
!

!

!

!

DIPARTIMENTO DI INGEGNERIA  

 

Via Vito Volterra 62 00146 Roma tel. 06.5733.3236-fax 06.5593732 – e-mail: laura.grossi@uniroma3.it 

"#$%&!'()*!

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

011234!52!6787924:7!";<<82=>?!@7A!B2B482?!@7A!28!=4:C7A2D7:B4!52!:&!(!2:=>A2=4!52!E488><4A>924:7!

"A4C73324:>87!@7A!87!>BB212BF!52!G0BB212BF!52!A73B>;A4!@7A!28!A7=;@7A4!52!>BBA799>B;A7!5>8!1>84A7!

3B4A2=4!@A737:B2!:78!H2@>AB2D7:B4G!I=452=7!3787924:7J!KLHMNOL"#$%L'/P,L/(L)/(*Q!

!
MR!HM#+%%$#+!H+R!HM"0#%MS+N%$!HM!MNO+ON+#M0!

!
TM6%$!

"#!$%&'(!)*+,-..)/!012%!3!45660!*/!"7!80(9!0#!:;0#9!#9!<;88#"4=9!>66"7"(210?"57"!@5((575!457A91"19!"7401"4="!
"7B"C"B;0#"!0B!9(@912"!B"!@15C020!456@9297?0!@91!#9!9("'97?9!0!4;"!757!@5((575!A01!A15729!457!"#!@91(570#9!"7!
(91C"?"5D!
!

TM6%$!

#E012%! F-! B9#! $%&%! B9#! .G,.3,-..H! 7%! --F/! 457C912"25! 457! &%! .G,.I,-..*! 7%! -GI! 1"';01B0729! JK"(;19! B"!
4551B"7069725!9!10?"570#"??0?"579!B9##0!(@9(0!@;88#"40L!!
!

TM6%0!

#0!&%!.*,.I,-..I!7%)FF!MN57C91("579!"7!#9''9/!457!65B"A"40?"57"/!B9#!B941925O#9''9!-+!'";'75!-..I/!7%!))-/!
1940729!JB"(@5("?"57"!;1'972"!@91!#5!(C"#;@@5!945756"45/!#0!(96@#"A"40?"579/!#0!456@92"2"C"2P/!#0!(208"#"??0?"579!
B9##0!A"707?0!@;88#"40!9!#0!@919:;0?"579!21"8;201"0QR!
!

TM6%+!

#9! N"145#01"! B9#! $"@012"69725! B9##0! S;7?"579! <;88#"40! 7%)! B9#! -G,.),-..I! 9! 7%-! B9##E)),.F,-..I! 19#02"C9!
0##E0@@#"40?"579!B9"!4566"!B0!GF!0!+F!B9##E012%!F!B9##0!&%-GG,-..3%!
!

TM6%$!

T#!$%<%U%!-I,)-,-...!7%GG+D!
!

E$N6MH+#0%$!

&E9("25!79'02"C5!B9##0!1"45'7"?"579!"729170!@;88#"4020!"7!B020!)!>'5(25!-.)H!457!<152%!71%!F.+I!
!

E$N6MH+#0%$!

N=9! #0! A"';10! @15A9(("570#9! 1"4="9(20! 757! V! 5''922"C069729! 1"7C97"8"#9! 79##E068"25! B9##9! 1"(51(9! ;6079! 0!
B"(@5("?"579!0##E"729175!B9##EW7"C91("2P!B9'#"!X2;B"!U560!Y19!

!

"#+6$!0%%$!

4=9!"#!$"@012"69725!B"!T7'9'791"0/!@91!#9!9("'97?9!B"!4;"!(5@10/!1"2"979!7949((01"5!0CC0#91("!B"!A"';10,9!"B5790,9!
9!@012"45#0169729!9(@9120,9/!0#!6569725!757!B"(@57"8"#9,"!0##E"729175!B9##0!(21;22;10/!@91!(5@@91"19!0B!9("'97?9!
@012"45#01"/!296@510799!9!4572"7'972"!79##E068"25!B9##9!(;BB9229!022"C"2PD!!

!

E$N6MH+#0%0!

#0!702;10!296@510790!B9##E"7401"45!9!#0!@19(20?"579!:;0#"A"4020/!757!1"97210729!A10!"!456@"2"!@15@1"!B9#!@91(570#9!
B"@97B9729D!
!

0EE+#%0%0!

#0!B"(@57"8"#"2P!79#!Z;B'92!-.)H!B9#!<15'9225!Z;B'92!$"19?"579D!
!

HM6"$N+!

!

0AB&!(&!

[!"7B9220!;70!(9#9?"579!@;88#"40/!@91!Y"25#"!@91!"#!457A91"69725!B"!7%!)!"7401"45!B"!N5##08510?"579!<15A9(("570#9!
0"!(97("!B9'#"!012%!---H!9!(9';972"!B9#!N%N%!B9##0!B;1020!60(("60!B"!)-!69("!B"!"6@9'75!#0C5102"C5!457!1"A91"69725!



!

!

!

!

DIPARTIMENTO DI INGEGNERIA  

 

Via Vito Volterra 62 00146 Roma tel. 06.5733.3236-fax 06.5593732 – e-mail: laura.grossi@uniroma3.it 

0##0,9!022"C"2P!5''9225!B9#!@19(9729!0CC"(5%!&0!(9#9?"579!1"';01B0!#9!(9';972"!022"C"2P\!>22"C"2P!B"!19(20;15!@91!"#!
194;@915!B"!02219??02;19!B0#!C0#519!(251"45!@19(972"!79#!$"@012"69725%!!
!

0AB&!)!

<91!#E066"(("579!0##0!@1549B;10!B"!(9#9?"579!V!1"4="9(25!"#!@5((9((5!B9"!(9';972"!19:;"("2"\!
O! ]2P!757!"7A91"519!0!)I!077"!
O! N"220B"707?0!"20#"070!5!B"!0#215!X2025!696815!B9##EW7"579!];15@90D!
O! @91!"!4"220B"7"!9^210456;7"201"/!@5((9((5!B9##0!B54;69720?"579!7949((01"0!@91!#0!(2"@;#0!B9#!457210225!

M@9169((5!B"!(5''"5175/!40120!B"!(5''"5175/!1"775C5RD!
O! '5B"69725!B9"!B"1"22"!4"C"#"!9!@5#"2"4"D!
O! 757!0C91!1"@512025!457B0779!@970#"!@0((029! "7!'";B"4025/!7_!0C919!@1549B"6972"!@970#"! "7!451(5!4=9!

"6@9B"(4075!0"!(97("!B9##9!C"'972"!B"(@5("?"57"/!#0!45(2"2;?"579!B"!:;0#("0("!10@@5125!B"!#0C515!457!#0!
<;88#"40!>66"7"(210?"579D!

O! $"@#560!B"!T(21;?"579!X9457B01"0!X;@91"519%!
!
`9#!40(5!B"!2"25#"!B"!(2;B"5!457(9';"2"!0##E9(2915!#E9:;"C0#97?0!C911P!B"4="01020!B0##0!N566"(("579!0"!(5#"!A"7"!
B9##0!@1549B;10%!
>##0!(9#9?"579!757!@5((575!@01294"@019!45#515!"!:;0#"!088"075!;7!'10B5!B"!@019729#0/!457";'"5!5!0AA"7"2P/!A"75!
0#!:;0125!'10B5!456@19(5/!457!;7!@15A9((519!0@@012979729!0#!$"@012"69725!B"!T7'9'791"0!5CC915!457!"#!U922519/!
$"1922519!a97910#9!5!;7!456@579729!B9#!N57("'#"5!B"!>66"7"(210?"579!B9##E>29795%!
!
T!19:;"("2"!@19(41"22"!B988575!9((919!@5((9B;2"!0##0!B020!B"!(40B97?0!B9#!2916"79!(208"#"25!79#!@19(9729!807B5!@91!
#0!@19(9720?"579!B9##0!B5607B0!B"!066"(("579!0##0!(9#9?"579%!
!

0AB&!'!
N0102291"(2"4=9!4;11"4;#01"!1"4="9(29\!

O! $"@#560!B"!T(21;?"579!X9457B01"0!X;@91"519!
O! XC5#'"69725!022"C"2P!@15A9(("570#9!B"!609(215!Bb0(4"0!
O! N56@15C020!9(@91"97?0!@#;1"9770#9!79#!(922519!B9#!19(20;15!9!B9#!194;@915!B"!65B9##"!70C0#"!"7!#9'75!

B0#!C0#519!(251"45!
!

0AB&!-!
&9!B5607B9!B"!@01294"@0?"579/!19B0229!"7!40120!(96@#"49/!9!456@#929!B"!4;11"4;#;6!C"209/!B5C10775!@91C97"19!
97215!9!757!5#219!)+!'"517"!B0##0!B020!B"!@;88#"40?"579!B9#!@19(9729!807B5!(;##E>#85!<19251"5!B"!>29795!"7!8;(20!
4=";(0! (;##0! :;0#9/! @970! #E9(4#;("579/! B5C1P! 9((919! "7B"4025!5#219! 0#! 7569!B9#! 407B"B025! #E0@@5(20!B"4"2;10%!
J$5607B0!B"!@01294"@0?"579!0##0!(9#9?"579!@91!#E0AA"B069725!B"!7%!)!"7401"45!B"!N5##08510?"579!<15A9(("570#9!
@91\!J>22"C"2P!B"!19(20;15!@91!"#!194;@915!B"!02219??02;19!B0#!C0#519!(251"45!@19(972"!79#!$"@012"69725L!O!N5B"49!
(9#9?"579\!Zc$T`ac<UdYcF.+Ic.)c-.)HL/!@19((5!"#!$"@012"69725!B"!T7'9'791"0!M-e!@"075/!(207?0!-%F/!f"0!
f"25!f5#29110!*-/!..)G*!U560!O!>66"7"(210?"579!R/!B0#! #;79Bg!0#!C9791Bg!B0##9!519!)./..!0##9!519!)F/..!5!
2106"29!@5(20!9#922157"40!4912"A"4020!0##E"7B"1"??5\!"7'9'791"0h029795%;7"1560F%"2%!
!
&0!B5607B0!B5C1P!9((919!19B0220!(9457B5!#5!(4=960!0##9'025!0#!@19(9729!0CC"(5!B"!(9#9?"579!M>##9'025!)!9!-R%!
&0!@19(9720?"579!B9##0!B5607B0!B"!@01294"@0?"579!0##0!(9#9?"579!B"!4;"!0#!@19(9729!0CC"(5!=0!C0#97?0!B"!@"970!
0449220?"579!B9##9!457B"?"57"!"7!9((5!1"@512029/!B"!@"970!457(0@9C5#9??0!B9##0!702;10!0;257560!B9#!10@@5125!
#0C5102"C5/!7574=_!B"!4575(497?0!9B!0449220?"579!B9##9!75169!B922029!79#!@19(9729!0CC"(5%!
`9##0!B5607B0!B"!066"(("579!"!407B"B02"!B5C10775!B"4="01019!(5225!#0!@15@1"0!19(@57(08"#"2P/!@970!#E9(4#;("579!
B9##0!(9#9?"579/!:;0725!0@@19((5!(@94"A"4025\!
!

0%! "#!@15@1"5!7569!9!45'7569/!#0!B020!9B!"#!#;5'5!B"!70(4"20/!45B"49!A"(40#9!9!@012"20!Tf>D!
8%! #0!19("B97?0!M456@#920!B"!7;6915!4"C"45/!40@%/!4"22P!9!@15C"74"0RD!
4%! #0!70?"570#"2P!B"!0@@0129797?0D!
B%! (9! 4"220B"7"! "20#"07"/! "#! 456;79! 79##9! 4;"! #"(29! 9#922510#"! 1"(;#2075! "(41"22"! 5! "! 652"C"! B9##0! 6074020!

"(41"?"579!5!B9##0!40749##0?"579!B9##9!#"(29!69B9("69D!



!

!

!

!

DIPARTIMENTO DI INGEGNERIA  

 

Via Vito Volterra 62 00146 Roma tel. 06.5733.3236-fax 06.5593732 – e-mail: laura.grossi@uniroma3.it 

9%! B"!757!0C91!1"@512025!457B0779!@970#"!5CC915! #9!9C972;0#"!457B0779!1"@512029! "7B"407B5!'#"!9(2196"!
B9##9!19#02"C9!(97297?9/!074=9!(9!("0!(2020!45749((0!067"(2"0/!457B575/!"7B;#25!5!@91B575!'";B"?"0#9!M#0!
B"4="010?"579!C0!19(0!074=9!"7!0((97?0!B"!457B0779!@970#"RD!

A%! "#! @5((9((5! B9#! 2"25#5! B"! (2;B"5! B"! 4;"! 0##E012%-! B9#! @19(9729! >CC"(5! B"! X9#9?"579/! 457! (@94"A"40!
"7B"40?"579!B9##0!B020!B"!457(9';"69725/!B9##EW7"C91("2P!@19((5!4;"!V!(2025!457(9';"25!9!B9##0!C520?"579!
1"@512020D!

'%! "#!@5((9((5!B9##9!40102291"(2"4=9!4;11"4;#01"!4;"!0##E012%FD!
=%! 45@"0!B9##0!1"4="9(20!B9##E0;251"??0?"579!0##5!(C5#'"69725!B"!"7401"4="!B0!@0129!B9##E066"7"(210?"57"!B"!

0@@0129797?0/!"7!40(5!"#!407B"B025!("0!B"@97B9729!B"!;70!@;88#"40!066"7"(210?"579!0"!(97("!B9##E012%+F!
B9#!$%&'(%)*+,-..)!M#0!6074020!@19(9720?"579!B9#!19'5#019!7;##0!5(20!@1"60!B9##E"7"?"5!B9##9!022"C"2P!
456@5120!#0!B940B97?0R%!
!
T!407B"B02"!B"!4"220B"707?0!B"C91(0!B0!:;9##0!"20#"070!B5C10775!B"4="01019/!"75#219\!

!!!!"%!!!B"!'5B919!B9"!B"1"22"!4"C"#"!9!@5#"2"4"!79##5!X2025!B"!0@@0129797?0!5!B"!@15C97"97?0/!5CC915!"!!
! 652"C"!B9#!6074025!'5B"69725!B9"!B"1"22"!(29(("%!
!

T7!40#49!0##0!B5607B0!B9C9!9((919!0@@5(20!#0!A"160!B9#!407B"B025!M0"!(97("!B9##E012%FH!B9#!$%<%U%!GG+,-...!757!
V! @"i! 1"4="9(20! #E0;2972"40?"579R%! &0! 6074020! 0@@5("?"579! B"! A"160! 0;25'10A0! 757! V! (0708"#9! 9! 456@5120!
#E0;25602"40!9(4#;("579!B0##0!(9#9?"579%!
!
T#!407B"B025!@51202519!B"!=07B"40@/!79##0!(29((0!B5607B0!B"!@01294"@0?"579!0##0!(9#9?"579/!B5C1P!(@94"A"4019/!"7!
19#0?"579!0##0!@15@1"0!B"(08"#"2P/!B07B579!B98"20!B54;69720?"579/!#E0;("#"5!7949((01"5!"7!(9B9!B"!@15C9!7574=_!
#E9C972;0#9!7949(("2P!B"!296@"!0''";72"C"%!
!

0AB&!P!
N5(2"2;"(4575!652"C"!B"!9(4#;("579!B0##0!(9#9?"579\!

O! &0!1"49?"579!B9##0!B5607B0!5#219!"!2916"7"!B"!4;"!0##E012%!G!
O! &0!6074020!(5225(41"?"579!B9##0!B5607B0!
O! &E0((97?0!B9"!19:;"("2"!"7B"402"!79##E012%!-!9!79##E012%!F!
O! T#!6074025!"7C"5!B9#!4;11"4;#;6!C"209!45729(2;0#9!0##0!B5607B0/!4569!"7B"4025!79##E012%G%!

!

0AB&!U!
&0!456@5("?"579!B9##0!N566"(("579!9(06"7021"49!(01P!B9A"7"20!457!(;449(("C5!@15CC9B"69725!B9#!$"1922519%!
!

0AB&!V!
&0! (9#9?"579!0CC911P!02210C91(5! #0!C0#;20?"579!B9"! 2"25#"! 9! (01P! A"70#"??020!0B!044912019! #0!457'1;97?0! 210! #9!
456@9297?9!@5((9B;29!B0#!407B"B025!9!:;9##9!@15@1"9!B9#!@15A"#5!1"4="9(25%!
&0!N566"(("579!9(06"7021"49!0#! 2916"79!B9##9!022"C"2P! A516;#91P!;70!'10B;0251"0!B"!691"25!B9##9!C520?"57"!
1"@512029!B0"!407B"B02"!B9##0!(9#9?"579!9(@19((0!"7!3.9("6"%!!

!
>"!A"7"!B9##E"7B"C"B;0?"579!B9"!(5''922"!4;"!457A91"19! #E"7401"45!C97'575!A"((02"! "!(9';972"!41"291"!070#"2"4"!B"!
C0#;20?"579!B9"!2"25#"!1"4="9(2"!B0#!@19(9729!807B5!4;"!C9110775!0((9'702"!@;729''"!60(("65!456@#9(("C5!B"!3.\!
!
H2@84D>!52!M3BA;924:7!67=4:5>A2>!6;@7A24A7!A"75!0B!;7!60(("65!B"!@;72"!+,3.!
6148W2D7:B4!>BB212BF!@A4C73324:>87!52!D>73BA4!5X>3=2>!A"75!0B!;7!60(("65!B"!@;72"!F+,3.!
E4D@A41>B>!73@7A27:9>!@8;A27::>87!:78!37BB4A7!578!A73B>;A4!7!578!A7=;@7A4!52!D457882!:>1>82!2:!87W:4!5>8!

1>84A7!3B4A2=4!A"75!0B!;7!60(("65!B"!@;72"!F.,3.!
!
&0!C0#;20?"579!9AA922;020!B0##0!N566"(("579!9(06"7021"49!B9C9!1"(;#2019!B0!0@@5("25!C9180#9%!
T7!40(5!B"!@01"2P!B"!@;729''"5!0C1P!#0!@1949B97?0!"#!@"i!'"5C079!B"!92P%!
&0!C0#;20?"579!757!BP!#;5'5!0!'";B"?"!BE"B579"2P!9!757!45(2"2;"(49!"7!79((;7!40(5!'10B;0251"0!B"!691"25%!
T#!$"@012"69725!B"!T7'9'791"0!@15CC9B91P!0!4572022019!B"1922069729!"#!@19(202519!"7B"C"B;025!79##E0225!B"!(49#20!
652"C020%!



!

!

!

!

DIPARTIMENTO DI INGEGNERIA  

 

Via Vito Volterra 62 00146 Roma tel. 06.5733.3236-fax 06.5593732 – e-mail: laura.grossi@uniroma3.it 

T#!$"@012"69725!B"!T7'9'791"0!("!1"(91C0!B"!"7291156@919/!074=9!B9A"7"2"C069729/!#0!@1549B;10!B"!0''";B"40?"579/!
1"29797B5("!(C"745#020!B0'#"!9("2"!@15CC"(51"!B9##0!@1549B;10!"7!451(5%!
!

0AB&!,!

T! B02"! @91(570#"! 210(69(("! B0"! 407B"B02"! 457! #9! B5607B9! B"! @01294"@0?"579! 0##0! (9#9?"579! (010775! 2102202"!
9(4#;("C069729!0"!(97("!B9#!$%&'(%!F.,.*,-..F!7%!)H*!9!(%6%!@91!#9!A"70#"2P!B"!'9(2"579!B9##0!@19(9729!@1549B;10!
(9#922"C0%!T#!457A91"69725!B"!20#"!B02"!V!588#"'0251"5!0"!A"7"!B9##0!C0#;20?"579!B9"!19:;"("2"!B"!@01294"@0?"579/!@970!
#E9(4#;("579!B0##0!(9#9?"579%!
!

0AB&!*!

T#! $"@012"69725! B"! T7'9'791"0! ("! 1"(91C0! B"! @1549B919! 0##E0AA"B069725! B9##E"7401"45! 074=9! 79#! 40(5! "7! 4;"!
@91C97'0! 5! ("0! 1"297;20! C0#"B0! ;70! (5#0! B5607B0%! T#!$"@012"69725! B"! T7'9'791"0! ("! 1"(91C0/! 0#219(g/! :;0#510!
1"4511075! 652"C"! B"! "72919((9! @;88#"45/! B"(@5("?"57"! #9'"(#02"C9! 5(202"C9/! "#! C97"1! 6975! B9##E5''9225! B9##0!
@19(20?"579! 9,5! B9##9! 1"(51(9! A"70#"??029! 074=9! 457! 1"A91"69725! 0##0! 45@912;10! A"707?"01"0! B9##0! @19(9729!
@19(20?"579/! #0! A045#2P! B"! 65B"A"4019/! @1515'019/! (5(@97B919! 5! 19C54019! "#! @19(9729! 807B5! (97?0! 4=9! @91! "!
4574511972"! "7(51'0! 0#4;70! @1929(0! 5! B"1"225%! <91! :;0725! 757! 9(@19((069729! @19C"(25! B0#! @19(9729! >CC"(5!
@;88#"45!("!1"7C"0!0##9!B"(@5("?"57"!B"!#9''9/!45721022;0#"!C"'972"!"7!60291"0/!@91!:;0725!0@@#"408"#"!
!

0AB&!(/!

>#!@19(202519!B9##9!022"C"2P!B"!4;"!0##E012%!)!V!0221"8;"25!;7!456@97(5!B"!9;15!)+%.../..!Mj;"7B"4"6"#0,..R/!0#!
#51B5! B9##9! 1"297;29! A"(40#"! 0! 401"45! B9#! @914"@"9729/! Tf>! 9! 45721"8;25! 40((0! B"! @19C"B97?0! 588#"'0251"0! B"!
4029'51"0,45721"8;25!'9(2"579!(9@01020!T`<X!456@19("!
!
&E"6@5125! (01P! 4511"(@5(25! "7! F! 1029! @5(2"4"@029/! @19C"0! @19(9720?"579! B9##0! 4912"A"40?"579! B9##0! 19'5#019!
9(94;?"579!B9#!U9A919729!B9#!457210225!<15A%!>7B190!Z979B9225%!!
!
j;0#510!C97'0!6975!#0!7949(("2P/!#0!457C97"97?0!5!#E5@@512;7"2P!B"!4574192"??019!"!1"(;#202"!B9##0!@1549B;10!
456@0102"C0/! "#!$"@012"69725!B"! T7'9'791"0! ("! 1"(91C0! #0!@5(("8"#"2P!B"!757!@1549B919! 0#! 457A91"69725!B9'#"!
"7401"4="%!
!

0AB&!((&!

>"!(97("!B9##0!&9''9!3!>'5(25!)HH./!7%!-G)/!"#!U9(@57(08"#9!B9#!<1549B"69725!B"!4;"!0#!@19(9729!>CC"(5!V!"#!
$"1922519!B9#!$"@012"69725%!
!

0AB&!()&!

%A>BB>D7:B4!572!5>B2!@7A34:>82!

>"!(97("!B9##E012%)./!45660!)/!B9##0!&9''9!F),)-,)HH*!7%*3+!9!(;449(("C9!65B"A"4=9!9B!"729'10?"57"/!"!B02"!
@91(570#"!A517"2"!B0"!407B"B02"!(010775!10445#2"!@19((5!"#!$"@012"69725!B"!T7'9'791"0/!@91!#9!A"70#"2P!B"!'9(2"579!
B9##0!@1549B;10!B"!C0#;20?"579!456@0102"C0%!
!
U560!"#!-I!>'5(25!-.)H!

T&!$TU]YYdU]!!
! ! <15A%!>7B190!Z979B9225!

!
ccccccccccccccccccccccccccc!



!

!

!

!

DIPARTIMENTO DI INGEGNERIA  

 

Via Vito Volterra 62 00146 Roma tel. 06.5733.3236-fax 06.5593732 – e-mail: laura.grossi@uniroma3.it 

0887W>B4!(!Y!S457884!52!54D>:5>!7!52=Z2>A>924:7!343B2B;B21>!52!=7AB2C2=>924:7!A73>!>2!37:32!5788[>AB&!-U!

578!H"#!),!52=7D<A7!)///!:&--P!\!E45&!3787924:7!KLHMNOL"#$%L'/P,L/(L)/(*!
!

08!H2@>AB2D7:B4!52!M:W7W:7A2>!

]:217A32BF!57W82!6B;52!#4D>!%A7!

T2>!T2B4!T48B7AA>!\!:&!U)!Y!//(-U!#4D>!
!

!
T#,&0!(5225(41"225,0!kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk!
!
7025,0!kkkkkkkkkkkkkkkkkkkkkk%%%%%%%%%%%%%%%%%%%%%%%%%%!M@15C!%%kkk%!R!"#!%kkkkkkkk!
!
19("B9729!0!kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk!M@15C!%%kkk%!R!
!
"7B"1"??5!kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk!7%!kkkk4%0%@%!k%kkk!
!
45B"49!A"(40#9!kkkkkkkkkkkk%kk]%60"#!kkkkkkkkkkkkkkkkkkkkkkkkk!
!
@012"20!T%f%>%!MB025!9C972;0#9R!kkkkkkkkkkkkkkkkkkk%!N9##!kkkkkkkkkkkkkk!

E!^!M!+!H!+!
B"!9((919!0669((5,0!0##0!(9#9?"579!"7!5''9225!
!
9!457(0@9C5#9!4=9/!0"!(97("!B9'#"!0122%!3+!9!3*!B9#!$<U!-I!B"496819!-...!7%GG+/!"7!40(5!B"!B"4="010?"57"!697B04"/!A0#("2P!
79'#"! 022"! 5! ;(5! B"! 022"! A0#("/! "7451191P! 79##9! (07?"57"! @970#"! 1"4="06029! 9! B940B1P! "669B"02069729! B0##0! 9C972;0#9!
0221"8;?"579!B9#!457210225\!

H!M!E!^!M!0!#!0!
□! B"!9((919!4"220B"75!"20#"075D!

□! B"!9((919!"(41"225!79##9!#"(29!9#922510#"!B9#!N56;79!B"!kkkkkkkkkkkkkkkkk%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%!

□! B"!757!0C91!1"@512025!457B0779!@970#"!9!B"!757!0C91!@1549B"6972"!@970#"!"7!451(5D!

□! B"!9((919!"7!@5((9((5!B9"!(9';972"!2"25#"!B"!(2;B"5\!

#0;190!"7!kkkkkkkkkkkkkkkkkkk%!457(9';"20!"#!kkkkkkk%!457!C520?"579!kkkkkk!

M0#215!2"25#5Rkkkkkkkkkkkkkkkkkk!457(9';"25!"#!kkkkkkk%!457!C520?"579!kkkkkk!

□! B"!!'5B919!B9"!B"1"22"!4"C"#"!9!@5#"2"4"!M@91!"!407B"B02"!B"!4"220B"707?0!B"C91(0!B0!:;9##0!"20#"070R!

□! B"!9((919!"7!@5((9((5!B9"!(9';972"!2"25#"!@15A9(("570#"\!kkkkkkkkkkkkkkkkkkkkkkkk%%!

□! B"!0C91!0C;25!5!0C919!"!(9';972"!"7401"4="!@19((5!;70!:;0#;7:;9!(21;22;10!B9##E>29795\kkkkkkkkkkkk!!

□! B"!9((919!"7!@5((9((5!B9##9!9(@91"97?9!9!4575(497?9!1"4="9(29!79#!807B5!B"!(9#9?"579D!

□! B"!9#9''919!"#!@15@1"5!B56"4"#"5!"7!kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk!

kkkkkkkkkkkkkkkkkkkkkkk!M4"22P/!@15C%/!"7B"1"??5!9!4%0%@%R!29#%!kkkkkkkkkk%%!

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

T#,&0!(5225(41"225,0!B"4="015,0!B"!9((919!@51202519!B"!=07B"40@!9!@9120725!4="9B9!4=9!C97'0!45749((5!"7!(9B9!B"!@15C0!"#!

(9';9729!0;("#"5!9,5!296@"!0''";72"C"!MB54;6972019!B98"2069729!"#!2"@5!B"!=07B"40@R!kkkkkkkkkkkkkk%%!

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk!

0887W>!>88>!@A737:B7!(!=4@2>!C2AD>B>!578!=;AA2=;8;D!57W82!3B;52!7!5788>!@A4@A2>!>BB212BF!@A4C73324:>87%!

/00#1)!%!2#13#,(%!(%('0%!%,!4'('-'&%)!kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk%%!

T#!(5225(41"225!9(@1"69!"#!@15@1"5!457(97(5!0AA"74=_!"!B02"!@91(570#"!A517"2"!@5((075!9((919!2102202"!79#!1"(@9225!B9##0!#9''9!7%!

*3+,)HH*!@91!'#"!0B96@"6972"!45779(("!0##0!@19(9729!@1549B;10%!

!
$020!kkkkkkkkkk%! ! ! ! S"160!kkkkkkkkkkkkkkkkkkkk%%%!



!

!

!

!

DIPARTIMENTO DI INGEGNERIA  

 

Via Vito Volterra 62 00146 Roma tel. 06.5733.3236-fax 06.5593732 – e-mail: laura.grossi@uniroma3.it 

0887W>B4!)!Y!HME^M0#0_M$N+!6$6%M%]%MT0!H+RR[0%%$!HM!N$%$#M+%0[!

A73>!>2!37:32!57W82!>ABB&!(*!7!-V!578!H"#!),!52=7D<A7!)///!:&--P!\!E45&!3787924:7!

KLHMNOL"#$%L'/P,L/(L)/(*!
!
MB0!0##9'019!0##0!B5607B0R!
!
!
!
T#,&0!(5225(41"225,0!kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk!
!
7025,0!kkkkkkkkkkkkkkkkkkkkkk%%%%%%%%%%%%%%%%%%%%%%%%%%!M@15C!%%kkk%!R!"#!%kkkkkkkk!
!
19("B9729!0!kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk!M@15C!%%kkk%!R!
!
"7B"1"??5!kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk%kkkkk%!7%!kkkkkk!
!
!
N57(0@9C5#9!4=9/!0"!(97("!B9'#"!0122%!3+!9!3*!B9#!$<U!-I!B"496819!-..!7%GG+/!"7!40(5!B"!B"4="010?"57"!697B04"/!A0#("2P!
79'#"! 022"! 5! ;(5! B"! 022"! A0#("/! "7451191P! 79##9! (07?"57"! @970#"! 1"4="06029! 9! B940B1P! "669B"02069729! B0##0! 9C972;0#9!
0221"8;?"579!B9#!457210225\!

!

H!M!E!^!M!0!#!0!

!
!
O! =Z7!87!C4B4=4@27!A78>B217!>2!37W;7:B2!B2B482!34:4!=4:C4AD2!>88[4A2W2:>87!

!
kkkkkkkkkkkkkkkkkkkkkkkkkkkkkk%!
!
kkkkkkkkkkkkkkkkkkkkkkkkkkkkkk%!
!
kkkkkkkkkkkkkkkkkkkkkkkkkkkkkk%!
!
O! 52!7337A7!2:!@4337334!572!37W;7:B2!B2B482!

!
kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk!
!
kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk!
!
kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk!
!
!
M@;l!9((919!1"#0(4"020!;70!B"4="010?"579!;7"40!0"!2"25#"!4=9!("!B"4="01075!9!0"!2"25#"!4=9!("!0##9'075!0##0!B5607B0!"7!A52545@"0/!
0"!A"7"!B9##0!C0#;20?"579!B0!@0129!B9##0!N566"(("579!9(06"7021"49R!
!
M0##9'019!A52545@"0!B9#!B54;69725!B"!"B972"2P!"7!451(5!B"!C0#"B"2P!9!A52545@"9!B9"!2"25#"!0"!A"7"!B9##0!C0#;20?"579!B0!@0129!
B9##0!N566"(("579R!
!
!
!
$020!kkkkkkkkkk%!
! ! ! ! ! ! ! S"160!kkkkkkkkkkkkkkkkkkkk%%%!
!
!
T!B02"!@91(570#"! 210(69(("!B0"!407B"B02"!457! #9!B5607B9!B"!@01294"@0?"579!0#!457451(5/!0"! (97("!B9##E012%).!B9##0! #9''9!
F),)-,)HH*!7%*3+/!(010775!2102202"!@91!#9!A"70#"2P!B"!'9(2"579!B9##9!@1549B;19!B"!(9#9?"579%!

!


