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Abstract: The accurate classification of rock masses plays a 
critical role in the design and safety of geotechnical and 
tunneling projects. Among the most widely used systems for rock 
mass characterization are the Geological Strength Index (GSI) 
and the Rock Mass Quality index (Q-system), both of which 
integrate various structural and geomechanical parameters. This 
study focuses on evaluating the empirical relationship between 
GSI and Q-system in granitic rock masses of the Keno-Kouh 
region, situated in western Iran. Field investigations were 
conducted at multiple granite exposures, where joint conditions, 
discontinuity spacing, roughness, alteration, and rock strength 
were systematically measured. GSI values were derived from 
both direct field assessments and estimation charts, while Q- 
values were calculated using Barton’s classification system. A 
statistical correlation analysis was performed between GSI and 
Q-values to identify a mathematical relationship relevant to this 
specific lithological setting. The findings demonstrate a strong 
linear correlation (R²>0.85) between the two classification 
systems within the granitic units, highlighting the isotropic and 
relatively homogeneous nature of the Keno-Kouh granites. The 
regression equations developed in this study provide a practical 
tool for estimating one index based on the other, which can be 
especially useful in data-limited engineering scenarios. 
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I. INTRODUCTION 

The classification of rock masses forms a cornerstone in the 
field of engineering geology and rock mechanics (Lin et al., 

2017a). Unlike intact rock, which can be reliably tested in the 
laboratory, rock masses in their natural state are composed of 
discontinuities such as joints, faults, and bedding planes that 
significantly influence their mechanical behavior (Babendererde 
et al., 2004). These heterogeneities make the prediction of rock 
mass response to excavation and loading inherently complex 
(Villeneuve et al., 2018). Rock mass classification systems were

developed to address this complexity by providing structured 
frameworks to evaluate and categorize the mechanical quality of 
rock masses in situ (Bagde et al., 2002). Accurate rock mass 
classification is essential for the safe and economical design of 
civil and mining infrastructure, including tunnels, slopes, dams, 
foundations, and underground caverns (Somodi et al., 2021). It 
enables engineers and geologists to estimate important 
parameters such as rock mass strength, deformability, and 
stability under different stress conditions (Abad et al., 2015). 
This, in turn, aids in selecting appropriate excavation methods, 
ground support systems, and risk mitigation strategies 
(Salmanfarsi & Awang, 2025). 

Inadequate or incorrect classification may lead to unsafe 
designs, cost overruns, and even structural failures, particularly 
in challenging geological settings (Renani & Cai, 2022). One of 
the key advantages of rock mass classification systems lies in 
their ability to provide engineers with practical, standardized 
methods to make informed decisions during both the preliminary 
and detailed stages of infrastructure projects (Ma et al., 2023). 
These systems reduce uncertainty by translating complex 
geological conditions into actionable engineering data (Cai et al., 
2004). For example, they help determine tunnel support 
requirements, slope reinforcement needs, and foundation 
treatments (Agliardi et al., 2016). In large-scale projects, this 
translates into enhanced safety, optimized construction timelines, 
and reduced project costs (Hashemi et al., 2010). 

Over the past decades, several rock mass classification 
systems have been introduced, each with a unique approach to 
capturing the geological and mechanical characteristics of rock 
masses (Zhang et al., 2018). These classification systems were 
developed in response to the growing need for practical, field- 
based methods to evaluate the behavior of rock masses during 
excavation and construction (Pepe et al., 2015). Traditional 
laboratory tests often fail to capture the large-scale mechanical 
behavior of fractured rock masses (Zhang et al., 2019). As a 
result, empirical classification systems emerged to bridge this 
gap, allowing engineers to relate geological observations to 
engineering design parameters (Cai et al., 2007). Each system 
was formulated with specific goals and applications in mind,
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UHIOHFWLQJ�GLIIHUHQW�SKLORVRSKLHV�DQG�ILHOG�FRQGLWLRQV��$PRQJ�WKH�
PRVW� FRPPRQO\� XVHG� DUH� WKH� 5RFN� 0DVV� 5DWLQJ� �505��� 4��
V\VWHP��*HRORJLFDO�6WUHQJWK�,QGH[��*6,���DQG�5RFN�0DVV�,QGH[�
�50L���7KHVH� V\VWHPV� LQWHJUDWH� ILHOG� REVHUYDWLRQV� VXFK� DV� MRLQW�
VSDFLQJ�� URXJKQHVV�� RULHQWDWLRQ�� DQG� VWUHQJWK� SDUDPHWHUV� LQWR�
QXPHULFDO� RU� TXDOLWDWLYH� VFRUHV� WKDW� JXLGH� GHVLJQ� GHFLVLRQV�
�6RPRGL�HW�DO����������7KH�FRQWLQXHG�HYROXWLRQ�RI�WKHVH�V\VWHPV�
UHIOHFWV�WKH�JURZLQJ�XQGHUVWDQGLQJ�RI�URFN�EHKDYLRU�DQG�WKH�QHHG�
IRU� PRUH� DGDSWDEOH� WRROV� LQ� GLYHUVH� JHRORJLFDO� HQYLURQPHQWV�
�$]DUDI]D�HW�DO����������

7KH� 505� V\VWHP�� LQWURGXFHG� E\� %LHQLDZVNL� LQ� WKH� ����V��
ZDV�RQH�RI�WKH�HDUOLHVW�FRPSUHKHQVLYH�IUDPHZRUNV�IRU�URFN�PDVV�
HYDOXDWLRQ��,W�LQWHJUDWHV�VHYHUDO�NH\�SDUDPHWHUV��VXFK�DV�XQLD[LDO�
FRPSUHVVLYH� VWUHQJWK� �8&6�� RI� LQWDFW� URFN�� URFN� TXDOLW\�
GHVLJQDWLRQ� �54'��� MRLQW� VSDFLQJ�� MRLQW� FRQGLWLRQ�� JURXQGZDWHU�
FRQGLWLRQV�� DQG� MRLQW� RULHQWDWLRQ�� WR� SURYLGH� D� QXPHULFDO� VFRUH�
UHSUHVHQWLQJ� URFN�PDVV�TXDOLW\��505� LV�ZLGHO\� XVHG� IRU� WXQQHO�
GHVLJQ��VORSH�VWDELOLW\�DQDO\VLV��DQG�IRXQGDWLRQ�DVVHVVPHQWV��4D]L�
	� 6LQJK�� ������� ,W� LV� HVSHFLDOO\� YDOXDEOH� IRU� SUHOLPLQDU\� VLWH�
LQYHVWLJDWLRQV DQG SURYLGHV UHFRPPHQGDWLRQV IRU VXSSRUW�
V\VWHPV�EDVHG�RQ�WKH�UDWLQJ��5HKPDQ�HW�DO����������,WV�VLPSOLFLW\��
UHSURGXFLELOLW\��DQG�HPSLULFDO�VXSSRUW�KDYH�PDGH�LW�D�FRUQHUVWRQH�
LQ�ERWK�DFDGHPLF�UHVHDUFK�DQG�HQJLQHHULQJ�SUDFWLFH��

2YHU� WKH�\HDUV��VHYHUDO�PRGLILFDWLRQV�DQG�GHULYDWLYH� V\VWHPV�
KDYH�HPHUJHG�EDVHG�RQ�505��)RU�LQVWDQFH��WKH�VLPSOLILHG�505�
�6505��ZDV� SURSRVHG� IRU� XVH� LQ� FRQGLWLRQV� ZLWK� OLPLWHG� GDWD��
DQG�WKH�PRGLILHG�505��0505��LQFRUSRUDWHV�HQYLURQPHQWDO�DQG�
PLQLQJ�VSHFLILF� DGMXVWPHQWV�� HVSHFLDOO\� LQ� XQGHUJURXQG� PLQLQJ�
FRQWH[WV� �6LGGLTXH�� ������� )XUWKHUPRUH�� 505�EDVHG� VXSSRUW�
FKDUWV� KDYH� EHHQ� GHYHORSHG� IRU� VORSH� VWDELOL]DWLRQ�� VKDOORZ�
WXQQHO� GHVLJQ�� DQG� IRXQGDWLRQ� FODVVLILFDWLRQ�� H[WHQGLQJ� WKH�
RULJLQDO� V\VWHP¶V� XWLOLW\� DFURVV� PXOWLSOH� JHRWHFKQLFDO� GRPDLQV�
�-DLVZDO�HW�DO����������

7KH�4�V\VWHP��GHYHORSHG�E\�%DUWRQ�HW�DO���������LQ�1RUZD\��
ZDV� RULJLQDOO\� FUHDWHG� WR� DVVLVW� LQ� WKH� GHVLJQ� RI� WXQQHO� VXSSRUW�
V\VWHPV� LQ� YDULDEOH� XQGHUJURXQG� FRQGLWLRQV�� ,W� LV� EDVHG� RQ� VL[�
SDUDPHWHUV��54'��MRLQW�VHW�QXPEHU��-����MRLQW�URXJKQHVV��-U���MRLQWQ�
DOWHUDWLRQ� �-���� ZDWHU� LQIORZ� �-Z��� DQG� VWUHVV� UHGXFWLRQ� IDFWRUD�
�65)��� 7KH� SURGXFW� RI� WKHVH� IDFWRUV� \LHOGV� D�4�YDOXH�� ZKLFK� LV�
WKHQ XVHG WR GHWHUPLQH WKH UHTXLUHG VXSSRUW FODVV DQG�
UHLQIRUFHPHQW�GHVLJQ��+DMLD]L]L�	�.KDWDPL���������7KH�VWUHQJWK�
RI� WKH� 4�V\VWHP� OLHV� LQ� LWV� VSHFLILF� IRFXV� RQ� XQGHUJURXQG�
H[FDYDWLRQV�� HVSHFLDOO\� WXQQHOV� DQG� FDYHUQV�� DQG� LWV� DELOLW\� WR�
SURYLGH� GLUHFW� JXLGDQFH� IRU� URFN� VXSSRUW� VHOHFWLRQ� �/LQ� HW� DO���
����E��� 'XH� WR� LWV� V\VWHPDWLF� DQG� TXDQWLWDWLYH� QDWXUH�� PDQ\�
VXSSRUW�GHVLJQ�WRROV�DQG�FKDUWV�KDYH�EHHQ�GHULYHG�GLUHFWO\�IURP�
WKH�4�V\VWHP��=ROIDJKDUL�HW�DO����������

1RWDEOH�H[DPSOHV�LQFOXGH�WKH�4 FODVVLILFDWLRQ��GHYHORSHGVORSH�
IRU� DVVHVVLQJ� VORSH� VWDELOLW\� XVLQJ� SDUDPHWHUV� DGDSWHG� IURP� WKH�
RULJLQDO� 4�V\VWHP�� DQG� WKH� 4� IRU� 7XQQHO� %RULQJ� 0DFKLQHV�
�4 ��� ZKLFK� LQWHJUDWHV� 7%0� SHUIRUPDQFH�PHWULFV� LQWR� WKH�47%0�
IUDPHZRUN��$GGLWLRQDOO\�� WKH� V\VWHP�KDV�EHHQ� LQFRUSRUDWHG� LQWR�
QXPHURXV�VRIWZDUH�SDFNDJHV�DQG�GHFLVLRQ�VXSSRUW�WRROV�XVHG�IRU�
WXQQHO� GHVLJQ�� VXFK� DV� 5RF6XSSRUW� DQG� 4�VXSSRUW� �%DUWRQ� 	�
*ULPVWDG���������7KH�4 FODVVLILFDWLRQ�V\VWHP�LV�DQ�HPSLULFDOVORSH�
URFN� VORSH� VWDELOLW\�DVVHVVPHQW�PHWKRG� WKDW�ZDV�GHYHORSHG� DV�D�
GHULYDWLYH� RI� WKH� RULJLQDO� 4�V\VWHP� �%DU� 	� %DUWRQ�� �������
VSHFLILFDOO\� DGDSWHG� IRU� VXUIDFH� H[FDYDWLRQV� �$]DUDI]D� HW� DO���
�������,QWURGXFHG�E\�%DUWRQ�DQG�%DU���������LW�KDV�EHHQ�XVHG�DQG

PRGLILHG� E\� YDULRXV� UHVHDUFKHUV� ZRUOGZLGH�� ,W� SURYLGHV� D�
SUDFWLFDO� WRRO� IRU� JHRWHFKQLFDO� HQJLQHHUV� ZRUNLQJ� RQ� URDG� FXWV��
RSHQ�SLW�PLQHV�� DQG� GDP�DEXWPHQWV�� RIIHULQJ� TXLFN�� ILHOG�EDVHG�
HVWLPDWLRQV�RI�VORSH�VWDELOLW\��4 KDV�SURYHQ�SDUWLFXODUO\�XVHIXOVORSH
LQ� SUHOLPLQDU\� GHVLJQ� SKDVHV�� ZKHUH� UDSLG� DVVHVVPHQWV� DUH�
QHHGHG� LQ� YDULDEOH� JHRORJLFDO� FRQGLWLRQV� �0DR� HW� DO��� ����D���
/LNH� LWV� SDUHQW� V\VWHP�� 4 LV� HPSLULFDO�� \HW� LW� KDV� EHHQVORSH
FDOLEUDWHG�XVLQJ�H[WHQVLYH�FDVH�KLVWRULHV��PDNLQJ�LW�D�UHOLDEOH�DQG�
HIILFLHQW� WRRO� IRU� VORSH� VWDELOLW\� DQDO\VLV� LQ� MRLQWHG� URFN�PDVVHV�
�$]DUDI]D�HW�DO����������

7KH�*6,��GHYHORSHG�E\�+RHN�DQG�%URZQ�LQ�WKH�����V��WDNHV�D�
PRUH�YLVXDO�DQG�TXDOLWDWLYH�DSSURDFK�WR�URFN�PDVV�FODVVLILFDWLRQ�
�&DL�HW�DO����������,W�ZDV�FUHDWHG�WR�ZRUN�LQ�FRQMXQFWLRQ�ZLWK�WKH�
+RHN±%URZQ�IDLOXUH�FULWHULRQ��DOORZLQJ�SUDFWLWLRQHUV�WR�HVWLPDWH�
WKH� VWUHQJWK� DQG� GHIRUPDWLRQ� PRGXOXV� RI� MRLQWHG� URFN� PDVVHV�
�6RQPH]� HW� DO��� ������� *6,� LV� GHWHUPLQHG� EDVHG� RQ� YLVXDO�
DVVHVVPHQW� RI� WKH� URFN� VWUXFWXUH� �EORFNLQHVV�� DQG� VXUIDFH�
FRQGLWLRQ�RI�GLVFRQWLQXLWLHV��&DL�HW�DO����������,WV�PDLQ�DGYDQWDJH�
LV� LWV� VLPSOLFLW\� DQG� IOH[LELOLW\�� HVSHFLDOO\� LQ� FRQGLWLRQV� ZKHUH�
TXDQWLWDWLYH�GDWD�DUH�OLPLWHG�RU�GLIILFXOW�WR�REWDLQ��+XVVLDQ�HW�DO���
������� *6,� KDV� EHFRPH� D� VWDQGDUG� WRRO� LQ� QXPHULFDO� PRGHOLQJ�
DQG� GHVLJQ� RI� VORSHV�� WXQQHOV�� DQG� IRXQGDWLRQV� �+RHN� HW� DO���
�������

7KH� 50L�� LQWURGXFHG� E\� 3DOPVWU|P� LQ� WKH� ����V�� ZDV�
GHYHORSHG� WR� TXDQWLI\� WKH� PHFKDQLFDO� EHKDYLRU� RI� URFN�PDVVHV�
EDVHG�RQ�EORFN�YROXPH�� MRLQW�FKDUDFWHULVWLFV��DQG�WKH�VWUHQJWK�RI�
LQWDFW� URFN� �3DOPVWU|P�� ����D�E��� ,W� DLPV� WR� SURYLGH� D� PRUH�
FRQWLQXRXV�VFDOH� IRU�GHVFULELQJ�URFN�PDVV�EHKDYLRU��SDUWLFXODUO\�
IRU�XVH�LQ�HQJLQHHULQJ�FDOFXODWLRQV��.KDPHKFKL\DQ�HW�DO����������
:KLOH� OHVV� ZLGHO\� XVHG� WKDQ� 505� DQG� 4�� 50L� VHUYHV� DV� D�
YDOXDEOH� VXSSOHPHQWDU\� WRRO�� HVSHFLDOO\� LQ� DGYDQFHG� QXPHULFDO�
PRGHOV� ZKHUH� D� GHWDLOHG� UHSUHVHQWDWLRQ� RI� EORFN� VWUXFWXUH� LV�
QHFHVVDU\�� ,WV�PDLQ� IRFXV� LV� RQ� FRUUHODWLQJ� URFN�PDVV� JHRPHWU\�
ZLWK�PHFKDQLFDO�SHUIRUPDQFH��$EEDV�HW�DO����������

(DFK� RI� WKHVH� V\VWHPV� ZDV� GHYHORSHG� XQGHU� GLIIHUHQW�
JHRORJLFDO� DQG� HQJLQHHULQJ� FRQGLWLRQV�� ZKLFK� H[SODLQV� WKHLU�
YDU\LQJ�HPSKDVHV��)RU�LQVWDQFH��WKH�4�V\VWHP�LV�KLJKO\�VXLWHG�IRU�
WXQQHO� GHVLJQ� LQ� 6FDQGLQDYLDQ� FU\VWDOOLQH� URFNV�� ZKHUHDV� 505�
ZDV�EDVHG�RQ�SURMHFWV� LQ�VRXWKHUQ�$IULFD��+DMLD]L]L�	�.KDWDPL��
������� *6,�� ZLWK� LWV� DGDSWDELOLW\�� LV� IUHTXHQWO\� XVHG� LQ� UHJLRQV�
ZLWK�OLPLWHG�GDWD�RU�FRPSOH[�OLWKRORJ\��ZKLOH�50L�ILQGV�LWV�QLFKH�
LQ� UHVHDUFK�LQWHQVLYH� RU� KLJK�UHVROXWLRQ� PRGHOLQJ� HQYLURQPHQWV�
�.KDPHKFKL\DQ�HW�DO����������8QGHUVWDQGLQJ�WKH�FRQWH[W�LQ�ZKLFK�
WKHVH� V\VWHPV� ZHUH� GHYHORSHG� LV� HVVHQWLDO� WR� DSSO\LQJ� WKHP�
FRUUHFWO\ DQG LQWHUSUHWLQJ WKHLU RXWSXWV ZLWK FRQILGHQFH�
�6LGGLTXH���������

,Q�WKLV�VWXG\��WKH�*6,�DQG�WKH�4�V\VWHP�KDYH�EHHQ�VHOHFWHG�DV�
WKH�SULPDU\�WRROV�IRU�HYDOXDWLQJ�WKH�JHRPHFKDQLFDO�SURSHUWLHV�RI�
JUDQLWH�URFN�PDVVHV�LQ�WKH�.HQR�.RXK�UHJLRQ��ZHVWHUQ�,UDQ��7KH�
FKRLFH� RI� WKHVH� WZR� V\VWHPV� LV� PRWLYDWHG� E\� WKHLU� ZLGHVSUHDG�
DSSOLFDWLRQ�LQ�JHRWHFKQLFDO�HQJLQHHULQJ�DQG�WKHLU�FRPSOHPHQWDU\�
DSSURDFKHV� WR� FKDUDFWHUL]LQJ� MRLQWHG� URFN�PDVVHV�� *6,� RIIHUV� D�
TXLFN� DQG� TXDOLWDWLYH� DVVHVVPHQW� EDVHG� RQ� YLVXDO� REVHUYDWLRQV��
ZKLOH� WKH�4�V\VWHP� SURYLGHV� D�PRUH� GHWDLOHG�� SDUDPHWHU�GULYHQ�
HYDOXDWLRQ�� 8VLQJ� ERWK� V\VWHPV� WRJHWKHU� DOORZV� IRU� FURVV��
YHULILFDWLRQ�RI� UHVXOWV� DQG� HQKDQFHV� WKH� UHOLDELOLW\�RI� URFN�PDVV�
FODVVLILFDWLRQ�LQ�FRPSOH[�JHRORJLFDO�VHWWLQJV��

2QH� RI� WKH� PDLQ� DGYDQWDJHV� RI� WKH� *6,� V\VWHP� OLHV� LQ� LWV�
VLPSOLFLW\� DQG� DGDSWDELOLW\�� ,W� GRHV� QRW� UHTXLUH� H[WHQVLYH
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LQVWUXPHQWDWLRQ�RU�ODERUDWRU\�WHVWLQJ��PDNLQJ�LW�LGHDO�IRU�SURMHFWV�
LQ� UHPRWH� DUHDV� RU� LQ� WKH� HDUO\� VWDJHV� RI� VLWH� LQYHVWLJDWLRQ�� ,WV�
LQWHJUDWLRQ� ZLWK� WKH� +RHN±%URZQ� IDLOXUH� FULWHULRQ� DOVR� HQDEOHV�
GLUHFW� HVWLPDWLRQ� RI� URFN� PDVV� VWUHQJWK� SDUDPHWHUV�� ZKLFK� DUH�
FUXFLDO� IRU� QXPHULFDO� PRGHOLQJ� DQG� GHVLJQ�� +RZHYHU�� D� NH\�
OLPLWDWLRQ�RI�*6,�LV�LWV�VXEMHFWLYLW\��GLIIHUHQW�XVHUV�PD\�LQWHUSUHW�
URFN� VWUXFWXUH� DQG� VXUIDFH� FRQGLWLRQV� GLIIHUHQWO\�� OHDGLQJ� WR�
LQFRQVLVWHQFLHV� LQ� FODVVLILFDWLRQ�� HVSHFLDOO\� LQ� KHWHURJHQHRXV� RU�
ZHDWKHUHG�URFN�PDVVHV��

,Q� FRQWUDVW�� WKH� 4�V\VWHP� LV� D� PRUH� TXDQWLWDWLYH� DQG�
VWUXFWXUHG� PHWKRG� WKDW� UHOLHV� RQ� PHDVXUDEOH� ILHOG� GDWD� VXFK� DV�
MRLQW�VSDFLQJ��URXJKQHVV��DQG�DOWHUDWLRQ��DV�ZHOO�DV�WKH�GHJUHH�RI�
ZDWHU� LQIORZ��7KLV�PDNHV� LW�PRUH� UHSURGXFLEOH� DQG�REMHFWLYH� LQ�
PDQ\�FDVHV��,WV�PDMRU�VWUHQJWK�OLHV�LQ�WXQQHO�GHVLJQ�DSSOLFDWLRQV��
ZKHUH� VXSSRUW� FODVVHV� DQG� UHLQIRUFHPHQW� UHFRPPHQGDWLRQV� FDQ�
EH� GHULYHG� GLUHFWO\� IURP�4�YDOXHV�� 1HYHUWKHOHVV�� WKH� 4�V\VWHP�
FDQ�EH�GDWD�LQWHQVLYH�� DQG� VRPH� SDUDPHWHUV�PD\�EH�GLIILFXOW� WR�
HVWLPDWH�DFFXUDWHO\�ZLWKRXW�VLWH�VSHFLILF�JHRWHFKQLFDO�DQDO\VLV�RU�
QXPHULFDO� PRGHOLQJ�� %\� XWLOL]LQJ� ERWK� *6,� DQG� 4�V\VWHP�
WRJHWKHU��WKLV�VWXG\�DLPV�WR�OHYHUDJH�WKH�VWUHQJWKV�RI�HDFK�PHWKRG�
ZKLOH�PLQLPL]LQJ�WKHLU�LQGLYLGXDO�OLPLWDWLRQV��

7KH� FRUUHODWLRQ� EHWZHHQ� WKH� WZR� V\VWHPV� FDQ� RIIHU� D� PRUH�
EDODQFHG� DQG� UREXVW� LQWHUSUHWDWLRQ� RI� URFN� PDVV� EHKDYLRU�� )RU�
LQVWDQFH��ZKHUH�*6,�SURYLGHV�D�TXLFN�HVWLPDWLRQ�RI�VWUHQJWK��WKH�
4�V\VWHP� FDQ� VXSSOHPHQW� LW� ZLWK� VWUXFWXUDO� GHWDLO� DQG� VXSSRUW�
UHFRPPHQGDWLRQV�� 7KLV� GXDO� DSSURDFK� LV� SDUWLFXODUO\� XVHIXO� LQ�
JUDQLWLF� WHUUDLQV�� ZKHUH� WKH� URFN� LV� JHQHUDOO\� PDVVLYH� DQG�
LVRWURSLF��EXW�ORFDO�YDULDWLRQV�LQ�MRLQWLQJ��ZHDWKHULQJ��RU�WHFWRQLF�
GLVWXUEDQFH�PD\�VWLOO�LPSDFW�PHFKDQLFDO�SHUIRUPDQFH��

7KH�.HQR�.RXK� UHJLRQ� KDV� EHHQ� VHOHFWHG� DV� WKH� FDVH� VWXG\�
GXH�WR�LWV�JHRWHFKQLFDO�LPSRUWDQFH�DQG�OLPLWHG�SULRU�LQYHVWLJDWLRQ�
LQ� WHUPV RI� URFN PDVV� FODVVLILFDWLRQ� 7KH DUHD� IHDWXUHV�
ZLGHVSUHDG� JUDQLWLF� RXWFURSV� ZLWK� YDU\LQJ� MRLQW� FKDUDFWHULVWLFV�
DQG ZHDWKHULQJ SURILOHV� *LYHQ WKH SRWHQWLDO IRU IXWXUH�
LQIUDVWUXFWXUH� SURMHFWV�� LW� LV� FULWLFDO� WR� GHYHORS� D� UHOLDEOH�
JHRPHFKDQLFDO� XQGHUVWDQGLQJ� RI� WKH� URFN� PDVV�� 7KH� FRPELQHG�
XVH�RI�*6,�DQG�4�V\VWHP�RIIHUV�D�SUDFWLFDO�� ILHOG�EDVHG�VROXWLRQ�
WKDW�DOLJQV�ZHOO�ZLWK�WKH�JHRORJLFDO�FRQGLWLRQV�RI�WKH�UHJLRQ�DQG�
DGGUHVVHV� WKH� QHHG� IRU� HPSLULFDO� FRUUHODWLRQV� WKDW� FDQ� LQIRUP�
HQJLQHHULQJ�GHVLJQ�LQ�VLPLODU�LJQHRXV�WHUUDLQV��

,,� 7+(�4�6<67(0�$1'�*6,�5(/$7,216+,36�
7KH� *6,� DQG� WKH� 4�V\VWHP� DUH� WZR� RI� WKH� PRVW� ZLGHO\�

DGRSWHG� HPSLULFDO� URFN� PDVV� FODVVLILFDWLRQ� PHWKRGV�� HDFK�
GHYHORSHG� ZLWK� GLIIHUHQW� SXUSRVHV� EXW� RIWHQ� DSSOLHG� WR� VLPLODU�
JHRWHFKQLFDO�SUREOHPV��6RPRGL�HW�DO����������:KLOH�WKH�4�V\VWHP�
LV�SDUDPHWHU�GULYHQ�DQG�URRWHG�LQ�WXQQHO�VXSSRUW�GHVLJQ��*6,�ZDV�
GHVLJQHG�WR�VXSSRUW�VWUHQJWK�HVWLPDWLRQV�LQ�URFN�PDVVHV� WKURXJK�
YLVXDO�DVVHVVPHQW��<RRQ�	�/HH���������'HVSLWH�WKHLU�GLIIHUHQFHV�
LQ� VWUXFWXUH� DQG� PHWKRGRORJ\�� UHVHDUFKHUV� KDYH� VRXJKW� WR�
HVWDEOLVK� HPSLULFDO� UHODWLRQVKLSV� EHWZHHQ� WKHP� WR� IDFLOLWDWH�
LQWHJUDWHG� XVH� LQ� URFN� HQJLQHHULQJ� DSSOLFDWLRQV� �<DQ�MXQ� HW� DO���
�������7KH�PRWLYDWLRQ� IRU�FRUUHODWLQJ�*6,�DQG�4�V\VWHP�OLHV� LQ�
WKH� QHHG� IRU� FRQVLVWHQF\� DQG� FRPSDWLELOLW\� DFURVV� FODVVLILFDWLRQ�
V\VWHPV� �0RUHOOL�� ������� 6LQFH� *6,� LV� IUHTXHQWO\� XVHG� LQ�
QXPHULFDO� PRGHOLQJ�� HVSHFLDOO\� ZLWK� WKH� +RHN±%URZQ� IDLOXUH�
FULWHULRQ� DQG� WKH� 4�V\VWHP� LV� RIWHQ� UHOLHG� XSRQ� IRU� VXSSRUW�
GHVLJQ��D�UHOLDEOH�FRQYHUVLRQ�RU�FRUUHODWLRQ�EHWZHHQ�WKHP�HQDEOHV

EHWWHU� FRPPXQLFDWLRQ� DQG� GDWD� LQWHJUDWLRQ� EHWZHHQ� GLIIHUHQW�
GHVLJQ�WRROV�DQG�GLVFLSOLQHV��:X�HW�DO����������7KLV�LV�SDUWLFXODUO\�
YDOXDEOH LQ SURMHFWV ZKHUH ERWK VWUHQJWK DQG VXSSRUW�
FRQVLGHUDWLRQV�DUH�FULWLFDO��6RPRGL�HW�DO����������

3UHYLRXV� VWXGLHV� KDYH� DWWHPSWHG� WR� HVWDEOLVK� PDWKHPDWLFDO�
UHODWLRQVKLSV� EHWZHHQ� *6,� DQG� 4�YDOXHV� XVLQJ� UHJUHVVLRQ�
DQDO\VLV� EDVHG� RQ� ILHOG� GDWD� IURP� YDULRXV� OLWKRORJLHV� DQG�
JHRORJLFDO� VHWWLQJV�� 2QH� RI� WKH� HDUOLHVW� HIIRUWV� ZDV� E\� %DUWRQ�
�������� ZKR� SURSRVHG� D� VHPL�ORJDULWKPLF� UHODWLRQVKLS� EHWZHHQ�
*6,� DQG� ORJ�4��� QRWLQJ� WKDW�*6,� WHQGV� WR� LQFUHDVH� OLQHDUO\�ZLWK�
WKH� ORJDULWKP� RI� 4� LQ� PDQ\� FDVHV�� +RZHYHU�� WKH� VORSH� DQG�
LQWHUFHSW� RI� WKLV� UHODWLRQVKLS� FDQ� YDU\� GHSHQGLQJ� RQ� URFN� W\SH��
VWUXFWXUDO� FRPSOH[LW\�� DQG� HQYLURQPHQWDO� FRQGLWLRQV� �<RRQ� 	�
/HH���������,Q�LJQHRXV�URFN�PDVVHV�VXFK�DV�JUDQLWH��FRUUHODWLRQV�
EHWZHHQ�*6,�DQG�4�KDYH�JHQHUDOO\�VKRZQ�KLJKHU�FRQVLVWHQF\�GXH�
WR�WKH�UHODWLYHO\�KRPRJHQHRXV�DQG�LVRWURSLF�QDWXUH�RI�WKHVH�URFNV�
�0RUHOOL���������,Q�FRQWUDVW��VHGLPHQWDU\�URFN�PDVVHV��HVSHFLDOO\�
WKRVH� ZLWK� VWUDWLILFDWLRQ�� ZHDWKHULQJ�� RU� WHFWRQLF� IHDWXUHV� RIWHQ�
H[KLELW�PRUH�VFDWWHU�LQ�WKH�GDWD��=ROIDJKDUL�HW�DO����������7KLV�KDV�
SURPSWHG� UHVHDUFKHUV� WR� GHYHORS� OLWKRORJ\�VSHFLILF� RU� VWUXFWXUH��
DGMXVWHG�PRGHOV� WR� LPSURYH� WKH�DFFXUDF\�RI�*6,�4� FRQYHUVLRQV�
LQ�GLIIHUHQW�URFN�HQYLURQPHQWV��$EEDV�HW�DO����������

6HYHUDO� UHVHDUFKHUV�� LQFOXGLQJ� 6RQPH]� 	� 8OXVD\� ��������
5XVVR� �������� DQG� <LOPD]� 	� 8QOX� ������� KDYH� LQWURGXFHG�
HPSLULFDO�HTXDWLRQV�WR�GHVFULEH�WKH�UHODWLRQVKLS�EHWZHHQ�*6,�DQG�
4�� HDFK� GHULYHG� IURP� LQGHSHQGHQW� FDVH� VWXGLHV� DQG� GDWDVHWV��
7KHVH� VWXGLHV� KLJKOLJKW� WKDW� ZKLOH� D� JHQHUDO� WUHQG� H[LVWV�� ORFDO�
JHRORJLFDO�FRQGLWLRQV�FDQ�VLJQLILFDQWO\�DIIHFW�WKH�FRUUHODWLRQ��$V�
VXFK�� LW� LV� UHFRPPHQGHG� WKDW� VLWH�VSHFLILF� FDOLEUDWLRQ� EH�
FRQGXFWHG�ZKHQ�DSSO\LQJ�WKHVH�HTXDWLRQV�LQ�HQJLQHHULQJ�GHVLJQ��
0RUHRYHU� WKH XVH RI WKHVH UHODWLRQVKLSV KDV SUDFWLFDO�
LPSOLFDWLRQV EH\RQG DFDGHPLF LQWHUHVW� )RU H[DPSOH� LQ�
SUHOLPLQDU\� VLWH� LQYHVWLJDWLRQV� ZKHUH� 4�SDUDPHWHUV� DUH� PRUH�
UHDGLO\�DYDLODEOH�WKDQ�D�FRPSOHWH�*6,�DVVHVVPHQW��VXFK�HPSLULFDO�
HTXDWLRQV� FDQ� EH� XVHG� WR� HVWLPDWH�*6,� IRU� LQSXW� LQWR� QXPHULFDO�
PRGHOV�� &RQYHUVHO\�� LI� *6,� LV� TXLFNO\� DVVHVVHG� LQ� WKH� ILHOG��
DSSUR[LPDWH� 4�YDOXHV� FDQ� JXLGH� VXSSRUW� HVWLPDWLRQ� XVLQJ� 4��
V\VWHP� GHVLJQ� FKDUWV�� 7KLV� IOH[LELOLW\� HQKDQFHV� WKH� SUDFWLFDO�
XWLOLW\� RI� ERWK� V\VWHPV�� SDUWLFXODUO\� LQ� ODUJH�VFDOH� RU� WLPH��
FRQVWUDLQHG�SURMHFWV��

7DEOH� �� SUHVHQWV� D� VHOHFWLRQ� RI� HPSLULFDO� UHODWLRQVKLSV�
SURSRVHG� LQ� WKH� OLWHUDWXUH� EHWZHHQ� *6,� DQG� 4�V\VWHP�� 7KHVH�
HTXDWLRQV�DUH�GHULYHG�IURP�FDVH�VWXGLHV�DFURVV�YDULRXV�URFN�W\SHV�
DQG� VWUXFWXUDO� FRQGLWLRQV�� RIIHULQJ� LQVLJKW� LQWR� KRZ�*6,� DQG�4��
YDOXHV� FDQ� EH� LQWHUFRQYHUWHG� XQGHU� VSHFLILF� DVVXPSWLRQV�� 7KLV�
WDEOH� VHUYHV� DV� D� UHIHUHQFH� IUDPHZRUN� IRU� FRPSDULQJ� UHVXOWV�
REWDLQHG�LQ�WKH�SUHVHQW�VWXG\�ZLWK�SUHYLRXV�ILQGLQJV��(VWDEOLVKLQJ�
D� UHOLDEOH� UHODWLRQVKLS� EHWZHHQ� WKH� *6,� DQG� 4�V\VWHP� LV� RI�
VLJQLILFDQW LPSRUWDQFH LQ JHRWHFKQLFDO HQJLQHHULQJ� DV LW�
HQKDQFHV GHFLVLRQ�PDNLQJ� E\� HQDEOLQJ WKH LQWHJUDWLRQ� RI�
GLIIHUHQW� GHVLJQ� PHWKRGRORJLHV� DQG� LQWHUSUHWDWLYH� IUDPHZRUNV��
6LQFH� HDFK� V\VWHP� HPSKDVL]HV� GLIIHUHQW� DVSHFWV� RI� URFN� PDVV�
EHKDYLRU�� WKHLU� FRUUHODWLRQ� SURYLGHV� D� PRUH� FRPSUHKHQVLYH�
XQGHUVWDQGLQJ� RI� LQ�VLWX� URFN� FRQGLWLRQV�� 7KLV� OLQNDJH� DOORZV�
HQJLQHHUV WR FURVV�YDOLGDWH DVVHVVPHQWV� HVWLPDWH PLVVLQJ�
SDUDPHWHUV� ZKHQ� GDWD� LV� OLPLWHG�� DQG� DSSO\� FRQVLVWHQW� LQSXWV�
DFURVV�QXPHULFDO�PRGHOV�DQG�HPSLULFDO�GHVLJQ�FKDUWV�
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Table 1�(PSLULFDO�UHODWLRQVKLSV�EHWZHHQ�*6,�DQG�4�6\VWHP�LQ�WKH�/LWHUDWXUH
1R� $XWKRU�V����<HDU (PSLULFDO�UHODWLRQVKLS 'HVFULSWLRQ
� %DUWRQ������� *6,�§���î�ORJၶၵ�4������ *HQHUDO�URFN�PDVVHV�
� 6RQPH]�HW�DO�������� *6,� ������î�ORJၶၵ�4������ 7XUNLVK�URFN�GDWD�EDVH�
� 5XVVR������� *6,� ������î�ORJၶၵ�4��������� ,JQHRXV�URFNV�
� =RRUDEDGL�HW�DO�������� *6,� ����î�ORJၶၵ�4����&��&�YDULHV�E\�URFN�W\SH� *HQHUDO�URFN�PDVVHV�
� $NVR\�HW�DO�������� *6,� ������î�ORJၶၵ�4�������� )O\VFK�DQG�OLPHVWRQH�IRUPDWLRQV�
� 6LQJK�	�7DPUDNDU������� *6,� ������î�ORJၶၵ�4�������� )RU�+LPDOD\DQ�WXQQHO�SURMHFWV�
� 7DYDNROL�HW�DO�������� *6,� �����î�ORJၶၵ�4�������� 6HGLPHQWDU\�VHTXHQFHV�LQ�=DJURV��,UDQ�
� +XVVLDQ�HW�DO�������� *6,� ������î�ORJၶၵ�4������ 6HGLPHQWDU\�URFNV�
� <DQJ�HW�DO�������� *6,� ������î�ORJၶၵ�4�������� *UDQLWLF�WHUUDLQ�LQ�&KLQD�
�� 5H]DHL�	�0RXVDYL� ������ *6,� �����î�ORJၶၵ�4�������� *UDQLWLF�DQG�PHWDPRUSKLF�URFNV�
�� 3DUN�HW�DO�������� *6,� ������î�ORJၶၵ�4�������� .RUHDQ�JUDQLWH

,,,� 0$7(5,$/6�$1'�0(7+2'6�

A. Q-System 

7KH 4�V\VWHP LV DQ HPSLULFDO FODVVLILFDWLRQ PHWKRG�
GHYHORSHG�E\�%DUWRQ�HW�DO���������DW�WKH�1RUZHJLDQ�*HRWHFKQLFDO�
,QVWLWXWH��2ULJLQDOO\�FUHDWHG�WR�DLG�LQ�WKH�GHVLJQ�RI�URFN�VXSSRUW�LQ�
XQGHUJURXQG�WXQQHOV��WKH�4�V\VWHP�KDV�VLQFH�HYROYHG�LQWR�RQH�RI�
WKH�PRVW�ZLGHO\�XVHG�WRROV�IRU�URFN�PDVV�FKDUDFWHUL]DWLRQ�LQ�ERWK�
FLYLO�DQG�PLQLQJ�HQJLQHHULQJ��6RPRGL�HW�DO����������,W�TXDQWLILHV�
URFN� PDVV� TXDOLW\� E\� LQWHJUDWLQJ� VL[� NH\� SDUDPHWHUV� UHODWHG� WR�
URFN VWUXFWXUH� MRLQW FRQGLWLRQ� JURXQGZDWHU� DQG VWUHVV�
�=ROIDJKDUL� HW� DO��� ������� 7KH� 4�YDOXH� LV� FDOFXODWHG� XVLQJ� WKH�
IROORZLQJ�H[SUHVVLRQ��

RQD J r J w

J J n SRF
Q�= × × ���

n 

(DFK�FRPSRQHQW�UHSUHVHQWV�D�GLIIHUHQW�JHRPHFKDQLFDO�DVSHFW�
RI�WKH�URFN�PDVV��DQG�WKHLU�FRPELQHG�HIIHFW�SURYLGHV�D�QXPHULFDO�
YDOXH� LQGLFDWLQJ�WKH�RYHUDOO�TXDOLW\�RI� WKH�URFN�PDVV��/LQ�HW�DO���
����E���7KH� ILUVW� WHUP��54'��PHDVXUHV� WKH�SHUFHQWDJH� RI� LQWDFW�
URFN� FRUH� ORQJHU� WKDQ� ��� FP� ZLWKLQ� D� RQH�PHWHU� GULOO� UXQ�� ,W�
SURYLGHV�D�JHQHUDO�LQGLFDWLRQ�RI�WKH�GHJUHH�RI�MRLQWLQJ�LQ�WKH�URFN�
PDVV�� 7KH� -Q� UHIOHFWV� WKH� QXPEHU� RI� MRLQW� VHWV� LQWHUVHFWLQJ� WKH�
URFN� PDVV�� ZKHUH� PRUH� MRLQW� VHWV� LQGLFDWH� KLJKHU� VWUXFWXUDO�
FRPSOH[LW\�DQG�ORZHU�URFN�PDVV�VWDELOLW\��7KH�VHFRQG�WHUP���-U� ��
-���� DFFRXQWV� IRU� WKH� FRQGLWLRQ� RI� MRLQWV�� -U� UHIOHFWV� WKH� VXUIDFHD�
URXJKQHVV� RI� GLVFRQWLQXLWLHV�� ZKLOH� -D� PHDVXUHV� WKH� GHJUHH� RI�
ZHDWKHULQJ� RU�PLQHUDO� DOWHUDWLRQ� DORQJ� MRLQW� VXUIDFHV�� 7RJHWKHU��
WKLV� UDWLR� DVVHVVHV� WKH� PHFKDQLFDO� IULFWLRQ� DQG� FRKHVLRQ� DORQJ�
MRLQW�SODQHV��ZKLFK�DUH�FULWLFDO�IRU�VWDELOLW\��7KH�WKLUG�WHUP���-Z� ��
65)��� DGGUHVVHV� HQYLURQPHQWDO� DQG� VWUHVV�UHODWHG� LQIOXHQFHV� -Z
TXDQWLILHV� WKH� LPSDFW� RI� JURXQGZDWHU� LQIORZ� RQ� MRLQW� EHKDYLRU��
ZKLOH 65) FRQVLGHUV WKH LQIOXHQFH RI LQ�VLWX VWUHVV��
VWUHQJWK�VWUHVV� UDWLRV�� DQG� WKH� SUHVHQFH� RI� ZHDN� ]RQHV� RU� IDXOWV�
�3DOPVWURP�	�%URFK���������7KHVH�SDUDPHWHUV�KHOS�LQ�DGMXVWLQJ�
WKH�4�YDOXH�WR�UHIOHFW�ILHOG�VWUHVV�DQG�ZDWHU�SUHVVXUH�FRQGLWLRQV��
SDUWLFXODUO\�LQ�WXQQHOV�RU�GHHS�H[FDYDWLRQV��0RUHOOL���������

7KH� UHVXOWLQJ� 4�YDOXH� FDQ� UDQJH� IURP� OHVV� WKDQ� �����
�H[WUHPHO\� SRRU� TXDOLW\�� WR� RYHU� ����� �H[FHOOHQW� URFN� PDVV���
%DUWRQ� DQG� FROOHDJXHV� DOVR� GHYHORSHG� FKDUWV� DQG� VXSSRUW�
JXLGHOLQHV� EDVHG� RQ� 4�YDOXHV�� ZKLFK� DOORZ� HQJLQHHUV� WR�
GHWHUPLQH� WKH� DSSURSULDWH� W\SHV� DQG� GLPHQVLRQV� RI� VXSSRUW�
V\VWHPV� QHHGHG� IRU� XQGHUJURXQG� H[FDYDWLRQV� �=ROIDJKDUL� HW� DO���
������� 7KHVH� LQFOXGH� EROWV�� VKRWFUHWH�� DQG� VWHHO� VHWV�� DPRQJ

RWKHUV�� 7KXV�� WKH� 4�V\VWHP� QRW� RQO\� HYDOXDWHV� URFN� TXDOLW\� EXW�
DOVR�GLUHFWO\�LQIRUPV�GHVLJQ�GHFLVLRQV��%DUWRQ���������

2QH� RI� WKH� VWUHQJWKV� RI� WKH� 4�V\VWHP� LV� LWV� PRGXODULW\� DQG�
VFDODELOLW\�� (DFK� SDUDPHWHU� FDQ� EH� PHDVXUHG� RU� HVWLPDWHG�
LQGHSHQGHQWO\�� DOORZLQJ� IOH[LELOLW\� LQ� ILHOG� GDWD� FROOHFWLRQ�
�+DMLD]L]L� 	� .KDWDPL�� ������� $GGLWLRQDOO\�� WKH� V\VWHP� LV�
HPSLULFDOO\ YDOLGDWHG WKURXJK WKRXVDQGV RI FDVH VWXGLHV��
SURYLGLQJ�D�KLJK�OHYHO�RI�FRQILGHQFH�LQ�LWV�UHFRPPHQGDWLRQV�IRU�
VXSSRUW� GHVLJQ� DQG� VORSH� VWDELOLW\�DQDO\VLV� �0DR� HW� DO��� ����E���
'HVSLWH� LWV� UREXVWQHVV�� WKH�4�V\VWHP�GRHV�KDYH� OLPLWDWLRQV�� 7KH�
VHOHFWLRQ�RI�65)�DQG�-Z� YDOXHV�FDQ�EH�VRPHZKDW�VXEMHFWLYH�DQG�
VHQVLWLYH� WR� ILHOG� MXGJPHQW�� SDUWLFXODUO\� LQ� FRPSOH[� VWUHVV�
UHJLPHV� RU� ZDWHU�LQIOXHQFHG� ]RQHV� �-DLVZDO� HW� DO��� �������
0RUHRYHU� WKH V\VWHP ZDV LQLWLDOO\ WDLORUHG IRU WXQQHO�
DSSOLFDWLRQV�� ZKLFK� PD\� UHTXLUH� DGDSWDWLRQV� IRU� XVH� LQ� VORSHV��
IRXQGDWLRQV��RU�ZHDWKHUHG�VXUIDFH�URFNV��1RQHWKHOHVV��GHULYDWLYH�
V\VWHPV� OLNH� 4 DQG� 4 KDYH� DGGUHVVHG� VRPH� RI� WKHVHVORSH 7%0
FKDOOHQJHV� �5H]DHL� 	� 0RXVDYL�� ������� )LJXUH� �� SUHVHQWV� D�
VWDQGDUG�FODVVLILFDWLRQ�FKDUW�WKDW�PDSV�WKH�FDOFXODWHG�4�YDOXHV�RQ�
D�ORJDULWKPLF�VFDOH�DJDLQVW�TXDOLWDWLYH�GHVFULSWLRQV�RI�URFN�PDVV�
TXDOLW\��7KH� FKDUW� LV�GLYLGHG� LQWR� UDQJHV� VXFK� DV� ³H[FHSWLRQDOO\�
SRRU´� �4� �� ����� WR� ³H[FHSWLRQDOO\� JRRG´� �4� !� ������ DOORZLQJ�
SUDFWLWLRQHUV�WR�TXLFNO\�LQWHUSUHW�WKH�QXPHULFDO�4�YDOXH�LQ�WHUPV�
RI�HQJLQHHULQJ�VLJQLILFDQFH��7KLV�FKDUW�LV�HVSHFLDOO\�XVHIXO�GXULQJ�
VLWH� LQYHVWLJDWLRQV� IRU� VXPPDUL]LQJ� URFN� PDVV� FRQGLWLRQV� DQG�
FRPPXQLFDWLQJ� ILQGLQJV� ZLWK� QRQ�VSHFLDOLVWV�� VXFK� DV� SURMHFW�
PDQDJHUV� RU� GHFLVLRQ�PDNHUV�� ,W� VHUYHV� DV� D� YLVXDO� EULGJH�
EHWZHHQ� UDZ� GDWD� DQG� SUDFWLFDO� HQJLQHHULQJ� MXGJPHQW� �*RHO� 	�
6LQJK���������

)LJXUH� �� SUHVHQWV� WKH� WXQQHO� VXSSRUW� FKDUW� GHYHORSHG� E\�
%DUWRQ�HW�DO�� �������� LQ�ZKLFK�4�YDOXHV�DUH�XVHG� LQ�FRQMXQFWLRQ�
ZLWK�WKH�HTXLYDOHQW�GLPHQVLRQ�RI�WKH�WXQQHO��'H� �6SDQ�(65��WR�
GHWHUPLQH�WKH�UHFRPPHQGHG�VXSSRUW�W\SH�DQG�FRQILJXUDWLRQ��7KLV�
FKDUW� SURYLGHV� GLUHFW� JXLGDQFH� RQ�ZKHQ� DQG� ZKHUH� WR� XVH� URFN�
EROWV�� VKRWFUHWH�� VWHHO� VHWV�� RU� FRPELQDWLRQV� WKHUHRI�� 6XSSRUW�
UHFRPPHQGDWLRQV� DUH� SURYLGHG� LQ� VKDGHG� ]RQHV� EDVHG� RQ�
HPSLULFDO�H[SHULHQFH� IURP�WKRXVDQGV�RI�WXQQHOLQJ�SURMHFWV��7KLV�
ILJXUH� LV� RQH� RI� WKH� PRVW� LQIOXHQWLDO� GHVLJQ� WRROV� LQ� WXQQHO�
HQJLQHHULQJ� WUDQVODWLQJ FODVVLILFDWLRQ LQWR DFWLRQ�RULHQWHG�
GHFLVLRQV�� 2QH� RI� WKH� NH\� DGYDQWDJHV� RI� WKH� 4�V\VWHP� LV� LWV�
VWUXFWXUHG��TXDQWLILDEOH�DSSURDFK�WR�URFN�PDVV�FODVVLILFDWLRQ��%\�
LQFRUSRUDWLQJ� VL[� PHDVXUDEOH� SDUDPHWHUV�� LW� SURYLGHV� D� UREXVW�
HPSLULFDO� IUDPHZRUN� WKDW� DOORZV� HQJLQHHUV� WR� FDSWXUH� WKH�
PHFKDQLFDO� EHKDYLRU� RI� MRLQWHG� URFN� PDVVHV� ZLWK� FRQVLGHUDEOH�
DFFXUDF\��*RHO�	�6LQJK��������
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Fig. 1�7KH�4�V\VWHPV�URFN�VXSSRUW�FKDUW��+¡LHQ�HW�DO��������

Fig. 2�6XSSRUW�SUHVVXUH�UHODWHG�WR�URFN�PDVV�TXDOLW\�FKDUW�EDVHG�RQ�4�V\VWHP��*ULPVWDG�HW�DO��������

7KH PHWKRG LV SDUWLFXODUO\ HIIHFWLYH LQ XQGHUJURXQG�
H[FDYDWLRQ� SURMHFWV�� ZKHUH� LWV� VXSSRUW� GHVLJQ� FKDUW� �)LJXUH� ���
HQDEOHV� UDSLG� VHOHFWLRQ� RI� UHLQIRUFHPHQW� W\SHV� DQG� GLPHQVLRQV��
,WV�DGDSWDELOLW\�WR�GLIIHUHQW�OLWKRORJLHV�DQG�H[FDYDWLRQ�FRQGLWLRQV�
IXUWKHU� HQKDQFHV� LWV� XWLOLW\�� 7KH� PRGXODU� QDWXUH� RI� WKH� V\VWHP�
DOVR� PDNHV� LW� VXLWDEOH� IRU� YDULRXV� OHYHOV� RI� LQYHVWLJDWLRQ�� IURP�
TXLFN�ILHOG�DVVHVVPHQWV�WR�GHWDLOHG�JHRWHFKQLFDO�DQDO\VHV��

'HVSLWH�LWV�VWUHQJWKV��WKH�4�V\VWHP�KDV�VHYHUDO�OLPLWDWLRQV�WKDW�
QHHG� WR� EH� FRQVLGHUHG� GXULQJ� SUDFWLFDO� DSSOLFDWLRQ�� 6RPH�
SDUDPHWHUV�� SDUWLFXODUO\� 65)� DQG� -Z�� FDQ� EH� FKDOOHQJLQJ� WR�
HVWLPDWH� UHOLDEO\� LQ� WKH� ILHOG�� 7KHLU� YDOXHV� RIWHQ� GHSHQG� RQ�
H[SHULHQFH DQG VLWH�VSHFLILF NQRZOHGJH� ZKLFK LQWURGXFHV�
VXEMHFWLYLW\� LQWR� ZKDW� LV� RWKHUZLVH� D� TXDQWLWDWLYH� PHWKRG��
$GGLWLRQDOO\�� WKH� V\VWHP� ZDV� RULJLQDOO\� GHYHORSHG� IRU� WXQQHO�
HQYLURQPHQWV�� DQG�ZKLOH� ODWHU� DGDSWDWLRQV� �VXFK� DV�4 �� H[LVW�VORSH
GLUHFW� DSSOLFDWLRQ� WR� VORSHV�� IRXQGDWLRQV�� RU� ZHDWKHUHG� URFN�
FRQGLWLRQV� PD\� OHDG� WR� LQDFFXUDFLHV� LI� QRW� SURSHUO\� FDOLEUDWHG

�0DR�HW�DO�������D���$OVR��LW�DVVXPHV�LVRWURSLF�EHKDYLRU�DQG�GRHV�
QRW� DFFRXQW� H[SOLFLWO\� IRU� DQLVRWURS\�� ZKLFK� FDQ� EH� FULWLFDO� LQ�
VHGLPHQWDU\�RU�IROLDWHG�URFNV��0DR�HW�DO�������E���

*HQHUDOO\��ZKLOH�WKH�4�V\VWHP�LV�DQ�HPSLULFDOO\�YDOLGDWHG�DQG�
JOREDOO\�UHFRJQL]HG�WRRO��LWV�UHOLDELOLW\�LV�KLJKO\�GHSHQGHQW�RQ�WKH�
TXDOLW\� DQG� LQWHUSUHWDWLRQ� RI� ILHOG� GDWD�� 0LVFODVVLILFDWLRQ� RU�
LQFRQVLVWHQW� SDUDPHWHU� VHOHFWLRQ� FDQ� VLJQLILFDQWO\� DIIHFW� GHVLJQ�
RXWFRPHV�� 7KHUHIRUH�� LW� LV� RIWHQ� UHFRPPHQGHG� WR� XVH� WKH� 4��
V\VWHP�LQ�FRQMXQFWLRQ�ZLWK�RWKHU�FODVVLILFDWLRQ�PHWKRGV��VXFK�DV�
*6,� RU� 505�� WR� SURYLGH� D� PRUH� EDODQFHG� YLHZ� RI� URFN� PDVV�
EHKDYLRU�� ,Q� WKLV� VWXG\�� FRPELQLQJ� 4� ZLWK� *6,� DOORZV� IRU�
LPSURYHG� LQWHUSUHWDWLRQ� DQG� FRUUHODWLRQ�� SDUWLFXODUO\� IRU� WKH�
JUDQLWLF� IRUPDWLRQV� RI� WKH� .HQR�.RXK� UHJLRQ�� ZKHUH� VWUXFWXUDO�
FRQVLVWHQF\�IDYRUV�WKH�DSSOLFDWLRQ�RI�4�EXW�ZKHUH�YLVXDO�VWUHQJWK�
DVVHVVPHQW WKURXJK� *6, SURYLGHV� DQ� DGGLWLRQDO� OD\HU� RI�
FRQILGHQFH�
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B. GSI Classification

The GSI is a semi-empirical rock mass classification system 
developed by Hoek and Brown in the late 1990s, primarily to 
estimate the mechanical properties of jointed rock masses in 
conjunction with the Hoek–Brown failure criterion (Song & Xue, 
2021). GSI is determined based on two main characteristics of 
the rock mass: structure (blockiness) and surface condition of 
discontinuities (weathering/roughness). These are evaluated 
qualitatively in the field, and the GSI value is obtained using GSI 
charts (Qazi & Singh, 2023) as presented in Figure 3. Once GSI 
is determined, it can be used in empirical equations to estimate 
the reduction in strength and deformation modulus of the rock 
mass (Goel & Singh, 2011):

m = mi × exp ç ÷ (2)
14D - 28è ø
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where m , s, a are rock mass strength parameters, mi is

s (4)

b 
material constant for intact rock, D is disturbance factor (ranging 
from 0 for undisturbed to 1 for blasting damage).

Fig. 3 A GSI chart for rock mass classification 
(Marinos et al., 2005)

These three parameters are then used in the generalized 
Hoek–Brown failure criterion to estimate the strength of the rock 
mass (Goel & Singh, 2011):

(5)

where σ is major principal stress at failure, σ3 is minor1
principal stress, σc is uniaxial compressive strength of intact rock 
(Goel & Singh, 2011). The most significant advantage of the GSI 
system is its simplicity and practicality in the field. It allows 
engineers to rapidly assess the mechanical quality of a rock mass 
without needing extensive laboratory testing or drilling data. GSI 
is especially useful in preliminary design stages, in remote areas, 
or where access to full core logging is limited (Qazi & Singh, 
2023). Furthermore, it integrates smoothly with the Hoek–Brown 
failure criterion (Cai et al., 2007), which is widely used in 
numerical modeling software such as Rocscience and FLAC. 
GSI can be applied across a broad range of lithologies and has 
proven particularly effective in massive, blocky rock types such 
as granite, gabbro, and competent limestone. Its adaptability and 
visual approach make it ideal for real-time decision-making 
during construction or excavation. 

Despite its ease of use, GSI is not without limitations. Its 
most cited drawback is subjectivity, different practitioners may 
assign different GSI values for the same rock exposure due to 
variation in experience or interpretation. In highly heterogeneous 
or weathered rock masses, the classification becomes more 
ambiguous (Goel & Singh, 2011). Additionally, the system does 
not account explicitly for joint orientation, groundwater 
conditions, or in-situ stresses, which are factors that can 
significantly affect rock mass behavior (Pepe et al., 2015). As a 
result, GSI should not be used in isolation for detailed design but 
rather in combination with other classification systems, such as 
the Q-system or RMR, to capture a more complete 
geomechanical profile (Hussian et al., 2020). In the context of 
the Keno-Kouh region, GSI offers a fast and practical way to 
estimate strength parameters of granitic rock, while the Q-system 
complements it by providing support design considerations.

C. Keno-Kouh Region

The Keno-Kouh region is located in western Iran, within the 
eastern parts of Lorestan Province, approximately 50 km 
southeast of Khorramabad. Geographically, it lies within the 
central segment of the Zagros Fold-Thrust Belt, which is one of 
the most tectonically active and structurally complex regions in 
the Middle East. The study area falls between the approximate 
latitudes of 33°10' to 33°30' N and longitudes of 48°40' to 49°00' 
E, and spans a landscape characterized by rugged mountainous 
terrain and steep topographic gradients. From a morphological 
perspective, Keno-Kouh exhibits deeply dissected valleys, 
narrow ridgelines, and high-relief features common to fold-and- 
thrust zones. Elevations in the area range from approximately 
1,300 m to over 2,600 m above sea level, contributing to sharp 
topographic contrasts and significant local slope variations. The 
region is prone to frequent landslides and rockfalls, especially 
along road cuts and riverbanks, making geomechanical 
investigations highly relevant (Aghanabati, 2012).
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7KH� UHJLRQ� LV� GRPLQDWHG� E\� VHDVRQDO� ULYHUV� DQG� WHPSRUDU\�
ZDWHUFRXUVHV� WKDW� DUH� IHG� E\� VQRZPHOW� DQG� ZLQWHU� UDLQIDOO��
6XUIDFH� HURVLRQ� DQG� ZHDWKHULQJ� DUH� DFWLYH�� OHDGLQJ� WR� WKLQ� VRLO�
FRYHU�DQG�IUHTXHQW�H[SRVXUH�RI�EHGURFN��SDUWLFXODUO\�JUDQLWH�DQG�
VHGLPHQWDU\�VHTXHQFHV��7KHVH�VXUIDFH�H[SRVXUHV�DUH�YDOXDEOH�IRU�
ILHOG�PDSSLQJ�DQG�URFN�PDVV�FODVVLILFDWLRQ��DV�WKH\�SURYLGH�GLUHFW�
DFFHVV WR LQ�VLWX JHRORJLFDO IHDWXUHV �$JKDQDEDWL� �������
&OLPDWLFDOO\� .HQR�.RXK LV FODVVLILHG DV VHPL�DULG WR�
0HGLWHUUDQHDQ�� ZLWK� FROG� ZLQWHUV� DQG� ZDUP�� GU\� VXPPHUV��
$QQXDO�SUHFLSLWDWLRQ�YDULHV�EHWZHHQ�����PP�WR�����PP��PDLQO\�
RFFXUULQJ�GXULQJ�ODWH�DXWXPQ�DQG�ZLQWHU�PRQWKV��ZKLOH�VXPPHU�
LV�PDUNHG� E\� KLJK� HYDSRUDWLRQ� UDWHV� DQG� OLPLWHG� UDLQIDOO�� 6QRZ�
FRYHU� LV� FRPPRQ� DW� KLJKHU� HOHYDWLRQV� GXULQJ� ZLQWHU�� ZKLFK�
FRQWULEXWHV�WR�VHDVRQDO�UXQRII�DQG�WHPSRUDU\�VDWXUDWLRQ�RI�MRLQWHG�
URFN� PDVVHV� �,UDQ� 0HWHRURORJLFDO� 2UJDQL]DWLRQ�� ������� 7KH�
WHPSHUDWXUH� UHJLPH� LQ� WKH� UHJLRQ� LV� PDUNHG� E\� VWURQJ� VHDVRQDO�
FRQWUDVWV�� :LQWHU� WHPSHUDWXUHV� FDQ� GURS� EHORZ� ±��&�� ZKLOH�
VXPPHU�KLJKV�RIWHQ�H[FHHG����&��HVSHFLDOO\�LQ�ORZHU�HOHYDWLRQV��
7KHVH� IOXFWXDWLRQV� FRQWULEXWH� WR� IUHH]H±WKDZ� F\FOHV�� ZKLFK� FDQ�
DFFHOHUDWH� PHFKDQLFDO� ZHDWKHULQJ� LQ� IUDFWXUHG� URFN� PDVVHV��
8QGHUVWDQGLQJ WKHVH FOLPDWLF FRQGLWLRQV LV HVVHQWLDO IRU�
LQWHUSUHWLQJ� LQ�VLWX� URFN� EHKDYLRU� DQG� HVWLPDWLQJ� ORQJ�WHUP�
VWDELOLW\��%DKDUYDQGL�HW�DO����������

*HRORJLFDOO\�� WKH�.HQR�.RXK� UHJLRQ� OLHV� QHDU� WKH� ERXQGDU\�
EHWZHHQ� WKH� +LJK� =DJURV� DQG� ,PEULFDWHG� =RQH� RI� WKH� =DJURV�
RURJHQLF� EHOW�� ,W� FRPSULVHV� D� PL[� RI� LJQHRXV� DQG� VHGLPHQWDU\�
URFNV��VKDSHG�E\�LQWHQVH�FRPSUHVVLRQDO�WHFWRQLFV�DVVRFLDWHG�ZLWK�
WKH� FROOLVLRQ� RI� WKH� $UDELDQ� DQG� (XUDVLDQ� SODWHV� �$JKDQDEDWL��
������� 7KH� WHFWRQLF� DFWLYLW\� KDV� UHVXOWHG� LQ� H[WHQVLYH� IROGLQJ��
IDXOWLQJ�� DQG� MRLQW� GHYHORSPHQW� WKURXJKRXW� WKH� URFN� PDVV��
LQIOXHQFLQJ� LWV� JHRWHFKQLFDO� FKDUDFWHULVWLFV� �%DKDUYDQG� HW� DO���
�������7KH�GRPLQDQW�OLWKRORJ\�LQ�WKH�VWXG\�DUHD�LV�JUDQLWRLG�URFN��
LQFOXGLQJ� JUDQLWH� DQG� JUDQRGLRULWH� LQWUXVLRQV� RI� SUREDEOH� /DWH�
&UHWDFHRXV� WR� 3DOHRJHQH� DJH�� 7KHVH� LJQHRXV� ERGLHV� DUH� RIWHQ�
MRLQWHG EXW PDLQWDLQ UHODWLYHO\ KRPRJHQHRXV PHFKDQLFDO�
SURSHUWLHV�� ,Q� DGGLWLRQ� WR� JUDQLWHV�� LQWHUFDODWHG� VHGLPHQWDU\�
IRUPDWLRQV� VXFK� DV� OLPHVWRQH�� VKDOH�� DQG� VDQGVWRQH� DSSHDU�
ORFDOO\�� HVSHFLDOO\�DORQJ� IDXOW� ]RQHV�DQG� DW� WKH�SHULSKHU\�RI� WKH�
LQWUXVLYH�ERGLHV��$QHHV�HW�DO����������

)LHOG� REVHUYDWLRQV� LQ� .HQR�.RXK� LQGLFDWH� WKDW� WKH� JUDQLWH�
RXWFURSV� DUH� JHQHUDOO\� PDVVLYH�� ZLWK� PHGLXP� WR� FRDUVH� JUDLQ�
WH[WXUHV� DQG H[KLELW MRLQW VHWV LQ PXOWLSOH RULHQWDWLRQV�
�0RJKDGDP� HW� DO��� ������� 7KHVH� MRLQWV� DUH� YDULDEO\� VSDFHG� DQG�
UDQJH�IURP�IUHVK��XQZHDWKHUHG�VXUIDFHV�WR�WKRVH�ZLWK�VLJQLILFDQW�
DOWHUDWLRQ�� SURYLGLQJ� D� YDOXDEOH� RSSRUWXQLW\� IRU� VWXG\LQJ� WKH�
UHODWLRQVKLS�EHWZHHQ�4�V\VWHP�DQG�*6,��6HLVPLF�DFWLYLW\� LQ� WKH�
EURDGHU� UHJLRQ� LV� PRGHUDWH� WR� KLJK�� ZLWK� VHYHUDO� DFWLYH� IDXOWV�
PDSSHG� ZLWKLQ� ��� NP� RI� WKH� VWXG\� DUHD�� 7KHVH� WHFWRQLF� IRUFHV�
KDYH�FRQWULEXWHG�WR�WKH�GHYHORSPHQW�RI�VWUXFWXUDO�GLVFRQWLQXLWLHV��
VXFK�DV�VKHDU�]RQHV�DQG�PLQRU�WKUXVW�IDXOWV��ZKLFK�LQ�WXUQ�DIIHFW�
WKH� VWDELOLW\� DQG� EHKDYLRU� RI� URFN�PDVVHV��8QGHUVWDQGLQJ� WKHVH�
VWUXFWXUDO�IHDWXUHV�LV�FUXFLDO�IRU�DFFXUDWH�URFN�PDVV�FODVVLILFDWLRQ�
DQG�IRU�WKH�DSSOLFDWLRQ�RI�HPSLULFDO�V\VWHPV�VXFK�DV�*6,�DQG�4��

7KH� JHRORJLFDO� PDS� RI� WKH�.HQR�.RXK� UHJLRQ�� SUHVHQWHG� LQ�
)LJXUH� ��� LOOXVWUDWHV� D� FRPSOH[� DVVHPEODJH� RI� LQWUXVLYH� DQG�
VHGLPHQWDU\ IRUPDWLRQV GLVWULEXWHG DFURVV D VWUXFWXUDOO\�
GHIRUPHG� WHUUDLQ�� 7KH� DUHD� LV� JHRORJLFDOO\� ORFDWHG� ZLWKLQ� WKH�
WUDQVLWLRQDO� ]RQH� EHWZHHQ� WKH� +LJK� =DJURV� %HOW� DQG� WKH�
6DQDQGDM±6LUMDQ�PHWDPRUSKLF�]RQH��ZKLFK�KDV�EHHQ�DIIHFWHG�E\

PXOWLSOH�SKDVHV�RI�FRPSUHVVLRQ�DQG�WHFWRQLF�XSOLIW��7KLV�WHFWRQLF�
HYROXWLRQ�KDV�H[SRVHG�D�ZLGH� UDQJH�RI�URFN�XQLWV�DW�WKH�VXUIDFH��
RIIHULQJ DQ H[FHOOHQW RSSRUWXQLW\ IRU OLWKRORJLFDO DQG�
JHRPHFKDQLFDO�DQDO\VLV��

7KH�GRPLQDQW�OLWKRORJ\�LQ�WKH�UHJLRQ�LV�D�JUDQLWRLG�FRPSOH[��
FRQVLVWLQJ�PDLQO\�RI�JUDQLWH��JUDQRGLRULWH��DQG�PLQRU�DPRXQWV�RI�
WRQDOLWH�� 7KHVH� URFNV� DUH� RI� 3DOHRJHQH� WR� /DWH� &UHWDFHRXV� DJH�
DQG� DUH� FKDUDFWHUL]HG� E\�PHGLXP� WR� FRDUVH� JUDLQ� VL]H��PDVVLYH�
WH[WXUH�� DQG� YDULDEOH� PLQHUDORJLFDO� FRPSRVLWLRQ�� LQFOXGLQJ�
TXDUW]�� SODJLRFODVH�� .�IHOGVSDU�� DQG� ELRWLWH�� ,Q� PDQ\� ORFDWLRQV��
WKHVH� LQWUXVLYH� URFNV� H[KLELW� PRGHUDWH� WR� LQWHQVH� MRLQWLQJ� LQ�
PXOWLSOH� RULHQWDWLRQV�� PDNLQJ� WKHP� VXLWDEOH� IRU� HPSLULFDO� URFN�
PDVV FODVVLILFDWLRQ �*HRORJLFDO 6XUYH\ RI ,UDQ� �������
6XUURXQGLQJ� DQG� LQ� VRPH� FDVHV� LQWUXGHG� E\� WKHVH� JUDQLWRLG�
ERGLHV� DUH� VHGLPHQWDU\� IRUPDWLRQV�� LQFOXGLQJ� OLPHVWRQH�� PDUO��
VDQGVWRQH�� VKDOH�� DQG� VLOWVWRQH�� ZKLFK� EHORQJ� SULPDULO\� WR� WKH�
=DJURV� %DVLQ� VHGLPHQWDU\� VHTXHQFHV�� 7KHVH� OD\HUV� RIWHQ� VKRZ�
PRGHUDWH� EHGGLQJ� DQG� VWUDWLILFDWLRQ�� ZLWK� YDULDEOH� GHJUHHV� RI�
ZHDWKHULQJ�DQG�IUDFWXULQJ�GHSHQGLQJ�RQ�OLWKRORJ\�DQG�SUR[LPLW\�
WR�IDXOW�]RQHV�

Fig. 4�*HRORJLFDO�PDS�RI�VWXGLHG�UHJLRQ�
�*HRORJLFDO�6XUYH\�RI�,UDQ�������
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(b)

(c)

Fig. 5 Representative rock outcrops examined for classification of the rock mass: (a) location S18, (b) location S24, (c) location S42
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Fig. 6 Overview of the geotechnical index tests performed on collected samples
In particular, the limestone units are often recrystallized or 

brecciated, while shales tend to be more plastic and highly 
weathered near the surface. The rock facies (lithofacies) in the 
Keno-Kouh area reflect a mix of deep-marine to shallow-marine 
depositional environments, especially evident in sedimentary 
interlayers that show fining-upward sequences, cross-bedding, 
and fossiliferous textures. These features are typical of foreland 
basin settings, where tectonic subsidence and sediment influx 
were simultaneous. The sedimentary facies are structurally 
influenced, with folding, faulting, and local thrusting affecting 
their mechanical integrity and contributing to joint formation and 
anisotropy (Aghanabati, 2012). 

The granite rock masses are generally fresh to slightly 
weathered and show three to four dominant joint sets. These 
discontinuities vary in spacing from tight (<10 cm) to wide (>50 
cm) and exhibit joint surfaces ranging from rough and fresh to 
smooth and weathered. In certain areas, the joints are filled with 
secondary minerals such as calcite, chlorite, or clay, especially 
near fault zones or hydrothermal alteration corridors. These 
features directly influence both GSI and Q classifications by 
affecting joint condition, roughness, and alteration factors. From 
a geotechnical perspective, the rock mass conditions in Keno- 
Kouh represent a heterogeneous but largely competent geological 
setting. The granitoid rocks provide a relatively high-strength 
base with low porosity and good intact rock strength (typically 
>100 MPa), whereas the surrounding sedimentary rocks display 
more variable mechanical properties, often with reduced 
cohesion and strength due to bedding planes, weathering, or 
fracturing. This diversity in lithology and structural condition 
reinforces the importance of using both GSI and Q-system to 
characterize the area comprehensively. 

D. Rock Mass Dataset 

In order to accurately characterize the rock mass quality in 
the Keno-Kouh region and establish empirical relationships 
between GSI and Q-system parameters, a systematic field data 
collection campaign was conducted during the spring and

summer seasons of 2024. These seasons were selected to ensure 
favorable weather conditions and maximum surface exposure, 
minimizing disruption due to rainfall, snowmelt, or low 
visibility. Fieldwork was carried out by a team of four 
engineering geologists and geotechnical engineers, with roles 
divided among structural mapping, GPS surveying, sampling, 
and photographic documentation. 

A total of 18 survey lines (geological traverses) were 
designed to cover the major lithological units, fault zones, and 
representative slopes within the Keno-Kouh study area. The lines 
were laid out in both north–south and east–west orientations to 
capture structural variation and joint orientation diversity. Along 
each line, data points were collected at intervals of approximately 
15 m to 30 m, depending on terrain accessibility and lithological 
exposure. In total, more than 300 observation points were 
recorded, with emphasis on visible joint conditions, spacing, 
roughness, alteration, block size, and weathering profiles. In this 
study, all RQD values were derived through surface-based 
scanline mapping, as no borehole data or drill cores were 
available. At each selected outcrop and road cut, a 1 m scanline 
was laid out using a measuring tape, aligned perpendicular to the 
dominant joint orientation. The scanline method followed 
International Society for Rock Mechanics (ISRM) 
recommendations, and joint traces were marked along the 
exposed rock face (Ulusay, 2014). Segments of intact rock longer 
than 10 cm between visible joints were measured and summed to 
calculate the RQD using the standard formula (Hudson & 
Harrison, 1997): 

(6)

In areas lacking drill core or continuous exposure, indirect 
estimation was made using photogrammetry and Schmidt 
hammer correlation, cross-referenced with typical field-based 
RQD lookup tables. These RQD values were then incorporated 
into the Q-system formula, serving as the primary input for 
assessing rock mass integrity.
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)URP�WKHVH�ILHOG�VXUYH\V��D�VXEVHW�RI�����LQWDFW�URFN�VDPSOHV�
ZDV� FDUHIXOO\� VHOHFWHG� DQG� H[WUDFWHG� XVLQJ� VWDQGDUG� JHRORJLFDO�
KDPPHUV�� FKLVHOV�� DQG� ZKHUH� QHHGHG�� SRUWDEOH� FRULQJ� GHYLFHV��
&DUH� ZDV� WDNHQ� WR� VHOHFW� IUHVK�� XQDOWHUHG�� DQG� UHSUHVHQWDWLYH�
VDPSOHV� IURP� HDFK� OLWKRORJLFDO� XQLW�� SULPDULO\� JUDQLWH� DQG�
LQWHUEHGGHG�VHGLPHQWDU\�URFNV�VXFK�DV�OLPHVWRQH�DQG�VDQGVWRQH��
(DFK�VDPSOH�ZDV� LPPHGLDWHO\� ODEHOHG��JHRWDJJHG�� DQG�ZUDSSHG�
WR�SUHYHQW�FRQWDPLQDWLRQ�RU�PRLVWXUH�DEVRUSWLRQ�GXULQJ�WUDQVSRUW�
WR� WKH� ODERUDWRU\�� 8SRQ� DUULYDO� DW� WKH� JHRWHFKQLFDO� ODERUDWRU\��
VDPSOHV�ZHUH�YLVXDOO\�LQVSHFWHG�IRU� LQWHJULW\��DQG�D�WRWDO�RI�����
VSHFLPHQV� PHW� WKH� FULWHULD� IRU� IXUWKHU� WHVWLQJ�� 6SHFLPHQV� ZHUH�
WKHQ� FXW� DQG� SUHSDUHG� LQWR� VWDQGDUG� F\OLQGULFDO� VKDSHV� ZLWK� D�
GLDPHWHU� RI� ��� PP� DQG� KHLJKW�WR�GLDPHWHU� UDWLR� RI� ����� DV� SHU�
,650� VWDQGDUGV� �8OXVD\�� ������� (QG� IDFHV� ZHUH� JURXQG� DQG�
SROLVKHG�WR�HQVXUH�IODWQHVV�DQG�SDUDOOHOLVP��D�FULWLFDO�UHTXLUHPHQW�
IRU�FRPSUHVVLYH�VWUHQJWK�WHVWLQJ��

7R�HQKDQFH�WKH�DFFXUDF\�RI�URFN�PDVV�FODVVLILFDWLRQ��WKH�8&6�
YDOXHV�REWDLQHG� IURP�ODERUDWRU\�WHVWLQJ�ZHUH�XVHG� LQ�SDUDOOHO� WR�
YDOLGDWH� DQG� UHILQH� 54'� LQWHUSUHWDWLRQV�� 6LQFH� 8&6� LV� D� NH\�
LQGLFDWRU� RI� LQWDFW� URFN� VWUHQJWK�� LW� SURYLGHG� D� TXDQWLWDWLYH�
EHQFKPDUN� WR� DVVHVV�ZKHWKHU� KLJK�54'�YDOXHV�ZHUH�FRQVLVWHQW�
ZLWK� WKH� PDWHULDO¶V� PHFKDQLFDO� UHVSRQVH�� 8&6� WHVWV� ZHUH�
SHUIRUPHG� XVLQJ� D� VHUYR�FRQWUROOHG� XQLYHUVDO� WHVWLQJ� PDFKLQH�
ZLWK�D�PD[LPXP�FDSDFLW\�RI������N1��7KH�ORDGLQJ�UDWH�ZDV�VHW�
WR�����03D�V��LQ�DFFRUGDQFH�ZLWK�,650�UHFRPPHQGDWLRQV��(DFK�
VSHFLPHQ� ZDV� ORDGHG� WR� IDLOXUH�� DQG� ERWK� SHDN� VWUHQJWK� DQG�
IDLOXUH� PRGH� ZHUH� UHFRUGHG� �+XGVRQ� 	� +DUULVRQ�� ������� ,Q�
SDUDOOHO�� GU\� GHQVLW\�� PRLVWXUH� FRQWHQW�� DQG� EDVLF� SHWURJUDSKLF�
GHVFULSWLRQV�ZHUH� DOVR� GRFXPHQWHG� IRU� HDFK� VDPSOH� JURXS��7KH�
DYHUDJH� 8&6� IRU� JUDQLWLF� VDPSOHV� UDQJHG� EHWZHHQ� ��� WR� ����
03D��ZKLOH� VHGLPHQWDU\�XQLWV� VKRZHG�PRUH�YDULDELOLW\�� UDQJLQJ�
IURP� ��� WR� ��� 03D�� GHSHQGLQJ� RQ� ZHDWKHULQJ� DQG� EHGGLQJ�
LQWHJULW\��,Q�VHYHUDO�FDVHV�ZKHUH�54'�YDOXHV�ZHUH�PRGHUDWH�EXW�
8&6� UHVXOWV� LQGLFDWHG� YHU\� FRPSHWHQW� URFN� �H�J��� 8&6� !� ����
03D��� WKH� MRLQW� FRQGLWLRQV� ZHUH� UH�HYDOXDWHG� WR� GHWHFW� WKH�
SRVVLEOH�SUHVHQFH�RI�KLGGHQ�RU�VHDOHG�MRLQWV�QRW�UHDGLO\�YLVLEOH�LQ�
WKH�ILHOG��7KLV�FURVV�FKHFNLQJ�DOORZHG�IRU�EHWWHU�FDOLEUDWLRQ�RI -Q�
DQG� DGMXVWPHQW� RI� *6,� VFRUHV�� XOWLPDWHO\� LPSURYLQJ� WKH�
UHOLDELOLW\�RI�ERWK�*6,�DQG�4�V\VWHP�DVVHVVPHQWV�IRU�FRUUHODWLRQ�
DQDO\VLV��

7R� PLQLPL]H� PHDVXUHPHQW� XQFHUWDLQW\� DQG� KXPDQ� HUURU��
PXOWLSOH� FRQWURO� VWUDWHJLHV� ZHUH� LPSOHPHQWHG� GXULQJ� ERWK�
ILHOGZRUN DQG ODERUDWRU\ VWDJHV� )RU H[DPSOH� DOO ILHOG�
DVVHVVPHQWV�RI�*6,�DQG�4�SDUDPHWHUV�ZHUH�SHUIRUPHG�E\�DW�OHDVW�
WZR� WHDP� PHPEHUV� LQGHSHQGHQWO\�� IROORZHG� E\� D� FRQVHQVXV�
GLVFXVVLRQ� WR� UHVROYH� GLVFUHSDQFLHV�� ,Q� WKH� ODERUDWRU\�� GXSOLFDWH�
WHVWV�ZHUH�UXQ�IRU�����RI�WKH�8&6�VSHFLPHQV��DQG�FDOLEUDWLRQ�RI�
WKH� WHVWLQJ�PDFKLQH�ZDV�SHUIRUPHG� EHIRUH� HDFK� WHVWLQJ� VHVVLRQ��
6DPSOH� SUHSDUDWLRQ� ZDV� DOVR� PRQLWRUHG� WR� SUHYHQW� HQG� VXUIDFH�
LPSHUIHFWLRQV��ZKLFK�FRXOG�FRPSURPLVH�UHVXOWV��$GGLWLRQDO�HIIRUW�
ZDV� PDGH� WR� GRFXPHQW� MRLQW� VXUIDFH� FRQGLWLRQV� WKURXJK� KLJK��
UHVROXWLRQ� SKRWRJUDSK\� DQG� VXUIDFH� SURILOLQJ�� HVSHFLDOO\� IRU -U
DQG� -D HVWLPDWLRQ� LQ� WKH� 4�V\VWHP�� :HDWKHULQJ� VWDWHV� ZHUH�
FODVVLILHG�XVLQJ�ILHOG�YLVXDO�JXLGHV�LQ�FRPELQDWLRQ�ZLWK�6FKPLGW�
KDPPHU� UHDGLQJV�� ZKLFK� VXSSRUWHG� WKH� HVWLPDWLRQ� RI� MRLQW�
DOWHUDWLRQ�FDWHJRULHV��$OO�UHFRUGHG�ILHOG�GDWD��*36�ORFDWLRQV��DQG�
SKRWRJUDSKV ZHUH ORJJHG LQ� D GLJLWDO *,6 HQYLURQPHQW��
IDFLOLWDWLQJ�WUDFHDELOLW\�DQG�FRUUHODWLRQ�ZLWK�WKH�JHRORJLFDO�PDS�

E. Analysis Method and Correlations 

7R� HYDOXDWH� WKH� HPSLULFDO� UHODWLRQVKLS� EHWZHHQ� WKH�*6,� DQG�
WKH� 4�V\VWHP�� DOO� FROOHFWHG� ILHOG� DQG� ODERUDWRU\� GDWD� ZHUH� ILUVW�
VXEMHFWHG�WR�GDWD�QRUPDOL]DWLRQ�SURFHGXUHV�WR�HQVXUH�FRQVLVWHQF\�
DQG� FRPSDUDELOLW\�� 6LQFH� WKH� GDWDVHWV� LQFOXGHG� YDOXHV� ZLWK�
GLIIHUHQW� UDQJHV�DQG�XQLWV� �VXFK�DV�8&6�LQ�03D��4�YDOXHV�RQ�D�
ORJDULWKPLF� VFDOH�� DQG *6, DV� D� VHPL�TXDOLWDWLYH LQGH[���
VWDQGDUGL]DWLRQ� ZDV� HVVHQWLDO� WR� UHPRYH� ELDV� FDXVHG� E\� VFDOH�
GLIIHUHQFHV�� 7KH�PLQ�PD[�QRUPDOL]DWLRQ�PHWKRG�ZDV�DSSOLHG� WR�
EULQJ�DOO�QXPHULFDO�GDWDVHWV�LQWR�D�XQLIRUP�VFDOH�EHWZHHQ���DQG����
7KLV� WHFKQLTXH�SUHVHUYHV� WKH� UHODWLYH�YDULDWLRQ�RI� WKH�GDWD�ZKLOH�
DOORZLQJ� PHDQLQJIXO� VWDWLVWLFDO� FRPSDULVRQV�� )RU� H[DPSOH�� *6,�
YDOXHV� UDQJLQJ� IURP���� WR� ��� DQG�8&6� YDOXHV� IURP���� WR� ����
03D�ZHUH�QRUPDOL]HG�XVLQJ�WKH�IRUPXOD��0DR�HW�DO�������E���

X� - X
PD[ PLQ

PLQ

X - X
X =norm ���

7KLV� DSSURDFK� HQVXUHG� WKDW� QR� YDULDEOH� GLVSURSRUWLRQDWHO\�
LQIOXHQFHG� WKH� UHJUHVVLRQ� DQDO\VLV� GXH� WR� ODUJHU� QXPHULF�
PDJQLWXGH�� ,Q� DGGLWLRQ� WR� QRUPDOL]DWLRQ�� GDWD� TXDOLW\� ZDV�
LPSURYHG� E\� RXWOLHU� GHWHFWLRQ� DQG� ILOWHULQJ�� ([WUHPH� YDOXHV��
SDUWLFXODUO\�WKRVH�IURP�ZHDWKHUHG�URFN�]RQHV�RU�SRRUO\�SUHSDUHG�
VSHFLPHQV�ZHUH� IODJJHG� EDVHG� RQ� VWDQGDUG� GHYLDWLRQ� WKUHVKROGV�
DQG� LQWHUTXDUWLOH� UDQJHV� �,45��� $SSUR[LPDWHO\� ��� RI� WKH� GDWD�
SRLQWV� ZHUH� LGHQWLILHG� DV� RXWOLHUV� DQG� HLWKHU� H[FOXGHG� IURP� WKH�
DQDO\VLV� RU� DGMXVWHG� IROORZLQJ� UHYDOLGDWLRQ�� 7KLV� VLJQLILFDQWO\�
LPSURYHG� WKH�KRPRJHQHLW\�RI� WKH�GDWDVHW�DQG� UHGXFHG�VWDWLVWLFDO�
QRLVH��

2QFH� QRUPDOL]HG� DQG� ILOWHUHG�� WKH� GDWDVHW� ZDV� DQDO\]HG� WR�
GHWHUPLQH� WKH� GHJUHH� RI� FRUUHODWLRQ� EHWZHHQ� *6,� DQG� ORJ�4���
3HDUVRQ� FRUUHODWLRQ� FRHIILFLHQWV� ZHUH� FRPSXWHG� WR� DVVHVV� WKH�
VWUHQJWK� RI� WKH� OLQHDU� UHODWLRQVKLS�� 5HVXOWV� VKRZHG� D� VWURQJ�
SRVLWLYH� FRUUHODWLRQ� �5� §� ������� LQGLFDWLQJ� WKDW� *6,� LQFUHDVHV�
FRQVLVWHQWO\� ZLWK� KLJKHU� ORJ�4�� YDOXHV�� HVSHFLDOO\� ZLWKLQ� WKH�
JUDQLWLF� URFN�PDVVHV�RI� WKH�.HQR�.RXK�UHJLRQ��7KH�UHODWLRQVKLS�
ZDV� QRWDEO\� WLJKWHU� LQ� ]RQHV� ZLWK� PLQLPDO� ZHDWKHULQJ� DQG�
XQLIRUP� MRLQW� RULHQWDWLRQ�� 7R� PRGHO� WKLV� UHODWLRQVKLS�� D� VLPSOH�
OLQHDU� UHJUHVVLRQ� DQDO\VLV� ZDV� SHUIRUPHG� XVLQJ� *6,� DV� WKH�
GHSHQGHQW�YDULDEOH� DQG� ORJ�4�� DV� WKH� LQGHSHQGHQW� YDULDEOH��7KH�
UHVXOWLQJ�UHJUHVVLRQ�HTXDWLRQ�WRRN�WKH�JHQHUDO�IRUP��

GSI� = a�× ORJ�� ��Q���+ b ����

ZKHUH�FRHIILFLHQWV�D�DQG�E�ZHUH�GHULYHG�WKURXJK�OHDVW�VTXDUHV�
ILWWLQJ��7R� DVVHVV� WKH� JRRGQHVV�RI�ILW� DQG� UHGXFH�RYHUILWWLQJ�� WKH�
GDWDVHW�ZDV�GLYLGHG�LQWR�WUDLQLQJ�DQG�YDOLGDWLRQ�VXEVHWV������DQG�
����� UHVSHFWLYHO\��� 7KH� UHJUHVVLRQ� PRGHO� ZDV� WUDLQHG� RQ� WKH�
ODUJHU�SRUWLRQ�DQG�WHVWHG�DJDLQVW�WKH�UHVHUYHG�GDWD��7KH�YDOLGDWLRQ�
UHVXOWV� VKRZHG� FRQVLVWHQW� SUHGLFWLRQ� DFFXUDF\�� ZLWK� OHVV� WKDQ�
���� DYHUDJH� GHYLDWLRQ� EHWZHHQ� SUHGLFWHG� DQG� REVHUYHG� *6,�
YDOXHV�� FRQILUPLQJ� WKH� PRGHO
V� UREXVWQHVV�� )XUWKHUPRUH�� WR�
UHGXFH� VXEMHFWLYH� ELDV� LQ� *6,� HVWLPDWLRQ�� JLYHQ� LWV� TXDOLWDWLYH�
QDWXUH��DOO�*6,�YDOXHV�XVHG�LQ�WKH�UHJUHVVLRQ�ZHUH�FURVV�FKHFNHG�
E\�DW� OHDVW� WZR� ILHOG� H[SHUWV�� DQG� LQFRQVLVWHQFLHV� JUHDWHU� WKDQ���
XQLWV� ZHUH� GLVFXVVHG� DQG� UHFRQFLOHG�� 7KLV� KHOSHG� LQ� UHGXFLQJ�
REVHUYDWLRQDO�HUURU�DQG�LPSURYHG�WKH�LQWHUQDO�FRQVLVWHQF\�RI�WKH�
GDWDVHW�
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7KH�SUHVHQW�VWXG\�DLPHG�WR�HVWDEOLVK�DQ�HPSLULFDO�UHODWLRQVKLS�
EHWZHHQ� WKH� *6,� DQG� WKH� 4�V\VWHP� ZLWKLQ� WKH� JUDQLWLF� DQG�
DVVRFLDWHG� VHGLPHQWDU\� URFN� PDVVHV� RI� WKH� .HQR�.RXK� UHJLRQ��
ZHVWHUQ� ,UDQ�� 7KURXJK� V\VWHPDWLF� ILHOG� PDSSLQJ�� VFDQOLQH�
PHDVXUHPHQWV�� MRLQW� VXUYH\V�� DQG� ODERUDWRU\�EDVHG�8&6� WHVWLQJ��
D�FRPSUHKHQVLYH�JHRWHFKQLFDO�GDWDVHW�ZDV�GHYHORSHG��$�WRWDO�RI�
���� URFN� VDPSOHV� ZHUH� FROOHFWHG� DQG� DVVHVVHG�� ZLWK� NH\�
SDUDPHWHUV LQFOXGLQJ 54'� MRLQW VSDFLQJ� MRLQW VXUIDFH�
FRQGLWLRQV��ZHDWKHULQJ��DQG� URFN�VWUHQJWK�XVHG� WR� FRPSXWH� ERWK�
*6,� DQG� 4�YDOXHV� IRU� HDFK� ORFDWLRQ�� $OO� FROOHFWHG� GDWD� ZHUH�
QRUPDOL]HG�� ILOWHUHG� IRU�RXWOLHUV�� DQG� VWDWLVWLFDOO\�DQDO\]HG�XVLQJ�
OLQHDU� UHJUHVVLRQ� WHFKQLTXHV�� 7KH� UHVXOWV� LQGLFDWHG� D� VWURQJ�
SRVLWLYH� FRUUHODWLRQ� EHWZHHQ� *6,� DQG� ORJ�4��� FRQILUPLQJ� WKH�
H[SHFWHG�WUHQG�EDVHG�RQ�SUHYLRXV�OLWHUDWXUH��EXW�QRZ�YDOLGDWHG�IRU�
WKH�VSHFLILF�OLWKRORJLFDO�DQG�VWUXFWXUDO�FRQWH[W�RI�WKH�.HQR�.RXK�
JUDQLWHV��7KH� LQWHJUDWLRQ�RI�8&6�GDWD� KHOSHG� UHILQH� ILHOG�EDVHG�
HVWLPDWHV DQG LPSURYH WKH UHOLDELOLW\ RI FODVVLILFDWLRQ��
SDUWLFXODUO\�ZKHUH�VXUIDFH�REVHUYDWLRQV�ZHUH�SRWHQWLDOO\�DIIHFWHG�
E\� ZHDWKHULQJ� RU� H[IROLDWLRQ�� 7KLV� GXDO�PHWKRG� DSSURDFK�
VWUHQJWKHQHG� WKH� FUHGLELOLW\� RI� WKH� HPSLULFDO� FRUUHODWLRQ�� 7KH�
ILQGLQJV�RI�WKLV�VWXG\�RIIHU�SUDFWLFDO�LPSOLFDWLRQV�IRU�JHRWHFKQLFDO�
HQJLQHHULQJ� LQ� VLPLODU�JHRORJLFDO� VHWWLQJV��ZKHUH� WLPH�RU�DFFHVV�
FRQVWUDLQWV� PD\� OLPLW� WKH� XVH� RI� GHWDLOHG� ERUHKROH� GDWD�� %\�
FRUUHODWLQJ� WZR� ZLGHO\�XVHG� V\VWHPV� �*6,� DQG� 4��� WKH� VWXG\�
SURYLGHV� D� WRRO� IRU� HVWLPDWLQJ� RQH� FODVVLILFDWLRQ� IURP� WKH� RWKHU�
ZLWK� UHDVRQDEOH� FRQILGHQFH�� DLGLQJ� ERWK� GHVLJQ� DQG� PRGHOLQJ�
SURFHVVHV�� 7KH� GHWDLOHG� UHVXOWV�� VWDWLVWLFDO� UHODWLRQVKLSV�� DQG�
FRPSDUDWLYH� LQWHUSUHWDWLRQV� DUH� SUHVHQWHG� DQG� GLVFXVVHG� LQ� WKH�
IROORZLQJ��

)LJXUH� �� LOOXVWUDWHV� WKH� GLVWULEXWLRQ� RI�8&6� YDOXHV� FROOHFWHG�
IURP�JUDQLWH�DQG�VHGLPHQWDU\�URFN�VDPSOHV��7KH�GDWDVHW�LQFOXGHV�
���� WHVWHG� VSHFLPHQV�� DQG� WKH� FXUYH� RYHUODLG� RQ� WKH� KLVWRJUDP�
UHSUHVHQWV�D�QRUPDO�GLVWULEXWLRQ�ILW��ZLWK�D�FDOFXODWHG�PHDQ��ȝ��RI�
DSSUR[LPDWHO\�����03D� DQG� VWDQGDUG�GHYLDWLRQ� �ı�� RI����03D��
7KH� GLVWULEXWLRQ� LV� VOLJKWO\� ULJKW�VNHZHG� GXH� WR� WKH� KLJKHU�
VWUHQJWK� YDOXHV� RI� JUDQLWLF� URFNV�� 7KLV� ILJXUH� FRQILUPV� WKH�
SUHVHQFH� RI� WZR� GLVWLQFW� OLWKRORJLFDO� SRSXODWLRQV� LQ� WKH� GDWDVHW�
DQG� VXSSRUWV� WKH� XVH� RI� 8&6� WR� FURVV�YDOLGDWH� URFN� PDVV�
FODVVLILFDWLRQV��)LJXUH���SUHVHQWV�WKH�GLVWULEXWLRQ�RI�54'�YDOXHV�
REWDLQHG�WKURXJK�GLUHFW�VFDQOLQH�PDSSLQJ�LQ�WKH�ILHOG�

Fig. 7�8&6�GLVWULEXWLRQ�RI�URFN�VDPSOHV

Fig. 8�54'�GLVWULEXWLRQ�IURP�VFDQOLQH�PDSSLQJ

Fig. 9�)UHTXHQF\�RI�MRLQW�VHW�QXPEHU��-Q�

Fig. 10�)UHTXHQF\�RI�MRLQW�DOWHUDWLRQ�QXPEHU��-D�



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

Fig. 11�)UHTXHQF\�RI�MRLQW�URXJKQHVV�QXPEHU��-U�

7KH� KLVWRJUDP�RI�)LJXUH� �� VKRZV� D� FRQFHQWUDWLRQ� RI� YDOXHV�
EHWZHHQ� ���� DQG� ����� ZLWK� D� SHDN� DURXQG� ����� VXJJHVWLQJ�
JHQHUDOO\�JRRG�URFN�TXDOLW\�DFURVV�WKH�.HQR�.RXK�RXWFURSV��7KH�
RYHUODLG�EOXH�FXUYH�VKRZV�WKH�QRUPDO�GLVWULEXWLRQ�ILW��ȝ�§������ı�
§� ������ FRQILUPLQJ� WKH� VWDWLVWLFDO� FRQVLVWHQF\� RI� ILHOG� GDWD��
7KHVH� UHVXOWV� DOLJQ� ZLWK� WKH� H[SHFWHG� EHKDYLRU� RI� MRLQWHG� EXW�
UHODWLYHO\� LQWDFW� JUDQLWLF� DQG� FDUERQDWH� URFN� PDVVHV� REVHUYHG�
GXULQJ VXUIDFH PDSSLQJ� )LJXUH � VKRZV WKH IUHTXHQF\�
GLVWULEXWLRQ�RI�-Q�YDOXHV�REVHUYHG�DFURVV�WKH����VXUYH\�OLQHV��7KH�
PRVW� IUHTXHQW� -Q� YDOXHV� DUH� �� DQG� ��� LQGLFDWLQJ� WKDW� PRVW� URFN�
H[SRVXUHV�FRQWDLQ�EHWZHHQ�WZR�DQG�WKUHH�MRLQW�VHWV��)HZHU�FDVHV�
ZLWK� -  � �� RU� -Q !� �� ZHUH� UHFRUGHG�� UHIOHFWLQJ� ORFDOL]HGQ
FRQGLWLRQV� ZLWK� HLWKHU� YHU\� EORFN\� JUDQLWH� RU� IDXOW�DIIHFWHG�
VHGLPHQWDU\� XQLWV�� 7KLV� GLVWULEXWLRQ� VXSSRUWV� WKH� PRGHUDWH�
VWUXFWXUDO�FRPSOH[LW\�REVHUYHG�LQ�WKH�ILHOG�DQG�LV�FRQVLVWHQW�ZLWK�
4�V\VWHP� LQSXW� GDWD� XVHG� LQ� WKH� UHJUHVVLRQ� DQDO\VLV�� )LJXUH� ���
GHSLFWV�WKH�IUHTXHQF\�RI�-D�YDOXHV��ZKLFK�UHSUHVHQW�WKH�GHJUHH�RI�
MRLQW� VXUIDFH� DOWHUDWLRQ� REVHUYHG� LQ� WKH� URFN� PDVVHV�� 7KH� PRVW�
FRPPRQ�-D� YDOXHV�DUH���DQG���� LQGLFDWLQJ� WKDW� MRLQWV�DUH�PRVWO\�
PRGHUDWHO\� ZHDWKHUHG� RU� DOWHUHG�� $� VPDOOHU� QXPEHU� RI� MRLQWV�
ZHUH�FDWHJRUL]HG�DV�XQDOWHUHG��-�  ����RU�KHDYLO\�ZHDWKHUHG��-D� D
����7KHVH�UHVXOWV�DOLJQ�ZLWK�YLVXDO�ILHOG�DVVHVVPHQWV��SDUWLFXODUO\�
LQ� JUDQLWLF� ]RQHV� ZLWK� VHFRQGDU\� PLQHUDOL]DWLRQ� QHDU� VWUXFWXUDO�
GLVFRQWLQXLWLHV�� 7KH� GLVWULEXWLRQ� GLUHFWO\� LQIOXHQFHV� WKH� �-��-U D��
WHUP�LQ�WKH�4�V\VWHP�FDOFXODWLRQV��

)LJXUH����LOOXVWUDWHV�WKH�GLVWULEXWLRQ�RI�-U��D�FULWLFDO�SDUDPHWHU�
LQ� WKH� 4�V\VWHP� WKDW� UHSUHVHQWV� WKH� VXUIDFH� URXJKQHVV� RI�
GLVFRQWLQXLWLHV��7KH�PRVW�IUHTXHQWO\�REVHUYHG�YDOXHV�ZHUH�-U� ���
DQG� ��� LQGLFDWLQJ�SUHGRPLQDQFH�RI�PRGHUDWHO\� URXJK�DQG� URXJK�
VXUIDFHV� DFURVV� WKH� VWXG\� DUHD�� 7KHVH� REVHUYDWLRQV� ZHUH�
FRQVLVWHQW� ZLWK� ILHOG� YLVXDO� DVVHVVPHQWV� DQG� WDFWLOH� SURILOLQJ� RI�
H[SRVHG� MRLQWV� LQ� JUDQLWLF� URFN� IDFHV�� +LJK� -U YDOXHV� ZHUH�
DVVRFLDWHG�ZLWK� IUHVK�� XQZHDWKHUHG� URFN� H[SRVXUHV�� SDUWLFXODUO\�
DORQJ�ULGJH�OLQHV�DQG�URDG�FXWV��)LJXUH����SUHVHQWV�WKH�IUHTXHQF\�
RI�-� YDOXHV�REVHUYHG�GXULQJ�VXUIDFH�PDSSLQJ��7KH�GRPLQDQWZ -Z
YDOXH� ZDV� ����� LPSO\LQJ� WKDW� D� ODUJH� SRUWLRQ� RI� WKH� REVHUYHG�
MRLQWV� ZHUH� GU\� RU� RQO\� VOLJKWO\� PRLVW�� 0RGHUDWH� YDOXHV� �������
ZHUH� DVVRFLDWHG� ZLWK� MRLQWV� H[KLELWLQJ� PLQRU� VHHSDJH�� ZKLOH� D�
VPDOOHU� SURSRUWLRQ� RI� MRLQWV�� SDUWLFXODUO\� LQ� VKDGHG� YDOOH\�
VHFWLRQV� RU� QHDU� GUDLQDJH� OLQHV�� ZHUH� UDWHG� -Z�  � ����� LQGLFDWLQJ

VDWXUDWHG� RU� ZDWHU�ILOOHG� MRLQWV�� 7KHVH� YDULDWLRQV� DOLJQ� ZLWK� WKH�
VHPL�DULG� FOLPDWH� RI� WKH� .HQR�.RXK� UHJLRQ� DQG� VXSSRUW� WKH�
DVVXPSWLRQ� RI� OLPLWHG� JURXQGZDWHU� LQIOXHQFH� RQ� URFN� PDVV�
LQWHJULW\�� )LJXUH� ��� GLVSOD\V� WKH� GLVWULEXWLRQ� RI� 65)� YDOXHV��
ZKLFK�DFFRXQW� IRU� WKH� LQIOXHQFH�RI�LQ�VLWX� VWUHVVHV��ZHDN�]RQHV��
DQG�VWUXFWXUDO�LQVWDELOLWLHV�

Fig. 12�)UHTXHQF\�RI�MRLQW�ZDWHU�UHGXFWLRQ�IDFWRU��-Z�

Fig. 13�)UHTXHQF\�RI�65)

Fig. 14�9DULDWLRQ�RI�ORJ�4��DFURVV�URFN�PDVV�VDPSOH�OLQHV
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Fig. 15�9DULDWLRQ�RI�*6,�DFURVV�URFN�PDVV�VDPSOHV�OLQHV�

7KH�PRVW�FRPPRQ�65)�YDOXHV�ZHUH�����DQG������VXJJHVWLQJ�
WKDW� PRVW� RI� WKH� HYDOXDWHG� URFN� PDVVHV� ZHUH� HLWKHU� PLOGO\�
DIIHFWHG� E\� VWUXFWXUDO� ZHDNQHVVHV� RU� UHODWLYHO\� VWDEOH�� +LJKHU�
65)� YDOXHV� ��� DQG� ���� ZHUH� UHFRUGHG� LQ� D� PLQRULW\� RI� VLWHV��
SDUWLFXODUO\� DORQJ� IDXOW� ]RQHV� RU� ZKHUH� EULWWOH� GHIRUPDWLRQ�
IHDWXUHV� ZHUH� SURPLQHQW�� 7KHVH� ILQGLQJV� DUH� LPSRUWDQW� IRU�
VXSSRUW�GHVLJQ��DV�65)�GLUHFWO\�LQIOXHQFHV� WKH�4�YDOXH�DQG� WKXV�
WKH� HQJLQHHULQJ� LQWHUSUHWDWLRQ�RI� URFN�PDVV�EHKDYLRU��)LJXUH����
VKRZV� WKH� YDULDWLRQ� RI� ORJ�4�� YDOXHV� DFURVV� DOO� ���� URFN�PDVV�
VDPSOHV�� 7KH� FXUYH� GHPRQVWUDWHV� D� UHODWLYHO\�ZLGH� GLVWULEXWLRQ��
UDQJLQJ�IURP�ORJ�4��§�±�����IRU�SRRU�TXDOLW\�PDVVHV��WR�ORJ�4��§�
���� �JRRG� WR� YHU\� JRRG� URFN� TXDOLW\��� 7KH� IOXFWXDWLRQV� LQ� WKH�
JUDSK� UHIOHFW� FKDQJHV� LQ� VWUXFWXUDO� SDUDPHWHUV� VXFK� DV� MRLQW�
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