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Abstract: Uniaxial Compressive Strength (UCS) is a 
fundamental parameter in engineering geology, particularly for 
evaluating the mechanical behavior of rock materials in 
construction and mining projects. This study aims to estimate the 
UCS of limestone formations in Mostufi Mountain, Arak, using 
both direct laboratory testing and indirect empirical methods. A 
total of 75 limestone specimens were collected from various 
locations within the study area and subjected to laboratory 
uniaxial compression tests to determine their UCS values. In 
addition, 75 specimens were tested using the point load index 
test, and 150 rebound measurements were obtained using the 
Schmidt hammer in order to develop empirical correlations for 
indirect UCS estimation. The results were analyzed to assess the 
reliability and accuracy of the indirect methods in predicting 
UCS. Statistical correlations were developed between the UCS 
values obtained from direct tests and the results of the point load 
and Schmidt hammer tests. These correlations provide a practical 
approach for UCS estimation in field conditions where direct 
testing is not feasible due to time and cost constraints. The 
findings of this study contribute to improving geotechnical site 
characterization and can be beneficial for engineering 
applications such as slope stability analysis and urban 
development projects in limestone-dominated regions. 

Keywords: Uniaxial Compressive strength, Engineering geology, 
Limestone, Schmidt hammer test, Point load test.

I. INTRODUCTION 

Limestone is one of the most widespread sedimentary rocks 
on Earth, primarily composed of calcium carbonate (CaCO₃) 

in the form of calcite or aragonite. It forms in marine 
environments through the accumulation of biological materials 
such as coral, shells, and microfossils (Tucker, 2003). Over 
millions of years, these materials lithify to create extensive 
limestone formations (Folk, 1959). Due to its abundance and 
ease of extraction, limestone has been a crucial resource for 
construction, industry, and engineering applications (James &

Jones, 2015). Limestone deposits are widely distributed across all 
continents, with major reserves located in North America, 
Europe, Asia, and the Middle East (James & Jones, 2015). In 
Iran, extensive limestone formations occur within the Zagros, 
Alborz, and Central Iranian geological units (Saein & Riahi, 
2019), where they play a significant role in infrastructure 
development and cement production (Ghorbani, 2013). 

From an engineering geology perspective, limestone exhibits 
a range of mechanical properties depending on its mineral 
composition, porosity, and diagenetic history (Tsiambaos & 
Sabatakakis, 2004). Some limestones are highly durable and 
resistant to weathering, while others are susceptible to 
karstification (Iqbal, 2018), leading to the formation of caves, 
sinkholes, and underground drainage systems (Wright, 1992). 
This variability necessitates thorough geological and 
geotechnical assessments before limestone formations are 
utilized in construction projects (Attewell & Farmer, 2012). One 
of the critical challenges associated with limestone is its jointed 
and fractured nature (Tucker, 2003). Fractures and bedding 
planes significantly influence the strength and stability of 
limestone rock masses (Bell, 2007). In Iran, many limestone- 
dominated mountain ranges exhibit high degrees of jointing, 
which can lead to instability in slopes and excavation sites 
(Pourhashemi et al., 2021). Understanding the jointing patterns 
and their influence on rock mass behavior is essential for 
designing stable engineering structures (Fookes & Knill, 1969). 

The stability of rock slopes in limestone terrain is a 
significant concern for infrastructure development (Azarafza et 
al., 2017). In mountainous areas, slope failures due to rockfalls, 
toppling, and planar or wedge failures are common, especially in 
jointed limestone formations (Bell, 2007). Engineering geologists 
must carefully assess slope conditions to prevent catastrophic 
failures that can endanger human lives and damage property 
(Cemiloglu et al., 2023). Limestone formations are also crucial in 
the context of urban expansion. Many cities, including those in 
Iran, are expanding toward mountainous regions where limestone 
formations dominate (James & Jones, 2015). The development of 
roads, buildings, and tunnels in these areas requires careful 
consideration of rock stability, water infiltration, and the
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SRWHQWLDO�IRU�NDUVW�UHODWHG�VXEVLGHQFH��3RXUKDVKHPL�HW�DO����������
$QRWKHU LPSRUWDQW DVSHFW RI� HQJLQHHULQJ� JHRORJ\� LV WKH�
DVVHVVPHQW RI OLPHVWRQH
V UHVSRQVH WR ZHDWKHULQJ DQG�
HQYLURQPHQWDO FRQGLWLRQV �0RKDPPDGLDQ HW DO�� �������
/LPHVWRQH� LV� SDUWLFXODUO\� VHQVLWLYH� WR� FKHPLFDO� ZHDWKHULQJ��
HVSHFLDOO\�LQ�KXPLG�UHJLRQV�ZKHUH�DFLGLF�UDLQZDWHU�FDQ�GLVVROYH�
FDOFLXP� FDUERQDWH�� OHDGLQJ� WR� LQFUHDVHG� SRURVLW\� DQG� UHGXFHG�
VWUHQJWK� �)RON�� ������ :KLWH� HW� DO��� ������� 7KLV� SKHQRPHQRQ��
NQRZQ� DV� NDUVWLILFDWLRQ�� FDQ� FUHDWH� XQGHUJURXQG� FDYLWLHV� WKDW�
SRVH�ULVNV�WR�LQIUDVWUXFWXUH��%HOO���������

7KH� GXUDELOLW\� RI� OLPHVWRQH� DV� D� FRQVWUXFWLRQ� PDWHULDO� DOVR�
GHSHQGV� RQ� LWV� PLQHUDORJLFDO� FRPSRVLWLRQ� DQG� WKH� SUHVHQFH� RI�
LPSXULWLHV� VXFK� DV� FOD\�� VLOLFD�� DQG� LURQ� R[LGHV� �7XFNHU�� �������
6RPH� OLPHVWRQH�YDULHWLHV��ZKHQ�H[SRVHG� WR� IOXFWXDWLQJ�PRLVWXUH�
FRQGLWLRQV�� FDQ� H[SHULHQFH� GHWHULRUDWLRQ� GXH� WR� VZHOOLQJ� DQG�
VKULQNDJH��7KHVH�IDFWRUV�PXVW�EH�FRQVLGHUHG�LQ�VHOHFWLQJ�VXLWDEOH�
OLPHVWRQH� IRU� HQJLQHHULQJ� DSSOLFDWLRQV�� $QRWKHU� FKDOOHQJH� LQ�
OLPHVWRQH� HQJLQHHULQJ� JHRORJ\� LV� WKH� SRWHQWLDO� IRU� JURXQGZDWHU�
LQWHUDFWLRQV� �+XVVDLQ� HW� DO��� ������� /LPHVWRQH� IRUPDWLRQV� RIWHQ�
DFW�DV�DTXLIHUV��VWRULQJ�DQG�WUDQVPLWWLQJ�JURXQGZDWHU��<DQ�HW�DO���
�������7KH�SUHVHQFH�RI�ZDWHU�ZLWKLQ�URFN�MRLQWV�DQG�IUDFWXUHV�FDQ�
VLJQLILFDQWO\�UHGXFH�URFN�VWUHQJWK�DQG�FRQWULEXWH�WR�VORSH�IDLOXUHV�
�=KDR� HW� DO��� ������� (QJLQHHUV� PXVW� FRQVLGHU� K\GURJHRORJLFDO�
IDFWRUV�ZKHQ�GHVLJQLQJ�IRXQGDWLRQV�DQG�H[FDYDWLRQV�LQ�OLPHVWRQH�
WHUUDLQ� �<XKDQJ� HW� DO��� ������� 6HLVPLF� DFWLYLW\� LV� DQRWKHU� IDFWRU�
LQIOXHQFLQJ�WKH�VWDELOLW\�RI�OLPHVWRQH�IRUPDWLRQV��$OPDMHG�HW�DO���
�������,Q�VHLVPLFDOO\�DFWLYH�UHJLRQV�OLNH�,UDQ��HDUWKTXDNH�LQGXFHG�
VKDNLQJ�FDQ�WULJJHU� ODQGVOLGHV�DQG�URFNIDOOV� LQ�OLPHVWRQH�VORSHV��
7KH�SUHVHQFH�RI�SUH�H[LVWLQJ�IUDFWXUHV�FDQ�H[DFHUEDWH�WKH�HIIHFWV�
RI�VHLVPLF� ORDGLQJ��PDNLQJ�LW� FUXFLDO� WR� LQFRUSRUDWH�VHLVPLF�ULVN�
DVVHVVPHQWV� LQ� OLPHVWRQH�UHODWHG�HQJLQHHULQJ�SURMHFWV��'DUDHL�HW�
DO����������

'HVSLWH� WKHVH�FKDOOHQJHV�� OLPHVWRQH�UHPDLQV�RQH�RI� WKH�PRVW�
YHUVDWLOH�DQG�ZLGHO\�XVHG�URFN�W\SHV�LQ�HQJLQHHULQJ��%HOO���������
,W� VHUYHV� DV� D� NH\�PDWHULDO� LQ� FHPHQW� DQG� FRQFUHWH� SURGXFWLRQ��
URDG�FRQVWUXFWLRQ��DQG�VWUXFWXUDO�IRXQGDWLRQV��3RXUKDVKHPL�HW�DO���
������ (QJLQHHULQJ JHRORJLVWV SOD\ D FUXFLDO UROH LQ�
FKDUDFWHUL]LQJ OLPHVWRQH IRUPDWLRQV WR HQVXUH VDIH DQG�
VXVWDLQDEOH� GHYHORSPHQW��0RGHUQ� JHRWHFKQLFDO� DQG� JHRSK\VLFDO�
PHWKRGV�� VXFK� DV� SRLQW� ORDG� WHVWV�� 6FKPLGW� KDPPHU� WHVWV�� DQG�
XQLD[LDO�FRPSUHVVLYH�VWUHQJWK��8&6��HVWLPDWLRQ��DUH�HVVHQWLDO�IRU�
HYDOXDWLQJ�WKH�PHFKDQLFDO�SURSHUWLHV�RI�OLPHVWRQH��*DUULGR�HW�DO���
������&HPLORJOX�HW�DO����������7KHVH�PHWKRGV�KHOS�HQJLQHHUV�DQG�
JHRORJLVWV�GHYHORS�DFFXUDWH�PRGHOV�IRU�SUHGLFWLQJ�URFN�EHKDYLRU�
XQGHU�YDULRXV� ORDGLQJ�FRQGLWLRQV��&RQWUHUDV�HW�DO����������*LYHQ�
WKH� H[WHQVLYH� XVH� RI� OLPHVWRQH� LQ� HQJLQHHULQJ� DSSOLFDWLRQV�
�$]LPLDQ�� ������� FRQWLQXHG� UHVHDUFK� LQ� OLPHVWRQH� HQJLQHHULQJ�
JHRORJ\� LV� QHFHVVDU\� �+HLGDUL� HW� DO��� ������� %\� LPSURYLQJ� RXU�
XQGHUVWDQGLQJ� RI� OLPHVWRQH
V� JHRPHFKDQLFDO� SURSHUWLHV�� ZH� FDQ�
RSWLPL]H LWV XVH LQ� FRQVWUXFWLRQ ZKLOH PLQLPL]LQJ ULVNV�
DVVRFLDWHG�ZLWK�VORSH� LQVWDELOLW\��NDUVWLILFDWLRQ��DQG�JURXQGZDWHU�
LQWHUDFWLRQV��0DUNHU��������1D]LU�HW�DO����������

7KH�SULPDU\�REMHFWLYH�RI� WKLV� VWXG\�LV� WR� DVVHVV� WKH�8&6�RI�
OLPHVWRQH� LQ� 0RVWXIL� 0RXQWDLQ�� $UDN�� XVLQJ� ERWK� GLUHFW� DQG�
LQGLUHFW�HQJLQHHULQJ�JHRORJ\�PHWKRGV�ZKHUH�WKLV�UHVHDUFK�DLPV�WR�
HVWDEOLVK� UHOLDEOH FRUUHODWLRQV IRU 8&6 HVWLPDWLRQ� 7KHVH�
FRUUHODWLRQV� SURYLGH� D� SUDFWLFDO� DSSURDFK� IRU� JHRWHFKQLFDO�
DVVHVVPHQWV�� SDUWLFXODUO\� LQ� VLWXDWLRQV�ZKHUH�GLUHFW�8&6� WHVWLQJ�
LV� QRW� IHDVLEOH� GXH� WR� WLPH� DQG� FRVW� FRQVWUDLQWV�� 7KH� VWXG\

FRQWULEXWHV�WR�D�EHWWHU�XQGHUVWDQGLQJ�RI�WKH�PHFKDQLFDO�SURSHUWLHV�
RI� OLPHVWRQH� LQ� WKH� UHJLRQ�� ZKLFK� LV� FUXFLDO� IRU� LQIUDVWUXFWXUH�
GHYHORSPHQW�� VORSH� VWDELOLW\�� DQG� XUEDQ� H[SDQVLRQ� SURMHFWV�� 6R��
WKH�NH\�REMHFWLYH�RI�WKLV�UHVHDUFK�OLHV�LQ�LWV�V\VWHPDWLF�LQWHJUDWLRQ�
RI� GLIIHUHQW� WHVWLQJ� PHWKRGV� WR� GHYHORS� HPSLULFDO� UHODWLRQVKLSV�
IRU�8&6�HVWLPDWLRQ��7KH� ILQGLQJV�RIIHU�D� YDOXDEOH� UHIHUHQFH� IRU�
JHRORJLVWV DQG HQJLQHHUV ZRUNLQJ RQ OLPHVWRQH WHUUDLQV��
SDUWLFXODUO\� LQ� ,UDQ�� ZKHUH� OLPHVWRQH� IRUPDWLRQV� DUH� SUHYDOHQW��
7KH VWXG\¶V RXWFRPHV KDYH VLJQLILFDQW LPSOLFDWLRQV IRU�
VXVWDLQDEOH�XUEDQ�GHYHORSPHQW��DV�WKH\�DLG�LQ�WKH�GHVLJQ�RI�VDIHU�
IRXQGDWLRQV��WXQQHOV��DQG�VORSHV��%\�LPSURYLQJ�JHRWHFKQLFDO�VLWH�
FKDUDFWHUL]DWLRQ��WKLV�UHVHDUFK�HQKDQFHV�ULVN�PLWLJDWLRQ�VWUDWHJLHV��
XOWLPDWHO\� VXSSRUWLQJ� WKH� ORQJ�WHUP� VWDELOLW\� DQG� VDIHW\� RI�
HQJLQHHULQJ�SURMHFWV�LQ�OLPHVWRQH�GRPLQDWHG�UHJLRQV��

,,� *(27(&+1,&$/�3523(57,(6�2)�/,0(6721(�

7KH�JHRWHFKQLFDO�EHKDYLRU�RI�OLPHVWRQH�LV�SULPDULO\�JRYHUQHG�
E\�LWV�PLQHUDORJLFDO�FRPSRVLWLRQ��WH[WXUH��GHJUHH�RI�FHPHQWDWLRQ��
SRURVLW\�� DQG� GLVFRQWLQXLW\� SDWWHUQV�� /DERUDWRU\� LQYHVWLJDWLRQV�
UHSRUWHG� LQ� WKH� OLWHUDWXUH� LQGLFDWH� WKDW� WKH� GU\� XQLW� ZHLJKW� RI�
OLPHVWRQH� W\SLFDOO\� UDQJHV� EHWZHHQ� ��� WR� ��� N1�Pñ�� ZKLOH�
SRURVLW\� YDOXHV� JHQHUDOO\� YDU\� IURP� ��� LQ� GHQVH� FU\VWDOOLQH�
YDULHWLHV� WR� PRUH� WKDQ� ���� LQ� KLJKO\� ZHDWKHUHG� RU� ELRFODVWLF�
W\SHV��:DWHU�DEVRUSWLRQ�FRPPRQO\�IDOOV�ZLWKLQ�WKH�UDQJH�RI������
WR�����GHSHQGLQJ�RQ�SRUH�FRQQHFWLYLW\�DQG�PLFURIUDFWXUH�GHQVLW\��
7KH� 8&6� RI� LQWDFW� OLPHVWRQH� H[KLELWV� VLJQLILFDQW� YDULDELOLW\��
W\SLFDOO\� UDQJLQJ� IURP� ��� 03D� IRU� ZHDN�� SRURXV� OLPHVWRQH� WR�
RYHU ��� 03D IRU GHQVH� ZHOO�FHPHQWHG IRUPDWLRQV� ,Q�
HQJLQHHULQJ� FODVVLILFDWLRQ� V\VWHPV�� WKHVH� YDOXHV� FRUUHVSRQG� WR�
ZHDN� WR� YHU\� VWURQJ� URFN�FDWHJRULHV��7KH� WHQVLOH� VWUHQJWK�� RIWHQ�
HVWLPDWHG�DV��±����RI�8&6��JHQHUDOO\�UDQJHV�EHWZHHQ���DQG����
03D�� (ODVWLF� PRGXOXV� YDOXHV� UHSRUWHG� IRU� OLPHVWRQH� FRPPRQO\�
YDU\�EHWZHHQ����DQG����*3D��ZLWK�KLJKHU�YDOXHV�DVVRFLDWHG�ZLWK�
ORZ�SRURVLW\��FU\VWDOOLQH�WH[WXUHV��7DEOH���VXPPDUL]HV�WKH�W\SLFDO�
JHRWHFKQLFDO� SURSHUWLHV� RI� OLPHVWRQH� UHSRUWHG� LQ� WKH� OLWHUDWXUH��
7KH� SUHVHQWHG� UDQJHV� KLJKOLJKW� WKH� VLJQLILFDQW� YDULDELOLW\� RI�
OLPHVWRQH EHKDYLRU� ZKLFK LV SULPDULO\ FRQWUROOHG E\�
PLQHUDORJLFDO FRPSRVLWLRQ� SRURVLW\� DQG VWUXFWXUDO�
GLVFRQWLQXLWLHV�� 7KH� ZLGH� UDQJH� RI� 8&6� YDOXHV� ���±���� 03D��
UHIOHFWV� GLIIHUHQFHV� LQ� FHPHQWDWLRQ� GHJUHH� DQG� ZHDWKHULQJ�
LQWHQVLW\�� ZKLOH� YDULDWLRQV� LQ� HODVWLF� PRGXOXV� ���±��� *3D��
LQGLFDWH� VXEVWDQWLDO� GLIIHUHQFHV� LQ� VWLIIQHVV� DPRQJ� OLPHVWRQH�
W\SHV�

Table 1�7\SLFDO�JHRWHFKQLFDO�SURSHUWLHV�RI�OLPHVWRQH
3DUDPHWHU 8QLW 7\SLFDO�5DQJH
8QLW�ZHLJKW N1�Pñ ���±����
3RURVLW\ � ��±����
8&6 03D ���±�����
7HQVLOH�VWUHQJWK 03D ��±����
(ODVWLF�PRGXOXV *3D ���±����
&RKHVLRQ 03D ��±����
)ULFWLRQ�DQJOH GHJUHHV ���±����
505 � ���±����
3HUPHDELOLW\��LQWDFW� P�V ��ၱၯ�±���ၱïð
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6LPLODUO\�� WKH�EURDG�SHUPHDELOLW\� VSHFWUXP�GHPRQVWUDWHV� WKH�
VWURQJ� LQIOXHQFH� RI� IUDFWXULQJ� DQG� NDUVW� GHYHORSPHQW� RQ�
K\GUDXOLF�EHKDYLRU��7KHVH�YDULDWLRQV�HPSKDVL]H� WKH�QHFHVVLW\�RI�
VLWH�VSHFLILF� WHVWLQJ� DQG� FDUHIXO� JHRWHFKQLFDO� FKDUDFWHUL]DWLRQ�
ZKHQ�OLPHVWRQH�IRUPDWLRQV�DUH�LQYROYHG�LQ�HQJLQHHULQJ�SURMHFWV��

6KHDU�VWUHQJWK�SDUDPHWHUV�GHULYHG� IURP�WULD[LDO�FRPSUHVVLRQ�
WHVWV�LQGLFDWH�FRKHVLRQ�YDOXHV�EHWZHHQ���DQG����03D�DQG�LQWHUQDO�
IULFWLRQ�DQJOHV�UDQJLQJ�IURP�����WR������GHSHQGLQJ�RQ�VWUXFWXUDO�
LQWHJULW\� DQG� FRQILQHPHQW� FRQGLWLRQV�� +RZHYHU�� LQ� URFN� PDVV�
FRQGLWLRQV�� WKHVH� SDUDPHWHUV� DUH� VLJQLILFDQWO\� UHGXFHG� GXH� WR�
MRLQWLQJ� DQG� IUDFWXULQJ�� 5RFN� 0DVV� 5DWLQJ� �505�� YDOXHV� IRU�
OLPHVWRQH� IRUPDWLRQV� W\SLFDOO\� UDQJH� IURP� ��� WR� ���� UHIOHFWLQJ�
IDLU� WR� JRRG� URFN� TXDOLW\� LQ� PRGHUDWHO\� IUDFWXUHG� WHUUDLQV�� 7KH�
*HRORJLFDO�6WUHQJWK�,QGH[��*6,��IRU�MRLQWHG�OLPHVWRQH�FRPPRQO\�
IDOOV� EHWZHHQ� ��� DQG ���� 3HUPHDELOLW\� FKDUDFWHULVWLFV� RI�
OLPHVWRQH� DUH� KLJKO\� YDULDEOH� DQG� VWURQJO\� LQIOXHQFHG� E\�
VHFRQGDU\� SRURVLW\� DQG� NDUVW� GHYHORSPHQW�� ,QWDFW� OLPHVWRQH�
JHQHUDOO\�H[KLELWV� ORZ�SHUPHDELOLW\����ၱၯ� WR���ၱïð�P�V���ZKHUHDV�
IUDFWXUHG�RU�NDUVWLILHG�OLPHVWRQH�PD\�GLVSOD\�SHUPHDELOLW\�YDOXHV�
VHYHUDO� RUGHUV� RI� PDJQLWXGH� KLJKHU�� 6XFK� K\GURJHRORJLFDO�
EHKDYLRU GLUHFWO\ DIIHFWV VORSH VWDELOLW\ DQG IRXQGDWLRQ�
SHUIRUPDQFH��SDUWLFXODUO\�XQGHU�VDWXUDWHG�FRQGLWLRQV��

*LYHQ� WKLV� YDULDELOLW\�� LQGLUHFW� LQGH[� WHVWV� VXFK� DV� WKH� SRLQW�
ORDG�LQGH[��,� ��DQG�6FKPLGW�KDPPHU�UHERXQG�QXPEHU��51��DUHVၺၵ�
IUHTXHQWO\� XVHG� WR� HVWLPDWH� VWUHQJWK� SDUDPHWHUV� LQ� WKH� ILHOG��
(PSLULFDO� FRUUHODWLRQV� UHSRUWHG� LQ� SUHYLRXV� VWXGLHV� VXJJHVW� WKDW�
8&6�YDOXHV�DUH�FRPPRQO\���±���WLPHV�WKH�SRLQW�ORDG�LQGH[�IRU�
OLPHVWRQH� IRUPDWLRQV�� ZKLOH� OLQHDU� UHODWLRQVKLSV� EHWZHHQ� 8&6�
DQG 6FKPLGW UHERXQG QXPEHU RIWHQ \LHOG GHWHUPLQDWLRQ�
FRHIILFLHQWV �5ð� JUHDWHU WKDQ ���� LQ ZHOO�FKDUDFWHUL]HG�
IRUPDWLRQV�� 7KHVH� TXDQWLWDWLYH� UHODWLRQVKLSV� IRUP� WKH� EDVLV� IRU�
SUDFWLFDO�JHRWHFKQLFDO�DVVHVVPHQW�ZKHQ�GLUHFW� ODERUDWRU\�WHVWLQJ�
LV�OLPLWHG��

7KH� HPSLULFDO� UHODWLRQVKLS� EHWZHHQ� 8&6�� ,ႊၺၵ�� DQG� 51� KDV�
EHHQ� H[WHQVLYHO\� LQYHVWLJDWHG� LQ� URFN� PHFKDQLFV� UHVHDUFK��
1XPHURXV� VWXGLHV� KDYH� GHPRQVWUDWHG� WKDW� 8&6� FDQ� EH� UHOLDEO\�
HVWLPDWHG�IURP�LQGH[�WHVWV�WKURXJK�UHJUHVVLRQ�EDVHG�FRUUHODWLRQV��
)RU� OLPHVWRQH� IRUPDWLRQV�� 8&6� LV� FRPPRQO\� IRXQG� WR� EH�
SURSRUWLRQDO� WR� WKH�SRLQW� ORDG� LQGH[��ZLWK�PXOWLSOLFDWLRQ� IDFWRUV�
W\SLFDOO\�UDQJLQJ�EHWZHHQ����DQG�����6LPLODUO\��OLQHDU�RU�SRZHU��
ODZ�UHODWLRQVKLSV�KDYH�EHHQ�SURSRVHG�EHWZHHQ�8&6�DQG�6FKPLGW�
UHERXQG� QXPEHU�� RIWHQ� \LHOGLQJ� VWURQJ� FRUUHODWLRQ� FRHIILFLHQWV�
�5ð� !� ������ XQGHU� FRQWUROOHG� ODERUDWRU\� FRQGLWLRQV�� 7KHVH�
HPSLULFDO� UHODWLRQVKLSV� SURYLGH� SUDFWLFDO� WRROV� IRU� SUHOLPLQDU\�
VLWH� LQYHVWLJDWLRQV�DQG� UDSLG� ILHOG� DVVHVVPHQWV��7DEOH���SUHVHQWV�
VHOHFWHG� HPSLULFDO� FRUUHODWLRQV� EHWZHHQ� 8&6�� ,ႊၺၵ�� DQG� 51� DV�
UHSRUWHG�LQ�ZLGHO\�FLWHG�URFN�PHFKDQLFV�VWXGLHV��7KHVH�HTXDWLRQV�
DUH� IUHTXHQWO\� XVHG� LQ� HQJLQHHULQJ� SUDFWLFH� IRU� SUHOLPLQDU\�
VWUHQJWK� HVWLPDWLRQ� $V� VKRZQ� LQ� 7DEOH� ��� WKH� 8&6±,ႊၺၵ�
UHODWLRQVKLS� LV� JHQHUDOO\� H[SUHVVHG� DV� D� OLQHDU� SURSRUWLRQDOLW\��
ZLWK� FRQYHUVLRQ� IDFWRUV� W\SLFDOO\� EHWZHHQ� ��� DQG� ��� IRU�
VHGLPHQWDU\� DQG� FDUERQDWH� URFNV�� ,Q� FRQWUDVW�� FRUUHODWLRQV�
EHWZHHQ� 8&6� DQG� 51� PD\� IROORZ� HLWKHU� OLQHDU� RU� QRQOLQHDU�
WUHQGV GHSHQGLQJ RQ OLWKRORJLFDO XQLIRUPLW\ DQG VXUIDFH�
FRQGLWLRQV��7KH� YDULDELOLW\�DPRQJ�HTXDWLRQV� UHIOHFWV� GLIIHUHQFHV�
LQ�VDPSOH�SUHSDUDWLRQ��WHVWLQJ�VWDQGDUGV��ZHDWKHULQJ�GHJUHH��DQG�
VWDWLVWLFDO�WUHDWPHQW��6R��DOWKRXJK�WKHVH�HPSLULFDO�PRGHOV�SURYLGH�
XVHIXO� SUHOLPLQDU\�HVWLPDWHV�� FDOLEUDWLRQ�XVLQJ� VLWH�VSHFLILF� GDWD�
LV�VWURQJO\�UHFRPPHQGHG�WR�LPSURYH�SUHGLFWLRQ�DFFXUDF\�

,,,� (1*,1((5,1*�*(2/2*<�2)�678',('�/2&$7,21�
$UDN�� WKH�FDSLWDO�FLW\�RI�0DUND]L�3URYLQFH� LQ�FHQWUDO� ,UDQ�� LV�

VWUDWHJLFDOO\� ORFDWHG� RQ� WKH� ,UDQLDQ� SODWHDX�� ZKHUH� GLYHUVH�
JHRORJLFDO�IRUPDWLRQV�LQWHUVHFW�ZLWK�VLJQLILFDQW�WHFWRQLF�DFWLYLWLHV�
�0DKPRRGL�HW�DO����������,WV�XUEDQ�ODQGVFDSH�LV�GHHSO\�LQIOXHQFHG�
E\� WKH� XQGHUO\LQJ�JHRORJ\��PDNLQJ� WKH� UHJLRQ�D� IRFDO� SRLQW� IRU�
ERWK�JHRORJLFDO�DQG�HQJLQHHULQJ�VWXGLHV��.KDQL�HW�DO����������7KH�
JHRORJLFDO�PDS�RI�WKH�VWXGLHG�UHJLRQ�KDV�EHHQ�SURYLGHG�LQ�)LJXUH�
��� 0RVWXIL� 0RXQWDLQ�� ORFDWHG� ZHVW� RI� $UDN�� UHSUHVHQWV� D�
SURPLQHQW� JHRORJLFDO� VWUXFWXUH� WKDW� SURYLGHV� YDOXDEOH� LQVLJKWV�
LQWR� WKH� VWUXFWXUDO� IUDPHZRUN� RI� WKH� UHJLRQ�� ,WV� WRSRJUDSK\�
UHIOHFWV� WKH� FRPELQHG� HIIHFWV� RI� WHFWRQLF� GHIRUPDWLRQ� DQG� ORQJ��
WHUP� VHGLPHQWDU\� HYROXWLRQ� LQ� FHQWUDO� ,UDQ� �%DEDDGDP� HW� DO���
�������7KH�FOLPDWLF�FRQGLWLRQV�LQ�$UDN�DQG�LWV�VXUURXQGLQJ�DUHDV�
DUH�W\SLFDOO\�FRQWLQHQWDO��7KH�FOLPDWH�LV�FKDUDFWHUL]HG�E\�KRW��GU\�
VXPPHUV�DQG�FROG�ZLQWHUV�ZLWK�RFFDVLRQDO�VQRZIDOO� �$VDNHUH�HW�
DO��� ������� 7KHVH� FOLPDWLF� YDULDWLRQV� VLJQLILFDQWO\� LQIOXHQFH� WKH�
ZHDWKHULQJ SURFHVVHV RI WKH H[SRVHG URFN IRUPDWLRQV��
SDUWLFXODUO\� DIIHFWLQJ� VHGLPHQWDU\� URFNV� VXFK� DV� OLPHVWRQH�
WKURXJK� WKHUPDO� H[SDQVLRQ� DQG� FRQWUDFWLRQ� DV�ZHOO� DV� FKHPLFDO�
ZHDWKHULQJ� �.DUDPSRRU� HW� DO��� ������� *HRORJLFDOO\�� WKH� UHJLRQ�
ERDVWV� D� FRPSOH[� KLVWRU\� FKDUDFWHUL]HG� E\� PXOWLSOH� SKDVHV� RI�
VHGLPHQWDWLRQ�� WHFWRQLF� XSOLIW�� DQG� HURVLRQ� �5DHLVL]DGHK� HW� DO���
������� 7KH� VWUDWLJUDSK\� RI� WKH� DUHD� LQFOXGHV� D� YDULHW\� RI�
VHGLPHQWDU\� URFNV� WKDW� UHFRUG� WKH� HYROXWLRQ� RI� DQFLHQW� PDULQH�
HQYLURQPHQWV�IROORZHG�E\�VXEVHTXHQW�WHFWRQLF�HYHQWV�DVVRFLDWHG�
ZLWK�WKH�FROOLVLRQ�RI�WKH�$UDELDQ�DQG�(XUDVLDQ�SODWHV��-DYLGIDNKU�
	�$KPDGLDQ���������(QJLQHHULQJ�JHRORJ\� LQ� WKH�$UDN�UHJLRQ� LV�
RI�SDUDPRXQW�LPSRUWDQFH�GXH�WR�WKH�LQKHUHQW�FKDOOHQJHV�SRVHG�E\�
LWV�JHRORJLFDO�VHWWLQJ��5DG�HW�DO����������7KH�DUHD¶V�URFN�PDVVHV�
DUH�RIWHQ�KLJKO\�MRLQWHG�DQG�IUDFWXUHG��ZKLFK�FDQ�OHDG�WR�LVVXHV�LQ�
FRQVWUXFWLRQ� DQG� VORSH� VWDELOLW\�� 7KLV� QHFHVVLWDWHV� WKRURXJK�
JHRWHFKQLFDO LQYHVWLJDWLRQV EHIRUH WKH GHYHORSPHQW RI�
LQIUDVWUXFWXUH� VXFK� DV� URDGV�� EXLOGLQJV�� DQG� WXQQHOV�� WR� HQVXUH�
VDIHW\� DQG� GXUDELOLW\� �5DHLVL]DGHK� HW� DO��� ������� 7KH� PDLQ�
JHRORJLFDO� IRUPDWLRQV� LQ� DQG� DURXQG� $UDN� LQFOXGH� H[WHQVLYH�
VHGLPHQWDU\� OD\HUV� WKDW� KDYH� EHHQ� XSOLIWHG� DQG� GHIRUPHG� RYHU�
WLPH� �-DYLGIDNKU� 	� $KPDGLDQ�� ������� $PRQJ� WKHVH�� OLPHVWRQH�
IRUPDWLRQV�DUH�SDUWLFXODUO\�VLJQLILFDQW��7KH\�KDYH�EHHQ�GHSRVLWHG�
LQ� DQFLHQW� VKDOORZ� PDULQH� HQYLURQPHQWV� DQG� ODWHU� VXEMHFWHG� WR�
WHFWRQLF� IRUFHV�� UHVXOWLQJ� LQ� WKH� FRPSOH[� VWUXFWXUHV� REVHUYHG�
WRGD\��5DG�HW�DO����������/LPHVWRQH�LQ�WKH�0RVWXIL�0RXQWDLQ�DUHD�
LV� ZLGHO\� GLVWULEXWHG� DQG� H[KLELWV� FRQVLGHUDEOH� YDULDELOLW\� LQ�
WH[WXUH� FHPHQWDWLRQ� DQG SRURVLW\� UDQJLQJ IURP KLJKO\�
FU\VWDOOLQH� DQG ZHOO�FHPHQWHG� XQLWV WR PRUH� SRURXV DQG�
ZHDWKHUHG� YDULHWLHV�� 7KLV� KHWHURJHQHLW\� VLJQLILFDQWO\� LQIOXHQFHV�
LWV PHFKDQLFDO EHKDYLRU DQG VXLWDELOLW\ IRU FRQVWUXFWLRQ�
DSSOLFDWLRQV��%DEDDGDP�HW�DO����������7KH�HQJLQHHULQJ�SURSHUWLHV�
RI� WKH� ORFDO� OLPHVWRQH� DUH� FORVHO\� H[DPLQHG� WKURXJK� YDULRXV�
JHRWHFKQLFDO� WHVWV�� DV� LWV� VWUHQJWK� DQG� GXUDELOLW\� DUH� FULWLFDO� IRU�
WKH VWDELOLW\ RI QDWXUDO VORSHV DQG PDQ�PDGH VWUXFWXUHV�
�3RXUKDVKHPL�HW�DO����������,VVXHV�VXFK�DV�MRLQWLQJ��ILVVXULQJ��DQG�
NDUVWLILFDWLRQ� LQ� WKH� OLPHVWRQH� FDQ� OHDG� WR� FKDOOHQJHV� LQ�
IRXQGDWLRQ�GHVLJQ�DQG�VORSH�UHLQIRUFHPHQW��PDNLQJ�LW�HVVHQWLDO�WR�
XQGHUVWDQG�WKHVH�IDFWRUV�LQ�GHWDLO��&RQWUHUDV�HW�DO����������)URP�D�
JHRORJLFDO�SHUVSHFWLYH��OLPHVWRQH�IRUPDWLRQV�DOVR�RIIHU�D�ZLQGRZ�
LQWR� WKH� SDOHRHQYLURQPHQWDO� FRQGLWLRQV� WKDW� SUHYDLOHG� GXULQJ�
WKHLU� GHSRVLWLRQ� �5DG� HW� DO��� ������� )LJXUH� �� LOOXVWUDWHV� WKH�
HOHYDWLRQ�YDULDWLRQV�ZLWKLQ�WKH�VWXG\�DUHD�
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Table 2�7KH�VHYHUDO�IX]]\�UXOHV�LQ�5,�PRGHOLQJ
$XWKRU�V��<HDU 5RFN�7\SH (PSLULFDO�5HODWLRQVKLS 5ð /LPLWDWLRQV
%URFK�	�)UDQNOLQ������� 9DULRXV�URFNV 8&6� ����î�,ႊၺၵ � *HQHUDOL]HG��VLWH�VSHFLILF�FDOLEUDWLRQ�UHTXLUHG�
%LHQLDZVNL������� 6HGLPHQWDU\ 8&6�§����±����î�,ႊၺၵ � 3URYLGHV�D�UDQJH�IDFWRU�UDWKHU�WKDQ�UHJUHVVLRQ�

URFNV HTXDWLRQ�
.DKUDPDQ������� &DUERQDWH�URFNV 8&6� ������51�í���� ���� 6HQVLWLYH� WR� VXUIDFH� FRQGLWLRQ� DQG� KDPPHU�

RULHQWDWLRQ�
6KDUPD�	�6LQJK������� 4XDUW]LWH 8&6� ������,V����������� ���� 9DOLG�IRU�LQWDFW�TXDUW]LWH�
<DJL]������� /LPHVWRQH 8&6� ������51�í��� ���� 9DOLG�PDLQO\�IRU�LQWDFW�OLPHVWRQH�VDPSOHV�
'LDPDQWLV�HW�DO�������� &DUERQDWH�URFNV 8&6� ������51ïāၭ ���� 1RQOLQHDU�PRGHO��ORZ�DFFXUDF\�IRU�ZHDWKHUHG�

VDPSOHV�
0LVKUD�	�%DVX������� 6DQGVWRQH 8&6� ������51�í����� ���� :HDWKHULQJ�DIIHFWV�51�
7DQGRQ�	�*XSWD������� *UDQLWRLG�URFNV 8&6� �������,ႊၺၵ������� ���� 5HTXLUHV�,V�VWDQGDUGL]DWLRQ�
.DOOX�	�5RJKDQFKL������� /LPHVWRQH 8&6� ������51�í����� ���� 6PDOO�GDWDVHW�
6KDKUL�HW�DO�������� 0DUOVWRQH 8&6� ��������OQ�,ႊၺၵ��������� ���� 9DOLG�IRU�,UDQLDQ�PDUOVWRQH�GDWDVHW�

8&6� ��������,ႊၺၵ��������� ����
$]DUDI]D�HW�DO�������� 0DUOVWRQH 8&6� ������51 ���� 9DOLG�IRU�,UDQLDQ�PDUOVWRQH�GDWDVHW�

8&6� ������51�í����� ���� 6FKPLGW�KDPPHU�FRQGLWLRQ�VHQVLWLYH
����

Fig. 1�*HRORJLFDO�PDS�RI�VWXGLHG�DUHD��%DEDDGDP�HW�DO��������

,9� 0$7(5,$/6�$1'�0(7+2'6�

7KH� FRPSUHKHQVLYH� PHWKRGRORJ\� LQWHJUDWHV� ERWK� GLUHFW� DQG�
LQGLUHFW� WHVWLQJ� PHWKRGV� WR� DVVHVV� WKH� PHFKDQLFDO� SURSHUWLHV� RI�
OLPHVWRQH� LQ�0RVWXIL�0RXQWDLQ�� %\� FRPELQLQJ� WKH� GLUHFW� 8&6�
WHVWV� LQ� OLQH� ZLWK� $670�'�����ZLWK� LQGLUHFW� WHVWV� VXFK� DV� WKH�
SRLQW� ORDG� WHVW� DV� SHU� ,650� JXLGHOLQHV� �8OXVD\�� ������ DQG� WKH�
6FKPLGW�KDPPHU�WHVW��WKH�VWXG\�DLPV�WR�GHYHORS�UREXVW�HPSLULFDO�
FRUUHODWLRQV�� 7KH� 8&6� WHVW� LV� RQH� RI� WKH� PRVW� ZLGHO\� XVHG�
ODERUDWRU\�PHWKRGV�IRU�GHWHUPLQLQJ�WKH�VWUHQJWK�DQG�GHIRUPDWLRQ

FKDUDFWHULVWLFV�RI�LQWDFW�URFN�VSHFLPHQV��%DUKDP�HW�DO����������,Q�
WKLV� WHVW�� DQ� D[LDO� FRPSUHVVLYH� ORDG� LV� DSSOLHG� WR� D� F\OLQGULFDO�
VSHFLPHQ�XQWLO�IDLOXUH��DQG�WKH�8&6�LV�FDOFXODWHG�E\�GLYLGLQJ�WKH�
SHDN�IDLOXUH�ORDG�E\�WKH�VSHFLPHQ¶V�FURVV�VHFWLRQDO�DUHD��6RQPH]�
HW� DO��� �������3ULRU� WR� WHVWLQJ�� URFN�VSHFLPHQV�PXVW�EH�FDUHIXOO\�
SUHSDUHG�WR�PHHW�VWDQGDUG�GLPHQVLRQV��W\SLFDOO\�ZLWK�D�OHQJWK�WR��
GLDPHWHU� UDWLR� RI� ����� 7KH� HQG� VXUIDFHV� RI� WKH� VSHFLPHQ� DUH�
JURXQG RU FXW WR HQVXUH SDUDOOHOLVP� PLQLPL]LQJ VWUHVV�
FRQFHQWUDWLRQ�HIIHFWV� �8OXVD\�� �������'XULQJ� WHVWLQJ�� VSHFLPHQV�
ZHUH� SRVLWLRQHG� EHWZHHQ� WKH� ORDGLQJ� SODWHQV� RI� D� XQLD[LDO�
FRPSUHVVLRQ�PDFKLQH��DQG�D[LDO�ORDG�ZDV�DSSOLHG�DW�D�FRQWUROOHG
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VWUDLQ� UDWH� XQWLO� IDLOXUH� RFFXUUHG�� 7KH� PDFKLQH� UHFRUGV� DSSOLHG�
VWUHVV� DQG� VWUDLQ� WKURXJKRXW� WKH� SURFHVV�� DOORZLQJ� IRU� WKH�
FDOFXODWLRQ�RI�HODVWLF�PRGXOXV�DQG�3RLVVRQ¶V�UDWLR�LI�VWUDLQ�JDXJHV�
DUH� XVHG� �0RJL�� �������8&6� WHVWV� DUH� FRQGXFWHG� LQ� DFFRUGDQFH�
ZLWK�$670�'������ZKLFK�GHILQHV�WKH�SURFHGXUHV�IRU�PHDVXULQJ�
FRPSUHVVLYH� VWUHQJWK� DQG� HODVWLF� SURSHUWLHV� RI� LQWDFW� URFN� FRUH�
VSHFLPHQV��

7KH� SRLQW� ORDG� WHVW� LV� DQ� LQGLUHFW�PHWKRG� IRU� HVWLPDWLQJ� WKH�
FRPSUHVVLYH� VWUHQJWK� RI� URFN� VDPSOHV�� ZLGHO\� XVHG� GXH� WR� LWV�
VLPSOLFLW\��FRVW�HIIHFWLYHQHVV��DQG�DELOLW\�WR�EH�SHUIRUPHG�ERWK�LQ�
WKH�ILHOG�DQG�LQ�WKH�ODERUDWRU\��/L�HW�DO����������7KH�WHVW�LQYROYHV�
DSSO\LQJ�D�FRQFHQWUDWHG�ORDG�WKURXJK�WZR�FRQLFDO�SODWHV�XQWLO�WKH�
URFN� VDPSOH� IDLOV� �.RKQR�	�0DHGD�� �������7KH� UHVXOWLQJ� SRLQW�
ORDG� LQGH[� LV� WKHQ� FRUUHODWHG� ZLWK� 8&6� YDOXHV�� DOORZLQJ�
HQJLQHHUV� WR� HVWLPDWH� URFN� VWUHQJWK� ZLWKRXW� FRQGXFWLQJ� D� IXOO��
VFDOH� 8&6� WHVW�� $� VFKHPDWLF� UHSUHVHQWDWLRQ� RI� WKH� SRLQW� ORDG�
WHVWLQJ�FRQILJXUDWLRQ�XVHG�LQ� WKLV�VWXG\�LV�SUHVHQWHG�LQ�)LJXUH����
,Q�WKH� ODERUDWRU\��SRLQW�ORDG� WHVWV�DUH�SHUIRUPHG�RQ�FRUH��EORFN��
RU�LUUHJXODU�URFN�VDPSOHV��;LH�HW�DO����������7KH�URFN�VSHFLPHQ�LV�
SRVLWLRQHG� EHWZHHQ� WKH� SODWHV�� HQVXULQJ� WKDW� WKH� ORDG� LV� DSSOLHG�
DORQJ� D� VSHFLILF� D[LV�� HLWKHU� GLDPHWULFDOO\� RU� D[LDOO\� �*KRVK� 	�
6ULYDVWDYD�� ������� $V� WKH� ORDG� LQFUHDVHV�� WKH� URFN� HYHQWXDOO\�
IUDFWXUHV� DORQJ� LWV� ZHDNHVW� SODQH�� 7KH� IDLOXUH� ORDG� LV� UHFRUGHG��
DQG� WKH� SRLQW� ORDG� VWUHQJWK� LQGH[� LV� FDOFXODWHG� XVLQJ� D�
VWDQGDUGL]HG IRUPXOD WKDW DFFRXQWV IRU WKH VSHFLPHQ¶V�
GLPHQVLRQV��/L�	�:RQJ���������7KH�SRLQW� ORDG� WHVW� IROORZV�WKH�
,650 VXJJHVWHG PHWKRGV� ZKLFK SURYLGH JXLGHOLQHV IRU�
VSHFLPHQ� VHOHFWLRQ�� WHVW� H[HFXWLRQ�� DQG� GDWD� LQWHUSUHWDWLRQ�
�8OXVD\� ������� 7KH UHVXOWV� REWDLQHG� IURP� WKLV� WHVW� DUH�
SDUWLFXODUO\� XVHIXO� ZKHQ� 8&6� YDOXHV� DUH� XQDYDLODEOH� RU� ZKHQ�
UDSLG� DVVHVVPHQWV� RI� URFN� VWUHQJWK� DUH� UHTXLUHG� �%DVX� HW� DO���
�������'XH�WR�LWV�HIILFLHQF\��WKH�SRLQW�ORDG�WHVW�LV�RIWHQ�XVHG�IRU�
SUHOLPLQDU\� VLWH� LQYHVWLJDWLRQV�� URFN� FODVVLILFDWLRQ�� DQG� VWDELOLW\�
DVVHVVPHQWV� LQ� HQJLQHHULQJ� JHRORJ\� SURMHFWV� �%DVX�	� .DPUDQ��
�������7KH� 6FKPLGW� KDPPHU� WHVW�ZDV� SHUIRUPHG� LQ� DFFRUGDQFH�
ZLWK� ,650� UHFRPPHQGDWLRQV�� DQG� UHERXQG� QXPEHUV� ZHUH�
UHFRUGHG IURP� IUHVKO\� H[SRVHG�� VPRRWK� URFN� VXUIDFHV� WR�
PLQLPL]H� PHDVXUHPHQW� ELDV�� 0XOWLSOH� UHDGLQJV� ZHUH� WDNHQ� DW�
HDFK� WHVW� ORFDWLRQ�� DQG� WKH� DYHUDJH� UHERXQG� YDOXH�ZDV� XVHG� IRU�
VXEVHTXHQW� FRUUHODWLRQ� DQDO\VLV�� 7KLV� PHWKRG� SURYLGHV� D� UDSLG�
DQG QRQ�GHVWUXFWLYH PHDQV RI HVWLPDWLQJ URFN VWUHQJWK��
SDUWLFXODUO\� VXLWDEOH� IRU� ILHOG�EDVHG� LQYHVWLJDWLRQV� �1D]LU� HW� DO���
�������

7KH� 6FKPLGW� KDPPHU� RSHUDWHV� XVLQJ� D� VSULQJ�ORDGHG� PDVV�
WKDW� GHOLYHUV� D� VWDQGDUGL]HG� LPSDFW� WR� WKH� URFN� VXUIDFH�� DQG� WKH�
UHVXOWLQJ� 51� UHIOHFWV VXUIDFH� KDUGQHVV� DQG UHVLVWDQFH� WR�
GHIRUPDWLRQ��.DUDPDQ�	�.HVLPDO��������8OXVD\���������2ZLQJ�
WR�LWV�UDSLG�DQG�QRQ�GHVWUXFWLYH�QDWXUH��WKH�WHVW�LV�ZLGHO\�DSSOLHG�
LQ�LQ�VLWX�URFN�VWUHQJWK�DVVHVVPHQWV��$\GLQ�	�%DVX���������3ULRU�
WR� WHVWLQJ�� URFN� VXUIDFHV�ZHUH� FOHDQHG� WR� UHPRYH� ORRVH�SDUWLFOHV�
DQG� ZHDWKHUHG� PDWHULDO� LQ� RUGHU� WR� HQVXUH� UHSUHVHQWDWLYH�
PHDVXUHPHQWV� �-DPVKLGL� HW� DO��� ������ $]DUDI]D� HW� DO��� �������
'XULQJ�WKH�WHVW��WKH�6FKPLGW�KDPPHU�LV�KHOG�SHUSHQGLFXODU�WR�WKH�
URFN�VXUIDFH��DQG�D� VHULHV�RI� LPSDFWV�DUH�DGPLQLVWHUHG� WR�REWDLQ�
PXOWLSOH�UHERXQG�YDOXHV��7KLV�UHSHDWHG�LPSDFW�SURFHGXUH�KHOSV�LQ�
DYHUDJLQJ�RXW�ORFDO�KHWHURJHQHLWLHV�LQ�WKH�URFN��WKHUHE\�\LHOGLQJ�D�
UHOLDEOH�LQGH[�RI�VXUIDFH�KDUGQHVV��%X\XNVDJLV�	�*RNWDQ��������

Fig. 2�(OHYDWLRQ�YDULDWLRQ�RI�VWXGLHG�UHJLRQ�
�%DEDDGDP�HW�DO��������

Fig. 3�$�VFKHPDWLF�YLHZ�RI�D�SRLQW�ORDG�WHVW�
�.RKQR�	�0DHGD��������

$IWHU�GDWD�DFTXLVLWLRQ�� VWDWLVWLFDO�DQDO\VHV�ZHUH�SHUIRUPHG� WR�
GHWHUPLQH� WKH� PHDQ� DQG� VWDQGDUG� GHYLDWLRQ� RI� UHERXQG� YDOXHV��
7KH� DYHUDJHG� 51� YDOXHV� ZHUH� WKHQ� FRUUHODWHG� ZLWK� ODERUDWRU\��
PHDVXUHG�8&6� UHVXOWV�XVLQJ� UHJUHVVLRQ�DQDO\VLV��7KH�SUHGLFWLYH�
SHUIRUPDQFH�RI�WKH�GHYHORSHG�PRGHOV�ZDV�HYDOXDWHG�EDVHG�RQ�WKH�
5ð��7KLV�FRUUHODWLRQ�DOORZV� WKH�6FKPLGW�KDPPHU� WHVW� WR�EH�XVHG�
DV� D� SUHGLFWLYH� WRRO� IRU� HVWLPDWLQJ� WKH�8&6� LQ� ILHOG� FRQGLWLRQV��
ZKHUH SHUIRUPLQJ IXOO�VFDOH FRPSUHVVLYH WHVWV PD\ EH�
LPSUDFWLFDO� GXH� WR� FRVW� RU� WLPH� FRQVWUDLQWV�� 7KH� WHVW� SURFHGXUH�
VSHFLILHV�WKH�PLQLPXP�QXPEHU�RI�LPSDFWV�SHU�VLWH�DQG�SUHVFULEHV�
FRUUHFWLYH�PHDVXUHV�IRU�YDULDWLRQV�LQ�VXUIDFH�FRQGLWLRQV�
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)ROORZLQJ�VDPSOH�FROOHFWLRQ�ZLWKLQ�WKH�VWXG\�DUHD�DQG�LQLWLDO�
VSHFLPHQ�SUHSDUDWLRQ��HDFK�VDPSOH�ZDV�V\VWHPDWLFDOO\�QXPEHUHG��
DQG� LWV� JHRJUDSKLF� ORFDWLRQ� UHFRUGHG� IRU� VXEVHTXHQW� VSDWLDO�
DQDO\VLV�� 7KH� PDMRULW\� RI� WKH� VSHFLPHQV� ZHUH� FROOHFWHG� IURP�
0RVWXIL�0RXQWDLQ�� ORFDWHG�ZHVW�RI�$UDN�&LW\��)LJXUH�����'LUHFW�
ODERUDWRU\� WHVWV�� LQFOXGLQJ� 8&6� DQG� SRLQW� ORDG� WHVWV�� ZHUH�
FRQGXFWHG�XQGHU�FRQWUROOHG�FRQGLWLRQV�WR�PLQLPL]H�WKH�LQIOXHQFH�
RI� HQYLURQPHQWDO� YDULDEOHV�� ,Q� SDUDOOHO�� 6FKPLGW� KDPPHU� WHVWV�
ZHUH�SHUIRUPHG� WR�REWDLQ�FRPSOHPHQWDU\� VXUIDFH�KDUGQHVV�GDWD�
IRU� FRUUHODWLRQ� DQDO\VLV�� 7KH� SRLQW� ORDG� VWUHQJWK� LQGH[� YDOXHV�
ZHUH�QRUPDOL]HG�WR�D�UHIHUHQFH�GLDPHWHU�RI����PP��,ႊၺၵ��DV�,650�
UHFRPPHQGDWLRQV� WR� HQVXUH� FRQVLVWHQF\� DQG� FRPSDUDELOLW\��
/RDGLQJ� UDWHV� LQ� 8&6� WHVWV� ZHUH� PDLQWDLQHG� ZLWKLQ� WKH� OLPLWV�
SUHVFULEHG� E\� $670� '����� WR� JXDUDQWHH� XQLIRUP� VWUHVV�
DSSOLFDWLRQ�� 3ULRU� WR� UHJUHVVLRQ� PRGHOLQJ�� WKH� GDWDVHW� ZDV�
VFUHHQHG� IRU� RXWOLHUV� DQG� HYDOXDWHG� IRU� QRUPDOLW\� WR� HQKDQFH�
VWDWLVWLFDO� UREXVWQHVV�� %RWK� OLQHDU� DQG� QRQOLQHDU� UHJUHVVLRQ�
PRGHOV� ZHUH� H[DPLQHG�� DQG� WKHLU� SUHGLFWLYH� SHUIRUPDQFH� ZDV�
DVVHVVHG�XVLQJ�DSSURSULDWH�JRRGQHVV�RI�ILW� LQGLFDWRUV��7R�IXUWKHU�
LPSURYH�GDWD�UHOLDELOLW\��UHSHDWHG�PHDVXUHPHQWV�ZHUH�FDUULHG�RXW�
IRU� VHOHFWHG� VSHFLPHQV� WR� HYDOXDWH� WHVW� UHSHDWDELOLW\� DQG�
PHDVXUHPHQW�FRQVLVWHQF\��

,Q� WKH� FDVH� RI� 6FKPLGW� KDPPHU� WHVWLQJ�� PXOWLSOH� UHERXQG�
UHDGLQJV� ZHUH� REWDLQHG� DW� HDFK� ORFDWLRQ�� DQG� VWDWLVWLFDOO\�
LQFRQVLVWHQW� YDOXHV� ZHUH� H[FOXGHG� EDVHG� RQ� VWDQGDUG� GHYLDWLRQ�
WKUHVKROGV�� 6LPLODUO\�� SRLQW� ORDG� WHVWV� ZHUH� SHUIRUPHG� DORQJ�
GLIIHUHQW ORDGLQJ� RULHQWDWLRQV ZKHUH DSSOLFDEOH WR UHGXFH�
DQLVRWURS\ HIIHFWV DVVRFLDWHG ZLWK EHGGLQJ SODQHV DQG�
GLVFRQWLQXLWLHV��7KLV�DSSURDFK�PLQLPL]HG�UDQGRP�YDULDELOLW\�DQG�
LPSURYHG� WKH� UHSUHVHQWDWLYHQHVV�RI� WKH�GHULYHG� VWUHQJWK� LQGLFHV��
,Q�DGGLWLRQ��HIIRUWV�ZHUH�PDGH�WR�HQVXUH�WKDW�VSHFLPHQ�VHOHFWLRQ�
DGHTXDWHO\�UHSUHVHQWHG�WKH�OLWKRORJLFDO�YDULDELOLW\�REVHUYHG�LQ�WKH�
ILHOG�� 6DPSOHV� ZHUH� FROOHFWHG� IURP� GLIIHUHQW� HOHYDWLRQV� DQG�
VWUXFWXUDO� FRQGLWLRQV� ZLWKLQ� WKH� VWXG\� DUHD� WR� FDSWXUH� SRWHQWLDO�
YDULDWLRQV� LQ� ZHDWKHULQJ� LQWHQVLW\�� MRLQW� GHQVLW\�� DQG� WH[WXUDO�
FKDUDFWHULVWLFV�� 7KLV� V\VWHPDWLF� VDPSOLQJ� VWUDWHJ\� HQKDQFHG� WKH�
UREXVWQHVV�RI�WKH�VWDWLVWLFDO�FRUUHODWLRQV�E\�LQFRUSRUDWLQJ�D�EURDG�
UDQJH� RI� PHFKDQLFDO� UHVSRQVHV�� &RQVHTXHQWO\�� WKH� GHYHORSHG�
HPSLULFDO� UHODWLRQVKLSV� UHIOHFW� QRW� RQO\� ODERUDWRU\�FRQWUROOHG�
EHKDYLRU� EXW� DOVR� WKH� LQKHUHQW� KHWHURJHQHLW\� RI� OLPHVWRQH�
IRUPDWLRQV� LQ� WKH� UHJLRQ�� 7R� HQVXUH� GDWD� UHOLDELOLW\�� DOO� WHVWLQJ�
HTXLSPHQW�� LQFOXGLQJ� WKH� FRPSUHVVLRQ� PDFKLQH�� SRLQW� ORDG�
DSSDUDWXV�� DQG� 6FKPLGW� KDPPHU�� ZDV� FDOLEUDWHG� DFFRUGLQJ� WR�
HVWDEOLVKHG�VWDQGDUGV�SULRU�WR�WKH�H[SHULPHQWDO�SURJUDP��3HULRGLF�
YHULILFDWLRQ�FKHFNV�ZHUH�FDUULHG�RXW�WKURXJKRXW�WKH�WHVWLQJ�SKDVH�
WR UHGXFH V\VWHPDWLF HUURUV DQG PDLQWDLQ PHDVXUHPHQW�
FRQVLVWHQF\��

9� 5(68/76�$1'�',6&866,21�

7KH� H[SHULPHQWDO� LQYHVWLJDWLRQ� RI� OLPHVWRQH� VDPSOHV� IURP�
0RVWXIL�0RXQWDLQ�� $UDN�� \LHOGHG� VLJQLILFDQW� LQVLJKWV� LQWR� WKHLU�
PHFKDQLFDO�SURSHUWLHV��SDUWLFXODUO\�WKHLU�8&6��,V��DQG�51�YDOXHV��
7KH� LQWHJUDWLRQ�RI� WKHVH�PHWKRGV� DOORZHG� IRU� WKH� HVWDEOLVKPHQW�
RI� HPSLULFDO� FRUUHODWLRQV� WKDW� HQKDQFH� WKH� UHOLDELOLW\� RI� LQGLUHFW�
VWUHQJWK� HVWLPDWLRQ� WHFKQLTXHV�� 7KH� UHVXOWV� GHPRQVWUDWH� WKH�
YDULDWLRQV� LQ� VWUHQJWK� FKDUDFWHULVWLFV� GXH� WR� LQKHUHQW� JHRORJLFDO�
IDFWRUV� VXFK� DV� SRURVLW\�� PLQHUDO� FRPSRVLWLRQ�� DQG� VWUXFWXUDO�
GLVFRQWLQXLWLHV�� 7KH� 8&6� WHVW� UHVXOWV�� SUHVHQWHG� LQ� 7DEOH� ��

LQGLFDWH� D� UDQJH� RI� FRPSUHVVLYH� VWUHQJWK� YDOXHV� IRU� WKH� WHVWHG�
OLPHVWRQH�VDPSOHV��7KH�REVHUYHG�YDULDWLRQV�FDQ�EH�DWWULEXWHG� WR�
GLIIHUHQFHV� LQ� VDPSOH� GHQVLW\�� FHPHQWDWLRQ�� DQG� PLFURFUDFN�
GLVWULEXWLRQ�� +LJKHU� 8&6� YDOXHV� FRUUHVSRQG� WR� ZHOO�FHPHQWHG��
ORZ�SRURVLW\� VDPSOHV�� ZKHUHDV� ORZHU�8&6� YDOXHV� DUH� OLQNHG� WR�
ZHDWKHUHG� DQG� IUDFWXUHG� VSHFLPHQV�� 7KH� VWDQGDUG� GHYLDWLRQ� RI�
8&6�YDOXHV� UHIOHFWV� WKH� QDWXUDO�KHWHURJHQHLW\�RI� WKH� URFN�PDVV��
ZKLFK�LV�D�FUXFLDO�IDFWRU�LQ�HQJLQHHULQJ�DSSOLFDWLRQV��

7KH�SRLQW�ORDG�VWUHQJWK�WHVW�UHVXOWV��VKRZQ�LQ�7DEOH����UHYHDO�D�
VWURQJ� FRUUHODWLRQ� ZLWK� 8&6� YDOXHV�� $V� H[SHFWHG�� VDPSOHV�
H[KLELWLQJ� KLJK� 8&6� YDOXHV� DOVR� UHFRUGHG� KLJK� ,V� YDOXHV�� 7KLV�
FRUUHODWLRQ� DOORZV� IRU� 8&6� HVWLPDWLRQ� XVLQJ� SRLQW� ORDG� WHVW�
UHVXOWV��SDUWLFXODUO\�LQ�ILHOG�FRQGLWLRQV�ZKHUH�GLUHFW�8&6�WHVWLQJ�
LV� LPSUDFWLFDO�� 7KH� ,650� FRQYHUVLRQ� IDFWRU� ZDV� DSSOLHG� WR�
HVWLPDWH�8&6� IURP� ,V�� UHLQIRUFLQJ� WKH� UHOLDELOLW\�RI� WKLV� LQGLUHFW�
PHWKRG�� $GGLWLRQDOO\�� WKH� 6FKPLGW� KDPPHU� UHERXQG� YDOXHV�
SURYLGH� D� UDSLG� DVVHVVPHQW� RI� VXUIDFH� KDUGQHVV�� ZKLFK� LV�
LQGLUHFWO\�UHODWHG�WR�FRPSUHVVLYH�VWUHQJWK��7KH�UHVXOWV�LQ�7DEOH���
LQGLFDWH� YDULDWLRQV� LQ� UHERXQG� YDOXHV� DFURVV� GLIIHUHQW� VDPSOHV��
7KHVH� YDULDWLRQV� DUH� LQIOXHQFHG� E\� IDFWRUV� VXFK� DV� ZHDWKHU��
PRLVWXUH� FRQWHQW�� DQG� PLFURIUDFWXUHV�� 7KH� REVHUYHG� WUHQGV�
VXJJHVW� WKDW� 6FKPLGW� KDPPHU� WHVWV� FDQ� VHUYH� DV� D� UHOLDEOH�
SUHOLPLQDU\� DVVHVVPHQW� WRRO� IRU� 8&6� HVWLPDWLRQ� LQ� OLPHVWRQH�
IRUPDWLRQV��$�FRPSDUDWLYH�DQDO\VLV�RI�WKH� WKUHH�WHVWLQJ�PHWKRGV�
LV� SUHVHQWHG� LQ� 7DEOH� ��� GHPRQVWUDWLQJ� WKH� UHODWLRQVKLSV� DPRQJ�
8&6�� ,V�� DQG� 51�� 7KH� WUHQGV� LQGLFDWH� WKDW� ZKLOH� GLUHFW� 8&6�
WHVWLQJ� UHPDLQV� WKH� PRVW� DFFXUDWH� PHWKRG�� SRLQW� ORDG� DQG�
6FKPLGW� KDPPHU� WHVWV� SURYLGH� YDOXDEOH� LQGLUHFW� HVWLPDWHV��
SDUWLFXODUO\� IRU� SUHOLPLQDU\� VLWH� DVVHVVPHQWV� DQG� UDSLG� VWUHQJWK�
HYDOXDWLRQV��

7KH� FRPSDUDWLYH� WDEOH� KLJKOLJKWV� WKH� FRQVLVWHQF\� EHWZHHQ�
GLUHFW� DQG� LQGLUHFW� WHVWLQJ� PHWKRGV�� $OWKRXJK� VOLJKW� GHYLDWLRQV�
H[LVW� GXH� WR� VDPSOH� KHWHURJHQHLW\� DQG� LQKHUHQW� WHVW� OLPLWDWLRQV��
WKH�RYHUDOO�FRUUHODWLRQ�LV�VWURQJ��7KH�HVWLPDWHG�8&6�YDOXHV�IURP�
ERWK� ,V� DQG� 51� WHVWV� DOLJQ� FORVHO\� ZLWK� WKH� GLUHFWO\� PHDVXUHG�
8&6� YDOXHV�� UHLQIRUFLQJ� WKH� YDOLGLW\� RI� WKHVH� LQGLUHFW� WHVWLQJ�
DSSURDFKHV�� 7KH� SUDFWLFDO� LPSOLFDWLRQV� RI� WKHVH� ILQGLQJV� DUH�
VLJQLILFDQW IRU JHRWHFKQLFDO HQJLQHHULQJ� DQG LQIUDVWUXFWXUH�
GHYHORSPHQW��7KH� DELOLW\� WR� HVWLPDWH�8&6�XVLQJ�SRLQW� ORDG� DQG�
6FKPLGW�KDPPHU�WHVWV�SURYLGHV�HQJLQHHUV�ZLWK�FRVW�HIIHFWLYH�DQG�
WLPH�HIILFLHQW�DOWHUQDWLYHV�WR�ODERUDWRU\�8&6�WHVWLQJ��

7KH� GDWD� SUHVHQWHG� LQ� WKHVH� WDEOHV� UHYHDO� LPSRUWDQW� LQVLJKWV�
LQWR� WKH� UHODWLRQVKLS� EHWZHHQ� GLIIHUHQW� URFN� VWUHQJWK� WHVWV� DQG�
WKHLU� DSSOLFDELOLW\� LQ� ILHOG� DQG� ODERUDWRU\� VHWWLQJV�� 7DEOH� ��
SURYLGHV� WKH� 8&6� YDOXHV� IRU� ��� OLPHVWRQH� VDPSOHV� WDNHQ� IURP�
0RVWXIL�0RXQWDLQ��ZLWK� YDOXHV� UDQJLQJ� IURP������03D� WR� �����
03D�� 7KHVH� UHVXOWV� SURYLGH� WKH� EDVHOLQH� IRU� XQGHUVWDQGLQJ� WKH�
VWUHQJWK�SURSHUWLHV�RI�WKH�OLPHVWRQH�LQ�WKH�UHJLRQ��RIIHULQJ�GLUHFW�
LQVLJKW�LQWR�WKH�URFN
V�UHVLVWDQFH�WR�D[LDO�FRPSUHVVLRQ��7KH�IDLOXUH�
PRGHV�REVHUYHG�LQ�WKH�8&6�WHVW�LQGLFDWH�WKDW�PRVW�RI�WKH�VDPSOHV�
IDLOHG� WKURXJK�D[LDO� VSOLWWLQJ�� D� FRPPRQ� IDLOXUH�PRGH� IRU� URFNV�
ZLWK�PRGHUDWH�WR�KLJK�FRKHVLRQ��,Q�7DEOH����WKH�,V� WHVW�UHVXOWV�IRU�
WKH� VDPH���� VDPSOHV�DUH�SUHVHQWHG��7KHVH� UHVXOWV� VKRZ�D� VWURQJ�
FRUUHODWLRQ� ZLWK� WKH� 8&6� GDWD�� DV� WKH� HVWLPDWHG� 8&6� YDOXHV�
EDVHG�RQ�,V�DUH�ZLWKLQ�D�UHDVRQDEOH�UDQJH�RI�WKH�GLUHFWO\�PHDVXUHG�
8&6�YDOXHV��)RU�LQVWDQFH��WKH�HVWLPDWHG�8&6�IURP�WKH�SRLQW�ORDG�
WHVW� IRU� 6DPSOH� 8&6��� LV� ����� 03D�� FORVHO\� PDWFKLQJ� WKH�
PHDVXUHG�8&6�RI������03D�
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Table 3�8&6�WHVW�UHVXOWV�RQ�VDPSOHV Table 3�&RQWLQXHG
6DPSOH�,' 8&6��03D� 'HQVLW\��J�FPñ� )DLOXUH�0RGH 6DPSOH�,' 8&6��03D� 'HQVLW\��J�FPñ� )DLOXUH�0RGH
8&6�� ���� ���� $[LDO�6SOLW�
8&6�� ���� ���� 6KHDU�)DLOXUH�
8&6�� ���� ���� $[LDO�6SOLW�
8&6�� ���� ���� 6KHDU�)DLOXUH�
8&6�� ���� ���� 6KHDU�)DLOXUH�
8&6�� ���� ���� $[LDO�6SOLW�
8&6�� ���� ���� $[LDO�6SOLW�
8&6�� ���� ���� $[LDO�6SOLW�
8&6�� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� 6KHDU�)DLOXUH

8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� 6KHDU�)DLOXUH�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� $[LDO�6SOLW�
8&6��� ���� ���� $[LDO�6SOLW

Table 4�3RLQW�ORDG�,QGH[��,V��WHVW�UHVXOWV�IRU�VHOHFWHG�VDPSOHV
6DPSOH�,' ,� �03D� 8&6 �03D� /RDG�2ULHQWDWLRQV (VWLPDWHG
3/7�� ��� ���� $[LDO�
3/7�� ��� ���� $[LDO�
3/7�� ��� ���� 'LDPHWUDO�
3/7�� ��� ���� $[LDO�
3/7�� ��� ���� 'LDPHWUDO�
3/7�� ��� ���� 'LDPHWUDO�
3/7�� ��� ���� $[LDO�
3/7�� ��� ���� $[LDO�
3/7�� ��� ���� 'LDPHWUDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� 'LDPHWUDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� 'LDPHWUDO�
3/7��� ��� ���� 'LDPHWUDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� 'LDPHWUDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� 'LDPHWUDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� 'LDPHWUDO�
3/7��� ��� ���� 'LDPHWUDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� 'LDPHWUDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� 'LDPHWUDO�
3/7��� ��� ���� 'LDPHWUDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� 'LDPHWUDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� 'LDPHWUDO�
3/7��� ��� ���� 'LDPHWUDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� 'LDPHWUDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� 'LDPHWUDO�
3/7��� ��� ���� $[LDO
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Table 4�&RQWLQXHG
6DPSOH�,' ,� �03D� 8&6 �03D� /RDG�2ULHQWDWLRQV (VWLPDWHG
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� 'LDPHWUDO�
3/7��� ��� ���� 'LDPHWUDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� 'LDPHWUDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� 'LDPHWUDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� 'LDPHWUDO�
3/7��� ��� ���� 'LDPHWUDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� 'LDPHWUDO�
3/7��� ��� ���� 'LDPHWUDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� 'LDPHWUDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� 'LDPHWUDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� $[LDO�
3/7��� ��� ���� $[LDO

7KLV� FRQILUPV� WKDW� WKH� SRLQW� ORDG� WHVW� LV� D� UHOLDEOH� DQG� FRVW��
HIIHFWLYH� PHWKRG� IRU� HVWLPDWLQJ� 8&6�� HVSHFLDOO\� ZKHQ� GLUHFW�
WHVWLQJ� LV� QRW� IHDVLEOH�� )LJXUH� �� FRQWDLQV� WKH� UHVXOWV� RI� WKH� 51�
WHVW��SHUIRUPHG�RQ�D�ODUJHU�VHW�RI�����VDPSOHV��:KLOH�WKH�6FKPLGW�
+DPPHU� LV� D� TXLFN�� QRQ�GHVWUXFWLYH� WHVW�� LWV� HVWLPDWHG� 8&6�
YDOXHV� DUH� JHQHUDOO\� ORZHU� WKDQ� WKRVH� REWDLQHG� IURP�8&6� DQG�
SRLQW�ORDG�WHVWV��7KLV�LV�FRQVLVWHQW�ZLWK�WKH�IDFW�WKDW�51�PHDVXUHV�
WKH�VXUIDFH�KDUGQHVV��ZKLFK�FDQ�EH�DIIHFWHG�E\�ZHDWKHU��PRLVWXUH��
DQG� VXUIDFH� URXJKQHVV�� )RU� H[DPSOH�� 6DPSOH� 5/�� KDV� D� ORZHU�
51�YDOXH� RI� ���� FRUUHVSRQGLQJ� WR� D� VOLJKWO\�ZHDWKHUHG� VXUIDFH��
ZKLFK�UHVXOWV�LQ�D�ORZHU�HVWLPDWHG�8&6�RI������03D�FRPSDUHG�WR�
WKH�GLUHFW�8&6�YDOXH�RI������03D��)LQDOO\��7DEOH���FRPSDUHV�WKH�
8&6�YDOXHV�IURP�DOO�WKUHH�PHWKRGV��8&6��,V��DQG�51��

7KH� UHVXOWV� VKRZ� WKDW� GLUHFW� 8&6� WHVWLQJ� SURYLGHV� WKH� PRVW�
DFFXUDWH� VWUHQJWK� PHDVXUHPHQWV�� ZKLOH� SRLQW� ORDG� DQG� 6FKPLGW�
KDPPHU� WHVWV� \LHOG� FRQVLVWHQW� LQGLUHFW� HVWLPDWHV� ZLWKLQ� DQ�
DFFHSWDEOH� UDQJH� RI� YDULDWLRQ�� $OWKRXJK� 8&6� UHPDLQV� WKH�
UHIHUHQFH PHWKRG� WKH LQGLUHFW DSSURDFKHV RIIHU SUDFWLFDO�
DOWHUQDWLYHV IRU SUHOLPLQDU\ HYDOXDWLRQ DQG ILHOG�EDVHG�
DSSOLFDWLRQV� LQ� OLPHVWRQH� IRUPDWLRQV�� 7KH� GLIIHUHQFHV� REVHUYHG�
EHWZHHQ�PHDVXUHG�DQG�HVWLPDWHG�YDOXHV�DUH�SULPDULO\�DWWULEXWHG�
WR�URFN�KHWHURJHQHLW\�DQG�VXUIDFH�FRQGLWLRQ�HIIHFWV��

'HVFULSWLYH�VWDWLVWLFV�RI�WKH�8&6�GDWDVHW� LQGLFDWH�D�UHODWLYHO\�
FRQVWUDLQHG� VWUHQJWK� GLVWULEXWLRQ� IRU� WKH� WHVWHG� OLPHVWRQH�� 8&6�
YDOXHV�UDQJH�IURP������WR������03D��ZLWK�D�PHDQ�RI�������03D�
DQG� D� VWDQGDUG� GHYLDWLRQ�RI������03D� �Q� � �����7KH� IUHTXHQF\�
GLVWULEXWLRQ�RI�8&6�YDOXHV�LV�LOOXVWUDWHG�LQ�)LJXUH����VKRZLQJ�WKDW�
PRVW� VSHFLPHQV� FOXVWHU� DURXQG� WKH� PLG�UDQJH� RI� WKH� PHDVXUHG�
VWUHQJWKV��FRQVLVWHQW�ZLWK�WKH� OLPLWHG�YDULDELOLW\�REVHUYHG�DFURVV�
WKH� VDPSOHG� IRUPDWLRQ�� ,Q� DGGLWLRQ� WR� VWUHQJWK� YDULDELOLW\�� WKH�
UHODWLRQVKLS� EHWZHHQ�8&6� DQG� GHQVLW\�ZDV� HYDOXDWHG� XVLQJ� WKH�
ODERUDWRU\�PHDVXUHPHQWV�SURYLGHG�LQ�7DEOH���

Fig. 4�6FKPLGW�KDPPHU�KDUGQHVV�LQGH[�WHVW�UHVXOWV�IRU�VWXGLHG�
DUHD

'HQVLW\�YDOXHV�YDU\�IURP������ WR������J�FPñ� �PHDQ� �������
J�FPñ��� DQG� D� SRVLWLYH� WUHQG� LV� REVHUYHG� EHWZHHQ� 8&6� DQG�
GHQVLW\��/LQHDU�UHJUHVVLRQ�\LHOGV�WKH�IROORZLQJ�UHODWLRQVKLS�

rUCS� = -���������+�������� ���

ZKHUH�ȡ� LV�GHQVLW\�LQ�J�FPñ��7KH�FRUUHVSRQGLQJ�JRRGQHVV�RI�
ILW� LV� 5ð�  � ������ LQGLFDWLQJ� WKDW� GHQVLW\� H[SODLQV� D� VXEVWDQWLDO�
SRUWLRQ� RI� 8&6� YDULDELOLW\� ZLWKLQ� WKH� WHVWHG� GDWDVHW�� 7KLV�
UHODWLRQVKLS�DQG�LWV�VFDWWHU�DUH�SUHVHQWHG�LQ�)LJXUH����)RU�LQGLUHFW�
VWUHQJWK�HVWLPDWLRQ�EDVHG�RQ� WKH�SRLQW� ORDG�WHVW�� WKH� UHODWLRQVKLS�
EHWZHHQ�WKH�,� DQG�WKH�8&6�YDOXHV�HVWLPDWHG�IURP�,V� �DV�UHSRUWHGV�
LQ� 7DEOH� ��� ZDV� TXDQWLILHG�� 7KH� GDWDVHW� LQGLFDWHV� WKDW� ,V� YDOXHV�
UDQJH� IURP� ���� WR� ���� 03D� �PHDQ�  � ����� 03D��� ZKLOH� WKH�
FRUUHVSRQGLQJ� 8&6� HVWLPDWHV� UDQJH� IURP� ����� WR� ����� 03D��
5HJUHVVLRQ�DQDO\VLV�UHVXOWV�LQ�WKH�HPSLULFDO�UHODWLRQVKLS�

I sUCS� = �����+ ������� ���

ZLWK� 5ð�  � ������ GHPRQVWUDWLQJ� D� VWURQJ� OLQHDU� DVVRFLDWLRQ�
EHWZHHQ� ,V DQG� WKH� 8&6� HVWLPDWHV� UHSRUWHG� IRU� WKH� VWXGLHG�
OLPHVWRQH�� 7KH� UHJUHVVLRQ� WUHQG� DQG� GDWD� VFDWWHU� DUH� VKRZQ� LQ�
)LJXUH� ��� )LQDOO\�� WKH� 8&6� IDLOXUH� PRGHV� UHSRUWHG� LQ� 7DEOH� �
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ZHUH�VXPPDUL]HG�WR�HYDOXDWH�WKH�REVHUYHG�IDLOXUH�EHKDYLRU�XQGHU�
XQLD[LDO� ORDGLQJ� FRQGLWLRQV�� $[LDO� VSOLWWLQJ� DQG� VKHDU� IDLOXUH�
RFFXUUHG� ZLWK� FRPSDUDEOH� IUHTXHQF\� ���� DQG� ��� VSHFLPHQV��
UHVSHFWLYHO\���7KH�8&6�GLVWULEXWLRQV�DVVRFLDWHG�ZLWK�HDFK�IDLOXUH�
PRGH�DUH�FRPSDUHG�LQ�)LJXUH����VKRZLQJ�EURDGO\�VLPLODU�VWUHQJWK�
UDQJHV�DFURVV�WKH�WZR�FDWHJRULHV��ZLWK�RQO\�PLQRU�GLIIHUHQFHV�LQ�
FHQWUDO�WHQGHQF\�DQG�GLVSHUVLRQ��

)LJXUH� �� LOOXVWUDWHV� WKH� HPSLULFDO� UHODWLRQVKLS� EHWZHHQ�8&6�
DQG� WKH� 51� IRU� WKH� VHOHFWHG� OLPHVWRQH� VDPSOHV� IURP� 0RVWXIL�
0RXQWDLQ�� $� FOHDU� SRVLWLYH� OLQHDU� WUHQG� LV� REVHUYHG� EHWZHHQ�
UHERXQG�KDUGQHVV�DQG�FRPSUHVVLYH�VWUHQJWK��/LQHDU�UHJUHVVLRQ�RI�
WKH� SDLUHG�GDWDVHW� �Q� � ����SURGXFHG� WKH� IROORZLQJ� VLWH�VSHFLILF�
FRUUHODWLRQ�

UCS� = �������RN���- ������� ���

ZLWK� D� 5ð�  � ������ LQGLFDWLQJ� D� YHU\� VWURQJ� VWDWLVWLFDO�
UHODWLRQVKLS��$OWKRXJK�WKH�UHERXQG�EDVHG�HVWLPDWHV�VKRZ�VOLJKWO\�
JUHDWHU� VFDWWHU� WKDQ� WKH� 8&6±,ႊၺၵ� UHODWLRQVKLS�� WKH� RYHUDOO�
DJUHHPHQW�FRQILUPV�WKDW�WKH�6FKPLGW�KDPPHU�WHVW�FDQ�SURYLGH�D�
UHOLDEOH� SUHOLPLQDU\� LQGLFDWRU� RI� FRPSUHVVLYH� VWUHQJWK� IRU� WKH�
VWXGLHG�OLPHVWRQH��0LQRU�GHYLDWLRQV�IURP�WKH�UHJUHVVLRQ�OLQH�DUH�
PDLQO\�DWWULEXWHG� WR� VXUIDFH� FRQGLWLRQ� HIIHFWV� DQG� LQKHUHQW� URFN�
KHWHURJHQHLW\��

)LJXUH���LOOXVWUDWHV� WKH�IUHTXHQF\�GLVWULEXWLRQ�RI�8&6�YDOXHV�
IRU� WKH� WHVWHG� OLPHVWRQH� VSHFLPHQV�� 7KH� KLVWRJUDP� VKRZV� D�
UHODWLYHO\�QDUURZ�DQG� XQLPRGDO�GLVWULEXWLRQ��ZLWK�PRVW� VDPSOHV�
FRQFHQWUDWHG� LQ� WKH� PLG�VWUHQJWK� UDQJH�� 7KLV� FOXVWHULQJ� SDWWHUQ�
LQGLFDWHV� OLPLWHG� OLWKRORJLFDO� YDULDELOLW\� ZLWKLQ� WKH� 0RVWXIL

0RXQWDLQ OLPHVWRQH DQG VXJJHVWV JHQHUDOO\ FRQVLVWHQW�
FHPHQWDWLRQ�DQG�IDEULF�DPRQJ�WKH�WHVWHG�VSHFLPHQV��7KH�DEVHQFH�
RI�H[WUHPH�RXWOLHUV� IXUWKHU� VXSSRUWV� WKH�UHOLDELOLW\�RI� WKH�GDWDVHW�
IRU� UHJUHVVLRQ�EDVHG� VWUHQJWK� HVWLPDWLRQ�� )LJXUH� �� SUHVHQWV� WKH�
UHODWLRQVKLS�EHWZHHQ�8&6�DQG�EXON�GHQVLW\��$�PRGHUDWH�SRVLWLYH�
WUHQG� LV�REVHUYHG�� LQGLFDWLQJ� WKDW� VSHFLPHQV�ZLWK�KLJKHU�GHQVLW\�
WHQG� WR� H[KLELW� JUHDWHU� FRPSUHVVLYH� VWUHQJWK�� 7KLV� EHKDYLRU� LV�
FRQVLVWHQW�ZLWK� WKH� UHGXFWLRQ�RI�SRUH� VSDFH�DQG� LPSURYHG�JUDLQ�
LQWHUORFNLQJ� LQ�GHQVHU� OLPHVWRQH��+RZHYHU�� WKH�REVHUYHG� VFDWWHU�
DURXQG� WKH� UHJUHVVLRQ� OLQH� VXJJHVWV� WKDW� GHQVLW\� DORQH� GRHV� QRW�
IXOO\�FRQWURO�VWUHQJWK�YDULDELOLW\��DQG�WKDW�PLFURVWUXFWXUDO�IHDWXUHV�
VXFK� DV� PLFURFUDFNV� DQG� FHPHQW� TXDOLW\� DOVR� FRQWULEXWH� WR� WKH�
PHFKDQLFDO�UHVSRQVH��)LJXUH���VKRZV�WKH�FRUUHODWLRQ�EHWZHHQ�WKH�
,V�DQG�WKH�HVWLPDWHG�8&6�YDOXHV��7KH�GDWD�SRLQWV�GLVSOD\�D�VWURQJ�
OLQHDU DOLJQPHQW ZLWK OLPLWHG GLVSHUVLRQ� FRQILUPLQJ WKH�
SURSRUWLRQDO UHODWLRQVKLS EHWZHHQ LQGH[ VWUHQJWK DQG�
FRPSUHVVLYH�VWUHQJWK�IRU�WKH�VWXGLHG�OLPHVWRQH��

7KH� KLJK� JRRGQHVV� RI� ILW� LQGLFDWHV� WKDW� WKH� SRLQW� ORDG� WHVW�
SURYLGHV� D� UHOLDEOH� LQGLUHFW� PHDVXUH� RI� 8&6� XQGHU� WKH� WHVWHG�
FRQGLWLRQV�� 0LQRU� GHYLDWLRQV� IURP� WKH� UHJUHVVLRQ� OLQH� FDQ� EH�
DWWULEXWHG� WR� GLIIHUHQFHV� LQ� ORDGLQJ� RULHQWDWLRQ� DQG� LQKHUHQW�
PDWHULDO� KHWHURJHQHLW\��)LJXUH��� FRPSDUHV�8&6�YDOXHV�JURXSHG�
E\� REVHUYHG� IDLOXUH� PRGH� �D[LDO� VSOLWWLQJ� YHUVXV� VKHDU� IDLOXUH���
7KH� WZR� JURXSV� H[KLELW� EURDGO\� RYHUODSSLQJ� VWUHQJWK� UDQJHV��
LQGLFDWLQJ�WKDW�IDLOXUH�PRGH�GRHV�QRW�VWURQJO\�SDUWLWLRQ�WKH�8&6�
PDJQLWXGH�ZLWKLQ�WKH�WHVWHG�VWUHQJWK�GRPDLQ��1HYHUWKHOHVV��D[LDO�
VSOLWWLQJ�IDLOXUHV�WHQG�WR�RFFXU�PRUH�IUHTXHQWO\�LQ�VSHFLPHQV�ZLWK�
UHODWLYHO\� XQLIRUP� WH[WXUH�� ZKHUHDV� VKHDU� IDLOXUHV� DSSHDU� LQ�
VDPSOHV�ZLWK�VOLJKWO\�KLJKHU�VWUXFWXUDO�FRPSOH[LW\�

Table 5�&RPSDUDWLYH�DQDO\VLV�RI�8&6��,V��DQG�5�UHVXOWV�HVWLPDWHG�RQ�VHOHFWHG�VDPSOHV�����VDPSOHV�SURYLGHG�
6DPSOH�1XPEHU 8&6��03D� ,� �03D� 8&6 IURP�,� �03D� 51�YDOXH 8&6 IURP�51��03D�V (VWLPDWHG V (VWLPDWHG
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Fig. 5�)UHTXHQF\�GLVWULEXWLRQ�RI�8&6�YDOXHV�IRU�WKH�VWXGLHG Fig. 6�5HODWLRQVKLS�EHWZHHQ�8&6�DQG�EXON�GHQVLW\�
OLPHVWRQH

Fig. 7�&RUUHODWLRQ�EHWZHHQ�,V�DQG�HVWLPDWHG�8&6 Fig. 8�8&6�YDULDWLRQ�E\�REVHUYHG�IDLOXUH�PRGH

Fig. 9�5HODWLRQVKLS�EHWZHHQ�8&6�DQG�51�IRU�OLPHVWRQH�VDPSOHV
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*HQHUDOO\�� WKH� ILJXUH� FRQILUPV� WKDW� ERWK� IDLOXUH�PHFKDQLVPV�
DUH�UHSUHVHQWDWLYH�RI�WKH�EULWWOH�EHKDYLRU�RI�WKH�VWXGLHG�OLPHVWRQH�
XQGHU� XQLD[LDO� ORDGLQJ� FRQGLWLRQV�� )LJXUH� �� SUHVHQWV� WKH�
HPSLULFDO� UHODWLRQVKLS� EHWZHHQ� 8&6� DQG� WKH� 51� IRU� WKH�
OLPHVWRQH� VDPSOHV� IURP� 0RVWXIL� 0RXQWDLQ�� 7KH� VFDWWHU� SORW�
VKRZV�D�FOHDU�SRVLWLYH�FRUUHODWLRQ�EHWZHHQ�UHERXQG�KDUGQHVV�DQG�
FRPSUHVVLYH�VWUHQJWK��LQGLFDWLQJ�WKDW�KLJKHU�51�YDOXHV�JHQHUDOO\�
FRUUHVSRQG� WR� VWURQJHU� URFN� VSHFLPHQV�� &RPSDUHG� ZLWK� WKH�
8&6±,V� UHODWLRQVKLS�� WKH�GDWD�H[KLELW� VOLJKWO\�JUHDWHU�GLVSHUVLRQ��
UHIOHFWLQJ WKH NQRZQ VHQVLWLYLW\ RI 6FKPLGW KDPPHU�
PHDVXUHPHQWV�WR�VXUIDFH�FRQGLWLRQV��LQFOXGLQJ�PLQRU�ZHDWKHULQJ��
PRLVWXUH��DQG�VXUIDFH�URXJKQHVV��1HYHUWKHOHVV�� WKH�RYHUDOO� WUHQG�
VXSSRUWV�WKH�DSSOLFDELOLW\�RI�WKH�6FKPLGW�KDPPHU�DV�D�UDSLG�ILHOG��
EDVHG� LQGLFDWRU� RI� URFN� VWUHQJWK� LQ� WKH� VWXGLHG� DUHD�� 7KH�
UHJUHVVLRQ� OLQH� GHULYHG� IRU� WKH� ORFDO� GDWDVHW� SURYLGHV� D� VLWH��
VSHFLILF� FRUUHODWLRQ� WKDW� FDQ� EH� XVHG� IRU� SUHOLPLQDU\� 8&6�
HVWLPDWLRQ� LQ� VLPLODU� OLPHVWRQH� IRUPDWLRQV�� SDUWLFXODUO\� ZKHUH�
GLUHFW�ODERUDWRU\�WHVWLQJ�LV�OLPLWHG�

9,� &21&/86,21�
7KLV�VWXG\�SUHVHQWV�D�FRPSUHKHQVLYH�DQDO\VLV�RI�WKH�8&6��,V�

DQG� 51� WHVW� UHVXOWV� IRU� OLPHVWRQH� VDPSOHV� IURP� 0RVWXIL�
0RXQWDLQ� LQ� $UDN�� 7KH� GDWD� REWDLQHG� WKURXJK� WKHVH� WHVWV�
GHPRQVWUDWH� WKH� YDU\LQJ� VWUHQJWKV� RI� OLPHVWRQH� DQG� SURYLGH�
LQVLJKW� LQWR� WKH� UHOLDELOLW\� RI� GLIIHUHQW� WHVWLQJ� PHWKRGV� LQ�
HVWLPDWLQJ� 8&6�� 7KH� 8&6� WHVW�� EHLQJ� WKH� PRVW� DFFXUDWH� DQG�
GLUHFW PHWKRG� SURYLGHV UHOLDEOH PHDVXUHPHQWV RI WKH�
FRPSUHVVLYH�VWUHQJWK�RI�OLPHVWRQH��ZLWK�YDOXHV�UDQJLQJ�IURP������
03D� WR� �����03D��7KH� ,V� WHVW��ZKLFK� VHUYHV� DV� D� FRVW�HIIHFWLYH�
DOWHUQDWLYH��VKRZV�D�VWURQJ�FRUUHODWLRQ�ZLWK�WKH�8&6�UHVXOWV��7KH�
HVWLPDWHG� 8&6� IURP� WKH� ,V� YDOXHV� ZHUH� FORVH� WR� WKH� GLUHFWO\�
PHDVXUHG� 8&6�� FRQILUPLQJ� LWV� XVHIXOQHVV� IRU� UDSLG� ILHOG�
HYDOXDWLRQV��$GGLWLRQDOO\��WKH�51�WHVW��ZKLOH�QRQ�GHVWUXFWLYH�DQG�
IDVW�� WHQGV� WR� XQGHUHVWLPDWH� 8&6� YDOXHV�� DV� LW� LV� DIIHFWHG� E\�
VXUIDFH� ZHDWKHU� DQG� FRQGLWLRQV�� 7KH� FRPSDUDWLYH� DQDO\VLV� RI�
8&6��,V��DQG�51�WHVWV�UHYHDOV�WKDW�ZKLOH�WKH�8&6�WHVW�UHPDLQV�WKH�
JROG�VWDQGDUG�IRU�GHWHUPLQLQJ�URFN�VWUHQJWK��ERWK�WKH�3RLQW�/RDG�
DQG� 6FKPLGW� +DPPHU� PHWKRGV� RIIHU� SUDFWLFDO� DOWHUQDWLYHV� IRU�
HVWLPDWLQJ� 8&6�� HVSHFLDOO\� LQ� ODUJH�VFDOH� JHRWHFKQLFDO� SURMHFWV�
ZKHUH� WLPH�DQG�FRVW�FRQVWUDLQWV�DUH�D�FRQVLGHUDWLRQ��7KH� UHVXOWV�
XQGHUVFRUH� WKH� LPSRUWDQFH�RI�XVLQJ�PXOWLSOH� WHVWLQJ�PHWKRGV� WR�
REWDLQ� D� PRUH� FRPSUHKHQVLYH� XQGHUVWDQGLQJ� RI� WKH� URFN
V�
PHFKDQLFDO� SURSHUWLHV�� HQVXULQJ� PRUH� DFFXUDWH� DQG� UHOLDEOH�
DVVHVVPHQWV� IRU� HQJLQHHULQJ� DQG� FRQVWUXFWLRQ� SXUSRVHV�� ,Q�
FRQFOXVLRQ�� WKH� LQWHJUDWLRQ� RI� 8&6�� ,V�� DQG� 51� WHVW� PHWKRGV�
SURYLGHV� YDOXDEOH� LQVLJKWV� LQWR� WKH� PHFKDQLFDO� SURSHUWLHV� RI�
OLPHVWRQH� DLGLQJ LQ WKH VDIH DQG HIILFLHQW SODQQLQJ RI�
FRQVWUXFWLRQ�SURMHFWV�LQ�OLPHVWRQH�ULFK�DUHDV�

$&.12:/('*0(17�

:H� VLQFHUHO\� WKDQN� WKH� UHYLHZHUV� IRU� WKHLU� FDUHIXO� UHDGLQJ� DQG� FRQVWUXFWLYH�
FRPPHQWV��ZKLFK�KHOSHG�LPSURYH�WKH�FODULW\�DQG�TXDOLW\�RI�WKLV�PDQXVFULSW�

'$7$�$9$,/$%,/,7<�67$7(0(17�

7KH� GDWD� VXSSRUWLQJ� WKH� ILQGLQJV� RI� WKLV� VWXG\� DUH� DYDLODEOH� IURP� WKH�
FRUUHVSRQGLQJ�DXWKRU�XSRQ�UHDVRQDEOH�UHTXHVW��1R�SXEOLFO\�DUFKLYHG�GDWDVHW�ZDV�
JHQHUDWHG�

(7+,&6�$33529$/�

7KLV� VWXG\� GLG� QRW� LQYROYH� KXPDQ� SDUWLFLSDQWV�� SHUVRQDO� GDWD�� RU� DQLPDO�
VXEMHFWV��1R�VSHFLILF�HWKLFDO�DSSURYDO�ZDV�UHTXLUHG�

)81',1*��
7KLV�UHVHDUFK�UHFHLYHG�QR�H[WHUQDO�IXQGLQJ�

$87+256
�&2175,%87,216�
)DWLPD� 2PLGL� DQG� 1DGHU� (EUDKLPL� 5DG� FRQGXFWHG� WKH� PDLQ� GDWD� DQDO\VLV��
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