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� []X9NO<`NG<OVWV]69V 57B H\57Ca<GB;[ 57VW8 N d X98g[W8gC d = 5�X�[WXeC;<OB;N d X9X9<GNGC;<OR�X9<GC}K d B;P d = 8 d VW[]R 8gCaBg6#Ca8 d Bfy#V 57C;<O8 C;A9<O[]Bd p�<GBa5�V]V y9B d yL<GBgCa[]<O8 8;NO5�VW<tKb[oCaA"CaA d 8;< d = CaA9<Y8 d VW[]R"�969VWP H 5ZCa<OBg[ 5�V s �T<OX9NG<�� CaA9<YNGB;< 5ZCa[ d X d = NG<OV z
VW6#V 5�B�H 5ZCa<OBg[ 5�V]8�Kb[oCaAj5
8 d VW[]R,y9Ak5�8g< d =�A9[W:�A ( 8gyL<GNO[��9N , 8gC;[ � X9<O8g8�5�X9R 8DCaB;<GX9:�C;A []8 d =�8;y <ONG[ 5�V
[WXeC;<OB;<G8gC s � d V][WR H�<GCQ57VW8 5�X9R � []X+y95�BgC;[WNO6#V 5�BG� 5�VW69H�[WX�69H y9B d p*[WR#<�C;A9<YB;< ��69[]B;<GR�y9B d yL<GBgC;[W<O8G� 57X9R
CaA#< R9<G8;[W:�X
5�X9R y9B d R969N>Ca[ d X d =fH\<>CQ5�V]VW[]N�= d 5�H�8 [W8�:e5�[WX#[WX9: H d H�<OXeCa69H s | X�5�R9R9[oCa[ d X+C d C;A9<O[]B
5�R#p75�XeCa5�:�< d 698FH�<ONQAk57X9[WNO5�V y9B d y <OBDCa[]<O8FH�<GCa5�VWV][WNF= d 5�H\8T8;A d K!: d*d R�C;A9<OBgH 5�V 8DCQ5��9[]VW[oC ����A9[W:�A �kBg<
B;<>CQ5�BgRk5�X9NG<�5�X9R1N d X98;[]R9<OB;5��9V]< y d Ca<GX�C;[ 5�V�= d BtBg<ON �2NGVW[]X9: s �&�+p75�B;[ d 698�y#B d R969NGC;[ d X�B d 6#C;<O8G��C;A9< �
N 57X � <�H\5�X�6#= 5�N>Ca69Bg<OR � d C;A [WX�8;[]H\y#VW<b8;Ak57yL<G8 VW[]P�<byk5�X#<OVW8G�#578 KM<OV]VL578M[]X\H d B;<bN d H\y#VW<>¡�8gAk5�y <O8G�
8;<G< ~ []:�69B;<�� s �!( B;[W:�A�C , s�r Kb[]X9:0C d CaA#<O[WBMH\<>CQ5�V]VW[]Nf�969VWPqy#Ak5�8;<7�#CaA#< �\5�B;<�N d H�yk57C;[W�9V]<fKb[]CaA H\<>CQ5�V
= 5�NG<�8;A9<G<GC;8O�*8gCa[]Ht69VW57Ca[]X9:TC;A9<fR9<G8;[W:�X d = [WXeCa<G:�Ba5�V*8gC;B;69N>Ca69Bg<O8 5�X9RqV d 8gC N d Bg<O8 = d B 5�R#p75�X9NG<ORYN 5�8DCa[]X9:
Ca<GNQA9X d V d :�[]<O8 s
� <>CQ5�V]VW[WN = d 5�H�8�5�B;<ty#B d R969NO<GR"� d CaA"[WX CaA9<�= d B;H d =�8;y d X9:"��� d y <OX z NO<GVWV = d 5�H�8O�L8;<O< ~ [W:�69Bg<\� s �2�
5�X9R []X\C;A9<F= d BgH d = NOV d 8;<OR z NO<GVWV�= d 5�H�8O�*N d H�yk5�Bg< ~ []:�69Bg<�� s � s � 8gyL<GNO[W5�VLNGV 5�8g8 d = NG<OVWV]69V 57B H�<GCa5�VW8
5�Bg<�H\<>CQ5�V A d X#< �*N d H��98O�#KbA#[WNQA N 57X �L<�6#8;<OR�5�8 N d Bg<�H 5ZCa<OBg[ 5�V]8�[WX A9[]:�A z yL<GBg= d BgH 5�X#NO<T8a5�X9R2Kb[WNQA
yk5�X#<OVW8 s
� A9<bH d R9<GVW[]X9:`5�X9RY8g[WHt69VW57Ca[ d X d = NG<OVWV]69V 57B H�<GCQ57VW8 []8�5 �9<OVWR d =LB;<G8;<O5�B;NQA�CaAk57C�A95�8UR9Ba5 KbX�N d X#8;[WR z
<OB;5��9V]<f[WXeCa<GB;<O8DC�= B d H'B;<O8g< 5�BgNQA9<OBg8O�2B;<O8g< 5�BgNQA :�B d 69y98�5�X#R\[]X9R9698DCaB ���e= B d H!= d 5�H�H\5�X�6#= 5�N>Ca69Bg<OBg8�C d
[WX#R9698gC;B;[W5�Vn<OX9R z 698g<OB;8 sb� K d H\5 � d BbR9[]B;<GNGCa[ d X98 d = Bg<O8g< 5�BgNQA"N 5�X �L<�R9[W8DCa[]X9:�69[]8;A9<GR��kCaA9< �gR9<G8;[W:�X+
d =�H�<GCa5�VWV][WN`= d 5�H�8 d X_CaA9< d X9<tAk5�X#R 5�X9RiC;A9<tR9<G8;[W:�X d =�N d H�y d X9<OXeC;8�H 57R9< d = NG<OVWV]69V 57BTH�<GCa5�VW8
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~ []:�69Bg<t� s �#� � [WNGB d 8gN d y#[WN NOB d 8;8 z 8g<ONGC;[ d X CaA#B d 69:�A 5"NGV d 8g<OR z NO<OV]Vf5�V]69H\[]X�69H = d 5�H
( []H 5�:�<�N d 6#BgCa<G8 � d = � <G69H\5�X � VW69H�[WX#[W69H%, s

d X CaA#< d CaA9<GBTA95�X9R s
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~ B d H CaA9<�y d [WXeC d = p*[]<GK d = CaA#<0H\5�X�6#= 5�N>Ca69Bg<OB;8G�kCaA9<�R9<O8g[W:�X d = H\<GNQAk5�X9[]N 5�V]V�� <)(�NO[W<GXeCFH�<GCa5�VWV][WN
= d 5�H�8 []8 CaA#<�yk5�B;5�H d 69XeCb5�8;y <ON>C d = = d 5�H H d R9<GVW[]X9:t5�X#R 8;[WH�69V 57C;[ d X ��C;A9<`5�[]H � <O[]X9:�C;A9<`R9<Gp�<OV zd y9H�<OXeC d = � d y#Ca[]Ht69H 
FNG<OVWV]69V 57B H�<GCa5�VW8 s � A9<fH d 8DCU[WH�y d BgCQ57X�C R9<G8;[W:�Xtp�57B;[ 57�9VW<G8 5�Bg<fy9B d R969N>Ca[ d X
Ca<GNQA9X d V d :�[]<O8b5�X9R�CaA#<�NQA d [WNG< d = C;A9< H\<>CQ5�V�N d X98DCa[]C;6#Ca[]X9:tCaA#<�8 d VW[]R y9Ak5�8g< d = C;A9<`= d 5�H s � <O8g[WR9<G8
CaA#< 57y9yk5�Bg<OXeC�H 5�8g8YR9<OX98g[]C � 57X9R C;A9<�y9B d yL<GBgCa[]<O8 d =TCaA#<�H�<GCa5�V �UC;A9<�H\<GNQAk5�X9[]N 5�V�� <OA95�p*[ d B d =
H�<GCQ57VWVW[]Nq= d 5�H�8�[W8�R9<GC;<OB;H�[WX#<OR1� ��C;A9< :�< d H\<>CaBg[WN 57V 5�BgBa5�X#:�<OH�<OXeC d =fp d [WR#8Y5�X9R18 d VW[WR B;<G:�[ d X#8
[WX"C;A9<YH 57C;<OBg[ 5�V � KbA9[WNQA Kb[WV]V � <YB;<G= <GB;Bg<OR C d 5�8`CaA9<�H\[]NOB d :�< d H\<>CaB � [WX"C;A9<q= d VWV d Kb[]X9: s � d X98;< z
��69<OXeC;V�����5tN d X98g[WR9<GBa5��9V]<�X�69Ht� <OB d = 8DCa69R#[W<O8fA95�8b5�[WH�<OR 57Cf<>¡2y9V d B;[]X9:�C;A9<`N d X#X9<ON>Ca[ d X98f�L<>C}K <G<OX
CaA#<�H�[WNGB d :�< d H�<GC;B �\5�X9R�CaA9< H�<ONQAk57X9[WNO5�V�y9B d yL<GBgC;[W<O8 d = NG<OVWV]69V 57B H\57Ca<GB;[ 57VW8�57X9R�C;A�698b�L<GV d X9:tC d
5qB;<G8;< 57B;NQA �9<OVWR�P�X d KbX_5�8bH�[WNGB d H�<ONQAk57X9[WNG8 d = H 57C;<OBg[ 5�V]8 s
� C C;A9< VW<OX#:�CaA08;N 57VW< d =9CaA#<Mp d [WR98G�7CaA#< R9<>= d B;H\57Ca[ d X d =kNG<OVWV]69V 57BnH 57C;<OBg[ 5�V]8�Ca<OX#R98 C d �L< R d H�[WX957Ca<GR
� ��V d N 5�VnH�<ONQAk57X9[W8gH\8 ( ~ []:�69Bg<�� s � ,�CaA957CFH�698gCF�L<05�NON d 69XeCa<GR_= d Bb[WXi5�X � H d R9<OV][WX9:Y< �Ld BDC s � < z
N 57698;<�R#<GCQ57[WVW<GR\R#<O8;NGB;[]y#Ca[ d X98 d =�CaA9<�H\[]NOB d :�< d H\<>CaB;[]<O8 d =nVW5�B;:�<�8DCaB;6#NGCa6#B;<O8 d BMN d H�y d X#<OXeCa8MH 5�R#<d =L= d 5�H 57B;<f= 5�B�[WXY<>¡2NG<O8;8 d = y#B;<O8g<OXeC�NO5�yk5��#[WVW[oCa[]<O8O�7CaA9<bH d 8gC�= B;6#[]C;= 6#Vk5�y9y9B d 5�NQA9<G8 = d B 8g[WHt6#V 57C;[WX9:
CaA#<\CaA#<OB;H d H�<ONQAk57X9[WNO5�V��L<GAk5 p2[ d B d =fH�<GCQ57VWVW[]Nt= d 5�H�80A95�p�< 5�[]H\<GR�57C08gC;69R.�*[WX#:_B;<Gy9B;<G8;<OXeCa57Ca[op�<
B;<G:�[ d X98 d = 5�y9y9B d y9Bg[ 57C;<�H d R9<GV H\57Ca<GB;[W5�VW8 s�� d 8gC N d H\H d X9V���� 5�NGC;6k5�V = d 57H\8`57B;<Y5�y9y#B d ¡2[WH\57Ca<GR
� ��yL<GB;[ d R9[]N`H\[]NOB d :�< d H�<GC;B;[]<O8 C;Ak57CTN 5�X �L<�R9<G8;NOBg[W� <ORip*[W5�69X#[]CTNO<GVWVW8b8g69� �g<ON>Ca<GR_C d 5�y9y9B d y9B;[W57Ca<
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~ []:�69Bg<t� s �9� c <G= d BgH 5ZCa[ d X 8g< ��69<GX9NO< d =&5 KbB d 69:�AeC 57VWV d � 57VW69H�[WX�69H = d 5�H
(����������	��

��������� ,�8gA d Kb[WX9:_y d 8DC z �#69NQP�VW[WX#:_N d V]V 5�y#8;< d =T5iNO<GVWV�K�57VWVd B;[]<OXeCa<GR []X\R9<>= d B;H\57C;[ d XqR9[]B;<GNGCa[ d X���[WH\5�:�<G8�N d 69BDCa<G8 � d = | X#8gCa[oCa6#C;< d =� 57C;<OB;[W5�VW8 � NG[W<GX9NO<05�X9R � <G8gCa[]X9:9�-��[]<OX9X95 u X9[]p�<OB;8g[]C � d = � <GNQA9X d V d :��
� �2��� s

� d 69X9Rk57B �`N d X9R9[oCa[ d X98 s � VoCa<GB;Xk57C;[]p�<OV����Z5T:�< d H�<GCaBg[WNO5�VWV���R#<GCQ57[WVW<GR`H\[]NOB d B;<G:�[ d XFH 5 �`� <�<OHt� <OR9R#<OR
[WX 5YV 5�Bg:�<OBfBg<O:�[ d X = d BfKbA9[WNQAi5�Ht6#NQAi8;[]H\y#VW<OB R9<O8gNOB;[]y#Ca[ d X�[W8b<OH�y9V d ��<OR���VW<O5�R9[]X9:qC d <OHt� <OR9R#<OR
NO<GVWV9H d R9<OV]8 s � R9[W8gNO698g8;[ d X d = 8g69NQA\H�[WNGB d H�<ONQA95�X9[WNO5�V25�y9y9B d 5�NQA9<G8�Kb[]VWV2�L<fy9Bg<O8g<OXeCa<GR [WX � A95�y#Ca<GB
� s
� []NOB d :�< d H�<GC;B;[]N 5�VbH d R9<GVW8�N d p�<GB;[]X9: 5 Kb[WR#<_Ba5�X#:�< d = N d H�y9VW<@¡#[oC � N 5�X � <_8gC;69R9[]<OR.Kb[oCaA,CaA#<
5�� d p�< H�<GC;A d R98�C d :�[op�<\y9B;<GR9[WN>Ca[ d X98�= d B C;A9< d p�<OBa57VWV H\<GNQAk5�X9[]N 5�V�� <OAk5 p*[ d B d =fH�<GCa5�VWV][WN�= d 5�H\8
5�X9R.VW[WX#P
[]C�C d 8;y <ONO[��kNiV d NO5�VfR9<>= d B;H\57Ca[ d X y9B d NO<G8;8;<G8 s�| X 5�R9R9[oCa[ d X�� H�[WNGB d 8gN 5�V]<�:�< d H�<GC;B;[]N 5�V
[WH�y <OBg= <GNGC;[ d X98 8;6#NQAi5�8 NO69BDp�<OR�NG<OVWV K�57VWVW8MN 5�X � <�[]X�C;B d R969NG<OR [WX 5tN d XeCaB d VWV]<OR�K�5 � 57X9R�5�8;8g<O8g8;<OR
= d B�CaA9<G[WB [WX.�969<OX9NG< d X C;A9<FH\5�NGB d H�<ONQAk57X9[WNO5�VkH 5ZCa<OBg[ 5�VkBg<O8gy d X#8;<��#H 5�P�[]X9:0[oC y d 8g8;[W�#VW<bC d []8 d VW57Ca<
CaA#<�[]X.�k69<GX9NO< d = [WX9R9[op*[WR96k57V yk5�B;5�H�<GCa<GB;8 sM| CTAk5�8b� <O<GX = d 69X#R R9[ (�NO69VoC �9A d KM<Gp�<OBO� C d H\5�P�<`= 69V]V��
��6k5�XeCa[oCQ57C;[]p�<+y#B;<OR#[WNGC;[ d X#8 d X C;A9< �95�8;[]8 d =tH�[WNOB d H�<ONQAk5�X#[WN 57VF8;[]Ht69VW57Ca[ d X98O�bCaA#< H\5�[WX Bg< 5�8 d X
� <O[WX#:�CaA9<iA9[W:�A.:�< d H�<GC;B;[]N 5�VbN d H\y9V]<>¡2[]C � d =�57NGCa695�V�= d 57H\8\5�X9R,C;A9<_R9<O5�BgC;A d = B;<GVW[ 57�9VW<�Rk57Ca5d X CaA#<+[]X z 8g[]C;6 H 57C;<OBg[ 5�VT�L<GAk5 p*[ d B d = CaA#<+H�<GCa5�VWV][WN�y9Ak5�8g< s � <>p�<GBgCaA#<OVW<G8;8G��H�[WNGB d H�<ONQA95�X9[WNO5�V
5�y9y#B d 5�NQA#<O8 A95�p�<�y#B d p*[WR9<GR [WH�y d BgCa5�XeCU[WX98DCaBg69H\<GXeCa8�= d B�:e5�[WX#[WX9: 5 �L<>C;C;<OB 69X9R9<GB;8gCa5�X9R9[]X9: d = CaA#<
CaA#<OB;H d H�<ONQAk57X9[WNO5�V�� <OAk5 p*[ d B d = H�<GCa5�VWV][WN�= d 5�H\8G�#8g<O< � Ak5�y#C;<OBF� s
| =nCaA#<�H\<O5�X NG<OVWV 8;[]EO< d BMCaA#<�< � <ON>Ca[]p�<�H\5�8;8�R#<OX98g[]C � d =nCaA9<�= d 5�H <>¡2A9[]�9[]C;8 8;y957Ca[W5�V p75�Bg[ 57C;[ d X#8 d B
:�B;5�R9[W<GXeCa8 d p�<OB�5F8;5�H\y#VW< d B N d H\y d X9<GX�CO�e5�R9R#[]Ca[ d Xk5�V�[]X#= d B;H\57C;[ d X N 57Xq�L< d �#CQ57[WX9<GRt� �t<>¡2y9V][WNG[]CaV��
N d X98;[]R9<OBg[WX9:qV]<OX9:�C;A�8;N 57VW<O8�C;Ak57CbV][W<F� <GC}KM<O<GX C;A9<`H\[]NOB d z 5�X#R�H\5�NGB d 8gN 5�V]<O8 s � 69NQA H�<O8 d H�<ONQAk5�X z
[WNO5�V�8DCa69R9[]<O8T5�Bg<�R#<O8;NGB;[]�L<GR []X � A95�y#Ca<GBT� s
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c <O8g[W:�X#<OB;8 d = N d H�y d X9<OXeC;8�H 57R9< d = H�<GCa5�VWV][WNf= d 5�H�8 ( ~ [W:�6#B;<�� s ���#B;[]:�AeC , 5�B;<�[]XeCa<OBg<O8DCa<OR []X < 578 � z
C d z 698g<0H�<GC;A d R#8b= d BTR#<O8;NGB;[]�9[WX9:YCaA#<0N d X98gC;[]C;6#Ca[op�<��L<GAk5 p2[ d B d = C;A9<O8g<�H\57Ca<GB;[W5�VW8G�#= d Bb<>¡#5�H�y9VW< []X
CaA#<�= d BgH d = N d X98DCa[]C;6#Ca[op�<�H 5ZCa<OBg[ 5�V V 5 Kb8f= d B�6#8;< Kb[]CaA :�<OX#<OBa57V y#69B;y d 8;< ~ []X9[]C;< S�V]<OH�<OXeC�N d R9<O8 s~ d B 8g69NQAYy969Bgy d 8g<O8 [oC []8 X9<G[]CaA#<OB y d 8g8;[W�#VW< X d B R9<G8;[WB;5��9V]<MC d 5�NON d 69XeC = d B R9<GCa5�[WV]8 d =kC;A9< = d 57H\8��7H�[ z
NOB d :�< d H\<>CaB ��57C <Gp�<GB ��y d 8;[oCa[ d X�[]X�C;A9< N d H�y d X9<OXeC s | X98gC;< 5�R ��CaA9< H\57Ca<GB;[ 57V��L<GAk5 p*[ d B d =2CaA9<�= d 5�H
[W8bR9<G8;NGB;[W� <OR�[WX�Ca<GB;H�8 d = 5 ( �9NGCa[oCa[ d 698 , < ��69[]p75�V]<OXeCTA d H d :�<OX#< d 698bH\57Ca<GB;[W5�V s�� 69NQA_H\5�NOB d 8;N d y9[WN
N d X98gC;[]Ca62Ca[]p�<tH d R9<GVW8�H 5 � �L<tR#<OB;[op�<GR = B d HJH\[]NOB d H\<GNQAk5�X9[]N 5�V 8DCa69R9[]<O8`� �_A d H d :�<OX9[]E 57C;[ d X � d B
CaA#< �
H\5 � Ca5�P�<\CaA9< = d BgH d =Ty9A9<OX d H\<GX d V d :�[WNO5�V�H 57NOB d 8;N d y9[WN\R9<O8gNOB;[]y#Ca[ d X98�C;Ak57Cq<GH\y#V d �+H 5 z
Ca<GB;[W5�VMy95�Ba5�H�<GC;<OBg8�KbA9[WNQA1A95�p�< C d � < d �2CQ5�[]X9<OR
= B d H <>¡2yL<GB;[]H\<GX�C;8 s � <GN 5�698g< H\<>CQ5�V]VW[]NY= d 5�H\8
C �*y9[WNO5�VWV��_8gA d K 5�V][WH�[]Ca<GR"<OVW5�8gC;[WNYBa5�X#:�<�� 8;69NQA�N d X98DCa[oCa6#C;[]p�<�H d R9<GVW8`Ak5 p�<\C d � <\X d X9VW[]X9< 5�B�= d B
:�<GX9<OB;5�V 5�y9y9V][WNO57Ca[ d X s
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KbA9[]NQA NO5�X � < d �#Ca5�[WX9<GR�� � A d H d :�<OX#[WE 5ZCa[ d X s

� ��� � 
���' ' �
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� A9[]8 8g<ON>Ca[ d X0Bg<Oy9Bg<O8;<GXeCa8 57X�57CgCa<GH\y#C 5ZC 8 �*8gC;<OH\57Ca[]N 5�V]V���NGV 5�8g8;[o= �2[]X9:�CaA#< H d 8DC [WH�y d BDCQ5�XeC�C �*y <O8 d =
NO<GVWV]69V 5�B H\[]NOB d :�< d H�<GC;B;[]<O8 CaA957C Ak5 p�<F� <O<GX d B�H\5 �t�L<T698;<GR = d B�69X9[oC NO<OV]VW8 d B�[WXYCaA#<�N d B;<TB;<G:�[ d X#8d =`<GHt� <OR9R9<GR NO<GVWVTH d R9<OV]8 sj� A9<_H\5�[]X NGV 5�8g8;[��9N 57C;[ d X NOBg[]Ca<GB;[W5�5�Bg<�C;A9<_R9[]H\<GX98;[ d Xk5�V][]C � (lC}K d z
R9[]H\<GX98;[ d Xk5�V�p�<GB;8;6#8YC;A9B;<G< z R9[WH�<OX98g[ d X95�V , 5�X9R
C;A9< H\[]NOB d 8;NO5�VW<\H d Bgy9A d V d :�� ( B;<O:�69V 5�B0yL<GB;[ d R9[]N��
y <OBgC;69B;� <OR�y <OB;[ d R#[WN���Ba5�X9R d H 5�X9R �gBg< 5�V98DCaBg69NGC;69B;<�
t5�BgBa5�X9:�<OH�<OXeCa8 , d =LC;A9<b:�< d H�<GC;B;[]N 5�V2H d R9<OV]8 s
� K d z R9[]H\<GX98;[ d Xk5�VUR#[W8;NGB;<>Ca< H�[WNGB d :�< d H�<GC;B �_H d R9<OV]8057B;<YR9[WBg<ON>CaV��+57y9y9VW[]N 5��#VW<t= d B [WXep�<O8gC;[W:e5ZCa[WX#:
CaA#< H�<ONQAk5�X#[WN 57VM� <OAk5 p*[ d B d =bA d X9< �*N d Ht�98 s c 69<\C d CaA#<O[WB0B;<GV 57C;[]p�<�8;[]H\y#VW[WNG[]C �_C;A9< � Ak5 p�< 5�VW8 d
� <O<OX\698;<GR 5�8�C d*d VW8 = d B 8DCa69R �2[]X9:�H�<GCa5�VWV][WN = d 5�H�8 []X 5 ��6k5�V][]CQ5ZCa[]p�<�K�5 � ( []XqCaA9<b= d VWV d Kb[WX9:`y9VW5�Xk5�B
H d R9<GVW8 5�B;<f:�<GX9<OB;5�VWV���B;<G= <GB;Bg<ORYC d 5�8 �DA d X9< �2N d Ht�98 
 , sU� A#< �g�k5�8g<OVW[]X9< 
`Bg<O:�6#V 5�B H d Bgy9A d V d :��05�Bg<
y <OB;[ d R#[WN�A9<>¡#5�: d Xk5�V A d X9< �*N d Ht�98G��KbA9[WNQA 8;A d K'[WX z y9VW5�X9<�<OV 578gCa[]N�[]8 d C;B d y �i5�X9R��L[WXiC;A9<qN d XeC;<>¡*Cd =�C}K d z R9[WH�<OX98g[ d X95�VfVW[ �*6#[WR = d 5�H�8O� H\5 � �L<�p*[W<GKM<OR,5�8 8g69Bg= 5�NG<O8 d =`H\[]X9[WH\5�VM8;69BD= 5�NO< <OX9<GB;:�� s
� <GN 5�698g<�A9<@¡#5�: d Xk57V�A d X9< �*N d Ht�98�( 5�V]�L<G[]C d =�B;<OR#69NO<GR(8 �*H�H\<>CaB �.,�5�B;< 5�y9y#VW[W<GRjB d 6#C;[WX9<GV��j578
8a57X9R#Kb[WNQA�N d B;<O8G�kNO<GVWVW6#V 5�BMH\<>CQ5�V]8 d = CaA9[]8�C �*yL< Ak5 p�< � <O<GX NGV d 8g<OV��\8gC;69R9[]<OR�� d C;A <>¡2y <OB;[]H\<GXeCQ5�V]V��
5�X9R
5�Xk5�V��*C;[WNO5�VWV���� N d H�yk5�Bg< � ��� � si� V]C;<OB;X957Ca[op�< Bg<O:�6#V 5�B�H\[]NOB d :�< d H\<>CaB;[]<O8`= d B C}K d z R9[]H\<GX98;[ d Xk5�V
NO<GVWV]69V 5�BMH 5ZCa<OBg[ 5�V]8 KM<OB;<05�V]8 d R9[]8;NO6#8;8;<GR_[WX C;A9< VW[oCa<OB;57Ca6#B;< � � � �k�e� � s
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~ []:�69Bg< � s �2� � NQA9<GH 57C;[WN�B;<Gy9B;<G8;<GX�Ca57Ca[ d X d =�5 A d X9< �*N d Ht� N d XeCa5�[WX9[]X9: [WH�yL<GBg= <GN z
Ca[ d X98�[]XiCaA9<0= d B;H d =M5 V 5�Bg:�<�A d VW<7��NO<GVWV]8 �kV]VW<OR Kb[]CaA"H\57C;<OB;[W5�V �k= B;5�N z
Ca69Bg<OR0NO<OV]V�K 5�VWV]8 57X9R0:�< d H�<GC;B;[WNO5�V�y <OBDCa69Bg�k57C;[ d X98&(l= B d H�VW<G=lC C d Bg[W:�AeC , s

| X N d XeC;Ba5�8DC C d CaA9<�B;<G:�69VW5�B�H�[WNOB d :�< d H\<>CaB � d =#[]R9< 5�V][WEG<OR`H d R9<GVW8G��B;< 57V�NO<GVWVW6#V 5�BLH\<>CQ5�V]8n5�B;<U8g69� �g<GNGC
C d H d Bgy9A d V d :�[WNO5�VbR9<G= <GNGC;8�C;Ak57C C;<OX9R C d VW< 57R,C d 8 d =lCa<OB�57X9R,K <O5�P�<GB H�<ONQA95�X9[WNO5�VFBg<O8gy d X#8;<O8 sw <GB;[ d R9[]NfC}K d z R9[WH�<OX#8;[ d Xk5�V9H d R#<OVW8UA95�p�<F� <O<GX 5�X�[WH�y d BgCQ57X�C�H�< 57X98U= d B�8gCa6#R.�*[WX9:�CaA9<T[WX.�969<OX9NG<d = [WH�yL<GBg= <ON>Ca[ d X98�8;69NQA 5�8MNG69Bgp�<OR d B N d B;B;6#:e57Ca<GR NG<OVWVkK 5�VWV]8 � ���	�9��� �L� �e� � �*y <OBDCa69Bg�L<GR NO<GVWV�8;A95�yL<G8
� ��� � � 5�X9R�X d X z 69X9[]= d B;H H\57Ca<GB;[ 57VUR9[W8DCaB;[]�96#C;[ d X � <GC}KM<O<OX NG<OVWV�K 5�VWV]8057X9R
NO<GVWV�p�<GBgCa[]NO<G8�( w V 5ZCa< 576
� d B;R9<GB;8 , � ����� �n578f8;P�<>CaNQA9<GRi[]X ~ [W:�69B;< � s � s hj[]CaA#[WX 8g69NQA A d X9< �*N d Ht��H d R9<GVW8 V d NO5�V R9<G= <GNGCa8bNO5�X
� <0[]X�C;B d R969NG<ORi[]XeC d NO<OV]V�K�57VWVW8 � ��� � �����5�e� � ��[WX#R9[]p*[WR#6k5�V�NG<OVWVnK 5�VWV]8fN 5�X �L<�<OV][WH�[WXk5ZCa<OR � ����� ���7� � �
p�<GBgC;[WNO<G8b5�X9R C;A9<`5�R � d [WX9[]X9:�NO<OV]V K 5�V]VW8 NO5�X � <FB;<GH d p�<OR C d V]< 5 p�<FV 5�Bg:�<Tp d [WR#8�[WX�CaA9<�A d X9< �*N d Ht�
8gC;B;69N>Ca69Bg< � �����9��� � �#5�X9R NG<OV]VW8 d B :�B d 69y98 d = NO<GVWVW8 N 57X �L< �kVWV]<OR\Kb[oCaA 8 d VW[]R H\57Ca<GB;[W5�V9C d 578;8;<G8;8fCaA#<
[WX �k69<OX#NO< d = X d Rk57V�[WX9NGVW698g[ d X#8 � ��� � �kN d H�yk5�B;< ~ [W:�69Bg< � s � s
| X 5�R9R9[oCa[ d X��fy <OB;[ d R#[WN_57B;Ba57X9:�<OH�<OXeC;8 d =�V 5�Bg:�<"5�X9R 8gH 57VWVTNO<OV]VW8 � ��� ��H 5 � �L<"698g<OR C d 8DCa69R.�
[WX �k69<OX#NO<O8 d = B;<GV 57C;[]p�<`NG<OV]V�8;[]EO<O8 s
� 5�X9R d H A d X9< �2N d Ht��5�B;B;5�X9:�<GH\<GX�C;80NO5�X+�L<�:�<OX#<OBa5ZCa<OR d X CaA9<Y�k5�8g[W8 d = � d B d X d [ Ca<G8;8;<GV 57C;[ d X#8
� ��� � �e���n� ��� � ���e� � �9KbA#[WNQAiH\5 � � <�[]XeCa<OBgy9B;<>Ca<GRi[WX C;<OB;H�8 d = :�< d H�<GC;B;[W<G8�CaAk5ZC�<GH\<GB;:�<`KbA9<GXiCaA#<
= B d X�C;8 d =L�969�9�9V]<O8�:�B d Kb[]X9:�Kb[]C;AqCaA9<f8;5�H\<fV][WX9<O5�B B;57Ca<�= B d H�B;5�X9R d H�V��0R9[]8gCaBg[W�962Ca<ORqX�69NGVW<G[kH\<G<GC s� R9[ � <GB;<OXeC�C �*y < d = Ba5�X9R d H H�[WNGB d :�< d H�<GC;B �\5�B;<�� d A9X98 d X�� � <GA9VnNO<GVWVW8 � ���	� �95�Ca<O8g8;<GVWV 5ZCa[ d X CaAk5ZC
N d B;B;<G8;y d X9R98qC d N 5�8g<O8tKbA9<GB;<�X9<GK NO<GVWVMX*6#NOVW<G[f5�Bg< 5�R9R9<GR1KbA9[WV]< d CaA#<OB;8t5�B;< []X�CaA9< y#B d NO<O8g8 d =
:�B d Kb[]X9: s
~ []Xk5�VWV����`C}K d z R9[]H\<GX98;[ d Xk5�V�H�[WNOB d :�< d H\<>CaBg[W<O8 H 5 ���L<1�95�8;<GR d X!H�[WNGB d :�Ba5�y9A#[WN 57V�8g<ON>Ca[ d X98 d =
H�<GCQ57VWVW[]N�= d 5�H\8 � ��� � s�� 6#NQA �gBg< 5�V 8DCaBg69NGC;69B;<�
 69X#[]C NO<GVWV]8�C �2y#[WN 57VWV�� B;< ��69[WBg<q8 d H�<qH 57X9[Wy96#V 57C;[ d X
[WX C;A9< � d 6#X9Rk5�B � B;<G:�[ d X#8f[WX d B;R#<OB�C d 5�NQA9[]<Gp�<�y <OBg[ d R9[WNG[]C � s
w V 5�X95�B`H d R9<GVW8 d �ep*[ d 698gV��"NO5�X�<GHt69VW57Ca<tC;A9<\� <OA95�p*[ d B d = C;A9B;<G< z R#[WH�<OX98g[ d Xk57V H\[]NOB d :�< d H\<>CaB;[]<O8d X9V�� C d 5YVW[]H\[oCa<OR <>¡*Ca<GX�C�( X d Ca<7�9= d Bb<>¡#5�H�y9VW<7�9CaAk57Cb[]X CaA9< C}K d z R9[]H\<GX98;[ d Xk5�V�NO5�8;<`C;A9<OBg<�5�Bg< X d
< ��69[op75�VW<GX�C;8 d = d yL<GX+NG<OV]V�5�X9R NOV d 8;<GR NG<OVWV C d y d V d :�[W<G8 , s0� NGN d BgR9[WX9:�V�����C;A9<OBg<\A95�8`�L<G<OX :�B d Kb[WX#:
B;<G8;<O5�B;NQA [WXeC;<OB;<G8gC�[WX�C;A9B;<G< z R#[WH�<OX98g[ d Xk57VUH d R9<OV]8 d =bNO<OV]VW69VW5�B H 5ZCa<OBg[ 5�V]8 R9<O8gy9[]C;<\CaA#<O[WB0A9[W:�A�R9< z
H\5�X9R98 d XiN d H\y#6#CQ57C;[ d X95�V B;<O8 d 69BgNO<O8 s�| XiC;A9<�NO5�8;< d = d y <OX_NG<OVWV = d 5�H�8O� � < 5�H�CaA#< d B � d BF� < 5�H
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~ []:�69Bg< � s �#� � <G:�69VW5�B�Ca<>CaBa57P757[WR9<GN 5�A9<GR9Ba57V�H d R9<GV = d Bb5YNOV d 8;<OR�NG<OVWV�= d 5�H � ���	� s

~ []X9[]C;<qSUVW<OH�<OXeC;80y9B d p2[]R9<YN d H�yk5�B;57Ca[op�<GV��_[]X9<>¡2y <OX98g[]p�< 8 d VW6#C;[ d X98�= d B�R#<O8;NGB;[]�9[WX9: C;A9<\H�<ONQA95�X9[ z
N 57V � <OAk5 p*[ d B d = C;A9<t8 d VW[]R 8gP�<OV]<GC d X s � []NOB d H\<GNQAk5�X9[]N 5�V 8DCa69R9[]<O8 d =�NOV d 8;<GR_NO<GVWV = d 5�H�8O��A d K <>p�<GBO�
B;< ��69[WBg< 5�X�5�y9y9B d y9Bg[ 57C;<�H d R9<GVW[WX#: d = C;A9<`NO<GVWVL= 57NO<O8T5�X#R��#N d X98;< ��69<OXeCaV�����8;A#<OVWVLCaA9< d B;[]<O8�Ht6#8gCb� <
[WXep d P�<GR d B 8gA9<OV]VL<GVW<OH�<OXeC;8�Ht698DC�� <F698g<OR��#KbA#[WNQA []X9NOBg< 5�8g<O8 C;A9<�N d H\y9V]<>¡2[]C � d =nCaA9<�8;[WH�69V 57C;[ d X#8 s
w <GBg= <GNGCaV�� Bg<O:�69VW5�BMC;A9B;<G< z R9[WH�<OX98g[ d X95�VLy <OBg[ d R9[WN�H\[]NOB d :�< d H\<>CaB;[]<O8 N 5�X � <`:�<GX9<OB;57Ca<GR�= B d H 8;yk5�NG<
�kV]VW[WX#: Bg<O:�69VW5�B y d V��2A#<OR9B;5#��V]< 5�R#[WX9:+C d H d R9<GVW8��k5�8g<OR d X NO6#�L<G8O�FBgA d Ht�#[WNiR d R9<GN 5�A#<OR9B;5 57X9R
B;<G:�69VW5�B0C;<GCaB;5�PZ5�[WR#<ON 57A9<OR9B;5#(+*`<GV]p*[WX
8DCaBg69NGC;69B;<G8 , s+� d X9< d =fC;A9<O8g<�5�B;B;5�X9:�<GH\<GXeCa8�[]8�<GV 5�8DCa[WNO5�VWV��
[W8 d CaB d y9[]N�� �962CtCa<>CaBa57P757[WR9<GN 5�A9<GR9Ba57VM:�< d H�<GCaBg[W<G8tAk5 p�< C;A9< 5�R#p75�XeCa5�:�< d =b:�[]p*[WX9:�= 5�NO< 5�X9R1<OR#:�<
N d 69XeCa8�yL<GB�NG<OV]V�CaAk57C�57B;<�8;[]H\[]V 5�B C d CaA9<�5 p�<GBa5�:�<�p75�V]69<O8q= d 69X#R []X 5�NGC;6k5�Vfy d V��*A9<GR9Ba5�V�= d 5�H\8
� ����� � s � NON d B;R9[]X9:�V�����Ca<>CaBa57P757[WR9<GN 5�A9<GR9Ba57V9H\[]NOB d :�< d H\<>CaB;[]<O8 Ak5 p�<T�L<G<OXYKb[WR9<GV��t6#8;<ORY= d BU8DCa69R.�*[]X9:d y <OX NO<OV]V � � ������� ��57X9R.NGV d 8g<OR.NG<OV]V � ��� �F�2� ��= d 57H\8G� N d H\yk57B;< ~ [W:�6#B;< � s � s � d H�<GKbAk5ZC H d B;<
N d H\y9V]<>¡_H\[]NOB d :�< d H�<GC;B;[]<O8FKM<OBg< 5�V]8 d y9B d y d 8;<OR [WX"CaA#<Y= d B;H d = B;<G:�69V 57B 5�B;B;5�X9:�<GH\<GX�C;8 d =MC}K d
y d y969VW57Ca[ d X98 d = y d V��*A9<GR9Ba5�VLp d []R98 d = R#[ � <OB;<GXeC�8g[WEG< � ��� � s
� d 8DC0C;A9B;<G< z R9[WH�<OX98g[ d X95�V 8gC;69R9[]<O8 d = C;A9<\< � <GNGC;8 d = [WH�yL<GBg= <GNGC�yL<GB;[ d R9[]NtNO<GVWV]69V 5�B 57B;Ba57X9:�<OH�<OXeC;8
Ak5 p�< �L<G<OX �k5�8;<GR d X NOV d 8;<GR.NG<OVWV�C;<GC;Ba5�PZ5�[]R9<ONO5�A9<OR#Ba5�VfH�[WNGB d :�< d H�<GCaBg[W<G8t8;69� �g<ONGC;<OR,C d p75�Bg[ d 698
P�[WX9R#8 d =�yL<GBgCa6#B;�k57C;[ d X#8 sUu X9[]C NO<GVWV�H d R9<GVW8 d =Lp�57B �*[WX9:0VW<>p�<OV]8 d =�N d H\y9V]<>¡2[]C �qKM<OBg<F698g<OR C d 8DCa69R.�
CaA#< < � <ON>Ca8 d = w V 57C;< 5�60� d B;R9<GB;8 � ����� � � d =kNG69Bgp�<OR d B N d BgB;69:�57Ca<GRtNO<GVWVeK�57VWVW8 � ��� �9� �e� � � d =9yL<GBgCa6#B;� <OR
NO<GVWV�8gAk5�y <O8 � �7� �9��� � ��5�X9R d = NO<GVWV�K 5�VWV]8�CaAk5ZCbAk5 p�<�Ba5�X9R d H\V�� 578;8;[]:�X9<GR�C;A9[WNQP�X9<G8;8;<G8 � �9��� s
| X�5�Xk5�V d :�� C d C}K d z R9[WH�<OX98g[ d X95�V2H d R9<OV]8O�"� d B d X d [#R9[W5�:�Ba57H\8 H 5 �0�L<�6#8;<ORYC d :�<OX9<GBa57C;<f[WB;Bg<O:�6#V 5�B
CaA#B;<O< z R9[]H\<GX98;[ d Xk5�VeH�[WNGB d :�< d H�<GC;B;[W<G8 = d B d y <OX�NG<OV]V � ����� �9���2� �25�X9R�NGV d 8g<ORtNG<OV]V�= d 5�H�8 � ��������� ��� �	� s
� <GN 5�698g<0C;A9< ��C �*y9[WNO5�VWV�� B;< ��69[WBg<0VW5�B;:�< X�69Ht� <OBg8 d =U8;A9<GVWV <OV]<OH�<OXeCa8G��[WXep�<G8gCa[]:e57C;[ d X98 d = CaA9[]8bC �*y <
Ca<GX9R�C d �L< N d H\y#6#CQ57C;[ d X95�VWV��\<@¡2yL<GX98;[op�< s
� A9Bg<O< z R9[WH�<OX#8;[ d Xk5�V#Bg< 5�V#8gCaBg69NGC;69B;<fH d R9<OV]8 d = NO<GVWVW6#V 5�B H 5ZCa<OBg[ 5�V]8 NO5�Xq�L<f:�<OX9<GBa57C;<OR d XtCaA9<f�95�8;[]8d =LH\[]NOB d C d H d :�B;5�y9A9[]N 5�V�Rk5ZCQ5#�e<O5�NQA�p d ¡#<GV��L<G[WX9:`C �*y9[WNO5�VWV���H\5�y9y <ORqC d 5 ~ []X9[]C;<fSUVW<GH\<GX�C s � Xk5�V z
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GEOMETRY

Irregular

Non−Uniform Wall Thickness

Cell Wall Wiggles

Curved Cell Walls

None

2D Honeycombs

2D Generic Structures

2D Real Micro−Structure

3D Tetrakaidecahedra

CELL WALL IMPERFECTIONS

MODEL TOPOLOGY

Regular

~ []:�69B;<�� s �9� � VW5�8;8g[��kNO57Ca[ d X d = H\[]NOB d z H�<ONQAk57X9[WNO5�V 8g[WHt69VW57Ca[ d X H d R9<OV]8 s

�*8;<G8 d =nCaA9[]8�P�[WX9R KM<OBg<`y9[ d X#<O<OBg<OR � � :�B d 69y#8f8gCa6#R.�*[WX9:tC;A9<�H�<ONQAk5�X#[WN 57V � <OAk5 p*[ d B d = N 5�X#NO<OV]V d 6#8
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conditions
boundary 

P ...Periodic

Sinusoidal 
Wiggles

Curved Cell Walls

t  /2p

pt
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 �����Q=�/u+ZY./0+�-d+�����-@/0��1 3��)��� � t 3�7+v�!�2�;+�<. ��' t����-�TL����)3��+S-  3��)��� � ��� P/@�k�����2�'��-0- V�+�-0- F�+���1 � = 
 �����2�!��/@�7Od�.�' � t��#"�!���2���'-0-V�+�-0-G1����')��'+� ��� IVb/@���J/0�.�')��'+� �/@��A � 	 �&�'������F ���������'):#f�'���B�����.��Td�'���P=R�l+� r�!������/0A��.�' 3�B=�/0+vY
/u+�-Td/0��-01c 3��)��'�.A��!�M+S�b-0�'+� 3�&+S�'�'��)�1�/@��AH�!�C-0/0�.�;+�)]��-u+� :�!/@� =?�'+�� �����'��):T 	�Q���G��)3�'1�/@���!��1tTd/@�'-01r 3<�)3#5+����' ,��=.�!+�/0�.�'1r=�T �!���G�(%�+S-0<l+S��/0���z�S#d����� s /0�./@�!� �G-@�'�C�'���o+��l+S-@Td ��� �+SA�)����%���)3T2V*�'-0-lVb/��!�������&��+S�����'��+S��/0�;+S-.)��� �<�-��! G#f��)"/0���!��)��C�'1�/0+S�!�b+��.1���/@A��C%��'):�!�(YC%���-0<��C�b#f)!+��(�!/0���� 	s ��)B�����N��������Td�'���I= e �'-@�� ��� 3� f`�!�������N���')3#f�����H�����.�lA�<�)!+S��/0���$F �!�l+v�I/0 �F #f��)B-0��V � %�+S-0<��� 'F �!�.�Td/0��-01a �<.)3#5+����t�.)��'1./0�����'1\=�TN�!��� s /0��/��!�z�w-0���������b���(�!���d1a/0 Q�I<.�7�M 3��+�-@-0��)*�!��+��a�!���z)3�' ����'�(�!/�%��+��l+S-@TE�!/@�;+�-������ 	 �Q���&)��'+� �����#f��)G�!��/@ G1�/0 3�')����l+����(TC/0 w�!���>+�=�/@-0/��WTI��#?�!��� s /0�./@�!�b�w-@�'�C�'�����C�������d1�!��)��� ���-�%��t-0�d�;+�-� :�!)��� �  ���������'���!)�+S�!/@���� 	bs /0A�<�)3� �
	 � �  3����Vb z+C1.���7+S/0-,��# �����B%��'):�!�(Y�+�)3�;+C��# �!�.������.��Td�'���P=mVb/@���^+c�'��������<�)t��-0���r�S#��!�.�C%���� �M/@ ��' t�'DE<�/�%S+�-0���E�t :�!)��� � 	\K -0���.Ac�����C �<�):#5+��'�C��#�!�.�N�'��-0-GV]+�-@-�F ������%����D�M/0 3�' I��DE<�/@%S+�-@�'���I :�!)��� � H/@���')3�;+� 3�' 2+�-@���� :�P-@/0���'+�)�-�Tk+� I��Y
�?�����!��1R#f)�����!�.�t�.)��'1./0����/0���. &�S# =��;+��������'��)3T 	"_ �c�!���r ���+�-@-$�!)�+��� �/��!/@���c+�)��'+C=����WV*�'�����!�.�t���'-@-��'1�A��� 'F� 3��)��� � �'�����'���E��)!+S��/0���R� �$������ H�;+�<� 3�c+�-0�d�;+S-" :�!)3�' � 2���;+�OkVb/@���^�'DE<�/�%S+�-0���E�P 3��)��' 3 H%�+S-0<��� B�!��+S�2+�)3� �
	 ��!/@���� C+� ���/@A���+S C������������/@�l+�-Q 3��)��� � ��� a/0���!���M/0�C����1�/u+v�!�a �<.)�)���<���1�/@��A 	 � <��7��-@�
�'+�-Q 3��)��� � �'�����'���E��)!+S��/0���. *�'+�<� ��b�!�.�>��+��')3�� �������/@�]T
/@�'-@1� 3<�)3#5+����&���r ���)3/0��OH1�/@ ���)3������)3��/0���l+S-0-@Tr#f��) ��%�+S-0<��� +����.)���+��7�./0��A �����	� 	 �Q����T\+�)3�r+�-0 3�2-0/u+S=�-0�b�!�2�l+;%��B+H��+S)�O���1c1�����)�/0�C�'���!+�-n� �?�'�(�&���a�!���z#5+S��/0A�<�� 3��)�����A��!�\��#o�!���r��������Td�'���I= 	
��6c>A>=Qq�	132��,/	?-2 V � /	;=Q��-;=QR>�� 6 � �,VK2I1W1W;=6N/���(T�����1r�!�.� T
/@�'-@1z-0/0�C/@��1�/@ ���<� � 3�'1I+S=?��%��SFv�����w�C�'�7�l+��./0�;+S-�)��� ������� 3�*��#E�����w�������(Td�'���I=t 3��)�<��(�!<�)3�=��'�'������ \/@���'-0+� 3��/0� 	 s /0A�<�)�� �
	��!�  ��.�ZVb M��)���1�/0�(�!��1X��+��')3�� �������/@�L 3�!)3�' 3 ��d :�!)!+S/0�h)��'-0+S�!/@���� 3��/0�� #f��)P+��R+�-@<���/@�E<�� �����.��Td�'���P=R��# � 	�� A��S�����H+S���l+�)3�'���H1����� �/��WT^+��.1^1�/ �?�')3�'���I%��')3���(YJ%���-@<����#f)!+S���!/@���� � 	 �Q���2 3Td�C���(�!)3T���#G�!��� s /0��/��!�I�w-@�'�C�'���r���d1���-0  <� 3�'1L#f��) �����' 3�C 3/0�I<.-u+S��/0���� bV�+� ���')3��<�)�=��'1^Vb/��!�^ 3��+S-0-GA��'�����(�!)�/@�;+�-"/0�C���')3#f������/0���� r�!�M�!)�/@A�A���)P+����')3/0�d1�/0�C1��(#f��)���+S�!/@���J�C�d1���F
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MISES VALUE
+2.54E-04

+1.12E+01

+2.24E+01

+3.36E+01

+4.48E+01

+5.59E+01

+6.71E+01

+7.83E+01

+8.95E+01

+1.01E+02

+1.12E+02

+1.23E+02

+1.34E+02

+1.45E+02

s /@A�<�)3� �
	�� � p �w)���1�/0�(�!�'1M1�/0 :�!)3/0=�<.��/0���c��#��!���z%������M/@ ��� ��'DE<�/�%S+�-0���E�& :�!)��� � >/0�c1��(��7+S/0-��S#I+R���'+�)�-�T����')3#f�����\����Y�+SA����l+�-��������(T
�����I=X<���1���)\<.��/u+vY
/0+�-�!���� �/@���\/0�N�!�.�t�.��)�/nm'�����7+S-n1�/0)3�'�(�!/0��� 	
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Φ = 0.9

Φ = 0.3

Onset of Densification

Φ = 0.2

Φ = 0.4

Φ = 0.6

Φ = 0.5

Φ = 0.7

Φ = 0.8

Φ = 0.1

Self Contact =

more material in vertices

more material
in edges

s /@A�<�)3� �
	��!� p �w)���1�/0�(�!�'1J��+���)��� 3�'���./0�2 3��)��' 3 ��d :�!)�+�/0�m)��'-0+S�!/@���� 3��/0�� r��#����(Y.+�A����l+�-+�-@<���/@�E<�� �.������Td�����I=� t��# � 	%� A��v�'� � +S���l+�)3�'���t1��'�� 3/@�WTk+S��1m1./@#u�#f�')3�'���b%���)3�!��Y\%���-@<���� #f)�+�����/0���. � 	
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Weakening Effect

Strengthening Effect

... relative to perfect
honeycomb Analytical

FE

0.1 g/cm
3

0.3 g/cm
3

0.5 g/cm
3

s /@A�<�)3� �
	���� p��>��)���+�-0/nm'�'1L��+���)��� 3�'����/@�2�'��-@-u+��� 3�2 3�!)3�' 3 ��' B��)���1�/0�(�!��1J=�Tm+\ 3�'�C/��+��l+S-@TE�!/@�;+�-l�C�
1.�'- �  ���-0/01C-0/@���' 
 +S��1 s ��+��l+S-@Td ��� � 1�+� �����1a-0/@���' 
 +� #f<����(�!/@���� w��#��!�.�Q��+S���')3/u+�-d1�/0 :�!)3/0=�<.��/0���P=?�(�WV����'�����'-@-.V]+S-0-0 +���12�'��-0-%���)3��/0�'�� � �w-u+S���;+�<2=���)�1���)� 
 #f��) �!��)3�'�b1�/ �?�')3�'���*+����l+S)��'���"1����� �/��!/0�� 	
�'�����l+S)�� s /@A�<�)�� �d	%� � 	�Q���t 3��)��' 3 ��d :�!)�+�/0�`)3�'-0+S�!/@���� ��./0�� Q/@� s /@A�<�)3� �
	 � � ��Y.�./0=�/���+21�/@ 3�!/@�����&���;+�Oa=����WV*�'��� � 0 +��.1 � 0�����C/0��+�-� 3��)!+�/@� 	 ���(T����.1I�!��/@ ����;+�Ot 3��)��� � 'F�������-@��%��'-.�S#��!������+���)��� 3�'���./0�" 3�!)3�' 3 ��' w1.)�����  3�!�'+�1�/@-@T<����!/@-� ���-@#u�W�������7+��(���d�'��<�)� 	]K �&�!���� ��P����/@�E�� 'F�Vb��/@�7�`+�)3�B���������������'1`=�TM+C1�+� �����1`-0/@���z/0� s /@A�<�)���
	��!� Fd�!���z :�!)��� � Q-@��%���-I�3<��C�� ]/@�� 3�!+����!-@TC�!�I%S+�-@<��' *�!�l+S�Q+�)��  3��%��')!+S-���)�1���)� Q��#,��+�A��./@�!<.1�����/@A�����)�!��+��^�!����/0��/��!/u+S-w�?�'+�OE 	LK �I����/0 B�?��/@���;F �����N �/@�I<�-0+S�!/@���� zV���)��a :�!�������'1 	 �Q�.�N/0�� :�7+����!+����'��<� 1����� �/��l�;+S��/0����/0 ]+I������ 3�'DE<��'�.�'�r��#,�!���� ���+�-0-��E<��I=��')]�S#,�'�'-@-0 */0������� �C�
1���-$+S��1a��#��!�.�z+�����-@/0��1���')�/@�
1./0�b=?��<���1l+�):TC�'����1./@�!/@���� �Fd=������N��#nVb��/@�7�N1��I�.���]+S-0-0��V #f��)�+B 3�!����Vb/0 ���-0�d�;+�-@/}m;+v�!/0���I��#��!�.�1��(#f��)���+S�!/@��� 	s ��)r�!���a+S-0<��C/0�E<�� �.������Td�����I=R��# � 	�� A��v�'� � +�=� 3��-0<
�!��1.�'�� 3/@�WT�F ��������)!+��� :#f�')B��#b��+v�!�')3/u+�- ����!�.�I�'��-0-�%��'):�!/0���'  #f��)>/0����)��'+� �/@��A�%S+�-0<.�' ��S#�� ������ �/@ 3���'���!-�T�)3�'1�<����'  �����H�?�'+�O\ 3�!)3�' 3 'F,+�  �'+��L=�� ����'�N#f)3��� s /0A�<�)�� �
	��!��	 �w-@������/0��Ar�!���>����)3��+�-@/}m��'12�'��-@-u+��. ��& 3�!)3�' 3 ��' ]#f��)"�����>�WV*�I��/@A���1����� �/��!/@�' 'F� 	�� A��S��� � +S��1 � 	 l A��S�'� � F
 �����Vb Q�!�l+v�]�!��/@ ]/0 *�����b+IA��'����)!+�-n)3<�-0�SF. 3�'� s /@A�<�)�� �
	����
	 K  ]#f��)��!�.��'-0+� 3��/0�B 3�!/ �$�.�' � �F��!���H 3/0�I<�-0+S�!/@���� &)��(%��;+S-w+N �-@/0A����  :�!)3�'��A������'�./0��Ac� �?�'�(�z#f��)  3��+�-@-o%S+�-@<��' z�S#�� 	�Q��/@ �� �?�'�(�Q/0 *���� 3�]�.)�������<����'��1N#f��)*����� ��/@A����� 3�]1.�'�� 3/@�WT�FdVb���')3�z/@�*-0�'+�1� *���H+P)3�'-u+v�!/@%��>/@���')3�;+� 3���# � l10 /@� ������ :�!)3�'��A����^��#*�!���C�������(Td�'���I= 	 � ��-@/0OS�2�����C��)���1�/0�(�!/0���� r��#���������-u+� :�!/@�C :�!/ �$���� � �F�!�.�t�.)��'1./0�����'1\ 3��)��'�.A��!�\ �����Vb �+2��+vY
/0�P<�� #f��) � g 	 � 0 	s /@A�<�)�� �d	 ��� +�-@ ��r�'�����!+�/0�� G��)3�'1�/@����/0���� #f��)G�����&<���/u+ZY./0+�-.-@/0�C/@� -0��+�12��=
�7+�/@���'1HVb/@����=��;+S� �!������)3T�  3��-0/@1�-0/@���' 
(	 s ��)a-0��V +S��1X/@���!�')3����1�/u+v�!�L1����� �/��!/0�� 'F������kDE<l+�-0/��7+S��/@%��k+���1 �!���kDE<l+����!/��7+S��/@%��+�A�)3�'�������E�CVb/@���U����� s /0�./@�!�c�w-@�'�C�'���C)��' 3<�-@�� �/@ 2�(Y
�'��-0-0����� 	 �Q�.����)3�'1�/@���!��1  :�!)�����A���� #f��)H�!�.���/@A��`1����� �/��WT�1��(%d/u+S���' �#f)3�����!���I 3/0�I<.-u+S��/0���c)��� �<�-��! �#f��)>%���)3T�-0��V +���1�%��'):T`��/@A�� ��%S+�-0<.�' 	�K
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σ
max,Φ /σ

max,0

σ
min,Φ /σ

min,0

σ
min,Φ /σ

max,Φ

s /@A�<�)3� �
	�� � p �w)���1�/0�(�!�'1�����)���+�-@/}m'��12��+���)��� 3�'���./0�b�'��-@-u+��. ��& 3�!)3�' 3 ��' ]+� "#f<.������/0���� ��# �����P��+S���')�/0+�-n1�/@ 3��)�/0=.<.�!/@���M=����WV*�'���L�'��-0-�V]+S-0-0 >+���1M�'��-0-�%���)3�!/@�'�� � �w-0+S�!�'+�<c=?��)31��')3 
 #f��)]����)����t1./ �?�')�������+S���l+�)3�'���&1��'�� 3/@��/0�' 	
%d/0 3<l+�-w/0�. ����'����/0��� ��#"�!���C�C�
1���-0 z1�����/0�(�!��1m/@� s /@A�<�)3� �
	%� { -@�;+�1. r���\�����C�'������-0<� 3/0���$F,���l+S�r�!�.�+����.-0/0�'+�=�/@-0/@�WT2�S# =��;+�� �!������)3Ta��+� Q�!�C=?�z)3�(� +S � ��� � 3�'1�#f��)Q�./0A��\+�����+�)����E�&1����� �/��!/@�' 	
� /	;=Q��-;=QR>�� 6 � �,VK2I1W1W;=6N/ �	/N4|;A>���2I/,1W;���HxQ�4|;@6c/�Q���t ����'��/@�l�r<���/��b�'��-0-n 3���!<.��<� 3�'1�/@�N�!��/@ b/0��%��� 3�!/@A�+S��/0���c+�-@-0��Vb �#f��)]�����r�(Yd�!���� �/@�����S#������r�')�<. ��1��(#f��)���+S�!/@���r1�����+�/0�z���>�!�.�*����/0������#� 3�'-�#u�W�'���E�!+���� 	 �Q���*1��' 3�')3/0�.��/0���t��#������*� �$������/@%��*�����7�l+���/@�;+�-=��'�l+;%d/0��) =?�(T�����1H�����]���� 3���w�S#�Td/@�'-01./0��A�+���1H=���#f��)3���!���������C�'��� ��#� ���-@#u�W�������7+��(�G+���1$F��!����)��(#f��)��SF1����� �/��l�;+S��/0���2/@ /0�C�?��)3�7+S�E� #f��) �!�.�>+S � ��� � 3�����E�*��#��!�.�&�����')3A�T2+�=. ���)3�.�!/@���H�7�l+�)�+������')�/@ 3��/0�' G��#��!�.��C/0�')3�� 3��)�<��(�!<�)3� 	�]V*���l+�)�+��C���!��)� ,A���%���)��P�����"+��C��<����o��#������')3A�Tz�!�l+v��/@ ,���'���' � �+�)3Tr���>1��(#f��)�� �����"�������(T
�����I=B<���!�r�!�.�>����/0���"��#$1��'�� 3/@�l�'+S�!/@���np � + 
 �!���&��+��')3�� �������/0�b���;+�OH :�!)3�' � �+���1 � = 
 �!���&��%���)!+�-@-� :�!)�+�/0�nF�#f��)Vb��/@�7�a1��'�� 3/@�l�'+S�!/@�����d�'��<�)� �F.�!��+S�]/@ 'FE�!���>�?��/@���;F
+S��Vb��/@�7�N�������� 3/@�!�>�'��-0-�V]+�-@-0 "A�����/0���!�B�'�����!+���� 	s /@A�<�)�� �
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ρ = 0.1 g/cm 3

ρ = 0.3 g/cm 3

ρ = 0.5 g/cm 3

less energy absorption potential

s /@A�<�)3� �
	�� l p �w)���1�/0�(�!�'1�����)���+�-@/}m'��12+�=� 3��)�=��'1N�����')3A�T � <��C�!�r�l)� :�����'-@-�V�+�-@-������
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 #f��)&�!��)3�'�I1�/ �$��)����E�+�����+�)����E�&1����� �/��!/@�' 	
Vb/@����+���/0����)��'+� �/@��A`#f)!+��(�!/@���^��#&��+S�!��)�/u+S-*/@�^�!���N%��')3��/0���' 	 �Q��/0 H/@ H+L)��� �<�-��H��#b�!���a�7��+���A�/@��AOE/0������+v�!/0�� ]/0�a�����r�������(T
�����I=nF�+S b�����r1���#f��)��C�'1c�'���
�lA�<�)�+S�!/@���� Q/0� s /@A�<�)3� �
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�!/0��� 	�Q���a)3�' �<.-@�!/@��A�/@���l<������'�a�S#Q�!���N��+S���')�/0+�-G1�/0 :�!)3/0=�<.��/0���m=?�(�WV����'�U�'��-0-*%��'):�!�(YR+���1R���'-0-"V]+S-0-"����!�.�>� �$�����!/�%��&�'����)�A�T�+�=. ���)3�.�!/@���2=?���l+;%
/@��)G/0 G1��������. 3�!)�+S�!��1�/@� s /0A�<�)3� �
	 � l F�Vb���')3�>������+S����<.�E���#������7�l+���/@�;+�-]�����')3A�T������'�' 3 !+�):T ���k�')�<. �� �����\<���/@�2���'-@-Q<��U��� �����\�?��/@���2��#� 3�'-�# �'���E�!+����C/@ ��-@�������'1 	 ����)3#f�'�(���.������Td�����I=� &Vb/@�!�.��<.���w-u+S���;+�<c=���)�1���)� &�l+;%��t�!���r��/@A����' :�&�'����)�A�TM+�=� 3��)��
�!/0����;+S�l+��'/��WT 	tK ��TL 3��/@#~��/0��AN�S#*��+S���')�/0+�-,)���1�<��'�� t����/0 ��;+��l+S�'/@�WT 	B_ �r��+� ��!�a=��H�'�����'-@<�1��'1L���l+S�z�!�.�)���1�<��(�!/0������# �����`<� �+�=�-0�M 3��)!+�/@� 1�����+�/@�nF]��)�FQ/0� �S�!����)�V*��)�1� �Fb��#z�!���M<� !+S=�-0�M 3�!)3��O���-0�'�.A��!�nF/0 r�!�.�NA���%���)���/@��A�#5+��(�!��)r#f��)B����/0 t)���-u+S��/0���. ���/@� 	 �Q���N/0�.�')��'+� �����#]�����N���;+�Ok 3��)��� � 'FwVb��/@�7�JV�+� ��=� 3�'):%��'1c#f��)"�!��� �.������Td�����I=a��#,��/@A��a+�=. ���-@<.�!�>1��'�� 3/@�WTN+���1N/@�E���')3����1�/u+S���>%S+�-@<��' *��# � � s /@A�<�)���
	�� ��
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PEEQ VALUE

 +.00E+00

+1.19E-01

+2.37E-01

+3.56E-01

+4.75E-01

+5.93E-01

+7.12E-01

+8.31E-01

+9.50E-01

+1.07E+00

+1.19E+00

+1.31E+00

+1.42E+00

+1.54E+00

PEEQ VALUE
 +.00E+00

+2.06E-02

+4.13E-02

+6.19E-02

+8.25E-02

+1.03E-01

+1.24E-01

+1.44E-01

+1.65E-01

+1.86E-01

+2.06E-01

+2.27E-01

+2.48E-01

+2.68E-01

s /@A�<�)3� �
	�� �.p s ��)���+S��/0���M��#"��-u+� :�!/@�I��/0�.A��' r+S���!���I��)!+��� 3/@��/0����#f)3��� ����� �w-u+S���;+�<=���)�1���)"+���12�!���b�'��-0-.V�+�-@-�#f��)G+��2/01��'+�-0-�TP�.-u+� :�!/0�Q��+S���')�/0+�- � -0�(#~� 
 +��.1+H��+v�!�')3/u+�-�Vb/@���\/@ �����)����./0� �l+S)�1�����/0��A � )3/0A���� 
(	
OP/�� �,2I/,Hx2 698�4��,2�� �	>�� � Q(4|2 V`;=QR>@1	��
<QqVX?,2I/,;A/-B��$2
�-Q5L-;@69V_ �w�l+S �!� =��Q�������'1nF����l+S� �����Q�l+�)31��'�./0��Az=��'�l+;%d/0��) ��#l�!�.�Q=�<�-0Ot��+S�!��)�/u+S-d1.�
�� w����� ����-@TB/0����<��'������!�.�t�.-u+� :�!/0�>#5+�/0-@<�)�� �C���C�'���b��# +H�')��� � :�  ������!/@���nFl=�<
��+S-0 ��H�����r1���#f��)3��+v�!/0���NOE/0������+S��/0�� 	Gs /@A�<�)���
	�� �2 �����Vb z+C1����!+�/0-���# �!���t��)���1�/0�(�!��1`1���#f��)��C�'1\�'���.��A�<�)!+v�!/0���� >�S#w�������(Td�'���I=. >Vb/@��� �w-0+S�!�'+�<=���)�1���)� *+���1�1�/ �?�')3�'����1.�'A�)3�'�' *��#n��+�)�1�����/0�.A 	 _ �2�!���>-0��#~�G�./0����<�)��&/0� s /@A�<�)�� �d	 � �
FE�����&1���#f��)3����1�'���.�lA�<�)�+S�!/@���\/0 bA�/@%��'�c#f��)&+�����-u+� :�!/@�(�W/@1��;+S-0-@TC��-0+� 3��/0�z=�<.-0ON��+S�!��)�/0+�- 	 �Q���r#f��)���+S��/0���a��# +2%��'):T-0�d�;+S-0/}m��'1CT
/@�'-@1N��/0�.A�� /0 ]+����l+�)3�'��� 	wK  b+I��+v���!��)���#,#5+��(�;F.����� 1��(#f��)���+S��/0����-0�d�;+�-@/}m'�� �/@�a+I �/@��A�-0��'��-0<��C����# s /0��/��!�B�w-0�'�C�'���� 'F$)3�' 3<�-@��/0��A�/0�`+� ��l+�)3�`OE/0��Oc/@���!���B�'��-0-,V]+�-@- 	&s /@A�<�)�� �
	�� � � )�/0A��E� 
 F���k�!���C�������')t�l+���1$F  ��.�ZVb t�!���C1��(#f��)��C�'1 �'���
�lA�<�)�+S�!/@���m�.)��'1./0�����'1 #f��)t+\=�<.-0OL��+S�!��)�/u+S-�Vb/@���-0/@���;+S)*�l+S)�1�����/0��A 	 �>�')3��Fd�!��� �.-u+� :�!/0��m'���.� /0 *�(Yd�!����1�/0�.AH�Z%��')b+P�����C�l+�)!+v�!/@%��'-�TCVb/@1�� +S)��;+PVb�./0-0��!�.�I���'<
�!)!+S- +vY
/0 >��#w�!�.�I=?�'+�� )��'��+�/@�� ���-u+� :�!/0� 	 �Q��/@  �;+S�L=?�H+v���!)3/0=�<
�!�'1M�!�������P#5+��(���!��+S� �!�.���<.���')w)3�'A�/@���� w��#��!���b��1�A��b/0����)��'+� ��Q/@�2�����'/@) Td/0�'-@1H 3��)��'�.A��!��+� w-0����Ar+� w�!���(TH�(Y
���')3/0�'�.�'�&A�)���Vb/0�.A��-0+� 3��/0�z 3��)!+�/@�� 	 �Q��/@ b=?���l+;%
/@��)b-0�'+�1� Q�!�C+21���#f��)3��+v�!/0���a��# �����r�'�'-@-nV]+S-0-n/@�\�����z#f��)����S# +��M+�)3���#o�l��/��!�z)!+S1�/0<� 	

���
���
 � *��!'��&�!��$ * �!�

� )!+S/0�l+�A�����#,�!�.�z��+S���')3/u+�-�/0���!� �w-0+S�!�'+�<a=?��)�1���)� b)���1�<��'�� Q�!���z���'-0-?V]+�-@-?����/0�7OE���� � 'FlVb��/@�7�c/0 ]�!�.�A���%���)���/@��Ac�l+�)�+����(�!��) #f��) �!���H :�!)3�'��A����J+S��1 �����H 3��/ �?���' 3 r��#��.������Td�����I=� 	 �Q�./0 z/0 z�� ����'��/u+�-@-@T/0�C����)3�!+�����/@� �������'+� ��`�S#z#f��+��C ���#�%��'):T -@��V 1��'�� 3/@�WT�Fb#f��)CVb��/@�7���!���M�'��-0-bV]+�-@-Q�!��/@�7Od�.�' � 3�' +����.)���+��7�0m'��)�� 	wK �"��/@A�����)w1��'�� 3/@��/0�' �FE����V��(%��')�F
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	�� � F�
	�� � Fl+S��1 �d	 � l 	� %����X/@���;+� 3�' 'F>Vb���')3�k�����L�'��-0-u+S�� ��L+S��1 ��)����W�'���E�!+����c-@��+�1� N+�)��L/@���')3�;+� 3�'1 =�T��!���L��+S���')�/0+�-)���1�/0 :�!)3/0=�<.��/0���$F��!���&1��'��)��'+� ��>��#$�����b<� !+�=.-0�&1���#f��)3��+v�!/0���H-0�'�.A��!�C)���1�<��'�� *������+S����<.�E�"��#$�'����)�A�T�!��+S�P�'+��^=���������%��'):�!��1U=�T ��-0+� 3��/0�C1���#f��)3��+v�!/0��� =���#f��)���������1.�'�� 3/@�l�'+S�!/@���J)3�'A�/@���2/0 t)��'+��7����1 	� ��)�����A���+S � &�'�������'���!)�+S�!/@���� >/0�c�!���B�'1�A��� �)3�'1�<����P�!�.�tV*�'/@A���� ���C��/0�'�.��TM��# �����P��+S�!��)�/0+�-$Vb/@���)��� ����'�(�>���C�����')3A�T\+�=� 3��)��
�!/0��� 	
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Cell Wall Wiggles

(y)

Reference Configuration:
Regular,  Perfect HC
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��/0=./@�!��1+�����Yd�!�'�.1��'1 �l+�)31��'�./0��A^)3�'A�/@���\��)3/0��)2�!�^����-0-0+��� 3� � � � � F e �W�'������)3�' 3 �/0���nFQ ���� s /0A�<�)�� �
	 ����
(	���� �/01.�' r�!���� ��H�WTd�?�� B��#*�C�'�7�l+��./0�;+S-w)��' 3�?���� ��� 'Fo=?���l+;%
/@��)r�'-@�� ��I���M+S�m/@1��;+�-@-@T\��-0+� 3��/0�H�����2�'+��=���#f��<���1 � � Z F e �W�������.)��' 3 �/@���nFw ���� s /@A�<�)�� �
	�� � 
 F +S�I-@�;+� :�I<��^���`/0���!��)��C�'1�/0+S�!�C�'������)3�' 3 �/@%�� 3��)!+�/@�� 	 �Q�.��=�/0+vY
/u+�-Q����-0-0+��� ��c :�!)��� � 3�' c+�)3�M������ �/@ 3���'���!-�T �./0A�����)H�!�l+��U�!���M<���/0+vY
/u+�-Q����-0-0+��� �� 3��)��� � ��� 	Gs ��), �/@�I<�-0+S�!/@���� $Vb/��!�t�'���C��)��� � 3/@%��* 3��)!+�/@�� ��!�l+S���(Yd���'��1I/@���!�b�!���"1��'�. �/@���;+S��/0���t)���A�/0�C��F+I�7�l+�)�+������')3/0 3��/0�> 3�!���'�c/0�.�')��'+� ��z�S#��!��� �����C��)��� � �/�%��z :�!)��� � b�'��<�-01N=�� ��=. ��'):%���1�+� � ��d���a+� Q�C�� 3���#o�!���r���'-0-@ Q�l+�1\�'��-@-u+��. ��'1 	
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s /@A�<�)3� �
	�� � p �w)���1�/0�(�!�'1k��%���)!+�-@-  :�!)��� � z%���)� 3<� r 3�!)�+�/0�L1./u+�A�)�+��C � �'�'�����') 
 #f��)��!���/0�C���')3#f�����^+���1 /0)3)��'A�<�-u+�) ����Y�+SA����l+�-��������(Td�'���I= �C�
1���- e � Z f 	�w-0���� H��#b�!���a1.��#f��)3����1U�����.�lA�<�)!+S��/0���. H<���1���)H�'���C��)��� � 3/0����/0� e �1�/@)��'�(�!/@��� � ����� 
 +���1c/0� ���W1�/@)������!/@��� � =?���3�!��� 
 +�)3�r �<����.-0/0��1 	
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 #f��)��!���/0�C���')3#f������+���1`/@)�)3�'A�<�-0+�)&�������(T
�����I=L�C�
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+���1\/0� ���W1./0)�������/0��� � =?���3�!��� 
 +�)3�z �<��.��-0/@�'1 	



���������	��

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

s /@A�<�)3� �
	��
� p � �.1���#f��)3����1\+���1c1���#f��)��C�'1c�'���
�lA�<�)�+S�!/@���� � +� Q��)���1�/0�(�!��1\=�Ta<.��/@��'��-0-@ "Vb/��!�����')3/0�d1�/0�b=���<���1�+�)3TC�'����1�/@��/0���. 
 ��#,+���/0�C�?��)3#f�'�(�"���(Y.+�AS����l+S-$�����.��Td�'���P=M 3<�=I�3�'�(�!��1M�!�H<.��/u+vY
/0+�-$-@��+�1� �+�����-@/0�'1a/@�N�!���z�.��):�/}m������7+�->+���1 %��'):�!/@�;+�->1�/0)3�'����/0���. 	 �&���!�\�!�����
���'<�)3)��'�.�'�L��#r 3���;+�)-0�d�;+S-0/}m'+S�!/@��� � -0�(#~� 
 +��.1M-0+�T��') � Vb/0 3�z�'��-@-u+��. �� � )3/0A���� 
 F�)3�' ����'�(�!/�%��'-�T 	
�!�.�N�'��-0-*V�+�-@-"Vb/@A�A�-0�� P/@ P 3��)����.A��')P���l+��J�����a/0� �l<��'�.�'�N��#Q�����N�C/0��)��M��������-0��AST 	 � /��!�^)3�' ����'�(��!�2�!�.�B���'):#f�'���>����Y�+SA����l+�-,��������Td�'���I=L+�-@-n���!�.�')&�'���.��A�<�)!+v�!/0���� b �����V*�'1L)���1�<����'1`��%���)!+�-@-�T
/@�'-@1 3��)��� � ��� 'F�=�<.�&/0�.�')��'+� ���1M��-u+� :�!/@�z���d1�<�-@/ 	
� �����\��=� ���)3%d/0��AH��%��')!+S-0-$ :�!)3�' � �d 3��)!+�/@�c)��'-0+S�!/@���� 3��/0�� "��)3�'1�/@���!��1a#f��)�<��./u+vY
/u+S-?�������.)��' 3 �/@���nF
�WV*�DE<l+�-@/@�7+v�!/@%��'-�T^1�/ �$��)��'���C1��(#f��)���+S�!/@���U+���1 �'��-@-u+��� 3�c�����7�l+���/@ ��C C=��'�����C�M+S���l+�)3�'��� 	�_ #� ����'+�)-0�d�;+S-0/}m'+S�!/@���&�
���'<�)3 'FZ�!���G�C/0�')3��A��������(�!):T>�'+��t1���#f��)3� +S�,�.�;+�)3-@T ������ :�7+�����+�����-@/0��1z 3�!)3�' 3 o����)���<.A���'��-0-�V]+S-0-�=?����1�/0�.A�F�+��.1nF�+S#~���')"�!��� ����-0-0+��� 3����#������� 3���;+�)�=l+���1� �F�=�TN 3-0/01./0��AB+�-0����AB����� �'��-0-u+S�� ���1-u+;T��')'F>A�/@%d/@��AR)�/@ ��`�!����������+�)!+�=.-@T  ��C�
������ 3��)��' 3 ��d :�!)�+�/0�h�'<�):%��� 	 _ # F�/0� �������!)!+S 3�;F>�'��-0-�V�+�-0-=�<��7OE-@/0��AM+���1 �(Yd�!���� �/�%���-u+;T���):� Vb/@ ��C�'��-@-u+��. ��H���')����'�.1�/0��<�-u+�)z���c�����C-0��+�1./0��Aa1�/@)������!/@��� +�)��2�!�.�1����C/0��+����*�C�'�7��+���/0 3�� �Fd������ :�!)3�' � �d 3��)!+�/@�N)���-u+S��/0���. ���/@�C 3����Vb ]��+�)�OS�'1N�� 3�'/@-0-u+v�!/0���� ����+��'����<������#n������ 3�'DE<����E��/u+�-?�'��-@-u+��. ��b��# e ���'-@-?)3�ZVb FfPVb��/@�7�a+�)��&/0�.�;+��l+S=�-0�&��#,+����'���C�C�
1l+v�!/0�.At 3<�=� 3�'DE<��'���1��(#f��)���+S�!/@���`=�T` 3-0/@1�/0��A 	rs /0A�<.)�� �
	��
�  3����Vb t1.��#f��)3��+S��/0�������d1��' ���#G�!���2+�=���%��H�WTd�?��  #f��) �!�.�/0�C���')3#f�����&����Y�+SA����l+�-,��������Td�'���I=nF�Vb/@�!�\�!���t�'��)�)��� �������1�/@��A� :�!)3�' � &%���)� �<.   3��)!+�/@���'<.)3%���  =��'/0�.AA�/�%��'�\/0� s /@A�<�)3� �
	�� � 	_ ��+�1.1�/@��/0���R�!�m�!���� ���A��'����)!+�-&��=� 3�')3%S+S��/0���. ���� �'��-@-u+��� 3�M�C�d1��' C ����C�\ ����'�'/��l��)3<�-0�� �#f��)2�!�.�/0�����')!+S���!/@���L��#" ���+�-@- +���1k=�/@AN�'��-0-@ z�;+��k=��H/01����E��/@�l��1 	 Z �����l+S)�/0�.A��!���H1.��#f��)3��+S��/0�����l+S�����')3�� 1��(%��'-@�����'1t=ETt+S)�)!+S��A��'�C�'���� � � � +S��1t� � ��F� 3�'� s /0A�<.)�� �
	�� l FZ���.�"�'+��t��=� ���)3%��"���l+S�,/0�z�����G-u+S�3�!�')�!�.���'-@<� 3���')3 ]��#, ���+�-@-l�'�'-@-0 *1��I�������'������)�/0=.<.�!�&%��'):T��P<��7�N�!�t�!��� ��%��')!+S-0-�1���#f��)3��+v�!/0����+��.1N��+;T=��'�'��������=� 3�!+��'-@�' B/0�m�����N1����� �/��l�;+v�!/0���J)���A�/0�C� 	 �Q����#f)�+��C��V*��)�Ok��#Q 3��+S-0-G�'��-0-0 t �<.)�)���<���1�/@��A�!�.�P-u+S)�A��t������ �/0�M���d1���- � � � F?�.�ZV*��%��')�F���)���%d/01��� ��C��)��t<���/�#f��)��� :�!/ �$���� � z+S��1`1��(#f��)��C ��C��)��
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Model HC, node displ. = 0.3 mm, rel. wiggle amp. = 4%, 0.1 g/cm
3
. 

Compression in x direction

Compression in y direction

Onset of micro-yielding

s /@A�<�)3� �
	�� � p �w)���1�/0�(�!�'1 ��%��')�+�-0-c :�!)��� � �d 3��)!+�/@� )���-u+S��/0���. ���/@�� ���#L+�� /0�C���')3#f���������Y�+SA����l+�-B�������(Td�'���I= y � 	 { �'��)3)��� �������1�/@��A��!� �����^1��(#f��)���+S��/0����C�
1��� Q �����Vb�M/0� s /0A�<�)�� �
	��
�.	
Surrounding small cells re−
main largely unaffected.

undeformed even at high glo−
bal strains

Big cells collapse first.

Clusters  of  small  cells  stay

s /@A�<�)3� �
	�� l p � ��#f��)��C�'1r�'���
�lA�<�)�+S�!/@���� ���)3�'1�/@���!��1B#f��)�/@�����'):#f�'�(�,���d1��'-@ n1��� ��')3/0=
�/0�.Am 3��+�-@-]�'��-0-@ C 3<�)�)3��<���1./0��A =�/0A �'��-0-@ � � � �>F"-@��#~� 
 +S��1 =�/@Ak�'�'-@-0  �<.)�)���<���1�/@��Ar ���+�-0-
�'�'-@-0 � � � � F�)3/0A���� 
 =l+� 3�'1C���H�!���b�'���.�lA�<�)�+S�!/@���� ��)3�' ������!�'1�/0� s /0A�<�)�� �d	 �
	d	
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	 �d	� Y
�?��)�/0�C�'���� >=�T��w)!+�Ov+� 3�����>+�- 	 y { 	 { �l+;%��B �����Vb�M���l+S�&�!���r�l-@-0/0�.AH��#  3�����r���'-0-@ b-0�;+S1� Q�!�C-0�d�;+�- 3��)�����A��!�.�'��/@��AL��#&�������(Td�'���I=. 2+���1R/0�.�')��'+� ��� I�!�����'-u+S 3�!/@���C�
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non linear stress states
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5 ��� l 8V�!"�'&��
�
��(.# '0!"���'&��$#�#:�%#��&� ')(��+)A�+* '0!��,*-�.-+,��(�./10", )<52
 8�3 i ����(�# '�!"�4/��()65+'�! �7*2'�!"��#��6&8(�)65C��/.�&, �&)3'93

-+)6: '0!"�;:<-+, �6(�)65>�&� ��� ��(.�&)3'
�
&���/=-?'0�&# '0!"� ��/.�$)65>- '?(��$)A@$�'/�� ��(4'WTCBi ��� '��>'�!"�D:<-+, �6(.)65E*-�+&��&� � ��� ��� � ���� ���!6(.# #8(�, �6/��F:6-+,A�G(�)65B, �H:"�'/ VD- #I(.)D'?&��J:60"�(��: '0�<�.K�'L-7(�)F#�, � �+'�!"��& #��./10 ')(��+)"#A&)- '�!"��& '0!6-+)F'���6&���:6(.�(' '�!"�M(.)��<0"�()"�&� �+*,-+� ')0<-+/N*-�>-+, ,O- '���&?(1-+/P:<-+, �6(.)65 �;!<-7&)-+� '0��&8(�# ')(��(# � � )"� #�!"�.&�'��&�$,Q(�)G5�+**�PRS0<- ')(.�$) 5 � � l 8E(�#E'�!<- ' '�!"�F:<-+, �6(�)G5 � �2�&� '�(�#�(.)6:"�(�2�()6:"�&)3' �+* '0!�� � �2�&�('?(2@+�T*-�>-+,U:"�&)"#8(.'WT+3V�!6(.�;!<,O-;T:)"� '4K2� '�!"� �9- #��A(�)V&��9-+/2(.'WT � � �F:"�(,A�+)"#�'?&)- '�� '0!"� � � �(�(' �+* '0!"�W:6-+,A�G(�)65F-7/15$�.&8(.'�!",'0!��4:"�&��-�TJ(.)65C�$#��'(1/1/1- ')(.�$) �+*X-Y/10", �2�': ,O-+#�#N- '�'L-+�;!���: '0�A- #��6&?(.)65��7:<- ,A� ��& �'/��(,A�()D'Z(�# #�!"��V�)O(.)s (25.06&�� ��� � � ��!��E�&)>@+��/��+�2�E*-�.&�, ��:QK�T '�!"�>'WV �T:<- #�!"�':[/1(.)"�&#N(�#\:"�(� )"��:MKET '�!"�Y-+, �6/2(.')0G:"�D*]0")"���')(.�$)�� 5 � 8 g � � �	� � �3��Y�� 5 � � � d � � 8^*-�.&N-Y*]&��&��/�T �$#���(1/2/=- '?(�)65>,M- #�# � V,(4'0!Q-Y@$�'/�� ��(.'WT �6&��$� �.& ')(��+)<-+/:<-+, �6(.)65 �&� ��� ��(.�&)3'

�
-+)G:_-+)`(�)G(.')(1-+/a:6(�#��6/=- �&�&, �&)3' �+* � �	� � � �

� ��� ��
 � *�� ��� ' � � � � * � $������

� 06&8(�)65E'�!"� #8(�,T06/1- ')(.�$)"# '0�()"#?(2/��1# ')&��&#�#wV�-9@$�&#wV ��&��E5+�&)"�'&)- '���:bK�T '0!��1')&?-+)"#?(4')(.�$) �+* �(�$,A�G&��&#�#?(.�$)V�-�@+�&#4*]&��+,�&���5.(.�$)"# �+* !6(15+!"��&\/�� �9-+/a:"�()"#?(4'WT '��T&��'5.(��$)�#1�+*c/.��V1�'&D/�� �9-+/a:"�()"#?(4'WT.3<- �&�$).�65.06&)-?')(��+)'0!6- '4K �&!<-9@$�(#��<-+&�'?/@TQ/1(@O+��-d*]&��&�E�&)6:e(�)A'0!<- ' �$)"� �<-7&�' �7* '�!"� �(�$,A�G&��&#�#?(.�$)NVD-9@+��(.#�&�� � �(�('0�':_- #- '0�()"#?(2/��>#�')&��&#�#bV�-9@$�zV�!"�'&��9- # '0!"� � '0!"�'&��<-+&�'1�&�$)3'?(�)S0"�&# '�� �6&��+�<-+5>- '��E'0!G&��.065+!:'0!"�Y/.�&#�#D:"�&)�#��,O- '0�'&?(=-7/f-+#E- �&�$, �6&��&#�#8(��$)aV�-9@$� ���!"� '0�()"#?(2/�� #�'?&��&#�#BV�-9@$�&# �9-+0"#�� '��&)"#8(1/.� � � �(�('?(2@$�b*-�.&��&�&#�(�) '0!��A#��6&?(.)65B��/��(,A�()3'0#�K2� 'WV1�(�&) '0!��*-�>-+, )"�J:"�&# �'/��$#��&# ' '0�:'�!"� #?06&g*�-+�&�b- )6: '0!"� , ��&85$��:h*-�.-+, #806&8*�- �&�(�i(�, �<-+� ' ,O-+#�# )��H:"� � � (�)"�(��&�+)D')-+�(',K �('WV �&�()<'�!"�W(�, �<-+� ' ,O-+#�#D-+)6::'0!��Y*-�>-+, #?06&g*�-+�&�W(.#D-+#�#?0", ��:f3"'�!"��*-�>- , V,(2/1/ #��&�6-+&)- '��*]&��+, '0!"�I(�, �<-+�(' ,O-+#�#E*-�.&j-A#�!��.&�'E�2�'&?(��J:<�+* ')(.,A� � ��!"�F-+/25$�.&8(.'0!�, !<-+)G:6/1(.)65 '�!6(�# #��(�<-+&?- ')(.�$)V�-+(.'�#Y*-�.&W-:'0�()"#?(2/�� �(�$)3'L-+� '�*-�+&��&� '��`-+�('C�$)6'�!"�F(�, �<-+� ' ,M- #�# � - ' '?(�, � � �IK # #�� �+)C- # '0!6(.#� �&��0G&�#>'�!"� �&�$,TKG(�)"�': ,O-+#�#�q � � �7* '0!��d(�, �<-+� ' ,M-+#�# �k-+)6:<'0!"� #?06&g*�-+�&� )"�H:�� ,O-+#�# � (.##��G/1(.',0��_-+)G:<'�!"�I(.,A�6-+�('�,O-+#�#E(.#E-+#�#8(15$)"�':_- ) ��V�)_:���5.&��&� �+*l*]&��&��:��$, �am � ��!"��(�, �<-+�('�,O-+#�#
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s (25.06&�� ��� ��p � ��&8(@� ��- ')(.�$)@�+* '0!"�C�(Y �6/2(��'(.'4:<- ,A�6(.)65b-+/25$�.&?(4'0!",�K�T@�(�$,A�6-+&?(.)65 '0!"��6&��':6(�� '0�': � �$#8(.')(.�$) !G(�#�'��.&3T �+*E-+) �+#���(2/1/1- ')(.)65 ,O-+#�# � #��6&?(.)65 #3T # '0�&,V,(.'�!B'�!"��-+)<-+/�TD')(���-+/c-+, �6/2(.')0G:"�j*]0")��(')(.�$) �
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(�#�'�!"�&)<�&�$)�#?(1:���&��': '��A, ��@$�A*]&��&�C�+*^*-�.&��(�+3"'�!<- 'E(�#'3a- 'j- �(�$)"#�')-+)3'j@+��/.� �'(.'WT � ��!"��(�)3'0�'&�)<-7/f*-�.&��(�� � )"��V -+� '0#>�$) '0!�� #?0G&8*�-+�(� )"�J:"� , ��Y��'/10"#8(2@+��/@T+3 - )6: '0!�� )"�(V :6(�#��6/=-+�(�&, �&)3'>�+* '0!�� )"��V *]&��(�#?0G&8*�-+�(� ����� � � � (�#���-+/��'06/=-?'0��:e- �&�&�+&?:6(.)65./@T �K #C#�� �$) -+# '�!"�b:6(�#��6/=-+�(�&, �&)3' ����� � �am��+* '0!"�b(.,A�<- �(' ,O-+#�# ��Y �&�&�':"# '�!"�b:6(�#��6/=- �&�&, �&)3'C�+* '0!��#?0G&8*�-+�(�_*-�>-+, )"�J:"�73 ����� � � � 3�'0!"� (�, �<-+�('A,O-+#�#Q(�#M-+:6:"�': '0� '�!"�_*-�>- , )"�H:�� ,O-+#�#'3,-+)6: '0!��:6(.#��6/1-+�&�(,A�()D'E�+* '0!��d*-�>-+, )"�J:"�+3 ����� � �am �)��3 (�#E#��(' �'RS0<-+/ '�� '0!��T:6(�#��6/=- �&�&, �&)3'E�+* '0!"�d(�, �<-+�(',O-+#�#A- 'E')(�, � � � � � - )6: - ' ')(.,A� � 3=#��@'0!<-?' '0!"�F&���0")6(4'0�':F,O-+#�# � � , K �+'0!6!<- #C'�!"�b-+� ')0<-+/:6(.#��6/1-+�&�(,A�()D' ����� � ��m -+)G: '�!"�4@$��/.� �'(.'WT �7*2'�!"�,(�, �<-+�(' ,O-+#�# � ��!"��)S0",TK ��& �+* � �zs #P(�#P&���:60"�(��:K�T �$)��D:606&8(�)65E'�!6(�# �6&�� �&�':606&�� � ��!"��)��H:"�1,M-+#�#Z(�# �&�$)�#?(1:���&��': '0�YK � )"�'5./1(25.(1K6/�T #�,O-+/2/ �(�$, �<-+&��':'0� '�!"�A(�, �<-+�(' ,M-+#�#4*-�.& '0!6(.#4(�, �<-+� '��'@+�&)3' �
� ��� ��� � �!� � ����� ��� ���!'��

� 06&8(�)65e-e:.T )<-+,Q(��F(.,A�<- �('C�'@+�&)3' '0!"� ,M-|���.& �<-+& ' �+* '�!"�Q(�)6(4')(=-7/�OS(�)��(')(.� �&)"�'&?5�T � � m �� �	� � � �7*1'0!��(�, �<-+� ' ,O-+#�# 5A� 8�(�# '?&)-+)�#8*-��&8&��':F'��:'0!"�T*-�>- , ,O- '0�'&?(=-7/ 5 s 8 �	� #�#80",O(.)65e-+) �>�
� ��
 �
� � 	E�G&�� �&�&#�#'0!�� �G&?(�)���(��G/�� �+* �&�+)"#��'&8@7- ')(.�$)<�+* �()"��&85
�V:"�(,M- )6:"#�'0!<-?'
� � m �� �	� � � � � � m �� �	� � } � � 3~y�� � � � � �� �	� � } � ��� � � � % 5 ��� �$8

� !"�'&�� � 3~y��4(.#E'0!"� � �.&�� �+* '0!"� �(�$)3'L-+� 'W*-�.&��(�&#WK �(' � �&�()C(.,A�<- �(' ,O-+#�#A-+)6:h*-�>-+, #?06&g*�-+�&�b- )6:
��� � � � #�')-+)6:"#A*-�.& '0!"� �;!<- )65$� �+*D(.)D'���&�)<-+/ �&)���&?5�� �+*1'�!"�Q*-�.-+, ,O- '0�'&?(1-+/ ��� )"#���& ')(�)G5<'�!"�O(.)3'0�(�5.&?- '0�': �'RJ06- ')(.�$) �7* , �+')(.�$)V&�� � &?(.'�'0�()_-+# � � � � �� �	� � � � � �� �	� � } � � � � ��	��� � � 3~y��\(.)D'����PRS0<- '?(��$) 5 ��� �$8&��(#?06/4'0#Z(.) '0!�����RS0<-+/2(.'�� ��� � � � � � � � � ��	��� ��� ) '0!"�D*-�./2/�� � (�)G5 '�!"� � �.&�� � 3~y��=�+* '�!"���&�$)3')-+�('Z*-�+&��&�(#K �(' � �&�&) (�, �<-+� 'E,O-+#�#W-+)6:h*-�>- , #806&8*�- �&� � (1/2/^K �T&��'*-��&8&��': '0�e-+#E'�!"� ��
��
� ��
 �?� � � � ���
� ��� ' ��-+)K � ��-+/��'06/=-?'0��:e- #�'�!"�A(�)3'0�'5.&)-7/ � 3~y��95�� � 8 �! � "$#&%

� ' � 5��+8l: � . 5 ��� 	 8
� !"�'&��E)��$,O(.)<-+/"# ')&?-+(�)"# � �Y- )6: # ')&��(#�#��&# ' �>!<-9@$�E'��IK �E(�)"#���&�'���: �  � (.# '0!"�E0")6:"� *-�.&�, ��:O@$�./20",A��+* '�!"�I*-�>- , #��2�(��(.,A�()f3 - )6: � �T(�# ��RS0<-7/ '0�A'0!"� )"�$,Q(�)<-+/ # ')&)-7(�)h-?'E'0!�� ')(.,A�C'0!��d(�, �<-+� 'E,O-+#�#� )<-7/1/(�A#��(�<-+&?- '0�(#E*]&��$, '�!"�W*-�>-+, �
� ) '0�'&�, # �+* �'&)-+#�! � �.& '0!6(.)"�&#�#�3S-+)b-+K�#��.&���')(.�$) ��� �'(��&)����

�
��-+)FK �D:"���")"��:Q-+# '�!"�4&)-?')(��jK2� ' � �(�&)'0!��V-+�('?0<-+/2/(� -+K"#��.&?K ��: �()"��&85
� � 3~y��W-+)6: '�!"�:�&)���&?5�� -+K"#��.&?K ��: K�� -+) (1:"��-+/;-+K"#��+&?K ��& � �*) 35x �#�!�� � (.)65O- �(�$)"# 'L-+)3'>#�')&��&#�#j/.�'@$�'/ '

�,x�y� '�!6&��+065$!"�.0 'E- �(�$,A�G&��&#�#?( @$�A:"�'*-�+&�,O- ')(.�$)	+

�
5�� � 8 � � 3~y��95�� � 8� �*) 35x � � � 3~y��;5�� � 8

'
�,x�y� � � . 5 ���

{ 8
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�l(25.06&�� ��� l +	��!"� '�!6&��(� *-�>-+, ��0GK2� , �H:���/�#e*-�.&B'0!"� RJ06-+#?(�
%#�')- ')(.� #8(�,T06/1- ')(.�$)"#�+'0!6&��&�e/=- �+��&�#b(.) #���&8(=-+/D-+&?&?-+)65$�(,A�()D'B5 -38�3 '�!6&��(�V/=- �$�'&�#b(�) ' � � �6-+&�
-+/1/.��/ �(�./10", )"#A5�K 8�-+)G: /1(.)"�9-7&W:"�&)"#8(.'�� :6(.#�')&8(1K60 ')(��+)*5-� 8 � ��!"� �'06K2���:65+��/.�&)65 '0!e(�#���RS0<-7/ '0� � � � , , �
� ��
 � ��4 ��(	� 4

� ��
��
� �7�!� ��$���� ��� ��$&'���$�� ��� � � $ *��!�
��!"� #8(�,T0G/=- '?(��$) ,A�J:"�'/�# 0"#��':T*-�.& '�!"��RS0<-+#8(�
 #�'L-?')(�� #?(.,T06/=-?')(��+)"# -+&��1#�!"� � )F(�)��l(15.0G&�� ��� l � � �J:"�'/5 -$8 �(�$)"#?(.#�'�# �+*"'�!6&��(��/1- �+��&�# � (4'0!T-7K"#��./20�'0�\:"�()"#?(4')(��(# �+* � � � � . � 3 ��� � � . l 3.-+)G: � � � � ��� 5�� �(, � ���!"�N&��'/=- '?(2@+� '0!6(.� � )��&#�#��&# �+* '�!"�N/=- �$�'&�# -+&��P:"�('���&�,Q(�)���:A(�)C#?0��;!d- � - � '�!<- '='�!"�\-+�"�<-+&��&)3' :"�&)�#?(.'��
���k�]�F(.#>�'RS0<-+/ '0� ��� � � � l 5 � �&, � � � �(�&�.&8:6(�)65+/(�.3 '�!"�I@+�./10", ��&)- '?(��Q(�#E0")6(1RS0"�'/(�e:"��� )"�': K �<'0!��@$�+/10", �`*]&?-+�('?(��$) �+* '�!"�_/1- �$��&A�+* , ��:6(20", :"�()"#?(4'�� ����3 '0!<- 'O(�#'3  � d  � � ��� �]3 � !6(��;! (�#O-+/�#�� '0!���<-+&?-+, �('0�'&4:6(�# ')(.)65.06(.#�!6(.)65 '0!���:G( �2��&��()3'>#8(�,T0G/=- '?(��$)[&��&#806/.'�#E(.)!�l(15.0G&��&# � � �b-+)6: ��� 	 �
�l(25.06&�� ��� � #�!"� � #�'0!�� �6&��':6(�� '0�':`RS0<- #?(�
 #�')- ')(.�E#�'?&��(#�#��D#�')&?-+(�)V&���/1- ')(.�$)"#�!G(��"#\*-�.&;@+�./10", ��*]&?-+�('?(��$)"#
 � d  � � ��� � &)-+)65+(�)65M*]&��$, � '0� � ��� 0 � ��!��F&���/1- ')(.�$)"#�!6(��`*-�.&E'0!��T*]06/1/ �B!"�$, �.5$�&)��&�.0"#j*-�>-+, ��06K ��&�+&?&��(#�� �$)6:"# '0� '�!"�:�$)"�Q*-�.0")6:C*-�.& � � � � l 5�� �(, � (�)"�^(15.06&�� � � � � ��!"�M*-�.-+, ,A�J:"��/ 3 � !G(��;!�&�+)D')-+(�)�#��80"#�' ' � �e/=- �$�'&�# �+* � ��� -+)G: � ��� 5��?�&, � :"�&)"#8(.'�� #�!"� � # ' � �e:6(.#�'?(�)"� ' �S(�) �D# � !"�'&�� '0!���&�+/1/=- �"#���# ')&��(#�# �+* �'(.'�!"��&P*]&)- �(')(.�$)F(�#N&��9-+�;!"�': � ��!"�,*�-+�(' '�!<- ' !<-+/ * �7*2'�!"�E*-�.-+, @+�./10", ���&�+/1/=- �"#��(#- 'd- @$�'&��C/�� � �6/1- '0��-+0 # ')&��&#�# #?(15+)6(#� ��-+)3')/ � &���:G0"�&�(# '0!"�M-+, �.0")3' �7*��&)"�'&?5
� -+K"#��.&?K ��: K �F'0!��,O- '0�'&?(=-7/ � ��!G(�#F(�#I&�� � �&� '0��: (�)$�l(15.0G&�� � � 	 5]/��'*7';8 3 � !G(��;! #�!"� � # '0!��V-+K"#��.&?K ��: �&)���&?5�� �+*�'0!����0GK2�%
%#�!6-+�2�':/#��2�(��(.,A�() -+#b-h*]0")��(')(.�$) �+*>#�')&?-+(�) - )6: '�!"�e:"�&)�#?(.'�� �&�$, �2�+#?(.'?(��$) � � 'bK �&�(�$,A�(#�.K>@J(��.0�#>'0!6- 'E'�!"� !"�$, �.5$�()"�&�+0"#j*-�>- , -7K"#��.&8K"#Y-A,M-'&H(.,T0", �+* �()"��&85
�.3 � !"��&��9-+# '�!"� �$���2�$#8(.'��(�# ')&80"�O*-�.&C'0!��M*-�>-+, �(�$,A� �$#���: �+* l � 0 � � -+)6: l � 0 � � � ��!"�:�()"��&85
� -+K"#��+&���'?(��$) � � ��(��()"����6/.�+'0#N(�)(�l(25.06&�� � � 	 5�&8(15$!3'98 #�!"� � - #8(�,Q(1/1-+& �6(.�('?06&��73 � (4'0! '0!"� ��� ��(.�&)"���QK2�'(�)65C,O-'&H(�,O-+/G*-�.& '0!��!"�$, �.5$�()"�&�+0"#4*-�>-+, *-�+&�#�')&?-+(�)�#j-7K2��@$� � � 0 ��� ' #�'?&)-+(.)"#4K ��/�� � � � 0 '�!"�A/�� � ��&,5.&)-7:6(��()D'��7* '0!��#�'?&��(#�#��D#�')&?-+(�)F��0G&8@$�Q*-�.& � � &��&#806/.'�#A(�) -@!6(15$!���& ��� �'(��&)���� �+*;*-�>-+, , �J:"��/.# �&�$)3')-+(�)6(.)65e-e/=- �$�'&�+* '0!6(.#�:��&)"#8(.'�� � � �.& '0!"� #�� �&�'(=-+/ ��-+#�� �+*4-V*-�>-+, �&�$, �2�+#���:F�+* '0!6&��&�Q/=- �$�'&�# �+*1�'RS0<-+/N@$�./20",A�-+)6:A�+*X:"�&)"#8(.'?(��&# � �

%
����-+)6: � � �9- �;!f3)�^(15.06&�� ����� :6(.#��6/1- � # !"� � '�!"�># '0�.&���:A�&)"�'&?5
�b(.#\:G(�#�'?&?(2K60�'0�':K �(' � �&�&) '0!��M:6( � �'&��&)3'F&���5.(.�$)"# � ��!"�:� �+'0�()3')(=-7/ �+*�'�!"�[/.� � :��&)"#8(.'�� *]&?-+�('?(��$)C(�# ��& !<-+0"# '0�': -?'5./.�.K<-+/ #�'?&)-+(.)"#b-+&��+0")6: � l10 3N(�)G:6(���- ')(.)65 '�!<- ' '�!"�@,M-?'0��&8(=-+/ !<-+#FK �&�(�$, � '0� � :"�&)�#?(#�"��: '0� K �
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per unit volume
absorbed energy

�l(25.06&�� ��� � + � ')&��&#�#�@$�'&�#?0�#�#�')&?-+(�)O:6(=-75.&)-+, # �6&��':6(�� '0�':M*-�.&N*-�>-+, �6/1- '0�(# '�!<- ' �(�$) 
#?(.#�' �+*6/=- �$�'&�# �+*a:G( �2��&��()3'P:"�&)�#?(.'�� � !6(2/��1,O-+(.)D')-+(�)G(�)65�'0!�� #)-+, �1��@+��&�
-+/1/N:"�()"#?(4'�� � ��!"� #��./2(1: /2(�)"� �(�.&?&��&#�� �$)6:�# '0� - , �&#�� 
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Absorbed Energy
ρ1 = 0.2, ρ3 = 0.8, ρeff = ρ2 = 0.5 g/cm
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Energy Absorption Efficiency 
ρ1 = 0.2, ρ3 = 0.8, ρeff = ρ2 = 0.5 g/cm
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�A-+K�#��.&���')(.�$)C��� ��(.�&)"���A5�&?(25$!3'98�+* -+)[(.)6(.'?(=-+/2/(� � � � � �
�
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%#�!6-+�2�':@#�� �&�'(�, �&)F5�&8(15$!3';8\-+#*]0")"� ')(��+)"# �+* #�')&?-+(�) -+)G: '�!"�b:6(�# ')&8(1K60�'?(��$) �+* '�!6&��(�b:6( �2��&��&)3'�:"�&)"#8(�
')(.�&#�3 , �J:"��/ 5�-38 �
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�l(25.06&�� ��� � + � )"��&��9-+#�� �7*H/.� ��-+/+(.)3'0��&�)<-+/$�()"��&85
� 5-�2�'&=#��6&8(�)65��'/��&, �&)3';8f-+# -D*]0")"�('?(��$)�+*Z5+/��.K<-7/ #�'?&)-+(.)`*-�+&�,A�J:"��/ 5�-38 � ��!"�C'0!G&��&��/=- �+��&�#��+*l(�)6(4')(1-+/1/ � ��RS0<-+/'0!6(.� �D)"�&#�# !<-9@$�Q:"�&)�#?(.'?(��(# �+* � ��� 3 � � l -+)6: � ��� 5�� �(, � 3^&��&#��2�(�(')( @$�'/(�.3*]&��$, /��'*7'1'0�b&?(25$!3' �
�&�+,A�<- �('0�': *]06&�'�!"��& � � 'F(�#d- ' #�'?&)-+(.)"#F-+K ��@$�:'�!6(�#�@+-7/10"� '�!<- ' '0!"�@�+'�!"��& ' � � &���5.(.�$)"# �(�./1/1-+�"#��#?0��&�&�(#�#8(2@$�'/(� -+)6:/#�'L-7&�' '0� -+K"#��+&?K*�()"��&85
� � � ' l � 0 5./��+K<-+/�#�'?&)-+(.) '�!"��� -7&��<#�')(2/1/ ��-+�<-+KG/��B�+*-+K"#��.&?KG(�)65 , �.&�� �()"��&85
� �
��!"� #��&�(�$)6: #?(.,T06/=-?')(��+) , �H:���/ (�#>�&�$, �2�+#���:6�7* #?(�& 5$�(�$, �(')&8(���-+/1/ �V(1:"�()3')(���-+/ ��06K �.(2:"#�32#��&� �^(15 
06&�� � � l 5]K 8 � � 5>-+(.)6'0!6&��&�b:6( �2��&��&)3'A:"�()"#?(4')(��(#�-+&�� �(�$)"#?(2:"��&���:f3 K60�'C)�� � '0!"�Q-+&8&)-+)G5$�&, �&)3'C�+* �&�� � #F- )6: � �(�./10�,A)"#d-+/1/.� � #�*-�.&I- �<-7&)-+/2/���/ �(�.0"�6/2(�)65<�+*,&���5.(.�$)"# � (.'0! :6( �2��&��&)3'T:"�()"#?(4')(.�&# � � )�l(25.06&��(# ��� � -+)6: ����� � '0!"�B�(�$,A� �$#8(.')(.�$) �7*>'�!"�@�&�./20", )"#T(�#F:��&#��'&?(2K2�': K�� -6#���RS0"�&)��&� �7* ' � �)S0",TK ��&�# � !"��&��:�9- �;! :6(15.(4' � 3 � -+)6: � # 'L-+)G:"#d*-�.&I-_:"�()"#?(4'�� �7* � � � 3 � � l -+)6: � � � 5�� �(, � 3^&��%
#�� �&� ')( @$��/ � � ��!��T-+�"�6-+&��()D'j:"�()"#?(4'��e(�# �+�(��' �(�$)"#�')-+)3'Y-?' � � l 5�� �&, � � � 5>-+(.)@'0!"� ,A�+#�'EK<-+/1-+)"�&�':-+&8&)-+)65+�&, �&)3' 5 � � � 
 � �!� 8 #�!"� � #�'0!"�WK �&# ',K2�(!<-9@J(��.& � (4'0!V&��&#�� �&� '�'0� �()"��&85
�e-+K"#��.&�� ')(��+) � � '�'0!���+'�!"��&>�&)6: �7* '0!"� #���-+/�� '0!"� ,A�$# '�0�)JK6-+/=-+)��&��: �&�$,TKG(�)<- '?(��$) � � � 
 � � � #��('0#>'0!"� ,O(.)6(�,T0�, @7-+/10"�*-�.& '�!"��-+K"#��+&?K ��:<�&)"�'&?5
� �
��!"�VRS0<-+#8(�
 #�'L-?')(��A,A�J:"�'/�(�)$�l(15.0G&�� � � l 5-� 8I(.# �;!<-+&?-+�('���&8(}m&�': K � -h/1(.)"�9-+&I:"�&)�#?(.'�� :6(�# ')&8(1K60�'?(��$)
� (.'�! -`&)-+)G5$�Q*]&��$, � ��� '�� � ��� 5�� �&, � � Z �$,A�6-+&?(.)65<'�!"�Q/�� �9-+/ # ')&)-7(�)f3 �l(25.06&�� �����
� 5�/.�'*7'98�3l- )6:'0!��I(.)"��&��9-+#�� �+*Z(�)3'0�'&�)<-+/=�()"��&85
�.3 �l(25.06&�� �����
� 5�&8(15$!3'98�3 #�!"� � #�-+5>-+(.)<'�!<- 'E/=- �$�'&�# �+*P/.� � :"�&)�#?(.'��5�&8(15$!3';81�&�./2/=-+�"#�� �<&�#�'j-+)6:<#�'��.&�� '�!"�C,M-+(.)@�<-+& '��+* '�!"��-+K"#��.&?K ��:<�&)"�'&?5
�`-?',/�� � 5+/��.K<-7/ #�'?&)-+(.)"# �� ' !6(15+!"��& # ')&)-7(�)"# '�!"�b:"�&)"#���&�&��'5.(��$)�#�3 � !6(.�;! �&�+/1/=- �"#��F-?'C!6(15$!���& �6/1- '0��-+0 #�')&��&#�#��&#'3l:"�+,O(.)<- '0�'0!��A�()"��&85
�C-+K"#��+&���'?(��$) K2�(!<-9@J(��.&'3 � !6(2/��Q- ' '0!"� #)- ,A� ')(.,A� '�!"�O:��'*-�.&�,M- '?(��$) -+)G: -+K"#��.&�� ')(��+)� �+'0�()D'?(=-+/ �+* '�!"�C�&�$, �<-+� '0�': /1- �+��&�# �7*l/.� � :"�()"#?(4'��B!<-+#,K2�(�&)<��& !<-+0�#�'0�': �
��!"� �6&��+�2�$#���:F#?(.,T06/=-?')(��+) ,A�J:"�'/P-+/�#��`-+/1/.� � #Y-`&?-+)6:"�$, �2�'&�')0G&?K<- '?(��$)6�7*1'0!��Q/.� ��-+/Z- �"�<-+&��&)3':"�()"#?(4'�� � �l(15+06&�� � �%� � #�!"� � # !"� � :6( � �'&��()D'�# ')&��&#�#4@+��&�#80"#�#�'?&)-+(.)V&���/1- ')(.�$)"#�!6(��"# ,M- �M&��&#806/.'�*]&��$,:6( � �'&��&)3'�# 'L- '?(�# ')(���-+/ :G(�#�'?&?(2K60�')(.�$)"# �+* '0!"�W/.� ��-+/a*-�>-+,�:"�&)"#8(.'�� � � )e-7/1/ �9-+#��&#�'0!"�A-9@+��&)-75$�W:"�&)�#?(.'��
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Parallel Interaction, Stress−Strain
ρ1 = 0.2, ρ3 = 0.8, ρeff = ρ2 = 0.5 g/cm
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&)-+)G5$�&, �&)3'93 , �J:"��/ 5]K 8 �

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Total engineering strain [1]

0

1000

2000

3000

4000

5000

E
ne

rg
y 

[J
]

Parallel Interaction, Energy
ρ1 = 0.2, ρ3 = 0.8, ρeff = ρ2 = 0.5 g/cm
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Parallel Interaction, Efficiency
ρ1 = 0.2, ρ3 = 0.8, ρeff = ρ2 = 0.5 g/cm
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uniform density ρ = 0.3 g/cm
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�l(25.06&�� ����� � + � '?&��&#�# @+��&�#80"# # ')&)-7(�) :6(=-+5+&)-+, #@�6&��':6(�� '0�': *-�.&B#�� @$��&?-+/d&?-+)6:"�+,O/ �� ��&�'?06&?K ��:�:"�()"#?(4'��Y:6(.#�')&8(1K60 ')(��+)"# !<-9@J(�)65 '�!"� #)-+, �N-9@$�'&)-+5$�P:��&)"#8(.'�� ���!"�I:<-+#�!���: /1(.)"�C�&�.&8&��(#�� �$)6:"#E'��[- !"�$, �.5$�&)��&�.0"#,*-�>-+, #��2�(��(.,A�()�+* '0!"�C#?-+,A�A- �"�<-+&��&)3'�:��&)"#8(.'�� �
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��I��������� �-�"� # ��� ����& ��& ����� ���+��� ��&(�3�����"���$����� #������ �3�,�"� &
� �

� -+# � � � 5��?�&, � � ��!"�`:<-+#�!"��: /1(.)"�[(�) �l(25.06&�� ����� � &��&�G&��&#��&)3'0# '0!��<# ')&��&#�#b@$�'&�#80"# # ')&)-7(�) &��'/=-'
')(.�$)"#�!6(�� *-�.&b-6, �H:���/ �+*>!"�$, �.5$�()"�&�+0"#F*-�>-+, :��&)"#8(.'�� � � �.& �(�$, �6&��(#�#?( @$�<#�'?&)-+(.)"#F0"� '0� � � 0'0!��I&?-+)6:"�$,Q/(� �2�'&�'?06&?K ��:_*-�.-+, K �H:6(.�&#�, �$#�'?/(�:�%& !6(1K6(4'E/�� � �'&># ')&��&#�#��&#E'�!<-+)<'0!"� !"�$, �.5$�()"�&�.0�#, �H:"�'/ 3$� � (.)65 '0� '0!"�,/.� ��-+/1(nm&��: �&�./2/=-+�"#����+*X/=- �$�'&�# � (.'�!O- )O- �"�<-+&��&)3'\:"�&)"#8(.'��bK ��/.� � '0!��j-9@+��&)-75$��$)"� � �1���+�$)6: � � 0 �&�$, �6&��(#�#8(2@$�C# ')&)-7(�)f3 !"� � � @$��&'32, �$# '��+* '0!"� � ��& ')06&8K2�':B�&�$))�65.06&)-?')(��+)"#�#�!"� �, �.&��W&��&#?(.#�')-+)"�&��-+5.-+(�)"# '��&�$, �6&��&#�#8(��$)@'�!<-+)B'0!"�C!"�$, �.5$�()"�&�+0"#�,A�J:"��/ �
� ��
�� 
 " � �!� � $&' ��$�� ��� � � $ *��!�

� #D-+):��&G-+, �6/.�E*-�.&;: � )<-+,Q(�� ,A�(#��$, �&�;!6-+)6(���-+/ #?(�,d06/=- '?(��$)�# '0!"�Y(.,A�6-+�(' �+* -d&8(15.(2:O(.,A�6-+�('��.& �$)-W*-�>-+, �'06K2� �)& ��:A'0�I-�&8(15.(2: � -+/2/<(�# �&�+)"#?(2:"��&���: � ��!"�E(�) �<0"�&)��&� �+* '�!"�j:��'*-�.&�,M- '?(��$)T@+��/.� �'(.'��F(.#&��(#�'?&?(�� '0�':A'0�A(.)"��& ')(=-7/"� �2�&� '0# +Z-+)�� #�')&?-+(�)Q&)-?'0�,(�)��60"�&)"�(�j:G0"��'0�C'0!"� �&)3')&?-+�"� ��:O5>-+#N(�# )"�'5./��(�('���:-+#�#?0",Q(�)65 �'/��$#���:e*-�>-+, �&�'/1/�# �6/1/��': � (.'�! - )`(2:"�9-7/ 5>-+#40�)6:"��&,(.#��+'�!"��&�,M-+/2�&�$)G:6(.'?(��$)"# � ��!S0"#�3 '0!��, �&�;!<-+)G(��9-7/ �&�$)3')&8(1K60 ')(��+)F�7*1'0!�� �(�$, �6&��(#�#?(.�$)F�+*1'�!"�A�()3')&)- �"�2�': 5>- #�(.#A(�, �6/1(.��(.'?/(�@')-
�+�() (�)3'��-+�(�&�.0")3'OK�� '0!"�eRS0<-+#8(�
%# 'L- '?(��@# ')&��(#�# � #�'?&)-+(.) &��'/=- '?(��$)�#�!6(.� -+#A)�� 5.-+# � � � (�#Q-+#�#?0", ��: '0� 'L-
� ��6/1-+�&� � � ) -+:6:G(.')(.�$)6'0!"�A#�'?&)-+(.)C&?- '0� #��()"#?(4')(2@J(4'�� �+*4-+/20",Q(�)S0", (.# �(�$)"#8(1:"�'&���: '0�_K � )"��5./2(15.(2K6/�� �� (.)"�&�4->�606&��'/(� , �&�;!<-+)G(��9-7/ '�!"�&�.& �d(.#Z-+���6/1(.��: )"�'(.'�!"��& '0!"�1'��&, �2�'&)- '?06&��;&?(.#���:G0"� '0�E'�!"��(.)"��&��9-+#���+*<(.)3'0��&�)<-+/D�&)���&?5��I(.# ')-
�+�()T(�)3'��Y-+�(�&�.0")3' )"�.& (�#^-+)�� � '0!"�'&��S(�)G: �+*"'�!"��&�,A�'
%, �&�;!<-+)G(��9-7/3�&�.0"�G/1(�)G5-+�(�&�.0")3'���: *-�+& �
OP/N4|VK6!? �	HJ4K;=6c/� !6(., � 'Q-+/ � (1/2/10"# ')&)-?'0��: #��'@+��&?-+/��"!"�&)��$,A�()<-6�2�'&�'?(�)"�()D' '�� '0!"�e: � )<- ,O(.�:��&80"#�!6(.)65 �+* �&�'/1/10G/=-+&#�'?&?0"� ')06&��&#�y � � � { � �l(15+06&�� ����� � #�!"� � # '0!�� ')(.,A� !6(.#�'��.&?(.�&# �+*"'�!"�1)"�+&�,O-+/1(nm&��:C� �$#?(4')(.�$)"# �+* #���/��(�('���:,O- '0�'&?(=-7/ � �.(.)D'�#Y:606&8(�)65[-+) 0")6(1-'&H(=-+/ (�, �<-+� ' �'@+�&)3' � ��!"� ,O- '0�'&?(1-+/ � �.(.)D'�#Y-+&��T&��(�6&��(#��()D'���:CK �/10�,A� ��: ,O-+#�#��&#A(�)6'0!�� #��6&?(.)65�� ,O-+#�# ,A�J:"��/ 3c-+)6: '0!�� ,O-+#�# �2�$#8(.'?(��$)"#A-7&�� )"�.&�,M-7/1(}m(��: K��6'0!��*-�>-+, �6-+:*'0!G(�� �D)"�&#�#�� � � ��!"� -+� ')0<-+/ #?(.,T06/1- ')(.�$) ')(.,A�`(�# )"�.&�,M-+/2(}m(��: K��/'�!"� '?(�, �`(4'A')-
�+�(#-+) �'/=-+# ')(��A#�!"� � � � -9@+�<'�� &?0") *]&��$, '�!"�[(.,A�<- �(' �()6: '0� '�!"�[&8(15.(2: � -+/1/ 3P-+# � (2/1/\K2�[:G(�#��'0"#�#���:/=-?'0��& � ��!"� ,O- '0�'&?(1-+/ � �.(�)3'�#I-7&��b&��(�6&��(#��&)3'���: K�� /10", � ��: ,M- #�#��(#I(.)6'0!"� #��6&8(�)65 � ,M- #�# , �H:"�'/ ���!"�V5.&?-+�"!"# � �'&��V&��(�9-+/.��06/1- '0�': 0"#?(.)65 '�!"�V5$�&)���&?(.�:�<-+&?-+, �('0�'&�# �6&��(#��&)3'���: (.)�y � � � { +�� � � .�� 3� � �/. �G3 � � � � . � l 3 � � � . �63 -+)6: ' � � �1. � � ��!"�(#�� �<-7&)-+, �('���&�#�(�, �6/(�@# ')&?-+(�) 
 #��+*7'��&)6(.)6563 '0!<-?'(�#'3 *-�+&I(.)"��&��9-+#8(�)65<�&�$, �6&��&#�#8(2@+�:#�'?&)-+(.)F'�!"� � �$#�'�
%�(�./1/1-+�"#��F*-�.&��&�Q:"�&�'&���-+#��(# '0�_- ,Q(�)6(.,T0", - )6:&?(.#��(#j-75>-+(�)e- #�'�!"�C�&�./2/=-+��#�� �+*l(�)6:G(2@J(1:606-+/2�(��/2/c/=- �$�'&�#,K2�'5.(�)�# '0�Q(�)"�'&��9- #�� '0!"�C��@$�'&)-+/2/ #�'?( �2)"�&#�# �� !6(., 0"#���:I-+)C��/1-+#�'?(���
i&?(25.(1: �6/=- #�')(.� ,O- '0�'&?(=-7/ *-�.&�,T06/1- ')(.�$)f3 � !���&��\0")6/.�>-+:6(.)65D(.) '0!"� � �$#�'�
%�(�./1/1-+�"#��&��'5.(�, �A(�#j-+#�#80", ��: '0�OK2��(�)���/=- #�')(.� � ��!"�d&)- '?(��

�� � � d�� �7* '0!"�I/10", � ��:e*-�>-+, ,O-+#�#��&# � '��'0!��d(�, �<-+� ' ,M-+#�# � 5$��@$��&�)"#E'�!"�d:"�'5.&��(� �+* �&�$, �<-+� ')(��+)f3�-+#>��-+)hK � #��&�() (�) �^(15.06&�� ���%� � +1'0!��' � �[:6(=-75.&)-+, #,:6( �2��&,(.) '0!�� ,O-+#�#j&)- '?(��
�� 3 � !G(��;! � -+# �;!��$#��() -+# � � � �F*-�.& '�!"�d/.�'*7' �<5.0G&��T- )6:

� � � � �b*-�+&�'�!"��&?(15+!D' �<5+06&�� � ��!"��(�, �<-+�(',@+��/�� ��(4'��.3 )"�.&�,M-7/1(}m(��:VK��B'0!"�A*-�>-+, �<-+: '�!6(�� �D)"�(#�#�� �X3
� -+#j(2:"�&)3'?(��9-7/X*-�.&4K �+'0!<#?(.,T06/1- ')(.�$)"#D- )6:_- ,A�.0�)D'���:@'0�

�� � � .�� l �
��!"�V&?- ')(.�hK2� ' � �(�&) '0!"� ,M-+#�# � �+*�'0!"�M(�, �<-+�('��.&T- )6: '0!"�M/10", �2�': ,O-+#�# �7* '�!"�V(�)G:6(2@J(1:G0<-+/*-�>-+, ��/.�&, �&)3'0#N(�) �<0"�&)��&�&# '0!����2�()"�('?&)- '?(��$)b:"�(��'0! �+* '0!"�,(�, �<-+� '0�.& � � �.& '�!"��!6(15+!"��& � d�� &?- ')(.�
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�l(25.06&�� ����� � + �P&��':6(�� '0��:@!G(�#�'��.&?(.�&# �+* '�!"�E� �$#?(4')(.�$)A�7* #���/.�&� '0��:@,O- '���&?(1-+/ � �.(�)3'0#\(�)- 0")6(2*-�+&�, *-�.-+, #?-+,A�G/��V0")6:���&Q(�, �<-+�('T/��>-+: 5]&��&��-+/��'06/=-?'0��: -7*7'���&� !6(., � '�-7/ � y � � � { 8 �

(�) �l(15+06&�� ����� � 5]/�� *7'98 '0!"�E(�)"�'&�'?(=-+/6*-�.&��&�(#1��& �'&�'0�':B�$)A'�!"��(.,A�<- �('0�+&;- )6:A'�!"��/1- �+��& �+*=�&�+,A�<- �('0�':,O- '0�'&?(=-7/D'?&)-9@$�'/1(.)65�(.)d*]&��$)3' �+*a(.'^5.(2@+�D&?(.#�� '0��@+��&�� !6(15+!d/�� �9-7/ # ')&?-+(�)T/.�'@+��/�# ��/.�$#��1'��E'0!��D(�, �<-+� '0�.&-+)6: -:�'&?0"#�!6(�)65e:"� *-�.&�,O- '?(��$) , �J:"� '0!6- 'W/�� �9-7/1(}m(�&#j(�) '0!��F0"�"� ��& !<-+/ * �+* '0!"�T*-�>- , K �H: � � � �.&-[/�� � ��&Y&?- ')(.� � d�� '�!"�T*-�.&��(�&# )"�(�&�(#�#)-7&�� '��e-+�&�(��/��'&)- '��F(�)6:G(2@J(1:606-+/ /10", �2�':_*-�>-+, ,O-+#�#��&#A-+&��/�� � ��&'3^/.�9-+:6(.)65:'0�`/�� � ��&A/�� �9-7/ #�'?&��&#�#d/.�'@$�'/�#�-+)6: /�� � ��&�/�� �9-+/ #�')&?-+(�)�#�3 #��(� �l(25.06&�� ���%� � 5]&?(15+!D';8 �� (.)"�&� '0!"�T(.)6(.'?(=-+/ �S(.)"�('?(�� �&)"�'&?5
� �+* '0!"�I(�, �<-+� 'E,O-+#�#�(�#�'0!"� #?-+, �d(�)_K2�+'�! #?(.,T06/1- ')(.�$)"#�3 , �.&��*-�>-+, �'/��&, �&)3'�# !<-9@$� '��[K2� �&�$, �<-+� '0��: '��V-+K"#��.&?K '�!"� #?-+,A�T-+,A�+0")3' �+* �()"��&85
�h- #E'0!"� !6(15$!G/(��&�+,A�<- �('0�': #806&8*�- �&�d/1- �$��&�#j(.)!�l(15.0G&�� ����� � 5�/�� *7'98 � ��!"�'&�� *-�.&��73 '�!"� ��&?0�#�!"�': m&�$)��I(.) �^(15.06&�� ���%� �5�&8(15$!3';8I(�# #��6&���-+:6(.)65 � @+��& '0!�� � !"�./��O*-�>-+, K �J: � - )6: #�!"� � #b0")6( *-�.&�,`3PK60�' �(�$,A�6-+&)-+KG/(� /�� �#�'?&)-+(.)6(�)G563G&��&#?0G/.')(.)65b(�)e-b/�� � #�')&��&#�#j/.�'@$�'/=��@$��&j-F/=-+&85$� #�'?&�� � �A/��&)G5+'0! �
� )hK �+'0! #?(.,T06/=-?')(��+)"#4:"� ��0", �&)3'0�':h(�) �l(15+06&�� ����� � �'/=-+# ')(.�d-+)G: �6/1-+#�'?(�� � -9@$� �6&��$�6-+5>- '?(��$)<�"!"�%
)"�$, �&)6-d-+&��Y-+�"�6-+&��()D' � ��!"�>'?(�, �>!6(.#�'��.&?(.�&# �+* '0!�� )"�.&�,M-+/2(}m(��: �2�$#8(.'?(��$)"# �+* (.)6:6( @H(2:60<-+/</20", �2�':*-�>-+, ,O-+#�#��&# #�!�� � '0!<-?'N-7*7'0�'&P- �&�'&�')-+(�) '?(�, �+3 � !6(.�;!b(�#Z:6(2&��(�(')/ � �6&��$� �.& ')(��+)<-+/D'0� '0!��4(�)6(4')(=-7/J:G(�#�
'L- )"�&�AK �(' � �&�&)<'0!"�C� �.(�)3'�,O-+#�#��&#E-+)6:@'�!"�W*-�>-+, #806&8*�- �&�+3"'�!"�C,M- #�#��(#�#?06:6:��&)6/ �B#�'L-7&�'�'0� '?&)-9@$�'/(�) (.,A�<- �('W:6(2&��(�(')(.�$) - '�-[@$�'/�� ��(4'�� � !6(.�;!C(.# � �'/1/ZK ��/.� � '0!��Q(.,A�6-+�('Y@+��/.� �'(.'�� ��� ) �l(25.06&�� ���%� �'0!��Y(�)3'0�'&�#��&�('?(��$) �+* '0!��Y:<-+#�!"��:V/2(�)"� � (.'�! '0!"�j(�)6(4')(1-+/1/ � !"�+&?(}m(�$)3'L-+/ ,O-+#�#1�2�$#8(.'?(��$) ��06&g@$�(#�,M-+&��D#'0!�� ,A�$, �&)3'��7* '�!6(�#�#806:6:"�()_- �&�&�'/��'&)- '?(��$)[(.,A�G06/�#��+3 � !G(��;!e(�# '�!"�Y*-� � '0�6&8(�)3' �+* '�!"� ��/1-+#�'?(�� �(�$, 
�6&��&#�#8(2@+� #�'?&��(#�# � -9@$�A'�!<- 'I(�#A(�)G(.')(1- '0�': - ' '0!"� �<&�# ' , �$, �&)3' �+*D(.,A�6-+�('�-+)G: ')&?-9@$��/.#d- !"�9-+: �+*'0!�� #��6&��9-+:G(�)65�m(�$)"� �+* �6/1-+#�'?(��E:"�'*-�+&�,O- ')(.�$) � � �.&�- �&�$)3'?(�)S060",`3 '�!"� ��/1-+#�'?(�� � -9@$�C#��2�(��: � 3 � ��-+)
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� ��/�� ��(4'�� � � � �
� -9@$� #�� �&�': � ���

� )"�%
 :6(.,A�()"#?(.�$)<-+/ � !"� � � � -�@+� � )<-+/ � #8(�#
�^-+K6/.� ���%� +��_- '0�'&?(1-+/�#�')- '0�`(�) *]&��$)3' 5�(.)6:"�%& � 8F-+)6: K �&!G(�)6: 5�(.)6:"��& � 8b- #�!�� � �

� -9@$�A*]&��+)D',*-�.&,- �$)���
 :G(�, �&)"#8(��$)<-7/ #�!�� � � � -9@$�I-+)<-+/ � #8(�# �
K � ��-+/��'06/=-?'0��:e- #j-T*]0")��(')(.�$)<�+* � �+0")65�� #�,A�J:606/20"#���-+)6:@'0!���:��&)"#8(.'�� � +

� 3 � � � � d � 5 ����� 8
� �.& '�!"� �<-7&�')(.��/.��
%#��6&?(.)65 �;!<-+(�) �G&��$� �$#��':FK�� � !6(.,��('N-+/ � '0!6(.# ')&?-+)"#?/1- '0�(# '��E'0!"�1)"�.&�,O-+/2(}m&�': � -9@$�#�� �&�':

�� � � � 
 � � 5�� � �� 8 
 � � ��!"� �"#���06:"� '?(�, ��(.' 'L-
� �&# '�!"� ��/1-+#�'?(�� � -9@$� '�� ')&?-�@+��/ '�!6&��+065$!:'0!��
� �F/=- �+��&�# �+* '0!"�C, �H:���/ ��-+) K �C�9-+/.��06/1- '0�':@'0� �$� � � #,*-�+& � � � � . � l -+)6: �� � � .%� 5 �l(15.0G&�� ����� � 3/�� *7'98�3S-+)6: � � � l #N*-�+& �� � � . � � 5 �l(15.0G&�� ����� � 3>&8(15$!3';8 3 � !6(.�;!M-75.&��(�&# � (.'�! '�!"��#?(.,T06/=-?')(��+)d&��(#?06/4'0# �
� '1'�!"��:G(�#�')-+/ �&)6: �+* '0!��E#?(.,T06/1- ')(.�$) ,A�J:"�'/ 33'0!"�>��/1-+#�'?(�� � -9@+�W(�#\&�� �"�&�('���:e- ' '0!���&?(25.(1: � -+/1/ '0!��, �H:"�'/Z(�#�- '�'L-+�;!���: '�� � � ' '�!"� #)-+, � ')(.,A�73 '0!"�bK �+'�'��$, �+* '0!"�F*-�>-+, �&�./20",A) 3 � !6(��;!C- 'C'0!<-?'')(.,A�W(.# '?&)-9@$�'/1(.)65M-?'�- �&�$)�#�'L- )D'E#�� �&�': �+* � � ' � d 5 � � 3 �48��.&�3<(.) '0�'&�, #��+* '0!�� �<-7&)-+, �('���&�#E0"#���:K�� � !6(�, �(' � -+/ � 3 �� 3 � � � � 
 � � ' � � � d �� 3 5.( @J(�)65 �� 3 � � � . � � lxl *-�.& �� � � .�� -+)6: �� 3 � � � .��
� � *-�+&
�� � � . � � 3 #?06:G:"�&)6/ �F�&)"�(�.0")3'0�'&�#T-e&?(25.(1:6�+K"#�')-+��/.� � ��!G(�#C!<-+#C' � � (�, ,A�':6(=-?'0� � � �(�('0#�+ �<&�#�'?/(�.3'0!�� ��/1-+#�'?(�� � -9@$�F(.#�&�� � �(�('0�': (�)3'0� '0!"� ,O- '���&?(1-+/ 3 � !G(��;! - '>'0!<- 'E�2�+(�)3'E#�!"� � #A- #�'?&��(#�#W/�� @$�'/ ' ��&�+&?&��(#�� �$)6:6(.)65 '0� �<&�#�'��&�'/1/ �(�./1/1-+�"#��+36- )6:f3"!"�()"�&�73�- ')-+)65$�()3'�#�')( � )��&#�#'3 � !6(��;!`(�#;*�-+&4/�� � ��& '0!6-+)'0!�� ��/1-+#�'?(��C, �H:60G/10"# # #��&�(�$)6:6/ �.3 '0!"�IK2�J: �B�+*^*-�>-+,`3"'0!<- 'j(�#�')&?-9@$��/2(�)65QK �&!6(.)6: '�!"� �'/=-+# ')(�� � -9@$�*]&��+)D'�3G&80")"#4(�)3'��F-+)@�.K"# 'L-+�'/�� � ��!"�&#�� � � �(�('�#��9-+0"#�� '0!"�j*-�>-+,�/=- �$�'&�#���/.�$#��>'0� '�!"� � -7/1/ '0� ��&80"#�! 3-+)6: - �6/=- #�')(.� #�!�� � � � -9@$� '�� �.&?(25.(�)<-?'0�Y-?' '�!"� � -7/1/ �
� ' '0!"�`(�, �<-+� ' �&)6:f3 '0!"�`(�, �<-+� ' ,M-+#�#b0"#?0<-7/1/(� !<-+# #?0 � ��(.�&)3'A#�� �&��: -+)6: �S(.)"�('?(��B�&)"�'&?5
� '���.0�'?&?0") '�!"� ,O- '0�'&?(=-7/ '?&)-9@$�'/1(.)65e- '

�� 3 � K2�(!6(�)6: '�!"� �'/=-+# ')(�� � -9@$�F*]&��$)3' � ��!6(�#E�9-+0"#��&#A/=- �+��&�
 � (�#����&80"#�!G(�)65 - )6: �6&��J:60"�(�&#F- ) ��& �<-+)6:G(�)65 m(�$)"�:�7*��&�$, �<-+� '0��: ,M- '���&8(=-+/N(�)C*]&��$)3' �7*�'0!"�O(�, �<-+�('-+&��9-G3 � !G(��;!_(.#4/���-+:eK �V- �G/=-+# ')(�� #�!"� � �[*]&��$)3' 5 #��&� �l(15+06&�� � �%� � 8 �
�^-+K6/�� ���%� :��&#��'&?(2K2�(# '0!"�:# 'L- '��@�+*j- ,O- '0�'&?(=-7/;K �'*-�.&�� 5�(.)6:"�%& � 8I-+)6: -7*7'���&F- #�!"� � � � -9@$�B!<- #�<-+#�#��':CK�� 5](�)6:"�%& � 8 � Z �$)"#8(1:"�'&?(.)65e-@�&�$)3')&��./l@+�./10", � '?&)-9@$�'/1(�)G5e-+/��$)G5 � (.'0!6'�!"� #�� �&�': �+* '0!��#�!�� � � � -9@$� � 3"'�!"�A/=- � �7* , �$, �&)3')0", �&�$)�#���&g@7- ')(.�$) �J(.��/1:�# +

5 ' ��� ' � 8 � � � 5 � � � � 8 � � � � � 5 � ��� � 8 ��� 5 ����� �38
�_- '���&8(=-+/ �(�$)3')(.)J0G(.'��V:6(.�(')- '0�(# '0!<- '

5 � � � � 8 � � � 5 � � � �98 ��� � � . 5 �����
� 8
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�PRS0<- ')(.�$)"#F5 ���%� �38[-+)6: 5 � �%�
� 8 �9-+) K � 0�#���: '0�+5$�('�!"��& � (.'�! '0!"� # ')&��(#�# 
 :"�()"#?(4'�� &���/1- ')(.�$)"#�!6(��"#
' ��� � � ' 5 � ��� � 8,:"� �")"��: (�, �6/2(���(4')/ �MK�� �NRS0<-?')(��+) 5 ����� 84*-�.&E��-+/��'06/=- '?(�)65 '�!"� #�')- '0�(#Y(�) *]&��$)3'W- )6:K �&!6(.)6: '0!"� � -9@$�F*]&��$)3' � �P/��9- #�� )"�+'�� '0!6- ' ' � -+)6: ' �C!<-9@$� '��VK2�d(�)"#���&�'���: -+# � �$#8(.')( @$��@+-7/10"�(#*-�.& 	 ����� � � � � ���
� #�'?&��&#�#��(# �
��!"�:#��(' �+*���RS0<-?')(��+)"#@5 ���%� �38�- )6: 5 � �%�
� 8C��-+) K � ��& �6/.�.(.'���: (.) #��'@$�'&)-+/ � - � # � � �+& '�!"� �'/=-+# ')(���&�+,A�6&��&#�#?(��+) � -9@$�+3l(�)"#���&�'?(�)65 � � � �H3 ' � � �G3 � � � � � *-�.& '0!��O(.)6(.'?(=-+/ #�'L-?'0� �+*1'�!"�A,O- '���&?(1-+/(�) *]&��$)3'A�+* '�!"� �'/=-+# ')(�� � -�@+�_*]&��+)D'�34-+)6: ' � � ' � - # � ��/1/j-+# ��� � � � d 5 ��� ' � d � 8b*-�.& '0!��#�')- '0�WK �&!G(�)6::'�!"� #�!"� � � � -9@$��-+/1/.� � #1#��+/2@J(�)65I*-�.&1'0!�� ��/=- #�')(.� � -�@+�C#�� �&��: � 3 � � � � d �Q-+)6:@'0!��&��(#?06/4')(.)65 #�� �&��: � 3 � � ' � d 5 � � 3 � 8 �+* '0!"�C,O- '0�'&?(1-+/2'?&)-+(2/1(�)G5 '0!�� � -9@$��*]&��$)3' �
��!"�D(.)6(.'?(=-+/+��/=- #�')(.� � -9@$�D(.#^*-�./2/�� � ��:�K �d-E#8/�� � �'& # ')&��(#�# � -9@$����-+0"#?(.)65 ,O-+#�#8(2@+��/�� �9-7/3�&�$, �<-+� ')(��+)(�)`*]&��$)3' �7* '0!"�d(�, �<-+�('>,O-+#�# � � �.&�-O&��9-7/ , �(')-+/1/2(��W*-�>-+, '�!"�F-+#�#?0", ��')(.�$) �+* ' � � ' � 3 � � � �G3
� � � � � 3�-+)6: � � � � �	�!� � � �\(.#��80"#�'?(#�a-+KG/��W*-�.&�'0!"� , �$,A�()3'��+*P(�, �<-+� ' � � (.'�!<'�!6(�#�#?(.,A�G/1(#�"�9- '?(��$)'0!�� �&�.&8&��(#�� �$)6:6(.)65 #�'?&��&#�#B#�'L-?'0� ' � � ' ) [ � �9-+) K �6�9-+/.��06/1- '0�': K�� )S0", ��&8(��9-7/1/(� #��./2@J(.)65 '0!����RS0<-?')(��+)

' ) [ � � ' � �
� � ���?5 ' ) [ �?8���?5 ' ) [ � 8 � � �

�
��	�!� � � � 5 ����� � 8

*-�.& ' ) [ � �� 'F(.#d&���-+:6(2/(�F�.K"#���&8@7-+KG/�� '�!<- ' '�!"�:#�� �&�': � � � �7*�'0!"�:�G/=-+# ')(�� � -9@+�e*]&��$)3'F(�# )"�+' �(�$)"# 'L-+)3'93NK60 '5.&?-+:60<-+/2/(�e:"�(��&��9-+#��&# '0� m(��&��e-+#>'�!"� �S(�)"� ')(.� �&)���&?5��h(�#�-+K"#��.&?K ��:f3f-+)6: '0!��$m&�$)�� �+* �&�+,A�<- �('0�':*-�>-+, K2� ' � �(�&) '0!�� �6/1-+#�'?(�� � -�@+�d*]&��+)D'�-+)6:<'0!"��(�, �<-+� '�,M- #�#E(�#,(�)"�'&���-+#?(.)65M- )6: #8/�� � (�)65Q:"� � )- '�'�!"�C#)-+, � ')(�, � 5 �l(15.0G&�� ����� � 8 �
��!"�[*]&��$)3' �+* �&�$, �<-+� ')(��+) �.&?(25.(�)6- ')(.)65`*]&��$, '0!"�V&8(15.(2: � -+/1/ 3 �$) '0!"�@� '0!"�'& !<-+)6: 3;- �"�2��-+&�# '���6&��.5.&��(#�#A- 'Y-:�&�$)�#�'L- )D'C#��2�(��: 0")3')(2/^(4' , �&� '0#E'�!"�F(�, �<-+� 'j*]&��$)3' ��� ) '0!��F(1:"��-+/1(nm&��: ��&G-+, �6/�� �+*� !6(., � 'Q-+/ � 3 ' � � ' � 3 � � � �� 3 ��3\-+)6: � � � �� d 5 � �
� � 8I:"�(#���&8(1K �:'0!"�@# 'L- '��@�+*�'0!"�@,O- '���&?(1-+/K �(' � �&�&)B'0!�� ' � � �6/1-+#�'?(�� � -9@$�W*]&��$)3'0# � ��!��W&?(15+(1:MK �.0")G:<-+&�� �9-+0�#��&# � � '0�FK � m&�'&��FK �(' � �&�() '0!��&�� @$�'&�#��A�6/=- #�')(.� � -�@+�O*]&��$)3'�-+)6: '0!"� � -+/1/ � � &��G&��&#�#?(.)65 ' �d-+# ' � 5 ��� 8YK��6, �9-+)�# �7* '�!"� #�')&��&#�#��#�'?&)-+(.)V&��'/=- '?(��$)"#�!6(�� 5 ����� 8 � � �9- )<#��./2@+� �PRS0<- ')(.�$)"# 5 ���%� �38;-+)G: 5 �����
� 8N*-�+& � � ��-+)6: ���93"�.K 'L-+(.)6(�)65'0!��&�.&��(')(.�9-+/X@+-7/10"�(# �7*

��
� � � � . � �
	 *-�.& �� � � .�� - )6: �� � � � � . � � l *-�+& �� � � . � �$�

� *7'���& '0!"�D(.)6(.'?(=-+/2(}m�- ')(.�$) �+*a->�6/=-+# ')(.� � -9@$�D*]&��+)D'Z- ' '�!"�D&8(15.(2: � -+/1/H-�m(�$)"� �+*"�&�$, �<-+� '0��: ,O- '���&?(1-+/(�# ��& �<- )6:6(�)G5 - � - � *]&��$, '0!G(�#�K2�.0�)6:<-+& � � � ) '0!"�O(1:"��-+/1(nm&�': , �H:���/�# �+* � !6(�, � 'F-+/ � '�!"� ,O-+#�#&)-?')(��
�� :"� '0�'&�,Q(�)"�(# � !��('0!���& '0!6(.# � -�@+�E*]&��$)3' ,A�(�('�# � (.'0! '�!"���&�$, �<-+� ')(.�$)d*]&��+)D'N(.)T*]&��$)3' �+* '0!��(�, �<-+� '=,O-+#�# � � �.& '�!"� !6(25$!"��&=)��.&�,O-+/1(nm&�': ,M- #�#

�� � � .%� '�!6(�#c(.#=)"�+'='�!"� �9-+#��>5 �l(25.06&�� ���%� � 3 /��'*7';8 3K �&�9-70"#�� '�!"�Y(�)���&�'?(=-+/a*-�.&��&�&#�&��&#8(�# ')(�)G5 '0!"�Y-+�&�(��/��'&)- '?(��$) �+* '0!"�Y(.)6:6( @H(2:60<-+/a/20",A� ��:O*-�>-+, ,M- #�#��(#�9-70"#�� !6(25$!"��&�/�� �9-+/ �&�$, �6&��&#�#8(2@+� # ')&?-+(�)"#Y-+)6:f3 '�!"��&��'*-�.&��+3 !6(15+!"��&Y/.� ��-+/ �&)"�'&?5
� :G(�#�#8(��<-?')(��+) � � ''0!��@#)-+, �A'?(�, �+3 '�!"�&#��e*-�+&��&�(# #?/.� � :"� � ) '0!��[/10", � �(�$)"#?(.#�'?(�)65 �7* '�!"�V(�, �<-+� ' ,O-+#�#F-+)6: '0!��K �H: �F�+* �&�$, �<-+� '0��:C*-�>-+,k- 'd-_&)- '�� '�!<- ' �6&�� @$�&)3'�#F:"�&�(� �2�()"�('?&)- '?(��$) �7* '0!"�O(�, �<-+� '0�.& � � �.&'0!��[/�� � ��& )"�+&�,O-+/1(nm&��: ,M- #�#
�� � � . � � (�)"�l(25.06&�� ����� � 5]&?(25$!3'98C'�!"�[(.)"��& ')(=-7/N*-�+&��&�(# )"�&�(�&#�#)-+& �'0�Q-+�(�&�'/���&?- '0�C'0!���/20", �2�':e*-�.-+, ,O-+#�#��&#j-+&��A/.� � ��&'3<&��(#?06/4')(�)G5Q(.)e/�� � �'&,/�� �9-+/2#�')&?-+(�)�#j- )6: /.� � �'&/�� �9-7/ �&)"�'&?5
�C:6(�#�#?(.�<- ')(.�$) � ��!��O*-�.&��&�&#d-+�('?(�)65 K2� ' � �(�&) (�, �<-+� '0�.&A- )6: *-�>-+, �6-+: -+&��A'�� �`/�� �'0�@�G&��'@+�&)3' '0!"�F(.,A�<- �('0�+&j*]&��+, � �&)"� ')&?- ')(.)65V0")3')(2/ '0!�� ' � �B�&�+,A�<- �(')(.�$)_*]&��$)3'0# , �&�('�3 -+)6:6'0!��
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0.0 10.0 20.0 30.0 40.0 50.0

Impact Velocity [m/s]

1.0

1.5

2.0

2.5

σ dy
n / 

σ 0

0.2 g/cm
3

0.3 g/cm
3

0.4 g/cm
3

0.5 g/cm
3

0.6 g/cm
3

0.7 g/cm
3

0.8 g/cm
3

Increasing Density

�l(25.06&�� ����� � + �P&��':6(�� '0��: (�)��60"�&)"�(� �7*l(.,A�<- �('4@$�'/�� ��(4'��e-+)6:e*-�>-+, :��&)"#8(.'��B�$)B'0!"�(�)G(.')(1-+/ #�'?&��&#�#A&��&#��2�+)"#�� ' ) [ �Q&���/1- ')( @$� '��@'0!"� # 'L- '?(�� �(�./1/1-+�"#�� #�')&��&#�#
' � �

*-�>-+, (.#>�(�$,A�G&��&#�#��': (.)h-O@+��& �h0")6( *-�.&�, ,O-+)")���& 5 �l(15+06&�� ����� � 3�&?(15+!D';8 � ��!6(�#j5$�&)���&?(.�T: � )<-+,Q(����&G-+, �6/.�E#�!�� � #�'�!<- '93G-+/1/ '0!G(�)65$#;/1((�+��(.,A�6-+�('��.& ,O-+#�# � 36(.,A�<- �('\@$��/.� �'(.'�� � �	�!� � � �Z-+)6:@,O- '���&?(1-+/K �&!<-9@J(��.&;K2�'(�)65 ��RS0<-+/ 3 '0!��j*-�>-+, � (4'0!:'0!���/�� � ��& )��.&�,O-+/1(nm&�':A,O-+#�#�:"�&)"#8(.'��A�2�'&8*-�.&�,A#;K2� '�'���&D(.)'0�'&�, #1�+* 0�)6(2*-�.&�,O(4'�� �+*='0!�� �&�$, �6&��&#�#8(2@+� #�'?&)-+(.)f3 '�!"� �%&��G/��.(4'L-+K6/.�># ')&�� �+�W/.�&)65+'�!f3H-+)6: '�!"� #�'?&��(#�#/�� @$�'/=��& ��& '0��: �$)B'0!"�A(�, �<-+� '0�.& �
��� � � O�� 
 � ��� Q � � QR?�� �
	�����
�	�� V � ��� � � 
�� �

� ) '�!"� �6&�� @J(��.0"#<#��(�('?(��$)f3A- 5$�()"��&8(�� ,A�J:"�'/ �.&?(25.(�)<-7/1/(� �G&��$� �$#��': K���� !6(., �('_-+/ � y � � � { � -+#(�)>@+�&#�'?(15>-?'0��:<'0�A�.0�')/2(�)"� '�!"�dK<- #?(�� , �&�;!<-+)G(�#�, # �+* ��/1-+#�'?(���-+)6: �6/=- #�')(.� � -9@$� �G&��$�<-75>- ')(.�$)@'0!<-?'5$��@$�'&�) -<�$)"�%
 :6(.,A�()"#?(.�$)<-+/P(.,A�<- �('C�'@+�&)3'F(.)S@+�./2@J(.)65_-e*-�>-+, �<-7: �)& ��: '0�h-`&?(25.(1: � -+/1/\-+)6: -&?(25.(1: (.,A�6-+�('C,O-+#�#C# ')&?((�S(�)65B� ��&�� �&)G:6(��'06/=-+&8/(� '0�B'0!"� #?0G&8*�-+�(�A�+* '0!"� �<-+: � ��!"� ,O- '0�'&?(=-7/l:<- ')-�&�+/1/��(�('���:`K � �W&)-+:G(�)65$�'& 5 #��&�7y � � { - )6:�� �&�('?(��$) ����� 8D/��&)G:<'�!"�&, #��'/2@$�(# � ��/2/ '��M- ')&?-+)"#g*-��& �+* '0!��'0!��&�.&��(')(.�9-+/ &��&#806/.'�#�'0� ,A�.&�� �6&?-+�('?(��9-7/ ��&G-+, �6/��(#��+*l0�)6(=-'&H(1-+/ (.,A�<- �('��'@+�&)3'0# �
� ) �PRS0<- '?(��$):5 ����� � 8 -+)T(.,A�6/2(��'(.'c&���/=-?')(��+)"#�!6(.�W*-�.& '�!"��:��('0�'&�,Q(�)<-?')(��+) �+*�'0!"�;(�)6(4')(=-7/.: � )<-+,Q(�� �&�$) 
'L- �('�# ')&��(#�# ' ) [ �WK �(' � �&�()_-+)V(.,A�6-+�('��.& � (.'0!e- )V-+K"#��./10�'��j@+��/�� ��(4'�� � �	�!� � � �l-+)6:e-I*-�.-+, �<-+: � -+#�6&��&#��()3'0��: � � )"#���& ')(�)G5<'�!"�F:"�&)�#?(.'�� :��&� �&)6:"�()3' ,O- '0�'&?(1-+/ �<-7&)-+, �('���&�# 5 ����� 8�(�) �PRS0<- ')(.�$)/5 ����� � 8-+)6: �9-+/.��06/1- ')(.)65 ' ) [ ��*-�.& :6( � �'&��&)3'^(�, �<-+� ' @+��/.� �'(.')(.�&# � �	�!� � � � '0!"�\(�)��60"�&)"�(�1�+* '0!"��-+�"�<-7&��&)3' *-�>-+,:"�()"#?(4'��e-+)6:@'0!��W(�, �<-+�(';@$�'/�� ��(.'�� �$)@'0!"�W(.)6(.'?(=-+/ �(�$)3'L-+� '�#�')&��&#�#>��-+)eK2� �6&���:6(.�('���: � �l(25.06&�� ���%� �#�!�� � #C'0!��Q&���/1- ')(.�$)"#�!G(��hK �(' � �&�() '0!6(.#W: � )<-+,Q(�� # ')&��(#�#I-+)6:6'0!�� # 'L- '?(�� �(�./1/1-+�"#�� #�')&��&#�# ' � -+#A-*]0")"� ')(.�$):�+* '0!��Y(�, �<-+� '�@$�'/�� ��(4'��[-+)G::'0!"��*-�.-+, :��&)"#8(.'�� ��� /1/ ��06&g@$�&#��.&8(15.(.)<- '���- ' ' ) [ � � ' � *-�+&� �	�!� � � � � �C, �?# � � �.& � �	�!� � � � � � � , � # '�!"�,(�, �<-+� ' #�')&��&#�#;(.#N-+K2�+0�' l � 0 !G(15$!"�'& '0!<- ) '�!"��#�')- ')(.�
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�&�+/1/=- �"#�� # ')&��(#�#'3 � (4'0! #?/2(15$!3')/ � !G(15$!"�'&W&��'/=- '?(2@$� # ')&��&#�#�&��(#�� �$)"#��&#A*-�.&W/�� � ��&W*-�>-+, :"�&)"#8(.'?(��&# � � '-+) (�, �<-+� 'Y@$�'/�� ��(4'��6�+* � �	�/. � � � �10 �@,32 # '�!"�b&��'/=- '?(2@$�F:G(542��&��()"�&�bK �(' � �&�() '0!�� # 'L- '?(�� �(�./1/1-+�"#��#�'?&��(#�#j-+)6:B'0!"�A: � )<-+,Q(��E�&�$)3'L- �('>#�')&��&#�#j&?-+)65$�(#,*]&��$, - �"�6&�� &H(�,O- '���/(� � � 0 *-�.& � ��� 562 �&,874*-�>-+,:"�()"#?(4'��<'�� � � � 0 *-�.& � � � 562?�&, 7 *-�>- , :"�&)"#8(.'�� � � 'E,O- �eK2� �&�$)���/10G:"��: '�!<- ',*-�.&�'0!"� �&�+)"#?(2:"��&���:K6&?-+)6: �7*Z-+/20",Q(�)S0", *-�.-+, '0!��I: � )<- ,O(.��&��&#��2�$)�#�� �+*P-b/�� � :��&)"#8(.'��e*-�>-+, (.#�,A�.&�� #��()"#?(4')(2@+� '��'0!���(.,A�6-+�('D@+��/.� �'(.'��:'�!<-+)@'0!<-?'>�7*Z- !6(25$!e:"�&)"#8(.'��[*-�.-+, �
� �.&�'0!"�T:G(�#��'0"#�#8(��$) �+* ��/1-+#�'?(��I-+)6:6�6/1-+#�'?(�� � -9@$� �G&��$�<-75>- ')(.�$)`(�) -+):9<;�=!;/>@?+ACB *-�>-+, �<-7: -)"� � '�� �2� �7*l:6(1-+5.&?-+,�(�#4(�)3'?&��J:60"�&�':V(�) �l(25.06&���D �FE 0 � � '�'0!��WK2�+'�'0�$, �+* �l(15+06&���D �5E 0 -b/20", �2�':,O-+#�#B� �$#?(4')(��+) @+��&�#?0"#<')(�, � :6(1-+5.&)- , -+#<�6&��(#��()D'���: ��-+&?/2(��'&V(�#@')(2/.'0�': �&�.0")3'���&�
 ��/.� � � � (�#�� - )6:�6&��@G��&� '0��: '0� '0!"�VK<- #��@�+*j- '0!G&��&�%
 :6(.,A�()"#?(.�$)<-+/\:6(1-+5.&)- , #�!"� � (�)656'�!"�:)"�$,Q(�)6-+/;/.� ��-+/ #�')&?-+(�)�#-+/.�$)65 (.'�#e@+��& ')(���-+/�-'&H(�# � ��!6(�# �S(�)G: �+*d:6(=-+5+&)-+, !6-+#<'�!"�C-+:G@7-+)3'L-+5+�F�7*F5.(2@J(.)65 )"�+'<�$)6/ � -(�, �6&��&#�#8(��$) �+* '�!"�_5./.�.K<-+/4:��'*-�.&�,M- '?(��$) 3�K60�'M-+/.#�� �7* '0!"� :6(�# ')&8(1K60�'?(��$) -+)6:/'0!"� �'@$�+/10�'?(��$) �+*'0!��F/�� �9-+/ #�')&?-+(�)�# � �D')&��(#�# � -�@+�&#�/���-+:6(�)G5:'0�e-@#�!<-7&�� (�)"�'&���-+#��F(.) '0!"�b/�� �9-7/ # ')&)-7(�)"#A-+&�� ��/.�9-+&8/(�:6(.#��&�'&�)6(2K6/�� - #V&)-+, �"#e-+/.�$)65 '0!�� '?(�, ��
 �2�$#8(.'?(��$)/��06&g@$�&# �+*I(�)6:6( @J(1:60<-7/j*-�>-+, ��/.�&, �&)3'0# � ��!"��<-+&?-+, �('0�'&�#j0"#��':h*-�.& �^(15.06&���D �5E 0 � �'&���+,*-�.-+, '0!6(.� � )��&#�# � � �H0 �A, ,JI�(�, �<-+� ' ,M-+#�# � � E ��S5KI<(�, �<-+� 'D@$�'/�� ��(4'�� �MLON . � � � � E � ,C2 #&IKP � �RQ � �%S � 562 �(, 7 5�:6-+#�!"�':_-7&��9-$8#ITP-U LOV U � �WSXDF562 �(, 7 �
� '\(�# ��-+#�� '���@J(.#?0<-+/2(ZY(�1'0!"� � -9@$�E�G&��$�<-75>- ')(.�$) �"!"�()"�$, �&)<-A:6(.#���0�#�#��': ��-+&?/2(���& � (.'0! '�!"���6&��$� �$#���::6(1-+5.&)- ,A# � � ) �l(15.0G&��3D �5E[, ' � � /�� � 
 �&)"�'&?5
�C(�, �<-+� ' �'@+�&)3'0#Q-+&��[(1/2/10"# ')&?- '0�': -+# # ')&)-7(�) #806&8*�-+�(��6/.�+'0# � ��!"� ' � �V:��&�6(.�('0�': �9-+#��&#W:6(F4 �'&Y(�) '�!"� ,O-+5$)6(4')06:�� �+* '�!"�F(�, �<-+� 'E,O-+#�#'3 � -+)6: � S 0 � 3&��(#�� �&� ')(2@+��/ �.3 � !6(2/��:'�!"�e(�, �<-+�('F@+��/.� �'(.'�� (.#Q(2:"�&)3'?(��9-7/ � ��!"�'&��'*-�+&��+3 '0!"� �S(�)"� ')(.�<�()"��&85
� '0� K ��&�+)"#?(2:"��&���: (�) �l(25.06&��'D �FE[, 5�K 8j(�# � � 0 '?(�, �&#E!G(15$!"�'&E'0!6-+) '0!"� �+)"�T(�) �^(15.06&��'D �FE[, 5�-38 � � ' '0!��, �$,A�()3'��+*^(�, �<-+�('C5-')(.,A��Y&��&��D84-+)B��/1-+#�'?(�� #�!"� � � � -9@$� #�')-+&�'�#E&80")")6(.)65 '0!6&��.065$!@'�!"�W*-�>-+, - )6:#?0GK
G��&� '0# '0!"�@,O- '0�'&?(1-+/ '�� '0!"�@�(�./1/1-+�"#��:#�'?&��&#�# 'T\ � � ) �l(15+06&��CD �5E], 5 -38C'0!"�^G80", � �+*�'0!��V/�� �9-+/#�'?&)-+(.) *]&��+,_Y(��&�� '�� �

\
(�#d@J(�#8(1K6/.�M- #b-_&)-+, �f3 � !6(.�;! (�# ,O-+&��+��: K�� - ��(1&���/.� � � 'FK �+'0! �()6:"#'3,O-+#�#8(2@$�F&?-+, �"#W(�)6:G(��9-?'0� '�!"� �6&��+�<-+5>- '?(��$) �+* '�!"� �6/1-+#�'?(�� � -9@$�F*]&��$)3'�#A*]&��$,UK2�+'�! �&)6:"#C�+* '0!��, �H:"�'/ � ��!"�B#8/��$� �:�+*�'0!��[&)-+, � #�!�� � # !"� � '0!"�V/.� ��-+/ #�')&?-+(�) (.#T:"�(��&���-+#?(.)65 � (.'�! (�)"�'&��9- #?(�)G5:6(.#�'L- )"�&� '0� '�!"�W*-�>-+, #806&8*�- �&��(�)6:6(.�9- '?(�)65 '0!<- '�'�!"�AK2�J: �@�7* �(�$,A�6-+�('���:V*-�>-+, (�#�#?/.� � (�)65b:"� � )5.&?-+:60<-+/2/(� /.�9-+:G(�)65<'0�h/.�&#�# #�� @$��&��V: � )<-+,Q(��A��&?0�#�!6(.)65h(�)�#?(1:�� '�!"�M*-�>-+, �6-+: � ��!�� ' � �6�G/=-+# ')(��

� -�@+�Q*]&��$)3'0#C, �&�('A&��.065$!G/(� (�)6'0!"� ,Q(1:6:G/�� �7* '�!"�T*-�>-+, K2�J: �h&��&#806/.'?(�)65e(�) -@#80"�2�'&�� �$#?(4')(.�$)6�+*'0!�� # ')&��&#�# � -9@$�&#d-+)6: @$�'&�� !6(25$! /�� �9-7/ #�'?&)-+(.)"# � ��!"� �6/=-+# ')(.� � -9@$� �.&8(15.(.)<- ')(.)65b*]&��$, '0!"�b&?(25.(1:
� -+/1/ #?06K"#8(1:"�(#C#�!"�.& ')/ � -7*7'���& � -+&8:"# � !6(1/.� '0!��F(�, �<-+�(' � -9@+� �(�$)3')(.)J0��&# '0�@�6&��$�<-+5.- '0�F0")3'?(1/l(4'Y(.#-+&8&��&# '0�':O-?' '0!"�4&8(15.(2: � -+/1/ � ��!��4:6(�#�#?(��6- ')(.�$) �+* '0!�� !6(15+!"��&Z(.,A�6-+�(' �&)"�'&?5
�I*-�.& '0!����&�$))�65.06&)-?')(��+)(�) �l(25.06&��(D �5E[, 5�K 8D&��'RS06(1&��&#E!G(15$!"�'&,:"��5.&��&�(#E�+* �&�$, �<-+� ')(��+)f3 � !6(��;! ,M- )6(2*-�(#�'0#,(4'0#��'/2*^(�)B'0!"�A*�-+� ''0!6- 'dK �+'�! �6/1-+#�'?(�� � -9@+�&# �(�$)3')(�)S0"� '0� �6&��$�6-+5>- '��OK ���+�$)6: '�!"�M/2(�,Q(.'0#E�+* �l(25.06&��8D �FE[, 5�-38 � ��!"�(�, �<-+� ' � -9@$�e(�#T&��a` �(�('���: K2�+'�! - ' '�!"�[&?(25.(1: � -+/2/D-+)G: '0!"�V(.,A�<- �(' ,O-+#�#�3 !6(25$!"��&d5./��.K6-+/�- )6:/�� �9-7/^/.�'@$�'/�# �+* �(�$,A�G&��&#�#?(.�$) K2�'(�)65 '�!"� �&�+)"#��'RJ0��&)"�(� �8b �+'��+3 '�!<- ' '�!"� ��� � � �Rced # ')&)-7(�) /�� @$�'/�#A-+&��'0!��>#?-+,A�,(.)QK �+'�! �<5+06&��(#�3 #?(�)��&��'0!"���b:"�&� �&)6: �&#�#��&)3')(1-+/1/ � �$) '0!"�4*-�>- , :"�&)�#?(.'��Q- )6:A'�!"�,(�, �<-+�('@$�'/�� ��(4'��.36K �+'0!<�+* � !6(��;! -+&��W(1:"�()D'?(���-+/ �
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MESOFOAM Strain and Deformation History

rho1=0.20 g/cm3;rho2=0.30 g/cm3;t=50 mm; m=10 kg; v=10m/10m/s 
"tmp.gp"
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MESOFOAM Strain and Deformation History

m = 1.0 kg; v = 15 m/s
"meso.gp"
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MESOFOAM Strain and Deformation History

m = 2.5 kg, v = 15 m/s
"meso.gp"
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5 -$8 5�K 8
�l(25.06&���D �FE � +��1�$, �<-+&8(�#��+) �+*2'�!"�,/�� �9-+/�#�')&?-+(�) !6(.#�'��.&?(.�&#l*-�.& '�!"�4*-�>-+, /1- �$��&�# � (.'0!5 -$8 � � � 562?�&, 7 - )6: 5]K 8 � � � 0 562 �&, 7 :"�&)�#?(.'�� �

��� � ������� �
	�� � ��
 � � 	�� � � � 
������ ��� 
 � � 
 �
�
� �A')&?-+)"#g*-��&>'�!"�T-7K2��@$� �&�$)�#?(1:���&)-?')(��+)"# '��[- ,A�.&��I&��9-+/2(�# ')(�� #��('�')(�)G563 - )_(1:��9-+/2(ZY&�': !��9-+: (�, �<-+�('�'@+�&)3'93l-+#A(.'C,O- �6� �(��06&A(.) '�!"� �&�$)3'���& ' �+* �<-+#�#��()65$��& �6&��+'0�(�(')(.�$) (�) -+0�'��$,A� ')(2@+� �&)65+(�)"�(��&?(.)6563
� -+# #?(.,T06/1- '0�': � ��!��[(�, �<-+� ' ,O-+#�# � -+)6:C@$��/.� �'(.'�� �MLON . � � � � ��&��:#�� ' '0� E � �S5 -+)6: E � ,C2 #�3&��(#�� �&� ')(2@+��/ � � � ��06K ��
 #�!<-+� ��: *-�>- , �<-7: � (.'0! - �(�$)"# 'L-+)3'F*-�>-+,k/=- �+��& '0!G(�� �D)"�&#�# �+* ��� � 0 �, , -+)6: - K<-+#��`-+&��9- �+* E � ��� E ��� , , � -+#O-+#�#80", ��: ��� (.'�! '�!6(�# �(�$))�<5.0G&)- '?(��$) : � )<-+,Q(��#?(.,T06/1- ')(.�$)"# � ��&�� � ��&g*-�.&�, ��:V*-�.&D@7-+& �J(�)65Q-+�"�6-+&��()D',*-�>- , :"�()"#?(4')(��(# �
�l(25.06&���D �5E � #�!�� � # '0!"� #�'?&)-+(.) #806&8*�- �&� �6/��+'�#c*-�.&=' � �>��& ')&��&, �&# �7*�'0!��;:"�()"#?(4'��A&)-+)G5$�+3@P���� N/L�� � �WS �562 �(, 7 -+)6: P���� N �! � �%S � 0 5 2 �&, 7 � ��!"�h*-�.-+, �6-+: � (.'�!*'0!"�_/�� � :"�&)"#8(.'��+3 �l(25.06&�� D �FE � 5�-38 3#�!�� � # '0!��@�;!<-+&)- �('0�'&?(.#�')(.� Y�(25 
 Y�-+56�<- '�'0��&�) �+*E�G/=-+# ')(�� � -9@$�(#A�+&?(15+(�)<- '?(�)65_-+)6: K ��(�)G5 &��a`"�&�('���:- 'A'0!"�h(.,A�6-+�('A,M- #�#[- )6: '0!"� &?(25.(1: � -+/2/ � �H(�)"�(� '�!"� #�'��&� � (�#�� (�)"�'&���-+#�� �7* '0!"� /�� �9-+/ #�'?&)-+(.)-+#T(.)6:6(.�9- '���: K�� '�!"��"8&?-+,A��#$# (�)$�l(15.0G&��3D �5E � 5 -38 �(�.&?&��&#��2�$)G:"# '0� G80", �"# �7* '�!"�[/.� ��-+/ # ')&��&#�#'3-6#�'��&� � (�#�� (.)"��&��9-+#��<�7* '�!"�B�&�$)3')-+�(' #�'?&��(#�#O- ' '0!"�@'��$� �+*>'�!"�[*-�>-+, K2�J: � ,M- � K �@��& � �&�('���:*]&��+, '0!"�d-+#��(�&)6:6(.)65[/.�'*7'EK2�+&?:"�'&>�+* '0!"� #�')&?-+(�) #?06&g*�-+�&� �6/�� 'j(.) �l(25.06&��^D �5E � 5 -38 � ��!"� �6&���:6(.�('���:')(.,A� !6(�# '0�.&8(��&# �7* '�!"� �&�$)3'L- �(' #�'?&��&#�# #80"�"� �.&�'C'�!6(�# �(�$)"��/20"#?(.�$)f3 #��(� �l(15.0G&�� D �FE ��� � �.&E'�!"�b/�� �:"�()"#?(4'�� �+* � ��� 562 �(, 7 #�� @$��&?-+/�#�'?&��&#�# � -9@$�&#M-+&?&8(2@+� -?' '�!"�e(�, �<-+� ' ,M-+#�#Q-+)6: �9-+0"#�� # '0�(�"#M(.)'0!�� �(�$)3'L-+� 'E# ')&��(#�#>!6(�# '0�.& � � ��!���*�-+� '>'�!<- ' #�� @$�'&)-+/ �&�$, �6&��&#�#8(��$) � -�@+�&#Y&80") '�!6&��+065$!B'0!"�A*-�>-+,�<-+:B�(�.&?&��&#�� �$)6:G(�)65 '0� '�!"� #�'?&)-+(.)<#806&8*�- �&�C�6/�� '4(�) �l(25.06&���D �FE � 5 -$8 ,A��-+)"# '�!<- 'E- 'E-+)��:'?(�, �E'0!��#�'?&)-+(.) :6(.#�')&8(1K60 ')(��+)C(.) '0!��M*-�>-+, �<-+: (�# �(�$, �<-+&)-7K6/(� 0")G(2*-�.&�, � ��!6(�# �9-+) K �:�(,A�"!6-+#?(5Y&��: K ��&�+,A�<-7&?(�)G5 '0!"��: � )<-+,Q(�� # ')&��(#�#�% #�'?&)-+(.)`&���/1- ')(.�$)"#�!G(��O*-�+& P�� � �%S � 5 2 �&, 7 � (.'�!:'0!"�WRS0<-+#8(�
 #�'L-?')(���$)"�73 � !6(��;!`(�#�,O-+&��+��:`(�)!�l(25.06&���D �FE � K �`-F:<- #�!"�':_/1(.)"� �
�H06K6G��&�('?(�)65e-A�<-+: �+*l*-�>-+, �+* � � � 0 5 2 �&, 7 :"�()"#?(4'�� '�� '0!"� #)-+, �d(.,A�<- �('E/��>-7:_/���-+:"# '0�V-M:G&)-+# 
')(.�9-+/2/(� :G(542��&��()3'F&��(#?06/4' � �l(25.06&��3D �FE � 5]K 8 #�!"� � # '0!"�[/.� ��-+/ #�'?&)-+(.) #?06&g*�-+�&� �6/��+'I*-�.& '�!6(�#I(�)6(4')(1-+/:"�()"#?(4'�� � ��!"� ,A�$# ' #?06&��6&?(.#?(�)G5(� )6:G(�)65b*]&��$, '�!6(�#,:6(1-+5.&?-+, (�#�'�!<- ' '0!"� #?06:G:"�&) -+�(�&�'/���&?- ')(.�$)B�+*
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�l(25.06&���D �FE � +��P&��':6(�� '0��:F#�'?&��(#�# !6(�# '0�.&8(��&#Y*-�+& '0!"�b(�, �<-+� ' �+*�-@,M-+#�# �+* E � �J5 - '- @+��/.� �'(.'�� �+* E �F,C2 # �$) *-�>- , /=- �$�'&�# �7* 0 � ,A, '�!6(�� �D)"�(#�#V-+)G::6(F4 �'&��&)3'E:"�()"#?(4')(��(# �
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�l(25.06&���D �FE � +��P&��':6(�� '0��: �(�$)3'L-+� 'C#�')&��&#�# %J5./.�.K<-+/ #�'?&)-+(.) &���/1- ')(.�$)"#�!6(��"#E*-�.&E'�!"�F(�, 
�<-+� ' �+*N-:,O-+#�#E�+* E � �J5[- 'W-M@+��/�� ��(4'��<�+* E � ,C2 # �$)h*-�>-+, /=- �+��&�#�+* 0 � ,A, '0!6(.� �D)"�&#�#Y-+)6:e:6(F4 �'&��()D'E:"�()"#?(4')(.�&# �
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�l(25.06&���D ��� � +��P&��':6(�� '0��: :"�(�&�'/���&?- ')(.�$) !6(.#�'��.&?(.�&#�*-�.& '0!"�F(.,A�6-+�('E�+*\-:,M- #�# �+* E ��S5h- 'I-V@$�'/�� ��(.'�� �7* E �B,32?# �+) *-�>- , /=- �$�'&�# �+* 0 � , , '0!6(.� �D)"�&#�#-+)6:`:6(F4 �'&��&)3',:"�()"#?(4')(.�&# �
'0!��T*-�>-+, #?06&g*�-+�&�F/1- �+��&�#W:"� �(# )"�+'W/.�9-+: '��:'0!"�T*-�+&�,O- ')(.�$) �+*;-:�6/1-+#�'?(�� � -9@$�F*]&��$)3' '0!"�T&��9-+#��$)K ��(�)G5 '�!<- '�'�!"�W@$��/.� �'(.'�� � � � � � S � � ,32?#��+* '�!"� ,O- '0�'&?(=-7/2')&?-+(1/2(�)65 '0!"�C�'/=-+# ')(��E#�!"� � � � -9@+��*]&��$)3'(�#T-+/�, �$#�'d(1:"�()3')(���-+/ '��6'0!"�V(.,A�<- �(' #��2�(��: �+* �@LON . � � � � E � ,32?# � � # '0!"�@�'/=-+# ')(.�:#�!"� � � � -9@$�&���-+�;!"�(#E'0!"�I:6(�# 'L-+/ �()6: �+* '�!"� , �J:"��/ 3 '�!"��&��a`"�&�('?(��$) �+* '0!�� ��/1-+#�'?(��C#�'?&��(#�# � -�@+�F-+)6:<'0!"� �S(�)"�%
,O- ')(.�FK2�.0�)6:<-+& � �&�$)6:G(.')(.�$) �9-+0�#�� �&�$, �6&��(#�#8(2@$� #�'?&)-+(.)"#�K2���$�$)6:F'0!"� �&�+/1/=- �"#�� #�'?&)-+(.)��

\
-+)6:C-

� -�@+�@�+*��6/1-+#�'?(�� �(�$, �6&��(#�#?(.�$) '��h&?0") K6-+� � '�� � -+&8:"# '0!��[(�, �<-+� ' ,O-+#�#'3 � !6(��;! 3N- ' '�!<- ' '?(�, �+3� ��&��(��( @$�&#E�$)6/(�@'�!"� # 'L- '?(�� �&�./2/=-+��#��C#�'?&��&#�# 'T\ � � S E � �l-[- #>'0!��I*-�>-+,�� # , �&�;!6-+)6(���-+/ &��(#�� �$)"#�� ���!6(.# �;!<-+)65$�(#d- # #�� �$) -+# '0!"� �6/1-+#�'?(�� #�!"� � � � -9@$�Q&���-+�;!"�(# '�!"�T*-�>-+, #?06&g*�-+�&�Q-+)6: (�#�&��a`"�&�('���:- ' '0!"�Y&8(15.(2:M(.,A�<- �(' ,M-+#�#D&)-7(�#?(.)65 '�!"�Y(.)"#�')-+)3'L-+)"�(�.0"# # ')&��&#�#4/.�'@+��/2'�� E-E � �^- � �1�$, �<-+&8(�)65 '0!6(.##�'?&��(#�#�&��&#��2�$)�#�� '�� '�!"�ARS0<-+#?(�
%# 'L- '?(��C�$)"� 5-'�!"�A:<-+#�! 
 :"�+'�'0�':_/1(.)"�W(�)B'0!���0��"�2�'&j/.�'*7' !<-+)G: �(�.&�)"�'&�+* �l(15+06&��(D �FE � 81#�!"� � #>'�!<- '�'0!�� �(�$)3'L-+� '># ')&��&#�#>��& � ��&?(.�&)"�(��: K �@'�!"�A(�, �<-+� '�,M-+#�#	G80", �"#4*]&��$,'0!��@�&�./2/=-+�"#��:#�'?&��(#�#Q:6(1&��&�('?/(�F'0� - ,O-'&H(�,T0",k/�� @$�'/ � ��!�� �")<-+/ � �9-
� �+*�'0!"�V: � )<- ,O(.�@#�')&��&#�# %5./.�.K<-+/ #�'?&)-+(.) ��0G&8@$�@5 �l(25.06&���D �FE � 84(�#j@+��& � ��/.�$#�� '0� '�!"�TRS0<-+#8(�# 'L- '?(�� # ')&��&#�#�% #�'?&)-+(.) &��'/=- '?(��$)"#�!6(��(�)G:6(���- ')(.)65 '�!<- ' '0!��@#�')&?-+(�) :6(.#�'?&?(1KG0�')(.�$) (.#b-+/�, �$#�'d0")6( *-�.&�, ��@$��& '�!"�:'0!6(.� �D)"�&#�#A�+*�'�!"�[*-�>-+,�<-+: 3 � !6(��;!<�9-+) -+/.#��FK � #��&�() *]&��+, �l(25.06&��(D �5E � 5�K 8 �
� � G806:65$� '0!"� #��'@+��&?(4'�� �+* '0!"�T(.,A�6-+�('>�'@+�&)3'0#W*]&��+, -OK6(��$, �&�;!6-+)6(���-+/c@J(�� � � �.(.)D'j(.'�(�#j-+:G@7-+)3'L- 
5$�(�.0"# '0�V:"�(#��'&?(1K � '0!"�b(.,A�<- �(' � @$�()D'I(�)6'���&�, # �+*�-[:"�&�(��/.��&)-?')(��+)F!G(�#�'��.&�� � �l(25.06&��'D � � �:#�!"� � #'0!�� �(�.&?&��&#��2�$)G:6(�)65e:6(1-+5.&?-+,A#E*-�.&E'�!"� �6&��.KG/��&, #Y0")G:"��&C�&�+)"#?(2:"��&?- ')(.�$) � � '�(.# �.K>@J(��.0"# '�!<- ' '0!��*-�>-+, �<-+:�# �+* !6(15+! :"�&)�#?(.'�� #�!"� � !6(15$! (�)6(4')(=-7/ #�')&��&#�#��&#'3 � !6(.�;! (�)"�'&��9- #��:�$)G/(� #?/1(25$!3')/ � (�) '0!���&�+06&�#�� �+*>'0!"�e(.,A�<- �(' � ��!"� &���-+#��$) *-�.& '0!G(�#b(�# '�!"� !G(15$! &)-?'0�B�+* �()"��&85
� :6(.#�#?(.�<- '?(��$) - ' '0!��
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�l(25.06&���D ���%E +��P&��':6(�� '0��: # ')&)-7(�)6!6(.#�'0�+&?(��(#�*-�.&E'�!"�F(�, �<-+� ' �+*;-:,O-+#�# �+* E ���S5`- '- @+��/.� �'(.'�� �+* E �F,C2 # �$) *-�>- , /=- �$�'&�# �7* 0 � ,A, '�!6(�� �D)"�(#�#V-+)G::6(F4 �'&��&)3'E:"�()"#?(4')(��(# �
(�)���&���-+#��': �6/1- '0��-+0 #�')&��&#�#�3 � !G(��;![&���:60"�(�&# '0!"� )"�&�(�&#�#)-+& � # ')&��
�+��/.�&)65 '0!O-+)6:f3J(�) ')0G&�)f3D'0!"�E5./.�.K<-+/#�'?&)-+(.) � ��!�� !6(25$!`:"�&�(��/��'&)- '?(��$)�# ��-+0"#���:hK��B!6(25$! 
 :��&)"#8(.'��V*-�>-+, �<-+:"#j-+&���-+/.#��b@J(�#?(2K6/��Y*]&��$, '0!��!6(25$!M(.)6(.'?(=-+/"�'06&8@7- '?06&��>�+* '�!"�E�6&���:6(.�('���:[5./.�.K<-+/ # ')&?-+(�)Q@$��&�#?0"# '?(�, ����06&g@$�&#4(.) �l(25.06&���D � �%E+��� � 
(�)G5 '0� '0!"�W/1-+&?5+�Y:"�&�(��/.��&)-?')(��+)"#�3�'�!"�A(�, �<-+� ' �'@+�&)3'0#j/=-+# '��&�+)"#?(2:"��&?-+K6/(� #�!"�+&�'0�'&D*-�.&�!6(25$!V:"�&)�#?(.'��*-�>-+, �<-+:6:6(.)65$# � ��!"� /.� � :"�&)�#?(.'�� *-�.-+,A#b&��&�6&��&#��()3'0��: (.) �l(25.06&��JD � � �H31�$) '0!"� �+'0!���& !<-+)6:f3#�!�� � (�, �<-+� 'E� @$�()D'�#W/=-+# ')(.)65 #��'@$�'&)-+/ ,O(2/1/1(.#��(�&�$)6:�#�3a:606&8(�)65 � !G(��;! '0!��T:"�&�(��/.��&)-?')(��+)h(�#>#�'0��-+:6(2/(�(�)���&���-+#?(.)65 � � ) '0!"�>�9-+#��E�+*c-�*-�>-+, �7* � ��� 562 �(, 7 :"�&)�#?(.'�� '�!"� � )6-+/X:��&�&�'/��'&)- '?(��$)O&��9- �;!"�&#4-7/�, �$#�'!<-+/ * �+* '0!"��,O-+5$)G(.')0G:"�1�+* '�!"��� �9-
�d-+�&�(��/��'&)- '?(��$) ��& �2�'&?(.�&)"�(��:b*-�.& '�!"��,M- &G(.,T0", :"�()"#?(4'��T:60"� '��/�� � (�)6(4')(=-7/ �&)���&?5�� :G(�#�#8(��<-?')(��+)`&?- '0�I-+)6:<'0!"��&��(#?06/4')(.)65 !6(15$!`:"�'5.&��(� �+* �&�$, �<-+� ')(��+)_- '�'�!"� �()6:�+* '0!"�A(.,A�<- �(' � � �+&1'0!"�C�(�$)"#?(2:"��&���:`(�, �<-+� '��<-+&?-+,A� '0�'&�#�'0!"� , �$# 'E-+:G@7-+)3'L-+5+�&�.0"#,:"�()"#?(4'�� � (.'�!&��(#�� �&� ' '��V-:,Q(�)6(.,O(5Y9- '?(��$)B�+* '0!�� !6(15+!"�&# '�-+�"� �9-+&8(�)65[:��&�&�'/��'&)- '?(��$)h(.#W-+K �.0�' � � D[562?�&,87 � ��!"�*]06/��</1/.,A�()D' �+* �+'�!"��&,(.)@G806&��:��&?(4'0�'&?(=- ,O- �V&��'RJ0G(1&��I-b:6(542��&��&)3'E�(�$,TK6(.)<- '?(��$)@�+*l(�, �<-+� ',:606&)-?')(��+)-+)6:`:"�(�&��/.��&?- ')(.�$)B!6(�# '0�.& � �
� � 	�� � ��
 � � 	���� ��� � ���	��
 
 

��� � � �
� �h*�-+&'3 '0!"�[-+�"�<-+&��&)3'b:"�()"#?(4'���P��F�+*�'0!"�O*-�>-+, ,M- '���&8(=-+/ � -+#T@7-+&?(.��:f3 � !G(1/�� '0!"�:'�!6(�� �D)"�(#�# ����+*�'�!"�O*-�>- , �6-+: � -+#��+�(��'��)& ��: � �1��& 'L-+(.) :<-+,O-+5$�A�.&d(.)@G806&�� �'&?(4'0��&8(=-<,M- �F�60�'d&��&# ')&8(��('?(��$)�#�$)<'0!"� ,M-'&H(.,T0", �(�$)3'L-+� ' #�'?&��(#�# �%&�� ��&8(��()"�&�': K �_-OK �J: �B!6(.'�')(.)65M- ,A� 'L-+/c*-�>- , /=- �$�'& � � * 3a*-�+&��&G-+, �6/.�+3 '0!"� ,M- &G(.,T0", -7/1/�� � -+K6/.� �&�$)3'L- �(' # ')&��&#�#�(�#E-+&��+0")6: E � �l-H3f-Q*-�.-+, :"�&)�#?(.'��`K ���+�$)6:



���������	��
��
�������������������������� !�" !�������#�$������ %�&���������'�"���(�"�����)�&�*���+ E �eD

0.000 0.002 0.004 0.006 0.008
Time [s]

0

2

4

6

8

10

12

E
ng

in
ee

rin
g 

S
tr

es
s 

[M
P

a]
t=25 mm

t=100 mm

t=25, 30, 35, ...100 mm

�l(25.06&���D ��� � +��P&��':6(�� '0��:F#�'?&��(#�# !6(�# '0�.&8(��&#Y*-�+& '0!"�b(�, �<-+� ' �+*�-@,M-+#�# �+* E � �J5 - '-M@$�'/�� ��(4'�� �+* E �:,C2 # �+) *-�.-+, /1- �$��&�# �+* � ��� 0 562 �(, 7 :"�()"#?(4'�� -+)G::6(F4 �'&��&)3'E:"�()"#?(4')(��(# �
� ��� 0 562 �&, 7 (.#A0")6:"�(#?(1&?-+K6/.�A#8(�)"�(�O(4' � �.06/2: (.,A�6/ � -<�6/=- '��9-+0F#�'?&��(#�#F-+K ��@$� E � �^- � ��0�' �'@+�&)(2* '0!�� �6/1- '0��-+0<#�')&��&#�#j(.#EK ��/.� � '0!��I&���RS06(1&���: ,M-'&H(.,T0",`3 '0!��d-+� ')0<-7/ ,O-'&H(�,O-+/2�&�$)3'L- �(' #�'?&��&#�#�(.##�'?(1/2/Z/=-+&85$��/ � (�)%`<0"�&)��&��: K �6'�!"�A'�!6(�� �D)"�(#�# ���6�+* '�!"�Q*-�.-+, /=- �+��&�3l-+# � (1/1/PK �Q:6(�#���0"#�#���: (�) '0!6(.##��(�('?(��$) �
� ) '0!"�D*-�+/1/�� � (.)6563 '0!"�D&���/1- ')(.�$)"#�!G(��TK �(' � �&�() '�!"�D*-�>-+, �<-+: '0!G(�� �D)"�&#�#\-+)6: '0!����6&��':6(�� '0��: !6(.#�'��.&���+* '�!"� �&�+)D')-+�(':#�')&��&#�#[(�#O:"�&, �$)"# ')&)-?'0��: *-�+&A'0!�� ��&G-+, �6/��<�+*�- �'06K �.(1: � (4'0! -CK<-+#��h-+&���- �+*
E � ��� E � � , ,k-+)6: - �(�$)"# 'L-+)3'F:"�()"#?(4'�� �7* � ��� 0 562?�&, 7 � ��!"�M(�, �<-+�('�/.�>-+: � -+#T(2:"�&)3'?(��9-7/ '��'0!�� �6&��'@J(��+0"#E�%&6- ,A�6/.�A5 � � E � �J5WI �MLON . � � � � E � ,C2 #08 � ��!"��*-�>-+, �6-+: '�!6(�� �D)"�(#�# � -+#j@7-+&8(��':K �(' � �&�&) � 0 -+)6: E � � , , �
�l(25.06&�� D ��� � #�!"� � # '0!"��')(.,A��!6(.#�'0�+&�� �+* '0!"� �&�$)3')-+�(' #�'?&��&#�#��(# ��& � ��&?(.�&)"�(��:VK�� '0!���(�, �<-+� ' ,M- #�#�3-+)6: �^(15.06&��<D ��� Dd:G(�#��G/=- � #1'0!"�E�&�$)3'L- �('�#�'?&��(#�#��(#,(�) '���&�, # �+* :��&�&�'/��'&)- '?(��$)@!6(.#�'��.&?(.�&# � ��!"�W(�)6(4')(1-+/&��(#�� �$)"#�� �+*='0!��j*-�>-+, (.# '�!"�E#?-+,A�E*-�.&;-+/1/ '0!G(�� �D)"�&#�#�@7-+/10��&#D- )6::�$#���(1/2/=- '��&#NK �(' � �&�&) E$� �d- )6: E$�FE
� �^- � ��!6(.# �&�+,A�<-7&��&# � �'/1/D'0�E'�!"�DRS0<-+#8(�# 'L- '?(�� �&�./2/=-+�"#�� # ')&��&#�# �7* � ���%E � �^-�*-�.&	P�� � �WS � 0 5 2 �&, 7,T06/4')(.�6/1(.��:AK�� '�!"��: � )<- ,O(.��/��.-+:d- ,A�6/2(.'?06:"� ,M-+5+)6(#� �'& �+*�-+�"�6&�� &G(.,M-?'0��/ � E � ��� - #l:"� ��0", �&)3'���:(�) �l(15+06&��^D �FE � � ��!�� #?06K�#���RS0"�()3' � @$�./20�')(.�$) �7* '0!"� �&�$)3'L- �(' # ')&��(#�#A-+)G: '0!"�I:"�&�(��/.��&)-?')(��+) #�!"� �'0!�� # ')&��$)65e(�)W`60"�&)"�(� �+* '�!"�Q-9@+-7(1/=-7K6/�� #�')&�� �+�b/.�&)65+'�! �$)6'0!"� � �&��0G&?&?(.)65@#�'?&��(#�#�/��'@+��/.# � � �.& '0!��'0!G(�� �65 E � � , , 8N*-�>-+, �<-+:�#,-T/=-+&85$�Y:"�'5.&��(� �+*^-+K"#��+/10�'��Y:"�'*-�+&�,O- ')(.�$) � -+#��2�+#�#?(2K6/��Y- ',-T&)-?'0!"�'&/�� � # ')&)-7(�) �+* � ���[3 �(�$, �<-+&�� �l(15+06&���D � � � � �1�$)"#���RS0"�()D'?/(�+3>'0!�� ,M- &G(.,T0", #�'?&��(#�#V&��(,M-7(�)"�':K ��/�� � E$� 0 � �l-[-+)G: '0!"� �&)"�'&?5
�_-+K"#��.&�� ')(��+) ��� �'(��&)����

�
-+K ��@$� � ��� � � �.&�'0!"� '0!6(.) 5 � 0 , ,:8
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�l(25.06&���D ��� D +��P&��':6(�� '0��: -+�(�&�'/���&?- ')(.�$)6!6(.#�'0�+&?(��(#�*-�.&E'�!"�F(�, �<-+� ' �+*�-:,O-+#�# �+* E ��S5Q- ',-d@$�'/�� ��(4'�� �+* E � ,C2 # �+)[*-�>-+,�/=- �$�'&�#��+* � ��� 0 562?�&, 7 :"�&)"#8(.'��-+)6:`:6(F4 �'&��&)3'�'�!6(�� �D)"�(#�#��(# �
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�l(25.06&���D ��� � +��P&��':6(�� '0��:B��@$�'&)-+/2/ #�'?&)-+(.)@!6(�# '0�.&8(��(#�*-�.&1'�!"�W(�, �<-+� ' �+*^- ,O-+#�#��+* E ��S5Q- ',-d@$�'/�� ��(4'�� �+* E � ,C2 # �+)[*-�>-+,�/=- �$�'&�#��+* � ��� 0 562?�&, 7 :"�&)"#8(.'��-+)6:`:6(F4 �'&��&)3'�'�!6(�� �D)"�(#�#��(# �
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max. deceleration

�l(25.06&���D ��� 0 +��P&��':6(�� '0��: ,O-'&H(�,T0", :"�(�&��/.��&?- ')(.�$) -+)6:�,M- &G(.,T0", �&�$, �6&��&#�#8(2@+�#�'?&)-+(.) -+#d*]0�)"�('?(��$)"# �+*,/=- �$�'& '0!G(�� �D)"�&#�# 5�(�, �<-+� ' ,O-+#�# E � �S5KIN@$��
/�� ��(4'�� E � ,C2 #aIG*-�>-+, :��&)"#8(.'�� � ��� 0 562 �(, 7 8 �

*-�>-+, �<-7: '0!"�V-9@7-+(2/=-+K6/.� #�')&�� �+�V/.�&)65 '0! � -+# �(�$)"#?(2:"��&?-+K6/ � #�,M-+/2/��'&�&��&#806/.'?(�)65h(.) !6(25$!"��& #�'?&)-+(.)5�� � ��� 8E-+)6: # ')&��(#�#Y/.�'@+��/�# 5�� E � � �^-38 � � 'E'�!"� #?-+,A� ')(.,A�73 '�!"� �()"��&85
�_-+K"#��+&���'?(��$) � � ��(��()"���
� -+#j&���:60��&��:<'0�

� � 0 ���
� 'Q*-�./1/.� � # '�!<- 'M-F'0!G(�� � *-�>-+, /1- �+��&Q(�#Q:"�&#8(1&?-+K6/��V*-�.&Q&���-+�;!6(.)65 /1-+&?5$�B# ')&��
�+�h/.�&)65+'�!"#O-+)6: *-�+&�+�(�&�6(.)65�K �+'�! '�!"�;/.�'@+��/�# �+*��&�$, �<-+� ')(.�$)�-+)6: '�!"� #�')&��&#�#l/�� @$�'/�# /�� � 37-+# (1/1/20"#�'?&)- '���:AK�� �l(15+06&���D ��� 0 �� �.&4-+� ')0<-7/f-+�"�G/1(���- ')(.�$)"#'3H&��&#�'?&?(.�(')(.�$)"# �+):'0!"�A-9@7-+(1/1-+K6/.�j:"�(#?(25$)B#��<-+�(� �.& � ��(15+!D' �&�$)"#8(1:"�'&)- '?(��$)�#� (1/2/ 3J0")G*-�.& ')0")6- '0�'/(�.36*�-9@+�.&��&�$))�65.06&)-?')(��+)"#��+*^/��&#�#�'0!<-+)e(2:"�9-+/2'0!6(.� � )��&#�# �
� � � � � � � � � ��� � ����� �
	�� � ���	� ��
�	�� � � � � � � 
����

� *7'���& '0!"�j(�)>@$�(#�')(25>- '?(��$)"# �+*f@7-+&8(��.0"# �&�+))�<5.06&?- ')(.�$)"# � (.'0!M0")6(2*-�+&�,�-+�"�6-+&��()D';*-�>-+,�:"�()"#?(4')(��(# � �)"� � # ')06: � '0!"���9- #�� �+* #8(�,T0G/=- '?(��$) , �J:"��/.# �&�$)�#?(�# ')(.)65C�+* ' � �I/1- �$��&�# �+* �'RS0<-+/ '0!6(.� �D)"�&#�# 5 � 0 ,A,�9- �;! 8�K60�'4:G(542��&?(.)65d:��&)"#8(.'�� 5 � ��� �T562 �(, 7 - )6: � � D 0 562 �(, 7 8 � ��!"� , �H:���/�(�#1!G(.'4K��M-T&?(15+(1: ,O-+#�#�+* E �S5A'?&)-9@$�'/1(.)65Q- 'j- #��2�(��: �+*�D � ,32 # � ��!�� ' � � � �$#�#8(1K6/.� # 'L-+� �S(.)65A�+&?:"�'&�# �+* '�!"� ' � �M/1- �$��&�#-+&�� �(�$)"#8(1:"�'&���: �
� # �6&��':6(�� '0��: K��F'0!"�[-+)<-+/ � '?(���-+/N:"��&8(2@7- ')(.�$) '�!"�[(.)"#�')-+)3'L-+)"�(�.0"# # ')&��&#�#F(.# #8(15$)6(�� �9- )D'?/(� !6(25$!"�'&(2* '0!��Q(.,A�6-+�('C,O-+#�# !G(.'0# '�!"�b/=- �$�'& �7* !6(25$! :"�&)"#8(.'�� �<&�#�' 5 #��&�(�l(15+06&�� D ���e, 8 � ��!"�A#806K"#���RS0"�&)3'#�'?&��(#�# %3')(�, �C!6(�# '0�.& �[:"�(�2�()6:"# �$)B'0!"� � - �@'�!"�C#�'?&��&#�# � -9@$�(#Y-+&���&��a` �(�('���:h-?' '�!"�A(�, �<-+� '�,M- #�#�3'0!��_:"�()"#?(4'�� K �.0")G:<-+&��+3,-+)6:*'�!"�_&8(15.(2: � -+/2/ � � ) �^(15.06&�� D � � � '0!�� ')(.,A�B!6(.#�'��.&�� �+*E'0!"� /�� �9-+/
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 layer is hit first
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 layer is hit first

0.35, dynam.

0.35, stat.

0.20, dynam.

0.20, stat.

�l(25.06&���D ���e, +��1�$)3'L- �(' # ')&��&#�#lK2� ' � �(�&)Q->,O-+#�# �+* E �J5>!<-9@J(�)65W- )d(�, �<-+� ' #�� �&��: �7*
D � ,C2 #�-+)6:e-d*-�>-+, �<-7:@�&�$, �2�+#���:@�7*=' � � �'RJ06-+/1/ � '�!6(�� �Q/=- �+��&�#��7*
� ��� �M562?�&, 7 -+)6:�� � D 0 562 �&, 7 :"�()"#?(4'�� � ��!"� ' � �@� �$#�#8(1K6/.� # 'L-+� �S(�)G5�.&8:"��&�# �7* '�!"�A/=- �$�'&�#E-+&��C#8(�,T06/1- '0�': �

#�'?&)-+(.)"#�-+)6: '0!"� � @$�./20�')(.�$) �+*1'�!"�b/�� �9-+/Z(.)3'0��&�)<-+/ �()"��&85
� �9-+) K � #��&�() ��� �<-+&�'A*]&��$, '0!��QK6-+#?(.�
� -�@+�>�G&��$�<-75>- ')(.�$)F-+)G:F&��a`"�&�('?(��$) �"!��&)"�$, �&)6-A:��&#��'&?(2K2�':A�6&��'@J(��+0"#?/ � '0!�� � -9@$�,&��a` �(�(')(.�$)Q- ' '0!��:"�()"#?(4'��[K �.0")6:<-7&��O(�)W`<0��&)"�(�&#�'0!"��: � )<-+,Q(���&��&#��2�$)�#��C�+*='0!�� ,A�J:"�'/ � � '4(.#1)"� '0� � �.& '0!��:'0!6- ' '0!��(�)3'���&�)6-+/ �()"��&85
� -7K"#��.&8K2�': K�� '0!��[/=- �$�'& �+*�!6(25$!"�'&d:"�()"#?(4'�� ��& �(�&��:�# '�!<- ' �7*�'0!"�:#��+*7'0�'&T/=- �+��&�3-+/4'0!"�.0G5$!<'�!"�d/1- '�'���&,(�#E:"� *-�.&�, ��: �&�$)"#8(1:"�'&)-+KG/(�B, �.&�� � � '�(.#�-+/.#�� )"�+'?(��&��-+K6/.�C'�!<- ' ' � � �.& '�!6&��(�
� -�@+�I&��a` �(�('?(��$)"#E-+&��C#?0 � ��(.�&)3',*-�.&45$�()"��&?- ')(.)65T*�-+(1&8/(�O0")6( *-�.&�, /�� �9-+/2#�')&?-+(�)�#4(�)@�9- �;! �+* '0!��C' � �/=- �+��&�# �
����� ����� � 	�

�
��!"� (.)W`<0"�()"�&�6�+*C, �&#�� 
 (.)"!"�$, �.5$�()"��(4')(.�&# �+* '0!"� - �"�<-+&��&)3'V:"�()"#?(4'�� �$) '�!"� RS0<-+#?(�
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WI &(� �
� M 
 &P��? � +<1y\]��#*%�3�& � � &�1 � � ��G"10&�;<+9��+9�Y#2;<?�����#�3*&��4�Y#*�23�+9G�3�+9��+<�Y#*� �"!6&(��� �Y#*+<!�3*&(#�+ � G"10&(#�+S#*�4+ � #�?#*%"+ = ?���� � &(#�� ?��DMYOH& � %�+9���48�+�?�3X��+<#*&�1 14� ;RMa?�� � � ��! �� ?�3S#�%�+ * 3�����%'&(M�1 + � ?Y&(���F&(#�+93�� &�1�\]�4#�%@8�?�14����+<#*3�� ;�%'&�3 � +9���4��! I #�%�+ = ?�3�;9+ � � � � +<�Y#�&(#�� ?�� � �0&.�!�3�&��F���4� � �4!���3�+ �"��� ��%�?C\�14�4#�#�1 + � �4�a+93�+<��;9+6Ma+W#�\�+<+9��#�%�+6#�\^?@MN?���� � &�3�O7;<?��"b'!���3*&(#�� ?��"� = ?�3



�����������	��

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

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Normalized Indentation Depth [tF
-1

]

0

5

10

15

20

25

30

F
or

ce
 [k

N
]

analytical solution

radially constrained

unconstrained

J2
, r

ad
ial

ly 
co

ns
tra

ine
d

J2, unconstrained

isotropic hardening,

volumetric hardening

radially constrained

� �4!���3�+ ��� � � � 3�+ � � ;<#�+ �)= ?�3�;<+ � �4� � +<�5#*&(#*�4?��{3�+910&.#*� ?�����%��4G�� = ?�3 � �4�a+93�+9�Y#X;9?�����#�3*&��4�5#;9?�� � �4#�� ?����]&(� � ;<?����:#*�4#��"#*��8�+d��? � +91 � �
��?�3��P&(1 �/.<+ � � � � +9�Y#�&(#�� ?�� � +9G"#�%��L? = �"G{#*?1032 � ��4 +<O�?�� � #*%��4���4� � +9�Y#*&(#*�4?�� � +<G"#*%D#�%�+�G�3�+ � �4;<#�+ �3�+9&�;<#�� ?�� = ?�3�;9+<��Ma+<!�� �>#�? � �48�+<3�!�+D\]��#*%>#*%"+H;<?����:#*3*&(� ��+ � ��? � +91L��%�?C\]� ��!}&��7+ -"GN?���+<�Y#*�0&(1L� �/�;93�+K&���+�? = #�%�+A� � � +9�Y#�&.#*� ?�� = ?�3�;<+T\]%�� 14+U#*%�+A�"��;9?��"��#*3�&�� �"+ � �F? � +91`��%�?C\]�S&D��1 �4!�%Y# � 3�?�G � ��#*%"+#�&(��!�+9�Y#��0&�1J�:#*���c��+<��� �� %�+ � �4�a+93�+9��;<+S�4�R+W8�+<���F?�3�+Q�P&�3�E�+ �JI � = I�= ?�3X#*%"+S��&�E�+S? = ;<?��FG"1 +<#�+9��+<��� I #�%�+65�3�����%�&�M�1 + � ?Y&���F&(#*+<3��0&(1"10&K\ � \]�4#�%�8�?�1 �"�F+W#*3��4;X%'&�3 � +9���4��! 
 � ��3�+9G�1 &�;9+ � \]��#*%�;910&(�����4;K&�1 I G�10&(��#*�4;K&�1414O�� �";9?���G�3�+<��� �� M"1 + +37 G�10&��:#*�4;9�4#�O �98 +93�+ I #*%�+�� ����#*�0&(1�3�+9��Ga?��"��+X� � � � �:#*� �";<#*1�O���#*���c+<3�#*%�&�� = ?�3�#�%�+:5�3�����%'&�M�14+ � ?Y&����? � +<1 � [ �T#*%�+�����;9?�����#�3*&��4��+ � ��? � +<1 I #*%�+L#*&���!�+<�Y#*�0&(1/�:#*�4�a��+<��� � 3�?�G���&(#�&�Ma?��"# + 2 � ��?�3��F&�1 �;.9+ �� � � +9�Y#�&.#*� ?��{&�� � 3�+9�F&�� �"�^3�?���!�%�1�O�+9e5�'&�1N#*?U#�%�+�;<?�3�3�+9��GN?�� � � ��!U#*&���!�+<�Y#X��#��4�a��+9���LG�3�+ � � ;W#*+ � M5O#*%"+h��� �T��1 &(#*�4?�����\]��#*%F#�%�+�5�3�����%'&�M�14+ � ?Y&�� �F&(#�+93�� &�1 � [ �F#�%�+RG�%YO/��� ;9&�1 1�O��F?�3�+]3�+K&(��?��'&(M�1 +R;9?������#�3*&��4��+ � ;<?��"b'!���3*&(#�� ?�� I %�?C\^+<8�+<3 I #*%�+ = ?�3�;9+ � � � � +9�Y#�&.#*� ?���3�+<��GN?�����+A3�+9�F&�� �"�2+9����+9�Y#��0&�1414O61 � �"+K&�3&�� �cI #*%5��� I �"���'&(#���3*&�1414OP��#*��� �� %�+ � �4�a+93�+<��;9+�Ma+W#�\�+<+9�A#*%�+_#�\�?d��� �T�"10&(#�� ?������"��� �"!�#*%�+<5�3�����%'&�M�14+ � ?Y&�� ��? � +91Y\]�4#�%U8�?�14����+<#��3��4;�%'&(3 � +<��� ��!U%'&��^#�?TMN+2��?��"!�%Y#X� �P#�%�+�3�+9��Ga+<;<#*��8�+Q&�;<;9���U��10&(#�� ?��F? = 8�?�1 ����+<#�3�� ;RG�1 &���#�� ;R��#*3�&�� �"�&�� � #�%�+�&�����?/;<�0&(#�+ �}� +9!�3�+9+�? = %'&�3 � +9���4��! = ?�3 � ���c+<3�+9�Y#QMN?���� � &�3�O�;<?�� � ��#*�4?���� � � %�+ � + = ?�3��F+ �� �4���4#�+�=�1 +9��+9�Y#���+9��%�+9�_&�� � #*%"+R;<?��Y#*?��"3_G"1 ?�#���? = #*%�+]G�1 &���#�� ;L8�?�1 ����+<#�3�� ;���#*3�&�� �Ab'+<1 � � = ?�3�Ma?�#�%;9?��"b'!���3�&(#*�4?���� � � � !���3�+ �"�?> 
 ��%�?C\�#�%'&(#2#�%�+A����;<?�����#�3*&��4��+ � ��+9��% �4�d&�M�14+T#*?D+9��;K&�GN+A8�?�14����+<#��3��4;FG"10&��:#*� ;�;9?��FG�3�+9����� ?��@MYO@3�& � � &�1�+W-/G'&������ ?�� � � %�+P;9?����:#*3�&�� ��+ � ��? � +<1�10&�;�E5�S#�%�� � � +9!�3�+9+F? == 3�+<+ � ?�� &(1 ?���!SG'&�3:#*��? = �4#��^MN?���� � &�3�OF&�� �cI #*%"+93�+ = ?�3�+ I �4� = ?�3�;9+ � #*?S��� � +<3�!�?T8�?�1 ����+<#�3��4;RG"10&��:#*� ;
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(Ave. Crit.: 75%)
PEEQ

+0.000e+00
+1.000e-01
+2.000e-01
+3.000e-01
+4.000e-01
+5.000e-01
+6.000e-01
+7.000e-01
+8.000e-01
+9.000e-01
+1.000e+00
+1.100e+00
+1.200e+00
+1.300e+00
+1.400e+00
+1.500e+00

 at elem 919 node 964
Min +0.000e+00
 at elem 20 node 42
Max +1.455e+00

(Ave. Crit.: 75%)
PEEQ

+3.233e-05
+1.000e-01
+2.000e-01
+3.000e-01
+4.000e-01
+5.000e-01
+6.000e-01
+7.000e-01
+8.000e-01
+9.000e-01
+1.000e+00
+1.100e+00
+1.200e+00
+1.300e+00
+1.400e+00
+1.500e+00

 at elem 1048 node 1121
Min +3.233e-05
 at elem 80 node 84
Max +1.080e+00

� �4!���3�+ ��� > �1� + = ?�3��F+ � �F+<��%�+<��&�� � G�3�+ � � ;W#*+ � 8�?�1 �"�F+W#*3��4;{G�1 &���#�� ;P�:#*3�&�� � = ?�3�&3*& � �0&�1414O�;9?�����#�3*&��4��+ � ��? � +<1 � 1 + = # 
 &�� � &T��? � +91c\]��#*%�?��/#X3*& � �0&�1 � +W�= ?�3��F&(#�� ?��{;<?����:#*3*&(� �Y#*� � 3�� !�%Y# 
 �
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� �4!���3�+ ��� 0 ��� 3�+ � � ;<#�+ �)= ?�3�;<+ � �4� � +<�5#*&(#*�4?��{3�+910&.#*� ?�����%��4G�� = ?�3 � �4�a+93�+9�Y#X;9?�����#�3*&��4�5#;9?�� � �4#�� ?�����&�� �T� �4�a+93�+<�Y# � +9!�3�+9+<��? = ��+9��%U3�+<b���+9��+9�Y# I + -/G�3�+<����+ � MYO#*%�+Q�5���TMN+93]? = +914+9��+9�Y#*�]?C8�+<3R#�%�+ = ?Y&�� G'& � #*%��4;�E��"+9��� �
��#�3*&��4��� �"!A;9?�3�3�+9��Ga?�� � � �"!�#�?F�"���0&.-/� &�1c;<?��FG"3�+9�����4?��D\]�4#*%)8(&����4��%��4��!AG�10&(��#*�4; � ?�� ����?�� ! �h3�&(#*�4? �� %��4�h�F&KO)Ma+Q#*%�+�3�+9&���?��6\]%YO6#�%�+S&��'&�1�O�#�� ;9&�1J��? � +<1 � 3�+<G�3�+<��+<�5#�+ � MYO)#*%�+ � &���%�+ � 1 � �"+��4� � � !(���3�+ �"��� 
 &(�d� �Y#*3�? � �";9+ � �4����+9;<#�� ?�� ��� ��� � G�3�+ � � ;W#*��& = ?�3�;<+ � �4� � +9�Y#*&(#*�4?���3�+<��GN?�����+�#*%�&(#Q� ��8�+93:O���4�F�410&�3d#�?�#*%�+{;<?����:#*3*&(� ��+ �w� � ����#*+ =�14+9��+9�Y#A��? � +91 I ��?�#�\]�4#�%���#*&�� � �4��! &���14� !�%Y#U��� � +<3�+9�:#*�4�P&.�#*�4?��>? = #�%�+D&�;W#*�'&�1^3�+9&�;<#�� ?�� = ?�3�;9+D&.#A%�� !�%>� � � +9�Y#�&(#�� ?��"� � � � !���3�+ ����� &(1 ��? ;9?��Y#�&(� ���A& = ?�3�;9+ �� � � +9�Y#�&.#*� ?�� � �0&�!�3*&���?�M"#*&�� ��+ � �����4��!D#*%�+ 5�3�����%'&(M�1 + � ?Y&����F? � +<1`\]�4#�% � ��?(#*3�?�G�� ;S%'&�3 � +9���4��!&�� � 3�& � � &�1 � � ��G�10&�;<+9��+9�Y#2;<?����:#*3*&(� �Y#*� � �5#�&�3:#*� �"!P?��@&(#2#�%�+T�*&(�F+S� ����#*�0&(1���#*���c�"+9���2&���#*%"+ = ?Y&��10&K\ \]�4#�%)8�?�1 �"�F+W#*3��4;d%'&�3 � +9���4��! I #�%�+Q� ��?�#*3�?�G�� ;�%'&�3 � +9���4��!F��? � +91JG"3�+ � � ;<#��]%�� !�%"+93X� � � +9�Y#�&.#*� ?��= ?�3�;9+9� = ?�3�� ��;<3�+K&(��� �"!d��#*3�&�� �"� � �j;<1 ?���+93�14?/?�E�&(#	=�e5�'&(#�� ?�� �v��� , � 
WI \]%�� ;�% � 3���8�+<��#*%�+X+W8�?�14�"#*�4?��A? =#*%"+2+9e5����8�&(1 +9�Y#^G�10&(��#*�4;h�:#*3�&�� �{�4�F#�%�+2;K&(��+2? = �4��?�#�3�?�G"� ;]%'&�3 � +9���4��! I 3�+<8�+K&�14� I #*%'&(#�%'&�3 � +9���4��!T;9&��MN+S;9&�����+ � MYO)��%�+9&�3 � + = ?�3��P&.#*� ?��H�4�H#�%�� �]��? � +91 I !��48�� ��!�3�� ��+d#�?P&�%�� !�%"+93 � +9!�3�+9+�? = %'&�3 � +9���4��!#*%�&��6�4�]?�M���+<3�8(&�M�14+Q� �6&���? � +91J\]��#*%H%'&�3 � +9���4��!FMN+9�4��! � 3���8�+<� +W-/;<1 �����48�+<14ODMYO)#*%"+�+W8�?�14�"#*�4?��)? =#*%"+Q8�?�1 �"�F+W#*3��4;2G�1 &���#�� ;d��#�3*&��4� �
� r�� � x�r � x�u��
	 x�� ��z{xY~�ryx �@x�rat
����� �Y8�+9��#�� !Y&.#*� ?���? = #*%"+h�4��
'��+<��;9+R? = #*%�+R�F+<��%�3�+Wb'��+9��+9�Y#�?���#�%�+]e5�'&�1 ��#�&(#��48�+X;�%'&�3*&(;<#*+<3^? = #*%"+= ?�3�;9+ � � � � +<�Y#�&(#�� ?�� � � &�!�3*&(�F�T�4��������#�&�M�14+ = ?�3�+W-/G�1 &�� ���4��!�#*%"+6G�%"+9��?���+9�"?��w? = ��#*&�� 3 ��14� E�+ = ?�3�;<+
� ����G��]� �D#*%"+��4� � +<�5#*&(#*�4?��)3�+<��GN?�����+<� I &��X#*%�+WO);K&��HMN+�?�M���+<3�8�+ � � �)��?��F+QG��"M�1 �4;K&(#�� ?���� � 032 
 � [ �
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;9?��5#�3*&��:#X#*? = ?�3�;9+ � �"�FG��^?C\]� ��!T#�?T#*%�+�\�&K8�+QG�3�?�G'&�!Y&.#*� ?��D&�� � 3�+ 
'+<;<#*�4?��DG�%�+<��?���+9�'&T?��"#*14� ��+ �� � 5�%'&�G"#�+93 , I �:#*+9G"�A� �@#�%�+{e5�'&���� ��#*&(#*�4; = ?�3�;9+ � � � � +<�Y#�&(#�� ?��,;9��3:8�+9��;9&��7Ma+D&.#�#*3�� M��/#*+ � #*?�#*%"+b'����#*+ � �4��;<3�+<#��/.9&(#*�4?��D? = #*%�+Q;9?��5#*&�;<#h���"3 = &�;<+��4�)3*& � � &�1 � � 3�+<;<#�� ?�� �� �4!���3�+ ��� 0w�41 14����#�3*&(#�+9�D#*%�+,Ma+<��+<b�;9�0&(1��4��
'��+<��;9+@? = &�� � ��;<3�+K&(��� �"!w��+9��% 3�+Wb'��+9��+9�Y# ?�� #*%"+����?�?�#*%��"+9���D? = #�%�+ = ?�3�;9+ � � � � +<�Y#�&(#�� ?�� � �0&�!�3�&�� ? = #*%�+�3�& � � &�1 1�O ;9?��"��#*3�&�� �"+ � � 14+ = # 
 &�� � #*%"+����;<?����:#*3*&(� ��+ � 3�+ = +93�+9��;<+U��? � +<1 � 3�� !�%Y# 
 � � %�+����"�TMa+<3h? = +914+9��+9�Y#*�]�4�H#�%�+d#*%��4;�E��"+9��� � � 3�+9;W#*� ?��? = #*%"+ = ?Y&���G�& ��� � �:#*� �"!���� ��%�+9�`#*%�+X�4� � �48�� � �'&�1�;9��3:8�+<� � �/� �";9+X+9e5���410&(#�+93�&�1 � ����? � +X+914+9��+9�Y#*��\^+93�+����+ �JI &R%�� !�%S�F+<��%T3�+<b'�"+9��+9�Y#�� ��#*%��4;�E5��+9��� � � 3�+9;<#�� ?���� ��G�14� +9�y&R%�� !�%S�F+<��%T3�+<b'�"+9��+9�Y#�� �S3*& � �0&�1� �43�+9;W#*�4?�� I \]%�� ;�%P� �^& � 8(&��Y#�&�!�+9?���� = ?�3_3�+9��?�148��4��!S#�%�+�+ -/#�+9����� ?��P? = #*%"+�;9?��5#*&�;<#L&�3�+9&S��� ( ;9� +<�Y#*14Ob'��+ = ?�3h?�M"#�&��4��� �"!P&P���F?�?�#�% = ?�3�;<+ � � &�!�3�&�� � [ ��;<3�+9&����4��!P#*%"+T�F+<��%�3�+<b'�"+9��+9�Y# = 3�?�� + 2F#*? � 2+914+9��+9�Y#*� � � � �"?�#�3�+9����14#S� �}&��YO�8�� ��� M�14+A� ��G�3�?C8�+9��+9�Y# � + 2H+<1 +<�F+<�5#��Q� �}G�10&(#�+T#*%��4;�E5��+9���U\�+<3�+ I;9?�����+<e��"+9�Y#*1�O I ;�%�?���+<��&��X#�%�+Q3�+ = +<3�+<��;9+��F+<��%H3�+Wb'��+9��+9�Y# ����T\�&���?��"#�1 �4��+ � G"3�+<8��4?�����1�O I �4#T� �T��?(#�+K&��:O@#*? � +W#*+<3���� ��+{+ -/Ga+<3�� ��+9�Y#*&�1 1�O}#�%�+)�P&.#*+93��0&�1_G'&.�3*&(�F+W#*+93��Q&�����?/;<�0&(#�+ � \]��#*%�#*%"+AMa+<%'&K8/�4?�3d? = ;9+<1 14��10&�3R�F&(#*+<3��0&(1 ���"� � +93d%YO � 3�?���#*&(#*�4;A1 ?Y& � � � � %�+= ?�141 ?C\]� ��!���+9;<#�� ?��"�2&�3�+ � +W8�?�#�+ � #�?F#*%"+Ue5�'&��Y#*��b';K&.#*� ?�� ? = #�%�+U��+9�����4#��48��4#�O)? = ;93��"��%���� �T��1 &(#*�4?����\]�4#�% ��G�%�+<3��4;K&�1��4� � +<�5#�+93��Q#�?D8�&(3��0&.#*� ?�����? = #*%"+A%5O � 3�?���#*&(#*�4;�;9?���G�3�+<�����48�+�&�� ��� ?�3�#�+9����� 14+TO/�4+91 ���#�3�+<��� I���� �	�" &(� �
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����� � �{#�%�+Q;K&���+d? = � ��?�#*3�?�G�� ;%'&�3 � +9�"� ��! �
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� %�+db'3���#]G'&�3�&���+<#*+<3X����M � +9;<#�+ � #*?�&T��O���#�+9�F&(#*�4;28(&�3�� &(#*�4?��{� �^#*%�+Q� �"�4#*� &�1 %YO � 3�?��:#�&(#�� ;d;9?��FG�3�+9� �����8�+_O/�4+91 � G�3�+9������3�+ � � �	�" � � %�+^#*%�+<?�3�+W#*� ;9&�151 �4�F��# = ?�3 � � �	�" � �y?���+_#*%��43 � ? = #*%�+^����� &.-/�0&�15;9?��FG�3�+9�����48�+O�� +<1 � �:#*3�+<��!�#�%"! � �	�% " � � �4!���3�+ ���$# ��%�?C\]�AG�3�+ � � ;W#*+ �>= ?�3�;9+ � � � � +9�Y#�&.#*� ?�� � �0&(!�3*&���� = ?�3S8(&�14��+9�S? =#*%"+�;<?���G�3�+<������8�+AO�� +<1 � G�3�+<������3�+�3*&��"!�� ��! = 3�?�� 2 ��� 2{#�? + 232 � � & � � %�+����"�0&.-/�0&(1�;9?��FG�3�+9�����48�+&�� � #*+<�����41 +d%YO � 3�?���#�&.#*� ;dO�� +<1 � �:#*3�+<����+9�h\^+93�+SE(+9G"#h;9?�����#*&��Y#2&(# + � � & �� ?�3 ��� �	�" 8(&�1 �"+9�AMN+91 ?C\ #*%�+D�"���0&.-/� &�1�;<?��FG"3�+9������8�+DO�� +91 � ��#�3�+9����#�%�+ � �&% " �!)#��+ ��?�1 �"#�� ?�� ��+<#�%�? �= &��41 + � #�?Q;9?��Y8�+<3�!�+ � ����+W-/G�14� ;9��#����4�T��10&.#*� ?��UG�3�? � �";9+ � 3�+<����1�#*��� �A#*%"� ��3*&(��!�+ I M"�"# = ?�3 � � �	�" 8�&(1 ��+<�8�+<3�O@;91 ?���+F#�? #*%"+P#*%�+<?�3�+W#*�4;K&�1_1 �4�F��#d#*%�+F+W-/G�1 �4;9��#U��� �T��1 &(#*�4?��}G�3�? � ��;<+ � 8�+<3�O@3*&�!�!�+ � 3�+K&�;W#*� ?��= ?�3�;9+ � � � � +<�Y#�&(#�� ?��d;<��3�8�+9� I &�� � #*%�+ � + = ?�3���+ � ��+9��%Q��%�?C\�+ � %�?���3�!�10&(�����4��!X+<�a+9;W#*� � � %�+<��+�3�+9����14#��\^+93�+�?����4#�#*+ �{= 3�?�� � � !���3�+ ���$#/�
� �4#�% 3�+9!Y&�3 � #*?�#*%�+S��+W#2? = 3�+ = +<3�+9�";9+AG'&�3�&���+<#*+<3��'! � �	�% ""( � � �	�" ( ��� �	�� ( + � � & I &(� � �";93�+9&���+S? =#*%"+R�4���4#��0&�1�%YO � 3�?��:#�&(#�� ;];9?��FG�3�+9�����48�+RO��4+91 � �:#*3�+9��!�#�%P3�+9���"14#*+ � �4��&Q��1 �4!�%Y# � +9;<3�+9&���+h? = #�%�+]?C8�+93�&�1 13�+9&�;<#�� ?�� = ?�3�;9+ �*) ,,+ � � = ?�3 ��� �	�" ( + 232 � � & 
 � � %�+<3�+Q\L&��h��?�3�+914+<8(&��Y#h& ��� ��#*�4?��'&�1 � +9;<3�+K&(��+ = ?�3
��� �	�" 8(&�14��+9��MN+<O�?�� � > � � & � � +9;<3�+K&(��� �"! ��� �	�" 1 +K& � ��#�? �4��;93�+K&���+ �@= ?�3�;9+F1 +<8�+914� � �L# � � �	�" ( 2 + �� � &�#�%�+Q3�+K&(;<#*�4?�� = ?�3�;<+d\L&�� � + � %�� !�%�+93L#�%'&��)#*%�+Q3�+ = +93�+9��;<+ = ?�3�;9+ �
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� � & I 3�+<��GN+9;<#��48�+914O �� ?�3 � � �	�� 8�&(1 ��+<�_? = > I + 2 I &�� � + 2 2 � � &S;<?��Y8�+93�!�+9�";9+2;<?���1 � ��?�#_MN+]?�M"#�&(� ��+ � \]��#*%�#*%�+R��#*&�� � &�3 �� ��G�14� ;9��#2�4�5#�+9!�3�&(#*�4?�����;�%"+9��+P? = ��'��#(*)+� � � 
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 G"3�?C8�+ � #�? Ma+6�F?�3�+ 3�?�M����:#)&�� � G"3�?C8�� � + � 3�+9����14#��P��G�#�?@#*%"+ � +9��� 3�+ �� � � +9�Y#�&.#*� ?�� � +9G"#�% �
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�����������	��

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

0 5 10 15 20
Indentation [mm]

0

5

10

15

20

25

30

F
or

ce
 [k

N
]

pc = pt = 0.4 σyc

pc = pt = 0.5 σyc

pc = pt = 0.75...100 σyc

Volumetric Hardening

19 19.5 20
Indentation [mm]

17

18

19

20

21

22

23

24

25

F
or

ce
 [k

N
]

p c
 = p t

 = σ yc

p c
 = p t

 = 100 σ yc

p c
 = p t

 = 0.4 σ yc

p c
 = p t

 = 0.5 σ yc

Volumetric Hardening

0 5 10 15 20
Indentation [mm]

0

5

10

15

20

25

30

F
or

ce
 [k

N
]

Isotropic Hardening

pc = pt = 0.4 σyc

pc = pt = 0.5 σyc

pc = pt = σyc

p c
 = p t

 = 100 σ yc

19 19.5 20
Indentation [mm]

20

25

30

35

40

F
or

ce
 [k

N
]

Isotropic Hardening

p c
 = p t

 = 0.4 σ yc

p c
 = p t

 = 0.5 σ yc

p c
 = p t

 = 0.75 σ yc

pc = pt = σyc

p c
 = p t

 = 2 ... 100 σ yc

� �4!���3�+ ����� ��� 3�+ � � ;<#�+ � = ?�3�;9+ � � � � +9�Y#�&.#*� ?��63�+910&.#*� ?�����%��4G�� = ?�3R+9e5�'&�1V8(&�1 ��+<�h? = #*%�+� ����#*� &�1�%YO � 3�?���#�&.#*� ;,;9?���G�3�+9�����48�+ ��� �	�" &�� � #�+9����� 14+ O��4+91 � G�3�+9������3�+<�
��� �	�� � 8�?�1 ����+<#�3��4;2%'&�3 � +9���4��! � #*?�G 
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� %�+ = ?�3��T��10&.#*� ?��P? = #*%�+�5�3�����%�&�M�1 + � ?Y&�� 10&K\ \]�4#�%H�4��?�#�3�?�G"� ;�%�&�3 � +<��� �"!F&(1 1 ?C\]� = ?�3�#*%�+d8(&�3��0&.�#*�4?��)? = #*%�+QG�1 &���#�� ; � ?�� ����?�� ! �R3*&(#�� ? � � � � = ?�3L8�?�1 ����+<#�3�� ;d%�&�3 � +<��� �"! I � � � 
 2A� �]&(�����"�F+ � 
 �� �4!���3�+ ��� + 2R��%�?C\]��#�%�+��4��
'��+<��;9+L? = &R8(&�3��0&(#�� ?��Q? = #�%�+�G"10&��:#*� ; � ?�� ����?�� ! ��3�&(#*�4? �����Y� �Q#*%"+�� �Y#�+93�8(&�1
2�� � ���	��2 + > ?���#*%�+RG�3�+ � � ;W#*+ � ��+9;�%'&(��� ;9&�1'Ma+<%'&K8�� ?�3�? = #*%�+]e5�'&���� �:#�&(#�� ;X3�+ = +93�+9��;<+�� � � +9�Y#�&.#*� ?�����4�T��1 &(#*�4?�� � � %�+�#*%�+<?�3�+W#*� ;9&�1�14� ���4#R? = � ��� ( 2 + > = ?�3�M�� � �d&��YO�8�?�1 �"�F+W#*3��4;TG�1 &���#�� ;T;<?��FG"3�+9�����4?��
� &(�'&�1 ?�!�?�����#�?�
 7 G�10&��:#*�4;9�4#�O 
 � &Q���4�T��1 &(#*�4?��T\]�4#�%�#�%�� �_3�+<��#*3�� ;W#*� ?��F;<?���1 � ��?�#^MN+R+ -/+9;9�/#*+ � ?C\]�4��!#*?��5����+93�� ;K&(1 � � ( ;<��14#�� +9� �
� 1 ?�#�#*�4��!D#*%�+FGa+9&�E 3�+K&(;<#*�4?�� = ?�3�;9+�?C8�+<3U#*%�+FG�3�+<��;<3�� MN+ � G�10&��:#*�4; � ?�� ����?�� ! �S3*&(#�� ? � � �4!���3�+ ��� + 2 I3��4!�%Y# 
 3�+<8�+K&�14�L#�\�? � ���c+<3�+<�5#L3�+9!�� ��+9� � � ?�3 � ���'8(&�14��+9��Ma+W#�\�+<+9�'2 � 2A&(� � 2 � ,3, I &(�D� ��;<3�+K&(��+2? = �����3�+<����1�#*�R� � &��6�4��;93�+K&���+U? = #*%�+SGa+9&�ED3�+9&�;<#�� ?�� = ?�3�;<+9� � �L# Z 2 � ��?���� �'&�1c;9?���G�3�+<�����48�+S��#�3*&��4�6#*%"+GN+K&�E = ?�3�;9+ = ?�3 ����� ( 2 + ,3, � � # 2 � %�� !�%�+93�#�%'&��A#*%�+]GN+K&�E = ?�3�;<+ = ?�3 � ��� ( 2 � � ?�3 � ����8(&�1 ��+<��&�MN?
8�+
2 � ,3, IY= ��3:#*%�+<3^�4��;93�+K&���� ��! � ���";K&�����+9�_#*%�+hGa+9&�EA3�+9&�;<#�� ?�� = ?�3�;<+R#�? � +<;93�+K&���+�#*?C\�&�3 � �_#*%�+]8(&�1 �"+ = ?�3
� � � ( 2 + 2 � � ��� ��� 10&(3�3�+<10&(#�� ?��"��%��4G}MN+<#�\^+9+<�@#*%"+�G"10&��:#*� ; � ?�� ����?�� ! �S3*&(#�� ?)&�� � #*%"+P&.-/� &�1���#�3�+<���;K&(� Ma+{?�M���+<3�8�+ � �4�@#*%"+{���4�T��10&.#*� ?��,? = &��"���0&.-/� &�1�;9?���G�3�+<����� ?��>#�+9��#U\]�4#*% 1 &(#*+<3*&�1�+ -"G�&������4?��;9?�����#�3*&��4�5#�� I ��+9+ �/+9;W#*� ?�� ��� ��� � I \]%�+<3�+��4#X\]� 141cMN+Q��%�?C\]� #�%'&(#X#*%"+�8(&�14��+d? = � ���a�P&
-"�4�F�;.9�4��!U#*%"+3�+9&�;<#�� ?�� = ?�3�;9+ = ?�3A&�3�M��4#�3*&�3:O,�:#�&(#�+9�A? = ;<?��FG"3�+9�����4?�� ;K&��7MN+ � +W#*+93��F�4��+ � �4�>;9?��"��� � +93*&.#*� ?��>? =\^?�3�E{%�&�3 � +<��� �"!F��+9;�%'&(��� ���F� �
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� �4!���3�+ ��� +3+ ��� + = # � G"3�+ � � ;<#�+ ��= ?�3�;9+ � � � � +9�Y#�&(#�� ?���3�+91 &(#*�4?�����%�� G�� = ?�3 = ?Y&�� G'& � �? =U� �4�a+93�+9�Y#)#*%��4;�E��"+9��� � � %�+};9��3:8�+<�6#*+<3���� �'&.#*+�&(#)#�%�+,GN?��4�5#)? =�F&.-/� �T��� � O/��&��F�4;S�4� � +<�5#*&(#*�4?�� � � �4!�%Y# � GN+K&(EH�4� � +<�5#*&(#*�4?�� = ?�3�;9+&��R& = ����;W#*� ?��H? = #�%�+ = ?Y&�� G�& � #�%�� ;�E5��+<��� �
�����.q��/t
q�uNr$u �Xt �Vx ��u���� � �yq � ��rVx�� ��qsr�� �Vr ���>q � ��q t � �"t
qvuar �
�/? = &�3 I #*%�+P� ��
'�"+9��;<+D? = G'&�3*&(�F+W#*+93��T��+<;9+9���*&�3:O = ?�3�#*%�+D;9&�1 �4M�3*&(#�� ?��}? = #*%"+ 5�3�����%'&�M�14+ � ?Y&���F&(#*+<3��0&(1�10&K\ \L&�����#�� � �4+ � �4� e���&����4��#�&.#*� ;���� �T��1 &(#*�4?���� � � ?C\ I #�%�+�� ��
'�"+9��;<+F? = &)!�+9?���+<#�3��4;K&�1G'&�3�&���+<#*+<3 I �'&���+91�O{#*%"+ = ?Y&(� G'& � #�%�� ;�E5��+<��� ���aI ?��H#*%�+�3�+<����1�#*�R? = &��6� ��G'&�;W#]��� �U��10&(#�� ?��{\]�41 1MN+�;<?������ � +<3�+ � �[ �P#�%�+ = ?�141 ?C\]� �"!S��� �T��1 &(#*�4?�����+<3�� +<� I #*%�+(5�3�����%'&�M�14+ � ?Y&�� ;9?�����#��4#*�/#*�48�+���? � +91'\]�4#�%F8�?�1 ����+<#�3�� ;%'&�3 � +9�"� ��!A\�&��h;9&�1 �4M�3*&.#*+ � \]��#*%D#*%�+Q3�+ = +93�+9��;<+U�F&(#*+<3�� &�1cG'&(3*&���+<#�+93X��+W# � ! � �	�% " ( ��� �	�" ( ��� �	�� ( +
� � & 
 � � %�+�� ��G'&�;W#{? = &>3�� !�� � ��G�%�+93�+ ? = ��#�&(� � &�3 � �/.<+ � �F&����D&(� � 8�+914?/;<�4#�Ow?�� = ?Y&�� G'& � �? =X� �4�a+93�+<�Y#U#*%"� ;�E5��+9���U\�&��T���4�T��1 &(#*+ � � � � !���3�+ ��� +3+ ��%�?C\]�U#*%"+P���4�T��1 &(#*�4?�� 3�+9����14#��T&��S?C8�+93�&�1 1= ?�3�;9+ �5� � ��G�10&�;<+9��+9�Y#RG�1 ?(#*� � 14+ = # 
 &�� � &���&AGN+K&�E = ?�3�;9+d8�+93������ = ?�&�� #*%"� ;�E5��+9��� � � &�!�3�&�� � 3�� !�%5# 
 �
4 +<��� � +9��#*%�+ � � ����#*+ =�14+9��+9�Y#����4�T��1 &(#*�4?��U3�+9���"14#*� I ��+<1 +9;W#*+ ��= ?�3�;9+ ��� �4��G�1 &�;9+<�F+<�5#�!�3*&�G�%"��?�M"#*&�� ��+ �\]�4#�%D#*%�+�&��'&(14O5#*�4;K&�1a��?�14�"#*�4?�� ����� , # 
 &(3�+QG�3�+<��+<�5#�+ � &(� � \]� 1 1cMa+d����M � +9;W#*+ � #*? � �4��;9�"�����4?�� �� %�+6�P&.-/�4�T���B3�+K&�;W#*�4?�� = ?�3�;9+6&�G�GN+K&(3�� = ?�3A#*%�+H�F�4��� �U��� = ?�&�� G'& � #*%��4;�E5��+9���{? =���� ( � 2��� � [ �F#*%"� ��#*%��4;�E5��+9����3�+<!�� ��+ I #�%�+RGa+9&�E = ?�3�;<+h�4��%�� !�%"14OA��+9�����4#*��8�+]#*?�;�%'&���!�+9���4��#�%�� ;�E5��+<��� � &��� �";93�+9&���+A? = #*%�+ = ?Y&(��G�& � #*%��4;�E��"+9���d#�? � > ����3�+ � ��;<+9�d#*%"+TG�3�+ � � ;W#*+ � GN+K&(E = ?�3�;9+AMYO�&(1 ��?���#
> 2 ��� �hMa?C8�+ � > �F� #*%��4;�E��"+9��� I #�%�+�#�%�� ;�E5��+<��� � Ga+9&�E = ?�3�;<+�3�+91 &(#*�4?�����%"� G)e5��� ;�E514OH&(G�G�3�?�&�;�%�+9��&1 �4�F��#�8�&(1 ��+2? = + > E �SI ?��"14O � > � Ma+<1 ?C\ #�%�+2GN+K&�E = ?�3�;<+ = ?�3 ��� ( � > ��� � [ #X;K&��)MN+2;9?���;914� � + �cI
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(Ave. Crit.: 75%)
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 at elem 40 node 41
Min -2.009e+06
 at elem 920 node 942
Max +1.878e+06
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Analytical Solution

Top Surface, FE Model

Bottom Surface, FE Model

Impact Area
Border of the

� �4!���3�+ ��� + � ��� 3�+ � � ;W#*+ �H� �4��#*3�� M��/#*� ?��{? = &.-/�0&�1J�:#*3�+9����+9�R� �H& + 232T��� #�%�� ;�E = ?�&��G'& � &(#]#*%�+���?��F+<�Y#]? = �F&.-/� �T�"� � � � +9�Y#�&.#*� ?��6? = &F��G�%�+<3�� ;9&�1V� �A�G'&�;W#*?�3 � � + = # � ;<?��Y#*?��"3PG�14?�# � � � !�%Y# � 3*& � �0&�1X�:#*3�+9��� � � �:#*3��4M��"#�� ?���� �

#*%�&(#h&(#]���F&�1 1c?�3��4!�� �'&(1a#*%"� ;�E5��+9���R8(&�14��+9� I &���1 �4!�%Y#]� ��;<3�+K&(��+Q? = #�%�+ = ?Y&�� #*%��4;�E��"+9���h;K&��HMN+Q8�+93:OMN+9��+Wb';9� &�1 I \]%�+<3�+K&(� = ?�3P#*%��4;�E = ?Y&(� G'& � �D+<8�+9� 10&�3�!�+6#�%�� ;�E5��+<���)� ��;<3�+<�F+<�5#�� � ? ��?�#{%'&K8�+}&��?�#�� ;<+K&�M�14+d� ��
���+9��;<+Q?��H#�%�+QGa+9&�E = ?�3�;9+ �� �4!���3�+ ��� +3+ ;9?��Y#*&�� ���^#*%�3�+9+ = ?�3�;9+ �5� � ��G�10&�;<+9��+9�Y#X!�3�&�G�%��XG"3�+ � � ;<#�+ � MYOP#�%�+Q&��'&�1�O5#*� ;9&�1 ��?�14�"#*�4?�� I
=�e5�'&(#*�4?�� ����� , # 
 Ic= ?�3 ��� ( � 2 I � > &�� � + 232{��� � � %�+WO &�3�+ � � ��;<+93���� M�14+A&�� � &(��%�+ � 14� ��+<� � � ?�3= ?Y&�� G�& � ��? = ���F&�141J#*%��4;�E��"+9��� I #*%"+T&��'&(14O5#*�4;K&�1J��?�1 �/#*� ?�����&(!�3�+<+�8�+93�OH\^+91 1�\]��#*%6#�%�+U��� �T�"10&(#�� ?��3�+<����1�#*� �&4 +<O�?�� � & = ?Y&�� G'& � #*%"� ;�E5��+9���P? = > 2���� I %�?C\^+<8�+93 I #�%�+DGN+K&�E = ?�3�;9+)G�3�+ � �4;<#�+ � M5O#*%"+ � � ����#*+#=�14+9��+9�Y#Q���4�T��1 &(#*�4?�� � ?/+<���"?�# � 3�?�G = ��3�#�%�+932\]��#*%�� �";93�+9&����4��!{#*%"� ;�E5��+9��� I \]%�� 14+U#*%"+&��'&(14O5#*�4;K&�1���? � +91 ;9?��5#�� �5��+<�^#*?���%"?
\ & � +9;<3�+9&����4��!UGN+K&�E = ?�3�;9+ = ?�3�� ��;<3�+9&����4��!�#�%�� ;�E5��+<��� ��� � � ?�3� �Y8�+9��#�� !Y&.#*� �"!�#�%�� � � �4�a+93�+9��;<+�� �FMa+<%'&K8�� ?�3 I &U;<?���G'&�3��4��?���MN+<#�\^+9+9�D#�%�+h#�\^?A�F? � +<1 ��� �_G�3�?C8�� � + �= ?�3 ��� ( + 2 26��� � � � �4!���3�+ ��� + � � � %�+{;<?��Y#*?��"3UG�14?�#U? = #*%�+P&.-/�0&�1_��?�3��P&�1��:#*3�+<��� ! ��� � � ��� 
� ��#�%�+ � + = ?�3���+ � ;<?��"b'!��"3*&(#�� ?�� � � � !���3�+ �"� + � I 14+ = # 
 � � � � ;9&(#*+<� I #*%'&(#P#*%�+�;<3*&���% � + = ?�3��P&(#�� ?��1 ?�;K&(1 �/.<+9�]� �)#*%"+U��G�GN+93h%'&�1 = ? = #�%�+ � � ����#*+�=�1 +9��+9�Y#h�F? � +<1 � � %�+<3�+T�4�h��?P&�G�G'&(3�+9�Y#�� �Y#*+<3*&�;W#*� ?��MN+<#�\^+9+9�{#�%�+R��#*3�+9���^b'+<1 � � ��#*%�+R��G�GN+93_%'&�1 = ? = #*%�+RG'& � &�� � #*%�+ � � �:#�&�1�\�&�141 � ��G�14?�#_? = #�%�+h&.-/�0&�1��?�3��P&(1���#*3�+9���A&�1 ?���!H#�%�+PMN?�#�#*?�� &�� � #*%�+�#*?�G,����3 = &�;9+F? = #�%�+ � �4���4#�+ =�14+9��+9�Y#S�F? � +91�8�+93������#*%"+�3*& � �0&�1 � �4��#�&(��;9+ = 3�?�� #*%"+�3�?�#*&(#*�4?��'&�1]&
-"�4�P? = �:O��F��+<#�3�O IR� �4!���3�+ ��� + � � 3��4!�%Y# 
 I ;9?��"b�3����#*%"� ���:#�&(#�+9��+9�Y# � [ #2��%"?
\]�Q&FG'&�3*&(Ma?�14� ;Q��#�3�+<��� � �4��#*3�� M��/#*� ?�� &(#h#*%�+�#*?�G ����3 = &�;9+ I M��"#Q&F����� = ?�3����#�3�+<��� � � �:#*3�� M��"#�� ?��S&(#�#�%�+LMN?�#�#�?�� ����3 = &�;9+ � � %�+]&��'&(14O5#*�4;K&�15��? � +<1 I &��������F�4��!2���"� = ?�3�� �:#*3�+9�����4�#*%"� ;�E5��+9��� � � 3�+9;<#�� ?�� I G�3�+ � �4;<#��d��#*3�+9���d1 +<8�+914�2Ma+W#�\�+<+9� #*%�+<��+T#�\^?)+W-�#*3�+9��+9� I #�%'&(#d�4� I 1 ?C\�+<3�#*%�&��#*%"+6&(;<#*��&�1X��#�3�+9����+<�{&�;W#*� �"!}?��$#�%�+)� ��G'&�;<#T��G�%�+<3�+ � 8 +<��;9+ I ��+<!�1 +<;<#�� ��!�#*%"+H+W�c+<;<#��F? = ��#�3*&��4�1 ?�;K&(1 �/.9&(#*�4?��P;<1 +9&�3�1�OP3�+ � ��;<+9�R#*%�+�&��'&(14O5#*�4;K&�1414O�G�3�+ � �4;<#*+ � GN+K&(E = ?�3�;<+ �
� �4#�%Q� ��;<3�+K&(��� �"! � � ��#*&���;<+_MN+<#�\^+9+<�U#*%"+_14?/;9&�1 �;.9+ �2� + = ?�3��F&(#*�4?��2b'+91 � &(� � #*%�+ � � �:#�&�1(\L&�141 I MN?���� � �
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� �4!���3�+ ��� +-, ��� 3�+ � � ;W#*+ �7= ?�3�;9+ � � � � +<�Y#�&(#�� ?��>3�+91 &(#*�4?�����%"� G�� = ?�3U#*%�+ � O/��&��F�4;D� �A�G'&�;W#X? = &U��G�%�+<3�� ;9&�1J�4�FG'&(;<#*?�3^?�� = ?Y&�� G'& � �X? =V� �4�a+93�+9�Y#]&�G�G�&�3�+<�5#� +<������#�O �
&�3:OQ+<�a+9;<#��`MN+9!�� �Q#*? � � ��� ���4��%Q&�� � #*%"+^GN+K&�E�� � � +<�Y#�&(#�� ?�� = ?�3�;<+�;9?��Y8�+<3�!�+<��#*?C\�&�3 � ��&]1 ?C\�+<3V1 � ���4# �
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[ � � �4!���3�+ ��� + � I #*%�+23�+91 &(#*��8�+ � �4�a+93�+9��;<+2Ma+W#�\�+<+9�)#*%�+�G�3�+ � � ;W#*+ � &(� � #*%�+h3�+ = +93�+<��;9+QGN+K&�E��4� � +9���#�&.#*� ?�� = ?�3�;9+A&(#d&���� � � +9�Y#�&.#*� ?�� � +9G/#*%�? = 2 + Z ��� � ��G"1 ?�#�#*+ � 8�+93������d#�%�+TG�3�+9��;<3��4Ma+ � %YO � 3�?���#*&(#*�4;��#�3�+<��!�#*%6G'&�3�&��F+W#*+<3�� ��� �	�" &(� � ��� �	�� � � %�+U&�M���?�1 �"#�+ = ?�3�;9+Q?��a��+W#*�h%'&K8�+�Ma+<+9����?�3��F&�1 �;.9+ � MYO)#*%"+3�+ = +93�+9��;<+P� � � +9�Y#�&.#*� ?�� = ?�3�;9+ = ?�3d8�?�1 ����+<#�3�� ;A%�&�3 � +<��� �"! � � %5��� I �4#�MN+9;9?��F+<��?�M58��4?����Q#*%'&(#�#*%"+GN+K&�E = ?�3�;<+ = ?�3U#�%�+D3�+ = +93�+<��;9+)G'&(3*&���+<#�+93T��+<# ��� �	�" ( ��� �	�� ( ! � �	�% " ( + �4�A&�G�G"3�?K-/� �F&(#*+<14O � 2 �%��4!�%�+93 = ?�3_�4��?�#�3�?�G"� ;L%'&(3 � +<��� ��! I &�14#�%�?���!�%A#�%�+X#�\�?S%'&�3 � +9���4��! � &(#�&Q��+W#*��\�+<3�+R� � +<�Y#*� ;9&�1 � �4��G'&�3:�#*�4;9��1 &�3 I #*%�+�G�10&(��#*�4; � ?��4����?�� ! �R3*&.#*� ? �����c\�&�����+<#R#*? .9+<3�? = ?�3R�4��?�#�3�?�G"� ;d%'&�3 � +9�"� ��! � � %�� �R��%"?
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Evolution of Some Local Stress States During Impact
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 &�� � #*%�+]8�+<3�#*�4;K&�1&.-/� �2#�%'&(#Q3�+9G�3�+9��+<�Y#*��G���3�+���%�+K&�3 I � � � �4;K&(#�� ��!F#*%'&(#d#�%�+9��+A#�\�?)#�O�Ga+<�S? = 1 ?�& � � �"!P\]� 141 � ?��F�4�'&(#*+#*%"+U1 ?�;K&(1 � + = ?�3��P&(#�� ?��H? = #�%�+ = ?�&�� � � %�+
���R-/� � I #�?�G �{14� ��+Q�4� � �4!���3�+ ��� + # �4�2&�����?�;9� &(#*+ � \]�4#�%&@GN?�� �Y#���� � +93P#�%�+ ;<+9�Y#*+<3D? = #*%"+ � ��G'&�;W#��P&���� � [ #{� �����"3�3�?���� � + � M5O�&���+<1 14� G���+ I \]%"� ;�%��4�#*%"+TG�3�? � +9;<#�� ?���? = #*%�+ 5�3�����%�&�M�1 + � ?Y&(��O��4+91 � ����3 = &�;9+T;<?�3�3�+9��Ga?�� � � ��!{#�?P#*%"+T%�� !�%�+9�:#28(&�1 ��+S? =#*%"+�%�&�3 � +<��� �"!�G�&�3*&���+<#�+93 I � �D#*%"� �X;K&(��+Q#*%�+�&�;<;9���T�"10&(#�+ � 8�?�14����+<#*3�� ;2G"10&��:#*� ;���#*3�&�� � ��� ��� &.-/�0&�1��#�3�+<���A��#*&(#*+<�T;K&(�>Ma+F��+<+9�>#*? G�3�+W8�&(� 1_� �,#�%�+P�4�FG�&�;<#S+<8�+9�Y#�;9?��"��� � +93�+ � %�+93�+ I �4� � �4;K&(#�� ��!)#*%'&.##*%"+h��� �T��1 &(#*�4?��T��%�?���1 � ��?�#_MN+X8�+93:O���+9�"���4#��48�+R#�?S;�%'&(��!�+9�^? = #�%�+R%5O � 3�?���#*&(#*�4;]G'&�3*&(�F+W#*+93��^? = #*%"+�F&(#*+<3��0&(1 �� %�+<��+]b'� � �4��!����'&�3�3�?C\ � ?
\]��#*%"+R3�+9e5���43�+9��+9�Y#�� = ?�3�;9?��"��#*��#*�"#��48�+R1 &K\]��#*?QMa+X+<�FG"1 ?CO�+ � �4�A;93*&(��%���4�T��1 &(#*�4?����V� �Y8�?�148�� ��!�&�;9?��FG'&(3*&(#��48�+<14Od#�%�� �SG'& ��� �4��!d&�� � &�10&(3�!�+_� ��G'&�;W#*?�3 � � %�+WOU+ -/G�10&��4�U#*%"+3�+<10&(#��48�+914OF���F&�141a�4��
'��+<��;9+Q? = #*%"+d��%'&�GN+d? = #*%�+2O��4+91 � ����3 = &(;9+d?��D#*%"+d?
8�+93�&�1 1 = ?�3�;9+ � � � � +9�Y#�&.#*� ?��3�+<10&(#�� ?��"��%��4G)&�� � #*%�+Q����3�G�3�� ��� ��!�1�O{!�?�? � G�3�+ � � ;W#*� ?����X? = #*%�+Q����� &.-/�0&�1J&��'&�1�O�#�� ;9&�1c��? � +91 �
fhg�fhg�� � � � �Vm:l2k������2k
[ �Q#*%��4����+9;W#*�4?�� I #*%�+_���4�T��10&.#*� ?���? = 1 ?C\L��+<��+93�!�Od� ��G'&�;W#�+<8�+9�Y#*�y\]�4#�%���+914+9;<#�+ � ;9?����:#*��#*�"#��48�+���? � +91 �\�&�� � +9��?�����#�3*&(#�+ � � 4 +9;K&(����+F? = #�%�+�!�+9?��F+W#*3��4;K&�1`3�+<10&(#�� ?���MN+<#�\^+9+<�,#*%"+�;<��3�8�+ � �4�FG�&�;<#d�F&����
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&�� � #�%�+{#*%��4� = ?Y&���10&KO�+<3 I #*%�+D14?/;9&�1 � + = ?�3��F&(#�� ?�� &(� � ��#*3�+9�����:#�&(#�+9�A\^+93�+)G�3�+ � ?��F�4�'&��Y#*1�O@�4�#*%"+H�"���0&.-/� &�1�;<?��FG"3�+9������8�+H&�� � ��%�+9&�3�1 �4E�+ � ?��P&��4� � � %�+)?�3�� +<�5#*&(#*�4?����T? = #�%�+)G�3��4��;9�4G'&�1L&
-"+<�? = #*%"+{��#�3�+9���A#*+9�"��?�3 � � � ��?�#T;�%'&���!�+D��� !��"�4b';9&��Y#*14O I &�� � &(��� ��?�#*3�?�GYO@+W�c+<;<#*�A;<?���1 �JI #*%�+<3�+ = ?�3�+ IMN+��"+9!�14+9;<#�+ � � � ��3�#�%�+93��F?�3�+ I #�%�+Q� ��
'�"+9��;<+S? = %YO � 3�?��:#�&(#�� ;Q�P&.#*+93��0&�1aG'&�3�&��F+W#*+<3��X\L&(����?�#X8�+93:OG�3�?���?����";9+ � ��� � +<3^#*%"+9��+h;9?�� � �4#�� ?���� � #�%�+R��� �U��10&(#�� ?��"��\�+<3�+�3�&(#*%"+93_� ����+9�����4#*��8�+R#*?Q8�&(3��0&.#*� ?�����? =#*%"+9��+�G'&�3�&���+<#*+<3��L\]��#*%��4�H3�+K&���?��'&�M"1 +d3*&(��!�+9� �� %�+#5�3�����%'&�M�14+ � ?Y&(� ;9?�����#��4#*�/#*�48�+Q�F? � +91J\]��#*%)� ��?�#*3�?�G��4;d%'&�3 � +9���4��!P&(1 1 ?C\]� = ?�3L#�%�+���GN+9;9��b';K&
�#*�4?���? = #�%�+TG�1 &���#�� ; � ?�� ����?�� ! �d3�&(#*�4? � � � � � %�+AGa+9&�E �4� � +<�5#*&(#*�4?�� = ?�3�;9+T�4�2&�G"G�3�?K-/� �F&(#*+<14OH+9e5�'&(1= ?�3 ����� ( 2D&(� � � ��� � 2 + >/� 4 +<#�\^+9+<�}#�%�?���+A1 � ���4#�� ��!A8(&�14��+9� I #*%�+TGN+K&(E = ?�3�;9+A3�+9&�;�%�+ � &{�F&.-/����T��� � = #�%�+];9?�� � �4#*�4?��T? = &�����?�;9� &(#*+ � 
�?
\w� � = ��14b'141 + � � � ?�3�+9e5�'&�1��"���0&.-/� &�1�&�� � %YO � 3�?���#*&(#*�4;LO/�4+91 ���#�3�+<����+<��#*%"� �R� �X#*%�+�;K&(��+ = ?�3h&�G�10&(��#*�4; � ?��4����?�� ! ��3*&.#*� ?�? = + � , I \]%�+<3�+�#*%�+�Ga+9&�E = ?�3�;9+Q\L&�� # 2 �&�MN?C8�+�#�%�+23�+ = +93�+9��;<+28�&(1 ��+ � � %�� �^��� !����4b';9&��Y#L�4��
'��+<��;9+2%�&���#*?UMa+2E(+9G"#]�4�{��� � � \]�4#*%P3�+9!�&�3 � #�?#*%"+�;9&�1 �4M�3*&.#*� ?��{? = �P&(#�+93��0&�1 � &(#�& �[ �A& �"� �4#�� ?�� I #�%�+���� �T��1 &(#*�4?��d3�+<����1�#*�y\�+<3�+�8�+93�OS��+<������#*��8�+^#�?�;�%'&(��!�+9��? = #*%"+�E5� ��+<�P&.#*� ;�MN?���� � &�3�O;9?�� � �4#�� ?��"��&�� � #*%�+L#�%�� ;�E5��+<����? = #�%�+ = ?Y&�� G'& � � � & � �0&(1�E5�4��+9�F&(#*�4;^;<?����:#*3*&(� �Y#*��14+K& � #*?Q&��:#*3�?���!� �";93�+9&���+F? = #*%"+P3�+9&�;<#�� ?�� = ?�3�;<+ = ?�3�� � � +9�Y#�&(#�� ?�� � +9G/#*%��A+ -";<+9+ � � ��! 0 2 ��= ?Y&�� G'& � #*%��4;�E��"+9��� �[ ��;<3�+K&(��� �"!{#*%�+ = ?Y&(��G�& � #*%��4;�E5��+9����%�&��Q&P��#�3�?��"!D+<�a+9;<# = ?�3 = ?Y&���G'& � �d? = 1 ?C\ #*%��4;�E5��+9���S&(� �& � � ��� ���4��%��4��! +W�c+<;<# = ?�3 = ?Y&��BG'& � ��? = %�� !�% #�%�� ;�E5��+<��� � [ �$#�%�+ = ?�3���+93A;9&���+ I #*%�+D#�%�� ;�E5��+<���� � 
'��+9�";9+9��#*%"+ � +9!�3�+9+H? = ;<?���G'&�;<#�� ?�� I &(� �JI #�%�+93�+9MYO I #*%�+ � +<!�3�+<+6? = %'&�3 � +9�"� ��! � �43�+9;W#*1�O � [ �#*%"+�10&.#�#*+<3^;9&���+ I #�%�+ � �4�F�4��� ��%�� �"!d� �Y#*+<3*&�;W#*� ?��FMN+<#�\^+9+<�)#�%�+��4�FG�&�;<#	.9?���+2&�� � #*%�+ � � �:#�&�1 ����3 = &�;<+1 +9& � �L#�?P& � +<;9?���G"1 � �"!�? = #�%�+ = ?Y&�� #�%�� ;�E5��+<���h&�� � #*%�+ � O��'&(�F�4;dGa+9&�E{1 ?�& � ����"?�#*%�+<3F�:#*3�?���!@�4��
'��+<��;9+6;K&��wMa+H;9?��5#�3��4M��"#*+ � #*? #*%"+�&�G�G�&�3�+<�5# � +<������#�Ow? = #*%"+ = ?Y&�� � � ?�3#*%"+}+ -"&��F�4��+ � 3�+ = +93�+9��;<+,;<?��"b'!���3*&(#�� ?�� I & � �4��#*�4��;<#{?�G"#*�4�T��� � �j#*%"+ � +9�����4#�Oj3�&���!�+�+ -"�4��#�+ �\]�4#�%>3�+<!Y&�3 � #*? & ��� ���4�F�;.K&(#�� ?���? = #*%�+DGN+K&�E}1 ?�& � +W-/GN+93�� +9�";9+ � MYO &(�>� ��G'&�;W#*?�3S%��4#�#*� �"!6#*%"+��+<#�&(1 1 �4; = ?Y&(� G'& ��� � ��! � [ #h;K&��6Ma+Q+W-/GN+9;W#*+ � #*%'&(#R����;�%�&��6?�G"#*�4�P&(1 � +<������#�O)+W-/� �:#*� = ?�3]��� ��� 1 &�3;9?��"b'!���3�&(#*�4?���� I ��+<+ I'= ?�3X+W-"&���G�14+ I�� 032��y&�� � 5�%�&�G"#*+<3 , �
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, &.#*��3�+ I \�+<1 1YE5��?C\]� = ?�3V%�+<3V+9;9?���?���� ;�����+^? = ��G�&�3���+^3�+9��?���3�;<+9� I 3�+914� +<��?��Q;9+9141 ��1 &�3J�F&(#*+<3�� &�1 �a����;�%&��_\�?�? � ?�3�MN?���+R#*?U��+<#X�"G{1 ?Y& � ��MN+K&�3�� ��!Q�:#*3��";<#*�"3�+9� � = ?�3_+W-"&���G�1 +h+9� � ?.��&�� � +W-/?���E(+914+<#*?���� 
 �4�1 ��8�� ��!TMN+9�4��!�� � � %�+Q3�+K&(��?�� = ?�3�#�%�� �XG�3�+ = +<3�+9�";9+�1 � +<�L� �{#�%�+Q%�� !�%D��GN+9;9��b';Q��#��4�a��+9���h&(� � ��#*3�+9��!(#*%? = #*%"� �{E5� � � ? = �P&.#*+93��0&�14� � �h��?�#�%�+93D;�%'&(3*&�;W#*+93�� �:#*� ; ? = Ga?�3�?����{?�3{;9+<1 1 �"10&�3��P&.#*+93��0&�14�F�4�P#*%"+= &�;W#S#�%'&(#�#*%�+<� 3��F+<;�%'&����4;K&�1�G�3�?�GN+93�#�� +<�U&�3�+P��;K&�1 &�M�1 +�MYO};�%'&���!�� ��!H#*%�+<� 3Q+<�a+9;W#*�48�+ � +<������#�O � [ �1 ��8�� ��!RMa+<� ��!��`M��4?�1 ?�!�� ;9&�1�!�3�?
\X#�%AG�3�?�;9+<����+9��+W-/G�14?��4#y#*%"� �yGa?������4M�� 14�4#�OdMYOU& � &�G"#�� ��!R#*%�+^�F+<;�%'&����4;K&�1G�3�?�Ga+<3�#�� +9��? = #*�4�����"+2� �D3�+9��GN?�����+2#*?T;�%�&���!��4��!A1 ?Y& � � ��!S;9?�� � �4#�� ?���� � ��G�&�3�# = 3�?�� ;�%'&���!�+9�X? = #*%"+��� ;93�?���#�3���;W#*��3�+ I #�%�+S��?��:#�&(G�G'&�3�+9�Y#�;�%�&���!�+�� �X#*%"+��4��;93�+K&���+S?�3 � +9;93�+K&���+U? = #*%�+�1 ?�;K&(1J+<�a+9;W#*�48�+� +<������#�O �
=���!��4��+9+<3��Q&�3�+T� ����G�� 3�+ � MYO #�%�+T�4�5#�3��4;K&(#�+TM�� ?�1 ?�!��4;K&�1��:#*3���;<#���3�+<� I #*%'&.#2\�+<3�+A?�G/#*� ���/.<+ � M5O�+<8�?.�1 �/#*� ?��H�4�6#�%�+S;<?���3���+U? = %5��� � 3�+ � �2? = �F�41 14� ?����^? = O�+K&�3�� I &(� � #�%�+<O6&�3�+S14?/?�E5�4��! = ?�3h+<��!��4��+9+<3�� �"!�F&(#*+<3��0&(1 ��\]��#*%@��� ��� 1 &�32& � 8�&(�5#*&�!�+<?�����G�3�?�GN+93:#*�4+9� � > Z � ��- �4#*%}!�3�?
\]�4��!HE��"?
\]14+ � !�+P&�MN?��"#�#*%"+��+9;�%'&��"� ;K&(1�GN+93 = ?�3��F&���;9+A? = ;<+9141 ��1 &�3���+<#*&�1 ��&�� �JI �4��G'&�3�#�� ;<��10&�3 I ? = ��+<#*&�1 14� ; = ?Y&���� I ��+<#�%�? � �= ?�3�#�%�+ � +<��� !��}? =_= ?�&���;<?���Ga?��"+9�Y#*� = ?�32&�G�G�14� ;K&.#*� ?���������;�%@&(�dG'&�;�E.&�!��4��! I +<��+93�!�O &�M���?�3�G/#*� ?��&�� � ��&�� � \]�4;�%���#*3���;<#���3�+<��%'&K8�+X+<8�?�148�+ � ���4!�����b';K&��Y#�14O � 0 � , + � ,3, � � � %"+]&�M�� 14�4#�OQ? = ;<+9141 ��1 &�3`��+<#*&�1 �#*?Q;<?��FGN+<#�+�\]�4#�%�?�#*%�+<3��P&.#*+93��0&�14��;9&���Ma+X��� � +93�1 � �"+ � MYOA+9��G�%'&����/.<� ��!�#�%�+9�43��T��1�#*� = �"��;<#�� ?��'&(1 �4#�O
� � � � , 2 � � � ��3:#*%�+<3���?�3�+ I �4#�\�&�����%�?C\]��#*%'&.#�� ��;9+<3�#�&(� �A��#�3���;W#*��3�+9� I ����;�%{&���;WO�1 � � � 3��4;K&�1/�*&�� � \]� ;�%��%"+91 14� I ��+<#*&�1 14� ; = ?Y&�� ;9?�3�+9�R&�3�+d��?�3�+2\�+<� !�%Y#R+�.�;9�4+9�Y#]#*%'&(�H?(#*%�+<3X��#*���c+<��� �"!�;<?���;<+9G"#�� � > 0 � � [ ���#�� � �4+9� � +K&�14� ��!)\]�4#�%}#�%�+ � +9��� !��@&�� � ?�G"#*�4�F�;.K&(#�� ?���? = �F+W#�&�141 �4; = ?Y&�� ;<?���Ga?��"+9�Y#*��������&�1 1�O &= ?Y&�� ? = ����� = ?�3�� � +9�����4#�O)� �]&(�����"�F+ � �
� +W#�&�141 � ; = ?Y&(�F�R��%�?C\ ��?���+UGN?�#�+9�Y#*� &�1 = ?�3�MN+9�4��!PG�3�? � ��;9+ � \]�4#*% ;9?��Y#*3�?�1 14+ � ��G'&(#��0&�1V8(&�3�� &(#*�4?����? = #*%�+<� 3 � +<������#�O I � �Y#*3�? � ��;9�4��!D� ��%"?��F?�!�+9��+<�4#�� +9�h?��,&)��+9��?���;9&�1 +�&(� � +<b'��+ � �4� 5�%'&�G"#�+93 , � [ �#*%"+T;K&���+A? =�= ?Y&�����G"3�? � ��;9+ � 8/� &PGN?
\ � +93d��+<#�&(1 1 �"3�!��4;K&�1�3�?��"#*+<��#*%"+ = ?Y&���� ��!FG�3�?�;9+<��� I &�� �JI &(�&P;<?�����+<e5��+9��;<+ I #*%�+Sb'�'&�1 � +9�����4#�O � � �:#*3��4M��"#�� ?��6�P&KOHMa+U;9?��Y#*3�?�1 14+ � MYO ������#�&�M�14+U;�%�?�� ;9+<�2? = #*%"+� �4��#*3�� M��/#*� ?���? = #*%�+RM�14?
\]�4��!S&�!�+9�Y#�&�� � ? = G�3�?/;<+9����G'&�3*&(�F+W#*+93��^����;�%D&���#*+<�FGN+93�&(#*�"3�+h&�� � G�3�+9� ����"3�+ � � %�� �2����!�!�+<��#��2+9��G�1 ?CO�� �"!P���";�% = ?�&��F�h&��h!�3*& � + � �F&(#*+<3��0&(1 �]� �6��G'&�;<+Ub'141 � �"!F14� !�%Y#�\^+9� !�%5#��#�3���;W#*��3�+9� � +<��� !���+ � � �T&��'&�14?�!�OQ#*?d;9&���;9+<1 14?�����MN?���+ I & = ����;<#�� ?���&�1 1�OQ!�3*& � + � M�� ?�1 ?�!��4;K&�1Y�F&(#�+93�� &�1#*%�&(# � � ��G�10&KO��]� ��;<3�+9&���+ �6� +<������#�O)� �)3�+<!�� ?����X? = %�� !�%)14?Y& � �4��! I ;9?���G'&�3�+ � � !��"3�+ + � + � 1 + = # 
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- �4#�%@#*%"+ � +Wb'���4#�� ?��,? = & ����+93T�F&(#�+93�� &�1����"M�3�?��/#*� �"+P#*%�+ � +9�"���4#�O@& � &(G"#�&(#�� ?��,G�3�?�;9+<���A�4�SGN+93 �= ?�3��F+ � ?���#*%�+�� �Y#�+9!�3�&(#*�4?��/��GN?��4�5#h1 +W8�+<1 � � ;<?���G'&�3��4��?���? = #�%�� �2��+<#�%�? � #�?)?�#*%�+<3Q&�G�G�3�?Y&�;�%�+<�
� +<1 +<�F+<�5#hM'&���+ �JI ��? � +�M'&���+ � 
 �4�h!��48�+<� �4�H#�%�+�\^?�3�EHMYO���&�;<?�M���+W#2&(1 � � > # � � [ #���%�?���1 � MN+U��+9�/�#*�4?���+ � #*%'&(#�#*%�+d�4�5#�+9!�3�&(#*�4?��/�oGa?��4�Y#L&�G"G�3�?Y&(;�%H;9&��)G��"#X��+<8�+93�+�3�+<��#�3�� ;W#*�4?����L?��D#�%�+d;�%�?��4;9+2? = #*%"+� �4���4#�+ =�14+9��+9�Y#�#�O�GN+ � � %"+T� �Y#*+<!�3*&.#*� ?��6?�3 � +93h? = ;9?��58�+9�Y#*�4?��'&�1 	 &(�����he���& � 3*&.#*��3�+T;K&�� Ma+�#*?�?1 ?C\ = ?�3L#*%�+�;K&(��+�? = %��4!�% � +9�"���4#�O)!�3*& � �4+9�Y#*� � [ #]\�&��h��%�?C\]��� �H&����4��!�1 +d+<1 +<�F+<�5#]#�+9��# � M"� 1 �4��+K&(3 I
� ��? � + I #�\�? � � ��+9����� ?��'&(1_��?�1 � � 
 #*%'&.#U#*%"+D&�����+9�TM"14O,? = #*%"+ � � �"�4#*+ =�1 +<�F+<�Y#T��#��4�a��+9���T�F&(#*3���-;K&(�P1 +9& � #*?�G�%YO���� ;9&�1 1�OA����3�+K&���?��'&�M"1 +R��#*3�+9������#*&(#*+<�^�4��#�%�+R� �Y#*+<!�3*&(#�� ?���GN?�� �Y#��_� = #�%�+R� �Y#*+<!�3*&(#�� ?��?�3 � +93]� �L#�?/?�14?
\ #*?�;K&(G"#*��3�+S%"� !�%)��#��4�a��+9���]!�3*& � � +9�Y#��]#�%�3�?���!�%�?��/#R#�%�+Q+914+9��+9�Y# � � %��4�RG"3�?�M�14+9�� �L#�� + � #�?A#*%�+Q+W-/�4��#*+<��;9+�? = �T��1�#*� G"1 +��4�Y#*+9!�3*&(#�� ?��DGN?�� �Y#��XGa+<3R+<1 +<�F+<�5# � � � �"�4#*+(=�14+9��+9�Y#*�X\]��#*%H&���4��!�14+��4�Y#*+9!�3*&(#�� ?��)GN?�� �Y#h&�3�+Q#*%"+U1 ?�!�� ;9&�1c+ -";<+9G"#�� ?�� � � %"+93�+ = ?�3�+ I ?���14OD#�\^?P+<1 +9��+9�Y#R#�O�Ga+<�h\]�4#�%



�����������	��

�����������������������������������! #"$��%&�'�(�(�(���)����%	���(�*� + > Z
SDV1 VALUE

+2.50E-01

+3.08E-01

+3.65E-01

+4.23E-01

+4.81E-01

+5.38E-01

+5.96E-01

+6.54E-01

+7.12E-01

+7.69E-01

+8.27E-01

+8.85E-01

+9.42E-01

+1.00E+00

Fixed support

maximum density minimum density
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Concentrated load

� � !���3�+ �"� + � � � +9+9GH;K&(�5#�� 14+<8�+<3]Ma+9&�� + -�&(�FG�14+ �
?���+�� �Y#�+9!�3�&(#*�4?��DGa?�� �Y#]\�+<3�+U�"��+ � � �)#*%�+QG�3�+9��+9�Y#d��#�� � O I ��&��F+<14O � � ;<?�����#*&��Y#2�:#*3*&(� �D#*3��0&���!�1 +9�&�� � , � &.-/� �:O��F��+<#�3�� ;2#�3�� &���!�14+9� �� %�+}���4�T��10&.#*� ?����P\^+93�+,��#*&�3�#�+ � \]�4#*% &7����� = ?�3�� � +<������#�O � � �:#*3�� M��"#�� ?�� � � %"+@&���&�14O���+<�H\^+93�+;9?��5#�� �5��+ � ���Y#�� 1J#*%"+ � +9�����4#�OD;�%'&(��!�+9� = +9141JMN+91 ?C\ &�;�%"?���+<� ;9?��58�+93�!�+9��;<+U14� ���4# �
fhg$#Lg�f �jiVk�ldmon�k
�at����	��t
���
x���u��
� q ��������x��Yq ~�� �at
q��_ryx�� �
[ ��#*%�+ = ?�141 ?C\]� ��! ��?���+�M'&����4; ;9?��"b�!���3*&.#*� ?����);�%'&�3*&(;<#*+<3��;.9+ � MYO � �4�a+93�+9�Y#6& � ��� ����� M"1 + � +<���4!����G�&�;9+<�]&�� �{� ���c+<3�+<�5#�1 ?Y& � � ��!S&��_\�+<1 1a&���E5� �"+9�F&(#*�4;hMN?���� � &�3�O�;9?�� � �4#�� ?��"�_\]�41 1'MN+2� �Y8�+<��#�� !Y&(#�+ � �
4 +9&����o1 �4E�+h#�?�GN?�1 ?�!�� +9��&�3�+h8�+93:OD;9?��F��?��D� �P+9��!��4��+9+<3��4��! � 5�?�����+9e5��+<�5#�14O I ��?���+2��#*&�� � &�3 � ;9&���+<�= ?�3]#*?�GN?�14?�!�O)?�G"#�� ���/.9&(#*�4?��)&�3�+ � +<b���+ � MYO MN+K&(���o1 � E(+ � +9��� !�����G'&�;<+9�d&�� � ���4��!�1 +�;9?���;9+<�5#�3*&(#�+ �?�3 � � �:#*3�� M��"#�+ � 1 ?Y& � � � � +<Ga+<� � � �"!,?��$#*%�+6��O����F+W#*3�O$&(� � #�%�+6MN?���� � &�3�O$;<?�� � ��#*� ?�����? = #*%"+G�3�?�M�1 +<� � +9+<G}?�3���%"?�3�#d;9&��Y#*�41 +<8�+932MN+K&(�F��&���\^+91 1`&��2M"3�� � !�+W�o1 � E(+SMN+K&(�F�h����G�GN?�3:#*+ � &(#h#�\�?D?�3��?�3�+�Ga?�� �Y#*�S;K&��>MN+ � � ��#�� ��!���� ��%�+ � � � ?�3Q#*%�+<��+{;<?��"b'!���3*&(#�� ?��"�U�F&��YO 3�+ = +<3�+<��;9+D��?�1 �"#�� ?��"� = ?�3��#��4�a��+9���{&�� � ��#�3�+<��!�#*%�?�G"#*�4�F�;.9+ � #�?�GN?�1 ?�!�� +9�A+ -/� ��# � � Z � > 2�� � 8 +<3�+ I ��?���+6��� ��� 1 &�3TG�3�?�M�1 +<�F�\^+93�+h+W-"&���� ��+ � #�?U&(1 1 ?C\ = ?�3_&Q;9?���G'&�3�� ��?���? = #*%"+h?�M/#�&��4��+ � ��?�14�"#*�4?�����#�?�#�%�+h?���+9� = ?���� � � ��#*%"+1 ��#*+<3*&(#���3�+�&�� �JI #�%5��� I #*?)8�+93�� = O�#�%�+FG"3�?�GN?���+ � ��+<#�%�? � &��d\^+91 1_&��Q#*?)b'� � #*%�+�;�%'&�3�&�;<#�+93�� ��#�� ;<�� �"%�+93�+9�Y#]#*?�&�?�G"#*�4�F�;.K&(#�� ?��FG�3�?�;9+<���]M'&���+ � ?��H��+<#*&�1 14� ; = ?Y&���� �� %�+Lb'3���# � +<���4!���G�3�?�M"1 +9� � �Y8�?�148�+9��&d;91 &��FGN+ �cI�� +<+9G�;K&��Y#*�41 +W8�+93�MN+K&(� \]��#*%�&d���4��!�1 +^1 ?Y& � &(#�#*%"+;9+<�Y#*+93h? = #�%�+�1 ?���! = 3�+<+S+ � !�+ � � �4!���3�+ �"� + � 
 � �h��& � &�G"#�&.#*� ?��H? = #*%�+ � +<������#�O � � ��#�3��4M��"#*�4?��{\]�4#�%#*%"+L!�?Y&�1�? = &�;�%"� +<8��4��!Q&������ = ?�3�� &�G"G'&�3�+<�Y#���#�3*&��4�T+9��+<3�!�O � +9�"���4#�O�\�&���Ga+<3 = ?�3��F+ � � � %"+�8(&�1 ��+^? =#*%"+R�"?��F�4�'&�1��:#*3�&�� ��+9�"+93�!(O � +9�����4#�O � ��� 
��X\L&��_;�%�?���+9�P#�?QMa+]+9e5�'&(1 #�?�#�%�+R��#*3�&�� ��+<��+93�!�O � +9�"���4#�O
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= ?�32#�%�+������0&
-"� &�1`O��4+91 � �:#*3�+<����? = & = ?�&���8�?�1 ����+A%'&K8�� ��!D#�%�+��P&.-/�4�T��� � +9�����4#�O ����� 	 ��� � � %��4�;�%�?��4;9+2\�&��X��?�#*��8�&.#*+ � M5OF#*%�+Q&(�����"�FG"#�� ?��F#*%'&(#�#*%�+Q& � &�G"#�&.#*� ?��{G�3�?�;9+<���X\^?���1 � 14+K& � #�?�&U#�\�?.�M'&�32#�3������ I \]%��4;�%}�4�d;9?��"��� � +93�+ � #�%�+A��#��4�a��+9���Q?�G"#*�4�F�;.9+ � 3�+ = +93�+<��;9+���?�1 �"#�� ?�� = ?�3�#*%��4�dG�3�?�M�1 +<� �� %�+);9?���;9+<�5#�3*&(#�+ � 1 ?Y& � \�&���;�%�?���+9�$#*? 1 +9& � #*?}&�3�+9&���?���&�M�1 +D#�%�� ;�E5��+<����? = #*%�+D#�\^?}#�3�������+9� I\]%��4;�% � �Y8�?�148�+ � #�%�+S;9&�1 ;<��10&.#*� ?��H? = #*%"+S3�+910&.#*� ?�����%��4G)Ma+W#�\�+<+9��#*%"+U�F&�!�����#*� � +d? = #*%�+�1 ?�& � &(� �#*%"+U��#�3�+<���d� �H#*%�+�#�\�?F#*3��"����+<� � � %"+T+91 &���#�� ;Q�F? � ��14��� 0 � \�&��2;9&�1 ;<��10&(#�+ � &��2& = ����;<#�� ?��6? = #*%"+&�G�G�&�3�+<�5# � +<������#�O ��� &�;9;<?�3 � �4��!�#*? =�e5�'&(#�� ?�� ���"��� � 
WI #*%�&(#�� � I #�%�+D����14?Y& � �4��!���? � �"1 ��� �43�� 5\�&�������+ � �4�6G�1 &�;9+S? = 0 � � � %�+U�4��G��"#hG'&�3�&��F+W#*+<3�� = ?�3R#�%�� �h&�� � #*%�+ = ?�1 14?C\]� ��!����4�T��1 &(#*�4?����]&�3�+���"�F�F&�3��;.9+ � � � � &(M�1 + ��� � �� %�+23�+9����14#�� ��!S;9?��Y8�+<3�!�+ �6� +9�����4#�O � � �:#*3��4M��"#�� ?���� � � +9G��4;<#�+ � � � � � !���3�+ ��� + �"� � %�+ � +9�����4#�O{& � &�G/�#�&.#*� ?�� G�3�?/;<+9���d+W�c+<;<#��48�+<14O G�3�? � ��;<+ � #*%"+ � +9��� 3�+ � 3�+ = +93�+<��;9+A��?�1 �/#*� ?�� ? = &F#�\^?(��M�&�3�#*3������ � � %�+
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Initial density 0.2 g/cm
3

Initial density 0.8 g/cm
3

Stationary s.e.d value
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SDV1 VALUE
+5.00E-02

+1.15E-01

+1.81E-01

+2.46E-01

+3.12E-01

+3.77E-01

+4.42E-01

+5.08E-01

+5.73E-01

+6.38E-01

+7.04E-01

+7.69E-01

+8.35E-01

+9.00E-01

= 0.9 g/cmmaxρ 3

ρmin = 0.05 g/cm3 F
2
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2

3 1

2

3

SDV1 VALUE
+5.00E-02

+1.15E-01

+1.81E-01

+2.46E-01

+3.12E-01

+3.77E-01

+4.42E-01

+5.08E-01

+5.73E-01

+6.38E-01

+7.04E-01

+7.69E-01

+8.35E-01

+9.00E-01

= 0.9 g/cmρ max
3

= 0.05 g/cmρ min
3
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SDV1 VALUE
+2.00E-01

+2.54E-01

+3.08E-01

+3.62E-01

+4.15E-01

+4.69E-01

+5.23E-01

+5.77E-01

+6.31E-01

+6.85E-01

+7.38E-01

+7.92E-01

+8.46E-01

+9.00E-01
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ρmin = 0.2 g/cm
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ρmin = 0.2 g/cm

3

ρmax = 0.9 g/cm
3
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