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*OL VFDULFKL� GL� DFTXH� UHIOXH� LQ� PDUH� VL� UHDOL]]DQR� QRUPDOPHQWH� GRSR� FKH� HVVH�
DEELDQR� VXELWR�DOPHQR�XQ� WUDWWDPHQWR�SULPDULR�� ,O�SURFHVVR�GL�PHVFRODPHQWR�H�GLIIXVLRQH�
FRQVHJXHQWH�DOOR�VFDULFR�GHJOL�LQTXLQDQWL�LQ�PDUH�q��GXQTXH��SDUWH�LPSRUWDQWH�HG�LQWHJUDQWH�
GHOO
LQWHUR� SURFHVVR� GL� WUDWWDPHQWR� GHOOH� DFTXH� UHIOXH�� 'L� TXL� O
LPSRUWDQ]D� GL� XQD�
SURJHWWD]LRQH�RWWLPDOH�GHOOH�FRQGRWWH�GL�VFDULFR�VRWWRPDULQH��GDOOH�TXDOL�VFDWXULVFRQR�JHWWL�GL�
GHQVLWj�� /R� VFDULFR� GHYH� QHFHVVDULDPHQWH� DYYHQLUH� LQ� ]RQH� LQ� FXL� LO� WLSLFR� SURFHVVR� GL�
GLOXL]LRQH�GHL�JHWWL�SRVVD�UHDOL]]DUVL�FRPSLXWDPHQWH�FRQ�XQ�RWWLPDOH�DEEDWWLPHQWR�GHL�FDULFKL�
LQTXLQDQWL�H�FRQVHJXHQWH�UDJJLXQJLPHQWR�GHJOL�VWDQGDUG�TXDOLWDWLYL�GHILQLWL�GDOOD�QRUPDWLYD��

$ WDO� VFRSR� H� DO� ILQH� GL� XQD� RWWLPDOH� SURJHWWD]LRQH�� VSHVVR� VL� XWLOL]]DQR� PRGHOOL�
PDWHPDWLFL� LQ� JUDGR� GL� GHVFULYHUH� LO� FRPSRUWDPHQWR� GHL� JHWWL� GL� GHQVLWj�� VLD� LQ� WHUPLQL�
LGURGLQDPLFL� VLD� LQ� WHUPLQL� FKLPLFR�ILVLFR�ELRORJLFL�� 'L� VROLWL� TXHVWL� PRGHOOL� FRQVLGHUDQR�
O
LQIOXHQ]D��QHO�SURFHVVR�GL�GLIIXVLRQH��GL�HYHQWXDOL�VWUDWLILFD]LRQL�GL�GHQVLWj�GHO�FRUSR�LGULFR�
ULFHWWRUH�� GL� HYHQWXDOL� FDPSL� GL�PRWR�XQLIRUPL�GHO� IOXLGR�DPELHQWH�� DO� ILQH�GL� VLPXODUH� OD�
SUHVHQ]D�GL�FRUUHQWL�SHUVLVWHQWL�QHOOD�]RQD�GL�VFDULFR��1RUPDOPHQWH�LQ�WXWWL�TXHVWL�PRGHOOL�VL�
WUDVFXUD�O
HIIHWWR�GHO�FDPSR�GL�PRWR�RQGRVR�DL�ILQL�GHOOD�GLIIXVLRQH�GHL�JHWWL��,Q�UHDOWj��FRPH�
PHVVR�LQ�HYLGHQ]D�GD�&KLQ���������OD�SUHVHQ]D�GHOOH�RQGH�FRQVHQWH�GL�PLJOLRUDUH�LO�SURFHVVR�
GL GLOXL]LRQH� GHO� VROXWR�� 3RLFKq�� FRPH� DIIHUPD�&KLQ� �������� �OH� RQGH� VRQR�TXDVL� VHPSUH�
SUHVHQWL� QHL�PDUL� HG� RFHDQL�� WHQHUH� LQ� GHELWD� FRQVLGHUD]LRQH� LO� ORUR� EHQHILFR� HIIHWWR� QHOOD�
GLOXL]LRQH�GHJOL�VFDULFKL�VRWWRPDULQL��SXz�VHUYLUH�SHU�XQD�HFRQRPLD�GL�SURJHWWD]LRQH��H��VL�
DJJLXQJH�� SHU� XQD�PLJOLRUH� FRPSUHQVLRQH� GHL� SURFHVVL� GL� LQWUXVLRQH� FKH� VL� UHDOL]]DQR�QHL�
JHWWL��

/D GLOXL]LRQH�PHGLD�6�LQ�VXSHUILFLH�GL�XQ�JHWWR�GL�GHQVLWj�LPPHVVR�LQ�XQ�FDPSR�GL�
PRWR�RQGRVR�SXz�HVVHUH�DQDOL]]DWD�DWWUDYHUVR�O
DQDOLVL�GLPHQVLRQDOH��LO�SURFHVVR�ILVLFR�SXz�
HVVHUH�UDSSUHVHQWDWR�GDOOD�VHJXHQWH�IXQ]LRQH�

( )S = f D,v ,g ,h , , ,a,T,g1 0 0 1 2′ θ θ  

GRYH�'�q�LO�GLDPHWUR�GHOO
XJHOOR��Y� q OD�YHORFLWj�GL�XVFLWD�GHO�JHWWR��J� q O
DFFHOHUD]LRQH�GL�
JUDYLWj�HIIHWWLYD�GHILQLWD�FRPH�VHJXH�
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XJHOOR�� ρ� q OD� GHQVLWj� LQL]LDOH� GHOO
HIIOXHQWH�� J� q� O
DFFHOHUD]LRQH� GL�
JUDYLWj��K
�q�OD�SURIRQGLWj�GHOO
XJHOOR�PLVXUDWD�ULVSHWWR�DO�OLYHOOR�PHGLR�GL�PDUH�FDOPR��θ� q
O
DQJROR�WUD�OD�GLUH]LRQH�GL�XVFLWD�GHOO
HIIOXHQWH�H�OD�GLUH]LRQH�RUL]]RQWDOH��θ� q O
DQJROR�WUD�
OD GLUH]LRQH� GL� XVFLWD� GHO� JHWWR� H� OD� GLUH]LRQH� GL� SURSDJD]LRQH� GHO� PRWR� RQGRVR�� D� q�
O
DPSLH]]D�GHOO
RQGD�H�7�LO�VXR�SHULRGR��6L�DVVXPH�FKH�LO�JHWWR�GL�GHQVLWj�VLD�WXUEROHQWR��

/D�UHOD]LRQH�������SXz�DQFKH�HVVHUH�SL��RSSRUWXQDPHQWH�UDSSUHVHQWDWD�FRPH�VHJXH�

( )S = f M,B,Q,h , , ,a,T,g2 1 2′ θ θ  
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DYHQGR�LQGLFDWR�FRQ�K�OD�SURIRQGLWj��FRQ�N�LO�QXPHUR�G
RQGD�H�FRQ�σ OD�SXOVD]LRQH�GHILQLWL�
ULVSHWWLYDPHQWH�FRPH�VHJXH�
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HVVHQGR�/�OD�OXQJKH]]D�G
RQGD��
3HU� TXDQWR� DWWLHQH� LO�

VLVWHPD�GL�ULIHULPHQWR�XWLOL]]DWR�VL�
YHGD� OD� ILJ�� ����� LQ� FXL� VL�PRVWUD�
DQFKH� LO� GLYHUVR� DQGDPHQWR� GHOOH�
WUDLHWWRULH� GHOOH� SDUWLFHOOH�
DVVRJJHWWDWH� DO� PRWR� RQGRVR��
VHFRQGR� OD� WHRULD� GL� $LU\�� DO�
YDULDUH� GHO� SDUDPHWUR� K�/�� 6L�
RVVHUYD FKH�SHU�K�/!�����VL�q�LQ�
FRQGL]LRQL� GL� DFTXH SURIRQGH� LQ�
FXL�VL�ULVHQWH�GHOO
HIIHWWR�GHO�PRWR�
RQGRVR� SHU� XQD�SURIRQGLWj� XJXDOH�
D /���K�� SHU� �����K�/����� VL�
q LQ� FRQGL]LRQL� GL� DFTXH�
LQWHUPHGLH� LQ� FXL� O
HIIHWWR� GHO�
PRWR� RQGRVR� q� SUHVHQWH� ILQR� DO�
IRQGR� PD� FRQ� LQWHQVLWj� YDULDELOH��
LQILQH�� SHU� K�/������ VL� q� LQ�
FRQGL]LRQL�WLSLFKH�GL�DFTXH�EDVVH� LQ�FXL�O
HIIHWWR�GHO�PRWR�RQGRVR�VL�ULVHQWH�SUDWLFDPHQWH�LQ�
PRGR�XQLIRUPH�SHU�WXWWD�OD�SURIRQGLWj��

3RLFKp�OH�UHOD]LRQL�������PHWWRQR�LQ�HYLGHQ]D�FKH�D�H�J�VRQR�VHPSUH�SUHVHQWL�FRPH�
SURGRWWR�D⋅J� OD�������SXz�HVVHUH�VFULWWD�FRPH�VHJXH�

( )S = f M,B,Q,h , , ,ag,T3 1 2′ θ θ  

RVVHUYDQGR��LQROWUH��FKH�OD�OXQJKH]]D�H�LO�SHULRGR�G
RQGD�VRQR�JUDQGH]]H�OHJDWH�WUD�GL�ORUR�
SHU�OD�EHQ�QRWD�UHOD]LRQH�

)LJ�������7LSLFL�SDUDPHWUL�GL�XQ�FDPSR�GL�PRWR�RQGRVR�H�WUDLHWWRULH�GHOOH�SDUWLFHOOH� 
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LPSRUWDQWH��,Q�SDUWLFRODUH��/4 UDSSUHVHQWD�OD�GLVWDQ]D�D�SDUWLUH�GDOO
XJHOOR�ROWUH�OD�TXDOH�QRQ�
VL ULVHQWH�SL��GHOOD�IRUPD�GHOOR�VWHVVR��/0 UDSSUHVHQWD�OD�GLVWDQ]D�GDOO
XJHOOR�ROWUH�OD�TXDOH�LO�
FRPSRUWDPHQWR�GHO�JHWWR�ULVHQWH�SUHYDOHQWHPHQWH�GHOOH�IRU]H�GL�JDOOHJJLDPHQWR�ULVSHWWR�DOOD�
TXDQWLWj� GL� PRWR� LQL]LDOH�� =0 UDSSUHVHQWD� OD� GLVWDQ]D� GDOO
XJHOOR� ROWUH� OD� TXDOH� LO� PRWR�
RQGRVR SUHYDOH� VXOOD� TXDQWLWj� GL� PRWR� LQL]LDOH� VXO� FRPSRUWDPHQWR� GHO� JHWWR�� =%� LQILQH��
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XJHOOR� ROWUH� OD� TXDOH� OD� TXDQWLWj� GL� PRWR� LQGRWWD� GDOOH� RQGH�
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%XFNLQJKDP�H�XWLOL]]DQGR�OH�VFDOH�GL�OXQJKH]]D�SUHFHGHQWHPHQWH�GHILQLWH��GLYLHQH�
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&KLQ� ������� RVVHUYD� FKH�� QHOOD� PDJJLRU� SDUWH� GHL� FDVL� SUDWLFL�� /0!!/4 H
K
!!/0� RVVLD��VRQR�TXDVL�VHPSUH�PROWR�SLFFROH��ULVSHWWR�DG�K
��OH�GLVWDQ]H�GDOO
XJHOOR�LQ�
FXL VL�ULVHQWH�GHOOD�IRUPD�GHOOR�VWHVVR�H�LQ�FXL�SUHYDOH�OD�TXDQWLWj�GL�PRWR�LQL]LDOH�ULVSHWWR�
DOOH�IRU]H�GL�JDOOHJJLDPHQWR��5HVWD�GD�RVVHUYDUH�FKH�=0�/4 q LO�UDSSRUWR�WUD�OD�YHORFLWj�GL�
XVFLWD GHO� JHWWR� Y� H OD� YHORFLWj� XPD[� FDUDWWHULVWLFD� GHO� PRWR� RQGRVR�� SUHFHGHQWHPHQWH�
GHILQLWD��TXHVWR�SDUDPHWUR�q�LQGLFDWLYR�GHOO
HIIHWWR�GHO�PRWR�RQGRVR�ULVSHWWR�DO�JHWWR��

/D�UHOD]LRQH�������ULFKLHGH�OD�SHUPXWD]LRQH�GL�XQ�QXPHUR�FRQVLGHUHYROH�GL�SDUDPHWUL�
DIILQFKp�OD�IXQ]LRQH�I� SRVVD�HVVHUH�UDSSUHVHQWDWD�DQDOLWLFDPHQWH��/H�HVSHULHQ]H�FRQGRWWH�GD�
&KLQ��������VL�ULIHULVFRQR�DO�FDVR�GL�PRWR�RQGRVR�FRQ�SHULRGR�7 ��V��DPSLH]]D�GHOO
RQGD�
D ��� FP� H� K�/������ *OL� VWXGL� FRQGRWWL� LQ� ODERUDWRULR� GDOOR� VWHVVR� $XWRUH� HUDQR�
HVVHQ]LDOPHQWH� LQGLUL]]DWL� DOOD� LQWHUSUHWD]LRQH�GHOOD� UHOD]LRQH� ������SHU� LO� FDVR� WLSLFR�GHJOL�
VFDULFKL� GL� HIIOXHQWL� QHOOD� ]RQD� VXGRULHQWDOH� GHJOL� 6WDWL� 8QLWL�� FRQ� % �[����� P��V� H
0 ���[�����P��V�� 2VVLD�L�SDUDPHWUL�DGLPHQVLRQDOL��WLSLFL�GL�WXWWH�OH�HVSHULHQ]H�FRQGRWWH�GD�
&KLQ�� DVVXPRQR� L� VHJXHQWL� YDORUL�� =0�/4 ���� K
�/0 ��� /0�/4 ���� QXPHUR� GL� )URXGH�
GHQVLPHWULFR� DSSURVVLPDWLYDPHQWH� XJXDOH� D� ���� DQJROR� WUD� OD� GLUH]LRQH� GHOOR� VFDULFR�
GHOO
HIIOXVVR�H�OD�GLUH]LRQH�RUL]]RQWDOH�XJXDOH�D�]HUR��θ� ���H�DQJROR�WUD�OD�GLUH]LRQH�GHOOR�
VFDULFR�GHOO
HIIOXVVR�H� OD�GLUH]LRQH�GL�SURSDJD]LRQH�GHOOH�RQGH�XJXDOH�D�]HUR��GLUH]LRQH�GL�
SURSDJD]LRQH� GHO� PRWR� RQGRVR� SDUDOOHOD� DOOD� GLUH]LRQH� GL� HIIOXVVR� GHO� JHWWR� GL� GHQVLWj��
θ� ����,Q�TXHVWH�FRQGL]LRQL��LQ�FXL�VROR�L�SDUDPHWUL�=0�/4 H K�/�YHQJRQR�YDULDWL�QHO�FRUVR�
GHOOH�HVSHULHQ]H��OD�������SXz�HVVHUH�SRVWD�FRPH�VHJXH�
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DYHQGR� QRUPDOL]]DWR� OD� GLOXL]LRQH�PHGLD� 6� LQ� VXSHUILFLH� QHO� FDVR� GL�PRWR� RQGRVR� FRQ� LO�
YDORUH� 6� GL� GLOXL]LRQH� PHGLD� LQ� VXSHUILFLH� QHO� FDVR� GL� FRUSR� LGULFR� ULFHWWRUH� LQ� TXLHWH��
$OFXQH�HVSHULHQ]H�IXURQR�FRQGRWWH�LQ�DVVHQ]D�GL�PRWR�RQGRVR�H�L�ULVXOWDWL�IXURQR�FRQIURQWDWL�
FRQ�OD�VHJXHQWH�UHOD]LRQH�HPSLULFD�SURSRVWD�GD�)LVKHU�HW�DO���������
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FKH� ULVXOWz� SLHQDPHQWH� DIILGDELOH� H� FKH�
IX��GXQTXH��XWLOL]]DWD�SHU�QRUPDOL]]DUH�6�
QHOOD��������

,Q ILJ������VL�ULSRUWDQR�L�ULVXOWDWL�
UHODWLYL� DOOH� SURYH� FRQGRWWH� GD� &KLQ�
������� FKH� SRVVRQR� HVVHUH�
DSSURVVLPDWLYDPHQWH� UDSSUHVHQWDWL� GDOOD�
VHJXHQWH�UHOD]LRQH�
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'DOOD� ILJXUD� q� HYLGHQWH� OD� GLSHQGHQ]D� GL� 6�6� GD�/4�=0� PHQWUH� DSSDUH� EHQ� SRFR�
VLJQLILFDWLYD�OD�GLSHQGHQ]D�GD�K�/��DOPHQR�QHOO
DPELWR�GHOOH�LQGDJLQL�VYROWH�GD�&KLQ��

/H� RVVHUYD]LRQL� GHOO
$XWRUH�� D� SURSRVLWR� GHOOH� HVSHULHQ]H� VYROWH�� PHWWRQR� LQ�
HYLGHQ]D� FKH�� TXDQGR� OD� GLUH]LRQH� GHOOD� YHORFLWj� GHO� FDPSR� GL�PRWR� RQGRVR� q� RSSRVWD� D�
TXHOOD� JHWWR�� TXHVWR� WHQGH� D� URPSHUVL� �&KLQ� XVD� LO� YHUER� HVSORGHUH��� ,Q� WDO� FDVR� LO�
FRPSRUWDPHQWR� GHO� JHWWR� GLYLHQH� VLPLOH� D� TXHOOR� GL� XQD� SLXPD� D� GLVWDQ]H� GDOO
XJHOOR�
LQIHULRUL�ULVSHWWR�DO�FDVR�GL�IOXLGR�DPELHQWH�LQ�TXLHWH��4XDQGR��LQYHFH��OD�YHORFLWj�GHO�FDPSR�
GL PRWR� RQGRVR� KD� OD� VWHVVD� GLUH]LRQH� GHO� JHWWR� GL� GHQVLWj�� TXHVWR� WHQGH� DG� DYHUH� XQ�
FRPSRUWDPHQWR� VLPLOH� D� TXHOOR� GL� XQD� SLXPD� FRQ� XQ� FHUWR� ULWDUGR�� ,O� ULVXOWDWR� JOREDOH��
VHFRQGR &KLQ��q�XQ�HIIHWWR�VSUD\LQJ�LQ�FRUULVSRQGHQ]D�GHOO
XJHOOR�H�XQ�PRYLPHQWR�RVFLOODQWH�
GXUDQWH�OD�IDVH�GL�ULVDOLWD��

)LJ�������$QGDPHQWR�GHOOD�GLOXL]LRQH�FRQ�SUHVHQ]D�GL�PRWR�RQGRVR� 
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3HU� TXDQWR� DWWLHQH� OH� DSSOLFD]LRQL�� &KLQ� RVVHUYD� FRPH� VLD� LQGLVSHQVDELOH� IDU�
ULIHULPHQWR��QHOO
DPELWR�GHOOD�SURJHWWD]LRQH��DOOH�RQGH��PHWWHQGR��DOWUHVu��LQ�HYLGHQ]D�FKH�OH�
UHOD]LRQL�SURSRVWH�VRQR�GD�ULWHQHUVL�YDOLGH�VROR�SHU�LO�FDVR�GL�VFDULFKL�LQ�PDUH�FDUDWWHUL]]DWL�
GD /0�/4 ����K
�/4 ����H�SHU�YDORUL�QXOOL�GL�θ� H θ��

,Q RJQL�FDVR��GDOO
RVVHUYD]LRQH�GHL�GDWL�GL�ILJ�������q�HYLGHQWH�FRPH�OD�SUHVHQ]D�GL�
XQ FDPSR�GL�PRWR�RQGRVR�GLD�OXRJR�D�YDORUL�GL�GLOXL]LRQH�ILQDQFKH�GRSSL�ULVSHWWR�DO�FDVR�GL�
JHWWL�LQ�DFTXD�IHUPD��4XHVWR�ULVXOWDWR�VHJQDOD�O
LPSRUWDQ]D�FKH�SXz�DVVXPHUH�XQ�FDPSR�GL�
PRWR�RQGRVR�QHL�SURFHVVL�GL�LQWUXVLRQH�H�GLIIXVLRQH�GL�XQ�JHWWR��

$ IURQWH�GL� WDOH�FRQFOXVLRQH�� WXWWDYLD��VRQR�DQFRUD�PROWR�VFDUVL� L� ODYRUL�SUHVHQWL� LQ�
OHWWHUDWXUD�D�ULJXDUGR�GHOO
DQDOLVL�IOXLGRGLQDPLFD�H�GHL�SURFHVVL�GL�GLIIXVLRQH�GHL�VROXWL�GL�XQ�
JHWWR�LPPHVVR�LQ�XQ�FDPSR�GL�PRWR�RQGRVR��

1HO VHJXLWR� VL� ULSRUWHUDQQR� EUHYHPHQWH� L� ULVXOWDWL� GHL� ODYRUL� FKH� WUDWWDQR�
GHOO
LQWHUD]LRQH�GL�XQ�JHWWR�FRQ�OH�RQGH��


