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Is it the best DR method to use? 
Can we do better? 
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•  C++ ACADEMIC FINITE ELEMENTS SOFTWARE: 

•  Implicit and explicit time schemes 
•  1D, 2D and 3D elements 
•  Complex behaviors (e.g. elasto-hysteresis  for shape memory alloys) 
•  Possibility of implementing and developing new ideas 

HEREZH++ *: 

•  SOFTWARE FOR MESHING AND POST-PROCESSING 

GMSH **: 
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(Proposal 2) 

TL1 

68)"91#+7/4":"01');+)/<+=&'='3"43+

[mm] 



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

D'#$+#&T1"$#/+,"%,T;'%+-$#?+

!"#$%!-)!

D';,T;'()*+(-$#+7#9+'*1+*T-L$%+)V+"&$%'()*#+

<$#?+ _%)^)#';+Q+7:!2Q9+ _%)^)#';+O+7:!29+

!+ =&$%'()*#+ F"-$+7#9+ !+ =&$%'()*#+ F"-$+7#9+

VtUÄs)*$J) VT) STos) VTsUgm) Tgr) VmSS) sVsgtrÄ)

,-N"E$-)$J)")A'%A4G"%)H(0O)A$HP$0(*)
$J)")H'5)$J)&%'"-.4G"%)"-*)%(A&"-.4G"%)
(G(H(-&0)

68)"91#+7/4":"01');+)/<+=&'='3"43+



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

D'#$+#&T1"$#/+e!+$;$-#iN+,)-^;$W+;'8N+"*,%$-$*&';+;)'1"*X+
!  e!+hT'1%'(,+?$W'?$1%';)X-'&()(G(H(-&0)

! 1"&(%'"GI)9'q$-)(G"0&$H(%b)]"00(H#GQ)$J)"-)"**'EF()?U^$%$;'#(,)0&%(00)
"-*)0&%(00)?U#&$%$#"#^g))

!  =*,%$-$*&';)A"GA4G"E$-)]VT)'-A%(H(-&0^))
)

)

)

)

)

)

)

)

)

)

)
)

)

)

b) 9"-*(-#%$4AB() 2L) !"4%(-&) \L) \$A'-() 8L) ;'$) ?g) 2) OQP(%(G"0&$@F'0A$@OQ0&(%(0'0) H$*(G) J$%) "-) (G"0&$H(%'A) #(O"F'$%I)
:5P(%'H(-&"G)"-*)-4H(%'A"G)'-F(0E."E$-0g)Z$HP4&"E$-"G)1"&(%'"G0)<A'(-A()STVTÅrUIroÄ@ÄTmg)

!"#$%!-.!

Mesh !+ Incr. 1 Incr. 2 Incr. 3 Incr. 4 Incr. 5 Incr. 6 Incr. 7 Incr. 8 Incr. 9 Incr. 10 

3969 3 32020 8470 6540 4730 2830 2910 970 2590 910 690 

68)"91#+7/4":"01');+)/<+=&'='3"43+



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

D)*,;T#")*+V)%+*$8+^%)^)#';#+

!"#$%!-*! 68)"91#+7/4":"01');+)/<+=&'='3"43+

)
V)&QP()$J)X-'&()(G(H(-&)

)

)
V)H"&(%'"G)#(O"F'$4%)

)

)
V)G$"*'-.)&QP()

)

)
B*U)&QP()$J)(G(H(-&)

)

)
G$*$%';"]$1)&$)")H$%()

.G$#"G)#(O"F'$4%)
)

)
c$00'#'G'&Q)$J)

"*,%$-$*&';)A"GA4G"E$-0)
)



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

Z$HP"%'0$-)$J)0(F(%"G)>;)H(&O$*0)

4J<52=DB>+EFJ!6+3C+!64B<=D+25>BgBF=34+<5F@3!E+O+

,-&%$*4AE$-)&$)>Q-"H'A);(G"5"E$-)

>;)H(&O$*)d'&O)e>I)-(d)P%$P$0"G0)



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

D)-^'%"#)*+)V+1"p$%$*&+!2+-$&?)1#+

!"#$%!&/! >'9="&13')+'?+3/2/&"4+67+9/0@'*3+

>;)d'&O)B'-(EA)*"HP'-.)
<4AA(00J4GGQ).(-(%"G'j(*)

"-*)F"G'*"&(*)

e>;V)

e>;)

>;)d'&O)B'-(EA)*"HP'-.)-$d)d$%B0)J$%)").(-(%"G)A"0()
=#+"&+L$.$%+&?'*+)&?$%+$W"#(*X+!2+-$&?)1#q+

>;)d'&O)F'0A$40)*"HP'-.)
1"00)H"&%'5)
J$%H4G"E$-)

>"HP'-.)
A$(pA'(-&)& 

>'n(%(-&)P%$P$0"G0)$J)>;)d'&O)9>)'HPG(H(-&(*)



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

$>;)

H>;)

H*>;)

4k>;)

Pk>;)

!2+8"&?+0"#,)T#+1'-^"*X/+"-^;$-$*&$1+V)%-T;'()*#+
! <'##+-'&%"W+V)%-T;'()*/+

!  !'-^"*X+,)$c,"$*&/+

@  _7-*(%d$$*L)VoUmaI)

@  _;(j"'((@c"D"-*L)STVVaI)

@  _Ñ'"-.L)VoUUaI)

!"#$%!&,!

$>;)

H>;)

H*>;)

4k>;)

Pk>;)

>'9="&13')+'?+3/2/&"4+67+9/0@'*3+

mi = !
1
2
maxk=1

3 !3(i!1)+k( )
6"0(*)$-)

_7-*(%d$$*L)VoUma)

6"0(*)$-)
_;(j"'((@c"D"-*L)STVVa)



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

D'#$+#&T1"$#+
!  ,-N"E$-)$J)0k4"%(*)"-*)A'%A4G"%)"'%)#".0)]0"H()P%$P(%E(0)&O"-)
P%(F'$40GQ^)

!  ,-N"E$-)$J)")%"-*$H)-$-@0H$$&O)0O"P()

!"#$%!&-! >'9="&13')+'?+3/2/&"4+67+9/0@'*3+

[mm] 

[MPa] 



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

D'#$+#&T1"$#/+#)-$+%$#T;&#+r+2oO+

!"#$%!&&! >'9="&13')+'?+3/2/&"4+67+9/0@'*3+

[mm] 



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

D'#$+#&T1"$#/+#)-$+%$#T;&#+r+D"%,T;'%+-$#?+

!"#$%!&'! >'9="&13')+'?+3/2/&"4+67+9/0@'*3+

[mm] 



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

D'#$+#&T1"$#/+#)-$+%$#T;&#+r+K$*,?-'%[++

!"#$%!&(! >'9="&13')+'?+3/2/&"4+67+9/0@'*3+

[MPa] 



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

! >;)d'&O)9>)"-*)e>)#)<'H'G"%)

!  ,HP$%&"-A()$J)*"HP'-.)A$(pA'(-&L)ÖA+)

! 7-*(%d$$*))))));(j"'((@c"D"-*)

!  ,HP$%&"-A()$J){)

)

! >;) d'&O) e>) "PP("%0) &$) #() H$%() (pA'(-&) J$%) A$HPG(5) H(0O(0) ]-$-@
0H$$&O^)$%)F(%Q)4-0&"#G()0'&4"E$-0)]'-A%(H(-&"G)A"GA4G"E$-0^)

D)-^'%"#)*/+-'"*+,)*,;T#")*#+

!"#$%!&)! >'9="&13')+'?+3/2/&"4+67+9/0@'*3+



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

D34F2=KJF=34+F3+F@5+<3!5>>=4G+
3C+=4C>BFBK>5+>=C5ABD:5FE+

,-N"&"#G()G'J(D"AB(&0)"-*)A$-&"A&)H(AO"-'A0)

e+

m>)$PEA"G)H("04%(H(-&)

Z%("E$-)$J)")O4H"-)#$*Q)H$*(G)



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

D34F2=KJF=34+F3+F@5+<3!5>>=4G+3C+=4C>BFBK>5+>=C5ABD:5FE+e+

,-N"&"#G()G'J(D"AB(&0)"-*)A$-&"A&)H(AO"-'A0)

m>)$PEA"G)H("04%(H(-&)
Z%("E$-)$J)")O4H"-)#$*Q)H$*(G)



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

3LZ$,(0$+'*1+#$&T^+

!"#$%!&*! A6+'=01#"4+9/"3(&/9/)0+

>;)H(&O$*0)"GG$d)&$)0'H4G"&()
'-N"&"#G()0&%4A&4%(0)

@)8+,;)#$+'%$+8$+&)+%$';"&U+q+



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

E'-^;$+^%$^'%'()*+
! 1"&(%'"GI)&(AO-'A)&(5EG()#)J"#%'A)d("F'-.)

!"#$%!&+! A6+'=01#"4+9/"3(&/9/)0+

<H"GG)0$GG'A'&"E$-0)#),0$&%$P'A)i)



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

<$'#T%"*X+

! !"c,T;($#/+7-"#G()&$)X5)").G$#"G)J%"H(I)%'.'*)#$*Q)H$E$-L)d%'-BG(0LM+

!  5g_>3=FBK>5I)?G$#"G)*'0PG"A(H(-&0)"-*).(-(%"G)"GG4%()

!"#$%!'/! A6+'=01#"4+9/"3(&/9/)0+



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

4T-$%",';+#"-T;'()*/+E?$;;+$;$-$*&#k+

)

)

b)\g)!"4%(-&)"-*)?g);'$L)uW$%H4G"E$-)$J)")&O'-)0O(GG)X-'&()(G(H(-&)d'&O)A$-E-4'&Q)A)"-*)A$-F(A&(*)H"&(%'"G)J%"H()-$E$-vg)
Z$HP4&"E$-"G)1(AO"-'A0L)F$Gg)StL)-$g)mL)PPg)SVU@SmS)]STTV^g),<<8)TVtU@tstÄg)

!"#$%!',!

Membrane Shell 

E. Oñate and F. Flores, “Advances 
in the formulation of the rotation-
free basic shell triangle”. Computer 
Methods in Applied Mechanics and 
Engineering, vol. 194, no. 21-24, 
pp. 2406-2443 (2005)   

A6+'=01#"4+9/"3(&/9/)0+



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

D)-^'%"#)*+7=9+

!"#$%!'-!

96.4 x 2 = 192.8 mm 191.2 mm 

A6+'=01#"4+9/"3(&/9/)0+



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

D)-^'%"#)*+7'*1+==9+

!"#$%!'&! A6+'=01#"4+9/"3(&/9/)0+

C 



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

,-N"&"#G()G'J(D"AB(&0)"-*)A$-&"A&)H(AO"-'A0)

D34F2=KJF=34+F3+F@5+<3!5>>=4G+3C+=4C>BFBK>5+>=C5ABD:5FE+e+

m>)$PEA"G)H("04%(H(-&)

Z%("E$-)$J)")O4H"-)#$*Q)H$*(G)



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

3LZ$,(0$+
B"-I)3$)A%("&()")^'%'-$&$%"]$1+-)1$;+$J)")O4H"-)#$*Q)&O"&)d'GG)0(%F()"0)
")#T^^)%&)&$)$#&"'-)'&0)"*&$%',()*+8"&?+'*+"*Y'&'L;$+;"V$Z',[$&+

+

h\23)3\,<),<)26C73I)

! \4H"-@0O"P(*)W:)H$*(G)

!  W4GGQ)P"%"H(&(%'j(*)]"-Q)O4H"-)H$%PO$G$.Q^)

! 2H$4-&)$J)(G(H(-&0)"0)0H"GG)"0)P$00'#G()

h\23)3\,<),<)43F)26C73I)

! \4H"-)H$*(G)d'&O)")P%(A'0()"-*)F(%Q)%("G'0EA)"GG4%()

! c%(A'0()H$*(GG'-.)$J)"GG)#$*Q)P"%&0)"-*Ç$%)0B(G(&$-)"-*)'-&(%-"G)$%."-0)

!  <&4*Q)$J)B'-(H"EA0)

!"#$%!'(! >&/"01')+'?+"+@(9")+-'*8+9'*/4+



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

<$&?)1);)XU+
)

)

)

! 1(0O)'-)?H0O)J$%H"&)

! 1(0O)A$*(*)"-*).(-(%"&(*)'-)Z~~)

!  VÄs)Ñ4"*%"EA)\(5"O(*%")]St)-$*(0^)
!  :F(-&4"GGQ)G'-("%)O(5"O(*%"G)(G(H(-&0)"�(%)&%"-0J$%H"E$-)d'&O)?H0O)

!"#$%!')! >&/"01')+'?+"+@(9")+-'*8+9'*/4+

_3%$4`"%*L)STTra)



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

<)1$;;$1+-'**$hT"*+
! 1"--(k4'-)

!"#$%!'.!

9'%&4"GGQ)"-Q)0O"P()
Ä)P"%"H(&(%0)&$)*(X-()))

c$00'#'G'&Q)$J)*(X-'-.)&O())
D$'-&0+)#(O"F'$4%)0(P"%"&(GQ)

>&/"01')+'?+"+@(9")+-'*8+9'*/4+



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

,-N"&"#G()G'J(D"AB(&0)"-*)A$-&"A&)H(AO"-'A0)

D34F2=KJF=34+F3+F@5+<3!5>>=4G+3C+=4C>BFBK>5+>=C5ABD:5FE+e+

m>)$PEA"G)H("04%(H(-&)

Z%("E$-)$J)")O4H"-)#$*Q)H$*(G)



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

=*1T#&%"';+'^^;",'()*+)V+!2+-$&?)1#+

!"#$%!'+!

>'pA4GE(0I)
•  Z$HPG(5)0O"P()
•  !"%.()*'0PG"A(H(-&0)
•  <O$%&)EH()
•  ]Z$-&"A&)d'&O)&O()P(%0$-^)

c%$F'*(*)P%$XG() 1(0O)
.(-(%"E$-)

84H(%'A"G)
0'H4G"E$-)]>;^)

c(%G)_3%$4`"%*a)

Herezh++ 
Gmsh 

5)B4"0"-4/+41?/."#$/03+")*+#')0"#0+9/#@")1#3+



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

4T-$%",';+#"-T;'()*+

!"#$%!(/!

Z"GA4G"E$-)P"%"H(&(%0I)

•  :)É)VSÄ)1c")
•  Ü)É)TgrV)
•  á)É))VT@o)&$-ÇHHm)
•  3O'AB-(00)É)TgSt)HH)
•  !$"*I)c)É)TgTVÄ)1P")
•  >Q-"H'A);(G"5"E$-)
•  c%(A'0'$-)VT@m)

mT)TTT)*$JÅ)àÄ)H'-)A"GA4G"E$-)]Sgom)?\jL)Vs)?6);21^)

5)B4"0"-4/+41?/."#$/03+")*+#')0"#0+9/#@")1#3+

KDR 
oDR 

KDR 
oDR 



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

>"V$Z',[$&I-'**$hT"*+"*&$%',()*+

!"#$%!(,!

2GG)&O()P%(0(-&(*)>;)H(&O$*0)A"-)#()"PPG'(*))
&$)&O()0'H4G"E$-)$J)'-N"E$-)$J)")G'J(D"AB(&)

8:[3)<3:c)

Z"-)d()40()>;)&$)0&4*Q)&O()'-&(%"AE$-)G'J(D"AB(&@H"--(k4'-i)

ZC832Z3)
1:Z\28,Z<)

5)B4"0"-4/+41?/."#$/03+")*+#')0"#0+9/#@")1#3+



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

@)8+,)*&',&+"#+"-^;$-$*&$1+"*+@$%$]?ss+

!"#$%!(-!

•  _$*';&U+-$&?)1I)

•  ]wx^)'0)&O()P(-"G&Q)P"%"H(&(%)
o  w)'0)"AA(0'#G()&$)40(%)
o  x)*(P(-*0)$-)#(O"F'$%)$J)

A$-&"AE-.)#$*'(0)]O"%*(%)$J)
0$�(%^)

!
F = !! "" " #x

!  hO(-)()â)(%(.)")x)É)T)
)
!  hO(-)ä(%(.)ã)()ã)(%(.))")x)É)x#"0(](@(%(.^SÇ(%(.S)

!  hO(-)()å)@(%(.))")x)É)x#"0()

5)B4"0"-4/+41?/."#$/03+")*+#')0"#0+9/#@")1#3+



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

d';"1'()*+&$#&#+7=9+

!"#$%!(&! 5)B4"0"-4/+41?/."#$/03+")*+#')0"#0+9/#@")1#3+



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

d';"1'()*+&$#&#+7'*1+==9/+!U*'-",+2$;'W'()*+

!"#$%!('!

!'J(D"AB(&)"q"AO(*)&$)")%'.'*)AQG'-*%'A"G)04%J"A()]!U*'-",+2$;'W'()*^I)

5)B4"0"-4/+41?/."#$/03+")*+#')0"#0+9/#@")1#3+



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

<'**$hT"*+8$'%"*X+&?$+;"V$Z',[$&+
!  <'H4G"E$-)'-)m)0&(P0I)

V^  !'J(D"AB(&)J"GG0)J%((GQ)$-)&O()H"--(k4'-)4-EG)")0EGG)P$0'E$-)

S^  !'J(D"AB(&)'0)F'%&4"GGQ)"q"AO(*)&$)&O()#$*Q)]X5'-.)0$H()-$*(0^)

m^  !'J(D"AB(&)'0)'-N"&(*)#Q)"PPGQ'-.)"-)'-&(%-"G)P%(004%()

!"#$%!((! 5)B4"0"-4/+41?/."#$/03+")*+#')0"#0+9/#@")1#3+



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

C"*';+%$#T;&+7=9+

!"#$%!()! 5)B4"0"-4/+41?/."#$/03+")*+#')0"#0+9/#@")1#3+

[MPa] [MPa] [MPa] 



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

C"*';+%$#T;&+7'*1+==9+

!"#$%!(.!

!  2PPG'A"#'G'&Q)$J)!2+';)*X+8"&?+,)*&',&+-$,?'*",#)O"0)#((-)P%$F(*)
!  =*1T#&%"';+ "*&$%$#&I) *'n(%(-&) #(O"F'$4%) dO(-) &O() G'J(D"AB(&) '0) d$%-) #Q) ")

P(%0$-g)

5)B4"0"-4/+41?/."#$/03+")*+#')0"#0+9/#@")1#3+

[MPa] 



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

D34D>JE=34E+B4!+
_52E_5DF=d5E+

c(%0P(AEF(0)

f+

?(-(%"G)A$-AG40'$-0)



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

D34D>JE=34+B4!+_52E_5DF=d5E+f+

c(%0P(AEF(0)

?(-(%"G)A$-AG40'$-0)



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

D)*,;T#")*#+7=9+
!  :5O"40EF()0&4*Q)$-)!U*'-",+2$;'W'()*I))
@  c%(0(-&(*)&d$)-(d)P%$P$0"G0)&O"&)(5&(-*(*)"PPG'A"#'G'&Q)$J)>;)d'&O)e>I)

@  Z$HP"%'0$-)$J)0(F(%"G)>;)H(&O$*0)

@  2G&(%-"EF()&$)8(d&$-+0)H(&O$*i)

!"#$%!(+! C/)/&"4+#')#4(31')3+

V)>;)H(&O$*)
)

V)&QP()$J)X-'&()(G(H(-&)
)

V)G"d)$J)#(O"F'$%)
)
)

;(0&%'A&(*)#$4-*"%Q)A$-*'E$-0)
)

V)G$"*'-.)&QP()

E$0$%';)>;)H(&O$*0)
)

B*U+&U^$+$J)X-'&()(G(H(-&)
)

G$*$%';"]$1)&$)")H$%().G$#"G)
#(O"F'$%)

)
c%$F(*)'&0)J4-AE$-'-.)d'&O),)*&',&+

)
c$00'#'G'&Q)$J)"*,%$-$*&';)G$"*'-.)



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

D)*,;T#")*#+7==9+
!  m>)$PEA"G)H("04%(H(-&I)X))1+'X%$$-$*&+d'&O)%("G'&Q+

! c"%"H(&(%'j(*)?T-'*+L)1U+-)1$;+

!"#$%!)/! C/)/&"4+#')#4(31')3+



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

D)*,;T#")*#+7'*1+===9+
! B^^;",'()*)$J)>;)&$)"*Y'&'L;$);"V$Z',[$&#)]'-AGg)A$-&"A&)H(AO"-'A0^)

)

!"#$%!),! C/)/&"4+#')#4(31')3+



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

c(%0P(AEF(0)

D34D>JE=34E+B4!+_52E_5DF=d5E+f+

?(-(%"G)A$-AG40'$-0)



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

B,'1$-",+^$%#^$,(0$#+7=9+
! B,'1$-",/+
@  9"G'*"E$-)$J)>;)P%$P$0"G0)d'&O)H$%(),)-^;$W+L$?'0")T%#+]PG"0EA'&Q^)

@  ,HPG(H(-&"E$-)$J)&O()A$HPG(5)L$?'0")T%+)V+&$,?*",+&$W(;$)'-)&O()-4H(%'A"G)
0'H4G"E$-0)]&(0&0)"&)*'n(%(-&)&(HP(%"&4%(0i^)

!"#$%!)&!

Inflation time ~1s 

D/&3=/#012/3+



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

B,'1$-",+^$%#^$,(0$#+7'*1+==9+

@  e!+-$'#T%"*XI)"PP%$P%'"&()04PP$%&)

)

!"#$%!)'! D/&3=/#012/3+



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

=*1T#&%"';+^$%#^$,(0$#+
!  =*1T#&%"';I)
@  h"&(%)H$*(GG'-.)

)

!"#$%!)(! D/&3=/#012/3+

$  B"-I)&$)0'H4G"&()")#(O"F'$4%)-$&)J"%)J%$H)%("G'&Q)

$  W"0&)A"GA4G"E$-0)#)8$)N4'*@0&%4A&4%()A$4PG'-.)

$  2G%("*Q)'HPG(H(-&(*I):3$*+')./%(=*"'',*"("-*):3$*+$3#.9&%(@+*%"'(

$  8(d)P%$#G(HI)d"&(%)'HP"A&)]'HP$%&"-&i^)

\Q*%$0&"EA)
P%(004%()

\Q*%$*Q-"H'A)
J$%A(0)

h"&(%)
'HP"A&)+ + X
? 

2-"G$.Q)d'&O)
'1.99&#-(



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

i 

+

+

+

=*&%)1T,()*+

+

+

3T&;"*$+

+

+

!U*'-",+

2$;'W'()*+

+

+

B^^;",'()*+
&)+;"V$Z',[$&#+

+

+

D)*,;T#")*#+
_$%#^$,(0$#+

=*1T#&%"';+^$%#^$,(0$#+
@  <'H4G"E$-)$J)H"--(k4'-)'-0'*()d"&(%)

)

@  ,HP%$F(H(-&)$J)&O()-'**$hT"*)i)

)

)

)

)

)
)

@  !'J(D"AB(&I)F"G'*"E$-)$J)#$;VI,)*&',&+

!"#$%!))! D/&3=/#012/3+



S+4T-$%",';+#&T1U+)V+1U*'-",+%$;'W'()*+-$&?)1#+'*1+,)*&%"LT()*+&)+&?$+-)1$;;"*X+)V+"*Y'&'L;$+;"V$Z',[$&#+\+
A'0"$%+2)1%"XT$]+G'%,"'+I+!$,$-L$%+MN+OPQQ+

F@B4:+63J+



!"#$%"&$'%()*+,-./-'(%'()*(0)123/%'"45)*()6%(&".-()

78,9:;<,3=)>:)6;:32?8:@<7>)

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

!'0"1+23!456++
:'%);+<=>>52+
<)?'--$1+@A=BA+
C%'*,"#,)+D@=45EFB+

++
+

GH%'%1+2=3+
A$'*I<'%,+DB!3J+
B**$+A3>6+
K$%*'%1+G545BJ+

!$,$-L$%+MN+OPQQ+
A'0"$%+23!2=GJ5R+GB2D=B+


