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VHFWLRQLQJ�WKH�FRQFUHWH�VODEV��$O�+XQW��-RDQ�:LOOLDPV�DQG�+HQULHWWD�:KLWH�IRU�SUHSDULQJ�WKH 
DQRGH�FURVV�VHFWLRQV�IRU�HOHFWURQ��PLFURVFRS\��DQG�5LFN�:LOVRQ�IRU�HVWLPDWHV�RI�=Q�VSODW�FRROLQJ 
UDWHV� 

:H�WKDQN�)UDQN�5RJHUV��7KHUPLRQ�0HWDOOL]LQJ�6\VWHPV��IRU�KHOSIXO�GLVFXVVLRQV�RI�WKH�WKHUPDO 
VSUD\�SURFHVV�DQG�IRU�DVVLVWDQFH�LQ�DGDSWLQJ�WKHUPDO�VSUD\�HTXLSPHQW���:H�WKDQN�5RE�5HLV��5LFN 
&DUWHU��-RKQ�+HPLXS��DQG�'RXJ�3DUNV��&DOLIRUQLD�'HSDUWPHQW�RI�7UDQVSRUWDWLRQ��&$/75$16�� 
IRU�SURYLGLQJ�DFFHVV�WR�WKHUPDO�VSUD\HG�=Q�DQRGHV�RQ�WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH��IRU�WKH 
RSSRUWXQLW\�WR�VWXG\�WKHVH�DQRGHV�DQG�FROOHFW�VPDOO�VDPSOHV��DQG�IRU�WKH�KLVWRULFDO�UHFRUG�RI 
DQRGH�SHUIRUPDQFH�GDWD���:H�WKDQN�$ODQ�6WRQHPDQ��,QWHUQDWLRQDO�/HDG�DQG�=LQF�5HVHDUFK 
2UJDQL]DWLRQ��,/=52��IRU�JDOYDQL]HG�UHEDU�VDPSOHV�IURP�WKH�/RQJELUG�%ULGJH��%HUPXGD��DQG 
DVVRFLDWHG�SHUIRUPDQFH�GDWD���:H�WKDQN�6WHYH�<HRPDQV��$XVWUDOLDQ�'HIHQFH�)RUFH�$FDGHP\ 
�&DQEHUUD�$8���-DFN�7LQQHD��-RKQ�6��7LQQHD�	�$VVRFLDWHV��DQG�-DFN�%HQQHWW��-(�%HQQHWW 
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���� ����������������������������������������������������������������������������������������������������������������������������������������������������������������������� 

7DEOH������3XOO�VWUHQJWK�RI�FRQFUHWH�LQ�EDUH�WHVW�VODEV ���������������������������������������������������������������������������������������������� 
7DEOH������%RQG�VWUHQJWK�RI�QDWXUDOO\�DJHG�76�=Q�DQRGHV�RQ�SHULRGLFDOO\�ZHWWHG�FRQFUHWH�VODEV����������������������� 
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7DEOH������0RGHO�SDUDPHWHUV�IRU�ERQG�VWUHQJWK�RI�76�=Q�DQRGHV�RQ�SUHKHDWHG�DQG�XQKHDWHG�FRQFUHWH�VODEV�LQ 
SHULRGLFDOO\�ZHWWHG�DQG�XQ�ZHWWHG�H[SHULPHQWV���������������������������������������������������������������������������������������������� 

7DEOH������(TXLYDOHQW�YDOXHV�RI�PRGHO�SDUDPHWHUV�LQ�(TXDWLRQV�����DQG���� �������������������������������������������������������� 
7DEOH������1RPLQDO�FRPSRVLWLRQ�RI�FHPHQW�SDVWH��Bullard 1997a���������������������������������������������������������������������������� 
7DEOH������5HDFWLRQ�]RQH�WKLFNQHVV�IRU�76�DQRGHV�RQ�SHULRGLFDOO\�ZHWWHG�VODEV���������������������������������������������������� 
7DEOH������76�=Q�DQRGH�FRQFUHWH�LQWHUIDFLDO�FKHPLVWU\ ������������������������������������������������������������������������������������������� 
7DEOH������0HWDO�LRQLF�UDGLL�DQG�UDGLL�UDWLRV�ZLWK�UHVSHFW�WR�R[\JHQ��IRU�RFWDKHGUDO��&1 ���FRRUGLQDWLRQ 

�Shannon 1976���������������������������������������������������������������������������������������������������������������������������������������������������� 
7DEOH�������0ROHFXODU�YROXPHV�RI�PHWDOV�DQG�FRPSRXQGV�DVVRFLDWHG�ZLWK�DQRGH�FRQFUHWH�LQWHUIDFLDO 

FKHPLVWU\��Kubaschewski and Hopkins 1962���������������������������������������������������������������������������������������������������� 
7DEOH�������'HVFULSWLRQ�RI�SHULRGLFDOO\�ZHWWHG�ODERUDWRU\�VDPSOHV�DQDO\]HG �������������������������������������������������������� 

7DEOH������76�=Q�DQRGHV�RQ�WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH��Carello, et al. 1989���������������������������������������������� 
7DEOH������3HUIRUPDQFH�RI�76�=Q�DQRGHV�RQ�]RQHV����DQG����RI�WKH�&DSH�&UHHN�%ULGJH ������������������������������������� 
7DEOH������$YHUDJH�LQLWLDO�ERQG�VWUHQJWK�RI�76�=Q�DQRGHV�RQ�VHOHFWHG�EULGJHV������������������������������������������������������ 
7DEOH������%RQG�VWUHQJWK�RI�76�=Q�DQRGHV�RQ�WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH�������������������������������������������������� 
7DEOH������&RQFUHWH�PL[�GHVLJQ�IRU�VHOHFWHG�EULGJHV������������������������������������������������������������������������������������������������� 
7DEOH������'HVFULSWLRQ�RI�ILHOG�VDPSOHV�DQDO\]HG ������������������������������������������������������������������������������������������������������ 

7DEOH������&RPSDULVRQ�RI�WKHUPDO�VSUD\HG�=Q�DQRGH�ZLWK�RWKHU�FRQGXFWLYH�FRDWLQJ�DQRGHV ����������������������������� 

7DEOH�(����7RWDO�FRVW�DQG�FRVW�EUHDNGRZQ�IRU�&3�SURMHFWV�RQ�2UHJRQ�FRDVW�EULGJHV ���������������������������������������(�� 

/,67�2)�),*85(6 

)LJXUH������&RQFUHWH�VSDOOLQJ�IURP�GHFN�XQGHUVLGH�DW�WKH�%LJ�&UHHN�%ULGJH�SULRU�WR�UHVWRUDWLRQ����������������������������������� 
)LJXUH������&DSH�&UHHN�%ULGJH�EXLOW�LQ������DQG�ORFDWHG�RQ�WKH�2UHJRQ�FRDVW�VRXWK�RI�&DSH�3HUSHWXD������������������������ 
)LJXUH������&DSH�&UHHN�%ULGJH�VKRZLQJ�PRUQLQJ�IRJ�WKDW�DLGV�WKH�GHSRVLWLRQ�RI�VDOW�RQ�WKH�EULGJH�VXUIDFH�DV�D 

SUHFXUVRU�WR�FKORULGH�LQGXFHG�FRUURVLRQ�GDPDJH �������������������������������������������������������������������������������������������������� 
)LJXUH������<DTXLQD�%D\�%ULGJH�EXLOW�LQ������DQG�ORFDWHG�RQ�WKH�2UHJRQ�FRDVW�DW�1HZSRUW ����������������������������������������� 
)LJXUH������6RXWK�DSSURDFK�RI�WKH�<DTXLQD�%D\�%ULGJH ������������������������������������������������������������������������������������������������� 
)LJXUH������'HSRH�%D\�%ULGJH�EXLOW�LQ�������ZLGHQHG�LQ�������DQG�ORFDWHG�RQ�WKH�2UHJRQ�FRDVW�DW�'HSRH�%D\����������� 
)LJXUH������&DSH�3HUSHWXD�+DOI�9LDGXFW�EXLOW�LQ������RQ�WKH�FHQWUDO�2UHJRQ�FRDVW������������������������������������������������������� 
)LJXUH������%LJ�&UHHN�%ULGJH�EXLOW�LQ������DQG�ORFDWHG�RQ�WKH�2UHJRQ�FRDVW�VRXWK�RI�&DSH�3HUSHWXD �������������������������� 

)LJXUH������'HVLJQ�RI�WKH�ODERUDWRU\�FRQFUHWH�VODEV�ZLWK�HPEHGGHG�VWHHO�PHVK�FDWKRGH ���������������������������������������������� 
)LJXUH������7KHUPDO�VSUD\LQJ�=Q�RQ�D�EULGJH�VXEVWUXFWXUH�XVLQJ�WKH�WZLQ�ZLUH�DUF�VSUD\�SURFHVV ������������������������������� 
)LJXUH������*HQHUDO�YLHZ�RI�WZLQ�ZLUH�DUF�VSUD\�HTXLSPHQW�VKRZLQJ�ZLUH�VSRROV��WKH�ZLUH�IHHG�GULYH��DQG�WKH 

VSUD\�JXQ�������������������������������������������������������������������������������������������������������������������������������������������������������������� 
)LJXUH������2UHJRQ�'27�URERWLF�[�\�WUDYHUVLQJ�V\VWHP�XVHG�WR�DSSO\�76�=Q�DQRGH�WR�FRQFUHWH�VODEV ������������������������� 
)LJXUH������6FKHPDWLF�UHSUHVHQWDWLRQ�RI�WKHUPDO�VSUD\LQJ�VKRZLQJ�WKH�VSODW��GURSOHW��LPSDFW�DQG�FRDWLQJ 

IRUPDWLRQ�SURFHVVHV���������������������������������������������������������������������������������������������������������������������������������������������� 
)LJXUH������0XOWLSOH�FRQFUHWH�VODEV�XQGHUJRLQJ�DFFHOHUDWHG�HOHFWURFKHPLFDO�DJLQJ�LQ�D�FRQWUROOHG�KXPLGLW\ 

HQFORVXUH���D��RYHUDOO�YLHZ���E��FORVH�XS�RI�FRQFUHWH�VODEV ���������������������������������������������������������������������������������� 
)LJXUH������)ORZFKDUW�VKRZLQJ�WKH�FRQFUHWH�VODE�WUHDWPHQWV�XVHG�LQ�WKH�ILUVW�HOHFWURFKHPLFDO�DJLQJ�H[SHULPHQW��������� 
)LJXUH������)ORZFKDUW�VKRZLQJ�WKH�FRQFUHWH�VODE�WUHDWPHQWV�XVHG�LQ�WKH�VHFRQG�HOHFWURFKHPLFDO�DJLQJ 

H[SHULPHQW������������������������������������������������������������������������������������������������������������������������������������������������������������ 
)LJXUH������5LFKPRQG�6DQ�5DIDHO�%ULGJH��&$��EXLOW�LQ������VSDQV�WKH�QRUWKHUQ�6DQ�)UDQFLVFR�%D\ �������������������������� 
)LJXUH�������6RXWK�FROXPQ�RI�SLHU����5LFKPRQG�6DQ�5DIDHO�%ULGJH��&$���VKRZLQJ�WZR�RI�WKH�IRXU�,&&3�=Q 

DQRGH�EDQGV��]RQHV��DQG�WKH�6$&3�=Q�DQRGH�]RQH�RQ�WKH�EDUUHO�DW�WKH�FROXPQ�EDVH������������������������������������������ 
)LJXUH�������(DVW�&DPLQR�8QGHU�FURVVLQJ��&$��EXLOW�LQ������DQG�ORFDWHG�HDVW�RI�3ODFHUYLOOH��&$ ������������������������������ 
)LJXUH�������(DVW�&DPLQR�8QGHU�FURVVLQJ��&$��VKRZLQJ�VRIILW�DUHDV�WKDW�ZHUH�WKHUPDO�VSUD\HG�ZLWK�=Q ������������������� 
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)LJXUH�������([SHULPHQWDO�GHVLJQ�IRU�WKH�&$/75$16�ODERUDWRU\�VLODQH�VWXG\ ����������������������������������������������������������� 
)LJXUH�������/RQJELUG�%ULGJH�EXLOW�LQ������LQ�%HUPXGD ����������������������������������������������������������������������������������������������� 

)LJXUH������6(0�SKRWRPLFURJUDSK�RI�FURVV�VHFWLRQ�VKRZLQJ�XQDJHG�76�=Q�DQRGH�PLFURVWUXFWXUH�DQG�DQRGH� 
FRQFUHWH�LQWHUIDFH�IRU�DQRGH�RQ�FRQFUHWH�������������������������������������������������������������������������������������������������������������� 

)LJXUH������9LHZ�RI�WKHUPRFRXSOHV�DWWDFKHG�WR�FRQFUHWH�VODE�IRU�VXUIDFH�WHPSHUDWXUH�PHDVXUHPHQWV�������������������������� 
)LJXUH������7ZLQ�ZLUH�DUF�VSUD\�HTXLSPHQW�SULRU�WR�DSSO\LQJ�76�=Q�DQRGH�WR�FRQFUHWH�VODE�IRU�VXUIDFH 

WHPSHUDWXUH�PHDVXUHPHQWV����������������������������������������������������������������������������������������������������������������������������������� 
)LJXUH������6FKHPDWLF�ZLULQJ�GLDJUDP�IRU�76�=Q�DQRGHV�LQ�HOHFWURFKHPLFDO�DJLQJ�VWXG\�VKRZLQJ�VHULHV 

FRQQHFWLRQV�EHWZHHQ�VODEV�DQG�SRZHU�VRXUFH��9�DQG�,�PHDVXUHPHQW�ORFDWLRQV��DQG�WKH�FRPSXWHU ��������������������� 
)LJXUH������6FKHPDWLF�RI�GDWD�PHDVXUHPHQW�LQVWUXPHQWDWLRQ�DQG�WHOHPHWU\�HTXLSPHQW�XVHG�E\�2UHJRQ�'27�IRU 

UHPRWH�PHDVXUHPHQWV�RQ�FRDVWDO�EULGJH�&3�V\VWHPV ������������������������������������������������������������������������������������������� 
)LJXUH������,QVWURQ�XQLYHUVDO�WHQVLOH�WHVWHU�XVHG�WR�PHDVXUH�WKH�ERQG�VWUHQJWK�RI�76�=Q�DQRGHV�RQ�D�FRQFUHWH 

VODE��VKRZV���FP�GLDPHWHU�DOXPLQXP�GROOLHV�DWWDFKHG�WR�DQRGH�ZLWK�HSR[\ ������������������������������������������������������� 
)LJXUH������&ORVH�XS�RI�DOXPLQXP�GROOLHV�XVHG�IRU�ERQG�VWUHQJWK�PHDVXUHPHQWV��RQH�GROO\�DWWDFKHG�DQG�RQH 

SXOOHG�RII �������������������������������������������������������������������������������������������������������������������������������������������������������������� 
)LJXUH������3URFHT�SRUWDEOH�WHVWHU�XVHG�WR�PHDVXUH�WKH�ERQG�VWUHQJWK�RI�WKH�76�=Q�DQRGH�RQ�FRQFUHWH������������������������ 
)LJXUH������&RQFUHWH�SRZGHU�VDPSOHV�DUH�WDNHQ�IURP�D�FRQFUHWH�EULGJH�EHDP�XVLQJ�WKH�2UHJRQ�'27�VDPSOLQJ 

HTXLSPHQW���3RZGHU�VDPSOHV�DUH�DQDO\]HG�WR�GHWHUPLQH�WKH�VDOW�FRQFHQWUDWLRQ�LQ�WKH�FRQFUHWH�DV�D�IXQFWLRQ 
RI�GHSWK�LQ�WKH�EHDP��������������������������������������������������������������������������������������������������������������������������������������������� 

)LJXUH�������7KH�KROORZ�DQFKRU�GULOO�ELW��GHSWK�VSDFHUV��DQG�YDFXXP�ILOWHU�DVVHPEO\�XVHG�LQ�WDNLQJ�SRZGHU 
VDPSOHV�IURP�FRQFUHWH������������������������������������������������������������������������������������������������������������������������������������������ 

)LJXUH�������3RUWDEOH�JDVROLQH�SRZHUHG�FRUH�GULOO�IRU�WDNLQJ�FRQFUHWH�FRUH�VDPSOHV ���������������������������������������������������� 
)LJXUH�������2UHJRQ�'27�UHVLVWDQFH�SUREH�IRU�PHDVXUHPHQW�RI�DQRGH�FRDWLQJ�UHVLVWLYLW\ ������������������������������������������� 
)LJXUH�������3RUWDEOH�VXUIDFH�DLU�SHUPHDELOLW\�LQVWUXPHQW�LQ�XVH ���������������������������������������������������������������������������������� 
)LJXUH�������&ORVH�XS�RI�PHDVXULQJ�KHDG�IRU�VXUIDFH�DLU�SHUPHDELOLW\�LQVWUXPHQW�VKRZLQJ�WKH�IOH[LEOH�UXEEHU 

JDVNHW�WKDW�IRUPV�D�YDFXXP�VHDO�EHWZHHQ�WKH�PHDVXULQJ�KHDG�DQG�FRQFUHWH�VXUIDFH ������������������������������������������� 
)LJXUH�������6FKHPDWLF�GUDZLQJ�RI�DSSDUDWXV�XVHG�WR�PHDVXUH�WKH�76�=Q�DQRGH�SHUPHDELOLW\�WR�ZDWHU����������������������� 

)LJXUH������0XOWLSOH�6(0�SKRWRPLFURJUDSKV�RI�FURVV�VHFWLRQV�IURP�XQFRDWHG�VODEV���D��DV�FDVW��EDFN�VFDWWHUHG 
HOHFWURQ��%6(����E��DV�FDVW��VHFRQGDU\�HOHFWURQ��6(����F��VDQGEODVWHG��%6(���G��VDQGEODVWHG�DQG�SUHKHDWHG� 
%6(� ��������������������������������������������������������������������������������������������������������������������������������������������������������������������� 

)LJXUH������/RFDWLRQ�RI�PHDVXUHPHQWV�RQ����FRQFUHWH�VODEV�VKRZLQJ�DYHUDJH�DQG�VWDQGDUG�GHYLDWLRQ�YDOXHV�RI 
76�=Q�FRDWLQJ�WKLFNQHVV�IURP�HGG\�FXUUHQW�PHDVXUHPHQWV���������������������������������������������������������������������������������� 

)LJXUH������76�=Q�FRDWLQJ�VXUIDFH�WHPSHUDWXUH�YHUVXV�WLPH�IRU�WZR�WKHUPRFRXSOHV�XQGHU�WKH�FRDWLQJ�RQ�WKH 
FRQFUHWH�VODE��������������������������������������������������������������������������������������������������������������������������������������������������������� 

)LJXUH������76�=Q�DQRGH�FLUFXLW�UHVLVWDQFH�YHUVXV�HOHFWURFKHPLFDO�DJH�IRU�ERWK�SHULRGLFDOO\�ZHWWHG�DQG�XQ� 
ZHWWHG�FRQFUHWH�VODEV�������������������������������������������������������������������������������������������������������������������������������������������� 

)LJXUH������&3�V\VWHP�YROWDJH�ULVH�GXH�WR�GU\LQJ�RI�WKH�DQRGH�FRQFUHWH�LQWHUIDFH�YHUVXV�GU\LQJ�WLPH�IRU�VHOHFWHG 
HOHFWURFKHPLFDO�DJHV �������������������������������������������������������������������������������������������������������������������������������������������� 

)LJXUH������&3�V\VWHP�YROWDJH�GHFD\�GXH�WR�ZHWWLQJ�RI�WKH�DQRGH�FRQFUHWH�LQWHUIDFH�YHUVXV�HODSVHG�WLPH�DIWHU 
ZHWWLQJ�IRU�VHOHFWHG�HOHFWURFKHPLFDO�DJHV ������������������������������������������������������������������������������������������������������������ 

)LJXUH����D��%RQG�VWUHQJWK�RI�WKH�76�=Q�DQRGH�RQ�SHULRGLFDOO\�ZHWWHG��SUHKHDWHG�FRQFUHWH�VODEV�YHUVXV 
HOHFWURFKHPLFDO�DJH���������������������������������������������������������������������������������������������������������������������������������������������� 

)LJXUH����E��%RQG�VWUHQJWK�RI�WKH�76�=Q�DQRGH�RQ�SHULRGLFDOO\�ZHWWHG��XQKHDWHG�FRQFUHWH�VODEV�YHUVXV 
HOHFWURFKHPLFDO�DJH���������������������������������������������������������������������������������������������������������������������������������������������� 

)LJXUH����D��%RQG�VWUHQJWK�RI�WKH�76�=Q�DQRGH�RQ�XQ�ZHWWHG��SUHKHDWHG�FRQFUHWH�VODEV�YHUVXV�HOHFWURFKHPLFDO 
DJH ������������������������������������������������������������������������������������������������������������������������������������������������������������������������ 

)LJXUH����E��%RQG�VWUHQJWK�RI�WKH�76�=Q�DQRGH�RQ�XQ�ZHWWHG��XQKHDWHG�FRQFUHWH�VODEV�YHUVXV�HOHFWURFKHPLFDO 
DJH ������������������������������������������������������������������������������������������������������������������������������������������������������������������������ 

)LJXUH������0RGHO�ERQG�VWUHQJWK�FXUYH�IRU�HOHFWURFKHPLFDOO\�DJHG�76�=Q�DQRGHV�RQ�FRQFUHWH�VODEV��������������������������� 
)LJXUH�������(IIHFW�RI�FXULQJ�WLPH�RQ�WKH�FRPSUHVVLYH�VWUHQJWK�RI�ILYH�$670�FRQFUHWHV��������������������������������������������� 
)LJXUH�������6(0�SKRWRPLFURJUDSK�VKRZLQJ�FUDFNLQJ�RI�SHULRGLFDOO\�ZHWWHG�FHPHQW�SDVWH�DW�WKH�76�=Q�DQRGH� 

FRQFUHWH�LQWHUIDFH�IROORZLQJ�����N&�P��DJLQJ��WKH�HTXLYDOHQW�RI������\HDUV�DW��������$�P������������������������������� 
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)LJXUH�������'HODPLQDWHG�76�=Q�DQRGH�RQ�SHULRGLFDOO\�ZHWWHG�FRQFUHWH�VODE�IROORZLQJ�a������N&�P��DJLQJ������������� 
)LJXUH�������3XOORXW�RI�FRQFUHWH�DV�D�UHVXOW�RI�ERQG�VWUHQJWK�WHVWV�IRU�EDUH�FRQFUHWH��OHIW��DQG�76�=Q�FRDWHG 

FRQFUHWH��ULJKW� ����������������������������������������������������������������������������������������������������������������������������������������������������� 
)LJXUH�������%DFN�VFDWWHUHG�HOHFWURQ�6(0�SKRWRPLFURJUDSK�RI�D�FURVV�VHFWLRQ�RI�76�=Q�DQRGH�RQ�SHULRGLFDOO\� 

ZHWWHG�FRQFUHWH�HOHFWURFKHPLFDOO\�DJHG�IRU�����N&�P���WKH�HTXLYDOHQW�RI�����\HDUV�DW��������$�P���VKRZV 
UHDFWLRQ�]RQHV������������������������������������������������������������������������������������������������������������������������������������������������������� 

)LJXUH�������;�UD\�PDSV�RI�HOHPHQWDO�GLVWULEXWLRQV�DW�WKH�=Q�FRQFUHWH�LQWHUIDFH�LQ�)LJXUH��������D��=Q���E��2���F� 
6L���G��&D �������������������������������������������������������������������������������������������������������������������������������������������������������������� 

)LJXUH�������;�UD\�PDSV�RI�HOHPHQWDO�GLVWULEXWLRQV�DW�WKH�=Q�FRQFUHWH�LQWHUIDFH�LQ�)LJXUH��������D��&O���E��6 ������������� 
)LJXUH�������&URVV�VHFWLRQ�RI�76�=Q�DQRGH�RQ�SHULRGLFDOO\�ZHWWHG�FRQFUHWH�HOHFWURFKHPLFDOO\�DJHG�IRU����� 

N&�P���WKH�HTXLYDOHQW�RI������\HDUV�DW��������$�P����D��EDFN�VFDWWHUHG�HOHFWURQ�6(0�SKRWRPLFURJUDSK� 
DQG�[�UD\�PDSV���E��=Q���F��&D���G��&O������������������������������������������������������������������������������������������������������������������ 

)LJXUH�������:'6�FRQFHQWUDWLRQ�SURILOHV�IRU�=Q��2��DQG�&D�DW�WKH�76�=Q�DQRGH�FRQFUHWH�LQWHUIDFH�LQ�)LJXUH���������� 
)LJXUH�������:'6�FRQFHQWUDWLRQ�SURILOHV�RI�=Q��&O�DQG�6�DW�WKH�76�=Q�DQRGH�FRQFUHWH�LQWHUIDFH�LQ�)LJXUH����� �������� 
)LJXUH�������&O�FRQFHQWUDWLRQ�SURILOHV�DV�D�IXQFWLRQ�RI�76�=Q�DQRGH�HOHFWURFKHPLFDO�DJH�LQ�\HDUV�DW��������$�P� 

IRU�SHULRGLFDOO\�ZHWWHG�FRQFUHWH�VODEV������������������������������������������������������������������������������������������������������������������ 
)LJXUH�������6�SURILOHV�DV�D�IXQFWLRQ�RI�76�=Q�DQRGH�HOHFWURFKHPLFDO�DJH�LQ�\HDUV�DW��������$�P��IRU 

SHULRGLFDOO\�ZHWWHG�FRQFUHWH�VODEV ����������������������������������������������������������������������������������������������������������������������� 
)LJXUH�������=Q�SURILOHV�DV�D�IXQFWLRQ�RI�76�=Q�DQRGH�HOHFWURFKHPLFDO�DJH�LQ�\HDUV�DW��������$�P��IRU 

SHULRGLFDOO\�ZHWWHG�FRQFUHWH�VODEV ����������������������������������������������������������������������������������������������������������������������� 
)LJXUH�������S+�YHUVXV�HOHFWURFKHPLFDO�DJH�IRU�76�=Q�DQRGH�FRQFUHWH�DQG�VWHHO�FRQFUHWH�LQWHUIDFHV�IRU 

SHULRGLFDOO\�ZHWWHG�FRQFUHWH�VODEV ����������������������������������������������������������������������������������������������������������������������� 
)LJXUH�������5HODWLRQVKLS�EHWZHHQ�&3�V\VWHP�FLUFXLW�UHVLVWDQFH�DQG�76�=Q�DQRGH�ERQG��DGKHVLRQ��VWUHQJWK�IRU 

SHULRGLFDOO\�ZHWWHG�FRQFUHWH�VODEV ����������������������������������������������������������������������������������������������������������������������� 
)LJXUH�������6XUIDFH�UHVLVWDQFH�RI�76�=Q�DQRGH�DV�D�IXQFWLRQ�RI�HOHFWURFKHPLFDO�DJH�LQ�\HDUV�DW��������$�P��IRU 

SHULRGLFDOO\�ZHWWHG�FRQFUHWH�VODEV ����������������������������������������������������������������������������������������������������������������������� 
)LJXUH�������$SSDUHQW�76�=Q�DQRGH�WKLFNQHVV�DV�D�IXQFWLRQ�RI�HOHFWURFKHPLFDO�DJH�LQ�\HDUV�DW��������$�P��������������� 
)LJXUH�������9ROXPH�DYHUDJH�$&�UHVLVWLYLW\�RI�PDWHULDO�EHWZHHQ�WKH�76�=Q�DQRGH�DQG�WKH�VWHHO�DV�D�IXQFWLRQ�RI 

HOHFWURFKHPLFDO�DJH�LQ�\HDUV�DW��������$�P���DYHUDJH�LQFOXGHV�]LQF�PLQHUDOV�DW�DQRGH��DOWHUHG�DQG 
XQDOWHUHG�FRQFUHWH��DQG�FRUURVLRQ�ILOP�RQ�VWHHO���������������������������������������������������������������������������������������������������� 

)LJXUH�������6XUIDFH�DLU�SHUPHDELOLW\�GHWHUPLQHG�XVLQJ�FHUDPLF�GLVF�SRURVLW\�VWDQGDUGV�DV�D�IXQFWLRQ�RI 
PD[LPXP�SRUH�GLDPHWHU�DQG�SHUFHQW�SRUH�YROXPH��SRURVLW\�� ���������������������������������������������������������������������������� 

)LJXUH�������6XUIDFH�DLU�SHUPHDELOLW\�YDFXXP�SUHVVXUH�IRU�76�=Q�DQRGHV�RQ�SHULRGLFDOO\�ZHWWHG�FRQFUHWH�VODEV 
DV�D�IXQFWLRQ�RI�DLUIORZ�UDWH�WKURXJK�WKH�LQVWUXPHQW �������������������������������������������������������������������������������������������� 

)LJXUH�������3HUPHDELOLW\�RI�ZDWHU�WKURXJK�76�=Q�DQRGH�RQ�SHULRGLFDOO\�ZHWWHG�FRQFUHWH�VODEV�DV�D�IXQFWLRQ�RI 
HOHFWURFKHPLFDO�DJH���������������������������������������������������������������������������������������������������������������������������������������������� 

)LJXUH������&LUFXLW�UHVLVWDQFH�DV�D�IXQFWLRQ�RI�HOHFWURFKHPLFDO�DJH�IRU�VODEV�IURP�&$/75$16�ODERUDWRU\�VLODQH 
H[SHULPHQW��PHDVXUHPHQWV�RQ�HDFK�VODE�ZHUH�IRU�WKH�VDPH�WLPH�SHULRG�������������������������������������������������������������� 

)LJXUH������,&&3�V\VWHP�YROWDJH�IRU�WKH�76�=Q�EDQGV��]RQHV��RQ�WKH�VRXWK�FROXPQ��SLHU���RI�WKH�5LFKPRQG�6DQ 
5DIDHO�%ULGJH��&$�� ��������������������������������������������������������������������������������������������������������������������������������������������� 

)LJXUH������&LUFXLW�UHVLVWDQFH�DV�D�IXQFWLRQ�RI�WLPH�IRU�76�=Q�DQRGH�EDQGV��]RQHV����DQG���RQ�WKH�VRXWK�FROXPQ� 
SLHU���RI�WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH ���������������������������������������������������������������������������������������������������������� 

)LJXUH������&LUFXLW�UHVLVWDQFH�DV�D�IXQFWLRQ�RI�HOHFWURFKHPLFDO�DJH�IRU�76�=Q�DQRGH�EDQGV��]RQHV����DQG���RQ�WKH 
VRXWK�FROXPQ��SLHU���RI�WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH����������������������������������������������������������������������������������� 

)LJXUH������&XUUHQW�GHQVLW\�DQG�PRQWKO\�SUHFLSLWDWLRQ�DV�D�IXQFWLRQ�RI�WLPH�IRU�76�=Q�DQRGH�EDQG��]RQHV����RQ 
WKH�VRXWK�FROXPQ��SLHU���RI�WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH����������������������������������������������������������������������������� 

)LJXUH������&LUFXLW�UHVLVWDQFH�DV�D�IXQFWLRQ�RI�76�=Q�HOHFWURFKHPLFDO�DJH�IRU�,&&3�]RQHV����DQG����RQ�WKH�&DSH 
&UHHN�%ULGJH��PHDVXUHPHQWV�RQ�HDFK�]RQH�ZHUH�IRU�WKH�VDPH�WLPH�SHULRG� �������������������������������������������������������� 

)LJXUH������&LUFXLW�UHVLVWDQFH�DV�D�IXQFWLRQ�RI�HOHFWURFKHPLFDO�DJH�IRU�,&&3�]RQHV�����76�=Q�DQRGH��DQG�����76 
7L�DQRGH��RQ�WKH�'HSRH�%D\�%ULGJH��PHDVXUHPHQWV�RQ�HDFK�]RQH�ZHUH�IRU�WKH�VDPH�WLPH�SHULRG���������������������� 

)LJXUH������&LUFXLW�UHVLVWDQFH�DV�D�IXQFWLRQ�RI�76�=Q�HOHFWURFKHPLFDO�DJH�IRU�KXPHFWDQW�WUHDWHG�,&&3�]RQHV��� 
DQG����DQG�FRQWURO�,&&3�]RQHV����DQG����RQ�WKH�<DTXLQD�%D\�%ULGJH��PHDVXUHPHQWV�RQ�HDFK�]RQH�ZHUH 
IRU�WKH�VDPH�WLPH�SHULRG��������������������������������������������������������������������������������������������������������������������������������������� 

[




)LJXUH������&LUFXLW�UHVLVWDQFH�DV�D�IXQFWLRQ�RI�76�=Q�HOHFWURFKHPLFDO�DJH�IRU�WKH�VRIILW�DQG�GHFN�RI�WKH�(DVW 
&DPLQR�8QGHU�FURVVLQJ��PHDVXUHPHQWV�RQ�HDFK�]RQH�ZHUH�IRU�WKH�VDPH�WLPH�SHULRG� ��������������������������������������� 

)LJXUH�������&XUUHQW�GHQVLW\�DQG�PRQWKO\�SUHFLSLWDWLRQ�DV�D�IXQFWLRQ�RI�WLPH�IRU�76�=Q�6$&3�DQRGH�RQ�WKH 
EDUUHO�DW�WKH�EDVH�RI�WKH�VRXWK�FROXPQ��SLHU���RI�WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH��������������������������������������������� 

)LJXUH�������%RQG�VWUHQJWK�RI�WKH�76�=Q�DQRGHV�RQ�WKH�VRXWK�FROXPQ��SLHU���RI�WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH 
DV�D�IXQFWLRQ�RI�KHLJKW�DERYH�WKH�VHD�OHYHO��DIWHU�a����\HDUV�VHUYLFH� ������������������������������������������������������������������� 

)LJXUH�������&KORULGH�FRQFHQWUDWLRQ�SURILOHV�IRU�76�=Q�DQRGHV�RQ�WKH�VRXWK�FROXPQ��SLHU���RI�WKH�5LFKPRQG�6DQ 
5DIDHO�%ULGJH��DIWHU�a����\HDUV�VHUYLFH� ��������������������������������������������������������������������������������������������������������������� 

)LJXUH�������&KORULGH�FRQFHQWUDWLRQ�SURILOHV�IRU�RULJLQDO�FRQFUHWH�LQ�EHDP�$��RI�WKH�5RFN\�3RLQW�9LDGXFW�DIWHU 
���\HDUV�VHUYLFH�RQ�WKH�2UHJRQ�FRDVW� ������������������������������������������������������������������������������������������������������������������ 

)LJXUH�������&KORULGH�FRQFHQWUDWLRQ�SURILOHV�IRU�SDWFK�FRQFUHWH�LQ�EHDP�$��RI�WKH�5RFN\�3RLQW�9LDGXFW�DIWHU��� 
\HDUV�VHUYLFH�RQ�WKH�2UHJRQ�FRDVW� ����������������������������������������������������������������������������������������������������������������������� 

)LJXUH�������%6(�SKRWRPLFURJUDSK�DQG�[�UD\�PDSV�RI�76�=Q�DQRGH�FRQFUHWH�LQWHUIDFH�RI�5LFKPRQG�6DQ�5DIDHO 
%ULGJH��EDQG���DIWHU�DJLQJ�a������N&�P��VHUYLFH�RU�a����\HDUV�VHUYLFH���D��%6(�SKRWRPLFURJUDSK���E��=Q� 
�F��&D���G��&O� ������������������������������������������������������������������������������������������������������������������������������������������������������� 

)LJXUH�������:'6�OLQH�VFDQ�IRU�=Q��2��&D��DQG�&O�DFURVV�WKH�76�=Q�DQRGH�FRQFUHWH�LQWHUIDFH�IRU�WKH�5LFKPRQG� 
6DQ�5DIDHO�%ULGJH��EDQG���DIWHU�DJLQJ�a������N&�P��RU�a����\HDUV�VHUYLFH� ������������������������������������������������������ 

)LJXUH�������:'6�OLQH�VFDQ�IRU�=Q��2��&D��DQG�&O�DFURVV�WKH�76�=Q�DQRGH�FRQFUHWH�LQWHUIDFH�IRU�WKH�5LFKPRQG� 
6DQ�5DIDHO�%ULGJH��EDQG���DIWHU�DJLQJ�a�����N&�P��RU�a����\HDUV�VHUYLFH� �������������������������������������������������������� 

)LJXUH�������%6(�SKRWRPLFURJUDSK�DQG�[�UD\�PDSV�RI�76�=Q�DQRGH�FRQFUHWH�LQWHUIDFH�IRU�FRQFUHWH�VODE�WUHDWHG 
ZLWK�VLODQH�EXW�QRW�VDQGEODVWHG��WKHQ�DJHG�a�����N&�P����D��%6(�SKRWRPLFURJUDSK���E��=Q���F��6L���G��&O�������� 

)LJXUH�������:'6�OLQH�VFDQ�IRU�=Q��2��&D��DQG�6L�DFURVV�WKH�76�=Q�DQRGH�FRQFUHWH�LQWHUIDFH�IRU�FRQFUHWH�VODE 
WUHDWHG�ZLWK�VLODQH�EXW�QRW�VDQGEODVWHG��WKHQ�DJHG�a�����N&�P� ������������������������������������������������������������������������� 

)LJXUH�������:'6�OLQH�VFDQ�IRU�=Q��2��&D��6L��DQG�&O�DFURVV�WKH�76�=Q�DQRGH�FRQFUHWH�LQWHUIDFH�IRU�FRQFUHWH 
VODE�WUHDWHG�ZLWK�VLODQH�DQG�VDQGEODVWHG��WKHQ�DJHG�a�����N&�P�� ���������������������������������������������������������������������� 

)LJXUH�������(IIHFW�RI�VDQGEODVWLQJ�RQ�WKH�:'6�OLQH�VFDQ�IRU�=Q�DFURVV�WKH�76�=Q�DQRGH�FRQFUHWH�LQWHUIDFH�IRU 
FRQFUHWH�VODEV�WUHDWHG�ZLWK�VLODQH� ����������������������������������������������������������������������������������������������������������������������� 

)LJXUH�������:'6�OLQH�VFDQ�IRU�=Q��2��&D��6L��DQG�&O�DFURVV�WKH�76�=Q�DQRGH�FRQFUHWH�LQWHUIDFH�IRU�WKH�VRIILW�RI 
(DVW�&DPLQR�8QGHU�FURVVLQJ�DJHG�a�����N&�P�� ������������������������������������������������������������������������������������������������ 

)LJXUH�������:'6�OLQH�VFDQ�IRU�=Q��2��&D��DQG�6L��DFURVV�WKH�76�=Q�DQRGH�FRQFUHWH�LQWHUIDFH�IRU�RULJLQDO 
FRQFUHWH�RQ�WKH�&DSH�&UHHN�%ULGJH�DIWHU�DERXW�����\HDUV�LQ�,&&3�VHUYLFH�DW��������$�P�� ������������������������������� 

)LJXUH�������:'6�OLQH�VFDQ�IRU�=Q��2��&D��DQG�6L��DFURVV�WKH�76�=Q�DQRGH�FRQFUHWH�LQWHUIDFH�IRU�SDWFK�FRQFUHWH 
RQ�WKH�&DSH�&UHHN�%ULGJH�DIWHU�DERXW�����\HDUV�LQ�,&&3�VHUYLFH�DW��������$�P������������������������������������������������ 

)LJXUH�������6(0�SKRWRPLFURJUDSK�RI�76�=Q�DQRGH�FRQFUHWH�LQWHUIDFH�IRU�WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH 
6$&3�]RQH�RQ�WKH�EDUUHO�RI�WKH�VRXWK�FROXPQ�DJHG�a�����N&�P��RU�a����\HDUV�VHUYLFH������������������������������������� 

)LJXUH�������%6(�SKRWRPLFURJUDSK�DQG�[�UD\�PDSV�RI�76�=Q�DQRGH�FRQFUHWH�LQWHUIDFH�IRU�WKH�5LFKPRQG�6DQ 
5DIDHO�%ULGJH�6$&3�]RQH�RQ�WKH�EDUUHO�RI�WKH�VRXWK�FROXPQ�DJHG�a�����N&�P��RU�a����\HDUV�VHUYLFH���D� 
%6(�SKRWRPLFURJUDSK���E��=Q���F��&D���G��&O�� ��������������������������������������������������������������������������������������������������� 

)LJXUH�������:'6�OLQH�VFDQ�IRU�=Q��2��&D��DQG�&O�DFURVV�WKH�76�=Q�DQRGH�FRQFUHWH�LQWHUIDFH�IRU�WKH�5LFKPRQG� 
6DQ�5DIDHO�%ULGJH�6$&3�]RQH�RQ�WKH�EDUUHO�RI�WKH�VRXWK�FROXPQ�DJHG�a�����N&�P��RU�a����\HDUV�VHUYLFH������� 

)LJXUH�������:'6�OLQH�VFDQ�IRU�=Q��2��&D��DQG�&O�DFURVV�DQRWKHU�DUHD�RI�WKH�76�=Q�DQRGH�FRQFUHWH�LQWHUIDFH�IRU 
WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH�6$&3�]RQH�RQ�WKH�EDUUHO�RI�WKH�VRXWK�FROXPQ�DJHG�a�����N&�P��RU�a��� 
\HDUV�VHUYLFH�������������������������������������������������������������������������������������������������������������������������������������������������������� 

)LJXUH�������:'6�OLQH�VFDQ�IRU�=Q��2��&D��DQG�6L�DFURVV�WKH�76�=Q�DQRGH�FRQFUHWH�LQWHUIDFH�IRU�D�6$&3�]RQH 
RQ�WKH�&DSH�&UHHN�%ULGJH�DIWHU�DJLQJ�DERXW�����\HDUV� ��������������������������������������������������������������������������������������� 

)LJXUH�������6(0�SKRWRPLFURJUDSK�RI�JDOYDQL]HG�UHEDU�FRQFUHWH�LQWHUIDFH�IURP�WKH�DEXWPHQW�RI�WKH�/RQJELUG 
%ULGJH�DIWHU����\HDUV�VHUYLFH������������������������������������������������������������������������������������������������������������������������������� 

)LJXUH�������6(0�SKRWRPLFURJUDSK�RI�JDOYDQL]HG�UHEDU�FRQFUHWH�LQWHUIDFH�IURP�WKH�VLGHZDON�RI�WKH�/RQJELUG 
%ULGJH�DIWHU����\HDUV�VHUYLFH������������������������������������������������������������������������������������������������������������������������������� 

)LJXUH�������:'6�OLQH�VFDQ�IRU�=Q��)H��2��&D��DQG�6L�DFURVV�WKH�JDOYDQL]HG�UHEDU�FRQFUHWH�LQWHUIDFH�IRU�UHEDU 
IURP�WKH�VLGHZDON�RI�WKH�/RQJELUG�%ULGJH�DIWHU����\HDUV�VHUYLFH� ���������������������������������������������������������������������� 

)LJXUH�������:'6�OLQH�VFDQ�IRU�=Q��2��&D��DQG�6L�DFURVV�D�VHFRQG�ORFDWLRQ�RQ�WKH�JDOYDQL]HG�UHEDU�FRQFUHWH 
LQWHUIDFH�IRU�UHEDU�IURP�WKH�VLGHZDON�RI�WKH�/RQJELUG�%ULGJH�DIWHU����\HDUV�VHUYLFH������������������������������������������ 

[L




)LJXUH�������:'6�OLQH�VFDQ�IRU�=Q��)H��2��DQG�&D�DFURVV�WKH�JDOYDQL]HG�UHEDU�FRQFUHWH�LQWHUIDFH�IRU�UHEDU�IURP 
WKH�DEXWPHQW�RI�WKH�/RQJELUG�%ULGJH�DIWHU����\HDUV�VHUYLFH� ������������������������������������������������������������������������������ 

)LJXUH�������S+�DV�D�IXQFWLRQ�RI�KHLJKW�DERYH�VHD�OHYHO�IRU�WKH�76�=Q�DQRGH�,&&3�EDQGV��]RQHV��RQ�WKH 
5LFKPRQG�6DQ�5DIDHO�%ULGJH�DIWHU�a����\HDUV�VHUYLFH���������������������������������������������������������������������������������������� 

)LJXUH������(TXLYDOHQW�FLUFXLW�IRU�,&&3�EHWZHHQ�76�=Q�DQRGH�DQG�UHEDU���$�5DQGOHV�FLUFXLW�DSSUR[LPDWHV�WKH 
UHVSRQVH�RI�WKH�DQRGH�FRQFUHWH�DQG�UHEDU�FRQFUHWH�LQWHUIDFHV� ��������������������������������������������������������������������������� 

)LJXUH�(����7HUPLQDO�SODWH�FRQQHFWLRQ�SULRU�WR�WKHUPDO�VSUD\LQJ�ZLWK�=Q ���������������������������������������������������������������� (�� 

[LL




��� ,1752'8&7,21 

��� %$&.*5281' 

2UHJRQ¶V�FRDVWDO�KLJKZD\�LQFOXGHV�RYHU�����EULGJHV��PRVW�RI�ZKLFK�DUH�UHLQIRUFHG�FRQFUHWH 
VWUXFWXUHV�RYHU����P�����IW��LQ�OHQJWK��Smith, Norman and Dykman 1989����7ZHOYH�RI�WKH�EULGJHV 
DUH�KLVWRULF�UHLQIRUFHG�FRQFUHWH�EULGJHV�GHVLJQHG�DQG�EXLOW�E\�UHVSHFWHG�2UHJRQ�EULGJH�HQJLQHHU 
&RQGH�%��0F&XOORXJK�LQ�WKH�����V�DQG�����V��7KHVH�WZHOYH�EULGJHV�DUH�OLVWHG�RQ�WKH�1DWLRQDO 
5HJLVWHU�RI�+LVWRULF�3ODFHV��Smith, Norman and Dykman 1989)���7KH\�DUH�HVVHQWLDO�OLQNV�LQ�WKH 
FRDVWDO�WUDQVSRUWDWLRQ�FRUULGRU�DQG�HYRNH�D�ODVWLQJ�LPDJH��IRU�YLVLWRUV�DQG�UHVLGHQWV�DOLNH��RI�WKH 
JUDFH�DQG�EHDXW\�RI�WKH�UXJJHG�2UHJRQ�FRDVWOLQH� 

7KH�SUHVHQFH�RI�VWHHO�UHLQIRUFHPHQW��UHEDU��LQ�WKHVH�KLVWRULF����\HDU�ROG�EULGJHV�DQG�RWKHU 
UHLQIRUFHG�FRQFUHWH�EULGJHV�RQ�WKH�2UHJRQ�FRDVW�PDNHV�WKHP�VXVFHSWLEOH�WR�VWUXFWXUDO�GDPDJH 
IURP��FKORULGH�LQGXFHG�FRUURVLRQ�RI�WKH�UHEDU��6WHHO�UHLQIRUFHPHQW�LV�QDWXUDOO\�SDVVLYH�LQ 
XQFRQWDPLQDWHG�FRQFUHWH�ZKHUH�S+�YDOXHV�DUH�W\SLFDOO\���������+RZHYHU��HQYLURQPHQWDO 
FRQVWLWXHQWV�VXFK�DV�VDOW��1D&O��DQG�FDUERQ�GLR[LGH��&2���FDQ�FRQWDPLQDWH�WKH�FRQFUHWH� 
EUHDNLQJ�GRZQ�WKH�SDVVLYH�ILOP�DQG�UHGXFLQJ�WKH�FRQFUHWH�S+��WKHUHE\�LQLWLDWLQJ�FRUURVLRQ�RI�WKH 
UHEDU��Broomfield 1997����7KLV�OHDGV�WR�FUDFNLQJ�RI�WKH�FRQFUHWH�DV�D�UHVXOW�RI�WKH�H[SDQVLYH 
IRUFHV�SURGXFHG�E\�WKH�FRUURVLRQ�SURGXFW��Allan 1995���GHODPLQDWLRQ�RI�WKH�FRYHU�FRQFUHWH��DQG 
XOWLPDWHO\�PHFKDQLFDO�GHWHULRUDWLRQ�RI�WKH�VWUXFWXUH���,Q�FRDVWDO�DUHDV�DQG�DUHDV�XVLQJ�GH�LFLQJ 
VDOWV��VDOW�FRQWDPLQDWLRQ�LV�SULPDULO\�UHVSRQVLEOH�IRU�WKH�GHWHULRUDWLRQ�RI�VWHHO�UHLQIRUFHG�FRQFUHWH 
EULGJHV���)LJXUH�����VKRZV�UHEDU�LQ�WKH�VXEVWUXFWXUH�RI�WKH�%LJ�&UHHN�%ULGJH��25��H[SRVHG�E\ 
VSDOOLQJ�RI�WKH�FRQFUHWH�FRYHU�DV�D�FRQVHTXHQFH�RI�FKORULGH�LQGXFHG�FRUURVLRQ�GDPDJH���,W 
LOOXVWUDWHV�WKH�QHHG�IRU�WHFKQRORJ\�WR�KDOW�RU�UHGXFH�GHWHULRUDWLRQ�RI�H[LVWLQJ�EULGJHV�FDXVHG�E\ 
UHEDU�FRUURVLRQ�DQG�WR�H[WHQG�EULGJH�VHUYLFH�OLIH� 

&KORULGH�LQGXFHG�FRUURVLRQ�GDPDJH��W\SLFDOO\�IRXQG�RQ�PDQ\�ROGHU�FRDVWDO�EULGJHV��UHVXOWV�LQ 
KLJK�PDLQWHQDQFH�FRVWV��UHGXFHG�ORDG�FDUU\LQJ�FDSDFLW\��DQG�WKH�QHHG�IRU�HDUO\�UHSODFHPHQW�RI 
WKH�EULGJH��$ORQJ�WKH�2UHJRQ�FRDVW��WKH�GHFLVLRQ�WR�UHSODFH�RU�WR�SUHVHUYH�ROGHU�EULGJHV�LQYROYHV 
QRW�RQO\�LVVXHV�RI�SXEOLF�IXQGV�DQG�SXEOLF�VDIHW\��EXW�KLVWRULF�FRQVLGHUDWLRQV�DV�ZHOO���7KH����� 
UHSODFHPHQW�RI�WKH�$OVHD�%D\�%ULGJH�LQ�:DOGSRUW��25�FRVW�DSSUR[LPDWHO\�����PLOOLRQ�DQG 
UHVXOWHG�LQ�SXEOLF�SURWHVW�RI�WKH�ORVV�RI�D�ODQGPDUN�EULGJH�GHVLJQHG�E\�&RQGH�%��0F&XOORXJK� 
)DFHG�ZLWK�D�QHHG�WR�SUHVHUYH�GHWHULRUDWLQJ�KLVWRULF�FRDVWDO�EULGJHV��WKH�2UHJRQ�'27�VHOHFWHG�D 
WKHUPDO�VSUD\HG��76��]LQF��=Q��DQRGH�FDWKRGLF�SURWHFWLRQ��&3��V\VWHP�WKDW�SURYLGHV�SURWHFWLRQ 
WR�WKH�EULGJH�ZKLOH�UHWDLQLQJ�LWV�KLVWRULF�DSSHDUDQFH��Carello, Parks and Apostolos 1989�� 

�




)LJXUH������&RQFUHWH�VSDOOLQJ�IURP�GHFN�XQGHUVLGH�DW�WKH�%LJ�&UHHN�%ULGJH�SULRU�WR�UHVWRUDWLRQ 

7KH�ILUVW�2UHJRQ�'HSDUWPHQW�RI�7UDQVSRUWDWLRQ��'27��LPSUHVVHG�FXUUHQW�&3��,&&3��V\VWHP 
XVLQJ�WKHUPDO�VSUD\HG�=Q�DQRGHV�ZDV�LQVWDOOHG�LQ������WR�SURWHFW�WKH�&DSH�&UHHN�%ULGJH��)LJXUHV 
����DQG�������7KH�QH[W�76�=Q�DQRGH�V\VWHP�ZDV�LQVWDOOHG�RQ�WKH�<DTXLQD�%D\�%ULGJH�DUFKHV� 
)LJXUH������IROORZHG�ODWHU�E\�WKH�VRXWK�DSSURDFK��)LJXUH�������7KH�'HSRH�%ULGJH�76�=Q�DQRGH 
SURMHFW��)LJXUH������DOVR�LQFOXGHG�RQH�&3�]RQH�XVLQJ�FREDOW�FDWDO\]HG�WKHUPDO�VSUD\HG�WLWDQLXP 
DV�WKH�DQRGH���7KH�&DSH�3HUSHWXD�9LDGXFW�ZDV�XVHG�IRU�D�GHPRQVWUDWLRQ�RI�76�=Q�DQG�76 
$OXPLQXP���=LQF����,Q��$O=Q,Q��DQRGHV�DQG�D�=Q�K\GURJHO�DQRGH�LQ�D�VDFULILFLDO�DQRGH�&3 
�6$&3��V\VWHPV��)LJXUH�������,QVWDOODWLRQ�RI�76�=Q�DQRGHV�IRU�WKH�%LJ�&UHHN�%ULGJH�,&&3 
V\VWHP�ZDV�FRPSOHWHG�LQ�������)LJXUH�������3URMHFWV�DUH�FXUUHQWO\�XQGHUZD\�DW�5RFN\�&UHHN 
�%HQ�-RQHV��%ULGJH�DQG�WKH�5RJXH�5LYHU��3DWWHUVRQ��%ULGJH� 

�




)LJXUH������&DSH�&UHHN�%ULGJH�EXLOW�LQ������DQG�ORFDWHG�RQ�WKH�2UHJRQ�FRDVW�VRXWK�RI�&DSH�3HUSHWXD 

)LJXUH������&DSH�&UHHN�%ULGJH�VKRZLQJ�PRUQLQJ�IRJ�WKDW�DLGV�WKH�GHSRVLWLRQ�RI�VDOW�RQ�WKH�EULGJH�VXUIDFH�DV�D 
SUHFXUVRU�WR�FKORULGH�LQGXFHG�FRUURVLRQ�GDPDJH 

�
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)LJXUH������'HSRH�%D\�%ULGJH�EXLOW�LQ�������ZLGHQHG�LQ�������DQG�ORFDWHG�RQ�WKH�2UHJRQ�FRDVW�DW�'HSRH�%D\ 

)LJXUH������&DSH�3HUSHWXD�+DOI�9LDGXFW�EXLOW�LQ������RQ�WKH�FHQWUDO�2UHJRQ�FRDVW 

�




)LJXUH������%LJ�&UHHN�%ULGJH�EXLOW�LQ������DQG�ORFDWHG�RQ�WKH�2UHJRQ�FRDVW�VRXWK�RI�&DSH�3HUSHWXD 

7DEOH�����OLVWV�DOO�RI�WKH�FRQGXFWLYH�FRDWLQJ�DQRGH�&3�V\VWHPV��LQFOXGLQJ�WKHUPDO�VSUD\�=Q�DQRGH 
&3�V\VWHPV��LQ�SURJUHVV�RU�FRPSOHWHG�E\�2UHJRQ�'27��WKH�\HDU�HQHUJL]HG��WKH�DQRGH�DUHD��DQG 
WKH�WKLFNQHVV�RI�WKH�DQRGH� 

7DEOH������2UHJRQ�'27�FRQGXFWLYH�FRDWLQJ�DQRGH�&3�SURMHFWV 

%ULGJH )LJXUH�QR� <HDU 
HQHUJL]HG 

$UHD� 
P���IW�� 

$QRGH 
PDWHULDO 

7KLFNQHVV� 
PP��PLOV� 

&DSH�&UHHN�%ULGJH �������� ���� ������ ��������� 76�=Q ��������� 

<DTXLQD�%D\�%ULGJH���DUFKHV ��� ���� ������� ��������� 76�=Q ����������� 

'HSRH�%D\�%ULGJH ��� ���� ����� �������� 76�=Q ����������� 

<DTXLQD�%D\�%ULGJH���VRXWK�DSSURDFK ��� ���� ����� �������� 76�=Q ��������� 

&DSH�3HUSHWXD�9LDGXFW ��� ���� ��� ����� 76�=Q ����������� 

%LJ�&UHHN�%ULGJH �������� ���� ������ �������� 76�=Q ��������� 

5RFN\�&UHHN��%HQ�-RQHV��%ULGJH ���� ������ �������� 76�=Q ��������� 

&XPPLQV�&UHHN ���� ������ �������� 76�=Q ��������� 

5RJXH�5LYHU��3DWWHUVRQ��%ULGJH ���� ������� ��������� 76�=Q ��������� 

<DTXLQD�%D\�%ULGJH�±�QRUWK�DSSURDFK ���� ���� ������ &�SDLQW ����������GIW 

'HSRH�%D\�%ULGJH ���� ���� ������ 76�7L �������� 

&DSH�3HUSHWXD�9LDGXFW ���� ��� ����� 76�$O=Q,Q ����������� 

&DSH�3HUSHWXD�9LDGXFW ���� ��� ����� =Q 
K\GURJHO ��������� 

727$/�LQVWDOOHG�DUHD ������������������ 

�




%HWZHHQ������DQG�WKH�SUHVHQW��2UHJRQ�'27�VSRQVRUHG�UHVHDUFK�KDV�LPSURYHG�WKH�SURFHGXUHV 
XVHG�WR�LQVWDOO�DQG�RSHUDWH�WKHUPDO�VSUD\HG�=Q�DQRGH�&3�V\VWHPV���7KLV�UHVHDUFK�ZDV�GULYHQ�E\ 
WKH�QHHG�WR�HYDOXDWH�DQG�LPSURYH�SURFHGXUHV�XVHG�RQ�WKH�ILUVW�WZR�SURMHFWV��&DSH�&UHHN�%ULGJH 
DQG�WKH�<DTXLQD�%D\�%ULGJH�DUFKHV��DQG�WR�GHYHORS�D�EHWWHU�XQGHUVWDQGLQJ�RI�WKH�ORQJ�WHUP 
SHUIRUPDQFH�RI�WKLV�UHODWLYHO\�QHZ�WHFKQRORJ\���2QH�RI�WKH�HDUO\�FRQVLGHUDWLRQV�ZDV�WR�HYDOXDWH 
WKH�QHHG�IRU�SUHKHDWLQJ�WKH�FRQFUHWH�VXUIDFH�SULRU�WR�DSSO\LQJ�WKH�WKHUPDO�VSUD\HG�=Q�DQRGH�VR�DV 
WR�DVVXUH�JRRG�ORQJ�WHUP�ERQG�VWUHQJWK�RI�WKH�DQRGH�WR�WKH�FRQFUHWH���7KH�SUHKHDWLQJ�ZDV�NQRZQ 
WR�LPSURYH�WKH�LQLWLDO�DQRGH�ERQG�VWUHQJWK��EXW�DW�D�VXEVWDQWLDO�FRVW�SUHPLXP���7KH�TXHVWLRQ 
LQLWLDOO\�DGGUHVVHG�E\�WKLV�UHVHDUFK�ZDV�ZKHWKHU�SUHKHDWLQJ�KDG�D�ORQJ�WHUP�EHQHILW�WKDW�ZRXOG 
H[WHQG�DQRGH�VHUYLFH�OLIH���2WKHU�UHVHDUFK�DGGUHVVLQJ�FKHPLFDO�PRGLILFDWLRQ�RI�WKH�DQRGHV 
�KXPHFWDQWV��DQG�DOWHUQDWLYH�DQRGH�PDWHULDOV�IROORZHG�WKLV�LQLWLDO�HIIRUW���7KLV�UHSRUW�DGGUHVVHV 
WKH�IROORZLQJ�LVVXHV�RI�LQWHUHVW�WR�2UHJRQ�'27�UHJDUGLQJ�WKHUPDO�VSUD\HG�=Q�DQRGH�&3�V\VWHPV� 

���(IIHFW�RI�SUHKHDWLQJ�RQ�ORQJ�WHUP�DQRGH�ERQG�VWUHQJWK 
���(IIHFW�RI�DQRGH�FRQFUHWH�LQWHUIDFLDO�FKHPLVWU\�RQ�DQRGH�SHUIRUPDQFH 
���(IIHFW�RI�PRLVWXUH�RQ�DQRGH�SHUIRUPDQFH 
���)DFWRUV�DIIHFWLQJ�DQRGH�VHUYLFH�OLIH 
���(IIHFW�RI�HOHFWURFKHPLFDO�DJLQJ�RQ�DQRGH�VHUYLFH�OLIH 
���0HWKRGV�IRU�FKDUDFWHUL]LQJ�DQRGH�FRQGLWLRQ�LQ�VHUYLFH� 

��� /,7(5$785(�6859(< 

6WHHO�LQ�FRQFUHWH�FDQ�H[KLELW�SDVVLYLW\�RYHU�D�UDQJH�RI�SRWHQWLDOV�RI������WR������P9�YV�WKH 
VDWXUDWHG�FDORPHO�HOHFWURGH��6&(����6WHHO�SDVVLYLW\�LV�GHSHQGHQW�RQ�R[\JHQ�DYDLODELOLW\��DQG 
PRLVWXUH�DQG�FKORULGH�FRQWHQW�RI�WKH�FRQFUHWH���,QFUHDVLQJ�FKORULGH�FRQWHQW�UHVXOWV�LQ�PRUH 
QHJDWLYH�SRWHQWLDOV��Weale 1992���7KH�WZR�PDLQ�PHFKDQLVPV�UHVSRQVLEOH�IRU�GLVUXSWLRQ�RI�WKH 
SURWHFWLYH�SDVVLYH�ILOP�RQ�UHEDU�LQ�FRQFUHWH�LV�QHXWUDOL]DWLRQ�RI�WKH�FRQFUHWH�E\�GLVVROYHG�&2��WR 
IRUP�D�OHVV�EDVLF�HQYLURQPHQW�IRU�WKH�UHEDU�DQG�WKH�SUHVHQFH�RI�FKORULGHV��Weale 1992�� 

,Q�WKH�8QLWHG�6WDWHV��WKH�PRVW�LPSRUWDQW�DJHQW�UHVSRQVLEOH�IRU�GHWHULRUDWLRQ�RI�UHLQIRUFHG 
FRQFUHWH�VWUXFWXUHV��VXFK�DV�EULGJHV��SDUNLQJ�VWUXFWXUHV��DQG�OLJKW�VWDQGDUGV��LV�VDOW��ERWK�URDG�VDOW 
DQG�PDULQH�VDOW��WKDW�FDQ�SHQHWUDWH�WKH�FRQFUHWH���6SHFLILFDOO\��LW�LV�WKH�FKORULGH�LRQ��&O��LQ�WKH�VDOW 
WKDW�LV�WKH�GDPDJLQJ�DJHQW���,Q�FRDVWDO�HQYLURQPHQWV��DV�ZHOO�DV�LQ�DUHDV�ZKHUH�URDG�VDOWV�DUH 
XVHG��&O�LRQV�SHQHWUDWH�WKH�FRQFUHWH�DQG�DFFXPXODWH�DW�WKH�UHEDU�FRQFUHWH�LQWHUIDFH���5HEDU� 
ZKLFK�LV�QRUPDOO\�SDVVLYH�LQ�WKH�KLJK�S+�FRQFUHWH�HQYLURQPHQW��ORVHV�SDVVLYLW\�DQG�EHJLQV�WR 
FRUURGH�ZKHQ�D�WKUHVKROG�OHYHO�RI�FKORULGH�LV�H[FHHGHG��West and Hime 1985����7KH�LURQ 
FRUURVLRQ�SURGXFWV�RFFXS\�D�ODUJHU�YROXPH�WKDQ�WKH�UHEDU�FRQVXPHG���7KLV�OHDGV�WR�D�VWDWLF 
SUHVVXUH�EXLOGXS�DW�WKH�UHEDU�FRQFUHWH�LQWHUIDFH�DQG�WHQVLOH�VWUHVVHV�WKDW�FUDFN�WKH�FRQFUHWH��Allan 
1995���FDXVH�GHODPLQDWLRQ�RI�WKH�FRQFUHWH�DQG�PRUH�GLUHFW�H[SRVXUH�RI�WKH�UHEDU�WR�WKH 
HQYLURQPHQW��DQG�OHDG�WR�IXUWKHU�FRUURVLRQ�GDPDJH� 

&DWKRGLF�SURWHFWLRQ�LV�WKH�PRVW�FRPPRQO\�XVHG�UHPHGLDWLRQ�WHFKQRORJ\�DYDLODEOH�IRU�H[LVWLQJ 
UHLQIRUFHG�FRQFUHWH�VWUXFWXUHV��RWKHU�WKDQ�VKRUW�WHUP�³FKLS�DQG�SDWFK´�PDLQWHQDQFH�ZRUN���,Q�IDFW� 
&3�LV�WKH�RQO\�DSSURDFK�WKDW�KDV�EHHQ�SURYHQ�WR�FRQWURO�FRUURVLRQ�LQ�KLJK�FKORULGH�HQYLURQPHQWV 
�Mudd, et al. 1988����&DWKRGLF�SURWHFWLRQ�FRPELQHG�ZLWK�FRQFUHWH�UHVWRUDWLRQ��HVSHFLDOO\�ZKHQ 

�




XVLQJ�WKHUPDO�VSUD\HG�DQRGHV�IRU�D�PRUH�XQLIRUP�GLVWULEXWLRQ�RI�FXUUHQW�WR�WKH�UHEDU��FDQ 
PLQLPL]H�VWUXFWXUDO�HIIHFWV�RI�H[LVWLQJ�FKORULGH�LQGXFHG�FRUURVLRQ�GDPDJH�DQG�SUHYHQW�IXWXUH 
FRUURVLRQ�GDPDJH�LI�SURSHUO\�PDLQWDLQHG� 

7KHUPDO�VSUD\HG�=Q�DQRGHV�DUH�LQFUHDVLQJO\�EHLQJ�XVHG�LQ�6$&3�DQG�,&&3�V\VWHPV�GHVLJQHG�WR 
H[WHQG�WKH�VHUYLFH�OLYHV�RI�EULGJHV���7KHUPDO�VSUD\�WHFKQRORJ\�KDV�LPSURYHG��SDUWLFXODUO\�ZLWK 
UHVSHFW�WR�PHWDO�VSUD\�UDWHV��VSUD\�HIILFLHQFLHV��DQG�RSHUDWRU�PRELOLW\���$QRGH�DSSOLFDWLRQ�FRVWV 
KDYH�GHFUHDVHG�DQG�FRQWUDFWRUV�DUH�PRUH�H[SHULHQFHG�ZLWK�WKHLU�DSSOLFDWLRQ���7KH�)HGHUDO 
+LJKZD\�$GPLQLVWUDWLRQ��)+:$���Jackson 1997��VWDWHV�WKDW�&3�LV�QRZ�PRUH�DIIRUGDEOH�WKDQ 
HYHU���,Q�UHFHQW�\HDUV��WKH�FRVW�RI�UHKDELOLWDWLQJ�DQG�SURWHFWLQJ�EULGJHV�ZLWK�&3�KDV�IDOOHQ�E\�DV 
PXFK�DV�RQH�KDOI�DQG�WKHUH�DUH�PRUH�WKDQ�����EULGJHV�LQ�1RUWK�$PHULFD�ZLWK�LQVWDOOHG�&3 
V\VWHPV���=Q�FRDWLQJV�KDYH�EHHQ�WKHUPDO�VSUD\HG�RQ�D�QXPEHU�RI�UHLQIRUFHG�FRQFUHWH�EULGJHV�DV 
ODUJH�DUHD�FRQVXPDEOH�DQRGHV��Apostolos, Parks and Carello 1987; Powers, Sagues and Murase 
1992; Cramer, et al. 2002a). 

(DUO\�DSSOLFDWLRQV�RI�WKHUPDO�VSUD\HG�=Q�DQRGHV�UHTXLUHG�WKH�FRQFUHWH�VXUIDFH�EH�NHSW�DW����& 
����)��RU�KLJKHU�WR�NHHS�LW�GU\�DQG�WKH�XVH�RI�VXSSOHPHQWDO�KHDWLQJ�LPPHGLDWHO\�SULRU�WR�=Q 
DSSOLFDWLRQ�WR�EULQJ�WKH�FRQFUHWH�VXUIDFH�WHPSHUDWXUH�WR�DERXW�����&������)��WR�DFKLHYH�D�JRRG 
ERQG�EHWZHHQ�WKH�DQRGH�DQG�FRQFUHWH��Brousseau, Arnott and Dallaire 1993�����5HVHDUFK�DW�WKDW 
WLPH��Brousseau, Arnott and Baldock 1994a; Brousseau, et al. 1994b��KDG�VKRZQ�WKDW�D�KLJK 
LQLWLDO�ERQG�VWUHQJWK�ZDV�DFKLHYHG�E\�ORZ�PRLVWXUH�OHYHOV�RQ�WKH�FRQFUHWH��KLJK�FRQFUHWH�VXUIDFH 
WHPSHUDWXUHV��D�PLQLPXP�RI�H[SRVHG�DJJUHJDWH��DQG�WKH�DEVHQFH�RI�VXUIDFH�FRQWDPLQDWLRQ� 
%URXVVHDX�SURSRVHG�WKDW�WKH�KLJKHVW�SRVVLEOH�LQLWLDO�ERQG�VWUHQJWK�VKRXOG�EH�REWDLQHG�EHFDXVH 
WKHUH�LV�ORVV�RI�FRDWLQJ�DGKHVLRQ�GXULQJ�WKH�VXEVHTXHQW�FDWKRGLF�SURWHFWLRQ�SURFHVV��Brousseau, 
Arnott and Baldock 1994a)� 

$V�IXUWKHU�EDFNJURXQG�IRU�WKH�SUHVHQW�SURMHFW��LW�LV�LQVWUXFWLYH�WR�XQGHUVWDQG�WKDW�WKH�FRUURVLRQ�RI 
UHEDU�LV�WKH�UHVXOW�RI�D�QDWXUDO�EDWWHU\�ZKHUH�WKH�UHEDU�LV�FRQVXPHG�E\�WKH�IORZ�RI�FXUUHQW�EHWZHHQ 
DQRGLF�DQG�FDWKRGLF�VLWHV�RQ�WKH�UHEDU���,Q�UHLQIRUFHG�FRQFUHWH�EULGJHV��WKH�FDWKRGLF�VLWHV�DUH 
W\SLFDOO\�IRUPHG�E\�WKH�UHGXFWLRQ�RI�GLVVROYHG�R[\JHQ�WR�IRUP�K\GUR[\O�LRQV����,I�DQ�HTXDO 
DPRXQW�RI�FXUUHQW�LV�DSSOLHG�WR�WKH�UHEDU�IURP�DQ�H[WHUQDO�SRZHU�VRXUFH��,&&3��RU�JDOYDQLF 
FRXSOH��6$&3��VR�WKDW�WKH�FXUUHQW�IORZV�LQ�WKH�RSSRVLWH�GLUHFWLRQ�IURP�WKH�QDWXUDOO\�RFFXUULQJ 
FRUURVLRQ�UHDFWLRQ��WKHQ�WKH�FRUURVLRQ�VWRSV��Apostolos, Parks and Carello 1987����7KLV�LV�WKH 
EDVLV�IRU�FDWKRGLF�SURWHFWLRQ���&3�ZDV�ILUVW�XVHG�WR�UHGXFH�WKH�FRUURVLRQ�RI�FRSSHU�VKHDWKHG�KXOOV 
RQ�%ULWLVK�1DY\�VKLSV�E\�6LU�+XPSKUH\�'DY\�LQ�������Uhlig 1977����&3�LV�UHJXODUO\�XVHG�WRGD\ 
LQ�KRW�ZDWHU�KHDWHUV��DXWRPRELOHV��SLSHOLQHV��EULGJHV��DQG�IRU�SDUWLDOO\�DQG�IXOO\�LPPHUVHG�PDULQH 
VWUXFWXUHV��VKLSV��SLSHOLQHV�DQG�GULOOLQJ�SODWIRUPV�� 

&DWKRGLF�SURWHFWLRQ�ZDV�ILUVW�DSSOLHG�WR�DERYH�JURXQG�UHLQIRUFHG�FRQFUHWH�VWUXFWXUHV�LQ������DV 
SDUW�RI�DQ�H[SHULPHQWDO�SURJUDP�LQYHVWLJDWLQJ�ZD\V�WR�UHSDLU�KLJKZD\�EULGJH�GHFNV�VXIIHULQJ 
VHYHUH�FKORULGH�LQGXFHG�FRUURVLRQ�GDPDJH�UHVXOWLQJ�IURP�WKH�DSSOLFDWLRQ�RI�GH�LFLQJ�VDOWV 
�Stratfull 1959����$QRGHV�IRU�WKHVH�DSSOLFDWLRQV�FRQVLVWHG�RI�HPEHGGDEOH�ZLUHV��VWULSV�RU�PHVK 
ZLWK�D�OLPLWHG�DELOLW\�WR�GLVWULEXWH�FXUUHQW�XQLIRUPO\�WR�WKH�UHEDU���6ORWWHG�DQRGH�V\VWHPV 
JHQHUDOO\�FRQVLVWHG�RI�SODWLQL]HG�ZLUH�VWUDQGV�RU�FDUERQ�ILEHUV�HPEHGGHG�LQ�JURRYHV�FXW�LQ 
FHPHQWLWLRXV�JURXWV��Wyatt 1989����7KH�DQRGHV�W\SLFDOO\�RSHUDWHG�DW�KLJK�FXUUHQW�GHQVLWLHV�DQG 
SURGXFHG�D�FRUUHVSRQGLQJO\�KLJK�DFLGLW\�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH���&KORULQH�HYROXWLRQ�DW 
LQHUW�DQRGHV�ZDV�SRVVLEOH�DW�UHODWLYHO\�ORZ�FRQFHQWUDWLRQV�RI�&O�LRQV��Shreir and Hayfield 1986�� 
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/DWHU�DGYDQFHPHQWV�LQ�DQRGH�WHFKQRORJ\�LQFOXGHG�FRQGXFWLYH�SDLQW�DQRGHV��,W�ZDV�QRW�XQWLO�WKH 
����V�WKDW�WKHUPDO�VSUD\HG�PHWDO�DQRGHV�ZHUH�GHYHORSHG���7KHVH�DQRGHV�SURYLGH�D�PRUH�XQLIRUP 
FXUUHQW�GLVWULEXWLRQ�WR�WKH�UHEDU�ZKLOH�FRQIRUPLQJ�WR�WKH�VKDSH�RI�WKH�VWUXFWXUH���)RU�=Q�DQRGHV� 
WKH�&RQFUHWH�6RFLHW\�SUHGLFWHG�(Concrete Society 1989��D�VHUYLFH�OLIH�RI����\HDUV�IRU�D���� 
PLFURQ�����PLOV��WKLFN�FRDWLQJ�DW�D�FXUUHQW�GHQVLW\�RI�������$�P���D�FRQVXPSWLRQ�UDWH�RI���� 
$K�NJ��DQG�DQ�HIILFLHQF\�IDFWRU�RI����Weale 1992�� 

$Q�LQHYLWDEOH�FRQVHTXHQFH�RI�&3�RI�UHLQIRUFHG�FRQFUHWH�VWUXFWXUHV�LV�DFLGLILFDWLRQ��RU�UHGXFHG 
DONDOLQLW\��RI�WKH�FHPHQW�SDVWH�DGMDFHQW�WR�WKH�DQRGH��Weale 1992���$FFHOHUDWHG�DQG�ORQJ�WHUP 
WHVWLQJ�RI�&3�V\VWHPV�KDV�FRQILUPHG�WKH�SURGXFWLRQ�RI�DQRGH�UHDFWLRQ�SURGXFWV�WKDW�FRQWULEXWH�WR 
DFLGLILFDWLRQ�RI�WKH�DQRGH�FRQFUHWH�LQWHUIDFH�DQG�ORFDO�PRGLILFDWLRQ�RI�WKH�FHPHQW�SDVWH�(Schell, 
Manning and Clear 1984; Mussinelli, Tettamanti and Pedeferri 1987����$FFHOHUDWHG�WHVWLQJ�RI 
PHVK�DQRGHV�LQ�FRQFUHWH�KDV�UHVXOWHG�LQ�UDSLG�IDLOXUH�RI�WKH�FRQFUHWH�GXH�WR�DFLGLILFDWLRQ��Bennett 
and Martin 1987����7KH�S+�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH�RI�DQ�HPEHGGHG�DFWLYDWHG�7L�PHVK 
DQRGH�IHOO�WR�S+����ZLWKLQ����GD\V�DW�����$�P���WR�S+�����DW���$�P���DQG�S+���DW���$�P���Weale 
1992�� 

$QRWKHU�HIIHFW�RI�&3�LV�WKH�UHGLVWULEXWLRQ�RI�FKORULGHV�LQ�WKH�FRQFUHWH�EHWZHHQ�WKH�UHEDU��FDWKRGH� 
DQG�WKH�DQRGH���:KLOH�PHDVXUHG�FKORULGH�SURILOHV�KDYH�LQGLFDWHG�WKDW�OLWWOH�FKORULGH�PLJUDWLRQ 
RFFXUUHG�DW�ORZ�FXUUHQW�GHQVLWLHV�RI������$�P���PLJUDWLRQ�DZD\�IURP�WKH�UHEDU�DQG�JHQHUDO 
FKORULGH�GHSOHWLRQ�LQ�LWV�YLFLQLW\�ZHUH�REVHUYHG�DW������$�P���DQG�HYHQ�PRUH�VR�DW�������$�P� 

�Polland and Page 1988����&KORULGH�PLJUDWLRQ�ZDV�DOVR�QRWHG�GXULQJ�DSSOLFDWLRQ�RI�&3�WR 
FRQFUHWH�VSHFLPHQV�XVLQJ�DQ�DFWLYDWHG�7L�PHVK�DQRGH�DW�FXUUHQW�GHQVLWLHV�LQ�WKH�UDQJH�RI�����WR�� 
$�P���Mussinelli, Tettramanti and Pedeferri 1987��ZLWK�FKORULGH�GHSOHWLRQ�ZLWKLQ����PP�RI�WKH 
UHEDU�DQG�FKORULGH�DFFXPXODWLRQ�ZLWKLQ����PP�RI�WKH�DQRGH��6LPLODU�UHVXOWV�KDYH�EHHQ�REWDLQHG 
LQ�DFFHOHUDWHG�WHVWLQJ�XVLQJ�WKHUPDO�VSUD\HG�=Q�DQRGHV�RQ�FRQFUHWH�H[SRVHG����\HDUV�WR�D�PDULQH 
HQYLURQPHQW��Cramer, et al. 2000��DQG�E\�PRGHOLQJ�&O�WUDQVSRUW�LQ�FRQFUHWH�LQ�WKH�SUHVHQFH�RI 
WKH�SRWHQWLDO�JUDGLHQW�SURGXFHG�E\�&3��Cramer, et al. 2000; Cramer, et al. 2002a����7RWDO 
FKORULGH�FRQFHQWUDWLRQ�ZDV�UHGXFHG�DW�WKH�UHEDU�DQG�LQFUHDVHG�DW�WKH�DQRGH��ZLWK�VDOW�HPHUJLQJ 
IURP�WKH�FRQFUHWH�DQG�FUXVWLQJ�RQ�WKH�VXUIDFH�RI�WKH�WKHUPDO�VSUD\HG�]LQF�DQRGH� 

'XULQJ�&3�ZLWK�D�WKHUPDO�VSUD\HG�=Q�DQRGH��D�ZKLWH�FRUURVLRQ�SURGXFW�ZDV�REVHUYHG�WR�GHYHORS 
DW�WKH�LQWHUIDFH�EHWZHHQ�WKH�=Q�DQG�FHPHQW�SDVWH��Weale 1992����:LWK�IRUPDWLRQ�RI�WKH�ZKLWH 
FRUURVLRQ�SURGXFW��WKH�=Q�FRDWLQJ�EHFDPH�LQFUHDVLQJO\�OHVV�DGKHUHQW��OHDYLQJ�D�OD\HU�RI�FRUURVLRQ 
SURGXFW�DGKHULQJ�WR�WKH�FHPHQW�SDVWH��Weale 1992����=Q�PLJUDWLRQ�ZDV�HQKDQFHG�E\�&3��DQG�=Q 
LRQV�DFFXPXODWHG�LQ�WKH�FHPHQW�SDVWH�DGMDFHQW�WR�WKH�FDWKRGH��Weale 1992����7KH�=Q�WR�FRQFUHWH 
DGKHVLYH�ERQG�LPSURYHG�LQLWLDOO\�ZLWK�WKH�IRUPDWLRQ�RI�=Q�K\GUR[LGHV�EXW�GHFUHDVHG�LQ�WLPH 
ZKHQ�WKH�WKLFNQHVV�RI�WKH�FRUURVLRQ�SURGXFW�OD\HU�H[FHHGHG�D�FULWLFDO�YDOXH��Weale 1992�� 
9DOXHV�RI�WKH�S+�LQ�WKH�FRUURVLRQ�SURGXFW�ZHUH�LQ�WKH�UDQJH�S+���WR�����Weale 1992����;�UD\ 
GLIIUDFWLRQ��;5'��VKRZHG�WKH�=Q�FRUURVLRQ�SURGXFW�ZDV�D�PLFURFU\VWDOOLQH�FRPSOH[�IRUP�RI�]LQF 
K\GUR[LGH��RU�ZKLWH�UXVW��Weale 1992����2WKHU�PLQHUDOV�IRXQG�LQ�WKH�FRUURVLRQ�SURGXFW�LQFOXGHG� 
=Q�K\GUR[\FKORULGH�RU�=Q&O���=Q�2+���>DQ�DOWHUQDWLYH�IRUPXOD�LV�=Q��2+��&O��@�DQG 
VLPRQNROOHLWH��=Q��2+��&O��+�2� 

6HYHUDO�VWXGLHV�KDYH�XVHG�KLJK�FXUUHQW�GHQVLWLHV�RYHU�VKRUW�SHULRGV�LQ�DQ�HIIRUW�WR�VLPXODWH�ORQJ� 
WHUP�&3�RSHUDWLQJ�UHVXOWV��Apostolos 1984; Mussinelli, Tettamanti and Pedeferri 1987; Kramer 
1989����$�VWXG\�RI�UHEDU�ERQG�ORVV�LQ�FRQFUHWH�GXH�WR�DSSOLHG�FXUUHQW�LQGLFDWHG�WKDW�FXPXODWLYH 
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FXUUHQW�GHQVLW\�RU�WRWDO�HOHFWULFDO�FKDUJH�SHU�XQLW�DUHD�ZDV�WKH�FULWLFDO�IDFWRU�LQ�GHWHUPLQLQJ�WKH 
ERQG�VWUHQJWK��Vrable 1977�� 

��� 352%/(0�'(),1,7,21 

7KH�FRVW�RI�DSSO\LQJ�WKHUPDO�VSUD\HG�=Q�DQRGHV�YDULHV�IURP�EULGJH�WR�EULGJH��Holcomb and 
Cryer 1998����,Q�2UHJRQ��SDUW�RI�WKH�FRVW�LV�UHODWHG�WR�GLIILFXOW�DFFHVV�DW�WKH�SURMHFWV��SDUW�LV 
UHODWHG�WR�VWULQJHQW�2UHJRQ�'27�VXUIDFH�SUHSDUDWLRQ�DQG�ERQG�VWUHQJWK�UHTXLUHPHQWV�UHVXOWLQJ 
IURP�WKH�SUHPLVH�WKDW�KLJK�LQLWLDO�ERQG�VWUHQJWK�ZRXOG�\LHOG�DQRGHV�WKDW�UHPDLQ�ERQGHG�WR�WKH 
FRQFUHWH�IRU�D�ORQJ�WLPH���7R�DVVXUH�VXFFHVV�LQ�FRPSO\LQJ�ZLWK�WKHVH�VSHFLILFDWLRQV��H[WHQVLYH 
WUDLQLQJ�LV�JLYHQ�WR�WKH�FRQWUDFWRUV��DQRGH�DSSOLFDWRUV��DQG�LQVSHFWRUV���7UDLQLQJ��VWULFW 
HQYLURQPHQWDO�FRQWUROV��DQG�VWULQJHQW�VXUIDFH�SUHSDUDWLRQ�UHTXLUHPHQWV�LQFUHDVHG�WKH�FRVW�RI 
DSSO\LQJ�WKH�=Q�DQRGH���3UHKHDWLQJ�WKH�VXUIDFH�WR�DFKLHYH�KLJK�LQLWLDO�ERQG�VWUHQJWK�DORQH 
FRQWULEXWHG�DERXW������WR�WKH�FRVW�RI�DQRGH�DSSOLFDWLRQ�LQ�HDUO\�DQRGH�LQVWDOODWLRQV� 

=Q�PLQHUDOV�IRUP�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH�DV�WKH�DQRGH�SURWHFWV�WKH�UHEDU���7KLV�PLQHUDO 
OD\HU�FDQ�DIIHFW�WKH�DQRGH�DGKHVLRQ�WR�WKH�FRQFUHWH�DQG��KHQFH��WKH�ORQJ�WHUP�DELOLW\�RI�WKH�DQRGH 
WR�DGKHUH�WR�D�EULGJH���7KH�HIIRUW�WR�JHW�KLJK�LQLWLDO�ERQG�VWUHQJWK�PD\�EH�RI�OLWWOH�EHQHILW�LI�D 
UHODWLYHO\�WKLQ�OD\HU�RI�]LQF�PLQHUDOV�WKHQ�GHJUDGHV�WKH�ERQG���7KH�PLQHUDO�OD\HU�DOVR�FRQWDLQV 
PLQHUDOV�WKDW�DUH�HOHFWULFDOO\�LQVXODWLQJ�LQ�QDWXUH�DQG��WKHUHIRUH��FRXOG�DIIHFW�WKH�FXUUHQW�FDUU\LQJ 
FDSDFLW\�RI�WKH�DQRGH���)XUWKHUPRUH��76�=Q�DQRGHV�IRU�&3�V\VWHPV�DUH�D�UHODWLYHO\�QHZ 
WHFKQRORJ\�DQG�WKH�IDFWRUV�WKDW�DIIHFW�VHUYLFH�OLIH�KDYH�QRW�EHHQ�LGHQWLILHG�QRU�KDV�WKH�ORQJ�WHUP 
SHUIRUPDQFH�RI�WKH�DQRGHV�EHHQ�GHPRQVWUDWHG� 

7KH�LQLWLDO�SXUSRVH�RI�WKH�UHVHDUFK�ZDV�WZRIROG���7KH�ILUVW�ZDV�WR�XQGHUVWDQG�ZKHWKHU�WKH�EHQHILWV 
RI�KLJK�LQLWLDO�DQRGH�ERQG�VWUHQJWK�ZHUH�UHDOL]HG�WKURXJKRXW�WKH�VHUYLFH�OLIH�RI�WKH�76�=Q�DQRGH� 
7KH�VHFRQG�ZDV�WR�XQGHUVWDQG�WKH�DQRGH�ERQGLQJ�PHFKDQLVP�WR�SURYLGH�D�EDVLV�IRU�HVWLPDWLQJ 
WKH�HIIHFWV�RI�HOHFWURFKHPLFDO�DJLQJ�RQ�DQRGH�VHUYLFH�OLIH����7KH�UHVXOWV�RI�WKH�UHVHDUFK�ZRXOG 
DOORZ�WKH�LPSDFW�RI�LQLWLDO�ERQG�VWUHQJWK�RQ�DQRGH�VHUYLFH�OLIH�WR�EH�TXDQWLILHG�DQG�WKH�LQYHVWPHQW 
LQ�KLJK�LQLWLDO�ERQG�VWUHQJWK�WR�EH�HYDOXDWHG���$V�WKH�UHVHDUFK�SURJUHVVHG��DGGLWLRQDO�LVVXHV 
UHODWHG�WR�WKH�QHZQHVV�RI�WKH�WHFKQRORJ\�DQG�WKH�QHHG�WR�XQGHUVWDQG�ORQJ�WHUP�DQRGH 
SHUIRUPDQFH�EHFDPH�DSSDUHQW����3ULQFLSOH�DPRQJ�WKHVH�ZHUH�WKH�HIIHFW�RI�FKHPLVWU\�RI�WKH�DQRGH� 
FRQFUHWH�LQWHUIDFH�RQ�ORQJ�WHUP�SHUIRUPDQFH�RI�WKH�DQRGH��ZD\V�WR�GHWHUPLQH�WKH�FRQGLWLRQ�RI�WKH 
DQRGH�ZKLOH�LQ�VHUYLFH��DQG�ZD\V�WR�SUHGLFW�IXWXUH�SHUIRUPDQFH�RI�WKH�DQRGH� 

���	 &+(0,&$/�$1'�(/(&752&+(0,&$/�5($&7,216�'85,1* 
&3 

&RUURVLRQ�RI�UHEDU�LQ�FRQFUHWH�LV�XVXDOO\�LQLWLDWHG�E\�WKH�DFWLRQ�RI�FKORULGH�LRQV�GLVUXSWLQJ�WKH 
QRUPDO�SDVVLYH�ILOP�WKDW�IRUPV�RQ�LURQ�DW�DONDOLQH�S+�YDOXHV��W\SLFDOO\��������Broomfield 1997�� 
7KH�R[LGDWLRQ�UHDFWLRQ�RI�WKH�VWHHO�LQYROYHV�WKH�IRUPDWLRQ�RI�IHUURXV�LRQV�DFFRUGLQJ�WR�UHDFWLRQ 
���� 

)H�����)H��������H�±� ����� 
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,&&3�DQG�6$&3�DUH�RIWHQ�XVHG�WR�VORZ�RU�VWRS�UHDFWLRQ�������7KLV�LV�DFKLHYHG�E\�VXSSO\LQJ 
HOHFWURQV�WR�WKH�VWUXFWXUH�WR�EH�SURWHFWHG��L�H���FDXVLQJ�WKH�UHYHUVH�RI�UHDFWLRQ�����WR�RFFXU���$Q 
DSSOLHG�SRWHQWLDO��,&&3��RU�D�PRUH�HOHFWURQHJDWLYH�PHWDO�FRXSOHG�WR�WKH�VWUXFWXUH��6$&3��IRUFHV 
HOHFWURQV�IURP�D�VDFULILFLDO�DQRGH��WKH�=Q�FRDWLQJ��WKURXJK�WKH�FLUFXLW�WR�WKH�UHEDU��ZKLOH�D 
FRQFXUUHQW�QHW�IORZ�RI�SRVLWLYH�FKDUJH�IORZV�WKURXJK�WKH�HOHFWURO\WH��WKH�FRQFUHWH��WR�WKH�UHEDU� 

$W�WKH�DONDOLQH�FRQGLWLRQV�H[LVWLQJ�LQ�XQFRQWDPLQDWHG�FRQFUHWH��=Q�GLVVROYHV�WR�IRUP�EL]LQFDWH 
LRQV��Pourbaix 1966; Zhang 1996����+RZHYHU��DW�&3�FRQGLWLRQV�WKH�DQRGH�FRQFUHWH�LQWHUIDFH 
EHFRPHV�LQFUHDVLQJO\�OHVV�DONDOLQH��L�H���DFLGLILHG��DQG�WKH�DQRGH�UHDFWLRQ�LV�WKDW�JLYHQ�E\ 
UHDFWLRQ����� 

=Q�����=Q�������H����� ����� 

=LQF�K\GUR[LGH�SUHFLSLWDWHV�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH�DV�LQ�UHDFWLRQ�����WR�IRUP�ZKDW�LV 
UHIHUUHG�WR�JHQHULFDOO\�UHIHUUHG�WR�LQ�WKLV�UHSRUW�DV�WKH�³=Q�R[LGH�OD\HU�´ 

=Q��������+�2�����=Q�2+�������+���� ����� 

,W�LV�DSSDUHQW�IURP�WKLV�UHDFWLRQ�WKDW�WKH�LQWHUIDFH�S+�ZLOO�GHFUHDVH�DV�&3�FRQWLQXHV���8QGHU 
GU\LQJ�FRQGLWLRQV�]LQF�K\GUR[LGH�PD\�FRQYHUW�WR�]LQF�R[LGH�E\�D�GHK\GUDWLRQ�UHDFWLRQ�DV�LQ 
UHDFWLRQ����� 

=Q�2+�������=Q2���+�2 ����� 

6HFRQGDU\�PLQHUDOL]DWLRQ�UHDFWLRQV�PD\�RFFXU�DV�WKH�]LQF�K\GUR[LGH��UHDFWLRQ������RU�]LQF�R[LGH� 
UHDFWLRQ������FRPELQHV�ZLWK�RWKHU�FRQVWLWXHQWV�RI�WKH�HQYLURQPHQW�VXFK�DV�FKORULGH��VXOIDWH�RU 
FDUERQDWH�LRQV��RU�PLQHUDOV�LQ�WKH�FHPHQW�SDVWH�WR�IRUP�PRUH�FRPSOH[�PLQHUDOV���$V�WLPH 
SURJUHVVHV��WKH�PRUH�VWDEOH�RI�WKHVH�PLQHUDOV�ZLOO�SUHGRPLQDWH�RYHU�WKH�OHVV�VWDEOH�PLQHUDOV�LQ�WKH 
³=Q�R[LGH�OD\HU�´ 

$W�WKH�FDWKRGH��ZKLFK�XQGHU�&3�LV�WKH�UHEDU��WKH�XVXDO�UHDFWLRQ�LV�WKH�UHGXFWLRQ�RI�R[\JHQ�WR�WKH 
K\GUR[\O�LRQ��UHDFWLRQ����� 

2�������+�2�����H��������2+���� ����� 

7KXV��WKH�UHEDU�HQYLURQPHQW�EHFRPHV�PRUH�DONDOLQH�ZLWK�WLPH�DQG�WKH�FRQGLWLRQV�WKDW�DJDLQ�IDYRU 
SDVVLYDWLRQ�RI�WKH�VWHHO�DUH�HVWDEOLVKHG�����$�IXUWKHU�EHQHILW�RI�&3�LV�WKDW�&O�LRQV�DUH�WUDQVSRUWHG 
DZD\�IURP�WKH�UHEDU�XQGHU�WKH�LQIOXHQFH�RI�WKH�&3�SRWHQWLDO�JUDGLHQW��Cramer, et al. 2000����7KH 
FXUUHQW�GHQVLW\�UHTXLUHPHQWV�WR�DFKLHYH�SURWHFWLRQ�LQ�&3�V\VWHPV�DUH�XVXDOO\�GHWHUPLQHG 
HPSLULFDOO\��DQG�D�W\SLFDO�UDQJH��Fontana and Greene 1978��IRU�UHEDU�LQ�FRQFUHWH�LV��������WR 
�������$�P�������WR�����P$�IW������7\SLFDOO\��SRODUL]DWLRQ�RU�GHSRODUL]DWLRQ�PHDVXUHPHQWV�DUH 
PDGH�WR�YHULI\�WKDW�WKH�VWHHO�LV�LQ�IDFW�SURWHFWHG��Baeckmann, Schwenk and Prinz 1997�� 
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%XON�DQRGH�VHUYLFH�OLYHV�FDQ�EH�FDOFXODWHG�XVLQJ�HTXDWLRQ������D�IRUP�D�)DUDGD\¶V�ODZ��ZKHUH�t�LV 
WKH�DQRGH�OLIH��\���Ia�LV�WKH�DQRGH�FXUUHQW�RXWSXW��$���W�LV�WKH�ZHLJKW�RI�WKH�DQRGH��NJ���f�LV�D 
XWLOL]DWLRQ�IDFWRU��YDOXH�EHWZHHQ���DQG�����e�LV�DQ�HIILFLHQF\�IDFWRU�UHODWHG�WR�WKH�DPRXQW�RI�VHOI� 
FRUURVLRQ�RI�WKH�DQRGH��YDOXH�EHWZHHQ���DQG�����DQG�Cr�LV�WKH�FRQVXPSWLRQ�UDWH��NJ�$�\�� 

� t = W * f * e / (Ia * Cr ) ����� 

,QFOXGHG�LQ�FRQVXPSWLRQ�UDWH��Cr���LQ�HTXDWLRQ�����LV�WKH�)DUDGD\�FRQVWDQW�������� 
&RXORPEV�HTXLYDOHQW����(TXDWLRQ�����FDQ�EH�PRGLILHG�WR�FRPSXWH�WKH�DPRXQW�RI�]LQF�FRQVXPHG 
DW�DQ\�SRLQW�LQ�WKH�OLIH�RI�WKH�DQRGH��H�J���HLWKHU�W�RU�f RU�WKH�SURGXFW�W*f�FDQ�EH�FRPSXWHG�ZKHQ 
WKH�WLPH�WR�GLVERQGPHQW�LV�NQRZQ� 

��




��� (;3(5,0(17$/�352&('85(6 

��� /$%25$725<�$12'(�$*,1*�678',(6 

7ZR�ODERUDWRU\�H[SHULPHQWV�ZHUH�FRQGXFWHG�RQ�WKHUPDO�VSUD\HG�]LQF��76�=Q��DQRGHV�DV�SDUW�RI 
WKLV�VWXG\���7KH�SXUSRVH�RI�WKH�ILUVW�H[SHULPHQW�ZDV�WR�GHWHUPLQH��IRU�SHULRGLFDOO\�ZHWWHG�76�=Q 
DQRGHV��Covino, et al. 1996a; Covino, et al. 1996b; Bullard, et al. 1997b; Holcomb, et al. 1996; 
Covino, et al. 1995; Covino, et al. 1997a�� 

� WKH�UHODWLRQVKLS�EHWZHHQ�=Q�R[LGH�OD\HU�WKLFNQHVV�DQG�WKH�]LQF�WR�FRQFUHWH�ERQG�VWUHQJWK� 
� WKH�HIIHFW�RI�RULJLQDO�]LQF�WR�FRQFUHWH�ERQG�VWUHQJWK�RQ�WKH�ORQJ�WHUP�ERQG�VWUHQJWK� 
� WKH�LQLWLDO�=Q�ERQG�PHFKDQLVP�DQG�WKH�ERQG�PHFKDQLVP�DIWHU�=Q�UHDFWLRQ�SURGXFW�JURZWK 

DW�WKH�]LQF�FRQFUHWH�LQWHUIDFH� 
� WKH�FKHPLFDO�FRPSRVLWLRQ�RI�WKH�=Q�UHDFWLRQ�SURGXFW�DW�WKH�]LQF�FRQFUHWH�LQWHUIDFH��DQG 
� WKH�HIIHFW�RI�SUHKHDWLQJ�RQ�ORQJ�WHUP�ERQG�VWUHQJWK�RI�76�=Q�DQRGHV�WR�FRQFUHWH� 

7KH�SXUSRVH�RI�WKH�VHFRQG�H[SHULPHQW�ZDV�WR�YHULI\�WKH�UHVXOWV�IURP�WKH�ILUVW�H[SHULPHQW�IRU 
VKRUW�HOHFWURFKHPLFDO�DJHV��DQG�WR�GHWHUPLQH�WKH�HIIHFW�QRW�ZHWWLQJ�WKH�DQRGH�ZRXOG�KDYH�RQ�76 
=Q�DQRGH�SHUIRUPDQFH��Bullard, et al. 1997a�� 

&RQFUHWH�VODEV�ZHUH�FDVW�VR�DV�WR�SK\VLFDOO\��PHFKDQLFDOO\��DQG�HOHFWURFKHPLFDOO\�DSSUR[LPDWH�D 
VHFWLRQ�RI�EULGJH�VXEVWUXFWXUH�LQ�D�W\SLFDO�DUF�VSUD\HG�=Q�DQRGH�&3�LQVWDOODWLRQ���7KH�FRQFUHWH 
PL[�GHVLJQ�LQFOXGHG�WZR�OHYHOV�RI�GLVVROYHG�FKORULGH�WR�VLPXODWH�PDULQH�H[SRVHG�FRQFUHWH���$ 
VWHHO�PHVK�ZDV�HPEHGGHG�LQ�WKH�VODE�WR�VLPXODWH�WKH�UHEDU�DQG�WR�DFW�DV�WKH�FDWKRGH���$IWHU 
FXULQJ��WKH�VODE�VXUIDFHV�ZHUH�VDQG�EODVWHG�DQG�VXUIDFH�SUHSDUHG�IROORZLQJ�2UHJRQ�'27 
VSHFLILFDWLRQV� 

,PPHGLDWHO\�SULRU�WR�DUF�VSUD\LQJ�ZLWK�=Q��WKH�WRS�VXUIDFH�RI�KDOI�WKH�VODEV�ZDV�SUHKHDWHG�WR 
EHWZHHQ���������&����������)����7KH�WRS�VXUIDFH�RI�WKH�UHPDLQLQJ�VODEV�ZDV�QRW�SUHKHDWHG 
EHIRUH�VSUD\LQJ�ZLWK�=Q���7KH�WKHUPDO�VSUD\HG�=Q�DQRGHV�ZHUH�WKHQ�HOHFWURFKHPLFDOO\�DJHG�DW�DQ 
DFFHOHUDWHG�UDWH�XVLQJ�D�FXUUHQW�GHQVLW\��EDVHG�RQ�WKH�QRPLQDO�FRQFUHWH�VXUIDFH�DUHD��RI������ 
$�P�����P$�IW�����7KLV�LV�DSSUR[LPDWHO\����WLPHV�WKH�FXUUHQW�GHQVLW\�XVHG�E\�2UHJRQ�'27�WR 
SURWHFW�LWV�FRDVWDO�EULGJHV���6ODEV�ZHUH�SHULRGLFDOO\�UHPRYHG�IURP�WKH�H[SHULPHQW�WR�PHDVXUH�WKH 
ERQG�VWUHQJWK�RI�WKH�=Q�FRDWLQJ�DQG�WR�GHWHUPLQH�WKH�FKHPLVWU\�RI�WKH�]LQF�FRQFUHWH�DQG�VWHHO� 
FRQFUHWH�LQWHUIDFHV� 

&RQGLWLRQV�ZLWKLQ�WKH�VODEV�GLIIHUHG�IURP�WKRVH�H[SHFWHG�WR�H[LVW�ZLWKLQ�FRDVWDO�EULGJHV�LQ�WZR 
LPSRUWDQW�ZD\V���7KH�FKORULGH�ZDV�XQLIRUPO\�GLVWULEXWHG�WKURXJKRXW�WKH�ODERUDWRU\�VODEV� 
REWDLQHG�E\�GLVVROYLQJ�VRGLXP�FKORULGH�LQ�WKH�PL[�ZDWHU�SULRU�WR�IRUPLQJ�WKH�FRQFUHWH��UDWKHU 
WKDQ�GLIIXVHG�LQWR�WKH�FRQFUHWH�IURP�WKH�RXWHU�VXUIDFH��ZKLFK�ZRXOG�KDYH�UHVXOWHG�LQ�D�W\SLFDO 
)LFNLDQ�GLVWULEXWLRQ�RI�FKORULGH���7KH�VDOW�GLVWULEXWLRQ�REWDLQHG�E\�PL[LQJ�PD\�DOVR�SXW�FKORULGH 

��




LQ�ORFDWLRQV�QRW�UHDGLO\�DFFHVVLEOH�E\�GLIIXVLRQ� i.e���LVRODWHG�SRUHV�DQG�EOLQG�FKDQQHOV���6HFRQGO\� 
WKH�LPSUHVVHG�FXUUHQW�GHQVLW\�ZDV�KLJKHU�LQ�WKH�ODERUDWRU\�H[SHULPHQW�WKDQ�WKH�DSSUR[LPDWHO\ 
������$�P�������P$�IW���XVHG�RQ�WKH�2UHJRQ�'27�EULGJHV��Covino, et al. 1995���7KLV�FDQ�KDYH 
WKH�HIIHFW�RI�DOWHULQJ�WUDQVSRUW�SURFHVVHV�UHODWLYH�WR�HOHFWURFKHPLFDO�DQG�FKHPLFDO�SURFHVV��VR�DV 
WR�JLYH�UHVXOWV�WKDW�YDU\��DW�OHDVW�LQ�ILQH�GHWDLO��IURP�WKRVH�EHLQJ�DSSUR[LPDWHG�E\�WKH�H[SHULPHQW� 
)RU�H[DPSOH��HIIHFWV�IURP�WKH�DFFXPXODWLRQ�RI�=Q�PLQHUDOV�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH�DQG 
DFLGLILFDWLRQ�RI�WKLV�LQWHUIDFH�PD\�EH�OHVV�DSSDUHQW�DW�WKH�ORQJHU�WLPHV�DVVRFLDWHG�ZLWK 
FDWKRGLFDOO\�SURWHFWHG�EULGJHV���%HFDXVH�RI�WKHVH�SRWHQWLDO�GLIIHUHQFHV��D�FRQVLGHUDEOH�HIIRUW�ZDV 
PDGH�WR�FRPSDUH�UHVXOWV�IURP�ODERUDWRU\�H[SHULPHQWV�WR�WKH�SHUIRUPDQFH�RI�ILHOG�=Q�DQRGH�&3 
V\VWHPV�WR�KHOS�YDOLGDWH�WKH�ODUJHU�GHWDLOV�RI�WKH�ODERUDWRU\�UHVXOWV� 

����� &RQFUHWH�VODE�FRQVWUXFWLRQ 

&RQFUHWH�VODEV�IRU�ERWK�H[SHULPHQWV��PHDVXULQJ������P�[������P�[������P�����LQ�[����LQ�[���LQ�� 
ZHUH�FDVW�ZLWK�1R�����H[SDQGHG�VWHHO�PHVK�FRYHULQJ�WKH�IXOO�GLPHQVLRQV�RI�WKH�IRUP�ERWWRP� 
6WHHO�PHVK�ZDV�XVHG�LQ�SODFH�RI�UHEDU�EHFDXVH�RI�LWV�VPDOOHU�VL]H�WR�SURYLGH�XQLIRUP�FXUUHQW 
GHQVLW\�GLVWULEXWLRQ�WR�DOO�DUHDV�RI�WKH�=Q�DQRGH��6WHHO�ZLUH�ZDV�ZHOGHG�WR�WKH�PHVK�DQG�H[WHQGHG 
DERYH�WKH�WRS�VXUIDFH�RI�WKH�IRUP�WR�SURYLGH�DQ�HOHFWULFDO�FRQQHFWLRQ�WR�WKH�PHVK���$�WKLQ�OD\HU�RI 
FRQFUHWH�ZDV�VSUHDG�LQ�WKH�ERWWRP�RI�WKH�IRUP�SULRU�WR�SODFLQJ�WKH�PHVK�WR�HQVXUH�WKDW�WKHUH�ZHUH 
QR�YRLGV�EHKLQG�WKH�PHVK���7KH�FRYHU�FRQFUHWH�RYHU�WKH�VWHHO�PHVK�ZDV�����FP�������LQ��WKLFN��$ 
VFKHPDWLF�RI�WKH�VODE�FRQVWUXFWLRQ�LV�VKRZQ�LQ�)LJXUH�������7KH�GDWHV�IRU�FRQVWUXFWLRQ��FXULQJ� 
WKHUPDO�VSUD\LQJ��DGKHVLRQ�WHVWLQJ��DQG�HOHFWURFKHPLFDO�DJLQJ�RI�WKH�VODEV�IRU�ERWK�H[SHULPHQWV 
DUH�JLYHQ�LQ�7DEOH����� 

)LJXUH������'HVLJQ�RI�WKH�ODERUDWRU\�FRQFUHWH�VODEV�ZLWK�HPEHGGHG�VWHHO�PHVK�FDWKRGH 

��




7DEOH������7LPHOLQH�IRU�ODERUDWRU\�H[SHULPHQWV 

)DEULFDWLRQ�6WHSV )LUVW�([SHULPHQW 6HFRQG�([SHULPHQW 

&RQFUHWH�6ODEV�&DVW -XO\������������ 6HSWHPEHU����������� 

&RQFUHWH�6ODEV�:HW�&XUHG -XO\����$XJXVW��������� 6HSWHPEHU����2FWREHU��������� 

7KHUPDO�VSUD\�=Q�$SSOLHG�WR�6ODEV 6HSWHPEHU������������ 0DUFK��������� 

6ODEV�GHOLYHUHG�WR�$5& 2FWREHU�������� 1RW�DYDLODEOH 

$GKHVLRQ�7HVWLQJ�RI�$QRGH 1RYHPEHU��������� -XQH��������� 

$JLQJ�([SHULPHQW�6WDUWHG -DQXDU\�������� -XQH��������� 

$JLQJ�([SHULPHQW�&RPSOHWHG $SULO��������� 2FWREHU��������� 

7KH�FRQFUHWH�PL[�ZDV�LQWHQGHG�WR�DSSUR[LPDWH�WKDW�XVHG�LQ�2UHJRQ�'27
V�ROGHU�FRDVWDO�EULGJHV� 
,W�LV�VKRZQ�LQ�7DEOH�����DQG�KDV�EHHQ�SXEOLVKHG�HOVHZKHUH��Bullard, et al. 1997a����7KH�UHVXOWLQJ 
ZDWHU�FHPHQW��Z�F��UDWLR�RI������LV�VLPLODU�WR�WKDW�RI�2UHJRQ�'27�ROGHU�FRDVWDO�EULGJHV���7KH 
FRDUVH�DJJUHJDWH�VL]H�ZDV������PP�������LQ��WR�����PP�������LQ���DQG�LV�VPDOOHU�WKDQ�DJJUHJDWH 
W\SLFDOO\�XVHG�LQ�EULGJH�FRQVWUXFWLRQ���7KLV�FKDQJH�LQ�DJJUHJDWH�VL]H�ZDV�QHFHVVDU\�WR�REWDLQ�D 
PRUH�XQLIRUP�FXUUHQW�GLVWULEXWLRQ�LQ�WKH�VODE�EHWZHHQ�WKH�=Q�DQRGH�DQG�WKH�VWHHO�PHVK�FDWKRGH 
WKDQ�ZRXOG�KDYH�EHHQ�SRVVLEOH�ZLWK�ODUJHU�DJJUHJDWH���6RGLXP�FKORULGH�ZDV�DGGHG�WR�WKH�FRQFUHWH 
PL[�WR�DSSUR[LPDWH�PDULQH�H[SRVHG�FRQFUHWH���2Q�D�SHU�FXELF�PHWHU�RI�FRQFUHWH�EDVLV��WKH�VDOW 
FRQFHQWUDWLRQ�LQ�D�PDMRULW\�RI�WKH�VODEV�ZDV���NJ�1D&O�P�����OE�1D&O�\G����D�IHZ�FRQWDLQHG���� 
NJ�1D&O�P�����OE1D&O�\G���WR�WHVW�WKH�HIIHFW�RI�FKORULGH�FRQFHQWUDWLRQ�RQ�WKH�FRUURVLRQ�FKHPLVWU\ 
DW�WKH�]LQF�FRQFUHWH�LQWHUIDFH� 

7DEOH������&RQFUHWH�PL[�GHVLJQ�IRU�ODERUDWRU\�VODEV 
SHU�FXELF�\DUG�RI�FRQFUHWH� 

&RPSRQHQW :HLJKW��NJ :HLJKW��OE� 

&HPHQW ��� ��� 

&RDUVH�DJJUHJDWH� ��� ���� 

6DQG� ��� ���� 

:DWHU ��� ��� 
��VDWXUDWHG��VXUIDFH�GU\�EDVLV��YDOXHV�RI�������ZDWHU�LQ 
DJJUHJDWH�DQG�������ZDWHU�LQ�VDQG�ZHUH�XVHG� 

����� &RQFUHWH�VXUIDFH�SUHSDUDWLRQ 

)ROORZLQJ�2UHJRQ�'27�VSHFLILFDWLRQV��WKH�VODEV�ZHUH�FXUHG�WKUHH�WR�IRXU�ZHHNV�LQ�D�PRLVW�URRP� 
WKHQ�DLU�GULHG�IRU�RQH�ZHHN��7DEOH�������3ULRU�WR�DSSO\LQJ�WKH�=Q�FRDWLQJ��WKH�WRSV�RI�WKH�VODEV 
ZHUH�VDQGEODVWHG�WR�UHPRYH�WKH�ZHDN�FHPHQW�SDVWH�RU�ODLWDQFH�OD\HU�RQ�WKH�VXUIDFH��H[SRVH�D 
VPDOO�DPRXQW�RI�DJJUHJDWH��DQG�JLYH�WKH�VXUIDFH�D�PHGLXP�VDQGSDSHU�WH[WXUH���+DOI�RI�WKH�VODEV 

��




ZHUH�SUHKHDWHG�WR�EHWZHHQ���������&����������)��ZLWK�DQ�R[\�DFHW\OHQH�WRUFK�LPPHGLDWHO\ 
SULRU�WR�WKHUPDO�VSUD\LQJ��KDOI�ZHUH�QRW�SUHKHDWHG�EHIRUH�VSUD\LQJ��$Q�RSWLFDO�S\URPHWHU�ZDV 
XVHG�WR�PHDVXUH�VXUIDFH�WHPSHUDWXUHV�GXULQJ�SUHKHDWLQJ�RI�WKH�FRQFUHWH�VODEV�IRU�WKH�ILUVW�DQG�WKH 
VHFRQG�H[SHULPHQWV� 

����� 0HWDOOL]HG�DQRGH�DSSOLFDWLRQ 

7KH�WZLQ�ZLUH�DUF�VSUD\�SURFHVV�ZDV�XVHG�WR�DSSO\�WKH�=Q�DQRGHV�WR�WKH�FRQFUHWH�VXUIDFH 
�Covino, et al. 1995����,Q�WKLV�SURFHVV��DQ�DUF�LV�FUHDWHG�WKDW�PHOWV�WZR�=Q�ZLUHV�WKDW�DUH�EURXJKW 
LQWR�FORVH�SUR[LPLW\�ZLWK�HDFK�RWKHU���7KH�PROWHQ�=Q�LV�WKHQ�DWRPL]HG�LQWR�GURSOHWV�E\�D�MHW�RI 
FRPSUHVVHG�JDV�DQG�SURSHOOHG�WR�WKH�FRQFUHWH�VXUIDFH���7KHUH�WKH�GURSOHWV�FRDOHVFH��SHQHWUDWH�LQWR 
VXUIDFH�URXJKQHVV��DQG�WKHQ�IUHH]H�LQWR�D�VROLG�OD\HU�RI�=Q�FRPSRVHG�RI�PDQ\�VPDOO�³VSODWV´�RI 
=Q���7KH�UHVXOWLQJ�FRDWLQJ�LV�KHOG�LQ�SODFH�RQ�WKH�FRQFUHWH�VXUIDFH�E\�D�PHFKDQLFDO�ERQG� 
&RPSUHVVHG�DLU�LV�W\SLFDOO\�XVHG�WR�DWRPL]H�WKH�PROWHQ�=Q�GURSOHWV�DQG�SURSHO�WKHP�WR�WKH 
VXUIDFH���)LJXUH�����VKRZV�WZLQ�ZLUH�DUF�VSUD\�HTXLSPHQW�EHLQJ�XVHG�WR�DSSO\�DQ�DQRGH�WR�D 
EULGJH�RQ�WKH�2UHJRQ�FRDVW� 

)LJXUH������7KHUPDO�VSUD\LQJ�=Q�RQ�D�EULGJH�VXEVWUXFWXUH�XVLQJ�WKH�WZLQ�ZLUH�DUF�VSUD\�SURFHVV 

7KH�WZLQ�ZLUH�DUF�VSUD\�HTXLSPHQW�LV�VKRZQ�LQ�)LJXUH�����DQG�LQFOXGHV�WKH�ZLUH�IHHG�V\VWHP�DQG 
VSUD\�JXQ�RU�QR]]OH���7KH�VSUD\�SDUDPHWHUV�ZHUH������$��'&������9��'&���DLU�SUHVVXUH������ 
03D������SVL���VSUD\�GLVWDQFH������������PP��������LQ���VSUD\�DQJOH��QRUPDO�WR�VXUIDFH��=Q�ZLUH 

��




GLDPHWHU������PP�������LQ���VSUD\�UDWH�������NJ�]LQF�KU�����OEV�]LQF�KU����$�FXVWRP�GHVLJQHG�DQG 
FRQVWUXFWHG�SURJUDPPDEOH�;�<�WUDYHUVLQJ�V\VWHP��)LJXUH������ZDV�XVHG�WR�FRQWURO�WKH�PRYHPHQW 
RI�WKH�VSUD\�KHDG�WR�REWDLQ�D�XQLIRUP�=Q�DQRGH�FRDWLQJ�WKLFNQHVV�RQ�WKH�FRQFUHWH�VODEV���7KH�]LQF 
DQRGH�W\SLFDOO\�ZDV�����PP��������LQ��WKLFN�IRU�WKH�ODERUDWRU\�VWXGLHV� 

� 

)LJXUH������*HQHUDO�YLHZ�RI�WZLQ�ZLUH�DUF�VSUD\ )LJXUH������2UHJRQ�'27�URERWLF�[�\�WUDYHUVLQJ�V\VWHP 
HTXLSPHQW�VKRZLQJ�ZLUH�VSRROV��WKH�ZLUH�IHHG�GULYH� XVHG�WR�DSSO\�76�=Q�DQRGH�WR�FRQFUHWH�VODEV 

DQG�WKH�VSUD\�JXQ 

7\SLFDO�SDUDPHWHUV�IRU�DUF�VSUD\LQJ�=Q�DQG�WKHLU�HIIHFW�RQ�GHSRVLWLRQ�UDWH�DQG�HIILFLHQF\�DUH 
OLVWHG�LQ�7DEOH������Rogers 2000����7KH�WDEOH�VKRZV�WKH�HIIHFW�RI�ZLUH�VL]H�DQG�FXUUHQW�RQ 
GHSRVLWLRQ�UDWH�DQG�HIILFLHQF\���1RWH�WKDW�GHSRVLWLRQ�HIILFLHQF\�IRU�WKH�VPDOOHU�ZLUH�VL]H�GHFUHDVHV 
ZLWK�LQFUHDVLQJ�FXUUHQW�GXH�WR�SURSRUWLRQDOO\�ODUJHU�RYHU�VSUD\�ORVVHV���'HSRVLWLRQ�HIILFLHQF\ 
LQFUHDVHG�IRU�WKH�ODUJHU�GLDPHWHU�ZLUH� 

��




7DEOH������7ZLQ�ZLUH�DUF�VSUD\�DSSOLFDWLRQ�SDUDPHWHUV��VSUD\�UDWHV��DQG�GHSRVLWLRQ�HIILFLHQFLHV���Rogers 2000� 
6SUD\ 
UDWH 

'HSRVLWLRQ 
UDWH 

:LUH�GHQVLW\ 'HSRVLWLRQ�YROXPH 
5DWH 

:LUH�W\SH :LUH 
VL]H 
LQFK 

'& 
DPSV 

'& 
YROWV 

OE�KU NJ�KU 

'HSRVLWLRQ 
(IILFLHQF\ 

� OE�KU NJ�KU OE�LQ� J�FP� LQ��KU FP��KU 

=LQF ��� ��� �� ���� ���� ����� ���� ���� ���� ���� ����� ���� 

=LQF ��� ��� �� ���� ���� ����� ���� ���� ���� ���� ����� ���� 

=LQF ��� ��� �� ���� ���� ����� ���� ���� ���� ���� ����� ���� 

=LQF ��� ��� �� ����� ���� ����� ���� ���� ���� ���� ����� ���� 

=LQF ��� ��� �� ����� ���� ����� ���� ���� ���� ���� ����� ���� 

=LQF ���� ��� �� ���� ���� ����� ���� ���� ���� ���� ����� ���� 

=LQF ���� ��� �� ����� ���� ����� ���� ���� ���� ���� ����� ���� 

=LQF ���� ��� �� ����� ���� ����� ���� ���� ���� ���� ����� ���� 

=LQF ���� ��� �� ����� ���� ����� ���� ���� ���� ���� ����� ���� 

=LQF ���� ��� �� ����� ���� ����� ����� ���� ���� ���� ����� ���� 

7KH�³VSODW´�LPSDFW�DQG�FRDWLQJ�IRUPDWLRQ�SURFHVVHV�DUH�VKRZQ�VFKHPDWLFDOO\�LQ�PRUH�GHWDLO�LQ 
)LJXUH�������0ROWHQ�PHWDO�GURSOHWV�DUH�SURSHOOHG�WR�WKH�FRQFUHWH�VXUIDFH�XVLQJ�D�FRPSUHVVHG�JDV� 
7KH�PROWHQ�GURSOHWV�LPSDFW�WKH�VXUIDFH�IRUPLQJ�D�VSODW�WKDW�VROLGLILHV�UHODWLYHO\�TXLFNO\� 
6XEVHTXHQW�PHWDO�GURSOHWV�IRUP�VSODWV�RQ�WRS�RI�VSODWV��WKXV�EXLOGLQJ�XS�WKH�FRDWLQJ�WKLFNQHVV���,I 
WKH�PHWDO�LV�HDVLO\�R[LGL]HG��WKHQ�WKH�PHWDO�GURSOHWV�IRUP�DQ�R[LGH�VNLQ�WKDW�LV�LQFRUSRUDWHG�LQWR 
WKH�FRDWLQJ���7KLV�GRHV�QRW�KDSSHQ�IRU�=Q�EXW�KDV�EHHQ�UHSRUWHG�IRU�DUF�VSUD\HG�7L��Cramer, et al. 
1998; Cramer, et al. 1999 ����0RVW�PHWDOV�DOVR�OHDYH�VFDWWHUHG�YRLGV�EHWZHHQ�VSODWV�GXULQJ�WKH 
WKHUPDO�VSUD\�SURFHVV� 

��




)LJXUH������6FKHPDWLF�UHSUHVHQWDWLRQ�RI�WKHUPDO�VSUD\LQJ�VKRZLQJ�WKH 
VSODW��GURSOHW��LPSDFW�DQG�FRDWLQJ�IRUPDWLRQ�SURFHVVHV 

����� $QRGH�HOHFWURFKHPLFDO�DJLQJ 

(OHFWURFKHPLFDO�DJLQJ�RI�WKH�VODEV�ZDV�FRQGXFWHG�LQ�D�FRQVWDQW�WHPSHUDWXUH�FRQVWDQW�KXPLGLW\ 
HQFORVXUH�WR�NHHS�WKH�VODEV�IURP�GU\LQJ�RXW���7KH�WHPSHUDWXUH�ZDV�DERXW����&�����)��DQG�WKH 
UHODWLYH�KXPLGLW\�YDULHG�IURP����WR�������)RU�SXUSRVHV�RI�HOHFWURFKHPLFDO�DJLQJ��WKH�VODEV�ZHUH 
GLYLGHG�LQWR�VHYHUDO�JURXSV���6ODEV�LQ�HDFK�JURXS�ZHUH�ZLUHG�LQ�VHULHV��ZLWK�=Q�DV�WKH�DQRGH�DQG 
WKH�VWHHO�PHVK�DV�WKH�FDWKRGH���)LJXUH�����VKRZV�FRQFUHWH�VODEV�EHLQJ�DJHG�LQ�WKH�FRQWUROOHG 
HQYLURQPHQW�HQFORVXUH���6ODEV�ZHUH�SRODUL]HG�DW�D�FXUUHQW�GHQVLW\�RI�������$�P�����P$�IW���XVLQJ 
FRQVWDQW�FXUUHQW�SRZHU�VXSSOLHV���7RWDO�YROWDJH�DFURVV�HDFK�JURXS�RI�VODEV��WKH�LPSUHVVHG�FXUUHQW� 
DQG�WKH�ODERUDWRU\�WHPSHUDWXUH�ZHUH�UHFRUGHG�KRXUO\�RQ�D�GDWD�DFTXLVLWLRQ�V\VWHP�WR�SURYLGH 
ORQJ�WHUP�SHUIRUPDQFH�GDWD�IRU�WKH�]LQF�FRQFUHWH�VWHHO�HOHFWURFKHPLFDO��&3��V\VWHP���)LJXUHV���� 
DQG�����DUH�IORZ�FKDUWV�WKDW�UHSUHVHQW�WKH�RUJDQL]DWLRQ�RI�WKH�ILUVW�DQG�VHFRQG�H[SHULPHQWV� 
UHVSHFWLYHO\��6ODE�QXPEHUV�DUH�VKRZQ�LQ�WKH�ER[HV���1RWH�WKDW�VODEV�ZLWK�WZR�GLIIHUHQW 
FRQFHQWUDWLRQV�RI�1D&O�LQ�WKH�FRQFUHWH�ZHUH�VWXGLHG�LQ�WKH�ILUVW�H[SHULPHQW�ZKLOH�RQO\�RQH 
FRQFHQWUDWLRQ�ZDV�VWXGLHG�LQ�WKH�VHFRQG�H[SHULPHQW���7DEOH�����VKRZV�EDVLFDOO\�WKH�VDPH 
LQIRUPDWLRQ�DQG�JLYHV�WKH�WRWDO�QXPEHU�RI�VODEV�WHVWHG�IRU�HDFK�FRQILJXUDWLRQ�DQG�WHVW�GXUDWLRQ� 

��




D 

E 

)LJXUH������0XOWLSOH�FRQFUHWH�VODEV�XQGHUJRLQJ�DFFHOHUDWHG�HOHFWURFKHPLFDO�DJLQJ�LQ�D�FRQWUROOHG�KXPLGLW\ 
HQFORVXUH���D��RYHUDOO�YLHZ���E��FORVH�XS�RI�FRQFUHWH�VODEV 

��




&RQFUHWH�0L[�'HVLJQ 

��NJ�1D&O�P��DGGHG 

���'D\�&XUH 

6DQGEODVWHG 

76�=Q�&RDWHG� 

���'D\�&XUH 

76�=Q�&RDWHG 

3UHKHDWHG 

$JHG�DW����P$�P�� 

6ODEV������ 

8QDJHG�6ODEV������ 

8QKHDWHG 

$JHG�DW����P$�P�� 

6ODEV������ 

8QKHDWHG 

$JHG�DW����P$�P� 

6ODEV����� 

8QDJHG 6ODEV���� 

3UHKHDWHG 

����NJ�1D&O�P��DGGHG 

$JHG�DW���P$�P�� 

6ODEV������ 

6DQGEODVWHG 

)LJXUH������)ORZFKDUW�VKRZLQJ�WKH�FRQFUHWH�VODE�WUHDWPHQWV�XVHG�LQ�WKH�ILUVW�HOHFWURFKHPLFDO�DJLQJ�H[SHULPHQW 

&RQFUHWH�0L[�'HVLJQ 

��NJ�1D&O�P��DGGHG 

8QDJHG 

6ODEV�������� 

8QDJHG 

6ODEV��������� 

���'D\�&XUH 

76�=Q�&RDWHG 

3UHKHDWHG 

1DWXUDOO\�DJHG 

6ODEV�������������� 

8QDJHG 

6ODEV�������������� 

8QKHDWHG 

$JHG�DW����P$�P�� 

6ODEV�������� 

8QKHDWHG 

1DWXUDOO\�DJHG 

6ODEV������������� 

8QDJHG 

6ODEV������������� 

3UHKHDWHG 

$JHG�DW���P$�P�� 

6ODEV�������� 

6DQGEODVWHG 

)LJXUH������)ORZFKDUW�VKRZLQJ�WKH�FRQFUHWH�VODE�WUHDWPHQWV�XVHG�LQ�WKH�VHFRQG�HOHFWURFKHPLFDO�DJLQJ�H[SHULPHQW 

��




7DEOH������/DERUDWRU\�FRQFUHWH�VODEV�H[DPLQHG 

6XUIDFH�7UHDWPHQW 1D&O� 1XPEHU�RI�VODEV $JLQJ 
'XUDWLRQ�RI 

6DQGEODVWHG 3UHKHDWHG =Q�&RDWHG NJ�P� 
([SW�� ([SW�� 7HVW��\HDUV 

1R 1R 1R � � � 8QDJHG � 

<HV 1R 1R � � � 8QDJHG � 

<HV 1R <HV � � � 8QDJHG � 

<HV <HV 1R � � � 8QDJHG � 

<HV <HV <HV � � � 8QDJHG � 

<HV 1R <HV � � � 1DWXUDO ����� 

<HV <HV <HV � � � 1DWXUDO ����� 

<HV 1R <HV � �� � $FFHOHUDWHG ������� 

<HV 1R <HV ��� � � $FFHOHUDWHG ������� 

<HV <HV <HV � �� � $FFHOHUDWHG ������� 

<HV <HV <HV ��� � � $FFHOHUDWHG ������� 

��� ),(/'�$12'(�$*,1*�678',(6 

&RUH�VDPSOHV�IURP�EULGJHV�ZLWK�76�=Q�DQRGHV��IURP�EULGJHV�ZLWK�JDOYDQL]HG�UHEDU��DQG�IURP 
ODERUDWRU\�VODEV�IURP�D�&$/75$16�VWXG\�ZHUH�DQDO\]HG�XVLQJ�WKH�$QDO\WLFDO�6FDQQLQJ 
(OHFWURQ�0LFURVFRSH��$6(0����7KH�W\SHV��QXPEHU��DQG�FKURQRORJLFDO�DJH�RI�WKRVH�VDPSOHV 
�DQRGHV�RU�UHEDU��DUH�OLVWHG�LQ�7DEOH�������0RVW�RI�WKHVH�FRUHV�ZHUH�WDNHQ�WR�FRPSDUH�WKH�=Q� 
FRQFUHWH�LQWHUIDFLDO�FKHPLVWU\�IURP�D�QRQ�DFFHOHUDWHG�EULGJH�DQRGH�VDPSOH�WR�WKRVH�IURP�WKH 
DFFHOHUDWHG�ODERUDWRU\�H[SHULPHQWV���7KH�JDOYDQL]HG�UHEDU�IURP�WKH�/RQJELUG�%ULGJH�ZHUH�WDNHQ 
WR�GHWHUPLQH�KRZ�HIIHFWLYH�WKH�JDOYDQL]HG�UHEDU�ZDV�DIWHU�D�KDOI�FHQWXU\�RI�XVH���7KH 
&$/75$16�VLODQH�VDPSOHV�ZHUH�DQDO\]HG�WR�GHWHUPLQH�LI�H[WHULRU�FRDWLQJV�RQ�WKH�FRQFUHWH 
VXUIDFH�FDQ�UHGXFH�WKH�FKORULGH�LQGXFHG�FRUURVLRQ�GDPDJH�RI�UHEDU� 

%ULGJH�&3�]RQH�PRQLWRULQJ�GDWD�ZDV�DOVR�HYDOXDWHG�IRU�HYLGHQFH�RI�WUHQGV�UHODWHG�WR 
HOHFWURFKHPLFDO�DJLQJ���7KH�GDWD�LQFOXGHG�]RQH�SRWHQWLDOV�DQG�FXUUHQW�GHQVLWLHV��DQRGH�ERQG 
VWUHQJWK��DQG�DQRGH�FRQFUHWH�LQWHUIDFLDO�S+�DQG�PLQHUDO�FRQVWLWXHQWV� 

����� &DSH�&UHHN�%ULGJH��25� 

7KH�&DSH�&UHHN�%ULGJH�LV�ORFDWHG�RQ�WKH�2UHJRQ�FRDVW�VRXWK�RI�&DSH�3HUSHWXD��)LJXUHV�����DQG 
������2UHJRQ�'27�H[WHQVLYHO\�UHSDLUHG�WKH�EULGJH�LQ������DQG�WKHQ�LQVWDOOHG�WKHUPDO�VSUD\HG�=Q 
DQRGHV�RQ�WKH�VXUIDFH�IRU�D�PXOWL�]RQH�,&&3�V\VWHP���6RPH�,&&3�]RQHV�ZHUH�FRQYHUWHG�WR 
6$&3�]RQHV�IROORZLQJ�LQVWDOODWLRQ�EHFDXVH�RI�VKRUWV�EHWZHHQ�WKH�DQRGH�DQG�UHEDU���7KH�&3 
V\VWHP�ZDV�HQHUJL]HG�LQ�-DQXDU\��������6L[���FP����LQ��GLDPHWHU�FRUH�VDPSOHV�ZHUH�WDNHQ�IURP 
WKH�EULGJH�LQ�2FWREHU������UHSUHVHQWLQJ�ERWK�,&&3�DQG�6$&3�]RQHV�ZLWK�=Q�RQ�ERWK�RULJLQDO 
FRQFUHWH�DQG�SDWFK�FRQFUHWH����7DEOH�����OLVWV�WKH�VL[�VDPSOHV���6PDOO�VHFWLRQV�RI�WKH�FRUHV�ZHUH 
FXW�DQG�PRXQWHG�LQ�HSR[\�IRU�PLFURDQDO\VLV� 

��




7DEOH������&RUH�VDPSOHV�WDNHQ�IURP�EULGJHV�DQG�VRPH�ODERUDWRU\�VODEV 

/RFDWLRQ 'HVFULSWLRQ ��6DPSOHV 7LPH�VLQFH�&3 
LQVWDOODWLRQ��\ 

&DSH�&UHHN�%ULGJH��25� ,&&3��RULJLQDO � ��� 

³ ,&&3��SDWFK � ��� 

³ 6$&3��RULJLQDO � ��� 

³ 6$&3��SDWFK � ��� 

5LFKPRQG�6DQ�5DIDHO�%ULGJH��&$� %DQG����&RUH�� � �� 

³ %DQG����&RUH�� � �� 

³ %DQG����&RUH�� � �� 

³ %DQG����&RUH�� � �� 

(DVW�&DPLQR�8QGHU�FURVVLQJ��&$� ,&&3�6RIILW � �� 

&$/75$16�ODERUDWRU\�VLODQH�VWXG\ 6ODEV � ��� 

/RQJELUG�%ULGJH��%HUPXGD� VLGHZDON � �� 

³ DEXWPHQW � �� 

����� 5LFKPRQG�6DQ�5DIDHO�%ULGJH��&$� 

7KH�5LFKPRQG�6DQ�5DIDHO�%ULGJH��)LJXUH������LV�D�PDMRU�EULGJH�LQ�WKH�QRUWKHUQ�KDOI�RI�6DQ 
)UDQFLVFR�%D\�RQ�5RXWH������7KH�VRXWK�FROXPQ�RI�SLHU����)LJXUH�������ZDV�WKHUPDO�VSUD\HG�ZLWK 
=Q�LQ���EDQGV��]RQHV��RQ�0D\��������7KH�EDUUHO�DW�WKH�EDVH�RI�WKH�FROXPQ��RQ�ZKLFK�WKH�XSSHU 
WZR�UHVHDUFKHUV�DUH�VWDQGLQJ��ZDV�DOVR�WKHUPDO�VSUD\HG�ZLWK�]LQF���7KH�=Q�LQ�HDFK�]RQH�ZDV 
DSSOLHG�E\�IODPH�VSUD\LQJ�WR�D�WKLFNQHVV�RI�DSSUR[LPDWHO\������PP����PLOV��XVLQJ�DQ�R[\� 
DFHW\OHQH�IODPH���>+RZHYHU��FRDWLQJV�FURVV�VHFWLRQV�H[DPLQHG�E\�6(0�DQG�VKRZQ�LQ�WKLV�UHSRUW 
VXJJHVW�WKH�DFWXDO�FRDWLQJ�WKLFNQHVV�ZDV�JUHDWHU��SHUKDSV�����������PP��������PLOV��@���,QLWLDO 
ERQG�VWUHQJWK�RI�WKH�=Q�WR�FRQFUHWH�UDQJHG�IURP���������03D����������SVL��ZLWK�DQ�DYHUDJH 
YDOXH�IRU����PHDVXUHPHQWV�RI������03D������SVL���Carello, Parks and Apostolos 1989�� 

(DFK�EDQG�LV�����P����IW��LQ�YHUWLFDO�KHLJKW��VXUURXQGV�WKH�FROXPQ��DQG�LV�VHSDUDWHG�IURP�WKH�RQH 
DERYH�DQG�EHORZ�LW�E\�D������FP����LQ��JDS���7KH�DQRGH�RQ�WKH�EDUUHO�ZDV�RSHUDWHG�JDOYDQLFDOO\� 
%DQGV���WKURXJK����RQ�WKH�FROXPQ��ZHUH�RSHUDWHG�DV�,&&3�DQRGHV���7KH�ORZ�HGJH�RI�EDQG���LV 
ZLWKLQ���P�����IW��RI�WKH�ZDWHU�VXUIDFH�DQG�IXOO\�H[SRVHG�WR�WKH�DFWLRQ�RI�ZDYHV�DQG�SUHFLSLWDWLRQ� 
%DQG���LV�KLJKHU�RQ�WKH�FROXPQ��SDUWLDOO\�VKHOWHUHG�IURP�SUHFLSLWDWLRQ�E\�WKH�URDGEHG 
LPPHGLDWHO\�DERYH�LW��ZKLOH�IXOO\�H[SRVHG�WR�WKH�GU\LQJ�HIIHFWV�RI�WKH�ZLQG���7KH�&3�V\VWHPV 
ZHUH�RSHUDWHG�DQG�WKH�GULYLQJ��RU�RSHUDWLQJ��YROWDJH�DQG�V\VWHP�FXUUHQW�IRU�HDFK�DQRGH�ZDV 
PRQLWRUHG�E\�&$/75$16�FRQWLQXRXVO\�IRU����\HDUV�IURP������WKURXJK��������,Q�0D\������ 
ERQG�VWUHQJWK�WHVWV�ZHUH�SHUIRUPHG�RQ�DQRGH�EDQGV���WKURXJK���RQ�WKH�QRUWK�DQG�HDVW�IDFHV�RI�WKH 
VRXWK�FROXPQ����3RZGHU�VDPSOHV�DQG���FP����LQ��GLDPHWHU�FRUH�VDPSOHV�ZHUH�WDNHQ�IURP�EDQGV��� 
���DQG���RQ�WKH�QRUWK�IDFH�RI�WKH�VRXWK�FROXPQ�DQG�IURP�WKH�IRRWHU��7DEOH�������7R�GDWH��WKH 
5LFKPRQG�6DQ�5DIDHO�WKHUPDO�VSUD\HG�=Q�DQRGHV�DUH�WKH�ORQJHVW�RSHUDWLQJ�76�=Q�DQRGHV 
DQ\ZKHUH� 
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����� (DVW�&DPLQR�8QGHU�FURVVLQJ��&$� 

7KH�(DVW�&DPLQR�8QGHU�FURVVLQJ��SDUW�RI�WKH�&DOLIRUQLD�6WDWH�+LJKZD\�V\VWHP��LQFOXGHV�WKH�ILUVW 
VWHHO�UHLQIRUFHG�FRQFUHWH�EULGJH�GHFN�WR�EH�SURWHFWHG�ZLWK�D�PHWDOOL]HG�=Q�DQRGH�,&&3�V\VWHP 
�Carello and Parks 1992����6KRZQ�LQ�)LJXUH�������LW�LV�ORFDWHG�RQ�6WDWH�5RXWH��������NP����PL� 
HDVW�RI�3ODFHUYLOOH��&$��LQ�WKH�ZHVW�KLOOV�RI�WKH�6LHUUD�1HYDGD�0RXQWDLQV�DW�DQ�HOHYDWLRQ�RI���NP 
������IW����,W�LV�D����P�����IW��ORQJ����VSDQ��UHLQIRUFHG�FRQFUHWH��7�EHDP�VWUXFWXUH�DQG�ZDV�EXLOW�LQ 
�������7KH�WRWDO�GHFN�VXUIDFH�DUHD�LV�DSSUR[LPDWHO\�����P��������IW�����'HLFLQJ�VDOWV�ZHUH 
DSSOLHG�WR�WKH�EULGJH�GHFN�GXULQJ�ZLQWHU���$YHUDJH�DQQXDO�SUHFLSLWDWLRQ�DW�D�VLWH�����NP����PLOHV� 
ZHVW�RI�WKH�VWUXFWXUH�LV�����FP�����LQ�� 

)LJXUH�������(DVW�&DPLQR�8QGHU�FURVVLQJ��&$��EXLOW�LQ������DQG�ORFDWHG�HDVW�RI�3ODFHUYLOOH��&$ 

%RWK�WKH�WRS��GHFN��DQG�ERWWRP��VRIILW��VXUIDFHV�ZHUH�FRDWHG�ZLWK�WKHUPDO�VSUD\HG�=Q��)LJXUH 
�������7KH�FRQFUHWH�VXUIDFHV�ZHUH�VDQGEODVWHG�ZLWK����JULW�FRSSHU�VODJ�SULRU�WR�VSUD\LQJ� 
0HWDOOL]LQJ�RI�WKH�VRIILW�ZDV�SHUIRUPHG�ZLWK�D�IODPH�VSUD\��R[\JHQ�DFHW\OHQH��VSUD\�JXQ���$Q 
DYHUDJH�RI�����PP��������LQ��=Q�ZDV�DSSOLHG�WR�WKH�VRIILW���7KH�V\VWHP�ZDV�HQHUJL]HG�LQ 
1RYHPEHU������ 

��




)LJXUH�������(DVW�&DPLQR�8QGHU�FURVVLQJ��&$��VKRZLQJ�VRIILW�DUHDV�WKDW�ZHUH�WKHUPDO�VSUD\HG�ZLWK�=Q 

7KH�VDPSOH�IRU�WKLV�VWXG\�ZDV�WDNHQ�IURP�WKH�VRIILW�LQ�%D\�,�LQ�1RYHPEHU����������\HDUV�DIWHU 
HQHUJL]LQJ���%D\�,�LV�D�VKHOWHUHG�DUHD�RI�WKH�EULGJH�QRW�GLUHFWO\�ZHWWHG�E\�SUHFLSLWDWLRQ�RU 
VSODVKLQJ�RQ�D�UHJXODU�EDVLV���7KH�GULYLQJ�YROWDJH�ZDV����WR����9�DQG�UHVXOWHG�LQ�DQ�DYHUDJH 
FXUUHQW�GHQVLW\�RI��������$�P��������P$�IW����EDVHG�RQ�WKH�DUHD�RI�VWHHO�UHEDU����&3�FXUUHQWV�ZHUH 
KLJKHU�GXULQJ�WKH�ZHW�ZLQWHU�PRQWKV�DQG�ORZHU�GXULQJ�WKH�GU\�VXPPHU�PRQWKV���&$/75$16 
GHWHUPLQHG�WKDW�WKH�SUHVHQFH�RI�DGHTXDWH�PRLVWXUH�ZDV�QHFHVVDU\�IRU�WKH�FRQWLQXHG�GHOLYHU\�RI 
&3�FXUUHQW��6PDOO�VHFWLRQV�RI�WKH�VDPSOHV�ZHUH�FXW�DQG�PRXQWHG�LQ�HSR[\�IRU�PLFURDQDO\VLV� 

����� &$/75$16�ODERUDWRU\�VLODQH�VWXG\ 

&$/75$16�FRQGXFWHG�D�VWXG\�WR�GHWHUPLQH�LI�WKH�SULRU�DSSOLFDWLRQ�RI�D�VLODQH�SHQHWUDQW�VHDODQW 
WR�D�FRQFUHWH�VXUIDFH�DIIHFWHG�WKH�DELOLW\�RI�D�PHWDOOL]HG�=Q�DQRGH�&3�V\VWHP�WR�GHOLYHU�FXUUHQW�WR 
VWHHO�UHEDU�LQ�WKH�FRQFUHWH��Parks 1990����7KH�VWXG\�EHJDQ�LQ������DQG�XVHG�FRQFUHWH�WHVW�VODEV 
ZLWK�D������Z�F�UDWLR�DQG���NJ�P������OEV�\G���FKORULGH���7KH�VODEV�ZHUH�����FP�[������FP�[��� 
FP�������LQ�[�����LQ�[����LQ��VL]H�DQG�KDG�1R����VWHHO�UHEDU�HPEHGGHG�WR�DFW�DV�WKH�FDWKRGH���3ULRU 
WR�HPEHGGLQJ�WKH�UHEDU��LW�ZDV�PDFKLQHG�WR�����LQ�GLDPHWHU��FOHDQHG��DQG�WKHQ�SDUWLDOO\�FRDWHG 
ZLWK�HSR[\�WR�H[SRVH�RQO\�������P������LQ���RI�VWHHO�SHU�VODE���$�IORZFKDUW�RI�WKH�H[SHULPHQW 
RUJDQL]DWLRQ�LV�VKRZQ�LQ�)LJXUH��������$IWHU�VDQGEODVWLQJ�WKH�DV�FDVW�VXUIDFH��IRXU�RI�ILYH�VODEV 
ZHUH�FRDWHG�ZLWK�WKH�VLODQH�SHQHWUDQW�RQ�WKH�IDFH�WR�UHFHLYH�WKH�=Q�DQRGH���$IWHU�WKH�VHDODQW 
FXUHG��WKH�VLODQH�VHDOHG�VXUIDFHV�RI�WZR�RI�WKH�IRXU�FRDWHG�VODEV�ZHUH�OLJKWO\�VDQGEODVWHG� 

��




&$/75$16�6,/$1(�678'<


��VODEV�IDEULFDWHG�ZLWK��� 
NJ�&O�P� DGGHG 

��VODEV�VDQGEODVWHG 

��VODE�QRW�FRDWHG 

��VODEV�76�=Q�FRDWHG 

��VODEV�QRW�VDQGEODVWHG 

��VODEV�FRDWHG�ZLWK�VLODQH 

��VODEV�VDQGEODVWHG 

)LJXUH�������([SHULPHQWDO�GHVLJQ�IRU�WKH�&$/75$16�ODERUDWRU\�VLODQH�VWXG\ 

$SSUR[LPDWHO\�����PP�����PLOV��PHWDOOL]HG�=Q�FRDWLQJ�ZDV�WKHQ�DSSOLHG�WR�WKH�WUHDWHG�IDFH�RI 
WKH�IRXU�VODEV�DQG�WKH�XQWUHDWHG�IDFH�RI�WKH�ILIWK�VODE���7KH�VODEV�ZHUH�SDUWLDOO\�VXEPHUJHG�LQ�D 
VDOW�VROXWLRQ��HTXLYDOHQW�WR�WKH����OE�&O�\G��LQ�WKH�FRQFUHWH��DQG�WKH�,&&3�V\VWHP�HQHUJL]HG� 
&XUUHQW�ZDV�DSSOLHG�IRU�D�WRWDO�RI�����\���������K��GXULQJ�ZKLFK�WLPH�WKH�FXUUHQW�GHQVLWLHV�UDQJHG 
IURP��������WR�����$�P��������WR�����P$�IW��� 

$IWHU������\��������K��RI�,&&3��&$/75$16�GHWHUPLQHG�WKDW�WKH�VLODQH�SHQHWUDQW�VHDODQW 
UHGXFHG�WKH�DELOLW\�RI�WKH�PHWDOOL]HG�=Q�DQRGH�WR�GHOLYHU�FXUUHQW�WR�WKH�UHEDU���+LJKHU�GULYLQJ 
YROWDJHV�ZHUH�UHTXLUHG�IRU�WKRVH�VODEV�WUHDWHG�ZLWK�WKH�VLODQH�VHDODQW���/LJKW�VDQGEODVWLQJ�ZDV 
REVHUYHG�WR�KDYH�UHGXFHG�WKH�YROWDJH�UHTXLUHPHQW�IRU�WKH�VLODQH�WUHDWHG�VODEV���,&&3�DSSOLFDWLRQ 
ZDV�FRQWLQXHG�RQ�WKH�SDUWLDOO\�VXEPHUJHG�VODEV�IRU�����\���������K��ZKHQ�WKH�=Q�VDPSOHV�XVHG 
E\�$5&��7DEOH������ZHUH�WDNHQ�IURP�WKH�VODEV� 

����� /RQJELUG�%ULGJH��%HUPXGD� 

7KH�/RQJELUG�%ULGJH��)LJXUH�������LV�ORFDWHG�LQ�%HUPXGD���,W�ZDV�FRQVWUXFWHG�LQ������DQG�LV�D 
VLQJOH�VSDQ�ZLWK�D�FRQFUHWH�GHFN�DSSUR[LPDWHO\�����P�����IW��ORQJ�E\�����P�����IW��ZLGH���7KH 
FRQFUHWH�GHFN�LV����FP�����LQFK��WKLFN�DQG�FRQWDLQV�1R����URXQG�JDOYDQL]HG�UHEDU��WKH�DGMDFHQW 
VLGHZDON�FRQWDLQV�VPDOOHU�GLDPHWHU�URXQG�JDOYDQL]HG�UHEDU���7KH�EULGJH�ZDV�WKH�VXEMHFW�RI�D 
VWXG\�LQ������DIWHU����\HDUV�VHUYLFH��ILZRO 1978����&KORULGH�DQDO\VHV�DW�WKDW�WLPH�VKRZHG�D�KLJK 

��




RI�����NJ�P��������OE�\G���WR�D�ORZ�RI�����NJ�P�������OE�\G���DW�GLVWDQFHV�RI�����������FP�������� 
LQFK��IURP�WKH�WRS�VXUIDFH�RI�WKH�GHFN� 

)LJXUH�������/RQJELUG�%ULGJH�EXLOW�LQ������LQ�%HUPXGD 

)XUWKHU�DQDO\VHV�VKRZHG�WKDW�WKH�=Q�FRDWLQJ�RQ�WKH�VWHHO�FRQVLVWHG�RI�DQ����HWD��OD\HU�RI�SXUH�=Q� 
FRYHULQJ�D�WKLFN�OD\HU�RI���]HWD��LQWHUPHWDOOLF�FU\VWDOV������WR�����ZHLJKW���)H���IROORZHG�E\�D 
��GHOWD��LQWHUPHWDOOLF�OD\HU�������ZHLJKW���)H��DQG�WKHQ�WKH�VWHHO��ILZRO 1978; Yeomans 1993�� 
7KHUH�ZDV�QR�HYLGHQFH�RI�WKH���JDPPD��LQWHUPHWDOOLF�OD\HU��������ZHLJKW���)H��EHWZHHQ�WKH 
VWHHO�DQG�WKH���OD\HU���$W����\HDUV�VHUYLFH��WKH�DYHUDJH�UHPDLQLQJ�FRDWLQJ�WKLFNQHVV�ZDV������PP 
�����PLO����7KHUH�ZDV�QR�HYLGHQFH�RI�UHDFWLRQ�EHWZHHQ�WKH�=Q�DQG�WKH�FRQFUHWH��QRU�ZDV�WKHUH�DQ\ 
HYLGHQFH�RI�FUDFNLQJ�RI�WKH�FRQFUHWH�GXH�WR�WKH�EXLOGXS�RI�PLQHUDOV�IRUP�=Q�FRUURVLRQ�SURGXFWV� 

&RUH�VDPSOHV�IRU�WKH�SUHVHQW�VWXG\��7DEOH������ZHUH�WDNHQ�IURP�WKH�/RQJELUG�%ULGJH�LQ 
6HSWHPEHU������DIWHU����\HDUV�VHUYLFH���7KHVH�VDPSOHV�FDPH�IURP�WKH�VLGHZDON�DQG�IURP�WKH 
DEXWPHQW�VHYHUDO�IHHW�DERYH�WKH�VHD�OHYHO� 

��




��� $12'(�&+$5$&7(5,=$7,21�7(&+1,48(6 

&KDUDFWHUL]DWLRQ�RI�WKHUPDO�VSUD\�=Q�DQRGHV�RQ�EULGJHV�DQG�RQ�ODERUDWRU\�FRQFUHWH�VODEV 
JHQHUDOO\�LQYROYHG�PHDVXUHPHQW�RI�DQRGH�WKLFNQHVV��DQRGH�ERQG�VWUHQJWK�WR�WKH�FRQFUHWH��DQRGH� 
FRQFUHWH�LQWHUIDFLDO�FKHPLVWU\��DQG�SRVW�PRUWHP�DVVHVVPHQW�RI�DQRGH�SHUIRUPDQFH��LQFOXGLQJ 
DQRGH�VHUYLFH�OLIH�HVWLPDWHV��:KLOH�PRVW�RI�WKHVH�FKDUDFWHUL]DWLRQ�WHFKQLTXHV�DUH�GHVWUXFWLYH� 
VRPH�QRQGHVWUXFWLYH�WHFKQLTXHV��VXFK�DV�&3�V\VWHP�FLUFXLW�UHVLVWDQFH��DQRGH�$&�UHVLVWDQFH� 
DQRGH�DLU�SHUPHDELOLW\��DQG�DQRGH�ZDWHU�SHUPHDELOLW\��ZHUH�GHYHORSHG�IRU�WKLV�VWXG\� 

��� $12'(�$33/,&$7,21 

6RPH�SDUDPHWHUV�RI�76�=Q�DQRGH�DSSOLFDWLRQ��VXFK�DV�DQRGH�WKLFNQHVV�DQG�PLQLPXP�LQLWLDO�ERQG 
VWUHQJWK��DUH�VSHFLILHG�E\�WKH�VWUXFWXUH�RZQHU���$GGLWLRQDOO\��WUDLQLQJ�DQG�FHUWLILFDWLRQ�DUH 
UHTXLUHG�IRU�WKHUPDO�VSUD\�DSSOLFDWRUV�RQ�2UHJRQ�'27�SURMHFWV� 

����� $QRGH�WKLFNQHVV 

$QRGH�WKLFNQHVV�LV�LPSRUWDQW�WR�LWV�LQVWDOODWLRQ�DQG�RSHUDWLRQ���$Q�DQRGH�WKDW�LV�WRR�WKLQ�PD\�QRW 
KDYH�WKH�GHVLUHG�VHUYLFH�OLIH��$Q�DQRGH�WKDW�LV�WRR�WKLFN�PD\�QRW�RQO\�ZDVWH�PDWHULDO�EXW�PD\ 
GHODPLQDWH�SUHPDWXUHO\�GXH�WR�LQWHUQDO�WKHUPDO�VWUHVVHV�ZLWKLQ�WKH�FRDWLQJ� 

7KH�PHWKRG�PRVW�RIWHQ�XVHG�WR�PHDVXUH�FRDWLQJ�WKLFNQHVV�DW�ILHOG�VSUD\�SURMHFWV�LQYROYHV�D�SLHFH 
RI�GXFW�WDSH�DQG�D�PLFURPHWHU���7KH�GXFW�WDSH�LV�SODFHG�ZLWKLQ�WKH�WKHUPDO�VSUD\�DSSOLFDWLRQ�DUHD 
DQG�LV�FRDWHG�DORQJ�ZLWK�WKH�FRQFUHWH�ZKLOH�WKH�=Q�DQRGH�LV�EHLQJ�DSSOLHG���7KH�=Q�FRDWHG�WDSH�LV 
WKHQ�UHPRYHG�IURP�WKH�FRQFUHWH��WKH�=Q�FRDWLQJ�UHPRYHG�IURP�WKH�WDSH��DQG�LWV�WKLFNQHVV 
PHDVXUHG�GLUHFWO\�XVLQJ�D�PLFURPHWHU���2Q�HDUO\�SURMHFWV��WKH�VPDOO�EDUH�DUHD�ZKHUH�WKH�GXFW�WDSH 
VWXFN�ZDV�RIWHQ�OHIW�XQFRDWHG� 

$Q�DOWHUQDWLYH�WHFKQLTXH�WKDW�ZDV�XVHG�RQ�WKH�<DTXLQD�%D\�%ULGJH�DQG�RQ�DOO�RI�WKH�ODERUDWRU\ 
VODEV�LV�WKH�HGG\�FXUUHQW�WHFKQLTXH���7KLV�WHFKQLTXH��ZKLFK�ZDV�DEOH�WR�PHDVXUH�=Q�DQRGH 
WKLFNQHVV�RQ�FRQFUHWH�VXUIDFHV��ZDV�XVHG�WR�PHDVXUH�WZHOYH�VHSDUDWH�ORFDWLRQV�RQ�HDFK�VODE� 
7KHVH�YDOXHV�ZHUH�WKHQ�DYHUDJHG�WR�JLYH�WKH�=Q�DQRGH�WKLFNQHVV� 

/DERUDWRU\�VODE�DQRGH�WKLFNQHVV�ZDV�DOVR�GHWHUPLQHG�LQGLUHFWO\�XVLQJ�D�PDJQHWLF�WKLFNQHVV�SUREH 
DQG�VWHHO�FRXSRQ���7KLV�DSSURDFK�ZDV�SRVVLEOH�EHFDXVH�WKH�WKHUPDO�VSUD\�=Q�DQRGH�ZDV�DSSOLHG 
ZLWK�D�URERWLF�[�\�WUDYHUVLQJ�V\VWHP�WKDW�SURGXFHG�FRDWLQJV�RI�IDLUO\�XQLIRUP�WKLFNQHVV��7KH 
URERWLF�V\VWHP�ZDV�SURJUDPPHG�WR�VSUD\�D�VDQGEODVWHG�VWHHO�VXUIDFH�IRU�D�VSHFLILF�QXPEHU�RI�[� 
DQG�\�WUDYHUVHV�DW�D�JLYHQ�GHSRVLWLRQ�UDWH���7KH�76�=Q�FRDWLQJ�WKLFNQHVV�ZDV�WKHQ�PHDVXUHG�ZLWK 
WKH�WKLFNQHVV�JDXJH���7KLV�SURFHGXUH�ZDV�UHSHDWHG�IRU�GLIIHUHQW�VSUD\�FRQGLWLRQV�XQWLO�WKH�GHVLUHG 
FRDWLQJ�WKLFNQHVV�ZDV�DFKLHYHG���7KLV�HVWDEOLVKHG�WKH�FRQGLWLRQV�IRU�VSUD\LQJ�WKH�FRQFUHWH�VODEV� 
$V�DQ�H[DPSOH�RI�WKH�YDULDWLRQ�LQ�DQRGH�WKLFNQHVV�RQ�VODEV�VSUD\HG�E\�WKH�URERWLF�V\VWHP��7DEOH 
����VKRZV�WKH�DYHUDJH�FRDWLQJ�WKLFNQHVV�RQ�VHYHUDO�VWHHO�SDQHOV�DV�D�IXQFWLRQ�RI�SRVLWLRQ�RQ�WKH 

��




SDQHO����7KH�WDUJHW�WKLFNQHVV�IRU�WKH�VWHHO�SDQHOV�ZDV������PP�����PLOV��DQG�WKH�DYHUDJH�WKLFNQHVV 
ZDV������PP�������PLOV�� 

7DEOH������76�=Q�FRDWLQJ�WKLFNQHVV�RQ�D�VWHHO�FDOLEUDWLRQ�SDQHO�ZLWK�D�WDUJHW 
WKLFNQHVV�RI������PP�����PLOV��DQG�PHDQ�WKLFNQHVV�RI������PP�������PLOV� 

0HDVXUHG��PP��PLOV�'LVWDQFH�IURP 
WRS�RI�SDQHO� 

FP��LQ� /HIW�6LGH &HQWHU 5LJKW�6LGH 

��������� ������������ ������������ ������������ 
��������� ������������ ������������ ������������ 
��������� ������������ ������������ ������������ 
��������� ������������ ������������ ������������ 
���������� ������������ ������������ ������������ 
���������� ������������ ������������ ������������ 

7KH�VFDQQLQJ�HOHFWURQ�PLFURVFRSH�LV�DQRWKHU�ZD\�WR�PHDVXUH�FRDWLQJ�WKLFNQHVV���)LJXUH���� 
VKRZV�D�6(0�SKRWRPLFURJUDSK�RI�D�FURVV�VHFWLRQ�RI�XQDJHG�76�=Q�DQRGH�RQ�FRQFUHWH���%HFDXVH 
WKLV�LV�D�GHVWUXFWLYH�DQG�WLPH�LQWHQVLYH�PHWKRG��WKH�6(0�ZDV�QRW�XVHG�WR�PHDVXUH�FRDWLQJ 
WKLFNQHVV���,W�LV��KRZHYHU��DQ�H[FHOOHQW�WHFKQLTXH�IRU�FKDUDFWHUL]LQJ�FRDWLQJ�FRQVXPSWLRQ�DQG 
FRUUHODWLQJ�LW�ZLWK�HOHFWURFKHPLFDO�DJH� 

)LJXUH������6(0�SKRWRPLFURJUDSK�RI�FURVV�VHFWLRQ�VKRZLQJ�XQDJHG�76�=Q�DQRGH�PLFURVWUXFWXUH�DQG 
DQRGH�FRQFUHWH�LQWHUIDFH�IRU�DQRGH�RQ�FRQFUHWH 

��




����� 7HPSHUDWXUH�RI�FRQFUHWH�VODE�DQG�DQRGH�FRDWLQJ 

$Q�H[SHULPHQW�ZDV�FRQGXFWHG�WR�PHDVXUH�WKH�WHPSHUDWXUH�RI�WKH�=Q�WKHUPDO�VSUD\�VXUIDFH�DW�WKH 
WLPH�RI�VSUD\LQJ���7KH�SXUSRVH�ZDV�WR�GHWHUPLQH�KRZ�WKH�KHDW�FRQWDLQHG�LQ�WKH�VSUD\�RI�PROWHQ 
=Q�GURSOHWV��ZKLFK�PHOW�DW�DSSUR[LPDWHO\�����&������)���ZRXOG�DIIHFW�WKH�FRQFUHWH�VXUIDFH 
WHPSHUDWXUH���7KH�FRQFUHWH�VXUIDFH�WHPSHUDWXUH�ZDV�PHDVXUHG�ZLWK�7\SH�.��FKURPHO�DOXPHO� 
WKHUPRFRXSOHV�������PP�GLDPHWHU�ZLUH��HSR[\�FRDWHG�WR�SUHYHQW�HOHFWULFDO�VKRUWV�E\�WKH�WKHUPDO� 
VSUD\HG�=Q���7ZR�WKHUPRFRXSOHV�ZHUH�DWWDFKHG�WR�D�FRQFUHWH�VODE�DV�VKRZQ�LQ�)LJXUH�����DQG 
VHFXUHG�ZLWK�GXFW�WDSH���7KH\�ZHUH�SRVLWLRQHG�DERXW�KDOIZD\�DFURVV�WKH�VODE�ZLGWK�DQG�RQH�WKLUG 
LQ�IURP�WKH�HQGV� 

)LJXUH������9LHZ�RI�WKHUPRFRXSOHV�DWWDFKHG�WR�FRQFUHWH�VODE�IRU�VXUIDFH�WHPSHUDWXUH�PHDVXUHPHQWV 

7KH�WKHUPRFRXSOH�WLSV�ZHUH�H[SRVHG�DQG�WRXFKLQJ�WKH�FRQFUHWH�VXUIDFH���,QGLYLGXDOO\�VKLHOGHG 
WZLVWHG�ZLUH�SDLUV�ZHUH�FRQQHFWHG�WR�WKH�WKHUPRFRXSOHV�UDWKHU�WKDQ�WKHUPRFRXSOH�H[WHQVLRQ� 
JUDGH�ZLUH���7KH�XVH�RI�WKH�WZLVWHG�ZLUH�SDLU�UHGXFHG�WKH�HUURU��DV�GHWHUPLQHG�E\�WKH�³6WDQGDUG 
0HWKRG�IRU�&DOLEUDWLRQ�RI�7KHUPRFRXSOHV�%\�&RPSDULVRQ�7HFKQLTXHV´��ASTM 1996���LQ 
WHPSHUDWXUH�UHDGLQJV���7KH�PHDVXUHG�HUURU�ZDV�XVHG�WR�FRUUHFW�WKH�ILQDO�WHPSHUDWXUH�UHDGLQJV���$ 
9DOLG\QH�PRGHO�83&�����ZDV�XVHG�IRU�WKHUPRFRXSOH�VHQVRU�VLJQDO�FRQGLWLRQLQJ�DQG�IRU�DQDORJ� 
WR�GLJLWDO�FRQYHUVLRQ���7KLV�XQLW�IHDWXUHV����ELW�FRQYHUVLRQ�DQG�D�VDPSOLQJ�UDWH�RI�������UHDGLQJV 
SHU�VHFRQG���$IWHU�WKH�WKHUPRFRXSOHV�ZHUH�FRQQHFWHG�WR�WKH�GDWD�DFTXLVLWLRQ�V\VWHP��WKH�VODEV 
ZHUH�SRVLWLRQHG�ZLWKLQ�WKH�URERWLF�[�\�WUDYHUVH�WKHUPDO�VSUD\�XQLW��)LJXUH������DQG�VSUD\HG�ZLWK 
�����PP�����PLOV��RI�=Q��)LJXUH�������7HPSHUDWXUH�UHVSRQVH�RI�WKH�FRQFUHWH�VXUIDFH�ZDV�UHFRUGHG 
DV�D�IXQFWLRQ�RI�WLPH� 

��




7KH�WHPSHUDWXUH�RI�WKH�DQRGH�VXUIDFH�GXULQJ�DFFHOHUDWHG�HOHFWURFKHPLFDO�DJLQJ�ZDV�PHDVXUHG 
ZLWK�UHVSHFW�WR�DPELHQW�DLU�WHPSHUDWXUH���7R�GR�WKLV�PHDVXUHPHQW��RQH�W\SH�.�WKHUPRFRXSOH�ZDV 
DWWDFKHG�WR�WKH�DQRGH�VXUIDFH�ZLWK�GXFW�WDSH�DQG�DQRWKHU�ZDV�SRVLWLRQHG�QHDUE\�WR�PHDVXUH�WKH 
DPELHQW�DLU�WHPSHUDWXUH���0HDVXUHPHQWV�ZHUH�PDQXDOO\�UHFRUGHG�GDLO\�XVLQJ�D�PXOWLPHWHU�DQG�D 
]HUR�SRLQW�FRUUHFWLRQ�PRGXOH� 

)LJXUH������7ZLQ�ZLUH�DUF�VSUD\�HTXLSPHQW�SULRU�WR�DSSO\LQJ�76�=Q 
DQRGH�WR�FRQFUHWH�VODE�IRU�VXUIDFH�WHPSHUDWXUH�PHDVXUHPHQWV 

��� ,&&3�3(5)250$1&(�2)�$12'(6 

7KH�SHUIRUPDQFH�RI�,&&3�DQRGHV�ZDV�QRW�GHWHUPLQHG�XVLQJ�W\SLFDO�DQRGH�SDUDPHWHUV��VXFK�DV 
FRQVXPSWLRQ�UDWH��WKH�UDWH�LQ�SRXQGV�RI�DQRGH�FRQVXPHG�SHU�DPSHUH�RI�FXUUHQW�SHU�\HDU��RU 
HIILFLHQF\��D�FRPSDULVRQ�RI�WKH�DFWXDO�DQRGH�PDVV�FRQVXPHG�WR�WKH�WKHRUHWLFDO�PDVV�UHTXLUHG�� 
1RU�ZDV�UHEDU�GHSRODUL]DWLRQ�XVHG��L�H���WKH�����P9�GHSRODUL]DWLRQ�FULWHULD��NACE International 
1996����$QRGH�,&&3�SHUIRUPDQFH�ZDV�TXDQWLILHG�LQVWHDG�E\�WKH�&3�FLUFXLW�UHVLVWDQFH��&5��DQG 
WKH�DQRGH�HOHFWURFKHPLFDO�DJH��($�� 

��




$QRGH�HOHFWURFKHPLFDO�DJH�DW�WLPH�W�LV�GHILQHG�DV�WKH�FXPXODWLYH�FKDUJH�SDVVHG�DFURVV�WKH�DQRGH 
SHU�XQLW�DUHD�RYHU�WKH�OLIH�RI�WKH�DQRGH�DQG�LV�JLYHQ�E\�HTXDWLRQ����� 

($�W��� ����-�W�GW����FRXORPEV�P�� ����� 

:KHUH�-�W��LV�WKH�&3�FXUUHQW�GHQVLW\��$�P���DQG�W��WKH�WLPH�LQ�VHFRQGV���7KH�SURGXFW�-�W�
GW�LV 
LQWHJUDWHG�IURP�WKH�EHJLQQLQJ�RI�WKH�H[SHULPHQW�WR�WLPH�W� 

&3�FLUFXLW�UHVLVWDQFH�DW�WLPH�W�LV�VLPSO\�WKH�TXRWLHQW�RI�WKH�YROWDJH��9�W���YROWV����EHWZHHQ�WKH 
VWHHO�FDWKRGH�DQG�WKH�=Q�DQRGH�DQG�WKH�&3�FXUUHQW�GHQVLW\��-��DV�LQ�HTXDWLRQ����� 

&5�W��� �9�W��-�W��������RKPV�P�� ����� 

,W�LV�D�GF��GLUHFW�FXUUHQW��PHDVXUHPHQW���:KLOH�LQWHUIDFLDO�SRODUL]DWLRQ�HIIHFWV�FRQWULEXWH�WR�&5� 
WKH�FKDQJHV�WKDW�RFFXU�LQ�&5�ZLWK�WLPH�DUH�H[SHFWHG�WR�EH�ODUJHO\�UHODWHG�WR�UHVLVWLYH�HOHPHQWV�LQ 
WKH�&3�V\VWHP�DQG��WKHVH�HOHPHQWV�ZRXOG�EH�WKH�VDPH�ZKHWKHU�PHDVXUHG�E\�GF�RU�DF��DOWHUQDWLQJ 
FXUUHQW��WHFKQLTXHV�>VHH�6HFWLRQ������&3�&LUFXLW�5HVLVWDQFH@� 

����� /DERUDWRU\�DQRGHV 

)LJXUH�����VKRZV�D�VFKHPDWLF�RI�WKH�ZLULQJ�GLDJUDP�RI�RQH�RI�WKH�VHULHV�RI�DSSUR[LPDWHO\��� 
VODEV�WKDW�ZHUH�XVHG�LQ�WKH�H[SHULPHQWV���&XUUHQW��,��IORZLQJ�WKURXJK�HDFK�VHULHV�DQG�WKH�WRWDO 
YROWDJH��9��DFURVV�HDFK�VHULHV�ZHUH�UHFRUGHG�E\�FRPSXWHU�GDWD�DFTXLVLWLRQ��$�VHULHV�������VODEV� 
DQG�DQ�DYHUDJH�SHU�VODE�FLUFXLW�UHVLVWDQFH��VHH�HTXDWLRQ�����DERYH��ZDV�FDOFXODWHG�IURP�WKH�GDWD� 
/DERUDWRU\�DQRGHV�ZHUH�HYDOXDWHG�RQ�WKH�EDVLV�RI�WKHLU�UHVSRQVH�WR�ZHWWLQJ�GU\LQJ�F\FOHV�DQG�E\ 
WKH�FKDQJH�LQ�DYHUDJH�VODE�FLUFXLW�UHVLVWDQFH�ZLWK�HOHFWURFKHPLFDO�DJH� 

)LJXUH������6FKHPDWLF�ZLULQJ�GLDJUDP�IRU�76�=Q�DQRGHV�LQ�HOHFWURFKHPLFDO�DJLQJ�VWXG\�VKRZLQJ�VHULHV 
FRQQHFWLRQV�EHWZHHQ�VODEV�DQG�SRZHU�VRXUFH��9�DQG�,�PHDVXUHPHQW�ORFDWLRQV��DQG�WKH�FRPSXWHU 

��




����� )LHOG�DQRGHV 

3HUIRUPDQFH�GDWD�IRU�ILHOG�DQRGHV�ZDV�UHFRUGHG�XVLQJ�WHOHPHWU\�DQG�LQVWUXPHQWDWLRQ�VLPLODU�WR 
WKDW�VKRZQ�LQ�)LJXUH�������)LHOG�DQRGHV�ZHUH�HYDOXDWHG�LQ�WKH�VDPH�ZD\�DV�ODERUDWRU\�DQRGHV� 
7KH�ILHOG�GDWD�ZHUH�FRPSDUHG�WR�WKDW�IURP�WKH�ODERUDWRU\�DQRGHV�WR�GHWHUPLQH�LI�VLPLODU 
HOHFWURFKHPLFDO�DJLQJ�HIIHFWV�DQG�WUHQGV�ZHUH�SUHVHQW� 

)LJXUH������6FKHPDWLF�RI�GDWD�PHDVXUHPHQW�LQVWUXPHQWDWLRQ�DQG�WHOHPHWU\�HTXLSPHQW�XVHG�E\�2UHJRQ�'27 
IRU�UHPRWH�PHDVXUHPHQWV�RQ�FRDVWDO�EULGJH�&3�V\VWHPV 

��� $12'(�%21'�675(1*7+ 

3DLUV�RI�VODEV��SUHKHDWHG�DQG�XQKHDWHG��ZHUH�UHPRYHG�IURP�WKH�HOHFWURFKHPLFDO�DJLQJ�H[SHULPHQW 
DW�UHJXODU�WLPH�LQWHUYDOV���7KH�VODEV�ZHUH�HTXLOLEUDWHG�ZLWK�GU\�DLU�IRU�RQH�GD\��DQG�SUHSDUHG�IRU 
ERQG�VWUHQJWK�PHDVXUHPHQWV�E\�DWWDFKLQJ�DOXPLQXP�GROOLHV�WR�WKH�=Q�FRDWLQJ�DW�VL[ 
SUHGHWHUPLQHG�ORFDWLRQV�XVLQJ�HSR[\���7KH�DOXPLQXP�GROOLHV�����PP������LQ��GLDPHWHU��ZHUH 
LGHQWLFDO�WR�WKRVH�XVHG�ZLWK�SRUWDEOH�DGKHVLRQ�WHVWHUV�RQ�2UHJRQ�EULGJHV���$�KLJK�YLVFRVLW\��KLJK 
VWUHQJWK��VKRUW�FXUH�WLPH������V��HSR[\�ZDV�XVHG�WR�HOLPLQDWH�IDLOXUHV�DW�WKH�HSR[\�GROO\�LQWHUIDFH 
DQG�WR�SUHYHQW�HSR[\�SHQHWUDWLRQ�WKURXJK�WKH�FRDWLQJ�WR�WKH�FRQFUHWH���=Q�ERQG�VWUHQJWK 
PHDVXUHPHQWV�ZHUH�PDGH�XVLQJ�D�XQLYHUVDO�WHVWLQJ�PDFKLQH��)LJXUH������Bullard, et al. 1997a; 
Covino, et al. 1995; Covino, et al. 1997a����,Q�SUHOLPLQDU\�PHDVXUHPHQWV��SUH�VFRULQJ�RI�WKH�=Q 
FRDWLQJ�DURXQG�WKH�GROOLHV�GLG�QRW�LPSURYH�UHSURGXFLELOLW\�RI�WKH�ERQG�VWUHQJWK�PHDVXUHPHQWV 
DQG�ZDV�QRW�XVHG� 

��




)LJXUH������,QVWURQ�XQLYHUVDO�WHQVLOH�WHVWHU�XVHG�WR�PHDVXUH�WKH�ERQG�VWUHQJWK�RI�76�=Q�DQRGHV�RQ�D�FRQFUHWH 
VODE��VKRZV���FP�GLDPHWHU�DOXPLQXP�GROOLHV�DWWDFKHG�WR�DQRGH�ZLWK�HSR[\ 

,QLWLDO�=Q�ERQG�VWUHQJWKV�ZHUH�GHWHUPLQHG�E\�PHDVXUHPHQWV�RQ�XQDJHG�VODEV�IURP�WKH�JURXS�RI 
SUHKHDWHG�DQG�XQKHDWHG�VODEV���7KH�QXPEHUV�RI�VODEV�XVHG�WR�GHWHUPLQH�WKH�LQLWLDO�ERQG�VWUHQJWKV 
DUH�VKRZQ�LQ�7DEOH�������$OO�VXEVHTXHQW�ERQG�VWUHQJWK�PHDVXUHPHQWV�ZHUH�PDGH�RQ�RQH�VODE�IRU 
HDFK�HOHFWURFKHPLFDO�DJH�VODE�FRQGLWLRQ���)LJXUH�����VKRZV�WKH�EHIRUH�DQG�DIWHU�YLHZ�RI�D�ERQG 
VWUHQJWK�WHVW�IRU�D�76�=Q�DQRGH�RQ�FRQFUHWH��7KH�WHQVLOH�RU�FRKHVLYH�VWUHQJWK�RI�FXUHG��XQFRDWHG 
FRQFUHWH�DOVR�ZDV�PHDVXUHG�LQ�DQ�LGHQWLFDO�PDQQHU�E\�DWWDFKLQJ�WKH�DOXPLQXP�GROOLHV�WR�WKH 
OLJKWO\�VDQGEODVWHG�FRQFUHWH�VXUIDFH� 

)LJXUH������&ORVH�XS�RI�DOXPLQXP�GROOLHV�XVHG�IRU�ERQG�VWUHQJWK�PHDVXUHPHQWV� 
RQH�GROO\�DWWDFKHG�DQG�RQH�SXOOHG�RII 

��




%RQG�VWUHQJWK�PHDVXUHPHQWV�RQ�ILHOG�DQRGHV�XVHG�WKH�VDPH�GROOLHV�DQG�DGKHVLYH�DV�XVHG�LQ�WKH 
ODERUDWRU\�EXW�ZHUH�PDGH�XVLQJ�D�3URFHT�$GKHVLRQ�7HVWHU��)LJXUH����� 

)LJXUH������3URFHT�SRUWDEOH�WHVWHU�XVHG�WR�PHDVXUH�WKH�ERQG�VWUHQJWK�RI�WKH�76�=Q�DQRGH�RQ�FRQFUHWH 

��� %8/.�&21&5(7(�&+(0,675< 

7KH�&O�DQG�&D�FRQWHQW�RI�ILHOG�VWUXFWXUHV�VXFK�DV�WKH�5RFN\�3RLQW�9LDGXFW��%UXVK�&UHHN�%ULGJH� 
DQG�<DTXLQD�%D\�%ULGJH�ZDV�GHWHUPLQHG�XVLQJ�WKH�2UHJRQ�'27�SRZGHU�VDPSOLQJ�SURFHGXUH 
EHLQJ�XVHG�LQ�)LJXUH�����RQ�D�5RFN\�3RLQW�9LDGXFW�EHDP���'HWDLOV�RI�WKH�SRZGHU�VDPSOLQJ 
SURFHGXUH�DUH�JLYHQ�LQ�$33(1',;�&�DQG�HOVHZKHUH��Cramer, et al. 2000����$�FORVHU�YLHZ�RI 
VRPH�RI�WKH�SRZGHU�VDPSOLQJ�HTXLSPHQW�GLVFXVVHG�WKHUH�LV�JLYHQ�LQ�)LJXUH��������7KH�DQDO\WLFDO 
SURFHGXUHV�XVHG�WR�GHWHUPLQH�WRWDO�DQG�ZDWHU�VROXEOH�FKORULGHV�LQ�WKH�SRZGHUHG�FHPHQW�DUH 
SUHVHQWHG�LQ�GHWDLO�LQ�$33(1',;�'� 

$QRWKHU�WHFKQLTXH�XVHG�WR�FROOHFW�VDPSOHV�WR�HYDOXDWH�EXON�FKHPLVWU\�RI�WKH�EULGJH�FRQFUHWH�DQG 
DQRGH�FRQFUHWH�LQWHUIDFLDO�FKHPLVWU\�LQYROYHV�FRULQJ�WKH�EULGJHV���7KLV�ZDV�GRQH�XVLQJ�D�JDV� 
SRZHUHG�SRUWDEOH�GULOO�ZLWK�D���FP����LQ��GLDPHWHU�KROORZ�GLDPRQG�FRULQJ�ELW�DQG�FRROLQJ�ZDWHU� 
)LJXUH������VKRZV�WKLV�DSSDUDWXV�LQ�XVH�RQ�WKH�<DTXLQD�%D\�%ULGJH���6OLFHV�FXW�IURP�WKHVH�FRUHV 
ZLWK�D�GLDPRQG�VDZ�ZHUH�H[DPLQHG�IRU�DQRGH�FRQFUHWH�LQWHUIDFLDO�FKHPLVWU\� 

��




)LJXUH������&RQFUHWH�SRZGHU�VDPSOHV�DUH�WDNHQ�IURP�D�FRQFUHWH�EULGJH�EHDP�XVLQJ�WKH�2UHJRQ 
'27�VDPSOLQJ�HTXLSPHQW���3RZGHU�VDPSOHV�DUH�DQDO\]HG�WR�GHWHUPLQH�WKH�VDOW�FRQFHQWUDWLRQ 

LQ�WKH�FRQFUHWH�DV�D�IXQFWLRQ�RI�GHSWK�LQ�WKH�EHDP� 

)LJXUH�������7KH�KROORZ�DQFKRU�GULOO�ELW��GHSWK�VSDFHUV��DQG�YDFXXP�ILOWHU�DVVHPEO\�XVHG�LQ 
WDNLQJ�SRZGHU�VDPSOHV�IURP�FRQFUHWH 

��




)LJXUH�������3RUWDEOH�JDVROLQH�SRZHUHG�FRUH�GULOO�IRU�WDNLQJ�FRQFUHWH�FRUH�VDPSOHV 

��� $12'(�&21&5(7(�,17(5)$&,$/�&+(0,675< 

$QRGH�FRQFUHWH�FURVV�VHFWLRQV�ZHUH�FXW�IURP�VODEV�RU�EULGJH�FRUH�VDPSOHV���7KH\�ZHUH�FXW�ZLWK�D 
ZDWHU�FRROHG�GLDPRQG�EODGH�DQG�GULHG�RYHUQLJKW�LQ�D����&������)��RYHQ��,Q�RUGHU�WR�NHHS�WKH 
FRQFUHWH�IURP�FUXPEOLQJ�GXULQJ�JULQGLQJ�DQG�SROLVKLQJ��WKH�VDPSOHV�ZHUH�HPEHGGHG�LQ�ULQJ 
IRUPV�ZLWK�HSR[\��LQILOWUDWHG�ZLWK�WKH�HSR[\�XQGHU�YDFXXP��DQG�WKHQ�FXUHG�RYHUQLJKW�LQ�D 
SUHVVXUH�WDQN���7KH�VDPSOH�FURVV�VHFWLRQV�ZHUH�WKHQ�SROLVKHG�WR�D���P�GLDPRQG�ILQLVK� 

$QRGHV�DQG�DQRGH�FRQFUHWH�LQWHUIDFHV�ZHUH�HYDOXDWHG�XVLQJ�DQ�DQDO\WLFDO�VFDQQLQJ�HOHFWURQ 
PLFURVFRSH��$6(0����3ROLVKHG�FURVV�VHFWLRQV��DQG�LQ�VRPH�FDVHV��VDPSOHV�FKLSSHG�IURP�VODEV 
DQG�EULGJH�DQRGHV�ZHUH�H[DPLQHG�WR�GHWHUPLQH�SK\VLFDO��FKHPLFDO��DQG�PLQHUDORJLFDO 
FKDUDFWHULVWLFV�RI�WKH�]LQF�FRQFUHWH�LQWHUIDFH�DQG�FKDQJHV�DVVRFLDWHG�ZLWK�WKH�HIIHFWV�RI�DJLQJ�RQ 
ERQG�VWUHQJWK��RSHUDWLRQ�RI�WKH�&3�V\VWHP��DQG�ZDWHU�SHUPHDELOLW\�RI�WKH�DQRGH���7KH�$6(0 
LQFOXGHG�HQHUJ\�GLVSHUVLYH�VSHFWURVFRS\��('6��DQG�ZDYHOHQJWK�GLVSHUVLYH�VSHFWURVFRS\��:'6�� 

����� 6DPSOLQJ 

&URVV�VHFWLRQHG�VDPSOHV�ZHUH�WDNHQ�IURP�WKH�ODERUDWRU\�VODEV�DW�D�VOLFH�FXW�IURP�WKH�VODE 
EHWZHHQ�WZR�RI�WKH�WKUHH�URZV�RI�GROOLHV�XVHG�IRU�ERQG�VWUHQJWK�PHDVXUHPHQWV��)LJXUH�������7KLV 
HQVXUHG�WKDW�WKH�VDPSOH�ZDV�QRW�QHDU�WKH�HQG�RI�D�VODE�ZKHUH�HGJH�HIIHFWV�FRXOG�RFFXU� 

��




&RUH�VDPSOHV�ZHUH�WDNHQ�IURP�SUH�GHWHUPLQHG�ORFDWLRQV�RQ�WKH�EULGJHV���7KH�GHFLVLRQ�IRU�FRUH 
ORFDWLRQ�ZDV�EDVHG�RQ�&3�]RQH��W\SHV�RI�FRQFUHWH��DQG�RULHQWDWLRQ�WR�WKH�RFHDQ� 

����� $QDO\WLFDO�VFDQQLQJ�HOHFWURQ�PLFURVFRS\ 

$QRGH�FRDWLQJV�ZHUH�DQDO\]HG�ZLWK�DQ�$6(0�DQG�DQ�HOHFWURQ�PLFURSUREH��(03��WR�GHWHUPLQH 
WKH�ORFDO�FRPSRVLWLRQ�DQG�SK\VLFDO�VWUXFWXUH�RI�WKH�FRDWLQJV���,PDJHV��SRLQW�DQDO\VHV��OLQH�VFDQV� 
DQG�[�UD\�PDSV�RI�WKH�DJHG�DQRGH�FRQFUHWH�LQWHUIDFH�ZHUH�REWDLQHG���7KH�UHVXOWV�ZHUH�XVHG�WR 
HVWDEOLVK�WKH�UHODWLRQVKLS�EHWZHHQ�ORFDO�FKHPLVWU\��VWUXFWXUH��DQG�SURSHUWLHV�RI�WKH�DQRGH� 
FRQFUHWH�LQWHUIDFH����&URVV�VHFWLRQHG�VDPSOHV�ZHUH�FDUERQ�FRDWHG�SULRU�WR�LPDJLQJ�WR�LQFUHDVH 
HOHFWULFDO�FRQGXFWLYLW\���&KHPLFDO�DQDO\VHV�ZHUH�SHUIRUPHG�XVLQJ�D�:'6�[�UD\�DQDO\]HU�ZLWK�� 
FU\VWDOV��DQG�DQ�('6�[�UD\�DQDO\]HU�ZLWK�DWPRVSKHULF�WKLQ�ZLQGRZ�IRU�ORZ�DWRPLF�QXPEHU 
HOHPHQWV���7KH�UHVXOWV�ZHUH�=$)�FRUUHFWHG��= �DWRPLF�QXPEHU��$ �[�UD\�DEVRUSWLRQ��DQG�) 
IOXRUHVFHQFH��DQG�FRQYHUWHG�LQWR�DWRPLF�SHUFHQW���=LQF��&O��6��&D��DQG�2�ZHUH�DQDO\]HG�E\�:'6 
ZLWK�DFFXUDFLHV�RI��������������������DQG���ZHLJKW���DEVROXWH���$OXPLQXP��)H��.��1D��DQG�6L�ZHUH 
DQDO\]HG�E\�('6��ZLWK�DFFXUDFLHV�RI�DERXW���ZHLJKW���DEVROXWH���3XUH�HOHPHQW�VWDQGDUGV�ZHUH 
XVHG�ZLWK�WKH�IROORZLQJ�H[FHSWLRQV��&D���&D&2���&O���1D&O��DQG�6���)H6����&DUERQ�ZDV�QRW 
DQDO\]HG�EHFDXVH�WKH�VDPSOHV�ZHUH�FDUERQ�FRDWHG���7KH�1D.

�
�DQG�=Q/

�
�OLQHV�RYHUODSSHG 

FDXVLQJ�HUURUV�LQ�WKH�1D�YDOXHV�IRU�KLJK�=Q�UHJLRQV���$6(0�UHVXOWV�DUH�UHSRUWHG�DV�FRQFHQWUDWLRQV 
LQ�DWRPLF�SHUFHQW��DW�SFW��VR�WKDW�VLPSOH�UDWLRV�SURYLGH�HYLGHQFH�RI�WKH�PLQHUDO�VSHFLHV�WKDW�PD\ 
EH�SUHVHQW� 

,PDJHV�RI�WKH�FRDWLQJV�ZHUH�REWDLQHG�ZLWK�D�/(2�6WHUHRVFDQ�6����VFDQQLQJ�HOHFWURQ�PLFURVFRSH 
XVLQJ�VHFRQGDU\��6(��DQG�EDFN�VFDWWHUHG��%6(��HOHFWURQV���6HFRQGDU\�HOHFWURQ�LPDJHV�\LHOG 
SULPDULO\�WRSRJUDSKLFDO�GHWDLO���%DFNVFDWWHUHG�HOHFWURQ�LPDJHV�DUH�VHQVLWLYH�WR�DYHUDJH�DWRPLF 
QXPEHU�RI�WKH�DQDO\VLV�YROXPH�DQG�DFFHQWXDWH�FRPSRVLWLRQ�GLIIHUHQFHV���6LQFH�YRLGV�DQG�FUDFNV 
DUH�RQH�H[WUHPH�LQ�WKH�VSHFWUXP�RI�DWRPLF�QXPEHU��L�H��������WKH�%6(�LPDJHV�VKRZ�WKHVH�IHDWXUHV 
LQ�VWDUN�GHWDLO� 

����� 0LFUR�S+ 

S+�YDOXHV�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH�ZHUH�PHDVXUHG�XVLQJ�DQ�$FFXPHW�0RGHO�����S+�PHWHU 
ZLWK�DXWRPDWLF�WHPSHUDWXUH�FRPSHQVDWLRQ�DQG�D�0LFURHOHFWURGHV�PLFUR�FRPELQDWLRQ�S+ 
HOHFWURGH�WKDW�UHTXLUHG�DV�OLWWOH�DV�����P/�RI�VROXWLRQ�IRU�D�PHDVXUHPHQW���6DPSOHV�IRU�DQDO\VLV 
ZHUH�REWDLQHG�IURP�WKH�ODERUDWRU\�DJLQJ�H[SHULPHQW�DQG�IURP�ILHOG�DQRGHV��XVLQJ�WKH�FRUH 
VDPSOHV����&DOLEUDWLRQ�ZDV�GRQH�XVLQJ�D�WZR�SRLQW�PHWKRG�DQG�S+���DQG����VWDQGDUG�VROXWLRQV� 
0HDVXUHG�S+�YDOXHV�DJUHHG�ZHOO�ZLWK�VWDQGDUGV�IURP�S+���WR������0HDVXUHG�YDOXHV�DERYH��� 
ZHUH�ORZHU�WKDQ�WKRVH�RI�VWDQGDUGV���)RU�H[DPSOH��XVLQJ�WKH�S+����VWDQGDUG��WKH�PHDVXUHG�YDOXH 
ZDV������ 

7R�PHDVXUH�WKH�S+�RI�WKH�DQRGH�FRQFUHWH�LQWHUIDFH��D�SLHFH�RI�=Q�DQRGH�ZDV�FDUHIXOO\�VHSDUDWHG 
IURP�WKH�FRQFUHWH�VXEVWUDWH�XVLQJ�D�WKLQ�EODGH����$�GURS�RI�KLJK�SXULW\�ZDWHU�ZDV�WKHQ�DSSOLHG�WR 
WKH�H[SRVHG�=Q�DQRGH�VXUIDFH�DQG�PL[HG��XVLQJ�D�WKLQ�JODVV�URG��ZLWK�DQ\�FHPHQWLWLRXV�PDWHULDO 
UHPDLQLQJ�DWWDFKHG�WR�WKH�=Q�VXUIDFH����7KH�S+�RI�WKH�UHVXOWLQJ�VROXWLRQ�ZDV�PHDVXUHG�DIWHU 
URXJKO\�D���PLQXWH�HTXLOLEUDWLRQ�SHULRG���7KLV�S+�YDOXH�ZDV�GHILQHG�DV�WKH�S+�RQ�WKH�DQRGH�VLGH 
RI�WKH�LQWHUIDFH��WR�GLVWLQJXLVK�LW�IURP�WKH�S+�RQ�WKH�FRQFUHWH�VLGH�RI�WKH�LQWHUIDFH� 

��




7KH�S+�RI�WKH�FRQFUHWH�DW�WKH�LQWHUIDFH�ZDV�PHDVXUHG�XVLQJ�SRZGHU�VFUDSLQJV�FDUHIXOO\�UHPRYHG 
IURP�WKH�FRQFUHWH�LQWHUIDFLDO�VXUIDFH�H[SRVHG�ZKHQ�WKH�DQRGH�ZDV�VHSDUDWHG�IURP�WKH�FRQFUHWH� 
7KHVH�VFUDSLQJV�ZHUH�SODFHG�LQ�D�VPDOO�SRO\HWK\OHQH�FXS��D�GURS�RI�KLJK�SXULW\�ZDWHU�ZDV�DGGHG 
WR�WKH�VFUDSLQJV�WR�IRUP�D�VOXUU\���7KH�S+�RI�WKH�VOXUU\�ZDV�PHDVXUHG�DIWHU�D���PLQXWH 
HTXLOLEUDWLRQ�SHULRG���7KLV�S+�YDOXH�ZDV�GHILQHG�DV�WKH�S+�RQ�WKH�FRQFUHWH�VLGH�RI�WKH�LQWHUIDFH� 
7KH�VDPSOH�EHLQJ�DQDO\]HG�WR�GHWHUPLQH�WKH�S+�RQ�WKH�FRQFUHWH�VLGH�RI�WKH�LQWHUIDFH�FRQWDLQV�OHVV 
RI�WKH�LQWHUIDFLDO�FHPHQWLWLRXV�PDWHULDO�DQG�PRUH�XQDOWHUHG�FRQFUHWH� 

3RZGHU�VFUDSLQJV�ZHUH�DOVR�UHPRYHG�IURP�VDPSOH�FURVV�VHFWLRQV�DW�ORFDWLRQV�ZHOO�UHPRYHG�IURP 
WKH�=Q�DQRGH�WR�JLYH�WKH�S+�IRU�EXON�FRQFUHWH��L�H���FRQFUHWH�XQDOWHUHG�E\�UHDFWLRQV�DW�WKH�DQRGH� 
FRQFUHWH�LQWHUIDFH���$JDLQ��D�GURS�RI�ZDWHU�ZDV�DGGHG�WR�WKH�SRZGHU�WR�IRUP�D�VOXUU\���7KH�S+�RI 
WKH�VOXUU\�ZDV�PHDVXUHG�DIWHU�D���PLQXWH�HTXLOLEUDWLRQ�SHULRG� 

����� ;�UD\�GLIIUDFWLRQ 

6DPSOHV�RI�=Q�DQRGH�PDWHULDO�DQG�UHDFWLRQ�SURGXFWV�IRUPHG�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH�ZHUH 
DQDO\]HG�E\�;5'�WR�LGHQWLI\�FU\VWDOOLQH�SKDVHV���3KDVH�DQG�ODWWLFH�SDUDPHWHU�DQDO\VLV�ZDV 
SHUIRUPHG�XVLQJ�D�3KLOLSV�$3'������GLIIUDFWRPHWHU�V\VWHP���7KH�LQVWUXPHQW�ZDV�HTXLSSHG�ZLWK 
DQ�DXWRPDWHG�JRQLRPHWHU��&X�;�UD\�WXEH��YDULDEOH�GLYHUJHQFH�VOLW��IRFXVLQJ�JUDSKLWH 
PRQRFKURPDWRU�DQG�VFLQWLOODWLRQ�FRXQWHU� 

��� 121�'(6758&7,9(�0($685(0(176 

����� $QRGH�FRDWLQJ�UHVLVWDQFH 

7KH�GF��GLUHFW�FXUUHQW��UHVLVWDQFH�RI�WKHUPDO�VSUD\HG�=Q�DQRGH�FRDWLQJV�ZDV�PHDVXUHG�DV�D 
IXQFWLRQ�RI�HOHFWURFKHPLFDO�DJH���1R�VXUIDFH�SUHSDUDWLRQ�ZDV�UHTXLUHG�IRU�WKHVH�PHDVXUHPHQWV� 
7KH�SUREH�XVHG�WR�PDNH�WKLV�PHDVXUHPHQW�ZDV�EXLOW�E\�WKH�2UHJRQ�'27��McGill, et al. 1999� 
DQG�LV�VKRZQ�LQ�XVH�RQ�WKH�<DTXLQD�%D\�%ULGJH�LQ�1HZSRUW��25��)LJXUH��������7KH�SUREH 
PHDVXUHG�RQO\�WKH�UHVLVWDQFH�RI�WKH�76�DQRGH��VLQFH�WKH�XQGHUO\LQJ�FRQFUHWH�ZDV�RUGHUV�RI 
PDJQLWXGH�PRUH�UHVLVWLYH�ZKHQ�GU\���5HVLVWDQFH�PHDVXUHPHQWV�ZHUH�PDGH�RQ�ODERUDWRU\�VODEV 
EHIRUH�HOHFWURFKHPLFDO�DJLQJ�DQG�DW�WKH�FRQFOXVLRQ�RI�WKH�DJLQJ�H[SHULPHQW���%\�NQRZLQJ�WKH 
DQRGH�FRDWLQJ�WKLFNQHVV��WKH�UHVLVWDQFH�FDQ�EH�FRQYHUWHG�LQWR�FRDWLQJ�UHVLVWLYLW\�YDOXHV� 

��




)LJXUH�������2UHJRQ�'27�UHVLVWDQFH�SUREH�IRU�PHDVXUHPHQW�RI�DQRGH�FRDWLQJ�UHVLVWLYLW\ 

7KH�SUREH�DOORZHG�IRU�D���SRLQW�UHVLVWDQFH�PHDVXUHPHQW�WKDW�HOLPLQDWHG�WKH�FRQWDFW�UHVLVWDQFH 
FRPPRQ�WR���SRLQW�PHDVXUHPHQWV���7KH�FXUUHQW�VRXUFH��ZKLFK�ZDV�FRQQHFWHG�WR�WKH�RXWHU�URZ�RI 
SLQV�RI�WKH�SUREH��ZDV�W\SLFDOO\�VHW�WR�����$GF���7KH�YROWDJH�PHDVXUHPHQW�ZDV�PDGH�XVLQJ�D�KLJK 
LPSHGDQFH�HOHFWURPHWHU�E\�FRQQHFWLRQV�WR�WKH�LQQHU�SLQV���7KH�SUREH�SURYLGHG�DFFXUDWH�UHVXOWV 
UHTXLULQJ�QR�FRUUHFWLRQV�ZKHQ�WKH�VDPSOH�EHLQJ�PHDVXUHG�ZDV�WKH�VDPH�ZLGWK�DV�WKH�SUREH� 
$QRGHV�KDYLQJ�D�ZLGWK�JUHDWHU�WKDQ�WKH�SUREH�LQWURGXFH�FRUUHFWLEOH�HUURUV�DV�D�UHVXOW�RI�DGGLWLRQDO 
FXUUHQW�SDWKZD\V��McGill, et al. 1999����7KH�HIIHFW�RI�WKHVH�DGGLWLRQDO�SDWKZD\V�LV�D�UHGXFWLRQ�RI 
WKH�PHDVXUHG�UHVLVWDQFH���$QRGH�ZLGWKV�PRUH�WKDQ�WZLFH�WKH�SUREH�ZLGWK��VXFK�DV�ZRXOG�EH 
HQFRXQWHUHG�ZLWK�EULGJH�&3�]RQHV��OHDG�WR�D�PHDVXUHG�UHVLVWDQFH�DERXW�����RI�WKH�WUXH 
UHVLVWDQFH� 

����� &3�FLUFXLW�DF�UHVLVWDQFH 

7KH�DF�FLUFXLW�UHVLVWDQFH�RI�WKH�DJHG�WKHUPDO�VSUD\HG�DQRGHV�ZDV�PHDVXUHG�LQ�WKH�ODERUDWRU\ 
EHWZHHQ�WKH�=Q�DQRGH�DQG�WKH�VWHHO�PHVK�FDWKRGH���0HDVXUHPHQWV�ZHUH�PDGH�DW�WKH�EHJLQQLQJ�RI 
WKH�HOHFWURFKHPLFDO�DJLQJ�H[SHULPHQW�DQG�RWKHUV�GXULQJ�DQG�DIWHU�WKH�H[SHULPHQW�ZDV�FRPSOHWHG� 
6RPH�PHDVXUHPHQWV�ZHUH�PDGH�DV�VRRQ�DV�WKH�VODEV�ZHUH�UHPRYHG�IURP�WKH�HOHYDWHG�KXPLGLW\ 
HQFORVXUH�DQG�WKHQ�VHYHUDO�GD\V�ODWHU�DIWHU�WKH�VODEV�KDG�HTXLOLEUDWHG�ZLWK�DPELHQW�LQGRRU 
FRQGLWLRQV���$�FRQGXFWLYLW\�EULGJH�ZDV�XVHG�WR�PDNH�WKH�PHDVXUHPHQWV�DW�������+]���$& 
UHVLVWDQFH�ZDV�FRQYHUWHG�WR�DQ�HIIHFWLYH�UHVLVWLYLW\�XVLQJ�WKH�VXUIDFH�DUHD�RI�WKH�DQRGH�DQG�WKH 
WKLFNQHVV�RI�FRQFUHWH�EHWZHHQ�WKH�DQRGH�DQG�WKH�VWHHO�PHVK�FDWKRGH� 

��




����� $QRGH�DLU�SHUPHDELOLW\ 

7KH�SHUPHDELOLW\�RI�WKH�76�=Q�DQRGH�WR�WKH�LQJUHVV�RI�DLU�FDQ�EH�GHWHUPLQHG�E\�D�VXUIDFH�DLU 
SHUPHDELOLW\�PHDVXUHPHQW���7KH�LQVWUXPHQW�LV�EDVHG�RQ�WKH�SULQFLSOH�WKDW�IORZ�RI�DLU�WKURXJK�D 
VXUIDFH�ZLOO�EH�KLJKHU�IRU�D�VXUIDFH�ZLWK�D�KLJKHU�SHUPHDELOLW\���2SHUDWLRQ�RI�WKH�LQVWUXPHQW 
UHTXLUHG�D�YDFXXP�RI�DERXW�����PP�����LQ��+J���$LU�IORZ�ZDV�PHDVXUHG�E\�D�PDVV�IORZPHWHU� 
7KH�LQVWUXPHQWDWLRQ�ZDV�DYDLODEOH�DV�D�VHOI�FRQWDLQHG�SRUWDEOH�XQLW���,WV�RSHUDWLRQ�LV�GHVFULEHG�LQ 
WKH�³6KRZFDVH�:RUNVKRS�RQ�&RQFUHWH�'XUDELOLW\´��U.S. FHWA-SHRP 1995��DQG�LQ�6+53�6� 
�����³&RQGLWLRQ�(YDOXDWLRQ�RI�&RQFUHWH�%ULGJHV�5HODWLYH�WR�5HLQIRUFHPHQW�&RUURVLRQ�±�9ROXPH 
���0HWKRG�IRU�)LHOG�0HDVXUHPHQW�RI�&RQFUHWH�3HUPHDELOLW\´��Whiting and Cady 1993���7KH 
LQVWUXPHQW�LV�VKRZQ�LQ�)LJXUH������LQ�XVH�RQ�D�WKHUPDO�VSUD\HG�=Q�DQRGH�&3�]RQH�RQ�WKH 
<DTXLQD�%D\�%ULGJH��)LJXUH������JLYHV�D�FORVHU�YLHZ�RI�WKH�LQVWUXPHQW�VKRZLQJ�WKH�IOH[LEOH 
UXEEHU�JDVNHW�XVHG�WR�IRUP�D�YDFXXP�VHDO�EHWZHHQ�WKH�PHDVXULQJ�KHDG�DQG�WKH�EULGJH�VXUIDFH� 

�� 

)LJXUH�������3RUWDEOH�VXUIDFH�DLU�SHUPHDELOLW\ )LJXUH�������&ORVH�XS�RI�PHDVXULQJ�KHDG�IRU�VXUIDFH 
LQVWUXPHQW�LQ�XVH DLU�SHUPHDELOLW\�LQVWUXPHQW�VKRZLQJ�WKH�IOH[LEOH 

UXEEHU�JDVNHW�WKDW�IRUPV�D�YDFXXP�VHDO�EHWZHHQ�WKH 
PHDVXULQJ�KHDG�DQG�FRQFUHWH�VXUIDFH 

��




$�VHULHV�RI�FDOLEUDWLRQ�H[SHULPHQWV�ZHUH�FRQGXFWHG�ZLWK�FHUDPLF�SRURVLW\�VWDQGDUGV��7DEOH����� 
WR�KHOS�XQGHUVWDQG�WKH�UHVXOWV�REWDLQHG�IURP�WKH�LQVWUXPHQW���$�VSHFLDO�DGDSWHU�ZDV�PDFKLQHG�WR 
KROG�WKH���FP����LQ��GLDPHWHU�FHUDPLF�GLVFV�WR�WKH�PHDVXULQJ�KHDG���7KH�GLVFV�ZHUH�REWDLQHG 
IURP�&RRUV�&HUDPLFV�&RPSDQ\���7KH�PD[LPXP�SRUH�GLDPHWHU�DQG�SHUPHDELOLW\�ZHUH 
GHWHUPLQHG�E\�&RRUV�XVLQJ�³6WDQGDUG�7HVW�0HWKRG�IRU�0D[LPXP�3RUH�'LDPHWHU�DQG 
3HUPHDELOLW\�RI�5LJLG�3RURXV�)LOWHUV�IRU�/DERUDWRU\�8VH´��ASTM 1999����,QGHSHQGHQW 
PHDVXUHPHQWV�RI�PHDQ�SRUH�GLDPHWHU�DQG�SRURVLW\�IRU�VRPH�RI�WKH�GLVNV�ZHUH�PDGH�XVLQJ 
PHUFXU\�SRURVLPHWU\��7DEOH�������7KH�ZDV�VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ�WKH�WZR�VHWV�RI 
PHDVXUHPHQWV���$LU�IORZ�UDWH�DQG�DEVROXWH�SUHVVXUH�DW�WKH�IORZ�PHWHU�ZHUH�PHDVXUHG�IRU�WKH�GLVFV 
LQ�7DEOH������7KH�VDPH�PHDVXUHPHQW�WHFKQLTXH�ZDV�DOVR�XVHG�WR�PHDVXUH�WKH�SHUPHDELOLW\�RI�=Q 
DQRGHV�RQ�ODERUDWRU\�VODEV�LQ�H[SHULPHQWV���DQG��� 

7DEOH������&HUDPLF�SRURVLW\�VWDQGDUGV�IRU�DLU�SHUPHDELOLW\�PHDVXUHPHQWV 

&RRUV 
'HVLJQDWLRQ 

'DWD�SURYLGHG�E\�&RRUV�XVLQJ�$670�(��� 
�ASTM 1999� 

,QGHSHQGHQWO\�PHDVXUHG�GDWD 
XVLQJ�PHUFXU\�SRURVLPHWU\ 

�Holcomb 1996� 
0D[LPXP�SRUH 
GLDPHWHU���P 

$SSDUHQW 
SRURVLW\��� 

3HUPHDELOLW\� 
P'DUF\ 

0HDQ�SRUH 
GLDPHWHU���P 

3RURVLW\ 
� 

$O�2� ���� � � 

$3�����& ���� ���� ��� ���� �� 

3����%�& ���� ���� ���� ���� �� 

3���& ��� �� ��� 

3���& ��� ���� �� 

3���& � ���� �� ���� �� 

3����& ���� �� ��� ����� �� 

3����& �� ���� ���� ����� �� 
��D�ELPRGDO�GLVWULEXWLRQ�ZLWK�SHDNV�DW�a����P�DQG����P� 
��D�ELPRGDO�GLVWULEXWLRQ�ZLWK�SHDNV�DW�a����P�DQG�����P� 

����� $QRGH�:DWHU�3HUPHDELOLW\ 

7KH�UDWH�RI�ZDWHU�SHUPHDWLRQ�WKURXJK�DJHG�=Q�DQRGHV�DQG�LQWR�WKH�FRQFUHWH�ZDV�PHDVXUHG�RQ 
VPDOO�DUHDV���������P��������LQ����RI�WKH�76�=Q�DQRGHV���7KH�DSSDUDWXV�LV�VKRZQ�VFKHPDWLFDOO\�LQ 
)LJXUH��������:DWHU�XQGHU�FRQVWDQW�SUHVVXUH�ZDV�DSSOLHG�WR�WKH�VXUIDFH�XVLQJ�D�����PO�EXUHW 
DWWDFKHG�WR�DQ�LQYHUWHG�JODVV�IXQQHO�VHDOHG�WR�WKH�=Q�VXUIDFH�E\�D�VLOLFRQH�DGKHVLYH���:DWHU�IORZ 
WKURXJK�WKH�]LQF�FRQFUHWH�LQWHUIDFH�ZDV�PHDVXUHG�DV�D�IXQFWLRQ�RI�WLPH�IRU�XS�WR����GD\V���7KH 
ZDWHU�SHUPHDWLRQ�UDWH�ZDV�FRPSXWHG�IURP�WKH�LQLWLDO�VORSH�RI�WKH�FXUYHV��UHSUHVHQWLQJ�WKH�UDWH 
XQDIIHFWHG�E\�EDFN�SUHVVXUH�IURP�DFFXPXODWHG�ZDWHU�LQ�WKH�FRQFUHWH� 

��




)LJXUH�������6FKHPDWLF�GUDZLQJ�RI�DSSDUDWXV�XVHG�WR�PHDVXUH 
WKH�76�=Q�DQRGH�SHUPHDELOLW\�WR�ZDWHU 

��




��� /$%25$725<�$12'(�$*,1*�678',(6����5(68/76 

��� $12'(�$33/,&$7,21 

����� &RQFUHWH�VXUIDFH�SUHSDUDWLRQ 

;�UD\�GLIIUDFWLRQ�DQDO\VLV�RI�WKH�WRS�VXUIDFH�RI�DV�FDVW��QRQ�VDQGEODVWHG�FRQFUHWH�VKRZHG�WKH 
ODLWDQFH�OD\HU�RQ�WKH�VXUIDFH�FRQWDLQHG�FDOFLWH��&D&2���DV�D�SULPDU\�SKDVH�ZLWK�TXDUW]��6L2���DQG 
DOELWH��1D$O6L�2���DV�VHFRQGDU\�SKDVHV���2SWLFDO�PLFURVFRSH�H[DPLQDWLRQ�RI�SROLVKHG�FURVV� 
VHFWLRQV�VKRZHG�WKLV�VXUIDFH�WR�EH�D�VKDOORZ�WUDQVOXFHQW�OD\HU�FRQWDLQLQJ�RQO\�YHU\�ILQH 
FHPHQWLWLRXV�PDWHULDO� 

7KH�VDQGEODVWHG��XQKHDWHG�FRQFUHWH�VXUIDFH�FRQWDLQHG�TXDUW]�DV�D�SULPDU\�SKDVH�ZLWK�DOELWH�DV�D 
VHFRQGDU\�SKDVH��YDWHULWH��DQ�XQVWDEOH�IRUP�RI�FDOFLWH��DV�D�PLQRU�SKDVH��DQG�D�WUDFH�RI�FDOFLWH� 
2SWLFDO�PLFURVFRS\�VKRZHG�WKDW�WKH�VKDOORZ�WUDQVOXFHQW�OD\HU�KDG�EHHQ�ODUJHO\�UHPRYHG�E\ 
VDQGEODVWLQJ���7KH�VDQGEODVWHG��SUHKHDWHG�FRQFUHWH�VXUIDFH�FRQWDLQHG�URXJKO\�HTXDO�DPRXQWV�RI 
TXDUW]�DQG�DOELWH�DV�SULPDU\�SKDVHV��ZLWK�WUDFHV�RI�FDOFLWH�DQG�YDWHULWH� 

6FDQQLQJ�HOHFWURQ�SKRWRPLFURJUDSKV�RI�WKH�FRQFUHWH�VXUIDFH�DUH�VKRZQ�LQ�)LJXUH�������)LJXUHV 
����D��DQG�����E��DUH�EDFN�VFDWWHUHG�HOHFWURQ��%6(��DQG�VHFRQGDU\�HOHFWURQ��6(��LPDJHV� 
UHVSHFWLYHO\��RI�WKH�DV�FDVW��QRQ�VDQGEODVWHG�VXUIDFH���)LJXUH�����F��LV�D�%6(�LPDJH�RI�WKH 
VDQGEODVWHG��XQKHDWHG�VXUIDFH�DQG�)LJXUH�����G��LV�D�%6(�LPDJH�RI�WKH�VDQGEODVWHG��SUHKHDWHG 
VXUIDFH���$OO�DUH�DW�WKH�VDPH�PDJQLILFDWLRQ����7KH�WKLQ�ODLWDQFH�OD\HU�RI�ILQH�FHPHQWLWLRXV�PDWHULDO 
SUHVHQW�RQ�WKH�VXUIDFH�RI�WKH�DV�FDVW�VODE�LV�FOHDUO\�YLVLEOH�LQ�)LJXUHV�����D��DQG�����E���DJJUHJDWH 
LV�VHHQ�WR�OLH�EHORZ�WKLV�VXUIDFH���6DQGEODVWLQJ�UHPRYHV�PRVW�RI�WKH�ODLWDQFH�OD\HU�IURP�FRQFUHWH� 
DOWKRXJK�LW�FDQ�EH�SUHVHQW�DV�WKLQ�UHPQDQWV�DW�LVRODWHG�ORFDWLRQV���,W�ZDV�QRW�SUHVHQW�LQ�)LJXUHV 
����F��RU�����G�� 

6DQGEODVWLQJ�DQG�SUHKHDWLQJ�WKH�VODE�VXUIDFH�FKDQJHG�WKH�VXUIDFH�FRPSRVLWLRQ�IURP�RQH�WKDW 
FRQWDLQHG�VXEVWDQWLDO�FDUERQDWH�WR�RQH�WKDW�FRQWDLQHG�SUHGRPLQDQWO\�VLOLFDWHV�DQG�TXDUW]� 
3UHKHDWLQJ�VHHPHG�WR�UHPRYH�VRPH�FDUERQDWH�PLQHUDOV��SUREDEO\�E\�WKHUPDO�GHFRPSRVLWLRQ� 

��




)LJXUH������0XOWLSOH�6(0�SKRWRPLFURJUDSKV�RI�FURVV�VHFWLRQV�IURP�XQFRDWHG�VODEV���D��DV�FDVW��EDFN�VFDWWHUHG 
HOHFWURQ��%6(����E��DV�FDVW��VHFRQGDU\�HOHFWURQ��6(����F��VDQGEODVWHG��%6(���G��VDQGEODVWHG�DQG�SUHKHDWHG��%6(� 

����� $QRGH�FRDWLQJ�WKLFNQHVV 

7KH�WKLFNQHVV�RI�WKH�=Q�FRDWLQJ�RQ�DOO����VODEV�XVHG�LQ�WKH�ILUVW�H[SHULPHQW�ZDV�PHDVXUHG�XVLQJ 
DQ�HGG\�FXUUHQW�GHYLFH���7KHVH�UHVXOWV�DUH�VKRZQ�LQ�)LJXUH�����DV�DYHUDJHV�DQG�VWDQGDUG 
GHYLDWLRQV�DW����VSHFLILF�ORFDWLRQV�RQ�WKH�VODE���$�WHPSODWH�ZDV�XVHG�WR�UHSURGXFH�WKH�VDPH 
SRVLWLRQV��$�/��RQ�DOO�RI�WKH�VODEV���7KH�DYHUDJH�WKLFNQHVV�UDQJHG�IURP�����������PP�������WR 
�����PLOV��ZLWK�WKH�PDMRULW\�QHDU�WKH�FHQWHU�RI�WKH�VODEV�DW�DSSUR[LPDWHO\������PP�����PLOV���7KH 
WDUJHW�WKLFNQHVV�ZDV�����PP�����PLOV����7KH�FRQVLVWHQWO\�KLJKHU�WKLFNQHVV�DW�WKH�WZR�HQGV�RI�WKH 
VODEV�ZDV�FDXVHG�E\�WKH�ZD\�WKH�URERWLFDOO\�FRQWUROOHG�VSUD\HU�LGOHG�DW�WKH�VODEV�HQGV�ZKHQ�LW 
FKDQJHG�GLUHFWLRQ���%RQG�VWUHQJWK�PHDVXUHPHQWV�ZHUH�DOZD\V�PDGH�DW�SRVLWLRQV�$�)�DQG�VODE 
VDPSOHV�ZHUH�FXW�HLWKHU�IURP�*�WR�,�RU�IURP�-�WR�/�IRU�DQDO\VLV�RI�WKH�DQRGH�FRQFUHWH�LQWHUIDFH� 

��




)LJXUH������/RFDWLRQ�RI�PHDVXUHPHQWV�RQ����FRQFUHWH�VODEV�VKRZLQJ�DYHUDJH�DQG 
VWDQGDUG�GHYLDWLRQ�YDOXHV�RI�76�=Q�FRDWLQJ�WKLFNQHVV�IURP�HGG\�FXUUHQW�PHDVXUHPHQWV 

����� $QRGH�WHPSHUDWXUH 

6XUIDFH�WHPSHUDWXUH�YHUVXV�WLPH�SORWV�IRU�WKHUPDO�VSUD\LQJ�WKH�FRQFUHWH�VODEV�ZLWK�=Q�DUH�JLYHQ 
LQ�)LJXUH�������7KH�WZR�FXUYHV�DUH�WKH�WHPSHUDWXUH�PHDVXUHG�E\�WKH�WZR�WKHUPRFRXSOHV���7KH 
RIIVHW�RI�WKH�FXUYHV�LV�D�UHVXOW�RI�WKH�WLPH�ODJ�FUHDWHG�E\�WKH�WZR�LQFK�VHSDUDWLRQ�RI�WKH 
WKHUPRFRXSOHV���7KH�WKHUPDO�VSUD\�KHDG�PRYHG�LQ�D�PRWLRQ�VLPLODU�WR�D�VTXDUH�ZDYH���7KH�VSHHG 
RI�WKH�VSUD\�KHDG�ZDV������FP�V�����LQ�V��DQG�WKH�ZDYH�DPSOLWXGH�ZDV������FP�����LQ����7KH�GDWD 
DFTXLVLWLRQ�V\VWHP�UHFRUGHG����SRLQWV�SHU�VHFRQG� 

)LJXUH������76�=Q�FRDWLQJ�VXUIDFH�WHPSHUDWXUH�YHUVXV�WLPH�IRU�WZR 
WKHUPRFRXSOHV�XQGHU�WKH�FRDWLQJ�RQ�WKH�FRQFUHWH�VODE 

��




7KH�FXUYHV�LQ�)LJXUH�����LQGLFDWH�WKH�VXUIDFH�RI�WKH�FRQFUHWH�UHDFKHG�D�WHPSHUDWXUH�RI 
DSSUR[LPDWHO\��������&����������)��ZLWKLQ�D�IHZ�VHFRQGV�ZKHQ�WKH�VSUD\�KHDG�SDVVHG�GLUHFWO\ 
RYHU�WKH�WKHUPRFRXSOHV�����7KH�VXUIDFH�FRROHG�WR�WHPSHUDWXUHV�OHVV�WKDQ����&������)��LQ�DERXW��� 
VHFRQGV�DIWHU�WKH�VSUD\�KHDG�SDVVHG���7KH�MDJJHG�VKDSH�RI�WKH�ULVLQJ�WHPSHUDWXUH�FXUYH�ZDV 
FDXVHG�E\�DGMDFHQW�SDVVHV�RI�WKH�VSUD\�KHDG�DV�LW�DSSURDFKHG�WKH�WKHUPRFRXSOH� 

:KLOH�WHPSHUDWXUHV�RI�OHVV�WKDQ�����&�PD\�FDXVH�VRPH�GU\LQJ�RI�WKH�FRQFUHWH�VXUIDFH��WKHVH 
WHPSHUDWXUHV�DSSHDU�LQVXIILFLHQW�WR�GHJUDGH�SURSHUWLHV�RI�WKH�FRQFUHWH�VXUIDFH��DOVR�VHH�)LJXUH 
����G����,Q�IDFW��2UHJRQ�'27�UHTXLUHG�WKH�FRQFUHWH�VXUIDFH�EH�SUHKHDWHG�WR�����&������)��SULRU 
WR�DSSOLFDWLRQ�RI�WKH�76�=Q�DQRGH�IRU�ERWK�WKH�&DSH�&UHHN�DQG�<DTXLQD�%D\�%ULGJH�±�$UFKHV 
WKHUPDO�VSUD\�SURMHFWV��LQ�DQ�HIIRUW�WR�LPSURYH�DQRGH�ORQJ�WHUP�ERQG�VWUHQJWK� 

��� ,&&3�3(5)250$1&( 

7KH�HOHFWURFKHPLFDO�SHUIRUPDQFH�RI�WKH�76�=Q�DQRGH�ZDV�H[DPLQHG�LQ�WHUPV�RI�WKH�YROWDJH�RU 
DVVRFLDWHG�&3�FLUFXLW�UHVLVWDQFH�UHTXLUHG�WR�PDLQWDLQ�D�FRQVWDQW�DQRGLF�FXUUHQW�GHQVLW\��DQG�RI�WKH 
FRDWLQJ�SHUPHDELOLW\�WR�ZDWHU���'HVSLWH�WKH�IDFW�WKDW�WKH�WHVW�VODEV�ZHUH�HOHFWURFKHPLFDOO\�DJHG�LQ 
D�URRP�ZKHUH�WKH�KXPLGLW\�ZDV�FRQWUROOHG�WR����WR������5+��WKH�VODEV�FRQWLQXDOO\�ORVW�ZDWHU 
GXULQJ�HOHFWURFKHPLFDO�DJLQJ�E\�HLWKHU�HYDSRUDWLRQ�RU�FRQVXPSWLRQ���7R�DYRLG�H[FHHGLQJ�WKH 
FRPSOLDQFH�YROWDJH�RI�WKH�FXUUHQW�VRXUFHV�XVHG�LQ�WKH�DJLQJ�H[SHULPHQW��LW�ZDV�QHFHVVDU\�WR 
SHULRGLFDOO\�ZHW�WKH�=Q�FRDWLQJV�ZLWK�GHLRQL]HG�ZDWHU���:HWWLQJ�ZDV�GRQH�E\�GDLO\�VSUD\LQJ�D 
PLVW�RI�ZDWHU�RQ�WKH�FRDWLQJ�VXUIDFH�WR�IRUP�D�FRQWLQXRXV�ILOP���6LQFH�WKH�DQRGH�DJLQJ�ZDV 
DFFHOHUDWHG����WLPHV�WKDW�XVHG�E\�2UHJRQ�'27�RQ�FRDVWDO�EULGJHV��WKH�GDLO\�VSUD\LQJ�ZDV 
URXJKO\�HTXLYDOHQW�WR�D�UDLQ�HYHQW�HYHU\����GD\V��QRW�XQUHDVRQDEOH�IRU�WKH�2UHJRQ�FRDVW� 

7KH�SHULRGLF�ZHWWLQJ�RI�WKH�DQRGH�VXUIDFH�LV�VLPLODU�WR�ZKDW�KDV�EHHQ�UHIHUUHG�WR�LQ�WKH�OLWHUDWXUH 
DV��DFWLYDWLQJ��WKH�FRDWLQJ��Sagues and Powers 1995����7KH�VSUD\LQJ�RI�ZDWHU�RQWR�WKH�=Q 
VXUIDFH�ZDV�GLIIHUHQW�IURP�WKH�SURFHGXUH�XVHG�E\�%URXVVHDX��Brousseau, et al. 1994b����7KHUH�WKH 
WHVW�VODEV�ZHUH�SODFHG�LQ�FRQWDLQHUV�RI�D�VDOW�VROXWLRQ�VR�WKDW�WKH�ERWWRPV�ZHUH�DOZD\V�ZHW�DQG 
QDWXUDO�ZHWWLQJ�DQG�GU\LQJ�F\FOHV�GLG�QRW�RFFXU���7\SLFDO�FLUFXLW�UHVLVWDQFH�FXUYHV�IRU�76�=Q 
DQRGH�&3�V\VWHPV�DUH�SORWWHG�LQ�)LJXUH�����DV�D�IXQFWLRQ�RI�HOHFWURFKHPLFDO�DJH�IRU�WKH�ILUVW 
�SHULRGLFDOO\�ZHWWHG��DQG�VHFRQG��XQZHWWHG��H[SHULPHQWV���7KH�HOHFWURFKHPLFDO�DJH�LQ�WKLV�ILJXUH 
LV�DOVR�H[SUHVVHG�LQ�HTXLYDOHQW�\HDUV�DW�WKH�2UHJRQ�'27�&3�FXUUHQW�GHQVLW\�RI�����P$�P��IRU 
FRDVWDO�EULGJHV� 

7KH�VDZ�WRRWK�SDWWHUQ�LQ�)LJXUH�����ZDV�D�UHVXOW�RI�WKH�GDLO\�ZHWWLQJ�DQG�GU\LQJ�SHULRGV�RU 
F\FOHV���$�GURS�LQ�WKH�VODE�SRWHQWLDO�RFFXUUHG�ZKHQ�WKH�FRDWLQJ�VXUIDFH�ZDV�ZHWWHG��D�ULVH 
RFFXUUHG�GXULQJ�GU\LQJ���7ZR�LPSRUWDQW�IHDWXUHV�RI�WKH�SRWHQWLDO�FKDUJH�UHFRUG�DUH������WKH 
JHQHUDO�ULVH�LQ�WKH�PLQLPXP�FLUFXLW�UHVLVWDQFH�IROORZLQJ�HDFK�ZHWWLQJ�F\FOH�DV�DJLQJ�SURJUHVVHG� 
DQG�����WKH�LQFUHDVH�LQ�WKH�UDWH�WKDW�FLUFXLW�UHVLVWDQFH�URVH�GXULQJ�HDFK�GU\LQJ�SHULRG���:KHQ 
ZHWWHG�ZLWKLQ�WKH�ILUVW�����N&�P�������$�K�IW����FLUFXLW�UHVLVWDQFH�IHOO�WR�YHU\�ORZ�YDOXHV��RQ�WKH 
RUGHU�RI���������P����)ROORZLQJ�WKLV��ZKHQ�WKH�VODE�EHJDQ�WR�GU\��WKH�FLUFXLW�YROWDJH�URVH�OHVV 
WKDQ�RQH�YROW�SHU�VODE�SHU�GD\��Covino, et al. 1995����,Q�FRQWUDVW��EH\RQG�����N&�P��������$� 
K�IW���WKH�PLQLPXP�FLUFXLW�UHVLVWDQFH�URVH�WR�URXJKO\���N��P��DQG�WKH�UDWH�RI�SRWHQWLDO�ULVH 
LQFUHDVHG�WR�������9�VODE�GD\� 

��




)LJXUH������76�=Q�DQRGH�FLUFXLW�UHVLVWDQFH�YHUVXV�HOHFWURFKHPLFDO�DJH�IRU�ERWK 
SHULRGLFDOO\�ZHWWHG�DQG�XQ�ZHWWHG�FRQFUHWH�VODEV 

$W�DERXW�����N&�P�������$�K�IW����WKH�HOHFWURFKHPLFDO�DJH�ZKHUH�FLUFXLW�UHVLVWDQFH�EHJDQ�WR�ULVH 
VLJQLILFDQWO\��IUHH�ZDWHU�EHJDQ�SRROLQJ�RQ�WKH�FRDWLQJ�VXUIDFH�DIWHU�ZHWWLQJ�DQG�UHPDLQHG�WKHUH 
IRU�LQFUHDVLQJO\�ORQJHU�SHULRGV���7KXV��WKH�DELOLW\�RI�ZDWHU�WR�SHQHWUDWH�WKH�76�=Q�DQRGH�EHFDPH 
LQFUHDVLQJO\�PRUH�UHVWULFWHG�DV�WKRXJK�WKH�DQRGH�ZHUH�EHFRPLQJ�VHDOHG���)LJXUH�����LOOXVWUDWHV�WKH 
WLPH�LW�WRRN�IRU�WKH�FLUFXLW�YROWDJH�WR�ULVH�GXULQJ�HDFK�GU\LQJ�SHULRG���7KH�WLPH�GURSSHG�IURP�� 
GD\V�WR�OHVV�WKDQ���GD\V�WR�ULVH�WR����YROWV�ZKHQ�WKH�HOHFWURFKHPLFDO�DJH�LQFUHDVHG�IURP�����WR 
����N&�P�������WR�����$�K�IW��� 

)LJXUH������&3�V\VWHP�YROWDJH�ULVH�GXH�WR�GU\LQJ�RI�WKH�DQRGH�FRQFUHWH�LQWHUIDFH 
YHUVXV�GU\LQJ�WLPH�IRU�VHOHFWHG�HOHFWURFKHPLFDO�DJHV 

��




:KHQ�WKH�FRQFUHWH�ZDV�ZHWWHG��WKH�FLUFXLW�SRWHQWLDO�GHFD\HG�H[SRQHQWLDOO\���:LWK�LQFUHDVLQJ 
HOHFWURFKHPLFDO�DJH��WKH�VORSH�RI�WKH�YROWDJH�GHFD\�FXUYH�GHFUHDVHG��)LJXUH�����DQG�7DEOH����� 
DQG�LW�WRRN�SURSRUWLRQDWHO\�ORQJHU�IRU�ZHWWLQJ�WR�UHGXFH�WKH�FLUFXLW�YROWDJH���7KH�FKDQJHV�LQ 
YROWDJH�GHFD\�DQG�YROWDJH�ULVH�FXUYHV�ZLWK�DJLQJ�VXJJHVWV�WKH�JUDGXDO�IRUPDWLRQ�RI�D�EDUULHU�OD\HU 
DW�WKH�]LQF�FRQFUHWH�LQWHUIDFH�DQG�WKH�VHDOLQJ�RI�DQRGH�SRURVLW\�ZLWK�]LQF�PLQHUDOV�WKDW�ERWK 
UHWDUGV�LQZDUG�WUDQVSRUW�RI�PRLVWXUH�WR�WKH�FRQFUHWH�DQG�VHUYHV�DV�DQ�HOHFWULFDOO\�LQVXODWLQJ 
FRPSRQHQW�RI�WKH�&3�FLUFXLW� 

)LJXUH������&3�V\VWHP�YROWDJH�GHFD\�GXH�WR�ZHWWLQJ�RI�WKH�DQRGH�FRQFUHWH 
LQWHUIDFH�YHUVXV�HODSVHG�WLPH�DIWHU�ZHWWLQJ�IRU�VHOHFWHG�HOHFWURFKHPLFDO�DJHV 

7DEOH������9ROWDJH�GHFD\�SDUDPHWHUV�IRU�76�=Q�DQRGHV�RQ 
SHULRGLFDOO\�ZHWWHG�FRQFUHWH�VODEV��EDVHG�RQ�)LJXUH����� 

&KDUJH� 
N&�P� 

,QWHUFHSW� 
YROWV 6ORSH 5� 

��� ���� ������� ����� 

��� ��� ������� ����� 

��� ��� ������� ����� 

��� ���� ������� ����� 

��� $12'(�%21'�675(1*7+ 

7DEOH�����VKRZV�WKH�WHQVLOH�VWUHQJWK�RI�XQFRDWHG��EDUH��FRQFUHWH�VODEV���7KH�DV�FDVW��QRQ� 
VDQGEODVWHG�VODE�KDG�WKH�ORZHVW�WHQVLOH�VWUHQJWK�DQG�WKH�IDLOXUH�ZDV�LQ�WKH�WKLQ�ODLWDQFH�OD\HU�RQ 

��




WKH�VODE�VXUIDFH�REVHUYHG�E\�RSWLFDO�DQG�HOHFWURQ�PLFURVFRS\��)LJXUH�������7KH�VDQGEODVWHG� 
XQKHDWHG�VODE�KDG�WKH�KLJKHVW�WHQVLOH�VWUHQJWK�RI�WKH�EDUH�VODEV�DQG�WKH�IDLOXUH�SHQHWUDWHG�LQWR�WKH 
ODUJH�DJJUHJDWH�RI�WKH�FRQFUHWH���3UHKHDWLQJ�ORZHUHG�WKH�WHQVLOH�VWUHQJWK�RI�WKH�FRQFUHWH�E\�DERXW 
������EXW�WKH�IDLOXUH�VWLOO�SHQHWUDWHG�LQWR�WKH�ODUJH�DJJUHJDWH�RI�WKH�FRQFUHWH� 

7DEOH������3XOO�VWUHQJWK�RI�FRQFUHWH�LQ�EDUH�WHVW�VODEV 
����6XUIDFH�7UHDWPHQW �03D��SVL��� 6WG�'HY 

$V�&DVW ������������ ����������� 

6DQGEODVWHG��XQKHDWHG ������������ ����������� 

6DQGEODVWHG��SUHKHDWHG ������������ ����������� 
��$YHUDJH�RI�WZHOYH�SXOOV 

7DEOH�����VKRZV�WKH�ERQG�VWUHQJWK�RI�=Q�FRDWLQJV�RQ�VDQGEODVWHG�FRQFUHWH�SULRU�WR�DQG�DIWHU 
QDWXUDO�DJLQJ��L�H���ZLWKRXW�HLWKHU�LPSUHVVHG�FXUUHQW�RU�JDOYDQLF�FXUUHQW��IRU����DQG�����GD\V�LQ 
WKH�KXPLGLW\�DQG�WHPSHUDWXUH�FRQWUROOHG�HQFORVXUH�XVHG�LQ�WKH�ILUVW�DQG�VHFRQG�H[SHULPHQWV���7KH 
DYHUDJH�LQLWLDO�ERQG�VWUHQJWK�IRU�WKH�XQKHDWHG�VODEV�LQ�WKH�ILUVW�H[SHULPHQW�ZDV������03D����� 
SVL��DQG������03D������SVL��IRU�WKH�SUHKHDWHG�VODEV���,Q�WKH�VHFRQG�H[SHULPHQW��WKH�LQLWLDO�ERQG 
VWUHQJWK�IRU�WKH�XQKHDWHG�DQG�SUHKHDWHG�VODEV�ZDV������03D������SVL��DQG������03D������SVL�� 
UHVSHFWLYHO\��ZHUH�FORVHU�WKDQ�LQ�WKH�ILUVW�H[SHULPHQW���$�ERQG�VWUHQJWK�LQFUHDVH�IURP�KHDWLQJ��DV 
VKRZQ�KHUH��LV�FRQVLVWHQW�ZLWK�SXEOLVKHG�UHVXOWV��Brousseau, et al. 1994b�����&OHDUO\�WKHQ� 
SUHKHDWLQJ�LQFUHDVHV�WKH�76�=Q�DQRGH�ERQG�VWUHQJWK�FRPSDUHG�WR�XQKHDWHG�VODEV� 

7KH�FRKHVLYH�VWUHQJWK�RI�FXUHG��XQFRDWHG��EDUH��VDQGEODVWHG�FRQFUHWH�VODEV�ZDV���������03D 
���������SVL����&RPSDUHG�WR�WKLV��WKH�LQLWLDO�]LQF�DQRGH�ERQG�VWUHQJWKV�ZHUH�ZHOO�EHORZ�WKH 
FRKHVLYH�VWUHQJWK�RI�WKH�FRQFUHWH���9LVXDO�REVHUYDWLRQV�VKRZ�WKDW�ERQG�IDLOXUH�IRU�WKH�XQDJHG 
VODEV�ZDV�FRQILQHG�WR�WKH�WKLQ�OD\HU�RI�FRQFUHWH�LPPHGLDWHO\�DGMDFHQW�WR�WKH�=Q���:LWK�QDWXUDO 
DJLQJ��WKH�ERQG�VWUHQJWK�LQFUHDVHG�LQ�WKH�DEVHQFH�RI�DQ\�VLJQLILFDQW�HOHFWURFKHPLFDO�UHDFWLRQ�DQG 
DSSURDFKHG�FRKHVLYH�VWUHQJWK�RI�XQFRDWHG��VDQGEODVWHG�FRQFUHWH���%RQG�IDLOXUH�IRU�WKH�QDWXUDOO\ 
DJHG�VODEV�RFFXUUHG�ZHOO�LQWR�WKH�FRQFUHWH��LQGLFDWLQJ�WKDW�WKH�=Q�ERQG�VWUHQJWK�ZDV�FRPSDUDEOH 
WR�RU�JUHDWHU�WKDQ�WKH�FRKHVLYH�VWUHQJWK�RI�WKH�FRQFUHWH���7KLV�PD\�EH�D�UHIOHFWLRQ�RI�=Q�UHDFWLRQ 
ZLWK�PRLVWXUH�LQ�WKH�FRQFUHWH��RU�ZLWK�KXPLG�DLU�DEVRUEHG�E\�WKH�FRDWLQJ���7KH�=Q�UHDFWLRQ�]RQH 
OHDGLQJ�WR�WKH�LQFUHDVH�LQ�ERQG�VWUHQJWK�LQ�WKH�DEVHQFH�RI�&3�PXVW�EH�WKLQ���/DWHU�UHVXOWV�ZLOO 
VKRZ�WKDW�HOHFWURFKHPLFDO�DJLQJ�GXULQJ�&3�HYHQWXDOO\�QHJDWHV�WKLV�LQFUHDVH�LQ�ERQG�VWUHQJWK� 
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7DEOH������%RQG�VWUHQJWK�RI�QDWXUDOO\�DJHG�76�=Q�DQRGHV�RQ�SHULRGLFDOO\�ZHWWHG�FRQFUHWH�VODEV 
3UH�FRDWLQJ 

7UHDWPHQW 
([SHULPHQW 'D\V�$JHG�ZLWK 

&RDWLQJ�3UHVHQW 
03D��SVL� 6WG�'HY 

03D��SVL� 
8QKHDWHG � ��� ���������� ����������� 
8QKHDWHG � ��� ���������� ���������� 
8QKHDWHG � ���� ���������� ����������� 
8QKHDWHG � ����� ���������� ����������� 
3UHKHDWHG � ��� ���������� ����������� 
3UHKHDWHG � ��� ���������� ���������� 
3UHKHDWHG � ���� ���������� ����������� 
3UHKHDWHG � ����� ���������� ������������ 

����$YHUDJH�RI����SXOOV 
����$YHUDJH�RI����SXOOV 
����$YHUDJH�RI���SXOOV 

=Q�DQRGH�ERQG�VWUHQJWK�DV�D�IXQFWLRQ�RI�HOHFWURFKHPLFDO�DJH�LV�VKRZQ�LQ�)LJXUHV����D�DQG����E� 
UHVSHFWLYHO\��IRU�WKH�SUHKHDWHG�DQG�XQKHDWHG�VODEV�SHULRGLFDOO\�ZHWWHG�LQ�WKH�ILUVW�H[SHULPHQW� 
=Q�DQRGH�ERQG�VWUHQJWK�DV�D�IXQFWLRQ�RI�HOHFWURFKHPLFDO�DJH�LV�VKRZQ�LQ�)LJXUHV����D�DQG����E� 
UHVSHFWLYHO\��IRU�WKH�SUHKHDWHG�DQG�XQKHDWHG�]LQF�FRDWHG�VODEV�QRW�ZHWWHG��XQZHWWHG��LQ�WKH 
VHFRQG�H[SHULPHQW���%RQG�VWUHQJWKV�IRU�HYHU\�VODE�WHVWHG�DUH�OLVWHG�LQ�$SSHQGL[�$���7KH�PHDQ�RI 
VL[�LQGLYLGXDO�PHDVXUHPHQWV�DUH�VKRZQ�DV�D�GDWD�SRLQW�LQ�WKHVH�ILJXUHV���7KH�VFDWWHU�LQ�ERQG 
VWUHQJWK�YDOXHV�DW�HDFK�DJLQJ�WLPH�LV�W\SLFDO�RI�PHDVXUHPHQWV�RQ�WKHVH�W\SHV�RI�VDPSOHV���,Q�VSLWH 
RI�WKH�VFDWWHU��LW�LV�HYLGHQW�WKDW�WKHUH�DUH�VHYHUDO�WUHQGV�DVVRFLDWHG�ZLWK�WKH�GDWD���7KHVH�DUH� 

� D�KLJKHU�LQLWLDO�ERQG�VWUHQJWK�IRU�SUHKHDWHG�VODEV 
� D�GHFOLQH�LQ�ERQG�VWUHQJWK�IRU�WKH�SHULRGLFDOO\�ZHWWHG�VODEV�HDUO\�LQ�WKH�DJLQJ�SURFHVV 
� DQ�LQFUHDVH�LQ�ERQG�VWUHQJWK�IRU�WKH�SHULRGLFDOO\�ZHWWHG�VODEV�IRU�JUHDWHU�DJHV�WR�D 

PD[LPXP�ERQG�VWUHQJWK 
� D�GHFUHDVH�LQ�ERQG�VWUHQJWK�EH\RQG�WKH�PD[LPXP�WR�D�SRLQW�RI�GHODPLQDWLRQ��L�H���]HUR 

ERQG�VWUHQJWK��IRU�ERWK�XQZHWWHG�DQG�SHULRGLFDOO\�ZHWWHG�VODEV 
� SHULRGLF�ZHWWLQJ�JUHDWO\�H[WHQGHG�WKH�WLPH�WR�GHODPLQDWLRQ�FRPSDUHG�WR�QR�ZHWWLQJ�RI 

WKH�VODEV� 

��




)LJXUH����D��%RQG�VWUHQJWK�RI�WKH�76�=Q�DQRGH�RQ�SHULRGLFDOO\�ZHWWHG��SUHKHDWHG 
FRQFUHWH�VODEV�YHUVXV�HOHFWURFKHPLFDO�DJH 

)LJXUH����E��%RQG�VWUHQJWK�RI�WKH�76�=Q�DQRGH�RQ�SHULRGLFDOO\�ZHWWHG��XQKHDWHG 
FRQFUHWH�VODEV�YHUVXV�HOHFWURFKHPLFDO�DJH 

��




)LJXUH����D��%RQG�VWUHQJWK�RI�WKH�76�=Q�DQRGH�RQ�XQ�ZHWWHG��SUHKHDWHG�FRQFUHWH 
VODEV�YHUVXV�HOHFWURFKHPLFDO�DJH 

)LJXUH����E��%RQG�VWUHQJWK�RI�WKH�76�=Q�DQRGH�RQ�XQ�ZHWWHG��XQKHDWHG�FRQFUHWH 
VODEV�YHUVXV�HOHFWURFKHPLFDO�DJH 

��




7R�EHWWHU�XQGHUVWDQG�WKH�ERQG�VWUHQJWK�GDWD�DQG�WR�SURYLGH�D�EDVLV�IRU�SUHGLFWLQJ�ORQJ�WHUP 
EHKDYLRU��ERQG�VWUHQJWK��6��ZDV�HPSLULFDOO\�PRGHOHG�DV�D�IXQFWLRQ�RI�WKH�HOHFWURFKHPLFDO�DJH� 
ZKHUH��IRU�FRQYHQLHQFH��&�ZDV�VXEVWLWXWHG�IRU�($�LQ�WKH�ILWWLQJ�HTXDWLRQV���$�OHDVW�VTXDUHV�ILW�RI 
WKH�GDWD�LQ�)LJXUHV�����DQG�����JDYH�(TXDWLRQV�����DQG����� 

)RU�&����&I� 
6� �6L�H[S���&�&P�����6X��&�&I��H[S�����&�&I� ����� 

)RU�&����&I� 

6� ��6X��H������&�&I� ����� 

7KH�PRGHO�SDUDPHWHUV�DUH�JLYHQ�LQ�7DEOH�������7KH�ILWWHG�HTXDWLRQV�DUH�WKH�KHDY\�VROLG�FXUYHV�LQ 
)LJXUHV�����DQG������WKH�GDVKHG�FXUYHV�LQ�WKH�ILJXUHV�DUH�WKH����SHUFHQW�FRQILGHQFH�OLPLWV���,W�LV 
FOHDU�IURP�WKHVH�FRQILGHQFH�OLPLWV�WKDW�WKH�ORQJ�WHUP�ERQG�VWUHQJWK�RI�=Q�ZDV�QRW�VWDWLVWLFDOO\ 
GLIIHUHQW�ZKHWKHU�WKH�=Q�ZDV�DSSOLHG�WR�SUHKHDWHG�RU�XQKHDWHG�FRQFUHWH���7KLV�ZDV�WUXH�IRU�WKH 
FDVH�ZKHUH�HOHFWURFKHPLFDO�DJLQJ�ZDV�FDUULHG�RXW�RQ�SHULRGLFDOO\�ZHWWHG�FRQFUHWH�DV�LQ 
H[SHULPHQW����)LJXUHV����D�DQG����E��DQG�RQ�XQZHWWHG�FRQFUHWH��)LJXUHV����D�DQG����E���(DUO\�LQ 
WKH�DJLQJ�SURFHVV�WKHUH�ZHUH�VRPH�VPDOO�GLIIHUHQFHV�LQ�WKH�ERQG�VWUHQJWK�RI�SUHKHDWHG�DQG 
XQKHDWHG�VODEV��EXW�WKHVH�GLIIHUHQFHV�ZHUH�QRW�VLJQLILFDQW�LQ�WHUPV�RI�WKH�SHUIRUPDQFH�RI�WKH�=Q 
DQRGH���7KXV��ZKLOH�SUHKHDWLQJ�LPSURYHG�WKH�LQLWLDO�ERQG�VWUHQJWK��LW�GLG�QRW�KDYH�D�ODVWLQJ�HIIHFW 
RQ�WKH�YDOXH�RI�WKH�ORQJ�WHUP�FRDWLQJ�ERQG�VWUHQJWK� 

(TXDWLRQV�����DQG�����DUH�SORWWHG�VFKHPDWLFDOO\�LQ�)LJXUH�����WR�GHILQH�WKH�SDUDPHWHUV�XVHG�LQ�WKH 
HTXDWLRQV�DQG�UHIHUUHG�WR�LQ�7DEOH�������6L�LV�WKH�DYHUDJH�LQLWLDO�ERQG�VWUHQJWK��D�PHDVXUHG 
TXDQWLW\�JLYHQ�LQ�7DEOH�����IRU�WLPH�HTXDOV�]HUR��7KH�RWKHU�SDUDPHWHUV�DUH���6X��WKH�XOWLPDWH��RU 
PD[LPXP��ERQG�VWUHQJWK�RI�WKH�FRDWLQJ��&P��WKH�FKDUJH�DVVRFLDWHG�ZLWK�ZHDNHQLQJ�WKH�LQLWLDO 
PHFKDQLFDO�ERQG��DQG�&I��WKH�FKDUJH�RU�HOHFWURFKHPLFDO�DJH�DW�WKH�PD[LPXP�ERQG�VWUHQJWK� 
$ORQJ�ZLWK�SDUDPHWHU�YDOXHV��ILWWLQJ�VWDWLVWLFV�DUH�JLYHQ�LQ�7DEOH�������7KH�HVWLPDWHG�HUURU�RI�WKH 
GDWD�DERXW�WKH�ILWWHG�FXUYH�ZDV�ODUJHU�IRU�WKH�SUHKHDWHG�VODEV�WKDQ�IRU�WKH�XQKHDWHG�VODEV�LQ�WKH 
ILUVW�H[SHULPHQW���,W�ZDV�DERXW�WKH�VDPH�LQ�WKH�VHFRQG�H[SHULPHQW� 

��




)LJXUH������0RGHO�ERQG�VWUHQJWK�FXUYH�IRU�HOHFWURFKHPLFDOO\�DJHG�76 
=Q�DQRGHV�RQ�FRQFUHWH�VODEV 

7DEOH������0RGHO�SDUDPHWHUV�IRU�ERQG�VWUHQJWK�RI�76�=Q�DQRGHV�RQ�SUHKHDWHG�DQG�XQKHDWHG�FRQFUHWH�VODEV�LQ 
SHULRGLFDOO\�ZHWWHG�DQG�XQ�ZHWWHG�H[SHULPHQWV 

0RGHO�SDUDPHWHUV 
)LUVW�([SHULPHQW 6HFRQG�([SHULPHQW9DULDEOH�RU 

VWDWLVWLF 3UHKHDWHG� 
SHULRGLFDOO\�ZHWWHG 

8QKHDWHG� 
SHULRGLFDOO\�ZHWWHG 

3UHKHDWHG� 
XQZHWWHG 

8QKHDWHG� 
XQZHWWHG 

6L��03D��SVL� ������������ ������������ ������������ ������������ 
6X��03D��SVL� ������������ ������������ ������������ ������������ 
&P��N&�P� �� �� �� �� 

&I��N&�P� ��� ��� �� �� 

�&I��N&�P� ���� ���� ��� ��� 

(VWLPDWHG�HUURU� 
03D��SVL� 

��������� ��������� ��������� ��������� 

3VHXGR�5� ���� ���� ���� ���� 

&RUUHVSRQGLQJ ���D ���E ���D ���E 
)LJXUH 

$�GLVFXVVLRQ�RI�WKH�PHDQLQJ�RI�WKHVH�SDUDPHWHUV�LV�EHVW�GLYLGHG�LQWR�WKH�WKUHH�UHJLRQV�LQGLFDWHG 
LQ�)LJXUH�������$OVR��WKH�GLVFXVVLRQ�ZLOO�EH�OLPLWHG�WR�WKH�SHULRGLFDOO\�ZHWWHG�ILUVW�H[SHULPHQW� 
)LJXUHV����D�DQG����E���7KH�ERQG�VWUHQJWK�RI�ERWK�WKH�SUHKHDWHG�DQG�XQKHDWHG�VODEV�GHFUHDVHG 
EHORZ�WKHLU�LQLWLDO�YDOXHV��6L��LQ�5HJLRQ�,����WR����N&�P���DV�LQFUHDVLQJ�FKDUJH�ZDV�SDVVHG�DFURVV 
WKH�]LQF�FRQFUHWH�LQWHUIDFH���7KLV�GHFUHDVH�ZDV�JUHDWHU�IRU�WKH�SUHKHDWHG�VODEV���7KH�ERQG�VWUHQJWK 
UHDFKHG�D�PLQLPXP�IRU�ERWK�W\SHV�RI�VODEV�DW�DERXW����N&�P�������$�K�IW���DQG�WKHQ�EHJDQ�WR 

��




LQFUHDVH�IRU�ODUJHU�FKDUJH�YDOXHV��7KH�ILUVW�WHUP�RI�HTXDWLRQ�����GHVFULEHV�WKLV�WKURXJK�DQ 
H[SRQHQWLDO�GHFD\�IXQFWLRQ�VWDUWLQJ�DW�WKH�LQLWLDO�ERQG�VWUHQJWK��6L�DQG�FRQWLQXLQJ�WR�&P��WKH 
FKDUJH�RU�HOHFWURFKHPLFDO�DJH�DVVRFLDWHG�ZLWK�WKH�JUHDWHVW�ZHDNHQLQJ�RI�WKH�LQLWLDO�PHFKDQLFDO 
ERQG��7KLV�ZHDNHQLQJ�LV�FDXVHG�E\�WKH�GLVVROXWLRQ�RI�=Q�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH 
DFFRUGLQJ�WR�(TXDWLRQ����� 

&RQVLGHUDEOH�VWUHQJWK�UHPDLQV�KRZHYHU�EHFDXVH�WKHUH�LV�VXIILFLHQW�³WRRWK´�RU�URXJKQHVV�WR�WKH 
VXUIDFH�DQG�WKH�HQWLUH�=Q�DQRGH�DUHD�LQ�FRQWDFW�ZLWK�WKH�FRQFUHWH�LV�QRW�GLVVROYHG�DW�WKH�VDPH 
WLPH���$�IHDWXUH�RI�WKH�FRQFUHWH�VXUIDFH�UHIHUUHG�WR�KHUH�DV�³DQFKRU�SLWV´��RU�³EXJ�KROHV´�LQ�EULGJH 
YHUQDFXODU��FRQWULEXWHV�WR�VRPH�VPDOO�H[WHQW�WR�WKH�ERQG�VWUHQJWK�DW�WKLV�SRLQW���$QFKRU�SLWV�DUH 
LUUHJXODULWLHV�LQ�WKH�FRQFUHWH�VXUIDFH�PXFK�ODUJHU�LQ�VFDOH�WKDQ�³WRRWK´�ZKHUH�JDV�EXEEOHV�EURNH 
WKURXJK�WKH�VXUIDFH���7KHUPDO�VSUD\HG�=Q�FDQ�ILOO��RU�SDUWLDOO\�ILOO��WKHVH�SODFHV�IRUPLQJ 
VXEVWDQWLDO�DQFKRUV�IRU�WKH�FRDWLQJ�WKDW�DUH�QRW�JUHDWO\�DIIHFWHG�E\�DJLQJ�VLQFH�WKH�PHFKDQLFDO 
ORFNLQJ�RI�WKH�FRDWLQJ�DW�WKHVH�VLWHV�LV�PXFK�JUHDWHU�WKDQ�IRU�³WRRWK�´���,Q�5HJLRQ�,��WKH�GLVVROYHG 
=Q�IRUPV�D�WKLQ�OD\HU��������PP��RI�HLWKHU�=Q�R[LGH�RU�=Q�K\GUR[LGH���7KLV�OD\HU�LV�QRW�\HW�WKLFN 
HQRXJK�WR�VLJQLILFDQWO\�DIIHFW�WKH�WUDQVSRUW�RI�ZDWHU�WKURXJK�WKH�=Q�FRDWLQJ�DQG�WKH�FLUFXLW 
UHVLVWDQFH�RU�VODE�YROWDJH�KDV�QRW�\HW�EHJXQ�WR�ULVH� 

%RQG�VWUHQJWKV�IRU�WKH�SUHKHDWHG�DQG�XQKHDWHG�VODEV�EHFDPH�QHDUO\�LGHQWLFDO�LQ�5HJLRQ�,,�����WR 
����N&�P���IRU�HOHFWURFKHPLFDO�DJHV�RI�DERXW�����N&�P�������$�K�IW�����)XUWKHUPRUH�WKH\ 
LQFUHDVH�WR�YDOXHV�JUHDWHU�WKDQ�WKH�LQLWLDO�ERQG�VWUHQJWK��WR�YDOXHV�DV�KLJK�DV���03D������SVL��DW 
DQ�HOHFWURFKHPLFDO�DJH�RI�DERXW�����N&�P���������$�K�IW�����7KH�VHFRQG�WHUP�LQ�HTXDWLRQ���� 
GHVFULEHV�WKLV�ULVH�LQ�ERQG�VWUHQJWK�WR�SHDN�DW�WKH�XOWLPDWH�ERQG�VWUHQJWK��6X���6X�LV�DVVRFLDWHG 
ZLWK�WKH�JURZWK�RI�DQ�DGKHVLYH�UHDFWLRQ�OD\HU�RU�FRUURVLRQ�SURGXFW�DW�WKH�DQRGH�FRQFUHWH 
LQWHUIDFH���$QDO\VHV�RI�WKH�LQWHUIDFH�VKRZ�WKDW�WKHUH�LV�D�WKLFNHQLQJ�RI�WKH�=Q2�=Q�2+���OD\HU�WR 
DERXW���������PP����������PLOV�����,Q�DGGLWLRQ��WKH�=Q�LQWHUDFWV�ZLWK�WKH�RULJLQDO�FHPHQW�SDVWH�E\ 
UHSODFLQJ�&D�LQ�WKH�VLOLFDWHV�DQG�DOXPLQDWHV���7KLV�LQWHUDFWLRQ�DQG�UHIRUPDWLRQ�RI�WKH�FHPHQW 
SDVWH�LV�D�IRUP�RI�VHFRQGDU\�PLQHUDOL]DWLRQ��WKH�GLVVROXWLRQ�DQG�UHSUHFLSLWDWLRQ�RI�=Q�UHDFWLRQ 
SURGXFWV����,W�DOORZV�FUDFNV�DQG�SRUHV�ZLWKLQ�WKH�FHPHQW�SDVWH�WR�EH�ILOOHG�DQG�WR�KHOS�IRUP�D 
PRUH�VXEVWDQWLDO�ERQG�DFURVV�WKH�]LQF�FRQFUHWH�LQWHUIDFH���7KLV�LV�WKH�EDVLV�IRU�WKH�LQFUHDVH�LQ�WKH 
ERQG�VWUHQJWK�LQ�5HJLRQ�,,����1R�VLJQLILFDQW�GLIIHUHQFHV�EHWZHHQ�WKH�ERQG�VWUHQJWKV�RI�SUHKHDWHG 
DQG�XQKHDWHG�VDPSOHV�ZHUH�REVHUYHG�LQ�5HJLRQ�,,��+RZHYHU��ZDWHU�DSSOLHG�WR�WKH�=Q�DQRGH 
EHJDQ�SRROLQJ�RQ�WKH�VXUIDFH�GXH�WR�WKH�IRUPDWLRQ�RI�WKH�WKLFNHU�OD\HU�RI�=Q�UHDFWLRQ�SURGXFWV�DW 
WKH�]LQF�DQRGH�FRQFUHWH�LQWHUIDFH���)XUWKHUPRUH��WKH�FLUFXLW�UHVLVWDQFH�RU�VODE�YROWDJH�DOVR�EHJLQV 
WR�LQFUHDVH�LQ�WKLV�UHJLRQ� 

$QRWKHU�IDFWRU�WKDW�FDQ�KHOS�H[SODLQ�WKH�LQFUHDVH�LQ�ERQG�VWUHQJWK�LQ�5HJLRQ�,,�LV�WKH�VWUHQJWK�RI 
WKH�FRQFUHWH���7KH�VWUHQJWK�RI�FRQFUHWH�LV�LPSRUWDQW�EHFDXVH�WKH�IDLOXUH�RI�WKH�ERQG�EHWZHHQ�WKH 
=Q�DQRGH�DQG�WKH�FRQFUHWH�RIWHQ�RFFXUV�ZLWKLQ�WKH�FRQFUHWH���7KH�VWURQJHU�WKH�FRQFUHWH��WKH 
KLJKHU�WKH�PHDVXUHG�ERQG�VWUHQJWK�FRXOG�SRWHQWLDOO\�EH�LI�WKH�IDLOXUH�RFFXUV�LQ�WKH�FRQFUHWH� 
)LJXUH������LV�D�SORW�RI�FRQFUHWH�FRPSUHVVLYH�VWUHQJWK�DV�D�IXQFWLRQ�RI�FXULQJ�WLPH�IRU�ILYH�W\SHV 
RI�$670�7\SH���FRQFUHWH��Lynch 1989����/LQHV�DUH�GUDZQ�RQ�WKLV�SORW�UHSUHVHQWLQJ�WKH�����DQG 
����GD\�SHULRG�WKDW�HODSVHG�DIWHU�FDVWLQJ�WKH�VODEV��VHH�7DEOH������DQG�EHIRUH�WKH�ILUVW�DQG�VHFRQG 
H[SHULPHQWV�ZHUH�EHJXQ��UHVSHFWLYHO\���1RWH�WKDW�HOHFWURFKHPLFDO�DJLQJ�ZDV�EHJXQ�GXULQJ�D 
SHULRG�ZKHQ�FRQFUHWH�VWUHQJWK�ZDV�LQFUHDVLQJ�LQ�ERWK�H[SHULPHQWV���7KH�VODEV�LQ�WKH�ILUVW 
H[SHULPHQW�ZRXOG�KDYH�EHHQ�DW�D�ORZHU�VWDUWLQJ�VWUHQJWK��DOORZLQJ�IRU�D�JUHDWHU�VWUHQJWK�JDLQ�WKDQ 
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LQ�WKH�VHFRQG�H[SHULPHQW���7KLV�VWUHQJWK�JDLQ�SUREDEO\�DFFRXQWV�IRU�VRPH�RI�WKH�LQFUHDVH�LQ�ERQG 
VWUHQJWK�VHHQ�LQ�5HJLRQ�,,� 

)LJXUH�������(IIHFW�RI�FXULQJ�WLPH�RQ�WKH�FRPSUHVVLYH�VWUHQJWK�RI�ILYH�$670�FRQFUHWHV 

5HJLRQ�,,,������WR������N&�P���EHJLQV�DW�WKH�PD[LPXP�ERQG�VWUHQJWK��6X��DQG�WKH�ERQG�VWUHQJWK 
GHFOLQHV�ZLWK�IXUWKHU�HOHFWURFKHPLFDO�DJLQJ�XQWLO�LW�DSSURDFKHV�]HUR���:KLOH�WKH�VHFRQG�WHUP�LQ 
HTXDWLRQ�����FDQ�GHVFULEH�WKH�IDOO�LQ�ERQG�VWUHQJWK��LW�ZDV�UHSODFHG�E\�WKH�OLQHDU�IXQFWLRQ�PRGHOHG 
E\�HTXDWLRQ�����EHFDXVH�HTXDWLRQ�����SUHGLFWV�D�VORZHU�GURS�WKDQ�WKH�GDWD�LQGLFDWH���(TXDWLRQ���� 
SUHGLFWV�D�ERQG�VWUHQJWK�RI�]HUR�DW��&I����&I�RFFXUV�DW�DERXW������N&�P������$�K�IW���I�RU�ERWK�WKH 
SUHKHDWHG�DQG�XQKHDWHG�VODEV�WKDW�ZHUH�SHULRGLFDOO\�ZHWWHG���7KLV�HOHFWURFKHPLFDO�DJH 
FRUUHVSRQGV�WR����\HDUV�RI�VHUYLFH�DW�WKH�OHYHOV�RI�FXUUHQW�GHQVLW\�XVHG�E\�2UHJRQ�'27�RQ 
FRDVWDO�EULGJHV� 

&KDUDFWHULVWLFV�RI�WKH�]LQF�DQRGH�FRQFUHWH�LQWHUIDFH�LQ�WKLV�UHJLRQ�DUH�WKDW�ZDWHU�SHUPHDELOLW\�LV 
PXFK�ORZHU�WKDQ�IRU�XQDJHG�VDPSOHV��WKH�S+�LV�QRW�PXFK�GLIIHUHQW�IURP�WKDW�LQ�5HJLRQ�,,��DQG�WKH 
RSHUDWLQJ�YROWDJHV�DUH�VXEVWDQWLDOO\�KLJKHU�WKDQ�WKRVH�LQ�5HJLRQ�,�RU�,,���:KLOH�WKHUH�DSSHDUV�WR�EH 
D�VXEVWDQWLDO�UHVLVWLYH�OD\HU�IRUPHG�DW�WKH�LQWHUIDFH�LQ�5HJLRQ�,,��WHPSHUDWXUH�PHDVXUHPHQWV�DW�WKH 
LQWHUIDFH�VKRZHG�OHVV�WKDQ�D����R�&�WHPSHUDWXUH�ULVH�IURP�UHVLVWLYH�KHDWLQJ���$V�D�UHVXOW��LW�LV 
DQWLFLSDWHG�WKDW�GU\LQJ�RI�WKH�VODE�LV�QRW�GXH�WR�UHVLVWLYH�KHDWLQJ�EXW�UDWKHU�GXH�WR�FRUURVLRQ 
SURGXFW�JUDGXDOO\�VHDOLQJ�WKH�FRQFUHWH�VXUIDFH�WR�IXUWKHU�LQIORZ�RI�PRLVWXUH�IURP�WKH 
HQYLURQPHQW� 

&RPSDULQJ�WKH�XQZHWWHG�VHFRQG�H[SHULPHQW��)LJXUHV����D�DQG����E��WR�WKH�SHULRGLFDOO\�ZHWWHG 
ILUVW�H[SHULPHQW��)LJXUHV����D�DQG����E��WKH�XQZHWWHG�H[SHULPHQW�ODFNV�5HJLRQV�,�DQG�,, 
�XQKHDWHG��DQG�5HJLRQ�,��SUHKHDWHG����7ZR�SRVVLEOH�H[SODQDWLRQV�IRU�WKLV�DUH� 
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�	 :DWHU�ZDV�ODFNLQJ�GXULQJ�WKH�FULWLFDO�WLPH�UHSUHVHQWHG�E\�5HJLRQV�,�DQG�,,�ZKHUH�VHFRQGDU\ 
PLQHUDOL]DWLRQ�VKRXOG�KDYH�RFFXUUHG���,Q�WKH�DEVHQFH�RI�VHFRQGDU\�PLQHUDOL]DWLRQ��WKH 
DVVRFLDWHG�VWUHQJWKHQLQJ�PHFKDQLVP�DOVR�GLG�QRW�RFFXU� 

�	 7KH�DQRGHV�LQ�WKH�VHFRQG�H[SHULPHQW�DJHG�QDWXUDOO\�IRU�WZLFH�WKH�WLPH�RI�WKRVH�LQ�WKH�ILUVW 
H[SHULPHQW�EHIRUH�HOHFWURFKHPLFDO�DJLQJ�ZDV�LQLWLDWHG���7KXV��WKH�LQLWLDO�ERQG�VWUHQJWK�ZRXOG 
KDYH�EHHQ�KLJKHU��VHH�WDEOH������DQG�WKH�FRQFUHWH�ZRXOG�KDYH�FXUHG�ORQJHU��VHH�)LJXUH������ 
JLYLQJ�D�VWURQJHU�FRQFUHWH�LQ�WKH�VHFRQG�H[SHULPHQW���,Q�WKLV�ZD\�WKH�FRQWULEXWLRQV�RI�5HJLRQV 
,�DQG�,,�WR�WKH�ERQG�VWUHQJWK�FXUYHV�ZRXOG�EH�PLQLPL]HG�LQ�WKH�VHFRQG�H[SHULPHQW� 

7KLV�VLPSOH�GHJUDGDWLRQ�RI�ERQG�VWUHQJWK�ZLWK�LQFUHDVHV�LQ�HOHFWURFKHPLFDO�DJH�IRU�WKH�XQZHWWHG 
H[SHULPHQW�LV�LQ�VKDUS�FRQWUDVW�WR�UHVXOWV�IRU�WKH�SHULRGLFDOO\�ZHWWHG�H[SHULPHQW�EXW�LQ�JRRG 
DJUHHPHQW�ZLWK�SUHYLRXVO\�SXEOLVKHG�ZRUN��Brousseau, Arnott and Baldock 1994a��ZKHUH�ERQG 
VWUHQJWKV�GHFUHDVHG�UDSLGO\�DIWHU�VPDOO�DPRXQWV�RI�FKDUJH�ZHUH�SDVVHG�DFURVV�WKH�]LQF�FRQFUHWH 
LQWHUIDFH� 

7KH�ORQJ�WHUP�UHVXOWV�LQ�)LJXUHV�����DQG�����DUH�LQ�JRRG�TXDOLWDWLYH�DJUHHPHQW�ZLWK�WKH�SUDFWLFDO 
H[SHULHQFH�RI�&$/75$16��ZKHUH�VRPH�GHODPLQDWLRQ�RI�=Q�FRDWLQJV�RFFXUUHG�DIWHU�URXJKO\��� 
\HDUV�RI�VHUYLFH�IRU�76�=Q�DQRGHV�RQ�WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH���,Q�IDFW��WKH�YDOXH�RI��&I 
IURP�7DEOH�����VXJJHVWV�WKDW�ERWK�WKH�KHDWHG�DQG�XQKHDWHG�DQRGHV�LQ�WKH�XQZHWWHG�H[SHULPHQW 
ZRXOG�GHODPLQDWH�LQ�DV�OLWWOH�DV���\HDUV���$V�D�SRLQW�RI�UHIHUHQFH������N&�P�������$�K�IW���LV 
HTXLYDOHQW�WR�URXJKO\���\HDUV�VHUYLFH�IRU�76�=Q�DQRGH�,&&3�DW�WKH�FXUUHQW�GHQVLW\�RI������� 
$�P�������P$�IW���XVHG�E\�2UHJRQ�'27� 

$QRGH�ERQG�VWUHQJWKV�QHDU�]HUR��REVHUYHG�LQ�WKH�ODWH�VWDJHV�RI�DJLQJ�IRU�ERWK�SHULRGLFDOO\�ZHWWHG 
DQG�XQZHWWHG��SUHKHDWHG�DQG�XQKHDWHG�VODEV��RFFXU�ZKHQ�WKHUH�LV�VLJQLILFDQW�GHODPLQDWLRQ�RI�WKH 
FRDWLQJ�IURP�WKH�FRQFUHWH���6LQFH�=Q2�KDV�D�YROXPH�IDFWRU�����WLPHV�ODUJHU�WKDQ�=Q��DQG�=Q�2+�� 

KDV�D�YROXPH�IDFWRU�RI�����ODUJHU�WKDQ�=Q��Kubaschewski and Hopkins 1962���WKH�SUHVHQFH�RI 
WKHVH�FRPSRXQGV�DW�WKH�]LQF�FRQFUHWH�LQWHUIDFH�FDQ�DFFRXQW�IRU�WKH�ORRVHQLQJ�RI�WKH�PHFKDQLFDO 
JULS�RI�WKH�=Q�FRDWLQJ�DQG�WKH�UHGXFWLRQ�LQ�WKH�ERQG�VWUHQJWK���7KH�VWHDG\�GHFOLQH�LQ�WKH�ERQG 
VWUHQJWK�EH\RQG�WKH�PD[LPXP�VLPSO\�UHSUHVHQWV�WKH�LQFUHDVLQJ�JURZWK�RI�WKH�=Q�PLQHUDO�OD\HU�DW 
WKH�DQRGH�FRQFUHWH�LQWHUIDFH���,Q�VRPH�FDVHV�WKH�=Q�ZDV�VWLOO�DWWDFKHG�WR�WKH�FRQFUHWH�DW�LVRODWHG 
SRLQWV�VXFK�DV�WKH�DQFKRU�SLWV��³EXJ�KROHV´��QRWHG�HDUOLHU���/DWH�LQ�WKH�OLIH�RI�WKH�DQRGH��WKH 
DQFKRU�SLWV�FRQWULEXWH�VLJQLILFDQWO\�WR�ERQGLQJ�RI�WKH�DQRGH�WR�WKH�FRQFUHWH���,Q�IDFW��HYHQ�WKRXJK 
PXFK�RI�WKH�DQRGH�PD\�EH�GHODPLQDWHG��WKH�DQFKRU�SLWV�SURYLGH�VXIILFLHQW�DWWDFKPHQW�WKDW�WKH\ 
ZRXOG�NHHS�WKH�=Q�DQRGH�IURP�VORXJKLQJ�IURP�WKH�VWUXFWXUH� 

7KH�FKDUJH�SDUDPHWHUV��&P�DQG�&I��FDQ�EH�YLHZHG�DV�WLPH�FRQVWDQWV�IRU�WZR�SURFHVVHV� 
UHVSHFWLYHO\� 

� &P�±�ZHDNHQLQJ�WKH�LQLWLDO�PHFKDQLFDO�ERQG� 
� &I�±�JURZWK�RI�WKH�=Q�PLQHUDO�OD\HU�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH� 

$VVXPLQJ�������FXUUHQW�HIILFLHQF\�DQG�������FRDWLQJ�GHQVLW\��WKH�FKDUJH�SDUDPHWHUV�DUH�JLYHQ 
LQ�7DEOH�����DV�WKH�HTXLYDOHQW�WKLFNQHVV�RI�=Q�FRQVXPHG�GXULQJ�WKHVH�SURFHVVHV���([SUHVVHG�LQ 
WKLV�ZD\��WKH\�VXJJHVW�WKH�FRDWLQJ�WKLFNQHVV�FRQVXPHG�E\�HDFK�SURFHVV���6SHFLILFDOO\��RQO\�D�WKLQ 
OD\HU�RI�=Q�QHHGV�WR�GLVVROYH�WR�GHJUDGH�WKH�PHFKDQLFDO�ERQG�EHWZHHQ�FRDWLQJ�DQG�FRQFUHWH���2Q 
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WKH�RWKHU�KDQG��GLVVROXWLRQ�RI�URXJKO\�����P����PLO��RI�FRDWLQJ�SURYLGHV�VXIILFLHQW�=Q�LRQV��ZKHQ 
DFWHG�RQ�E\�SHULRGLF�ZHWWLQJ�DQG�GU\LQJ�DQG�WKH�DVVRFLDWHG�VHFRQGDU\�PLQHUDOL]DWLRQ��WR�IRUP�DQ 
DGKHUHQW�OD\HU�EHWZHHQ�WKH�=Q�DQRGH�DQG�FRQFUHWH� 

7KH�FKDUJH�SDUDPHWHUV�FDQ�DOVR�EH�YLHZHG�LQ�WHUPV�RI�FKDUDFWHULVWLF�DJLQJ�WLPHV�LQ�7DEOH����� 
)RU�H[DPSOH�LQ�WKH�ILUVW�H[SHULPHQW��&P�FRUUHVSRQGV�WR����DQG����GD\V��UHVSHFWLYHO\��IRU 
SUHKHDWHG�DQG�XQKHDWHG�VODEV�LQ�WKH�SHULRGLFDOO\�ZHWWHG�ODERUDWRU\�H[SHULPHQW�RU�WKH�HTXLYDOHQW 
RI������DQG������\HDUV�DJLQJ�IRU�2UHJRQ�'27�EULGJH�&3�V\VWHPV���&I�FRUUHVSRQGV�WR�����PRQWKV 
DJLQJ�WLPH�LQ�WKH�ODERUDWRU\�H[SHULPHQW�RU�WKH�HTXLYDOHQW�RI�����\HDUV�DJLQJ�IRU�2UHJRQ�'27 
EULGJH�&3�V\VWHPV���7KHVH�WLPHV�VXJJHVW�SHULRGV�RYHU�ZKLFK�WKH�GLIIHUHQW�SURFHVVHV�DUH�DFWLYH� 
&RPSDULQJ�WKH�VHFRQG�H[SHULPHQW�WR�WKH�ILUVW�VKRZV�WKDW�&P��WKH�FKDUJH�YDOXHV�DVVRFLDWHG�ZLWK 
WKH�ZHDNHQLQJ�RI�WKH�PHFKDQLFDO�ERQG��DUH�FRPSDUDEOH���&I��WKH�FKDUJH�DVVRFLDWHG�ZLWK�IRUPLQJ 
WKH�KLJKHVW�ERQG�VWUHQJWK��LV�FRQVLGHUDEO\�ORZHU�IRU�WKH�XQZHWWHG�H[SHULPHQW�WKDQ�IRU 
SHULRGLFDOO\�ZHWWHG�H[SHULPHQW��7KLV�LV�FRQVLVWHQW�ZLWK�WKH�IDFW�WKDW�ODFN�RI�ZDWHU�DQG�ORQJHU 
QDWXUDO�DJLQJ�WLPHV�PDNH�LW�GLIILFXOW�LQ�WKH�XQZHWWHG�H[SHULPHQW�IRU�VHFRQGDU\�PLQHUDOL]DWLRQ�WR 
RFFXU�DQG�GHYHORS�WKH�KLJKHU�ERQG�VWUHQJWK�DVVRFLDWHG�ZLWK�VHFRQGDU\�PLQHUDOL]DWLRQ� 

7DEOH������(TXLYDOHQW�YDOXHV�RI�PRGHO�SDUDPHWHUV�LQ�(TXDWLRQV�����DQG���� 

&P &I
&RQGLWLRQ 

N&�P� 
�P��=Q \HDUV� N&�P� 

�P�=Q \HDUV� 

3HULRGLFDOO\�ZHWWHG�SUHKHDWHG �� ��� ���� ��� �� ��� 

3HULRGLFDOO\�ZHWWHG�XQKHDWHG �� ��� ���� ��� �� ��� 

XQZHWWHG�SUHKHDWHG �� ��� ���� �� � ��� 

XQZHWWHG�XQKHDWHG �� ��� ��� �� � ��� 

����WLPH�DW�����P$�P��XVHG�E\�2UHJRQ�'27��IRU�FRDVWDO�EULGJH�&3�V\VWHPV� 

(TXDWLRQV�����DQG�����FDQ�EH�XVHG�WR�HVWLPDWH�ERQG�VWUHQJWK�IRU�ORQJHU�DJLQJ�WLPHV���,I�RQH 
DVVXPHV�WKDW�WKH�FRDWLQJ�VHUYLFH�OLIH�LV�GHILQHG�E\�WKH�WLPH�ZKHQ�URXJKO\������RI�WKH�=Q�FRDWLQJ 
KDV�ORZ�RU�]HUR�ERQG�VWUHQJWK�WR�WKH�FRQFUHWH��WKHQ�WKH�LQWHUFHSW�RI�WKH�ORZHU�FRQILGHQFH�OLPLW 
ZLWK�WKH�[�D[LV��REWDLQHG�E\�H[WUDSRODWLRQ�RI�(TXDWLRQ������GHILQHV�WKH�VHUYLFH�OLIH���)RU 
SHULRGLFDOO\�ZHWWHG��SUHKHDWHG�VODEV�WKLV�FRUUHVSRQGV�WR�D�ERQG�VWUHQJWK�RI������03D�����SVL��DQG 
D�FKDUJH�RI�URXJKO\������N&�P��������$�K�IW����HTXLYDOHQW�WR�DERXW����\HDUV�IRU�LPSUHVVHG 
FXUUHQW�&3�VHUYLFH�RQ�WKH�2UHJRQ�FRDVW���7KH�YDOXHV�DUH�VLPLODU�IRU�XQKHDWHG�VODEV���7KHVH 
SURMHFWLRQV�DUH�EH\RQG�WKH�H[LVWLQJ�GDWD�DQG�RQO\�VXJJHVW�D�SRVVLEOH�RXWFRPH� 

)LQDOO\��WRWDO�FRDWLQJ�WKLFNQHVV�ZDV�VKRZQ�E\�RWKHUV��Howell 1992��WR�DIIHFW�=Q�ERQG�VWUHQJWK�E\ 
EXLOGXS�RI�WKHUPDO�VWUHVVHV�GXULQJ�DSSOLFDWLRQ�RI�WKH�FRDWLQJ�DW�D�WKLFNQHVV�JUHDWHU�WKDQ���PLOV 
������PP����7KH�SRVVLELOLW\�RI�VXFK�EHKDYLRU�ZDV�H[DPLQHG�LQ�WKH�SUHVHQW�VWXG\�DQG�QR�VXFK 
WUHQG�ZDV�REVHUYHG� 

$�FURVV�VHFWLRQ�RI�D76�=Q�DQRGH�FRQFUHWH�LQWHUIDFH�IROORZLQJ�DJLQJ�IRU�����N&�P��LV�VKRZQ�LQ 
)LJXUH��������7KHUH�LV�FUDFNLQJ�LQ�WKH�FHPHQW�SDVWH�DQG�LQ�WKH�OD\HU�RI�]LQF�PLQHUDOV�WKDW�IRUPV�DW 
WKH�DQRGH�FRQFUHWH�LQWHUIDFH�DV�WKH�UHVXOW�RI�WKH�DQRGH�UHDFWLRQ���&RQWUDVW�WKLV�ZLWK�WKH�DQRGH� 
FRQFUHWH�LQWHUIDFH�IRU�WKH�XQDJHG�76�=Q�DQRGH�ZKHUH�WKHUH�ZDV�OLWWOH�FUDFNLQJ�DQG�JRRG 
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FRQIRUPDQFH�RI�WKH�FRDWLQJ�ZLWK�WKH�FRQFUHWH�VXUIDFH�URXJKQHVV��)LJXUH�������)RU�ERWK�WKH�XQDJHG 
DQG�DJHG�DQRGHV��WKHUH�ZHUH�QR�REYLRXV�GLIIHUHQFHV�EHWZHHQ�WKH�LQWHUIDFHV�IRU�WKH�SUHKHDWHG�DQG 
WKH�XQKHDWHG�VODEV���,Q�HDFK�FDVH��WKH�FRDWLQJ�KDG�D�VLJQLILFDQW�QXPEHU�RI�YRLGV�EHWZHHQ�VSODWV 
ZLWKLQ�WKH�DQRGH�ZLWK�SHUKDSV�D����SHUFHQW�YRLG�YROXPH��:KLOH�WKH���GLPHQVLRQDO�YLHZ�LQ 
)LJXUHV�����DQG������VKRZV�UHODWLYHO\�IHZ�WKURXJK�SRUHV�FRQQHFWLQJ�WKH�VXUIDFH�WR�WKH�FRQFUHWH��D 
��GLPHQVLRQDO�YLHZ�ZRXOG�VKRZ�LQWHUFRQQHFWLYLW\�RI�SRUHV�DOORZLQJ�PRLVWXUH��VDOWV��DQG�DLU�WR 
PRYH�WKURXJK�WKH�DQRGH���7KH�HORQJDWHG�VSODW�VWUXFWXUH�LV�W\SLFDO�RI�=Q�FRDWLQJV�SURGXFHG�E\�WKH 
WKHUPDO�VSUD\�SURFHVV� 

)LJXUH�������6(0�SKRWRPLFURJUDSK�VKRZLQJ�FUDFNLQJ�RI�SHULRGLFDOO\�ZHWWHG�FHPHQW�SDVWH�DW�WKH�76�=Q�DQRGH� 
FRQFUHWH�LQWHUIDFH�IROORZLQJ�����N&�P��DJLQJ��WKH�HTXLYDOHQW�RI������\HDUV�DW��������$�P� 

7KH�SULPDU\�IDLOXUH�PRGH�IRU�GLVERQGPHQW�RI�DJHG�=Q�DQRGHV�IURP�WKH�FRQFUHWH�ZDV�FRKHVLYH 
IUDFWXUH�ZLWKLQ�D�WKLQ�OD\HU�RI�WKH�FRQFUHWH�LPPHGLDWHO\�DGMDFHQW�WR�WKH�=Q��)LJXUH��������$V 
IDLOXUH�RFFXUUHG��FUDFNV�SURSDJDWHG�WKURXJK�WKH�KDUGHQHG�FHPHQW�SDVWH�DQG�DURXQG�VDQG�SDUWLFOHV� 
FDXVLQJ�VRPH�SXOO�RXW�RI�SDUWLFOHV���7KH�OD\HU�RI�FRQFUHWH�LQ�ZKLFK�WKH�IDLOXUH�RFFXUV�LV�URXJKO\ 
����������PP��������������LQ��WKLFN���7KLV�IDLOXUH�]RQH�FRLQFLGHV�ZLWK�]RQHV�DIIHFWHG�E\�WKH�76 
=Q�DQRGH�UHDFWLRQ�SURGXFWV���$Q�DOPRVW�WRWDOO\�GHODPLQDWHG�76�=Q�DQRGH�LV�VKRZQ�LQ�)LJXUH����� 
DIWHU�DJLQJ�IRU�URXJKO\������N&�P����,Q�FRQWUDVW��WHQVLOH�IDLOXUH�RI�WKH�XQGHUO\LQJ�FRQFUHWH��XVLQJ 
WKH�VDPH�WHVW�WHFKQLTXH��SURGXFHG�PDVVLYH�SXOORXW�RI�WKH�FRQFUHWH�PDWUL[���7KLV�FDQ�EH�VHHQ�LQ 

��




)LJXUH������ZKLFK�FRPSDUHV�WKH�WHQVLOH�IDLOXUH�RI�WKH�FRQFUHWH��OHIW��ZLWK�WKDW�RI�D�76�=Q�DQRGH 
RULJLQDOO\�ERQGHG�WR�FRQFUHWH��ULJKW�� 

)LJXUH�������'HODPLQDWHG�76�=Q�DQRGH�RQ�SHULRGLFDOO\�ZHWWHG�FRQFUHWH�VODE�IROORZLQJ� 
a������N&�P��DJLQJ 

)LJXUH�������3XOORXW�RI�FRQFUHWH�DV�D�UHVXOW�RI�ERQG�VWUHQJWK�WHVWV�IRU�EDUH�FRQFUHWH��OHIW� 
DQG�76�=Q�FRDWHG�FRQFUHWH��ULJKW� 

��




��� %8/.�&21&5(7(�&+(0,675< 

7KH�FKHPLVWU\�RI�WKH�FRQFUHWH�XVHG�WR�PDNH�WKH�VODEV�IRU�WKH�ODERUDWRU\�H[SHULPHQWV�ZDV 
DQDO\]HG�RQO\�DV�SDUW�RI�WKH�$6(0�DQDO\VHV�RI�WKH�DQRGH�FRQFUHWH�LQWHUIDFH���0RVW�OLQH�VFDQV�RI 
WKH�LQWHUIDFHV�ZHUH�FRQWLQXHG�ZHOO�LQWR�XQDOWHUHG�FHPHQW�SDVWH�LQ�RUGHU�WR�SURYLGH�D�FRPSDULVRQ 
WR�DOWHUHG�FHPHQW�SDVWH�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH���:KLOH�WKH�FHPHQW�SDVWH�FRQVWLWXHQWV�&D� 
6L��$O��DQG�2�ZHUH�W\SLFDOO\�DQDO\]HG��FRQFUHWH�FRPSRVLWLRQ�LV�PRVW�RIWHQ�FKDUDFWHUL]HG�LQ�WKLV 
UHSRUW�E\�WKH�&D�DQG�2�FRQFHQWUDWLRQV���7DEOH�����VKRZV�WKDW�WKH�&D�LQ�XQDOWHUHG�FRQFUHWH�ZDV 
DSSUR[LPDWHO\����DWRPLF�SFW���7KLV�YDOXH�ZDV�W\SLFDO�RI�WKH�FRQFUHWH�VODEV�DQG�LV�HTXLYDOHQW�WR�D 
��EDJ�PL[���,W�FRPSDUHV�ZHOO�ZLWK�WKH�&D�FRQFHQWUDWLRQ�FDOFXODWHG�XVLQJ�WKH�FRQFUHWH�PL[�GHVLJQ 
LQ�7DEOH�������&KORULGH�FRQFHQWUDWLRQV��H[FHSW�ZKHUH�WKH\�ZHUH�FRQFHQWUDWHG�DW�WKH�DQRGH� 
FRQFUHWH�LQWHUIDFH��VHH�6HFWLRQ�������ZHUH�W\SLFDOO\�ORZ�DQG�RIWHQ�GLG�QRW�\LHOG�XVHIXO�LQIRUPDWLRQ 
DW�WKH�VSDWLDO�UHVROXWLRQ�RI�WKH�$6(0� 

7DEOH������1RPLQDO�FRPSRVLWLRQ�RI�FHPHQW�SDVWH��Bullard 1997a� 
$JH��N&�P� &D��DWRPLF����NJ�P�� 2��DWRPLF����NJ�P�� 

���� �� �� 

�� �� �� 

��� $12'(�&21&5(7(�,17(5)$&,$/�&+(0,675< 

7KH�NH\�WR�XQGHUVWDQGLQJ�WKH�REVHUYHG�EHKDYLRU�RI�WKHUPDO�VSUD\HG�=Q�DQRGHV�RQ�FRQFUHWH�LV�WR 
XQGHUVWDQG�WKH�FKHPLVWU\�RI�WKH�DQRGH�FRQFUHWH�LQWHUIDFH���0DQ\�RI�WKH�UHSRUWHG�SKHQRPHQD� 
ERQG�VWUHQJWK�FKDQJHV��ZDWHU�SHUPHDELOLW\��YROWDJH�HOHFWURFKHPLFDO�DJH�UHVSRQVH��HWF���FDQ�EH 
H[SODLQHG�E\�WKH�FKHPLVWU\�RI�WKLV�LQWHUIDFH���,W�PXVW�EH�UHPHPEHUHG��KRZHYHU��WKDW�WKH�DQRGH� 
FRQFUHWH�LQWHUIDFH�LV�D�KHWHURJHQHRXV�UHJLRQ�ZLWK�D�FKHPLVWU\�DQG�PLQHUDORJ\�WKDW�LV�VSDWLDOO\ 
QRQXQLIRUP���%HFDXVH�RI�WKLV��DQDO\WLFDO�UHVXOWV�DUH�KLJKO\�GHSHQGHQW�XSRQ�VDPSOLQJ��\HW�WKH 
W\SHV�RI�DQDO\VHV�HPSOR\HG�KHUH��H�J���$6(0��DUH�YHU\�WLPH�LQWHQVLYH�DQG�QRW�FRQGXFLYH�WR�KLJK 
VDPSOLQJ�UDWHV���&RQVHTXHQWO\��WKH�VXPPDU\�GDWD�SUHVHQWHG�KHUH�FDQ�VKRZ�FRQVLGHUDEOH 
YDULDWLRQ��EXW�WKH\�DOVR�GHPRQVWUDWH�UHSURGXFLEOH�WUHQGV�LQ�WKH�FKHPLVWU\�RI�WKH�DQRGH�FRQFUHWH 
LQWHUIDFH� 

����� $QDO\WLFDO�VFDQQLQJ�HOHFWURQ�PLFURVFRS\ 

7KH�DQRGH�FRQFUHWH�LQWHUIDFH�RI�VODEV�IURP�ERWK�WKH�ODERUDWRU\�H[SHULPHQWV�ZHUH�FURVV�VHFWLRQHG 
DQG�DQDO\]HG�XVLQJ�[�UD\�PDSSLQJ�DQG�:'6�OLQH�VFDQV���$�EDFN�VFDWWHUHG�6(0 
SKRWRPLFURJUDSK�RI�WKH�]LQF�FRQFUHWH�LQWHUIDFH�IURP�D�SHULRGLFDOO\�ZHWWHG�VODE�IURP�WKH�ILUVW 
H[SHULPHQW�DJHG�DQ�HTXLYDOHQW�RI�����\HDUV������N&�P��RU������$�K�IW���LV�VKRZQ�LQ�)LJXUH������ 
7KLV�ILJXUH�VKRZV�WKH�=Q�DQRGH�DQG�WKUHH�UHDFWLRQ�]RQHV�LGHQWLILHG�DV�=RQHV�������7KHVH�]RQHV 
DUH�GLVWLQFW�UHJLRQV�WKDW�FDQ�EH�LGHQWLILHG�IURP�:'6�OLQH�VFDQV�EDVHG�RQ�FKDQJHV�LQ�HLWKHU�=Q�RU 
&D�FRQFHQWUDWLRQ���7KH�ZKLWH�DQG�OLJKW�JUD\�]RQHV�UHSUHVHQW�DUHDV�ZLWK�KLJK�DWRPLF�QXPEHU 
HOHPHQWV��SULPDULO\�=Q���7KH�EULJKWHVW�]RQH�LV�WKH�=Q�FRDWLQJ���6DQG�SDUWLFOHV�LQ�WKH�JUD\�]RQH 
VHUYH�DV�PDUNHUV�IRU�WKH�RULJLQDO�ORFDWLRQ�RI�WKH�FHPHQW�SDVWH�LQ�FRQWDFW�ZLWK�WKH�=Q���7KH 
SUHVHQFH�RI�=Q�ZLWKLQ�WKLV�]RQH�LQGLFDWHV�UHDFWLRQV�ZKHUH�=Q�KDV�PRGLILHG�WKH�PLQHUDORJ\�RI�WKH 
RULJLQDO�FHPHQW�SDVWH���7KH�OLQH�GHILQHV�WKH�SDWK�WKH�6(0�HOHFWURQ�EHDP�WRRN�LQ�D�VHULHV�RI�SRLQW� 

��




E\�SRLQW�FKHPLFDO�DQDO\VHV�RI�WKH�DQRGH�FRQFUHWH�LQWHUIDFH���7KH�GRJOHJ�LQ�WKLV�SDWK�WRRN�WKH 
EHDP�WKURXJK�FHPHQW�SDVWH�EHWZHHQ�WZR�VDQG�SDUWLFOHV� 

)LJXUH�������%DFN�VFDWWHUHG�HOHFWURQ�6(0�SKRWRPLFURJUDSK�RI�D�FURVV�VHFWLRQ�RI�76�=Q�DQRGH�RQ 
SHULRGLFDOO\�ZHWWHG�FRQFUHWH�HOHFWURFKHPLFDOO\�DJHG�IRU�����N&�P���WKH�HTXLYDOHQW�RI�����\HDUV�DW 

�������$�P���VKRZV�UHDFWLRQ�]RQHV� 

7KH�GLVWULEXWLRQ�RI�HOHPHQWV�ZLWKLQ�WKH�DUHD�RI�)LJXUH������LV�VKRZQ�E\�WKH�PDSV�RI�HOHPHQWDO 
FRQFHQWUDWLRQ�LQ�)LJXUHV������D�G��=Q��2��6L�DQG�&D��UHVSHFWLYHO\��DQG������D�E��&O�DQG�6� 
UHVSHFWLYHO\����7KH�EULJKWHVW�DUHDV�LQ�WKHVH�PDSV�DUH�ULFKHVW�LQ�WKH�LGHQWLILHG�HOHPHQW���)LJXUH 
����D�VKRZV�WKH�=Q�FRDWLQJ�DQG�D�UHDFWLRQ�]RQH�H[WHQGLQJ�VRPH�GLVWDQFH�LQWR�WKH�FHPHQW�SDVWH 
FRQWDLQLQJ�=Q�GLVVROXWLRQ�SURGXFWV���)LJXUH�����E�VKRZV�WKDW�WKH�UHDFWLRQ�]RQH�FRQWDLQV�D 
VLJQLILFDQW�DPRXQW�RI�R[\JHQ�DQG��ZLWK�)LJXUH�����F��FRQILUPV�WKH�ORFDWLRQ�RI�VDQG�SDUWLFOHV�QHDU 
WKH�FRDWLQJ�LQWHUIDFH���)LJXUH�����G�VKRZV�WKH�PDWUL[�RI�FHPHQW�SDVWH�ELQGLQJ�WKH�TXDUW]�SDUWLFOHV 
WRJHWKHU���0RVW�LPSRUWDQWO\��KRZHYHU��)LJXUH�����G�VKRZV�WKDW�WKH�&D�RULJLQDOO\�SUHVHQW�ZLWKLQ 
WKH�UHDFWLRQ�]RQHV���DQG���KDV�UHWUHDWHG�DQG�EHHQ�UHSODFHG��DV�)LJXUH�����D�VKRZV��E\�=Q���7KH 
&D�ZDV�OHDFKHG�IURP�WKH�UHDFWLRQ�OD\HU�DQG�UHGHSRVLWHG�GHHSHU�LQ�WKH�FRQFUHWH�DV�D�UHVXOW�RI�WKH 
SHULRGLF�ZHWWLQJ�DQG�GU\LQJ�DQG�WKH�DVVRFLDWHG�VHFRQGDU\�PLQHUDOL]DWLRQ��$�SUHYLRXV�VWXG\ 
VKRZHG�WKDW�OHDFKLQJ�RI�FDOFLXP�K\GUR[LGH�IURP�FHPHQW�SDVWH�UHVXOWV�LQ�D�GHFUHDVH�LQ 
FRPSUHVVLYH�VWUHQJWK�DQG�DQ�LQFUHDVH�LQ�SRURVLW\�RI�WKH�FHPHQW�SDVWH��Carde and François 1997�� 

��




)LJXUH�������;�UD\�PDSV�RI�HOHPHQWDO�GLVWULEXWLRQV�DW�WKH�=Q�FRQFUHWH�LQWHUIDFH�LQ�)LJXUH������ 
�D��=Q���E��2���F��6L���G��&D 

)LJXUHV�����D�DQG�����E�VKRZ�&O�DQG�6�FRQFHQWUDWHG�LQ�WKH�UHDFWLRQ�]RQH�DGMDFHQW�WR�WKH�=Q 
DQRGH���7KHVH�ILJXUHV�DUH�HYLGHQFH�WKDW�FKORULGH�DQG�VXOIDWH�LRQV�PLJUDWH�WKURXJK�WKH�FHPHQW 
SDVWH�FDUU\LQJ�SDUW�RI�WKH�FKDUJH�WR�WKH�DQRGH���7KH�GULYLQJ�IRUFH�IRU�WKLV�HQULFKPHQW�LV�WKH 
SRWHQWLDO�JUDGLHQW�FUHDWHG�E\�FDWKRGLF�SURWHFWLRQ�RI�WKH�VWHHO�DQG�WKH�QHHG�WR�PRYH�FKDUJH 
WKURXJK�WKH�FRQFUHWH�WR�PDLQWDLQ�WKH�QHFHVVDU\�HOHFWURFKHPLFDO�UHDFWLRQV���7KH�PLJUDWLRQ�RI�&O 
DQG�6�WR�WKH�=Q�ZDV�QRW�XQLIRUP�DORQJ�WKH�LQWHUIDFH�EXW�ZDV�DIIHFWHG�E\�WKH�SRURVLW\�RI�WKH 
FHPHQW�SDVWH�DQG�E\�DJJUHJDWH�SDUWLFOHV�WKDW�VKLHOG�WKH�=Q�DQRGH���7KH�DSSDUHQWO\�KLJK 
FRQFHQWUDWLRQ�RI�FKORULGH�DQG�VXOIDWH�LQ�]RQH���ZRXOG�VXJJHVW�=Q�K\GUR[\�FKORULGH�DQG��VXOIDWH 
PLQHUDOV�ZHUH�SUHVHQW�ZLWKLQ�WKLV�UHJLRQ� 

��




)LJXUH�������;�UD\�PDSV�RI�HOHPHQWDO�GLVWULEXWLRQV�DW�WKH�=Q�FRQFUHWH�LQWHUIDFH�LQ�)LJXUH��������D��&O���E��6 

$�VHFRQG�%6(�6(0�SKRWRPLFURJUDSK�DQG�VHW�RI�[�UD\�PDSV�LV�JLYHQ�LQ�)LJXUH������IRU�D�76�=Q 
DQRGH�DJHG�ORQJHU�WKDQ�WKDW�VKRZQ�LQ�)LJXUHV������������DQG��������7KLV�VHFRQG�ILJXUH�FRQILUPV 
WKH�UHVXOWV�VKRZ�LQ�WKH�HDUOLHU�ILJXUHV��L�H���WKH�JURZWK�RI�D�]LQF�PLQHUDO�OD\HU�DW�WKH�DQRGH� 
FRQFUHWH�LQWHUIDFH�FRQWDLQLQJ�DQ�HOHYDWHG�OHYHO�RI�FKORULGH��DQG�D�UHDFWLRQ�]RQH�GHSOHWHG�LQ 
FDOFLXP� 

)LJXUH������VKRZV�:'6�VFDQV�IRU�=Q�DQG�2�FRQFHQWUDWLRQV�DORQJ�WKH�OLQH�LGHQWLILHG�LQ�)LJXUH 
������EHJLQQLQJ�DW�WKH�=Q�DQRGH��FRQWLQXLQJ�WKURXJK�WKH�UHDFWLRQ�]RQH��DQG�H[WHQGLQJ�LQWR�WKH 
FHPHQW�SDVWH���)LJXUH������VKRZV�:'6�VFDQV�IRU�&O�DQG�6�DORQJ�WKH�VDPH�OLQH��WKH�FXUYH�IRU�=Q 
ZDV�DGGHG�IRU�UHIHUHQFH����7KH�UHDFWLRQ�]RQH�FRQVLVWV�RI�WKH�WKUHH�FKHPLFDOO\�GLVWLQFW�]RQHV 
FKDUDFWHUL]HG�E\�GHFUHDVLQJ�FRQFHQWUDWLRQV�RI�=Q�LQ�WKH�FHPHQW�SDVWH��Covino, et al. 1997a�� 
7KHVH�WKUHH�]RQHV�KDYH�EHHQ�ODEHOHG�RQ�WKH�DQDO\VLV�SDWK�LQ�)LJXUH������DQG�FRUUHVSRQG�WR�WKRVH 
VKRZQ�LQ�)LJXUH��������=RQH���LV�FKDUDFWHUL]HG�E\�URXJKO\�HTXDO�DWRPLF�FRQFHQWUDWLRQV�RI�=Q�DQG 
2���=RQH���KDV�VXEVWDQWLDOO\�KLJKHU�2�FRQFHQWUDWLRQV��ORZHU�=Q�FRQFHQWUDWLRQV�DQG�QHJOLJLEOH�&D� 
%\�FRQWUDVW��]RQH���FRQWDLQV�ORZ�=Q�FRQFHQWUDWLRQV�DQG�D�VLJQLILFDQW�DPRXQW�RI�&D� 

��




1000�m 

)LJXUH�������&URVV�VHFWLRQ�RI�76�=Q�DQRGH�RQ�SHULRGLFDOO\�ZHWWHG�FRQFUHWH�HOHFWURFKHPLFDOO\�DJHG�IRU����� 
N&�P���WKH�HTXLYDOHQW�RI������\HDUV�DW��������$�P����D��EDFN�VFDWWHUHG�HOHFWURQ�6(0�SKRWRPLFURJUDSK��DQG 

[�UD\�PDSV���E��=Q���F��&D���G��&O 

��




)LJXUH�������:'6�FRQFHQWUDWLRQ�SURILOHV�IRU�=Q��2��DQG�&D�DW�WKH�76�=Q�DQRGH�FRQFUHWH 
LQWHUIDFH�LQ�)LJXUH����� 

)LJXUH�������:'6�FRQFHQWUDWLRQ�SURILOHV�RI�=Q��&O�DQG�6�DW�WKH�76�=Q�DQRGH�FRQFUHWH 
LQWHUIDFH�LQ�)LJXUH����� 

��




7DEOH�����JLYHV�WKH�WKLFNQHVV�RI�WKH�WKUHH�UHDFWLRQ�]RQHV�IRU�D�VHULHV�RI�SHULRGLFDOO\�ZHWWHG 
DQRGHV�DJHG�IRU�SURJUHVVLYHO\�ORQJHU�WLPHV���=RQH���ZDV�QRW�GHWHFWHG�DW�WKH�UHVROXWLRQ�RI�WKH 
VFDQV�IRU�WLPHV�VKRUWHU�WKDQ���\HDUV��DQG�ZDV�DERXW�����PP�WKLFN�IRU�ORQJHU�WLPHV���=RQH���JURZV 
ZLWK�DJLQJ�WLPH��LQFUHDVLQJ�IURP�DERXW�����PP�WR�����PP�IURP�����WR�����\HDUV���=RQH���ZDV�QRW 
REVHUYHG�IRU�DJLQJ�WLPHV�OHVV�WKDQ�����\HDUV�DQG�UHSUHVHQWV�D�ODWH�IRUPLQJ�IHDWXUH�RI�WKH�]LQF� 
FRQFUHWH�LQWHUIDFH���%H\RQG�]RQH���LV�XQDOWHUHG�FHPHQW�SDVWH���/LQH�VFDQV�ZHUH�PDGH�DW�D�QXPEHU 
RI�ORFDWLRQV�DORQJ�WKH�]LQF�FRQFUHWH�LQWHUIDFH�RI�SUHKHDWHG�VODEV�DJHG�����WR�����\HDUV���:KLOH 
WKHUH�ZHUH�VRPH�GLIIHUHQFHV�LQ�GHWDLO��WKH�UHVXOWV�IRU�DQ\�JLYHQ�DJLQJ�WLPH�ZHUH�VLPLODU�WR�WKRVH 
LQ�7DEOH����� 

7DEOH������5HDFWLRQ�]RQH�WKLFNQHVV�IRU�76�DQRGHV�RQ 
SHULRGLFDOO\�ZHWWHG�VODEV 

=RQH�ZLGWK��PP(OHFWURFKHPLFDO 
$JH��\ 

#�������$�P� =RQH�� =RQH�� =RQH�� 

��� ���� ���� ���� 

��� ����� ���� ���� 

��� ����� ���� ���� 

��� ���� ���� ���� 

��� ���� ���� ���� 

$VVXPLQJ�&O�DQG�6�DUH�SUHVHQW�DV�=Q&O��DQG�=Q62���WKH�=Q�DQG�R[\JHQ�UHPDLQLQJ�DV�HLWKHU�]LQF 
R[LGH�RU�K\GUR[LGH�FDQ�EH�FDOFXODWHG�IURP�WKH�FRQFHQWUDWLRQ�SURILOH�LQ�)LJXUH��������:KHQ�WKLV�LV 
GRQH�WKH�DYHUDJH�2�=Q�UDWLR�IRU�]RQH���LV������VXJJHVWLQJ�WKDW�]RQH���FRQWDLQV�D�PL[WXUH�RI�=Q2 
DQG�=Q�2+�����7KH�DYHUDJH�2�=Q�UDWLRV�IRU�]RQHV���DQG���ZHUH�����DQG������UHVSHFWLYHO\� 
$YHUDJH�FRQFHQWUDWLRQV�RI�&D�LQ�]RQHV���WKURXJK����DQG�WKH�FHPHQW�SDVWH�ZHUH����������������DQG 
����DWRPLF����UHVSHFWLYHO\���,Q�YLHZ�RI�WKLV�DQG�WKH�2�=Q�UDWLRV��QHDU�WRWDO�DQG�SDUWLDO 
UHSODFHPHQW�RI�&D�E\�=Q�LQ�WKH�FHPHQW�SDVWH�DSSHDUV�WR�KDYH�RFFXUUHG�LQ�]RQHV���DQG��� 
)XUWKHUPRUH��=Q�DSSHDUV�WR�KDYH�FRPPLQJOHG�ZLWK�WKH�FRQVWLWXHQWV�RI�WKH�FHPHQW�SDVWH�LQ�]RQHV 
������DQG���WR�IRUP�VWDEOH�PLQHUDO�VSHFLHV�E\�VXEVWLWXWLRQ�RI�=Q�IRU�&D���%DVHG�RQ�WKH�HOHPHQWDO 
DQDO\VHV�DQG�VLPLODULWLHV�ZLWK�WKH�FHPHQW�SDVWH��WKHVH�VSHFLHV�DUH��&D�=Q��VLOLFDWH�DQG��&D�=Q� 
DOXPLQDWH� 

(QULFKPHQW�IDFWRUV�IRU�&O�DQG�6��FRPSDUHG�WR�FHPHQW�SDVWH�EXON�FRQFHQWUDWLRQV�RI�������DQG 
������DWRPLF����ZHUH�DV�KLJK�DV�����DQG�����UHVSHFWLYHO\��IRU�SHULRGLFDOO\�ZHWWHG�VODEV�DJHG�DQ 
HTXLYDOHQW�RI�����\HDUV���&KORULQH�DQG�6�ZHUH�PRVW�KHDYLO\�FRQFHQWUDWHG�LQ�]RQH����ZLWK 
VLJQLILFDQW�FRQFHQWUDWLRQV�LQ�]RQH���DOVR���-XVW�DV�ZLWK�WKH�=Q��&D�DQG�2�OLQH�VFDQV��OLQH�VFDQV�IRU 
&O�DQG�6�ZLOO�YDU\�ZKHUH�DORQJ�WKH�LQWHUIDFH�WKH�VFDQ�LV�PDGH���:KLOH�WKHUH�ZDV�D�IDLU�DPRXQW�RI 
YDULDELOLW\�LQ�WKH�&O�DQG�6�FRQFHQWUDWLRQ�SURILOHV�IRU�DQ\�DJLQJ�WLPH��WKH�WUHQG�ZDV�DQ�LQFUHDVH�LQ 
WKH�DEVROXWH�DPRXQW�RI�WKHVH�HOHPHQWV�DW�WKH�LQWHUIDFH�ZLWK�LQFUHDVLQJ�DJLQJ�WLPH���7KLV�LV 
LOOXVWUDWHG�E\�WKH�&O�DQG�6�OLQH�VFDQV�IRU�GLIIHUHQW�DJLQJ�WLPHV�LQ�)LJXUHV������DQG������ 
UHVSHFWLYHO\���7KH�KLJK�FKORULGH�DQG�VXOIDWH�LRQ�FRQFHQWUDWLRQV�DW�WKH�]LQF�FRQFUHWH�LQWHUIDFH 
UHSUHVHQW�D�PRUH�DJJUHVVLYH�HQYLURQPHQW�IRU�WKH�=Q�WKDQ�WKH�RULJLQDO�FHPHQW�SDVWH���,Q�DGGLWLRQ� 
WKH�SUHVHQFH�RI�D�VWDEOH�=Q2�=Q�2+���OD\HU�DGMDFHQW�WR�WKH�=Q�PHWDO�VXJJHVWV�WKDW�WKH�S+�DW�WKH 
]LQF�FRQFUHWH�LQWHUIDFH�LV�ZHOO�EHORZ�WKDW�RI�WKH�FHPHQW�SDVWH��SHUKDSV�DV�ORZ�DV���RU�� 

��




�Porter 1994����7KH�HQULFKPHQW�RI�=Q�LQ�WKH�=Q2�=Q�2+���OD\HU�DQG�LQ�WKH�FHPHQW�SDVWH�LV 
VKRZQ�LQ�)LJXUH��������=Q�UHDFWLRQ�SURGXFWV�UHVXOWLQJ�IURP�WKH�&3�SURFHVV�GLIIXVH�LQWR�WKH 
FHPHQW�SDVWH��EXLOG�XS�DW�WKH�LQWHUIDFH��DQG�LQFUHDVH�DV�D�IXQFWLRQ�RI�HOHFWURFKHPLFDO�DJH� 

)LJXUH�������&O�FRQFHQWUDWLRQ�SURILOHV�DV�D�IXQFWLRQ�RI�76�=Q�DQRGH�HOHFWURFKHPLFDO 
DJH�LQ�\HDUV�DW��������$�P��IRU�SHULRGLFDOO\�ZHWWHG�FRQFUHWH�VODEV 

)LJXUH�������6�SURILOHV�DV�D�IXQFWLRQ�RI�76�=Q�DQRGH�HOHFWURFKHPLFDO 
DJH�LQ�\HDUV�DW��������$�P��IRU�SHULRGLFDOO\�ZHWWHG�FRQFUHWH�VODEV 

��




)LJXUH�������=Q�SURILOHV�DV�D�IXQFWLRQ�RI�76�=Q�DQRGH�HOHFWURFKHPLFDO 
DJH�LQ�\HDUV�DW��������$�P��IRU�SHULRGLFDOO\�ZHWWHG�FRQFUHWH�VODEV 

$�URXJK�LQWHUSUHWDWLRQ�RI�WKH�UHODWLYH�DPRXQWV�RI�2��&O��DQG�6�LQ�]RQHV���DQG���IRU�D�VDPSOH�DJHG 
DQ�HTXLYDOHQW�RI�����\HDUV�VXJJHVWV�WKDW�WKH�IUDFWLRQ�RI�FKDUJH�FDUULHG�E\�K\GUR[LGH��FKORULGH�DQG 
VXOIDWH�LRQV�LV�������DQG�������UHVSHFWLYHO\���7KH�RYHUDOO�WUHQG�RI�ULVLQJ�RSHUDWLQJ�YROWDJH�ZLWK 
DJLQJ�DQG�PRUH�UDSLG�YROWDJH�ULVH�RQ�GU\LQJ�ZRXOG�VXJJHVW�UHGXFHG�PRELOLW\�RI�WKH�FKDUJH 
FDUU\LQJ�LRQV�WKURXJK�]RQHV���DQG����DQG�LQFUHDVHG�UHVLVWDQFH�WR�LRQLF�GLIIXVLRQ�LQ�WKH�YLFLQLW\�RI 
WKH�]LQF�FRQFUHWH�LQWHUIDFH� 

7DEOH������76�=Q�DQRGH�FRQFUHWH�LQWHUIDFLDO�FKHPLVWU\ 

/RFDWLRQ &KDUDFWHULVWLFV 3RVVLEOH�&RPSRXQGV 
�=Q�FRDWLQJ PHWDOOLF�=Q =Q 

�=RQH�� 2�=Q�UDWLR�����HQULFKHG�LQ 
&O��6 

=Q2 

=Q�2+�� 

=Q62� 

=Q&O� 

�=RQH�� 2�=Q�UDWLR�����HQULFKHG�LQ 
&O��6 

VXEVWDQWLDO�6L 

�&D�=Q�VLOLFDWH 
�&D�=Q�DOXPLQDWH 
=Q62� 

=Q&O� 

�=RQH�� 2�=Q�UDWLR���� 

HOHYDWHG�&O 
LQFUHDVHG�&D 

�&D��=Q�VLOLFDWH 
�&D�=Q�DOXPLQDWH�=Q&O� 

8QDOWHUHG�FHPHQW 
SDVWH 

KLJK�&D 
ORZ�&O��6 

QR�=Q 

&D�VLOLFDWH 
&D�DOXPLQDWH 

��




7KH�LQWHUIDFLDO�FKHPLVWU\�UHVXOWV�DUH�VXPPDUL]HG�LQ�7DEOH�����LQ�WHUPV�RI�WKH�JHQHULF�QDWXUH�RI 
WKH�FRPSRXQGV�LQ�HDFK�]RQH��Covino, et al. 1997a����7KH�DFWXDO�PLQHUDORJ\�RI�WKHVH�]RQHV�LV 
PRUH�FRPSOH[�DQG�PD\�LQYROYH��IRU�H[DPSOH��LQ�]RQH���=Q�K\GUR[\FKORULGH�RU�K\GUR[\VXOIDWHV� 
7KH�VKDUS�ERXQGDU\�EHWZHHQ�]RQH���DQG�WKH�FHPHQW�SDVWH�VXJJHVWV�WKDW�VROLG�VWDWH�GLIIXVLRQ�RI 
=Q�RU�&D�DFURVV�WKLV�ERXQGDU\�LV�PLQLPDO���2Q�WKH�RWKHU�KDQG��WKH�FRPPLQJOLQJ�RI�&D��6L��DQG�=Q 
LQ�]RQHV���DQG���UHSUHVHQWV�VHFRQGDU\�PLQHUDOL]DWLRQ�RI�WKH�FHPHQW�SDVWH�ZLWK�WKH�=Q�DQRGH 
GLVVROXWLRQ�SURGXFWV���,Q�WKLV�SURFHVV�PRLVWXUH�IURP�SUHFLSLWDWLRQ��GHZ��DQG�VDOW�VSUD\�SDVVHV 
WKURXJK�SRUHV�LQ�WKH�=Q�DQRGH�DQG�SHQHWUDWHV�WKH�FHPHQW�SDVWH�GLVVROYLQJ�PLQHUDOV�LQ�WKH 
LQWHUIDFLDO�UHJLRQ���(OHPHQWV�VXFK�DV�&D�PD\�EH�VHOHFWLYHO\�OHDFKHG�IURP�WKH�VODE�GXULQJ�WKH 
SURFHVV���'U\LQJ�RI�WKH�VODE�VXUIDFH�WKHQ�GHK\GUDWHV�WKH�LQWHULRU�OD\HUV���,W�LV�LQ�WKLV�ZD\�WKH 
PLQHUDO�OD\HUV�RI�]RQHV���WKURXJK���DUH�IRUPHG� 

7KH�DELOLW\�RI�=Q�WR�VXEVWLWXWH�IRU�&D�LQ�WKH�FHPHQW�SDVWH�LV�UHODWHG�WR�LRQ�VL]H�DQG�FRRUGLQDWLRQ 
QXPEHU���7DEOH�����VKRZV�WKDW�WKH�=Q�LRQ�LV�VPDOOHU�WKDQ�WKH�&D�LRQ�DQG�KDV�WKH�VDPH 
FRRUGLQDWLRQ�QXPEHU��Shannon 1976����7KLV�VKRXOG�PDNH�LW�HDV\�IRU�=Q�WR�UHSODFH�&D�LQ�WKH 
FHPHQW�SDVWH�DV�DFLGLF�SURGXFWV�SURGXFHG�E\��IRU�H[DPSOH��UHDFWLRQ�����GLVVROYH�WKH�&D���7DEOH 
����DOVR�VKRZV�WKDW�WKH�UDWLR�RI�WKH�=Q�LRQLF�UDGLXV�WR�WKDW�RI�R[\JHQ�LV�PRUH�VLPLODU�WR�WKDW�RI�&D 
WKDQ�HLWKHU�$O�RU�)H��ZKLFK�DUH�RWKHU�FRPSRQHQWV�RI�WKH�FHPHQW�SDVWH� 

7DEOH������0HWDO�LRQLF�UDGLL�DQG�UDGLL�UDWLRV�ZLWK�UHVSHFW�WR�R[\JHQ� 
IRU�RFWDKHGUDO��&1 ���FRRUGLQDWLRQ��Shannon 1976� 

&DWLRQ &KDUJH ,RQLF�5DGLXV 5DGLL�5DWLR 
QP U[�UR 

=Q � ����� ���� 

&D � ����� ���� 

$O � ����� ���� 

)H � ����� ���� 

7KH�SURJUHVVLYH�PLQHUDO�FKDQJHV�LQ�WKH�UHDFWLRQ�]RQHV�ZRXOG�DSSHDU�WR�H[SODLQ�WKH�FKDQJHV 
REVHUYHG�LQ�ERQG�VWUHQJWK��LQ�DQRGH�&3�V\VWHP�RSHUDWLRQ�DQG�LQ�WKH�ZDWHU�SHUPHDELOLW\�ZLWK 
HOHFWURFKHPLFDO�DJH�RI�WKH�=Q�DQRGH���)RU�H[DPSOH��ERQG�VWUHQJWK�LQLWLDOO\�GHFUHDVHV�DV�=Q 
DGMDFHQW�WR�WKH�FRQFUHWH�LV�SUHIHUHQWLDOO\�GLVVROYHG��UHSODFLQJ�VWURQJ�PHFKDQLFDO�ERQG�VLWHV�ZLWK�D 
WKLQ�OD\HU�RI�ZHDNHU�=Q�ULFK�PLQHUDO���6HFRQGDU\�PLQHUDOL]DWLRQ�RI�WKH�=Q�UHDFWLRQ�SURGXFW� 
WKURXJK�UHSHDWHG�ZHWWLQJ�DQG�GU\LQJ��FRQWLQXDOO\�DOWHUV�WKH�GLVWULEXWLRQ�DQG�QDWXUH�RI�WKH�PLQHUDO 
VSHFLHV�QHDU�WKH�]LQF�FRQFUHWH�LQWHUIDFH�WR�FRPPLQJOH�WKH�=Q�FRUURVLRQ�SURGXFW�ZLWK�WKH�FHPHQW 
SDVWH���)RU�D�WLPH�WKHVH�SURFHVVHV�VHUYH�WR�LPSURYH�WKH�ERQG�EHWZHHQ�WKH�=Q�DQG�FRQFUHWH� 
+RZHYHU��IRU�ORQJ�DJLQJ�WLPHV��PDVVLYH�DFFXPXODWLRQ�RI�=Q�GLVVROXWLRQ�SURGXFWV��SDUWLFXODUO\�WKH 
ZHDN�OD\HU�RI�=Q2�DQG�=Q�2+����HYHQWXDOO\�OHDGV�WR�DQ�RYHUDOO�GHFUHDVH�LQ�ERQG�VWUHQJWK�WKDW�LV 
QRW�H[SHFWHG�WR�UHFRYHU�ZLWK�IXUWKHU�DJLQJ����7DEOH������VKRZV�WKH�UDWLR�RI�WKH�PRODU�YROXPH�RI�D 
PHWDO�RU�FRPSRXQG�WR�WKDW�RI�WKH�PHWDO�FRPSRQHQW��Kubaschewski and Hopkins 1962����7KH 
YROXPH�UDWLRV�RI�WKH�=Q�FRPSRXQGV�OLVWHG�DUH�IURP����WR�������KLJKHU�WKDQ�=Q�LWVHOI���7KXV� 
IRUPDWLRQ�RI�WKHVH�FRPSRXQGV�DW�WKH�=Q�FRQFUHWH�LQWHUIDFH�ZRXOG�HYHQWXDOO\�IRUFH�WKH�DQRGH 
DZD\�IURP�WKH�FRQFUHWH�DQG�OHDG�WR�DQRGH�GHODPLQDWLRQ� 

��




7DEOH�������0ROHFXODU�YROXPHV�RI�PHWDOV�DQG�FRPSRXQGV 
DVVRFLDWHG�ZLWK�DQRGH�FRQFUHWH�LQWHUIDFLDO�FKHPLVWU\ 
�Kubaschewski and Hopkins 1962� 

0HWDO�RU�&RPSRXQG 0RODU�9ROXPH 9ROXPH�5DWLR 
FP� 9FRPSRXQG�9PHWDO 

=Q ��� � 

=Q2 ���� ���� 

��=Q�2+�� ���� ���� 

��=Q�2+�� ���� ���� 

=Q�6L2� ���� ���� 

&D ���� � 

&D2 ���� ���� 

&D�2+�� ���� ���� 

&D�6L2� ���� ���� 

��)H ��� � 

��)H�2� ���� ���� 

)H�2� ���� ���� 

����� 0LFUR�S+ 

7DEOH������OLVWV�S+�RI�WKH�DQRGH�FRQFUHWH�LQWHUIDFH�IRU�D�VHULHV�RI�SHULRGLFDOO\�ZHWWHG�DJHG�=Q 
DQRGHV���7KH�S+�IRU�]LQF�FRQFUHWH�DQG�WKH�VWHHO�FRQFUHWH�LQWHUIDFHV�DUH�VKRZQ�SORWWHG�YHUVXV 
HOHFWURFKHPLFDO�DJH�LQ�)LJXUH������YHUVXV�HOHFWURFKHPLFDO�DJH���6ROLG�V\PEROV�LQ�WKLV�ILJXUH 
UHSUHVHQW�UHVXOWV�IURP�SHULRGLFDOO\�ZHWWHG�VODEV�DQG�WKH�RSHQ�V\PEROV�UHSUHVHQW�UHVXOWV�IURP 
XQZHWWHG�VODEV���7KHUH�DSSHDUV�WR�EH�QR�GLIIHUHQFH�EHWZHHQ�S+�HOHFWURFKHPLFDO�DJH�UHVSRQVH�RI 
WKH�SHULRGLFDOO\�ZHWWHG�DQG�XQZHWWHG�DQRGH�FRQFUHWH�LQWHUIDFH���,Q�ERWK�FDVHV��WKH�S+�IDOOV 
UDSLGO\�ZLWK�DJLQJ�DQG�OHYHOV�RXW�DW�D�S+�YDOXH�DURXQG�����7KH�ORQJ�WHUP�YDOXH�IRU�SUHKHDWHG 
VODEV�DSSHDUHG�WR�EH�D�OLWWOH�KLJKHU�WKDQ�WKDW�IRU�WKH�XQKHDWHG�VODEV� 

��




)LJXUH�������S+�YHUVXV�HOHFWURFKHPLFDO�DJH�IRU�76�=Q�DQRGH�FRQFUHWH 
DQG�VWHHO�FRQFUHWH�LQWHUIDFHV�IRU�SHULRGLFDOO\�ZHWWHG�FRQFUHWH�VODEV 

)RU�WKH�VWHHO�FRQFUHWH�LQWHUIDFH��S+�YDOXHV�DUH�UHODWLYHO\�FRQVWDQW�ZLWK�DJLQJ�ERWK�IRU�WKH 
SHULRGLFDOO\�ZHWWHG�DQG�WKH�XQZHWWHG�VODEV���6RPH�GHFOLQH�LQ�S+�LV�REVHUYHG�IRU�ORQJ�DJLQJ 
SHULRGV��FRPSDUDEOH�WR����\HDUV�VHUYLFH�DW�D�FXUUHQW�RI��������$�P������P$�IW����EXW�WKH�S+ 
YDOXHV�ZHUH�VWLOO�KLJK��ZLWK�VXEVWDQWLDO�EXIIHULQJ�FDSDFLW\�LQ�WKH�FRQFUHWH�DGMDFHQW�WR�WKH�VWHHO� 

7DEOH�������'HVFULSWLRQ�RI�SHULRGLFDOO\�ZHWWHG�ODERUDWRU\�VDPSOHV�DQDO\]HG 

6DPSOH 
1R� 

6DPSOH 
GHVFULSWLRQ 

(OHFWURFKHPLFDO 
DJH��\U�� 

1D&O 
OE�\G� 

S+ 

&RQFUHWH�VLGH 
S+ 

=Q�VLGH 
���� XQKHDWHG ��� ��������� ���� ���� 

���� XQKHDWHG ��� ³ ���� ���� 

���� XQKHDWHG �� ³ ���� ���� 

���� XQKHDWHG ���� ³ ���� ���� 

���� SUHKHDWHG ���� ³ ���� ���� 

���� SUHKHDWHG ���� ³ ���� ���� 

���� SUHKHDWHG �� ³ ���� ���� 

���� SUHKHDWHG �� ³ ���� ���� 

���� XQKHDWHG ��� ��������� ���� ���� 

���� SUHKHDWHG ��� ³ ���� ���� 

���� SUHKHDWHG ��� ³ ���� ���� 

���� SUHKHDWHG ���� ³ ���� ���� 

���� SUHKHDWHG ���� ³ ���� ���� 

��HTXLYDOHQW�WR�DJLQJ�DW��������$�P�� 
��DFWXDO�DQDO\VLV 

�� 



����� ;�UD\�GLIIUDFWLRQ 

:KLWH�SRZGHU�REVHUYHG�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH�IRU�DIWHU�VXEVWDQWLDO�HOHFWURFKHPLFDO 
DJLQJ�ZDV�DQDO\]HG�XVLQJ�;5'�DQDO\VLV���7KH�UHVXOWV�VKRZHG�WKH�SUHVHQFH�RI�SULPDULO\�]LQFLWH 
�=Q2��ZLWK�PLQRU�DPRXQWV�RI�ZXOILQJLWH��=Q�2+�����VLPRQNROOHLWH��=Q��2+��&O���+�2��DQG 
K\GUDWHG�=Q�K\GUR[LGH�VXOIDWHV��=Q�62��2+���[+�2����7KH�SUHVHQFH�RI�WKH�ODVW�WZR�FRPSRXQGV 
DFFRXQWV�IRU�WKH�VLJQLILFDQW�LQFUHDVH�LQ�WKH�&O�DQG�6�FRQFHQWUDWLRQ�DW�WKH�LQWHUIDFH��DV�VKRZQ�LQ 
)LJXUHV������WKURXJK������ 

��� 121'(6758&7,9(�0($685(0(176 

0RVW�&3�V\VWHPV��ERWK�WKHUPDO�VSUD\HG�DQG�WKRVH�HPEHGGHG�LQ�FRQFUHWH��DUH�LQVWDOOHG�ZLWK 
GHYLFHV�VXFK�DV�UHIHUHQFH�HOHFWURGHV�RU�QXOO�SUREHV�WR�PRQLWRU�KRZ�ZHOO�WKH�V\VWHP�LV�SURWHFWLQJ 
WKH�UHEDU���,Q�WKH�FDVH�RI�,&&3�V\VWHPV��WKH�FXUUHQW�FDQ�EH�LQFUHDVHG�RU�GHFUHDVHG�DV�QHFHVVDU\�WR 
SURSHUO\�SURWHFW�WKH�UHEDU���,Q�WKH�FDVH�RI�6$&3�V\VWHPV��LW�LV�XVXDOO\�QRW�SRVVLEOH�WR�DGMXVW�WKH 
OHYHO�RI�SURWHFWLRQ���,Q�ERWK�V\VWHPV��WKH�����P9�GHSRODUL]DWLRQ�FULWHULD��NACE International 
1996, RP0169-96��LV�XVXDOO\�XVHG�WR�GHWHUPLQH�LI�WKH�UHEDU�LV�EHLQJ�SURSHUO\�SURWHFWHG���:LWK 
UHVSHFW�WR�WKH�SURWHFWLRQ�RI�WKH�VWUXFWXUH��WKHUHIRUH��WKHVH�V\VWHPV�ZLOO�FRQWLQXH�WR�SURYLGH 
DGHTXDWH�SURWHFWLRQ�DV�ORQJ�DV�VXIILFLHQW�FXUUHQW�FDQ�EH�SURYLGHG�E\�WKH�DQRGH���6XIILFLHQW�FXUUHQW 
ZLOO�FRQWLQXH�WR�EH�SURYLGHG�DV�ORQJ�DV�WKH�DQRGH�KDV�QRW�EHHQ�FRQVXPHG��KDV�QRW�SDVVLYDWHG��RU 
KDV�QRW�GHODPLQDWHG�IURP�WKH�FRQFUHWH� 

2ZQHUV�RI�&3�V\VWHPV��KRZHYHU��QHHG�WR�NQRZ�ZKHQ�DQ�DQRGH�LV�DSSURDFKLQJ�WKH�HQG�RI�LWV 
XVHIXO�VHUYLFH�OLIH��,Q�WKH�FDVH�RI�76�=Q�RQ�FRQFUHWH��OLPLWV�WR�WKH�VHUYLFH�OLIH�DUH�GHWHUPLQHG�QRW 
E\�FRQVXPSWLRQ�RI�WKH�DQRGH��ZKLFK�KDV�WHQGHG�LQ�WKH�SDVW�WR�EH�RQO\�D�IUDFWLRQ�RI�WKH�DQRGH 
WKLFNQHVV��RU�E\�DQRGH�GHODPLQDWLRQ��ZKLFK�RFFXUV�RQO\�RYHU�D�ORQJ�SHULRG�RI�WLPH���,QVWHDG� 
DQRGH�SRODUL]DWLRQ��ODUJH�SRWHQWLDO�GURSV�DFURVV�WKH�DQRGH�FRQFUHWH�LQWHUIDFH�UHVXOWLQJ�IURP�WKH 
EXLOG�XS�RI�UHVLVWLYH�UHDFWLRQ�SURGXFWV�RU�PLQHUDOV��PD\�EH�WKH�OLPLWLQJ�IDFWRU���3RODUL]DWLRQ 
HIIHFWV�KDYH�EHHQ�VWXGLHG�DV�D�IXQFWLRQ�RI�HOHFWURFKHPLFDO�DJH���5HODWLYHO\�IDVW��QRQGHVWUXFWLYH 
WHVWV��Covino, et al. 2000��WKDW�FDQ�GHWHUPLQH�WKH�FRQGLWLRQ�RI�WKH�DQRGH�DUH�GLVFXVVHG�EHORZ� 

����� &3�FLUFXLW�UHVLVWDQFH 

7KH�YDULDWLRQ�RI�&3�FLUFXLW�UHVLVWDQFH��VHH�HTXDWLRQ������ZLWK�FKDUJH�RU�HOHFWURFKHPLFDO�DJH��VHH 
HTXDWLRQ������KDV�EHHQ�UHSRUWHG�SUHYLRXVO\�IRU�DFFHOHUDWHG�ODERUDWRU\�DJLQJ�H[SHULPHQWV�DQG�IRU 
WKH�,&&3�RI�EULGJHV�VXFK�DV�WKH�&DSH�&UHHN�DQG�'HSRH�%D\�EULGJHV�RQ�WKH�2UHJRQ�FRDVW�DQG�WKH 
5LFKPRQG�6DQ�5DIDHO�%ULGJH�LQ�&DOLIRUQLD��Bullard, et al. 1998����7KH�FLUFXLW�UHVLVWDQFH�RI�WKH 
ODERUDWRU\�VODEV�LV�VKRZQ�LQ�)LJXUH�������,W�FDQ�EH�VHHQ�WKDW�FLUFXLW�UHVLVWDQFH�LQFUHDVHV�ZLWK 
LQFUHDVLQJ�FKDUJH�RU�HOHFWURFKHPLFDO�DJH�DQG�WKDW�WKLV�FRXOG�EH�XVHG�WR�FKDUDFWHUL]H�WKH�FRQGLWLRQ 
RI�WKH�DQRGHV� 

$QRWKHU�SDUDPHWHU�DVVRFLDWHG�ZLWK�HOHFWURFKHPLFDO�DJH�LV�WKH�DQRGH�ERQG�VWUHQJWK��)LJXUHV����D� 
���E�����D�DQG����E���)LJXUHV����D�DQG����E�IRU�SHULRGLFDOO\�ZHWWHG�FRQFUHWH�VKRZV�D�OLQHDU 
GHFUHDVH�LQ�ERQG�VWUHQJWK�DIWHU�DERXW�����N&�P��RI�HOHFWURFKHPLFDO�DJH��DQG�DIWHU����N&�P��LQ 

��




)LJXUH����D�DQG����E�IRU�XQZHWWHG�FRQFUHWH���7KH�GDWD�LQ�)LJXUH�����VKRZ�URXJKO\�D�OLQHDU 
LQFUHDVH�LQ�FLUFXLW�UHVLVWDQFH�VWDUWLQJ�DW�DERXW�WKH�VDPH�HOHFWURFKHPLFDO�DJHV�IRU�SHULRGLFDOO\� 
ZHWWHG�DQG�XQZHWWHG�FRQFUHWH���7KLV�ZRXOG�VXJJHVW�WKDW�WKH�FKDQJHV�LQ�ERQG�VWUHQJWK�DQG�FLUFXLW 
UHVLVWDQFH�DUH�UHODWHG�WR�D�FRPPRQ�IDFWRU��L�H���WKH�JURZWK�RI�D�]LQF�PLQHUDO�OD\HU�DW�WKH�DQRGH� 
FRQFUHWH�LQWHUIDFH� 

)LJXUH������VKRZV�WKH�UHODWLRQVKLS�EHWZHHQ�ERQG�VWUHQJWK�DQG�FLUFXLW�UHVLVWDQFH��PHDVXUHG��� 
KRXUV�EHIRUH�WKH�VODEV�ZHUH�UHPRYHG�IURP�WKH�H[SHULPHQW�IRU�WKH�ERQG�VWUHQJWK�PHDVXUHPHQW�� 
7KH�SORW�VKRZV�FLUFXLW�UHVLVWDQFH�LQFUHDVLQJ�DV�ERQG�VWUHQJWK�GHFUHDVHV���7KLV�EHKDYLRU 
FRUUHVSRQGV�WR�FKHPLVWU\�FKDQJHV�RFFXUULQJ�DW�WKH�=Q�FRQFUHWH�LQWHUIDFH�GXH�WR�HOHFWURFKHPLFDO 
DJLQJ���,QVXODWLQJ�=Q�PLQHUDOV�DUH�EXLOGLQJ�XS�DW�WKH�LQWHUIDFH�WKDW�FDXVH�WKH�DQRGH�WR�ORVH 
VWUHQJWK�ZKLOH�DW�WKH�VDPH�WLPH�FDXVH�WKH�FLUFXLW�UHVLVWDQFH�WR�LQFUHDVH� 

)LJXUH�������5HODWLRQVKLS�EHWZHHQ�&3�V\VWHP�FLUFXLW�UHVLVWDQFH�DQG�76�=Q 
DQRGH�ERQG��DGKHVLRQ��VWUHQJWK�IRU�SHULRGLFDOO\�ZHWWHG�FRQFUHWH�VODEV 

����� $QRGH�FRDWLQJ�UHVLVWDQFH 

7KH�UHVLVWDQFH�RI�WKH�WKHUPDO�VSUD\�DQRGHV�ZDV�PHDVXUHG�XVLQJ�WKH�GHYLFH�VKRZQ�LQ�)LJXUH������ 
7KLV�UHVLVWDQFH�FDQ�EH�FRQYHUWHG�WR�FRDWLQJ�UHVLVWLYLW\������ZKLFK�LV�DQ�LQWULQVLF�SURSHUW\�RI�D 
FRDWLQJ���&KDQJHV�WKDW�FDQ�DIIHFW�WKH�PHDVXUHG�UHVLVWDQFH�DQG�WKXV�WKH�FDOFXODWHG�UHVLVWLYLW\ 
LQFOXGH� 

�� FKDQJHV�LQ�VWUXFWXUH�DQG�FRPSRVLWLRQ�DV�KDSSHQV�GXULQJ�WKHUPDO�VSUD\LQJ� 
�� H[WHUQDO�FRUURVLRQ�WKDW�FDQ�RFFXU�GXH�WR�LQWHUDFWLRQ�ZLWK�DWPRVSKHULF�FRQVWLWXHQWV� 
�� DQG�WKLQQLQJ�RU�FRQVXPSWLRQ�RI�WKH�DQRGH�GXULQJ�HOHFWURFKHPLFDO�DJLQJ� 

7KH�ILUVW�FKDQJH�ZLOO�DIIHFW�WKH�UHVLVWLYLW\�EHFDXVH�RI�WKH�VSODW�VWUXFWXUH�LQ�WKH�WKHUPDO�VSUD\HG 
DQRGH���6SODWV�WHQG�WR�KDYH�D�PRUH�UHVLVWLYH�FRQWDFW�WR�RWKHU�VSODWV�WKDQ�GR�JUDLQV�LQ�D�PHWDO 

��




SURGXFHG�XVLQJ�FRQYHQWLRQDO�PHOW�WHFKQRORJ\���7KHUPDO�VSUD\HG�=Q�DQRGHV�DUH�QRW�NQRZQ�WR 
R[LGL]H�KHDYLO\�GXULQJ�WKH�WKHUPDO�VSUD\�RSHUDWLRQ��EXW�WKHUPDO�VSUD\HG�7L��Cramer, et al. 1998; 
Cramer, et al. 1999��GRHV�IRUP�R[LGHV�DQG�QLWULGHV�ZKHQ�VSUD\HG�LQ�HLWKHU�DLU�RU�QLWURJHQ���,W�LV 
DOVR�OLNHO\�WKDW�WKHUPDO�VSUD\�DQRGHV�FRQWDLQLQJ�$O�ZLOO�R[LGL]H�PRUH�KHDYLO\�WKDQ�WKRVH�ZLWKRXW 
$O���,W�LV�IRU�WKHVH�UHDVRQV�WKDW�WKH�UHVLVWLYLW\�RI�WKHUPDO�VSUD\HG�DQRGHV�ZLOO�EH�FDOOHG�DQ 
DSSDUHQW�UHVLVWLYLW\���D����7KH�DYHUDJH�UHVLVWLYLW\�RI�WKHUPDO�VSUD\HG�=Q�RQ�VHYHUDO�VODEV�SULRU�WR 
HOHFWURFKHPLFDO�DJLQJ�ZDV���������FP�FRPSDUHG�WR�WKH�EXON�UHVLVWLYLW\�����RI�=Q�PHWDO�RI���� 
���FP��Weast 1979����=Q�UHVLVWLYLW\�PHDVXUHG�IRU�������PP������PLO��WKLFN�FRDWLQJV�RQ�PRUWDU 
ZDV��������FP��Carello, Parks and Apostolos 1989�� 

%RWK�H[WHUQDO�FRUURVLRQ�DQG�FRQVXPSWLRQ�GXULQJ�HOHFWURFKHPLFDO�DJLQJ�ZLOO�UHGXFH�WKH�DPRXQW�RI 
=Q�LQ�WKH�DQRGH���)RU�H[WHUQDO�FRUURVLRQ�RI�WKH�DQRGH��WKH�FRUURVLRQ�SURGXFWV�ZLOO�UHPDLQ�HLWKHU 
DGKHUHQW�RU�EH�ZDVKHG�IURP�WKH�VXUIDFH���7KH�VKDUS�FRQWDFW�SRLQWV�RI�WKH�GHYLFH�VKRZQ�LQ�)LJXUH 
�����ZLOO�HQVXUH�WKDW�FRQWDFW�LV�PDGH�WR�WKH�PHWDOOLF�=Q�IRU�WKH�UHVLVWDQFH�PHDVXUHPHQW����7KH 
UHVLVWDQFH�RI�WKH�DQRGH�ZLOO�LQFUHDVH�DV�WKH�DQRGH�WKLQV��EXW�WKH�UHVLVWLYLW\�ZLOO�EH�XQFKDQJHG� 
)RU�FRQVXPSWLRQ�RI�WKH�DQRGH�GXULQJ�HOHFWURFKHPLFDO�DJLQJ��WKH�=Q�UHDFWLRQ�SURGXFWV�ZLOO 
PLJUDWH�LQWR�WKH�FHPHQW�SDVWH�DQG�RU�EXLOG�XS�DV�D�OD\HU�EHWZHHQ�WKH�DQRGH�DQG�WKH�FHPHQW�SDVWH� 
)RU�ERWK�RI�WKHVH�FDVHV��WKH�UHVLVWDQFH�RI�WKRVH�OD\HUV�ZLOO�EH�PXFK�JUHDWHU�WKDQ�WKH�UHVLVWDQFH�RI 
WKH�UHPDLQLQJ�=Q�DQRGH���%HFDXVH�WKHVH�UHVLVWDQFHV�DUH�LQ�SDUDOOHO��WKH�UHVLVWDQFH�RI�WKH�]LQF 
PLQHUDO�UHDFWLRQ�SURGXFW�OD\HUV�EHFRPH�LQVLJQLILFDQW�FRPSDUHG�WR�WKH�UHVLVWDQFH�RI�WKH�=Q�DQRGH� 
7KH�UHVLVWLYLW\�RI�WKH�=Q�DQRGH�ZLOO�UHPDLQ�XQFKDQJHG�DQG�WKH�UHVLVWDQFH�ZLOO�LQFUHDVH�DV�WKH 
DQRGH�WKLQV���'DWD�VKRZLQJ�WKH�LQFUHDVH�LQ�DQRGH�UHVLVWDQFH�ZLWK�HOHFWURFKHPLFDO�DJH�DUH 
SUHVHQWHG�LQ�)LJXUH������DORQJ�ZLWK�WKH�HTXDWLRQ�DQG�OLQH�WKDW�UHSUHVHQW�D�OHDVW�VTXDUHV�ILW�RI�WKH 
GDWD� 

)LJXUH�������6XUIDFH�UHVLVWDQFH�RI�76�=Q�DQRGH�DV�D�IXQFWLRQ�RI�HOHFWURFKHPLFDO 
DJH�LQ�\HDUV�DW��������$�P��IRU�SHULRGLFDOO\�ZHWWHG�FRQFUHWH�VODEV 

��




$Q�LQGLFDWLRQ�RI�WKH�ORVV�RI�DQRGH�WKLFNQHVV�ZLWK�HOHFWURFKHPLFDO�DJH�FDQ�EH�GHWHUPLQHG�IURP 
WKH�UHVLVWDQFH�GDWD�LQ�)LJXUH��������$�VLPSOLILHG�HTXDWLRQ�IRU�FDOFXODWLQJ�UHVLVWLYLW\�LV� 

� DSSDUHQW�UHVLVWLYLW\���D�� �UHVLVWDQFH��U����FRDWLQJ�WKLFNQHVV��W� ����� 

)RU�WKH�WKHUPDO�VSUD\�=Q�DQRGH�WKH�DYHUDJH�YDOXH�RI��D�IRU�XQDJHG�WKHUPDO�VSUD\�=Q�DQRGHV�ZDV 
PHDVXUHG�DV���������FP���$VVXPLQJ�WKDW�WKH�UHVLVWLYLW\�RI�WKH�]LQF�PHWDO�LQ�WKH�DQRGHV�GRHV�QRW 
FKDQJH�ZLWK�DJLQJ��D�UHDVRQDEOH�DVVXPSWLRQ��WKHQ� 

� FRDWLQJ�WKLFNQHVV��W�� ��D���UHVLVWDQFH��U� ����� 

8VLQJ�WKLV�HTXDWLRQ�ZLWK�WKH�GDWD�LQ�)LJXUH������JLYHV�WKH�WKLFNQHVV�RI�WKH�=Q�DQRGH�DW�WKH 
UHVSHFWLYH�HOHFWURFKHPLFDO�DJH��7KH�UHVXOWV�RI�WKHVH�FDOFXODWLRQV�DUH�JLYHQ�LQ�)LJXUH������DV�D 
IXQFWLRQ�RI�HOHFWURFKHPLFDO�DJH�DORQJ�ZLWK�D�OLQH�UHSUHVHQWLQJ�D�OHDVW�VTXDUHV�ILW�RI�WKH�GDWD��L�H�� 

&RDWLQJ�WKLFNQHVV��W�� ������±���������\HDUV�VHUYLFH�DW�����P$�P��� ����� 

)LJXUH�������$SSDUHQW�76�=Q�DQRGH�WKLFNQHVV�DV�D�IXQFWLRQ�RI 
HOHFWURFKHPLFDO�DJH�LQ�\HDUV�DW��������$�P� 

7KH�HTXDWLRQ�DJUHHV�ZHOO�ZLWK�NQRZ�H[SHULPHQWDO�GHWDLOV��SUHGLFWLQJ�WKH�QRPLQDO����PLO�FRDWLQJ 
WKLFNQHVV�ZRXOG�LQ�IDFW�EH������PLOV�SULRU�WR�HOHFWURFKHPLFDO�DJLQJ���7KH�OLQH�ODEHOHG 
HOHFWURFKHPLFDO�FRQVXPSWLRQ�ZDV�GUDZQ�E\�DVVXPLQJ�DOO�RI�WKH�&3�FXUUHQW�FDXVHG�GLVVROXWLRQ�RI 
D�76�=Q�DQRGH�WKDW�ZDV�����RI�WKHRUHWLFDO�GHQVLW\���7KH�WZR�FXUYHV�GLYHUJH��LQGLFDWLQJ�WKDW�WKH 
DPRXQW�RI�=Q�FRQVXPHG�HOHFWURFKHPLFDOO\�ZDV�DERXW�����RI�WKDW�SUHGLFWHG�E\�WKH�UHVLVWDQFH 
PHDVXUHPHQWV���3RVVLEOH�H[SODQDWLRQV�IRU�WKLV�GLIIHUHQFH�DUH� 

�	 7KH�WKHUPDO�VSUD\�=Q�DQRGH�GLVVROYHV�ERWK�FKHPLFDOO\�DQG�HOHFWURFKHPLFDOO\�GXULQJ 
&3���'DWD�UHSRUWHG�IRU�WKH�WKHUPDO�VSUD\HG�=Q�DQRGH�RQ�WKH�5LFKPRQG�6DQ�5DIDHO 

��




%ULGJH��Bullard, et al. 1998��VKRZHG�FRUURVLRQ�RI�WKH�RXWHU�VXUIDFH�RI�WKH�DQRGH���7KLV 
ZDV�QRW��KRZHYHU��REVHUYHG�LQ�WKH�DFFHOHUDWHG�ODERUDWRU\�VWXGLHV��+RZHYHU��DQRGH 
UHDFWLRQ�SURGXFWV�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH�PD\�LQFOXGH�VRPH�SURGXFHG�E\ 
FKHPLFDO�FRUURVLRQ��EXW�WKHVH�ZRXOG�QRW�EH�GLVWLQJXLVKDEOH�IURP�WKRVH�UHVXOWLQJ�IURP 
HOHFWURFKHPLFDO�GLVVROXWLRQ� 

�	 7KH�GLVFUHSDQF\�EHWZHHQ�WKH�WZR�OLQHV�PD\�LQFOXGH�IDFWRUV�VXFK�DV�WKH�URXJKQHVV�RI 
WKH�FRQFUHWH�VXUIDFH��YDULDWLRQV�LQ�WKH�WKLFNQHVV�RI�WKH�DQRGH��DQG�QRQ�XQLIRUP 
GLVVROXWLRQ�RI�WKH�DQRGH� 

����� &3�FLUFXLW�DF�UHVLVWDQFH 

7KH�PHDVXUHPHQW�RI�FLUFXLW�UHVLVWDQFH��VHH�6HFWLRQ��������LV�D�GF�PHDVXUHPHQW���7KLV�W\SH�RI 
PHDVXUHPHQW�RIWHQ�LQFOXGHV�UHVLVWDQFHV�IURP�SRODUL]DWLRQ�RI�VXUIDFHV�VXFK�DV�WKH�HOHFWURGHV���7R 
HOLPLQDWH�SRODUL]DWLRQ�HIIHFWV��DF�UHVLVWDQFH�PHDVXUHPHQW�WHFKQLTXH�ZDV�FKRVHQ���7KH�DF 
UHVLVWDQFH�EHWZHHQ�WKH�DQRGH�DQG�WKH�VWHHO�PHVK�LQFOXGHV�UHVLVWDQFH�LQ�WKH�DQRGH��UHVLVWDQFH�DW 
WKH�DQRGH�FRQFUHWH�LQWHUIDFH��UHVLVWDQFH�ZLWKLQ�WKH�FRQFUHWH�EHWZHHQ�WKH�DQRGH�DQG�WKH�VWHHO 
PHVK��UHVLVWDQFH�DW�WKH�VWHHO�FRQFUHWH�LQWHUIDFH��DQG�UHVLVWDQFH�ZLWKLQ�WKH�VWHHO�PHVK���'HVSLWH�DOO 
RI�WKHVH�UHVLVWDQFHV��WKH�FKDQJHV�LQ�DF�UHVLVWDQFH�PHDVXUHPHQWV�DUH�GXH�SULPDULO\�WR�FKHPLVWU\ 
FKDQJHV�ZLWKLQ�WKH�DQRGH�DQG�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH��VHH�6HFWLRQ������ 

7KH�$&�UHVLVWLYLW\�RI�WKHUPDO�VSUD\�=Q�DQRGHV�DJHG�IRU�WKH�HTXLYDOHQW�RI�XS�WR����\HDUV�DW������� 
$�P��LV�JLYHQ�LQ�)LJXUH��������7KH�HUURU�EDUV�LQ�WKH�ILJXUH�UHSUHVHQW�WKH�VWDQGDUG�GHYLDWLRQ�RI 
PXOWLSOH�PHDVXUHPHQWV�DW�VLPLODU�HOHFWURFKHPLFDO�DJHV���7KH�UHVXOWV�VKRZ�WKDW�WKH�$&�UHVLVWLYLW\ 
LQFUHDVHV�ZLWK�LQFUHDVLQJ�HOHFWURFKHPLFDO�DJH���7KHVH�FKDQJHV�LQ�UHVLVWLYLW\�DUH�GXH�WR�WKH 
R[LGDWLRQ�RI�WKH�=Q�DQRGH�DW�WKH�=Q�FRQFUHWH�LQWHUIDFH�DQG�WR�FKDQJHV�LQ�WKH�FKHPLVWU\�RI�WKH 
FHPHQW�SDVWH�LQYROYLQJ�WKH�VXEVWLWXWLRQ�RI�=Q�GLVVROXWLRQ�SURGXFWV�IRU�&D� 

)LJXUH�������9ROXPH�DYHUDJH�$&�UHVLVWLYLW\�RI�PDWHULDO�EHWZHHQ�WKH�76�=Q�DQRGH�DQG 
WKH�VWHHO�DV�D�IXQFWLRQ�RI�HOHFWURFKHPLFDO�DJH�LQ�\HDUV�DW��������$�P���DYHUDJH�LQFOXGHV 
]LQF�PLQHUDOV�DW�DQRGH��DOWHUHG�DQG�XQDOWHUHG�FRQFUHWH��DQG�FRUURVLRQ�ILOP�RQ�VWHHO� 

��




����� $QRGH�DLU�SHUPHDELOLW\ 

0HDVXUHPHQWV�RI�WKH�SHUPHDELOLW\�RI�WKH�FHUDPLF�SRURVLW\�VWDQGDUGV�LQ�7DEOH�����DUH�VKRZQ�DV�D 
IXQFWLRQ�RI�PD[LPXP�SRUH�GLDPHWHU�LQ�)LJXUH��������7KH�FXUYHV�UHSUHVHQW�DSSUR[LPDWH�LVR� 
SRURVLW\�OLQHV�EDVHG�RQ�D�OLPLWHG�QXPEHU�RI�SRURVLW\�VWDQGDUGV���$OVR�SORWWHG�LV�WKH�SUHVVXUH�DW�WKH 
IORZ�UDWH�WUDQVGXFHU���,GHDOO\��WKH�IORZ�UDWH�VKRXOG�EH�PHDVXUHG�DW�D�FRQVWDQW�SUHVVXUH�DW�WKH 
WUDQVGXFHU���,Q�WKH�UHJLRQ�EHWZHHQ������P��������PLO��DQG������P�������PLO��SRUH�GLDPHWHU��WKH 
SUHVVXUH�LV�FRQVWDQW�DQG�WKHUH�LV�D�XQLTXH�UHODWLRQVKLS�EHWZHHQ�SRURVLW\�DQG�IORZ�UDWH���+RZHYHU� 
EH\RQG�WKLV�SRUH�GLDPHWHU�WKH�WUDQVGXFHU�SUHVVXUH�LQFUHDVHV�DQG�WKH�IORZ�UDWH�LV�QR�ORQJHU 
XQLTXHO\�UHODWHG�WR�SRURVLW\����$V�D�FRQVHTXHQFH��VXUIDFH�DLU�SHUPHDELOLW\�PHDVXUHPHQWV�DV 
SUHVHQWO\�PDGH�GR�QRW�DSSHDU�WR�JLYH�XVHIXO�UHVXOWV�H[FHSW�IRU�D�YHU\�OLPLWHG�UDQJH�RI�SRUH 
GLDPHWHUV� 

)LJXUH�������6XUIDFH�DLU�SHUPHDELOLW\�GHWHUPLQHG�XVLQJ�FHUDPLF�GLVF�SRURVLW\�VWDQGDUGV�DV 
D�IXQFWLRQ�RI�PD[LPXP�SRUH�GLDPHWHU�DQG�SHUFHQW�SRUH�YROXPH��SRURVLW\�� 

6XUIDFH�DLU�SHUPHDELOLW\�PHDVXUHPHQWV�ZHUH�PDGH�RQ�D�ODUJH�QXPEHU�RI�VODEV���7KHVH�UHVXOWV�DUH 
VKRZQ�LQ�)LJXUH��������2QO\�LQ�WKH�YDFXXP�UDQJH�����WR�����PP�+J�GR�WKH�PHDVXUHPHQWV 
DSSHDU�WR�FRQIRUP�WR�WKH�QDUURZ�UDQJH�RI�FRQGLWLRQV�VKRZQ�LQ�ILJXUH������WR�JLYH�D�XQLTXH 
UHODWLRQVKLS�EHWZHHQ�IORZ�UDWH�DQG�SRURVLW\���7KH�VXUIDFH�DLU�SHUPHDELOLW\�GDWD�KDYH�OLWWOH�YDOXH�DW 
ORZHU�YDFXXP�SUHVVXUHV���7KH�WHFKQLTXH�LV�LQWULJXLQJ�EXW�QRW�XVHIXO�DW�SUHVHQW� 

��




)LJXUH�������6XUIDFH�DLU�SHUPHDELOLW\�YDFXXP�SUHVVXUH�IRU�76�=Q�DQRGHV�RQ�SHULRGLFDOO\� 
ZHWWHG�FRQFUHWH�VODEV�DV�D�IXQFWLRQ�RI�DLUIORZ�UDWH�WKURXJK�WKH�LQVWUXPHQW 

����� $QRGH�ZDWHU�SHUPHDELOLW\ 

$W�DQ�HOHFWURFKHPLFDO�DJH�ZKHUH�PLQLPXP�FLUFXLW�UHVLVWDQFH�EHJDQ�ULVLQJ�VLJQLILFDQWO\��)LJXUH 
������IUHH�ZDWHU�EHJDQ�SRROLQJ�RQ�WKH�FRDWLQJ�VXUIDFH�DIWHU�ZHWWLQJ�DQG�UHPDLQHG�IRU�LQFUHDVLQJO\ 
ORQJHU�SHULRGV��L�H���WKH�DELOLW\�RI�ZDWHU�WR�SHUPHDWH�WKH�=Q�FRDWLQJ�EHFDPH�SURJUHVVLYHO\�PRUH 
UHVWULFWHG���)LJXUH������VKRZV�KRZ�DJLQJ�DIIHFWHG�WKH�WUDQVSRUW�RI�ZDWHU�WKURXJK�WKH�=Q�DQRGH� 
3UHVXPDEO\�WKLV�ZDV�GXH�WR�FKDQJHV�LQ�WKH�FKHPLVWU\�DQG�PLQHUDORJ\�RI�WKH�DQRGH�FRQFUHWH 
LQWHUIDFH���$JLQJ�DIIHFWV�QRW�RQO\�WKH�LQLWLDO�UDWH�RI�ZDWHU�PRYHPHQW�WKURXJK�WKH�LQWHUIDFH�EXW 
DOVR�ORQJ�WHUP�PRYHPHQW�RYHU�VHYHUDO�ZHHNV���+RZHYHU��WKH�LQLWLDO�UDWH�UHSUHVHQWV�WKH�WLPH 
SHULRG�FRUUHVSRQGLQJ�WR�WKH�REVHUYHG�SRROLQJ�RI�ZDWHU�RQ�WKH�FRDWLQJ�VXUIDFH���&DOFXODWLRQ�RI 
LQLWLDO�VORSHV�IURP�)LJXUH������VKRZV�WKH�ZDWHU�SHUPHDWLRQ�UDWH�GHFUHDVHG�IURP������PO�P��GD\ 
EHIRUH�DJLQJ�WR�����PO�P��GD\�DIWHU�DJLQJ����N&�P�������$�K�IW��� 

%XLOGXS�RI�UHDFWLRQ�SURGXFWV�LQ�=RQH���DQG�VHFRQGDU\�PLQHUDOL]DWLRQ�LQ�=RQHV���DQG���ZRXOG 
SURJUHVVLYHO\�VHDO�WKH�DQRGH�WR�ZDWHU�SHUPHDWLRQ���2EVHUYDWLRQV�RI�ZDWHU�UHPDLQLQJ�RQ�WKH�=Q 
DQRGH�VXUIDFH�DIWHU�ZHWWLQJ�DQG�WKH�PHDVXUHG�GHFUHDVH�LQ�WKH�ZDWHU�SHUPHDWLRQ�UDWH�WKURXJK�WKH 
FRDWLQJ��)LJXUH�������VXSSRUW�WKLV�LQWHUSUHWDWLRQ� 

��




)LJXUH�������3HUPHDELOLW\�RI�ZDWHU�WKURXJK�76�=Q�DQRGH�RQ�SHULRGLFDOO\�ZHWWHG 
FRQFUHWH�VODEV�DV�D�IXQFWLRQ�RI�HOHFWURFKHPLFDO�DJH 

��




��� ),(/'�$*,1*�678',(6����5(68/76 

��� &3�3(5)250$1&( 

7KH�SHUIRUPDQFH�DQG�EHKDYLRU�RI�WKHUPDO�VSUD\HG�=Q�DQRGH�&3�V\VWHPV�LQ�DFWXDO�XVH�RQ�EULGJHV 
DQG�RWKHU�VWUXFWXUHV�LQ�FRPSDULVRQ�WR�WKH�DFFHOHUDWHG�ODERUDWRU\�H[SHULPHQWV�LV�RI�FRQVLGHUDEOH 
LQWHUHVW���6LPLODULWLHV�ZRXOG�VXJJHVW�WKDW�WKH�ORQJ�WHUP�FRQVHTXHQFHV�RI�DJLQJ�REVHUYHG�LQ�WKH 
ODERUDWRU\��VXFK�DV�HIIHFWV�RQ�FLUFXLW�UHVLVWDQFH��ZDWHU�SHUPHDELOLW\��ERQG�VWUHQJWK��FRDWLQJ 
FRQVXPSWLRQ��DQG�DQRGH�FRQFUHWH�LQWHUIDFLDO�FKHPLVWU\��DQG�ZD\V�WR�FKDUDFWHUL]H�DQ�DJLQJ�DQRGH 
PD\�EH�DSSOLFDEOH�WR�UHDO�VWUXFWXUHV���$FWXDO�ERQG�VWUHQJWK�YDOXHV�IRU�WKH�<DTXLQD�%D\�%ULGJH� 
'HSRH�%D\�%ULGJH��DQG�%LJ�&UHHN�%ULGJH�PHDVXUH�GXULQJ�DQRGH�LQVWDOODWLRQ�DUH�LQ�$SSHQGL[�%� 

����� ,&&3 

,PSUHVVHG�FXUUHQW�FDWKRGLF�SURWHFWLRQ�V\VWHPV�FDQ�LQYROYH�HLWKHU�D�FRQVXPDEOH�RU�QRQ� 
FRQVXPDEOH�DQRGH���$�FRQVXPDEOH�DQRGH�SURGXFHV�PHWDO�UHDFWLRQ�SURGXFWV�WKDW�FDQ�DFFXPXODWH 
DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH�DQG�D�QRQ�FRQVXPDEOH�DQRGH�SURGXFHV�QR�PHWDO�UHDFWLRQ�SURGXFWV 
WKDW�FDQ�EXLOG�XS�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH���7KH�FXUUHQW�GHOLYHUHG�E\�WKHVH�V\VWHPV�FDQ�EH 
DGMXVWHG�ZLWKLQ�D�UHFWLILHU���7KH�DPRXQW�RI�YROWDJH�QHHGHG�WR�SURWHFW�D�VWUXFWXUH�LV�EDVHG�RQ�WKH 
DPRXQW�RI�FXUUHQW�QHHGHG�WR�UHGXFH�WKH�UHEDU�FRUURVLRQ�UDWH�DFFRUGLQJ�WR�DQ�HVWDEOLVKHG�VWDQGDUG� 

&DWKRGLF�SURWHFWLRQ�FLUFXLW�UHVLVWDQFH��VHH�HTXDWLRQ������LV�DIIHFWHG�E\�SRODUL]DWLRQ�RI�WKH�DQRGH 
DQG�WKH�FDWKRGH���3RODUL]DWLRQ�LV�WKH�SURFHVV�RI�UHWDUGLQJ�RU�DFFHOHUDWLQJ�DQ�HOHFWURFKHPLFDO 
UHDFWLRQ�WKURXJK�SK\VLFDO�RU�FKHPLFDO�IDFWRUV��Fontana and Greene 1978����3RODUL]DWLRQ�RI�WKH 
FDWKRGH�LV�GHVLUDEOH��SRODUL]DWLRQ�RI�WKH�DQRGH�LV�QRW���3RODUL]DWLRQ�RI�WKH�FDWKRGH�LV�DIIHFWHG�E\ 
WKH�DYDLODELOLW\�RI�R[\JHQ�DQG�ZDWHU��ZKLFK�FDQ�EH�UHVWULFWHG�E\�LPSHUPHDEOH�FRDWLQJV�RQ�WKH 
FRQFUHWH�VXUIDFH�RU�WKH�XVH�RI�QHZHU�PRUH�GHQVH�W\SHV�RI�FRQFUHWH���3RODUL]DWLRQ�RI�WKH�DQRGH�LV 
DIIHFWHG�E\�WKH�ODFN�RI�ZDWHU�DQG�WKH�EXLOGXS�RI�UHDFWLRQ�SURGXFWV�QHDU�WKH�DQRGH���&3�DQRGHV 
XVHG�LQ�VRLOV�DUH�RIWHQ�SDFNDJHG�ZLWK�D�VSHFLILF�EDFNILOO�WKDW�DFWV�DV�D�VLQN�IRU�WKH�DQRGH�UHDFWLRQ 
SURGXFWV�WR�PLQLPL]H�DQRGH�SRODUL]DWLRQ���)RU�WKHUPDO�VSUD\�DQRGHV�RQ�UHLQIRUFHG�FRQFUHWH 
VWUXFWXUHV��WKH�RQO\�VLQN�DYDLODEOH�IRU�UHDFWLRQ�SURGXFWV�LV�WKH�FHPHQW�SDVWH���$V�VKRZQ�DERYH�LQ 
VHFWLRQ��������=Q�GRHV�GLIIXVH�LQWR�FHPHQW�SDVWH�WR�D�FHUWDLQ�GHJUHH�ZKLOH�JUDGXDOO\�JURZLQJ�D 
OD\HU�RI�=Q2�=Q�2+���DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH���7KHVH�UHDFWLRQ�SURGXFWV�SRODUL]H�WKH 
DQRGH�DQG�FDXVH�WKH�FLUFXLW�UHVLVWDQFH�WR�LQFUHDVH� 

&3�FLUFXLW�UHVLVWDQFH�DV�D�IXQFWLRQ�RI�HOHFWURFKHPLFDO�DJH�LV�JLYHQ�EHORZ�IRU�VHYHUDO�EULGJHV�LQ 
2UHJRQ�DQG�&DOLIRUQLD�DQG�IRU�WKH�&$/75$16�VLODQH�VWXG\�ZKHUH�WKHUPDO�VSUD\HG�=Q�DQRGHV 
DUH�LQ�XVH� 
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5.1.1.1 CALTRANS laboratory silane study 

&$/75$16�FRQGXFWHG�D�VWXG\�WR�GHWHUPLQH�LI�D�VLODQH�FRDWLQJ�RQ�UHLQIRUFHG�FRQFUHWH 
VWUXFWXUHV�ZRXOG�NHHS�DGGLWLRQDO�FKORULGHV�IURP�HQWHULQJ�WKH�VWUXFWXUH���7KH�VODEV�ZHUH 
DJHG�DW�D�FXUUHQW�GHQVLW\�RI������������$�P������������P$�IW�����7KH�UHVXOWLQJ�FLUFXLW 
UHVLVWDQFH�LV�VKRZQ�SORWWHG�LQ�)LJXUH�����DV�D�IXQFWLRQ�RI�HOHFWURFKHPLFDO�DJH��7KH 
XQWUHDWHG�FRQFUHWH�VODE�KDG�WKH�ORZHVW�FLUFXLW�UHVLVWDQFH�DQG�ERWK�VODEV�FRDWHG�ZLWK�VLODQH 
H[KLELWHG�ODUJH�LQFUHDVHV�LQ�FLUFXLW�UHVLVWDQFH�DIWHU�PRUH�WKDQ�����N&�P��RI 
HOHFWURFKHPLFDO�DJLQJ���7KH�VLODQH�SURYHG�WR�EH�DQ�HIIHFWLYH�VXUIDFH�VHDODQW�WKDW�FDXVHG 
H[FHVVLYH�SRODUL]DWLRQ�RI�ERWK�WKH�DQRGH�DQG�WKH�FDWKRGH�E\�OLPLWLQJ�LQJUHVV�RI�QRW�RQO\ 
FKORULGHV�EXW�ZDWHU�DQG�R[\JHQ���$V�D�FRQVHTXHQFH��WKH�&3�FLUFXLW�UHVLVWDQFH�URVH� 
WKHUHE\�LQFUHDVLQJ�WKH�YROWDJH�QHHGHG�WR�PDLQWDLQ�WKH�SURWHFWLRQ�FXUUHQW� 

)LJXUH������&LUFXLW�UHVLVWDQFH�DV�D�IXQFWLRQ�RI�HOHFWURFKHPLFDO�DJH�IRU�VODEV�IURP�&$/75$16 
ODERUDWRU\�VLODQH�H[SHULPHQW��PHDVXUHPHQWV�RQ�HDFK�VODE�ZHUH�IRU�WKH�VDPH�WLPH�SHULRG� 

5.1.1.2 Richmond-San Rafael Bridge 

6RPH�RI�WKH�RSHUDWLQJ�FKDUDFWHULVWLFV�RI�WKH�WKHUPDO�VSUD\HG�=Q�DQRGHV�RQ�WKH�5LFKPRQG� 
6DQ�5DIDHO�%ULGJH��Carello, Parks and Apostolos 1989��DUH�WDEXODWHG�LQ�7DEOH�������7KHVH 
DQRGHV�ZHUH�DSSOLHG�WR�WKH�EULGJH�DV�EDQGV�DURXQG�WKH�SLHU���7KH�EDQGV�ZHUH�RSHUDWHG�LQ 
SDUDOOHO�ZLWK�HDFK�RWKHU�XVLQJ�YROWDJH�FRQWURO��DV�RSSRVHG�WR�FXUUHQW�FRQWURO�W\SLFDOO\ 
XVHG�LQ�2UHJRQ�RQ�FRDVWDO�,&&3�V\VWHPV���7KH�&3�V\VWHP�YROWDJH�QHHG�WR�PDLQWDLQ�WKH 
SURWHFWLRQ�FXUUHQW�LV�VKRZQ�LQ�)LJXUH�����DV�D�IXQFWLRQ�RI�WKH�\HDUV�WKH�V\VWHP�ZDV�LQ 
RSHUDWLRQ���7KUHH�PDMRU�DGMXVWPHQWV�ZHUH�PDGH�LQ�WKH�RSHUDWLQJ�YROWDJH���,QLWLDOO\�LW�ZDV 
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DERXW���9���$IWHU�D�FRXSOH�RI�\HDUV�LW�ZDV�LQFUHDVHG�WR������9����1HDU�WKH�HQG�WKH�YROWDJH 
ZDV�LQFUHDVHG�WR�������9�EHIRUH�WKH�V\VWHP�ZDV�VKXW�GRZQ� 

7DEOH������76�=Q�DQRGHV�RQ�WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH��Carello, et al. 1989� 

%DQG &3�WLPHOLQH ����KU�'HSRODUL]DWLRQ 
�P9 

&3�FXUUHQW� 

$�P���P$�IW��� 
+HLJKW�DERYH�:DWHU 

�P��IW� 

� -DQ������-DQ����� ������ ������������� ������������� 

� -DQ������-DQ����� �� ������������� ������������������� 

� -DQ������-DQ����� ����� ������������� ��������������� 

� -DQ������-DQ����� ����� ������������� ������������������� 

%DUUHO -DQ������-DQ����� 6DFULILFLDO �������������������� ���������� 
�$YHUDJH�IRU�WKH�SHULRG������������ 

)LJXUH������,&&3�V\VWHP�YROWDJH�IRU�WKH�76�=Q�EDQGV��]RQHV��RQ�WKH�VRXWK 
FROXPQ��SLHU���RI�WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH��&$�� 

7KH�FLUFXLW�UHVLVWDQFH�RI�EDQGV���DQG���RYHU�WKLV�SHULRG�LV�VKRZQ�LQ�)LJXUH�����DV�D 
IXQFWLRQ�RI�VHUYLFH�WLPH�DQG�LQ�)LJXUH�����DV�D�IXQFWLRQ�RI�HOHFWURFKHPLFDO�DJH���7KH 
UHVLVWDQFH�RI�EDQG���LQFUHDVHG�VORZO\��UHDFKLQJ���N���P��ZLWKLQ���\HDUV������N&�P����DQG 
��NRKP�P��LQ�DQ�DGGLWLRQDO���\HDUV�������N&�P�����7KH�SHULRGLF�ULVH�DQG�IDOO�RI�WKH�FLUFXLW 
UHVLVWDQFH�UHIOHFWV�VHDVRQDO�YDULDWLRQV�RI�PRLVWXUH�ZLWKLQ�WKH�FRQFUHWH�GHOLYHUHG�E\�IRJ� 
SUHFLSLWDWLRQ��DQG�KXPLGLW\���7KH�FLUFXLW�UHVLVWDQFH�RI�EDQG���LQFUHDVHG�PXFK�PRUH 
UDSLGO\��UHDFKLQJ���N���P��ZLWKLQ���\HDUV������N&�P���DQG�H[FHHGHG����N���P��DW�WKH 
HQG�RI����\HDUV������N&�P�����7KLV�LV�PRUH�WKDQ�D�IDFWRU�RI�WKUHH�JUHDWHU�WKDQ�WKH�FLUFXLW 
UHVLVWDQFH�RI�EDQG�����,W�UHIOHFWV�WKH�IDFW�WKDW�EDQG���LV�LQ�D�ZHWWHU�HQYLURQPHQW�EHLQJ 
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FORVHU�WR�WKH�ZDWHU�WKDQ�EDQG���DQG�OHVV�VKHOWHUHG�E\�WKH�GHFN�DERYH�WKH�EDQGV���7KH
VHDVRQDO�IOXFWXDWLRQV�LQ�FLUFXLW�UHVLVWDQFH�IRU�EDQG���DUH�JUHDWO\�H[DJJHUDWHG�FRPSDUHG�WR
WKRVH�IRU�EDQG���UHIOHFWLQJ�PXFK�GULHU�FRQGLWLRQV�LPPHGLDWHO\�XQGHU�WKH�EULGJH�GHFN
GXULQJ�SDUW�RI�WKH�\HDU���:KHQ�ZHWWHG��WKH�FLUFXLW�UHVLVWDQFHV�RI�EDQG���DQG���DSSURDFK
URXJKO\�WKH�VDPH�ORZ�YDOXHV�

-DQ��� -DQ��� -DQ��� -DQ��� -DQ��� -DQ���
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%DQG��

%DQG��

)LJXUH������&LUFXLW�UHVLVWDQFH�DV�D�IXQFWLRQ�RI�WLPH�IRU�76�=Q�DQRGH�EDQGV
�]RQHV����DQG���RQ�WKH�VRXWK�FROXPQ��SLHU���RI�WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH

)LJXUH������&LUFXLW�UHVLVWDQFH�DV�D�IXQFWLRQ�RI�HOHFWURFKHPLFDO�DJH�IRU�76�=Q�DQRGH
EDQGV��]RQHV����DQG���RQ�WKH�VRXWK�FROXPQ��SLHU���RI�WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH



7KH�PLQLPXP�UHVLVWDQFH�IRU�ERWK�EDQGV���DQG���ULVHV�JUDGXDOO\�DW�URXJKO\�WKH�VDPH�UDWH� 
/DERUDWRU\�UHVHDUFK�KDV�VKRZQ�WKDW�WKH�ULVH�LQ�WKH�PLQLPXP�FLUFXLW�UHVLVWDQFH�LV 
DVVRFLDWHG�ZLWK�DQRGH�SRODUL]DWLRQ�GXH�WR�PLQHUDO�IRUPDWLRQ�IURP�=Q�GLVVROXWLRQ�SURGXFWV 
DW�WKH�]LQF�FRQFUHWH�LQWHUIDFH��Bullard, et al. 1997a�� 

7KH�FXUUHQW�GHQVLW\�RI�EDQG����DORQJ�ZLWK�PRQWKO\�SUHFLSLWDWLRQ�PHDVXUHPHQWV�PDGH�DW 
WKH�EULGJH��DUH�SORWWHG�LQ�)LJXUH�����DV�D�IXQFWLRQ�RI�WLPH���7KH�SHDNV�LQ�FXUUHQW�GHQVLW\ 
FRLQFLGH�LGHQWLFDOO\�ZLWK�WKH�SHDNV�LQ�SUHFLSLWDWLRQ�RYHU�WKH����\HDU�VHUYLFH�SHULRG� 
LQGLFDWLQJ�RSHUDWLRQ�RI�WKH�,&&3�V\VWHP�ZDV�VWURQJO\�DIIHFWHG�E\�ORFDO�FOLPDWLF 
FRQGLWLRQV��VSHFLILFDOO\�SUHFLSLWDWLRQ� 

)LJXUH������&XUUHQW�GHQVLW\�DQG�PRQWKO\�SUHFLSLWDWLRQ�DV�D�IXQFWLRQ�RI�WLPH�IRU�76�=Q 
DQRGH�EDQG��]RQHV����RQ�WKH�VRXWK�FROXPQ��SLHU���RI�WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH 

5.1.1.3 Cape Creek Bridge 

&DWKRGLF�SURWHFWLRQ�V\VWHP�FXUUHQWV�DQG�YROWDJHV��H[SUHVVHG�DV�D�FLUFXLW�UHVLVWDQFH�IRU 
,&&3�]RQHV����DQG����RI�WKH�&DSH�&UHHN�%ULGJH��DUH�VKRZQ�LQ�)LJXUH�������=RQH����LV�RQ 
WKH�XQGHUVLGH�RI�WKH�EULGJH�GHFN�DQG�UHPDLQV�ZHW�IRU�ORQJ�SHULRGV�RI�WLPH��]RQH����LV�RQ 
WKH�ZHVW��RFHDQ��IDFH�RI�EULGJH�FROXPQV�DQG�H[SHULHQFHV�H[WUHPH�ZHWWLQJ�GU\LQJ�F\FOHV� 
7KH�FLUFXLW�UHVLVWDQFH�RI�]RQHV����DQG����DUH�VLPLODU�IRU�WKH�ILUVW�\HDU�RI�RSHUDWLRQ� 
7KHUHDIWHU��WKH\�GLYHUJH�ZLWK�FRQWLQXHG�HOHFWURFKHPLFDO�DJLQJ� 

%RWK�]RQHV�UHVSRQG�WR�VHDVRQDO�ZHWWLQJ�DQG�GU\LQJ��ZLWK�WKH�FLUFXLW�UHVLVWDQFH 
VXEVWDQWLDOO\�ORZHU�GXULQJ�WKH�ZHW�SHULRGV��W\SLFDOO\�1RYHPEHU�WKURXJK�0DUFK�RQ�WKH 
2UHJRQ�FRDVW���'XULQJ�WKH�GULHU�SHULRGV�RI�ODWH�VSULQJ��VXPPHU��DQG�HDUO\�IDOO��]RQH��� 
FLUFXLW�UHVLVWDQFH�ULVHV�WR�YDOXHV�DERXW�WZLFH�WKRVH�RI�]RQH������7KLV�ULVH�UHIOHFWV�WKH 
VXEVWDQWLDOO\�GULHU�FRQGLWLRQV�DW�WKH�=Q�DQRGH�IRU�]RQH����FRPSDUHG�WR�]RQH������,W�DOVR 
UHIOHFWV�GLIIHUHQFHV�LQ�VHFRQGDU\�PLQHUDOL]DWLRQ�RFFXUULQJ�DW�WKH�]LQF�FRQFUHWH�LQWHUIDFH� 
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GLIIHUHQFHV�DULVLQJ�IURP�WKH�PRLVWXUH�FRQWHQW�RI�WKH�FRQFUHWH�DQG�IURP�WKH�LQWHQVLW\�DQG 
H[WHQW�RI�WKH�ZHWWLQJ�GU\LQJ�F\FOH� 

)LJXUH������&LUFXLW�UHVLVWDQFH�DV�D�IXQFWLRQ�RI�76�=Q�HOHFWURFKHPLFDO�DJH�IRU�,&&3�]RQHV��� 
DQG����RQ�WKH�&DSH�&UHHN�%ULGJH��PHDVXUHPHQWV�RQ�HDFK�]RQH�ZHUH�IRU�WKH�VDPH�WLPH�SHULRG� 

7DEOH�����JLYHV�PLQLPXP�&3�V\VWHP�YROWDJHV�IRU�WKH�WZR�]RQHV�IRU�D�SHULRG�RI�IRXU�\HDUV 
�Covino, et al. 1997a����7KH�PLQLPXP�YROWDJH�ULVHHV�ZLWK�RSHUDWLQJ�WLPH���7KLV�UHIOHFWV 
WKH�DFFXPXODWLRQ�RI�=Q�GLVVROXWLRQ�SURGXFWV�DW�WKH�]LQF�FRQFUHWH�LQWHUIDFH�DQG�WKH 
PRGLILFDWLRQ�RI�WKHVH�GLVVROXWLRQ�SURGXFWV�DQG�WKH�FHPHQW�SDVWH�E\�VHFRQGDU\ 
PLQHUDOL]DWLRQ� 

7DEOH������3HUIRUPDQFH�RI�76�=Q�DQRGHV�RQ�]RQHV��� 
DQG����RI�WKH�&DSH�&UHHN�%ULGJH 

\HDU 0LQLPXP�]RQH�YROWDJH��9 
,&&3�]RQH��� ,&&3�]RQH��� 

���� ����� ����� 
���� ���� ���� 
���� ���� ���� 
���� ���� ���� 
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5.1.1.4 Depoe Bay Bridge 

7KH�FLUFXLW�UHVLVWDQFH�YHUVXV�HOHFWURFKHPLFDO�DJH�EHKDYLRU�RI�WZR�,&&3�]RQHV�RQ�WKH 
'HSRH�%D\�%ULGJH�LV�VKRZQ�LQ�)LJXUH�������=RQH����LV�D�EROGO\�H[SRVHG�SDUW�RI�WKH�EULGJH 
VHHLQJ�IUHTXHQW�ZHWWLQJ�DQG�GU\LQJ�F\FOHV��ZKLFK�DUH�UHIOHFWHG�LQ�YDULDWLRQV�LQ�WKH�]RQH 
FLUFXLW�UHVLVWDQFH���=RQH����LV�WKHUPDO�VSUD\HG�FDWDO\]HG�7L�DQRGH�LQ�D�PRUH�VKHOWHUHG�SDUW 
RI�WKH�EULGJH��EXW�ZLWK�D�YHU\�GLIIHUHQW�UHVSRQVH�WR�KXPLGLW\�DQG�ZHW�GU\�F\FOHV���7KH 
]RQH�LV�FDWDO\]HG�E\�FREDOW�QLWUDWH��Cramer, et al. 1999, McGill, et al. 1999��DQG�WKH�]RQH 
SHUIRUPDQFH�LV�UHODWLYHO\�XQDIIHFWHG�E\�WKH�GHOLYHU\�RI�PRLVWXUH�WR�WKH�DQRGH���7KH 
SHUIRUPDQFH�RI�WKH�WLWDQLXP�DQRGH�GHSHQGV�XSRQ�PRLVWXUH�WR�VXVWDLQ�WKH�DQRGH�UHDFWLRQ� 
EXW�WKHUH�LV�PRUH�WKDQ�HQRXJK�GHOLYHUHG�LQ�KXPLG�DLU�WR�VDWLVI\�WKH�DQRGH�UHTXLUHPHQWV� 

)LJXUH������&LUFXLW�UHVLVWDQFH�DV�D�IXQFWLRQ�RI�HOHFWURFKHPLFDO�DJH�IRU�,&&3 
]RQHV�����76�=Q�DQRGH��DQG�����76�7L�DQRGH��RQ�WKH�'HSRH�%D\�%ULGJH� 

PHDVXUHPHQWV�RQ�HDFK�]RQH�ZHUH�IRU�WKH�VDPH�WLPH�SHULRG� 

5.1.1.5 Yaquina Bay Bridge 

)LJXUH�����VKRZV�WKH�FLUFXLW�UHVLVWDQFH�RI�WZR�FRQWURO�]RQHV��]RQHV����DQG�����ORFDWHG�RQ 
WKH�VRXWK�DSSURDFK�WR�WKH�<DTXLQD�%D\�%ULGJH���%RWK�]RQHV�DUH�RYHU�ODQG��EXW�]RQH����LV 
PXFK�FORVHU�WR�WKH�ED\�WKDQ�]RQH����DQG�LQ�D�PRLVWHU�HQYLURQPHQW��KHQFH�WKH�ORZHU 
FLUFXLW�UHVLVWDQFH���=RQHV����DQG����OLH�EHWZHHQ�WKH�WZR�FRQWURO�]RQHV�DQG�ZHUH�WUHDWHG 
ZLWK�D�KXPHFWDQW�WKDW�HQKDQFHV�WKH�PRLVWXUH�OHYHO�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH���7KH 
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HIIHFW�RI�WKH�KXPHFWDQW�ZDV�WR�JUHDWO\�UHGXFH�WKH�FLUFXLW�UHVLVWDQFH�IRU�WKH�WUHDWHG�]RQHV�LQ 
FRPSDULVRQ�WR�WKH�FRQWUROV�RQ�HLWKHU�VLGH� 

)LJXUH������&LUFXLW�UHVLVWDQFH�DV�D�IXQFWLRQ�RI�76�=Q�HOHFWURFKHPLFDO�DJH�IRU 
KXPHFWDQW�WUHDWHG�,&&3�]RQHV����DQG����DQG�FRQWURO�,&&3�]RQHV����DQG����RQ�WKH 
<DTXLQD�%D\�%ULGJH��PHDVXUHPHQWV�RQ�HDFK�]RQH�ZHUH�IRU�WKH�VDPH�WLPH�SHULRG� 

5.1.1.6 East Camino Under-crossing 

7KH�EHKDYLRU�RI�WKH�,&&3�DQRGHV�LQVWDOOHG�RQ�WKH�GHFN�DQG�VRIILW�RI�WKH�(DVW�&DPLQR 
8QGHU�FURVVLQJ�LV�VKRZQ�LQ�)LJXUH�������7KH�KLJK�UHVLVWDQFH�SHDNV�IRU�WKH�VRIILW�VXJJHVW�LW 
FDQ�EHFRPH�VXEVWDQWLDOO\�GULHU�WKDQ�WKH�GHFN�DW�WLPHV���7KHUH�DUH�UHJXODU�YDULDWLRQV�LQ�WKH 
FLUFXLW�UHVLVWDQFH�WKDW�DSSHDU�WR�EH�UHODWHG�WR�VHDVRQDO�FKDQJHV�LQ�WKH�ORFDO�FOLPDWH� 

��




)LJXUH������&LUFXLW�UHVLVWDQFH�DV�D�IXQFWLRQ�RI�76�=Q�HOHFWURFKHPLFDO�DJH�IRU�WKH 
VRIILW�DQG�GHFN�RI�WKH�(DVW�&DPLQR�8QGHU�FURVVLQJ��PHDVXUHPHQWV�RQ�HDFK�]RQH 

ZHUH�IRU�WKH�VDPH�WLPH�SHULRG� 

����� 6$&3 

6DFULILFLDO�DQRGH��JDOYDQLF��FXUUHQW�FDWKRGLF�SURWHFWLRQ�V\VWHPV�DOZD\V�LQYROYH�WKH�XVH�RI�D 
FRQVXPDEOH�DQRGH���$V�ZLWK�,&&3�V\VWHPV��D�FRQVXPDEOH�DQRGH�SURGXFHV�UHDFWLRQ�SURGXFWV�WKDW 
FDQ�DFFXPXODWH�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH���7KH�FXUUHQW�GHOLYHUHG�E\�WKHVH�V\VWHPV�LV�UHODWHG 
WR�WKH�SRWHQWLDO�GLIIHUHQFH�EHWZHHQ�WKH�JDOYDQLF�SDLU��DQG�WKH�SRODUL]DWLRQ�RI�WKH�DQRGH�DQG 
FDWKRGH���*DOYDQLF�FXUUHQW�DV�D�IXQFWLRQ�RI�HOHFWURFKHPLFDO�DJH�LV�H[DPLQHG�EHORZ�IRU�WKH 
5LFKPRQG�6DQ�5DIDHO�%ULGJH�LQ�&DOLIRUQLD� 

5.1.2.1 Richmond-San Rafael Bridge 

7KH�JDOYDQLF�FXUUHQW�GHQVLW\��DORQJ�ZLWK�PRQWKO\�SUHFLSLWDWLRQ�PHDVXUHPHQWV�PDGH�DW�WKH 
EULGJH��DUH�JLYHQ�LQ�)LJXUH������DV�D�IXQFWLRQ�RI�VHUYLFH�WLPH�IRU�WKH�EDUUHO�DW�WKH�EDVH�RI 
WKH�VRXWK�FROXPQ�RI�SLHU����VHH�)LJXUH���������7KH�FXUUHQW�GHQVLW\�GHFUHDVHG�IURP�D�KLJK 
RI������$�P��WR�������$�P��DIWHU�DSSUR[LPDWHO\�����N&�P��RI�DJLQJ��7DEOH�������7KH 
SHULRGLF�FXUUHQW�YDULDWLRQV�ZHUH�GXH�WR�VHDVRQDO�YDULDWLRQV�LQ�ZHDWKHU�FRQGLWLRQV���'XULQJ 
WKH�ILUVW���\HDUV��WKH�KLJKHU�RXWSXW�FRLQFLGHG�ZLWK�WKH�ZHWWHU�PRQWKV���+RZHYHU��IRU�ORQJHU 
VHUYLFH�WLPHV�LQWHUHVWLQJO\��WKH�SUHFLSLWDWLRQ�SHDNV�DQG�FXUUHQW�SHDNV�ZHUH�RXW�RI�SKDVH� 

0XFK�RI�WKH�GHFUHDVH�LQ�FXUUHQW�GHQVLW\�WRZDUGV�WKH�HQG�RI�WKH����\HDUV�ZDV�GXH�WR 
FRQVXPSWLRQ�RI�WKH�=Q�DQRGH�RQ�WKH�EDUUHO�WKDW�UHGXFHG�WKH�DUHD�RI�DYDLODEOH�=Q���,Q�$SULO 
������IRXU�\HDUV�DIWHU�WKH�DQRGH�ZDV�GLVDEOHG��LW�ZDV�REVHUYHG�WKDW�DOPRVW�DOO�RI�WKH�=Q 
DQRGH��HVSHFLDOO\�WKDW�GLUHFWO\�RYHU�WKH�UHEDU��ZDV�JRQH���7KHUH�ZDV�QR�HYLGHQFH�RI 
FRQFUHWH�GHODPLQDWLRQ�RYHU�WKH�UHEDU���,Q�RWKHU�ZRUGV��WKH�6$&3�DQRGH�KDG�ZRUNHG�ZHOO� 
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)LJXUH�������&XUUHQW�GHQVLW\�DQG�PRQWKO\�SUHFLSLWDWLRQ�DV�D�IXQFWLRQ�RI�WLPH�IRU 
76�=Q�6$&3�DQRGH�RQ�WKH�EDUUHO�DW�WKH�EDVH�RI�WKH�VRXWK�FROXPQ��SLHU���RI�WKH 

5LFKPRQG�6DQ�5DIDHO�%ULGJH� 

,W�ZRXOG�KDYH�ZRUNHG�ZHOO�DJDLQ�KDG�LW�EHHQ�JLYHQ�D�OLJKW�VDQGEODVWLQJ�DQG�DQRWKHU�OD\HU 
RI�76�=Q���7KHUH�ZDV�VWLOO�]LQF�DYDLODEOH�RQ�WKH�FRQFUHWH�EHWZHHQ�WKH�UHEDU�EXW�WKH 
UHVLVWDQFH�RI�WKLV�HOHFWULFDO�FLUFXLW�SDWK�EHFDPH�LQFUHDVLQJO\�KLJKHU�DQG�FXUUHQW�RXWSXW 
IHOO� 

��� $12'(�%21'�675(1*7+ 

$�JRRG�ERQG�EHWZHHQ�WKH�=Q�DQRGH�DQG�FRQFUHWH�SUHYHQWV�WKH�DQRGH�IURP�GHODPLQDWLQJ�DQG 
PDLQWDLQV�WKH�FRQWDFW�QHFHVVDU\�IRU�D�FRPSOHWH�&3�FLUFXLW���=Q�DQRGH�ERQG�VWUHQJWKV�PHDVXUHG�RQ 
IRXU�EULGJHV�VRRQ�DIWHU�WKHUPDO�VSUD\LQJ�DQG�SULRU�WR�HOHFWURFKHPLFDO�DJLQJ�DUH�GLVFXVVHG�KHUH 
DQG�FRPSLOHG�LQ�$SSHQGL[�%���$YHUDJH�YDOXHV�DUH�OLVWHG�LQ�7DEOH�������$YHUDJH�YDOXHV�DUH 
UHPDUNDEO\�VLPLODU�IRU�WKUHH�RI�WKH�EULGJHV��DQG�WKHVH�YDOXHV�DUH�VLPLODU�WR�WKH�LQLWLDO�ERQG 
VWUHQJWK�YDOXHV�PHDVXUHG�RQ�WKH�ODERUDWRU\�VODEV� 

7DEOH������$YHUDJH�LQLWLDO�ERQG�VWUHQJWK�RI�76�=Q 
DQRGHV�RQ�VHOHFWHG�EULGJHV 

%ULGJH %RQG�VWUHQJWK���VWG�GHY� 
03D��SVL� 

&DSH�&UHHN 1$ 

<DTXLQD�%D\ ������������������ 

'HSRH�%D\ ������������������ 

%LJ�&UHHN ������������������ 

5LFKPRQG�6DQ�5DIDHO ��������� 

&DSH�3HUSHWXD 1$ 

1$� �1RW�$YDLODEOH 

�� 



����� 5LFKPRQG�6DQ�5DIDHO�%ULGJH 

7KH�ERQG�VWUHQJWKV�RI�WKH�IRXU�=Q�DQRGHV�RQ�SLHU���RI�WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH�ZHUH 
PHDVXUHG�LQ�$SULO�������$OO�ERQG�VWUHQJWK�PHDVXUHPHQWV�DUH�WDEXODWHG�LQ�7DEOH�����DQG�DYHUDJHV 
IRU�HDFK�EDQG�DUH�SORWWHG�LQ�)LJXUH������DV�D�IXQFWLRQ�RI�KHLJKW�DERYH�VHD�OHYHO���7KLV�GDWD 
VXSSRUWV�ODERUDWRU\�UHVXOWV�LQGLFDWLQJ�GULHU�HQYLURQPHQWV��KLJKHU�RQ�WKH�EULGJH�SLHU��OHG�WR�SRRU 
ORQJ�WHUP�ERQG�VWUHQJWKV���%DQG���LV�ZHOO�DERYH�WKH�ZDWHU�LQ�D�VKHOWHUHG�ORFDWLRQ�XQGHU�WKH�EULGJH 
GHFN�QRW�UHDGLO\�H[SRVHG�WR�WKH�ZHDWKHU���2Q�WKH�RWKHU�KDQG��]LQF�RQ�WKH�EDUUHO�RI�WKH�VRXWK 
FROXPQ�RI�SLHU����RSHUDWHG�DV�D�6$&3�DQRGH��KDG�WKH�KLJKHVW�ERQG�VWUHQJWK�RI�DQ\�ZHOO�DJHG 
DQRGH�PHDVXUHG�LQ�WKH�ILHOG�RU�ODERUDWRU\�VWXGLHV� 

)LJXUH�������%RQG�VWUHQJWK�RI�WKH�76�=Q�DQRGHV�RQ�WKH�VRXWK�FROXPQ� 
SLHU���RI�WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH�DV�D�IXQFWLRQ�RI�KHLJKW�DERYH 

WKH�VHD�OHYHO��DIWHU�a����\HDUV�VHUYLFH� 

��




7DEOH������%RQG�VWUHQJWK�RI�76�=Q�DQRGHV�RQ�WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH 
&RDWLQJ�%RQG�6WUHQJWK� 

$QRGH 
&3 

03D��SVL� DQRGH�FRQFUHWH 
(DVW�IDFH 1RUWK�IDFH LQWHUIDFH��S+ 

,QLWLDO��0D\������ 
DYHUDJH QRQH ��������� ��� 
UDQJH QRQH ����������������� ��������� 

$JHG��$SULO������ 
%DUUHO 6$&3 ² ��������� ���� 

%DQG�����ERWWRP ,&&3 ² �������� ��������� 

%DQG�����WRS ³ ��������� ��������� ��� 
%DQG�����ERWWRP ³ �������� ��������� ��������� 

%DQG�����WRS ³ ��������� ��������� ��� 
%DQG�����ERWWRP ³ �������� ��������� ��������� 

%DQG�����WRS ³ �������� ��������� ��� 
%DQG�����ERWWRP ³ �������� �������� ��������� 

%DQG�����WRS ³ �������� ����� ��� 

��� %8/.�&21&5(7(�&+(0,675< 

&RQFUHWH�PL[�GHVLJQV�IRU�EULGJHV�GLVFXVVHG�LQ�WKLV�UHSRUW�DUH�WDEXODWHG�LQ�7DEOH�������$FWXDO�PL[ 
GHVLJQV�IRU�WKH�2UHJRQ�EULGJHV�ZHUH�QRW�DYDLODEOH��H[FHSW�IRU�WKH�5RFN\�3RLQW�9LDGXFW���7KH�PL[ 
GHVLJQ�IRU�WKH�ODERUDWRU\�VODEV��7DEOH������ZDV�RQH�WKDW�ZRXOG�DSSUR[LPDWH�WKH�FRPSRVLWLRQ�RI 
FRQFUHWH�IRXQG�LQ�ROGHU�FRDVWDO�EULGJHV�H[SRVHG�IRU�D�ORQJ�WLPH�WR�VDOW�GHSRVLWLRQ�IURP�WKH�PDULQH 
HQYLURQPHQW���7KLV�LV�WKH�YDOXH�UHSRUWHG�LQ�WKH�7DEOH�����IRU�WKH�&DSH�&UHHN�%ULGJH��<DTXLQD 
%D\�%ULGJH��'HSRH�%D\�%ULGJH��%LJ�&UHHN�%ULGJH��DQG�WKH�&DSH�3HUSHWXD�9LDGXFW�DV�SURYLGHG 
E\�2UHJRQ�'27���6DOW�ZDV�QRW�LQWHQWLRQDOO\�DGGHG�WR�WKH�FRQFUHWH�PL[HV�XVHG�LQ�WKH�FRQVWUXFWLRQ 
RI�2UHJRQ¶V�KLVWRULF�FRDVWDO�EULGJHV���>+RZHYHU��VDOW�LV�W\SLFDOO\�DGGHG�WR�SDWFK�FRQFUHWH�LQ 
EULGJH�UHVWRUDWLRQV�WR�SUHYHQW�PDFUR�FHOO�DFWLYLW\�UHVXOWLQJ�IURP�FKORULGH�FRQFHQWUDWLRQ�FHOOV�@ 
&KORULGH�FRQWHQWV�RI�FRQFUHWH�VDPSOHV�IURP�EULGJHV�LQFOXGHG�LQ�WKLV�UHSRUW�DIWHU�H[WHQGHG 
H[SRVXUH�WR�WKH�PDULQH�HQYLURQPHQW��RU�GHLFLQJ�VDOWV��LQ�WKH�FDVH�RI�WKH�(DVW�&DPLQR�8QGHU� 
FURVVLQJ��DUH�OLVWHG�LQ�7DEOH������Covino, et al. 1997d����7KH�FKORULGH�YDOXHV�ZHUH�GHWHUPLQHG 
IURP�WKH�DQDO\VHV�RI�EULGJH�FRUH�VDPSOHV� 

��




7DEOH������&RQFUHWH�PL[�GHVLJQ�IRU�VHOHFWHG�EULGJHV 

%ULGJH 6DQG��OEV $JJUHJDWH��OEV &HPHQW��OEV :DWHU��OEV 

&DSH�&UHHN�%ULGJH ���� ���� ��� ��� 

<DTXLQD�%D\�%ULGJH ���� ���� ��� ��� 

'HSRH�%D\�%ULGJH ���� ���� ��� ��� 

%LJ�&UHHN�%ULGJH ���� ���� ��� ��� 

&DSH�3HUSHWXD�9LDGXFW ���� ���� ��� ��� 

5RFN\�3RLQW�9LDGXFW ���� ���� ��� ��� 

1$� �1RW�$YDLODEOH 

7DEOH������'HVFULSWLRQ�RI�ILHOG�VDPSOHV�DQDO\]HG 

6DPSOH 6DPSOH�VRXUFH 6DPSOH (OHFWURFKHPLFDO &O S+ S+ 
1R� GHVFULSWLRQ DJH��\�� NJ�P���OE�\G�� &RQFUHWH�VLGH =Q�VLGH 

���� &DSH�&UHHN�%U ,&&3��RULJ� ��� ������������� ����� ����� 

���� &DSH�&UHHN�%U ,&&3��RULJ� ��� 1$ ���� ���� 

���� &DSH�&UHHN�%U ,&&3��SDWFK ��� ������������� ����� 1$ 

���� &DSH�&UHHN�%U 6$&3��RULJ� ��� 1$ ����� ���� 

���� &DSH�&UHHN�%U 6$&3��SDWFK ��� 1$ ���� ����� 

���� &DSH�&UHHN�%U ,&&3��RULJ� ��� 1$ ����� ���� 

���� (DVW�&DPLQR ,&&3��VRIILW �� ������������� ����� ���� 

���� &$/75$16 ,&&3��XQWUHDWHG ��� 1$ 1$ 1$ 

���� &$/75$16 ,&&3��VLODQH�6% ��� 1$ 1$ 1$ 

���� &$/75$16 ,&&3��VLODQH�6% ��� 1$ ����� ���� 

���� &$/75$16 ,&&3��VLODQH ��� 1$ 1$ 1$ 

���� &$/75$16 ,&&3��VLODQH ��� 1$ 1$ 1$ 

���� /RQJELUG�%U JDOYDQL]HG� 
VLGHZDON 

��� 1$ ����� ��� 

���� /RQJELUG�%U *DOYDQL]HG� 
DEXWPHQW 

��� ������������� ����� ����� 

��HTXLYDOHQW�WR�DJLQJ�DW��������$�P��� ��DFWXDO�DQDO\VLV��� ��DFWXDO�\HDUV�H[SRVXUH���� 1$� �1RW�$YDLODEOH 

&KORULGH�SURILOHV�WR�D�GHSWK�RI����FP������LQ��GHWHUPLQHG�IURP�DQDO\VLV�RI�FRQFUHWH�SRZGHU 
VDPSOHV�DUH�UHSRUWHG�IRU���EDQGV�DQG�WKH�EDUUHO�RI�WKH�VRXWK�FROXPQ�RI�3LHU���RI�WKH�5LFKPRQG� 
6DQ�5DIDHO�%ULGJH�LQ�)LJXUH��������7KH�UHVXOWV�VKRZ�ORZ�FRQFHQWUDWLRQV�RI�VDOW�LQ�WKH�FRQFUHWH�IRU 
WKH�ORZHU�WKUHH�DQRGH�]RQHV���7KLV�VXJJHVWV�WKDW�FKORULGH�ZDV�H[WUDFWHG�IURP�WKH�VWUXFWXUH�E\�&3 
DQG�WKDW�GHSRVLWHG�VDOW�ZDV�EORFNHG�IURP�IXUWKHU�SHQHWUDWLRQ�E\�WKH�GHYHORSPHQW�RI�D�OHVV 
SHUPHDEOH�OD\HU�RI�]LQF�PLQHUDOV�ZLWKLQ�WKH�DQRGH�DQG�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH���$W�D 

��




GHSWK�RI�DSSUR[LPDWHO\�����FP����LQ��DQG�GHHSHU�WKH�VDOW�FRQFHQWUDWLRQ�ZDV�EHORZ�WKH�PLQLPXP 
QHHGHG�������NJ�P�������OEV�\G����WR�LQLWLDWH�FRUURVLRQ�RI�UHEDU�RU�VKHDU�VWLUUXSV��WKLV�GHVSLWH�WKH 
IDFW�WKDW�WKH�FROXPQ�ZDV�ZHOO�H[SRVHG�WR�VDOW�VSUD\�DQG�DHURVROV�IURP�WKH�ED\���,Q�FRQWUDVW��WKH 
VDOW�FRQFHQWUDWLRQ�LQ�WKH�EDUUHO�ZDV�PXFK�KLJKHU�DQG�ZHOO�DERYH�WKH�WKUHVKROG�OHYHO�WR�LQLWLDWH 
FRUURVLRQ���1HYHU�WKH�OHVV��QR�FUDFNLQJ�RI�WKH�FRQFUHWH�RQ�WKH�EDUUHO�ZDV�REVHUYHG��VXJJHVWLQJ�DV 
QRWHG�HDUOLHU�WKDW�WKLV�6$&3�]RQH�ZDV�ZRUNLQJ�ZHOO�WR�SURWHFW�WKH�UHEDU� 

)LJXUH�������&KORULGH�FRQFHQWUDWLRQ�SURILOHV�IRU�76�=Q�DQRGHV�RQ�WKH�VRXWK 
FROXPQ��SLHU���RI�WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH��DIWHU�a����\HDUV�VHUYLFH� 

)LJXUHV������DQG������VKRZ�FKORULGH�GLVWULEXWLRQV�IRU�RULJLQDO�DQG�SDWFK�FRQFUHWH��UHVSHFWLYHO\� 
DQG�UHEDU��5��DQG�VKHDU�VWLUUXS��6��ORFDWLRQV��IRU�EHDPV�IURP�WKH�5RFN\�3RLQW�9LDGXFW��Covino, 
et al. 1997c; Cramer, et al. 2000; Cramer, et al. 2002a����7KH�GDWD�LV�SUHVHQWHG�IRU�FRPSDULVRQ�WR 
WKDW�LQ�)LJXUH��������7KH�5RFN\�3RLQW�9LDGXFW�ZDV�ORFDWHG�DSSUR[LPDWHO\����P�HDVW�RI�DQG����P 
DERYH�WKH�3DFLILF�2FHDQ���7KHUH�ZDV�PRUH�VDOW�LQ�WKH�5RFN\�3RLQW�9LDGXFW�EHDPV�WKDQ�LQ�EDQGV�� 
WKURXJK���RQ�WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH�SLHU�GHVSLWH�WKH�IDFW�WKDW�WKH�DQRGHV�RQ�WKH 
5LFKPRQG�6DQ�5DIDHO�%ULGJH�SLHU�ZHUH�VXEVWDQWLDOO\�FORVHU�WR�WKH�ZDWHU�WKDQ�WKH�EHDPV�RQ�WKH 
5RFN\�3RLQW�9LDGXFW����$JDLQ��WKLV�VXJJHVWV�WKDW�FKORULGH�ZDV�H[WUDFWHG�IURP�WKH�VWUXFWXUH�E\�&3 
DQG�WKDW�GHSRVLWHG�VDOW�ZDV�EORFNHG�IURP�IXUWKHU�SHQHWUDWLRQ�E\�WKH�GHYHORSPHQW�RI�D�OHVV 
SHUPHDEOH�OD\HU�RI�]LQF�PLQHUDOV�ZLWKLQ�WKH�DQRGH�DQG�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH� 

��




)LJXUH�������&KORULGH�FRQFHQWUDWLRQ�SURILOHV�IRU�RULJLQDO�FRQFUHWH�LQ�EHDP 
$��RI�WKH�5RFN\�3RLQW�9LDGXFW�DIWHU����\HDUV�VHUYLFH�RQ�WKH�2UHJRQ�FRDVW� 

)LJXUH�������&KORULGH�FRQFHQWUDWLRQ�SURILOHV�IRU�SDWFK�FRQFUHWH�LQ�EHDP�$� 
RI�WKH�5RFN\�3RLQW�9LDGXFW�DIWHU����\HDUV�VHUYLFH�RQ�WKH�2UHJRQ�FRDVW� 

��




��� $12'(�&21&5(7(�,17(5)$&,$/�&+(0,675< 

����� $QDO\WLFDO�VFDQQLQJ�HOHFWURQ�PLFURVFRS\ 

5.4.1.1 ICCP 

5.4.1.1.1 Richmond-San Rafael Bridge 

)LJXUH������LV�WKH�UHVXOW�RI�DQ�6(0�H[DPLQDWLRQ�RI�WKH�DQRGH�FRQFUHWH�LQWHUIDFH 
IURP�EDQG���RQ�WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH��)LJXUH�����D�LV�D�%6(�LPDJH�RI 
WKH�LQWHUIDFH��VKRZLQJ�OLJKW�DQG�GDUN�UHJLRQV�EDVHG�RQ�DWRPLF�QXPEHU��KLJK 
DWRPLF�QXPEHUV�DUH�EULJKWHU�� 

)LJXUHV�����E�G�DUH�[�UD\�PDSV�RI�WKH�GLVWULEXWLRQ�RI�=Q��&D��DQG�&O�DW�WKH 
LQWHUIDFH���)LJXUH�����E�VKRZV�WKDW�PXFK�RI�WKH�DQRGH��EULJKW�DUHD��ZDV�QRW 
FRQVXPHG��GHVSLWH�RYHU����\HDUV�RI�VHUYLFH���7KH�GDUNHU�JUD\�DUHDV�RQ�HLWKHU�VLGH 
RI�WKH�PHWDOOLF�=Q�UHSUHVHQW�=Q�FRQVXPHG�E\�WKH�&3�DQRGLF�UHDFWLRQ�DW�WKH�DQRGH� 
FRQFUHWH�LQWHUIDFH�DQG�=Q�FRQVXPHG�E\�DWPRVSKHULF�FRUURVLRQ�RQ�WKH�RXWVLGH�RI 
WKH�DQRGH���,Q�DGGLWLRQ��=Q�GLVVROXWLRQ�SURGXFWV�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH 
KDYH�GLIIXVHG�LQWR�WKH�FHPHQW�SDVWH� 

,Q�)LJXUH�����F�WKHUH�LV�D�UHJLRQ�RI�WKH�FHPHQW�SDVWH�ZKHUH�&D�LV�GHSOHWHG��WKH 
VDPH�UHJLRQ�WKDW�=Q�KDV�GLIIXVHG�LQWR���7KLV�LV�FRQVLGHUHG�WR�EH�D�UHDFWLRQ�]RQH 
ZKHUH�WKH�FKHPLVWU\�RI�WKH�FHPHQW�SDVWH�LV�DOWHUHG�E\�DFLGLILFDWLRQ��L�H�� 
GLVVROXWLRQ�DQG�UHPRYDO�RI�&D�IURP�WKH�FHPHQW�SDVWH� 

,Q�)LJXUH�����G��FKORULGHV�DUH�FRQFHQWUDWHG�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH�DQG�RQ 
WKH�RXWHU�VXUIDFH�DW�WKH�DQRGH�FRUURVLRQ�SURGXFW�LQWHUIDFH���$OO�RI�WKHVH�HIIHFWV� 
H[FHSW�IRU�WKH�=Q�DWPRVSKHULF�FRUURVLRQ�SURGXFWV�RQ�WKH�RXWHU�VXUIDFH�RI�WKH 
DQRGH��ZHUH�REVHUYHG�ZLWK�WKH�ODERUDWRU\�VODEV���$IWHU����\HDUV�VHUYLFH��WKH�DQRGH 
ZDV�VKXW�GRZQ�QRW�EHFDXVH�WKH�DQRGH�KDG�EHHQ�FRQVXPHG��EXW�EHFDXVH�KLJKHU 
V\VWHP�YROWDJHV�ZHUH�UHTXLUHG�WR�SURYLGH�HIIHFWLYH�SURWHFWLRQ�RI�WKH�UHEDU���7KH 
KLJKHU�V\VWHP�YROWDJHV�ZHUH�D�FRQVHTXHQFH�RI�WKH�LQFUHDVLQJO\�WKLFN�OD\HU�RI 
LQVXODWLQJ�=Q�PLQHUDOV�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH� 

:'6�OLQH�VFDQV�WKURXJK�WKH�VDPH�DUHD�RI�EDQG���DV�VKRZQ�LQ�)LJXUH�����D�DUH 
SORWWHG�IRU�=Q��&D��&O��DQG�2�LQ�)LJXUHV��������6LPLODU�OLQH�VFDQV�DUH�VKRZQ�LQ 
)LJXUH������IRU�EDQG�����%RWK�ILJXUHV�DUH�SORWWHG�IURP�WKH�VDPH�VWDUWLQJ�SRLQW��WKH 
UHJLRQ�RI�=Q�FRUURVLRQ�RQ�WKH�RXWHU�VXUIDFH�RI�WKH�=Q�DQRGH���7KH�GDWD�VKRZ 
�PRYLQJ�IURP�OHIW�WR�ULJKW��D�=Q�2�&O�DWPRVSKHULF�FRUURVLRQ�SURGXFW�RQ�WKH�RXWHU 
VXUIDFH�RI�WKH�DQRGH��D�UHJLRQ�RI�XQFRQVXPHG�DQRGH��D�]RQH�,�W\SH�RI�UHJLRQ��VHH 
)LJXUH�������ZKHUH�=Q�2�LV�DSSUR[LPDWHO\������DQG�D�UHJLRQ�ZKHUH�=Q�KDV 
GLIIXVHG�LQWR�WKH�FHPHQW�SDVWH�WKDW�LQFOXGHV�GHSOHWHG�&D�DQG�DQ�HOHYDWHG�OHYHO�RI 
&O��WKH�&O�FRQFHQWUDWLRQV�DUH�VKRZQ�LQ�)LJXUHV������DQG������DW�ILYH�WLPHV�WKHLU 
DFWXDO�FRQFHQWUDWLRQ�� 

��




)LJXUH�������%6(�SKRWRPLFURJUDSK�DQG�[�UD\�PDSV�RI�76�=Q�DQRGH�FRQFUHWH�LQWHUIDFH�RI�5LFKPRQG�6DQ 
5DIDHO�%ULGJH��EDQG���DIWHU�DJLQJ�a������N&�P��VHUYLFH�RU�a����\HDUV�VHUYLFH���D��%6(�SKRWRPLFURJUDSK� 

�E��=Q���F��&D���G��&O� 

��




)LJXUH�������:'6�OLQH�VFDQ�IRU�=Q��2��&D��DQG�&O�DFURVV�WKH�76�=Q�DQRGH� 
FRQFUHWH�LQWHUIDFH�IRU�WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH��EDQG���DIWHU�DJLQJ 

a������N&�P��RU�a����\HDUV�VHUYLFH� 

)LJXUH�������:'6�OLQH�VFDQ�IRU�=Q��2��&D��DQG�&O�DFURVV�WKH�76�=Q�DQRGH� 
FRQFUHWH�LQWHUIDFH�IRU�WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH��EDQG���DIWHU�DJLQJ 

a�����N&�P��RU�a����\HDUV�VHUYLFH� 

5.4.1.1.2 CALTRANS Laboratory Study 

&UDFNV�ZLWKLQ�WKH�FHPHQW�SDVWH�DQG�ERXQGDULHV�EHWZHHQ�DJJUHJDWH�DQG�FHPHQW 
SDVWH�SURYLGH�SDWKZD\V�IRU�FKDUJH�WUDQVIHU�DQG�LRQ�PLJUDWLRQ�WKURXJK�WKH�]RQH�RI 
VLODQH�WUHDWPHQW���7KLV�LV�VKRZQ�LQ�)LJXUH������E\�WKH�EDFNVFDWWHUHG�HOHFWURQ�6(0 
LPDJH�DQG�E\�HOHPHQWDO�PDSV�IRU�=Q��2��DQG�&O���7KH\�VKRZ�DQ�LQWHUIDFH�IUHH�RI 

���




=Q�LQ�WKH�FHPHQW�SDVWH���+RZHYHU��D�GHHS�FUDFN�SHQHWUDWHV�WKH�FHPHQW�SDVWH�DQG 
IROORZV�WKH�ERXQGDU\�RI�DQ�DJJUHJDWH�SDUWLFOH���%DVHG�RQ�WKH�HOHPHQW�PDSV��WKLV 
FUDFN�LV�ILOOHG�ZLWK�=Q��)LJXUH������E���DQG�&O��)LJXUH������G����$�OLQH�VFDQ�DFURVV 
WKH�FUDFN�VKRZHG�2�DQG�=Q�ZHUH�SUHVHQW�LQ�HTXLPRODU�TXDQWLWLHV�DQG�WKHUH�ZDV�DQ 
HOHYDWHG�OHYHO�RI�&O���7KH�PLQHUDO�ILOOLQJ�WKH�FUDFN�ZDV�=Q2�RU�PRUH�OLNHO\�D�=Q 
K\GUR[\FKORULGH� 

)LJXUH�������%6(�SKRWRPLFURJUDSK�DQG�[�UD\�PDSV�RI�76�=Q�DQRGH�FRQFUHWH�LQWHUIDFH�IRU�FRQFUHWH 
VODE�WUHDWHG�ZLWK�VLODQH�EXW�QRW�VDQGEODVWHG��WKHQ�DJHG�a�����N&�P����D��%6(�SKRWRPLFURJUDSK���E��=Q� 

�F��6L���G��&O� 

���




&$/75$16�REVHUYHG�WKDW�VLODQH�WUHDWPHQW�LQFUHDVHG�WKH�YROWDJH�QHHGHG�WR 
PDLQWDLQ�WKH�&3�FXUUHQW��Parks 1990����7KH�KLJK�SRWHQWLDOV�UHTXLUHG�WR�PDLQWDLQ 
WKH�FXUUHQW�RFFXUUHG�EHFDXVH�GHIHFWV�LQ�WKH�WUHDWPHQW�DQG�SRURXV�UHJLRQV�LQ�WKH 
FRQFUHWH�ZHUH�WKH�RQO\�DUHDV�WKDW�SURYLGH�DYHQXHV�IRU�FKDUJH�WUDQVIHU�DQG�LRQ 
PLJUDWLRQ��7KLV�LV�VKRZQ�E\�D�W\SLFDO�HOHPHQW�GHSWK�SURILOH�IRU�WKH�VLODQH�WUHDWHG 
VODEV��)LJXUH��������,W�LV�HYLGHQW�IURP�WKH�ODFN�RI�=Q�LQ�WKH�FHPHQW�SDVWH�WKDW�WKH 
VLODQH�WUHDWPHQW�JUHDWO\�UHGXFHG�WKH�WUDQVSRUW�RI�FKDUJH�WR�DQG�IURP�WKH�=Q�DQRGH� 
/LJKW�VDQGEODVWLQJ�RI�WKH�VLODQH�WUHDWHG�VXUIDFH�UHGXFHG�WKH�&3�YROWDJH 
UHTXLUHPHQWV���9ROWDJH�UHTXLUHPHQWV�ZHUH�ORZHVW�LQ�WKH�DEVHQFH�RI�WKH�VLODQH 
WUHDWPHQW���7KH�GLIIHUHQFH�FDQ�EH�VHHQ�LQ�)LJXUH������IRU�WKH�VLODQH�WUHDWHG 
FRQFUHWH�WKDW�KDG�EHHQ�VDQGEODVWHG���,W�VKRZV�D�VXEVWDQWLDO�UHDFWLRQ�]RQH�DW�WKH 
DQRGH�FRQFUHWH�LQWHUIDFH�DQG�D�PRUH�W\SLFDO�DPRXQW�RI�=Q�LQ�WKH�FHPHQW�SDVWH� 
=Q�FRQFHQWUDWLRQ�SURILOHV�DUH�VKRZQ�LQ�)LJXUH������IRU�VLODQH�WUHDWHG�FRQFUHWH 
ZLWK�QR�VDQGEODVWLQJ�DQG�ZLWK�VDQGEODVWLQJ���7KH�VLODQH�WUHDWPHQW�HIIHFWLYHO\ 
SUHYHQWHG�WKH�]LQF�FRDWLQJ�IURP�EHLQJ�FRQVXPHG�DQG�SHUIRUPLQJ�DV�DQ�DQRGH� 

)LJXUH�������:'6�OLQH�VFDQ�IRU�=Q��2��&D��DQG�6L�DFURVV�WKH�76�=Q�DQRGH� 
FRQFUHWH�LQWHUIDFH�IRU�FRQFUHWH�VODE�WUHDWHG�ZLWK�VLODQH�EXW�QRW�VDQGEODVWHG� 

WKHQ�DJHG�a�����N&�P� 

���




)LJXUH�������:'6�OLQH�VFDQ�IRU�=Q��2��&D��6L��DQG�&O�DFURVV�WKH�76�=Q 
DQRGH�FRQFUHWH�LQWHUIDFH�IRU�FRQFUHWH�VODE�WUHDWHG�ZLWK�VLODQH�DQG 

VDQGEODVWHG��WKHQ�DJHG�a�����N&�P�� 

)LJXUH�������(IIHFW�RI�VDQGEODVWLQJ�RQ�WKH�:'6�OLQH�VFDQ�IRU�=Q�DFURVV�WKH 
76�=Q�DQRGH�FRQFUHWH�LQWHUIDFH�IRU�FRQFUHWH�VODEV�WUHDWHG�ZLWK�VLODQH� 

5.4.1.1.3 East Camino Undercrossing 

$Q�HOHPHQW�GHSWK�SURILOH�IRU�D�VDPSOH�RI�WKH�DQRGH�FRQFUHWH�LQWHUIDFH�IURP�WKH 
VRIILW�RI�WKH�(DVW�&DPLQR�8QGHUFURVVLQJ�LV�VKRZQ�LQ�)LJXUH��������7KH�ZLGWK�RI 
WKH�UHDFWLRQ�]RQH�LV�DERXW�����PP���7KH�FKORULGH�SURILOH�VXJJHVWV�WKDW�WKH�=Q�PHWDO 
VSODWV�DUH�LQWHUODFHG�ZLWK�UHJLRQV�RI�=Q�FRUURVLRQ�SURGXFW��GLVWDQFH�������PP�� 

���




SUREDEO\�D�=Q�K\GUR[\FKORULGH�ILOLQJ�WKH�SRUH�VSDFHV�ZLWKLQ�WKH�=Q�DQRGH� 
&KORULGH�DFFXPXODWHG�DW�D�PD[LPXP�FRQFHQWUDWLRQ�RI�����DWRPLF���LQ�WKH 
UHDFWLRQ�]RQH�DQG�LQ�SRUH�VSDFHV�ZLWKLQ�WKH�=Q�DQRGH���7KH�UHDFWLRQ�]RQH�DSSHDUV 
FKDUDFWHULVWLF�RI�]RQH���EHKDYLRU��VHH�)LJXUHV������DQG�������ZLWK�QR�HYLGHQFH�RI 
]RQH���RU�]RQH���EHKDYLRU� 

)LJXUH�������:'6�OLQH�VFDQ�IRU�=Q��2��&D��6L��DQG�&O�DFURVV�WKH�76�=Q 
DQRGH�FRQFUHWH�LQWHUIDFH�IRU�WKH�VRIILW�RI�(DVW�&DPLQR�8QGHU�FURVVLQJ 

DJHG�a�����N&�P�� 

5.4.1.1.4 Cape Creek Bridge 

(OHPHQW�GHSWK�SURILOHV�ZHUH�UHFRUGHG�IRU�WKH�VL[�&DSH�&UHHN�%ULGJH�VDPSOHV 
OLVWHG�LQ�7DEOH�������7KH�HOHFWURFKHPLFDO�DJH�RI�WKH�,&&3�]RQHV�FRUUHVSRQGHG�WR 
����\HDUV�RI�DFWXDO�VHUYLFH���:KLOH�WKH�VDPSOHV�UHSUHVHQW�GLYHUVH�FRQGLWLRQV�RQ�WKH 
EULGJH��WKH�PDMRU�GLIIHUHQFHV�ZHUH�EHWZHHQ�,&&3�DQG�6$&3��DQG�EHWZHHQ 
RULJLQDO�FRQFUHWH�DQG�SDWFK�FRQFUHWH���7KHUH�ZDV�QR�GLIIHUHQFH�LQ�LQWHUIDFLDO 
FKHPLVWU\�IRU�WKH�,&&3�]RQHV�RQ�RULJLQDO�FRQFUHWH� 

)LJXUH������LV�WKH�:'6�GHSWK�SURILOH�RI�WKH�LQWHUIDFH�IRU�VDPSOH�������DQ�,&&3 
]RQH�LQ�RULJLQDO�FRQFUHWH���7KH�LQWHUIDFH�FRQVLVWV�RI�D������PP���������LQ��ZLGH 
UHJLRQ�FKDUDFWHULVWLF�RI�]RQH���EHKDYLRU��VHH�)LJXUHV������DQG�������FRQWDLQLQJ 
VOLJKWO\�PRUH�=Q�WKDQ�R[\JHQ�DQG�ZLWK�����DWRPLF���&O����)LJXUH������LV�WKH�:'6 
GHSWK�SURILOH�RI�WKH�LQWHUIDFH�IRU�VDPSOH�������DQ�,&&3�]RQH�LQ�SDWFK�FRQFUHWH� 
7KH�SDWFK�FRQFUHWH�UHDFWLRQ�]RQH�ZDV�VLPLODU�LQ�ZLGWK�DQG�FRPSRVLWLRQ�WR�WKDW�RI 
WKH�RULJLQDO�FRQFUHWH�EXW�FRQWDLQHG�OHVV�&O������DWRPLF���&O����7KXV��=Q�UHDFWLRQV 
DQG�PLQHUDO�IRUPDWLRQ�DSSHDU�WR�EH�VLPLODU�LQ�ERWK�RULJLQDO�DQG�SDWFK�FRQFUHWH� 
7KH�ORZHU�FKORULGH�LQ�WKH�SDWFK�FRQFUHWH�DSSHDUV�WR�UHIOHFW�WKH�VKRUWHU�WLPH�WKH 
SDWFK�FRQFUHWH�ZDV�H[SRVHG�WR�WKH�FRDVWDO�HQYLURQPHQW���7KLV�LV�FRQILUPHG�E\ 
VHSDUDWH�&O�PHDVXUHPHQWV�UHSRUWHG�LQ�7DEOH������ZKLFK�VKRZV�WKH�SDWFK�FRQFUHWH 

���




FRQWDLQHG������NJ�P��������OE�\G���FKORULGH�ZKLOH�WKH�RULJLQDO�FRQFUHWH�FRQWDLQHG 
�����NJ�P��������OE�\G���FKORULGH���7KLV�GLIIHUHQFH�LQ�FKORULGH�FRQFHQWUDWLRQV�PD\ 
KDYH�KDG�DQ�HIIHFW�RQ�WKH�=Q�FKORULGH�PLQHUDOV�IRUPHG�DW�WKH�DQRGH�FRQFUHWH 
LQWHUIDFH�DQG�WKH�LQWHUIDFLDO�S+� 

)LJXUH�������:'6�OLQH�VFDQ�IRU�=Q��2��&D��DQG�6L��DFURVV�WKH�76�=Q 
DQRGH�FRQFUHWH�LQWHUIDFH�IRU�RULJLQDO�FRQFUHWH�RQ�WKH�&DSH�&UHHN 
%ULGJH�DIWHU�DERXW�����\HDUV�LQ�,&&3�VHUYLFH�DW��������$�P�� 

)LJXUH�������:'6�OLQH�VFDQ�IRU�=Q��2��&D��DQG�6L��DFURVV�WKH�76�=Q 
DQRGH�FRQFUHWH�LQWHUIDFH�IRU�SDWFK�FRQFUHWH�RQ�WKH�&DSH�&UHHN�%ULGJH 

DIWHU�DERXW�����\HDUV�LQ�,&&3�VHUYLFH�DW��������$�P�� 

���




5.4.1.2 SACP 

5.4.1.2.1 Richmond-San Rafael Bridge 

)LJXUH������LV�D�6(0�SKRWRPLFURJUDSK�RI�WKH�=Q�DQRGH�FRQFUHWH�LQWHUIDFH�RI�WKH 
EDUUHO�DW�WKH�EDVH�RI�WKH�VRXWK�FROXPQ�RI�3LHU���RI�WKH�5LFKPRQG�6DQ�5DIDHO 
%ULGJH���)LJXUH������LV�D�%6(�DQG�[�UD\�PDS�IRU�=Q��&D��DQG�&O�RI�DQRWKHU 
ORFDWLRQ�DORQJ�WKH�LQWHUIDFH�VKRZQ�LQ�)LJXUH��������)LJXUH������LV�D�OLQH�VFDQ 
DFURVV�WKH�LQWHUIDFH���$�VLPLODU�OLQH�VFDQ�LV�VKRZQ�IRU�DQRWKHU�FURVV�VHFWLRQ�RI�WKH 
LQWHUIDFH�LQ�)LJXUH��������7KH�ILJXUHV�VKRZ�D�]LQF�DWPRVSKHULF�FRUURVLRQ�ILOP��WKH 
GDUNHU�JUD\�EDQG�LQ�)LJXUHV������DQG�������RQ�WKH�H[WHULRU�RI�WKH�DQRGH���$�WKLFN 
OD\HU�RI�=Q�PLQHUDOV�FRQWDLQLQJ�VRPH�PHWDOOLF�=Q�KDV�UHSODFHG�WKH�=Q�DQRGH��WKH 
EULJKW�EDQG�LQ�)LJXUHV������DQG��������7KH�OLQH�VFDQV�VKRZ�WKH�RXWHU�DWPRVSKHULF 
FRUURVLRQ�SURGXFW�LV�=Q�R[LGH�FRQWDLQLQJ��GHSHQGLQJ�RQ�ORFDWLRQ��VRPH�&O���;�UD\ 
PDSV�DQG�OLQH�VFDQV�DOVR�VKRZHG�WKH�SUHVHQFH�RI�VXOIXU�LQ�WKH�DWPRVSKHULF 
FRUURVLRQ�ILOP��7KH�=Q�PLQHUDO�UHSODFLQJ�WKH�PHWDOOLF�DQRGH�ZDV�URXJKO\�HTXDO 
FRQFHQWUDWLRQV�RI�=Q�DQG�2��ZLWK�VRPH�EDQGV�RI�PHWDOOLF�=Q�VWLOO�UHPDLQLQJ� 
8QOLNH�DJHG�,&&3�DQRGHV��WKHUH�ZDV�SUDFWLFDOO\�QR�GLIIXVLRQ�RI�=Q�LQWR�WKH 
FHPHQW�SDVWH�DQG�QR�HYLGHQFH�RI�D�UHDFWLRQ�]RQH�LQ�WKH�FHPHQW�SDVWH���7KHUH�ZDV 
OLWWOH�HYLGHQFH�RI�FUDFNLQJ�DORQJ�WKH�DQRGH�FRQFUHWH�LQWHUIDFH��D�IDFWRU�WKDW�PD\ 
FRQWULEXWH�WR�WKH�YHU\�KLJK�ERQG�VWUHQJWK�PHDVXUHG�IRU�WKH�6$&3�DQRGH� 

)LJXUH�������6(0�SKRWRPLFURJUDSK�RI�76�=Q�DQRGH�FRQFUHWH�LQWHUIDFH�IRU�WKH�5LFKPRQG�6DQ 
5DIDHO�%ULGJH�6$&3�]RQH�RQ�WKH�EDUUHO�RI�WKH�VRXWK�FROXPQ�DJHG�a�����N&�P��RU�a����\HDUV 

VHUYLFH� 

���




)LJXUH�������%6(�SKRWRPLFURJUDSK�DQG�[�UD\�PDSV�RI�76�=Q�DQRGH�FRQFUHWH�LQWHUIDFH�IRU�WKH�5LFKPRQG� 
6DQ�5DIDHO�%ULGJH�6$&3�]RQH�RQ�WKH�EDUUHO�RI�WKH�VRXWK�FROXPQ�DJHG�a�����N&�P��RU�a����\HDUV�VHUYLFH� 

�D��%6(�SKRWRPLFURJUDSK���E��=Q���F��&D���G��&O�� 

���




)LJXUH�������:'6�OLQH�VFDQ�IRU�=Q��2��&D��DQG�&O�DFURVV�WKH�76�=Q�DQRGH� 
FRQFUHWH�LQWHUIDFH�IRU�WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH�6$&3�]RQH�RQ�WKH�EDUUHO 

RI�WKH�VRXWK�FROXPQ�DJHG�a�����N&�P��RU�a����\HDUV�VHUYLFH� 

)LJXUH�������:'6�OLQH�VFDQ�IRU�=Q��2��&D��DQG�&O�DFURVV�DQRWKHU�DUHD�RI�WKH�76 
=Q�DQRGH�FRQFUHWH�LQWHUIDFH�IRU�WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH�6$&3�]RQH�RQ 

WKH�EDUUHO�RI�WKH�VRXWK�FROXPQ�DJHG�a�����N&�P��RU�a����\HDUV�VHUYLFH� 

5.4.1.2.2 Cape Creek Bridge 

)LJXUH������LV�WKH�:'6�GHSWK�SURILOH�RI�WKH�UHDFWLRQ�]RQH�IRU�VDPSOH�������D 
6$&3�]RQH�LQ�RULJLQDO�FRQFUHWH���7KLV�ILJXUH�VKRZV�WKDW�WKHUH�LV�QR�UHDFWLRQ�]RQH 

���




DQG�QR�FKORULGH�DFFXPXODWLRQ�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH���7KH�LQWHUIDFH�IRU 
WKLV�VDPSOH�LV�VLPLODU�WR�WKDW�IRU�XQDJHG�ODERUDWRU\�=Q�DQRGHV�RQ�FRQFUHWH���7KLV 
ZDV�DOVR�WKH�UHVXOW�IRU�VDPSOH�������DQRWKHU�6$&3�VDPSOH�IURP�D�GLIIHUHQW 
ORFDWLRQ���7KH�DEVHQFH�RI�D�UHDFWLRQ�]RQH�VXJJHVWV�WKDW�6$&3�FXUUHQWV�DUH 
VLJQLILFDQWO\�ORZHU�WKDQ�WKRVH�IRU�,&&3�]RQHV�DQG�WKDW�HOHFWURFKHPLFDO�DJLQJ�RI 
WKH�6$&3�V\VWHP�SURFHHGV�DW�D�PXFK�VORZHU�UDWH���,I�6$&3�SURYLGHV�DGHTXDWH 
SURWHFWLRQ�RI�WKH�UHEDU�RYHU�WKH�V\VWHP�VHUYLFH�OLIH��WKHVH�UHVXOWV�VXJJHVW�WKH 
VHUYLFH�OLIH�RI�6$&3�V\VWHPV�PD\�EH�VXEVWDQWLDOO\�JUHDWHU�WKDQ�WKDW�RI�,&&3 
V\VWHPV���,W�PD\�DOVR�VXSSRUW�WKH�FRQFHSW�RI�LQWHUPLWWHQW�&3�ZKHUH�&3�LV�DSSOLHG 
RQO\�ZKHQ�FRUURVLRQ�UDWHV�H[FHHG�D�WKUHVKROG�OHYHO�UHTXLULQJ�WKH�UHDSSOLFDWLRQ�RI 
&3� 

)LJXUH�������:'6�OLQH�VFDQ�IRU�=Q��2��&D��DQG�6L�DFURVV�WKH�76�=Q 
DQRGH�FRQFUHWH�LQWHUIDFH�IRU�D�6$&3�]RQH�RQ�WKH�&DSH�&UHHN�%ULGJH 

DIWHU�DJLQJ�DERXW�����\HDUV� 

5.4.1.2.3 Longbird Bridge 

(OHFWURFKHPLFDO�DJLQJ�RI�JDOYDQL]HG�UHEDU�LQ�WKH�VLGHZDON�DQG�DEXWPHQW�RI�WKH 
/RQJELUG�%ULGJH�ZDV�VXEVWDQWLDOO\�GLIIHUHQW�IURP�WKDW�REVHUYHG�IRU�=Q�DQRGHV�LQ 
,&&3�DQG�6$&3�]RQHV�RQ�FRDVWDO�EULGJHV���7KH�UHVXOWV�DUH�LQFOXGHG�KHUH�EHFDXVH 
QR�H[WHUQDO�SRZHU�VXSSO\�ZDV�XVHG�WR�SURYLGH�SURWHFWLRQ�WR�WKH�UHEDU��L�H���=Q 
GLVVROXWLRQ�ZDV�FDXVHG�E\�D�JDOYDQLF�FRXSOH�EHWZHHQ�WKH�FRDWLQJ�DQG�WKH�UHEDU� 
+RZHYHU��ZKLOH�WKH�JDOYDQL]HG�UHEDU�ZDV�VWLOO�LQ�JRRG�FRQGLWLRQ��DQG�LW�ZDV�DIWHU 
���\HDUV���WKH�=Q�VWHHO�DUHD�UDWLR�ZDV�PXFK�KLJKHU�IRU�WKH�JDOYDQL]HG�UHEDU�WKDQ 
IRU�6$&3�=Q�DQRGHV�RQ�UHLQIRUFHG�FRQFUHWH�EULGJHV����$QRWKHU�GLIIHUHQFH�ZDV�WKH 
=Q�FRDWLQJ�RQ�WKH�JDOYDQL]HG�UHEDU�KDG�D�PXFK�PRUH�YDULHG�FRPSRVLWLRQ�WKDQ�WKH 
WKHUPDO�VSUD\HG�=Q�DQRGH�RQ�WKH�EULGJHV���*DOYDQL]HG�FRDWLQJV�RQ�VWHHO�FDQ 

���




FRQWDLQ�XS�WR�IRXU�=Q�)H�DOOR\�OD\HUV��UDQJLQJ�IURP�SXUH�=Q�WR�VHYHUDO�=Q�)H 
LQWHUPHWDOOLFV��Yeomans 1993�� 

)LJXUHV������DQG������VKRZ�FURVV�VHFWLRQV�RI�WKH�JDOYDQL]HG�UHEDU�LQ�FRQFUHWH 
UHPRYHG�IURP�WKH�/RQJELUG�%ULGJH�DIWHU����\HDUV�VHUYLFH���)LJXUH������VKRZV�D 
VHFWLRQ�RI�D�1R���UHEDU�IURP�WKH�DEXWPHQW�RI�WKH�/RQJELUG�%ULGJH�ZKHUH�VRPH�RI 
WKH�JDOYDQL]HG�FRDWLQJ�KDV�FRUURGHG�DQG�WKH�FRUURVLRQ�SURGXFW�KDV�PLJUDWHG�LQWR 
WKH�FHPHQW�SDVWH���)LJXUH������VKRZV�D�VHFWLRQ�RI�VPDOOHU�UHEDU�IURP�WKH�VLGHZDON 
RI�WKH�/RQJELUG�%ULGJH�ZKHUH�OLWWOH�RI�WKH�]LQF�FRDWLQJ�KDV�FRUURGHG� 

)LJXUH�������6(0�SKRWRPLFURJUDSK�RI�JDOYDQL]HG�UHEDU�FRQFUHWH�LQWHUIDFH�IURP�WKH�DEXWPHQW�RI 
WKH�/RQJELUG�%ULGJH�DIWHU����\HDUV�VHUYLFH� 

���




)LJXUH�������6(0�SKRWRPLFURJUDSK�RI�JDOYDQL]HG�UHEDU�FRQFUHWH�LQWHUIDFH�IURP�WKH�VLGHZDON�RI 
WKH�/RQJELUG�%ULGJH�DIWHU����\HDUV�VHUYLFH� 

)LJXUHV������DQG������VKRZ�HOHPHQW�GHSWK�SURILOHV�IRU�VDPSOH�������WKH�VPDOO 
URXQG�JDOYDQL]HG�UHEDU�IURP�WKH�VLGHZDON�RI�WKH�/RQJELUG�%ULGJH�VKRZQ�LQ�)LJXUH 
�������7KHVH�DUH�WZR�RI�VL[�OLQH�VFDQV�SHUIRUPHG�RQ�WKH�VDPSOH�DQG�DUH 
UHSUHVHQWDWLYH�RI�WKH�VWHHO�=Q�FRQFUHWH�LQWHUIDFH���$IWHU����\HDUV�VHUYLFH��WKH 
FRDWLQJ�RQ�WKH�UHEDU�ZDV�QRPLQDOO\������PP����PLO��WKLFN�DQG�FRPSRVHG 
SULPDULO\�RI�WKH�GHOWD�SKDVH��ILZRO 1978; ILZRO 1980����7KH���]HWD��SKDVH�DQG 
SXUH�=Q�DSSHDUHG�WR�KDYH�GLVVROYHG���$QDO\VHV�VKRZHG�DQ�DYHUDJH�FRDWLQJ 
WKLFNQHVV�RI�������PP����PLO���ZLWK�D�UDQJH�RI���WR�������PP����WR���PLO���ILZRO 
1978; ILZRO 1980����$W�WKH�=Q�FRDWLQJ�FRQFUHWH�LQWHUIDFH�WKHUH�ZDV�D�QDUURZ 
UHJLRQ�DERXW������PP�ZLGH�ZKHUH�GLVVROYHG�=Q�GLIIXVHG�LQWR�WKH�FHPHQW�SDVWH� 
)LJXUH������VKRZV�WKLV�UHJLRQ�LQ�VRPHZKDW�JUHDWHU�GHWDLO�DQG�VXJJHVWV�WKDW�LW 
FRQWDLQV�=Q2�DQG��=Q�&D��PLQHUDOV���%H\RQG�WKLV�UHJLRQ��=Q�ZDV�SUHVHQW�LQ�WKH 
FHPHQW�SDVWH�DW�D�OHYHO�IRU�DERXW�����DWRPLF���IRU�VRPH�GLVWDQFH��PRUH�WKDQ����� 
PP��LQWR�WKH�FRQFUHWH���7KHUH�ZDV�QR�HYLGHQFH�RI�FUDFNLQJ�DORQJ�WKH�LQWHUIDFH� 

���




)LJXUH�������:'6�OLQH�VFDQ�IRU�=Q��)H��2��&D��DQG�6L�DFURVV�WKH 
JDOYDQL]HG�UHEDU�FRQFUHWH�LQWHUIDFH�IRU�UHEDU�IURP�WKH�VLGHZDON�RI�WKH 

/RQJELUG�%ULGJH�DIWHU����\HDUV�VHUYLFH� 

)LJXUH�������:'6�OLQH�VFDQ�IRU�=Q��2��&D��DQG�6L�DFURVV�D�VHFRQG 
ORFDWLRQ�RQ�WKH�JDOYDQL]HG�UHEDU�FRQFUHWH�LQWHUIDFH�IRU�UHEDU�IURP�WKH 

VLGHZDON�RI�WKH�/RQJELUG�%ULGJH�DIWHU����\HDUV�VHUYLFH� 

)LJXUH������VKRZV�WKH�HOHPHQW�GHSWK�SURILOH�IRU�VDPSOH�������WKH�QR���JDOYDQL]HG 
UHEDU������LQ��IURP�WKH�DEXWPHQW�RI�WKH�/RQJELUG�%ULGJH�VKRZQ�LQ�)LJXUH������ 
0XFK�RI�WKH�FRDWLQJ�KDV�EHHQ�FRQVXPHG��DERXW������PP�UHPDLQV���$QDO\VHV�DW 
RWKHU�ORFDWLRQV�DORQJ�WKH�FURVV�VHFWLRQ�JDYH�=Q�WKLFNQHVVHV�RI�DERXW������PP��� 
PLO���ZLWKLQ�WKH�UDQJH�UHSRUWHG�SUHYLRXVO\�(ILZRO 1978; ILZRO 1980����$�IDLUO\ 

���




ODUJH�UHDFWLRQ�]RQH��DERXW�����PP����PLO��WKLFN��H[LVWV�DW�WKH�DQRGH�FRQFUHWH 
LQWHUIDFH�ZKHUH�=Q�DQG�R[\JHQ�DUH�SUHVHQW�DW�URXJKO\�HTXDO�FRQFHQWUDWLRQV 
VXJJHVWLQJ�WKH�=Q�PLQHUDO�SUHVHQW�DW�WKH�LQWHUIDFH�LV�=Q2���7KHUH�LV�QR�HYLGHQFH�RI 
&D�LQ�WKLV�]RQH����7KH�H[LVWHQFH�RI�&D�K\GUR[\]LQFDWH�KDV�EHHQ�VXJJHVWHG�E\ 
RWKHUV��Yeomans 1993��DQG�WKHUH�LV�VRPH�HYLGHQFH�WR�VXJJHVW�D��&D�=Q��R[LGH�RU 
K\GUR[LGH�DW�WKH�LQWHUIDFH�EHWZHHQ�WKH�=Q2�DQG�FRQFUHWH���7KHUH�ZHUH�VRPH 
YRLGV��)LJXUH�������EXW�OLWWOH�HYLGHQFH�RI�FUDFNLQJ�DORQJ�WKH�]LQF�FRQFUHWH 
LQWHUIDFH�GXH�WR�WKH�SUHVHQFH�RI�WKH�=Q�UHDFWLRQ�SURGXFWV� 

)LJXUH�������:'6�OLQH�VFDQ�IRU�=Q��)H��2��DQG�&D�DFURVV�WKH�JDOYDQL]HG 
UHEDU�FRQFUHWH�LQWHUIDFH�IRU�UHEDU�IURP�WKH�DEXWPHQW�RI�WKH�/RQJELUG 

%ULGJH�DIWHU����\HDUV�VHUYLFH� 

5.4.1.3 Micro-pH 

)LJXUH������VKRZV�D�SORW�RI�WKH�S+�DW�WKH�=Q�FRQFUHWH�LQWHUIDFH�DV�D�IXQFWLRQ�RI�KHLJKW 
DERYH�VHD�OHYHO�IRU�SLHU���RI�WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH���7KH�S+�WHQGHG�WR�EH 
ORZHU�IRU�WKH�XSSHU�EDQGV�WKDW�ZHUH�LQ�JHQHUDOO\�D�GULHU�HQYLURQPHQW���S+�YDOXHV�UDQJH 
IURP�D�PLQLPXP�RI�����WR�D�PD[LPXP�RI�������ZKLFK�ZDV�URXJKO\�WKH�UDQJH�REVHUYHG�IRU 
DJHG�ODERUDWRU\�VODEV��)LJXUH������ 

���




)LJXUH�������S+�DV�D�IXQFWLRQ�RI�KHLJKW�DERYH�VHD�OHYHO�IRU�WKH�76�=Q�DQRGH�,&&3 
EDQGV��]RQHV��RQ�WKH�5LFKPRQG�6DQ�5DIDHO�%ULGJH�DIWHU�a����\HDUV�VHUYLFH� 

5.4.1.4 X-ray diffraction 

;�UD\�GLIIUDFWLRQ�DQDO\VHV�RI�VXUIDFH�VDPSOHV�IURP�DQ�,&&3�]RQH�RI�WKH�&DSH�&UHHN 
%ULGJH�RQ�WKH�2UHJRQ�&RDVW�VKRZHG�WKH�SUHVHQFH�RI�VLPRQNROOHLWH��K\GUDWHG�=Q 
K\GUR[LGH�VXOIDWHV��DQG�K\GUR]LQFLWH��L�H���]LQF�K\GUR[\FDUERQDWH���7KHVH�UHVXOWV�DJUHH 
ZHOO�ZLWK�WKH�PLQHUDOV�SURGXFHG�LQ�WKH�ODERUDWRU\�VWXGLHV��7DEOH�����DQG�VHFWLRQ������� 

���
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$�PRGHO�RI�]LQF�DQRGH�RSHUDWLRQ�LV�GHYHORSHG�IURP�WKH�LQIRUPDWLRQ�SUHVHQWHG�LQ�WKLV�UHSRUW� 
6LQFH�WKH�ZRUN�IRFXVHG�RQ�,&&3�DQRGHV��PXFK�RI�WKH�GHWDLO�DGGUHVVHV�WKDW�W\SH�RI�DQRGH� 
5HVXOWV�IURP�DFFHOHUDWHG�ODERUDWRU\�WHVWV�SURYLGH�PXFK�RI�WKH�GHWDLO� 

7KH�GLIIHUHQFH�EHWZHHQ�ODERUDWRU\�DFFHOHUDWHG�,&&3�WHVWV�DQG�W\SLFDO�2UHJRQ�'27�EULGJH�&3 
RSHUDWLQJ�FRQGLWLRQV�LV�WKH�FRQWUDVW�EHWZHHQ�HOHFWURFKHPLFDO�UHDFWLRQ�UDWHV�DQG�WUDQVSRUW�DQG 
FKHPLFDO�SURFHVV�UDWHV���7KH�ODERUDWRU\�WHVWV�DUH�DFFHOHUDWHG�LQ�WHUPV�RI�WKH�DQRGH 
HOHFWURFKHPLFDO�UHDFWLRQV��QRW�LQ�WHUPV�RI�WUDQVSRUW�DQG�FKHPLFDO�SURFHVVHV���)XUWKHUPRUH��ZKLOH 
FRQVLGHUHG�DFFHOHUDWHG�LQ�WHUPV�RI�2UHJRQ�EULGJH�&3�RSHUDWLQJ�FRQGLWLRQV��WKH�ODERUDWRU\�WHVWV 
ZRXOG�QRW�KDYH�EHHQ�DFFHOHUDWHG�FRPSDUHG�WR�DQRGH�FXUUHQW�GHQVLWLHV�DSSURYHG�IRU�XVH�LQ�RWKHU 
LQVWDOODWLRQV��NACE International 1990���FXUUHQW�GHQVLWLHV�DV�KLJK�DV�������$�P���������$�IW��� 
(YLGHQFH�IURP�ILHOG�LQVWDOODWLRQV�RI�=Q�,&&3�DQRGHV�VXJJHVWV�WKDW�WKH�DFFHOHUDWHG�WHVWV�UHSUHVHQW 
D�³ZRUVW�FDVH´�IRU�2UHJRQ�'27�FRDVWDO�EULGJH�&3�RSHUDWLRQ���$QRGHV�DW�W\SLFDO�2UHJRQ�'27 
RSHUDWLQJ�FRQGLWLRQV�PD\�QRW�GLVSOD\�DJLQJ�HIIHFWV�RQ�ERQG�VWUHQJWK�DQG�FLUFXLW�UHVLVWDQFH�WR�WKH 
H[WHQW�RU�DV�TXLFNO\�DV�REVHUYHG�LQ�WKH�DFFHOHUDWHG�WHVWV���7KDW�ZRXOG�EHQHILW�WKH�VHUYLFH�OLIH�RI 
=Q�DQRGHV�FXUUHQWO\�LQVWDOOHG�RQ�2UHJRQ¶V�FRDVWDO�EULGJHV� 

7KH�GLIIHUHQFH�EHWZHHQ�,&&3�DQRGHV�DQG�6$&3�DQRGHV�LV�DOVR�WKH�FRQWUDVW�EHWZHHQ 
HOHFWURFKHPLFDO�UDWHV�DQG�WUDQVSRUW�DQG�FKHPLFDO�SURFHVV�UDWHV���(OHFWURFKHPLFDO��WUDQVSRUW�DQG 
FKHPLFDO�SURFHVVHV�DUH�IXQGDPHQWDOO\�WKH�VDPH�IRU�ERWK�,&&3�DQG�6$&3���7KH�GLIIHUHQFH�LV�WKH 
GHJUHH�RI�FRQWURO�DYDLODEOH�WR�PDQLSXODWH�WKH�HOHFWURFKHPLFDO�UHDFWLRQ���&RQVLGHUDEOH�FRQWURO�LV 
DYDLODEOH�IRU�,&&3��OLWWOH�FRQWURO�LV�DYDLODEOH�IRU�6$&3�RWKHU�WKDQ�PDQLSXODWLQJ�WKH�HQYLURQPHQW 
RI�WKH�HOHFWURGHV�DQG�DQRGH�FDWKRGH�DUHD�UDWLR����$V�D�FRQVHTXHQFH��,&&3�LV�DGGUHVVHG�KHUH 
EHIRUH�6$&3� 

&KDQJHV�LQ�DQRGH�ERQG�VWUHQJWK�DQG�&3�V\VWHP�FLUFXLW�UHVLVWDQFH�DUH�WKH�WZR�DQRGH�RSHUDWLQJ 
FKDUDFWHULVWLFV�WKDW�DUH�PRVW�LPSRUWDQW�WR�WKH�EULGJH�RZQHU���%\�GHILQLWLRQ��VLQFH�WKH\�PHHW�EULGJH 
RZQHU�DFFHSWDQFH�FULWHULD�DW�WKH�WLPH�RI�LQVWDOODWLRQ��ERWK�DUH�DW�DFFHSWDEOH�OHYHOV�ZKHQ�WKH�&3 
V\VWHP�LV�HQHUJL]HG���,I�WKH\�ZHUH�WR�UHPDLQ�DW�WKHVH�OHYHOV�WKURXJKRXW�WKH�&3�V\VWHP�OLIH��WKH 
RQO\�IDFWRU�RI�FRQFHUQ�WR�WKH�EULGJH�RZQHU�ZRXOG�EH�WKH�=Q�DQRGH�FRQVXPSWLRQ�UDWH���+RZHYHU� 
FKDQJHV�LQ�ERQG�VWUHQJWK�DQG�FLUFXLW�UHVLVWDQFH�RFFXU�RYHU�WLPH�DV�WKH�UHVXOW�RI�FKDQJHV�LQ�WKH 
FKHPLVWU\�RI�WKH�DQRGH�FRQFUHWH�LQWHUIDFH���7KHVH�FKDQJHV�DIIHFW�WKH�ORQJ�WHUP�RSHUDWLRQ�RI�WKH 
&3�V\VWHP���7KH\�FDQ�EH�URXJKO\�TXDQWLILHG�LQ�WHUPV�RI�WKH�DQRGH�HOHFWURFKHPLFDO�DJH��D�PRUH 
FXPEHUVRPH�PHWULF�WKDQ�DQRGH�VHUYLFH�WLPH�EXW�PRUH�UHSUHVHQWDWLYH�RI�WKH�FRQGLWLRQ�RI�WKH 
DQRGH�FRQFUHWH�LQWHUIDFH���7KH�FKDQJHV�FDQ�EH�URXJKO\�PRGHOHG�LQ�WHUPV�RI�DQ�HOHFWULFDO�FLUFXLW 
ZLWK�LPSHGDQFH�FRQWULEXWLRQV�IURP�WKH�&3�V\VWHP�HOHPHQWV���7KXV��DQRGH�SHUIRUPDQFH�LV 
SUHVHQWHG�KHUH�LQ�WHUPV�RI�FKDQJHV�LQ�FRQWULEXWLRQV�WR�&3�V\VWHP�LPSHGDQFH��XVLQJ 
HOHFWURFKHPLFDO�DJH��N&�P���DV�WKH�PHWULF�WR�GHILQH�DQRGH�RSHUDWLRQ�UHJLPHV� 

���
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$Q�HTXLYDOHQW�FLUFXLW�UHSUHVHQWLQJ�WKH�LPSHGDQFH�HOHPHQWV�EHWZHHQ�D�FRQGXFWLYH�FRDWLQJ�DQRGH 
DQG�WKH�UHEDU�LQ�D�UHLQIRUFHG�FRQFUHWH�&3�V\VWHP�LV�JLYHQ�LQ�)LJXUH�������7KH�HOHPHQWV�IRU�WKH 
VWHHO�UHEDU�DQG�FRQFUHWH�DUH�WKRVH�W\SLFDOO\�VSHFLILHG��Jafar, Dawson and John 1993; Mansfeld, 
et al. 1993���DV�DUH�WKRVH�IRU�WKH�76�=Q�DQRGH��Zhang 1996����+RZHYHU��DQ�DGGLWLRQDO�HOHPHQW�KDV 
EHHQ�DGGHG�IRU�WKH�UHDFWLRQ�]RQH�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH�ZKHUH�WKH�FRQFUHWH�KDV�EHHQ 
PRGLILHG�E\�DFLGLILFDWLRQ���7KXV��WKH�HTXLYDOHQW�FLUFXLW�FRQWDLQV�WKH�IROORZLQJ�HOHPHQWV� 

��	 76�=Q�DQRGH�±�D�5DQGOHV�FLUFXLW��ZLWK�D�GRXEOH�OD\HU�FDSDFLWDQFH��&GO�D��LQ�SDUDOOHO�ZLWK�D 
FKDUJH�WUDQVIHU�UHVLVWDQFH��5FW�D��UHSUHVHQWLQJ�WKH�HOHFWURFKHPLFDO�GLVVROXWLRQ�RI�]LQF�DQG�D 
:DUEXUJ�UHVLVWDQFH��:D��UHSUHVHQWLQJ�GLIIXVLRQ�UHVLVWDQFH�WKURXJK�WKH�]LQF�ULFK�PLQHUDO�OD\HU 
WKDW�IRUPV�DW�WKH�DQRGH��Zhang 1996�� 

��	 &RQFUHWH�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH�±�D�UHDFWLRQ�]RQH�FDSDFLWDQFH��&U]��LQ�SDUDOOHO�ZLWK�D 
UHDFWLRQ�]RQH�UHVLVWDQFH��5U]��UHSUHVHQWLQJ�GLHOHFWULF�HIIHFWV�LQ�WKH�FRQFUHWH�OD\HU�PRGLILHG�E\ 
DFLGLILFDWLRQ�DQG�OHDGLQJ�WR�D�FDOFLXP�GHSOHWHG�OD\HU�RI�FHPHQW�SDVWH� 

��	 8QDOWHUHG�RU�EXON�FRQFUHWH�±�D�VROXWLRQ�UHVLVWDQFH��5V��UHSUHVHQWLQJ�FKDUJH�WUDQVSRUW�WKURXJK 
WKH�FRQFUHWH��Jafar, Dawson and John 1993; Mansfeld, et al. 1993; Zhang 1996�� 

��	 &RQFUHWH�DW�UHEDU�FRQFUHWH�LQWHUIDFH�±�D�ILOP�FDSDFLWDQFH��&I�U��LQ�SDUDOOHO�ZLWK�D�ILOP 
UHVLVWDQFH��5I�U��UHSUHVHQWLQJ�HIIHFWV�RI�D�OLPH�ULFK�GLHOHFWULF�ILOP�WKDW�PD\�IRUP�RQ�WKH�UHEDU 
�Jafar, Dawson and John 1993�� 

��	 6WHHO�UHEDU����D�5DQGOHV�FLUFXLW��ZLWK�D�GRXEOH�OD\HU�FDSDFLWDQFH��&GO�U��LQ�SDUDOOHO�ZLWK�D 
FKDUJH�WUDQVIHU�UHVLVWDQFH��5FW�U��UHSUHVHQWLQJ�WKH�HOHFWURFKHPLFDO�GLVVROXWLRQ�RI�WKH�VWHHO�UHEDU 
DQG�D�:DUEXUJ�UHVLVWDQFH��:U��UHSUHVHQWLQJ�D�GLIIXVLRQ�UHVLVWDQFH�WKURXJK�WKH�LURQ�UXVW�OD\HU 
WKDW�IRUPV�RQ�WKH�UHEDU��Jafar, Dawson and John 1993; Mansfeld, et al. 1993)� 

)LJXUH������(TXLYDOHQW�FLUFXLW�IRU�,&&3�EHWZHHQ�76�=Q�DQRGH�DQG�UHEDU���$�5DQGOHV�FLUFXLW 
DSSUR[LPDWHV�WKH�UHVSRQVH�RI�WKH�DQRGH�FRQFUHWH�DQG�UHEDU�FRQFUHWH�LQWHUIDFHV� 

���




,Q�WKH�OLPLW�DV�WKH�IUHTXHQF\�DSSURDFKHV�]HUR��L�H���GLUHFW�FXUUHQW��WKH�FDSDFLWRUV�EHKDYH�DV�RSHQ 
FLUFXLWV�DQG�WKH�FLUFXLW�LPSHGDQFH�LV�HTXDO�WR�WKH�GF�FLUFXLW�UHVLVWDQFH��HTXDWLRQ������DQG�JLYHQ�E\ 
WKH�IROORZLQJ�UHVLVWLYH�HOHPHQW�FRQWULEXWLRQV� 

� &5� �:D���5FW�D���5U]���5V���5I�U���5FW�U���:U��� ����� 

9DOXHV�RI�FKDUJH�WUDQVIHU�UHVLVWDQFH�5FW�DUH�RQ�WKH�RUGHU�RI��������������RKP�FP���RU�����WR��� 
RKP�P��IRU�VWHHO�LQ�FRQFUHWH��Jafar, Dawson and John 1993; Mansfeld, et al. 1993)�DQG�������� 
RKP�FP��RU������WR������RKP�P��IRU�]LQF��Zhang 1996����7KHVH�DUH�VPDOO�FRPSDUHG�WR�FLUFXLW 
UHVLVWDQFHV�RQ�WKH�RUGHU�RI�����WR���������RKP�P��PHDVXUHG�IRU�VRPH�RI�WKH�ODERUDWRU\�DQG�ILHOG 
&3�V\VWHPV�JLYHQ�LQ�WKLV�UHSRUW���6RPH�RI�WKH�UHVLVWLYH�HOHPHQWV��5V��5I�U��5FW�U��:U��ZKLOH 
YDULDEOH�ZLWK�UHVSHFW�WR�WLPH��DQG�ZHWWLQJ���DUH�QRW�YDULDEOH�ZLWK�UHVSHFW�WR�HOHFWURFKHPLFDO�DJH 
EHFDXVH�WKHLU�FKHPLVWU\�GRHV�QRW�FKDQJH��H[FHSW�IRU�ZHWWLQJ�HIIHFWV����&RQVHTXHQWO\��WKH 
V\VWHPDWLF�ULVH�LQ�FLUFXLW�UHVLVWDQFH�ZLWK�HOHFWURFKHPLFDO�DJH�LV�FRQILQHG�ODUJHO\�WR�WKH�GLIIXVLRQDO 
UHVLVWDQFH�DW�WKH�76�=Q�DQRGH��:D��DQG�LQ�WKH�UHDFWLRQ�]RQH��5U]���7KH�VHDVRQDO�HIIHFWV�LQYROYH�D 
ODUJHU�JURXS�RI�UHVLVWLYH�HOHPHQWV��:D��5U]��DQG�5V��ZLWK�5V�KDYLQJ�D�GLPLQLVKLQJO\�LPSRUWDQW 
UROH�ZLWK�LQFUHDVLQJ�DJH���7KXV��WKH�ODUJH�VHDVRQDO�YDULDWLRQV�LQ�FLUFXLW�UHVLVWDQFH�VHHQ�IRU�WKH 
5LFKPRQG�6DQ�5DIDHO�%ULGJH�QHDU�WKH�HQG�RI�WKH����\HDU�SHULRG��)LJXUH������DUH�SULPDULO\�GXH�WR 
WKH�HIIHFW�RI�ZHWWLQJ�RQ�:D�DQG�5U]� 

��� ,&&3�23(5$7,21 

7KH�HQYLURQPHQWDO�IDFWRU�WKDW�KDV�WKH�JUHDWHVW�HIIHFW�RQ�DQRGH�SHUIRUPDQFH�LV�SUHVHQFH�RI 
PRLVWXUH�LQ�WKH�FRQFUHWH�VWUXFWXUH��SDUWLFXODUO\�LQ�WKH�YLFLQLW\�RI�WKH�DQRGH�FRQFUHWH�LQWHUIDFH� 
0RLVWXUH�FDQ�EH�GHOLYHUHG�WR�WKH�VWUXFWXUH�LQ�SUHFLSLWDWLRQ��GHZ��IRJ��RU�KXPLG�DLU���7ZR 
DFFHOHUDWHG�H[SHULPHQWV�DUH�GHVFULEHG�LQ�WKLV�UHSRUW��WKH�ILUVW�ZLWK�SHULRGLF�ZHWWLQJ�DQG�WKH 
VHFRQG�ZLWKRXW�ZHWWLQJ���3HULRGLF�ZHWWLQJ�ZDV�GRQH�DW�D�UDWH�WKDW�ZRXOG�WUDQVODWH�WR�DERXW�RQH 
UDLQ�HYHQW�HYHU\����GD\V�DW�WKH�FXUUHQW�GHQVLW\�2UHJRQ�'27�W\SLFDOO\�RSHUDWHV�FRDVWDO�,&&3 
DQRGHV���7KLV�LV�D�UHDVRQDEOH�FRDVWDO�SUHFLSLWDWLRQ�IUHTXHQF\�DQG�LV�WKH�VWDQGDUG�E\�ZKLFK�WKH 
SHULRGLFDOO\�ZHWWHG�PRGHO�LV�GHILQHG� 

7KH�SHULRGLFDOO\�ZHWWHG�PRGHO�ZLOO�EH�GLYLGHG�LQWR�ILYH�UHJLPHV�RI�HOHFWURFKHPLFDO�DJH��LQLWLDO 
���N&�P����HDUO\����WR����N&�P����PLGGOH�����WR�����N&�P����ODWH������WR������N&�P����DQG�ILQDO 
�EH\RQG������N&�P������7KHVH�UDQJHV�FRUUHVSRQG�WR�WKRVH�IRXQG�LQ�WKH�HPSLULFDO�ERQG�VWUHQJWK 
PRGHO��(TXDWLRQV�����DQG������DQG�WKH�ERQG�VWUHQJWK�PRGHO�SDUDPHWHUV�LQ�7DEOH�����IRU 
SHULRGLFDOO\�ZHWWHG�DQRGHV� 

LQLWLDO����N&�P��RU���$�K�IW�� 
%RQG�VWUHQJWK�±�7KH�]LQF�DQRGH�LV�PHFKDQLFDOO\�ERQGHG�WR�WKH�FRQFUHWH���7KH�ERQG�LV 
FUHDWHG�E\�]LQF�SHQHWUDWLQJ�LQWR�WKH�³WRRWK´�RI�WKH�FRQFUHWH�SURGXFHG�E\�OLJKW 
VDQGEODVWLQJ���,QLWLDO�ERQG�VWUHQJWKV�UDQJH�IURP�����WR���03D������WR�����SVL��ZLWK�WKH 
KLJKHU�ERQG�VWUHQJWKV�SURGXFHG�E\�SUHKHDWLQJ�WKH�FRQFUHWH���%RQG�IDLOXUHV�RFFXU 
SULPDULO\�LQ�WKH�FRQFUHWH���%RQG�VWUHQJWK�YDOXHV�PD\�EH�HYHQ�KLJKHU�LI�WKH�FRQFUHWH�FXUHV 
WR�KLJKHU�WHQVLOH�VWUHQJWK� 

���




&LUFXLW�UHVLVWDQFH�±�7KH�LQLWLDO�FLUFXLW�UHVLVWDQFH�LV�����WR�����RKP�P��DQG�YDULHV�ZLWK 
PRLVWXUH�LQ�WKH�FRQFUHWH��EHLQJ�KLJKHU�ZKHQ�WKH�FRQFUHWH�LV�GULHU���,PSRUWDQW�UHVLVWLYH 
FLUFXLW�HOHPHQWV�DUH�5FW�D��5V��5I�U��5FW�U�DQG�:U� 
$QRGH�FRQFUHWH�LQWHUIDFLDO�FKHPLVWU\�±�1R�UHDFWLRQ�EHWZHHQ�WKH�DQRGH�DQG�FRQFUHWH� 
S+�RI�WKH�LQWHUIDFH�LV������� 
$QRGH�FRQGLWLRQ�±�7KH�DQRGH�LV�KLJKO\�SHUPHDEOH�WR�ZDWHU�DQG�JDVHV� 

HDUO\����WR����N&�P��RU���WR�����$�K�IW�� 
%RQG�VWUHQJWK�±�=LQF�LV�FRQVXPHG�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH�GHFUHDVLQJ�WKH 
PHFKDQLFDO�ERQG���%RQG�VWUHQJWK�YDOXHV�IDOO�WR�D�PLQLPXP�RI�����WR�����03D������WR���� 
SVL����,I�FRQFUHWH�LV�QRW�IXOO\�FXUHG�LQLWLDOO\��WKLV�GHFUHDVH�PD\�EH�PDVNHG�E\�WKH�LQFUHDVH 
LQ�FRQFUHWH�WHQVLOH�VWUHQJWK� 
&LUFXLW�UHVLVWDQFH�±�7KH�FLUFXLW�UHVLVWDQFH�UHPDLQV�DW�DURXQG�����WR�����RKP�P��DQG 
YDULHV�ZLWK�PRLVWXUH�LQ�WKH�FRQFUHWH��EHLQJ�KLJKHU�ZKHQ�WKH�FRQFUHWH�LV�GULHU���,PSRUWDQW 
UHVLVWLYH�FLUFXLW�HOHPHQWV�DUH�5FW�D��5V��5I�U��5FW�U�DQG�:U� 

$QRGH�FRQFUHWH�LQWHUIDFLDO�FKHPLVWU\�±�$�]LQF�R[LGH�K\GUR[LGH�OD\HU�EHJLQV

GHYHORSLQJ���S+�RI�WKH�LQWHUIDFH�GHFUHDVHV�WR�����DV�WKH�UHVXOW�RI�DFLGLILFDWLRQ��UHDFWLRQ

����

$QRGH�FRQGLWLRQ�±�7KH�DQRGH�LV�SHUPHDEOH�WR�ZDWHU�DQG�JDVHV�


PLGGOH�����WR�����N&�P��RU�����WR������$�K�IW�� 
%RQG�VWUHQJWK�±�&RQVLGHUDEOH�]LQF�LV�FRQVXPHG�DW�WKH�DQRGH�FRQFUHWH��LQWHUIDFH� 
+RZHYHU��VHFRQGDU\�PLQHUDOL]DWLRQ�LQWHJUDWHV�]LQF�PLQHUDOV�DW�WKH�LQWHUIDFH�ZLWK�WKH 
FRQFUHWH�DQG�WKH�DQRGH��WKXV�LPSURYLQJ�WKH�PHFKDQLFDO�ERQG�DQG�LQFUHDVLQJ�WKH�ERQG 
VWUHQJWK���%RQG�VWUHQJWK�LQFUHDVHV�WR�D�PD[LPXP�RI�����WR�����03D������WR�����SVL�� 
%RQG�IDLOXUHV�RFFXU�LQFUHDVLQJO\�LQ�WKH�]LQF�PLQHUDO�OD\HU�DW�WKH�LQWHUIDFH� 
&LUFXLW�UHVLVWDQFH�±�7KH�FLUFXLW�UHVLVWDQFH�UHPDLQV�XQGHU�DERXW���NRKP�P����+RZHYHU� 
GXULQJ�GU\�SHULRGV�LW�FDQ�ULVH�WR�LQFUHDVLQJO\�ODUJHU�YDOXHV�ZLWK�DJH���,PSRUWDQW�UHVLVWLYH 
FLUFXLW�HOHPHQWV�DUH�:D��5FW�D��5U]��5V��5I�U��5FW�U��DQG�:U� 
$QRGH�FRQFUHWH�LQWHUIDFLDO�FKHPLVWU\�±�$�VXEVWDQWLDO�]LQF�PLQHUDO�OD\HU�LV�SUHVHQW�DW 
WKH�LQWHUIDFH���0LQHUDO�FRQVWLWXHQWV�LPPHGLDWHO\�DGMDFHQW�WR�WKH�DQRGH�LQFOXGH�]LQF 
R[LGH�K\GUR[LGH��]LQF�K\GUR[\FDUERQDWH��]LQF�K\GUR[\FKORULGH��DQG�]LQF�K\GUR[\VXOIDWH� 
WKH�ODWWHU�WZR�SURGXFHG�E\�HOHFWUR�PLJUDWLRQ�RI�FKORULGH�DQG�VXOIDWH�LRQV�IURP�ZLWKLQ�WKH 
FRQFUHWH�WR�WKH�DQRGH���$�UHDFWLRQ�]RQH�GHYHORSV�LQ�WKH�FHPHQW�SDVWH�ZLWK�=Q�UHSODFLQJ 
&D�DQG�IRUPLQJ�D��&D�=Q��DOXPLQRVLOLFDWH���7KH�S+�GHFUHDVHV�WR�����WR��� 
$QRGH�FRQGLWLRQ�±�3RUHV�LQ�WKH�DQRGH�DUH�ILOOLQJ�XS�ZLWK�]LQF�PLQHUDOV��SULPDULO\�]LQF 
R[LGH�DQG�K\GUR[LGH���7KH�DQRGH�LV�UHODWLYHO\�LPSHUPHDEOH�WR�ZDWHU�DQG�JDVHV�GXH�WR�WKH 
GHFUHDVHG�SRURVLW\�RI�WKH�DQRGH�DQG�WR�WKH�]LQF�PLQHUDO�OD\HU�IRUPHG�DW�WKH�DQRGH� 
FRQFUHWH�LQWHUIDFH� 

ODWH������WR������N&�P��RU������WR������$�K�IW�� 
%RQG�VWUHQJWK�±�7KH�DQRGH�ERQG�VWUHQJWK�GHFUHDVHV�PRQRWRQLFDOO\�WR�]HUR�DW�DERXW����� 
N&�P���HTXLYDOHQW�WR�DERXW����\HDUV�VHUYLFH�DW�WKH�2UHJRQ�'27�FXUUHQW�GHQVLW\�RI������� 
$�P��IRU�FRDVWDO�EULGJH�,&&3�V\VWHPV���3UHKHDWLQJ�WKH�FRQFUHWH�DW�WKH�WLPH�RI�DSSOLFDWLRQ 
KDV�QR�HIIHFW�RQ�WKH�ERQG�VWUHQJWK�LQ�WKLV�UHJLPH���6XEVWDQWLDO�DUHDV�RI�GLVERQGPHQW 

���




GHYHORS�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH�ODWH�LQ�WKLV�UHJLPH�DQG�WKH�IDLOXUHV�DUH�DOPRVW 
HQWLUHO\�LQ�WKH�]LQF�PLQHUDO�OD\HU�DW�WKH�LQWHUIDFH� 
&LUFXLW�UHVLVWDQFH�±�7KH�PLQLPXP�FLUFXLW�UHVLVWDQFH�GXULQJ�SHULRGV�RI�ZHW�FRQFUHWH 
JUDGXDOO\�ULVHV�ZLWK�DJH�IURP�DERXW���NRKP�P��WR���NRKP�P��RU�PRUH����'XULQJ�GULHU 
SHULRGV��WKH�FLUFXLW�UHVLVWDQFH�ULVHV�UDSLGO\�WR�YDOXHV�RI���WR����NRKP�P�����'XULQJ�GULHU 
SHULRGV��FLUFXLW�UHVLVWDQFH�YDOXHV�DUH�VXIILFLHQWO\�KLJK�WKDW�WKH�&3�RSHUDWLQJ�YROWDJH�LV�DOVR 
TXLWH�KLJK���,PSRUWDQW�UHVLVWLYH�FLUFXLW�HOHPHQWV�DUH�:D�DQG�5U]� 
$QRGH�FRQFUHWH�LQWHUIDFLDO�FKHPLVWU\�±�$�VXEVWDQWLDO�]LQF�PLQHUDO�OD\HU�LV�SUHVHQW�DW 
WKH�LQWHUIDFH�VLPLODU�WR�WKDW�IRUPHG�LQ�WKH�PLGGOH�DJH�SHULRG���7KH�S+�UHPDLQV�DW�����WR��� 
$QRGH�FRQGLWLRQ�±�7KH�DQRGH�LV�LPSHUPHDEOH�WR�ZDWHU�DQG�JDVHV� 

ILQDO��EH\RQG������N&�P��RU������$�K�IW�� 
%RQG�VWUHQJWK�±�:KLOH�WKH�DQRGH�LV�ODUJHO\�GLVERQGHG��LW�UHPDLQV�DWWDFKHG�WR�WKH 
FRQFUHWH�DW�GLVFUHWH�ORFDWLRQV�FDOOHG�DQFKRU�SLWV��RU�³EXJ�KROHV´�LQ�EULGJH�YHUQDFXODU� 
ZKHUH�WKH�DQRGH�H[WHQGV�LQWR�FDYLWLHV�LQ�WKH�FRQFUHWH�VXUIDFH���$V�D�UHVXOW��WKH�DQRGH�GRHV 
QRW�VORXJK�IURP�WKH�VXUIDFH� 
&LUFXLW�UHVLVWDQFH�±��'LVERQGPHQW�OHDGV�WR�HYHU�VPDOOHU�DQRGH�DUHDV�FDUU\LQJ�WKH�FKDUJH 
IRU�HOHFWURFKHPLFDO�UHDFWLRQV�DQG�WR�LQFUHDVLQJ�FLUFXLW�UHVLVWDQFH����,PSRUWDQW�UHVLVWLYH 
FLUFXLW�HOHPHQWV�DUH�:D�DQG�5U]� 
$QRGH�FRQFUHWH�LQWHUIDFLDO�FKHPLVWU\�±�6LPLODU�WR�WKDW�IRUPHG�LQ�WKH�ODWH�UHJLPH� 
$QRGH�FRQGLWLRQ�±�$W�PRVW��RQO\�DERXW������PP����PLOV��RI�DQRGH�WKLFNQHVV�KDV�EHHQ 
FRQVXPHG� 

7KH�PRGHO�IRU�RWKHU�DQRGH�ZHWWLQJ�IUHTXHQFLHV��LQFOXGLQJ�XQZHWWHG�DQRGHV��DUH�DV�LQILQLWHO\ 
YDULHG�DV�WKH�ZHWWLQJ�KLVWRULHV�RI�WKH�DQRGH���+RZHYHU��WKH�PRGHO�MXVW�GHVFULEHG�IRU�SHULRGLFDOO\� 
ZHWWHG�DQRGHV�FRQWDLQV�WKH�NH\�IHDWXUHV�RI�HDFK�RI�WKHVH�DQRGHV�DQG�JLYHV�LQVLJKW�LQWR�WKH�HIIHFWV 
WR�EH�H[SHFWHG�DV�76�=Q�DQRGHV�RQ�FRDVWDO�EULGJHV�DJH���)RU�VKHOWHUHG�HQYLURQPHQWV�ZKHUH 
FRQGLWLRQV�DUH�H[SHFWHG�WR�EH�GULHU��WKH�HIIHFWV�RI�DJLQJ�DUH�DFFHOHUDWHG�EHFDXVH�VHFRQGDU\ 
PLQHUDOL]DWLRQ�RI�DQRGH�GLVVROXWLRQ�SURGXFWV�DQG�GLIIXVLRQ��RI�DQLRQV�DQG�FDWLRQV�LV�PRUH 
UHVWULFWHG� 

)RU�WKH�XQ�ZHWWHG�PRGHO�WKH�ILYH�UHJLPHV�RI�HOHFWURFKHPLFDO�DJH�DUH��LQLWLDO����N&�P����HDUO\��� 
WR����N&�P����PLGGOH�����WR����N&�P����ODWH�����WR�����N&�P����DQG�ILQDO��EH\RQG�����N&�P��� 
7KHVH�UDQJHV�FRUUHVSRQG�WR�WKRVH�IRXQG�LQ�WKH�HPSLULFDO�ERQG�VWUHQJWK�PRGHO��(TXDWLRQV�����DQG 
�����DQG�WKH�ERQG�VWUHQJWK�PRGHO�SDUDPHWHUV�LQ�7DEOH�����IRU�XQ�ZHWWHG�76�=Q�DQRGHV� 

LQLWLDO����N&�P��RU���$�K�IW�� 
6DPH�DV�IRU�WKH�SHULRGLFDOO\�ZHWWHG�PRGHO��ZLWK�ERQG�VWUHQJWK�YDOXHV�RI�����WR�����03D 
�����WR�����SVL�� 

HDUO\����WR����N&�P��RU���WR������$�K�IW�� 
%RQG�VWUHQJWK���%RQG�VWUHQJWK�YDOXHV�UHPDLQ�XQFKDQJHG�RU�ULVH� 
&LUFXLW�UHVLVWDQFH����,PSRUWDQW�UHVLVWLYH�FLUFXLW�HOHPHQWV�DUH�5FW�D��5V��5I�U��5FW�U�DQG�:U� 

PLGGOH�����WR����N&�P��RU������WR�����$�K�IW�� 

���




%RQG�VWUHQJWK�±�%RQG�VWUHQJWK�UHDFKHV�D�PD[LPXP�RI�����03D������SVL��IRU�SUHKHDWHG 
FRQFUHWH� 
&LUFXLW�UHVLVWDQFH�±�7KH�FLUFXLW�UHVLVWDQFH�ULVHV�WR�YHU\�ODUJH�YDOXHV�ZLWKLQ�WKLV�DJH 
SHULRG���,PSRUWDQW�UHVLVWLYH�FLUFXLW�HOHPHQWV�DUH�:D�DQG�5U]� 
$QRGH�FRQFUHWH�LQWHUIDFLDO�FKHPLVWU\�±�$Q�LQVXODWLQJ�]LQF�R[LGH�OD\HU�IRUPV��ZLWK�QR 
HYLGHQFH�RI�VHFRQGDU\�PLQHUDOL]DWLRQ��]LQF�K\GUR\FKORULGH�RU�K\GUR[\VXOIDWH�PLQHUDOV��RU 
PRGLILFDWLRQ�RI�WKH�FHPHQW�SDVWH���=LQF�GRHV�QRW�SHQHWUDWH�WKH�FHPHQW�SDVWH� 

ODWH�����WR�����N&�P��RU�����WR�����$�K�IW�� 
%RQG�VWUHQJWK�±�%RQG�VWUHQJWK�GHFUHDVHV�PRQRWRQLFDOO\�WR�]HUR�DW�DERXW�����N&�P�� 
HTXLYDOHQW�WR�DERXW���\HDUV�VHUYLFH�DW�WKH�2UHJRQ�'27�FXUUHQW�GHQVLW\�RI��������$�P��IRU 
FRDVWDO�EULGJH�,&&3�V\VWHPV� 
&LUFXLW�UHVLVWDQFH����,PSRUWDQW�UHVLVWLYH�FLUFXLW�HOHPHQWV�DUH�:D�DQG�5U]� 

ILQDO��EH\RQG�����N&�P��RU�����$�K�IW�� 
6DPH�DV�IRU�WKH�SHULRGLFDOO\�ZHWWHG�PRGHO� 

��� 6$&3�23(5$7,21 

6$&3�]RQHV�RQ�WKH�&DSH�&UHHN�%ULGJH�IRUPHG�E\�VKRUWV�EHWZHHQ�WKH�]LQF�DQRGH�DQG�WKH�UHEDU 
FDQQRW�EH�FKDUDFWHUL]HG�LQ�WHUPV�RI�FRQYHQWLRQDO�&3�PHDVXUHPHQWV��UHEDU�GHSRODUL]DWLRQ� 
SURWHFWLRQ�FXUUHQW��EHFDXVH�WKH�DQRGH�DQG�FDWKRGH�ZHUH�QRW�VHSDUDEOH���2QO\�ZKHUH�WKH�DQRGH 
DQG�FDWKRGH�DUH�VHSDUDWHG��DV�LQ�WKH�FDVH�RI�WKH�6$&3�76�=Q�DQRGH�RQ�WKH�&DSH�3HUSHWXD 
9LDGXFW�RU�ZKHUH�D�ZLQGRZ�KDV�EHHQ�FRQVWUXFWHG�LQ�D�6$&3�]RQH��FDQ�WKH�DQRGH�SHUIRUPDQFH�EH 
FKDUDFWHUL]HG�DV�ZDV�GRQH�IRU�,&&3�DQRGHV���:KHQ�WKLV�LV�SRVVLEOH��D�PRGHO�VXFK�DV�XVHG�IRU�WKH 
,&&3�GDWD�VKRXOG�DOVR�DSSO\�WR�WKH�6$&3�GDWD���7KH�GLIILFXOW\�LV�WKH�ODFN�RI�6$&3 
HOHFWURFKHPLFDO�DJH�GDWD��SDUWLFXODUO\�FXUUHQW�RXWSXW�GDWD� 

,W�PLJKW�EH�H[SHFWHG�WKDW�D�6$&3�DQRGH�ZRXOG�SHUIRUP�LQ�D�VLPLODU�ZD\�WR�WKH�,&&3�DQRGH� 
+RZHYHU��LQ�WZR�ZD\V�WKLV�ZDV�QRW�WKH�FDVH���$IWHU�VLJQLILFDQW�DJLQJ��WKH�ERQG�VWUHQJWK�RI�WKH 
6$&3�DQRGH�ZDV�PXFK�KLJKHU�WKDQ�IRU�WKH�,&&3�DQRGH�RI�FRPSDUDEOH�DJH���,Q�DGGLWLRQ��WKHUH 
ZDV�QR�GLIIXVLRQ�RI�=Q�LQWR�WKH�FHPHQW�SDVWH�IRU�WKH�6$&3�DQRGH���'HVSLWH�WKH�VSDUVHQHVV�RI 
6$&3�GDWD�LQ�WKLV�UHSRUW��D�SHULRGLFDOO\�ZHWWHG�PRGHO�ZDV�GHYHORSHG�IRU�6$&3�VLPLODU�WR�WKDW 
XVHG�IRU�,&&3� 

LQLWLDO����N&�P��RU���$�K�IW�� 
%RQG�VWUHQJWK�±�6DPH�DV�IRU�,&&3� 
&XUUHQW�RXWSXW�±�$W�D�PD[LPXP��PD\�EH�DV�KLJK�DV�������P$�P�� 
$QRGH�FRQFUHWH�LQWHUIDFLDO�FKHPLVWU\�±�6DPH�DV�IRU�,&&3� 
$QRGH�FRQGLWLRQ�±�6DPH�DV�IRU�,&&3� 

HDUO\����WR����N&�P��RU���WR�����$�K�IW�� 
%RQG�VWUHQJWK�±�1R�GDWD� 
&XUUHQW�RXWSXW�±�'HFUHDVHV�JUDGXDOO\��LQFUHDVHV�GXULQJ�SHULRGV�RI�ZHWQHVV� 
$QRGH�FRQFUHWH�LQWHUIDFLDO�FKHPLVWU\�±�1R�GDWD� 

���




$QRGH�FRQGLWLRQ�±�1R�GDWD��H[SHFWHG�WR�EH�VLPLODU�WR�WKDW�IRU�,&&3� 

PLGGOH�����WR�����N&�P��RU�����WR������$�K�IW�� 
%RQG�VWUHQJWK�±�1R�GDWD� 
&XUUHQW�RXWSXW�±�&RQWLQXHV�WR�GHFOLQH��LQFUHDVHV�GXULQJ�SHULRGV�RI�ZHWQHVV� 
$QRGH�FRQFUHWH�LQWHUIDFLDO�FKHPLVWU\�±�7KHUH�LV�SUDFWLFDOO\�QR�GLIIXVLRQ�RI�=Q�LQWR�WKH 
FHPHQW�SDVWH� 
$QRGH�FRQGLWLRQ�±�1R�GDWD� 

ODWH������WR������N&�P��RU������WR������$�K�IW�� 
%RQG�VWUHQJWK�±�9HU\�KLJK�ERQG�VWUHQJWK��DERXW�����03D������SVL�� 
&XUUHQW�RXWSXW�±�/HYHOV�RXW�DW�DURXQG���P$�P���LQFUHDVHV�GXULQJ�SHULRGV�RI�ZHWQHVV� 
$QRGH�FRQFUHWH�LQWHUIDFLDO�FKHPLVWU\�±�=LQF�PLQHUDO�OD\HU�LV�ODUJHO\�=Q2���7KHUH�LV 
SUDFWLFDOO\�QR�GLIIXVLRQ�RI�=Q�LQWR�WKH�FHPHQW�SDVWH���7KHUH�LV�QR�UHDFWLRQ�]RQH�LQ�WKH 
FHPHQW�SDVWH�ZKHUH�=Q�KDV�UHSODFH�&D���S+�RI�WKH�LQWHUIDFH�LV������ 
$QRGH�FRQGLWLRQ�±�7KH�DQRGH�ZDV�HQWLUHO\�FRQVXPHG�LPPHGLDWHO\�RYHU�WKH�UHEDU�DQG�WKH 
FRQFUHWH�ZDV�EDUH���=Q�DQRGH�UHPDLQHG�RQ�WKH�FRQFUHWH�VXUIDFH�EHWZHHQ�ZKHUH�WKH�UHEDU 
ZDV�ORFDWHG�RXWOLQLQJ�WKH�UHEDU�ORFDWLRQ�RQ�WKH�FRQFUHWH�VXUIDFH���0RVW�RI�WKH�]LQF�WKDW 
UHPDLQHG�KDG�EHHQ�FRQYHUWHG�LQWR�=Q2� 

ILQDO��EH\RQG������N&�P��RU������$�K�IW�� 
%RQG�VWUHQJWK�±�1R�GDWD� 
&XUUHQW�RXWSXW�±�1R�GDWD� 
$QRGH�FRQFUHWH�LQWHUIDFLDO�FKHPLVWU\�±�1R�GDWD� 
$QRGH�FRQGLWLRQ�±�1R�GDWD� 

���




���




��� =,1&�$12'(�3(5)250$1&( 

7KH�PRGHO�RI�=Q�DQRGH�RSHUDWLRQ�SURYLGHV�D�EDVLV�IRU�DVVHVVLQJ�WKH�SHUIRUPDQFH�RI�WKH�WKHUPDO� 
VSUD\HG�=Q�DQRGH�LQ�WHUPV�RI�,&&3�DQG�6$&3�RSHUDWLRQ�DQG�VHUYLFH�OLIH���7KH�=Q�DQRGH�ZLOO�DOVR 
EH�FRPSDUHG�ZLWK�D�VROYHQW�EDVHG�DFU\OLF�FDUERQ�SDLQW�DQRGH��Cramer, et al. 2002b��DQG�D�&R� 
FDWDO\]HG�WKHUPDO�VSUD\HG�7L�DQRGH��Cramer, et al. 1999; McGill, et al. 1999��FXUUHQWO\�LQ 
GHPRQVWUDWLRQ�SURMHFWV�RQ�2UHJRQ�FRDVWDO�EULGJHV� 

7\SLFDO�WKHUPDO�VSUD\�SDUDPHWHUV�IRU�DSSOLFDWLRQ�RI�WKH�DQRGH�DUH��Cramer, et al. 2002a; Rogers 
2000���������PP�������LQ��GLDPHWHU�=Q�ZLUH���GF�FXUUHQW�±�����$��GF�YROWDJH�±����9��GHSRVLWLRQ 
UDWH�±����NJ�K������OE�K��DQG�GHSRVLWLRQ�HIILFLHQF\�±��������$Q�;�<�VSUD\�SDWWHUQ�JLYHV�D�=Q 
DQRGH�RI�IDLUO\�XQLIRUP�WKLFNQHVV�ZLWK�DQ�DYHUDJH�RI�����������PP��������PLOV����0D[LPXP 
WHPSHUDWXUH�RI�WKH�=Q�WKHUPDO�VSUD\HG�FRQFUHWH�VXUIDFH�LV�������R�&� 

��� ,&&3�23(5$7,21 

7KH�76�=Q�DQRGH�IXQFWLRQV�HIIHFWLYHO\�LQ�EULGJH�,&&3�V\VWHPV�WR�GLVWULEXWH�FXUUHQW�WR�UHEDU�LQ 
FRPSOH[�JHRPHWULHV���/LNH�PRVW�,&&3�DQRGHV�IRU�UHLQIRUFHG�FRQFUHWH��WKH�DQRGH�FRQFUHWH 
LQWHUIDFH�LV�DFLGLILHG�ZLWK�DJLQJ���%DVHG�ODUJHO\�RQ�ODERUDWRU\�WHVWV��DFLGLILFDWLRQ�DQG�WKH 
DFFRPSDQ\LQJ�JURZWK�RI�D�]LQF�PLQHUDO�OD\HU�DW�WKH�LQWHUIDFH�UHVXOWV�LQ�D�GHFUHDVH�LQ�ERQG 
VWUHQJWK�DQG�LQFUHDVH�LQ�FLUFXLW�UHVLVWDQFH�ZLWK�LQFUHDVH�LQ�DJH���7KHVH�FKDQJHV�PD\�EH�VORZHU�WR 
DSSHDU�LQ�DFWXDO�VHUYLFH�DW�WKH�FXUUHQW�GHQVLW\�WKDW�2UHJRQ�'27�W\SLFDOO\�RSHUDWHV�FRDVWDO�&3 
V\VWHPV���������$�P�������P$�IW�����0RLVWXUH�LQ�WKH�FRQFUHWH��SDUWLFXODUO\�DW�WKH�DQRGH�FRQFUHWH 
LQWHUIDFH��LV�D�NH\�IDFWRU�LQ�UHGXFLQJ�FLUFXLW�UHVLVWDQFH���7KH�DQRGH�PD\�SHUIRUP�OHVV�HIIHFWLYHO\ 
LQ�D�GULHU�HQYLURQPHQW�ZKHQ�WKH�FLUFXLW�UHVLVWDQFH�WHQGV�WR�EH�KLJK� 

3UHKHDWLQJ�RI�WKH�FRQFUHWH�VXUIDFH�SULRU�WR�76�=Q�DQRGH�DSSOLFDWLRQ�LV�QRW�HIIHFWLYH�DV�LW�\LHOGV�QR 
ORQJ�WHUP�EHQHILW�WR�DQRGH�SHUIRUPDQFH���+RZHYHU��WKH�SUDFWLFH�VKRXOG�EH�WR�VSUD\�RQO\�ZKHQ�WKH 
FRQFUHWH�VXUIDFH�LV�GU\��DV�GHWHUPLQHG�E\�WKH�UHODWLYH�KXPLGLW\�RI�WKH�VSUD\�HQYLURQPHQW���7KLV�LV 
DFKLHYHG�E\�WKH�HQYLURQPHQWDO�HQFORVXUHV�FXUUHQWO\�XVHG�LQ�VSUD\LQJ�FRDVWDO�EULGJHV� 

$Q�DQRGH�FRDWLQJ�WKLFNQHVV�RI������PP�����PLOV��VKRXOG�EH�DGHTXDWH�IRU�EULGJH�DSSOLFDWLRQV�DV 
RQO\������PP����PLOV��LV�FRQVXPHG�E\�WKH�HOHFWURFKHPLFDO�UHDFWLRQ�LQ�������\HDUV�VHUYLFH� 
)DFWRUV�WKDW�UHGXFH�WKH�DYHUDJH�DQRGH�FXUUHQW�GHQVLW\�ZLOO�LQFUHDVH�WKH�VHUYLFH�OLIH�RI�WKH�DQRGH� 
3HULRGLF�PRQLWRULQJ�RI�DQRGH�SHUIRUPDQFH��DV�2UHJRQ�'27�LV�SUHVHQWO\�GRLQJ��LV�QHFHVVDU\�WR 
LGHQWLI\�DJLQJ�HIIHFWV�LQ�DFWXDO�&3�VHUYLFH� 

��� 6$&3�23(5$7,21 

6$&3�DQRGHV�IRUPHG�E\�VKRUWV�EHWZHHQ�WKH�DQRGH�DQG�UHEDU�RU�E\�GLUHFW�VSUD\LQJ�RI�WKH�]LQF 
DQRGH�RYHU�H[SRVHG�UHEDU�SURYLGH�IHZ�RSSRUWXQLWLHV�WR�DVVHVV�KRZ�HIIHFWLYHO\�WKH�DQRGHV�DUH 
SURWHFWLQJ�WKH�UHEDU���$SSOLHG�E\�WKH�VDPH�VWDQGDUGV�DV�IRU�DQ�,&&3�]RQH��L�H���SUHYHQWLQJ�VKRUWV 

���




EHWZHHQ�DQRGH�DQG�UHEDU��WKH�SHUIRUPDQFH�RI�WKH�6$&3�]RQH�FDQ�EH�HYDOXDWHG�XVLQJ�WKH�VDPH 
FULWHULD�DV�IRU�,&&3�DQRGHV���(DUO\�LQ�WKH�RSHUDWLRQ�RI�WKH�6$&3�DQRGH�FXUUHQW�RXWSXW�PD\�EH 
KLJK�DQG�LW�PD\�EH�QHFHVVDU\�VORZ�WKH�DQRGH�UHDFWLRQ��$QRGH�RXWSXW�FXUUHQW�W\SLFDOO\�GHFUHDVHV 
ZLWK�WLPH�DV�D�]LQF�PLQHUDO�OD\HU�JURZV�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH���$QRGHV�PD\�EHFRPH 
YHU\�DGKHUHQW�ZLWK�DJH� 

��� $12'(�6(59,&(�/,)( 

7KH�VHUYLFH�OLIH�RI�WKH�WKHUPDO�VSUD\HG�=Q�DQRGH�FDQ�EH�GHWHUPLQHG�E\�DW�OHDVW�WKUHH�FULWHULD� 

���� WLPH�IRU�WKH�DQRGH�WR�EH�FRQVXPHG�

���� WLPH�IRU�WKH�ERQG�VWUHQJWK�WR�UHDFK�]HUR��RU

���� WLPH�IRU�WKH�FLUFXLW�UHVLVWDQFH�WR�UHDFK�D�OHYHO�ZKHUH�RSHUDWLQJ�YROWDJHV�DUH�WRR�KLJK�


:LWK������PP�����PLO��WKLFN�DQRGHV��FULWHULRQ�����LV�SUREDEO\�QRW�D�IDFWRU�DV�FRQVXPSWLRQ�UDWHV 
DUH�VORZ�UHODWLYH�WR�RWKHU�HVWLPDWHV�RI�DQRGH�VHUYLFH���7KH�VHUYLFH�OLIH�GHILQHG�E\�FULWHULRQ�����LV 
DSSUR[LPDWHO\����\HDUV�DW�D�&3�FXUUHQW�GHQVLW\�RI��������$�P�������P$�IW���IRU�SHULRGLFDOO\� 
ZHWWHG�DQRGHV� 

1R�VHUYLFH�OLIH�HVWLPDWH�KDV�EHHQ�PDGH�EDVHG�RQ�FULWHULRQ�������+RZHYHU��WKLV�PD\�EH�WKH�PRUH 
LPSRUWDQW�FULWHULRQ�VLQFH�FLUFXLW�UHVLVWDQFH�IRU�SHULRGLFDOO\�ZHWWHG�76�=Q�DQRGHV�FDQ�ULVH 
VLJQLILFDQWO\�DIWHU�����N&�P���DERXW���\HDUV�DW�WKH�W\SLFDO�2UHJRQ�'27�,&&3�FXUUHQW�GHQVLW\�IRU 
FRDVWDO�EULGJHV���6HUYLFH�OLIH�LV�VXEVWDQWLDOO\�VKRUWHQHG�E\�GU\�FRQGLWLRQV��ZKLFK�OHDG�WR�KLJK 
FLUFXLW�UHVLVWDQFH�DQG�ORZ�ERQG�VWUHQJWK�DW�WLPHV�PXFK�VKRUWHU�WKDQ�IRU�SHULRGLFDOO\�ZHWWHG 
DQRGHV� 

��� &203$5,621�:,7+�27+(5�&21'8&7,9(�&2$7,1*�$12'(6 

7KH�SHUIRUPDQFH�RI�WKUHH�W\SHV�RI�FRQGXFWLYH�FRDWLQJ�DQRGHV�LQ�XVH�RQ�2UHJRQ�'27�UHLQIRUFHG 
FRQFUHWH�FRDVWDO�EULGJHV�LV�FRPSDUHG�LQ�7DEOH�������7KH�FDUERQ�DQRGH�LV�WKH�RQO\�RQH�ZLWK�DQRGH 
UHDFWLRQV�WKDW�UHVXOW�LQ�UHGXFHG�DFLGLILFDWLRQ�RI�WKH�DQRGH�FRQFUHWH�LQWHUIDFH��Cramer, et al. 
2002b����7KLV�LV�WKH�R[LGDWLRQ�UHDFWLRQ�WKDW�FRQYHUWV�&O�LRQV�WR�FKORULQH�RU�K\SRFKORULF�DFLG��WKHVH 
FRPSRXQGV�DUH�YHQWHG�DV�JDVHV�IURP�WKH�V\VWHP�WKURXJK�WKH�SRURXV�DQRGH�OD\HU��7KH�FDWDO\]HG 
7L�DQRGH�LV�WKH�OHDVW�VHQVLWLYH�WR�FKDQJHV�LQ�PRLVWXUH�FRQWHQW�RI�WKH�FRQFUHWH�RU�HQYLURQPHQW 
�Covino, et al. 1997b����7KH�DQRGH�KDV�D�IODW�UHVSRQVH�WR�KXPLGLW\�GRZQ�WR�������LQGLFDWLQJ�WKH 
DQRGH�REWDLQV�VXIILFLHQW�ZDWHU�IURP�PRLVWXUH�LQ�DLU�WR�VXSSRUW�WKH�DQRGH�UHDFWLRQ���$W����\HDUV 
H[SRVXUH��UHODWLYH�WR�2UHJRQ�'27¶V�EULGJH�,&&3�FXUUHQW�GHQVLW\���WKH�76�=Q�DQRGH�KDG�WKH 
KLJKHVW�ERQG�VWUHQJWK���7KH�76�=Q�DQRGH�H[KLELWV�PRUH�EDVLF�LQWHUIDFLDO�S+�YDOXHV�WKDQ�WKH 
FDUERQ�RU�7L�DQRGHV���%RWK�WKH�FDUERQ�DQG�WKH�7L�DQRGHV�H[KLELW�ORZ�FLUFXLW�UHVLVWDQFH�������� 
RKP�P���RYHU�WKH�IXOO�H[WHQW�RI�WKHLU�VHUYLFH�WR�GDWH���2Q�WKH�RWKHU�KDQG��WKH�76�=Q�DQRGH�FLUFXLW 
UHVLVWDQFH�LV�LQLWLDOO\�DV�ORZ�DV�WKDW�IRU�WKH�&�DQG�7L�DQRGHV���+RZHYHU��ZLWK�WLPH�WKH�76�=Q 
DQRGH�FLUFXLW�UHVLVWDQFH�FDQ�ULVH�WR�VXEVWDQWLDO�YDOXHV�GHSHQGLQJ�RQ�DJH�DQG�PRLVWXUH�FRQWHQW�RI 
WKH�FRQFUHWH� 

���




7DEOH������&RPSDULVRQ�RI�WKHUPDO�VSUD\HG�=Q�DQRGH�ZLWK�RWKHU�FRQGXFWLYH�FRDWLQJ�DQRGHV 
3URSHUW\ 76�=Q�� &R�FDWDO\]HG 

76�7L 
6ROYHQW�EDVHG 
DFU\OLF�&�SDLQW 

$QRGH�UHDFWDQW =Q +�2 &��&O��+�2 

&RQVXPDEOH�DQRGH \HV QR SDUWO\ 

6HQVLWLYH�WR�PRLVWXUH�FRQWHQW�RI�FRQFUHWH YHU\ PRGHUDWH PRGHUDWH 
)LIWHHQ�\HDU�ERQG�VWUHQJWK��03D��SVL� ������� 

��������� 
��������� 

������� 
��������� 

������� 
)LIWHHQ�\HDU�DQRGH�FRQFUHWH�LQWHUIDFLDO�S+ ����� ������� ������� 

&LUFXLW�UHVLVWDQFH��RKP�P� ����������WR 
������ 

a��� a���� 

&RVW�RI�&3�LQVWDOODWLRQ�LQFOXGLQJ�HQYLURQPHQWDO 
HQFORVXUH��EXW�QRW�LQFOXGLQJ�FRQFUHWH�UHSDLUV������ 
�86�SHU�P� 

�������� 
������� 

������� ������� 

��������EDVHG�RQ 
SDUNLQJ�JDUDJHV� 

6HUYLFH�OLIH��\HDUV a�� ����� ����� 
��6HH�$33(1',;�(�IRU�PRUH�RQ�WKH�LQVWDOODWLRQ�FRVWV�IRU�76�=Q�DQRGHV� 
��� �DFWXDO�VHUYLFH�OLIH�LV�H[SHFWHG�WR�H[FHHG�WKH�YDOXHV�VKRZQ� 

7KH�FRVWV�RI�&3�LQVWDOODWLRQ�KDYH�EHHQ�DGMXVWHG�WR�������86�DQG�LQFOXGH�WKH�FRVW�RI 
HQYLURQPHQWDO�HQFORVXUHV�WR�SUHYHQW�RYHU�VSUD\�IURP�HQWHULQJ�WKH�HQYLURQPHQW�DQG�WR�PDLQWDLQ 
GU\�FRQGLWLRQV�RQ�WKH�VXUIDFH�RI�WKH�VWUXFWXUH�ZKLOH�WKH�DQRGH�ZDV�DSSOLHG��Cramer, et al. 2002b; 
Holcomb and Cryer 1998; McGill, et al. 1999����7KH�FRVWV�IRU�WKH�7L�DQG�&�SDLQW�DQRGHV�DUH�IRU 
VPDOO�GHPRQVWUDWLRQ�SURMHFWV��WKH\�DUH�H[SHFWHG�WR�EH�ORZHU�RQ�IXOO�VFDOH�SURMHFWV���,Q�IDFW� 
LQGXVWULDO�DSSOLFDWLRQV�RI�&�SDLQW�DQRGHV�RQ�SDUNLQJ�JDUDJHV�JLYH�VXEVWDQWLDOO\�ORZHU�FRVWV 
�Gummow 2001�� 

7KH�=Q�DQRGH�VHUYLFH�OLIH�ZDV�EDVH�RQ�ERQG�VWUHQJWK�IRU�D�SHULRGLFDOO\�ZHWWHG�DQRGH���7KH�7L 
DQRGH�VHUYLFH�OLIH�HVWLPDWH�ZDV�EDVHG�RQ�FLUFXLW�UHVLVWDQFH�DQG�WKH�QHDUO\�FRQVWDQW�QDWXUH�RI�WKLV 
YDOXH�LQ�ODERUDWRU\�WHVWV�IRU�WKH�HTXLYDOHQW�RI����\HDUV��ZLWK�QR�VLJQ�WKH�FLUFXLW�UHVLVWDQFH�ZRXOG 
LQFUHDVH�VLJQLILFDQWO\�EH\RQG�WKDW�WLPH���7KH�&�SDLQW�DQRGH�VHUYLFH�OLIH�HVWLPDWH�ZDV�EDVHG�RQ 
\HDUV�RI�DFWXDO�VHUYLFH��WKH�DQRGH�FRQWLQXHV�WR�SHUIRUP�VDWLVIDFWRULO\�RQ�WKH�2UHJRQ�FRDVW� 

���




���
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��� &21&/86,216 

$QRGH�3HUIRUPDQFH 

� ,&&3�DQG�6$&3�76�=Q�DQRGH�SHUIRUPDQFH�LV�VXFFHVVIXOO\�FKDUDFWHUL]HG�E\�D�PRGHO�XVLQJ 
HOHFWURFKHPLFDO�DJH�UDWKHU�WKDQ�VHUYLFH�WLPH�DV�WKH�FRQWUROOLQJ�SDUDPHWHU� 

� 7KH�76�=Q�DQRGH�IXQFWLRQV�HIIHFWLYHO\�LQ�EULGJH�,&&3�V\VWHPV�WR�GLVWULEXWH�FXUUHQW�WR�UHEDU 
LQ�FRPSOH[�JHRPHWULHV� 

� 7KH�76�=Q�DQRGH�FRPSDUHV�IDYRUDEO\�WR�WKDW�RI�RWKHU�FRQGXFWLYH�FRDWLQJ�DQRGHV�LQ 
DSSOLFDWLRQ�FRVW��SHUIRUPDQFH�DQG�VHUYLFH�OLIH� 

�	 /DERUDWRU\�DQG�ILHOG�VWXGLHV�RI�76�=Q�DQRGH�VHUYLFH�JDYH�VLPLODU�UHVXOWV���/DERUDWRU\ 
UHVXOWV�EDVHG�RQ�DFFHOHUDWHG�,&&3�WHVWV�FDQ�EH�FRQVLGHUHG�DV�³ZRUVW�FDVH´�H[DPSOHV�RI�ZKDW 
PD\�RFFXU�LQ�WKH�ILHOG�DW�2UHJRQ�'27�FRDVWDO�EULGJH�&3�FRQGLWLRQV� 

�	 76�=Q�DQRGH�HOHFWURFKHPLFDO�DJLQJ�HIIHFWV�PD\�EH�OHVV�SURQRXQFHG�LQ�EULGJH�VHUYLFH�WKDQ 
REVHUYHG�LQ�WKH�ODERUDWRU\�VWXGLHV�EHFDXVH�HIIHFWV�RI�DFFHOHUDWHG�DQRGH�GLVVROXWLRQ�ZLOO�KDYH 
PRUH�WLPH�WR�GLVVLSDWH�DQG�HTXLOLEUDWH�ZLWK�QDWXUDO�SURFHVVHV�LQ�WKH�EULGJH�HQYLURQPHQW� 

$QRGH�%RQG�6WUHQJWK 

�	 /LJKW�VDQG�EODVWLQJ�RI�WKH�FRQFUHWH�VXUIDFH�WR�UHPRYH�WKH�ODLWDQFH�OD\HU�DQG�ORRVH�FRQFUHWH 
LV�QHFHVVDU\�WR�VXFFHVVIXO�DSSOLFDWLRQ�RI�WKH�76�=Q�DQRGH� 

�	 3UHKHDWLQJ�FOHDQ�DQG�GU\�FRQFUHWH�VXUIDFHV�SULRU�WR�DSSO\LQJ�WKH�76�=Q�DQRGH�LV�QRW 
QHFHVVDU\�WR�HQVXUH�KLJK�ERQG�VWUHQJWK�RYHU�WKH�VHUYLFH�OLIH�RI�WKH�DQRGH���7KH�LQLWLDO 
EHQHILFLDO�HIIHFWV�RI�SUHKHDWLQJ�GLVDSSHDU�ZLWK�LQFUHDVLQJ�HOHFWURFKHPLFDO�DJH� 

� %DVHG�RQ�ERQG�VWUHQJWK��WKH�VHUYLFH�OLIH�RI�WKH�76�=Q�DQRGH�RSHUDWHG�DW�WKH�2UHJRQ�'27 
W\SLFDO�,&&3�FXUUHQW�GHQVLW\�RI��������$�P��LV�DSSUR[LPDWHO\����\HDUV� 

� $ERXW������PP����PLO��RI�D�76�=Q�DQRGH�����������PP��������PLOV��WKLFN�ZLOO�EH 
FRQVXPHG�LQ�D����\HDU�VHUYLFH�OLIH�DW�DQ�,&&3�FXUUHQW�GHQVLW\�RI��������$�P�� 

� 76�=Q�DQRGH�ERQG�VWUHQJWK�DQG�,&&3�FLUFXLW�UHVLVWDQFH��ERWK�RI�ZKLFK�FDQ�OLPLW�VHUYLFH�OLIH� 
DUH�OLQHDUO\�UHODWHG� 

�	 :KHQ�76�=Q�DQRGH�ERQG�VWUHQJWK�KDV�GHFUHDVHG�WR�HVVHQWLDOO\�]HUR��WKH�DQRGH�ZLOO�EH 
SUHYHQWHG�IURP�SHHOLQJ�IURP�WKH�VWUXFWXUH�E\�WKH�SUHVHQFH�RI�DQFKRU�SLWV�DWWDFKLQJ�WKH 
FRDWLQJ�WR�WKH�FRQFUHWH� 

&LUFXLW�5HVLVWDQFH��,&&3 

� 7KH�LQLWLDO�76�=Q�DQRGH�FLUFXLW�UHVLVWDQFH�LV�RQ�WKH�RUGHU�RI�����WR�������P�� 
� &LUFXLW�UHVLVWDQFH�UHPDLQV�UHODWLYHO\�ORZ�GXULQJ�WKH�HDUO\�DQG�PLGGOH�VWDJHV�RI�DQRGH 

VHUYLFH�EXW�FDQ�LQFUHDVH�VXEVWDQWLDOO\�GXULQJ�WKH�ODWH�VWDJH�RI�VHUYLFH� 

���




�	 7KH�ULVH�LQ�FLUFXLW�UHVLVWDQFH�DW�WKH�ODWH�VWDJH�RI�VHUYLFH�LV�ODUJHO\�GXH�WR�GLIIXVLRQDO 
UHVLVWDQFH�WKURXJK�]LQF�PLQHUDOV�IRUPHG�E\�DQRGH�GLVVROXWLRQ�DQG�E\�WKH�JURZLQJ�UHVLVWDQFH 
RI�WKH�FHPHQW�SDVWH�UHDFWLRQ�]RQH�DIIHFWHG�E\�DFLGLILFDWLRQ� 

�	 0RLVWXUH�LQ�FRQFUHWH�VLJQLILFDQWO\�DIIHFWV�WKH�FLUFXLW�UHVLVWDQFH�DW�WKH�HDUO\�VWDJHV�RI�DQRGH 
DJLQJ��EXW�PRLVWXUH�LQ�]LQF�PLQHUDO�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH�DQG�WKH�FHPHQW�SDVWH 
UHDFWLRQ�]RQH�IRUPHG�E\�DFLGLILFDWLRQ�EHFRPH�WKH�SUHGRPLQDQW�VHDVRQDO�HIIHFWV�DV�DJLQJ 
LQFUHDVHV���&LUFXLW�UHVLVWDQFH�YDOXHV�DUH�VXEVWDQWLDOO\�KLJKHU�LQ�GULHU�HQYLURQPHQWV� 

�	 7KH�KLJK�YDOXH�RI�FLUFXLW�UHVLVWDQFH�LV�RQH�RI�WKH�LPSRUWDQW�IDFWRUV�DIIHFWLQJ�VHUYLFH�OLIH�RI 
WKH�76�=Q�,&&3�DQRGH� 

&XUUHQW�2XWSXW��6$&3 

� 7KH�LQLWLDO�76�=Q�DQRGH�FXUUHQW�RXWSXW�FDQ�EH�RQ�WKH�RUGHU�RI����P$�P��GXULQJ�ZHW 
FRQGLWLRQV� 

� $�OLPLW�RQ�WKH�KLJK�LQLWLDO�FXUUHQW�RXWSXW�HDUO\�LQ�WKH�RSHUDWLRQ�RI�WKH�6$&3�76�=1�DQRGH 
PD\�EH�QHFHVVDU\�WR�H[WHQG�LWV�VHUYLFH�OLIH� 

�	 0RLVWXUH�LQ�FRQFUHWH�VLJQLILFDQWO\�DIIHFWV�WKH�FXUUHQW�DQG�OHDGV�WR�VHDVRQDO�FKDQJHV 
UHIOHFWLQJ�ZHWWHU�DQG�GULHU�FRQGLWLRQV���9DOXHV�DUH�VXEVWDQWLDOO\�ORZHU�GXULQJ�GULHU 
FRQGLWLRQV� 

�	 7KH�ORZ�YDOXH�RI�FXUUHQW�RXWSXW�DV�DJLQJ�SURJUHVVHV�LV�RQH�RI�WKH�LPSRUWDQW�IDFWRUV�DIIHFWLQJ 
VHUYLFH�OLIH�RI�WKH�76�=Q�6$&3�DQRGH� 

,&&3�$QRGH�&RQFUHWH�,QWHUIDFLDO�&KHPLVWU\ 

� ,QWHUIDFLDO�S+�IDOOV�TXLFNO\�WR�YDOXHV�RQ�WKH�RUGHU�RI�S+�����GXULQJ�WKH�PLGGOH�VWDJH�RI 
SHULRGLFDOO\�ZHWWHG�DQRGH�VHUYLFH� 

� ([WHQVLYH�PLJUDWLRQ�RI�=Q�LQWR�WKH�FHPHQW�SDVWH�RFFXUV�GXULQJ�FRQVXPSWLRQ�RI�WKH��76�=Q 
DQRGH�IRU�SHULRGLFDOO\�ZHWWHG�DQRGHV��YHU\�OLWWOH�RFFXUV�IRU�XQ�ZHWWHG�DQRGH� 

� 0LJUDWLRQ�RI�&O�DQG�6�IURP�WKH�FHPHQW�SDVWH�WR�WKH�DQRGH�FRQFUHWH�LQWHUIDFH�RFFXUV�RFFXUV 
ZLWK�DJLQJ�RI�WKH�SHULRGLFDOO\�ZHWWHG�76�=Q�DQRGH� 

� =Q�K\GUR[\FKORULGH�DQG�K\GUR[\VXOIDWH�PLQHUDOV��LQ�DGGLWLRQ�WR�WKH�=Q2�DQG�=Q�2+��� 
IRUP�DW�WKH�76�=Q�DQRGH�DV�WKH�UHVXOW�RI�=Q�FRQVXPSWLRQ� 

� $FLGLILFDWLRQ�RI�WKH�LQWHUIDFH�OHDGV�WR�D�UHDFWLRQ�]RQH�ZLWK�D�VXEVWDQWLDOO\�UHGXFHG�OHYHO�RI 
&D�ZKHUH�WKH�FHPHQW�SDVWH�KDV�EHHQ�DOWHUHG�WR�IRUP��&D�=Q��DOXPLQXP�VLOLFDWH� 

6$&3�$QRGH�&RQFUHWH�,QWHUIDFLDO�&KHPLVWU\ 

� ,QWHUIDFLDO�S+�UHPDLQV�VXEVWDQWLDOO\�KLJKHU�ZLWK�HOHFWURFKHPLFDO�DJH�WKDQ�IRU�,&&3�VHUYLFH� 
RQ�WKH�RUGHU�RI�S+����GXULQJ�WKH�ODWH�VWDJH�RI�76�=Q�DQRGH�VHUYLFH� 

� 3UDFWLFDOO\�QR�PLJUDWLRQ�RI�=Q�LQWR�WKH�FHPHQW�SDVWH�RFFXUV�GXULQJ�FRQVXPSWLRQ�RI�WKH�76 
=Q�DQRGH��QRU�LV�WKHUH�DQ\�PLJUDWLRQ�RI�&O�DQG�6�IURP�WKH�FHPHQW�SDVWH�WR�WKH�LQWHUIDFH� 

�	 7KH�SULPDU\�=Q�PLQHUDO�IRUPHG�RQ�FRQVXPSWLRQ�RI�WKH�DQRGH�LV�=Q2���,Q�SDUWLFXODUO\�ZHW 
FRQGLWLRQV��DWPRVSKHULF�FRUURVLRQ�RI�WKH�DQRGH�H[WHUQDO�VXUIDFH�FDQ�RFFXU��FRQWULEXWLQJ 
VLJQLILFDQWO\�WR�WKH�ORVV�RI�DQRGH�PDWHULDO�DQG�OHDYLQJ�D�OD\HU�RI�=Q�K\GUR[\FKORULGH�DQG 
K\GUR[\VXOIDWH�PLQHUDOV�RQ�WKH�76�=Q�DQRGH�VXUIDFH� 

���




'HVWUXFWLYH�$QRGH�(YDOXDWLRQ�7HFKQLTXHV 

� ,QWHUIDFLDO�S+�FKDQJHV�OLWWOH�ZLWK�HOHFWURFKHPLFDO�DJH�RQFH�WKH�76�=Q�DQRGH�KDV�EHHQ�LQ 
,&&3�VHUYLFH�IRU�D�FRXSOH�RI�\HDUV��L�H���EH\RQG�WKH�³HDUO\´�VWDJH�RI�DQRGH�VHUYLFH� 

� ,QWHUIDFLDO�FKHPLVWU\�LV�D�XVHIXO�GLDJQRVWLF�WHFKQLTXH�IRU�XQGHUVWDQGLQJ�WKH�HIIHFWV�RI�DQRGH 
DJLQJ��EXW�QRW�D�SDUWLFXODUO\�XVHIXO�PHDQV�IRU�PRQLWRULQJ�DQRGH�FRQGLWLRQ� 

�	 %RQG�VWUHQJWK�LV�D�VLPSOH�DQG�HIIHFW�PHDQV�IRU�PRQLWRULQJ�WKH�SURJUHVV�RI�76�=Q�DQRGH 
HOHFWURFKHPLFDO�DJLQJ���$VVXPLQJ�DFFHSWDEOH�LQLWLDO�ERQG�VWUHQJWK��ORZ�ERQG�VWUHQJWK�LV�DQ 
LQGLFDWRU�RI�FRQVLGHUDEOH�HOHFWURFKHPLFDO�DJH�LQ�,&&3�VHUYLFH���,Q�6$&3�VHUYLFH�WKH�ERQG 
VWUHQJWK�PD\�DFWXDOO\�LQFUHDVH�VXEVWDQWLDOO\�ZLWK�DJH� 

1RQGHVWUXFWLYH�$QRGH�(YDOXDWLRQ�7HFKQLTXHV 

�	 ,&&3�V\VWHP�GF�FLUFXLW�UHVLVWDQFH�LV�DQ�HIIHFWLYH�LQ�VHUYLFH�WHFKQLTXH�IRU�PRQLWRULQJ�WKH 
FRQGLWLRQ�RI�WKH�76�=Q�DQRGH���&KDQJHV�LQ�WKH�FKHPLVWU\�RI�WKH�DQRGH�FRQFUHWH�LQWHUIDFH 
UHODWLYH�WR�LQLWLDO�FRQGLWLRQV�UHVXOW�LQ�DQ�LQFUHDVH�LQ�WKH�FLUFXLW�UHVLVWDQFH���+RZHYHU��WKH 
PHDVXUHPHQW�LV�VWURQJO\�GHSHQGHQW�XSRQ�PRLVWXUH�FRQWHQW�RI�WKH�FRQFUHWH�GXULQJ�WKH�HDUO\ 
VWDJHV�RI�DJLQJ��DQG�RI�PRLVWXUH�FRQWHQW�RI�DW�WKH�DQRGH�FRQFUHWH�LQWHUIDFH�IRU�WKH�ODWHU 
VWDJHV�RI�DJLQJ���6XEVWDQWLDO�&3�V\VWHP�SHUIRUPDQFH�GDWD�LV�QHHGHG�WR�HVWDEOLVK�WUHQGV� 

�	 6$&3�V\VWHP�FXUUHQW�RXWSXW�LV�DQ�HIIHFWLYH�LQ�VHUYLFH�WHFKQLTXH�IRU�PRQLWRULQJ�WKH 
FRQGLWLRQ�RI�WKH�76�=Q�DQRGH���&KDQJHV�LQ�WKH�FKHPLVWU\�RI�WKH�DQRGH�FRQFUHWH�LQWHUIDFH 
UHODWLYH�WR�LQLWLDO�FRQGLWLRQV�UHVXOW�LQ�D�GHFUHDVH�LQ�WKH�FXUUHQW�RXWSXW���+RZHYHU��WKH 
PHDVXUHPHQW�LV�VWURQJO\�GHSHQGHQW�XSRQ�PRLVWXUH�FRQWHQW�RI�WKH�FRQFUHWH�DQG�VXEVWDQWLDO 
GDWD�LV�QHHGHG�WR�HVWDEOLVK�WUHQGV� 

� 76�=Q�DQRGH�VXUIDFH�UHVLVWDQFH�LV�D�UHODWLYHO\�LQVHQVLWLYH�LQGLFDWRU�RI�DQRGH�HOHFWURFKHPLFDO 
DJH�RU�WKH�PHWDOOLF�=Q�UHPDLQLQJ�LQ�WKH�DQRGH� 

� 6XUIDFH�DLU�SHUPHDELOLW\�LV�QRW�DQ�HIIHFWLYH�LQGLFDWRU�RI�76�=Q�DQRGH�SRURVLW\� 

��� 5(&200(1'$7,216 

,Q�YLHZ�RI�WKH�VWXG\�UHVXOWV��WKH�IROORZLQJ�UHFRPPHQGDWLRQV�DUH�PDGH� 

��	 5HKDELOLWDWLRQ�RI�UHLQIRUFHG�FRQFUHWH�EULGJHV��SDUWLFXODUO\�KLVWRULF�EULGJHV��IROORZHG�E\ 
FDWKRGLF�SURWHFWLRQ�XVLQJ�76�=Q�DQRGHV�LV�DQ�HIIHFWLYH�VWUDWHJ\�IRU�SURWHFWLQJ�WKH�6WDWH¶V 
SXEOLF�UHVRXUFHV� 

��	 3UHKHDWLQJ�RI�FRQFUHWH�VXUIDFHV�SULRU�WR�DSSO\LQJ�76�=Q�LV�QRW�QHFHVVDU\�IRU�ORQJ�WHUP�ERQG 
VWUHQJWK�RU�SHUIRUPDQFH�RI�HLWKHU�,&&3�RU�6$&3�V\VWHPV�RQ�UHLQIRUFHG�FRQFUHWH�EULGJHV� 

��	 7KH�WKLFNQHVV�RI�76�=Q�DQRGHV�FDQ�EH�OLPLWHG�WR�������PLOV�ZKHQ�WKH�FXUUHQW�GHQVLW\�LV�WKDW 
W\SLFDOO\�XVHG�E\�2UHJRQ�'27�RQ�FRDVWDO�,&&3�LQVWDOODWLRQV��a�������$�P�� 

��	 5RXWLQH�PRQLWRULQJ�RI�WKH�]RQHV�LQ�EULGJH�FDWKRGLF�SURWHFWLRQ�V\VWHPV�E\�PHDVXULQJ�YROWDJH 
DQG�FXUUHQW��DV�2UHJRQ�'27�SUHVHQWO\�GRHV��SURYLGHV�D�EDVLV�IRU�DVVHVVLQJ�WKH�SHUIRUPDQFH 
DQG�UHPDLQLQJ�VHUYLFH�OLIH�RI�=Q�DQRGHV�E\�DOORZLQJ�WKH�FRPSXWDWLRQ�RI�FLUFXLW�UHVLVWDQFH�DQG 
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HOHFWURFKHPLFDO�DJH�IRU�,&&3�V\VWHPV�DQG�FXUUHQW�RXWSXW�DQG�HOHFWURFKHPLFDO�DJH�IRU�6$&3 
V\VWHPV� 

��	 %RQG�VWUHQJWK�PHDVXUHPHQWV�SHUKDSV�RQFH�HYHU\���\HDUV�ZRXOG�SURYLGH�DQ�HIIHFWLYH�PHDVXUH 
RI�WKH�FRQGLWLRQ�RI�LQ�VHUYLFH�76�=Q�DQRGHV�RQ�FRDVWDO�EULGJHV� 

��	 ([DPLQDWLRQ�RI�WKH�76�=Q�DQRGH�FRQFUHWH�LQWHUIDFH�LV�D�XVHIXO�GLDJQRVWLF�WRRO�WKDW�FDQ�EH 
XVHG�VSDULQJO\�WR�HVWDEOLVK�WKH�FRQGLWLRQ�RI�LQ�VHUYLFH�=Q�DQRGHV�RQ�FRDVWDO�EULGJHV� 

��	 6$&3�V\VWHPV�VKRXOG�EH�LQVWDOOHG�ZLWK�WKH�VDPH�FDUH�DV�,&&3�V\VWHPV��L�H���WKH�76�=Q 
DQRGHV�VKRXOG�EH�HOHFWULFDOO\�LVRODWHG�IURP�WKH�UHEDU��VR�WKDW�V\VWHP�SHUIRUPDQFH�FDQ�EH 
PRQLWRUHG�DQG��VKRXOG�WKH�QHHG�DULVH��WKH�V\VWHP�FDQ�EH�FRQYHUWHG�WR�,&&3���2WKHUZLVH��WKH 
PHWKRGV�DYDLODEOH�IRU�DVVHVVLQJ�V\VWHP�SHUIRUPDQFH�DUH�LQDGHTXDWH�DQG�XQSURYHQ� 

��	 ,QWHUPLWWHQW�RSHUDWLRQ�RI�,&&3�DQG�6$&3�V\VWHPV�PD\�LQFUHDVH�76�=Q�DQRGH�VHUYLFH�OLIH�E\ 
UHGXFLQJ�WKH�DYHUDJH�FXUUHQW��WKHUHE\�UHGXFLQJ�DFLGLILFDWLRQ�RI�WKH�DQRGH�FRQFUHWH�LQWHUIDFH 
DQG�WKH�IRUPDWLRQ�RI�D�UHVLVWLYH�OD\HU�RI�=Q�PLQHUDOV�DW�WKH�LQWHUIDFH� 

��	 3URFHGXUHV�WKDW�LQFUHDVH�WKH�DPRXQW�RI�PRLVWXUH�DW�WKH�76�=Q�DQRGH�FRQFUHWH�LQWHUIDFH�VXFK 
DSSOLFDWLRQ�RI�KXPHFWDQWV�VKRXOG�FRQWLQXH�WR�EH�VWXGLHG�RU�WULHG�RQ�D�ODUJHU�VFDOH� 

��� &ULWHULD�IRU�HYDOXDWLQJ�DQG�UDQNLQJ�WKH�FRQGLWLRQ�RI�LQ�VHUYLFH�76�=Q�DQRGHV�DV�SDUW�RI�D 
EULGJH�HYDOXDWLRQ�SURJUDP�DUH�QHHGHG� 

��� 'HWHUPLQLQJ�ZKHWKHU�&3�LV�QHHGHG�ZKHQ�D�EULGJH�LV�UHODWLYHO\�GU\��L�H���ZKHQ�HOHFWULFDO�SDWKV 
LQ�WKH�FRQFUHWH�DUH�YHU\�UHVLVWLYH��ZRXOG�SURYLGH�DQRWKHU�EDVLV�IRU�PDQDJLQJ�DQRGH�FXUUHQW 
GHQVLW\�DQG�SHUKDSV�UHGXFLQJ�LW� 

��� 'HWHUPLQDWLRQ�RI�WKH�PLQLPXP�SURWHFWLRQ�FXUUHQW�WR�SURWHFW�UHEDU�LQ�FRQFUHWH�ZRXOG�HVWDEOLVK 
KRZ�PXFK�&3�FXUUHQWV�FRXOG�EH�UHGXFHG�ZLWKRXW�SXWWLQJ�EULGJHV�DW�ULVN� 

��� 5RXWLQH�PRQLWRULQJ�LV�QHHGHG�WR�DVVHVV�WKH�FRQGLWLRQ�DQG�VHUYLFH�OLIH�RI�76�=Q�DQRGHV�DQG 
GHWHUPLQH�ZKHWKHU�DJLQJ�HIIHFWV�DSSHDU�DV�VXJJHVWHG�E\�WKH�DFFHOHUDWHG�ODERUDWRU\�WHVWV�RU 
PRUH�VORZO\� 

��� 1RQ�XQLIRUP�FXUUHQW�GLVWULEXWLRQ�RQ�WKH�76�=Q�DQRGH�ZLOO�OHDG�WR�QRQ�XQLIRUP�DJLQJ�RI�WKH 
DQRGH���7R�VRPH�H[WHQW�QRQ�XQLIRUP�DJLQJ�HIIHFWV�FDQ�EH�SUHGLFWHG�IURP�WKH�GDWD�LQ�WKLV 
UHSRUW���,W�LV�UHFRPPHQGHG�WKDW�WKH�HIIHFW�RI�QRQ�XQLIRUP�DJLQJ�RQ�ERQG�VWUHQJWK 
PHDVXUHPHQWV�RU�WKH�FULWHULD�IRU�ORFDWLQJ�ERQG�VWUHQJWK�WHVWV�VKRXOG�EH�DVVHVVHG� 
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$$6+72���������6DPSOLQJ�DQG�WHVWLQJ�IRU�FKORULGH�LRQ�LQ�FRQFUHWH�DQG�FRQFUHWH�UDZ�PDWHULDOV� 
Standard specifications for transportation materials and methods of sampling and testing����WK 
HG���SDUW�,,��QR��7���������:DVKLQJWRQ��'&� 

$OODQ��0��/��������3UREDELOLW\�RI�FRUURVLRQ�LQGXFHG�FUDFNLQJ�LQ�UHLQIRUFHG�FRQFUHWH��Cement and 
concrete research �������������� 

$SRVWRORV��-��$��������&DWKRGLF�SURWHFWLRQ�RI�UHLQIRUFHG�FRQFUHWH�E\�XVLQJ�PHWDOOL]HG�FRDWLQJV 
DQG�FRQGXFWLYH�SDLQWV��5HFRUG�QR�������SS���������7UDQVSRUWDWLRQ�5HVHDUFK�5HFRUG��:DVKLQJWRQ� 
'&� 

$SRVWRORV��-��$���3DUNV��'��0���DQG�&DUHOOR��5��$��������&DWKRGLF�SURWHFWLRQ�RI�UHLQIRUFHG 
FRQFUHWH�XVLQJ�PHWDOOL]HG�]LQF��Materials performance��������������� 

$670��������6WDQGDUG�WHVW�PHWKRG�IRU�FDOLEUDWLRQ�RI�WKHUPRFRXSOHV�E\�FRPSDULVRQ�WHFKQLTXHV� 
Annual book of ASTM standards��YRO���������(������������H���:HVW�&RQVKRKRFNHQ��3$� 

$670��������6WDQGDUG�WHVW�PHWKRG�IRU�PD[LPXP�SRUH�GLDPHWHU�DQG�SHUPHDELOLW\�RI�ULJLG�SRURXV 
ILOWHUV�IRU�ODERUDWRU\�XVH��Annual book of ASTM standards��YRO���������(��������:HVW 
&RQVKRKRFNHQ��3$� 

%DHFNPDQQ��:��YRQ��6FKZHQN��:���DQG�3ULQ]��:��������Cathodic Corrosion Protection��*XOI 
3XEOLVKLQJ�&R��+RXVWRQ�7;���SS��������� 

%HQQHWW��-��(��DQG�0DUWLQ��%��/��������7KH�(OJDUG�PHVK�V\VWHP��,Q�Seminar on corrosion in 
concrete - practical aspects of control by cathodic protection��SS������������/RQGRQ�8.��/RQGRQ 
3UHVV�&HQWUH� 

%URRPILHOG��-��3����������Corrosion of Steel in Concrete��(	)1�6SRQ��&KDSPDQ�	�+DOO�� 
/RQGRQ�8.������SS� 

%URXVVHDX��5���$UQRWW��0���DQG�%DOGRFN��%������D��Arc sprayed zinc on reinforced concrete� 
,/=52�3URMHFW�5HSRUW�=(������2WWDZD��2QWDULR��1DWLRQDO�5HVHDUFK�&RXQFLO�RI�&DQDGD� 

%URXVVHDX��5���$UQRWW��0���DQG�'DOODLUH��6��������7KH�DGKHVLRQ�RI�PHWDOOL]HG�]LQF�FRDWLQJV�RQ 
FRQFUHWH��,Q�&RUURVLRQ�����QR���������+RXVWRQ��7;��1$&(� 

%URXVVHDX��5���'DOODLUH��6���$UQRWW��0���%DOGRFN��%���DQG�$OODUG��-������E��Adhesion of thermally 
sprayed zinc on reinforced concrete��,/=52�3URMHFW�5HSRUW�=(������2WWDZD��2QWDULR��1DWLRQDO 
5HVHDUFK�&RXQFLO�RI�&DQDGD� 

���




%XOODUG��6��-���&RYLQR��%��6���-U���&UDPHU��6��'���+ROFRPE��*��5���DQG�0F*LOO��*��(������D��%RQG 
VWUHQJWK�RI�WKHUPDO�VSUD\HG�]LQF�RQ�FRQFUHWH�GXULQJ�HDUO\�HOHFWURFKHPLFDO�DJLQJ��,Q 
&RUURVLRQ�����QR���������+RXVWRQ��7;��1$&(�,QWHUQDWLRQDO� 

%XOODUG��6��-���&UDPHU��6��'���&RYLQR��%��6���-U���+ROFRPE��*��5���0F*LOO��*��(���&U\HU��&��%���DQG 
5HLV��5������E��7KHUPDO�VSUD\HG�]LQF�DQRGHV��ODERUDWRU\�DQG�ILHOG�VWXGLHV��,Q�Expanding 
coatings knowledge worldwide��663&��������SS�����������3LWWVEXUJK��3$��6WHHO�6WUXFWXUHV 
3DLQWLQJ�&RXQFLO� 

%XOODUG��6��-���&UDPHU��6��'���&RYLQR��%��6���-U���+ROFRPE��*��5���0F*LOO��*��(���DQG�5HLV��5� 
������7KHUPDO�VSUD\HG�DQRGHV�IRU�FDWKRGLF�SURWHFWLRQ�RI�UHLQIRUFHG�FRQFUHWH�EULGJHV��,Q 
Concrete Under Severe Conditions 2-Environment and Loading��SS�����������/RQGRQ��8.� 
(	)1�6SRQ� 

&DLUQV��0��$���������(VWLPDWLRQ�RI�FKURQLFDOO\�VDIH�]LQF�FRQFHQWUDWLRQV�ZLWK�VWHHOKHDG�WURXW 
�Salmo gairdneri��HPSKDVL]LQJ�YHQWLODWRU\�UHVSRQVHV��SS���������0DVWHUV�7KHVLV��2UHJRQ�6WDWH 
8QLYHUVLW\��&RUYDOOLV��25� 

&DUGH��&��DQG�)UDQoRLV��5��������(IIHFW�RI�WKH�OHDFKLQJ�RI�FDOFLXP�K\GUR[LGH�IURP�FHPHQW�SDVWH 
RQ�PHFKDQLFDO�DQG�SK\VLFDO�SURSHUWLHV��Cement and concrete research��������SS���������� 

&DUHOOR��5�$���DQG�3DUNV��'��0����������Cathodic Protection of Reinforced Concrete Bridge Deck 
and Soffit Using Metallized Zinc���5HSRUW�QR��)+:$�&$�7/��������6DFUDPHQWR�&$��&DOLIRUQLD 
'HSDUWPHQW�RI�7UDQVSRUWDWLRQ��&$/75$16�� 

&DUHOOR��5��$���3DUNV��'��0���DQG�$SRVWRORV��-��$��������Development, testing, and field 
application of metallized cathodic protection coatings on reinforced concrete substructures� 
5HSRUW�QR��)+:$�&$�7/��������6DFUDPHQWR��&$��&DOLIRUQLD�'HSDUWPHQW�RI�7UDQVSRUWDWLRQ 
�&$/75$16�� 

Concrete repair digest��������9RO�����QR��������� 

&RQFUHWH�6RFLHW\��������Cathodic protection of reinforced concrete��7HFKQLFDO�5HSRUW�QR����� 
/RQGRQ�8.��&RQFUHWH�6RFLHW\�&RUURVLRQ�(QJLQHHULQJ�$VVRFLDWLRQ� 

&RYLQR��%��6���-U���%XOODUG��6��-���+ROFRPE��*��5���&UDPHU��6��'���0F*LOO��*��(���DQG�&U\HU��&��%� 
������)DFWRUV�DIIHFWLQJ�WKH�ERQGLQJ�RI�DUF�VSUD\HG�]LQF�WR�FRQFUHWH��,Q�Balancing economics and 
compliance for maintaining protective coatings��S�������3LWWVEXUJK��3$��6WHHO�6WUXFWXUHV�3DLQWLQJ 
&RXQFLO� 

&RYLQR��%��6���-U���%XOODUG��6��-���+ROFRPE��*��5���&UDPHU��6��'���0F*LOO��*��(���DQG�&U\HU��&��%� 
����D��%RQG�VWUHQJWK�RI�HOHFWURFKHPLFDOO\�DJHG�DUF�VSUD\�FRDWLQJV�RQ�FRQFUHWH��Corrosion������� 
�������� 

&RYLQR��%��6���-U���&UDPHU��6��'���+ROFRPE��*��5���%XOODUG��6��-���DQG�0F*LOO��*��(������E� 
&KDUDFWHUL]DWLRQ�RI�HOHFWURFKHPLFDOO\�DJHG�WKHUPDO�VSUD\�WLWDQLXP�FRDWLQJV�RQ�FRQFUHWH��,Q 
Thermal Spray: A United Forum for Scientific and Technological Advances��HG��&�&��%HUQGW��SS� 
���������0DWHULDOV�3DUN��2+��$60�,QWHUQDWLRQDO� 
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&RYLQR��%��6���-U���&UDPHU��6��'���+ROFRPE��*��5���%XOODUG��6��-���DQG�0F*LOO��*��(�������F� 
&RUURVLRQ�IDLOXUH�RI�WKH�5RFN\�3RLQW�YLDGXFW±LQLWLDO�HYDOXDWLRQ��,Q�Proceedings of the 30th 
annual IMS convention��SS�����������0DWHULDOV�3DUN��2+��,QWHUQDWLRQDO�0HWDOORJUDSKLF�6RFLHW\� 

&RYLQR��%��6���-U���%XOODUG��6��-���&UDPHU��6��'���+ROFRPE��*�5���0F*LOO��*��(���&U\HU��&��%�� 
6WRQHPDQ��$���DQG�&DUWHU��5��5������G���,QWHUIDFLDO�&KHPLVWU\�RI�=LQF�$QRGHV�IRU�5HLQIRUFHG 
&RQFUHWH�6WUXFWXUHV��3DSHU�QR���������&25526,21�����1$&(�,QWHUQDWLRQDO��+RXVWRQ�7;���� 
SS� 

&RYLQR��%��6���-U���&UDPHU��6��'���+ROFRPE��*��5���%XOODUG��6��-���0F*LOO��*��(���DQG�&U\HU��&��%� 
����D��)DFWRUV�DIIHFWLQJ�WKHUPDO�VSUD\HG�]LQF�DQRGHV�RQ�FRQFUHWH��,Q�Proceedings of the 13th 
International Corrosion Congress��YRO�����0HOERXUQH��$XVWUDOLD��$XVWUDODVLDQ�&RUURVLRQ 
$VVRFLDWLRQ� 

&RYLQR��%��6���-U���&UDPHU��6��'���+ROFRPE��*��5���%XOODUG��6��-���0F*LOO��*��(���DQG�&U\HU��&��%� 
����E��7KHUPDO�VSUD\HG�]LQF�DQRGHV�IRU�FDWKRGLF�SURWHFWLRQ�RI�UHLQIRUFHG�FRQFUHWH�VWUXFWXUHV�,Q 
Materials for the New Millennium��HG��.��3��&KRQJ��SS�������������:DVKLQJWRQ��'&��$PHULFDQ 
6RFLHW\�RI�&LYLO�(QJLQHHUV� 

&RYLQR��%��6���-U��5XVVHOO��-��+���%XOODUG��6��-���+ROFRPE��*��5���DQG�&UDPHU��6��'������� 
1RQGHVWUXFWLYH�HYDOXDWLRQ�RI�WKHUPDO�VSUD\�FDWKRGLF�SURWHFWLRQ�DQRGHV���&RUURVLRQ�������3DSHU 
QR���������+RXVWRQ��7;��1$&(�,QWHUQDWLRQDO� 

&UDPHU��6��'���%XOODUG��6��-���&RYLQR��%��6���-U���+ROFRPE��*��5���5XVVHOO��-��+���&U\HU��&�%���DQG 
/D\ORU��+��0������E��&DUERQ�SDLQW�DQRGH�IRU�UHLQIRUFHG�FRQFUHWH�EULGJHV�LQ�FRDVWDO 
HQYLURQPHQWV����&RUURVLRQ�������3DSHU�QR���������+RXVWRQ�7;��1$&(�,QWHUQDWLRQDO� 

&UDPHU��6��'���%XOODUG��6��-���+ROFRPE��*��5���DQG�&RYLQR��%��6���-U��������$UF�VSUD\HG�WLWDQLXP 
DQRGH�IRU�FDWKRGLF�SURWHFWLRQ�RI�UHLQIRUFLQJ�VWHHO�LQ�FRDVWDO�FRQFUHWH�EULGJHV��,Q�Proceedings of 
the 30th annual IMS convention��SS����������0DWHULDOV�3DUN��2+��,QWHUQDWLRQDO�0HWDOORJUDSKLF 
6RFLHW\� 

&UDPHU��6��'���&RYLQR��%��6���-U���%XOODUG��6��-���+ROFRPE��*��5���5XVVHOO��-��+���1HOVRQ��)��-�� 
/D\ORU��+��0���DQG�6ROWHV]��6��0������D��&RUURVLRQ�SUHYHQWLRQ�DQG�UHPHGLDWLRQ�VWUDWHJLHV�IRU 
UHLQIRUFHG�FRQFUHWH�FRDVWDO�EULGJHV��Journal of Cement and Concrete Composites��9RO������1R���� 
SS��������� 

&UDPHU��6��'���&RYLQR��%��6���-U���+ROFRPE��*��5���%XOODUG��6��-���&ROOLQV��:��.���*RYLHU��5��'�� 
:LOVRQ��5��'���DQG�/D\ORU��+��0���������7KHUPDO�VSUD\HG�WLWDQLXP�DQRGH�IRU�FDWKRGLF�SURWHFWLRQ 
RI�UHLQIRUFHG�FRQFUHWH�EULGJHV���Journal of Thermal Spray Technology��������������� 

&UDPHU��6��'���&RYLQR��%��6���-U���+ROFRPE��*��5���%XOODUG��6��-���'DKOLQ��&��0���6XPPHUV��&��$�� 
/D\ORU��+��0���DQG�6ROWHV]��6��0��������Evaluation of Rocky Point Viaduct Concrete Beam – 
Final Report.�3URMHFW�635������)+:$�25�5'��������)HGHUDO�+LJKZD\�$GPLQLVWUDWLRQ� 
:DVKLQJWRQ�'�&�����SS� 

)RQWDQD��0��*��DQG�*UHHQH��1��'��������Corrosion Engineering���QG�HG���S�������1HZ�<RUN� 
1<��0F*UDZ�+LOO�%RRN�&R� 
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*XPPRZ��5��$����������3HUVRQDO�FRPPXQLFDWLRQ��DYDLODEOH�IURP�6�'��&UDPHU��$OEDQ\�5HVHDUFK 
&HQWHU��86'2(�������4XHHQ�$YHQXH�6�:���$OEDQ\�25������� 

+ROFRPE��*��5���������&RXQWHUFXUUHQW�JDVHRXV�GLIIXVLRQ�PRGHO�RI�R[LGDWLRQ�WKURXJK�D�SRURXV 
FRDWLQJ���Corrosion����������������� 

+ROFRPE��*�5���%XOODUG��6�-���&RYLQR��%�6��-U���&UDPHU��6�'���&U\HU��&�%��DQG�0F*LOO��*�(������� 
(OHFWURFKHPLFDO�$JLQJ�RI�7KHUPDO�6SUD\HG�=LQF�$QRGHV�RQ�&RQFUHWH��3URFHHGLQJV�RI��WK 
1DWLRQDO�7KHUPDO�6SUD\�&RQIHUHQFH��LQ�7KHUPDO�6SUD\��3UDFWLFDO�6ROXWLRQV�IRU�(QJLQHHULQJ 
3UREOHPV��&�&��%HUQGW��(G���$60�,QWHUQDWLRQDO��0HWDOV�3DUN��2+��SS���������� 

+ROFRPE��*��5��DQG�&U\HU��&��%��������&RVW�RI�LPSUHVVHG�FXUUHQW�FDWKRGLF�SURWHFWLRQ�IRU�FRDVWDO 
2UHJRQ�EULGJHV���Materials Performance��������������� 

+RZHOO��.��0��������(YDOXDWLQJ�ERQG�VWUHQJWK�RI�PHWDO�FRDWLQJV�RYHU�FRQFUHWH�VXUIDFHV� 
Materials Performance��������������� 

,/=52��������Galvanized reinforcement in concrete containing chlorides��,QWHUQDWLRQDO�/HDG 
DQG�=LQF�5HVHDUFK�2UJDQL]DWLRQ��5HVHDUFK�7ULDQJOH�3DUN��1&��S����� 

,/=52��������Galvanized reinforcement for concrete II. ,QWHUQDWLRQDO�/HDG�DQG�=LQF�5HVHDUFK 
2UJDQL]DWLRQ��5HVHDUFK�7ULDQJOH�3DUN��1&��S������ 

-DFNVRQ��'��������&DWKRGLF�EULGJH�SURWHFWLRQ�LV�PRUH�DIIRUGDEOH�WKDQ�HYHU��Focus�6HSWHPEHU��S� 
�� 

-DIDU��0�,���'DZVRQ��-�/���DQG�-RKQ��'��*���������(OHFWURFKHPLFDO�,PSHGDQFH�DQG�+DUPRQLF 
$QDO\VLV�0HDVXUHPHQWV�RQ�6WHHO�LQ�&RQFUHWH��Electrochemical Impedance Analysis and 
Interpretation��673�������-�5��6FXOO\��'��&��6LOYHUPDQ��DQG�0��:��.HQGLJ��HGV���$PHULFDQ 
6RFLHW\�IRU�7HVWLQJ�DQG�0DWHULDOV��3KLODGHOSKLD��SS���������� 

.UDPHU��2��5��������)HDVLELOLW\�RI�FDWKRGLF�SURWHFWLRQ�IRU�UHLQIRUFHG�FRQFUHWH�GHFN�VWUXFWXUH 
ZLWK�WZR�OD\HUV�RI�UHLQIRUFLQJ�EDU��,Q�3rd International Conference on Deterioration and Repair 
of Concrete in the Arabian Gulf��YRO�����SS�����������%DKUDLQ��&,5,$� 

.XEDVFKHZVNL��2��DQG�+RSNLQV��%��(��������Oxidation of metals and alloys��SS����������� 
/RQGRQ��8.��%XWWHUZRUWKV� 

/\QFK��&��7���HG��������Practical handbook of materials science.�S�������%RFD�5DWRQ��)/��&5& 
3UHVV� 

0DQVIHOG��)���6KLK��+���*UHHQH��+��DQG�7VDL��&��+����������$QDO\VLV�RI�(,6�'DWD�IRU�&RPPRQ 
&RUURVLRQ�3URFHVVHV��Electrochemical Impedance Analysis and Interpretation��673�������-�5� 
6FXOO\��'��&��6LOYHUPDQ��DQG�0��:��.HQGLJ��HGV���$PHULFDQ�6RFLHW\�IRU�7HVWLQJ�DQG�0DWHULDOV� 
3KLODGHOSKLD��SS���������� 

0F*LOO��*��(���&UDPHU��6��'���&RYLQR��%��6���-U���%XOODUG��6��-���+ROFRPE��*��5���&ROOLQV��:��.�� 
*RYLHU��5��'���DQG�:LOVRQ��5��'������� Field application of an arc-sprayed titanium anode for 
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cathodic protection of reinforcing steel in concrete–final report��635������)+:$�25�5'���� 
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�DERYH�SHGHVWDO �� ��� �� 

%��




<DTXLQD�%D\�%ULGJH

'DWH /RFDWLRQ =RQH SVL 0LOV


�������� &RO���FROXPQ�IODUH�QRUWK�IDFH �� ��� �� 

�������� &ROXPQ���VRXWK�IDFH �� ��� �� 

�������� &RO���ZHE�EHDP�V�IDFH �� ��� �� 

�������� &RO���DUFK�SHGHVWDO�VRXWK�IDFH �� �� �� 

�������� &RO���PLG�VSDQ�DUFK�Z�IDFH �� �� �� 

�������� &RO���DUFK�SHGHVWDO�HDVW�IDFH �� ��� �� 

�������� &RO����HDVW�VLGHZDON�VXSSRUW�VRXWK�IDFH �� ��� �� 

�������� 6RXWK�IDFH�FRO����ZHE�EHDP �� ��� �� 

�������� %D\���EHDP���ERWWRP �� ��� �� 

�������� %D\����GHFN�EHWZHHQ�EHDPV���DQG�� �� ��� �� 

�������� %D\����HDVW�VLGHZDON�EHDP�ZHVW�IDFH �� ��� �� 

�������� %D\����EHDP���ERWWRP �� ��� �� 

�������� %D\����EHDP���ZHVW �� ��� �� 

�������� %D\����ZHVW�VLGHZDON�EHDP �� ��� �� 

�������� %D\����EHDP���HDVW�IDFH �� ��� �� 

�������� %D\���EHDP���HDVW �� ��� �� 

�������� &ROXPQ���VRXWK�IDFH �� ��� �� 

�������� %D\���EHDP���HDVW�IDFH �� ��� �� 

�������� %D\���EHDP���ZHVW �� ��� �� 

�������� %D\���EHDP���ERWWRP �� ��� �� 

�������� %D\���VLGHZDON�VRIILW�ZHVW �� ��� �� 

�������� %D\���HDVW�EHDP�ERWWRP �� ��� �� 

�������� %D\���ZHVW�VLGHZDON�EHDP �� ��� �� 

�������� %D\���ZHVW�VLGHZDON�EHDP �� ��� �� 

�������� %D\���HDVW�EHDP�H�IDFH �� ��� �� 

�������� &RO���HDVW�VLGHZDON�V�IDFH �� ��� �� 

�������� %D\���PLGGOH�EHDP�ERWWRP �� ��� �� 

�������� %D\���H�VRIILW �� ��� �� 

�������� %D\���H�PLGGOH�EHDP�Z�IDFH �� ��� �� 

�������� %D\���ZHVW�EHDP�H�IDFH �� ��� �� 

�������� %D\���EHDP���H�IDFH �� ��� �� 

�������� %D\���EHDP���H�IDFH �� ��� �� 

�������� %D\���HDVW�PLGGOH�EHDP�H�IDFH �� �� �� 

�������� &RO���ZHE�EHDP�Q�IDFH �� ��� �� 

�������� FRO���ZHVW�IDFH �� ��� �� 

�������� FRO����DUFK�ZHVW�IDFH �� �� �� 

�������� FRO���VWUXW�VRXWK�IDFH �� ��� �� 

�������� FRO���VRXWK�IDFH �� ��� �� 

%��




<DTXLQD�%D\�%ULGJH

'DWH /RFDWLRQ =RQH SVL 0LOV


�������� FRO���QRUWK�IDFH �� ��� �� 

�������� SLHU�����FRO����DUFK�WRS �� ��� �� 

�������� FRO�������DUFK�HDVW�IDFH �� ��� �� 

�������� FRO���VWUXW�ERWWRP�VRXWK�IDFH �� ��� �� 

�������� FRO����HDVW�IDFH �� ��� �� 

�������� FRO����DUFK�QRUWK�IDFH �� ��� �� 

�������� FRO����HDVW�IDFH �� ��� �� 

�������� FRO����ZHE�EHDP�ZHVW�IDFH �� ��� �� 

�������� FRO����"""" �� ��� �� 

�������� FRO����ZHVW�IDFH �� ��� �� 

�������� FRO����VRXWK�IDFH �� ��� �� 

�������� FRO����SHGHVWDO�HDVW�IDFH �� ��� �� 

�������� FRO����VRXWK�IDFH �� ��� �� 

�������� FRO����QRUWK�IDFH �� ��� �� 

�������� FRO����ZHE�EHDP�HDVW �� ��� �� 

�������� FRO���QRUWK�IDFH �� ��� �� 

�������� FRO����HDVW�IDFH �� ��� �� 

�������� FRO����ZHVW�IDFH �� ��� �� 

�������� FRO����VWUXW�ERWWRP���
���� �� ��� �� 

�������� FRO���HDVW�IDFH �� ��� �� 

�������� FRO����HDVW�IDFH �� ��� �� 

�������� FRO����QRUWK�IDFH �� ��� �� 

�������� FRO����VWUXW�WRS���
���� �� ��� �� 

�������� FRO���ZHVW�IDFH �� ��� �� 

�������� FRO����VWUXW�ERWWRP���
���� �� ��� �� 

�������� FRO����DUFK�HDVW�IDFH �� ��� �� 

�������� FRO����ZHVW�IDFH �� ��� �� 

�������� :HVW�DUFK��FROXPQ���WR�FROXPQ���DUFK�ERWWRP �� �� �� 

�������� :HVW�DUFK��FROXPQ���WR�FROXPQ���DUFK�ERWWRP �� ��� �� 

�������� QRUWK�IDFH�FROXPQ���ZHE�EHDP �� ��� �� 

�������� :HVW�FROXPQ���VWDJH�IORRU�WR�DUFK��QRUWK�IDFH �� ��� �� 

�������� (DVW�DUFK��FROXPQ���WR�FROXPQ���ZHVW�IDFH �� ��� �� 

�������� (DVW�DUFK��FROXPQ���WR�FROXPQ����DUFK�ZHVW�IDFH �� ��� �� 

�������� (DVW�DUFK�EHWZHHQ�FRO���DQG���ZHVW�IDFH �� ��� �� 

�������� (DVW�FROXPQ���VWDJH�IORRU�WR�DUFK�HDVW�IDFH �� ��� �� 

�������� QRUWK�IDFH�FROXPQ���ZHE�EHDP �� ��� �� 

�������� :HVW�FROXPQ���ZHE�EHDP�VHFWLRQ�QRUWK�IDFH �� ��� �� 

�������� (DVW�DUFK�FROXPQ���WR�FROXPQ���DUFK�ERWWRP �� ��� �� 

%��




<DTXLQD�%D\�%ULGJH

'DWH /RFDWLRQ =RQH SVL 0LOV


�������� (DVW�DUFK��FROXPQ���WR�FROXPQ����DUFK�WRS �� ��� �� 

�������� %RWWRP�IDFH�FROXPQ���ZHE�EHDP �� ��� �� 

�������� ZHVW�DUFK��FROXPQ���WR�FROXPQ����DUFK�HDVW�IDFH �� ��� �� 

�������� (DVW�DUFK��FROXPQ���WR�FROXPQ����DUFK�WRS �� ��� �� 

�������� :HVW�FROXPQ���ZHE�EHDP�VHFWLRQ�QRUWK�IDFH �� ��� �� 

�������� (DVW�FROXPQ���VWDJH�IORRU�WR�DUFK�VRXWK�IDFH �� ��� �� 

�������� :HVW�DUFK��FROXPQ���WR�FROXPQ����DUFK�WRS �� ��� �� 

�������� (DVW�FRO���VWDJH�IORRU�WR�DUFK�ZHVW�IDFH �� ��� �� 

�������� &ROXPQ����HOHY�������WR�������HDVW�IDFH �� ��� �� 

�������� &ROXPQ���VRXWK�IDFH �� ��� �� 

�������� $UFK�EHWZHHQ�SLHU���DQG�FRO���ZHVW�IDFH �� ��� �� 

�������� $UFK�EHWZHHQ�SLHU���DQG�FRO���HDVW�IDFH �� ��� �� 

�������� $UFK�EHWZHHQ�FRO���DQG�FRO���WRS �� ��� �� 

�������� &ROXPQ����DUFK�SHGHVWDO��VRXWK�IDFH �� ��� �� 

�������� &ROXPQ���HDVW�IDFH �� ��� �� 

�������� &ROXPQ����HOHY�������WR�������QRUWK�IDFH �� ��� �� 

�������� &ROXPQ����HOHY�������WR�������VRXWK�IDFH �� ��� �� 

�������� &ROXPQ����HOHY�������WR�DUFK�SHGHVWDO�QRUWK�IDFH �� ��� �� 

�������� 6RXWK�IDFH�SLHU���WRS�PLG��DUFK�ZHE�ZDOO �� ��� �� 

�������� &ROXPQ����HOHY�������WR�������HDVW�IDFH �� ��� �� 

�������� &ROXPQ���LQWHU�ULE�VWUXW�WRS�HGJH �� ��� �� 

�������� :HVW�IDFH�SLHU���HOHY�������WR������ �� ��� �� 

�������� :HVW�IDFH�DUFK�SHGHVWDO�ORZHU�WULDQJOH �� ��� �� 

�������� &ROXPQ���ZHE�EHDP�VHFWLRQ�QRUWK�IDFH �� ��� �� 

�������� $UFK�ERWWRP�FRO���WR�FRO���QRUWK�KDOI �� ��� �� 

�������� 6RXWK�IDFH�SLHU���FRO���HOHY�������WR�ERRW�P�VWDJH�IORRU �� ��� �� 

�������� &ROXPQ���������WR�DUFK�SHGHVWDO�QRUWK�IDFH �� ��� �� 

�������� &ROXPQ���HOHY�������WR�DUFK�SHGHVWDO�HDVW�IDFH �� ��� �� 

�������� $UFK�EHWZHHQ�FRO���DQG�FRO���HDVW�IDFH �� ��� �� 

�������� &ROXPQ���FROXPQ�IODUH�WR�HOHY��������IODUH���IW��HDVW�IDFH �� ��� �� 

�������� &ROXPQ����HOHY�������WR�������ZHVW�IDFH �� �� �� 

�������� :HVW�IDFH�SLHU���SHGHVWDO �� ��� �� 

�������� &ROXPQ���VWDJH�IORRU�WR�Q�V�FROXPQ�IODUH�ZHVW�IDFH �� ��� �� 

�������� 1RUWK�IDFH�SLHU���WRS�PLG�DUFK�ZHE�ZDOO �� ��� �� 

�������� ED\���HDVW�PLGGOH�EHDP�HDVW�IDFH �� ��� �� 

�������� ED\���ZHVW�EHDP�ZHVW�IDFH �� ��� �� 

�������� EHDP���ERWWRP�ED\�� �� ��� �� 

�������� ED\���GHFN�EHWZHHQ�EHDP���	�� �� ��� �� 

%��




<DTXLQD�%D\�%ULGJH

'DWH /RFDWLRQ =RQH SVL 0LOV


�������� FRO���ZHVW�VLGHZDON�VXSSRUW�QRUWK�IDFH �� ��� �� 

�������� ED\���EHDP���ZHVW�IDFH �� ��� �� 

�������� ED\���HDVW�EHDP�ZHVW�IDFH �� ��� �� 

�������� ED\���HDVW�EHDP�HDVW�IDFH �� �� �� 

�������� ED\���PLGGOH�EHDP�HDVW�IDFH �� ��� �� 

�������� FRO����ZHVW�VLGHZDON�VRXWK�IDFH �� ��� �� 

�������� ED\���HDVW�PLGGOH�EHDP�ERWWRP �� ��� �� 

�������� ED\���ZHVW�VLGHZDON�EHDP �� ��� �� 

�������� ED\����GHFN�EHWZHHQ�EHDP���	�� �� ��� �� 

�������� ED\���GHFN�EHWZHHQ�EHDPV���	�� �� ��� �� 

�������� (DVW�FROXPQ���ZHE�EHDP�VHFWLRQ�HDVW�IDFH �� ��� �� 

�������� %D\���EHDP���HDVW�IDFH �� ��� �� 

�������� ERWWRP�IDFH�FRO���ZHE�EHDP �� ��� �� 

�������� %D\���EHDP���HDVW�IDFH �� ��� �� 

�������� (DVW�FROXPQ���ZHE�EHDP�VHFWLRQ�HDVW�IDFH �� ��� �� 

�������� %D\���HDVW�VLGHZDON�EHDP �� ��� �� 

�������� %D\���ZHVW�VRIILW �� �� �� 

�������� &ROXPQ���HDVW�VLGHZDON�VXSSRUW�VRXWK�IDFH �� ��� �� 

�������� %D\���GHFN�EHWZHHQ�EHDPV���DQG�� �� ��� �� 

�������� QRUWK�IDFH�FROXPQ���ZHE�EHDP �� ��� �� 

�������� FRO���HDVW�VLGHZDON�EUDFNHW�QRUWK�IDFH �� ��� �� 

�������� %D\���GHFN�EHWZHHQ�EHDPV���DQG�� �� ��� �� 

�������� %D\���GHFN�EHWZHHQ�EHDPV���DQG�� �� ��� �� 

�������� FROXPQ���HDVW�VLGHZDON�VXSSRUW�QRUWK�IDFH �� ��� �� 

�������� 6RXWK�IDFH�FROXPQ���ZHE�EHDP �� ��� �� 

�������� %D\���EHDP���HDVW�IDFH �� ��� �� 

�������� %D\���EHDP���HDVW�IDFH �� ��� �� 

�������� %D\���EHDP���HDVW�IDFH �� ��� �� 

�������� %D\���ZHVW�VLGHZDON�VRIILW �� ��� �� 

�������� %D\���EHDP���HDVW�IDFH �� ��� �� 

�������� %D\���HDVW�VLGHZDON�VRIILW �� ��� �� 

�������� %D\���ZHVW�VLGHZDON�EHDP �� ��� �� 

�������� %D\���EHDP���HDVW�IDFH �� ��� �� 

�������� %D\���ZHVW�VLGHZDON�VRIILW �� �� �� 

�������� %D\���HDVW�VLGHZDON�EHDP �� ��� �� 

�������� %D\���EHDP���ZHVW�IDFH �� ��� �� 

�������� %D\���EHDP���HDVW�IDFH �� ��� �� 

�������� ED\���EHDP���HDVW�IDFH �� ��� �� 

%��




<DTXLQD�%D\�%ULGJH

'DWH /RFDWLRQ =RQH SVL 0LOV


�������� %D\���ZHVW�VLGHZDON�EHDP �� ��� �� 

�������� &ROXPQ����HOHY�������WR�������HDVW�IDFH �� ��� �� 

�������� &ROXPQ����������WR��������IODUH����IW��QRUWK�IDFH �� ��� �� 

�������� &ROXPQ����������WR��������IODUH����IW��VRXWK�IDFH �� ��� �� 

�������� &ROXPQ����HOHY�������WR�������ZHVW�IDFH �� ��� �� 

�������� &ROXPQ����HOHY�������WR�DUFK�SHGHVWDO�VRXWK�IDFH �� ��� �� 

�������� &ROXPQ����ZHE�EHDP�VHFWLRQ�QRUWK�IDFH �� ��� �� 

�������� &ROXPQ����������WR��������IODUH����IW��ZHVW�IDFH �� ��� �� 

�������� $UFK�EHWZHHQ�FRO����DQG�FRO����ERWWRP�QRUWK�KDOI �� ��� �� 

�������� &ROXPQ���VWDJH�IORRU�WR��������IORRU����IW��HDVW�IDFH �� ��� �� 

�������� &ROXPQ����VWDJH�IORRU�WR�Q�V�FROXPQ�IODUH�HDVW�IDFH �� ��� � 

�������� &ROXPQ����LQWHU�ULE�VWUXW�VRXWK�IDFH �� ��� �� 

�������� &ROXPQ����ZHE�EHDP�VHFWLRQ�QRUWK�IDFH �� ��� �� 

�������� &ROXPQ����ZHE�EHDP�VHFWLRQ�QRUWK�IDFH �� ��� �� 

�������� &ROXPQ����VWDJH�IORRU�WR�Q�V�FROXPQ�IODUH�QRUWK�IDFH �� ��� �� 

�������� &ROXPQ����LQWHU�ULE�VWUXW�QRUWK�IDFH �� ��� �� 

�������� &ROXPQ���ZHE�EHDP�VHFWLRQ�HDVW�IDFH �� ��� �� 

�������� $UFK�FRO����WR�FRO����HDVW�IDFH �� �� �� 

�������� &ROXPQ����DUFK�SHGHVWDO�HDVW�IDFH �� ��� �� 

�������� &ROXPQ����DUFK�SHGHVWDO�HDVW�IDFH �� ��� �� 

�������� $UFK�FRO����WR�FRO����HDVW�IDFH �� ��� �� 

�������� &ROXPQ����VWDJH�IORRU�WR�Q�V�FROXPQ�IODUH�VRXWK�IDFH �� ��� �� 

�������� &ROXPQ����FROXPQ�IODUH�WR�HOHY��������IODUH����IW��ZHVW�IDFH �� ��� �� 

�������� %RWWRP�IDFH�FROXPQ���ZHE�EHDP �� ��� �� 

�������� (DVW�FROXPQ���ZHE�EHDP�VHFWLRQ�QRUWK�IDFH �� ��� �� 

�������� :HVW�FROXPQ���ZHE�EHDP�VHFWLRQ�VRXWK�IDFH �� ��� �� 

�������� (DVW�FROXPQ���ZHE�EHDP�VHFWLRQ�QRUWK�IDFH �� ��� �� 

�������� (DVW�FROXPQ���ZHE�EHDP�VHFWLRQ�VRXWK�IDFH �� ��� �� 

�������� :HVW�FROXPQ���VWDJH�IORRU�WR�DUFK�QRUWK�IDFH �� ��� �� 

�������� :HVW�FROXPQ���VWDJH�IORRU�WR�DUFK�HDVW�IDFH �� ��� �� 

�������� :HVW�DUFK��HDVW�IDFH��EHWZHHQ�FRO���DQG�� �� �� �� 

�������� :HVW�DUFK�ERWWRP�EHWZHHQ�FRO���DQG�� �� ��� �� 

�������� (DVW�FROXPQ���VWDJH�IORRU�WR�DUFK�ZHVW�IDFH �� ��� �� 

�������� (DVW�DUFK��HDVW�IDFH�FRO���WR�FRO�� �� ��� �� 

�������� (DVW�DUFK��HDVW�IDFH�FRO���WR�FRO�� �� ��� �� 

�������� (DVW�DUFK��DUFK�WRS�FRO���WR�FRO�� �� ��� �� 

�������� (DVW�DUFK��HDVW�IDFH�FRO���WR�FRO�� �� ��� �� 

�������� (DVW�DUFK��HDVW�IDFH�FRO���WR�FRO�� �� ��� �� 

�

%��




<DTXLQD�%D\�%ULGJH

'DWH /RFDWLRQ =RQH SVL 0LOV


�������� (DVW�DUFK�VRXWK�KDOI�DUFK�WRS�FRO���WR�� �� ��� �� 

�������� (DVW�FRO���VWDJH�IORRU�WR�SHGHVWDO�WRS�HDVW�IDFH �� ��� �� 

�������� (DVW�FRO���VWDJH�IORRU�WR�SHGHVWDO�WRS�VRXWK�IDFH �� ��� �� 

�������� (DVW�FRO���VWDJH�IORRU�WR�SHGHVWDO�WRS�ZHVW�IDFH �� ��� �� 

�������� (DVW�FRO���SHGHVWDO�WRS�WR�DUFK�VRXWK�IDFH �� ��� �� 

�������� (DVW�FRO���SHGHVWDO�WRS�WR�DUFK�ZHVW�IDFH �� ��� �� 

�������� &ROXPQ���ZHE�EHDP�VHFWLRQ�VRXWK�IDFH �� ��� �� 

�������� &ROXPQ���FROXPQ�IODUH�WR�HOHYDWLRQ��������IODUH����IW��HDVW�IDFH �� ��� �� 

�������� &ROXPQ���HOHY�������WR�������ZHVW�IDFH �� ��� �� 

�������� &ROXPQ���HOHYDWLRQ�������WR�DUFK�SHGHVWDO�HDVW�IDFH �� ��� � 

�������� 3LHU���WR�FROXPQ���DUFK�WRS �� ��� �� 

�������� &ROXPQ���DUFK�SHGHVWDO�QRUWK�IDFH �� ��� �� 

�������� &ROXPQ���������WR�DUFK�SHGHVWDO�QRUWK�IDFH �� ��� �� 

�������� &ROXPQ���ZHE�EHDP�VHFWLRQ�QRUWK�IDFH �� ��� �� 

�������� &RO���VWDJH�IORRU�WR�Q�V�FROXPQ�IODUH�HDVW�IDFH �� ��� �� 

�������� 3LHU���WR�FROXPQ���DUFK�ERWWRP�QRUWK�KDOI �� ��� �� 

�������� &ROXPQ���LQWHUULE�VWUXW�VRXWK�IDFH �� ��� �� 

�������� &RO���VWDJH�IORRU�WR�Q�V�FROXPQ�IODUH�QRUWK�IDFH �� ��� �� 

�������� &RO���VWDJH�IORRU�WR�Q�V�FROXPQ�IODUH�VRXWK�IDFH �� ��� �� 

�������� &RO���VWDJH�IORRU�WR�Q�V�FROXPQ�IODUH�ZHVW�IDFH �� ��� �� 

�������� &RO���VWDJH�IORRU�WR�Q�V�FROXPQ�IODUH�ZHVW�IDFH �� ��� �� 

�������� &RO���HOHY�������WR�������HDVW�IDFH �� ��� �� 

�������� &RO���DUFK�SHGHVWDO�VRXWK�IDFH �� ��� �� 

�������� &RO����������WR�������VRXWK�IDFH �� ��� �� 

�������� &ROXPQ���WR�FROXPQ���DUFK�ERWWRP �� ��� �� 

�������� 3LHU���HDVW�FRO�HDVW�IDFH�DUFK�SHGHVWDO�XSSHU�WULDQJOH �� ��� �� 

�������� 6RXWK�IDFH�SLHU�ILYH�ORZHU�ZHE�EHDP �� ��� �� 

�������� ZHVW�IDFH�SLHU���H�FRO�HO�������WR��������SHGHVWDO�WRS�XS���� �� ��� �� 

�������� 1RUWK�IDFH�SLHU���FROXPQ�HOHY�������WR������ �� �� �� 

�������� 1RUWK�IDFH�SLHU���H�FROXPQ�HOHY�������WR������ �� �� �� 

�������� 6RXWK�IDFH�SLHU���H�FROXPQ�HOHY�������WR������ �� ��� �� 

�������� %RWWRP�IDFH�FROXPQ����ZHE�EHDP �� ��� �� 

�������� %D\���EHDP���ZHVW�IDFH �� ��� �� 

�������� %D\���ZHVW�VLGHZDON�VRIILW �� ��� �� 

�������� %D\����EHDP���ZHVW�IDFH �� ��� �� 

�������� %D\���EHDP���ZHVW�IDFH �� ��� �� 

�������� %D\���EHDP���ZHVW�IDFH �� ��� �� 

�������� %RWWRP�IDFH�FROXPQ����ZHE�EHDP �� ��� �� 
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<DTXLQD�%D\�%ULGJH

'DWH /RFDWLRQ =RQH SVL 0LOV


�������� &ROXPQ����HDVW�VLGHZDON�VXSSRUW�VRXWK�IDFH �� ��� �� 

�������� %D\���EHDP���ERWWRP �� ��� �� 

�������� %D\����EHDP���HDVW�IDFH �� ��� �� 

�������� %D\����EHDP���HDVW�IDFH �� ��� �� 

�������� &ROXPQ����ZHVW�VLGHZDON�VXSSRUW�QRUWK�IDFH �� ��� �� 

�������� &ROXPQ����ZHVW�VLGHZDON�VXSSRUW�QRUWK�IDFH �� ��� �� 

�������� %D\����EHDP���ZHVW�IDFH �� ��� �� 

�������� %D\���EHDP���HDVW�IDFH �� ��� �� 

�������� &ROXPQ����HDVW�VLGHZDON�VXSSRUW�QRUWK�IDFH �� ��� �� 

�������� %D\���GHFN�EHWZHHQ�EHDPV���DQG�� �� ��� �� 

�������� &RO���ZHVW�VLGHZDON�VXSSRUW�VRXWK�IDFH �� ��� �� 

�������� %D\���EHDP���ERWWRP �� ��� �� 

�������� %D\���EHDP���ZHVW�IDFH �� ��� �� 

�������� %D\���EHDP���ERWWRP �� ��� �� 

�������� &RO���ZHVW�VLGHZDON�VXSSRUW�QRUWK�IDFH �� ��� �� 

�������� %D\���EHDP���HDVW�IDFH �� ��� �� 

�������� %D\���EHDP���ERWWRP �� ��� �� 

�������� %D\���EHDP���ZHVW�IDFH �� ��� �� 

�������� %D\���EHDP���HDVW�IDFH �� ��� �� 

�������� %D\���EHDP���ERWWRP �� ��� �� 

�������� %RWWRP�IDFH�FRO���ZHE�EHDP �� ��� �� 

�������� %D\���GHFN�EHWZHHQ�EHDPV���DQG�� �� ��� �� 

�������� ED\���EHDP���ZHVW�IDFH �� ��� �� 

�������� ED\���EHDP���ZHVW�IDFH �� ��� �� 

�������� %D\���EHDP���HDVW�IDFH �� ��� �� 

�������� %D\���HDVW�VLGHZDON�EHDP �� ��� �� 

�������� &RO���ZHVW�VLGHZDON�VXSSRUW�QRUWK�IDFH �� ��� �� 

�������� :HVW�FRO���VWDJH�IORRU�VRFNHW�KLQJH�MRLQW�ZHVW�IDFH �� ��� � 

�������� %D\���EHDP���HDVW�IDFH �� ��� �� 

�������� %D\���EHDP���HDVW�IDFH �� ��� �� 

�������� %D\���GHFN�EHWZHHQ�EHDP���DQG�� �� ��� �� 

�������� %D\���EHDP���ERWWRP �� ��� �� 

�������� %D\���EHDP���ERWWRP �� ��� �� 

�������� %D\���EHDP���ERWWRP �� ��� �� 

�������� %D\���EHDP���ZHVW�IDFH �� ��� �� 

�������� %D\���EHDP���ERWWRP �� ��� �� 

�������� %D\���EHDP���HDVW�IDFH �� ��� �� 

�������� ED\���EHDP���HDVW�IDFH �� ��� �� 
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<DTXLQD�%D\�%ULGJH

'DWH /RFDWLRQ =RQH SVL 0LOV


�������� &RO����VWDJH�IORRU�WR�Q�V�FRO��IODUH��QRUWK�IDFH �� ��� �� 

�������� &RO�����FRO��IODUH�WR�HOHY�������HDVW�IDFH��IODUH���� �� ��� �� 

�������� &RO�����HOHY�������WR�������HDVW�IDFH��SUHYLRXV���� �� ��� � 

�������� &RO�����HOHY��������WR�������HDVW�IDFH��SUHYLRXV����IW� �� ��� �� 

�������� &RO����DUFK�SHGHVWDO�QRUWK�IDFH �� ��� �� 

�������� &RO����DUFK�SHGHVWDO�HDVW�IDFH �� ��� �� 

�������� 3LHU���WR�FRO����DUFK�ZHVW�IDFH� �� ��� �� 

�������� 3LHU����FRO����DUFK�ERWWRP�WR�SLHU����VRXWK� �� ��� �� 

�������� &RO�����LQWHU�ULE�VWUXW�VRXWK�IDFH� �� ��� �� 

�������� &RO�����FRO��IODUH�WR�HOHY�������IODUH����IW��ZHVW�IDFH� �� ��� �� 

�������� &RO����HOHY��������WR�DUFK�SHGHVWDO�VRXWK�IDFH� �� ��� �� 

�������� &RO�����DUFK�SHGHVWDO�VRXWK�IDFH� �� ��� �� 

�������� &RO����FRO�����DUFK�ZHVW�IDFH� �� ��� �� 

�������� &RO����������WR�DUFK�SHGHVWDO�HDVW�IDFH� �� ��� �� 

�������� &RO�����FRO���DUFK�ZHVW�IDFH� �� ��� �� 

�������� &RO���LQWHU�ULE�VWUXW�ERWWRP�HGJH������WKLFN� �� ��� �� 

�������� &RO���LQWHU�ULE�VWUXW�ERWWRP�HGJH������WKLFN� �� ��� �� 

�������� &RO����ZHE�EHDP�VHFWLRQ��HDVW�IDFH��#�OHYHO���� �� ��� �� 

�������� &RO�����VWDJH��IORRU�WR�Q�V�FRO��)ODUH�QRUWK�IDFH� �� ��� �� 

�������� &RO����VWDJH�IORRU�WR�Q�V�FRO��IODUH�ZHVW�IDFH� �� ��� �� 

�������� &RO�����HOHY��������WR�������ZHVW�IDFH��SUHYLRXV���IW� �� ��� �� 

�������� &RO����HOHY��������WR�������VRXWK�IDFH��SUHYLRXV���IW� �� ��� �� 

�������� &RO����DUFK�SHGHVWDO�VRXWK�IDFH� �� ��� �� 

�������� 3LHU����FRO�����DUFK�WRS� �� ��� �� 

�������� &RO����HOHY�������WR�DUFK�SHGHVWDO�QRUWK�IDFH� �� ��� �� 

�������� &RO�����HOHY��������WR�DUFK�SHGHVWDO�VRXWK�IDFH� �� ��� �� 

�������� &RO����HOHY�������WR�DUFK�SHGHVWDO�ZHVW�IDFH� �� ��� �� 

�������� &RO����DUFK�SHGHVWDO�QRUWK�IDFH� �� ��� �� 

�������� &RO����DUFK�SHGHVWDO�QRUWK�IDFH� �� ��� �� 

�������� &RO����FRO���DUFK�ZHVW�IDFH� �� ��� �� 

�������� :HVW�FROXPQ����ZHE�EHDP�VHFWLRQ��ZHVW�IDFH� �� ��� �� 

�������� 1RUWK��IDFH�FROXPQ���ZHE�EHDP� �� ��� �� 

�������� 6RXWK�IDFH�FROXPQ����ZHE�EHDP �� ��� �� 

�������� (DVW�FROXPQ����ZHE�EHDP�VHFWLRQ��QRUWK�IDFH� �� ��� �� 

�������� :HVW�ULE��FROXPQ�����FRO���DUFK�HDVW�IDFH� �� ��� �� 

�������� :HVW�ULE��FROXPQ�����FRO����DUFK�WRS� �� ��� �� 

�������� :HVW�FROXPQ�����VWDJH�IORRU�WR�SHGHVWDO�WRS�ZHVW�IDFH� �� ��� �� 

�������� :HVW�FROXPQ����SHGHVWDO�WRS�WR�DUFK�HDVW�IDFH� �� ��� �� 
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<DTXLQD�%D\�%ULGJH

'DWH /RFDWLRQ =RQH SVL 0LOV


�������� (DVW�ULE��FROXPQ�����FRO�����DUFK�WRS� �� ��� �� 

�������� (DVW�ULE��FROXPQ�����FRO�����DUFK�WRS� �� ��� �� 

�������� (DVW�ULE��FROXPQ�����FRO�����DUFK�ERWWRP� �� ��� �� 

�������� (DVW�FROXPQ����VWDJH�IORRU�WR�SHGHVWDO�WRS�QRUWK�IDFH� �� ��� �� 

�������� (DVW�FROXPQ����SHGHVWDO�WRS�WR�DUFK�VRXWK�IDFH� �� ��� �� 

�������� (DVW�FROXPQ����SHGHVWDO�WRS�WR�DUFK�ZHVW�IDFH� �� ��� �� 

�������� (DVW�FROXPQ����SHGHVWDO�WRS�WR�DUFK�QRUWK�IDFH� �� ��� �� 

�������� :HVW�FROXPQ���VWDJH�IORRU�WR�SHGHVWDO�WRS�VRXWK�IDFH� �� ��� �� 

�������� :HVW�FROXPQ����VWDWH�IORRU�WR�SHGHVWDO�WRS�ZHVW�IDFH� �� ��� �� 

�������� (DVW�FROXPQ����VWDJH�IORRU�WR�SHGHVWDO�WRS�VRXWK�IDFH� �� ��� �� 

�������� :HVW�FROXPQ���ZHE�EHDP�VHFWLRQ��VRXWK�IDFH� �� ��� �� 

�������� �(DVW�FROXPQ����HOHY��������WR��������SUHYLRXV����IW��QRUWK�IDFH� �� ��� �� 

�������� �(DVW�FROXPQ����HOHY��������WR��������SUHYLRXV����IW��HDVW�IDFH� �� ��� �� 

�������� �(DVW�FROXPQ����HOHY��������WR��������SUHYLRXV����IW��HDVW�IDFH� �� ��� �� 

�������� �&ROXPQ���LQWHU�ULE�VWUXW�WRS�HGJH���C����WKLFN�ZHVW�KDOI� �� ��� �� 

�������� �&ROXPQ����LQWHU�ULE�VWUXW�QRUWK�IDFH�ZHVW�KDOI� �� ��� �� 

�������� :HVW�FRO����VWDJH�IORRU�WR��������VWDJH�IORRU�����QRUWK�IDFH� �� ��� �� 

�������� �:HVW�FRO����HOHY�������WR�DUFK�SHGHVWDO�HDVW�IDFH� �� ��� � 

�������� �(DVW�FRO����������WR�HOHY��������SUHYLRXV�����QRUWK�IDFH� �� ��� �� 

�������� �:HVW�ULE��FRO����VRXWK���IW��$UFK�ERWWRP� �� ��� �� 

�������� �(DVW�FRO����ZHE�EHDP�VHFWLRQ�QRUWK�IDFH� �� ��� �� 

�������� �(DVW�FRO����DUFK�SHGHVWDO�QRUWK�IDFH� �� ��� �� 

�������� �(DVW�FRO����DUFK�SHGHVWDO�ZHVW�IDFH� �� ��� �� 

�������� (DVW�FRO����ZHE�EHDP�VHFWLRQ��QRUWK�IDFH �� ��� �� 

�������� :HVW�FRO���VWDJH�IORRU�WR�Q�V�IODUH��HDVW�IDFH �� ��� �� 

�������� :HVW�FRO���IODUH�WR�HO��������IODUH��IW���QRUWK�IDFH �� ��� �� 

�������� :HVW�FRO���HO�������WR��������VRXWK�IDFH �� ��� �� 

�������� :HVW�FRO���HO�������WR�������QRUWK�IDFH �� ��� �� 

�������� :HVW�FRO���WR�ZHVW�FRO���DUFK�ERWWRP��VRXWK�KDOI �� ��� �� 

�������� (DVW�FRO���VWDJH�IORRU�WR�Q�V�IODUH��ZHVW�IDFH �� ��� �� 

�������� (DVW�FRO���IODUH�WR�HO��������IODUH��IW���HDVW�IDFH �� ��� � 

�������� (DVW�FRO���HO�������WR�DUFK�SHGHVWDO��HDVW�IDFH �� ��� �� 

�������� (DVW�FRO���HO�������WR�DUFK�SHGHVWDO��HDVW�IDFH �� ��� �� 

�������� (DVW�FRO���HO��������WR�DUFK�SHGHVWDO���ZHVW�IDFH �� ��� �� 

�������� :HVW�IDFH�SLHU���FRO��(O����WR��� �� ��� �� 

�������� (DVW�IDFH�SLHU���FRO��(O����WR��� �� ��� �� 

�������� 6RXWK�IDFH�SLHU���FRO��(O�����WR��� �� ��� �� 

�������� 1RUWK�IDFH�SLHU���FRO��(O�����WR��� �� ��� �� 
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<DTXLQD�%D\�%ULGJH

'DWH /RFDWLRQ =RQH SVL 0LOV


�������� 6RXWK�IDFH�SLHU���PLGGOH�DUFK�ZHE�ZDOO�HO����WR����ZHVW�KDOI �� ��� �� 

�������� 1RUWK�IDFH�SLHU���FRO��(O�����WR��� �� ��� �� 

�������� (DVW�IDFH�SLHU���FRO��(O�����WR��� �� ��� �� 

�������� 6RXWK�IDFH�SLHU���FRO��(O����WR���� �� ��� �� 

�������� 6RXWK�IDFH�XSSHU�ZHE�EHDP�GHFN�VRIILW�WR�VWDJH�IORRU �� ��� �� 

�������� 1RUWK�IDFH�ZHVW�FRO��ZHE�EHDP�VHFWLRQ �� ��� �� 

�������� :HVW�IDFH�ZHVW�FRO��ZHE�EHDP�VHFWLRQ �� ��� �� 

�������� 6RXWK�IDFH�ZHE�EHDP�VHFWLRQ��ZHVW�FRO� �� ��� �� 

�������� (DVW�IDFH�SLHU���HDVW�FRO��(O�����WR��� �� ��� �� 

�������� :HVW�IDFH�SLHU���FRO��(O�����WR��� �� ��� �� 

�������� 1RUWK�IDFH�SLHU���FRO��(O�����WR��� �� ��� �� 

�������� 1RUWK�IDFH�SLHU���FRO��(O�����WR��� �� ��� �� 

�������� 1RUWK�IDFH�SLHU���PLGGOH�DUFK�ZHE�EHDP�ZDOO�HO�����WR��� �� ��� �� 

�������� (DVW�IDFH�SLHU���FRO��(O�����WR��� �� ��� �� 

�������� 1RUWK�IDFH�SLHU���FRO��(O����WR��� �� ��� �� 

�������� 6RXWK�IDFH�SLHU���FRO��(O�����WR���� �� ��� �� 

�������� (DVW�IDFH�SLHU���FRO��(O������WR���� �� ��� �� 

�������� 1RUWK�IDFH�XSSHU�ZHE�EHDP�GHFN�VRIILW�WR�VWDJH�IORRU �� ��� �� 

�������� (DVW�IDFH�FRO��ZHE�EHDP�VHFWLRQ �� ��� �� 

�������� %D\���PLGGOH�EHDP��ZHVW�IDFH�#OHYHO���� �� ��� �� 

�������� %D\���HDVW�PLGGOH�EHDP�ZHVW�IDFH� �� ��� �� 

�������� %D\����HDVW�PLGGOH�EHDP�HDVW�IDFH� �� ��� �� 

�������� %D\����ZHVW�VLGH�ZDON�VRIILW� �� ��� �� 

�������� %D\�����PLGGOH�EHDP��ERWWRP� �� ��� �� 

�������� %D\�����HDVW�EHDP��HDVW�IDFH� �� ��� �� 

�������� %D\�����HDVW�VRIILW� �� ��� �� 

�������� %D\�����HDVW�VLGHZDON�EHDP� �� ��� �� 

�������� %D\����ZHVW�VLGHZDON�EHDP� �� ��� �� 

�������� %D\����ZHVW�VLGHZDON�EHDP� �� ��� �� 

�������� %D\���PLGGOH�EHDP�ERWWRP� �� ��� �� 

�������� %D\���HDVW�PLGGOH�EHDP��ZHVW�IDFH� �� ��� �� 

�������� 6RXWK�IDFH�FROXPQ���ZHE�EHDP� �� ��� �� 

�������� %D\����ZHVW�VLGHZDON�VRIILW� �� ��� �� 

�������� %D\����ZHVW�EHDP��HDVW�IDFH� �� ��� �� 

�������� %D\����HDVW�PLGGOH�EHDP��ERWWRP� �� ��� �� 

�������� %D\����HDVW�PLGGOH�EHDP��ERWWRP� �� ��� �� 

�������� %D\����HDVW�PLGGOH�EHDP��ERWWRP� �� ��� �� 

�������� %D\����HDVW�VRIILW��JDOYDQL]HG�GUDLQ� �� ��� �� 
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<DTXLQD�%D\�%ULGJH

'DWH /RFDWLRQ =RQH SVL 0LOV


�������� %D\����ZHVW�VLGHZDON�EHDP� �� ��� �� 

�������� %D\����PLGGOH�EHDP��HDVW�IDFH� �� ��� �� 

�������� %D\����HDVW�PLGGOH�EHDP��ZHVW�IDFH� �� ��� �� 

�������� %D\����HDVW�EHDP��HDVW�IDFH� �� ��� �� 

�������� %D\����HDVW�VLGHZDON�VRIILW� �� ��� �� 

�������� %D\����ZHVW�VLGHZDON�EHDP��VRXWK�KDOI �� ��� �� 

�������� %D\����ZHVW�VLGHZDON�VRIILW�QRUWK�IDFH� �� ��� �� 

�������� %D\����ZHVW�EHDP��ZHVW�IDFH��VRXWK�KDOI �� ��� �� 

�������� %D\����ZHVW�EHDP��HDVW�IDFH��VRXWK�KDOI �� ��� �� 

�������� %D\����ZHVW�GHFN�QRUWK�KDOI� �� ��� �� 

�������� %D\����ZHVW�PLGGOH�EHDP��HDVW�IDFH��VRXWK�KDOI �� ��� �� 

�������� %D\����ZHVW�PLGGOH�EHDP��HDVW�IDFH��VRXWK�KDOI �� ��� �� 

�������� %D\����ZHVW�PLGGOH�GHFN��VRXWK�KDOI �� ��� �� 

�������� %D\����PLGGOH�EHDP��HDVW�IDFH��VRXWK�KDOI �� ��� �� 

�������� %D\����HDVW�EHDP��ERWWRP��VRXWK�KDOI �� ��� �� 

�������� �%D\���ZHVW�EHDP���HDVW�IDFH� �� ��� �� 

�������� %D\����PLGGOH�EHDP��ERWWRP� �� ��� �� 

�������� �%D\����HDVW�EHDP��ERWWRP��JDOYDQL]HG�GUDLQ� �� ��� �� 

�������� �%D\����HDVW�EHDP��ERWWRP��JDOYDQL]HG�GUDLQ� �� �� �� 

�������� �%D\����HDVW�EHDP��ERWWRP��JDOYDQL]HG�GUDLQ� �� ��� �� 

�������� &RO���ZHE�EHDP��ERWWRP�IDFH �� ��� �� 

�������� %D\����ZHVW�VLGHZDON�EHDP �� ��� �� 

�������� %D\����ZHVW�VRIILW �� ��� �� 

�������� %D\���ZHVW�EHDP��HDVW�IDFH �� ��� �� 

�������� %D\����ZHVW�EHDP��HDVW�IDFH �� ��� �� 

�������� %D\����PLGGOH�EHDP��ZHVW�IDFH �� ��� �� 

�������� %D\����PLGGOH�EHDP��HDVW�IDFH �� ��� �� 

�������� %D\����HDVW�EHDP��ERWWRP �� ��� �� 

�������� %D\����HDVW�VLGHZDON�EHDP �� ��� �� 

�������� &RO�����ZHVW�VLGHZDON�VXSSRUW��VRXWK�KDOI �� ��� �� 

�������� %D\���ZHVW�EHDP��ZHVW�IDFH �� ��� �� 

�������� %D\���ZHVW�PLGGOH�GHFN �� ��� �� 

�������� %D\���ZHVW�PLGGOH�GHFN �� ��� �� 

�������� 1RUWK�IDFH�FRO����ZHE�EHDP �� ��� �� 

�������� %D\���ZHVW�PLGGOH�EHDP��HDVW�IDFH �� ��� �� 

�������� &RO����ZHVW�VLGHZDON�VXSSRUW��QRUWK�IDFH �� ��� �� 

%���




'HSRH�%D\�%ULGJH

'DWH /RFDWLRQ =RQH SVL 0LOV


������� :HVW�EHDP�HDVW�IDFH �� ��� �� 

������� 0LGGOH�EHDP�ZHVW�IDFH �� ��� �� 

������� %HQW���VRXWK�IDFH�RI�ZHE�ZDOO�ZHVW�KDOI �� ��� �� 
������� %HQW���ZHVW�FROXPQ�VRXWK�IDFH �� ��� �� 

������� &ROXPQ���ZHVW�HDVW�IDFH �� ��� �� 

������� &ROXPQ���ZHVW��VRXWK�IDFH �� ��� �� 

������� %HQW���ZHVW�FROXPQ�VRXWK�IDFH �� ��� �� 

������� %HQW���ZHVW�FROXPQ�ZHVW�IDFH �� ��� �� 

������� 2OG�EULGJH�ZHVW�FROXPQ�EHQW���ZHVW�IDFH �� ��� �� 
������� 2OG�EULGJH�ZHVW�FROXPQ�EHQW���QRUWK�IDFH �� ����� �� 
������� 'HFN�EHWZHHQ�HDVW�EHDP�DQG�PLGGOH�EHDP �� ��� �� 
������ :HVW�VLGH�ZDON�VXSSRUW�EUDFNHW�VRXWK�IDFH �� ��� �� 
������ (DVW�IDFH�RI�HDVW�EHDP�QHDU�EHQW�� �� ��� �� 

������ 6RXWK�IDFH�RI�ZHVW�VLGH�VLGHZDON�VXSSRUW �� ��� �� 
������ :HVW�VLGHZDON�EHWZHHQ�EHQW���DQG�EHQW�� �� ��� �� 
������ %RWWRP�RI�PLGGOH�EHDP�QRUWK�RI�EHQW�� �� ��� �� 
�������� (DVW�VLGHZDON�VRIILW �� ��� �� 

�������� 6LGHZDON�VXSSRUW�HDVW�VLGH�VRXWK�IDFH �� ��� �� 
�������� 6LGHZDON�VXSSRUW�HDVW�VLGH�VRXWK�IDFH �� ��� �� 
�������� (DVW�IDVFLD��QG�VLGHZDON�VXSSRUW�QRUWK�IDFH �� ��� �� 
�������� (DVW�GHFN�EHWZHHQ�EHQW���DQG�EHQW�� �� ��� �� 

�������� %HQW���ZHE�EHDP�HDVW�SDQHO�VRXWK�IDFH �� ��� �� 
�������� %HQW���ZHVW�FROXPQ�HDVW�IDFH �� ��� �� 

�������� %HQW���ZHE�EHDP�ZHVW�KDOI�QRUWK�IDFH �� ��� �� 
������� 1HZ�EULGJH�HDVW�FRO�EHQW���ZHVW�IDFH �� ��� �� 
������� %HDP��E�HDVW�PLGGOH�SDQHO�QRUWK�IDFH �� ��� �� 
������� (DVW�PLGGOH�WUDQVYHUVH�EHDP�VRXWK�IDFH �� ��� �� 
������� %HDP��D�PLGGOH�EHDP�ERWWRP �� ��� �� 

������� %HQW���ZHE�EHDP�QRUWK�IDFH�ZHVW�SDQHO �� ��� �� 
�������� (DVW�PLGGOH�SDQHO�QRUWK�IDFH �� ��� �� 

�������� (DVW�PLGGOH�SDQHO�QRUWK�IDFH �� ��� �� 

�������� 6HF��D�ZHVW�SDQHO�VRXWK�IDFH �� ��� �� 

�������� 6HF��D�ZHVW�PLGGOH�EHDP�ZHVW�IDFH �� ��� �� 

�������� 6HFWLRQ��D�ZHVW�PLGGOH�EHDP�HDVW�IDFH �� ��� �� 
�������� 6HFWLRQ��E�HDVW�PLGGOH�EHDP�HDVW�IDFH �� ��� �� 
�������� :HVW�PLGGOH�EHDP�ZHVW�IDFH�VHFWLRQ��E �� ��� �� 
�������� %HQW����ZHVW�FROXPQ�HDVW�IDFH �� ��� �� 

�������� %HQW���ZHVW�FROXPQ�VRXWK�IDFH �� ��� �� 

�������� %HQW���ZHVW�FROXPQ�VRXWK�IDFH �� ��� �� 

�������� %HQW���ZHVW�FROXPQ �� ��� �� 

%���




'HSRH�%D\�%ULGJH

'DWH /RFDWLRQ =RQH SVL 0LOV


�������� %HQW���HDVW�FROXPQ�VRXWK�IDFH �� ��� �� 

������� :HVW�FRO���IORRU�EHDP�VHF�VRXWK�IDFH � ��� �� 
������� %\���ZHVW�VLGHZDON�VRIILW � ��� �� 

������� %D\����ZHVW�EHDP�HDVW�IDFH � ��� �� 

������� (DVW�FRO����FHQWHUOLQH�VXSSRUW�EUDFNHW�QRUWK�IDFH � ��� �� 
������� 6LGHZDON�VXSSRUW�ZHVW�FRO����VRXWK�IDFH � ��� �� 
������ %RWWRP�RI�EHDP�DW�HDVW�SLHU���WR��ZHVW�FRO��� � ��� �� 
������ %D\���GHFN � ��� �� 

������ %D\���GHFN � ��� �� 

������� (DVW�FRO���FHQWHUOLQH�VXSSRUW�EUDFNHW�QRUWK�IDFH � ��� �� 
������� 3LHU���HDVW�FRO�HDVW�IDFH�HOHY����WR����]RQH�� � ��� �� 
������� &RO�EHWZHHQ�IORRU�OHYHO�RQH�DQG�SLHU���HDVW�IDFH � ��� �� 
������� (DVW�DUFK�SLHU���WR�FRO��� � ��� �� 
������ (DVW�DUFK�FRO����WR�FRO���ERWWRP � ��� �� 

������ (DVW�DUFK�FRO����WR�FRO���ERWWRP � ��� �� 

������ (DVW�DUFK�FRO����WR�FRO����WRS � ��� �� 

������ 3LHU���ZHVW�VRXWK�IDFH�HOHY����WS��� � ��� �� 

������ :HVW�DUFK�FRO���WR�FRO���HDVW�IDFH � ��� �� 

������ :HVW�DUFK�FRO���WR�FRO���ERWWRP � �� �� 

������ :HVW�FRO����DUFK�SHGHVWDO�QRUWK�IDFH � ��� �� 
������ :HVW�FRO����WRS�RI�DUFK�SHGHVWDO�WR�HOHY����VRXWK�IDFH � ��� � 
������ (DVW�IDFH�RI�ZHVW�DUFK�EHWZHHQ�FRO����DQG��� � ��� �� 
������ 3LHU���ZHVW�FRO�VRXWK�IDFH�EXVK�KDPPHU�WR�SHGHVWDO � �� 
������ (DVW�FRO����SUHYLRXV�WR�HOHY����HDVW�IDFH � ��� �� 
������ %RWWRP�RI�SLHU���VRXWK�IDFH�HDVW�FROXPQ � ��� �� 
������ %RWWRP�RI�SLHU���VRXWK�IDFH�HDVW�FROXPQ � ��� �� 
������� %D\���FRO���WR�FRO���HDVW�IDFH � ��� �� 

������� 6HF��D�ZHVW�SDQHO�VRXWK�IDFH � ��� �� 

������� 2OG�EULGJH�ZHVW�FRO���DUFK�SHGHVWDO � ��� �� 

������� :HVW�DUFK�FRO����WR�FRO���WRS � ��� �� 
������� :HVW�FRO����WRS�RI�DUFK�SHGHVWDO�WR�HOHY����Q�IDFH � ��� �� 
������� 3LHU���FRO�ZHVW�IDFH�HOHY����WR��� � ��� �� 

������� 3LHU���HDVW�FRO�HDVW�IDFH�HOHY����WR��� � ��� �� 
������� 6RXWK�IDFH�RI�FRO����HDVW�EHWZHHQ�OHYHO���DQG�� � ��� �� 
������� :HVW�FRO����DUFK�SHGHVWDO�QRUWK�IDFH � ��� �� 
������� (DVW�FRO����DUFK�SHGHVWDO�VRXWK�IDFH � �� �� 
������� 3LHU���ZHVW�IDFH�RI�ZHVW�ERWWRP�RI�OHYHO�� � ��� �� 
������ (DVW�FRO����SUHYLRXV�WR�HOHY����WRS�RI�FRO�FDS�QRUWK�IDFH � ��� �� 
������� :HVW�VLGHZDON�VRIILW�ED\��� � ��� �� 

������ %D\���HDVW�EHDP�ERWWRP � ��� �� 

������ %RWWRP�IDFH�FRO���IORRU�EHDP � ��� �� 

�
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'HSRH�%D\�%ULGJH

'DWH /RFDWLRQ =RQH SVL 0LOV


������ 1RUWK�IDFH�FRO���IORRU�EHDP�ERWWRP � ��� �� 

������ %D\���HDVW�VRIILW � ��� �� 

������ :HVW�FRO���IORRU�EHDP�VRXWK�IDFH � ��� �� 

������ %D\���ZHVW�EHDP�ERWWRP � ��� �� 

������� %RWWRP�IDFH�RI�FRO����IORRU�EHDP � ��� �� 

������� %D\���HDVW�EHDP�ZHVW�IDFH � ��� �� 

������ (DVW�FRO���IORRU�EHDP�VHF�QRUWK�IDFH � ��� �� 
������ %RWWRP�IDFH�FRO���IORRU�EHDP � ��� �� 

������ %D\���HDVW�EHDP�ZHVW�IDFH � ��� �� 

������� :HVW�VLGHZDON�VRIILW�ED\��� � ��� �� 

������� :HVW�IDFH�RI�ZHVW�FXUWDLQ�ZDOO�DW�ED\�� � ��� �� 
������� :HVW�IDFH�RI�ZHVW�FXUWDLQ�ZDOO�DW�ED\�� � ��� �� 
������ (DVW�FRO���FO�VXSSRUW�EDU�VRXWK�IDFH � ��� �� 
������� :HVW�FRO���IORRU�EHDP�VHFWLRQ�VRXWK�IDFH � ��� �� 
������� %D\���ZHVW�EHDP�HDVW�IDFH � ��� �� 

������� :HVW�FRO���IORRU�EHDP�VHFWLRQ�QRUWK�IDFH � ��� �� 
������� :HVW�FRO���IORRU�EHDP�VHFWLRQ�QRUWK�IDFH � ��� �� 
������� :HVW�FRO���IORRU�EHDP�VHFWLRQ�VRXWK�IDFH � �� �� 
������� (DVW�FRO���IORRU�EHDP�VHFWLRQ�VRXWK�IDFH � ��� �� 
������� (DVW�FRO���FHQWHUOLQH�VXSSRUW�EUDFNHW�VRXWK�IDFH � ��� �� 
������� (DVW�FRO���IORRU�EHDP�VHFWLRQ�VRXWK�IDFH � ��� �� 
������� :HVW�SLHU���IORRU�EHDP�QRUWK�IDFH � ��� �� 

������� :HVW�SLHU�RQH�IORRU�EHDP�ERWWRP � ��� �� 

������� (DVW�FRO���IORRU�EHDP�VHFWLRQ�QRUWK�IDFH � ��� �� 
������� :HVW�FRO���VLGHZDON�VXSSRUW�VRXWK�IDFH � ��� �� 
������� %D\���ZHVW�VRIILW � ��� �� 

������� :HVW�SLHU�RQH�ZHVW�VLGHZDON�VRIILW � ��� �� 

������� :HVW�FRO���VLGH�ZDON�VXSSRUW�QRUWK�IDFH � ��� �� 
������� :HVW�DUFK�FRO���WR�FRO���WRS � ��� �� 

������� 3LHU���ZHVW�FRO�HDVW�IDFH�HOHY����DQG��� � ��� �� 
������� :HVW�FRO���WRS�RI�DUFK�SHGHVWDO�HOHY����QRUWK�IDFH � ��� �� 
������� :HVW�DUFK�FRO���WR�FRO���WRS � ��� �� 

������� :HVW�FRO���DUFK�SHGHVWDO�QRUWK�IDFH � ��� �� 
������� :HVW�FRO���WRS�DUFK�SHGHVWDO�WR�HOHY����QRUWK�IDFH � ��� �� 
������� (DVW�DUFK�FRO���WR�PLG�VSDQ�HDVW�IDFH � ��� �� 
������ (DVW�DUFK�FRO���WR�FRO���WRS � ��� �� 

������� 3LHU���HDVW�FRO�VRXWK�IDFH�HOHY����WR��� � ��� �� 
������� 3LHU���HDVW�FRO�VRXWK�IDFH�HOHY����WR��� � ��� �� 
������� 3LHU���H�FRO�VRXWK�IDFH�HOHY�����WR��� � ��� �� 

������� :HVW�ODQGLQJ�QRUWK�EHDP�QRUWK�IDFH � ��� �� 

�������� :HVW�VWDLUZD\�ZHVW�EHDP�ZHVW�IDFH � ��� �� 

%���




'HSRH�%D\�%ULGJH

'DWH /RFDWLRQ =RQH SVL 0LOV


�������� :HVW�VWDLUZD\�VRIILW � ��� �� 

�������� :HVW�EHQW�QRUWK�FROXPQ�ZHVW�IDFH�ORZHU�WKLUG � ��� �� 
�������� :HVW�VSDQ�ZHVW�PLG�GLD�ZHVW�IDFH � ��� �� 

�������� :HVW�%HQW�1RUWK�&ROXPQ�:HVW�)DFH�/RZHU�7KLUG � ��� �� 
�������� :HVW�%HQW�6RXWK��6RXWK�&ROXPQ�:HVW�)DFH�/RZHU�7KLUG � ��� �� 
������� :HVW�6SDQ�(DVW�0LGGOH�'LDSKUDJP�(DVW�)DFH � ��� �� 

������� ZHVW�VSDQ�PLGGOH�GLDSKUDJP�ERWWRP � ��� �� 

�������� (DVW�VWDLU�KHDG�LQWHUP��&RO��1) � ��� �� 

�������� (DVW�%HQW�(DVW�'LDSKUDJP�:HVW�)DFH � ��� �� 

�������� (DVW�6SDQ�PLG�GLDSKUDJP�:) � ��� �� 

�������� (DVW�6WDLUZD\�6RIILW � ��� �� 

������� (DVW�VWDLU�KHDG�&RO�()�ORZHU � ��� �� 

������� HDVW�VSDQ��1�%HDP�(�VWDLU�KHDG�VHF��ERWWRP � ��� �� 

�������� 0LGGOH�EHQW�QRUWK�FROXPQ�1RUWK�)DFH � ��� �� 

������� :HVW�6WDLU�KHDG�:HVW�%HDP�:(67�)DFH � ��� �� 

������� 3LHU���:�6LGHZDON�6RIILW � ��� �� 

������� %D\�2&�:�6RIILW � ��� �� 

������ %D\�2&�:��%0�%RWWRP � ��� �� 

������ %D\�2&�:�6LGHZDON�%0 � ��� �� 

������ %D\�2%�:�6LGHZDON�6RIILW � ��� �� 

������� 'HFN�(���(���6�ò � ��� �� 

������� (���%0�6����:) � ��� �� 

������� (���%0�6�ò�%RWWRP � ��� �� 

������ :HVW�&RO����DUFK��WR��(OHY�����1RUWK�)DFH � ��� �� 

������ :HVW�$UFK��&ROXPQ���WR�PLG�VSDQ���:HVW�)DFH � ��� �� 

������ :HVW�&ROXPQ���SHGHVWDO�1RUWK�)DFH� � ��� �� 

������ (DVW�&ROXPQ���SUHYLRXV�WR�(OHY����(DVW�)DFH � ��� �� 

������ (�&RO����(OHY��������:HVW�)DFH� � ��� �� 

������� :HVW�&RO���(OHY�����6RXWK�)DFH� � ��� �� 

������� (�&RO����(OHY��������:HVW�)DFH� � ��� �� 

������� (�&RO����:�HVW�)DFH��(OHY��� � ��� �� 

������� :HVW��&RO���(OHY�����(DVW�)DFH� � ��� �� 

������� &ROXPQ���,QWHU�$UFK�VWUXW��6RXWK�)DFH� � ��� �� 

������� :HVW�&RO���3UHY��(OHY�����6RXWK�)DFH� � ��� �� 

������� :�HVW�&RO�����(OHY����1RUWK�)DFH� � ��� �� 

������� :�HVW�&RO���7RS�$UFK�3HGHVWDO�WR�(OHY����(DVW�)DFH � ��� �� 

������� (DVW�$UFK�&ROXPQ���WR�&ROXPQ����%RWWRP� � ��� �� 

%���




'HSRH�%D\�%ULGJH

'DWH /RFDWLRQ =RQH SVL 0LOV


������� 3LHU���:HVW�&RO�(DVW�)DFH� � ��� �� 

������� 3LHU����6RXWK�VWUXW��6RXWK�)DFH� � ��� �� 

������� 3LHU���1RUWK��6WUXWV��6RXWK�)DFH� � ��� �� 

������� 3LHU���(DVW�&ROXPQ�:HVW�)DFH�(OHY�����WR��� � ��� �� 

%LJ�&UHHN�%ULGJH

'DWH /RFDWLRQ =RQH SVL 0LOV 

������� %D\���'HFN�VODE��,��ZHVW�VLGH � ��� �� 

������� %HQW���:HVW�FROXPQ��6RXWK�VLGH��$ERYH�FDSLWDO � ��� � 

������� %HQW���&HOO��%�8SSHU�ZHE�ZDOO��6RXWK�VLGH � ��� �� 

������� &HOO���1�:��VLGHZDON�VXSSRUW��%RWWRP�VLGH � ��� �� 

������� &HOO��&�(DVW�PLGGOH�EHDP��%RWWRP�VLGH � ��� � 

������� &HOO��%�0LGGOH�EHDP��:HVW�VLGH � ��� �� 

������� &HOO��%�0LGGOH�EHDP��%RWWRP�VLGH � ��� � 

������� &HOO��'�(DVW�PLGGOH�EHDP��(DVW�VLGH � ��� �� 

������� &HOO��'�(DVW�PLGGOH�EHDP��(DVW�VLGH � ��� � 

������� &HOO��'�(DVW�EHDP��:HVW�VLGH � ��� � 

������� %HQW���(DVW�FROXPQ��1RUWK�VLGH � ��� � 

������� &HOO���(DVW�VLGHZDON�%RWWRP � �� � 

������� &HOO���(DVW�VLGHZDON�%RWWRP � �� �� 

������� &HOO���(DVW�VLGHZDON�%RWWRP � ��� �� 
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3RZGHU�VDPSOHV�RI�WKH�FRQFUHWH�ZHUH�WDNHQ�WR�GHWHUPLQH�FKORULGH�GLVWULEXWLRQ�LQ�WKH�VODEV�DV�D 
IXQFWLRQ�RI�GLVWDQFH�IURP�WKH�VXUIDFH��7KH�IROORZLQJ�HTXLSPHQW�ZDV�XVHG�WR�FROOHFW�SRZGHUHG 
FRQFUHWH�VDPSOHV�� 

7KH�9DFXXP�&ROOHFWLRQ�$SSDUDWXV�LV�GHVLJQHG�WR�FROOHFW�SRZGHU�IURP�D�URWDU\�KDPPHUHG�KROH 
LQ�FRQFUHWH���7KH�SRZGHU�LV�GUDZQ�WKRXJK�D�����FP������LQ��GLDPHWHU�KROORZ�ELW�E\�D�YDFXXP�DQG 
FROOHFWHG�LQ�D����VL]H�FRQH�FRIIHH�ILOWHU���7KH�5RWDU\�+DPPHU��ODUJH��ZDV�D�%RVFK������(96� 
0RGHO��������������������DPS������ZDWW������530�DW������%30��EHDWV�SHU�PLQXWH���$�GULOO�WKDW 
SURGXFHV�SRZGHU�PRUH�UDSLGO\�WKDQ�WKLV�RQH�PD\�SOXJ�WKH�DLU�KROH�LQ�WKH�GULOO�ELW��7KH�$QFKRU 
%RUH�$LU�%LW��3DUW�1R��$$�������ZDV�����LQFK�GLDPHWHU�ZLWK����FP�������LQ��XVDEOH�OHQJWK���� 
FP�������LQ��RYHUDOO�OHQJWK��DQG�D�FRQLFDO�VHFRQGDU\�FXWWLQJ�KHDG�ZLWK�D�YDFXXP�KROH��7KH 
$QFKRU�%RUH�$LU�6\VWHP�$GDSWHU�ZDV�6'6�3OXV��3DUW�1R��$$��������7KH�9DFXXP�&OHDQHU 
&RQQHFWRU�ZDV�3DUW�1R��$$�������$OO�PDQXIDFWXUHG�E\�+HOOHU�$QFKRU�%RUH��)UDVHU�0,������ 
������������������7KH�:HW�'U\�9DFXXP�ZDV�D�W\SLFDO�XQLW������9������$��,W�XVHG�WKH�VWDQGDUG 
YDFXXP�KRVH�HQG��������LQFK�GLDPHWHU�� 

7KH�3RZGHU�)LOWHU�$SSDUDWXV��FRQQHFWV�WKH�YDFXXP�WR�WKH�3ODVWLF�$LU�9DFXXP�+HDG��LQFOXGHG 
RQ�$QFKRU�%RUH�$LU�6\VWHP�$GDSWHU��EXW�RUGHUHG�VHSDUDWHO\�DV�3DUW�1R��$$�������RQ�WKH�URWDU\ 
KDPPHU�DQG�FROOHFWV�WKH�SRZGHU�VDPSOH�LQ�D����VWDQGDUG�FRQH�W\SH�FRIIHH�ILOWHU��DQ\�EUDQG 
ZRUNV����7KH�OHQJWK�RI�WKH�����FP������LQ��GLD��KRVH�VKRXOG�EH�DV�VKRUW�DV�SUDFWLFDO��WKLV�ZLOO 
IDFLOLWDWH�FOHDQLQJ�DQG�LPSURYHG�WKH�SHUIRUPDQFH�RI�WKH�YDFXXP�V\VWHP���7KH�SRZGHU�ILOWHU 
UHTXLUHV�WKH�IROORZLQJ�LWHPV�������WR������FP�����WR����LQ��RI�����FP������LQ��UHLQIRUFHG�7\JRQ 
KRVH��RQH�Q\ORQ�����FP������LQ��KRVH�WR�����FP������LQ��SLSH�DGDSWHU��RQH�����FP������LQ��66�KRVH 
FODPS��WZR�����FP������LQ��2�ULQJ������LQFK�WKLFN���WZR�����FP������LQ��FRQGXLW�ORFN�QXWV��WZR���� 
FP����LQ��[�����FP������LQ��FRQGXLW�UHGXFLQJ�ZDVKHUV� 

7KH�)LOWHU�&RQWDLQHU�VKRXOG�KDYH�D�WRS�OLS�RI������WR������FP�����WR����LQ��LQ�FLUFXPIHUHQFH� 
7KLV�LV�WKH�YDFXXP�VHDO�IRU�WKH����FRIIHH�ILOWHU���$�VQDS�VHDO�ZLOO�IDFLOLWDWH�UHPRYDO�RI�WKH�ILOWHU 
FRQWDLQLQJ�WKH�VDPSOH���$�VXLWDEOH�FRQWDLQHU�FDQ�EH�PDGH�IURP��D���WR�����TXDUW�5XEEHUPDLG 
6HUYLQ¶6DYHU�&DQLVWHU���0DNH�D�������LQFK�KROH�LQ�WKH�FHQWHU�RI�WKH�VQDS�WRS�DQG�D�����FP������LQ� 
KROH�LQ�WKH�FHQWHU�RI�WKH�FRQWDLQHU�ERWWRP�IRU�KRVH�FRQQHFWRUV���&RQQHFWLRQ�IURP�WKH�ILOWHU 
FRQWDLQHU�WR�WKH�YDFXXP�KRVH�UHTXLUHV�WKH�IROORZLQJ�LWHPV��RQH�������[�����1)6�GZY�DGDSWHU 
�SODVWLF�GUDLQ�SLSH���RQH�VLQN�RYHUIORZ�ZDVKHU��RQH�����FP����LQ��[�����FP�������LQ��FRQGXLW 
UHGXFLQJ�ZDVKHU���$�VWDQGDUG�6KRS�9DF�YDFXXP�FOHDQHU�KRVH�ZLOO�ILW�LQWR�WKH�GUDLQ�SLSH�DGDSWHU� 
3ODFH�WKH�WKUHDGHG�DGDSWHU�HQG�ZLWK�WKH�FRPSUHVVLRQ�QXW�LQVLGH�WKH�FRQWDLQHU�DQG�ZDVKHUV 
RXWVLGH��DQG�WLJKWHQ�WKH�QXW�WR�IRUP�D�YDFXXP�VHDO� 

7KH�6SDFHUV��IRU�GULOOLQJ�FRQFUHWH�WR�LQFUHPHQWDO�GHSWKV�DUH�127�PDGH�XVLQJ�39&�SLSH� 
,QVWHDG������FP�������LQ��GLDPHWHU�SRO\SURS\OHQH�SLSH��LW�FRQWDLQV�QR�KDORJHQV�ZKLFK�PLJKW 
LQIOXHQFH�WKH�FKORULGH�DQDO\VHV��LV�XVHG���7KH�SLSH�LV�PDGH�E\�6LPWHN�3RO\3UR��6,���33���� 
$YDLODEOH�IURP�)DPLOLDQ�1RUWKZHVW��,QGXVWULDO�3ODVWLFV�'LY���:DVKRXJDO�:$����������������� 
7KH�'XVW�5HPRYDO�6QRRW�LV�D����FP�����LQ��ORQJ�SLHFH�RI�����PP�������LQ��GLDPHWHU�66�WXEH 
DWWDFKHG�E\�GXFW�WDSH��DQG�SRVVLEO\�D�6ZDJHORN�ILWWLQJ�WR�JLYH�D�EHWWHU�ILW�WR�WKH�YDFXXP�OLQH��WR�D 
YDFXXP�FOHDQHU���,W�LV�XVHG�WR�VXFN�RXW�GHEULV�IURP�WKH�GULOO�KROH�EHWZHHQ�VDPSOHV�WR�SUHYHQW 
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3RZGHUHG�VDPSOHV�RI�WKH�FRQFUHWH�ZHUH�WDNHQ�WR�GHWHUPLQH�WKH�FKORULGH�GLVWULEXWLRQ�LQ�EULGJHV 
DORQJ�WKH�2UHJRQ�FRDVW���6DPSOHV�UHSRUWHG�KHUH�ZHUH�FROOHFWHG�DW����PP������LQFK��GHSWK 
LQFUHPHQWV���6SHFLDO�FDUH�ZDV�WDNHQ�QRW�WR�FRQWDPLQDWH�D�VDPSOH�ZLWK�OHIWRYHU�SRZGHU�IURP�WKH 
SUHYLRXV�VDPSOH���7R�GR�WKLV��WKH�KROH��WKH�KROORZ�GULOO��DQG�WKH�FROOHFWLRQ�OLQH�ZHUH�DOO�FOHDQHG 
ZLWK�D�YDFXXP�FOHDQHU�EHWZHHQ�HDFK�VDPSOH�FROOHFWLRQ� 

7KH�ODVW�VDPSOHV�DW�WKH�ERWWRP�RI�D�KROH��DV�WKH�KROH�EUHDNV�WKURXJK�WKH�EHDP��FDQ�UHVXOW�LQ 
LQFRPSOHWH�VDPSOH�FROOHFWLRQ���7KLV�LV�W\SLFDOO\�DOVR�ZKHUH�WKH�FKORULGH�FRQFHQWUDWLRQ�JUDGLHQW�LV 
KLJK���$V�WKH�FRQFUHWH�EUHDNV�DZD\�RQO\�D�VPDOO�VDPSOH�UHSUHVHQWLQJ�FRQFUHWH�RQH�RU�WZR 
LQFUHPHQWV�GHHS�LQ�WKH�FRQFUHWH�LV�FROOHFWHG���%HFDXVH�RI�WKLV��D�VHULHV�RI�VDPSOHV�ZHUH 
LQFUHPHQWDOO\�WDNHQ�IURP�WKH�RSSRVLWH��EDFN��VLGH�RI�WKH�RULJLQDO�KROH��RYHUODSSLQJ�WKH�RULJLQDO 
KROH�E\�������LQFKHV��DERXW���VDPSOH�FROOHFWLRQV��VR�WKDW�JRRG�VDPSOHV�IURP�WKH�ERWWRP�VLGH�RI 
WKH�VODE�ZHUH�FROOHFWHG���,Q�WKLV�ZD\��DOO�RI�WKH�VDPSOHV�ZHUH�SXW�WRJHWKHU�LQWR�D�VHDPOHVV�FKORULGH 
SURILOH�ZLWK�JRRG�VDPSOLQJ�SUDFWLFH�WKURXJKRXW� 

$OO�SRZGHUV�ZHUH�DQDO\]HG�IRU�ERWK�WRWDO�DQG�ZDWHU�VROXEOH�FKORULGH�FRQWHQW���$QDO\VLV 
WHFKQLTXHV�JLYHQ�LQ�$$6+72�7��������³6DPSOLQJ�DQG�7HVWLQJ�IRU�&KORULGH�,RQ�LQ�&RQFUHWH�DQG 
&RQFUHWH�5DZ�0DWHULDOV�´��AASHTO 1995����'HWHFWLRQ�OLPLWV�ZHUH������NJ�P�������OE�\G����IRU 
WKH�WRWDO�FKORULGH�LRQ�FRQWHQW�DQG������NJ�P�������OE�\G����IRU�WKH�ZDWHU�VROXEOH�FKORULGH�LRQ 
FRQWHQW� 

3RZGHU�VDPSOHV�RI�FRQFUHWH�FRQWDLQ�YDU\LQJ�DPRXQWV�RI�SXOYHUL]HG�DJJUHJDWH�WKDW�GLOXWH�WKH 
DPRXQW�RI�FHPHQW�SDVWH�LQ�WKH�VDPSOH���&KORULGHV�LQ�WKH�FRQFUHWH�DUH�FRQWDLQHG�RQO\�LQ�WKH 
FHPHQW�SDVWH���7KHUHIRUH��LQ�FRQYHUWLQJ�WKH�DPRXQW�RI�FKORULGH�LQ�D�VSHFLILF�SRZGHU�VDPSOH�WR�LWV 
FRQFHQWUDWLRQ�LQ�D�FXELF�PHWHU��RU�\DUG��RI�FRQFUHWH��LW�LV�QHFHVVDU\�WR�DGMXVW�WKH�FKORULGH�YDOXH 
IRU�WKH�GLOXWLRQ�UHVXOWLQJ�IURP�WKH�DJJUHJDWH�WKDW�ZDV�SRZGHUHG�GXULQJ�WKH�VDPSOLQJ�SURFHVV� 
7KLV�LV�QRUPDOO\�GRQH�XVLQJ�WKH�YDOXH�RI�VROXEOH�&D��QRUPDOO\�SUHVHQW�RQO\�LQ�WKH�FHPHQW�SDVWH� 
LQ�WKH�FRQFUHWH�DV�WKH�UHIHUHQFH�SRLQW� 

7\SH���3RUWODQG�FRQWDLQV�DSSUR[LPDWHO\������ZHLJKW���&D� 
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7KH�H[SHULHQFH�LQ�2UHJRQ�LV�WKDW�WKH�FRVW�RI�WKH�FDWKRGLF�SURWHFWLRQ�V\VWHP�LV�RQO\�D�IUDFWLRQ�RI 
WKH�WRWDO�SURMHFW�FRVW��Holcomb and Cryer 1998����7KH�SURMHFWV�FDQ�EH�EURNHQ�GRZQ�LQWR�ILYH 
EURDG�FDWHJRULHV��PRELOL]DWLRQ�DQG�WUDIILF��EULGJH�UHKDELOLWDWLRQ��FRQFUHWH�SUHSDUDWLRQ�DQG�UHSDLU� 
HQFORVXUH��DQG�FDWKRGLF�SURWHFWLRQ���0RELOL]DWLRQ�LV�SUHSDUDWLRQ�WR�SHUIRUP��ZRUN�VXFK�DV�PRYLQJ 
SHUVRQQHO�DQG�HTXLSPHQW��DQG�HVWDEOLVKLQJ�DQ�RIILFH���7UDIILF�LV�XVXDOO\�GLVUXSWHG�GXULQJ 
PRELOL]DWLRQ�DQG�IRU�WKHVH�MREV�DOO�WUDIILF�FRQWURO�FRVWV�DUH�LQFOXGHG�LQ�WKH�PRELOL]DWLRQ�DQG 
WUDIILF�FDWHJRU\���%ULGJH�UHKDELOLWDWLRQ�LV�PDLQWHQDQFH�RU�XSJUDGLQJ��EHDULQJV��MRLQWV��DQG�RYHUOD\V 
WR�FXUUHQW�VWDQGDUGV���$SDUW�IURP�EULGJH�UHKDELOLWDWLRQ��FRQFUHWH�SUHSDUDWLRQ�DQG�UHSDLU�FRQVLVWV�RI 
UHVWRULQJ�WKH�VWUXFWXUDO�FRQFUHWH�DQG�VWHHO�WR�RULJLQDO�RU�UHGHVLJQHG�VSHFLILFDWLRQV���7KH�HQFORVXUH�LV 
D�VWUXFWXUH�WKDW�SURYLGHV�FRQYHQLHQW��VWDEOH��DQG�SURWHFWHG�DFFHVV�WR�DOO�VXUIDFHV�IRU�,&&3��DQG 
DOVR�PLQLPL]HV�FRQWDPLQDWLRQ�RI�WKH�HQYLURQPHQW�IURP�WKH�WKHUPDO�VSUD\�SURFHVV� 

&DWKRGLF�SURWHFWLRQ�FDQ�EH�EURNHQ�GRZQ�LQWR�LWV�FRPSRQHQWV��TXDOLW\�FRQWURO�WUDLQLQJ�DQG 
FHUWLILFDWLRQ��UHIHUHQFH�FHOOV�DQG�QXOO�SUREHV��FRQWLQXLW\��WHUPLQDO�SODWHV��DQRGH�VXUIDFH 
SUHSDUDWLRQ��DQRGH�LQVWDOODWLRQ��DQG�HOHFWULFDO�V\VWHPV���7KH�EULGJHV�ZHUH�GLYLGHG�LQWR�,&&3 
]RQHV��HDFK�����WR�����P��������WR������IW���LQ�DUHD���7KH�]RQHV�ZHUH�LGHQWLILHG�DQG�VHOHFWHG 
EDVHG�RQ�DUFKLWHFWXUDO�IHDWXUHV�DQG�VR�DV�WR�KDYH�VLPLODU�FRQFUHWH�FRYHU�RYHU�WKH�UHEDU���6RPH 
]RQHV�JURXS�VLPLODU�GLVFRQWLQXRXV�DUHDV�VXFK�DV�FROXPQV� 

7KH�REMHFWLYH�RI�TXDOLW\�FRQWURO�WUDLQLQJ�DQG�FHUWLILFDWLRQ�LV�WR�HQVXUH�WKDW�FULWLFDO�ZRUN�HOHPHQWV 
DUH�UHOLDEO\�SHUIRUPHG�WR�VSHFLILFDWLRQ���5HIHUHQFH�FHOOV�DQG�QXOO�SUREHV�DUH�HPEHGGHG�LQ�WKH 
FRQFUHWH�RI�HDFK�,&&3�]RQH�WR��PRQLWRU�WKH�]RQH�SHUIRUPDQFH���5HIHUHQFH�FHOOV�PRQLWRU 
FRUURVLRQ�SRWHQWLDO��YROWDJH��DQG�QXOO�SUREHV�PRQLWRU�FRUURVLRQ�FXUUHQW��(OHFWULFDO�FRQWLQXLW\�LV 
UHTXLUHG�LQ�WKH�VWHHO�WKDW�LV�WR�EH�SURWHFWHG�DQG�DQ\�VWHHO�ZKLFK�LV�QRW�HOHFWULFDOO\�FRQWLQXRXV�LV�WR 
EH�ORFDWHG�DQG�ZHOGHG�WR�DGMDFHQW�VWHHO���6LQFH�WKHUH�DUH�QR�HSR[\�FRDWHG�UHEDU�LQ�WKHVH�EULGJHV� 
WKH�PDMRULW\�RI�UHLQIRUFLQJ�EDUV�LQ�WKH�EULGJH�DUH�H[SHFWHG�WR�EH�VXIILFLHQWO\�LQWHUFRQQHFWHG�E\ 
GLUHFW�FRQWDFW���7KLV�FRPSRQHQW�DOVR�LQFOXGHV�HVWDEOLVKLQJ�WKH�,&&3�V\VWHP�QHJDWLYH�HOHFWULFDO 
FRQQHFWLRQ�WR�WKH�VWHHO���7KH�DWWDFKPHQW�LV�DFFRPSOLVKHG�E\�H[FDYDWLQJ�WKH�FRQFUHWH�DURXQG�WKH 
UHEDU��SHUIRUPLQJ�D�VHULHV�RI�ZHOGV�WR�DWWDFK�WKH�FRSSHU�ZLUH�WR�WKH�UHEDU��YLD�D�EUDVV�EROW�DQG 
VKRUW�UHEDU�VWXE���DSSO\LQJ�HSR[\�WR�DQ\�H[SRVHG�PHWDO��DQG�WKHQ�LQVWDOOLQJ�D�39&�MXQFWLRQ�ER[ 
RYHU�WKH�H[FDYDWLRQ� 

7HUPLQDO�SODWHV�DUH�����FP�������LQ��GLDPHWHU�EUDVV�SODWHV�ZKHUH�WKH�,&&3�V\VWHP�SRVLWLYH�ZLUH 
WHUPLQDWHV�DQG�WKH�HOHFWULF�FXUUHQW�LV�GLVWULEXWHG�WR�WKH�=Q�DQRGH���)LJXUH�(���VKRZV�RQH�VXFK 
WHUPLQDO�SODWH�SULRU�WR�WKHUPDO�VSUD\LQJ���,W�LV�DWWDFKHG�ZLWK�QRQ�FRQGXFWLYH�HSR[\�DQG�LQVXODWHG 
EROWV�VR�WKDW�LW�LV�IOXVK�ZLWK�WKH�FRQFUHWH�VXUIDFH���7KH�WHUPLQDO�SODWHV�DUH�WKHQ�WKHUPDO�VSUD\HG 
ZLWK�=Q�DORQJ�ZLWK�WKH�UHVW�RI�WKH�FRQFUHWH���7ZR�WHUPLQDO�SODWH�FRQQHFWLRQV�DUH�XVHG�IRU�HDFK 
,&&3�]RQH�RU�FRQWLQXRXV�DUHD� 

(��




)LJXUH�(����7HUPLQDO�SODWH�FRQQHFWLRQ�SULRU�WR�WKHUPDO�VSUD\LQJ�ZLWK�=Q 

$QRGH�VXUIDFH�SUHSDUDWLRQ�FRQVLVWV�RI�URXJKHQLQJ�DQG�FOHDQLQJ�WKH�FRQFUHWH�VXUIDFH�LQ 
SUHSDUDWLRQ�IRU�DSSOLFDWLRQ�RI�WKH�=Q�DQRGH���$QRWKHU�VXUIDFH�SUHSDUDWLRQ�VWHS�ZDV�WR�SUHKHDW�WKH 
FRQFUHWH�VXUIDFH�ZLWK�D�SURSDQH�WRUFK���+RZHYHU��UHFHQW�UHVHDUFK�(Covino et al. 1996a, Covino et 
al. 1996b, Holcomb et al. 1996��VKRZHG�WKDW�WKH�LQLWLDO�ERQG�VWUHQJWK�EHQHILWV�IURP�SUHKHDWLQJ 
DUH�ORVW�DIWHU�HOHFWURFKHPLFDO�DJLQJ���7KXV��FXUUHQW�2UHJRQ�,&&3�SURMHFWV�XVH�SUHKHDWLQJ�RQO\ 
ZKHQ�WKH�FRQFUHWH�VXUIDFH�LV�QRW�GU\��$QRGHV�DUH�DQ�HOHFWULFDOO\�FRQGXFWLYH�OD\HU�RI�WKHUPDOO\� 
VSUD\HG�=Q�DSSOLHG�WR�WKH�FRQFUHWH�VXUIDFH�LQ�DUHDV�ZKHUH�WKH�HPEHGGHG�VWHHO�LV�WR�EH�SURWHFWHG� 
$SSUR[LPDWHO\�����PP�����PLOV��RI�=Q�ZHUH�DSSOLHG�RQ�WKHVH�WKUHH�EULGJHV���5HFHQW�UHVHDUFK 
(Covino et al. 1996a, Covino et al. 1996b, Holcomb et al. 1996��OHG�WR�D�UHGXFWLRQ�LQ�WKH�DQRGH 
WKLFNQHVV�WR����PLOV�������PP��LQ�FXUUHQW�2UHJRQ��,&&3�SURMHFWV� 

(OHFWULFDO�V\VWHPV�LQFOXGH�WKH�FDELQHWV��SRZHU�VXSSOLHV��FRQWUROV��UHPRWH�PRQLWRULQJ��DQG�DOO 
HOHFWULFDO�ZLULQJ���7KH�,&&3�V\VWHPV�DUH�FRQWUROOHG�DQG�PRQLWRUHG�E\�SURJUDPPDEOH�ORJLF 
FRQWUROOHUV��3/&����2QH�3/&�FRQWUROV�WKH�FXUUHQW�VXSSOLHG�E\�VL[�LQGLYLGXDO�SRZHU�VXSSOLHV±RQH 
IRU�HDFK�]RQH���3URJUDPPDEOH����WR����9��GLUHFW�FXUUHQW�SRZHU�VXSSOLHV�DUH�XVHG���7KH�FXUUHQW 
UDQJH�RI�HDFK�SRZHU�VXSSO\�LV�D�IXQFWLRQ�RI�WKH�,&&3�]RQH�UHTXLUHPHQWV��DQG�KDV�DOORZDQFHV�IRU 

(��




DGGLWLRQDO�SURWHFWLRQ�FXUUHQW�VKRXOG�LW�EHFRPH�QHFHVVDU\����$�W\SLFDO�YDOXH�IRU�WKH�DSSOLHG�FXUUHQW 
GHQVLW\�LV��������$�P�������P$�IW�����7KH�3/&�DOVR�UHFRUGV�WKH�FDWKRGLF�SURWHFWLRQ�]RQH�FXUUHQW� 
]RQH�YROWDJH��UHIHUHQFH�FHOO�YROWDJHV��WHPSHUDWXUH��DQG�UHODWLYH�KXPLGLW\���2Q�GHPDQG��HDFK�3/& 
ZLOO�SHUIRUP�D�GHSRODUL]DWLRQ�WHVW���6\VWHP�HQJLQHHUV�HYDOXDWH�WKH�HIIHFWLYHQHVV�RI�HDFK�]RQH�DQG 
DGMXVW�WKH�]RQH�FXUUHQW�EDVHG�RQ�WKHVH�GDWD� 

:KLOH�HDFK�,&&3�SURMHFW�FDQ�EH�GHVFULEHG�E\�WKH�DERYH�FDWHJRULHV��HDFK�SURMHFW�ZDV�DOVR�XQLTXH� 
)RU�H[DPSOH��HQJLQHHULQJ�DQG�FRQVWUXFWLRQ�RI�WKH�HQFORVXUH�IRU�WKH�<DTXLQD�%D\�%ULGJH�DUFKHV 
DQG�WKH�'HSRH�%D\�%ULGJH�ZHUH�PXFK�PRUH�FRVWO\�WKDQ�WKH�RWKHU�WZR�SURMHFWV�VLQFH�PXFK�RI 
HDFK�VWUXFWXUH�ZDV�DERYH�ZDWHU���$QG�FRQFUHWH�SUHSDUDWLRQ�DQG�UHSDLU�IRU�WKH�RULJLQDO�'HSRH�%D\ 
%ULGJH�FRQVWUXFWHG�LQ������ZDV�PXFK�PRUH�FRVWO\�WKDQ�IRU�WKH�ZLGHQHG�VHFWLRQ�FRQVWUXFWHG�LQ 
�������7KH�VDPH�DQDORJ\�IROORZV�IRU�RWKHU�VWUXFWXUHV±FRVWV�PD\�YDU\�VXEVWDQWLDOO\�IRU�EULGJHV�RI 
GLIIHUHQW�GHVLJQ��DJH��DQG�VHYHULW\�RI�GDPDJH� 

7KH�HQFORVXUH�SURWHFWV�SHUVRQQHO�DQG�EULGJH�VXUIDFHV�IURP�WKH�DGYHUVH�3DFLILF�PDULQH 
HQYLURQPHQW�DQG�SURWHFWV�WKH�HQYLURQPHQW�IURP�FRQWDPLQDWLQJ�ZDVWHV�DQG�QRLVH�JHQHUDWHG 
GXULQJ�FRQVWUXFWLRQ���7KH�HQFORVXUH�DOORZHG�ZRUN�WR�SURFHHG�RQ�VFKHGXOH�GXULQJ�LQFOHPHQW 
ZHDWKHU�DQG�PDLQWDLQHG�WKH�ZRUN�DUHD�DWPRVSKHUH�UHTXLUHG�IRU�DSSOLFDWLRQ�RI�WKH�DQRGH 
�Brousseau, Arnott, and Baldock 1994a,�Brousseau et al. 1994b�VKRZHG�WKDW�ORZ�LQLWLDO�ERQG 
VWUHQJWKV�UHVXOW�IURP�KLJK�PRLVWXUH�OHYHOV�RQ�WKH�FRQFUHWH����$OVR��2UHJRQ�LV�YHU\�SURWHFWLYH�RI 
KHU�HQYLURQPHQW�DQG�HYHQ�WKRXJK�D�VPDOO�DPRXQW�RI�=Q�LV�DQ�HVVHQWLDO�QXWULHQW��IRU�H[DPSOH��=Q 
VKRXOG�EH�SUHVHQW�LQ�FRQFHQWUDWLRQV�RI�������SSP�LQ�WKH�IRRG�IRU�UDLQERZ�WURXW��Ogino and Yang 
1978����WKH�LQWURGXFWLRQ�RI�DEQRUPDO�DPRXQWV�RI�=Q�LQWR�WKH�ORFDO�HFRV\VWHP�LV�XQDFFHSWDEOH��IRU 
H[DPSOH��H[FHVV�=Q�PD\�GDPDJH�JLOO�HSLWKHOLDO�WLVVXH��ZKLFK�LQFUHDVHV�WKH�GLIIXVLRQ�GLVWDQFH 
EHWZHHQ�ZDWHU�DQG�EORRG�OHDGLQJ�WR�DUWHULDO�DQG�WLVVXH�K\SR[LD��i.e.,�VXIIRFDWLRQ���Skidmore and 
Tovell 1972, Cairns 1980�����&RQWDLQPHQW�ZDV�DFKLHYHG�E\�UHTXLULQJ�WKH�HQFORVXUH�DURXQG�WKH 
ZRUN�SODWIRUP�EH�FDSDEOH�RI�ILOWHULQJ�FRQWDPLQDWHG�DLU�RI�DOO�SDUWLFXODWH�JUHDWHU�WKDQ���� 
PLFURPHWHU�EHIRUH�WKH�DLU�LV�H[KDXVWHG�WR�WKH�VXUURXQGLQJ�DWPRVSKHUH���7KLV�JRHV�EH\RQG�WKH 
HQYLURQPHQWDO�UHTXLUHPHQWV�HVWDEOLVKHG�E\�WKH�8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��(3$� 
DQG�WKH�2UHJRQ�'HSDUWPHQW�RI�(QYLURQPHQWDO�4XDOLW\��'(4����7KH�ER[�OLNH�VWUXFWXUH�VWUDGGOLQJ 
WKH�<DTXLQD�%D\�%ULGJH�DUFKHV�LQ�)LJ������LV�WKH�HQFORVXUH� 

(���� 352-(&7�&2676 

,Q�RUGHU�WR�REWDLQ�DQ�DYHUDJH�SURMHFW�FRVW�E\�HDFK�,&&3�FDWHJRU\��WKH�WZR�ORZHVW�ELGV�IRU�HDFK�RI 
WKH�IRXU�SURMHFWV�ZHUH�DYHUDJHG�DQG�FRQYHUWHG�WR������GROODUV�XVLQJ�WKH�&RQVXPHU�3ULFH�,QGH[ 
�U.S. Bureau of Labor Statistics 1997��IRU�DOO�LWHPV��QRW�VHDVRQDOO\�DGMXVWHG��IRU��������DQG 
H[SUHVVHG�LQ�WHUPV�RI�SULFH�SHU�XQLW�DUHD���7KH�UHVXOWV�DUH�VKRZQ�LQ�7DEOH�(�����%LGV�KDYH�WKH 
DGYDQWDJH�RI�EUHDNLQJ�WKH�FRVWV�GRZQ�LQWR�WKHLU�FRPSRQHQW�SDUWV���%XW�VLQFH�WKH�ERWWRP�OLQH�IRU 
DZDUGLQJ�D�ELG�ZDV�WKH�WRWDO�FRVW��H[SHULHQFH�KDV�VKRZQ�WKDW�VRPH�FDWHJRULHV�DUH�XQGHUVWDWHG 
ZKLOH�VRPH�DUH�RYHUVWDWHG���7KH�FDXVHV�RI�WKLV�GLIIHUHQFH�LQ�ELG�LWHPV�YDULHG�IURP�WKH 
XQGHUHVWLPDWLQJ�WKH�H[WHQW�RI�FRQFUHWH�GDPDJH�WR�D�FRQWUDFWRU�RYHUORDGLQJ�WKH�PRELOL]DWLRQ�WR 
JHW�RSHUDWLQJ�FDSLWRO���7R�PLQLPL]H�VXFK�HUURUV��WKH�DYHUDJHV�LQ�WKH�WZR�ORZHVW�ELGV��DQG�QRW�MXVW 
WKH�ORZHVW�ELG��DUH�XVHG��HYHQ�WKRXJK�DYHUDJLQJ�LQ�WKH�VHFRQG�ORZHVW�ELG�UDLVHV�WKH�UHSRUWHG 
FRVWV� 

(��




7DEOH�(����7RWDO�FRVW�DQG�FRVW�EUHDNGRZQ�IRU�&3�SURMHFWV�RQ�2UHJRQ�&RDVW�%ULGJHV 

%ULGJH�3URMHFW &DSH�&UHHN <DTXLQD�%D\ 
$UFKHV 

'HSRH�%D\ <DTXLQD�%D\ 
$SSURDFK 

$YHUDJH 
&RVW 

%ULGJH�&RQVWUXFWLRQ�'DWH ���� ���� ��������� ���� 

2SHQ�%LG�'DWH ���� ����� ���� ���� 

6XUIDFH�$UHD��IW���P�� ������� 
������� 

������� 
�������� 

������ 
������� 

������ 
������� 

7RWDO�&RVW� �����P ������P �����P �����P 

&RVW�����IW� ������ ������ ������ ������ ������ 

&3,�� ����� ����� ����� ����� 
&RQYHUVLRQ�)DFWRU�WR 
��&RQYHUW�WR������'ROODUV�� ���� ���� ���� ���� 

7RWDO�&RVW�������'ROODUV��� �����P ������P �����P �����P 

&RVW�������'ROODUV������IW� ������ ������ ������ ������ ������ 

&RVW�%UHDNGRZQ�������'ROODUV������IW� 

0RELOL]DWLRQ�	�7UDIILF ����� ����� ����� ����� ����� 

%ULGJH�5HKDELOLWDWLRQ ����� ����� ����� ����� ����� 
&RQFUHWH�3UHSDUDWLRQ�	 
5HSDLU ����� ����� ������ ����� ����� 

(QFORVXUH ����� ������ ������ ������ ������ 

&DWKRGLF�3URWHFWLRQ ������ ������ ������ ������ ������ 

&DWKRGLF�3URWHFWLRQ�&RVW�%UHDNGRZQ�������'ROODUV������IW� 

4&(�7UDLQLQJ�	 
���&HUWLILFDWLRQ 

����� ����� 

5HIHUHQFH�&HOOV�DQG 
���1XOO�3UREHV ����� ����� ����� ����� ����� 

&RQWLQXLW\ ����� ����� ����� ����� ����� 

7HUPLQDO�3ODWHV ����� ����� ����� ����� ����� 

$QRGH�6XUIDFH�3UHSDUDWLRQ ����� ����� ����� ����� ����� 

$QRGH�,QVWDOODWLRQ ����� ����� ����� ����� ����� 

(OHFWULFDO�6\VWHPV ����� ����� ����� ����� ����� 
��&RVWV�EDVHG�RQ�WKH�DYHUDJH�RI�WKH�ORZHVW�WZR�ELGV�UHFHLYHG� 
��&RQVXPHU�3ULFH�,QGH[��DOO�LWHPV��QRW�VHDVRQDOO\�DGMXVWHG������������ ������ 
��5DWLR�RI�&3,
V��ZKHUH�WKH�&3,�IRU�-DQXDU\������LV������� 

)URP�7DEOH�(����LW�FDQ�EH�VHHQ�WKDW�WKH�RYHUDOO�DYHUDJH�FRVW��LQ������GROODUV��RI�2UHJRQ�'27 
,&&3�SURMHFWV�ZDV���������P����������IW����ZLWK���������P����������IW���RI�WKDW�DWWULEXWHG�WR 
FDWKRGLF�SURWHFWLRQ���7KH�FDWHJRU\�ZLWK�WKH�ODUJHVW�FRVW�ZDV�QRW�FDWKRGLF�SURWHFWLRQ��LW�ZDV�WKH 
HQFORVXUH�DW���������P����������IW�����7KLV�FRVW�LV�ODUJH�EHFDXVH�RI�WKH�ORFDO�JHRJUDSK\��GHVLJQ�RI 
WKH�EULGJHV��DQG�WKH�OHYHO�RI�SURWHFWLRQ�FKRVHQ�E\�2UHJRQ���&RQFUHWH�UHSDLU�FRVW�HVFDODWHG�IURP 
WKH�&DSH�&UHHN�%ULGJH�WR�WKH�<DTXLQD�%D\�%ULGJH�DUFKHV�DQG�DJDLQ�DW�WKH�'HSRH�%D\�%ULGJH�GXH 
WR�WKH�GHSWK�RI�WKH�GDPDJH�WR�WKH�FRQFUHWH���2Q�WKH�<DTXLQD�%D\�%ULGJH�DUFKHV��ODUJH�DUHDV�RI 
WKHLU�VXUIDFH�ZHUH�GHODPLQDWHG�DQG�WKH�FRQFUHWH�UHSDLU�FRVWV�ZHUH�GRXEOH���,Q�WKH������VWUXFWXUH 
DW�'HSRH�%D\��WKH�FRUURVLRQ�GDPDJH�SHQHWUDWHG�EHORZ�WKH�WRS�OD\HU�RI�UHLQIRUFLQJ�VWHHO�DQG 
UHSDLU�FRVWV�ZHUH�D�IDFWRU�RI�IRXU�ODUJHU�WKDQ�WKRVH�IRU�WKH�&DSH�&UHHN�%ULGJH�RU�WKH�<DTXLQD�%D\ 
%ULGJH�DSSURDFK� 

(��




2I�WKH�FDWKRGLF�SURWHFWLRQ�FRPSRQHQWV��WKH�ODUJHVW�FRVW�ZDV�DQRGH�LQVWDOODWLRQ�DW��������P� 

�������IW�����7KLV��UHSUHVHQWHG�����RI�WKH�FDWKRGLF�SURWHFWLRQ�FRVW�DQG�����RI�WKH�WRWDO�FRVW� 

(��� 352-(&7�(&2120,&�(9$/8$7,21 

$W�OHDVW�RQH�PDMRU�FRQVHTXHQFH�RI�UHSODFLQJ�WKH�$OVHD�%D\�%ULGJH�WKDW�ZDV�QRW�UHGXFLEOH�WR 
PRQH\�ZDV�LWV�KLVWRULF�YDOXH���7KH�LPSRUWDQFH�RI�KLVWRULF�YDOXH�ZDV�QRW�HYLGHQW�XQWLO�WKH�EULGJH 
UHSODFHPHQW�ZDV�SURSRVHG�LQ��������$IWHU�WKH�SURSRVDO��D�ORFDO�FRPPLWWHH�ZDV�IRUPHG�GHGLFDWHG 
WR�VDYLQJ�WKH�$OVHD�%D\�%ULGJH���7KRXJK�DQ�LQGHSHQGHQW�VWXG\�GHWHUPLQHG�WKH�EULGJH�ZDV�QRW 
VDOYDJHDEOH��WKLV�JURXS�RI�FRQFHUQHG�FLWL]HQV�IRFXVHG�DWWHQWLRQ�RQ�WKH�SULGH�2UHJRQ�KDV�LQ�WKHVH 
DUFKHG�FRDVWDO�EULGJHV���&RQVHTXHQWO\��D�FRDVWDO�EULGJH�SURJUDP�ZDV�LQLWLDWHG�WR�VHDUFK�IRU�ZD\V 
WR�H[WHQG�WKH�XVHIXO�OLIH�RI�FRUURVLRQ�GDPDJHG�EULGJHV���(QJLQHHUV�GHVLJQHG�WKH�=Q�,&&3�V\VWHP 
IRU�WKH�&DSH�&UHHN�%ULGJH�EDVHG�RQ�WKH�&DOLIRUQLD�GHVLJQ��Concrete repair digest 1994���$IWHU 
FRPSOHWLQJ�WKH�ILUVW�SURMHFW��WKH�DSSHDUDQFH�DQG�FRVW�RI�WKH�=Q�,&&3�V\VWHP�ZHUH�VDWLVIDFWRU\��VR 
WKH�<DTXLQD�%D\�DQG�'HSRH�%D\�SURMHFWV�ZHUH�LQLWLDWHG���7KHVH�IRXU�,&&3�SURMHFWV�ZHUH 
FRPSOHWHG�IRU�����RI�WKH�HVWLPDWHG�UHSODFHPHQW�FRVWV� 

6RPH�UHKDELOLWDWLRQ�GHFLVLRQV�ZHUH�WURXEOHVRPH�DQG�FRQWURYHUVLDO���7KH�FDWKRGLF�SURWHFWLRQ 
SURMHFWV�ZHUH�HYDOXDWHG�E\�FRPSDULQJ�HVWLPDWHG�OLIH�F\FOH�FRVWV�RI�UHKDELOLWDWLRQ�YHUVXV 
UHSODFHPHQW�DQG�WKH�DELOLW\�RI�2UHJRQ�WR�IXQG�WKH�ZRUN���%HFDXVH�RI�WKH�KLJK�WUDIILF�YROXPH�RQ 
WKH�<DTXLQD�%D\�%ULGJH��D�QHZ�HDUWKTXDNH�UHVLVWDQW�IRXU�ODQH�EULGJH�ZDV�GHVLUDEOH���2UHJRQ¶V 
H[SHULHQFH�ZLWK�UHSODFLQJ�FRDVWDO�EULGJHV�LQGLFDWHG�H[WUD�FRYHU�DQG�D�PRUH�GHQVH�FRQFUHWH�ZRXOG 
LQFUHDVH�WKH�OLIH�RI�D�FRDVWDO�EULGJH�IRU�DERXW�����DGGHG�FRVW���$OVR��QHZ�EULGJHV�RI�VWDQGDUG 
GHVLJQV�GR�QRW�ORRN�OLNH�WKH�KLVWRULF�EULGJHV���$�GHVLJQ�ZLWK�D�JUDFHIXO�DUFK�VWUXFWXUH�FRPSDWLEOH 
ZLWK�WKH�KLVWRULF�EULGJHV�ZRXOG�FRVW�DQ�DGGLWLRQDO�������7KH�UHSODFHPHQW�FRVW�ZRXOG�KDYH�EHHQ 
RYHU�WZLFH�WKH�FRVW�RI�XVLQJ�,&&3���6LQFH�DOO�SURMHFWV�ZHUH�FRPSHWLQJ�IRU�OLPLWHG�IXQGV��WKH�,&&3 
RSWLRQ�ZDV�VHOHFWHG� 

0DLQWHQDQFH�FRVWV�IRU�WKH�&DSH�&UHHN�%ULGJH�,&&3�V\VWHP�KDYH�EHHQ�������SHU�\HDU�IRU�VLWH 
YLVLWV�DQG�GDWD�DFTXLVLWLRQ���7KH�SRZHU�UHTXLUHPHQWV�WR�RSHUDWH�WKH�,&&3�V\VWHPV�DUH�VPDOO���)RU 
H[DPSOH��WKH�,&&3�V\VWHP�RI�WKH�&DSH�&UHHN�%ULGJH�UHTXLUHV�DSSUR[LPDWHO\��������N:KU 
�a������SHU�\HDU���7KHVH�FRVWV�DUH�VPDOO�FRPSDUHG�WR�RYHUDOO�EULGJH�PDLQWHQDQFH�FRVWV� 

/DERUDWRU\�VWXGLHV�(Covino et al. 1996a, Covino et al. 1996b, Holcomb et al. 1996��VXJJHVW�WKDW 
WKH�=Q�DQRGHV�PD\�HYHQWXDOO\�QHHG�UHSODFHPHQW���6LQFH�WKH�,&&3�V\VWHP�SURWHFWV�WKH�VWHHO�UHEDU� 
ZKLFK�LQ�WXUQ�VKRXOG�UHGXFH�FRQFUHWH�FUDFNLQJ�DQG�GHWHULRUDWLRQ��UHLQVWDOODWLRQ�FRVWV�DUH�H[SHFWHG 
WR�EH�VLJQLILFDQWO\�ORZHU�WKDQ�WKH�LQLWLDO�LQVWDOODWLRQ�FRVWV���7KH�FRVW�UHGXFWLRQ�VKRXOG�EH�PRVW 
SURQRXQFHG�LQ�WKH�FDWHJRULHV�RI�EULGJH�UHKDELOLWDWLRQ��FRQFUHWH�UHKDELOLWDWLRQ�DQG�UHSDLU��DQG 
FRQWLQXLW\� 

(��





