q²<:<=?5714t?57CD>DFDH<EG57@<:<1<=�8<57C���CA�;K��?�iCA�B57C£8<5o>�p��$� )+)+)B3±�YH<CD57198¯8<57C£��CD>AuA@B57R&Xi>§�
uA:<1<=N1eXiFDH4t?�iR.R.x]�i=?571 3657CD8<571r,$y2EG57CA@B57E9HeXY198<57R.u65o>£>AEGFDHT:<S 89Xi> �e:9>sXYS�ST57143µE.CA�?571 8<57C£@B57EG8<571¯prCsXY=4XY1;�
uD57E.RG5q8<5o>£y�X(K�uAt?57CA@<:<198<5o>�:<198T8<57C£�qEG>D>At?57CAx(XYH<14:<1<=9,$��E.195q8<57:<uAR.EGFDH95W�qEG>D>A:;K´57CAt?57CD>DFDH<EG57@<:<1<=mE.S °±57CD57EGFDH
t?�i1 �-�

µ
S @<EG>Wxo:<S���57CD>sXY=?571�8<5o>���57CAx(XYH<14:<1<=?>A3µEG8<57CD>AusXY198<5o>mEG>AuWK��<CMXYR.RG5���CA�;K��?�iCA�B57CMu �$�<EG>DFDHr,��e:<C

�WE &d57CD571<xoEG57CA:<1<=�8<57C�prCsXY=4XY14uD57E.RG5¯>AuD57R.R.u�>AEGFDH�8;EG5¤²<CsXY=?5Vxo:I3657RGFDH957S �¨57E.uA�<:<1<�$uN�$8<57CW��57CD>DFDH<EG57@<:<1<=?>§�
xo:9>AusXY198T57E.1Ty�X(K�uAt?57CA@<:<198;t?57CD>sXY=?571 57E.14uACAE.uAu],
�MX�8;EG5q89XY@B57EeXY:;K�uACD57uD57198<571b�qEG>D>D�(&B14:<1<=?571bXY:;K�=-CA:<198T8<5o>
/21<�<CD5o>D>D8;CA:9FD�;>M>D57H<CM=?57CAE.1<=�>AE.198;�BEG>AuM57E.195��qEG>D>D57CA�?571<14:<1<=�t$EG>A:957R.R�1<EGFDH4uNST�i=-R.EGFDHr,r��E.195T/2:9>A3657CAuA:<1<=
8<57CNJ4�eXY1<14:<1<=?>§�·��57C§K´�iCASm:<1<=?>§�·��57CAR&�Y:;K´5Tx]57E.=-uD5V57@B571;K·XYR.RG>2�?57E.19571�>AEGFDH4uA@eXYCD571 E @B57CA=4XY1<=bxo3µEG>DFDH9571�8<571
@B57EG8<571nprCsXY=4XY14uD57E.RG571r,;:�XiFDHn8<571I��CA=?57@<1<EG>D>D571I8<5o>qCD57E.19571Iy�X(K�uAt?57CA@<:<198<5o>�8<57CW��CA�;K��?�iCA�B57C�8<5o>2p��$� )
xo:�:<CAuD57E.RG571�� �9198<57uVXY@ �qEG>D>A:;K´57CAt?57CD>DFDH<EG57@<:<1<=?571

v �
�

µ
S 8;EG5���CsX(K�uA�<@B57CAuACsXY=-:<1<=
t?�iR.RG>Aus�Y198;E.=��<@B57C

8;EG5M�qEG>D>At?57CAx(XYH<14:<1<=b>AusXYuAu < t$=-R·,9/2@<@<E.RG8;:<1<=b�;, O¤:<198
�;, ª$Y ,
w2S�57E.195�@B5o>D>D57CD5�w214uD57CD>DFDH957EG8;:<1<=Wxo3µEG>DFDH9571NCD57E.1957C!�qEG>D>At?57CAx(XYH<14:<1<=q:<198N57E.1957S �?�iSm@<E.1<EG57CAuD571¤��E.1;¦9:9>D>
S�E.u	8<57S�y�X(K�uAt?57CA@<:<198Nxo:m57CAST�i=-R.EGFDH9571��Y3µ:<CD8<571V8;EG5���CD�i@B57�?�iCA�B57C!8<5o>	p��$�9>�)+)+)<E.1mxo3657E�K·XiFDH957C�y2E.19>AEGFDH4u
=?57�<CA�;K�u],J:�XiFDH98<57S 8;EG5qJ$FDH4:<@;K�:<=?5µE.1¤57CD>AuD57C���CA�;K�:<1<=Mt?57CD>sXY=-uD5$�i3µ:<CD8<571�8;EG56@B57EG8<571���CA�;K��?�iCA�B57CAHe�YR�K�uD571
57CA1957:<ubS�E.ub8<57Cbt?�iCA=?57=?57@B5719571�²<:<=?571<�<CD5o>D>A:<1<=©@B5]XY:;K´>DFDH<R&XY=-ub:<198_57E.1 xo3657E.uD5o>bS¯XYRW=?57=?571957E.1eXY198<57C
XY@<=?5o>DFDH957CAu < t$=-R·,</2@<@<E.RG8;:<1<=b�;, ¬DY ,
J4E.=-1<E �9�-XY14uTx]57E.=-uT>AEGFDH 8;EG5b=-R&�YuAuD57CD5�°6CA:9FDH;¦¨�iFDH95nXY:;KNUWCA:<198�8<57C¤H9�iH957CD571 y�X(K�uAt?57CA@<:<198$K´5o>AuAE.=-�?57E.uD571
@B57E�8<57CM/2143657198;:<1<=�t?�i1IH9�$FDH;K´5o>AuD57SB:W57:<@B57uD�i1r,��_EG5VE.1�/2@<@<E.RG8;:<1<=
�;, ¬Txo:�57CA�?571<19571��Bt?57CAR&�Y:;K�uN8;EG5



� � � � � ��	 	���
��������������	� +-+(ª

 

-8,0

-6,0

-4,0

-2,0

0,0

2,0

4,0

6,0

8,0

0 100 200 300 400 500 600 700 800 900 1000

Rissuferverschiebung �  [µm]

[N
/m

m
²]

  S
ch

ub
sp

an
nu

ng
 τ j -8,00

-6,00

-4,00

-2,00

0,00

2,00

4,00

6,00

8,00

N
or

m
al

sp
an

nu
ng

 σ
 

�
cm,alt = 114,3 N/mm²   

�
cm,neu = 53,3 N/mm² 

�
cm,alt = 55,2 N/mm²   

�
cm,neu = 53,3 N/mm² 

�
cm,alt = 55,2 N/mm²   

�
cm,neu = 116,0 N/mm²   

/2@<@<E.RG8;:<1<= �;, ¬ �9p��$�<EG>DFDH95IJ4�eXY1<14:<1<=?>§�·��57C§K´�iCASm:<1<=?>§�·��57CAR&�Y:;K´5 8<5o>TCD57E.19571 ��57CD>sXY=?5719>¯1eXiFDHV:W�iCAS¯XYR��
>A�eXY1<14:<1<=?>AE.198;:<xoEG57CAuD57C <

σj �
� � �[:]\(S�S 2 Y±�qEG>D>At?57CAx(XYH<14:<1<=b8<5o>q��CA�;K��?�iCA�B57CAu �$�9>�)+)+)< :2C],9v-P �r+]�-OV:<198 +]�-vDY

J4�eXY1<14:<1<=?>§�·��57C§K´�iCASm:<1<=?>A�$:<CAt?5b8;EG5o>D57CN�2�iCA�B57CM:<S�57E.1<E.=?5o>�¦¨XiFDH957C-�	XYRG>M8;EG574A571<E.=?571 ��CD�i@B57�?�iCA�B57C-�d8;EG5
S�E.u9:W�iCAS¯XYR.@B57uD�i1�57CA=4�Y1<xouµ3µ:<CD8<571r,;/2:;K�=-CA:<198 8<57C±19�$FDH E.14usXY�$uD571n¥2@B57C§¦¨�iFDH9571<CsXY:<H957E.uW8<57C±S�E.u9:W�iC§�
S¯XYR.@B57uD�i1�57CA=4�Y1<xouD571��2�iCA�B57C-�$@<E.RG8<57uµ>AEGFDH�57E.195W=-:<uD5W:<198 89Xi8;:<CDFDH�>AuD57E�K´57CD52��57CAx(XYH<14:<1<=T:<14uD57CWJ$FDH4:<@;�
:<198�²<:<=?57198;CA:9FD�$@B57R&Xi>AuA:<1<=�XY:9>],
�MXMxo:<ST57EG>Au±��198;3657CAuD5�8<57C6�qEG>D>At?57CD>DFDH<EG57@<:<1<=?571 t?�i1 P-�-�

µ
S 1eXiFDH 57E.1957S 57CD>AuD571�J$FDH4:<@4t?57CD>sXY=?571�t?�iC§�

R&XY=?571���3µ:<CD8<571 8;EG5�ln5o>D>A3657CAuD5 8<57C¤K´�iR.=?57198<571���57CD>DFDH<EG57@<:<1<=?571 E.1�/2@<@<E.RG8;:<1<=��;, ¬�XY:;Kg:2:<R.R±xo:<CA�9FD�
=?5o>D57uAxou],�J4E.1<14t?�iR.Rµ57CD>DFDH957E.14u�8;EG5o>NK��<Cm57E.19571 ��57CA=-RG57EGFDH���89X�57E.195¯@B57CD57E.uD>V>AusXYuAuA=?5 K�:<198<57195b�qEG>D>A:;K´57CAt?57C§�
>DFDH<EG57@<:<1<=�57E.195¤J$FDHe�i8;E.=-:<1<=�8<57C2xo:<S�prCsXY=-3µEG8<57CD>AusXY198�57C§K´�iCD8<57CAR.EGFDH9571�lIXY�$CD�Y�£:<198nl
E.�$CD�iCsXY:<H957E.uWE.1
8;EG5o>D57Sz°±57CD57EGFDH�xo:<Cq²9�iR.=?5MHeXYu], 2r57EG8<57Cqt?57C§K·�YRG>DFDH4uW8;EG5o>±E.1�=?573µEG>D>D57Sz�WXYH<ST571
XY:9FDH
89Xi>µ��CA=?57@<1<EG>-�989X
8;EG5±��57CAx(XYH<14:<1<=NK��<C�57E.19571�@B57CD57E.uD>�t?57CD>DFDH9�i@B5719571 �e:9>AusXY198¤:<14uD57CD>A:9FDH4u£3µE.CD8d,-°±57E98<57C�°±57:<CAuD57E.R.:<1<=N:<198
8<57CO:�XiFDH<CD5oFDH<14:<1<= < t$=-R·,4/2@9>DFDH<1<E.uAuµO;, P;, ��Y�8<57C£��57C§K´�iCASm:<1<=?571 E.1;K´�iR.=?528<57C �e3657E.uA@B57R&Xi>AuA:<1<=�>D�iR.R.uD528;EG5o>
>AuD57uD>µ@B573µ:9>D>Auq>D57E.1r,

�����r��'	f]f�^!"4`�����"4`(���<gih	"$�	`Y\9'!h	"$�&%
/21 ��CD�i@B57�?�iCA�B57CA1 XY1eXYRG�i=I8<5o>Vp��$�9> )+)2:<14uD57CD>A:9FDH4uD5 �f+J2"1�� 3 �-O54µ8;EG5¯�2�iR.RG5¯8<57CT¥2@B57C§¦¨�iFDH9571<CsXY:<H957E.u
E.1 �2�iSm@<E.1eXYuAEG�i1�t?�i1 y�X(K�uAt?57CA@<:<198�:<198��qEG>D>At?57CAx(XYH<14:<1<=9,�²!�<CVy � � �·=?5o>AuACsXYH<R.uD5b²<:<=?5719�i@B57C§¦¨�iFDH9571
@B5o�i@eXiFDH4uD57uD5�57Cbxo3±XYC�57E.195
t?57CA@B5o>D>D57CAuD5�J$FDH4:<@;K�:<=?571;K´5o>AuAE.=-�?57E.u-� 4A5o8<�$FDH�>DFDH<EG571 >AEGFDH_@B57E2ST5oFDHeXY1<EG>DFDH
XY:;K�=?57CsXY:<uD571 ¥2@B57C§¦¨�iFDH9571 57E.195VH9�iH957CD5¤�WXY:<H957E.uWE.S�°±57CD57EGFDHIt?�i1

Rt �
� � �TS�S XY:9FDHI1eXiFDH4uD57E.R.E.=nXY:;K

8;EG5£²<:<=?571;K´5o>AuAE.=-�?57E.u�XY:9>Axo:43µE.CA�?571r, �_EG5�E.1V/2@9>DFDH<1<E.uAu��;,.+-,.+657CAR&�Y:<uD57CAu-�(3µ:<CD8<571VE.S��WXYH<ST571V8<57C!57E.=?5719571
/2CA@B57E.um14:<CV�WXY:<H957E.uD571�@<EG>Nxo:�57E.1957CV�WXY:<uAEG5 K´5

Rt �
+$�.+TS�S­=?57�<CA�;K�u],	l
E.umy2E.R�K´5T8<57CNE.1 /2@<@<E.RG8;:<1<=

�;, v¤89XYCA=?5o>AuD57R.R.uD571
°6CA:9FDH9>DFDH4:<@9>A�eXY1<14:<1<=?571I�?�i1<14uD5N8;EG5�t?�i1 �f+J2"1��¤@B5o>DFDH<CAEG57@B57195Mp	57198<571<xmE.1�8;EG5o>D57S



+-+]¬ � ��������
�� � � ��
���	 � ��� 	 
��D� 
 � ����	 	 


°±57CD57EGFDH�@B5o>Aus�YuAE.=-uq3657CD8<571r,
 

0

5

10

15

20

25

30

0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5

Rautiefe � t  [mm]

B
ru

ch
sc

hu
bs

pa
nn

un
g 

τ c
j  

[N
/m

m
²]

NFB - NFB nach Mainz

HFB - NFB

/2@<@<E.RG8;:<1<=b�;, v �9°6CA:9FDH9>DFDH4:<@9>A�eXY1<14:<1<=_8<5o> ��CA�;K��?�iCA�B57CAu �$�9> )+)VE.1�/2@<He�Y1<=-E.=-�?57E.u�8<57C�²<:<=?571<CsXY:<H957E.u
< H<EG57CA@B57Er5714uD>A�<CAEGFDH4u � ) :W²�°£� :W²�° )

fcm �
�Y� � � :]\(S�S 2 1eXiFDH��f+J2"1��@3 �-O54r:<198 ) yW²�°£�

:W²�° )
fcm,alt �

+]P-� � �[:]\(S�S 2 :<198 fcm,neu �
�-� � �[:]\(S�S 2 Y

¥2@n>AEGFDH�K��<C289Xi>MJ;XY198<>AuACsXYH<RG571�XYRG>2ST5oFDHeXY1<EG>DFDH95¤ln57uAH9�$8<5m8<57CW/2:;K�CsXY:<:<1<=b57@B5719>D�T=?57CAE.1<=?57CD5V²<:<=?571;�
K´5o>AuAE.=-�?57E.uD571©E.S¸°±57CD57EGFDH�t?�i1©=-CD�J'?57CD571 �WXY:<uAEG5 K´571�57CA=?57@B571�3µ�<CD8<571����?�i1<14uD5 1<EGFDH4uT=?57�$R&�YCAu¤3657CD8<571r,
�WXY:<uAEG5 K´571_8;EG5o>D57C�UWCD�J'?5
>AE.198 @B57EW°±57uD�i19571_H9�iH957CD5n²95o>AuAE.=-�?57E.u S�E.uAuD57RG>�J;XY198<>AuACsXYH<RG571 �iH<1957H<E.1_14:<C
>D57H<Cb>DFDH43657C H957CAxo:9>AuD57R.RG571r, �MX 8<57C ��E.1;¦9:9>D> 8<57Cb�WXY:<H957E.u¯K��<C

Rt 

+
S�S«@B5o>D�i198<57CD>�XY:9>A=?57�<Cs�Y=-u

EG>Au-�	R&Xi>D>D571�>AEGFDH ¢£HeXYCsXY�$uD57CAEG>AuAE.�-X�XY:9>¤8<571���57CD>A:9FDH9>D57CA=?57@<1<EG>D>D571 XY@9>DFDHe�YuAx]571r,���E.1<E.=?5 CD57�<Cs�i>D5714usXYuAE.t?5
J4�eXY1<14:<1<=?>§�·��57C§K´�iCASm:<1<=?>§�·��57CAR&�Y:;K´5V8<5o>±p��$� )+)�S�E.u±:<14uD57CD>DFDH<EG5o8;R.EGFDH957CM¥2@B57C§¦¨�iFDH9571<CsXY:<H957E.uW>AE.198¯H<EG57C§�
xo: E.1 /2@<@<E.RG8;:<1<=I�;,.+]��89XYCA=?5o>AuD57R.R.u],
�e: 57CA�?571<19571 EG>Aum8<57CV/219>AuAEG57=
8<57C�J$FDH4:<@;K�:<=?571;K´5o>AuAE.=-�?57E.u¤E.1;K´�iR.=?5
57E.1957CT=-CD�J'?57CD571_�WXY:<uAEG5 K´5-, ��5o> � 57E.uD57CD571 EG>Au¯57E.195���CAH9�iH4:<1<=©8<57C�J$FDH4:<@<uACsXY=-3µE.CA�$:<1<=©E.1;K´�iR.=?5�H9�iH95 �
CD57C6°±57uD�i1;K´5o>AuAE.=-�?57E.uD571 57CD>AEGFDH4uAR.EGFDHr,.) S U�57=?5719>sXYuAx2xo:b8<571¯��57CD>A:9FDH9>A�?�iCA�B57CA1bt?�i1 �f+J2"1�� �?8;EG5qS�E.u657E.1957C
S�E.uAuARG57CD571¯/2R.u§�r:<198[:W57:<@B57uD�i1;K´5o>AuAE.=-�?57E.u�t?�i1'4A573657E.RG>£�Y� � �]:]\(S�S 2 H957CA=?5o>AuD57R.R.u�36�iCD8<571¯3±XYCD571��-3µ:<CD8<571K��<Cq8;EG5M��CA�;K��?�iCA�B57CW8<5o>qp��$�*)+)�H9�iH957CD5N°±57uD�i1;K´5o>AuAE.=-�?57E.uD571
t?57CA3657198<57u],
��57:<uAR.EGFDH�x]57E.=-uM>AEGFDH�8<57CMw214uD57CD>DFDH<EG5o8�8<57CM�qEG>D>At?57CAx(XYH<14:<1<=�8<57CM57E.=?5719571���57CD>A:9FDH95¤@B57E!=-R&XYuAuD57C <

Rt 
� �.+�S�S Y¤:<198_XY:;K�=?57CsXY:<uD57C <
Rt �

� � ªi��S�S Y¯¥2@B57C§¦¨�iFDH95 < t$=-R·,�/2@<@<E.RG8;:<1<=��;,.+]�DY ,�� �YH<CD57198 @B57E.S
/2@9>DFDH957CD571�8<57CMXY:;K�=?57CsXY:<uD571�²<:<=?5V=-CD�J'?5V��57C§K´�iCASm:<1<=?571�t?�iC�8<57S���57CD>sXY=?571�8<57CNJ$FDH4:<@<uACsXY=iK·�YH<E.=-�?57E.u
XY:;K�uACD57uD571��r�?�i1<14uD5b@B57E�=-R&XYuAuD571©²<:<=?571©57E.1 >DFDH<R&XY=4XYCAuAE.=?57C�°6CA:9FDH @B57E£��CACD57EGFDH9571©t?�i1 ��57CD>DFDH<EG57@<:<1<=?571
E.S�°±57CD57EGFDHIt?�i1©+]�

µ
S�@B5o�i@eXiFDH4uD57u�3657CD8<571r,d��>W57CD>DFDH957E.14uN8<571<�$@eXYC-�¨89Xi>D>W8;EG5mxo:<C E @B57CAuACsXY=-:<1<= t?�i1

��Cs�(K�uD571b19�iu 3657198;E.=?5M�2�i14usXY�$u§¦¨�iFDH95M8<57C±l
E.�$CD�iCsXY:<H957E.u±14:<C6E.1 57E.1957S °±57CD57EGFDH�>D�iRGFDHb�$RG57E.1957C6��57CD>DFDH<EG5 �
@<:<1<=?571¯XY�$uAE.tN@B57uD57E.R.E.=-u�EG>Au], �WEG5µXY:;K�=?57CsXY:<uD5µ²<:<=?5719�i@B57C§¦¨�iFDH95µ3µE.CA�$uD5±E.1�8;EG5o>D57S���57CD>DFDH<EG57@<:<1<=?>A@B57CD57EGFDH
365o>D5714uAR.EGFDH
>AuD57E�K´57C],.) H<CqJ4�eXY1<14:<1<=?>§�·��57C§K´�iCASm:<1<=?>At?57CAR&XY:;K£x]57E.=-uq57E.19571���1<EGFD�bE.1�57u 3±XV@B57Ed57E.1957C±��57C§K´�iC§�
Sm:<1<= �£@B57EW8<57Cb5o>¯�iH<195�:W�iCAS¯XYRG>A�eXY1<14:<1<=?>D57E.143µE.CA�$:<1<=�xo:_57E.1957S y�X(K�uAt?57CA@<:<198;t?57CD>sXY=?571��-XYS�, �WEG5
J$FDH4:<@9>A�eXY1<14:<1<=�E.S °±57CD57EGFDH 8<57C�²<:<=?5bEG>Au�XY1�8;EG5o>D57C¯J4uD57R.RG5��YH<1<R.EGFDH 8<57C�°6CA:9FDH9>DFDH4:<@9>A�eXY1<14:<1<=©8<57C



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

 

-18

-12

-6

0

6

12

18

24

0 50 100 150 200

Rissuferverschiebung �  [µm]

[N
/m

m
²]

  S
ch

ub
sp

an
nu

ng
 τ

�
-24

-19

-14

-9

-4

1

6

11

16

 nach Mainz

 Prüfkörpertyp II

N
or

m
al

sp
an

nu
ng

 σ

�

���
 = 0,75 mm 

� �
 < 0,1 mm 

 

���
 = 5,2 mm 

���
 = 0,6 mm 

/2@<@<E.RG8;:<1<= �;,.+]� �9p��$�<EG>DFDH95VJ4�eXY1<14:<1<=?>§�·��57C§K´�iCASm:<1<=?>§�·��57CAR&�Y:;K´5�8<5o>±��57CD>sXY=?5719>q@B57Ed�2�iSm@<E.1eXYuAEG�i1nt?�i1
y�X(K�uAt?57CA@<:<198�:<198 :W�iCAS¯XYRG>A�eXY1<14:<1<=?>AE.198;:<xoEG57CAuD57C <

σj = τj
\
tan 52, 5◦

Y±�qEG>D>At?57CAx(XYH;�
14:<1<=¯8<5o>2��CA�;K��?�iCA�B57CAu �$�9> )+) < :2C],eªiv¤:<198
¬-�DY£:<198���57CD>A:9FDH9>A3657CAuD571nt?�i1��f+J2"1��

��CD�i@B57�?�iCA�B57CWS�E.uW=-R&XYuAuD57C�²<:<=?5719�i@B57C§¦¨�iFDH95-, �WEG5o>2�-XY1<1IXYRG>�) 198;E.xNK��<CW57E.19571*� 5oFDH9>D57R�8<57CW/214uD57E.RG5¤XYS
prCsXY=-t?57CAHeXYR.uD571nt?57CD>AusXY198<571
3657CD8<571r,
p!XYuD>s�iFDH<R.EGFDH_EG>Au¯5o>'4A5o8<�$FDH XY:9FDH @B57Eq57E.1957S¸��57CD>sXY=?571 8<57C¯²<:<=?5�xo3µEG>DFDH9571_/2R.u§�N:<198 :W57:<@B57uD�i1 8;EG5
J4uACA:<�$uA:<CT8<57C�5714uD>AusXY198<5719571 �qEG>D>D�i@B57C§¦¨�iFDH95$�!3657RGFDH95 K��<C¤8<571�prCsXY=-3µEG8<57CD>AusXY198 8<57C��qEG>D>At?57CAx(XYH<14:<1<=
t?57CsXY14u 36�iCAuAR.EGFDH EG>Au],£J$�iR&XY1<=?5�8;EG5��WXY:<H957E.u�1eXiFDH_57E.1957CT�qEG>D>A@<E.RG8;:<1<= E.1 8<57C¯²<:<=?5
�YH<1<R.EGFDH 8<57CTxo:<t?�iC
=?57ST5o>D>D5719571��WXY:<H957E.u±EG>Au-�4�-XY1<1 8;EG5�ln5o>D>A:<1<=Vxo:<C2¢£HeXYCsXY�$uD57CAEG>AEG57CA:<1<=T8<57C±�qEG>D>At?57CAx(XYH<14:<1<=�t?57CA3657198<57u
3657CD8<571r, �WEG5o>!57CD>DFDH957E.14u�XY:;K�=-CA:<198m8<57C!��CA=?57@<1<EG>D>D5�t?�i1 = +(k ����1�%�. � �f+J2"1��q:<198m8<571V57E.=?5719571m��57CD>A:9FDH9571��
@<EG>Txo:_57E.1957C :W57:<@B57uD�i1;K´5o>AuAE.=-�?57E.u¯t?�i1

fcm,neu �
�-� :]\(S�S 2 :<198 8<571 @B5o>DFDH<CAEG57@B5719571 �e:9>DFDH<R&�Y=?571xo: =?57R.uD571r,�� 57CD8<571 4A5o8<�$FDH�°±57uD�i195�H9�iH957CD57Cm²95o>AuAE.=-�?57E.uNK��<CN57E.195T°±57uD�i1957CA=4�Y1<xo:<1<=nt?57CA3657198<57u-�	>D�iR.R.uD5

XY:;K�=-CA:<198m8<57C	365o>D5714uAR.EGFDHV=-R&�YuAuD57CD571¤�qEG>D>A@<E.RG8;:<1<=q1eXiFDHVy�X(K�uAt?57CA@<:<198;t?57CD>sXY=?571VS�E.u	57E.1957C	t?�i1Nt?�iCAH957CAE.=?57C
ln5o>D>A:<1<=bXY@43657EGFDH957198<571��WXY:<H957E.uµ=?57CD5oFDH<1957uW3657CD8<571r,��WEG5o>µ=-E.R.u257@B571;K·XYR.RG>µ@B57Er57E.1957C2��57CA3657198;:<1<=¯t?�i1
�e:9>DFDH<R&�Y=?571
S�E.u25714uD>A�<CD5oFDH957198
=?57CAE.1<=?57CD57CW²95o>AuAE.=-�?57E.u],

�¤"?%]c¨��
 "4fo%(�#)��e"$�&%]"$�
/2@<@<E.RG8;:<1<=_�;, v©>AuD57R.R.u�xo:�8<57S ��E.1;¦9:9>D>�8<57C��WXY:<H957E.u
57@B571;K·XYR.RG>�8;EG5 °±57uD�i1;K´5o>AuAE.=-�?57E.unXYRG> ) 198;E.�-XYuD�iC
8<57CµK��<Cq57E.19571���57CA@<:<198�=-�<19>AuAE.=�3µE.CA�?57198<571nlIXYuD57CAE&XYRG57E.=?5719>DFDHeX(K�uD571n89XYC], � �YH<CD57198�8;EG5���57CD>A:9FDH95Mt?�i1
�f+J2"1���:<14uD57Cm��57CA3657198;:<1<=nt?�i1�°±57uD�i1�S�E.um57E.1957Cm²95o>AuAE.=-�?57E.umt?�i1

fcm �
�Y� � �0:]\(S�S 2 >AusXYuAu§K·XY198<571��3µ:<CD8<5 K��<C�8;EG5�XYRG> ) yW²�°£� :W²�° )¯@B57x]57EGFDH<1957uD571_��CD�i@B571 57E.1 /2R.uA@B57uD�i1©S�E.u

fcm,alt �
+]P-� � �f:]\(S�S 2:<198

fcm,neu �
�-� � ��:]\(S�S 2 K��<Cb8<571L:W57:<@B57uD�i1_t?57CA3657198<57u],µ/2:;K�=-CA:<198_8<57Cb=?57CAE.1<=?571 /21<x(XYH<R�XY1

J$FDH4:<@;K�:<=?5714@<CA�9FDH9571�8<57C2��CA�;K��?�iCA�B57CW8<5o>2p��$� )+)�EG>AuWXY19>D�i19>AuD571
14:<CW57E.195M@B5o>DFDH<Cs�Y1<�$uD5m/2:9>D>sXY=?5M�<@B57C



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


89Xi>µ��57C§K´�iCASm:<1<=?>At?57CAHeXYR.uD571nST�i=-R.EGFDHr,
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

0,0 

0,2 

0,4 

0,6 

0,8 

1,0 

1,2 

0,0 0,5 1,0 1,5 2,0 2,5 

Fugenneigungswinkel   tan α 

B
ez

og
en

e 
D

ru
ck

sp
an

nu
ng

   
σ 

/ 
� ck

 

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

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

 

/2@<@<E.RG8;:<1<=bO;, � �9²!R.:9>D>D8;E&XY=-CsXYS�S 8<5o>���CD�i=-CsXYS�ST>Mxo:<CW=?5o�iST57uACAEG>DFDH9571�°±5o>AuAE.S�Sm:<1<=�8<57CM�2�i14usXY�$u§¦¨�(�
FDH9571
8<57C2�qEG>D>At?57CAx(XYH<14:<1<=



��� � � � 
 	���� � � ���	� ��
�� � ��	 	���
��������������	� +]�-�

�WEG5W1eXiFDH
UWRG57EGFDH4:<1<= < O;, �DY�:<198 < O;, ODY£57CAS�E.uAuD57R.uD571��<CD� 4§E.xoEG57CAuD571��2�i14usXY�$u§¦¨�iFDH9571
3657CD8<571�1eXiFDH�8<57Cµ°±5 �
CD5oFDH<14:<1<=Nt?57CD57E.1;K·XiFDH957198¤S�E.u�8<57C!=?57ST5o>D>D5719571�°6CD57E.uD5±8<57C�J4�eXYR.uD5

bn
Sm:<R.uAE.�<R.E.xoEG57CAu�:<198NK��<C�8;EG56=?5o>sXYSmuD5

=?57ST5o>D>D57195T¥2@B57C§¦¨�iFDH95714@<CD57E.uD5bXY:;K·Xi8<8;EG57CAu], ) 1I57E.1<x]57R.19571�p	57E.RG>DFDH<CAE.uAuD571 �-XY1<1H4A573657E.RG>M8<57CW=?573µ�<19>DFDH4uD5
��57CD>DFDH<EG57@<:<1<=?>At?57�$uD�iCµXY1<HeXY198¯57E.195o>£�qEG>D>A:;K´57CAt?57CD>DFDH<EG57@<:<1<=?>AE.1<�$CD57ST5714uD5o>

∆v
:<198T57E.195o>£�qEG>D>D�(&B14:<1<=?>§�

E.1<�$CD57ST5714uD5o>
∆w

57E.1<=?57=?57@B571b3657CD8<571r,;��>£EG>Au6>D�iS�E.u£ST�i=-R.EGFDH��;57E.19571b@B5o>AuAE.S�SmuD571 ��57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8;�
3µEG5q57u 3±XM8<571T/219>sXYuAxµ1eXiFDH UWRG57EGFDH4:<1<= < P;,.+7��Y��$8<57C�E.S%2	XY@B�iCAt?57CD>A:9FDH¯=?57ST5o>D>D57195µ��57CD>DFDH<EG57@<:<1<=?>A3657CAuD5
1eXiFDH<xo:<CD5oFDH<19571r,
p!XY:9FDH4ub89Xi>¤t?57CD>DFDH9�i@B57195��qEG>D>A:;K´57C¤° E.1�89Xi>¤:<14uD57CD5��qEG>D>A:;K´57C�/ 57E.1���>D�n3µE.CD8©57E.195 �<R&Xi>AuAEG>DFDH95 ��57C§�
K´�iCASm:<1<=b8<5o>2�qEG>D>A:;K´57CD>µ° >AE.Sm:<R.EG57CAu-�9E.198<57Sz8;EG5N��CD���9R.�<:<1<�$uD5¤XY:;K�8;EG5M�?�iCACD5o>A�B�i198;EG57CD57198<571I�2�i14usXY�$u§�
�<:<1<�$uD52t?57CD>DFDH9�i@B571b3657CD8<571r, �MXi>�1e�iFDH9>AuD5�) 1<�$CD57ST5714u±8<57C6��57CD>DFDH<EG57@<:<1<=�57C§K´�iR.=-u689XY1eXiFDH S�E.u68<57S 8<5 �
K´�iCAS�EG57CAuD571I��CD���9R·,e/2:9>q8;EG5o>D57S�UWCA:<198�EG>Auq5o>2>AE.1<14t?�iR.R!57E.195 �MXYuD571<=-CA:<198;R&XY=?5mS�E.u2ST�i=-R.EGFDH9>Au2=?57CAE.1<=?57C
ln5o>D>D>DFDH<CAE.uAu 3657E.uD5Wxo:Tt?57CA3657198<571r,$��E.19528;:<CDFDHb8;CD57EG8;E.ST5719>AEG�i1eXYRG5�) 14uD57CA�B�iR&XYuAEG�i1 57CAHeXYR.uD571952�WXY:<H957E.uD>AuD�Y�
�B�i=-CsXY�<H<EG5NS�E.uq57E.1957Sz��:<1<�$uACsXi>AuD57C2t?�i1
P-�

µ
SzXY:;K�57E.1957C�U�5o>sXYSmu§¦¨�iFDH95mt?�i1
�-� × �-�¤S�Sz57CA3µEG5o>q>AEGFDHXYRG>2XY:9>ACD57EGFDH957198
xo:<Cb:�XiFDH<CD5oFDH<14:<1<=�8<57Cq=?57ST5o>D>D5719571IJ4�eXY1<14:<1<=?571
:<198���57CD>DFDH<EG57@<:<1<=?571r,

��������� 
 #%� # � & � & ���9� � !���&

 M"4`Yf]gih!�#"4��'!�	)ef#" 
 \<^
�MXm@B57EB8<57C±��57CD>DFDH<EG57@<:<1<=¯8<57C±=?57=?5714�<@B57CAR.EG57=?57198<571
�qEG>D>A:;K´57C6t?�i1�57E.1957C±�<R&Xi>AuAEG>DFDH9571 ��57C§K´�iCASm:<1<=bXY:9>§�
=?57=4XY1<=?571�3µE.CD8;�4EG>Au6S�E.u±57E.1957S >AusXYCA�?571���E.1;¦9:9>D>±8<5o>6:<14uD57CD>A:9FDH4uD571���57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8<5o>µxo:bCD5oFDH<19571r,
/2: '?57CD8<57S @B5o>AuAE.S�Smuq8<57C±��57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8�E.1�8;E.CD57�$uD57C � 57EG>D5�8;EG5NUWCD�J'?5�8<57Cq�2�i14usXY�$u§¦¨�iFDH9571
@B57E��
8<57C��qEG>D>A:;K´57Cq:<198n>D�iS�E.u�XY:9FDHI8<571n��57CAR&XY:;K68<57C2CD5o>A:<R.uAEG57CD57198<571I�<@B57CAuACsXY=-@eXYCD571�J$FDH4:<@;�µ:<198�:W�iCAS¯XYR��
�$Cs�(K�uD5-,��WEG5o>D57CW��E.1;¦9:9>D>2x]57E.=-uD5V>AEGFDH
@B57CD57E.uD>2E.1
x(XYH<R.CD57EGFDH9571 2	XY@B�iCAt?57CD>A:9FDH9571 < t$=-R·,e/2@9>DFDH<1<E.uAuMP;, �DY��eE.1
8<5719571�8<57CN��57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8;�r@B57EG>A�<EG57RG>A3657EG>D5�8;:<CDFDH 57E.195¤�?�i19>AusXY14umt?�iCA=?57=?57@B57195T�qEG>D>D�(&B14:<1<= K´5o>Au§�
=?57RG57=-u23±XYC],%) 1�x(XYH<R.CD57EGFDH9571n��57CA=-RG57EGFDH9>ACD5oFDH<14:<1<=?571I3µ:<CD8<571
:<14uD57CD>DFDH<EG5o8;R.EGFDH95¤��K·Xi8<5M:<14uD57CD>A:9FDH4u], 

-20

-15

-10

-5

0

5

10

15

20

0,0 0,2 0,4 0,6 0,8 1,0

Rissuferverschiebung �  [mm]

S
ch

ub
sp

an
nu

ng
 τ

j -20,00

-15,00

-10,00

-5,00

0,00

5,00

10,00

15,00

20,00

N
or

m
al

sp
an

nu
ng

 σ
j

�  = � /10 

�  = � /4 

[N
/m

m
²]

�  = � /4 

�  = � /10 

-20

-15

-10

-5

0

5

10

15

20

0,0 0,2 0,4 0,6 0,8 1,0

Rissuferverschiebung �  [mm]

S
ch

ub
sp

an
nu

ng
 τ

j -20,00

-15,00

-10,00

-5,00

0,00

5,00

10,00

15,00

20,00

N
or

m
al

sp
an

nu
ng

 σ
j

�  = 0,1

�  = 0,20

�  = 0,05

�  = 0,025

�  = 0,10

�  = 0,05
�  = 0,025

�  = 0,20

[N
/m

m
²]

/2@<@<E.RG8;:<1<= O;, O �9°±57EG>A�<EG57R.HeX(K�uD5©°±57CD5oFDH<14:<1<=�t?57CD>DFDH<EG5o8<571957C��qEG>D>At?57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8<5�K��<C�8;EG5�:<14uD57C§�
>A:9FDH4uD5N>sXY198;=?5o>AuACsXYH<R.uD5mp	57E.R�¦¨�iFDH95V57E.195o>q�25 K´57CD571<xo�?�iCA�B57CD>WPi°

/2@<@<E.RG8;:<1<= O;, O t?57CD8<57:<uAR.EGFDH4u
8<571���E.1;¦9:9>D> 8<5o>¯=?573±�YH<R.uD571 ��57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8<5o>], ) S CD5oFDH4uD571 °6E.RG8
>AE.198b5��<57S��<R&XYCAEG>DFDH95mJ4�eXY1<14:<1<=?>§�·��57C§K´�iCASm:<1<=?>At?57CAR&�Y:;K´5MK��<C6�?�i19>AusXY14u±=?57HeXYR.uD57195��qEG>D>D�(&B14:<1<=?571�89XYCA=?5 �
>AuD57R.R.u],�) 1 /2@<He�Y1<=-E.=-�?57E.u�8<57C¯UWCD�J'?5b8<57C¤�qEG>D>D�(&B14:<1<=n�?�i1<19571�8;:<CDFDH�57E.195¯��57CAx(XYH<14:<1<= ��Cs�(K�uD5b�<@B57C



+]�Y� � ��������
�� ��� � 
D��� ��
��������	� ����� � � ��
�� � � ��� �A���	�

CD5o>A:<R.uAEG57CD57198<5��2�i14usXY�$u§¦¨�iFDH9571 �<@B57CAuACsXY=?571©3657CD8<571r,�) 1©8<57C¤R.E.1<�?571 �MXYCD>AuD57R.R.:<1<=�EG>Au¤8<57C¤��57CAR&XY:;KW@B57E
xo:<1957H<ST57198<57CM�qEG>D>D�(&B14:<1<=¯@B57CD5oFDH<1957u�36�iCD8<571r, �MXT>AEGFDHnH<EG57CA@B57E�8;EG5m�qEG>D>A:;K´57Cqxo:<1957H<ST57198nt?�i1957E.1eXY1;�
8<57CN5714u§K´57CA19571�1<E.S�Smu¤XY:9FDH�8;EG5T��CsX(K�uA�<@B57CAuACsXY=-:<1<=n>D57H<Cm>DFDH<1957R.R�3µEG5o8<57CVXY@r,r²!�<Cm57E.195¤CD5]XYR.E.us�YuD>A1eXYH95
°±57CD5oFDH<14:<1<=T8<57C£�<@B57CAuACsXY=-@eXYCD571nJ4�eXY1<14:<1<=?571�EG>Au�K´�iR.=-R.EGFDH 57E.195W�M571<14uA1<EG>µ8<5o>6usXYuD>s�iFDH<R.EGFDH9571���57CD>DFDH<EG5 �
@<:<1<=?>A�;K·Xi8<5o>µt?�i1�=-CD�J'?57C2°±5o8<57:<uA:<1<=9,

 

0,6

0,8

1,0

1,2

1,4

1,6

1,8

0,0 0,5 1,0 1,5 2,0

Rissuferverschiebung �  [mm]

R
is

sr
ei

bu
ng

sk
oe

ff
iz

ie
nt

 µ
 [

 -
 ]

�  = 0,05 mm

�  = 0,01 mm

�  = 0,10 mm

�  = 0,15 mm

�  = 0,20 mm

�
t = 0,7 mm

0,6

0,8

1,0

1,2

1,4

1,6

1,8

2,0

2,2

2,4

0,0 0,1 0,2 0,3 0,4 0,5

Rissuferverschiebung �  [mm]

R
is

sr
ei

bu
ng

sk
oe

ff
iz

ie
nt

 µ
 [

 -
 ]

�  = 0,05 mm

�  = 0,025 mm

�  = 0,10 mm

���	��


�
t = 1,1 mm

/2@<@<E.RG8;:<1<=bO;, ª �9°±57EG>A�<EG57R.HeX(K�uD5£°±57CD5oFDH<14:<1<=M8<5o>	3µE.CA�;>sXYST571V�257E.@<:<1<=?>A@B57E.3657CAuD5o>
µeff

E.1m/2@<He�Y1<=-E.=-�?57E.u
8<57CN�qEG>D>A:;K´57CAt?57CD>DFDH<EG57@<:<1<=
@B57E�:<14uD57CD>DFDH<EG5o8;R.EGFDH957C¤�?�i19>AusXY14uD57CV�qEG>D>D�(&B14:<1<= K��<CN>sXY198$�
=?5o>AuACsXYH<R.uD5
p	57E.R�¦¨�iFDH9571�t?�i1_�25 K´57CA1<xo�?�iCA�B57CA1�� :W�iCAS¯XYR�K´5o>AuD57Cb°±57uD�i1�Pi° < R.E.1<�;>�Y¤:<198
H9�$FDH;K´5o>AuD57C2°±57uD�i1�xo:���CA�;K��?�iCA�B57C@:2C],9vY� < CD5oFDH4uD>�Y

E @B57C±8;EG5�°±57xoEG57H4:<1<=T1eXiFDHnUWRG57EGFDH4:<1<= < O;, ª$Y£3µ:<CD8<5�xo:<S 4A573657E.R.E.=?571���57CD>DFDH<EG57@<:<1<=?>Axo:9>AusXY198
8<57Cµ5�&d57�4�
uAE.t?5T�257E.@<:<1<=?>A@B57E.3657CAu

µeff
57CAS�E.uAuD57R.u],	��57CA=-RG57EGFDH4uVS¯XY1 8;EG5o>D571 °±57E.3657CAuV@B57E�:<14uD57CD>DFDH<EG5o8;R.EGFDH9571��?�i1;�

>AusXY14uD571��qEG>D>D�(&B14:<1<=?571 < t$=-R·,;/2@<@<E.RG8;:<1<=bO;, ªNR.E.1<�;>�Y��;>D�V3µE.CD8�8<5o>D>D571�/2@<He�Y1<=-E.=-�?57E.uµt?�i1�°±57xo:<=?>§¦¨�iFDH95
:<198 ��57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8
8<57:<uAR.EGFDHr,���57Cµ1eXiFDHIJ$FDH957CAt?57CD>A:9FDH9571�XY1<=?57=?57@B57195N�257E.@<@B57E.3657CAu

µ
5714uD>A�<CAEGFDH4u

8<57S�1eXiFDHn8<57Sz5�&d57�$uAE.t?571��257E.@<@B57E.3657CAuW8<5o>q°6CA:9FDH4t?57CD>DFDH<EG57@<:<1<=?>Axo:9>AusXY198<5o>],

µeff (v, w) =
τj(v, w)

σj(v, w)

< O;, ª$Y
/21<HeXY198I8<57CM=?57ST5o>D>D5719571���57CD>DFDH<EG57@<:<1<=?571 @B57E�8<571 57E.=?5719571���57CD>A:9FDH9571��?�i1<14uD5¤K´5o>AuA=?5o>AuD57R.R.u�3657CD8<571��
89Xi>D>�8<57C£°±57CD57EGFDH¯�$RG57E.1957C���57C§K´�iCASm:<1<=?571 <

v 

+]�-�

µ
S Y�FDHeXYCsXY�$uD57CAEG>AEG57CD57198TK��<C£89Xi>�prCsXY=-t?57CAHeXYR.uD571�8<57C

�qEG>D>At?57CAx(XYH<14:<1<=¤8<57C6:<14uD57CD>A:9FDH4uD571
�WXY:<uAEG5 K´571bEG>Au],4w2S E.1b8;EG5o>D57S °±57CD57EGFDH��;8<57C6xo:<S p	57E.RB�$RG57E.1957C±�$8<57C
=-RG57EGFDH�8<5o>�=?573±�YH<R.uD571 ln5o>D>ACsXi>AuD57CD>�EG>Au-�d8<571 J4�eXY1<14:<1<=?>At?57CAR&XY:;K2@B5o�i@eXiFDH4uD571�xo:��?�i1<19571 < t$=-R·,d/2@<@<E.R��
8;:<1<=¯O;, ªNCD5oFDH4uD>�Y63µ:<CD8<571�E.14uD57CA�B�iR.EG57CAuD571*� 57CAuD5�t?57CA3657198<57u], �MXY@B57EBx]57E.=-uD5M>AEGFDH��<89Xi>D>µ57E.195�t?57C§K´57E.1957CAuD5
°±57CD5oFDH<14:<1<=b14:<Cq=?57CAE.1<=iK��<=-E.=T:<14uD57CD>DFDH<EG5o8;R.EGFDH95¤��CA=?57@<1<EG>D>D5N57CAxoEG57R.uD5-,

����"4`(���<gih	"$�	`Y\9'!h	"$�&%]"$�
�e:T57E.1957C��£XYCAE&XYuAEG�i1¯8<5o>���57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8<>�K·XY198T57E.195µ��XYCsXYST57uD57CD>AuA:98;EG5�XY1T:<14uD57CD>DFDH<EG5o8;R.EGFDH9571
¥2@B57C§�
¦¨�iFDH9571<CsXY:<H957E.uD571�>AusXYuAu],
�WEG5µE.1¯�NXY�<E.uD57Rd��@B5o>DFDH<CAEG57@B5719571 �25 K´57CD571<xo�?�iCA�B57C68;EG5714uD571¯H<EG57C§K��<C±XYRG>±UWCA:<198$�



��� � � � 
 	���� � � ���	� ��
�� � ��	 	���
��������������	� +]�-�

R&XY=?5-,-l
E.u�8<571 �MXYuD571�8<57C�8;CD57EG8;E.ST5719>AEG�i1eXYRG571H2	Xi>D57CAST5o>D>A:<1<=M�?�i1<14uD5µ57E.195µw214uD57CD>A:9FDH4:<1<=Nxo:<S ��E.1;¦9:9>D>
:<14uD57CD>DFDH<EG5o8;R.EGFDHnH957CA=?5o>AuD57R.R.uD57C�¥2@B57C§¦¨�iFDH9571<CsXY:<H957E.uD571�XY:;K�8;EG5M�qEG>D>At?57CAx(XYH<14:<1<=T8;:<CDFDH<=?5 K��<H<CAu23657CD8<571r,
�MXi>±14:<ST57CAEG>DFDH95N��57C§K·XYH<CD571�xo:<Cµ�qEG>D>At?57CAx(XYH<14:<1<=T>AuD57R.R.uq89XY@B57Ed57E.195M°±573657CAuA:<1<=TS�E.uµ8;E.CD57�$uD57S ST5oFDHeX(�
1<EG>DFDH9571n°±57xo:<=b89XYC],%) 1�/2@<@<E.RG8;:<1<= O;, ¬¤3µ:<CD8<571
@B57EG>A�<EG57R.HeX(K�uqxo3657E	:<14uD57CD>DFDH<EG5o8;R.EGFDH95¯¥2@B57C§¦¨�iFDH9571
S�E.u
�YH<1<R.EGFDH957C¯=?57ST5o>D>D571957CT�WXY:<uAEG5 K´5

Rt
=?57=?5714�<@B57CA=?5o>AuD57R.R.u],���57CD57E.1;K·XiFDH957198�3µ:<CD8<5 @B57Eµ8<57CT°±57CD5oFDH<14:<1<=

57E.195M�?�i19>AusXY14uD5m�qEG>D>D�(&B14:<1<=
w
XY1<=?5o>D57uAxou],

 

-15

-10

-5

0

5

10

15

20

0,0 0,2 0,4 0,6 0,8 1,0

Rissuferverschiebung �  [mm]

Sc
hu

bs
pa

nn
un

g 
τ j

-20

-18

-16

-14

-12

-10

-8

-6

-4

-2

0

2

4

6

8

10

12

14

N
or

m
al

sp
an

nu
ng

 σ
j [N

/m
m

²]

w = 0,05 mm

w = 0,05 mm

w = 0,10 mm

w = 0,10 mm

w = 0,15 mm

w = 0,20 mm

w = 0,20 mm

w = 0,30 mm

w = 0,15 mm

w = 0,30 mm

-15

-10

-5

0

5

10

15

20

0,0 0,2 0,4 0,6 0,8 1,0

Rissuferverschiebung �  [mm]

Sc
hu

bs
pa

nn
un

g 
τ j

-20

-18

-16

-14

-12

-10

-8

-6

-4

-2

0

2

4

6

8

10

12

14

N
or

m
al

sp
an

nu
ng

 σ
j [N

/m
m

²]

w = 0,05 mm

w = 0,05 mm

w = 0,10 mm

w = 0,10 mm

w = 0,15 mm

w = 0,20 mm

w = 0,20 mm

w = 0,30 mm

w = 0,15 mm

w = 0,30 mm

/2@<@<E.RG8;:<1<= O;, ¬ �<��57CA=-RG57EGFDHk8<57C J4�eXY1<14:<1<=?>§�·��57C§K´�iCASm:<1<=?>At?57CAR&�Y:;K´5 :<14uD57CD>DFDH<EG5o8;R.EGFDH957C �WXY:<H957E.uD571��
y � � �·=?5o>AuACsXYH<R.u

Rt �
� � ª$+MS�S < R.E.1<�;>�Y£:<198�>sXY198;=?5o>AuACsXYH<R.u

Rt �
� � ªi�¤S�S < CD5oFDH4uD>�Y

��57:<uAR.EGFDHT:<14uD57CD>DFDH957EG8<571 >AEGFDHT8;EG5±�WXY:<H957E.uD571bXY1<HeXY198¤E.H<CD57C�@B57CD5oFDH<1957uD571T��57CAR&�Y:;K´5µ8<5o>�xo:�57CA3±XYCAuD57198<571
prCsXY=-t?57CAHeXYR.uD5719>],¨°±57Ed=-RG57EGFDH957C2²<:<=?571<19�iCAS¯XYRG>A�eXY1<14:<1<= 3µ�<CD8<5N8<57S�1eXiFDHn8;EG5My � � �·=?5o>AuACsXYH<R.uD5N��CD�i@B5 �
�?�iCA�B57CD�i@B57C§¦¨�iFDH95±E.1¤57u 3±X�P-� � H9�iH957CD5µJ$FDH4:<@9>A�eXY1<14:<1<=?571T�<@B57CAuACsXY=?571¤�?�i1<19571�XYRG>�8;EG5£>sXY198;=?5o>AuACsXYH<R.uD5
¥2@B57C§¦¨�iFDH95-,?/2:9FDHT8<57C�xo:�57CA3±XYCAuD57198<5µ��57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8�3µ�<CD8<5µ>AEGFDH�@B57E;=-RG57EGFDH957C£°±57R&Xi>AuA:<1<=Mt?�i1957E.1;�
XY198<57C±:<14uD57CD>DFDH957EG8<571r, :W57@B571 8<57C±ln�i=-R.EGFDH<�?57E.u±xo:<C :�XiFDH<CD5oFDH<14:<1<=Tt?�i1b��57CD>A:9FDH9>D57CA=?57@<1<EG>D>D571�57CD�(&B1957u
89Xi>214:<ST57CAEG>DFDH95¤��57C§K·XYH<CD571I57E.195m��R&Xi>D>AE �9xoEG57CA:<1<=?>AST�i=-R.EGFDH<�?57E.uNt?�i1�¥2@B57C§¦¨�iFDH9571IE.S y2E.14@<R.EGFD�nXY:;K£89Xi>
J$FDH4:<@<uACsXY=-t?57CAHeXYR.uD571 E.1;K´�iR.=?5��qEG>D>At?57CAx(XYH<14:<1<=9,�°±57E28<57C��WEG57R.x(XYH<RWXY1�@B5o>DFDH<CD57E.@<@eXYCD571_��E.=?5719>DFDHeX(K�uD571
t?�i1��WXY:<H957E.uD571IEG>Au�8;EG5o>M57E.1nS¯X('-=?57@B57198<5o>Nw214uD57CD>DFDH957EG8;:<1<=?>AST57CA�$S¯XYR�xo:�8<571IE.1I/2@9>DFDH<1<E.uAum�;, �bt?�iC§�
=?5o>AuD57R.R.uD571n��XYCsXYST57uD57CA1n:<198 ��57C§K·XYH<CD571r,

��������� � & � $ "�& ����
 	 � � & ��� ����
�� & � $'&�� ������� &(�

�e:<Cb��57CAE �9xoEG57CA:<1<=©8<5o>¯��57C§K·XYH<CD5719>b3µ:<CD8<5
57E.195�:�XiFDH<CD5oFDH<14:<1<= 8<57C¯��57CD>A:9FDH9>D57CA=?57@<1<EG>D>D5IXY:9>¯CD57E.1957C
��57CAx(XYH<14:<1<= 8<57CV�qEG>D>A:;K´57Cm8<57C¤��CA�;K��?�iCA�B57C¤8<5o>mp��$�9> )+)+)28;:<CDFDH<=?5 K��<H<CAu],£U�573±�YH<R.uV3µ:<CD8<571 H<EG57CV@B57E��
>A�<EG57R.HeX(K�u�8;EG5n��57CD>A:9FDH9>A�?�iCA�B57C*:2C],µv-P�:<198 v?ª��±8<57CD571�°6CA:9FDH;¦¨�iFDH9571<CsXY:<H957E.uIXY1<1e�YH957CA198�8<57C xo:<t?�iC
XYS �25 K´57CD571<xo�?�iCA�B57CW=?57ST5o>D>D5719571 ¥2@B57C§¦¨�iFDH95714uD�i�B�i=-CsXY�<H<EG5T5714uD>A�<CsXiFDHr,��_EG5mE.1np!XY@B57R.RG5m�9, ¬T@B5o>DFDH<CAEG5 �
@B571��-:<14uD57CD>DFDH957EG8<571�>AEGFDH¯8;EG5q@B57EG8<571T��57CD>A:9FDH95qE.1 UWCD�J'?528<57C�E.198;:<xoEG57CAuD571b²<:<=?571<19�iCAS¯XYRG>A�eXY1<14:<1<=�:<198
=?57ST5o>D>D571957C��WXY:<uAEG5 K´5-, �e:9>s�YuAxoR.EGFDH 3µEG5o>D571_@B57EG8<5
57E.19571�:<14uD57CD>DFDH<EG5o8;R.EGFDH9571��µusXYuD>s�iFDH<R.EGFDH =?57ST5o>D>D5719571
��57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8�3±�YH<CD57198�8<57CM��57CD>A:9FDH9>D8;:<CDFDH;K��<H<CA:<1<=nXY:;KA,B��CA�;K��?�iCA�B57C,:2C],Bv-P¯R.EG5F'�>AEGFDHI=-:<u�S�E.u
8<57C

w
\
v
� °±57xoEG57H4:<1<=
1eXiFDH UWRG57EGFDH4:<1<= < P;,.+7��Y2@B5o>DFDH<CD57E.@B571r, ��57C���57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8 8<5o>M��CA�;K��?�iCA�B57CD>



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

-10

-5

0

5

10

0,0 0,1 0,2 0,3 0,4 0,5

Rissuferverschiebung �  [mm]

Sc
hu

bs
pa

nn
un

g 
τ j

-10,00

-8,00

-6,00

-4,00

-2,00

0,00

2,00

4,00

6,00

8,00

10,00

 gemessene Werte Typ III Nr. 92

 anhand Rauheit errechnetN
or

m
al

sp
an

nu
ng

 σ
j 

[N
/m

m
²]

Typ III Nr. 92

�  = 0,6⋅�  2/3 

�  = 0,6⋅�  2/3 

-10

-5

0

5

10

0,0 0,1 0,2 0,3 0,4 0,5

Rissuferverschiebung �  [mm]

Sc
hu

bs
pa

nn
un

g 
τ j

-10

-8

-6

-4

-2

0

2

4

6

8

10

 gemessene Werte Typ III Nr. 97

 anhand Rauheit errechnet

N
or

m
al

sp
an

nu
ng

 σ
j 

[N
/m

m
²]

Typ III Nr. 97

�  = 0,6⋅�  2/3 

�  = 0,6⋅�  2/3 

�  = 0,55⋅�  0,8 

�  = 0,55⋅�  0,8 

/2@<@<E.RG8;:<1<=bO;, v �9°±57EG>A�<EG57R.HeX(K�uD57C���57CA=-RG57EGFDH�8<57C�@B57CD5oFDH<1957uD571 J4�eXY1<14:<1<=?>§�·��57C§K´�iCASm:<1<=?>§�·��57CAR&�Y:;K´5©S�E.u
=?57ST5o>D>D5719571 � 57CAuD571b8<57C���CA�;K��?�iCA�B57C6p��$� )+)+)d:<14uD57C£°±57CA�9FD�;>AEGFDH4uAE.=-:<1<=¤t?57CD>DFDH<EG5o8<571957C
��57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8<5 <

µ �
� � �$ª �

σpu �
O-¬ :]\(S�S 2 Y � :2C],�v-PnS�E.u Rt �

� � O-PIS�S
< R.E.1<�;>�Y£:<198*:2C],9v?ªVS�E.u

Rt �
� � ¬?ªVS�S < CD5oFDH4uD>�Y

:2C],;v?ªM3µEGFDH�89XY=?57=?571�t?�i1 8;EG5o>D57S ��57CAR&XY:;K�XY@ < t$=-R·,;/2@<@<E.RG8;:<1<=T�;,.+7��Y�:<198b�?�i1<14uD5W@B5o>D>D57CµXY1<HeXY198 8<5o>
ST�$8;E �9xoEG57CAuD571T/219>sXYuAx]5o>�1eXiFDHbUWRG57EGFDH4:<1<= < �;, �DY	@B5o>DFDH<CAEG57@B571¤3657CD8<571r, �e3±XYC�R&XY=?571¯XY:9FDHTln5o>D>D89XYuD571�8<57C
usXYuD>s�iFDH<R.EGFDH9571n��57CD>DFDH<EG57@<:<1<=?571nt?�iC-�/4A5o8<�$FDH�x]57E.=-uD571
8;EG5o>D5ME.S °±57CD57EGFDHn>D57H<Cq=?57CAE.1<=?57C2��57CD>DFDH<EG57@<:<1<=?571
v 


+]�-�
µ
S 57E.1<E.=?5�ln5o>D>A:<1<=?571eXY:<E.=-�?57E.uD571r,;/2:9>±8;EG5o>D57S UWCA:<198¯3µ:<CD8<571 xo:<C :�XiFDH<CD5oFDH<14:<1<=¯8;EG5W�i@B571

@B5o>DFDH<CAEG57@B5719571�°±57xoEG57H4:<1<=?571�=?573±�YH<R.u£XY19>AuD57R.RG5657E.1957C�57@B5719>D�2:<19>AEGFDH957CD571 ) 14uD57CA�B�iR&XYuAEG�i1�8<57C�@B5719�iuAE.=-uD571
��E.1<=4XY1<=?>A3657CAuD5V8<57Cµ��57CD>DFDH<EG57@<:<1<=?>AE.1<�$CD57ST5714uD5-,
) 1 /2@<@<E.RG8;:<1<= O;, v�EG>AuV8<57CV��57CA=-RG57EGFDH 8<57C :�XiFDH<CD5oFDH<14:<1<= S�E.u¤8<571 =?57ST5o>D>D5719571 � 57CAuD571�89XYCA=?5o>AuD57R.R.u],
��57:<uAR.EGFDH�x]57E.=-uµ>AEGFDH��;3µEG5W=-:<uµ57E.195g:�XiFDH<CD5oFDH<14:<1<=¯S�E.uµ8<57C±=?573±�YH<R.uD571
°±57xoEG57H4:<1<=T8<5o>±��57CD>DFDH<EG57@<:<1<=?>§�
�;K·Xi8<5o>µ8;EG5W=?57ST5o>D>D5719571���CA=?57@<1<EG>D>D5N8<57C±��57CD>A:9FDH95M@B5o>DFDH<CD57E.@<u],<°±57Er8<57Cµ°±57CD5oFDH<14:<1<=b8<57CWJ4�eXY1<14:<1<=?571
8<5o>±��CA�;K��?�iCA�B57CD> :2C],;v?ªM3µ:<CD8<571bK��<C±57E.19571 ��57CA=-RG57EGFDH�@B57EG8<52��57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8;@B57xoEG57H4:<1<=?571
t?57CA36571;�
8<57u], �MXY1eXiFDH�@B5o>Aus�YuAE.=-um>AEGFDH 8<57Cmw214uD57CD>DFDH<EG5o8�8<5o>N=?57ST5o>D>D5719571�usXYuD>s�iFDH<R.EGFDH9571 ��57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8<5o>],
�WEG5W�25o>A:<R.usXYuD5�8<57CqXY1<=?57�eXi>D>AuD571�°±57xoEG57H4:<1<=�@B5o>DFDH<CD57E.@B571 E.SzU�57=?5719>sXYuAx�xo:�8<57Cµ°±57xoEG57H4:<1<=�1eXiFDH�8<57S
�fP-R�%�X � P-R�%
A�����C
57E.19571�>D57H<C2�YH<1<R.EGFDH9571�J4�eXY1<14:<1<=?>At?57CAR&XY:;KA,¨��>µEG>Auq>D�iS�E.uµST�i=-R.EGFDH��e8<571nJ4�eXY1<14:<1<=?>§�
t?57CAR&XY:;K�CD57R&XYuAE.t�=?571eXY:
CD5oFDH<1957CAEG>DFDHI3µEG5o8<57CAxo:<=?57@B571r, �_EGFDH4uAE.=bH<EG57CA@B57E	EG>AuWXYR.RG57CD8;E.1<=?>W8;EG5N�M571<14uA1<EG>�8<5o>
��57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8<5o>],$°±57Ee��57CD>A:9FDH9571bS�E.u£�?�i19>AusXY14uD57Cµ�qEG>D>D�(&B14:<1<=m�$8<57C£=?57ST5o>D>D571957S ��57C§K´�iCASm:<1<=?571
EG>Au�8;EG5o>¤E.1 8<57CT�257=?57Rµ²eXYR.R·,�²!�<C�57E.1950:�XiFDH<CD5oFDH<14:<1<= �£@B57Eµ8<57CT8;EG5 ��57C§K´�iCASm:<1<=?571 :<14@B57�-XY1<14u¯>AE.198;�
EG>AuN5o>m8<571<19�$FDH�ST�i=-R.EGFDH��r�<@B57Cm57E.1 E.uD57CsXYuAE.t?5o>m��57C§K·XYH<CD571 8<571 �?�iCACD57R.EG57CD57198<571 J4�eXY1<14:<1<=?>Axo:9>AusXY198 xo:
@B57CD5oFDH<19571r,
:�XiFDH H957:<uAE.=?57S J4usXY198�8<57Cmp	5oFDH<1<E.� >AuD57R.R.um8;EG5bJ$FDHeX5&B:<1<=n8<57CN19�iu 3657198;E.=?571 �MXYuD571<=-CA:<198;R&XY=?5b8;:<CDFDH
57E.195�5��9XY�$uD5��WXY:<H957E.uD>AST5o>D>A:<1<=��?57E.1 57CA19>AuAHeX(K�uD5o>T��CD�i@<RG57S¸ST57H<C¯89X;, �WEG5 14:<ST57CAEG>DFDH95n/2:9>A3657CAuA:<1<=
�<@B57C257E.1;K·XiFDH95m=?5o�iST57uACAEG>DFDH95 �e:9>sXYS�ST571<He�Y1<=?5VEG>AuqS�E.uWy2E.R�K´5m8<57CW57RG57�$uACD�i1<EG>DFDH9571 �MXYuD5714t?57CsXYCA@B57E.uA:<1<=
@B57CD57E.uD>q>D57E.uµR&�Y1<=?57CD57C��¨57E.u257E.1nJ4usXY1989XYCD8�E.1�°±57CD57EGFDHn8<57C ) 1<=?571<EG57:<CA3µEG>D>D5719>DFDHeX(K�uD571r,dJ$��>AuD57R.R.uq89Xi>µt?�iC§�
=?5o>AuD57R.R.uD5 ��57C§K·XYH<CD571�14:<CT57E.19571�RG�i=-EG>DFDH9571_J$FDH<CAE.uAuTxo:<C�@B5o>D>D57CD571���C§K·Xi>D>A:<1<=�8<57Cb¥2@B57C§¦¨�iFDH9571<CsXY:<H957E.u
@B57E.S prCsXY=-t?57CAHeXYR.uD571I8<57C2�qEG>D>At?57CAx(XYH<14:<1<=¯89XYC],



���������
	����

� ��
���� � �����2��
�
 �����

/2:;K�=-CA:<198b8<57C£He�Y:.�9=?571�²957CAuAE.=-uD57E.R.@eXY:43657EG>D5�:<198b8<57S >AuD57uAE.=¤XY143±XiFDH9>D57198<571�°µXY:<t?�iR.:<ST571 E.S °±57CD57EGFDH
8<57CTJ;XY1<EG57CA:<1<=n:<198 w2S��<R&XY14:<1<=I@B5o>AuD57H957198<57C¤°µXY:43657CA�?5b=?573µE.1<14u�89Xi>V��CD�i@<RG57S~8<57C¤��CsX(K�uA�<@B57CAuACsX(�
=-:<1<=�xo3µEG>DFDH9571 /2R.u§�M:<198�:W57:<@B57uD�i1 >AusXYCA�©XY1�°±5o8<57:<uA:<1<=9, �MXi>�prCsXY=i�m:<198©��57C§K´�iCASm:<1<=?>At?57CAHeXYR.uD571
t?�i1 °±57uD�i19>DFDH4:<@;K�:<=?571�xo3µEG>DFDH9571�/2R.u§�!:<198 :W57:<@B57uD�i1b3µE.CD8¯1957@B571 8<57C6��57CA@<:<198;@B573657H<CA:<1<=�t?�iCµXYR.RG57S
8;:<CDFDH©8<571 y�X(K�uAt?57CA@<:<198 :<198�8;EG5¯�qEG>D>At?57CAx(XYH<14:<1<=
@B5o>AuAE.S�Smu],!l
E.um8<57CV��E.1;K��<H<CA:<1<=n1957:957C
:W�iCAST571
EG>Au25o>2>D57E.uq�$:<CAx]57SzST�i=-R.EGFDHI57E.19571np	57E.R!8<5o>2y�X(K�uAt?57CA@<:<198<5o>W�iH<195N57E.195m5714uD>A�<CD5oFDH957198<5TJ$FDH4:<@B8<5oFD�$:<1<=
8;:<CDFDH_��57CA@<:<198;@B573657H<CA:<1<=©xo: @B57CA�9FD�;>AEGFDH4uAE.=?571r,6��E.1 �eEG57RW8;EG5o>D57C¯²9�iCD>DFDH4:<1<=?>sXYCA@B57E.u @B5o>AusXY198 >D�iS�E.u
89XYCAE.1�89Xi>TJ$FDH4:<@<uACsXY=-t?57CAHeXYR.uD571_8<5o>¤y�X(K�uAt?57CA@<:<198<5o>¤=?571eXY:957C¤xo: :<14uD57CD>A:9FDH9571r,�l
E.u¤8<57C¤57CA3657E.uD57CAuD571
°±57ST5o>D>A:<1<=�3µ:<CD8<571
XY:9FDH�8;EG5���57CA3657198;:<1<=Tt?�i1�°±57uD�i1�@<EG>6xo:�57E.1957CqFDHeXYCsXY�$uD57CAEG>AuAEG>DFDH9571 �WCA:9FD�4K´5o>AuAE.=i�
�?57E.u±t?�i1�+-+]�
:]\(S�S 2 19�iCAS¯XYuAE.t¯=?57CD57=?57R.u], ��5o>AHeXYR.@�>D�iR.R.uD5Wxo:9>s�YuAxoR.EGFDH95M/2:;K�ST57CA�;>sXYS��?57E.uqXY:;K�8<571���E.1;�¦9:9>D>q8<57C2lIXYuD57CAE&XYRG57E.=?5719>DFDHeX(K�uD571nH9�$FDH;K´5o>AuD57C2°±57uD�i19571�=?57RG57=-uq3657CD8<571r,ew2S 57E.195M@B5o>D>D57CD5M°±57uACsXiFDH4uA:<1<=
8<57CT57E.1<x]57R.19571 prCsXY=4XY14uD57E.RG5�8<5o>�y�X(K�uAt?57CA@<:<198<5o>�:<198©8<57C��qEG>D>At?57CAx(XYH<14:<1<=�xo:�57CAST�i=-R.EGFDH9571���3µ:<CD8<571
E.1n8<57C25��;�B57CAE.ST5714uD57R.RG571I:<198�uAH95o�iCD57uAEG>DFDH9571�w214uD57CD>A:9FDH4:<1<= 8;EG5o>D57CW/2CA@B57E.uWXY:9>D>DFDH<R.EG5F'-R.EGFDHn:<14@B573657H<CAuD5
J$FDH4:<@;K�:<=?571n:<14uD57CD>A:9FDH4u],
��E.195H2dE.uD57CsXYuA:<CD>AuA:98;EG5¯t?57CD8<57:<uAR.EGFDH4uD5 89Xi>N@B57=-CD571<xouD5 �_EG>D>D571 �<@B57CN8;EG5¯w2CD>sXiFDH9571�8<5o>my�X(K�uAt?57CA@<:<198<5o>
xo3µEG>DFDH9571_/2R.u§�N:<198�:W57:<@B57uD�i1 :<198 8;EG5�ln�i=-R.EGFDH<�?57E.uD571_8;EG5o>D5 E.1 �4:eXY14uAE �9xoEG57CA@eXYCD571��M571<1<=-CD�J'?571 xo:
@B5o>DFDH<CD57E.@B571r, �WEG5¤�B�->AE.uAE.t?5¤/2:9>A3µE.CA�$:<1<=�@B57E�8<57CN/2143657198;:<1<=
t?�i1 °±57uD�i1�H9�iH957CD57C �WCA:9FD�4K´5o>AuAE.=-�?57E.uD>§�
�$R&Xi>D>D571¯3±XYCµ89XY@B57E¨@B57CD57E.uD>£E.1 57E.1<E.=?571b��57CD>A:9FDH9571 @B5o�i@eXiFDH4uD57uµ36�iCD8<571r, ��5o> � 57E.uD57CD571bEG>Au±57E.1952=-CD�J'?57CD5
¥2@B57C§¦¨�iFDH9571<CsXY:<H957E.uI8<5o>�/2R.uA@B57uD�i19> S�E.u�57E.1957CIJ4uD57E.=?57CA:<1<= 8<57C�y�X(K�uAt?57CA@<:<198$K´5o>AuAE.=-�?57E.u�t?57CA@<:<198<571r,
��CD�i@<RG57S¯XYuAEG>DFDH�x]57E.=-uD5m>AEGFDH
H<EG57CA@B57E�8;EG5NRG5o8;E.=-R.EGFDH �4:eXYR.E.usXYuAE.t?5V��C§K·Xi>D>A:<1<=b8<57CW�WXY:<H957E.u-�¨8;EG5m57E.19571
��57C§�
=-RG57EGFDH
t?57CD>DFDH<EG5o8<571957C�2	XY@B�iCAt?57CD>A:9FDH95m>AusXYCA� 57CD>DFDH43657CAu],�B2H<1<R.EGFDH95o>q�?�i1<14uD5VXY:9FDH�@B57Er8<57CWJ4EGFDH4uA:<1<=b8<57C
2dE.uD57CsXYuA:<C�E.S�°±57CD57EGFDHT8<57C��qEG>D>At?57CAx(XYH<14:<1<=�@B57ST57CA�$u�3657CD8<571r,iy2EG57C�5��;EG>AuAEG57CD571¤xo:<C :�XiFDH<CD5oFDH<14:<1<=mxo3±XYC
x(XYH<R.CD57EGFDH95mln�$8<57R.RG�i@B57C§¦¨�iFDH9571��/4A5o8<�$FDH��?�i1<19571
8;EG5o>D5W�-XY:<SzXY1<HeXY198�usXYuD>s�iFDH<R.EGFDH957C-�9=?57ST5o>D>D571957Cq�WXY:;�
H957E.uD571¤1eXiFDH4t?�iR.R.x]�i=?571T3657CD8<571r,i��R&XYC�>DFDH957E.14u�89XY=?57=?571�8<57C�8;E.CD57�$uD5 �e:9>sXYS�ST571<HeXY1<=N8<57C!�<@B57CAuACsXY=-@eXYCD571
J$FDH4:<@9>A�eXY1<14:<1<=?571 S�E.uV8<57C¤�WXY:<H957E.um:<198�8<57C
:W�iCAS¯XYRG>A�eXY1<14:<1<=�E.S UWCD571<xo@B57CD57EGFDH©8<57CV�2�i14usXY�$u§¦¨�(�
FDH9571r,
w2S­xo:<1e�iFDH9>AuV57E.195 UWCA:<198;R&XY=?5¯8<57C��4:eXY14uAE.usXYuAE.t?571 �WE &d57CD571<xoEG57CA@eXYCA�?57E.u¤t?�i1 �WXY:<H957E.uD571�xo:�57CAHeXYR.uD571��
3µ:<CD8<5¯8<57Cm��E.1;¦9:9>D>N:<14uD57CD>DFDH<EG5o8;R.EGFDH957C�ln5o>D>AST57uAH9�$8<571 XY1 t?57CD>DFDH<EG5o8<571�H957CA=?5o>AuD57R.R.uD571 °±57uD�i19�i@B57C§¦¨�(�
FDH9571 :<14uD57CD>A:9FDH4u], �MXY@B57E±3µ:<CD8<571 x(XYH<R.CD57EGFDH95���57C§K·XYH<CD571�xo:<CT/2:9>A3657CAuA:<1<=�XY1<=?573±XY198;u¯:<198©E.1©E.H<CD57C
°6CsXY:9FDH4@eXYCA�?57E.ubt?57CA=-R.EGFDH9571r,£��XYCsXYR.RG57Rqxo: 8;EG5o>D57CT°±57:<CAuD57E.R.:<1<= t?�i1�¥2@B57C§¦¨�iFDH9571<CsXY:<H957E.uD571_3µ:<CD8<571 57E��
1<E.=?5b8<57CmE.1©8<57C�2dE.uD57CsXYuA:<C¤t?57CA3657198<57uD571©=?5o�iST57uACAEG>DFDH9571 ln�$8<57R.RG5Txo:<CV�WXY:<H957E.u�XY:;K2��R&XY:9>AE.@<E.R.E.us�Yu¤xo:

+]�?ª

admin02
sXY
71




+]�-¬ � ��������
�� �1�*� �
	 ��� � 
�� �.� 	 	 ���	�

�M571<1<=-CD�J'?571
usXYuD>s�iFDH<R.EGFDH957Cm¥2@B57C§¦¨�iFDH95719>AuACA:<�$uA:<CD571n:<14uD57CD>A:9FDH4u�:<198�@B573657CAuD57u], �WEG5M��57CA3657198;:<1<= 8<5o>
J;XY198$¦¨�iFDH95714t?57C§K·XYH<CD5719>±57CD>DFDH957E.14u689XY@B57E<xo3±XYC��<CsXY�$uAE.�-XY@B57R>�G4A5o8<�$FDHT57CAR&XY:<@<u£8;EG5µ>D�M57CAS�E.uAuD57R.uD5q�WXY:<uAEG5 K´5
14:<C�57E.1956@B5o>DFDH<Cs�Y1<�$uD5W¢£HeXYCsXY�$uD57CAEG>AEG57CA:<1<=m8<57C£J4uACA:<�$uA:<C], ) 1�°±57xo:<=mXY:;KB89Xi>�prCsXY=-t?57CAHeXYR.uD571¯EG>Au�57E.195µ°±5 �
>AuAE.S�Sm:<1<=
14:<CN:<14uD57CV��E.14@B57xoEG57H9571 57E.1957CNxo3657E.uD571 �M571<1<=-CD�J'?5$�	3µEG5�@B57EG>A�<EG57RG>A3657EG>D5T8<5o> ,[%�1��5%�X#>DFDH9571
³2:9�iuAEG5714uD571��£>AE.1<14t?�iR.R·, �WEG5 ��57C§K·XYH<CD571 8<57CT/2S��<R.E.uA:98<57198;EGFDH4uD5 �¤:<198�8<57CTlIXYuD57CAE&XYR&XY14uD57E.R.�$:<CAt?5
>D�]3µEG5
8<57CM/21eXYR��;>D5V1eXiFDH ? %�. #J1�%¯57CAR&XY:<@B571�xo3±XYCN57E.195VST5oFDH<1eXY1<EG>DFDH >AE.1<14t?�iR.RG5�/2@9>DFDHe�YuAxo:<1<=
8<57CN57E.1<x]57R.19571
�WXY:<H957E.uD571��/4A5o8<�$FDH�EG>Au257E.195N��XYCsXYST57uACAEG>AEG57CA:<1<=�XY:9>qlIXY1<=?57R!XY1
��CA�?571<14uA1<EG>D>D571n�<@B57C28;EG5N/2:9>A3µE.CA�$:<1<=
:<14uD57CD>DFDH<EG5o8;R.EGFDH957CMU�5o�iST57uACAEG571
>DFDH43µEG57CAE.=9,��e:98<57S x]57E.=-uq>AEGFDH E.1�/2CAuµ8<57Cµln5o>D>A:<1<=¤:<198 ln5o>D>A=?571eXY:<E.=i�
�?57E.u257E.1�3657E.uD57CD57C���E.1;¦9:9>D>WXY:;K�8;EG5N57CACD5oFDH<1957uD571I�M571<1<=-CD�J'?571r, �e:9>sXYS�ST571;K·Xi>D>D57198�Sm:9>D>AuD5�K´5o>AuA=?5o>AuD57R.R.u
3657CD8<571���89Xi>D>¤57E.195b°±5o>DFDH<CD57E.@<:<1<=�:<14uD57CD>DFDH<EG5o8;R.EGFDH957C¯�WXY:<H957E.uD571©E.S~y2E.14@<R.EGFD�©XY:;K2E.H<CD5bST5oFDHeXY1<EG>DFDH95
�_E.CA�$:<1<=?>A3657EG>D5TXY:;K�=-CA:<198�8<57CMx(XYH<R.CD57EGFDH9571�=?5o�iST57uACAEG>DFDH9571���E.=?5719>DFDHeX(K�uD571©�Y: '?57CD>AuM:<19>AEGFDH957CNEG>Au], �WEG5
ST57EG>AuD571���57C§K·XYH<CD571¯>AusXYS�ST571bXY:9>�:<14uD57CD>DFDH<EG5o8;R.EGFDH9571 �WEG>AxoE.�<R.E.19571T:<198�t?57C§K´�iR.=?571T8<�iCAu£57E.19571T@B5o>AuAE.S�S¤�
uD571 �e365oFD��S�E.uq8<57C2/2:9>A3657CAuA:<1<=¯8<57C2�WXY:<H957E.u],</2:9>q8;EG5o>D57S UWCA:<198 =?57H4u257E.1�=-CD�J'?57C2p	57E.R>�98<57CµK��<Cq8;EG5
ST5oFDHeXY1<EG>DFDH95M�qEG>D>At?57CAx(XYH<14:<1<=�CD57RG57t-XY14uD571 ) 1;K´�iCAS¯XYuAEG�i1�89XY@B57EBt?57CARG�iCD571r,<��E.195�°±57:<CAuD57E.R.:<1<=T8<57C±:<14uD57C§�
>DFDH<EG5o8;R.EGFDH9571 ln�$8<57R.RG�i@B57C§¦¨�iFDH9571 >AuD57R.R.u¤8;EG5o>D5b²9�iCAS 8<57C :�XiFDH<CD5oFDH<14:<1<=�57CA1957:<u¤E.1©²<CsXY=?5$��89X
�?57E.195o>
8<57Cµ=?573±�YH<R.uD571Iln�$8<57R.RG5M8;EG5MusXYuD>s�iFDH<R.EGFDH95V�WXY:<H957E.u2XY1<1e�YH957CA198�@B5 K�CAEG5o8;E.=?57198�3µEG5o8<57CA=?57@B571
�?�i1<14uD5-,
w2S�8;EG5±��E.1;¦9:9>D>A=-CD�J'?571�8<57C�¥2@B57C§¦¨�iFDH9571<CsXY:<H957E.u£:<198V8<57C�°±57uD�i198;CA:9FD�4K´5o>AuAE.=-�?57E.u �4:eXY14uAE.usXYuAE.tmK��<C!y�X(K�u§�
t?57CA@<:<198V:<198V�qEG>D>At?57CAx(XYH<14:<1<=M57C§K·Xi>D>D571mxo:V�?�i1<19571��Y3µ:<CD8<571¤E.1*2	XY@B�iCAt?57CD>A:9FDH9571T8;CD57E$:<14uD57CD>DFDH<EG5o8;R.EGFDH95
/2@9>DFDH957CA�?�iCA�B57C2=?57�<CA�;K�u],e�;+N��CA�;K��?�iCA�B57Cq3µ:<CD8<571
E.1
57E.1957S ��57CD>A:9FDH9>D>AusXY198
�iH<195m57E.143µE.CA�?57198<5V²<:<=?571;�
19�iCAS¯XYRG>A�eXY1<14:<1<=V:<198T�iH<195q°±57H<E.198<57CA:<1<=V8<57C��qEG>D>D�(&B14:<1<=m8;:<CDFDH<=?5 K��<H<CAu],
�WEG5q��CA�;K��?�iCA�B57C£8;EG5o>D57C£/2CAu
3±XYCD571¤8;CD57E.uD57E.R.E.=�>��$S�ST57uACAEG>DFDHV:<198m3µ:<CD8<571�XYRG>!p��$� )B@B57x]57EGFDH<1957u],(��57CD>A:9FDH9>A�?�iCA�B57C�8<5o>!p��$� )+)¨3µ:<CD8<571
S�E.uN57E.1957Cm>DFDH<Cs�Y=�xo:<C �_E.CA�$:<1<=?>ACAEGFDH4uA:<1<=n8<57CN��CsX(K�umXY:9>A=?57@<E.RG8<57uD571 ²<:<=?5�H957CA=?5o>AuD57R.R.u], �WEG5o>D5�57CAx]57:<=-u
E.S ��CA�;K��?�iCA�B57CN3±�YH<CD57198 8<57Cm°±57R&Xi>AuA:<1<=�57E.1 �?�i19>AusXY14uD5o>N��57CAHe�YR.uA1<EG>Nxo3µEG>DFDH9571©J$FDH4:<@;�W:<198 :W�iCAS¯XYR��
>A�eXY1<14:<1<=9,B°µXi>AEG57CD57198IXY:;K£t?�iCsXY1<=?57=4XY1<=?57195�²9�iCD>DFDH4:<1<=?>sXYCA@B57E.uD571 3µ:<CD8<5mK��<CW8;EG5o>D5m��57CD>A:9FDH9>ACD57E.H95�57E.1
��57CAHe�YR.uA1<EG>Tt?�i1�+ �.+$� �nK´5o>AuA=?57RG57=-u],����iS«��CA�;K��?�iCA�B57C¯8;EG5o>D5o>�p��$�9>�3µ:<CD8<571_�-O���E.1<x]57R.�?�iCA�B57CT=?57�<CA�;K�u],
w2S­>DFDH<R.EG5F'-R.EGFDH�89Xi>mprCsXY=-t?57CAHeXYR.uD571 8<57CN:<14@B573657H<CAuD571_J$FDH4:<@;K�:<=?5¯@B57E£�?�i19>AusXY14uD57C :W�iCAS¯XYRG>A�eXY1<14:<1<=
xo: @B57uACsXiFDH4uD571��93µ:<CD8<571nP-P¤��CA�;K��?�iCA�B57Cq8<5o>µp��$� )+)+)�:<14uD57Cµ�?�i14uACD�iR.R.EG57CAuD57C'2	Xi>AuD57E.1<RG57E.uA:<1<=bXY@<=?5o>DFDH957CAu],
U�57�<CA�;K�uW3µ:<CD8<571�=-R&XYuAuD5V:<198I>sXY198;=?5o>AuACsXYH<R.uD5�²<:<=?5719�i@B57C§¦¨�iFDH9571�@<EG>Wxo:�57E.1957C�S�E.uAuARG57CD571 �WXY:<uAEG5 K´5

Rt



+$�.+2S�S :<14uD57C±8<57C6��57CA3657198;:<1<=�t?�i1 °±57uD�i1bS�E.u±57E.1957C6S�E.uAuARG57CD571 �WCA:9FD�4K´5o>AuAE.=-�?57E.u6xo3µEG>DFDH9571��-�N:<198

+]P-� :]\(S�S 2 �9>D�]36�iH<RdK��<C28<571�/2R.u§�±XYRG>2XY:9FDH�K��<Cq8<571 :W57:<@B57uD�i1r,
/21<HeXY198 8<57Cm��CA=?57@<1<EG>D>D5T�?�i1<14uD5¯8<57:<uAR.EGFDH�=?57S¯XiFDH4uV3657CD8<571��	3657RGFDH95b²<:<1<�$uAEG�i1�8<57CN1eXiFDH4uACs�Y=-R.EGFDH 57C§�
=4�Y1<xouD52°±57uD�i14uD57E.RBE.1b8<57C6��14uD>AuD57H4:<1<=�57E.195o>6y�X(K�uAt?57CA@<:<198<5o>6xo:<S /2R.uA@B57uD�i14uD57E.R¨@B5o>AE.uAxou],4��E.195W>AEGFDH4uA@eXYCD5
J4uD57E.=?57CA:<1<= 8<57C�²95o>AuAE.=-�?57E.u
8<5o>�y�X(K�uAt?57CA@<:<198<5o>�3±XYC
XY:;K�=-CA:<198�8<57C���57CA3657198;:<1<=_57E.195o>�H9�$FDH;K´5o>AuD571
:W57:<@B57uD�i19>2xo:I57CA�?571<19571r,e��57CA:<CD>sXiFDH4uM3µ:<CD8<5V8;EG5o>W8;:<CDFDH�8;EG5NK��<C2H9�$FDH;K´5o>AuD5V°±57uD�i195mu �$�<EG>DFDH9571�lIXYuD5 �
CAE&XYRG57E.=?5719>DFDHeX(K�uD571��¨3µEG5V57E.1957S�1<EG5o8;CAE.=?57CD571I3@\(x7� � 57CAu�:<198n57E.1957S�H9�iH957CD57S ²957E.1<�?�iCA1eXY14uD57E.R·,r²!�<CW57E.195
��CAH9�iH4:<1<=¤8<57C6y�X(K�uD>DFDH4:<@;K´5o>AuAE.=-�?57E.u±8<57C6²<:<=?52>DFDH<EG571 8;EG52°±57uD�i198;CA:9FD�4K´5o>AuAE.=-�?57E.uµXY:;K	8<57C±J$57E.uD5W8<5o>£/2R.u§�
@B57uD�i19>�1<EGFDH4u�S¯X('-=?57@B57198¤xo:T>D57E.1r,i��E.1�ST57CA�$R.EGFDH957C£��E.1;¦9:9>D>�8<5o>�/2R.uA@B57uD�i19>�>AuD57R.R.u�H<E.1<=?57=?571¯8;EG56S�E.uAuD57RG>
¥2@B57C§¦¨�iFDH9571<CsXY:<H957E.uµxo:<C6��57C§K��<=-:<1<=¤=?5o>AuD57R.R.uD5W²!R&�iFDH952K��<C±57E.195Wl
E.�$CD�]t?57CAx(XYH<14:<1<=�@<xo3N,4ST5oFDHeXY1<EG>DFDH9571
/µ8;He�i>AEG�i1�89XYC],9J$�VEG>Au±8<57C±S¯X5�;E.S¯XYRBST�i=-R.EGFDH95Ny�X(K�uAt?57CA@<:<198bE.S � 5o>D5714uAR.EGFDH9571nXY@<He�Y1<=-E.=�t?�i1�8<57C6t?�iC§�
HeXY198<5719571�/2R.uA@B57uD�i1<CsXY:<H957E.u¤:<198 8<57C¤²��YH<E.=-�?57E.u�8<5o>
:W57:<@B57uD�i19>VST�i=-R.EGFDH9>Au¤t$EG57R±8<57CVxo:<CV��57C§K��<=-:<1<=
=?5o>AuD57R.R.uD571©²!R&�iFDH95bxo:©XY�$uAE.t$EG57CD571r,���E.195bln5o>D>A:<1<=n8<57C¤�qEG>D>A:;K´57CAt?57CD>DFDH<EG57@<:<1<=?571©:<198 8<57C¤�qEG>D>D�(&B14:<1;�
=?571I57CAR&XY:<@<uD5�57E.195¤/2@9>DFDHe�YuAxo:<1<=�8<57C���57CD>DFDH<EG57@<:<1<=?>A@B57CD57EGFDH95$�rE.1I8<5719571Ixo3µEG>DFDH9571 y�X(K�uAt?57CA@<:<198I:<198
�qEG>D>A:;K´57CAt?57CAx(XYH<14:<1<=�@B57Ed8<57Cq��CsX(K�uA�<@B57CAuACsXY=-:<1<=¯8;E &d57CD571<xoEG57CAuµ3657CD8<571��-XY1<1r,;��E.1���57CD>sXY=?571�8<5o>µy�X(K�u§�
t?57CA@<:<198<5o>T�?�i1<14uD5�@B57Eq��57CD>DFDH<EG57@<:<1<=?571_xo3µEG>DFDH9571_PI:<198�S¯X5�;E.S¯XYRW�

µ
S @B5o�i@eXiFDH4uD57ub3657CD8<571r,£/2@

8;EG5o>D57S ��57C§K´�iCASm:<1<=?>Axo:9>AusXY198n>DFDH957E.14uW57E.195M3657E.uD57CD5N��CsX(K�uA�<@B57CAuACsXY=-:<1<=bRG5o8;E.=-R.EGFDH
E.1;K´�iR.=?5M57E.1957C2°±57H<E.1;�
8<57CA:<1<=V8<57C6�qEG>D>D�(&B14:<1<=V�$8<57C657E.1957S /21<�<CD5o>D>D8;CA:9FD�¯XY:;K	8;EG52²<:<=?5qST�i=-R.EGFDHr, �MXmJ$FDH4:<@;K�:<=?571 S�E.u657E.1957C



+]�-v

H9�iH957CD571by�X(K�uAt?57CA@<:<198$K´5o>AuAE.=-�?57E.uD571b�YK�uAS¯XYRG>�57E.195±=-R&�YuAuD57CD5q�qEG>D>D�i@B57C§¦¨�iFDH952XY:;K�3657EG>D571bXYRG>�²<:<=?571TS�E.u�=?5 �
CAE.1<=?571 ��57CA@<:<198$K´5o>AuAE.=-�?57E.uD571��<�?�iS�Smuq5o>6uACD�iuAx�57E.1957C±��57CA3657198;:<1<=Tt?�i1�°±57uD�i19571 H9�iH957CD57Cµ²95o>AuAE.=-�?57E.uD571
xo: �?57E.1957Cb19571<195719>A3657CAuD571�J4uD57E.=?57CA:<1<=©8<5o>b�qEG>D>At?57CAx(XYH<14:<1<=?>A3µEG8<57CD>AusXY198<5o>],±°±57EW°±57uD�i1957CA=4�Y1<xo:<1<=?571
S�E.u �WCA:9FD�4K´5o>AuAE.=-�?57E.uD571�@<EG>mxo:��-�*:]\(S�S 2 @<R.EG57@©8;EG5b�qEG>D>D�i@B57C§¦¨�iFDH95b89XY=?57=?571©t?57CA=-RG57EGFDH4@eXYC�S�E.u¤8<57C�WXY:<H957E.uqt?�iC28<57Sz/214@B57uD�i1<EG57CD571r,
l
E.uTy2E.R�K´5�57E.195o>�14:<ST57CAEG>DFDH9571 ��57C§K·XYH<CD5719>�3µ:<CD8<5�E.1 57E.1957CbXY19>DFDH<R.EG5F'?57198<571 uAH95o�iCD57uAEG>DFDH9571_w214uD57CD>A:;�
FDH4:<1<=
8<57C���57CD>A:9FDH�:<14uD57CA19�iS�ST571�8;EG5¤��CsX(K�uA�<@B57CAuACsXY=-:<1<=
8<57CM�qEG>D>A:;K´57CAt?57CAx(XYH<14:<1<=�8<57uD57CAS�E.1<EG>AuAEG>DFDH
xo:n57C§K·Xi>D>D571r,��WEG5NS�E.uW57E.1957S ln5o>D>ACsXi>AuD57Cqt?�i1I� �.+NS�S�57CAS�E.uAuD57R.uD5¤8;CD57EG8;E.ST5719>AEG�i1eXYRG5¤�WXY:<H957E.uW8<57CW²<:;�
=?5719�i@B57C§¦¨�iFDH95W8;EG5714uD5289XY@B57E¨XYRG> �MXYuD571<=-CA:<198;R&XY=?5qK��<C�57E.195µ=?5o�iST57uACAEG>DFDH952��57CD>DFDH<EG57@<:<1<=V:<14uD57C6°±57CA�9FD�4�
>AEGFDH4uAE.=-:<1<=T57E.1957C6ST�i=-R.EGFDH9571��qEG>D>A:;K´57CA�<R&Xi>AuAE �9xoEG57CA:<1<=9,�:�XiFDH 8<57C6��57CAE �9xoEG57CA:<1<=¯XY1b57E.1;K·XiFDH9571 =?5o�iST57uACAE��
>DFDH9571nJ4uACA:<�$uA:<CD571
57C§K´�iR.=-uD5M57E.195���XYCsXYST57uD57CD>AuA:98;EG5N@B57Er8<57C±t?57CD>DFDH<EG5o8<5719571�¥2@B57C§¦¨�iFDH9571<CsXY:<H957E.uD571
:<198
��57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8<5¯8<57Cm�qEG>D>At?57CAx(XYH<14:<1<=�@B57uACsXiFDH4uD57um3µ:<CD8<571r, ) S�/219>DFDH<R.:9>D>N89XYCsXY1 3µ:<CD8<571�57E.1<E.=?5
8<57C���57CD>A:9FDH95V:<14uD57C�CD57E.1957CM�qEG>D>At?57CAx(XYH<14:<1<= 1eXiFDH<=?57CD5oFDH<1957u],r°±57E�57E.1957S ��57CA=-RG57EGFDH�:<14uD57CD>DFDH<EG5o8;R.EGFDH957C
¥2@B57C§¦¨�iFDH9571<CsXY:<H957E.uD571 x]57E.=-uD5q>AEGFDH�@B57CD57E.uD>�8<57C :2:<uAx]571T8<5o>���57C§K·XYH<CD5719>�xo:<C�°±5o>AuAE.S�Sm:<1<=V8<57C6¥2@B57C§¦¨�(�
FDH9571<CsXY:<H957E.uqE.S y2E.14@<R.EGFD� XY:;K!57E.195WusXYuD>s�iFDH<R.EGFDH95$�;ST5oFDHeXY1<EG>DFDH95NprCsXY=-3µE.CA�$:<1<=T8<57C±�qEG>D>At?57CAx(XYH<14:<1<=9,9J$�
�?�i1<14uD571�8;EG5q>DFDH43±XiFDH�y � � �·=?5o>AuACsXYH<R.uD571 ²!R&�iFDH9571 57CD>AuAS¯XYRG>£>AEGFDH4uA@eXYC±t?�i1¯8<571b>sXY198;=?5o>AuACsXYH<R.uD571�¥2@B57C§�
¦¨�iFDH9571b:<14uD57CD>DFDH<EG5o8<571b3657CD8<571r, �WEG5q89XY@B57Ee57CACD5oFDH<1957uD5$�4:<S P-� ��H9�iH957CD5qxo:¯57CA3±XYCAuD57198<5WprCsXY=-3µE.CA�$:<1<=
8<57C2y � � �·=?5o>AuACsXYH<R.uD571
°±57uD�i19�i@B57C§¦¨�iFDH9571
@B5o>Aus�YuAE.=-u289XY@B57Er8;EG5M°±5o�i@eXiFDH4uA:<1<=?571nt?�i1 2	XY@B�iCAt?57CD>A:9FDH9571
XY:9>V8<57C�2dE.uD57CsXYuA:<C],!��E.195¯��57CD>A:9FDH9>A1eXiFDH<CD5oFDH<14:<1<=�57CA=4XY@�1<EGFDH4uV14:<C�XY1<1e�YH957CA198�=-RG57EGFDH95b°6CA:9FDH9>DFDH4:<@;�
>A�eXY1<14:<1<=?571��B5o>23±XYC�>D�i=4XYCWST�i=-R.EGFDHIS�E.uW8<57S�14:<ST57CAEG>DFDH9571I��57C§K·XYH<CD571I8<57CW=?5o�iST57uACAEG>DFDH9571I��57CD>DFDH<EG5 �
@<:<1<=�57E.19571bt?57CA=-RG57EGFDH4@eXYCD571�J4�eXY1<14:<1<=?>§�·��57C§K´�iCASm:<1<=?>At?57CAR&XY:;K�xo:b@B5o>DFDH<CD57E.@B571r, ��57C±89XY@B57E¨t?57CA3657198<57uD5
��57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8V3µ:<CD8<56XY:;K�=-CA:<198N=?57ST5o>D>D571957C!�qEG>D>D�(&B14:<1<=?571m:<198M�·t?57CD>DFDH<EG57@<:<1<=?571V=?573±�YH<R.u],iy2EG57C§�
@B57Ed�?�i1<14uD5M8<57Cq/219>sXYuAx�1eXiFDH��fP-R�%�X � P-R�%
A�����C K��<C±=?57CAE.1<=?57CD5M�WXY:<uAEG5 K´571 <

Rt ≈
� � O-�mS�S Y£@B5o>Aus�YuAE.=-u

3657CD8<571r,±°±57EW=-CD�J'?57CD571 �WXY:<uAEG5 K´571 <
Rt ≈ � � v S�S Y�Sm:9>D>AuD5n8;EG5o>D57Cb��57CD>DFDH<EG57@<:<1<=?>A�;K·Xi8_=?57S¯�('©8<571

=?57ST5o>D>D5719571���57C§K´�iCASm:<1<=?571�XY1<=?57�eXi>D>Auq3657CD8<571r,
/21<HeXY198 8;EG5o>D57Cµ/2CA@B57E.u6�?�i1<14uD571�x(XYH<R.CD57EGFDH95N��CA�?571<14uA1<EG>D>D5��<@B57C±8;EG5�w2CD>sXiFDH95W:<198 �_E.CA�$:<1<=?>A3657EG>D5�8<5o>
y�X(K�uAt?57CA@<:<198<5o>�xo3µEG>DFDH9571 /2R.u§��:<198N:W57:<@B57uD�i1©=?5736�i1<19571�3657CD8<571r,�°±5o>D�i198<57CD>VE.S y2E.14@<R.EGFD��XY:;KW8;EG5
�2�iR.RG5V8<57C]:W57:<@B57uD�i1;K´5o>AuAE.=-�?57E.uD571I�?�i1<14uD571 UWCA:<198;R&XY=?571�=?5o>DFDHeX5&d571I3657CD8<571��d8;EG5V57E.195V=?57xoEG57R.uD5¤w214uD57C§�
>A:9FDH4:<1<=¤xo:<C£5 �TxoEG5714uD571�°±57CA�9FD�;>AEGFDH4uAE.=-:<1<=T8<57C6Xi8;He�i>AE.t?571 lIXYuD57CAE&XYRG57E.=?5719>DFDHeX(K�uD571�57CAST�i=-R.EGFDH9571 �?�i1<1;�
uD571r, �MXi>2t?�iCA=?5o>AuD57R.R.uD5V14:<ST57CAEG>DFDH95���57C§K·XYH<CD571nR.EG5 K´57CAu�S�E.u�8<57CWST�$8<57R.R.:<1eXY@<He�Y1<=-E.=?571�ln�i=-R.EGFDH<�?57E.u�xo:<C
°±57:<CAuD57E.R.:<1<=I8<57CV�WXY:<H957E.uNxo:<Cm�qEG>D>At?57CAx(XYH<14:<1<=I57E.19571�3657E.uD57CD571 °±57E.uACsXY=
xo:<S­@B5o>D>D57CD571 ��57CD>Aus�Y198;1<EG>
8<57CWXYR.R.=?57ST57E.19571�J$FDH4:<@<�$CsX(K�uA�<@B57CAuACsXY=-:<1<= E.1��qEG>D>D571r,



+7�4� � ��������
�� �1�*� �
	 ��� � 
�� �.� 	 	 ���	�



� ������������� ���������

�o�	^�� �?"4f
0

>D57R.@9>Au �o/21;K·XY1<=?>Axo:9>AusXY198 �o:<14@B57HeXY1;�
8<57R.u

c
°±57uD�i1 � �WCA:9FD�

j
²<:<=?5

k
FDHeXYCsXY�$uD57CAEG>AuAEG>DFDH

g
��RG57@B57C �¨UWCD�J'-uA�?�iCA1

q
�4:eXi8;CsXYuAEG>DFDH

r
�WXY:<H957E.u �<CsXY:

t
�e:<= �9p±EG5 K´5

m
l
E.uAuD57R.3657CAu �9S�E.uAuARG57CD57C

A
²!R&�iFDH95

B
°6E.198;:<1<=

F
²<CsXY�$usXYR

L
2	XYST57R.RG5

R
�WXY:<H957E.u

S
²95o>AuD>AuD�(&

L
²!R.�9>D>AE.=-�?57E.u

ad
y�X(K�uA:<1<= �9/µ8;He�i>AEG�i1

alt
/2R.uA@B57uD�i1

calc
CD5oFDH<1957CAEG>DFDH

cube
�_�<C§K´57R

eff
5�&d57�$uAE.t �;3µE.CA�;>sXYS

exp
5��;�B57CAE.ST5714uD57R.R

grenz
UWCD571<xo3657CAu

global
=-RG�i@eXYR �9@B57x]�i=?571nXY:;K�89Xi>WUMXY1<x]5

max
lIX5�;E.Sm:<S��9=-CD�J'-uD57C � 57CAu

min
l
E.1<E.Sm:<S��9�$RG57E.19>AuD57C � 57CAu

neu
:W57:<@B57uD�i1 �9°±57uD�i1957CA=4�Y1<xo:<1<=

pl
�<R&Xi>AuAEG>DFDHn5714u§K´5o>AuAE.=-u

sp
>A�eXYR.uD571

fric
�257E.@<:<1<= �9�qEG>D>ACD57E.@<:<1<=

rebar
°±57uD�i19>AusXYH<R

� "4c�$ "?%]`i�#f]gih	" � `�� �¨"$�
a

�2�i14usXY�$u§¦¨�iFDH9571<R&�Y1<=?5
b

°6CD57E.uD5
c

�2�i19>AusXY14uD5
d

>AusXYuAEG>DFDH95�:2:<uAxoH9�iH95
e

� �;x]5714uACAE.xoE.us�Yu
h

°µXY:<uD57E.R.H9�iH95 �¨��CA�;K��?�iCA�B57CAH9�iH95
r

2	�Y1<=?5714t?57CAHe�YR.uA1<EG>bp	57E.R��M:<198�U�5 �
>sXYSmuAR&�Y1<=?5

u
p±EG5 K´5

v
�qEG>D>A:;K´57CAt?57CD>DFDH<EG57@<:<1<= �BUWRG57E.uA:<1<=

w
�qEG>D>A@<CD57E.uD5 �9�qEG>D>D�(&B14:<1<=

x
yW�iH95N8<57C��WCA:9FD�$x]�i195 � � 57=-=-CD�J'?5

y
� 57=-=-CD�J'?5

z
yW57@B57R&XYCAS*� � 57=-=-CD�J'?5

ax
�
ay

�<CD� 4§EG57xoEG57CAuD5£�2�i14usXY�$u§¦¨�iFDH9571<R&�Y1<=?5
bn

CD5oFDH<1957CAEG>DFDH95N°6CD57E.uD5�8<57C2J4�eXYR.uD5
n

dmin
l
E.198<5o>AuD8;:<CDFDH<ST5o>D>D57C

+7�9+



+7�4P � ��������
�� �1�*� �
	 ��� � 
�� �.� 	 	 ���	�

lr
��CD���9R.R&�Y1<=?5714t?57CAHe�YR.uA1<EG>

A
³2:957CD>DFDH<1<E.uAuD>§¦¨�iFDH95

R
lIXYuACAE �m8<57C	�WXY:<H957E.u-�(�WXY:<H957E.uD>AuD�Y�
�B�i=-CsXY�<H<EG5

V
���iR.:<ST571

Aj
³2:957CD>DFDH<1<E.uAuD>§¦¨�iFDH95¤8<57Cq²<:<=?5

D0
�W:<CDFDH<ST5o>D>D57CW8<57C2ln�$8<57R.R.�$:<=?57R.1

Ln
0

°µXi>AEG>AR&�Y1<=?5N8<5o>q/2@9>DFDH<1<E.uAuD>
n

Rk
=?57ST5o>D>D57195NlIXYuACAE ��8<57Cq�WXY:<H957E.u

Rn
E.14uD57CA�B�iR.EG57CAuD5±lIXYuACAE �m8<57C!�WXY:<H957E.u

Rt
S�E.uAuARG57CD5£�WXY:<uAEG5 K´5�1eXiFDHV�NXY:;K�S¯XY1<1

Rp
S¯X5�;E.S¯XYRG5m��CD���9R.�$:<�<�B571<H9�iH95

Rq
�4:eXi8;CsXYuAEG>DFDH957C!l
E.uAuD57R.3657CAu!8<57C	��CD�Y�
�9R.3657CAuD5

Ry
S¯X5�;E.S¯XYRG5m��CD���9R.H9�iH95

W
� 571<x]57RG>DFDH957CN³2:9�iuAEG5714u

WR
²eXY�$uD�iC�8<57C usXYuD>s�iFDH<R.EGFDH9571�¥2@B57C§�
¦¨�iFDH9571<CsXY:<H957E.u

WA
²eXY�$uD�iCn8<57Cn�i�<uAEG>DFDH�=?57ST5o>D>D5719571
�WXY:<H957E.u

α
�
β

�_E.1<�?57R
λ

� 57R.RG571<R&�Y1<=?5
λglobal

� 57R.RG571<R&�Y1<=?5©8<57C
=-RG�i@eXYRG571 �WXY:;�
H957E.u

µ
�257E.@<:<1<=?>A@B57E.3657CAu

µeff
5�&d57�$uAE.t?57C2�257E.@<:<1<=?>A@B57E.3657CAu

µmax
S¯X5�;E.S¯XYRG57CW�257E.@<:<1<=?>A@B57E.3657CAu

ξ
@B57x]�i=?57195 �WCA:9FD�$x]�i19571<H9�iH95

ζ
@B57x]�i=?571957C2E.1<1957CD57C2yW57@B57R&XYCAS

ad"4fo% � �e`�"�"4`�"�h��rf(� �;\9 ��#f]gih	" ��"$�!�	)e`�� �¨"$�

r
¥2CAuD>At?57�$uD�iC

D
�WEG>D>D�ixoE&XYuAEG�i19>D571957CA=-EG5

Q
57RG57�$uACAEG>DFDH95I2	Xi8;:<1<= �±��RG57ST5714usXYC§�
R&Xi8;:<1<=

EB
��RG57ST5714usXYCD5V°6E.198;:<1<=?>D571957CA=-EG5

Epot
��1957CA=-EG57�B�iuD5714uAE&XYR

µ
�B57CAS¯XY195714uD5o> �WE.�B�iR.ST�iST5714u

ϑ
�_E.1<�?57R �9�WXY198;3µE.1<�?57R

ϕ
�_E.1<�?57R

αn
²eXY�$uD�iCrt?57CD>DFDH<EG5o8<571957C�� 5oFDH9>D57R.3µE.C§�
�$:<1<=?571

γL
²!R.�9>D>AE.=-�?57E.uD>D�i@B57C§¦¨�iFDH95719>A�eXY1<14:<1<=

γS
²95o>AuA�?�iCA�B57CD�i@B57C§¦¨�iFDH95719>A�eXY1<14:<1<=

γSL
UWCD571<x7¦¨�iFDH95719�i@B57C§¦¨�iFDH95719>A�eXY1<14:<1<=

��\;%]"4`i�#\9 �e"$�!�	)e`�� �¨"$�
dg

UWCD�J'-uA�?�iCA198;:<CDFDH<ST5o>D>D57C
fc

°±57uD�i198;CA:9FD�4K´5o>AuAE.=-�?57E.u
fcjt,ad

�¨5714uACAEG>DFDH95Vy�X(K�uAxo:<=iK´5o>AuAE.=-�?57E.uW8<57C
°±57uD�i1;K�:<=?5

fck
FDHeXYCsXY�$uD57CAEG>AuAEG>DFDH95£°±57uD�i198;CA:9FD�4K´5o>§�
uAE.=-�?57E.u

fck,cube
FDHeXYCsXY�$uD57CAEG>AuAEG>DFDH95£°±57uD�i143µ�<C§K´57RG8;CA:9FD�4�
K´5o>AuAE.=-�?57E.u

fcm
l
E.uAuARG57CD5 � �$R.E.198<57CD8;CA:9FD�4K´5o>AuAE.=-�?57E.u
8<5o>q°±57uD�i19>

fcm,cube
l
E.uAuARG57CD5
�_�<C§K´57RG8;CA:9FD�4K´5o>AuAE.=-�?57E.u!8<5o>
°±57uD�i19> < P-�iF7S �NXY14uD571<R&�Y1<=?5©>D�Y�
K´57CA1�1<EGFDH4u�XY198<57CD>WXY1<=?57=?57@B571WY

fctm
l
E.uAuARG57CD5£x]5714uACAEG>DFDH95 �e:<=iK´5o>AuAE.=-�?57E.u
8<5o>q°±57uD�i19>

fct,sp
J4�eXYR.uAxo:<=iK´5o>AuAE.=-�?57E.uW8<5o>q°±57uD�i19>

ft
�
fct,ad

�¨5714uACAEG>DFDH95qy�X(K�uAxo:<=iK´5o>AuAE.=-�?57E.u�57E��
1957Cq°±57uD�i19�i@B57C§¦¨�iFDH95

fy
²!R.EG5F'?>A�eXY1<14:<1<=b8<5o>WJ4usXYH<RG>

Ec
��R&Xi>AuAE.xoE.us�YuD>AST�$8;:<R!8<5o>q°±57uD�i19>



� �����������
	���	�

��	 +7�4�

ES
��R&Xi>AuAE.xoE.us�YuD>AST�$8;:<R$8<5o>r°±57uD�i19>AusXYH<R��
5o>

Ge
��R&Xi>AuAEG>DFDH�XY:;K�1957H<Sm@eXYCD5
��57CA@<:<1;�
8<571957CA=-EG5

Gf
��57CA@<:<198;@<CA:9FDH9571957CA=-EG5

λ
lIXi>D>D>AusXY@9>D57E.1;¦9:9>D>

µ
�257E.@<@B57E.3657CAu

µeff
5�&d57�$uAE.t?57C2�257E.@<@B57E.3657CAu

σpu
²!R.EG5F'?>A�eXY1<14:<1<= 8<57Cq°±57uD�i1<S¯XYuACAE �

��`Y\ 
·%])e`�� �¨"$���6[�"!\9�!�d'!�	)e"$�
F

��E.1<x]57R.�$CsX(K�u
M

°6EG57=?57ST�iST5714u
N ;T

:W�iCAS¯XYR.�$CsX(K�u
Mj

J$FDH<1<E.uAuAST�iST5714u�E.S�²<:<=?5714@B57CD57EGFDH
NjM

J$FDH4:<@;K�:<=?571<19�iCAS¯XYR.�$CsX(K�u�E.1;K´�iR.=?5�:<1;�
=?5736�iR.R.uD57S ln�iST5714uD571957E.1;¦9:9>D>D5o>

V
J$FDH4:<@<�$CsX(K�u]\T³2:957CA�$CsX(K�u

VE
��E.143µE.CA�?57198<5�J$FDH4:<@<�$CsX(K�u

VRd
J$FDH4:<@<uACsXY=-3µEG8<57CD>AusXY198

ε
��57H<14:<1<=

ρ
=?5o�iST57uACAEG>DFDH957C�°±573657H<CA:<1<=?>A=-CsXi8

σ
:W�iCAS¯XYRG>A�eXY1<14:<1<=

σj
²<:<=?571<19�iCAS¯XYRG>A�eXY1<14:<1<=

τ
J$FDH4:<@9>A�eXY1<14:<1<=

τc
°6CA:9FDH9>DFDH4:<@9>A�eXY1<14:<1<=

τcj,ad
�
τc,ad

°6CA:9FDH9>DFDH4:<@9>A�eXY1<14:<1<=N8<5o>ry�X(K�u§�
t?57CA@<:<198<5o>

τj
J$FDH4:<@9>A�eXY1<14:<1<= E.1�8<57C2²<:<=?5

τadh
J$FDH4:<@9>A�eXY1<14:<1<=�E.1©8<57C�²<:<=?5bE.1;�
K´�iR.=?5N8<5o>qy�X(K�uAt?57CA@<:<198<5o>

τfric
J$FDH4:<@9>A�eXY1<14:<1<=�E.1©8<57C�²<:<=?5bE.1;�
K´�iR.=?5N8<57C2�qEG>D>ACD57E.@<:<1<=

τrebar
J$FDH4:<@9>A�eXY1<14:<1<=�E.1©8<57C�²<:<=?5bE.1;�
K´�iR.=?5M��57CA@<:<198;@B573657H<CA:<1<=

��\;%(h	" $ \;%(�#f]gih �o[B%]\;%(�#fo%(�#f]gih	" ��"$�!�	)e`�� �¨"$�

m
l
E.uAuD57R.3657CAu

n
U�5o>sXYSmusXY1<x(XYH<R

s̃x
J4usXY1989XYCD89XY@43657EGFDH4:<1<=

s̃x,y
�2�]t-XYCAE&XY1<x

N
U�5o>sXYSmusXY1<x(XYH<R�57E.1957C2ln571<=?5

Cv
�£XYCAE&XYuAEG�i19>A�?�$5 �TxoEG5714u

DF
²<CsXY�$usXYRG5 �WE.ST5719>AEG�i1

ρ
�2�iCACD57R&XYuAEG�i1

τ0
/2:<uD�i�?�iCACD57R&XYuAEG�i19>AR&�Y1<=?5



+7�-� � �����������
	���	�

��	



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


3.+�4 J4H95]XYC±XYu�uAH95qE.14uD57C§K·XiFo5W�YKd�<CD5oF]Xi>Au±XY198TE.1¯>AE.uA:bFo�i19F7CD57uD58\�²�) ���§¢6�iS�S�EG>D>AEG�i1 �i1b��CD5 K·XY@<CAEGF]XYuAEG�i1r,
+]v-¬-P;,��b²�) �©�6�257�B�iCAu

3 P54 ab2 ����iZX 2"1 2>%�!GB�. � P-���l!-%lkFi %�1A0@%Fi>PJ1 �WMO. # 	J1��F��1�# �F� =@? / ADCFEHG��"A�� � �$IKC � !GB�.]RJ2>% � %lkFiZ2`#(c$%�2Zi"klc5X`+(klk-%�1
0 �$G0��2 k�0 ADA$G-,�°±57CAR.E.1��	+]v-v-�

3 �54 ���	��
��
���-/V, � 09��2"X`RJ2"1�# � P-R�% ab%��F��2".Q%G.8%�1Hi"k ! PJ.bab%�2"1-! PJ.K�l%KR � PJ1W�F.Q%Fi %7,���57uACD�iE.u �$/2ST57CAEGF]XY1
¢6�i1;�
F7CD57uD5 ) 19>AuAE.uA:<uD5$�d+]v?ª$+

3 �J4 ���
����������������� �"!��#�%$�&(')�
*��,+-� �dprCsXY=-t?57CAHeXYR.uD571�t?�i1b@B573657H<CAuD571 ��57CA@<:<198$K�:<=?571�@B57E¨²957CAuAE.=i�
uD57E.RG571�:<198
¥2CAuA@B57uD�i1�E.1�8<571IUWCD571<xoxo:9>Aus�Y198<571n8<57CqprCsXY=iK·�YH<E.=-�?57E.u2:<198nU�57@<CsXY:9FDH9>AusXY:<=-R.EGFDH<�?57E.u],
) 1�� 0@%Fi>PJ1 I9��1WR �Wi>+(��X �Q%Fi>PJ1��K+J� < +]v-v-PDY�� :2C],¨ªm:<198
¬ �eJ¨,r+]O-�.�¨+(ªi�¤:<198 +]v?ª/�;P-�-�

3 �54 ���
���������������0� �1!��#�%$�&(')�
*��2+-� �µ��57CD>A:9FDH9>D57CA=?57@<1<EG>D>D5Vxo:<S prCsXY=-t?57CAHeXYR.uD571�t?�i1n@B573657H<CAuD571
��57CA@<:<198$K�:<=?571r, ) 1�� 0@%Fi>PJ1 I9��1WR �Wi>+(��X �Q%Fi>PJ1��K+J� < +]v-vY��Y�� :2C],e� �eJ¨,r+7�4�.�¨+7�4¬

3 O54 �3��4,����')5�� �$/V, �B¢6�iS��B�->AE.uD5���5o>AE.=-19>�E.1¯��CD5oF]Xi>Au±XY198b¢±Xi>Au§�·E.1;� ��R&XiFo5�¢6�i19F7CD57uD5-,�) 1�� DO.KPQ#J.Q%lklk�2"jJ%
C .K����2Zi %K� iZ��.Q%n�9+ < +]v-O-�DY��H:2C],9v �eJ¨,r+(ª(�

3 ª-4 �76
8:9<;>=�?��@�)
)�	ABA�C � �H��."! +D�l%8UW%�D$iZ��.Q%FE �H��."! +D�l%@a9PJ�$#(��1�%lklkHGD, +Jj-2"1�%lklkHG +J1WR(@�+���I(� C 1�C .8%�.�2"I
�Q+J1 /,+$iZ2 PJ1W+JX��Wi>+J1WRD+J.KR-, :W573KJ£�iCA� �9/2ST57CAEGF]XY1IJ$�$F7EG57u ���YK�ln5oFDHeXY1<EGF]XYR!��1<=-E.195o57CD>-�	+]v-v-O

3 ¬54 ��L�$�L,�>� �(��,]5-,]X;, �-��t$EG8<5719Fo5�K´�iCdt-XY1N8<57C ��X-XYRG>!Xi8;H95o>AEG�i1mE.1M=?5oFD�?�2>D57usXi5-, ) 1���DO.KP-�l%Q%KRJ2"1�#(k Ph! i"� %
/,+$iZ2 PJ1W+JX�Cb�Q+DR�%G. �*Ph!,���F2>%�1W�l%[Ph!�i"� %NM 1 2Zi %KR8�Wi>+$i %lk Ph!'C .8%�.�2 �Q+-, ��57�eXYCAuAST5714u��YK ) 14uD57=-CsXYuAE.t?5
°6EG�iRG�i= �D�9w21<E.t?57CD>AE.u ���YK£¢±XYR.E�K´�iCA1<E&X �9°±57CA�?57RG5 �D�¨P-�-�-P

3 v54 ;O���
� �-U¤,-J¨, ��,iJ¨,YyV, � ^���k +/.*.8%�1�F 2".lc$%�18j(PJ1T%�2"1��5%�X 1�%�1 � %�.FiZ2`#$i %�2"X %�1T+JX k #J.KP 
�P 	D����2`#�%9����� %�2>�Q%7,
°±57CAR.E.1 �<°±57:<uAH��r+]v?ªi� < ��57:<uD>DFDH957CW/2:9>D>DFDH4: '�K��<CWJ4usXYH<R.@B57uD�i1��¨P-PY��Y

3.+]�54Q;O���($���RS������� �µJ¨, � � �Q%�.TP 	D��� %�1 .K+J��� %�2Zi[j(PJ1�0@%Fi>PJ1 k ����� �"!��$#�%�1 I U .K+-#h! 	(��2`#(c$%�2ZiTG D9+J.K+/.8%Fi %�.HG
� %lklk���1�#Tk P/F 2>%
MO. �5%��$#J��1�# ��1Hi %�.lk ����2>%KR X 2 ��� %�. a9+J��� %�2Zi %�1H� 2r57H<CD>AuA:<H<R�K��<CMlIXi>D>AE.t$@eXY:��dp	5oFDH<1<E��
>DFDH95Nw21<E.t?57CD>AE.us�Yu2l
�<19FDH9571�� �WE.�<RG�iS¯XYCA@B57E.u-�¨P-�-�;+

3.+-+�4Q;O��L�')*
��L�')��� �ByV, ����57CA@<:<198;t?57CAHeXYR.uD571IE.Sz°±57uD�i1��6w21<CD57E.1;K´�iCDFo5o8�E.14uD57C§K·XiFo5o> �9�<CD5oF]Xi>Au2Fo�i19F7CD57uD5
57RG57ST5714uD>µXY1bE.1 >AE.uA:¯uD�i�<�<E.1<=9,�) 1�� 0@%Fi>PJ1�FO%�.lcVU � %�.FiZ2`#$i %�2"X I UW%K����1 2 c.G � PJ1W�F.Q%Fi % DOX`+J1HiWU DO.Q%K�Q+(kFi
UW%K����1WPJX`PQ#�� < P-�-�;+5Y�� :2C],;� �¨J¨,9OY�X�;O-v

3.+]P54Q;OYT������R	����42�WZ[� \]�@!2;OYT������R	����42�1^V� \]� �T¢6�i1<195oF7uAEG�i19>mE.1��<CD5oF]Xi>AumFo�i19F7CD57uD5TFo�i19>AuACA:9F7uAEG�i19>],
) 1�� C � ? I`_�PJ��.�1W+JX ? PJX�� � � < +]v-O-ODY�� :2C],9� �¨J¨,9�Y�4�.�;�-O-¬

3.+]�54Q;OR�5��
� �-l , �9J4�<CAE.uAxo@B57uD�i1TXY:;KBF]XYCA@B�i1eXYuAEG>AEG57CAuD57S °±57uD�i1V�dy�X(K�uAxo:<=iK´5o>AuAE.=-�?57E.u�@B57E;1eXiFDH4uACs�Y=-R.EGFDH957S
/2:;K´>A�<CAE.uAx]571r,
) 1�� 0@%Fi>PJ1 < +]v-¬-vDY��H:2C],eª��eJ¨,eP-v-v.�;�-�-P

+7�4�



+7�4O � ����
�� � ����� ��
�����
�����������	

3.+7�J4 ;OR�5��
� ���m, � ¥2@B57C§¦¨�iFDH9571<CsXY:<H957E.u :<198�y�X(K�uAt?57CA@<:<198©�¤J4�<CAE.uAxo@B57uD�i14t?57CD>Aus�YCA�$uD5n°µXY:<uD57E.RG5-, ) 1��
0@%Fi>PJ1 < +]v-v-¬DY�� :2C],9P �¨J¨,eªi�.�<ªiv

3.+]�54 ;O� 5��
� ������� �eU¤, �d/2CA@B57E.uD>§K�:<=?571¯E.1b°±57uD�i1r, ) 1�� 0@%Fi>PJ1 I ��1WR
�Wi>+(��X �Q%Fi>PJ1��K+J�©� < +]v?ªi�DY��<J¨,$O-�.�;O-v
3.+]O54�¢6��°_�£²�) ° ���fP-R�%�X � P-R�% A�����Ci,���57CAR&XY=¯p±H9�iS¯Xi>2p	57R�K´�iCD8d,�lIXYE£+]v-v-�
3.+(ª-4 � R	�����0����� � �@!��7YTR�R �,;3� 6 � �!J4H95]XYCµ>AuACD571<=-uAH��YK!>AST�$�iuAH :<1<CD57E.1;K´�iCDFo5o8�Fo�i19>AuACA:9F7uAEG�i1*4A�iE.14uD>],�) 1��

�f+-#D+��F2"1�%�Ph! � PJ1W�F.Q%Fi %gab%lk-%K+J.K�����?ª < +]v-¬-�DY�� :2C],r+]�;+$�eJ¨,ev-�.�¨+]�-�
3.+]¬54��O��')�
*������ �e²±, ��J$FDH4:<@<�$CsX(K�uA�<@B57CAuACsXY=-:<1<=¯E.1��qEG>D>D571bt?�i10:W�iCAS¯XYR���:<198 2r57EGFDH4uA@B57uD�i1V\ ) 19>AuAE.uA:<u

K��<Cb°µXY:<E.1<=?571<EG57:<CA365o>D571 )+)+)��:2r57H<CD>AuA:<H<R2K��<CblIXi>D>AE.t$@eXY:r,�p	5oFDH<1<EG>DFDH95�w21<E.t?57CD>AE.us�Yu�l
�<19FDH9571��
+]v-¬-�;,��b²9�iCD>DFDH4:<1<=?>A@B57CAEGFDH4u

3.+]v54��O��')�
*������"���O� ��? %�.lk�� ��� % �F��.91WP$i FO%�1WRJ2`#�%�1 ������� �-�Q%GFO%l��.���1�# � F 2 k ��� %�1 0@%Fi>PJ1-!-%�.FiZ2`#$i %�2"X %�10��1WR
� .Fi �Q%Fi>PJ1e,�°±57CAR.E.1 �9��CA19>Au � J$�iH<1��r+]v-¬-O < ��57:<uD>DFDH957CW/2:9>D>DFDH4: '�K��<CWJ4usXYH<R.@B57uD�i1��¨�?ªiPDY

3 P-�54��O��')�
*������"���O�@!	�FL�
��%���"�
^V� �¨��57CD>A:9FDH952xo:<C±J$FDH4:<@<�$CsX(K�uA�<@B57CAuACsXY=-:<1<=�E.1b�qEG>D>D571�t?�i1 :W�iCAS¯XYR��
:<198 2r57EGFDH4uA@B57uD�i1r, ) 1�� 0 +J��2"1�#�%�1 2>%���. G � < +]v-¬-PDY��BJ¨,9�?ª/�;O-�

3 P;+�4��O��')�
*������"�
�O�@!��FL�
��%���"�,^V� ��@ 2Zi %�.K+$iZ��.lkFiZ� RJ2>% �F��.g������� �lk�2 ��� %�.���1�#*�Q%�2 1W+D����iZ. 	-#JX 2 ����%�. # 	J1��FI
i %�1�� � %�.lk ����1 2Zi i %�1e,�°±57CAR.E.1 �£��CA19>Au � J$�iH<1��W+]v-¬-O < ��57:<uD>DFDH957C�/2:9>D>DFDH4: '�K��<C�J4usXYH<R.@B57uD�i1��
�?ªiPDY

3 P-P54��O��')�
*������"�
�O�@!��FL�
��%���"��^V� �*? %�.G. 2"1WR�%�.Fi %]������� �KR�%K��c5��1�#T2"1 0@%Fi>PJ1HiZ. 	-#�%�.�1 . 2Zi ���$#�%�1 � +J.�I
+JX"X %�X �F��. U .K+-#J.�2 ����iZ��1�# �Q%�2
k-%l��.*� P(� %�1_������� �lk � +J1 1 ��1�#�%�1 ��1WRd1 2 ����i
j(PJ.GF 2>% #�%�1WR�.���� %�1WR�%�1
@�+(kFi %�1e,�°±57CAR.E.1 �<��CA19>Au � J$�iH<1��r+]v-v-P < ��57:<uD>DFDH957C2/2:9>D>DFDH4: 'TK��<CWJ4usXYH<R.@B57uD�i1��<�4P?ª$Y

3 P-�54������ ���%= C �:0@%Fi>PJ1f��1WR[�Wi>+(��X �Q%Fi>PJ1BG�0@%G.8%lklk���1�# ��1WR	C ��k"!GB���.���1�#$� 6-:<R.E£+]v-¬-¬
3 PY�J4������ ���%= C(
)� �NU .K+-#/FO%�.lc$%0+J��k	0@%Fi>PJ1BG �Wi>+(��X �Q%Fi>PJ1���1WR*� � +J1 1��Q%Fi>PJ1 ��UW%�2"X A(�:0@%G.8%lklk���1�#f��1WR

�
PJ1 kFiZ.���c(iZ2 PJ1H� 6-:<R.E
3 P-�54������ ���%= C(
�� � U .K+-#/FO%�.lc$%g+J��k 0@%Fi>PJ1BG;�Wi>+(��X �Q%Fi>PJ1T��1WR,� � +J1 1��Q%Fi>PJ1 � UW%�2"X S%� 0@%Fi>PJ1TI � %lkFiZX % #J��1�#XG

MO2`#�%�1 k ��� +h!Fi %�1BG )�%�.lkFi %�X"X ��1�#8��1WR �
PJ1-! PJ.G. 2Zi 	$i � 6-:<R.E
3 P-O54������ ���%=�� �,DO.GB�!�jJ%�."! +(��.Q%�1[!GB�.�0@%Fi>PJ1H� ��57x]57Sm@B57CV+]v?ªi¬
3 P?ª-4������]= �%?�� � � %lkFi>+JX i>+��GFO%�2 ������1�#�%�1��:0@% #J.�2 �@%HG � .KRJ1 ��1�#(klk �(kFi %G.[� 6-:<1<E£+]v-¬-P
3 P-¬54������]= �%?�� � � �Q%�.TP 	D��� %�1 .K+J��� %�2ZiTG 0@% #J.�2 �@%HG � �Q%�.TP 	D��� %�1 ��1WR82 ��.Q% � %�1 1�#J. � 
 %�1H�H64XY14:eXYCV+]v-¬-v
3 P-v54������ C�� ���B� � DO.GB�!���1�#0j(PJ1f/,+$iZ��.lkFi %�2"1 ��1WR � %lkFi %�2"1 klc �J.�1 ��1�#�%�1�� 0@%lkFiZ2 .*. ��1�#Tj(PJ1-, +(klk-%�.�I

+J��!�1W+(� .8%]��1WR � 	$i iZ2`#J��1�#(kGFO%�.Fi �¨¥2�$uD�i@B57Cm+]v-¬-¬
3 �-�54������ C�� ���B?����[5�����5������ � DO.GB�!���1�# j(PJ1 /,+$iZ��.lkFi %�2"1V��1WR � %lkFi %�2"1 klc �J.�1 ��1�#�%�1VI M 1Hi %�.lk���I

������1�#(k�jJ%�."! +(��.Fi %�1 �F��.'0@%���.Fi %�2"X ��1�#0R�%�.3? %�.GF 2Zi i %�.���1�#(k-�Q%lkFi 	J1WRJ2`#(c$%�2Zi �B/2:<=-:9>AuN+]v-vY�
3 �;+�4������ 9 �!�H6�" =#�%��� � � �Q%�.TP 	D��� %�1��Q%lk ��� +��@%�1 � %�2Zi �]UH+(kFi"k ����1 2Zi iZjJ%�."! +(��.Q%�1BG�0@%�1�%�1 1 ��1�#XG = %%$ 1 2"I

iZ2 PJ1���1WR � %�1 1�#J. � 
 %�1�R�%�. � �Q%�.TP 	D��� %�1��Q%lk ��� +��@%�1 � %�2Zi �!¥2�$uD�i@B57CN+]v-v-¬
3 �-P54������&� 9 �'�Q�	ABA��(
)� �TMO��.KP-�QP-R�%0S%�,DOX`+J1 ��1�#�j(PJ1N�Wi>+(��X �Q%Fi>PJ1 I���1WR � � +J1 1��Q%Fi>PJ1HiZ.K+-#/FO%�.lc$%�1 �

UW%�2"X A(IKA(� � .���1WR X`+-#�%�1f��1WR	C 1�FO%�1WRJ��1�#(k�.Q% #�%�X 1[!GB�.�R�%�1 ),P-��� �K+J� �W6-:<1r,r+]v-v-P
3 �-�54������&� 9 �'�Q�	ABA��(
)� �TMO��.KP-�QP-R�%0S%�,DOX`+J1 ��1�#�j(PJ1N�Wi>+(��X �Q%Fi>PJ1 I���1WR � � +J1 1��Q%Fi>PJ1HiZ.K+-#/FO%�.lc$%�1 �

UW%�2"X A(I��S� 0 +J� i %�2"X %���1WR U .K+-#/FO%�.lc$% +J��k � %�.FiZ2`#$i %�2"X %�1H� ��57x?,r+]v-vY�



� ����
�� � ����� ��
�����
�����������	 +7�$ª

3 �Y�J4Q9 YT')���,��������� " � �-°±57E.uACsXY=2xo:<C!°±57HeXY198;R.:<1<=Wt?�i1V/2CA@B57E.uD>§K�:<=?571NE.S�°±57uD�i14@eXY:r, ) 1�� 0 +J� F 2".Fi"k ��� +h!Fi
�4O < +]v-O-�DY

3 �-�54 � ���
* � ����������4 6
�
*�� ��YT&(����YT')�
*���� ^#����'.$���R�R���� � 5�� ;O�B$�5���&(L�'/�%$�&��>Y $
$���R�� � �16
^#;�� � �
� � ) 0 ^�I ab2 ����iZX 2"1 2>%�B �Q%�.�RJ2>%�0@% �5%�2 ����1 ��1�#XG�C 1-! PJ.KR�%�.���1�#�%�1BGD,T2".lc-k +/.
c$%�2Zi"k �W.GB�!���1�#[��1WR � � +JX 2"I
i 	$i"klcJPJ1HiZ.KPJX"X %,j(PJ1 0@%Fi>PJ1��F��k +$i � . 2Zi i %�X 1H�r+]v-¬-P

3 �-O54 �W����� YT�
� �±�m, �BU�� %*� � %K+J. �WiZ.Q%�1�#$i"�LPh!Tab%�2"1-! PJ.K�l%KR � PJ1W�F.Q%Fi % 0@%K+/.
k7, ¢£H<CAEG>AuDFDH4:<CDFDH�� :W573
�¨5]XYR&XY198;�9w21<E.t?57CD>AE.u ���YK£¢±XY14uD57CA@<:<C��D� �WEG>D>D57CAusXYuAEG�i1��r+]v-O-O

3 �?ª-4 �7�	�
� R ��Z[�@!B\ ��Y�� R����"�
^V�@!	�3����R �
6 �50@%Fi>PJ10I�C .Fi %�1BG;)�%�.lkFi %�X"X ��1�# ��1WR,MO2`#�%�1 k ��� +h!Fi %�1e,dP-�-�;+
3 �-¬54Q^V� �B²±,Bl , ��J$F7EG5714uAE �eFT/W>A�B5oF7uM�YK±/µ8;H95o>AEG�i1 ��H95719�iST571eX�E.1IuAH95 ) 14uD57C§K·XiFo5Tl
E.1957CsXYR6J4:<@9>AuACsXYuD5 �

�!�iR��$ST57CD>],�) 1�� CbR(� %�.Q%�1W�l% Ph! � PJ��1�#TPJ1 � X`R � PJ1W�F.Q%Fi %7,±J$FDH43657E.xD�!+]v-vY�
3 �-v54Q^���� ���"� � �@!��#������YT�
�W� 9[� � ? %�.lk�� ��� % �F��.�� %lkFi"kFi %�X"X ��1�#�R�%�.0����� %�."!-%lkFiZ2`#�%�2Zi
��1WRNR�%�. , +(k�I

k-%�.KRJ2 ����iZ2`#(c$%�2ZibR�%lkD0@%Fi>PJ1 k�2"1 R�%�13C .-�Q%�2Zi"k"!��$#�%�1N�Q%�2OjJ%�.lk ����2>%KR�%�1�%�. ���$#�%�1��Q%l� +J1WR X ��1�#-,2°±57CAR.E.1 �
��CA19>Au � J$�iH<1��r+]v-�;+ < ��57:<uD>DFDH957CW/2:9>D>DFDH4: '�K��<Cq��EG>D5714@B57uD�i1��¨O-vDY

3 �4�54Q^�����')5�� ��:V, �¤��CD5oF]Xi>Au§� ��CD5o>AuACD5o>D>D5o8 ¢6�i19F7CD57uD5¯°6CAEG8;=?5o>��WPY198�yW�iCAE.x]�i14usXYRµJ4H95]XYCV¢6�i1<195oF7uAEG�i19>],
) 1�� _�PJ��.�1W+JX Ph![i"� % D9PJ.FiZX`+J1WR � %G.8%�1Hi C@klk P-�F2 +$iZ2 PJ1BGOab%lk-%K+J.K����+J1WR = %�jJ%�X`P � .8%�1Hi @�+��KPJ.K+$i>PJ.�2>%lk
P < +]v-O-�DY�� :2C],eP �eJ¨,9�-¬.�;�-¬

3 �9+�4Q^#����YT�
�W��9[�@!�8 ���($�YT��� +-�@!,6 $�5�*������"�"8K� D � �(k�2 c !GB�. ? 1�#�%�1 2>%���.Q%7,2+]v-¬-v
3 �4P54Q^#5 �
� ���
� ��) ,el ,9/V, �2J4H95]XYCWprCsXY19>§K´57CWE.1n�257E.1;K´�iCDFo5o8I¢6�i19F7CD57uD5-, ) 1��,_�PJ��.�1W+JX Ph!�i"� %DC .8%�.�2 �Q+J1

� PJ1W�F.Q%Fi % ? 1 kFiZ2ZiZ� i %HG�C � ? O-O < +]v-O-vDY�� :2C],9P �¨J¨,d+-+]v.�¨+]P-¬
3 �4�54 � � ����� Y`�2� �@!";OL�')�
*,�>��� ���"��\]� ��/2143657198;:<1<=�HeXYCAuA�?�iCA14t?57CAx(XYH<14uD57C¤���B� �;EG8;@B57R&�Y=?5mK��<CW1eXiFDH;�uACs�Y=-R.EGFDH95¯³2:957CD>DFDH<1<E.uAuD>D57CA=4�Y1<xo:<1<=?571 t?�i1�°6EG57=?57uACsXY=-3657CA�?571 E.S J$FDH4:<@<@B57CD57EGFDH + \Tw21<E.t?57CD>AE.us�Yu

U�5o>sXYSmuAH9�$FDH9>DFDH4:<RG5���>D>D571r,!+]v-¬-v < �4�DY ,X�¤²9�iCD>DFDH4:<1<=?>A@B57CAEGFDH4uD5NXY:9>£8<57S ²eXiFDH4@B57CD57EGFDH�°µXY:4365o>D571
3 �-�J4 � � ����� Y`��� �@!O;OL�')�
*,�>��� ���"�O\]� ��J$FDH4:<@4t?57CD>A:9FDH95�XY1 ��R&XYuAuD571_:<198 < ��R&XYuAuD571;�hYT°µXYR.�?571 S�E.u

1eXiFDH4uACs�Y=-R.EGFDH�57CA=4�Y1<xouD57C �WCA:9FD�$x]�i195m�iH<195N��57CA@<:<198;@B573657H<CA:<1<=9, ) 1�� 0@%Fi>PJ1 Ib��1WR �Wi>+(��X �Q%Fi>PJ1��K+J�
¬-� < +]v-v-�DY��H:2C],d+$�eJ¨,r+]�.�¨+(ª

3 �4�54 �3��L��B������� �H:V, � �MXi>WJ;XY198$¦¨�iFDH95714t?57C§K·XYH<CD571r, ) 1��W�WiZ.K+ 
 %�1��K+J� i %K����1 2 c_PY� < +]v?ª$+5Y��H:2C],9�
3 �4O54 �3��� ���!°�, � C a9+J1WRDP/. , +JX cNU���.KPJ�$#(� ��.K+D� i>+JX = 2 .8%�1 k�2 PJ1 k7,*:W573 J£�iCA� �r�W¢6y � 57E.1<H957E.S*�

+]v-¬-v
3 �$ª-4 �FYT��*�������yV, � 0@%l� +J1WR X ��1�# ��1WR C 1WPJ.KRJ1 ��1�# R�%�. C .-�Q%�2Zi"k"!��$#�%�1V2 . 0@%Fi>PJ1H��p	5oFDH<1<EG>DFDH95�yW�$FDH;�

>DFDH4:<RG5Ny�XY1<19�]t?57C-���WEG>D>D57CAusXYuAEG�i1��r+]v-P-v
3 �4¬54 ���,� 
���R ��^V� 
����@! ����5��
����4,Y�6 � �	²<CsXY�$usXYRG5 �WE.ST5719>AEG�i19571�1eXYuA�<CAR.EGFDH957C�J4E.=-1eXYRG5W:<198�U�5o�iST57uACAEG571

E.1 8<571�U�5o�]3µEG>D>D5719>DFDHeX(K�uD571r, ) 1�� �3����')��� � 69, 69,�²±, � 69,�yV,�:r,�°�,���, < y2CD>A=9, Y � A �Ji"� � 2"1HiZ.KP �WI
�;%G. 2"1W+J.7,�°±�$FDH4:<S*�	+]v-v-O �¨J¨,r+]¬?ª/�¨+]vY�

3 �4v54 �F� � �>��YT')�
* �<²±, � ^���.ga9+J����2`#(c$%�2Zi"k-�Q%lkFiZ2 .*. ��1�#8j(PJ1 � %lkFi %�2"1 k-��.�� ���HP 	D��� %�1H�9p	5oFDH<1<EG>DFDH95myW�$FDH;�
>DFDH4:<RG5 �_EG571�� �WEG>D>D57CAusXYuAEG�i1��r+]v-�-�

3 �-�54 �F� �%$�& �¨²±, �W¥2CAuD>§�6:<198n²<CD5 �4:9571<xoCsXY:<Smt?57C§K·XYH<CD571�xo:<C �4:eXY14uAE.usXYuAE.t?571�/21eXYR��;>D5m�i�<uAEG>DFDH957CN¥2@B57C§�
¦¨�iFDH9571r, �W�9>D>D57RG8<�iC§K
�;� ��)·�·��57CAR&XY= �r+]v-v?ª < O-P-�DY ,S�b²9�iCAuD>DFDH<CAE.uAuD>A@B57CAEGFDH4u�� ��)



+7�4¬ � ����
�� � ����� ��
�����
�����������	

3 �;+�4��F� L�*�R � 69, � ��.K+D� i>+JX k,+J1WR = �J1W+/. 2 �@� �(kFi %G.
k 2"1�� %KP(k �F2>%�1W�l%7,!°±57CAR.E.1 �<J4�<CAE.1<=?57C§�·��57CAR&XY= �d+]v-vY� <
��CD>AuD57C2p	57E.Rd�±UWCA:<198;R&XY=?571
xo:<C2°±57ST5o>D>A:<1<=TE.S�J4usXYH<R.@B57uD�i14@eXY:WY

3 �-P54��F� L�'$��l , � � %�� ����i %FiZ.K+J1 k � PJ.FiZI ��1WR � � %�2 ��� %�.lcJP5%�� �F2>%�1Hi %�1 � PJ. �(k-%�. . 2"1�%�.K+JX 2 k ��� %�.�0 +J��kFi>P��@% �
U�� %KPJ.Q%FiZ2 k ��� %�� .���1WR X`+-#�%�18��1WR]1�%�� %�� % 
 i %K����1 2 c$%�1H�-w21<E.t?57CD>AE.us�Yu£J4uA:<uAuA=4XYCAu-� �WEG>D>D57CAusXYuAEG�i1��$+]v-v-�

3 �-�54�� ��Y�� R���� 69, � C 1 M"D � %�.�2 .8%�1Hi>+JX ? 1 jJ%lkFiZ2`#D+$iZ2 PJ1 Ph! ? 1Hi %�."! +D�l%[� � %K+J. U .K+J1 k"!-%�.8+J1WR C � �WX 2 �Q+$iZ2 PJ1 k
2"1*i"� %,R��J1W+/. 2 � C 1W+JX �(k�2 kgPh!9/g� �FX %K+J. � PJ1Hi>+J2"1�.8%�1Hi'? %lklk-%�X kF�9¢6�iCA1957R.Rdw21<E.t?57CD>AE.u �D� �WEG>D>D57CAusXYuAEG�i1��
+]v?ªi�

3 �Y�J4�� ��4,����'$��²±, ����57CA@<:<198 xo3µEG>DFDH9571©/2R.u§��:<198d:W57:<@B57uD�i1r,*) 1���0 +J��! PJ.lk ������1�# I'0 +J���W.K+.DJ2 k P-O-�
< +]v-v-�DY�� :2C],9� �¨J¨,d+]�.�;P;+

3 �-�54���5�� � ��� �?�!, �;� � %K+J. U .K+J1 k"!-%�.@� �'C #-#J.Q% #D+$i % ? 1Hi %�.�X`P-��cY,d¢£H<CAEG>AuDFDH4:<CDFDH���:W573 �¨5]XYR&XY198;�-w21<E.t?57CD>AE.u �
�YK£¢±XY14uD57CA@<:<C��D� �WEG>D>D57CAusXYuAEG�i1��r+]v?ªi�

3 �-O54 8 ��YT��&�� ���@! � YTR��
*�� � � �WJ$FDH4:<@<uACsXY=iK·�YH<E.=-�?57E.uNt?�i1I°±57uD�i1957CA=4�Y1<xo:<1<=?571�XY1n1eXiFDH4uACs�Y=-R.EGFDH XY:;K�=?5 �
CsXY:<H4uD571�°±57uD�i19�i@B57C§¦¨�iFDH9571I@B57E�J;XY1<EG57CA:<1<=?>§�µ:<198
��CAuA�9FDH4uAE.=-:<1<=?>AS¯X('-1eXYH<ST571 \	2r57H<CD>AuA:<H<R	K��<C
lIXi>D>AE.t$@eXY:��<p	5oFDH<1<EG>DFDH95Vw21<E.t?57CD>AE.us�Yu2l
�<19FDH9571r,£l
�<19FDH9571��	+]v-v-¬;,��b²9�iCD>DFDH4:<1<=?>A@B57CAEGFDH4u

3 �?ª-4 8 ����4,��R�� � 5,$ �r°�, � = 2>% !�.K+(c(i>+JX % � %KP/.8%FiZ.�2>%[R�%�.,/,+$iZ��.7,2°µXi>D57R"\Y°±�->AuD�i1 �e°6E.CA�$He�Y:9>D57CW��57CAR&XY= �
+]v-¬?ª

3 �-¬54 8 ��'.$ �d�m, �V/2: �;E.R.E&XYC��I�257E.1;K´�iCDFo57ST5714uNE.1 ¢6�i19F7CD57uD5b¢6�i1<195oF7uAEG�i19>], ) 1�� C@� ��M2G1_�PJ��.�1W+JXOPh![i"� %
C@iZ.�� � iZ��.K+JX = %�j-2 k�2 PJ1 vY� < +]v-O-¬DY��BJ¨,d+7�4¬-�.�¨+]�-�Y�

3 �-v54 8 �%$
$�5��
� �µ/V, � J4H95]XYC�prCsXY19>§K´57C :<198<57C ST�i19�iuD�i1<EGFI2r�?Xi8;E.1<= �qXiF7CD�->D>�XY1 ) 14uD57C§K·XiFo5n@B57u 365o571
¢6�i19F7CD57uD5o>V¢±Xi>AuNXYuM8;E &d57CD5714uNp±E.ST5o>N\ ��57�eXYCAuAST5714um�YKq¢£E.t$E.R���1<=-E.195o57CAE.1<= �rw21<E.t?57CD>AE.u �n�YK ��X(�
>AH<E.1<=-uD�i1r,rJ$5]XYuAuARG5$� ��Xi>AH<E.1<=-uD�i1��e+]v?ªiO;,��¤²9�iCD>DFDH4:<1<=?>A@B57CAEGFDH4u],�J4uACA:9F7uA:<CD5o> � ln5oFDHeXY1<EGFo>6�257�B�iCAu
J$l�ªiO(� �

3 O-�54 8 �%$
$�5��
� �W:V, �6J4H95]XYC2prCsXY19>§K´57C2E.1��257E.1;K´�iCDFo5o8n¢6�i19F7CD57uD5M�6�2Fo5714u2�25o>D5]XYCDFDHr, ) 1���D � ? _�PJ��.�1W+JX
< +]v?ªiPDY��¨J¨,e�-�.�<ªi�

3 O;+�4 8:���
*�$��
*�����YT�����r�¤, �*09.�� ��� .8%K��� +J1 2 k ��� % ��1WR]!�.K+(c(i>PJX`PQ#J2 k ��� % M 1Hi %�.lk�� ������1�#�%�1 �F��.
ab2 klk +J��k�I
��.Q%�2ZiZ��1�#82"1A0@%Fi>PJ1H� ) 19>AuAE.uA:<u6K��<C±lIXi>D>AE.t$@eXY: :<198 °µXY:9>AuD�(&BuD5oFDH<19�iRG�i=-EG5m8<57Cµw21<E.t?57CD>AE.us�Yuq²<CAEG8<57CAE��
F7E&XY1eX¤xo:
�NXYCARG>ACA:<H95$� �WEG>D>D57CAusXYuAEG�i1��eP-�-�-�

3 O-P54��#YT')')��� � ) , ��ab2 klk�jJ%�. �-+(��1 ��1�# R�%lk�0@%Fi>PJ1 k@I � % #�%�1 k-%�2ZiZ2`#�% ab2 klk���!-%�.�jJ%�.lk ����2>%-����1�#�%�1���1WR*B �Q%�.FiZ.K+JI
#�%�1�% �,. 	h!Fi %7,bp	5oFDH<1<EG>DFDH95 w21<E.t?57CD>AE.us�YuVl
�<19FDH9571���) 19>AuAE.uA:<uMK��<Cm°µXY:<E.1<=?571<EG57:<CA365o>D571 )+)+)���2r57H<C§�
>AuA:<H<RBK��<C2lIXi>D>AE.t$@eXY:�� �WEG>D>D57CAusXYuAEG�i1��r+]v-¬?ª

3 O-�54 Z,����� �¨pM, � ab%�2"1-! PJ.K�l%KR � PJ1W�F.Q%Fi %��WiZ.�� � iZ��.Q%lk7, :W573 J£�iCA���ewMJ$/ �%�_E.RG5 �4� ) 14uD57CD>DF7EG5719Fo5V��:<@<R.EGF]X(�
uAEG�i1��r+]v?ªi�

3 OY�J4 Z,��L�R	��� �4�!, �rJ4H95]XYC£prCsXY19>§K´57C�@ ��/2=-=-CD57=4XYuD5 ) 14uD57CARG�$FD�B,�) 1���� � %K+J. 2"1 ab%�2"1-! PJ.K�l%KR � PJ1W�F.Q%Fi %HG C � ?
I DO� ��X 2 �Q+$iZ2 PJ1f� DOI"E S����iR·,%) < +]v?ª(��Y��BJ¨,d+H�¨+]O

3 O-�54 Z,��L�R	���W���-�@!�Z,�����0� +-�@!�Z *�YTR�Y%
�'��,8K� ^V� ��yW�iCAE.x]�i14usXYR�¢6�i19>AuACA:9F7uAEG�i1�6?�iE.14uD>2E.1n¢±Xi>AuqE.1���R&XiFo5
�257E.1;K´�iCDFo5o8b¢6�i19F7CD57uD5-,�) 1�� � � %K+J.b2"1 ab%�2"1-! PJ.K�l%KR � PJ1W�F.Q%Fi %HG C � ? I DO� ��X 2 �Q+$iZ2 PJ1T� DOI"E S&)+) < +]v?ª(��Y��
J¨,9�-v-v.�;O;+]O



� ����
�� � ����� ��
�����
�����������	 +7�4v

3 O-O54QZ �B$�����'$�(69, �;��XYCsXYST57uACAEG>DFDH95o>�R&Xi>D57CD�i�<uAEG>DFDH95o>��WXY:<H957E.uD>AST5F'?>��;>AuD57S XY:9>�8<57C�J4EGFDH4u�CD5]XYR9XY:;K�uACD57uD571;�
8<57C�¥2@B57C§¦¨�iFDH95714uD�i�B�i=-CsXY�<H<EG571r, �W�9>D>D57RG8<�iC§K �<� ��)·�·��57CAR&XY= �	+]v-v-v < ªiv-PDY ,%� ²9�iCAuD>DFDH<CAE.uAuD>A@B57CAEGFDH4u
� ��)

3 O?ª-4QZ �B$�����')��� �4¢W, � = �J1W+/. 2 c]R�%�. 0 +J��cJPJ1 kFiZ.���c(iZ2 PJ1�%�1e,e°6CsXY:<19>DFDH43657E.= � �_EG5o>A@eXi8<571 �Y²<CAEG5o8;C],i�WEG573±�
57= � J$�iH<1��r+]v-v-O

3 O-¬54QZ �%��� �%���"���O� � E @B57C68;EG5�y�X(K�u§K´5o>AuAE.=-�?57E.u£t?�i10:W57:;��XY:;K	/2R.uA@B57uD�i1r,�) 1����OkFi %�.�.Q%�2 ����2 k ��� %'0 +J� �5%�2ZiZI
k ����.�2 !Fi¤¬D\iv < +]vY�4¬DY��¨J¨,e�-v-v.�;O;+]O

3 O-v54QZ *�YTR�R�Y%
�'$�il , �W),PJ.�2 �-PJ1Hi>+JX � PJ1 kFiZ.�� � iZ2 PJ1 _�PJ2"1Hi"k92"1 � +(kFiZI 2"1 I>�H2ZiZ� � PJ1W�F.Q%Fi %F�-w21<E.t?57CD>AE.u ���YKr¢±XY1;�
uD57CA@<:<C��D� �WE.�<RG�iS¯XYCA@B57E.u-�	+]v?ª(�

3 ªi�54QZ R	�%$����<�q, � �Wi>+$iZ2 kFiZ2 c
��1WR +J1�#�%GF +J1WR$i % , +(��.lk ��� %�2"1 X 2 ���Dc$%�2Zi"k�X %l��.Q%O!GB�.�0 +J��2"1�#�%�1 2>%���.Q%7,£°±57CAR.E.1 �
��CA19>Au � J$�iH<1��r+]v-v-�

3 ª$+�4QZ R������ �B�¤, � � 57=?5¤xo:�t?57CA=-RG57EGFDH4@eXYCD571 �WXY:<H957E.uD>A�<CD���9RG571 @B57E�8<57CNln5o>D>A:<1<= S�E.uMST5oFDHeXY1<EG>DFDH9571
:<198��i�<uAEG>DFDH9571np!Xi>AuD57CA1r, �W�9>D>D57RG8<�iC§K
�;� ��)·�·��57CAR&XY= �r+]v-v?ª < O;+-+5Y ,S� ²9�iCAuD>DFDH<CAE.uAuD>A@B57CAEGFDH4uW� ��)

3 ªiP54QZ 5��
��*�R�5 ���!, ����14u 3µEGFD�$R.:<1<=©57E.1957C�ln57uAH9�$8<5 xo:<C�°±5o>AuAE.S�Sm:<1<=�8<57Cb¥2@B57C§¦¨Xi5oFDH9571<CsXY:<H<E.=-�?57E.u
t?�i1�l
E.1957CsXYR.�?�$57CA1957CA1r, ) 1����WiZ.K+(klk-%�1-! PJ.lk ������1�# < +]v-¬-�DY�� :2C],d+]�-�

3 ªi�54Q+ ����4,R �O:V, � M 1Hi %�.lk�� ������1�#�%�1 �F��.��,.K+h!Fi B �Q%�.FiZ.K+-#J��1�# � F 2 k ��� %�1�C X iZI[��1WR /�%�� �Q%Fi>PJ1 �Q%�2
��1 I
i %�.lk ����2>%KR X 2 ��� %�1 ���$#�%�1 .K+J����2`#(c$%�2Zi %�1e, 2r5o�i�B�iRG8$� ²<CsXY1<x]5719>§� w21<E.t?57CD>AE.us�Yu ) 1<19>A@<CA:9FD��� ) 19>AuAE.uA:<uTK��<C
°±57uD�i14@eXY:����WEG>D>D57CAusXYuAEG�i1��r+]v-v?ª

3 ª(�J4Q+[��YT�����
�����!�m, ��¢±XY�eXiF7E.u � �YKWJ4H95]XYC 6?�iE.14uD>VE.1 /2�<�<R.EGF]XYuAEG�i19>¤�YKqy2E.=-H �!57C§K´�iCAS¯XY19Fo5�¢6�i19F7CD57uD5
E.1©J4uACD571<=-uAH9571<E.1<= XY198��257uACD���9uAuAE.1<=I�YKq�iRG8©¢6�i19F7CD57uD5�J4uACA:9F7uA:<CD5o>], ) 1���DO.KP-�l%Q%KRJ2"1�#(k*Ph!�E i"� ? 1 I
i %�.�1W+$iZ2 PJ1W+JX D � � = � � �/. � P(k�2"� . 2"1 � 2"j-2"X;MO1�#J2"1�%Q%�.�2"1�#-,2p	5oFDH<1<EG>DFDH95�w21<E.t?57CD>AE.us�Yu�l
�<19FDH9571n:<198
w21<E.t?57CD>AE.us�Yu28<57Cq°6:<198<5o>A3657H<CWl
�<19FDH9571��¨P-�-�-P

3 ªi�54Q+[��YT��*
����4�$ �$yV, ��2r571<=-uAH ) 1;¦9:95719Fo52�i1b°±�i198 J4H95]XYCµJ4uACD571<=-uAH �YK�6?�iE.14uD>£E.1�¢6�iS��B�->AE.uD52��CD5oF]Xi>Au
¢6�i19F7CD57uD5�J4R&XY@9>], ) 1��[U�� % ? 1Hi %�.�1W+$iZ2 PJ1W+JX>_�PJ��.�1W+JX]Ph! � %G.8%�1Hi � P/. � P(k�2Zi %lkf+J1WR @ 2`#(��i FO%�2`#(��i
� PJ1W�F.Q%Fi %�� < +]v-¬-PDY�� :2C],e� �eJ¨,<�4P-�.�4�4PY�

3 ªiO54Q+[��YT��*
����4�$"�W^V� 
�\]���B$ ��R � � ��+D���DkFi>+J1WR��Q%�.�2 ����ib�;%�X �lkFiZjJ%�.KRJ2 ����i %�1WR�%�. 0@%Fi>PJ1e,V°±57CAR.E.1 �B��CA19>Au
� J$�iH<1��eP-�-�;+ < ��57:<uD>DFDH957CW/2:9>D>DFDH4: '�K��<CWJ4usXYH<R.@B57uD�i1��¨�;+]ODY

3 ª-ª-4Q+ ��*�R����,^V� �r��57CA@<:<198 :<198b��57CA@<:<198<>AEGFDH957CA:<1<=T@B57Ed°±57uD�i14t?57CA@<:<198;�?�i19>AuACA:<�$uAEG�i19571r, ) 1��B9 ����'.$
< y2CD>A=9, Y ��C ��k8U�� %KPJ.�2>%]��1WR DO.K+.DJ2 k�R�%lkg�Wi>+(��X �Q%Fi>PJ1��K+J� %lk�� � %lkFi"k ����.�2 !Fi �F� . �$G ��� %-����.Fi"kFi>+-#8j(PJ1
�bP$i i"� +J.KR ��.K+J1��o,�°±57CAR.E.1�:r, X �d+]v-O-v �BJ¨,d+]�;+H�¨+]�-O

3 ªi¬54Q+[YT���
����� �4°�, � �
+ �W2"X"X`+J.Q%lkb��+J�$#�%�1*2 . � �Q%�.TP 	D��� %�1��Q%�.Q%�2 ��� � PJ. �(k-%�. � %lkFi"c �J. � %�.@I MO2"1�%$D9+J.K+/.8%�I
i %�.lkFiZ� RJ2>%F�9�qH957E.1<EG>DFDH;� � 5o>Au§K·�YR.EG>DFDH95mp	5oFDH<1<EG>DFDH95VyW�$FDH9>DFDH4:<RG5m/�XiFDH9571����WEG>D>D57CAusXYuAEG�i1��r+]v-v-O

3 ªiv54Q+O5 � � ���d/V, � ),P-����X %�2 kFiZ��1�#(k-�Q%Fi>PJ1���1Hi %�.	.8%l��.K+D���Dk�2 +JX %�.*0@%K+J1 k �W.�� ������1�#-,�p	5oFDH<1<EG>DFDH95¯w21<E.t?57C§�
>AE.us�YuVl
�<19FDH9571���2r57H<CD>AuA:<H<R6K��<CVlIXi>D>AE.t$@eXY:��	p	5oFDH<1<EG>DFDH95�w21<E.t?57CD>AE.us�Yu¤l
�<19FDH9571�� �WEG>D>D57CAusXYuAEG�i1��
P-�-�;+

3 ¬-�54Q+OL�$�* �H69, � ,[%�.lc-kFi>P��9jJ%�.l� +JX i %�1�2"1 � .Q%�1��@P 	D��� %�1��Q%�.Q%�2 ��� %�1NR�%�.TU .K+-#�%�X %G.8%�1Hi %
j(PJ1 0 +J� FO%�.lc$%�1e,
w21<E.t?57CD>AE.us�YuµJ4uA:<uAuA=4XYCAu-� ) 19>AuAE.uA:<u�K��<C6prCsXY=-3657CA�;>D5714u 3µ:<C§K�:<198��·�?�i19>AuACA:<�$uAEG�i1�� �WEG>D>D57CAusXYuAEG�i1��e+]v-v-�

3 ¬;+�4 6 ��')')���,^V� +-� � �WEG5N/µ8;He�i>AEG�i1�xo3µEG>DFDH9571
��>AuACAEGFDH
:<198�°±57uD�i1r,
) 1�� ? 1WRJ��kFiZ.�2>%"!���klk-� �-R�%�1e,±¥W>AuD57C �9R��
8<571��r+]v-¬?ª��¨J¨,;�$ª/�;�-O



+]�-� � ����
�� � ����� ��
�����
�����������	

3 ¬-P54Q6 ��� R���'���+-� 6 �@! �[*�5 ����'�� �-� +-� �qJ4:<C§K·XiFo5Vp	�i�B�i=-CsXY�<H ��Xi>�X�19�i19>AusXYuAEG�i1eXYC��
CsXY198<�iS ��CD�$Fo5o>D>],
) 1��H/,+$iZ��.Q%nP?ª$+ < +]v?ªi¬DY��¨J¨,<�4�;+H�4�4�Y�

3 ¬-�54Q6
�
*�� �%��� �9��, �
�e3µEG>DFDH9571<ST�iRG57�$:<R&XYCD5m��Cs�(K�uD5-,�) 1��H^ � �H� �(k�2 c � � � %G. ��/�%�� %���PJX #�%bEWA < +]v-OY��Y��eJ¨,
+H�¨+7�

3 ¬Y�J4Q6
�
*�� �%��� ����, �~��57CAS�E.198<57CAuD5_J$FDH4:<@B8<5oFD�$:<1<= E.1�²957CAuAE.=-�<R&XYuAuD571 S�E.u ¥2CAuA@B57uD�i1957CA=4�Y1<xo:<1<= �
¥2@B57C§¦¨�iFDH9571<CsXY:<H957E.u§� \±w21<E.t?57CD>AE.us�Yu����iCAuASm:<198;�(²eXiFDH4@B57CD57EGFDH�°µXY:4365o>D571r, ���iCAuASm:<198;� ��57x]57Sm@B57C
+]v-v;+-,��b²9�iCD>DFDH4:<1<=?>A@B57CAEGFDH4u

3 ¬-�54Q6
�
*�� �%���"�2^V� � �@� ;OR�5��
�0� � �@�
�3����R�R �2+-� � � �Q%�.TP 	D��� %�1 .K+J��� %�2Zi ��1WR8),+h!FiZjJ%�.-����1WR-,�°±57CAR.E.1 �
��CA19>Au � J$�iH<1��r+]v-v-O < ��57:<uD>DFDH957CW/2:9>D>DFDH4: '�K��<CWJ4usXYH<R.@B57uD�i1��9�4�-ODY

3 ¬-O54Q6
�
*�� �%���"�>^V� � �@� 6
�
*,�>YT4�$ 
 �F��*�R����1\]� �d^�� . ������� �FiZ.K+-#JjJ%�.l� +JX i %�1Lj(PJ1 � %�.FiZ2`# �WX`+$i i %�1�. 2Zi
� .Fi �Q%Fi>PJ1�%�. # 	J1��F��1�#-,r°±57CAR.E.1 �?��CA19>Au � J$�iH<1��e+]v-v-O < ��57:<uD>DFDH957C6/2:9>D>DFDH4: 'NK��<C±J4usXYH<R.@B57uD�i1��?�4�-ODY

3 ¬?ª-4Q6
�
*�� �%���"�[^V� � �@� 6
�
*,�>YT4�$ 
 �F��*�R����O\]� �e^���. � �Q%�.TP 	D��� %�1 .K+J��� %�2Zi j(PJ1 � %�.FiZ2`# �WX`+$i i %�1 . 2Zi
� .Fi �Q%Fi>PJ1�%�. # 	J1��F��1�#-,r°±57CAR.E.1 �?��CA19>Au � J$�iH<1��e+]v-v-O < ��57:<uD>DFDH957C6/2:9>D>DFDH4: 'NK��<C±J4usXYH<R.@B57uD�i1��?�4�-ODY

3 ¬-¬54Q6
�
*��������e/V, ��� % 
 i %K����1 2 cY,£°±57CAR.E.1 �eJ4�<CAE.1<=?57C§�·��57CAR&XY= �!+]v-v?ª < P;,9/2:;¦¨XY=?55Y
3 ¬-v54Q6
�
*�L���R�R���� �¨U¤, � MO2"1-!GB���.���1�# 2"1�RJ2>%g�H2 ��� %�.l� %�2Zi ��1WR[^���jJ%�.�X 	(klk�2`#(c$%�2Zi j(PJ1 U .K+-#/FO%�.lc$%�1e,�°±57CAR.E.1

�<��CA19>Au � J$�iH<1��	+]v-¬;+
3 v-�54Q6
YTR � � ����� � ����4 � 69, �*) S��<CD�]t$E.1<=�¢6�i19F7CD57uD5b°±�i198�E.1©�257�eXYE.CD5o8�°6CAEG8;=?5 ��5oFD�;>],*) 1�� � PJ1W�F.Q%Fi %

? 1Hi %�.�1W+$iZ2 PJ1W+JXV+]P < +]v-v-�DY��H:2C],9v �eJ¨,eO;+H�;O-O
3 v;+�4 �7���	� �����?/V, �9ln�$8<57R.EG>sXYuAEG�i1T8;:TFo�iS��B�iCAuD57ST5714u68��4E.14uD57C§K·XiFo5o>��eXYC£XY1eXYR��;>D5µ>AusXYuAEG>AuAEGF-,%) 1��B_�PJ��.Q%Q%lk

R�%D.8%K�Q+J1 2 �F� % +JX %K+$i>PJ2".Q% + � �WX 2 �F� %Q%[+ X`+T�QPJ1 kFiZ.�� � iZ2 PJ1 < +]v-¬Y��Y��¨J¨,eP;+]�.�;P;+]�
3 v-P54 �7YT��$�&(��R���5�L �<pM, �!ln5oFDHeXY1<EG>AST>µ�YK 2r�?Xi8 prCsXY19>§K´57CqXYRG�i1<= ) 14uD57C§K·XiFo5o>±E.1��257E.1;K´�iCDFo5o8�¢6�i19F7CD57uD50\

�!�iR.E.uD5oF71<EGFo�b8;Erl
E.R&XY19�<,q+]v-¬-� < ª$Y ,S��J4uA:98;EG5N5MCAEGFDH957CDFDH95
3 v-�54 �7YT��$�&(��R���5�L �	pM, �T¢6�i19F7CD57uD5 �·uD�Y�§¢6�i19F7CD57uD5b²<CAEGF7uAEG�i1r, ) 1�� C@� ��M2G�_�PJ��.�1W+JX Ph!
�WiZ.�� � iZ� i>+JX MO1�#J2"I

1�%Q%�.�2"1�#�+-+]� < +]v-¬?ª$Y�� :2C],;� �¨J¨,9¬-�-P.�;¬Y�4v
3 vY�J4 \:��R�� � � ��� ��69, �ep±H95µE.1;¦9:95719Fo52�YKd8<57�<uAH¯�i1�uAH95q>AH95]XYC�>AuACD571<=-uAHb�YK¨R.E.=-H4u 3657E.=-H4uqFo�i19F7CD57uD5µ@B5]XYST>3µE.uAH9�i:<uq>AH95]XYC±CD57E.1;K´�iCDFo57ST5714uT\ ��57�eXYCAuAST5714u2�YK�¢£E.t$E.Rr��1<=-E.1<=?5o57CAE.1<= � ��57R�K�uµw21<E.t?57CD>AE.u �?,±+]v?ªi¬ <

�257�B�iCAuWJ?�§ªi¬(�·��Y ,S� ²9�iCD>DFDH4:<1<=?>A@B57CAEGFDH4u
3 v-�54 \:��R�� � � ��� � 69, �	ln5oFDHeXY1<EG>AST>µ�YK!>AH95]XYC6uACsXY19>§K´57C6E.1 F7CsXiFD�;>6E.1 Fo�i19F7CD57uD5W��/ >A:<CAt?5 �¯�YKrR.E.uD57CsXYuA:<CD5

\���57�eXYCAuAST5714u6�YKd¢£E.t$E.R9��1<=-E.195o57CAE.1<= � ��57R�K�u�w21<E.t?57CD>AE.u �¤�YKBp	5oFDH<19�iRG�i= �?,!+]v?ªi¬ < �257�B�iCAu��(�§ªi¬(�s+]PDY ,
�b²9�iCD>DFDH4:<1<=?>A@B57CAEGFDH4u

3 v-O54 \:��R�� � � ��� �W69, �6� �;�B57CAE.ST5714uD>W�i1
>AH95]XYC2uACsXY19>§K´57CqE.1
F7CsXiFD�;>2E.1
Fo�i19F7CD57uD5N�6��XYCAu�)+) �</21eXYR��;>AEG>q�YKCD5o>A:<R.uD> \ ��57�eXYCAuAST5714u��YK£¢£E.t$E.Rr��1<=-E.195o57CAE.1<= ����57R�K�u2w21<E.t?57CD>AE.u � �YK�p	5oFDH<19�iRG�i= �?,W+]v?ªiv < �257�B�iCAu
�(�§ªiv(�s+]�DY ,%�b²9�iCD>DFDH4:<1<=?>A@B57CAEGFDH4u

3 v?ª-4 \:��R�� � � ��� � 69, � C #-#J.Q% #D+$i %
2"1Hi %�.�X`P-��c	� +8i"� %KPJ.Q%FiZ2 �Q+JX +J1WRT%�D � %�.�2 .8%�1Hi>+JX +J1W+JX �(k�2 kF� ��57R�K�uqw21<E.t?57C§�
>AE.u � ��CD5o>D>-� �WEG>D>D57CAusXYuAEG�i1��r+]v-¬-�

3 v-¬54 \:��R�� � � �����
��� � �@!	����*��>��R�$����"� �V� �d��E.1;¦9: '�8<5o>±lIX('?>AusXY@9>6E.1 >DFDH4:<@<@B5]XY19>A�<CA:9FDH4uD571
°µXY:<uD57E��RG571
�iH<195VJ$FDH4:<@<@B573657H<CA:<1<=9, ) 1�� 0@%Fi>PJ1 I9��1WR[�Wi>+(��X �Q%Fi>PJ1��K+J� ¬-� < +]v-v-�DY��H:2C],9v �eJ¨,eP-P-¬.�;P-�-P



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

3 v-v54 \:��R�� � � ����� ��� � �@!
+[��YT��*
����4�$"��^V� \]� �	p±H95o�iC���XY198 5��;�B57CAE.ST5714uD>q�i1 uAH95WST5oFDHeXY1<EGF]XYRr@B57HeX(�
t$EG�i:<CW�YK�F7CsXiFD�;>2E.1
�<R&XY195VXY198�CD57E.1;K´�iCDFo5o8nFo�i19F7CD57uD5V>A:<@ 4A5oF7uD5o8�uD�¯>AH95]XYC2RG�?Xi8;E.1<=9, ) 1���)�%�.KPJ1 P-O
< +]v-¬;+5Y�� :2C],d+o/

3.+]�-�543\ ��YT')'$�i�m, �HMO2"1[),+J��!GFO%�.lc-kFi"� %KPJ.Q%FiZ2 k ��� %lk �fP-R�%�XWR�%�.Oab%lkFi !-%lkFiZ2`#(c$%�2Zi�#�%lk ���
	DRJ2`#$i %�. 0@%Fi>PJ1�%F�-²eXiFDH;�
@B57CD57EGFDH_°µXY:<E.1<=?571<EG57:<CA365o>D571�8<57C¯p	5oFDH<1<EG>DFDH9571 w21<E.t?57CD>AE.us�Yu ¢±XYCD�iRG��� �_E.R.H957R.S�E.1eX�xo: °6CsXY:<1;�
>DFDH43657E.= ���WEG>D>D57CAusXYuAEG�i1��r+]v?ªi¬

3.+]�;+�43\ Y $
$�������� �O��^V���B$ ��R ��CbR(� %�.Q%�1W�l% Ph! � PJ��1WR +J1WR � X`R � PJ1W�F.Q%Fi %7,VJ$FDH43657E.x �B��EG8;=?5719�->D>AE��
>DFDH95¯p	5oFDH<1<EG>DFDH95 yW�$FDH9>DFDH4:<RG5 �e�<CAEGFDH��!/µ5o8;E �eF]XYuAEG� �6+]v-vY� < ��CD�$Fo5o5o8;E.1<=?>¤�YKµuAH95¯PY198�°±�iRG�iST5 �
� �iCA�;>AH9�i�WY

3.+]�-P543\ 5�R �%� � �,�4/V, � = 2>% � %lkFiZ2`#(c$%�2Zi R�%�. C .-�Q%�2Zi"k"!��$#�%@2 .�0@%Fi>PJ10I MO2"1H0@%�2ZiZ.K+-#�. 2Zi;)g2"X !-%g%�D � %�.�2 .8%�1 I
i %�X"X %�.,��1WR8i"� %KPJ.Q%FiZ2 k ��� %�.NM 1Hi %�.lk�� ������1�#�%�1H� 2r57H<CD>AuA:<H<RdK��<C2lIXi>D>AE.t$@eXY:��<p	5oFDH<1<EG>DFDH95VyW�$FDH9>DFDH4:<RG5
l
�<19FDH9571�� �WEG>D>D57CAusXYuAEG�i1��	+]v-�-¬

3.+]�-�54 � ��R�� ���"� � �@!�+ ��')�
*��"^V� � ��57CW��E.1;¦9: 'bt?�i1n²<:<=?571�XY:;K£8;EG5m²95o>AuAE.=-�?57E.uWt?�i1I²957CAuAE.=-uD57E.RG>DFDHeXYRG571r,
) 1�� 0@%Fi>PJ1 I9��1WR �Wi>+(��X �Q%Fi>PJ1��K+J� < +]v-O;+5Y�� :2C],r+]�

3.+]�Y�J4 � YTR��
*�� � �3! +[��YT�����
������+-� � ¢±XY�eXiF7E.u �_�YK¤J4H95]XYCT6?�iE.14uD>b@B57u 365o571 y2E.=-H;�§J4uACD571<=-uAH ��CD5oF]Xi>Au
��RG57ST5714uD>�XY198*:W�iCAS¯XYR��§J4uACD571<=-uAH ¢±Xi>Au§� ) 1;� ��R&XiFo5 ��5oFD�;>],�) 1�����5�*
��R �9�!, < y2CD>A=9, Y � ? 1Hi %�.�1W+$iZ2 PJ1W+JX
� �/. � P(k�2"� . PJ10)g2`#(� Db%�."! PJ.G. +J1W�l% � PJ1W�F.Q%Fi %HG]U�� % M9�QPJ1WP/. 2 �Q+JX;��PJX � iZ2 PJ1
! PJ. = ��.K+���X %&09.�2 R-#�%lk
+J1WRfU .K+J1 k � PJ.Fi>+$iZ2 PJ1 �WiZ.�� � iZ��.Q%lk7,±¢£H<EGF]XY=?� �¨P-�-�-� �¨J¨,9�-�;+H�;�-O-�

3.+]�-�54 � YTR��
*�� � �@!"+[��YT�����
�����2+-� ��yW�$FDH;K´5o>AuD57C�°±57uD�i1n�qy�XYR.@;K´57CAuAE.=-uD57E.RG5VE.S�°6CA�9FD�?5714@eXY: \ ) 19>AuAE.uA:<u
K��<CTprCsXY=-3657CA�;>A@eXY:�� 2r57H<CD>AuA:<H<RµK��<C¯lIXi>D>AE.t$@eXY:r,�p	5oFDH<1<EG>DFDH95nw21<E.t?57CD>AE.us�Yu¯l
�<19FDH9571��2+]v-v-v;,:�
²9�iCD>DFDH4:<1<=?>A@B57CAEGFDH4u],±²9�iCD>DFDH4:<1<=?>A@B57CAEGFDH4u

3.+]�-O54 ��� �[
�6 � ; A�� � ^���k 	$i �FX 2 ��� %0UW%K����1 2 k ��� %I? %�.FiZ.K+-#(k-�Q%KRJ2"1�#J��1�#�%�1 !GB�.]������� i ����1WR ? 1 kFi>+J1WR(k-%Fi �F��1�#
j(PJ1 0@%Fi>PJ1��K+J� i %�2"X %�1e, ���iCAuASm:<198 ����57C2°6:<198<5o>AS�E.1<EG>AuD57CµK��<Cµ��57CA�?57H<C-�	+]v-v-�



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



����� � ��� �

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

� �

 �%� � ����� �� �"'��������� �����
	 � � ����8!> � � ����� )+����	 � � ���

/2:9>28<571 �MXYuD571n8<57CW� �2� 2	Xi>D57CAST5o>D>A:<1<= < P-�-�5�9P-�-� �MXYuD571<�<:<1<�$uD55Yµ3µ:<CD8<571n>AEG57@B571
57E.1<x]57R.195 �MXYuD571<CD57E��
H9571 XYRG>mJ$FDH<1<E.uAuAR.E.1<EG571 E.1�57E.1957S�/2@9>AusXY198nt?�i1 �YS�S�t?�i1957E.1eXY198<57CmXY:;K±8;EG5¤�2�iCACD57R&XYuAEG�i1 E.H<CD57C �MXYuD571;�
�<:<1<�$uD5MS�E.uAuD57RG>257E.195o>2²!¥W��pµ�2/@:Mª-ª]� ��CD�i=-CsXYS�ST>2@B57CD5oFDH<1957u], 

 

 

 

 

-1,0

-0,8

-0,6

-0,4

-0,2

0,0

0,2

0,4

0,6

0,8

1,0

0 5 10 15 20 25 30 35 40�
��� ������� �����

� ����
� �� �!

Mittelwert Reihe 1

Reihe 2 Reihe 3

Reihe 4 Reihe 5

Reihe 6 Reihe 7

2B Sandgestrahlt

/2@<@<E.RG8;:<1<=b/V,.+ �<�2�iCACD57R&XYuAEG�i1 8<57C2=?57ST5o>D>D5719571I>AEG57@B571 �MXYuD571<CD57E.H9571 < >sXY198;=?5o>AuACsXYH<R.uD571I�25 K´57CD571<x]�i@B57C§�
¦¨�iFDH95VPi°bY

/219>DFDH<R.EG5F'?57198
3µ:<CD8<5N8<57C2l
E.uAuD57R.3657CAuW8<57C2>AEG57@B571�5��<57S��<R&XYCAEG>DFDH9571I�2�iCACD57R&XYuAEG�i19>§K�:<1<�$uAEG�i19571I8<57C2�25 K´5 �
CD571<x]�i@B57C§¦¨�iFDH95WE.14uD57=-CAEG57CAu±:<S 8;EG52/2:<uD�i�?�iCACD57R&XYuAEG�i19>AR&�Y1<=?5 < E.1¯1eXiFDH;K´�iR.=?57198<571 �WE&XY=-CsXYS�ST571�XYRG>£CD5oFDH4u§�
5oFD�$E.=?57CW°6RG�$FD� S�E.u2yW�iH95

ρ(|∆x|) = 1
:<198�8<57C2/2:<uD�i�?�iCACD57R&XYuAEG�i19>AR&�Y1<=?5

x0
XYRG>q°6CD57E.uD5m89XYCA=?5o>AuD57R.R.u�Y±xo:

57CAS�E.uAuD57R.1r,ew2S 57E.195NXY1eXYR��$uAEG>DFDH95N/2:9>A3657CAuA:<1<=¯8<57Cq�2�iCACD57R&XYuAEG�i19571nxo:�57CAST�i=-R.EGFDH9571
3µ:<CD8<5M57E.195N� �;�B�Y�
195714uAE&XYR�K�:<1<�$uAEG�i1n�<@B57C28;EG5VJ4:<S�ST5m8<57Cq�$RG57E.19>AuD571I³2:eXi8;CsXYuD5m57E.1<=?57�eXi>D>Au2:<198�8<57CD571
/2@<�$R.E.1<=-@B57E.3657CAu

cXY1<=?57=?57@B571��

+]�-�



+]�Y� ���������	� �*� � � ��
�� � � 
�� ����� ����
���� �	���+� � 
�����
��

 

 

 

 

 

-1,0

-0,8

-0,6

-0,4

-0,2

0,0

0,2

0,4

0,6

0,8

1,0

0 5 10 15 20 25 30 35 40
����� �����
	 ���
�

� ���
�� �
�� ��

Mittelwert Reihe 1

Reihe 2 Reihe 3

Reihe 4 Reihe 5

Reihe 6 Reihe 7

3B Rüttelrau

/2@<@<E.RG8;:<1<=¯/V, P �9�2�iCACD57R&XYuAEG�i1�8<57CV=?57ST5o>D>D5719571�>AEG57@B571 �MXYuD571<CD57E.H9571 < CA�<uAuD57R.CsXY:95 �25 K´57CD571<x]�i@B57C§¦¨�iFDH95
�i°bY

 

 

 

 

 

-1,0

-0,8

-0,6

-0,4

-0,2

0,0

0,2

0,4

0,6

0,8

1,0

0 5 10 15 20 25 30 35 40
���
� �
�����  � "!

# $%%
&' (
)* $+

Mittelwert Reihe 1

Reihe 2 Reihe 3

Reihe 4 Reihe 5

Reihe 6 Reihe 7

5B HDW-gestrahlt schwach

/2@<@<E.RG8;:<1<=¯/V, � �9�2�iCACD57R&XYuAEG�i1�8<57C6=?57ST5o>D>D5719571 >AEG57@B571 �MXYuD571<CD57E.H9571 < y � � �·=?5o>AuACsXYH<R.uD5M�25 K´57CD571<x]�i@B57C§�
¦¨�iFDH95m�i°bY



�*� ��� ��� ��
���	 � �������	� 
�� ��
�� � � � � 
�� � ��� � � 	 �'����� ��� � � +]�-�

 

 

 

 

 

-1,0

-0,8

-0,6

-0,4

-0,2

0,0

0,2

0,4

0,6

0,8

1,0

0 5 10 15 20 25 30 35 40
����� ������	 
�
��


 ���
�� �
�� ��

Mittelwert Reihe 1

Reihe 2 Reihe 3

Reihe 4 Reihe 5

Reihe 6 Reihe 7

5C HDW-gestrahlt schwach

/2@<@<E.RG8;:<1<=b/V, � �<�2�iCACD57R&XYuAEG�i1�8<57C6=?57ST5o>D>D5719571�>AEG57@B571 �MXYuD571<CD57E.H9571 < y � � �·=?5o>AuACsXYH<R.uD5��25 K´57CD571<x]�i@B57C§�
¦¨�iFDH95V�?¢9Y



+]�-O ���������	� �*� � � ��
�� � � 
�� ����� ����
���� �	���+� � 
�����
��

 

 

 

 

y = e-0,397x

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

0 2 4 6 8 10 12 14��������� 	 	 
��
� 	 ������� ������� �����

� � !
" !##
$% &
 ' !(

MITTELWERTE

Exponentiell (MITTELWERTE)

2B Sandgestrahlt

/2@<@<E.RG8;:<1<=¯/V, � �9�2�iCACD57R&XYuAEG�i1 8<57C�=?57ST5o>D>D5719571�¥2@B57C§¦¨�iFDH9571<�<:<1<�$uD5�:<198nE.H<CD5¤/2:<uD�i�?�iCACD57R&XYuAEG�i19>AR&�Y1<=?5
< >sXY198;=?5o>AuACsXYH<R.uD571n�25 K´57CD571<x]�i@B57C§¦¨�iFDH95VPi°bY

 

 

 

 

y = e-0,34x

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

0 2 4 6 8 10 12 14)�*
+-,�. / / 021
. / 1�3�465 7�8�5:9 ;�;�<

= >? @
A @BB
CD E
?F @G

MITTELWERTE

Exponentiell (MITTELWERTE)

3B Rüttelrau

/2@<@<E.RG8;:<1<=¯/V, O �9�2�iCACD57R&XYuAEG�i1 8<57C�=?57ST5o>D>D5719571�¥2@B57C§¦¨�iFDH9571<�<:<1<�$uD5�:<198nE.H<CD5¤/2:<uD�i�?�iCACD57R&XYuAEG�i19>AR&�Y1<=?5
< CA�<uAuD57R.CsXY:95m�25 K´57CD571<x]�i@B57C§¦¨�iFDH95V�i°bY



�*� ��� ��� ��
���	 � �������	� 
�� ��
�� � � � � 
�� � ��� � � 	 �'����� ��� � � +]�?ª
 

 

 

 

 

y = e-0,5548x

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

0 2 4 6 8 10 12 14��������� 	 	 
���� 	 ��
���� ������� �����

� �� �
 �!!
"# $
�% �&

MITTELWERTE

Exponentiell (MITTELWERTE)

5B HDW-gestrahlt schwach

/2@<@<E.RG8;:<1<=b/V, ª �<�2�iCACD57R&XYuAEG�i1�8<57C�=?57ST5o>D>D5719571�¥2@B57C§¦¨�iFDH9571<�<:<1<�$uD5�:<198nE.H<CD5¤/2:<uD�i�?�iCACD57R&XYuAEG�i19>AR&�Y1<=?5
< y � � �·=?5o>AuACsXYH<R.uD5m�25 K´57CD571<x]�i@B57C§¦¨�iFDH95V�i°bY

 

 

 

 

 

y = e-0,397x

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

0 2 4 6 8 10 12 14'�(�)�*�+ , , -�.�+ , .�/1032 4�5�276 8�8�9

: ;< =
> =??
@A B
<C =D

MITTELWERTE

Exponentiell (MITTELWERTE)

5C HDW-gestrahlt schwach

/2@<@<E.RG8;:<1<=b/V, ¬ �<�2�iCACD57R&XYuAEG�i1�8<57C�=?57ST5o>D>D5719571�¥2@B57C§¦¨�iFDH9571<�<:<1<�$uD5�:<198nE.H<CD5¤/2:<uD�i�?�iCACD57R&XYuAEG�i19>AR&�Y1<=?5
< y � � �·=?5o>AuACsXYH<R.uD5m�25 K´57CD571<x]�i@B57C§¦¨�iFDH95V�?¢9Y



+]�-¬ ���������	� �*� � � ��
�� � � 
�� ����� ����
���� �	���+� � 
�����
��

� �76 � 9 �*8!��� �����������! �" � � � ������� > � �����!>�8!>�� � ���!8�	&�(� �����

� �����
� ������� & ��� � � $ ! & � ! & � ����& ��� &(� � � ! &("
"��9� ������� � � &(�
 

 

 

 

 

 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
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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
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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

0

2

4

6

8

10

12

14

16

18

0 5 10 15 20 25 30 35 40 45
��� 	 	 
 �
��������	 ��� ��������� ��� ������
��! " #

$ %&
'(%)
%
$ *+
, +
- . )
(%
/ 01 2
33
4

Höcker

Sägezah
n

Klammer

Höcker m. Plateau

Trapez

/2@<@<E.RG8;:<1<=¯/V, P-O �9��CA=?57@<1<EG>¯8<57C�ST�$8;E �9xoEG57CAuD571_/21eXYR��;>D5 1eXiFDH ? %�. #J1�% < °±57uACsXiFDH4uA:<1<=©8<57C�1957=4XYuAE.t?571
J4uD57E.=-:<1<=?571 @B57E¨57E.1957Cµln5o>D>D>DFDH<CAE.uAu 3657E.uD5Wt?�i1�� � �-PNS�S Y�K��<C±8<5 �91<EG57CAuD5���CD���9R.=?5o�iST5 �
uACAEG571



�*� � � ������� � 	 
 ��� ��� ��
��D� ��
 +]O?ª
 

 

 

 

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)
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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)

0

2

4

6

8

10

12

14

16

18

0 2 4 6 8 10 12 14 16 18 20 22 24
�
	 � � � 
���
������ 
�	 ��������� ��	 ����
����! " #

$ %&
'(%)
%
$ *+
, +
- . )
(%
/ 00
1

Nagelrechen
HDW-stark

HDW-schwach

Rüttelrau

Sandgestrahlt

4~}7} R�� 5��767I 498 / �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 �767IA57: Qd� J ��R�P�R �;:>6
a P : R I��767I;:>6 } : R : R 6D: Q�� : �=�=� �=� Q�R�P�P FG: R�P : �;JH6 � b �?L�Ldc ��� Q �;: Q=� �=� R :K57:>6D: e } : Q>f*g N
�=�D:>6 Q ��� R I2h;: R�P :>6 _

fcm j �U�lk m L�L 2 c

 

 

 

 

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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