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Abstract:� 7KLV� VWXG\� LQYHVWLJDWHV� WKH� GHIRUPDWLRQ� EHKDYLRU� RI�
OD\HUHG� VHGLPHQWDU\� URFNV� ZLWK� GLYHUVH� JHRWHFKQLFDO� SURSHUWLHV�
XQGHU� ODUJH�VFDOH ODWHUDO� ORDGLQJ� FRQGLWLRQV�� 7KHVH ORDGV��
SULPDULO\� LQGXFHG� E\� WHFWRQLF� DFWLYLWLHV�� VLJQLILFDQWO\� DOWHU� WKH�
VWUHVV�VWUDLQ� GLVWULEXWLRQ� LQ� JHRWHFKQLFDO� VWUXFWXUHV� VXFK� DV�
WXQQHOV DQG URDGV EXLOW RQ VORSHV� 8QGHUVWDQGLQJ WKHVH�
GHIRUPDWLRQV LV FUXFLDO IRU DVVHVVLQJ WKH VWDELOLW\ DQG�
SHUIRUPDQFH�RI�VXFK�VWUXFWXUHV��7R�DQDO\]H�WKHVH�HIIHFWV��D�VHULHV�
RI� FRQWUROOHG� ODERUDWRU\� H[SHULPHQWV� ZHUH� FRQGXFWHG� XVLQJ� D�
VSHFLDOL]HG� WHVWLQJ� GHYLFH� GHVLJQHG� WR� VLPXODWH� ODWHUDO� ORDGLQJ�
VFHQDULRV� 7KH GHYLFH PHDVXUHV OD\HU GHIRUPDWLRQV LQ�
PHJDQHXWRQV� SHU� VTXDUH� PHWHU�� SURYLGLQJ� SUHFLVH� LQVLJKWV� LQWR�
WKH� PHFKDQLFDO� UHVSRQVH� RI� EHGGHG� URFN� IRUPDWLRQV�� 7KH�
H[SHULPHQWDO� VHWXS� LQYROYHG� V\VWHPDWLFDOO\� DSSO\LQJ� YDU\LQJ�
ODWHUDO� ORDGV�ZKLOH�PRQLWRULQJ� GHIRUPDWLRQ� SDWWHUQV� LQ� GLIIHUHQW�
VHGLPHQWDU\� URFN� VDPSOHV�� 7KH� UHFRUGHG� UHVXOWV� KLJKOLJKW� KRZ�
ZHDN� VHGLPHQWDU\� URFNV� UHVSRQG� WR� VWUHVV� UHGLVWULEXWLRQ� DQG�
ODWHUDO� IRUFHV�� 7KH� ILQGLQJV� UHYHDO� FULWLFDO� GHIRUPDWLRQ� WUHQGV��
VWUXFWXUDO�ZHDNQHVVHV��DQG�IDLOXUH�PHFKDQLVPV�WKDW�LQIOXHQFH�WKH�
ORQJ�WHUP� VWDELOLW\� RI� JHRWHFKQLFDO� VWUXFWXUHV�� 7KLV� UHVHDUFK�
FRQWULEXWHV�WR�D�EHWWHU�XQGHUVWDQGLQJ�RI�WKH�ODWHUDO�ORDG�HIIHFWV�RQ�
OD\HUHG�URFN�IRUPDWLRQV�DQG�SURYLGHV�YDOXDEOH�GDWD�IRU�GHVLJQLQJ�
PRUH�UHVLOLHQW�LQIUDVWUXFWXUH�LQ�JHRORJLFDOO\�DFWLYH�UHJLRQV��
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6HGLPHQWDU\� URFNV� DUH� RQH� RI� WKH� WKUHH� PDLQ� W\SHV� RI� URFNV�
IRXQG�RQ�(DUWK��IRUPHG�E\�WKH�DFFXPXODWLRQ�DQG�FRPSDFWLRQ�

RI�PLQHUDO�DQG�RUJDQLF�SDUWLFOHV�RYHU�WLPH��7XFNHU���������7KH\�
RIWHQ� GHYHORS� LQ� OD\HUV�� HDFK� UHSUHVHQWLQJ� D� GLIIHUHQW� SHULRG� RI�
GHSRVLWLRQ� �5DILHL� HW� DO��� ������� 7KHVH� URFNV� DUH� W\SLFDOO\�
FODVVLILHG�EDVHG�RQ�WKHLU�FRPSRVLWLRQ�DQG� WKH�SURFHVVHV� WKURXJK�
ZKLFK�WKH\�DUH�IRUPHG��7KH�SULPDU\�W\SHV�RI�VHGLPHQWDU\�URFNV�
LQFOXGH� FODVWLF�� FKHPLFDO�� DQG� RUJDQLF� VHGLPHQWDU\� URFNV� �+RHN�
HW� DO��� ������� &ODVWLF� VHGLPHQWDU\� URFNV�� VXFK� DV� VDQGVWRQH� DQG�
VKDOH��DUH� IRUPHG� IURP�IUDJPHQWV�RI�RWKHU� URFNV� WKDW�KDYH�EHHQ

WUDQVSRUWHG� DQG� GHSRVLWHG� E\� ZDWHU�� ZLQG�� RU� LFH� �5DILHL� HW� DO���
������� &KHPLFDO� VHGLPHQWDU\� URFNV�� VXFK� DV� OLPHVWRQH� DQG�
J\SVXP��IRUP�ZKHQ�PLQHUDOV�SUHFLSLWDWH�IURP�D�VROXWLRQ��7XFNHU��
�������2UJDQLF�VHGLPHQWDU\�URFNV��VXFK�DV�FRDO��DUH�FRPSRVHG�RI�
RUJDQLF� PDWHULDOV� OLNH� SODQW� GHEULV� RU� VKHOOV� WKDW� KDYH� EHHQ�
FRPSDFWHG� RYHU� WLPH� �'LDPDQWLV� HW� DO��� ������� 7KH� QDWXUH� RI�
VHGLPHQWDU\� URFNV� LV� VWURQJO\� LQIOXHQFHG� E\� WKH� HQYLURQPHQW� LQ�
ZKLFK�WKH\�IRUP��7XFNHU���������)DFWRUV�OLNH�ZDWHU�WHPSHUDWXUH��
FKHPLFDO� FRPSRVLWLRQ�� DQG� WKH� UDWH� RI� VHGLPHQW� GHSRVLWLRQ� FDQ�
LPSDFW� WKH� ILQDO� FKDUDFWHULVWLFV� RI� WKH� URFN�� 6HGLPHQWDU\� URFNV�
WHQG� WR� KDYH� D� UHODWLYHO\� ORZ� VWUHQJWK� FRPSDUHG� WR� LJQHRXV� RU�
PHWDPRUSKLF�URFNV��EXW�WKHLU�VWUXFWXUH�DQG�FRPSRVLWLRQ�FDQ�YDU\�
JUHDWO\ �7VLDPEDRV 	 6DEDWDNDNLV� ������ )RU H[DPSOH��
OLPHVWRQH�LV�RIWHQ�VRIW�DQG�HDVLO\�HURGHG��ZKLOH�VDQGVWRQH�FDQ�EH�
PXFK� KDUGHU� DQG� PRUH� GXUDEOH� �0LOORQ� HW� DO��� ������� 7KLV�
YDULDWLRQ� LQ� VWUHQJWK� DQG� FRPSRVLWLRQ� SOD\V� D� NH\� UROH� LQ�
GHWHUPLQLQJ� WKH� EHKDYLRU� RI� VHGLPHQWDU\� URFNV� XQGHU� VWUHVV��
SDUWLFXODUO\�ZKHQ�VXEMHFWHG�WR�H[WHUQDO�IRUFHV�OLNH�ODWHUDO�ORDGLQJ�
RU�WHFWRQLF�DFWLYLW\��7XFNHU���������

7KHUH� DUH� PDQ\� GLIIHUHQW� W\SHV� RI� VHGLPHQWDU\� URFNV�� HDFK�
ZLWK� WKHLU�RZQ�XQLTXH�FKDUDFWHULVWLFV�DQG� LPSRUWDQFH� �&KDQJ�HW�
DO��� �������)RU� LQVWDQFH�� VDQGVWRQH� LV�RIWHQ�XVHG� LQ�FRQVWUXFWLRQ�
GXH� WR� LWV�GXUDELOLW\��ZKLOH�VKDOH�LV�NQRZQ� IRU�LWV�DELOLW\�WR�KROG�
K\GURFDUERQV��PDNLQJ�LW�DQ�LPSRUWDQW�VRXUFH�URFN�IRU�RLO�DQG�JDV�
�$OWLQGDJ���������/LPHVWRQH�LV�ZLGHO\�XVHG�LQ�FHPHQW�SURGXFWLRQ�
DQG� DV� D� EXLOGLQJ� PDWHULDO� �.DUD�� ������ 6KDUPD� HW� DO��� �������
8QGHUVWDQGLQJ� WKH� GLIIHUHQW� W\SHV� RI� VHGLPHQWDU\� URFNV�� WKHLU�
IRUPDWLRQ�SURFHVVHV�� DQG� WKHLU� SK\VLFDO� SURSHUWLHV� LV� FUXFLDO� IRU�
PDQ\� ILHOGV�� LQFOXGLQJ� JHRORJ\�� HQJLQHHULQJ�� DQG� UHVRXUFH�
H[WUDFWLRQ� �7XFNHU�� ������� 7KH� VWXG\� RI� VHGLPHQWDU\� URFNV� LV�
SDUWLFXODUO\� LPSRUWDQW� LQ� XQGHUVWDQGLQJ� WKH� VWUHVV� ILHOG� DQG� WKH�
SRWHQWLDO� IRU� IDLOXUH� ZKHQ� WKHVH� PDWHULDOV� DUH� VXEMHFWHG� WR�
H[WHUQDO� IRUFHV� �:DTDV� 	� $KPHG�� ������� 8QGHU� QDWXUDO� RU�
DUWLILFLDO ORDGLQJ FRQGLWLRQV� VXFK� DV HDUWKTXDNHV� RU WKH�
FRQVWUXFWLRQ RI ODUJH�VFDOH LQIUDVWUXFWXUH� WKH VWUHVV RQ�
VHGLPHQWDU\� URFN� OD\HUV� FDQ� OHDG� WR� GHIRUPDWLRQ� DQG�� LQ� VRPH�
FDVHV�� FDWDVWURSKLF� IDLOXUH� �7XFNHU�� �������7KH�ZD\� WKHVH� URFNV�
GHIRUP�GHSHQGV�RQ� WKHLU�FRPSRVLWLRQ��VWUHQJWK��DQG� WKH�VSHFLILF�
QDWXUH�RI�WKH�IRUFHV�DSSOLHG�WR�WKHP��0XJKLHGD�HW�DO����������)RU�
LQVWDQFH�� OD\HUV� RI� VHGLPHQWDU\� URFN� ZLWK� YDU\LQJ� JHRWHFKQLFDO
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SURSHUWLHV�PD\�H[SHULHQFH�GLIIHUHQW�W\SHV�RI�GHIRUPDWLRQ��VXFK�DV�
VOLGLQJ��VKHDULQJ��RU�EXFNOLQJ� �/DWLE�HW�DO����������7KLV�PDNHV� LW�
HVVHQWLDO�WR�XQGHUVWDQG�KRZ�WKHVH�URFNV�ZLOO�EHKDYH�XQGHU�VWUHVV�
LQ�RUGHU� WR�SUHGLFW� WKH�SRWHQWLDO� IRU� IDLOXUH� DQG� WDNH� DSSURSULDWH�
PHDVXUHV�WR�PLWLJDWH�ULVNV��0HQJ�HW�DO����������

7KH� LPSDFW�RI� IUDFWXULQJ�DQG� IDLOXUH� LQ�VHGLPHQWDU\�URFNV� LV�
DQRWKHU� LPSRUWDQW� DUHD� RI� VWXG\�� SDUWLFXODUO\� LQ� WKH� FRQWH[W� RI�
ODUJH�VFDOH�ODWHUDO�ORDGLQJ��'X�HW�DO����������:KHQ�D�VHGLPHQWDU\�
URFN�OD\HU�IDLOV��LW�FDQ�OHDG�WR�VLJQLILFDQW�VKLIWV�LQ�WKH�VXUURXQGLQJ�
JHRORJ\�� VXFK� DV� WKH� IRUPDWLRQ� RI� IDXOWV� RU� WKH� PRYHPHQW� RI�
XQGHUJURXQG� IOXLGV� �.UDEEHQGDP�HW� DO��� �������)RU� H[DPSOH�� LQ�
DUHDV� ZKHUH� VHGLPHQWDU\� URFNV� DUH� LQYROYHG� LQ� RLO� RU� JDV�
H[WUDFWLRQ��IDLOXUH�RI�URFN�OD\HUV�FDQ�OHDG�WR�WKH�FROODSVH�RI�ZHOO�
ERUHV� RU� FDXVH� D� UHOHDVH� RI� IOXLGV� LQWR� WKH� VXUURXQGLQJ�
HQYLURQPHQW��*DJH�HW�DO����������,Q�FRQVWUXFWLRQ�DQG�HQJLQHHULQJ�
SURMHFWV�� IDLOXUH� FDQ� UHVXOW� LQ� WKH� FROODSVH� RI� IRXQGDWLRQV� RU� WKH�
GHVWDELOL]DWLRQ� RI� LQIUDVWUXFWXUH� �*RRGDU]L� HW� DO��� ������� 7KH�
VWXG\�RI�IUDFWXUH�PHFKDQLFV�LQ�VHGLPHQWDU\�URFNV�KHOSV�HQJLQHHUV�
DQG�JHRORJLVWV�GHVLJQ�PRUH�UHVLOLHQW�VWUXFWXUHV�DQG�SUHGLFW�ZKHUH�
DQG KRZ� IDLOXUH PLJKW RFFXU �=DLG 	 6DGLTXH� �������
$GGLWLRQDOO\�� XQGHUVWDQGLQJ� WKH� VWUHVV� ILHOG� LQ� VHGLPHQWDU\� URFN�
IRUPDWLRQV� LV� NH\� IRU� SUHGLFWLQJ� WKH�EHKDYLRU� RI� WKHVH�PDWHULDOV�
RYHU� WLPH� �%DUELHUL� HW� DO��� �������:KHQ� VHGLPHQWDU\� URFNV� DUH�
VXEMHFWHG WR ORQJ�WHUP� ORDGLQJ� WKH\� PD\� XQGHUJR VORZ�
GHIRUPDWLRQ�SURFHVVHV�VXFK�DV�FRPSDFWLRQ��ZKLFK�FDQ�DIIHFW�WKHLU�
VWUHQJWK�DQG�VWDELOLW\��7XFNHU���������7KH�EXLOGXS�RI�VWUHVV�RYHU�
WLPH�FDQ�OHDG�WR�EULWWOH�IUDFWXUH�RU�GXFWLOH�IORZ��GHSHQGLQJ�RQ�WKH�
W\SH�RI� URFN�DQG� WKH� FRQGLWLRQV� LW� LV� VXEMHFWHG� WR� �:DQJ�HW� DO���
������� ,Q� DUHDV� RI� DFWLYH� WHFWRQLF� DFWLYLW\� RU� ZKHUH� ODUJH�VFDOH�
LQGXVWULDO�RSHUDWLRQV�DUH�WDNLQJ�SODFH��PRQLWRULQJ�WKH�VWUHVV�ILHOG�
DQG� SRWHQWLDO� IUDFWXUH� ]RQHV� LV� YLWDO� IRU� HQVXULQJ� WKH� VDIHW\� DQG�
VWDELOLW\� RI� VWUXFWXUHV� EXLOW� RQ� RU� ZLWKLQ� VHGLPHQWDU\� URFN�
IRUPDWLRQV� �6KDKDQL� HW� DO��� ������� )LQDOO\�� UHVHDUFK� LQWR� WKH�
GHIRUPDWLRQ� EHKDYLRU� RI� VHGLPHQWDU\� URFNV� XQGHU� VWUHVV� LV�
LPSRUWDQW�IRU�DGYDQFLQJ�ERWK�WKHRUHWLFDO�NQRZOHGJH�DQG�SUDFWLFDO�
DSSOLFDWLRQV� �.KDMHYDQG�� ������� $V� RXU� XQGHUVWDQGLQJ� RI� WKH�
PHFKDQLVPV� EHKLQG� VWUHVV� DQG� IUDFWXUH� LQ� VHGLPHQWDU\� URFNV�
LPSURYHV�� LW� EHFRPHV� SRVVLEOH� WR� GHYHORS� EHWWHU� SUHGLFWLYH�
PRGHOV�DQG�GHVLJQ�VWUDWHJLHV�IRU�HQJLQHHULQJ�SURMHFWV��%DUELHUL�HW�
DO��� ������� :KHWKHU� IRU� FRQVWUXFWLRQ�� UHVRXUFH� H[WUDFWLRQ�� RU�
HQYLURQPHQWDO�SURWHFWLRQ��WKLV�NQRZOHGJH�FDQ�KHOS�PLWLJDWH�ULVNV�
DQG� RSWLPL]H� WKH� XVH� RI� VHGLPHQWDU\� URFN� IRUPDWLRQV�� HQVXULQJ�
WKH� VDIHW\� DQG� VXVWDLQDELOLW\� RI� KXPDQ� DFWLYLWLHV� LQ� DUHDV�ZKHUH�
WKHVH�URFNV�DUH�SUHYDOHQW��*RRGDU]L�HW�DO����������

7KH�GHIRUPDWLRQ�EHKDYLRU�RI�OD\HUHG�VHGLPHQWDU\�URFNV�ZLWK�
GLYHUVH�JHRWHFKQLFDO�SURSHUWLHV�XQGHU� ODUJH�VFDOH� ODWHUDO� ORDGLQJ�
FRQGLWLRQV� LV� D� NH\� DVSHFW� RI� JHRWHFKQLFDO� HQJLQHHULQJ�� ZLWK�
VLJQLILFDQW LPSOLFDWLRQV IRU FRQVWUXFWLRQ� QDWXUDO GLVDVWHU�
UHVSRQVH��DQG�HQYLURQPHQWDO�VWDELOLW\��%LULHQ�	�*DXWKLHU���������
6HGLPHQWDU\ URFNV� IRUPHG WKURXJK WKH DFFXPXODWLRQ RI�
PDWHULDOV� RYHU� WLPH�� W\SLFDOO\� FRQVLVW� RI� OD\HUV� WKDW� H[KLELW�
YDU\LQJ� SK\VLFDO� DQG�PHFKDQLFDO� SURSHUWLHV� �7LDQ� HW� DO��� �������
7KHVH� SURSHUWLHV�� VXFK� DV� VWUHQJWK�� HODVWLFLW\�� SRURVLW\�� DQG�
SHUPHDELOLW\�� DUH� LQIOXHQFHG� E\� IDFWRUV� VXFK�DV� WKH� FRPSRVLWLRQ�
RI� PLQHUDOV�� WKH� GHJUHH� RI� FHPHQWDWLRQ�� DQG� WKH� GHSRVLWLRQDO�
HQYLURQPHQW� �&XL� HW� DO��� �������$V� D� UHVXOW�� XQGHUVWDQGLQJ� KRZ�
WKHVH� OD\HUHG� URFNV� UHVSRQG� WR� ODWHUDO� ORDGLQJ� LV� HVVHQWLDO� IRU�
GHVLJQLQJ�VDIH�DQG�VWDEOH�VWUXFWXUHV�LQ�DUHDV�ZKHUH�VXFK�URFNV�DUH�
SUHYDOHQW��=KDL�HW�DO���������

/DWHUDO� ORDGLQJ�� ZKLFK� UHIHUV� WR� WKH� DSSOLFDWLRQ� RI� IRUFHV�
SDUDOOHO� WR� WKH� VXUIDFH� RI� WKH� HDUWK�� FDQ� RFFXU� GXH� WR� QDWXUDO�
SKHQRPHQD�OLNH�HDUWKTXDNHV��ODQGVOLGHV��RU�KXPDQ�DFWLYLWLHV�VXFK�
DV� FRQVWUXFWLRQ� RU� H[FDYDWLRQ� �/LX� HW� DO��� �������:KHQ� OD\HUHG�
VHGLPHQWDU\� URFNV�DUH� VXEMHFWHG� WR� VXFK� IRUFHV�� WKH� EHKDYLRU�RI�
WKH�PDWHULDO�FDQ�EH�KLJKO\�FRPSOH[��ZLWK�GHIRUPDWLRQ�RFFXUULQJ�
GLIIHUHQWO\� DFURVV� WKH� YDULRXV� OD\HUV� �&RQJ� HW� DO��� ������� 7KH�
VWUDWLILFDWLRQ� RI� WKHVH� URFNV� RIWHQ� OHDGV� WR� D� KHWHURJHQHRXV�
UHVSRQVH� WR� VWUHVV��PDNLQJ� WKH� VWXG\�RI� WKHLU� GHIRUPDWLRQ�XQGHU�
ODWHUDO� ORDGLQJ� FRQGLWLRQV� ERWK� FKDOOHQJLQJ� DQG� FULWLFDO� IRU�
DFFXUDWH� SUHGLFWLRQ� RI� WKHLU� EHKDYLRU� LQ� UHDO�ZRUOG� VFHQDULRV�
�0DKHVKZDUL���������2QH�RI�WKH�NH\�FKDOOHQJHV�LQ�XQGHUVWDQGLQJ�
WKH� GHIRUPDWLRQ� RI� OD\HUHG� VHGLPHQWDU\� URFNV� LV� WKH� VLJQLILFDQW�
YDULDWLRQ�LQ� WKHLU�JHRWHFKQLFDO�SURSHUWLHV��6FKXVWHU�HW�DO����������
'LIIHUHQW� OD\HUV� PD\� KDYH� ZLGHO\� YDU\LQJ� VWUHQJWKV�� VKHDU�
UHVLVWDQFHV�� DQG� HODVWLF� PRGXOL� �/L� HW� DO��� ������� )RU� H[DPSOH��
FOD\�ULFK� OD\HUV� PD\� H[KLELW� ORZ� VKHDU� VWUHQJWK� DQG� KLJK�
FRPSUHVVLELOLW\�� ZKLOH� VDQGVWRQH� OD\HUV� PD\� EH� VWURQJHU� DQG�
PRUH�UHVLVWDQW�WR�GHIRUPDWLRQ��7KLV�YDULDELOLW\�OHDGV�WR�D�FRPSOH[�
LQWHUDFWLRQ�EHWZHHQ�WKH�GLIIHUHQW�OD\HUV�ZKHQ�VXEMHFWHG�WR�ODWHUDO�
VWUHVVHV�� UHVXOWLQJ� LQ� QRQ�XQLIRUP�GHIRUPDWLRQV� VXFK� DV� VOLGLQJ��
EXFNOLQJ�� RU� VKHDU� IDLOXUH� �=KDR� HW� DO��� ������� 6XFK� EHKDYLRUV�
PXVW�EH�FDUHIXOO\�H[DPLQHG�WR�XQGHUVWDQG�WKH�RYHUDOO�UHVSRQVH�RI�
WKH�URFN�PDVV�WR�ODWHUDO�ORDGLQJ��=DLG�	�6DGLTXH���������

$QRWKHU� LPSRUWDQW� DVSHFW� RI� WKH� GHIRUPDWLRQ� EHKDYLRU� RI�
OD\HUHG� VHGLPHQWDU\� URFNV� LV� WKH� LPSDFW� RI� VFDOH� �7LDQ� HW� DO���
������� ,Q� ODERUDWRU\� H[SHULPHQWV�� WKH� FRQGLWLRQV� XQGHU� ZKLFK�
URFNV�DUH� WHVWHG�DUH� W\SLFDOO\� VPDOOHU� LQ�VFDOH�FRPSDUHG� WR� UHDO��
ZRUOG� DSSOLFDWLRQV� �&XL� HW� DO��� ������� +RZHYHU�� ZKHQ� WKHVH�
PDWHULDOV� DUH� VXEMHFWHG� WR� ODUJH�VFDOH� ODWHUDO� ORDGLQJ�� VXFK� DV�
GXULQJ�DQ�HDUWKTXDNH�RU� ODUJH�FRQVWUXFWLRQ�SURMHFW�� WKH�UHVSRQVH�
FDQ� GLIIHU� VLJQLILFDQWO\� �%DUELHUL� HW� DO��� ������� 7KH� ODUJHU� WKH�
ORDGLQJ� LV�� WKH�PRUH� SURQRXQFHG� WKH� KHWHURJHQHLW\� EHWZHHQ� WKH�
OD\HUV� PD\� EHFRPH�� DQG� WKH� PRUH� GLIILFXOW� LW� LV� WR� SUHGLFW� WKH�
RYHUDOO GHIRUPDWLRQ EHKDYLRU �=DLG 	 6DGLTXH� �������
8QGHUVWDQGLQJ�WKH�UHODWLRQVKLS�EHWZHHQ�VFDOH�DQG�GHIRUPDWLRQ�LV��
WKHUHIRUH�� FUXFLDO� IRU� DFFXUDWHO\� PRGHOLQJ� WKHVH� PDWHULDOV� LQ�
JHRWHFKQLFDO� GHVLJQ� �'X� HW� DO��� ������� 7KH� LQWHUDFWLRQ� EHWZHHQ�
GLIIHUHQW�OD\HUV�ZLWKLQ�VHGLPHQWDU\�URFN�IRUPDWLRQV�XQGHU�ODWHUDO�
ORDGLQJ�LV�DQRWKHU�LPSRUWDQW�IDFWRU�WR�FRQVLGHU��7LDQ�HW�DO����������
/D\HUV� ZLWK� FRQWUDVWLQJ� SURSHUWLHV� FDQ� OHDG� WR� GLIIHUHQWLDO�
PRYHPHQW� EHWZHHQ� WKHP�� UHVXOWLQJ� LQ� VOLGLQJ�� VKDULQJ�� RU� HYHQ�
IUDFWXULQJ��7KH�H[WHQW� WR�ZKLFK�WKHVH� OD\HUV�LQWHUDFW�GHSHQGV�QRW�
RQO\� RQ� WKHLU� PHFKDQLFDO� SURSHUWLHV� EXW� DOVR� RQ� WKH� FRQWDFW�
FRQGLWLRQV�EHWZHHQ� WKHP��)RU�H[DPSOH�� LI�WKH� OD\HUV�DUH�ZHDNO\�
ERQGHG�RU�KDYH�KLJK�SRURVLW\��WKH�ULVN�RI�VOLGLQJ�DQG�VKHDU�IDLOXUH�
LQFUHDVHV��&XL�HW�DO����������&RQYHUVHO\��VWURQJ�ERQGLQJ�DQG�ORZ�
SRURVLW\� PD\� LQKLELW� VXFK� PRYHPHQWV�� EXW� VWLOO� OHDG� WR� RWKHU�
IRUPV� RI� GHIRUPDWLRQ�� VXFK� DV� EXFNOLQJ� RU� SODVWLF� GHIRUPDWLRQ�
�=KDL� HW� DO��� ������� 7KHUHIRUH�� DFFXUDWHO\� PRGHOLQJ� WKHVH�
LQWHUDFWLRQV� LV� NH\� WR� XQGHUVWDQGLQJ� WKH� RYHUDOO� UHVSRQVH� RI� WKH�
URFN�PDVV��0HQJ�HW�DO����������

0RUHRYHU�� WKH� HIIHFW� RI� HQYLURQPHQWDO� IDFWRUV�� VXFK� DV�
PRLVWXUH� FRQWHQW�� WHPSHUDWXUH�� DQG� SUHVVXUH�� SOD\V� D� VLJQLILFDQW�
UROH� LQ� WKH� GHIRUPDWLRQ� EHKDYLRU� RI� OD\HUHG� VHGLPHQWDU\� URFNV�
�7XFNHU���������0RLVWXUH�FDQ� UHGXFH� WKH�VKHDU�VWUHQJWK�RI�FOD\��
ULFK�OD\HUV��PDNLQJ�WKHP�PRUH�VXVFHSWLEOH�WR�IDLOXUH�XQGHU�ODWHUDO�
ORDGLQJ� �=KDR� HW� DO��� �������6LPLODUO\�� WHPSHUDWXUH� FKDQJHV�FDQ�
LQIOXHQFH� WKH� HODVWLFLW\� DQG� VWUHQJWK� RI� GLIIHUHQW� URFN� OD\HUV�
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DOWHULQJ� WKH� ZD\� WKH\� GHIRUP� XQGHU� VWUHVV� �=KDL� HW� DO��� �������
3UHVVXUH��SDUWLFXODUO\�IURP�RYHUO\LQJ�URFN�OD\HUV��FDQ�DOVR�FKDQJH�
WKH�GHIRUPDWLRQ�FKDUDFWHULVWLFV�RI� WKH�XQGHUO\LQJ�VWUDWD��*DJH�HW�
DO����������7KHVH�HQYLURQPHQWDO�IDFWRUV�PXVW�EH�DFFRXQWHG�IRU�LQ�
DQ\� PRGHO� GHVLJQHG� WR� SUHGLFW� WKH EHKDYLRU� RI� OD\HUHG�
VHGLPHQWDU\� URFNV� XQGHU� ODUJH�VFDOH� ODWHUDO� ORDGLQJ� �'X� HW� DO���
�������

7KH� SUDFWLFDO� LPSOLFDWLRQV� RI� XQGHUVWDQGLQJ� WKH� GHIRUPDWLRQ�
EHKDYLRU�RI� OD\HUHG� VHGLPHQWDU\�URFNV�XQGHU� ODWHUDO� ORDGLQJ�DUH�
YDVW��.UDEEHQGDP�HW�DO����������,Q�DUHDV�SURQH�WR�HDUWKTXDNHV�RU�
ODQGVOLGHV��DFFXUDWH�SUHGLFWLRQV�RI�URFN�EHKDYLRU�FDQ�KHOS�LQIRUP�
WKH�GHVLJQ�RI� VWUXFWXUHV� VXFK� DV�EXLOGLQJV�� URDGV��DQG�EULGJHV� WR�
HQVXUH�WKHLU�VWDELOLW\��&XL�HW�DO����������6LPLODUO\��LQ�WKH�FRQWH[W�
RI� QDWXUDO� UHVRXUFH� H[WUDFWLRQ�� VXFK� DV� PLQLQJ� RU� RLO� GULOOLQJ��
XQGHUVWDQGLQJ� KRZ� VHGLPHQWDU\� URFNV� UHVSRQG� WR� ODWHUDO� IRUFHV�
FDQ� KHOS� SUHYHQW� FDWDVWURSKLF� IDLOXUHV� DQG� RSWLPL]H� H[WUDFWLRQ�
PHWKRGV� �%DUELHUL� HW� DO��� �������)XUWKHUPRUH�� WKLV� NQRZOHGJH� LV�
HVVHQWLDO� IRU� HQYLURQPHQWDO� FRQVHUYDWLRQ�� DV� WKH� GHIRUPDWLRQ� RI�
WKHVH� URFNV� FDQ� KDYH� VLJQLILFDQW� LPSDFWV� RQ� JURXQGZDWHU� IORZ��
VRLO� VWDELOLW\�� DQG� WKH� RYHUDOO� KHDOWK� RI� HFRV\VWHPV� �/L� HW� DO���
������ )LQDOO\� RQJRLQJ UHVHDUFK DQG DGYDQFHPHQWV LQ�
JHRWHFKQLFDO� HQJLQHHULQJ� WHFKQLTXHV� FRQWLQXH� WR� LPSURYH� RXU�
XQGHUVWDQGLQJ RI WKH GHIRUPDWLRQ EHKDYLRU RI OD\HUHG�
VHGLPHQWDU\� URFNV� �/DWLE� HW� DO��� ������� 7KURXJK� ODERUDWRU\�
WHVWLQJ�� QXPHULFDO�PRGHOLQJ�� DQG� ILHOG�REVHUYDWLRQV�� UHVHDUFKHUV�
DUH� GHYHORSLQJ� PRUH� DFFXUDWH� PRGHOV� WKDW� DFFRXQW� IRU� WKH�
FRPSOH[� LQWHUDFWLRQV�EHWZHHQ�GLIIHUHQW� URFN� OD\HUV� XQGHU� ODUJH��
VFDOH�ODWHUDO�ORDGLQJ��=DLG�	�6DGLTXH���������7KHVH�PRGHOV�KHOS�
HQJLQHHUV� DQG� VFLHQWLVWV� SUHGLFW� WKH� EHKDYLRU� RI� VHGLPHQWDU\�
URFNV� LQ� D� YDULHW\� RI� VFHQDULRV�� LPSURYLQJ� WKH� VDIHW\� DQG�
VXVWDLQDELOLW\� RI� HQJLQHHULQJ� SURMHFWV� DQG� FRQWULEXWLQJ� WR� WKH�
EURDGHU�ILHOG�RI�JHRWHFKQLFDO�VFLHQFH��&XL�HW�DO����������$V�VXFK��
IXUWKHU� VWXG\� LQ� WKLV� DUHD� UHPDLQV� HVVHQWLDO� IRU� DGYDQFLQJ� ERWK�
WKHRUHWLFDO NQRZOHGJH DQG SUDFWLFDO DSSOLFDWLRQV LQ WKH�
JHRWHFKQLFDO�DQG�HQYLURQPHQWDO�ILHOGV��7XFNHU��������

,,� 7(&721,&$/�/$7(5$/�/2$',1*�
7HFWRQLF� ORDGLQJ� UHIHUV� WR� WKH�VWUHVVHV�DQG� IRUFHV�H[HUWHG�RQ�

WKH�(DUWK
V�FUXVW�GXH� WR� ODUJH�VFDOH�JHRORJLFDO�SURFHVVHV�VXFK�DV�
SODWH�PRYHPHQWV��IDXOW�DFWLYLW\��DQG�VXEVXUIDFH�SUHVVXUH�FKDQJHV�
�=KHQJ�� ������� )LJXUH� �� SURYLGHV� DQ� LOOXVWUDWLRQ� RI� ODUJH�VFDOH�
JHRORJLFDO� SURFHVVHV� OHDGV� IDXOW� DFWLYLW\�� 7KHVH� IRUFHV� FDXVH�
GHIRUPDWLRQ�LQ�URFN�IRUPDWLRQV��*KDQEDULDQ�HW�DO����������OHDGLQJ�
WR� WKH� GHYHORSPHQW� RI� IUDFWXUHV�� IDXOWV�� DQG� IROGV� RYHU� WLPH�
�(JRURY�HW�DO����������7HFWRQLF�ORDGLQJ�LV�D�NH\�IDFWRU�LQIOXHQFLQJ�
WKH� VWDELOLW\� RI� JHRORJLFDO� IRUPDWLRQV� DQG� KDV� VLJQLILFDQW�
LPSOLFDWLRQV� IRU� ERWK� QDWXUDO� KD]DUGV� DQG� HQJLQHHULQJ� SURMHFWV�
�.RYiFV�HW� DO��� �������7KH�ZD\�GLIIHUHQW� URFN� OD\HUV�UHVSRQG� WR�
WKHVH� VWUHVVHV� GHSHQGV� RQ� WKHLU� PHFKDQLFDO� SURSHUWLHV�� VXFK� DV�
VWUHQJWK�� HODVWLFLW\�� DQG� SRURVLW\�� PDNLQJ� WKH� VWXG\� RI� WHFWRQLF�
ORDGLQJ� HVVHQWLDO� IRU� XQGHUVWDQGLQJ� DQG� SUHGLFWLQJ� JHRORJLFDO�
EHKDYLRU �$JUDZDO HW DO�� ������ 2QH RI WKH SULPDU\�
FRQVHTXHQFHV� RI� WHFWRQLF� ORDGLQJ� LV� WKH� JHQHUDWLRQ� RI� LQ�VLWX�
VWUHVV�ILHOGV��DOVR�NQRZQ�DV�WKH�LQ�VLWX�VWUHVV�VWDWH�RU�SUH�H[LVWLQJ�
VWUHVV� ILHOG� �=KHQJ�� ������� 7KLV� UHIHUV� WR� WKH� QDWXUDO� VWUHVV�
SUHVHQWHG�ZLWKLQ�WKH�(DUWK
V�FUXVW�EHIRUH�DQ\�KXPDQ�LQWHUYHQWLRQ�
�;LRQJ�HW�DO���������

Fig. 1�([DPSOH�RI�D�ODUJH�VFDOH�JHRORJLFDO�LQ�VLWX�VWUHVV�ILHOG�
�8QGHUVFKXOW]�HW�DO��������

Fig. 2�,Q�VLWX�URFN�VWUHVV�ILHOG�ZLWK�KLHUDUFKLFDO�OHYHOV�WHUPLQRORJ\�
�6WHSKDQVVRQ�DQG�=DQJ��������

,Q� JHRWHFKQLFDO� HQJLQHHULQJ�� XQGHUVWDQGLQJ� WKH� LQ�VLWX� VWUHVV�
ILHOG�LV�FUXFLDO�IRU�GHVLJQLQJ�VWDEOH�DQG�VDIH�LQIUDVWUXFWXUH��:KHQ�
FRQVWUXFWLQJ WXQQHOV� GDPV� PLQHV� RU GHHS IRXQGDWLRQV��
HQJLQHHUV� PXVW� DFFRXQW� IRU� WKH� VWUHVVHV� DOUHDG\� SUHVHQW� LQ� WKH�
JURXQG� �6WHSKDQVVRQ�	� =DQJ�� ������� ,I� WKH� VWDWH� RI� WKH� QDWXUDO�
VWUHVV� LV�QRW�SURSHUO\�FRQVLGHUHG�� WKH�H[FDYDWLRQ�RU�FRQVWUXFWLRQ�
SURFHVV FDQ OHDG WR XQH[SHFWHG GHIRUPDWLRQV� H[FHVVLYH�
VHWWOHPHQWV�� RU� HYHQ� VWUXFWXUDO� IDLOXUH� �=KHQJ�� ������� )RU�
H[DPSOH��LQ�WXQQHOLQJ�SURMHFWV��LJQRULQJ�KLJK�LQ�VLWX�VWUHVVHV�FDQ�
UHVXOW� LQ� H[FHVVLYH� URFN� EXUVWLQJ� RU� FROODSVH�� SRVLQJ� VLJQLILFDQW�
VDIHW\�ULVNV�WR�ZRUNHUV�DQG� LQIUDVWUXFWXUH� �6WHSKDQVVRQ�	�=DQJ��
������� 2QH� RI� WKH� NH\� HIIHDUHHFWRQLF� ORDGLQJ� DQG� LQ�VLWX� VWUHVV�
ILHOGV�LV�WKHLU�LQIOXHQFH�RQ�URFN�VWDELOLW\�DQG�IDLOXUH�PHFKDQLVPV�
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Fig. 3�/DUJH�VFDOH�JHRORJLFDO�EDVHG�LQ�VLWX�VWUHVV�ILHOG�H[DPSOH�
�6WHSKDQVVRQ�	�=DQJ��������

)LJXUH���SURYLGHV�D�KLHUDUFKLFDO�OHYHOV�WHUPLQRORJ\�WR�H[SODLQ�
WKH�VWUHVV�FRQGLWLRQV�LQ�WKH�ILHOG��$V�VHHQ�LQ�)LJXUH����URFNV�WKDW�
DUH�VXEMHFWHG�WR�KLJK�WHFWRQLF�VWUHVV�PD\�DOUHDG\�EH�FORVH�WR�WKHLU�
IDLOXUH� WKUHVKROG� �6WHSKDQVVRQ�	�=DQJ�� �������:KHQ�DGGLWLRQDO�
ORDGV� IURP� HQJLQHHULQJ� DFWLYLWLHV� DUH� DSSOLHG�� VWUHVV� FRQGLWLRQV�
PD\�H[FHHG�WKH�URFN¶V�VWUHQJWK��OHDGLQJ�WR�VXGGHQ�IDLOXUH��=KDQJ�
	� =KDQJ�� ������� 7KLV� LV� SDUWLFXODUO\� LPSRUWDQW� LQ� HDUWKTXDNH��
SURQH� DUHDV�� ZKHUH� WHFWRQLF� ORDGLQJ� FRQWULEXWHV� WR� VWUHVV�
DFFXPXODWLRQ�DORQJ� IDXOW� OLQHV��:KHQ� WKLV�DFFXPXODWHG�VWUHVV� LV�
VXGGHQO\� UHOHDVHG�� LW� FDQ� WULJJHU� VHLVPLF� HYHQWV� WKDW� KDYH�
GHYDVWDWLQJ� HIIHFWV� RQ� EXLOGLQJV�� URDGV�� DQG� RWKHU� VWUXFWXUHV�
�&DVH\�HW�DO����������

,Q� WKH� FRQWH[W� RI� XQGHUJURXQG� FRQVWUXFWLRQ�� VXFK� DV� WXQQHOV�
DQG� FDYHUQV�� WKH� LPSDFW� RI� LQ�VLWX� VWUHVV� ILHOGV� LV� HYHQ� PRUH�
SURQRXQFHG��+LJK�KRUL]RQWDO�RU�YHUWLFDO�VWUHVV�FDQ�OHDG�WR�XQHYHQ�
GHIRUPDWLRQ�� UHTXLULQJ� HQJLQHHUV� WR� LPSOHPHQW� UHLQIRUFHPHQW�
WHFKQLTXHV�VXFK�DV�URFN�EROWLQJ�RU�VKRWFUHWH�WR�PDLQWDLQ�VWDELOLW\�
�0DUWLQ�HW� DO��� ������� ,Q�GHHS�PLQLQJ�RSHUDWLRQV�� VWUHVV�LQGXFHG�
IDLOXUHV� VXFK� DV� URFNEXUVWV� FDQ� RFFXU�� ZKHUH� VXGGHQ� YLROHQW�
IDLOXUHV� RI� URFN� FDXVH� KD]DUGRXV�ZRUNLQJ� FRQGLWLRQV� �&KDQJ� HW�
DO��� ������� %\� XQGHUVWDQGLQJ� DQG� PHDVXULQJ� WKH� LQ�VLWX� VWUHVV�
ILHOG�� HQJLQHHUV� FDQ� SUHGLFW� DQG� PLWLJDWH� WKHVH� ULVNV�� HQVXULQJ�
VDIHU� H[FDYDWLRQ� DQG� FRQVWUXFWLRQ� SURFHVVHV� �;LDQJဨ+XL� HW� DO���
�������$QRWKHU� FULWLFDO� DSSOLFDWLRQ� RI� VWXG\LQJ� WHFWRQLF� ORDGLQJ�
DQG� LQ�VLWX� VWUHVV� LV� LQ� RLO� DQG� JDV� H[WUDFWLRQ�� +\GURFDUERQ�
UHVHUYRLUV� DUH�RIWHQ� ORFDWHG�ZLWKLQ� VHGLPHQWDU\� URFN� IRUPDWLRQV�
WKDW� KDYH� EHHQ� VXEMHFWHG� WR� WHFWRQLF� VWUHVVHV� RYHU� PLOOLRQV� RI�
\HDUV� �/LX� HW� DO��� ������� 7KH� LQ�VLWX� VWUHVV� FRQGLWLRQV� LQIOXHQFH�
WKH� SHUPHDELOLW\� DQG� IUDFWXUH� QHWZRUNV� ZLWKLQ� WKHVH� UHVHUYRLUV��
DIIHFWLQJ� WKH� HIILFLHQF\� RI� RLO� DQG� JDV� H[WUDFWLRQ�� ,I� WKH� VWUHVV�
VWDWH� LV� QRW� SURSHUO\� DQDO\]HG�� GULOOLQJ� RSHUDWLRQV� FDQ� UHVXOW� LQ�
ZHOOERUH�LQVWDELOLW\��OHDGLQJ�WR�FRVWO\�IDLOXUHV�RU�ORVV�RI�YDOXDEOH

UHVRXUFHV��+\GUDXOLF� IUDFWXULQJ��D� WHFKQLTXH�XVHG� WR�HQKDQFH�RLO�
DQG�JDV�UHFRYHU\��UHOLHV�RQ�SUHFLVH�NQRZOHGJH�RI�WKH�VWUHVV�ILHOG�
WR�FUHDWH�IUDFWXUHV�WKDW�RSWLPL]H�IOXLG�IORZ��=KDR�	�4LQ���������

7KH� VWXG\� RI� WHFWRQLF� ORDGLQJ� LV� DOVR� YLWDO� IRU� DVVHVVLQJ� WKH�
ORQJ�WHUP� VWDELOLW\� RI� JHRWHFKQLFDO� VWUXFWXUHV� VXFK� DV� GDPV� DQG�
UHWDLQLQJ�ZDOOV��7KHVH�VWUXFWXUHV�RIWHQ�LQWHUDFW�ZLWK�URFN�PDVVHV�
WKDW� KDYH� SUH�H[LVWLQJ� WHFWRQLF� VWUHVVHV�� ,I� WKHVH� VWUHVVHV� DUH� QRW�
DGHTXDWHO\� DFFRXQWHG� IRU� GXULQJ� GHVLJQ�� WKH\� FDQ� FRQWULEXWH� WR�
VWUXFWXUDO GHIRUPDWLRQ� IRXQGDWLRQ PRYHPHQW� RU HYHQ�
FDWDVWURSKLF� IDLOXUHV� �;LDQJဨ+XL� HW� DO��� ������� $� WKRURXJK�
XQGHUVWDQGLQJ�RI�WKHVH�VWUHVVHV�KHOSV�HQJLQHHUV�GHVLJQ�VWUXFWXUHV�
WKDW FDQ ZLWKVWDQG ORQJ�WHUP ORDGLQJ FRQGLWLRQV ZLWKRXW�
FRPSURPLVLQJ� VDIHW\� �7DKHU\QLD� HW� DO��� ������� %\� DQDO\]LQJ�
WHFWRQLF� ORDGLQJ� SDWWHUQV� DQG� VWUHVV� DFFXPXODWLRQ� DORQJ� IDXOW�
OLQHV�� JHRORJLVWV� DQG� HQJLQHHUV� FDQ� HVWLPDWH� WKH� OLNHOLKRRG� DQG�
LQWHQVLW\�RI� IXWXUH�HDUWKTXDNHV��7KLV� LQIRUPDWLRQ�LV�HVVHQWLDO� IRU�
GHVLJQLQJ� HDUWKTXDNH�UHVLVWDQW� VWUXFWXUHV�� LPSOHPHQWLQJ� ]RQLQJ�
UHJXODWLRQV��DQG�GHYHORSLQJ�HDUO\�ZDUQLQJ�V\VWHPV��;LDQJဨ+XL�HW�
DO��� ������� )DLOXUH� WR� FRQVLGHU� WHFWRQLF� VWUHVV� LQ� VHLVPLF� GHVLJQ�
FDQ�OHDG�WR�VHYHUH�GDPDJH�DQG� ORVV�RI�OLIH�GXULQJ�PDMRU�VHLVPLF�
HYHQWV��%RXVTXHW�HW�DO����������

%H\RQG� HQJLQHHULQJ� DSSOLFDWLRQV�� WHFWRQLF� ORDGLQJ� DOVR� KDV�
LPSOLFDWLRQV� IRU� QDWXUDO� KD]DUG� PDQDJHPHQW�� /DQGVOLGHV�� IRU�
H[DPSOH��DUH�RIWHQ�WULJJHUHG�E\�FKDQJHV�LQ�WKH�LQ�VLWX�VWUHVV�ILHOG�
GXH� WR� WHFWRQLF� IRUFHV�� ZHDWKHULQJ�� RU� KXPDQ� DFWLYLWLHV� VXFK� DV�
H[FDYDWLRQ�� :KHQ� WHFWRQLF� VWUHVV� ZHDNHQV� URFN� PDVVHV� DORQJ�
VORSHV��WKH�ULVN�RI�VXGGHQ�VORSH�IDLOXUH�LQFUHDVHV��8QGHUVWDQGLQJ�
WKHVH� VWUHVV� FRQGLWLRQV� DOORZV� IRU� EHWWHU� KD]DUG� SUHGLFWLRQ� DQG�
PLWLJDWLRQ�� UHGXFLQJ� WKH� ULVNV� WR� FRPPXQLWLHV�DQG� LQIUDVWUXFWXUH�
ORFDWHG� LQ� ODQGVOLGH�SURQH� UHJLRQV�� 7KH� QHFHVVLW\� RI� VWXG\LQJ�
WHFWRQLF� ORDGLQJ� DQG� LQ�VLWX� VWUHVV� ILHOGV� H[WHQGV� WR� ODUJH�VFDOH�
JHRORJLFDO� SURMHFWV� VXFK� DV� FDUERQ� VHTXHVWUDWLRQ� DQG� QXFOHDU�
ZDVWH VWRUDJH�� 7KHVH SURMHFWV� UHTXLUH� VWDEOH XQGHUJURXQG�
IRUPDWLRQV� WR� VDIHO\� FRQWDLQ� FDUERQ� GLR[LGH� RU� KD]DUGRXV�
PDWHULDOV�RYHU�ORQJ�SHULRGV��7KH�SUHVHQFH�RI�WHFWRQLF�VWUHVVHV�FDQ�
LPSDFW� WKH� LQWHJULW\� RI� VWRUDJH� VLWHV�� LQFUHDVLQJ� WKH� ULVN� RI�
OHDNDJH� RU� IDLOXUH�� 'HWDLOHG� VWUHVV� DQDO\VLV� HQVXUHV� WKDW� VXFK�
SURMHFWV DUH FDUULHG RXW LQ VWDEOH JHRORJLFDO FRQGLWLRQV��
PLQLPL]LQJ� HQYLURQPHQWDO� DQG� VDIHW\� ULVNV�� *LYHQ� WKH� ZLGH��
UDQJLQJ� LPSDFWV� RI� WHFWRQLF� ORDGLQJ� RQ� HQJLQHHULQJ DQG�
HQYLURQPHQWDO�VWDELOLW\��WKH�VWXG\�RI�WKHVH�SKHQRPHQD�LV�QRW�RQO\�
QHFHVVDU\�EXW�HVVHQWLDO�IRU�VXVWDLQDEOH�GHYHORSPHQW��$GYDQFHV�LQ�
JHRSK\VLFDO� PHDVXUHPHQW� WHFKQLTXHV�� VXFK� DV� ERUHKROH� VWUHVV�
WHVWLQJ�DQG�QXPHULFDO�PRGHOLQJ��KDYH�DOORZHG�HQJLQHHUV�WR�EHWWHU�
XQGHUVWDQG�DQG�SUHGLFW�LQ�VLWX�VWUHVV�EHKDYLRU��7KHVH�WRROV�HQDEOH�
PRUH� DFFXUDWH� ULVN� DVVHVVPHQWV� DQG� WKH� GHVLJQ� RI� JHRWHFKQLFDO�
VROXWLRQV�WKDW�DUH�UHVLOLHQW�WR�WHFWRQLF�IRUFHV��

7KH� SULPDU\� REMHFWLYH� RI� WKLV� VWXG\� LV� WR� HQKDQFH� WKH�
XQGHUVWDQGLQJ� RI� KRZ� OD\HUHG� VHGLPHQWDU\� URFNV� ZLWK� GLYHUVH�
JHRWHFKQLFDO� SURSHUWLHV� UHVSRQG� WR� ODUJH�VFDOH� ODWHUDO� ORDGLQJ�
FRQGLWLRQV�� *LYHQ� WKDW� WHFWRQLF� DFWLYLWLHV� DUH� D� PDMRU� VRXUFH� RI�
VXFK�ORDGV��LQYHVWLJDWLQJ�WKHLU�LPSDFW�RQ�VWUHVV�VWUDLQ�GLVWULEXWLRQ�
LV� HVVHQWLDO� IRU� SUHGLFWLQJ� DQG�PLWLJDWLQJ�GHIRUPDWLRQ� LQ� FULWLFDO�
JHRWHFKQLFDO� VWUXFWXUHV� VXFK� DV� WXQQHOV�� URDGV�� DQG� VORSHV�� %\�
FRQGXFWLQJ�FRQWUROOHG� ODERUDWRU\�H[SHULPHQWV�ZLWK�D� VSHFLDOL]HG�
WHVWLQJ� GHYLFH�� WKLV� UHVHDUFK� DLPV� WR� TXDQWLI\� WKH� PHFKDQLFDO�
UHVSRQVH� RI� VHGLPHQWDU\� URFN� IRUPDWLRQV� XQGHU� YDU\LQJ� ODWHUDO�
ORDGV�� 7KH� GDWD� REWDLQHG� ZLOO� KHOS� LGHQWLI\� GHIRUPDWLRQ� WUHQGV��
VWUXFWXUDO ZHDNQHVVHV� DQG SRWHQWLDO IDLOXUH PHFKDQLVPV�
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SURYLGLQJ� D� VFLHQWLILF� EDVLV� IRU� LPSURYLQJ� HQJLQHHULQJ� GHVLJQ�
VWUDWHJLHV� LQ� JHRORJLFDOO\� DFWLYH� UHJLRQV�� 7KH� QHFHVVLW\� RI�
VWXG\LQJ�WKHVH�GHIRUPDWLRQ�EHKDYLRUV�OLHV�LQ�WKHLU�GLUHFW�LQIOXHQFH�
RQ� WKH� VDIHW\� DQG� ORQJHYLW\� RI� LQIUDVWUXFWXUH� SURMHFWV�� 0DQ\�
XUEDQ� DQG� WUDQVSRUWDWLRQ� QHWZRUNV� DUH� FRQVWUXFWHG� RQ� RU�ZLWKLQ�
VHGLPHQWDU\�URFN�IRUPDWLRQV��PDNLQJ�WKHP�KLJKO\�VXVFHSWLEOH�WR�
VWUHVV�UHGLVWULEXWLRQ�DQG�ODWHUDO�IRUFHV��:LWKRXW�D�FRPSUHKHQVLYH�
XQGHUVWDQGLQJ�RI�KRZ�WKHVH�URFNV�EHKDYH�XQGHU�VXFK�FRQGLWLRQV��
VWUXFWXUHV�PD\�VXIIHU�IURP�XQH[SHFWHG�IDLOXUHV��OHDGLQJ�WR�FRVWO\�
GDPDJHV� DQG� VDIHW\� KD]DUGV�� 7KLV� UHVHDUFK� SURYLGHV� FUXFLDO�
LQVLJKWV� WKDW� FDQ� DLG� LQ� GHYHORSLQJ� PRUH� UHVLOLHQW� FRQVWUXFWLRQ�
WHFKQLTXHV�� RSWLPL]LQJ� PDWHULDO� VHOHFWLRQ�� DQG� LPSOHPHQWLQJ�
EHWWHU� ULVN� DVVHVVPHQW� PRGHOV�� 8OWLPDWHO\�� E\� DGGUHVVLQJ� WKH�
FKDOOHQJHV�SRVHG�E\�ODWHUDO�ORDGLQJ��WKLV�VWXG\�FRQWULEXWHV�WR�WKH�
DGYDQFHPHQW� RI� JHRWHFKQLFDO� HQJLQHHULQJ� SUDFWLFHV�� HQVXULQJ�
JUHDWHU� VWUXFWXUDO� VWDELOLW\� DQG� VDIHW\� LQ� WHFWRQLFDOO\� DFWLYH�
HQYLURQPHQWV�
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7KLV VWXG\� HPSOR\V D FRQWUROOHG ODERUDWRU\ PRGHOLQJ�
DSSURDFK� WR� LQYHVWLJDWH� WKH� GHIRUPDWLRQ� EHKDYLRU� RI� OD\HUHG�
VHGLPHQWDU\�URFNV�XQGHU�ODUJH�VFDOH�ODWHUDO�ORDGLQJ�FRQGLWLRQV��$�
VSHFLDOO\�GHVLJQHG�H[SHULPHQWDO�GHYLFH��PHDVXULQJ����î����î����
FP��ZDV�XVHG� WR� VLPXODWH� WHFWRQLF� IRUFHV�DFWLQJ�RQ� VHGLPHQWDU\�
URFN� IRUPDWLRQV�DV�SUHVHQWHG� LQ�)LJXUH����7KH� ODWHUDO� IRUFH�ZDV�
DSSOLHG� WKURXJK� D� PRYDEOH� MDZ� SRVLWLRQHG� RQ� RQH� VLGH� RI� WKH�
GHYLFH�� JHQHUDWLQJ� XQLD[LDO� KRUL]RQWDO� FRPSUHVVLRQ�� 7R� HQDEOH�
GLUHFW�REVHUYDWLRQ�RI�GHIRUPDWLRQ�SDWWHUQV�RFFXUULQJ�DW�GLIIHUHQW�
GHSWKV�ZLWKLQ� WKH� VHGLPHQWDU\� OD\HUV�� RQH� VLGH� RI� WKH� DSSDUDWXV�
ZDV� FRQVWUXFWHG� XVLQJ� D� WUDQVSDUHQW� DFU\OLF� VKHHW�� 7KH� GLVWDQFH�
EHWZHHQ�WKH�PRYDEOH�MDZ�DQG�WKH�RSSRVLWH�IL[HG�ZDOO�ZDV�VHW�DW�
���FP��HQVXULQJ�DGHTXDWH�VSDFH�IRU�ODWHUDO�GLVSODFHPHQW�DQG�IDXOW�
GHYHORSPHQW�� *LYHQ� WKDW� WKUXVW� IDXOWV� W\SLFDOO\� IRUP� ZLWKLQ�
OD\HUHG VHTXHQFHV RI YDU\LQJ PHFKDQLFDO SURSHUWLHV� WKH�
H[SHULPHQWDO� PRGHO� LQFRUSRUDWHG� DOWHUQDWLQJ� OD\HUV� RI� FOD\� DQG�
VDQG�� PLPLFNLQJ� QDWXUDO� VHGLPHQWDU\� IRUPDWLRQV� VXEMHFWHG� WR�
WHFWRQLF� VWUHVVHV�� )LJXUH� �� LOOXVWUDWHV� WKH� WKHRUHWLFDO� PRGHO�
SULQFLSOH��GHSLFWLQJ�WKH�PRYHPHQW�RI�ZHDNHU�VHGLPHQWDU\�OD\HUV�
RYHU�PRUH� UHVLVWDQW� XQGHUO\LQJ� IRUPDWLRQV�XQGHU� ODWHUDO� ORDGLQJ�
FRQGLWLRQV� 7KLV UHSUHVHQWDWLRQ KLJKOLJKWV WKH GLIIHUHQWLDO�
GHIRUPDWLRQ� EHKDYLRU�� ZKHUH� WKH� OHVV� FRPSDFWHG� XSSHU� OD\HUV�
H[SHULHQFH� JUHDWHU� GLVSODFHPHQW� DQG� VWUDLQ�� ZKLOH� WKH� PRUH�
FRPSHWHQW� ORZHU� OD\HUV� SURYLGH� VWUXFWXUDO� VXSSRUW� EXW� DOVR�
GHYHORS� LQWHUQDO� VWUHVV� FRQFHQWUDWLRQV�� 7KH� ILJXUH� HIIHFWLYHO\�
GHPRQVWUDWHV KRZ WKUXVW IDXOWLQJ DQG VKHDU GHIRUPDWLRQ�
SURSDJDWH� WKURXJK� WKH� OD\HUHG� V\VWHP�� HPSKDVL]LQJ� WKH� UROH� RI�
PDWHULDO� VWUHQJWK� FRQWUDVW� LQ� JRYHUQLQJ� WKH� RYHUDOO� GHIRUPDWLRQ�
SDWWHUQ�� 7KLV� WKHRUHWLFDO� IUDPHZRUN� VHUYHV� DV� D� EDVLV� IRU�
XQGHUVWDQGLQJ� UHDO�ZRUOG� JHRORJLFDO� SURFHVVHV�� SDUWLFXODUO\� LQ�
UHJLRQV�VXEMHFWHG�WR�WHFWRQLF�FRPSUHVVLRQ��

7KH� SUHSDUDWLRQ� RI� WKH� PRGHO� LQYROYHG� V\VWHPDWLFDOO\�
GHSRVLWLQJ�DOWHUQDWLQJ� OD\HUV�RI�FOD\�DQG�VDQG�ZLWKLQ� WKH� WHVWLQJ�
DSSDUDWXV�� (DFK� OD\HU� ZDV� FDUHIXOO\� FRPSDFWHG� WR� HQVXUH�
FRQVLVWHQW� GHQVLW\�DQG�PHFKDQLFDO� EHKDYLRU��7KH� DSSOLHG� ODWHUDO�
ORDG� ZDV� LQWURGXFHG� LQFUHPHQWDOO\� XVLQJ� ERWK� PDQXDO� DQG�
PHFKDQLFDO� KDQGOHV�� DOORZLQJ� SUHFLVH� FRQWURO� RYHU� WKH� VWUHVV�
GLVWULEXWLRQ��7KH�WHVWLQJ�VHTXHQFH�FRQVLVWHG�RI�WHQ�ORDGLQJ�VWDJHV��
ZLWK� HDFK� VWDJH� LPSRVLQJ� D� ��� UHGXFWLRQ� LQ� WKH� LQLWLDO� PRGHO

OHQJWK�� VLPXODWLQJ� SURJUHVVLYH� FRPSUHVVLRQDO� GHIRUPDWLRQ�� 7R�
UHSOLFDWH� QDWXUDO� URFN� SURSHUWLHV�� KLJKO\� FRPSDFWHG� VRLO� OD\HUV�
�FRPSDFWHG� WR� ���� GHQVLW\�� ZHUH� XVHG� WR� UHSUHVHQW� VDQGVWRQH��
VLOWVWRQH��DQG�ZHDN�FOD\VWRQH�OD\HUV��7KHVH�OD\HUV�ZHUH�GLVWLQFWO\�
FRORUHG� WR�HQKDQFH�WKH�YLVLELOLW\�RI�GHIRUPDWLRQ�VWUXFWXUHV�� VXFK�
DV IDXOW LQLWLDWLRQ� VKHDU EDQG GHYHORSPHQW� DQG VWUDLQ�
ORFDOL]DWLRQ�� 7KURXJKRXW� WKH� H[SHULPHQW�� GHWDLOHG� REVHUYDWLRQV�
DQG�PHDVXUHPHQWV� ZHUH� UHFRUGHG�� IRFXVLQJ� RQ� WKH� HYROXWLRQ� RI�
GHIRUPDWLRQ�SDWWHUQV��IDXOW�SURSDJDWLRQ��DQG�GLVSODFHPHQW�WUHQGV��
7KH� WUDQVSDUHQW� VHFWLRQ� RI� WKH� GHYLFH� DOORZHG� IRU� GLUHFW� YLVXDO�
DQDO\VLV�� ZKLOH� DGGLWLRQDO� GLJLWDO� LPDJH� SURFHVVLQJ� WHFKQLTXHV�
ZHUH� XWLOL]HG� WR� WUDFN� VWUDLQ� DFFXPXODWLRQ� DQG� OD\HU� GLVWRUWLRQ�
RYHU�WLPH��7KLV�PHWKRGRORJ\�SURYLGHV�YDOXDEOH�LQVLJKWV�LQWR�KRZ�
VHGLPHQWDU\� URFN� OD\HUV� UHVSRQG� WR� WHFWRQLF� ORDGLQJ�� RIIHULQJ� D�
FRQWUROOHG� IUDPHZRUN� IRU� DQDO\]LQJ� VWUHVV� UHGLVWULEXWLRQ�� IDLOXUH�
PHFKDQLVPV�� DQG� VWUXFWXUDO� LQVWDELOLWLHV� LQ� JHRWHFKQLFDO�SURMHFWV�
H[SRVHG�WR�ODWHUDO�IRUFHV��)LJXUH�����

7KH� ORDGLQJ� SURFHVV� LQ� WKLV� H[SHULPHQW� ZDV� FRQGXFWHG� LQ� D�
FRQWUROOHG� PDQQHU� WR� VLPXODWH� WKH� HIIHFWV� RI� ODWHUDO� WHFWRQLF�
IRUFHV� RQ� OD\HUHG� VHGLPHQWDU\� IRUPDWLRQV�� 7KH� PRGHO� ZDV�
VXEMHFWHG�WR�LQFUHPHQWDO�FRPSUHVVLYH�ORDGLQJ��ZKHUH�D�KRUL]RQWDO�
IRUFH� ZDV� DSSOLHG� JUDGXDOO\� XVLQJ� D� PDQXDO� DQG� PHFKDQLFDO�
KDQGOH� V\VWHP��7KLV� IRUFH�ZDV�H[HUWHG� IURP� WKH� OHIW� VLGH�RI� WKH�
WHVWLQJ� DSSDUDWXV�� SXVKLQJ� WKH� PRYDEOH� MDZ� WRZDUG� WKH� IL[HG�
ZDOO��7R�HQVXUH�D� V\VWHPDWLF� DSSURDFK�� WKH� ORDGLQJ�ZDV�GLYLGHG�
LQWR�WHQ�VWDJHV��ZLWK�HDFK�VWDJH�UHGXFLQJ�WKH�PRGHO
V�LQLWLDO�OHQJWK�
E\� ���� 7KLV� VWHS�E\�VWHS� SURFHVV� DOORZHG� IRU� WKH� JUDGXDO�
DFFXPXODWLRQ� RI� VWUDLQ�� HQDEOLQJ� WKH� REVHUYDWLRQ� RI� SURJUHVVLYH�
GHIRUPDWLRQ�SDWWHUQV�ZLWKLQ�WKH�OD\HUHG�URFN�IRUPDWLRQV��$W�HDFK�
���VKRUWHQLQJ�VWDJH��WKH�GHIRUPDWLRQ�EHKDYLRU�RI�WKH�OD\HUV�ZDV�
FDUHIXOO\� PRQLWRUHG�� $V� WKH� ODWHUDO� IRUFH� LQFUHDVHG�� WKH� ZHDNHU�
OD\HUV��VXFK�DV�FOD\��H[KLELWHG�HDUO\�VLJQV�RI�VWUDLQ� ORFDOL]DWLRQ��
ZKLOH� WKH� VWURQJHU� OD\HUV� �VXFK� DV� FRPSDFWHG� VDQG�� LQLWLDOO\�
UHVLVWHG�GHIRUPDWLRQ�

Fig. 4�$�VLPSOH�H[SODQDWLRQ�RI�ODERUDWRU\�PRGHO�XVHG�LQ�WKLV�VWXG\

Fig. 5�7KH�WKHRUHWLFDO�SULQFLSOH�RI�WKH�DQDO\VLV
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Fig. 6�7KH�ODWHUDO�ORDGLQJ�SURFHVV�GHPRQVWUDWHG�XVLQJ�WKH�ODERUDWRU\�GHYLFH�LQ�WKLV�DUWLFOH�DQG�OD\HUHG�URFNV�EHKDYLRUV
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Fig. 6�&RQWLQXHG
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Fig. 6�&RQWLQXHG

+RZHYHU��DV�ORDGLQJ�SURJUHVVHG��GLIIHUHQWLDO�PRYHPHQW�EHWZHHQ�
OD\HUV� OHG� WR� WKH� GHYHORSPHQW� RI� WKUXVW� IDXOWV�� VKHDU� EDQGV�� DQG�
OD\HU�IROGLQJ��7KHVH�VWUXFWXUDO�FKDQJHV�ZHUH�PRUH�SURQRXQFHG�LQ�
WKH�XSSHU�VHFWLRQV�RI�WKH�PRGHO��ZKHUH�OHVV�FRPSDFWHG�PDWHULDOV�
H[SHULHQFHG� JUHDWHU� GLVSODFHPHQW�� ZKHUHDV� WKH� PRUH� UHVLVWDQW�
ORZHU� OD\HUV� DFWHG� DV� D� IRXQGDWLRQ�� WUDQVIHUULQJ� VWUHVV� DQG�
JHQHUDWLQJ� LQWHUQDO� IUDFWXUHV�� %\� WKH� PLGZD\� SRLQW� RI� ORDGLQJ�
�DURXQG�����WRWDO�VKRUWHQLQJ���VLJQLILFDQW�VWUXFWXUDO�FKDQJHV�KDG�
RFFXUUHG�� ZLWK� PXOWLSOH� IDXOW� ]RQHV� IRUPLQJ� ZLWKLQ� WKH� ZHDNHU�
OD\HUV�� 7KH� GLVSODFHPHQW� RI� VHGLPHQWDU\� OD\HUV� IROORZHG� D�
SURJUHVVLYH� IDXOWLQJ� VHTXHQFH�� ZKHUH� SUH�H[LVWLQJ� ZHDNQHVVHV�
JRYHUQHG� WKH� IDLOXUH�PHFKDQLVPV��6OLS�SODQHV�EHJDQ� WR�GHYHORS��
DOORZLQJ� SRUWLRQV� RI� WKH� XSSHU� OD\HUV� WR� VKLIW� RYHU� WKH� ORZHU��
PRUH� VWDEOH� IRUPDWLRQV�� 7KH� WUDQVSDUHQW� VLGH� RI� WKH� GHYLFH�
SURYLGHG� D�FOHDU� YLHZ�RI�KRZ� ODWHUDO� IRUFHV� UHGLVWULEXWHG� VWUHVV��
OHDGLQJ� WR� D� FDVFDGLQJ� HIIHFW� RI� GHIRUPDWLRQ� WKURXJKRXW� WKH

PRGHO��$V�WKH�H[SHULPHQW�UHDFKHG�WKH�ILQDO�ORDGLQJ�VWDJHV��XS�WR�
����FRPSDFWLRQ���WKH�DFFXPXODWHG�VWUHVV�FDXVHG�PDMRU�VWUXFWXUDO�
IDLOXUHV�� ZLWK� KLJKO\� GHIRUPHG� ]RQHV� IRUPLQJ� DW� NH\� VWUHVV�
FRQFHQWUDWLRQ SRLQWV� 6RPH OD\HUV H[SHULHQFHG FRPSOHWH�
GHWDFKPHQW�DQG�PRYHPHQW��ZKLOH�RWKHUV�GLVSOD\HG�EXFNOLQJ�DQG�
LQWHQVH�VKHDU�GHIRUPDWLRQ��7KHVH�REVHUYDWLRQV�FRQILUPHG�WKDW�WKH�
SURJUHVVLYH� DSSOLFDWLRQ� RI� ��� LQFUHPHQWDO� ORDGLQJ� HIIHFWLYHO\�
UHSOLFDWHG�QDWXUDO�WHFWRQLF�SURFHVVHV��KLJKOLJKWLQJ�WKH�FULWLFDO�UROH�
RI�PDWHULDO� VWUHQJWK� FRQWUDVW� LQ� JRYHUQLQJ� GHIRUPDWLRQ� SDWWHUQV��
7KH� UHVXOWV� SURYLGHG� HVVHQWLDO� LQVLJKWV� LQWR� WKH� PHFKDQLFDO�
UHVSRQVH� RI� OD\HUHG� VHGLPHQWDU\� IRUPDWLRQV�� ZKLFK� FDQ� EH�
DSSOLHG� WR� UHDO�ZRUOG� JHRWHFKQLFDO� FKDOOHQJHV�� VXFK� DV� VORSH�
VWDELOLW\�� WXQQHO� FRQVWUXFWLRQ�� DQG� IDXOW� ]RQH� EHKDYLRU� LQ�
WHFWRQLFDOO\�DFWLYH�UHJLRQV�
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7KH�H[SHULPHQWDO�UHVXOWV�SURYLGH�D�GHWDLOHG�XQGHUVWDQGLQJ�RI�
WKH� GHIRUPDWLRQ� EHKDYLRU� RI� OD\HUHG� VHGLPHQWDU\� URFNV� XQGHU�
ODUJH�VFDOH� ODWHUDO� ORDGLQJ� FRQGLWLRQV�� $V� ODWHUDO� FRPSUHVVLRQ�
LQFUHDVHG�� WKH� VWUHVV� UHGLVWULEXWLRQ�ZLWKLQ� WKH�PRGHO� IROORZHG� D�
KLHUDUFKLFDO� SDWWHUQ�� OHDGLQJ� WR� SURJUHVVLYH� VWUDLQ� DFFXPXODWLRQ��
IDXOW� GHYHORSPHQW�� DQG� GLVSODFHPHQW� YDULDWLRQV�� 7KH� UHVXOWV�
FOHDUO\�GHPRQVWUDWH�WKDW�WKH�LQWHUDFWLRQ�EHWZHHQ�ZHDN�DQG�VWURQJ�
VHGLPHQWDU\� OD\HUV� JRYHUQV� WKH� IRUPDWLRQ� DQG� HYROXWLRQ� RI�
GHIRUPDWLRQ� VWUXFWXUHV�� 7KH� UHFRUGHG� GDWD� LQGLFDWH� WKDW� ZHDNHU�
FOD\�ULFK� OD\HUV� H[SHULHQFHG� JUHDWHU� ODWHUDO� GLVSODFHPHQW�� ZKLOH�
PRUH� FRPSDFWHG� VDQG� OD\HUV� H[KLELWHG� KLJKHU� LQWHUQDO� VWUHVV�
FRQFHQWUDWLRQV�EHIRUH� IDLOXUH��$W� WKLV� VWDJH��PLQRU�GHIRUPDWLRQV�
ZHUH� REVHUYHG� LQ� WKH� ZHDNHU� OD\HUV�� ZKLOH� WKH� VWURQJHU� OD\HUV�
UHPDLQHG� ODUJHO\� VWDEOH�� 7KH� VWUHVV� GLVWULEXWLRQ� ZDV� UHODWLYHO\�
XQLIRUP�� ZLWK� QR� VLJQLILFDQW� IDXOW� LQLWLDWLRQ�� +RZHYHU�� VPDOO�
VWUHVV FRQFHQWUDWLRQV EHJDQ IRUPLQJ DW OD\HU ERXQGDULHV��
LQGLFDWLQJ� HDUO\� VLJQV� RI� PHFKDQLFDO� LQVWDELOLW\�� 7KLV� VWDJH�
KLJKOLJKWV� WKH� HODVWLF� EHKDYLRU� RI� VHGLPHQWDU\� OD\HUV� EHIRUH�
UHDFKLQJ�WKH�\LHOG�WKUHVKROG��

$V� ODWHUDO� ORDGLQJ� SURJUHVVHG� WR� WKH� PHGLXP� VWDJH�� VWUHVV�
UHGLVWULEXWLRQ�EHFDPH�PRUH�SURQRXQFHG��OHDGLQJ�WR�WKH�IRUPDWLRQ�
RI�ORFDOL]HG�VKHDU�EDQGV�DQG�HDUO\�WKUXVW�IDXOWV��7KH�KLHUDUFKLFDO�
VWUHVV� ILHOG� VKRZHG� LQFUHDVHG� GLIIHUHQWLDWLRQ� EHWZHHQ� WKH� ZHDN�
DQG�VWURQJ�OD\HUV��ZLWK�GHIRUPDWLRQ�]RQHV�FRQFHQWUDWLQJ�LQ�FOD\��
ULFK�OD\HUV��7KH�VDQG� OD\HUV�DFWHG�DV�VWUHVV�EDUULHUV��EXW� LQWHUQDO�
IUDFWXULQJ� ZDV� REVHUYHG� LQ� VRPH� VHFWLRQV� GXH� WR� DFFXPXODWHG�
VWUDLQ��7KLV�VWDJH�PDUNV�WKH�WUDQVLWLRQ�IURP�HODVWLF�GHIRUPDWLRQ�WR�
SODVWLF�DQG�EULWWOH�IDLOXUH��ZLWK�WKH�ILUVW�VLJQV�RI�IDXOW�SURSDJDWLRQ�
EHFRPLQJ�YLVLEOH��$W� WKH� DGYDQFHG� VWDJH�RI� ORDGLQJ�� VLJQLILFDQW�
VWUXFWXUDO� FKDQJHV� RFFXUUHG� ZLWKLQ� WKH� PRGHO�� 0XOWLSOH� WKUXVW�
IDXOWV� DQG� VKHDU� ]RQHV� KDG� IXOO\� GHYHORSHG�� FDXVLQJ� OD\HU�
GLVSODFHPHQWV� DQG� ODUJH�VFDOH� GHIRUPDWLRQV�� 7KH� ZHDNHU� OD\HUV�
H[SHULHQFHG� LQWHQVH� VKHDU� IDLOXUH�� ZKLOH� WKH� PRUH� FRPSDFWHG�
OD\HUV�VKRZHG�IUDFWXUH�SURSDJDWLRQ�DQG�VWUHVV�UHGLVWULEXWLRQ��7KH�
KLHUDUFKLFDO� LQ�VLWX� VWUHVV� ILHOG� DW� WKLV� VWDJH� KLJKOLJKWV� WKH�
FRPSOH[� LQWHUDFWLRQ� EHWZHHQ� VWUHVV� FRQFHQWUDWLRQ� ]RQHV�� IDXOW�
PHFKDQLFV��DQG�VWUDLQ�ORFDOL]DWLRQ��7KLV�SKDVH�FORVHO\�UHVHPEOHV�
UHDO�ZRUOG JHRORJLFDO VHWWLQJV� ZKHUH SURORQJHG WHFWRQLF�
FRPSUHVVLRQ� OHDGV� WR� PDMRU� IDXOW� V\VWHPV� DQG� ODUJH�VFDOH� URFN�
PDVV�PRYHPHQWV��

2QH� RI� WKH� NH\� REVHUYDWLRQV� IURP� WKH� VWXG\� LV� WKH� UROH� RI�
FRPSDFWLRQ� LQ� FRQWUROOLQJ� GHIRUPDWLRQ� EHKDYLRU�� 7KH� ����
FRPSDFWHG� OD\HUV� VKRZHG� VLJQLILFDQWO\� KLJKHU� UHVLVWDQFH� WR�
ODWHUDO�GHIRUPDWLRQ�FRPSDUHG� WR� ORRVHO\�FRPSDFWHG� OD\HUV��7KLV�
ILQGLQJ� UHLQIRUFHV� WKH� LPSRUWDQFH� RI� PDWHULDO� GHQVLW\� DQG�
PHFKDQLFDO� SURSHUWLHV� LQ� SUHGLFWLQJ� WKH� UHVSRQVH� RI� URFN�
IRUPDWLRQV�WR�WHFWRQLF�VWUHVVHV��7KH�VWXG\�DOVR�FRQILUPHG�WKDW�WKH�
GLVWULEXWLRQ�RI� IDXOWV�DQG�GHIRUPDWLRQ�VWUXFWXUHV�GHSHQGV�RQ� WKH�
LQLWLDO�VWUHVV�VWDWH��PHDQLQJ�WKDW�SUH�H[LVWLQJ�VWUHVV�ILHOGV�PXVW�EH�
FDUHIXOO\ DQDO\]HG ZKHQ DVVHVVLQJ JHRWHFKQLFDO VWDELOLW\��
$QRWKHU�LPSRUWDQW�DVSHFW�LV�WKH�HQJLQHHULQJ�LPSOLFDWLRQV�RI�WKHVH�
ILQGLQJV�� 7KH� UHVXOWV� KLJKOLJKW� WKH� QHFHVVLW\� RI� LQFRUSRUDWLQJ�
DFFXUDWH�VWUHVV�ILHOG�DQDO\VHV�ZKHQ�GHVLJQLQJ�WXQQHOV��VORSHV��DQG�
LQIUDVWUXFWXUH� LQ� WHFWRQLFDOO\� DFWLYH� DUHDV�� 7KH� GHYHORSPHQW� RI�
WKUXVW�IDXOWV�DQG�VKHDU�EDQGV�XQGHU�ODWHUDO�FRPSUHVVLRQ�VXJJHVWV�
WKDW HQJLQHHULQJ GHVLJQV VKRXOG FRQVLGHU UHLQIRUFHPHQW�
VWUDWHJLHV�� VXFK� DV� URFN� EROWLQJ�� IOH[LEOH� UHWDLQLQJ� VWUXFWXUHV�� RU�
FRQWUROOHG� H[FDYDWLRQ� VHTXHQFHV�� WR� PLWLJDWH� IDLOXUH� ULVNV�� 7KH

H[SHULPHQW IXUWKHU HPSKDVL]HV WKH LPSRUWDQFH RI VWUHVV�
PRQLWRULQJ� WHFKQLTXHV�� VXFK� DV� ERUHKROH� VWUHVV� WHVWLQJ� DQG�
QXPHULFDO� PRGHOLQJ�� WR� SUHGLFW� UHDO�ZRUOG� GHIRUPDWLRQ� WUHQGV�
PRUH�HIIHFWLYHO\��

*HQHUDOO\�� WKH� VWXG\� SURYLGHV� YDOXDEOH� LQVLJKWV� LQWR� VWUHVV�
UHGLVWULEXWLRQ�� IDXOW� PHFKDQLFV�� DQG� JHRWHFKQLFDO� VWDELOLW\� XQGHU�
ODWHUDO� ORDGLQJ� FRQGLWLRQV�� 7KH� ILQGLQJV� QRW� RQO\� HQKDQFH� RXU�
XQGHUVWDQGLQJ�RI�KRZ�VHGLPHQWDU\�URFN�IRUPDWLRQV�EHKDYH�XQGHU�
WHFWRQLF� IRUFHV� EXW� DOVR� FRQWULEXWH� WR� WKH� GHYHORSPHQW� RI� EHWWHU�
ULVN�DVVHVVPHQW�PRGHOV�DQG�VWUXFWXUDO�GHVLJQ�DSSURDFKHV��)XWXUH�
UHVHDUFK�FRXOG�H[SDQG�RQ�WKHVH�UHVXOWV�E\�LQFRUSRUDWLQJ�UHDO�WLPH�
VWUHVV� PHDVXUHPHQWV�� �'� QXPHULFDO� VLPXODWLRQV�� DQG� DGGLWLRQDO�
OLWKRORJLFDO� YDULDWLRQV� WR� IXUWKHU� UHILQH� RXU� XQGHUVWDQGLQJ� RI�
GHIRUPDWLRQ�EHKDYLRU�LQ�FRPSOH[�JHRORJLFDO�VHWWLQJV�

9� &21&/86,21�
7KLV� VWXG\� SURYLGHV� D� FRPSUHKHQVLYH� DQDO\VLV� RI� WKH�

GHIRUPDWLRQ�EHKDYLRU�RI�OD\HUHG�VHGLPHQWDU\�URFNV�XQGHU�ODUJH��
VFDOH�ODWHUDO�ORDGLQJ�FRQGLWLRQV��VLPXODWLQJ�WKH�HIIHFWV�RI�WHFWRQLF�
IRUFHV�RQ�JHRWHFKQLFDO�VWUXFWXUHV��7KURXJK�FRQWUROOHG�ODERUDWRU\�
H[SHULPHQWV��ZH�H[DPLQHG� KRZ�YDU\LQJ�JHRWHFKQLFDO� SURSHUWLHV�
LQIOXHQFH�VWUHVV�UHGLVWULEXWLRQ��IDLOXUH�PHFKDQLVPV��DQG�VWUXFWXUDO�
LQVWDELOLWLHV�� 7KH� UHVXOWV� GHPRQVWUDWH� WKDW� ZHDNHU� VHGLPHQWDU\�
OD\HUV� H[KLELW� JUHDWHU� GLVSODFHPHQW� DQG� GHIRUPDWLRQ�� ZKLOH�
VWURQJHU��PRUH�FRPSDFWHG�OD\HUV�UHVLVW�PRYHPHQW�EXW�H[SHULHQFH�
LQWHUQDO� VWUHVV� DFFXPXODWLRQ�� 7KLV� FRQWUDVW� LQ� PDWHULDO� VWUHQJWK�
SOD\V� D� VLJQLILFDQW� UROH� LQ� WKH� IRUPDWLRQ� RI� WKUXVW� IDXOWV�� VKHDU�
EDQGV��DQG�SURJUHVVLYH�IDLOXUH�SDWWHUQV��ZKLFK�DUH�FULWLFDO�IDFWRUV�
LQ JHRWHFKQLFDO VWDELOLW\� 7KH H[SHULPHQWDO PHWKRGRORJ\��
LQYROYLQJ� LQFUHPHQWDO� ��� ORDGLQJ� VWDJHV�� HIIHFWLYHO\� UHSOLFDWHG�
QDWXUDO� WHFWRQLF� GHIRUPDWLRQ�SURFHVVHV��7KH� UHVXOWV� LQGLFDWH� WKDW�
DV�FRPSUHVVLYH�VWUHVV�LQFUHDVHV�� WKUXVW�IDXOWLQJ�DQG�VKHDU� IDLOXUH�
SURSDJDWH�� SDUWLFXODUO\� ZLWKLQ ZHDN� FOD\�ULFK� OD\HUV� 7KH�
WUDQVSDUHQW� REVHUYDWLRQ�ZLQGRZ�DOORZHG� IRU�GLUHFW�YLVXDOL]DWLRQ�
RI� GHIRUPDWLRQ�� FRQILUPLQJ� WKDW� VWUHVV� UHGLVWULEXWLRQ� DQG� IDXOW�
SURSDJDWLRQ IROORZ SUHGLFWDEOH WUHQGV EDVHG RQ PDWHULDO�
FRPSRVLWLRQ� DQG� FRPSDFWLRQ� OHYHOV�� 7KHVH� ILQGLQJV� DOLJQ� ZLWK�
UHDO�ZRUOG� JHRORJLFDO� EHKDYLRUV�� SDUWLFXODUO\� LQ� WHFWRQLFDOO\�
DFWLYH UHJLRQV� ZKHUH VHGLPHQWDU\ IRUPDWLRQV XQGHUJR�
FRQWLQXRXV� VWUHVV� DFFXPXODWLRQ� DQG� GLVSODFHPHQW�� )URP� D�
JHRWHFKQLFDO�SHUVSHFWLYH��WKLV�UHVHDUFK�KLJKOLJKWV�WKH�LPSRUWDQFH�
RI� XQGHUVWDQGLQJ� LQ�VLWX� VWUHVV� ILHOGV� DQG� GHIRUPDWLRQ� WUHQGV� LQ�
WKH� GHVLJQ� DQG� PDLQWHQDQFH� RI� LQIUDVWUXFWXUH� VXFK� DV� WXQQHOV��
VORSHV��DQG�URDG�QHWZRUNV��:LWKRXW�SURSHU�FRQVLGHUDWLRQ�RI�WKHVH�
IDFWRUV�� HQJLQHHULQJ� SURMHFWV� PD\� EH� YXOQHUDEOH� WR� XQH[SHFWHG�
GHIRUPDWLRQV�� VORSH� IDLOXUHV�� RU� VWUXFWXUDO� LQVWDELOLW\�� 7KH� VWXG\�
DOVR� UHLQIRUFHV� WKH� QHHG� IRU� DGYDQFHG� QXPHULFDO� PRGHOLQJ� DQG�
UHDO�ZRUOG� VWUHVV�PRQLWRULQJ�WR�FRPSOHPHQW�ODERUDWRU\�ILQGLQJV��
8OWLPDWHO\� WKLV UHVHDUFK SURYLGHV YDOXDEOH LQVLJKWV IRU�
JHRWHFKQLFDO� HQJLQHHULQJ�� KD]DUG� DVVHVVPHQW�� DQG� LQIUDVWUXFWXUH�
UHVLOLHQFH�� HPSKDVL]LQJ� WKH� QHFHVVLW\� RI� LQFRUSRUDWLQJ� WHFWRQLF�
ORDGLQJ� HIIHFWV� LQWR� GHVLJQ� VWUDWHJLHV�� %\� LPSURYLQJ� RXU�
XQGHUVWDQGLQJ� RI� ODWHUDO� VWUHVV�LQGXFHG� GHIRUPDWLRQV�� ZH� FDQ�
GHYHORS�PRUH�HIIHFWLYH��GXUDEOH��DQG�VDIH�FRQVWUXFWLRQ�SUDFWLFHV�
LQ�JHRORJLFDOO\�G\QDPLF�HQYLURQPHQWV�



&LYLO�DQG�*HRHQJLQHHULQJ�/HWWHUV��������������H������ ���
KWWSV���GRL�RUJ����������&*(/�����H������

$&.12:/('*0(17�

:H�H[WHQG�RXU�WKDQNV�WR�WKH�UHYLHZHUV�IRU�WKHLU�PHWLFXORXV�DWWHQWLRQ�WR�GHWDLO�
DQG�FRQVWUXFWLYH�VXJJHVWLRQV�WKDW�JUHDWO\�LPSURYHG�WKH�TXDOLW\�RI�WKLV�PDQXVFULSW��
<RXU�FRQWULEXWLRQV�KDYH�EHHQ�LQVWUXPHQWDO�LQ�VKDSLQJ�WKLV�ZRUN�

$87+256
�&2175,%87,216�
=DKUD�*KDGHUSRXU�FRQGXFWHG� WKH�PDLQ�GDWD� DQDO\VLV�� FRQWULEXWHG� WR� WKH�GDWD�

FROOHFWLRQ��SUHSURFHVVLQJ��DQG�LQWHUSUHWDWLRQ��DQG�ZDV�UHVSRQVLEOH�IRU�GUDIWLQJ�WKH�
LQLWLDO�PDQXVFULSW��0RKDPPDGUH]D� 1DURXHL� SHUIRUPHG� H[SHULPHQWV�� FRQFHSWXDO�
JXLGDQFH�� DQG� FULWLFDO� UHYLVLRQ� RI� WKH�PDQXVFULSW�� RYHUDOO� SURMHFW� DGPLQLVWUDWLRQ�
DQG�ILQDO�DSSURYDO�RI�WKH�YHUVLRQ�WR�EH�SXEOLVKHG��$OO�DXWKRUV�UHDG�DQG�DSSURYHG�
WKH�ILQDO�PDQXVFULSW�

&21)/,&7�2)�,17(5(67�
7KH�DXWKRUV�KDYH�QRW�GLVFORVHG�DQ\�FRPSHWLQJ�LQWHUHVWV�

23(1�$&&(66�

7KLV�DUWLFOH�LV�GLVWULEXWHG�XQGHU�WKH�WHUPV�RI�WKH�Creative Commons Attribution 
4.0 International License��ZKLFK�DOORZV�XVH��VKDULQJ��DGDSWDWLRQ��GLVWULEXWLRQ��DQG�
UHSURGXFWLRQ�LQ�DQ\�PHGLXP�RU�IRUPDW��SURYLGHG�DSSURSULDWH�FUHGLW�LV�JLYHQ�WR�WKH�
RULJLQDO�DXWKRU�V��DQG�WKH�VRXUFH��$�OLQN� WR�WKH�&UHDWLYH�&RPPRQV� OLFHQVH�PXVW�
DOVR� EH� SURYLGHG�� DQG� DQ\� PRGLILFDWLRQV� VKRXOG� EH� FOHDUO\� LQGLFDWHG�� 8QOHVV�
RWKHUZLVH�QRWHG� LQ�D�FUHGLW� OLQH�� LPDJHV�RU� WKLUG�SDUW\�PDWHULDOV� LQFOXGHG�LQ� WKLV�
DUWLFOH�DUH�FRYHUHG�XQGHU�WKH�DUWLFOH
V�&UHDWLYH�&RPPRQV�OLFHQVH��)RU�PDWHULDO�QRW�
LQFOXGHG� LQ� WKH� OLFHQVH�RU�ZKHUH� VWDWXWRU\�UHJXODWLRQV�GR�QRW� DSSO\�� SHUPLVVLRQ�
PXVW� EH� REWDLQHG� GLUHFWO\� IURP� WKH� FRS\ULJKW� KROGHU�� 7R� YLHZ� WKH� IXOO� OLFHQVH��
YLVLW�KWWS���FUHDWLYHFRPPRQV�RUJ�OLFHQVHV�E\�������

Publisher's Note:� 7KLV� MRXUQDO� UHPDLQV� QHXWUDO� ZLWK� UHJDUG� WR� MXULVGLFWLRQDO�
FODLPV�LQ�SXEOLVKHG�PDSV��GDWD��DQG�LQVWLWXWLRQDO�DIILOLDWLRQV�

5()(5(1&(6
$JUDZDO�1���*XSWD�/���'L[LW�-����������*HRVSDWLDO�DVVHVVPHQW�RI�DFWLYH�WHFWRQLFV�

XVLQJ�6570�'(0�EDVHG�PRUSKRPHWULF�DSSURDFK�IRU�0HJKDOD\D��,QGLD��All 
Earth����������������KWWSV���GRL�RUJ��������������������������������

$OWLQGDJ�5�� ��������&RUUHODWLRQ�EHWZHHQ�3�ZDYH�YHORFLW\�DQG�VRPH�PHFKDQLFDO�
SURSHUWLHV�IRU�VHGLPHQWDU\�URFNV��Journal of the Southern African Institute 
of Mining and Metallurgy�������������������

%DUELHUL�'�0���'RUYDO�-�*���/RX�%���&KHQ�+���6KX�%���:DQJ�)���+RII� ,�� ��������
'DWDVHW� UHJDUGLQJ� WKH� PHFKDQLFDO� FKDUDFWHUL]DWLRQ� RI� VHGLPHQWDU\� URFNV�
GHULYHG�IURP�6YDOEDUG�IRU�SRVVLEOH�XVH�LQ�ORFDO�URDG�FRQVWUXFWLRQV��Data in 
Brief��������������KWWSV���GRL�RUJ���������M�GLE��������������

%LULHQ� 7��� *DXWKLHU� )�� �������� ,QIOXHQFH� RI� FOLPDWH�GHSHQGHQW� YDULDEOHV� RQ�
GHIRUPDWLRQ� DQG� GLIIHUHQWLDO� HURVLRQ� RI� VWUDWLILHG� VHGLPHQWDU\� URFNV��
Geomorphology� ���� ��������
KWWSV���GRL�RUJ���������M�JHRPRUSK��������������

%RXVTXHW�-�&���/DQ]DIDPH�*���3DTXLQ�&����������7HFWRQLF�VWUHVVHV�DQG�YROFDQLVP��
LQ�VLWX�VWUHVV�PHDVXUHPHQWV�DQG�QHRWHFWRQLF�LQYHVWLJDWLRQV�LQ�WKH�(WQD�DUHD�
�,WDO\���Tectonophysics���������������������

&DVH\�%���*HUPDLQH�-�7���)OHPLQJV�3�%���)DK\�%�3����������,Q�VLWX�VWUHVV�VWDWH�DQG�
VWUHQJWK� LQ� PXGURFNV�� Journal of Geophysical Research: Solid Earth��
�������������������KWWSV���GRL�RUJ�������������-%��������

&KDQJ�&���0F1HLOO�/�&���0RRUH�-�&���/LQ�:���&RQLQ�0���<DPDGD�<���������� ,Q�
VLWX� VWUHVV� VWDWH� LQ� WKH�1DQNDL� DFFUHWLRQDU\�ZHGJH�HVWLPDWHG� IURP�ERUHKROH�
ZDOO� IDLOXUHV�� Geochemistry, Geophysics, Geosystems�� �������� ������
KWWSV���GRL�RUJ�������������*&��������

&KDQJ�&��� =REDFN�0�'���.KDNVDU�$�� �������� (PSLULFDO� UHODWLRQV� EHWZHHQ� URFN�
VWUHQJWK�DQG�SK\VLFDO�SURSHUWLHV�LQ�VHGLPHQWDU\�URFNV��Journal of Petroleum 
Science and Engineering� �������� ���������
KWWSV���GRL�RUJ���������M�SHWURO��������������

&RQJ� 5��� <DQJ� 5��� /L� *��� +XDQJ� =��� *RQJ� <��� -LQJ� 0��� /X� 0�� ��������
*HRPHFKDQLFDO�SURSHUWLHV�RI� WKLQO\� LQWHUEHGGHG� URFNV�EDVHG� RQ�PLFUR�DQG�
PDFUR�VFDOH�PHDVXUHPHQWV��Rock Mechanics and Rock Engineering���������
�����������KWWSV���GRL�RUJ���������V����������������Z�

&XL�0���3HQJ�1���/LX�<���:DQJ�=���/L�&���;X�.���.XDQJ�+����������5HFRJQL]LQJ�
GHIRUPDWLRQ�RULJLQV��D� UHYLHZ�RI�GHIRUPDWLRQ�VWUXFWXUHV�DQG�K\SRWKHVLV�RQ�
WKH� SHUVSHFWLYH� RI� VHGLPHQW� FRQVROLGDWLRQ�� International Geology Review��
������������������KWWSV���GRL�RUJ��������������������������������

'LDPDQWLV�.���)HUHLGRRQL�'���.KDMHYDQG�5���0LJLURV�*����������(IIHFW�RI�WH[WXUDO�
FKDUDFWHULVWLFV� RQ� HQJLQHHULQJ� SURSHUWLHV� RI� VRPH� VHGLPHQWDU\� URFNV��
Journal of Central South University� ��� ���������
KWWSV���GRL�RUJ���������V������������������

'X�.���6XQ�<���=KRX�-���.KDQGHOZDO�0���*RQJ�)�� ��������0LQHUDO�FRPSRVLWLRQ�
DQG� JUDLQ� VL]H� HIIHFWV� RQ� WKH� IUDFWXUH� DQG� DFRXVWLF� HPLVVLRQ� �$(��
FKDUDFWHULVWLFV� RI� URFNV� XQGHU� FRPSUHVVLYH� DQG� WHQVLOH� VWUHVV�� Rock 
Mechanics and Rock Engineering� ������� �����������
KWWSV���GRL�RUJ���������V����������������\��

(JRURY�$�6���3ULVFKHSD�2�0���1HIHGRY�<�9���.RQWRURYLFK�9�$���9LQRNXURY�,�<��
�������� 'HHS� VWUXFWXUH�� WHFWRQLFV� DQG� SHWUROHXP� SRWHQWLDO� RI� WKH� ZHVWHUQ�
VHFWRU� RI� WKH�5XVVLDQ� DUFWLF�� Journal of Marine Science and Engineering��
�����������KWWSV���GRL�RUJ���������MPVH���������

*DJH� +�-��� (\OHV� &�+��� 3HDFH� $�/�� �������� :LQWHU� ZHDWKHULQJ� RI� IUDFWXUHG�
VHGLPHQWDU\� URFNV� LQ� D� WHPSHUDWH� FOLPDWH�� REVHUYDWLRQ� RI� IUHH]H±WKDZ�DQG�
WKHUPDO� SURFHVVHV RQ WKH� 1LDJDUD (VFDUSPHQW� +DPLOWRQ� 2QWDULR��
Geological Magazine� ����������� �����������
KWWSV���GRL�RUJ���������6������������������

*KDQEDULDQ� 0�$��� <DVVDJKL� $��� 'HUDNKVKDQL� 5�� �������� 'HWHFWLQJ� D� VLQLVWUDO�
WUDQVSUHVVLRQDO� GHIRUPDWLRQ� EHOW� LQ� WKH� =DJURV�� Geosciences�� ������� �����
KWWSV���GRL�RUJ���������JHRVFLHQFHV����������

*RRGDU]L� 6��� +DVVDQSRXU� -��� <DJL]� 6��� 5RVWDPL� -�� �������� 3UHGLFWLQJ� 7%0�
SHUIRUPDQFH� LQ� VRIW� VHGLPHQWDU\� URFNV�� FDVH� VWXG\� RI� =DJURV� PRXQWDLQV�
ZDWHU�WXQQHO�SURMHFWV��Tunnelling and Underground Space Technology�������
��������KWWSV���GRL�RUJ���������M�WXVW��������������

+RHN� (���0DULQRV�3�*���0DULQRV�9�3�� ��������&KDUDFWHULVDWLRQ� DQG� HQJLQHHULQJ�
SURSHUWLHV�RI� WHFWRQLFDOO\�XQGLVWXUEHG�EXW� OLWKRORJLFDOO\�YDULHG�VHGLPHQWDU\�
URFN� PDVVHV�� International Journal of Rock Mechanics and Mining 
Sciences������������������KWWSV���GRL�RUJ���������M�LMUPPV��������������

.DUD�,�%����������(IIHFWV�RI�FRROLQJ�UHJLPHV�RQ�OLPHVWRQH�URFN�DQG�FRQFUHWH�ZLWK�
OLPHVWRQH� DJJUHJDWHV� DW� HOHYDWHG� WHPSHUDWXUHV�� International Journal of 
Rock Mechanics and Mining Sciences� ���� ��������
KWWSV���GRL�RUJ���������M�LMUPPV��������������

.KDMHYDQG� 5�� �������� (VWLPDWLQJ� JHRWHFKQLFDO� SURSHUWLHV� RI� VHGLPHQWDU\� URFNV�
EDVHG� RQ� SK\VLFDO� SDUDPHWHUV� DQG� XOWUDVRQLF� 3�ZDYH� YHORFLW\� XVLQJ�
VWDWLVWLFDO� PHWKRGV� DQG� VRIW� FRPSXWLQJ� DSSURDFKHV�� Iranian Journal of 
Science and Technology, Transactions of Civil Engineering�� ������� ������
������KWWSV���GRL�RUJ���������V�������������������

.RYiFV� ,�-��� /LSWDL� 1��� .RSWHY� $��� &ORHWLQJK� 6�$��� /DQJH� 7�3��� 0D܊HQFR� /���
)DQFVLN�7����������7KH�µSDUJDVRVSKHUH¶K\SRWKHVLV��/RRNLQJ�DW�JOREDO�SODWH�
WHFWRQLFV� IURP� D� QHZ� SHUVSHFWLYH�� Global and Planetary Change�� �����
��������KWWSV���GRL�RUJ���������M�JORSODFKD��������������

.UDEEHQGDP� 0��� 3DODPDNXPEXUD� 5��� $UQKDUGW� &��� +DOO� $�� �������� 5RFN�
IUDFWXULQJ� E\� VXEJODFLDO� K\GUDXOLF� MDFNLQJ� LQ� EDVHPHQW� URFNV�� HDVWHUQ�
6ZHGHQ� WKH UROH RI EHDP IDLOXUH� GFF� ������� ���������
KWWSV���GRL�RUJ��������������������������������

/DWLE�)�:�0���.DVD�$���%DFKRN�0�)����������*HRWHFKQLFDO�SURSHUWLHV�RQ�UHVLGXDO�
VRLO�RI�VHGLPHQWDU\�URFN��Journal of Advanced Research in Applied Sciences 
and Engineering Technology� ������ ���������
KWWSV���GRL�RUJ����������DUDVHW��������������

/L�<���'RQJ�/���:X�1���1RXUL�$���/LDR�+���&KHQ�4���/LX�&����������,QIOXHQFHV�RI�
K\GUDWH� OD\HUHG� GLVWULEXWLRQ� SDWWHUQV�RQ� WULD[LDO� VKHDULQJ� FKDUDFWHULVWLFV� RI�
K\GUDWH�EHDULQJ VHGLPHQWV� Engineering Geology� ���� ��������
KWWSV���GRL�RUJ���������M�HQJJHR��������������

/LX� -�*��� ;X� %��� 6XQ� /��� /L� %��� :HL� *�-�� �������� ,Q� VLWX� VWUHVV� ILHOG� LQ� WKH�
$WKDEDVFD�RLO�VDQGV�GHSRVLWV��ILHOG�PHDVXUHPHQW��VWUHVV�ILHOG�PRGHOLQJ��DQG�
HQJLQHHULQJ� LPSOLFDWLRQV�� Journal of Petroleum Science and Engineering��
�������������KWWSV���GRL�RUJ���������M�SHWURO��������������

/LX�0��� /XR�;���%L�5��� =KRX� -���'X��.�� �������� ,PSDFWV� RI�EHGGLQJ�DQJOH� DQG�
FHPHQWDWLRQ� W\SH� RI� EHGGLQJ�SODQHV� RQ�PHFKDQLFDO� EHKDYLRU� RI� WKLQ�OD\HU�
VWUXFWXUHG� EHGGHG� URFNV� XQGHU� XQLD[LDO� FRPSUHVVLRQ�� Geomechanics for 
Energy and the Environment� ��� ��������
KWWSV���GRL�RUJ���������M�JHWH��������������

0DKHVKZDUL�3����������$QDO\VLV�RI�GHIRUPDWLRQ�RI�OLQHDU�YLVFRHODVWLF�WZR�OD\HUHG�
ODPLQDWHG� URFNV�� International Journal of Rock Mechanics and Mining 
Sciences���������������KWWSV���GRL�RUJ���������M�LMUPPV�������������



&LYLO�DQG�*HRHQJLQHHULQJ�/HWWHUV��������������H������ ���
KWWSV���GRL�RUJ����������&*(/�����H������

0DUWLQ�&�'���/DQ\RQ�*�:����������0HDVXUHPHQW�RI�LQ�VLWX�VWUHVV�LQ�ZHDN�URFNV�DW�
0RQW� 7HUUL� 5RFN� /DERUDWRU\�� 6ZLW]HUODQG�� International Journal of Rock 
Mechanics and Mining Sciences� �������� �����������
KWWSV���GRL�RUJ���������6����������������������

0HQJ� 7��� /LIHQJ�0��� )HQJELDR�:��� *DQ� )��� <RQJELQ�;�� �������� ([SHULPHQWDO�
VWXG\� RQ� SHUPHDELOLW\� HYROXWLRQ� DQG� QRQOLQHDU� VHHSDJH� FKDUDFWHULVWLFV� RI�
IUDFWXUHG�URFN�LQ�FRXSOHG�WKHUPR�K\GUDXOLF�PHFKDQLFDO�HQYLURQPHQW��D�FDVH�
VWXG\�RI� WKH� VHGLPHQWDU\�URFN� LQ�;LVKDQ� DUHD��Engineering Geology�� �����
��������KWWSV���GRL�RUJ���������M�HQJJHR��������������

0LOORQ� 2��� 5XL]�5LSROO� 0�/��� +RHUWK� 7�� �������� $QDO\VLV� RI� WKH� EHKDYLRU� RI�
VHGLPHQWDU\� URFNV� XQGHU� LPSDFW� ORDGLQJ�� Rock Mechanics and Rock 
Engineering���������������������KWWSV���GRL�RUJ���������V����������������
���

0XJKLHGD�2���$O]R¶XEL�$�.���$O]D\ODLH�0���9DQGDQDSX�5��� 6KDUPD�$�� ��������
(PSLULFDO�DQG�QXPHULFDO�VWXG\�RI�WKH�VWDWLF�ODWHUDO�UHVSRQVH�RI�VRFNHWHG�SLOH�
LQ 'XEDL� 8$(� Geotechnical Research� ����� ���������
KWWSV���GRL�RUJ���������MJHUH�����������

5DILHL�0���5DKLPSRXU�%RQDE�+���7DYDNROL�9���.KRUDVDQL�(����������4XDQWLI\LQJ�
VHGLPHQWDU\� DQG� GLDJHQHWLF� FRQWUROV� RQ� IUDFWXULQJ�� DQ� DSSOLFDWLRQ� LQ� URFN�
HQJLQHHULQJ�V\VWHPV��Journal of Geophysics and Engineering��������������
�����KWWSV���GRL�RUJ�����������������������������

6FKXVWHU�9���5\EDFNL�(���%RQQHO\H�$���+HUUPDQQ�-���6FKOHLFKHU�$�0���'UHVHQ�*��
��������([SHULPHQWDO�GHIRUPDWLRQ�RI�2SDOLQXV�&OD\�DW�HOHYDWHG�WHPSHUDWXUH�
DQG� SUHVVXUH� FRQGLWLRQV��0HFKDQLFDO� SURSHUWLHV� DQG� WKH� LQIOXHQFH� RI� URFN�
IDEULF� Rock Mechanics and Rock Engineering�� ������� �����������
KWWSV���GRL�RUJ���������V�������������������

6KDKDQL� 1�0��� .DPUDQ�0��� =KHQJ�;��� /LX� &��� *XR� ;�� �������� $SSOLFDWLRQ� RI�
JUDGLHQW ERRVWLQJ PDFKLQH OHDUQLQJ DOJRULWKPV WR SUHGLFW XQLD[LDO�
FRPSUHVVLYH�VWUHQJWK�RI�VRIW�VHGLPHQWDU\�URFNV�DW�7KDU�&RDOILHOG��Advances 
in Civil Engineering� �������� ���������
KWWSV���GRL�RUJ�����������������������

6KDUPD�0���%LVKQRL�6���0DUWLUHQD�)��� 6FULYHQHU�.�� ��������/LPHVWRQH�FDOFLQHG�
FOD\�FHPHQW�DQG�FRQFUHWH��$�VWDWH�RI�WKH�DUW� UHYLHZ��Cement and Concrete 
Research���������������KWWSV���GRL�RUJ���������M�FHPFRQUHV��������������

6WHSKDQVVRQ� 2��� =DQJ� $�� �������� ,650� VXJJHVWHG� PHWKRGV� IRU� URFN� VWUHVV�
HVWLPDWLRQ²SDUW����HVWDEOLVKLQJ�D�PRGHO�IRU�WKH�LQ�VLWX�VWUHVV�DW�D�JLYHQ�VLWH��
Rock Mechanics and Rock Engineering� ��� ���������
KWWSV���GRL�RUJ���������V���������������[��

7DKHU\QLD�0�+���)DWHPL�$JKGD�6�0���)DKLPLIDU�$����������,Q�VLWX�VWUHVV�VWDWH�DQG�
WHFWRQLF� UHJLPH� LQ� GLIIHUHQW� GHSWKV� RI� HDUWK� FUXVW. Geotechnical and 
Geological Engineering�� ���� ��������� KWWSV���GRL�RUJ���������V�����������
��������

7LDQ� <��� &KHQ� :�=��� 7LDQ� +�0��� <DQJ� -�3��� =KDQJ� =�<��� 6KX� ;�<�� ��������
$QDO\WLFDO�PRGHO�RI�OD\HUHG�URFN�FRQVLGHULQJ�LWV�WLPH�GHSHQGHQW�EHKDYLRXU��
Rock Mechanics and Rock Engineering� ��� �����������
KWWSV���GRL�RUJ���������V������������������

7VLDPEDRV� *��� 6DEDWDNDNLV� 1�� �������� &RQVLGHUDWLRQV� RQ� VWUHQJWK� RI� LQWDFW�
VHGLPHQWDU\ URFNV� Engineering Geology� �������� ���������
KWWSV���GRL�RUJ���������M�HQJJHR��������������

7XFNHU� 0�(�� �������� Sedimentary rocks in the field: a practical guide�� -RKQ�
:LOH\�	�6RQV��1HZ�-HUVH\��86$��

8QGHUVFKXOW]�-���(VWHUOH�-���6WUDQG�-���+D\HV�6����������&RQFHSWXDO�UHSUHVHQWDWLRQ�
RI� IOXLG� IORZ� FRQGLWLRQV� DVVRFLDWHG� ZLWK� IDXOWV� LQ� VHGLPHQWDU\� EDVLQV��
3UHSDUHG� IRU� WKH� 'HSDUWPHQW� RI� WKH� (QYLURQPHQW� DQG� (QHUJ\�� %ULVEDQH��
$XVWUDOLD��KWWSV���GRL�RUJ����������5*������������������

:DQJ� 0��� :DQJ� (��� /LX� ;��� :DQJ� =��� :DQJ� &�� �������� ,QIOXHQFH� RI� QHXUDO�
QHWZRUN� VWUXFWXUH�RQ� URFN� LQWHOOLJHQW� FODVVLILFDWLRQ�EDVHG� RQ� VWUXFWXUDO�DQG�
WHFWRQLF� IHDWXUHV� RI� URFNV��Rock Mechanics and Rock Engineering�� �������
�����������KWWSV���GRL�RUJ���������V�������������������

:DTDV�8���$KPHG�0�)�� �������� ,QYHVWLJDWLRQ�RI�VWUHQJWK�EHKDYLRU�RI� WKHUPDOO\�
GHWHULRUDWHG� VHGLPHQWDU\� URFNV� VXEMHFWHG� WR� G\QDPLF� F\FOLF� ORDGLQJ��
International Journal of Rock Mechanics and Mining Sciences�� �����
��������KWWSV���GRL�RUJ���������M�LMUPPV��������������

;LDQJဨ+XL�4���3HQJ�=���&KHQJဨ-XQ�)���:HLဨ)HQJ�6���&KHQJဨ;XDQ�7���4XQဨ&H�&���
<RXဨ5X��3�� �������� ,QဨVLWX� VWUHVV�PHDVXUHPHQWV�DQG� VOLS� VWDELOLW\�RI�PDMRU�
IDXOWV�LQ�%HLMLQJ�UHJLRQ��&KLQD��Chinese Journal of Geophysics��������������
�����KWWSV���GRL�RUJ���������FMJ���������

;LRQJ� -��� /LX� <��� =KDQJ� 3��� 'HQJ� &��� 3LFRWWL� 9��� :DQJ� :��� /L� <�� ��������
(QWUHQFKPHQW�RI�WKH�<HOORZ�5LYHU�VLQFH�WKH�ODWH�0LRFHQH�XQGHU�FKDQJLQJ�
WHFWRQLFV DQG FOLPDWH� Geomorphology� ���� ��������
KWWSV���GRL�RUJ���������M�JHRPRUSK��������������

=DLG� 0��� 6DGLTXH� 0�5�� �������� %ODVW� UHVLVWDQW� EHKDYLRXU� RI� WXQQHOV� LQ�
VHGLPHQWDU\� URFNV�� International Journal of Protective Structures�� �������
���������KWWSV���GRL�RUJ���������������������������

=KDL�0���;XH�/���&KHQ�+���;X�&���&XL�<�� ��������(IIHFWV�RI� VKHDU� UDWHV�RQ� WKH�
GDPDJLQJ� EHKDYLRUV� RI� OD\HUHG� URFNV� VXEMHFWHG� WR� GLUHFW� VKHDU�� ,QVLJKWV�
IURP� DFRXVWLF� HPLVVLRQ� FKDUDFWHULVWLFV�� Engineering Fracture Mechanics��
�������������KWWSV���GRL�RUJ���������M�HQJIUDFPHFK��������������

=KDQJ�<���=KDQJ�-����������/LWKRORJ\�GHSHQGHQW�PLQLPXP�KRUL]RQWDO�VWUHVV�DQG�
LQ�VLWX VWUHVV HVWLPDWH� Tectonophysics� ���� �����
KWWSV���GRL�RUJ���������M�WHFWR��������������

=KDR�-�-���6KHQ�:�4���6KDR�-�)���/LX�=�%���9X�0�1����������$�FRQVWLWXWLYH�PRGHO�
IRU� DQLVRWURSLF� FOD\�ULFK� URFNV� FRQVLGHULQJ� PLFUR�VWUXFWXUDO� FRPSRVLWLRQ��
International Journal of Rock Mechanics and Mining Sciences�� �����
��������KWWSV���GRL�RUJ���������M�LMUPPV��������������

=KDR�7���4LQ�4����������&KDUDFWHUL]DWLRQ�PHWKRGV�IRU�FXUUHQW�LQ�VLWX�VWUHVV�LQ�RLO�
DQG�JDV�UHVHUYRLUV��D�PLQL�UHYLHZ��Frontiers in Earth Science���������������
KWWSV���GRL�RUJ���������IHDUW���������������

=KHQJ� <�)�� �������� 3ODWH� WHFWRQLFV� LQ� WKH� WZHQW\�ILUVW� FHQWXU\�� Science China 
Earth Sciences���������������KWWSV���GRL�RUJ���������V�����������������




