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5(6802�±�2V�PRGHORV�GH�SDUWtFXODV��DR�WHUHP�HP�FRQWD�D�HVWUXWXUD�JUDQXODU�GD�URFKD��FRQVLGHUDP�GH�IRUPD�
H[SOtFLWD�D�YDULDELOLGDGH�DVVRFLDGD�DR�PDWHULDO��UD]mR�SHOD�TXDO�WrP�VLGR�DSOLFDGRV�FRP�VXFHVVR�QR�HVWXGR�GD�
IUDWXUD� HP� URFKD�� 1HVWH� WUDEDOKR� p� DSUHVHQWDGR� XP�PRGHOR� GH� SDUWtFXODV� �'� FRP� EDVH� QRV� GLDJUDPDV� GH�
/DJXHUUH�9RURQRL�GD�HVWUXWXUD�JUDQXODU��TXH�SHUPLWH� WHU�HP�FRQWD�GH� IRUPD�DSUR[LPDGD�XPD�JHRPHWULD�GR�
WLSR�SROLpGULFD�PDQWHQGR�D� VLPSOLFLGDGH�H�R� UHGX]LGR�HVIRUoR�FRPSXWDFLRQDO� FDUDFWHUtVWLFR�GRV�PRGHORV�GH�
SDUWtFXODV� HVIpULFDV�� 3URS}H�VH� HQWmR� XP� PRGHOR� GH� FRQWDFWR� P~OWLSOR� QR� TXDO� D� VXSHUItFLH� GH� FRQWDFWR� p�
GHILQLGD�FRP�EDVH�QDV� IDFHWDV�GRV�GLDJUDPDV�GH�9RURQRL��2�PRGHOR�GH�SDUWtFXODV�p�YDOLGDGR�FRP�EDVH�HP�
HQVDLRV� H[SHULPHQWDLV� HP� URFKD� �WULD[LDLV�� XQLD[LDLV� H� HQVDLR� %UDVLOHLUR��� $SUHVHQWDP�VH� YiULRV� HVWXGRV�
SDUDPpWULFRV� TXH� HYLGHQFLDP� D� LQIOXrQFLD� GRV� SDUkPHWURV� GR� PRGHOR� GH� SDUWtFXODV� QDV� SURSULHGDGHV�
PDFURVFySLFDV�HOiVWLFDV�H�UHVLVWHQWHV�REWLGDV�QXPHULFDPHQWH��e�DLQGD�DQDOLVDGD�D�UHOHYkQFLD�GH�XP�PRGHOR�GH�
FRQWDFWR�FRP� OHLV� GH� HQIUDTXHFLPHQWR�ELOLQHDU� HP� WUDomR�H� FRUWH� TXH� FRQGX]� D�YDORUHV� FRHUHQWHV�GH� WUDomR�
~OWLPD�HP�HQVDLRV�GH�WUDomR�GLUHWRV�H�HP�HQVDLRV�%UDVLOHLURV��

6<1236,6� ±� 3DUWLFOH�PRGHOV�� E\� WDNLQJ� LQWR� DFFRXQW� WKH�PDWHULDO� JUDLQ� VWUXFWXUH�� H[SOLFLWO\� FRQVLGHU� WKH�
PDWHULDO�UDQGRPQHVV�DQG�KDYH�EHHQ�VXFFHVVIXOO\�DSSOLHG�WR�URFN�IUDFWXUH�VWXGLHV��,Q�WKLV�ZRUN�D��'�SDUWLFOH�
PRGHO�EDVHG�RQ�WKH�/DJXHUUH�9RURQRL�GLDJUDPV�RI�WKH�JUDLQ�VWUXFWXUH�LV�SUHVHQWHG��7KH�SURSRVHG�PRGHO�WDNHV�
LQWR�DFFRXQW� WKH�HIIHFW�RI� WKH�SRO\KHGUDO�VKDSH�EXW�VWLOO�NHHSV� WKH�VLPSOLFLW\�DQG� WKH�UHGXFHG�FRPSXWDWLRQDO�
FRVWV�DVVRFLDWHG�ZLWK�VSKHULFDO�SDUWLFOH�PRGHOV��$�PXOWLSOH�FRQWDFW�PRGHO� LV�SUHVHQWHG� LQ�ZKLFK�WKH�FRQWDFW�
VXUIDFH� LV� EDVHG� RQ� WKH� FRPPRQ� IDFHW� RI� WKH� DVVRFLDWHG� SDUWLFOH�/DJXHUUH�9RURQRLV� GLDJUDPV��7KH� SDUWLFOH�
PRGHO�LV�YDOLGDWHG�DJDLQVW�NQRZQ�H[SHULPHQWDO�GDWD�RQ�D�JUDQLWH�URFN��WULD[LDO��XQLD[LDO�DQG�%UD]LOLDQ�WHVWV���
6HYHUDO�SDUDPHWULF�VWXGLHV�DUH�SUHVHQWHG�VKRZLQJ�WKH�LQIOXHQFH�RI�WKH�HODVWLF�DQG�VWUHQJWK�SDUWLFOH�SDUDPHWHUV�
RQ�ERWK�WKH�PDFURVFRSLF�HODVWLF�DQG�VWUHQJWK�SURSHUWLHV��$�UHIHUHQFH�LV�DOVR�PDGH�WR�WKH�UHOHYDQFH�RI�DGRSWLQJ�
D�ELOLQHDU� WHQVLOH�VKHDU� VRIWHQLQJ�FRQWDFW�PRGHO� LQ�RUGHU� WR�REWDLQ�FRKHUHQW�XOWLPDWH� WHQVLOH�YDOXHV� LQ�GLUHFW�
WHQVLOH�WHVWV�DQG�LQ�%UD]LOLDQ�WHVWV��

3DODYUDV�&KDYH�±�0RGHOR��'�GH�SDUWtFXODV��)UDWXUD�HP�URFKD��'LDJUDPDV�GH�/DJXHUUH�9RURQRL��
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2V� PRGHORV� GH� SDUWtFXODV� �03��� DR� WHUHP� HP� FRQWD� D� HVWUXWXUD� JUDQXODU� H� D� DOHDWRULHGDGH�
DVVRFLDGD��SHUPLWHP�UHSURGX]LU��FRP�EDVH�HP�OHLV�GH�LQWHUDFomR�VLPSOHV��SDGU}HV�GH�IHQGLOKDomR�H�
FRPSRUWDPHQWRV�PDFURVFySLFRV�VHPHOKDQWHV�DRV�REVHUYDGRV�HP�HQVDLRV�ODERUDWRULDLV�HP�PDWHULDLV�
TXDVH�IUiJHLV�� $VVLP�� GHVGH� R� ILQDO� GR� VpFXOR� ;;� RV� PRGHORV� 03�� LQLFLDOPHQWH� HP� GXDV�
GLPHQV}HV�� WrP� VLGR� DSOLFDGRV� QR� HVWXGR�GD� IUDWXUD� QR�EHWmR�� URFKD� H� HP�PLVWXUDV� EHWXPLQRVDV�
�0HJXUR� et al.�� ������ 3RW\RQG\� et al.�� ������ &KDQJ� H�0HHJRGD�� ������ 6FKODQJHQ� H� *DUERF]L��
������%RODQGHU�H�6DLWR���������

2V� PRGHORV� 03� VmR� FRQFHSWXDOPHQWH� PDLV� VLPSOHV� GR� TXH� RV� PRGHORV� EDVHDGRV� QXPD�
DERUGDJHP�FRQWtQXD�H�R�GHVHQYROYLPHQWR�GH�VXSHUItFLHV�GH�URWXUD�RFRUUH�GH�IRUPD�QDWXUDO�GDGD�D�
VXD� QDWXUH]D� GLVFUHWD�� $SUHVHQWDP� QR� HQWDQWR� DOJXPDV� GHVYDQWDJHQV�� QRPHDGDPHQWH� XP� PDLRU�
FXVWR�FRPSXWDFLRQDO��GDGR�R�JUDX�GH�GLVFUHWL]DomR�QHFHVViULR��H�R�IDFWR�GH�H[LJLUHP�XP�SURFHVVR�
LQWHUPpGLR� GH� FDOLEUDomR� GRV� SDUkPHWURV� GR� PRGHOR�� GDGD� D� GLILFXOGDGH� HP� GHILQLU� HVWHV�
SDUkPHWURV�GH�IRUPD�GLUHWD�D�SDUWLU�GH�UHVXOWDGRV�H[SHULPHQWDLV��

(P�HVWXGRV�GH�IUDWXUD�HP�URFKD�R�PRGHOR�GH�EDVH�GLVFUHWD�GR�WLSR�03�SURSRVWR�SRU�3RW\RQG\�
H� &XQGDOO� ������� p� XP� GRV� PRGHORV� GH� SDUWtFXODV� FRP� PDLRU� DFHLWDomR�� GDGR� R� VHX� FDUiFWHU�
SLRQHLUR�H�R�IDFWR�GH�R�PRGHOR�FRQVHJXLU�UHSURGX]LU�D�FRPSOH[D�UHVSRVWD�GD�URFKD�HP�FRPSUHVVmR�
VLPSOHV�� 1R� HQWDQWR�� p� UHFRQKHFLGR� TXH� R� UHIHULGR� PRGHOR� 03� DSUHVHQWD� DOJXPDV� OLPLWDo}HV��
FRPR�� SRU� H[HPSOR�� QmR� VLPXOD� GH� IRUPD� FRUUHWD� D� UHODomR� FRQKHFLGD� HQWUH� D� UHVLVWrQFLD� j�
FRPSUHVVmR� H� D� WUDomR� XQLD[LDO�� H� R� kQJXOR� GH� DWULWR� LQWHUQR�PDFURVFySLFR� REWLGR� FRP�EDVH� HP�
HQVDLRV�WULD[LDLV�HP�URFKDV�GXUDV�p�LQIHULRU�DR�YDORU�REWLGR�H[SHULPHQWDOPHQWH���

'H�PRGR�D�PHOKRUDU�R�GHVHPSHQKR�GRV�PRGHORV�03��:DQJ�H�7RQRQ��������SURSXVHUDP�XP�
PRGHOR�03� GH� SDUWtFXODV� HVIpULFDV� TXH� SHUPLWH�PRGHODU� D� HQYROYHQWH� GH� URWXUD� WULD[LDO� GH� XPD�
URFKD� JUDQtWLFD�� (VWH� PHOKRU� GHVHPSHQKR�� TXDQGR� FRPSDUDGR� FRP� D� UHVSRVWD� GR� PRGHOR� 03�
LQLFLDOPHQWH�SURSRVWR�SRU�3RW\RQG\�H�&XQGDOO���������HVWi�DVVRFLDGR�DR�DFUpVFLPR�GR�Q~PHUR�GH�
FRQWDFWRV�SRU�SDUWtFXOD�H�j�LQFOXVmR�GH�XP�SDUkPHWUR�GH�DWULWR�QD�UHVLVWrQFLD�DR�FRUWH�GR�FRQWDFWR��
1R� HQWDQWR�� R�PRGHOR�03� GH�:DQJ� H�7RQRQ� ������� QmR� FRQVHJXH� UHSURGX]LU� D� UHODomR� HQWUH� D�
UHVLVWrQFLD�j�FRPSUHVVmR�H�D�UHVLVWrQFLD�j�WUDomR�XQLD[LDO�REWLGD�H[SHULPHQWDOPHQWH��(P�$]HYHGR�H�
/HPRV��������p�SURSRVWR�XP�PRGHOR�GH�FRQWDFWR��'�TXH�SHUPLWH�D�WUDQVPLVVmR�GH�PRPHQWR�QD�
LQWHUIDFH�GH�FRQWDFWR��VHQGR�RV�FRQWDFWRV�GHILQLGRV�FRP�EDVH�QDV�DUHVWDV�GRV�WHWUDHGURV�GD�PDOKD�
GH�'HODXQD\�GD�HVWUXWXUD�JUDQXODU��e�GHPRQVWUDGR�TXH�R�PRGHOR�SURSRVWR�FRQVHJXH�SUHYHU�QmR�Vy�
D�HQYROYHQWH�GH�URWXUD��PDV�WDPEpP�D�UD]mR�REWLGD�H[SHULPHQWDOPHQWH�HQWUH�RV�YDORUHV�GD�WHQVmR�
GH�FRPSUHVVmR�VLPSOHV�H�GD�WHQVmR�GH�WUDomR�LQGLUHFWD��(P�6FKROWqV�H�'RQ]p��������p�LQWURGX]LGR�
XP� SDUkPHWUR� GH� LQWHUDFomR� TXH� FRQWUROD� R� Q~PHUR� GH� FRQWDFWRV� D� DGRWDU� HQWUH� SDUWtFXODV��
GHPRQVWUDQGR�VH� LJXDOPHQWH� TXH� XP� DXPHQWR� GHVWH� Q~PHUR� RULJLQD� XP� DXPHQWR� GR� TXRFLHQWH�
WHQVmR�GH�WUDomR�LQGLUHWD�WHQVmR�GH�FRPSUHVVmR�VLPSOHV�REWLGR�QXPHULFDPHQWH����

0RGHORV�03��'�GH�JHRPHWULD�SROLpGULFD�PDLV�SUy[LPD�GD�JHRPHWULD�UHDO�GD�HVWUXWXUD�JUDQXODU�
REVHUYDGD�HP�URFKD��FRP�FRPSRUWDPHQWR�UtJLGR�RX�LQFOXLQGR�GHIRUPDELOLGDGH��WrP�VLGR�DSOLFDGRV�
DR�HVWXGR�GD�IUDWXUD�HP�URFKD��*DR�H�6WHDG��������*KD]YLQLDQ�et al.��������+DPGL�et al.���������
4XDQGR�FRPSDUDGRV�FRP�RV�PRGHORV�03�FRP�EDVH�HP�SDUWtFXODV� HVIpULFDV��RV�PRGHORV�GR� WLSR�
SROLpGULFR�VmR�FRPSXWDFLRQDOPHQWH�PDLV�H[LJHQWHV��H[LJHP�D�GHWHomR�H�DWXDOL]DomR�GRV�FRQWDFWRV��
OLPLWDQGR�R�Q~PHUR�GH�SDUWtFXODV�D�DGRWDU�H�H[LJLQGR�DOJRULWPRV�GH�VROXomR�PDLV�FRPSOH[RV��FRPR�
SRU� H[HPSOR� WpFQLFDV� GH� SDUDOHOL]DomR�� 3RU� HVWH� PRWLYR�� PRGHORV� 03� �'� FRQWLQXDP� D� VHU�
GHVHQYROYLGRV�H�SURSRVWRV�SDUD�R�HVWXGR�GD�IUDWXUD�HP�URFKD��'H�PRGR�D�PHOKRUDU�R�GHVHPSHQKR�
GRV� PRGHORV� 03�� D� HQYROYHQWH� GH� URWXUD� H� R� TXRFLHQWH� HQWUH� RV� YDORUHV� GH� WHQVmR� GH�
WUDomR�FRPSUHVVmR�VLPSOHV��YiULRV�GHVHQYROYLPHQWRV�WrP�VLGR�SURSRVWRV��QRPHDGDPHQWH�D�DGRomR�
GH� JHRPHWULDV� PDLV� FRPSOH[DV� FRP� EDVH� HP� DJORPHUDGRV� GH� SDUWtFXODV� FLUFXODUHV�
�&KR�et al����������RX�D�DGRomR�GH�SDUWtFXODV�SROLJRQDLV��3RW\RQG\��������.D]HUDQL�H�=KDR��������
/DQ�et al.��������.D]HUDQL���������(P�$]HYHGR�et al.� �������p�DSUHVHQWDGR�XP�PRGHOR�03��'��
FRP�EDVH�QRV�GLDJUDPDV�GH�/DJXHUUH�9RURQRL�GD�HVWUXWXUD�JUDQXODU��TXH�SHUPLWH�REWHU�XPD�UHODomR�
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HQWUH�D�UHVLVWrQFLD�j�FRPSUHVVmR�VLPSOHV�H�j�WUDomR�XQLD[LDO�EHP�FRPR�XPD�HQYROYHQWH�GH�URWXUD�

SUy[LPD�GD�REWLGD�H[SHULPHQWDOPHQWH�QXPD�URFKD�JUDQtWLFD��1R�PHVPR�DUWLJR�UHIHUH�VH�DLQGD�TXH�

D� DGRomR� GH� XP� FULWpULR� GH� URWXUD� FRP� HQIUDTXHFLPHQWR� p� IXQGDPHQWDO� GH�PRGR� D� REWHU�VH� QR�

HQVDLR�GR�WLSR�%UDVLOHLUR�XP�YDORU�GH�WHQVmR�GH�WUDomR�LQGLUHWD�~OWLPD�GD�RUGHP�GR�YDORU�REWLGR�HP�

WUDFomR�VLPSOHV��

1HVWH� DUWLJR� SURS}H�VH� XP� PRGHOR� GLVFUHWR� GH� SDUWtFXODV� �'� FRP� EDVH� QRV� GLDJUDPDV� GH�

/DJXHUUH�9RURQRL� GD� HVWUXWXUD� JUDQXODU�� 2� PRGHOR� �'� GH� FRQWDFWR� DSUHVHQWDGR�� 9*&0��'��

SHUPLWH� D� LQWHUDFomR� HQWUH� SDUWtFXODV� GH� QDWXUH]D� SROLpGULFD� FRP� XPD� IRUPD� PDLV� SUy[LPD� GD�

HVWUXWXUD� JUDQXODU� REVHUYDGD� HP� URFKD�� $SUHVHQWD� D� YDQWDJHP� GH� PDQWHU� RV� UHGX]LGRV� FXVWRV�

FRPSXWDFLRQDLV� DVVRFLDGRV� DRV� PRGHORV� GH� SDUWtFXODV� HVIpULFDV�� TXDQGR� FRPSDUDGRV� FRP� RV�

PRGHORV�GH�LQWHUDFomR�QHFHVViULRV�HP�SDUWtFXODV�GR�WLSR�SROLpGULFR��$V�SDUWtFXODV�SROLpGULFDV�VmR�

DSUR[LPDGDV� SRU�SDUWtFXODV� HVIpULFDV�� TXH� LQWHUDJHP�HQWUH� VL� FRP�EDVH�QXP�PRGHOR�GH� FRQWDFWR�

P~OWLSOR�HP�TXH�D�VXSHUItFLH�GH�FRQWDFWR�p�GHILQLGD�FRP�EDVH�QD�IDFHWD�FRPXP�DRV�GLDJUDPDV�GH�

/DJXHUUH�9RURQRL�TXH�UHSUHVHQWDP�DV�SDUWtFXODV�HP�FRQWDFWR��

$SUHVHQWDP�VH�YiULRV�HVWXGRV�SDUDPpWULFRV�SDUD�FDUDFWHUL]DomR�GRV�SDUkPHWURV�GR�PRGHOR�H�

DQDOLVD�VH� D� LQIOXrQFLD� GHVWHV� SDUkPHWURV� QR� FRPSRUWDPHQWR� PDFURVFySLFR� UHSURGX]LGR��

QRPHDGDPHQWH� QD� UHVLVWrQFLD� j� FRPSUHVVmR� VLPSOHV� H� j� WUDomR� VLPSOHV�� H� QRV� YDORUHV� GH� DWULWR�

LQWHUQR� H� FRHVmR�� 'HPRQVWUD�VH� TXH� DSyV� D� FDOLEUDomR� GRV� SDUkPHWURV� p� SRVVtYHO� REWHU� XPD�

UHVSRVWD� SUy[LPD� GD� REWLGD� HP� DPRVWUDV� GH� JUDQLWR�� TXHU� FRP� XP�PRGHOR� IUiJLO� TXHU� FRP� XP�

PRGHOR� FRP� HQIUDTXHFLPHQWR� ELOLQHDU�� 7DO� FRPR� QR� PRGHOR� �'� SURSRVWR� HP� $]HYHGR� et al��

��������YHULILFD�VH�D� LPSRUWkQFLD�GD�DGRomR�GH�XP�PRGHOR�FRP�HQIUDTXHFLPHQWR�GH�IRUPD�D�VHU�

REWLGR�XP�TXRFLHQWH�HQWUH�R�YDORU�GD�WHQVmR�GD�WUDomR�VLPSOHV�WHQVmR�GH�WUDomR�LQGLUHWD�GD�RUGHP�

GH�JUDQGH]D�GR�REWLGR�H[SHULPHQWDOPHQWH��

��±�)2508/$d2�

����±�)XQGDPHQWRV�

1R�PRGHOR� GLVFUHWR�03� R� GRPtQLR� p� GLVFUHWL]DGR� FRP� EDVH� QXP� VLVWHPD� GH� SDUWtFXODV� TXH�

UHSUHVHQWDP� D� HVWUXWXUD� JUDQXODU� GR�PDWHULDO� H� TXH� LQWHUDJHP� HQWUH� VL� DWUDYpV� GDV� LQWHUIDFHV� GH�

FRQWDFWR�� $V� IRUoDV� TXH� DWXDP� HP� FDGD� SDUWtFXOD� VmR� GHILQLGDV� FRP� EDVH� QRV� GHVORFDPHQWRV�

UHODWLYRV� HQWUH� D� SDUWtFXOD� H� DV� SDUWtFXODV� YL]LQKDV�� (P� FDGD� SDVVR� GH� FiOFXOR�� GDGDV� DV� IRUoDV�

DSOLFDGDV��FDOFXODP�VH�DV�QRYDV�SRVLo}HV�H�YHORFLGDGHV�FRP�EDVH�QD�VHJXQGD� OHL�GH�1HZWRQ��$V�

HTXDo}HV� GR�PRYLPHQWR� GH� FDGD� SDUWtFXOD�� DGRWDQGR� XP� DPRUWHFLPHQWR� ORFDO� QmR� YLVFRVR�� VmR�

GDGDV�SRU��

(Ü:P;E (Ü
×:P; L IT7Ü� ����

/Ü
:P;E/Ü

×:P; L +ñ6 Ü� ����

HP�TXH�(Ü:P;�H�/Ü
:P; FRUUHVSRQGHP�� UHVSHWLYDPHQWH��j� IRUoD� WRWDO�H�PRPHQWR� WRWDO�DSOLFDGRV�QR�

LQVWDQWH�P��I�H�+�FRUUHVSRQGHP�j�PDVVD�H�LQpUFLD�GD�SDUWtFXOD� T7Ü�p�D�DFHOHUDomR�GD�SDUWtFXOD�H�X6 g�p�
D�DFHOHUDomR�DQJXODU�GD�SDUWtFXOD��$�HTXDomR���UHSUHVHQWD�D�HTXDomR�GR�PRYLPHQWR�URWDFLRQDO�SDUD�

XPD� SDUWtFXOD� HVIpULFD�� 7DO� FRPR� Mi� UHIHULGR�� QR�PRGHOR�03� SURSRVWR� DV� SDUWtFXODV� DSUHVHQWDP�

XPD�JHRPHWULD�SROLpGULFD�GDGD�SHORV�GLDJUDPDV�GH�/DJXHUUH�9RURQRL�GRV�FHQWURV�GH�JUDYLGDGH�GD�

HVWUXWXUD� JUDQXODU�� 3DUD� JHRPHWULDV� QmR� HVIpULFDV� D� HTXDomR� GH� PRYLPHQWR� URWDFLRQDO� p� PDLV�

FRPSOH[D�GR�TXH�D�LQGLFDGD�QD�HTXDomR����VHQGR�p�QHFHVViULR�GHILQLU�R�WHQVRU�GH�LQpUFLD�GH�FDGD�

SDUWtFXOD�H�D�YHORFLGDGH�DQJXODU�HP�FDGD�LQVWDQWH��6H�DV�YHORFLGDGHV�DQJXODUHV�IRUHP�UHOHYDQWHV�p�

QHFHVViULR�UHFRUUHU�D�HVTXHPDV�LWHUDWLYRV�GDGR�R�FDUiFWHU�QmR�OLQHDU�GDV�HTXDo}HV�GH�PRYLPHQWR��

1DV� VLPXODo}HV� DSUHVHQWDGDV� DGRWD�VH� XP� UHJLPH� TXDVL�HVWiWLFR� FRP� EDVH� QXP� DOJRULWPR� GH�

PDVVDV� HVFDODGDV�� $VVLP�� RSWRX�VH� SRU� QmR� UHDOL]DU� XPD� LQWHJUDomR� FRUUHWD� GR� PRYLPHQWR�

URWDFLRQDO��DSOLFDQGR�VH�GH�IRUPD�VLPSOLILFDGD�D�HTXDomR����
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$�IRUoD�H�R�PRPHQWR�GHYLGRV�DR�DPRUWHFLPHQWR�ORFDO�QmR�YLVFRVR�VmR�GHWHUPLQDGRV�FRP�EDVH�

QDV�VHJXLQWHV�H[SUHVV}HV��

(Ü
×:P; L FÙ�(Ü:P;�OECJ:T6Ü;� ����

/Ü
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FRQWDFWR���R���H�R�WHUPR�GH�DWULWR�GR�FRQWDFWR���Ja���$�UHVLVWrQFLD�~OWLPD�GH�WUDomR�GR�FRQWDFWR�ORFDO�

�	läk_v
>N?

��H�D�UHVLVWrQFLD�~OWLPD�GH�FRUWH��	qäk_v
>N?

��VmR�GHILQLGDV�FRP�EDVH�QDV�SURSULHGDGHV�UHVLVWHQWHV�

DGRWDGDV�H�FRP�EDVH�QR�YDORU�DFWXDO�GD�FRPSRQHQWH�QRUPDO�GD�IRUoD�GR�FRQWDFWR��	l
>N?
���

(áäàÔë
>Ã? L �êáäç�#Ö>Ã?� �����

(æäàÔë
>Ã? L �ì�#Ö

>Ã? E (á>Ã?�äÖ L �%àÔë>Ã? E (á>Ã?�äÖ� �����

RQGH� �k_v
>N?
� p� R� YDORU� Pi[LPR� GH� FRHVmR� GR� FRQWDFWR�� 1D� )LJXUD� �� DSUHVHQWD�VH� R� PRGHOR� GH�

FRQWDFWR� GH� HQIUDTXHFLPHQWR� ELOLQHDU� DGRWDGR� QD� GLUHomR� QRUPDO� H� QD� GLUHomR� GH� FRUWH�

�5RNXJR��������� 2� PRGHOR� GH� FRQWDFWR� FRP� HQIUDTXHFLPHQWR� ELOLQHDU� UHTXHU� D� GHILQLomR� GD�

HQHUJLD�GH�IUDWXUD�GH�WUDomR��)Ùäá��H�GD�HQHUJLD�GH�IUDWXUD�GH�FRUWH��)Ùäæ���'H�DFRUGR�FRP�R�LQGLFDGR�

QD�)LJXUD����D�SDUWLU�GR�PRPHQWR�HP�TXH�RV�YDORUHV�GH�UHVLVWrQFLD��WUDomR�H�FRUWH��VmR�DWLQJLGRV��R�

YDORU�Pi[LPR�GH�IRUoD�GH�WUDomR�UHVLVWHQWH�Pi[LPR�H�RX�FRHVmR�Pi[LPD�VmR�UHGX]LGRV�FRP�EDVH�
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QR�YDORU�GH�GDQR��TXH�YDULD�HQWUH����VHP�GDQR��H����HP�TXH�R�FRQWDFWR�p�FRQVLGHUDGR�IHQGLOKDGR�Vy�

IXQFLRQDQGR� HP� DWULWR� SXUR�� 6H� R� IHQGLOKDPHQWR� RFRUUHU� SRU� GDQR� HP� WUDomR�FRUWH� FRQVLGHUD�VH�

FRPR�VHQGR�XPD� IHQGD�GH� WUDomR�� VH�R� IHQGLOKDPHQWR�RFRUUHU�HP�FRPSUHVVmR�FRUWH�R�FRQWDFWR�p�

FRQVLGHUDGR�FRPR�VHQGR�XPD�IHQGD�GH�FRUWH���

2�YDORU�GH�GDQR�HP�WUDomR�p�GHILQLGR�FRP�EDVH�QR�GHVORFDPHQWR�Pi[LPR�DWLQJLGR�SHOR�SRQWR�

ORFDO�GR�FRQWDFWR�QD�GLUHomR�QRUPDO���l
N
��l

N
����)LJXUD���D���H�R�YDORU�GH�GDQR�GH�FRHVmR�p�GHILQLGR�

FRP� EDVH� QR� YDORU�Pi[LPR� DWLQJLGR� GH� GHVORFDPHQWR� QD� GLUHFomR� GH� FRUWH� ��q
N
��q

N
���� 7DO� FRPR�

LQGLFDGR�QD�)LJXUD� �� E�� Vy� R� WHUPR�GH� FRHVmR� p� DIHFWDGR� SHOR� YDORU� GH� GDQR��1D�)LJXUD� �� E�� p�

LJXDOPHQWH�DSUHVHQWDGD�D�HYROXomR�GD�UHVLVWrQFLD�WRWDO�GH�FRUWH�GR�SRQWR�GH�FRQWDFWR�ORFDO�TXH�WHP�

SDUD�DOpP�GD�FRHVmR�D�FRQVLGHUDomR�GR�WHUPR�GH�DWULWR�DVVRFLDGR�j�IRUoD�GH�FRQWDFWR�QRUPDO��	l
N
���

(P� FDGD� SRQWR� GH� FRQWDFWR� ORFDO� R� YDORU� GH� GDQR� �&Ö
Ã
�� p� GDGR� SHOD� VRPD� GD� FRPSRQHQWH�

QRUPDO�GH� WUDomR�H�SHOD�FRPSRQHQWH�GH�FRUWH��&RP�EDVH�QR�YDORU�GH�GDQR�DFWXDOL]DGR�GR�SRQWR�

ORFDO�GR�FRQWDFWR��D�UHVLVWrQFLD�Pi[LPD�GH�WUDomR�H�FRHVmR�GR�SRQWR�VmR�GDGDV�SRU��

(áäàÔë
Ãä¼èååØáç

L �&Ö
Ã
(áäàÔë
Ã

� �����

%àÔë
Ãä¼èååØáç

L �&Ö
Ã
%àÔë
Ã
� �����

�

D��7UDomR� E��&RUWH�

)LJ����±�0RGHOR�FRQVWLWXWLYR�FRP�HQIUDTXHFLPHQWR�ELOLQHDU�HP�WUDomR�H�FRUWH��

6H� D� HQHUJLD�GH� IUDWXUD� DVVRFLDGD� DR� FRQWDFWR� IRU� LJXDO� j� FRPSRQHQWH� HOiVWLFD�� R�PRGHOR� GH�

HQIUDTXHFLPHQWR�ELOLQHDU�WHP�XPD�UHVSRVWD�LGrQWLFD�j�GH�XP�PRGHOR�IUiJLO��DVVXPLQGR�XP�FULWpULR�

GH�URWXUD�GH�0RKU�&RXORPE�FRP�WHQVmR�GH�WUDomR�OLPLWH��$R�DGRWDU�VH�XP�PRGHOR�GH�FRQWDFWR�GH�

HQIUDTXHFLPHQWR�ELOLQHDU�D�SURSDJDomR�GD�IUDWXUD�RFRUUH�GH�IRUPD�PDLV�VXDYH�H�FRQWURODGD�GR�TXH�

TXDQGR� VH�XWLOL]D�XP�PRGHOR� IUiJLO��'H� UHIHULU��QR�HQWDQWR��TXH�D� UHVSRVWD�PDFURVFySLFD�PHVPR�

FRP�XP�PRGHOR�GH�FRQWDFWR�FRP�HQIUDTXHFLPHQWR�ELOLQHDU�FRQWLQXD�D�WHU�XP�FDUiFWHU�IUiJLO��

�

����±�*HUDomR�GR�PRGHOR�GH�SDUWtFXODV�

1R�PRGHOR�GH�HOHPHQWRV�GLVFUHWRV�SURSRVWR�DV�SDUWtFXODV�UHSUHVHQWDWLYDV�GD�HVWUXWXUD�JUDQXODU�

GD�URFKD�D�DQDOLVDU�VmR�GHILQLGDV�FRP�EDVH�QRV�GLDJUDPDV�GH�/DJXHUUH�9RURQRL��TXH�VmR�GHILQLGRV�

FRP�EDVH�QD�HVWUXWXUD�GH�WHWUDHGURV�GH�'HODXQD\�SRQGHUDGD�GRV�FHQWURV�GH�JUDYLGDGH�GD�HVWUXWXUD�

JUDQXODU��2NDEH�et al�����������

2�GLDJUDPD�GH�9RURQRL�VLPSOHV�DVVRFLDGR�D�XP�GDGR�SRQWR��FHQWUR�GH�JUDYLGDGH�GD�SDUWtFXOD��

UHSUHVHQWD�R�GRPtQLR�PDLV�SUy[LPR�GR�SRQWR�FRP�EDVH�QXPD�PpWULFD�(XFOLGHDQD��2V�GLDJUDPDV�GH�

/DJXHUUH�9RURQRL�VmR�FRQVWUXtGRV�FRP�EDVH�QXPD�PpWULFD�SRQGHUDGD��TXH�WHP�HP�FRQVLGHUDomR�R�

UDLR� GD� SDUWtFXOD� DVVRFLDGR� DR�SRQWR��$VVLP�� DV� DUHVWDV� GRV�GLDJUDPDV�GH�/DJXHUUH�9RURQRL� VmR�
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HTXLGLVWDQWHV�GRV�FtUFXORV�DVVRFLDGRV�D�FDGD�SRQWR��HQTXDQWR�DV�DUHVWDV�DVVRFLDGDV�DRV�GLDJUDPDV�
GH� 9RURQRL� VLPSOHV� VmR� HTXLGLVWDQWHV� GRV� SRQWRV�� 2SWD�VH� SRU� GLDJUDPDV� GH� /DJXHUUH�9RURQRL�
SRLV��TXDQGR�FRPSDUDGRV�FRP�RV�GLDJUDPDV�GH�9RURQRL�VLPSOHV��DV�IDFHWDV�GH�/DJXHUUH�9RURQRL�
HVWmR�PDLV�SUy[LPDV�GR�SODQR�GH� FRQWDFWR�SRQWXDO�� D�PHLD�GLVWkQFLD� HQWUH� DV�SDUWtFXODV�� TXH� p�R�
SODQR� XVXDOPHQWH� DGRWDGR� SDUWLQGR� GR� SULQFtSLR� TXH� DV� SDUWtFXODV� TXH� LQWHUDJHP� WrP� XPD�
JHRPHWULD�HVIpULFD��

$� HVWUXWXUD� JUDQXODU� LQLFLDO� p� GHILQLGD� WHQGR� SRU� EDVH� XPD� GDGD� GLVWULEXLomR� JUDQXODU��
,QLFLDOPHQWH�DV�SDUWtFXODV�VmR�LQWURGX]LGDV�FRP�PHWDGH�GR�VHX�UDLR�SDUD�HYLWDU�D�VREUHSRVLomR�HQWUH�
HOHPHQWRV��)LJXUD���D���'HSRLV�GH�LQVHULGDV��DV�SDUWtFXODV�UHWRPDP�R�VHX�UDLR�UHDO��)LJXUD���E���(P�
VHJXLGD�DSOLFD�VH�R�DOJRULWPR�GH�VROXomR�GR�03�FRQGX]LQGR�D�XP�UHDUUDQMR�GDV�SDUWtFXODV��1HVWD�
IDVH� GR� SURFHGLPHQWR� GH� JHUDomR� DGRWD�VH� R� PRGHOR� GH� FRQWDFWR� WUDGLFLRQDO�� 3&0�� VHJXLQGR� D�
IRUPXODomR�GR�GHVORFDPHQWR�WRWDO�QD�GLUHomR�QRUPDO���

1XPD�VHJXQGD�IDVH�RV�FHQWURV�GH�JUDYLGDGH�GDV�SDUWtFXODV�VmR�WULDQJXODUL]DGRV�FRP�EDVH�QXP�
DOJRULWPR� GH� 'HODXQD\� SRQGHUDGR� �2NDEH� et al��� ������� (P� VHJXLGD�� R� GLDJUDPD� GH� /DJXHUUH�
9RURQRL� DVVRFLDGR� p� FRQVWUXtGR� D� SDUWLU� GD� HVWUXWXUD� GH� WHWUDHGURV� GH� 'HODXQD\� SRQGHUDGD��
&RQVLGHUD�VH�TXH�GXDV�SDUWtFXODV�LQWHUDJHP�FRP�EDVH�QXP�FRQWDWR�GR�WLSR�9*&0��'�TXDQGR�RV�
9RURQRLV� DVVRFLDGRV� SDUWLOKDUHP� XPD� IDFHWD� �)LJXUD� �� E��� 1D� )LJXUD� �� p� DSUHVHQWDGR�� SDUD� XP�
H[HPSOR� �'�� GH� PRGR� D� IDFLOLWDU� D� FRPSUHHQVmR� GR� SURFHVVR� GH� JHUDomR�� D� HVWUXWXUD� JUDQXODU�
LQLFLDO��)LJXUD���D���D�HVWUXWXUD�WULDQJXODU�GH�'HODXQD\�SRQGHUDGD�GRV�FHQWURV�GH�JUDYLGDGH��)LJXUD�
��E��H�SRU�ILP�GRV�GLDJUDPDV�GH�/DJXHUUH�9RURQRL�TXH�VHJXHP�GH�IRUPD�DSUR[LPDGD�RV�WDPDQKRV�
GDV�SDUWtFXODV�FLUFXODUHV��

�

� �
D��,QVHUomR�GH�SDUWtFXODV�
FRP�PHWDGH�GR�UDLR�

E��0RGHOR�GH�SDUWtFXODV�
ILQDO�

)LJ����±�*HUDomR�GD�HVWUXWXUD�JUDQXODU�LQLFLDO�DQWHV�GD�DSOLFDomR�GH�XP�DOJRULWPR�GH�'HODXQD\�
SRQGHUDGR��

1R� PRGHOR� GH� FRQWDFWR� 9*&0��'� DV� SDUWtFXODV� VmR� DLQGD� FRQVLGHUDGDV� HVIpULFDV� PDV�
LQWHUDJHP� FRP� DV� SDUWtFXODV� YL]LQKDV� DWUDYpV� GDV� IDFHWDV� GH� 9RURQRL� GH� JHRPHWULD� SROLpGULFD�
�)LJXUD���D���e�GH�UHIHULU�TXH�R�Q~PHUR�GH�FRQWDFWRV�REWLGRV�DWUDYpV�GH�XP�FULWpULR�GH� LQWHUDomR�
EDVHDGR� QD� HVWUXWXUD� GH� 9RURQRL� p� PXLWR� VXSHULRU� DR� Q~PHUR� GH� FRQWDFWRV� TXH� XVXDOPHQWH� VH�
REWpP� HP� PRGHORV� PDLV� WUDGLFLRQDLV�� HP� TXH� DSHQDV� VmR� DGPLWLGDV� DV� LQWHUDo}HV� UHDLV� HQWUH�
SDUWtFXODV��3RW\RQG\�H�&XQGDOO���������7DO�FRPR�Mi�UHIHULGR��R�DXPHQWR�GR�Q~PHUR�GH�FRQWDFWRV�
HQWUH�DV�SDUWtFXODV�p� IDYRUiYHO�DR�DXPHQWR�GR�kQJXOR�GH�DWULWR� LQWHUQR�PDFURVFySLFR�HP�HQVDLRV�
WULD[LDLV��:DQJ�H�7RQRQ��������$]HYHGR�H�/HPRV����������

�



1810379-9522 – Geotecnia nº 143 – julho/julio/july 2018 – pp. 171-197

http://dx.doi.org/10.24849/j.geot.2018.143.08 – © 2018 Sociedade Portuguesa de Geotecnia

�

�
D��(VWUXWXUD�JUDQXODU�

�
E��(VWUXWXUD�GH�'HODXQD\�

�
� F��'LDJUDPD�GH�/DJXHUUH���

9RURQRL�

)LJ����±�'D�HVWUXWXUD�JUDQXODU�LQLFLDO�SDUD�XPD�HVWUXWXUD�SROLJRQDO��DGDSWDGR�GH��
$]HYHGR�et al����������

D��9*&0��'��)DFHWD�9RURQRL�� E��*&0��'��6XSHUItFLH�FLUFXODU�
HTXLYDOHQWH���$]HYHGR�H�/HPRV��������

)LJ����±�0RGHOR�GH�FRQWDFWR�9*&0��'�H�*&0��'��

2�PRGHOR�GH�FRQWDFWR�JHQHUDOL]DGR�SURSRVWR�HP�$]HYHGR�H�/HPRV���������*&0��'��DGRWD�
QXPD�VXSHUItFLH�GH�FRQWDFWR�FLUFXODU�FRP�iUHD�HTXLYDOHQWH�j�IDFHWD�GH�9RURQRL�XP�Q~PHUR�GLVFUHWR�
GH� SRQWRV� TXH� SHUPLWH� D� WUDQVPLVVmR� GH� IRUoDV� QRUPDLV� H� GH� FRUWH� �)LJXUD� �� E��� 2�PRGHOR� GH�
FRQWDFWR� 9*&0��'� DVVXPH� D� JHRPHWULD� FRUUHWD� GD� SDUWtFXOD� GDGD� SHOR� GLDJUDPD� GH� 9RURQRL��
$VVXPLU� D� JHRPHWULD� FRUUHWD� SHUPLWH� QmR� Vy� DXPHQWDU� D� H[DFWLGmR� GD� LQWHUDFomR� PDV� WDPEpP�
IDFLOLWDU� D� LQFRUSRUDomR�GH�GHIRUPDELOLGDGH�GD�SDUWtFXOD� DWUDYpV�GD�GLVFUHWL]DomR� LQWHUQD�GH� FDGD�
SDUWtFXOD� FRP� EDVH� QXPD� PDOKD� GH� HOHPHQWRV� ILQLWRV� WHWUDpGULFD�� DVVXQWR� TXH� VHUi� REMHWR� GH�
GHVHQYROYLPHQWR�IXWXURV��

�
����±�3DUkPHWURV�GR�PRGHOR�

2�PRGHOR�9*&0��'�UHTXHU�D�GHILQLomR�GH�SDUkPHWURV�ItVLFRV�DVVRFLDGRV�DRV�FRQWDFWRV�H�jV�
SDUWtFXODV�� 2V� SDUkPHWURV� DVVRFLDGRV� DRV� FRQWDFWRV� FRUUHVSRQGHP� D� SDUkPHWURV� HOiVWLFRV� H�
UHVLVWHQWHV�� e� QHFHVViULR� GHILQLU� �� SDUkPHWURV� HOiVWLFRV� H� UHVLVWHQWHV� DR� QtYHO� GR� FRQWDFWR�� $�
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UHVSRVWD�HOiVWLFD�HVWi�UHODFLRQDGD�FRP�R�PyGXOR�GH�<RXQJ�GR�PDWHULDO�FRQWLQXR�HTXLYDOHQWH����%��H�

FRP�R�IDWRU�GH�ULJLGH]�TXH�UHODFLRQD�D�ULJLGH]�GH�FRUWH�D�H�ULJLGH]�QRUPDO��D���5HODWLYDPHQWH�DRV�

SDUkPHWURV� UHVLVWHQWHV�� p�QHFHVViULR�GHILQLU� D� WHQVmR�~OWLPD�GH� WUDomR� �Plär��� D� WHQVmR�Pi[LPD�GH�

FRHVmR��R���R�FRHILFLHQWH�GH�DWULWR��Ja���H�DV�HQHUJLDV�GH�IUDWXUD�GH�WUDomR��
däl��H�FRUWH��
däq���

$� DFUHVFHQWDU� DRV� �� SDUkPHWURV� HOiVWLFRV� H� UHVLVWHQWHV� WHP�VH� RV� SDUkPHWURV� DVVRFLDGRV� DR�

VLVWHPD�GH�SDUWtFXODV��QRPHDGDPHQWH�R�GLkPHWUR�Pi[LPR����k_v���H�R�GLkPHWUR�PtQLPR����kgl���D�

GLVWULEXLomR� GH� WDPDQKRV�� H� D� SRURVLGDGH� LQLFLDO� GR� VLVWHPD� GH� SDUWtFXODV� UHSUHVHQWDWLYR� GD�

HVWUXWXUD�JUDQXODU��2V�SDUkPHWURV�DVVRFLDGRV�DR�VLVWHPD�GH�SDUWtFXODV�GHYHUmR�VHU�R�PDLV�SUy[LPR�

SRVVtYHO�GD�FRQVWLWXLomR�JUDQXODU�GD�URFKD�TXH�VH�SUHWHQGH�PRGHODU���

7DO�FRPR�UHIHULGR��XPD�GDV�GHVYDQWDJHQV�GHVWH�WLSR�GH�PRGHORV�HVWi�UHODFLRQDGD�FRP�R�IDFWR�

GH� DV� SURSULHGDGHV� GRV� FRQWDFWRV� QmR� SRGHUHP� VHU� GHILQLGDV� SRU� YLD� H[SHULPHQWDO��$VVLP�� HVWDV�

SURSULHGDGHV�WrP�GH�VHU�GHILQLGDV�FRP�EDVH�QXP�SURFHVVR�GH�FDOLEUDomR�UHODWLYDPHQWH�PRURVR�GH�

PRGR� D� FRQVHJXLU�VH� UHSURGX]LU� R� FRPSRUWDPHQWR� PDFURVFySLFR� GR� PDWHULDO� D� DQDOLVDU�� 1DV�

VLPXODo}HV� TXH� VmR� DSUHVHQWDGDV� DGRWRX�VH� XPD� SRURVLGDGH� LQLFLDO� GH� uw�¨� QD� GHILQLomR� GR�

Q~PHUR� GH� SDUWtFXODV� D� LQWURGX]LU� �3RW\RQG\� H� &XQGDOO�� ������� $� SRURVLGDGH� DGRWDGD� QmR� HVWi�

DVVRFLDGD�j�SRURVLGDGH�GD�URFKD�D�PRGHODU�GDGR�TXH�R�HVTXHPD�GH�JHUDomR�DGRWD�XP�VLVWHPD�GH�

SDUWtFXODV�SROLpGULFR�FRP�EDVH�QRV�GLDJUDPDV�GH�/DJXHUUH�9RURQRL�FRP�SRURVLGDGH�QXOD��

��±�(16$,26�81,$;,$,6��75,$;,$,6�(�'2�7,32�%5$6,/(,52�

����±�,QWURGXomR�

2�PRGHOR� GH�SDUWtFXODV�SURSRVWR� IRL� XWLOL]DGR�QD� VLPXODomR�GH� HQVDLRV�XQLD[LDLV�� WULD[LDLV� H�

HQVDLRV�GR�WLSR�%UDVLOHLUR��SDUD�UHDOL]DomR�GH�XP�HVWXGR�SDUDPpWULFR�TXH�YLVD�IDFLOLWDU�R�SURFHVVR�

GH�FDOLEUDomR�GR�PRGHOR�H�DYDOLDU�D�DGHTXDELOLGDGH�GR�PRGHOR�SDUD�UHSUHVHQWDU�R�FRPSRUWDPHQWR�

GH�XPD�URFKD�JUDQtWLFD��.D]HUDQL�H�=KDR���������2V�HQVDLRV�XQLD[LDLV�H�WULD[LDLV�IRUDP�UHDOL]DGRV�

HP� DPRVWUDV� FLOtQGULFDV� FRP�zr���� GH� GLkPHWUR� H�sxr���� PP� GH� DOWXUD�� RV� HQVDLRV� GR� WLSR�

%UDVLOHLUR� IRUDP� UHDOL]DGRV� HP� DPRVWUDV� FLOtQGULFDV� FRP� zr���� GH� GLkPHWUR� H� vr���� GH�

HVSHVVXUD��)LJXUD�����

�

�

�

D��(QVDLRV�XQLD[LDLV�

�WUDomR�H�FRPSUHVVmR��
E��(QVDLRV�WULD[LDLV� F��(QVDLR�%UDVLOHLUR�

�

)LJ����±�0RGHORV�GH�HOHPHQWRV�GLVFUHWRV�9*&0��'�DGRWDGRV��UHSUHVHQWDomR�GD�HVWUXWXUD�JUDQXODU�

LQLFLDO��
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'H�DFRUGR�FRP�R�LQGLFDGR�HP�.D]HUDQL���������D�HVWUXWXUD�JUDQXODU�GR�JUDQLWR�2FHODU��Augig 

granite� QD� WHUPLQRORJLD� LQJOHVD�� DSUHVHQWD� JUmRV� FRP� WDPDQKRV� FRPSUHHQGLGRV� HQWUH� ��PP�H� ��

PP� GH� GLkPHWUR��1RV� HQVDLRV� QXPpULFRV� UHDOL]DGRV� DGRWRX�VH�� SRU� UD]}HV� FRPSXWDFLRQDLV�� XPD�

GLVWULEXLomR� XQLIRUPH� FRP� SDUWtFXODV� GH� GLkPHWUR� FRPSUHHQGLGR� HQWUH� ���� PP� H� ���� PP� GH�

GLkPHWUR�� 7DO� FRPR� UHIHULGR�� DV� GLVWULEXLo}HV� D� DGRWDU� GHYHP� DVVHPHOKDU�VH� R� PDLV� SRVVtYHO� j�

HVWUXWXUD� JUDQXODU� GR� PDWHULDO� D� PRGHODU�� TXHU� HP� WHUPRV� GH� GLVWULEXLomR�� TXHU� HP� WHUPRV� GH�

KHWHURJHQHLGDGH��1R�HQWDQWR�� Vy�HP�HQVDLRV�QXPpULFRV��'�p�TXH�p�SRVVtYHO� WHU�HP�FRQVLGHUDomR�

GLVFUHWL]Do}HV�PDLV�GHWDOKDGDV�GD�URFKD��&KR�et al.���������

2V� HQVDLRV� QXPpULFRV� XQLD[LDLV� H� WULD[DLV� IRUDP� UHDOL]DGRV� HP� VLVWHPDV� FRP� XP� Q~PHUR�

PpGLR�GH�SDUWtFXODV�GD�RUGHP�GH�������H�RV�HQVDLRV�EUDVLOHLURV�IRUDP�UHDOL]DGRV�FRP�VLVWHPDV�FRP�

XP�Q~PHUR�PpGLR�GH�SDUWtFXODV�GD�RUGHP�GH�������2�Q~PHUR�GH�SDUWtFXODV�IRL�GHILQLGR�FRP�EDVH�

QDV�H[SUHVV}HV�LQGLFDGDV�HP�3RW\RQG\�H�&XQGDOO���������DGRWDQGR�VH�XP�YDORU�GH�SRURVLGDGH�GH�

����H�XPD�GLVWULEXLomR�XQLIRUPH��

1RV�HQVDLRV�WULD[LDLV�D�WHQVmR�GH�FRQILQDPHQWR�LQLFLDO�p�DSOLFDGD�DWUDYpV�GD�SDUHGH�VXSHULRU�H�

GDV� SDUHGHV� ODWHUDLV�� &RPR� VH� PRVWUD� QD� )LJXUD� �� DV� SDUHGHV� ODWHUDLV� VmR� GLYLGLGDV� HP� YiULRV�

HOHPHQWRV�SROLpGULFRV��TXH�QmR�LQWHUDJHP�HQWUH�VL��H�HP�TXH�DSHQDV�VmR�SHUPLWLGRV�GHVORFDPHQWRV�

QD� GLUHomR� UDGLDO� GR� SURYHWH�� $� SDUHGH� VXSHULRU� H� D� SDUHGH� LQIHULRU�� TXH� UHSUHVHQWDP� DV� SODFDV�

KRUL]RQWDLV�� Vy� VH� SRGHP�PRYHU� QD� GLUHFomR� YHUWLFDO�� 2V� FRQWDFWRV� SDUWtFXOD�SDUHGH� DSUHVHQWDP�

XPD� ULJLGH]�GH� FRQWDFWR� UHGX]LGD�� VHQGR�DGRWDGD�XPD� ULJLGH]�QRUPDO�GH� DSHQDV�����GD� ULJLGH]�

PpGLD�GRV�FRQWDFWRV�LQWHU�SDUWtFXODV��$�UHGXomR�GD�ULJLGH]�GH�FRQWDFWR�H�D�VXEGLYLVmR�GDV�SDUHGHV�

ODWHUDLV�SUHWHQGH�UHSURGX]LU�R�FRPSRUWDPHQWR�GH�XPD�PHPEUDQD�IOH[tYHO��

$� WHQVmR� GH� FRQILQDPHQWR� LQLFLDO� p� DSOLFDGD� GLUHWDPHQWH� j� VXSHUItFLH� FLOtQGULFD� GD� SDUHGH�

ODWHUDO�H�j�SDUHGH�VXSHULRU�GH�PRGR�D�JDUDQWLU�TXH�FDGD�SDUHGH��FRUSR�UtJLGR��DSOLFD�QR�PRGHOR�GH�

SDUWtFXODV�D�WHQVmR�GH�FRQILQDPHQWR�FRUUHWD��$�IRUoD�D�DSOLFDU�QD�SDUHGH�ODWHUDO�QD�GLUHomR�QRUPDO��

TXH�VH�PDQWpP�FRQVWDQWH�GXUDQWH�R�HQVDLR�WULD[LDO��p�DVVLP�GDGD�SRU��

(á
êÔßß

L L�#êÔßß� �����

RQGH��L�p�D�WHQVmR�GH�FRQILQDPHQWR�H�#êÔßß�p�D�iUHD�GH�FRQWDFWR�GD�SDUHGH�ODWHUDO�FRP�R�VLVWHPD�GH�

SDUWtFXODV��3DUD�DV�SDUHGHV�ODWHUDLV�D�iUHD�p�GDGD�SRU�#êÔßß L &�.��RQGH�.�p�D�DOWXUD�GD�SDUHGH�H�D�p�

D� ODUJXUD� GD� SDUHGH� PHGLGD� QD� VXSHUItFLH� LQWHULRU� GR� HOHPHQWR� HP� FRQWDFWR� FRP� R� VLVWHPD� GH�

SDUWtFXODV��3DUD�D�SDUHGH�VXSHULRU�D�iUHD�FRUUHVSRQGH�j�iUHD�FLUFXODU�GR�WRSR�GR�FLOLQGUR�HQVDLDGR�

�N� �á6 v¤ ��� VHQGR��á� R� GLkPHWUR� GR� FLOLQGUR� XVDGR� QRV� HQVDLRV� �zr����� �)LJXUD� �� D��� $� SDUHGH�

ODWHUDO�p�VXEGLYLGLGD�HP�����XQLGDGHV�GH�SODFD��)LJXUD���E����

1RV�HQVDLRV�WULD[LDLV��GHSRLV�GH�DSOLFDGD�D�WHQVmR�LVRWUySLFD�LQLFLDO��D�SODFD�VXSHULRU�SDVVD�D�WHU�

R� VHX� PRYLPHQWR� YHUWLFDO� FRQWURODGR�� $SOLFD�VH� XPD� YHORFLGDGH� YHUWLFDO� j� SODFD� VXSHULRU� GH�

rátw H sr?<� �¤ � GH� PRGR� D� JDUDQWLU� FRQGLo}HV� GH� HQVDLR� TXDVH�HVWiWLFDV� H� LPS}H�VH� XP�

PRYLPHQWR�GH�FLPD�SDUD�EDL[R��1RV�HQVDLRV�GH�FRPSUHVVmR�XQLD[LDO�DGRWD�VH�R�PHVPR�YDORU�GH�

YHORFLGDGH�H�R�PHVPR�VHQWLGR�GR�PRYLPHQWR��HQTXDQWR�QRV�HQVDLRV�XQLD[LDLV�GH�WUDomR�DGRWD�VH�R�

PHVPR� YDORU� GH� YHORFLGDGH�PDV� PRYLPHQWR� QR� VHQWLGR� RSRVWR�� 1RV� HQVDLRV� GR� WLSR� %UDVLOHLUR�

DSOLFD�VH�XPD�YHORFLGDGH�GH�rátw H sr?<� �¤ ��j�SDUHGH�VXSHULRU���

(P�WRGRV�RV�HQVDLRV�QXPpULFRV�UHDOL]DGRV��L��DGRWRX�VH�XP�FRHILFLHQWH�GH�DPRUWHFLPHQWR�ORFDO�

HOHYDGR��GH�������GH�PRGR�D�JDUDQWLU�DV�FRQGLo}HV�TXDVH�HVWiWLFDV�H� LL�� DV�SDUHGHV� LQIHULRUHV� VmR�

IL[DV� H� LLL�� DV� SDUHGHV� WUDQVPLWHP� IRUoDV� jV� SDUWtFXODV� DSHQDV� QD� GLUHomR� QRUPDO�� 1RV� HQVDLRV�

WULD[LDLV� FRP� FRQILQDPHQWR� H� QR� HQVDLR� %UDVLOHLUR� DV� SDUHGHV� DSHQDV� WUDQVPLWHP� IRUoDV� jV�

SDUWtFXODV� FRP� TXH� LQWHUDJHP� VH� RV� FRQWDFWRV� VH� HQFRQWUDUHP� VRE� FRPSUHVVmR�� 1RV� HQVDLRV�

XQLD[LDLV� GH� WUDomR� DGRWD�VH� SDUD� RV� FRQWDFWRV� SDUHGH�SDUWtFXOD� XP� PRGHOR� HOiVWLFR� OLQHDU� QD�

GLUHFomR�QRUPDO��'DGD�D�QDWXUH]D�DOHDWyULD�GRV�VLVWHPDV�GH�SDUWtFXODV�IRUDP�HQVDLDGRV���VLVWHPDV�

GH�SDUWtFXODV�HP�FDGD�XP�GRV�PRGHORV��DSUHVHQWDQGR�VH�QHVWH�WUDEDOKR�RV�YDORUHV�PpGLRV��

�
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����±�(VWXGR�SDUDPpWULFR�

2� HVWXGR� SDUDPpWULFR� DSUHVHQWDGR� WHP� FRPR� SULQFLSDO� REMHWLYR� D� FDUDFWHUL]DomR� GRV�
SDUkPHWURV� LQWURGX]LGRV� QR� PRGHOR� H� DQiOLVH� GD� VXD� LQIOXrQFLD� QD� UHVSRVWD� PDFURVFySLFD� GR�
VLVWHPD�GH�SDUWtFXODV��(P�SDUWLFXODU�SURFXUD�VH�DIHULU�R�HIHLWR�GRV�VHJXLQWHV�SDUkPHWURV���

�
L��3URSULHGDGHV�HOiVWLFDV�GR�FRQWDFWR��'$��ß��� �
�
LL��3URSULHGDGHV�UHVLVWHQWHV�GR�FRQWDFWR��êáäç��ì��Ja���
däl��
däq���
�

3.2.1 –�Parâmetros de deformabilidade 

e� DQDOLVDGD� D� LQIOXrQFLD� GRV� SDUkPHWURV� GH� FRQWDFWR� HOiVWLFR�� QRPHDGDPHQWH� GR�PyGXOR� GH�
<RXQJ�GR�PDWHULDO�FRQWtQXR�HTXLYDOHQWH���%��H�GR�IDWRU�GH�ULJLGH]�TXH�UHODFLRQD�D�ULJLGH]�GH�FRUWH�
FRP� D� ULJLGH]� QRUPDO� GR� FRQWDFWR� �D��� QDV� SURSULHGDGHV� HOiVWLFDV� PDFURVFySLFDV�� 0yGXOR� GH�
<RXQJ�����H�FRHILFLHQWH�GH�3RLVVRQ��K����

&RP�HVWH�SURSyVLWR�IRUDP�UHDOL]DGRV�GRLV�WHVWHV�QXPpULFRV��1XPD�SULPHLUD�VpULH�GH�WHVWHV�DV�
SURSULHGDGHV� PDFURVFySLFDV� IRUDP� GHILQLGDV� SDUD� YDORUHV� FRQVWDQWHV� GR� PRGXOR� GH� <RXQJ� GR�
PDWHULDO�FRQWtQXR�HTXLYDOHQWH��ráw�%��sár�%�H�tár�%���YDULDQGR�VH�R�IDWRU�GH�ULJLGH]�D��1XPD�VHJXQGD�
VpULH�GH�WHVWHV��DV�SURSULHGDGHV�PDFURVFySLFDV�IRUDP�GHILQLGDV�SDUD�YDORUHV�FRQVWDQWHV�GR�IDWRU�GH�
ULJLGH]� D� �rár�� rátw�� ráwr�� ráyw� H� sár�� YDULDQGR�VH� R� PyGXOR� GH� <RXQJ� GR� PDWHULDO� FRQWtQXR�
HTXLYDOHQWH��$GRWRX�VH�FRPR�YDORU�GH�UHIHUrQFLD�GR��%�XP�PyGXOR�GH��vzáz�
����

� �

D��0yGXOR�<RXQJ�PDFURVFySLFR�SDUD�D�D�YDULDU� E��&RHILFLHQWH�GH�3RLVVRQ�PDFURVFySLFR�SDUD�ß�D�
YDULDU�

� �

F��0yGXOR�<RXQJ�PDFURVFySLFR�SDUD�'$�D�YDULDU�
G��&RHILFLHQWH�GH�3RLVVRQ�PDFURVFySLFR�SDUD�'$�

D�YDULDU�

)LJ����±�0RGHORV�HOHPHQWRV�GLVFUHWRV�9*&0��'�±�,QIOXrQFLD�GRV�SDUkPHWURV�HOiVWLFRV��'$�H�ß��QDV�
SURSULHGDGHV�PDFURVFySLFDV�HOiVWLFDV��(�H�å���

�

��

��

��

��

���

��� ��� ��� ��� ��� ���

(
�>
*
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�

���� � ��

���

���

���

���
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'D�DQiOLVH�GD�)LJXUD���D��H�GD�)LJXUD���F��YHULILFD�VH�TXH�R�YDORU�PDFURVFySLFR�GR�PyGXOR�GH�

<RXQJ� p� LQIOXHQFLDGR� SHORV� GRLV� SDUkPHWURV� HOiVWLFRV� GR� FRQWDFWR�� VHQGR� QR� HQWDQWR� PDLV�

LQIOXHQFLDGR�SHOR�IDWRU�GH�ULJLGH]�D�SDUD�YDORUHV�PDLV�HOHYDGRV�GH��%��$�)LJXUD���E��H�D�)LJXUD���G��

PRVWUDP�TXH�R�FRHILFLHQWH�GH�3RLVVRQ�PDFURVFySLFR��SDUD�RV�YDORUHV�GH��%�DGRWDGRV�p�LQIOXHQFLDGR�

SULQFLSDOPHQWH� SHOR� IDWRU� GH� ULJLGH]� �D;�� (P� 'LHGHULFKV� �������� 3RW\RQG\� H� &XQGDOO� ������� H�
:DQJ�H�7RQRQ��������IRUDP�REWLGRV�UHVXOWDGRV�VHPHOKDQWHV��

2V� UHVXOWDGRV�DSUHVHQWDGRV�PRVWUDP�TXH�QXPD�IDVH� LQLFLDO�GH�FDOLEUDomR�GR�PRGHOR�VH�GHYH�

GHILQLU� R� IDWRU� GH� ULJLGH]� GH�PRGR� D� REWHU�VH� XP�YDORU� GR� FRHILFLHQWH� GH�3RLVVRQ�PDFURVFySLFR�

SUy[LPR� GR� GHVHMDGR�� (P� VHJXLGD� GHYH�VH� YDULDU� R� YDORU� GR� PyGXOR� GH� <RXQJ� GR� PDWHULDO�

FRQWtQXR�HTXLYDOHQWH�GH�IRUPD�D�REWHU�VH�R�YDORU�PDFURVFySLFR�GR�PyGXOR�GH�<RXQJ�GHVHMDGR��2�

YDORU�GH��%�LJXDO�D�vzáz�
���H�XP�YDORU�GH���LJXDO�D��������FRQGX]HP�D�YDORUHV�PDFURVFySLFRV�GR�

PyGXOR�GH�HODVWLFLGDGH�GH�����*3D�H�GR�FRHILFLHQWH�GH�3RLVVRQ�GH�������FDUDFWHUtVWLFRV�GR�JUDQLWR�

2FHODU��Augig granite���

�

3.2.2 –�Parâmetros de resistência 

3.2.2.1 –�Tensão máxima de tração e tensão máxima de coesão 

3DUD� DIHULU� D� LQIOXrQFLD� GD� WHQVmR� Pi[LPD� GH� WUDomR� H� GH� FRHVmR� DGRWDGDV� QR� FRQWDFWR� QD�

UHVSRVWD�PDFURVFySLFD�UHVLVWHQWH�IRUDP�UHDOL]DGRV�HQVDLRV�QXPpULFRV�XQLD[LDLV��WULD[LDLV�H�GR�WLSR�

%UDVLOHLUR�� $V� SURSULHGDGHV� GR� FRQWDFWR� UHVLVWHQWHV� LQGLFDGDV� QR� 4XDGUR� �� FRUUHVSRQGHP� DRV�

YDORUHV� TXH� SURGX]HP� XPD� UHVSRVWD� UHVLVWHQWH� PDFURVFySLFD� SUy[LPD� GD� REWLGD� QXPD� URFKD�

JUDQtWLFD�GH�XP�JUDQLWR�2FHODU�FRP�XP�PRGHOR�GH�HQIUDTXHFLPHQWR�ELOLQHDU��

)RUDP� UHDOL]DGDV� GXDV� VLPXODo}HV� QXPpULFDV� GLVWLQWDV�� 1XPD� SULPHLUD� VpULH� GH� WHVWHV� IRL�

DGRWDGR� XP� YDORU� GH� WHQVmR� Pi[LPD� GH� WUDomR� GR� FRQWDFWR� GH� êáäç L ssáv�/2=� H� YDULRX�VH� D�

WHQVmR�Pi[LPD�GH�FRHVmR�SDUD�XPD�UHODomR�ì êáäç¤ �D�YDULDU�GH���D����1XPD�VHJXQGD�VpULH�GH�WHVWHV�

IL[RX�VH�R�YDORU�GH� WHQVmR�Pi[LPD�GH�FRHVmR�GH�ì L zzáw�/2=�H�YDULRX�VH�D� WHQVmR�Pi[LPD�GH�

WUDomR�SDUD�XPD�UHODomR�ì êáäç¤ �D�YDULDU�GH���D����2�PHVPR�YDORU�GR�WHUPR�GH�DWULWR�GR�FRQWDFWR��

�Ja L rárw�� IRL� DGRWDGR� HP� WRGRV� RV� HQVDLRV� QXPpULFRV�� � (P� FDGD� VpULH� GH� HQVDLRV� QXPpULFRV�

DGRWDUDP�VH���YDORUHV�GLVWLQWRV�GH�HQHUJLD�GH�IUDWXUD�GH�WUDomR�H�FRUWH��L��XP�YDORU�GH�HQHUJLD�GH�

IUDWXUD� TXH� FRUUHVSRQGH� VRPHQWH� j� SDUFHOD� HOiVWLFD� GR� FRQWDFWR� �)Øß��� TXH�� WDO� FRPR� UHIHULGR��

FRUUHVSRQGH� j�DGRomR�GH�XP�PRGHOR�GH� FRQWDFWR� IUiJLO�� LL�� XP�YDORU�GH� HQHUJLD�GH� IUDWXUD�váyw�

YH]HV� VXSHULRU� j�SDUFHOD�GH� HQHUJLD� HOiVWLFD� GR� FRQWDFWR� �váyw)Øß�� H� LLL�� XP�YDORU�GH� HQHUJLD�GH�

IUDWXUD�{áwr� YH]HV� VXSHULRU� i�SDUFHOD�GH�HQHUJLD�HOiVWLFD�GR�FRQWDFWR�HP� WUDomR�H�FRUWH� �{áw)Øß���

TXH�FRUUHVSRQGH�j�HQHUJLD�GH�IUDWXUD�TXH�SHUPLWH�XPD�UHVSRVWD�GR�PRGHOR�QXPpULFR�PDLV�SUy[LPD�

GD�REVHUYDGD�QXPD�URFKD�JUDQtWLFD�2FHODU�WHQGR�SRU�EDVH�XP�PRGHOR�GH�HQIUDTXHFLPHQWR�ELOLQHDU��

�

4XDGUR���±�3URSULHGDGHV�HOiVWLFDV�H�UHVLVWHQWHV�GR�FRQWDFWR��

'$ �>)2=?� ß� êáäç�>/2=?� ì�>/2=?� ì êáäç¤ � äÖ�

vzáz� rástw� ssáv� zzáw� sátáuáv� rárw�

�

$�)LJXUD���SHUPLWH�YHULILFDU�TXH�D� WHQVmR�PDFURVFySLFD�GH�FRPSUHVVmR�H�D� WHQVmR�GH� WUDomR�

LQGLUHFWD�REWLGD� HP�HQVDLRV�%UDVLOHLURV� VmR� LQIOXHQFLDGRV�SHOD� UHODomR�ì êáäç¤ ��$�)LJXUD��� D�� H� D�

)LJXUD� �� E��PRVWUDP� TXH� SDUD� XP� YDORU� FRQVWDQWH� GD� WHQVmR�Pi[LPD� GH� WUDomR� GR� FRQWDFWR� XP�

DXPHQWR�QD�WHQVmR�GH�FRHVmR�Pi[LPD�RULJLQD�XP�DXPHQWR�VLJQLILFDWLYR�GRV�YDORUHV�PDFURVFySLFRV�

GH�FRPSUHVVmR�VLPSOHV�H�XP�DFUpVFLPR�PDLV�UHGX]LGR�GD�WUDomR�LQGLUHFWD��KDYHQGR�HP�DPERV�RV�

FDVRV�XPD�UHODomR�SUDWLFDPHQWH�OLQHDU�FRP�R�YDORU�GH�ì êáäç¤ ä�9HULILFD�VH�DLQGD�TXH�SDUD�XP�YDORU�

FRQVWDQWH�GD�WHQVmR�Pi[LPD�GH�FRHVmR�GR�FRQWDFWR��)LJXUD���F�H�)LJXUD���G���XPD�UHGXomR�GR�YDORU�

Pi[LPR� GH� WUDomR� GR� FRQWDFWR� WHP� FRPR� FRQVHTXrQFLD� XPD� UHGXomR� QR� YDORU� REWLGR� GH�
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FRPSUHVVmR�VLPSOHV�êÖ�H�WUDomR�LQGLUHFWD�êçäÜá×��VHQGR�D�UHGXomR�PDLV�DFHQWXDGD�SDUD�YDORUHV�PDLV�

EDL[RV�GD�UHODomR�ì êáäç¤ ��'D�)LJXUD���FRQFOXL�VH�DLQGD�TXH�XP�DXPHQWR�GD�HQHUJLD�GH�IUDWXUD�GR�

FRQWDFWR��HP�FRHVmR�H�FRUWH��RULJLQD�XP�DXPHQWR�GD�WHQVmR�PDFURVFySLFD�GH�FRPSUHVVmR�VLPSOHV�H�

WUDomR�LQGLUHFWD��WHQGR�XPD�PDLRU�LQIOXrQFLD�QR�DXPHQWR�GD�WHQVmR�GH�WUDomR�LQGLUHFWD��

�

� �
D��êáäç L ssáv�/2=� E��êáäç L ssáv�/2=�

� �

� �
F��ì L zzáw�/2=� G��ì L zzáw�/2=�

)LJ����±�(IHLWR�GD�UHODomR�ì êáäç¤ �QD�UHVSRVWD�PDFURVFySLFD�HP�HQVDLRV�GH�FRPSUHVVmR�H�WUDomR��D��

H�E��SDUD�YDORUHV�FRQVWDQWHV�GD�WHQVmR�Pi[LPD�GH�WUDomR�êáäç L ssáv�/2=��F��H�G��SDUD�YDORUHV�

Pi[LPRV�GD�WHQVmR�GH�FRHVmR�ì L zzáw�/2=��

'D� DQiOLVH� GD� )LJXUD� ��� D�� H� GD� )LJXUD� ��� E�� FRQFOXL�VH� TXH� SDUD� XP� YDORU� FRQVWDQWH� GD�

Pi[LPD� WHQVmR� GH� WUDomR� GR� FRQWDFWR� XP� DXPHQWR� GD� WHQVmR� Pi[LPD� GH� FRHVmR� ì� RULJLQD� XP�

DXPHQWR�GR�kQJXOR�GH�DWULWR�LQWHUQR�H�GD�FRHVmR�REWLGDV�HP�HQVDLRV�WULD[LDLV��9HULILFD�VH�DLQGD�TXH�

XP�DXPHQWR�GD�HQHUJLD�GH�IUDWXUD�GR�FRQWDFWR�OHYD�D�XP�DXPHQWR�GR�YDORU�GH�FRHVmR�H�kQJXOR�GH�

DWULWR�LQWHUQR��VHQGR�TXH�R�HIHLWR�QR�kQJXOR�GH�DWULWR�LQWHUQR�p�PHQRU�SDUD�RV�YDORUHV�PDLV�HOHYDGRV�

GH� HQHUJLD� GH� IUDWXUD�� 'D� )LJXUD� ��� F�� H� GD� )LJXUD� ��� G��� YHULILFD�VH� DLQGD� TXH� SDUD� XP� YDORU�

FRQVWDQWH� GD� WHQVmR� Pi[LPD� GH� FRHVmR�� XPD� UHGXomR� QD� WHQVmR� Pi[LPD� GH� WUDomR� GH� FRQWDFWR�

�êáäç;�WHP�XPD�UHGX]LGD�LQIOXrQFLD�QR�kQJXOR�GH�DWULWR�LQWHUQR�H�RULJLQD�XPD�UHGXomR�GR�YDORU�GH�
FRHVmR�REWLGD�HP�HQVDLRV� WULD[LDLV��9HULILFD�VH�DLQGD�TXH�XP�DFUpVFLPR�GD�HQHUJLD�GH� IUDWXUD�GR�

FRQWDWR� RULJLQD� XP� DFUpVFLPR� GRV� YDORUHV� GH� FRHVmR�� HP� HVSHFLDO� SDUD� YDORUHV� PDLV� EDL[RV� GD�

WHQVmR�~OWLPD�GH�WUDomR��$�)LJXUD����SHUPLWH�DLQGD�FRQFOXLU�TXH�D�LQIOXrQFLD�GD�HQHUJLD�GH�IUDWXUD�

QRV�YDORUHV�GH�kQJXOR�GH�DWULWR� LQWHUQR�p�FRPSOH[D��YHULILFDQGR�VH�TXH�SDUD�YDORUHV�GH�WHQVmR�GH�

WUDomR�~OWLPD�PDLV�EDL[RV�XP�DFUpVFLPR�GD� HQHUJLD�GH� IUDWXUD�SRGH� FRQGX]LU� D�XPD� UHGXomR�GR�

kQJXOR�GH�DWULWR�LQWHUQR��
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� �
D��êáäç L ssáv�/2=� E��êáäç L ssáv�/2=�

� �
F��ì L zzáw�/2=� G��ì L zzáw�/2=�

�

)LJ�����±�(IHLWR�GD�UHODomR�ì êáäç¤ �QRV�YDORUHV�GH�kQJXOR�GH�DWULWR�LQWHUQR�H�FRHVmR�PDFURVFySLFR��

D��H�E��SDUD�YDORUHV�FRQVWDQWHV�GD�WHQVmR�Pi[LPD�GH�WUDomR�êáäç L ssáv�/2=��F��H�G��SDUD�YDORUHV�

Pi[LPRV�GD�WHQVmR�GH�FRHVmR�ì L zzáw�/2=��

'D�DQiOLVH�GD�)LJXUD����D��H�GD�)LJXUD����F��YHULILFD�VH�TXH�SDUD�XP�YDORU�GH�WHQVmR�GH�WUDomR�

Pi[LPD� FRQVWDQWH� RV� UiFLRV� PDFURVFySLFRV� HQWUH� D� WHQVmR� GH� FRPSUHVVmR� VLPSOHV� H� WHQVmR� GH�

WUDomR� LQGLUHFWD� REWLGD� HP� HQVDLRV� %UDVLOHLURV� Pa Präglb¤ � p� LQIOXHQFLDGD� SHOR� UiFLR� R Plär¤ �� 3DUD�

YDORUHV�PDLV�HOHYDGRV�GR�TXRFLHQWH�R Plär¤ �REWrP�VH�YDORUHV�PDLV�HOHYDGRV�GR�TXRFLHQWH�Pa Präglb¤ ��

9HULILFD�VH� LJXDOPHQWH�TXH�TXDQWR�PDLRU�R�YDORU�GD� HQHUJLD�GH� IUDWXUD�DGRWDGR�PHQRU� p�R� UiFLR�

Pa Präglb¤ �REWLGR��'DV�)LJXUDV����E��H����G��YHULILFD�VH�TXH�R�TXRFLHQWH� HQWUH�D� WHQVmR�GH� WUDomR�

LQGLUHFWD� REWLGR� HP� HQVDLRV� %UDVLOHLURV� H� R� WHQVmR� GH� WUDomR� REWLGRV� HP� HQVDLRV� XQLD[LDLV�

�Präglb Präbgp¤ ;� p� LQIOXHQFLDGR� SHOR� TXRFLHQWH� R Plär¤ �� DVVLP� SDUD� YDORUHV� PDLV� HOHYDGRV� GR� UiFLR�

R Plär¤ � PDLRU� R� UiFLR� Präglb Präbgp¤ � REWLGR�� 9HULILFD�VH� DLQGD� TXH� SDUD� WRGDV� DV� UHODo}HV� R Plär¤ �

DGRWDGDV��XP�PRGHOR�GH�FRQWDFWR�IUiJLO�
cj�RX�FRP�YDORUHV�GH�HQHUJLD�GH�IUDWXUD�PDLV�EDL[RV�TXH�R�

ySWLPR� váyw
cj�SUHYr� VHPSUH� YDORUHV� GH� TXRFLHQWH� LQIHULRUHV� Präglb Präbgp¤ �D� ����� 6y� FRP� XP�

PRGHOR� GH� HQIUDTXHFLPHQWR� ELOLQHDU� H� SDUD� XPD� HQHUJLD� GH� IUDWXUD� GH�{áw
cj� H� XP� UiFLR�R Plär¤ �

VXSHULRU� D� �� p� TXH� VH� REWpP� YDORUHV� GR� UiFLR� Präglb Präbgp¤ � SUy[LPRV� GR� H[SHFWiYHO� HP� URFKD�

�.ODQSKXPHHVUL��������(UDUVODQ�H�:LOOLDPV�����������
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� �
D��êáäç L ssáv�/2=� E��êáäç L ssáv�/2=�

� �
F��ì L zzáw�/2=� G��ì L zzáw�/2=�

)LJ�����±�(IHLWR�GD�UHODomR�ì êáäç¤ �QRV�UiFLRV�PDFURVFySLFRV�êÖ êçäÜá×¤ �H�êçäÜá× êçä×Üå¤ ��D��H�E��

SDUD�YDORUHV�FRQVWDQWHV�GD�WHQVmR�Pi[LPD�GH�WUDomR�êáäç L ssáv�/2=��F��H�G��SDUD�YDORUHV�

Pi[LPRV�GD�WHQVmR�GH�FRHVmR�ì L zzáw�/2=��

3.2.2.2 –�Influência do termo de atrito 

$� LQIOXrQFLD� GR� SDUkPHWUR� GH� DWULWR� GR� FRQWDFWR� �äÖ�� QR� FRPSRUWDPHQWR� PDFURVFySLFR� GR�

VLVWHPD� GH� SDUWtFXODV� WDPEpP� IRL� DYDOLDGR�� )RUDP� UHDOL]DGDV� YiULDV� VLPXODo}HV� QXPpULFDV� SDUD�

TXDWUR�YDORUHV�GLIHUHQWHV�GR�TXRFLHQWH�ì êáäç¤ ��SDUD�XP�GDGR�YDORU�FRQVWDQWH�GD�WHQVmR�~OWLPD�GH�

WUDomR�êáäç�� H� SDUD� GRLV� YDORUHV� GLIHUHQWHV� GH� HQHUJLD� GH� IUDWXUD� GR� FRQWDFWR� HP� WUDomR� H� FRUWH��

$GRWRX�VH� HQWmR� XP� YDORU� GH� HQHUJLD� GH� IUDWXUD� LJXDO� DR� YDORU� GR� UDPR� HOiVWLFR� �)Øß��� TXH�

FRUUHVSRQGH�D�DVVXPLU�VH�XP�PRGHOR�GH�FRQWDFWR�IUiJLO��H�XP�YDORU�GH�HQHUJLD�GH�IUDWXUD�{áw�YH]HV�

VXSHULRU�DR�YDORU�HOiVWLFR�HP�WUDomR�H�FRUWH��{áw)Øß���1R�4XDGUR���DSUHVHQWDP�VH�DV�SURSULHGDGHV�

UHVLVWHQWHV�H�HOiVWLFDV�DGRWDGDV�QDV�VLPXODo}HV�QXPpULFDV�UHDOL]DGDV��

�

4XDGUR���±�3URSULHGDGHV�HOiVWLFDV�H�UHVLVWHQWHV�GR�FRQWDFWR�SDUD�DQiOLVH�GD�LQIOXrQFLD�GR�WHUPR�GH�

DWULWR��

'$ �>)2=?� ß� êáäç�>/2=?� ì êáäç¤ �

vzáz� rástw� ssáv� sátáuáv�

�

'D�)LJXUD����E��H�GD�)LJXUD����G��FRQFOXL�VH�TXH�XP�DXPHQWR�GR�WHUPR�GH�DWULWR�GR�FRQWDFWR�

RULJLQD�XP�DXPHQWR�QR�YDORU�GR�kQJXOR�GH�DWULWR�LQWHUQR��VHQGR�HVWD�LQIOXrQFLD�PDLV�QRWyULD�SDUD�

YDORUHV�GR�TXRFLHQWH�ì êáäç¤ �PDLV�SHTXHQRV��'D�)LJXUD����D��H�GD�)LJXUD����F��YHULILFD�VH�TXH�XP�

DXPHQWR�GH�DWULWR�GR�FRQWDFWR�FRQGX]�D�XPD�OLJHLUD�UHGXomR�GD�FRHVmR�PDFURVFySLFD�GR�PDWHULDO��
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1R�HQWDQWR��TXDQGR�FRPSDUDGD�j�LQIOXrQFLD�TXH�HVWD�SURSULHGDGH�WHP�QR�kQJXOR�GH�DWULWR�LQWHUQR�

YHULILFD�VH�TXH�SDUD�RV�GRLV�PRGHORV�GH�FRQWDFWR�DQDOLVDGDV��PRGHOR�IUiJLO�H�FRP�HQIUDTXHFLPHQWR��

D�LQIOXrQFLD�QD�FRHVmR�p�PHQRU��

�

� �
D��)Øß� E��)Øß�

� �
F��{äw)Øß� G��{äw)Øß�

)LJ�����±�,QIOXrQFLD�GR�WHUPR�GH�DWULWR�äÖ�QR�YDORU�GD�FRHVmR�H�GR�kQJXOR�GH�DWULWR�LQWHUQR�D��H�E��

SDUD�XP�PRGHOR�GH�FRQWDFWR�IUiJLO�:)Øß;��F��H�G��H�SDUD�XP�PRGHOR�GH�HQIUDTXHFLPHQWR�ELOLQHDU�

FRP�XPD�HQHUJLD�GH�IUDWXUD�{áw�YH]HV�VXSHULRU�DR�YDORU�HOiVWLFR��{áw)Øß;��

$�)LJXUD����PRVWUD�TXH�R�WHUPR�DWULWR�GR�FRQWDFWR�WHP�XPD�LQIOXrQFLD�GLPLQXWD�QR�YDORU�GD�

WHQVmR� GH� WUDomR� LQGLUHFWD��&RQFOXL�VH� DLQGD� TXH� XP� DFUpVFLPR� QR� YDORU� GR� WHUPR� GH� DWULWR� WHP�

FRPR�FRQVHTXrQFLD�XP�OLJHLUR�DXPHQWR�GD� WHQVmR�GH�FRPSUHVVmR�VLPSOHV�TXHU�QR�PRGHOR� IUiJLO�

)Øß� ��TXHU�QR�PRGHOR�FRP�HQIUDTXHFLPHQWR�{áw)Øß�� VHQGR�PDLV�QRWyULD�D�VXD� LQIOXrQFLD�SDUD�XP�

PRGHOR�FRP�HQIUDTXHFLPHQWR��

�

����±�0RGHOR�IUiJLO�H�FRP�HQIUDTXHFLPHQWR�FDOLEUDGR�SDUD�R�JUDQLWR�2FHODU��Augig�granite��

2V�SDUkPHWURV�GR�PRGHOR�GH�FRQWDFWR�IUiJLO� �9*&0��'�)Øß��H�GR�PRGHOR�GH�FRQWDFWR�FRP�

HQIUDTXHFLPHQWR�ELOLQHDU��9*&0��'�{áw
cj��IRUDP�FDOLEUDGRV�GH�PRGR�D�REWHU�VH�XPD�UHVSRVWD�

PDFURVFySLFD��HP�WHUPRV�GH�GHIRUPDELOLGDGH�H�UHVLVWrQFLD��SUy[LPD�GD�REWLGD�H[SHULPHQWDOPHQWH�

FRP�XP�JUDQLWR�2FHODU��.D]HUDQL�H�=KDR���������1XPD�SULPHLUD�IDVH�GHILQLUDP�VH�RV�SDUkPHWURV�

HOiVWLFRV�HP�HQVDLRV�GH�FRPSUHVVmR�XQLD[LDO��'R�SURFHVVR� LWHUDWLYR�FRQFOXLX�VH�TXH�XP�YDORU�GH�

PyGXOR�GH�<RXQJ�HTXLYDOHQWH�GR�PDWHULDO�FRQWLQXR��';$$$�LJXDO�D�vzáz�)2=�H�XP�YDORU�GR�IDWRU�GH�

ULJLGH]��ß;�LJXDO�D�rástw�UHSURGX]HP��QXP�PRGHOR�GH�SDUWtFXODV�FRP�IRUPD�SROLpGULFD�DSUR[LPDGD�

H�FRP�D�GLVWULEXLomR�GH�UDLRV�GHILQLGD�HP������XP�YDORU�GH�PyGXOR�GH�<RXQJ�GH�twáz�)2=�H�XP�

YDORU� GH� FRHILFLHQWH� GH� 3RLVVRQ� GH� rátu�� FDUDFWHUtVWLFRV� GH� XP� JUDQLWR� 2FHODU� �.D]HUDQL� H�

=KDR���������
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�

� �
D��)Øß� E��)Øß�

� �
F��{áw)Øß� G��{áw)Øß�

)LJ�����±�,QIOXrQFLD�GR�WHUPR�GH�DWULWR�äÖ�QR�YDORU�GD�PDFURVFySLFR�GD�WHQVmR�GH�FRPSUHVVmR�H�GD�

WHQVmR�GH�WUDomR�LQGLUHFWD�D��H�E��SDUD�XP�PRGHOR�GH�FRQWDFWR�IUiJLO�:)Øß;��F��H�G��H�SDUD�XP�

PRGHOR�GH�HQIUDTXHFLPHQWR�ELOLQHDU�FRP�XPD�HQHUJLD�GH�IUDWXUD�{áw�YH]HV�VXSHULRU�DR�YDORU�

HOiVWLFR��{áw)Øß;��

2� SURFHVVR� GH� FDOLEUDomR� GRV� SDUkPHWURV� UHVLVWHQWHV� p� PDLV� FRPSOH[R� XPD� YH]� TXH� HVWHV�

SDUkPHWURV� LQIOXHQFLDP� GH� XP� PRGR� LQWHUGHSHQGHQWH� RV� SDUkPHWURV� UHVLVWHQWHV� PDFURVFySLFRV��

$VVLP� QXPD� SULPHLUD� IDVH� HVWDEHOHFH�VH� XP� TXRFLHQWH� GH� WHQVmR� ~OWLPD� GH� WUDomR� H� FRHVmR� TXH�

YHULILTXH� YDORUHV� PDFURVFySLFRV� SUy[LPRV� GH� FRPSUHVVmR� VLPSOHV� H� WUDomR� GLUHWD�� 'H� VHJXLGD�

DILQDP�VH�RV�SDUkPHWURV�GR�WHUPR�GH�DWULWR�H�HQHUJLD�GH�IUDWXUD�GH�PRGR�D�REWHU�VH�XP�kQJXOR�GH�

iWULR�LQWHUQR�H�XP�YDORU�GH�FRHVmR�SUy[LPRV�GRV�REWLGRV�H[SHULPHQWDOPHQWH���

1R�4XDGUR���VmR�DSUHVHQWDGDV�D�SURSULHGDGHV�HOiVWLFDV�H�UHVLVWHQWHV�SDUD�DV�TXDLV�XP�PRGHOR�

IUiJLO� H� XP� PRGHOR� FRP� HQIUDTXHFLPHQWR� ELOLQHDU� SURGX]HP� XPD� UHVSRVWD� SUy[LPD� GD� REWLGD�

H[SHULPHQWDOPHQWH� QXP� JUDQLWR� 2FHODU�� 1D� )LJXUD� ��� DSUHVHQWD�VH� R� FULWpULR� GH� URWXUD� GH�

+RHN�%URZQ� DSOLFDGR� DRV� GDGRV� H[SHULPHQWDLV� REWLGRV� SDUD� R� JUDQLWR� 2FHODU� �.D]HUDQL� H�

=KDR���������1D�PHVPD�ILJXUD�VmR�DSUHVHQWDGRV�RV�UHVXOWDGRV�REWLGRV�TXDQGR�VH�XWLOL]D�R�PRGHOR�

GH� FRQWDFWR� IUiJLO� �9*&0��'� )Øß�� H� R� PRGHOR� GH� FRQWDFWR� FRP� HQIUDTXHFLPHQWR� ELOLQHDU�

�9*&0��'�{áw
cj���$SUHVHQWDP�VH��SDUD�DPERV�RV�PRGHORV�QXPpULFRV��RV�YDORUHV�GH�UHVLVWrQFLD�

j� WUDomR� REWLGRV� HP� HQVDLRV� GH� WUDomR� GLUHWD� H� HP� HQVDLRV� GH� WUDomR� LQGLUHWD�� &RPSDUDQGR� DV�

HQYROYHQWHV� GH� URWXUD� REWLGDV�� YHULILFD�VH� TXH� R�PRGHOR�9*&0��'� SHUPLWH� D� UHSUHVHQWDomR� GD�

HQYROYHQWH�GH�URWXUD�VHPHOKDQWH�j�UHDO��DSUR[LPDQGR�VH�GRV�UHVXOWDGRV�H[SHULPHQWDLV�REWLGRV�SRU�

.D]HUDQL�H�=KDR���������TXHU�SDUD�R�PRGHOR�IUiJLO�TXHU�SDUD�R�PRGHOR�FRP�HQIUDTXHFLPHQWR���

1R�4XDGUR���VmR�DSUHVHQWDGDV�DV�SURSULHGDGHV�PDFURVFySLFDV�FRQKHFLGDV�GR�JUDQLWR�2FHODU�

�.D]HUDQL� H� =KDR�� ������� H� DV� SURSULHGDGHV�PDFURVFySLFDV� REWLGDV� FRP� RV�PRGHORV� FDOLEUDGRV��

IUiJLO� H� FRP� HQIUDTXHFLPHQWR�� 9HULILFD�VH� TXH� DSyV� R� SURFHVVR� GH� FDOLEUDomR� R� PRGHOR� 03�
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SURSRVWR�DSUHVHQWD�XPD�ERD�FRQFRUGkQFLD�FRP�RV�YDORUHV�REWLGRV�H[SHULPHQWDOPHQWH��1R�HQWDQWR��

YHULILFD�VH� TXH� FRP� XP�PRGHOR� GH� FRQWDFWR� IUiJLO� VH� REWrP� YDORUHV� GH� UHVLVWrQFLD� j� WUDomR� GH�

VHQVLYHOPHQWH�LJXDLV�D�PHWDGH�GRV�REWLGRV�FRP�RV�HQVDLRV�GH�WUDomR�GLUHWD��(P�HQVDLRV�HP�URFKDV�

GH�QDWXUH]D�VLPLODU�p�XVXDO�REWHU�YDORUHV�GH�WUDomR�LQGLUHWD�OLJHLUDPHQWH�VXSHULRUHV�DRV�YDORUHV�GH�

WUDomR� GLUHWD� �.ODQSKXPHHVUL�� ������ (UDUVODQ� H� :LOOLDPV�� ������� WDO� FRPR� R� REWLGR� FRP� XP�

PRGHOR�GH�HQIUDTXHFLPHQWR�ELOLQHDU��9iULRV�IDFWRUHV�FRQWULEXHP�SDUD�TXH�D�UHVLVWrQFLD�REWLGD�HP�

HQVDLRV�EUDVLOHLUR�VHMD�VXSHULRU�j�REWLGD�HP�HQVDLRV�GH�WUDomR�VLPSOHV��QRPHDGDPHQWH�R�IDFWR�GH�QR�

HQVDLR�GH�FRPSUHVVmR�GLDPHWUDO�R�HVWDGR�GH�WHQVmR�LQGX]LGR�QD�]RQD�GH�DSOLFDomR�GDV�IRUoDV�VHU�

FRPSOH[R��H[LVWLQGR�XP�HIHLWR�GH�FXQKD��H�R�SODQR�GH�URWXUD�ILQDO�QmR�VHU�SHUIHLWDPHQWH�SODQR���

�

4XDGUR���±�3URSULHGDGHV�HOiVWLFDV�H�UHVLVWHQWHV�GR�FRQWDFWR�FDOLEUDGDV�SDUD�R�JUDQLWR�2FHODU���

0RGHOR�IUiJLO�H�PRGHOR�FRP�HQIUDTXHFLPHQWR�ELOLQHDU��

� '$�>)2=?� ß� äÖ� êáäç�>/2=?� ì�>/2=?� )Ùäá�>0 I¤ ?� )Ùäæ�>0 I¤ ?�

9*&0��'�)Øß�

FDOLEUDGR�
vzáz� rástw� rárw�

uwáw� srxáw� ���� �������

9*&0��'�{áw)Øß�

FDOLEUDGR�
ssáv� zzáw� ����� �������

�

�

�

�

�

)LJ�����±�(QYROYHQWH�GH�URWXUD��&ULWpULR�GH�URWXUD�GH�+RHN�%URZQ�SDUD�R�JUDQLWR�2FHODU�FRP�EDVH�

QRV�HQVDLRV�H[SHULPHQWDLV�GH�.D]HUDQL�H�=KDR��������H�YDORUHV�QXPpULFRV�FRP�PRGHOR�IUiJLO�H�

FRP�HQIUDTXHFLPHQWR�ELOLQHDU��

�

4XDGUR���±�0DFURSURSULHGDGHV�GR�JUDQLWR�2FHODU��YDORUHV�QXPpULFRV�H�H[SHULPHQWDLV��

�

� '�>)2=?� å� Mè�>/2=?� êçä×Üå�>/2=?
� êçäÜá× �>/2=?

� ?�>/2=?� î�>¹?�

$XJLJ�JUDQLWH�

�.D]HUDQL�H�=KDR��

������

twáz� rátu� sttás� �� záz� tsár� wuár�

9*&0��'�)Øß�

FDOLEUDGR�
twáz� rátu�

stwát� sxáv� zá{� tyás� vuát�

9*&0��'�{äw)Øß�

FDOLEUDGR�
stváw� yáv� {ás� tváz� vxáx�

�

1D� )LJXUD� ��� DSUHVHQWDP�VH� DV� FXUYDV� GH� WHQVmR�GHIRUPDomR� j� FRPSUHVVmR� VLPSOHV� H� SDUD�

HQVDLRV� WULD[LDLV� FRP� WHQV}HV� GH� FRQILQDPHQWR� GH� ��� ��� �� H� ��� 03D� SDUD� RV� GRLV� PRGHORV� GH�

FRQWDFWR� FDOLEUDGR�� 'D� DQiOLVH� GD� )LJXUD� ��� YHULILFD�VH� TXH� D� FRQVLGHUDomR� GH� XPD� OHL� GH�

HQIUDTXHFLPHQWR�DR�QtYHO�GR�FRQWDFWR��SDUD�RV�YDORUHV�GH�HQHUJLD�GH�IUDWXUD�DGRWDGRV��QmR�DOWHUD�R�
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FDUiFWHU� IUiJLO� GD� UHVSRVWD� PDFURVFySLFD�� 9HULILFD�VH� DLQGD� TXH� R� PRGHOR� GH� FRQWDFWR� IUiJLO�
�9*&0��'�
cj��DSUHVHQWD�SDUD�YDORUHV�GH�FRQILQDPHQWR�UHGX]LGRV�XPD�LQIOH[mR�QD�FXUYD�WHQVmR�
GHIRUPDomR��TXH�QmR�p�WmR�HYLGHQWH�QR�PRGHOR�FRP�HQIUDTXHFLPHQWR��(VWH�SRQWR�GH�LQIOH[mR�HVWi�
DVVRFLDGR� DR� YDORU� UHGX]LGR� GR� IDWRU� GH� ULJLGH]�� QHFHVViULR� D� TXH� VH� REWHQKD� XP� YDORU�
PDFURVFySLFR� GH� FRHILFLHQWH� GH� 3RLVVRQ� SUy[LPR� GR� H[SHULPHQWDO�� &RQFOXL�VH� DLQGD� TXH� SDUD�
YDORUHV� PDLV� HOHYDGRV� GH� FRQILQDPHQWR� DPERV� RV� PRGHORV� GH� FRQWDFWR� DSUHVHQWDP�� WDO� FRPR�
HVSHUDGR��XPD�UHVSRVWD�PDLV�G~FWLO��

�

� �
D��9*&0��'�
cj�FDOLEUDGR�� E��9*&0��'�{áw
cj�FDOLEUDGR�

)LJ�����±�&XUYDV�WHQVmR�GHIRUPDomR�GRV�PRGHORV�9*&0��'�FDOLEUDGRV��HQVDLRV�WULD[LDLV�FRP�
GLIHUHQWHV�WHQV}HV�GH�FRQILQDPHQWR��

1D� )LJXUD� ��� DSUHVHQWDP�VH� DV� FXUYDV� WHQVmR�GHIRUPDomR� SDUD� RV� PRGHORV� 9*&0��'�
FDOLEUDGRV� �*&0��'� )Øß� H� *&0��'� {áw)Øß�� HP� FRPSUHVVmR� VLPSOHV� H� SDUD� XPD� WHQVmR� GH�
FRQILQDPHQWR� GH� ���� 03D�� 'D� FRPSDUDomR� GRV� UHVXOWDGRV� QXPpULFRV� REWLGRV� FRP� D� FXUYD�
H[SHULPHQWDO� �.D]HUDQL� H� =KDR�� ������� FRQFOXL�VH� TXH� R� PRGHOR� SURSRVWR� SHUPLWH� VLPXODU� R�
FRPSRUWDPHQWR� j� FRPSUHVVmR� GR�PDWHULDO� H� D� LQIOXrQFLD� GD� WHQVmR� GH� FRQILQDPHQWR�� 7DO� FRPR�
UHIHULGR�� RV�PRGHORV� �'� DSUHVHQWDP�XPD� OLJHLUD� LQIOH[mR� SDUD� XP�YDORU� UHODWLYDPHQWH� EDL[R� GD�
WHQVmR�GH�FRPSUHVVmR��FRQGX]LQGR�D�TXH�RV�YDORUHV�GH�FRPSUHVVmR�Pi[LPRV�VHMDP�REWLGRV�SDUD�
YDORUHV� GH� GHIRUPDomR� D[LDO� PDLV� HOHYDGRV� GR� TXH� RV� REWLGRV� H[SHULPHQWDOPHQWH� H� FRP� XP�
PRGHOR�HTXLYDOHQWH�HP��'��e�GH�QRWDU�TXH�D�FXUYD�REWLGD�QR�HQVDLR�ODERUDWRULDO�WUDGX]��QXPD�IDVH�
LQLFLDO��R�IHFKR�GH�IHQGDV�SUp�H[LVWHQWHV�QD�DPRVWUD��DSUHVHQWDQGR�XPD�PHQRU�ULJLGH]�LQLFLDO��(VWH�
IHQyPHQR�QmR�p�UHSURGX]LGR�SHORV�PRGHORV�GH�SDUWtFXODV��SRLV�HVWHV�UHSUHVHQWDP�R�PDWHULDO�FRPR�
URFKD�LQWDFWD�GH�SRURVLGDGH�LQLFLDO�QXOD��

2V� SDGU}HV� GH� IUDWXUD� REWLGRV� DWUDYpV� GR� PRGHOR� 9*&0��'� FDOLEUDGR� SDUD� R� HQVDLR� GH�
FRPSUHVVmR�VLPSOHV��j�WUDomR�GLUHWD��WULD[LDO�FRP�XPD�WHQVmR�GH�FRQILQDPHQWR�GH��03D�H�j�WUDomR�
LQGLUHWD��GR�WLSR�%UDVLOHLUR���VmR�DSUHVHQWDGRV�QD�)LJXUD�����9HULILFD�VH�TXH�RV�SDGU}HV�GH�IUDWXUD�
REWLGRV� QRV� GLIHUHQWHV� HQVDLRV� HQFRQWUDP�VH� GH� DFRUGR� FRP� R� H[SHFWiYHO�� 1R� HQVDLR� GH�
FRPSUHVVmR� VLPSOHV�� VHP� DWULWR� HQWUH� DV� SODFDV� KRUL]RQWDLV� H� R� VLVWHPD� GH� SDUWtFXODV��
GHVHQYROYHP�VH�IHQGDV�SDUDOHODV�j�GLUHomR�GD�FDUJD��)LJXUD����D���1R�HQVDLR�WULD[LDO�FRP�D�WHQVmR�
GH�FRQILQDPHQWR�GH��03D��)LJXUD����F���GHYLGR�DR�DXPHQWR�GD�WHQVmR�GH�FRQILQDPHQWR��YHULILFD�
VH� R� GHVHQYROYLPHQWR� GH� VXSHUItFLHV� GH� URWXUD� FRP� DOJXPD� LQFOLQDomR�� &RQIRUPH� HVSHUDGR�� QR�
HQVDLR�j�WUDomR�GLUHWD�D�VXSHUItFLH�GH�URWXUD�GHVHQYROYH�VH�SHUSHQGLFXODUPHQWH�j�GLUHomR�GD�FDUJD�
�)LJXUD����E���H�QR�HQVDLR�GH�WUDomR�LQGLUHWD�D�VXSHUItFLH�GH�URWXUD�p�SDUDOHOD�j�FDUJD��)LJXUD����G���
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� �

D��(QVDLR�GH�FRPSUHVVmR�XQLD[LDO� E�� (QVDLR� WULD[LDO� FRP� XPD� WHQVmR� GH�

FRQILQDPHQWR�GH�1O� ���03D�
�

�

)LJ�����±�&XUYDV�WHQVmR�GHIRUPDomR�GRV�PRGHORV�9*&0��'�FDOLEUDGRV��UHVXOWDGRV�H[SHULPHQWDLV�

GH�.D]HUDQL�H�=KDR��������H�YDORUHV�QXPpULFRV�REWLGRV�FRP�XPD�YHUVmR��'�GR�PRGHOR�SURSRVWR�

�$]HYHGR�et al����������

�

� � �
D��&RPSUHVVmR�VLPSOHV� E��7UDomR�VLPSOHV� F��7ULD[LDO�FRP�WHQVmR�GH�

FRQILQDPHQWR�êß L {�/2=�

�

�

�

� G��(QVDLR�EUDVLOHLUR� �

 

)LJ�����±�3DGU}HV�GH�URWXUD�REWLGRV�FRP�R�PRGHOR�9*&0��'�{áw)Øß�FDOLEUDGR��

1D�)LJXUD� ��� DSUHVHQWD�VH� D� HYROXomR� GR�GDQR�QR� FRQWDFWR� HP� WUDomR� H� FRUWH�� EHP� FRPR� D�

HYROXomR� GD� WHQVmR� D[LDO� H� GD� H[WHQVmR� YROXPpWULFD� SDUD� RV� PRGHORV� 9*&0��'� )Øß� H�

9*&0��'�{áw)Øß��2�SURFHVVR�GH�IUDWXUD�LQLFLD�VH�HP�DPERV�RV�PRGHORV�FRP�R�DSDUHFLPHQWR�GH�

9*&0��'�*HO

([SHULPHQWDO��.D]HUDQL�������

9*&0��'���*HO��$]HYHGR�HW�DO��������

9*&0��'����*HO
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IHQGDV�SRU�GDQR�HP�WUDomR��DWLQJLQGR�VH�R�VHX�YDORU�Pi[LPR�SUy[LPR�GR�YDORU�GH�SLFR��6y�SDUD�

YDORUHV� GH� WHQVmR� D[LDO� SUy[LPRV� GR� YDORU� GH� SLFR� p� TXH� VH� UHJLVWD� R� DSDUHFLPHQWR� GH� GDQR� GH�

FRQWDFWR�VRE�FRUWH�FRPSUHVVmR��(VWH�SURFHVVR�GH� IUDWXUD�p�SDUHFLGR�FRP�R�TXH�RFRUUH�HP�URFKD��

�%UDFH�et al���������0DUWLQ�H�&KDQGOHU��������'LHGHULFKV���������$�)LJXUD����SHUPLWH�YHULILFDU�TXH�

D� LQFRUSRUDomR� GH� XP� PRGHOR� GH� GDQR� FRP� HQIUDTXHFLPHQWR� VXDYL]D� D� UHVSRVWD� �GHIRUPDomR�

YROXPpWULFD��FXUYD�WHQVmR�GHIRUPDomR��PDV�QmR�DOWHUD�R�FDUiFWHU�IUiJLO�DSyV�VHU�DWLQJLGR�R�YDORU�GH�

SLFR��

�

� �

D��9*&0��'�*HO� E��9*&0��'�����*HO�

�

)LJ�����±�5HODomR�GD�WHQVmR�D[LDO��GHIRUPDomR�YROXPpWULFD�H�YDORUHV�GH�GDQR�D�GHIRUPDomR�D[LDO�
HP�HQVDLRV�GH�FRPSUHVVmR�VLPSOHV�REWLGDV�FRP�RV�PRGHORV�9*&0��'�FDOLEUDGRV��

��±�&216,'(5$d®(6�),1$,6�

2� PRGHOR� GH� SDUWtFXODV� SURSRVWR�� 9*&0��'�� SHUPLWH� UHSURGX]LU�� DSyV� FDOLEUDomR� GDV�

SURSULHGDGHV� DVVRFLDGDV� DRV� FRQWDFWRV�� R� SURFHVVR� GH� URWXUD� HP� URFKD� HP� HQVDLRV� XQLD[LDLV��

WULD[LDLV�H�HP�HQVDLRV�GR�WLSR�%UDVLOHLUR��2V�UHVXOWDGRV�QXPpULFRV�HYLGHQFLDP�TXH�RV�PRGHORV�03�

FRQVWLWXHP� XPD� DERUGDJHP� DOWHUQDWLYD� j� DQiOLVH� GH� SURFHVVRV� GH� IUDWXUD� H� TXH� D� UHVSRVWD�

PDFURVFySLFD�FRPSOH[D�DSDUHFH�HP�IXQomR�GH�PRGHORV�GH�LQWHUDFomR�VLPSOHV�HQWUH�SDUWtFXODV���

1R� PRGHOR� GH� SDUWtFXODV� �'� SURSRVWR� D� VXSHUItFLH� GH� FRQWDFWR� p� GHILQLGD� FRP� EDVH� QRV�

GLDJUDPDV� GH� /DJXHUUH�9RURQRL� GRV� FHQWURV� GH� JUDYLGDGH� GDV� SDUWtFXODV� TXH� UHSUHVHQWDP� D�

HVWUXWXUD� JUDQXODU�� $VVLP�� p� SRVVtYHO� VLPXODU� GH� IRUPD� DSUR[LPDGD� PRGHORV� GH� SDUWtFXODV� GH�

JHRPHWULD�SROLpGULFD�PDLV�SUy[LPD�GD�REVHUYDGD�HP�URFKD��PDQWHQGR�VH�QR�HQWDQWR�GHVHPSHQKRV�

FRPSXWDFLRQDLV�SUy[LPRV�GRV�PRGHORV�GH�SDUWtFXODV�HVIpULFDV��2�PRGHOR�GH�FRQWDFWR�SURSRVWR��DR�

DVVXPLU�D�JHRPHWULD�FRUUHWD�GD�SDUWtFXOD�� IDFLOLWD�D� LQFRUSRUDomR�GH�GHIRUPDELOLGDGH�GD�SDUWtFXOD�

DWUDYpV� GD� GLVFUHWL]DomR� LQWHUQD� GH� FDGD� SDUWtFXOD� FRP� EDVH� QXPD� PDOKD� GH� HOHPHQWRV� ILQLWRV�

WHWUDpGULFD��

2�HVWXGR�SDUDPpWULFR�DSUHVHQWDGR�FRQWULEXLX�SDUD�D�FDUDFWHUL]DomR�GRV�SDUkPHWURV�GR�PRGHOR�

GH� SDUWtFXODV� 9*&0��'� H� SDUD� D� DYDOLDomR� GRV� HIHLWRV� GH� FDGD� XP� GRV� SDUkPHWURV� QR�

FRPSRUWDPHQWR� PDFURVFySLFR� GD� URFKD�� 2V� UHVXOWDGRV� DSUHVHQWDGRV� IDFLOLWDP� D� FDOLEUDomR� GRV�

SDUkPHWURV��TXH��GDGD�D�QDWXUH]D�GRV�PRGHORV�03��WHP�GH�VHU�UHDOL]DGD�SDUD�FDGD�WLSR�GH�PDWHULDO�

TXH�VH�HVWi�D�DQDOLVDU��7DO�FRPR�DSUHVHQWDGR��RV�SDUkPHWURV�GH�GHIRUPDELOLGDGH�GR�PRGHOR�VmR�GH�

PDLV�IiFLO�REWHQomR�GDGR�TXH�SRGHP�VHU�REWLGRV�GH�IRUPD�TXDVH�GLUHWD��1XPD�IDVH�LQLFLDO�GHYH�VH�

GHILQLU� R� IDWRU� GH� ULJLGH]� GH�PRGR� D� REWHU�VH� XP�YDORU� GR� FRHILFLHQWH� GH�3RLVVRQ�PDFURVFySLFR�

SUy[LPR�GR�GHVHMDGR�HP�HQVDLRV�XQLD[LDLV��(P�VHJXLGD�YDULD�VH�R�YDORU�GR�PyGXOR�GH�<RXQJ�GR�
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PDWHULDO� FRQWtQXR� HTXLYDOHQWH� GH� PRGR� D� REWHU�VH� R� YDORU� PDFURVFySLFR� GR� PyGXOR� GH� <RXQJ�

GHVHMDGR�� 2� SURFHVVR� GH� FDOLEUDomR� GRV� SDUkPHWURV� GH� UHVLVWrQFLD� p� PDLV� PRURVR� GDGR� TXH� RV�

YiULRV�SDUkPHWURV�UHVLVWHQWHV�LQIOXHQFLDP�D�UHVSRVWD�PDFURVFySLFD��2V�SDUkPHWURV�SULQFLSDLV�VmR�D�

WHQVmR� GH� WUDomR� ~OWLPD� H� D� UHODomR� GHVWD� WHQVmR� FRP� R� YDORU� GH� WHQVmR� GH� FRHVmR� ~OWLPD� GR�

FRQWDFWR��

'DV� DQiOLVHV� HIHFWXDGDV� FRQFOXL�VH� TXH� R� FULWpULR� GH� URWXUD� FRP� HQIUDTXHFLPHQWR� p� PDLV�

DGHTXDGR��DSUHVHQWDQGR�YDQWDJHQV�UHODWLYDPHQWH�DR�FULWpULR�GH�URWXUD�IUiJLO��7DO�FRPR�UHIHULGR��R�

PRGHOR�GH�URWXUD�IUiJLO�HP�HQVDLRV�GR�WLSR�%UDVLOHLUR�VXEHVWLPD�R�YDORU�GD�WHQVmR�GH�WUDomR�~OWLPD�

HP�UHODomR�DRV�YDORUHV�REWLGRV�QXP�HQVDLR�GLUHWR��'DGR�R�UHGX]LGR�YDORU�GH�HQHUJLD�GH�IUDWXUD�TXH�

p�QHFHVViULR�DGRWDU�DR�QtYHO�GR�FRQWDFWR��RV�PRGHORV�FRP�OHLV�GH�HQIUDTXHFLPHQWR�QRV�FRQWDFWRV�

FRQWLQXDP� D� DSUHVHQWDU� XPD� UHVSRVWD� IUiJLO�� FDUDFWHUtVWLFD� GD� URFKD� TXHU� HP� WUDomR� TXHU� HP�

FRPSUHVVmR�VLPSOHV���

��±�$*5$'(&,0(1726�

(VWH� WUDEDOKR�� LQLFLDOPHQWH� GHVHQYROYLGR� QR� kPELWR� GR� SURMHWR� GH� LQYHVWLJDomR�

37'&�(&0�������������� ILQDQFLDGR� SHOD� )XQGDomR� SDUD� D� &LrQFLD� H� D� 7HFQRORJLD�� p� SDUWH� GR�

SURMHWR�GH�LQYHVWLJDomR�'$0)$�±�6ROXo}HV�GH�SRQWD�SDUD�D�DYDOLDomR�VXVWHQWiYHO�GDV�IXQGDo}HV�

GH�EDUUDJHQV�GH�EHWmR�SURPRYLGR�SHOR�/1(&��

��±�5()(5Ç1&,$6�%,%/,2*5È),&$6�

$]HYHGR��1�� ��������Micromechanical study of rock fracture and fragmentation under dynamic 

loads using discrete element method�� 3K'� 7KHVLV�� +HULRW�:DWW� 8QLYHUVLW\�� (GLQEXUJK��

6FRWODQG��

$]HYHGR��1���/HPRV��-����������A 3D generalized rigid particle contact model for rock fracture��

(QJLQHHULQJ�&RPSXWDWLRQV��YRO���������SS�����������

$]HYHGR��1���&DQGHLDV��0���*RXYHLD��)����������A rigid particle model for rock fracture following 

the Voronoi tessellation of the grain structure: Formulation and Validation��5RFN�0HFKDQLFV�

DQG�5RFN�(QJLQHHULQJ��YRO���������SS�����������

%RODQGHU�� -��� 6DLWR�� 6�� ��������Fracture analyses using spring networks with random geometry��

(QJLQHHULQJ�)UDFWXUH�0HFKDQLFV��YRO������������SS�����������

%UDFH�:���3DXOGLQJ�%���6FKRO]�&����������Dilatancy in the fracture of crystalline rocks��-RXUQDO�RI�

*HRSK\VLFDO�5HVHDUFK��YRO����������SS�������������

&KDQJ��.�*���0HHJRGD�� -�1�� ��������Micromechanical simulation of hot mix asphalt�� -RXUQDO�RI�

(QJLQHHULQJ�0HFKDQLFV��$6&(��YRO����������SS�����������

&KR��1���0DUWLQ��&���6HJR��'�&����������A clumped particle model for rock��,QWHUQDWLRQDO�-RXUQDO�

RI�5RFN�0HFKDQLFV�	�0LQLQJ�6FLHQFHV��YRO����������SS������������

'LHGHULFKV�� 0�6�� �������� Instability of hard rock masses: the role of tensile damage and 

relaxation��3K'�7KHVLV��8QLYHUVLW\�RI�:DWHUORR��&DQDGD��

'LHGHULFKV�� 0�6�� �������� Rock fracture collapse under low confinement conditions�� 5RFN�

0HFKDQLFV�DQG�5RFN�(QJLQHHULQJ��YRO���������SS�����������

(UDUVODQ�� 1��� :LOOLDPV�� '�� �������� Experimental, numerical and analytical studies on tensile 

strength of rocks�� ,QWHUQDWLRQDO� -RXUQDO� RI� 5RFN� 0HFKDQLFV� 	� 0LQLQJ� 6FLHQFHV�� YRO��

���-DQXDU\��������SS���������
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*DR��)���6WHDG��'����������The application of a modified Voronoi logic to brittle fracture modelling 

at the laboratory and field scale�� ,QWHUQDWLRQDO� -RXUQDO� RI� 5RFN� 0HFKDQLFV� 	� 0LQLQJ�
6FLHQFHV��YRO�����-XQH��������SS��������
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