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*(+/.14%#1$'&+#/L$ *(%'41*()$(./3&'$%.38/#,,*.($&(1$,'*1*()$7/*%+*.(9$-*')+$ *,$ +"#$#N+#/(&'$ 7./%#$
2#%+./$%.(+/*64+#1$6:$#N+#/(&'$'.&1*()9$,4%"$&,$6.1:$7./%#$&(1$,4/7&%#$+/&%+*.(E$

4.B& @/3$626+&!67%&;*+%?<"+6'*&
M$7./-&/1$<4'#/$3#+".1$*,$4,#1$*($+"#$OD$7/&%+4/*()$,*34'&+*.(,$7./$#N8'*%*+$+*3#$*(+#)/&+*.(E$
M7+#/$ +"#$%&'%4'&+*.($.7$&''$ +"#$8&/+,$%.(+/*64+*()$+.$+"#$(.1&'$ 7./%#$ *($./0,IO9$ +"#$4(6&'&(%#$
7./%#$-,"-)*)"($$%&($6#$%&'%4'&+#1$&,`$

! ! !!
!"#$

"#$%!&#$!'(($)$*'&+,%!'%-!.$),(+&/!'&!%,-$0!'*$!(')(1)'&$-!'02!!

   mi !v i + fint = fext

   !v i

  
fext = f joint + fcontact + fload

  funbalance = fext ! fint
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! !! !%#$

! !! !&#$

3#$*$! !+0!&#$!'(($)$*'&+,%!.$(&,*!,4!%,-$!"!'&!&#$!(1**$%&!&+5$60&$7!#8!'"!+0!&#$!.$),(+&/!.$(&,*!,4!%,-$!

"!'&!&#$!(1**$%&!&+5$60&$7!#8!'"!"!+0!&#$!.$),(+&/!.$(&,*!,4!%,-$!"!'&!&#$!%$9&!&+5$60&$7!#:;8!(#$"!+0!&#$!$9&$*%')!
4,*($!.$(&,*!4,*!%,-$!"8!(!%"!+0!&#$!+%&$*%')!4,*($!.$(&,*!4,*!%,-$!"8!!!!+0!&#$!5'00!,4!%,-$!"8!'%-!<#!+0!&#$!
&+5$60&$7=!>'0$-!,%!&#$!,?&'+%$-!.$),(+&/8!&#$!%,-$!(,,*-+%'&$0!('%!?$!17-'&$-2!

! !! !)#$

3#$*$!*"!+0!&#$!(,,*-+%'&$!.$(&,*!,4!%,-$!"!'&!&#$!(1**$%&!&+5$60&$7!#8!*"&'!+0!&#$!(,,*-+%'&$!.$(&,*!,4!%,-$!
"!'&!&#$!%$9&!&+5$60&$7!#:;=!

"#$! (#,+($! ,4! &+5$60&$7! +0! +57,*&'%&! 4,*! &#$! %15$*+(')! 0&'?+)+&/! ,4! &#$! &#*$$6-+5$%0+,%')! 4*'(&1*+%@!
0+51)'&+,%0=!A!&+5$60&$7!(,**$07,%-+%@!&,!'77*,9+5'&$)/!,%$6&$%&#!,4!&#$!&+5$!*$B1+*$-!4,*!&#$!0&*$00!
3'.$!&,!&*'.$)!&#*,1@#!'!&$&*'#$-*')!$)$5$%&!+0!10$-=!>'0$-!,%!&#$!07$$-!,4!0&*$00!3'.$!7*,7'@'&+%@!+%!
'!0,)+-!*,-8!&#$!&+5$60&$7!<#!+0!$0&+5'&$-!'02!

! !!!" # $%& ' !
"# ($

%
) "
"# (&!

%
*! !+#$

3#$*$!$!+0!&#$!-$%0+&/8!%!+0!&#$!C,1%@D0!5,-1)108!'%-!&!+0!&#$!'.$*'@$!)$%@&#!,4!&#$!$-@$0!,4!&$&*'#$-*')!
$)$5$%&08!5#!+0!&#$!5'00!,4!&#$!05'))$0&!$)$5$%&=!

4.C& )'*+"2+&D%+%2+6'*&"*0&;*+%<"2+6'*&6*&D6,2'*+6*==7&D'7"6*&
E$&$(&+,%!,4!(,%&'(&! +%! &#$!-+0(,%&+%115!-,5'+%!#'0! &3,!7,00+?)$!5$'%+%@02!-+0(*$&$!?,-+$0!(,))+-$!
3#$%!&#$/!5,.$!&,3'*-0!$'(#!,&#$*8!'%-!&#$!%,*5')!(,57*$00+,%!'%-!4*+(&+,%')!0)+-+%@!?$&3$$%!-+0(*$&$!
4*'(&1*$!01*4'($0!+0!,((1**+%@=!F&!0#,1)-!?$!%,&$-!&#'&!&#$!5+(*,0(,7+(!*,1@#%$00!,4!4*'(&1*$!01*4'($0!+0!
%,&! (,%0+-$*$-! #$*$=! >$('10$! &#$! $%&+*$! -,5'+%! +0! -+0(*$&+0$-! ?/! &$&*'#$-*')! $)$5$%&08! &#$! (,%&'(&!
-$&$(&+,%! '%-! +%&$*'(&+,%! ')@,*+&#50! +%! &#$! &#*$$6-+5$%0+,%')! GEHI! (,-$! 3,*J0! ,%! '! &$&*'#$-*')!
$)$5$%&!?'0+08!3#+(#!5$'%0!&#$!-$&$(&$-!(,%&'(&+%@!(,17)$0!'*$!(,17)$0!,4!&$&*'#$-*')!$)$5$%&0!&#'&!'*$!
+%! (,%&'(&8! '%-! &#$! (,%&'(&! 4,*($0! '*$! -+0&*+?1&$-! &,! &#$! %,-$0! ,4! &$&*'#$-*')! $)$5$%&0=! "#$! -$&'+)$-!
')@,*+&#50!+%!&#+0!0$(&+,%!('%!?$!4,1%-!+%!&#$!)+&$*'&1*$!@+.$%!?$),38!0,!,%)/!'!?*+$4!+%&*,-1(&+,%!+0!@+.$%!
#$*$=!

"#$!(,%&'(&!')@,*+&#50!10$-!+%!&#$!KE!4*'(&1*+%@!0+51)'&+,%0!+%()1-$!&3,!7'*&02!(,%&'(&!-$&$(&+,%!'%-!
(,%&'(&!+%&$*'(&+,%=!I1%L+M'$N;O!4+*0&!+%&*,-1($-!&#$5!+%&,!&#$!KE!GEHI!(,-$=!"#$!(,%&'(&!-$&$(&+,%!
')@,*+&#5!10$-!#$*$!+0!('))$-!'()*"'+,-)./+,0&!PQ>RS!(,%&'(&!-$&$(&+,%!')@,*+&#5=!"#+0!')@,*+&#5!+0!.$*/!
(,571&'&+,%')!$44+(+$%&!?$('10$!?,&#!&#$!TAI!07'($!1!'%-!&#$!UVW!&+5$!2!*$B1+*$-!4,*!-$&$(&+,%!,%)/!
+%(*$'0$!)+%$'*)/!3+&#!&#$!+%(*$'0$!,4!$)$5$%&!%15?$*!3!P,-./$!X!'%-!!YS=!

! !! !0#$

! !! !1#$

"#$!(,%&'(&!+%&$*'(&+,%!')@,*+&#5!10$-!&,!#'%-)$!&#$!5$(#'%+(')!(,%&'(&!+0!?'0$-!,%!&#$!7$%')&/!41%(&+,%!
5$&#,-!N;8!;ZO=!F%!&#+0!')@,*+&#58!7$%$&*'&+,%!?$&3$$%!-+0(*$&$!$)$5$%&0!3+))!@$%$*'&$!'!7'+*!,4!(,%&'(&!
4,*($08!3#+(#!'*$!$B1')!'%-!,77,0+&$!'(&+%@!,%!&#$!&3,!$)$5$%&0!,4!'!(,%&'(&+%@!(,17)$=!!

   
!v t =

fext ! fint

mi

    v t+1 = v t + !v t!t

   !v t

   x t+1 = x t + v t+1!t

 M ! N

 T ! N
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! !! !23#$

3#$*$!45!+!+0!'%!+%4+%+&$0+5')!,.$*)'7!?$&3$$%!(,%&'(&,*!$)$5$%&! !'%-!&'*@$&!$)$5$%&! 8!!!'%-!'!

'*$!&#$!&,&')!%15?$*!,4!&$&*'#$-*')!$)$5$%&0!+%&,!3#+(#!&#$!(,%&'(&,*!'%-!&'*@$&!-+0(*$&$!$)$5$%&0!'*$!

-+0(*$&+0$-8! !'%-! !'*$!7,&$%&+')!41%(&+,%0!4,*!&#$!(,%&'(&,*!$)$5$%&! !'%-!&'*@$&!$)$5$%&! 8!

*$07$(&+.$)/=!

R)+-+%@! 4*+(&+,%! +0! ')0,! (,%0+-$*$-! '0! '! &/7$!,4! (,%&'(&=!A!U,1),5?! 4*+(&+,%! )'3!$9+0&0! +%! &#$! &#*$$6
-+5$%0+,%')!GEHI!(,-$8!3#+(#!+0!+%!&#$!4,*5!,42!

! !!!
!22#$

3#$*$!6,!+0!&#$!4*+(&+,%!4,*($8!7!+0!&#$!4*+(&+,%!(,$44+(+$%&8!3!+0!&#$!7*$001*$!'(&+%@!+%!&#$!%,*5')!-+*$(&+,%!
,4!&#$!(,%&'(&!7)'%$=!"#$*$4,*$8!0)+-+%@!'),%@!&#$!&'%@$%&+')!-+*$(&+,%!3+))!,((1*!3#$%2!

! !!!
!24#$

3#$*$!6"*%!+0!&#$!(,%&'(&!4,*($!+%!&#$!&'%@$%&+')!-+*$(&+,%!,4!&#$!(,%&'(&!7)'%$=!

4.E& F<"2+=<%&G'0%$&"*0&G'H<I)'=$'7#&)<6+%<6'*&6*&FD@G&
"#$!4*'(&1*$!5,-$)!+%!GEHI!$0&'?)+0#$0!&#$!(,%%$(&+,%!?$&3$$%!&#$!4+%+&$!$)$5$%&!4,*51)'&+,%!'%-!&#$!
-+0(*$&$!$)$5$%&!4,*51)'&+,%=!V*+,*! &,!4*'(&1*$! +%+&+'&+,%8! &#$!0&*$00$0! +%!$'(#!+%&'(&!-+0(*$&$!?,-/!'*$!
(')(1)'&$-!10+%@!&#$!4+%+&$!$)$5$%&!4,*51)'&+,%=!F4!&#$!0&*$00!0&'&$!0'&+04+$0!&#$!4'+)1*$!(*+&$*+,%8!'!-+0(*$&$!
4*'(&1*$!+0!4,*5$-8!'%-!&#$!+%&$*'(&+,%!?$&3$$%!&#$!-+0(*$&$!4*'(&1*$!01*4'($0!+0!$97)+(+&)/!5,-$))$-!10+%@!
(,%&'(&! ')@,*+&#50! +%! &#$! -+0(*$&$! $)$5$%&! 4,*51)'&+,%=! "#+0! ')),30! 4,*! ('7&1*+%@! &#$! *$')+0&+(! '%-!
'((1*'&$!&*'%0+&+,%!4*,5!(,%&+%115!&,!-+0(,%&+%115!?$#'.+,1*=!

"#$! 0&*$006-+07)'($5$%&! *$)'&+,%0#+7! +%!56789:$2! +0! -$4+%$-!?/! &#*$$!J$/!7'*'5$&$*02! 7$'J! 0&*$00! P6S!
*$7*$0$%&+%@!5'&$*+')! 0&*$%@&#8!5'9+515!$)'0&+(!-+07)'($5$%&! P8-S8!'%-!(*+&+(')!-+07)'($5$%&! P8(S=!9.!
*$7*$0$%&0!&#$!4*'(&1*$!$%$*@/8!3#+(#!+0!-$4+%$-!'0!&#$!'*$'!1%-$*!&#$!0&*$006-+07)'($5$%&!(1*.$!'4&$*!
4'+)1*$=!G,*!&#$!%,*5')!0&*$00!(,57,%$%&!P:%S8! +&!(,**$07,%-0!&,!&#$!&$%0+)$!0&*$%@&#!P6"S8!3#+)$!4,*!&#$!
0#$'*!0&*$00!(,57,%$%&!P;S8!+&!*$7*$0$%&0!&#$!0#$'*!0&*$%@&#!P6/S=!F%!&#+0!5,-$)8!&#$!&$%0+)$!0&*$%@&#!P6"S!+0!
'0015$-!&,!?$!(,%0&'%&8!3#$*$'0!&#$!0#$'*!0&*$%@&#!P6/S!+0!-$&$*5+%$-!?/!&#$!I,#*6U,1),5?!(*+&$*+,%!
3+&#!'!&$%0+,%!(1&6,44=!

! !!
+4!:%![!6"!

!2"#$
+4!:%!\!6"!

]$*$8!(,#$0+,%!P0S8!+%&$*%')!4*+(&+,%!'%@)$!P<S8!'%-!%,*5')!0&*$00!P:%S!'(&+%@!7$*7$%-+(1)'*!&,!&#$!0#$'*!
-+*$(&+,%!'*$!&'J$%!+%&,!'((,1%&=!F&!+0!+57,*&'%&!&,!%,&$!&#'&!&#$!$%@+%$$*+%@!5$(#'%+(0!0+@%!(,%.$%&+,%!
+0!10$-8!3#$*$!&$%0+)$!0&*$00!+0!7,0+&+.$!'%-!(,57*$00+.$!0&*$00!+0!%$@'&+.$=!

    
fcontact = grad!ci

" grad!t j( )Vij =#ci
!#t j

$
j=1

n

%
i=1

m

% dVij

 
!ci  

!t j

 
!ci  

!t j  
!ci  

!t j

 fr = µN

 ftan ! µN

  

fs =
c !" n tan#,

c ! ft tan#,

$
%
&

'&
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4.J& K%L&)<6+%<6'*&('<&)H6336*?&M%7':"$&
[($#N8#/*3#(+,9$7/&)3#(+,$I14,+$./$%"*88*()L$/#,4'+*()$7/.3$"&33#/$/.%0$*38&%+$&/#$%.''#%+#1$
&(1$3#&,4/#1E$V.3#$ 7/&)3#(+,9$-"*%"$&88#&/$ +.$6#$%.38/#,,#1$ *(+.$%/&+#/$-&'',9$%&($6#$
6/4,"#1$ &-&:$ 7/.3$ +"#$ %/&+#/$ ,4/7&%#,$ &(1$ &/#$ *(%'41#1$ *($ +"#$ #N8#/*3#(+&'':$ 1#+#/3*(#1$
d%/&+#/$3&,,eE$!"#,#$&11*+*.(&'$3#%"&(*%&'$8.,+58/.%#,,*()$,+#8,$&''.-$7./$74/+"#/$&(&':,*,$.7$
+"#$*38&%+#1$/#)*.(9$,4%"$&,$1#+#/3*(*()$%/&+#/$2.'43#$./$3&,,E$F"#($%.38&/*()$,*34'&+#1$
%/&+#/,$-*+"$/#&'$.(#,9$*+$*,$*38./+&(+$+.$&%%4/&+#':$*(+#/8/#+$+"#$%/&+#/$7./3&+*.($*($+"#$2*/+4&'$
-./'1E$B.-#2#/9$+"*,$*(+#/8/#+&+*.($%&($6#$%"&''#()*()$&,$*+$1.#,$(.+$"&2#$+"#$,&3#$,*38'*%*+:$
&,$8":,*%&'':$6/4,"*()$&-&:$7/&)3#(+,$*($+"#$/#&'$-./'1E$

[($+"#$(43#/*%&'$3.1#'9$7/&)3#(+,$&/#$*1#(+*7*#1$&(1$*(1#N#1$6&,#1$.($+"#$%.((#%+*2*+:$.7$+"#*/$
6.4(1&/:$ ,4/7&%#,9$ #77#%+*2#':$ 1*,+*()4*,"*()$ +"#3$ 7/.3$ +"#$ *(+&%+$ /.%0$ +&/)#+E$ F"*'#$ +"*,$
3#+".1$*,$#77#%+*2#$*($/#%.)(*,*()$7/&)3#(+,9$*+$8/#,#(+,$%"&''#()#,$-"#($1#+#/3*(*()$-"*%"$
7/&)3#(+,$,".4'1$6#$/#3.2#1$+.$&%%4/&+#':$,*34'&+#$+"#$7./3&+*.($.7$&$%/&+#/E$?(#$%.33.($
*,,4#$&/*,#,$-"#($%#/+&*($1#+#%+#1$7/&)3#(+,$&/#$%.38'#+#':$#36#11#1$-*+"*($+"#$*(+&%+$/.%0$
3&,,9$3&0*()$+"#*/$/#3.2&'$*38.,,*6'#$I&,$1#8*%+#1$*($2%3456,1LE$!.$&11/#,,$+"*,$*,,4#9$-"*%"$
"&,$&/*,#($ *($,#2#/&'$8/.>#%+,$ +"&+$#(%.4(+#/$ ,*3*'&/$ %"&''#()#,$-*+"$%"*88*()$ /#3.2&'9$ +"#$
"#$%&%'($+#&3$1#2#'.8#1$&$8.,+58/.%#,,*()$3#+".1$+.$,*34'&+#$/#&'*,+*%$7/&)3#(+$/#3.2&'$6:$
*1#(+*7:*()$&(1$#N%'41*()$,4%"$7/&)3#(+,E$F*+".4+$+"*,$3#+".19$/#3.2*()$&''$7/&)3#(+,$-.4'1$
/#,4'+$*($4(/#&'*,+*%$%/&+#/$3./8".'.):E$$

$
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-#/#$7.4(1$+.$6#$#77#%+*2#E$[+$*,$*38./+&(+$+.$(.+#$+"&+$+"#,#$%.(1*+*.(,$&/#$&88'*#1$+.$
&''$7/&)3#(+,$,".-($*($2%3456,79$#N%'41*()$+"#$3&*($*(+&%+$/.%0$+&/)#+$/#8/#,#(+#1$6:$
+"#$1&/0$6'4#$/#)*.(E$

PE$ @4($ +"#$ ,*34'&+*.($ -*+"$ +"#$ ,8#%*7*#1$ *(*+*&'$ 2#'.%*+:$ &(1$ &%%#'#/&+*.($ 7./$ &$ ,"./+$
14/&+*.(E$!"/.4)"$#N8#/*3#(+&+*.($*($+"*,$8/.>#%+9$*+$-&,$1#+#/3*(#1$+"&+$&$,*34'&+*.($
+*3#$.7$QEU$3,$-&,$,4*+&6'#E$

OE$ A&'%4'&+#$+"#$.2#/&''$1*,8'&%#3#(+,$.7$#&%"$7/&)3#(+$6:$%.38&/*()$+"#$%4//#(+$(.1&'$
%../1*(&+#,$ .7$ +"#$ %.(,+*+4#(+$ #'#3#(+,$ -*+"$ +"#*/$ %../1*(&+#,$ &+$ +"#$ ,+&/+$ .7$ +"#$
,*34'&+*.(E$[7$+"#$3&N*343$(.1&'$1*,8'&%#3#(+$-*+"*($&$7/&)3#(+$#N%##1,$&$+"/#,".'1$
1*,8'&%#3#(+9$+"#$7/&)3#(+$*,$%.(,*1#/#1$7./$/#3.2&'$&(1$%.(+/*64+#,$+.$+"#$/#3.2&'$
3&,,$I&,$*''4,+/&+#1$*($2%3456,7LE$!"#$+"/#,".'1$1*,8'&%#3#(+$*,$1#+#/3*(#1$&,$ "*"#"-.)
3+.&'"#6)E)#">+)F)G7H)E)-''+.+%-#"&*)E)#">+.E$
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7./$%.38/#,,*.($&(1$+#(,*.($3.1#,9$/#,8#%+*2#':9$&,$74(%+*.(,$.7$,+/&*($/&+#$I+,LE$!"#$-./'$*,$
&88'*#1$+.$%."#,*.($&(1$7/&%+4/#$#(#/):$/#'#&,#$/&+#$*($3.1#$[[$I0((Lm$&(1$-./)$&/#$&88'*#1$+.$
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Validation Effect of Insert Shape Effect of Rock Type Groove Distance (mm) Two Inserts Distance (mm) Back Pressure (MPa) WoB (kg) Impact Velocity (m/s) Indenter Shape Rock Type Dominant Mineral Realisation

Feldsapr 3

Quartz 3

Biotite 3

20 100 2.33 Conical Feldspar 3

20 100 2.33 Spherical Red Bohus Feldspar 3 3
2x10: 2, 3, 5 20 100 2.33 Spherical 3

2x10: 2, 3, 5 20 100 2.33 Conical 3

0+d,5+d,10+d,15+d 20 100 2.33 Spherical 1

0+d,5+d,10+d,15+d 20 100 2.33 Conical 1

0, 3.5, 7.5,12.5,17.5,22.5 20 100 2.33 Spherical 1

0, 3.5, 7.5,12.5,17.5,22.5 20 100 2.33 Conical 1

53

Feldspar 12

Sidobre

Sidobre

Feldspar

Feldspar

Rock Properties

Sidobre

Sidobre

Spherical

Objectives Loading Conditions

10020

Number of Model

12

18

8

2.33

File Name Labels/Parameters Depth Volume Depth Volume Dissipated Damage Index Max Contact Force Max Bit Displacement Stiffness (N/m)

Chipping Energy Bit-Rock InteractionFragments

3 3 48.63 13 856.37 9.928 0.607 37.421 1.359 27.536

3 13 10.419 0.637 36.929 1.409 26.209
Repeated_Conical_3mm
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Dis Force Energy Energy Dissipated Dis Force Energy Energy Dissipated
0 0 0 9.927879874 -2.79 0 0 10.41889123

0.046 0 0 DI -2.744 0 0 DI
0.093 0 0 0.606876296 -2.697 0 0 0.636891078

0.14 0 0 f_max -2.65 0 0 f_max
0.186 0 0 37.421 -2.604 0 0 36.929

0.233 0 0 d_max -2.557 0 0 d_max
0.279 0 0.000785981 1.359 -2.511 0 0 1.409
0.326 33.446 0.020961436 -2.464 0 0 f_avg
0.373 858.53 0.06314949 -2.417 0 0 37.175
0.419 1887.1 0.1085371 -2.371 0 0 d_avg
0.466 2731.5 0.1533019 -2.324 0 0 1.384
0.512 3933.8 0.2230287 -2.277 0 0 E_avg
0.558 5763.1 0.29158425 -2.231 0 0 10.17338555
0.603 7196.2 0.365447 -2.184 0 0 DI_avg
0.649 8692.8 0.4174016 -2.137 0 0 0.621883687
0.693 10280 0.479952 -2.091 0 0

0.737 11536 0.5183435 -2.044 0 0

0.78 12573 0.580629 -1.997 0 0

0.823 14433 0.6174395 -1.95 0 0

0.864 15686 0.6800055 -1.904 0 0

0.905 17485 0.7191015 -1.857 0 0

0.944 19392 0.764522 -1.81 0 0

0.982 20846 0.7994035 -1.763 0 0

Repeated_Conical_3mm_1 Repeated_Conical_3mm_2
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