N%;6MWAGK! $K $D$$ $F Aa@n>0CK J?@. 11 G/ 7 7n 19 F| V er.1 : July 3, 1999: Curren t v ersion: V er1.1 1 $O $8 $a$K $3$N %N !< %H $O 8&5f << $N3X@8 $K N%;6MW AGK! !J DEM !K $N<j $[ $I $- $r$9$k $? $a $K <9I. $7 $?$b$N $G$"$k !# $3 $& $7 $? %N !< %H $r =q $$$? F05! $O >\ $7 $/9M $( J} $d LdBjE@ !" %W %m %0 %i %‘ $N <B:] $r @0M} $7 $?$b$N $, KX $s $I B8:_ $7 $J $$$? $a $G $b$" $k !# DEM $O 0l<o $NJ,;R F0NO 3X K! (MD) $G $" $k . MD $=$N $b $N $, B> $N %7 %_ %e %l !< %7%g %s K! $K Hf $Y !" $+$J$jD9Bg $J %W %m %0 %i %‘ %j%9 %H $H FC<l $J%F %/ %K%C %/ $r MW$9$k $N $G =i3X<T $K$O I_5o $, 9b$$ !# $^ $7 $F DEM $O $o$+ $j $K $/ $$2>Dj $, B? !9 4^$^ $l $F $*$j !" $= $l $K G<F@$9$k$^ $G$K D9;~4V $r MW $7 $? !# ;d<+?H $:$C $H DEM $r Hr $1$F$"$d $7$2 $J 8=>]O@ $r O@ $8 $F$-$? $, !" $d $O $j8B3& $, $" $k $3 $H $r 8g$C $? !# DEM $r 9T $J $& $+ $I $& $+$O $" $k <o $N 7hCG!<J4BN8&5f $r B3 $1$F %W %m $H$J $k $+ !< $r MW $7 $? !# :# 8e !" J4BN $N 8&5f $r$9 $k <T $K$H $C $F DEM $O :GDc8B $N 65M\ !" F;6q $H$J $k $@ $m $& !# $3 $N %N !< %H $O 2<:d ;a !J F1;V<R !K $K$h $k8x3+ $5 $l $? 7W;;5! %3!< %I [1] $r 85 $K $7 $F$$ $k !# 7k 6I !" DEM ?k9T $N 7hCG $+$i 40@.$^ $G$K #4%v7n $r MW $7 $? $, !" $=$N :] $K H‘=w $N%3!< %I $K A4LLE* $K 0MB8 $7 $? $P $+ $j $G$J $/!" MM !9 $J %" %I %P %$ %9 $r D: $$$? !# $3$3 $K :\$; $?%5 %s %W %k %W %m %0 %i %‘$bKX $s $I H‘=w $N%" %k %4 %j %: %‘ $K 0M$C $F$$ $k !# $= $N 0U L# $G Cx :n 8" $O H‘=w $K $" $j !" K\ %N!< %H $O H‘ =w$N K\$N Cf $G %3 !< %I $N @b L@ !J $o $+ $j$d $9$$ $b $N$H$O $$$( $J $$ !K $r 2~A1 $7 !" Jd40 $9$k $b$N $H 0LCV $E$1$i $l $k !# $^ $? G_7J;a !J 6e9)Bg !K $K $b M-1W $J%" %I %P %$ %9 $r D:$$ $? !# $=$N B> !" 8&5f << $NOBED !" T"Cg $N N>7/ $H 0kIt;a !J 6eBgM} !K !" <r 0f;a !J 5~BgAm ?MCO 3X !K $K $b MM !9 $J LL $G $* @$OC $K$J $C $? !# 2~ $a$F$3 $l $i $N J} $K <U<- $r I= $7 $? $$ !# 2 35N, $3$3 $N >O $N 5-=R $O Aa@n !& Fa?\Ln $K $h $kJ*M}3X:GA0@~ $N 5-;v $N 3:Ev>O $=$N$^$^ $G$" $k !# J*M}3X $, DL>o $N 0UL# $G MWAG4T85O@ $r ;X8~$9$k $N $G$" $l $P J4BN $N %_%/ %m $J%b %G %k $H $$ $& $b $N$r @_Dj $7 $J $1 $l $P $J$i$J$$ !% $=$N >l9g $I $3 $^ $G AL$C $F 9M $( $k $+$H $$ $& $3$H $K $D$$ $F $O 4pK\E*9g0U $, $J $$ !%:G $bC1=c $K 9M $( $l $P !$J4BN $N9=@.MWAG $O$R$H $D $R$H $D$N J4BNN3;R $G$" $j !$ $= $l$i $N =8CD $, J4 BN $H$$ $& $3$H $K$J $k $, !$N3 ;R $N ;60o@- $d Aj8_:nMQ $r$- $A $s$H 5DO@ $7 $h $& $H$9 $k $H !$ $h$j%_%/ %m $J %l %Y %k$K $^ $G AL$C $? 5DO@ $, I,MW $H$J $k !% $H$3 $m $, !$8=:_$^ $G ;60o$N 5/8; $K $D$$ $F ??LLL\ $K 8&5f $7 $? Nc $O >/ $J $/ !$ F1;~ $K 8=:_ $b$=$N M}2r $K $D$$ $F $O :.Mp $7 $F $$ $k !%8@ $o $P !$JB?J $H 2sE> $N <+M3EY0J30 $N FbIt?6F0 $K H< $&<+ M3EY $NJ,G[ $d 5$BN $X$N G.EAF3 $J $I $K $D$$$F 2?$b $o $+ $C $F$$$J$$ !% $3$N$3$H $, 8e=R$9$kMM $K ;60o $N 6/EY $r 7h $a $k :] $N ITDj@- $r$b$?$i $9 !% :# 8e !$ $3$N J}LL $N 4pACE* $J 8&5f $, H/E8 $7 $F $$ $/ $H ;W $o $l $k $, !$ $3$3$G $O$R$H $^ $: $= $l$O $*$$ $F $*$$ $F !$J4BN MWAG $NNO 3X E* 4p AC $H$5 $l $k;v <B $r$^ $H $a !$ $= $N;v <B $r 9* $_ $K :N $jF~ $l $?N%;6 MW AG K! $K$D$$ $F>R2p $7 $h $& [2] !% 1

8=<B $N J4BN $N Aj8_:nMQ $O J#;( $G $" $k $, !$:G $bC1=c $K$O @\?( $7 $? :] $K @MNO $N$_ $, F/ $/ $H 9M $( $l $P $h$$ !% $= $N :] !$ $I $N$h $& $J NO $, F/$/ $+$K $D$$$F $O A0@$5* $+$i >\:Y $J 8&5f $, $" $k!%:G $bM-L> $J$b$N $O%X%k %D !J Hertz !K [3] $K $h $k 8GBN@\ ?($N M}O@ $G $" $j !$ BgDq $N CF@-O@$N 65 2J=q $K$O >\ :Y $K 5- =R$5 $l $F $" $k [4] !% $3$3$G 4J C1 $K $= $N 7k 2L $r >R 2p $7 $h $& !% $^ $: ?^ 2.1 $K <($9$h $& $J #3 <!85$N 5eF1;N$N @\?( $r 9M $( $k !%N>J*BN $N 05=LNO$N 9gNO $r F n $H $9 $k $H N>J*BN $O JQ7A $7 !$@\?(LL $O H> 7B b $N 1_ $H$J $k !% $=$N H>7B b 5Z $S @\?(NN0h $N 5wN% � n $O @\?(J4BN N3;R $N H>7B a , a 0 $r MQ$$ $F b = F 1 = 3 n ( D aa 0 a + a 0 ) 1 = 3 : � n = F 2 = 3 n [ D 2 ( 1 a + 1 a 0 )] 1 = 3 (1) $G M? $($i $l $k !% $3$3 $G D = 3 4 ( 1 � � 2 0 E + 1 � � 0 2 0 E 0 ) $G $"$j !$ � 0 , E $O%] %"%= %s Hf!$ %d %s %0 N( $H 8F $P $l $k 4pK\Dj?t $H $J $C $F $$ $k 1 !% $3$3$G Cm L\$9$Y $-$O JQ 7A � n $H NO F $O F / � 3 = 2 n $H $$ $&4X78 <0 $G 7k $P $l $F $$ $k$3$H$G $" $k !% $3$N 4X78 $O @~7A $P $M$K $h $kJQ7A $H NO $N HfNc4X78 $H$O 0[ $J $k!% $3$N 7k2L $O L^O@<!85 $K 0MB8 $7 $? $b$N $G$" $j !$ #2<!85E* $J J*BN !$B($A1_E{ $G$" $l $P @~7A $P $M $N 7k2L $K BP?tJd@5 $N F~$C $? 7A $K$J $C $F$$ $k !% <! $K @\@~J}8~ $K F/$/CF@-NO $K $D$$$F$b %_ %s %I %j %s (Mindlin)[5] $K $h $C $F >\ $7 $/O@ $8 $i $l $F $$ $k !% $3$3 $G � t $r J4BN $, @\?( $7 $?$H $- $+$i$N @\@~J}8~ $N JQ0L $H $9 $k $H @h $K =P $F$-$? @\?(1_ $N H>7B b $r MQ$$ $F F t = 4 b� t ( (2 � � 0 )(1 + � 0 ) E + (2 � � 0 0 )(1 + � 0 0 ) E 0 ) � 1 (2) $G M? $($i $l $k !% b � F 1 = 3 n � � 1 = 2 n $H $$ $&4X78<0 $+$i @\ @~ J} 8~ $K F/ $/NO $O F t � � t � 1 = 2 n $H $$ $&4X78 $r K~$?$9 !% $3$N NO $O @\ @~J}8~$N $: $j $K BP$9$k I|85NO $G $" $k$N $G @E;_ K‘;$ $N I= 8= $H $b$_$J $9$3$H $b 2D G= $G $" $k 2 !% $7 $+ $7 !$ !V J4BN !W A4BN $H $7 $F$N %^%/ %m $J @E;_K‘;$ $K $O !$ $3 $& $7 $? AG;R %l %Y%k$N NO $NB> $K N3;RAj8_ $N G[CV>uBV !J =< E6>uBV !K $, 8z$$ $F $/$k $3 $H$r Cm0U $7 $F $* $/ !% >e5- $N CF@-O@ $N OHAH $NCf $G O@ $8 $k $3$H $, =PMh $? NO $N B> $K K!@~J}8~ !$@\@~ J}8~ $K FHN) $J G4@-78?t $r ;}$C $? ;60oNO $, F/ $/ !% K!@~J}8~ $K$O AjBPB.EY $K HfNc$9$kK‘;$ $r MQ$$ !$@\@~J}8~ $K$O DcB. ;~ $K$O $d $O $j AjBPB.EY $K Hf Nc $7 $? K‘ ;$ !$ $^$? 9b B. ;~ $K F0 K‘ ;$ 78 ?t � $K BP $7 $F F t = �F n $K C# $9 $k$H %9 %j%C %W $9 $k$H $$ $& %/!< %m %s !J Coulom b !K K‘ ;$ $r MQ $$$k!% $3 $3$NF0K‘ ;$ 78 ?t $NF3F~ $O$" $k0U L# $G !V J4BN !W $N%^%/ %m $JJ*@- $r AG;R %l %Y %k $K $b;} $?$;$?$3$H $K$J $C $F $*$j !$F0K‘;$ $N 5/8; $H $$ $C $? LdBj $O$3$3$G $b ITLd $K$J $k !% $7 $+ $7 8e=R $N MM $K $3$N F0K‘;$ $, $^$5 $K K‘;$8=>] $G$O Bg$- $J Lr3d $r 2L $? $7 $F $$ $k$h $& $K ;W $( $k !% DL>o !$ $=$N B> $K N3;RF1;N $, 8_$$ $K 9dBN2sE> $r $9 $k $3$H$b 2>Dj$9$k!%:#$^ $G $N 5-=R $G$O #2BNLdBj $7 $+ 9M $( $F$$ $J $+ $C $? $, !$ $3$N#2BNNO $r B?BNLd Bj $K E,MQ $7 $h $& $H$$ $& $N $, N%;6MWAG K! $G$" $k [6] !% B( $A!$ N%;6 MWAG K! $G$O JB?J $H 2sE> $N <+M3EY $N$_ $r ;D $7 !$;D $j $N <+M3EY $r ;60oEy $H $7 $F %b %G %k $N%Q%i %a !< %? $K 2! $7 9~ $a$F $7 $^ $& $N $G$" $k!%N%;6MWAGK! $O !$85Mh!$COHW $N =‘@EE* $J 5sF0 $N 2r@O $K MQ $$ $i $l !$99 $K N.BN9)3X!$5!3#9)3X!$2= 3X9) 3X $NJ,Ln $K =y !9 $K ?;F) $7 !$ J* M} $NJ,Ln $G $O 1990 G/0J9_ $K @9 $s $K MQ $$ $i $l $k $h $& $K$J$C $F$- $? !% N%;6 MW AGK! $G $O >e5- $NCF@-NO !$G4 @-NO!$2sE> $r$= $l $> $l AG;R $N ;}$D $P $M !$ %@ %C %7%e%] %C %H !$%9 %i %$ %@ !< 3 $H $$ $& $b $N $K FI $_BX $( !$ 8D!9 $NN3;R $r$= $l $>$l $N ItIJ $r ;}$C $?5!3# $N$h $& $K 07 $& $N $G$" $k !J ?^ 2.2 !K !% A4 $F$NN3;R $N N37B $, d , <ANL m , 47@- %b!< %a %s %H$, I $G $" $k>l9g $K N3;R $N 1?F0J}Dx<0 $O m � x i = X j � ( d � j x i � x j j )( ~ F ij n + ~ F ij t ) I _ ! i = d 2 X j � ( d � j x i � x j j )( n � ~ F ij t ) (3) 1 %d %s %0 N( $O C1<4 $N0z$CD% $j $"$k$$ $O 05=L $K BP$9$k1~NO $H OD $_$NHfNcDj?t!% %]%"%= %s Hf $O C1<4 $N0z$CD% $j $r 9T $J $C $?>l9g $N?bD>JQ 0L !J =L$_ !K $H <4J}8~$N1d $S $N Hf!% 2 DL>o$NN%;6MWAGK! $K $*$$ $F $O !$@E;_K‘;$ $O >JN,$5 $l $k $3$H$b B?$/ !$ $3$N 9‘ $, M#0l@E;_K‘;$ $K AjEv$9$kLr3d $r 2L $? $7 $F $$ $k!% 3 %@ %C %7%e %]%C %H $H $$ $& $N $O ?^ $K$" $k$h $& $K 6u5$E4K$ $_ $?$$ $J$b$N $G$"$k !% $3 $l$O B.EY $K HfNc$9$kK‘ ;$ $r I=$95!3# $@$H ;W$C $F9= $o $J$$ !% JBNs $K 7k9g $7 $F$$ $k $H$$ $& $3$H $O NO $, 2C;;E* $G$"$k $3$H$r0UL#$9$k!%%9 %i %$ %@ !< $O %/!< %m %s K‘;$ $r 0UL#$9$k!% %/ !< %m %s K‘;$ $, F/$$ $?>uBV $G$O 2sO) $O @ZCG$5 $l$F B> $NNO $, F/ $+$: $K 3j $Y$C $F$$$/ $3 $H$r I=8= $7 $F $$$k !% 47 $l $J$$$H$o $+$j $K $/ $$I=5- $G$" $k $, !$ 9M $( $F$_ $k $H$h $/=PMh $? I=5- $G$" $k!% 2

$3$3$G x i , ! i $O N3 ;R i $N 0LCV $H 3QB. EY $G $" $j !$ OB $O @\ ?(N3 ;RBP $K BP $7 $F <h$j !$ � ( x ) $O %9 %F%C %W 4X?t !$B($A x > 0 $K BP $7 $F � ( x ) = 1 !$ x < 0 $K BP $7 $F$O � ( x ) = 0 $G $" $k $H $9$k!% $^ $? n , t $r $= $l $>$l @\?(N3;RBP $N Cf ?4 $r 7k $V @~ $K BP $7 $F K!@~J}8~ $N C10L %Y %/ %H %k !$@\@~J}8~ $N C10L %Y %/ %H %k$H $7 !$ ~ F ij n ; ~ F ij t $O $= $l $>$l ~ F ij n = F ij n � � n nn � ( _ x i � _ x j ) ~ F ij t = ( F ij t;nsl ( j F t;nsl ij j < � ~ F ij n $N >l9g ) � ~ F ij n ( $= $l 0J30 ) F ij t;nsl = F ij t � � t t [ t � ( _ x i � _ x j ) + d 2 ( ! i + ! j )] (4) $G M? $($i $l $k !% $3$3 $G F ij n ; F ij t $O (1),(2) <0 $K 8= $l $k F n ; F t $N @\?(N3;R $N i; j $N%Z%"$K BP$9$k$b $N $G$" $k !% <! $K $3 $N %b %G %k $N Ld Bj E@ $r ;X E& $7 $h $& !% 4{ $K =R$Y$F $-$? MM $K (4) <0 $K 8= $l $k G4 @- 78?t � n , � t $N 7h Dj $K G$ 0U@- $, ;D$k!% K! @~J} 8~ $K 8B $C $F ;v>p $r @bL@ $7 $h $& !% B? $/ $NN%;6MW AGK! [6] $G$O #2BNLdBj $H $7 $F B* $( (1) $N#2 $D$N <0 $+$i F =� n = b=D $H $$ $&4X78<0 $r Mx MQ $7 !$7A<0E* $K @~ 7AJ} Dx <0 $H $_$J $7 !J <B :] $K$O 1&JU $, � n $K 0M B8$9$k !K NW3&8:?jCM!$ B($A!$?6F0 $+$i 8:?j $K JQ0\$9$kE@ $r A* $s$@ !%L^O@ $3 $l$O :,5r$N $J$$$3$H $G$" $k !%0l J} !$EDCf $i [7] $O G4@- 78 ?t $, H? H/78 ?t e $H 4X78 $, $D $/>r 7o $r 5a $a$F $= $N CM $r :N MQ $7 $? !% $3 $l $^$? :, 5r$N$J $$ $3 $H$N$h $& $K ;W $( $k!% B( $A!$ H? H/78 ?t $, 0l0UE* $K 7hDj $5 $l $J $1 $l $P $J$i$J$$ M}M3 $O 2? $b $J$$ $+$i $G$" $k!% <B:] !$8e=R $9$kJ4BN5$BN $N8&5f $G$O H?H/78?t $O N3;R $N 1?F0>uBV $K $h$C $F$$ $k$N $G$O$J $$ $+$H $$ $& Js9p $, $" $k [8] !% 8= >u $G $O H?H/78 ?t e $H BP1~ $, $D $/>r7o $r MQ $$ $F 7h $a $F$$$k !$ $H$$ $& 46 $, $" $k $, !$ :# 8e $3$N <o $NG4@- %Q%i %a !<%?$N @_ Dj $O $h$j %_%/%m $J J* M}E*9M ;! $+$i 7h $a$i $l $k $G $" $m $& !% 4 B> $N%Q%i %a !<%?$N 7hDj $O $b $C $H ?<9o $G$" $k !%F0K‘;$78?t $J $I $O %^%/ %m $J <B83 $+$i ?dDj $7 $F 7h $a$F$$ $k$N $, 8= >u $G$" $m $& !% $^ $? 9dBN2sE> $r %b %G %k $N Cf $G MQ $$ $F$$ $k $, !$ $= $l $b <B $O $* $+ $7 $$ !%8=<B $K$O @\?(J*BN $N JQ7A $K 4p $E $- H?H/NO $r 7h $a$F$$ $k $N $G 40A4 $J 9dBN $N <0 $r ;H $& $N $O $^ $: $$ H& $G$" $k !%<B:]!$9dBN2sE> $G $O N3;R $, E> $, $j 2a $. $k $3$H $, 7P83E* $K CN $i $l $F $$ $k . 8= <B $N E> $, $j K‘ ;$ $G$O CF@- %R %9 %F %j %7 %9B;<: $H 8F $P $l $kCF @-BN$N JQ7A $K H< $& 8z2L $, =EMW $G $"$j [9] , $=$N 8z2L $r 9MN8 $7 $? N%;6MW AGK! $N %7 %_ %e %l !< %7%g %s $, $h$j 8=<B E* $J?6Iq $r$9$k $3$H $, CN $i $l$F $$ $k [10]. 99 $K Er $i [11] $O N%;6MW AGK! $G $N%d %s %0 N( $J $I $N %Q%i %a !<%? @_Dj $G J*<A $+$i 7h$^$k CM $r MQ$$$k$h$j $b $d$d $: $l $? CM ( %d %s %0 N( $N>l9g $O >. $5 $$CM ) $r MQ $$ $? J} $, 8=<BE* $J ?6Iq $r$9$k $3 $H $r Js9p $7 $F$$$k !% $^ $? 8=<B$N N3;R $r%7 %_ %e %l !< %H $7 $h $& $H $9 $k>l 9g $K$O 7A>u$N LdBj $, =EMW $K$J $C $F $/$k . Nc $( $P $d$d :Y D9$$N3 ;R $r%7 %_ %e %l !< %H $9 $k $K$O BJ1_MWAG0? $O $=$N #3<!85HG $r MQ$$$k $3$H $O $h $/9T $J$o $l $k [12] . $7 $+ $7 @\?($NH= Dj $, J#;( $K$J $k >e $K BJ1_ $K $7 $?$H$3 $m $G I=LL $N FM5/ $d%i%U%M %9 $O 2r7h $5 $l $F $$$J$$$3$H $K$O Cm0U $7 $J$1 $l $P $J$i$J $$ . 0J>e $N MM $K 9M $( $k $H N%;6MWAGK! $NE,MQ $K$O$+$J $j LdBj $, $" $k $N $G $O$J $$ $+$H $$ $& 5?Ld $, Ib $+$V !% $=$N Ld $$ $K Ez $( $k7A $G N%;6MWAGK! $O $I $N DxEY8=<BE* $G$" $k $+$r 9M $($F $_$h $& !% $3$N <jK! $O $" $k DxEYCF@-O@ $K 4p $E $/@5Ev2= $O$" $k$b$N$N 4{ $K =R $Y$?MM $K B? $/ $N:,K\E*LdBj $r 4^ $s$G $$ $k!%=>$C $F 8=>]O@ $G$" $k $3$H $O 4V0c$$ $J$$ !% $7 $+ $7 $=$N 0lJ} $G %Q%i %a !< %? $r $& $^$/@_Dj $9 $l $P 6C$/ $[ $I DjNLE* $K <B83 $r :F8= $G $- $k !%$^ $? K\KvE> E] $+ $b $7 $l $J $$ $, N%;6MWAGK! $K 9g $o$;$? <B 83 $N @_Dj $H$$ $& $N$b 9M $($i $l $k [13] !% $3$N >l9g$N <B837k2L $O Dj NLE* $K N%;6MWAGK!$N7k2L $H 0lCW $7 $F $*$j !$ N%;6MWAGK! $N @5Ev@- $r ;Y;} $7 $? 3J9% $K$J $C $F$$ $k !% $=$N 0UL# $G $O Hs>o $K $h $/=PMh $?%b %G %k $H 8@ $( $k !%$^ $? N%;6MWAGK! $r 1[ $( $kMM $J%b %G %k $b 8=:_ $N=jB8:_ $7 $J $$ !% $3$N <j K! $K 4^$^ $l $k8D !9 $N %W %m%; %9 $O J*M}E* $K$O$O $C$-$j $7 $F $$ $k $7 !$ %Q%i %a !<%? $N@_Dj$b $" $kDxEY $O 2DG= $G$" $k !%=> $C $F !$8=;~E@ $G$O J4BNAG;R $r 5-=R$9$k0l$D $N%b %G %k$K 2a $. $J $$ $, $=$N M-8z@- $O 7P83 $K N"BG$A$5 $l $? $b $N $G$" $k $H 8@ $( $h $& !% $b $C $H$b N%;6MWAGK! $O $" $kDxEY $N ?.Mj$9 $Y$- 7k2L $r ?tCME* $K @8 $_ =P$9 $H$$ $& $3$H$N 0U5A $O G’ $a $k $Y$- $G $"$m $& !% $^ $? B?$/ $N8&5f<T $, 9T $J$C $F$$$kMM $K %b %G %k$N 4JN, 2= $O $^ $@ 2DG= $G$"$k!% Nc $( $P (3),(4) $N A4 $F$N 4 @lLg2H $, <B:] $K 7h $a$k:] $K $O <B:] $K%7 %_ %e %l !< %7%g %s$H <B83 $rHf3S $7 $D$D7h $a$F$$$k $h $& $G$"$k !% L^ O@H?H/ 78?t e $O >WFMB. EY $K 0MB8$9$k $N $G !$ $3 $& $7 $? 7h $a J} $b69 $$%Q %i %a !<%?NN 0h $G $7 $+ M-8z $G $O$J$$ !% $$ $: $l$K $7 $F$b H?H/78?t e $O 0l0UE* $K 7hDj $G$-$J$$ %Q%i %a !<%? $G$" $k $3$H $K Cm0U!% 3

<0 $r MQ$$$kI,MW $, $" $k $H $O 8B $i$J $$ !%%_ %s %I %j %s NO $O B?$/ $N >l9g9MN8$5 $l $F $$$J$$ $7 !$2sE> $b4^$^ $l $F $$ $J$$>l9g $, B? $$ !% 5 $^ $?@\?(NO $K $7 $F$b @~7A $P $M $N B> $K JQ7A � n $N 5U $Y$- $G H/;6 $9$k $h $& $J%b %G %k $b$h $/MQ $$ $i $l $F$$ $k!% $= $l$i $N%b %G %k $N%P %j %(!< %7 %g %s$K BP $7 $F$" $^$j >\:Y $J @-<A $, JQ $o $i$J $$ 8=>]$bB?$$ !%FC $K =<E6N( $, 9b$$>l9g $K$O GS =|BN@Q8z2L $, =EMW $K$J $j !$ 7k6I $O 7d4V $, $" $k=j $K F0 $/ $3$H $, $G $- $k $H$$ $& @-<A $K 5"Ce $G $- $k $3$H $, B?$$ $+$i$G $" $m $& !% $3 $& $7 $? 9M $( J} $r 99 $K @Q6KE* $K 2! $7 ?J$a $F !$ $G$- $k $@$1 %Q%i %a !< %? $r 8: $i$= $& $H$$ $& ;X 8~ $b $"$k!% $3 $& $7 $? 9M $( $, ED8} [2] $N 8@$& $H $3$m $NIaJW @- ;X 8~ $K 7k<B $G$-$k $+ $I $& $+ $O ?S $@ 5?Ld $G$O$" $k $, !$0l $D $N M}2r $G $- $k9M $( J} $G$" $k !% 99 $K %Q%i %a !<%? $r 8: $i $7 $?%b %G %k !$Nc $( $P HsCF@-;6 Mp $r $9 $k%O!< %I %3 %" 9dBN5e $J $I $r ;H $& $H$b $C $H $9 $C $- $j$9$k $N $G $O$H$$ $& 5? Ld $bM/$/ $G$"$m $& !% <B :]!$ B? $/ $NJ*M}3X <T $O$=$N C1=c @- 8N $K HsCF@- 9d BN 5e !J 1_HW !K $N %7 %_ %e %l !< %7 %g %s $r 9T $J $C $F$$ $k $, !$D>$A $K$=$N 7W;; $, H/;6$9$k $3$H $K 5$ $, $D$$$? !%B($A>WFM $N EY $K 1? F0 %(%M %k %. !< $r <: $$ !$?k $K$O >o $K @\?( $7 $F $$ $k>uBV $K$J $k $N $G$" $k $, %O!< %I %3%" %b %G %k$G$O $=$3 $G L58BBg $NNO $, F/$/ $? $a $K H/;6 $, @8 $8 $k $N $G$"$k!% $3$NH/;6 $r HsCF @- %3%i %W %9 !J inelastic collapse !K $H $7 $F 5DO@ $7 $h $& $H $7 $F $$ $k $, !$$‘ $7 $m @\?(NO $N%b %G %k 2= $, ITE,Ev $G$" $k $H B* $( $k $Y$- $G$" $k !% %b %G %k $N 4pAC $P $+ $j $G$J $/ !$ N%;6MWAGK! $N E,MQ8B3& $K $D$$$F$b$d $O $j G’<1 $7 $F $* $/I,MW $, $" $k !%FC $K A[ DjBP >] $O I, $: $7 $b N%;6 MWAGK! $G 2>Dj$5 $l $? $h $& $J M}A[E* $J >u67 $K$O$J $/ !$ $^ $? A4 $F$N >u67 $K 1~ $8 $?%7 %_ %e %l !< %7 %g %s$O IT2D G= $G$"$k $3 $H $rCm0U $7 $F$*$/ !% B( $A!$ <B 83 $G $O N3 ;R $O DL >o!$ 5e $G $O$J$/ N3 7B $bJ, ;6 $7 $F$* $j !$ 6u5$ $d ?e $J $I $N 2p:_J*$N 1F6A $d !$<!85@- $d N3;R?t $J $I $b 0[ $J $k>l9g $, $"$j I, $: $7 $b <B83 $H%7 %_ %e %l !< %7 %g %s $N >u67 $, BP1~ $7 $F $$ $k $H $O 8@$$Fq$$ $+$i$G$" $k !%FC $K N3;R?t $N LdBj $O <B:]$NLdBj $K 1~MQ$9$k $H $- $O ?<9o $G$" $k !%?tK|8D $NN3;R $G$O $;$$$<$$ %9 %W !< %s 0lGU $N J4BN $G$" $j !$ $3$N >/NL$N N3;R $N 5sF0 $+$i <B:] $N 9) >l $J $I $G $N J4BNN3;R $N 5sF0 $r M=A[$9$k $3$H $O Fq $7 $$ !%=>$C $F IaJW@- $r ;}$C $?99 $K %^ %/ %m $J 8=>]O@E* $J%b %G %k 2= $r ;X8~$9$k $3$H $, 1~MQ>e $b=EMW $K$J $k !%=>$C $F !$8=;~E@ $G J4BN $N %_ %K%^%‘%b %G %k $H $7 $F N%;6MWAGK! $r DI5a$9 $Y$- $+ $I $& $+$O I, $: $7 $b <+L@ $G$O$J $$ !%2?8N $J $i N%;6MWAGK! $K $h$C $F %7 %_ %e %l !< %7 %g %s$O$G $-$F$b 7k2L $N J*M}E*2r<a $O KX $s $I IT2DG= $G $" $k $+$i$G$" $k !%>/ $J $/ $H$b B?$/ $N M}O@2r@O $O N%;6MWAGK! $H $O FHN) $K B8:_ $7 !$%^%/ %m $J FCD’ $E$1$r ;X8~ $7 $F $$ $k $3 $H$+$i$3$N$3$H$O N"IU $1$i $l $k $@ $m $& !% >0!$ N% ;6 MW AG K! MQ $N F ortran77 $N %W %m %0 %i%‘ $O J88% [1] $G 8x3+ $5 $l$F$$$k!% $7 $+ $7 $J $,$i 0u:~%_ %9 $J $I $, B?$/ !$ @bL@ $b:.Mp $7 $F $$ $k$N $G$o$+ $j $K $/ $$ !%$^ $? G4CeNO $J $I $r F3F~ $7 $F N%;6 MWAGK! $r 3HD% $7 !$Ev=i $N L\ E*DL$j $K CO?L $K H< $& COHW $N Jx2u $d EZ@PN. $J $I $N%7 %_ %e %l !< %7 %g %s$K E,MQ $7 $? Nc $, J88% [14] $K 8+ $i $l $k !% $= $NB> , 6u4V $r3J;R $K J,3d $7 , $= $3 $K N%;6E* $J CM $r M? $( , $"$k<o $N3NN( O@ E* %k!< %k $K 4p $E$- , N%;6 ;~ 4V $NH/ E8 $r $9$k %; %k%*!< %H %^ %H%s K! $r J4BN $K E,MQ $7 , 9bB. %7 %_ %e %l !< %7%g %s$r 2DG= $K $7 $h $& $H$$ $& ;n $_$b $"$k . $7 $+ $7 8= ;~E@ $G$O %;%k %* !< %H %^ %H %s $G I=8=$5 $l $? NL $H J4BN$N BP 1~ $, J, $+$i $J $$$N$G , $= $N <j$N 8& 5f $O$3 $3$G$O >R 2p $7 $J $$$3 $H$K $9 $k . 3 #2 <!85 %7 %_%e %l !< %7 %g %s $N 9M $( J} <B:] $N %7 %_ %e %l !< %7 %g %s$O I=<( $N LdBj $d N3;R?t $N LdBjEy $+$i #2 <!85 $G 9T $J$o $l $k;v $, B?$$ !# #2<!85 $r #3 <!85 $N 5e $, #1 Ns $K JB $s$@ 7O $H 9M $( $l $P A0@a$N5DO@ $O $=$N $^$^;H $( $k $, !" 5e $N N3;R $r #2<!85J*BN !" B($A1_E{ $H 9M $( $k $H CF@- M}O@Ey $O JQ99 $r <u $1 $k !# Nc $( $P #2 BN@\ ?( $N Hertz M}O@ $O Ey $7 $$ H> 7B r !" CF@-N( E !" %]%" %= %s Hf � 0 $r ;}$D>l9g $K F n = K n ( � n ) � n : K n ( � n ) = � E ln( 4 � aE F n ) � 1 � � 0 (5) 5 %_ %s %I %j %s NO $O$H$b$+ $/2sE> $, 4^$^ $l $F $$$J$$ $3$H$O 9M $( $k $H 4qL/ $J >u67 $G$" $k . Bg $-$5 $, $" $k$N $K 2sE> $, $J $$$H$$ $& $N $O Hs>o $K 6/$$ 94B+ $+ , 0? $O 47@-%b!< %a %s %H$, L58B Bg $G $" $k$3$H$r 0UL#$9 $k . $3 $l $O NO 3XK!B’ $r GK$C $F$$ $k$N $G MWAG$N <+M3EY $, >/$J $1$l $P $h $$ $H$$ $&ED8} $N0U8+ [2] $K$O G<F@ $G $-$J$$ =h$b $" $k . 4

$H$J $k $3 $H $, CN $i $l $F $$ $k !# C" $7 @\?(0h $N D9$5 2 b $O 05=LNO F n $r MQ $$ $F b 2 = 4 a (1 � � 2 0 ) � E F n (6) $H$J $k [4] !# 6 F3=P2aDx $K $D$$ $F $O J88% [15] $r ;2>H $N $3$H !# $^ $? Mindlin NO $K $D$$ $F $O $I $& $J$k $+ $O 7W;; $7 $F$_$J$$ $H$o$+$i$J $$ !# #2 <! 85 $r$= $N $^$^ ?? LLL\ $K 9M $( $k $H >e 5-$N MM $K J#;( $K $J $k $, !" (5) $r @~ 7ACF @-O@ $K BP ?tJd @5 $, $D$$$?$H 9M $( $k $H OC $r C1=c2= $7 $F B* $( $k $3$H $, 2DG= $K$J $k !# $D$^$jBP?tJd@5 $r L5;k $7 $F @~7A $P $M$G 6a;w $7 $F $b$= $l $[ $I Bg $- $J 0c $$ $, $J $$$H$$ $& N)>l $K N) $F $k $N $G$" $k !# @~7ACF@-O@ $r :NMQ$9$k $H N3;R$ND>7B $G D9$5 $r %9 %1!< %k $9 $k $N $, MF0W $K$J $j !" #3<!85 $N >l9g $N MM $K N3;RH>7BKh $K 0[ $J $C $? 8=>] $K$J $k $H$$ $&4mW| $r $9 $kI,MW $, $J $/ $J $k$N$bBg$- $J %a %j %C %H $G $" $k !# #2<!85 $N Mindlin NO $b8=;~E@ $G$O%Q%i %a !< %? $H $7 $F 07$C $F$b$= $l$[ $I LdBj $O$J $$ $G$" $m $& !# 3.1 N3;R4V $N AjBPJQ0LA}J, $3$3$G $O 2<:d $N@bL@ [1] $K $J $i $C $F @\?( $K H< $& N3;R $N1?F0 $r DI@W $7 $F $_$h $& !# $$$^2< :d $N?^ 3.4 $N$h $& $K N3;R i $, ;~9o t $+$i t + � t $N 4V $K 0LCV A $+$i 0LCV B $K JQ0L $7 $?$H $9 $k !# $3$N$H$-$N JQ0LA}J, $N x @.J, !" y @.J, $r$= $l $>$l � u i , � v i $H $7 !" 2sE>JQ0L $r � i $G $" $k $H$9 $k !# 0LCV ( x i ; y i ) ; ( x j ; y j ) $K Cf?4 $r ;}$DN3;RH>7B $, r i ; r j $N #2$D $N 1_N3;R $O r i + r j � R ij : R ij = q ( x i � x j ) 2 + ( y i � y j ) 2 (7) $N >r7o $G @\ ?($9 $k !# $$ $&$^ $G $b$J $/ R ij $O Cf ?4 4V5w N% $G $" $k !# $^ $? i,j 4V$N 6&DL K! @~ $H x <4 $H $N$J $9 3Q $r � ij $H $9$k $H sin � ij = y j � y i R ij : cos � ij = x j � x i R ij (8) !! $H $$ $& 4X78 $, $" $k !# $D$$ $G @\?($9$k#2N3;R i,j $N ;~4V9o $_ � t $N 4V $N AjBPJQ0LNLA} J, $r 6&DLK!@~ $K BP $9$kK!@~J}8~ $H @\@~ !J $; $s CG !K J}8~ $K J,3d $7 $F 9M $( $kI,MW $, $" $k !# x <4 $H 6&DLK!@~ $N$J$9 3Q $, $o$+ $C $F$$ $k $N $G$=$N J,2sE>$5 $;$F � u n � u t ! = � cos � ij sin � ij � sin � ij cos � ij � � u i � � u j � v i � � v j ! + 0 r i � i + r j � j ! (9) $H$J $k !# 1&JU $NBh#19‘ $O <g <4 $N 2sE> $K $h $C $F AjBPJQ0LA}J, $r K!@~ !" @\@~J}8~ $K JQ49 $7 $?$3$H$r I=$9 !# Bh #2 9‘ $O @\@~J} 8~ $NAjBPJQ 0L $, 2sE> $K$h$C $F$= $N4V $K A}2C $9$k $3$H $r I= $7 $F$$ $k 7 !# $3 $3 $G � u n Ey $O 2<:d $N?^ 3.5 $K $" $k$h $& $K i $+$i j $K 8~ $+ $& J}8~ $r @5 $K <h$C $F$$ $k !# 3.2 1?F0J}Dx<0 $N :9J,6a;w @\?(NO$= $N$b$N $O (4) <0 $G M? $($i $l $F $$ $k !# $3 $l$O K!@~J}8~ !" @\@~J}8~ $J$N $G %W %m %0 %i %‘>e $G$O x; y @. J, $K D> $7 $F 3JG<$9$kI,MW $, $" $k !# A0@a $N$h $& $J >u67 $G j N3;R $N i N3;R $+$i <u $1 $k NO $N x; y @.J, X j ; Y j 5Z $S i N3;R $N Cf?4 $N 2s$j $N%b!< %a %s %H M j $O � ij $@ $1 5U2sE>$9 $l $P $$$$$N $G X j Y j ! = � cos � ij � sin � ij sin � ij cos � ij � F i ! j n F i ! j t ! (10) 6 2<:d $K $h $k $H K n ( � n ) = � E (1 � � 2 )(3+4 ln(4 a=b )) $H$J $C $F$$ $k $, F3=P $r%A%’ %C%/ $7 $F $$$J$$$N $G !" %A%’ %C%/ $7 $? >e<0 $r :NMQ !# 7 6&DLK!@~ $r x <4 $H $7 $F $= $l $>$l 1_HW $r 8GDj $7 $F 0lJ} $@$1 2sE>$5 $;$F 9M $( $k $H$h$$ !# 5

5Z $S M j = � r j F i ! j t (11) $H$J $k !# C" $7 @\@~NO $H N3;R2sE> $N8~ $-$N@_Dj $, H?BP $G$"$j !" i ! j $H$$ $& E:;z $O i $+$i j $K F/$/ $H$$ $& $3$H $r L@<( $7 $F $$ $k !# $3$3$G � j i = � ij + � !J ?^ 3.5) $r 9MN8 $7 $F (cos � ij = � cos � j i ; sin � ij = � sin � j i ) @\?( $7 $F $$ $kN3;R $N 1F6A $r B- $7 9g $o$; $k $H X j Y j ! = X i � � cos � j i sin � j i � sin � j i � cos � j i � F i ! j n F i ! j t ! (12) 5Z $S M j = � r j X i F i ! j t (13) $H$J $k !# $3$3$G !J >/ $J $/ $H$b ;d $, !K :.Mp $7 $, $A $J$N $O 1&JU $r 2CB.EY $H 8+$k $+ NO $H 8+$k $+$G$" $k !# $9 $J $o $A #2BN $N OB $G $+$1 $k $H $7 $? :] $K 49;;<ANL $G 5,3J2=$5 $l $? 2CB.EY $r 2C;; $7 $?$$ M6OG $K 6n $i $l $k !# $7 $+ $7 8@ $& $^ $G $b$J$$$3 $H$G$" $k $, 1&JU $O <0 (12),(13) $K $" $kDL$jNO $r 2C;;$9$k !# $D$^$j1?F0J}Dx<0 $O$" $/$^ $G m j d v j dt = F j + X i 6 = j F i ! j (14) $G$" $k !# 2sE> $K $D$$ $F$b F1MM $G $" $k !# FC $K 2sE> $N >l9g $O #2 BN $N LdBj $N :] $bAjBPE* $K 9M $( $k$h$j$b9M $($F $$ $kN3;R $r 8GDj$5 $; !" $=$N8GDj<4 $K 2s$j $K Bh#2N3;R $N @\?( $K $h $C $F @\@~NO $, F/ $$$? $H 9M $( $k$Y$- $G$" $k !# $= $& $7 $J $$ $H 8D !9 $N 2sE><4 $, 8GDj$5 $l $J $$$?$a $K 1?F0J}Dx<0 $O J#;( $J$b$N $K$J $k !# JQ0LEy $N ;~4VH/E8 $O >e5- $NNO $H%b !< %a %s %H $, 5a$^$C $?$?$a $K MF0W $K 7h $a $i $l $k !# $3$3 $G$O %W %m %0 %i %‘ $K $J $i $C $F � t 2 $N @:EY $r ;}$D %9 %- !< %‘ $K 4p $E $- @bL@$9$k !# $^ $: %W %m %0 %i %‘Cf $G$O B.EY $N 99?7 $r $7 $F $$ $k !# $9 $J$o $A v j ( t + � t ) = v j ( t ) + � t 2 m j (3 F j ( t ) � F j ( t � � t )) ! j ( t + � t ) = ! j ( t ) + � t 2 I j (3 M j ( t ) � M j ( t � � t )) (15) $H$J $k !# $3$3$G F j = ( X j ; Y j ) !" m j , I j (= m j r 2 j = 2) $O 3F<A NL $H 47@-%b!< %a %s %H $G $" $k !# ! j $O !J 2sE> !K 3QB. EY !# $3 $N %9 %- !< %‘ $, #2 <! @: EY$r J] >Z $7 $F $$ $k$3 $H $O Nc$( $P � t 2 m j (3 F j ( t ) � F j ( t � � t )) ’ � t F j ( t ) =m j + � t 2 _ F j ( t ) = (2 m j ) + � � � $H E83+ $G $- $k $3$H $G J, $+ $k !# <! $K F1 $8 %k !< %W $N Cf $G 0LCV$N99?7 $r $7 $F $$ $k !# $3$N$H$- Cm0U$9 $Y$- $O 4{ $K B.EY$NJ} $, 99?7 $r 40N; $7 $F $$ $kE@ $G$" $k !# =>$C $F r j ( t + � t ) = r j ( t ) + � t 2 ( v j ( t + � t ) + v j ( t )) j ( t + � t ) = j ( t ) + � t 2 ( ! j ( t + � t ) + ! j ( t )) (16) $H$J$k !# <B :] � t 2 ( v j ( t + � t ) + v j ( t )) = � t v j ( t ) + � t 2 2 _ v j ( t ) + � � � $H$J$C $F$$$k $3 $H $O MF0W $K 3N $+$a $i $l $k !# 4 <B:] $N %7 %_%e %l !< %7 %g %s 4.1 %9%1!< %j %s%0 A0>O $G @~7A $P $M %b %G %k$r :NMQ $7 $? %a %j %C %H $N 0l $D $H $7 $F %9 %1!<%j %s %0 $r ;H $& $3 $H $, =PMh $k E@ $r ;XE& $7 $? !# B($AN3 ;RD>7BEy $r#1$H $7 $F%7 %_ %e %l !< %7 %g %s $r 9T $J$( $P %9 %1!< %k JQ 49 $K $h $C $F <B:]$N >u67 $K 1~ $8 $?%7 %_ %e 6

%l !< %7 %g %s$K E>49$9$k $3$H $O MF0W $G$" $k !# $3$N$3 $H$G N3;R $N%5 %$ %: $K 1~ $8 $? ;~4V9o$_ $r 9M $( $kI,MW $, $J $/ $J $k !# <B:] $K$O D9$5 %9 %1!< %k$O N3;RD>7B d !J J,;6 $, $" $k>l9g $O Nc $( $P :GBgD>7B $H$_$J$9 !K !" <A NL m , =ENO2CB.EY g $r MQ$$ $l $P <!852r@O $G $I $& $$ $&%9 %1!< %j %s %0 $r 9T $J$( $P NI$$ $N $+ $, J, $+ $k !# Nc $( $P ;~4V$N<!85 $O p d=g , G4@- %Q %i %a !< %? � n ; � t $O p g =d , !J C10L <A NL Ev $?$j $N !K $P $M Dj?t $O g =d Ey $G$"$k !# %W %m %0 %i %‘>e $G $O$3 $l$i $N NL $N HfNcDj?t !" B($AL5<!852= $5 $l $? NL $7 $+ 8= $l $J $$ !# 4.2 %"%k %4 %j %: %‘ $3$3$G$O NcBj $H $7 $F <PLL>e $NN3;R$NN. $l $r%7 %_ %e %l !< %H $7 $F $_ $k !# <B:] $N %W %m %0 %i %‘ $K B( $7 $F >\:Y $r @b L@$9$kA0 $K $*$* $^ $+$J N. $l $r @h $K @bL@ $7 $F$_ $h $& !# $^ $: KX $s $I $N JQ?tEy $O %X %C %@ !<%U%! %$ %k$K =q$- 9~ $s$G $" $k !# $= $l $r =| $/ $H$[ $\ 2<:d$N ?^ 3.9 $K 1h$C $F$$ $k !# <g MW $JAj 0c E@ $O Dl $K$bN3 ;R $rI_ $-5M $a $F !" 2# $r<~4| 6- 3& $H $7 $F$$$k $? $a $K JI $H$N@\ ?( H= Dj %5 %V %k !< %F %# %s w con t $r ;H$C $F$$ $J$$ E@ $H <~4|6-3& $N@\?(H=Dj $r #2CJ3, $K $7 $? E@ $G$" $k !# $=$NB> !" =i4| 4KOB $H %a%$ %s $N ;~4VH/E8 $r J,3d $7 $? E@ $d %G !<%?$N =q$-=P $7 !" %0 %i%U %# %C %/ $O 0[ $J $k !# %W %m %0 %i %‘ $O Mak e�le,Header �le, program $N #3$D$N ItJ, $+$i @.$k !# Mak e�le $G$O %W %m %0 %i %‘ $r%3 %s %Q %$ %k $7 !" <B9T$9 $kL? Na $r $9 $k%U %! %$ %k$G $" $k !J $3 $N It J, $N @bL@ $O >JN, !K !# Header �le $G$O %W %m %0 %i %‘ >e $N %Q%i %a !<%? $N @_Dj5Z $S subroutine Ey $G ;H $o $l $k B?$/ $N6&DLJQ?t (common J8Ey $G ;XDj$9$k $b$N !K $r 30E* $K M? $( $k$b$N $G $" $k !# %W %m %0 %i %‘$= $N$b$N$b main routine,subroutines $K J, $+ $l $k !# =gHV $K 6qBN E* $J <PLL>e $N N3;RN. $r%7 %_ %e %l !< %H $9 $k %W %m %0 %i %‘ $r Nc $K $7 $F$=$N 9=B$ $r 8+ $F$$$3 $& !# 4.3 %X %C %@ !< %U %! %$ %k $^ $:%X %C %@ !<%U %! %$ %k$G$" $k !# F|K\8lEy $G Cm<a $, $D$$$F$$ $k $N $G$= $l $[ $I M}2r $O Fq $7 $/ $J $$ $H ;W $& !# implicit real*8 (a-h,k,m,o-z) parameter (ni=2000,nj=24,nc=50000) c ni: G[Ns$N:GBg?t !" nj: @\?(E@ $N :GBg?t !" nc: %; %k ?t$N>e8B parameter (rmax=.5d0,w=rmax*dble(60),rmin=0.8d0*rmax) c rmin : :G>.N3;RH>7B , rmax: :GBgN3;RH>7B !J J,I[ $O$3 $N 4V %i %s %@ %‘ !K c N3;RD>7B 1 $K 5,3J2= !# w: MF4o2#I} parameter (so=0.2d0) c so: @\@~J}8~$NHfDq93NO (Mindline force $K 5/0x !# #2<!85 $@$+$i E,Ev !K parameter (fri=5.d-1) c fri: %/ !<%m %s F0K‘;$78?t parameter (ipz=9,c=1.35d0*rmin) c ipz: =D$NAX?t !" c: @\?(H=Dj $N%; %k$N Bg $-$5 parameter (dt=1.d-3,knn=1.d4,ktt=knn*so) c dt: ;~4V9o !" knn: K!@~J}8~ $P $M Dj?t !" ktt: @\@~J}8~ $P $M Dj?t parameter (istep=10000,imaxstep=1000,istep2=500) c istep: =i4|4KOB %9 %F%C %W !" imaxstep: main routine $N 302s$j %9 %F%C %W ?t c istep2: Fb2s$j %9 %F%C %W ?t 7 common /wep/ r(ni),wei(ni),pmi(ni) c r: N3;RH>7B c wei: N3;R<ANL c pmi: N3;R$N47@-%b!< %a %s %H common /cel/ n,np,idx,idz,ncl(nc) c n: N3;R?t !" np: plate !J Dl !K $N N3;R?t c idx: x J}8~$NG[Ns?t !" idz: z J}8~ $N G[Ns?t c w: MF4oI} , ncl(nc): %;%k$N G[Ns common /pos/ x0(ni),z0(ni),qq(ni) c x0(i): i N3;R $N 0LCV !" x :BI8 c z0(i): i N3;R $N 0LCV !" z :BI8 c qq(i): i N3;R $N 2sE>JQ0L common /vel/ u0(ni),v0(ni),omega(ni) c u0(i): i N3;R $N B.EY !" x :BI8 c v0(i): i N3;R $N B.EY !" z :BI8 c omega(i): i N3;R $N 2sE>3QB.EY common /for1/ xf(ni),zf(ni),mf(ni) c xf(i): i N3;R $N <u $1 $kNO !’ x @.J, c zf(i): i N3;R $N <u $1 $kNO !’ z @.J, c mf(i): i N3;R $N <u $1 $kNO $N%b!< %a %s %H common /for2/en(ni,nj),et(ni,nj),je(ni,nj) c en(i,j): i N3;R$NK!@~J}8~$N@\?(NO c et(i,j): i N3;R$N@\@~J}8~$N@\?(NO c je(i,j): @\?(E@HV9fG[Ns common /dpm/ u(ni+4),v(ni+4),f(ni+4) c u(i): i N3;R $N x JQ0LA}J, c v(i): i N3;R $N z JQ0LA}J, c f(i): i N3;R $N 2sE>JQ0LA}J, common /slope/ theta,gc,gs,pi c theta: 79<P3Q !" gc=cos(theta),gs=sin(theta) c pi: 1_<~N( common /viscous/ etan,etat c etan: K!@~J}8~$NG4@-N( , etat: @\@~J}8~$NG4@-N( c A4 $F J*M}NL $O L5<!852=$5 $l $F $$ $k !# 8

$^ $:#1 9TL\ $O JQ?t $N7?@k8@ $G$" $k !# a-h,k,m,o-z $r F, $K Jz$/JQ ?tL> $O A4 $F G\@: EY $NJQ?t $H $7 $F$$ $k !# 5U $K 8@ $( $P i,j,l,n $G ;O$^$k JQ?t $r @0?t $K 3d$j ?6$C $F$$ $k !# #29TL\ $O N3;R?t$N >e8B !" @\?(E@ $N >e 8B !" %; %k ?t$N >e 8BEy $r M? $($F$$ $k !# #18D$NN3;R $K NY@\ $7 $& $k@\?(?t $N >e8B $O #2<!85 $G$O 20 $r 1[ $( $k $3$H $O !J $^ $: !K $J$$ !# $^ $? 24 $H $7 $F$$$k $N $O ;MJ} $NJI $, $"$C $?>l9g $K @\?( E@ HV 9fNs $r 6hJL $9$k $? $a $G$"$k !# K\ %W %m %0 %i%‘ $G $O I, MW $O$J $$ !# K\ %W %m %0 %i%‘ $G $O N3;RH>7B $O >e8B rmax(= 0 : 5) $H 2<8B rmin $N 4V $r%i %s %@ %‘ $K J,I[ $7 $F $$$k$b $N $H $7 $? !# $^ $? 2#I} $O :GBgH> 7B $K Hf $Y $F$$$/ $D $H$$ $& Iw $K @_Dj $7 $F$"$k !# $^ $? so $O @\@~J} 8~ $H K!@~J} 8~ $N $P $M Dj?t $N Hf $G$" $k !# fri $O %/ !< %m %s $N F0K‘;$ 78?t $G !" $* $h $= 0.5 $N CM $r ;} $D !# ipz $O =i4|=< E6 $NN3;RAX $N?t !" c $O N3;R $N @\ ?( H= Dj $K MQ$$ $k%;%k $N %5 %$ %:$G $" $j !" 8e=R$N MM $K !J F1 0l$N%;%k $K #2$D$N N3 ;R Cf ?4 $, F~ $i $J $$$? $a$K !K :G>.N3;RH>7B $N p 2 G\0J2< $G$" $kI,MW $, $" $k !# 8:?j ?6 F0 $G $O ;~4V 9o $_ dt $O C10L <ANL Ev $?$j $N $P $M Dj?t k (= ! 2 0 : ! 0 : 8GM- 3Q ?6 F0 ?t !K $H<ANL $N>e8B m $r MQ $$ $F dt < const:= p k $, MW5a $5 $l $k $3 $H $, A[A| $, $D $/ !# $3 $3 $G c = 2 $G $" $k $3 $H$b CN $i $l $F$$ $k !J $i $7 $$ !K !# :# k tt = 0 : 2 � k nn $H $$ $C $? 6q9g $K @\@~J}8~ $N $P $M Dj?t ktt $, K!@~J}8~ $N$= $l knn $K Hf $Y$F >. $5 $/ ( =>$C $F knn $G 8+@Q$b $i$J$$$H$$ $1$J$$ ) !" :GBg <ANL $, #1 $K 5,3J2= $5 $l $F $$ $k $3 $H $+$i !" $* $h$= dt < 2 � 10 � 2 $G $" $k !# $7 $+ $7 <B :] $K$O dt = 3 � 10 � 3 $G 4{ $K $* $+ $7 $J ?6 Iq$$ $r $9 $k$N $G DEM $N >e8B $O $b $&>/ $7 87 $7 $/8+ @Q $b$kI,MW $, $" $k !# ;~ 4V H/ E8 $K 4X $7 $F $O =i 4| 4K OB$N %9%F %C %W ?t istep, <B :]$N%7 %_ %e %l !<%7 %g %s $N :]$N ;~ 4V H/ E8$N %9%F%C %W ?t$r ;X Dj $9 $k%Q %i %a !<%? imaxstep,istep2 $, $" $j !" %7 %_ %e %l !<%7 %g %s $N :G =* E*$J ;~ 4V $O t = dt � ( istep + imaxstep � istep 2) $H $J $C $F $$ $k!# $^ $? istep2 Kh $K ?^ $rIA $$ $? $j %G !< %? $r=P NO $7 $?$j $9 $k $h$& $K $J $C $F $$ $k!# 8e !" common J8 $G ;XDj $5 $l $? 6&DL $K 8= $l $kJQ ?t $, $"$k $, $= $l$K $D $$ $F $O Cm<a $, $"$k $N $G @bL@ $r3d0& $9$k!# 4.4 %a%$ %s %k !<%F %# %s $3 $N @a $G$O %a%$ %s %k !<%F %# %s $N @bL@ $r $9 $k !# include ’dem1.h’ real x00,z00,r00,xm,zmm,w00 r00=sngl(rmax) w00=sngl(w) IF (PGOPEN(’?’) .LT. 1) STOP CALL PGENV(-r00, w00+r00, -2*r00, 0.7*w00, 0, -2) call fposit call inmat call init call plot t=0.d0 ccccccccccccccccccccccccccccccccccccccccccccccccccccccccc c Until it=step, the system is in an initial relaxation stage. 9 cccccccccccccccccccccccccccccccccccccccccccccccccccccccccc do it=1,istep t=t+dt call ncel do i=1,n xf(i)=0.d0 zf(i)=0.d0 mf(i)=0.d0 call pcont(i) enddo call nposit(1) if (mod(it,istep/50).eq.0) then write(6,*) it call plot endif enddo ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc c The initial relaxation is over at t=t0. ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc t0=t cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc c The outer loop of the main loop (1 to imaxstep) cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc do it=1,imaxstep write(6,*) it,istep+(it-1)*istep2,’ time= ’,t cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc c The inner loop of the main loop (1 to istep2) cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc do ii=1,istep2 t=t+dt call ncel 10 do i=1,n xf(i)=0.d0 zf(i)=0.d0 mf(i)=0.d0 call pcont(i) enddo call nposit(2) enddo cccccccccccccccccccccccccccccccccccccccccccccccccccccccc c The internal loop is over. cccccccccccccccccccccccccccccccccccccccccccccccccccccccccc call plot enddo ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc c The outer loop is over. ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc call pgclos end MF 0W $K FI $_ $H $l $kMM $K F1 $8 MM $JL? Na $r#22s $K EO $C $F7+ $jJV $7 $F$$$k!# $3 $l$O =i 4| 4K OB $H<B:] $N %7 %_ %e %l !< %7 %g %s $r J,3d $7 $?$?$a $K %W %m %0 %i %‘ $K ITMW $J J#;($5 $, 8= $l $?$3$H $K$J $k !# $3$N JU$j $r 8+ $d$9 $/ $9$k $N $O MF 0W $@ $, ITMW $J >r7oJ,4t $, 8= $l $F$+$( $C $F <B9TB.EY $, CY$/ $J $C $F $O 0UL# $, $J $$$N $G$H $j$" $($: 8=>u $N $^$^ $K $7 $F $* $/ !# $^ $:%X %C %@ !<%U %! %$ %k$r FI$_9~ $‘ $?$a $K include ’dem1.h’ $H $$ $& #1 9T $, F~$C $F$$ $k !# <! $K C1@:EY$N <B?t 7? $N JQ?t $, $$ $/$D $+ F3F~$5 $l $F $$ $k $, !" $3 $l$O pgplot !J C1@:EYJQ?t $7 $+ 07 $($J $$ !K $H $$ $& %0 %i%U %# %C%/ %= %U %H $r MQ$$$k $?$a$N A<CV $G$" $k !# IF (PGOPEN(’?’) .LT. 1) STOP CALL PGENV(-r00, w00+r00, -2*r00, 0.7*w00, 0, -2) $N#29T $b pgplot $r 5/F0 $5 $;$k $? $a$N$b $N $G$"$k !# pgplot $K $D$$ $F $O Nc $( $P h ttp://www. uidlab.nao e.t.u- toky o.ac.jp/soft w ares/pgplot-j.h tml $r ;2>H $N $3 $H !# pgen v $H $$ $& $N $O 4D6- $NNN0h $r Dj $a $F$$$k $, !" N3 ;R H> 7B$d 2# I} $r JQ $($F $b <+ F0 E* $K NN 0h $, JQ 99$5 $l $k$h $& $K $7 $F $" $k !# $^$? pgplot $r =* N;$9 $k :] $K call pgclos $G Dy $a $/$/$kI,MW $, $" $k !# =i4| 4K OB $K F~$k A0 $K =i4|>r 7o $N@_Dj $= $NB> $G <o!9 $N=‘Hw $, I,MW $K$J$k !# $3 $l$O :G=i $N do lo op !J %3 %a %s %H 9T $N<! !K $^ $G $K Ev $?$k !# fp osit $O =i4| $NN3;R G[ CV $r Dj $a$k %5 %V %k !< %F %# %s$G$"$j !" inmat $O%X%C %@ !< %U %! %$ %k$G 7hDj $7 $F $$$J$$ J*M}NL $r Dj $a$F$$ $k !J $3 $l$O %Q%i %a !<%?J8 $N Cf $G 4X?t $r FI$_9~ $s$@ 7W;; $, =PMh $J$$$3 $H$K 5/0x $7 $F $$ $k !# Nc $( $P � = 4 Ar ctan (1) $O %Q%i %a !<%?J8 $G @k8@ $G $-$J$$ !K !# init $O %; %k$H$+ N3;RB.EYEy 11

$N =i4| 2=$N%5 %V %k !<%F %# %s !" plot $O %0 %i%U %# %C%/ $N%5 %V %k !<%F %# %s $G $" $k !# $b$A $m $s t = 0 $H $7 $? $N $O =i 4|;~9o $N @_Dj $G$" $k !# =i4|4K OB $G $O $^ $: ncel $H $$ $& %5 %V %k !< %F %# %s $r FI $_9~ $s$G N3;R $r%; %k $K EPO? $r $7 $F $$ $k !# <! $$ $G N3;R $N A4 $F $K BP $7 $F NO Ey $r=i4| 2= $7 !" N3 ;R 4V $N@\ ?( H= Dj $r 9T $J $C $F $$$k (subroutine p con t(i) !’ N3 ;R HV 9f i $r p con t $K EO $7 $F $$ $k $3 $H$K Cm0U ) !# np osit $O ;~4VH/E8$N%5 %V %k !<%F %# %s$G $" $k !# if (mod(it,istep/50).eq.0) then write(6,*) it call plot endif $O !J $J $/ $F$b$$$$ $, !K =i4|4KOB $N 4V $K#5#0 2s3( !J $H %9 %F%C %W ?t !K $r IA $1$H $$ $& L?Na $G$" $k !# <B:] $N %7 %_ %e %l !< %7 %g %s$G $b =i4|4KOB $N ;~4VH/E8 $H KX $s $I F1 $8 $G $" $k !# 0c $$ $H 8@ $( $P%G !<%?$N 3JG< !J $3 $3 $G $O 9T $J$C $F$$ $J$$ $, !K !" IA2h Ey $N $?$a $K ;~4VH/ E8 $N %k !< %W $r #2=E9= B$ $K $7 $?$3 $H !" =i 4| 4KOB $N=* $C $?;~ 9o t0 $r 5-21$5 $;$?$3 $H Ey0L $G$" $k !# 8e $O @bL@ $N I,MW $O$J $$ $G$" $m $& !# 4.5 subroutine fp osit =i4|G[CV $r 7h $a $k%5 %V %k !<%F %# %s fp osit $O 0J2< $N DL$j $G$" $k !# subroutine fposit include ’dem1.h’ delr=1.d-3 h=0.d0 rn=rmax+delr ipx=idint(w/2.d0/rn) do i=1,ipz if (mod(i,2).eq.0) then dx=0.d0 ip=ipx+1 else dx=rn ip=ipx endif do j=1,ip n=n+1 x0(n)=2.d0*rn*dble(j-1)+dx if (x0(n).gt.w) x0(n)=x0(n)-w z0(n)=dsqrt(3.d0)*rn*dble(i-1)+rn+rmax h=dmax1(h,z0(n)) 12 r(n)=rmin+(rmax-rmin)*arand(ir) enddo enddo np=dint(w/(2.d0*rn))+1 do i=1,np x0(n+i)=2.d0*rn*dble(i-1) z0(n+i)=0.d0 r(n+i)=rmax enddo n=n+np do i=1,n u0(i)=0.d0 v0(i)=0.d0 omega(i)=0.d0 enddo write(6,*) ’number of particles:’,n,ipx,np idx=idint(w/c)+1 idz=idint(h/c)+20 if (idx*idz.gt.nc) then write(6,*) ’ncl is over!’, idx*idz,nc stop endif end fp osit $G $O $^ $: header �le dem1.h $r FI $_9~ $s $@ 8e !" delr !" r n = r max + del r $H$$ $& JQ ?t $r F3 F~ $9$k!# $3 $N delr $O >.$5 $J CM $G $" $j rn $O =i4| N3;RG[ CV$N 4V3V $r I=$9%Q%i %a !<%? $H$J $C $F $$ $k !# $D$^$j N3 ;R $, A4$F :G BgH>7B $K Ey $7 $$ >l9g $K$O @\?(H>7B$h$j $o$: $+$K Bg$- $J 4V3V $G N3;R $, JB $V $3$H$r 0UL#$9$k !# <! $K ip x $O MF4o I} $r rn $N G\ !" B($AM-8zN3;RD>7B $G 3d$C $?$b$N $r ;M<N8^F~@0?t2= $7 $?$b$N$G$" $k !# $3$N fp osit $G $O 4pK\ E* $K N3;R $, #33Q 3J ;R $rAH $s $@ >uBV $+ $i =PH/ $5 $; $F $$$k!# => $C $F :G =i $N do lo op ( i = 1 $+$i ipz $^ $G !K $O 1tD> J}8~ $N AX $N ?t $K BP1~ $7 $F np = � � � $N <0 $N A0$^ $G i $r 2s $7 $F $$ $k !# $=$N :] !" $^ $: 6v?t HVL\$N N3 ;RAX $K $" $k >l 9g $K :G$b :8 $K $" $k N3 ;R $N Cf ?4$N x :BI8 $, 0 $K $J $k$h $& $K dx = 0 $H @_Dj $7 !" $=$N >l 9g $K $O AXFb $NN3;R ?t $b ip x $h$j #1Bg $-$/ $J$k $H $7 $F$$$k !# $^ $?4q?t AX $G $O dx $, M-8z N3 ;R H>7B J, $: $l$F @_Dj $5 $l AXFb $N N3;R?t$b ip = ipx $H $J $C $F$$ $k !# <! $N j $K BP$9$k do lo op $G$O <B:] $K N3;R $r x J}8~ $K$:$i $7 $J $, $i @_CV $7 $F $$ $k !# $3$3$G$O N3;R HV9f n $, F3F~$5 $l !" N3;R $r CV$$ $F $$ $/ $? $S $K HV 9f $r 0l$D $E $D A} $d $7 $F $$ $k !# $^ $? N3 ;R0LCV$N x :BI8 x 0( n ) $O dx $@ 13

$1 $:$i $7 $? >uBV $+ $i M-8zD>7B $E $D $: $i $7 $F @_CV $7 !" 1tD> :BI8 z 0( n ) $O Dl $NN3;R !J Cf?4 $N1tD>:BI8 $O 0 !K J, !" $:$i $7 $F #3 3Q 3J ;R $r AH $‘ $h $& $K NY @\$9 $k AX 4V $G M- 8z H> 7B$N p 3 G\ $@$1 $:$l $F N3 ;R $r CV $/$h $& $K $7 $F $" $k !# $^ $? N3;RH>7B $O rmax,rmin $N 4V $r 0lMMJ,I[$9$k$h $& $K Mp?t $r H/@8$5 $;$F (arand(ir)) 7h $a$F$$ $k !# <! $K np $O Dl $K @_Dj$9$k N3;R $N?t $G$"$k !# N3;R H>7B $O rmax $K B7 $($F M-8zD> 7BJ, $:$i $7 $J $,$i 1tD>0L CV 0 $K N3;R $r CV $$ $F$" $k !# $^ $?N3;R $N=i4| $NB.EY !" 3Q B.EY $b 0 $K @_Dj $7 $F $$ $k !# idx $O x J}8~ $N%; %k ?t $N>e8B !" idz $O 1tD>J}8~ $N%; %k ?t $N >e8B $G :G=i $N%Q%C %/$5 $l $? >uBV$h$j$b 20 DxEYM>7W $K G[Ns $r MQ0U $7 $F$" $k !# 4.6 subroutine inmat %5 %V %k !<%F %# %s inmat $O =i4| $N J*<A %Q%i %a !<%? $r Dj $a $k $?$a$N$b$N $G$" $k !# include ’dem1.h’ do i=1,n wei(i)=r(i)*r(i)*4.d0 pmi(i)=wei(i)*r(i)*r(i)/2.d0 enddo pi=datan(1.d0)*4.d0 theta=pi/6.d0 gs=dsin(theta) gc=dcos(theta) etan=2.d0*dsqrt(knn) etat=etan end $3 $3 $GN3 ;R $N <A NL!" 47 @- %b !<%a %s %H$rM? $( $F $$ $k !# %9 %1 !< %j %s %0$N 9‘ $r ;W $$ =P $7 $FD: $/ $H <A NL $O r max (= 0 : 5) $N H>7B $r ;}$D1_HW $, #1 $K$J $k$h $& $K 5,3J2=$5 $l $F $$ $k$N $G >e$N$h $& $J <0 $K$J $C $F$$ $k !# $^ $? � $O <PLL $N 79 <P3Q $G$3$3 $G $O � = 6 $H $7 $F$$ $k !# 8@$& $^ $G$b $J$$ $, g s = sin( � ) ; g c = cos( � ) $O $= $l $>$l <PLL $K 1h$C $? !" 1t D> $J =ENO2CB.EY $N @.J, ( g = 1 $H 5,3J2= ) $G $" $k !# <! $$ $G K!@~J} 8~ $NG4@- %Q %i %a !< %? � n =etan $r NW3&8:?j >r 7o $+$i Dj $a $F$$$k !# $3$NNW3&8: ?j >r7o $O <! $N=i EyE*9M;! $+$i 5a$^$k !# N3;RBP $, @\?( $7 $F $$ $k4V $O d 2 u ij dt 2 = � k n u ij � � n du ij dt : F ij = m ij d 2 u ij dt 2 (17) $K => $& $N $G !" $=$N FC@-J}Dx<0 � 2 + � n � + k n = 0 $, =E:, $r ;}$D>l9g $K NW3&8:?j $H$J $k !# =>$C $F � n = 2 p k n (18) $, NW3&8: ?j >r7o $G$"$k !# $3$NNW3& 8: ?j>r 7o $O $7$P $7$P MQ $$ $i $l $k $, <B:] $K $O :,5r $O$J $/!" L\0B $K 2a $. $J $$ !# $^ $? @\@~J} 8~ $G $b F1MM$N 9M;! $, @.$jN)$D $, $A$g $C $H J# ;( $K$J $k$N $G K\ %W %m %0 %i %‘ Cf $G$O � t = � n $H $7 $F $$ $k !# !J F10l$N N3 ;R $G $" $l $P @\@~ J}8~$N 1? F0J}Dx <0$N NW3& 8:?j >r7o $O � t = p 2 k t = p s= 2 � n $G $" $k !# =>$C $F � t = � n $O L@ $i$+ $K 2a>j $K 2sE>1?F0 $K %V%l !< %-$r $+$1$F$$ $k !# $7 $+ $7 35@b $N >O $G =R $Y $? DL $j!" DEM $O E> $, $j2a $. $k 7y$$ $, $" $k$N $G$3 $N $^ $^ $H $9 $k !# $^ $? Thompson and Grest[16] $K $h $C $F � t = � n = 2 $H $9 $k $H K! @~J}8~ $H @\@~J}8~ $, F1 $8 H?H/78?t $K$J $kE@$b;XE&$5 $l $F $$ $k !# ) 14

4.7 subroutine init subroutine init $G$O @\?(NO $r =i4|2= $7 $F $$ $k !# subroutine init include ’dem1.h’ do i=1,n+4 u(i)=0.d0 v(i)=0.d0 f(i)=0.d0 enddo do i=1,n+4 do j=1,nj en(i,j)=0.d0 et(i,j)=0.d0 je(i,j)=0 enddo enddo end $3$3$G u ( i ) ; v ( i ) ; f ( i ) $O $= $l $>$l i N3;R $N x JQ0LA}J, !" z JQ0LA}J, !" 2sE> JQ0LA} J, $G$" $C $? $3$H$r ;W $$ $@ $= $& !# $^ $? do lo op $G n + 4 $^ $G lo op $r 2s $7 $F $$ $k$N $O JI $, $" $C$? >l 9g $K $= $l $> $l JI $r n + 1 ; � � � ; n + 4 $H @_Dj $G$- $k $h $& $K $9$k $? $a $G$" $k !# :# $N>l9g $O n $G NI $$ !# $^ $? en ( i; j ) $O i N3;R $K $* $1 $k@\?( E@ j $N K!@~ J}8~ $N @\?(NO et ( i; j ) $O @\@~J}8~ $N @\?(NO !" j e ( i; j ) $O @\?(E@HV9fG[Ns $G$" $k !# 4.8 subroutine ncel %5 %V %k !<%F %# %s ncel $O N3;R $r%; %k$K EPO?$9$k $?$a$N$b$N $G$" $k !# fp osit $G @bL@ $7 $? DL$j!" %; %k$O #2<!85 idx � idz $K$J $C $F$$$k $, =g=x $K >/ $7 5$ $r$D $1 $k $H#1 <!85 2= $G$-$k !# $3$3 $G $O%; %k$r :82< $+$i x <4J}8~ $K =g $K HV9f $E$1 $7 !" 2#I} $r 1[ $($?$i#1 CJ>e $N%; %k$K 0\9T$9$k $H $$ $& Iw $K#1 <!852= $r 9T $J $C $F$$ $k !# subroutine ncel include ’dem1.h’ do ib=1,idx*idz ncl(ib)=0 enddo do i=1,n ib=idint(z0(i)/c)*idx+idint(x0(i)/c)+1 ncl(ib)=i 15 enddo end $3 $3$G $^ $: A4$F $N %;%k $r =i 4| 2= ( ncl ( ib ) = 0) $7 $F $$ $k !# <! $K N3 ;R$N 0L CV $+$i %;%k $N HV 9f $r 3d$j =P$9 <0 ib = idint ( z 0( i ) =c ) � idx + idint ( x 0( i ) =c ) + 1 $r MQ $$$F N3;R $N HV9f $r%;%k ib $K EPO? $7 $F $$ $k !# $3$3$G F10l %; %k$K #2$D$N N3;R $, F~ $i$J $$ MM $K @_Dj $7 $F$" $k $3 $H$K Cm0U$5 $l $? $$ !# 4.9 subroutine p con t %5 %V %k !<%F %# %s p con t $O N3 ;R i $N @\?( H=Dj $r 9T $J $& $?$a$N$b$N$G $" $k !# $3$N %W %m %0 %i %‘ $G$O 2# J}8~ $K <~ 4|6-3&>r7o $r 2] $7 $F $*$j!" $=$N E@ $r 9MN8$9$k $?$a $K #2 CJ3, $K %W %m %0 %i %‘ $r J, 3d $7 $F $$ $k !# B($A !" 2#JI $r DL $7 $F <~4|6-3& $N 1F6A $, =P$k>l9g $r M= $a 6hJL $7 $F $* $/ $H$$ $& A<CV $r <h$C $F$$ $k !# Ev=i !" $b$C $H 6E$C $? %W %m %0 %i%‘ $rA[Dj $7 $F$$$? $, 7k6I %(%i!< $, <h $l$: !" 2< :d $5 $s$K AjCL $7 $? 7k2L !" :G $b primitiv e $J 9M $( J} $K 4p $E$$$? %W %m %0 %i %‘ $K$J $C $F$$ $k !# subroutine pcont(i) include ’dem1.h’ xi=x0(i) zi=z0(i) ri=r(i) call pcont2(xi,zi,i,ri) c------------------------ c left boundary c------------------------ if (xi-rmax-ri.lt.0.d0) then xi=xi+w call pcont2(xi,zi,i,ri) xi=xi-w endif c----------------------------- c right boundary c----------------------------- if (xi+rmax+ri.gt.w) then xi=xi-w call pcont2(xi,zi,i,ri) xi=xi+w endif end 16

$3$3$G $^ $: G[NsJQ?t $r$? $@ $N ?t $K CV$-49 $($F $$ $k !# 4pK\E* $K ITMW $J A<CV $@ $, ;2>H$N:] $K 9bB.2= $, 2DG= $K $J$k !J $i $7 $$ !K !# 0lC6 A4 It $N@\?( H= Dj $r $7 $F JI $N@\?(H= Dj $rJL $K 9T $J$C $F$$$k $N $bL5BL $J$h $& $@ $, !" 8+ Mn $H $7 $, $" $k $H $$ $1$J $$$N $G$=$N $^$^ $K $7 $F $* $/ !# 3F<+L5BL $r >J$/$h $& $K 9)IW $G $- $k $G$" $m $& !# JI $N@\?( H=Dj $O Nc $( $P :8JI $G$" $l $P N3;R $N:G:8C< $N x :BI8 $, xi-ri $G $"$j !" $= $l$H @\?( $7 F@$kN3 ;RCf ?4 $N :BI8 $O $=$N $^$^ $G$" $l $P xi-ri-rmax $G $" $k $3$H $+$i !" $=$NCM $, Ii $K$J $C $? >l9g $K <~4|J, $:$i $7 $F !J 1&C<6a $/ $K B8:_$9$kN3;R $H$N !K @\?(H=Dj $r 9T $J $C $F$$ $k !# :G8e $K N3;R0LCV $r 85 $K La $7 $F $$ $k $3 $H$K Cm0U !# $$ $: $l$K $7 $F$b<B :] $N@\ ?( H= Dj $O N3;R 0L CV $N>p Js xi,zi $H N3;R HV 9f i !" $= $NH> 7B ri $r ;2>H $7 $?%5 %V %k !< %F %# %s p con t2 $G 9T $J $C $F$$ $k !# 4.10 subroutine p con t2 %5 %V %k !< %F %# %s p con t2 $O N3;R $N@\?(H= Dj $N<B:] $r 9T $J$C $F$$$k!# $3 $N%5 %V %k !< %F %# %s$O DEM $N Cf3K $N 0lMc $r C4 $& $H F1;~ $K :G$b $o$+ $j $K $/$$ItJ, $G $b$" $k !# subroutine pcont2(xi,zi,i,ri) include ’dem1.h’ lup=idint((zi+2.d0*rmax)/c) lun=idint((zi-2.d0*rmax)/c) llf=idint((xi-2.d0*rmax)/c) lrg=idint((xi+2.d0*rmax)/c) if (lup.ge.idz) lup=idz-1 if (lun.lt.0) lun=0 if (llf.lt.0) llf=0 if (lrg.ge.idx) lrg=idx-1 do 888 lz=lun,lup do 88 lx=llf,lrg ib=lz*idx+lx+1 j=ncl(ib) if ((j.eq.0).or.(j.eq.i)) goto 88 ccccccccccccccccccccccccccccc c particle registration cccccccccccccccccccccccccccccc do jj=1,nj-4 if (je(i,jj).eq.j) then jk=jj goto 70 endif 17 enddo do jj=1,nj-4 if (je(i,jj).eq.0) then jk=jj je(i,jj)=j goto 70 endif enddo ccccccccccccccccccccccccc c registration is over. cccccccccccccccccccccccccc 70 xj=x0(j) zj=z0(j) rj=r(j) gap=dsqrt((xi-xj)*(xi-xj)+(zi-zj)*(zi-zj)) if (gap.le.(ri+rj)) then if (i.gt.j) then ac=(xj-xi)/gap as=(zj-zi)/gap j0=0 do jj=1,nj-4 if (je(j,jj).eq.i) then j0=jj goto 50 endif enddo 50 call actf(i,j,jk,as,ac,gap) en(j,j0)=en(i,jk) et(j,j0)=et(i,jk) j0=0 endif c i>j $N if J8 $N =*$j else en(i,jk)=0.d0 et(i,jk)=0.d0 je(i,jk)=0 endif c gap.le.(ri+rj) $N if J8 $N =*$j 18

88 continue 888 continue end $^ $: :G=i$N lup,lun,llf,lrg $O !J $= $l $> $l up,under,left,righ t $N 0UL# !K N3;R i $N @\?($9$kN3 ;R $, =jB0 $7 F@$k %; %k$r C5$9HO0O $r Dj $a $F$$ $k !# %; %k$N Bg $-$5 $O 0lJU 1.35*rmax $J $N $G @\?(Aj<j N3;R $N !J :G $bN% $l F@$k !K Cf ?40LCV !" Nc $( $P 1tD>>eJ} $G $" $l $P z i + 2 :d 0 � r max $N 0LCV $r%; %k$N %5 %$ %:$G 3d$C $F$* $/I,MW $, $" $k !J 2<:d $N?^ 3.8 ;2>H !K !# $^ $?%; %k $O 8B $i $l $? NN0h $G$N$_ Dj5A $5 $l $F$$ $k $N $G %7 %9 %F%‘%5 %$ %:$r $O$_ =P$9 $h $& $J>l9g $O$=$3$K%;%k $, B8:_ $7 $J $$ $H $$ $& ;] $r L@5- $7 $F$" $k !# <! $K 888 9T 5Z $S 88 9T $N do lo op $G $" $k !# $3 $l$i $N lo op $O $3 $N%5 %V %k !<%A %s $N :G 8e$^ $G EO$C $F $$ $k !# 8@ $& $^ $G$b$J$$ $3$H $@ $, lz.lx $O $= $l $>$l 1tD> J}8~ !" ?e J?J} 8~ $N%; %k$N index $r I= $7 !" $= $N2<8B $+ $i >e8B$^ $G $r 2s $7 $F $$ $k !# :G=i $K%; %k$N index $r #1 <!852= $5 $l $? ib $K =q $-D> $7 $F $$ $k (subroutine ncel ;2>H !K !# <! $N j = ncl ( ib ) $O %; %k ib $K 3JG< $5 $l $? N3;R $r 8F $S =P $7 $F$$$k !# subroutine ncel $r ;2>H $9 $l $P J, $+ $kDL $jN3 ;R $, $= $N %; %k Fb $K B8:_ $7 $J$$ >l9g $K $O 0 $, 3JG< $5 $l $F $* $j!" $^ $?N3;R i $=$N$b $N $, 3JG< $5 $l$F$$$k>l9g $b4^ $a $F i $N @\?( $NAj <j $?$j $($J $$$N $G !" $=$N >l9g $O <! $N%; %k$r C5$9 $?$a $K 88 9T $K Ht $s$G $$ $k !# <!$N jj $N lo op $+ $i $$ $h$$ $h N3 ;R $N EP O? $, ;O$^$k !# jj $N >e 8B $, nj-4 $K $J $C $F $$ $k$N $O JI $N #4<+M3 EY $r M= $a 6hJL $7 $F $$$k$? $a $G$" $k !# K\ %W %m %0 %i %‘ $G$O -4 $O I,MW $J$$ $, !" JI $r F3F~ $7 $? >l9g $K $=$N $^$^1gMQ $G$- $k $3 $H $r 9M $($F$= $N$^$^ $K $7 $F$"$k !# $^ $: je(i,jk) $, N3;R i $N @\?( E@ jk $K @\?( Aj <j $NN3;R j $r EPO? $9 $Y$-G[Ns JQ?t $G$"$k $3 $H$r ;W $$ $@$= $& !# 4{ $K je(i,jj) $K N3;R j $, EPO? $5 $l $F$$$? $J $i @\?( E@ $r jk=jj $H 5-21 $7 $F 70 9T $K ?J$‘!# $3$N jk $O @\?(NO $r 7W;; $9 $k %5 %V %k !< %A %s actf Ey $G I,MW $K$J $k !# <! $K $^ $?3F@\ ?( E@ $K BP $7 $F EPO? $5 $l $F $$$J $$$+ $I $& $+$r D4$Y$F EP O?$5 $l $F $$$J $$ !J je(i,jj)=0 !K $G $" $l $P jk=jj !" je(i,jj)=j $H $7 $F N3 ;R j $r EP O?$9$k !# $3 $l $G EPO? $, 40N;$9$k !# 70 9T $+ $i $O N3 ;R j $N 0L CV xj,zj !" H> 7B rj $r=q $- =P $7$F $+ $i , N3 ;R i,j $N Cf ?4 4V 5w N% gap= R ij = p ( x i � x j ) 2 + ( y i � y j ) 2 $r MQ $$ $F (3.3) $N H=Dj $r <B9T $9$k!# gap= R ij � r i + r j =ri+rj $G $" $l $P <B:] $K @\?( $7 $F$$$k $3 $H $K$J $k !# @\ ?( $O BP $G 9T $J $& $N $G i > j $N >l9g $N$_9M $( $l $P NI$$ !# $^ $? ac=cos � ij , as=sin � ij $G $" $k !# <! $K j $N @\?(Aj<j $r 8+ $F !" $= $l $, i $G $"$C $?>l9g $K j0(default $G 0 $, F~$k $h $& $K $7 $F$"$k !K $K @\?( E@ $r EPO? $7 $F $+ $i @\?( NO $r 7W;; $9$k %5 %V %k !< %A %s actf $r 8F $S 9~ $s$G $$$k !# 0x $_ $K actf $O @\?(N3 ;R $NHV9f i,j !" @\ ?(E@ HV9f jk, 6&DLK! @~ $N cos � ij , sin � ij $H @\?( 5wN% R ij = p ( x i � x j ) 2 + ( y i � y j ) 2 $N 4X?t $G$" $k !#:#@\?(E@HV9f jk=j0(=jj) $J $N $G$=$N @\?(E@ $K $* $1 $k@\?(NO $O N3;R i,j $G 8_$$ $K Ey $7 $$ !# $3 $l $i $, @\?( $7 $? >l9g $N 7W;; $G$" $k !# @h $K ?( $l $? MM $K @\?( $7 $F $$$J $$ >l9g R ij > r i + r j $G $" $l $P @\?( NO 5Z $S @\?( E@HV 9f Ns$b 0 $r Be F~ $7 $J $$ $H $$ $1$J $$ !# $3 $l $G $3$N %5 %V %k !<%A %s $N 7W;; $O 40N; $7 $F $$ $k !# 4.11 subroutine actf $3$N%5 %V %k !< %A %s$G $O @\?( $7 $F$$$k>l9g $K @\?( NO $r 7W;; $7 $F$$$k !# $3$N %5 %V %k !< %A %s $b p con t2 $H JB $s$G DEM $N Cf3K $r$J $9 !J $o$+ $j $K $/$$ !K ItJ, $G$" $k !# subroutine actf(i,j,jk,as,ac,gap) include ’dem1.h’ ri=r(i) 19 rj=r(j) dis=ri+rj-gap rwei=wei(i)*wei(j)/(wei(i)+wei(j)) un=(u(i)-u(j))*ac+(v(i)-v(j))*as us=-(u(i)-u(j))*as+(v(i)-v(j))*ac+ri*f(i)+rj*f(j) veln=(u0(i)-u0(j))*ac+(v0(i)-v0(j))*as velt=-(u0(i)-u0(j))*as+(v0(i)-v0(j))*ac+ri*omega(i)+rj*omega(j) c------------------------------------------------- if (en(i,jk).eq.0.d0) then if (un.ne.0.d0) us=us*dis/un un=dis endif c------------------------------------------------- visn=rwei*etan*veln vist=rwei*etat*velt en(i,jk)=rwei*knn*un+en(i,jk) et(i,jk)=rwei*ktt*us+et(i,jk) hn=en(i,jk)+visn ht=et(i,jk)+vist if (hn.lt.0.d0) then en(i,jk)=0.d0 et(i,jk)=0.d0 je(i,jk)=0 else if (dabs(ht)-fri*hn.gt.0.d0) then ht=fri*dsign(hn,ht) endif xf(i)=-hn*ac+ht*as+xf(i) zf(i)=-hn*as-ht*ac+zf(i) mf(i)=mf(i)-ri*ht xf(j)=hn*ac-ht*as+xf(j) zf(j)=hn*as+ht*ac+zf(j) mf(j)=mf(j)-rj*ht endif end $3 $3$G $O $^ $: ri,rj $N EP O? !" $= $7 $F i,j %Z%" $N 49;; <A NL m ij =rw ei $r 5a$a$F $$ $k !# <! $K dis $O N3;R$N%* !< %P !<%i%C %W $N 5wN% $H $7 $F $$ $k !# K\ %W %m %0 %i %‘ $G $O #2 BN1?F0 $NAjBP2CB.EY !" AjBPB.EY !" AjBP0LCV $r 5a $a$F$$ $k$N $G <B:] $N 9gNO $r 7W;;$9$k :] $K$O (14) <0$N $h $& $K 49 ;; <A NL$r$+$1 $? Aj BP E*$J NO$r 2C ;; $7 $F $$ $/ I, MW $, $" $k !# $=$N$? $a %W %m %0 %i %‘ Cf 20 en(i,jk),et(i,jk),visn,vist $K 49;;<ANLJ, $+$1$F$" $k $3 $H$K Cm0U$5 $l $? $$ !# $3$3$G 2<:d $N %W %m %0 %i %‘ $G $O if (en(i,jk).le.0.d0) en(i,jk)=1.d-6 $H $$ $& !J N‘ ) $N 5-=R $, $"$C $? $, !" @\?( NO $O @5 $J$N $G !" $3$3 $O%3 %a %s %H %" %& %H $7 $F $b 9= $o$J$$ !#$‘ $7 $m$=$N 5-=R $r F~ $l $k $H ?M9)E* $K %9 %-!< %‘ $, 0BDj 2=$9$k2DG=@- $, $" $k$N $G$J $$ J} $, $$$$$G$" $m $& !# $3$3$N >r7o $K$+$+ $k$h $& $G $" $l $P B> $N =j $G %W %m %0 %i %‘%_ %9 $, $" $C $? $H 9M $($? J} $, $h$$ !# <!$$ $G (9) $K $h $C $F Aj BPJQ0L$N K!@~J}8~ !" @\@~J}8~ $r 5a $a$F $$ $k !# $^ $? AjBP B.EY $K $D$$$F $b F1 MM $K K! @~ J}8~ v eln !" @\@~J} 8~ v elt $r 5a $a $k !# visn,vist $O $= $l $>$l K!@~J}8~ !" @\ @~J} 8~ $N G4@-NO $G$" $k !# 2<:d $N %W %m %0 %i %‘ $G $O un,us $r MQ $$ $F G4@-NO $r 7W;; $7 $F$$$? $, !" un $O ( t � � t; t ) 4V $N AjBPJQ0L A}J, $G$" $k $?$a un/dt Ey $O t � � t= 2 $G $N B.EY $H 9M $($i $l $k !# =>$C $F B.EY $K BP $7 $F v eln,v elt $r 5a $a $k $Y$- $G$" $m $& !# $^$? c------------------------------------------------- if (en(i,jk).eq.0) then if (un.ne.0.d0) us=us*dis/un un=dis endif c------------------------------------------------- $O 0l8+ $o $+ $j $K $/ $$ $, !" $3 $l$O A0$N %9 %F%C %W $G N3;R $, @\?( $7 $F $$$J$$ >l9g $K $I $N$h $& $K AjBPJQ0L $r 7W;;$9 $k $+$H $$ $& $3 $H $r<( $7 $F$$$k!# $3 $3 $G $O A0 $K @\ ?( $7 $F$$ $J$$>l 9g $K K! @~ J} 8~ $NAj BP JQ 0L A} J, $r %*!< %P!< %i %C %W $N 5wN% !" $^ $? @\@~J}8~ $K $D$$$F $O @\@~J}8~ $N JQ0L $K%* !< %P !<%i%C %W 5wN%J, $N%&%’!< %H $r $D $1$F $$ $k !# CF@-NO $K $D$$ $F $O NO $N A}2C J, $r 2C;; $7 $F $$$k $, !" G4@- NO $K$O 2C;; $,$J $$ !# => $C $F (17) $H $N Hf3S $K$O Cm0U $, I,MW $G$" $k !# $= $7 $F CF@-NO $H G4@-NO $N 9gNO $N K!@~@.J, !" @\@~@.J, $r hn,h t $H $7 $? !# if (hn.lt.0.d0) then en(i,jk)=0.d0 et(i,jk)=0.d0 je(i,jk)=0 else CfN, endif $N >r 7o J, 4t $O $3 $N %5 %V %k !< %A%s $+ $i =P $k :] $K CF @- E*$J @\ ?( NO$H @\ ?( E@ >p Js$r %/ %j%" $7 $F $* $/ $H $$ $&L? Na $K $J $C $F $$ $k !# N3 ;R $, N% $l $h $& $H $7 $F $$ $k ;~ $K $O Aj BP E*$K N% $l $k J} 8~$G 1? F0 $7 $F $* $j !" Cm 0U $, I, MW$H $J $k !# 9bL)EY $N >l9g $O @\?(>uBV $+$i N% $l $F $b $9 $0 $K @\ ?(>uBV $K La$k ;v $, 4|BT$5 $l $k $, !" $=$N >l9g $O >e5- $N if (en(i,jk).eq.0) then $H $$ $& >r7o $K 3:Ev$9$k !# %H !< %? %k $N @\?( NO $N K! @~@. J, hn $, Ii $K$J $C$?$H$-$O $b $O $d @\?( $7 $F $$$J $$ !# $=$N >l9g $K @\ ?(NO $r 0 $K $7 !" @\?(E@ $N >p Js $r %/%j %" $7 $F$+$i$3 $N %5 %V %k !<%A %s $N 30$X =P$k !# @\@~J}8~ $G$O (4) <0 $K $" $k$h $& $K %/!< %m %s 3j $Y$j$N >r7o $r 2]$9I,MW $, $" $k !# $3$N >r7o $, if (dabs(ht)-fri*hn.gt.0.d0) then ht=fri*dsign(hn,ht) endif $G $" $k !# $3$3$G F ortran $G$O sig n ( a 1 ; a 2 ) = j a 1 j for a 2 > 0 and �j a 1 j for a 2 < 0 $G $" $k $3$H$K Cm0U$5 $l $?$$ !# 21

:G8e $K (12),(13) ( $N $&$A $N i,j %Z%" $N ) <0 $K =>$C $F N3 ;R i $K F/ $/NO $r 7W ;;$9$k !# $^ $? H? :nMQ $K $h $C $F j N3 ;R$bF0 $+ $9!# FC $K Cm0U$9$Y$- $O N3;R $N 2sE> $N H?:nMQ $G$" $k !# @\?(E@ $G $N H?:n MQ $K =>$C $F 2sE>$9$k $N $G F1J} 8~ $N NO $, F/$/ $N $G$" $k !# 4.12 subroutine np osit $3 $N%5 %V %k !<%A %s$G$O N3;R $N;~4VH/E8 $r <B9T$9$k!# =i4| 4KOB $N:] (ii=1) $O Dl $K ?bD> $J =ENO $,$+$+ $C $F$$ $k $N $K BP $7 $F <B:] $N %@ %$ %J %_ %C%/%9 (ii=2) $G$O <PLLJ}8~ $K$b =ENO $,$+$+ $k !# $3$N>r7o $N0c $$ $r 0z?t ii $G 6h JL$9$k !# subroutine nposit(ii) include ’dem1.h’ real*8 vdum(ni),udum(ni) real*8 zfdum(ni),xfdum(ni) real*8 mfdum(ni),omegadum(ni) if (ii.eq.1) then ggc=1.d0 ggs=0.d0 else ggc=gc ggs=gs endif do i=1,n-np v0(i)=v0(i)+dt*((zf(i)-wei(i)*ggc)/wei(i)*1.5d0-zfdum(i)/2.d0) u0(i)=u0(i)+dt*((xf(i)+wei(i)*ggs)/wei(i)*1.5d0-xfdum(i)/2.d0) omega(i)=omega(i)+dt*(mf(i)/pmi(i)*1.5d0-mfdum(i)/2.d0) v(i)=dt*(v0(i)+vdum(i))/2.d0 u(i)=dt*(u0(i)+udum(i))/2.d0 z0(i)=z0(i)+v(i) x0(i)=x0(i)+u(i) f(i)=dt*(omega(i)+omegadum(i))/2.d0 qq(i)=qq(i)+f(i) if (x0(i).lt.0.d0) x0(i)=x0(i)+w if (x0(i).gt.w) x0(i)=x0(i)-w vdum(i)=v0(i) udum(i)=u0(i) zfdum(i)=(zf(i)-wei(i)*ggc)/wei(i) 22 xfdum(i)=(xf(i)+wei(i)*ggs)/wei(i) mfdum(i)=mf(i)/pmi(i) omegadum(i)=omega(i) enddo end <B :] $K $O (15),(16) <0$G ;~ 4V H/ E8$r $9 $k !# $3 $3 $G $O dum $H L>$N $D $$ $? %@ %_ !< $N G[ Ns$r MQ 0U $7 $F $= $3 $K 1step A0 $N >pJs $r F~ $l $F $" $k !# (15),(16) <0$N @bL@ $G Cm0U $7 $? DL$j!" #1 %9 %F%C %W A0 $H 8= :_ $N NO $r 7W;; $7 $F B. EY5Z $S 3QB.EY $r 7h $a $F$$ $k$N $K BP $7 $F !" N3;R $N 0\F0 $K$O D>A0 $G 99?7$5 $l $? B.EY $r ;H$C $F$$ $kE@ $G$" $k !# $^ $? x J}8~ $N0LCV $K BP $7 $F$O <~4|6-3& $r 9MN8 $7 $F 4pK\NN0h $K F~$kMM $K $7 $F$" $k !# $^ $? 2?2s $b7+$jJV $9 $, (14) <0 $+$i !" 2CB.EY $r 5a $a$k:] $K$O <+J,$N<ANL $G 3d$C $F$* $+$J$$$H$$ $1$J $$ !# $3$3 $K 49;;<ANL $N 8= $l $kM>CO $O $J$$ !# 4.13 subroutine plot $3 $N%5 %V %k !<%A %s $O %j %" %k %? %$ %‘ %7 %_ %e %l !< %7 %g %s $N %0 %i%U %# %C%/ $r IA $/It J, $G $" $k !# %=%U %H $K 0MB8$9 $kItJ, $J$N $G 0c $& %=%U %H $r ;H $& >l9g $O$3$N %5 %V %k !<%A %s $r :o=|$9 $l $P $h$$ !# subroutine plot include ’dem1.h’ real x00,z00,r00,xm,zmm,w00,ennn,rr call pgbbuf call pgeras do i=1,n x00=sngl(x0(i)) z00=sngl(z0(i)) r00=sngl(r(i)) if (mod(i,10).eq.0) then call pgsfs(1) ic=mod(i/10,8)+1 call pgsci(ic) call pgsfs(1) else call pgsfs(2) call pgsci(1) endif call pgcirc(x00,z00,r00) enddo 23 call pgebuf end $3 $3 $G $O pgplot $rMQ $$ $F %j %" %k %?%$ %‘ $G %@ %$ %J %_ %C %/ %9 $r DI $C $F $$ $k !# pgplot $K$D $$ $F $O h ttp://www. uidlab.nao e.t.u- toky o.ac.jp/soft w ares/ $K $$ $/ $D$+ $N 2r @b %5 %$ %H $, >R 2p $5$l $F $$ $k !# FC $K h ttp://www. uidlab.nao e.t.u- toky o.ac.jp/soft w ares/pgplot-j.h tml $, ;2 9M $K $J $k $G $" $m $& !# $3$3$G MQ$$$F $$ $k$N $O PGBBUF,PGEBUF !J 2hA|=P NO %3 %^ %s %I $N FbIt %P%C %U %!$X $N J]B8 $r 3+;O $9 $k !# BP 1~ $9$k PGEBUF $, 8F $S =P $5 $l $k !K $r ;H $C $F$H $. $l $J $/ %"%K %a $r :n$k !# $^ $? pgeras $O 0JA0IA$$$?$b$N$r >C$9 !J $= $& $7 $J $$$H =E $M IA$- $K $J $k !K %3 %^ %s %I !# pgsfs $O EI $j$D $V $7 $, 0z?t 1, OH $@$1 IA $/ $N $, 2 $H $9 $k %3 %^ %s %I . pgsci $O ?’ $r ;XDj$9$k %3 %^ %s %I $G $" $k !# $^ $? pgcirc $O Cf?4 $N x,y :BI8 $H H>7B $r ;XDj $7 $F 1_ $r IA$/ %3 %^ %s %I $G $" $k !# PGPLOT $O C1@: EY$N JQ ?t $7 $+ <u $1 IU $1 $J $$$N$G 7?JQ 49 $, I,MW $G $" $k !# $^ $?$=$N $^ $^ IA $/ $H F0$- $, $o$+ $i$J$+ $C $?$N $G#1#0 8D$*$- $K :N?’ $7 $? N3;R $r CV$$ $F$_$? !# =i4| $K$O <P $a $K JB $V !# $3 $N B> !" N3;R $NB.EY $r I=<( $7 $?$j !" !J @\?( E@ $K $* $1 $k !K @\?( NO $r I=<( $7 $?$j !" NO $N EAGE $r I=<( $7 $?$j $7 $F MM !9 $J%"%K %a $, :n $l $k !# 3F<+%^ %K%e%" %k$r 8+ $F ;n $7 $F$_ $k $H NI$$ !# 5 1~MQ $3$3$G >R2p $7 $?$N$O 4pK\ %W %m %0 %i %‘ $G$" $k $, >u67 $r JQ $( $k $3$H$G MM !9 $J 1~MQ $, 8z$/ !# 4JC1 $K >R2p$9$k !# 5.1 JI $N F3F~ JI $N F3F~ $O MF0W $G$" $k !#4pK\E* $J 9M $( J} $O 2<:d $N %W %m %0 %i %‘ $r ;2>H$5 $l $? $$ !# $3$N$H$-$O Dl $+$i %9%j %C %W$7 $F !" N3;RAXA4BN $N N.F0@- $, 9b$^$k !# $3$N$h $& $K 6-3&>r7o $G 7k2L $, $+ $J $j JQ $o $C $F Mh$k !# 0J2< $G JI $N J*@- !J CF@-N( !" K‘;$78?tEy !K $O N3;R $H F1 $8 $H $7 $F !" I,MW $J JQ99E@ $r Ns5s $7 $h $& !# 5.1.1 %a%$ %s %k !<%A %s $3$3 $G $O JI $N@\?(H= Dj $N subroutine w con t(i) $r ;H $& $3 $H $r L@<( $9 $k !# K\ %W %m %0 %i %‘ $G $O #22sJQ 99 $NI,MW $, $" $k $3 $H$K Cm0U !# =>$C $F %a%$ %s %k !<%A %s $N JQ996aK5 $r =q$-=P$9 $H do i=1,n xf(i)=0.d0 zf(i)=0.d0 mf(i)=0.d0 call wcont(i) c JI $H$N @\?(H=Dj call pcont(i) enddo call nposit(1) $H$J $k !# 5.1.2 subroutine fp osit Dl $N N3;R $, $J $/ $J $k $N $G !J $3$3$G$O 4{ $K%3 %a %s %H %"%& %H $7 $F$" $k $, !K 24 c do i=1,np c x0(n+i)=2.d0*ratio*rn*dble(i-1) c z0(n+i)=0.d0 c r(n+i)=rmax*ratio c enddo c n=n+np $O :o =| $^ $? $O %3 %a %s %H %" %& %H!# $^ $? N3 ;R 0L CV $,Dl $N N3 ;R J, 2< $,$k $N $G z0(n) = dsqrt(3 : d0) � rn � dble(i � 1) + rmax $H JQ99 $7 $F $* $/ !# 5.1.3 subroutine w con t %5 %V %k !<%A %s w con t $O N3;RH>7B$h$jN3;RCf?4 $, 2< $K Mh $? >l9g $K 0J2< $N MM $K @_Dj$9$k !# subroutine wcont(i) include ’dem1.h’ xi=x0(i) zi=z0(i) ri=r(i) jk=nj-3 j=n+1 if (zi.lt.ri) then as=-0.1d0 ac=0.d0 gap=dabs(zi) je(i,jk)=n+1 call actf(i,j,jk,as,ac,gap) else en(i,jk)=0.d0 et(i,jk)=0.d0 endif end $3 $3 $GN3 ;R $N@\ ?( 3Q $, x <4 @5 J} 8~ $K -90 !k 79 $$ $F$$ $k $+ $i as=-1.d0,ac=0.d0 $H $J$k!# $^ $?JI $K N3;R HV 9f n+1 $r M? $( !" @\?(E@HV9f jk $b N3;R4V $N :GBg $N ?t nj-4 $h$j#1 Bg $- $/ $7 $F $$ $k !# 5.1.4 subroutine actf %5 %V %k !<%A %s actf $N JQ99 $O JI $H N3;R $r 6hJL$9$k $?$a $K :G=i $N ItJ, $G ri=r(i) if ((j-n).le.0) then rj=r(j) rwei=wei(i)*wei(j)/(wei(i)+wei(j)) else 25 rj=0.d0 rwei=wei(i) endif $H$J $k $N $H :G8e $N =j $G xf(i)=-hn*ac+ht*as+xf(i) zf(i)=-hn*as-ht*ac+zf(i) mf(i)=mf(i)-ri*ht if ((j-n).le.0) then xf(j)=hn*ac-ht*as+xf(j) zf(j)=hn*as+ht*ac+zf(j) mf(j)=mf(j)-rj*ht endif $H H?:nMQ $K if J8 $, F~$kE@ $, 0[ $J $k !# 5.1.5 subroutine np osit ;~4VH/E8 $G$N Cm0U;v9‘ $O 2DF0N3;R $N HV9f $N >e8B $, n $H$J $C $F$$ $kE@ $G$" $k !# 8GDjN3;R $O$J$$ !# 5.1.6 subroutine plot Dl $r IA$/ $?$a $K @k8@ $N :G8e $N $H$3 $m $+$i ;O$^$j $K$+$1 $F real x02(2),z02(2) call pgbbuf call pgeras x02(1)=0. x02(2)=sngl(w) z02(1)=0. z02(2)=0. call pgline(2,x02,z02) $H $$ $C $? 6q9g $K JQ99$9$k !# 5.1.7 Cm0U $3 $N LdBj $O NcBj $H $7 $F$O E,@Z $G$O$J $$ !# $H $$ $& $N $O 7W;; $7 $F $_ $l $P J, $+ $k $, !" Dl $, %9%j %C %W $9 $k $;$$ $G N3;RB.EY $,$[ $\ ;~4V $K Hf Nc $7 $F A}Bg$9$k !# =>$C $F Dj>o>uBV $O$J $/!" $d $, $F ?tCM7W ;;<+BN $O H/;6$9$k !# $3 $l $O N3;R $, 9b9; $N J*M} $G M=B, $5 $l $? DL$j$N?6Iq $r $7 $F $$ $k $3 $H$r 0UL#$9$k !# 0lJ} !" Dl $K 8GDjN3;R $r F3F~$9$k $H N.F0 $O$: $C $H $*$5 $( $i $l !" B.EY $NA}2C$b@~7A4X?t$h$j $: $C $H 2: $d $+$+ $D IT5,B’ $G $" $k !# $3 $A $i $, 40A4 $K Dj>o2=$9$k $+ $I $& $+$O$o$+$i$J $$ $7 !" Fq $7 $$ MM $J 5$$b$9$k $, !" 8GDj38 $r $7 $F JD $8 9~ $a$? >uBV $K $9 $k $H Dj>o 2= $7 !" 6u5$ $N 1F6A $G L\5M$^$j $r 5/ $3 $7 $? %Q %$ %W Cf $N N3;RN. $H F1MM $N ?6Iq $r $9 $k $3 $H $, CN $i $l $F $$ $k !# 26

5.2 ?6F0AX ?6F0AX$b MF0W $K%7 %_ %e %l !< %7 %g %s =PMh$k !# DL>o2#J}8~ $r <~4| 6-3& $H$;$: !" <B:] $N JI $r CV $/ !# $^ $? MF4o $K 8GDj $7 $?%U %l !<%‘ $G 9M $( $k $H !J <B:] $N ;~4VH/E8 $N2U=j $G !K !" =ENO2CB.EY $, ;~4VJQ2= $9$k$h $& $K $9 $l $P NI$$ !# 6qBNE* $J JQ99 $K $D$$$F $O KX $s $I <+L@ $J$N $G >JN, !# 5.3 0zNO $N 8z2L 4{ $K 35N, $N >O $G =R $Y$? MM $K 0zNO $r 4^ $a $k $3$H$G <B $K B?MM $J 8=>] $K DEM $r 1~MQ=PMh$kMM $K$J $k !# $3$3 $G $O C1 =c $K ?eOB NO $N$h$& $JN3;R $N30 B& $K F/$/ Hy <e $J0zNO $r4^ $a$k $3 $H $r9M $( $F$_ $k!# N3 ;R 4V $N?e $O 2M66 $K$h $C $F0z $C D% $jNO $, @8 $8 $k $N $G @\ ?( BP $, Aj BP E* $KN% $l $h $& $H$9 $k >l 9g $K$N $_NO $, F/$/ $H $7 $F%b %G%k 2= $r$9 $k!# $3 $NNcBj $G $O 8=<B E* $J ?eOB NO $r%b %G %k 2= $9$k $H$$ $& $h $j:G $bC1=c $J 0zNO 8z 2L $r:N $jF~ $l $?%b %G %k$r >R2p $9$k!# $3 $3 $G 9M$( $F $$ $k 0z NO$O N3 ;R i,j $N Cf ?4 4V 5w N% R ij $H $=$l $> $l $N H> 7B r i ; r j $N 4V$K r i + r j � R ij � r ang e � ( r i + r j ) $r K~ $? $7 !" $+ $D i,j $, AjBPE* $K N% $l $h $& $H $9 $k>l9g $K f ij = � k 0 R ij exp( � R 2 ij =� 2 ) (19) $H $$ $& 0zNO $, F/$/ $H $9 $k !# >0 !" %W %m %0 %i %‘Cf $G$O � = 1 $H $7 $F $$ $k !# 5.3.1 %X %C %@ !< %U %! %$ %k %X %C %@ !<%U %! %$ %k $K$O 0zNO $N Aj8_:nMQ %l%s %8 $H $=$N 6/$5 $r M[ $K =q$/ !# $=$N$?$a $K Nc $( $P parameter (range=1.2d0,att=1.d-4) $H$$ $& #19T $r 2C $( $l $P NI $$ !# $3$3 $G range $O =>Mh $N@MNO %3%"$NBg $-$5 $K BP$9$k0z NO $N 5Z $V HO0O $G$"$j !" att $O @M NO $K BP$9 $k0zNO$N Hf ( k 0 =k n ) $G $" $k !#Hs>o $K >.$5$$MM $K ;W $( $k $, @~ 7A $P $M $H $7 $?$H $-$K $P $M Dj?t#1 $H $7 $?$3$H$K$J $k !# 5.3.2 subroutine p con t Aj8_:nMQ %l%s %8$, JQ99 $7 $?$N$G !" @\?(H=Dj $K 1F6A $, =P$k !# subroutine p con t $K 4X $7 $F$O if (xi-rmax-ri.lt.0.d0) then if (xi+rmax+ri.gt.w) then $N#2 9T $, $= $l $>$l if (xi-range*(rmax+ri).lt.0.d0) then if (xi+range*(rmax+ri).gt.w) then $K JQ99$5 $l $k !# 5.3.3 subroutine p con t2 subroutine p con t2 $G $b @\?(>r7o $, JQ2= $7 $?$3$H $K H< $$ if (gap.lt.(ri+rj)) then 27

$, if (gap.lt.range*(ri+rj)) then $K JQ99$5 $l $k !# 5.3.4 subroutine actf $3$3$G$O$+$J $j$N JQ99 $, $" $k !# $^ $: en(i,jk)=rwei*knn*un+en(i,jk) et(i,jk)=rwei*ktt*us+et(i,jk) hn=en(i,jk)+visn $r Nc $( $P if (dis.ge.0.d0) then en(i,jk)=rwei*knn*un+en(i,jk) et(i,jk)=rwei*ktt*us+et(i,jk) endif if ((dis.lt.0.d0).and.(gap.lt.gapdum)) then hn=en(i,jk)+visn-att*rwei*knn*gap*dexp(-gap*gap) else hn=en(i,jk)+visn endif $H$$$C $?6q9g $K JQ99 $9$k !# $3$3 $G gap dum $O #1 %9 %F%C %W A0 $N N3;R4V 5wN% gap $G $" $k !# $D$^ $j %b %G %k @_Dj $N >r7o $K 9gCW$9 $k$h $& $K Aj BP5wN% $, A}2C$9 $k>l 9g $K 0z NO $, F/ $/ $H $9 $k !# $^ $? dis $, Ii $G$" $k $H $$ $&>r7o $O @M NO %3 %"$N30B& $G$N$_0zNO $, F/$/ $3 $H $r 0UL# $9$k!# >0 !" 0zNO $N8z2L $O D>@\ en(i,jk) $K B- $5 $J$$ $G 9gNO hn $K 2C $( $k $3 $H$K $b Cm0U $, I,MW $G$" $k !# 99 $K end 9T $N A0 $K gapdum=gap $N#1 9T $r 2C $( $k !# 5.4 N.F07ABV $N 0c $$ Hy<e $K 8+ $( $k $, 0zNO$N8z2L $O Bg$- $/!" N.F07ABV $b A4$/0[ $J $k !# FC $K 79<PLL $K $*$$ $F$b N.F03+;O$^ $G $K Aj Ev;~ 4V $,$+$+ $k !# $3 $l$O ?e0; $G $/ $C $D $$ $?N3;R 72 $, $" $kDxEY 79 $1$F $+ $i ?e0; $, ?- $S $k$^ $G $O KX $s $I F0 $+ $: !" $=$N @\9g $, @Z $l $k !J $" $k$$ $O ?- $S $k !K $3$H $G F0$-;O $a $k $3$H $K BP1~ $7 $F $$ $k !# $^ $? DL>o $G$" $l $P I=AX $K N. $l$, =8Cf$9$k $, A4BN $, $f $C $/ $j $H N. $l $k $H$$ $C $? 5-=R $, $T $C $?$j $H $9$k !# N. $l$O 6KC< $K CY $/ $J $k $3 $H$O MF 0W $K 8+ $F $H $l $k !# 6 Cm0U;v9‘ $3$N %N !< %H$G$O DEM $N4pK\ %W %m %0 %i%‘ $H $7 $F <PLL >e $NN3 ;R 1? F0 $r %7 %_ %e %l !< %H $7 $F$_ $? !# <B :] $K $O %G !< %? $X$N 3JG< $=$N B> $, I,MW $G$" $k $, $= $l $O >JN, $7 $? !# 28

$3 $N Dx EY$N N3 ;R ?t$d @_ Dj $G $" $l $P %j %"%k %? %$ %‘ $G $N%7 %_ %e %l !<%7 %g %s $G $b $= $l $[ $I Ld Bj $K$O $J$i $J $$ !# $7 $+ $7 8= :_$N ;~ 4V I} $G $b N3 ;R B.EY $, >e $, $k $H N3 ;R$N =E$J $j $, 8+ $( $k >l 9g $, $" $j @: EY $K <c 43$N Ld Bj$r ;D$9!# <B:] $K %G !<%? $r <h$k>l9g $K$O 9o$_ $r$b $& >/ $7 Bg$-$/<h$C $? J} $, $h$$ !# <B:] $N;~4V9o$_$N>e8B $r 8+@Q$b$kM} O@$bI,MW $K$J $k $+ $b $7 $l $J $$ !# N3;R $N 2sE> $K $h$C $F N.F0EY $, ?oJ,0[ $J$k !# stic k-slip Ey $G $O 2sE> $, $" $k $H $I $& $7 $F$b 0l2sL\ $N %9%j %C %W $N 8e !" 0B Dj $K stic k $7 $J $$MM $G$" $k !# 2sE> $NBP>I NEK! $O$"$k $h $& $@ $, M}2r $G$- $J$$LL $bB?$/!" 2r 7h $9 $Y $-LdBj $bB?$$ !# $3 $N %N !< %H $N :n@= $G :Y $+$J%P %0 $N H/8+ $H !" :YIt $N M}2r $, ?J $s$@ !# EvA3 !" $3$N%" %k %4 %j %: %‘ $O%=%U %H %3%" $N MD $K $=$N$^$^;H $( $k !# $^ $?0zNOEy $r 9MN8 $9$k $H 99 $K MM !9 $J 8=>] $K 1~MQ $G$- $k !# $= $& $$$C $? 1~MQ $+ $i ?7 $?$J J*M}3X $, 8+ $($F $/$k2DG=@- $, $" $k !# ;29MJ88% [1] J4 BN 9) 3X 2q JT !$ J4 BN %7 %_ %e %l !< %7 %g %s F~ Lg Bh 3 >O !J ;: 6H ?^ =q 1998 !K =$ @5 Ey $K $D $$ $F $O h ttp://www.iijnet.or.jp/SPTJ/So cP o wT ec/sh usei.h tml. [2] $3$3$G $N 5- =R $O ED8} A190 !$J*@-8&5f 61 , 1 (1993) $H$[ $\ BP1~ $7 $F $$ $k !%$^ $? F1 $8 Cx <T $N !$J*M}3X2q O@J8A*=8MQ $K =q $+ $l $? 2r@b$b;29M $K $7 $F $$ $k !% [3] H. Hertz, J. Math. (Crelle J) 92 , (1881). [4] Nc $( $P %i %s %@ %&!a %j %U %7 %C%D !$ CF@-M}O@ !J :4F#>o;0Lu !$El5~?^=q 1972( 86Cx 1965)) $N Bh #1 >O!x 9. [5] R. D. Mindlin, J. Appl.Mec h. T rans. ASME 16 , 259 (1949): R. D. Mindlin & H. Deresiewicz, J. Appl.Mec h. T rans. ASME 20 , 327 (1953). [6] P . A. Cundall & O. D. L. Strac k, Geotec hnique, 29 , 47 (1979). [7] EDCfIR;L!$@P0f=S:H!$DTM5!$F|K\5!3#3X2qO@J8=8 57 , 456 (1991). [8] W.A. M. Morgado & I.Opp enheim, Ph ysica A 246 , 547 (1997): see also S. Thomas and T. P� osc hel,, Ph ys. Rev. E 57 , 650 (1998). [9] D. G. Flom and A. M. Buec he, J. Appl. Phys. 30 , 1723 (1959) [10] >>K\7<OB , 2<:d8|;R , F|9b=E=u , 1997 G/EYJ4BN9)3X2q=U5(8&5fH/I=2q9V1iO@J8=8 , 39 (1997) [11] S. Y uu, T. Ab e, T. Saitoh & T. Umek age, Adv anced P o wder T ec hnol. 6 , No.4, 259 (1995). [12] Nc $( $P :d8}1I0lO: , @n>e><B@O: , EDB<Ao , HtEDI[H~;R , G@6H5!3#3X2q;o , 58 (4) 9 (1996) [13] Nc $( $P !$ :e8} =( B> ,1993 G/EY=) 4|8& 5fH/ I= 2q9V 1iMW ;]=8 p110; Er ?80l , NS><5W!$ OF>; M5!$ G_ 7J =SI’!$ J4BN9)3X2q;o 34 , 212 (1997). [14] GqLn85I’ !$GK2u $N %7 %_ %e %l !< %7 %g %s !< 3HD%8DJLMWAGK! $G GK2u $r DI $& !< !J ?9KL 1997 !K [15] F. Gerl and A. Zipp elius, Ph ys. Rev. E 49 , 2361 (1999). [16] P . A. Thompson and G. S. Grest, Ph ys. Rev. Lett. 67 , 1751 (1991). 29