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fib President’s message 

Dear PhD candidates, 

The fib is very happy about the 13th fib International PhD-Symposium Session 2 and very 
pleased with the organization of Chairman Jean-Michel Torrenti and his colleagues.  

The PhD Symposia were initiated in 1996 by fib Honorary President György Balázs, who saw 
the value of such events. 

Since then, young engineers and researchers have been meeting socially and sharing their 
experiences in each PhD Symposia. Unfortunately, it is not possible to meet in person this year. 

The biggest advantage of the PhD Symposium is to discuss with experienced, long-time fib 
members from different organizations. Therefore, discussion time is much longer compared 
with other international conferences. This opportunity is valuable not only for young 
generations but also for long-time members. I hope you seize this benefit from presenting your 
own work and enjoy the work of others.  

Finally, I would congratulate you all on your success. And I would thank the Organizers for 
their big efforts. 

Akio Kasuga 

President of the International Federation for Structural Concrete (fib) 



Preface  
 

A long-standing tradition of the fib, the PhD Symposia started in 1996. They were established 

by Prof. Balázs in Budapest to support young researchers and practitioners. Since then, the fib 

National Groups have already organised twelve symposia. The PhD symposia have become 

highly-recognised events, boasting the participation of international experts attending the 

symposia as PhD students' supervisors or keynote speakers. A two-year interval between each 

symposium allows for a thorough preparation of the event and for a sufficient amount of new 

information. The spirit of these symposia is to allow for a relaxed and friendly atmosphere, 

which befits the young generation.  

The 13th fib Symposium was to be held in Paris in 2020, following the previous symposium in 

Prague in 2018. Due the Covid-19 pandemic, we decided to split the symposium into two 

parts. In 2020 (26 to 28 August), we had an online symposium with the hope to be able to 

organise an in-person symposium in 2021. Unfortunately, the evolution of the pandemic did 

not allow us to envisage this. The second session of the 13th fib Symposium is therefore also be 

organised online on 21-22 July 2021. 

Two organisations are involved in the preparation of these events: The University Gustave Eiffel 

and the École normale supérieure Paris-Saclay, with the support of the French association of 

civil engineering (AFGC - representing the national fib group) and the University - Association 

of Civil Engineering (AUGC) and, of course, of the fib.  

After a classic review process, the 35 selected papers for 2021 are divided into four themes for 

the oral presentations with two parallel sessions over two days. Thirty minutes are allowed for 

each presentation in order to have the opportunity for a long discussion, which is a part of the 

spirit of these PhD symposia.  The best papers will be rewarded by our sponsor (EFB-école 

française du béton) and by the fib. It is a great pleasure for us to express our gratitude to all the 

sponsors who contributed to the organisation of the symposium. 

For 2021, a keynote also enriches the program as in 2020.  Magali Anderson 

(https://www.holcim.com/magali-anderson) will present a talk entitled: “Why concrete and 

cement are key for a net-zero world?” A topic close to the 2020 one and also very important, 

especially for the researchers of the future. 

Finally, let us wish to all participants – especially PhD students – an interesting event. We hope 

that this Symposium will help them to progress in scientific work and perhaps also in the fib 

activities.   

 

Fabrice Gatuingt, École normale supérieure Paris-Saclay & Jean Michel Torrenti, Université 

Gustave Eiffel 
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������ $[LDO�DQG�HFFHQWULF�FRPSUHVVLYH�VWUHQJWK�
7KH�D[LDO�DQG�HFFHQWULF�FRPSUHVVLYH�VWUHQJWK�RI�XQILOOHG�DQG�FRQFUHWH�ILOOHG��SODLQ�RU�UHLQIRUFHG�FRQ�
FUHWH�ZLWK�RQH����PP�EDU��*)5*�SDQHO�������P�ZLGH�������P�KLJK�DQG�����PP�WKLFN��ZDV�GHWHUPLQHG�
H[SHULPHQWDOO\�>�@��DQG�LW�ZDV�IRXQG�WKDW�DOO�WKH�XQILOOHG�SDQHOV�IDLOHG�E\�ORFDO�FUXVKLQJ�QHDU�WKH�VXS�
SRUWV��DQG�QR�VLJQLILFDQW�RXW�RI�SODQH�EHQGLQJ�RFFXUV�ZKHQ�VXEMHFWHG�WR�D[LDO�ORDG���$OO�WKH�FRQFUHWH�
ILOOHG�VSHFLPHQV�IDLOHG�E\�EXFNOLQJ�DQG�IOH[XUDO�WHQVLOH�EUHDNLQJ��)RU�ERWK�HQGV�SLQQHG�VSHFLPHQ��IDLO�
XUH�RFFXUUHG�DW�WKH�PLG�VSDQ�DQG�IRU�RQH�HQG�SLQQHG�DQG�RWKHU�HQG�IL[HG�VSHFLPHQ��IDLOXUH�ZDV�QHDU�WR�
WKH�SLQQHG�VXSSRUW��)LJ������7KXV�LW�ZDV�REVHUYHG�WKDW�WKH�IDLOXUH�ORDG�GHSHQGV�RQ�HFFHQWULFLW\�DQG�WKH�
VXSSRUW�FRQGLWLRQV��DQG�QRW�RQ�WKH�VWUHQJWK�RI�FRQFUHWH�DQG�UHLQIRUFLQJ�EDU�LQ�WKH�FDYLWLHV�>���@��6LPLODU�
REVHUYDWLRQV�ZHUH�DOVR�PDGH�EDVHG�RQ�WKH�H[SHULPHQWDO�VWXGLHV�FRQGXFWHG�DW�,,7�0DGUDV�>�@��$�VLJQLI�
LFDQW�LQFUHDVH�LQ�WKH�ORDG�FDUU\LQJ�FDSDFLW\�ZDV�REVHUYHG�ZKHQ�WKH�SDQHOV�ZHUH�LQILOOHG�ZLWK�FRQFUHWH�
DQG�LW�ZDV�DOVR�REVHUYHG�WKDW�WKH�SURYLVLRQ�RI�UHEDUV�GRHV�QRW�FRQWULEXWH�WR�WKH�VWUHQJWK�HQKDQFHPHQW��

�
)LJ���� )DLOXUH�PRGHV�RI�D[LDOO\�ORDGHG�*)5*�SDQHO���D��XQILOOHG�SDQHO���E��ERWK�HQGV�SLQQHG�FRQ�

FUHWH�ILOOHG�SDQHO���F��DQG��G��RQH�HQG�SLQQHG�DQG�RWKHU�HQG�IL[HG�FRQFUHWH�ILOOHG�SDQHO�>�@���������������������������������������������������������������������������������������������� ����������������������������������������������������������������������������������������������������������������������������� ����������������������������������������������������������������������������������������������������������������������������� ���������������������������������

������ 2XW�RI�SODQH�EHQGLQJ�VWUHQJWK�
7KH�RXW�RI�SODQH�EHKDYLRXU�RI�WKH�*)5*�SDQHO��SUHGRPLQDQW�ZKHQ�LW�LV�XVHG�DV�D�VODE�WR�UHVLVW�JUDYLW\�
ORDG�RU�ZDOO�WR�UHVLVW�ZLQG�SUHVVXUH��ZLWK�WKH�ULEV�SDUDOOHO�DQG�SHUSHQGLFXODU�WR�WKH�VSDQ��)LJ�����ZDV�
VWXGLHG�H[SHULPHQWDOO\�>�@��,Q�WKH�XQILOOHG�DQG�FRQFUHWH�ILOOHG�SDQHOV�ZLWK�WKH�ULEV�SDUDOOHO�WR�WKH�VSDQ��
WHQVLRQ�FUDFNLQJ�ZDV�REVHUYHG�DW�WKH�SDQHO�ERWWRP�FRQILUPLQJ�IOH[XUDO�IDLOXUH��)RU�WKH�XQILOOHG�SDQHOV�
ZLWK�ULEV�SHUSHQGLFXODU�WR�WKH�VSDQ��IDLOXUH�RFFXUUHG�E\�WKH�FUXVKLQJ�RI�WKH�ZHE��VKHDU�GHIRUPDWLRQ���
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� ����� �
)LJ���� )DLOXUH�PRGHV�IRU�RXW�RI�SODQH�EHQGLQJ�RI�WKH�SDQHO��D��5LEV�SDUDOOHO�WR�WKH�VSDQ��E��5LEV�

SHUSHQGLFXODU�WR�WKH�VSDQ�>�@���

������ 6KHDU�VWUHQJWK��
8QILOOHG�DQG�FRQFUHWH�ILOOHG�*)5*�SDQHOV�VXEMHFWHG�WR�ODWHUDO�ORDG�ZDV�VWXGLHG�H[SHULPHQWDOO\�>�����@�
WR�GHWHUPLQH� WKH�IDLOXUH�PRGHV�DQG� IDFWRUV�DIIHFWLQJ�VKHDU�VWUHQJWK��8QILOOHG�SDQHOV������P�DQG���P�
ZLGH��GHYHORS�GLDJRQDO�FUDFNV�LQLWLDOO\��)LJ����D���DQG�IDLOXUH�RFFXUV�E\�FRPSUHVVLRQ�FUXVKLQJ�RI�SODVWHU�
LQ� WKH�FRPSUHVVLRQ�]RQHV� �)LJ����E���� ,Q�FRQFUHWH�ILOOHG�SDQHOV� ������P�ZLGH��ZLWK� VWDUWHU�EDU�DORQH��
IDLOXUH�RFFXUV�E\�WKH�WHQVLOH�EUHDNLQJ�RI�WKH�SDQHO�MXVW�DERYH�WKH�VWDUWHU�EDU��GXH�WR�WKH�GLVFRQWLQXLW\�RI�
WKH�EDU���)LJ����F����)RU�FRQFUHWH�ILOOHG�SDQHOV�����P�ZLGH��ZLWK�VWDUWHU�EDUV�DORQH�DQG�����P�ZLGH��ZLWK�
IXOO�OHQJWK�UHEDUV����°�VKHDU�FUDFNV�RFFXU�EHIRUH�WKH�SHDN�ORDG�DQG�ORQJLWXGLQDO�VKHDU�FUDFNV�RFFXU�DW�
WKH�SHDN�ORDG��)LJ����G����7KXV�WKH�SDQHOV�ZLWK�WKLV�W\SH�RI�FRQILJXUDWLRQ�GHYHORS�IXOO�VKHDU�VWUHQJWK���

�
�D������������������������������E������������������������������F����������������������������G��

)LJ���� 9DULRXV�IDLOXUH�PRGHV�LQ�D�*)5*�SDQHO�VXEMHFWHG�WR�VKHDU���D��'LDJRQDO�FUDFNLQJ�LQ�XQILOOHG�
SDQHO���E��(QG�FUXVKLQJ�LQ�XQILOOHG�SDQHO���F��7HQVLOH�EUHDNLQJ�LQ�FRQFUHWH�ILOOHG�SDQHOV�ZLWK�
VWDUWHU�EDUV���G��/RQJLWXGLQDO�FUDFNLQJ�LQ�FRQFUHWH�ILOOHG�SDQHOV��

7KH�ODWHUDO�ORDG�EHKDYLRXU�RI�XQILOOHG�DQG�FRQFUHWH�ILOOHG�*)5*�SDQHOV������P�ZLGH��ZLWK�RQH�DQG�
WZR�UHEDUV�ZDV�VWXGLHG�>�@��DQG�LW�ZDV�REVHUYHG�WKDW�SDQHOV�ZLWK�RQH�UHEDU�IDLOHG�LQ�IOH[XUH�DQG�WKRVH�
ZLWK�WZR�UHEDUV�IDLOHG�LQ�VKHDU� &\FOLF�EHKDYLRXU�RI�5&�ILOOHG�*)5*�SDQHOV�VXEMHFWHG�WR�ERWK�LQ�SODQH�
ODWHUDO�ORDG�DQG�FRQVWDQW�D[LDO�ORDG�ZDV�VWXGLHG�>�����@��WR�XQGHUVWDQG�YDULRXV�SHUIRUPDQFH�SDUDPHWHUV�
OLNH�VWUHQJWK��VWLIIQHVV��GXFWLOLW\�DQG�HQHUJ\�GLVVLSDWLQJ�FDSDFLW\�������P�ZLGH�DQG������P�ZLGH�SDQHOV�
ZLWK�WZR�UHEDUV�LQ�HDFK�FDYLW\�ZHUH�VWXGLHG�WR�LQYHVWLJDWH�WKH�HIIHFW�RI�GRRU�RSHQLQJV>��@��DQG��P�ZLGH�
SDQHOV�ZHUH�VWXGLHG�WR�XQGHUVWDQG�WKH�HIIHFW�RI�D��WZR�UHEDUV�LQ�HDFK�FDYLW\�DQG�E��SURYLVLRQ�RI�WLH�EHDP�
��WLH�FRQQHFWLRQ�DW�WKH�ZDOO�WRS�>��@��,W�ZDV�REVHUYHG�WKDW�WKH�SDQHOV�H[KLELWHG�GXFWLOH�EHKDYLRXU�ZLWKRXW�
DQ\�SUHPDWXUH�IDLOXUH�DQG�WKXV�WKH�5&�ILOOHG�*)5*�SDQHOV�FDQ�DOVR�EH�XVHG�DV�VKHDU�ZDOOV�LQ�HDUWKTXDNH�
SURQH�DUHDV��7KH�*)5*�2*6�EXLOGLQJ�V\VWHP�LV�D�FRPELQDWLRQ�RI�5&�EHDP�FROXPQ�IUDPHG�VWUXFWXUH�
�ZLWK�VROLG�5&�VODE��LQ�WKH�JURXQG�VWRUH\�DQG�*)5*�ZDOO�VODE�V\VWHP�IRU�WKH�DERYH�VWRUH\V��7KH�SHU�
IRUPDQFH�HYDOXDWLRQ�RI�*)5*�2*6�EXLOGLQJ�V\VWHP��ZLWK�FRPELQHG�JUDYLW\�DQG�ODWHUDO�ORDG�ZDV�FDU�
ULHG�RXW�H[SHULPHQWDOO\ >��@��DQG�LW�ZDV�FRQFOXGHG�WKDW�WKH�JUDYLW\�ORDGV�DUH�WUDQVIHUUHG�IURP�WKH�ZDOOV�
WR�WKH�FROXPQV�E\�WKH�DUFKLQJ�PHFKDQLVP�DQG�WKXV�WKH�EHDPV�DUH�VXEMHFWHG�WR�RQO\�YHU\�OHVV�IRUFH� 

���� 7KHRUHWLFDO�VWXG\�
7KH�XOWLPDWH�VWUHQJWK�RI�WKH�XQILOOHG��FRQFUHWH�ILOOHG�DQG�5&�ILOOHG�*)5*�ZDOO�SDQHOV�VXEMHFWHG�WR�D[LDO��
HFFHQWULF�DQG� ODWHUDO� ORDGV�ZHUH�GHWHUPLQHG� WKHRUHWLFDOO\� �XVLQJ� WKH� WUDGLWLRQDO�PHWKRGV� OLNH�(XOHU¶V�
WKHRU\��5DQNLQH¶V� WKHRU\��5HGXFHG�PRGXOXV� WKHRU\� DQG�7DQJHQW�PRGXOXV� WKHRU\� IRU� D[LDOO\� ORDGHG�
VSHFLPHQV��DQG�6HFDQW�PRGXOXV�WKHRU\�IRU�HFFHQWULFDOO\�ORDGHG�VSHFLPHQV��DQG�IURP�WKH�ILQLWH�HOHPHQW�
DQDO\VLV��)(0��PHWKRGV�>�@��&RPSDULVRQ�RI�WKH�DQDO\WLFDO�UHVXOWV�ZLWK�WKH�H[SHULPHQWDO�UHVXOWV�VKRZHG�
WKDW�WKH�WUDGLWLRQDO�PHWKRGV�RYHUHVWLPDWHG�WKH�XOWLPDWH�VWUHQJWK�DQG�WKXV�PRGLILHG�PHWKRGV�ZKLFK�LQ�
FRUSRUDWH�WKH�HIIHFW�RI�QRQOLQHDULW\�ZDV�SURSRVHG�DQG�ZDV�IRXQG�WR�JLYH�PRUH�DFFXUDWH�UHVXOWV�>����@��
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�

)URP�WKH�ODWHUDO�ORDG�WHVW�UHVXOWV��3�0�LQWHUDFWLRQ�FXUYHV�ZHUH�GHYHORSHG��ZKLFK�FDQ�EH�XVHG�IRU�WKH�
VWUXFWXUDO�GHVLJQ�RI�*)5*�VKHDU�ZDOOV��)RU�ODWHUDOO\�ORDGHG�SDQHOV��DQ�LQFUHDVH�LQ�VWUHQJWK�ZDV�REVHUYHG�
GXH�WR�DQ�LQFUHDVH�LQ�UHLQIRUFHPHQW�DV�ZHOO�DV�GXH�WR�LQFUHDVH�LQ�D[LDO�ORDG��,W�ZDV�DOVR�REVHUYHG�WKDW�
WKH� ODWHUDO� ORDG�VWLIIQHVV�RI� WKH� VKHDU�ZDOO�KDV� WZR�FRPSRQHQWV�� LQ�ZKLFK� WKH� IOH[XUDO� FRPSRQHQW� LV�
SUHGRPLQDQW�LQ�QDUURZ�ZDOOV�DQG�VKHDU�FRPSRQHQW�LV�SUHGRPLQDQW�LQ�ZLGH�ZDOOV�>�@��

$�VXLWDEOH�K\VWHUHWLF�PRGHO�>��@��DV�VXJJHVWHG�E\�,EDUUD�HW�DO��>��@��IRU�WKH�5&�ILOOHG�*)5*�SDQHO�
ZKLFK�FRQVLGHUV�SLQFKLQJ�DQG�F\FOLF�GHWHULRUDWLRQ�LQ�WKH�H[SHULPHQWDO�UHVXOWV�LV�LGHQWLILHG�DQG�FDOLEUDWHG�
WR�PDWFK�WKH�H[SHULPHQWDO�UHVSRQVHV�XS�WR�����RI�WKH�SHDN�ORDG��,W�ZDV�REVHUYHG�WKDW�WKH�HQHUJ\�GLVVL�
SDWLRQ�DQG�SLQFKLQJ�SDUDPHWHUV�REWDLQHG�IRU�YDULRXV�VSHFLPHQV�ZHUH�WKH�VDPH��

�����%DVHG�RQ�WKH�H[SHULPHQWDO�DQG�WKHRUHWLFDO�VWXGLHV�RQ�WKH�ODWHUDO�ORDG�EHKDYLRXU�RI�XQILOOHG�DQG�
FRQFUHWH�ILOOHG�*)5*�SDQHOV��IDFWRUV�DIIHFWLQJ�WKH�VKHDU�VWUHQJWK�RI�WKH�*)5*�ZDOO�SDQHOV�DUH�VXPPD�
UL]HG�DV�EHORZ��
D�� &RQFUHWH� VWUHQJWK�� ,QVSHFWLRQ�RI� WKH�H[SRVHG�FRQFUHWH�FRUH�JDYH�DQ� LQVLJKW� WKDW� WKH� ORQJLWXGLQDO�

FUDFNV�DUH�GXH�WR�WKH�WHDULQJ�RI�WKH�SDQHO�VNLQ�DORQH��7KXV�WKH�VKHDU�VWUHQJWK�RI�WKH�*)5*�SDQHO�
GHSHQGV�RQO\�RQ�WKH�VWUHQJWK�RI�WKH�SDQHO�DQG�QRW�RQ�WKH�JUDGH�RI�FRQFUHWH�DQG�UHLQIRUFHPHQW��7KXV�
SDUWLDO�ILOOLQJ�RI�FDYLWLHV��)LJ���D���FDQ�EH�DGRSWHG�DQG�WKH�QXPEHU�RI�FDYLWLHV�WR�EH�ILOOHG�GHSHQGV�
RQ�WKH�VWUHQJWK�UHTXLUHPHQWV�>�±����@��

E�� 5HLQIRUFHPHQW�EDU��6KHDU�VWUHQJWK�RI�*)5*�ZDOOV�LV�QRW�DIIHFWHG�E\�WKH�ORQJLWXGLQDO�UHEDUV��7ZR�
W\SHV�RI�ZDOO�WR�IORRU�FRQQHFWLRQV�DUH�XVHG��,Q�WKH�W\SH�RQH�FRQQHFWLRQ��RQO\�VWDUWHU�EDUV�DUH�XVHG�
DQG�LQ�WKH�W\SH�WZR�FRQQHFWLRQ��ORQJLWXGLQDO�UHLQIRUFHPHQWV�DUH�XVHG�DORQJ�ZLWK�WKH�VWDUWHU�EDUV��
HQVXULQJ� WKH�FRQWLQXLW\�RI� ORQJLWXGLQDO�EDUV�DORQJ� WKH�KHLJKW�RI� WKH�ZDOO�� )URP� WKH�VWXG\�RQ� WKH�
HIIHFW�RI�WKH�FRQWLQXLW\�RI�ORQJLWXGLQDO�UHLQIRUFHPHQW�DW�WKH�ZDOO�WR�IORRU�MRLQW�>�@��LW�ZDV�REVHUYHG�
WKDW�W\SH�RQH�FRQQHFWLRQ�LV�DFFHSWDEOH�IRU�ORZ�ULVH�*)5*�EXLOGLQJV�ZKHUH�WKH�IDLOXUH�LV�JRYHUQHG�
E\�VKHDU�VWUHQJWK�DQG�QRW�E\�WKH�IOH[XUDO�VWUHQJWK��)RU�ZDOOV�ZLWK�VLJQLILFDQW�IOH[XUDO�GHIRUPDWLRQ��
WKH�FRQWLQXLW\�RI�WKH�ORQJLWXGLQDO�UHEDUV�LV�QHFHVVDU\�IRU�WKH�WHQVLOH�UHVLVWDQFH�RI�WKH�ZDOO�DQG�WKH�
RYHUDOO�VWDELOLW\�DQG�LQWHJULW\�RI�WKH�EXLOGLQJ�>�@��,W�ZDV�DOVR�REVHUYHG�WKDW�WKH�QXPEHU�RI�UHEDUV��RQH�
RU�WZR��LQ�HDFK�FDYLW\��GR�QRW�KDYH�D�VLJQLILFDQW�HIIHFW�RQ�WKH�VKHDU�VWUHQJWK�RU�VWLIIQHVV��%XW�WKH�
SURYLVLRQ�RI� WZR� UHEDUV�KHOSV� WR�VXVWDLQ� WKH� ORDG� LQ� WKH�SRVW�SHDN� UHJLRQ�DQG� WKXV�HQVXUHV�PRUH�
GXFWLOH�EHKDYLRXU�>��@���

F�� $[LDO�ORDG��7KH�VKHDU�UHVLVWDQFH�RI�DQ�5&�ZDOO�LQFUHDVHV�ZLWK�D[LDO�ORDG��EXW�WKH�VKHDU�UHVLVWDQFH�RI�
D�*)5*�ZDOO�GHSHQGV�RQ�WKH�LQWHUIDFH�SURSHUW\>�@��,I�WKH�LQWHUIDFH�LV�VPRRWK��WKHQ�WKH�D[LDO�ORDG�
GRHV�QRW�DIIHFW�WKH�VKHDU�UHVLVWDQFH��ZKHUHDV��D[LDO�ORDG�DIIHFWV�WKH�VKHDU�UHVLVWDQFH�LQ�WKH�FDVH�RI�D�
URXJK�LQWHUIDFH��,Q�DFWXDO�SUDFWLFH��WKH�HIIHFW�RI�D[LDO�ORDG�RQ�VKHDU�VWUHQJWK�LV�XVXDOO\�QHJOHFWHG�WR�
KDYH�D�FRQVHUYDWLYH�GHVLJQ���

G�� ,QWHUQDO�IUDPH�DFWLRQ��,QWHUQDO�IUDPH�DFWLRQ�H[LVWV�ZKHQ�IORRU�EHDPV�DUH�SURYLGHG�DQG�DUH�FDVW�PRQ�
ROLWKLFDOO\�ZLWK�WKH�LQWHUQDO�5&�FRUHV��)LJ����E����7KHQ�WKH�WRWDO�VKHDU�VWUHQJWK�RI�WKH�*)5*�ZDOOV�
LQFOXGHV�WKH�VKHDU�UHVLVWDQFH�RI�WKH�*)5*�SDQHO�DV�ZHOO�DV�WKH�ODWHUDO�UHVLVWDQFH�RI�WKH�5&�IUDPH���

�

� �
)LJ���� ��D��9DULRXV�DUUDQJHPHQWV�IRU�ILOOLQJ�FDYLWLHV�LQ�D�*)5*�SDQHO���E��&RQFUHWH�ILOOHG�*)5*�

SDQHOV�ZLWK�5&�EHDP�DW�WRS�DQG�ERWWRP�

�� %HKDYLRXU�RI�*)5*�5&�FRPSRVLWH�VODE�
7KH�DSSOLFDELOLW\�RI�*)5*�SDQHO�DV�URRI�DQG�VWDLUFDVH�ZDLVW�VODE�ZDV�ILUVW�VWXGLHG�DW�,,7�0DGUDV�>��@�
E\�FRQGXFWLQJ�H[SHULPHQWDO�DQG�WKHRUHWLFDO�VWXGLHV��*)5*�SDQHOV��ZLWK�ULEV�DOLJQHG�LQ�WKH�GLUHFWLRQ�RI�
EHQGLQJ��RXW�RI�SODQH���SRVVHVV�VXIILFLHQW�IOH[XUDO�VWUHQJWK�>�@�DQG�WKH�LQWURGXFWLRQ�RI�UHLQIRUFHG�FRQ�
FUHWH�LQWR�WKH�FDYLWLHV�RI�WKH�SDQHO�IXUWKHU�HQKDQFHV�WKH�IOH[XUDO�VWUHQJWK��*)5*�SDQHOV�ZLWK�ULEV�DOLJQHG�
LQ�WKH�GLUHFWLRQ�RI�EHQGLQJ�FDQ�EH�GHVLJQHG�DV�D�RQH�ZD\�VODE��&RQFHDOHG�5&�EHDPV�DUH�SURYLGHG�E\�
RSHQLQJ�WKH�IODQJHV�DQG�ILOOLQJ�WKH�FDYLWLHV�DW�UHJXODU�LQWHUYDOV��W\SLFDOO\�HYHU\��UG�FDYLW\�IRU�URRI�VODE�
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DQG�DOO�WKH�FDYLWLHV�IRU�VWDLUFDVH�ZDLVW�VODEV���$�VFUHHG�FRQFUHWH�RI�WKLFNQHVV����PP�DQG�UHLQIRUFHG�ZLWK�
ZHOGHG�ZLUH� IDEULF�RI����JDXJH�DW�����î�����PP�VSDFLQJ� LV�SURYLGHG� WR�PLQLPL]H� WKH� WKHUPDO�DQG�
VKULQNDJH�FUDFNV��)LJ������7KXV�WKH�HQWLUH�DVVHPEO\�SURYLGHV�D�7�EHDP�DFWLRQ���

�
)LJ���� &URVV�VHFWLRQ�RI�*)5*�5&�VODE�

([WHQVLYH�VWXGLHV�ZHUH�FRQGXFWHG�RQ�*)5*�5&�VODE�DQG�ULEEHG�5&�VODEV��5&�7�EHDP�V\VWHP��WR�
XQGHUVWDQG�WKH�EHKDYLRXU�RI�*)5*�5&�VODE�V\VWHP�>��@��7KH�VSHFLPHQV�WHVWHG�LQFOXGHG�XQLW�PRGXODU�
ZLGWK�VODEV�������P�[������P��DQG�RQH�ZD\�DQG�WZR�ZD\�SURWRW\SH�VODEV�������P�[�������P���)RXU�
SRLQW�EHQGLQJ� WHVW�ZDV�GRQH�RQ�XQLW�PRGXODU�ZLGWK�*)5*�5&�VODE�DQG�ULEEHG�5&�VODEV�DQG� LW�ZDV�
REVHUYHG�WKDW�WKH�*)5*�HQKDQFHV�VWUHQJWK�E\����WR������DQG�VWLIIQHVV�E\����WR�������)LJ����D����)RU�
*)5*�5&�VODE��WZR�FDVHV�FRUUHVSRQGLQJ�WR�WKH�IXOO�ERQG�DQG�]HUR�ERQG�DW�WKH�LQWHUIDFH�EHWZHHQ�WKH�
*)5*�DQG�5&�ZHUH�VWXGLHG�WKHRUHWLFDOO\��7KH�ORDG�GHIOHFWLRQ�FXUYH�REWDLQHG�IURP�WKH�H[SHULPHQW�ZDV�
IRXQG�WR�OLH�LQ�EHWZHHQ�WKH�IXOO�ERQG�DQG�]HUR�ERQG�SUHGLFWLRQV��WKXV�LQGLFDWLQJ�D�SDUWLDO�ERQG��

�

7KH�ORDG�GHIOHFWLRQ�EHKDYLRXU�RI�*)5*�RQH�ZD\�SURWRW\SH�VODE��VLPSO\�VXSSRUWHG�RQ�WZR�RSSRVLWH�
VLGHV��VXEMHFWHG�WR�XQLIRUPO\�GLVWULEXWHG�ORDG��8'/��ZDV�GHWHUPLQHG�H[SHULPHQWDOO\�DQG�WKHRUHWLFDOO\�
DQG�FRPSDULVRQ�RI�WKLV�ZLWK�ULEEHG�5&�VODE��)LJ����E����VKRZHG�D�VWUHQJWK�HQKDQFHPHQW�RI�����DQG�
VWLIIQHVV�HQKDQFHPHQW�RI�������ZKLFK�LV�GXH�WR�WKH�FRQWULEXWLRQ�RI�*)5*���7KH�PD[LPXP�VSDQ�RI�WKH�
*)5*�5&�VODE�ZKLFK�FDQ�EH�SURYLGHG�LV���P�LQ�D�UHVLGHQWLDO�EXLOGLQJ�DQG�����P�LQ�D�FRPPHUFLDO�DQG�
LQGXVWULDO�EXLOGLQJ��:KHQ�WKH�VODE�LV�JUHDWHU�WKDQ���P����SLHFHV�RI�SDQHO�QHHG�WR�EH�MRLQHG�LQ�VXFK�D�ZD\�
WKDW�WKH�FRQFHDOHG�5&�EHDP�FDQ�UXQ�FRQWLQXRXVO\�WKURXJKRXW�WKH�*)5*�SDQHO�EHWZHHQ�WKH�VXSSRUWV��,W�
ZDV�DOVR�REVHUYHG�H[SHULPHQWDOO\�WKDW�WKH�VWUHQJWK�DQG�VWLIIQHVV�RI�WKH�SDQHO�ZLWK�DQG�ZLWKRXW�D�FXW�ZDV�
DOPRVW�WKH�VDPH��LQGLFDWLQJ�WKDW�WKHUH�LV�QR�UHGXFWLRQ�LQ�VWUHQJWK�DQG�VWLIIQHVV�GXH�WR�FXW�LQ�WKH�SDQHO�DV�
ORQJ�DV�WKH�FRQWLQXLW\�RI�WKH�5&�ULE�DFURVV�WKH�MRLQW�LV�HQVXUHG�>��@��
�

� � �
)LJ���� /RDG�GHIOHFWLRQ�FXUYH�RI��D��XQLW�ZLGWK�VODE���E��RQH�ZD\�SURWRW\SH�VODE���F��WZR�ZD\�SUR�

WRW\SH�VODE�>��@�

7KH�EHKDYLRXU�RI�*)5*�5&�DQG�ULEEHG�5&�WZR�ZD\�SURWRW\SH�VODEV��VLPSO\�VXSSRUWHG�RQ�DOO�WKH�
IRXU� VLGHV�� VXEMHFWHG� WR� 8'/� ZHUH� REWDLQHG� H[SHULPHQWDOO\� DQG� WKH� FRPSDULVRQ� EHWZHHQ� WKH� WZR�
LQGLFDWHV�D�VWUHQJWK�LQFUHDVH�RI�����DQG�LQLWLDO�VWLIIQHVV�LQFUHDVH�RI������GXH�WR�WKH�FRQWULEXWLRQ�RI�
*)5*� �)LJ�� ��F���� 6LPLODUO\�� WKH� FRPSDULVRQ� EHWZHHQ� WKH� RQH�ZD\� DQG� WZR�ZD\� *)5*�5&� VODE�
LQGLFDWHV�D�VWUHQJWK�LQFUHDVH�RI������DQG���IROG�LQFUHDVH�LQ�LQLWLDO�VWLIIQHVV�DQG�WKLV�LQFUHDVH�LV�GXH�WR�
WKH�WZR�ZD\�DFWLRQ�RI�*)5*�5&�VODE��([SHULPHQWDO�WHVWLQJ�ZDV�DOVR�FDUULHG�RXW�WR�NQRZ�WKH�HIIHFW�RI�
YDULRXV�W\SH�RI�ORDGLQJ��8'/��OLQH�ORDG�DQG�SRLQW�ORDG��DQG�DVSHFW�UDWLR������DQG���������,W�ZDV�REVHUYHG�
WKDW�WKH�*)5*�5&�VODE�VKRZHG�JRRG�SHUIRUPDQFH�XQGHU�WKH�OLQH�ORDG�DQG�SRLQW�ORDG��ZLWK�OHVV�ORDG�
FDUU\LQJ�FDSDFLW\��:DWHU�ORDG�WHVW�VLPXODWLQJ�XQLIRUPO\�GLVWULEXWHG�OLYH�ORDG�ZDV�DOVR�SHUIRUPHG�RQ�D�
SRUWLRQ�RI�WKH�WHUUDFH�RI�WKH�*)5*�GHPRQVWUDWLRQ�EXLOGLQJ�DW�,,7�0DGUDV�DQG�LW�ZDV�REVHUYHG�WKDW�WKH�
VHUYLFHDELOLW\�SHUIRUPDQFH�RI�WKH�*)5*�5&�VODE�LV�JRRG�ZKHQ�FRPSDUHG�ZLWK�WKH�VROLG�5&�VODE�>��@��
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�� /DUJH�VFDOH�WHVWLQJ�
/DUJH�VFDOH�VKDNH�WDEOH�WHVWV�RQ�IXOO�VFDOH�WZR�VWRUH\HG��RQH�VWRUH\�PRGHO�SOXV�ZHLJKW�RQ�WRS��*)5*�
EXLOGLQJV�KDYH�EHHQ�XQGHUWDNHQ�DW�6WUXFWXUDO�(QJLQHHULQJ�5HVHDUFK�&HQWUH��6(5&���&KHQQDL�ZLWK�WZR�
GLIIHUHQW�SODQ�DQG�WKUHH�GLIIHUHQW�LQILOO�FRQILJXUDWLRQV��)LJ����D����([FHOOHQW�VHLVPLF�SHUIRUPDQFH�DQG�
VXLWDELOLW\�RI�*)5*�EXLOGLQJV�XS�WR�WZR�VWRUH\V�LQ�VHLVPLF�]RQH�9�ZHUH�HVWDEOLVKHG�IURP�WKH�VWXG\�>��@��

$�GHVWUXFWLYH�WHVW�ZDV�GRQH�RQ�D��IXOO�VFDOH�ILYH�VWRU\�*)5*�EXLOGLQJ��)LJ����E���DW�6KDQGRQJ�&RQ�
VWUXFWLRQ�8QLYHUVLW\��&KLQD >��@. 9LVLEOH�VWUXFWXUDO�FUDFNV�ZHUH�QRW�IRXQG�ZKHQ�D�F\FOLF�ODWHUDO�ORDG�
HTXLYDOHQW�WR�D�]RQH���HDUWKTXDNH�LQ�WKH�&KLQHVH�VHLVPLF�FRGH������WRQV��ZDV�DSSOLHG��$W�VPDOO�GHIRU�
PDWLRQV��IOH[XUDO�W\SH�GHIRUPDWLRQ�DQG�DW�ODUJH�GHIRUPDWLRQV��D�FRPELQDWLRQ�RI�IOH[XUDO�DQG�VKHDU�W\SH�
ZDV�REVHUYHG��7KH�HYDOXDWLRQ�RI�WKH�SHUIRUPDQFH�RI�WKH�*)5*�EXLOGLQJ�V\VWHP�ZDV�GRQH�E\�SHUIRUPLQJ�
DQ�LQ�SODQH�F\FOLF�ODWHUDO�ORDG�WHVW�RQ�D�V\VWHP�XQLW�ZKLFK�UHSUHVHQWV�D�W\SLFDO�URRP�RI�DQ���VWRUH\HG�
*)5*�EXLOGLQJ�>��@��6\VWHP�XQLW�FRPSULVHV�RI�D�IORRU�VODE�ZLWK�LQ�SODQH�ZDOOV�RQ�HLWKHU�VLGH��RXW�RI�
SODQH�VWUHQJWK�FRQWULEXWLRQ�RI�WKH�ZDOOV�DUH�QHJOHFWHG��DV�LQ��)LJ����F����7KLV�WHVW�DLPHG�WR�HYDOXDWH�WKH�
SHUIRUPDQFH�RI�WKH�FRQQHFWLRQV��V\VWHP�GXFWLOLW\�DQG�PRGHV�RI�IDLOXUH��
�

������� � �

�

)LJ���� �D��6KDNH�WDEOH�WHVW�FRQILJXUDWLRQV���E��)LYH�VWRUH\HG�EXLOGLQJ�XQGHU�WHVW�DW�&KLQD�>��@���F��
6\VWHP�XQLW�WHVW�VHWXS�

6RPH�RWKHU�PLQRU�VWXGLHV�ZHUH�DOVR�FRQGXFWHG�RQ�WKHVH�SDQHOV��/LQWHOV�DERYH�WKH�GRRUV�DQG�ZLQGRZ�
RSHQLQJV�RI�*)5*�ZDOOV�FDQ�EH�FRQVWUXFWHG�E\�UHPRYLQJ�WKH�ULEV�RQ�WKH�WRS�RI�RSHQLQJV�DQG�ILOOLQJ�
UHLQIRUFHG�FRQFUHWH�LQWR�WKH�KROORZ�FDYLWLHV�RI�WKH�ZDOO��7KH�IOH[XUDO�DQG�VKHDU�EHKDYLRXU�RI�WKH�*)5*�
FRPSRVLWH�OLQWHO�ZDV�VWXGLHG�H[SHULPHQWDOO\�>�@�DQG�LW�ZDV�IRXQG�WKDW�WKH�FRQYHQWLRQDO�IOH[XUDO�GHVLJQ�
WKHRU\�IRU�5&�EHDPV�FDQ�EH�XVHG�IRU�*)5*�OLQWHOV��E\�FRQVLGHULQJ�WKH�FRQFUHWH�FURVV�VHFWLRQ�DORQH�DQG�
LJQRULQJ�WKH�*)5*�SDQHO��

�'XUDELOLW\�DQG�VXVWDLQDELOLW\�VWXGLHV�>��@�±����WHVW�IRU�WKH�EXUVWLQJ�SUHVVXUH�RI�WKH�SDQHO�����H[SRVXUH�
RI�WKH�SDQHO�WRZDUGV�PDULQH�DWPRVSKHUH��QRUPDO�DQG�DFLG�UDLQ�����ELRORJLFDO�VWXG\�RQ�DOJDH�DQG�IXQJDO�
UHVLVWDQFH�����MRLQW�VHDODQW�WHVW�IRU�GRRUV�DQG�ZLQGRZV�DQG����VWXGLHV�RQ�LQGRRU�WKHUPDO�SHUIRUPDQFH��
ZHUH�FDUULHG�RXW�DQG�WKH�*)5*�SDQHO�ZDV�IRXQG�WR�SHUIRUP�ZHOO�XQGHU�WKHVH�H[WUHPH�H[SRVXUH�FRQGL�
WLRQV��)RU�GHPRQVWUDWLQJ�WKH�*)5*�WHFKQRORJ\�DQG�WKH�FRQVWUXFWLRQ�RI�*)5*�EXLOGLQJV�D�WZR�VWRUH\�
*)5*�GHPRQVWUDWLRQ�EXLOGLQJ�ZDV�FRQVWUXFWHG�DW�,,7�0DGUDV�>�����@��

�� &RQFOXVLRQV�
,Q�$XVWUDOLD��WKH�*)5*�SDQHOV�ZHUH�XVHG�DV�ORDG�EHDULQJ�ZDOOV�WR�UHVLVWLQJ�JUDYLW\�ORDGV�DQG�WKH�VODEV�
ZHUH�PDGH�RI�UHLQIRUFHG�FRQFUHWH��)URP�WKH�VWXGLHV�FRQGXFWHG�LQ�,QGLD��DQ�HDUWKTXDNH�UHVLVWDQW�GHVLJQ�
SURFHGXUH�IRU�WKH�XVH�RI�*)5*�SDQHOV�IRU�EXLOGLQJV�LQ�GLIIHUHQW�VHLVPLF�]RQHV�RI�WKH�FRXQWU\�ZDV�GH�
YHORSHG��*)5*�SDQHOV�ZLWK�HPEHGGHG�PLFUR�EHDPV�DQG�5&�VFUHHG�FDQ�EH�XVHG�DV�IORRU�URRI�VODEV�DQG�
WKXV�WKH�VXLWDELOLW\�RI�FRQVWUXFWLQJ�ZDOOV��VODEV��VWDLUFDVHV��DQG�SDUDSHW�ZDOOV�XVLQJ�*)5*�LV�ZHOO�HVWDE�
OLVKHG��)URP�YDULRXV�VWXGLHV��WKH�SURSHUWLHV�REWDLQHG�DUH�JLYHQ�LQ�WDEOH����

%DVHG�RQ�WKHVH�VWXGLHV�DW�,,7�0DGUDV��*)5*�KDV�EHHQ�DSSURYHG�DV�D�EXLOGLQJ�PDWHULDO�VXLWDEOH�IRU�
FRQVWUXFWLRQ�RI�EXLOGLQJV�LQ�,QGLD�XS�WR����VWRUH\V�E\�%073&��%XLOGLQJ�0DWHULDOV�7HFKQRORJ\�3URPR�
WLRQ�&RXQFLO���DQG�WKH�IROORZLQJ�PDQXDOV�ZHUH�SXEOLVKHG�IRU�DGRSWLRQ�LQ�SUDFWLFH���
��� *)5*���5DSLGZDOO�%XLOGLQJ�6WUXFWXUDO�'HVLJQ�0DQXDO��>�@�
��� 0DQXDO�RQ�ZDWHUSURRILQJ�RI�*)5*���5DSLGZDOO�%XLOGLQJV�>��@��
��� 6FKHGXOH�RI�,WHPV�DQG�5DWH�DQDO\VLV�IRU�*)5*�&RQVWUXFWLRQ�>��@�
��� 0DQXDO�RQ�&RQVWUXFWLRQ�RI�*)5*���5DSLGZDOO�%XLOGLQJV�>��@�
��� $�%,6�FRGH�RQ�WKH�VSHFLILFDWLRQV��GHVLJQ�DQG�FRQVWUXFWLRQ�RI�*)5*�EXLOGLQJV��



%HKDYLRXU�RI�*ODVV�)LEUH�5HLQIRUFHG�*\SVXP�SDQHOV�DV�ZDOOV�DQG�VODEV��$�5HYLHZ��
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7KHVH�JXLGHOLQHV�FDQ�EH�XVHG�E\�DUFKLWHFWV��VWUXFWXUDO�HQJLQHHUV�DQG�FRQVWUXFWLRQ�HQJLQHHUV�RQ�WKH�
GHVLJQ�DQG�FRQVWUXFWLRQ�RI�*)5*�EXLOGLQJV��*)5*�SDQHOV�FDQ�DOVR�EH�XVHG�DGYDQWDJHRXVO\�DV�LQILOOV�
LQ�5&�IUDPHG�EXLOGLQJV�ZLWKRXW�DQ\�UHVWULFWLRQ�RQ�WKH�QXPEHU�RI�VWRUH\V�DQG�WKXV�HQVXUHV�IDVWHU�DQG�
HFRQRPLF�FRQVWUXFWLRQ���

7DEOH��� 0HFKDQLFDO�SURSHUWLHV�RI�*)5*�SDQHO��

3URSHUW\� 1RPLQDO�YDOXH�

8QLW�ZHLJKW� �����N1�P��

(ODVWLF�0RGXOXV� ������������03D�

3RLVVRQ¶V�UDWLR� �����±������
8QL�D[LDO�WHQVLOH�VWUHQJWK��RQ�IODQJH�� ���N1�P�

8QL�D[LDO�FRPSUHVVLYH�VWUHQJWK� ����N1�P��XQILOOHG��

� �����N1�P��ILOOHG��
8OWLPDWH�VKHDU�VWUHQJWK� �����N1�P��XQILOOHG��

� ���N1�P��ILOOHG��

2XW�RI�SODQH�EHQGLQJ�FDSDFLW\� ����N1P�P��ULEV�SDUDOOHO�WR�VSDQ��

� �����N1P�P��ULEV�SHUSHQGLFXODU�WR�VSDQ��
:DWHU�DEVRUSWLRQ� ���LQ���K�����LQ����K�

� ����K�UDWLQJ��XQILOOHG��

)LUH�UHVLVWDQFH� ����K�UDWLQJ��XQILOOHG��

� ��K�UDWLQJ��ILOOHG����ZLWKVWRRG�����±������&�
&R�HIILFLHQW�RI�WKHUPDO�H[SDQVLRQ� ���[������PP�PP���&�

7KHUPDO�UHVLVWDQFH� �����P�.�:��XQILOOHG��

6RXQG�WUDQVPLVVLRQ�FODVV� ����XQILOOHG��

� ����ILOOHG��
�����ILOOHG�ZLWK�0���FRQFUHWH�

5HIHUHQFHV�
>�@� *)5*�5DSLGZDOO� %XLOGLQJ� 6WUXFWXUDO� 'HVLJQ� 0DQXDO� �������� 3UHSDUHG� E\� 6WUXFWXUDO�

(QJLQHHULQJ� GLYLVLRQ�� 'HSDUWPHQW� RI� &LYLO� (QJLQHHULQJ�� ,,7�0DGUDV� �%XLOGLQJ�0DWHULDOV�	�
7HFKQRORJ\� 3URPRWLRQ� &RXQFLO�� 0LQLVWU\� RI� +RXVLQJ� 	� 8UEDQ� 3RYHUW\� $OOHYLDWLRQ��
*RYHUQPHQW�RI�,QGLD���

>�@� :X��<��)��������³7KH�VWUXFWXUDO�EHKDYLRU�DQG�GHVLJQ�PHWKRGRORJ\�IRU�D�QHZ�EXLOGLQJ�V\VWHP�
FRQVLVWLQJ� RI� JODVV� ILEHU� UHLQIRUFHG� J\SVXP� SDQHOV�´�&RQVWUXFWLRQ� DQG� %XLOGLQJ�0DWHULDOV��
�����������±������GRL���������M�FRQEXLOGPDW��������������

>�@� /LX�� .��� :X�� <�� )��� DQG� -LDQJ�� ;�� /�� ������ ³6KHDU� VWUHQJWK� RI� FRQFUHWH� ILOOHG� JODVV� ILEHU�
UHLQIRUFHG� J\SVXP�ZDOOV�´�0DWHULDO� DQG� 6WUXFWXUHV�� ���� ���±����� GRL���������V����������
��������

>�@� <XH��-���DQG�%DR��3��������³7HVW�RQ�JODVV�ILEUH�UHLQIRUFHG�J\SVXP�SDQHOV�SDUWLDOO\�ILOOHG�ZLWK�
5&�´�7KH�,QGLDQ�&RQFUHWH�-RXUQDO������������±����

>�@� :X��<�)���DQG�'DUH��0��3��������³)OH[XUDO�DQG�6KHDU�6WUHQJWK�RI�&RPSRVLWH�/LQWHOV�LQ�*ODVV�
)LEHU�5HLQIRUFHG� *\SVXP�:DOO� &RQVWUXFWLRQV�´� -RXUQDO� RI�0DWHULDOV� LQ� &LYLO� (QJLQHHULQJ��
����������±�����GRL����������$6&(���������������������������

>�@� :X��<��)��������³7KH�HIIHFW�RI�ORQJLWXGLQDO�UHLQIRUFHPHQW�RQ�WKH�F\FOLF�VKHDU�EHKDYLRU�RI�JODVV�
ILEHU� UHLQIRUFHG� J\SVXP� ZDOO� SDQHOV�� 7HVWV�´� (QJLQHHULQJ� 6WUXFWXUHV�� �������� ����±������
GRL���������M�HQJVWUXFW��������������
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�� %HKDYLRXU�RI�*ODVV�)LEUH�5HLQIRUFHG�*\SVXP�SDQHOV�DV�ZDOOV�DQG�VODEV��$�5HYLHZ�
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�

>�@� :X��<��)���DQG�'DUH��0��3��������³$[LDO�DQG�6KHDU�%HKDYLRU�RI�*ODVV�)LEHU�5HLQIRUFHG�*\SVXP�
:DOO� 3DQHOV�� 7HVWV�´� -RXUQDO� RI� &RPSRVLWHV� IRU� &RQVWUXFWLRQ�� ������ ���±�����
GRL����������$6&(��������������������������

>�@� 6UHHQLYDVD�� 5�� /�� ������ ³6WUHQJWK� DQG�%HKDYLRXU� RI�*ODVV� )LEUH�5HLQIRUFHG�*\SVXP�:DOO�
3DQHOV�´�3K'�GLVV���'HSDUWPHQW�RI�&LYLO�(QJLQHHULQJ��,,7�0DGUDV��&KHQQDL��,QGLD��

>�@� :X��<��)��������5HSRUW�LQWR�WKH�SK\VLFDO�WHVWLQJ�DQG�WKH�GHYHORSPHQW�RI�GHVLJQ�JXLGHOLQHV�IRU�
WKH�VWUXFWXUDO�DSSOLFDWLRQ�RI�5DSLGZDOO�LQ�EXLOGLQJ�FRQVWUXFWLRQ��'DUH�6XWWRQ�&ODUNH�(QJLQHHUV��
$GHODLGH��$XVWUDOLD����±�����

>��@� -DQDUGKDQD��0��������³&\FOLF�%HKDYLRXU�RI�*ODVV�)LEUH�5HLQIRUFHG�*\SVXP�3DQHOV�´�3K'�GLVV���
'HSDUWPHQW�RI�&LYLO�(QJLQHHULQJ��,,7�0DGUDV��&KHQQDL��,QGLD��

>��@� &KHULDQ��3��������³3HUIRUPDQFH�(YDOXDWLRQ�RI�*)5*�3DQHOV�DQG�%XLOGLQJ�6\VWHPV�´�3K'�GLVV���
'HSDUWPHQW�RI�&LYLO�(QJLQHHULQJ��,,7�0DGUDV��&KHQQDL��,QGLD��

>��@� .ULVKQD��6��5��*���'DYLG��'���3UDVDG��$��0���DQG�0HQRQ��'��������³6HLVPLF�EHKDYLRXU�RI�*)5*�
��2*6� EXLOGLQJ� V\VWHP� ±� $� FRPSXWDWLRQDO� VWXG\�´� ��WK�:RUOG�&RQIHUHQFH� RQ� (DUWKTXDNH��
��:&((������6DQWLDJR�&KLOH��-DQXDU\��WK�WR���WK��

>��@� 6UHHQLYDVD�� 5�� /���0HQRQ�� '��� DQG� 3UDVDG�� $��0�� ������ ³3UHGLFWLRQ� RI� $[LDO� &RPSUHVVLYH�
6WUHQJWK�RI�*ODVV�)LEHU�5HLQIRUFHG�*\SVXP�:DOO�3DQHOV�´� 3URFHHGLQJV�RI� �WK� ,QWHUQDWLRQDO�
&RQIHUHQFH� RQ� &LYLO� DQG� $UFKLWHFWXUH� (QJLQHHULQJ� ,&&$(���� 0D\� ��WK� WR� ��WK�� 0LOLWDU\�
7HFKQLFDO�&ROOHJH��&DLUR��(J\SW������

>��@� -DQDUGKDQD��0���5RELQ�'DYLV��3���5DYLFKDQGUDQ��6��6���3UDVDG��$��0���DQG�0HQRQ��'��������
³&DOLEUDWLRQ�RI�D�K\VWHUHWLF�PRGHO�IRU�JODVV�ILEHU�UHLQIRUFHG�J\SVXP�ZDOO�SDQHOV�´�(DUWKTXDNH�
(QJLQHHULQJ�DQG�(QJLQHHULQJ�9LEUDWLRQ������������±�����GRL���������V���������������\��

>��@� ,EDUUD��/��)���0HGLQD��5��$��� DQG�.UDZLQNOHU��+�� ������ ³+\VWHUHWLF�PRGHOV� WKDW� LQFRUSRUDWH�
VWUHQJWK�DQG�VWLIIQHVV�GHWHULRUDWLRQ�´�(DUWKTXDNH�(QJLQHHULQJ�DQG�6WUXFWXUDO�'\QDPLFV����������
����±������GRL���������HTH������

>��@� -LDQJ�� ;��� DQG� *X�� <�� ������ ³&\FOLF� EHKDYLRXU� RI� ILEHU�UHLQIRUFHG� SODVWHUERDUG� ZLWK� FRUH�
FRQFUHWH� FRPSRVLWH� VKHDU� ZDOOV�´� 1LQWK� &DQDGLDQ� FRQIHUHQFH� RQ� (DUWKTXDNH� (QJLQHHULQJ��
2WWDZD��2QWDULR��&DQDGD�������-XQH��

>��@� 3DXO�� 6�� ������ ³3HUIRUPDQFH� (YDOXDWLRQ� RI� *)5*�5&� )ORRU� 6ODEV� 6\VWHPV�´� 3K'� GLVV���
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Abstract 
The paper describes a method for the identification of mechanical fracture parameters of fine-grained 
brittle matrix composites. An identification procedure utilizes the results of fracture tests, artificial 
intelligence methods, and nonlinear finite element-based analysis. Fracture properties of fine-grained 
brittle matrix composites are typically evaluated from the response of a notched prismatic specimen 
with a nominal depth of 40 mm tested in a three-point bending configuration. The aim is to identify 
parameters for the various composite mixtures and to feed material models for the deterministic and 
stochastic simulations of the quasi-brittle/ductile response of structures made of studied materials. 

1 Introduction 

The recent development of new ecologically and economically attractive materials brings requirements 
for a comprehensive description of their properties. The mechanical fracture parameters of the studied 
material can be obtained based on laboratory fracture experiments. The measured response of tested 
notched specimens in the form of a force vs. displacement diagram can be evaluated by direct methods 
such as the Work-of-Fracture method [1] and the Effective Crack Model [2]. The second possibility is 
to identify parameters indirectly e.g. by using a combination of fracture test and Artificial Neural 
Network-based (ANN) inverse analysis [3]. The advantage of this method is its ability to identify also 
parameters that cannot be obtained by direct methods, such as tensile strength. 

The ANN-based inverse analysis method was implemented in FraMePID-3PB software [4], where 
it is used to determine the parameters of a standard concrete with a wide range of strengths. Prismatic 
specimen with a central edge notch and nominal depth of 100 mm tested in a three-point bending 
configuration is used, see Fig. 1 (left). In this case, identification is performed with the help of one 
robust neural network, which covers the entire space of the identified parameters [4]. Due to the high 
variability of the responses obtained from the tests of specimens made of fine-grained composites with 
a nominal depth of 40 mm, see Fig. 1 (right), utilization of a single network didn’t provide sufficient 
accuracy. For that reason, a neural network ensemble was designed for fine-grained composites. It is 
a robust, accurate, and easily expandable system. By limiting the range of parameters for one network 
to a certain subspace, more accurate identification results are achieved. Based on the initial analysis of 
the fracture test data, one or more networks are activated. 

Fig. 1 Example of experimentally obtained load−deflection diagrams of coarse-grained 
composites (left) and fine-grained composites (right) with a brittle matrix. 



13th fib International PhD Symposium in Civil Engineering 

�� Identification of mechanical fracture parameters of fine-grained brittle matrix composites 

The paper aims to present the proposed methodology for the identification of mechanical fracture 
parameters of fine-grained composites with a brittle matrix. The application part presents the results of 
testing the functionality of a neural network ensemble on selected sets of fine-grained alkali-activated 
slag based specimens, which differ in the type of curing condition during their maturation. 

2 Methodology for identification of mechanical fracture parameters of fine-
grained composites 

The identification method of mechanical fracture parameters of fine-grained composites is divided into 
three phases, see the color branches of the identification flowchart in Fig. 2: (1) fracture tests, (2) 
creation of a neural network ensemble, and (3) identification of mechanical fracture parameters. In this 
paper, special attention is paid to the creation of a neural network ensemble and the identification of 
mechanical fracture parameters of specimens made of fine-grained brittle matrix composites. 

Fig. 2 The identification flowchart of fine-grained composites using neural network ensemble. 

2.1 Fracture tests 

In the first phase of the method, the fracture test records in the form of force vs. deflection diagrams of 
the test specimens are evaluated and the appropriate response parameters are selected for subsequent 
identification, see below. The paper deals with the results of fracture tests of specimens made of fine-
grained composites with brittle matrix, which have nominal dimensions of 40 × 40 × 160 mm with 
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a central notch to a depth of 1/3 of the specimen’s height. The specimens were tested in a three-point 
bending (3PB) test configuration. The distance between the supports was 120 mm. A stable test course 
was ensured by a sufficiently stiff mechanical testing machine. The loading was performed with 
a constant displacement increment, which was set at 0.02 mm/min. The result of each test was a force 
vs. deflection diagram (F–d diagram), which was then used to determine the mechanical fracture 
parameters. 

2.2 Numerical model 

At the turn of the first and second phase of the identification method, the finite element method (FEM) 
model of the tested specimen subjected to 3PB was created. The deterministic computational model 
was developed in the ATENA 2D software, which uses 3D Non Linear Cementitious 2 material model 
[5] for quasi-brittle materials. The tensile softening of the material is described using an exponential
model according to Hordijk [6]. From a static point of view, the specimen is a simply-supported beam
with overhangs, supported by two steel rollers, see Fig. 3. The supports are simplified in the model and
are considered as steel plates made of elastic isotropic material. The beam is loaded by its self-weight
and with a constant increment of vertical displacement in the middle of the span just above the notch.

Fig. 3 Computational model for specimens made of fine-grained composites tested in 3PB. 

2.3 A neural network ensemble (NNE) 

As mentioned above, the developed identification method for fine-grained composites is based on 
inverse analysis using artificial neural networks [3]–[4]. The second phase deals with the creation of 
a neural network ensemble and is divided into three parts. First, the set of relevant mechanical fracture 
parameters is selected utilizing sensitivity analysis. In this case, three parameters, which are modulus 
of elasticity, tensile strength, and fracture energy, are subject to identification. These parameters form 
a three-dimensional space, as can be seen in Fig. 4 (right). The range of values of these parameters is 
systematically divided into smaller subspaces based on the functions below. Based on a sensitivity 
analysis, these functions have been selected so that the generated samples suitably cover the entire 3D 
space while maintaining good accuracy across the range of parameters. Emphasis is placed on areas 
with lower values, where parameter sensitivity is greater than in areas with higher values. The obtained 
intervals were further extended on both sides by 1/10 of the limit values, thus achieving an overlap of 
the individual parameter subspaces as shown in Fig. 4 (left). 

The first identified parameter is the modulus of elasticity Ec,ID, which has subspaces arranged 
according to the function: 

!"#$ %  !" ' 2",   for , % 0,1,2, … , 1, (1) 

where x0 is equal to 0.3. 
The second searched parameter is the fracture energy GF,ID, which has subspaces divided by 

function: 

2" %  3
"⋅56$7

8 ,   for , % 1,2, … , 1. (2) 

The last identified parameter is the tensile strength ft,ID, which has a division of subspaces defined 
according to the function: 

9"#$ %  9" ' 2",   for , % 0,1,2, … , 1, (3) 

where z0 is equal to 0.1. 
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A stochastic model is created for each parameter subspace. The random variables Ec,ID and ft,ID are 
defined by a rectangular probability distribution, and the parameter GF,ID is described by a left-sided 
trapezoidal probability distribution, which is composed of rectangular and triangular distributions. 
The probability of a triangular part is the same as the probability of a rectangular part, see Fig. 5. The 
trapezoidal distribution is used to concentrate the fracture energy values in regions with lower values 
and thus increase the accuracy of its identification. 

Fig. 4 Example of active subspaces of an identification system based on a neural networks 
ensemble – a two-dimensional section through space and visible overlapping subspaces 
(left) and the entire three-dimensional space of the identified parameters (right). 

Fig. 5 Generating random samples from the descending trapezoidal probability distribution (left), 
and the rectangular distribution (right). 

The second phase then continues with the computational part. First, random realizations of identified 
parameters are generated reflecting its probability distributions mentioned above using the LHS 
simulation method [7]. The number of simulations depends mainly on the required accuracy. Here, 50 
or 100 simulations were used. Repeated FEM analysis of the deterministic computational model is 
carried out with the generated realizations of parameters and a corresponding response is obtained. 
Arranged pairs formed by random realizations of the identified parameters and their corresponding 
random response parameters are later used as the training set for neural networks. 

The last step of the second phase is focused on the creation and training of neural networks in each 
subspace of identified parameters. Networks are trained using optimization techniques, such as gradient 
method, genetic algorithms, etc. The trained neural network, which approximates the inverse function 
between the response parameters and the material parameters, then serves to identify the material 
parameters of the respective experiment. Verification of sufficient accuracy of the inverse function 
approximation is performed using a test set and numerical simulation of the studied specimen. 



Identification of mechanical fracture parameters of fine-grained brittle matrix composites 

Martin Lipowczan, David Lehký, Hana Šimonová, Barbara Kucharczyková and ZbynČk Keršner ��

The structure of all neural networks which form the neural network ensemble is the same and has 
the following parameters: 3 inputs, 1 hidden layer containing 6 neurons with a nonlinear transfer 
function (hyperbolic tangent), and 1 output layer with 3 neurons having linear transfer function. The 
schematic view of the utilized networks is in Fig. 6. 

Fig. 6 Structure of forward multilayer network. 

2.4 Identification of mechanical fracture parameters of fine-grained composites 

The last phase of the proposed method is the identification of mechanical fracture parameters for the 
selected test specimen. First, the response parameters of the test specimen are classified into the 
appropriate subspaces causing the activation of their neural networks. The response parameters of the 
test specimen may fall into one or several adjacent subspaces. If the response parameters do not fit into 
any of the already prepared subspaces, the new subspace of the material parameters needs to be created 
and added to the current neural network ensemble. 

In the next step, the mechanical fracture parameters in the active subspaces are identified using 
activated neural networks. The obtained values of material parameters are then verified whether they 
still correspond to the activated subspaces. When the obtained values fall into several overlapping 
subspaces the final values of parameters are obtained as a weighted average depending on the distance 
of the value from the center of its subspace. For more details see [8]. 

3 Application on selected fine-grained composite with brittle matrix 

The application part of the paper presents the results of the identification of a selected fine-grained 
composite using NNE. The identified values from the NNE are compared with the values obtained by 
the direct methods. 

3.1 Mixture and specimens 

The alkali activated blast furnace slag based-mortar (AASM) with slag to sand ratio 1 : 3 (by weight) 
was prepared. The slag was activated with a waterglass of silicate modulus (SiO2 to Na2O molar ratio) 
equal to 2.34; the waterglass dose was adjusted to 6% Na2O with respect to the slag weight. The water 
to slag ratio was adjusted to 0.45 including both water present in waterglass and extra added water 
before mixing. Lignosulfonate-based plasticizer was added in an amount corresponding to 1% of the 
slag weight to maintain the appropriate workability of mortar. 

The prismatic specimens with nominal dimensions of 40 × 40 × 160 mm made of the above 
described AASM were manufactured for the experiment. The specimens were stored in the moulds 
covered with a PE foil for 24 hours. Then, the specimens were demoulded. The first set of specimens 
(WG_wet) was stored in the closed chamber with RH > 95% and the second set (WG_air) was exposed 
to free drying under laboratory conditions until fracture tests were performed. Prior to the test, a notch 
was cut with a diamond saw to a depth of 1/3 of the specimen’s height. The fracture tests were 
performed on 3 specimens from each set. The age of specimens was about 40 days. 

3.2 Results and discussions 

With the data obtained from the laboratory fracture tests, an inverse analysis was performed using NNE, 
and the following parameters were identified: modulus of elasticity Ec,ID, tensile strength ft,ID and 
fracture energy GF,ID; from these parameters the characteristic length lch=Ec,ID·GF,ID/(ft,ID)2 was also 
calculated [2]. The values of the identified parameters belong to a total of 7 active subspaces, see Fig. 
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4 (right), of which WG_wet specimens belong to 5 subspaces and WG_air specimens to 2 subspaces. 
The following parameters were determined by direct evaluation of F–d diagrams using the Work-of-
Fracture method [1] and the Effective Crack Model [2]: specific fracture energy GF*, modulus of 
elasticity Ec, effective fracture toughness KIce. The results of the parameters obtained by direct methods 
and from the NNE are shown in Table 1. The mean value accompanied by the coefficient of variation 
(in %) are shown for all investigated characteristics. This table also lists the relative values of the 
parameters in the form of two ratios: (1) the Pair/wet ratio reflecting differences between two composite 
types (100 % corresponds to the values of the WG_wet composite), (2) PID/TEST ratio comparing two 
methods of parameter’s determination (100 % corresponds to the values determined from direct 
evaluation of fracture tests). 

The identified parameters were also used for numerical simulation of the fracture tests, while the 
criterion of numerical agreement between the curves obtained from experiments and numerical 
simulation was observed, see Table 1. First, the mean absolute percentage error (MAPE) was calculated 
between the forces over the entire F–d diagram up to deformation of 0.2 mm: 

:;<=7.8 %  
100%

,
!
"#,$ − "&,$

"#,$
!

"

'($

, (4) 

where n is the number of points of the F–d diagram (in this case 100), Fe,d is the force at a given 
deformation obtained experimentally, and Fs,d is the force at a given deformation obtained by numerical 
simulation. 

Second, the mean absolute percentage error between the areas under the obtained F–d diagrams 
which correspond to work of fracture (the work necessary to break a specimen and form two surfaces) 
was calculated: 

:;<=)7.8 % 100% *
+# − +&

+#
* , (5) 

where We is the area under the experimentally obtained curve and Ws is the area under the curve obtained 
by the numerical simulation. 

Table 1 Mean values (coefficients of variation in %) of the mechanical fracture parameters and 
relative values Pair/wet related to the type of curing conditions and related to the evaluation 
method PID/TEST (in %). 

Parameter Unit WG_wet WG_air Pair/wet PID/TEST 

Ec GPa 16.0 (11.0) 10.4 (0.1) 65.0 111.9; 
107.7 Ec,ID GPa 17.9 (11.0) 11.2 (0.3) 62.6 

KIce MPa∙m1/2 0.697 (4.6) 0.348 (3.9) 49.9 – 

GF* J/m2 96.9 (5.6) 51.9 (14.5) 53.6 108.0; 
107.9 

GF,ID J/m2 104.7 (6.6) 56.0 (24.7) 53.5 

ft,ID MPa 3.06 (11.0) 1.10 (9.6) 35.9 – 

lch mm 210.8 (40.0) 539.9 (45.4) 256.1 – 

MAPE0.2 % 2.40 3.10 – – 

MAPEW0.2 % 0.78 0.45 – – 

A graphical comparison for all specimens was also performed. The F–d diagrams obtained from the 
simulations with the identified values of the parameters are compared with the fracture test results in 
Fig. 7. The figure also shows the course of the absolute percentage error (APE), which is based on 
equation (4). From both numerical and graphical comparisons, we can conclude that very good 
agreements were achieved between experimental and numerical responses of all tested specimens. 

If compare the results for two sets of specimens, the mean values of specimen parameters of both 
sets determined by direct methods as well as by NNE reach significantly different values depending on 
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the type of curing condition during maturation. According to the relative Pair/wet value, the largest 
difference between the two sets is in tensile strength (approximately 64 %), while the smallest 
difference is in the modulus of elasticity (approximately 35−37 %). A separate chapter is 
the characteristic length lch, for which the difference between the two sets is more than double. 

Fig. 7 Comparison of selected F–d diagrams obtained from laboratory tests and numerical model 
simulations with identified values of parameters of tested specimens – WG_wet (left) and 
WG_air (right). 

4 Conclusions 

The paper describes a methodology for the identification of mechanical fracture parameters of fine-
grained composites. The NNE identification system was designed to be easily implemented in the 
existing FraMePID-3PB software tool and also expanded for other types of composites at any time in 
the future. 
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In the application part, the NNE system was tested in determining the parameters of two sets of 
AASM, which differ in curing conditions during its maturation. From a statistical point of view, 
the values of comparable parameters obtained from identification by NNE were slightly higher 
compared to the values obtained by direct methods. The difference in modulus of elasticity is about 7.5 
to 12 %, while in fracture energy it is about 8 %. From the visual comparison, it can be concluded that 
the experimentally and numerically obtained F–d diagrams had a good agreement. In the case of 
AASM, using the Hordijk tensile softening model seems to be a good choice. 
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WXUDO�EXLOGLQJV�VLQFH�WKH\�KDYH�D�FULWLFDO�UROH�LQ�HQVXULQJ�VXIILFLHQW�VHLVPLF�SHUIRUPDQFH��SDUWLFXODUO\�
IDLOXUH�PRGH�� ORDG�GHIRUPDWLRQ� FDSDFLW\�� HQHUJ\� DEVRUSWLRQ�� VWLIIQHVV�� VWUHQJWK�� DQG�GXFWLOLW\� >����@��
7KH�H[LVWLQJ�FRGHV�>�����@�VWDWHG�WKDW�WKH�IDLOXUH�VKRXOG�EH�ORFDWHG�RXWVLGH�WKH�MRLQW�]RQH��WKXV�EULWWOH�
IDLOXUH�LV�QRW�UHFRPPHQGHG�LQ�WKH�3&�EXLOGLQJV�>�����@��+RZHYHU��XVLQJ�DGYDQFHG�FRQVWUXFWLRQ�PDWH�
ULDOV�VXFK�DV�(QJLQHHUHG�&HPHQWLWLRXV�&RPSRVLWH��(&&��IRU�FDVWLQJ�WKH�3&�MRLQWV��ZKLFK�LV�FKDUDFWHU�
LVHG�E\�KLJK�GXFWLOLW\��SVHXGR�VWUDLQ�KDUGHQLQJ�EHKDYLRXU��KLJK�VWUDLQ�FDSDFLW\��DQG�HQHUJ\�DEVRUSWLRQ��
FDQ�EH�D�YLDEOH�DSSURDFK�WR�HQKDQFH�WKH�VHLVPLF�EHKDYLRXU�RI�WKH�MRLQWV�>�����@��,Q�DGGLWLRQ��GLIIHUHQW�
VWUHQJWKHQLQJ� WHFKQLTXHV�ZHUH�XVHG� WR� UHORFDWH�SODVWLF� KLQJH� ]RQHV� DZD\� IURP� WKH� MRLQW� ]RQH� DV� DQ�
DOWHUQDWLYH�DSSURDFK�WR�LPSURYH�WKH�VHLVPLF�HIILFLHQF\�RI�PRQROLWKLF�UHLQIRUFHG�FRQFUHWH��5&��EHDP�
WR�FROXPQ� MRLQWV� >�����@�� $V� D� UHVXOW�� WKH� UHVLVWDQFH� RI� EHDP�WR�FROXPQ� MRLQWV� DJDLQVW� HDUWKTXDNH�
ORDGV�ZDV� VLJQLILFDQWO\� LPSURYHG� DQG� EULWWOH� IDLOXUH�ZDV� DYRLGHG� LQ� WKHVH�5&� MRLQWV�� 7KHVH� VWXGLHV�
KDYH� IRFXVHG� RQ� HYDOXDWLQJ� WKH� XVH� RI� YDULRXV� VWUHQJWKHQLQJ�PHWKRGV� RQO\� LQ�5&�EHDP�WR�FROXPQ�
MRLQWV��+HQFH�� WKH�VWXGLHV�RQ� WKH�LPSURYHPHQW�RI�3&�MRLQWV� LQ�WHUPV�RI�IRUPLQJ�WKH�SODVWLF�KLQJH�RQ�
EHDP�DQG� ORFDWHG�RXWVLGH� WKH� MRLQW�]RQH� LV� OLPLWHG� >�����@��7KHUHIRUH�� WKLV� UHVHDUFK� LV�DLPHG� WR� LP�
SURYH� WKH� VHLVPLF�SHUIRUPDQFH�RI� LQQRYDWLYH�3&�EHDP�WR�FROXPQ� MRLQWV� E\� FDVWLQJ� WKH� MRLQWV� XVLQJ�
(&&��%HVLGHV��IRU�GHYHORSLQJ�WKH�IDLOXUH�PRGH�RI�WKH�MRLQWV�E\�SUHYHQWLQJ�WKH�EULWWOH�IDLOXUH�DQG�UHOR�
FDWLQJ�WKH�SODVWLF�KLQJH�RQ�WKH�3&�EHDPV�RI�WKH�SURSRVHG�K\EULG�MRLQWV��
�
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�

�� ([SHULPHQWDO�PHWKRGRORJ\�

���� 0DWHULDOV�SURSHUWLHV�DQG�PL[HV�GHVLJQ�
,Q�WKLV�UHVHDUFK��WZR�PL[HV�ZHUH�SUHSDUHG�DV�IROORZV���L��WKH�FRQWURO�IRU�WKH�QRUPDO�FRQFUHWH��1&��DQG�
�LL�� (&&� FRQWDLQLQJ� GLIIHUHQW� ILEUHV�� QDPHO\� 39$� ILEUH� DQG� KRRNHG�HQG� VWHHO� ILEUH�� DW� ��� YROXPH�
IUDFWLRQ�IRU�39$�ILEUH�DQG�������IRU�KRRNHG�HQG�VWHHO�ILEUH���7KH�1&�PL[�ZDV�GHVLJQHG�DFFRUGLQJ�WR�
D�SUHYLRXV�VWXG\�>��@�DQG�XVHG�WR�FDVW�WKH�5&�VDPSOH�DQG�3&�PHPEHUV��ZKLOH�(&&�ZDV�XVHG�WR�FDVW�
WKH�3&�MRLQWV�DQG�WKH�DGMDFHQW�3&�EHDPV�DUHDV��7DEOH���SUHVHQWV�WKH�GHVLJQ�PL[HV�RI�1&�DQG�(&&�RI�
WKLV�UHVHDUFK��$FFRUGLQJ�WR�7DEOH����&�UHIHUV�WR�WKH�FHPHQW��)$�UHIHUV�WR�WKH�IO\�DVK��6)�UHSUHVHQWV�WKH�
VLOLFD�IXPH��56�LV�ULYHU�VDQG��6��LV�VLOLFD�VDQG�ZLWK�D�PD[LPXP�VL]H�RI����PP��6��LV�VLOLFD�VDQG�ZLWK�
VL]H� UDQJLQJ� EHWZHHQ� ���PP�����PP�� &$� LV� FRDUVH� DJJUHJDWH� ZLWK� VL]H� UDQJLQJ� EHWZHHQ� �PP�
����PP��:�LV�ZDWHU��DQG�63�LV�VXSHUSODVWLFLVHU��

7DEOH��� 0L[�SURSRUWLRQV�IRU�1&�DQG�(&&�XVHG�LQ�WKLV�UHVHDUFK���

� .LORJUDP��FXELF�PHWHU���NJ�P���

0L[�W\SH� &� )$� 6)� 56� 6�� 6�� &$� :� 63�

1&� ������ �� �� ������ �� �� ������� ������ �����

(&&� ������ ������ ������ �� ������� ������� �� ������� ������

���� 6DPSOH�GHVLJQ�DQG�GHWDLOV�
7KH� VHLVPLF� HIILFLHQF\� RI� WKH� H[WHULRU� K\EULG� 3&� MRLQWV� ZDV� HYDOXDWHG� XQGHU� TXDVL�VWDWLF� UHYHUVHG�
F\FOLF�ORDGLQJ��2QH�FRQWURO�VDPSOH�RI�PRQROLWKLF�5&��05&��MRLQW�DQG�WZR�VDPSOHV�RI�WKH�LQQRYDWLYH�
K\EULG�3&�MRLQWV��QDPHO\�+3&+��DQG�+3&+��ZHUH�XVHG��VHH�)LJ�����

�

�

�
)LJ���� �'�YLHZ�RI�LQQRYDWLYH�K\EULG�3&�MRLQWV�RI�WKH��D��+3&+��DQG��E��+3&+��VDPSOHV��
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7KH�LQQRYDWLYH�K\EULG�MRLQWV�ZHUH�SURSRVHG�LQ�WKLV�UHVHDUFK�DQG�XVHG�VWHHO�WXEHV��7XEH���DQG�7XEH�����
VWHHO�SODWHV� �PDLQ�VWHHO�SODWH�DQG�JXVVHW� VWHHO�SODWHV� LQ� WKH�+3&+��VDPSOH�RQO\�� WR�FRQQHFW� WKH�3&�
EHDPV�DQG�3&�FROXPQV�� ,Q�DGGLWLRQ��JURXWHG�VWHHO�FRXSOHUV�ZLWK�DQ�HPEHGGHG�OHQJWK�RI��� WLPHV�WKH�
EDU� GLDPHWHU� �ĭ�� >��@�ZHUH�XVHG� WR� FRQQHFW� WKH�PDLQ� ORQJLWXGLQDO� VWHHO� EDUV�RI�3&�FROXPQV�RI� WKH�
K\EULG��+3&+��DQG�+3&+���VDPSOHV��)LJV����DQG�����7KH�VWHHO�WXEHV��7XEH���DQG����KDYH�WKH�VDPH�
GLPHQVLRQV�DQG�PHFKDQLFDO�SURSHUWLHV�LQ�+3&+��DQG�+3&+��VDPSOHV��7KH�UHLQIRUFLQJ�GHWDLOV�RI�WKH�
05&��+3&+���DQG�+3&+��MRLQW�VDPSOHV�DUH�SUHVHQWHG�LQ�)LJ������
�

�

�D��
�E��

�

�F��

)LJ���� 7KH�UHLQIRUFHPHQW�GHWDLOV�RI�WKH��D��05&���E��+3&+���DQG��F��+3&+��VDPSOHV��GLPHQ�
VLRQV�DUH�LQ�PP����
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�

%DVHG�RQ�WKH�WHVW�UHVXOWV�RI�WKUHH�VSHFLPHQV�IRU�VWHHO�PDWHULDOV��WKH�DYHUDJH�\LHOG�VWUHQJWK��I\��RI�WKH�
PDLQ�UHLQIRUFLQJ�EDU��ĭ��PP���WUDQVYHUVH�UHLQIRUFLQJ�EDU��ĭ��PP���VWHHO�SODWH�ZLWK�D�WKLFNQHVV��7��
RI� ��PP�� 7XEH� �� �ĭ��PP� DQG� 7 ��PP��� DQG� 7XEH� �� �ĭ�����PP� DQG� 7 ����PP�� LV� ����03D��
���03D��������03D�����03D��DQG����03D��UHVSHFWLYHO\��7KH�PLQLPXP�UDWLR�RI�WKH��IX�I\��ZDV�������
KHUH� IX� UHSUHVHQWV� WKH� XOWLPDWH� VWUHQJWK� RI� VWHHO�PDWHULDOV�� ,Q� DGGLWLRQ�� WKH� FRPSUHVVLYH� VWUHQJWK� RI�
FDVW�LQ�VLWX�XVLQJ�1&�LV������03D�IRU�WKH�05&�VDPSOH��DQG�LW�LV�������03D�IRU�WKH�3&�PHPEHUV�RI�
+3&+�� DQG� +3&+�� VDPSOHV�� 7KH� FRPSUHVVLYH� VWUHQJWK� RI� FDVW�LQ�VLWX� (&&� LV� �����03D� IRU� WKH�
K\EULG�VDPSOHV�DQG������03D�IRU�FDVW�LQ�VLWX�1&�IRU�3&�EHDPV�RI�WKH�K\EULG�VDPSOHV��

���� 7HVW�VHWXS�DQG�SURWRFRO�
7KH�WHVW�VHWXS�DQG�LQVWUXPHQWDWLRQ�RI�VDPSOHV�VXEMHFWHG�WR�WKH�TXDVL�VWDWLF�F\FOLF�ORDGLQJ�DUH�VKRZQ�LQ�
)LJ����D���7KH�H[WHULRU�EHDP�WR�FROXPQ�VXE�DVVHPEOLHV�ZHUH�VXSSRUWHG�E\�SLQ�VXSSRUW�DW�WKH�ERWWRP�
RI�WKH�FROXPQ���

�

� �

�D�� �E��

)LJ���� 7KH�YLHZ�RI�WKH��D��VFKHPDWLF�WHVW�VHWXS�RI�WKH�VDPSOH�DQG��E��F\FOLF�ORDGLQJ�SURWRFRO�RI�
WKH�VDPSOHV���

$�FRQVWDQW�D[LDO�ORDG�HTXLYDOHQW�WR������$JIF��ZDV�DSSOLHG�RQ�WKH�FROXPQ�WRS�DW�WKH�EHJLQQLQJ�RI�WKH�
WHVW�WKURXJK�DQ�DFWXDWRU�FDSDFLW\�RI�����N1��$J�DQG�IF�DUH�WKH�JURVV�VHFWLRQ�DUHD�DQG�WKH�FRPSUHVVLYH�
VWUHQJWK��UHVSHFWLYHO\�RI�WKH�FROXPQ���
7KH�F\FOLF�SURWRFRO�ORDG�SUHVHQWHG�LQ�)LJ����E��ZDV�DSSOLHG�DW�WKH�EHDP�HQG�XVLQJ�GLVSODFHPHQW�FRQ�
WURO� DQG� WKH� ORDG� ZDV� DSSOLHG� WKURXJK� DQ� DFWXDWRU� ZLWK� WKH� FDSDFLW\� RI� ����N1�� 'XU�
LQJ�WKH�WHVW��YHUWLFDO��KRUL]RQWDO��DQG�GLDJRQDO�GLVSODFHPHQWV�ZHUH�PHDVXUHG�X� LQJ�ORDG�OLQHDU� YDULDEOH�
GLVSODFHPHQW�WUDQVGXFHU��/9'7V���

�� 5HVXOWV�DQG�GLVFXVVLRQ�
���� 7KH�IDLOXUH�PRGH�RI�VDPSOHV�
$�EHDP�WR�FROXPQ�MRLQW�FDQ�IDLO�XQGHU�GLIIHUHQW�PRGHV�DV�IROORZ���L��EHDP�IOH[XUDO�IDLOXUH���LL��EHDP�
VKHDU�IDLOXUH���LLL��FROXPQ�IOH[XUDO�IDLOXUH���LLL��FROXPQ�VKHDU�IDLOXUH���LY��MRLQW�VKHDU�IDLOXUH���Y��ERQG�
IDLOXUH�RI�WKH�UHLQIRUFHPHQW��DQG��YL��D�FRPELQDWLRQ�RI�WKH�YDULRXV�PRGHV�OLVWHG�DERYH��6RPH�RI�WKHVH�
IDLOXUH�PRGHV� VKRXOG� EH� SUHYHQWHG� LI� WKH� EHDP�WR�FROXPQ� MRLQW� XQGHUJR� ODUJH� SODVWLF� GHIRUPDWLRQV�
�H�J��� VKHDU� IDLOXUH� RI� WKH� FROXPQ� RU� MRLQW� DQG� ERQG� IDLOXUH� RI� UHLQIRUFHPHQW��� 7KH� FROODSVH� RI� WKH�
ZKROH�VWUXFWXUH�PD\�RFFXU�GXH�WR�WKH�OLPLWHG�GHIRUPDWLRQ�FDSDFLW\�RI�VXFK�D�EULWWOH�SODVWLF�PHFKDQLVP�
>�����@��7R�UHDFK�WKH�GXFWLOH�VWUXFWXUH��LQ�SDUWLFXODU�D�GXFWLOH�MRLQW��HDFK�HOHPHQW�VKRXOG�EH�GHVLJQHG�
IRU�KDYLQJ�VXIILFLHQW�GLVSODFHPHQW�FDSDFLW\��)LJ����SUHVHQWV�WKH�IDLOXUH�PRGHV�RI� WKH� WHVWHG�VDPSOHV��
$FFRUGLQJ� WR� WKH� IDLOXUH� PRGHV� RI� WKH� WHVWHG� VDPSOHV�� WKH� SODVWLF� KLQJH� RI� WKH� 05&� VDPSOH� ZDV�



3ODVWLF�KLQJH�UHORFDWLRQ�RQ�WKH�EHDPV�ZLWK�LQQRYDWLYH�EHDP�WR�FROXPQ�MRLQWV�

+DLGHU�+DPDG�*KD\HE��+DVKLP�$EGXO�5D]DN��1�+��5DPOL�6XORQJ��.LP�+XQJ�0R��� �� ���
�

�

IRUPHG�DW� WKH�EHDP�HQG�DQG�H[WHQGHG�D� OLWWOH�ELW� WR� WKH�MRLQW�DUHD��7KH�SODVWLF�KLQJH�RI�+3&+��DQG�
+3&+��VDPSOHV�ZHUH� IRUPHG�RXWVLGH� WKH� MRLQW�]RQH�DQG�ORFDWHG�DW� D�GLVWDQFH�RI���PP�DQG���PP��
UHVSHFWLYHO\��PHDVXUHG�IURP�WKH�FROXPQ�IDFH��,Q�JHQHUDO��WKH�WHQVLOH�VWUHQJWKV�RI� WKH�FRQFUHWH��WUDQV�
YHUVH� UHLQIRUFLQJ� EDUV�� DQG� ORQJLWXGLQDO� UHLQIRUFLQJ� EDUV�� DQG� HIIHFWLYH� MRLQW� ZLGWK� FDQ� FRQWULEXWH�
VLJQLILFDQWO\�WR�WKH�VKHDU�FDSDFLW\�RI�WKH�MRLQW��0RUHRYHU��WKH�KLJK�WHQVLOH�VWUHQJWK�DQG�VWUDLQ�FDSDFLW\�
RI�WKH�(&&�FRPSDUHG�WR�WKH�1&�>�����@�FDQ�VLJQLILFDQWO\�LPSURYH�WKH�VKHDU�VWUHQJWK�FDSDFLW\�RI�WKH�
MRLQW��)XUWKHUPRUH��WKH�VWHHO�VHFWLRQ�HOHPHQW�RI�WKH�MRLQW�JUHDWO\�HQKDQFHG�WKH�VKHDU�VWUHQJWK�RI�K\EULG�
MRLQWV��7KHUHIRUH�� WKH�XVH�RI�(&&�WR�FDVW� WKH� MRLQW�DUHD�FDQ�UHORFDWH� WKH�SODVWLF�KLQJH� WR�IRUP�DW� WKH�
EHDP�DUHD���

�

� �

�
)LJ���� )DLOXUH�PRGH�RI�WKH��D��05&�VDPSOH���E��+3&+��VDPSOH��DQG��F��+3&+��VDPSOH��

���� /RDG��GLVSODFHPHQW��DQG�HQHUJ\�GLVVLSDWLRQ�RI�WKH�WHVWHG�VDPSOHV�
7KH� ORDG�GLVSODFHPHQW� FXUYHV� RI� WKH� 05&�� +3&+��� DQG� +3&+�� VDPSOHV� GXULQJ� WKH� TXDVL�VWDWLF�
UHYHUVHG�F\FOLF�ORDGLQJ�WHVW�DUH�SUHVHQWHG�LQ�)LJ�����,Q�DGGLWLRQ��WKH�DYHUDJH�GLVSODFHPHQWV�DQG�ORDGV�
FXUYHV��HQYHORS�FXUYHV��RI�ERWK�SXVK�����DQG�SXOO�����GLUHFWLRQV�RI�WKH�WHVWHG�VDPSOHV�DUH�LOOXVWUDWHG�LQ�
)LJ�����D���7KH�FDSDFLW\�RI�WKH�GULIW�UDWLR�DW�WKH�IDLOXUH�VWDJH�RI�WKH�05&��+3&+���DQG�+3&+��VDP�
SOHV�ZDV�����������DQG�����UHVSHFWLYHO\��)LJ�����D���7KHUH�LV�DQ�LPSURYHPHQW�LQ�WKH�GULIW�UDWLR�RI�WKH�
+3&+��DQG�+3&+��VDPSOHV�E\�D�IDFWRU�RI�������DQG������UHVSHFWLYHO\�FRPSDUHG�WR�WKH�05&�VDPSOH��
7KLV�LV�UHVXOWHG�IURP�XVLQJ�(&&�WKDW�FRQWDLQHG�K\EULG�ILEUHV���
7KH�EXLOGLQJ�VWUXFWXUDO�HOHPHQWV�DQG�MRLQWV�VKRXOG�EH�DEOH�WR�GLVVLSDWH�WKH�HQHUJ\�XQGHU�ODWHUDO�ORDGLQJ�
IRU�HQKDQFLQJ�WKH�VHLVPLF�EHKDYLRXU�RI�WKH�VWUXFWXUHV��7KH�VXIILFLHQW�HQHUJ\�GLVVLSDWLRQ�IRU�WKH�MRLQWV�
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VXEMHFWHG� WR� WKH� VHLVPLF� H[FLWDWLRQ� FDQ� GHFUHDVH� WKH� WUDQVPLWWLQJ� ORDGV� DQG� GHIRUPDWLRQV� WR� RWKHU�
VWUXFWXUDO�HOHPHQWV��7KH�HQHUJ\�GLVVLSDWLRQ�RI�HDFK�VDPSOH�ZDV�FDOFXODWHG�XVLQJ�WKH�UHJLRQ�HQFORVHG�
LQ� WKH�K\VWHUHWLF�F\FOHV��7KH�HQHUJ\�GLVVLSDWLRQ�RI�+3&+��DQG�+3&+��VDPSOHV�ZDV�LQFUHDVHG�E\�D�
UDWLR�RI�DERXW�����DQG�������UHVSHFWLYHO\�FRPSDUHG� WR� WKH�05&�VDPSOH��)LJ�� ��E���� �7DEOH���SUH�
VHQWV�WKH�UHVXOWV�RI�WKH�WHVWHG�VDPSOHV��7KH�LPSURYHPHQW�RI�PHFKDQLFDO�EULGJLQJ�LQ�WKH�FUDFN�UHJLRQ��
DGHTXDWH�DPRXQW�DQG�GLVWULEXWLRQ�RI�39$�DQG�KRRNHG�HQG�VWHHO�ILEUHV��DQG�JRRG�ERQGLQJ�LQ�WKH�(&&�
UHVXOWHG�LQ�DQ�LQFUHDVH�LQ�WKH�GULIW�UDWLR�DQG�HQHUJ\�GLVVLSDWLRQ�FDSDFLWLHV�RI�WKH�+3&+��DQG�+3&+��
VDPSOHV�FRPSDUHG�WR�WKH�05&�VDPSOH��

�

� �

�

)LJ���� 7KH�ORDG�GLVSODFHPHQW�FXUYH�RI�WKH�05&��+3&+���DQG�+3&+��VDPSOHV��

7DEOH��� 7KH�UHVXOWV�RI�WKH�WHVWHG�VDPSOHV�LQ�WHUPV�RI�ORDG��GLVSODFHPHQW��DQG�HQHUJ\�GLVVLSDWLRQ��

6DPSOH� 'LUHFWLRQ� 0D[��/RDG� 0D[��'LVSODFHPHQW� (QHUJ\�GLVVLSDWLRQ�

� � N1� PP� N1�PP�

05&�
3XVK� ������ ������

���������
3XOO� ������� �������

+3&+��
3XVK� ������ ������

���������
3XOO� ������� �������

+3&+��
3XVK� ������ ������

���������
3XOO� ������� �������

�
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)LJ���� 7KH�UHVXOW�RI�WKH��D��HQYHORS�FXUYHV�LQ�ERWK�GLUHFWLRQV��SXVK�DQG�SXOO��RI�WKH�VDPSOHV�DQG�
�E��HQHUJ\�GLVVLSDWLRQV�RI�WKH�WHVWHG�VDPSOHV��

�� &RQFOXVLRQV�
,Q�WKLV�UHVHDUFK��WKH�(&&�ZDV�XVHG�IRU�FDVWLQJ�WKH�MRLQWV�DQG�WKH�DGMDFHQW�EHDPV�DUHDV�RI�WKH�LQQRYD�
WLYH�SUHFDVW� EHDP�WR�FROXPQ� MRLQWV��7KH� IROORZLQJ� FRQFOXVLRQV� FDQ�EH�GUDZQ�EDVHG�RQ� WKH� ILQGLQJV�
PDGH�GXULQJ�WKH�H[SHULPHQWDO�FDPSDLJQ�DQG�WKH�UHVXOWV�GLVFXVVHG�LQ�WKLV�DUWLFOH��

��� 7KH�SODVWLF�KLQJH�UHORFDWLRQ�RQ�EHDPV�RI�WKH�K\EULG�3&�MRLQWV�GXH�WR�XVLQJ�WKH�VWHHO�VHFWLRQV�WR�
FRQQHFW�WKH�EHDPV�DQG�FROXPQV��%HVLGHV�WKDW��FDVWLQJ�WKH�MRLQWV�XVLQJ�(&&�FDQ�UHVXOW�LQ�WKH�
IRUPDWLRQ�RI�WKH�SODVWLF�KLQJHV�RQ�EHDPV�DQG�RXWVLGH�WKH�MRLQWV��

��� 7KH�HQHUJ\�GLVVLSDWLRQV�RI�WKH�K\EULG�MRLQWV�ZHUH�LQFUHDVHG�E\�WKH�UDWLR�RI�DERXW�����IRU�WKH�
+3&+��VDPSOH�DQG������IRU�WKH�+3&+��VDPSOH�FRPSDUHG�ZLWK�WKDW�RI�WKH�05&�VDPSOH��
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LQJ�WR�WKH�DSSOLFDWLRQ�RI�PHQWLRQHG�VWUHQJWKHQLQJ�PHWKRG��8+3&�OD\HU�LV�RQ�WRS�RI�WKH�ROG�FRQFUHWH�
HOHPHQW���7KLV�DUWLFOH�GHDOV�ZLWK�EHQGLQJ�RI�VODE�HOHPHQWV��

$�EHQGLQJ�FDSDFLW\�ZDV�WHVWHG�XVLQJ�8+3&�LQ�ERWK�FRPSUHVVLRQ�DQG�WHQVLRQ��7KHUH�ZHUH�DOZD\V�
WKUHH�W\SHV�RI�VSHFLPHQV�IRU�DOO�WKH�H[SHULPHQWV�±�VSHFLPHQV�ZLWKRXW�VWUHQJWKHQLQJ��VSHFLPHQV�ZLWK�
���PP�RI�8+3&�ZLWKRXW�EDU�UHLQIRUFHPHQW�DQG�VSHFLPHQV�ZLWK����PP�RI�8+3&�ZLWK�EDU�UHLQIRUFH�
PHQW��7KLV�YDULDWLRQ�ZDV�GHVLJQHG�WR�GHWHUPLQH�WKH�VLJQLILFDQFH�RI�VWUHQJWKHQLQJ��

%HIRUH� WKH� H[SHULPHQWV�� VRPH�EDVLF� FDOFXODWLRQV� WR�SUHGLFW� WKH�SHUIRUPDQFH�ZHUH� H[HFXWHG��)RU�
WKH�FDOFXODWLRQV��OLWHUDWXUH�DQG�VWDQGDUGV�ZHUH�XVHG��H�J���>�@�>�@��

�� %RQG�H[SHULPHQWV�

���� 6SHFLILFDWLRQ�RI�WKH�H[SHULPHQWV�
7KH�VXIILFLHQW�ERQG�EHWZHHQ�WZR�W\SHV�RI�FRQFUHWHV�LV�DQ�HOHPHQWDU\�FRQGLWLRQ�IRU�LPSURYLQJ�SURSHU�
WLHV�DQG�EHDULQJ�FDSDFLW\�RI�VODE�HOHPHQWV��&KRRVLQJ�WKH�PRVW�HIIHFWLYH�W\SH�RI�ERQG�ZLWK�UHVSHFW�WR�
LWV�VWUHQJWK�DQG�GLIILFXOWLHV�PDNLQJ�RQ�VLWH�ZDV�WKH�DLP�RI�WKHVH�H[SHULPHQWV��$FFRUGLQJ�WR�WKH�VHFRQG�
FRQGLWLRQ�DQG�SURSHUWLHV�RI�8+3&��RQO\�PHWKRGV�RI�LPSURYLQJ�ERQG�ZLWKRXW�PHFKDQLFDO�FRQQHFWRUV�
�L�H��VWHHO��ZHUH�FKRVHQ�DQG�WHVWHG��

3URF��RI�WKH���WK�ILE�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�
-XO\�������������0DUQH�OD�9DOOpH��3DULV��)UDQFH�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

��� 6WUXFWXUDO�DQDO\VLV�DQG�GHVLJQ��7KH�H[SHULPHQWDO�YHULILFDWLRQ�RI�FRQFUHWH�HOHPHQWV�VWUHQJWKHQHG�XVLQJ�XOWUD�
KLJK�SHUIRUPDQFH�FRQFUHWH��

�

���� 3UHSDUDWLRQ�DQG�H[HFXWLRQ�RI�WKH�H[SHULPHQWV�
7KHUH�ZHUH�ROG�SUHIDEULFDWHG�FRQFUHWH�SDQHOV�ZLWK�WZR�W\SHV�RI�VXUIDFH�±�VPRRWK�VXUIDFH�VKDSHG�

E\�IRUPZRUN�DQG�URXJK�VXUIDFH�ZLWKRXW�FRQWDFW�ZLWK�IRUPZRUN��2Q�WKHVH�SDQHOV��IRXU�W\SHV�RI�SUHSD�
UDWLRQ� RI� WKH� VXUIDFHV� ZHUH� DSSOLHG�� PHFKDQLFDO� ZDWHU� EODVWLQJ� �KLJKHU� SUHVVXUH� RI� ZDWHU��� PDQXDO�
ZDWHU�EODVWLQJ��ORZHU�SUHVVXUH�RI�ZDWHU���VDQGEODVWLQJ�DQG�VXUIDFH�ZLWKRXW�DQ\�PRGLILFDWLRQ��,Q�IDFW��
VL[�W\SHV�RI�VXUIDFHV�ZHUH�SUHSDUHG�XVLQJ�WKHVH�PHWKRGV��

�� 6XUIDFH�ZLWKRXW�PRGLILFDWLRQ�VKDSHG�E\�IRUPZRUN��6���
�� 6XUIDFH�ZLWKRXW�PRGLILFDWLRQ��6���
�� 6DQGEODVWHG�VXUIDFH�VKDSHG�E\�IRUPZRUN��6���
�� 6DQGEODVWHG�VXUIDFH��6���
�� 0DQXDOO\�ZDWHU�MHW�EODVWHG�VXUIDFH��6���
�� 0HFKDQLFDOO\�ZDWHU�MHW�EODVWHG�VXUIDFH��6���

:DWHU�MHW�EODVWHG�VXUIDFHV�DUH�QRW�GLYLGHG�DFFRUGLQJ�WR�FRQWDFW�ZLWK�IRUPZRUN��EHFDXVH�WKHVH�VXUIDFHV�
ZHUH�EHFDPH�VLJQLILFDQWO\�URXJK�DQG�WKLV�GLIIHUHQFH�RI�WKH�RULJLQDO�VXUIDFH�TXDOLW\�GLVDSSHDUHG���

/DWHU��RQ�RQH�KDOI�RI�WKH�VXUIDFHV�WKH�DGKHVLYH�EULGJH�ZDV�DSSOLHG�WR�GHWHUPLQH�LWV�VLJQLILFDQFH�WR�
SURSHUWLHV�RI�ERQG��7KLV�ZDV� IROORZHG�E\� FDVWLQJ� WKH�8+3&� OD\HU��7KH�ZKROH�SUHSDUDWLRQ�ZDV� ILQ�
LVKHG�E\�FRUH�GULOOLQJ�WR�JHW�VSHFLPHQV�IRU�WHQVLRQ�WHVWV��7KH�GULOOV�KDG�D�GLDPHWHU�RI�����PP��ZHUH�
GULOOHG�WKURXJK�WKH�ZKROH�VODE�DQG�IRU�HYHU\�W\SH�RI�ERQG�WKUHH�VSHFLPHQV�ZHUH�GULOOHG��

���� 5HVXOWV�RI�WKH�H[SHULPHQWV�
5HVXOWV�IURP�WKHVH�H[SHULPHQWV�DUH�VXPPDUL]HG�LQ�7DEOH����,Q�WKLV�WDEOH��WKH�WUHDWPHQW�RI�VXUIDFH�DQG�
ZKHWKHU�WKH�DGKHVLRQ�EULGJH�ZDV�XVHG�RU�QRW��LV�VKRZQ��,Q�WKH�QH[W�FROXPQV�WKH�DYHUDJH�VWUHVVHV�LQ�WKH�
PRPHQW�RI�IDLOXUH�DUH�VKRZQ��WKH�VWDQGDUG�GHYLDWLRQ�RI�WKHVH�VWUHVVHV�DQG�ZKHUH�WKH�FUDFN�GHYHORSHG��

7DEOH��� $YHUDJH�IDLOXUH�VWUHVV�DQG�LWV�VWDQGDUG�GHYLDWLRQ�DFFRUGLQJ�WR�WKH�W\SH�RI�ERQGLQJ��VXUIDFH�
SUHSDUDWLRQ��� ([SODQDWLRQ��'�±� IDLOXUH� GXULQJ� GULOOLQJ��&� ±� FUDFN� LQ� ROG� FRQFUHWH��$%� ±�
FUDFN�LQ�DGKHVLRQ�EULGJH���

0RGLILFDWLRQ� :LWKRXW�DGKHVLRQ�EULGJH� :LWK�DGKHVLRQ�EULGJH�

$UHD�RI�
IDLOXUH�

)DLOXUH�
DYHUDJH�

WHQVLRQ�VWUHVV�
>03D@�

6WDQGDUG�
GHYLDWLRQ�
>03D@�

$UHD�RI�
IDLOXUH�

)DLOXUH�
DYHUDJH�

WHQVLRQ�VWUHVV�
>03D@�

6WDQGDUG�
GHYLDWLRQ�
>03D@�

6�� '� �� �� '� �� ��

6�� &� ����� ����� $%� ����� �����

6�� &� ����� ����� $%� ����� �����

6�� &� ����� ����� $%� ����� �����

6�� &� ����� ����� $%� ����� �����

6�� &� ����� ����� $%� ����� �����

�
$V� LW� LV� VKRZQ� LQ� 7DEOH� ��� DGKHVLRQ� EULGJH� SURYLGHV� ORZHU� ERQG� VWUHQJWK� IRU� HDFK� W\SH� RI� VXUIDFH�
WUHDWPHQW��,W�PHDQV�8+3&�LWVHOI�KDG�EHWWHU�DGKHVLYH�SURSHUWLHV�DQG�DGKHVLRQ�EULGJH�ZDV�QRW�XVHG�IRU�
RWKHU�H[SHULPHQWV��6XUIDFHV�ZLWKRXW�WUHDWPHQW�WKDW�ZHUH�LQ�FRQWDFW�ZLWK�IRUPZRUN�ZHUH�WRR�VPRRWK��
WKH�ERQG�EHWZHHQ�PDWHULDOV�ZDV�ZHDN�DQG�WKH�OD\HUV�RI�FRQFUHWH�GHODPLQDWHG�GXULQJ�GULOOLQJ��)RU�DOO�
RWKHU� FDVHV� WKHUH�ZDV� D� IDLOXUH� LQ� ROG� FRQFUHWH�� VR� WKH� ERQG� EHWZHHQ� FRQFUHWHV�ZDV� VXIILFLHQW�� )RU�
IROORZLQJ�H[SHULPHQWV�SDQHOV��WKH�W\SH�6��±�ZDWHU�MHW�EODVWLQJ�ZLWK�ORZHU�ZDWHU�SUHVVXUH�ZDV�FKRVHQ��
EHFDXVH�WKLV�PHWKRG�LV�TXLWH�HDV\�WR�XVH�DQG�HIIHFWLYH��
� �



7KH�H[SHULPHQWDO�YHULILFDWLRQ�RI�FRQFUHWH�HOHPHQWV�VWUHQJWKHQHG�XVLQJ�XOWUD�KLJK�SHUIRUPDQFH�FRQFUHWH��
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�� %HQGLQJ�H[SHULPHQWV�ZLWK�8+3&�LQ�FRPSUHVVLYH�]RQH�

���� 6SHFLILFDWLRQ�RI�WKH�H[SHULPHQWV�
7KH�H[SHULPHQWV�ZHUH�PDGH�XVLQJ�DERXW����\HDUV�ROG�FRQFUHWH�SDQHOV�ZKLFK�ZHUH�VWUHQJWKHQHG�XVLQJ�
8+3&�OD\HUV�±�RQH�W\SH�RI�SDQHOV�ZLWK����PP�8+3&�DQG�VHFRQG�W\SH�ZLWK����PP�8+3&�LQFOXGLQJ�
UHLQIRUFLQJ�PHVK�ZLWK� EDUV� RI� ��PP� LQ� GLDPHWHU� LQ� WKH�GLVWDQFH�RI� ����PP��%HFDXVH� RI� WKH�ZHDN�
UHLQIRUFHPHQW��WKHVH�ROG�SDQHOV�ZHUH�DOVR�VWUHQJWKHQHG�XVLQJ�DQRWKHU�UHLQIRUFHPHQW�EDUV�WR�PDNH�WKH�
UHLQIRUFHPHQW�PRUH�VLPLODU�WR�RUGLQDU\�XVHG�VWUXFWXUHV��7KH�DYHUDJH�VWUHQJWK�RI�F\OLQGHUV�RI� WKH�ROG�
FRQFUHWH�ZDV������03D�DQG�WKH�UHLQIRUFHPHQW�ZDV�DVVXPHG�DV�%���%��7KH�VWUHQJWK�RI�F\OLQGHUV�RI�
8+3&�ZDV�����03D�DQG�WKH�H[SHULPHQWV�ZHUH�H[HFXWHG�DERXW����GD\V�DIWHU�FDVWLQJ��

7KH�H[SHULPHQW�ZDV�GHVLJQHG�DV�D�IRXU�SRLQW�IOH[XUDO�WHVW�GXH�WR�LWV�DGYDQWDJHV��7KLV�H[SHULPHQW�
VKRXOG�DSSUR[LPDWH�WKH�VLWXDWLRQ�ZKHQ�WKH�PD[LPDO�EHQGLQJ�PRPHQWV�DUH�LQ�WKH�PLGGOH�RI�WKH�VSDQ�
ZLWK�ORZ�YDOXHV�RI�VKHDU�IRUFHV��7KH�VSDQ�EHWZHHQ�VXSSRUWV�ZDV�����P�DQG�WKH�GLVWDQFH�EHWZHHQ�SRLQW�
ORDG�ORFDWLRQV�ZDV�����P��)LJ������)RU�WKH�H[SHULPHQW��RQH�K\GUDXOLF�MDFN�DQG�D�VWHHO�EHDP�WR�WUDQVSRUW�
ORDG� LQWR� WZR� VWHHO� WXEHV�ZHUH� XVHG�� 7KH� SRLQW� ORDGV�ZHUH� XQLIRUPO\� GLVWULEXWHG� LQ� WKH� WUDQVYHUVDO�
GLUHFWLRQ�DFURVV�WKH�SDQHO���

�

�
)LJ���� /RQJLWXGLQDO�VFKHPH�RI�WKH�EHQGLQJ�WHVW��

���� 3UHSDUDWLRQ�DQG�H[HFXWLRQ�RI�WKH�H[SHULPHQWV�
7KH�SDQHOV�XVHG�IRU�H[SHULPHQWV�ZHUH�����PP�ZLGH������PP�KLJK�DQG������PP�ORQJ��7KH�RULJLQDO�
ORQJLWXGLQDO�UHLQIRUFHPHQW�UDWLR�ZDV�DERXW��������[���PP��DQG�WKHVH�EDUV�ZHUH�SODFHG�LUUHJXODUO\�
LQ�WKH�SDQHO��)LJ�����%HFDXVH�RI�WKLV��SDQHOV�ZHUH�VWUHQJWKHQHG�XVLQJ�IRXU�EDUV�ZLWK�GLDPHWHU����PP�
QHDU� WKH� ERWWRP� VXUIDFH�� 7KLV� UDLVHG� WKH� ORQJLWXGLQDO� UHLQIRUFHPHQW� UDWLR� WR� ����� DQG� WKHVH� SDQHOV�
ZHUH�DSSURSULDWH�WR�H[SHULPHQWV��

�
)LJ���� &URVV�VHFWLRQDO�GLPHQVLRQV�RI�RULJLQDO�FRQFUHWH�SDQHO�DQG�UHLQIRUFHPHQW�RI�WKLV�SDQHO��

7KLV�SURFHVV�ZDV�IROORZHG�E\�VWUHQJWKHQLQJ�XVLQJ�8+3&�OD\HU��1LQH�SDQHOV�ZHUH�QHHGHG�LQ�WRWDO�WR�
H[HFXWH�WKH�H[SHULPHQWV��7KUHH�SDQHOV�ZHUH�OHIW�ZLWKRXW�PRGLILFDWLRQ��WKUHH�SDQHOV�ZHUH�VWUHQJWKHQHG�
XVLQJ� ���PP�8+3&� OD\HU� DQG� ODVW� WKUHH� SDQHOV�ZHUH� VWUHQJWKHQHG� XVLQJ� ���PP�8+3&� DQG� UHEDU�
PHVK�WR�UHGXFH�VKULQNDJH�GHIRUPDWLRQ�DQG�ORDG�RI�WKH�ZKROH�VSHFLPHQ��

'XULQJ� WKH� H[SHULPHQWV�� WZR�PDLQ� YDOXHV�ZHUH�PHDVXUHG� ±� WKH�GHIOHFWLRQ� LQ� WKH�PLGGOH� RI� WKH�
VSDQ�DQG�WKH�IRUFH�LQGXFHG�E\�WKH�K\GUDXOLF�MDFN���

���� 5HVXOWV�RI�WKH�H[SHULPHQWV�
,Q�)LJ�����YDOXHV�RI�EHQGLQJ�PRPHQWV� LQ�GHSHQGHQFH�RQ� WKH�GHIOHFWLRQ�RI� WKH�VSHFLPHQV�DUH�VKRZQ��
7KLV�FKDUW�VKRZV�� WKDW�SDQHOV�ZLWK�8+3&�KDG�VLPLODU�VWLIIQHVV�DW� WKH�EHJLQQLQJ��2Q�WKH�RWKHU�KDQG��



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

��� 6WUXFWXUDO�DQDO\VLV�DQG�GHVLJQ��7KH�H[SHULPHQWDO�YHULILFDWLRQ�RI�FRQFUHWH�HOHPHQWV�VWUHQJWKHQHG�XVLQJ�XOWUD�
KLJK�SHUIRUPDQFH�FRQFUHWH��

�

VSHFLPHQ�UHI���KDG�QR�YLVLEOH�FKDQJH�RI�VWLIIQHVV�GXH�WR�ILUVW�FUDFNV�RI�FRQFUHWH��7KLV�FKDQJH�RI�JUDGL�
HQW�LV�YLVLEOH�IRU�VSHFLPHQ�UHI����XQIRUWXQDWHO\�PRVW�RI�WKH�YDOXHV�IURP�WKLV�UHFRUG�ZHUH�LQFRUUHFW�GXH�
WR�WKH�IDLOXUH�RI�WKH�PHDVXULQJ�V\VWHP��VR�RQO\�UHVXOWV�WR�GHIOHFWLRQ����PP�DUH�VKRZQ��,W�FDQ�EH�VHHQ��
WKDW�IRU�DOO�VSHFLPHQV��WKH�GHIRUPDWLRQ�RI�DERXW����PP�ZDV�LPSRUWDQW���,W�LV�FOHDUO\�YLVLEOH�WKDW�UHLQ�
IRUFHPHQW�LV�UHDFKLQJ�LWV�\LHOG�SRLQW�DW�WKLV�GHIOHFWLRQ�DQG�WKH�JUDGLHQWV�RI�WKH�FKDUWV�DUH�VLJQLILFDQWO\�
FKDQJLQJ��$IWHU�UHDFKLQJ�\LHOG�VWUHVV�RI�WKH�UHLQIRUFHPHQW��WKH�FXUYHV�LQ�WKH�FKDUW�ZHUH�JURZLQJ�YHU\�
VORZO\��

)LJXUH���DOVR�VKRZV�WKDW�VWUHQJWKHQHG�SDQHOV�UHDFKHG�JUHDWHU�GHIOHFWLRQ�EHIRUH�IDLOXUH���

�
)LJ���� %HQGLQJ�PRPHQW�LQ�WKH�PLGGOH�RI�WKH�VSDQ�LQ�GHSHQGHQFH�RQ�WKH�GHIOHFWLRQ�LQ�WKH�PLGGOH�

RI�WKH�VSDQ���

� �
)LJ���� &UDFNV� DW� WKH� ERWWRP� VXUIDFH� RI� WKH� SDQHOV� DIWHU� H[HFXWLQJ� H[SHULPHQWV�� /HIW� ILJXUH� LV�

UHIHUHQFH�SDQHO�DQG�ULJKW�ILJXUH�LV�SDQHO�ZLWK����PP�8+3&��

)LJXUH���VKRZV�WKH�GLIIHUHQFH�EHWZHHQ�WKH�SHUIRUPDQFH�RI�UHIHUHQFH�SDQHOV�DQG�VWUHQJWKHQHG�SDQHOV��
,W� LV� YLVLEOH� WKDW� FUDFNV� LQ� VSHFLPHQ�ZLWK� ���PP�RI�8+3&� �RQ� WKH� ULJKW�� DUH�ZLGHU� WKDQ� FUDFNV� LQ�
UHIHUHQFH�SDQHO��RQ�WKH�OHIW����

7DEOH���VXPPDUL]HV�QXPHULFDO�UHVXOWV�IURP�WKH�H[SHULPHQWV��,W�FDQ�EH�VHHQ�WKDW�EHQGLQJ�PRPHQWV�
RI� VWUHQJWKHQHG� VSHFLPHQV� LQFUHDVHG� VLJQLILFDQWO\� FRPSDULQJ� WR� UHIHUHQFH� VSHFLPHQV�� 7KH� EHDULQJ�
FDSDFLW\�RI�UHIHUHQFH�SDQHOV�LV�DERXW����N1P��SDQHOV�ZLWK����PP�8+3&�KDV�DYHUDJH�EHDULQJ�FDSDFLW\�
�����N1P�������RI�UHIHUHQFH�SDQHOV�EHDULQJ�FDSDFLW\��DQG�SDQHOV�ZLWK����PP�8+3&�DQG�UHEDU�PHVK�
KDV�DYHUDJH�EHDULQJ�FDSDFLW\������N1P�������RI�UHIHUHQFH�SDQHOV�EHDULQJ�FDSDFLW\����
� �
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�

7DEOH��� %HQGLQJ�PRPHQWV�0PD[� LQ� WKH�PRPHQW� RI� IDLOXUH� LQ� WKH�PLGGOH� RI� WKH� VSDQ� IRU� WHVWHG�
VSHFLPHQV��$YHUDJHV�IRU�XVHG�W\SHV�RI�SDQHOV�DQG�FRPSDULVRQ�ZLWK�FDOFXODWHG�YDOXHV��

7\SH�RI�SDQHOV� 6SHFLPHQ� 0PD[�>N1P@� $YHUDJH�0PD[�
>N1P@�

6WDQGDUG�GH�
YLDWLRQ�>N1P@�

&RHIILFLHQW�RI�
YDULDWLRQ�>�@�

5HIHUHQFH� UHI��� �����
����� ���� ����UHI��� �����

UHI��� �����

���PP�RI�
8+3&�

����� �����

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

���PP�RI�
8+3&�

����� �����

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

�

���� 6LPSOLILHG�DQDO\VLV�DQG�GLVFXVVLRQ�
7DEOH���VKRZV�WKDW�EHDULQJ�FDSDFLWLHV�ZHUH�LQFUHDVHG�VLJQLILFDQWO\�GXH�WR�WKH�VWUHQJWKHQLQJ��8VXDOO\��
ZLWK�WKH�VDPH�UHLQIRUFHPHQW�DQG�FRQFUHWH��WKH�EHQGLQJ�EHDULQJ�FDSDFLW\�LQFUHDVHV�LQ�WKH�VLPLODU�UDWLR�
WR� WKH� KHLJKW� RI� WKH� VHFWLRQ�� +RZHYHU�� IRU� VSHFLPHQV� ZLWK� ���PP� RI� 8+3&�� WKH� EHQGLQJ� EHDULQJ�
FDSDFLW\�ZDV� LQFUHDVHG� WR������RI�EHQGLQJ�FDSDFLW\�RI� UHIHUHQFH�SDQHOV��ZKHQ� WKH� WKLFNQHVV�RI� WKH�
VSHFLPHQV�ZDV�LQFUHDVHG�WR�������)RU�VSHFLPHQV�ZLWK����PP�RI�8+3&��WKH�EHQGLQJ�EHDULQJ�FDSDF�
LW\�ZDV�LQFUHDVHG�WR������RI�EHQGLQJ�FDSDFLW\�RI�UHIHUHQFH�SDQHOV��ZKHQ�WKH�WKLFNQHVV�RI�WKH�VSHFL�
PHQV�ZDV�LQFUHDVHG� WR�������7KLV�PHDQV�� WKDW� WKH� OHYHU�DUP�RI� LQWHUQDO� IRUFHV�ZDV�LQFUHDVHG�PRUH�
WKDQ�WKH�GHSWK�RI�WKH�FURVV�VHFWLRQ��/DWHO\��LW�ZDV�FRQILUPHG�E\�FDOFXODWLRQ��EHFDXVH�WKH�GHSWK�RI�WKH�
FRPSUHVVLRQ�]RQH�ZDV�FDOFXODWHG����PP�IRU�UHIHUHQFH�VSHFLPHQV�DQG�DERXW����PP�IRU�VWUHQJWKHQHG�
VSHFLPHQV�EHFDXVH�RI�WKH�KLJK�FRPSUHVVLRQ�VWUHQJWK�RI�8+3&��

7KHVH�SDQHOV�DUH�UDWKHU�WKLQ��DQG�WKH�LQFUHDVH�RI�WKH�XOWLPDWH�ORDG�LQ�WKLFNHU�VODEV�ZRXOG�QRW�EH�VR�
VLJQLILFDQW�� +RZHYHU�� XVLQJ� 8+3&� FRXOG� EH� FRQVLGHUHG� DV� YHU\� HIILFLHQW� DOVR� DW� WKLFNHU� VODEV��1R�
GHODPLQDWLRQ�DSSHDUHG�DW�DQ\�RI�WKH�VWUHQJWKHQHG�VSHFLPHQV��DOWKRXJK�D�VLJQLILFDQW�GHIRUPDWLRQ�ZDV�
DFKLHYHG��1R�QHFHVVLW\�RI�PHFKDQLFDO�FRQQHFWRUV�ZDV�FRQILUPHG��

%HWWHU�GXFWLOLW\�ZKLFK�LV�LPSRUWDQW�IRU�VDIHW\�RI�WKH�VWUXFWXUHV�LV�DQRWKHU�DGYDQWDJH��,Q�ILJXUH����LW�
LV� YLVLEOH� WKDW� VWUHQJWKHQHG� SDQHOV� UHDFKHG� KLJKHU� GHIOHFWLRQ��ZKLFK� LV� UHODWHG� WR� KLJK� FRPSUHVVLYH�
VWUHQJWK�RI� WKH�8+3&�DQG�VPDOO�FRPSUHVVLRQ�DUHD� LQ� WKH�FURVV� VHFWLRQ� �FRQILUPHG�E\�FDOFXODWLRQV���
$OVR��ZLGHU�FUDFNV�LQ�VWUHQJWKHQHG�VSHFLPHQ��)LJ�����LQGLFDWH�ODUJHU�GHIRUPDWLRQ�RI�WKH�UHLQIRUFHPHQW���

7R� DQDO\VH� UHVXOWV� RI� WKH� H[SHULPHQW�� WKH� EHDULQJ� FDSDFLWLHV� RI� VSHFLPHQV�ZHUH� GHWHUPLQHG� E\�
VLPSOH�FDOFXODWLRQ��)RU�DQDO\VLV�� FDOFXODWLRQ�RI�XOWLPDWH�EHQGLQJ�PRPHQW�RI�JLYHQ�FURVV� VHFWLRQ�DF�
FRUGLQJ� WR� ILE�0RGHO� &RGH� ����� >�@� ZDV� XVHG��$� SDUDEROLF�PDWHULDO� GLDJUDP�ZLWK�PD[LPDO� VWUHVV�
������03D��DYHUDJH�VWUHQJWK�RI�WKH�F\OLQGHUV��ZDV�XVHG�IRU�8+3&�DQG�ELOLQHDU�PDWHULDO�GLDJUDP�ZLWK�
FKDUDFWHULVWLF�YDOXHV�IRU�PDWHULDO�%���%�ZDV�XVHG�IRU�UHEDUV��*HRPHWU\�ZDV�XVHG�DFFRUGLQJ�WR�)LJ�����

&DOFXODWHG�EHDULQJ�FDSDFLWLHV�ZHUH�������N1P�IRU�WKH�FURVV�VHFWLRQ�ZLWKRXW�VWUHQJWKHQLQJ������RI�
H[SHULPHQWDOO\�GHWHUPLQHG�EHDULQJ�FDSDFLW\��������N1P�IRU�FURVV�VHFWLRQ�ZLWK����PP�RI�8+3&������
RI�H[SHULPHQWDOO\�GHWHUPLQHG�EHDULQJ�FDSDFLW\��DQG������N1P�IRU�FURVV�VHFWLRQ�ZLWK����PP�RI�8+3&�
�����RI�H[SHULPHQWDOO\�GHWHUPLQHG�EHDULQJ�FDSDFLW\���%DVHG�RQ�WKHVH�UHVXOWV��LW�FRXOG�EH�VDLG�WKDW�WKH�
GLIIHUHQFHV�EHWZHHQ�WKH�H[SHULPHQWV�DQG�FDOFXODWLRQV�DUH�FRQVLVWHQW�DQG�XVLQJ�VLPSOH�FDOFXODWLRQ�WR�
GHWHUPLQH�EHDULQJ�FDSDFLW\�RI�VWUHQJWKHQHG�FURVV�VHFWLRQ�LV�VDWLVIDFWRU\���

7KH�PDLQ�SDUW�RI�WKH�GLIIHUHQFH�LV�SUREDEO\�FDXVHG�E\�WKH� LQVXIILFLHQW�DFFXUDF\�RI�UHLQIRUFHPHQW�
SDUDPHWHUV��&KDUDFWHULVWLF�SDUDPHWHUV�ZHUH�XVHG�IRU�WKH�UHLQIRUFHPHQW�DQG�LW�FDQ�EH�DVVXPHG�WKDW�WKH�
DFWXDO�SDUDPHWHUV�RI�WKH�UHLQIRUFHPHQW�ZHUH�KLJKHU�WKDQ�FKDUDFWHULVWLF�YDOXHV��$QRWKHU�UHDVRQ�RI�WKH�
GLIIHUHQFH�LV�WKDW�WKH�VKULQNDJH�RI�8+3&�DQG�WKH�VHOI�ZHLJKW�RI�WKH�SDQHOV�ZHUH�QRW�FRQVLGHUHG�LQ�WKH�
FDOFXODWLRQ��



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

��� 6WUXFWXUDO�DQDO\VLV�DQG�GHVLJQ��7KH�H[SHULPHQWDO�YHULILFDWLRQ�RI�FRQFUHWH�HOHPHQWV�VWUHQJWKHQHG�XVLQJ�XOWUD�
KLJK�SHUIRUPDQFH�FRQFUHWH��

�

�� %HQGLQJ�H[SHULPHQWV�ZLWK�8+3&�LQ�WKH�WHQVLOH�]RQH�

���� 6SHFLILFDWLRQ�RI�WKH�H[SHULPHQWV�
7KHVH� H[SHULPHQWV�ZHUH� H[HFXWHG� IHZ�PRQWKV� ODWHU� WKDQ�SUHYLRXV� H[SHULPHQWV� DQG�GLIIHUHQW� SDQHOV�
ZHUH�DYDLODEOH��7KHVH�SDQHOV��)LJ�����KDG�D�GLIIHUHQW�FURVV�VHFWLRQ������PP�[�����PP��DQG�GLIIHUHQW�
UHLQIRUFHPHQW��WZR�URZV�ZLWK�VL[�UHLQIRUFHPHQW�EDUV�ZLWK�GLDPHWHU�RI����PP���7KH�DYHUDJH�FRPSUHV�
VLYH�VWUHQJWK�RI�F\OLQGHUV�ZDV�GHWHUPLQHG�XVLQJ�H[SHULPHQWV�DQG�WKH�UHVXOW�ZDV������03D��,W�LV�LPSRU�
WDQW� WR�PHQWLRQ�� WKDW� YHUWLFDO�GLVWDQFHV�EHWZHHQ� UHLQIRUFHPHQW�EDUV�DQG�VXUIDFHV�ZHUH�YHU\�YDULDEOH�
DQG�LW�ZDV�QRW�SRVVLEOH�WR�GHWHUPLQH�WKH�H[DFW�SRVLWLRQ�RI�WKH�UHLQIRUFHPHQW�IRU�DOO�SDQHOV��3RVLWLRQV�LQ�
)LJ����DUH�DSSUR[LPDWHO\��

�
)LJ���� &URVV�VHFWLRQ�RI�WKH�VSHFLPHQV��'LVWDQFHV�EHWZHHQ�WKH�URZV�RI�EDUV�ZHUH�YDULDEOH��DYHU�

DJH�SRVLWLRQV�DUH�VKRZQ��

,W�ZDV�LPSRUWDQW�WR�VSHFLI\�SURSHUWLHV�RI�WKH�8+3&�LQ�WHQVLRQ�IRU�WKHVH�H[SHULPHQWV��([SHULPHQWDOO\�
GHWHUPLQHG�SURSHUWLHV�RI�8+3&��WHQVLOH�VWUHQJWK�ZDV�����03D�DQG�EHQGLQJ�VWUHQJWK�ZDV������03D���

$V�VKRZQ�LQ�)LJ�����WKH�H[SHULPHQW�ZDV�GHVLJQHG�DV�WKH�RYHUKDQJLQJ�EHDP�ORDGHG�DW�WKH�HQG�RI�
WKH�FDQWLOHYHU��([DFWO\��WKH�K\GUDXOLF�MDFN�ZDV�SODFHG�����P�EHKLQG�WKH�VXSSRUW�DQG�WKH�VHQVRU�UHFRU�
GLQJ�WKH�GHIOHFWLRQV�ZDV������P�EHKLQG�WKH�VXSSRUW��7KH�VSDQ�RI�WKH�VXSSRUWHG�EHDP�SDUW�ZDV�����P��
7KLV�DUUDQJHPHQW�FRUUHVSRQGV�WR�WKH�UHDO�FRQGLWLRQV��%HQGLQJ�PRPHQWV�ZLWK�WHQVLRQHG�XSSHU�VXUIDFH�
JHQHUDOO\� UHDFK� WKH� PD[LPXP� YDOXHV� DERYH� WKH� VXSSRUWV� DQG� WKHVH� VXSSRUWV� DUH� XVXDOO\� ORFDO� DQG�
FDXVH� WKH� FKDQJH� RI� VKHDU� IRUFH�� ,Q� IDFW�� WKHVH� H[SHULPHQWV� HYDOXDWH� EHKDYLQJ� RI� WKH� VWUHQJWKHQHG�
SDQHOV�H[SRVHG�WR�WKH�EHQGLQJ�PRPHQWV�DQG�VKHDU�IRUFHV��

�
)LJ���� 'LDJUDP�RI� WKH� H[SHULPHQWV� WR� WHVW� WKH�8+3&� LQ� WHQVLRQ� DUHD�� ³)´� UHSUHVHQWV� WKH� IRUFH�

FDXVHG�E\�K\GUDXOLF�MDFN��

���� 3UHSDUDWLRQ�DQG�H[HFXWLRQ�RI�WKH�H[SHULPHQWV�
)LJXUH���FRUUHVSRQGV�ZLWK�WKH�SUDFWLFDO�VHW�XS�RI�WKH�H[SHULPHQW��7KH�WHQVLRQHG�VXUIDFH�ZDV�RULHQWHG�
XS�WR�SURYLGH�EHWWHU�YLHZ�RI�WKH�FUDFNV��6LPLODU�WR�SUHYLRXV�H[SHULPHQWV��VL[�SDQHOV�ZHUH�VWUHQJWKHQHG�
XVLQJ�8+3&�OD\HU�±�WKUHH�SDQHOV�ZLWK����PP�RI�8+3&�DQG�WKUHH�SDQHOV�ZLWK����PP�RI�8+3&�DQG�
UHEDU�PHVK��/DVW�WKUHH�SDQHOV�ZHUH�OHIW�ZLWKRXW�VWUHQJWKHQLQJ���

7KH�IRUFH�IURP�K\GUDXOLF�MDFN�ZDV�GLVWULEXWHG�LQWR�XQLIRUP�OLQH�ORDG�XVLQJ�VWHHO�WUDQVYHUVDO�EHDP��
7UDQVYHUVDO�EHDPV�ZHUH�XVHG�DV�VXSSRUWV�DQG�WKH�ULJKW�KDQG�HQG�RI�WKH�EHDP�KDG�WR�EH�IL[HG�WR�SUH�
YHQW�LWV�OLIWLQJ���

([SHULPHQWV�ZHUH� H[HFXWHG� LQ� WKH� ODERUDWRU\�ZLWKLQ� WZR� GD\V� DQG� DSSUR[LPDWHO\� ��� GD\V� DIWHU�
FDVWLQJ�WKH�8+3&�OD\HU��VR�WKH�H[SHULPHQWV�ZHUH�QRW�GLVWLQFWO\�LQIOXHQFHG�E\�ZHDWKHU�FRQGLWLRQV�DQG�
WLPH��7KH� H[SHULPHQWV�ZHUH� FRQWUROOHG�E\� GLVSODFHPHQW�RI� K\GUDXOLF� MDFN� DQG� WKH� VSHHG�RI� ORDGLQJ�
ZDV�VHW�WR�����PP�V��
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���� 5HVXOWV�RI�WKH�H[SHULPHQWV�
)LUVWO\��LW�QHHGV�WR�EH�VDLG�WKDW�IRU�DQ\�VSHFLPHQ��DQ\�IDLOXUH�RI�WKH�LQWHUIDFH�EHWZHHQ�WKH�OD\HUV�RI�ROG�
FRQFUHWH�DQG�8+3&�ZDV�QRW�YLVLEOH��7KH�FKDUW� LQ�)LJ����VKRZV�WKH�UHFRUG�RI� WKH�GHIOHFWLRQ�DQG� WKH�
EHQGLQJ�PRPHQW�DERYH�WKH�VXSSRUW�IRU�FKRVHQ�VSHFLPHQV��)URP�HYHU\�W\SH�RI�VSHFLPHQV��WKRVH�ZLWK�
WKH�PLGGOH�YDOXH�RI�PD[LPDO�EHQGLQJ�PRPHQW�ZHUH�FKRVHQ�IRU�LOOXVWUDWLRQ��7KH�UHVXOWV�IRU�DOO�VSHFL�
PHQV�DUH�JLYHQ�LQ�WKH�7DEOH����

%HDULQJ�FDSDFLW\�RI�SDQHOV�ZLWKRXW�VWUHQJWKHQLQJ��DV�LW�FDQ�EH�VHHQ�LQ�)LJ�����ZDV�YHU\�ORZ�GXH�WR�
WKH�XQVXLWDEOH�SRVLWLRQ�RI�UHLQIRUFLQJ�EDUV��)LJ������,Q�JHQHUDO��WKH�YDOXHV�RI�EHQGLQJ�PRPHQWV�ZHUH�
YHU\�VLPLODU�DW�LQFUHDVLQJ�GHIOHFWLRQV�ZKLFK�VKRZHG�D�ODUJH�GXFWLOLW\�RI�WKH�SDQHOV�ZLWKRXW�VWUHQJWKHQ�
LQJ��7KH�PD[LPDO�YDOXH�ZDV�UHDFKHG�ZLWK�GHIOHFWLRQ�RI�DERXW����PP��

&RPSDULQJ�VSHFLPHQV������DQG������� LW� LV�YLVLEOH� WKDW�FXUYHV� LQ�HODVWLF�SDUW�RI�GHIRUPDWLRQ�KDG�
YHU\�VWDEOH�JURZWK�RI�GHIOHFWLRQV��ZKLFK�PHDQV�WKDW� WKH�OD\HU�RI�8+3&�KDG�JRRG�WHQVLRQ�SURSHUWLHV�
DQG�KDG�QR�IDLOXUHV��,W� LV�YLVLEOH��WKDW�FKDUW�RI�VSHFLPHQ������FKDQJH�LWV�JUDGLHQW�DERXW�EHQGLQJ�PR�
PHQW����N1P��$URXQG�WKLV�YDOXH��ILUVW�FUDFNV�LQ�8+3&�OD\HU�ZHUH�LQLWLDWHG�DQG�LW�FDXVHG�UHGXFWLRQ�RI�
WKH�PRPHQW�RI� LQHUWLD�DQG� WKH� VWLIIQHVV�RI� WKH� VHFWLRQ��7KHVH�FUDFNV�FDXVHG�DFWLYDWLRQ�RI� ILEUH� UHLQ�
IRUFHPHQW�DQG�WKH�EHQGLQJ�PRPHQW�ZDV�VWLOO� LQFUHDVLQJ�ZLWK�YDULDEOH�JUDGLHQW�DQG�DIWHU�UHDFKLQJ�LWV�
SHDN�����N1P���WKH�FXUYH�GHFUHDVHG�VORZO\��%HIRUH�UHDFKLQJ�WKH�PD[LPXP�YDOXH��WKH�FKDQJH�RI�WKH�
JUDGLHQW�ZDV�FDXVHG�E\�LQLWLDWLQJ�DQG�ZLGHQLQJ�RI�FUDFNV��$IWHU�WKH�PD[LPXP�YDOXH�RI�EHQGLQJ�PR�
PHQW��RQO\�ZLGHQLQJ�RI� LQLWLDWHG�FUDFNV�ZDV�RFFXUULQJ��7KH� ILEUHV�ZHUH�JUDGXDOO\� WHDULQJ�RXW�RI� WKH�
FRQFUHWH� DQG� WKH� VHFWLRQ� ORVW� LWV� EHDULQJ� FDSDFLW\� DQG� VWLIIQHVV�� 7KH� GLDJUDP� DOVR� VKRZV� WKDW� DIWHU�
UHGXFWLRQ�RI�WKH�8+3&¶V�WHQVLOH�VWUHQJWK��WKH�EHQGLQJ�PRPHQW�ZDV�VLPLODU�WR�WKDW�RI�WKH�VSHFLPHQ�UHI�
����

&KDUW�RI�VSHFLPHQ������KDV�D�GLIIHUHQW�VKDSH�FRPSDUHG�WR�WKDW�RI�WKH�VSHFLPHQ�������EHFDXVH�RI�
WKH� UHEDU�PHVK��7KHUH� LV� D� FKDQJH� RI� JUDGLHQW�ZKHQ� UHDFKLQJ� WKH� EHQGLQJ�PRPHQW� DERXW� ��� N1P��
ZKLFK�LV�UHODWHG�WR�LQLWLDWLRQ�RI�ILUVW�FUDFNV�LQ�8+3&�OD\HU��$IWHU�RULJLQ�RI�WKHVH�FUDFNV��WKH�YDOXH�RI�
EHQGLQJ�PRPHQW� LV� VWLOO� JURZLQJ�GXH� WR� WKH� UHEDU�PHVK� DQG� WKH�PD[LPXP�YDOXH� LV� DERXW����N1P��
$IWHU� WKLV� PD[LPXP� YDOXH�� WKH� EHQGLQJ� PRPHQW� ZDV� GHFUHDVLQJ� VORZO\� DV� WKH� VSHFLPHQ� ORVW� LWV�
VWUHQJWK�GXH�WR�WKH�IDLOXUH�RI�WKH�8+3&��

�
)LJ���� %HQGLQJ�PRPHQW� DERYH� WKH� VXSSRUW� �FDOFXODWHG� DFFRUGLQJ� WR� IRUFH� LQ�K\GUDXOLF� MDFN�� LQ�

GHSHQGHQFH�RQ�WKH�GHIOHFWLRQ�RI�WKH�RYHUKDQJLQJ�HQG�RI�WKH�SDQHO��

7KH�7DEOH���VKRZV��WKDW� WKH�XOWLPDWH�EHQGLQJ�PRPHQWV�RI�VWUHQJWKHQHG�VSHFLPHQV�LQFUHDVHG�VLJQLIL�
FDQWO\� FRPSDUHG� WR� VSHFLPHQV� ZLWKRXW� VWUHQJWKHQLQJ�� 7KH� EHDULQJ� FDSDFLW\� RI� UHIHUHQFH� SDQHOV� LV�
DERXW�����N1P��SDQHOV�ZLWK����PP�8+3&�KDV�DYHUDJH�EHDULQJ�FDSDFLW\������N1P�������RI��EHQGLQJ�
FDSDFLW\�RI�UHIHUHQFH�VSHFLPHQV��DQG�SDQHOV�ZLWK����PP�8+3&�DQG�UHEDU�PHVK�KDV�DYHUDJH�EHDULQJ�
FDSDFLW\������N1P��������RI�EHDULQJ�FDSDFLW\�RI� UHIHUHQFH�SDQHOV���7KH�EHDULQJ�FDSDFLW\�RI� UHIHU�
HQFH�SDQHOV� LV� ORZ�EHFDXVH�RI� WKHLU� ORZ�WKLFNQHVV�DQG� LQDSSURSULDWH�SRVLWLRQ�RI�UHEDUV��7KHUHIRUH�� LW�
FDQ�EH�VDLG�WKDW�VWUHQJWKHQLQJ�RI�SDQHOV�LV�HIIHFWLYH��
� �
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KLJK�SHUIRUPDQFH�FRQFUHWH��

�

7DEOH��� 0D[LPXP�EHQGLQJ�PRPHQWV�0PD[��FDOFXODWHG�DFFRUGLQJ�WR�IRUFH�LQ�K\GUDXOLF�MDFN��DERYH�
WKH� VXSSRUW� IRU� WHVWHG� VSHFLPHQV�� KHLJKW� RI� WKH�8+3&� OD\HU�� DYHUDJH�PD[LPDO� EHQGLQJ�
PRPHQWV�RI�WHVWHG�W\SHV�RI�SDQHOV��LWV�VWDQGDUG�GHYLDWLRQV�DQG�FRHIILFLHQWV�RI�YDULDWLRQ��

7\SH�RI�
SDQHOV�

6SHFLPHQ� 0PD[�>N1P@� 7KLFNQHVV�RI�
8+3&�>PP@�

$YHUDJH�
0PD[�
>N1P@�

6WDQGDUG�
GHYLDWLRQ�
>N1P@�

&RHIILFLHQW�
RI�YDULDWLRQ�

>�@�

5HIHUHQFH�
UHI��� ���� ��

���� ���� ���UHI��� ���� ��

UHI��� ���� ��

���PP�RI�
8+3&�

����� ����� ���

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

���PP�RI�
8+3&�

����� ����� ���

����� ���� ������� ����� ���

����� ����� ���
�

$FFRUGLQJ�WR�7DEOH����UHIHUHQFH�SDQHOV�KDYH�KLJK�FRHIILFLHQW�RI�YDULDWLRQ��,W�LV�SUREDEO\�FDXVHG�E\�ELJ�
YDULDWLRQ� RI� UHLQIRUFHPHQW� EDUV� SRVLWLRQV� DV� PHQWLRQHG� EHIRUH�� ,Q� FDVH� RI� SDQHOV� ZLWK� ��� PP� RI�
8+3&��DOVR�KLJK�FRHIILFLHQW�RI�YDULDWLRQ�FDQ�EH�VHHQ��EXW�WKLV�IDFW�LV�UHODWHG�WR�KLJK�EHDULQJ�FDSDFLW\�
RI�WKH�VSHFLPHQ�������WKDW�LV�FDXVHG�E\�WKLFNHU�OD\HU�RI�8+3&��LQDFFXUDF\�GXULQJ�FDVWLQJ�RI�8+3&���
7KH�FRHIILFLHQW�RI�YDULDWLRQ�RI�SDQHOV�ZLWK����PP�RI�8+3&�LV�DERXW����DQG�LW�LV�UHODWHG�WR�FRQVWDQW�
WKLFNQHVV� RI� 8+3&� LQ� WKHVH� VSHFLPHQV� DQG� XVLQJ� WKH� UHEDU�PHVK�� 7KH� WKLFNQHVV� RI� 8+3&� IRU� DOO�
VSHFLPHQV�ZDV�DFWXDOO\����PP��LQVWHDG�RI�WKH�YDOXH����PP��ZKLFK�LV�XVHG�WR�NHHS�WKH�DUWLFOH�FRQVLV�
WHQW���7KHVH�WKLFNQHVVHV�ZHUH�GLIIHUHQW�WKDQ�WKH�UHTXLUHG��EXW�LW�LV�LPSRUWDQW�WKDW�WKLFNQHVVHV�DUH�VLPL�
ODU�IRU�SXUSRVHV�RI�WKLV�UHVHDUFK��
�

� �
)LJ���� &UDFNV�DW� WKH� WRS�VXUIDFH�RI� WKH�SDQHOV�DIWHU�H[HFXWLQJ�H[SHULPHQWV��/HIW� ILJXUH� LV� UHIHU�

HQFH�SDQHO�DQG�ULJKW�ILJXUH�LV�GHWDLO�RI�WKH�SDQHO�ZLWK����PP�8+3&��

7HVWHG�SDQHOV�DIWHU�WKH�H[SHULPHQW�DUH�VKRZQ�LQ�)LJ�����,Q�WKH�OHIW�ILJXUH��LW�LV�FOHDUO\�YLVLEOH�WKDW�WKHUH�
LV�RQH�ZLGH�FUDFN�DERYH�WKH�VXSSRUW�DQG�RWKHU�FUDFNV�DUH�PDUJLQDO��7KLV�FUDFN�FRUUHVSRQGV�WR�WKH�SHDN�
RI�EHQGLQJ�PRPHQW�DERYH�WKH�VXSSRUW�LQ�WKLV�VHW�XS�RI�WKH�H[SHULPHQW��,Q�WKH�ULJKW�ILJXUH�� WKHUH�LV�D�
GHWDLO�RI�WKH�FUDFN�LQ�VWUHQJWKHQHG�VSHFLPHQ��,Q�WKLV�GHWDLO��WKH�ZLGH�FUDFN�LQ�WKH�8+3&�OD\HU�LV�YLVL�
EOH��7KH�ODWHU�VWDJH�RI�SHUIRUPDQFH�VKRZV�WKDW�WKH�GXH�WR�WKH�ZLGH�FUDFN��WKH�8+3&�OD\HU�ZDV�QRW�DEOH�
WR�FRQWULEXWH�WR�WKH�ORDG�FDUU\LQJ�FDSDFLW\�RI�WKH�VHFWLRQ�DW�WKLV�VWDJH��
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���� 6LPSOLILHG�DQDO\VLV�DQG�GLVFXVVLRQ�
6LPSOH�FDOFXODWLRQV�WR�HVWLPDWH�ORDG�EHDULQJ�FDSDFLW\�RI�FURVV�VHFWLRQV�DQG�VWUHVVHV�LQ�WKH�FURVV�VHF�
WLRQV�ZHUH�H[HFXWHG��7KH\�ZHUH�FRPSDUHG�ZLWK�WKH�H[SHULPHQWDO�UHVXOWV��

7KH�FDOFXODWHG�ORDG�EHDULQJ�FDSDFLW\�RI�WKH�FURVV�VHFWLRQ�RI�WKH�UHIHUHQFH�SDQHO�DFFRUGLQJ�WR�)LJ��
���ZLWKRXW�8+3&��ZDV������N1P��ZKLFK�GRHV�QRW�FRUUHVSRQG�WR�WKH�H[SHULPHQWDO�UHVXOWV��7KH�UHDVRQ�
PD\� EH� IRXQG� LQ� GLIIHUHQW� SRVLWLRQV� RI� UHLQIRUFLQJ� EDUV�� 3HUKDSV�� WKH� UHLQIRUFHPHQW� ZDV� FORVHU� WR�
FRPSUHVVHG� DUHD� �ORZHU� OD\HU��� %DVHG� RQ� WKLV� H[SHULHQFH�� WKH� UHLQIRUFHPHQWV� RI� WKH� RULJLQDO� SDQHOV�
ZHUH�QHJOHFWHG�LQ�FDOFXODWLRQV�RI�VWUHQJWKHQHG�HOHPHQWV��

7KH�HODVWLF�FDOFXODWLRQ�ZDV�XVHG�WR�DQDO\VH�EHKDYLQJ�RI�VSHFLPHQV�ZLWK����PP�RI�8+3&��$W�ILUVW��
WKH� VWUHVV� RI� XQFUDFNHG� LGHDO� FURVV�VHFWLRQ� �LQFOXGLQJ� GLIIHUHQW� PRGXOXV� RI� HODVWLFLW\�� H[SRVHG� WR�
EHQGLQJ� PRPHQW� RI� ����� N1P� �DYHUDJH� EHQGLQJ� PRPHQW� ZKHQ� WKH� ILUVW� FUDFN� ZDV� LQLWLDWHG�� ZDV�
FDOFXODWHG��7KH�WHQVLOH�VWUHVV�LQ�8+3&�OD\HU�DFFRUGLQJ�WR�WKLV�EHQGLQJ�PRPHQW�ZDV������03D�RQ�WKH�
RXWHU�HGJH�DQG������03D�RQ�WKH� LQQHU�HGJH��LQ�FRQWDFW�ZLWK�ROG�FRQFUHWH���7KH�ROG�FRQFUHWH� LV� RI�D�
UDWKHU�JRRG�TXDOLW\��VR�LW�FDQ�EH�DVVXPHG�WKDW�WKLV�VWUHVV�GLG�QRW�FDXVH�DQ\�FUDFNV�LQ�WKH�RULJLQDO�SDQHO��

7R� DQDO\VH� WKH� EHKDYLRXU� RI� VSHFLPHQV� ZLWK� ��� PP� 8+3&�� WZR� FDOFXODWLRQV� ZHUH� H[HFXWHG��
��(ODVWLF�FDOFXODWLRQ�DV�LQ�FDVH�RI�WKH�VSHFLPHQV�ZLWK����PP�RI�8+3&��WKH�GHSWK�RI�WKH�FURVV�VHFWLRQ�
ZDV�����PP��DFFRUGLQJ�WR�WKH��PHDVXUHG�WKLFNQHVV�RI�WKH�VSHFLPHQV��DQG����&DOFXODWLRQ�RI�WKH�EHKDY�
LRXU�RI� WKH� FURVV�VHFWLRQ�XQGHU� WKH� DVVXPSWLRQ�RI� D� ODUJH� FUDFN�ZKHUH� UHLQIRUFHPHQW�ZLWK� WKH� UHEDU�
PHVK������PP�ZDV�LQWURGXFHG�DQG�WKH�8+3&�ZDV�QHJOHFWHG��EHFDXVH�RI�D�ODUJH�FUDFN�DQG�QHJOLJLEOH�
HIIHFW�RI� ILEUHV���7KH�XOWLPDWH�EHQGLQJ�PRPHQW� LQ� WKH�FULWLFDO�FURVV�VHFWLRQ�ZDV������N1P��WKH�PR�
PHQWV�RI�LQLWLDWLRQ�RI�ILUVW�FUDFNV�ZHUH�UHJLVWHUHG�GXULQJ�H[SHULPHQWV���6WUHVVHV�FDOFXODWHG�DFFRUGLQJ�
WR�WKHVH�DVVXPSWLRQV��DUH�����03D�RQ�WKH�RXWHU�HGJH�DQG�����03D�RQ�WKH�LQQHU�HGJH��

)URP�HODVWLF�FDOFXODWLRQV�EHIRUH� LQLWLDWLQJ�RI� WKH� ILUVW� FUDFNV� IRU� VSHFLPHQV�ZLWK����PP�DQG����
PP�RI�8+3&�� LW�FDQ�EH�VHHQ��WKDW�FDOFXODWHG�VWUHVVHV�DUH�VOLJKWO\�KLJKHU� WKDQ� WHQVLOH�VWUHQJWK�RI� WKH�
8+3&�LWVHOI��2Q�WKH�RWKHU�KDQG��WKHVH�YDOXHV�DUH�PXFK�VPDOOHU�WKDQ�LWV�IOH[XUDO�VWUHQJWK��6WUHVV�YDOXHV�
FORVH� WR� WHQVLOH� VWUHQJWK�ZHUH� H[SHFWHG�� EHFDXVH� WKH� OD\HU� RI�8+3&� LV� FRPSOHWHO\� LQ� WHQVLRQ��7KLV�
PHDQV��WKDW�WKH�LPSDFW�RI�QRQOLQHDU�VWUHVV�GLVWULEXWLRQ�LQ�8+3&�LV�UDWKHU�VPDOO�DQG�FDQ�EH�QHJOHFWHG��
3DQHOV� ZLWK� ��� PP� RI� 8+3&� UHDFKHG� KLJKHU� VWUHVV� YDOXHV� SUREDEO\� EHFDXVH� RI� UHEDU� PHVK�� WKDW�
SUREDEO\�KHOSV�ZLWK�WKH�UHGLVWULEXWLRQ�RI�WKH�VWUHVV���

&RPSDULQJ� FDOFXODWHG� RI� EHQGLQJ�PRPHQW� ����� N1P�ZLWK�PHDVXUHG� DYHUDJH�PD[LPDO� EHQGLQJ�
PRPHQW������N1P�FDQ�EH�DVVXPHG��WKDW�WKH�PD[LPXP�EHQGLQJ�FDSDFLW\�LV�JLYHQ�E\�FRPELQDWLRQ�RI�
8+3&�DQG�UHEDU�PHVK��

�� &RQFOXVLRQ�
7KH� EHDULQJ� FDSDFLWLHV� RI� SDQHOV�ZLWK�8+3&� LQ� FRPSUHVVLRQ�ZHUH� UDLVHG� WR� �����ZLWK� ���PP� RI�
8+3&�DQG�WR������ZLWK����PP�8+3&�FRPSDULQJ�WR�UHIHUHQFH�VSHFLPHQV��7KH�EHDULQJ�FDSDFLW\�RI�
SDQHOV�ZLWK�8+3&�LQ�WHQVLRQ�ZHUH�UDLVHG�WR�������ZLWK����PP�RI�8+3&�DQG�WR������ZLWK����PP�
RI�8+3&�FRPSDULQJ�WR�UHIHUHQFH�VSHFLPHQV��,W�KDV�WR�EH�VDLG��WKDW�WKH�LQFUHDVH�IRU�VSHFLPHQV�ZLWK����
PP� 8+3&� LV� UDWKHU� GLVWRUWHG�� EHFDXVH� RI� WKH� UHLQIRUFHPHQW� RI� UHIHUHQFH� SDQHOV�� 'HVSLWH� VSHFLILF�
FRQGLWLRQV��WKLFNQHVV�DQG�UHLQIRUFHPHQW�RI�RULJLQDO�SDQHOV��VWUHQJWKHQLQJ�XVLQJ�8+3&�LV�D�FRQYHQLHQW�
ZD\� WR� LPSURYH� SURSHUWLHV� RI� ROG� FRQFUHWH� VWUXFWXUHV�� 5HVXOWV� RI� WKH� H[SHULPHQWV� DUH� DOVR� D� JRRG�
EDFNJURXQG� WR�PRUH�GHWDLOHG� DQDO\VLV�RI� WKH�EHKDYLRXU�RI� VWUHQJWKHQHG�SDQHOV��+RZHYHU�� RQO\�YHU\�
WKLQ�VSHFLPHQV�ZHUH�XVHG��7KH�LQFUHDVH�RI�ORDG�FDUU\LQJ�FDSDFLWLHV�RI�WKLFNHU�HOHPHQWV�ZLOO�EH�ORZHU��

8VLQJ�8+3&�IRU�VWUHQJWKHQLQJ�RI�VWUXFWXUHV�LV�TXLWH�VLPSOH��EHFDXVH�LW�GRHV�QRW�QHHG�DQ\�VSHFLDO�
SUHFDXWLRQV�FRPSDULQJ�WR�VWUHQJWKHQLQJ�XVLQJ�RUGLQDU\�FRQFUHWH��8VLQJ�RI�8+3&�LPSURYHV�WKH�SURS�
HUWLHV�HYHQ�PRUH�WKDQ�RUGLQDU\�FRQFUHWH��/RZ�WKLFNQHVV�RI�8+3&�LV�DQ�LPSRUWDQW�DGYDQWDJH��([SHUL�
PHQWV� FRQILUPHG�� WKDW����PP�8+3&�ZLWKRXW� DQ\� UHLQIRUFHPHQW� LV� D� OD\HU� WKLFN� HQRXJK� WR� DFKLHYH�
VLJQLILFDQW� LPSURYHPHQW�RI�SURSHUWLHV�RI� WKH� VSHFLPHQV��&RPSDULQJ� WR�RUGLQDU\�FRQFUHWH� OD\HU�ZLWK�
PLQLPXP�WKLFNQHVV�DURXQG����PP��ZLWKRXW� UHLQIRUFHPHQW��RU����PP��ZLWK�UHLQIRUFHPHQW��� WKLQQHU�
OD\HU�RI�8+3&�VDYHV�WKH�ORDG�DQG�GHSWK�RI�WKH�VWUXFWXUH��

$FNQRZOHGJHPHQWV�
7KLV� SURMHFW� UXQV� ZLWK� WKH� ILQDQFLDO� VXSSRUW� RI�0LQLVWU\� RI� ,QGXVWU\� DQG� 7UDGH� �&]HFK� 5HSXEOLF���
SURMHFW�QR��)9������±�$SSOLFDWLRQ�RI�XOWUD�KLJK�SHUIRUPDQFH�FRPSRVLWHV�IRU�UHFRQVWUXFWLRQ�RI�FRQ�
FUHWH�EXLOGLQJV��7KH�H[SHULPHQWV�ZHUH�H[HFXWHG�LQ�ODERUDWRULHV�LQ�.ORNQHU�,QVWLWXWH��&]HFK�7HFKQLFDO�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

��� 6WUXFWXUDO�DQDO\VLV�DQG�GHVLJQ��7KH�H[SHULPHQWDO�YHULILFDWLRQ�RI�FRQFUHWH�HOHPHQWV�VWUHQJWKHQHG�XVLQJ�XOWUD�
KLJK�SHUIRUPDQFH�FRQFUHWH��

�

8QLYHUVLW\�LQ�3UDJXH��DQG�VDPSOHV�ZHUH�PDGH�LQ�FRRSHUDWLRQ�ZLWK�7%*�0HWURVWDY�D�V��DQG�0HWURVWDY�
D�V��

5HIHUHQFHV�
>�@� ILE�±�IpGpUDWLRQ�LQWHUQDWLRQDOH�GX�EpWRQ�������� ILE�0RGHO�&RGH�IRU�FRQFUHWH�VWUXFWXUHV�������

%HUOLQ��(UQVW�	�6RKQ�*PE+�	�&2��.*��
>�@� %HQWXU��$UQRQQ�DQG�6LGQH\�0LQGHVV��������)LEUH�UHLQIRUFHG�FHPHQWLWLRXV�FRPSRVLWHV��/RQ�

GRQ��7DO\RU�	�)UDQFLV�
>�@� 7RXWOHPRQGH��)UDQFRLV�DQG�-DFTXHV�5HVSOHQGLQR��������8+3)5&������±�3URFHHGLQJV�RI�WKH�

5,/(0�ILE�$)*&� ,QWHUQDWLRQDO� 6\PSRVLXP� RQ� 8OWUD�+LJK� 3HUIRUPDQFH� )LEUH�5HLQIRUFHG�
&RQFUHWH��)UDQFH��5,/(0�3XEOLFDWLRQV�6�$�5�/�



3URF��RI�WKH���WK�ILE�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�
-XO����WR�����������0DUQH�OD�9DOOpH��3DULV��)UDQFH�

���

�

7KH�LQIOXHQFH�RI�F\FOLF�IUHH]LQJ�±�WKDZLQJ��
RQ�WKH�HIIHFWLYHQHVV�RI�DQFKRULQJ�)53�UHLQIRUFHPHQW�
5DIDá�:DVLOF]\N����0DUWD�.RVLRU�.D]EHUXN��
��'HSDUWPHQW�RI�%XLOGLQJ�6WUXFWXUHV�DQG�$UFKLWHFWXUH��)DFXOW\�RI�&LYLO�(QJLQHHULQJ�DQG�(QYL�
URQPHQWDO�6FLHQFHV��%LDO\VWRN�8QLYHUVLW\�RI�7HFKQRORJ\��:LHMVNDVW����(��3/��������
%LDO\VWRN��3RODQG��U�ZDVLOF]\N#SE�HGX�SO�

$EVWUDFW�
7KH�DLP�RI�WKH�UHVHDUFK�ZRUN�ZDV�WR�GHWHUPLQH�WKH�LQIOXHQFH�RI�F\FOLF�IUHH]LQJ�DQG�WKDZLQJ�RQ�DQ�
FKRULQJ�QRQ�PHWDOOLF�%)53�DQG�+)53�UHLQIRUFHPHQWV�LQ�FRQFUHWH�EHDPV��7KH�WHVWV�ZHUH�FDUULHG�RXW��
RQ�+)53� �&DUERQ�%DVDOW�)LEHU�5HLQIRUFHG�3RO\PHU�� DQG�%)53��%DVDOW�)LEHU�5HLQIRUFHG�3RO\PHU��
EDUV�ZLWK�GLDPHWHUV�RI����PP�����PP�DQG����PP��7KH�VFRSH�RI�WKH�DQDO\VLV�LQFOXGHG�WHVWLQJ�WKH�
HIILFLHQF\� RI� UHLQIRUFHPHQW� DQFKRULQJ� LQ� FRQFUHWH�� WHVWLQJ� WKH� ORQJLWXGLQDO� DQG� WUDQVYHUVH� WKHUPDO�
H[SDQVLRQ��
RI�UHLQIRUFLQJ�EDUV��DV�ZHOO�DV�WKH�YLVXDO�DVVHVVPHQW�RI�VWUXFWXUH�RI�EDUV�VWRUHG�DW�D�FRQVWDQW�WHPSHUD�
WXUH�RI�����&� LQ�FRPSDULVLRQ� WR�EDUV� VXEMHFWHG� WR����� IUHH]LQJ� DQG� WKDZLQJ�F\FOHV� LQ� WKH� UDQJH�RI�
WHPSHUDWXUH�IURP������&�WR������&��'HWHUPLQLQJ�WKH�VWDQGDUG�SDUDPHWHUV�RI�WKH�DQFKRULQJ�HIILFLHQF\�
UHTXLUHG�PDNLQJ�D�UHLQIRUFHG�FRQFUHWH�EHDP�FRQQHFWHG�LQ�WKH�XSSHU�SDUW�RI�WKH�VSDQ�VHFWLRQ�XVLQJ�D�
VWHHO�MRLQW��DQG�LQ�WKH�ORZHU�RQH�ZLWK�D�FRPPRQ�)53�EDU�DQG�WHVWLQJ�LW�LQ�D���SRLQW�EHQGLQJ�V\VWHP��
7KH�FRPSRVLWH�EDU�VOLSV�RQ�ERWK�HQGV�RI�WKH�WHVWHG�EHDP�ZHUH�PHDVXUHG��7KH�VWDQG�XVHG�WR�GHWHUPLQH�
WKHUPDO� H[SDQVLRQ� FRHIILFLHQWV�ZDV� DQ�RULJLQDO� WHFKQLFDO� VROXWLRQ��0HDVXUHPHQWV�RI� FKDQJHV� LQ�EDU�
OHQJWK�DQG�GLDPHWHU�ZHUH�PDGH�LQ�D�FOLPDWH�FKDPEHU�ZLWK�D�VHW�UDQJH�RI�WHPSHUDWXUH�FKDQJHV���
7KH�DQDO\VHV�DOORZHG�FRQILUPDWLRQ�RI�WKH�DQDORJ\�RI�WKH�EHKDYLRU�RI�LQQRYDWLYH�+)53�EDUV�LQ�UHODWLRQ�
WR� WKH� ZLGHO\� NQRZQ� %)53� EDUV�� 7KH� FRUUHODWLRQV� EHWZHHQ� VWUHVVHV� DW� WKH� UHLQIRUFHPHQW�FRQFUHWH�
LQWHUIDFH�� VWUHVVHV� LQ� UHLQIRUFLQJ�EDUV� DQG� DQFKRU� OHQJWK�RI�EDUV�ZHUH�GHWHUPLQHG��$GGLWLRQDOO\�� WKH�
GHJUHH� RI� GHJUDGDWLRQ� RI� UHLQIRUFHPHQW� DQFKRUDJH� LQ� FRQFUHWH�ZDV� GHWHUPLQHG� DIWHU� VXEMHFWLQJ� WKH�
VDPSOHV��
WR�����F\FOHV�RI�IUHH]LQJ�DQG�WKDZLQJ��WKHUHE\�VLPXODWLQJ�WKH����\HDU�VHUYLFH�OLIH�RI�FRQFUHWH�VWUXFWXUH�
LQ�FKDQJLQJ�WHPSHUDWXUH�FRQGLWLRQV���

�� ,QWURGXFWLRQ�
7KH� ILEUH�UHLQIRUFHG�SRO\PHU��)53��EDUV�KDYH�D�KLJKHU� WKHUPDO�H[SDQVLRQ�FRHIILFLHQW� WKDQ�FRQFUHWH�
�&7(�����î�����î�&���)RU�FRPSRVLWH�PDWHULDOV��WKH�YDOXHV�RI�WKH�FRHIILFLHQW�LQ�WKH�WUDQVYHUVH�GLUHF�
WLRQ�WR�WKH�ILEHUV��7&7(���GHSHQGLQJ�PDLQO\�RQ�WKH�SURSHUWLHV�RI�WKH�SRO\PHU�PDWUL[��DQG�ORQJLWXGLQDO�
�/&7(���GHSHQGLQJ�PDLQO\�RQ�WKH�SURSHUWLHV�RI�WKH�ILEHUV�VKRXOG�EH�GLVWLQJXLVKHG��7KH�YDOXHV�RI�WKH�
7&7(�FRHIILFLHQWV�IRU�WKH�$)53��&)53�DQG�*)53�EDUV�DUH�UHVSHFWLYHO\����WLPHV����WLPHV�DQG���WLPHV�
KLJKHU� WKDQ� WKH� YDOXH� RI� WKH� DERYH�PHQWLRQHG� FRHIILFLHQW� IRU� FRQFUHWH� >�@��'XH� WR� WKH� F\FOLF� HIIHFW��
RI� IUHH]LQJ� DQG� WKDZLQJ�� WKH� FRPSRVLWH� UHLQIRUFHPHQW� LQVLGH� UHLQIRUFHG� FRQFUHWH� PHPEHUV� H[KLELWV�
PXFK�JUHDWHU�GHIRUPDWLRQ� WKDQ� WKH� VXUURXQGLQJ� FRQFUHWH��7KLV� SKHQRPHQRQ� LQ� WXUQ� FUHDWHV� VWUHVVHV�
DQG�PLFURFUDFNV� DW� WKH� LQWHUIDFH�RI�ERWK�PDWHULDOV�� 7KH� FRQVHTXHQFH�RI� WKH�GHVFULEHG�SKHQRPHQRQ��
LV� D� GHFUHDVH� LQ� ERQG� EHWZHHQ� UHLQIRUFHPHQW� DQG� FRQFUHWH�� ZKLFK� OHDGV� WR� SUHPDWXUH� ORVV� RI� ORDG�
EHDULQJ�FDSDFLW\�RI�FRQFUHWH�PHPEHUV�>����@��0RVW�RI�WKH�VWXGLHV�GHVFULELQJ�WKH�LVVXH�RI�WKHUPDO�H[�
SDQVLRQ��
RI� UHLQIRUFHPHQW� FRQFHUQHG� WKH�EHKDYLRU�RI�*)53��&)53�RU�$)53�XQGHU� WKH� LQIOXHQFH�RI�YDULDEOH�
WHPSHUDWXUHV�>����@��ZKLOH�RQO\�D�IHZ�VWXGLHV�GHDOW�ZLWK�%)53�>����@��ZKLFK�JDYH�ULVH�WR�WKH�IROORZLQJ�
H[SHULPHQWV��

7KH�UHVHDUFK�SURJUDP�LQFOXGHG�GHWHUPLQDWLRQ�RI�ORQJLWXGLQDO�WKHUPDO�H[SDQVLRQ�FRHIILFLHQW�/&7(�
DQG� WUDQVYHUVH� WKHUPDO� H[SDQVLRQ� FRHIILFLHQW� 7&7(� DV� ZHOO� DV� WHVWLQJ� WKH� HIILFLHQF\� RI� DQFKRULQJ��
RI�+)53��+\EULG���&DUERQ�DQG�%DVDOW�)LEHU�5HLQIRUFHG�3RO\PHU��DQG�%)53��%DVDOW�)LEHU�5HLQIRUFHG�
3RO\PHU�� UHLQIRUFHPHQWV� LQ� FRQFUHWH�� 7KHLU� SXUSRVH�ZDV� WR� GHWHUPLQH� WKH� HIIHFW� RI� F\FOLF� IUHH]LQJ��
DQG�WKDZLQJ�RQ�WKH�DQFKRULQJ�HIILFLHQF\�RI�WKH�EDVDOW�DQG�K\EULG�EDUV�LQ�FRQFUHWH���

�



��WKfib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

��� ,QQRYDWLRQ�LQ�PDWHULDOV�DQG�VWUXFWXUHV�

�

�
�
�

�� 7HVW�SURFHGXUH�IRU�GHWHUPLQDWLRQ�RI�WKHUPDO�H[SDQVLRQ�FRHIILFLHQW�
7KH�SURFHGXUH�IRU�WHVWLQJ�WKH�FRHIILFLHQW�/&7(��/RQJLWXGLQDO�&RHIILFLHQW�RI�7KHUPDO�([SDQVLRQ��DQG�
7&7(��7UDQVYHUVH�&RHIILFLHQW�RI�7KHUPDO�([SDQVLRQ��RI�FRPSRVLWH�EDUV�LQFOXGHG�SODFLQJ�D�����PP�
ORQJ�VWUDLJKW�VHJPHQW�RI�D�%)53�RU�+)53�W\SH�EDU� LQ�D�VSHFLDOO\�GHVLJQHG�VWHHO�VXSSRUW� IUDPH�DQG�
DSSO\LQJ���RSSRVLQJ�SDLUV�RI�GLDO�LQGLFDWRUV�ZLWK�DQ�DFFXUDF\�RI�������PP�DQG�D�UDQJH�RI�����PP��DV�
VKRZQ�LQ�)LJ�����7KH�VDPSOHV�ZHUH�VLPSO\�VXSSRUWHG�RQ�WZR�VXSSRUWV��7KHLU�SRVLWLRQ�ZDV�VWDELOL]HG�
E\� WKH�SUHVVXUH� IRUFHV�RI� WKH�PHDVXULQJ�SUREH�VWHPV�� ,Q�RUGHU� WR� LQFUHDVH� WKH� DFFXUDF\�RI�PHDVXUH�
PHQWV�DQG�WR�DYRLG�DFFLGHQWDO�VOLSSLQJ�RI�WKH�VHQVRU�KHDGV�IURP�WKH�LUUHJXODU�VXUIDFH�RI�WKH�EDUV��VWHHO�
SODWHV�ZLWK�VL]HV�RI���î��î��PP�ZHUH�JOXHG�LQ�SODFHV�RI�SODQQHG�PHDVXUHPHQW�SRLQWV���

�

�

)LJ���� 6FKHPD�RI�D�WHVW�VWDQG�IRU�WHVWLQJ�ORQJLWXGLQDO�DQG�WUDQVYHUVH�WKHUPDO�H[SDQVLRQ�RI�FRP�
SRVLWH� EDUV�� $� �� VLGH� YLHZ�� %� �� FURVV�VHFWLRQ�� ���� �� GLDO� LQGLFDWRUV�� ���� �� VWHHO� SODWHV���
������VXSSRUW�IUDPH��������FRPSRVLWH�EDUV�����PP�ORQJ��$OO�GLPHQVLRQV�DUH�LQ�PP��

7KH� VXEMHFW� RI� WKH� VWXG\�ZHUH�%)53� DQG�+)53� EDUV� FRQWDLQLQJ� DQ� HSR[\� UHVLQ�PDWUL[� DQG� EDVDOW��
RU�K\EULG�ILEHUV������EDVDOW�ILEHUV�DQG�����FDUERQ�ILEHUV���%DUV�ZLWK�GLDPHWHUV�RI����PP�����PP�
DQG����PP�ZHUH�XVHG�IRU�WKH�H[SHULPHQW��)LUVW��WKH�HQWLUH�V\VWHP�SUHVHQWHG�ZDV�SODFHG�LQ�D�FOLPDWH�
FKDPEHU�DQG�UHIHUHQFH�PHDVXUHPHQWV�ZHUH�PDGH�XVLQJ���GLDO�LQGLFDWRUV�DW�D�WHPSHUDWXUH�RI������&��
7KHQ��
WKH�WHVW�VWDUWHG��VHWWLQJ�D�WRWDO�RI���IUHH]LQJ�DQG�WKDZLQJ�F\FOHV�LQ�WKH�WHPSHUDWXUH�UDQJH�IURP������&��
WR������&�IRU���KRXUV�HDFK�RQH��7KH�PHDVXUHPHQWV�RI�HORQJDWLRQ�DW�WHPSHUDWXUH������&�DQG������&�
ZHUH�PDGH�LQ���SRLQWV�RI�HDFK�RI�WKH�UHLQIRUFLQJ�EDUV��7KH�UHVXOWV�ZHUH�SUHVHQWHG�LQ�WKH�IRUP�RI�WKHU�
PDO�H[SDQVLRQ�FRHIILFLHQWV�/&7(�DQG�7&7(�>�����î��&@�UHIHUULQJ�WR�WKH�OHQJWK�RI�WKH�VDPSOHV��

�� 3URFHGXUH�IRU�HIILFLHQF\�RI�DQFKRULQJ�WHVW�
7KH�PHPEHUV� IRU� WHVWLQJ� WKH� DQFKRULQJ� HIILFLHQF\� FRQVLVWHG�RI� WZR�FRQFUHWH�EHDPV�FRQQHFWHG�E\� D�
VWHHO�MRLQW�XVLQJ�D�FRPPRQ�UHLQIRUFLQJ�EDU��DV�VKRZQ�LQ�)LJ�����7KH�GLPHQVLRQV�RI�WKH�EHDPV�PDGH�
FRUUHVSRQGHG�WR�W\SH�$�VDPSOHV�IRU�UHLQIRUFLQJ�EDUV�ZLWK�GLDPHWHU�XS�WR����PP�DFFRUGLQJ�WR�>��@���

$�VLPSO\�VXSSRUWHG�EHDP�ORDGHG�ZLWK� WZR�V\PPHWULFDO� IRUFHV�ZDV�WHVWHG��7KH�DQFKRU� OHQJWK� LQ�
WKH�FRQFUHWH�ZDV����WLPHV�JUHDWHU�WKDQ�LWV�GLDPHWHU��7KH�UHPDLQLQJ�VHFWLRQV�RI�WKH�EDU�ZHUH�SODFHG�LQ�
PHWDO� VOHHYHV�� SURWHFWLQJ� DJDLQVW� FRQWDFW�ZLWK� FRQFUHWH�� HQDEOLQJ� LWV� IUHH�PRYHPHQW� DORQJ� LWV� D[LV��
6HQVRUV��



7KH�LQIOXHQFH�RI�F\FOLF�IUHH]LQJ�±�WKDZLQJ��
RQ�WKH�HIIHFWLYHQHVV�RI�DQFKRULQJ�)53�UHLQIRUFHPHQW�

5DIDá�:DVLOF]\N����0DUWD�.RVLRU�.D]EHUXN�� �� ���
�

�

IRU�PHDVXULQJ�UHLQIRUFHPHQW�VOLSV�ZLWK�DQ�DFFXUDF\�RI�������PP�DQG�D�UDQJH�RI����PP�ZHUH�PRXQWHG�
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Abstract 
The paper is focused on the assessment of existing prestressed concrete bridge by advanced semi-
probabilistic methods. The bridge is represented by a non-linear finite element computational model 
and thus it is necessary to employ efficient methods for estimation of a coefficient of variation 
(ECoV). There are two practical cases studied presented in this paper: Semi-probabilistic analysis of 
single bridge girder and application of ECoV methods to bridge structure. It is shown how to deter-
mine design value of ultimate load capacity by semi-probabilistic approach in case of single bridge 
girder and obtained results are compared. Moreover, ECoV methods are applied in the second case 
study with a limited stochastic model and three analyzed limit states. Employed ECoV methods are 
compared to the reference value determined by Latin Hypercube Sampling technique. 

1 Introduction 

The non-linear finite element analysis (NLFEA) represents a powerful tool for accurate assessment of 
existing structures and thus it is employed more often also for practical applications in recent years. 
Nonetheless, it is also necessary to assume uncertainty in input variables for proper modeling of real 
structures. Therefore, it is necessary to perform complex stochastic analysis instead of deterministic 
computation of NLFEA. On the other hand, it is still highly time-consuming to perform a fully proba-
bilistic analysis of large non-linear models with many stochastic input variables. The solution can be 
represented by semi probabilistic approach focused on the determination of the design value of re-
sistance under prescribed simplifications, which can greatly reduce the number of needed calcula-
tions.  

The key ingredient in a semi-probabilistic design and assessment of structures is an estimation of 
a coefficient of variation (ECoV) of resistance. In recent years, the development of ECoV methods is 
an area of interest for many researchers and engineers, and there are several known approaches in the 
scientific literature [1]–[3]. Selected ECoV methods are employed in this paper for the assessment of 
the existing prestressed concrete bridge failing in bending. This bridge was selected in the framework 
of the European Project Safebridge (interreg project Austria-Czech Republic) focused on advanced 
numerical analysis of existing bridges. Specifically, the paper presents the first study focused on the 
semi-probabilistic assessment of one typical bridge girder KA-61 (frequently used in the Czech Re-
public) and the application of ECoV methods to an existing bridge with the limited stochastic model. 

2 Semi-probabilistic Methods 

According to the semi-probabilistic approach, the resistance of a structure R is separated, and the 
design value Rd satisfying given safety requirements is evaluated instead of calculating the failure 
probability. Such an approach directly leads to the design value of resistance which can be easily used 
for a design and an assessment of structures in the industry, similarly to the Partial Safety Factor 
method (PSF). It is assumed that R is lognormally distributed; thus, the design value of resistance Rd 
is defined as 

  =       (−       ) (1) 

where vR is the coefficient of variation (CoV) of resistance, and αR represents the sensitivity factor 
associated with R derived from the First Order Reliability Method (FORM). For industrial applica-
tions, FORM is simplified by fixed value αR = 0.8. Target reliability index   can be found in codes for 
specific types of structures and class of consequences. As can be seen, in order to accurately deter-
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mine the design value of resistance by a semi-probabilistic approach, it is crucial to correctly estimate 
the mean value and variance of structural resistance, which can be seen as a function of a random 
vector  ( ). This task might be challenging due to a fact that input random variables can generally be 
non-Gaussian and correlated. The only general approach to estimate statistical moments is pseudo-
random sampling by a Monte Carlo type algorithm such as Crude Monte Carlo or Latin Hypercube 
Sampling [4] employed in case studies as a reference solution. However, it is necessary to perform a 
high number of simulations of the original mathematical model, which usually can not be employed 
in industrial applications due to the enormous computational burden. On the other hand, it is possible 
to assume several simplifications and use simplified methods, presented in the following paragraphs. 

Note that, one should assume model uncertainty and geometrical uncertainty in order to estimate 
the design value of resistance in compliance with Eurocode [5]. In this case, one should calculate 
CoV of R as: 

  =   
 +   +   

  (2) 

where vf is part of CoV caused by the uncertainty of input random variables, vm represents the coeffi-
cient of variation associated with model uncertainty [6] and vg represents CoV caused by geometrical 
uncertainty. For the sake of generality, this paper is further focused only on vf. 

ECoV methods are focused on the estimation of statistical moments of resistance and estimation 
of the design value of resistance under the assumption of the lognormal distribution. CoV of re-
sistance R according to Červenka [1] can be estimated as follows: 

  =
 

      
 
  (3) 

Note that, just 2 simulations of NLFEA are needed in this approach:   with mean values of input 
random variables and   using characteristic values (5% quantile). The global resistance safety factor 
is then calculated assuming Lognormal distribution as: 

  =          (4) 

The described concept was adopted in the fib Model Code 2010 [7] and design value    was later 
decreased by    =      in order to take model uncertainties into account:  

  =
 

     
 (5) 

Improved ECoV method based on Taylor Series Expansion was proposed by Schlune et al. [2]. The 
coefficient of variation   , if material parameters are not correlated, can be calculated as:  

  ≈
 

 
 −     

   
   

  

 

 (6) 

where the response of construction      is determined by NLFEA using reduced mean values of 
material variables by     and     is the standard deviation of the i-th variable. If the lognormal distri-
bution of material variables is assumed, the reduced values of    can be calculated as:  

   =       (−     ) (7) 

where     is the mean value of i-th material characteristic and step size parameter  = (   )   . 
Besides ECoV methods, there are two general methods for the design of structures in Eurocodes 

using NLFEA. Commonly known general partial safety factors according to EN 1990 [5] and the 
global safety factor method for NLFEA of concrete structures according to EN 1992-2 [8]. These 
methods are based on the very strict assumption that a numerical simulation with input variables set to 
a generally desired quantile leads to a result corresponding to the identical desired quantile of re-
sponse distribution R. Of course, this might be a severe problem in case of NLFEA, where a simula-
tion with extreme values of input variable may lead to the unrealistic behavior of the computational 
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model, which is usually verified within a specific range of input variables (working conditions). 
However, such an approach can be acceptable for simple structural members with a single almost 
linear failure mode and low   , e.g. the bending of a simply supported beam.  

According to EN 1990 numerical simulation is computed with design values of input random var-
iables (such as design value of yield strength of reinforcement    or compressive strength of con-
crete    ) and obtained result of simulation corresponds to design value of resistance   . Design 
values of material characteristics can be obtained from laboratory experiments or directly from EN. 
Typical approach for the determination of design values of input variables is the usage of normative 
coefficients, which contains model uncertainty, thus no additional reduction by safety factor is needed 
(further denoted as PSF tabular). On the other hand, the design values can be estimated from laborato-
ry experiments as a following percentile of statistically processed values:  

  =       (−       ) (8) 

where    is CoV of a random variable (material characteristic). The results of NLFEA leads to design 
value   , however partial safety factors in EN include reduction due to model uncertainty, thus addi-
tional reduction of the design value of resistance by the safety factor      =      should be applied: 

  =
  

   
=

         
     (9) 

In the global safety factor concept according to EN 1992-2, the design value resistance is estimated 
as:  

  =
          

  
 (10) 

where the global safety factor for resistance is set as   =        including model uncertainties, 
 =       is the mean value of yield strength of reinforcement,   represents its characteristic 
value (5% quantile), and       is the reduced mean value of concrete obtained as      =
       .This reduction reflects higher variability of concrete material parameters in comparison to 
reinforcement. The global safety factor method can be recommended in combination with NLFEA for 
concrete structures with lower   , since   =      was not derived for special structures with a high 
variance of resistance such as shear failure. 

3 Single Bridge Girder KA-61 

The very first case study is focused on a comparison of ultimate limit state design values of resistance 
determined by normative methods and semi-probabilistic approach. In the first step of the study, the 
structure is represented by one girder: simply supported prefabricated prestressed bridge girder KA-
61 failing in bending and loaded by half of special six-axle truck according to Eurocode national 
annex. The KA-61 girder is 19.98 m long; a rectangular cross-section (see Fig. 1 left) is 0.85 m high 
and 0.98 m wide. The girder is prestressed by 15 tendons (4 parabolic and 11 straight). Material of 
reinforcement is 10 400B and concrete class is C35/45 according to the bridge documentation. 

 
Fig. 1 Original geometry of cross-section (left) and simplified geometry for NLFEA (right). 
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The non-linear finite element model was created in software ATENA 3D and it consists of 13,000 
elements of hexahedra type in the major part of the volume and triangular `PRISM' elements in the 
blue-colored parts of cross-section (see Fig. 1 right). Brick elements were preferred due to general 
numerical stability and mesh compatibility between two volumes connected by fixed contact, i.e. 
nodes of elements share the same position in both connected volumes. Moreover, brick elements 
allow easy definition of structured mesh significantly reducing the number of finite elements in com-
parison to unstructured mesh consisting of tetrahedra elements. Concrete is described by a non-linear 
mathematical model according to [9] based on the theory of fracture mechanics. Reinforcement and 
tendons are represented by discrete 1D elements with geometry according to original documentation. 
The ultimate limit state is represented by the load applied in the last step of the analysis representing 
structural failure (peak of load-deflection diagram). Bending failure mode and locations of cracks in 
the last step of analysis (ULS) can be seen in Fig. 2. 

 

 

 
Fig. 2 Prestressed concrete girder KA-61: bending failure mode and locations of cracks during 

ULS (right), corresponding load-deflection diagram of KA-61(right).  

Variability of concrete material characteristics are summarized in Table 1 and it is assumed ac-
cording to recommendations of JCSS [10] - Young's modulus  ; laboratory experiments of material 
obtained from original documentation of the bridge - compressive strength of concrete    ; and expe-
riences from the large testing campaign [11] - tensile strength of concrete   and fracture energy   . 
Mean values of         were determined according to formulas implemented in the fib Model Code 
2010.  

Table 1 Stochastic model of single prestressed bridge girder KA-61.  

Parameter Mean CoV [%] Probability distribution Units 

   59 9 Lognormal [MPa] 

  4.6 16 Lognormal [MPa] 

  38.8 15 Lognormal [GPa] 

   152 22 Lognormal [Jm2] 
 
Determined results are depicted in Fig. 3. Reference statistical moments of resistance R were ob-

tained by LHS method with 30 simulations: the mean value is     =          and the standard 
deviation is     =        . The ultimate limit state design values were determined for reliability 
index  =     and under the assumption of Lognormal distribution of resistance. Although the design 
value estimated by the ECoV method is very close to the result of LHS, it significantly underesti-
mates both the standard deviation     =         and the mean value     =         . On the 
other hand, ECoV by Schlune slightly overestimates the standard deviation       =        , 
which in combination with the mean value identical to       leads to a lower design value of re-
sistance. Nevertheless, the problem is in the estimation of mean value by a single simulation with 
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mean values of material characteristics and the assumption that  (  ) ≈    which is standard in 
ECoV methods, but it does not lead to correct estimation in this case. Interesting results are obtained 
by normative methods: partial safety factors (PSF tabular) method highly overestimates the design 
value of resistance (even after calibration of safety factors by experiments in PSF experiment). On the 
other hand, EN 1992-2 method leads to very accurate result close to the reference value obtained by 
LHS. Note that all performed non-linear simulations assuming given probability distribution of input 
variables lead to identical flexural failure mode in bending and thus all design values compared in 
Fig. 3 are directly comparable. 

 

 
Fig. 3 Comparison of design values of resistance determined by various techniques. 

4 Prestressed Concrete Bridge 

It was decided to create a mathematical model of the middle span of the bridge with a length of super-
structure 19.98m and total width 16.60m, which represents the crucial span of the whole bridge. The 
geometry of single bridge girders KA-61 is assumed according to original documentation including 
reinforcement and tendons. The shape of the cross-section is simplified to regular shapes (triangular 
and rectangular) in order to obtain regular mesh, see Fig. 1 (geometry is measured in centimeters). 
The girder is assumed as a simply supported beam and supports are assumed as elastic blocks with 
boundary conditions corresponding to simply supported beam. The geometry of supporting elastic 
blocks and elastic blocks representing loading plates is assumed according to bridge documentation 
and national annex of Eurocode for load-bearing capacity of road bridges by exclusive loading by six-
axial truck.  

Due to the fact, that single girders are not transversally prestressed and thus there is different in-
fluence of girders to stiffness of bridge in dependence on their distance to the loading position, it was 
necessary to create the numerical model of the whole bridge span, see Fig. 4. It consists of 16 bridge 
girders KA-61 in a transverse direction, each girder is 19.98m long. The girders are connected by 
reinforcement according to original documentation together with a concrete mixture between single 
girders, which leads to realistic behavior of the numerical model. 
 

 
Fig. 4 Construction process (3 steps) of the bridge consisting of 16 girders KA-61 
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6 Structural analysis and design (Semi-probabilistic Assessment of Prestressed Concrete Bridge) 

 

During prestressing of structure, especially during prestressing of the superstructure, neglecting 
the construction process might lead to unrealistic behavior of the whole structure. Therefore, it is 
often necessary to respect the real construction process in order to obtain the same boundary condi-
tions of mathematical model and real structure. In the case of this bridge, it was decided to model all 
important construction steps: 

1. Prestressing of girders and application of self-weight. 
2. Activating the concrete mixture between girders and the pavement. 
3. Application of the exclusive load by single six-axial truck. 
 
In this first study, the stochastic model is limited only to two random variables: compressive 

strength of concrete Fc ~ Lognormal (CoV 9%) and prestressing force (after losses) P ~ Gaussian 
(CoV 6%). Mean value and CoV of fc is obtained from material experiments; mean value of P is 
obtained from original deterministic calculation and CoV is determined according to JCSS. Note that 
additional material characteristics of concrete are calculated according to fib Model Code 2010 based 
on the specific realization of Fc. The quantity of interest R represents the weight of a single six-axle 
truck in tons corresponding to specific limit state. Using software ATENA based on theory of fracture 
mechanics, the following three limit states were analyzed: a) limit state of decompression, b) limit 
state of cracking (beginning of cracking) and c) ultimate limit state (load during failure of the bridge). 
Selected ECoV methods are compared with Latin Hypercube Sampling using 30 simulations in Tab.2.  

Table 2 Obtained results of ECoV methods employed for semi-probabilistic analysis of the bridge.  
Limit state Červenka (   [ton] /   [−]) Schlune (   [ton] /   [−]) LHS (   [ton] /   [−]) 

a) 295 / 0.062 295 / 0.039 295 / 0.062 
b) 728 / 0.094 728 / 0.062 717 / 0.045 
c) 800 / 0.079 800 / 0.071 792 / 0.059 

 
As can be seen from summarized results in Tab. 2, both ECoV methods lead to accurate estima-

tion of mean values in all three limit states. However, there is a significant deviation in estimated 
CoV for limit state of cracking by both methods. Overestimated CoV leads to conservative design 
values of resistance and thus such deviation might be still acceptable, but significant overestimation 
might also lead to unnecessary intervention and thus significant economic impact. Moreover, ECoV 
by Schlune based on Taylor Series Expansion underestimated the CoV of limit state of decompres-
sion. This might be caused by fixed step-size parameter c for all limit states in order to reduce compu-
tational demands of this method, though it can be adapted according to  = (   )    for each limit 
state separately. 

5 Conclusion 

The paper presents the results of an initial study focused on the semi-probabilistic assessment of 
existing concrete bridges using a combination of non-linear finite element method and advanced 
ECoV methods in order to estimate the design value of resistance. The two practical case studies were 
presented: Typical single bridge girder and a whole bridge structure. The ultimate limit state of the 
single bridge girder was analyzed by various safety formats and ECoV methods. Obtained results 
were compared in terms of estimated design values of resistance. The whole bridge structure was 
analyzed with respect to three typical limit states. Selected ECoV methods and LHS were employed 
for the estimation of coefficient of variation of all three limit states. It can be seen, that simplified 
ECoV methods lead to significantly overestimated CoV of limit state of cracking.  Further work will 
be focused on advanced analysis of the whole bridge structure, i.e. application of presented safety 
formats (including PSF and EN 1992-2) for estimation of the design value of resistance and since the 
limited stochastic model might lead to inaccurate results, an extended stochastic model used for single 
girder will be used in case of the whole bridge structure and obtained results will be compared. 
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In Sweden, Ferreira and Bajic conducted 8 tests on individual hollow core units, simulating flexi-
ble supports with plates of different thicknesses under the prefabricated slabs tested, in order to recre-
ate the deflection of the beam [4]. According to Roggendorf’s researches [5], the Swedish experi-
ments also showed a reduction in the load capacity of the hollow core units on flexible supports, in 
order of 15 to 24 %, due to the transverse bending on the slabs. 

More recently in Germany, in 2000’s, Roggendorf [5] tested 8 large-scale experiences on the be-
havior of hollow core units on flexible bearings. The shallow mixed floors were composed of two 
type of IFB steel beams (two different bending stiffness) integrated into the depth of hollow core 
slabs (265 or 250 mm thick with different cross-section shapes). During these experimental results, 
Roggendorf observed in all cases a shear-tension failure of one or more edge webs. Moreover, he 
found that the load capacity of the prefabricated slabs on the various flexible bearings tested was only 
52 to 78 % compared to the references on rigid supports. However, despite several beam stiffnesses 
and the different deflection associated, the load capacities obtained for the floors tested were relative-
ly the same. Roggendorf, as Pajari, explains that the deformation of the beam is not the only decisive 
parameter responsible for the reduction in the load capacity on flexible supports. Consequently, no 
effect of the beam stiffness on the shear strength of the slabs could be determined. 

In France, the researches are more restricted, only Polania’s experiments [6] were found on the 
behavior of hollow core slabs on beams, where the objective of his experiments were to show the 
effects of the beam’s flexibility on the hollow core units. He tested two floors, each composed of 8 
hollow core slabs of the same dimensions and characteristics, but with two different central beams, 
one test with prestressed concrete beam and the other with an I-shape steel beam. During these exper-
iments, Polania observed a shear-tension failure of the web at the edge units, as well as a 33% reduc-
tion in the slab strength between these two beams. In the results, according to this scientist, this de-
crease was in accordance with the ratio of bending stiffness between the two beams tested. However, 
Polania explains that the effect of other factor responsible for a reduction in the load capacity of the 
hollow core slabs could not be measured or studied, such as the composite action. 

4 Design recommandations for hollow core slabs on flexible supports 

The European standards [7] and [8] include no information on the effects of flexible supports about 
the behavior of hollow core slabs, or specific formulae for the design of the shear resistance of slab 
webs. The specific standard of hollow core slabs [7] only indicates that it is necessary to reduce the 
shear resistance of the hollow core slabs in the case of flexible supports, in order to consider trans-
verse stresses (acc. section 4.3.3.2.2.1 (3) [7]). Consequently, some countries have implemented their 
own recommendations. This paper focuses on the Finnish method developed and the German recom-
mendations for hollow cores slabs on flexible bearings. 

In Finland, the Concrete Association of Finland developed the Code Card N°18 for the design of 
hollow core units supported on beams [9]. It is based on the design model developed in the Finnish 
researches and the experimentations (all references are given in the document [9]).  

In the Code Card N°18, the phenomenon of transverse shear flow inducing premature failure of 
the webs is considered in the design of hollow core slabs, as in (1). This formula uses the principal 
tensile stress, noted    and limited to the tensile strength of the concrete at the critical point of the 
cross-section. This principal tensile stress, established from the Mohr circle, is calculated according to 
the normal stress (    and    ), the vertical stress (    and    ) and the transversal stress (   ). That 
is: 

   
       

             

           
                  (1) 

 
Fig. 6 Representation of the principal stresses of the hollow core slabs supported on beams [10] 
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This principal tensile stress condition, as in (1), can be expressed in an easier form to determine the 
failure of hollow core slabs webs on beams. In this way, this failure condition, noted      , is given to 
the equation (2) by the Code Card n°18. If this equation is fulfilled, the strength verification of hollow 
core slabs on beams is satisfied. 

       
       
       

 
 
  

   
       

 
 
 

           

       
   (2) 

The first and the last component in the failure function appear in any slabs and the one in the middle 
appears only in the slabs supported on flexible supports. With:  

� σcp: is the compressive normal stress in the slabs due to prestressing, appearing in the critical 
section for the stresses of the webs in the hollow core units. It is determined on the assump-
tion of a linear distribution of stresses in this section and according to St Venant (analogously 
with the formula for prestressed concrete beam). The Code Card 18 gives theses values ac-
cording to a certain number of hollow core slab types (Table 2/B [9]). 

�    : is the normal stress component due to bending moments of the hollow core slabs in the 
critical section for the stresses of the webs (≥0). 

� τcp: is the shear stress due to development of the prestressing force within the transmission 
length, appearing in the critical section. The Code Card 18 gives theses values according to a 
certain number of hollow core slab types (Table 2/B [9]). 

�    : is the shear stress in the webs in the direction of the slab, due to the vertical shear flow of 
the slab, appearing in the critical section, and determined according to the theory of beams 
(section 3.3.1 of the Code card 18 [9]).  

�        : is the design tensile strength of the slab webs. 
�    : is the transversal horizontal shear stress in the slab webs, due to the longitudinal shear 

flow, appearing in the critical section, as Fig 6, given through:  

    
 
  

        
     

   
 
  

      
        )      

   (3) 

Where: 
�        : is the design horizontal transversal shear force on a single web, based on the shear 

flow     and the nominal width of the slab unit    . The shear flow     should be assessed 
considering all the effects of the charges after the beginning of the mixed action. 

�      : is the effective shearing area of the single web, according to the depth of the slab    , 
the depth of the plated section in the slab webs    , the sum of the width of the slab webs      
and the reduction facteur    (for the cases when the effective length of the core infill exceeds 
50 mm). As Fig 7. 

 

 
Fig. 7 Definition of the critical section according to the shape of the slabs in the Code Card 18 

[9] 

In Germany, the technical approval of DIBt Z-15.10-279 [11] is used for the design of hollow core 
slabs on flexible supports. In this approval, no formula is given to verify and estimate the transverse 
shear strength of the webs. However, based on researches, it gives four specifications to be considered 
in the design of the hollow core units on beams:  

� (1) A 50 % shear capacity reduction on flexible supports (shear strength calculated in accor-
dance with Part 3.9 of the DIBt and based on European standards). Let            .  

� (2) A permissible deflection of L/300 for the beam. 
� (3) A mandatory installation of hollow core units on an elastomer strip. This strip must be 

checked according to the bearing force and must not be less than 35 mm wide and 10 mm 
think. 
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� (4) A concrete filling of the exterior cells of the hollow core units over a length at least 80 cm 
with reinforcements (stirrups) or concrete filling of all the cells on a depth at least 25 cm. 

5 Comparaison between code results and results in flexible support tests 

The results provided by the Finnish and German codes are compared with the test results, shown in 
the table below. The comparison includes the experimental tests carried out in Finland [3], Germany 
[5] and France [6] with hollow core slabs on flexible supports (with integrated steel beam or compo-
sitebeam), where shear failure of the webs occurred (section 3). 

For the Finnish code, the formula of   , as in (1), is compared with the main tensile strength of the 
hollow core slabs concrete, fctm. Regarding fctm, it is derived from the cubic resistance measured in the 
real tests [5], using the following formulas. 

 

              
             )    [   ]                         (4) 

On the Germany regulation side, the 4 recommadations given are compared with the shemes of the 
tests. 

Table 1 Summary of experimental research for hollow core slabs on flexible supports.  

N Tests Center of 
research 

Beam 
type 

Authors Years Code[9]  
σ1/ fctm 

Dibt[11] 
4 conditions 
fulfilled 

1 DELTA 265 VTT  CR Koukkari 1990 1,23 no (1-3-4) 

2 WQ 265 VTT  S Koukkari 1990 1,30 no (2-3-4)  

3 WQ 400 VTT  S Pajari 1992 1,42 no (3-4)  

4 MEK 265 VTT  CR 
Iso-Mustajärvi 
& Pertti 1994 1,40 no (3-4) 

5 LBL 320 VTT  CP Pajari 1998 1,64 no (2-3-4)  

6 DELTA 400 VTT  CR Pajari 1999 1,41 no (2-3-4) 
7 SUPER 320 VTT  CR Pajari 2002 1,10 no (2-3-4) 

8 LB 320 TUT  CP 
Suonio & 
Taskinen 2002 1,48 no (1-2-3-4) 

9 WQ 500 VTT  S Pajari 2005 1,36 no (1-3-4) 

10 DELTA 500 VTT  CR Pajari 2005 1,59 no (2-3-4) 
11 A BEAM 320 VTT  CR Pajari 2006 1,25 no (2-3-4) 
12 IFB 265 (1) IMB  S Roggendorf 2010 1,42 no (2) 

13 IFB 265 B (3) IMB  S Roggendorf 2010 1,29 no (2) 

14 IFB 265 M (6) IMB  S Roggendorf 2010 1,19 no (2) 

15 IFB 265 RD (7) IMB  S Roggendorf 2010 1,14 no (2) 
16 IFB 250 (2) IMB  S Roggendorf 2010 - no (2) 

17 IFB 250 B (4) IMB  S Roggendorf 2010 - no (2) 

18 IFB 250 M (5) IMB  S Roggendorf 2010 - no (2) 
19 IFB 250 RD (8) IMB  S Roggendorf 2010 - no (2) 
20 I Profile INSA  S Polania 2006 1.81 no (3-4) 

Average value 1,38 - 

Coefficient of variation 0.14 - 

Characteristic value 1.01 - 
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VTT and TUT: Finland 
IMB: Germany 
INSA: France 
CP: Composite, prestressed beam 
CR: Composite reinforced beam 

S: Steel beam 
A-beam, Delta, MEK, LB, LBL et Super: Patented 
composite beams  
WQ: Top-hat steel beam 
no (x) : x condition number(s) no fullfided 

The calculation model developed in the Code Card 18 presents homogeneous and coherent values in 
relation to the available test results. The mean value of the test to calculated value is 1.38 with a COV 
of 0.14. The model consistently predicts the correct failure mode. The evaluation shows that the 
model original developed for slabs produced in Northern Europe can provide a realistic and reliable 
estimate of the effect of the support flexibility also for slabs produced in France and Germany.  

The detailing of most of the tests was different from the requierement of the DIBT approval, 
therefore the applicabily of the empirical design method for these tests can not be verified. 

6 Conclusions 

Thanks to numerous practical advantages they offer, shallow floors are an increasingly popular 
method to construct flat slabs. The fact that the structure associate structural members with different 
stiffness offers possibilities to optimize the design of the slab. On the other hand, it requires a proper 
and sensitive assessment of the interaction between the different structural components. The paper 
does summarize some practical recommendations for the design of precast hollow core slabs sup-
ported on flexible beams.  
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IDLOXUH�PRGHV�VXFK�DV�EHDP�FROXPQ�MRLQW�IDLOXUH��FROXPQ�VKHDU�IDLOXUH�RU�VRIW�VWRU\�PHFKDQLVPV�>�@�
>�@��7KH�HVVHQWLDO�FKDOOHQJH� LV� WR�GHYHORS�UHWURILW�VROXWLRQV��ZKLFK�RQ� WKH�RQH�KDQG�HQVXUH�DGHTXDWH�
VDIHW\�DQG� LPSURYHG�SHUIRUPDQFH�GXULQJ� IXWXUH�HDUWKTXDNHV�DQG�RQ� WKH�RWKHU�KDQG�RIIHU�D�SUDFWLFDO�
DQG�HFRQRPLFDO�VROXWLRQ�ZLWK�ORZ�LQYDVLRQ�DQG�LQWHUIHUHQFH�ZLWK�WKH�H[LVWLQJ�VWUXFWXUH��6WHHO�EUDFLQJ�
LV�D�SRSXODU�VROXWLRQ�DV�LW�UHVXOWV�LQ�D�VXEVWDQWLDO�LQFUHDVH�LQ�ODWHUDO�FDSDFLW\�DQG�EHFDXVH�RI�LWV�EHQHIL�
FLDO�LPSDFW�RQ�WKH�JOREDO�GXFWLOH�EHKDYLRXU�DV�VKRZQ�LQ�>�@��>�@��)XUWKHUPRUH��ZKHQ�GLUHFWO\�FRQQHFWHG�
WR� WKH� H[LVWLQJ� 5&� IUDPH� VWUXFWXUH�� LW� SURYLGHV� D� SUDFWLFDO�� ORZ�LQYDVLYH� VROXWLRQ� ZKLFK� LV� KLJKO\�
DGDSWDEOH�WR�WKH�DUFKLWHFWXUDO�SUHFRQGLWLRQV��6HYHUDO�GLUHFW�FRQQHFWLRQ�PHWKRGV�KDYH�EHHQ�LQYHVWLJDWHG�
VXFK�DV�VWHHO�MDFNHWV��EROWHG�WKURXJK�FRQQHFWLRQV��H[WHUQDO�URGV��RU�SUHFDVW�KHDGHG�VWXGV��7KHVH�PHWK�
RGV�KDYH�EHHQ�DSSOLHG�LQ�H[SHULPHQWDO�VWXGLHV��>�@�>��@��ZKHUH�LW�ZDV�VKRZQ�WKDW�WKH�GLUHFW�DSSURDFK�
RIIHUV�DQ�HIILFLHQW�ZD\�WR�FRQQHFW�WKH�EUDFLQJ�V\VWHP��+RZHYHU��WKH�DERYH�PHQWLRQHG�PHWKRGV�KDYH�
FHUWDLQ� VKRUWFRPLQJV� ZKHQ� LW� FRPHV� WR� UHWURILWWLQJ� RI� H[LVWLQJ� VWUXFWXUHV�� ,W� EHFRPHV� DSSDUHQW� WKDW�
SUHFDVW�KHDGHG�VWXGV�DUH�QRW�VXLWDEOH�IRU�UHWURILWWLQJ��EXW�DOVR�RWKHU�PHWKRGV�UHTXLUH��IRU�H[DPSOH��WKH�
DFFHVVLELOLW\�RI� WZR�VLGHV�RI�WKH�FROXPQV�DQG�EHDPV�LQ�ZKLFK�WKH�FRQQHFWLRQV�DUH�LQVWDOOHG��,Q�VRPH�
FDVHV��KRZHYHU��WKH�UHTXLUHG�DFFHVV�FDQQRW�EH�SURYLGHG��RU�WKH�DFFHVVLELOLW\�LV�DVVRFLDWHG�ZLWK�HODER�
UDWH�FRQVWUXFWLRQ�ZRUN��,Q�WKHVH�FDVHV��WKH�EHQHILFLDO�HIIHFWV�VXFK�DV�SUDFWLFDELOLW\�DQG�ORZ�LQYDVLYH�
QHVV�DUH�VLJQLILFDQWO\�UHGXFHG��)RUPLQJ�D�FRQQHFWLRQ�XVLQJ�SRVW�LQVWDOOHG�DQFKRUV�RIIHUV�DQ�DOWHUQDWLYH�
DSSURDFK� WKDW� FDQ�EH� LQVWDOOHG� DOVR�ZLWK� RQH�VLGHG� DFFHVV�� ,Q� DGGLWLRQ�� WKH�XVH�RI� SRVW�LQVWDOOHG� DQ�
FKRUV�FDQ�IXUWKHU�UHGXFH�WKH�LQYDVLYHQHVV�DQG�DOORZV�IRU�HDV\�DQG�IDVW�LQVWDOODWLRQ��&RQQHFWLRQV�XVLQJ�
SRVW�LQVWDOOHG� DQFKRUV� KDYH� EHHQ� DSSOLHG� LQ� H[SHULPHQWDO� VWXGLHV� VXFK� DV� >��@�� >��@� ZKHUH� LW� ZDV�
VKRZQ�WKDW� WKH�EHKDYLRXU�DQG�SHUIRUPDQFH�RI�VXFK�D�FRQQHFWLRQ�LV�VXIILFLHQW�WR�JXDUDQWHH�WKH�HIIHF�
WLYHQHVV�RI�WKH�VWHHO�EUDFLQJ�LQ�HQKDQFLQJ�WKH�JOREDO�VWUXFWXUDO�EHKDYLRXU��

���� 3UREOHP�VWDWHPHQW�
,Q�FDVH�RI�GLDJRQDO�EUDFLQJ��WKH�VWHHO�EUDFHV�DUH�FRQQHFWHG�WR�WKH�FRUQHU�MRLQW�RI�WKH�IUDPH�VWUXFWXUH�DV�
LOOXVWUDWHG�LQ�)LJ�����D���7KH�FRQQHFWLRQ�HOHPHQW�JHQHUDOO\�FRPSULVHV�D�JXVVHW�SODWH�ZKLFK�LV�ZHOGHG�WR�
DQ�DQFKRU�EUDFNHW��7KH�EUDFNHW�LV�LQ�WXUQ�IL[HG�WR�WKH�5&�PHPEHUV�XVLQJ�SRVW�LQVWDOOHG�DQFKRUV��2QH�
SUREOHP�WKDW�DULVHV�SDUWLFXODUO\�ZKHQ�XVLQJ�SRVW�LQVWDOOHG�DQFKRUV�LV�WKDW�IRU�VXFK�DQ�DQFKRU�FRQILJX�

3URF��RI�WKH���WK�ILE�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�
-XO\�������������0DUQH�OD�9DOOpH��3DULV��)UDQFH�
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UDWLRQ�QR�GHVLJQ� UHFRPPHQGDWLRQV� DUH�SURYLGHG�E\� FXUUHQW� JXLGHOLQHV� DQG� VWDQGDUGV��$� VLPSOH� DQG�
FRQYHQLHQW�GHVLJQ�VROXWLRQ�EDVHG�RQ�HQJLQHHULQJ�MXGJHPHQW�FRXOG�EH�WR�WUHDW�WKH�FRPSOHWH�FRQQHFWLRQ�
DV�WZR�VHSDUDWH�DQFKRU�JURXSV��,Q�WKH�H[DPSOH�VKRZQ�LQ�)LJ�����E���WKH�FRQQHFWLRQ�ZRXOG�EH�WUHDWHG�DV�
WZR��[��DQFKRU�JURXSV��ZKLFK�DUH�ORFDWHG�SHUSHQGLFXODU�WR�HDFK�RWKHU��7KH�WRWDO�FDSDFLW\�RI�WKH�FRQ�
QHFWLRQ�FRXOG�WKHQ�EH�FDOFXODWHG�E\�DGGLQJ�XS�WKH�LQGLYLGXDO�FDSDFLWLHV�RI�WKH�WZR�JURXSV��

:KHQ�GHVLJQLQJ�DQFKRU�JURXSV��FRQFUHWH�UHODWHG�IDLOXUH�PRGHV�VXFK�DV�FRQFUHWH�FRQH�IDLOXUH�DUH�
RIWHQ�JRYHUQLQJ� WKH�GHVLJQ��7KHUHE\�� D� FRQH� OLNH�EUHDNRXW� ERG\� IRUPV��ZKHUH� DW� WKH�ERWWRP�RI� WKH�
EUHDNRXW�ERG\��FUDFNV�SURSDJDWH�IURP�WKH�HPEHGGHG�HQGV�RI�WKH�DQFKRUV�WRZDUGV�WKH�FRQFUHWH�VXUIDFH��
7KH�HYDOXDWLRQ�RI�D�ODUJH�QXPEHU�RI�H[SHULPHQWDO�GDWD�KDV�VKRZQ�WKDW�WKH�DQJOH�RI�WKH�UHVXOWLQJ�FRQH�
LV�DSSUR[LPDWHO\������>��@���)RU�WKH�FDVH�DW�KDQG�WKLV�PHDQV�WKDW�LI�WKH�HPEHGPHQW�GHSWK�RI�WKH�DQ�
FKRUV� LV� ODUJH� HQRXJK� FRPSDUHG� WR� WKH� GLVWDQFH� IURP� WKH� EDFN� DQFKRUV� WR� WKH� FRUQHU�� WKH� EUHDNRXW�
ERGLHV�RI� WKH� WZR�SHUSHQGLFXODU�DQFKRU�JURXSV�ZRXOG�RYHUODS�DV� LQGLFDWHG� LQ�)LJ�����D��� ,W�EHFRPHV�
DSSDUHQW�WKDW�LQ�WKLV�FDVH��WKH�WZR�DQFKRU�JURXSV�PLJKW�KDYH�D�PXWXDO�LQIOXHQFH��+RZHYHU�� WKH�W\SH�
DQG�H[WHQW�RI�WKH�LQIOXHQFH�LV�QRW�FOHDU��2Q�RQH�KDQG��WKH�FRPSUHVVLYH�VWUXWV�RI� WKH�WZR�JURXSV�PD\�
VWDELOL]H� HDFK� RWKHU� EXW� RQ� WKH� RWKHU� KDQG�� WKH\�PLJKW� LQWHUIHUH� DQG� KDYH� D� QHJDWLYH� LPSDFW� RQ� WKH�
RYHUDOO�SHUIRUPDQFH��

,Q�>��@� WKH�SRWHQWLDO�QHJDWLYH� LQIOXHQFH� LV�GLVFXVVHG��DQG� WZR�DSSURDFKHV�DUH�GLVWLQJXLVKHG��7KH�
UDWKHU�FRQVHUYDWLYH�DSSURDFK�FRQVLGHUV�D�IUHH�HGJH�DW�WKH�EHDP�RU�FROXPQ�IDFH�LJQRULQJ�WKH�MRLQW�SDQHO�
ZKHUHDV� WKH� VHFRQG� DSSURDFK� VLPSO\� QHJOHFWV� DQ\� SRWHQWLDO� LQIOXHQFH�� 7KHUHE\�� WKH� H[SHULPHQWDO�
UHVXOWV�VXJJHVW�WKDW�WKH�VHFRQG�DSSURDFK�UHIOHFWV�WKH�FDSDFLW\�RI�WKH�FRQQHFWLRQ�PRUH�UHDOLVWLFDOO\��

� �

�
�

�D�� �E��
)LJ���� �D��&RQQHFWLRQ�EHWZHHQ�VWHHO�EUDFLQJ�DQG�5&�PHPEHUV�XVLQJ�SRVW�LQVWDOOHG�DQFKRUV�DQG�

�E��'LPHQVLRQV� RI� WKH� FRQQHFWLRQ� HOHPHQW� FRPSULVLQJ� D� JXVVHW� SODWH� DQG� DQ� DQFKRU�
EUDFNHW���1RWH��$OO�GLPHQVLRQV�DUH�LQ�PP���

���� 6FRSH�DQG�PHWKRGRORJ\�
7KH�DLP�RI�WKH�SUHVHQW�ZRUN�LV�WR�LQYHVWLJDWH�WKH�FRQFUHWH�EUHDNRXW�EHKDYLRXU�RI�WKH�FRUQHU�FRQQHFWLRQ�
DV�GHVFULEHG�DERYH��7R�WKLV�HQG��D�QXPHULFDO�SDUDPHWULF�VWXG\�LV�FRQGXFWHG�ZKHUH�WKH�HIIHFW�RI�YDU\�
LQJ�HPEHGPHQW�GHSWK�LV�LQYHVWLJDWHG��,Q�WKH�QXPHULFDO�VLPXODWLRQ�ERQGHG�DQFKRUV�DUH�XVHG�WR�IDVWHQ�
WKH� FRQQHFWLRQ� HOHPHQW� WR� WKH� FRQFUHWH� VSHFLPHQ�� %HVLGHV� WKH� YDULDWLRQ� RI� WKH� HPEHGPHQW� GHSWK��
VLPXODWLRQV�DUH�SHUIRUPHG�LQ�ZKLFK�RQO\�RQH�RI�WKH�WZR�DQFKRU�JURXSV�LV�IL[HG�WR�WKH�FRQFUHWH�VSHFL�
PHQ�NHHSLQJ�RWKHU�FRQGLWLRQV��VXFK�DV�WKH�GLUHFWLRQ�RI�ORDGLQJ�RU�WKH�GLPHQVLRQV�RI�WKH�VSHFLPHQ��WKH�
VDPH��%\�FRPSDULQJ�WKH�FDSDFLWLHV�RI�WKH�IXOO\� IDVWHQHG�FRQQHFWLRQ�ZLWK�WKH�SDUWO\�IDVWHQHG�FRQQHF�
WLRQ�� D� FRQFOXVLRQ� FDQ� EH� GUDZQ� DV� WR� KRZ� JUHDW� WKH�PXWXDO� LQIOXHQFH� RI� WKH� QHLJKERXULQJ� DQFKRU�
JURXSV�LV��%HVLGHV�WKH�JHQHUDO�EHKDYLRXU�RI�WKH�FRQQHFWLRQ��WKH�FDSDFLWLHV�REWDLQHG�IURP�WKH�QXPHULFDO�
VLPXODWLRQV� DUH� FRPSDUHG� WR� WKH� FDSDFLWLHV� REWDLQHG� IURP� DQ� DQDO\WLFDO� DSSURDFK� XVLQJ� WKH� GHVLJQ�
PHWKRGV�JLYHQ�LQ�(1��������>��@�IRU�WKH�GHVLJQ�RI�IDVWHQLQJV��

,Q�RUGHU�WR�IRFXV�RQ�JHRPHWULFDO�LQIOXHQFHV�RQ�WKH�EUHDNRXW�EHKDYLRXU�RI�WKLV�W\SH�RI�DQFKRU�FRQ�
ILJXUDWLRQ��LW�LV�QHFHVVDU\�WR�H[FOXGH�VRPH�RI�WKH�HIIHFWV�ZKLFK�ZRXOG�PDNH�D�EDVLF�HYDOXDWLRQ�RI�WKH�
FRQQHFWLRQ�GLIILFXOW��7KLV�LQFOXGHV�IRU�H[DPSOH�EHQGLQJ�RI�WKH�5&�PHPEHUV�RU�WKH�IUDPH�DFWLRQ�HIIHFW�
RQ�WKH�JXVVHW�SODWH�>��@��ZKLFK�LV�H[SHFWHG�WR�DIIHFW�WKH�EHKDYLRXU�RI�WKH�FRQQHFWLRQ�EXW�LV�QRW�FRQVLG�
HUHG� LQ� WKLV� VWXG\� IRU� VLPSOLILFDWLRQ�� ,Q� WKLV� UHJDUG� WKH� FRQFUHWH� VSHFLPHQ� XVHG� LQ� WKLV� VWXG\� LV� QRW�
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PRGHOOHG�DV�D�EHDP�FROXPQ�MRLQW�SHU�VH��EXW�LQ�VXFK�D�ZD\�WKDW�WKH�IRFXV�RQ�WKH�FRUQHU�FRQQHFWLRQ�LV�
SRVVLEOH�� )XUWKHUPRUH�� LW� VKRXOG�EH� QRWHG� WKDW� WKLV� VWXG\� FRQVLGHUV� WKH�GHVLJQ� FDVH�ZKHUH� WKH�SRVW�
LQVWDOOHG�DQFKRUV�DUH�RQO\�ORDGHG�ZKHQ�WKH�VWHHO�EUDFLQJ�LV�LQ�WHQVLRQ��:KHUHDV��ZKHQ�WKH�VWHHO�EUDFLQJ�
LV� ORDGHG� LQ� FRPSUHVVLRQ�� WKH� UHVSHFWLYH� ORDGV� DUH� GLUHFWO\� WUDQVIHUUHG� WR� WKH� 5&�PHPEHUV� E\� WKH�
DQFKRU�EUDFNHW��7KLV�HVVHQWLDOO\�PHDQV�WKDW�WKLV�VWXG\�FRQFHQWUDWHV�RQ�WKH�EHKDYLRXU�RI�WKH�FRQQHFWLRQ�
ZKHQ�LW�LV�VWDWLFDOO\�ORDGHG�LQ�WHQVLRQ��5HYHUVHG�RU�F\FOLF�ORDGLQJ�LV�QRW�FRQVLGHUHG��

�� 1XPHULFDO�LQYHVWLJDWLRQ�

���� 'HVFULSWLRQ�RI�WKH�FRQFUHWH�VSHFLPHQ�DQG�WKH�FRQQHFWLRQ�HOHPHQW�
7KH� FRQQHFWLRQ� HOHPHQW� WR� EH� LQYHVWLJDWHG�� WRJHWKHU�ZLWK� LWV� GLPHQVLRQV� LV� VKRZQ� LQ� )LJ�� �� �E��� ,W�
FRPSULVHV� D� JXVVHW� SODWH�� DQ� DQFKRU�EUDFNHW� DQG� HLJKW� ERQGHG� DQFKRUV�� 7KH� ERQGHG� DQFKRU� V\VWHP�
ZKLFK� LV�XVHG� WR� IDVWHQ� WKH�FRQQHFWLRQ�HOHPHQW� WR� WKH�FRQFUHWH� VSHFLPHQ�FRPSULVHV�D�KLJK�VWUHQJWK�
WKUHDGHG�URG�DQG�DQ�HSR[\�PRUWDU��7KH�DQFKRUV�KDYH�D�GLDPHWHU�RI�G� ����PP�DQG�DUH�HPEHGGHG�LQ�
WKH� FRQFUHWH� ZLWK� GLIIHUHQW� HIIHFWLYH� HPEHGPHQW� GHSWKV� �KHI��� ���� PP�� KHI��� �����PP� DQG�
KHI��� �����PP��� 7KH� DQFKRU� EUDFNHW� ZKLFK� FRQQHFWV� WKH� DQFKRUV� KDV� D� WKLFNQHVV� RI� ���PP� DQG� LV�
PDGH�RI�VWHHO��7KLV�DQFKRU�EUDFNHW�FDQ�EH�WKRXJKW�RI�LQ�VLPSOLILHG�WHUPV�DV�WZR�SHUSHQGLFXODU�DQFKRU�
JURXSV� �WZR� �[�� DQFKRU� JURXSV��� )RU� HDFK� RI� WKHVH� JURXSV�� WKH� VSDFLQJ� EHWZHHQ� WKH� DQFKRUV� LV�
V�� �����PP�DQG�V�� ����PP��7KH�ORDG�LV�DSSOLHG�RQ�WKH�XSSHU�IDFH�RI�WKH�JXVVHW�SODWH�DV�LQGLFDWHG�LQ�
)LJ�����IURP�ZKHUH�LW�LV�WUDQVIHUUHG�WR�WKH�DQFKRU�EUDFNHW�DQG�WR�WKH�DQFKRUV��$Q�XQUHLQIRUFHG�FRQFUHWH�
VSHFLPHQ�LV�XVHG�LQ�WKH�QXPHULFDO�VLPXODWLRQ��7KH�H[DFW�GLPHQVLRQV�DUH�SURYLGHG� LQ�)LJ�����7KH�DQ�
FKRUV�DUH�SODFHG�FORVH�WR�WZR�SDUDOOHO�HGJHV��ZLWK�DQ�HGJH�GLVWDQFH�RI�F�� ����PP��7KH�GLVWDQFH�IURP�
WKH�EDFN�DQFKRUV��WKH� WZR�DQFKRUV�ZKLFK�DUH�FORVHVW� WR� WKH�FRUQHU� LQ�HDFK�RI� WKH� WZR�JURXSV�� WR� WKH�
FRUQHU�LV����PP��,Q�DGGLWLRQ�WR�WKH�VLPXODWLRQV�ZKHUH�WKH�FRQQHFWLRQ�LV�IXOO\�IDVWHQHG�WR�WKH�FRQFUHWH�
VSHFLPHQ�XVLQJ�HLJKW�ERQGHG�DQFKRUV��DGGLWLRQDO�VLPXODWLRQV�DUH�SHUIRUPHG�ZKHUH�WKH�FRQQHFWLRQ�LV�
RQO\�SDUWO\�IDVWHQHG�WR�WKH�FRQFUHWH�VSHFLPHQ�E\�PHDQV�RI�IRXU�ERQGHG�DQFKRUV��6HH�)LJXUH�����

�

�
)LJ���� 'LPHQVLRQV�RI�WKH�FRQFUHWH�VSHFLPHQ���1RWH��$OO�GLPHQVLRQV�DUH�LQ�PP���

���� 1XPHULFDO�PRGHOOLQJ�DSSURDFK�
7R�SHUIRUP�WKH�QXPHULFDO�DQDO\VLV�LQ�WKLV�ZRUN��WKH��'�ILQLWH�HOHPHQW�VRIWZDUH�0$6$��0DFURVFRSLF�
6SDFH�$QDO\VLV��LV�XVHG��ZKLFK�ZDV�GHYHORSHG�DW�WKH�,QVWLWXWH�RI�&RQVWUXFWLRQ�0DWHULDOV�DW�WKH�8QLYHU�
VLW\�RI�6WXWWJDUW��0$6$�XVHV� WKH�PLFURSODQH�PRGHO�ZLWK� UHOD[HG�NLQHPDWLF� FRQVWUDLQW� SURSRVHG�E\�
>��@�DV�WKH�FRQVWLWXWLYH�ODZ�IRU�FRQFUHWH��6PHDUHG�FUDFN�DSSURDFK�LV�DSSOLHG�WR�VLPXODWH�WKH�GDPDJH�
DQG�IUDFWXUH�SKHQRPHQD��7KH�EDVLV�RI�WKH�PRGHO�DUH�SODQHV�RI�YDULRXV�RULHQWDWLRQ��7KHVH�SODQHV�FDQ�EH�
LQWHUSUHWHG�DV�GDPDJH�SODQHV�RQ�D�PLFURVWUXFWXUDO� OHYHO�� OLNH� IRU�H[DPSOH� WKH�FRQWDFW� OD\HU�EHWZHHQ�
DJJUHJDWHV�LQ�FDVH�RI�FRQFUHWH��,Q�0$6$�WKH�VWDWLF�FRQVWUDLQW�LV�UHSODFHG�E\�NLQHPDWLF�FRQVWUDLQW�E\�
FDOFXODWLQJ� WKH� VWUDLQ� FRPSRQHQWV� RQ� WKH� PLFURSODQHV� DV� WKH� SURMHFWLRQ� RI� WKH� PDFURVFRSLF� VWUDLQ�
WHQVRU��%\�GRLQJ�VR��WKH�XQLTXHQHVV�RI�WKH�VROXWLRQ�IRU�D�TXDVL�EULWWOH�PDWHULDO�VXFK�DV�FRQFUHWH�FDQ�EH�
JXDUDQWHHG��)XUWKHUPRUH��IRU�UHDOLVWLF�PRGHOOLQJ�RI�FRQFUHWH�PDWHULDO�EHKDYLRXU�XQGHU�GRPLQDQW�FRP�
SUHVVLYH�ORDG��LW� LV�UHTXLUHG�WR�GHFRPSRVH�WKH�QRUPDO�VWUDLQ�FRPSRQHQW�LQWR�D�YROXPHWULF�DQG�GHYLD�
WRULF�SDUW��+RZHYHU�� WKLV� OHDGV� WR�DQ�XQUHDOLVWLF�PRGHO� UHVSRQVH� LQ�FDVH�RI�GRPLQDQW� WHQVLOH� ORDGLQJ�
ZKLFK� LV�H[SUHVVHG�E\� ODWHUDO� H[SDQVLRQ� LQ�FDVH�RI�XQLD[LDO� WHQVLRQ� ORDG��7KHUHIRUH�� WKH�PLFURSODQH�

P
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VWUDLQ� FRPSRQHQWV�QHHG�PRGLILFDWLRQ� WR� UHOD[� WKH�NLQHPDWLF� FRQVWUDLQW� WR�SUHYHQW� VXFK�SDWKRORJLFDO�
EHKDYLRXU� >��@�� 7R� HQVXUH� PHVK�LQGHSHQGHQW� UHVXOWV�� D� VR�FDOOHG� ORFDOL]DWLRQ� OLPLWHU� LV� UHTXLUHG��
7KHUHIRUH��LQ�0$6$��WKH�FUDFN�EDQG�PHWKRG�LV�XVHG�>��@��

7KH�ILQLWH�HOHPHQW�PRGHO�LV�FUHDWHG�XVLQJ�WKH�VRIWZDUH�)(0$3��6LHPHQV��ZKLFK�LV�DOVR�XVHG�IRU�
SRVW�SURFHVVLQJ�WKH�UHVXOWV��7KH�GLVFUHWL]DWLRQ�RI�WKH�FRQFUHWH�VSHFLPHQ�DQG�WKH�FRQQHFWLRQ�HOHPHQW�LV�
VKRZQ� LQ� )LJ�� �� �D��� 7KH� FRQFUHWH� VSHFLPHQ� LV� PRGHOOHG� XVLQJ� ��QRGH� WHWUDKHGUDO� HOHPHQWV�� 6WHHO�
HOHPHQWV��VXFK�DV�WKH�JXVVHW�SODWH��WKH�DQFKRU�EUDFNHW�DQG�WKH�DQFKRU�URGV�DUH�PRGHOOHG�XVLQJ���QRGH�
KH[DKHGUDO�HOHPHQWV��7KH�JXVVHW�SODWH�DQG�WKH�DQFKRU�EUDFNHW��ZKLFK�DUH�ZHOGHG�WRJHWKHU��DUH�FRQVLG�
HUHG�DV�RQH�FRPSRQHQW�LQ�WKH�QXPHULFDO�PRGHO��7R�VLPXODWH�WKH�ERQG�EHWZHHQ�WKH�DQFKRU�URGV�DQG�WKH�
FRQFUHWH����QRGH�EDU�HOHPHQWV�DUH�XWLOL]HG��7KH���QRGH�EDU�HOHPHQWV�DUH�DEOH�WR�WUDQVIHU�FRPSUHVVLRQ�
DQG�VKHDU� �ERQG�� IRUFHV��7KH�FRUUHVSRQGLQJ�GLVFUHWL]DWLRQ�RI� WKH�ERQG�VWUHVV�VOLS�EHKDYLRXU� LV� LOOXV�
WUDWHG�LQ�)LJ�����E���,W�VKRXOG�EH�QRWHG�WKDW�EHVLGHV�WKH�VLPXODWLRQ�RI�ERQGHG�DQFKRUV��WKLV�DSSURDFK�LV�
FDSDEOH�WR�VLPXODWH�WKH�LQWHUDFWLRQ�EHWZHHQ�FRQFUHWH�DQG�UHLQIRUFHPHQW�VWHHO��7KH�FRQWDFW�EHWZHHQ�WKH�
DQFKRU�EUDFNHW� DQG� WKH� FRQFUHWH� LV�PRGHOOHG�XVLQJ� FRPSUHVVLRQ�RQO\���QRGH�EDU� HOHPHQWV��7KH� DS�
SOLHG�PRGHOOLQJ�DSSURDFK�KDV�EHHQ�VXFFHVVIXOO\�HPSOR\HG�LQ�SUHYLRXV�VWXGLHV��>��@�>��@��WR�VLPXODWH�
WKH�EHKDYLRXU�RI�ERQGHG�DQFKRUV�HPEHGGHG�LQ�FRQFUHWH�DQG�KDV�EHHQ�YDOLGDWHG�DJDLQVW�H[SHULPHQWDO�
UHVXOWV��

�

�
�

�D�� �E��
)LJ���� �D�� )(� GLVFUHWL]DWLRQ� RI� WKH� FRPSOHWH� VSHFLPHQ� DQG� �E�� ,GHDOL]DWLRQ� RI� ERQG� VWUHVV�VOLS�

UHODWLRQ��

7KH�FRQQHFWLRQ�HOHPHQW�LV�ORDGHG�LQ�GLVSODFHPHQW�FRQWURO�E\�GLUHFWO\�DSSO\LQJ�WKH�ORDG�WR�WKH�QRGHV�
RI�WKH�XSSHU�IDFH�RI�WKH�JXVVHW�SODWH�DV�LQGLFDWHG�LQ�)LJ�����7KH�GLVSODFHPHQWV�DUH�VWHSZLVH�LQFUHDVHG�
LQ�LQFUHPHQWV�RI�ξʹ ڄ ͳͲିଶ�PP�������PP�SHU�VWHS�DSSOLHG�WR�HDFK�DQFKRU�JURXS���,Q�WKLV�ZD\��LW�JHQ�
HUDOO\� WDNHV������� VWHSV� WR� UHDFK� WKH�XOWLPDWH� ORDG�RI� WKH� FRQQHFWLRQ��7KH� WRWDO� IRUFH� DFWLQJ�RQ� WKH�
FRQQHFWLRQ�LV�FDOFXODWHG�IURP�WKH�VXP�RI�IRUFHV�RQ�WKH�ORDGHG�QRGHV�LQ�WKH�GLUHFWLRQ�RI�ORDGLQJ��6LPL�
ODUO\��WKH�FRQVWUDLQWV�DUH�GLUHFWO\�DSSOLHG�RQWR�WKH�QRGHV��2Q�WKH�XSSHU�VLGH�RI�WKH�FRQFUHWH�VSHFLPHQ��
FRQVWUDLQWV�DUH�DSSOLHG�WR�WKH�QRGHV�ORFDWHG�GLUHFWO\�RQ�WKH�HGJH�RI�WKH�WULDQJXODU�UHFHVV��2Q�WKH�ERW�
WRP� VLGH� RI� WKH� VSHFLPHQ� DOO� QRGHV� DUH� FRQVWUDLQW� WR� SUHYHQW� VOLGLQJ� DQG� EHQGLQJ� RI� WKH� FRQFUHWH�
VSHFLPHQ��

,Q� WKH� QXPHULFDO� VWXG\� WKH� PHDQ� F\OLQGHU� FRPSUHVVLYH� VWUHQJWK� RI� FRQFUHWH� LV� FRQVLGHUHG� DV�
IF� ����1�PPð��WKH�WHQVLOH�VWUHQJWK�RI�FRQFUHWH�LV�WDNHQ�DV�IW� �����1�PPð��)XUWKHU�PDWHULDO�SURSHUWLHV�
IRU� FRQFUHWH� WKDW� QHHG� WR�EH� VSHFLILHG� DUH� WKH�PRGXOXV�RI� HODVWLFLW\� RI� FRQFUHWH�(F� �������1�PPð��
3RLVVRQ¶V�UDWLR�ȝF� �������DQG�WKH�IUDFWXUH�HQHUJ\�*I� ������1PP�PPð��)RU�WKH�SUREOHP�DW�KDQG��WKH�
LQYHVWLJDWLRQ�LV�IRFXVHG�RQ�WKH�EUHDNRXW�EHKDYLRXU�RI�FRQFUHWH��7KHUHIRUH��WKH�VL]H�RI�WKH�DQFKRU�URGV��
WKH�HPEHGPHQW�GHSWKV�DQG�WKH�FRQFUHWH�VWUHQJWK�ZDV�FKRVHQ�LQ�D�ZD\�WR�HQVXUH�FRQFUHWH�IDLOXUH�EHIRUH�
\LHOGLQJ�RI�WKH�VWHHO�HOHPHQWV��,Q�WKLV�UHJDUG��WKH�VWHHO�HOHPHQWV�DUH�PRGHOOHG�DVVXPLQJ�OLQHDU�HODVWLF�
PDWHULDO�EHKDYLRXU�ZLWK�<RXQJ¶V�0RGXOXV�(V� ��������1�PPð�DQG�3RLVVRQ¶V�UDWLR�ȝV� ������� ,Q� WKH�
VLPXODWLRQV� ZKHUH� WKH� FRQQHFWLRQ� LV� RQO\� SDUWO\� IDVWHQHG� WR� WKH� FRQFUHWH� VSHFLPHQ�� KRZHYHU�� WKH�
QRQOLQHDU� EHKDYLRXU� RI� WKH� DQFKRU� URGV� LV� FRQVLGHUHG� XVLQJ� YRQ�0LVHV� SODVWLFLW\� FULWHULD�� 7KH� \LHOG�
VWUHVV�LV�DVVXPHG�DV�I\� �����1�PPð�DQG�WKH�XOWLPDWH�VWUHQJWK�DV�IX� �����1�PPð��

�
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���� 1XPHULFDO�UHVXOWV�DQG�HYDOXDWLRQ�
7KH�QXPHULFDO�SURJUDP�DQG�WKH�UHVXOWV�RI�WKH�QXPHULFDO�SDUDPHWULF�VWXG\� LQ�WHUPV�RI�XOWLPDWH�ORDGV�
DQG�GLVSODFHPHQWV� DW� XOWLPDWH� ORDG� DUH� VXPPDUL]HG� LQ�7DEOH���� ,Q�)LJ�� �� �D�� WKH� ORDG�GLVSODFHPHQW�
FXUYHV�RI� WKH�UHVSHFWLYH�VLPXODWLRQV�DUH�VKRZQ��7KH�VROLG�FXUYHV�PDS�WKH�UHVXOWV�RI� WKH�VLPXODWLRQV�
ZLWK� IXOO\� IDVWHQHG� FRQQHFWLRQ� DQG� WKH� GDVKHG� FXUYHV�PDS� WKH� QXPHULFDO� UHVXOWV� RI� WKH� FDVH�ZKHUH�
RQO\�RQH�RI�WKH�WZR�DQFKRU�JURXSV�ZDV�IDVWHQHG�WR�WKH�FRQFUHWH�VSHFLPHQ��SDUWLDOO\�IDVWHQHG�FRQQHF�
WLRQ���)LJ�����E��VKRZV�WKH�W\SLFDO�IDLOXUH�PRGH�DQG�WKH�FRUUHVSRQGLQJ�FUDFN�SDWWHUQ�LQ�FDVH�RI�WKH�IXOO\�
�WRS��DQG�SDUWLDOO\� �ERWWRP�� IDVWHQHG�FRQQHFWLRQ� IRU�DQ�HPEHGPHQW�GHSWK�RI�����PP��1RWH� WKDW� WKH�
FUDFNV�DUH�GLVSOD\HG� LQ� WHUPV�RI�SULQFLSDO� WHQVLOH�VWUDLQ��ZKHUH�UHG�HOHPHQWV�UHSUHVHQW�FUDFNV�ZLWK�D�
FUDFN�ZLGWK�RI�����PP�RU�ODUJHU��

7DEOH��� 1XPHULFDO�SURJUDP�DQG�VXPPDU\�RI�WKH�QXPHULFDO�UHVXOWV���

,'� (IIHFWLYH�
HPEHGPHQW�
GHSWK��KHI�
�PP��

9DOXH� 8OWLPDWH�ORDG��
3X�QXP��N1��

'LVSODFHPHQW�DW�
XOWLPDWH�ORDG��VX�
�PP��

%&����)$� ��� )XOO\�IDVWHQHG� ������� ������
%&�����)$� ���� )XOO\�IDVWHQHG� ������� ������

%&�����)$� ���� )XOO\�IDVWHQHG� ������� ������

%&����3$� ��� 3DUWO\�IDVWHQHG� ������� ������

%&�����3$� ���� 3DUWO\�IDVWHQHG� ������� ������
%&�����3$� ���� 3DUWO\�IDVWHQHG� ������� ������
�

�

�
�D�� �E��

)LJ���� �D��/RDG�GLVSODFHPHQW�FXUYHV�REWDLQHG�IURP�WKH�QXPHULFDO�DQDO\VLV�DQG��E��&UDFN�SDWWHUQ�
REWDLQHG�IRU�KHI� �����PP�LQ�FDVH�RI�D�IXOO\��)$��DQG�SDUWLDOO\��3$��IDVWHQHG�FRQQHFWLRQ��

������ %HKDYLRXU�RI�WKH�IXOO\�IDVWHQHG�FRQQHFWLRQ�
$V�FDQ�EH�VHHQ�LQ�)LJ�����D���WKH�LQLWLDO�EHKDYLRXU�RI�WKH�FRQQHFWLRQ�LV�VLPLODU�IRU�GLIIHUHQW�HPEHGPHQW�
GHSWKV��7KH�FXUYHV�VKRZ�D�UHODWLYHO\�OLQHDU�EHKDYLRXU�XQWLO�UHDFKLQJ�WKH�ILUVW�SHDN��$W�ILUVW�SHDN�LQLWLDO�
FLUFXPIHUHQWLDO� FUDFNLQJ�RFFXUV�DW� WKH� WLSV�RI� WKH�HPEHGGHG�HQGV�RI� WKH�DQFKRU� URGV��$IWHU� WKH� ILUVW�
SHDN�KDV�EHHQ�UHDFKHG��WKH�ORDG�VOLJKWO\�UHGXFHV�ZKLOH�FUDFNV�VWDUW�WR�SURSDJDWH�IURP�WKH�WLSV�RI�WKH�
DQFKRUV�FORVHVW�WR�WKH�FRUQHU�WRZDUGV�HDFK�RWKHU��$V�WKH�FUDFNV�EHWZHHQ�WKH�DQFKRUV�PHUJH��WKH�VKRUW�
SKDVH�RI�ORDG�UHGXFWLRQ�HQGV��DQG�WKH�FUDFN�JURZWK�VWDELOL]HV�DJDLQ��8SRQ�IXUWKHU�LQFUHDVH�RI�WKH�ORDG�
WKH�LQLWLDO�PLFURFUDFNV�WKDW�RFFXUUHG�DW�WKH�WLSV�RI�WKH�IURQW�DQFKRUV��WKH�DQFKRUV�IDUWKHVW�DZD\�IURP�
WKH�FRUQHU�LQ�HDFK�RI�WKH�WZR�JURXSV��EHFRPH�ZLGHU�DQG�SURSDJDWH�WRZDUGV�WKH�FRQFUHWH�VXUIDFH�ZKLOH�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

��� 6WUXFWXUDO�DQDO\VLV�DQG�GHVLJQ�

�

WKH�FUDFNV�EHWZHHQ�WKH�DQFKRUV�DW�WKH�ERWWRP�RI�WKH�EUHDNRXW�ERG\�EHFRPH�ZLGHU��8QWLO�WKH�XOWLPDWH�
ORDG�LV�UHDFKHG�WKH�FUDFN�JURZWKV�UHPDLQV�UHODWLYHO\�VWDEOH��

$IWHU�WKH�ILUVW�SHDN�DQG�WKH�VKRUW�SKDVH�RI�ORDG�UHGXFWLRQ��WKH�ORDG�GLVSODFHPHQW�EHKDYLRXU�YDULHV�
IRU�GLIIHUHQW�HPEHGPHQW�GHSWKV��,W�FDQ�EH�VHHQ��WKDW�ZLWK�LQFUHDVLQJ�HPEHGPHQW�GHSWK�WKH�EHKDYLRXU�
RI�WKH�FRQQHFWLRQ�LQ�WKH�VHFRQG�ORDGLQJ�SKDVH�LV�PDUNHGO\�VWLIIHU��7KLV�LV�DOVR�UHIOHFWHG�E\�WKH�VHFDQW�
VWLIIQHVV� YDOXH� DW� XOWLPDWH� ORDG�ZKLFK� LQFUHDVHV�ZLWK� LQFUHDVLQJ� HPEHGPHQW� GHSWK�� ,W�ZDV� DOVR� RE�
VHUYHG� LQ� WKH� QXPHULFDO� VWXG\� WKDW� ZLWK� LQFUHDVLQJ� HPEHGPHQW� GHSWK�� WKH� SRVW�SHDN� EHKDYLRXU� EH�
FRPHV�PRUH�EULWWOH��

������ &RPSDULVRQ�RI�IXOO\�DQG�SDUWO\�IDVWHQHG�FRQQHFWLRQ�
$V�FRXOG�EH�H[SHFWHG�WKH�XOWLPDWH�ORDG�UHGXFHV�VLJQLILFDQWO\�ZKHQ�RQO\�RQH�JURXS�LV� IDVWHQHG�WR�WKH�
FRQFUHWH� VSHFLPHQ�� &RPSDUHG� WR� WKH� IXOO\� IDVWHQHG� FRQQHFWLRQV�� DURXQG� ���� RI� WKH� SUHYLRXVO\�
DFKLHYHG�XOWLPDWH�ORDG�LV�REWDLQHG��,W�ZDV�IXUWKHU�REVHUYHG�WKDW�ZKHQ�WKH�XOWLPDWH�ORDG�LV�UHDFKHG�LQ�
WKH�VLPXODWLRQV�ZLWK�WKH�SDUWO\�IDVWHQHG�FRQQHFWLRQ��D�ORDG�SODWHDX�RFFXUV�EHIRUH�WKH�FRQQHFWLRQ�IDLOV��
/LNH� WKH� XOWLPDWH� ORDG�� WKH� LQLWLDO� VWLIIQHVV� UHGXFHV� PDUNHGO\� ZKHQ� RQO\� RQH� RI� WKH� WZR� JURXSV� LV�
IDVWHQHG�WR�WKH�FRQFUHWH�VSHFLPHQ�DV�FDQ�EH�VHHQ�LQ�)LJ�����D���7R�FRPSDUH�WKH�LQLWLDO�VWLIIQHVV�RI�WKH�
SDUWO\�DQG�WKH�IXOO\�IDVWHQHG�FRQQHFWLRQV�WKH�VHFDQW�VWLIIQHVV�YDOXHV�DW�ILUVW�SHDN�DUH�GHWHUPLQHG��,W�LV�
IRXQG�WKDW�ZKHQ�RQO\�RQH�JURXS�LV�IDVWHQHG�WR�WKH�FRQFUHWH�VSHFLPHQ�WKH�VWLIIQHVV�UHGXFHV�E\�DURXQG�
����RQ�DYHUDJH�DV�FRPSDUHG�WR�WKH�IXOO\�IDVWHQHG�FRQQHFWLRQ��7KLV�DOVR�DSSOLHV�WR�WKH�VHFDQW�VWLIIQHVV�
DW�XOWLPDWH�ORDG�ZKHUH�WKH�VWLIIQHVV�RI�WKH�SDUWO\�IDVWHQHG�FRQQHFWLRQV�LV�RQ�DYHUDJH�����RI�WKH�VWLII�
QHVV�REWDLQHG�IURP�WKH�IXOO\�IDVWHQHG�FRQQHFWLRQV��7KHVH�ILQGLQJV�VXJJHVW�WKDW��DVVXPLQJ�WZR�VWDQG�
DORQH�DQFKRU�JURXSV��WKH�VWLIIQHVV�DQG�XOWLPDWH�ORDG�RI�WKH�FRPSOHWH�FRQQHFWLRQ�LV�VLPSO\�FRPSRVHG�
RI� WKH� LQGLYLGXDO�YDOXHV�RI� WKH� WZR�JURXSV��7KH� ORDG�GLVSODFHPHQW�EHKDYLRXU�RI� WKH�FRQQHFWLRQ�FDQ�
WKHUHIRUH�EH�GHWHUPLQHG�IURP�WKH�EHKDYLRXU�RI�WKH�LQGLYLGXDO�DQFKRU�JURXSV��+RZHYHU��WKH�YDOLGLW\�RI�
WKLV�DVVXPSWLRQ� LV� OLPLWHG� WR� WKH�DVFHQGLQJ�EUDQFK�RI� WKH� ORDG�GLVSODFHPHQW�FXUYH�XQWLO� WKH�XOWLPDWH�
ORDG�LV�UHDFKHG��7KHUHDIWHU�WKH�SRWHQWLDO�EHQHILFLDO�JHRPHWULFDO�HIIHFW�RI�WKH�FRUQHU�WKDW�OHG�WR�WKH�ORDG�
SODWHDX�LQ�FDVH�RI�WKH�SDUWO\�IDVWHQHG�FRQQHFWLRQ�LV�QHXWUDOL]HG�E\�WKH�PXWXDO�HIIHFW�RI�WKH�WZR�DQFKRU�
JURXSV��

�� $QDO\WLFDO�GHVLJQ�DSSURDFK�
&XUUHQW�VWDQGDUGV�IRU�WKH�GHVLJQ�RI�IDVWHQLQJV��VXFK�DV�(1��������>��@��DUH�OLPLWLQJ�WKH�XVH�RI�SRVW�
LQVWDOOHG� DQFKRUV� WR� UHFWDQJXODU� DQFKRU� FRQILJXUDWLRQV� ZLWK� PD[LPXP� WKUHH� DQFKRUV� LQ� D� URZ�� $Q�
DQFKRU�FRQILJXUDWLRQ�DV�VKRZQ�LQ�)LJ���� LV�RXW�RI� WKH�VFRSH�RI�FXUUHQW� VWDQGDUGV�DQG�JXLGHOLQHV�DQG�
KHQFH�QR�GHVLJQ�VROXWLRQ� LV�DYDLODEOH�IRU�VXFK�D�FRQILJXUDWLRQ�� ,Q�WKH�QXPHULFDO�SDUDPHWULF�VWXG\�� LW�
ZDV�VKRZQ�WKDW�WKH�XOWLPDWH�FDSDFLW\�RI�WKH�FRPSOHWH�FRQQHFWLRQ�LV�EDVLFDOO\�WZLFH�WKH�FDSDFLW\�RI�WKH�
FRQQHFWLRQ�ZKHQ�RQO\�RQH�RI�WKH�WZR�SHUSHQGLFXODU�JURXSV�LV�IDVWHQHG�WR�WKH�FRQFUHWH��$FFRUGLQJO\��
WKH�VLPSOHVW�GHVLJQ�VROXWLRQ�IRU� WKH�FRPSOHWH�FRQQHFWLRQ�LV� WR�GHWHUPLQH� WKH�FDSDFLW\�RI�RQH�DQFKRU�
JURXS�E\�XVLQJ�WKH�PHWKRGV�SURYLGHG�E\�(1��������>��@�DQG�FDOFXODWH�WKH�FDSDFLW\�RI�WKH�FRPSOHWH�
FRQQHFWLRQ�DV�WZLFH�WKH�FDSDFLW\�RI�RQH�JURXS��

:KHQ�FDOFXODWLQJ�WKH�XOWLPDWH�FDSDFLW\�RI�RQH�JURXS��LW�LV�DVVXPHG�WKDW�WKH�ORDG�LV�DFWLQJ�RQ�WKH�
DQFKRU�JURXS�DW�DQ�DQJOH�RI������7KXV�� WKH�DQFKRU�JURXS�LV�VLPXOWDQHRXVO\� ORDGHG�LQ�VKHDU�DQG� WHQ�
VLRQ�� ,Q�(1��������>��@�DQ� LQWHUDFWLRQ�EHWZHHQ�WHQVLRQ�DQG�VKHDU� LV�FRQVLGHUHG�XVLQJ� WKH�IROORZLQJ�
HTXDWLRQ��
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,Q�(TXDWLRQ����1�DQG�9�DUH�WKH�WHQVLRQ�DQG�VKHDU�ORDGV�DFWLQJ�RQ�WKH�DQFKRU�JURXSV��UHVSHFWLYHO\��15�
DQG�95�DUH� WKH�PLQLPXP�FDSDFLWLHV� IRU� WHQVLRQ�DQG�VKHDU�FDOFXODWHG� IRU� WKH� UHOHYDQW� IDLOXUH�PRGHV��
UHVSHFWLYHO\��DQG�N�LV�WKH�H[SRQHQW�ZKLFK�GHILQHV�WKH�LQWHUDFWLRQ�EHWZHHQ�WHQVLRQ�DQG�VKHDU�ORDGV��

$FFRUGLQJ�WR�(1��������>��@�UHOHYDQW�IDLOXUH�PRGHV�LQ�WHQVLRQ�LQFOXGH�VWHHO�IDLOXUH��FRQFUHWH�FRQH�
IDLOXUH��VSOLWWLQJ�IDLOXUH�DQG�FRPELQHG�FRQFUHWH�FRQH�DQG�SXOO�RXW�IDLOXUH�IRU�ERQGHG�DQFKRUV��,Q�VKHDU��
VWHHO�IDLOXUH�DQG�SU\�RXW�IDLOXUH�DUH�FRQVLGHUHG��2IWHQ�WKH�FRQFUHWH�UHODWHG�IDLOXUH�PRGHV�DUH�JRYHUQLQJ�
WKH�GHVLJQ� DV� WKH\� \LHOG� WKH� ORZHVW� FDSDFLW\�� 7KLV� LV� DOVR� WKH� FDVH�ZLWK� WKH�SUREOHP�DW� KDQG�ZKHUH�
FRQFUHWH� FRQH� IDLOXUH� JRYHUQV� WKH� GHVLJQ� IRU� WKH� WHQVLRQ� UHODWHG� IDLOXUH� PRGHV� DQG� SU\�RXW� IDLOXUH�
JRYHUQV�WKH�GHVLJQ�IRU�WKH�VKHDU�UHODWHG�IDLOXUH�PRGHV��,W�VKRXOG�EH�QRWHG�WKDW�PHDQ�YDOXHV�ZHUH�XVHG�
WR�FDOFXODWH�WKH�FDSDFLWLHV�RI�WKH�FRQFUHWH�UHODWHG�IDLOXUH�PRGHV��)RU�WKH�LQWHUDFWLRQ�EHWZHHQ�WHQVLRQ�
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DQG�VKHDU��DQ�H[SRQHQW�N� �����LV�FRQVLGHUHG�DV�SURSRVHG�E\�(1��������>��@�IRU�IDLOXUH�PRGHV�RWKHU�
WKDQ� VWHHO� IDLOXUH�� ,W� LV� DVVXPHG� WKDW� GXH� WR� WKH� JXVVHW� SODWH� WKH� ORDGV� DUH� HYHQO\� GLVWULEXWHG� WR� WKH�
LQGLYLGXDO�DQFKRUV�RI�WKH�JURXS�DQG�WKXV�FHQWULF�ORDGLQJ�LV�FRQVLGHUHG��)XUWKHUPRUH��WZR�FORVH�SDUDOOHO�
HGJHV�KDYH�WR�EH�FRQVLGHUHG�ZLWK�DQ�HGJH�GLVWDQFH�RI����PP��7KH�XOWLPDWH�FDSDFLW\�RI�RQH�JURXS�LV�
WKHQ� FDOFXODWHG� DVVXPLQJ������XWLOL]DWLRQ�RI�(TXDWLRQ���� 7KH� FDSDFLWLHV� WKXV�REWDLQHG� DUH� VXPPD�
UL]HG�LQ�7DEOH����

7DEOH��� &DOFXODWHG�YDOXHV�IRU�WKH�XOWLPDWH�FDSDFLW\�RI�RQH�JURXS�DQG�WKH�FRPSOHWH�FRQQHFWLRQ�DQG�
FRPSDULVRQ�ZLWK�QXPHULFDO�UHVXOWV��

(IIHFWLYH�
HPEHGPHQW�
GHSWK��KHI�
�PP��

2QH�DQFKRU�JURXS� &RPSOHWH�FRQQHFWLRQ��WZR�JURXSV��

&DOFXODWHG�FDSDFLW\��
3(1�������3$��N1��

ாܲேଵଽଽଶିସǡ

௨ܲǡ௨ǡ
� &DOFXODWHG� FDSDFLW\��

3(1�������)$��N1��
ாܲேଵଽଽଶିସǡி

௨ܲǡ௨ǡி
�

KHI� ����PP� ����� ����� ������ �����

KHI�  � ����
PP�

����� ����� ������ �����
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PP�
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�
$V� FDQ� EH� VHHQ�� WKH� FDSDFLWLHV� FDOFXODWHG� IRU� GLIIHUHQW� HPEHGPHQW� GHSWKV� DUH� HVVHQWLDOO\� WKH� VDPH��
&RPSDUHG� WR� WKH� QXPHULFDOO\� REWDLQHG� UHVXOWV�� WKLV� UHVXOWV� LQ� D� VLJQLILFDQW� XQGHUHVWLPDWLRQ� RI� WKH�
FDSDFLW\�RI�WKH�FRQQHFWLRQ��HVSHFLDOO\�IRU�ODUJHU�HPEHGPHQW�GHSWKV��7KHUH�DUH�VHYHUDO�SRVVLEOH�H[SOD�
QDWLRQV�IRU�WKLV��)LUVW��WKH�IDFW�WKDW�(1��������>��@�GRHV�QRW�UHFRJQL]H�D�FRUQHU�FRQILJXUDWLRQ�PHDQV�
WKDW�QR�SRVVLEOH�EHQHILFLDO�HIIHFW�RI�WKH�VDPH�FDQ�EH�FRQVLGHUHG��$�IDYRXUDEOH�EHKDYLRXU�RI�WKH�FRP�
SOHWH� FRQQHFWLRQ� XQWLO� WKH� XOWLPDWH� ORDG� LV� UHDFKHG�� ZRXOG� SDUWO\� H[SODLQ� WKH� VLJQLILFDQW� GLIIHUHQFH�
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DSSURDFK�XVLQJ�WKH�PHWKRGV�SURYLGHG�E\�(1��������>��@��7KH�PDLQ�FRQFOXVLRQV�RI�WKH�LQYHVWLJDWLRQ�
DUH��

��� :LWK�LQFUHDVLQJ�HPEHGPHQW�GHSWK��WKH�EHKDYLRXU�RI�WKH�IXOO\�IDVWHQHG�FRQQHFWLRQ�EHFRPHV�
VWLIIHU�LQ�WKH�DVFHQGLQJ�EUDQFK�RI�WKH�ORDG�GLVSODFHPHQW�FXUYH��ZKLOH�WKH�SRVW�SHDN�EHKDYLRXU�
EHFRPHV�PRUH�EULWWOH��
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VPHDUHG�FUDFN�DSSURDFK��H�J���>��@��>��@��>��@�DPRQJ�RWKHUV���,Q�WKLV�SDSHU��WKH�VRIWZDUH�',$1$�)($�
�YHUVLRQ�������LV�XVHG�WR�VLPXODWH�WKH�SXQFKLQJ�VKHDU�IDLOXUH��7KH�IROORZLQJ�VHFWLRQ�H[SODLQV�WKH�FRQVWL�
WXWLYH�PRGHO�LPSOHPHQWHG�WR�UHSUHVHQW�WKH�QRQOLQHDU�EHKDYLRU�RI�UHLQIRUFHG�FRQFUHWH��
�

���� 0DWHULDO�FRQVWLWXWLYH�PRGHOV�
7KH�FRQFUHWH�EHKDYLRU�ZDV�PRGHOHG�XVLQJ�WKH�WRWDO�VWUDLQ�IL[HG�VPHDUHG�FUDFN�DSSURDFK�LPSOHPHQWHG�
LQ�',$1$�)($��ZKLFK�LV�EDVHG�RQ�WKH�IRUPXODWLRQV�RI�WKH�0&)7��9HFFKLR�DQG�&ROOLQV�������>�@��DQG�
LWV��'�H[WHQVLRQ�E\�6HOE\�DQG�9HFFKLR��������>��@��%HIRUH�FUDFNLQJ��WKH�FRQFUHWH�LV�UHSUHVHQWHG�DV�D�
OLQHDU�HODVWLF�LVRWURSLF�PDWHULDO��$V�VRRQ�DV�WKH�SULQFLSDO�VWUHVV�YLRODWHV�WKH�WHQVLOH�VWUHQJWK�LQ�DQ�LQWH�
JUDWLRQ�SRLQW��WKH�LVRWURSLF�IRUPXODWLRQ�LV�VZLWFKHG�LQWR�DQ�RUWKRWURSLF�IRUPXODWLRQ�GHILQHG�DW�D�ORFDO�
FRRUGLQDWH�V\VWHP�DORQJ�WKH�FUDFN�SODQHV��7KH�FUDFNHG�FRQFUHWH�LV�WUHDWHG�DV�D�FRQWLQXXP�PDWHULDO��DQG�
WKH�TXDVH�EULWWOH�EHKDYLRU�LV�VLPXODWHG�ZLWK�WKH�UHGXFWLRQ�RI�WKH�PDWHULDO�VWUHQJWK�DV�D�IXQFWLRQ�RI�WKH�
ORDGLQJ�KLVWRU\��,Q�WKLV�PRGHO��ERWK�WKH�WHQVLOH�DQG�WKH�FRPSUHVVLYH�EHKDYLRU�RI�FRQFUHWH�FDQ�EH�FDSWXUHG�
ZLWKLQ�XQLD[LDO�VWUHVV�VWUDLQ�IRU�WHQVLRQ�DQG�FRPSUHVVLRQ����

7KH�DGRSWHG�VWUHVV�VWUDLQ�WHQVLRQ�VRIWHQLQJ�FXUYH�LV�FRQVLGHUHG�DFFRUGLQJ�WR�+RUGLMN��������>��@�DV�
D�IXQFWLRQ�RI�WKH�IUDFWXUH�HQHUJ\��*)���DQG�WHQVLOH�VWUHQJWK��IW���7KH�FRQFUHWH�FRPSUHVVLYH�EHKDYLRU�LV�
GHVFULEHG�ZLWK� WKH�SDUDEROLF�FXUYH�SURSRVHG�E\�)HHQVWUD� �������>��@�� LQ�ZKLFK� WKH�VRIWHQLQJ�RI� WKH�
FRQFUHWH�LV�JRYHUQHG�E\�WKH�FRPSUHVVLYH�IUDFWXUH�HQHUJ\��*F��DQG�WKH�FKDUDFWHULVWLF�HOHPHQW�OHQJWK��K���
7KH� IDLOXUH� FULWHULRQ� IRU� FRPSUHVVLRQ� FRQVLGHUV� ODWHUDO� FRQILQHPHQW�� DFFRUGLQJ� WR� +VLHK� HW�
DO���������>��@��$�YDULDEOH�VKHDU�UHWHQWLRQ�IDFWRU�LV�XVHG�IRU�WKH�UHGXFWLRQ�RI�WKH�VKHDU�VWLIIQHVV�LQ�WKH�
FUDFNHG�VWDWH��7KH�FUDFNHG�VKHDU�PRGXOXV�LV�FDOFXODWHG�DVVXPLQJ�WKDW�WKH�VHFDQW�VKHDU�VWLIIQHVV�GHJUDGHV�
DW�WKH�VDPH�UDWH�DV�WKH�QRUPDO�VWLIIQHVV�GXH�WR�FUDFNLQJ�DQG�FRQVLGHULQJ�WKH�UHGXFWLRQ�RI�WKH�3RLVVRQ¶V�
UDWLR�DV�D�IXQFWLRQ�RI�FUDFN�VWUDLQ�YDOXHV��7KH�UHLQIRUFLQJ�EDUV�DGRSWHG�D�OLQHDU�HODVWLF�LGHDOO\�SODVWLF�
EHKDYLRU��$GGLWLRQDOO\��LQWHUIDFH�HOHPHQWV�DUH�XVHG�WR�PRGHO�WKH�ERQG�VWUHVV�DQG�VOLS�EHWZHHQ�WKH�VWHHO�
EDU�DQG�FRQFUHWH��

�� %HQFKPDUN�
7KH�GHVFULEHG�UHLQIRUFHG�FRQFUHWH�FRQVWLWXWLYH�PRGHO�ZDV�YDOLGDWHG�WKURXJK�WKH�QXPHULFDO�VLPXODWLRQ�
RI�H[SHULPHQWDO�WHVWV�SHUIRUPHG�E\�*XDQGDOLQL�HW�DO���������>��@��7KH�VHOHFWHG�VODE�WHVWV�ZHUH�IRFXVHG�
RQ�VWXG\LQJ� WKH� VL]H�HIIHFW� DQG� UHLQIRUFHPHQW� UDWLR� LQ�SXQFKLQJ�VKHDU� IDLOXUH��7KH�VSHFLPHQV�FRUUH�
VSRQGHG�WR�VTXDUHG�LVRODWHG�VODE�DQG�UHSUHVHQWHG�WKH�QHJDWLYH�PRPHQW�UHJLRQ�RI�DQ�LQWHUQDO�FROXPQ�
�)LJXUH�����,Q�WRWDO��VHYHQ�LVRODWHG�VODE�VSHFLPHQV�ZHUH�FRQVLGHUHG�IRU�WKH�QXPHULFDO�LQYHVWLJDWLRQ��7D�
EOH�����7KHVH�VSHFLPHQV�ZHUH�GLYLGHG� LQWR� WKUHH�FDWHJRULHV�KDOI�VL]H�� IXOO�VL]H��DQG�GRXEOH�VL]H��7KH�
DPRXQW�RI�IOH[XUDO�UHLQIRUFHPHQW��ȡ��UDQJHG�EHWZHHQ�������DQG������ZLWK�\LHOGLQJ�VWUHVV��I\��DERXW�
����03D��7KH�VODEV�ZHUH�FDVW�ZLWK�D����03D�FRQFUHWH�VWUHQJWK��IF��DQG�D�PD[LPXP�DJJUHJDWH�VL]H�RI�
���PP���

��
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)LJ����� *HRPHWU\�RI�VODEV�WHVWHG�E\�*XDQGDOLQL�HW�DO���������>��@��SODQ�YLHZ��OHIW��DQG�ODWHUDO�YLHZ�
�ULJKW���
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)LQLWH�HOHPHQW�PRGHOLQJ�RI�VL]H�HIIHFW�RQ�SXQFKLQJ�VKHDU�VWUHQJWK�FRQFUHWH�VODEV�ZLWKRXW�VKHDU�UHLQIRUFHPHQW��

5DIDHO�6DQDEULD�'tD]��/HDQGUR�0RXWD�7UDXWZHLQ�DQG�/XL]�&DUORV�GH�$OPHLGD� �� ���
�

�

7DEOH��� 0DLQ�SDUDPHWHUV�RI�WKH�VHULHV�WHVWHG�E\�*XDQGDOLQL�HW�DO���������>��@���

� 'LPHQVLRQV� 0DWHULDO�SURSHUWLHV�

6ODE� %�>P@� UT�>P@� F�>P@� G�>P@� IF�>03D@� ȡ�>�@� I\�>03D@�

3*��� ���� ������ ������ ������ ����� ����� ����

3*���� ���� ����� ������ ������ ����� ����� ����

3*��� ���� ����� ������ ������ ����� ����� ����
3*��� ���� ������ ������ ������ ����� ����� ����

3*���� ���� ����� ������ ������ ����� ����� ����

3*��� ���� ������ ������ ������ ����� ���� ����

3*��� ���� ����� ������ ������ ����� ���� ����
�

���� 0RGHOLQJ�VWUDWHJLHV�
7KH�VODE�DQG�VWHHO�SODWHV�ZHUH�UHSUHVHQWHG�E\�D�VWUXFWXUDO�PHVK�FRQVLVWLQJ�RI�KH[DKHGUDO�HOHPHQWV�ZLWK�
���QRGHV�DQG�TXDGUDWLF�LQWHUSRODWLRQ��,QWHUIDFH�HOHPHQWV��ZLWK�]HUR�WHQVLOH�VWLIIQHVV��ZHUH�SODFHG�EH�
WZHHQ�WKH�FRQFUHWH�DQG�SODWH�HOHPHQWV��5HLQIRUFHG�EDUV�ZHUH�UHSUHVHQWHG�E\�HPEHGGHG�EHDP�HOHPHQWV��
WKDW�LQFOXGHG�ERQG�VOLS�ZLWK�FRQFUHWH�HOHPHQWV��$V�VKRZQ�LQ�)LJXUH����RQO\�RQH�TXDUWHU�RI�WKH�VODEV�ZDV�
VLPXODWHG�LQ�RUGHU�WR�UHGXFH�FRPSXWDWLRQDO�FRVW��/DWHUDO�FRQVWUDLQWV�ZHUH�LPSRVHG�DW�WKH�V\PPHWU\�D[LV��
DQG�YHUWLFDO�GLVSODFHPHQW�ZDV�UHVWULFWHG�DW�VXSSRUW�SODWHV��7KH�WHVW�ORDGLQJ�ZDV�VLPXODWHG�ZLWK�DQ�LQ�
FUHPHQWDO�GLVSODFHPHQW�DW�WKH�FHQWHU�QRGH�RI�WKH�ORDGLQJ�SODWH��

�$OO�WKH�)(�PRGHOV�ZHUH�GLVFUHWL]HG�ZLWK�HLJKW�HOHPHQW�OD\HUV�WKURXJK�WKH�VODE�WKLFNQHVV��WKLV�PHDQV�
WKDW��LQ�JHQHUDO��WKH�QXPEHU�RI�GHJUHHV�RI�IUHHGRP�ZDV�WKH�VDPH�IRU�DOO�WKH�VLPXODWLRQV��7KLV�DSSURDFK�
FRYHUV�WKH�SRVVLELOLW\�RI�PHVK�ELDV��ZKLFK�PD\�RFFXU�XVLQJ�VPHDUHG�FUDFN�PRGHOV�>��@��$V�VKRZQ�LQ�
)LJXUH����D�PRUH� UHILQHG�PHVK�ZDV�XVHG�FORVH� WR� WKH� ORDGHG�DUHD��ZKHUH�ZDV�H[SHFWHG� WR�RFFXU� WKH�
SXQFKLQJ�VKHDU�IDLOXUH��)RU�WKH�VLPXODWLRQV��WKH�PDWHULDO�SURSHUWLHV�ZHUH�PRGHOOHG�DFFRUGLQJ�WR�WKH�GDWD�
UHSRUWHG�IURP�WKH�WHVWV�DQG�WKH�FRQVWLWXWH�PRGHOV�SUHVHQWHG�LQ�WKH�SUHYLRXV�VHFWLRQV��7KH�FUDFN�EDQG��K��
ZDV�FRQVLGHUHG�DV�WKH�FXELF�URRW�RI�HOHPHQW�YROXPH��)RU�WKH�LQFUHPHQWDO�LWHUDWLYH�VROXWLRQ�DQDO\VLV��WKH�
TXDVL�1HZWRQ��VHFDQW��PHWKRG�ZDV�DGRSWHG��7KH�FRQYHUJHQFH�FULWHULD�ZHUH�EDVHG�RQ�HQHUJ\�DQG�IRUFH�
EDODQFH�FULWHULD���

�

�
)LJ����� 7\SLFDO�PHVK�DQG�ERXQGDU\�FRQGLWLRQV�DGRSWHG�IRU�WKH�VLPXODWLRQV��

���� &RPSDULVRQ�EHWZHHQ�QXPHULFDO�DQG�H[SHULPHQWDO�UHVXOWV�
7KH�XOWLPDWH�SXQFKLQJ�FDSDFLW\��WKH�ORDG�URWDWLRQ��ȥ��UHVSRQVH�DQG�FUDFN�SDWWHUQ�EHWZHHQ�WKH�QXPHULFDO�
DQG�H[SHULPHQWDO�UHVXOWV�DUH�FRPSDUHG�LQ�WKLV�VHFWLRQ��$V�FDQ�EH�VHHQ�LQ�)LJXUH���D���WKH�SXQFKLQJ�VKHDU�
ZDV�DFFXUDWHO\�HVWLPDWHG�E\� WKH�QXPHULFDO�VLPXODWLRQV��7KLV�FRPSDULVRQ�UHYHDOV� WKDW� WKH�VL]H�HIIHFW�
REVHUYHG�H[SHULPHQWDOO\�ZDV�UHSURGXFHG�QXPHULFDOO\�ZLWK�D�JRRG�DJUHHPHQW��7KLV�UHVXOW�LV�DOVR�YHULILHG�
LQ�)LJXUH���E���LQ�ZKLFK�WKH�ORDG�URWDWLRQ�UHVSRQVH�RI�VODEV�3*�����QRUPDO�VL]H��DQG�3*����GRXEOH�VL]H���

,PSRVHG�LQFUHPHQWDO�
GLVSODFHPHQW
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VXSSRUW�SODWHV

ODWHUDO�UHVWUDLQW�
DORQJ�V\PPHWU\�D[LV
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��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

��� 6WUXFWXUDO�DQDO\VLV�DQG�GHVLJQ��

�

DUH�FRPSDUHG��7KH�VKDSH�RI�WKH�FXUYHV�FRQILUPV�WKDW�WKH�IDLOXUH�LQ�WKH�GRXEOH�VL]H�VODE�LV�FDXVHG�PDLQO\�
E\�D�EULWWOH�FUDFNLQJ�IDLOXUH�DW�DQ�XOWLPDWH�ORDG�ORZHU�WKDQ�WKH�VODE¶V�IOH[XUDO�FDSDFLW\��2Q�WKH�RWKHU�
KDQG��WKH�VODE�3*�����H[KLELWV�D�ORQJ�KRUL]RQWDO�SODWHDX��LQGLFDWLQJ�GXFWLOH�EHKDYLRU��7KHVH�UHVXOWV�UHS�
UHVHQW�D�FRQILUPDWLRQ�RI�WKH�VL]H�HIIHFW�ODZ��7KH�QXPHULFDO�VLPXODWLRQV�FDUULHG�RXW�LQ�WKLV�VWXG\�ZHUH�
FDSDEOH�RI�UHSUHVHQWLQJ�WKLV�EHKDYLRU���

� �

�

)LJ����� 3XQFKLQJ�VKHDU�FDSDFLW\��OHIW���/RDG�URWDWLRQ�FXUYHV�RI�3*����DQG�3*���VODEV��ULJKW���

7KH�QXPHULFDO�FUDFNLQJ�SDWWHUQ�ZDV�REWDLQHG�PXOWLSO\LQJ�WKH�PD[LPXP�SULQFLSDO�VWUDLQ�E\�WKH�FKDUDF�
WHULVWLF�HOHPHQW�OHQJWK��K���7KH�)LJXUH���SUHVHQWV�WKH�FRPSDULVRQ�RI�WKH�FUDFN�SDWWHUQV�RI�VODE�3*���DQG�
3*����DW�WKH�SHDN�ORDG��,Q�WKH�QXPHULFDO�FRQWRXU�SORW��WKH�FRORU�OHJHQG�FRUUHVSRQGV�WR�WKH�VWDWXV�FUDFN��
DQG�LW�LV�OLQNHG�WR�WKH�+RUGLMN��������>��@�VRIWHQLQJ�FXUYH��%DVHG�RQ�WKH�ORFDWLRQ�DQG�WKH�VKDSH�RI�WKH�
FULWLFDO�VKHDU�FUDFNV��WKH�VLPXODWLRQV�VKRZ�D�JRRG�DJUHHPHQW�ZLWK�WKH�H[SHULPHQWDO�IDLOXUH�FUDFNV��)XU�
WKHUPRUH��QXPHULFDO�PRGHOV�ZHUH�DEOH�WR�FDSWXUH�WKH�ORFDOL]HG�SXQFKLQJ�VKHDU�FUDFN�DW�WKH�SHDN�ORDG���
�
�

�

�
�
�

�

�

)LJ������ &RPSDUVLRQ�EHWZHHQ�WKH�QXPHULFDO�DQG�H[SHULPHQWDO�FUDFN�SDWWHUQV�DW�SHDN�ORDG�IRU�VODEV�
3*��� �WRS��DQG�3*���� �ERWWRP���7KH�FRORU� OHJHQG� LQGLFDWHG� WKH�VWDWXV�FUDFN��HODVWLF��QR�
FUDFN��EOXH���RSHQLQJ��RUDQJH���DQG�IXOO�RSHQLQJ��UHG����

�� &RPSDULVRQ�RI�SUHGLFWHG�WKH�VL]H�HIIHFW�DFFRUGLQJ�WR�WKH�&6&7�DQG�)UDFWXUH�
0HFKDQLFV��

7R�LQYHVWLJDWH�WKH�VL]H�HIIHFW�RQ�SXQFKLQJ�VKHDU�IDLOXUH�DQG�H[WHQG�WKH�H[SHULPHQWDO�GDWD�REWDLQHG�E\�
*XDQGDOLQL�HW�DO���������>��@��WKUHH�DGGLWLRQDO�PRGHOV�ZHUH�VLPXODWHG�LQ�WKLV�VWXG\��8VLQJ�WKH�FRQVWLWX�
WLYH�PRGHOV�DQG�PRGHOOLQJ�VWUDWHJLHV��YDOLGDWHG�LQ�SUHYLRXV�VHFWLRQ��WKH�IROORZLQJ�VODEV�ZHUH�VLPXODWHG��
�L��KDOI�VL]H�ZLWK�ȡ� ���������LL��GRXEOH�VL]H�ZLWK�ȡ� ��������DQG��LLL��GRXEOH�VL]H�ZLWK�ȡ� �������7KH�
ORDG�REWDLQHG�IURP�WKH�QXPHULFDO�PRGHOV�ZDV�FRPSDUHG�WR�WKH�RQHV�FDOFXODWHG�DFFRUGLQJ�WR�WKH�&6&7�
DQG�WKH�HTXDWLRQ�SURSRVHG�E\�'|QPH]�DQG�%DåDQW��������>�@���
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)LQLWH�HOHPHQW�PRGHOLQJ�RI�VL]H�HIIHFW�RQ�SXQFKLQJ�VKHDU�VWUHQJWK�FRQFUHWH�VODEV�ZLWKRXW�VKHDU�UHLQIRUFHPHQW��

5DIDHO�6DQDEULD�'tD]��/HDQGUR�0RXWD�7UDXWZHLQ�DQG�/XL]�&DUORV�GH�$OPHLGD� �� ���
�

�

'|QPH]�DQG�%DåDQW��������>�@�SURSRVHG�WKH�(TXDWLRQV�����IRU�WKH�SXQFKLQJ�VKHDU�VWUHQJWK�LQ�WZR�ZD\V�
VODEV�EDVHG�RQ�OHDVW�VTXDUH�RSWLPL]DWLRQ�RI�WKH�ILW�RI�WKH�$&,�����GDWDEDVH��XVLQJ�IUDFWXUH�PHFKDQLFV�
SULQFLSOHV���
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ZKHUH�Y��LV�WKH�QRPLQDO�SXQFKLQJ�VKHDU�VWUHQJWK��ș�LV�WKH�VL]H�HIIHFW�IDFWRU��G��DQG�Ȝ�DUH�HPSLULFDO�FRQ�
VWDQWV�FRUUHVSRQGLQJ�WR����PP�DQG�����03D�����UHVSHFWLYHO\��DQG�E�LV�WKH�SHULPHWHU�RI�WKH�ORDGHG�DUHD��

,Q�WKH�PHFKDQLFDO�PRGHO�SURSRVHG�E\�0XWWRQL��������>�@��WKH�SXQFKLQJ�VKHDU�FDSDFLW\�LV�FDOFXODWLQJ�
DV�D�IXQFWLRQ�RI�WKH�DJJUHJDWH�VL]H��GJ��DQG�WKH�RSHQLQJ�RI�D�FULWLFDO�VKHDU�FUDFN��7KH�SXQFKLQJ�ORDG�LV�
HVWLPDWHG�E\�DSSO\LQJ�WKH�IROORZLQJ�IDLOXUH�FULWHULRQ����
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ZKHUH�E��LV�WKH�SHULPHWHU�PHDVXUHG�DW�GLVWDQFH�G���IURP�FROXPQ�IDFH�DQG�GJ����LV�WKH�UHIHUHQFH�DJJUHJDWH�
VL]H�����PP���'HVSLWH�WKH�WKHRUHWLFDO�EDFNJURXQG�DQG�H[SHULPHQWDO�YDOLGDWLRQ�RI�WKH�&6&7��VRPH�GLV�
FXVVLRQ�KDV�EHHQ�UDLVHG�DERXW�KRZ�WKH�VL]H�HIIHFW�LV�DFFRXQWHG�IRU�LQ�WKLV�DSSURDFK��$FFRUGLQJ�WR�WKH�
HQHUJHWLF�VL]H�HIIHFW�ODZ��6(/���WKH�VWHHSHVW�SRVVLEOH�VORSH�IRU� Gof �LV�������LQ�GRXEOH�ORJ�VFDOH���
FRUUHVSRQGLQJ�WR�WKH�HQHUJ\�GLVVLSDWLRQ�E\�D�SRLQW�ZLVH�FUDFN�WLS��+RZHYHU��WKH�&6&7�SUHGLFWV�DQ�DV�
\PSWRWLF�VORSH�IRU�VL]H�HIIHFW�LQ�SXQFKLQJ�IDLOXUH�PLOGHU�WKDW�������,Q�IDFW��WKH�ORDG�URWDWLRQ�FXUYH��EDVHG�
RQ�TXDGULOLQHDU�PRPHQW�FXUYDWXUH��DQG�WKH�IDLOXUH�FULWHULRQ�\LHOGV�WR�DQ�LQIOXHQFH�RI�WKH�VL]H�HIIHFW�RQ�
SXQFKLQJ�VWUHQJWK�JRYHUQHG�E\�D�VORSH�FORVHU� WR�������7KLV� WUHQG�LV� MXVWLILHG�E\� WKH�UHGLVWULEXWLRQ�RI�
LQWHUQDO�IRUFHV�LQ�UHGXQGDQW�VWUXFWXUHV�VXFK�DV�IODW�VODEV�>��@��

7KH�SUHYLRXV�DSSURDFKHV�ZHUH�FRPSDUHG�ZLWK�WKH�QXPHULFDO�UHVXOWV�REWDLQHG�IURP�WKH�VLPXODWLRQV��
)LJXUH���FRPSDUHV�WKH�ORDG�URWDWLRQ�UHVSRQVH�RI�WKH�DGGLWLRQDO�VLPXODWLRQV�ZLWK�WKH�TXDGULOLQHDU�ORDG�
URWDWLRQ�UHODWLRQVKLS��)XUWKHUPRUH��WKH�SXQFKLQJ�ORDG�REWDLQHG�EDVHG�RQ�WKH�&6&7�IDLOXUH�FULWHULRQ�DQG�
WKH�HTXDWLRQ�SURSRVHG�E\�'|QPH]�DQG�%DåDQW��������DUH�DOVR�FRPSDUHG�� ,W�FDQ�EH�REVHUYHG� WKDW� LQ�
JHQHUDO��ERWK�DSSURDFKHV�JDYH�VLPLODU�HVWLPDWLRQ���
�

�
�

)LJ����� $GGLWLRQDO�QXPHULFDO�PRGHOV��3*����KDOI�VL]H��ZLWK�ȡ� ��������OHIW���3*����GRXEOH�VL]H��
ZLWK�ȡ� �������� DQG�3*���ZLWK�ȡ� ������ �ULJKW���&RPSDULVRQ�RI� ORDG�SUHGLFWHG�E\� WKH�
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DEOH�WR�FDSWXUH�WKH�ORFDOL]HG�SXQFKLQJ�VKHDU�FUDFN�DW�WKH�SHDN�ORDG��7KH�FRPSDULVRQ�EHWZHHQ�WKH�&6&7�
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VWUHQJWK�SURYLVLRQV�IRU�LQWHULRU�FROXPQV�´�&DQDGLDQ�-RXUQDO�RI�&LYLO�(QJLQHHULQJ��9RO������1R��
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>�@� 0XWWRQL�� $�� �������� ³3XQFKLQJ� 6KHDU� 6WUHQJWK� RI� 5HLQIRUFHG� &RQFUHWH� 6ODEV� ZLWKRXW�
7UDQVYHUVH�5HLQIRUFHPHQW��´�$&,�6WUXFWXUDO�-RXUQDO��9RO�������1R��������������

>�@� '|QPH]��$���DQG�%DåDQW��=��3����������³6L]H�HIIHFW�RQ�SXQFKLQJ�VWUHQJWK�RI�UHLQIRUFHG�FRQFUHWH�
VODEV�ZLWK�DQG�ZLWKRXW�VKHDU�UHLQIRUFHPHQW�´�$&,�6WUXFWXUDO�-RXUQDO���������������

>��@� '|QPH]��$���DQG�%DåDQW��=��3����������³&ULWLTXH�RI�FULWLFDO�VKHDU�FUDFN�WKHRU\�IRU�ILE�0RGHO�
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$EVWUDFW�
$�ORW�RI�H[LVWLQJ�IODW�VODEV�UHTXLUHV�VWUHQJWKHQLQJ�WR�LQFUHDVH�LQ�SXQFKLQJ�VKHDU�UHVLVWDQFH�EHFDXVH�RI�
WKH�LQFUHDVH�LQ�DSSOLHG�ORDGV��FKDQJH�RI�XVH�RI�WKH�EXLOGLQJ��UHSODFHPHQW�RI�IORRUV��FHLOLQJV��DQG�QRQ�
EHDULQJ�VWUXFWXUH���GHIHFWV�GXULQJ�GHVLJQ�RU�FRQVWUXFWLRQ��RU�HYHQ�IRU�WKH�UHDVRQ�RI�PHHWLQJ�PRUH�VWULFW�
FRGH�UHTXLUHPHQWV��6KHDU� VWUHVVHV�KDYH� WKH�PRVW�VLJQLILFDQW� HIIHFWV�QHDU� WKH�VXSSRUW� �FROXPQ��ZDOO���
ZKLFK�FDQ�UHVXOW�LQ�D�YHU\�VXGGHQ�FROODSVH�RI�WKH�VWUXFWXUH��7KH�SDSHU�LV�IRFXVHG�RQ�VWUHQJWKHQLQJ�UHLQ�
IRUFHG�FRQFUHWH�IODW�VODEV�ZLWK�WKH�SRVW�LQVWDOOHG�VKHDU�UHLQIRUFHPHQW��EROWV�DQG�VFUHZ�DQFKRUV���1X�
PHULFDO�YHULILFDWLRQ�ZDV�SHUIRUPHG�RQ�H[SHULPHQWDOO\�WHVWHG�IUDJPHQWV�RI�IODW�VODEV��$FFRUGLQJ�WR�WKH�
REVHUYHG�UHVXOWV��WKH�QHZ�H[SHULPHQWDO�VWXG\�ZDV�GHWHUPLQHG��7KLV�ZRUN�SUHVHQWV�WKH�UHVXOWV�RI�QXPHU�
LFDO�PRGHOV�IRU�VHWWLQJ�XS�WKH�IROORZLQJ�H[SHULPHQWDO�VWXG\��

�� ,QWURGXFWLRQ�
/RFDOO\�VXSSRUWHG�IODW�VODEV�ZLWKRXW�VKHDU�UHLQIRUFHPHQW�DUH�WKH�IUHTXHQWO\�XVHG�VWUXFWXUH��7KH�KLJK�
FRQFHQWUDWLRQ�RI�WKH�VKHDU�VWUHVVHV�DURXQG�WKH�VXSSRUW�PD\�OHDG�WR�WKH�EULWWOH�IDLOXUH�RI�WKH�VODE��7KHUH�
IRUH��DWWHQWLRQ�VKRXOG�EH�SDLG�WR�GHVLJQLQJ�DQG�VWUHQJWKHQLQJ�WKHVH�VWUXFWXUHV��7KH�IODW�VODE�ZLWK�ORZ�
VKHDU�UHVLVWDQFH�LV�D�FRPPRQ�VLWXDWLRQ�IRU�VWUXFWXUDO�HQJLQHHUV�WR�GHDO�ZLWK�ZKHQ�UHQRYDWLQJ�DQ�H[LVWLQJ�
EXLOGLQJ��2QH�RI�WKH�VWUHQJWKHQLQJ�WHFKQLTXHV�XVHV�SRVW�LQVWDOOHG�VKHDU�UHLQIRUFHPHQW��IRU�ZKLFK�WKH�
UHVHDUFK�LV�EHLQJ�SUHSDUHG�DW�WKH�6ORYDN�8QLYHUVLW\�RI�7HFKQRORJ\�LQ�%UDWLVODYD��,Q�HQJLQHHULQJ�SUDF�
WLFH��D�PRGHO�GHYHORSHG�IRU�QHZ�FRQVWUXFWLRQV�LV�XVHG��DOWKRXJK�WKHUH�DUH�VRPH�GLIIHUHQFHV�LQ�WKH�EH�
KDYLRU�RI�VWUHQJWKHQHG�DQG�QHZ�IODW�VODEV��

7KH�H[SHULPHQWDO�SURJUDP�DLPV�WR�YHULI\�WKH�VKHDU�UHVLVWDQFH�RI�WKH�IODW�VODEV�WKDW�KDYH�EHHQ�SUH�
ORDGHG�EHIRUH�VWUHQJWKHQLQJ��7R�SUHSDUH� WKH�H[SHULPHQWDO�VWXG\�� LW�ZDV�ILUVW�QHFHVVDU\�WR�SHUIRUP�D�
QXPHULFDO�DQDO\VLV��ZKLFK�ZDV�EDVHG�RQ�H[SHULPHQWDO�VWXGLHV�SHUIRUPHG�DW�RXU�XQLYHUVLW\�EHIRUH��$W�
WKH�6ORYDN�8QLYHUVLW\�RI�7HFKQRORJ\�LQ�%UDWLVODYD��D�ODUJH�SDUW�RI�WKH�H[SHULPHQWDO�ZRUN�IRFXVHV�RQ�
IODW�VODEV��WKHLU�PD[LPXP�VKHDU�FDSDFLW\��WKH�HIIHFW�RI�RSHQLQJV�QHDU�WKH�VXSSRUW��DQG�DOVR�RQ�WKH�LQVWDO�
ODWLRQ�RI�VKHDU�UHLQIRUFHPHQW��

$OO�LQYHVWLJDWHG�VSHFLPHQV�KDYH�D�VTXDUH�IORRU�SODQ�ZLWK�D�OHQJWK�RI�����P�DQG�D�ZLGWK�RI�����P��
7KH�PDWHULDO�DQG�JHRPHWULF�SURSHUWLHV�RI�WKH�H[SHULPHQWDO�VSHFLPHQV�DUH�JLYHQ�LQ�7DEOH�����

0D[LPXP�VKHDU�FDSDFLW\�ZDV�YHULILHG�E\�0DMWDQRYD��������>�@��7KH�H[SHULPHQWDO�WHVWLQJ�ZDV�SHU�
IRUPHG�RQ�WKH�VSHFLPHQV�RI�����PP�WKLFN�IODW�VODEV��ZLWK�FRPSUHVVLYH�VWUHQJWK�RI�FRQFUHWH�RI����03D��
ORQJLWXGLQDO�UHLQIRUFHPHQW�UDWLR�RI���������DQG�ZLWK�RU�ZLWKRXW�VKHDU�UHLQIRUFHPHQW��$V�D�VKHDU�UHLQ�
IRUFHPHQW�����UDGLL�ZLWK����VWXGV�RI�WKH�GLDPHWHU�RI����PP�RQ�HDFK�UDGLXV�ZHUH�XVHG��7KH�VODE�ZDV�
VXSSRUWHG�E\�D�FROXPQ�ZLWK�D�FLUFXODU�FURVV�VHFWLRQ�ZLWK�D�GLDPHWHU�RI�����PP��7KH�VSHFLPHQ�ZLWKRXW�
VKHDU�UHLQIRUFHPHQW�UHVXOWHG�LQ�EULWWOH�SXQFKLQJ�DW�D�VKHDU�IRUFH�RI�����N1��7KH�VSHFLPHQ�ZLWK�VKHDU�
UHLQIRUFHPHQW�IDLOHG�E\�FUXVKLQJ�FRQFUHWH�VWUXWV�DW�D�VKHDU�IRUFH�RI������N1���

7KH�HIIHFW�RI�SRVW�LQVWDOOHG�VKHDU�UHLQIRUFHPHQW�ZDV�YHULILHG�E\�.HVHOL��������>�@�RQ�WKH�VSHFLPHQV�
ZLWK�D�WKLFNQHVV�RI�����PP��ZLWK�ORQJLWXGLQDO�UHLQIRUFHPHQW�UDWLR�ȡO�RI�������WKH�FRPSUHVVLYH�VWUHQJWK�
RI�FRQFUHWH�RI������03D�DQG������03D��VXSSRUWHG�E\�WKH�FROXPQ�ZLWK�WKH�FLUFXODU�FURVV�VHFWLRQ�ZLWK�
WKH�GLDPHWHU�RI�����PP��7ZR�W\SHV�RI�VKHDU�UHLQIRUFHPHQW�ZHUH�XVHG��SRVW�LQVWDOOHG�VKHDU�EROWV�DQG�
ERQGHG�SRVW�LQVWDOOHG�VKHDU�DQFKRUV��ERWK�RI�WKHP�ZHUH�ERQGHG�ZLWK�FKHPLFDO�DGKHVLYH��7KH�IDLOXUH�RI�
WKH�VWUHQJWKHQHG�VSHFLPHQ�E\�XVLQJ�DQFKRUV�ZDV�ZLWKLQ�WKH�VKHDU�UHLQIRUFHG�UHJLRQ��7KH�VWUHQJWKHQHG�
VSHFLPHQ�E\�XVLQJ�EROWV�IDLOHG�LQ�IOH[XUH��

7KH�UHVXOWV�RI�H[SHULPHQWDO�PHDVXUHPHQWV�ZHUH�FRPSDUHG�ZLWK�WKHRUHWLFDO�SUHGLFWLRQV�DFFRUGLQJ�
WR�WKUHH�QXPHULFDO�DSSURDFKHV���(XURFRGH���>�@��0RGHO�&RGH������>�@�>�@��DQG�WKH�ODWHVW�YHUVLRQ�RI�WKH�
QHZ�JHQHUDWLRQ�RI�(XURFRGH���>�@��VHH�7DEOH����

3URF��RI�WKH���WK�ILE�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�
-XO\�������������0DUQH�OD�9DOOpH��3DULV��)UDQFH�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

��� 6WUXFWXUDO�DQDO\VLV�DQG�GHVLJQ��7LWOH�RI�\RXU�WRSLF��

�

7KH�UHVXOWV�RI�WKH�QXPHULFDO�FDOFXODWLRQ�DFFRUGLQJ�WR�0RGHO�&RGH������DUH�LQ�YHU\�JRRG�FRPSOLDQFH�
ZLWK�WKH�H[SHULPHQWDO�UHVXOWV�RI�0DMWDQRYD��������>�@��7KH�IDLOXUH�RI�WKH�ILUVW�VSHFLPHQ�ZLWKRXW�VKHDU�
UHLQIRUFHPHQW�LV�GHWHUPLQHG�E\�WKH�VKHDU�VWUHQJWK�RI�WKH�FRQFUHWH�DQG�WKH�ORQJLWXGLQDO�UHLQIRUFHPHQW�
�95�F���,Q�WKH�VHFRQG�VSHFLPHQ��WKH�VKHDU�UHLQIRUFHPHQW��GRXEOH�KHDGHG�VWXGV��LQFUHDVHV�WKH�VKHDU�UH�
VLVWDQFH�DQG�WKH�IDLOXUH� LV�GHWHUPLQHG�E\�WKH�PD[LPXP�SXQFKLQJ�VKHDU� UHVLVWDQFH�LQ� WKH� IDFH�RI� WKH�
FROXPQ��95�PD[���:KHQ�FDOFXODWHG�DFFRUGLQJ�WR�(XURFRGH���WKH�YDOXH�RI�&5�F�LV�FRQVLGHUHG�WR�EH������
03D��
7KH�RWKHU�WZR�VSHFLPHQV�DUH�WKH�SDUW�RI�WKH�H[SHULPHQWDO�UHVHDUFK�SURYLGHG�E\�.HVHOL��������>�@��7KH�
ILUVW�VSHFLPHQ�LV�VWUHQJWKHQHG�E\�XVLQJ�D�SRVW�LQVWDOOHG�VKHDU�UHLQIRUFHPHQW��ERQGHG�EROWV��ZLWK�D�YHU\�
KLJK�YDOXH�RI�FRQFUHWH�FRPSUHVVLYH�VWUHQJWK��ZKLFK�FDXVHG�D�KLJKHU�FDSDFLW\�LQ�VKHDU�ZKLFK�FDXVHG�WKH�
EHQGLQJ�IDLOXUH��7KH�VHFRQG�VSHFLPHQ�ZLWK�SRVW�LQVWDOOHG�ERQGHG�DQFKRUV�IDLOHG�DW�WKH�IURQW�RI�WKH�FRO�
XPQ�GXH�WR�D�ODFN�RI�PD[LPXP�VKHDU�UHVLVWDQFH��95�PD[���

7DEOH��� &RPSDULVRQ�RI�H[SHULPHQWDO�UHVXOWV�RI�GLIIHUHQW�VSHFLPHQV�ZLWK�QXPHULFDO�DSSURDFKHV�
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��VSHFLPHQ�ZLWKRXW�VKHDU�UHLQIRUFHPHQW����VSHFLPHQ�ZLWK�VKHDU�UHLQIRUFHPHQW��IFP�±�PHDQ�FRPSUHVVLYH�VWUHQJWK�RI�
FRQFUHWH��03D���ȡO���UHLQIRUFHPHQW�UDWLR�RI�ERQGHG�ORQJLWXGLQDO�UHLQIRUFHPHQW���������GLDPHWHU�RI�D�UHLQIRUFLQJ�
EDU��PP���95�PD[���PD[LPXP�SXQFKLQJ�VKHDU�UHVLVWDQFH�RI�WKH�VODE��N1���95�F���VKHDU�UHVLVWDQFH�RI�WKH�VODE�ZLWKRXW�
VKHDU�UHLQIRUFHPHQW��N1���95�FV����VKHDU�UHVLVWDQFH�RI�WKH�VODE�ZLWK�VKHDU�UHLQIRUFHPHQW��N1��

7KH�IROORZLQJ�H[SHULPHQWDO�VWXG\�ZLOO�IRFXV�RQ�UHLQIRUFHG�IODW�VODEV�ZLWK�D�ORDGLQJ�KLVWRU\��

�� 6WUHQJWKHQLQJ�RI�IODW�VODEV�

���� %HKDYLRU�RI�SUH�GDPDJHG�IODW�VODEV��
'XH�WR�WKH�SODQQHG�H[SHULPHQWDO�YHULILFDWLRQ�RI�WKH�HIIHFWLYHQHVV�RI�WKH�UHFRQVWUXFWLRQ��LW�LV�LPSRUWDQW�
WR�ORRN�DW�WKH�EHKDYLRU�RI�WKH�ORFDOO\�VXSSRUWHG�IODW�VODE�GXULQJ�LWV�H[LVWHQFH��

$V�WKH�VKHDU�IRUFH�9�LQFUHDVHV��WKH�URWDWLRQ�RI�WKH�VODE�ȥ�DOVR�LQFUHDVHV��ȥ�UHIHUV�WR�DQ�DQJOH�EHWZHHQ�
WKH�KRUL]RQWDO�D[LV�DQG�WKH�GHIRUPHG�VODE��XQWLO�WKH�IOH[XUDO�VWUHQJWK�9IOH[�RI�WKH�VODE�LV�UHDFKHG��,I�WKH�
SXQFKLQJ�VKHDU�VWUHQJWK�95��RI�WKH�IODW�VODE�LV�UHGXFHG�DQG�WKH�URWDWLRQ�RI�WKH�VODE�LQFUHDVHV�E\�XQORDGLQJ�
DQG�UHORDGLQJ��WKH�IODW�VODE�ZLOO�IDLO��DFFRUGLQJ�WR�WKH�IDLOXUH�FULWHULRQ�SUHVHQWHG�E\�0XWWRQL��>�@��7KH�
ILUVW�FUDFN�RSHQV�DURXQG�VXSSRUW��FROXPQ��DW�WKH�ORDG�YDOXH�RI�9FU�WKDW�LV�DSSUR[LPDWHO\�RQH�WKLUG�RI�WKH�



6WUHQJWKHQLQJ�RI�)ODW�6ODEV�WR�,QFUHDVH�LQ�6KHDU�5HVLVWDQFH�8VLQJ�3RVW�,QVWDOOHG�6KHDU�5HLQIRUFHPHQW��
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XOWLPDWH�ORDG�DQG�WKH�VHUYLFH�ORDG�9VHUY�LV�DURXQG�����RI�95��>�@��7KH�VWUHQJWKHG�IODW�VODE�JRHV�WKURXJK�
VHYHUDO�SKDVHV�GXULQJ�LWV�H[LVWHQFH�DV�LW�LV�VKRZQ�LQ�)LJ����$IWHU�WKH�VHUYLFH�ORDG�LV�DSSOLHG�WR�D�QHZ�
VWUXFWXUH�LW�KDV�FRUUHVSRQGLQJ�URWDWLRQ��GXH�WR�FUDFN�RSHQLQJ��UHSUHVHQWHG�E\�SRLQW�$��'XULQJ�WKH�IODW�
VODE�VWUHQJWKHQLQJ��XQORDGLQJ��DQG�LQVWDOODWLRQ�RI�WHPSRUDU\�VXSSRUWV�XQGHU�WKH�SUH�GDPDJHG�VODE��VRPH�
RSHQ�FUDFNV�FORVH�EXW�WKH�UHVLGXDO�URWDWLRQ�ȥUHLGXDO�UHPDLQV��7KH�UHVLGXDO�URWDWLRQ�DQG�SDUWLDO�SODVWLFL]LQJ�
RI�WKH�UHLQIRUFLQJ�VWHHO�EDUV�ZLOO�UHGXFH�WKH�VKHDU�VWUHQJWK�IURP�95��WR�95���)LJ�����)RU�WKLV�UHDVRQ��D�
VKHDU�VWUHQJWK�UHGXFWLRQ�VKRXOG�EH�FRQVLGHUHG�ZKHQ�GHVLJQLQJ�WKH�VWUHQJWKHQLQJ�RI�WKH�IODW�VODE��UHVXOW�
LQJ�LQ�D�SUHYLRXVO\�GDPDJHG�VWUXFWXUH��

�
)LJ���� 5HODWLRQVKLS�EHWZHHQ�VKHDU�IRUFH�DQG�URWDWLRQ�RI�IODW�VODE�GXULQJ�ORDGLQJ��XQORDGLQJ��DQG�

UHORDGLQJ�>�@��7KH�IDLOXUH�FULWHULRQ�DFFRUGLQJ�WR�>�@��

���� 0HWKRGV�IRU�VWUHQJWKHQLQJ�H[LVWLQJ�FRQFUHWH�IODW�VODEV��
7KH�SXQFKLQJ�VKHDU�UHVLVWDQFH�GHSHQGV�RQ�WKH�HIIHFWLYH�GHSWK�RI�WKH�VODE��IOH[XUDO�UHLQIRUFHPHQW�UDWLR��
FROXPQ�VL]H��FRQFUHWH�VWUHQJWK��\LHOG�VWUHQJWK�RI�WKH�UHLQIRUFLQJ�VWHHO��PD[LPXP�DJJUHJDWH�VL]H��DQG�WKH�
VSDQ�WR�GHSWK�UDWLR�RI�WKH�VODE��1RW�HDFK�QXPHULFDO�PRGHO�WDNHV�DOO�WKHVH�IDFWRUV�LQWR�DFFRXQW���

,Q� SUDFWLFH�� WKH� PRVW� XVHG� VWUHQJWKHQLQJ� WHFKQLTXHV� DUH� WKH� HQODUJHPHQW� RI� VXSSRUWLQJ� DUHD��
VWUHQJWKHQLQJ�ZLWK�DGGLWLRQDO�IOH[XUDO�UHLQIRUFHPHQW��E\�FDVWLQJ�DQ�DGGLWLRQDO�FRQFUHWH�OD\HU�RU�QHDU�
VXUIDFH�PRXQWHG�)53�UHLQIRUFHPHQW���RU�XVLQJ�D�SRVW�LQVWDOOHG�VKHDU�UHLQIRUFHPHQW��

7KH�VWUHQJWKHQLQJ�RI�D�IODW�VODE�E\�FDVWLQJ�D�QHZ�DGGLWLRQDO�FRQFUHWH�OD\HU�LV�DQ�HIIHFWLYH�ZD\�WR�
UHOLDEO\�LQFUHDVH�LQ�VKHDU�FDSDFLW\��UHVLVWDQFH�ZLWKRXW�VKHDU�UHLQIRUFHPHQW�95�F��DQG�WKH�PD[LPXP�VKHDU�
FDSDFLW\�95�PD[��EXW�DOVR�WKH�IOH[XUDO�UHVLVWDQFH��7KH�GLVDGYDQWDJH�RI�WKLV�VWUHQJWKHQLQJ�WHFKQLTXH�LV�WKH�
GHPDQGLQJ�FRQVWUXFWLRQ�SURFHVV�LQ�ZKLFK�LW� LV�QHFHVVDU\�WR�UHPRYH�WKH�IORRU�OD\HUV��URXJKHQ�XS�WKH�
XSSHU�VXUIDFH�RI�WKH�ORDG�EHDULQJ�VWUXFWXUH�WR�HQVXUH�WKH�LQWHUDFWLRQ�RI�WKH�H[LVWLQJ�VODE�ZLWK�WKH�QHZ�
OD\HU�RI�FRQFUHWH��,Q�DGGLWLRQ��WKLV�PHWKRG�DIIHFWV�WKH�VL]H�RI�WKH�GRRU�RSHQLQJV�DQG�WKH�ZHLJKW�RI�WKH�
VODE�DV�D�ZKROH��

$QRWKHU�ZD\�WR�VWUHQJWKHQ�WKH�IODW�VODE�LV�WR�LQFUHDVH�WKH�GLPHQVLRQV�RI�WKH�FROXPQ��ZKLFK�GRHV�QRW�
LQFUHDVH�WKH�ZHLJKW�RI�WKH�VODE��GRHV�QRW�KDYH�D�VLJQLILFDQW�HIIHFW�RQ�WKH�IORRU�OD\HUV��DQG�DOVR�LQFUHDVHV�
WKH� ORDG�EHDULQJ�FDSDFLW\�RI� WKH� FROXPQ��7KH�PRVW�SUREOHPDWLF�SDUW�GXULQJ� WKLV�UHFRQVWUXFWLRQ� LV� WR�
HQVXUH�LQWHUDFWLRQ�EHWZHHQ�WKH�QHZ�FRQFUHWH�DQG�WKH�H[LVWLQJ�VXUIDFH�RI�WKH�FROXPQ���

7KH�XVH�RI�SRVW�LQVWDOOHG�VKHDU�UHLQIRUFHPHQW�IRU�LQFUHDVLQJ�WKH�SXQFKLQJ�VKHDU�UHVLVWDQFH�RI�WKH�
IODW�VODE�GRHV�QRW�DIIHFW�WKH�ZHLJKW�RI�WKH�VODE�DQG�WKH�VWUXFWXUH�DV�D�ZKROH�DQG�WKH�FHLOLQJ�RU�WKH�IORRU�
OD\HUV�DUH�RQO\�DIIHFWHG�ORFDOO\�DURXQG�WKH�VXSSRUW��:KHQ�DGGLQJ�ERQGHG�SRVW�LQVWDOOHG�VKHDU�UHLQIRUFH�
PHQW�LQ�WKH�IRUP�RI�JOXHG�DQFKRUV��LW�LV�QRW�QHFHVVDU\�WR�UHPRYH�WKH�IORRU�OD\HUV��RQO\�WKH�FHLOLQJ��,W�LV�
QRW�QHFHVVDU\�WR�ORFDWH� WKH�EHQGLQJ�UHLQIRUFHPHQW��EHFDXVH�WKLV� W\SH�RI�UHLQIRUFHPHQW�GRHV�QRW�GULOO�
DFURVV�WKH�HQWLUH�VODE���

$V�DQ�DOWHUQDWLYH�WR�ERQGHG�DQFKRUV��WKH�EROWV�ZLWKRXW�RU�HYHQ�ZLWK�WKH�DGKHVLYH�FDQ�EH�XVHG��7KH�
SRVLWLRQ�RI�WKH�EHQGLQJ�UHLQIRUFHPHQW�VKRXOG�EH�NQRZQ�EHIRUH�LQVWDOOLQJ�WKH�EROWV��DV�WKH�KROHV�ZLOO�EH�
GULOOHG�WKURXJK�WKH�ZKROH�VODE�WKLFNQHVV��7KH�XVH�RI�VKHDU�UHLQIRUFHPHQW�FDQ�UHOLDEO\�HQVXUH�WKH�WUDQVIHU�
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��� 6WUXFWXUDO�DQDO\VLV�DQG�GHVLJQ��7LWOH�RI�\RXU�WRSLF��

�

RI�VKHDU�IRUFHV��EXW�WKH�PD[LPXP�VKHDU�UHVLVWDQFH�RI�WKH�VODE�RQ�WKH�IDFH�RI�WKH�FROXPQ��95�PD[��LV�QRW�
LQFUHDVHG�E\�WKLV�W\SH�RI�VWUHQJWKHQLQJ��7KLV�RIWHQ�EHFRPHV�WKH�OLPLWLQJ�IDFWRU�LQ�LQFUHDVLQJ�WKH�VKHDU�
UHVLVWDQFH�RI�WKH�IODW�VODE��

���� %HKDYLRU�RI�VWUHQJWKHQHG�IODW�VODEV�ZLWK�SRVW�LQVWDOOHG�VKHDU�UHLQIRUFHPHQW��
�

�

$IWHU� WKH� VKHDU� UHLQIRUFHPHQW�
LV� LQVWDOOHG�� WKH� IDLOXUH� FULWH�
ULRQ� OLQH� VKLIWV� YHUWLFDOO\�� DV�
VKRZQ� LQ� )LJ�� ��� 7KH�
VWUHQJWKHG�IODW�VODE�KDV�KLJKHU�
VKHDU� UHVLVWDQFH� DQG� KLJKHU�
GXFWLOLW\�� ,I� WKH� VKHDU� UHLQ�
IRUFHPHQW� LV� QRW� SUHVWUHVVHG��
WKH�UHLQIRUFHPHQW� LV� DFWLYDWHG�
RQO\�E\�WKH�URWDWLRQ�RI�WKH�VODE�
�DFWLYDWLRQ�SKDVH���WKHUHIRUH�LW�
LV� RQO\� DEOH� WR� WUDQVIHU� DGGL�
WLRQDO� ORDGV�� ,W� IROORZV� WKDW� D�
VODE�ZLWK�D� ORZ�URWDWLRQDO�FD�
SDFLW\�FDQ�OHDG�WR�D�ORZ�OHYHO�
RI�XWLOL]DWLRQ��DQG�WKXV�WR� ORZ�
HIILFLHQF\� RI� WKLV� VWUHQJWKHQ�
LQJ� PHWKRG� EHFDXVH� WKH� VODE�
IDLOV� EHIRUH� WKH� VKHDU� UHLQ�
IRUFHPHQW�LV�IXOO\�DFWLYDWHG��

)LJ���� 7KH�EHKDYLRU�RI�VWUHQJWKHQHG�VODE�ZLWK�SRVW�LQVWDOOHG�
VKHDU�UHLQIRUFHPHQW��DFFRUGLQJ�WR�>�@���

�� ([SHULPHQWDO�VWXG\�

���� ([SHULPHQWDO�VSHFLPHQV�
7KH�EHKDYLRU�RI�D�SUHYLRXVO\�ORDGHG�IODW�VODE�VKRXOG�EH�FRQVLGHUHG��7KH�SUHSDUHG�H[SHULPHQWDO�VWXG\�
LV�IRFXVHG�RQ�WKH�LQIOXHQFH�RI�D�SUHYLRXVO\�ORDGHG�DQG�WKHQ�VWUHQJWKHQHG�IODW�VODE�WR�LQFUHDVH�LWV�VKHDU�
UHVLVWDQFH�E\�QRQ�ERQGHG�VKHDU�EROWV��

D�� E��
�����7KH� VSHFLPHQV� �)LJ�� �D�E�� DUH�
VTXDUHG� LQ� VKDSH� ZLWK� GLPHQVLRQV� RI�
�����[������PP�DQG�D�WKLFNQHVV�RI�����
PP��7KH�VXSSRUW�RI�HDFK�VSHFLPHQ�KDV�D�
GLDPHWHU�RI�����PP�DQG�LV�UHSUHVHQWHG�
E\� D� VWHHO� SODWH�� (DFK� VSHFLPHQ� KDV� D�
PHDQ� FRPSUHVVLYH� VWUHQJWK� LQ� WKH� FRQ�
FUHWH�RI����03D��\LHOG�VWUHQJWK�RI�VWHHO�
RI� ���� 03D�� DQG� D� ORQJLWXGLQDO� UHLQ�
IRUFHPHQW� UDWLR� RI� ��������6KHDU�EROWV�
DUH�V\PPHWULFDOO\�GLVWULEXWHG�DURXQG�WKH�
VXSSRUW�DQG�KDYH�D�GLDPHWHU�RI����PP�RU�
���PP�ZLWK�VWHHO�FODVV�����DQG������UH�
VSHFWLYHO\�� 7KH� EROWV� DUH� PDGH� RI�
WKUHDGHG�URGV��ODUJHU�DQG�VPDOOHU�ZDVK�
HUV��DQG�QXWV�DW�ERWK�HQGV��7DEOH�����)RU�
EHWWHU� SHUIRUPDQFH� RI� VKHDU� UHLQIRUFH�
PHQW��ELJJHU�ZDVKHUV�ZDV�XVHG��$FFRUG�
LQJ� WR� D� VWXG\�E\� ,QDFLR� HW� DO�� >�@�� WKH�
ZDVKHU�RU�VWHHO�SODWH� LQFUHDVHV�WKH�FRQ�
WULEXWLRQ� RI� WKH� VKHDU� UHLQIRUFHPHQW� WR�
WKH�VKHDU�UHVLVWDQFH�RI�WKH�IODW�VODE��

�
�)LJ���� 7KH�VSHFLPHQ�ZLWK�VKHDU�UHLQIRUFHPHQW�D��WRS��
����������������YLHZ�DQG�E��VHFWLRQ��

7DEOH��� 0DWHULDO�PHFKDQLFDO�DQG�SK\VLFDO�SURSHUWLHV�RI�WKH�SRVW�LQVWDOOHG�VKHDU�UHLQIRUFHPHQW�
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)LYH�VSHFLPHQV�DUH�SUHSDUHG��RQH�ZLWKRXW�DQG�IRXU�ZLWK�VKHDU�UHLQIRUFHPHQWV��7ZR�VSHFLPHQV�DUH�

VWUHQJWKHQHG�EHIRUH�ORDGLQJ��7KH�RWKHU�WZR�VSHFLPHQV�DUH� ORDGHG�XS�WR�����DQG�����RI�WKHLU�VKHDU�
UHVLVWDQFH�ZLWKRXW�VKHDU�UHLQIRUFHPHQW��WKHQ�XQORDGHG��VWUHQJWKHQHG�ZLWK�EROWV�����EROWV�ZLWK����PP�
LQ�GLDPHWHU���DQG�UHORDGHG�DJDLQ�XQWLO�IDLOXUH��$�QXPHULFDO�FDOFXODWLRQ�ZDV�SHUIRUPHG�EHIRUH�WKH�H[SHU�
LPHQWDO�YHULILFDWLRQ��

���� 1XPHULFDO�DQDO\VLV�
%HIRUH�WKH�H[SHULPHQWDO�YHULILFDWLRQ��WKH�QXPHULFDO�LQYHVWLJDWLRQ�ZDV�SHUIRUPHG��6SHFLPHQV�ZLWK�

DQG�ZLWKRXW�VKHDU�UHLQIRUFHPHQW�DUH�DQDO\]HG�E\�XVLQJ�QXPHULFDO�PRGHOV�RI�(XURFRGH���>�@��0RGHO�
&RGH���>�@��>�@��DQG�WKH�ODWHVW�YHUVLRQ�RI�QHZ�WKH�JHQHUDWLRQ�RI�(XURFRGH���>�@��DQG�DOVR�E\�QRQ�OLQHDU�
DQDO\VLV�LQ�$WHQD��'�VRIWZDUH���
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��VSHFLPHQ�ZLWKRXW�VKHDU�UHLQIRUFHPHQW����VSHFLPHQ�ZLWK�VKHDU�UHLQIRUFHPHQW��IFP�±�PHDQ�FRPSUHVVLYH�VWUHQJWK�RI�
FRQFUHWH��03D���ȡO���UHLQIRUFHPHQW�UDWLR�RI�ERQGHG�ORQJLWXGLQDO�UHLQIRUFHPHQW�����GLDPHWHU�RI�D�UHLQIRUFLQJ�EDU�
�PP���95�PD[���PD[LPXP�SXQFKLQJ�VKHDU�UHVLVWDQFH�RI�WKH�VODE��N1���95�F���VKHDU�UHVLVWDQFH�RI�WKH�VODE�ZLWKRXW�VKHDU�
UHLQIRUFHPHQW��N1���95�FV����VKHDU�UHVLVWDQFH�RI�WKH�VODE�ZLWK�VKHDU�UHLQIRUFHPHQW��N1��

'XH� WR�WKH�H[SHULPHQWDO�SURJUDP�E\�0DMWDQRYD�>�@�� WKH�YDOXH�RI� WKH�PD[LPXP�VKHDU�UHVLVWDQFH�
95�PD[�LQ�FKDSWHU�������DFFRUGLQJ�WR�WKH�(XURFRGH���ZDV�FKDQJHG�IURP�����WR������



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

��� 6WUXFWXUDO�DQDO\VLV�DQG�GHVLJQ��7LWOH�RI�\RXU�WRSLF��

�

7KH�UHVXOWV�DFFRUGLQJ�WR�WKH�QXPHULFDO�PRGHOV�GLIIHU�LQ�WKH�W\SH�RI�IDLOXUH��7DEOH�����H[FHSW�IRU�WKH�
VSHFLPHQ�ZLWKRXW�VKHDU�UHLQIRUFHPHQW��)6������ZKLFK�IDLOV�E\�FUXVKLQJ�D�FRQFUHWH�VWUXW��7KH�VSHFLPHQ�
ZLWK�VKHDU�UHLQIRUFHPHQW��)6�����)6�����IDLOV�LQ�VKHDU�EXW�UHVXOWV�GLIIHU�LQ�WKH�W\SH�RI�VKHDU�IDLOXUH��7KH�
UHVXOWV�IURP�QXPHULFDO�PRGHOV�SURYLGH�DQ�LGHD�RI�WKH�IXWXUH�IDLOXUH�RI�H[SHULPHQWDO�VSHFLPHQV��

7KH�QRQ�OLQHDU�FDOFXODWLRQ�LQ�$WHQD��'�VKRZV�D�VPDOOHU�YDOXH�RI�VKHDU�UHVLVWDQFH�ZLWK�VKHDU�UHLQ�
IRUFHPHQW�WKDQ�WKH�UHVXOWV�DFFRUGLQJ�WR�QXPHULFDO�PRGHOV��7KH�VSHFLPHQ�ZLWKRXW�VKHDU�UHLQIRUFHPHQW�
KDV�VKRZQ�D�JRRG�DJUHHPHQW�EHWZHHQ�WKH�UHVXOWV�RI�WKH�QRQOLQHDU�DQG�QXPHULFDO�FDOFXODWLRQ��

�
D�� E��

)LJ���� �5HVXOWV�IURP�QRQ�OLQHDU�DQDO\VLV�RI�D��IUDJPHQW�IURP�)6�����E��IUDJPHQW�IURP�)6�����

���� 7HVW�VHWXS�
7KH�FRQILJXUDWLRQ�RI�WKH�H[SHULPHQWDO�SURJUDP�ZLWK�SRVW�LQVWDOOHG�VKHDU�UHLQIRUFHPHQW�LQ�D�IODW�VODE�

ZDV�SHUIRUPHG�E\�QXPHULFDO�PRGHOV�DQG�QRQOLQHDU�QXPHULFDO�DQDO\VLV�LQ�WKH�$7(1$�VRIWZDUH��)LJ������
%DVHG�RQ�D�JRRG�DJUHHPHQW�EHWZHHQ� WKH�QXPHULFDO�PRGHO� DQG�SUHYLRXVO\�H[SHULPHQWDOO\�PHDVXUHG�
UHVXOWV��DQ�H[SHULPHQWDO�VWXG\�ZDV�SUHSDUHG��7KH�WHVW�VHWXS�RI�WKH�SUHSDUHG�H[SHULPHQWDO�VWXG\�LV�VKRZQ�
LQ�)LJ������

7KH�WHVW�VHWXS�LV�GHVLJQHG�WR�VLPXODWH�D�IODW�VODE�ZLWK�DQ�LQQHU�FROXPQ��ZKLFK�LV�SHUIRUPHG�E\�D�
K\GUDXOLF�MDFN�SXVKLQJ�D�IRUFH�RQ�WKH�VDPSOH�DQG�VWDELOL]LQJ�URGV���

8QWLO�WKH�SXEOLFDWLRQ�RI�WKH�DUWLFOH����VDPSOHV�ZHUH�WHVWHG�XVLQJ�SRVW�LQVWDOOHG�VKHDU�UHLQIRUFHPHQW��
7KHLU�UHVLVWDQFH�ZDV�KLJKHU�WKDQ�WKH�FDOFXODWLRQ�RI�VKHDU�UHVLVWDQFH��LQ�7DEOH����DFFRUGLQJ�WR�WKH�SUHYL�
RXVO\�PHQWLRQHG�FDOFXODWLRQ�PRGHOV��

�
D�� E��

� �
)LJ���� �7HVW�VHWXS��GLPHQVLRQV�LQ�PP��D��WRS�YLHZ��E��VHFWLRQ��

�� &RQFOXVLRQV�
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7KH�SDSHU�SUHVHQWV�SUHYLRXV�H[SHULPHQWDO�VWXGLHV��QXPHWLFDO�FDOFXODWLRQV��DQG�LWV�QRQOLQHDU�QXPHU�
LFDO�YHULILFDWLRQV��0RVW�QXPHULFDO�SURFHGXUHV�DUH�EDVHG�RQ�PRGHOV�WKDW�KDYH�EHHQ�GHULYHG�IRU�QHZ�VWUXF�
WXUHV�DQG�GR�QRW�KDYH�D�ORDGLQJ�KLVWRU\��7KH�H[LVWLQJ�IODW�VODE�KDV�D�FHUWDLQ�URWDWLRQ��GHIRUPDWLRQ��ZKLFK�
VKRXOG�EH�FRQVLGHUHG��7KLV�H[SHULPHQWDO�VWXG\�LV�VXSSRVHG�WR�YHULI\�WKH�LQIOXHQFH�RI�WKH�ORDGLQJ�KLVWRU\�
RQ�WKH�ILQDO�UHVLVWDQFH�RI�D�IODW�VODE�UHLQIRUFHG�ZLWK�SRVW�LQVWDOOHG�VKHDU�UHLQIRUFHPHQW��
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7KLV� ZRUN� ZDV� VXSSRUWHG� E\� WKH� 6FLHQWLILF� *UDQW� $JHQF\� 9(*$� XQGHU� WKH� FRQWUDFW� 1R�� 9(*$�
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UHEDU�DQG�FRQFUHWH�GXH�WR�UHEDU�FRUURVLRQ��,W�LV�LPSRUWDQW�WR�XQGHUVWDQG�WKH�LQIOXHQFH�RI�ERQG�GHWHULR�
UDWLRQ� PRUH� GHHSO\� IRU� LPSURYHPHQW� RI� SHUIRUPDQFH� DVVHVVPHQW� IRU� GHWHULRUDWHG� VWUXFWXUHV�� 7KLV�
UHVHDUFK� DLPV� WR� QXPHULFDOO\� LQYHVWLJDWH� WKH� LPSDFW� RI� ERQG� GHWHULRUDWLRQ� RQ� WKH� VWUXFWXUDO� SHUIRU�
PDQFH�RI�5&�EHDP��HVSHFLDOO\�GXH�WR�ORVV�RI�LQWHUORFNLQJ�E\�OXJ�RQ�WKH�GHIRUPHG�EDU��:LWK�WKH�SD�
UDPHWHUV�XVHG�LQ�UHSURGXFWLRQ�DQDO\VLV�RQ�WKH�SUHYLRXV�H[SHULPHQW��ZH�WULHG�WR�DQDO\]H�WKH�HIIHFW�RI�
ERQG�ORVV�XQGHU�PRUH�UHDOLVWLF�VWDWHV�VXFK�DV�D�SDUW�RI�OXJ�ORVV�RQ�UHEDU�VXUIDFH�RU�KHLJKW�UHGXFWLRQ�RI�
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�� ,QWURGXFWLRQ�
&RUURVLRQ� RI� UHLQIRUFHPHQW� EDU� LV� RQH� RI� WKH� VLJQLILFDQW� LVVXHV� RQ� 5&� VWUXFWXUHV�� 5HEDU� FRUURVLRQ�
FDXVHV�VHFWLRQ�ORVV�RI�UHEDU��FUDFNV�DURXQG�UHEDUV�E\�H[SDQVLRQ�IRUFH�JHQHUDWHG�E\�FRUURVLRQ�SURGXFW��
DQG�ERQG�ORVV�EHWZHHQ�UHEDU�DQG�FRQFUHWH��7KHVH�SKHQRPHQD�KDYH�LQIOXHQFH�RQ�ORDG�FDSDFLW\��ULJLGLW\��
DQG�ORDG�FDUU\LQJ�PHFKDQLVP��$VVHVVPHQW�RI�FRUURVLRQ�DIIHFWHG�5&�VWUXFWXUH�LV�HVVHQWLDO�>�@�>�@��

7KH� ERQG� EHWZHHQ� UHEDU� DQG� FRQFUHWH� LV� RQH� RI� WKH� GRPLQDQW� IDFWRUV� IRU� WKH� ORDG� FDUU\LQJ�
PHFKDQLVP� RI� 5&�PHPEHU�� %RQG� LV� GHILQHG� DV� WKH� XQLRQ�PHFKDQLVP� EHWZHHQ� UHEDU� DQG� FRQFUHWH��
%RQG� LQFOXGHV� WKUHH� PHFKDQLVPV�� LQWHUORFNLQJ� E\� PHFKDQLFDO� FRQWDFW�� UHVLVWDQFH� E\� IULFWLRQ�� DQG�
FKHPLFDO� DGKHVLRQ��:KHQ�GHIRUPHG�EDUV� DUH� HPEHGGHG� DV� UHLQIRUFHPHQW�� OXJ�RQ� WKH� UHLQIRUFHPHQW�
EDU� VXUIDFH� LV� PHFKDQLFDOO\� LQWHUORFNHG�ZLWK� VXUURXQGLQJ� FRQFUHWH�� DQG� WKH� SUHGRPLQDQW� ERQG� FDQ�
RYHUFRPH� WKH� ERQG�E\� IULFWLRQ� RU� FKHPLFDO� DGKHVLRQ�� ,W� LV� RQH� RI� WKH� UHDVRQV� WKDW� GHIRUPHG� EDU� LV�
ZLGHO\�XVHG�DURXQG�WKH�ZRUOG��7KHUHIRUH�WKH�ORVV�RI�UHEDU�OXJV�E\�FRUURVLRQ�FDXVHV�ERQG�ORVV�DQG�KDYH�
D� VLJQLILFDQW� LPSDFW� RQ� VWUXFWXUDO� SHUIRUPDQFH�� ,W� LV� FUXFLDO� WR� XQGHUVWDQG� WKH� HIIHFW� RI� ERQG�
GHWHULRUDWLRQ�GHHSO\� WR� LPSURYH� WKH�DVVHVVPHQW�DFFXUDF\�RI� WKH�UHPDLQLQJ�VWUXFWXUDO�SHUIRUPDQFH�RI�
5&�VWUXFWXUHV�ZLWK�UHEDU�FRUURVLRQ��

7KLV� UHVHDUFK� IRFXVHG�RQ� WKH�FKDQJH�RI� VWUXFWXUDO�SHUIRUPDQFH�E\�ERQG�GHWHULRUDWLRQ�HVSHFLDOO\�
IURP� LQWHUORFNLQJ� ORVV�ZLWK� QRQXQLIRUPLW\�� 3UHYLRXV� VWXGLHV� KDYH� UHSRUWHG� WKH� HIIHFWV� RQ� VWUXFWXUDO�
SHUIRUPDQFH� E\� ERQG� ORVV�� VXFK� DV� IOH[XUH� ULJLGLW\� UHGXFWLRQ�� GXFWLOLW\� FKDQJH�� RU� VKHDU� FDSDFLW\�
LQFUHDVH� GXH� WR� WLHG� DUFK� IRUPDWLRQ� >�@�>�@�� 2Q� WKH� RWKHU� KDQG�� UHVHDUFKHV� IRFXVLQJ� RQ� ERQG�
SHUIRUPDQFH� ZLWK� XQXQLIRUP� OXJ� ORVV� DUH� QRW� VR� PDQ\�� 0DQ\� IDFWRUV� GXH� WR� UHEDU� FRUURVLRQ� DUH�
LQWHUOLQNHG�RQ�ERQG�SHUIRUPDQFH��)RU�H[DPSOH��FUDFN�LQGXFHG�E\�FRUURVLRQ�DORQJ�ZLWK�WKH�UHEDU�DOVR�
GHWHULRUDWH�WKH�VWUHVV�WUDQVIHU�DURXQG�WKH�FUDFN��DQG�VRPHWLPHV�LW�FDQ�EH�UHJDUGHG�DV�WKH�DSSDUHQW�ERQG�
ORVV�� 7R� XQGHUVWDQG� WKH� LQIOXHQFH� RI� FRUURVLRQ� RQ� WKH� VWUXFWXUDO� SHUIRUPDQFH� PRUH� GHHSO\�� LW� LV�
LPSRUWDQW�WR�SXUHO\�H[WUDFW�WKH�GHWHULRUDWLRQ�RI�LQWHUORFNLQJ�LQ�WKH�FRUURGHG�5&�PHPEHU��,Q�WKLV�VWXG\��
WKH� LQIOXHQFH� RI� LQWHUORFNLQJ� ORVV� GXH� WR� FRUURVLRQ� RQ� OXJV� LV� LQYHVWLJDWHG� E\� �'� ILQLWH� HOHPHQW�
DQDO\VLV��

�� 2YHUYLHZ�RI�WKH�H[SHULPHQW�
7KH�DXWKRUV�KDYH�FRQGXFWHG�WKH�VWDWLF�ORDGLQJ�WHVW�RQ�5&�EHDP�VSHFLPHQV�ZLWK�GLIIHUHQW�ERQG�FRQGL�
WLRQV��>�@�7KLV�VWXG\�WULHV�WR�UHSURGXFH�WKLV�H[SHULPHQW�E\��'�ILQLWH�HOHPHQW�DQDO\VLV��DQG�PRUH�FDVHV�

3URF��RI�WKH���WK�ILE�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�
-XO\�������������0DUQH�OD�9DOOpH��3DULV��)UDQFH�
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�

WKDW�ZHUH�FORVHU�WR�WKH�SUDFWLFDO�VWDWH�ZHUH�FRPSXWHG�DQG�HYDOXDWHG�WR�XQGHUVWDQG�WKH�PHFKDQLVP�RI�
LQWHUORFNLQJ�E\�OXJ�RQ�UHEDU�VXUIDFH���

���� ([SHULPHQWDO�VHWXS�
7KUHH�5&�EHDP�VSHFLPHQV�ZLWK�GLIIHUHQW�ERQG�FRQGLWLRQV�������������DQG����RI�WKH�SURSRUWLRQ�RI�
LQWHUORFNLQJ�DUHD�ZHUH�WHVWHG�DV�VKRZQ�LQ�7DEOH����7KH�VSHFLPHQ�ZLWK������LQWHUORFNLQJ�ZDV�D�VRXQG�
5&�EHDP�XVLQJ�QRUPDO�GHIRUPHG�EDUV�DV�WKH�PDLQ�UHLQIRUFHPHQW��7KH�VSHFLPHQ�ZLWK�����LQWHUORFN�
LQJ�ZDV�DQ�5&�EHDP�ZKRVH�FRYHU�FRQFUHWH�DORQJ�WKH�PDLQ�UHEDUV�ZDV�SK\VLFDOO\�UHPRYHG��,W�PHDQV�
WKDW� WKH�ERWWRP�KDOI� VLGHV�RI� WKH� UHEDUV�ZHUH� H[SRVHG��7KH� VSHFLPHQ�ZLWK���� LQWHUORFNLQJ�ZDV� WKH�
EHDP�XVLQJ�URXQG�EDUV��7KLV�EHDP�KDG�QR�LQWHUORFNLQJ�HIIHFW���

$OO�EHDPV�ZHUH�GHVLJQHG�WR�IDLO�LQ�VKHDU��7KH�UHEDU�DUUDQJHPHQW�DQG�EHDP�GLPHQVLRQ�DUH�VKRZQ�
LQ�)LJ�����DQG�7DEOH���VKRZV�WKH�PDWHULDO�SURSHUW\�RI�FRQFUHWH�DQG�UHEDUV��5HDG\�PL[HG�FRQFUHWH�ZDV�
XVHG�IRU�FDVWLQJ��DQG�LWV�PL[�SURSRUWLRQ�LV�VKRZQ�LQ�7DEOH����%HDPV�ZHUH�FXUHG�XQGHU�VHDOHG�FRQGL�
WLRQ�WR�SUHYHQW�WKH�GU\LQJ�VKULQNDJH�RI�FRQFUHWH��6WDWLF�ORDGLQJ�WHVW�ZDV�FRQGXFWHG�LQ����GD\V�DJH��

7DEOH��� ��ERQG�FRQGLWLRQV�RI�EHDP�VSHFLPHQ�
&DVH� 0DLQ�UHEDU� 2YHUYLHZ�GLDJUDP�
������LQWHUORFNLQJ�
�VRXQG�EHDP�� 'HIRUPHG�EDU�

�

�
�

�����LQWHUORFNLQJ�
��%RWWRP�KDOI�VLGH�RI�
UHEDU�DUH�H[SRVHG���

'HIRUPHG�EDU�

�

�
�

�����LQWHUORFNLQJ�
�1R�LQWHUORFNLQJ�� 5RXQG�EDU�

�

�
�

�

�

)LJ���� 7KH�GLPHQVLRQ�RI�VSHFLPHQV��7RS�������LQWHUORFNLQJ��%RWWRP�����LQWHUORFNLQJ��

7DEOH����0DWHULDO�SURSHUWLHV�RI�FRQFUHWH�DQG�UHEDU�

&RQFUHWH�SURSHUW\� <LHOG�VWUHQJWK�RI�5HEDU��03D��

&RPSUHVVLYH�
6WUHQJWK��03D��

<RXQJ¶V�PRGXOXV�
�*3D��

6WLUUXS�
6'���$�'���

'HIRUPHG�EDU�
86'���$�'���

5RXQG�EDU������
3&�URG�&ODVV�%�

����� ����� ���� ���� �����

7DEOH����0L[�SURSRUWLRQ�RI�FRQFUHWH�

:�&����� 0D[LPXP� VL]H�
RI�JUDYHO��PP��

8QLW�TXDQWLW\��NJ�P���

:DWHU� &HPHQW�23&�� *UDYHO� 6DQG�
����� ��� ���� ���� ����� ����



$QDO\WLFDO�HYDOXDWLRQ�RQ�WKH�LQIOXHQFH�RI�GHWHULRUDWLRQ�RI�ERQG�EHWZHHQ�UHEDU�DQG�FRQFUHWH�RQ�VWUXFWXUDO�SHUIRUPDQFH�RI�
5&�VWUXFWXUHV�

5\RWD�.85,+$5$��<RXKHL�,72��DQG�1REXKLUR�&+,-,:$� �� ���
�

�

���� ([SHULPHQWDO�UHVXOWV�
,Q� WKH� VWDWLF� ORDGLQJ� WHVW�� WKH�GHIOHFWLRQ�RI� EHDP� DQG� DSSOLHG� ORDG�ZHUH�PHDVXUHG� E\� GLVSODFHPHQW�
WUDQVGXFHU�DQG�ORDG�FHOO��7KH�/RDG�GHIOHFWLRQ�FXUYH�DQG�FUDFN�SDWWHUQV�LQ�HDFK�VSHFLPHQ�DUH�VKRZQ�LQ�
)LJ������

�

�
)LJ���� /RDG�GHIOHFWLRQ�FXUYH��OHIW��DQG�FUDFN�GLVWULEXWLRQ��ULJKW��

,Q� WKH� FDVH� RI� WKH� VSHFLPHQ�ZLWK� ��� LQWHUORFNLQJ�� WKH� IOH[XUDO� ULJLGLW\� GHFOLQHG� VLJQLILFDQWO\� IURP�
���N1�� WKH�PLGGOH� VWDJH� RI� ORDGLQJ�� ,W�ZDV� IRXQG� WKDW� WKH� IOH[XUH� FUDFNV�ZHUH� FRQFHQWUDWHG� LQ� WKH�
FHQWHU�RI� WKH�VSDQ��7KH�VSHFLPHQV�ZLWK����LQWHUORFNLQJ�IDLOHG�E\�DQFKRUDJH�IDLOXUH��%HFDXVH�RI� WKH�
ERQG�ORVV�RQ�WKH�UHEDUV��D�WLHG�DUFK�ZDV�IRUPHG�LQ�WKH�EHDP��WHQVLOH�VWUHVV�ZDV�GLVWULEXWHG�XQLIRUPO\�
RQ� WKH� UHEDUV� DV� WKH� WLH�� DQG� WKH� FRPSUHVVLRQ� VWUDW� ZDV� IRUPHG� EHWZHHQ� WKH� ORDGLQJ� SRLQW� DQG� WKH�
DQFKRUDJH�QXWV��)LQDOO\��DQFKRUDJH�IDLOXUH�RFFXUUHG�ZKHQ�WKH�FRPSUHVVLYH�VWUHVV�H[FHHGHG�WKH�FRP�
SUHVVLYH�VWUHQJWK�RI�FRQFUHWH��

7KH�ULJLGLW\�RI�VSHFLPHQV�ZLWK�����LQWHUORFNLQJ�DOVR�GHFOLQHG�DIWHU�WKH�PLGGOH�VWDJH�RI�ORDGLQJ��
EXW�WKH�ULJLGLW\�UHGXFWLRQ�GHJUHH�ZDV�VPDOOHU� WKDQ� WKH�FDVH�RI����LQWHUORFNLQJ��7KH�ZKROH�EHKDYLRU�
DJDLQVW�ORDG�ZDV�VLPLODU�WR�WKDW�RI�������LQWHUORFNLQJ�FDVH��,W�LV�NQRZQ�WKDW�WKH�VKHDU�FDSDFLW\�FDQ�EH�
LPSURYHG� GXH� WR� WKH� IRUPDWLRQ� RI� WKH� WLHG� DUFK� ZKHQ� WKH� ERQG� LV� ORVW� RQ� WKH� UHEDUV�� ,Q� WKH� ����
LQWHUORFNLQJ�FDVH��LPSURYHPHQW�RI�WKH�VKHDU�FDSDFLW\�ZDV�QRW�REVHUYHG��DQG�LWV�IDLOXUH�PRGH�ZDV�WKH�
VDPH�DV�WKDW�RI�������LQWHUORFNLQJ�VSHFLPHQ��,W�PHDQW�WKDW�WKH�ERQG�ORVV�ZDV�QRW�VR�VLJQLILFDQW��

�

�
)LJ���� /RDG�6WUDLQ�FXUYHV�RI�PDLQ�UHEDU�RQ�HDFK�FDVH�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

��� $QDO\WLFDO�HYDOXDWLRQ�RQ�WKH�LQIOXHQFHV�RI�GHWHULRUDWLRQ�RI�ERQG�EHWZHHQ�UHEDU�DQG�FRQFUHWH�RQ�VWUXFWXUDO�
SHUIRUPDQFH�RI�5&�VWUXFWXUHV�

�

7KH�ERQG�FRQGLWLRQ�FDQ�EH�DOVR�HVWLPDWHG�IURP�WKH�VWUDLQ�GLVWULEXWLRQ�RQ�WKH�PDLQ�UHEDUV��)LJ����VKRZV�
WKH�ORFDWLRQ�RI�VWUDLQ�JDXJHV�IRU� UHEDUV�DQG�WKH�UHODWLRQVKLS�RI�ORDG�DQG�VWUDLQ�RI�WKH�PDLQ�UHEDU��$V�
ORQJ�DV� WKH�ERQG�LV�VRXQG�� WKH�VWUDLQ�GLVWULEXWLRQ�RI� WKH�PDLQ�UHEDUV� LV� WKH�VDPH�WUHQG�DV� WKDW�RI� WKH�
EHQGLQJ�PRPHQW��,Q�WKLV�H[SHULPHQW��VWUDLQ�VKRXOG�EH�WKH�ODUJHVW�DW�WKH�FHQWHU�RI�WKH�VSDQ�DQG�GHFUHDVH�
DV�JHWWLQJ�FORVHU� WR� WKH� VXSSRUWV�� ,Q� WKH�����DQG������ LQWHUORFNLQJ�FDVHV�� WKLV� WUHQG�ZDV�REVHUYHG�
XQGHU�ORDGLQJ�DV�VKRZQ�LQ�)LJ�����+RZHYHU��WKH�VWUDLQ�GLVWULEXWLRQ�RI����LQWHUORFNLQJ�EHDP�ZDV�GLI�
IHUHQW�IURP�WKH�RWKHU�FDVHV��,Q�WKH�LQLWLDO�VWDJH�RI�ORDGLQJ��VWUDLQV�DW�HDFK�ORFDWLRQ�KDG�WKH�VDPH�WUHQG��
+RZHYHU�� DIWHU� WKH�PLGGOH�SHULRG�RI� ORDGLQJ�� HDFK� VWUDLQ�YDOXH�ZDV�JHWWLQJ� FORVH�� ,W�PHDQW� WKDW� WKH�
VWUDLQ�RQ�PDLQ�UHEDUV�EHFDPH�XQLIRUP��7KLV�SKHQRPHQRQ�VWDUWHG�IURP�DERXW����N1��DQG�LW�LV�WKH�VDPH�
WLPLQJ�DV� ULJLGLW\�GHFOLQDWLRQ� LQ� WKH� ORDG�GHIOHFWLRQ�FXUYH��7DSSLQJ�VRXQG�KDG�EHHQ�KHDUG� IURP� WKLV�
VWDJH�PDQ\�WLPHV��,W�VHHPV�WR�EH�FDXVHG�E\�WKH�UHEDU�VOLSSLQJ�ZKHQ�WKH�FKHPLFDO�ERQG�ZDV�ORVW�ORFDOO\��

���� 2XWFRPHV�IURP�WKH�H[SHULPHQW�
)URP�WKH�FUDFN�SDWWHUQ�LQ�)LJ����WKH�VRXQG�ERQG�FDQ�FOHDUO\�GLYHUVLILHG�IOH[XUDO�FUDFNV��DQG�LW�SUHYHQW�
HG�FUDFN� ORFDOL]DWLRQ��&UDFN�GLVSHUVLRQ�KDV�DQ�LPSRUWDQW� UROH�RQ� WKH�YLHZSRLQW�RI� WKH�GXUDELOLW\�DQG�
ORDG�FDUU\LQJ�PHFKDQLVP��,Q� WKH�����LQWHUORFNLQJ�FDVH�� WKH� LQWHUORFNLQJ�HIIHFW�E\� OXJ�ZDV�UHGXFHG��
EXW�WKH�FUDFNLQJ�EHKDYLRU�ZDV�QRW�VLJQLILFDQWO\�FKDQJHG�IURP�WKDW�RI�WKH�������LQWHUORFNLQJ�FDVH��

7KHUH�ZDV�D�FOHDU�GLIIHUHQFH�LQ�WKH�ORDG�GHIOHFWLRQ�FXUYH�DPRQJ�WKUHH�VSHFLPHQV��7KH�ERQG�SHU�
IRUPDQFH�LQIOXHQFHG�WKH�ULJLGLW\�DIWHU�IOH[XUDO�FUDFNV�DUH�IRUPHG��:KHQ�WKH�FRQFUHWH�UHEDU�ERQG�GRHV�
QRW�ZRUN��FUDFNHG�FRQFUHWH�GRHV�QRW�UHVLVW� WHQVLOH�VWUHVV��:KHQ�WKH�FRQFUHWH�DQG�UHEDU�DUH�ZHOO� LQWH�
JUDWHG�E\�ERQG��WKH�FRQFUHWH�EHWZHHQ�WKH�IOH[XUDO�FUDFNV�FDQ�FDUU\�VRPH�WHQVLOH�VWUHVV��7KHUHIRUH�WKH�
ULJLGLW\�GURSSHG�VKDUSO\�ZKHQ�WKH�IOH[XUDO�FUDFNV�ZHUH�IRUPHG�LQ�WKH�VSHFLPHQV�ZLWK����LQWHUORFNLQJ��
,Q� WKH� FDVH�RI� ���� LQWHUORFNLQJ�� WKH�ERQG� LV� GHWHULRUDWHG� VOLJKWO\� DQG� LW� FDQ� FDXVH� WKH� UHGXFWLRQ�RI�
ULJLGLW\��7KH�VKHDU�FUDFNV�RI�����LQWHUORFNLQJ�FDVH�ZHUH�PRUH�ORFDOL]HG�WKDQ�WKDW�RI������ERQG�FDVH��
,W�LV�WKRXJKW�WKDW�LQWHUORFNLQJ�UHVLVWDQFH�E\�DJJUHJDWHV�DW�FUDFN�VXUIDFH�EHFDPH�ZHDNHU�E\�WKH�RSHQLQJ�
RI�FRQFHQWUDWHG�VKHDU�FUDFNV��DQG�VKHDU�FDSDFLW\�UHGXFHG��+RZHYHU��D�VLJQLILFDQW�GLIIHUHQFH�LQ�VWUXF�
WXUDO�SHUIRUPDQFH�EHWZHHQ������DQG�����LQWHUORFNLQJ�ZDV�QRW�REVHUYHG��,W�LV�FRQVLGHUHG�WKDW�ERQG�
SHUIRUPDQFH�FDQ�EH�SUHVHUYHG�HYHQ�ZKHQ�WKH�LQWHUORFNLQJ�EHFRPHV�KDOI��

�� 5HSURGXFWLRQ�DQDO\VLV�

���� �'�QRQOLQHDU�ILQLWH�HOHPHQW�PRGHO�
)RU�LQYHVWLJDWLQJ�WKH�LQIOXHQFH�RQ�WKH�VWUXFWXUDO�SHUIRUPDQFH�E\�ERQG�GHWHULRUDWLRQ��QXPHULFDO�DQDO\�
VLV�ZDV�FRQGXFWHG���'�QRQOLQHDU�ILQLWH�HOHPHQW�DQDO\WLFDO�V\VWHP�³&20�´�LV�XVHG�IRU�UHSURGXFLQJ�RXU�
H[SHULPHQW�DQG�IRU�WKH�FDVH�VWXG\�RI�LQWHUORFNLQJ�ORVV�>�@�7KLV�V\VWHP�LV�EDVHG�RQ�WKH�VPHDUHG�FUDFN�
LQJ� PRGHO�� DQG� PXOWL�GLUHFWLRQDO� QRQ�RUWKRJRQDO� FUDFNV� FDQ� EH� FRQVLGHUHG� LQ� WKH� FRPSXWDWLRQ� WR�
VLPXODWH� WKH� EHKDYLRU� RI� WKH� FRQFUHWH� VWUXFWXUH� XQGHU� YDULRXV� H[WHUQDO� DFWLRQV�� ,Q� UHFHQW� \HDUV�� WKH�
V\VWHP� LV� HQKDQFHG� WR� UHSURGXFH� WKH� GHWHULRUDWHG� 5&� VWUXFWXUDO� V\VWHP� >�@� >��@�� ,Q� WKLV� VWXG\�� WKH�
VKDSH�RI� UHEDUV� HPEHGGHG� LQ� WKH� FRQFUHWH�ZDV�PRGHOOHG�SUHFLVHO\�� DQG� WKH�ERQG�EHWZHHQ� VWHHO� DQG�
FRQFUHWH�ZDV�PRGHOOHG�E\���GLPHQVLRQDO� LQWHUIDFH� HOHPHQWV� IRU� WKH� VWUHVV� WUDQVIHU� RQ� WKH� LQWHUIDFH��
&20��FDQ�DOVR�VLPXODWH�WKH�VWUXFWXUH�ZKLFK�KDV�PXOWLSOH�PDWHULDOV�DQG�LQWHUIDFH�EHWZHHQ�WKHP��VXFK�
DV�FRPSRVLWH�VWUXFWXUH�RU�XQGHUJURXQG�VWUXFWXUH�>��@�>��@��

�
)LJ����*HRPHWU\�RI�DQDO\VLV�PRGHO��OHIW�DQG�FHQWHU��DQG�UDQGRP�JUDYHO�SODFHPHQW��ULJKW��
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)LJ����VKRZV�WKH�TXDUWHU�FXW�)(�EHDP�PRGHO�ZLWK��������FXEH�VROLG�HOHPHQWV�DQG�������LQWHUIDFH�
HOHPHQWV�EHWZHHQ�PDLQ�UHEDU�DQG�FRQFUHWH��0DLQ�UHEDU�VKDSH��LQFOXGLQJ�OXJV��ZDV�PRGHOOHG�SUHFLVHO\�
DQG�HPEHGGHG�LQ�FRQFUHWH�IRU�IRFXVLQJ�RQ�WKH�LQWHUORFNLQJ�HIIHFW��5HSURGXFHG�OXJV�KDG��PP�KHLJKW�
DQG����GHJUHH�DQJOH�IURP�WKH�EDU�D[LV��7KHVH�YDOXHV�ZHUH�EDVHG�RQ�WKH�-DSDQHVH�,QGXVWULDO�6WDQGDUG�
�-,6���6WLUUXSV�DQG�FRPSUHVVLRQ�UHEDUV�ZHUH�PRGHOOHG�E\�SURYLGLQJ�VPHDUHG�UHLQIRUFHPHQW�UDWLR��

7KH�PHVK�VL]H�RI�WKH�PRGHO�ZDV�ILQH��PLQLPXP��PP��WR�UHSURGXFH�WKH�JHRPHWU\�RI�WKH�OXJ��,Q�
WKH�RULJLQDO�FRQFUHWH�PRGHO�LQ�WKLV�V\VWHP��FRQFUHWH�FRPSRQHQWV��VXFK�DV�FHPHQW�PDWUL[�DQG�DJJUHJDWH��
DUH� DYHUDJHG� DV� D� FRQFUHWH� HOHPHQW�� +RZHYHU�� WKLV� RULJLQDO� PRGHO� LV� QRW� DSSURSULDWH� LQ� WKLV� FDVH�
EHFDXVH� WKH�PHVK� VL]H� LV� PXFK� ILQHU� WKDQ� WKH�PRGHO� DVVXPSWLRQ�� 7KHUHIRUH�� WKH� FRQFUHWH� SDUW�ZDV�
GLYLGHG� LQWR� WZR� W\SHV� RI� HOHPHQWV�� DV� PRUWDU� HOHPHQWV� DQG� JUDYHO� HOHPHQWV�� DQG� SURSHU� PDWHULDO�
SURSHUWLHV�ZHUH�VHW�IRU�WKHP��7KH�YROXPH�SURSRUWLRQ�RI�JUDYHO�HOHPHQWV�ZDV������ZKLFK�ZDV�GHFLGHG�
IURP�WKH�PL[�SURSRUWLRQ�LQ�WKH�H[SHULPHQW��*UDYHO�HOHPHQWV�ZHUH�PRGHOOHG�DV�5&�HOHPHQW�ZLWK�����
03D�RI� FRPSUHVVLYH� VWUHQJWK�� ���03D�RI� WHQVLOH� VWUHQJWK�� DQG����*3D�RI� \RXQJ¶V�PRGXOXV��7KHVH�
SURSHUWLHV�ZHUH� GHFLGHG�EDVHG� RQ� WKH� JHQHUDO�PDWHULDO� SURSHUW\� RI� OLPHVWRQH� SURGXFHG� LQ� WKH� VDPH�
DUHD�DV�WKH�JUDYHO�WKDW�LV�XVHG�LQ�WKH�H[SHULPHQWV�>��@��,W� LV�QRWHG�WKDW�WKH�EDVLF�PDWHULDO�SURSHUW\�RI�
OLPHVWRQH�KDV�D�VPDOO�VFDWWHU��

���� 5HSURGXFWLRQ�DQDO\VLV�RQ�H[SHULPHQW�
$V�VKRZQ�LQ�)LJ�����WKH�QXPHULFDO�DQDO\VLV�FRXOG�UHSURGXFH�WKH�ORDG�GHIOHFWLRQ�FXUYHV�RQ�HDFK�FDVH�LQ�
WKH�UHGXFH�RI�ORDG�FDSDFLW\�DQG�ULJLGLW\�DIWHU�FUDFNLQJ��,Q�WKH�FDVH�RI����LQWHUORFNLQJ��WKH�VWUHVV�FRQ�
FHQWUDWLRQ�LQ�WKH�DQFKRUDJH�]RQH�DQG�FUDFN�ORFDOL]DWLRQ�XQGHU�ORDGLQJ�SRLQWV�ZHUH�REVHUYHG��6OLSSLQJ�
EHWZHHQ� UHEDU� DQG� FRQFUHWH� KDSSHQHG� LQ� ���� N1� DQG� ULJLGLW\� GHFUHDVHG� VLJQLILFDQWO\� DIWHU� WKDW�� ,Q�
FRQWUDVW�� ORFDO� UHEDU� VOLSSLQJ� LQ� WKH� H[SHULPHQW� RFFXUUHG� LQWHUPLWWHQWO\�ZLWK� ORDG� LQFUHPHQW�� QRW� LQ�
ZKROH�DUHD�RI�UHEDU�LQ�D�FHUWDLQ�ORDG��,Q�WKH�����LQWHUORFNLQJ�FDVH��ULJLGLW\�DQG�WKH�QXPEHU�RI�IOH[XUDO�
FUDFN�RI�DQDO\WLFDO�UHVXOW�ZHUH�VPDOOHU�WKDQ�H[SHULPHQW��7KLV�GLIIHUHQFH�ZDV�FDXVHG�E\�WKH�PRGHOOLQJ�
RI�WKH�VWLUUXSV��,Q�WKH�H[SHULPHQW��VWLUUXSV�NHHS�UHEDU�DQG�XSSHU�FRQFUHWH�FRQWDFWHG��DQG�WKH�LQWHUORFN�
LQJ�HIIHFW�ZDV�SUHVHUYHG��+RZHYHU�� VXFK�NLQG�RI�HIIHFW�ZDV�QRW�H[SOLFLWO\�PRGHOOHG� LQ� WKH�DQDO\VLV��
DQG�PDLQ�UHEDU�FRXOG�SHHO�RII�IURP�XSSHU�FRQFUHWH�DV�WKH�GLVSODFHPHQW�JRW�ODUJHU��,W�FDXVHG�LQWHUORFN�
LQJ� ORVV��(YHQ� WKRXJK� WKHUH� DUH� VRPH�PLQRU�GLIIHUHQFHV�� WKH�QXPHULFDO� DQDO\VLV� VXFFHVVIXOO\� UHSUR�
GXFHG�WKH�LQIOXHQFH�RI�OXJ�ORVV�RQ�VWUXFWXUDO�EHKDYLRU��

�
)LJ����&RPSDULVRQ�DQDO\WLFDO�DQG�H[SHULPHQWDO� UHVXOWV�RQ�/RDG�GLVSODFHPHQW�FXUYH� �OHIW�� DQG�VWUDLQ�

GLVWULEXWLRQ�DW�IDLOXUH��ULJKW��

�� &DVH�VWXG\�RQ�VWUXFWXUDO�SHUIRUPDQFH�GXH�WR��ERQG�UHGXFWLRQ�E\�OXJ�ORVV�
7KH�YDOLGLW\�RI�WKH�DQDO\VLV�PRGHO�ZLWK�HPEHGGHG�UHEDU�ZDV�FRQILUPHG�LQ�&KDSWHU����:LWK�WKH�SDUDP�
HWHUV�XVHG� WR� UHSURGXFH� WKH�H[SHULPHQW��PRUH�FDVHV� WKDW�ZHUH�FORVHU� WR� WKH�SUDFWLFDO�FRQGLWLRQ�ZHUH�
FRPSXWHG�DQG�HYDOXDWHG� IRU�XQGHUVWDQGLQJ� WKH� UROH�RI� LQWHUORFNLQJ�PRUH�GHHSO\��7KLV� VWXG\� WULHG� WR�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

��� $QDO\WLFDO�HYDOXDWLRQ�RQ�WKH�LQIOXHQFHV�RI�GHWHULRUDWLRQ�RI�ERQG�EHWZHHQ�UHEDU�DQG�FRQFUHWH�RQ�VWUXFWXUDO�
SHUIRUPDQFH�RI�5&�VWUXFWXUHV�

�

DQDO\]H� IRFXVLQJ�RQ� WZR�YLHZSRLQWV� WR�VLPXODWH� WKH�HIIHFW�RI�ERQG�ORVV�XQGHU�D�PRUH�UHDOLVWLF�VWDWH��
KHLJKW�GHFUHDVLQJ�RI�WKH�OXJV�GXH�WR�FRUURVLRQ�DQG�XQXQLIRUP�GLVWULEXWLRQ�RI�FRUURVLRQ���

���� $QDO\WLFDO�FDVHV�
,Q�JHQHUDO��WKH�UHEDU�FRUURVLRQ�SURFHVV�LV�DV�IROORZV��SHQHWUDWLRQ�RI�GHWHULRUDWLRQ�IDFWRU�VXFK�DV�FKOR�
ULGH�LRQ��VWDUWLQJ�FRUURVLRQ�RI�UHEDU��FUDFNLQJ�DURXQG�UHEDU�E\�H[SDQVLYH�VWUHVV�GXH�WR�FRUURVLRQ�SURG�
XFW��DQG�VSDOOLQJ�RI�FRYHU�FRQFUHWH��,Q�WKH�LQLWLDO�VWDJH�RI�FRUURVLRQ��UHEDU�FRUURVLRQ�LV�FRQVLGHUHG�WR�
RFFXU�LQ�WKH�UHEDU�DUHD�FORVHU�WR�WKH�FRQFUHWH�VXUIDFH��,W�FDXVHV�OXJ�ORVV�LQ�D�SDUWLDO�DUHD�RI�UHEDU�VXU�
IDFHV�VXFK�DV�RQO\�WKH�ERWWRP�DUHD�RU�VLGH�DUHD��7KLV�VWXG\�VHW���FRQGLWLRQV�RQ�WKH�OXJ�ORVV�DUHD��KDOI�
VXUIDFH�OXJ�ORVV�RQ�WKH�ERWWRP��%RWWRP������LQ�RXWVLGH�VXUIDFH��2XWHU������DQG�RQ�DOO�VXUIDFH�RI�WKH�
RXWHU�WZR�UHEDUV�LQ�WKUHH�RQHV��6LGH������,Q�RUGHU�WR�JUDVS�WKH�GLIIHUHQFH�FOHDUO\��DQ�XOWLPDWH�VLWXDWLRQ�
WKDW�OXJV�ZHUH�FRPSOHWHO\�ORVW�LQ�GDPDJHG�DUHD�DQG�VRXQG�LQ�RWKHU�DUHD�ZHUH�UHSURGXFHG��

,Q�WKH�FRUURVLRQ�VWDJH�DIWHU�FUDFNLQJ��OXJV�LQ�DOO�VXUIDFH�RI�UHEDU�DUH�FRQVLGHUHG�WR�EH�GHWHULRUDWHG��
+RZHYHU� XQGHU� WKLV� SURFHVV�� UHEDU� VKDSH� EHFRPHV� QRW� OLNH� URXQG� EDUV�� EXW� WKH� URXJKQHVV� RI� UHEDU�
VXUIDFHV�ZLOO�EH�PDLQWDLQHG��)RU�UHSURGXFLQJ�WKLV�FRQGLWLRQ��WKH���FDVHV�ZLWK�UHGXFHG�OXJ�KHLJKW�������
���� DQG� ���� RI� KHLJKW�� ZHUH� DQDO\]HG�� 7DEOH� �� VKRZV� WKH� OXJ� FRQGLWLRQ� RI� �� FDVHV� ZKLFK� ZDV�
HYDOXDWHG�LQ�WKLV�VWXG\���

7DEOH���$QDO\WLFDO�FDVHV��SDUWV�OXJ�ORVV�RI�UHEDU�VXUIDFH��

3DUDPHWHU� $UHD�RI�OXJ�ORVV� /RVV�RI�OXJ�KHLJKW�

1DPH� %RWWRP���� 6LGH���� 2XWHU���� /XJ+����� /XJ+����� /XJ+�����
/XJ�
FRQGLWLRQ�
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���� $QDO\VLV�UHVXOWV�DQG�GLVFXVVLRQV�

������ (IIHFWV�RI�OXJ�ORVV�ORFDWLRQ�
)LJ�� �� VKRZV� WKH� DQDO\VLV� UHVXOWV� RQ� EHDPV�ZLWK� GLIIHUHQW� ORFDWLRQV� RI� FRPSOHWH� OXJ� ORVV� DUHD�� 7KH�
ERWWRP����FDVH�KDV�DOPRVW�WKH�VDPH�EHKDYLRU�DV�WKDW�RI������LQWHUORFNLQJ�FDVH�ZLWKRXW�FRYHU�FRQ�
FUHWH�LQ�WKH�IRUPHU�FKDSWHU�IURP�WKH�SRLQW�RI�ULJLGLW\��FDSDFLW\�GHFOLQDWLRQ��DQG�FUDFN�SDWWHUQ��2Q�WKH�
RWKHU�KDQG��LQ�6LGH����DQG�2XWHU����FDVHV��ERQG�ORVV�ZDV�REVHUYHG�DV�WKH�FUDFN�ORFDOL]DWLRQ��6LGH�
���EHDP�VKRZHG�ORDG�UHGXFWLRQ�E\�UHEDU�VOLSSLQJ�DW�DERXW����N1��

�
)LJ�����/RDG�GLVSODFHPHQW�FXUYH��OHIW��DQG�VWUDLQ�GLVWULEXWLRQ�DW�IDLOXUH��ULJKW���



$QDO\WLFDO�HYDOXDWLRQ�RQ�WKH�LQIOXHQFH�RI�GHWHULRUDWLRQ�RI�ERQG�EHWZHHQ�UHEDU�DQG�FRQFUHWH�RQ�VWUXFWXUDO�SHUIRUPDQFH�RI�
5&�VWUXFWXUHV�
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:KHQ�D�KDOI�RU�PRUH�RI�WKH�VHFWLRQ�RI�UHEDU�OXJV�DUH�ORVW��ERQG�GHWHULRUDWLRQ�ZDV�REVHUYHG�LQ�WHUPV�RI��
FUDFN� FRQFHQWUDWLRQ� DQG� ULJLGLW\� GHFOLQDWLRQ�� 5HEDU� VOLSSLQJ� ZDV� REVHUYHG� RQO\� LQ� 6LGH���� FDVH��
DOWKRXJK�6LGH����DQG�2XWHU����KDG�WKH�VDPH�OXJ�ORVV�UDWLR��7KH�VXUIDFH�RI�WZR�RXWVLGH�UHEDUV�ZHUH�
VPRRWK�LQ�6LGH�����,W�FDQ�EH�VDLG�WKDW�WKH�XQLIRUP�GLVWULEXWLRQ�RI�LQWHUORFNLQJ�E\�OXJ�KDG�D�VLJQLILFDQW�
HIIHFW�WR�SUHYHQW�EULWWOH�EHKDYLRU�E\�UHEDU�VOLSSLQJ�HYHQ�WKRXJK�OXJV�EHFDPH�VPDOO��

������ 7KH�HIIHFWV�RI�ORVV�RI�OXJ�KHLJKW�
$QDO\WLFDO�UHVXOWV�ZLWK�WKH�GLIIHUHQW�OXJ�KHLJKW�DUH�VKRZQ�LQ�)LJ�����,Q�WKH�FDVH�RI�����DQG�����OXJ�
KHLJKW��DOPRVW� WKH�VDPH�ORDG�GHIOHFWLRQ�FXUYHV�ZHUH�REVHUYHG��DQG� WKH�ULJLGLW\�DQG� ORDG�FDSDFLW\�RI�
/XJ+�����EHFRPHV�ORZ��)URP�WKH�SULQFLSDO�VWUDLQ�GLVWULEXWLRQ�PDS��WKH�EHDPV�ZLWK������DQG�����
RI�OXJ�KHLJKW�VKRZ�VLPLODU�IOH[XUH�DQG�VKHDU�FUDFN�SDWWHUQV��2Q�WKH�RWKHU�KDQG��LQ�WKH�FDVH�RI�/XJ+�
�����WKH�QXPEHU�RI�IOH[XUDO�FUDFNV�LV�GHFUHDVHG��DQG�VKHDU�FUDFN�IRUPDWLRQ�ZDV�VXSSUHVVHG�GXH�WR�WKH�
WLHG�DUFK�HIIHFW�E\�ERQG�GHWHULRUDWLRQ��

�
)LJ����/RDG�GLVSODFHPHQW�FXUYH��OHIW��DQG�VWUDLQ�GLVWULEXWLRQ�DW�IDLOXUH��ULJKW��RI�HDFK�EHDP�ZLWK�GLI�

IHUHQW�OXJ�KHLJKW�

7KH� LQIOXHQFH� RI� OXJ� KHLJKW� UHGXFWLRQ�RQ� WKH� VWUXFWXUDO� SHUIRUPDQFH�ZDV� VPDOOHU� WKDQ� WKDW� RI� ORFDO�
FRPSOHWH�OXJ�ORVV��7KH�FKHPLFDO�ERQG�EHWZHHQ�UHEDU�DQG�FRQFUHWH�LV�VPDOO��DQG�LW� LV�ZK\�WKH�UHEDUV�
FDQ�QRW�UHVLVW�ODUJH�SXOO�RXW�IRUFH�ZKHQ�WKH�EDU�GRHV�QRW�KDYH�OXJV��$IWHU�WKH�EDU�VOLSV��WKH�ERQG�FRQ�
VLVWV�RI�MXVW�IULFWLRQ��:KHQ�WKH�VXUIDFH�RI�WKH�UHEDUV�LV�URXJK��WKH�ERQG�FDQ�EH�PDLQWDLQHG�DW�WKH�VDPH�
OHYHO�DV�WKH�VRXQG�FRQGLWLRQ�HYHQ�WKRXJK�WKH�URXJKQHVV�LV�VPDOO��7KH�UHODWLRQVKLS�EHWZHHQ�URXJKQHVV�
RI� UHEDU� VXUIDFH� DQG� ERQG� FRQGLWLRQ� LV� QRW� OLQHDU�� DQG�ERQG� SHUIRUPDQFH� LV� FRQVLGHUHG� WR� GHFUHDVH�
UDSLGO\�DIWHU�D�FHUWDLQ�GHWHULRUDWHG�FRQGLWLRQ��,Q�WKH�UHDO�VWUXFWXUH��WKH�URXJKQHVV�RI�WKH�UHEDU�VXUIDFH�
FDQ�EH�SUHVHUYHG�HYHQ�DIWHU�OXJ�KHLJKW�LV�UHGXFHG�E\�FRUURVLRQ��,W�PHDQV�WKDW�VWUHVV�FDQ�EH�WUDQVIHUUHG�
EHWZHHQ�UHEDU�DQG�FRQFUHWH�XQOHVV�FRQWDFW�EHWZHHQ�UHEDU�DQG�FRQFUHWH�ORVW�E\�VSRLOLQJ�RI�FRQFUHWH��

7R� DVVHVV� WKH� UHVLGXDO� VWUXFWXUDO� SHUIRUPDQFH� RI� FRUURGHG�5&� VWUXFWXUH�� WKH� UHGXFWLRQ�RI� FURVV�
VHFWLRQ�DUHD�RI�UHEDU�DQG�ERQG�ORVV�DUH�UHTXHVWHG�WR�EH�PRGHOOHG�SUHFLVHO\��7KLV�VWXG\�SUHVHQWHG�WKH�
SRVVLELOLW\� WKDW� VXUIDFH� URXJKQHVV� FDQ� SUHVHUYH� WKH� ERQG� EHWZHHQ� FRQFUHWH� DQG� UHEDUV� HYHQ� ZKHQ�
VHFWLRQ� ORVV� RFFXUV� GXH� WR� FRUURVLRQ�� ,W� QHHGV� WR� LQYHVWLJDWH� WKH� UHODWLRQVKLS� EHWZHHQ� ERQG� GHFOLQH�
UDWLR�DQG�FRUURVLRQ�VWDWH�GHHSO\� IRU� WKH�DVVHVVPHQW�RI� UHDO�GHWHULRUDWHG�5&�VWUXFWXUHV�� LQFOXGLQJ� WKH�
LQIOXHQFH�RI�RWKHU�IDFWRUV�VXFK�DV�FUDFNLQJ�DORQJ�UHEDU�RU�FRUURVLRQ�SURGXFW��

�� &RQFOXVLRQV�
7KH�VWDWLF�ORDGLQJ�EHKDYLRU�RI�WKH�EHDP�VSHFLPHQV�ZLWK�YDULRXV�LQWHUORFNLQJ�FRQGLWLRQV�ZHUH�LQYHVWL�
JDWHG�IURP�WKH�H[SHULPHQW�DQG�DQDO\VLV�LQYHVWLJDWLRQ��DQG�WKH�IROORZLQJV�DUH�VKRZHG��

�
��� :KHQ�WKH�ERQG�LV�GHWHULRUDWHG��FUDFNV�ZLOO�EH�ORFDOL]HG��DQG�WKH�ULJLGLW\�DQG�FDSDFLW\�RI�5&�

PHPEHU�ZLOO�EH�GHFUHDVHG��6LJQLILFDQW�ERQG�ORVV�LQGXFHV�WR�IRUP�WKH�WLHG�DUFK�LQ�WKH�EHDP��
DQG�LW�LPSURYHV�WKH�VKHDU�FDSDFLW\��



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

��� $QDO\WLFDO�HYDOXDWLRQ�RQ�WKH�LQIOXHQFHV�RI�GHWHULRUDWLRQ�RI�ERQG�EHWZHHQ�UHEDU�DQG�FRQFUHWH�RQ�VWUXFWXUDO�
SHUIRUPDQFH�RI�5&�VWUXFWXUHV�

�

��� %RQG�GHWHULRUDWLRQ� LV� VOLJKW� LQ� FDVH� WKDW� URXJKQHVV�RQ� UHEDU� VXUIDFH�E\� OXJ� LV�PDLQWDLQHG��
7KLV�LV�EHFDXVH�WKH�LQWHUORFNLQJ�EHWZHHQ�FRQFUHWH�DQG�OXJ�ZRUNV�HYHQ�DIWHU�WKH�UHEDU�LV�FRU�
URGHG��$VVXPSWLRQ�RI�FRPSOHWH�ERQG�ORVV�EHWZHHQ�UHEDU�DQG�FRQFUHWH�ZLWK�UHEDU�FRUURVLRQ�
FDQ�RYHUHVWLPDWH�WKH�PDJQLWXGH�RI�ERQG�GHWHULRUDWLRQ��

��� 6WLUUXS�FDQ�SUHYHQW�SHHOLQJ�RII�RI�PDLQ�UHEDU�IURP�FRQFUHWH�DQG�NHHS�WKHP�FRQWDFWHG��,W�FDQ�
SUHYHQW�ERQG�GHWHULRUDWLRQ�HYHQ�LI�WKH�ERWWRP�VXUIDFH�RI�UHEDU�OXJV�DUH�ORVW��

�
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WHVWV�LQ�SODLQ�FRQFUHWH�EHDPV�UHSRUWHG�LQ�WKH�OLWHUDWXUH�DUH�DQDO\VHG�LQ�WKH�SUHVHQW�VWXG\��,Q�DOO�WKH�WHVWV��
WKH�DSSOLHG�ORDG�LV�NHSW�FRQVWDQW�WKURXJKRXW�WKH�WHVW�GXUDWLRQ��)URP�WKH�PHDVXUHG�VWUDLQV��XVLQJ�VWDWLF�
HTXLOLEULXP��WKH�VWUHVVHV�FDQ�EH�JHQHUDWHG�DW�DQ\�WLPH��DQG�WKH�IOH[XUDO�FUHHS�EHKDYLRXU�KDV�EHHQ�VWXGLHG��
7KH�VWXG\�REVHUYHV�WKDW�WKH�FRPSUHVVLYH�VWUHVVHV�GHFUHDVH�ZLWK�WLPH��ZKHUHDV�WHQVLOH�VWUHVVHV�LQFUHDVH��
7KHUHIRUH��LW�LV�QRW�DSSURSULDWH�WR�SUHGLFW�WKH�FUHHS�VWUDLQV�EDVHG�RQ�FRQVWDQW�VWUHVV��UDWKHU�WKH�YDU\LQJ�
VWUHVVHV�QHHG�WR�EH�DFFRXQWHG�IRU�LQ�WKH�SUHGLFWLRQ���

�� ,QWURGXFWLRQ�
7KH�VWXG\�RI�ORQJ�WHUP�EHKDYLRXU�LV�YHU\�VLJQLILFDQW�LQ�FRQFUHWH�IOH[XUDO�PHPEHUV�EHFDXVH�LW�UHVXOWV�LQ�
DQ�LQFUHDVH�LQ�GHIOHFWLRQ�ZKLFK�LQ�WXUQ�DIIHFWV� WKH�VHUYLFHDELOLW\�RI�WKH�VWUXFWXUH��7KLV�LV�GHWULPHQWDO�
HVSHFLDOO\�LQ�OLIHOLQH�VWUXFWXUHV�OLNH�EULGJHV�ZKLFK�DUH�PRVWO\�FUHHS�VHQVLWLYH��7KH�ORQJ�WHUP�EHKDYLRXU�
RI�FRQFUHWH�VWUXFWXUHV�LV�PDLQO\�JRYHUQHG�E\�FUHHS��VKULQNDJH�DQG�UHOD[DWLRQ�RI�VWHHO��LQ�SUHVWUHVVHG�
PHPEHUV���7KLV�VWXG\�PDLQO\�IRFXVHV�RQ�WKH�FUHHS�EHKDYLRXU�RI�FRQFUHWH�7KH�HIIHFW�RI�FUHHS�LQ�FRQFUHWH�
GHSHQGV�RQ�YDULRXV�>PDWHULDO��HQYLURQPHQWDO�DQG�ORDGLQJ@�IDFWRUV��PDLQO\�WKH�PL[�GHVLJQ��WHPSHUDWXUH��
KXPLGLW\��WKH�VWUHVV�WR�VWUHQJWK�UDWLR�DQG�WKH�DJH�RI�ORDGLQJ���

&UHHS�LQ�FRQFUHWH�FRQVLVWV�RI�EDVLF�FUHHS�DQG�FRPELQHG�FUHHS��:KLOH�WKH�EDVLF�FUHHS�GHSHQGV�RQO\�
RQ�WKH�ORDGLQJ�DQG�WKH�PHPEHU�FKDUDFWHULVWLFV��FRPELQHG�FUHHS�LV�DOVR�DIIHFWHG�E\�HQYLURQPHQWDO�FRQ�
GLWLRQV��6R��WR�GHWDFK�WKH�LQIOXHQFH�RI�ORFDO�HQYLURQPHQWDO�FRQGLWLRQV�DQG�WR�JHQHUDOLVH�WKH�FUHHS�EH�
KDYLRXU��PRVW�FUHHS�WHVWV�LQFOXGH�D�EDVLF�FUHHS�VSHFLPHQ�DQG�D�FRPELQHG�FUHHS�VSHFLPHQ��$�ODUJH�QXP�
EHU�RI�FUHHS�WHVWV�KDYH�EHHQ�UHSRUWHG�RQ�SODLQ�FRQFUHWH�F\OLQGHUV�VXEMHFW�WR�D[LDO�FRPSUHVVLRQV�IRU�\HDUV�
>�@�>��@��DQG�EDVHG�RQ�WKHVH�WHVWV��YDULRXV�FUHHS�PRGHOV�KDYH�EHHQ�GHYHORSHG��VRPH�RI�ZKLFK�VHSDUDWHV�
EDVLF� FUHHS� DQG� FRPELQHG� FUHHS>��@�>��@�� ,Q�SUDFWLFH�� WKHVH�PRGHOV� DUH�EHLQJ�XVHG� IRU� DOO� NLQGV�RI�
PHPEHUV��FROXPQV��EHDPV��HWF���LUUHVSHFWLYH�RI�WKHLU�ORDGLQJ�FRQGLWLRQV�DV�ORQJ�DV�WKH�VWUHVV�LV�ZLWKLQ�
WKH�OLQHDU�UDQJH��ZKLFK�LV�ZLGHO\�DFFHSWHG�WR�EH�����IF��IF�LV�WKH�F\OLQGHU�FRPSUHVVLYH�VWUHQJWK����

7KH�FUHHS�LQ�PHPEHUV�VXEMHFWHG�WR�EHQGLQJ�LV�UHIHUUHG�WR�DV�IOH[XUDO�FUHHS�DQG�WKH�PDLQ�GLIIHUHQFH�
LQ�IOH[XUDO�FUHHS�LV�WKH�VWUHVV�JUDGLHQW�DFURVV�WKH�VHFWLRQ��,Q�DGGLWLRQ�WR�WKLV��LI�WKHUH�LV�WHQVLRQ�LQ�WKH�
PHPEHU��WKH�FUHHS�PHFKDQLVP�LWVHOI�PD\�EH�GLIIHUHQW��&RQWUDGLFWLQJ�UHVXOWV�RQ�WKH�GLIIHUHQFH�EHWZHHQ�
WHQVLRQ�FUHHS�DQG�FRPSUHVVLRQ�FUHHS�KDYH�EHHQ�SUHVHQWHG�E\�YDULRXV� UHVHDUFKHUV�RYHU� WLPH� >�@�>�@��
%URRNV�DQG�1HYLOOH��������VWDWHG�WKDW�WKH�FUHHS�LQ�WHQVLRQ�DQG�FRPSUHVVLRQ�DUH�FRQVLGHUDEO\�GLIIHUHQW�
DQG�GHSHQGV�RQ�PDQ\� IDFWRUV��DJH�RI�FRQFUHWH�DQG�GU\LQJ�EHLQJ� WKH�PRVW� LPSRUWDQW�RQHV�>�@��6RPH�
UHVHDUFKHUV�FRQGXFWHG�EDVLF�FUHHS�WHVWV�DQG�SURYHG�WKDW�FRPSUHVVLYH�FUHHS�LV�KLJKHU�WKDQ�WHQVLOH�FUHHS�
>�@��>�@�ZKHUHDV�WKH�RSSRVLWH�LV�VWDWHG�E\�.ULVWLDZDQ��������DQG�)RUWK��������>�@�>�@��,Q�OLWHUDWXUH��IHZ�
VWXGLHV�VKRZLQJ�WKDW�WKH�FUHHS�LQ�WHQVLRQ�DQG�FRPSUHVVLRQ�DUH�VLPLODU�>�@��%HFDXVH�RI�WKH�FRQWUDGLFWRU\�
UHVXOWV��LW�LV�QRW�SRVVLEOH�WR�DUULYH�DW�D�FRQFOXVLRQ�RQ�WKH�GLIIHUHQFH�LQ�WKH�UDWHV�DQG�PDJQLWXGHV�RI�FUHHS�
LQ�WHQVLRQ�DQG�FRPSUHVVLRQ���

6LQFH�FRQFUHWH�LV�UDUHO\�VXEMHFWHG�WR�GLUHFW�WHQVLRQ��XQLIRUP�WHQVLRQ�WKURXJKRXW�WKH�FURVV�VHFWLRQ���
HPSKDVLV� VKRXOG�EH�JLYHQ� WR� IOH[XUDO� WHQVLRQ�ZKLFK� LV�QHDUO\�XQDYRLGDEOH� LQ�FRQFUHWH�EHDPV��6LQFH�
IOH[XUDO�FUHHS�KDV�D�FRPSOH[�PHFKDQLVP�GXH�WR�WKH�LQWHUDFWLRQ�EHWZHHQ�WHQVLRQ�FUHHS�DQG�FRPSUHVVLRQ�
FUHHS��D�GHWDLOHG�DQDO\VLV�RI�WKH�EHDP�UHVSRQVH�LV�UHTXLUHG�WR�VWXG\�WKH�HIIHFW�RI�WHQVLRQ�DQG�WKH�VWUHVV�
JUDGLHQW�RQ�WKH�FUHHS�EHKDYLRXU���

3URF��RI�WKH���WK�ILE�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�
-XO\�������������0DUQH�OD�9DOOpH��3DULV��)UDQFH�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

��� 6WUXFWXUDO�DQDO\VLV�DQG�GHVLJQ��7LWOH�RI�\RXU�WRSLF��

�

�,Q� WKH�FXUUHQW�VWXG\�� IHZ�EDVLF�FUHHS� WHVWV�RQ�SODLQ�FRQFUHWH�EHDPV�VXEMHFW� WR�FRQVWDQW� ORDGLQJ��
UHSRUWHG�LQ�OLWHUDWXUH�KDYH�EHHQ�DQDO\VHG�DQG�VWUDLQV�DUH�FRPSDUHG�ZLWK�WKH�SUHGLFWLRQ�XVLQJ�H[LVWLQJ�
PRGHOV��7KH�VWXG\�LV�OLPLWHG�WR�WHVWV�ZKHUH�WKH�FRQFUHWH�LV�QRW�ORDGHG�EH\RQG�FUDFNLQJ�VWUHVV��2I�WKH�
PDQ\�PRGHOV�DYDLODEOH�IRU�WKH�SUHGLFWLRQ�RI�FUHHS�DQG�VKULQNDJH��WKUHH�PRGHOV��%���%��DQG�*/�������
KDYH�EHHQ�FRQVLGHUHG�WKDW�VHSDUDWH�EDVLF�FUHHS�DQG�GU\LQJ�FUHHS���

���� &UHHS�PRGHOV�

������ */������
*DUGQHU�DQG�/RFNPDQ��������SURSRVHG�WKH�*/�����PRGHO�ZKLFK�LV�JLYHQ�E\�WKH�IROORZLQJ�HTXDWLRQ��
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ZKHUH�W��LV�WKH�DJH�RI�ORDGLQJ��WF�LV�WKH�DJH�ZKHQ�GU\LQJ�VWDUWV�DQG�W�LV�WKH�DJH�RI�FRQFUHWH��

������ �%��PRGHO�� � � � � � ����������� �
�7KLV�PRGHO�FDQ�EH�XVHG�WR�SUHGLFW�WKH�PDWHULDO�SDUDPHWHUV�RI�RUGLQDU\�3RUWODQG�FHPHQW�FRQFUHWH�KDYLQJ�
D����GD\�VWDQGDUG�F\OLQGHU�FRPSUHVVLYH�VWUHQJWK�EHWZHHQ���03D�DQG���03D��7KH� FRPSOLDQFH� IXQF�
WLRQ�XVLQJ�WKLV�PRGHO�LV�DV�LQ������ � � � � � ������������
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ZKHUH� -�W�W��� LV� WKH� FRPSOLDQFH� IXQFWLRQ� DW� WLPH� W�� WKH� VWDUW� WLPH� RI� ORDGLQJ� LV� UHSUHVHQWHG�E\� W���T��
UHSUHVHQWV�WKH�LQVWDQWDQHRXV�VWUDLQ��&��UHSUHVHQWV�WKH�EDVLF�FUHHS�IXQFWLRQ�DQG�&G�UHSUHVHQWV�WKH�GU\LQJ�
FUHHS�IXQFWLRQ��

������ %��PRGHO�
7KLV�PRGHO� LV�DQ� LPSURYHG�YHUVLRQ�RI� WKH�%��PRGHO�� ,W� DOORZV� IRU�HQKDQFHG�PXOWL�GHFDGH� UHVSRQVH�
SUHGLFWLRQ��GLVWLQJXLVKHV�EHWZHHQ�WKH�GU\LQJ�DQG�DXWRJHQRXV�VKULQNDJH��DQG�LQWURGXFHV�QHZ�HTXDWLRQV�
WR�FDSWXUH�WKH�HIIHFWV�RI�YDULRXV�DGPL[WXUHV�DQG�DJJUHJDWH�W\SHV��7KLV�PRGHO�DFFRXQWV�IRU�WKH�WHPSHUD�
WXUH�HIIHFW�RQ�WKH�FXULQJ�DQG�DJHLQJ�SURFHVV�E\�DFFHOHUDWLQJ�WKH�WLPH�EDVHG�RQ�WKH�DFWLYDWLRQ�HQHUJLHV���

� �  � � � �ˆ ˆ ˆ ˆ ˆ ˆc c c�
7 � G� �- W�W T 5 & W�W & W�W �W�� � � � ����

ZKHUH�57�LV�D�VFDOLQJ�IDFWRU�DQG�WKH�DJH�RI�FRQFUHWH��DJH�RI�ORDGLQJ�DQG�GU\LQJ��DUH�FRUUHFWHG�IRU�WHP�
SHUDWXUH��

���� 5HYLHZ�RI�VWXGLHV�LQ�IOH[XUDO�FUHHS��
5RVVL�HW�DO���������FRQGXFWHG�H[SHULPHQWV�RQ�EDVLF�FUHHS�LQ�WHQVLRQ��FRPSUHVVLRQ�DQG�IOH[XUH�DQG�DW�
WHPSWHG�WR�SUHGLFW�WKH�IOH[XUDO�FUHHS�XVLQJ�WKH�VWUDLQ�GDWD�IURP�GLUHFW�WHQVLRQ�DQG�FRPSUHVVLRQ�FUHHS�
WHVWV��'XH�WR�WKH�VFDOH�HIIHFW�UHODWHG�WR�WHQVLOH�DQG�FRPSUHVVLRQ�FUHHS��WKH�SUHGLFWLRQ�ZDV�QRW�VXFFHVVIXO�
>�@��6LPLODU�EHKDYLRXU�EHWZHHQ�EDVLF�FUHHS� LQ� WHQVLRQ�DQG�FRPSUHVVLRQ�ZDV�REVHUYHG�E\�:HL�HW�DO��
��������DQG�IOH[XUDO�FUHHS�ZDV�IRXQG�WR�EH����SHU�FHQW�KLJKHU�ZKHQ�WKH�ZDWHU�FHPHQW�UDWLR�LQFUHDVHG�
IURP�����WR�����ZKLFK�LPSOLHV�WKDW�IOH[XUDO�FUHHS�LV�VHQVLWLYH�WR�ZDWHU�FHPHQW�UDWLR�>�@��7KH�VSHFLILF�
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FUHHS�RI�GLUHFW�FRPSUHVVLRQ�LV�PXFK�KLJKHU�WKDQ�IOH[XUDO�FRPSUHVVLRQ�ZKHQ�WKH�VWUHVV�WR�VWUHQJWK�UDWLR�
LV�WKH�VDPH�>�@��7KH�WHQVLOH�FUHHS�VKRZV�ODUJH�YDULDELOLW\�XQGHU�GLIIHUHQW�VWUHVV�OHYHOV�DQG�IOH[XUDO�FUHHS�
KDV�PLQLPDO�QRQ�OLQHDULW\�HIIHFWV�GXH�WR�KLJKHU�ORDG�OHYHO�>�@��

�� ([SHULPHQWDO�'DWD�
)HZ�EDVLF�FUHHS� WHVWV�IURP�OLWHUDWXUH�DUH�FRQVLGHUHG�DQG�GHWDLOHG�DQDO\VLV�RI� WKH�VWUHVVHV�DQG�VWUDLQV�
REWDLQHG�IURP�WKH�H[SHULPHQW�KDV�EHHQ�FDUULHG�RXW��

5DLQRYRPDQDQD�HW�DO���������FRQGXFWHG�FUHHS�WHVWV�RQ�KLJK�SHUIRUPDQFH�SODLQ�FRQFUHWH�VSHFLPHQV�
XQGHU�GLUHFW�FRPSUHVVLRQ��GLUHFW�WHQVLRQ�DQG�IOH[XUH�WHVWV�>�@��&RPSUHVVLYH�FUHHS�WHVWV�ZHUH�FDUULHG�RXW�
RQ�F\OLQGHUV�DQG��WHQVLOH�DQG�IOH[XUDO�FUHHS�WHVWV�RQ�UHFWDQJXODU�SULVPV�RI�VL]H����[���[���PP��7KH�
ORDGLQJ�ZDV�GRQH�DW�DQ�DJH�RI����GD\V�DQG�WKH�VWUHVV�WR�VWUHQJWK�UDWLR�LV������7KH�ORDGLQJ�ZDV�VXFK�WKDW��
WKH�H[WUHPH�ILEUH�VWUHVV�ZDV�����WLPHV�WKH�GLUHFW�WHQVLOH�VWUHQJWK�RI�FRQFUHWH��7KH�WHVW�GXUDWLRQ�ZDV����
GD\V��IRU�IOH[XUDO�VSHFLPHQ��DQG�VWUDLQV�KDYH�EHHQ�PRQLWRUHG�DW�WKH�WRS��ERWWRP�DQG�WKH�QHXWUDO�D[LV�
OHYHO�DORQJ�WKH�PLG�VSDQ�FURVV�VHFWLRQ��7KH�FRPSUHVVLYH�VWUHQJWK�RI�WKH�FRQFUHWH�XVHG�IRU�WKH�WHVWV�LV�
����03D��

)LJ����D��VKRZV�WKH�PHDVXUHG�VWUDLQV�DFURVV�WKH�FURVV�VHFWLRQ�ZLWK�WLPH�DQG�LW�LV�REVHUYHG�WKDW�WKH�
FRPSUHVVLYH�VWUDLQV�NHHS�LQFUHDVLQJ�VLJQLILFDQWO\�ZLWK�WLPH�ZKHUHDV�WKH�WHQVLOH�VWUDLQV�UHPDLQ�DOPRVW�
VDPH���

�D�� ��� � � � � ��������E��
)LJ���� �D���0HDVXUHG�VWUDLQV�ZLWK�GHSWK�DQG��E��0HDVXUHG�Y�V�SUHGLFWHG�WRWDO�VWUDLQV�LQ�WKH�H[WUHPH�
FRPSUHVVLRQ�ILEUH���

,Q�RUGHU�WR�SUHGLFW�WKH�H[WUHPH�FRPSUHVVLRQ�ILEUH�FUHHS�VWUDLQV�LQ�IOH[XUH��WKH�H[LVWLQJ�PRGHOV�DUH�XVHG�
DQG�WKH�UHVXOWV�DUH�DV�VKRZQ�LQ�)LJ����E���,W�LV�VHHQ�WKDW�WKH�PDJQLWXGH�RI�VWUDLQV�SUHGLFWHG�E\�%��PRGHO�
DUH�FORVHU�WR�WKH�REVHUYHG�H[SHULPHQWDO�VWUDLQV�ZKLOH�%��DQG�*/������RYHUHVWLPDWH�WKH�FUHHS�VWUDLQV��
$OVR��WKH�UDWH�RI�FUHHS�REVHUYHG�LQ�WKH�H[SHULPHQW�LV�KLJKHU�WKDQ�WKH�SUHGLFWHG�UDWH�RI�FUHHS��$OO�WKH�
PRGHOV�JLYH�D�VLPLODU�WUHQG�LQ�WKH�UDWH�RI�FUHHS�H[FHSW�WKDW�WKH�PDJQLWXGHV�DUH�GLIIHUHQW��7KH�LQLWLDO�UDWH�
RI�FUHHS�LV�RYHUHVWLPDWHG�E\�DOO�WKH�PRGHOV�ZKHUHDV��DW�KLJKHU�DJHV��WKH�UDWH�RI�FUHHS�LV�XQGHUHVWLPDWHG�
E\�WKH�FRQVLGHUHG�PRGHOV��

,W�LV�DOVR�VHHQ�IURP�)LJ����D��WKDW�WKH�UDWH�RI�FUHHS�LQ�FRPSUHVVLRQ�LV�PXFK�KLJKHU�WKDQ�WKDW�LQ�WHQVLRQ��
7KLV�FDXVHV�WKH�QHXWUDO�D[LV�WR�VKLIW�GRZQZDUG�DQG�DGGLWLRQDO�WHQVLOH�VWUHVVHV�WR�EH�GHYHORSHG�LQ�WKH�
ERWWRP�SDUW�RI�WKH�EHDP��7KH�VKLIW�LQ�QHXWUDO�D[LV�UHVXOWV�LQ�WKH�UHOD[DWLRQ�RI�VWUHVVHV�LQ�FRPSUHVVLRQ��
7KH�GLIIHUHQFH�EHWZHHQ�WKH�SUHGLFWHG�DQG�REVHUYHG�FUHHS�UDWHV�FDQ�EH�DWWULEXWHG�WR�WKLV�GLIIHUHQWLDO�FUHHS�
PHFKDQLVP�LQ�WKH�EHDP�FURVV�VHFWLRQ��7R�YDOLGDWH�WKLV��DQ�DQDO\VLV�KDV�EHHQ�FDUULHG�RXW�XVLQJ�WKH�RE�
VHUYHG�VWUDLQV���

)URP� WKH�PHDVXUHG�VWUDLQV�� WKH�GHSWK�RI� WKH�QHXWUDO�D[LV� LV� IRXQG�DQG�WKH�YDULDWLRQ�ZLWK� WLPH� LV�
SORWWHG�LQ�)LJ����D���6LQFH�WKH�VHFWLRQ�LV�XQFUDFNHG�DQG�WKH�PDJQLWXGH�RI�VWUHVVHV�DUH�FRQVLGHUDEO\�ORZ��
D�WULDQJXODU�VWUHVV�SURILOH�LV�FRQVLGHUHG��/HYHU�DUP�LV�FDOFXODWHG�IURP�WKH�VWUDLQ�GLDJUDP�REWDLQHG�IURP�
WKH�H[SHULPHQW��6LQFH� WKH�DSSOLHG�PRPHQW� UHPDLQV� FRQVWDQW��XVLQJ�HTXLOLEULXP�� WKH� WRS�DQG�ERWWRP�
VWUHVVHV�FDQ�EH�FRPSXWHG�DW�GLIIHUHQW�WLPH�LQWHUYDOV�XVLQJ�WKH�HTXDWLRQV�����WR�������

���

���

���

���

���

�

��

��

��

��

��

��� ��� �� ��

'
HS
WK
��P

P
�

0LFURVWUDLQV

�G
���G
�����G
�����G
�����
����G
����G

���

���

���

���

���

���

���

���

�
� �� �� �� �� �� �� �� ��

0
LF
UR
VW
UD
LQ
V

7LPH�VLQFH�ORDGLQJ��GD\V�

%�
%�
H[S
HXUR



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

��� 6WUXFWXUDO�DQDO\VLV�DQG�GHVLJQ��7LWOH�RI�\RXU�WRSLF��

�

�
� ��� WRS F& E \ Vu u u � ����
� ��� ERWWRP W7 E \ Vu u u � �����
� /HYHU DUP0 & u � �����
� & 7 � �����
ZKHUH�&�LV�WKH�UHVXOWDQW�FRPSUHVVLYH�IRUFH��7�LV�UHVXOWDQW�WHQVLOH�IRUFH��0�LV�WKH�DSSOLHG�PRPHQW��E�

LV�WKH�EUHDGWK�RI�VSHFLPHQ��ıF� LV�WKH�H[WUHPH�ILEUH�FRPSUHVVLYH�VWUHVV��ıW� LV�WKH�H[WUHPH�ILEUH�WHQVLOH�
VWUHVV��\WRS�DQG�\ERWWRP�DUH�WKH�GLVWDQFHV�RI�H[WUHPH�ILEUHV�IURP�WKH�QHXWUDO�D[LV��

)LJ���� �D��5HSUHVHQWDWLYH�VWUDLQ�GLDJUDP�DQG��E��5HSUHVHQWDWLYH�VWUHVV�GLDJUDP�

'XH�WR�WKH�VKLIW�LQ�QHXWUDO�D[LV��LW�LV�VHHQ�WKDW�WKH�VWUHVVHV�NHHS�YDU\LQJ�ZLWK�WLPH�WR�VDWLVI\�HTXLOLEULXP�
DV�VKRZQ�LQ�)LJ����E���)URP�WKH�FDOFXODWHG�VWUHVVHV�DQG�PHDVXUHG�VWUDLQV��WKH�PRGXOXV�RI�HODVWLFLW\�LQ�
WHQVLRQ�DQG�FRPSUHVVLRQ�LV�DOVR�FRPSXWHG�DQG�WKH�YDULDWLRQ�LV�SORWWHG�ZLWK�WLPH�DV�LQ�)LJ����F����

)LJ���� �D��5DWLR�RI�QHXWUDO�D[LV�GHSWK�WR�EHDP�GHSWK�ZLWK�WLPH���E��9DULDWLRQ�LQ�VWUHVV�ZLWK�WLPH�DQG�
�F��9DULDWLRQ�RI�HIIHFWLYH�PRGXOXV�RI�HODVWLFLW\�LQ�WHQVLRQ�DQG�FRPSUHVVLRQ�ZLWK�WLPH���
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�

)URP�WKH�DQDO\VLV��LW�LV�VHHQ�WKDW�WKH�VWUHVVHV�LQ�FRPSUHVVLRQ�UHGXFH�ZLWK�WLPH��)LJ����E���ZKHUHDV�WKH�
VWUHVVHV�LQ�WHQVLRQ�LQFUHDVHV�ZLWK�WLPH��7KH�OHYHU�DUP�LV�REVHUYHG�WR�UHPDLQ�FRQVWDQW���

7KH�PRGXOXV�RI�HODVWLFLW\�LV�GLIIHUHQW�LQ�WHQVLRQ�DQG�FRPSUHVVLRQ�DQG�WKH�HIIHFWLYH�PRGXOXV�LQ�WHQ�
VLRQ�LQFUHDVHV�E\�DERXW����SHU�FHQW�ZKHUHDV�WKH�HIIHFWLYH�PRGXOXV�LQ�FRPSUHVVLRQ�UHGXFHV�E\�DERXW����
SHU�FHQW�LQ����GD\V��+HQFH�LW�LV�QRW�DSSURSULDWH�WR�DVVXPH�FRQVWDQW�VWUHVV�ZLWK�WLPH�LQ�WKH�PHPEHU�HYHQ�
LI�WKH�EHDP�LV�VXEMHFWHG�WR�D�FRQVWDQW�ORDG��7R�VWXG\�WKLV��WKH�YDU\LQJ�VWUHVV�SURILOH�LV�FRQVLGHUHG�LQ�WKH�
%��PRGHO�SUHGLFWLRQ�XVLQJ�WKH�SULQFLSOH�RI�VXSHUSRVLWLRQ�DV�LQ�������

�
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ZKHUH�-�W�τL��LV�WKH�FRPSOLDQFH�IXQFWLRQ�DQG�ǻσF�LV�WKH�VWUHVV�LQFUHPHQW�RU�GHFUHPHQW�DW�WLPH�τ.�
,W�LV�REVHUYHG�WKDW�ZKHQ�WKH�VWUHVV�UHGXFWLRQ�LQ�FRPSUHVVLRQ�LV�FRQVLGHUHG��WKH�SUHGLFWLRQ�XQGHUHV�

WLPDWHV�WKH�DFWXDO�VWUDLQV�DQG�WKH�UDWH�RI�FUHHS�GHFUHDVHV�IXUWKHU��ZKHUHDV�ZKHQ�WKH�LQFUHDVH�LQ�WHQVLOH�
VWUHVV�LV�FRQVLGHUHG�LQ�WKH�FRPSXWDWLRQ��WKH�SUHGLFWHG�VWUDLQV�PDWFK�TXLWH�ZHOO�ZLWK�WKH�DFWXDO�VWUDLQV�DV�
VKRZQ�LQ�)LJ�����7KLV�LPSOLHV�WKDW�WKH�LQWHUDFWLRQ�RI�WHQVLRQ�DQG�FRPSUHVVLRQ�FUHHS�LQIOXHQFHV�WKH�UDWH�
RI�IOH[XUDO�FUHHS���

)LJ���� 3UHGLFWHG�WRS�ILEUH�VWUDLQV�DW�PLG�VSDQ�XVLQJ�%��PRGHO�ZLWK��D��FRQVWDQW�VWUHVV�DVVXPSWLRQ�
�E��YDU\LQJ�VWUHVV�DQG��F��H[SHULPHQWDOO\�REVHUYHG�VWDLQV��

7R�YDOLGDWH�WKHVH�REVHUYDWLRQV��PRUH�WHVWV�IURP�WKH�OLWHUDWXUH�KDYH�EHHQ�VWXGLHG��
+LODLUH�HW�DO��>��@�VWXGLHG�IOH[XUDO�FUHHS�WHVWV�GRQH�E\�5HYLURQ��������DQG�SURSRVHG�D�WKUHH�GLPHQ�

VLRQDO�PRGHO�IRU�SUHGLFWLQJ�FUHHS��7KH�VSHFLPHQV�ZHUH�ORDGHG�DW�DQ�DJH�RI����GD\V�IURP�FDVWLQJ��7KH�
VWUDLQ�YDULDWLRQ�ZLWK�GHSWK�DW�GLIIHUHQW�WLPH�LQWHUYDOV�KDV�EHHQ�SORWWHG�LQ�)LJ����D���7KH�VWXG\�ZDV�FRQ�
GXFWHG�IRU�RQO\���GD\V�GXH�WR�ZKLFK�WKH�YDULDWLRQ�LV�VPDOO�DQG�LUUHJXODU��7KH�QHXWUDO�D[LV�SRVLWLRQ�NHHSV�
VKLIWLQJ�GXH�WR�WKH�GLIIHUHQWLDO�VWUDLQV�LQ�WHQVLRQ�DQG�FRPSUHVVLRQ�DQG�LV�VKLIWLQJ�GRZQZDUGV�ZLWK�WLPH��
7KH�YDULDWLRQ� LQ�VWUHVV�ZLWK� WLPH�KDV�EHHQ�FRPSXWHG�DQG�LV�REVHUYHG��)LJ����E��� WR�IROORZ�WKH�VDPH�
SDWWHUQ���

)LJ����� �D��0HDVXUHG�VWUDLQV�ZLWK�GHSWK���E��9DULDWLRQ�LQ�VWUHVV�ZLWK�WLPH��
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��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

��� 6WUXFWXUDO�DQDO\VLV�DQG�GHVLJQ��7LWOH�RI�\RXU�WRSLF��

�

�
5RVVL�HW�DO����������VWXGLHG�FUHHS�RI�FRQFUHWH�LQ�WHQVLRQ�DQG�FRPSUHVVLRQ�E\�ORDGLQJ�RQH�DW����SHU�

FHQW�DQG�RQH�DW����SHU�FHQW�RI�WKH�DYHUDJH�FRPSUHVVLYH�DQG�WHQVLOH�VWUHQJWK�RI�FRQFUHWH�PHDVXUHG�DW����
GD\V�>�@��7KH�IOH[XUH�FUHHS�WHVWV�ZHUH�GRQH�RQ����[���[���PP�SODLQ�FRQFUHWH�VSHFLPHQV�RI����GD\�
FRPSUHVVLYH�VWUHQJWK�����03D��7KH\�ZHUH�ORDGHG�DW����SHU�FHQW�RI�WKH�IOH[XUDO�VWUHQJWK�����03D�DW����
GD\V��DW�DQ�DJH�RI����GD\V���

7KH�PLG�VSDQ�GHIOHFWLRQV�ZHUH�PRQLWRUHG�IRU�D�SHULRG�RI����GD\V��7KH�GHIOHFWLRQV�REWDLQHG�LQ�WKH�
WHVW�DUH�SORWWHG�LQ�)LJ����D��DQG�XVLQJ�WKH�DYDLODEOH�FUHHS�PRGHOV��%���%��DQG�*/��������WKH�ORQJ�WHUP�
GHIOHFWLRQ�KDV�EHHQ�SUHGLFWHG�EDVHG�RQ�LQVWDQWDQHRXV�GHIOHFWLRQ��,W�LV�VHHQ�WKDW�WKH�PRGHO�SUHGLFWLRQV�
VKRZ�YDULDELOLW\��VRPH�RYHU�SUHGLFWLQJ�DQG�VRPH�XQGHU�SUHGLFWLQJ��7KH�UDWH�RI�FUHHS�SUHGLFWHG�LV�DOVR�
VLJQLILFDQWO\�OHVV�WKDQ�WKH�UDWH�REVHUYHG�LQ�WKH�WHVW���

)LJ����� �D��0HDVXUHG�VWUDLQV�DORQJ�GHSWK�ZLWK�WLPH���E��9DULDWLRQ�RI�VWUHVV�ZLWK�WLPH�DQG��F��0HDV�
XUHG�DQG�SUHGLFWHG�PLG�VSDQ�GHIOHFWLRQ�ZLWK�WLPH���

8VLQJ�WKH�PHDVXUHG�VWUDLQV��WKH�VWUHVVHV�DUH�FRPSXWHG�DQG�WKH�YDULDWLRQ�ZLWK�WLPH�LV�DV�VKRZQ�LQ�)LJ��
��F���,W�IROORZV�WKH�VDPH�SDWWHUQ�DV�WKDW�RI�WKH�SUHYLRXV�FDVHV��7KH�SUHGLFWLRQ�RI�FUHHS�GHIOHFWLRQV�XVLQJ�
PRGHOV�ZLOO�KDYH�PRUH�HUURU�WKDQ�XVLQJ�VWUDLQV�EHFDXVH��GHIOHFWLRQ�LV�FRQWUROOHG�E\�ERWK�FRPSUHVVLYH�
DQG� WHQVLOH� VWUDLQV��ZKHUHDV�ZKLOH�SUHGLFWLQJ�VWUDLQV��RQO\� WKH�H[WUHPH�FRPSUHVVLRQ� ILEUH� VWUDLQV�DUH�
FRQVLGHUHG�ZKLFK�ZLOO�JLYH�D�PRUH�UHDOLVWLF�YDOXH�WKDQ�GHIOHFWLRQV��:LWK�WKH�FRPSXWHG�VWUHVV�SURILOH��
WKH�PRGLILHG�VWUDLQV�DUH�FRPSXWHG�DV�VKRZQ�LQ�7DEOH����DQG�LW�LV�VHHQ�WKDW�ZKHQ�WKH�UHGXFHG�VWUHVV�LV�
FRQVLGHUHG��WKH�HUURU�LQ�SUHGLFWLRQ�UHGXFHV�E\��������

7DEOH���3UHGLFWHG�DQG�REVHUYHG�VWUDLQV�
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,Q�DOO�WKH�WHVWV�UHSRUWHG�LQ�WKLV�VWXG\��LW�LV�REVHUYHG�WKDW��ZLWK�WLPH��WKH�VWUDLQ�GLVWULEXWLRQ�RYHU�WKH�EHDP�
GHSWK�UHPDLQV�OLQHDU��EXW�WKH�QHXWUDO�D[LV�NHHSV�VKLIWLQJ��'XH�WR�WKLV��WKH�DSSOLFDWLRQ�RI�FRQVWDQW�VWUHVV�
DVVXPSWLRQ�WR�SUHGLFW�WKH�FUHHS�VWUDLQV�ZLOO�JLYH�DQ�LQDFFXUDWH�UHVXOW��,Q�RUGHU�WR�HVWLPDWH�WKH�DFWXDO�
VWUDLQV��WKH�YDU\LQJ�VWUHVV�QHHGV�WR�EH�DFFRXQWHG�IRU�DQG�WKH�UDWH�RI�IOH[XUDO�FUHHS�GHSHQGV�RQ�WKH�FUHHS�
LQ�WHQVLRQ�DQG�FRPSUHVVLRQ���

7R�LQYHVWLJDWH�WKLV��DQ�H[SHULPHQWDO�SURJUDP�LV�EHLQJ�SODQQHG�DV�D�SDUW�RI�IXWXUH�VWXGLHV��FRQVLVWLQJ�
RI�SUHVWUHVVHG�FRQFUHWH�EHDPV��ZKHUH�WKH�HIIHFW�RI�WHQVLRQ�LV�HOLPLQDWHG�E\�FRQVLGHULQJ�7\SH�,�SUHVWUHVV��
%\�GRLQJ�WKLV��WKH�HIIHFW�RI�VWUHVV�JUDGLHQW�DORQH�RQ�WKH�FUHHS�EHKDYLRXU�FDQ�EH�LQYHVWLJDWHG��

�� 2EVHUYDWLRQV�DQG�&RQFOXVLRQV�
,W�LV�REVHUYHG�WKDW�WKH�UDWH�RI�IOH[XUDO�FUHHS�LV�GLIIHUHQW�IURP�WKDW�RI�WHQVLOH�DQG�FRPSUHVVLYH�FUHHS��7KH�
PRGHOV�FRQVLGHUHG�LQ�WKH�VWXG\��%��%��DQG�*/������VKRZV�VRPH�YDULDELOLW\�LQ�WKH�SUHGLFWLRQ�ZKHQ�
FRPSDUHG�WR�WKH�H[SHULPHQWDO�YDOXHV��(YHQ�WKRXJK�WKH�DFWXDO�YDOXHV�OLH�ZLWKLQ�WKH�EDQG�RI�SUHGLFWHG�
YDOXHV��WKH�UDWH�RI�LQFUHDVH�LQ�VWUDLQV�RU�GHIOHFWLRQV�LV�QRW�FDSWXUHG�LQ�WKH�SUHGLFWLRQ���

,Q�DOO�WKH�WHVWV�FRQVLGHUHG��WKH�FRPSUHVVLYH�VWUDLQV�NHHS�LQFUHDVLQJ�ZLWK�WLPH�ZKHUHDV�WKH�WHQVLOH�
FUHHS�VKRZV�YDULDELOLW\��7KLV�LPSOLHV�WKDW�WKH�WHQVLOH�FUHHS�PD\�EH�PRUH�VHQVLWLYH�WR�WKH�PDWHULDO�SD�
UDPHWHUV�DQG�WKH�IOH[XUDO�FUHHS�FDQQRW�EH�DFFXUDWHO\�SUHGLFWHG�ZLWKRXW�DFFRXQWLQJ�IRU�WKH�WHQVLOH�FUHHS��

,Q�D�EDVLF�FUHHS�WHVW�LQ�SODLQ�FRQFUHWH�EHDPV��DW�DQ\�SDUWLFXODU�FURVV�VHFWLRQ��WKH�VWUHVVHV�LQ�HDFK�
ILEUH�FKDQJH�ZLWK�WLPH�HYHQ�LI�LW� LV�HQVXUHG�WKDW�WKH�DSSOLHG�PRPHQW� UHPDLQV�FRQVWDQW��7KH�DQDO\VLV�
VKRZV�WKDW�WKH�H[WUHPH�ILEUH�FRPSUHVVLYH�VWUHVVHV�UHGXFH�ZLWK�WLPH�ZKHUHDV�WKH�H[WUHPH�ILEUH�WHQVLOH�
VWUHVVHV�LQFUHDVH�ZLWK�WLPH�LQ�RUGHU�WR�PDLQWDLQ�HTXLOLEULXP��7KHUHIRUH�WKH�FUHHS�LQ�WHQVLRQ�DQG�FRP�
SUHVVLRQ�DUH�LQGHHG�GLIIHUHQW��7KLV�PD\�EH�WKH�UHDVRQ�IRU�WKH�KLJKHU�UDWH�RI�FUHHS�LQ�IOH[XUH��7KH�SUH�
GLFWLRQ�LPSURYHV�ZKHQ�WKLV�YDU\LQJ�VWUHVV�LV�DFFRXQWHG�IRU�LQ�WKH�DQDO\VLV��)RU�DQ�DFFXUDWH�SUHGLFWLRQ��
DQ�DQDO\WLFDO�IUDPHZRUN�KDV�WR�EH�GHYHORSHG�EDVHG�RQ�DQ�LWHUDWLYH�SURFHGXUH�DQG�QHHGV�WR�EH�YDOLGDWHG�
ZLWK�H[SHULPHQWV��
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DUH�XVHIXO�LQ�GHVLJQ�SUDFWLFH��HVSHFLDOO\�IRU�SUHOLPLQDU\�GHILQLWLRQV�RI�PHPEHU�FKDUDFWHULVWLFV�LQ�RUGHU�
WR�DFKLHYH�D�GXFWLOH�EHKDYLRU��7KLV�ZRUN��SDUW�RI�D�EURDGHU�UHVHDUFK��DQDO\]HV�WKH�LQIOXHQFH�RI�YDULRXV�
SDUDPHWHUV�RQ�IDLOXUH�PRGH�RI�GRXEO\�UHLQIRUFHG�FRQFUHWH�EHDPV��'LIIHUHQWO\�IURP�FODVVLFDO�DSSURDFKHV��
LQ�WKLV�ZRUN�DOO�SRVVLEOH�XOWLPDWH�FRQILJXUDWLRQV�DUH�FRQVLGHUHG��$Q�DSSURDFK�IRU�LGHQWLILFDWLRQ�RI�XOWL�
PDWH�FRQGLWLRQ�EDVHG�RQ�IDLOXUH�PRGH�GRPDLQV�DUH�GHYHORSHG�DQDOLWLFDOO\��,W�LV�VKRZQ�WKDW�YDULDWLRQV�RI�
UHLQIRUFLQJ�VWHHO�DPRXQW�DQG�XOWLPDWH�GHIRUPDWLRQ�FDSDFLW\�FDQ�VWURQJO\�DIIHFW�WKH�IDLOXUH�PRGH�RI�WKH�
VHFWLRQ�DQG��FRQVHTXHQWO\��LWV�GHIRUPDWLRQ�FDSDFLW\�DQG�GXFWLOLW\��
�

�� ,QWURGXFWLRQ�
0RVW�FODVVLFDO�DQDO\WLFDO�IRUPXODWLRQV�IRU�WKH�HYDOXDWLRQ�RI�XOWLPDWH�FXUYDWXUH�FDSDFLW\�RI�UHLQIRUFHG�
FRQFUHWH�EHDPV��H�J��>�@��>�@��FRQVLGHU�RQO\�FRQFUHWH�IDLOXUH��6RPH�WHFKQLFDO�VWDQGDUGV�SURSRVH�UXOHV�
IRU�WKH�FRQVWUXFWLRQ�GHWDLOV�RI�EHDPV�GHULYHG�IURP�WKHVH�DVVXPSWLRQV��H�J��(1�������>�@���$FWXDOO\��
FRQVLGHULQJ�WKH�YDULDELOLW\�RI�WKH�PHFKDQLFDO�SDUDPHWHUV�DQG�WKH�JHRPHWULF�FKDUDFWHULVWLFV�RI�WKH�VHF�
WLRQV��WKH�EHDPV�PD\�GHYHORS�IDLOXUH�PRGHV�GLIIHUHQW�IURP�WKRVH�FRQVLGHUHG�E\�WKH�FODVVLFDO�IRUPXOD�
WLRQV��)XUWKHUPRUH��FRQVLGHULQJ�F\FOLF�ORDGLQJ�FRQGLWLRQV�>�@��>�@�RU�YDULDWLRQV�LQ�WKH�FKDUDFWHULVWLFV�RI�
WKH�PDWHULDOV�GXH�WR�GHJUDGDWLRQ�SKHQRPHQD�>�@��WKH�IDLOXUH�PRGHV�PD\�GLIIHU�VLJQLILFDQWO\�IURP�WKRVH�
FRQVLGHUHG� LQ� WKH�GHVLJQ�SKDVH��7KLV�ZRUN�DLPV� WR�VWXG\�WKH� LQIOXHQFH�RI� VHYHUDO�SDUDPHWHUV�RQ� WKH�
IOH[XUDO�XOWLPDWH�FRQGLWLRQ�RI�WKH�VHFWLRQV�RI�GRXEO\�UHLQIRUFHG�EHDPV��,Q�SDUWLFXODU��WKH�IROORZLQJ�VHW�
RI�JHRPHWULFDO�DQG�PDWHULDO�QRQ�GLPHQVLRQDO�SDUDPHWHUV�KDV�EHHQ�FRQVLGHUHG��WKH�UDWLR�EHWZHHQ�FRYHU�
DQG�VHFWLRQ�KHLJKW�F�+�� WKH�JHRPHWULFDO� UDWLR�RI� WHQVLOH� �ERWWRP�� UHLQIRUFHPHQW�ȡ�� WKH� UDWLR�EHWZHHQ�
FRPSUHVVLYH��WRS��DQG�WHQVLOH��ERWWRP��UHLQIRUFHPHQW�JHRPHWULFDO�UDWLRV�ȡ¶�ȡ��WKH�UDWLR�EHWZHHQ�FRQFUHWH�
VWUHQJWK�DQG�VWHHO�\LHOGLQJ�VWUHQJWK�IF�I\��WKH�XOWLPDWH�FRPSUHVVLRQ�VWUDLQ�RI�FRQFUHWH�İFX�DQG�WKH�XOWLPDWH�
WHQVLOH�VWUDLQ�RI�UHLQIRUFLQJ�VWHHO�İVX��$Q�DQDO\WLFDO�DSSURDFK�LV�DGRSWHG�LQ�RUGHU�WR�GHILQH�OLPLW�FXUYHV�
DLPHG�WR�LGHQWLI\�GRPDLQV�UHSUHVHQWLQJ�GLIIHUHQW�IDLOXUH�PRGHV��7KH�FRQILJXUDWLRQV�RI�WKH�GRPDLQV�DUH�
DQDO\]HG�YDU\LQJ�WKH�DIRUHPHQWLRQHG�SDUDPHWHUV��6SHFLDO�DWWHQWLRQ�LV�JLYHQ�WR�WKH�VWHHO�SURSHUWLHV�DQG�
LQ�SDUWLFXODU�WR�VWHHO�XOWLPDWH�WHQVLOH�VWUDLQ��,QGHHG��DOWHUQDWH�F\FOLF�ORDGLQJ��DQG�RU�FRUURVLRQ�RI�UHEDUV��
FDQ�UHIOHFW�LQ�ORZ�YDOXHV�RI�WKH�VWHHO�IDLOXUH�VWUDLQ�>�@��>�@��6RPH�FRQVLGHUDWLRQV�RQ�KRZ�WKHVH�DVSHFWV�
FDQ� LQIOXHQFH� WKH�DQDO\WLFDO� IRUPXODWLRQV� IRU�XOWLPDWH�FXUYDWXUH�FDSDFLW\�DQG�GXFWLOLW\�HYDOXDWLRQ�RI�
UHLQIRUFHG�FRQFUHWH�EHDP�VHFWLRQV�DUH�SURSRVHG��6RPH�LPSURYHPHQWV�DQG�IXWXUH�GHYHORSPHQWV�IRU�WKH�
SURSRVHG�VWXG\�DUH�ILQDOO\�GLVFXVVHG��

�� %DVLF�LVVXHV�DERXW�WKH�XOWLPDWH�FRQGLWLRQV�IRU�GRXEO\�UHLQIRUFHG�FRQFUHWH�
EHDP�VHFWLRQV��

,Q�WKLV�VHFWLRQ�D�EULHI�VXPPDU\�RI�WKH�PDLQ�DVVXPSWLRQV�RI�WKH�GRXEO\�UHLQIRUFHG�EHDP�VHFWLRQ�XOWLPDWH�
FRQGLWLRQV�IRU�WKH�IRUPXODWLRQ�RI�IDLOXUH�PRGH�GRPDLQV�LV�SURSRVHG��)LJXUH���D��VKRZV�D�VFKHPDWL]DWLRQ�
RI�D�JHQHULF�EHDP�VHFWLRQ�ZLWK�WKH�QRPHQFODWXUH�DGRSWHG�LQ�WKH�SUHVHQW�VWXG\��,Q�)LJXUH���WKH�DGRSWHG�
FRQVWLWXWLYH�ODZV�IRU�UHLQIRUFLQJ�VWHHO�DQG�FRQFUHWH�DUH�LOOXVWUDWHG���
�
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)LJ���� 'HVFULSWLRQ�RI�WKH�EHDP�VHFWLRQ�DQG�GHILQLWLRQ�RI�VWUDLQ�SURILOHV�DW�XOWLPDWH�FRQGLWLRQ���D��
6HFWLRQ�JHRPHWU\�� �E��6WUDLQ�SURILOH�DW�FRQFUHWH�IDLOXUH�� �F��6WUDLQ�SURILOH�DW�ERWWRP�VWHHO�
IDLOXUH�

�
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)LJ���� &RQVWLWXWLYH� ODZV� XVHG� IRU� DQDO\WLFDO� FDOFXODWLRQ� RI� VHFWLRQ� HTXLOLEULXP� �D�� 5HLQIRUFLQJ�
VWHHO��(ODVWLF�±�SHUIHFWO\�SODVWLF�ODZ���E��8QFRQILQHG�FRQFUHWH��SDUDEROD�±�UHFWDQJOH�ODZ�

$Q�HODVWLF�±�SHUIHFWO\�SODVWLF�VWUHVV�VWUDLQ�UHODWLRQVKLS�LV�XVHG�IRU�VWHHO��ZKLOH�WKH�0RGHO�&RGH������
>�@�SDUDEROD�±�UHFWDQJOH�ODZ�LV�HPSOR\HG�IRU�FRQFUHWH��,Q�WKLV�ZRUN��DQ\�SRVVLEOH�HIIHFWV�RI�FRQFUHWH�
FRQILQHPHQW�DUH�FRQVHUYDWLYHO\�QHJOHFWHG��&RQFUHWH�VWUHQJWK�LQ�WHQVLRQ�LV�DOVR�LJQRUHG�LQ�WKH�DQDO\VLV��

,Q�WKH�DGRSWHG�DSSURDFK��IDLOXUH�LV�FRQVLGHUHG�WR�EH�DFKLHYHG�HLWKHU�ZKHQ�H[WUHPH�VHFWLRQ�ILEHUV�
UHDFK�FRQFUHWH�XOWLPDWH�FRPSUHVVLYH�VWUDLQ�RU�ZKHQ�WKH�ERWWRP�UHLQIRUFHPHQW�UHDFKHV�LWV�XOWLPDWH�WHQ�
VLOH� VWUDLQ��*HQHULF�GHIRUPDWLRQ�SURILOH� DORQJ� VHFWLRQ�KHLJKW� DVVRFLDWHG� WR� WKH� WZR� IDLOXUH� W\SHV� DUH�
VKRZQ�LQ�)LJXUH���E��DQG���F���UHVSHFWLYHO\��,Q�RUGHU�WR�LGHQWLI\�DOO�SRVVLEOH�GLIIHUHQW�XOWLPDWH�FRQGL�
WLRQV��GHIRUPDWLRQ�SURILOH�LV�YDULHG�LQ�RUGHU�WR�FRQVLGHU�DOO�SRVVLEOH�FRPELQDWLRQ�RI�VWUDLQ�OLPLWV�DW�H[�
WUHPH�FRQFUHWH�ILEHUV��ERWWRP�UHLQIRUFHPHQW�DQG�WRS�UHLQIRUFHPHQW��7DEOH���VXPPDUL]HV�DOO�WKH�SRVVLEOH�
XOWLPDWH�FRQGLWLRQV�REWDLQHG�YDU\LQJ�WKH�GHIRUPDWLRQ�SURILOH��,W�LV�ZRUWK�QRWLQJ�WKDW�QRW�DOO�WKH�OLVWHG�
XOWLPDWH�FRQGLWLRQV�FDQ�RFFXU�IRU�EHDPV�RI�OLPLWHG�KHLJKW��QRUPDO�VWUHQJWK�FRQFUHWH�DQG�VWHHO�ZLWK�VRXQG�
PHFKDQLFDO�SURSHUWLHV��

,Q�RUGHU�WR�UHFRJQL]H�WKH�IDLOXUH�PRGHV�ZKLFK�FDQ�DFWXDOO\�RFFXU�IRU�D�JLYHQ�VHFWLRQ��VSHFLILF�JUDSKV�
DUH�GHYHORSHG��ZKHUH�D�VHW�RI�FXUYHV�GLYLGH�WKH�SORWWHG�DUHD�LQWR�GRPDLQV��HDFK�UHSUHVHQWLQJ�WKH�RFFXU�
UHQFH�RI�D�VSHFLILF�IDLOXUH�PRGH��7KH�SURFHGXUH�IRU�WKH�FDOFXODWLRQ�RI�ERXQGDU\�FXUYHV�ZKLFK�GHILQH�
IDLOXUH�PRGH�GRPDLQV�LV�SUHVHQWHG�LQ�WKH�QH[W�VHFWLRQ��WRJHWKHU�ZLWK�VRPH�H[DPSOHV�RI�GRPDLQV�JUDSKV��
�
�
�



,QIOXHQFH�RI�JHRPHWU\�DQG�PDWHULDO�SDUDPHWHUV�YDULDELOLW\�RQ�WKH�XOWLPDWH�FRQGLWLRQ�RI�GRXEO\�UHLQIRUFHG�FRQFUHWH�
EHDPV��

$OEHUWR�6WHOOD��*LDQOXFD�$OGULJKHWWL��/XLVD�%HUWR��'LHJR�7DOOHGR��$QQD�6DHWWD� �� ����
�

�

7DEOH��� 3RVVLEOH�XOWLPDWH�FRQGLWLRQV�IRU�GRXEO\�UHLQIRUFHG�FRQFUHWH�EHDP�VHFWLRQV��)DLOXUH�PRGHV�
ODEHOHG�IURP�$�WR�-��IDLOXUH�W\SH��&� �&RQFUHWH��6� �6WHHO���FRUUHVSRQGLQJ�VWUDLQ�YDOXHV�IRU�
H[WUHPH�FRQFUHWH�ILEHU��ERWWRP�VWHHO�DQG�WRS�VWHHO�

)DLOXUH�PRGH� )DLOXUH�W\SH� &RQFUHWH� %RWWRP�VWHHO� 7RS�6WHHO�

$� &� İF� ��İFX� İV���İV\� �İV\���İ¶V���İV\�
%� &� İF� ��İFX� İV���İV\� İ¶V����İV\�
&� &� İF� ��İFX� İV\���İV���İVX� İ¶V���İV\�
'� &� İF� ��İFX� İV\���İV���İVX� �İV\���İ¶V���İV\�
(� &� İF� ��İFX� İV\���İV���İVX� İ¶V����İV\�
)� 6� �İF����İF�!��� İV� �İVX� İ¶V���İV\�
*� 6� �İF����İF�!��� İV� �İVX� �İV\���İ¶V���İV\�
+� 6� �İFX���İF����İF��� İV� �İVX� İ¶V���İV\�
,� 6� �İFX���İF����İF�� İV� �İVX� �İV\���İ¶V���İV\�
-� 6� �İFX���İF����İF�� İV� �İVX� İ¶V����İV\�

�

�� 'RPDLQV�IRU�LGHQWLILFDWLRQ�RI�IDLOXUH�PRGH�
7KH�D[LDO�IRUFH�HTXLOLEULXP�RI�WKH�VHFWLRQ�DORQJ�WKH�EHDP�D[LV�DW�IDLOXUH�FDQ�EH�H[SUHVVHG�LQ�QRQ�GL�
PHQVLRQDO�IRUP�E\�WKH�IROORZLQJ�HTXDWLRQ��FRQVLGHULQJ�D�QXOO�YDOXH�RI�WKH�D[LDO�ORDG���
�
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�
7KH�PHDQ�VWUHVV� IDFWRU�𝛼� >�@�� >�@� LV�GHWHUPLQHG�XVLQJ�(T�� ����FRQVLGHULQJ� WKH�HIIHFWLYH�YDOXH�RI�

QHXWUDO�D[LV�GHSWK�[X�ZKHQ�WKH�VHFWLRQ�UHDFKHV�XOWLPDWH�FRQGLWLRQ��HLWKHU�LW�LV�FKDUDFWHUL]HG�E\�VWHHO�RU�
FRQFUHWH�IDLOXUH��,Q�(T�������WKH�WHUP�𝜎F�LV�WKH�FRQFUHWH�VWUHVV�FRUUHVSRQGLQJ�WR�WKH�VWUDLQ�İ��DFFRUGLQJ�WR�
WKH�FRQFUHWH�FRQVWLWXWLYH�ODZ�LOOXVWUDWHG�LQ�)LJXUH���E���7KH�FKRLFH�WR�H[SUHVV�(T������LQ�QRQ�GLPHQVLRQDO�
IRUP�XVLQJ�+�KDV�EHHQ�KHUH�DGRSWHG�VLQFH�LW�DOORZV�WR�FRQVLGHU�LQGHSHQGHQWO\�WKH�LQIOXHQFH�RI�SDUDPH�
WHUV�F�+��ȡ�DQG�ȡ¶�ȡ��:ULWLQJ�(T������IRU�HDFK�RI�WKH�OLPLW�FRQGLWLRQV�ZKLFK�UHSUHVHQWV�D�WUDQVLWLRQ�EH�
WZHHQ�IDLOXUH�PRGHV�UHSRUWHG�LQ�7DEOH���DOORZV�WR�GHILQH�D�VHW�RI�HTXDWLRQV�ZKLFK�LGHQWLI\�WKH�ERXQGD�
ULHV�RI�WKH�FRUUHVSRQGLQJ�IDLOXUH�PRGH�GRPDLQV��,Q�WKLV�ZRUN�LW�ZDV�FKRVHQ�WR�UHSUHVHQW�WKH�GRPDLQV�IRU�
GLIIHUHQW�YDOXHV�RI�SDUDPHWHUV�ȡ��IF�I\��İVX�LQ�D�&DUWHVLDQ�SODQH�ZLWK�WKH�UDWLR�ȡ¶�ȡ�LQ�WKH�KRUL]RQWDO�D[LV�
DQG�WKH�FRYHU�WR�KHLJKW�UDWLR�F�+�LQ�WKH�YHUWLFDO�D[LV��$Q�H[DPSOH�RI�WKH�REWDLQHG�JUDSKV�LV�VKRZQ�LQ�
)LJXUH���D���%\�DVVXPLQJ�D�FRQVWDQW�YDOXH�RI�WKH�FRQFUHWH�FRYHU�F��LW�LV�SRVVLEOH�WR�VKRZ�RQ�WKH�YHUWLFDO�
D[LV�WKH�FRUUHVSRQGLQJ�YDOXHV�RI�WKH�KHLJKWV�+�REWDLQHG�YDU\LQJ�WKH�FRYHU�WR�KHLJKW�UDWLR��DV�VKRZQ�LQ�
)LJXUH� ��E��� *UDSKV� LOOXVWUDWHG� LQ� )LJXUH� �� DUH� REWDLQHG� XVLQJ� ȡ ������ IF ��� 03D�� I\ � ���03D��
İFX ���Å�DQG�İVX ��Å��
�
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)LJ���� ([DPSOH�RI�GRPDLQV�IRU�LGHQWLILFDWLRQ�RI�WKH�XOWLPDWH�FRQGLWLRQ�IRU�GRXEO\�UHLQIRUFHG�FRQ�
FUHWH�EHDP�VHFWLRQV��D��DV�D�IXQFWLRQ�RI�QRQ�GLPHQVLRQDO�SDUDPHWHUV���E��DV�D�IXQFWLRQ�RI�
VHFWLRQ�KHLJKW�+��JLYHQ�D�FRQVWDQW�YDOXH�RI�FRQFUHWH�FRYHU�F� ��FP�

7KLV�UHSUHVHQWDWLRQ�RI�WKH�GRPDLQV�HYLGHQFHV�WKH�GHSHQGHQFH�RI�WKH�IDLOXUH�PRGH�RQ�JHRPHWULFDO�
UDWLRV�F�+�DQG�ȡ
�ȡ��7KH�SDUDPHWHU�F�+�YDULHV�EHWZHHQ������DQG�������LWV�SK\VLFDO�OLPLW�LV������EXW�LW�LV�
XQUHDVRQDEOH�WR�DVVXPH�WRR�KLJK�YDOXHV��DV�WKH\�DUH�QRW�UHSUHVHQWDWLYH�RI�UHDO�EHDP�VHFWLRQV���7KH�UDWLR�
ȡ
�ȡ�YDULHV�EHWZHHQ���DQG����,W�FDQ�EH�VHHQ�WKDW��GHVSLWH�WKH�UDQJH�FRQVLGHUHG�IRU�YDOXHV�RI�SDUDPHWHUV�
F�+�DQG�ȡ¶�ȡ��RQO\�IHZ�RI�WKH�SRVVLEOH�IDLOXUH�PRGHV�DFWXDOO\�RFFXU��

9DU\LQJ�WKH�RWKHU�QRQ�GLPHQVLRQDO�SDUDPHWHUV�ZKLFK�LQIOXHQFH�WKH�XOWLPDWH�FRQGLWLRQ�RI�WKH�EHDP�
VHFWLRQ��LW�LV�SRVVLEOH�WR�LQYHVWLJDWH�KRZ�WKH\�DIIHFWV�WKH�VKDSH�DQG�ORFDWLRQ�RI�IDLOXUH�PRGH�GRPDLQV��
)LJXUH���VKRZV�WKUHH�GRPDLQV�FRQILJXUDWLRQV�REWDLQHG�E\�YDU\LQJ�WKH�UHLQIRUFHPHQW�UDWLR�ȡ��EHWZHHQ�
���Å�DQG����Å��DOO�RWKHU�SDUDPHWHUV�EHLQJ�FRQVWDQW��7KLV�UDQJH�LV�FKRVHQ� LQ�RUGHU�QRW�WR� UHSUHVHQW�
VHFWLRQV�IRU�ZKLFK�SUHPDWXUH�IDLOXUHV�FRXOG�RFFXU�MXVW�DIWHU�FRQFUHWH�FUDFNV�>�@��ZKLOH�DVVXULQJ�VHFWLRQ�
KDYH�VXIILFLHQW�GXFWLOLW\�E\�OLPLWLQJ�WKH�PD[LPXP�YDOXH�RI�ȡ�>�@��0HFKDQLFDO�PDWHULDO�SURSHUWLHV�DUH�
WKH�VDPH�DV�SUHYLRXVO\�DGRSWHG�IRU�JUDSKV�LQ�)LJXUH����,W�FDQ�EH�VHHQ�WKDW��DV�WKH�UHLQIRUFHPHQW�UDWLR�ȡ�
LQFUHDVHV��WKH�WRS�VWHHO�LV�PRUH�SURQH�WR�\LHOG�LQ�FRPSUHVVLRQ��RFFXUUHQFH�RI�IDLOXUH�PRGH�(���,W�LV�ZRUWK�
QRWLQJ�WKDW�(XURSHDQ�6WDQGDUG�(1�������>�@�SURYLGHV�D�GHWDLO�UXOH�IRU�GXFWLOLW\�RI�EHDP�VHFWLRQV�DV�
VXPLQJ�WKH�RFFXUUHQFH�RI�IDLOXUH�PRGH�(�RQO\�>�@��

7KH�QH[W�VHFWLRQ�GHDOV�ZLWK�WKH�FRPELQHG�LQIOXHQFH�RI�JHRPHWULFDO�DQG�PDWHULDO�SDUDPHWHUV�RQ�WKH�
FRQILJXUDWLRQ�RI�IDLOXUH�PRGH�GRPDLQV��

�� &RPELQHG�LQIOXHQFH�RI�QRQ�GLPHQVLRQDO�JHRPHWULFDO�DQG�PDWHULDO�SDUDPHWHUV�
RQ�IDLOXUH�PRGH�GRPDLQV�FRQILJXUDWLRQ�

%\�VLJQLILFDQWO\�YDULQJ�WKH�PHFKDQLFDO�PDWHULDO�SDUDPHWHUV��WKH�FRUUHVSRQGLQJ�GRPDLQV�QRWDEO\�FKDQJH��
VKRZLQJ�VLJQLILFDQWO\�GLIIHUHQW�IDLOXUH�PRGHV��7KH�HIIHFW�RI�WKH�IF�I\�SDUDPHWHU�RQ�WKH�GRPDLQ�VKDSH�LV�
H[DPLQHG�E\�YDU\LQJ�FRQFUHWH�VWUHQJWK�IF�EHWZHHQ����03D�DQG����03D�ZKLOH�DVVXPLQJ�D�FRQVWDQW�YDOXH�
IRU�VWHHO�\LHOGLQJ�VWUHQJWK�I\��HTXDO�WR�����03D��$FFRUGLQJ�WR�WKH�0RGHO�&RGH������SDUDEROD�±�UHFWDQJOH�
ODZ�>�@��WKH�XOWLPDWH�FRPSUHVVLRQ�VWUDLQ�RI�FRQFUHWH�İFX�FDQ�EH�DVVXPHG�DV�D�FRQVWDQW�HTXDO�WR����Å�IRU�
GLIIHUHQW�FRQFUHWH�VWUHQJWK�FODVVHV��XS�WR�WKH�&������FODVV��,Q�RUGHU�WR�DQDO\]H�WKH�HIIHFW�RI�WKH�XOWLPDWH�
WHQVLOH�VWUDLQ�RI�UHLQIRUFLQJ�VWHHO�İVX�RQ�WKH�GRPDLQV�VKDSH��VRPH�SUHOLPLQDU\�FRQVLGHUDWLRQV�DERXW�WKH�
YDOXHV�RI�WKLV�SDUDPHWHU�DW�WKH�XOWLPDWH�FRQGLWLRQ�RI�WKH�EHDP�VHFWLRQ�DUH�SURSRVHG�LQ�WKH�IROORZLQJ��
'XH�WR�F\FOLF�ORDGLQJ��EXFNOLQJ�RI�ORQJLWXGLQDO�UHEDUV�FDQ�GHYHORS��,Q�VXFK�D�FDVH��SUHPDWXUH�IDLOXUH�RI�
WKH�ORQJLWXGLQDO�UHLQIRUFHPHQW�LQ�WHQVLRQ�PD\�RFFXU�>�@��7KH�0RGHO�&RGH������>�@�SURSRVHV�IRU�XOWL�
PDWH�FXUYDWXUH�FDOFXODWLRQ�D�UHGXFHG�YDOXH�RI�XOWLPDWH�VWHHO�VWUDLQ�XQGHU�F\FOLF�ORDGLQJ�HTXDO�WR����·�
İVX�N��EHLQJ�İVX�N�WKH�FKDUDFWHULVWLF�YDOXH�RI�XOWLPDWH�VWUDLQ��,Q�RUGHU�WR�DYRLG�WKH�RFFXUUHQFH�RI�EXFNOLQJ��
ORQJLWXGLQDO� UHEDUV�QHHG� WR�EH� DGHTXDWHO\� FRQVWUDLQHG�E\� WKH�SUHVHQFH�RI� VWLUUXSV�RU� RWKHU� UHWDLQLQJ�
GHYLFHV��7R�HQVXUH�WKLV��OLPLWDWLRQV�RQ�ORQJLWXGLQDO�UHEDUV�GLDPHWHU�DQG�RU�OLPLWDWLRQV�RQ�VSDFLQJ�DQG�
GLDPHWHU�RI�WKH�VWLUUXSV�QHHG�WR�EH�DVVXPHG��
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,QIOXHQFH�RI�JHRPHWU\�DQG�PDWHULDO�SDUDPHWHUV�YDULDELOLW\�RQ�WKH�XOWLPDWH�FRQGLWLRQ�RI�GRXEO\�UHLQIRUFHG�FRQFUHWH�
EHDPV��
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)LJ���� ,QIOXHQFH�RI�WKH�ERWWRP�UHLQIRUFHPHQW�JHRPHWULFDO�UDWLR�ȡ�RQ�WKH�VKDSHV�RI�IDLOXUH�PRGH�
GRPDLQV�IRU�D�VHFWLRQ�ZLWK�IF ��03D��I\ ���03D��İFX ���Å��D��&RPSOHWH�KHLJKW�UDQJH���E��
8VXDO�KHLJKW�UDQJH�IRU�GRXEO\�UHLQIRUFHG�FRQFUHWH�EHDPV�
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��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� 6WUXFWXUDO�DQDO\VLV�DQG�GHVLJQ�

�

6RPH�LQGLFDWLRQV�DERXW�VXFK�OLPLWDWLRQV�DUH�UHSRUWHG�LQ�WKH�ZRUN�RI�3ULHVWOH\�HW�DO��>�@��ZKLFK�SURYLGHV�
D�PD[LPXP�YDOXH�RI�VWLUUXSV�VSDFLQJ��$�VLPLODU�FULWHULRQ�LV�SURSRVHG�E\�WKH�1HZ�=HDODQG�6WDQGDUG�
1=6�����>�@��ZKLFK�H[SOLFLWO\�GHILQHV�OLPLWV�WR�EH�UHVSHFWHG�LQ�WKH�FRQVWUXFWLRQ�GHWDLOV�RI�WKH�VWLUUXSV�
RI� GXFWLOH�EHDPV� LQ�RUGHU� WR�SUHYHQW�EXFNOLQJ�RI� WKH� ORQJLWXGLQDO� UHLQIRUFHPHQW��3ULHVWOH\� HW� DO�� >�@�
XQGHUOLQHG�WKDW�WKH�XOWLPDWH�WHQVLOH�VWUDLQ�RI�UHLQIRUFLQJ�VWHHO�RI�D�EHDP�VHFWLRQ�XQGHU�DOWHUQDWH�F\FOLF�
ORDGLQJ�VKRXOG�EH�DVVXPHG�ORZHU�WKDQ�WKH�YDOXH�DVVXPHG�IRU�PRQRWRQLF�ORDG�FRQGLWLRQ��HYHQ�LI�EXFNOLQJ�
SKHQRPHQD�LQ�ORQJLWXGLQDO�UHEDUV�DUH�SUHYHQWHG��7KH�DXWKRUV�SURSRVH�WR�XVH�LQ�FDOFXODWLRQV�D�YDOXH�IRU�
XOWLPDWH�VWHHO�WHQVLOH�VWUDLQ�HTXDO�WR����·İVX�Q��DVVXPLQJ�İVX�Q� WR�EH�WKH�QRPLQDO�XOWLPDWH�WHQVLOH�VWUDLQ��
ZKLFK�FDQ�EH�FRQVHUYDWLYHO\�DVVXPHG�HTXDO�WR�WKH�FKDUDFWHULVWLF�YDOXH��,I��LQ�DGGLWLRQ��SRVVLEOH�VLWXDWLRQV�
LQ�ZKLFK�WKH�UHLQIRUFHPHQW�LV�DIIHFWHG�E\�FRUURVLRQ�DUH�FRQVLGHUHG��WKHQ��DV�LV�ZHOO�NQRZQ��WKH�XOWLPDWH�
WHQVLOH�VWUDLQ�RI�WKH�FRUURGHG�UHLQIRUFHPHQW�ZLOO�EH�ORZHU�WKDQ�WKDW�RI�WKH�VRXQG�UHEDUV�>�@��>�@��7KHUH�
IRUH��D�VWHHO�IDLOXUH�RI�WKH�VHFWLRQ�IRU�ZKLFK�WKH�UHLQIRUFHPHQW�GHYHORSV�DQ�XOWLPDWH�WHQVLOH�VWUDLQ�İVX�
DOPRVW�HTXDO�WR�WKH�FKDUDFWHULVWLF�YDOXH�İVX�N�DSSHDUV�WR�EH�SRVVLEOH�RQO\�LI�FRQVWUXFWLRQ�GHWDLOV�ZKLFK�
SUHYHQW�EXFNOLQJ�RI�WKH�FRPSUHVVHG�UHLQIRUFHPHQW�DUH�SUHVHQW��WKH�ORDGLQJ�FRQGLWLRQ�LV�PRQRWRQLF�DQG�
WKH�PDWHULDOV�DUH�QRW�DIIHFWHG�E\�GHJUDGDWLRQ�SKHQRPHQD��,W�FDQ�EH�VHHQ�WKDW��GXH�WR�WKH�FDXVHV�OLVWHG�
DERYH��WKH�YDOXH�RI�WKH�XOWLPDWH�VWHHO�VWUDLQ�İVX�WR�EH�XVHG�LQ�WKH�FDOFXODWLRQ�RI�WKH�IDLOXUH�FRQGLWLRQ�FDQ�
YDU\�VLJQLILFDQWO\��

&RQVLGHULQJ�WKH�YDULDELOLW\�RI�WKH�SDUDPHWHUV�DQDO\]HG�DERYH��WKUHH�SRVVLEOH�FRQILJXUDWLRQV�RI�IDL�
OXUH�PRGH�GRPDLQV�DUH�LGHQWLILHG��LQGLFDWHG�DV�7\SH����7\SH���DQG�7\SH����DV�GHSLFWHG�LQ�)LJXUH����7KH�
GRPDLQV�FRQILJXUDWLRQ�FKDQJHV�IURP�7\SH��� WR�7\SH���DQG�XS� WR�7\SH����ZKHQ�HLWKHU�XOWLPDWH�VWHHO�
VWUDLQ�İVX�DQG�RU�UHLQIRUFHPHQW�UDWLR�ȡ�GHFUHDVH�DQG�ZKHQ�WKH�UDWLR�EHWZHHQ�FRQFUHWH�VWUHQJWK�DQG�VWHHO�
\LHOGLQJ�VWUHQJWK�IF�I\�LQFUHDVHV��$FFRUGLQJO\��WKH�QRQ�GLPHQVLRQDO�SDUDPHWHUV�İVX��ȡ�DQG�IF�I\�KDYH�EHHQ�
YDULHG�LQ�RUGHU�WR�REWDLQ�WKH�WKUHH�GLIIHUHQW�FRQILJXUDWLRQ�W\SHV�UHSUHVHQWHG�LQ�)LJXUH����,Q�SDUWLFXODU��
)LJXUH���D��E��UHSUHVHQW�7\SH���FRQILJXUDWLRQ��ZKLFK�LV�WKH�VDPH�LOOXVWUDWHG�LQ�)LJXUH���DQG�)LJXUH����
)RU�WKLV�FRQILJXUDWLRQ�VWHHO�IDLOXUHV�DOPRVW�QHYHU�RFFXU��FRQVLGHULQJ�UHDVRQDEOH�YDOXHV�RI�F�+��)RU�7\SH�
��FRQILJXUDWLRQ��)LJXUH���F��G���VWHHO�IDLOXUHV�PD\�EH�DFKLHYHG�IRU�EHDPV�ZLWK�ORZ�YDOXHV�RI�SDUDPHWHUV�
ȡ
�ȡ�DQG�F�+��,Q�7\SH���FRQILJXUDWLRQ��)LJXUH���H��I���GRPDLQV�UHODWHG�WR�VWHHO�IDLOXUHV�RYHUZKHOP�WKH�
RWKHU�RQHV��6LQFH�7\SH���DQG�7\SH���FRQILJXUDWLRQV�DUH�FKDUDFWHUL]HG�E\�ORZ�YDOXHV�RI�XOWLPDWH�VWHHO�
VWUDLQ��WKH�GHIRUPDWLRQ�FDSDFLW\�RI�WKH�VHFWLRQ�DVVRFLDWHG�ZLWK�VWHHO�IDLOXUHV�IRU�WKRVH�FDVHV�ZLOO�EH�YHU\�
ORZ��7KLV�IDFW�PXVW�EH�WDNHQ�LQWR�DFFRXQW�GXULQJ�WKH�GHVLJQ�SKDVH��

$QDO\]LQJ�WKH�YDULDWLRQ�RI�WKH�ERXQGDULHV�RI�WKH�IDLOXUH�PRGH�GRPDLQV�ZLWK�WKH�QRQ�GLPHQWLRQDO�
SDUDPHWHUV��LW� LV�SRVVLEOH�WR�GHWHUPLQH�DQDO\WLFDO�FRQGLWLRQV�ZKLFK�GHILQH�WKH�GRPDLQV�FRQILJXUDWLRQ�
W\SH�ZKLFK�WDNHV�SODFH��,Q�SDUWLFXODU��WKH�7\SH���FRQILJXUDWLRQ�RFFXUV�ZKHQ�WKH�IROORZLQJ�LQHTXDOLW\�
DSSOLHV��
�

𝜀 − 𝜀 ∙ 𝛼 ∙
1
𝜌

∙
𝑓
𝑓 − 2 > 0� ����

�
7KH�7\SH���FRQILJXUDWLRQ�RFFXUV�LQVWHDG�ZKHQ��

�

𝜀 − 𝜀 ∙ 𝛼 ∙
1
𝜌 ∙

𝑓
𝑓 − 2 < 0� ����

�
,Q�FDVHV�ZKHQ�QRU�(T������QHLWKHU�(T������DUH�VDWLVILHG��WKH�7\SH���FRQILJXUDWLRQ�LV�DFKLHYHG��

�� &RQFOXVLRQV�
7KLV�ZRUN�LV�SDUW�RI�D�EURDGHU�UHVHDUFK�GHDOLQJ�ZLWK�EHKDYLRXU�RI�QHZ�DQG�H[LVWLQJ�UHLQIRUFHG�FRQFUHWH�
HOHPHQWV�DOVR�DFFRXQWLQJ�IRU�GHJUDGDWLRQ�SKHQRPHQD��ZLWK�D�SDUWLFXODU�IRFXV�RQ�IOH[XUDO�EHKDYLRXU�DQG�
GXFWLOLW\��7KH�SUHVHQWHG�VWXG\�SURSRVHG�IDLOXUH�PRGH�GRPDLQV�ZKLFK�FDQ�EH�XVHIXO�WR�DQDO\]H�WKH�XOWL�
PDWH� FRQGLWLRQV�RI�EHDP� VHFWLRQV�GXULQJ� WKH�GHVLJQ�SKDVH�� VWXG\LQJ� WKH� LQIOXHQFH�RI�GLIIHUHQW� QRQ�
GLPHQVLRQDO�SDUDPHWHUV��DOORZLQJ�DV�D�FRQVHTXHQFH�D�PRUH�FRQVFLRXV�GHVLJQ��7KH�LQIOXHQFH�RI�SKH�
QRPHQD�VXFK�DV�F\FOLF�ORDGLQJ�UHODWHG�WR�VHLVPLF�DFWLRQV�DQG�WKH�SUHVHQFH�RI�FRUURVLRQ�LQ�WKH�UHLQIRUFH�
PHQW�FDQ�DOVR�EH�FRQVLGHUHG��WKRXJK�LQ�D�VLPSOLILHG�ZD\��WKURXJK�D�PRGLILFDWLRQ�RI�WKH�UHLQIRUFLQJ�VWHHO�
SURSHUWLHV���
�



,QIOXHQFH�RI�JHRPHWU\�DQG�PDWHULDO�SDUDPHWHUV�YDULDELOLW\�RQ�WKH�XOWLPDWH�FRQGLWLRQ�RI�GRXEO\�UHLQIRUFHG�FRQFUHWH�
EHDPV��
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)LJ���� ([DPSOH�RI�GRPDLQV�IRU�LGHQWLILFDWLRQ�RI�WKH�XOWLPDWH�FRQGLWLRQ�IRU�GRXEO\�UHLQIRUFHG�FRQ�
FUHWH�EHDPV��JLYHQ�D�FRQVWDQW�YDOXH�RI�FRQFUHWH�FRYHU�F� ��FP���D����E��7\SH���FRQILJXUDWLRQ��
IF� ����03D��I\� �����03D���F����G��7\SH���FRQILJXUDWLRQ���IF� ����03D��I\� �����03D���H���
�I��7\SH���FRQILJXUDWLRQ��IF� ����03D��I\� �����03D��
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��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� 6WUXFWXUDO�DQDO\VLV�DQG�GHVLJQ�

�

7KH�SUHVHQWHG�DQDO\WLFDO�IRUPXODWLRQ�LV�EDVHG�RQ�VRPH�VLPSOLILFDWLRQV��DV�DQ�H[DPSOH��LQ�WHUPV�RI�
WKH�WKH�DGRSWHG�FRQVWLWXWLYH�ODZV�IRU�VWHHO�DQG�FRQFUHWH��$�IXUWKHU�GHYHORSPHQW�RI�WKH�SUHVHQWHG�ZRUN�
FRQFHUQV�WKH�DGRSWLRQ�RI�FRQFUHWH�FRQVWLWXWLYH�PRGHOV�ZLWK�SRVW�SHDN�VWUHQJWK�GHJUDGDWLRQ�DQG�WKH�DF�
FRXQWLQJ�RI�FRYHU�VSDOOLQJ�DW�WKH�XOWLPDWH�FRQGLWLRQ��

7KH�SURSRVHG�DSSURDFK�LV�SDUWLFXODUO\�HIIHFWLYH�IRU�WKH�IRUPXODWLRQ�RI�FXUYDWXUH�FDSDFLW\�PRGHOV�
IRU�QHZ�DQG�H[LVWLQJ�GRXEO\�UHLQIRUFHG�FRQFUHWH�EHDPV��

$FNQRZOHGJHPHQWV�
7KH�UHVHDUFK�DFWLYLW\�ZDV�SDUWLDOO\�IXQGHG�E\�WKH�SURMHFW�'3&�5H/8,6�����������:3���&RQWULEXWLRQ�
DQG�UHYLHZ�RI�WHFKQLFDO�VWDQGDUGV�IRU�FRQVWUXFWLRQV�±�&RQFUHWH�VWUXFWXUHV��$XWKRUV�ZLVK�WR�DFNQRZOHGJH�
HQFRXUDJHPHQW�DQG�XVHIXO�VXJJHVWLRQV�IURP�(QJ��$OHVVDQGUR�*DVSDULQL��

5HIHUHQFHV�
>�@� 3DUN�5��3DXOD\�7��������5HLQIRUFHG�&RQFUHWH�6WUXFWXUHV��:LOH\��
>�@� 3DUN�5��5XLWRQJ�'��������'XFWLOLW\�RI�'RXEO\�5HLQIRUFHG�&RQFUHWH�%HDP�6HFWLRQV��$&,�6WUXFW�

-�������±�����
>�@� &(%��������(1�����(XURFRGH����'HVLJQ�RI�VWUXFWXUHV�IRU�HDUWKTXDNH�UHVLVWDQFH��
>�@� )DUGLV�01��������6HLVPLF�GHVLJQ��DVVHVVPHQW�DQG�UHWURILWWLQJ�RI�FRQFUHWH�EXLOGLQJV��EDVHG�RQ�

(1�(XURFRGH����6SULQJHU�6FLHQFH�	�%XVLQHVV�0HGLD��
>�@� 3ULHVWOH\�0-���&DOYL�*0��.RZDOVN\�0��������'LVSODFHPHQW�%DVHG�6HLVPLF�'HVLJQ�RI�6WUXF�

WXUHV��3DYLD��,WDO\��,866�3UHVV��
>�@� 'X�<��&ODUN�/$��&KDQ�$+&��������,PSDFW�RI�UHLQIRUFHPHQW�FRUURVLRQ�RQ�GXFWLOH�EHKDYLRU�RI�

UHLQIRUFHG�FRQFUHWH�EHDPV��$&,�6WUXFW�-��������±����
>�@� 7KH�,QWHUQDWLRQDO�)HGHUDWLRQ�IRU�6WUXFWXUDO�&RQFUHWH��ILE���������0RGHO�&RGH�������)LE�0RGHO�

&RGH�IRU�&RQFUHWH�6WUXFWXUHV�������
>�@� &DLUQV�-��3OL]]DUL�*$��'X�<��/DZ�':��)UDQ]RQL�&��������0HFKDQLFDO�3URSHUWLHV�RI�&RUURVLRQ�

'DPDJHG�5HLQIRUFHPHQW��$&,�6WUXFW�-��������±����
>�@� )LQR]]L�,��6DHWWD�$��%XGHOPDQQ�+��������6WUXFWXUDO�UHVSRQVH�RI�UHLQIRUFLQJ�EDUV�DIIHFWHG�E\�

SLWWLQJ�FRUURVLRQ��H[SHULPHQWDO�HYDOXDWLRQ��&RQVWU�%XLOG�0DWHU��������±����
�



Durability and life assessment



3URF��RI�WKH���WK�ILE�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�
-XO����WR�����������0DUQH�OD�9DOOpH��3DULV��)UDQFH�

����

�

:DWHU�9DSRU�6RUSWLRQ�RI�+DUGHQHG�&HPHQW�3DVWHV��
,PSDFW�RI�7HPSHUDWXUH�DQG�&DUERQDWLRQ�
=KHQ�:DQJ��.HIHL�/L�

&LYLO�(QJLQHHULQJ�'HSDUWPHQW��
7VLQJKXD�8QLYHUVLW\���
�������%HLMLQJ��3�5��&KLQD�

$EVWUDFW�
:DWHU�YDSRU�VRUSWLRQ�LV�WKH�NH\�WRRO�IRU�FKDUDFWHUL]LQJ�WKH�PRLVWXUH�SURSHUWLHV�RI�FHPHQW�EDVHG�PDWH�
ULDOV��WHPSHUDWXUH�DQG�FDUERQDWLRQ�KDYH�VLJQLILFDQW�LPSDFW�RQ�LW��7KH�ZDWHU�YDSRU�VRUSWLRQ�LVRWKHUPV�
DQG�NLQHWLFV�ZHUH�PHDVXUHG�ZLWK� D�G\QDPLF�YDSRU� VRUSWLRQ� LQVWUXPHQW�� IRU� QRQFDUERQDWHG� DQG� FDU�
ERQDWHG�FHPHQW�SDVWHV�XQGHU� WKUHH� WHPSHUDWXUHV��7KH� LVRWKHUPV�ZHUH�DQDO\]HG�DQG� WKH�*$%��*XJ�
JHQKHLP-$QGHUVHQ�GH� %RHU�� >�@� PRGHO� ZDV� XVHG� WR� ILW� WKH� LVRWKHUPV�� 7KH� VRUSWLRQ� NLQHWLFV� ZHUH�
LQWHUSUHWHG� WKURXJK� WKH� SVHXGR�ILUVW� DQG� �VHFRQG� RUGHU� PRGHOV�� 7KH� UHVXOWV� VKRZ� WKDW� FDUERQDWLRQ�
UHGXFHV�PRLVWXUH�FRQWHQW�DQG�VSHFLILF�VXUIDFH�DUHD��WXUQV�WKH�NLQHWLFV�WR�ORZHU�RUGHU�ODZ�ZKLOH�KLJKHU�
WHPSHUDWXUHV�KDYH�RSSRVLWH�LPSDFWV��EXW�ERWK�LQKLELW�K\VWHUHVLV�DQG�VWUHQJWKHQ�WKH�VXUIDFH�DWWUDFWLRQ�WR�
ZDWHU��

�� ,QWURGXFWLRQ�
0RLVWXUH�LV�FORVHO\�UHODWHG�WR�YDULRXV�SURFHVVHV�RI�FHPHQW�EDVHG�PDWHULDO�GHWHULRUDWLRQ��7KH�ORQJ�WHUP�
GXUDELOLW\� RI� FHPHQW�EDVHG�PDWHULDOV� LV� VLJQLILFDQWO\� LPSDFWHG� E\� WKH� LQWHUDFWLRQ� EHWZHHQ� PRLVWXUH�
DQG�SRURXV�PDWUL[��WKHUHIRUH��DQ�DFFXUDWH�NQRZOHGJH�RI�PRLVWXUH�SURSHUWLHV�LV�LQGLVSHQVDEOH�IRU�UHDOLV�
WLF� DVVHVVPHQW� RI� FHPHQW�EDVHG�PDWHULDOV� LQ� HQJLQHHULQJ� VHUYLFH� VWDWHV��:DWHU� YDSRU� VRUSWLRQ� LV� WKH�
NH\� WRRO� IRU�FKDUDFWHUL]LQJ� WKH�PRLVWXUH�SURSHUWLHV�RI�FHPHQW�EDVHG�PDWHULDOV�� LQFOXGLQJ�HTXLOLEULXP�
SURSHUWLHV�DQG�NLQHWLFV��:DWHU�YDSRU�VRUSWLRQ�LVRWKHUP��:96,��GHVFULEHV�WKH�UHODWLRQVKLS�EHWZHHQ�WKH�
PRLVWXUH� FRQWHQW� UHWDLQHG� DW� HTXLOLEULXP� DQG� WKH� DPELHQW� UHODWLYH� KXPLGLW\� �5+��� SURYLGLQJ� EDVLF�
LQSXWV�IRU�WKH�PXOWL�SKDVH�WUDQVSRUW�PRGHO��0HDQZKLOH��ZDWHU�PROHFXOHV�FDQ�SUREH�WKH�VPDOOHVW�&�6�+�
LQWHUOD\HU� VSDFHV� >�@�� DOORZLQJ�:96,V� WR�SURYLGH� DEXQGDQW� LQIRUPDWLRQ� RQ� SRUH� VWUXFWXUHV�� VXUIDFH�
SURSHUWLHV��DQG�LQVLJKWV�LQWR�WKH�XQGHUO\LQJ�PHFKDQLVPV�RI�ZDWHU�PDWUL[�LQWHUDFWLRQ��6RUSWLRQ�NLQHWLFV�
LV�UHODWHG�WR�GLIIHUHQW�PHFKDQLVPV�LQYROYHG�LQ�RYHUDOO�VRUSWLRQ�SURFHVV��3URSHU�NLQHWLF�PRGHOV�DUH�RI�
FUXFLDO�LPSRUWDQFH�IRU�SUHGLFWLQJ�VRUSWLRQ�UDWH�DQG�UHYHDOLQJ�XQGHUO\LQJ�PHFKDQLVP��)XUWKHUPRUH��WKH�
UHVSRQVHV�RI�ZDWHU�YDSRU� VRUSWLRQ� WR� DPELHQW� WHPSHUDWXUH� FKDQJH� DQG� FDUERQDWLRQ� DUH�RI� SDUWLFXODU�
LQWHUHVWV�IRU�HQJLQHHULQJ�DSSOLFDWLRQ��IRU�FRQFUHWH�VWUXFWXUHV�ZKLFK�DUH�H[SRVHG�WR�GLIIHUHQW�WHPSHUD�
WXUHV�DQG�FDUERQDWLRQ�E\�DWPRVSKHULF�&2���

&RQVLGHUDEOH�ZRUNV�KDYH�EHHQ�GRQH�WR�LQYHVWLJDWH�WKH�ZDWHU�YDSRU�VRUSWLRQ�FKDUDFWHULVWLFV�RI�FH�
PHQW�EDVHG�PDWHULDOV��6DWXUDWHG�VDOW�VROXWLRQ�PHWKRG�DQG�G\QDPLF�YDSRU�VRUSWLRQ��'96��PHWKRG�KDYH�
EHHQ�DGRSWHG�WR�PHDVXUH�:96,V�DQG�VRUSWLRQ�NLQHWLFV��D�VHULHV�RI�PRGHOV�KDV�EHHQ�DSSOLHG�WR�DQDO\]H�
WKHP��+\VWHUHVLV��HVSHFLDOO\�ORZ�5+�K\VWHUHVLV�ZDV�IRXQG�LQ�:96,V�RI�FHPHQW�EDVHG�PDWHULDOV��3RUH�
VWUXFWXUHV��VXUIDFH�SURSHUWLHV��WUDQVSRUW�SURSHUWLHV�FDQ�EH�GHGXFHG�IURP�ZDWHU�YDSRU�VRUSWLRQ�FKDUDF�
WHULVWLFV��6RPH�VWXGLHV�IRFXVHG�RQ�WKH�WKHUPDO�LPSDFW�RQ�ZDWHU�YDSRU�VRUSWLRQ�>�@�>�@��EXW�WKH�FRQFOX�
VLRQV�ZHUH� LQFRQVLVWHQW�ZLWK� HDFK�RWKHU�� 6RPH� UHVXOWV� DUH� DOVR� DYDLODEOH� IRU� FDUERQDWLRQ� LPSDFW� RQ�
:96,V�>�@�>�@��EXW�IXUWKHU�UHVHDUFK�LV�QHHGHG�IRU�D�EHWWHU�NQRZOHGJH�RI�WKH�LPSDFW��

,Q� WKLV� VWXG\��D� V\VWHPDWLF�PHDVXUHPHQW�RQ� WKH�ZDWHU�YDSRU� VRUSWLRQ�EHKDYLRUV�RI�KDUGHQHG�FH�
PHQW�SDVWH�ZDV�FRQGXFWHG�XVLQJ�DXWRPDWLF�'96�GHYLFHV��XQGHU�GLIIHUHQW� WHPSHUDWXUHV� ���������DQG�
���&�� DQG� ZLWK� RU� ZLWKRXW� FDUERQDWLRQ�� 7KH� VDPSOH� FRPSRVLWLRQV� ZHUH� GHWHUPLQHG� ZLWK�
WKHUPRJUDYLPHWULF�PHWKRGV��0HDVXUHG�:96,V�DQG�NLQHWLFV�ZHUH�DQDO\]HG�DORQJ�ZLWK�WKH�WHPSHUDWXUH�
DQG�FDUERQDWLRQ� LPSDFWV��7KH� �*$%��*XJJHQKHLP�$QGHUVHQ�GH�%RHU��PRGHO�>�@�ZDV�DGRSWHG� WR�ILW�
WKH�:96,V��DQG�WKH�UHJUHVVHG�SDUDPHWHUV�ZHUH�GLVFXVVHG��7KH�NLQHWLFV�ZDV�LQWHUSUHWHG�WKURXJK�SVHX�
GR�ILUVW�RUGHU�DQG�SVHXGR�VHFRQG�RUGHU�PRGHOV����



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� 'XUDELOLW\�DQG�OLIH�DVVHVVPHQW�

�

�� 0DWHULDOV�DQG�H[SHULPHQWV�
+DUGHQHG� FHPHQW� SDVWHV�ZHUH�SUHSDUHG�ZLWK�ZDWHU�WR�FHPHQW� UDWLR�RI� �����7KH� FHPHQW� XVHG�ZDV�RI�
W\SH� RUGLQDU\� 3RUWODQG� FHPHQW� 32� ������ WKH�PLQHUDO� FRPSRVLWLRQ� SURYLGHG� E\� WKH�PDQXIDFWXUHU� LV�
JLYHQ�LQ�7DEOH����7KH�SDVWHV�ZHUH�FDVW�LQWR�PROGV�RI���FP�î���FP�î����FP��GHPROGHG�DW��G�DQG�FXUHG�
LQ�VDWXUDWHG�OLPH�ZDWHU�XQGHU�DPELHQW�WHPSHUDWXUH�FRQWUROOHG�WR��������&��3ULVPV�ZHUH�GLYLGHG�LQWR�
WZR�JURXSV��WKH�QRQ�FDUERQDWLRQ�JURXS�DQG�FDUERQDWLRQ�JURXS��7KH�FDUERQDWLRQ�JURXS�ZHUH�WDNHQ�RXW�
RI�ZDWHU� DW� WKH� DJH�RI����GD\V�� ���&�RYHQ�GULHG� IRU� �G�� VOLFHG�ZLWK� VDZ�� DQG� WKHQ�SODFHG� LQ� D� WHVW�
FKDPEHU� LQ� ZKLFK� WKH� &2�� FRQFHQWUDWLRQ� ZDV� NHSW� DW� ���������� WKH� WHPSHUDWXUH� DW� �������&�� DQG�
UHODWLYH� KXPLGLW\� DW� �������� 5+� XQWLO� WRWDO� FDUERQDWLRQ�� ZKLFK� ZDV� FKHFNHG� E\� SKHQROSKWKDOHLQ�
LQGLFDWRU�DQG�WKHUPRJUDYLPHWULF��7*$���UHVXOWV��7KH�QRQ�FDUERQDWLRQ�JURXS�ZDV�WDNHQ�RXW�RI�ZDWHU�DW�
WKH�DJH�RI�����GD\V��VOLFHG�ZLWK�VDZ��YDFXXP�GULHG�DW����&�IRU����KRXUV��WKHQ�RYHQ�GULHG�DW����&�IRU�
���KRXUV��$IWHU�WKLV�WUHDWPHQW��WKH�VDPSOHV�ZHUH�VWRUHG�LQ�D�VOLJKW�YDFXXP�WR�SUHYHQW�FDUERQDWLRQ��7KH�
QRQ�FDUERQDWHG�VDPSOH�ZDV�QRWHG�DV�31��DQG�WKH�FDUERQDWHG�VDPSOHV�ZDV�QRWH�DV�3&��

7DEOH��� 7KH�PLQHUDO�FRPSRVLWLRQ��ZW����RI�FHPHQW�LQ�WKLV�VWXG\��

&D2� 6L2�� $O�2�� )H�2�� 62�� 0J2� 1D�2� &O� ,JQLWLRQ�ORVV�

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

�
'\QDPLF� ZDWHU� YDSRU� VRUSWLRQ� H[SHULPHQWV� ZHUH� FRQGXFWHG� ZLWK� D� '96�$GYHQWXUH� DQDO\]HU�

PDQXIDFWXUHG� E\� 6XUIDFH� 0HDVXUHPHQW� 6\VWHPV�� 8.�� 7KLV� GHYLFH� FRQWLQXRXVO\� UHFRUGV� WKH� PDVV�
FKDQJH�RI� WKH� VDPSOH� LQ� D�JDV� IORZ�ZLWK�SUHFLVHO\� FRQWUROOHG� IORZ� UDWH��5+� DQG� WHPSHUDWXUH��+LJK�
SXULW\�QLWURJHQ�ZDV�XVHG�DV�FDUULHU�JDV�WR�SUHYHQW�SRVVLEOH�FDUERQDWLRQ�GXULQJ�VRUSWLRQ�H[SHULPHQWV��
6DPSOHV�IRU�'96�VRUSWLRQ�H[SHULPHQWV�ZHUH�FUXVKHG��JURXQG�DQG�VLHYHG�EHWZHHQ����ȝP�DQG����ȝP��
DQG�HDFK�ZDWHU�YDSRU�VRUSWLRQ�H[SHULPHQW�XVHG�DSSUR[LPDWHO\���PJ�RI�GU\�SDUWLFOHV��7KH�WDUJHW�WHP�
SHUDWXUH�RI�LQFXEDWRU�ZDV�VHW�WR�EH���������DQG����&��UHVSHFWLYHO\��IRU�GLIIHUHQW�31�DQG�3&�VDPSOHV��
7KH�5+�FRQWURO�SURJUDP� LQFOXGHV� D� ]HUR�KXPLGLW\�GU\LQJ� VWDJH�� DQG� D� IXOO� DGVRUSWLRQ� ±�GHVRUSWLRQ�
F\FOH�EHWZHHQ����DQG�����5+��ZLWK�D�����5+�VWHS��7KH�FULWHULRQ�RI�HTXLOLEULXP�LQ�D�VLQJOH�5+�VWHS�
ZDV� _GP�GW_���������ZW���PLQ�FRQWLQXRXVO\� LQ�D����PLQXWHV�SHULRG��([WUDSRODWLRQV�ZLWK� WKH�NLQHWLF�
PRGHOV�LQ�6HFWLRQ�����SUHGLFW�GLIIHUHQFHV�OHVV�WKDQ�������J�J�DQG�������J�J�EHORZ�DQG�DERYH�����5+�
EHWZHHQ�DV\PSWRWLF�VRUSWLRQ�YDOXHV�DQG�PHDVXUHG�GDWD��ZKLFK�DUH�LQVLJQLILFDQW�FRPSDUHG�WR�WKH�WRWDO�
VRUSWLRQ��7KH�PD[LPXP� VWDJH� WLPH�ZDV� VHW� WR� EH���� KRXUV��ZKLFK� LV� HQRXJK� IRU� DOO� WKH� VWHSV�� 7KH�
ZKROH�SURJUDP�WRRN�DERXW����KRXUV�IRU�31�VDPSOHV�DQG����KRXUV�IRU�3&�VDPSOHV��$W�WKH�HQG�RI�HDFK�
H[SHULPHQW��WKH�UHFRUGHG�VDPSOH�PDVV�ZDV�GHWHUPLQHG�DV�WKH�UHIHUHQFH�PDVV�P���PJ��IRU�FDOFXODWLQJ�
HYDSRUDEOH�PRLVWXUH�PDVV��,W�LV�QRWHZRUWK\�WKDW�VDPSOHV�HTXLOLEUDWHG�DW�]HUR�KXPLGLW\�XQGHU�GLIIHUHQW�
WHPSHUDWXUHV�FRUUHVSRQG�WR�GLIIHUHQW�K\JUDO�VWDWH��,Q�RUGHU�WR�SURYLGH�D�FRPPRQ�UHIHUHQFH�IRU�FRPSDU�
LQJ�GDWD�PHDVXUHG�XQGHU�GLIIHUHQW� WHPSHUDWXUHV�� VDPSOHV�ZHUH�GULHG�DW� ]HUR�KXPLGLW\�XQGHU���������
DQG� ���&� FRQVHFXWLYHO\� LQ�'96� ,VR$FWLYLW\�PRGH��ZLWK� WKH� VDPH� HTXLOLEULXP� FULWHULRQ� LQ� VRUSWLRQ�
H[SHULPHQWV��7KH�HYDSRUDEOH�PRLVWXUH�FRQWHQW�:��J�J��ZDV�FDOFXODWHG�ZLWK�
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ZKHUH�P�LV�WKH�VDPSOH�PDVV��PJ���PUHI�LV�WKH�UHIHUHQFH�PDVV��PJ��ZKLFK�FRUUHVSRQGV�WR�LVRWKHUPDOO\�
GULHG�VWDWH�DW�]HUR�KXPLGLW\�XQGHU����&���

7KHUPRJUDYLPHWULF�DQDO\VLV��7*$��ZDV�SHUIRUPHG�RQ�SRZGHUHG�31�DQG�3&�VDPSOHV��7*$�ZDV�
FRQGXFWHG�XVLQJ�D�7$�4����,5�DQDO\]HU��WKH�WHPSHUDWXUH�UDQJH�ZDV�URRP�WHPSHUDWXUH�WR�����&��DQG�
WKH�KHDWLQJ�UDWH�ZDV����&�PLQ��3RUWODQGLWH�FRQWHQW�ZDV�FDOFXODWHG�ZLWK�WKH�SHDN�EHWZHHQ���������&�
LQ�WKH�GHULYDWLYH�RI�7*$�FXUYH��'7*��XVLQJ�WDQJHQWLDO�PHWKRG�>��@��DQG�WKH�PDVV�ORVV�EHWZHHQ�����
����&�ZDV�FRQYHUWHG�WR�WKH�DPRXQW�RI�FDOFLXP�FDUERQDWH��,Q�DGGLWLRQ��WR�PHDVXUH� WKH�PDVV�LQFUHDVH�
GXH�WR�FDUERQDWLRQ�DQG�SURYLGH�D�FRPPRQ�UHIHUHQFH�IRU�DQDO\]LQJ�FRPSRVLWLRQV��VDPSOHV�ZHUH�RYHQ�
GULHG�DW�����&�IRU����KRXUV�WR�DFKLHYH�FRQVWDQW�ZHLJKW��WKHQ�KHDWHG�WR������&�LQ�PXIIOH�IXUQDFH�DQG�
FDOFLQHG�IRU���KRXUV��8QGHU�WKH�DVVXPSWLRQ�WKDW�31�DQG�3&�KDYH�WKH�VDPH�FRPSRVLWLRQV�DW������&��
WKH�UDWLRV�EHWZHHQ�PDVV�DW�����DQG������&�ZHUH�XVHG�WR�QRUPDOL]H�VDPSOH�FRPSRVLWLRQV��



:DWHU�9DSRU�6RUSWLRQ�RI�+DUGHQHG�&HPHQW�3DVWHV��,PSDFW�RI�7HPSHUDWXUH�DQG�&DUERQDWLRQ��

=KHQ�:DQJ��.HIHL�/L� �� ����
�

�

�� $QDO\VLV�RI�ZDWHU�YDSRU�VRUSWLRQ�

���� 6RUSWLRQ�LVRWKHUPV�DQG�K\VWHUHVLV�
7KH�:96,V�GHSLFW�WKH�PRLVWXUH�FRQWHQW�UHWDLQHG�DW�HTXLOLEULXP�LQ�WHUPV�RI�DPELHQW�5+��,Q�DGVRUSWLRQ�
LVRWKHUPV��:9$,V���DPELHQW�5+�LQFUHDVHV�PRQRWRQLFDOO\�IURP����5+��7KH�:9$,V�RI�PRVW�EXLOGLQJ�
PDWHULDOV��LQFOXGLQJ�FHPHQW�EDVHG�PDWHULDOV��DUH�LQYHUVH�6�VKDSHG�W\SH�,,�LVRWKHUPV�>��@���'HVRUSWLRQ�
LVRWKHUPV��:9',V��PHDVXUHV�PRLVWXUH�FRQWHQW�DV�DPELHQW�5+�GHFUHDVHV�WR�]HUR�KXPLGLW\��0HDVXUHG�
:96,V�RI�31�DQG�3&�XQGHU����&�DUH�LOOXVWUDWHG�LQ�)LJ�����OHIW���:9$,V�DUH�LQYHUVH�6�VKDSHG��EXW�WKH�
:9',�RI�31�VDPSOH�KDV� GLIIHUHQW� VKDSH�� DQG� D� VXGGHQ�GURS� LQ��������5+�FDQ�EH�REVHUYHG��7KH�
K\VWHUHVLV�EHWZHHQ�:9$,�DQG�:9',�RI�31�VDPSOH�LV�QRWDEOH��HYHQ�LQ�ORZ�5+�UHJLRQ��&DUERQDWLRQ�
VLJQLILFDQWO\� UHGXFHG�PRLVWXUH� FRQWHQW� DQG� K\VWHUHVLV� H[WHQW� LQ� WKH�ZKROH�5+� UDQJH�� KRZHYHU�� LW� LV�
QRWHZRUWK\�WKDW�3&�VDPSOH�DGVRUEHG�VOLJKWO\�PRUH�ZDWHU�LQ�WKH�ILUVW�������5+�UDQJH���

:H�GHILQH�D�PRLVWXUH�VWRUDJH�FRHIILFLHQW�N� �ǻ:�ǻ5+�RI�HDFK�VRUSWLRQ�VWHS�IRU�D�EHWWHU�GHVFULS�
WLRQ�DQG�LQWHUSUHWDWLRQ�RI�:96,V��7KH�FRHIILFLHQW�N�IRU�31�DQG�3&�VDPSOHV�XQGHU��������DQG����&�LV�
SORWWHG� LQ�)LJ�����ULJKW���ZLWK� WKH�[�FRRUGLQDWHV�RI�GDWD�UHSUHVHQWLQJ� WKH� WDUJHW�5+�RI�HDFK�VWHS��$OO�
DGVRUSWLRQ�N�FXUYHV�DUH�8�VKDSHG��UHSUHVHQWLQJ�UDQJHV�RI�PRQROD\HU�DGVRUSWLRQ��PXOWLOD\HU�DGVRUSWLRQ�
DQG�FDSLOODU\�FRQGHQVDWLRQ��+LJK�YDOXHV�RI�N�DW�����5+��IROORZHG�E\�D�VKDUS�GURS�DW�����5+��LQGL�
FDWH�D�VWURQJ�PRQROD\HU�DGVRUSWLRQ�LQ�������5+�DQG�D�FRQYHUVLRQ�WR�PXOWLOD\HU�DGVRUSWLRQ�LQ��������
5+��0LQRU�YDULDWLRQ�RI�N�ZDV� IRXQG�EHWZHHQ����DQG�����5+��FRUUHVSRQGLQJ� WR� WKH�SUHGRPLQDWLQJ�
PXOWLOD\HU�DGVRUSWLRQ�LQ�WKLV�UDQJH��$ERYH�����5+��N�VWDUWV�WR�LQFUHDVH�DQG�UHDFKHV�TXLWH�KLJK�YDOXH�
LQ��������5+�� LPSO\LQJ�VLJQLILFDQW�FDSLOODU\�FRQGHQVDWLRQ� LQ� WKLV�UDQJH��)RU�31�VDPSOH�� LQFUHDVHG�
WHPSHUDWXUHV�OHDG�WR�KLJKHU�N�LQ�������5+��EXW�WKLV�WHQGHQF\�LV�UHYHUVHG�LPPHGLDWHO\�DERYH�����5+��
DQG�PXFK�ORZHU�N�XQGHU����DQG����&�ZDV�PHDVXUHG�LQ�FDSLOODU\�FRQGHQVDWLRQ�UHJLRQ��)RU�3&�VDPSOH��
N�FXUYHV�VKDUH�VLPLODU�VKDSH�ZLWK�WKDW�RI�31�VDPSOH��EXW�PXFK�OHVV�ZDWHU�ZDV�DGVRUEHG�DERYH�����
5+��DQG�RQO\�OLPLWHG�WHPSHUDWXUH�LPSDFW�ZDV�REVHUYHG���

,Q�GHVRUSWLRQ�EUDQFKHV��WKH�VKDSH�RI�N�FXUYHV�RI�31�VDPSOH�LV�PRUH�FRPSOLFDWHG��$�VXGGHQ�GURS�
RI�PRLVWXUH�FRQWHQW�FDQ�EH�GLVWLQJXLVKHG�LQ�WKH�UDQJH�RI��������5+��ZKLFK�LV�EHOLHYHG�WR�EH�LQGXFHG�
E\�WKH�VSRQWDQHRXV�FDYLWDWLRQ�RI�ZDWHU�FRQILQHG�LQ�FDYLWLHV�RI�LQN�ERWWOH�SRUHV�>��@��,Q��������5+��
PRUH�ZDWHU� LV� GHVRUEHG� WKDQ� DGVRUEHG� LQ� FRUUHVSRQGLQJ�5+� UDQJH�� )RU�3&� VDPSOHV�� WKH� FDYLWDWLRQ�
H[WHQW�ZDV�PXFK�VPDOOHU��DQG�WKH�N�FXUYHV�DUH�PXFK�FORVHU�WR�WKDW�LQ�DGVRUSWLRQ�EUDQFKHV��
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)LJ���� :96,V�RI�31�DQG�3&�VDPSOHV�XQGHU����&��OHIW���:DWHU�YDSRU�VWRUDJH�FRHIILFLHQWV�RI�31�
DQG�3&�VDPSOHV�XQGHU��������DQG����&��ULJKW���

7KH�K\VWHUHVLV�FXUYHV�DUH�SORWWHG� LQ�)LJ�����)RU�31�VDPSOHV��D�SHDN�DW�����5+� LV� DYDLODEOH� IRU�DOO�
FXUYHV�� ,Q� KLJK� 5+� UDQJHV�� K\VWHUHVLV� PD\� DULVH� IURP� LQN�ERWWOH� �� SRUH� EORFNLQJ� HIIHFWV� >��@�� 7KH�
FDYLWDWLRQ�LQGXFHG�GURS�LQ�GHVRUSWLRQ�EUDQFKHV�OHDGV�WR�WKH�UHGXFWLRQ�RI�K\VWHUHVLV�E\�UHPRYLQJ�OLTXLG�
ZDWHU�FRQVWULFWHG�LQ�LQN�ERWWOH�SRUHV��+\VWHUHVLV�LQ�ORZ�5+�UDQJH�UHPDLQV�REYLRXV��ZKLFK�LV�GLIIHUHQW�
IURP� QLWURJHQ� VRUSWLRQ� UHVXOWV� >�@�� )RU� FHPHQW�EDVHG� PDWHULDOV�� WKH� VQDS�WKURXJK� LQVWDELOLW\� >��@��
KLQGHUHG�PROHFXODU� FRQGHQVDWLRQ�GXULQJ�QDQRSRUH� ILOOLQJ� >��@�� DQG�&�6�+� LQWHUOD\HU� VSDFH� FROODSVH�
DQG�UHFRYHU�>��@�PD\�H[SODLQ�WKH�ORZ�5+�K\VWHUHVLV��7KH�LQKLELWLRQ�HIIHFW�RI�LQFUHDVHG�WHPSHUDWXUHV�
RQ�K\VWHUHVLV�FDQ�EH�REVHUYHG�FOHDUO\��7KH�GLVVLSDWLRQ�RI�³PHWDVWDEOH´�LQN�ERWWOH�HIIHFW�PD\�EH�DFFHO�
HUDWHG�E\� LQFUHDVHG� WHPSHUDWXUHV� >�@�� DQG�VLPLODU�PHFKDQLVP�PD\�DSSO\� IRU� ORZ�5+�K\VWHUHVLV�� IRU�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� 'XUDELOLW\�DQG�OLIH�DVVHVVPHQW�
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ZDWHU�PROHFXOHV�ZLWK�KLJKHU�HQHUJ\�FDQ�SHQHWUDWH�LQWHUOD\HU�VSDFHV�PRUH�HDVLO\��)RU�3&�VDPSOHV�� WKH�
K\VWHUHVLV�LV�VKDUSO\�UHGXFHG�LQ�WKH�ZKROH�5+�UDQJH�XQGHU����&��DQG�LW�IXUWKHU�GHFUHDVHV�ZLWK�WHPSHU�
DWXUH��6SHFLDO�DWWHQWLRQ�VKRXOG�EH�JLYHQ�WR�WKH�ORZ�5+�K\VWHUHVLV�RI�3&�VDPSOHV��ZKLFK�PD\�EH�UHODW�
HG�WR�WKH�SURSHUWLHV�RI�GHFDOFLILHG�&�6�+��
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�

)LJ���� :DWHU�YDSRU�VRUSWLRQ�K\VWHUHVLV�FXUYHV�RI�31�DQG�3&�VDPSOHV�DW��������DQG����&��

7KH�*$%��*XJJHQKHLP-$QGHUVHQ�GH�%RHU��PRGHO�>�@��ZKLFK�LV�D�UHILQHPHQW�WR�WKH�FODVVLFDO�%(7�
�%UXQDXHU-(PPHWW-7HOOHU��>��@�PRGHO�IRU�PXOWLOD\HU�SK\VLVRUSWLRQ��LV�DGRSWHG�LQ�WKLV�VWXG\�WR�ILW�WKH�
:96,V�LQ�WKH�UDQJH�RI�������5+��7KH�WKUHH�SDUDPHWHU�*$%�HTXDWLRQ�UHDGV�
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ZKHUH�:P� LV� WKH�PRQROD\HU� FDSDFLW\� �J�J���&� DQG�.� DUH� HQHUJ\�UHODWHG� FRQVWDQWV�ZKLFK� FDQ�EH� H[�
SUHVVHG�DV�>��@��
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ZKHUH� PRQROD\HUP � �� PXOWLOD\HUP � DQG� OLTXLGP � �DUH� WKH� VWDQGDUG�YDOXHV�RI�FKHPLFDO�SRWHQWLDOV� �N-�PRO��RI�ZDWHU�
PROHFXOHV� LQ� WKH� PRQROD\HU�� PXOWLOD\HU� DQG� OLTXLG� VWDWH�� UHVSHFWLYHO\�� 5� LV� WKH� LGHDO� JDV� FRQVWDQW�
�������-ā.��āPRO�����DQG�7�LV�WKH�DEVROXWH�WHPSHUDWXUH��.���7KH�SURGXFW�&.�DQG�FRQVWDQW�.�UHIOHFW�WKH�
LQWHUDFWLRQ�VWUHQJWK�RI�PROHFXOHV�LQ�PRQROD\HU�DQG�PXOWLOD\HU�ZLWK�UHVSHFW�WR�PROHFXOHV�LQ�EXON�ZD�
WHU��7KH�VSHFLILF�VXUIDFH�DUHD�6��66$��P��J��FDQ�EH�FDOFXODWHG�ZLWK�:P�DV�

P $
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:

: 16 $
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ZKHUH�1$�LV�WKH�$YRJDGUR�FRQVWDQW�������î�����PRO�����0Z�LV�WKH�PRODU�PDVV�RI�ZDWHU��������J�PRO���
DQG�$P� LV� WKH� DUHD�RFFXSLHG�E\� D� VLQJOH�ZDWHU�PROHFXOH� LQ� WKH� DGVRUEHG�PRQROD\HU� ������c���� ,W� LV�
QRWHZRUWK\�WKDW�UHJUHVVHG�66$�YDOXHV�DUH�DSSDUHQW�YDOXHV�EHFDXVH�WKH�ILOOLQJ�RI�QDQRVFDOH�LQWHUOD\HU�
VSDFHV�PLJKW�EH�GLIIHUHQW�IURP�SK\VLVRUSWLRQ���
7KH�*$%�ILWWHG�FXUYHV�DUH�VKRZQ�LQ�)LJ�����,Q�WKH�UDQJH�RI�������5+��WKH�*$%�PRGHO�FDQ�ZHOO�ILW�
WKH�:9$,V�RI�31�DQG�3&�VDPSOHV�DQG�WKH�:9',V�RI�3&�VDPSOHV�ZLWK�5�!������EXW�IDLOV�WR�FDSWXUH�
WKH� FDYLWDWLRQ� SKHQRPHQRQ� LQ�:9',V� RI� 31� VDPSOHV�� $OO� UHJUHVVHG� SDUDPHWHUV� IRUP�:9$,V� DUH�
VKRZHG�LQ�7DEOH���DQG�7DEOH����7KH�DPELHQW�5+�KP�FRUUHVSRQGV�WR�PRQROD\HU�FRYHUDJH�LV�FDOFXODWHG�
E\�OHWWLQJ�:� �:P�LQ�(T�������DQG�WKH�66$�LV�FDOFXODWHG�IURP�:P�ZLWK�(T�������'DWD�LQ�7DEOH���FRUUH�
VSRQG� WR� IXOO�PRQROD\HU� FRYHUDJH�� DQG� GDWD� LQ�7DEOH� �� SURYLGH� HQHUJ\�UHODWHG� LQIRUPDWLRQ��+LJKHU�
WHPSHUDWXUHV�OHDG�WR�UHPDUNDEOH�LQFUHDVH�RI�:P�DQG�66$��7KH�YDOXH�RI�KP�LV�UHGXFHG�ZLWK�WHPSHUD�
WXUH�� VXJJHVWLQJ� WKDW�ZDWHU�PROHFXOHV� DGVRUEHG� LQ�PRQROD\HU� UHJLRQ�PD\� KDYH� VWURQJHU� LQWHUDFWLRQ�
ZLWK�PDWUL[� DW� LQFUHDVHG� WHPSHUDWXUHV��ZKLFK� LV� DOVR� VXJJHVWHG� E\� WKH� LQFUHDVHG� YDOXH� RI�&.� ZLWK�
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WHPSHUDWXUH� LQ� 7DEOH� ��� $IWHU� FDUERQDWLRQ�� WKH� 66$V� GHFUHDVHG� E\� DERXW� ������� IRU� 3&� VDPSOHV��
LQGLFDWLQJ�WKDW�WKH�PDMRULW\�RI�PRQROD\HU�VRUSWLRQ�VLWHV�DUH�VWLOO�DYDLODEOH�LQ�3&�VDPSOHV��7KH�QRWDEOH�
LQFUHDVH�RI�&.�DQG�GHFUHDVH�RI�KP�VXJJHVW�D�VWURQJHU�DWWUDFWLRQ�RI�PDWUL[�VXUIDFH�WR�ZDWHU�PROHFXOHV�
DIWHU�FDUERQDWLRQ��7KH�GHFUHDVH�RI�N�XQGHU�LQFUHDVHG�WHPSHUDWXUHV�DQG�FDUERQDWLRQ�LPSOLHV�WKDW�ZDWHU�
PROHFXOHV�LQ�PXOWLOD\HU�EHFRPH�OHVV�VWDEOH�LQ�WKHVH�VWDWHV��
�

�
�

)LJ���� *$%�ILWWHG�FXUYHV�IRU�:9$,V��OHIW��DQG�:9',V��ULJKW���

7DEOH��� 5HJUHVVHG�*$%�PRQROD\HU�FDSDFLW\�:P��VSHFLILF�VXUIDFH�DUHD��66$���DQG�FRUUHVSRQGLQJ�
DPELHQW�5+�KP�FDOFXODWHG�IURP�:9$,V�PHDVXUHG�DW����&������&���DQG�>���&@��

6DPSOHV� :P����J�J�� 66$��P��J�� KP�����

31� ������������>����@� ����������>���@� ������������>����@�

3&� ������������>����@� �����������>���@� ������������>����@�

7DEOH��� 5HJUHVVHG�*$%�HQHUJ\�UHODWHG�FRQVWDQWV�FDOFXODWHG� IURP�:9$,V� �������5+�� DW� ���&��
����&���DQG�>���&@���

6DPSOHV� &� .� &.�

31� ������������>����@� ��������������>�����@� ������������>����@�

3&� ������������>�����@� ��������������>�����@� ������������>����@�

���� 6RUSWLRQ�NLQHWLFV�
1RQ�)LFNLDQ�VRUSWLRQ�NLQHWLFV�KDV�EHHQ�REVHUYHG�IRU�FHPHQW�EDVHG�PDWHULDOV� >��@�� ,Q� WKLV�VWXG\�� WKH�
SVHXGR�ILUVW�DQG�SVHXGR�VHFRQG�RUGHU��3)2�DQG�362��PRGHOV�DUH�XVHG�WR�ILW�WKH�NLQHWLF�FXUYHV�RI�31�
DQG�3&�VDPSOHV��7KH�VRUSWLRQ�UDWHV�DUH�UHVSHFWLYHO\�SURSRUWLRQDO�WR�WKH�ILUVW�DQG�VHFRQG�SRZHU�RI�WKH�
GLIIHUHQFH�EHWZHHQ� VRUSWLRQ�PDVV�T�W�� �PJ�� DQG� HTXLOLEULXP� VRUSWLRQ�PDVV�TH��PJ���:LWK� WKH� LQLWLDO�
FRQGLWLRQ�T�W� ���� ����WKH�VRUSWLRQ�PDVV�T�W��LV�H[SUHVVHG�LQ�WKH�3)2�DQG�362�PRGHO�DV�
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ZKHUH�.�� �PLQ����DQG�.�� ��J�JāPLQ�����DUH�UHVSHFWLYHO\� WKH�3)2�DQG�362�UDWH�FRQVWDQWV�� ,W�ZDV�VXJ�
JHVWHG�LQ�>��@�WKDW�WKH�3)2�PRGHO�ILWV�NLQHWLF�FXUYHV�EHWWHU�ZKHQ�WUDQVSRUW�SURFHVV�RI�DGVRUEDWH�OLPLWV�
WKH�RYHUDOO� VRUSWLRQ� UDWH��ZKLOH� WKH�362�PRGHO� GRPLQDWHV� DV� WKH� VRUSWLRQ�EHWZHHQ� DGVRUEDWH�PROH�
FXOHV� DQG� VXEVWUDWH� VXUIDFH� LV� UDWH�FRQWUROOLQJ�� 6RPH� ILWWLQJ� UHVXOWV� IRU� DGVRUSWLRQ� DQG� GHVRUSWLRQ�
NLQHWLF�FXUYHV�DUH�SORWWHG�LQ�)LJ����DQG�)LJ�����
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� � �
�D��31���������5+�����&� �E��3&���������5+�����&� �F��31���������5+�����&�

�
)LJ���� 7\SLFDO�3)2��DQG�362�ILWWHG�DGVRUSWLRQ�NLQHWLF�FXUYHV�RI�31�DQG�3&�VDPSOHV��

� � �
�D��31���������5+�����&� �E��3&���������5+�����&� �F��31���������5+�����&�

�
)LJ���� 7\SLFDO�3)2��DQG�362�ILWWHG�GHVRUSWLRQ�NLQHWLF�FXUYHV�RI�31�DQG�3&�VDPSOHV��

)RU�31�VDPSOHV��WKH�3)2�PRGHO�LV�VXLWDEOH�IRU�GHVFULELQJ�PRQROD\HU�DGVRUSWLRQ�NLQHWLF�FXUYHV�LQ���
����5+��ZKLOH�WKH�362�PRGHO�FDQ�EHWWHU�GHSLFW�PRVW�NLQHWLF�FXUYHV�RI�RWKHU�5+�VWHSV��,Q�������5+��
WKH�EDUH�VXEVWUDWH�VXUIDFH�KDV�VWURQJ�DWWUDFWLRQ�WRZDUGV�WKH�ZDWHU�PROHFXOHV��DQG�WKH�VRUSWLRQ�VLWHV�DUH�
IXOO\�DYDLODEOH��WKHUHIRUH��WKH�WUDQVSRUW�RI�ZDWHU�PROHFXOHV�PD\�EH�UDWH�FRQWUROOLQJ��$IWHU�WKH�FRPSOH�
WLRQ�RI�PRQROD\HU�FRYHUDJH��NLQHWLFV�LV�PRUH�UHODWHG�WR�ZHDNHU�LQWHUDFWLRQ�EHWZHHQ�ZDWHU�PROHFXOHV�LQ�
YDSRU�VWDWH�DQG�LQ�DGVRUEHG�PXOWLOD\HU�ILOP��UHVXOWLQJ�LQ�VORZHU�DGVRUSWLRQ�UDWHV��,Q��������5+��ERWK�
PRGHOV� IDLO� WR�GHSLFW� WKH�NLQHWLFV�� VXJJHVWLQJ� WKDW� RWKHU�PHFKDQLVPV�GXULQJ�SRUH� FRQGHQVDWLRQ�PD\�
LQWHUYHQH��*OREDOO\��WKH�362�PRGHO�FDQ�EHWWHU�GHVFULEH�GHVRUSWLRQ�NLQHWLFV�LQ�PRVW�5+�VWHSV��H[FHSW�
IRU�WKH�FDYLWDWLRQ�DQG�SRUH�HYDSRUDWLRQ�UHJLRQ��$IWHU�FDUERQDWLRQ��WKH�3)2�PRGHO�JOREDOO\�ILWV�EHWWHU�
WKDQ�WKH�362�PRGHO�IRU�ERWK�DGVRUSWLRQ�DQG�GHVRUSWLRQ�VWHSV��FI��)LJ����E��DQG���E���HYHQ�LQ�FDSLOODU\�
FRQGHQVDWLRQ�HYDSRUDWLRQ� UHJLRQV�� 8QGHU� LQFUHDVHG� WHPSHUDWXUHV�� KLJKHU�RUGHU� NLQHWLF� ODZ� PD\� EH�
QHFHVVDU\�WR�GHVFULEH�WKH�NLQHWLF�FXUYHV�LQ�PXOWLOD\HU�UHJLRQ��FI��)LJ���F��DQG���F���

�� )XUWKHU�GLVFXVVLRQ�

���� 7HPSHUDWXUH�LPSDFW�RQ�ZDWHU�YDSRU�VRUSWLRQ�
7KHRUHWLFDOO\�� SK\VLVRUSWLRQ� LV� DQ� H[RWKHUPLF� SURFHVV�� ZKLFK� VKRXOG� EH� GHSUHVVHG� XQGHU� LQFUHDVHG�
WHPSHUDWXUHV��OHDGLQJ�WR�WKH�³WKHUPDO�GHVRUSWLRQ´�GHVFULEHG�LQ�>�@��+RZHYHU��LQ�WKLV�VWXG\��LQFUHDVHG�
WHPSHUDWXUHV� OHDG� WR� VLJQLILFDQWO\� KLJKHU� HYDSRUDEOH� PRLVWXUH� FRQWHQW� UHWDLQHG� EHORZ� ���� 5+� LQ�
DGVRUSWLRQ� DQG� DERYH�����5+� LQ�GHVRUSWLRQ�� FI��)LJ�� ��� ,W� LV�EHOLHYHG� WKDW�PXFK�KLJKHU� DPRXQW�RI�
ZDWHU�DGVRUEHG�LQ�������5+��FI��)LJ�����ULJKW���LV�WKH�PDLQ�UHDVRQ�IRU�WKH�HOHYDWLRQ�RI�PRLVWXUH�FRQ�
WHQW��:H� EHOLHYH� WKDW� WKLV� SKHQRPHQRQ� GHULYHV� IURP� GLIIHUHQW� K\JUDO� VWDWH� DW� ]HUR� KXPLGLW\� XQGHU�
GLIIHUHQW�WHPSHUDWXUHV��$W�]HUR�KXPLGLW\��LQFUHDVHG�WHPSHUDWXUH�IXUWKHU�PRELOL]HV�DQG�UHPRYHV�ZDWHU�
IURP�LQWHUOD\HU�VSDFHV��ZKHUH�ZDWHU�PROHFXOHV�KDYH�VWURQJHU�LQWHUDFWLRQV�ZLWK�&�6�+�VKHHWV��7KH�UH�
HQWU\� RI� WKLV� SDUW� RI�ZDWHU��ZKLFK�PD\� DFW� GLIIHUHQWO\� IURP�SK\VLVRUSWLRQ��ZLOO� OHDG� WR� HOHYDWLRQ�RI�
LVRWKHUPV�ZLWK�WHPSHUDWXUH�DQG�LQFUHDVHG�YDOXH�RI�UHJUHVVHG�66$V�DQG�&.��7KH�YDOXH�RI�N�GHFUHDVHV�
ZLWK� WHPSHUDWXUH� DERYH� ���� 5+�� FI�� )LJ�� �� �ULJKW��� ZKLFK� VXJJHVWV� WKDW� WKH� ³WKHUPDO� GHVRUSWLRQ´�
PHFKDQLVP�LV�VWLOO�YDOLG��
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���� &DUERQDWLRQ�LPSDFW�RQ�ZDWHU�YDSRU�VRUSWLRQ�
$IWHU� FDUERQDWLRQ�� PRLVWXUH� FRQWHQW� DERYH� ���� 5+� GHFUHDVHG� VLJQLILFDQWO\�� ZKLOH� WKH� PRQROD\HU�
VRUSWLRQ�LQ�������5+�LQFUHDVHG�VOLJKWO\�XQGHU����&��7KH�*$%�UHJUHVVLRQ�JLYHV�PXFK�KLJKHU�PRQR�
OD\HU�DGVRUSWLRQ�HQHUJ\�&.�DIWHU�FDUERQDWLRQ��ZKLOH� WKH�FDOFXODWHG�66$V�GHFUHDVH�RQO\�E\���������
+\VWHUHVLV� DQG� FDYLWDWLRQ� DUH� QRWDEO\� GHSUHVVHG�� WKH� ORZ�5+� K\VWHUHVLV� LV� DOPRVW� HOLPLQDWHG�� 7KH�
7*$�UHVXOWV�LQ�7DEOH���VKRZ�WKDW�WKH�&�6�+�RI�31�VDPSOHV�ZDV�DOVR�FDUERQDWHG�VLJQLILFDQWO\��

'XULQJ� FDUERQDWLRQ�� WKH�SUHFLSLWDWLRQ�RI� FDUERQDWHV�PLFURFU\VWDOV� LQ�PHVRSRUHV�ZLOO� OHDG� WR� WKH�
UHGXFWLRQ� RI� FDSLOODU\� SRURVLW\� DQG� LQN�ERWWOH� HIIHFW�� ZKLFK� FDQ� H[SODLQ� WKH� UHGXFWLRQ� RI� PRLVWXUH�
FRQWHQW� DQG� K\VWHUHVLV� LQ� LQWHUPHGLDWH� DQG� KLJK�5+� UDQJHV��+RZHYHU�� YDULDWLRQV� LQ� ORZ�5+� UDQJH�
VKRXOG�EH�UHODWHG�WR�GHFDOFLILHG�&�6�+�SURSHUWLHV��*URYHV�HW�DO��>��@�VXJJHVWHG�WKDW�WKH�RYHUDOO�PRU�
SKRORJ\�RI�WKH�&�6�+�JHO�LV�SUHVHUYHG�DIWHU�FDUERQDWLRQ��ZKLFK�PD\�DFFRXQW�IRU�WKH�ODUJHO\�UHPDLQHG�
66$V� REVHUYHG� LQ� 3&� VDPSOHV�� 0HDQZKLOH�� WKH� HQKDQFHG� PRQROD\HU� DGVRUSWLRQ� DIWHU� FDUERQDWLRQ�
LQGLFDWHG�E\�WKH�LQFUHDVHG�YDOXH�RI�&.�PLJKW�EH�H[SODLQHG�E\�WKH�UHGXFWLRQ�RI�DONDOLQH�LRQV�FRQFHQ�
WUDWLRQ� LQ�SRUH�VROXWLRQ�DQG�WKHLU�VKLHOG�HIIHFW�RQ�VXUIDFH�� ,Q�DGGLWLRQ�� WKH�GHFDOFLILHG�&�6�+�KDYH�D�
PRUH�GHIRUPDEOH�VWUXFWXUH��ZKLFK�PD\�DFFRXQW�IRU�WKH�UHGXFWLRQ�RI�ORZ�5+�K\VWHUHVLV��

7DEOH��� 3RUWODQGLWH��&+��DQG�FDUERQDWH��&&��FRQWHQWV�FDOFXODWHG�ZLWK�7*$�UHVXOWV��ZW����FRUUH�
VSRQGLQJ�WR�1&�VDPSOHV����

6DPSOHV� &+�FRQWHQW� &&�FRQWHQW� &&�IURP�&+�FDUERQDWLRQ� &&�IURP�&�6�+�FDUERQDWLRQ�

31� ������ ����� ��� ���

3&� ��� ������ ������ ������

�� &RQFOXVLRQV�
7KH�ZDWHU�YDSRU�VRUSWLRQ�RI�KDUGHQHG�FHPHQW�SDVWHV�ZDV�LQYHVWLJDWHG�DORQJ�ZLWK�WKH�LPSDFW�RI�WHP�
SHUDWXUH�DQG�FDUERQDWLRQ��7KH�:96,V��K\VWHUHVLV�DQG�VRUSWLRQ�NLQHWLFV�ZHUH�GHVFULEHG� LQ�GHWDLO�� WKH�
*$%�PRGHO�ZDV�DSSOLHG�WR�ILW�WKH�:96,V��DQG�WKH�SVHXGR�ILUVW�DQG��VHFRQG�RUGHU�PRGHOV�ZHUH�XVHG�
WR�DQDO\]H�WKH�NLQHWLF�FXUYHV��7KH�UHVXOWV�VKRZ�WKDW�FDUERQDWLRQ�UHGXFHV�PRLVWXUH�FRQWHQW�DQG�VSHFLILF�
VXUIDFH�DUHD��WXUQV�WKH�NLQHWLFV�WR�ORZHU�RUGHU�ODZ�ZKLOH�KLJKHU�WHPSHUDWXUHV�KDYH�RSSRVLWH�LPSDFWV��
EXW� ERWK� RI� WKHP� LQKLELW� K\VWHUHVLV� DQG� VWUHQJWKHQ� WKH� VXUIDFH� DWWUDFWLRQ� WR�ZDWHU�� 7KH� HOHYDWLRQ�RI�
:96,V� XQGHU� LQFUHDVHG� WHPSHUDWXUHV� ZHUH� DWWULEXWHG� WR� WKH� UH�HQWU\� RI� LQWHUOD\HU� ZDWHU� PROHFXOHV�
PRWLYDWHG� DQG� UHPRYHG�E\�KLJKHU� WHPSHUDWXUHV� DW� ]HUR�KXPLGLW\�� 7KH� FDUERQDWLRQ� LPSDFW� RQ�ZDWHU�
YDSRU� VRUSWLRQ�ZDV� H[SODLQHG�ZLWK� FKDQJHV� LQ�SRUH� VWUXFWXUH��&�6�+�PRUSKRORJ\�� FRQFHQWUDWLRQ�RI�
DONDOL�LRQV�LQ�SRUH�VROXWLRQ��DQG�WKH�SRVVLEOH�LQWHU�OD\HU�GHIRUPDELOLW\�RI�&�6�+��

$FNQRZOHGJHPHQWV�
7KH� UHVHDUFK� LV� VXSSRUWHG� E\� 1DWLRQDO� .H\� 5	'� 3URJUDP� RI� &KLQD� 1R�� ����<)%��������� DQG�
16)&�SURMHFW�1R������������

5HIHUHQFHV�
>�@� $QGHUVRQ��5REHUW��%�� ������ �0RGLILFDWLRQV� RI� WKH�%UXQDXHU�� (PPHWW� DQG�7HOOHU�(TXDWLRQ���

-RXUQDO�RI�WKH�$PHULFDQ�&KHPLFDO�6RFLHW\����������������
>�@� %DURJKHO�%RXQ\�� 9pURQLTXH�� ������ �:DWHU� 9DSRXU� 6RUSWLRQ� ([SHULPHQWV� RQ� +DUGHQHG�

&HPHQWLWLRXV� 0DWHULDOV�� 3DUW� ,�� (VVHQWLDO� 7RRO� IRU� $QDO\VLV� RI� +\JUDO� %HKDYLRXU� DQG� ,WV�
5HODWLRQ�WR�3RUH�6WUXFWXUH���&HPHQW�DQG�&RQFUHWH�5HVHDUFK���������������

>�@� 3R\HW�� 6WpSKDQH�� DQG� 6pEDVWLHQ� &KDUOHV�� ������ �7HPSHUDWXUH� 'HSHQGHQFH� RI� WKH� 6RUSWLRQ�
,VRWKHUPV�RI�&HPHQW�%DVHG�0DWHULDOV��+HDW� RI�6RUSWLRQ� DQG�&ODXVLXV±&ODSH\URQ�)RUPXOD���
&HPHQW�DQG�&RQFUHWH�5HVHDUFK�����������������

>�@� GH� %XUJK�� -DPHV� 0��� DQG� 6WHSKHQ� -�� )RVWHU�� ������ �,QIOXHQFH� RI� 7HPSHUDWXUH� RQ� :DWHU�
9DSRXU�6RUSWLRQ� ,VRWKHUPV�DQG�.LQHWLFV�RI�+DUGHQHG�&HPHQW�3DVWH�DQG�&RQFUHWH���&HPHQW�
DQG�&RQFUHWH�5HVHDUFK�������������



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� 'XUDELOLW\�DQG�OLIH�DVVHVVPHQW�

�

>�@� 0DUX\DPD�� ,SSHL��� HW� DO�� ������ �'\QDPLF� 0LFURVWUXFWXUDO� (YROXWLRQ� RI� +DUGHQHG� &HPHQW�
3DVWH� 'XULQJ� )LUVW� 'U\LQJ� 0RQLWRUHG� E\� ��+� 105� 5HOD[RPHWU\��� &HPHQW� DQG� &RQFUHWH�
5HVHDUFK��������������

>�@� :X��0LQ��%M|UQ�-RKDQQHVVRQ��DQG�0HWWH�*HLNHU���������$�6WXG\�RI�WKH�:DWHU�9DSRU�6RUSWLRQ�
,VRWKHUPV� RI� +DUGHQHG� &HPHQW� 3DVWHV�� 3RVVLEOH� 3RUH� 6WUXFWXUH� &KDQJHV� DW� /RZ� 5HODWLYH�
+XPLGLW\�DQG�WKH�,PSDFW�RI�7HPSHUDWXUH�RQ�,VRWKHUPV���&HPHQW�DQG�&RQFUHWH�5HVHDUFK�����
��������

>�@� -RKDQQHVVRQ�� %M|UQ��� DQG� 3�� 8WJHQDQQW�� ������ �0LFURVWUXFWXUDO� &KDQJHV� &DXVHG� E\�
&DUERQDWLRQ�RI�&HPHQW�0RUWDU���&HPHQW�DQG�&RQFUHWH�5HVHDUFK���������������

>�@� 6QRHFN��'���HW�DO���������7KH�,QIOXHQFH�RI�'LIIHUHQW�'U\LQJ�7HFKQLTXHV�RQ�WKH�:DWHU�6RUSWLRQ�
3URSHUWLHV�RI�&HPHQW�%DVHG�0DWHULDOV���&HPHQW�DQG�&RQFUHWH�5HVHDUFK������������

>�@� $XUR\�� 0DUWLQ�� HW� DO�� ������ �,PSDFW� RI� &DUERQDWLRQ� RQ� 8QVDWXUDWHG� :DWHU� 7UDQVSRUW�
3URSHUWLHV�RI�&HPHQW�%DVHG�0DWHULDOV���&HPHQW�DQG�&RQFUHWH�5HVHDUFK������������

>��@� 6FULYHQHU�� .DUHQ�� 5XEHQ� 6QHOOLQJV�� DQG� %DUEDUD� /RWKHQEDFK�� ������ $� 3UDFWLFDO� *XLGH� WR�
0LFURVWUXFWXUDO�$QDO\VLV�RI�&HPHQWLWLRXV�0DWHULDOV��%RFD�5DWRQ��&5&�3UHVV��

>��@� 3DYOtN�� =E\ãHN�� HW� DO�� ������ �:DWHU� 9DSRU� $GVRUSWLRQ� LQ� 3RURXV� %XLOGLQJ� 0DWHULDOV��
([SHULPHQWDO�0HDVXUHPHQW�DQG�7KHRUHWLFDO�$QDO\VLV���7UDQVSRUW�LQ�3RURXV�0HGLD�����������
����

>��@� 0DUX\DPD��,SSHL��HW�DO���������&DYLWDWLRQ�RI�:DWHU� LQ�+DUGHQHG�&HPHQW�3DVWH�XQGHU�6KRUW�
7HUP�'HVRUSWLRQ�0HDVXUHPHQWV���0DWHULDOV�DQG�6WUXFWXUHV������������

>��@� 1JX\HQ�� 3KXRQJ� 7��0��� '�� '�� 'R�� DQG� '�� 1LFKROVRQ�� ������ �2Q� WKH� &DYLWDWLRQ� DQG� 3RUH�
%ORFNLQJ�LQ�&\OLQGULFDO�3RUHV�ZLWK�6LPSOH�&RQQHFWLYLW\���7KH�-RXUQDO�RI�3K\VLFDO�&KHPLVWU\�
%�������������������

>��@� %DåDQW�� =GHQČN� 3��� DQG� 0DUWLQ� =�� %D]DQW�� ������ �7KHRU\� RI� 6RUSWLRQ� +\VWHUHVLV� LQ�
1DQRSRURXV�6ROLGV��3DUW�,�6QDS�WKURXJK�,QVWDELOLWLHV���-RXUQDO�RI�WKH�0HFKDQLFV�DQG�3K\VLFV�
RI�6ROLGV����������������

>��@� %D]DQW�� 0DUWLQ� =��� DQG� =GHQČN� 3�� %DåDQW�� ������ �7KHRU\� RI� 6RUSWLRQ� +\VWHUHVLV� LQ�
1DQRSRURXV�6ROLGV��3DUW�,L�0ROHFXODU�&RQGHQVDWLRQ���-RXUQDO�RI�WKH�0HFKDQLFV�DQG�3K\VLFV�
RI�6ROLGV����������������

>��@� -HQQLQJV�� +DPOLQ�0�� ������ �5HILQHPHQWV� WR� &ROORLG�0RGHO� RI� &�6�+� LQ� &HPHQW�� &P�,L���
&HPHQW�DQG�&RQFUHWH�5HVHDUFK���������������

>��@� %UXQDXHU�� 6��� 3�+�� (PPHWW�� DQG� (�� 7HOOHU�� ������ �$GVRUSWLRQ� RI� *DVHV� LQ� 0XOWLPROHFXODU�
/D\HUV����-RXUQDO�RI�WKH�$PHULFDQ�&KHPLFDO�6RFLHW\����������������

>��@� 7LPPHUPDQQ�� (UQHVWR� 2�� ������ �0XOWLOD\HU� 6RUSWLRQ� 3DUDPHWHUV�� %(7� RU� *$%� 9DOXHV"��
&ROORLGV�DQG�6XUIDFHV�$��3K\VLFRFKHPLFDO�DQG�(QJLQHHULQJ�$VSHFWV������������������

>��@� 6DHLGSRXU��0DKVD��DQG�/DUV�:DGV|���������(YLGHQFH�IRU�$QRPDORXV�:DWHU�9DSRU�6RUSWLRQ�
.LQHWLFV�LQ�&HPHQW�%DVHG�0DWHULDOV���&HPHQW�DQG�&RQFUHWH�5HVHDUFK������������

>��@� 3OD]LQVNL�� :��� :�� 5XG]LQVNL�� DQG� $�� 3OD]LQVND�� ������ �7KHRUHWLFDO� 0RGHOV� RI� 6RUSWLRQ�
.LQHWLFV� ,QFOXGLQJ� D� 6XUIDFH� 5HDFWLRQ� 0HFKDQLVP�� $� 5HYLHZ��� $GY� &ROORLG� ,QWHUIDFH� 6FL�
���������������

>��@� *URYHV��*��:���'�� ,��5RGZD\�� DQG� ,��*��5LFKDUGVRQ�� ������ �7KH�&DUERQDWLRQ�RI�+DUGHQHG�
&HPHQW�3DVWHV���$GYDQFHV�LQ�&HPHQW�5HVHDUFK���������������



3URF��RI�WKH���WK�ILE�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�
-XO\����WR�����������0DUQH�OD�9DOOpH��3DULV��)UDQFH�
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,QWHUQDO�K\GURSKREL]DWLRQ�RI�FHPHQW�EDVHG�PDWHULDOV�
.DOLQD�*UDERZVND��0DUFLQ�.RQLRUF]\N�

'HSDUWPHQW�RI�%XLOGLQJ�0DWHULDOV�3K\VLFV�DQG�6XVWDLQDEOH�'HVLJQ��
/RG]�8QLYHUVLW\�RI�7HFKQRORJ\���
$O��3ROLWHFKQLNL�����������/RG]��3RODQG�

$EVWUDFW�
7KH�DLP�RI�WKH�UHVHDUFK�ZDV�WR�DVVHVV�WKH�SRVVLELOLW\�RI�WKH�XVH�RI�YDULRXV�RUJDQRVLOLFRQ�FRPSRXQGV�DV�
DGPL[WXUHV� IRU� LQWHUQDO� K\GURSKREL]DWLRQ� RI� SRURXV�EXLOGLQJ�PDWHULDOV� VXFK� DV� FHPHQW�PRUWDU�� 7KH�
VWXG\� H[DPLQHG� WKH� HIIHFWLYHQHVV� RI� WKUHH� W\SH� RI� RUJDQRVLOLFRQ� FRPSRXQGV� IRU� LQWHUQDO�
K\GURSKREL]DWLRQ��7KH�IROORZLQJ�WHVWV�ZHUH�SHUIRUPHG��FRPSUHVVLYH�VWUHQJWK��FDSLOODU\�ZDWHU�DEVRUS�
WLRQ� DQG� FRQWDFW� DQJOH�� 7KH� UHVXOWV� KDYH� VKRZQ� WKDW� WZR� W\SHV� RI� VLOLFRQ�EDVHG� FRPSRXQGV��
SRO\�GLPHWK\OVLOR[DQH�� DQG� WULHWKR[\RFW\OVLODQH� PLJKW� SURYLGH� DQ� HIIHFWLYH�� EXW� ZLWK� VRPH� OLPLWD�
WLRQV��YROXPH�K\GURSKREL]DWLRQ��

�� ,QWURGXFWLRQ�
:DWHU�KDV�D�FUXFLDO�LQIOXHQFH�RQ�WKH�GXUDELOLW\�RI�EXLOGLQJ�PDWHULDOV�ZKLFK�DUH�PRVWO\�SRURXV��3HQH�
WUDWLQJ�ZDWHU�LQWR�WKH�SRUH�V\VWHP�RI�WKH�PDWHULDO�PLJKW�FDXVH�LWV�DFFHOHUDWHG�DQG�LUUHYHUVLEOH�GHVWUXF�
WLRQ��7KH�IUHH]LQJ�ZDWHU�E\�LQFUHDVLQJ�LWV�YROXPH�PLJKW�LQGXFH�FUDFNV��,Q�DGGLWLRQ��VDOW�FU\VWDOOL]DWLRQ��
JURZWK�RI�PROG�DQG�IXQJL�DQG�JHQHUDO�GHWHULRUDWLRQ�RI�K\GURWKHUPDO�FRQGLWLRQV�PLJKW�RFFXU��,Q�FDVH�
RI�FHPHQWLWLRXV�PDWHULDOV�DSSURSULDWH�LPSOHPHQWDWLRQ��VHOHFWLRQ�RI�WKH�FRPSRQHQWV��UHOHYDQW�ZDWHU�WR�
FHPHQW� UDWLR�� DV� ZHOO� DV� IXUWKHU� FDUH� RI� WKH�PDWHULDO� FDQ� SDUWLDOO\� FRQWULEXWH� WR� WKH� LQFUHDVH� LQ� WKH�
GXUDELOLW\�RI�WKH�PDWHULDO��+RZHYHU��WKH�XVH�RI�DSSURSULDWH�DGGLWLYHV�DQG�FKHPLFDO�DGPL[WXUHV�PD\�EH�
LPSRUWDQW� WR� LQFUHDVH� WKH�GXUDELOLW\�RI� WKH�PDWHULDO�� DQG� WKXV� WKH�FRQVWUXFWLRQ�� 2QH�RI� WKH�ZD\V� IRU�
SURWHFWLRQ�RI�SRURXV�FHPHQW�EDVHG�PDWHULDOV�LV�LQWHUQDO�K\GURSKREL]DWLRQ�E\�PHDQV�RI�RUJDQRVLOLFRQ�
FRPSRXQGV�� 7KH�³K\GURSKREL]DWLRQ´� FRPHV� IURP�*UHHN� DQG�PHDQV� IHDU� RI� ZDWHU�� $� K\GURSKRELF�
PDWHULDO�LV�QRW�RU�KDUGO\�ZHWWDEOH�E\�ZDWHU��$�ZDWHU�UHSHOOHQW�DJHQW�XVHG�DV�DGPL[WXUH�LQWHUDFW�ZLWK�
FHPHQW� SKDVHV� GXULQJ� K\GUDWLRQ� DQG� SURYLGHV� K\GURSKRELFLW\� RI� WKH� LQWHUQDO� SRUH� VWUXFWXUH� RI� WKH�
PDWHULDO�� 7KH� NH\� IXQFWLRQ� RI� WKH� K\GURSKRELF� DGPL[WXUH� LV� WR� SUHYHQW� SHQHWUDWLRQ� RI�PRLVWXUH� RU�
ZDWHU�LQWR�WKH�SRUH�VWUXFWXUH�RI�WKH�SRURXV�PDWHULDO�DQG�WKXV�LQFUHDVH�LWV�GXUDELOLW\���

7KH�RUJDQRVLOLFRQ�FRPSRXQGV� �H�J��� VLOLFRQH� UHVLQV�� VLODQHV�DQG�VLOR[DQHV��FRQVLVW� RI�FKDLQV�DQG�
QHWZRUNV�RI�VLOLFRQ��R[\JHQ�DQG�FDUERQ�DWRPV��7KH�SULPDU\�VWUXFWXUH�RI�RUJDQRVLOLFRQ�FRPSRXQGV�LV�D�
SRO\VLOR[DQH� FKDLQ� �ņ2ņ6Lņ2ņ6Lņ2ņ�� �)LJ�� �$��� 7KH� QRQ�SRODU� DON\O� JURXSV� DUH� DWWDFKHG� DV�
VLGHFKDLQV�WR�WKH�PDLQ�VLOR[DQH�FKDLQ��7KHVH�RUJDQLF�VXEVWLWXHQWV�SURYLGH�WKH�ZDWHU�UHSHOOLQJ�SURSHU�
WLHV� WR�RUJDQRVLOLFRQ�FRPSRXQG��7KH� ORQJHU�DON\O�FKDLQ�SURYLGHV�EHWWHU�K\GURSKRELF�HIIHFWV��'XH� WR�
WKLV� WKH� RUJDQRVLOLFRQ� FRPSRXQGV� DUH� FDOOHG� DPSKLSKLOLF� RQHV�ZKLFK�PHDQV� WKH\� KDYH� ERWK�K\GUR�
SKLOLF�DQG�K\GURSKRELF�SDUWV�LQ�WKHLU�VWUXFWXUHV��,W�DOORZV�IRU�D�JDV�DQG�ZDWHU�YDSRU�SHUPHDELOLW\��WKH�
DELOLW\�WR�ELQG�RI�RUJDQRVLOLFRQ�FRPSRXQG�WR�WKH�K\GURSKLOLF�FHPHQW�SKDVHV�DQG�DW�WKH�VDPH�WLPH�WKH�
LQWHUQDO�K\GURSKREL]DWLRQ�>���@��

,Q� WKLV� VWXG\� WKUHH� GLIIHUHQW� FRPPHUFLDO� DGPL[WXUH�EDVHG�RQ� WKUHH� GLIIHUHQW� RUJDQRVLOLFRQ� FRP�
SRXQGV�ZHUH�XVHG��2QH�RI�WKHP�LV�EDVHG�RQ�WKH�SRO\�GLPHWK\OVLOR[DQH���3'06��RI�ZKLFK�WKH�VFKH�
PDWLF� VWUXFWXUH� LV� VKRZQ�DW�)LJXUH��%��3'06� LV�D� FRPSOH[��PDFURPROHFXODU��SRO\PHULF�FRPSRXQG�
ZLWK� D� UHSHDWLQJ� JURXS� �XQLW�� RI� WKH� JHQHUDO� IRUPXOD��ņ>5�6Lņ2@ņ�ZLWK�PHWK\O� JURXSV� �ņ&+��� DV�
VXEVWLWXHQWV� DWWDFKHG� WR� VLOLFRQ� DWRPV�� 3RO\�GLPHWK\OVLOR[DQH�� LV� GLVWLQJXLVKHG� E\� IOH[LEOH� VLOR[DQH�
FKDLQ��)LJ���$��DUUDQJHG�LQ�KHOL[�ZLWK�WKH�PHWK\O�JURXSV�GLUHFWHG�RXWZDUGV��'XULQJ�LQWHUDFWLRQ�ZLWK�
K\GURSKLOLF� VXEVWUDWH� WKH� VLOR[DQH� FKDLQ� RI� WKH�3'06�ZLOO� LQWHUDFW�ZLWK� WKH� VXEVWUDWH� DQG� WKH�QRQ�
SRODU� JURXSV� ZLOO� EH� ORFDWHG� DV� IDU� IURP� WKH� K\GURSKLOLF� PDWUL[� DV� SRVVLEOH�� &RQVLGHULQJ� WKDW�
SRO\�GLPHWK\OVLOR[DQH�� LV� DOUHDG\� D� SRO\PHU� FRPSRXQG�ZH� DVVXPH� WKDW� WKH�RQO\�ZD\� IRU� FKHPLFDO�
UHDFWLRQ�EHWZHHQ� FHPHQW� SKDVHV�DQG�3'06� LV� E\�GHWDFKLQJ�RQH�RI� WKH�PHWK\O� JURXSV� IURP� VLOLFRQ�
DWRPV�>���@��7KH�RWKHU�DGPL[WXUH�LV�D�ZDWHU�VROXWLRQ�RI�SRWDVVLXP�PHWK\OVLOLFRQDWH��)LJ���$���,W�LV�DQ�
DONDOLQH��S+ ����VROXWLRQ�RI�VLOR[DQH�UHVLQ��)LJ���%��LQ�SRWDVVLXP�K\GUR[LGH��0HWK\OVLOLFRQDWH�XQGHU�
WKH�LQIOXHQFH�RI�PRLVWXUH��+�2��DQG�FDUERQ�GLR[LGH��&2���SUHVHQW�LQ�WKH�DLU��XQGHUJRHV�VRPH�FKHPL�
FDO� UHDFWLRQV� ZKLFK� UHVXOW� LQ� WKH� VHSDUDWLRQ� RI� SRWDVVLXP� FDUERQDWH� DQG� SRO\FRQGHQVDWLRQ� RI�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� ,QWHUQDO�K\GURSKREL]DWLRQ�RI�FHPHQW�EDVHG�PDWHULDOV�

�

PHWK\OVLOLFDWHV�LQWR�ODUJHU��VSDWLDOO\�H[SDQGHG�SDUWLFOHV�>�������@��+HUHWRIRUH�WKH�VLOLFRQDWHV�ZHUH�XVHG�
DV�VXUIDFH�SURWHFWLRQ�DQG�SUHVHUYDWLRQ�RI�PRQXPHQWV�DJDLQVW�ZDWHU�>���@��7KH�PDLQ�FRPSRQHQW�RI�WKH�
WKLUG�DGPL[WXUH�LV�PRQRPHULF�RUJDQRVLOLFRQ�FRPSRXQG��WULHWKR[\RFW\OVLODQH��27(6���)LJ������27(6�
LV�DQ�HPXOVLRQ�RI�DON\OWULDONR[\�VLODQH��7KUHH�HWKR[\�JURXSV��ņ2(W��DQG�RQH�RFW\O�JURXS��ņ&�+����
DUH�DWWDFKHG�WR�RQH�VLOLFRQ�DWRP��'XULQJ�K\GURO\VLV�UHDFWLRQV�WKH�VLODQRO�JURXSV�DUH�IRUPHG��7KH�K\�
GUR[\O�JURXSV�FDQ�ERQG�FRYDOHQWO\�WR�K\GURSKLOLF�VXUIDFH�RI�FHPHQW�EDVHG�PDWHULDOV�DQG�DW�WKH�VDPH�
WLPH� WKH� SRO\FRQGHQVDWLRQ� UHDFWLRQV� WDNH� SODFH� EHWZHHQ� VLODQROV� PROHFXOHV�� 3RO\FRQGHQVDWLRQ� RI�
VLODQROV� OHDGV� WR� FURVV�OLQNLQJ� DQG� WKH� IRUPDWLRQ� RI� VLOR[DQH� FKDLQV�� UHVXOWLQJ� LQWR� D� K\GURSKRELF�
SURSHUWLHV�RI�WKH�PDWHULDO��7KH�DON\O�VXEVWLWXHQW��5��LV�DQ�RUJDQLF��QRQ�SRODU�JURXS�ZKLFK�SURYLGH�WKH�
K\GURSKRELF�SURSHUWLHV�WR�WKH�FHPHQW�PDWUL[�>�����������@��

$� �%��� �
)LJ���� 6FKHPDWLF� VWUXFWXUH� RI� WKH� $�� VLOR[DQH� FKDLQ� >�@� DQG� WKH� %�� SRO\�GLPHWK\OVLOR[DQH��

�3'06���

$� %�� �
)LJ����� 6FKHPDWLF� VWUXFWXUH� RI� WKH� $�� SRWDVVLXP� PHWK\OVLOLFRQDWH� �0(6,�� DQG� WKH� %�� VLOR[DQH�

UHVLQ��

�
)LJ����� 6FKHPDWLF�VWUXFWXUH�RI�WKH�WULHWKR[\RFW\OVLODQH��27(6���

7KH�SXUSRVH�RI�RXU�VWXG\�LV�WR�GHWHUPLQH�WKH�SRVVLELOLWLHV��DGYDQWDJHV�DQG�OLPLWDWLRQV�RI�XVLQJ�GLI�
IHUHQW�RUJDQRVLOLFRQ�FRPSRXQGV�IRU�LQWHUQDO�K\GURSKREL]DWLRQ�RI�FHPHQWLWLRXV�EXLOGLQJ�PDWHULDOV��,Q�
RXU�UHVHDUFK�ZH�XVHG�WKUHH�FRPPHUFLDO�DGPL[WXUHV�EDVHG�RQ�VLOLFRQDWH��0(6,���SRO\VLOR[DQH��3'06��
DQG�VLODQH��27(6��FRPSRXQGV�DQG�ZH�LQYHVWLJDWHG�WKHLU�LQIOXHQFH�RQ�WKH�EDVLF�SURSHUWLHV�RI�FHPHQW�
PRUWDU��
� �



,QWHUQDO�K\GURSKREL]DWLRQ�RI�FHPHQW�EDVHG�PDWHULDOV��

.DOLQD�*UDERZVND��0DUFLQ�.RQLRUF]\N� �� ����
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�

�� 0DWHULDOV�DQG�PHWKRGV�
3UHOLPLQDU\�UHVHDUFK�ZDV�FDUULHG�RXW�IRU�FHPHQW�PRUWDU�DQG�FHPHQW�SDVWH��7KH�REMHFWLYH�RI�RXU�VWXG\�
ZDV� WR� GHWHUPLQH� WKH� LQIOXHQFH� RI� FRPPHUFLDO� RUJDQRVLOLFRQ� DGPL[WXUHV� RQ� WKH� EDVLF� SURSHUWLHV� RI�
FHPHQW�PRUWDU��%RWK��PRUWDU�DQG�SDVWH��ZHUH�SUHSDUHG�E\�XVLQJ�WKH�2UGLQDU\�3RUWODQG�&HPHQW������5��
7KH�FRPSRVLWLRQ�RI�FHPHQW�PRUWDU�SHU�RQH�EDWFK�LV�JLYHQ�LQ�7DEOH����7KH�ZDWHU�WR�FHPHQW�UDWLR�ZDV�
HTXDO� WR�����IRU�ERWK�PRUWDU�DQG�SDVWH�� �0RUWDU�ZDV�SUHSDUHG�DFFRUGLQJ� WR�(1�������VWDQGDUG�>��@���
3ULVPDWLF�EDUV�RI�KDUGHQHG�FHPHQW�PRUWDU��ZLWK�GLPHQVLRQV���[��[���PP��ZHUH�SUHSDUHG�IRU�IROORZ�
LQJ� WHVWV�� PHFKDQLFDO� DQG� FDSLOODU\� ZDWHU� DEVRUSWLRQ� WHVWV�� &HPHQW� SDVWH� ZDV� SUHSDUHG� WR� ZHWWLQJ�
DQJOH�WHVW��,Q�WKLV�SDSHU�WKH�LPSDFW�RI�WKUHH�GLIIHUHQW�RUJDQRVLOLFRQ�DGPL[WXUHV��EDVHG�RQ�WKUHH�GLIIHU�
HQW�RUJDQRVLOLFRQ�FRPSRXQGV��RQ� WKH�HIIHFWLYHQHVV�DQG� UHDVRQDEOHQHVV�RI� LQWHUQDO�K\GURSKREL]DWLRQ�
RI� FHPHQW� PRUWDU� LV� VKRZQ�� 7KH� ILUVW� DGPL[WXUH� LV� EDVHG� RQ� DQ� DTXHRXV� HPXOVLRQ� RI�
WULHWKR[\RFW\OVLODQH��27(6���7KH�VHFRQG�DGPL[WXUH�LV�DOVR�DQ�DTXHRXV�HPXOVLRQ��EXW�WKH�PDLQ�LQJUH�
GLHQW� LV� D� SRO\�GLPHWK\OVLOR[DQH�� �3'06��� 7KH� WKLUG� RQH� LV� EDVHG� RQ� SRWDVVLXP� PHWK\OVLOLFRQDWH�
�0(6,��� ,W� LV� D�ZDWHU� VROXWLRQ�RI� VLOLFRQH� UHVLQ� LQ� SRWDVVLXP�K\GUR[LGH��7KH� IROORZLQJ� DPRXQWV� RI�
K\GURSKRELF� DGPL[WXUHV�ZHUH� XVHG�� ��� �DV� D� UHIHUHQFH��� ���� ���RU� ��� UHIHUULQJ� WR� FHPHQW�PDVV��
:DWHU�UHSHOOHQWV� ZHUH� DGGHG� WR� EDWFK� ZDWHU�� $OO� XVHG� DGPL[WXUHV� DUH� UHFRPPHQGHG� IRU� YROXPH�
K\GURSKREL]DWLRQ�E\�PDQXIDFWXUHV��,Q�FDVH�RI�0(6,�DGPL[WXUH�WKH�PDQXIDFWXUHU�UHTXLUHV�D�UHGXFWLRQ�
LQ� WKH� DPRXQW�RI� XVHG�PL[LQJ�ZDWHU��:H�GHFLGHG� WKDW� WKH� VXP�RI�XVHG�ZDWHU� DQG�0(6,� DGPL[WXUH�
VKRXOG�EH����J�SHU�RQH�EDWFK�RI�FHPHQW�PRUWDU��7DEOH�����1RQH�RI�WKH�RWKHU�DGPL[WXUH�PDQXIDFWXUHV�
�27(6�RU�3'06�EDVHG�RQH��GR�QRW�UHFRPPHQG�UHGXFLQJ�RI�DPRXQW�RI�PL[LQJ�ZDWHU��7KH�DXWKRUV�DUH�
DZDUH�WKDW�WKH�ZDWHU�WR�FHPHQW�UDWLR�PLJKW�EH�QRW�FRQVWDQW��7KH�DXWKRUV�GR�QRW�KDYH�NQRZOHGJH�DERXW�
WKH�FRPSRVLWLRQ�RI�WKH�FRPPHUFLDO�DGPL[WXUHV��HVSHFLDOO\�DERXW�WKH�DPRXQW�RI�WKH�ZDWHU�LQ�LW��VR�LW�LV�
QRW�SRVVLEOH�WR�FDOFXODWH�WKH�DSSURSULDWH�DPRXQW�RI�ZDWHU�ZKLFK�VKRXOG�EH�VXEWUDFWHG�IURP�WKH�DPRXQW�
RI�PL[LQJ�ZDWHU���
7KH�PHFKDQLFDO�SURSHUWLHV�RI�FHPHQW�PRUWDU�ZHUH�H[DPLQHG�DFFRUGLQJ�WR�(1���������VWDQGDUG�>��@��
DQG�LW�ZDV�GHWHUPLQHG�DIWHU����GD\V�RI�FXULQJ��7KH�FRPSUHVVLYH�VWUHQJWK�ZDV�YHULILHG�RQ�VL[�PRUWDU�
VDPSOHV�ZLWK�GLPHQVLRQV���[��[���PP��&DSLOODU\�ZDWHU�DEVRUSWLRQ�WHVW�ZDV�FDUULHG�RXW�DIWHU����GD\V�
RI�FXULQJ�DFFRUGLQJ�WR�(1���������VWDQGDUG�>��@��7KH�FDSLOODU\�ZDWHU�DEVRUSWLRQ�WHVW�ZDV�FDUULHG�RXW�
RQ�VL[��SULVPDWLF�PRUWDU�VSHFLPHQV�ZLWK�GLPHQVLRQV���[��[���PP��)LUVW�PRUWDU�VDPSOHV�ZHUH�GULHG�
DQG�QH[W�WKH�VLGHV�ZDOOV�RI�WKH�VDPSOHV�ZHUH�VHDOHG�DQG�OHIW�IRU�GU\�IRU�WKH�QH[W����KRXUV��6XEVHTXHQW�
O\��WKH�PRUWDU�EDUV�ZHUH�SODFHG�YHUWLFDOO\�LQ�ZDWHU�WR�D�GHSWK�RI���FP��7KH�PDVV�RI�HDFK�VDPSOH�ZDV�
H[DPLQHG� DIWHU� ���PLQ�� ���PLQ�� ���PLQ�� ���PLQ�� �K�� �K�� �K� DQG���K�� �$V� FRQILUPDWLRQ�RI� LQWHUQDO�
K\GURSKRELFLW\�RI�FHPHQW�SDVWH�WKH�ZHWWLQJ�DQJOH�WHVW�ZDV�FDUULHG�RXW��)RU�WKLV�SXUSRVH��D�JRQLRPHWHU�
2&$��(&�'DWD3\VLFV�HTXLSSHG�ZLWK�D�%UDXQ�'6�'������6)�FDPHUD�ZDV�XVHG��

7DEOH��� &HPHQW�PRUWDU�FRPSRVLWLRQ��

� 25*$126,/,&21�&203281'�

� 27(6�3'06� 0(6,�

$GPL[WXUH�>�@� ��� ��� ��� ��� ��� ���
:�&� ����

&HPHQW�>J@� ������

6DQG�>J@� �������

:DWHU�>J@� ������ ������ ������ ������
$GPL[WXUH�>J@� ���� ���� ����� ���� ���� �����

�� 5HVXOWV�DQG�GLVFXVVLRQ�

���� &DSLOODU\�ZDWHU�DEVRUSWLRQ�WHVW�
7KH�PDLQ�DLP�RI�WKH�LQWHUQDO�K\GURSKREL]DWLRQ�LV�GHFUHDVH�RI�WKH�ZDWHU�DEVRUSWLRQ�DELOLW\�RI�WKH�PDWH�
ULDO��7KH�UHVXOWV�RI�FDSLOODU\�ZDWHU�DEVRUSWLRQ�WHVW��VKRZQ�LQ�7DEOH����LQGLFDWH�WKDW�WZR�RI�WKUHH�XVHG�
DGPL[WXUHV�VLJQLILFDQWO\�GHFUHDVH�LQ� WKH�ZDWHU�DEVRUSWLRQ�RI�FHPHQW�PRUWDU�FDXVHG�E\�FDSLOODU\�VXF�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� ,QWHUQDO�K\GURSKREL]DWLRQ�RI�FHPHQW�EDVHG�PDWHULDOV�

�

WLRQ�� ,W� FDQ� EH� DVVXPHG� WKDW� UHJDUGOHVV� RI� WKH� DPRXQW� XVHG� SRO\�GLPHWK\OVLOR[DQH�� �3'06�� EDVHG�
DGPL[WXUH� WKH� FDSLOODU\� ZDWHU� DEVRUSWLRQ� FRHIILFLHQW� LV� DSSUR[LPDWHO\� KDOI� RI� WKH� UHIHUHQFH� VDPSOH�
RQH��7KH� ORZHVW�FRHIILFLHQW�ZDV�REWDLQHG� IRU�DGGLWLRQ�RI����RI�27(6�EDVHG�DGPL[WXUH��DQG� LW�ZDV�
���� ORZHU� WKDQ� WKH� UHIHUHQFH� VDPSOH�� 7KH� GLIIHUHQFH� LQ� FDSLOODU\� ZDWHU� DEVRUSWLRQ� FRHIILFLHQW� EH�
WZHHQ����DQG����GRVDJH�RI�27(6�EDVHG�DGPL[WXUH� VHHPV� WR�EH� LUUHOHYDQW��$OWKRXJK� WKH�DEVROXWH�
FKDQJH�RI�WKH�FRHIILFLHQW�LV�RQO\�������WKH�UHODWLYH�FKDQJH�LV������ZKLFK�LV�VLJQLILFDQW��7KH�WHVW�FOHDUO\�
LQGLFDWH� WKDW� VLODQH� DGPL[WXUH� SURYLGHV� EHWWHU� LQWHUQDO� K\GURSKREL]DWLRQ�� 7KH� SRO\FRQGHQVDWLRQ� RI�
WULHWKR[\RFW\OVLODQH� GXULQJ� FHPHQW� K\GUDWLRQ� DQG�SUHVHQFH� RI� RFW\O� JURXSV� HQVXUH�EHWWHU� SURWHFWLRQ�
DJDLQVW� ZDWHU� DEVRUSWLRQ� RI� FHPHQW� PRUWDU�� 7KH� 0(6,� DGPL[WXUH� GLG� QRW� SURYLGH� LQWHUQDO�
K\GURSKREL]DWLRQ�RI�WKH�FHPHQW�PRUWDU�DQG�GLG�QRW�GHFUHDVH�FDSLOODU\�ZDWHU�DEVRUSWLRQ��RQ�WKH�FRQWUD�
U\�LW�URVH�LW�XS��LQ�UHJDUG�WR�UHIHUHQFH�VDPSOH���$�KLJKHU�GRVDJH�WKDQ����RI�WKH�DGPL[WXUH�EDVHG�RQ�
3'06�RU�27(6�LV�QRW�XVHG�GXH�WR�WKH�DGYHUVH�HIIHFW�RI�DGPL[WXUHV�RQ�WKH�VWUHQJWK�RI�WKH�KDUGHQHG�
FHPHQW�PRUWDU��ZKLFK�LV�SUHVHQWHG�LQ�VHFWLRQ�����&RPSUHVVLYH�VWUHQJWK��

7DEOH���� &DSLOODU\�ZDWHU�DEVRUSWLRQ�FRHIILFLHQW�RI�FHPHQW�PRUWDU���

6LOLFRQ�EDVHG�DJHQW� $PRXQW�RI�DGPL[WXUH� &DSLOODU\�ZDWHU�DEVRUSWLRQ�FRHIILFLHQW��

  �
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���� :HWWLQJ�DQJOH�
7KH�ZHWWLQJ�DQJOH�WHVW�LV�D�PHDVXUH�RI�WKH�K\GURSKRELFLW\�DQG�K\GURSKLOLFLW\�RI�D�PDWHULDO��7KH�VKDSH�
RI�D�GURS�RI�WKH�PHDVXULQJ�OLTXLG�SODFHG�RQ�WKH�WHVWHG�VXUIDFH�DQG�WKH�YDOXH�RI�WKH�ZHWWLQJ�DQJOH�LQGL�
FDWH�WKH�QDWXUH��K\GURSKLOLF�RU�K\GURSKRELF��RI�WHVWHG�PDWHULDO��7KH�UHVXOWV�RI�ZHWWLQJ�DQJOH�WHVW�DUH�
VKRZQ� LQ� 7DEOH� ���:HWWLQJ� DQJOH� RI� UHIHUHQFH� VDPSOH� RI� FHPHQW� SDVWH� LV� �����R� IRU� ZDWHU� �)LJ�� ��
�OHIW����,W�PHDQV�WKDW�WKH�VXUIDFH�RI�UHIHUHQFH�VDPSOH�LV�HDVLO\�ZHWWDEOH�E\�ZDWHU��7KH�DGGLWLRQ�RI�DQ\�
ZDWHU�UHSHOOHQW�DGPL[WXUH�FDXVHG�LQFUHDVH�LQ�FRQWDFW�DQJOH��$�VOLJKW�LQFUHDVH�LQ�WKH�ZHWWLQJ�DQJOH�LV�
REVHUYHG� ZLWK� PHWK\OVLOLFRQDWH� EDVHG� DGPL[WXUH��0XFK� KLJKHU� FRQWDFW� DQJOHV� DUH� SURYLGHG� E\� WKH�
DGPL[WXUH�EDVHG�RQ�SRO\�GLPHWK\OVLOR[DQH��DQG� WKH� ODUJHVW�E\� WULHWKR[\RFW\OVLODQH�� ,W� LV�QRWHZRUWK\�
WKDW�WKH�ZHWWLQJ�DQJOH�LV�DOPRVW�WKH�VDPH�IRU����RI�3'06��)LJ�����OHIW���DGPL[WXUH�DQG����RI�27(6�
RQH��)LJ�����ULJKW����7KH�KLJKHVW�ZHWWLQJ�DQJOH�ZDV�REWDLQHG�IRU�DGGLWLRQ�RI����DGPL[WXUH�EDVHG�RQ�
WULHWKR[\RFW\OVLODQH� �������R�� �)LJ�� �� �ULJKW����:HWWLQJ� DQJOH� WHVW� FRQILUPHG� UHVXOWV� REWDLQHG� GXULQJ�
FDSLOODU\� ZDWHU� DEVRUSWLRQ� WHVW�� 7KH� SRWDVVLXP� PHWK\OVLOLFRQDWH� GRHV� QRW� SURYLGH� LQWHUQDO�
K\GURSKREL]DWLRQ� RI� FHPHQWLWLRXV� PDWHULDOV� �)LJ�� �� �ULJKW��� ZKLOH� SRO\�GLPHWK\OVLOR[DQH�� DQG�
WULHWKR[\RFW\OVLODQH�OHG�WR�YLVLEOH�HIIHFW�RI�YROXPH�K\GURSKREL]DWLRQ��'LIIHUHQFHV�LQ�REWDLQHG�UHVXOWV�
DUH�GXH�WR�RUJDQLF��QRQ�SRODU�VXEVWLWXHQWV�DWWDFKHG�WR�VLOLFRQ�DWRPV��RFW\O�DQG�PHWK\O�JURXSV��&OHDUO\�
WKH� ORQJHU� RFW\O� JURXS� SURYLGHV� EHWWHU� K\GURSKRELF� HIIHFWV� GXH� WR� LWV� ORZHU� SRODULW\� RI� WKH� RFW\O�
VLGHFKDLQ��JUHDWHU�DELOLW\�WR�UHSHO�ZDWHU�PROHFXOHV����

7DEOH��� :HWWLQJ�DQJOH�RI�FHPHQW�SDVWH�IRU�ZDWHU���

:DWHU�UHSHOOHQW�DJHQW� $PRXQW�RI�DGPL[WXUH� Wetting angle for water�



,QWHUQDO�K\GURSKREL]DWLRQ�RI�FHPHQW�EDVHG�PDWHULDOV��
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)LJ���� :HWWLQJ�DQJOH�RI�UHIHUHQFH�FHPHQW�SDVWH��OHIW��DQG�FHPHQW�SDVWH�ZLWK����RI�27(6�DGPL[�

WXUH��ULJKW���

� �
)LJ���� :HWWLQJ�DQJOH�RI�FHPHQW�SDVWH�ZLWK����RI�3'06�DGPL[WXUH��OHIW��DQG�FHPHQW�SDVWH�ZLWK�

���RI�0(6,�DGPL[WXUH��ULJKW���

���� &RPSUHVVLYH�VWUHQJWK�
5HVXOWV�RI� FRPSUHVVLYH� VWUHQJWK�RI� FHPHQW�PRUWDU� FDUULHG�RXW� DIWHU� ���GD\V�RI� FXULQJ� DUH� VKRZQ� LQ�
7DEOH� ��� %RWK�� SRO\�GLPHWK\OVLOR[DQH�� DQG� WULHWKR[\RFW\OVLODQH� EDVHG� DGPL[WXUH� FDXVHG� VLJQLILFDQW�
GHFUHDVH� LQ� PHFKDQLFDO� SURSHUWLHV�� ,Q� FDVH� RI� DGGLWLRQ� ��� RI� 3'06� DGPL[WXUH� WKH� FRPSUHVVLYH�
VWUHQJWK�GURSSHG�E\�����WR�WKH�UHIHUHQFH�VDPSOH��$�VWUHQJWK�GHFUHDVH�LV�D�ELW�ORZHU�LQ�FDVH�RI�27(6�
DGPL[WXUH��7KH�KLJKHVW�GHFUHDVH�LQ�FRPSUHVVLYH�VWUHQJWK�LV�REVHUYHG�IRU����RI�27(6�DGPL[WXUH�DQG�
LW�LV������,W�PLJKW�EH�DVVXPHG�WKDW�GHFUHDVH�LQ�PHFKDQLFDO�SURSHUWLHV�RI�FHPHQW�PRUWDU�LV�FDXVHG�E\�
SUHYHQWHG� FHPHQW� K\GUDWLRQ� E\� WKH� SUHVHQFH� RI� VLODQH� DQG� VLOR[DQH� FRPSRXQGV�� 7KH� SUHVHQFH� RI�
RUJDQRVLOLFRQ� FRPSRXQGV� ZLWK� RUJDQLF�� QRQ�SRODU� VXEVWLWXHQWV� LQ� WKHLU� VWUXFWXUH�� PLJKW� KLQGHU� WKH�
FHPHQW� K\GUDWLRQ� RU� HYHQ� SDUWLDOO\� LQKLELW� LW�� 7KLV� LV� SDUWLFXODUO\� QRWLFHDEOH� LQ� WKH� FDVH� RI�
SRO\�GLPHWK\OVLOR[DQH��ZKHQ� WKH�KXJH�SRO\PHULF� VWUXFWXUH� LQWHUDFWV�ZLWK� FHPHQW� SKDVHV�� ,Q� FDVH�RI�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� ,QWHUQDO�K\GURSKREL]DWLRQ�RI�FHPHQW�EDVHG�PDWHULDOV�

�

VLODQH�EDVHG�DGPL[WXUH�WKH�KLQGHU�HIIHFW�RI�FHPHQW�K\GUDWLRQ�LV�D�ELW�VPDOOHU��,W�LV�SUREDEO\�DOVR�DVVR�
FLDWHG�ZLWK�WKH�FKHPLFDO�VWUXFWXUH�RI�VLODQH�LWVHOI��$V�LW�ZDV�PHQWLRQHG�EHIRUH��WULHWKR[\RFW\OVLODQH�LV�
D�PRQRPHU��ZKLFK�LV�D�PXFK�VPDOOHU�PROHFXOH�WKDQ�SRO\PHU�VXFK�3'06��WKXV�WKH�LPSDFW�RI�VLODQH�RQ�
FHPHQW�K\GUDWLRQ�LV�VOLJKWHU���

7DEOH��� &RPSUHVVLYH�VWUHQJWK�RI�FHPHQW�PRUWDU�DIWHU����GD\V�RI�FXULQJ��

:DWHU�UHSHOOHQW�DJHQW� $PRXQW�RI�DGPL[WXUH� Compressive strength, MPa�
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��� 49.94 

��� 46.83 

��� 42.96 

�� &RQFOXVLRQV�
,Q�YLHZ�RI�WKH�SUHVHQWHG�UHVXOWV�WKH�IROORZLQJ�FRQFOXVLRQV�FDQ�EH�GUDZQ��

�� �7ZR�RI�WKUHH�RI�WKH�XVHG�DGPL[WXUHV�SURYLGH�YLVLEOH�LQWHUQDO�K\GURSKREL]DWLRQ�RI�FHPHQW�PRU�
WDU�E\�PHDQV�RI�GHFUHDVH�LQ�FDSLOODU\�ZDWHU�DEVRUSWLRQ�DQG�LQFUHDVH�LQ�FRQWDFW�DQJOH��

�� 3RWDVVLXP� PHWK\OVLOLFRQDWH� LV� QRW� DSSURSULDWH� RUJDQRVLOLFRQ� FRPSRXQG� WR� YROXPH�
K\GURSKREL]DWLRQ�� 7KH� HIIHFWLYHQHVV� RI�0(6,� EDVHG� DGPL[WXUH� IRU� LQWHUQDO� WUHDWPHQW� LV� QRW�
SURQRXQFHG��

�� 7KH� EHVW� K\GURSKRELF� HIIHFWV� DUH� REVHUYHG� IRU� WULHWKR[\RFW\OVLODQH� EDVHG� DGPL[WXUH�� 7KH�
KLJKHVW� FRQWDFW� DQJOH� ������R�� DQG� WKH� ORZHVW� FDSLOODU\� ZDWHU� DEVRUSWLRQ� FRHIILFLHQW�
�  

  ) ZDV�REWDLQHG� IRU� DGGLWLRQ�RI����RI� WKH�27(6�DGPL[WXUH�� ,PSRUWDQWO\�� WKH�
VLODQH�EDVHG�DGPL[WXUH�GRHV�QRW�GHFUHDVH�WKH�FRPSUHVVLYH�VWUHQJWK�DV�PXFK�DV�3'06�RQH��

�� 7KH�UHVXOWV�SUHVHQWHG� LQ� WKLV�SDSHU�FOHDUO\� LQGLFDWH� WKDW� WKH� W\SH�RI�XVHG�RUJDQRVLOLFRQ�FRP�
SRXQG�DQG�W\SH�RI�RUJDQLF��DON\O�JURXS�KDV�VLJQLILFDQW�LPSDFW�RQ�WKH�SURFHVV�DQG�HIIHFW�RI�LQ�
WHUQDO� K\GURSKREL]DWLRQ��7KH� UHDFWLRQV�RI� VLODQH�SRO\FRQGHQVDWLRQ�ZKLFK� UXQ�SDUDOOHO� WR� FH�
PHQW�K\GUDWLRQ�SUREDEO\�DOORZ�WKH�VLODQH�WR�ERQG�WR�FHPHQW�SKDVHV�ZKLFK�SURYLGH�EHWWHU�LQ�
WHUQDO�K\GURSKREL]DWLRQ�HIIHFW��$OVR��WKH�ORQJHU�QRQ�SRODU�RFW\O�JURXSV�GHILQLWHO\�HQVXUH�LP�
SURYHG�K\GURSKRELF�HIIHFW�WKDQ�VKRUW�PHWK\O�JURXSV���

5HIHUHQFHV�
>�@� %DUQDW�+XQHN�'���³6XUIDFH�IUHH�HQHUJ\�DV�D�IDFWRU�DIIHFWLQJ�K\GURSKRELVDWLRQ�HIIHFWLYHQHVV�LQ�

SURWHFWLRQ�RI�EXLOGLQJ�FRQVWUXFWLRQ´��LQ�3ROLVK���3XEOLVKLQJ�+RXVH�/XEOLQ�8QLYHUVLW\�RI�7HFK�
QRORJ\��/XEOLQ��3RODQG��������

>�@� *UDERZVND�.��� DQG�.RQLRUF]\N�0��� ³7KH� HIIHFW� RI� K\GURSKRELF� WUHDWPHQW� E\�RUJDQRVLOLFRQ�
DGPL[WXUHV�RI�FHPHQW�PRUWDU�´�&HPHQW�/LPH�&RQFUHWH�����������SS�����±�����

>�@� 5RRV�0���.|QLJ�)���6WDGWP�OOHU�6���DQG�:H\HUVKDXVHQ�%���³(YROXWLRQ�RI�6LOLFRQH�%DVHG�:D�
WHU�5HSHOOHQWV�IRU�0RGHUQ�%XLOGLQJ�3URWHFWLRQ�´��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�:DWHU�5HSHO�
OHQW�7UHDWPHQW�RI�%XLOGLQJ�0DWHULDOV��$HGLILFDWLR�3XEOLVKHUV��������SS��������

>�@� &\SU\N��0���'HOF]\N��%���3RVSLHFK��3���DQG�6WU]HOHF��.���Ä0RGLILFDWLRQV�RI�VLOR[DQH�SRO\PHUV�´�
�LQ�3ROLVK���3RO\PHUV������������SS�����������
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>�@� )LF� 6��� DQG� %DUQDW�+XQHN�'��� ³7KH� (IIHFWLYHQHVV� RI� +\GURSKRELVDWLRQ� RI� 3RURXV� %XLOGLQJ�
0DWHULDOV�E\�8VLQJ�WKH�3RO\PHUV�DQG�1DQRSRO\PHUV�6ROXWLRQV�´�,QWHUQDWLRQDO�-RXUQDO�RI�0D�
WHULDOV�6FLHQFH�DQG�(QJLQHHULQJ�����������SS���������

>�@� 5RĞFLV]HZVNL�3���DQG�=LHOHFND�0���³6LOLFRQHV�±�SURSHUWLHV�DQG�DSSOLFDWLRQV´��LQ�3ROLVK���6FL�
HQWLILF�DQG�7HFKQLFDO�3XEOLVKHUV��:DUVDZ��������

>�@� &LDEDFK� -��� ³3URSHUWLHV� RI� V\QWKHWLF� UHVLQV� XVHG� LQ� PRQXPHQW� FRQVHUYDWLRQ´� �LQ� 3ROLVK���
1LFRODXV�&RSHUQLFXV�8QLYHUVLW\�3XEOLVKLQJ�+RXVH��������

>�@� %DUQDW�+XQHN�'���6PDU]HZVNL�3���DQG�6XFKRUD�=���³(IIHFW�RI�K\GURSKRELVDWLRQ�RQ�GXUDELOLW\�
UHODWHG� SURSHUWLHV� RI� FHUDPLF� EULFN�´�&RQVWUXFWLRQ� DQG� %XLOGLQJ�0DWHULDOV�� ����� ������ SS��
���±������

>�@� %DUQDW�+XQHN�'���DQG�6PDU]HZVNL�3���³,QIOXHQFH�RI�K\GURSKRELVDWLRQ�RQ�VXUIDFH�IUHH�HQHUJ\�
RI�K\EULG�ILEHU�UHLQIRUFHG�XOWUD�KLJK�SHUIRUPDQFH�FRQFUHWH�´�&RQVWUXFWLRQ�DQG�%XLOGLQJ�0DWH�
ULDOV�������������SS�����±������

>��@� 6SDHWK�9���'HOSODQFNH�2JOHWUHH�0��3���DQG�/HFRPWH�-�3���³+\GUDWLRQ�3URFHVV�DQG�0LFURVWUXF�
WXUH� 'HYHORSPHQW� RI� ,QWHJUDO�:DWHU� 5HSHOOHQW� &HPHQW� %DVHG�0DWHULDOV�´� �WK� ,QWHUQDWLRQDO�
&RQIHUHQFH�RQ�:DWHU�5HSHOOHQW�7UHDWPHQW�RI�%XLOGLQJ�0DWHULDOV��$HGLILFDWLR�3XEOLVKHUV��������
SS�����������

>��@� )HQJ�+���/H�+��7��1���:DQJD�6���DQG�=KDQJ�0�+���³(IIHFWV�RI�VLODQHV�DQG�VLODQH�GHULYDWLYHV�
RQ�FHPHQW�K\GUDWLRQ�DQG�PHFKDQLFDO�SURSHUWLHV�RI�PRUWDUV�´�&RQVWUXFWLRQ�DQG�%XLOGLQJ�0DWH�
ULDOV�������������SS���������

>��@� (XURSHDQ�&RPPLWWHH�IRU�6WDQGDUGL]DWLRQ��(1������������0HWKRGV�RI�WHVWLQJ�FHPHQW�±�3DUW����
'HWHUPLQDWLRQ�RI�VWUHQJWK��&(1��%UXVVHOV��%HOJLXP��������

>��@� (XURSHDQ�&RPPLWWHH� IRU� 6WDQGDUGL]DWLRQ��(1��������������0HWKRGV� RI� WHVW� IRU�PRUWDU� IRU�
PDVRQU\�±�3DUW� ����'HWHUPLQDWLRQ�RI� IOH[XUDO� DQG� FRPSUHVVLYH� VWUHQJWK�RI�KDUGHQHG�PRUWDU�
&(1��%UXVVHOV��%HOJLXP��������

>��@� (XURSHDQ�&RPPLWWHH� IRU� 6WDQGDUGL]DWLRQ��(1��������������0HWKRGV� RI� WHVW� IRU�PRUWDU� IRU�
PDVRQU\�±�3DUW�����'HWHUPLQDWLRQ�RI�ZDWHU�DEVRUSWLRQ�FRHIILFLHQW� GXH� WR�FDSLOODU\�DFWLRQ�RI�
KDUGHQHG�PRUWDU��&(1��%UXVVHOV��%HOJLXP��������
�
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$EVWUDFW�
7KH�DLP�RI�WKLV�ZRUN�LV�WR�DVVHVV�WKH�GXUDELOLW\�RI�VWDELOL]HG�DQG�XQVWDELOL]HG�FRPSDFWHG�HDUWK�WRZDUG�
ZDWHU��7R�GR�VR��WKUHH�FRPPRQ�ODERUDWRU\�WHVWLQJ�PHWKRGV�ZHUH�VHOHFWHG�WR�HYDOXDWH�WKHLU�HIIHFWLYHQHVV�
LQ�GHOLYHULQJ�FRQVLVWHQW�LQIRUPDWLRQ�RQ�WKH�GXUDELOLW\�RI�WKH�HDUWKHQ�SURGXFW��7KH\�FRQVLVW�RI�WKH�³ZHW�
WR�GU\�VWUHQJWK�WHVW´��WKH�³DFFHOHUDWHG�HURVLRQ�WHVW´DQG�WKH�³VWDELOLW\�LQ�VWDWLF�ZDWHU�WHVW´��5HVXOWV�VKRZ�
WKDW�WKH�SHUIRUPDQFH�RI�VDPSOHV�GHSHQGV�RQ�HDUWK�FKDUDFWHULVWLFV�UDWKHU�WKDQ�FHPHQW�FRPSRVLWLRQ��0RUH�
RYHU��WKH�WHVWHG�PHWKRGV�WHQG�WR�RYHUHVWLPDWH�WKH�SHUIRUPDQFH�RI�VWDELOL]HG�SURGXFWV���

�� ,QWURGXFWLRQ�
,QFUHDVLQJ�ZDWHU�FRQWHQW�LQ�HDUWK�ZDOOV�UHPDLQ�RQH�RI�WKH�PDLQ�GHWHULRUDWLRQ�IDFWRUV�DIIHFWLQJ�WKH�GXUD�
ELOLW\�RI�HDUWKHQ�PDWHULDOV� >�@±>�@��+RZHYHU��WKHUH� LV�VWLOO�QR�FRQVHQVXV�RQ�KRZ�WKLV�GXUDELOLW\� LVVXH�
VKRXOG�EH� DVVHVVHG� LQ� WKH� ODERUDWRU\��7KH�PDLQ�SUREOHP� LV� WKDW�QR� FOHDU� FRUUHODWLRQ�KDV�EHHQ�PDGH�
EHWZHHQ�WKH�ODERUDWRU\�WHVWV�DQG�WKH�UHDO�SHUIRUPDQFH�RI�WKH�PDWHULDO�>�@��>�@��,Q�WKLV�FRQWH[W��D�UHFHQW�
UHYLHZ�RI�SDVW�OLWHUDWXUH�GLVFXVVLQJ�HDUWKHQ�PDWHULDO�GXUDELOLW\�DVVHVVPHQW�ZDV�PDGH�LQ�>�@��7KH�LQWHU�
HVWHG�UHDGHU�LV�UHIHUUHG�WR�WKH�ODWWHU�SDSHU�DQG�UHIHUHQFHV�WKHUHLQ�IRU�PRUH�GHWDLOV�DERXW�WKH�VXEMHFW��7KLV�
ZRUN�IRFXVVHV�RQO\�RQ�WKH�GXUDELOLW\�DVVHVVPHQW�RI�FRPSDFWHG�HDUWK�EORFN��&(%��DW�WKH�PDWHULDO�VFDOH��
7R�WKH�EHVW�RI�RXU�NQRZOHGJH��H[LVWLQJ�WHVWLQJ�ODERUDWRU\�PHWKRGV�GHVLJQHG�WR�HVWLPDWH�WKH�GXUDELOLW\�
RI�&(%�WRZDUG�ZDWHU�FRXOG�EH�FODVVLILHG�LQ�WKUHH�PDLQ�FDWHJRULHV��

7KH�ILUVW�RQH�DLPV�DW�DVVHVVLQJ�WKH�UHVLVWDQFH�WR�ZDWHU�HURVLRQ�OLNH�WKH�VR�FDOOHG�VSUD\�HURVLRQ�WHVW�
DQG�GULS�HURVLRQ�WHVW��7KH�VSUD\�WHVW�PLPLFV�WKH�HIIHFWV�RI�ZLQG�GULYHQ�UDLQ�HURVLRQ�E\�VSUD\LQJ�ZDWHU�
RQ�RQH�VXUIDFH�RI�WKH�EORFN�ZLWK�D�FRQVWDQW�SUHVVXUH�IRU�D�FHUWDLQ�DPRXQW�RI�WLPH��7KH�GXUDELOLW\�RI�WKH�
EORFN�LV�HYDOXDWHG�IURP�WKH�UDWH�RI�HURVLRQ�FDOFXODWHG�IURP�WKH�PD[LPXP�GHSWK�RI�HURVLRQ�PHDVXUHG�
ZLWK�D���PP�IODW�HQGHG�URG��'LIIHUHQW�LQWHUQDWLRQDO�VWDQGDUGV�SURSRVH�WKLV�PHWKRG�RI�DVVHVVPHQW�OLNH�
WKH�$XVWUDOLDQ�HDUWK�EXLOGLQJ�KDQGERRN��+%������>�@��WKH�,QGLDQ�6WDQGDUG��,6�������>�@�DQG�WKH�1HZ�
=HDODQG�6WDQGDUGV��1=6�������>�@��7KH�PDLQ�GLIIHUHQFHV�EHWZHHQ�WKHVH�6WDQGDUGV�FRQFHUQ�WKH�H[SRVHG�
DUHD�RI�WKH�VDPSOH��WKH�VSUD\LQJ�WLPH��WKH�VSUD\�DSSOLFDWLRQ�GLVWDQFH��DQG�WKH�ZDWHU�SUHVVXUH��$V�IRU�WKH�
GULS�HURVLRQ�WHVW��LW�FRQVLVWV�RI�HYDOXDWLQJ�WKH�GDPDJH�FDXVHG�E\�VXEPLWWLQJ�HDUWK�EORFN�LQFOLQHG�DW�����
IURP�WKH�KRUL]RQWDO�WR�D�FRQWLQXRXV�VWUHDP�RI�ZDWHU�VXVSHQGHG�DW�D�IL[HG�OHYHO�DERYH�WKH�VDPSOH¶V�XSSHU�
VXUIDFH��7KH�HURVLRQ�UHVLVWDQFH�LV�HYDOXDWHG�EDVHG�RQ�WKH�DYHUDJH�SLWWLQJ�GHSWK�PHDVXUHG�ZLWK�D��PP�
SUREH��,Q�WKH�$XVWUDOLDQ�HDUWK�EXLOGLQJ�KDQGERRN��+%������WKHUH�LV�WZR�H[DPSOHV�RI�WKLV�WHVW��QDPHO\�
WKH�*HHORQJ�GULS�WHVW�DQG�WKH�6ZLQEXUQH�$FFHOHUDWHG�(URVLRQ�WHVW��6$(7���7KH\�GLIIHU�PDLQO\�LQ�WKH�
OHYHO�IURP�ZKLFK�WKH�ZDWHU�IDOO��WKH�ZD\�LQ�ZKLFK�ZDWHU�GURSOHWV�DUH�JHQHUDWHG�DQG�WKH�GURSSLQJ�GXUD�
WLRQ��

7KH�VHFRQG�FDWHJRU\�RI� WHVWV� ORRNV�DW� WKH�GXUDELOLW\�DJDLQVW�DQ�DEQRUPDO��DQG�SRWHQWLDOO\�F\FOLF��
H[FHVV�VXSSO\�RI�ZDWHU��,Q�WKH�$XVWUDOLDQ�HDUWK�EXLOGLQJ�KDQGERRN��+%�������WKLV�SUREOHP�LV�DVVHVVHG�
WKRXJK�WKH�ZHW�GU\�DSSUDLVDO�WHVW��,W�FRQVLVWV�LQ�SODFLQJ�WKH�VSHFLPHQ�LQ���PP�RI�ZDWHU�IRU���V�DQG�WKHQ�
GU\�LW�DW�DPELHQW�WHPSHUDWXUH�XQWLO�QR�FRORU�FKDQJHV��WKHQ�UHSHDWLQJ�WKLV�F\FOH�VL[�WLPHV��$IWHU�WKH�ILQDO�
F\FOH��WKH�GXUDELOLW\�LV�HYDOXDWHG�EDVHG�RQ�WKH�VXUIDFH�FUDFNLQJ�SDWWHUQV��WKH�ORFDO�VZHOOLQJ��WKH�SLWWLQJ��
WKH�ORVV�RI�VRLO�OD\HUV��WKH�SHQHWUDWLRQ�RI�ZDWHU�E\�PRUH�WKDQ�����RI�VSHFLPHQ��WKH�ORVV�RI�IUDJPHQWV�
JUHDWHU�WKDQ���PP�DQG�WKH�VXUIDFH�VDOW�GHSRVLWV��,Q�WKH�*HUPDQ�6WDQGDUG��',1��������>�@�WKLV�GXUDELOLW\�
LVVXH�LV�DVVHVVHG�WKURXJK�RWKHU�PHWKRGV�OLNH�WKH�FRQWDFW�WHVW�DQG�WKH�VXFWLRQ�WHVW��7KH�ILUVW�RQH�DLPV�WR�
UHSURGXFH�WKH�FRQWDFW�EHWZHHQ�DQ�HDUWK�EORFN�DQG�D���PP�WKLFN�PRUWDU�OD\HU��,W�FRQVLVWV�RI�SXWWLQJ�D�
ZHW�FHOOXORVH�FORWK��FRQWDLQLQJ�DQ�DPRXQW�RI�ZDWHU�RI����J�FP���RQWR�WKH�VXUIDFH�RI�HDUWK�EORFN��7KH�
VSHFLPHQ�LV�WKHQ�VWRUHG�IRU���GD\�LQ�DQ�DPELDQFH�DW������RI�UHODWLYH�KXPLGLW\�EHIRUH�EHLQJ�H[SRVHG�WR�
QDWXUDO�DWPRVSKHULF�FRQGLWLRQV�IRU���GD\V��7KH�GXUDELOLW\�DVVHVVPHQW�LV�PDGH�IURP�WKH�DQDO\VLV�RI�FUDFNV�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� 'XUDELOLW\�DQG�OLIH�DVVHVVPHQW�

�

DQG�RU� LUUHYHUVLEOH� VZHOOLQJ�GHIRUPDWLRQV�� 7KH� VHFRQG�RQH�ZDV�GHVLJQHG� WR� UHSUHVHQW� WKH� LPSDFW�RI�
FDSLOODU\�ULVHV��DQG�RU�H[WHULRU�WLPEHU�IUDPH�ZDOOV�GXULQJ�GULYLQJ�UDLQV�>��@��,W�FRQVLVWV�RI�SODFLQJ�WKH�
VDPSOH�RQ�D�FRQYHQWLRQDO�ILUHG�EULFN�ZLWK�DQ�DEVRUEHQW�FORWK�RQ�LWV�WRS��7KLV�DVVHPEODJH�LV�SODFHG�LQVLGH�
D�SDQ�ILOOHG�ZLWK�ZDWHU�XS�WR�����PP�EHORZ�WKH�XSSHU�HGJH�RI�WKH�ILUHG�EULFN��7KH�GXUDELOLW\�DVVHVVPHQW�
LV�PDGH�WKURXJK�YLVXDO�GHWHFWLRQ�RI�FUDFNV�DQG�SHUPDQHQW�GHIRUPDWLRQV�DIWHU���PLQ���K�DQG���K��2Q�
WKH�RWKHU�KDQG��WKH�%XUHDX�RI�,QGLDQ�6WDQGDUGV��,6������>�@�DQG�,6���������>��@��SURSRVH�D�VLPSOHU�
PHWKRG�ZKLFK�LV�WKH�LPPHUVLRQ�WHVW��,Q�WKLV�ODWWHU��VDPSOH�LV�IXOO\�LPPHUVHG�LQ�URRP�WHPSHUDWXUH�ZDWHU�
RYHU�D�GHILQLWH�SHULRG�RU�XQWLO�UHDFKLQJ�D�FRQVWDQW�YDOXH��7KH�SHUIRUPDQFH�RI�WKH�VDPSOH�LV�HYDOXDWHG�
EDVHG�RQ�WKH�DEVRUEHG�ZDWHU�FRQWHQW�DQG�WKH�PDVV�ORVV�RI�WKH�VDPSOH��

7KH�ODVW�FDWHJRU\�FRQFHUQV�WKH�DVVHVVPHQW�RI�ULVN�RI�ZHWWLQJ�FROODSVH��ZKLFK�LV�FRPPRQO\�FKHFNHG�
WKURXJK�VDWXUDWHG�XQLD[LDO�FRPSUHVVLYH�VWUHQJWK��7KH�PRVW�FRPPRQ�PHWKRG�WKDW�EHORQJ�WR�WKLV�FDWHJRU\�
LV�WKH�VDWXUDWXHG�WR�GU\�VWUHQJWK�WHVWLQJ��$FFRUGLQJ�WR�WKH�VSHFLILFDWLRQV�RI�WKLV�WHVW��D�PLQLPXP�VDWXUDWHG�
DQG�GU\�SOXV�D�PLQLPXP�VDWXUDWHG� WR�GU\�VWUHQJWK� UDWLR�DUH� UHTXLUHG� WR�FRQVLGHU� WKDW� WKH�PDWHULDO� LV�
VXIILFLHQWO\�GXUDEOH��DQG�WKH\�YDU\�IURP�DXWKRU�WR�DQRWKHU�����

,Q�WKLV�VWXG\��RQH�PHWKRG�RI�HDFK�FDWHJRU\�ZDV�VHOHFWHG�WR�HYDOXDWH�LWV�HIIHFWLYHQHVV�LQ�GHOLYHULQJ�
FRQVLVWHQW�LQIRUPDWLRQ�RQ�WKH�GXUDELOLW\�RI�FRPSDFWHG�HDUWK��)URP�WKH�ILUVW�FDWHJRU\��WKH�VSUD\�HURVLRQ�
WHVW�ZDV�FKRVHQ�EHFDXVH�LW�ZDV�WRR�HDV\�IRU�DOO�VWDELOL]HG�PDWHULDOV�WR�SDVV�WKH�GULS�WHVW�ZLWKRXW�DQ\�
QRWLFHDEOH�GDPDJH�RU�FKDQJH��)URP�WKH�VHFRQG�FDWHJRU\�WKH�LPPHUVLRQ�WHVW�ZDV�FKRVHQ�IRU�LWV�VLPSOLF�
LW\��$QG�WKH�ZHW�WR�GU\�VWUHQJWK�WHVWLQJ�ZDV�FKRVHQ�IURP�WKH�ODVW�FDWHJRU\��7ZR�GLIIHUHQW�QDWXUDO�HDUWKV�
VXLWDEOH�IRU�FRQVWUXFWLRQ�FRPLQJ�IURP�WKH�³$XYHUJQH�5K{QH�$OSHV´�UHJLRQ�LQ�VRXWKHDVWHUQ�)UDQFH�ZHUH�
XVHG�IRU�WKH�H[SHULPHQWDO�FDPSDLJQ��%RWK�VWDELOL]HG�DQG�XQVWDELOL]HG�HDUWKHQ�PDWHULDO�ZHUH�VWXGLHG��
,QGHHG��VWDELOL]LQJ�HDUWK�ZLWK�PRGHUDWH�GRVDJHV�RI�K\GUDXOLF�ELQGHUV�LV�RQH�RI�WKH�PRVW�HPSOR\HG�PHWK�
RGV�WR�HQKDQFH�VWUHQJWK�DQG�GXUDELOLW\�WRZDUGV�ZDWHU�>��@±>��@��:KHQ�FHPHQW�LV�FKRVHQ�DV�D�K\GUDXOLF�
ELQGHU��FHPHQWV�ZLWK�KLJK�FOLQNHU�FRQWHQW�DUH�JHQHUDOO\�XVHG��L�H���RUGLQDU\�3RUWODQG�FHPHQW��23&���,Q�
WKLV�VWXG\��GLIIHUHQW�W\SHV�RI�FHPHQW�ZHUH�VHOHFWHG�IRU�VWDELOL]LQJ�WKH�FKRVHQ�HDUWKV��7KH�PDLQ�GLIIHU�
HQFHV�EHWZHHQ�WKH�FKRVHQ�FHPHQWV�DUH�WKHLU�FOLQNHU�FRQWHQW�DQG�VWUHQJWK�FODVV��7KLV�FKRLFH�ZDV�PDGH�
WR�RSWLPL]H�VWDELOL]DWLRQ�ZLWK�UHJDUG�WR�WKH�UHODWLRQ�EHWZHHQ�GXUDELOLW\�RI�VWDELOL]HG�FRPSDFWHG�HDUWK�
DQG� FOLQNHU� FRQWHQW�RI� FHPHQW� HPSOR\HG� IRU� VWDELOL]DWLRQ�� ,W¶V�ZRUWK�PHQWLRQLQJ� WKDW� WKLV�ZRUN� LV� D�
SUHSDUDWLYH�VWDJH�WR�WKH�GHYHORSPHQW�RI�D�QHZ�ODERUDWRU\�WHVWLQJ�PHWKRG�FRQFHUQHG�E\�WKH�DVVHVVPHQW�
RI�WKH�GXUDELOLW\�RI�FHPHQW�VWDELOL]HG�FRPSDFWHG�HDUWK�EORFNV��

�� 7HVWHG�PDWHULDOV�
&RPSDFWHG�HDUWK�VDPSOHV�ZHUH�PDGH�RI�WZR�ORFDO�HDUWKV�FRPLQJ�IURP�WKH��$XYHUJQH�5K{QH�$OSHV��

UHJLRQ�LQ�VRXWKHDVWHUQ�)UDQFH��UHIHUHQFHG�DV�'$*�DQG�67$��7KH�ILUVW�RQH�ZDV�FROOHFWHG�IURP�FHQWHQDU�
LDQ�UDPPHG�HDUWK�FRQVWUXFWLRQ�ORFDWHG�DW�WKH�FLW\�RI�³'DJQHX[´��7KH�VHFRQG�RQH�ZDV�H[WUDFWHG�IURP�
VXEVRLO�DW� WKH�YLOODJH�RI�³6DLQW�$QWRLQH� O¶$EED\H´��7KH�FROOHFWHG�HDUWKV�ZHUH�FUXVKHG�DQG�VLHYHG�DW�
�PP�WR�HOLPLQDWH�FRDUVH�JUDLQV��7KHLU�JHRWHFKQLFDO�SURSHUWLHV�DUH�VXPPDUL]HG�LQ��7DEOH�����)RXU�W\SHV�
RI�FHPHQWV�ZHUH�HPSOR\HG�IRU�VWDELOL]DWLRQ�DQG�WKHLU�PDLQ�SURSHUWLHV�DUH�SUHVHQWHG�LQ��7DEOH�����6WDEL�
OL]HG�IRUPXODWLRQV�ZHUH�WUHDWHG�ZLWK����RI�FHPHQW�E\�GU\�PDVV�RI�HDUWK��7KH�PDQXIDFWXULQJ�SURSHUWLHV�
�L�H���RSWLPXP�ZDWHU�FRQWHQW�2:&�DQG�PD[LPXP�GU\�GHQVLW\�0''��RI� VWDELOL]HG�DQG�XQVWDELOL]HG�
IRUPXODWLRQV�ZHUH�GHWHUPLQHG�LQ�SUHYLRXV�ZRUN�>��@�IROORZLQJ�WKH�SURFHGXUH�GHWDLOHG�LQ�>��@�DQG�WKH\�
DUH�VXPPDUL]HG�LQ��7DEOH�����7KH�WHVWHG�VDPSOHV�ZHUH�SUHSDUHG�E\�GRXEOH�FRPSDFWLRQ�ZLWK�DQ�HTXLYD�
OHQW�FRPSDFWLRQ�VWUHVV�RI��03D�XVLQJ�D�K\GUDXOLF�SUHVVV��'LUHFWO\�DIWHU�FRPSDFWLRQ��DOO�VDPSOHV�ZHUH�
FXUHG� IRU� �� GD\V� DW� ��Û&�����5+� WKHQ� GULHG� LQ� ODERUDWRU\�FRQWUROOHG� FRQGLWLRQV� DW�
��Û&��Û&����5+���5+�XQWLO�UHDFKLQJ�D�FRQVWDQW�PDVV��
7DEOH���� ���(DUWKV�SURSHUWLHV��

3URSHUWLHV� '$*� 67$�

6DQG�DQG�ILQH�JUDYHO��������PP�� ���� ����

6LOW�������P�� ���� ����
&OD\�����P�� ���� ����

0HWK\OHQH�%OXH�YDOXH��9%�� ���� ����

3ODVWLF�/LPLW��:3�� ����� �����
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6LOLFHRXV�IO\�DVK� �� �� ��� ��

%ODVW�IXUQDFH�VODJ� �� �� ��� ��
0LQRU�DGGLWLRQDO�FRQVWLWXHQWV� �� �� �� ��

$YHUDJH�FRPSUHVVLYH�VWUHQJWK�RI�FH�
PHQW�SDVWHV�DW����GD\V�>03D@�
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7DEOH���� ���)RUPXODWLRQV�SURSHUWLHV��
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�� 7HVWLQJ�SURFHGXUHV�

���� :HW�WR�GU\�VWUHQJWK�WHVWLQJ�
8QLD[LDO�FRPSUHVVLYH�VWUHQJWK�ZDV�SHUIRUPHG�RQ�F\OLQGULFDO�VDPSOHV�RI���PP�LQ�GLDPHWHU�DQG���PP�
LQ�KHLJKW�E\�DSSO\LQJ�D�FRQWLQXRXV�ORDGLQJ�DW�D�VWHDG\�UDWH�RI�����PP�V�XS� WR�IDLOXUH��&RPSUHVVLYH�
VWUHQJWK�RI�HDFK�VDPSOH�ZDV�GHWHUPLQHG�IURP�LWV�IDLOXUH�ORDG�DQG�DYHUDJHG�FURVV�VHFWLRQDO�DUHD��&RP�
SUHVVLYH�VWUHQJWK�PHDVXUHG�DW����GD\V�RQ�GULHG�VDPSOHV�DW���Û&����5+�LV�WHUPHG�DV�GU\�FRPSUHVVLYH�
VWUHQJWK��,Q�RUGHU�WR�DYRLG�GLVLQWHJUDWLQJ�VDPSOHV�GXH�WR�VRDNLQJ�VDPSOHV�LQ�ZDWHU��WKH�ZHW�FRPSUHVVLYH�
VWUHQJWK�ZDV�PHDVXUHG�RQ�ZHW�VDPSOHV�FRQVHUYHG����GD\V�DW�����5+�DQG���Û&����Û&��,Q�WKHVH�FRQGL�
WLRQV��WKH�PRQLWRUHG�PDVV�RI�WKH�VDPSOHV�ZDV�UHODWLYHO\�FRQVWDQW�DQG�WKH�ZDWHU�FRQWHQW�RI�DOO�VDPSOHV�
DW�WKH���WK�GD\�ZDV�HTXDO�WR�WKH�RSWLPXP�ZDWHU�FRQWHQW��

���� $FFHOHUDWHG�(URVLRQ�7HVW��$(7��
7KH�PHWKRG�FRQVLVWV�LQ�VXEPLWWLQJ�VDPSOH¶V�VXUIDFH�WR�D�KRUL]RQWDO�ZDWHU�VSUD\�DW���N3D�IRU����PLQXWHV��
7KH�DUHD�RI�DSSOLFDWLRQ�LV�RI���PP�LQ�GLDPHWHU�IURP�D�GLVWDQFH�RI����PP��7KLV�WHVW�ZDV�DSSOLHG�RQ�
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�

F\OLQGULFDO�VDPSOHV�KDYLQJ���PP�LQ�WKLFNQHVV�DQG����PP�LQ�GLDPHWHU��7KH�GHSWK�RI�HURVLRQ�LV�PHDV�
XUHG�DW�WKH�HQG�RI�WKH�WHVW�ZLWK���PP�IODW�HQGHG�URG��7KH�SHUIRUPDQFH�RI�WKH�VDPSOH�LV�MXGJHG�RQ�WKH�
EDVLV�RI�WKH�HURVLRQ�UDWH�FDOFXODWHG�DV�IROORZ��

� (URVLRQ�UDWH�>PP�PLQ@�  
G�
W
� ����

:KHUH��
G�>PP@�LV�WKH�PD[LPXP�HURGHG�GHSWK��
W�>PLQ@�LV�WKH�VSUD\LQJ�GXUDWLRQ��

���� ,PPHUVLRQ�WHVW�
7KH�SURFHGXUH�FRQVLVWV�LQ�LPPHUJLQJ�VDPSOHV�XQGHU���FP�RI�ZDWHU�IRU����PLQXWHV�LQ�URRP�WHPSHUDWXUH�
DW���°&��°&��7KH�SHUIRUPDQFH�RI�VDPSOHV�LV�HYDOXDWHG�LQ�IXQFWLRQ�RI�WKH�PDVV�ORVV�FDOFXODWHG�DV�IROORZ���
�

0DVV�ORVV�>g/min@�  
0GL���0GI�

t
× 100� ����

:KHUH��
0GL�>NJ@�LV�WKH�GU\�PDVV�RI�WKH�VDPSOH�EHIRUH�LPPHUVLRQ��
0GI�>NJ@�LV�WKH�GU\�PDVV�RI�WKH�VDPSOH�DIWHU�LPPHUVLRQ��
W�>PLQ@��LPPHUVLRQ�GXUDWLRQ���

�� 5HVXOWV�

���� :HW�'U\�VWUHQJWK�UDWLR�
5HVXOWV�RI�WKH�GU\�DQG�ZHW�VWUHQJWK�DQG�ZHW�WR�GU\�VWUHQJWK�UDWLR�RI�WKH�WHVWHG�IRUPXODWLRQV�DUH�SUHVHQWHG�
LQ�)LJ�����,W�VKRZV�WKDW��IRU�WKH�VDPH�HDUWK��WKHUH�LV�KDUGO\�DQ\�GLIIHUHQFH�LQ�WKH�GU\�FRPSUHVVLYH�VWUHQJWK�
RI�VDPSOHV�VWDELOL]HG�ZLWK�&%��&9�DQG�&0��$QRWKHU�UHPDUNDEOH�IHDWXUH�LQ�WKHVH�UHVXOWV�LV�WKDW�FHPHQW�
VWDELOL]DWLRQ�LQFUHDVHG�WKH�ZHW�UHVLVWDQFH�RI�WKH�WZR�HDUWK�ZLWK�D�EHWWHU�LPSDFW�RQ�'$*�HDUWK��)RU�H[�
DPSOH��&$�LQFUHDVHG�WKH�ZHW�FRPSUHVVLYH�VWUHQJWK�RI�'$*�E\�DQ�DYHUDJH�IDFWRU�RI���ZKLOH�WKLV�LQFUH�
PHQW�IDFWRU�LV�DERXW�����LQ�FDVH�RI�67$���

�

�

�
�D��'$*� � �E��67$�

)LJ�������������'U\�DQG�ZHW�FRPSUHVVLYH�VWUHQJWK�DQG�ZHW�GU\�VWUHQJWK�UDWLR�RI�DOO�IRUPXODWLRQV�

7KH�FDOFXODWHG�ZHW�WR�GU\�VWUHQJWK�UDWLRV�OLHV�EHWZHHQ�����DQG������H[FHSW�IRU�'86�IRUPXODWLRQ��ZKLFK�
UHFRUGHG�DQ�DYHUDJH�UDWLR�ORZHU�WKDQ�����GXH�WR�LWV�QHJOLJLEOH�ZHW�VWUHQJWK��,Q�WKLV�FRQWH[W��D�PLQLPXP�
ZHW�WR�GU\�VWUHQJWK�UDWLR�RI������ZDV�UHFRPPHQGHG�E\�+HDWKFRWH�>��@�DV�D�SHUIRUPDQFH�LQGLFDWRU�WR�
SDVV�WKH�$(7��:KLOH�&5$WHUUH�RUJDQL]DWLRQ�UHFRPPHQG�D�PLQLPXP�UDWLR�RI�����DV�UHSRUWHG�LQ�>��@�DQG�
>��@��+HUH�OHW�PHQWLRQ�WKDW�WKHVH�UHFRPPHQGDWLRQV�FRUUHVSRQG�WR�D�ZHW�VWUHQJWK�PHDVXUHG�RQ�VDPSOHV�
VRDNHG�IRU�������KRXUV�LQ�ZDWHU��/HW�UHFDOO�WKDW�LQ�WKLV�VWXG\��³ZHW�VWUHQJWK´�FRUUHVSRQGV�WR�WKH�VWUHQJWK�
PHDVXUHG�RQ�VDPSOHV�KDYLQJ�D�ZDWHU�FRQWHQW�HTXDO�WR�WKHLU�2:&��7KLV�FRQGLWLRQ�ZDV�DGRSWHG�EHFDXVH�
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LW�ZDV�QRW�SRVVLEOH�IRU�XQVWDELOL]HG�VDPSOHV�WR�VXUYLYH�WRWDO�LPPHUVLRQ�IRU����KRXUV��,W�FRXOG�EH�DVVXPHG�
WKDW�WKH�REWDLQHG�ZHW�WR�GU\�VWUHQJWK�UDWLRV�DUH�VOLJKWO\�KLJKHU�WKDQ�ZKDW�WKH\�DUH�VXSSRVHG�WR�EH�LI�ZHW�
VWUHQJWK�ZDV�PHDVXUHG�RQ����KRXUV�VRDNHG�VDPSOHV��%XW�DQ\KRZ��WR�SDVV�WKLV�WHVW�WKHUH�LV�RWKHU�UHTXLUH�
PHQWV�OLNH�D�PLQLPXP�GU\�DQG�ZHW�VWUHQJWKV�WKDW�VKRXOG�EH�JUHDWHU�WKDQ�WKH�PD[LPXP�VWUHVV�VXSSRUWHG�
E\�WKH�PDWHULDO��+RZHYHU��VLQFH�WKHUH¶V�QR�FRQVHQVXV�RQ�VWUHQJWK¶V�GHWHUPLQDWLRQ�RI�FRPSDFWHG�HDUWK�
EORFNV�>��@�� >��@�� LW�ZLOO�EH�XQUHDOLVWLF� WR�SURSRVH�XQLILHG�FULWHULD� WR�SDVV� WKLV� WHVW�� ,Q� WKLV�VWXG\�� LW¶V�
UDWKHU�D�WRRO�WR�HYDOXDWH�WKH�HIIHFWLYHQHVV�RI�FHPHQW�VWDELOL]DWLRQ�UDWKHU�WKDQ�ORQJ�WHUP�GXUDELOLW\�RI�WKH�
SURGXFW��

���� 5HVLVWDQFH�WR�VSUD\�HURVLRQ�
7DEOH���VKRZV�H[DPSOHV�RI�WKH�VWDWH�RI�WKH�VDPSOHV¶V�VXUIDFH�VXEMHFWHG�WR�WKH�ZDWHU�VSUD\�HURVLRQ�WHVW��
,PSRUWDQW� LPSURYHPHQW� LQ� WKH�VDPSOH¶V�UHVLVWDQFH�DIWHU�VWDELOL]DWLRQ�FRXOG�EH�VHHQ�FOHDUO\��$YHUDJH�
HURVLRQ¶V�UDWHV�RI�WKH�IRUPXODWLRQV�DUH�VXPPDUL]HG�LQ�7DEOH����/HW�PHQWLRQ�WKDW�WKH�HURVLRQ�UDWH�RI�686�
IRUPXODWLRQ�ZDV�GHWHUPLQHG�DW�WKH�WLPH�DW�ZKLFK�ZDWHU�SHQHWUDWHV�WKH�RSSRVLWH�IDFH�RI�WKH�VDPSOH��VLQFH�
LW�KDSSHQHG�EHIRUH�WKH�HQG�RI�WKH�WHVW��7KH�HURVLRQ�UDWH�RI�XQVWDELOL]HG�IRUPXODWLRQV�LQGLFDWH�WKDW�686�
LV�SURQH�WR�PRUH�HURVLRQ�WKDQ�'86��5HVXOWV�VKRZ�LPSRUWDQW�GHFUHDVH�LQ�WKH�HURVLRQ�UDWH�ZLWK�WKH���W\SHV�
RI�WKH�FHPHQWV�XVHG�ZLWKRXW�VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ�WKHP��H[HSW�IRU�&$�WKDW�VHHPV�WR�EH�PRUH�
HIIHFWLYH�WKDQ�WKH�UHPDLQLQJ�WHVWHG�FHPHQWV��.QRZLQJ�WKDW�&$�LV�WKH�FHPHQW�KDYLQJ�WKH�KLJKHVW�FOLQFNHU�
FRQWHQW�DQG�VWUHQJWK�FODVV�EHWZHHQ�WKH�VWDELOL]HUV�RI�WKH�VWXG\��$IWHU�DOO��DOO�IRUPXODWLRQV�SDVVHG�WKLV�
WHVW� H[FHSW�686�EHFDXVH� LQ� WKLV� ODWWHU� HURVLRQ�SURJUHVVHG�DW� D� UDWH�KLJKHU� WKDQ��PP�PLQ�� ,W¶V�ZRUWK�
PHQWLRQLQJ�WKDW�WKH�FRQGLWLRQV�RI�WKLV�WHVW�DUH�PRUH�VHYHUH�WKDQ�DFWXDO�FOLPDWLF�FRQGLWLRQV�>��@��>��@�DQG�
WKH�SHUIRUPDQFH�RI�XQVWDELOL]HG�PDWHULDOV�DJDLQVW�WKLV�WHVW�FDQQRW�EH�XVHG�DV�DQ�LQGLFDWRU�RI�WKHLU�GXUD�
ELOLW\��+HUH�WKH�WHVW�ZDV�SHUIRUPHG�RQ�XQVWDELOL]HG�VDPSOHV�WR�SXW�LQ�FRQWH[W�WKH�HIIHFWLYHQHVV�RI�FHPHQW�
VWDELOL]DWLRQ��

7DEOH��� 5HVLVWDQFH�WR�ZDWHU�HURVLRQ��

�

8QVWDELOL]HG�

6WDELOL]HG�

� � &$� &%� &9� &0�

'
$
*
�

� � � � � � �

67
$
�
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7DEOH���� ���5DWH�RI�HURVLRQ��

)RUPXODWLRQ� '$*� 67$�

86� ����PP�PLQ� ����PP�PLQ�
&$� ��PP�PLQ� ������PP�PLQ�

&%� ��PP�PLQ� �����PP�PLQ�

&9� ��PP�PLQ� �����PP�PLQ�

&0� ��PP�PLQ� �����PP�PLQ�

���� 5HVLVWDQFH�WR�ZDWHU�LPPHUVLRQ�
7KH�DYHUDJH�WRWDO�PDVV�ORVVHV�RI�WKH�WHVWHG�VDPSOHV�DUH�VKRZQ�LQ�)LJ�����$IWHU�VWDELOL]DWLRQ�ZLWK�&$��
WKH�PDVV�ORVV�RI�'$*�DQG�67$�HDUWKV�ZDV�UHGXFHG�E\�����DQG�����UHVSHFWLYHO\��:KLOH�D�WUHDWPHQW�
ZLWK�&0��ZKLFK� LV� WKH� FHPHQW�RI� WKH� ORZHVW� VWUHQJWK� FODVV� DQG� FOLQFNHU� FRQWHQW�EHWZHHQ� WKH� WHVWHG�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

��� 'XUDELOLW\�DQG�OLIH�DVVHVVPHQW�

�

FHPHQWV��KDYH�UHGXFHG�WKH�PDVV�ORVV�RI�'$*�DQG�67$�E\�����DQG�����UHVSHFWLYHO\��,W�DSSHDUV�IRUP�
WKH�REWDLQHG�UHVXOWV�WKDW�WKH�KLJKHU�LV�WKH�VWUHQJWK�FODVV�RI�WKH�FHPHQW��WKH�ORZHU�LV�WKH�PDVV�ORVV�RI�
VDPSOH�DW�WKH�HQG�RI�WKH�WHVW��0RUHRYHU��WKLV�DVVHVVPHQW�WRRO�SURYHV�DJDLQ�WKDW�FHPHQW�VWDELOL]DWLRQ�LV�
PRUH�HIIHFWLYH�ZLWK�'$*�WKDQ�67$��

�
)LJ����� 5HVXOWV�RI�WKH�LPPHUVLRQ�WHVW�

�� 'LVFXVVLRQ�
,W�DSSHDUV�WKDW�D�FRKHUHQW�UHODWLRQ�EHWZHHQ�UHVXOWV�RI�GLIIHUHQW�FDWHJRULHV�RI�GXUDELOLW\�WHVWV�FDQQRW�EH�
JHQHUDOL]HG�VLQFH�LW�PD\�GHSHQG�RQ�WKH�FKDUDFWHULVWLFV�RI�WKH�HDUWK�XVHG��/HWV�EHJLQ�ZLWK�WKH�XQVWDELOL]HG�
IRUPXODWLRQV��'86�UHSRUWHG�D�ZHW�WR�GU\�VWUHQJWK�UDWLR�WZR�WLPHV�ORZHU�WKDQ�686�EXW�LW�VKRZV�DW�WKH�
VDPH�WLPH�D�PXFK�EHWWHU�UHVLVWDQFH�WR�$(7�DQG�ZDWHU�LPPHUVLRQ�WHVW��7KH�VDPH�LVVXH�KDSSHQHG�ZLWK�
VWDELOL]HG�IRUPXODWLRQV�PDGH�ZLWK�67$�HDUWK��60�KDV�D�ZHW�WR�GU\�VWUHQJWK�UDWLR�KLJKHU�WKDQ�6$�EXW�LWV�
GHJUDGDWLRQ�DJDLQVW�$(7�DQG�LPPHUVLRQ�WHVW�ZDV�PRUH�LPSRUWDQW�WKDQ�LW��7KH�VDPH�LVVXH�FRXOG�EH�VDLG�
DERXW�69��7KXV��UHVXOWV�IURP�RQH�PHWKRG�FDQQRW�EH�XVHG�WR�SUHGLFW�WKRVH�RI�DQRWKHU��1RQHWKHOHVV��WKH�
FRPPRQ�SRLQW�EHWZHHQ�WKH�WKUHH�DVVHVVPHQW�PHWKRGV�LV�WKDW�WKH\�WHQG�WR�SURYLGH�LQIRUPDWLRQ�DERXW�WKH�
VKRUW�WHUP�HIIHFWLYHQHVV�RI�FHPHQW�VWDELOL]DWLRQ�UDWKHU�WKDQ�WKH�GXUDELOLW\�RI�WKH�SURGXFW��

$QRWKHU�SUREOHPDWLF�LVVXH�LV�WKDW�WHVWV�OLNH�$(7�DQG�LPPHUVLRQ�WHVWV�DQG�RWKHU�WHVWV�SUHVFULEHG�LQ�
WKH�LQWURGXFWLYH�VHFWLRQ�FRXOG�QRW�FRQVLGHUHG�DV�UHDOLVWLF�WRROV�WR�HYDOXDWH�WKH�GXUDELOLW\�RI�XQVWDELOL]HG�
PDWHULDOV�VLQFH�WKRVH�PDWHULDOV�DUH�QRW�VXSSRVHG�WR�EH�VXEMHFWHG�WR�VHYHUH�HQYLURQPHQWDO�FRQGLWLRQV��
,QGHHG��XQVWDELOL]HG�PDWHULDOV�VKRXOG�EH�SURWHFWHG�IURP�ULVNV�RI�ZDWHU�GHWHULRUDWLRQ�WKURXJK�D�FRUUHFW�
GHVLJQ��0RUHRYHU��WKH�XQIDLU�FRPSDULVRQ�EHWZHHQ�WKH�SHUIRUPDQFH�RI�XQVWDELOL]HG�DQG�VWDELOL]HG�PDWH�
ULDOV� LQ� WKH� ODERUDWRU\� OHDG� WR�FRQFOXGH� WKDW� VWDELOL]HG�SURGXFWV� KDYH�H[FHSWLRQDO� UHVLVWDQFH�DQG�FDQ�
ZLWKVWDQG�WKH�QRUPDO�RSHUDWLQJ�FRQGLWLRQV�RI�WKH�EXLOGLQJ�ZLWKRXW�SUREOHP��ZKLFK�LV�QRW�QHFHVVDULO\�
WUXH��7KH�ILUVW�NH\�GXUDELOLW\�IDFWRU�WKDW�VKRXOG�EH�WKH�VXEMHFW�RI�LQWHUHVW�LQ�IXWXUH�DVVHVVPHQW�PHWKRGV�
LV� WKH�ZD\�RU� WKH� UDWH� LQ�ZKLFK� WKH�VWDELOL]HG�PDWHULDO� ORVHV� LWV�FKDUDFWHULVWLFV��7KLV� LVVXH�FDQQRW�EH�
LQYHVWLJDWHG�LQ�WKH�DEVHQFH�RI�WKH�F\FOLF�HIIHFW�RI�ZDWHU�DFWLRQ�RQ�WKH�VWDELOL]HG�PDWHULDO�� EHFDXVH�LQ�
VXFK�FRQGLWLRQV�WKH�GXUDELOLW\�ZLOO�EH�PLVHVWLPDWHG��XVXDOO\�RYHUHVWLPDWHG��)RU�LQVWDQFH��LW¶V�QRW�EH�
FDXVH�VDPSOHV�UHVLVWHG�WR�KDUVK�FRQGLWLRQV�OLNH�ZDWHU�VSUD\HG�DW���N3D�GXULQJ���PLQ�WKDW�LW�ZLOO�UHVLVW�
WR�QRQ�VHYHUH�SURORQJHG�ZLQG�GULYHQ�UDLQIDOO��7KH�ODWWHU�VLWXDWLRQ�FRXOG�EH�PRUH�KDUPIXO�IRU�WKH�VDPH�
DPRXQW�RI�ZDWHU�EHFDXVH�LQ�WKLV�FDVH�ZDWHU�ZLOO�KDYH�PRUH�WLPH�WR�SHQHWUDWH�WKH�PDWHULDO�DQG��WKXV��WR�
UHGXFH�LWV�UHVLVWDQFH�>��@��

7KH�VHFRQG�IDFWRU�WKDW�VKRXOG�EH�WDNHQ�LQWR�DFFRXQW�LV�WKH�ZD\�LQ�ZKLFK�WKH�VWDELOL]HG�PDWHULDO�LV�
KXPLGLILHG�GXULQJ�WKH�WHVW��7R�H[SODLQ�WKLV�SRLQW�OHW�FRQVLGHU�WKH�ZLUH�EUXVK�WHVW�ZKLFK�LV�WKH�RQO\�NQRZQ�
PHWKRG�WKDW�FRQVLVWV�RI�ZHWWLQJ�GU\LQJ�F\FOHV�WR�HYDOXDWH�WKH�GXUDELOLW\�RI�HDUWKHQ�PDWHULDOV��,W�FRQVLVWV�
RI�LPPHUVLQJ�VDPSOH���KRXUV�LQ�ZDWHU�WKHQ�GU\LQJ�LW�DW���°&�IRU����KRXUV��7KHUHDIWHU�VDPSOH¶V�VXUIDFH�
LV�EUXVKHG�ZLWK�D�ZLUH�EUXVK�DQG�WKH�VHTXHQFH�LV�UHSHDWHG����WLPHV�>��@��>��@��7KH�SHUIRUPDQFH�RI�WKH�
VDPSOH�LV�FRQQHFWHG�WR�LWV�WRWDO�PDVV�ORVV�DW�WKH�HQG��7KH�GXUDWLRQ�RI�ZHWWLQJ�DQG�GU\LQJ�DQG�PD[LPXP�
PDVV�ORVV�WR�SDVV�WKH�WHVW�YDULHV�ZLWK�QRUPDWLYH�GRFXPHQWV�DQG�VWDQGDUGV��$OWKRXJK�WKH�F\FOLF�HIIHFW�RI�
ZDWHU��WKH�WHVW�ODFN�RI�FRUUHODWLRQ�ZLWK�UHDOLVWLF�ZHWWLQJ�GU\LQJ�FRQGLWLRQV�DQG�FRXOG�EH�FODVVLILHG�DV�D�
VWDELOL]HU�HIILFDF\�WHVW��7R�WKDW�HQG��WKLV�ZRUN�ZLOO�EH�IROORZHG�E\�GHYRORSSLQJ�D�ODERUDWRU\�WHVW�WKDW�
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DLPV� DW� VLPXODWLQJ� WKH� HIIHFW� RI�ZLQG�GULYHQ� UDLQIDOO� WKDW� VWDELOL]HG� HDUWK� FRQVWUXFWLRQ�PD\�XQGHUJR�
GXULQJ�LWV�OLIHWLPH���

�� &RQFOXVLRQ�
7KLV�SDSHU�SUHVHQWHG�UHVXOWV�RI�SUHOLPLQDU\�VWXG\�RQ�WKH�GXUDELOLW\�DVVHVVPHQW�RI�XQVWDELOL]HG�DQG�VWD�
ELOL]HG�FRPSDFWHG�HDUWK�EORFNV�����IRUPXODWLRQV�ZHUH�WHVWHG�WKURXJK�WKUHH�FRPPRQ�ODERUDWRU\�PHWKRGV��
7KH�REWDLQHG�UHVXOWV�GHPRQVWUDWHG�WKDW�WKHVH�PHWKRGV�JLYH�LQIRUPDWLRQ�RQ�WKH�VWDELOL]HU�HIILFDF\�UDWKHU�
WKHQ�WKH�PDWHULDO�GXUDELOLW\��2WKHUZLVH��WKH�XQIDLU�FRPSDULVRQ�EHWZHHQ�VWDELOL]HG�DQG�XQVWDELOL]HG�IRU�
PXODWLRQV�XQGHUHVWLPDWHV�WKH�SHUIRUPDQFH�RI�XQVWDELOL]HG�PDWHULDO�WKDW�LV�QRW�VXSSRVHG�WR�EH�H[SRVHG�
WR�VHYHUH�KXPLGLILFDWLRQ¶V�FRQGLWLRQV��DQG�RYHUHVWLPDWHV�WKH�SHUIRUPDQFH�RI�VWDELOL]HG�PDWHULDO��ZKLFK�
ZDV�LQLWLDOO\�WUHDWHG�ZLWK�FHPHQW�LQ�WKH�DLP�RI�H[WHQGLQJ�LWV�VHUYLFH�OLIH�LQ�KXPLG�HQYLURQPHQW��7KHUH�
IRUH��LW¶V�HVVHQWLDO�WR�GHYHORS�ODERUDWRU\�PHWKRGV�PRUH�FRQYHQLHQW�WR�HYDOXDWH�WKH�GXUDELOLW\�RI�VWDEL�
OL]HG�HDUWK�EORFNV��7KLV� LVVXH�ZLOO�EH� WKH�PDLQ�VXEMHFW�RI� WKH�IROORZLQJ�SXEOLFDWLRQ� WKDW�EHORQJ�WR�D�
SURMHFW�DLPLQJ�DW�RSWLPL]LQJ�FHPHQW�VWDELOL]DWLRQ�IRU�EXLOGLQJ�FRQVWUXFWLRQ�DSSOLFDWLRQV��

$FNQRZOHGJHPHQWV�
7KH�DXWKRUV�ZRXOG�OLNH�WR�DFNQRZOHGJH�WHFKQLFDO�VWDII�LQ�WKH�(173(�6WHSKDQH�&RLQWHW�IRU�KLV�DVVLVWDQFH�
LQ�SHUIRUPLQJ�H[SHULPHQWDO�ZRUN��7KLV�VWXG\�EHQHILWV�IURP�WKH�ILQDQFLDO�VXSSRUW�RI�WKH�$7,/+��$VVR�
FLDWLRQ�7HFKQLTXH�GH�O¶,QGXVWULH�GHV�/LDQWV�+\GUDXOLTXHV���YLD�WKH�&,)5(�FRQYHQWLRQ�QÛ�����������RI�
WKH�$157�SURMHFW�QXPEHU������������7KH�DXWKRUV�ZRXOG�OLNH�WR�WKDQN�/DXUHQW�,]RUHW�IRU�IROORZLQJ�WKLV�
ZRUN��DV�ZHOO�DV�WKH�H[SHUWV�IURP�WKH�FHPHQW�FRPSDQLHV�IRU�WKH�IUXLWIXO�GLVFXVVLRQV�DURXQG�WKH�UHVXOWV��

5HIHUHQFHV�

>�@� 4��%��%XL��-��&��0RUHO��6��+DQV��DQG�3��:DONHU��³(IIHFW�RI�PRLVWXUH�FRQWHQW�RQ�WKH�PHFKDQLFDO�
FKDUDFWHULVWLFV� RI� UDPPHG� HDUWK�´�&RQVWU�� %XLOG��0DWHU��� YRO�� ���� QR��0DUFK�� SS�� ���±�����
������GRL����������M�FRQEXLOGPDW��������������

>�@� $��)DEEUL�DQG�-��&��0RUHO�� ³(DUWKHQ�PDWHULDOV�DQG�FRQVWUXFWLRQV�´� LQ�1RQFRQYHQWLRQDO�DQG�
9HUQDFXODU�&RQVWUXFWLRQ�0DWHULDOV��������SS�����±�����

>�@� 3��*HUDUG��0��0DKGDG��$��5REHUW�0F&RUPDFN��DQG�%��)UDQoRLV��³$�XQLILHG�IDLOXUH�FULWHULRQ�
IRU�XQVWDELOL]HG�UDPPHG�HDUWK�PDWHULDOV�XSRQ�YDU\LQJ�UHODWLYH�KXPLGLW\�FRQGLWLRQV�´�&RQVWU��
%XLOG��0DWHU���YRO������SS�����±�����������GRL����������M�FRQEXLOGPDW��������������

>�@� -��&LG�)DOFHWR��)��5��0D]DUUyQ��DQG�,��&DxDV��³$VVHVVPHQW�RI�FRPSUHVVHG�HDUWK�EORFNV�PDGH�
LQ�6SDLQ��,QWHUQDWLRQDO�GXUDELOLW\�WHVWV�´�&RQVWU��%XLOG��0DWHU���YRO������SS�����±�����������GRL��
��������M�FRQEXLOGPDW��������������

>�@� 3��-��:DONHU�DQG�6WDQGDUGV�$XVWUDOLD��³+%������7KH�$XVWUDOLDQ�(DUWK�%XLOGLQJ�+DQGERRN�´�
������

>�@� &��7��6��%HFNHWW��3��$��-DTXLQ��DQG�-��&��0RUHO��³:HDWKHULQJ�WKH�VWRUP��$�IUDPHZRUN�WR�DVVHVV�
WKH� UHVLVWDQFH�RI� HDUWKHQ� VWUXFWXUHV� WR�ZDWHU� GDPDJH�´�&RQVWU�� %XLOG��0DWHU��� YRO�� ����� QR��
-DQXDU\��������GRL����������M�FRQEXLOGPDW��������������

>�@� %,6��³6SHFLILFDWLRQ�IRU�VRLO�EDVHG�EORFNV�XVHG�LQ�JHQHUDO�EXLOGLQJ�FRQVWUXFWLRQ��,6������,QGLDQ�
%XUHDX�RI�,QGLDQ�6WDQGDUGV�´�������

>�@� +��0RUULV�HW�DO���³(QJLQHHULQJ�GHVLJQ�RI�HDUWK�EXLOGLQJV���1=6�����������´�6WDQG��1HZ�=HDO���
YRO��������S������������

>�@� ',1����������������³/HKPVWHLQH���%HJULIIH��$QIRUGHUXQJHQ��3U�IYHUIDKUHQ�´�������

>��@� +��6FKURHGHU��6XVWDLQDEOH�%XLOGLQJ�ZLWK�(DUWK��6SULQJHU����

>��@� %,6��³,6������3DUWV����ௗ��0HWKRGV�RI�7HVWV�RI�%XUQW�&OD\�EXLOGLQJ�EULFN�´�,6��������������
3DUWV���WR�����0(7+2'6�7(676�%XUQ��&/$<�%XLOG��%5,&.6��SS���±���������
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>��@� 0��/XQW��³6WDELOL]HG�VRLO�EORFNV�IRU�EXLOGLQJV�´�2YHUVHDV�%XLOG��1RWH��SS�������±����������

>��@� %��9��9HQNDWDUDPD�5HGG\�DQG�3��3UDVDQQD�.XPDU��³&HPHQW�VWDELOLVHG�UDPPHG�HDUWK��3DUW�$��
&RPSDFWLRQ� FKDUDFWHULVWLFV� DQG� SK\VLFDO� SURSHUWLHV� RI� FRPSDFWHG� FHPHQW� VWDELOLVHG� VRLOV�´�
0DWHU��6WUXFW��&RQVWU���YRO������QR�����SS�����±�����������GRL����������V������������������

>��@� 5��)LW]PDXULFH��0DQXDO�RQ�VWDELOLVHG�VRLO�FRQVWUXFWLRQV� IRU�KRXVLQJ��1HZ�<RUN��7HFKQLFDO�
$VVLVWDQFH�3URJUDP��8QLWHG�1DWLRQV��������

>��@� .��+HDWKFRWH��³&RPSUHVVLYH�VWUHQJWK�RI�FHPHQW�VWDELOL]HG�SUHVVHG�HDUWK�EORFNV�´�%XLOG��5HV��
,QI���YRO������QR�����SS�����±�����0DU��������GRL�����������������������������

>��@� 1��$O�+DIIDU��$��)DEEUL��DQG�)��0F*UHJRU��³&XULQJ�FRQGLWLRQV�LPSDFW�RQ�FRPSUHVVLYH�VWUHQJWK�
GHYHORSPHQW� LQ� FHPHQW� VWDELOL]HG� FRPSDFWHG� HDUWK�´�0DWHU�� 6WUXFW��� YRO�� ����QR�����S�������
������GRL����������V�������������������

>��@� )�� &KDPSLUH�� ³eWXGH� H[SpULPHQWDOH� GX� FRPSRUWHPHQW� K\GUR�PpFDQLTXH� GH� OD� WHUUH� FUXH�
FRPSDFWpH�SRXU�OD�FRQVWUXFWLRQ�´�(FROH�1DWLRQDOH�GHV�7UDYDX[�3XEOLFV�GH�O¶(WDW��������

>��@� .��$��+HDWKFRWH��³'XUDELOLW\�RI�HDUWKZDOO�EXLOGLQJV�´�&RQVWU��%XLOG��0DWHU���YRO�����QR�����SS��
���±�����������GRL�����������������������������(��

>��@� -��&��0RUHO��4��%��%XL��DQG�(��+DPDUG��³:HDWKHULQJ�DQG�GXUDELOLW\�RI�HDUWKHQ�PDWHULDO�DQG�
VWUXFWXUHV�´� LQ� 0RGHUQ� (DUWK� %XLOGLQJV�� 0DWHULDOV�� (QJLQHHULQJ�� &RQVWUXFWLRQV� DQG�
$SSOLFDWLRQV��:RRGKHDG�3XEOLVKLQJ��������SS�����±�����

>��@� -�� &�� 0RUHO�� $�� 3NOD�� DQG� 3�� :DONHU�� ³&RPSUHVVLYH� VWUHQJWK� WHVWLQJ� RI� FRPSUHVVHG� HDUWK�
EORFNV�´� &RQVWU�� %XLOG�� 0DWHU��� YRO�� ���� QR�� ��� SS�� ���±����� ������ GRL��
��������M�FRQEXLOGPDW��������������

>��@� $�� )DEEUL�� -��&�� 0RUHO�� DQG� '�� *DOOLSROL�� ³$VVHVVLQJ� WKH� SHUIRUPDQFH� RI� HDUWK� EXLOGLQJ�
PDWHULDOV��D�UHYLHZ�RI�UHFHQW�GHYHORSPHQWV�´�5,/(0�7HFK��/HWW���YRO�����QR��'HFHPEHU��SS����±
����������GRL�����������ULOHPWHFKOHWW����������

>��@� 3��:DONHU��5��.HDEOH��-��0DUWLQ��DQG�9��0DQLDWLGLV��5DPPHG�(DUWK ��'HVLJQ�DQG�&RQVWUXFWLRQ�
*XLGHOLQHV��%5(�%RRNVKRS��������

>��@� .��$��+HDWKFRWH�� ³$Q� LQYHVWLJDWLRQ� LQWR� WKH� HURGLELOLW\� RI� HDUWK�ZDOO� XQLWV�´�8QLYHUVLW\� RI�
6\GQH\��������

>��@� $670�� ³$670�'�������� 6WDQGDUG� WHVW� PHWKRGV� IRU� ZHWWLQJ� DQG� GU\LQJ� FRPSDFWHG� VRLO�
FHPHQW�PL[WXUHV��´�������

>��@� %,6�� ³,6� ������ 6WDELOL]HG� 6RLO� %ORFNV� 8VHG� LQ� *HQHUDO� %XLOGLQJ� &RQVWUXFWLRQ� ��
6SHFLILFDWLRQV�´�������

�
� �



����

�

&RPSDULVRQ�RI�QRUPDWLYH�WHVW�PHWKRGV�IRU�HYDOXDWLQJ�
FRQFUHWH�UHVLVWDQFH�WR�IUHH]H�WKDZ�F\FOHV�WR�UHDO�H[SR�
VXUH�FRQGLWLRQV�
�
6DUD�$/�+$-�6/(,0$1�����/DXUHQW�,]RUHW���)UpGpULF�*521',1���6\HG�<DVLU�
$/$0���$KPHG�/28.,/,��

�
���,QVWLWXW�GH�5HFKHUFKH�HQ�*pQLH�&LYLO�HW�0pFDQLTXH��*H0���805�������&HQWUDOH�1DQWHV�±�
8QLYHUVLWp�GH�1DQWHV�±�&156���
��5XH�GH�OD�1Rs��������1DQWHV��)UDQFH�
��$VVRFLDWLRQ�7HFKQLTXH�GH�O¶,QGXVWULH�GHV�/LDQWV�+\GUDXOLTXHV��$7,/+������SODFH�GH�OD�'p�
IHQVH�������3DULV�OD�'pIHQVH�&HGH[��)UDQFH��
�
$EVWUDFW�
7KH�GXUDELOLW\�RI�FRQFUHWH�VWUXFWXUHV� LQ�ZLQWHU�KDV�DOZD\V�EHHQ�RQH�RI� WKH�PRVW� LPSRUWDQW�
WRSLFV� LQ� FLYLO� HQJLQHHULQJ� UHVHDUFK�� LQFOXGLQJ� WKH� QRUPDWLYH� DSSURDFK�� REYLRXVO\� EHFDXVH�
PDLQWHQDQFH�DQG�UHSDLULQJ�FRVWV�DUH�QRW�QHJOLJLEOH��1DWLRQDO�VWDQGDUGV�DXWKRULWLHV�VXFK�DV�
$)125��)���',1��'��RU�619�&+���DV�ZHOO�DV�(XURSHDQ�DQG�,QWHUQDWLRQDO�6WDQGDUGV�RUJDQL�
]DWLRQV� �&(1�� ,62��� KDYH�GHYHORSHG� WHVW�PHWKRGV� LQ� WKH� IRUP�RI�QRUPDWLYH�GRFXPHQWV� WR�
DVVHVV�WKH�IURVW�UHVLVWDQFH�RI�FRQFUHWH��7KLV�LV�GRQH�E\�PHDVXULQJ�VHYHUDO�IDFWRUV�DVVRFLDW�
HG�ZLWK�WKH�GXUDELOLW\�RI�FRQFUHWH�LQ�FROG�ZHDWKHU�VXFK�DV��VFDOHG�PDVVHV��UHODWLYH�<RXQJ
V�
PRGXOXV��UHODWLYH�HORQJDWLRQ��HWF��7KH�SURFHGXUH�LQ�HDFK�WHVW�PHWKRG�FRQVLVWV�LQ�NHHSLQJ�WKH�
FRQFUHWH�IRU�D�VSHFLILF�FXULQJ�SHULRG�WR�HDFK�WHVW��WKHQ�H[SRVLQJ�WKH�PDWHULDO�WR�IUHH]H�WKDZ�
F\FOHV�LQVLGH�D�FOLPDWH�FKDPEHU�E\�DSSO\LQJ�FRQYHQWLRQDO�WKHUPDO�F\FOHV�ZLWK�YDULDEOH�DPSOL�
WXGH�LQIOXHQFLQJ�FRROLQJ�DQG�WKDZLQJ�UDWHV��VSHFLILF�WR�HDFK�WHVW�PHWKRG��ZKLFK�FDQ�UHDFK�XS�
WR����&�K��)LQDOO\��WKH�HYDOXDWLRQ�RI�WKH�IURVW�UHVLVWDQFH�RI�FRQFUHWH�LV�GRQH�E\�FRPSDULQJ�WKH�
PHDVXUHG�IDFWRUV�ZLWK�OLPLW�YDOXHV�WKDW�DOVR�YDU\�IURP�RQH�VWDQGDUG�RSHUDWLQJ�SURFHGXUH�WR�
DQRWKHU��,W�LV�REYLRXV�WKDW�WKH�H[SHULPHQWDO�FRQGLWLRQV�LPSRVHG�LQ�HDFK�WHVW�DUH�YDULDEOH�DQG�
VLJQLILFDQW�GLIIHUHQFHV�H[LVW�QRW�RQO\�EHWZHHQ�WKH�YDULRXV�WHVW�PHWKRGV�EXW�DOVR�ZLWK�WKH�UHDO�
HQYLURQPHQWDO�FRQGLWLRQV�WR�ZKLFK�FRQFUHWH�LV�H[SRVHG��HYHQ�LQ�UHJLRQV�ZLWK�D�KDUVK�ZLQWHU�
HQYLURQPHQW��)XUWKHUPRUH��ZH�VKRZ�WKDW�WKHUH�LV�DQ�LPSRUWDQW�GLVSHUVLRQ�LQ�WKH�WHPSHUDWXUH�
HYROXWLRQV�LQVLGH�WKH�FOLPDWLF�FKDPEHU�DW�GLIIHUHQW�SRVLWLRQV�GXULQJ�WKH�WHVW��0RUHRYHU��PDQ\�
TXHVWLRQV� DULVH� DV� WR� WKH� UHSUHVHQWDWLYHQHVV� RI� WKHVH� WHVWV� DQG� WKHLU� FRUUHODWLRQV� WR� UHDO�
H[SRVXUH�FRQGLWLRQV��7KHUHIRUH�� WKH� IROORZLQJ�FDPSDLJQ�ZDV�SURSRVHG�� WHPSHUDWXUH�PHDV�
XUHPHQWV� RI� FRQFUHWH� SODFHG� LQ� ZLQWHU� HQYLURQPHQW� ZHUH� FDUULHG� RXW� DW� 0RQW� $LJRXDO�� D�
)UHQFK�PRXQWDLQRXV�UHJLRQ�ORFDWHG�LQ�DQ�DUHD�FODVVLILHG�DV�D��VHYHUH�IURVW�]RQH���DFFRUGLQJ�
WR�WKH�H[SRVXUH�FODVVHV�RI�WKH�1)�(1�������DQG�.RSSHQ�*HLJHU�FODVVLILFDWLRQ���7KLV�SDSHU�
LV� UHSRUWLQJ� WKH� FRQGLWLRQV� RI�PHDVXUHPHQWV� DQG� DQ� DQDO\VLV� RI� WKH� REWDLQHG� UHVXOWV��:H�
VKRZ�WKDW� WKH�QDWXUDO�FRQGLWLRQV�DUH�YHU\� IDU� IURP�WKH� ODERUDWRU\�FRQGLWLRQV� LQ� WHUPV�RI� IXOO�
DPSOLWXGH�� IUHH]LQJ� UDWHV� DQG� IUHTXHQF\� RI� IUHH]LQJ�WKDZLQJ� F\FOHV��2WKHU� REVHUYDWLRQV�RI�
WKH� DLU� PDVV� WHPSHUDWXUH� SURILOHV� LQ� GLIIHUHQW� FRXQWULHV� ZLWK� VHYHUH� FOLPDWHV� FRQILUP� RXU�
0RQW�$LJRXDO�VWXG\����
�
�
.H\ZRUGV��FRQFUHWH��IUHH]H�DQG�WKDZ��GDPDJH��GXUDELOLW\��SHUIRUPDQFH�WHVWV��

�� ,QWURGXFWLRQ�
)UHH]H� DQG� WKDZ�DWWDFN� LV� DPRQJ� WKH�PRVW� VHYHUH� IDFWRUV� DIIHFWLQJ� WKH�GXUDELOLW\�RI� FRQFUHWH� VWUXF�
WXUHV�� � 7ZR�PDLQ� W\SHV� RI� GHWHULRUDWLRQ�PD\� DSSHDU� LQ� WKH� FRQFUHWH�PDWHULDO�� LQWHUQDO� GDPDJH� DQG�
VXSHUILFLDO�VFDOLQJ��,QWHUQDO�GDPDJH�LV�WKH�UHVXOW�RI�GHYHORSHG�LQWHUQDO�SUHVVXUHV�LQGXFHG�E\�WKH�SKDVH�
FKDQJH�RI�ZDWHU�DQG�WKH�FRUUHVSRQGLQJ�YROXPH�H[SDQVLRQ��+\GUDXOLF>�@��RVPRWLF��LQ�SUHVHQFH�RI�GH�
LFLQJ�VDOWV��>�@�DQG�FULVWDOOLVDWLRQ�>�@�SUHVVXUHV�DUH�WKH�PDLQ�FDXVHV�RI�LQWHUQDO�GDPDJH��,W�UHVXOWV�D�ORVV�

3URF��RI�WKH���WK�ILE�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�
-XO\�������������0DUQH�OD�9DOOpH��3DULV��)UDQFH�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� 6WUXFWXUDO�DQDO\VLV�DQG�GHVLJQ��&RPSDULVRQ�RI�QRUPDWLYH�WHVW�PHWKRGV�IRU�HYDOXDWLQJ�FRQFUHWH�UHVLVWDQFH�WR�
IUHH]H�WKDZ�F\FOHV�WR�UHDO�H[SRVXUH�FRQGLWLRQV���
�

�

LQ�VWUHQJWK�DQG�FRKHVLRQ�RI�WKH�PDWHULDO�DV�ZHOO�DV�DQ�LQFUHDVH�LQ�SRURVLW\�DQG�SHUPHDELOLW\�WR�DJUHV�
VLYH�DJHQWV��$V�IRU�VFDOLQJ��RQO\�IHZ�WKHRULHV�DQG�PRGHOV�H[LVW�WR�H[SODLQ�WKH�PHFKDQLVPV�EHKLQG�WKLV�
W\SH� RI� GHWHULRUDWLRQ�� ³7KH� JOXH�VSDOOLQJ´� >�@� LV� RQH� RI� WKH�PRVW� NQRZQ� VFDOLQJ�PRGHO� VR� IDU�� 7KH�
VXSHUILFLDO�GHWHULRUDWLRQ�LV�DVVXPHG�WR�EH�UHODWHG�WR�WKH�WKHUPDO�PLVPDWFK�EHWZHHQ�WKH�LFH� OD\HU�DQG�
WKH�FRQFHUWH�VXUIDFH��%XW��WKH�HIIHFW�RI�HQWUDLQHG�DLU�LV�QRW�H[SODLQHG�LQ�WKLV�WKHRU\��+RZHYHU��GHVSLWH�
WKHVH�WHQWDWLYHV��WKHUH�LV�FXUUHQWO\�QR�VDWLVIDFWRU\�PRGHO�DEOH�WR�SUHGLFW�WKH�FRQFUHWH�EHKDYLRXU�ZLWK�D�
UHOLDEOH�FRQILGHQFH��HVSHFLDOO\�WR�VFDOLQJ�
�
0DQ\�VWDQGDUL]HG�PHWKRGV�H[LVW�WR�WHVW�WKH�UHVLVWDQFH�RI�FRQFUHWH�WR�VFDOLQJ��,Q�(XURSH��WKH\�DUH�GH�
VFULEHG�LQ�&(1�76��������ZLWK�RQH�UHIHUHQFH�PHWKR&XEH�WHVW�DQG�&')�WHVW���7KHVH�PHWKRGV�FRQVLVW�
LQ�H[SRVLQJ�FRQFUHWH�VSHFLPHQV�WR�D�VHULHV�RI�IUHH]H�DQG�WKDZ�F\FOHV�RI����&�DPSOLWXGH��UDQJLQJ�IURP�
��������&���ZLWK�FRROLQJ�UDWHV�UDQJLQJ�IURP���WR����&�K��6ODE�WHVW�DQG�&')�7HVW�UHVSHFWLYHO\���+RZ�
HYHU�� DV� D�PDWWHU� RI� WHFKQLFDO� IDFW�� WKH� WHPSHUDWXUH� F\FOHV� WR� ZKLFK� FRQFUHWH� VSHFLPHQV�� SODFHG� DW�
GLIIHUHQW�ORFDWLRQV��LQVLGH�D�FOLPDWLF�FKDPEHU��DUH�VXEMHFWHG�DUH�KLJKO\�VFDWWHUHG�GXULQJ�WKH�VDPH�WHVW��
0RUHRYHU�� WKH�FRUUHODWLRQ�RI� WKH�DSSOLHG�FRQYHQWLRQDO� WKHUPDO�F\FOH� WR�UHDO�H[SRVXUH�FRQGLWLRQV�FDQ�
EH�TXHVWLRQHG���,W�DSSHDUHG�WKDW�WKH�DVVHVVPHQW�RI�WKH�UHSUHVHQWDWLYHQHVV�RI�D�GXUDELOLW\�WHVW�PHWKRG�RQ�
IUHH]H�WKDZ�VKRXOG�VWDUW�E\�WKH�PHDVXUHPHQW�RI�WKH�FRQFUHWH�UHVSRQVH�WR�LWV�QDWXUDO�HQYLURQPHQW�ZLWK�
UHJDUGV�WR�WHPSHUDWXUH��7KHUHIRUH�DQ�H[SHULPHQWDO�FDPSDLJQ�ZDV�KHOG�LQ�0RQW�$LJRXDO��D�PRXQWDLQ�
RXV� UHJLRQ� LQ�)UDQFH��7KLV� FDPSDLJQ� LV� SUHVHQWHG� LQ� WKH� IROORZLQJ�SDUWV�� 7KH� WKHUPDO� EHKDYLRXU�RI�
FRQFUHWH�H[SRVHG� WR� UHDO�PHWHRURORJLFDO�FRQGLWLRQV� LV�PRGHOOHG�� LQ�RUGHU� WR�XQGHUVWDQG� WKH�PXOWLSOH�
SKHQRPHQD�HQYROYHG�LQ�WKH�H[SRVXUH�FRQGLWLRQV��WKLV�ZDV�SXEOLVKHG�LQ�>�@��:H�VKRZ�WKDW�PDQ\�SKH�
QRPHQD� DUH� LQFOXGHG� LQ� WKH� RYHUDOO� WKHUPDO� EHKDYLRXU� RI� H[SRVHG� FRQFUHWH� VXFK� DV� VRODU� UDGLDWLRQ�
GXULQJ�GLXUQDO�SHULRGV��DQG�QRFWXUQDO�UDGLDWLRQ�XQGHU�FHUWDLQ�PHWHRURORJLFDO�FRQGLWLRQV�>�@�WKDW�PDNHV�
WKH�FRQFUHWH�VXUIDFH�FROGHU�WKDQ�WKH�VXUURXQGLQJ�DLU�DQG�LQGXFH�WKH�IRUPDWLRQ�RI�ZKLWH�IURVW���

�� /DERUDWRU\�IUHH]H�WKDZ�WHPSHUDWXUH�F\FOHV�

$V�D�VWDQGDUG�SURFHGXUH�DW�*H0�ODERUDWRU\�RI�(FROH�&HQWUDOH�GH�1DQWHV��)UDQFH���ZH�XQGHU�
WRRN�D�FDOLEUDWLRQ�VWHS�RI�D�EUDQG�QHZ�FOLPDWLF�FKDPEHU�%,1'(5�0.)������ �)RU� WKLV�SXU�
SRVH����FRQFUHWH�VSHFLPHQV�ZHUH�FDVW� IURP�D�XQLTXH�EDWFK�RI� WKH�VDPH�PL[�GHVLJQ�DQG�SUH�
SDUHG�DFFRUGLQJ�WR�WKH�VODE�WHVW�RI�WKH�&(1�76���������>�@��7KHVH�VSHFLPHQV�ZHUH�SODFHG�DW�
GLIIHUHQW�SRVLWLRQV� LQVLGH� WKH�FOLPDWLF�FKDPEHU�ZLWK��� WKHUPRFRXSOHV�SODFHG�DW� WKH� LQWHUIDFH�
>VDOLQH� VROXWLRQ� ����� �� FRQFUHWH� VDPSOH@�� DFFRUGLQJ� WR� WKH� WHVW� SURFHGXUH�� 7KH� WHPSHUDWXUH�
HYROXWLRQV�ZHUH�PRQLWRUHG�GXULQJ�VHYHUDO�GD\V��)LJXUH��� VKRZV� WKH�HYROXWLRQ�RI� WKH� IUHH]H�
WKDZ�F\FOHV�IRU�WKH���VSHFLPHQV��7KH�PDLQ�FKDUDFWHULVWLFV�LV�WKDW�HDFK�LQGLYLGXDO�FXUYH�IDOO�LQ�
VLGH�WKH�UDQJH�RI�WHPSHUDWXUH�DXWKRUL]HG�E\�WKH�&(1��76����������DOORZLQJ�WR�TXDOLI\�WKH�SR�
VLWLRQ��WKH�WKHUPRFRXSOH�DQG�WKH�PRQLWRULQJ�GHYLFH��+RZHYHU��LW�LV�DOVR�LQWHUHVWLQJ�WR�QRWH�WKDW�
WKH�IXOO�DXWKRUL]HG�UDQJH�RI� WHPSHUDWXUH� LV�VZHSW�E\� WKH���FXUYHV�� ,Q�TXDQWLWDWLYH� WHUPV�� WKLV�
PHDQV�WKDW�IRU�D�JLYHQ�WLPH�GXULQJ�WKH�IUHH]LQJ�UHJLPH��H�J���K��WZR�VDPSOHV�FDQ�VKRZ�D�WHP�
SHUDWXUH�GLIIHUHQFH�XS�WR����&��7KH�PLQLPXP�WHPSHUDWXUH�UHDFKHG�YDULHV�EHWZHHQ� ����DQG��
���&��DV�IRU�WKH�PD[LPXP�WHPSHUDWXUH��LW�UHDFKHV�����&�IRU�D�VSHFLPHQ�DQG����&�IRU�DQRWKHU�
VSHFLPHQ�GXULQJ�WKH�VDPH�WHVW��7KHUHIRUH��WKH�IUHH]LQJ�DQG�WKDZLQJ�UDWHV�DUH�GLIIHUHQW�DV�ZHOO��
GHSHQGLQJ�RQ�WKH�SRVLWLRQ�RI�WKH�VSHFLPHQ�LQ�WKH�FOLPDWLF�FKDPEHU��0RUHRYHU��FRQVLGHULQJ�WKH�
IUHH]LQJ�SRLQW�GXH� WR� ODWHQW�KHDW�RI�VROLGLILFDWLRQ�RI�ZDWHU��D�GHWDLOHG�DQDO\VLV�RI�HDFK�FXUYH�
VKRZV�ODUJH�YDULDWLRQV� LQ� WHPSHUDWXUH�DQG�GXUDWLRQ�RI� WKH�SODWHDX��7KLV� LV�FHUWDLQO\�D�UHDVRQ�
EHKLQG�WKH�ODUJH�VFDWWHULQJ�RI�WKH�VFDOLQJ�UHVXOWV�DQG�KDV�DQ�HIIHFW�RQ�WKH�UHOLDELOLW\�RI�WKLV�WHVW���
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6WUXFWXUDO�DQDO\VLV�DQG�GHVLJQ��&RPSDULVRQ�RI�QRUPDWLYH�WHVW�PHWKRGV�IRU�HYDOXDWLQJ�FRQFUHWH�UHVLVWDQFH�WR�IUHH]H�
WKDZ�F\FOHV�WR�UHDO�H[SRVXUH�FRQGLWLRQV���
�

�
�

)LJXUH������)UHH]H�WKDZ�F\FOHV�UHJLVWHUHG�LQ�WKH�VDOLQH�VROXWLRQ�RI���VSHFLPHQV�GXULQJ�D�VFDOLQJ�WHVW�
DFFRUGLQJ�WR�WKH�VODE�WHVW�RI�WKH�&(1�76���������

�

�� 0RQW�$LJRXDO�H[SHULPHQWDO�FDPSDLJQ�

7KH�PHWHRURORJLFDO�VWDWLRQ�RI�0RXQW�$LJRXDO��������¶���¶¶�1��������¶���¶¶�(���ORFDWHG�DW�WKH�VRXWKHUQ�
ERXQGDU\� RI� WKH�&HYHQQHV�PRXQWDLQ� LQ� WKH� VRXWKHUQ� SDUW� RI� )UDQFH� LV� FKRVHQ� IRU� WKH� H[SHULPHQWDO�
SURJUDP�IRU�VHYHUDO�UHDVRQV��)LUVW��LW�LV�D�IXOO�PHWHRURORJLFDO�VWDWLRQ�GHGLFDWHG�WR�REVHUYDWLRQV��PHDV�
XUHPHQWV�DQG�H[SHULPHQWV��6HFRQG��LW�LV�DQ�RIILFLDO�0pWpR�)UDQFH�WHVW�FHQWUH�HQVXULQJ�FHUWLILHG�PHDV�
XUHPHQWV� GDWD� ZLWK� D� KXPDQ� SUHVHQFH� RI� WHFKQLFLDQV�ZKR� FDQ� GR� WKH�PDLQWHQDQFH� RI� WKH� FRQFUHWH�
EORFNV�H�J��GH�LFLQJ�DV�ZHOO�DV�VHQVRUV�PDLQWHQDQFH��)LQDOO\��WKLV�VWDWLRQ�LV�ORFDWHG�LQ�D�VHYHUH�IUHH]LQJ�
HQYLURQPHQW�DUHD�DW�������P�RI�DOWLWXGH��ZKLFK�ZDV�D�SUH��UHTXLVLWH�IRU�RXU�H[SHULPHQWV��7KH�PHWHRUR�
ORJLFDO�WHVW�FHQWUH�LV�HTXLSSHG�ZLWK�D�WHVW�SODWIRUP�DQG�GLIIHUHQW�VHQVRUV�W\SHV�WKDW�DOORZ�WKH�PHDVXUH�
PHQWV�RI�WKH�DLU�PDVV�WHPSHDUXUH��VKHOWHUHG�WHPSHUDWXUH���WKH�YLVLELOLW\��WKH�ZLQG�VSHHG��WKH�UHODWLYH�
KXPLGLW\� DV� ZHOO� DV� WKH� JOREDO� VRODU� UDGLDWLRQ�� 7KHUHIRUH�� D� IXOO� PHWHRURORJLFDO� FKDUDFWHUL]DWLRQ� LV�
SRVVLEOH��

���� &RQFUHWH�VDPSOHV�LQVWDOODWLRQ�
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Abstract 
Usually, for oil field applications, when a light-weight cement slurry is needed, a density reduction is 
obtained by increasing the water to cement ratio (w/c), which also implies a compressive strength re-
duction. To avoid the compressive strength decrease, hollow glass microspheres (HGMS) have been 
widely used in this industry. Many researchers have been done focusing mainly on the mechanical 
properties of cement slurries with HGMS. In this study an analysis of the chemical interaction between 
HGMS and cement slurries is presented and, since HGMS are mainly composed of amorphous SiO2, 
its pozzolanic activity is assessed. 

1 Introduction 
Cement slurries in fresh conditions are pumped through the extraction well to their final location, oc-
cupying the annular space comprehended between the rock mass and the casing. During this procedure, 
a hydrostatic type pressure is generated over the rock mass which can overcome its fracture gradient. 
This is defined as the required pressure to generate fractures in a rock mass at a given depth. This 
pressure is controlled by adjusting the cement slurry’s density. Given the mechanical limitations of 
traditional lightweight cement slurries with high (w/c), the exceptionally low density of HGMS make 
them appropriate for their use in cement slurries designed for extraction wells with low fracture gradient 
[1]. These HGMS are characterized by their high crushing strength, low density and SiO2 composition 
[2]..  

In the research developed by Martín et al. [3] many results obtained by various authors of the use 
of HGMS in oil well cement slurries were presented. The use of HGMS signified a reduction between 
200 kg/m3 and 700 kg/m3 on cement slurries’ densities.  

As presented in Figure 1, a relation between cement slurries’ uniaxial compressive strength (UCS) 
and their density is verified. Slurries’ density is related to HGMS density and to the amount of cement 
replacement by HGMS. Despite the lower crushing strength of lower density HGMS (Figure 2), the use 
of lower density HGMS implies a reduction on the amount of cement replacement and, therefore, an 
increase in slurry’s UCS (Figure 3). Besides, it is also noteworthy that there is no clear relation between 
HGMS’s crushing strength and slurries’ UCS as shown in Figure 4.  

3URF��RI�WKH���WK�ILE�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�
-XO\�������������0DUQH�OD�9DOOpH��3DULV��)UDQFH�
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Fig. 1 Cement slurry density vs. cement slurry uniaxial compressive strength. After [3]. 

Fig. 2 HGMS density vs. HGMS crushing strength. After [3]. 

Fig. 3 Cement replacement by HGMS vs. cement slurry uniaxial compressive strength. After [3]. 
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Fig. 4 HGMS crushing strength vs. cement slurry uniaxial compressive strength. After [3]. 

Some authors have studied or mentioned the pozzolanic activity of HGMS or materials similar in 
composition, size and shape [4], [5]. They concluded that those materials present some pozzolanic ac-
tivity. Pozzolanic materials are characterized by their interaction with cement hydration products, par-
ticularly calcium hydroxide (CH), whereupon they generate calcium silicate hydrates (CSH), which is 
known for improving the mechanical properties and the durability of cement pastes.  

In this work the chemical interaction between HGMS and cement in oil well cement slurries is 
studied, especially considering the possible pozzolanic reaction of HGMS since it is mainly composed 
of amorphous SiO2. To assess and quantify it, chemical and physical properties are evaluated through 
the modified Chapelle test, the determination of the strength activity index (SAI) and scanning electron 
microscopy (SEM) images, including elemental mapping through energy-dispersive spectroscopy 
(EDS). 

2 Materials and experimental methods 
In order to design cement slurries suitable for cementing  oilwells through low fracture formations, 
class G Portland Cement and HGMS as 10% by weight of cement (bwoc) cement replacement were 
used. The dosage of three slurries were prepared in accordance with API Standard 10A [6]. Class G 
cement is made up of the same compounds as ordinary cements (mainly C3S, C2S, C3A and C4AF). 
However, the proportions of these vary to obtain a cement suitable for oilwell cementing purpose, with 
specified thickening time (related to the ability to be pumped) and compressive strength to 8 hours in 
different determined curing conditions. The used HGMS are small borosilicate glass spheres [3], whose 
size are 30 and 40 micrometers for HGMS27 and HGMS41 respectively. They are characterized by 
their chemical and thermal stability, their high crushing resistance and their low density (0.28 and 0.46 
gr/cm3 for HGMS27 and HGMS41 respectively). The water/binder ratio (w/b) used was 0.44. In the 
case of the slurries with w/b of 0.44 and the addition of HGMS, a super plasticizer was used to facilitate 
mixing as indicated in Table 1. The slurries were poured into molds and kept at 20°C and atmospheric 
pressure for 7, 28 and 100 days. 

Table 1 Cement slurries mixture proportions and classifications. 

Cement 
[kg/m3] 

HGMS27 
[kg/m3] 

HGMS41 
[kg/m3] 

Water   
[kg/m3] 

Superplasticizer 
[kg/m3] 

CS00 1320.2 - - 580.9 - 
CS27 829.0 92.1 - 405.3 2.8 

CS41 952.5 - 105.8 465.6 2.1 

Quantification of the CH consumption developed by both classes of HGMS was determined through 
the modified Chapelle test. This test was performed following the specifications of NF P18 - 513 [7], 
The HGMS were exposed to a 2 g CaO - 250 ml water solution for 16 hours at 90ºC. Given the 
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conditions within this test, it could be interpretated that through this test the maximum pozzolanic ac-
tivity of the addition being evaluated is measured. Direct quantification of the CH consumption by 
HGMS is obtained from Equation (1). The modified Chapelle test results correspond to the average 
obtained from two samples of each HGMS, HGMS27 and HGMS41. 

𝐶𝐻 = 2 ∙
푉 − 푉

푉
∙

74
56

∙ 1000 (1) 

Where, CH: mg of CH consumed per gram of HGMS, V1: volume of HCl (0.1 N) required to titrate 
25.0 + 2 ml of the filtrate solution of the blanc experiment, and V2: the volume of HCl (0.1 N) require 
to titrate 25.0 + 2 ml of the filtrate solution of the HGMS experiment. 

The SAI is measured following the specifications of ASTM C311 [8]. This index is obtained by 
measuring UCS of the cement mortars with specific dosages at 7 and 28 days of curing time. This 
standard was adapted for well cement slurries, using the proportions mentioned in Table 2. The results 
reported correspond to the average of six samples for each slurry at both curing times. The UCS was 
done in an INSTRON 5900 series universal machine provided with a spherical head at a 0.7 mm/min 
rate. Equation (2) specifies the method to obtain the SAI through the UCS results at both curing times. 

𝑆𝐴𝐼 [%] = ,

,
∙ 100 (2) 

Where RCa,i is the UCS [MPa] of cement slurry with 10% bwoc of HGMS at curing time i (7 or 28 
days) and RCp,i is the UCS [MPa] of plain class G cement slurry at curing time i (7 or 28 days). 

Finally, a FEI QUANTA 250 FEG microscope at 30 kV was used to obtain the SEM images and 
the EDS elemental mapping. The samples were covered with a thin layer of gold coating. These images 
were acquired for cement slurries CS27 and CS41 at 28 and 100 days of curing time. In addition, EDS 
elemental mapping images were obtained to qualitatively measure the presence of Ca and Si near 
HGMS. 

3 Results and discussion 
The chemical interaction of HGMS with oilwell cement slurries was characterized by analyzing their 
pozzolanic activity through CH consumption and comparing with reference tests. Through the modified 
Chapelle test, CH consumptions per gram of addition of 1365 CHmg/g and 1107 CHmg/g were ob-
tained for HGMS 27 and HGMS 41, respectively. Both HGMS showed a CH consumption higher than 
the standard limit of 700 CHmg/g to consider an addition as pozzolan [7]. 

Through this test, several authors studied the degree of pozzolanic activity of various sorts of tra-
ditional supplementary cementitious materials (SCMs). The silica fume studied by Vejmelkova et al. 
[9] yielded 1600 CHmg/g; the numerous commercial metakaolins tested by Ferraz et al. [10] showed a
consumption between 900 and 1600 CHmg/g; and Ali et al. [11] found that fly ashes achieved an aver-
age consumption of 450 CHmg/g consumption.

In addition, in the research developed by Ferraz et al. [10], a relationship between the results ob-
tained through the modified Chapelle test and the mean particle size was proposed. For a given SCM, 
the greater the mean particle size, the lower the consumption of CHmg/g obtained. This proposed ten-
dency is verified throughout all the SCM studied in the previous research works. 

From comparing HGMS27 and HGMS41 with reference results it is shown that both classes of 
HGMS present a pozzolanic activity comparable to that of the commercial metakaolins tested in the 
research of Ferraz et al. [10]. Additionally, the relationship between the mean particle size (D50) and 
CHmg/g consumption is also verified for these HGMS. HGMS41’s D50 is greater than that of HGMS27 
and the CH consumption of HGMS27 is greater than that of HGMS41. 

It is worth mentioning that, though both classes of HGMS present a similar CH consumption to that 
of commercial metakaolins, their D50 is considerably larger. This behavior could be attributed to the 
higher reactivity of HGMS or to their higher specific surface given their low density. 
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The SAI was measured in agreement with ASTM C-311 [8] and the results obtained at 7 and 28 
days of curing time are presented in Table 2. A considerable increment in the UCS for samples with 28 
days of curing time is expected in samples with pozzolanic additions [12], [13]. 

Table 2 UCS and SAI results obtained for the studied slurries. 

UCS [MPa] SAI [%] 

7 days 28 days 7 days 28 days 

CS00 31.0 44.6 - - 

CS27 27.5 30.2 88.8 67.7 

CS41 29.5 39.0 95.2 87.5 

In ASTM C-618 standard [14], SAI lower limit of 75% is stablished considering a cement replace-
ment by the addition being evaluated of 20% bwoc in a mortar with a w/c of 0.5. Given the inadequate 
workability obtained in cement slurries with that cement replacement with HGMS, a 10% bwoc re-
placement was chosen. Besides, following the American Petroleum Institute [15], the w/b adopted was 
0.44. Despite these differences, the SAI lower limit of 75% could be considered as a reference value to 
study the pozzolanic activity of HGMS. Both slurries presented at 7 days of curing time a SAI higher 
than 80%, while at 28 days of curing time this index is higher than the limit of 75% only for CS41 
slurry. 

The influence of hollow additions on cement slurry UCS is not only determined by their pozzolanic 
activity. Instead, in accordance to Brooks et al. [16] the results obtained through this test are affected 
by physical and mechanical properties of the addition such as its mean particle size and it’s crushing 
strength (which is related to its shell thickness). Larger particle size and lower crushing strength yield 
lower UCS of the slurry. Thus, evaluating the pozzolanic activity of this kind of addition solely through
mechanical tests should be avoided.

Also, it is important to notice that the higher the amount of HGMS added to the slurries the higher 
the unconnected porosity. This could be why the lower strengths obtained of SAI for CS27 than those 
of CS41. Given the lower density of HGMS27 than HGMS41, 10% bwoc cement replacement of 
HGMS27 represents a greater unconnected porosity than HGMS41. 

Finally, in Figures 5 and 6 the SEM images obtained for CS27 and CS41 at 28 and 100 days of 
curing time are presented. Given the magnification used to obtain these SEM images allows studying 
the interfacial transition zone (ITZ). In accordance with Ismail et al. [13], it is worth studying the quality 
of the ITZ to understand the mechanical behavior of the paste. 

At 28 days the contact between HGMS27 and the cement paste is not continuous on CS27, while 
CS41 presents a full contact between HGMS41 and cement paste. Though hydration products cannot 
be completely defined with these SEM magnifications, it is clear that the cement paste surrounding the 
HGMS is dense in both cases.  

Through the SEM images obtained at 100 days of curing time, though the already mentioned mi-
crocracks on CS27 at 28 days of curing time are still present, a more significant interaction between 
HGMS and cement is appreciated. Because of their pozzolanic activity, some HGMS appear to have 
been partially consumed by cement hydration products.  
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Fig. 5 SEM images of cement slurries CS27 (left) and CS41 (right) at 28 days of curing time. 

Fig. 6 SEM images and Ca (pink) and Si (light blue) elemental mapping of cement slurries CS27 
(left) and CS41 (right) at 100 days of curing time. 

By deeply analizing Figure 6, it is possible to distinguish that, on the broken HGMS, the transitions 
between HGMS and cement paste seem smooth, which could be an indicator of the pozzolanic activity 
advancement. As suggested by Aslani and Wang [17], this assumption is confirmed by the presence of 
Ca (pink) on the shell of those broken HGMS shown on the elemental mapping. The Si elemental 
mapping (light blue) of CS27 does not present a significant concentration of this element as it occurs 
over unreacted HGMS41 in CS41. This indicates that, as suggested in the modified Chapelle test sec-
tion, HGMS27 (corresponding to cement slurry CS27) seem to have a more significant interaction with 
CH than HGMS41 (corresponding to cement slurry CS41). 

4 Conclusions 
In this research, the chemical interaction of two classes of HGMS was assessed by studying the poz-
zolanic activity through two reference tests and then confirmed via SEM and elemental mapping im-
ages. HGMS’s pozzolanic activity was initially confirmed and quantified through the modified 
Chapelle test, indicating that both HGMS present CH consumptions higher than the standard limit. 
Furthermore, the values obtained are comparable to that of commercial metakaolin, even though HGMS 
present a higher D50. Regarding the SAI, the shell properties of these hollow additions and the uncon-
nected porosity that they generate are more important than their pozzolanic activity. Thus, this test 
proved to be inappropriate for quantifying the pozzolanic activity of this type of addition. SEM images 
at 28 days of curing time showed the compatibility between HGMS and cement’s hydration products. 
Moreover, SEM images and elemental mapping obtained at 100 days of curing time confirmed the 
results presented through the modified Chapelle test. 
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WKH�DVSKDOW�SDYHPHQW�V\VWHP�GHSHQGV�RQ�HQHUJ\�RI�UXSWXUHG�3&�EDUV��,Q�WKLV�VWXG\��WKH�3&�EDU�WHQGRQ�
XVHG�KDG����P�LQ�OHQJWK�DQG�WKH�3&�EDU�UXSWXUH�OHQJWK�ZDV����P�PHDVXUHG�IURP�WKH�3&�EDU�KHDG��6WUDLQ�
HQHUJ\�RI�WKH�3&�EDU�ZDV������-��+RZHYHU��DFFRUGLQJ�WR�RXU�LQYHVWLJDWLRQ�LQ�������WKHUH�ZHUH��������
YHUWLFDO�3&�EDUV�LQ�0HWURSROLWDQ�([SUHVVZD\��0(;��LQ�-DSDQ��DQG�DERXW�����RI�WKH�YHUWLFDO�3&�EDUV�
KDG�D�OHQJWK�VKRUWHU�WKDQ��P��$�VLPLODU�$(0�QXPHULFDO�VLPXODWLRQ�ZDV�FDUULHG�RXW�E\�UHGXFLQJ�WKH�3&�
EDU�LPSDFW�HQHUJ\�IURP������-�����P�3&�EDU�UXSWXUH�OHQJWK��WR������-�����P�3&�EDU�UXSWXUH�OHQJWK��
DQG������-�����P�3&�EDU�UXSWXUH�OHQJWK����
������:KHQ�WKH�3&�EDU�UXSWXU�OHQJWK�ZDV��P��DOO�WKH������-�VWUDLQ�HQHUJ\�RI�WKH�3&�EDU�ZDV�GLVVLSDWHG�E\�
WKH�DVSKDOW�SDYHPHQW�GHIRUPDWLRQ��LQWHUIDFH�ERQG�GHODPLQDWLRQ�EHWZHHQ�WKH�FRQFUHWH�VODE�DQG�WKH�EDVH�
OD\HU�DQG�FUDFNV� LQ� WKH�QRQ�VKULQNLQJ�PRUWDU�DV� VKRZQ�LQ�)LJ������7KH� LQWHUIDFH�ERQG�GHODPLQDWLRQ�
EHWZHHQ�WKH�FRQFUHWH�VODE�DQG�WKH�EDVH� OD\HU�ZDV�DURXQG�����RI�WKH� WRWDO�DUHD�RI� WKH�FRQFUHWH�VODE�
��P����2QH�VXUIDFH�HOHPHQW�OD\HU����PP�WKLFNQHVV��RI�WKH�FRYHU�OD\HU�DVSKDOW�SDYHPHQW�QHDU�WKH�3&�
EDU�ZDV� VSDOOHG�RII�GXH� WR� WKH� VKRFN� IRUFH� IURP� WKH�3&�EDU��1R�FUDFN�ZDV�REVHUYHG� LQ� WKH� DVSKDOW�
SDYHPHQW��7KH�PD[LPXP�3&�EDU�SURWUXVLRQ�ZDV���PP�DW�������VHFRQG�DV�VKRZQ�LQ�)LJ�����G���$IWHU�
WKDW��WKH�3&�EDU�VWRSSHG�PRYLQJ��
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)LJ�������������$(0�VLPXODWLRQ�ZLWK��P�3&�EDU�UXSWXUH�OHQJWK�������-�LPSDFW�HQHUJ\��
�
������:KHQ�WKH�3&�EDU�UXSWXU�OHQJWK�ZDV��P��DOO�WKH������-�VWUDLQ�HQHUJ\�RI�WKH�3&�EDU�ZDV�GLVVLSDWHG�E\�
WKH�DVSKDOW�SDYHPHQW�GHIRUPDWLRQ��DVSKDOW�SDYHPHQW�FUDFNV��LQWHUIDFH�ERQG�GHODPLQDWLRQ�EHWZHHQ�WKH�
FRQFUHWH�VODE�DQG�WKH�EDVH�OD\HU�DQG�FUDFNV�LQ�WKH�QRQ�VKULQNLQJ�PRUWDU�DV�VKRZQ�LQ�)LJ������7KH�LQWHU�
IDFH�ERQG�GHODPLQDWLRQ�EHWZHHQ�WKH�FRQFUHWH�VODE�DQG�WKH�EDVH�OD\HU�ZDV�DURXQG�����RI�WKH�WKH�WRWDO�
DUHD���P����7KH�VXUIDFH�HOHPHQW�OD\HU����PP�WKLFNQHVV��RI�WKH�FRYHU�OD\HU�DVSKDOW�SDYHPHQW�QHDU�WKH�
3&�EDU�ZDV�VSDOOHG�RII�GXH�WR�WKH�VKRFN�IRUFH�IURP�WKH�3&�EDU��1R�FUDFN�ZDV�REVHUYHG�LQ�WKH�VSDKODW�
SDYHPHQW�DURXQG�WKH�3&�EDU��7KH�DVSKDOW�SDYHPHQW�V\VWHP�GLG�QRW�IDOO�GRZQ��WKRXJK�WKHUH�ZDV�D�FUDFN�
DW�WZR�FRUQHUV��)LJ�����D����7KH�PD[LPXP�3&�EDU�SURWUXVLRQ�ZDV���PP�DW������VHFRQG�DV�VKRZQ�LQ�
)LJ�����G����$IWHU�WKDW��WKH�3&�EDU�PRYHG�LQWR�WKH�UHYHUVHG�GLUHFWLRQ��)LQDOO\��WKH�3&�EDU�VWRSSHG�PRYLQJ�
DW�D�SURWUXVLRQ�RI���PP�DIWHU�������VHFRQG��
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� �1XPHULFDO�6LPXODWLRQ�RI�$VSKDOW�3DYHPHQW�&RXQWHUPHDVXUH�DW�+LJK�7HPSHUDWXUH�$JDLQVW�3URWUXVLRQ�RI�9HUWLFDO�3&�
%DUV�8VLQJ�$SSOLHG�(OHPHQW�0HWKRG�

�$GGLVX�'HVDOHJQH�%RQJHU��$NLUD�+RVRGD��+DPHG�6DOHP�DQG�7DNDKLVD�)XND\D���� �� ����
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)LJ�������������$(0�VLPXODWLRQ�ZLWK��P�3&�EDU�UXSWXUH�OHQJWK�������-�LPSDFW�HQHUJ\��
�
�������7KH� VDPH� NLQG� RI� QXPHULFDO� VLPXODWLRQ�ZDV� FDUULHG� RXW�ZLWKRXW� FRQVLGHULQJ� DVSKDOW� SDYHPHQW�
FRXQWHUPHDVXUH�ZLWK������-�LPSDFW�HQHUJ\�����P�3&�EDU�UXSWXUH�OHQJWK��RI�WKH�3&�EDU�WR�XQGHUVWDQG�
WKH�HIIHFWV�RI� WKH�DVSKDOW�SDYHPHQW�FRXQWHUPHDVXUH� LQ�SUHYHQWLQJ�3&�EDU�SURWUXVLRQ��7KH�QXPHULFDO�
VLPXODWLRQ�UHVXOW�LQGLFDWHG�WKDW�WKH�PD[LPXP�3&�EDU�SURWUXVLRQ�ZDV������PP��)LJ��������

�
�
�
�
�
�
�
�

)LJ�����������1XPHULFDO�VLPXODWLRQ�ZLWKRXW�DVSKDOW�SDYHPHQW�FRXQWHUPHDVXUH�
�
������7KH�HIIHFWLYHQHVV�RI�WKH�DVSKDOW�SDYHPHQW�V\VWHP�GHSHQGV�RQ�VR�PDQ\�IDFWRUV��VXFK�DV�WHPSHUDWXUH��
LPSDFW�HQHUJ\�RI�UXSWXUHG�3&�EDU��PDWHULDO�SURSHUWLHV�RI�DVSKDOW�SDYHPHQWV�LQFOXGLQJ�VWUDLQ�UDWH��LQWHU�
IDFH�PDWHULDO�SURSHUW\�EHWZHHQ�WKH�FRQFUHWH�VODE�DQG�WKH�EDVH�OD\HU�DVSKDOW�SDYHPHQW��HWF��7KH�QXPHU�
LFDO�VLPXODWLRQ�WRRO�GHYHORSHG�LQ�WKLV�VWXG\�FDQ�EH�XWLOL]HG�IRU�GHWDLOHG�LQYHVWLJDWLRQ�RI�WKH�SURWUXVLRQ�
EHKDYLRU�DQG�IRU�HYDOXDWLQJ�WKH�HIIHFWLYHQHVV�RI�FRXQWHUPHDVXUHV�DW�KLJK�WHPSHUDWXUH��

�� &RQFOXVLRQ�
%DVHG�RQ�QXPHULFDO�VLPXODWLRQ�LQYHVWLJDWLRQV�XVLQJ�WKH�$SSOLHG�(OHPHQW�0HWKRG�IRU�UXSWXUH�DQG�SUR�
WUXVLRQ�RI�YHUWLFDOO\�WLJKWHQHG�3&�EDUV�LQ�3&�JLUGHUV�DQG�IRU�WKH�HIIHFW�RI�DVSKDOW�SDYHPHQW��WKH�IROORZ�
LQJ�FRQFOXVLRQV�ZHUH�REWDLQHG��

�� $SSURSULDWH�QXPHULFDO�VLPXODWLRQ�ZLWK�WKH�$(0�FDQ�EH�FRQGXFWHG�ZLWK�DSSURSULDWH�PRGOLQJ�
IRU�DVSKDOW�SDYHPHQW� OD\HUV�� LQWHUIDFH�PDWHULDO�SURSHUWLHV�EHWZHHQ� WKH�FRQFUHWH� VODE�DQG� WKH�
DVSKDOW�SDYHPHQW��DQG�E\�FRQVLGHULQJ�VWUDLQ�UDWH�HIIHFW�LQ�WKH�DVSKDOW�SDYHPHQW���

�� 7KH�SHUIRUPDQFH�RI�WKH�EDVH�OD\HU�DVSKDOW�SDYHPHQW�DQG�WKH�FRYHU�OD\HU�DVSKDOW�SDYHPHQW�ZHUH�
UHGXFHG�ZLWK�WKH�LQFUHDVH�RI�WHPSHUDWXUH��2Q�WKHU�RWKHU�KDQG��ZLWK�WKH�LQFUHDVH�RI�WHPSHUDWXUH��
WKH�IDLOXUH�PRGH�RI�DVSKDOW�VSHFLPHQV�ZDV�VKLIWHG�WR�GXFWLOH�IDLOXUH��

�� $VSKDOW�SDYHPHQW�V\VWHP�DW�D�WHPSHUDWXUH�RI���℃ FRXOGQ¶W�SUHYHQW������-�����P�3&�EDU�UXS�
WXUH�OHQJWK��LPSDFW�HQHUJ\�RI�WKH�3&�EDU��+RZHYHU��WKH�DVSKDOW�SDYHPHQW�V\VWHP�DW�D�WHPSHUD�
WXUH�RI���℃�FRXOG�SUHYHQW������-�����P�3&�EDU�UXSWXUH�OHQJWK��LPSDFW�HQHUJ\�RI�WKH�3&�EDU��

�� 7KH�VWUDLQ�HQHUJ\�RI�WKH�3&�EDU�ZDV�GLVVLSDWHG�E\�D�VLPXOWDQHRXV�DFWLRQ�RI�DVSKDOW�SDYHPHQW�
GHIRUPDWLRQ��DVSKDOW�SDYHPHQW�FUDFN��FUDFN�LQ�WKH�PRUWDU�DQG�LQWHUIDFH�GHODPLQDWLRQ�EHWZHHQ�
WKH�FRQFUHWH�VODE�DQG�WKH�DVSKDOW�SDYHPHQW��
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�������
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��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� 1XPHULFDO�6LPXODWLRQ�RI�$VSKDOW�3DYHPHQW�&RXQWHUPHDVXUH�DW�+LJK�7HPSHUDWXUH�$JDLQVW�3URWUXVLRQ�RI�9HU�
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-DNXE�*DãSiUHN��/XNiã�+~OHN��3HWHU�3DXOtN�

Department of Concrete Structures and Bridges, 
Slovak University of Technology, Faculty of Civil Engineering  
Radlinského 11, 81005 Bratislava, Slovakia 

$EVWUDFW�
7KH�UHVHDUFK�VWXG\�SHUIRUPHG�RQ�����\HDUV�ROG�FRQFUHWH�EULGJHV�VKRZV��WKDW�D�WKLQ�OD\HU�RI�FHPHQW�
EDVHG�SURWHFWLYH� UHQGHU�FRDW� �35&��� W\SLFDOO\�D� IHZ�PLOOLPHWUHV� WKLFN� ������PP��FRXOG� VLJQLILFDQWO\�
UHGXFH�WKH�UDWH�RI�FDUERQDWLRQ�RI�XQGHUO\LQJ�FRQFUHWH��'XULQJ�SUHYLRXV�UHVHDUFK��FDUULHG�RXW�RQ�UHLQ�
IRUFHG�FRQFUHWH�EULGJHV�QHDU�WKH�WRZQV�6OiGNRYLþRYR�DQG�.UiVQR�QDG�.\VXFRX�LQ�6ORYDNLD��YHU\�ORZ�
YDOXHV� RI� FDUERQDWLRQ� GHSWKV�ZHUH�PHDVXUHG�� 7KH�PHDVXUHG� FDUERQDWLRQ� GHSWKV�� XVLQJ� WKH� SKHQRO�
SKWKDOHLQ�LQGLFDWRU��ZHUH�YHU\�VPDOO�DIWHU�����\HDUV�RI�VHUYLFH�OLIH�LQ�;&��H[SRVXUH�FODVV��DFFRUGLQJ�
WR�(1�������/DVW�\HDU��DQRWKHU�����\HDUV�ROG�UDLOZD\�EULGJH�ZDV�GLVFRYHUHG�QHDU�WKH�WRZQ�5LPDYVNi�
6RERWD�ZKLFK�FRQFUHWH�VKRZHG�YHU\�ORZ�FDUERQDWLRQ�GHSWKV��$V�LQ�WKH�SUHYLRXV�FDVH��WKLV�ZDV�FDXVHG�
E\� WKH�35&V�DSSOLHG� WR�D�FRQFUHWH�VXUIDFH�DURXQG�����\HDUV�DJR��0HDVXUHG�YDOXHV�IURP�LQ�VLWX�DQG�
ODERUDWRU\�UHVHDUFK�DUH�SUHVHQWHG�LQ�WKH�DUWLFOH��DV�ZHOO�DV�WKH�SRVVLEOH�H[SODQDWLRQ�RI�WKLV�SKHQRPH�
QRQ��7KH�DUWLFOH�DLPV�DW�WKH�HIIRUW�WR�DSSO\�WKH�NQRZOHGJH�JDLQHG�E\�WKH�UHVHDUFK�WR�LQFUHDVH�WKH�VHU�
YLFH�OLIH�RI�H[LVWLQJ�FRQFUHWH�EULGJHV�ZLWK�VPDOO�UHLQIRUFHPHQW�FRYHU��

�� ,QWURGXFWLRQ�
7KH� FKHPLFDO� UHDFWLRQ� RI� FHPHQWLWLRXV� FRQVWLWXHQWV� LQ� FRQFUHWH�� SULPDULO\� FDOFLXP� K\GUR[LGH� DOVR�
NQRZQ�DV�SRUWODQGLWH�&D�2+����DQG�DWPRVSKHULF�FDUERQ�GLR[LGH�&2���FDXVHV�FKHPLFDO�FKDQJHV�LQ�WKH�
FRQFUHWH�� UHVXOWLQJ� LQ� D� S+� UHGXFWLRQ�� 7KLV� SURFHVV� LV� NQRZQ� DV� FDUERQDWLRQ�� $WPRVSKHULF� FDUERQ�
GLR[LGH�GLIIXVLQJ�LQWR�WKH�FRQFUHWH�LV�GLVVROYHG�LQ�WKH�SRURXV�ZDWHU�WR�IRUP�DTXHRXV�HCO3െ�DQG�CO32െ��
ZKLFK�UHDFWV�ZLWK�GLVVROYHG�Ca2+�WR�SUHFLSLWDWH�PDLQO\�FDOFLWH�&D&2���6XIILFLHQW�PRLVWXUH�LV�WKHUHIRUH�
UHTXLUHG�IRU� WKLV�SURFHVV��7KH�GLVVROXWLRQ�RI�&2��LQ�SRURXV�ZDWHU�DQG�SUHFLSLWDWLRQ�RI�&D&2��LV�GH�
WHUPLQHG�E\�WKH�WHPSHUDWXUH�DQG�UHODWLYH�KXPLGLW\�DQG�WKH�SDUWLDO�SUHVVXUH�RI�FDUERQ�GLR[LGH�RQ�WKH�
FRQFUHWH�VXUIDFH�RU�WKH�OLTXLG�LQ�WKH�SRUHV�RI�WKH�FRQFUHWH��UHVSHFWLYHO\�>�@��7KLV�LV�ODUJHO\�FRQWUROOHG�
E\�WKH�GLIIXVLRQ�UDWH�RI�FDUERQ�GLR[LGH�WKURXJK�WKH�PLFURVWUXFWXUH�RI�FRQFUHWH�>�@��&KHPLFDO�FKDQJHV�
LQ� FRQFUHWH� E\� FDUERQDWLRQ� UHVXOWV� LQ� WKH� UHGXFHG� SRURVLW\� EHFDXVH� WKH� DULVHQ� &D&2�� KDV� D� ODUJHU�
PRODU�YROXPH��PDLQO\�FDOFLWH�������FP��PRO��WKDQ�WKH�SULPDU\�UHDFWDQW�&D�2+����������FP��PRO��>�@��
ZKLFK�UHGXFHV�SHUPHDELOLW\�DQG�LQFUHDVHV�WKH�PLFURKDUGQHVV�RI�WKH�FHPHQWLWLRXV�PDWUL[��7KH�UHDFWLRQ�
UHGXFHV�WKH�DONDOLQLW\�RI� WKH�FRQFUHWH�EHORZ�S+����ZKLFK�LV�QR� ORQJHU�DEOH�WR�SURWHFW� WKH�VWHHO� UHLQ�
IRUFHPHQW�DJDLQVW�FRUURVLRQ��,W�VKRXOG�EH�QRWHG�WKDW�WKH�FDUERQDWLRQ�SURFHVV�LV�YHU\�VORZ�DQG�GHSHQG�
HQW� DOVR� RQ� WKH� FDUERQ� GLR[LGH� FRQFHQWUDWLRQ� LQ� WKH� DWPRVSKHUH�� ,W� FRXOG� EH� DOVR� VWDWHG� WKDW� EHWWHU�
FRQFUHWH�TXDOLW\�UHVXOWV�LQ�D�ORZHU�FDUERQDWLRQ�UDWH�GXH�WR�GHFUHDVHG�SHUPHDELOLW\�>�@��

�� 0HDVXUHPHQW�PHWKRGV�
,Q�VLWX�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�DFFRUGLQJ�WR�WKH�IROORZLQJ�SURFHGXUHV��

x� $IWHU�YLVXDO� LQVSHFWLRQ��H[SORUDWRU\�ERUHKROHV� �����PP��ZHUH�SHUIRUPHG�XVLQJ�D�GULOOLQJࢥ�
GHYLFH�WR�GHWHUPLQH�WKH�SUHOLPLQDU\�GHSWK�RI�FDUERQDWLRQ��

x� 3HUPHDELOLW\� WHVWLQJ�ZDV� SHUIRUPHG� DIWHU� H[SORUDWRU\� ERUHKROHV��7KH� VXUIDFH�ZDV� FOHDQHG�
DQG�SHUPHDELOLW\�PHDVXUHPHQWV�ZLWK�WKH�7RUUHQW�PHWKRG�ZHUH�SHUIRUPHG�>�@��

x� $IWHU�WKH�SHUPHDELOLW\�WHVW��FRUH�GULOOLQJ�ZDV�SHUIRUPHG�GLUHFWO\�DW�WKH�SODFH��ZKHUH�SHUPH�
DELOLW\�ZDV�PHDVXUHG�LQ�WKH�SUHYLRXV�VWHS��

x� 7KH�GULOOLQJ�FRUH�VSHFLPHQV�ZHUH�SURSHUO\�FOHDQHG�ZLWK�ZDWHU�SRXULQJ�LQ�WKH�GLUHFWLRQ�IURP�
WKH�RXWHU�VXUIDFH�RI�WKH�F\OLQGHU�WR�DYRLG�FRQWDPLQDWLRQ�RI�WKH�FDUERQDWHG�OD\HU�E\�QRQFDU�
ERQDWHG�FRQFUHWH�GXVW�SDUWLFOHV��$IWHU�FOHDQLQJ�WKH�VDPSOH�ZDV�ZLSHG�DQG�D����VROXWLRQ�RI�

3URF��RI�WKH���WK�ILE�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�
-XO\�������������0DUQH�OD�9DOOpH��3DULV��)UDQFH�
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SKHQROSKWKDOHLQ�ZDV�DSSOLHG�WR�LWV�VXUIDFH��DJDLQ�LQ�WKH�GLUHFWLRQ�IURP�WKH�RXWHU�VXUIDFH�RI�
WKH�F\OLQGHU��

x� %\�WKLV�SURFHGXUH��WKH�FDUERQDWLRQ�GHSWK�ZDV�PHDVXUHG�LQ�VLWX�DW�DOO�GULOOHG�FRUH�VSHFLPHQV��
ZKLFK�ZHUH� WKHQ� WDNHQ� WR� WKH� ODERUDWRU\� IRU� IXUWKHU�FKHPLFDO�DQDO\VHV��PDLQO\�E\� WKHUPDO�
DQG�FKHPLFDO�PHWKRGV��

�� 5HVXOWV�
'XULQJ�WKH�GLDJQRVWLFV�RI�WKH�UDLOZD\�EULGJH��F\OLQGULFDO�VDPSOHV�ZHUH�GULOOHG�IURP�LWV�DEXWPHQW��$V�
UHSRUWHG� LQ�7DEOH��� WKH�DYHUDJH�F\OLQGULFDO�FRPSUHVVLYH�VWUHQJWK� LV������03D��7KLV�YDOXH� WDNHV� LQWR�
DFFRXQW�WKH�IDFW��WKDW�LW�ZDV�PHDVXUHG�RQ�GULOOHG�FRUH�VSHFLPHQV�DFFRUGLQJ�WR�671�(1�������>�@��7KH�
FKDUDFWHULVWLF�F\OLQGULFDO�FRPSUHVVLYH�VWUHQJWK�LV�WKHQ������03D�DQG�WKH�FODVVLILFDWLRQ�RI�WKH�FRQFUHWH�
LV�&�������$V�UHSRUWHG�LQ�7DEOH����DFFRUGLQJ�WR�WKH�GHWHUPLQHG�FRQFUHWH�VWUHQJWK�FODVV�DQG�WDNLQJ�LQWR�
DFFRXQW�����\HDUV�RI�WKH�VHUYLFH�OLIH�RI�WKH�VWUXFWXUH�LQ�;&��H[SRVXUH�FODVV��D�PXFK�JUHDWHU�GHSWK�RI�
FDUERQDWLRQ�ZDV�H[SHFWHG��

7DEOH��� 5HVXOWV�RI�LQ�VLWX�PHDVXUHPHQW�RI�FDUERQDWLRQ�GHSWK�DW�WKH�EULGJH�QHDU�5LPDYVNi�6RERWD�
SHUIRUPHG�LQ�-XQH��������

6DPSOH� 3HUPHDELOLW\�E\�7RUUHQW�
PHWKRG�

$YHUDJH�FDUERQDWLRQ�GHSWK�

'HQRWDWLRQ� 6XUIDFH� N7��[������P��� �PP��
���D�

35&�
1RW�PHDVXUHG� ����

���E� 1RW�PHDVXUHG� ����
���F� 1RW�PHDVXUHG� ����

7DEOH��� 5HVXOWV� RI� ODERUDWRU\� WHVWV� RQ� GULOOHG� FRUH� VDPSOHV� DW� WKH� EULGJH� QHDU�5LPDYVNi� 6RERWD�
SHUIRUPHG�LQ�-XQH��������

6DPSOH� $YHUDJH�
GLDPHWHU�

$YHUDJH�
KHLJKW�

0DVV� 'HQVLW\� <RXQJ�V�
PRGXOXV�RI�
HODVWLFLW\�

6DPSOH�F\OLQGULFDO�
FRPSUHVVLYH�
VWUHQJWK�

'HQRWDWLRQ� �PP�� �PP�� �J�� �NJ�P��� �*3D�� �03D��

���D� ������ ����� ����� ����� �� �����
���E� ������ ������ ����� ����� ����� �����
���F� ������ ������ ����� ����� ����� �����
�

$V�LW�ZDV�IRXQG�RXW�LQ�WKH�SUHYLRXV�VWXG\�>�@�WKHVH�ORZ�FDUERQDWLRQ�GHSWKV�RULJLQDWH�LQ�WKH�SURWHFWLRQ�
RI�WKH�FRQFUHWH�VXUIDFH�E\�35&��DV�VKRZQ�LQ�)LJ�����7KLV�35&�KDV�EHHQ�SUREDEO\�DSSOLHG�����\HDUV�
DJR�WR�WKH�FRQFUHWH�VXUIDFH�RQO\�IRU�DHVWKHWLF�UHDVRQV��6LQFH�����\HDUV�DJR�YLEUDWLQJ�HTXLSPHQW�ZDV�
QRW� DYDLODEOH� WR� FRPSDFW� WKH� FRQFUHWH� DQG� LQVWHDG� RI� VPRRWK� IRUPZRUN� RQO\� SODLQ�ZRRGHQ� SODQNV�
ZHUH�XVHG��WKHUH�ZDV�SUREDEO\�D�UHDVRQ�WR�DSSO\�35&V��,Q�6ORYDNLD��LW�ZDV�FRPPRQ�SUDFWLFH�WR�DGGL�
WLRQDOO\�PRGLI\� WKH� FRQFUHWH�RI�EULGJH�SLHUV� DQG� DEXWPHQWV��ZKHWKHU� E\� WLOLQJ�RU� SODVWHULQJ� >�@��2Q�
)LJ�����OHIW���WKHUH�LV�WKH�VSHFLPHQ�DIWHU�FOHDQLQJ�ZLWK�ZDWHU��7KH�35&�OD\HU�LV�YLVLEOH�RQ�WKH�VSHFLPHQ�
VXUIDFH��2Q� )LJ�� �� �ULJKW��� WKHUH� LV� WKH� VSHFLPHQ� DIWHU� DSSOLFDWLRQ� RI� WKH� SKHQROSKWKDOHLQ� LQGLFDWRU��
$OVR��WKH�ILJXUHV�VKRZ�D�FUDFN�XQGHU�WKH�35&�ZKHUH�WKH�OD\HU�ZDV�QRW�SHUIHFWO\�ERQGHG�WR�WKH�XQGHU�
O\LQJ�FRQFUHWH��7KH�FUDFNV�LQ�WKH�35&�DQG�LWV�LPSHUIHFW�FRQQHFWLRQ�WR�WKH�FRQFUHWH�EHQHDWK�FDXVHG�LWV�
ELW�KLJKHU�FDUERQDWLRQ�GHSWK�DV�VKRZQ�LQ�WKH�ILJXUH�RQ�WKH�ULJKW��+RZHYHU��WKLV�FDUERQDWLRQ�GHSWK�LV�
RQO\�OHVV�WKDQ���PP�XQGHU�WKH�35&�GHVSLWH�����\HDUV�RI�VHUYLFH�OLIH��
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)LJ���� 7KH�VSHFLPHQ����E�WDNHQ�IURP�WKH�EULGJH�DEXWPHQW��-XQH��������

7R�SURYH�WKH�IXQFWLRQLQJ�RI�WKLV�DGGLWLRQDO�VXUIDFH�WUHDWPHQW�WR�VLJQLILFDQWO\�VORZ�GRZQ�FDUERQDWLRQ�
RI�XQGHUO\LQJ�FRQFUHWH�� DQRWKHU� VHULHV�RI�PRUH�GHWDLOHG� WHVWV�ZHUH�SHUIRUPHG��ZKLFK� LV�HYDOXDWHG� LQ�
WKH�IROORZLQJ�7DEOH����

,Q�)LJ�����WKHUH�LV�WKH�ORFDWLRQ�ZKHUH�WKH�VSHFLPHQV�ZHUH�WDNHQ�IURP�WKH�EULGJH�DEXWPHQW�LQ�1R�
YHPEHU� ������ ZKLFK� DUH� VXEVHTXHQWO\� HYDOXDWHG� LQ� 7DEOH� ��� 7KH� 35&� OD\HU� RQ� WKH� VXUIDFH� RI� WKH�
FRQFUHWH�LV�ORFDOO\�FUDFNHG�LQ�VRPH�SODFHV��UHVXOWLQJ�LQ�LQFUHDVHG�SHUPHDELOLW\�DV�VKRZQ�LQ�VSHFLPHQ�
56��$��

7DEOH��� 5HVXOWV�RI�LQ�VLWX�PHDVXUHPHQW�RI�FDUERQDWLRQ�GHSWK�DW�WKH�%ULGJH�QHDU�5LPDYVNi�6RERWD�
SHUIRUPHG�LQ�1RYHPEHU�����D���

6SHFLPHQ� 3HUPHDELOLW\�E\�
7RUUHQW�PHWKRG�

&DUERQDWLRQ�
GHSWK�

1RWHV�

'HQRWDWLRQ� 6XUIDFH� N7��[������P��� �PP��

56��$�
35&�

������ ��� 6PDOO�FUDFNV�RI�WKH�ZLGWK�OHVV�
WKDQ�����PP�LQ�WKH�UHQGHU�

56��&� ������ ����
+LJK�TXDOLW\�FHPHQW���EDVHG�

56��'� ������ ����
56��%� 8QFRYHUHG�

FRQFUHWH�
!���E� ���

6SDOOHG�RU�PLVVLQJ�UHQGHU�
56��(� !���E� ���
DWKH�UHVXOWV�DUH�DOVR�HYDOXDWHG�LQ�7DEOH���
EWKH�YDOXH�LV�JUHDWHU�WKDQ�WKH�PHDVXUDEOH�OLPLW�RI�WKH�LQVWUXPHQW�

�
7KH�UHVXOWV�VKRZ�D�FOHDU�UHODWLRQVKLS�EHWZHHQ�WKH�GHSWK�RI�FDUERQDWLRQ�RI�WKH�XQGHUO\LQJ�FRQFUHWH�DQG�
WKH�ORZ�SHUPHDELOLW\�RI�WKH�WKLQ�OD\HU�RI�SURWHFWLYH�UHQGHU�FRDW�ZKLFK�VKRZV�7DEOH����:LWK�WKH�RSWL�
PDO�LQWHUSOD\�RI�DOO�IDFWRUV��KLJK�TXDOLW\�35&��DEVHQFH�RI�FRQFUHWH�GHIHFWV�XQGHU�D�35&��H��J��FDYHUQV�
RU�GLUHFW�FRQWDFW�RI�DJJUHJDWHV�WR�D�35&���DQG�WKXV�D�ILUP��FRPSDFW�35&�LQWHUIDFH�DQG�FRQFUHWH��WKH�
GHSWK�RI�FDUERQDWLRQ�RI�����\HDU�FRQFUHWH�LV�H[WUHPHO\�ORZ��7KLV�SURYHV�WKDW�35&�FDQ�IXQFWLRQ�DV�D�

FUDFN�XQGHU�35&�
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VLPSOH�� HDV\�WR�PDNH� VXUIDFH� ILQLVK�� ZKLFK� UHSUHVHQWV� V\QFKURQRXVO\� D� KLJKO\� HIIHFWLYH� DQWL�
FDUERQL]DWLRQ�EDUULHU��

�

�

)LJ���� 7KH�SODFH�ZKHUH�WKH�VSHFLPHQV�56��'��56��$��56��&�ZHUH�WDNHQ�IURP�WKH�EULGJH�DEXW�
PHQW�±�D�ORFDWLRQ�ZLWK�35&��1RYHPEHU��������

���� 7*�'7$�DQDO\VLV��GHJUHH�DQG�VWDJHV�RI�FDUERQDWLRQ�
7R� SURRI� WKH� LQ�VLWX� UHVXOWV� RI� FDUERQDWLRQ� GHSWK�� 7*�'7$� DQDO\VLV�ZDV� SHUIRUPHG� RQ� WKH� FKRVHQ�
VDPSOHV��7KH�GHJUHH�RI�FDUERQDWLRQ��&'��DV�WKH�&D2&DUE�&D27RWDO�UDWLR�î��������ZW����ZDV�FDOFXODWHG�
IURP� 7*�'7$� UHVXOWV� DQG� FKHPLFDO� DQDO\VLV�� &D2&DUE� PHDQV� WKH� &D2� FRQWHQW� ERXQG� LQ� &D&2��
RULJLQDWHG�IURP�FDUERQDWLRQ�UHDFWLRQ�DQG�&D27RWDO�FRQFHUQV�&D2�ERXQG�LQ�&D&2���&D�2+����JHO�OLNH�
K\GUDWLRQ� SURGXFWV� �&�6�+�� &�$�+�� DQG� &D62�� î� �+�2�� 7KH� H[WHQW� RI� FDUERQDWLRQ� DWWDFN� LV� DOVR�
VSHFLILHG�E\� WKH�GHJUHH�RI�PRGLILFDWLRQ�FKDQJHV��'0&��JLYHQ�E\� WKH�&D&2���FRDUVH�JUDLQHG��&D&2���ILQH�

JUDLQHG�UDWLR��7KH�ILQH�JUDLQHG�&D&2��LV�GHWHFWHG�E\�7*�'7$�EHWZHHQ����������&�DQG�FRDUVH�JUDLQHG�
&D&2�� EHWZHHQ� ��������� �&�� 7KH� WRWDO� FRQWHQW� RI� &D2� LV� HVWLPDWHG� IURP� WKH� FKHPLFDO� DQDO\VLV�
DFFRUGLQJ� WR� 671� (1� ������ >�@�� 7KH� H[WHQW� RI� &2�� DWWDFN� LV� FKDUDFWHUL]HG� E\� IRXU� VWDJHV� RI�
FDUERQDWLRQ��,���������,,�����������,,,�����������,9��!�������>�@��

7*�'7$� DQDO\VLV� ZDV� SHUIRUPHG� IRU� WKH� FRQFUHWH� VDPSOHV� DV� ZHOO� DV� IRU� WKH� 35&� �³VXUIDFH´�
PHDQV��������PP�DQG�³LQWHUQDO´�PHDQV�DSSUR[LPDWHO\�����������PP�GLVWDQFH�IURP�WKH�VXUIDFH�RI�WKH�
GULOOHG�FRUH� VSHFLPHQ���)RU�7*�'7$�DQDO\VLV� WKH�35&� VDPSOHV�ZHUH� VHSDUDWHG� LQWR� WKUHH�SDUWV� DF�
FRUGLQJ�WR�)LJ������

)LJ����VKRZV�UHVXOWV�IRU�WKH�FRYHU�OD\HU�RI�35&��7KLV�WKLQ�OD\HU�SUREDEO\�VHUYHG�RQO\�DV�D�FRORXU�
WUHDWPHQW� DQG� LV� FRPSRVHG�RI� VLOLFD� VDQG� DQG� OLPH�� DV� FDQ�EH� VHHQ� IURP�)LJ�� �� �FRORXU�GLIIHUHQFH���
/RFDOO\�LQ�VRPH�SODFHV�RQ�WKH�VXUIDFH�RI�WKH�35&��LW�LV�YHU\�WKLQ�OHVV�WKDQ���PP��RU�FRPSOHWHO\�PLVV�
LQJ��)LJ������'7$�FXUYH�LV�VSHFLILHG�E\�D�FRXSOH�RI�SDUWLDO�PDVV�ORVVHV��IURP�ZKLFK�WKH�RQO\�RQH�FOHDU�
LV�WKDW�DWWULEXWHG�WR�&D&2��GHFRPSRVLWLRQ�DW�SHDN�PD[LPXP��������&�RULJLQDWLQJ�IURP�WKH�FDUERQD�
WLRQ�RI�OLPH��

)LJ����VKRZV�UHVXOWV�IRU�WKH�RXWVLGH�SDUW�RI�35&�DFFRUGLQJ�WR�)LJ�����7KH�'7$�SORW�VKRZV�QHJOLJL�
EOH� VLJQV� RI� WKH� HQGRWKHUPLF� SHDN� EHWZHHQ� �������� �&� DQG� DW� DERXW� ���� �&��%\� FRQWUDVW�� WKH� 7*�
FXUYH�LV�VSHFLILHG�E\�D�FRXSOH�RI�SDUWLDO�PDVV�ORVVHV��IURP�ZKLFK�WKH�RQO\�RQH�FOHDU�LV�WKDW�DWWULEXWHG�WR�
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&D&2��GHFRPSRVLWLRQ�DW�SHDN�PD[LPXP��������&��7KLV�LV�GXH�WR�D�ODUJH�DPRXQW�RI�&D&2��FRQWHQW�LQ�
WKLV�OD\HU��7KHUH�LV�QR�VLJQLILFDQW�FKDQJH�RI�PDVV�LQ�WKH����������&�UDQJH��DV�WKH�VWUXFWXUH�IXOO\�FDU�
ERQDWH���WKH�JHO�OLNH�SURGXFWV�DUH�ODFNLQJ�LQ�WKLV�UHJLRQ��WKH�VWUXFWXUH�LV�FORVHG�E\�WKH�SURGXFWV�RI�WKH�
FDUERQDWLRQ�UHDFWLRQ�DV�VKRZQ�E\�WKH�SHUPHDELOLW\�WHVW��
�
2XWHU�SDUW�±�35&�FRYHU�OD\HU�
�7*�'7$�UHVXOW�)LJ�����
�
2XWVLGH�SDUW�35&�
�7*�'7$�UHVXOW�)LJ�����
�
,QVLGH�SDUW�35&�
�7*�'7$�UHVXOW�)LJ�����
�
&RQFUHWH�XQGHU�35&�
�;5'�UHVXOW�)LJ�����
�
7KH� ZKLWH� OLQHV� UHSUHVHQW� WKH�
GLVWULEXWLRQ� RI� WKH� 35&� VDPSOH�
GXULQJ�LWV�DQDO\VLV��
� �
)LJ���� 2SWLFDO�PLFURVFRSH�LPDJH�±�YLHZ�RI�WKH�HGJH�RI�35&�TXDUU\��ZLGHU�35&�VDPSOH���

�
)LJ���� 7*�'7$�SORW�IRU�WKH�35&�FRYHU�OD\HU��RXWHU�SDUW�RI�WKH�VDPSOH�DFFRUGLQJ�WR�)LJ������

)LJ����VKRZV�WKH�UHVXOWV�IRU�WKH�LQWHUQDO�VDPSOH�RI�35&�DW�WKH�FRQFUHWH�LQWHUIDFH��7KH�SUHVHQFH�RI�JHO�
OLNH� K\GUDWLRQ� SURGXFWV� DQG�&D�2+��� DUH� FRQILUPHG�� WKH�'7$�SORW� VKRZV� YHU\� VWURQJ� VLJQV� RI� WKH�
HQGRWKHUPLF�SHDN�EHWZHHQ�����DQG������&�DQG�DW�DERXW������&��$�VPDOOHU�PDVV�FKDQJH�DW���������
�&� LV� DWWULEXWHG� WR�&D&2�� GHFRPSRVLWLRQ� DW� D� SHDN�PD[LPXP�RI� ������ �&��7KLV� LV� GXH� WR� WKH� ORZ�
FRQWHQW�RI�&D&2��LQ�WKLV�OD\HU�DW�WKH�LQWHUQDO�35&�FRQFUHWH�LQWHUIDFH�DQG�WKH�JUHDW�DPRXQW�RI�JHO�OLNH�
K\GUDWLRQ�SURGXFWV�DQG�WKH�FRQWUDU\�QHJOLJLEOH�RFFXUUHQFH�RI�SRUWODQGLWH�&D�2+���LQ�WKH�VWXGLHG�35&�
VDPSOH��

7KH�PLQHUDO�FRPSRVLWLRQ�RI�WKH�FRQFUHWH�XQGHU�35&�LV�VKRZQ�LQ�)LJ�����&RQFUHWH�VKRZV�D�VPDOO�
DPRXQW�RI�FDOFLWH��ZKLFK�LV�FRQVLGHUHG�WR�EH�D�FDUERQDWLRQ�SURGXFW�DQG�D�VPDOO�DPRXQW�RI�SRUWODQGLWH��
7KLV� UHVXOW� LV� LQ�JRRG�DJUHHPHQW�ZLWK� WKHUPDO�DQG�FKHPLFDO�DQDO\VLV� LQ�7DEOH����ZKLFK�VXPPDUL]HV�
WKH�FDUERQDWLRQ�FKDUDFWHULVWLFV�RI�XQFRYHUHG�FRQFUHWH��35&�SURWHFWHG�FRQFUHWH��DQG�WKH�35&�IURP�WKH�
EULGJH�QHDU�5LPDYVNi�6RERWD��7KLV�EDUULHU�IRUPHG�E\�WKH�FDUERQDWHG�35&�VLJQLILFDQWO\�VORZHG�GRZQ�
WKH�FDUERQDWLRQ�SURFHVV�RI�WKH�XQGHUO\LQJ�FRQFUHWH�DQG�ZLOO�EH�WKH�VXEMHFW�RI�IXUWKHU�UHVHDUFK��

���PP�
���PP�
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)LJ���� 7*�'7$�SORW�IRU�WKH�35&��RXWVLGH�SDUW�RI�WKH�VDPSOH�DFFRUGLQJ�WR�)LJ������

�
)LJ���� 7*�'7$�SORW�IRU�WKH�35&��LQVLGH�SDUW�RI�WKH�VDPSOH�DFFRUGLQJ�WR�)LJ������

�

)LJ���� 0LQHUDO�FRPSRVLWLRQ�RI�FRQFUHWH�XQGHU�35&�DFFRUGLQJ�WR�)LJ�����

,Q
WH
QV
LW\
�R
I�G
LII
UD
FW
LR
Q�
O�O

��

4� ±�TXDUW]�>6L2�@�

$/� ±�DOELWH�>1D$O6L�2�@�

2V� ±�RVXPLOOLWH�>.)H���$O�6L���2��@�

&F� ±�FDOFLWH�>&D&2�@�

'� ±�GRORPLWH�>&D0J�&2���@�

&+� ±�SRUWODQGLWH�>&D�2+��@��

$QJOH���Ĭ�>�@�
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7DEOH��� 7KH�DVVHVVPHQW�RI�FDUERQDWLRQ�DWWDFN�E\�WKH�UHVXOWV�RI�FKHPLFDO�DQG�WKHUPDO�DQDO\VLV���

6DPSOH�DV�
PDUNHG�LQ�7DEOH���

&D2WRWDO��
���ZW���

&D2&DUE����ZW���RFFXUULQJ�LQ� $VVHVVPHQW�RI�FDUERQDWLRQ�

ILQH�JUDLQHG�
&D&2��

FRDUVH��
JUDLQHG�
&D&2��

WRWDO�
&D&2��

&'�
����

'0&�
����

&DUERQDWLRQ�
VWDJH�
����

56��%�±�VXUIDFH�� ������ ����� ����� ������ ��� ���� ,9�

56��%�±LQWHUQDO�� ������ ����� ����� ������ ��� ���� ,,�

56��&�±�VXUIDFH�� ������ ����� ������ ������ ��� ���� ,,�

56��&�±LQWHUQDO�� ������ ����� ����� ������ ��� ���� ,�

56��'�±�VXUIDFH�� ������ ����� ����� ������ ��� ���� ,�

56��'�±LQWHUQDO�� ������ ����� ����� ����� ��� ���� ,,�

35&�RYHU�56��$�� ������ ����� ������ ������ ��� ���� ,9�

35&�RYHU�56��&�� ������ ����� ������ ������ ��� ���� ,,,�

35&�RYHU�56��'�� ������ ����� ������ ������ ��� ���� ,9�
��XQFRYHUHG�FRQFUHWH�VDPSOH�
��FRQFUHWH�VDPSOHV�FRYHUHG�ZLWK�35&�
��35&�VDPSOH�LQ�LWV�HQWLUH�WKLFNQHVV�

�
$� VLPLODU� FRQFOXVLRQ� FDQ� EH� GUDZQ� IURP� SUHYLRXV� UHVHDUFK� >�@� RQ� WKH� EULGJHV� QHDU� WKH� WRZQV�
6OiGNRYLþRYR�DQG�.UiVQR�QDG�.\VXFRX�LQ�6ORYDNLD��7KH�H[SRVHG�FRQFUHWH�VXUIDFH�OD\HU�ZLWKRXW�35&�
�56��%���VXUIDFH��LV�FKDUDFWHUL]HG�E\�DQ�H[WUHPHO\�KLJK�GHJUHH�RI�FDUERQDWLRQ��WKH�KLJKHVW�GHJUHH�RI�
PRGLILFDWLRQ� FKDQJHV�� DQG� WKHUHIRUH� WKH� FDUERQDWLRQ� VWDJH� ,9� WKDW� LV� VSHFLILHG�E\�DQ� H[WHQVLYH� FDU�
ERQDWLRQ�DWWDFN��,Q�FRQWUDVW��WKH�LQWHUQDO�VDPSOH��56��%���LQWHUQDO��LQGLFDWHV�VWDJH�,,�RI�FDUERQDWLRQ��
FKDUDFWHUL]HG�E\�DQ�LQVLJQLILFDQW�HIIHFW�RQ�WKH�FRQFUHWH�SURSHUWLHV�DQG�GXUDELOLW\��,Q�WKH�FDVH�RI�VDP�
SOHV�56��&�DQG�56��'��PDQ\�VLPLODULWLHV�FDQ�EH�REVHUYHG��7KH�FDUERQDWLRQ�RI�WKH�VXUIDFH��������PP�
DQG�LQWHUQDO�����������PP�FRQFUHWH�OD\HU�LV�DOPRVW�WKH�VDPH��7KHVH�VLPLODULWLHV�DUH�GXH�WR�WKH�35&�
DSSOLFDWLRQ��ZKLFK�SURWHFWV�WKH�XQGHUO\LQJ�FRQFUHWH��9HU\�VPDOO�GLIIHUHQFHV�EHWZHHQ�WKH�VDPSOHV�56��
&�DQG�56��'��VSHFLILFDOO\�EHWZHHQ�WKH�LQWHUQDO�DQG�VXUIDFH�VDPSOHV��PD\�EH�GXH�WR�WKH�DELOLW\�RI�WKH�
35&�WR�PLWLJDWH�&2��GLIIXVLRQ�LQWR�WKH�XQGHUO\LQJ�FRQFUHWH�VLWXDWHG�EHORZ�D�35&��7KHVH�IDFWV�FDXVH�
WKH� FDUERQDWLRQ� VWDJH� WR� YDU\� RQO\� QHJOLJLEO\� EHWZHHQ� WKH� LQWHUQDO� DQG� VXUIDFH� SRUWLRQV�� 7KH� KLJK�
GHJUHH� RI� FDUERQDWLRQ� RI� WKH� 35&V� FRQILUPV� WKH� DFFXPXODWLRQ� RI� FDUERQDWLRQ� SURGXFWV� LQ� WKH� WKLQ�
OD\HU�RI�35&��7KH�FDUERQDWLRQ�SURGXFWV�IRUPHG�LQ� WKH�35&V�WLJKW� WKHLU�SRUH�VSDFH�E\�WKLV�ZD\�WKDW�
WKH\�EHFRPH�DQ�HIIHFWLYH�DQWL�FDUERQDWLRQ�EDUULHU��

7KH�VDPSOHV�RI�35&��35&�RYHU�56��$��35&�RYHU�56��&��35&�RYHU�56��'��LQGLFDWHV�WKH�GHJUHH�
RI� FDUERQDWLRQ� VWDJH� ,9�RU� VWDJH� ,,,� LQ� WKH� FDVH�RI� WKH� VDPSOH�35&�RYHU�56��&��7KH� VDPSOHV� DOVR�
FKDUDFWHUL]H�WKH�ODUJHVW�DPRXQW�RI�WRWDO�&D&2��DQG�D�KLJKHU�GHJUHH�RI�FDUERQDWLRQ��&'��LQ�FRQWUDVW�WR�
FRQFUHWH�EHORZ�WKH�35&���

�� )XUWKHU�UHVHDUFK�
7KH�PL[�GHVLJQ�RI�35&�LV�GHYHORSHG�LQ�%XLOGLQJ�7HVWLQJ�DQG�5HVHDUFK�,QVWLWXWH�LQ�%UDWLVODYD��76Ò6��
VLQFH�-XO������EDVHG�RQ�FKHPLFDO�DQDO\VLV�RI�H[LVWLQJ�35&��$IWHU�FRQVLVWHQF\�WHVWV��WKH�QHZO\�GHYHO�
RSHG�35&�ZDV�DSSOLHG�WR�D�FRQFUHWH�ZDOO�DQG�SHUPHDELOLW\�WHVWLQJ�ZDV�SHUIRUPHG��%DVHG�RQ�WKH�SHU�
PHDELOLW\�WHVWV� WKH�QHZO\�GHYHORSHG�35&�PL[�ZDV�DSSOLHG� WR�F\OLQGULFDO�FRQFUHWH�VSHFLPHQV�ZLWK�D�
GLDPHWHU�RI�����PP��)LJ����OHIW���6SHFLPHQV�ZHUH�VHDOHG�RQ�RWKHU�VLGHV�ZLWK�D�VSHFLDO�LPSHUPHDEOH�
VHDODQW�WR�SUHYHQW�FDUERQ�GLR[LGH�SHQHWUDWLRQ��)LJ����ULJKW���7KH�ORZ�VWUHQJWK�RI�XQGHUO\LQJ�FRQFUHWH�
�&������ZDV�FKRVHQ�LQ�RUGHU�WR�PDNH�WKH�FRQFUHWH�FDUERQDWLRQ�LPPHGLDWHO\�YLVLEOH�LQ�WKH�FDVH�RI�WKH�
DSSOLHG� UHQGHU� LV�QRW�SURWHFWLQJ� LW�SURSHUO\�DQG� WR� VLPXODWH� WKH� VWUHQJWK�RI�FRQFUHWH� IURP�����\HDUV�
DJR��7KHQ�WKH�VSHFLPHQV�ZHUH�SODFHG�LQ�D�FDUERQDWLRQ�FKDPEHU�DFFRUGLQJ�WR�76Ò6�PHWKRGRORJ\���



��WKfib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� 'XUDELOLW\�DQG�OLIH�DVVHVVPHQW�

�

� �
)LJ���� 1HZO\�GHYHORSHG�35&��RQ�WKH�OHIW�� LWV�DSSOLFDWLRQ�RQ�WKH�&�����XQGHUO\LQJ�FRQFUHWH��RQ�

WKH�ULJKW��VSHFLDO�LPSHUPHDEOH�VHDODQW�DSSOLHG�RQ�RWKHU�VLGHV��

�� &RQFOXVLRQV�
%DVHG�RQ�WKH�UHVXOWV�RI�WKH�SHUIRUPHG�WHVWV��WKH�IROORZLQJ�FRQFOXVLRQV�FRXOG�EH�GUDZQ��

x� 7KH� LQ�VLWX� PHDVXUHPHQWV� RI� FDUERQDWLRQ� GHSWK� VKRZ� WKDW� KLJK� TXDOLW\�� ������ PP� WKLQ��
FHPHQW�EDVHG�SURWHFWLYH�UHQGHU�FRDW�FDQ�HIIHFWLYHO\�SURWHFW�WKH�XQGHUO\LQJ�FRQFUHWH�DJDLQVW�
FDUERQDWLRQ�ZLWKLQ�WKH�����\HDU�VHUYLFH�OLIH�RI�D�EULGJH��

x� &DUERQDWLRQ�GHSWK�RI�WKH�FRQFUHWH�GHSHQGV�XSRQ�WKH�ORZ�SHUPHDELOLW\�RI�WKH�35&�DSSOLHG�WR�
LWV� VXUIDFH�� $� FORVH� PXWXDO� FRUUHODWLRQ� EHWZHHQ� WKH� GHSWK� DQG� H[WHQW� RI� FDUERQDWLRQ�
�PHDVXUHG� E\� SKHQROSKWKDOHLQ� WHVW�� DQG�7*�'7$� DQDO\VLV�� DQG� WKH� FRHIILFLHQW� RI� VXUIDFH�
SHUPHDELOLW\��PHDVXUHG�E\�WKH�7RUUHQW�PHWKRG��ZDV�REVHUYHG��

x� 7KH�YHU\�ORZ�SHUPHDELOLW\�RI�WKH�35&�LV�SUREDEO\�FDXVHG�E\�WKH�DFFXPXODWHG�FDUERQDWHV�LQ�
D�QDUURZ�VSDWLDO�YROXPH�RI�WKH�35&��WKXV�FUHDWLQJ�DQ�LPSHUPHDEOH�EDUULHU�IRU�&2���

$FNQRZOHGJHPHQWV�
7KLV� ZRUN� ZDV� VXSSRUWHG� E\� WKH� 6ORYDN� 5HVHDUFK� DQG� 'HYHORSPHQW� $JHQF\� XQGHU� FRQWUDFW� 1R��
$399��������� DQG� WKH�8QLYHUVLW\�6FLHQFH�3DUN� �863��RI� WKH�6ORYDN�8QLYHUVLW\�RI�7HFKQRORJ\� LQ�
%UDWLVODYD��,706����������������

5HIHUHQFHV�
���� *ODVVHU��)�3���0DUFKDQG��-���DQG�6DPVRQ��(���������'XUDELOLW\�RI�FRQFUHWH�²�'HJUDGDWLRQ�

SKHQRPHQD�LQYROYLQJ�GHWULPHQWDO�FKHPLFDO�UHDFWLRQV���&HPHQW�DQG�&RQFUHWH�5HVHDUFK�
������±�����$FFHVVHG�)HEUXDU\�����������GRL���������M�FHPFRQUHV��������������

���� 1JDOD��9�7��DQG�3DJH��&�/���������())(&76�2)�&$5%21$7,21�21�325(�
6758&785(�$1'�',))86,21$/�3523(57,(6�2)�+<'5$7('�&(0(17�3$67(6���
&HPHQW�DQG�&RQFUHWH�5HVHDUFK�������±������$FFHVVHG�)HEUXDU\�����������
GRL���������6����������������������

���� 6LOYD��&�$�5��GD���5HLV��5�-�3���/DPHLUDV��)�6���DQG�9DVFRQFHORV��:�/���������&DUERQDWLRQ�
5HODWHG�0LFURVWUXFWXUDO�&KDQJHV�LQ�/RQJ�7HUP�'XUDELOLW\�&RQFUHWH���0DWHULDOV�5HVHDUFK�
�����±�����$FFHVVHG�)HEUXDU\�����������GRL���������6������������������������

���� 0DWWKHZV��6���������'HVLJQ�RI�GXUDEOH�FRQFUHWH�VWUXFWXUHV���*ODVJRZ��,+6�%5(�3UHVV������
S��

���� 7RUUHQW��5��DQG�)UHQ]HU��*���������6WXG\�RQ�PHWKRGV�WR�GHWHUPLQH�DQG�MXGJH�FKDUDFWHULVWLF�
YDOXHV�RI�WKH�FRYHUFRQFUHWH�RQ�VLWH�5HSRUW�1R������������

���� 671�(1��������$VVHVVPHQW�RI�LQ�VLWX�FRPSUHVVLYH�VWUHQJWK�LQ�VWUXFWXUHV�DQG�SUHFDVW�
FRQFUHWH�FRPSRQHQWV���

���� -DQRWND��,���%DþXYþtN��0���DQG�3DXOtN��3���������/RZ�FDUERQDWLRQ�RI�FRQFUHWH�IRXQG�RQ�����
\HDU�ROG�EULGJHV���&DVH�6WXGLHV�LQ�&RQVWUXFWLRQ�0DWHULDOV�����±�����$FFHVVHG�)HEUXDU\�����
������GRL���������M�FVFP��������������

���� .XEiþHN��-���������'HMLQ\�åHOH]QtF�QD�~]HPt�6ORYHQVND���%UDWLVODYD��äHOH]QLFH�6ORYHQVNHM�
UHSXEOLN\������S��

���� 671�(1��������0HWKRGV�RI�WHVWLQJ�FHPHQW��3DUW����&KHPLFDO�DQDO\VLV�RI�FHPHQW���
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&UHHS�SRWHQWLDO�RI�FRQFUHWH�GDPDJHG�E\�$ONDOL�
$JJUHJDWH�5HDFWLRQ�
&OpPHQW�/DFRPEH��$ODLQ�6HOOLHU��7KLHUU\�9LGDO��&KULVWLQH�1RUHW��3DWULFH�
$QWKLQLDF�

/0'&��/DERUDWRLUH�0DWpULDX[�HW�'XUDELOLWp�GHV�&RQVWUXFWLRQV���
8QLYHUVLWp�7RXORXVH�,,,�3DXO�6DEDWLHU���
����$YHQXH�GH�5DQJXHLO��������7RXORXVH�&HGH[����)UDQFH�

�7UDFWHEHO�(1*,(�)UDQFH�
��5XH�GX����0DUV�������*HQQHYLOOLHUV��)UDQFH�
�
$EVWUDFW�
7KH�GXUDELOLW\�RI�FRQFUHWH�VWUXFWXUHV��HVSHFLDOO\�ZKHQ�FRQFUHWH�LV�DIIHFWHG�E\�$ONDOL�$JJUHJDWHV�5HDF�
WLRQ��$$5���LV�D�PDMRU�FRQFHUQ��,QGHHG��WKH�$$5�VZHOOLQJ�FDQ�LQGXFH�FKDQJHV�LQ�WKH�VWUHVVHV�GLVWULEX�
WLRQ�ZLWKLQ�WKH�VWUXFWXUH�ZKLFK�FRXOG�DIIHFW�LWV�IXQFWLRQQDOOLW\��3UHYLRXV�VWXGLHV�KDYH�GHPRQVWUDWHG�WKH�
VZHOOLQJ�PLWLJDWLRQ�LQ�FRPSUHVVLYH�VWUHVV�GLUHFWLRQV��DQG�WKH�ORZ�HIIHFW�RI�$$5�RQ�FUHHS�UDWH�LQ�WKLV�
FRQILJXUDWLRQ��+RZHYHU��YHU\�IHZ�VWXGLHV�KDYH�LQYHVWLJDWHG�WKH�FUHHS�EHKDYLRXU�RI�D�FRQFUHWH�DOUHDG\�
GDPDJHG�E\�$$5��1HYHUWKHOHVV��LQ�UHDO�VWUXFWXUHV��FRPSUHVVLYH�VWUHVVHV�PD\�GHYHORS�ZLWK�$$5�DQG�
EHFRPH� VLJQLILFDQW� RQO\� DIWHU� D� FHUWDLQ� OHYHO� RI� VZHOOLQJ�� 7KDW� LV� WKH� UHDVRQ�ZK\� LW� LV� QHFHVVDU\� WR�
FKDUDFWHUL]H�WKH�FUHHS�UDWH�RI�D�FRQFUHWH�DOUHDG\�GDPDJHG�E\�$$5�EHIRUH�ORDGLQJ��

7KH�SUHVHQW� VWXG\�FRQVLVWV� RI�DQ�RULJLQDO�H[SHULPHQWDO�SURJUDPPH�RI�FUHHS� WHVWV�FDUULHG�RXW�RQ�
FRQFUHWH�SUHYLRXVO\�GDPDJHG�E\�$$5�LQ�IUHH�VZHOOLQJ�FRQGLWLRQ��7ZR�FRQFUHWH�PL[HV�ZHUH�GHVLJQHG�
GLIIHULQJ�RQO\�E\�WKHLU�DJJUHJDWHV��7KH�ILUVW�FRQFUHWH�LQFRUSRUDWHG�UHDFWLYH�DJJUHJDWHV�DQG�WKH�VHFRQG�
QRQ�UHDFWLYH� DJJUHJDWHV�� %RWK�PL[HV� DUH� VLPLODU� UHJDUGLQJ� WKH� SURSRUWLRQV� RI� FHPHQW��ZDWHU�� DONDOL�
FRQWHQW��VDQG�DQG�DJJUHJDWHV��

8QGHU�VWUHVV��D�UHGXFWLRQ�RI�WKH�VZHOOLQJ�LV�REVHUYHG�ZKLFK�LV�WKH�FRQVHTXHQFH�RI�WZR�SKHQRPHQD��
7KH�ILUVW�RQH�LV�WKH�HIIHFW�RI�WKH�$$5�RQ�WKH�LQVWDQWDQHRXV�HODVWLF�VWUDLQ�RI�WKH�UHDFWLYH�FRQFUHWH�DQG�
WKH�VHFRQG�RQH�� LV�GXH�E\�D�KLJKHU�FUHHS� UDWH�RI� WKH�DIIHFWHG�FRQFUHWH�GXULQJ� WKH� ILUVW����GD\V�DIWHU�
ORDGLQJ���
� �

3URF��RI�WKH���WK�ILE�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�
-XO\�������������0DUQH�OD�9DOOpH��3DULV��)UDQFH�
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�� ,QWURGXFWLRQ�
1XPHURXV�VWXGLHV�KDYH�LQYHVWLJDWHG�WKH�FKHPLVWU\�RI�WKH�$ONDOL�$JJUHJDWHV�5HDFWLRQ��$$5��DQG�LWV�
WKUHH�PDLQ�FDXVHV�>�@��QDPHO\�DONDOL�VHQVLWLYH�DJJUHJDWHV��KLJK�UHODWLYH�KXPLGLW\�DQG�DONDOL�FRQWHQW�LQ�
WKH�FHPHQW��2WKHU�VWXGLHV�GHDOW�ZLWK�WKH�VWUXFWXUDO�HIIHFWV�RI�$$5��VWXG\LQJ�WKH�PHFKDQLFDO�SURSHUWLHV�
DQG�ORQJ�WHUP�VWUDLQV�RI�DIIHFWHG�FRQFUHWHV��

7KH� IUHH� VZHOOLQJ� ³6´� FXUYH� LQGXFHG� E\� WKH� UHDFWLRQ�ZDV� SURSRVHG� E\� /DULYH� LQ� ����� >�@�� EXW�
WKHVH�VWUDLQV�FDQ�EH�UHGXFHG�RU�FDQFHOOHG�LQ�WKH�VWUHVV�GLUHFWLRQ�LI�WKH�VSHFLPHQV�DUH�ORDGHG�EHIRUH�WKH�
UHDFWLRQ�LQLWLDWLRQ�>�@��,Q�������&KDUOZRRG�KDG�DOUHDG\�REVHUYHG�WKHVH�SKHQRPHQD�RQ�UHDO�VL]H�VWUXF�
WXUHV�DQG�SURSRVHG�DQ�HPSLULFDO�ODZ�EHWZHHQ�WKH�VZHOOLQJ�UDWH�DQG�WKH�FRPSUHVVLYH�VWUHVV�ZLWK�DQ���
03D�YDQLVKLQJ�OLPLW�>�@��7KLV�ILUVW�PRGHO�DQG�QXPHURXV�RWKHUV�ZKLFK�IROORZHG�ZHUH�UHYLHZHG�LQ������
>�@��

,Q� WKHVH�PRGHOV��$$5� LV�PRGHOHG� DW� GLIIHUHQW� OHYHOV�� IURP� WKH� VPDOOHVW� VFDOH�� L�H�� WKH� UHDFWLRQ�
SURGXFWV� WR� WKH� ODUJHVW� VWUXFWXUH� VFDOH�� 2QH� RI� WKHVH� PRGHOV� FRQVLGHUV� VZHOOLQJ� UHGXFWLRQ� GLUHFWO\�
XVLQJ�D�UKHRORJLFDO�PRGHO�FRXSOHG�ZLWK�D�PLFUR�PHFKDQLFV�FUDFNLQJ�FULWHULRQ�WKDW�SHUPLWV�ODUJH�VWUXF�
WXUH� DQDO\VLV� RQFH� LQFRUSRUDWHG� LQWR� ILQLWH� HOHPHQW� VRIWZDUHV� >�@��2WKHUV� WULHG� WR� H[SODLQ� WKHVH� SKH�
QRPHQD� XVLQJ� QXPHULFDO� PHVR� VFDOH� DSSURDFKHV� ZLWK� FRQFUHWH�PDWUL[� FRQVLGHUHG� DV� D� YLVFRHODVWLF�
PDWHULDO�WKDW�FDQ�DEVRUE�VZHOOLQJ��'HSHQGLQJ�RQ�FUHHS�PRGHO�XVHG�IRU�WKH�PDWUL[��WKH�FUHHS�YHORFLW\�
UDWH�LPPHGLDWHO\�DURXQG�WKH�DJJUHJDWHV�FRXOG�EH�DEOH�WR�DEVRUE�D�SDUW�RI�WKH�JHO�RYHUSUHVVXUH�>�@��,Q�
RUGHU�WR�WDNH�LQWR�FRQVLGHUDWLRQ�WKLV�SKHQRPHQRQ�LQ�IXWXUH�PRGHOV��D�ILUVW�VWHS�FRQVLVWV�RI�TXDQWLI\LQJ�
LW�H[SHULPHQWDOO\��

,Q������� WKH� WLPH�GHSHQGHQW�VWUDLQV�RI�FRQFUHWHV� LQFRUSRUDWLQJ�GLIIHUHQW� W\SHV�RI� UHDFWLYH�DJJUH�
JDWHV�ZHUH�TXDQWLILHG�E\�5HLQKDUGW�HW�DO�>�@��,Q�WKLV�VWXG\��WKH�UHDFWLRQ�ZDV�VWRSSHG�ZKHQ�WKH�VDPSOHV�
ZHUH� ORDGHG��7KH�H[SHULPHQWDO�SURJUDPPH�SUHVHQWHG�KHUH� LV� LQWHQGHG� WR�FODULI\� WKH� LQWHUDFWLRQV�EH�
WZHHQ�FUHHS�EHKDYLRXU�DQG�WKH�RQJRLQJ�$$5��

�� ([SHULPHQWDO�WHVW�SURJUDPPH�

���� *HQHUDO�
7KH�LQYHVWLJDWLRQ�RI�WZR�FRQFUHWHV��RQH�UHDFWLYH�DQG�WKH�RWKHU�QRW��LV�UHTXLUHG�WR�REVHUYH�WKH�HIIHFWV�RI�
$$5�RQ�FUHHS�EHKDYLRXU��%RWK�FRQFUHWH�PL[HV�ZHUH�GHVLJQHG� WR� UHDFK�VLPLODU�PHFKDQLFDO� VWUHQJWK�
DQG� VWLIIQHVV�� ,Q� WHUPV� RI� VWRUDJH� DQG� ORDGLQJ�� WKH� FRQGLWLRQV�ZHUH� WKH� VDPH� IRU� ERWK� FRQFUHWHV�� ,Q�
SDUDOOHO��WKH�VWUDLQV�RI�IUHH�VZHOOLQJ�XQORDGHG�VSHFLPHQV�ZHUH�DOVR�UHFRUGHG��

���� &KRLFH�RI�DJJUHJDWHV�
7KH� SURSHUWLHV� RI� ERWK� FRQFUHWH�PL[HV� KDYH� WR� EH� VLPLODU� EHIRUH� WKH� GHYHORSPHQW� RI� WKH� UHDFWLRQ��
&RQVHTXHQWO\��WKH�W\SH�RI�DJJUHJDWHV�LV�LPSRUWDQW��IRU�WKH�QRQ�UHDFWLYH�PL[��FUXVKHG�OLPHVWRQH�DJJUH�
JDWHV�ZHUH�FKRVHQ��&UXVKHG�FDOFDUHRXV�VLOLFHRXV�DJJUHJDWHV��FODVVLILHG�DV�SRWHQWLDOO\�UHDFWLYH�DFFRUG�
LQJ�WR�WKH�/&3&�FODVVLILFDWLRQ�>�@��ZHUH�XVHG�IRU�WKH�UHDFWLYH�RQHV��7R�MXVWLI\�WKLV�FKRLFH��WKH�SRWHQ�
WLDOO\� UHDFWLYH� DJJUHJUDWHV� ZHUH� FKDUDFWHUL]HG� LQ� DFFRUGDQFH� ZLWK� VWDQGDUGV� DQG� UHFRPPHQGDWLRQV�
>��@±�>��@�DQG�FRPSDUHG�ZLWK�WKH�QRQ�UHDFWLYH�FUXVKHG�OLPHVWRQH�LQ�WDEOH����

7DEOH��� 0HFKDQLFDO�SURSHUWLHV�RI�DJJUHJDWHV�

5HDFWLYLW\�RI�WKH�URFN� 1RQ�UHDFWLYH�>��@� 5HDFWLYH�

8QLD[LDO�FRPSUHVVLYH�VWUHQJWK� ���������03D� ���������03D�

<RXQJ¶V�PRGXOXV� �������*3D� �����������*3D�

3RLVVRQ¶V�UDWLR� ����������� ������������

�
� �



&UHHS�SRWHQWLDO�RI�FRQFUHWH�GDPDJHG�E\�$ONDOL�$JJUHJDWH�5HDFWLRQ��

&OpPHQW�/DFRPEH��$ODLQ�6HOOLHU��7KLHUU\�9LGDO��&KULVWLQH�1RUHW��3DWULFH�$QWKLQLDF� �� ����
�

�

���� &RQFUHWH�FRPSRVLWLRQV�
%RWK�FRQFUHWH�FRPSRVLWLRQV�ZHUH�GHVLJQHG�ZLWK�WKH�VDPH�SURSRUWLRQV�RI�PDWHULDOV��SUHVHQWHG�LQ�WDEOH�
����7KH�JUDGLQJ�FXUYHV�ZHUH�FORVH�ZLWK�D�PD[LPXP�VL]H�RI�WKH�ODUJHVW�JUDLQV�RI������PP���

7KH� 1D�2� HTXLYDOHQW� FRQWHQW� RI� ERWK� PL[HV� ZDV� LQFUHDVHG� IURP� ������ RI� FHPHQW� FRQWHQW� WR�
������WR�HQVXUH�WKH�$$5�GHYHORSPHQW��

7DEOH��� &RQFUHWH�PL[HV�

&RPSRQHQWV��IRU���P��� 1RQ�UHDFWLYH�PL[� 5HDFWLYH�PL[�

1RQ�UHDFWLYH�VDQG�>����PP@� ����NJ�P�� �
5HDFWLYH�VDQG�>���PP@� �� ����NJ�P��

1RQ�UHDFWLYH�DJJUHJDWHV�>�������PP@� �����NJ�P�� ��

5HDFWLYH�DJJUHJDWHV�>����PP@� �� ����NJ�P��

5HDFWLYH�DJJUHJDWHV�>�������PP@� �� ����NJ�P��

&HPHQW� ����NJ�P��

(IIHFWLYH�ZDWHU�&HPHQW�UDWLR� �����

�

���� ([SRVXUH�DQG�ORDGLQJ�FRQGLWLRQV�
7KH�H[SRVXUH�FRQGLWLRQV�ZHUH� WKH� VDPH� IRU�ERWK�FRQFUHWH� VDPSOHV��7KHVH� WKHUPR�K\GULF�FRQGLWLRQV�
FKDQJHG�ZLWK� WLPH� DV� IROORZV�� IURP� WKH� GD\� DIWHU�PL[LQJ�� WKH\�ZHUH� VWRUHG� DW� ���&� LQ� DXWRJHQRXV�
FRQGLWLRQV�IRU����GD\V��$IWHU�WKLV�FXULQJ��WKH�VSHFLPHQV�ZHUH�LPPHUVHG�LQ�D��0�K\GUR[LGH�VROXWLRQ�
NHSW� LQ�EDUUHOV� WR� DYRLG� WKH� OHDFKLQJ�RI� DONDOLV�� 7KLV�ZDV� LQ� DFFRUGDQFH�ZLWK�SUHYLRXV� H[SHULPHQWV�
>��@��DQG�VWRUHG�DW����&�WR�DFFHOHUDWH�WKH�UHDFWLRQ��2QFH�D�VZHOOLQJ�RI�DERXW�������ZDV�UHDFKHG�IRU�
WKH�UHDFWLYH�FRQFUHWH�PL[��DOO�WKH�VSHFLPHQV�ZHUH�WDNHQ�RXW�RI�WKH�VROXWLRQ�DQG�LPPHGLDWHO\�VHDOHG�E\�
DOXPLQXP� IRLOV� WR� DYRLG� GHVLFFDWLRQ� DQG� VWRUHG� DW� ���&��2QFH�SURWHFWHG�RI� GHVLFFDWLRQ�� KDOI� RI� WKH�
VDPSOHV�UHPDLQHG�IUHH�WR�VZHOO�ZKLOH�WKH�RWKHUV�ZHUH�XQLD[LDO\�ORDGHG�DW�����RI�WKH�ORZHVW�FRPSUHV�
VLYH�VWUHQJWK�RI�ERWK�PL[HV�DVVHVVHG�DIWHU�LPPHUVLRQ���

���� 6SHFLPHQV�DQG�PHDVXUHPHQWV�
)RU�HDFK�PL[��VWUDLQV�ZHUH�DVVHVVHG�RQ���XQORDGHG�VSHFLPHQV�DQG�RQ���ORDGHG�VSHFLPHQV��,Q�SDUDOOHO��
�� VDPSOHV�ZHUH� XVHG� WR� FKDUDFWHUL]H� WKH�PHFKDQLFDO� SURSHUWLHV��$W� HDFK�GDWH�RI� H[SRVXUH� FRQGLWLRQ�
FKDQJH��WKH�FRPSUHVVLYH�VWUHQJWK�DQG�WKH�<RXQJ¶V�PRGXOXV�ZHUH�PHDVXUHG��$OO�VDPSOHV�ZHUH�F\OLQ�
GHUV�ZLWK� ���PP� GLDPHWHU� DQG� ���PP� KLJK�� /RQJLWXGLQDO� IUHH� VWUDLQV� RI� WKH� XQORDGHG� VSHFLPHQV�
ZHUH�PHDVXUHG� XVLQJ� DQ� LQGLFDWRU� DQG� SOXJV� IRU� WKH� FRQWDFW� SRLQWV� �FRPSOLHG�ZLWK� WKH� QRUP� >��@��
GXULQJ� WKH� LPPHUVLRQ� WLPH�DQG� DIWHU� VHDOLQJ��7KH� FUHHS� WHVWV� VDPSOHV�ZHUH� HTXLSSHG�ZLWK� DQ� LQQHU�
/9'7�VHQVRU�ORFDWHG�LQ�D�QLFKH�FHQWHUHG�LQ�HDFK�VSHFLPHQ��7KLV�VHQVRU�DOORZV�WR�UHFRUG�WKH�HYROXWLRQ�
RI�ORQJLWXGLQDO�VWUDLQ�GXULQJ�WKH�FXULQJ�SHULRG�DQG�XQGHU�VXVWDLQHG�ORDGLQJ��

�� 5HVXOWV�DQG�GLVFXVVLRQ�

���� 'HVLJQDWLRQV�DQG�FXUYH�FRQYHQWLRQV�
$OO� WKH� ILJXUHV� DUH� SUHVHQWHG�ZLWK� SRVLWLYH� VZHOOLQJ� VWUDLQV�ZKLOH� VKULQNDJH� DQG� FRPSUHVVLYH� FUHHS�
VWUDLQV�DUH�QHJDWLYH��15�LV�XVHG�IRU�WKH�QRQ�UHDFWLYH�VDPSOHV�WKDW�DUH�SUHVHQWHG�LQ�EOXH��ZKHQ�5�DQG�
WKH�UHG�FXUYHV�DUH�XVHG�IRU�WKH�UHDFWLYH�RQHV��7KH�PHDVXUHPHQWV�V\VWHP�XVHG�LV�LQGLFDWHG�ZLWK�,6�IRU�
WKH� LQQHU�VHQVRU�DQG�ZLWK�3�IRU� WKH� LQGLFDWRU�DQG�SOXJV�V\VWHP��DQG�UHSUHVHQWHG�E\�FRQWLQXRXV�OLQHV�
DQG�GDVKHG�OLQHV��UHVSHFWLYHO\��
� �



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� 'XUDELOLW\�DQG�OLIH�DVVHVPHQW�

�

���� $XWRJHQRXV�VKULQNDJH�GXULQJ�FXULQJ�
7KH�VWUDLQV�GXH�WR�DXWRJHQRXV�VKULQNDJH�PHDVXUHG�RQ�WZR�VDPSOHV�IRU�HDFK�FRQFUHWH�XVLQJ�WKH�LQ�

QHU�VHQVRUV�DUH�SUHVHQWHG�LQ�ILJXUH����$IWHU����GD\V��D�VKULQNDJH�VWUDLQ�RI����������P�P�ZDV�REVHUYHG�
IRU�WKH�QRQ�UHDFWLYH�FRQFUHWH�DQG�����������P�P�IRU�WKH�UHDFWLYH�RQH��7KLV�VKULQNDJH�PHDVXUHG�DW�WKH�
HQG�RI�WKH�FXULQJ�ZLWK�WKH�H[WHUQDO�VHQVRU��FRUUHVSRQGLQJ�WR�WKH�PHDQ�YDOXH�RI�WKUHH�PHDVXUHPHQWV��
ZDV�����������P�P� IRU� WKH�QRQ�UHDFWLYH�FRQFUHWH�DQG�DQG����������P�P�IRU� WKH�UHDFWLYH�RQH��7KH�
DXWRJHQRXV�VKULQNDJH� LV� UHODWLYHO\�KLJK� IRU�ERWK�FRQFUHWHV�DQG�PD\�EH� WKH�FRQVHTXHQFH�RI� WKH�KLJK�
DONDOL�FRQWHQW�>��@��
�

�
)LJ��� $XWRJHQRXV� VKULQNDJH� VWUDLQV� IRU� UHDFWLYH� DQG� QRQ�UHDFWLYH� VSHFLPHQV� GXULQJ� WKH� ���&�

DXWRJHQRXV�FXULQJ��PHDVXUHPHQW�E\�LQQHU�VHQVRU��

�

���� )UHH�VWUDLQV�DQG�$$5�H[SDQVLRQV�
7KH�VWUDLQV�PHDVXUHG�DIWHU�WKH�FXULQJ�SHULRG�DUH�SUHVHQWHG�LQ�ILJXUH����ZKLOH�ILJXUH���JLYHV�WKH�VWUDLQV�
HYROXWLRQ�PHDVXUHG�DIWHU�VDPSOHV�VHDOLQJ��

�
)LJ��� (YROXWLRQ�RI�WKH�IUHH�VWUDLQV�RI�WKH�UHDFWLYH��UHG��DQG�QRQ�UHDFWLYH��EOXH��VSHFLPHQV�IURP�

���GD\V�WR�����GD\V���7KH�$$5�IUHH�VZHOOLQJ�FRUUHVSRQGLQJ�WR�WKH�GLIIHUHQFH�EHWZHHQ�WKH�
UHDFWLYH�DQG�QRQ�UHDFWLYH�FRQFUHWH�VWUDLQ�HYROXWLRQV�LV�UHSUHVHQWHG�E\�D�JUHHQ�OLQH��

�

5HDFWLYH�

1RQ�UHDFWLYH�

$$5�IUHH�VZHOOLQJ�

5HDFWLYH�

1RQ�UHDFWLYH�
LPPHUVLRQ�WLPH�
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&OpPHQW�/DFRPEH��$ODLQ�6HOOLHU��7KLHUU\�9LGDO��&KULVWLQH�1RUHW��3DWULFH�$QWKLQLDF� �� ����
�

�

������ (YROXWLRQ�LQ�1D2+�VROXWLRQ�DW����&�
7KH� $$5� VWUDLQ� HYROXWLRQ� �WKH� JUHHQ� OLQH� LQ� ILJXUH� ��� FRUUHVSRQGV� WR� WKH� GLIIHUHQFH� EHWZHHQ� WKH�
VWUDLQV�RI�ERWK�W\SHV�RI�FRQFUHWH��7KLV�$$5�VWUDLQV�FXUYH�EHJLQV�RQH�ZHHN�DIWHU�LPPHUVLRQ�WR�HUDVH�
WKH�VWUDLQ�GXH� WR� WKH� LQLWLDO�ZDWHU�DEVRUSWLRQ��$W� WKH�HQG�RI� WKH� LPPHUVHG�SHULRG�� WKH�$$5�VZHOOLQJ�
UHDFKHV�D�YDOXH�RI���������7KH�VWUDLQV�GLUHFWO\�PHDVXUHG�RQ�VSHFLPHQV�ZHUH�����������P�P�DQG�����
������P�P�IRU�WKH�UHDFWLYH�FRQFUHWH�DQG�QRQ�UHDFWLYH�RQH��UHVSHFWLYHO\��

������ )UHH�VWUDLQV�LQ�DXWRJHQRXV�FRQGLWLRQV�
$W�WKH�EHJLQQLQJ�RI�WKH�VHDOHG�FRQGLWLRQ�SHULRG�DW����&��$$5�LV�VWURQJO\�VORZHG�GRZQ�DQG�LV�PDLQ�
WDLQHG�DW�D�YDOXH�RI���������%XW�DIWHU�����GD\V�DIWHU�FDVWLQJ�� L�H������GD\V�LQ�DXWRJHQRXV�FRQGLWLRQ��
WKH�NLQHWLF�LQFUHDVHV�DJDLQ�DQG�UHDFKHV��������DW�����GD\V��$ORQJ�ZLWK�WKLV�VORZ�$$5�VZHOOLQJ�UDWH��
D�VKULQNDJH�VWUDLQ�HYROXWLRQ�ZDV�REVHUYHG�IRU�ERWK�FRQFUHWH�W\SHV��ILJXUH�����

7KH�UHGXFWLRQ�LQ�VZHOOLQJ�UDWH�FDQ�EH�DWWULEXWHG�WR�WKH�WHPSHUDWXUH�GHFUHDVH��IURP����&�WR����&��
DV�SUHYLRXVO\�REVHUYHG�LQ�>�@���>��@��7KH�FKDQJH�RI�PRLVWXUH�FRQGLWLRQV�DOVR�FRQWLEXWHV�WR�UHGXFH�WKH�
VZHOOLQJ� UDWH��1HYHUWKHOHVV�� WKH�REVHUYHG�$$5�VZHOOLQJ�HYROXWLRQ�ZLWK� WKH� LQFUHDVH�RI�NLQHWLF�DIWHU�
����GD\V�LQ�DXWRJHQRXV�FRQGLWLRQ�DW����&�FRQILUPV�WKDW�WKLV�WKHUPR�K\GULF�FRQGLWLRQ�LV�VXIILFLHQW�WR�
DOORZ�WKH�UHDFWLRQ�GHYHORSPHQW�>��@��

�
)LJ��� (YROXWLRQ�RI�IUHH�VWUDLQV�IURP�WKH�EHJLQQLQJ�RI�WKH�DXWRJHQRXV�VWDJH�

���� (YROXWLRQ�RI�PHFKDQLFDO�SURSHUWLHV�
$W�HDFK�WKHUPR�K\GULF�FRQGLWLRQ�FKDQJH��WKH�PHFKDQLFDO�SURSHUWLHV�RI�ERWK�FRQFUHWHV�ZHUH�PHDVXUHG��
7KH�UHVXOWV�EHIRUH�DQG�DIWHU�LPPHUVLRQ�DW����GD\V�DQG�����GD\V��UHVSHFWLYHO\��DUH�SUHVHQWHG�LQ�WDEOH����

7DEOH��� 0HFKDQLFDO�SURSHUWLHV�EHIRUH�DQG�DIWHU�LPPHUVLRQ�WLPH�

&RQFUHWH�0L[� 1RQ�UHDFWLYH� 5HDFWLYH� 5HODWLYH�GLIIHUHQFH�

&RPSUHVVLYH�6WUHQJWK�

���GD\V� �����������03D� �����������03D� �������
����GD\V� �����������03D� �����������03D� �������

(YROXWLRQ� ��������� �������� ��

<RXQJ¶V�PRGXOXV�

���GD\V� �����������*3D� �����������*3D� �������

����GD\V� �����������*3D� �����������*3D� �������

(YROXWLRQ� ��������� ��������� ��
� �

5HDFWLYH�

1RQ�UHDFWLYH�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� 'XUDELOLW\�DQG�OLIH�DVVHVPHQW�

�

7KH�DLP�RI�WKH�PHDVXUHPHQWV�DW����GD\V�LQ�DXWRJHQRXV�FRQGLWLRQ�DW����&�DIWHU�FDVWLQJ�ZDV�WR�FRP�
SDUH� WKH�PHFKDQLFDO�SHUIRUPDQFH�RI�ERWK�FRQFUHWHV�EHIRUH� WKH�EHJLQQLQJ�RI� WKH� VZHOOLQJ��7KH�FRP�
SUHVVLYH�VWUHQJWK�RI�WKH�UHDFWLYH�FRQFUHWH�LV�VOLJKWO\�KLJKHU�WKDQ�WKH�QRQ��UHDFWLYH�RQH��GLIIHUHQFH�RI�
��������ZKHUHDV�LW�LV�WKH�RSSRVLWH�IRU�WKH�<RXQJ¶V�PRGXOXV�UHVXOWV��GLIIHUHQFH�RI���������

$W�WKH�HQG�RI�WKH�LPPHUVLRQ�SHULRG��L�H������GD\V��WKH�$$5�VZHOOLQJ�UHDFKHG���������7KH�FRP�
SUHVVLYH�VWUHQJWK�RI�ERWK�FRQFUHWHV�FRQWLQXHV�WR�JURZ�EXW�WKH�LQFUHDVH�LV�VWURQJHU�IRU�WKH�QRQ�UHDFWLYH�
FRQFUHWH������FRPSDUHG�WR�����VR�D�GLIIHUHQFH�RI��������VKRZLQJ�WKDW�$$5�FHUWDLQO\�DOVR�DIIHFWV�
WKLV� PHFKDQLFDO� FKDUDFWHULVWLF�� 7KH� GLIIHUHQFH� EHWZHHQ� WKH� <RXQJ¶V� PRGXOXV� RI� ERWK� FRQFUHWHV�
UHDFKHV��������7KH�<RXQJ¶PRGXOXV�RI� WKH�QRQ�UHDFWLYH�FRQFUHWH�LQFUHDVHV�GXH�WR�FHPHQW�K\GUDWLRQ�
ZKLOH� WKH� RQH�RI� WKH� FRQFUHWH� DIIHFWHG�E\�$$5�GHFUHDVHG�E\��������7KLV� UHGXFWLRQ�RI�PHFKDQLFDO�
SURSHUWLHV�GXULQJ�$$5�DJUHHV�ZLWK�SUHYLRXV�REVHUYDWLRQV�>�@±>�@�DQG� LV�JHQHUDOO\�H[SODLQHG�E\�PL�
FUR�FUDFNLQJV�LQ�WKH�FHPHQW�SDVWH�DQG�LQ�WKH�UHDFWLYH�DJJUHJDWHV��

�

���� 7LPH�GHSHQGHQW�VWUDLQV�XQGHU�D�XQLD[LDO�FRPSUHVVLYH�ORDG�
7KH�VWUDLQV�PHDVXUHG�GXULQJ�WKH�FUHHS�WHVWV�DUH�SUHVHQWHG�LQ�ILJXUH����7KHVH�VWUDLQV��DVVHVVHG�E\�LQQHU�
VHQVRUV��DUH�SORWWHG�ZLWK�WKH�IUHH�VWUDLQV�FXUYHV�DOUHDG\�DQDO\]HG�LQ�ILJXUH����DQG�SURYLGH�DQ�RYHUYLHZ�
RI�ERWK�WHVWV�FRQGLWLRQV��

�
)LJ��� 7RWDO�D[LDO�VWUDLQV�IRU�ERWK�WHVW�FRQGLWLRQV�

������ /RDGLQJ�DQG�HODVWLF�VWUDLQV�
$�XQLD[LDO� FRPSUHVVLYH� VWUHVV� RI� ���03D�ZDV� DSSOLHG� WR� DOO� VSHFLPHQV�� 7KLV� YDOXH� FRUUHVSRQGV� WR�
����RI�WKH�ORZHVW�FRPSUHVVLYH�VWUHQJWK�DVVHVVHG�WKH�GD\�RI�WKH�ORDGLQJ��L�H�������03D�PHDVXUHG�RQ�
WKH�QRQ�UHDFWLYH�FRQFUHWH�DW�����GD\V��WDEOH�������

7KH�HODVWLF�VWUDLQV�ZHUH������P�P�DQG������P�P�IRU�WKH�UHDFWLYH�DQG�QRQ�UHDFWLYH�FRQFUHWHV��UH�
VSHFWLYHO\��

������ 6WUDLQV�XQGHU�ORDGLQJ�
$V�VKRZQ�LQ�ILJXUH����HYHQ�DIWHU�����GD\V�RI�FUHHS��WKH�WRWDO�VWUDLQ�XQGHU�ORDGLQJ�RI�WKH�UHDFWLYH�FRQ�
FUHWH��ORDGHG�DIWHU�D�IUHH�VZHOOLQJ�SHULRG��ZDV�VWLOO������P�P�KLJKHU�WKDQ�WKH�QRQ�UHDFWLYH�RQH��%HIRUH�
ORDGLQJ��WKLV�GLIIHUHQFH�ZDV�HTXDO�WR������P�P��7KXV��WKH�FRPSUHVVLYH�ORDGLQJ�UHGXFHG�WKH�$$5�IUHH�
VZHOOLQJ�E\������

7KLV�UHGXFWLRQ� LV� WKH�FRQVHTXHQFH�RI� WZR�SKHQRPHQD��)LUVWO\�� WKH� LQVWDQWDQHRXV�HODVWLF�VWUDLQ�RI�
WKH�UHDFWLYH�FRQFUHWH�LV�KLJKHU�WKDQ�WKH�QRQ�UHDFWLYH�RQH��GXH�WR�WKH�GDPDJH�LQGXFHG�E\�WKH�SUHYLRXV�
IUHH�VZHOOLQJ��6HFRQGO\��GXULQJ�WKH�ILUVW����GD\V�DIWHU�ORDGLQJ��WKH�FUHHS�UDWH�ZDV�VXSHULRU�LQ�WKH�UHDF�
WLYH�FRQFUHWH���

$IWHUZDUGV�� ERWK� FUHHS� HYROXWLRQV�ZHUH�TXLWH� VLPLODU�� HYHQ�ZKHQ� WKH�$$5�NLQHWLF� LQFUHDVHG� DV�
REVHUYHG�RQ�IUHH�VWUDLQV�VDPSOHV��DW�WKH�GDWH�FRUUHVSRQGLQJ�WR�����GD\V�IURP�ORDGLQJ���

�

$$5�IUHH�VZHOOLQJ�

1RQ�UHDFWLYH���)UHH�

5HDFWLYH���/RDGHG�

5HDFWLYH���)UHH�

1RQ�UHDFWLYH���/RDGHG�



&UHHS�SRWHQWLDO�RI�FRQFUHWH�GDPDJHG�E\�$ONDOL�$JJUHJDWH�5HDFWLRQ��

&OpPHQW�/DFRPEH��$ODLQ�6HOOLHU��7KLHUU\�9LGDO��&KULVWLQH�1RUHW��3DWULFH�$QWKLQLDF� �� ����
�

�

�
)LJ��� 6WUDLQV�XQGHU�ORDGLQJ�DQG�$$5�IUHH�VZHOOLQJ�GXULQJ�WKH�VDPH�SHULRG�

7KH�VDPH�REVHUYDWLRQV�ZHUH�UHSRUWHG�E\�5HLQKDUGW�HW�DO�>�@�RQ�FRQFUHWHV�ZLWK�GLIIHUHQW�IUHH�VZHOOLQJV��
$IWHU� WZR�ZHHNV�XQGHU� VWUHVV�DQG�GHVSLWH� WKH� UHDFWLRQ�ZDV�DOUHDG\�VWRSSHG� LQ� WKHVH� WHVWV�� WKH�FUHHS�
YHORFLWLHV�ZHUH�VLPLODU�ZKDWHYHU�WKH�$$5�DPSOLWXGH��

)RU�WKH�WHVWV�UHVXOWV�GHWDLOHG�LQ�WKH�SUHVHQW�SDSHU��D�FRPSUHVVLYH�VWUHVV�FRUUHVSRQGLQJ�WR�����RI�
WKH�FRPSUHVVLYH�VWUHQJWK�SURYRNHV�D�VZHOOLQJ�UHGXFWLRQ�RI������7KLV�UHGXFWLRQ�RFFXUV�GXULQJ�ORDGLQJ�
DQG�LQ�WKH�ILUVW�WZR�ZHHNV�DIWHU�ORDGLQJ��%H\RQG�WKLV�SHULRG��WKH�FUHHS�UDWH�UHDFKHV�D�VDPH�OHYHO�WKDQ�
IRU�WKH�QRQ�UHDFWLYH�FRQFUHWH��GHVSLWH�WKH�$$5�UHVWDUWV��

�� &RQFOXVLRQV�DQG�PRGHOOLQJ�SURVSHFWV�
7KH�TXDQWLILFDWLRQ�RI� WKH� LQWHUDFWLRQV�EHWZHHQ�FUHHS�DQG�$$5�VZHOOLQJ�KDV�EHHQ�GRQH� WKDQNV�WR�DQ�
H[SHULPHQWDO� FRPSDUDWLYH� VWXG\� RI� D� UHDFWLYH� FRQFUHWH� DQG� D� QRQ�UHDFWLYH� RQH� ZLWK� VLPLODU� LQLWLDO�
PHFKDQLFDO�SHUIRUPDQFHV��

7KLV�UHVHDUFK�ZRUN�VKRZV�FOHDUO\�WKDW�D�FRPSUHVVLYH�VWUHVV�FRUUHVSRQGLQJ�WR�����RI�WKH�FRQFUHWH�
FRPSUHVVLYH�VWUHQJWK�FDQ�UHGXFH�E\�����WKH�IUHH�VZHOOLQJ�RFFXUUHG�EHIRUH�WKH�ORDGLQJ��$�WKLUG�RI�WKLV�
DEVRUSWLRQ�LV�WKH�UHVXOW�RI�D�KLJK�FUHHS�UDWH�GXULQJ�WKH�ILUVW�WZR�ZHHNV�RI�ORDGLQJ��7KH�RWKHU�SDUW�LV�GXH�
WR� WKH� HODVWLF� EHKDYLRXU�RI� WKH�GDPDJHG� FRQFUHWH��(YHQ� LI� WKH� UHDFWLRQ� FRQWLQXHV�� WKH� FUHHS� UDWH� UH�
PDLQV�WKH�VDPH�IRU�WKH�FRQFUHWH�DIIHFWHG�E\�$$5�WKDQ�IRU�WKH�QRQ�UHDFWLYH�RQH��

7KHVH�UHVXOWV�ZLOO�EH�FRQVLGHUHG�WR�VHW�XS�D�VWUXFWXUDO�PRGHO�XQGHU�GHYHORSPHQW�DW�/0'&�7RX�
ORXVH��7KH�FROODERUDWLRQ�ZLWK�7UDFWHEHO�(QJLH�FRPSDQ\�DLPV� WR�FRQVLGHU� WKH� ORFDO�EHKDYLRXU�RI�FH�
PHQW�SDVWH�DURXQG�UHDFWLYH�DJJUHJDWHV�LQ�WKLV�PRGHO��7KLV�ZLOO�EH�GRQH�YLD�D�PLFURPHFKDQLFV�EDVHG�
IRUPXODWLRQ�WKDW�ZLOO�FRQVLGHU�FHPHQW�SDVWH�FUHHS�DQG�SDUWLDO�UHFORVLQJ�RI�$$5�PLFUR�FUDFNV��

$FNQRZOHGJPHQW�
7KLV�ZRUN�ZDV�FDUULHG�RXW�DW�/0'&�7RXORXVH�LQ�FROODERUDWLRQ�ZLWK�DQG�ZLWK�VXSSRUW�IURP�7UDFWHEHO�
(QJLH�FRPSDQ\��
� �

$$5�IUHH�VZHOOLQJ�

5HDFWLYH�

1RQ�UHDFWLYH�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� 'XUDELOLW\�DQG�OLIH�DVVHVPHQW�

�

5HIHUHQFHV�
>�@� 6��'LDPRQG��������³$�UHYLHZ�RI�DONDOL�VLOLFD� UHDFWLRQ�DQG�H[SDQVLRQ�PHFKDQLVPV�´�&HPHQW�

DQG�&RQFUHWH�5HVHDUFK������������
>�@� /DULYH�&��������³$SSRUWV�FRPELQpV�GH� O¶H[SpULPHQWDWLRQ�HW�GH� OD�PRGpOLVDWLRQ�j� OD�FRPSUp�

KHQVLRQ�GH�O¶DOFDOL�UpDFWLRQ�HW�GH�VHV�Hff HWV�PpFDQLTXHV�´�3K'��(FROH�1DWLRQDOH�GHV�3RQWV�HW�
&KDXVVpHV��

>�@� 0XOWRQ� 6�� ������ ³(YDOXDWLRQ� H[SpULPHQWDOH� HW� WKpRULTXH� GHV� HIIHWV� PpFDQLTXHV� GH� O¶DOFDOL�
UpDFWLRQ�VXU�GHV�VWUXFWXUHV�PRGqOHV�´�3K'��(FROH�1DWLRQDOH�GHV�3RQWV�HW�&KDXVVpHV��

>�@� &KDUOZRRG�5��*�� ������ ³$� UHYLHZ� RI� DONDOL� DJJUHJDWH� UHDFWLRQ� LQ� K\GUR� SODQWV� DQG� GDPV�´�
+\GURSRZHU�DQG�'DPV����������

>�@� (VSRVLWR� 5�� DQG�+HQGULNV�0�� $�� 1�� ������ ³/LWHUDWXUH� UHYLHZ� RI� PRGHOOLQJ� DSSURDFKHV� IRU�
$65� LQ� FRQFUHWH�� D� QHZ�SHUVSHFWLYH�´�(XURSHDQ� -RXUQDO� RI� (QYLURQPHQWDO� DQG�&LYLO� (QJL�
QHHULQJ���������������

>�@� *ULPDO�(���6HOOLHU�$���/H�3DSH�<��DQG�%RXUGDURW�(��������³&UHHS��6KULQNDJH��DQG�$QLVRWURSLF�
'DPDJH�LQ�$ONDOL�$JJUHJDWH�5HDFWLRQ�6ZHOOLQJ�0HFKDQLVP²3DUW�,��$�&RQVWLWXWLYH�0RGHO�´�
$&,�0DWHULDOV�-RXUQDO��������������

>�@� 'XQDQW� &�� )�� DQG� 6FULYHQHU� .�� /�� ������ ³0LFUR�PHFKDQLFDO� PRGHOOLQJ� RI� DONDOL�VLOLFD�
UHDFWLRQ�LQGXFHG�GHJUDGDWLRQ�XVLQJ� WKH�$0,(� IUDPHZRUN�´�&HPHQW� DQG�&RQFUHWH�5HVHDUFK�
������������

>�@� 5HLQKDUGW�+��:���g]NDQ�+��DQG�0LHOLFK�2���������&UHHS�RI�FRQFUHWH�DV�LQIOXHQFHG�E\�WKH�UDWH�
RI�H[SDQVLRQ�GXH�WR�DONDOL�VLOLFD�UHDFWLRQ���6WUXFWXUDO�&RQFUHWH����������������

>�@� /&3&��������5HFRPPDQGDWLRQV�SRXU�OD�SUpYHQWLRQ�GHV�GpVRUGUHV�GXV�j�O
DOFDOL�UpDFWLRQ��
>��@� 1)�3��������������%pWRQV� ��&DUDFWpULVWLTXHV�SDUWLFXOLqUHV�GHV�PDFKLQHV�K\GUDXOLTXHV�SRXU�

HVVDLV�GH�FRPSUHVVLRQ��SUHVVHV�SRXU�PDWpULDX[�GXUV���$)125��
>��@� 5,/(0��5HFRPPDQGDWLRQV�5,/(0�&3&���0RGXOXV�RI�HODVWLFLW\�RI�FRQFUHWH�LQ�FRPSUHVVLRQ��

0DWHULDOV�DQG�6WUXFWXUHV��
>��@� 0DNDQL�$�� ������ ³,QIOXHQFH� GH� OD� QDWXUH�PLQpUDORJLTXH� GHV� JUDQXODWV� VXU� OH� FRPSRUWHPHQW�

PpFDQLTXH�GLIIpUp�GHV�EpWRQV�´�3K'��,16$�GH�7RXORXVH��
>��@� 5LYDUG�3���%pUXEp�0��$���2OOLYLHU�-��3��DQG�%DOOLE\�*��������³'HFUHDVH�RI�SRUH�VROXWLRQ�DOND�

OLQLW\�LQ�FRQFUHWH�WHVWHG�IRU�DONDOL�VLOLFD�UHDFWLRQ�´�0DWHULDOV�DQG�6WUXFWXUHV�������������
>��@� 1)�3��������������*UDQXODWV���0pWKRGHV�G
HVVDL�GH�UpDFWLYLWp�DX[�DOFDOLV��$)125��
>��@� -DZHG�,��DQG�6NDOQ\�-��������³(IIHFWV�RI�$ONDOLHV�RQ�+\GUDWLRQ�DQG�3HUIRUPDQFH�RI�3RUWODQG�

&HPHQW�´�&HPHQW�DQG�&RQFUHWH�5HVHDUFK����������
>��@� 'LDPRQG�6���%DUQH\EDFN�-U�5��6���DQG�6WUXEOH�/��-��������³2Q�WKH�SK\VLFV�DQG�FKHPLVWU\�RI�

DONDOL�VLOLFD�UHDFWLRQV�´�&RQIHUHQFH�RQ�$ONDOL�$JJUHJDWH�5HDFWLRQV�LQ�&RQFUHWH��&DSH�7RZQ��
6RXWK�$IULFD��

>��@� 3R\HW�6��������³(WXGH�GH�OD�GpJUDGDWLRQ�GHV�RXYUDJHV�HQ�EpWRQ�DWWHLQWV�SDU�OD�UpDFWLRQ�DOFDOL�
VLOLFH�´�3K'��8QLYHUVLWp�GH�0DUQH�/D�9DOOpH���
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�

*HRSRO\PHU�FRQFUHWH�VWUXFWXUHV��PHFKDQLFDO�
SURSHUWLHV�DQG�ERQG�ZLWK�VWHHO�DQG�*)53�EDUV��
9��5RPDQD]]L��0��/HRQH�

'HSDUWPHQW�RI�,QQRYDWLRQV�(QJLQHHULQJ��
8QLYHUVLW\�RI�6DOHQWR���
9LD�SHU�0RQWHURQL��/HFFH����������,WDO\�

$EVWUDFW�
7KH�KLJK�PHFKDQLFDO�SHUIRUPDQFHV�VKRZHG�E\�JHRSRO\PHU�FRQFUHWH�OHG�VHYHUDO�UHVHDUFKHUV�WR�LQYHV�
WLJDWH� DERXW�SRVVLELOLWLHV�RI� XVLQJ� WKLV�PDWHULDO� LQ� UHLQIRUFHG� VWUXFWXUDO� HOHPHQWV�� 6LQFH� JHRSRO\PHU�
ELQGHU�KDV�D�GLIIHUHQW�PLFURVWUXFWXUH�IURP�RUGLQDU\�3RUWODQG�&HPHQW��23&��LW�LV�QHFHVVDU\�WR�LQYHVWL�
JDWH� RQ� LWV� ERQGLQJ� EHKDYLRU�ZLWK� VWHHO� EDU� WKDW� DV�ZHOO�NQRZQ� LQIOXHQFHV� WKH� VHUYLFH� DQG� XOWLPDWH�
FRQGLWLRQV��)RU� WKLV�UHDVRQ�� LQ� WKH� ODVW�GHFDGHV�ERWK�GLUHFW�SXOO�RXW�DQG�EHDP�HQG�WHVWV�ZHUH�FDUULHG�
RXW�ZLWK� WKLV�PDWHULDO��*HQHUDOO\�� LW�KDV�EHHQ�REVHUYHG� WKDW� JHRSRO\PHU� FRQFUHWH� �*3&��KDV�KLJKHU�
ERQG�VWUHQJWK� WKDQ�23&�GXH� WR� WKH�KLJKHU�FRPSUHVVLRQ�VWUHQJWK�DQG� WKH�GHQVH�DQG�FRPSDFW�PLFUR�
VWUXFWXUH�RI�*3&��7KLV�PHDQV�WKDW�WKH�H[LVWLQJ�GHVLJQ�HTXDWLRQ�IRU�ERQG�VWUHQJWK�SUHGLFWLRQ�RI�RUGL�
QDU\� FRQFUHWH� FDQ� EH� FRQVHUYDWLYHO\� XVHG� DOVR� IRU�*3&�� ,Q� WKLV� SDSHU� WKH�PHFKDQLFDO� SURSHUWLHV� RI�
*3&� ZLOO� EH� DQDO\]HG� LQ� WHUPV� RI� FRPSUHVVLYH� VWUHQJWK� DQG� FRQVWLWXWLYH� EHKDYLRU�� 0RUHRYHU�� WKH�
ERQG�VOLS�EHKDYLRU�RI�*3&�ZLWK�GHIRUPHG�VWHHO�DQG�*)53�EDU�KDV�EHHQ�VWXGLHG��7KH�UHVXOWV�VKRZHG�
WKDW�*3&�LV�PRUH�EULWWOH�WKDQ�23&�FRQFUHWH�GHVSLWH�LWV�KLJK�FRPSUHVVLYH�VWUHQJWK��2Q�WKH�RWKHU�KDQG��
DV�LQ�FDVH�RI�23&�FRQFUHWH��DOVR�*3&�ERQGLQJ�EHKDYLRU�LV�EHWWHU�ZLWK�VWHHO�EDUV�WKDQ�*)53�EDUV���

�� ,QWURGXFWLRQ�
7KH�KLJK�TXDQWLW\�RI�&2�� UHDOHVHG�GXULQJ�3RUWODQG�FHPHQW�SURGXFWLRQ�SURFHVV� OHG� WR� WKH� VHDUFK� IRU�
DOWHUQDWLYH�PDWHULDOV� WR�EH�XVHG� DV�ELQGHU� LQ� FRQFUHWH�� ,Q� WKLV� FRQWH[W�� JHRSRO\PHUV�SURYHG� WR�KDYH�
JRRG�SRWHQWLDO��,Q�IDFW��QXPHURXV�VWXGLHV�GHPRQVWUDWHG�WKH�JRRG�ERQGLQJ�SURSHUWLHV�RI�WKHVH�PDWHULDO��
FRPELQHG�ZLWK� WKH� SRVVLELOLWLHV� WR� UHDFK�KLJK�PHFKDQLFDO� SURSHUWLHV� >�@±>�@��0RUHRYHU�� VHYHUDO� DX�
WKRUV�REVHUYHG� WKDW�ERQG�VWUHQJWK�RI�JHRSRO\PHU�FRQFUHWH� �*3&��ZLWK�GHIRUPHG�VWHHO�EDU� LV�KLJKHU�
WKDQ� RUGLQDU\� 3RUWODQG� FHPHQW� �23&�� FRQFUHWH� >�@±>�@��2Q� WKH� RWKHU� KDQG��*3&� VKRZHG� D� VLPLODU�
EHKDYLRU�WR�23&�FRQFUHWH�LQ�ERQG�ZLWK�JODVV�ILEHU�UHLQIRUFHG�SRO\PHU��*)53��EDU�>�@��

,Q�WKLV�SDSHU�FRPSUHVVLYH�VWUHQJWK��FRQVWLWXWLYH�EHKDYLRU�DQG�WKH�ERQG�VOLS�RI�*3&�ZLWK�ERWK�VWHHO�
DQG� VDQG�FRDWHG�*)53� UHLQIRUFLQJ� EDU� DUH� LQYHVWLJDWHG��7KH� FRQFUHWH�PL[� XVHG� LQ� WKLV�ZRUN� LV� FH�
PHQW�IUHH�DQG�LW�LV�FRPSRVHG�E\�RQO\�LQGXVWULDO�E\�SURGXFWV�DV�JURXQG�JUDQXODWHG�EODVW�IXUQDFH�VODJ�
�**%)6��DQG�VLOLFD�IXPH��7KH�UHVXOWV�RI�FRPSUHVVLYH�WHVWV�VKRZHG�D�VLJQLILFDQW�LQFUHDVH�LQ�FRPSUHV�
VLYH�VWUHQJWK�DOVR�EH\RQG����GD\V�RI�FXULQJ�DQG�D�EULWWOH�QDWXUH�RI�WKH�PDWHULDO��)LQDOO\��IURP�SXOO�RXW�
WHVWV�RQ�*3&�LW�KDV�EHHQ�REVHUYHG�WKH�EHWWHU�ERQGLQJ�EHKDYLRU�ZLWK�GHIRUPHG�VWHHO�EDU�LQ�UHVSHFW�WR�
WKH�VWUDLJWK�*)53�EDUV� 

�� 0DWHULDOV�

���� 0L[�GHVLJQ�
7KH�H[SHULPHQWDO� FDPSDLJQ� VKRZQ� LQ� WKLV�ZRUN� LV� SDUW�RI� D� ODUJHU� SURMHFW� WKDW� KDV� WKH�REMHFWLYH� WR�
GHYHORSH�DOWHUQDWLYHV�FRQVWUXFWLRQ�PDWHULDOV�E\�UHSODFLQJ�3RUWODQG�FHPHQW�ZLWK�LQGXVWU\�E\�SURGXFW�LQ�
FRQFUHWH�DQG�PRUWDU�SURGXFWLRQ��7KH�*3&�PL[�XVHG�LQ�WKLV�ZRUN�LV�VXPPDUL]HG�LQ�7DEOH����7KH�DJ�
JUHJDWHV�ZHUH�QDWXUDO�FDOFLXP�FDUERQDWH�W\SH�LQ�WZR�GLIIHUHQW�VL]HV��7KH�ELQGHU�GHYHORSHG�FRQVLVWV�RI�
DQ� RSWLPD]HG� FRPELQDWLRQ�RI��**%)6� �E\�SURGXFW� RI� LURQ� DQG� VWHHO�PDNLQJ� LQGXVWU\��� VLOLFD� IXPH�
�E\�SURGXFW�RI�VLOLFRQ�DQG�IHUURVLOLFRQ�DOOR\�LQGXVWU\��DQG�ILOOHU�SRZGHU�FRPSRVHG�E\�OLPHVWRQH�DQG�
J\SVXP��

�
�

3URF��RI�WKH���WK�ILE�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�
-XO\�������������0DUQH�OD�9DOOpH��3DULV��)UDQFH�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� ,QQRYDWLRQ�LQ�PDWHULDOV�DQG�VWUXFWXUHV�

�

7DEOH��� *HRSRO\PHU�FRQFUHWH�PL[�
&RPSRQHQWV� 4XDQWLW\��NJ�P���

**%)6� ����
)LOOHU��OLPHVWRQH�DQG�J\SVXP�� ����
6LOLFD�)XPH� ���
$FWLYDWRU�6ROXWLRQ� ����
:DWHU� ����
$GGLWLYH��3ODVWLFL]HU�� ��
6DQG������PP�� ������
*UDYHO�������PP�� ����

�

���� 7HVWV�VHWXS�

������ &RPSUHVVLYH�WHVWV�
8QLD[LDO�FRPSUHVVLYH�WHVWV�ZHUH�SHUIRUPHG�DW�GLIIHUHQW�DJH�RI�FXULQJ�RQ�D�WRWDO�RI����FXELF�VSHFLPHQV�
ZLWK� ����PP� VL]H�� DFFRUGLQJ� WR� WKH� HXURSHDQ� VWDQGDUG�81,�(1��������� >��@� DV� VKRZHG� LQ� )LJ�� ��
�OHIW���$OO�FXELF�*3&�VSHFLPHQV�WR�EH�WHVWHG�XQGHU�FRPSUHVVLYH�ORDG�KDV�EHHQ�FXUHG�DW�DPELHQW�WHP�
SHUDWXUH� ���&��0RUHRYHU�� ILYH� F\OLQGULFDO� VSHFLPHQV� �����PP�GLDPHWHU� DQG� ����PP�KHLJKW��ZHUH�
VXEMHFWHG� WR� FRPSUHVVLYH� WHVW� XQGHU� GLVSODFHPHQW� FRQWURO� E\� LPSRVLQJ� D� FRQVWDQW� YHORFLW\� WR� WKH�
VWURNH�HTXDO�WR������PP�PLQ��7KLV�WHVWV�DOORZHG�WR�HYDOXDWH�WKH�FRPSOHWH�FRQVWLWXWLYH�EHKDYLRU�RI�WKH�
*3&� PL[�� 7KH� D[LDO� GLVSODFHPHQWV� RI� WKH� F\OLQGULFDO� VSHFLPHQ� ZHUH� PHDVXUHG� E\� PHDQV� RI� WZR�
/9'7V� �/LQHDU�9DULDEOH�'LVSODFHPHQW� 7UDQVGXFHUV�� SRVL]LRQHG�RQ� RSSRVLWH� SRLQWV� RI� WKH� F\OLQGHU�
ODWHUDO�IDFH�DV�VKRZQ�LQ�)LJ�����ULJKW���

����
)LJ���� &XELF�VSHFLPHQ�IRU�FRPSUHVVLYH�VWUHQJWK�WHVW��OHIW��DQG�FRQVWLWXWLYH�ODZ�WHVW�VHWXS��ULJKW��

������ 3XOO�RXW�WHVW�
'LUHFW�SXOO�RXW�WHVWV�ZLWK�VWHHO�DQG�*)53�EDUV�ZHUH�SHUIRUPHG�DFFRUGLQJ�WR�WKH�5,/(0�5HFRPPHQ�
GDWLRQV�>��@��$�WRWDO�RI����SXOO�RXW�VDPSOHV�ZHUH�FDVWHG�DQG�WHVWHG��RI�ZKLFK���ZLWK�VWHHO�EDU�DQG���
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ZLOO�EH�LQWHUHVWLQJ�WR�SHUIRUP�D�VSHFLILF�DQDO\VLV�DERXW�WKLV�DVSHFW�LQ�RUGHU�WR�GHILQH�D�QHZ�FRPSUHV�
VLYH�VWUHQJWK�HYROXWLRQ�PRGHO�SUHYLVLRQ�IRU�*3&�LQ�IXQFWLRQ�RI�**%)6�TXDQWLW\��0RUHRYHU��UHVXOWV�RI�
SXOO�RXW�WHVWV�ZLWK�GHIRUPHG�VWHHO�DQG�*)53�EDUV�XQGHUOLQHG�D�FRPSDUDEOH�EHKDYLRU�WR�23&�FRQFUHWH���

7KHVH�UHVXOWV�SURPRWLQJ�WKH�LGHD�WR�XVH�WKLV�FHPHQW�IUHH�FRQFUHWH�IRU�VWUXFWXUDO�DSSOLFDWLRQV��)RU�
WKLV�UHDVRQ��DUH�DFWXDOO\�LQ�SURJUHVV�WHVWV�RQ�UHLQIRUFHG�*3&�EHDP�HOHPHQWV�GHVLJQHG�WR�H[KLELW�EHQG�
LQJ�RU�VKHDU�IDLOXUH��7KH�REWDLQHG�GDWD�ZLOO�EH�LQYROYHG�LQ�D�QXPHULFDO�DQDO\VLV� WKDW�SURYLGHV�D�UDSLG�
DQG�HFRQRPLF�WRRO�WR�VWXG\�WKH�LQFLGHQFH�RI�WKH�PRVW�UHOHYDQW�YDULDEOHV�RQ�*3&�VWUXFWXUDO�EHKDYLRXU��
0RUHRYHU��GXUDELOLW\�VKRXOG�EH�LQYHVWLJDWHG�LQ�WHUPV�IRU�H[DPSOH�RI�ZDWHU�SHUPDELOLW\�DQG�UHVLVWDQFH�
WR�VXOIDWH�DWWDFN���

$FNQRZOHGJHPHQWV�
7KLV�UHVHDUFK�ZDV�FDUULHG�RXW�LQ�WKH�IUDPHZRUN�RI�WKH�5HJLRQDO�3URMHFW�&,5&(�³VH&RQGDU\�UDZ�PDWH�
ULDOV�IR5�D�FLUFXODU�(FRQRP\�LQ�EXLOGLQJV´�IRXQGHG�E\�,1121(7:25.������_�6RVWHJQR�DOOH�DWWLYLWj�



*HRSRO\PHU�FRQFUHWH�VWUXFWXUHV��PHFKDQLFDO�SURSHUWLHV�DQG�ERQG�ZLWK�VWHHO�DQG�*)53�EDUV��

9��5RPDQD]]L��0��/HRQH� �� ����
�

�

GL�5	6�SHU�OR�VYLOXSSR�GL�QXRYH�WHFQRORJLH�VRVWHQLELOL��GL�QXRYL�SURGRWWL�H�VHUYL]L�RI�3XJOLD�5HJLRQ�
�&RGLFH�3URJ�6�*6�7����

�

5HIHUHQFHV�
>�@� %��6LQJK��*��,VKZDU\D��0��*XSWD��DQG�6��.��%KDWWDFKDU\\D��³*HRSRO\PHU�FRQFUHWH��$�UHYLHZ�

RI�VRPH�UHFHQW�GHYHORSPHQWV�´�&RQVWU��%XLOG��0DWHU���YRO������SS����±����������GRL��
��������M�FRQEXLOGPDW��������������

>�@� .��+��0R��8��-��$OHQJDUDP��DQG�0��=��-XPDDW��³6WUXFWXUDO�SHUIRUPDQFH�RI�UHLQIRUFHG�
JHRSRO\PHU�FRQFUHWH�PHPEHUV��$�UHYLHZ�´�&RQVWU��%XLOG��0DWHU���YRO�������SS�����±�����
������GRL����������M�FRQEXLOGPDW��������������

>�@� <��'LQJ��-��*��'DL��DQG�&��-��6KL��³0HFKDQLFDO�SURSHUWLHV�RI�DONDOL�DFWLYDWHG�FRQFUHWH��$�
VWDWH�RI�WKH�DUW�UHYLHZ�´�&RQVWU��%XLOG��0DWHU���YRO�������SS����±����������GRL��
��������M�FRQEXLOGPDW��������������

>�@� &��.��0D��$��=��$ZDQJ��DQG�:��2PDU��³6WUXFWXUDO�DQG�PDWHULDO�SHUIRUPDQFH�RI�JHRSRO\PHU�
FRQFUHWH��$�UHYLHZ�´�&RQVWU��%XLOG��0DWHU���YRO�������SS����±�����������GRL��
��������M�FRQEXLOGPDW��������������

>�@� 3��6DUNHU��³%RQG�6WUHQJWKV�RI�*HRSRO\PHU�DQG�&HPHQW�&RQFUHWHV�´�$GY��6FL��7HFKQRO���YRO��
����SS�����±�����������GRL����������ZZZ�VFLHQWLILF�QHW�DVW���������

>�@� $��)HUQiQGH]�-LPpQH]�DQG�$��3DORPR��³(QJLQHHULQJ�3URSHUWLHV�RI�&RPSDFWHG�)O\�$VK�´�$FL�
0DWHU��-���QR��0DUFK�������������

>�@� $��&DVWHO�DQG�6��-��)RVWHU��³%RQG�VWUHQJWK�EHWZHHQ�EOHQGHG�VODJ�DQG�&ODVV�)�IO\�DVK�
JHRSRO\PHU�FRQFUHWH�ZLWK�VWHHO�UHLQIRUFHPHQW�´�&HP��&RQFU��5HV���YRO������SS����±����������
GRL����������M�FHPFRQUHV��������������

>�@� 0��$O�$]]DZL��7��<X��DQG�0��1��6��+DGL��³)DFWRUV�$IIHFWLQJ�WKH�%RQG�6WUHQJWK�%HWZHHQ�WKH�
)O\�$VK�EDVHG�*HRSRO\PHU�&RQFUHWH�DQG�6WHHO�5HLQIRUFHPHQW�´�6WUXFWXUHV��YRO������QR��
-DQXDU\��SS�����±�����������GRL����������M�LVWUXF��������������

>�@� %��+��7HNOH��<��&XL��DQG�$��.KHQQDQH��³%RQG�SURSHUWLHV�RI�VWHHO�DQG�VDQG�FRDWHG�*)53�EDUV�
LQ�$ONDOL�DFWLYDWHG�FHPHQW�FRQFUHWH�´�6WUXFW��(QJ��0HFK���YRO������QR�����SS�����±�����������
GRL�����������VHP����������������

>��@� 81,�(1����������³7HVWLQJ�KDUGHQHG�FRQFUHWH���3DUW����&RPSUHVVLYH�VWUHQJWK�RI�WHVW�
VSHFLPHQV�´�SS���±����������

>��@� 5,/(0�7&��5&���%RQG�WHVW�IRU�UHLQIRUFHPHQW�VWHHO�����3XOO�RXW�WHVW��������
>��@� 3��6��'HE��3��1DWK��DQG�3��.��6DUNHU��³7KH�HIIHFWV�RI�JURXQG�JUDQXODWHG�EODVW�IXUQDFH�VODJ�

EOHQGLQJ�ZLWK�IO\�DVK�DQG�DFWLYDWRU�FRQWHQW�RQ�WKH�ZRUNDELOLW\�DQG�VWUHQJWK�SURSHUWLHV�RI�
JHRSRO\PHU�FRQFUHWH�FXUHG�DW�DPELHQW�WHPSHUDWXUH�´�0DWHU��'HV���������GRL��
��������M�PDWGHV��������������

>��@� (1�����������³(XURFRGH����'HVLJQ�RI�FRQFUHWH�VWUXFWXUHV���3DUW����ௗ��*HQHUDO�UXOHV�DQG�UXOHV�
IRU�EXLOGLQJV�´�������

>��@� &(%�),3��)LE�0RGHO�&RGH�IRU�&RQFUHWH�6WUXFWXUHV��������
>��@� $��$WWDQDVLR�HW�DO���³6HFRQGDU\�5DZ�0DWHULDOV�IRU�D�&LUFXODU�(FRQRP\�LQ�&RQFUHWHV�

>VXEPLWWHG@�´�,WDO��&RQFU��'D\V���1DSROL��������
>��@� 9��5RPDQD]]L��0��/HRQH��0��$��$LHOOR��*��0DGGDORQL��DQG�0��3HFFH��³%RQG�VWUHQJWK�RI�

JHRSRO\PHU�FRQFUHWH�ZLWK�VWHHO�DQG�*)53�EDUV�>VXEPLWWHG@�´�,WDO��&RQFU��'D\V���1DSROL��
������

>��@� 0��$��$LHOOR��0��/HRQH��DQG�0��3HFFH��³%RQG�3HUIRUPDQFHV�RI�)53�5HEDUV�5HLQIRUFHG�
&RQFUHWH�´�-��0DWHU��&LY��(QJ���YRO������SS�����±�����������GRL�����������$6&(������
��������������

�



����

�

%RQG�VWUHVV�GLVWULEXWLRQ�RI�ULEEHG�VWHHO�EDUV�LQ�
UHLQIRUFHG�FRQFUHWH�ZLWK�VKRUW�ERQG�OHQJWK�XQGHU�
YDULRXV�ORDGLQJ�FRQGLWLRQV�
0DUF�.RVFKHPDQQ��0DQIUHG�&XUEDFK�

Institute of Concrete Structures, 
Technische Universität Dresden,  
August-Bebel-Straße 30/30a, 01219 Dresden, Germany 

$EVWUDFW�
,Q�WKH�FRXUVH�RI�ERQG�UHVHDUFK�RI�UHLQIRUFHG�FRQFUHWH�IRU�WKH�SDVW�GHFDGHV��WKH�SXOO�RXW�WHVW�ZLWK�D�ERQG�
OHQJWK�OE�RI���WLPHV�WKH�EDU�GLDPHWHU�GV�HVWDEOLVKHG�DV�WKH�VWDQGDUG�WR�LQYHVWLJDWH�WKH�ORFDO�ERQG�EHKDY�
LRXU��'HVSLWH�WKH�NQRZQ�GLVDGYDQWDJHV�RI�WKLV�WHVW�VHWXS��UHVXOWV�RI�SXOO�RXW�WHVWV�EXLOG�WKH�EDVLV�IRU�ERQG�
VWUHVV�VOLS� UHODWLRQVKLSV� OLNH� WKH� DSSURDFK� RI� ILE�0RGHO�&RGH� ����� >�@��&XUUHQW� LQYHVWLJDWLRQ� DW� WKH�
7HFKQLVFKH�8QLYHUVLWlW�'UHVGHQ�IRFXV�RQ�WKH�ERQG�EHKDYLRXU�DQG�WKH�ERQG�VWUHVV�GLVWULEXWLRQ�IRU�ULEEHG�
EDUV�ZLWK�VKRUW�DQG�YHU\�VKRUW�ERQG�OHQJWKV�XQGHU�YDULRXV�ORDGLQJ�FRQGLWLRQV��7KH�LQYHVWLJDWLRQV�LQFOXGH�
GLIIHUHQW�W\SHV�RI�VSHFLPHQV�DQG�WKH�WDUJHWHG�XVH�RI�ILEUH�RSWLF�PHDVXULQJ�WHFKQRORJ\���

�� ,QWURGXFWLRQ�
7KH�VXFFHVV�VWRU\�RI�UHLQIRUFHG�FRQFUHWH�LV�EDVHG�RQ�WKH�WDUJHWHG�H[SORLWDWLRQ�RI�WKH�PDWHULDO�SURSHUWLHV�
RI�FRQFUHWH�XQGHU�FRPSUHVVLRQ�DQG�RI�UHLQIRUFLQJ�VWHHO�XQGHU�WHQVLOH�VWUHVV��7KH�LQWHUDFWLRQ�EHWZHHQ�
FRQFUHWH�DQG�VWHHO�UHLQIRUFHPHQW��NQRZQ�DV�ERQG��LV�HVVHQWLDO�IRU�UHLQIRUFHG�FRQFUHWH��,Q�VHSDUDWLRQ�DQG�
EHQGLQJ�FUDFNV��WKH�UHLQIRUFHPHQW�WUDQVPLWWV�WHQVLOH�IRUFHV�E\�LWVHOI��EXW�WR�ERWK�VLGHV�RI�WKH�FUDFN�WKHVH�
IRUFHV�DUH�UHLQWURGXFHG�LQWR�WKH�FRQFUHWH�GXH�WR�WKH�ERQG�DFWLRQ��7KXV�FUDFN�ZLGWKV�DQG�FUDFN�VSDFLQJV�
DUH�GHFLVLYHO\�GHSHQGHQW�RQ�WKH�ERQG�EHKDYLRXU��,Q�DGGLWLRQ��WKH�ERQG�DFWLRQ�LQIOXHQFHV�WKH�FRQVWUXF�
WLRQV�VWLIIQHVV�DW�WKH�FUDFNHG�VWDWH�DQG�WKH�UHVXOWLQJ�ORDG�GHIRUPDWLRQ�EHKDYLRU�RI�D�UHLQIRUFHG�FRQFUHWH�
�5&��HOHPHQW��

,Q�WKH�FRXUVH�RI�ERQG�UHVHDUFK�RQ�UHLQIRUFHG�FRQFUHWH�RYHU�WKH�SDVW�����\HDUV��LW�FDQ�EH�DVVXPHG�
WKDW�PRUH�WKDQ����SDUDPHWHUV�LQIOXHQFH�WKH�ERQG�EHKDYLRXU�>�@��%HVLGHV�WKH�PDWHULDO�SURSHUWLHV�RI�WKH�
LQGLYLGXDO�FRPSRQHQWV�DQG�WKH�ORDGLQJ�FRQGLWLRQV��WKH�FRQILJXUDWLRQ�RI�WKH�WHVW�VHWXS�DQG�HVSHFLDOO\�WKH�
ERQG� OHQJWK� LQ� WKH� VSHFLPHQ�KDYH�D� VLJQLILFDQW� LQIOXHQFH�RQ�H[SHULPHQWDO� UHVXOWV�� ,Q� WKLV�DUWLFOH� WKH�
H[SHULPHQWDO�DQG�LQVWUXPHQWDO�VHWXS��WHVW�UHVXOWV�DQG�WKH�SURFHGXUH�RI�HYDOXDWLRQ�DUH�VKRZQ��)XUWKHU�
PRUH��WKH�TXHVWLRQV�RI�D�VXLWDEOH�ERQG�WHVW�DQG�ZKDW�ORFDO�ERQG�EHKDYLRXU�PHDQV�DUH�GLVFXVVHG���

�� %RQG�EHKDYLRXU�LQ�H[SHULPHQWDO�WHVWV�

���� %RQG�WHVWV�DQG�ERQG�VWUHVV�GLVWULEXWLRQ�
7KH�VXLWDELOLW\�RI� WHVW� VHWXSV� IRU� LQYHVWLJDWLQJ�ERQG�EHKDYLRXU�KDV�EHHQ� WKH� VXEMHFW�RI�FRQWURYHUVLDO�
GLVFXVVLRQ�VLQFH�WKH�EHJLQQLQJ�RI�WKH���WK�FHQWXU\�>�@��7KH�PRVW�XVHG�WHVW�WR�HYDOXDWH�WKH�ERQG�EHKDY�
LRXU�RI�VWHHO�UHLQIRUFHPHQW�LV�WKH�SXOO�RXW�WHVW��32��DFFRUGLQJ�WR�5,/(0�>�@��,W�LV�NQRZQ�IRU�WKH�FRP�
SDUDWLYHO\�VLPSOH�VHWXS�DQG�HDV\�ZD\�RI�VSHFLPHQ�SURGXFWLRQ��

+RZHYHU��WKH�PDLQ�ZHDNQHVVHV�RI�WKH�5,/(0�SXOO�RXW�WHVW�DUH�WKH�ODUJH�FRQFUHWH�FRYHU�DQG�WKH�DUFK�
HIIHFW�RI� WKH�UHDFWLQJ�IRUFHV��)LJ�����7KLV�HIIHFW�FDXVHV�D� WUDQVYHUVH�SUHVVXUH�LQ�WKH�ERQG�]RQH��ZKDW�
LQFUHDVHV�WKH�ERQG�UHVLVWDQFH�DQG�VXEVHTXHQWO\�OHDGV�WR�DQ�RYHUHVWLPDWLRQ�RI�WKH�EHDULQJ�FDSDFLW\��+RZ�
HYHU��WKH�ORDG�FDSDFLW\�LQFUHDVH�FDQ�QRW�EHHQ�TXDQWLILHG�E\�D�VWXG\�VR�IDU���'XH�WR�WKH�PLQLPXP�HGJH�
OHQJWK�RI�WKH�WHVW�VSHFLPHQ�RI�DW�OHDVW�����PP�RU������WLPHV�WKH�EDU�GLDPHWHU�GV��WKH�PLQLPXP�FRQFUHWH�
FRYHU�LV�DW�OHDVW����PP��UHVSHFWLYHOL\�������GV��7KH�ODUJH�FRQFUHWH�FRYHU�UHSUHVHQWV�D�KLJK�OHYHO�RI�FRQ�
ILQHPHQW��ZKLFK� LV�QHFHVVDU\� WR�DFKLHYH� WKH�KLJKHVW�SRVVLEOH�ERQG� UHVLVWDQFH�� WKH� VR�FDOOHG�SXOO�RXW�
IDLOXUH��

)RU� UHDO� VWUXFWXUDO�HOHPHQWV�� WKH�FRQFUHWH�FRYHU� LV�XVXDOO\� LQ� WKH� UDQJH�EHWZHHQ����DQG����PP��
'HSHQGLQJ�RQ�WKH�EDU�GLDPHWHU��WKLV�QRUPDOO\�FRUUHVSRQGV�WR�����WR�����GV��$FFRUGLQJ�WR�9DQGHZDOOH�
>�@��D�FRQFUHWH�FRYHU�RI����� WR�����GV� LV� UHTXLUHG� WR�DFKLHYH�D� IDLOXUH�E\�EDU�SXOO�RXW��7KHUHIRUH�� WKH�

3URF��RI�WKH���WK�ILE�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�
-XO\�������������0DUQH�OD�9DOOpH��3DULV��)UDQFH�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� %RQG�VWUHVV�GLVWULEXWLRQ�RI�ULEEHG�VWHHO�EDUV�LQ�UHLQIRUFHG�FRQFUHWH�ZLWK�VKRUW�ERQG�OHQJWK�XQGHU�YDULRXV�
ORDGLQJ�FRQGLWLRQV�

�

FRQFUHWH�FRYHU�RI�PRVW�RI�WKH�VWUXFWXUDO�HOHPHQWV�GRHV�QRW�FRPSO\�WKLV�FULWHULRQ�DQG�WKH�UHLQIRUFHPHQW�
KDV�DQ�LQVXIILFLHQW�OHYHO�RI�FRQILQHPHQW�WR�UHDFK�WKH�PD[LPDO�ERQG�UHVLVWDQFH��ZKLFK�FDQ�EH�DFKLHYHG�
E\�SXOO�RXW�WHVWV���

� �
)LJ���� /HIW��VFKHPH�RI�SXOO�RXW�WHVW��PLGGOH��VFKHPH�RI�EHDP�HQG�WHVW��ULJKW��PRGHV�RI�ERQG�IDLOXUH��

7KH�ORZHU�FRQFUHWH�FRYHU�OHDGV�WR�D�FKDQJH�RI�WKH�IDLOXUH�PRGH�WRZDUGV�D�PRUH�RU�OHVV�VXGGHQ�VSOLWWLQJ�
IDLOXUH��'HSHQGLQJ�RQ�WKH�WUDQVYHUVH�UHLQIRUFHPHQW��ERWK�IDLOXUH�PRGHV�DSSHDU�LQ�FRPELQDWLRQ��)LJ����
ULJKW���ZKLFK�PD\�EH�GHILQGHG�DV�³VSOLWWLQJ�LQGXFHG�SXOO�RXW�IDLOXUH´��$Q\ZD\��DQ�LQVXIILFLHQW�OHYHO�RI�
FRQILQHPHQW�OHDGV�WR�D�SUHPDWXUH�IDLOXUH�DQG�D�UHGXFWLRQ�RI�WKH�ERQG�UHVLVWHQFH��+HQFH��WKH�SXOO�RXW�WHVW�
GRHV�QRW�DFFXUDWHO\�UHSUHVHQW�VWUHVV�VWDWHV�DQG�WKH�ERXQGDU\�FRQGLWLRQV�RI�ERQG�]RQHV�RI�UHDO�5&�HOH�
PHQWV��+RZHYHU��WKH�SXOO�RXW�WHVW�LV�VXLWDEOH�IRU�WHVWLQJ�WKH�LQIOXHQFH�RI�LQGLYLGXDO�PDWHULDO�SDUDPHWHUV�
VXFK�DV�FRQFUWHV�VWUHQJWK�DQG�ULE�JHRPHWU\��,Q�FRQWUDVW��WHVW�FRQILJXUDWLRQV�VXFK�DV�WKH�EHDP�WHVW�DQG�
WKH�EHDP�HQG�WHVW��%(��UHSUHVHQW�WKH�ERQG�FRQGLWLRQV�RI�UHDO�5&�FRPSRQHQWV�LQ�D�EHWWHU�ZD\��)LJ����
PLGGOH���7KH�IRUFH�IORZ�ZLWKLQ�WKH�WKH�VSHFLPHQ�GRHV�QRW�FDXVH�DQ\�WUDQVYHUVH�VWUHVVHV�LQ�WKH�ERQG�]RQH�
DQG�WKH�FRQFUHWH�FRYHU�LV�DGMXVWDEOH��+RZHYHU��WKH�DVVRFLDWHG�JXLGHOLQHV�DQG�VWDQGDUGV�VSHFLI\�D�ERQG�
OHQJWK�RI����GV�LQVWHDG�RI���GV�LQ�WKH�SXOO�RXW�WHVW�>�@��>�@��7KH�FRPSDULVRQ�RI�UHVXOWV�RI�ERQG�WHVWV�ZLWK�
GLIIHUHQWO\�VSHFLILHG�VSHFLPHQ�W\SHV�WKHUHIRUH�LQFOXGHV�WKH�LQIOXHQFH�RI�GLIIHUHQW�ERQG�OHQJWKV�>�@���
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$V�HDUO\�DV�������%DFK�>�@�GHWHUPLQHG� WKH�GHFUHDVH� LQ� WKH� OHQJWK�UHODWHG�ERQG�UHVLVWDQFH�Ĳ� ����ZLWK�
LQFUHDVLQJ�ERQG�OHQJWK�RQ�WKH�EDVLV�RI�WHVWV�ZLWK�SODLQ�VWHHO�EDUV��%DFK�VDZ�WKH�FDXVH�RI�WKLV�EHKDYLRXU�
LQ�WKH�HODVWLFLW\�RI�WKH�SXOO�RXW�EDU��$V�WKH�WHQVLOH�IRUFH�GHFUHDVHV��WKH�VWUDLQ�DORQJ�WKH�HPEHGGHG�EDU�
DOVR�GHFUHDVHV��7KH�DVVXPSWLRQ�RI�D�XQLIRUP�GLVWULEXWLRQ�RI�WKH�ERQG�VWUHVV�DORQJ�WKH�ERQG�OHQJWK�LV�
WKHUHIRUH�QRW� DSSOLFDEOH� IRU� ORQJHU�ERQG� OHQJWKV��0|UVFK� >�@� IRXQG� D�SODXVLEOH� H[SODQDWLRQ� IRU� WKLV�
SKHQRPHQRQ��)LJ���OHIW�VKRZV�WKH�WHQVLRQ�VWUHVV�ıV�RI�WKH�EDU�DQG�WKH�ERQG�VWUHVV�GLVWULEXWLRQ�DORQJ�WKH�
ERQG� OHQJWK� IRU�GLIIHUHQW� ORDG�VWDJHV��7KH� ORFDO�ERQG�VWUHVV�PD[LPXP�VKLIWV� IURP�WKH� ORDGHG� WR� WKH�
XQORDGHG�HQG�RI�WKH�ERQG�OHQJWK�DV�IXUWKHU�WKH�ORDG�UHDFKHV�WKH�ERQG�UHVLVWDQFH�RI�WKH�HPEHGGHG�EDU��
&ORVH�WR�WKH�ORDG�OLPLW��6WDJH�,,,���WKH�ORDG�LV�PDLQO\�WUDQVPLWWHG�E\�WKH�UHDU�SDUW�RI�WKH�ERQG�OHQJWK��
$UHDV�FORVHU�WR�WKH�ORDGHG�HQG�DUH�DOUHDG\�GDPDJHG��EXW�FDQ�VWLOO�WUDQVIHU�PLQRU�ORDG�GXH�WR�IULFWLRQ�
EHWZHHQ�WKH�EDU�DQG�FRQFUHWH��'HSHQGLQJ�RQ�WKH�ORFDO�VOLS��HDFK�SRLQW�ZLWKLQ�WKH�ERQG�OHQJWK�LV�DW�D�
GLIIHUHQW�ERQG�VWUHVV�VWDWH��&RQVHTXHQWO\��WKH�PHDQ�YDOXH�FDOFXODWHG�XQGHU�WKH�DVVXPSWLRQ�RI�D�XQLIRUP�
GLVWULEXWLRQ�LV�VPDOOHU�WKDQ�WKH�ORFDO�PD[LPXP��7KHUHIRUH�WKH�DYHUDJH�ERQG�VWUHVV�GHFUHDVHV�ZLWK�LQ�
FUHDVLQJ�ERQG�OHQJWK��

�
)LJ���� /HIW�� ERQG� VWUHVV� GLVWULEXWLRQV� DW� GLIIHUHQW� ORDGLQJ� VWDJHV� DFFRUGLQJ� >�@�� WDNHQ� IURP� >�@��

ULJKW��W\SLFDO�ERQG�VWUHVV�WR�VOLS�FXUYH�

7KHVH�ILQGLQJV�ZHUH�FRQILUPHG�E\�WKH�LQYHVWLJDWLRQV�RI�0DLQV�IRU�ULEEHG�EDUV�>��@��%\�PHDQV�RI�VWUDLQ�
JDXJHV�GLVWUXEWHG�DORQJ�WKH�SXOO�RXW�EDU�RI�ORQJ�WHVW�VSHFLPHQV��0DLQV�FRXOG�UHYHDO�WKH�QRQ�XQLIRUP�
GLVWULEXWLRQ�RI�ERQG�VWUHVVHV�IRU�GLIIHUHQW�ORDG�OHYHOV��



%RQG�VWUHVV�GLVWULEXWLRQ�RI�ULEEHG�VWHHO�EDUV�LQ�UHLQIRUFHG�FRQFUHWH�ZLWK�VKRUW�ERQG�OHQJWK�XQGHU�YDULRXV�ORDGLQJ�
FRQGLWLRQV��

0DUF�.RVFKHPDQQ��0DQIUHG�&XUEDFK� �� ����
�

�

���� :KDW�PHDQV�ORFDO�ERQG�EHKDYLRXU"�
7R�GHVFULEH�ORFDO�IDLOXUH�FULWHULDV�RI�ERQG�EHWZHHQ�UHLQIRUFHPHQW�DQG�FRQFUHWH��ERQG�WHVWV�ZLWK�VKRUW�
ERQG�OHQJWKV�DUH�XVXDOO\�FDUULHG�RXW��$FFRUGLQJ�WR�0RGHO�&RGH�����>�@�LW�LV�SRVVLEOH�WR�FRQVLGHU�DQ�
DYHUDJH�ORFDO�ERQG�WR�ORFDO�VOLS�UHODWLRQVKLS�IRU�VKRUW�ERQG�OHQJWKV��)RU�WKH�GHILQLWLRQ�RI�D�VKRUW�ERQG�
OHQJWK�OE�WKH�PDJQLWXGH�RI�OE�����GV�KDV�EHHQ�HVWDEOLVKHG�LQ�VFLHQWLILF�SUDFWLFH��ZKLFK�LV�LQ�DFFRUGDQFH�
ZLWK�WKH�VWDQGDUG�IRU�WKH�SXOO�RXW�WHVW�E\�5,/(0�>�@���

1HYHUWKHOHVV��WKH�H[SHULPHQWDO�UHVXOWV�RI�>��@�DQG�>��@��IRU�H[DPSOH��LQGLFDWH�WKDW�WKH�OHQJWK�UHODWHG�
ERQG�VWUHVV�FRQWLQXHV�WR�LQFUHDVH�HYHQ�IRU�VKRUWHU�ERQG�OHQJWKV��7KHUHIRUH��IRU�D�ERQG�OHQJWK�RI���GV��WKH�
ERQG�VWUHVV� LV�QRW�XQLIRUPO\�GLVWULEXWHG�DORQJ� WKH�EDU�DQG� WKH�ERQG�EHKDYLRXU�FDQQRW�EH�FRQVLGHUHG�
ORFDO��$Q�DFFXUDWH�GHVFULSWLRQ�RI�WKH�ORFDO�ERQG�VOLS�UHODWLRQVKLS�DOORZV�WR�GHULYH�JHQHUDOO\�YDOLG�VWDWH�
PHQWV�DERXW�WKH�ERQG�EHKDYLRXU�RI�ULEEHG�UHLQIRUFLQJ�VWHHO�LQ�FRQFUHWH�IRU�DQ\�ERQG�OHQJWK�E\�PHDQV�
RI�WKHRUHWLFDO�DSSURDFKHV�VXFK�DV�WKH�GLIIHUHQWLDO�HTXDWLRQ�RI�WKH�VOLGLQJ�ERQG�>��@�HT����,Q�DGGLWLRQ�WR�
WKH�FORVHG�VROXWLRQ�E\�XVLQJ�VSHFLDO�DSSURDFK�IXQFWLRQV�IRU�Ĳ�[���HTXDWLRQ�����FDQ�DOVR�EH�VROYHG�E\�
VWHSZLVH�LQWHJUDWLRQ��0DUWLQ�>��@�VXJJHVWV�D�VWHS�VL]H�RI�RQH�ULE�VSDFLQJ�IRU�WKDW��ZKLFK�FRUUHVSRQGV�WR�
URXJKO\�����GV�IRU�FRPPRQ�UHEDUV��2Q�WKH�RWKHU�KDQG��WKH�VWHS�VL]H�VKRXOG�EH�HTXDO�WR�WKH�ERQG�OHQJWK�
LQ�WKH�H[SHULPHQWV�RQ�ZKLFK�WKH�DVVRFLDWHG�ORFDO�ERQG�ODZ�LV�EDVHG��
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5HIHUHQFH�>�@�SURYLGHV�D�PHDQ�ERQG�VWUHVV�WR�VOLS�UHODWLRQVKLS��ZKHUH�WKH�PD[LPXP�ERQG�VWUHQJWK�ĲPD[�
LV�GHILQHG�LQ�GHSHQGHQFH�WR�WKH�VTXDUH�URRW�RI�WKH�PHDQ�FRQFUHWH¶V�FRPSUHVVLYH�VWUHQJWK�IFP��VHH�HT�����
7KLV�LV�YDOLG�IRU�SXOO�RXW�IDLOXUH�XQGHU�ZHOO�FRQILQHG�FRQFUHWH��FRQFUHWH�FRYHU�����GV���

߬௫ = 2.5 ή ඥ ݂� ���� ߬௫ = 0.45 ή ݂� ����
,Q� FRQWUDVW� WR� WKLV�� WKH� LQYHVWLJDWLRQV�RI�+XDQJ�HW� DO�� >��@� UHYHDOHG�PXFK�KLJKHU�ERQG� VWUHVVHV� WKDQ�
H[SHFWHG�E\� WKH�ERQG�PRGHO�RI�0&����>�@��%DVHG�RQ� WKHLU� UHVXOWV�RI����SXOO�RXW� WHVWV�ZLWK�D�ERQG�
OHQJWK�RI�����GV��WKH\�LQWURGXFHG�D�OLQHDU�DSSURDFK�WR�GHVFULEH�WKH�PD[LPDO�ERQG�VWUHVV�LQ�FDVH�RI�SXOO�
RXW�IDLOXUH�IRU�QRUPDO�DQG�KLJK�VWUHQJWK�FRQFUHWH��VHH�HT�����

/RFDO�ERQG�WR�VOLS�UHODWLRQVKLSV�DUH�RIWHQ�XVHG�WR�FDOFXODWH�FUDFN�ZLGWK�IRU�GLIIHUHQW�ORDGLQJ�VLWLXD�
WLRQV��5RKOLQJ�>��@��IRU�H[DPSOH��FDOFXODWHG�WKH�LQFUHDVH�LQ�FUDFN�ZLGWK�XQGHU�SHUPDQHQW�ORDG�XVLQJ�WKH�
ERQG�RULHQWHG�FUDFN�WKHRU\�E\�.ULSV�>��@��7KH�LQSXW�SDUDPHWHUV�IRU�WKHVH�FDOFXODWLRQV�ZHUH�WKH�UHVXOWV�
RI� SXOO�RXW� WHVWV�ZLWK�D� ERQG� OHQJWK�RI� ��GV��+RZHYHU��5RKOLQJ�SRLQWV� RXW�� WKDW� WKH�TXDOLW\�RI� WKHVH�
FDOFXODWLRQV�GHSHQGV�RQ�KRZ�DFFXUDWHO\�WKH�ORFDO�ERQG�ODZ�UHSUHVHQWV�WKH�DFWXDO�FRQGLWLRQV�LQ�WKH�VWUXF�
WXUDO�HOHPHQW��7KLV�DSSOLHV�LQ�WKH�VDPH�ZD\�IRU�QXPHULFDO�LQYHVWLJDWLRQV�RI�ERQG�EHKDYLRXU�OLNH�>��@���

)RU�IHZ�\HDUV�QRZ��ILEUH�RSWLF�VHQVLQJ�WHFKQRORJ\�LV�RIIHULQJ�WKH�SRVVLELOLW\�RI�TXDVL�FRQWLQXRXV�
PHDVXUHPHQW�RI�VWUDLQ�YDOXHV�DW�LQWHUYDOV�RI�OHVV�WKDQ�RQH�PLOOLPHWHU��'LVWULEXWHG�RSWLFDO�ILEUH�VHQVRUV�
�'2)6��KDYH�DOUHDG\�EHHQ�VXFFHVVIXOO\�DSSOLHG�LQ�UHLQIRUFHG�FRQFUHWH�IRU�FUDFN�GHWHFWLRQ�DQG�VWUDLQ�
PHDVXUHPHQWV�LQ�FRQFUHWH��>��@�DQG�>��@��$SSOLHG�LQ�ERQG�WHVWV��WKLV�PHWKRG�DOORZV�WR�UHFRUG�ORFDO�DQG�
WLPH�UHODWHG�FKDQJHV�ZLWKLQ�WKH�ERQG�]RQH��7KLV�PDNHV�LW�SRVVLEOH�WR�UHFRUG�ORFDO�IDLOXUH�FULWHULD�DQG�
GHILQH�ORFDO�ERQG�VWUHVV�VOLS�UHODWLRQVKLSV��

���� 6SHFLILFV�RI�WHVWV�ZLWK�VKRUW�ERQG�OHQJWK�
:KHQ�FDUU\LQJ�RXW�WHVWV�ZLWK�VKRUW�ERQG�OHQJWKV��VRPH�HIIHFWV�KDYH�WR�EH�WDNHQ�LQWR�DFFRXQW��ZKLFK�DUH�
XVXDOO\�QRW�UHOHYDQW�IRU�ERQG�OHQJWKV�RI���GV�DQG�HYHQ�PRUH��,Q�JHQHUDO��IRU�VKRUW�ERQG�OHQJWKV��GLIIHUHQW�
DUUDQJHPHQWV�DQG�LPSHUIHFWLRQV�LQ�WKH�ERQG�]RQH�KDYH�D�ELJJHU�LPSDFW�RQ�WKH�UHVXOWV��ZKLFK�LV�PRVWO\�
UHIOHFWHG�LQ�D�ODUJHU�VFDWWHU���

�
�

)LJ���� /HIW��ERQG�VWUHVV�VOLS�FXUYHV�IRU�GLIIHUHQW�ULE�DUUDQJHPHQWV�>��@��ULJKW��ULE�DUUDQJHPHQWV�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� %RQG�VWUHVV�GLVWULEXWLRQ�RI�ULEEHG�VWHHO�EDUV�LQ�UHLQIRUFHG�FRQFUHWH�ZLWK�VKRUW�ERQG�OHQJWK�XQGHU�YDULRXV�
ORDGLQJ�FRQGLWLRQV�

�

%\�PHDQV�RI�QXPHULFDO�VLPXODWLRQV��=REHO�>��@�VKRZV�WKDW�WKH�H[DFW�SRVLWLRQ�RI�WKH�ULEV�ZLWKLQ�WKH�ERQG�
]RQH�KDYH�FRQVLGHUDEOH� LQIOXHQFH�RQ� WKH� UHVXOWV�RI� WHVWV�ZLWK� VKRUW�ERQG� OHQJWKV��'HSHQGLQJ�RQ� WKH�
DUUDQJHPHQW��WZR�RU�WKUHH�ULEV�DUH�LQYROYHG�LQ�WKH�IRUFH�WUDQVPLVVLRQ�IRU�D�ERQG�OHQJWK�RI���GV��7KHUIRUH��
WKH�XOWLPDWH�ERQG�VWUHVV�FDQ�YDU\�XS�WR�����IURP�WKH�DYHUDJH��ILJ������ZKLFK�FRYHUV�WKH�VFDWWHU�RI�WKH�
H[SHULPHQWDO�UHVXOWV�IURP�>��@�ZHOO���

$QRWKHU�LQIOXHQFLQJ�IDFWRU�LV�WKH�GLDPHWHU�RI�WKH�ERQG�EUHDNHU��8VXDOO\�SODVWLF�VOHHYHV�DUH�XVHG�WR�
GHILQH�WKH�ERQG�OHQJWK�ZLWKLQ�WKH�VSHFLPHQ�DQG�WR�HQVXUH�D�IUHH�SUH�OHQJWK�RI�DW�OHDVW���GV��+RZHYHU��
WKH�SODVWLF�VOHHYH�LV�DOVR�DQ�LQWHUIHUHQFH�IRU�WKH�ORDG�WUDQVIHU��ZKLFK�OHDGV�WR�DQ�HDUO\�FRQH�W\SHG�IDLOXUH�
RI�WKH�ILUVW�FRQFUHWH�NH\��=REHO�>��@�LQYHVWLJDWHG�WKH�LQIOXHQFH�RI�WKH�UDWLR�RI�GLDPHWHUV�EHWZHHQ�ERQG�
EUHDNHU�DQG�EDU�GK�GV�ZLWK�WKH�UHVXOW��WKDW�DQ�LQFUHDVH�RI�WKLV�UDWLR�FDXVHV�D�GHFUHDVH�LQ�ERQG�VWUHQJWK�
�ILJ������$V�ELJJHU�WKH�GLDPHWHU�RI�WKH�ERQG�EUHDNHU�LV��DV�IXUWKHU�LQ�UHDFKHV�WKH�IDLOXUH�FRQH�DQG�SUH�
GDPDJHV�WKH�ERQGHG�]RQH��7KLV�DIIHFWV�WKH�WHVW�UHVXOWV�ZLWK�YHU\�VKRUW�ERQG�OHQJWKV�PRUH�WKDQ�IRU�ORQJHU�
ERQG�OHQJWKV��

�

�

)LJ���� /HIW��ERQG�VWUHVV�VOLS�FXUYHV�IRU�GLIIHUHQW�UDWLRV�GK�GV�>��@��ULJKW��ERQG�]RQH�DIWHU�SXOO�RXW�
IDLOXUH�

�� ([SHULPHQWDO�PHWKRGV�

���� *HQHUDO�
&XUUHQW�LQYHVWLJDWLRQV�DW�WKH�7HFKQLVFKH�8QLYHUVLWlW�'UHVGHQ�IRFXV�RQ�WKH�ERQG�EHKDYLRXU�DQG�WKH�ERQG�
VWUHVV�GLVWULEXWLRQ�RI�ULEEHG�VWHHO�EDUV�XQGHU�YDULRXV�ORDGLQJ�FRQGLWLRQV��LQFOXGLQJ�PRQRWRQLF��F\FOLF�
DQG�ORQJ�WHUP�ORDGLQJ��7KH�LQYHVWLJDWLRQV�FRPSURPLVH�DSSUR[������LQGLYLGXDO�WHVWV������FDUULHG�RXW�VR�
IDU��RQ�WKUHH�VSHFLPHQ�W\SHV�DQG�GLIIHUHQW�FRQFUHWH�JUDGHV�UHDFKLQJ�IURP�QRUPDO�WR�KLJK�VWUHQJWK�FRQ�
FUHWH���

���� 0DWHULDO�SURSHUWLHV�DQG�WHVW�SURJUDP�
'LIIHUHQW�NLQGV�RI�FRQFUHWH�DUH�XVHG��UHDFKLQJ�IURP�D�PHDQ�XQLD[LDO�VWUHQJWK�RI�IFP� ����03D�XS�WR�IFP� �
����03D��,Q�WKH�WHVW�FDUULHG�RXW�VR�IDU��RQH�QRUPDO�VWUHQJWK�FRQFUHWH�QDPHG�&���DQG�WZR�KLJK�VWUHQJWK�
FRQFUHWHV�QDPHG�&���DQG�&����ZHUH�XVHG��7KHVH�WZR�DUH�VHOI�FRPSDFWLQJ�FRQFUHWHV��ZKHUHDV�WKH�&���
PXVW�EH�FRPSDFWHG��$OO�NLQGV�RI�FRQFUHWH�KDYH�D�PD[LPXP�JUDLQ�VL]H�RI����PP��7KH�FRPSUHVVLYH�VWUHQJWK�
DQG�VSOLWWLQJ�WHQVLOH�VWUHQJWK�ZHUH�GHWHUPLQHG�RQ����FP�FXEHV��7KH�F\OLQGHU�FRPSUHVVLYH�VWUHQJWK�ZDV�
FDOFXODWHG�ZLWK�D�FRQYHUVLRQ�IDFWRU��ZKLFK�ZDV�GHWHUPLQHG�LQ�DGYDQFH�IRU�HDFK�FRQFUHWH�XVLQJ���VWDQGDUG�
F\OLQGHUV��G� ���FP���7DEOH���VKRZV�WKH�SURSHUWLHV�RI�WKH�FRQFUHWHV�DIWHU�D�PLQLPXP�WHVW�DJH�RI����GD\V��

7DEOH��� &RQFUHWH�SURSHUWLHV�

7\SH� IF�FXEH����>03D@� FDO��IF�F\O�>03D@� IFW�VS�FXEH����>03D@� (�0RGXO�>03D@�

&��� ����� ����� ���� ������
&��� ������ ����� ���� ������
&���� ������ ������ ���� ������

�
7KH�QRPLQDO�EDU�GLDPHWHU�GV�LV����PP�LQ�DOO�WHVWV�DQG�WKH�SXOO�RXW�EDU�LV�PDGH�RI�%����%��\LHOG�VWUHQJWK�
I\N� �����03D���7KH�EDUV�DUH�SURYLGHG�ZLWK�D�SUHVVHG�RQ�VOHHYH�WR�DSSO\�WKH�ORDGLQJ��7KH�ERQG�EUHDNHUV�



%RQG�VWUHVV�GLVWULEXWLRQ�RI�ULEEHG�VWHHO�EDUV�LQ�UHLQIRUFHG�FRQFUHWH�ZLWK�VKRUW�ERQG�OHQJWK�XQGHU�YDULRXV�ORDGLQJ�
FRQGLWLRQV��

0DUF�.RVFKHPDQQ��0DQIUHG�&XUEDFK� �� ����
�

�

DUH�SODVWLF�WXEHV�ZLWK�D�GLDPHWHU�RI�GK� ����PP��ZKDW�PHDQV�D�UDWLR�RI�GK�GV� �������7KH�H[SHULPHQWDO�
SURJUDPPH�LQFOXGHV�V\VWHPDWLF�LQYHVWLJDWLRQV�RI�WKH�LQIOXHQFH�RI�WKH�ERQG�OHQJWK�RQ�WKH�XOWLPDWH�ERQG�
VWUHVV�XVLQJ�SXOO�RXW�WHVWV�DQG�EHDP�HQG�WHVWV�DV�ZHOO��7KH�SXOO�RXW�WHVWV�ZHUH�FRQILJXUHG�DFFRUGLQJ�WR�
>�@�ZLWK�D�FRYHU�RI����PP��F� ������GV���EXW�ZLWK�D�OHDG�OHQJWK�RI�����PP��7KH�EHDP�HQG�WHVW�DOORZV�
GLIIHUHQW�FRQILJXUDWLRQV�RI�FRQFUHWH�FRYHU��WUDQVYHUVH�UHLQIRUFHPHQW�DQG�VXSSOLHV�D�PRUH�UHDOLVWLF�VWUHVV�
VWDWH�LQVLGH�WKH�VSHFLPHQ��)LJ����VKRZV�WKH�FRQILJXUHUDWLRQ�IRU�D�ERQG�OHQJWK�RI���GV�DQG�D�FRYHU�RI���GV���

�
)LJ���� &RQILJXUHDWLRQ�RI�EHDP�HQG�VSHFLPHQ�

7KH�QXPEHU�RI�ULEV�DQG�WKHLU�ORFDWLRQ��LQGLYLGXDOO\�IRU�HDFK�HPEHGPHQW�OHQJWK��DV�ZHOO�DV�WKH�QXPEHU�
RI�WZR�VWLUUXSV����ZLWKLQ�WKH�ERQG�]RQH�ZHUH�NHSW�WKH�VDPH�LQ�DOO�RI�WKH�WHVWV��)LJ����ULJKW���7DEOH���
JLYHV�DQ�RYHUYLHZ�DERXW�WKH�PRQRWRQLF�ORDGHG�WHVWV�FDUULHG�RXW�VR�IDU���

7DEOH��� 7HVW�SURJUDPPH�

&RQFUHWH� 7HVW� F ������%(��������32���OE � OE ����GV��F � URWDWHG� QR�
VWLUU��

VKLI�
WHG�

Ȉ�

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

&��� %(� �� �� �� �� �� �� �� �� �� �� �� ���

&���
%(� �� ��� �� �� �� �� �� �� �� �� �� ���
32� �� �� �� �� �� �� �� �� �� �� �� ���

&����
%(� �� ��� �� �� �� �� �� �� �� �� �� ���
32� �� �� �� �� �� �� �� �� �� �� �� ���

�
7KH�GLIIHUHQW�FRQILJXUDWLRQV�DUH�XVHG�WR�LQYHVWLJDWH�WKH�LQIOXHQFH�RI�WKH�ERQG�OHQJWK��FRO��������IRU�EHDP�
HQG�WHVWV�WKH�LQIOXHQFH�RI�FRQFUHWH�FRYHU��FRO����DQG�����D�URWDWLRQ�RI�WKH�EDU�DURXQG�WKH�ORQJLWXGLQDO�D[LV�
�FRO�����DQG������WKH�UHPRYDO�RI�WUDQVYHUVH�UHLQIRUFHPHQW��FRO�������DQG�D�VKLIW�RI�WKH�ULE�DUUDQJHPHQW�
E\�KDOI�D�ULE�VSDFLQJ��FRO��������

7KH�VSHFLPHQV�DUH�PDGH�LQ�VHULHV�RI���RU���VDPSOHV�RXW�RI�WKH�VDPH�EDWFK��7KH�EDU�LV�SODFHG�LQ�
KRUL]RQWDO�SRVLWLRQ�GXULQJ�FDVWLQJ�DQG�WKH�EHDP�HQG�VSHFLPHQV�DUH�FRQFUHWHG�XSVLGH�GRZQ�WR�HQVXUH�
JRRG�ERQGLQJ�FRQGLWLRQV��$IWHU�GHPROGLQJ�WKH�VDPSOHV�DUH�FRYHUHG�ZLWK�PRLVW�FORWKV�IRU���GD\V�DQG�
WKHQ�VWRUHG�LQGRRU�XQWLO�WHVWLQJ��7KH�PRQRWRQLF�WHVWV�DUH�H[HFXWHG�SDWK�FRQWUROOHG�DQG�DUH�DOVR�XVHG�DV�
UHIHUQFH� IRU� WHVWV�ZLWK� F\FOLF� DQG� ORQJ�WHUP� ORDGLQJ��)RU� WKH� F\FOLF� H[SHULPHQWV�� WKH� VSHFLPHQV�DUH�
H[SRVHG�WR�D�WHQVLOH�ORDGLQJ�ZLWK�D�ORZHU�VWUHVV�OHYHO�RI�����ĲXOW�DQG�DQ�XSSHU�VWUHVV�OHYHO�RI�����WR�����
ĲXOW�GHSHQGLQJ�RQ�WKH�VWDWLF�ERQG�VWUHQJWK�ĲXOW�RI�HDFK�VHULHV��)XUWKHU�LQIRUPDWLRQ�DERXW�WKH�F\FOLF�WHVWV�
FDQ�EH�IRXQG�LQ�>��@��7KH�FRQWLQXDWLRQ�RI�WKH�WHVW�SURJUDPPH�LQFOXGHV�IXUWKHU�PRQRWRQLF�WHVWV�RQ�QRU�
PDO�VWUHQJWK�FRQFUHWHV�DV�ZHOO�DV�ORQJ�WHUP�WHVWV��,Q�DGGLWLRQ��WHQVLOH�WHVWV�XQGHU�ORQJ�WLPH�ORDGLQJ�DUH�
SODQQHG��WKH�UHVXOWV�RI�ZKLFK�ZLOO�EH�XVHG�WR�YDOLGDWH�FDOFXODWHG�FUDFN�ZLGWKV��

���� ,QVWUXPHQWDWLRQ�DQG�ILEUH�RSWLF�VHQVLQJ�
�
%\�GHIDXOW��WKH�VOLS�DW�WKH�XQORDGHG�HQG�RI�WKH�EDU�LV�PHDVXUHG�E\�FRQWDFW�IUHH�GLVSODFHPHQW�WUDQVGXFHUV�
�/9'7���)RU�EHDP�HQG�WHVWV�DQRWKHU�/9'7�LV�DWWDFKHG�DW�WKH�ORDGHG�HQG�DQG�WZR�PRUH�/9'7V�DUH�
SODFHG�ULJKW�DERYH�WKH�ERQG�]RQH��RQH�ORQJLWXGLQDO�DQG�RQH�LQ�WUDQVYHUVH�GLUHFWLRQ��WR�UHFRUG�WKH�JURZWK�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� %RQG�VWUHVV�GLVWULEXWLRQ�RI�ULEEHG�VWHHO�EDUV�LQ�UHLQIRUFHG�FRQFUHWH�ZLWK�VKRUW�ERQG�OHQJWK�XQGHU�YDULRXV�
ORDGLQJ�FRQGLWLRQV�

�

RI�FUDFNV�RQ�WKH�XSSHU�VXUIDFH��7KH�PHDVXUHPHQW�GLVWDQFH�LV�����PP�IRU�ERWK�RI�WKHP��7KH�IRUFH�LV�
PHDVXUHG�ZLWK�D�ORDG�FHOO��ZKLFK�LV�FRQQHFWHG�ZLWK�WKH�K\GUDXOLF�F\OLQGHU��$OO�VLJQDOV�ZHUH�VDPSOHG�
ZLWK�D�UDWH�RI���+]��

,Q�DGGLWLRQ��'2)6�KDV�DOUHDG\�EHHQ�XVHG�LQ�VRPH�WHVWV�DQG�ZLOO�EH�XVHG�PRUH�LQ�XSFRPLQJ�VHULHV��
7KH�KDLU�WKLQ�VHQVRUV�ZLWK�D�SRO\LPLG�FRDWLQJ�DUH�DSSOLHG�GLUHFO\�WR�WKH�SXOO�RXW�EDUV�ZLWK�F\DQRDFU\ODWH�
DGKHVLYH� DQG� HQDEOH� WKH� TXDVL�FRQWLQXRXV� UHFRUGLQJ� RI� VWUDLQV� DORQJ� WKH� EDU� ZLWK� D� UHVROXWLRQ� RI�
�����PP�SHU�PHDVXUHG�YDOXH�� ,Q� WHVWV�FDUULHG�RXW�VR�IDU��D�VHQVRU�ILEUH�ZDV�UHGLUHFWHG�VHYHUDO� WLPHV�
RXWVLGH�WKH�ERQG�]RQH�VR�WKDW�LW�ZDV�DSSOLHG�DORQJ�ERWK�VLGHV�RI�WKH�WZR�ORQJLWXGLQDO�ULEV��7KHUHIRUH�WKH�
VHQVRU�SDVVHV�WKURXJK�WKH�ERQG�]RQH�IRXU�WLPHV��:LWKLQ�WKH�ERQG�]RQH��WKH�VHQVRU�LV�FRYHUHG�ZLWK�D�WKLQ�
OD\HU�RI�VLOLFRQH�WR�SUHYHQW�ERQGLQJ�ZLWK�WKH�FRQFUHWH��3URWHFWLYH�WXEHV�DUH�DUUDQJHG�RXWVLGH�WKH�ERQG�
]RQH��ILJ������

� � �
)LJ���� $SSOLHG� VHQVRU� ILEUH�DQG�SURWHFWLYH� WXEH�� OHIW�� DW� WKH� ORQJLWXGLQDO� ULE��PLGGOH�� LQ�JURRYH�

WKURXJK�WKH�LQFOLQHG�ULEV��ULJKW��ZLWK�VXSSRUW�IUDPH�LQ�KHOL[�IRUP���

,Q�SUHOLPLQDU\�WHVWV��WKH�VHQVRUV�DUH�DSSOLHG�DW�GLIIHUHQW�SRVLWLRQV�RQ�WKH�EDU�ZLWK�WKH�KHOS�RI�JURRYHV�LQ�
RUGHU� WR� LGHQWLI\� VWUDLQ� GLIIHUHQFHV� ZLWKLQ� WKH� UHLQIRUFHPHQW¶V� FURVV�VHFWLRQ�� %\� PHDQV� RI� VXSSRUW�
IUDPHV��WKH�VHQVRU�ILEUHV�DUH�DOVR�SODFHG�LQ�WKH�VXUURXQGLQJ�FRQFUHWH�RI�WKH�ERQG�]RQH�IRU�VRPH�VDPSOHV�
DQG�FDQ�GHWHFW�VWUDLQV�LQ�WKH�FLUFXPIHUHQWLDO�GLUHFWLRQ��

�� 5HVXOWV�DQG�GLVFXVVLRQ�
/RRNLQJ�DW�WKH�H[SHULPHQWDO�UHVXOWV�IRU�PRQRWRQLF�ORDGLQJ�DQG�D�ERQG�OHQJWK�RI�OE� ���GV��ILJ����OHIW���LW�
FDQ�ILUVW�EH�VHHQ�WKDW�DQ�LQFUHDVH�RI�FRQFUHWH�FRPSUHVVLYH�VWUHQJWK�UHVXOWV�LQ�KLJKHU�ERQG�VWUHQJWK��$OO�
WHVW�UHVXOWV�DUH�DERYH�WKH�DSSURDFK�DFFRUGLQJ�WR�0&�������HT�������2Q�WKH�RWKHU�KDQG��WKHUH�LV�JRRG�
DJUHHPHQW�ZLWK�WKH�OLQHDU�DSSURDFK�DFFRUGLQJ�WR�>��@��HT�������DOWKRXJK�WKLV�DSSOLHV�HVSHFLDOO\�WR�WKH�32�
VHWXS�DQG�ORZHU�ERQG�VWUHQJWKV�ZHUH�GHWHUPLQHG�LQ�WKH�%(�WHVWV���

� �

�
)LJ���� /HIW��UHODWLRQVKLS�RI�ERQG�VWUHQJWK�DQG�FRQFUHWH�FRPSUHVVLYH�VWUHQJWK��ULJKW��UHODWLRQVKLS�RI�

DYHUDJH�ERQG�VWUHQJWK�DQG�ERQG�OHQJWK��ZLWK�PHDQ�FRQFUHWH�VWUHQJWK�IRU�HDFK�FRQFUHWH�W\SH��

7KLV�SKHQRPHQRQ�LV�HYHQ�PRUH�QRWLFHDEOH�IRU�ERQG�OHQJWKV�ORQJHU�WKDQ���GV��ILJ����ULJKW���7KH�UHDVRQ�
IRU�WKLV�LV�WKH�ORZHU�FRQFUHWH�FRYHU�LQ�WKH�%(�VHWXS��ZKLFK�UHGXFHV�WKH�FRQILQHPHQW�HIIHFW��)RU�ERQG�
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%RQG�VWUHVV�GLVWULEXWLRQ�RI�ULEEHG�VWHHO�EDUV�LQ�UHLQIRUFHG�FRQFUHWH�ZLWK�VKRUW�ERQG�OHQJWK�XQGHU�YDULRXV�ORDGLQJ�
FRQGLWLRQV��

0DUF�.RVFKHPDQQ��0DQIUHG�&XUEDFK� �� ����
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�

OHQJWKV�RI���GV�RU�PRUH��WKH�ELJ�ULQJ�WHQVLOH�IRUFHV�FDXVH�VSOLWWLQJ�FUDFNV��ZKLFK�OHDG�WR�SUHPDWXUH�IDLOXUH�
DQG�UHGXFHG�ERQG�VWUHQJWK��7KH�FUDFN�SURSDJDWLRQ�RI�WKHVH�FUDFNV�ZDV�UHFRUGHG�GXULQJ�WKH�WHVWV��VHH�
�����DQG�WKH�FUDFN�SDWWHUQV�ZHUH�VXEVHTXHQWO\�GRFXPHQWHG���

+RZHYHU��QR�FUDFNV�ZHUH�IRXQG�RQ�WKH�FRQFUHWH�VXUIDFH�LQ�%(�WHVWV�ZLWK�OE� ���GV��$FFRUGLQJ�WR�WKLV��
WKH�VDPH�IDLOXUH�PRGH�RFFXUUHG�DV�LQ�WKH�32�WHVWV��ZKLFK�DOVR�H[SODLQV�WKH�DOPRVW�LGHQWLFDO�WHVW�UHVXOWV�
IRU� WKLV�ERQG� OHQJWK��7KH� WHVW� UHVXOWV�DOVR�FRQILUP� WKH� LQIOXHQFH�RI�ERQG� OHQJWK�HYHQ�IRU�VKRUW�ERQG�
OHQJWKV�OE�����GV��,Q�%(�WHVWV��D�GRXEOLQJ�RI�WKH�ERQG�OHQJWK�IURP���WR���GV�ZDV�REVHUYHG�WR�UHGXFH�WKH�
ERQG�VWUHQJWK�E\�DSSUR[�������:LWK�WKH�32�VHWXS��WKLV�HIIHFW�LV�OHVV�VLJQLILFDQW��7KH�UHDVRQ�IRU�WKLV�DUH�
SUREDEO\�WKH�KLJKHU�DEVROXWH�SXOO�RXW�IRUFHV�DW�ORQJHU�ERQG�OHQJWKV��ZKLFK�LQFUHDVH�WKH�VSOLWWLQJ�HIIHFW�
DQG�OHDG�WR�ODUJHU�FUDFN�ZLGWKV�LQ�%(�VSHFLPHQV��$IWHU�WKH�VSOLWWLQJ�LV�RFFXUUHG��RQO\�WKH�WZR�VWLUUXSV�
HQVXUH�D�FHUWDLQ�OHYHO�RI�FRQILQHPHQW��ZKLFK�GHSHQGV�RQ�WKH�ULQJ�WHQVLOH�IRUFHV��$Q\ZD\��IRU�ERWK�VSHF�
LPHQ�W\SHV�DQG�DOO�WKUHH�FRQFUHWHV��D�GHFUHDVH�LQ�ERQG�VWUHQJWK�LV�REVHUYHG�IRU�D�ERQG�OHQJWK�RI�OE� ���GV��
7KH�FDXVH�RI�WKLV�FDQ�EH�IRXQG�LQ�ILJ����ULJKW��$V�WKH�ILUVW�FRQFUHWH�NH\�FDQQRW�VXSSRUW�LWVHOI�GXH�WR�WKH�
ERQG�EUHDNHU��D�EUHDNRXW�FRQH�IRUPV�HDUO\�RQ��7KH�GHSWK�RI�WKLV�FRQH�GRHV�QRW�SDUWLFLSDWH�LQ�WKH�IXUWKHU�
ORDG�WUDQVIHU�RU�RQO\�E\�IULFWLRQ�DQG�GHSHQGV�RQ�WKH�GLDPHWHUV�RI�WKH�EDU�DQG�WKH�ERQG�EUHDNHU��8QGHU�
WKH�VHOHFWHG�FRQGLWLRQV��WKH�GHSWK�RI�WKH�EUHDNRXW�FRQH�LV�DSSUR[����PP��ZKLFK�VKRUWHQV�WKH�HIIHFWLYH�
ERQG�OHQJWK�DFFRUGLQJO\��)RU�WKH�ERQG�OHQJWK�RI�OE� ����PP��WKLV�PHDQV�D�VKRUWHQLQJ�RI�WKH�WUDQVPLVVLRQ�
OHQJWK�E\�DOPRVW�KDOI��IRU�OE� ����PP�RQO\�E\�URXJKO\������

�
)LJ���� /HIW��VWHHO�VWUDLQ�FXUYHV�IRU�GLIIHUHQW� ORDG� OHYHOV�� ULJKW�ERQG�VWUHVV�GLVWULEXWLRQ�DORQJ� WKH�

ERQG�OHQJWK�

7R�GHWHFW�WKRVH�HIIHFWV��GLIIHUHQFHV�DQG�FKDQJHV�LQ�ORDG�WUDQVIHU�ZLWKLQ�WKH�ERQG�]RQH�GXULQJ�H[SHUL�
PHQWDO�WHVWV��'2)6�DUH�XVHG��)LJ����OHIW�VKRZV�VWHHO�VWUDLQ�FXUYHV�DORQJ�WKH�SXOO�RXW�EDU�ZLWKLQ�WKH�ERQG�
]RQH�IRU�GLIIHUHQW�ORDG�OHYHOV��,W�LV�QRWLFHDEOH�WKDW�WKH�VWUDLQ�FXUYH�IRU�D�ORZ�ORDG�OHYHO�WDNHV�RQ�D�VOLJKWO\�
FRQFDYH�VKDSH��%\�LQFUHDVLQJ�WKH�ORDG��WKH�VKDSH�FKDQJHV�WR�D�FRQYH[�FRXUVH��ZKLFK�LQGLFDWHV�D�UHGLV�
WULEXWLRQ�RI�WKH�ORDG�WUDQVIHU��7KURXJK�ORFDO�GHULYDWLRQ�RI�WKH�VWUDLQ�FXUYHV��LW�LV�SRVVLEOH�WR�REWDLQ�WKH�
ERQG�VWUHVV�GLVWULEXWLRQ�DORQJ� WKH�EDU��)LJ����ULJKW��� ,I� WKH�VWUHVV�GLVWULEXWLRQ�DW�����)PD[�FDQ�VWLOO�EH�
GHFODUHG�DV�TXDVL�XQLIRUP��D�GRXEOLQJ�RI�WKH�ORDG�FDXVHV�D�UHGLVWULEXWLRQ�WRZDUGV�WKH�PLGGOH�RI�WKH�ERQG�
OHQJWK��$W�WKH�WLPH�RI�IDLOXUH��WKH�IRUFH�LV�PDLQO\�WUDQVPLWWHG�WKURXJK�WKH�ODVW�FRQFUHWH�NH\��UHVXOWLQJ�LQ�
D�ORFDO�ERQG�VWUHVV�RI�DOPRVW�WZLFH�WKH�PHDQ�YDOXH��+HQFH��LW�FDQ�EH�VWDWHG�WKDW�WKHUH�LV�D�UHGLVWULEXWLRQ�
RI�VWUHVV�IURP�ORDG�FORVH�WR�ORDG�IDU�DUHDV�GXULQJ�WKH�SURJUHVV�RI�GDPDJH��ZKLFK�FRQILUPV�0|UVFK¶V�
WKHRULH�>�@��

�� &RQFOXVLRQ�DQG�2XWORRN�
,Q�WKLV�SDSHU��UHFHQW�LQYHVWLJDWLRQV�RQ�ORFDO�ERQG�EHKDYLRXU�DW�VKRUW�ERQG�OHQJWKV�ZHUH�SUHVHQWHG��%DVHG�
RQ�D�OLWHUDWXUH�UHYLHZ�DQG�WKH�UHVXOWV�RI�RYHU�����LQGLYLGXDO�WHVWV�XQGHU�PRQRWRQLF�ORDG��LW�LV�VKRZQ�WKDW�
WKH�ERQG�VWUHVV�GLVWULEXWLRQ�FDQQRW�EH�DVVXPHG�WR�EH�XQLIRUP�HYHQ�IRU�VKRUW�ERQG�OHQJWKV��%\�PHDQV�RI�
'2)6��LW�ZDV�GHWHUPLQHG�WKDW�D�UHGLVWULEXWLRQ�RI�WKH�ORDG�WUDQVIHU�ZLWKLQ�WKH�ERQG�]RQH�RFFXUV�GXULQJ�
WKH�GDPDJH�SURJUHVV��,Q�DGGLWLRQ��ORFDO�ERQG�VWUHVVHV�FRXOG�EH�GHWHFWHG��IURP�ZKLFK�ORFDO�IDLOXUH�FULWHULD�
FDQ�EH�GHULYHG���

)XUWKHU� LQYHVWLJDWLRQV�ZLOO�DGGUHVV� WKH�HIIHFWV�RI�GLIIHUHQW� ORDGLQJ�VLWXDWLRQV�VXFK�DV�IDWLJXH�DQG�
FUHHS�RQ�WKH�LQWHUQDO�ORDG�WUDQVIHU�LQ�WKH�ERQG�]RQH��6XEVHTXHQWO\��ORFDO�ERQG�VWUHVV�WR�VOLS�UHODWLRQVKLSV�
DUH�GHVFULEHG��ZKLFK�VHUYH�DV�D�EDVLV�IRU�GHWHUPLQLQJ�FUDFN�ZLGWKV��



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� %RQG�VWUHVV�GLVWULEXWLRQ�RI�ULEEHG�VWHHO�EDUV�LQ�UHLQIRUFHG�FRQFUHWH�ZLWK�VKRUW�ERQG�OHQJWK�XQGHU�YDULRXV�
ORDGLQJ�FRQGLWLRQV�

�

$FNQRZOHGJHPHQWV�
7KH�SUHVHQWHG�VWXGLHV�DUH�IXQGHG�E\� WKH�*HUPDQ�)HGHUDO�0LQLVWU\�RI�(FRQRPLF�$IIDLUV�DQG�(QHUJ\�
�%0:L��SURMHFW�1R���������%�DQG�SURMHFW�1R������������,Q�DGGLWLRQ��D�WKDQN�JRHV�WR�WKH�2WWR�0RKU�
/DERUDWRU\��7HFKQLVFKH�8QLYHUVLWlW�'UHVGHQ��IRU�FDUU\LQJ�RXW�WKH�WHVW�DQG�WKH�JRRG�FRRSHUDWLRQ���

5HIHUHQFHV�
>�@� ILE�%XOOHWLQ�����������0RGHO�&RGH������±�)LQDO�GUDIW��9ROXPH����)HGHUDWLRQ�LQWHUQDWLRQDO�GX�

EpWRQ��ILE���/DXVDQQH��6ZLW]HUODQG�
>�@� /LQGRUI��$OH[DQGHU��������³(UP�GXQJ�GHV�9HUEXQGHV�YRQ�6WDKOEHWRQ�XQWHU�4XHU]XJ�´�'LVV���

7HFKQLVFKH�8QLYHUVLWlW�'UHVGHQ�� ��
>�@� &DLUQV�� -RKQ�DQG�*LRYDQQL�$��3OL]]DUL�� ������ ³7RZDUGV�D�KDUPRQL]HG�(XURSHDQ�ERQG� WHVW�´�

0DWHULDOV�DQG�6WUXFWXUHV�������������±����� ��
>�@� 5,/(0��������³(VVDLV�SRUWDQW�VXU� O¶DGKpUHQFH�GHV�DUPDWXUHV�GX�EpWRQ�´�0DWpULDX[�HW�&RQV�

WUXFWLRQV�������±�����
>�@� 9DQGHYDOOH��/XFLH��������³7KHRUHWLFDO�SUHGLFWLRQ�RI�WKH�XOWLPDWH�ERQG�VWUHQJWK�EHWZHHQ�D�UHLQ�

IRUFHPHQW�EDU�DQG�FRQFUHWH�´�3DSHU�SUHVHQWHG�DW�WKH�,QWHUQDWLRQDO�FRQIHUHQFH�ERQG�LQ�FRQFUHWH�
IURP�UHVHDUFK�WR�SUDFWLFH��5LJD��/DWYLD��2FWREHU���±�����������

>�@� $670� LQWHUQDWLRQDO�� ������ Ä$670� $������� �� 6WDQGDUG� WHVW� PHWKRG� IRU� FRPSDULQJ� ERQG�
VWUHQJWK�RI�VWHHO�UHLQIRUFHLQJ�EDUV�WR�FRQFUHWH�XVLQJ�EHDP�HQG�VSHFLPHQV�´�:HVW�&RQVKRKRFNHQ��

>�@� :LOGHUPXWK��$QNH��������Ä8QWHUVXFKXQJ�]XP�9HUEXQGYHUKDOWHQ�YRQ�%HZHKUXQJVVWlEHQ�PLW�
WHOV�YHUHLQIDFKWHU�9HUVXFKVN|USHU�³�'HXWVFKHU�$XVVFKXVV�I�U�6WDKOEHWRQ�����

>�@� %DFK��&DUO�� ������ Ä9HUVXFKH��EHU�GHQ�*OHLWZLGHUVWDQG� HLQEHWRQLHUWHQ�(LVHQV�³�0LWWHLOXQJHQ�
�EHU�)RUVFKXQJVDUEHLWHQ�����±����

>�@� 0|UVFK��(PLO��������'HU�(LVHQEHWRQEDX��6WXWWJDUW��.RQUDG�:LWWZHU�
>��@� 0DLQV��5��0��������Ä0HDVXUHPHQW�RI�WKH�GLVWULEXWLRQ�RI�WHQVLOH�DQG�ERQG�VWUHVVHV�DORQJ�UHLQ�

IRUFLQJ�EDUV�´�-RXUQDO�RI�WKH�$PHULFDQ�&RQFUHWH�,QVWLWXWH�������±�����
>��@� 0�OOHU��)ULW]�3HWHU�XQG�:HUQHU�(LVHQELHJOHU�� ������Ä(UPLWWOXQJ�GHU�9HUEXQGVSDQQXQJHQ�DQ�

JHGU�FNWHQ�HLQEHWRQLHUWHQ�%HWRQVWlKOHQ³��'HXWVFKHU�$XVVFKX��I�U�6WDKOEHWRQ������
>��@� 5RVWDV\��)HUGLQDQG�6��DQG�-RFKHQ�6FKHXHUPDQQ��������Ä9HUEXQGYHUKDOWHQ�HLQEHWRQLHUWHQ�%H�

WRQULSSHQVWDKOV�EHL�H[WUHP�WLHIHU�7HPSHUDWXU�³�'HXWVFKHU�$XVVFKX��I�U�6WDKOEHWRQ��������±����
>��@� 0DUWLQ�� +RUVW�� ������ ´=XVDPPHQKDQJ� ]ZLVFKHQ� 2EHUIOlFKHQEHVFKDIIHQKHLW�� 9HUEXQG� XQG�

6SUHQJZLUNXQJ� YRQ� %HZHKUXQJVVWlKOHQ� XQWHU� .XU]]HLWEHODVWXQJ�³�'HXWVFKHU� $XVVFKX�� I�U�
6WDKOEHWRQ�����

>��@� +XDQJ��=���%M|UQ�(QJVWU|P�DQG�-RQDV�0DJQXVVRQ��������³([SHULPHQWDO�DQG�DQDO\WLFDO�VWXGLHV�
RI�WKH�ERQG�EHKDYLRXU�RI�GHIRUPHG�EDUV�LQ�KLJK�VWUHQJWK�FRQFUHWH�´�3DSHU�SUHVHQWHG�DW�WKH��WK�
,QWHUQDWLRQDO� 6\PSRVLXP�RQ�8WLOL]DWLRQ� RI�+LJK�VWUHQJWK�+LJK�SHUIRUPDQFH� FRQFUHWH�� 3DULV��
0D\���±���

>��@� 5RKOLQJ��$QQHWWH��������Ä=XP�(LQIOXVV�GHV�9HUEXQGVNULHFKHQV�DXI�GLH�5LVVEUHLWHQHQWZLFNOXQJ�
VRZLH�DXI�GLH�0LWZLUNXQJ�GHV�%HWRQV�DXI�=XJ�]ZLVFKHQ�GHQ�5LVVHQ�³�'LVV���7HFKQLVFKH�8QL�
YHUVLWlW�%UDXQVFKZHLJ��

>��@� .ULSV��0DUWLQ��������Ä5L�EUHLWHQEHVFKUlQNXQJ�LP�6WDKOEHWRQ�XQG�6SDQQEHWRQ�³�'LVV���7HFKQL�
VFKH�+RFKVFKXOH�'DUPVWDGW��

>��@� =REHO��5REHUW��������Ä9HUEXQGPRGHOOLHUXQJ�YRQ�%HWRQ��XQG�6SDQQVWDKO�XQWHU�4XHU]XJ³��'LVV���
7HFKQLVFKH�8QLYHUVLWlW�'UHVGHQ���

>��@� %HUURFDO��&DUORV�*���,JQDVL�)HUQDQGH]�DQG�5DVPXV�5HPSOLQJ��������Ä&UDFN�PRQLWRULQJ�LQ�UH�
LQIRUFHG�FRQFUHWH�EHDPV�E\�GLVWULEXWHG�RSWLFDO�ILEHU�VHQVRUV�³�6WUXFWXUH�DQG�,QIUDVWUXFWXUH�(Q�
JLQHHULQJ��$FFHVVHG�)HEUXDU\�����������GRL�������������������������������

>��@� 6SHFN��.HUVWLQ��)ULW]�9RJGW��0DQIUHG�&XUEDFK�DQG�<XUL�3HWU\QD��������Ä)DVHURSWLVFKH�6HQVR�
UHQ�]XU�NRQWLQXLHUOLFKHQ�'HKQXQJVPHVVXQJ�LP�%HWRQ�³�%HWRQ��XQG�6WDKOEHWRQEDX���������±
�����

>��@� 5LWWHU��/DXUD��������Ä'HU�(LQIOXVV�YRQ�4XHU]XJ�DXI�GHQ�9HUEXQG�]ZLVFKHQ�%HWRQ�XQG�%HWRQ�
VWDKO�³�'LVV���7HFKQLVFKH�8QLYHUVLWlW�'UHVGHQ��

>��@� .RVFKHPDQQ��0DUF�DQG�7LQR�.�KQ��.HUVWLQ�6SHFN��0DQIUHG�&XUEDFK��������Ä%RQG�EHKDYLRXU�
RI� UHLQIRUFHG�FRQFUHWH�XQGHU�KLJK�F\FOH� IDWLJXH�SXOO�RXW� ORDGLQJ�´�3DSHU�SUHVHQWHG�DW� WKH��WK�
LQWHUQDWLRQDO�ILE�&RQJUHVV��0HOERXUQH��1RYHPEHU��±����



����

�

+RPRJHQL]HG�UHLQIRUFHG�FRQFUHWH�PRGHO�IRU�WKH�
HYDOXDWLRQ�RI�$ONDOL�6LOLFD�5HDFWLRQ�DIIHFWHG�VWUXFWXUHV�
'DQLHOD�9R���3LHUUH�0RUHQRQ���6WpSKDQH�0XOWRQ���$ODLQ�6HOOLHU���(WLHQQH�
*ULPDO���%HQRLW�0DVVRQ���$QDVV�&KHUNL�(O�,GULVVL���3KLOLSSH�.ROPD\HU��
�/0'&��8QLYHUVLWp�GH�7RXORXVH�,,,�±�3DXO�6DEDWLHU���
�����DYHQXH�GH�5DQJXHLO��)�������7RXORXVH�&HGH[�����)UDQFH�
�(')�&,+�7HFKQRODF��������/H�%RXUJHW�GX�/DF��&HGH[��)UDQFH�
�(')�',311��������/\RQ��)UDQFH�
�(')�5	'�/DE�3DULV�6DFOD\��������3DODLVHDX��)UDQFH�

$EVWUDFW�
$ONDOL�6LOLFD�5HDFWLRQ� LV� D� KDUPIXO� SDWKRORJ\�ZKLFK� FDQ� DOWHU�PHFKDQLFDO� SURSHUWLHV� RI� D� VWUXFWXUH��
(QVXULQJ�VHFXULW\�RI�VXFK�DIIHFWHG�VWUXFWXUHV�E\�SUHGLFWLQJ�LWV�EHKDYLRXU�FRQVWLWXWHV�DQ�LPSRUWDQW�QHHG�
DQG�FKDOOHQJH��ZKLFK�FDQ�EH�DQVZHUHG�E\�QXPHULFDO�PRGHOOLQJ��,Q�WKLV�VWXG\��DIIHFWHG�VWUXFWXUHV�DUH�
PRGHOOHG� WURXJK�D�KRPRJHQL]DWLRQ�DSSURDFK�ZKHUH� WKH�KRPRJHQL]HG�PDWHULDO� LV�GLUHFWO\� UHLQIRUFHG�
FRQFUHWH��7KH�DLP�RI�WKLV�SDSHU�LV�WKH�HYDOXDWLRQ�RI�WKH�QXPHULFDO�PRGHO�UHVSRQVH�LQ�DQ�$65�FRQWH[W��
5HLQIRUFHG� FRQFUHWH�EHDPV� ORDGHG�XQWLO� IDLOXUH�GUDZQ� IURP� WKH� OLWHUDWXUH� DUH�PRGHOOHG��$IWHU� D� GH�
VFULSWLRQ�RI�WKH�PDLQ�IHDWXUHV�RI�WKH�PRGHO��D�SDUDPHWULF�VWXG\�RQ�PHVK�VL]H�LPSDFW�LV�SHUIRUPHG�WR�
KLJKOLJKW�WKH�PRGHO�VWDELOLW\���

�� ,QWURGXFWLRQ��
$ONDOL�6LOLFD�5HDFWLRQ��$65��LV�DQ�HQGRJHQRXV�FRQFUHWH�UHDFWLRQ�ZKLFK�FDQ�FDXVH�LPSRUWDQW�GHJ�

UDGDWLRQ�LQ�FRQFUHWH�DQG�FRXOG�OHDG�WR�WKH�GHFUHDVH�RI�VWUXFWXUH�SHUIRUPDQFHV��,W�LV�GXH�WR�WKH�FKHPL�
FDO�UHDFWLRQV�EHWZHHQ�DONDOL�SUHVHQW�LQ�WKH�SRUH�VROXWLRQ�DQG�WKH�DPRUSKRXV�RU�ORZ�FU\VWDOOLVHG�SKDVHV�
FRQWDLQHG�LQ�VLOLFHRXV�DJJUHJDWHV��7KLV�DWWDFN�OHDGV�WR�WKH�SURGXFWLRQ�RI�QHZ�SKDVHV�DQG�WR�FRQFUHWH�
H[SDQVLRQ�DQG�FUDFNLQJ��$OWKRXJK�WKLV�UHDFWLRQ�KDV�EHHQ�VWXGLHG�VLQFH�D�ORQJ�WLPH�>�@�>�@��ZRUNV�DUH�
VWLOO� QHFHVVDU\� WR� EH� DEOH� WR� SUHGLFW� IXWXUH� H[SDQVLRQ� DQG� WR� HYDOXDWH� LWV� LPSDFW� RQ� UHDO� VWUXFWXUHV��
(YROXWLRQV�RI�VZHOOLQJ�DQG�LQGXFHG�FUDFNV�DUH�PRVWO\�GULYHQ�E\�$65�FKHPLFDO�DGYDQFHPHQW��,Q�VSLWH�
RI�WKDW��VWUHVV�VWDWH��LQGXFHG�E\�H[WHUQDO�ORDGV�RU�UHVWUDLQWV��FDQ�FDXVH�SUHIHUHQWLDO�FUDFNLQJ�GLUHFWLRQV�
>�@�>�@�>�@��+HQFH��WKH�HYDOXDWLRQ�DQG�WKH�SUHGLFWLRQ�RI�WKH�VWUXFWXUDO�EHKDYLRXU�RI�UHLQIRUFHG�FRQFUHWH�
VWUXFWXUHV� DIIHFWHG�E\�$65� UHSUHVHQW�PRUH� WKDQ� D� FKDOOHQJH�� EXW�D� UHDO� QHHG� WR� HQVXUH� WKHLU� VDIHW\��
5HKDELOLWDWLRQ� SURMHFW� DQG� WKHLU� RSWLPLVDWLRQ� FRQVWLWXWH� DOVR� DQ� DFWXDO� UHTXLUHPHQW� IRU� FRQVWUXFWLRQ�
VXSHUYLVRUV�� 1XPHULFDO� PRGHOOLQJ� LV� D� VXLWDEOH� VROXWLRQ� WR� KHOS� PDQDJHUV�� QRWDEO\� LQ� LWV� QRQ�
GHVWUXFWLYH�DQG� OLPLWHG�FRVW�QDWXUH��1HYHUWKHOHVV��PRVW�RI� WKH�$65�DIIHFWHG�VWUXFWXUHV�DUH�JHQHUDOO\�
ODUJH�VFDOH�ZRUNV�ZKLFK�DUH�UHLQIRUFHG�ZLWK�D�YHU\�ELJ�DQG�GHQVH�UHLQIRUFHPHQW�QHWZRUN��0RUH�WKDQ�D�
ORQJHU�FRPSXWDWLRQDO�WLPH��WKH�PHVK�FDQ�OHDG�WR�LPSRUWDQW�QXPHULFDO�FRPSOH[LWLHV��,W�FDQ�OHDG�WR�UHDO�
QXPHULFDO� OLPLWV� EHFDXVH� RI� SK\VLFDO� ERXQGDU\�� HVSHFLDOO\� LQ� WKH� LQWHUIDFH� ]RQH� EHWZHHQ� VWHHO� DQG�
FRQFUHWH�� ,Q�$65�FRQWH[W�� FRQFUHWH� VZHOOLQJ� LV� UHVWUDLQHG�E\� WKH�VWHHO�EDUV�� ,W� FDQ� OHDG� WR� LPSRUWDQW�
VWUHVV�FRQFHQWUDWLRQV��DQG�VR��WR�D�ORFDOLVHG�RYHUHVWLPDWLRQ�RI�GDPDJH��$V�WKLV�DUHD�LV�UHVSRQVLEOH�IRU�
WKH�ERQG�DELOLW\�� LWV�GHJUDGDWLRQ�FDQ� OHDG� WR�D� WRR� LPSRUWDQW� ORVV�RI� ULJLGLW\�DQG�VR� WR�DQ�XQUHDOLVWLF�
VWUXFWXUDO� UHVSRQVH�� ,Q�RUGHU� WR�DYRLG�VXFK� OLPLWV��KRPRJHQL]HG�PRGHO�KDYH�EHHQ�GHYHORSHG�>�@�>�@��
7KLV� DSSURDFK� LV� EDVHG� RQ� WKH� FRQVLGHUDWLRQ� RI� D� XQLTXH� PDWHULDO� FDOOHG� KRPRJHQL]HG� UHLQIRUFHG�
FRQFUHWH��6WHHO�EDU�GRHV�QRW�QHHG� WR�EH�PHVKHG�DQ\PRUH�� ,WV�FRQWULEXWLRQ� LV�HYDOXDWHG�E\�D�VSHFLILF�
EHKDYLRXU�ODZ�DQG�FRPELQHG�ZLWK�WKH�FRQFUHWH�ODZ�DFFRUGLQJ�WR�WKHLU�GLVWULEXWLRQ�DQG�WKHLU�GLUHFWLRQ��
WR�FRQVWLWXWH�WKH�ZKROH�PDWHULDO�UHVSRQVH��7KH�DLP�RI�WKLV�VWXG\�ZDV�WR�YDOLGDWH�WKH�SUHGLFWLRQ�DELOLW\�
RI�WKLV�PRGHO��,Q�RUGHU�WR�HYDOXDWH�WKH�PRGHO�VWDELOLW\��D�SDUDPHWULF�VWXG\�DERXW�PHVK�VL]H�LPSDFW�LV�
UHDOLVHG� LQ� DQ� $65� FRQWH[W�� 7KH� FRPSDULVRQ� EHWZHHQ� QXPHULFDO� UHVSRQVH� DQG� H[SHULPHQWDWLRQ� LV�
EDVHG�RQ�WKH�H[SHULPHQWDO�WHVW�UHDOL]HG�E\�2KQR�DQG�DO�>�@��ZKHUH�$65�DIIHFWHG�EHDPV�ZHUH�VWXGLHG�
DQG�FRPSDUHG�WR�QRQ�UHDFWLYH�EHDPV��$IWHU�DQ�DJLQJ�SHULRG��ZKHUH�WKHVH�VWUXFWXUHV�KDYH�EHHQ�VXEPLW�
WHG� WR�QDWXUDO�ZHDWKHU�� WKH\�ZHUH� ORDGHG�XQGHU�D� IRXU�SRLQWV�EHQGLQJ� WHVW�XQWLO� WKHLU� IDLOXUH��'XH� WR�
$65�VZHOOLQJ��FKHPLFDO�SUHVWUHVV�SKHQRPHQRQ�RFFXUV�DQG�LPSDFWV�WKH�VWUXFWXUDO�UHVSRQVH��DJLQJ�DQG�

3URF��RI�WKH���WK�ILE�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�
-XO\�������������0DUQH�OD�9DOOpH��3DULV��)UDQFH�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� 6WUXFWXUDO�DQDO\VLV�DQG�GHVLJQ��'XUDELOLW\�DQG�OLIH�DVVHVVPHQW���

�

IDLOXUH� SKDVHV��� $IWHU� WKH� PRGHO� SUHVHQWDWLRQ�� WKH� EHKDYLRXUV� RI� WKH� EHDPV� DUH� PRGHOOHG�� DQG� WKH�
UHVSRQVHV�REWDLQHG�ZLWK�GLIIHUHQW�PRGHOOLQJ�PHVKHV�DUH�SUHVHQWHG��)LQH�PHVKHG��PHGLXP�PHVKHG�DQG�
FRDUVH�PHVKHG� DUH� XVHG� DQG� UHVXOWV� RQ� VWUDLQ� HYROXWLRQ�� FKHPLFDO� SUHVWUHVV�� ORDG�GHIOHFWLRQ� FXUYHV��
FUDFNV�SDWWHUQV�DQG�VWUHVV�SURILOH�DUH�DQDO\VHG���

�� )RUPXODWLRQ�

���� 5KHRORJLFDO�PRGHO��
,Q�WKLV�ZRUN��WKH�PRGHOOLQJ�RI�UHLQIRUFHG�FRQFUHWH�LV�PDGH�E\�D�KRPRJHQL]HG�DSSURDFK��7KHUH�LV�

QR� QHHG� WR�PHVK� WKH� UHLQIRUFHPHQW� QHWZRUN�� EHFDXVH� WKH� VSHFLILF�PDWHULDO� PRGHO� FDQ� FRQVLGHU� WKH�
ZKROH�PDWHULDO�DV�UHLQIRUFHG�FRQFUHWH��7KH�EHKDYLRXU�ODZ�LV�GHILQHG�E\�WKH�FRPELQDWLRQ�EHWZHHQ�VWHHO�
DQG�FRQFUHWH�FRQWULEXWLRQV�DFFRUGLQJ�WR�WKHLU�GLVWULEXWLRQ��)LJ����VKRZV�WKH�UKHRORJLFDO�VFKHPH�RI�WKLV�
PRGHO��

�

)LJ���� 5KHRORJLFDO�VFKHPH���

,Q�RUGHU�WR�FRQVLGHU�WKH�SKHQRPHQRQ�RI��FKHPLFDO�H[SDQVLRQ��WKH�FRQFUHWH�EHKDYLRXU�LV�GHILQHG�LQ�WKH�
SRURPHFKDQLFDO� IUDPHZRUN� >�@�� 7KH� WRWDO� VWUHVV� LV� FRPSRVHG� E\� WKH� H[WHUQDO� VWUHVV� DSSOLHG� RQ� WKH�
VROLG�VNHOHWRQ�DQG�E\�WKH�LQWHUQDO�VWUHVV�GXH�WR�$65��ZHLJKWHG�E\�D�%LRW�FRHIILFLHQW�HYDOXDWHG�DFFRUG�
LQJ�WR�LWV�QDWXUH��&UDFNV�LQGXFHG�E\�ORFDOL]HG�SKHQRPHQRQ��IRU�H[DPSOH�GXH�WR�VWUXFWXUDO�HIIHFW��DUH�
GLIIHUHQWLDWHG�IURP�GLIIXVH�FUDFNLQJ�LQGXFHG�E\�LQWHUQDO�SRUH�SUHVVXUH���IRU�H[DPSOH�LQGXFHG�E\�$65�
JHOV��'()�SURGXFWV��ZDWHU������7R�REWDLQ�WKLV�GLVWLQFWLRQ��GLIIHUHQW�FULWHULD�DUH�XVHG��D�5DQNLQH�DVVRFL�
DWHG�FULWHULRQ�IRU�WHQVLOH�VWUHQJWK�DW�VWUXFWXUDO�VFDOH��ORFDOL]HG�FUDFNV���D�5DQNLQH�FULWHULRQ�IRU�WHQVLOH�
VWUHQJWK� DW�PLFUR�VFDOH� �GLIIXVH� FUDFNLQJ� GXH� WR� LQWHUQDO� SUHVVXUH�� DQG� DQ� LVRWURSLF�'UXFNHU�3UDJHU�
FULWHULRQ� IRU�FRPSUHVVLRQ�DQG�VKHDU�H[WHUQDO� ORDGLQJV��5HJDUGLQJ� WR� WKH�PLFUR�VFDOH�� WKH�FULWHULRQ� LV�
ZULWWHQ�LQ�WHUPV�RI�HIIHFWLYH�VWUHVV�ZLWKLQ�WKH�PHDQLQJ�RI�SRURPHFKDQLFV��,Q�DQ\�HYHQWV��LQ�WKH�ERWK�
VFDOHV�� FUDFNV� LQGXFH� VSHFLILF� UHGXFWLRQ� RI� PHFKDQLFDO� FKDUDFWHULVWLFV�� 7R� TXDQWLI\� WKH� PHFKDQLFDO�
HYROXWLRQV��WKH�PRGHO�LV�DOVR�EDVHG�RQ�GDPDJH�WKHRU\�>��@��,Q�RUGHU�WR�FKDUDFWHUL]H�WKH�OHYHO�RI�PH�
FKDQLFDO� GDPDJH�� GDPDJH� YDULDEOHV� DUH� GHILQHG� DFFRUGLQJ� WR� WKH� SKHQRPHQRQ� FRQVLGHUHG� �WHQVLRQ��
FRPSUHVVLRQ�� LQWHUQDO� SUHVVXUHV��� 6KHDU� GDPDJH� LV� LVRWURSLF� ZKLOH� GDPDJH� LQGXFHG� E\� WHQVLRQ� DQG�
SUHVVXUH�DUH�DQLVRWURSLF��7KH�RSHQLQJ�RI�WKH�FUDFNV�LQGXFHG�E\�H[WHUQDO�ORDGLQJ�FDQ�EH�HYDOXDWHG�IURP�
SODVWLF� GHIRUPDWLRQV� DV� GHVFULEHG� LQ� >��@��$V� WKLV� VWXG\�PDLQO\� FRQFHUQV� WKH�$65� HYDOXDWLRQ� RI� D�
UHLQIRUFHG�FRQFUHWH�VWUXFWXUH��RQO\�WKHVH�SDUWV�RI�WKH�PRGHO�DUH�GHYHORSHG�LQ�WKH�SUHVHQW�SDSHU��$OO�WKH�
RWKHU�SDUWV�RI�WKH�PRGHO�DUH�GHWDLOHG�LQ�>�@ ��

���� $65�PRGHOOLQJ�
)LUVW�� WKH�$65�PRGHOOLQJ� HYDOXDWHV� WKH� FKHPLFDO� DGYDQFHPHQW� RI� WKH� UHDFWLRQ� EHIRUH� FRPSXWHG�

WKH�LQGXFHG�LQWHUQDO�SUHVVXUH��&KHPLFDO�DGYDQFHPHQW�OHDGV�WKHQ�WR�WKH�GHWHUPLQDWLRQ�RI�WKH�JHO�YRO�
XPH� ��7HPSHUDWXUH�DQG�PRLVWXUH�LPSDFWV�RQ�NLQHWLFV�DQG�DPSOLWXGH�RI�VZHOOLQJ�DUH�FRQVLGHUHG�LQ�
WKH�PRGHOOLQJ� �WKURXJK�$UUKHQLXV� ODZ� IRU� WHPSHUDWXUH� >��@� >��@ DQG�3R\HW¶V� ODZ� >��@�PRGLILHG� E\�
0RUHQRQ� >��@� IRU�ZDWHU� HIIHFW��� 7KLV� SDSHU� IRFXVHV� RQ� WKH� VWUXFWXUDO� FRQVHTXHQFHV� RI�$65� DQG� LWV�
PRGHOOLQJ� DQG� WKH� ODZV� IRU� WKH� FKHPLFDO� DGYDQFHPHQW� DUH� QRW� WRWDOO\� GHVFULEHG��0RUH�GHWDLOHG�GH�
VFULSWLRQ�RI�WKH�FKHPLFDO�SDUW�RI�WKH�PRGHO�FDQ�EH�IRXQG�LQ�>�@��7KH�$65�SUHVVXUH�����LV�JHQHUDWHG�E\�
WKH� $65�JHO� YROXPH� DFFRUGLQJ� WR� WKH� FRQQHFWHG� SRURVLW\� ��YROXPH� RI� WKH� FRQQHFWHG� SRURVLW\�
EHFRPHV� KLJKHU�ZLWK� WKH� LQGXFHG� LQWHUQDO� SUHVVXUH� ULVH��� WR� WKH�PRGLILFDWLRQ� RI� SRURVLW\� VSDFHV� LQ�
GXFHG�E\�WKH�HODVWLF�DQG�GHOD\HG�VWUDLQV��εHO�DQG�εFU�UHVSHFWLYHO\�DQG�ODVWO\�E\�WKH�YROXPH�LQGXFHG�E\�
FUDFNLQJ εSO�$65�����
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)LQDOO\�� WKH�FUDFNLQJ� LQGXFHG�E\�VXFK�SKHQRPHQRQ�LV�HYDOXDWHG�WKURXJK�D�5DQNLQH�DVVRFLDWHG�FULWH�
ULRQ������ �7KLV�FUDFNLQJ�LV�FRQVLGHUHG�DV�GLIIXVH�LQ�FRQFUHWH��7KH�SUHVHQW�PRGHO�GRHV�QRW�SURSRVH�WR�
HYDOXDWH� WKH� FRUUHVSRQGLQJ� FUDFN� RSHQLQJ�ZKLFK� GHSHQGV� RQ� WKH� UHDFWLYH� VLOLFD� FRQWHQW� DQG� RQ� WKH�
DJJUHJDWH� VL]H� DQG� GLVWULEXWLRQ� LQ� FRQFUHWH�� ,QGXFHG� E\� WKH� GHYHORSPHQW� RI� LQWHUQDO� DQG� VZHOOLQJ�
SUHVVXUH��WKH�FULWHULRQ�XVHG�WR�PDQDJH�LV�ZULWLQJ�LQ�D�SRURPHFKDQLFDO�VHQVH��&UDFNLQJ�VWDUWV�ZKHQ�WKH�
HIIHFWLYH�VWUHVV��  ��LQGXFHG�E\�$65�H[FHHGV�WKH�ORFDO�WHQVLOH�VWUHQJWK���
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1RWH� WKDW� WKH� HYDOXDWLRQ� RI� LQWHUQDO� SUHVVXUH� DQG� LQGXFHG� SODVWLFLW\� LV� DOVR� XVDEOH� IRU� WKH� GHOD\HG�
HWWULQJLWH�IRUPDWLRQ��'()��>��@��,I�WKH�FKHPLFDO�HTXDWLRQV�DUH�GLIIHUHQW��WKH�PHFKDQLFDO�FRQVHTXHQFHV�
DUH�FORVH������
7KH�LPSDFW�RI�H[WHUQDO�VWUHVV�RQ�$65�H[SDQVLRQ�LV�ZHOO�NQRZQ��LI�RQH�GLUHFWLRQ�LV�UHLQIRUFHG�RU�UH�
VWUDLQHG�>�@��>�@��>�@��D�FKHPLFDO�SUHVWUHVV�SKHQRPHQRQ�RFFXUV��5HVWUDLQHG�H[SDQVLRQV�DUH�WKH�FDXVH�RI�
FRPSUHVVLRQ�VWUHVV�LQ�FRQFUHWH��7KLV�FRQILQHPHQW�HIIHFW�OHDGV�WR�GHFUHDVH�WKH�FULWHULD������WR�UHSURGXFH�
WKH�FUDFNLQJ�RULHQWDWLRQ�DORQJ�UHLQIRUFHPHQW��,I�WKH�FULWHULRQ�LV�UHDFKHG��SODVWLF�VWUDLQ�FDQ�EH�HYDOXDWHG�
WR�UHSURGXFH�$65�GLIIXVH�FUDFNLQJ��7KH�GDPDJH�LQGXFHG�E\�$65�H[SDQVLRQ�LV�WKHQ�HYDOXDWHG�DFFRUG�
LQJ�WR�WKH�SODVWLF�VWUDLQ�WR�UHGXFH�WKH�PHFKDQLFDO�FKDUDFWHULVWLFV�LQ�WKH�VWUXFWXUH��7KH�LPSDFW�RI�H[SDQ�
VLRQ�LV�QRW�WKH�VDPH�RQ�WHQVLOH�����DQG�FRPSUHVVLYH�GLIIXVH�GDPDJH������7KH�WHQVLOH�GDPDJH�LV�GLUHFWO\�
HYDOXDWHG�WKURXJK�WKH�SODVWLF�VWUDLQ�DQG�D�FKDUDFWHULVWLF�VWUDLQ�  [  ]��
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7KH� FRPSUHVVLYH� GDPDJH� GXH� WR�$65� LV� HYDOXDWHG� E\� D� FRPELQDWLRQ� RI� WHQVLOH� GDPDJH� LQ� WKH� WZR�
SHUSHQGLFXODU�GLUHFWLRQV��

� � �� ��� ��� ��
$65F $65 W $65 W $65
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7KLV�PHFKDQLFDO�SDUW�KDV�EHHQ�YDOLGDWHG�RQ�UHDFWLYH�EHDPV��LQ�FDVHV�RI�$65�DQG�'()�VZHOOLQJ��DQG�
WZR�GDPV�E\�0RUHQRQ�LQ�>��@���

���� 5HLQIRUFHPHQW�FRQVLGHUDWLRQ��
$IWHU� WKH� GHVFULSWLRQ� RI� WKH� FRQFUHWH� EHKDYLRXU�� WKH� UHLQIRUFHPHQW� FRQWULEXWLRQ� LV� FDOFXODWHG�

WKURXJK�D�KRPRJHQL]HG�ODZ>��@��(DFK�UHLQIRUFHPHQW�LV�GHILQHG�DFFRUGLQJ�WR�LWV�GLUHFWLRQ��LWV�TXDQWLW\��
GHILQHG�E\� D� FURVV�VHFWLRQ� UDWLR�ρU�� DQG� LWV�PHFKDQLFDO� VWUHQJWK� �\LHOGLQJ�� KDUGHQLQJ«���8QWLO� WKUHH�
GLUHFWLRQV�RI�UHLQIRUFHPHQW�FDQ�EH�GHILQHG�E\�ILQLWH�HOHPHQW��:LWK�1U�WKH�WRWDO�QXPEHU�RI�UHLQIRUFH�
PHQWV��WKH�KRPRJHQL]HG�EHKDYLRXU�ODZ�FDQ�EH�ZULWWHQ�DV���
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(DFK�UHLQIRUFHPHQW�DFWV�RQO\�DORQJ�LWV�D[LDO�GLUHFWLRQ��7KH�µVWHHO���FRQFUHWH¶�UDWLR�LV�DQ�LQSXW�GDWD�DQG�
FDQ�EH�GHILQHG�DORQJ�WKUHH�GLIIHUHQW�GLUHFWLRQV��WKH�GLUHFWLRQV�RI�WKH�UHLQIRUFHPHQWV��GHILQHG�E\�YHF�
WRUV��DUH�DOVR�DQ�LQSXW�GDWD�RI�WKH�PRGHO���7KH�VWHHO�FRQWULEXWLRQ�σU�LV�HYDOXDWHG�WKURXJK�DQ�HODVWRSODV�
WLF�ODZ�LQ�HDFK�FRQVLGHUHG�GLUHFWLRQ��DQG�LWV�SODVWLFLW\�LV�GULYHQ�E\�D�XQLD[LDO�SODVWLF�KDUGHQLQJ�FULWH�
ULRQ��
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,Q�D�SUHYLRXV�VWXG\��&KKXQ�>��@�YDOLGDWHG�WKLV�SDUW�RI�WKH�PRGHO��RQ�D�VWURQJO\�UHLQIRUFHG�EHDP�XQGHU�
D�WKUHH�SRLQWV�EHQGLQJ�WHVW�DQG�WKHQ�RQ�D�QXFOHDU�SRZHU�SODQW�FRQWDLQPHQW�ZDOO�GXULQJ�LWV�RSHUDWLRQDO�
SKDVH�DQG�GXULQJ�D�VFHQDULR�RI�ORVV�RI�FRRODQW�DFFLGHQW�ZLWKRXW�$65�FRQVLGHUDWLRQ���

�� 0RGHOOLQJ�

���� 3DUDPHWHUV��



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� 6WUXFWXUDO�DQDO\VLV�DQG�GHVLJQ��'XUDELOLW\�DQG�OLIH�DVVHVVPHQW���

�

7KLV�QXPHULFDO� VWXG\�LV�EDVHG�RQ�H[SHULPHQWDWLRQV�SHUIRUPHG�E\�2KQR�HW�DO�>�@�DERXW� WKH�$65�
LPSDFW�RQ�WKH�PHFKDQLFDO�EHKDYLRXU�RI�UHLQIRUFHG�FRQFUHWH�EHDPV��,Q�RUGHU�WR�HYDOXDWH�WKH�GHWHULRUD�
WLRQ� GXH� WR� WKLV� SDWKRORJ\�� WZR� QRQ�UHDFWLYH� EHDPV� DQG� WZR� UHDFWLYH� RQHV� ZHUH� UHDOL]HG�� )LUVW�� DQ�
DJLQJ�SHULRG�RI� WKH�EHDPV�ZDV�PRQLWRUHG��ZKHUH� WKH\�ZHUH�VXEPLWWHG� WR�QDWXUDO�ZHDWKHU��$IWHU� WKLV�
SKDVH�� WKH\�ZHUH�VXEPLWWHG� WR�D�IRXU�SRLQWV�EHQGLQJ� WHVW�XQWLO� WKHLU� IDLOXUHV��7KH� UHLQIRUFHPHQW�QHW�
ZRUN�ZDV�FRPSRVHG�E\�IRXU����PP�GLDPHWHU�VWHHO�EDUV�IRU�WKH�ORQJLWXGLQDO�UHLQIRUFHPHQW��DQG�E\����
PP�GLDPHWHU� IRU� WUDQVYHUVDO� UHLQIRUFHPHQW��<LHOG� VWUHQJWKV�ZHUH�JLYHQ�E\� WKH�DXWKRUV�� UHVSHFWLYHO\�
����03D�DQG�����03D��(ODVWLF�DQG�KDUGHQLQJ�PRGXOXV�ZHUH�QRW�VSHFLILHG��VR�LW�KDV�EHHQ�GHFLGHG�WR�
FRQVLGHU�WKHP�DV�XVXDO�YDOXHV��UHVSHFWLYHO\�����*3D�DQG������03D��)RU�WKH�FRQFUHWH��WKH�LQLWLDO�PH�
FKDQLFDO� VWUHQJWKV�ZHUH� DOPRVW� WKH� VDPH�� 7KH� HODVWLF�PRGXOXV� DQG� FRPSUHVVLYH� VWUHQJWK�KDYH�EHHQ�
HYDOXDWHG�E\� WKH�DXWKRUV��DQG� WKH� WHQVLOH�VWUHQJWK�KDV�EHHQ�H[WUDSRODWHG�IURP�WKH�1)B(1B�����IRU�
PXODV�IRU�WKH�QXPHULFDO�DQDO\VLV��7KHVH�YDOXHV�DUH�UHVSHFWLYHO\����*3D�������03D�DQG�����03D����
7R�DFFHVV�D�UHDOLVWLF�IOH[XUDO�EHKDYLRXU�DQG�WR�REWDLQ�VSHFLILF�LQIRUPDWLRQ�GXULQJ�WKH�IDLOXUH�SKDVH��LW�
LV� LPSRUWDQW� WR�SRVLWLRQ� WKH� UHLQIRUFHPHQWV�]RQHV�RQ�VSHFLILF�SDUW�RI� WKH�PHVK� UHSUHVHQWDWLYH�RI� WKH�
UHDO� UHLQIRUFHPHQWV�� +HUH�� ORQJLWXGLQDO� UHLQIRUFHPHQWV� ZHUH� FRQFHQWUDWHG� LQ� WKH� XSSHU� DQG� ORZHU�
ILEEHUV��)LJ������)RU�WUDQVYHUVDO�UHLQIRUFHPHQWV��LW�ZDV�FKRVHQ�WR�GLVWULEXWH�WKHLU�WUDQVYHUVDO�SDUW�LQ�WKH�
VDPH�ZD\� DQG� WR� KRPRJHQL]H� WKHLU� YHUWLFDO� SDUW� RYHUDOO� WKH� EHDP�GXH� WR� WKH� OLPLWHG� HIIHFW� RQ� WKLV�
GLUHFWLRQ���7KLV�GLVWULEXWLRQ�LV�VKRZQ�RQ�)LJ����

�

)LJ���� %HDP� UHLQIRUFHPHQWV�� D�� 0HVK� VWUDWHJ\� E�� 7UDQVYHUVDO� UHLQIRUFHPHQW�� F�� /RQJLWXGLQDO�
UHLQIRUFHPHQW��G��7UDQVYHUVDO�UHLQIRUFHPHQW�

7KH� V\PPHWULFDO� JHRPHWULHV� RI� WKHVH� EHDPV� DOORZ� WR� PRGHO� WKHLU� TXDUWHU� RQO\�� 7R� FRQVLGHU� WKHVH�
FRQGLWLRQV��GLVSODFHPHQW�DORQJ�WUDQVYHUVDO�DQG� ORQJLWXGLQDO�GLUHFWLRQ�DUH�EORFNHG�RQ� WZR�IDFHV��7KH�
RWKHU�³H[WHUQDO´�IDFHV�DUH�VWUHVV�IUHH�GXULQJ�WKH�DJLQJ�SHULRG��7R�UHSUHVHQW�WKH�VLPSOH�VXSSRUW�RI�WKH�
EHDPV��DQG�WKH�ORDGLQJ��D�VXSSRUW�OLQH�DQG�D�ORDGLQJ�OLQH�DUH�GHILQHG�RQ�WKH�PHVK��9HUWLFDO�GLVSODFH�
PHQWV�RQ� WKH�VXSSRUW� OLQH�DUH�YHUWLFDOO\�EORFNHG��$IWHU� WKH�DJLQJ�SKDVHV�� YHUWLFDO�GLVSODFHPHQWV�DUH�
LPSRVHG�RQ�WKH�ORDGLQJ�OLQH�WR�VLPXODWH�WKH�IOH[XUDO�WHVW���

���� $JLQJ�SKDVH�
7KH�ILUVW�DLP�RI�WKLV�VWXG\�LV�WR�HYDOXDWH�WKH�PHVK�VL]H�LPSDFW�RQ�WKH�VWUXFWXUDO�UHVSRQVH�RI�WKLV�PRGHO��
7KUHH�PHVKHV�DUH�GHILQHG��0��LV�ILQHO\�PHVKHG�ZKHUHDV�0��LV�FRDUVHO\�PHVKHG��WKH�PHVK�RI�0��LV�
EHWZHHQ�WKH�WZR�ILUVW�RQHV��)LJ�����,Q�WKLV�SDUW��WKH�VWUDLQ�GXULQJ�WKH�DJLQJ�SKDVH�DQG�WKH�HYDOXDWLRQ�RI�
WKH�FKHPLFDO�SUHVWUHVV�DUH�WKH�EHQFKPDUNV�IRU�WKLV�SDUDPHWULFDO�VWXG\���

������ 6WUDLQ�
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)LJ���� D��0HVK�VL]H�DQG�PRQLWRULQJ�SRLQWV�E��1RQUHDFWLYH�YHUWLFDO�VWUDLQ��F��1RQUHDFWLYH�ORQJLWX�
GLQDO�VWUDLQ��G��5HDFWLYH�YHUWLFDO�VWUDLQ��H��5HDFWLYH�ORQJLWXGLQDO�VWUDLQ�

,Q� RUGHU� WR� HYDOXDWH� WKH� IOH[XUDO� SHUIRUPDQFH� DIWHU� GLIIHUHQW� $65� DGYDQFHPHQWV�� WZR� DJLQJ�
SHULRGV�ZHUH�WHVWHG�H[SHULPHQWDOO\�DQG�QXPHULFDOO\��RQH�RI����PRQWKV�DQG�RQH�RI����PRQWKV���
7KH�GLIIHUHQFHV�RI� QXPHULFDO� UHVXOWV�REWDLQHG� IRU� WKH� VWUDLQV�RI� QRQ�UHDFWLYH�EHDPV�ZLWK� WKH�GLIIHU�
HQFHV�PHVKHV� DUH�YHU\� VPDOO��ZLWK� DEVROXWH�GLIIHUHQFHV�RI� OHVV� WKDQ�������'XH� WR� WKH�QXPHURXV� DQG�
DGGLWLRQDO� FDOFXOXV�� DQG� KHQFH� DSSUR[LPDWLRQV� LQ� WKRVH� FDOFXOXV�� LQGXFHG� E\� WKH�$65�PRGHOOLQJ�� D�
PRUH�LPSRUWDQW�YDULDWLRQ�FDQ�EH�REVHUYHG�IRU�VWUDLQV�RI�UHDFWLYH�EHDPV�WKDQ�WKH�QRQUHDFWLYH�RQHV��)RU�
WKH�YHUWLFDO�VWUDLQV��WKH�DEVROXWH�GLIIHUHQFH�LV�DERXW�������7KHUHIRUH��PHVK�VL]H�KDV�D�QHJOLJLEOH�LPSDFW�
RQ�HYDOXDWHG�VWUDLQV�IRU�ERWK�UHDFWLYH�DQG�QRQ�UHDFWLYH�EHDPV��������
7KH� LPSDFW� RI� WKH�PHVK� GLIIHUHQFHV� RQ� FRPSXWDWLRQDO� WLPHV� LV� FRQVLGHUDEOH�� 7KH� FDOFXODWLRQV� SHU�
IRUPHG�GXULQJ�WKH�DJLQJ�SHULRGV�IRU�WKH�UHDFWLYH�EHDP�DUH�����WLPHV�IDVWHU�IRU�WKH�FRDUVHVW�PHVK�WKDQ�
IRU�WKH�ILQHVW�RQH��7KLV�LPSDFW�LV�PXFK�OHVV�LPSRUWDQW�LQ�QRQ�UHDFWLYH�FDVH��DURXQG����WLPHV�OHVV�IRU�
WKH�DJLQJ�SHULRG��

������ &KHPLFDO�SUHVWUHVV�
$V�SUHYLRXVO\�H[SODLQHG��FRQFUHWH�H[SDQVLRQ�UHVWUDLQHG�E\�WKH�UHLQIRUFHPHQW�EDUV�OHDGV�WR�FKHPL�

FDO�SUHVWUHVV��,W�LQGXFHV�D�FRQILQHPHQW�HIIHFW�PDLQO\�LQ�WKH�ORQJLWXGLQDO�GLUHFWLRQ�RI�FRQFUHWH��,Q�RUGHU�
WR�KLJKOLJKW� WKLV�HIIHFW��VWUHVV�SURILOHV�DUH�GUDZQ�DW� WKH�HQG�RI� WKH�DJLQJ�SKDVH� LQ�)LJ����� ,Q�RUGHU� WR�
HVWLPDWH� WKH�PHVK�VL]H� LPSDFW�� UHVXOWV�DUH�SUHVHQWHG�DFFRUGLQJ� WR� WKH�PHVK�XVHG� WR�REWDLQ� WKH�VWUHVV�
SURILOH��6WUHVV�DUH�SUHVHQWHG�RQ� WKH�*DXVV�SRLQWV�RI� WKH�D[LV�RI�V\PPHWU\�� WKHQ�� WKH�HYROXWLRQ�LV�RE�
WDLQHG�E\�OLQHDU�H[WUDSRODWLRQ�RQ�KHLJKW�RI�WKH�PHVK�HOHPHQWV���

�

�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� 6WUXFWXUDO�DQDO\VLV�DQG�GHVLJQ��'XUDELOLW\�DQG�OLIH�DVVHVVPHQW���

�

)LJ���� /RQJLWXGLQDO� VWUHVV�SURILOHV� DW� WKH� HQG� RI� DJLQJ�SKDVH� D��0��PHVK�E��0��PHVK� F��0��
PHVK�

$OWKRXJK� WKH� HYROXWLRQ� RI� VWUHVV� LV� OHVV� FRQWLQXRXV�ZLWK� WKH� FRDUVHVW�PHVK�� WKHUH� LV� QRW� VLJQLILFDQW�
GLIIHUHQFHV�EHWZHHQ�WKHVH�SURILOHV�IRU�WKH�WKUHH�PHVKHV��WKH�FURVV�VHFWLRQ�RI�WKH�EHDPV�UHPDLQV�FRP�
SUHVVHG�DURXQG���03D��)RU�WKH�UHDFWLYH�EHDPV��WKHUH�DUH�VRPH�YDULDWLRQV�DW�WKH�XSSHU�DQG�WKH�ORZHU�
ILEUHV�ZKHUH�ORQJLWXGLQDO�UHLQIRUFHPHQWV�DUH�FRQFHQWUDWHG��7KH�YDULDWLRQ�EHWZHHQ�WKH�WKUHH�PHVKHV�LV�
DERXW�����03D�DURXQG�DQ�DYHUDJH�YDOXH�RI���03D�IRU�WKH����PRQWKV�FRPSUHVVLYH�VWUHVV��)RU�WKH����
PRQWKV�UHDFWLYH�FDVH��WKH�FRPSUHVVLYH�VWUHVV�LV�DERXW�����03D��7KH�LQFUHDVH�LQ�FRPSUHVVLRQ�LV�GXH�WR�
WKH�GLIIHUHQFH�LQ�UHDFWLRQ�DGYDQFHPHQW�IRU�WKH�ORQJHVW�DJLQJ�SHULRG�����PRQWKV���

���� )DLOXUH�SKDVH�

������ /RDG�GLVSODFHPHQWV�FXUYHV�
7KH�PRGHOOLQJ�KDV�EHHQ�PDGH�LQ�WZR�VWDJHV��$IWHU�WKH�DJLQJ�SKDVH��ORDG�LV�DSSOLHG�DV�D�GLVSODFH�

PHQW�RQ�D�ORDGLQJ�OLQH��7KHQ��YHUWLFDO�GLVSODFHPHQW�DQG�QRGDO�IRUFHV�DUH�UDLVHG�WR�HVWDEOLVK�WKH�ORDG�
GHIOHFWLRQ�FXUYHV��)LJ�����
,Q�RUGHU�WR�FRPSDUH�WKH�UHVXOWV�IRU�WKH�WKUHH�PHVKHV�PRUH�HDVLO\��WKH�QRQ�UHDFWLYH�FXUYHV�DW����PRQWKV�
DQG����PRQWKV�KDYH�EHHQ� VHSDUDWHG� �)LJ���� D�� DQG�E���� ,Q� DOO� FDVHV� �UHDFWLYH� DQG�QRQ�UHDFWLYH��� WKH�
VWUXFWXUDO�EHKDYLRXU�GXULQJ� WKH� ORDGLQJ� WHVW� LV�ZHOO�UHSURGXFHG�� ,Q� WKH�QRQ�UHDFWLYH�FDVHV�� WKH� ILQHVW�
PHVK� �0��� SUHVHQWV� D� VOLJKWO\� VWLIIHU� HYROXWLRQ� WKDQ� WKH� FRDUVHU� RQHV� �0�� DQG�0��� DIWHU� FRQFUHWH�
FUDFNLQJ��%XW�WKH�GLIIHUHQFH�LV�TXLWH�VPDOO��)RU�WKH�QRQ�UHDFWLYH�EHDPV�WHVWHG�DW����PRQWKV��WKH�ORDG�DW�
ILUVW�FRQFUHWH�FUDFN�LV�DURXQG����N1�����N1�DQG����N1�IRU�0���0��DQG�0��UHVSHFWLYHO\��)RU�WKH����
PRQWKV�FDVH��YDOXHV�DUH�TXLWH�WKH�VDPH�ZLWK�D�GLIIHUHQFH�RI�OHVV�WKDQ���N1���

�

)LJ���� /RDG�GLVSODFHPHQW� FXUYHV� D�� 1RQ�UHDFWLYH� FDVHV� ��� PRQWKV�� E�� 1RQ�UHDFWLYH� FDVHV� ���
PRQWKV��F��5HDFWLYH�FDVHV����DQG����PRQWKV�

)RU�WKH�UHDFWLYH�EHDPV��WKH�GHSHQGHQFH�RI� WKH�QXPHULFDO�UHVXOWV� WR�PHVK�VL]H�LV�VPDOOHU�WKDQ�IRU�WKH�
QRQ�UHDFWLYH�EHDPV��$OO�FDVHV�FRUUHVSRQGLQJ�WR�WKH�VDPH�DJLQJ�SHULRG�VKRZ�D�YHU\�VLPLODU�HYROXWLRQ��
0RUHRYHU�� WKH�JDS�EHWZHHQ� WKH�EHDP�WHVWHG�DW����PRQWKV�DQG�DW����PRQWKV�DW� WKH�\LHOGLQJ�SKDVH� LV�
ZHOO� UHPDLQHG�� ,Q� WKH� VDPH�ZD\� DV� WKH� QRQUHDFWLYH� FDVH�� WKLV� GLIIHUHQFH� LV� LQGXFHG� E\� WKH� ORQJHVW�
DJLQJ�SHULRG�� )RU� WKH� UHDFWLYH� EHDPV�� WKH� GLIIHUHQFH� LV� GXH� WR� WKH� LQFUHDVH� RI�$65�GDPDJH� IRU� WKH�
ORQJHVW� SHULRG� RI� DJLQJ��%HVLGHV� WKDW�� DQG�ZKDWHYHU� WKH�PHVK� VL]H�� DOO� WKH� UHDFWLYH� EHDP� VKRZV� DQ�
LQLWLDO�XQGHUHVWLPDWLRQ�RI�WKHLU�IOH[XUDO�EHKDYLRXU��7KLV�XQGHUHVWLPDWLRQ�LV�LQGXFHG�E\�WKH�JHO� UKHRO�
RJ\�FRQVLGHUDWLRQ��,Q�WKLV�PRGHO��WKH�JHO�LV�FRQVLGHUHG�DV�D�IOXLG�ZLWK�D�KLJK�WHQVLRQ�VXUIDFH�DQG�QHJD�
WLYH�DQJOH�FRQWDFW��PRYLQJ� WR� WKH�SRURVLW\� LQ�FDVH�RI� LPSRVVLEOH�FUDFNLQJ� �FDVH�RI� UHLQIRUFHG�VWUXF�
WXUHV���,I�WKH�LQWUXVLRQ�SUHVVXUH�RI�WKH�JHO�GHFUHDVHV�GXH�WR�D�FKDQJH�LQ�ORDGLQJ��ORVV�RI�FRQILQHPHQW�
JHQHUDOO\���WKH�ILOOHG�SRURVLW\�SDUW�RI�JHO�GHFUHDVHV�WRR��(TXDWLRQ�������7KH�SDUW�RI�JHO�FRPLQJ�EDFN�WR�
LWV�LQLWLDO�UHDFWLYH�VLWH�LQGXFHV�D�VORZ�SUHVVXUH�GHFUHDVH��RIWHQ�VORZHU�WKDQ�WKH�GHFUHDVH�RI�XQORDGLQJ�
FDXVLQJ� LW�� VR�� WKH� UHVLGXDO� SUHVVXUH�� HYHQ� LI� OHVVHU� WKHQ� SUHYLRXVO\�� LV� \HW� LQ� DQ�XQFRQILQHG�PDWUL[��
ZKDW�FDQ�SURYRNH�GLIIXVH�FUDFNLQJ�RI� WKH�FRQFUHWH�PDWUL[��'XH� WR� WKLV�QHZ�GDPDJH�� WKH�VXEVHTXHQW�
ULJLGLW\�RI�WKH�PDWUL[�LV�WRR�PXFK�UHGXFHG���
,Q�WKLV�FDVH��WKH�EHQGLQJ�JHQHUDWHV�D�SUHVVXUH�LQ�WKH�ERWWRP�RI�WKH�EHDP��ZKDW�DFWV�DV�D�GHFRQILQHPHQW�
RI�WKH�PDWUL[�DV�H[SODLQ�DERYH��DQG�WKHQ�GDPDJH�FRQFUHWH�DQG�RYHU�UHGXFHV�WKH�VWLIIQHVV�RI�WKH�EHDP�
FRPSDUDWLYHO\�WR�WKH�H[SHULPHQWDO�GDWD��$OWKRXJK�WKLV�FRQVLGHUDWLRQ�PD\�EH�XQUHDOLVWLF��IXUWKHU�GHYHO�
RSPHQW�KDYH�WR�EH�SURSRVHG�WR�OLPLW�WKLV�³XQORDGLQJ�GDPDJH´��ZKLFK�LV�WKH�DLP�RI�RXU�IXWXUH�ZRUN���
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'DQLHOD�9R���3LHUUH�0RUHQRQ���6WpSKDQH�0XOWRQ���$ODLQ�6HOOLHU���(WLHQQH�*ULPDO���%HQRLW�0DVVRQ���$QDVV�
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�

�

1RWH�WKDW�WKHUH�LV�D�JDLQ�WLPH�RI�DERXW����WLPHV�EHWZHHQ�WKH�FRDUVHVW�DQG�WKH�ILQHVW�PHVKHV�GXULQJ�WKH�
ORDGLQJ�FDOFXODWLRQV����

������ &UDFNV�SDWWHUQV�
�

�

)LJ���� 6WUXFWXUDO� FUDFN�RSHQLQJ� DW� WKH� HQG�RI� WKH� ORDG� IRU� DOO� WKH�PHVKHV� �IRU� FRDUVH�PHVK� WKH�
HOHPHQW�FDQ�LQFOXGH�WZR�FUDFNV�DQG�WKH�SORWWHG�FUDFN�RSHQLQJ�LV�WKH�FXPXODWHG�RSHQLQJ�LQ�
HDFK�ILQLWH�HOHPHQW��

7KH�HYROXWLRQ�RI�FUDFNV�RSHQLQJ� LV�DQ� LPSRUWDQW�GDWD�IRU�VWUXFWXUHV�HYDOXDWLRQV��7KH� ORFDWLRQ�RI�
WKH� FUDFNV� LV�ZHOO�UHSURGXFHG�ZKDWHYHU� WKH�PHVK� VL]H� �)LJ�� ���� EXW� WKH� ORFDWLRQ�RI� FUDFNV� DQG� WKHLU�
RSHQLQJ�DSSHDUV�OHVV�DFFXUDWH�IRU�FRDUVHU�PHVKHV��5HJDUGLQJ�WR�WKH�PD[LPDO�DQG�ILQDO�YDOXHV��FXPX�
ODWHG�FUDFNV�RSHQLQJ� LV�DOPRVW� WZLFH� ODUJHU�EHWZHHQ�WKH�ILQHVW�DQG� WKH�FRDUVHU�PHVKHV��0��DQG�0���
1HYHUWKHOHVV��0��PHVK�VKRZV�WZR�GLVWLQFW�FUDFNV�ZKLOH�WKHUH�ZDV�RQO\�RQH�GDPDJHG�ILQLWH�HOHPHQW�
IRU�0���,Q�0���WKHUH�LV�D�VLQJOH�FUDFN�E\�HOHPHQW�ZKLOH�IRU�0��DQG�0��WZR�FUDFNV�FDQ�FRH[LVW�LQ�D�
VLQJOH�ILQLWH�HOHPHQW��WKLV�LV�GXH�WR�WKH�IDFW�WKDW�WKH�FUDFN�QXPEHU�LQ�D�ILQLWH�HOHPHQW�GHSHQGV�DOVR�RQ�
ERQG�VWUHQJWK�DQG�RQ�WKH�ILQLWH�HOHPHQW�OHQJWK�LQ�WKH�WHQVLOH�GLUHFWLRQ>�@��7KH�PRGHO�DGDSWV�DXWRPDWL�
FDOO\�WKH�IUDFWXUH�HQHUJ\�WR�WKH�H[SHFWHG�FUDFN�QXPEHU���
)LQDOO\��DW�WKH�HQG�RI�WKH�WHVW��IOH[XUDO�FUDFNV�ZHUH�SUHVHQWV�IRU�DOO�WKH�FDVHV�DQG�DOO�WKH�PHVK��DQG�WKHLU�
YDOXHV�DUH�TXLWH�FORVH��7KH�GLIIHUHQFH� LQ�FUDFNV�GLVWULEXWLRQ� LV� LQGXFHG�E\� WKH�SUHVHQFH�RI�FKHPLFDO�
SUHVWUHVV�LQ�YDULRXV�DGYDQFHPHQW���
7KH�RWKHU�NLQGV�RI�FUDFNV�LQGXFHG�E\�VXFK�ORDGLQJ�DUH�VKHDU�FUDFNV��7KHUH�ZHUH�FRUUHFWO\�KLJKOLJKWHG�
RQ�WKH�QRQUHDFWLYH�FDVH��7KRVH�DUH�OHVV�REYLRXV�IRU�0��DQG�0��EXW�KDYH�EHHQ�ZHOO�UHSURGXFHG��%H�
FDXVH� RI� FKHPLFDO� SUHVWUHVV� SKHQRPHQRQ�� WKHVH� VKHDUV� FUDFNV� VHHP� WR� GLVDSSHDU� LQ� UHDFWLYH� FDVHV��
,QGHHG�� WKH� FRQILQHPHQW� HIIHFW� RI� VWLUUXSV� RQ� UHDFWLYH� FRQFUHWH� FRPSHQVDWHV� WKH� VKHDU� HIIHFW�� 7KH�
DEVHQFH�RI�VKHDU�FUDFNV�IRU�WKH�UHDFWLYH�EHDPV�DUH�FRQILUPHG�H[SHULPHQWDOO\�LQ�>�@��

�

������ 6WUHVV�VWDWH�EHIRUH�\LHOGLQJ�
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���� 6WUXFWXUDO�DQDO\VLV�DQG�GHVLJQ��'XUDELOLW\�DQG�OLIH�DVVHVVPHQW���

�

�

)LJ���� 6WUHVV�SURILOH� IRU� WKH�QRQUHDFWLYH����PRQWKV� DJLQJ�SKDVH� �15���� DQG� IRU� UHDFWLYH� FDVHV�
�5���� 5���� D�� ,Q� FRQFUHWH� ZLWK�0��� E�� ,Q� FRQFUHWH� ZLWK�0��� F�� ,Q� FRQFUHWH� ZLWK�0���
G��,Q�UHLQIRUFHPHQW�ZLWK�0���H��,Q�UHLQIRUFHPHQW�ZLWK�0���I��,Q�UHLQIRUFHPHQW�ZLWK�0���

,Q�WKH�VDPH�ZD\�DV�WKH�FKHPLFDO�SUHVWUHVV��VWUHVV�SURILOHV�GXULQJ�WKH�ORDGLQJ�WHVWV�DUH�HVWDEOLVKHG��
,Q�)LJ�����WKH\�DUH�UHSUHVHQWHG�IRU�FRQFUHWH��D��E�DQG�F��DQG�IRU�UHLQIRUFHPHQW��G��H�DQG�I��MXVW�EHIRUH�
WKH�\LHOGLQJ�SKDVH�RI�WKH�EHDPV��VHH�)LJ�������
:LWKLQ�FRQFUHWH��WKH�XSSHU�ILEUH�RI�WKH�EHDP�LV�FRPSUHVVHG�EHFDXVH�RI�WKH�IOH[XUDO�WHVW��7KLV�HIIHFW�LV�
HYHQ�PRUH�PDUNHG�LQ�UHDFWLYH�EHDPV��GXH�WR�FKHPLFDO�SUHVWUHVV��,Q�WKH�QRQ�UHDFWLYH�FDVH��WKH�UHVW�RI�
WKH�EHDP�VHHPV� WR�EH�VOLJKW� WHQVLRQHG�FRPSDUHG� WR� UHDFWLYH�RQHV��2QFH�PRUH�� WKLV� GLIIHUHQFH� LV� LQ�
GXFHG�E\� WKH� FKHPLFDO� SUHVWUHVV� HIIHFW�� 5HJDUGLQJ� WR�PHVK� VL]H� LPSDFW�� WKH�GLIIHUHQFHV�RI� VWUHVV� LQ�
FRQFUHWH�YDU\�DURXQG���03D�IRU�UHDFWLYH�EHDPV�DQG�D�OLWWOH�PRUH�IRU�WKH�QRQ�UHDFWLYH�RQHV��7KH�GLIIHU�
HQFHV�LQ�VWHHO�VWUHVV�RI�WKH�QRQ�UHDFWLYH�EHDPV�FDQ�UHDFK�D�GLIIHUHQFH�XS�WR���03D�EHWZHHQ�WKH�GLIIHU�
HQW�PHVKHV��XQOLNH�UHDFWLYH�RQHV�ZKLFK�YDU\�IURP���03D�RQO\�����

�� &RQFOXVLRQ��
7KH�DLP�RI�WKLV�VWXG\�ZDV�WR�HYDOXDWH�WKH�VWDELOLW\�RI�WKH�PRGHO�UHVSRQVH�LQ�IURQW�RI�DQ�LPSRUWDQW�

YDULDWLRQ�RI� WKH�PHVK� VL]H��&RQFHUQLQJ� DJLQJ� VWDJH�� VWUDLQV� HYROXWLRQV� DQG� FKHPLFDO� SUHVWUHVVHV� DUH�
UHODWLYHO\� LQGHSHQGHQW�RI� WKH�PHVK�VL]H��)RU� WKH� ORDGLQJ�SKDVH��HYROXWLRQV�RI� ORDG�GHIOHFWLRQ�FXUYHV�
DUH�DOVR�TXLWH�VLPLODU��HYHQ�LI�QRQUHDFWLYH�EHDPV�SUHVHQW�D�VOLJKW�ORVV�RI�ULJLGLW\�DIWHU�FRQFUHWH�FUDFN�
LQJ�ZLWK� WKH� LQFUHDVH� RI� WKH�PHVK� VL]H��&UDFNV� SDWWHUQ� LV�PRUH� LPSDFWHG� E\� WKH�PHVK� VL]H� EHFDXVH�
VHYHUDO� FUDFNV� FDQ�EH� HPEHGGHG� LQ� D� VLQJOH� ILQLWH� HOHPHQW� LQ� FDVH�RI� FRDUVH�PHVK��7KH� ORFDWLRQ�RI�
FUDFNV�LV�WKHQ�OHVV�DFFXUDWH��EXW�WKH�FXPXODWLYH�FUDFN�RSHQLQJ�LQ�WKH�FUDFNLQJ�]RQH�VWD\V�VWDEOH�ZKDW�
HYHU� WKH�PHVK�� ,Q�DOO�FDVHV�� WKH�PRGHO�ZDV�DEOH� WR�H[SODLQ� WKH�GLIIHUHQFH�RI�EHKDYLRXU�REVHUYHG�H[�
SHULPHQWDOO\�GXULQJ�WKH�SRVW�VZHOOLQJ��7KDQNV�WR�WKH�ZHOO�DQFKRUDJH�FRQGLWLRQV�RI�WKH�UHLQIRUFHPHQWV��
WKLV� H[SHULPHQW� LV� QRW� LPSDFWHG� E\� FRQFUHWH�UHLQIRUFHPHQW� VOLGLQJ�� +HQFH� LW� DOORZV� WKH� SURSRVHG�
PRGHO� WR� VLPXODWH� UHDOLVWLFDOO\� H[SHULPHQWDO� GDWD�� %HVLGHV� WKDW�� WKH� PRGHO� LV� DEOH� WR� GLVFULPLQDWH�
GLIIXVH�FUDFNV�GXH�WR�$$5�DQG�ORFDOL]HG�VWUXFWXUDO�FUDFNV��WKHVH�ODVW�EHQHILWV�RI�DQ�HQHUJHWLF�UHJXODUL�
]DWLRQ�PHWKRG�ZKLFK�HQVXUHV�WKH�PRGHO�REMHFWLYLW\�DFFRUGLQJ�WR�WKH�PHVK�GHQVLW\����
)LQDOO\�� WKH�$65�PRGHOOLQJ� LV� D� FRPSOH[� SKHQRPHQRQ�� QRWDEO\� GXH� WR� WKH� LPSDFW� RI� H[WHUQDO� DQG�
LQWHUQDO� VWUHVV� VWDWH� RQ� FRQFUHWH� H[SDQVLRQ�� 5HLQIRUFHPHQW� SDUWLFLSDWLRQ� DQG� LQGXFHG� FKHPLFDO�
SUHVWUHVV�SKHQRPHQD�PXVW�EH�FRQVLGHUHG�ZLWK�DWWHQWLRQ�WR�DFFHVV�WR�D�UHDOLVWLF�VWUXFWXUDO�UHVSRQVH��7KH�
XVHG�RI�KRPRJHQL]HG�UHLQIRUFHG�ILQLWH�HOHPHQWV�DOORZ�WR�VDYH�WLPH�FRPSXWLQJ�ZLWKRXW�ORVV�RI�DFFX�
UDF\�LQ�WHUPV�RI�VWUXFWXUDO�EHKDYLRXU��+HQFH��WKH�PHWKRG�FDQ�EH�XVHG�WR�DVVHVV�WKH�EHKDYLRXU�RI�ODUJHU�
UHLQIRUFHG�VWUXFWXUHV�DIIHFWHG�E\�VZHOOLQJ�UHDFWLRQV���

$FNQRZOHGJHPHQWV�
'U� 6�� 2KQR� DQG� 'U� <�� .DZDEDWD� DUH� WKDQNHG� IRU� LPSRUWDQW� SUHFLVLRQV� RQ� WHVW� FRQGLWLRQV�  

$FNQRZOHGJHPHQW�DUH�DGGUHVVHG�WR�(OHFWULFLWp�GH�)UDQFH��(')��IRU�LWV�ILQDQFLDO�VXSSRUW�RQ�WKH�(;,�
*(1&(�SURMHFW�ZKLFK�LV�WKH�IUDPHZRUN�RI�WKH�SUHVHQW�VWXG\��7KH�PRGHOOLQJ�ZDV�PDGH�ZLWK�WKH�ILQLWH�
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'DQLHOD�9R���3LHUUH�0RUHQRQ���6WpSKDQH�0XOWRQ���$ODLQ�6HOOLHU���(WLHQQH�*ULPDO���%HQRLW�0DVVRQ���$QDVV�
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HOHPHQW�VRIWZDUH�GHYHORSHG�E\�(')�5	'��&RGHB$VWHU��9������KWWSV���ZZZ�FRGH�DVWHU�RUJ��DQG�WKH�
SRVW�SURFHVVLQJ�ZLWK�6DORPHB0HFD��� 

5HIHUHQFHV�
>�@� *ODVVHU�/6'��.DWDRND�1��7KH�FKHPLVWU\�RI�µDONDOL�DJJUHJDWH¶�UHDFWLRQ��&HPHQW�DQG�&RQFUHWH�

5HVHDUFK����������KWWSV���GRL�RUJ����������������������������;��
>�@� 3RROH�$%��$ONDOL�VLOLFD�UHDFWLYLW\�PHFKDQLVPV�RI�JHO�IRUPDWLRQ�DQG�H[SDQVLRQ��3URFHHGLQJV�RI�

WKH��WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$ONDOL�$JJUHJDWH�5HDFWLRQ��/RQGRQ��(QJODQG���YRO�������
&RQFUHWH�6RFLHW\�3XEOLFDWLRQV�&6��������S�����±���

>�@� 0XOWRQ�6��eYDOXDWLRQ�H[SpULPHQWDOH�HW�WKpRULTXH�GHV�HIIHWV�PpFDQLTXHV�GH�O¶DOFDOL�UpDFWLRQ�VXU�
GHV�VWUXFWXUHV�PRGqOHV��3K'�7KHVLV��8QLYHUVLWp�GH�0DUQH�OD�9DOOpH��������

>�@� 0RUHQRQ�3��0XOWRQ�6��6HOOLHU�$��*ULPDO�(��+DPRQ�)��%RXUGDURW�(��,PSDFW�RI�VWUHVVHV�DQG�
UHVWUDLQWV�RQ�$65�H[SDQVLRQ��&RQVWUXFWLRQ�DQG�%XLOGLQJ�0DWHULDOV������������±����
KWWSV���GRL�RUJ���������M�FRQEXLOGPDW��������������

>�@� (��.��-RQHV�$��$��&ODUN�/��7KH�HIIHFWV�RI�UHVWUDLQW�RQ�$65�H[SDQVLRQ�RI�UHLQIRUFHG�FRQFUHWH��
0DJD]LQH�RI�&RQFUHWH�5HVHDUFK���0$*�&21&5�5(6����������±����
KWWSV���GRL�RUJ���������PDFU����������������

>�@� 3LHWUXV]F]DN�6��:LQQLFNL�$��&RQVWLWXWLYH�0RGHO�IRU�&RQFUHWH�ZLWK�(PEHGGHG�6HWV�RI�5HLQIRU�
FHPHQW��-RXUQDO�RI�(QJLQHHULQJ�0HFKDQLFV�$6&(�����������
KWWSV���GRL�RUJ����������$6&(����������������������������

>�@� 6HOOLHU�$��$QLVRWURSLF�'DPDJH�DQG�9LVFR�(ODVWR�3ODVWLFLW\�$SSOLHG�WR�0XOWLSKDVLF�0DWHULDOV��
/0'&���/DERUDWRLUH�0DWpULDX[�HW�'XUDELOLWp�GHV�&RQVWUXFWLRQV�GH�7RXORXVH ; 8QLYHUVLWp�GH�
7RXORXVH�,,,���3DXO�6DEDWLHr ; ,16$�GH�7RXORXVH��������

>�@� 2KQR�6��<RVKLRND�<��6KLQR]DNL�<��0RULNDZD�7��7KH�PHFKDQLFDO�EHKDYLRXU�RI�UHLQIRUFHG�
EHDPV�FRDWHG�DIWHU�$ONDOL�6LOLFD�5HDFWLRQ�GDPDJH���WK�LQWHUQDWLRQDO�FRQIHUHQFH�RQ�$ONDOL�
DJJUHJDWH�UHDFWLRQ��.\RWR��-DSDQ��������S�����±�����

>�@� %LRW�0$��*HQHUDO�WKHRU\�RI�WKUHH�GLPHQVLRQDO�FRQVROLGDWLRQ��-RXUQDO�RI�$SSOLHG�3K\VLFV�
���������

>��@� .$&+$129�/0��7LPH�RI�WKH�UXSWXUH�SURFHVV�XQGHU�FUHHS�FRQGLWLRQV��,]\�$NDG��1DQN�665�
2WG�7HFK�1DXN���������

>��@� 6HOOLHU�$��&DVDX[�*LQHVWHW�*��%XIIR�/DFDUULqUH�/��%RXUERQ�;��2UWKRWURSLF�GDPDJH�FRXSOHG�
ZLWK�ORFDOL]HG�FUDFN�UHFORVXUH�SURFHVVLQJ��3DUW�,��&RQVWLWXWLYH�ODZV��(QJLQHHULQJ�)UDFWXUH�
0HFKDQLFV������������±����KWWSV���GRL�RUJ���������M�HQJIUDFPHFK��������������

>��@� /DULYH�&��$SSRUWV�FRPELQpV�GH�O¶H[SpULPHQWDWLRQ�HW�GH�OD�PRGHOLVDWLRQ�j�OD�FRPSUpKHQVLRQ�GH�
O¶DOFDOL�UHDFWLRQ�HW�GH�VHV�HIIHWV�PpFDQLTXHV��3K'�7KHVLV��eFROH�QDWLRQDOH�GHV�SRQWV�HW�
FKDXVVpHV��)UDQFH���������

>��@� *ULPDO�(��&DUDFWpULVDWLRQ�GHV�HIIHWV�GX�JRQIOHPHQW�SURYRTXp�SDU�OD�UpDFWLRQ�DOFDOL�VLOLFH�VXU�OH�
FRPSRUWHPHQW�PpFDQLTXH�G¶XQH�VWUXFWXUH�HQ�EpWRQ��3K'�7KHVLV��8QLYHUVLWp�GH�7RXORXVH��
8QLYHUVLWp�7RXORXVH�,,,�3DXO�6DEDWLHU��������

>��@� 3R\HW�6��eWXGH�GH�OD�GpJUDGDWLRQ�GHV�RXYUDJHV�HQ�EpWRQ�DWWHLQWV�SDU�OD�UpDFWLRQ�DOFDOL�VLOLFH : 
DSSURFKH�H[SpULPHQWDOH�HW�PRGpOLVDWLRQ�QXPpULTXH�PXOWL�pFKHOOHV�GHV�GpJUDGDWLRQV�GDQV�XQ�
HQYLURQQHPHQW�K\GUR�FKHPR�PpFDQLTXH�YDULDEOH��3K'�7KHVLV��8QLYHUVLWp�GH�0DUQH�OD�9DOOpH��
������

>��@� 0RUHQRQ�3��0RGpOLVDWLRQ�GHV�UpDFWLRQV�GH�JRQIOHPHQW�LQWHUQH�GHV�EpWRQV�DYHF�SULVH�HQ�FRPSWH�
GHV�FRXSODJHV�SRUR�PpFDQLTXHV�HW�FKLPLTXHV��3K'�7KHVLV��8QLYHUVLWp�7RXORXVH�,,,�3DXO�6DED�
WLHU��������

>��@� 6HOOLHU�$��0XOWRQ�6��&KHPLFDO�PRGHOOLQJ�RI�'HOD\HG�(WWULQJLWH�)RUPDWLRQ�IRU�DVVHVVPHQW�RI�
DIIHFWHG�FRQFUHWH�VWUXFWXUHV��&HPHQW�DQG�&RQFUHWH�5HVHDUFK������������±����
KWWSV���GRL�RUJ���������M�FHPFRQUHV��������������

>��@� &DSUD�%��6HOOLHU�$��2UWKRWURSLF�PRGHOOLQJ�RI�DONDOL�DJJUHJDWH�UHDFWLRQ�LQ�FRQFUHWH�VWUXFWXUHV��
QXPHULFDO�VLPXODWLRQV��0HFKDQLFV�RI�0DWHULDOV������������±����
KWWSV���GRL�RUJ���������6����������������������

>��@� 6HOOLHU�$��0LOODUG�$��$�KRPRJHQL]HG�IRUPXODWLRQ�WR�DFFRXQW�IRU�VOLGLQJ�RI�QRQ�PHVKHG�
UHLQIRUFHPHQWV�GXULQJ�WKH�FUDFNLQJ�RI�EULWWOH�PDWUL[�FRPSRVLWHV��$SSOLFDWLRQ�WR�UHLQIRUFHG�
FRQFUHWH��(QJLQHHULQJ�)UDFWXUH�0HFKDQLFV�������������±����
KWWSV���GRL�RUJ���������M�HQJIUDFPHFK��������������
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$EVWUDFW�
([LVWLQJ�EULGJHV�ZLWK� ODUJH�XQFHUWDLQWLHV�FDQ�EH�DVVHVVHG�ZLWK�SURRI� ORDG� WHVWV�� ,Q�VXFK� WHVWV��D� ORDG�
UHSUHVHQWDWLYH� RI� WKH� IDFWRUHG� OLYH� ORDG� LV� DSSOLHG� WR� WKH� VWUXFWXUH�� ,I� WKH� EULGJH� FDQ� FDUU\� WKH� ORDG�
ZLWKRXW�DQ\�VLJQV�RI�GLVWUHVV�RU�QRQOLQHDULW\�� WKH� WHVW� LV�FRQVLGHUHG�VXFFHVVIXO��6LQFH� ODUJH� ORDGV�DUH�
DSSOLHG� LQ�SURRI� ORDG� WHVWV�� WKH�PRQLWRUHG� VWUXFWXUDO� UHVSRQVHV� DUH�XVHG� WR�GHILQH� VWRS� FULWHULD��7KLV�
SDSHU�SUHVHQWV�VWRS�FULWHULD�IRU�VKHDU�DQG�IOH[XUDO�IDLOXUH�EDVHG�RQ�H[LVWLQJ�FRGHV�DQG�JXLGHOLQHV�DQG�
WKHRUHWLFDO�FRQVLGHUDWLRQV��7KH�SURSRVDO�LV�YHULILHG�ZLWK�WKH�DYDLODEOH�LQIRUPDWLRQ�IURP�SUHYLRXV�WHVWV�
RQ�UHLQIRUFHG�FRQFUHWH�EHDPV��WKH�SLORW�SURRI�ORDG�WHVWV�DQG�D�FROODSVH�WHVW�FDUULHG�RXW�LQ�WKH�1HWKHU�
ODQGV��7KH�UHVXOWV�DUH�WKDW�WKH�VWRS�FULWHULD�DUH�QRW�H[FHHGHG�DQG�WKHUHIRUH��WKH�SURSRVHG�VWRS�FULWHULD�
FDQ�EH�XVHG� IRU�SURRI� ORDG� WHVWV��+RZHYHU�� IXUWKHU�H[SHULPHQWDO�YDOLGDWLRQ� LV�QHHGHG��HVSHFLDOO\� IRU�
VKHDU�IDLOXUH��

�� ,QWURGXFWLRQ�
7KH�DVVHVVPHQW�RI�H[LVWLQJ�EULGJHV�LV�DQ�LPSRUWDQW�DVSHFW�IRU�WKH�VDIHW\�RI�VRFLHW\��,Q�WKH�1HWKHUODQGV��
PDQ\� H[LVWLQJ� EULGJHV�� LQ� SDUWLFXODU� UHLQIRUFHG� FRQFUHWH� VODE� EULGJHV�� ZHUH� EXLOW� LQ� WKH� ����V� DQG�
����V�ZKLFK�PHDQV�WKDW�WKH\�DUH�QRW�GHVLJQHG�IRU�WKH�DFWXDO�WUDIILF�ORDGV�DQG�WKH\�FRXOG�SUHVHQW�PDWH�
ULDO�GHWHULRUDWLRQ��$GGLWLRQDOO\��LQ�FRPSDULVRQ�ZLWK�WKH�ROG�FRGHV��WKH�UHFHQW�FRGHV�GHVFULEH�ODUJHU�OLYH�
ORDGV��D�FORVHU�GLVWDQFH�EHWZHHQ�D[OHV�DQG�ORZHU�VKHDU�FDSDFLW\��7KHUHIRUH��XSRQ�DVVHVVPHQW�ZLWK�WKH�
QHZ�FRGHV��D�ODUJH�QXPEHU�RI�WKHVH�EULGJHV�UDWH�LQVXIILFLHQWO\�IRU�VKHDU�RU�EHQGLQJ�PRPHQW��0RVW�RI�
WKH�H[LVWLQJ�EULGJHV�FDQ�EH�DVVHVVHG�ZLWK�WKH�LQFUHDVLQJ�OHYHOV�RI�DSSUR[LPDWLRQ�SURSRVHG�LQ�>�@��7KH�
ILUVW� OHYHOV� RI� DSSUR[LPDWLRQ� LQFOXGH� VSUHDGVKHHW� FDOFXODWLRQV�� OLQHDU� DQG� QRQOLQHDU� ILQLWH� HOHPHQW�
DQDO\VLV�DQG�RU�SUREDELOLVWLF�DSSURDFKHV�>�@��+RZHYHU��LI�DQDO\WLFDO�PHWKRGV�SURYH�WR�EH�LQVXIILFLHQW��
SURRI�ORDG�WHVWLQJ�FDQ�EH�XVHG�WR�GHPRQVWUDWH�WKDW�D�EULGJH�VWLOO�IXOILOV�WKH�FRGH�UHTXLUHPHQWV��

,Q�D�SURRI�ORDG�WHVW��D�ORDG�UHSUHVHQWDWLYH�RI�WKH�IDFWRUHG�OLYH�ORDG�LV�DSSOLHG�WR�WKH�EULGJH��,I�WKH�
EULGJH�FDQ�FDUU\�WKH�ORDGV�ZLWKRXW�DQ\�VLJQV�RI�QRQOLQHDULW\�RU�GLVWUHVV��WKH�SURRI�ORDG�WHVW�LV�FRQVLG�
HUHG�VXFFHVVIXO��6LQFH� WKH�DSSOLHG� ORDGV�DUH� ODUJH�� WKH� VWUXFWXUDO� UHVSRQVH�RI� WKH�EULGJH�QHHGV� WR�EH�
PRQLWRUHG�GXULQJ�WKH�WHVW��7KH�PHDVXUHPHQWV�RI�SDUDPHWHUV�VXFK�DV�VWUDLQV��FUDFN�ZLGWKV�DQG�GHIOHF�
WLRQV�KDYH�EHHQ�XVHG�WR�GHILQH�OLPLWV�RU�VWRS�FULWHULD��,I�D�VWRS�FULWHULRQ�LV�H[FHHGHG��WKH�SURRI�ORDG�WHVW�
PXVW�EH�WHUPLQDWHG�DQG�IXUWKHU�ORDGLQJ�LV�QRW�SHUPLWWHG�>�@��6WRS�FULWHULD�GHILQH�WKH�RQVHW�RI�LUUHYHUVL�
EOH�GDPDJH�RU�HYHQ�WKH�FROODSVH�RI�WKH�VWUXFWXUH��

7KLV�SDSHU�UHYLHZV�WKH�VWRS�FULWHULD�IRXQG�LQ�WKH�*HUPDQ�JXLGHOLQH�>�@�DQG�LQ�WKH�OLWHUDWXUH��7KLV�
SDSHU�IRFXVHV�RQ�VWRS�FULWHULD�IRU�IOH[XUDO�DQG�VKHDU�IDLOXUH�EDVHG�RQ�WKHRUHWLFDO�FRQVLGHUDWLRQV��7KH�
VWRS�FULWHULD�DUH�YHULILHG�ZLWK�WKH�DYDLODEOH�UHVXOWV�IURP�SUHYLRXV�WHVWV�RQ�UHLQIRUFHG�FRQFUHWH�EHDPV��
WKH� SLORW� SURRI� ORDG� WHVWV� DQG� D� FROODSVH� WHVW� WKDW�ZHUH� FDUULHG� RXW� LQ� WKH�1HWKHUODQGV�� 7KH� WHVWV� LQ�
ZKLFK�IDLOXUH�RFFXUUHG�DUH�XVHG�WR�HYDOXDWH�WKH�PDUJLQ�RI�VDIHW\�SURYLGHG�E\�WKH�VWRS�FULWHULD�DQG�WKH�
SURRI�ORDG�WHVWV�DUH�XVHG�WR�FKHFN�LI�WKH�VWRS�FULWHULD�DUH�H[FHHGHG��7KLV�SDSHU�SURYLGHV�DQ�XSGDWH�WR�
WKH�SUHYLRXV�SURSRVDO�>�@��DV�LW�LQFOXGHV�D�OLPLWLQJ�VWUDLQ�LQ�WKH�FRQFUHWH�EDVHG�RQ�D�PHFKDQLFDO�PRGHO�
IRU�VKHDU�IDLOXUH���

7KH�UHVXOWV�VKRZ�WKDW�WKH�SURSRVHG�VWRS�FULWHULD�ZHUH�QRW�H[FHHGHG�GXULQJ�WKH�SURRI�ORDG�WHVWV�DQG�
WKHUHIRUH��WKH\�FRXOG�EH�XVHG�GXULQJ�D�SURRI�ORDG�WHVW�DV�WKH\�DUH�QRW�RYHUO\�FRQVHUYDWLYH��+RZHYHU��
IXUWKHU�H[SHULPHQWV�DUH�VWLOO�QHHGHG�WR�JDWKHU�PRUH�LQIRUPDWLRQ�DERXW�WKH�PDUJLQ�RI�VDIHW\��HVSHFLDOO\�
IRU�VKHDU�IDLOXUHV�RQ�VODEV��,Q�WKH�FRPLQJ�\HDUV��DQ�H[SHULPHQWDO�SURJUDP�ZLOO�EH�FRQGXFWHG�DW�'HOIW�
8QLYHUVLW\� RI�7HFKQRORJ\� RQ� VODEV� XQGHU� F\FOLF� ORDGV� WR� FRQILUP� WKH� YDOLGLW\� RI� WKH� SURSRVHG� VWRS�
FULWHULD��
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�� ([LVWLQJ�VWRS�FULWHULD��

���� &RGHV�DQG�JXLGHOLQHV�
7KH�*HUPDQ�*XLGHOLQH�>�@�DQG�$&,������0����>�@�SUHVFULEH�VWRS�DQG�DFFHSWDQFH�FULWHULD�IRU�IOH[XUDO�
IDLOXUH�� 7KH� VWRS� FULWHULD� IURP� WKH� *HUPDQ� JXLGHOLQH� >�@� DUH� EDVHG� RQ� FRQFUHWH� VWUDLQ�� VWHHO� VWUDLQ��
PD[LPXP�DQG�UHVLGXDO�FUDFN�ZLGWK�IRU�QHZ�DQG�H[LVWLQJ�FUDFNV��VHH�7DEOH�����DQG�WKH�UHVLGXDO�GHIOHF�
WLRQ��7KH�UHFHQW�XSGDWH�>�@�LQFOXGHV�D�VWRS�FULWHULRQ�IRU�WKH�GHYHORSPHQW�RI�FUDFNV�ZLWK�DQ�LQFOLQDWLRQ�
RI�������LQ�WKH�VKHDU�VSDQ��7KH�VWRS�FULWHULRQ�IRU�WKH�FRQFUHWH�VWUDLQV�LV��

� �OLP �F F FH H H� � � �����
ZLWK�İF�LV�WKH�PHDVXUHG�VWUDLQ��İF�OLP ���ȝİ�IRU�FRQFUHWH�ZLWK�D�FRPSUHVVLYH�VWUHQJWK�ODUJHU�WKDQ����

03D��DQG�İF��LV�WKH�VWUDLQ�GXH�WR�SHUPDQHQW�ORDGV���

7DEOH��� 5HTXLUHPHQWV�IRU�QHZ�DQG�H[LVWLQJ�FUDFNV>�@��

� 'XULQJ�SURRI�ORDGLQJ� $IWHU�SURRI�ORDGLQJ�

1HZ�FUDFNV� Z�������PP� ������PP�

([LVWLQJ�FUDFNV� ¨Z�������PP� ������¨Z�
��
7KH�$&,������0����>�@�GHILQHV�DFFHSWDQFH�FULWHULD�IRU�D�SUHVFULEHG�F\FOLF�ORDGLQJ�SURWRFRO��7KH�

DFFHSWDQFH�FULWHULD�DUH�WKH�UHSHDWDELOLW\�LQGH[��SHUPDQHQF\�UDWLR��GHYLDWLRQ�IURP�OLQHDULW\��DQG�D�PD[�
LPXP�DQG�UHVLGXDO�GHIOHFWLRQ���

���� 7KHRUHWLFDO�VWRS�FULWHULD��
7DEOH���SUHVHQWV�D�VXPPDU\�RI� WKH�H[LVWLQJ� WKHRUHWLFDO� IRUPXODWLRQV�IRU�VWRS�FULWHULD� LQ�IOH[XUDO�DQG�
VKHDU�IDLOXUH�IRXQG�LQ�WKH�OLWHUDWXUH���

$�WKHRUHWLFDO�GHULYDWLRQ�RI�D�OLPLWLQJ�VWUDLQ�LQ�WKH�FRQFUHWH�DW�WKH�ERWWRP�RI�D�FURVV�VHFWLRQ��İVWRS���
ZDV�GHYHORSHG�LQ�>�@��)RU�WKLV�FULWHULRQ��WKH�VWUHVV�LQ�WKH�WHQVLRQ�VWHHO�LV�OLPLWHG�WR�����RI�WKH�PHDQ�
\LHOG� VWUHQJWK� I\P�� 7KLV� OLPLW� LV� XVHG� WR� FDOFXODWH� WKH� VWUDLQ� DW� WKH� ERWWRP� RI� WKH� FURVV�VHFWLRQ�ZLWK�
(T������ZKHUH�K�LV�WKH�KHLJKW�RI�WKH�PHPEHU��F�LV�WKH�KHLJKW�RI�WKH�FRPSUHVVLRQ�]RQH��G�LV�WKH�HIIHFWLYH�
GHSWK�RI�WKH�PHPEHU��DQG�(V�LV�<RXQJ¶V�PRGXOXV�RI�WKH�VWHHO��

7ZR�SURSRVDOV�IRU�D�PD[LPXP�FUDFN�ZLGWK�FDQ�EH�IRXQG�LQ�WKH�OLWHUDWXUH��7KH�ILUVW�OLPLWLQJ�FUDFN�
ZLGWK� �ZVWRS��ZDV� SURSRVHG� LQ� >�@� DQG� LW� LV� EDVHG� RQ� WKH� FUDFN�ZLGWK�PRGHO� >�@� RI� ODUJH� UHLQIRUFHG�
FRQFUHWH�PHPEHUV�VXEMHFWHG�WR�EHQGLQJ��7KH�VWUHVV�LQ�WKH�UHLQIRUFHPHQW�LV�OLPLWHG�WR�����I\P�DQG�ZVWRS�
LV�IRXQG�XVLQJ�(T�������ZKHUH�GF�LV�WKH�FRQFUHWH�FRYHU�LQ�PP��V�LV�WKH�UHLQIRUFHPHQW�VSDFLQJ��ISHUP�LV�WKH�
VWUHVV�FDXVHG�E\� WKH�SHUPDQHQW� ORDGV�DQG�ȕIU ������î����GF� LV� WKH� VWUDLQ�JUDGLHQW� WHUP��7KH�VHFRQG�
SURSRVDO�IRU�D�OLPLWLQJ�PD[LPXP��Z9RV��DQG�UHVLGXDO�FUDFN��ZUHV�9RV��ZLGWK�ZDV�SURSRVHG�LQ�>�@��7KH�
SURSRVDO�LV�EDVHG�RQ�WKH�H[SHULPHQWDO�ZRUN�>��@�FDUULHG�RXW�RQ�VSHFLPHQV�UHLQIRUFHG�ZLWK�SODLQ�EDUV��
7KLV�UHVHDUFK�ZDV�FKRVHQ�VLQFH�PDQ\�H[LVWLQJ�VWUXFWXUHV�LQ�WKH�1HWKHUODQGV�DUH�UHLQIRUFHG�ZLWK�SODLQ�
EDUV��7KH�PD[LPXP�FUDFN�ZLGWK�LV�FRPSXWHG�ZLWK�(T������DQG�WKH�UHVLGXDO�FUDFN�ZLGWK�ZLWK�(T�������
ZLWK�ȕ�DV�WKH�UDWLR�EHWZHHQ�WKH�SHUPDQHQW�ORDG�RU�F\FOLF�ORDG�DQG�WKH�WRWDO�ORDG��ıV���WKH�VWHHO�VWUHVV�LQ�
WKH�FUDFN�LQ�03D�DQG�VD�LV�WKH�FUDFN�VSDFLQJ�LQ�PP�ZLWK��WKH�UHEDU�GLDPHWHU�LQ�PP�DQG�Q�WKH�QXPEHU�
RI�UHEDUV���

$�GHIOHFWLRQ�VWRS�FULWHULRQ�ZDV�SURSRVHG�LQ�>�@�DQG�LW�LV�EDVHG�RQ�WKH�PRPHQW�FXUYDWXUH�GLDJUDP�
GHYHORSHG�E\�>��@��ZKLFK�UHSUHVHQWV�WKH�GHFUHDVLQJ�RI�VWLIIQHVV�XQGHU�ILUVW�WLPH�ORDGLQJ�DQG�XQORDG�
LQJ��7KH�UHODWLRQ�EHWZHHQ�WKH�GHIOHFWLRQ�DQG�WKH�FXUYDWXUH�LV�WKH�EHQGLQJ�VWLIIQHVV��7KH�EHQGLQJ�VWLII�
QHVV�RI�WKH�XQORDGLQJ�EUDQFK�DIWHU�\LHOGLQJ�KDV�RFFXUUHG���(,�WH�� LV�XVHG�WR�FDOFXODWH�WKH�OLPLW�GHIOHF�
WLRQ��¨9RV���,W�FRQVLGHUV�D�����PDUJLQ�RI�VDIHW\�DQG�LW�LV�HTXDO�WR�(T�������ZKHUH�ȡ��LV�WKH�WHQVLOH�UHLQ�
IRUFHPHQW�UDWLRQ�LQ�SHUFHQWDJH�DQG�E�LV�WKH�ZLGWK�RI�WKH�PHPEHU���

6WRS�FULWHULD�IRU�VKHDU�ZHUH�EDVHG�RQ� WKH�&ULWLFDO�6KHDU�'LVSODFHPHQW�7KHRU\�&6'7�� >��@��7KLV�
WKHRU\� FRQVLGHUV� WKDW� WKH� RSHQLQJ� RI� WKH� FULWLFDO� LQFOLQHG� FUDFN� VWDUWV�ZLWK� WKH� RSHQLQJ� RI� D� GRZHO�
FUDFN��ZKLFK�GHYHORSV�DORQJ�WKH�WHQVLOH�UHLQIRUFHPHQW��7KH�RSHQLQJ�LV�WULJJHUHG�ZKHQ�WKH�VKHDU�GLV�
SODFHPHQW�RI�D�IOH[XUDO�FUDFN�UHDFKHV�D�FULWLFDO�YDOXH��¨FU���,Q�WKH�&6'7��WKH�VKHDU�FDSDFLW\�LV�HTXDO�WR�
WKH�VXP�RI�WKH�VKHDU�WUDQVIHU�LQ�WKH�FRPSUHVVLRQ�]RQH��9F��GHWHUPLQHG�ZLWK�0|UVFK�V�DSSURDFK�>��@��
WKH�GRZHO�DFWLRQ��9G��FDOFXODWHG�ZLWK�WKH�H[SUHVVLRQ�SURSRVHG�E\�%DXPDQQ�DQG�5�VFK�>��@��DQG�WKH�
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VKHDU�WUDQVIHU�E\�DJJUHJDWH�LQWHUORFN��9DL��XVLQJ�D�VLPSOLILHG�IRUPXODWLRQ�EDVHG�RQ�:DOUDYHQ¶V�ZRUN�
>��@���

$�VWRS�FULWHULRQ�IRU�D�OLPLWLQJ�VWUDLQ�ZDV�SURSRVHG�LQ�>��@��,W�LV�EDVHG�RQ�WKH�FRQVLGHUDWLRQ�WKDW�D�
IOH[XUDO� IDLOXUH�RFFXUV� DIWHU� WKH�GHYHORSPHQW� RI� IOH[XUDO� FUDFNV� DQG�EHIRUH� WKH�\LHOGLQJ�RI� WKH� UHLQ�
IRUFHPHQW��)LUVW��WKH�VKHDU�FDSDFLW\�LV�FDOFXODWHG�DFFRUGLQJ�WR�WKH�&6'7�DQG�WKHQ��WKH�FRUUHVSRQGLQJ�
EHQGLQJ�PRPHQW� DW� WKH� FULWLFDO� FURVV�VHFWLRQ��7KH�YDOXH�RI� WKH� FXUYDWXUH� �ĳ&6'7�� LV� IRXQG�E\� OLQHDU�
LQWHUSRODWLRQ�FRQVLGHULQJ�WKH�FUDFNLQJ�PRPHQW�DQG�WKH�\LHOGLQJ�PRPHQW��7KH�VWUDLQ�DW�WKH�ERWWRP�RI�
WKH�FURVV�VHFWLRQ�FDQ�EH�IRXQG�ZLWK�(T������

$�VWRS�FULWHULRQ�IRU�D�OLPLWLQJ�FUDFN�ZLGWK�ZDV�SURSRVHG�LQ�>��@��7KH�FUDFN�ZLGWK��ZDL���LV�EDVHG�
RQ�WKH�VLPSOLILHG�DJJUHJDWH�LQWHUORFN�IRUPXODWLRQ�RI�WKH�&6'7�DQG�LW�FDQ�EH�FDOFXODWHG�ZLWK�(T������
ZLWK�¨FU�DV�WKH�FULWLFDO�VKHDU�GLVSODFHPHQW��VFU�DV�WKH�KHLJKW�RI�D�IXOO\�GHYHORSHG�FUDFN��5DL�DV�D�FRUUHF�
WLRQ� IDFWRU� IRU� KLJK� VWUHQJWK� FRQFUHWH� �IF!���03D�� DQG� Y5%.� DV� WKH� VKHDU� FDSDFLW\� WDNHQ� DV� WKH� RQH�
SUHVFULEHG�LQ�WKH�'XWFK�*XLGHOLQH�IRU�$VVHVVPHQW�RI�%ULGJHV�5%.�>��@��7KH�SURSRVDO�FRQVLGHUV�WKH�
YDOXH�RI�����ZDL�IRU�HOHPHQWV�QRW�FUDFNHG�LQ�EHQGLQJ�DQG������ZDL�IRU�HOHPHQWV�FUDFNHG�LQ�EHQGLQJ��
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�� ([SHULPHQWDO�UHVXOWV�

���� /DERUDWRU\�EHDP�WHVWV�
7ZR�VHULHV�RI�EHDP�H[SHULPHQWV�VHUYHG�IRU�WKH�YHULILFDWLRQ�RI�WKH�VWRS�FULWHULD��7KH�EHDPV�ZHUH�VLPS�
O\� VXSSRUWHG� DQG� VXEMHFWHG� WR� D� FRQFHQWUDWHG� ORDG��7KH� ILUVW� VHULHV��56%�� FRQVLVWHG�RI� ILYH� WHVWV� RQ�
WKUHH�EHDPV�VDZQ�IURP�WKH�5X\WHQVFKLOGW�EULGJH�>��@��2QH�WHVW�UHVXOWHG�LQ�VKHDU�IDLOXUH�DQG�WKH�RWKHU�
WHVWV�LQ�IOH[XUDO�IDLOXUH��7KH�VHFRQG�VHULHV�RI�WHVWV��3��HQFRPSDVVHG�VL[�WHVWV�RQ�WKUHH�EHDPV�FDVW�LQ�WKH�
ODERUDWRU\�UHLQIRUFHG�ZLWK�SODLQ�EDUV� >��@��7ZR�WHVWV�UHVXOWHG�LQ�VKHDU�IDLOXUH��,Q�JHQHUDO��WKH�EHDPV�
ZHUH� LQVWUXPHQWHG�ZLWK�/9'7V� WR�UHFRUG�FUDFN�RSHQLQJV�DQG�VWUDLQV��DQG� ODVHU�GLVWDQFH�VHQVRUV�IRU�
WKH�PHDVXUHPHQW�RI�GHIOHFWLRQV��)LJ����VKRZV�SKRWRJUDSKV�RI�WKH�EHDP�H[SHULPHQWV��
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�
)LJ���� /HIW��%HDP�56%��$�DIWHU�VKHDU�IDLOXUH��5LJKW��%HDP�3���$��DIWHU�IOH[XUDO�IDLOXUH���

���� 3URRI�ORDG�WHVWV�
6LQFH�������D�VHULHV�RI�SURRI� ORDG� WHVWV�KDYH�EHHQ�FDUULHG�RXW� LQ� WKH�1HWKHUODQGV�>��@��)RXU�EULGJHV�
DQG�YLDGXFWV�ZHUH�SURRI� ORDGHG��WKH�YLDGXFW�9OLMPHQ�2RVW�>��@��VHH�)LJ������ WKH�+DOYHPDDQV�EULGJH�
>��@��VHH�)LJ������WKH�YLDGXFW�=LMOZHJ�>��@�DQG�WKH�9LDGXFW�'H�%HHN�>��@��9OLMPHQ�2RVW�ZDV�WHVWHG�LQ�
IOH[XUH�� VKHDU�� DQG� DW� WKH� MRLQW� ZLWK� D� %(/)$� WUXFN�� EHFDXVH� LW� SUHVHQWHG�PDWHULDO� GDPDJH� GXH� WR�
$65��7KH�PD[LPXP�ORDG�ZDV�RI�����N1��KRZHYHU��WKH�ILQDO�DVVHVVPHQW�ZDV�FDUULHG�RXW�ZLWK�ILQLWH�
HOHPHQW�PRGHOV�VLQFH�WKH�DSSOLHG�ORDG�VKRZHG�WR�EH�ORZHU�WKDQ�WKH�(XURFRGH�VHUYLFHDELOLW\�OLPLW�VWDWH�
OHYHO��7KH�+DOYHPDDQV�EULGJH�ZDV�WHVWHG�IRU�IOH[XUH�XVLQJ�D�VWHHO�VSUHDGHU�EHDP�DQG�K\GUDXOLF�MDFNV��
7KH�PD[LPXP�ORDG�ZDV�����N1��ZKLFK�GLUHFWO\�SURYHG�WKDW�WKH�EULGJH�IXOILOOV�WKH�UHTXLUHPHQWV�RI�WKH�
5HQRYDWLRQ� ORDG� OHYHO� RI� 5%.� >��@�� 7KH�$65�DIIHFWHG� YLDGXFW�=LMOOZHJ� ZDV� WHVWHG� LQ� IOH[XUH� DQG�
VKHDU�XVLQJ�D�V\VWHP�RI�D�VWHHO�EHDP�VSUHDGHU�� MDFNV��DQG�FRXQWHUZHLJKW��7KH�PD[LPXP�ORDGV�ZHUH�
�����N1�DQG������N1�� UHVSHFWLYHO\��7KH� UHVXOW� RI� WKH� WHVWV�ZDV� WKDW� WKH�EULGJH� IXOILOOV� WKH� UHTXLUH�
PHQWV�RI�5%.�'HVLJQ�OHYHOV��9LDGXFW�'H�%HHN�ZDV�WHVWHG�LQ�WKH�IOH[XUH�ZLWK�D�ORDG�RI������N1�DQG�
LQ�VKHDU�ZLWK������N1�LQ� WKH�ILUVW�VSDQ��+RZHYHU�� WKH�FULWLFDO�VHFRQG�VSDQ�ZDV�QRW�WHVWHG� IRU�VDIHW\�
UHDVRQV��

�
)LJ���� /HIW��9LDGXFW�9OLMPHQ�2RVW��5LJKW��+DOYHPDDQV�EULGJH>��@�

���� &ROODSVH�WHVW�
$� FROODSVH� WHVW� ZDV� SHUIRUPHG� RQ� WKH� 5X\WHQVFKLOGW� EULGJH� >��@�>��@�� 7ZR� VSDQV� ZHUH� WHVWHG� DW� D�
VKHDU�FULWLFDO�SRVLWLRQ��,Q�WKH�ILUVW�VSDQ��WKH�PD[LPXP�ORDG�RI������N1�ZDV�OLPLWHG�E\�WKH�DYDLODEOH�
FRXQWHUZHLJKW�DQG�RQO\� IOH[XUDO�GLVWUHVV�ZDV�REVHUYHG�� ,Q� WKH� VHFRQG�VSDQ�� WKH�PD[LPXP�ORDG�ZDV�
�����N1�ZKLFK�FDXVHG�D� IDLOXUH�PRGH� WKDW�ZDV�D�FRPELQDWLRQ�RI� WKH� VHWWOHPHQW�RI� WKH� VXSSRUW�DQG�
\LHOGLQJ�RI�WKH�UHLQIRUFHPHQW�ZLWK�ODUJH�IOH[XUDO�FUDFNLQJ��

�� 9HULILFDWLRQ�RI�VWRS�FULWHULD�

���� &RPSDULVRQ�ZLWK�IDLOXUH�WHVWV�
7KH�WHVWV�LQ�ZKLFK�IDLOXUH�ZDV�UHDFKHG�ZHUH�XVHG�WR�VWXG\�WKH�PDUJLQ�RI�VDIHW\�SURYLGHG�E\�WKH�VWRS�
FULWHULD� IRU�IOH[XUH�DQG�VKHDU��7KLV�DQDO\VLV�ZDV�FDUULHG�RXW� IRU� WKH�UHVXOWV�RI� WKH�EHDP�H[SHULPHQWV�
�VHH�7DEOH���DQG�7DEOH����DQG�WKH�FROODSVH�WHVW��VHH�7DEOH�����7KH�YHULILHG�VWRS�FULWHULD�LQFOXGHG�WKH�
VWUDLQ� OLPLWV��PD[LPXP� DQG� UHVLGXDO� FUDFN�ZLGWK� DQG� WKH� GHIOHFWLRQ� OLPLW� UHYLHZHG� LQ� WKH� SUHYLRXV�
VHFWLRQ��,Q�DGGLWLRQ�WR�WKH�OLPLW�RI�WKH�����UHGXFWLRQ�RI�VWLIIQHVV�FDOFXODWHG�IURP�WKH�ORDG�GHIOHFWLRQ�
GLDJUDP� �6��� DQG� WKH�GHIRUPDWLRQ�SURILOHV�ZLWK� IRU� WKH� ORQJLWXGLQDO� GHIOHFWLRQ� �/'��� WKH� WUDQVYHUVDO�
GHIOHFWLRQ��7'���WKH�KRUL]RQWDO�GHIRUPDWLRQ��+'��DQG�WKH�YHUWLFDO�GHIRUPDWLRQ��9'����
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)URP�WKH�UHVXOWV�LQ�7DEOH����LW�FDQ�EH�REVHUYHG�WKDW�WKH�JRYHUQLQJ�FULWHULRQ�IRU�PRVW�RI�WKH�EHDPV�
�KLJKOLJKWHG� LQ�JUD\�DQG�EROG�� LV� WKH�PD[LPXP�FUDFN�ZLGWK�ZVWRS��7KH�UHVXOWV� IURP�ZUHV�9RV�ZHUH�QH�
JOHFWHG�VLQFH�WKH�OLPLW�YDOXHV�ZHUH�VPDOOHU�WKDQ������PP��ZKLFK�UHVXOWHG�LQ�WKH�VWRS�FULWHULRQ�EHLQJ�
H[FHHGHG� LQ� WKH� ILUVW� ORDG� F\FOH�� 5HJDUGLQJ� WKH� GHIOHFWLRQ� FULWHULRQ�¨9RV�� LW� ZDV� QRW� DEOH� WR� UHIOHFW�
DFFXUDWHO\�WKH�HIIHFW�RI�H[LVWLQJ�FUDFNV�RQ�WKH�VWLIIQHVV�RI�WKH�EHDP��7KH�VWRS�FULWHULD�ZHUH�H[FHHGHG�
EHWZHHQ��������RI�3PD[���

7DEOH���VKRZV�WKH�UHVXOWV�IRU�WKH�VKHDU�VWRS�FULWHULD��)RU�WKH�EHDP�SUHYLRXVO\�FUDFNHG�LQ�EHQGLQJ�
WKH�JRYHUQLQJ�FULWHULRQ�LV�WKH�OLPLWLQJ�VWUDLQ�İOLP�&6'7�DW�����RI�WKH�PD[LPXP�ORDG��IRU�WKH�XQFUDFNHG�
EHDP�WKUHH�VWRS�FULWHULD��6��+'��DQG�9'��ZHUH�H[FHHGHG�DW�����RI�)PD[�DQG�IRU�WKH�EHDP�IURP�WKH�
56%�VHULHV��6�DQG�WKH�+'�ZHUH�UHDFKHG�DW�����RI�WKH�XOWLPDWH�ORDG��:KLOH�WKH�QXPEHU�RI�H[SHULPHQWV�
LV� VPDOO�� WKH� UHVXOWV�DUH�SURPLVLQJ�� WKH� UDQJH�RI�SHUFHQWDJHV� IRU�ZKLFK� WKH� ILUVW� VWRS�FULWHULRQ� LV�H[�
FHHGHG�LV�EHWZHHQ������������

7DEOH��� 2YHUYLHZ�RI�WKH�PDUJLQ�RI�VDIHW\����RI�)PD[�ZKHQ�WKH�VWRS�FULWHULRQ�LV�UHDFKHG��IRU�IOH[�
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56%��$� ��� ��� �� ��� ��� �� ��� ��� �� ��� ���
56%��%�� ��� ��� ���� ��� ��� ��� ��� ��� ������� ��� ���

56%��)� ��� ��� ���� ��� ��� ���� ��� ��� ���� ��� ���
SUHYLRXVO\�FUDFNHG�LQ�EHQGLQJ�
��WZR� ODVHUV�PHDVXUHG� WKH�GHIOHFWLRQ�XQGHU� ORDG� �RQH�RQ�HDFK�VLGH�RI� WKH�EHDP��� 7KH�GHIOHFWLRQ�

PHDVXUHPHQWV�ZHUH�XQHTXDO�EHFDXVH�WKH�EHDP�ZDV�QRW�VDZQ�FRPSOHWHO\�VWUDLJKW��

7DEOH��� 2YHUYLHZ�RI�WKH�PDUJLQ�RI�VDIHW\����RI�)PD[�ZKHQ�WKH�VWRS�FULWHULRQ�LV�UHDFKHG��IRU�VKHDU�
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3���%� ��� ��� �� ��� ��� ��� ���
56%��$� ��� ��� �� ��� ��� �� ���
SUHYLRXVO\�FUDFNHG�LQ�EHQGLQJ�

7DEOH���SURYLGHV�DQ�RYHUYLHZ�RI�WKH�ORDGV�DW�ZKLFK�WKH�VWRS�FULWHULD�LV�H[FHHGHG�IRU�WKH�FROODSVH�WHVW�
RQ�WKH�5X\WHQVFKLOGW�EULGJH���)RU�ERWK�VSDQV��WKH�VWRS�FULWHULRQ�WKDW�ZDV�H[FHHGHG�ILUVW�ZDV�WKH�GHIRU�
PDWLRQ�SURILOHV��7KH�FULWHULRQ�ZDV�H[FHHGHG�DW�����RI�)PD[�IRU�VSDQ���DQG�����RI�)PD[�IRU�VSDQ���LQ�
WKH�ORQJLWXGLQDO�DQG�WUDQVYHUVH�GLUHFWLRQ��

7DEOH��� 2YHUYLHZ�RI�WKH�PDUJLQ�RI�VDIHW\����RI�)PD[�ZKHQ�WKH�VWRS�FULWHULRQ�LV�UHDFKHG��IRU�IOH[�
XUDO�RQ�5X\WHQVFKLOGW�EULGJH�

� 3İVWRS�
>N1@�

3İVWRS��
3PD[�

3ZVWRS�
>N1@�

3ZVWRS��
3PD[�

36�
>N1@�

3V��
3PD[�
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>N1@�

3/'��
3PD[�

37'�
>N1@�

37'3��
3PD[�
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>�@� >�@� >�@� >�@� >�@�

6SDQ�� !3PD[� �� !3PD[� �� ����� ��� ����� ��� ����� ���
6SDQ�� ����� ��� ����� ��� ����� ��� ����� ��� ����� ���

���� &RPSDULVRQ�ZLWK�SURRI�ORDG�WHVWV�
7DEOH���DQG�7DEOH���VKRZ�DQ�RYHUYLHZ�RI�WKH�UHVXOWV�RI�WKH�FRPSDULVRQ�RI�WKH�PHDVXUHPHQWV�REWDLQHG�
GXULQJ�WKH�WHVWV�DQG�WKH�SURSRVHG�VWRS�FULWHULD��7KH�FUDFN�ZLGWKV�VPDOOHU�WKDQ������PP�DUH�QHJOHFWHG�
DQG�WDNHQ�HTXDO�WR���PP��7KHUHIRUH��WKH�UHVXOWV�IURP�UHVLGXDO�FUDFN�ZLGWKV�DUH�QRW�FRQVLGHUHG�LQ�WKH�
WDEOHV�VLQFH�PRVW�RI�WKHP�ZHUH�QHJOLJLEOH��7KH�VWRS�FULWHULD�WKDW�DUH�YHULILHG�DUH�İVWRS��ZVWRS��6��/'�DQG�
7'�SURILOHV��7KH�VWLIIQHVV�RI�WKH�+DOYHPDDQV�EULGJH�IRU�WKH�IOH[XUDO�WHVW�VOLJKWO\�LQFUHDVHG�GXULQJ�WKH�
ORDGLQJ�SURWRFRO��)RU�9OLMPHQ�2RVW� QR�PHDVXUHPHQWV�ZHUH� DYDLODEOH�RI� WKH�GHIOHFWLRQ� LQ� WKH� WUDQV�
YHUVH�GLUHFWLRQ��7KH� UHVXOWV� VKRZ� WKDW�QRQH�RI� WKH� VWRS�FULWHULD�ZDV�H[FHHGHG�GXULQJ� WKH�SLORW�SURRI�
ORDG�WHVWV��7KLV�FRQFOXVLRQ�FRUUHVSRQGV�ZLWK�WKH�PHDVXUHPHQWV�JDWKHU�ZLWK�WKH�H[WHQVLYH�LQVWUXPHQWD�
WLRQ�GXULQJ�WKH�SLORW�SURRI�ORDG�WHVWV��ZKHUH�QR�RQVHW�RI�QRQOLQHDULW\�ZDV�REVHUYHG��7KH�SURSRVHG�VWRS�
FULWHULD�DUH�DGHTXDWH�IRU� WKH�DSSOLFDWLRQ� WR�ILHOG� WHVWLQJ��+RZHYHU��QR� LQIRUPDWLRQ�FRXOG�EH�JDWKHUHG�
UHJDUGLQJ�WKH�PDUJLQ�RI�VDIHW\�VLQFH�ZH�GRQ¶W�NQRZ�WKH�XOWLPDWH�ORDG���

7DEOH��� &RPSDULVRQ�EHWZHHQ�WKH�PHDVXUHPHQWV�REWDLQHG�GXULQJ�WKH�SURRI�ORDG�WHVWV�DQG�WKH�VWRS�
FULWHULD�IRU�IOH[XUH�

� İF��PD[�PHDVXUHG�
>ȝİ@�

İVWRS�
>ȝİ@�

ZPD[�PHDVXUHG�

>PP@�
ZVWRS�

>PP@�
6� /'� 7'�

9OLMPHQ�RRVW� ��� ���� �� ����� ����� !3PD[� 1$�

+DOYHPDDQV� ���� ���� �� ����� �� 3PD[� !3PD[�
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H[SHULPHQWV� RQ� VODEV� DUH� QHHGHG� IRU� IXUWKHU� YDOLGDWLRQ� LQ� FRPELQDWLRQ� ZLWK� QRQFRQWDFW� PHDVXULQJ�
WHFKQLTXHV��

5HIHUHQFHV�
>�@� ),%�������0RGHO�&RGH�������,QWHUQDWLRQDO�&RQFUHWH�)HGHUDWLRQ��/DXVDQQH��6ZLW]HUODQG��
>�@� /DQWVRJKW��(�2�/���&��YDQ�GHU�9HHQ��DQG�'�$��+RUGLMN��������3URSRVHG�VWRS�FULWHULD�IRU�SURRI�

ORDG�WHVWLQJ�RI�FRQFUHWH�EULGJHV�DQG�YHULILFDWLRQ��LQ�,$/&&(��*KHQW��%HOJLXP��



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� 6WUXFWXUDO�DQDO\VLV�DQG�GHVLJQ��6WRS�&ULWHULD�IRU�3URRI�/RDG�7HVWLQJ�RI�5HLQIRUFHG�&RQFUHWH�6WUXFWXUHV��

�

>�@� /DQWVRJKW��(�2�/���9HULILFDWLRQ�RI�VWRS�FULWHULD�IRU�SURRI�ORDG�WHVWV��LQ�6WHYLQ�5HSRUW��������78�
'HOIW��'HOIW��

>�@� 'HXWVFKHU�$XVVFKXVV� I�U� 6WDKOEHWRQ��'$W6WE�*XLGHOLQH�� /RDG�7HVWV� RQ�&RQFUHWH� 6WUXFWXUHV�
�LQ�*HUPDQ��'$I6WE�5LFKWOLQLH���%HODVWXQJVYHUVXFKH�DQ�%HWRQEDXZHUNHQ��'�$�I��6WDKOEHWRQ��
(GLWRU��������%HUOLQ��

>�@� $&,�&RPPLWWHH������&RGH� UHTXLUHQPHQWV� IRU�/RDG�7HVWLQJ�RI�([LVWLQJ�&RQFUHWH�6WUXFWXUHV�
�$&,������0�����DQG�&RPPHQWDU\��������$PHULFDQ�&RQFUHWH�,QVWLWXWH��)DUPLQJWRQ�+LOOV��0,��

>�@� 'HXWVFKHU� $XVVFKXVV� I�U� 6WDKOEHWRQ��'$I6WE�*XLGHOLQH� /RDG� 7HVWV� RQ� &RQFUHWH� 6WUXFWXUHV�
�'UDIW�� �LQ� *HUPDQ�� '$I6WE�5LFKWOLQLH� %HODVWXQJVYHUVXFKH� DQ� %HWRQEDXZHUNHQ� �(QWZXUI���
'�8�%�Y��%HVWDQGVEDXZHUNHQ��(GLWRU��������%HUOLQ��

>�@� /DQWVRJKW��(�2�/���HW�DO���������6WRS�&ULWHULD�IRU�)OH[XUH�IRU�3URRI�/RDG�7HVWLQJ�RI�5HLQIRUFHG�
&RQFUHWH�6WUXFWXUHV��)URQWLHUV�LQ�%XLOW�(QYLURQPHQW�����

>�@� )URVFK�� 5�-��� ������$QRWKHU� /RRN� DW� &UDFNLQJ� DQG� &UDFN� &RQWURO� LQ� 5HLQIRUFHG� &RQFUHWH��
$&,�6WUXFWXUDO�-RXUQDO���������

>�@� 9RV��:���������
6WRS�FULWHULD�IRU�SURRI�ORDGLQJ�7KH�XVH�RI�VWRS�FULWHULD�IRU�D�VDIH�XVH�RI�¶6PDUW�
3URRI�ORDGLQJ

��0DVWHU�7KHVLV�78�'HOIW��0DVWHU�7KHVLV�

>��@� 9DQ� /HHXZHQ�� -��� ������ $ERXW� WKH� FUDFNLQJ� LQ� VODEV� DQG� EHDPV� �LQ� 'XWFK�� 2YHU� GH�
VFKHXUYRUPLQJ�LQ�SODWHQ�HQ�EDONHQ��+HURQ��������S���������

>��@� 0RQQLHU�� 7��� �����7KH� 0RPHQW�FXUYDWXUH� 5HODWLRQ� RI� 5HLQIRUFHG� &RQFUHWH�� 6WHYLQ�
/DERUDWRU\�RI�WKH�'HSDUWPHQW�RI�&LYLO�(QJLQHHULQJ��'HOIW�8QLYHUVLW\�RI�7HFKQRORJ\��

>��@� <DQJ��<���-��GHQ�8LMO��DQG�-��:DOUDYHQ��������&ULWLFDO�VKHDU�GLVSODFHPHQW�WKHRU\��RQ�WKH�ZD\�
WR� H[WHQGLQJ� WKH� VFRSH� RI� VKHDU� GHVLJQ� DQG� DVVHVVPHQW� IRU� PHPEHUV� ZLWKRXW� VKHDU�
UHLQIRUFHPHQW��6WUXFWXUDO�&RQFUHWH���������S�����������

>��@� 0|UVFK�� (��� �����&RQFUHWH�VWHHO� &RQVWUXFWLRQ�� �'HU� (LVHQEHWRQEDX��� (QJLQHHULQJ� 1HZV�
3XEOLVKLQJ�&RPSDQ\��

>��@� %DXPDQQ��7��DQG�+��5�VFK��������([SHULPHQWDO�VWXG\�RQ�GRZHO�DFWLRQ�LQ�UHLQIRUFHG�FRQFUHWH�
EHDPV��LQ�*HUPDQ��9HUVXFKH�]XP�6WXGLXP�GHU�9HUG�EHOXQJVZLUNXQJ�GHU�%LHJH]XJEHZHKUXQJ�
HLQHV�6WDKOEHWRQEDONHQV��'HXWVFKHU�$XVVFKXVV�I�U�6WDKOEHWRQ��'$I6WE���

>��@� :DOUDYHQ�� -�&��� ������ )XQGDPHQWDO� $QDO\VLV� RI� $JJUHJDWH� ,QWHUORFN�� -RXUQDO� RI� 6WUXFWXUDO�
(QJLQHHULQJ�$6&(�������S�������������

>��@� %HQLWH]��.���(�2�/��/DQWVRJKW��DQG�<��<XJXDQJ��������'HYHORSPHQW�RI�D�6WRS�&ULWHULRQ� IRU�
/RDG�7HVWV�EDVHG�RQ�WKH�&ULWLFDO�6KHDU�'LVSODFHPHQW�7KHRU\��LQ�,$/&&(��*KHQW��%HOJLXP��

>��@� /DQWVRJKW�� (�2�/��� ������ 'HYHORSPHQW� RI� D� VWRS� FULWHULRQ� IRU� VKHDU� EDVHG� RQ� DJJUHJDWH�
LQWHUORFN��6WHYLQ�5HSRUW��������������S������

>��@� 5LMNVZDWHUVWDDW��*XLGHOLQH�IRU�$VVHVVPHQW�RI�6WUXFWXUHV��HYDOXDWLRQ�RI�WKH�VDIHW\�RI�D�H[LVWLQJ�
VWUXFWXUH� IRU� UHQRYDWLRQ�� UHXVHG� DQG� GHPROLWRQ� �LQ� 'XWFK�� 5LFKWOLMQHQ� %HRRUGHOLQJ�
.XQVWZHUNHQ�� %HRRUGHOLQJ� YDQ� GH� FRQVWUXFWLHYH� YHLOLJKHLG� YDQ� HHQ� EHVWDDQG� NXQVWZHUN� ELM�
YHUERXZ��JHEUXLN�HQ�DINHXU���LQ�57'������������������S�������

>��@� /DQWVRJKW�� (�2�/��� HW� DO��� ������ 5X\WHQVFKLOGW� %ULGJH�� )LHOG� DQG� ODERUDWRU\� WHVWLQJ��
(QJLQHHULQJ�6WUXFWXUHV�������S�����������

>��@� /DQWVRJKW��(�2�/��� HW� DO��� ������%HDP�([SHULPHQWV�RQ�$FFHSWDQFH�&ULWHULD� IRU�%ULGJH�/RDG�
7HVWV��$&,�6WUXFWXUDO�-RXUQDO����������

>��@� /DQWVRJKW�� (��� HW� DO��� ������ 3URRI� ORDG� WHVWLQJ� RI� UHLQIRUFHG� FRQFUHWH� VODE� EULGJHV� LQ� WKH�
1HWKHUODQGV��6WUXFWXUDO�&RQFUHWH���������S�����������

>��@� )HQQLV��6�$�$�0���HW�DO���������$VVHVVPHQW�RI�9LDGXFW�9OLMPHQ�2RVW�E\�3URRI�/RDGLQJ��6WHYLQ�
5HSRUW��������������S�������

>��@� )HQQLV��6�$�$�0�� DQG�'�$��+RUGLMN��������3URRI�/RDG�+DOYHPDDQV� � EULGJH� � LQ�$ONDPDU�LQ�
'XWFK��3URHIEHODVWLQJ�+DOYHPDDQVEUXJ�$ONPDDU�6WHYLQ�5HSRUW��������������S������

>��@� .RHNNRHN�� 5�7��� (�� /DQWVRJKW�� DQG�'�$��+RUGLMN�� ������3URRI� ORDGLQJ� RI� WKH� $65�DIIHFWHG�
YLDGXFW�=LMOZHJ�LQ�KLJKZD\�$����6WHYLQ�UHSRUW��������������S�������

>��@� .RHNNRHN�� 5�7��� HW� DO��� ������ $VVHVVPHQW� RI� 9LDGXFW� 'H� %HHN� E\� 3URRI� /RDGLQJ�� 6WHYLQ�
5HSRUW��������������S�������

>��@� /DQWVRJKW��(���HW�DO���������&ROODSVH�WHVW�DQG�PRPHQW�FDSDFLW\�RI�WKH�5X\WHQVFKLOGW�UHLQIRUFHG�
FRQFUHWH�VODE�EULGJH��6WUXFWXUH�DQG�,QIUDVWUXFWXUH�(QJLQHHULQJ���������S�������������

>��@� 6FKPLGW��-�:���HW�DO���������&KDOOHQJHV�5HODWHG�WR�3UREDELOLVWLF�'HFLVLRQ�$QDO\VLV�IRU�%ULGJH�
7HVWLQJ�DQG�5HFODVVLILFDWLRQ��)URQWLHUV�LQ�%XLOW�(QYLURQPHQW�����

�



ϮϬϯ 

:DYH�EDVHG�,QGLFDWRUV�RI�6KHDU�)DLOXUH�LQ�5HLQIRUFHG�
&RQFUHWH�0HPEHUV�ZLWKRXW�6KHDU�5HLQIRUFHPHQW��$�
5HYLHZ�
)HQJTLDR�=KDQJ���<XJXDQJ�<DQJ���*DEULHOD�=DUDWH�*DUQLFD���0D[�$�1��+HQG�
ULNV����
�)DFXOW\�RI�&LYLO�(QJLQHHULQJ�DQG�*HRVFLHQFHV���
'HOIW�8QLYHUVLW\�RI�7HFKQRORJ\��
6WHYLQZHJ����'HOIW�������&1���WKH�1HWKHUODQGV�

��'HSDUWPHQW�RI�6WUXFWXUDO�(QJLQHHULQJ���
1RUZHJLDQ�8QLYHUVLW\�RI�VFLHQFH�DQG�WHFKQRORJ\��1718���
5LFK��%LUNHODQGVYHL��$�������7URQGKHLP��1RUZD\�

�
$EVWUDFW�
0DQ\�H[LVWLQJ�FRQFUHWH�PHPEHUV�ZLWKRXW�VKHDU�UHLQIRUFHPHQW�ULVN�VKHDU�IDLOXUH��$V�VKHDU�IDLOXUH�RIWHQ�
OHDGV�WR�FROODSVH�RI�VWUXFWXUDO�PHPEHUV��LQGLFDWRUV�RI�VKHDU�IDLOXUH�EHIRUHKDQG�DUH�QHHGHG�IRU�VDIHW\��
$FFRUGLQJ� WR� WKH� UDWLRQDO�PRGHOV�RI� VKHDU� IDLOXUH�� VRPH�SDUDPHWHUV�� OLNH� FUDFN�ZLGWK�RU� VWUHVV�� FDQ�
VHUYH� DV� VKHDU� IDLOXUH� LQGLFDWRUV�� 7R�PHDVXUH� WKHVH� SDUDPHWHUV�� ZDYH�EDVHG�PRQLWRULQJ� WHFKQLTXHV�
VWDQG�RXW�DV� WKH\�FDQ�ZRUN�UHPRWHO\�DQG�QRQ�GHVWUXFWLYHO\��%DVHG�RQ� OLWHUDWXUH��WKLV�SDSHU� OLQNV� WKH�
PHDVXUDEOH�SDUDPHWHUV�IURP�ZDYH�EDVHG�PRQLWRULQJ�WHFKQLTXHV�ZLWK�LQGLFDWRUV�IRU�VKHDU�IDLOXUH��DQG�
SURYLGHV� SRVVLEOH� ZDYH�EDVHG� LQGLFDWRUV� RI� VKHDU� IDLOXUH�� 7KLV� SDSHU� XSGDWHV� WKH� XQGHUVWDQGLQJ� RI�
ZDYH�EDVHG�PHDVXUHPHQWV�WR�D�OHYHO�RI�VWUXFWXUDO�IDLOXUH��

�� ,QWURGXFWLRQ�
([LVWLQJ� FRQFUHWH� VWUXFWXUHV� ZLWKRXW� VKHDU� UHLQIRUFHPHQW� PD\� VXIIHU� IURP� VKHDU� IDLOXUH�� ZKLFK� LV�
EULWWOH�DQG�RIWHQ� OHDGV� WR� WKH�FROODSVH�RI� WKH� VWUXFWXUH��)RU� VDIHW\� UHDVRQ�� LQGLFDWRUV�RI� VKHDU� IDLOXUH�
EHIRUHKDQG�DUH�QHHGHG��%DVHG�RQ�WKH�UDWLRQDO�VKHDU�IDLOXUH�PRGHOV��VRPH�PHDVXUDEOH�SUDPHWHUV��VXFK�
DV�FUDFN�RSHQLQJ��VWUHVV��VWUDLQ�RU�IRUFH�DW�FULWLFDO�ORFDWLRQV��FDQ�EH�XVHG�DV�LQGLFDWRUV��

$�SURPLVLQJ�ZD\� WR�PHDVXUH� VRPH�RI� WKHVH� LQGLFDWRUV� LV� WR�XVH�ZDYH�EDVHG� WHFKQLTXHV��DV� WKH\�
FDQ�QRQ�GHVWUXFWLYHO\�GHWHFW�FKDQJHV� LQ�FRQFUHWH�� VXFK�DV�FUDFN� LQLWLDWLQJ�DQG�RSHQLQJ� �0DML��������
SUHVHQFH�RI�H[LVWLQJ�FUDFNV� �1DLN�7�5��������=KDQJ��<DQJ�HW�DO���������DQG�VWUHVV�FKDQJHV� �=KDQJ��
3ODQHV�HW�DO��������.HYLQO\��=KDQJ�HW�DO���������:DYH�EDVHG�WHFKQLTXHV�FDQ�DOVR�GHWHFW�WKH�GDPDJHV�
ZKLFK�DUH�QRW�PHDVXUDEOH�LQ�WUDGLWLRQDO�WHFKQLTXHV��OLNH�WKH�LQWHUQDO�FUDFNV���

7KLV�SDSHU�DLPV�WR�LGHQWLI\�SRVVLEOH�ZDYH�EDVHG�LQGLFDWRUV�RI�WKH�FULWLFDO�VKHDU�IDLOXUHV�LQ�UHLQIRU�
FHG�FRQFUHWH�PHPEHUV�ZLWKRXW� VKHDU� UHLQIRUFHPHQW��:H� ILUVW� UHYLHZ� WKH� DYDLODEOH� VKHDU� IDLOXUH�PR�
GHOV�� LQFOXGLQJ� WKH� IDLOXUH�PHFKDQLVPV� DQG� WKH� DVVRFLDWHG� LQGLFDWRUV�� 7KHQ�� E\� UHYLHZLQJ� WKH� SULQ�
FLSOHV�DQG�DSSOLFDWLRQV�RI�WKH�ZDYH�EDVHG�WHFKQLTXHV�UHODWLQJ�WR�WKH�VKHDU�IDLOXUH�LQGLFDWRUV��ZH�ZLOO�
VXJJHVW�SRVVLEOH�ZDYH�EDVHG�LQGLFDWRUV��7KH�LQYROYHG�WHFKQLTXHV�DQG�WKHRULHV�DUH�H[SODLQHG�FRQFHSW�
ZLVHO\��ZLWK�GHWDLOHG�GHULYDWLRQ�LQ�WKH�UHIHUHQFHV��

�� 6KHDU�)DLOXUH�RI�5HLQIRUFHG�&RQFUHWH�0HPEHUV�ZLWKRXW�6KHDU�5HLQIRUFHPHQW�
7KLV� VHFWLRQ� UHYLHZV� WKH� FXUUHQW� XQGHUVWDQGLQJ� RI� VKHDU� EHKDYLRXU� RI� UHLQIRUFHG� FRQFUHWH�PHPEHUV�
ZLWKRXW� VKHDU� UHLQIRUFHPHQW��:H� LQWURGXFH� WKH� DYDLODEOH� VKHDU� IDLOXUH�PRGHOV� ZKLFK� ZHUH� GHULYHG�
FRQVLGHULQJ�RQH�RU�VRPH�RI�WKH�VKHDU�WUDQVIHU�DFWLRQV��,Q�WKHVH�VKHDU�PRGHOV��PHDVXUDEOH�LQGLFDWRUV�RI�
VKHDU�IDLOXUH�OLNH�FUDFN�RSHQLQJ�DQG�VWUHVV�DW�FULWLFDO�SRVLWLRQV�ZHUH�SURSRVHG���

���� 6KHDU�WUDQVIHU�DFWLRQV�

3URF��RI�WKH���WK�ILE�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�
-XO\�������������0DUQH�OD�9DOOpH��3DULV��)UDQFH�
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)RXU� W\SHV� RI� VKHDU� WUDQVIHU� DFWLRQV� DORQJ� D� IOH[XUDO� VKHDU� FUDFN� DUH� ZLGHO\� DFFHSWHG� VLQFH� ����V�
�$&,�$6&(�&RPPLWWHH�����������$&,�$6&(�&RPPLWWHH������������7KH\� DUH�� VKHDU� VWUHVV� LQ�XQ�
FUDFNHG�FRQFUHWH��DJJUHJDWH�LQWHUORFN�DW�FUDFN�IDFHV��UHVLGXDO�WHQVLOH�VWUHVV�DW�OLPLWLHG�QRUPDO�RSHQLQJ�
RI� WKH� FUDFNV�� DQG� GRZHO� DFWLRQ� DW� WKH� ORQJLWXGLQDO� EDUV�� &RQVLGHULQJ� D� IUHH� ERG\� GLDJUDP� DORQJ� D�
FUDFN�FURVV�VHFWLRQ��WKH�LQWHUQDO�IRUFHV�DQG�WKH�H[WHUQDO�IRUFHV�VKRXOG�UHDFK�DQ�HTXLOLEULXP��7KH�IRXU�
VKHDU�WUDQVIHU�DFWLRQV�DUH�YLVXDOL]HG�LQ�)LJ�����

�

)LJ���� )UHH�ERG\�GLDJUDP�ZLWK�IRXU�VKHDU�WUDQVIHU�DFWLRQV�DORQJ�D�IOH[XUDO�VKHDU�FUDFN��

'HSHQGLQJ� RQ� ZKHWKHU� WKH� VWUXFWXUH� IDLOV� XSRQ� WKH� IOH[XUDO� VKHDU� FUDFN�� WZR� GLIIHUHQW� IDLOXUH�
PRGHV� FDQ�EH�GLVWLQJXLVKHG�� IOH[XUDO� VKHDU� IDLOXUH� DQG� VKHDU� FRPSUHVVLRQ� IDLOXUH��7KH� ODWWHU� IDLOXUH�
PRGH�GLVSOD\V�D�KLJKHU�VKHDU�FDSDFLW\��%XW��WKHUH�LV�DQ�XQFHUWDLQW\�RQ�ZKLFK�VKHDU�IDLOXUH�PRGH�ZLOO�
RFFXU��<DQJ�������<DQJ��:DOUDYHQ�HW�DO���������7KHUHIRUH��WKLV�SDSHU�IRFXVHV�RQ�IOH[XUDO�VKHDU�IDLO�
XUH��ZKLFK�JLYHV�WKH�ORZHU�ERXQG�RI�WKH�VKHDU�FDSDFLW\��

���� 6KHDU�IDLOXUH�PRGHOV�
&RQVLGHULQJ� WKH� IDLO� RI� DIRUHPHQWLRQHG� VKHDU� WUDQVIHU� DFWLRQV�� UHVHDUFKHUV� KDYH� GHYHORSHG� PXOWLSOH�
UDWLRQDO� PRGHOV� WR� SUHGLFW� WKH� VKHDU� IDLOXUH� DQG� FDOFXODWH� WKH� XOWLPDWH� VKHDU� FDSDFLW\�� 7KLV� VHFWLRQ�
GLVFXVVHV� WKH� IROORZLQJ�PRGHOV�� WRRWK�PRGHO�� FULWLFDO� VKHDU� FUDFN� WKHRU\� �&6&7��� FULWLFDO� VKHDU�GLV�
SODFHPHQW�WKHRU\��&6'7���DQG�PRGHO�E\�7XH�HW�DO���

7RRWK�PRGHO�ZDV�ILUVW�SURSRVHG�E\�.DQL��.DQL��������,Q�KLV�ZRUN��IOH[XUDO�FUDFNV�VKDSH�WKH�EHDP�
LQWR� D� WHHWK�OLNH� VWUXFWXUH� �)LJ������(DFK� FRQFUHWH� WRRWK�ZRUNV� OLNH� D� FDQWLOHYHU� EHDP��ZLWK�RQH� HQG�
ORDGHG� E\� WKH� UHLQIRUFHPHQW� LQ� WKH� WHQVLOH� ]RQH�� DQG� WKH� RWKHU� HQG� IL[HG� DW� WKH� FRPSUHVVLRQ� ]RQH��
%UHDNLQJ�RII�RI�WKH�WRRWK�RQ�WKH�IL[HG�HQG��ZKLFK�LV�DOVR�WKH�FUDFN�WLS��UHVXOWV�LQ�WKH�VKHDU�IDLOXUH�RI�
WKH�EHDP��&RPELQHG�ZLWK�WKH�IDLO�RI�FRPSUHVVLRQ�]RQH��.DQL�SURYLGHG�D�IDPRXV�.DQL¶V�YDOOH\��VKR�
ZLQJ�WKH�VKHDU�FDSDFLW\�XQGHU�GLIIHUHQW�VKHDU�VSDQ�UDWLR��

�
)LJ���� ,OOXVWUDWLRQ�RI�.DQL¶V�WRRWK�PRGHO��.DQL��������

)XUWKHU�LPSURYHPHQWV�ZHUH�FDUULHG�RXW�E\�DGGLQJ�PRUH�VKHDU�WUDQVIHU�DFWLRQV�LQWR�WKH�WRRWK�PRGHO�
�0DF*UHJRU� DQG�:DOWHUV� ������ )HQZLFN� DQG� 3DXOH\� ������� 5HLQHFN� �5HLQHFN� ������ LQFOXGHG� WKH�
FUDFN�IULFWLRQ��DJJUHJDWH�LQWHUORFN���GRZHO�DFWLRQ�DQG�VKHDU�LQ�FRPSUHVVLRQ�]RQH�LQ�WKH�WRRWK�PRGHO��
,Q�WKLV�DSSURDFK��WKH�WHHWK�LQFOLQDWLRQ�LV�DVVXPHG�WR�EH����GHJUHHV��5HLQHFN�IRXQG�WKDW�WKH�PDLQ�FRQ�
WULEXWRU� RI� WKH� VKHDU� FDSDFLW\� LV� WKH� FUDFN� IULFWLRQ��$FFRUGLQJ� WR� DJJUHJDWH� LQWHUORFN� WKHRU\�� ODUJHU�
FUDFN�ZLGWK� UHVXOWV� LQ� OHVV�FUDFN�IULFWLRQ��7KHUHIRUH��KH�GHILQHG� WKH�FULWLFDO�FUDFN�ZLGWK�DW�D�VSHFLILF�
ORFDWLRQ�ZKLFK�ZLOO�OHDG�WR�VKHDU�IDLOXUH��7DEOH�����



Wave-based Indicators of Shear Failure in Reinforced Concrete Members without Shear Reinforcement: A Review 

Fengqiao Zhang1, Yuguang Yang1, Gabriela Zarate Garnica1, Max A.N. Hendriks1,2 ϮϬϱ 

&6&7�ZDV�EDVHG�RQ�WKH�FUDFN�ORFDWLRQ�DQG�FUDFN�ZLGWK�DV�WKH\�ZHUH�IRXQG�LQIOXHQFLQJ�WKH�VKHDU�
FDSDFLW\� �0XWWRQL� DQG�)HUQiQGH]�5XL]��������:KHQ� WKH� VKHDU� FUDFN� JRHV� WKURXJK� WKH� FRPSUHVVLYH�
VWUXW�EHWZHHQ�WKH�ORDG�DQG�VXSSRUW��WKH�VKHDU�FDSDFLW\�LV�UHGXFHG��+H�SURSRVHG�D�QHZ�VKHDU�WUDQVIHU�
PHFKDQLVP��ZKLFK�LV�D�FRPELQDWLRQ�RI�HOERZ�VWUXW�DQG�GLUHFW�VWUXW��,Q�WKH�GLUHFW�VWUXW�ZLWK�VKHDU�FUDFN��
WKH�FRPSUHVVLRQ�IRUFH�ZDV�WUDQVIHUHG�E\�DJJUHJDWH�LQWHUORFN��%DVHG�RQ�WKLV�QHZ�PHDFKQLVP��KH�SUR�
SRVHG�WKDW�WKH�VKHDU�FDSDFLW\�LV�UHODWHG�WR�WKH�FULWLFDO�FUDFN�ZLGWK�VWUDLQ�DW�D�SUHGHILQHG�FURVV�VHFWLRQ�
�7DEOH�����

&6'7�FRQVLGHUV�GRZHO�FUDFNLQJ�DV�WKH�WULJJHU�RI�VKHDU�IDLOXUH��<DQJ��������<DQJ�FRPELQHG�PXO�
WLSOH� VKHDU� WUDQVIHU� DFWLRQV� LQFOXGLQJ� VKHDU� LQ� XQFUDFNHG� FRQFUHWH�� DJJUHJDWH� LQWHUORFN� DQG� GRZHO�
DFWLRQ��,Q�SULQFLSOH��WKH�VKHDU�WUDQVIHUUHG�E\�DJJUHJDWH�LQWHUORFN�FDQ�UHDFK�H[WUHPHO\�KLJK�YDOXHV�ZLWK�
ODUJH�VKHDU�GLVSODFHPHQWV��%XW��WKLV�GRHV�QRW�FRPSO\�ZLWK�WKH�H[SHULPHQWV��<DQJ�IRXQG�WKDW�WKH�RSH�
QLQJ�RI�GRZHO�FUDFN�OLPLWV�WKH�VKHDU�FDSDFLW\��:LWK�ZLGHU�GRZHO�FUDFN��WKH�DJJUHJDWH�LQWHUORFN�HIIHFW�
LV� UHGXFHG�� WKXV� QHHGV� IXUWKHU� VKHDU� GLVSODFHPHQW��ZKLFK� DJDLQ�ZLGHQV� WKH� GRZHO� FUDFN�� 7KLV� ORRS�
UHVXOWV�LQ�WKH�FROODSVH�RI�WKH�EHDP��+H�DVVXPHG�D�FUDFN�SURILOH�FRQWDLQLQJ�WZR�EUDQFKHV��PDMRU�EUDQFK�
SHUSHQGLFXODU�WR�WKH�UHLQIRUFHPHQW�DQG�VHFRQGDU\�EUDQFK�DW�FUDFN�WLS��+H�EDFN�FDOFXODWHG�WKH�FULWLFDO�
VKHDU�GLVSODFHPHQW�IURP�VKHDU�WHVWV�GDWDEDVH��DQG�SURSRVHG�DQ�DSSURDFK�RI�HVWLPDWLQJ�WKH�VKHDU�FDSD�
FLW\�EDVHG�RQ�WKH�FULWLFDO�VKHDU�GLVSODFHPHQW�DW�D�FHUWDLQ�ORFDWLRQ��7DEOH�����

7KH�IRUPHU�PRGHOV�GHDO�ZLWK�WKH�VKHDU�IDLOXUH�EDVHG�RQ�GLVSODFHPHQW�OLNH�FUDFN�ZLGWK��VWUDLQ�RU�
VKHDU� GLVSODFHPHQW��0RGHO� E\� 7XH� HW� DO�� �7XH�� 7KHLOHU� HW� DO�� ������ VROYHV� WKH� SUREOHP� GLIIHUHQWO\�
EDVHG�RQ�IUDFWXUH�PHFKDQLFV��7XH�HW�DO��VWXGLHG�WKH�VWUHVV�GLVWULEXWLRQ�RYHU�VHYHUDO�FURVV�VHFWLRQV�DORQJ�
WKH�EHDP��%DVHG�RQ�WKLV��WKH\�GHILQHG�WKH�FRQFUHWH�WHQVLRQ�]RQH�DW�WKH�IOH[XUDO�FUDFN�WLSV�DV�WKH�VKHDU�
FUDFN�EDQG��7DEOH�����7KH�FULWLFDO�VKHDU�FUDFN�GHYHORSV� LQ� WKH�VKHDU�FUDFN�EDQG��ZKHQ�WKH�SULQFLSDO�
WHQVLOH�VWUHVV�UHDFKHV�WKH�FRQFUHWH�WHQVLOH�VWUHQJWK��%XW��FUDFNLQJ�DW�RQH�FURVV�VHFWLRQ�GRHVQ¶W�QHFHVVDU�
LO\�FDXVH�D�VKHDU�IDLOXUH��,QVWHDG��WKH�FULWLFDO�VKHDU�FUDFN�KDV�WR�UHDFK�D�GHILQHG�OHQJWK��7KHUHIRUH��WKH�
IDLOXUH�LQGLFDWRU�IURP�WKLV�PRGHO�FDQ�EH�WKH�SUHVHQFH�DQG�OHQJWK�RI�FULWLFDO�VKHDU�FUDFN��

7DEOH��� 6XPPDU\�RI�WKH�GLVFXVVHG�VKHDU�IDLOXUH�PRGHOV���

0RGHOV� 'HVFULSWLRQ� &ULWLFDO�ORFDWLRQ� )DLOXUH�LQGLFDWRU�

5HLQHFN¶V�
WRRWK�
PRGHO�

&RQFUHWH�WRRWK��IRUPHG�E\�
IOH[XUDO�FUDFNV��EUHDNV�DW�
IDLOXUH��6KHDU�LV�WUDQVIHUHG�E\�
FUDFN�IULFWLRQ��GRZHO�DFWLRQ�
DQG�FRPSUHVVLRQ�]RQH��

�

&ULWLFDO�FUDFN�ZLGWK�

&6&7� &RPSUHVVLRQ�IRUFH�LQ�WKH�
GLUHFW�VWUXW�LV�FDUULHG�E\�
DJJUHJDWH�LQWHUORFN��6KHDU�
IDLOXUH�KDSSHQV�ZKHQ�DJJUH�
JDWH�LQWHUORFN�IDLOV��

�

&ULWLFDO�FUDFN�
ZLGWK�VWUDLQ�

&6'7� 'RZHO�FUDFNLQJ�LV�WKH�WULJJHU�
RI�VKHDU�IDLOXUH��6KHDU�LV�
WUDQVIHUUHG�E\�DJJUHJDWH�
LQWHUORFN��GRZHO�DFWLRQ�DQG�
FRPSUHVVLRQ�]RQH��

�

&ULWLFDO�VKHDU�GLVSOD�
FHPHQW�

0RGHO�E\�
7XH�HW�DO��

6KHDU�IDLOXUH�KDSSHQV�ZKHQ�
WKH�FULWLFDO�VKHDU�FUDFN�
UHDFKHV�D�FHUWDLQ�OHQJWK��
6KHDU�LV�WUDQVIHUUHG�E\�XQ�
FUDFNHG�DQG�FUDFNHG�FRQ�
FUHWH��

�

3UHVHQFH�DQG�OHQJWK�
RI�WKH�FULWLFDO�VKHDU�
FUDFN�
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�
7KH�DIRUHPHQWLRQHG�PRGHOV�GLVDJUHH�RQ�WKH�WULJJHU�RI�VKHDU�IDLOXUH��%XW��WKHVH�PRGHOV�DUH�VWLOO�YDOX�
DEOH� LQ� XQGHUVWDQGLQJ� WKH� VKHDU� IDLOXUH�� HYHQ�ZLWK� VRPH� OLPLWDWLRQV� RU� FULWLFL]DWLRQV��:H� FDQ� OHDUQ�
IURP�WKHVH�PRGHOV�LQ�WKH�IROORZLQ�DVSHFWV��

�� ,Q�5HLQHFN¶V�WRRWK�PRGHO��&6&7�DQG�&6'7��DJJUHJDWH�LQWHUORFN�KLJKO\�FRQWULEXWHV�WR�WKH�
VKHDU�FDSDFLW\��/DUJHU�FUDFN�RSHQLQJ�UHVXOWV�LQ�OHVV�DJJUHJDWH�LQWHUORFN��7KHUHIRUH��FUDFN�
RSHQLQJ�LV�VWURQJO\�UHODWHG�WR�WKH�VKHDU�FDSDFLW\��&UDFN�RSHQLQJ�DW�FULWLFDO�ORFDWLRLQ�FDQ�EH�DQ�
LQGLFDWRU�RI�VKHDU�IDLOXUH��

�� )URP�WRRWK�PRGHO�DQG�PRGHO�E\�7XH�HW�DO���FUDFN�WLS�RSHQLQJ�QHDU�WKH�QHXWUDO�OLQH�WULJJHUV�WKH�
VKHDU�IDLOXUH��7KHUHIRUH��SDUDPHWHUV�UHODWHG�WR�FUDFN�WLS�DFWLYLWLHV�FDQ�EH�VKHDU�IDLOXUH�LQGLFD�
WRUV��

�� 6KHDU�IDLOXUH�LV�FRQVLGHUHG�VWDUWLQJ�IURP�WKH�FUDFN�WLS�RSHQLQJ��ZKLFK�LQ�WXUQ�ZLOO�UHVXOW�LQ�ORVV�
RI�DJJUHJDWH�LQWHUORFN�DQG�RSHQLQJ�RI�GRZHO�FUDFN��7KH�LQWHUDFWLRQ�RI�WKHVH�WKUHH�HIIHFWV�OHDGV�
WR�WKH�VXGGHQ�FROODSVH��

�� :DYH�EDVHG�0RQLWRULQJ�RI�6KHDU�)DLOXUH�
,Q� WKH�SUHVHQWHG�VKHDU�IDLOXUH�PRGHOV�IRU� UHLQIRUFHG�FRQFUHWH�PHPEHUV�ZLWKRXW�VKHDU�UHLQIRUFHPHQW��
FUDFN�RSHQLQJ� LV�FRQVLGHUHG�DQ� LPSRUWDQW�SDUDPHWHU� LQ� WKH� IRUPXOD�RI� VKHDU�FDSDFLW\��%DVHG�RQ� WKH�
DIRUHPHQWLRQHG�PRGHOV�� VRPH� UHVHDUFKHUV� SURSRVHG� IDLOXUH� LQGLFDWRUV� UHODWHG� WR� WKH� FUDFN� RSHQLQJ��
OLNH�WKH�FUDFN�RSHQLQJV�LQ�VKHDU�]RQH�DQG�IOH[XUDO�]RQH��'LHWHUHQ��%LJDM�YDQ�9OLHW�HW�DO���������FUDFN�
RSHQLQJ�LQ�VKHDU�GLUHFWLRQ��<DQJ��=iUDWH�*DUQLFD�HW�DO��������DQG�WKH�PD[LPXP�IOH[XUDO�FUDFN�RSHQ�
LQJ�ZLWK� WKH�DSSOLHG�VKHDU�IRUFH� �%HQLWH]��/DQWVRJKW�HW�DO���������7KHUHIRUH��GLVSODFHPHQW�PHDVXUH�
PHQW�WHFKQLTXHV�KDYH�EHHQ�ZLGHO\�DSSOLHG�WR�PHDVXUH�WKH�FUDFN�RSHQLQJ��LQFOXGLQJ�WKH�GLVSODFHPHQW�
PHDVXUHPHQW� DW� IL[HG� ORFDWLRQV� OLNH�/9'7�DQG� ODVHU�� DQG� IXOO�ILHOG�GLVSODFHPHQW�PHDVXUHPHQW� OLNH�
GLJLWDO� LPDJH� FRUUHODWLRQ� �',&�� �%HUJPHLVWHU� ������� 7KHVH� WHFKQLTXHV� PHDVXUH� WKH� GLVSODFHPHQW�
GLUHFWO\�IURP�WKH�FKDQJH�RI�UHODWLYH�ORFDWLRQ��

+RZHYHU��WKH�GLUHFW�GLVSODFHPHQW�PHDVXUHPHQWV�UHTXLUH�DFFHVVDELOLW\�WR�WKH�LQWHUHVWLQJ�]RQH��7KLV�
FKDOOHQJHV� WKHLU� GHWHFWDELOLW\�� HVSHFWLDOO\� IRU� LQWHUQDO� FUDFNV��:DYH�EDVHG� WHFKQLTXH� LV� D� SURPLVLQJ�
VROXWLRQ�DV�LW�FDQ�GHWHFW�WKH�GDPDJHV�UHPRWHO\��7KH�VHQVRUV�GRQ¶W�QHHG�WR�EH�QH[W�WR�WKH�LQQHU�FUDFNV��
0RUHRYHU�� ZDYH�EDVHG� WHFKQLTXH� LV� YHU\� VHQVLWLYH� WR� FKDQJHV� LQ� FRQFUHWH�� LQFOXGLQJ� FUDFNLQJ�� WKH�
SUHVHQFH�RI�FUDFNV��DQG�WKH�VWUHVV�FKDQJHV���

:LWK�GLIIHUHQW�ZRUNLQJ�SULQFLSOHV��ZDYH�EDVHG� WHFKQLTXH�JHQHUDOO\�FDQ�EH�FDWHUJRUL]HG� LQWR� WZR�
W\SHV��SDVVLYH�PHDVXUHPHQW��ZKHUH�VRXUFH�VLJQDO�LV�JHQHUDWHG�E\�FRQFUHWH�FKDQJHV�OLNH�FUDFNLQJ��DQG�
DFWLYH�PHDVXUHPHQW�� ZKHUH� VRXUFH� VLJQDO� LV� VHQW� E\� WUDQVGXFHUV�� 7KLV� VHFWLRQ� UHYLHZV� WKH�ZRUNLQJ�
SULQFLSOHV�DQG�DSSOLFDWLRQV�RI�WKH�SDVVLYH�PHDVXUHPHQW�DQG�WKH�DFWLYH�PHDVXUHPHQW��%DVHG�RQ�WKLV��D�
GLVFXVVLRQ�RQ�SRVVLEOH�ZDYH�EDVHG�LQGLFDWRUV�RI�VKHDU�IDLOXUH�LV�FDUULHG�RXW��

���� 3DVVLYH�PHDVXUHPHQW�
3DVVLYH�PHDVXUHPHQW�RIWHQ�UHIHUV�WR�$FRXVWLF�(PLVVLRQ��$(���6XGGHQ�FKDQJHV�LQ�FRQFUHWH��OLNH�FUDFN�
LQJ��ZLOO�UHOHDVH�HQHUJ\�ZKLFK�H[FLWHV�HODVWLF�ZDYHV��7KH�HODVWLF�ZDYHV�SURSDJDWH�WR�WKH�$(�VHQVRUV�
DQG�DUH�FRQYHUWHG�LQWR�HOHFWULF�VLJQDOV��%\�FRQWLQXRXVO\�UHFRUGLQJ�DQG�SURFHVVLQJ�WKH�$(�VLJQDOV��$(�
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>��@� .HYLQO\�� &��� )�� =KDQJ�� <�� <DQJ�� '�� 'UDJDQRY� DQG� &�� :HHPVWUD� �������� $� 6WXG\� RQ�
0RQLWRULQJ�0XOWL�VFDOH�&RQFUHWH�0HPEHUV�ZLWK�&RGD�ZDYH�,QWHUIHURPHWU\�8VLQJ�(PEHGGHG�
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WLPH� WRPRJUDSK\� RQ� WKH� EDVLV� RI� HYROXWLRQDO� ZDYH� YHORFLW\� GLVWULEXWLRQ� PRGHO��� 3URF��
6WUXFWXUDO�)DXOWV�DQG�5HSDLU�������(G��0��)RUGH���-XQH���������
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>��@� /DQGLV�� (��1�� DQG� /�� %DLOORQ� �������� �([SHULPHQWV� WR� 5HODWH�$FRXVWLF�(PLVVLRQ� (QHUJ\� WR�

)UDFWXUH�(QHUJ\�RI�&RQFUHWH���-RXUQDO�RI�(QJLQHHULQJ�0HFKDQLFV�128��������������
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>��@� 2KWVX��0�����������5HFRPPHQGDWLRQ�RI�5,/(0�7&�����$&'��$FRXVWLF�HPLVVLRQ�DQG�UHODWHG�
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88�����

>��@� 6FKXEHUW��)����������%DVLF�SULQFLSOHV�RI�DFRXVWLF�HPLVVLRQ�WRPRJUDSK\��
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>��@� =KDQJ�� )�� DQG� <�� <DQJ� �������� $FRXVWLF� (PLVVLRQ� EDVHG� &UDFN� 7UDFNLQJ� IRU� ([LVWLQJ�
&RQFUHWH�6WUXFWXUDO�0HPEHUV���WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$FRXVWLF�(PLVVLRQ��
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�8QLYHUVLW\�RI�=DJUHE�)DFXOW\�RI�&LYLO�(QJLQHHULQJ�
)UD�$QGULMH�.DþLüD�0LRãLüD�����������=DJUHE��&URDWLD�

$EVWUDFW�
,W�LV�ZHOO�HVWDEOLVKHG�WKDW�LQ�(XURSH��PDVRQU\�LV�RQH�RI�WKH�PRVW�FRPPRQO\�XVHG�PDWHULDOV�LQ�FRQVWUXF�
WLRQ�GXH� WR� LWV�FKDUDFWHULVWLFV�DQG�FRQVWUXFWLRQ�VLPSOLFLW\�� ,Q�DGGLWLRQ��WKH�PDMRULW\�RI�EXLOGLQJV� WKDW�
KDYH�DQ\�FXOWXUDO�DQG�KLVWRULFDO�VLJQLILFDQFH�LQ�(XURSH�DUH�EXLOW�LQ�PDVRQU\��6HHLQJ�WKDW�PRVW�RI�WKHVH�
PDVRQU\�VWUXFWXUHV�ZHUH�EXLOW�EHIRUH�WKH�GHYHORSPHQW�RI�VHLVPLF�UHJXODWLRQV��PDQ\�RI�WKHP�QHHG�WR�
EH� HYDOXDWHG� DQG�� LI� QHHGHG�� VWUHQJWKHQHG�� 7RGD\�� VWDQGDUGV� DQG� JXLGHOLQHV� IRU� WKH� DVVHVVPHQW� RI�
H[LVWLQJ�PDVRQU\�VWUXFWXUHV�GR�H[LVW�EXW�DUH�QRW�YHU\�FRPSUHKHQVLYH�DQG�UHTXLUH�D�ORW�RI�HQJLQHHULQJ�
VXEMHFWLYH�MXGJPHQW�WR�LPSOHPHQW��)XUWKHUPRUH��WKH�HQHUJ\�UHQRYDWLRQ�RI�H[LVWLQJ�EXLOGLQJV�LV�RQH�RI�
WKH�PRVW� SUHVVLQJ�PDWWHUV� LQ� WKH� FRQVWUXFWLRQ� VHFWRU� WRGD\�� EXW� VWUXFWXUDO� DVSHFWV� DUH� VRPHZKDW� LJ�
QRUHG�DQG�RU�GLVUHJDUGHG��6LQFH�JUHDW�ILQDQFLDO�UHVRXUFHV�DUH�LQWHQGHG�IRU�HQHUJ\�UHQRYDWLRQ�WKURXJK�
RXW�(XURSH��LW�VHHPV�WKDW�VWUXFWXUDO�XSGDWLQJ�DQG�VWUHQJWKHQLQJ�FDQ�DQG�PXVW�EH�DQ�DGGHG�YDOXH�IRU�WKH�
HQHUJ\�UHQRYDWLRQ�RI�EXLOGLQJV��7KLV�VSHFLILFDOO\�DSSOLHV�WR�PDVRQU\�VWUXFWXUHV��ZKLFK�LQ�PRVW�FDVHV�
QHHG�VHLVPLF�VWUHQJWKHQLQJ��7KH�DVVHVVPHQW�WHFKQLTXHV�IRFXV�PDLQO\�RQ�GDPDJH�LGHQWLILFDWLRQ��GDP�
DJH� ORFDOL]DWLRQ� DQG� GDPDJH� HYDOXDWLRQ� DV� ZHOO� DV� GHWHUPLQDWLRQ� RI� FHUWDLQ� PDWHULDO� SURSHUWLHV� RI�
H[LVWLQJ�VWUXFWXUHV��7KH�GLDJQRVHV�DUH�EDVHG�RQ�WKH�GHVLJQ�SURFHGXUHV�RI�QHZ�VWUXFWXUHV�DQG�WKH�SODQ�
QLQJ�RI�LQWHUYHQWLRQV�RIWHQ�VXJJHVWV�UHLQIRUFHPHQW��7KH�FXUUHQW�SUDFWLFH�RI�WKH�DVVHVVPHQW�RI�H[LVWLQJ�
VWUXFWXUHV�PLJKW� QRW� EH� FRQVLGHUHG� VXLWDEOH� WR� IDFLOLWDWH� FRQILGHQW� GHFLVLRQV� DERXW� WKH� UHOLDELOLW\� RI�
VWUXFWXUHV��7KH�PDLQ�REMHFWLYH�RI�WKH�$5(6�SURMHFW��SDUWLDOO\�SUHVHQWHG�LQ�WKLV�DUWLFOH��LV�WR�VWXG\�WKH�
UROH�RI�DVVHVVPHQW�RQ�WKH�UHOLDELOLW\�DQDO\VLV�RI�H[LVWLQJ�VWUXFWXUHV��

�� ,QWURGXFWLRQ�
$FFRUGLQJ�WR�YDULRXV�OLWHUDWXUH�DQG�UHFHQW�HYHQWV�� LW� LV�FHUWDLQ�WKDW�PDVRQU\�LV�RQH�RI�WKH�PRVW�FRP�
PRQO\�XVHG�PDWHULDOV�DFURVV�WKH�ZRUOG��GXH�WR�LWV�FRQVWUXFWLRQ�VLPSOLFLW\�DQG�FKDUDFWHULVWLFV��'HVSLWH�
WKH� IDFW� WKDW� WKH�XVH� RI�PDVRQU\� DV� D� EXLOGLQJ�PDWHULDO� LQ� HDUWKTXDNH�SURQH� UHJLRQV� SRLQWHG� RXW� LWV�
OLPLWDWLRQV��OLPLWHG�WHQVLOH�UHVLVWDQFH��UHOHYDQW�PDVV�DQG�VWLIIQHVV���H[WHQVLYH�UHVHDUFK�KDV�EHHQ�FDUULHG�
RXW�LQ�WKH�ODVW�IHZ�GHFDGHV�PDLQO\�IRFXVLQJ�RQ�WKH�PDWHULDO�FKDUDFWHULVWLFV�DQG�VWUXFWXUDO�EHKDYLRXU�RI�
PDVRQU\�� HYHQ�XQGHU� H[WUHPH� ORDGV� VXFK� DV� HDUWKTXDNHV��7KHVH� HIIRUWV� HQDEOHG� HQJLQHHUV� WR�GHVLJQ�
PDVRQU\�VWUXFWXUHV�RQ�VRXQG�DQG�VDIH�SULQFLSOHV��ZLWK�JUHDWHU�H[DFWLWXGH��HFRQRP\�DQG�FRQILGHQFH��,I�
LW�LV�WDNHQ�LQWR�DFFRXQW�WKDW�PRVW�RI�WKH�EXLOGLQJV�ZLWK�KLJK�FXOWXUDO�VLJQLILFDQFH�DQG�KLVWRULFDO�LPSRU�
WDQFH�DUH�EXLOW�LQ�PDVRQU\��LW�LV�TXLWH�FOHDU�WKDW�WKH�DVVHVVPHQW�DQG�UHKDELOLWDWLRQ�RI�H[LVWLQJ�PDVRQU\�
VWUXFWXUHV�PXVW�EH�FRQGXFWHG�RQ�D�YHU\�KLJK�OHYHO���

7KH�PDLQ�JRDO�RI�D�VHLVPLF�GHVLJQ� LV� WR�SURWHFW�SURSHUW\�DQG� OLYHV� LQ�EXLOGLQJV� LQ�FDVH�RI�HDUWK�
TXDNH� HYHQWV�� +RZHYHU�� D� SURSHU� VHLVPLF� GHVLJQ� VKRXOG� EH� GHYHORSHG� RQ� WKH� NQRZOHGJH� JDWKHUHG�
IURP� H[LVWLQJ� VWUXFWXUHV�� 3DVW� HYHQWV� KDYH� VKRZHG� WKDW� VHLVPLF� ORDGV� FDXVH� VLJQLILFDQW� GDPDJH� WR�
PDVRQU\�EXLOGLQJV�GXH�WR�WKHLU�ODUJH�PDVV�DQG�VWLIIQHVV��*LYHQ�WKDW�D�JUHDW�QXPEHU�RI�SHRSOH�DFURVV�
WKH�ZRUOG�OLYH�DQG�ZRUN�LQ�PDVRQU\�EXLOGLQJV�WKLV�UHSUHVHQWV�D�JUHDW�ULVN��)XUWKHUPRUH��D�KXJH�QXPEHU�
RI�WKHVH�EXLOGLQJV�ZHUH�EXLOW�EHIRUH�WKH�GHYHORSPHQW�RI�VHLVPLF�FRGHV��VR�QR�FRQILQLQJ�RU�UHLQIRUFLQJ�
HOHPHQWV�H[LVW��%DVHG�RQ�DOO�RI�WKH�DERYH��D�FRQFLVH�VWUDWHJ\�IRU�PDVRQU\�EXLOGLQJV�PXVW�EH�DFWLYDWHG��

7KH�VHLVPLF�EHKDYLRXU�RI�EXLOGLQJV�GHSHQGV�RQ�VHYHUDO�LPSRUWDQW�IDFWRUV�VXFK�DV�PDWHULDO�SURSHU�
WLHV��WKH�JHRPHWU\�RI�D�VWUXFWXUH��VWLIIQHVV�SURSHUWLHV�DQG�PDQ\�PRUH��7KXV��WKH�LVVXH�RI�VHLVPLF�YXO�
QHUDELOLW\�RI�XQGHUSHUIRUPLQJ�H[LVWLQJ�PDVRQU\�VWUXFWXUHV� LV�YHU\�FRPSOH[� >�@��³6HLVPLF�YXOQHUDELO�
LW\´� FDQ�EH� FRQYHQWLRQDOO\�GHILQHG� DV� D�PHDVXUH�RI� WKH� LQDGHTXDF\�RI� D�JLYHQ� VWUXFWXUH� WR� UHVLVW� WR�
VHLVPLF�DFWLRQV�>�@��0RGHUQ�PHWKRGV�IRU� WKH�DVVHVVPHQW�RI�VHLVPLF�YXOQHUDELOLW\�DUH�UHSUHVHQWHG�E\�
GHVLJQ�FXUYHV�ZKLFK�H[SUHVV�WKH�SK\VLFDO�YXOQHUDELOLW\�DV�D�IXQFWLRQ�RI�WKH�LQWHQVLW\�RI�WKH�SURFHVV�DQG�
WKH�GHJUHH�RI�ORVV�>�@��+RZHYHU��ZKHQ�LW�FRPHV�WR�PDVRQU\��VHLVPLF�YXOQHUDELOLW\�LV�TXLWH�GLIILFXOW�WR�
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DVVHVV�DQG�LW�UHTXLUHV�D�QXPEHU�RI�VSHFLDOL]HG�WHFKQLFDO�VNLOOV�>�@��%XW�DUH�WKHVH�PHWKRGV�LQ�XVH�DSSOL�
FDEOH�WR�WKH�DVVHVVPHQW�RI�H[LVWLQJ�PDVRQU\�EXLOGLQJV"�

7KLV�TXHVWLRQ�UHPDLQV�XQDQVZHUHG�VLQFH�H[WHQVLYH�UHVHDUFK�QHHGV�WR�EH�FDUULHG�RXW�RQ�WKH�WRSLFV�
RI�VHLVPLF�ULVN�DQG�YXOQHUDELOLW\�DVVHVVPHQW��7UDGLWLRQDO�DVVHVVPHQW�PHWKRGV��LQ�PRVW�FDVHV��DUH�ZHOO�
NQRZQ� WR� DOORZ� WKH� DVVHVVPHQW� RI� RQO\� WKH� DFWXDO� FRQGLWLRQ� RI� D� JLYHQ� H[LVWLQJ� VWUXFWXUH�� RQFH� LWV�
VWDELOLW\� KDV� DOUHDG\� EHHQ� FRPSURPLVHG�� ,Q� WKLV� SDSHU�� DVVHVVPHQW� PHWKRGV� RI� FULWLFDO� SURSHUWLHV�
�VWUXFWXUDO�DQG�PDWHULDO�SDUDPHWHUV��DUH�SUHVHQWHG�IRU�PDVRQU\�VWUXFWXUHV��$�IRFXV�LV�VHW�RQ�WKH�DYDLO�
DEOH�PHWKRGV�DEOH� WR�SURYLGH�FUXFLDO�GDWD�DQG� IHHGEDFN� IRU�SUHYHQWLQJ� IDLOXUH�PHFKDQLVPV�DQG�FRO�
ODSVHV�XQGHU�H[WUHPH�GHVLJQ�ORDGV��
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$SSUR[LPDWHO\� ����� RI� &URDWLD¶V� EXLOGLQJ� VWRFN� LV� ROGHU� WKDQ� ��� \HDUV�� DQ� DJH� UHTXLULQJ� UHQRYD�
WLRQ�PRGLILFDWLRQ�RI�SULPDU\�VWUXFWXUDO�FRPSRQHQWV��0RUH�WKDQ������LV�ROGHU�WKDQ����\HDUV��PHDQLQJ�
WKDW�WKH�VHUYLFH�OLIH�RI�WKHVH�EXLOGLQJV�KDV�H[SLUHG��)LQDOO\��LQ�WKH�EXLOGLQJ�VHFWRU�LQ�&URDWLD�������RI�
WKH�H[SHQVHV�DUH�DVVLJQHG�WR�WKH�GHPROLWLRQ�RU�UHKDELOLWDWLRQ�RI�H[LVWLQJ�VWUXFWXUHV��)LJ�����OHIW���>�@��

�

������ ��
)LJ���� �OHIW��,QYHVWPHQW��+5.��IRU�WKH�UHQRYDWLRQ�RI�&URDWLDQ�QDWLRQDO�EXLOGLQJ�VWRFN�>�@���ULJKW��

7\SLFDO�PDVRQU\�EXLOGLQJ�LQ�=DJUHE��SKRWR�E\�,��+DIQHU���

0RVW�RI�&URDWLDQ�EXLOGLQJV�FRQVWUXFWHG�LQ�WKH�SHULRG�EHIRUH�WKH�����V��ZKHQ�WKH�VHLVPLF�FRGHV�ZHUH�
LQWURGXFHG� WR� WKH� FLYLO� HQJLQHHULQJ� FRPPXQLW\�� ZHUH� EXLOW� XVLQJ� WUDGLWLRQDO� FRQVWUXFWLRQ� PDWHULDOV�
VXFK�DV�PDVRQU\�DQG�WLPEHU��)LJ�����ULJKW����%XLOGLQJV�ZHUH�EXLOW�DV�IXOO�EULFN�PDVRQU\�VWUXFWXUHV�ZLWK�
������FP�WKLFN�ZDOOV�DQG�ZRRGHQ�FHLOLQJV��8QIRUWXQDWHO\��LW�LV�UHFRJQL]HG�WKDW�LQ�&URDWLD�WKH�PDMRULW\�
RI�UHVLGHQWLDO�EXLOGLQJV�ROGHU�WKDQ����\HDUV�DUH�PDVRQU\�VWUXFWXUHV�ZLWKRXW�DGHTXDWH�ERQGLQJ�HOHPHQWV�
FRQQHFWLQJ�WKH�IORRUV�DQG�WKH�ZDOOV�>�@���

�� �0DLQWHQDQFH�LVVXHV�RI�H[LVWLQJ�PDVRQU\�VWUXFWXUHV�
([LVWLQJ� VWUXFWXUHV� FDQ� EH� GLYLGHG� LQWR� WZR� JURXSV� UHJDUGLQJ� WKHLU� YDOXH�� 6RPH� EXLOGLQJV� KDYH� D�
KLJKHU�HFRQRPLFDO�YDOXH�OLNH�PRVW�RI�WKH�PRGHUQ�EXLOGLQJV�WKDW�H[LVW�WRGD\��DQG�VRPH�EXLOGLQJV�KDYH�
D�PRUH�QRQ�PDWHULDO�YDOXH�OLNH�KHULWDJH�VWUXFWXUHV��FXOWXUDO�DQG�KLVWRULFDO�EXLOGLQJV����

$FFRUGLQJO\��WKH�DVVHVVPHQW�RI�H[LVWLQJ�VWUXFWXUHV�FDQ�EH�SHUIRUPHG�LQ�GLIIHUHQW�VWHSV�ZLWK�D�GLI�
IHUHQW� OHYHO�RI�SUHFLVLRQ��7KH� OHYHO�RI�SUHFLVLRQ�GHSHQGV�RQ� WKH� LPSRUWDQFH�RI� WKH�EXLOGLQJ�DVVHVVHG�
DQG� FDQ�EH� DFKLHYHG�E\�EUHDNLQJ�GRZQ� WKH� DVVHVVPHQW� LQWR�SKDVHV��7KH�QXPEHU�RI� WKHVH�SKDVHV� LV�
GHSHQGHQW�RQ�D�QXPEHU�RI� IDFWRUV� OLNH� WKH� UHPDLQLQJ� OHYHO�RI�GRXEW�� VLPSOLFLW\�DQG�RU� IHDVLELOLW\�RI�
UHSDLU�HWF��WDNLQJ�LQWR�DFFRXQW�WKH�HFRQRPLF�DVSHFWV�>�@���

:KHQ�LW�FRPHV�WR�PDVRQU\�VWUXFWXUHV�SHU�VH��D�YDULHW\�RI�DVVHVVPHQW�PHWKRGV�GR�H[LVW��EXW�WKHLU�
IUHTXHQF\�DQG�VFRSH��WKH�GHFLVLRQ�PDNLQJ�SURFHVV�DQG�WKH�QHFHVVDU\�LQWHUYHQWLRQV�DUH�QRW�\HW�DJUHHG�
XSRQ��7KH�QHHG� IRU�DQ�DVVHVVPHQW�RI�DQ�H[LVWLQJ�VWUXFWXUH�FDQ�FRPH� IURP�D�QXPEHU�RI� UHDVRQV� >�@��
%HVLGHV�WKDW��WKHUH�PD\�EH�VLWXDWLRQV�ZKHUH�TXHVWLRQV�DUH�UDLVHG�UHJDUGLQJ�WKH�GHVLJQ�DVVXPSWLRQV�RI�D�
EXLOGLQJ��,Q�WKH�IROORZLQJ�VFHQDULRV�D�UH�DVVHVVPHQW�RI�D�VWUXFWXUH�PLJKW�EH�QHFHVVDU\� >�@��H[WHQGHG�
VHUYLFH�OLIH��FKDQJH�LQ�XWLOL]DWLRQ��UHTXLUHG�LQFUHDVH�LQ�WKH�OHYHO�RI�UHOLDELOLW\��ODFN�RI�PDLQWHQDQFH�DQG�
LQVSHFWLRQ��LQDGHTXDWH�VHUYLFHDELOLW\��H[SRVXUH�WR�H[WUHPH�ORDGV��DYDLODELOLW\�RI�QHZ�NQRZOHGJH�JDWK�
HUHG�IURP�QHJDWLYH�H[SHULHQFH�IURP�VLPLODU�VWUXFWXUHV�DQG�UHYLVHG�GHVLJQ�FRGHV�HWF��
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�� $VVHVVPHQW�PHWKRGV�
0DVRQU\� VWUXFWXUHV� DUH� FRPSRVLWH� V\VWHPV�PDGH� IURP�PDVRQU\� XQLWV� WKDW� DUH� FRQQHFWHG� E\�PRUWDU�
OD\HUV��%RWK�FDQ�EH�PDGH�RI�GLIIHUHQW�PDWHULDOV�ZLWK�GLIIHUHQW�FKDUDFWHULVWLFV��%HVLGHV�WKH�W\SH�RI�WKH�
PDWHULDO�XVHG�� WKH�RYHUDOO�PHFKDQLFDO�EHKDYLRXU�FDQ�EH�DIIHFWHG�E\�D�QXPEHU�RI� IDFWRUV�VXFK�DV�JH�
RPHWU\�RI�PDVRQU\�XQLWV��OHQJWK��ZLGWK��KHLJKW��YROXPH�RI�KROHV�HWF����WKH�WKLFNQHVV�RI�PRUWDU�DQG�WKH�
DUHD� LW� FRYHUV�� )RU� WKH� DVVHVVPHQW� RI�PDVRQU\� VWUXFWXUHV� VSHFLILFDWLRQV�RI� FRPSUHVVLYH� VWUHQJWK� DUH�
RIWHQ�UHTXLUHG��$VVHVVLQJ�WKH�YDULDELOLW\�RI�WKHVH�SURSHUWLHV�DQG�WKH�XQFHUWDLQW\�LQ�WKH�PRGHOOLQJ�RI�WKH�
PDVRQU\�FRPSUHVVLYH�VWUHQJWK�LV�KHQFH�D�WRSLF�RI�JUHDW�LPSRUWDQFH�>�@���

:KHQ�LW�FRPHV�WR�H[LVWLQJ�VWUXFWXUHV�WKH�SUREOHP�OLHV�LQ�WKH�XQFHUWDLQW\�RI�WKH�VWUHQJWK�FODVVHV�RI�
WKH�PDWHULDOV�XVHG��7KHUHIRUH��WKH�DVVHVVPHQW�PHWKRGV�XVHG�VKRXOG�DLP�DW�LGHQWLI\LQJ�WKHVH�SURSHUWLHV�
ZLWK� WKH�KLJKHVW�GHJUHH�RI�FHUWDLQW\�VR� WKDW� WKH�XQFHUWDLQW\�UHJDUGLQJ� WKH�UHVLVWDQFH�RI�D�VWUXFWXUH� LQ�
ZKROH�LV�UHGXFHG�WR�D�PLQLPXP��

3DUDPHWHUV� WKDW� DUH� DOZD\V�PHDVXUHG� GXULQJ� WKH� DVVHVVPHQW� RI� D�PDVRQU\� VWUXFWXUH� DUH� �D�� WKH�
FRPSUHVVLYH�VWUHQJWK�RI�PDVRQU\�XQLWV���E��WKH�FRPSUHVVLYH�VWUHQJWK�RI�PDVRQU\�PRUWDU���F��WKH�FRP�
SUHVVLYH�VWUHQJWK�RI�FRQFUHWH�LQILOO��LI�DQ\����G��WKH�VWUHQJWK�RI�UHLQIRUFLQJ�VWHHO�EDUV��LI�DQ\����H��WKH�
FRPSUHVVLYH�� VKHDU� DQG� IOH[XUDO� VWUHQJWK� RI�PDVRQU\�� �I�� WKH�0RGXOXV� RI� (ODVWLFLW\� �0R(�� DQG� WKH�
JHRPHWU\�RI�WKH�PDVRQU\�VWUXFWXUH��VL]H�DQG�ORFDWLRQ�RI�EHDULQJ�ZDOOV��ORFDWLRQ�DQG�VL]H�RI�RSHQLQJV����

)RU� REWDLQLQJ� WKHVH� SDUDPHWHUV� VHYHUDO� 1'7� �1RQ�'HVWUXFWLYH� 7HVWLQJ�� PHWKRGV� DUH� XVHG� DQG�
VXPPDUL]HG�LQ�7DEOH���DQG�)LJXUH����

7DEOH��� $YDLODEOH� 1RQ�'HVWUXFWLYH� 7HVWLQJ� �1'7�� DVVHVVPHQW� PHWKRGV� IRU� H[LVWLQJ� PDVRQU\�
VWUXFWXUHV���

1'7�0HWKRG� 'HYLFH� :KDW�,V�0HDVXUHG"� +RZ�,V�,W�0HDVXUHG"� 5HIHUHQFHV�

9LVXDO�LQVSHFWLRQ� �� 4XDOLW\� RI� PDVRQU\�
�PHFKDQLFDO� SD�
UDPHWHUV�� GLPHQ�
VLRQ��VKDSH���PRUWDU�
DQG� ZDOO� FRQQHF�
WLRQV�

:LWKRXW� D� GHYLFH�� XVLQJ� D�
EDVH�VHW� RI� UXOHV� �L�H��� 0D�
VRQU\�TXDOLW\�LQGH[�04,��

%RUUL�HW�DO��
>��@�

0HDVXUHPHQW� RI�
UHLQIRUFHPHQW�
ORFDWLRQ�

*URXQG� 3HQH�
WUDWLQJ� 5DGDU�
�*35��

/RFDWLRQ� �GHSWK�� RI�
UHLQIRUFHPHQW�

7KH� GHYLFH� LV� SODFHG� RQ� WKH�
PHDVXUHG� VXUIDFH� DQG�PRYHG�
DORQJ� D� OLQHDU� D[LV� �ZLWK� D�
FDOLEUDWLRQ� QHHGHG��� WUDQVPLW�
WLQJ�UDGLR�ZDYH�VLJQDOV�LQWR�D�
VWUXFWXUH� DQG� GHWHFWLQJ� HFK�
RHV�

$JUHG��
.O\V]� DQG�
%DOD\VVDF�
>��@�

0HDVXUHPHQW� RI�
PDVRQU\� XQLW�
KDUGQHVV�

5HERXQG�
KDPPHU�
�6FKPLGW�
KDPPHU��

&RPSUHVVLYH�
VWUHQJWK�RI�PDVRQU\�
XQLWV�� PRUWDUV� DQG�
EXLOW�PDVRQU\�

$�SUHGHILQHG�QXPEHU�RI� WHVWV�
LV�FRQGXFWHG�LQ�ERWK�KRUL]RQ�
WDO� DQG� YHUWLFDO� GLUHFWLRQ�
�ZLWK�D�FDOLEUDWLRQ�QHHGHG��

%UH\VVH� HW�
DO��>��@��
6êNRUD� HW�
DO��>��@�

6WUHVV� ZDYH�
WUDQVPLVVLRQ�

8OWUDVRQLF�
3XOVH�9HORFLW\�
WHVW� �839��
WHVW�5HVRQDQW�
IUHTXHQF\� WHVW�
�5)��

&RPSUHVVLYH�
VWUHQJWK�RI�FRQFUHWH�
RU�PDVRQU\�

839�WZR� WUDQVGXFHUV� DUH�
SODFHG� RQ� WZR� VLGHV� RI� WKH�
VSHFLPHQ�DIWHU�ZKLFK�WKH�WLPH�
RI� ZDYH� WUDYHO� LV� PHDVXUHG�
5)�D� SLH]RPHWULF� VHQVRU� LV�
XVHG� ZLWK� GLIIHUHQW� DWWDFK�
PHQW� WHFKQLTXHV� WR� REWDLQ�
UHVRQDQW�IUHTXHQF\�

6DMLG�HW�DO��
>��@�
�

8OWUDVRQLF� YHORF�
LW\�WHVWLQJ�

,PSDFW� KDP�
PHU� DQG� DF�
FHOHURPHWHU�

&KDUDFWHUL]DWLRQ� RI�
PDVRQU\� ZDOO� KR�
PRJHQHLW\� DQG�
YDULDELOLW\�

2Q�RSSRVLWH�VLGHV�RI�WKH�ZDOO��
DQ� LPSDFW� KDPPHU� DQG� DQ�
DFFHOHURPHWHU�DUH�SODFHG��7KH�
PHFKDQLFDO� LPSXOVH� LV� JHQHU�

0HVTXLWD�
HW�DO��>��@�
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DWHG� E\� WKH� KDPPHU� VWULNLQJ�
WKH�PDWHULDO� DQG� WKH� VLJQDO� LV�
WKHQ� UHFHLYHG� E\� WKH� DFFHOHU�
RPHWHU��

6RQLF� YHORFLW\�
WHVWLQJ�

�

,PSDFW� KDP�
PHU� DQG� DF�
FHOHURPHWHU�

/RFDWLRQ� RI� KHWHUR�
JHQHLWLHV�� YRLGV� RU�
LQFOXVLRQV� RI� RWKHU�
PDWHULDOV� LQ� PD�
VRQU\�HOHPHQWV�

2Q�RSSRVLWH�VLGHV�RI�WKH�ZDOO��
DQ� LPSDFW� KDPPHU� DQG� DQ�
DFFHOHURPHWHU� DUH� SODFHG��
DIWHU� ZKLFK� WKH� PHFKDQLFDO�
LPSXOVH� LV� JHQHUDWHG� E\� WKH�
KDPPHU� VWULNLQJ� WKH�PDWHULDO�
DQG� WKH� VLJQDO� LV� WKHQ� UH�
FHLYHG�E\�WKH�DFFHOHURPHWHU�

0DUWLQL� HW�
DO��>��@�
9DOOX]]L�HW�
DO��>��@�

6XUIDFH� SHQHWUDW�
LQJ�UDGDU�

*URXQG� 3HQH�
WUDWLQJ� 5DGDU�
�*35��

/RFDWLRQ� �GHSWK�� RI�
UHLQIRUFHPHQW��
WKLFNQHVV� RI� HOH�
PHQWV�� SRVLWLRQ� RI�
YRLGV� DQG� PRLVWXUH�
FRQWHQW�

7KH� GHYLFH� LV� SODFHG� RQ� WKH�
PHDVXUHG� VXUIDFH� DQG�PRYHG�
DORQJ� D� OLQHDU� D[LV� �ZLWK� D�
FDOLEUDWLRQ� QHHGHG�� WUDQVPLW�
WLQJ�UDGLR�ZDYH�VLJQDOV�LQWR�D�
VWUXFWXUH� DQG� GHWHFWLQJ� HFK�
RHV�

0DUWLQL� HW�
DO��>��@�
:DL�/RN�
/DL��
'pUREHUW�
DQG�$QQDQ�
>��@�

,QIUDUHG� WKHUPR�
JUDSK\�

7KHUPRJUDSK\�
FDPHUDV�
9LVXDO� ,5�
WKHUPRPHWHUV�

'HIHFWV� LQ� WKH�
EXLOGLQJ¶V� HQYH�
ORSH�� WKH� PRQLWRU�
LQJ� RI� UHLQIRUFLQJ�
VWHHO� LQ� FRQFUHWH��
WKH� GHWHFWLRQ� RI�
PRLVWXUH�HWF��

7KH� VSHFLPHQ� LV� XQGHU� WKHU�
PDO� VWLPXODWLRQ� DQG� LWV� VXU�
IDFH� WHPSHUDWXUH� YDULDWLRQ� LV�
PRQLWRUHG� GXULQJ� WKH� KHDWLQJ�
RU� FRROLQJ� SKDVH� �WKH� SUHV�
HQFH� RI� LQKRPRJHQHLW\� LQ� D�
PDWHULDO� FDXVHV� ORFDO� WHP�
SHUDWXUH�YDULDWLRQV��

0HROD�
>��@�

%RUHVFRSH� DQG�
PRUWDU� KDUGQHVV�
ZLWK� SHQGXOXP�
UHERXQG�KDPPHU�

%RUHVFRSH�DQG�
SHQGXOXP�
UHERXQG�
KDPPHU�

%RUHVFRSH�
DQRPDOLHV� DQG�
LQWHUQDO� ZDOO� FRP�
SRQHQWV�� VXFK� DV�
WLHV�� IODVKLQJ� DQG�
GUDLQDJH�FDYLWLHV�
3HQGXOXP� UHERXQG�
KDPPHU�PRUWDU�
W\SH�DQG�VWUHQJWK�

7KH�ERUHVFRSH�LV�LQVHUWHG�LQWR�
VPDOO� KROHV� GULOOHG� LQWR� PRU�
WDU� MRLQWV� �ZLWK� ILEHU� RSWLFV�
DQG�LQWHUQDO�OLJKW�VRXUFH��
7KH� SHQGXOXP� UHERXQG�
KDPPHU�XWLOL]HV�D�ORZ�HQHUJ\�
LPSDFW� DQG� WKH� UHVXOWLQJ�
UHERXQG�IURP�WKH�VXUIDFH�RI�D�
PRUWDU� MRLQW� LV� XVHG� WR�PHDV�
XUH�VXUIDFH�KDUGQHVV�

6FKXOOHU�
>��@�

)ODW�MDFN�WHVWV� )ODW�MDFNV� 'HIRUPDELOLW\�
SDUDPHWHUV� LQ� FRP�
SUHVVLRQ�� FRPSUHV�
VLYH� VWUHQJWK� DQG�
VKHDU� VWUHQJWK�
SDUDPHWHUV�

7ZR� FXWV� DUH� PDGH� ZLWK� D�
SUHGHILQHG� GLVWDQFH� EHWZHHQ�
WKHP� �KRUL]RQWDO� FXWV� IRU�
FRPSUHVVLRQ��YHUWLFDO�FXWV�IRU�
VKHDU���DIWHU�ZKLFK�WKH�MDFN�LV�
LQIODWHG� ZLWK� D� OLTXLG� WKDW�
WUDQVPLWV�K\GURVWDWLF�SUHVVXUH�

3DULYDOODO�
HW� DO�� >��@��
6LP}HV� HW�
DO��>��@���

$FRXVWLF�HPLVVLRQ� � 7KH� GDPDJH� HYROX�
WLRQ� LQ� PDVRQU\��
HYDOXDWLRQ� RI� WKH�
UHOLDELOLW\� RI� UHLQ�
IRUFLQJ� WHFKQLTXHV��
DQDO\VLV� RI� UHVLGXDO�
FDSDFLW\�RI�PDVRQU\�

$�JURXS�RI�WUDQVGXFHUV�DUH�VHW�
WR� UHFRUG� VLJQDOV�� WKHQ� ORFDWH�
WKH�SUHFLVH�DUHD�RI�WKHLU�RULJLQ�
E\�PHDVXULQJ�WKH�WLPH�IRU�WKH�
VRXQG� WR� UHDFK� GLIIHUHQW�
WUDQVGXFHUV��

,QYHUQL]]L�
HW�DO��>��@�
�
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)LJ���� �OHIW�� *URXQG� SHQHWUDWLQJ� UDGDU� >��@�� �PLGGOH�� 3HQGXOXP� UHERXQG� KDPPHU� >��@�� �ULJKW��

7KH�IODW�MDFN�WHVW�>��@�

6XSSOHPHQWDU\�WR�WKH�DVVHVVPHQW�PHWKRGV��D�FRQWLQXRXV�6WUXFWXUDO�+HDOWK�0RQLWRULQJ��6+0��V\VWHP�
PLJKW�EH�RI�JUHDW�XVH�IRU�D�EHWWHU�XQGHUVWDQGLQJ�RI�WKH�DFWXDO�EHKDYLRXU�RI�D�JLYHQ�VWUXFWXUH��6LQFH�WKLV�
ZD\�RI�PRQLWRULQJ�D� VWUXFWXUH� LV�TXLWH�XVHIXO�� LW� VKRXOG�EH�VHHQ�DV�D�JRDO� WR�HQKDQFH� WKH�EHQHILW�RI�
6+0�E\�WKH�XWLOL]DWLRQ�RI�DSSOLHG�GHFLVLRQ�DQDO\VLV�RQ�KRZ�WR�DVVHVV�WKH�YDOXH�RI�6+0�HYHQ�EHIRUH�LW�
LV� LPSOHPHQWHG��%\�XVLQJ�6+0�WHFKQLTXHV� WKH�GHFLVLRQ�PDNLQJ�EDVLV� IRU� WKH�GHVLJQ��RSHUDWLRQ�DQG�
OLIH�F\FOH� PDQDJHPHQW� FDQ� EH� PXFK� LPSURYHG� DQG� FDQ� IDFLOLWDWH� PRUH� FRVW�HIILFLHQW� DQG� UHOLDEOH�
VWUDWHJLHV�IRU�PDLQWDLQLQJ�DQG�GHYHORSLQJ�WKH�EXLOW�VRFLHW\�>��@��

�� 7KH�$5(6�3URMHFW�
0DLQWHQDQFH�RI�WKH�EXLOGLQJ�VWRFN�WRGD\�LV�QRW�RQO\�DQ�LVVXH�WKDW�FRQFHUQV�WKH�FLYLO�HQJLQHHULQJ�FRP�
PXQLW\��EXW� LW� LV�DOVR�DQ�HQYLURQPHQWDO��VRFLDO�DQG�UHVRXUFH�HIILFLHQF\� LVVXH� WKDW�VKRXOG�FRQFHUQ� WKH�
JHQHUDO�SXEOLF���

7KH�ZLGH�UDQJH�RI�DVVHVVPHQW�PHWKRGV�SUHVHQWHG�LQ�WKH�SUHYLRXV�SDUDJUDSK�VKRZV�WKDW�D�ELJ�VWHS�
IRUZDUG�KDV�EHHQ�WDNHQ�LQ�WKLV�ILHOG�LQ�UHFHQW�\HDUV��EXW�WKLV�KDV�QRW�\HW�FKDQJHG�WKH�TXDOLW\�RI�DVVHVV�
PHQW�LQ�UHJDUG�WR�WKH�HYDOXDWLRQ�RI�WKH�UHOLDELOLW\�RI�DQ�HQWLUH�VWUXFWXUH��6LQFH�PRVW�PHWKRGV�IRFXV�RQ�
WKH�GHWHUPLQDWLRQ�RI�ORFDO�SURSHUWLHV�DQG�GDPDJHV�WKDW�GR�QRW�UHSUHVHQW�WKH�SURSHUWLHV�DQG�WKH�FDSDFLW\�
RI�DQ�HQWLUH�VWUXFWXUH�LW�LV�REYLRXV�ZK\�WKHVH�PHWKRGV�DUH�FRQVLGHUHG�LQVXIILFLHQW��$GYDQFHG�PHWKRGV�
IRU�WKH�DVVHVVPHQW�RI�H[LVWLQJ�VWUXFWXUHV�PDNH�XVH�RI�XSGDWHG�LQIRUPDWLRQ�EXW�XQIRUWXQDWHO\�WKDW�LV�QRW�
TXLWH�WKH�FDVH�ZLWK�PDVRQU\�VWUXFWXUHV�>��@±>��@���

$W�WKLV�PRPHQW�WKH�DVVHVVPHQW�PHWKRGV�DQG�WKH�GHVLJQ�FKHFNV�RI�H[LVWLQJ�VWUXFWXUHV�DUH�QRW�DW�WKH�
VDPH�OHYHO��:LWKRXW�KLJK�TXDOLW\�JXLGHOLQHV�LW�LV�GLIILFXOW�WR�DSSURDFK�D�SUREOHP�ZKLFK�FRQVHTXHQWO\�
UHVXOWV�LQ�D�IDOVH�LQWHUSUHWDWLRQ�RI�FROOHFWHG�GDWD�DQG�D�ZURQJ�GHFLVLRQ�PDNLQJ�SURFHVV�IRU�WKH�UHKDELOL�
WDWLRQ�RI�DQ�H[LVWLQJ�VWUXFWXUH��7KH�GHYHORSPHQW�RI�LQYHVWLJDWLRQ�WHFKQLTXHV�IRU�WKH�XSGDWLQJ�RI�PDWH�
ULDO�SURSHUWLHV�ZLOO�KHOS�ZLWK�WKH�XQFHUWDLQWLHV�DVVRFLDWHG�ZLWK�WKH�SUHGLFWLRQ�RI�WKH�VWUXFWXUDO�EHKDY�
LRXU�RI�H[LVWLQJ�VWUXFWXUHV���

7KH�$5(6�SURMHFW��IXQGHG�E\�WKH�&URDWLDQ�6FLHQFH�)RXQGDWLRQ��ZDV�HVWDEOLVKHG�ZLWK�WKH�LGHD�RI�
LURQLQJ�RXW�WKH�PHQWLRQHG�LQVXIILFLHQFLHV��7KH�DLP�LV�WR�GHOLYHU�D�EDVLV�IRU�WKH�DGYDQFHG�DVVHVVPHQW�
DQG�WKH�GHVLJQ�RI�H[LVWLQJ�VWUXFWXUHV��DOORZLQJ�D�PRUH�HFRQRPLF�GHVLJQ�DQG�D�PRUH�DFFXUDWH�DQDO\VLV�
RI�WKH�FRQVHTXHQFH�RI�IDLOXUH��7R�VXP�LW�XS��WKH�LGHD�LV�WR�LPSURYH�WKH�ZD\�DVVHVVPHQW�LV�FDUULHG�RXW��
6WDQGDUG�PHWKRGV� ZLOO� EH� FRPSDUHG�� DQG� WKH� QHFHVVDU\� SURFHGXUHV� ZLOO� EH� GHWHUPLQHG� WR� VLPSOLI\�
DVVHVVPHQW� IRU�SUDFWLFDO�XVH��)XUWKHUPRUH�� LW� LV�DVSLUHG� WR�GHYHORS�JHQHUDO�JXLGHOLQHV�� WR� UHYLHZ� WKH�
VDIHW\�IDFWRUV�LQ�SODFH�DQG�WR�JDWKHU�JUHDW�NQRZOHGJH�DERXW�WKH�EXLOGLQJ�VWRFN�LQ�&URDWLD�LQ�JHQHUDO��
:LWK�WKH�NQRZOHGJH�JDLQHG�LQ�WKLV�SURMHFW��&URDWLDQ�VRFLHW\�RI�HQJLQHHUV�ZLOO�KDYH�DQ�RSSRUWXQLW\�WR�
DFWLYHO\�SDUWLFLSDWH�LQ�WKH�UHVHDUFK�DQG�ZLOO�FRQWULEXWH��YLD�1DWLRQDO�6WDQGDUGL]DWLRQ�&RPPLWWHH��WR�D�
SURGXFWLRQ�RI�D�QHZ�VWDQGDUG��
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�� &RQFOXVLRQ�
7KH�&URDWLDQ�DQG�WKH�(XURSHDQ�EXLOGLQJ�VWRFN�FRQVLVW�RI�PDQ\�PDVRQU\�VWUXFWXUHV�WKDW�DUH�YXOQHUDEOH�
WR�VHLVPLF�DFWLYLWLHV��7R�UHGXFH�WKLV�YXOQHUDELOLW\��WKH\�DUH�VWUHQJWKHQHG�ZLWK�PRVWO\�VWHHO�DQG�VRPH�
WLPHV�QRQ�PHWDOOLF�UHLQIRUFHPHQW�DIWHU�WKH�DVVHVVPHQW�LV�SHUIRUPHG��6LQFH�VXVWDLQDELOLW\�LV�EHFRPLQJ�
D�SUHYDLOLQJ� LVVXH�� WKH�JHQHUDO�DLP�VHHPV�WR�EH�VKLIWLQJ�IURP�EXLOGLQJ�QHZ�VWUXFWXUHV� WR� WKH�PDLQWH�
QDQFH�RI� H[LVWLQJ�RQHV��7KDW� LV�ZK\� WKH� DVVHVVPHQW� RI� VWUXFWXUDO� EHKDYLRXU� DQG� VWUHQJWKHQLQJ� WHFK�
QLTXHV�DUH�EHFRPLQJ�D�KRW�WRSLF�LQ�WKH�FLYLO�HQJLQHHULQJ�VRFLHW\��+RZHYHU��PDQ\�TXHVWLRQV�UHJDUGLQJ�
VHLVPLF� YXOQHUDELOLW\� DQG� WKH� DVVHVVPHQW� RI� PDVRQU\� VWUXFWXUHV� UHPDLQ� XQDQVZHUHG� HYHQ� ZLWK� WKH�
WRROV�DQG�WHFKQLTXHV�WKDW�DUH�DOUHDG\�DW�GLVSRVDO��2QH�RI�WKH�PDLQ�LVVXHV�OLHV�LQ�WKH�IDFW�WKDW�PRVW�RI�
WKH�KLVWRULF�DQG�D�JUHDW�DPRXQW�RI�UHVLGHQWLDO�EXLOGLQJV�DUH�EXLOW�ZLWK�PDVRQU\��VR�ERWK�WKH�HFRQRPLF�
DQG�FXOWXUDO�DVSHFW�DUH�DW�ULVN��$OVR��LQ�PRVW�FDVHV�WKH�DFFHVV�WR�WKH�LQWHULRU�RI�D�EXLOGLQJ�LV�QRW�HYHQ�
SRVVLEOH�VR�WKH�DUUD\�RI�DVVHVVPHQW�PHWKRGV�DQG�UHWURILWWLQJ�WHFKQLTXHV�GHFUHDVHV�VLJQLILFDQWO\��)XU�
WKHUPRUH��RQ�D�PRUH�JOREDO�VFDOH��HQHUJ\�HIILFLHQF\�LV�FXUUHQWO\�EHLQJ�LPSURYHG�LQ�D�ORW�RI�VWUXFWXUHV�
ZLWKRXW� DQ\� VHLVPLF� RU� HYHQ� VWUXFWXUDO� FRQVLGHUDWLRQV�� 6RPH� VLPSOH� VROXWLRQV� PD\� OHDG� WR� D� ODUJH�
LPSURYHPHQW�LQ�VHLVPLF�EHKDYLRXU��VXFK�DV�DGGLQJ�KRUL]RQWDO�VWHHO�URGV�WR�HQVXUH�D�ER[�W\SH�EHKDY�
LRXU�RI�D�VWUXFWXUH��

0RVW�RI�WKH�H[LVWLQJ�UXOHV�DQG�VWDQGDUGV�UHJXODWH�WKH�GHVLJQ�RI�QHZ�VWUXFWXUHV�EXW�WKH�PDLQWHQDQFH�
DQG�LI�QHHGHG�UHSDLU�DUH�QRW�HODERUDWHG�WKDW�ZHOO��6RPH�JXLGHOLQHV�DQG�GRFXPHQWV�GR�H[LVW��EXW�WKH\�
QHHG�WR�EH�LPSURYHG��7KDW�LV�ZK\�IXUWKHU�UHVHDUFK�DERXW�PDWHULDO�SURSHUWLHV�DQG�WKHLU�YDULDELOLW\��ULVN�
DVVHVVPHQW� DQG�PRGHOOLQJ� DUH� QHHGHG�� &XUUHQWO\�� WKHUH� LV� D� KXJH� NQRZOHGJH� JDS�� HVSHFLDOO\� LQ� WKH�
DVVHVVPHQW�PHWKRGV�DQG�GHVLJQ�FKHFNV�IRU�H[LVWLQJ�VWUXFWXUHV��LQ�HYHU\�DVSHFW�RI�WKH�DVVHVVPHQW�SURF�
HVV��

)LUVW�RI�DOO�� LW� LV�YHU\� LPSRUWDQW� WR�GHILQH�ZKLFK�SDUDPHWHUV�QHHG� WR�EH� WHVWHG�DQG�ZKLFK�FDQ�EH�
FDOFXODWHG�RU�DSSUR[LPDWHG��L�H�� ,V� LW�QHFHVVDU\� WR�PHDVXUH�PRUWDU�FKDUDFWHULVWLFV�RU�DUH� WKH\�VLPLODU�
IRU�WKH�&URDWLDQ�EXLOGLQJ�VWRFN"���7KH�SODQ�RI�WKH�SURMHFW�LV�WR�PDNH�FDVH�VWXGLHV�RQ�H[LVWLQJ�PDVRQU\�
VWUXFWXUHV�WR�IRUP�DQ�H[DFW�SURFHGXUH��6HFRQGO\��WKH�LGHD�LV�WR�ILQG�DQ�HFRQRPLF�DSSURDFK�IRU�PRGHO�
OLQJ� VXFK� D� VHULHV�RI� VWUXFWXUHV� VLQFH� WKH� FXUUHQW�SUDFWLFH� LV� XVXDOO\� HLWKHU� WR� FRPSOH[�RU� WR� VLPSOH��
7KLV�ZLOO�EH�DFKLHYHG�E\�PRGHOOLQJ�D�VWUXFWXUH�ZLWK�YDULRXV�LQSXW�GDWD�DQG�DIWHUZDUGV�WU\LQJ�WR�DVVHVV�
WKH�VWUXFWXUH�EHIRUH�WKH�WHVWLQJ��7KH�YDOXHV�ZLOO�EH�FRPSDUHG�WR�WKH�RQHV�SURYLGHG�E\�WHVWV�DQG�PRGHOV�
ZLOO�EH�FDOLEUDWHG��7KLV�SURFHGXUH�ZLOO�EH�UHSHDWHG�XQWLO�D� UHOLDEOH�V\VWHP�ZLOO�EH�REWDLQHG��7KLUGO\��
JDSV� H[LVW� LQ� WKH�ZD\� VWUHQJWKHQLQJ� LV� HQVXUHG� �ZKLFK� VDIHW\� IDFWRUV� FDQ�EH� H[SHFWHG� IRU� D� VSHFLILF�
VWUHQJWKHQLQJ�WHFKQLTXH��PDVRQU\�DQG�VWDQGDUG�SUDFWLFH�FKDUDFWHULVWLF�RI�&URDWLD"�+RZ�GRHV�VWUHQJWK�
HQLQJ�LQIOXHQFH�WKH�SDUDPHWHUV�IRU�PRGHOOLQJ"�HWF����

7KH�$5(6�SURMHFW�WULHV�WR�DGGUHVV�WKHVH�VKRUWFRPLQJV��DOORZLQJ�IRU�D�PRUH�HFRQRPLF�GHVLJQ�DQG�
D�PRUH�DFFXUDWH�DQDO\VLV�RI�WKH�FRQVHTXHQFHV�RI�IDLOXUH��

$FNQRZOHGJHPHQW�
7KLV� ZRUN� KDV� EHHQ� IXOO\� VXSSRUWHG�VXSSRUWHG� LQ� SDUW� E\� &URDWLDQ� 6FLHQFH� )RXQGDWLRQ� XQGHU� WKH�
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$EVWUDFW�
,Q�VHLVPLF�,WDOLDQ�UHJLRQV��WKH�EXLOGLQJ�VWRFN�LV�FKDUDFWHUL]HG�E\�D�ODUJH�SHUFHQWDJH�RI�5&��5HLQIRUFHG�
&RQFUHWH��*UDYLW\�/RDG�'HVLJQHG� �*/'�� IUDPH�EXLOGLQJV�ZLWKRXW� VHLVPLF�SURYLVLRQV�DQG� VWUXFWXUDO�
GHWDLOV��$� VLJQLILFDQW�QXPEHU�RI�HDUWKTXDNHV� WKDW� FDXVHG�JUHDW� HFRQRPLF� ORVVHV� DQG� FDVXDOWLHV�KDYH�
KLJKOLJKWHG�WKH�FUXFLDO�UROH�RI�FRUUHFWO\�LGHQWLI\LQJ�WKH�ORFDO�DQG�JOREDO�IUDPH�PHFKDQLVPV�DV�WKH�DFWXDO�
GHPDQG�LGHQWLILFDWLRQ�ZLWKLQ�IUDPH�VZD\�PHFKDQLVPV��,Q�WKLV�SDSHU��QRQ�OLQHDU�SXVKRYHU�DQDO\VHV�KDYH�
EHHQ�FDUULHG�RXW�WR�DVVHVV�WKH�VHLVPLF�SHUIRUPDQFH�RI�D�*/'�FDVH�VWXG\�EXLOGLQJ��ERWK�FRQVLGHULQJ�DQG�
QHJOHFWLQJ�WKH�EHDP�FROXPQ�MRLQWV�QRQ�OLQHDU�EHKDYLRU�DQG�GHIRUPDWLRQ�FDSDFLW\��7KH�PDLQ�JRDO�LV�WR�
LQYHVWLJDWH��LQ�ERWK�FDVHV��WKH�VLJQLILFDQW�GLIIHUHQFH�LQ�WHUPV�RI�SUHGLFWHG�ORFDO�KLHUDUFK\�RI�VWUHQJWK��
JOREDO�V\VWHP�UHVSRQVH��DQG�VHLVPLF�ULVN�FODVVHV�DFKLHYHG��7KH�ODWWHU�FODVVLILFDWLRQ�KDV�EHHQ�HYDOXDWHG�
XVLQJ�WKH�VLPSOLILHG�PHWKRGRORJ\�UHFHQWO\�LQWURGXFHG�E\�WKH�,WDOLDQ�0LQLVWHULDO�'HFUHH�1R�����������

�� ,QWURGXFWLRQ�
:RUOGZLGH�VHLVPLF�HYHQWV�DUH� WKH�XQIRUWXQDWH�JUHDWHVW�GHPRQVWUDWLRQ�DQG� UHPLQGHU�RI�KRZ�H[LVWLQJ�
UHLQIRUFHG�FRQFUHWH��5&��?EXLOGLQJV�KDYH�LQDGHTXDWH�VWUXFWXUDO�SHUIRUPDQFH�DJDLQVW�KRUL]RQWDO�DFWLRQV��
7KHLU�VWUXFWXUDO�ZHDNQHVVHV�DUH�RIWHQ�UHODWHG�WR�WKH�VKHDU�IDLOXUH�RI�WKH�EHDP�FROXPQ�MRLQWV�>�@��>�@��
ZKLFK�ZHUH�JHQHUDOO\� GHVLJQHG�ZLWKRXW� VWLUUXSV� LQ� WKH� SDQHO� ]RQH� FRQQHFWLRQ� DQG�ZLWKRXW� DGHTXDWH�
FRQVWUXFWLRQ� GHWDLOV�� DFFRUGLQJ� WR�SUH�VHLVPLF� FRGHV� RI� WKH� WLPH� >�@�>�@��:LWKLQ� WKH� ,WDOLDQ� EXLOGLQJ�
VWRFN��LW�LV�HVWLPDWHG�WKDW�����RI�WKH�H[LVWLQJ�EXLOGLQJV�KDYH�EHHQ�FRQVWUXFWHG�LQ�ZKDW��DW�WKH�WLPH��ZHUH�
FRQVLGHUHG�µQR�VHLVPLF�DUHDV¶��EDVHG�RQ�WKH�REVROHWH�VHLVPLF�]RQH�FODVVLILFDWLRQ�RI�WKH����������
V�>�@�
>�@��0RVW�RI�WKH�SUH�����V�UHLQIRUFHG�FRQFUHWH�VWUXFWXUHV�ZHUH�QRW�GHVLJQHG�ZLWK�FDSDFLW\�GHVLJQ�SKL�
ORVRSK\��WKXV�OHDGLQJ�WR�D�VWURQJ�EHDP�DQG�ZHDN�FROXPQ��VRIW�VWRUH\��PHFKDQLVP��:KHQ�IXUWKHU�FRQ�
VLGHULQJ� WKH� OLNHOLKRRG�RI�D�EULWWOH� MRLQW� IDLOXUH�� WKH�UHFXUUHQW� ODUJH�QXPEHU�RI�YLFWLPV�DQG�HFRQRPLF�
ORVVHV�VKRXOG�QRW�FRPH�±�DQ\PRUH���WR�D�VXUSULVH�>�@��>��@��XUJLQJ�IRU�D�UHWURILWWLQJ�LQWHUYHQWLRQ�>��@�
>��@�DQG��PRUH�DSSURSULDWHO\��IRU�D�UHQHZHG�SURDFWLYH�DSSURDFK�IRU�WKH�GHYHORSPHQW�RI�D�FRRUGLQDWHG�
QDWLRQDO�SODQ�IRU�VHLVPLF�ULVN�UHGXFWLRQ�>��@�,Q�WKH�UHFHQW�SDVW��H[SHULPHQWDO�DQG�QXPHULFDO�VWXGLHV�KDYH�
IRFXVHG�RQ� WKH� HYDOXDWLRQ�RI� WKH� VHLVPLF�SHUIRUPDQFHV�RI� SRRUO\�GHWDLOHG�EHDP�FROXPQ� MRLQWV��7KH�
VWURQJ�VHLVPLF�YXOQHUDELOLW\�RI�5&�EXLOGLQJV�RSHQV�GLIIHUHQW�UHVHDUFK�WRSLFV�IRU�WKH�GHYHORSPHQW�DQG�
YDOLGDWLRQ�RI�FDSDFLW\�PRGHOV�DQG�DQDO\WLFDO�WRROV�WR�UHOLDEO\�DVVHVV�WKH�VHLVPLF�SHUIRUPDQFH�RI�MRLQWV���

,Q�WKLV�SDSHU��ZLWK�WKH�DLP�RI�KLJKOLJKWLQJ�WKH�HIIHFW�RI�MRLQWV�GHIRUPDELOLW\�RQ�WKH�RYHUDOO�VWUXFWXUDO�
SHUIRUPDQFH��DQ�H[LVWLQJ��'�5&�IUDPH�KDV�EHHQ�PRGHOHG��7ZR�W\SHV�RI�MRLQW�PRGHOLQJ�DSSURDFKHV�DUH�
LQYROYHG��WKH�ILUVW�RQH�GRHV�QRW�FRQVLGHU�MRLQW�GHIRUPDELOLW\��ZKHUHDV�WKH�VHFRQG�RQH�FRQWDLQV�D�VLPSOL�
ILHG�PDFUR�PRGHO�IRU�WKH�MRLQW�FRUH��ZKLFK�WDNHV�LQWR�DFFRXQW�WKH�MRLQW�VWUHQJWK�GHIRUPDWLRQ�FDSDFLW\�
>�@��>�@��>��@��7KH�SURSRVHG�IUDPH�KDV�D�VWURQJ�EHDP�ZHDN�FROXPQ�KLHUDUFK\�DQG�WKH�ODFN�RI�SURSHU�
WUDQVYHUVH�UHLQIRUFHPHQWV� LQ�WKH�MRLQW�SDQHO� OHDGV� WR�D�SUHPDWXUH�VKHDU�IDLOXUH��7KH�ILUVW�JRDO�RI�WKLV�
ZRUN�LV�WR�FRPSDUH��IRU�WKH�FDVH�VWXG\�EXLOGLQJ��WKH�GLIIHUHQFHV�EHWZHHQ�D�FODVVLF�PRGHOLQJ�DSSURDFK�
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WKDW�FRQVLGHUV� WKH�SDQHO� ]RQH�DV� LQILQLWHO\� ULJLG��DQG�D� VLPSOLILHG�PRGHOLQJ�DSSURDFK� WKDW� WDNHV� LQWR�
DFFRXQW�WKH�URWDWLRQDO�FDSDFLW\�RI�WKH�MRLQW�>�@��>��@��7KH�PDLQ�GLIIHUHQFHV�LQ�WHUPV�RI�JOREDO�EDVH�VKHDU�
GLVSODFHPHQW�FXUYHV��FRQVLGHULQJ�RU�QHJOHFWLQJ�MRLQW�GHIRUPDELOLW\��WKURXJK�D�QRQ�OLQHDU�VWDWLF�DQDO\VLV��
KDYH�EHHQ�TXDQWLILHG��7KH�VLPSOLILHG�VHLVPLF�ULVN�FODVV�HYDOXDWLRQ�FRQVWLWXWHV�D�IXUWKHU�JRDO��

�� 5&�)UDPH�EXLOGLQJ�
$Q�H[LVWLQJ�SUH������QRQ�GXFWLOH�5&�IUDPH�EXLOGLQJ�GHVLJQHG�IRU�JUDYLW\�ORDGV�RQO\�DQG�FKDUDFWHUL]HG�
E\�WKH�DEVHQFH�RI�DQ\�VHLVPLF�GHVLJQ�FULWHULD�KDV�EHHQ�FRQVLGHUHG��7KH�EXLOGLQJ�LV�ORFDWHG�LQ�/¶$TXLOD��
,WDO\��RQ�&�VRLO�FODVV��7KLV�FDVH�VWXG\�UHVSHFWV�WKH�FRQVWUXFWLRQ�UXOHV�REVHUYHG�IRU�WKH�JUDYLW\�ORDG�GH�
VLJQ��VR�LW�LV�FKDUDFWHUL]HG�E\�WKH�ODFN�RI�VWUXFWXUDO�VHLVPLF�GHWDLOV�DQG��RYHUDOO��E\�WKH�DEVHQFH�RI�DQ\�
&DSDFLW\�'HVLJQ��&'��SULQFLSOHV��DFFRUGLQJ�WR�WKH�,WDOLDQ�5�'������������DQG�HDUOLHU�>��@��7KH�SODQ�LV�
UHFWDQJXODU�LQ�VKDSH�DQG�KDV�WZR�ED\V��HDFK�RI�OHQJWK���P��LQ�WKH�WUDQVYHUVH�GLUHFWLRQ�DQG�IRXU��HDFK�RI�
OHQJWK� ��P�� LQ� WKH� ORQJLWXGLQDO�GLUHFWLRQ��7KH� VWUXFWXUH� VSUHDGV�RYHU� IRXU� OHYHOV�ZLWK� DQ� LQWHU�IORRU�
KHLJKW�HTXDO�WR���P��DV�VKRZQ�LQ�)LJ�����/HIW���7KH�FHQWUDO�IUDPH��KLJKOLJKWHG�LQ�WKH�GDVKHG�UHG�ER[�RI�
)LJ����%RWWRP���ZDV�XVHG�WR�FRQGXFW�ERWK�QRQ�OLQHDU�VWDWLF�DQDO\VLV�DQG�WKH�VHLVPLF�ULVN�FODVV�HYDOXDWLRQ��
DV�ZHOO��

�

�

�
�
�
�

�
�
�
�

�

�
)LJ���� �/HIW��3ODQ�YLHZ��UHFWDQJXODU�VKDSH��EHDU�IUDPH�IURQW�YLHZ��ORQJ�VLGH���0LGGOH��(OHPHQW¶V�

FURVV�VHFWLRQV���5LJKW��([WHULRU�MRLQWV�VWUXFWXUDO�GHWDLOV�

7KH�FROXPQV�DQG�EHDPV�VHFWLRQV�DUH�����î������𝑏  𝑥 ℎ ��PP��DQG�����î������𝑏  𝑥 ℎ ��PP���UHVSHF�
WLYHO\��&ROXPQV�DUH�UHLQIRUFHG�V\PPHWULFDOO\�ZLWK�WZR����PP�UHLQIRUFLQJ�EDUV�RQ�WKH�WRS�ERWWRP�VHF�
WLRQ��%HDPV�DUH�UHLQIRUFHG�DV�IROORZV��DW�WKH�H[WHUQDO�VXSSRUW�ZLWK�WZR����PP�EDUV�EHORZ�DQG�WZR����
PP�EDUV�DW�WKH�WRS��DW�WKH�LQWHUQDO�VXSSRUW�ZLWK�WZR����PP�EDUV�EHORZ�DQG�WKUHH����PP�EDUV�DW�WKH�WRS��
VHH�)LJ�����0LGGOH���1R�VWLUUXSV�DUH�SUHVHQW�LQ�WKH�MRLQW
V�SDQHO�]RQH��FRQFUHWH�FRUH���DV�W\SLFDO�RI�PRVW�
H[LVWLQJ�EXLOGLQJV�LQ�,WDOLDQ�DQG�0HGLWHUUDQHDQ�DUHDV�RI�WKH�SHULRG��VHH�)LJ�����5LJKW���5HJDUGLQJ�WKH�
PDWHULDOV�FKRLFH�� IRU� WKH�FRQFUHWH�� WKH�F\OLQGULFDO�VWUHQJWK��I
F��ZDV�FKRVHQ�HTXDO� WR����03D�DQG�WKH�
HODVWLF�PRGXOXV��(F��HTXDO�WR�������03D��6PRRWK�EDUV�RI�������������DQG���PP�LQ�GLDPHWHU�ZHUH�XVHG�
DV� ORQJLWXGLQDO� DQG� WUDQVYHUVH� UHLQIRUFHPHQW�� UHVSHFWLYHO\�� 7KH�PDLQ� VWHHO� SURSHUWLHV�ZHUH� \LHOGLQJ�
VWUHVV��I\��RI�DERXW�������03D��XOWLPDWH�VWUHVV��IX��RI�DERXW�����03D��DQG�DQ�HODVWLF�PRGXOXV��(V��RI�
DERXW�����*3D��$V�VWHHO�UHLQIRUFHPHQWV��VPRRWK�PLOG�VWHHO�EDUV�$T���ZHUH�XVHG��DFFRUGLQJ�WR�WKH�FRQ�
VWUXFWLRQ�SUDFWLFH�RI�SUH�����
V�H[LVWLQJ�EXLOGLQJV��

�
�
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0DULD�=XFFRQL��0DUFHOOR�6DEHQH��6WHIDQR�3DPSDQLQ��%DUEDUD�)HUUDFXWL� �� ����
�

�

�� *OREDO�IUDPH�PRGHOLQJ�LQFOXGLQJ�MRLQW�GHIRUPDELOLW\��
,Q�WKH�QXPHULFDO�PRGHO��WKH�VWUXFWXUDO�PHPEHUV�DUH�UHSUHVHQWHG�E\�OXPSHG��SODVWLFLW\�EHDP�HOHPHQWV��
2QFH�GHILQHG�WKH�HOHPHQWV�JHRPHWU\��UHLQIRUFHPHQW�GHWDLOV��DQG�PDWHULDO�SURSHUWLHV��WKH�PDLQ�JRDO�ZDV�
WR�SUHGLFW�WKH�VWUXFWXUDO�SHUIRUPDQFH�RI� WKH�FDVH�VWXG\�5&�IUDPH��ZLWK�LQDGHTXDWH�VHLVPLF�VWUXFWXUDO�
GHWDLOV��$�)RUFH�%DVHG�3ODVWLF�+LQJH��)%3+��HOHPHQW��EDVHG�RQ�WKH�IOH[LELOLW\�IRUPXODWLRQ��ZDV�FRQ�
VLGHUHG�>��@��7KH�)%3+�HOHPHQW�GLYLGHV�EHDPV�RU�FROXPQV�LQWR�WKUHH�SDUWV��WZR�KLQJHV�DW�WKH�HQGV�DQG�
D�OLQHDU�HODVWLF�UHJLRQ�LQ�WKH�PLGGOH��7KH�OHQJWK�RI�HDFK�KLQJH�ZDV�VSHFLILHG�XVLQJ�3ULHVWOH\�IRUPXODWLRQ�
>�@��
5HJDUGLQJ�WKH�MRLQW�SDQHOV��WKH\�DUH�PRGHOHG�LQ�WZR�ZD\V��L��E\�ULJLG�OLQNV��QHJOHFWLQJ�WKHLU�GHIRUPD�
ELOLW\��LL��E\�URWDWLRQDO�VSULQJV�DFFRXQWLQJ�ERWK�WKHLU�GHIRUPDELOLW\�DQG�WKHLU�QRQ�OLQHDU�EHKDYLRU��
)RU�ERWK�PRGHOV��IRU�VLPSOLFLW\��WKH�LQWHULRU�MRLQWV�ZHUH�PRGHOHG�ZLWK�ULJLG�OLQNV�QHJOHFWLQJ�WKHLU�GH�
IRUPDELOLW\�DQG�QRQ�OLQHDU�EHKDYLRU��)LJ�����5LJKW���DV�WKH\�W\SLFDOO\�VKRZ�D�ORZHU�VHLVPLF�YXOQHUDELOLW\�
WKDQ�WKH�H[WHULRU�RQHV�GXH�WR�D�PRUH�UHOLDEOH�GLDJRQDO�VWUXW�VKHDU�WUDQVIHU�PHFKDQLVP�HYHQ�LQ�WKH�DEVHQFH�
RI�VSHFLILF�VWLUUXSV���
,QVWHDG�� WKH� H[WHULRU� MRLQWV� ZHUH�PRGHOHG� ZLWK� D� VLPSOLILHG�PDFURPRGHO� ZKLFK� FRQVLGHUV� WKH� MRLQW�
VWUHQJWK�GHIRUPDWLRQ�FDSDFLW\�WKURXJK�D�URWDWLRQDO�VSULQJ�SODFHG�LQ�WKH�FRUH�RI�WKH�MRLQW�SDQHO�>�@��>��@��
DV�VKRZQ�LQ�)LJ�����/HIW���7KLV�VSULQJ�FDQ�UHSUHVHQW�WKH�MRLQW�EHKDYLRU�ERWK�LQ�WKH�OLQHDU�DQG�LQ�WKH�QRQ�
OLQHDU�UDQJHV��7KH�OLQNDJH�EHWZHHQ�WKH�MRLQW�SDQHO�DQG�FRQYHUJLQJ�HOHPHQWV��EHDPV��FROXPQV��LV�PRG�
HOHG�E\�ULJLG�OLQNV��7KH�MRLQW�VSULQJ�PRPHQW�URWDWLRQ�FKDUDFWHULVWLFV�DUH�GHULYHG�IURP�WKH�SULQFLSDO�WHQ�
VLOH��SW��RU�FRPSUHVVLRQ�VWUHVVHV��SF��YHUVXV�WKH�VKHDU�GHIRUPDWLRQ��J��UHODWLRQVKLS��ZKHUH�WKH�SULQFLSDO�
�WHQVLOH�RU�FRPSUHVVLRQ��VWUHVVHV�WDNH�LQWR�DFFRXQW�WKH�D[LDO�ORDG�DFWLQJ�RQ�HDFK�MRLQW��,W�KDV�WR�EH�KLJK�
OLJKWHG�WKDW��DV�SDUW�RI�D�VLPSOLILHG�PRGHOLQJ�DSSURDFK��WKH�D[LDO�ORDG�IRU�HDFK�MRLQW�LV�HYDOXDWHG�FRQ�
VLGHULQJ�WKH�JUDYLW\�ORDGLQJ�RQO\�ZKLOH�WKH�D[LDO�ORDG�YDULDWLRQ�GXH�WR�WKH�VHLVPLF�DFWLRQ�LV�QRW�GLUHFWO\�
PRGHOHG��<HW��LQ�WKH�HYDOXDWLRQ�RI�WKH�KLHUDUFK\�RI�VWUHQJWK�RI�WKH�EHDP�FROXPQ�MRLQW�ZLWKLQ�D�0�1�
LQWHUDFWLRQ�GRPDLQ�>��@��WKH�YDULDWLRQ�RI�WKH�D[LDO�ORDG�KDV�WR�EH�WDNHQ�LQWR�DFFRXQW��
,Q�WKLV�ZD\��WKH�H[WHULRU�EHDP�FROXPQ�MRLQW�VXEV\VWHP�FRPSULVHV�RI�IRXU�DUHDV�RI�OXPSHG�SODVWLFLW\��
UHSUHVHQWHG�E\�D�EHDP�SODVWLF�KLQJH�UHJLRQ��WZR�FROXPQ�SODVWLF�KLQJH�UHJLRQV��ERWK�DW�WKH�MRLQW
V�LQWHU�
IDFH���DQG�D�URWDWLRQDO�VSULQJ�LQ�WKH�MRLQW�SDQHO�ZKHQ�FRPSDUHG�WR�WKH�WZR�DUHDV�RI�WKH�LQWHULRU�RQH��
�

� �
)LJ���� �/HIW��([WHUQDO�EHDP�FROXPQ�MRLQW�QXPHULFDO�PRGHO���5LJKW��,QWHUQDO�EHDP�FROXPQ�MRLQW�QX�
PHULFDO�PRGHO��

([WHULRU�MRLQW�FRUH�VSULQJ�ZDV�LQFOXGHG�WKURXJK�D�=HUR�/HQJWK��=/��HOHPHQW�DQG�DQ�HODVWR�SODVWLF�FD�
SDFLW\�FXUYH� UHODWLRQVKLS�ZDV� DVVLJQHG� WR�GHVFULEH� LWV�EHKDYLRU� ERWK� LQ� OLQHDU� DQG�QRQ�OLQHDU� UDQJH��
1RWDEO\��LQ�WHUPV�RI�F\FOLF�EHKDYLRU��D�EHWWHU�K\VWHUHVLV�UXOH�WR�GHVFULEH�WKH�MRLQW�QRQ�OLQHDU�F\FOLF�EH�
KDYLRU�VKRXOG�KDYH�SLQFKHG�DQG�VWLIIQHVV�GHJUDGLQJ�FKDUDFWHULVWLFV��+RZHYHU��WKH�VFRSH�RI�WKH�SDSHU�LV�
WR�GHYHORS�DQG�DVVHVV�VLPSOLILHG�PRGHOLQJ�DSSURDFKHV�IRU�WKH�GDLO\�SUDFWLFH�RI�HQJLQHHUV�DQG�VXFK�PRUH�
FRPSOH[�UXOHV�DUH�RIWHQ�QRW�±�RU�QRW�\HW���DYDLODEOH�LQ�WKH�OLEUDU\�RI�W\SLFDOO\�DGRSWHG�FRPPHUFLDO�VRIW�
ZDUHV��

,Q�)LJ�����/HIW���WKH�FDSDFLW\�FXUYHV�IRU�WKH�H[WHUQDO�MRLQWV�DUH�UHSRUWHG��7KH\�DUH�DOO�HODVWR�SODVWLF�
DQG�KDYH�WKH�VDPH�URWDWLRQ�ERWK�DW�WKH�\LHOGLQJ�SRLQW�DQG�LQ�XOWLPDWH�FRQGLWLRQV��DFFRUGLQJ�WR�1=6((�
�����6HLVPLF�$VVHVVPHQW�*XLGHOLQHV�>����@��7KLV�LPSOLHV�WKDW�HDFK�MRLQW�KDV�D�GLIIHUHQW�FDSDFLW\�FXUYH�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� 6WUXFWXUDO�DQDO\VLV�DQG�GHVLJQ�

�

IRU�WKH�EHQGLQJ�0RPHQW�FDSDFLW\�0��ZKLFK�FORVHO\�GHSHQGV�RQ�IORRU�D[LDO�ORDG�YDOXH�1��,QVWHDG��DF�
FRUGLQJ�WR�>����@�WKH�GHIRUPDWLRQ�FDSDFLW\�LV�WKH�VDPH�IRU�HDFK�MRLQW�LQGHSHQGHQWO\�IURP�WKH�D[LDO�ORDG��
7KLV�DVSHFW�OHDGV�WR�WKH�HODVWLF�VHFWLRQV�KDYLQJ�GLIIHUHQW�.��VORSHV��PRYLQJ�IURP�WKH�VPDOOHVW�VORSH�DW�
WKH�ILUVW�IORRU�WR�WKH�JUHDWHVW�RQH�DW�WKH�ODVW��7KH�EHQGLQJ�PRPHQW�0��WKH�D[LDO�ORDG�1��WKH�.��VORSHV��DQG�
WKH�MRLQW�URWDWLRQV�DVVXPHG�DUH�DOO�UHSRUWHG�LQ�)LJ�����0LGGOH��DQG��5LJKW��WDEOHV��

�

�
�

�

)LJ���� �/HIW��([WHUQDO�MRLQWV�FRQVWLWXWLYH�ODZV���0LGGOH��7DEOHV�ZLWK�H[WHUQDO�MRLQWV�FDSDFLW\�YDO�
XHV���5LJKW��([WHULRU�MRLQWV�URWDWLRQ�YDOXHV�DFFRUGLQJ�WR�1=6((�����JXLGHOLQHV��

�� )DLOXUH�FULWHULD��
%HDPV�DQG�FROXPQV�GHIRUPDWLRQ�FDSDFLWLHV��GHILQHG�LQ�WHUPV�RI�FKRUG�URWDWLRQ�ș��DUH�VWURQJO\�LQ�

IOXHQFHG�E\�WKH�ODFN�RI�DGHTXDWH�VHLVPLF�GHWDLOV�LQ�WKH�ORQJLWXGLQDO�UHLQIRUFHPHQW��DV�ZHOO�DV�E\�WKH�W\SH�
RI�EDUV�XVHG��ZKHWKHU�WKH\�DUH�VPRRWK�RU�DQG�FROG�ZRUNHG�EULWWOH�VWHHO��,QDGHTXDWH�GHYHORSPHQW�RI�WKH�
RYHUODSV�DORQJ�WKH�EHDP
V�OHQJWK�DQG�FROXPQV�KHLJKW�MRLQHG�ZLWK�DQ�LQDSSURSULDWH�DQFKRULQJ�ZLWKLQ�WKH�
EHDP�FROXPQ�MRLQWV�FDQ�JRYHUQ�WKH�HOHPHQW�UHVSRQVH�DJDLQVW�WKH�VHLVPLF�DFWLRQ��GUDVWLFDOO\�OLPLWLQJ�LWV�
FDSDFLW\��7KH�SUHYLRXVO\�PHQWLRQHG�OLPLWDWLRQV�RQ�GHIRUPDWLRQ�FDSDFLW\�ZHUH�WKHUHIRUH�FRQVLGHUHG�WR�
YHULI\�WKH�HQWLUH�IUDPH�DJDLQVW�KRUL]RQWDO�DFWLRQV��

$FFRUGLQJ�WR�(&��3DUW�����$SSHQGL[�$��GHIRUPDWLRQ�FDSDFLW\�DQG�VKHDU�FDSDFLW\�FKHFNV�IRU�WKH�
RYHUDOO�IUDPH�HOHPHQWV�ZHUH�FDUULHG�RXW��7KH�IROORZLQJ�WKUHH�IDLOXUH�FULWHULD�IRU�EHDPV�DQG�FROXPQV��
DFFRUGLQJ�WR�(&��3DUW���ZHUH�FRQVLGHUHG��FKRUG�URWDWLRQ�FDSDFLW\�DW�/LJKW�'DPDJH�OLPLW�VWDWH��/'���
FKRUG�URWDWLRQ�FDSDFLW\�DW�/LIH�6DIHW\�OLPLW�VWDWH��/6��DQG�VKHDU�UHVLVWDQFH�DW�/LIH�6DIHW\�OLPLW�VWDWH��
0RUHRYHU��IRU�WKH�PRGHO�ZKHUH�WKH�QRQ�OLQHDU�EHKDYLRU�RI�H[WHULRU�MRLQWV�LV�LQFOXGHG��DQRWKHU�IDLOXUH�
FULWHULRQ�ZDV�DGGHG��$FFRUGLQJ�WR�1=6((������6HLVPLF�$VVHVVPHQW�*XLGHOLQHV�>��@��DV�UHSRUWHG�LQ�
VHFWLRQ��� MRLQW�XOWLPDWH� URWDWLRQ�(𝜗 = 1%)�ZDV� FRQVLGHUHG� DV� FDSDFLW\� FULWHULD� DQG� D� MRLQW�\LHOGLQJ�
URWDWLRQ� 𝜗 = 0.5% �ZDV�DGRSWHG�WR�UHSUHVHQW�WKH�RQVHW�RI�WKH�VLJQLILFDQW�QRQ�OLQHDU�VWDJH�RI�WKH�MRLQW�
EHKDYLRU���

�� &RPSDULVRQ�DQG�GLVFXVVLRQ�RI�WKH�UHVXOWV�
$�GLUHFW�FRPSDULVRQ�EHWZHHQ�WKH�QXPHULFDO�UHVXOWV�REWDLQHG�WKURXJK�WKH�SXVKRYHU�DQDO\VLV�RQ�WKH�FDVH�
VWXG\�IUDPH�SHUIRUPHG�ZLWK�WKH�WZR�PRGHOV�LV�UHSRUWHG�LQ�WKLV�VHFWLRQ�ZLWK�UHIHUHQFH�WR�JOREDO�UHVSRQVH�
FXUYHV��GDPDJH�GLVWULEXWLRQ�DQG�LQWHUVWRU\�GULIWV�UHDFKHG�DW�WKH�FRQVLGHUHG�OLPLW�VWDWHV��7KH�VWDWLF�SXVK�
RYHU�DQDO\VLV�ZDV�FRQGXFWHG�XVLQJ�D�IRUFH�GLVWULEXWLRQ�SURSRUWLRQDO�WR�WKH�ILUVW�PRGDO�VKDSH��

)LJ����FRPSDUHV�WKH�WRS�GULIW�EDVH�VKHDU�FXUYHV��ZKLFK�VKRZ�WKH�JOREDO�VWUXFWXUDO�UHVSRQVH�REWDLQHG�
ERWK�IRU�WKH�5LJLG�-RLQWV��5-��IUDPH�DQG�IRU�WKH�'HIRUPDEOH�-RLQWV��'-��IUDPH��PRGHOHG�FRQVLGHULQJ�
H[WHULRU�MRLQW�GHIRUPDWLRQ�FDSDFLW\��:RUWK�QRWLQJ�WKDW�WKH�'-�IUDPH��JUHHQ�FXUYH��VKRZV�IRU�WKH�YHU\�
HDUO\�VWDJHV�D�VRIWHU�EHKDYLRU�ZLWK�ORZHU�LQLWLDO�VWLIIQHVV��$V�D�UHVXOW��IRU�WKH�VDPH�EDVH�VKHDU�LPSRVHG��
WKH�'-�IUDPH��JUHHQ�FXUYH��GHYHORSHG�KLJKHU�WRS�GULIW�WKDQ�WKH�5-�IUDPH��EODFN�FXUYH���XQWLO�WKH�XOWLPDWH�
FRQGLWLRQV�IRU�WKH�'-�IUDPH�DUH�UHDFKHG��UHSUHVHQWHG�E\�WKH�UHG�FURVV�RQ�WKH�JUHHQ�FXUYH��

7KH�SRLQWV�KLJKOLJKWHG�RQ�WKH�WZR�JOREDO�UHVSRQVH�FXUYHV�UHSUHVHQW�WKH�DFKLHYHPHQW�RI�D�FHUWDLQ�
OLPLW�VWDWH��DV�VKRZQ�LQ�)LJ�����)RU�WKH�5-�IUDPH��WKH�FKRUG�URWDWLRQ�DW�/'�DQG�/6�KDV�EHHQ�UHSRUWHG�DV�
WKH�ILUVW�DQG�WKH�XOWLPDWH�GDPDJH�FRQGLWLRQ��UHVSHFWLYHO\��)RU�WKH�'-�IUDPH��GXH�WR�LWV�GLIIHUHQW�SODVWLF�
KLQJHV�DFWLYDWLRQ�VHTXHQFH��\LHOGLQJ�DQG�XOWLPDWH�MRLQW�URWDWLRQV�KDYH�EHHQ�FRQVLGHUHG�DV�WKH�ILUVW�DQG�
WKH�XOWLPDWH�GDPDJH�FRQGLWLRQ�EHFDXVH�WKH\�DQWLFLSDWH�WKH�DFKLHYHPHQW�RI�FKRUG�URWDWLRQ�LQ�WKH�FROXPQV��

*OREDOO\��WKH�5-�IUDPH��EODFN�FXUYH��DSSHDU�WR�DFKLHYH�UHPDUNDEO\�KLJKHU�YDOXHV�ERWK�LQ�WHUPV�RI�
VWUHQJWK�DQG�GXFWLOLW\�ZKHQ�FRPSDUHG�WR�WKH�'-�IUDPH��JUHHQ�FXUYH���7KLV�SKHQRPHQRQ�LV�GXH�WR�JUHDWHU�
SODVWLF�UHVRXUFHV��ZKLFK� LQYROYH�EHDPV�DQG�FROXPQV�HOHPHQWV�ZLWKLQ� WKH�5-�IUDPH��+RZHYHU�� WKHVH�
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DSSDUHQW�SODVWLF�UHVRXUFHV�GHULYH�IURP�KDYLQJ�QHJOHFWHG�WKH�MRLQWV�GHIRUPDWLRQ�FDSDFLW\�LQ�WKH�5-�PRGHO��
WKLV�OHDGV�LWV�FDSDFLW\�FXUYH�WR�HQG�DW�WKH�ILUVW�/6�FKRUG�URWDWLRQ�DFKLHYHPHQW��UHSUHVHQWHG�E\�WKH�UHG�
FURVV�RQ� WKH�EODFN�FXUYH�� ,QVWHDG��ZKHQ�FRQVLGHULQJ� WKH� MRLQWV�GHIRUPDELOLW\�� WKH�'-� IUDPH�JOREDOO\�
VKRZV�D�PXFK� OHVV�GXFWLOH�EHKDYLRU� WKDQ� WKH�5-� IUDPH�� VR� WKDW� LWV�SODVWLF� UHVRXUFHV�HQG�DW� WKH� MRLQW�
XOWLPDWH�URWDWLRQ�DFKLHYHPHQW��7KLV�HYHQW�FRQFHQWUDWHV�WKH�GHIRUPDWLRQ�GHPDQG�LQ�WKH�MRLQW�SDQHO�UH�
JLRQ��FKDQJLQJ�WKH�SODVWLF�KLQJHV�DFWLYDWLRQ�VHTXHQFH�LQ�WKH�'-�IUDPH�ZLWK�UHVSHFW�WR�WKH�5-�RQH���

�

�
)LJ���� *OREDO�IRUFH�GLVSODFHPHQW�FXUYHV�ZLWK�IDLOXUH�FULWHULD�DFKLHYHPHQW���%ODFN��5-�EDFNERQH�

FXUYH���*UHHQ��'-�EDFNERQH�FXUYH��)RU�HOHPHQWV�ODEHOV�VHH�)LJ�����/HIW���

,Q�)LJ����WKH�GDPDJH�GLVWULEXWLRQ�UHDFKHG�DW�GLIIHUHQW�LQWHUVWRU\�GULIWV�IRU�ERWK�PRGHOV�LV�VKRZQ��
IOH[XUDO�SODVWLF�KLQJHV� DFWLYDWLRQ� UHIHUUHG� WR�EHDPV�� FROXPQV�� DQG� H[WHUQDO� MRLQWV� DUH� UHSRUWHG��7ZR�
GLIIHUHQW�LQWHUVWRU\�GULIW�YDOXHV�KDYH�EHHQ�FRQVLGHUHG�IRU�WKH�5-�IUDPH��ZKLFK�FRUUHVSRQG�WR�WKH�DFKLHYH�
PHQW�RI�WKH�FKRUG�URWDWLRQ�DW�/'�DQG�/6��,Q�SDUWLFXODU��WKH�ILUVW�FUDFNLQJ�FRQGLWLRQ�FRUUHVSRQGV�WR�FKRUG�
URWDWLRQ�DW�/'�OLPLW�VWDWH�WKDW�RFFXUV�IRU�D�WRS�GULIW�YDOXH�HTXDO�WR�������LQ�FROXPQV�F���F���DQG�F���
)XUWKHUPRUH��WKH�FROODSVH�FRQGLWLRQ�FRLQFLGHV�ZLWK�WKH�DFKLHYHPHQW�RI�WKH�FKRUG�URWDWLRQ�DW�/6�OLPLW�
VWDWH�WKDW�RFFXUV�IRU�FROXPQ�F��IRU�D�WRS�GULIW�YDOXH�HTXDO�WR��������)RU�WKH�'-�IUDPH��WZR�LQWHUVWRU\�
GULIW�YDOXHV�KDYH�EHHQ�FRQVLGHUHG��ZKLFK�FRUUHVSRQG�WR� WKH�DFWLYDWLRQ�RI�\LHOGLQJ�DQG�XOWLPDWH� MRLQW�
URWDWLRQ��7KH�ILUVW�RQH�LV�UHDFKHG�DW�D�WRS�GULIW�YDOXH�HTXDO�WR��������WKH�VHFRQG�RQH�DW�D�WRS�GULIW�YDOXH�
HTXDO�WR��������

�
5LJLG�-RLQWV��5-�� 'HIRUPDEOH�-RLQWV��'-��

�

�
��������

�

�
��������

�����

��
��������

�

�

�
��������

�&KRUG�URWDWLRQ�/'�������&KRUG�URWDWLRQ�/6�������-RLQW�\LHOGLQJ�URWDWLRQ������-RLQW�XOWLPDWH�URWDWLRQ�
�

)LJ���� &RPSDULVRQ� RI� IUDPH�PRGHO� UHVSRQVH� ZLWK� DQG�ZLWKRXW� H[WHULRU� MRLQW� GHIRUPDELOLW\��
�/HIW��'DPDJH�GLVWULEXWLRQ�5-�IUDPH���5LJKW��'DPDJH�GLVWULEXWLRQ�'-�IUDPH���

)URP�WKH�GLIIHUHQW�SODVWLF�KLQJHV�DFWLYDWLRQ�VHTXHQFH�� LW� LV�SRVVLEOH�WR�GHGXFH�KRZ�WKH�5-�IUDPH�
LQYROYHV�WKH�GXFWLOH�UHVRXUFHV�RI�EHDPV�DQG�FROXPQV�EHORQJLQJ�WR�WKH�ILUVW�DQG�VHFRQG�IORRUV��ZKLOH�WKH�
GHIRUPDEOH�'-�IUDPH��XQORFNLQJ�WKH�H[WHUQDO�MRLQWV�URWDWLRQ��FRQFHQWUDWHV�WKH�GLVSODFHPHQW�GHPDQG�LQ�
WKH�MRLQW�SDQHO�UHJLRQV�ZLWK�KLJK�GDPDJH�DW�DQ�HDUO\�VWDJH���

7KH�JUDSKV�VKRZQ�LQ�)LJ����DUH�UHIHUUHG�WR�GLIIHUHQW�OLPLW�VWDWHV�DQG�WKH\�UHSUHVHQW�WKH�FDSDFLWLYH�
GLVSODFHPHQWV�RI�WKH�VWUXFWXUH��DFFRUGLQJ�WR�WKH�WZR�PRGHOV�ZLWK�ULJLG�DQG�GHIRUPDEOH�MRLQWV��)RU�WKH�
5-�IUDPH��WKH�FKRUG�URWDWLRQ�DW�WKH�UHDFKLQJ�RI�/'�DQG�/6�OLPLW�VWDWHV�LV�UHSRUWHG��)RU�WKH�'-�IUDPH��GXH�
WR�LWV�GLIIHUHQW�FROODSVH�DFWLYDWLRQ�VHTXHQFH��ZKLFK�LQYROYHV�WKH�H[WHULRU�MRLQWV��WKH�\LHOGLQJ�DQG�XOWLPDWH�
MRLQW�URWDWLRQ�ZHUH�FKRVHQ�DV�IDLOXUH�FULWHULD��$V�LW�FDQ�EH�REVHUYHG�LQ�)LJ�����/HIW��LQ�WHUPV�RI�WRWDO�GULIW��
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WKH�5-�IUDPH�UHDFKHV�KLJKHU�GLVSODFHPHQWV�WKDQ�WKH�GHIRUPDEOH�RQH��7KLV�SKHQRPHQRQ��OLQNHG�WR�WKH�
DFKLHYHPHQW�RI�JUHDWHU�IORRU�GLVSODFHPHQWV��LV�FORVHO\�FRQQHFWHG�WR�QHJOHFWLQJ�WKH�MRLQWV�GHIRUPDWLRQ�
FDSDFLW\��7KH�VDPH�UHVXOWV�DUH�YLVLEOH�LQ�)LJ�����5LJKW��LQ�WHUPV�RI�,QWHUVWRU\�'ULIW�5DWLR��,'5���WKH�5-�
PRGHO�VKRZV�KLJK�UHTXLUHG�GHIRUPDWLRQ�DW�ILUVW�DQG�VHFRQG�IORRU��LQVWHDG�LQ�XOWLPDWH�FRQGLWLRQ�WKH�'-�
PRGHO�VKRZV�OLPLWHG�UHTXLUHG�,'5�LQ�FROXPQV�VLQFH�WKH�UHTXLUHG�GHIRUPDWLRQ�LV�FRQFHQWUDWHG�LQ�WKH�
MRLQWV�ZLWK�WRWDO�GULIW�RI�RQO\���������

�

�

�

�

)LJ���� �/HIW��7RWDO�GULIW���5LJKW��,QWHUVWRU\�GULIW�UDWLR��6ROLG�OLQHV�DUH�UHIHUUHG�WR�5LJLG�-RLQWV��5-��
IUDPH��GDVKHG�OLQHV�DUH�UHIHUUHG�WR�'HIRUPDEOH�-RLQWV��'-��IUDPH��

�� 6HLVPLF�ULVN�FODVVHV�
7KH�DLP�RI�WKH�SUHVHQW�ZRUN�LV�WR�FRPSDUH�WKH�HIIHFW�RI�ULJLG�MRLQW�PRGHOLQJ�ZLWK�UHVSHFW�WR�WKH�GHIRUP�
DEOH�RQH�LQ�WHUPV�RI�WKH�VWUXFWXUDO�SHUIRUPDQFH�DQG�RI�HFRQRPLF�VHLVPLF�ORVVHV��)RU�WKH�ORVV�DVVHVVPHQW��
GLIIHUHQW�DSSURDFKHV�FDQ�EH�DGRSWHG�GHSHQGLQJ�RQ�WKH�UHTXLUHG�OHYHO�RI�DFFXUDF\��,Q�WKLV�VHFWLRQ��WKH�
VLPSOLILHG�PHWKRGRORJ\�LQWURGXFHG�E\�WKH�,WDOLDQ�0LQLVWHULDO�'HFUHH�1R���������>��@��DFFXUDWHO\�GH�
VFULEHG�LQ�>��@��ZDV�HPSOR\HG��$FFRUGLQJ�WR�WKLV�PHWKRG��LQ�RUGHU�WR�DVVLJQ�WKH�VHLVPLF�ULVN�FODVVHV�IRU�
WKH�WZR�DQDO\]HG�FDVHV��WZR�LQGLFDWRUV�DUH�DGRSWHG��7KH�ILUVW�RQH�FRQVLVWV�LQ�HYDOXDWLQJ�WKH�EXLOGLQJ�OLIH�
6DIHW\�,QGH[�,6�9��FRQFHSWXDOO\�HTXLYDOHQW�WR�WKH��1%6�LQ�WKH�1=6((�����*XLGHOLQHV���GHILQHG�DV�
=  𝑃𝐺𝐴 𝑃𝐺𝐴⁄ ���ZHUH�𝑃𝐺𝐴  DQG�𝑃𝐺𝐴 �DUH� WKH� FDSDFLW\� DQG� GHPDQG�SHDN� JURXQG� DFFHOHUDWLRQV� DW�
/LIH�6DIHW\�OLPLW�VWDWH��UHVSHFWLYHO\��7KH�VHFRQG�RQH�FRQVLVWV�LQ�HYDOXDWLQJ�WKH�([SHFWHG�$QQXDO�/RVVHV�
�($/���GHILQHG�DV�WKH�LQWHJUDO�RI�WKH�ORVVHV�FXUYH�WKDW��LQ�WKH�VLPSOLILHG�PHWKRGRORJLHV��LV�GLVFUHWL]HG�
DQG� VXEVWLWXWHG�E\� D� VXP��0RUH�SUHFLVHO\�� WKH� ORVVHV� FXUYH�ZDV� FRPSXWHG�RQO\� IRU� IHZ� OLPLW� VWDWHV�
DVVRFLDWHG�ZLWK�D�UHSDLU�FRVW�HYDOXDWHG�RQ�FROOHFWHG�SRVW�VHLVPLF�GDPDJH�DQG�FRQVHTXHQFHV�LQ�WHUPV�RI�
HFRQRPLF�ORVVHV��7KH�SDLUV�RI�SRLQWV�(𝜆 , 𝑅𝐶 )��ZKHUH��IRU�WKH�L�WK�/LPLW�6WDWH��𝜆 = 1 𝑇⁄  LV�WKH�DYHU�
DJH�DQQXDO�IUHTXHQF\�RI�H[FHHGDQFH��𝑇 �LV�WKH�FDSDFLW\�UHWXUQ�SHULRG�DQG�𝑅𝐶 �LV�WKH�5HSDLU�&RVW��GH�
ILQHG�D�SULRUL�XVLQJ�WKH�PDFURVHLVPLF�GDWD���7KHQ��WKH�($/�LQGH[�LV�HYDOXDWHG�XVLQJ�WKH�H[SUHVVLRQ��

EAL = [Ȝ − Ȝ 1] ·
[𝑅𝐶 + 𝑅𝐶 1]

2 + Ȝ(C�LS) · 𝑅𝐶(C�LS)  (1)
2

�

ZKHUH�WKH�VXEVFULSW�L�LQ�����UHSUHVHQWV�WKH�L�WK�OLPLW�VWDWH��DPRQJ�WKRVH�FRYHUHG��+HUH�&�/6�GHQRWHV�WKH�
&ROODSVH�/LPLW�6WDWH��0RUHRYHU��LW�KROGV���

= (𝑆𝑎 (𝑇1) 𝑆𝑎 (𝑇1)⁄ )  (2)��
,Q����� WKH�WHUP�𝑇𝑟𝐷𝑖�LV� WKH�GHPDQG�UHWXUQ�SHULRG�IRU�HDFK� OLPLW�VWDWH��𝑆𝑎 (𝑇1) �DQG�𝑆𝑎 (𝑇1) �DUH� WKH�
VSHFWUDO�DFFHOHUDWLRQV�DVVHVVHG�ZLWK�UHIHUHQFH�WR�WKH�SHULRG�𝑇1��ZKLFK�KDYH�EHHQ�XVHG�LQ�RUGHU�WR�HYDOX�
DWH�WKH�GHPDQG�DQG�WKH�FDSDFLW\�RI�WKH�VWUXFWXUH��8VLQJ�WKLV�VLPSOLILHG�DSSURDFK��WKH�ILQDO�6HLVPLF�5LVN�
&ODVV��65&��LV�HYDOXDWHG�DV�WKH�ORZHU�EHWZHHQ�WKH�FODVV�DVVRFLDWHG�WR�WKH�,6�9�LQGH[�DQG�WKH�RQH�DVVR�
FLDWHG�WR�WKH�($/��,Q�WKLV�ZRUN��WKH�SHULRG�𝑇1�KDV�EHHQ�HYDOXDWHG�IURP�WKH�PRGDO�UHVSRQVH�DQDO\VLV��
ZKLOH�WKH�EXLOGLQJ�SHUIRUPDQFH��H[SUHVVHG�LQ�WHUPV�RI�VSHFWUDO�DFFHOHUDWLRQ�𝑆𝑎 (𝑇1) ��DQG�WKH�FRUUH�
VSRQGLQJ�3*$&�YDOXH��UHODWHG�WR�/'�DQG�/6�OLPLW�VWDWHV��KDV�EHHQ�HYDOXDWHG�E\�PHDQV�RI�WKH�1��PHWKRG�
>��@��,Q�)LJ����DUH�UHSUHVHQWHG��RQO\�IRU�WKH�/6�OLPLW�VWDWH�FDVH��WKH�RXWFRPHV�REWDLQHG�E\�H[SORLWLQJ�WKH�
$'56�VSHFWUD�UHSUHVHQWDWLRQ��VKRZLQJ�WKH�GHPDQG�VSHFWUXP�DQG�WKH�FDSDFLW\�RQH��HYDOXDWHG�E\�1��
PHWKRG�ZLWK�WKH�EL�OLQHDUL]HG�SXVKRYHU�FXUYH�RI�WKH�HTXLYDOHQW�VLQJOH�GHJUHH�RI�IUHHGRP�V\VWHP��6XE�
ORWV�RQ�WKH�OHIW�DUH�UHIHUUHG�WR�5-�IUDPH��WKRVH�RQ�WKH�ULJKW�WR�WKH�'-�IUDPH��7KH�FRPSDULVRQ�EHWZHHQ�
WKH�WZR�ILJXUHV�VKRZV�WKDW�WKH�5-�IUDPH�FDSDFLW\�VSHFWUXP�LV�JUHDWHU�WKDQ�WKH�'-�IUDPH��
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)LJ���� $'56�VSHFWUD���/HIW��5-�IUDPH���5LJKW��'-�IUDPH�

7KH�RXWFRPHV�RI�WKH�VHLVPLF�ULVN�DQDO\VLV�DUH�VXPPDUL]HG�LQ�7DEOH����1RWLFH�WKDW��QHJOHFWLQJ�WKH�
MRLQWV� GHIRUPDWLRQ� FDSDFLW\� DQ� LQFRUUHFW� HVWLPDWLRQ�RI� WKH� HQWLUH� VWUXFWXUH�65&� LV�REWDLQHG��7KH�5-�
IUDPH�UHDFKHV�D�,6�9�LQGH[�HTXDO�WR�������%�FODVV���DQG�DQ�($/�LQGH[�HTXDO�WR�������&�FODVV���VR�WKDW�
LWV�65&�FODVV�LV�&��2Q�WKH�RWKHU�KDQG��WKH�'-�IUDPH�UHDFKHV�D�,6�9�LQGH[�HTXDO�WR�������&�FODVV���DQG�
DQ�($/�LQGH[�HTXDO�WR�������(�FODVV���VR�WKDW�WKH�ILQDO�65&�FODVV�DFKLHYHG�LV�(��

7DEOH��� 6DIHW\� ,QGH[�� ([SHFWHG�$QQXDO�/RVVHV�� DQG�6HLVPLF�5LVN�&ODVV� HYDOXDWLRQ� IURP� UHVXOWV�����
REWDLQHG�E\�5-�IUDPH�DQG�'-�IUDPH�PRGHOV���

5HIHUHQFH�0RGHO� ,6�9���FODVV� ($/�±�FODVV� 65&�FODVV�

5-�)UDPH� �������%� ���������&� &�

'-�)UDPH� �������&� ���������(� (�

�� &RQFOXVLRQV�
,Q�WKLV�SDSHU��D�FDVH�VWXG\�RI�D�UHLQIRUFHG�FRQFUHWH�EXLOGLQJ�EXLOW�EHIRUH� WKH�����
V��DFFRUGLQJ�WR�WKH�
,WDOLDQ�5�'������������DQG�HDUOLHU��KDV�EHHQ�DQDO\]HG��,W�VKRZHG�D�KLJK�VHLVPLF�YXOQHUDELOLW\��GXH�WR�
LWV�VWUXFWXUDO�GHILFLHQFLHV���H��J��DEVHQFH�RI�WUDQVYHUVH�UHLQIRUFHPHQWV�LQ�WKH�MRLQW�SDQHO��VPRRWK�EDUV��
LQDGHTXDWH�FRQFUHWH�FRYHU��HQG�KRRN�DQFKRUDJH�RI�EHDP�EDUV��0RUH�SUHFLVHO\��WKH�IUDPH�VWUXFWXUH�LV�
FKDUDFWHUL]HG�E\�D�VWURQJ�EHDP�ZHDN�FROXPQ�KLHUDUFK\��FRQVLVWHQWO\�ZLWK�PRVW�JUDYLW\�ORDG�GHVLJQHG�
EXLOGLQJV��,Q�WKH�ILUVW�LQVWDQFH��D�SXVKRYHU�DQDO\VLV�ZDV�FRQGXFWHG��DVVXPLQJ�D�IRUFH�GLVWULEXWLRQ�SUR�
SRUWLRQDO�WR�WKH�ILUVW�PRGH��LQ�RUGHU�WR�HYDOXDWH�WKH�VWUXFWXUH�FDSDFLW\�FXUYHV��7KH�IUDPH�ZDV�XVHG�WR�
KLJKOLJKW� WKH� LPSRUWDQFH�RI�SURSHUO\�PRGHOHG� WKH�QRQ�OLQHDU� EHKDYLRU�RI� MRLQWV� LQ�RUGHU� WR�GHWHFW� D�
SUHPDWXUH�IDLOXUH�GXH�WR�UHDFKLQJ�WKH�MRLQW�URWDWLRQ�FDSDFLW\��$�VLPSOH�PDFUR�PRGHO�IRU� WKH�H[WHULRU�
MRLQW�ZDV�XVHG�IRU�PDNLQJ�LW�VXLWDEOH�DOVR�IRU�SUDFWLWLRQHUV��7KH�MRLQW�URWDWLRQ�YDOXHV�ZHUH�DGRSWHG�E\�
XVLQJ�1=6((�����SUHVFULSWLRQV�IRU�WKH�H[WHUQDO�MRLQWV�>��@��7KH�UHVXOWV�REWDLQHG�LQ�WHUPV�RI�FDSDFLW\�
FXUYHV��IORRU�GLVSODFHPHQWV��DQG�LQWHUVWRU\�GULIW��VKRZV�KRZ�PRYLQJ�IURP�WKH�ULJLG�MRLQWV�IUDPH�WR�WKH�
GHIRUPDEOH�RQH�� WKH�SODVWLF�KLQJHV�VHTXHQFH�DFWLYDWLRQ�VLJQLILFDQWO\�FKDQJHV��7KH�ULJLG� MRLQWV�IUDPH�
VHHPV�WR�RZQ�PRUH�VLJQLILFDQW�GXFWLOH�UHVRXUFHV�ZLWK�UHVSHFW�WR�WKH�RWKHU�RQH��+RZHYHU��WKLV�RXWFRPH�
LV�DWWULEXWDEOH�WR�PRGHOLQJ�LVVXHV�UHODWLYH�WR�WKH�SURSHU�HYDOXDWLRQ�RI�WKH�MRLQW¶V�FDSDFLW\��,Q�DGGLWLRQ��
DQ�RYHUHVWLPDWLRQ�RI� WKH�JOREDO�FDSDFLW\�RI�WKH�ULJLG�MRLQWV� IUDPH�OHDGV� WR�D�URXJK�HYDOXDWLRQ�RI� WKH�
VHLVPLF�ULVN�FODVV�WKDW�UHVXOWV�ORZHU�IRU�WKH�ULJLG�MRLQWV�IUDPH�WKDQ�IRU�WKH�GHIRUPDEOH�RQH��7KH�5-�IUDPH�
KDV�DQ�,6�9�LQGH[�HTXDO�WR�����DQG�DQ�($/�LQGH[�HTXDO�WR�������ZKLOH�WKH�'-�IUDPH�KDV�DQ�,6�9�LQGH[�
HTXDO� WR�����DQG�DQ�($/� LQGH[�HTXDO� WR�������,Q�FRQFOXVLRQ�� WKH� WUDGLWLRQDO�PRGHOLQJ� WHFKQLTXHV��
ZKHUH�WKH�GHIRUPDELOLW\�DQG�WKH�QRQ�OLQHDU�EHKDYLRXU�RI�WKH�MRLQW�SDQHO�]RQH�DUH�QHJOHFWHG��FDQ�OHDG�WR�
VXEVWDQWLDO�DQG�XQFRQVHUYDWLYH�XQGHU�HVWLPDWLRQ�RI�ERWK�VHLVPLF�VDIHW\�DQG�VHLVPLF�ORVVHV��)XUWKHUPRUH��
DQ�LQFRUUHFW�µGLDJQRVLV¶�FDQ�FOHDUO\�OHDG�WR�DQ�LQDGHTXDWH�µSURJQRVLV¶�DQG�µWKHUDS\¶��L�H��UHWURILW�LQWHU�
YHQWLRQ��,W�VKRXOG�WKXV�EH�KLJKO\�UHFRPPHQGHG�WR�LQFOXGH�VLPSOH�\HW�UHOLDEOH�PRGHOLQJ�DSSURDFKHV�IRU�
WKH�QRQ�OLQHDU�EHKDYLRU�RI� WKH�H[WHULRU� MRLQW�DV�SDUW�RI� WKH�GDLO\�SUDFWLFH�RI�HQJLQHHUV�DV�SDUW� RI� WKH�
YXOQHUDELOLW\�DVVHVVPHQW�DQG�UHWURILW�VWUDWHJLHV�GHILQLWLRQ�RI�H[LVWLQJ�5&�EXLOGLQJ��
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$FNQRZOHGJHPHQWV�
7KH�DXWKRUV�ZLVK� WR�DFNQRZOHGJH� WKH� ILQDQFLDO� VXSSRUW� UHFHLYHG�E\� WKH� ,WDOLDQ�'HSDUWPHQW�RI�&LYLO�
3URWHFWLRQ��5H/8,6�����������*UDQW�±�,QYHQWRU\�RI�H[LVWLQJ�VWUXFWXUDO�DQG�EXLOGLQJ�W\SHV��&$57,6���

5HIHUHQFHV��
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)LJ���� �D��([SHULPHQWDO�VHWXS��E��%HDP�JHRPHWU\�GHVFULSWLRQ��F��)(0�GLVFUHWL]DWLRQ��G��LQWHUIDFH�

HOHPHQW�PRGHO�>�@��H��0RQRWRQLF�ORDGLQJ�FRPSDULVRQ�RI�DQDO\VLV�DQG�H[SHULPHQW��

7R�REWDLQ� DV�PXFK�LQIRUPDWLRQ�DV�SRVVLEOH�� WKH� VSHFLPHQV�ZHUH�LQVWUXPHQWHG�SDUWLFXODUO\� DW� WKH�
GDSSHG�VHFWLRQ�ZKHUH�WKH�ERQG�ORVV�ZDV�PDGH���7KH�UHVXOWV�ZHUH�UHFRUGHG�DXWRPDWLFDOO\�ZLWK�WKH�KHOS�
RI�WKH�GDWD�ORJJHU��6WHHO�VWUDLQV�ZHUH�PHDVXUHG�XVLQJ���PP�HOHFWULFDO�UHVLVWDQFH�VWUDLQ�JDXJHV�FRQQHFWHG�
WR�WKH�KDQJHU�UHLQIRUFHPHQW�FORVH�WR�WKH�GDSSHG�VHFWLRQV��&RQFUHWH�VWUDLQ�JDXJHV�ZHUH�DOVR�DWWDFKHG�WR�
WKH�FULWLFDO�VHFWLRQV�RI� WKH�EHDP�FORVH�WR�WKH�UHHQWUDQW�FRUQHU��7KUHH����PP�FDSDFLW\� OLQHDU�YDULDEOH�
GLIIHUHQWLDO�WUDQVGXFHUV��/9'7V��ZHUH�SODFHG�RQ�WKH�EHDP��)LJ���D��RQ�WKH�ORZHU�SDUW�RI�WKH�ORDGLQJ�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� )DWLJXH� RI� FRQFUHWH� VWUXFWXUHV� �&\FOLF� 6KHDU� 5HVSRQVH� RI� 5HLQIRUFHG� &RQFUHWH� 'DSSHG�(QG� %HDPV�
�5&'(%V��8QGHU�%RQG�'HWHULRUDWLRQ��

�

SRLQW�DQG�RQ�WKH�XSSHU�VLGH�RI�WKH�VXSSRUWV��WR�FDSWXUH�WKH�YHUWLFDO�GLVSODFHPHQW�RI�WKH�EHDP��7KH�WHVW�
EHDPV�ZHUH�VXEMHFWHG�WR�WKUHH�SRLQW�EHQGLQJ�LQ�D�FRPSUHVVLRQ�PDFKLQH�ZLWK�D�WRWDO�FDSDFLW\�RI�������
N1��DQG�LQ�WKH�FDVH�RI�VWDWLF�ORDGLQJ��WKH�ORDG�ZDV�JUDGXDOO\�DSSOLHG�DW�DQ�DPRXQW�RI���N1�XQWLO�IDLOXUH��
7KH�VWDWLF�FDSDFLW\�IRU�HYDOXDWLQJ�WKH�UHTXLUHPHQWV�IRU�WKH�ORZ�F\FOH�IDWLJXH�ORDGLQJ�ZDV�DGRSWHG�IURP�
WKH�H[SHULPHQWDO�UHVXOW�DIWHU�WKH�IDLOXUH������N1�VWDWLF�FDSDFLW\�ZDV�DGRSWHG��$�PLQLPXP�RI�����VWDWLF�
FDSDFLW\�ZDV�LQWURGXFHG�LQ�WKH�FDVH�RI�F\FOLF�ORDGLQJ��ZLWK�DQ�LQFUHDVH�RI�����ORDGLQJ�FDSDFLW\�SHU����
F\FOHV�XQWLO�IDLOXUH��7R�HQVXUH�DQ�DGHTXDWH�FRQWDFW�EHWZHHQ�WKH�ORDGLQJ�V\VWHP�DQG�WKH�WHVW�VSHFLPHQ��
WKH�PLQLPXP�ORDG�DPSOLWXGH�ZDV�PDLQWDLQHG�DW���SHUFHQW�VWDWLF�FDSDFLW\��$V�VKRZQ�LQ�)LJ�����ULJKW���
WKH�F\FOLF�DPSOLWXGH�ORDGLQJ�ZDV�SHUIRUPHG�LQ�WKH�IRUP�RI�LQFUHDVLQJ�VWDJHV��

,Q�WKH�FDVH�RI�WKH�QXPHULFDO�LQYHVWLJDWLRQ��WKH�WHVW�EHDP�FRQILJXUDWLRQ�ZDV�PRFNHG�XS�WR�UHVHPEOH�
WKH�H[SHULPHQWDO�LQYHVWLJDWLRQ��ZKLFK�LV�DFFRPSOLVKHG�E\�WKH���GLPHQVLRQ�FRQFUHWH�PRGHO��&20��'���
8QGHU�WKH�PXOWL�IL[HG�FUDFN�PHWKRG��&20�'�FRQVLGHUV�WKH�FRPSOHWH�UHLQIRUFHPHQW�PRGHO�ZLWKLQ�WKH�
FRQFUHWH�PDWHULDO�WR�IRUP�WKH�5&�PHVK��7KH�VWDQGDUG�PRGHO�FRQVLVWV�RI�������HOHPHQWV�DQG�������QRGHV��
DQG�WKH�HODVWLF�VXSSRUWV�ZHUH�VLPSO\�VXSSRUWHG��7KH�FRPSOHWH�)(0�GLVFUHWL]DWLRQ�DQG�WKH�ERQG�ORVV�
HOHPHQWV�LQ�WKH�PRGHOHG�EHDP��FRORU�UHG��IRU�WKH�FDVH�RI�6��DUH�VKRZQ�LQ�)LJ���F��6HFWLRQV�$�$�DQG�%�
%�VKRZ�WKH�RULHQWDWLRQ�RI� WKH�ERQG�GHWHULRUDWLRQ�ZLWK�DQ�LQWHUIDFH�VOLS�PRGHO��)LJ���G��FRQVLGHUHG�LQ�
SODFH�RI� WKH�VWHHO�DQG�FRQFUHWH�SURSHUWLHV�XQGHU� WKH�0RKU�&RXORPE¶V�IULFWLRQDO� ODZ�>�@��)UHH�QRUPDO�
VWUHVV�LV�DVVXPHG�DIWHU�WKH�VHSDUDWLRQ�RI�WKH�HOHPHQW��IULFWLRQDO�FRHIILFLHQW�����RI�����LV�DGRSWHG�RQ�WKH�
FRQWDFW�VXUIDFH�RI�WKH�HOHPHQW�ZLWK�DQ�RSHQ�VOLS�PRGH�RI� WKH�LQWHUIDFH�DVVXPHG�WR�EH�ULJLG�XQWLO�WKH�
WHQVLOH� VWUHVV�QRUPDO� WR� WKH� LQWHUIDFH� VXUSDVVHV� WKH� LQLWLDO� ERQGLQJ��+HQFH�� VHSDUDWLRQ�FDXVHV� ORVV�RI�
FRQWDFW�DQG�WKH�0RKU�&RXORPE¶V�FLUFOH�IULFWLRQ�LV�DFWLYDWHG��$IWHU�UH�FRQWDFW��WKH�WUDQVIHU�RI�VWUHVV�UHV�
WDUW��7KLV�SDWK�GHSHQGHQF\�LV�WKH�IULFWLRQDO�FRQWDFW�SODQHV�LQ�WKH�DQDO\VLV��+HUH��WKH�LQWHUDFWLRQ�RI�VRI�
WHQHG�FUDFN�VKHDU�DQG�JDS�RSHQLQJ�LV�FRQVLGHUHG��,Q�WKLV�VWXG\��D�VXGGHQ�MXPS�IURP�FRQWLQXXP�WR�SHUIHFW�
VHSDUDWLRQ�LV�DVVXPHG�IRU�VLPSOLFLW\�LQ�WKH�)(0�DQDO\VLV��7KH�ERQG�ORVV�ODEHOHG���LQ�VHFWLRQ�$�$�ZDV�
RQO\�FRQVLGHUHG�IRU�WKH�FDVH�RI�EHDPV�6��DQG�6���7KH�ERQG�ORVV�PDUNHG���DQG���ZDV�FRQVLGHUHG�IRU�
EHDP�6���ZKLOH� WKH�ERQG�ORVV�PDUNHG�������DQG���ZDV� FRQVLGHUHG� IRU�EHDP�6����6��ZDV� FRQVLGHUHG�
ZLWKRXW�WKH�ERQG�ORVV���

7KH�EHDPV�ZHUH�VLPXODWHG�XQGHU�VLPLODU�FRQGLWLRQV�WR�WKH�H[SHULPHQWDO�LQYHVWLJDWLRQ��%HDPV�6��
DQG�6��ZHUH�VXEMHFWHG� WR�PRQRWRQLF� ORDGLQJ� LQ� WKH�WUDQVYHUVH�GLUHFWLRQ�DW�VKHDU� VSDQ�WR�GHSWK� UDWLR�
�DY�G ����DQG�DW�WKH�PLGSRLQW�UHVSHFWLYHO\�RQ�D�VHW�RI�QRGHV��OHIW�VLGH���7KH�ORDG�YHUVXV�GLVSODFHPHQW�
UHVSRQVH�EHWZHHQ�WKH�H[SHULPHQW�DQG�WKH�QXPHULFDO�DQDO\VLV�ZHUH�FRPSDUHG�DV�SUHVHQWHG�LQ�)LJ���G��
1XPHULFDO�H[DPLQDWLRQ�XQGHU�WKH�ORZ�F\FOH�IDWLJXH�LV�QRW�UHSRUWHG�LQ�WKLV�VWXG\�GXH�WR�WKH�OLPLWHG�VSDFH��
WKLV�KDV�KRZHYHU�EHHQ�FRQVLGHUHG�DW�WKH�PLGSRLQW�DQG�DY�G ��E\�4XDGUL�DQG�)XML\DPD�>�@��,Q�WKLV�VWXG\��
WKH�VWUXFWXUH�RI�WKH�PRYLQJ�ZKHHO�ORDG�LV�GLVFXVVHG��,Q�WKH�5&�EULGJH�GHFN��DSSUR[LPDWHO\���WR���RUGHU�
GLIIHUHQFHV�LQ�VHUYLFH�OLIH�UHGXFWLRQ�KDYH�EHHQ�UHSRUWHG�H[SHULPHQWDOO\�ZKHQ�IDWLJXH�PRYLQJ�ZKHHO�ZDV�
DSSOLHG�>�@��$�VLPLODU�GHFUHDVH�ZDV�DOVR�UHFRUGHG�ZKHQ�WKH�HIIHFW�RI�ZDWHU�FRXSOLQJ�ZDV�FRQVLGHUHG�
XQGHU�WKH�FRQGLWLRQV�RI�F\FOLF�ORDGLQJ�>��@��,Q�FRQGXFWLQJ�D�QXPHULFDO�DQDO\VLV�XQGHU�PRYLQJ�ORDG��WKH�
GLUHFW�LQWHJUDO�SDWK�FRQVWLWXWLYH�PRGHO�ZDV�FRQVLGHUHG�WR�FDSWXUH�WKH�DFWLRQ�RI�WKH�5&'(%�XQGHU�WKH�
LQIOXHQFH�RI�ERQG�GHWHULRUDWLRQ��7KUHH�QRGHV�LQ�WKH�WUDQVYHUVH�GLUHFWLRQ�KDYH�EHHQ�SLFNHG��ORDGHG��DQG�
XQORDGHG�FRQVHFXWLYHO\�DV�VKRZQ�LQ�)LJ���F��WKHVH�LQFOXGH��WKH�QRGH�FRUUHVSRQGLQJ�WR�WKH�VKHDU�VSDQ�WR�
GHSWK�UDWLR�HTXDO�WR���RQ�WKH�ULJKW�DQG�WKH�OHIW�VLGHV�DQG�WKH�QRGH�DW�WKH�PLGSRLQW�RI�WKH�EHDP��7KH�VDPH�
WLPH�SKDVH�DSSOLHG�IRU�WKH�ORZ�F\FOH�IDWLJXH�LQ�������VHFRQGV�ZDV�DGRSWHG��7KLV�LV�HTXDO�WR����NP�K�LQ�
DFWXDO�UHDOLVWLF�FRQVLGHUDWLRQ�RI�WKH�PRYLQJ�YHKLFOH��$V�D�UHVXOW��DSSUR[LPDWHO\������VWHSV�RI����LWHUD�
WLRQV�DUH�QHHGHG�WR�FRPSOHWH���PLOOLRQ�F\FOHV�LQ����KRXUV��

�� 'LVFXVVLRQ�RI�5HVXOWV�

���� ([SHULPHQWDO�5HVXOWV�
)RU�WKH�PRGLILFDWLRQ�RI�ORZ�F\FOH�IDWLJXH�XQGHU�WKH�H[SHULPHQWDO�DSSURDFK�DQG�KLJK�F\FOH�IDWLJXH�XQGHU�
WKH�QXPHULFDO�DQDO\VLV��WKH�PRQRWRQLF�ORDGLQJ�GLVWLQFWLRQ�EHWZHHQ�WKH�H[SHULPHQWDO�DQG�WKH�DQDO\WLFDO�
UHVXOWV�UHSRUWHG�LQ�)LJ���H�ZDV�DGRSWHG�VLQFH�DQ�DJUHHPHQW�LQ�WKH�ORDG�GLVSODFHPHQW�UHVSRQVH�LV�HVWDE�
OLVKHG��7KH�GDPDJH�SDWWHUQ�RI�EHDPV�6��6��XQGHU�WKH�H[SHULPHQWDO�ORZ�F\FOH�IDWLJXH�ORDGLQJ�LV�SUH�
VHQWHG�LQ�)LJ���D��7KHUH�ZDV�QR�YLVLEOH�FUDFN�ZKHQ��LQ�WKH�FDVH�RI�6��DQG�6��ORDGHG�DW�WKH�PLGSRLQW��
�����DQG�����VWDWLF�FDSDFLWLHV�ORDGLQJ�ZHUH�FRQVLGHUHG�XQGHU�WKH�F\FOLF�FRQGLWLRQV��+RZHYHU��LQ�WKH�
ILUVW� F\FOH�RI�����VWDWLF�FDSDFLW\� ORDG��D�KDLU\�FUDFN�ZDV� LQLWLDWHG�RQ�WKH� OHIW�VLGH�RI� WKH� UH�HQWUDQW�
SRUWLRQ� RI� WKH� EHDPV� EXW� GLVDSSHDUHG� ZKHQ� WKH� EHDPV� ZHUH� XQORDGHG�� 7KH� FUDFN� ZLGWK� H[WHQGHG�
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JUDGXDOO\�WKURXJKRXW�WKH����F\FOHV�RI�WKH�����VWDWLF�FDSDFLW\�ORDGLQJ��$V�WKH�ORDG�ZDV�IXUWKHU�F\FOHG�
WR�����FDSDFLW\��DQ�LQFOLQHG�FUDFN�DW�WKH�FULWLFDO�VHFWLRQ�RI�WKH�EHDP¶V�IXOO�GHSWK�ZLWK�IOH[XUDO�FUDFNV�
ZHUH�REVHUYHG� LQ�EHDP�6��ZKLFK�JUDGXDOO\� LQFUHDVH�ZKLOH� WKH�SUHYLRXV� FUDFNV� WUDYHUVH� WRZDUGV�WKH�
ORDGLQJ�SRLQW��FUDFN�ZDV�DOVR�LQLWLDWHG�DW�WKH�RWKHU�FRUQHU�RI�WKH�EHDP���$W�����VWDWLF�FDSDFLW\��WKH�EHDP�
VWLIIQHVV�GHJUDGHG�ZLWK�DQ�LQFUHDVH�LQ�LUUHFRYHUDEOH�GHIRUPDWLRQ��7KH�VDPH�VFHQDULR�ZDV�DOVR�REVHUYHG�
LQ�EHDP�6��KRZHYHU�ZLWKRXW�IOH[XUDO�FUDFNV��DQG�ZKHQ�EHDP�6��ZDV�F\FOHG�WR�����FDSDFLW\��WKH�VKHDU�
FUDFNV�LQFUHDVHG�GUDVWLFDOO\��7KLV� LPSOLHV� WKDW�RQFH�D�ZHDN�]RQH�LV�IRUPHG�GXH� WR�KLJK� VWUHVV�XQGHU�
XQORDGLQJ�DQG�UHORDGLQJ�FRQGLWLRQV��WKH�GDPDJH�WHQGV�WR�DFFXPXODWH�LQFHVVDQWO\��7KH�H[LVWHQFH�RI�PRUH�
ERQG�ORVVHV�LQ�6��H[SHGLDWHG�LWV�HDUO\�IDLOXUH��ZLWK�DERXW�����RI�LWV� WRWDO�FDSDFLW\�ZKLFK�LV�HTXDO�WR�
����RI�WKH�VWDWLF�ORDGLQJ�FDSDFLW\��GLDJRQDO�DQG�VKHDU�FUDFNV�ZHUH�IRUPHG��7KLV�SRLQWV�WR�WKH�IDFW�WKDW�
FRXSOHG�FRUURVLRQ�DQG�F\FOLF�ORDGLQJ�HIIHFW�FDQ�H[DFHUEDWH�WKH�VHUYLFH�OLIH�RI�WKH�5&'(%V�VLQFH�PRUH�
GDPDJH�LV�VXVWDLQHG�GXULQJ�WKH�ERQG�GHWHULRUDWLRQ�RI�WKH�5&�FRPSRVLWHV���

&UDFN�ZDV�LQLWLDWHG�DW�WKH�UH�HQWUDQW�FRUQHU�DW�����VWDWLF�FDSDFLW\�ZKHQ�F\FOLF�ORDGLQJ�ZDV�FRQVLG�
HUHG�DW�DY�G �IRU�WKH�FDVH�RI�EHDPV�6��DQG�6��LQ�)LJ���E��ZKHQ�WKH�ORDG�ZDV�IXUWKHU�LQFUHDVHG�WR�����
VWDWLF�FDSDFLW\�� WKH�FUDFN�ZLGWK�H[WHQGHG��ZKLFK�FDXVHG�D�GLDJRQDO�FUDFN�RQ�WKH�RWKHU�VLGH�RI� WKH�UH�
HQWUDQW�SRUWLRQ�DW�WKH��WK�F\FOH��UHVXOWLQJ�LQ�GRZHO�VKHDU�DW�WKH�UH�HQWUDQW�FRUQHU��$W�����FDSDFLW\��WKH�
UH�HQWUDQW�FUDFN�SURSDJDWHG�GLDJRQDOO\�WR�WKH�ORDGLQJ�SRLQW��DQG�ZKHQ�WKH�ORDG�ZDV�IXUWKHU�LQFUHDVHG�WR�
�����WKH�FUDFN�WUDYHOOHG�YHUWLFDOO\�GRZQ�IURP�WKH�FRPSUHVVLRQ�]RQH�WR�WKH�IOH[XUDO�]RQH�GXH�WR�DJJUH�
JDWH�LQWHUORFNLQJ�GXULQJ�WKH�UHORDGLQJ�DQG�XQORDGLQJ�SURFHVV��

9DULDWLRQ�RI�VWUDLQV�RI�WKH�KDQJHU�UHLQIRUFLQJ�EDU�DQG�WKH�FRQFUHWH�PRXQWHG�FORVH�WR�WKH�UH�HQWUDQW�
FRUQHU�RI�WKH�EHDPV�ZHUH�H[DPLQHG�DQG�SORWWHG�DJDLQVW�WKH�WLPH�WDNHQ�WR�FRPSOHWH�WKH�F\FOLF�ORDGLQJ�
IRU�HDFK�EHDP��)LJ����D�DQG�E���7KH�EHDPV¶�GLVSODFHPHQW�DJDLQVW�WKH�WLPH�WDNHQ�ZDV�DOVR�DVVHVVHG�DV�
SUHVHQWHG�LQ�)LJ���F��)LJ���G�VKRZV�WKH�SRVLWLRQ�RI�WKH�VWUDLQ�JDXJHV�RI�WKH�KDQJHU�EDU�DQG�FRQFUHWH��7KH�
VWUDLQ�GHYHORSPHQW�FORVH�WR�WKH�GRPLQDQW�FUDFN�LV�SUHVHQW�KHUH��$V�WKH�DSSOLHG�ORDG�LV�F\FOHG�DQG�XQ�
ORDGHG�WR����RI�WKH�VWDWLF�FDSDFLW\��WKH�GHIRUPDWLRQ�DQG�VWUDLQ�JUDGXDOO\�LQFUHDVHG��7KH�VWHHO�\LHOG�VWUDLQ�
DQG�FRQFUHWH� WHQVLOH�VWUDLQ�DUH�DWWDLQHG�DW�DERXW�����RI� WKH�VWDWLF�FDSDFLW\�ZKHQ�WKH�GLDJRQDO�WHQVLOH�
FUDFNV�SURSDJDWHG�PRUH�FDXVLQJ�DQ�RSHQLQJ�DW�WKH�UH�HQWUDQW�FRUQHU��7KH�DSSOLHG�ORDG�DW�SRVLWLRQ�DY�G ��
LV�PRUH�FULWLFDO�FRPSDUHG�WR�WKH�PLGSRLQW�VLQFH�RQO\�KDOI�RI�WKH�WLPH�LV�UHTXLUHG�IRU�WKH�EHDP�IDLOXUH�
XQGHU�WKH�VDPH�ORDGLQJ�FRQGLWLRQ��$OVR��DQ�LQFUHDVH�LQ�ERQG�ORVV�FRQWULEXWHV�D�VLJQLILFDQW�HIIHFW�WR�WKH�
IDLOXUH�DV�EHDPV�XQGHU�WKH�VDPH�ORDGLQJ�HIIHFW�IDLOHG�DW�D�GLIIHUHQW�LQWHUYDO��WKH�FUHHS�HIIHFW�FRXOG�DOVR�
KDYH�EHHQ�D�UHVXOW�RI�WKH�LQWHQVLW\�RI�WKH�PDFKLQH�XVHG��

�

�
)LJ���� )DLOXUH�SDWWHUQ�RI�5&'(%�XQGHU�F\FOLF�ORDGLQJ��D��DW�PLGSRLQW��E��DW�DY�G ��

���� 1XPHULFDO�$QDO\VLV�5HVXOWV�RI�WKH�PRYLQJ�ORDG�
5HVXOWV�RI�WKH�DSSOLHG�PRYLQJ�ORDG�RQ�WKH�EHDPV�6���6���6���DQG�6��XQGHU�WKH�LQIOXHQFH�RI�WKH�ERQG�
GHWHULRUDWLRQ�H[SODLQHG�SUHYLRXVO\�DUH�SUHVHQWHG��7KH�GDPDJH�UHVSRQVH�RI�WKH�EHDPV�XQGHU�WKH�PRYLQJ�
ORDG�LV�VKRZQ�E\�WKH�VWUDLQ�GLVWULEXWLRQ�LQ�WKH�[�[�GLUHFWLRQ�DV�SUHVHQWHG�LQ�)LJ�����7KLV�GLUHFWLRQ�ZDV�
UHIHUUHG�WR� WR�GHWHUPLQH�WKH�FUDFN� VWUDLQ�SURSDJDWLRQ��7KH�KLJK�F\FOH�IDWLJXH� ORDGLQJ�DQG�XQORDGLQJ�
SURFHVV�ZDV�DSSOLHG�WR�WKH�WKUHH�VHOHFWHG�QRGHV�LQ�WKH�WUDQVYHUVH�GLUHFWLRQ��VHH�)LJ���F���7KLV�ZDV�FRQ�
VLGHUHG�DW�������������������DQG������RI�VWDWLF�FDSDFLW\��)LUVWO\��WKH�IDWLJXH�ORDG�ZDV�DSSOLHG�DW�WKH�
PLGSRLQW�XQGHU�WKH�VWHSZLVH�ORDGLQJ�� WKHQ�XQORDGHG�DQG�UHORDGHG�DW�DY�G ��RQ�WKH�ULJKW��DQG�WKHQ�DW�
DY�G ��RQ�WKH�OHIW�VLGH��&UDFN�LV�LQLWLDWHG�DW�WKH�UH�HQWUDQW�SRUWLRQ�RI�DOO�WKH�EHDPV�ZKHQ�D�PLQLPXP�
FRQVWDQW�IDWLJXH�ORDG�RI�����RI�WKH�VWDWLF�FDSDFLW\�LV�FRQVLGHUHG��KRZHYHU�DW�GLIIHUHQW�F\FOHV�DV�LQGLFDWHG�
RQ�WKH�GLVSODFHPHQW�WR�WKH�QXPEHU�RI�F\FOHV�LQ�WKH�ORJDULWKPLF�VFDOH��)LJ�����$V�WKH�IDWLJXH�ORDG�DPSOL�
WXGH�LV�LQFUHDVHG�EHORZ�WKH�VWDWLF�FDSDFLW\�OLPLW��KLJK�VWUHVV�LV�SURGXFHG��UHVXOWLQJ�LQ�UHGXFHG�WLPH�WR�
IDLOXUH��7KH�SDWWHUQ�RI�GDPDJH�DW�HDFK�VWUHVV�OHYHO�GHSHQGV�RQ�WKH�OHYHO�RI�ERQG�ORVV�LQ�HDFK�EHDP��$W�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� )DWLJXH� RI� FRQFUHWH� VWUXFWXUHV� �&\FOLF� 6KHDU� 5HVSRQVH� RI� 5HLQIRUFHG� &RQFUHWH� 'DSSHG�(QG� %HDPV�
�5&'(%V��8QGHU�%RQG�'HWHULRUDWLRQ��

�

����RI�WKH�VWDWLF�FDSDFLW\��WKH�EHDPV�VXGGHQO\�IDLO�DW�DERXW���WR���F\FOHV��$V�D�UHVXOW��5&'(%�LV�PRUH�
WKUHDWHQHG�E\�WKH�GLDJRQDO�WHQVLRQ�FUDFN�DW�WKH�UH�HQWUDQW�SRUWLRQ�DV�ZHOO�DV�WKH�VKHDU�FUDFN�DW�WKH�FULWLFDO�
VHFWLRQ�RI�WKH�EHDP��7KH�VKHDU�IDLOXUH�XVXDOO\�RFFXUV�DW�KLJK�VWUHVV�ZKHQ�WKH�F\FOLF�ORDG�LV�DSSOLHG�DW�
WKH�VKHDU�VSDQ�WR�WKH�GHSWK�UDWLR��DY�G�� ���

7KH�DFFXPXODWLRQ�RI�IDWLJXH�VWUHVV�LQ�WHUPV�RI�QRUPDOL]HG�VWDWLF�FDSDFLW\�DQG�WKH�QXPEHU�RI�F\FOHV�
WR�IDLOXUH��6�1��RI�WKH�5&'(%�H[DPLQHG�ZHUH�DVVHVVHG��7KH�IDWLJXH�UHTXLUHPHQWV�IRU�HYDOXDWLQJ�WKH�
EHDP�SHUIRUPDQFH�ZHUH�VHW� DV� VHUYLFHDELOLW\�DQG�XOWLPDWH� OLPLW�VWDWHV� IRU� VWUXFWXUDO�DVVHVVPHQW�� WKH�
EHDP�GHIOHFWLRQ��XVLQJ�WKH�(1���VSHFLILFDWLRQ�DQG�FODXVH�JLYHQ�XQGHU�VHFWLRQ�������DQG�WKH�UHLQIRUFH�
PHQW�\LHOG�VWUDLQ�DW�VWUDLQ�YDOXH�RI�������DV�WKH�XOWLPDWH�OLPLW�FULWHULRQ��)LJXUH����OHIW��VKRZV�WKH�6�1�
SORW�E\�IROORZLQJ�WKH�PHDVXUHG�GHIOHFWLRQ�OLPLW�RI���PP�LQ�WHUPV�RI�VHUYLFHDELOLW\�OLPLW��ZKLOH�)LJXUH�
���ULJKW��VKRZV�WKH�UHLQIRUFHPHQW�\LHOG�FULWHULD��7KHUH�LV�D�JHQHUDO�UHGXFWLRQ�LQ�IDWLJXH�OLIH�DW�DQ�LQ�
FUHDVHG�ERQG�GHWHULRUDWLRQ��WKH�GDPDJH�XQGHU�WKH�6�1�GLDJUDP�DFFRXQWV�IRU�DERXW��������RI�WKH�IDWLJXH�
OLIH�F\FOH�ZKHQ� WKH�XOWLPDWH� OLPLW�VWDWH� FULWHULRQ�LV� FRQVLGHUHG��$FFHOHUDWHG�FRUURVLRQ�RI� WKH�FULWLFDO�
VHFWLRQ�RI�WKH�5&'(%�FRXOG�WKHUHIRUH�SURPRWH�HDUO\�IDLOXUH�DQG�GHFUHDVH�WKH�IDWLJXH�OLIH�H[SHFWDQF\�RI�
WKH�EHDP��

�

�
)LJ���� %HDP�5HVSRQVH�XQGHU�WKH�F\FOLF�ORDGLQJ��6WUDLQ�WLPH�RI��D��VWHHO��E�FRQFUHWH���F��'LSODFH�

PHQW�WLPH��DQG��G��SRVLWLRQ�RI�VWUDLQ�JDXJHV�RQ�WKH�WHVW�EHDPV��
�
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�



&\FOLF�6KHDU�5HVSRQVH�RI�5HLQIRUFHG�&RQFUHWH�'DSSHG�(QG�%HDPV��5&'(%V��8QGHU�%RQG�'HWHULRUDWLRQ��

$MLEROD�,EUDKLP�4XDGUL�DQG�&KLNDNR�)XML\DPD��� �� ����
�
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�
�
)LJ���� 6WUDLQ�GLVWULEXWLRQ�XQGHU�IDWLJXH�PRYLQJ�ORDG��[�[�GLUHFWLRQ���

�

�
)LJ���� 'LVSODFHPHQW�YHUVXV�WKH�QXPEHU�RI�F\FOHV�XQGHU�WKH�IDWLJXH�PRYLQJ�ORDG���

�� &RQFOXVLRQ�
7KH�UHVSRQVH�RI�UHLQIRUFHG�FRQFUHWH�GDSSHG�HQG�EHDPV�VXEMHFWHG�WR�F\FOLF�ORDGLQJ�XQGHU�WKH�LQIOXHQFH�
RI�ERQG�GHWHULRUDWLRQ�RI�5&�FRPSRVLWH�DW�WKH�FULWLFDO�SRUWLRQ�KDV�EHHQ�H[DPLQHG�H[SHULPHQWDOO\��$QD�
O\WLFDO�LQYHVWLJDWLRQ�XQGHU�WKH�PRYLQJ�ORDG�E\�DGRSWLQJ�WKH�GLUHFW�SDWK�LQWHJUDO�VFKHPH�ZDV�FRQGXFWHG�
WR�GHWHUPLQH�WKH�VHUYLFH�OLIH�GHJUDGDWLRQ�RQ�DFFRXQW�RI�WKH�ERQG�ORVV��7KH�IROORZLQJ�FRQFOXVLRQV�DUH�
GUDZQ��
��� $Q� LQFUHDVH� LQ� WKH�SRVLWLRQ�RI� WKH�ERQG� ORVV�KDVWHQHG� WKH�GDPDJH�RI� WKH�EHDP�ZLWK�VKHDU� DQG�

GLDJRQDO�WHQVLRQ�FUDFNV�IRUPLQJ�WKH�GRPLQDQW�FUDFNV�DQG�UHVXOWLQJ�LQ�GDPDJH�DW�WKH�FULWLFDO�VHFWLRQ�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� )DWLJXH� RI� FRQFUHWH� VWUXFWXUHV� �&\FOLF� 6KHDU� 5HVSRQVH� RI� 5HLQIRUFHG� &RQFUHWH� 'DSSHG�(QG� %HDPV�
�5&'(%V��8QGHU�%RQG�'HWHULRUDWLRQ��

�

RI�WKH�EHDP��7KHVH�FUDFNV�DUH�PRVWO\�UHVLVWHG�E\�WKH�KDQJHU�EDUV��VWLUUXSV��FORVH�WR�WKH�UHHQWUDQW�
FRUQHUV�RI�WKH�EHDPV���

��� 7KH�SRVLWLRQ�RI�WKH�DSSOLHG�ORDG�LV�DQ�DGGLWLRQDO�IDFWRU�WKDW�GLFWDWHV�ZKHQ�WKH�EHDPV�IDLOV��7KXV��
5&'(%�LV�PRUH�WKUHDWHQHG�E\�WKH�GLDJRQDO�WHQVLRQ�FUDFNV�HPDQDWLQJ�IURP�WKH�UHFHVV�SRUWLRQ�ZKHQ�
ORDGHG�QHDU�WKLV�FRUQHU���0RUH�DWWHQWLRQ�LV�WKHUHIRUH�UHTXLUHG�DUHD�DV� WKH�GRPLQDQW�GDPDJH�SHU�
SHWXDWHV�WKLV�SRUWLRQ����

��� 7KH�QXPEHU�RI�F\FOHV�WR�IDLOXUH�XQGHU�WKH�PRYLQJ�ORDG��FRQVLGHUHG�LQ�WKH�QXPHULFDO�DQDO\VLV��GH�
FUHDVHG�DV�WKH�DPSOLWXGH�RI�WKH�IDWLJXH�ORDGLQJ�LQFUHDVHG�EHORZ�WKH�VWDWLF�FDSDFLW\��7KLV� LV�DOVR�
FRQILUPHG�LQ�WKH�6�1�GLDJUDPV��7KH�IDWLJXH�OLIH�FULWHULRQ�XQGHU�WKH�XOWLPDWH�VWDWH�SUHVHQWHG�D�UHO�
DWLYHO\�UHGXFHG�VHUYLFH�OLIH�FRPSDUHG�WR�WKH�VHUYLFHDELOLW\�VWDWH�ZKLFK�SDUWO\�UHOLHV�RQ�WKH�OHYHO�RI�
WKH�ERQG�ORVV�DQG�WKH�PRYLQJ�ORDG�PDJQLWXGH���

�
�
�
�
�
�
�
�
�
�
�
�
�
)LJ���� 6�1�GLDJUDP�RI�WKH�PRYLQJ�ORDG�QRUPDOL]HG�E\�VWDWLF�FDSDFLW\��'HIOHFWLRQ�FULWHULRQ��OHIW��DQG�

�\LHOG�VWUHQJWK�RI�UHLQIRUFHPHQW�FULWHULRQ��ULJKW���
�

5HIHUHQFHV�
>�@� 'DSSHG�HQG�EHDP�DQG�FRUEHO�FRUURVLRQ��³$FFHVVHG�'HFHPEHU���������´��KWWSV���ZZZ�SURQWX�

EHDP�FRP�DUWLFOHV������������'DSSHG�HQG�EHDPV�DQG�FRUURVLRQ��
>�@� 7DKHU�6��(��'��0��)������?��³6WUHQJWKHQLQJ�RI�FULWLFDOO\�GHVLJQHG�JLUGHUV�ZLWK�GDSSHG�HQGV�´�

3URFHHGLQJV�RI�WKH�,QVWLWXWLRQ�RI�&LYLO�(QJLQHHUV���6WUXFWXUHV�DQG�%XLOGLQJV��YRO�������QR������SS��
���±�����

>�@� 0DWD�)DOFyQ�� -DLPH��/XLV�3DOODUpV��DQG�3HGUR�)��0LJXHO�������� ³3URSRVDO�DQG�([SHULPHQWDO�
9DOLGDWLRQ�RI�6LPSOLILHG�6WUXW�DQG�7LH�0RGHOV�RQ�'DSSHG�(QG�%HDPV�´�(QJLQHHULQJ�6WUXF�
WXUHV���������±�����

>�@� 0DWWRFN� $�+� DQG� &KDQ� 7�&� ������ ³'HVLJQ� DQG� %HKDYLRU� RI� 'DSSHG�(QG� %HDPV´�� SFLM��
����������±����

>�@� 4XDGUL��$MLEROD� ,��� DQG�)XML\DPD�&KLNDNR�������³1XPHULFDO�$QDO\VLV�RI�5&�*HUEHU�%ULGJH�
*LUGHU�6XEMHFWHG�WR�)DWLJXH�/RDGLQJ�´�LQ�%ULGJH�0DLQWHQDQFH��6DIHW\��0DQDJHPHQW��/LIH�&\FOH�
6XVWDLQDELOLW\� DQG� ,QQRYDWLRQV� �HGV�� <RNRWD�� +�� 	� )UDQJRSRO�� '�� 0��� ����±������
GRL����������������������������

>�@� %ULWLVK�6WDQGDUGV�,QVWLWXWLRQ��(XURFRGH����GHVLJQ�RI�FRQFUHWH�VWUXFWXUHV��%ULWLVK�VWDQGDUG��/RQ�
GRQ��%6,���������

>�@� )XML\DPD��&��DQG�0DHNDZD��.��������³$�&RPSXWDWLRQDO�6LPXODWLRQ�IRU�WKH�'DPDJH�0HFKD�
QLVP�RI�6WHHO�&RQFUHWH�&RPSRVLWH�6ODEV�XQGHU�+LJK�&\FOH�)DWLJXH�/RDGV�´�$&7������������±
�����

>�@� 4XDGUL�$MLEROD�,���DQG�)XML\DPD�&KLNDNR�������³%RQG�/RVV�5HVSRQVH�RI�5HLQIRUFHG�&RQFUHWH�
'DSSHG�(QG�%HDP�6XEMHFWHG�WR�6WDWLF�$QG�/RZ�&\FOH�)DWLJXH�/RDGLQJ´�&RQFUHWH�(QJLQHHULQJ�
$QQXDO�3DSHU�RI�WKH�-DSDQ�&RQFUHWH�,QVWLWXWH��-&,���YRO����QR���SS���������

>�@� 7DQJ�;-��)XML\DPD�&��6KDQJ�)��0DHNDZD�.��$Q�;+��������³5HVLGXDO�)DWLJXH�/LIH�$VVHVVPHQW�
RI�'DPDJHG�5&�%ULGJH�6ODEV�%DVHG�RQ�6LWH�,QVSHFWLRQ�IRU�&UDFNLQJ��$�4XDQWLWDWLYH�'LVFXV�
VLRQ��$GYDQFHV�LQ�6WUXFWXUDO�(QJLQHHULQJ´�����������±�����

>��@� )XML\DPD�&��.RED\DVKL�.��=KDQ�-��0DHNDZD�.��������³)DWLJXH�/LIH�6LPXODWLRQ�RI�5&�%ULGJH�
6ODE�ZLWK�,QLWLDO�'HIHFWV�XQGHU�:DWHU��3URFHGLD�(QJLQHHULQJ´���������±�����



�

3URF��RI�WKH���WK�ILE�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�
-XO����WR�����������0DUQH�OD�9DOOpH��3DULV��)UDQFH�

����

�

,QIOXHQFH�RI�VLOLFD�IXPH�RQ�WKH�GHWHULRUDWLRQ�XQGHU�
FRPSUHVVLYH�IDWLJXH�ORDGLQJ�LQ�KLJK�VWUHQJWK�FRQFUHWH��
7LP�6FKHLGHQ��1DGMD�2QHVFKNRZ�

,QVWLWXWH�RI�%XLOGLQJ�0DWHULDOV�6FLHQFH��
/HLEQL]�8QLYHUVLW\�+DQQRYHU��
$SSHOVWUD�H��$��������+DQQRYHU��*HUPDQ\�

$EVWUDFW�
7KH�IDWLJXH�EHKDYLRXU�RI�FRQFUHWH�LV�VWURQJO\�GHSHQGHQW�RQ�YDULRXV�LQIOXHQFLQJ�IDFWRUV��7KH�LQIOXHQFH�
RI�GLIIHUHQW�FRQFUHWH�FRPSRVLWLRQ�RQ�WKH�IDWLJXH�EHKDYLRXU�RI�KLJK�VWUHQJWK�FRQFUHWH�KDV�QRW�\HW�EHHQ�
VXIILFLHQWO\�LQYHVWLJDWHG��,Q�DGGLWLRQ��PRVW�UHVHDUFK�ZDV�FRQFHUQHG�ZLWK�WKH�HIIHFW�RQ�WKH�QXPEHU�RI�
F\FOHV� WR� IDLOXUH� ZLWKRXW� LQFOXGLQJ� GHWDLOHG� GDPDJH� LQGLFDWRUV�� ZKLFK� GHVFULEH� WKH� FKDQJHV� LQ� WKH�
PLFUR�VWUXFWXUH��,Q�WKLV�SDSHU��DQDO\VHV�DQG�UHVXOWV�FRQFHUQLQJ�WKH�IDWLJXH�EHKDYLRXU�RI�D�KLJK�VWUHQJWK�
FRQFUHWH�ZLWK� DQG�ZLWKRXW� VLOLFD� IXPH� DUH� SUHVHQWHG��7KHUHE\�� HVSHFLDOO\� WKH� FRPELQHG� DQDO\VLV� RI�
GLIIHUHQW� GDPDJH� LQGLFDWRUV� VXFK� DV� VWUDLQ� DQG� WKH� DFRXVWLF� HPLVVLRQ� SRLQWV� WR� GLIIHUHQW� GDPDJH�
PHFKDQLVPV� FDXVHG� E\� WKH� DGGLWLRQ� RI� VLOLFD� IXPH�� +RZHYHU�� WKH� IDWLJXH� EHKDYLRXU� RI� WKH� KLJK�
VWUHQJWK�FRQFUHWH�FRXOG�EH�LPSURYHG�E\�WKH�DGGLWLRQ�RI�VLOLFD�IXPH���

�� ,QWURGXFWLRQ�
,Q�WKH�ODVW�VHYHUDO�GHFDGHV��IDWLJXH�RI�FRQFUHWH�UHVHDUFK�ZDV�PDLQO\�IRFXVHG�RQ�WKH�QXPEHUV�RI�F\FOHV�
WR� IDLOXUH� DQG� SDUWLDOO\� RQ� WKH� GHYHORSPHQW� RI� VWUDLQV� DQG� VWLIIQHVV�� H�J�� >�@�>�@��+HQFH�� HYHQ� WRGD\�
YHU\�OLWWOH�NQRZOHGJH�LV�DYDLODEOH�FRQFHUQLQJ�WKH�GDPDJH�SURFHVVHV�LQ�FRQFUHWH�PLFURVWUXFWXUH�GXH�WR�
IDWLJXH� ORDGLQJ�� )RU� WKLV� UHDVRQ�� WKH� 3ULRULW\� 3URJUDP� 633� ����� ³&\FOLF� GHWHULRUDWLRQ� RI� +LJK�
3HUIRUPDQFH�&RQFUHWH�LQ�DQ�([SHULPHQWDO�9LUWXDO�/DE´��IXQGHG�E\�WKH�*HUPDQ�5HVHDUFK�)RXQGDWLRQ��
LV�IRFXVHG�RQ�WKH�HYDOXDWLRQ�RI�GDPDJH�LQGLFDWRUV�LQ�FRPELQDWLRQ�ZLWK�QHZ�PHWKRGV��VXFK�DV�DFRXVWLF�
HPLVVLRQ�DQDO\VLV���

'LIIHUHQW�UHVXOWV�DUH�GRFXPHQWHG�LQ�OLWHUDWXUH�FRQVLGHULQJ�WKH�IRUPDWLRQ�DQG�SURSDJDWLRQ�RI�FUDFNV�
XQGHU�IDWLJXH�ORDGLQJ��6RPH�LQYHVWLJDWLRQV�IRXQG�RXW�WKDW�IDWLJXH�ORDGLQJ�OHDGV�WR�WKH�GHYHORSPHQW�RI�
FUDFNV� LQ� WKH� ERQG� EHWZHHQ� FRDUVH� DJJUHJDWH� DQG�PRUWDU�� WKH� LQWHUIDFLDO� WUDQVLWLRQ� ]RQH� �,7=�� >�@��
5HVXOWV�LQ�>�@�LQGLFDWH�WKDW��LQ�DGGLWLRQ��DOUHDG\�H[LVWLQJ�PLFURFUDFNV�LQ�FHPHQW�VWRQH�GHYHORS�IXUWKHU�
DQG�XQLWH�� IRUPLQJ�PDFURFUDFNV��2WKHU� LQYHVWLJDWLRQV�IRXQG�WKDW�QHZ�PLFURFUDFNV�PDLQO\�RFFXU�>�@��
$OWRJHWKHU�� WKHUH�PLJKW�EH�D�GHSHQGHQF\�RQ� WKH�VWUHVV� OHYHO�FRQFHUQLQJ� WKH�IRUPDWLRQ�RI�FUDFNV�>�@��
>�@��7KH�PLFURVWUXFWXUH�RI�FRQFUHWH��DQG�WKHUHIRUH�WKH�FRQFUHWH�FRPSRVLWLRQ��LQIOXHQFHV�WKH�RFFXUUHQFH�
DQG�GHYHORSPHQW�RI�GDPDJH�GXH�WR�IDWLJXH�ORDGLQJ�>�@��>�@��)RU�VWDWLF�ORDGLQJ��DQ�LQFUHDVH�LQ�FRPSUHV�
VLYH�VWUHQJWK�GXH�WR�WKH�DGGLWLRQ�RI�VLOLFD�IXPH�LV�QRWLFHG�E\�6KDUDN\�HW�DO��>��@��7KH\�H[SODLQHG�WKLV�
LQFUHDVHG�VWUHQJWK�GXH�WR�WKH�LQFUHDVHG�ILOOHU�HIIHFW�RI�VLOLFD�IXPH�DV�ZHOO�DV�WKH�JUHDWHU�VROLG�YROXPH�
RI�&�6�+�JHO�DQG�WKXV�DGGLWLRQDO�UHGXFWLRQ�RI�FDSLOODU\�SRURVLW\�GXULQJ�K\GUDWLRQ��+RZHYHU��FXUUHQWO\�
QR�UHVXOWV�DUH�GRFXPHQWHG�LQ�OLWHUDWXUH��WR�ZKDW�H[WHQW�WKH�DGGLWLRQ�RI�VLOLFD�IXPH�DQG�WKXV�WKH�VWUHQJ�
WKHQLQJ�RI�WKH�FHPHQW�VWRQH�DQG�WKH�,7=�KDYH�DQ�HIIHFW�RQ�WKH�RQJRLQJ�GDPDJH�PHFKDQLVP�DQG�FUDFN�
GHYHORSPHQW�XQGHU�SXUH�FRPSUHVVLYH�IDWLJXH�ORDGLQJ��

:LWKLQ�D�UHVHDUFK�SURMHFW�RI�WKH�633�������WKH�LQIOXHQFH�RI�VLOLFD�IXPH�LQ�KLJK�VWUHQJWK�FRQFUHWH�
FRPSRVLWLRQ�RQ� WKH�GDPDJH�PHFKDQLVPV�XQGHU�SXUH�FRPSUHVVLYH�F\FOLF� ORDGLQJ� LV� LQYHVWLJDWHG��)RU�
WKLV�� IDWLJXH� WHVWV�ZLWK� WZR�GLIIHUHQW� VWUHVV� OHYHOV�ZHUH� FRQGXFWHG��'LIIHUHQW� GDPDJH� LQGLFDWRUV� OLNH�
VWUDLQ�� VWLIIQHVV��GLVVLSDWHG�HQHUJ\�DQG�DFRXVWLF�HPLVVLRQ� >��@�� >��@�ZHUH�XVHG� IRU�FRPSDUDWLYH� DQD�
O\VHV��7KH�UHVXOWV�REWDLQHG�VKRZ��WKDW�WKH�FRPELQDWLRQ�RI�VWUDLQ�GHSHQGHQW�GDPDJH�LQGLFDWRUV�DQG�WKH�
DFRXVWLF�HPLVVLRQ�DQDO\VLV�SRLQWV�WR�D�GLIIHUHQW�DQG�LPSURYHG�IDWLJXH�EHKDYLRXU�GXH�WR�WKH�DGGLWLRQ�RI�
VLOLFD�IXPH���
� �



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� )DWLJXH�RI�FRQFUHWH�VWUXFWXUHV�

�

�� ([SHULPHQWDO�3URJUDPPH�

���� &RQFUHWH�DQG�VSHFLPHQ�
7KH� H[SHULPHQWDO� LQYHVWLJDWLRQV� RI� WKH� IDWLJXH� EHKDYLRXU� XQGHU� XQLD[LDO� FRPSUHVVLYH� ORDGLQJ�ZHUH�
FRQGXFWHG� RQ� WZR� KLJK�VWUHQJWK� FRQFUHWHV�ZKRVH� FRPSRVLWLRQV� RQO\� GLIIHU� LQ� WKH� DGGLWLRQ� RI� VLOLFD�
IXPH�� %DVHG� RQ� WKH� DSSURDFK� RI� WKH� VDPH� SDVWH� ILOP� WKLFNQHVV� >��@�� VLOLFD� IXPH�ZDV� DGGHG� WR� WKH�
PL[WXUH�WR�LPSURYH�WKH�ELQGHU�PDWUL[�DQG�WKH�,7=�EHWZHHQ�WKH�DJJUHJDWHV�DQG�WKH�ELQGHU�PDWUL[��7KH�
FRPSRVLWLRQV�RI� WKH�KLJK�VWUHQJWK�FRQFUHWH�5+��%�DQG� WKH�FRQFUHWH�ZLWK� VLOLFD� IXPH�5+��%�6L�DUH�
JLYHQ�LQ�7DEOH�����

7KH� FRQFUHWH� FRPSRVLWLRQ�5+��%� LV� WKH� KLJK�VWUHQJWK� UHIHUHQFH� FRPSRVLWLRQ� RI� WKH� 633� ������
7KH� IDWLJXH� WHVWV�ZHUH�FRQGXFWHG�RQ�F\OLQGULFDO� VSHFLPHQV�ZLWK�K�G� ��������PP��7KH�39&�IRUP�
ZRUNV�ZHUH� UHPRYHG�DIWHU���GD\V�DQG� WKH�F\OLQGHUV�ZHUH�VWRUHG� LQ� VWDQGDUGL]HG�FRQGLWLRQV� �����&� ��
�����5�+���XQWLO�WHVWLQJ��7KH�WHVW�VXUIDFHV�RI�WKH�VSHFLPHQV�ZHUH�SODQH�SDUDOOHO�JURXQG�DQG�SROLVKHG�
WR�DFKLHYH�D�PRUH�XQLIRUP�VWUHVV�GLVWULEXWLRQ�XQGHU�ORDGLQJ��

7DEOH��� &RQFUHWH�FRPSRVLWLRQ�

&RQFUHWH� 5+��%� 5+��%�6L�

2UGLQDU\� 3RUWODQG� &HPHQW� �&(0� ,�
�����5�+6�1$��

�������NJ�P�� �������NJ�P��

0LFUR�VLOLFD� �� ������NJ�P��

4XDUW]�VDQG��������PP�� ������NJ�P�� ������NJ�P��

6DQG������PP�� �������NJ�P�� �������NJ�P��
%DVDOW������PP�� �������NJ�P�� �������NJ�P��

%DVDOW������PP�� �������NJ�P�� �������NJ�P��

3&(�SODVWLFL]HU� �����NJ�P�� �����NJ�P��

6WDELOL]HU� �����NJ�P�� �����NJ�P��
:DWHU� �������NJ�P�� �������NJ�P��

%HIRUH�WKH�IDWLJXH�WHVWV��WKH�FRQFUHWH�FRPSUHVVLYH�VWUHQJWK�DQG�WKH�PRGXOXV�RI�HODVWLFLW\�ZHUH�GHWHU�
PLQHG�RQ�WKUHH�WHVW�VSHFLPHQV�HDFK�DQG�WKH�UHVSHFWLYH�PHDQ�YDOXHV�ZHUH�GHWHUPLQHG��FI��WDEOH�����7KH�
DYHUDJH����G�FRPSUHVVLYH�VWUHQJWK�DIWHU�VWRUDJH�XQGHU�ZDWHU�IFP�FXEH�LV�KLJKHU�IRU�WKH�5+��%�6L��7KXV��
WKHUH�LV�DQ�LQFUHDVH�LQ�WKH�FRPSUHVVLYH�VWUHQJWK�GXH�WR�WKH�DGGLWLRQ�RI�VLOLFD�IXPH��ZKLFK�ZDV�H[SHFWHG�
�FI��VHFWLRQ�����7KH�PRGXOXV�RI�HODVWLFLW\�(P�ZDV�GHWHUPLQHG�LQ�DFFRUGDQFH�WR�',1�(1����������>��@�
RQ�F\OLQGULFDO�VSHFLPHQV�ZLWK�K�G� ���������PP�DIWHU����GD\V��7KH�UHIHUHQFH�FRQFUHWH�5+��%�KDV�DQ�
�����ORZHU�PRGXOXV�RI�HODVWLFLW\�WKDQ�WKDW�RQH�RI�WKH�VLOLFD�FRQFUHWH�5+��%�6L��,Q�DGGLWLRQ�DQG�IRU�
WKH�SXUSRVH�RI�FRPSDULVRQ�ZLWK�WKH�VWLIIQHVV�GHYHORSPHQW�XQGHU�IDWLJXH�ORDGLQJ��WKH�VHFDQW�PRGXOXV�
RU�UDWKHU�VWLIIQHVV�RI�WKH�VWUHVV�VWUDLQ�FXUYH�EHIRUH�WKH�IDWLJXH�WHVWV�ZDV�GHWHUPLQHG�DOVR�XVLQJ�F\OLQ�
GHUV�ZLWK� K�G� ��������PP� �FI�� WDEOH� ���� 7KH� DYHUDJH� VWLIIQHVV� 6P� XQGHU�PRQRWRQLFDOO\� LQFUHDVLQJ�
ORDGLQJ�LV�KLJKHU�IRU�5+��%�6L��7KXV��WKH�DGGLWLRQ�RI�VLOLFD�IXPH�OHDGV�WR�DQ�LQFUHDVH�LQ�VWLIIQHVV�RI�
DSSUR[��������7KHVH�SURSHUWLHV�FRQILUP�WKH�DLPHG�LPSURYHPHQW�RI�WKH�PLFURVWUXFWXUH�E\�WKH�DGGLWLRQ�
RI� VLOLFD� IXPH��7KH� UHIHUHQFH� FRPSUHVVLYH�VWUHQJWKV� IFP�UHI�RI� WKH�KLJK�VWUHQJWK�FRQFUHWHV��ZKLFK�DUH�
UHTXLUHG� WR� GHWHUPLQH� WKH� D[LDO� WHVW� IRUFHV� EDVHG� RQ� WKH� VWUHVV� OHYHOV�� ZHUH� GHWHUPLQHG� MXVW� EHIRUH�
FRQGXFWLQJ�WKH�IDWLJXH�WHVWV��XVLQJ�ILYH�VSHFLPHQV�IURP�WKH�VDPH�EDWFK�KDYLQJ�WKH�VDPH�JHRPHWU\�DV�
WKH�VSHFLPHQV�XVHG�LQ�WKH�IDWLJXH�WHVWV��7KH�UHIHUHQFH�FRPSUHVVLYH�VWUHQJWK�LV�DOVR�JLYHQ�LQ�7DEOH����
$OO�IDWLJXH�WHVWV�ZHUH�FRQGXFWHG�XVLQJ�VSHFLPHQV�ZLWK�D�PLQLPXP�FRQFUHWH�DJH�RI����GD\V��
� �
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�

7DEOH��� +DUGHQHG�FRQFUHWH�SURSHUWLHV�RI�5+��%�DQG�5+��%�6L�

&RQFUHWH� 5+��%� 5+��%�6L�

IFP�FXEH�� ����>03D@� ����>03D@�

(P�� �������>03D@� �������>03D@�

6P�� �������>03D@� �������>03D@�
IFP�UHI�� ���>03D@� ����>03D@�

�

���� ([SHULPHQWDO�VHW�XS�
7KH�IDWLJXH�WHVWV�ZHUH�FDUULHG�RXW�IRUFH�FRQWUROOHG�XVLQJ�D�FODVV�����VHUYR�K\GUDXOLF�WHVWLQJ�PDFKLQH�
ZLWK�D�����N1�DFWXDWRU� �DFFRUGLQJ� WR� ,62��������>��@���7KH� IXOO� DPSOLWXGH�ZDV�DSSOLHG� LQ� WKH� ILUVW�
ORDG�F\FOH��7KH�PLQLPXP�VWUHVV�OHYHO�ZDV�NHSW�FRQVWDQW�ZLWK�6F�PLQ� ������IRU�DOO�WHVW�VHULHV��ZKLOH�WKH�
PD[LPXP� VWUHVV� OHYHO� ZDV� HLWKHU� 6F�PD[� ������ RU� 6F�PD[� ������� 7KH� WHVW� IUHTXHQF\� DSSOLHG� ZDV�
IW� �����+]�� 7KH� D[LDO� GHIRUPDWLRQV� ZHUH� PHDVXUHG� FRQWLQXRXVO\� GXULQJ� WKH� WHVWV� XVLQJ� WKUHH� ODVHU�
GLVWDQFH�VHQVRUV�SRVLWLRQHG�DURXQG�WKH�VSHFLPHQ�DW�����������DQG�������,Q�DGGLWLRQ��WKH�D[LDO�IRUFH��WKH�
D[LDO�VWURNH�RI�WKH�DFWXDWRU��DQG�WKH�WHPSHUDWXUH�RQ�WKH�VSHFLPHQ
V�VXUIDFH�DW�PLG�KHLJKW�DQG�WKH�DP�
ELHQW�WHPSHUDWXUH�ZHUH�PHDVXUHG��DOO�ZLWK�D�VDPSOLQJ�UDWH�RI�����+]��6L[�VHQVRUV�ZHUH�DWWDFKHG�WR�WKH�
VSHFLPHQV�WHVWHG�XQGHU�IDWLJXH� WR�FKDUDFWHUL]H� WKH�GHJUDGDWLRQ�XVLQJ�DFRXVWLF�HPLVVLRQ��7KH�VHQVRUV�
ZLWK�D�ZLGHEDQG�IUHTXHQF\�UHVSRQVH�ZLWK� WKH�UDQJH�RI����±������N+]�ZHUH�SRVLWLRQHG�DW�����IURP�
RQH�DQRWKHU��DOWHUQDWLQJ�LQ�WKH�XSSHU�DQG�ORZHU�WKLUG�RI�WKH�VSHFLPHQ��,Q�SUHOLPLQDU\�WHVWV��D�WKUHVKROG�
RI����GE�ZDV�GHILQHG�WR�VHSDUDWH�WKH�XVHIXO�VLJQDO�IURP�EDFNJURXQG�QRLVH��7KLV�PHDQV�WKDW�DOO�VLJQDOV�
ZLWK�DQ�DPSOLWXGH�VPDOOHU� WKDQ� WKH� WKUHVKROG�DUH�QRW�UHFRUGHG��7KH�H[SHULPHQWDO�VHW�XS� LV�VKRZQ�LQ�
)LJ�����$OVR�YLVLEOH�LQ�)LJ����EXW�QRW�IXUWKHU�XVHG�IRU�REWDLQLQJ�WKH�UHVXOWV�SUHVHQWHG�LQ�WKLV�SDSHU��DUH�
DGGLWLRQDO�OLQHDU�YDULDEOH�GLIIHUHQWLDO�WUDQVIRUPHUV��/9'7��DQG�VWUDLQ�JDXJHV��

�

�
)LJ���� ([SHULPHQWDO�VHW�XS�>�@�

� �



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� )DWLJXH�RI�FRQFUHWH�VWUXFWXUHV�

�

�� 5HVXOWV�DQG�'LVFXVVLRQ�

���� 1XPEHU�RI�F\FOHV�WR�IDLOXUH�
)LUVW�RI�DOO�� LW�PXVW�EH�VWDWHG�WKDW�WKH�PD[LPXP�WHPSHUDWXUH�LQFUHDVH�GXULQJ�WKH�IDWLJXH�SURFHVV�ZDV�
PD[LPDO� ��� .� DQG�� WKHUHIRUH�� UHODWLYHO\� ORZ�� 7KH� FRUUHODWLRQ� EHWZHHQ� WKH� PD[LPXP� FRPSUHVVLYH�
VWUHVV�OHYHO�6F�PD[�DQG�WKH�ORJ��QXPEHUV�RI�F\FOHV�WR�IDLOXUH�ORJ��1I�LV�VKRZQ�LQ�)LJ�����7KH�WHVW�UHVXOWV�
DUH�SUHVHQWHG� IRU�ERWK�KLJK�VWUHQJWK�FRQFUHWHV�DV� VLQJOH�YDOXHV�RQ�HDFK�PD[LPXP�VWUHVV� OHYHO��)XU�
WKHUPRUH�� WKH� 6�1� FXUYHV� IRU� SXUH� FRPSUHVVLYH� IDWLJXH� ORDGLQJ� RI� ILE�0RGHO� &RGH� ����� >��@� DQG�
(XURFRGH���>��@�DUH�VKRZQ�LQ�)LJ�����

�
)LJ���� 1XPEHU�RI�F\FOHV�WR�IDLOXUH�

,W�LV�REYLRXV�IURP�)LJ����WKDW�WKH�VFDWWHU�RI�WKH�WHVWV�UHVXOWV�LV�UHODWLYHO\�ORZ�IRU�ERWK�FRQFUHWHV�FRP�
SDUHG�WR�RWKHU�LQYHVWLJDWLRQV�GRFXPHQWHG�LQ�WKH�OLWHUDWXUH�>�@��>�@��>��@��,W�DOVR�EHFRPHV�FOHDU�WKDW�WKH�
DYHUDJH�QXPEHU�RI� F\FOHV� WR� IDLOXUH� IRU� WKH�5+��%�6L� LV�KLJKHU� WKDQ� IRU� WKH�5+��%� IRU� ERWK� VWUHVV�
OHYHOV��7KH�GLIIHUHQFH�LQ�PHDQ�YDOXHV�LV�VPDOOHU�IRU�6F�PD[� �������EXW�QR�RYHUODSSLQJ�RI�VLQJOH�YDOXHV�
IRU�ERWK�VWUHVV� OHYHOV�H[LVWV��%RWK�FRQFUHWH�PL[WXUHV�PHHW� WKH�UHTXLUHPHQWV�RI� WKH�6�1�FXUYHV�RI� ILE�
0RGHO�&RGH������>��@�DQG�(XURFRGH���>��@��EHLQJ�PHDQ�FXUYHV���

���� 'DPDJH�LQGLFDWRUV�
)DWLJXH�GDPDJH�LQGLFDWRUV�DUH�XVHG�WR�GHVFULEH�WKH�GLIIHUHQFHV�LQ�WKH�IDWLJXH�EHKDYLRXU�RI�ERWK�FRQ�
FUHWHV�� +HUHLQDIWHU�� WKH� IROORZLQJ� IDWLJXH� GDPDJH� LQGLFDWRUV� DUH� DQDO\VHG� FRPSDUDWLYHO\� IRU� ERWK�
FRQFUHWH�PL[WXUHV��LQYHVWLJDWLQJ�WKHLU�GHYHORSPHQWV�LQ�WKH�IDWLJXH�SURFHVV��

x� 6WUDLQ�DW�PD[LPXP�VWUHVV�OHYHO�ɂ୫ୟ୶�>Å@�
x� 6WUDLQ�DW�PLQLPXP�VWUHVV�OHYHO�ɂ୫୧୬�>Å@�
x� 2YHUDOO�JURZWK�RI�VWUDLQ�DW�PD[LPXP�VWUHVV�OHYHO�οɂୡǡ୫ୟ୶

ିଵǤ �>Å@�
x� 2YHUDOO�JURZWK�RI�VWUDLQ�DW�PLQLPXP�VWUHVV�OHYHO�οɂୡǡ୫୧୬

ିଵǤ�>Å@�
x� *UDGLHQW�RI�GHYHORSPHQW�RI�VWUDLQ�DW�PD[LPXP�VWUHVV�LQ�SKDVH�,,�����ɂୡǡ୫ୟ୶

୍୍ �>�@�
x� *UDGLHQW�RI�GHYHORSPHQW�RI�VWUDLQ�DW�PD[LPXP�VWUHVV�LQ�SKDVH�,,�����ɂୡǡ୫୧୬

୍୍ �>�@�
x� 6WLIIQHVV��ୗ�>03D@�
x� 3HUFHQWLOH�ORVV�RI�VWLIIQHVV�ο�ୗିଵǤ�>�@�
x� *UDGLHQW�RI�GHYHORSPHQW�RI�VWLIIQHVV�LQ�SKDVH�,,������ୗ୍୍�>�@�
x� 'LVVLSDWHG�HQHUJ\�SHU�F\FOH�('�>N-�P�@�
x� 7RWDO�GLVVLSDWHG�HQHUJ\�σ�ୈ�>0-�P�@�
x� 7RWDO�QXPEHU�RI�KLWV�σ�ୌ�>�@�

7KXV��D�VHOHFWLRQ�RI� LQGLFDWRUV�DV� LQ�>��@�ZHUH�XVHG� WR�HQVXUH�FRPSDUDELOLW\� WR� WKH�UHVXOWV�SXEOLVKHG�
EHIRUH��7KH�GHYHORSPHQWV�RI�PD[LPXP�DQG�PLQLPXP�VWUDLQ�LQFOXGLQJ�WKH�ODVW�FRPSOHWH�F\FOH�EHIRUH�
IDLOXUH��7KH�VWUDLQ�DW�IDLOXUH�LV�QRW�LQFOXGHG�LQ�WKH�GHYHORSPHQWV�RI�VWUDLQV�HYDOXDWHG�GXH�WR�WKH�KLJK�
JUDGH�XQVWDEOH�VWDWH�RI�PLFURVWUXFWXUH�LQ�WKH�ORDG�F\FOH�ZKHUH�IDLOXUH�RFFXUV��7KH�VWLIIQHVV�(6�LV�FDOFX�
ODWHG� IRU� HDFK� ORDG� F\FOH� DV� WKH� VHFDQW�PRGXOXV�EHWZHHQ� WKH�PD[LPXP�DQG�PLQLPXP�SHDNV� LQ� WKH�
XQORDGLQJ�EUDQFK��7KH�GLVVLSDWHG�HQHUJ\�SHU�F\FOH�('�LV�GHWHUPLQHG�DV�WKH�DUHD�RI�WKH�K\VWHUHVLV�ORRS��
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7KH�KLWV�IURP�WKH�DFRXVWLF�HPLVVLRQ�DQDO\VLV�DUH�FKDUDFWHUL]HG�DV� VLQJOH� WUDQVLHQW�VLJQDOV�DQG�HYDOX�
DWHG�DV�WKH�GHYHORSPHQW�RI�FXPXODWHG�KLWV���

7KH�GHYHORSPHQWV�RI�WKH�GDPDJH�LQGLFDWRUV�DUH�VKRZQ�LQ�)LJ����DQG�)LJ����IRU�WKUHH�VSHFLPHQV�RI�
HDFK�FRQFUHWH�DQG�IRU�ERWK�VWUHVV�OHYHOV���
�

� �

� �
)LJ���� 'HYHORSPHQWV�RI�FRPSUHVVLYH�VWUDLQ�DQG�VWLIIQHVV�IRU�6F�PD[� �������OHIW��DQG�6F�PD[� ������

�ULJKW��

7KH�GHYHORSPHQWV�RI�VWUDLQ��FI��)LJ�����VKRZ�WKH�ZHOO�NQRZQ�WKUHH�SKDVH�VKDSH�>�@��>��@��,W�EHFRPHV�
FOHDU�WKDW�WKH�FRQFUHWH�ZLWK�VLOLFD�IXPH�5+��%�6L�KDV�D�ORZHU�JUDGLHQW�LQ�SKDVH�,,�PHDQLQJ�D�ORZHU�
LQFUHDVH�LQ�VWUDLQ�SHU�F\FOH�IRU�ERWK�VWUHVV�OHYHOV�FRPSDUHG�WR�WKH�FRQFUHWH�ZLWKRXW�VLOLFD�IXPH�5+��%��
7KH� JUDGLHQW� ����ɂୡǡ୫ୟ୶

୍୍ �LQ� SKDVH� ,,� RI� WKH� 5+��%�6L� LV� ����� IRU� 6F�PD[� ������ DQG� ����� IRU�
6F�PD[� ������ UHODWHG� WR� WKH�5+��%��$OVR� WKH�RYHUYHUDOO�JURZWK�RI� VWUDLQ�DW�PD[LPXP�DQG�PLQLPXP�
VWUHVV�OHYHO�LQ�WKH�IDWLJXH�SURFHVV�οɂୡǡ୫ୟ୶

ିଵǤ �DQG�οɂୡǡ୫୧୬
ିଵǤ�LV�ORZHU�IRU�WKH�FRQFUHWH�ZLWK�VLOLFD�IXPH�5+��

%�6L�IRU�ERWK�VWUHVV�OHYHOV�GHVSLWH�WKH�KLJKHU�QXPEHU�RI�F\FOHV�WR�IDLOXUH��7KH�KLJKHU�LQLWLDO�VWUDLQ�DW�
VWDUW�RI�ORDGLQJ�IRU�5+��%�6L��GHVSLWH�RI�WKH�LQFUHDVHG�VWLIIQHVV��FDQ�EH�H[SODLQHG�E\�WKH�UDWLR�EHWZHHQ�
WKH�DSSOLHG�VWUHVV�OHYHO�LQ�FRPELQDWLRQ�ZLWK�WKH�UDWLR�RI�PRGXOXV�RI�HODVWLFLW\���

5HJDUGLQJ�WKH�VWLIIQHVV�GHYHORSPHQW��LW�EHFRPHV�FOHDU�WKDW�WKH�5+��%�6L�KDV�D�KLJKHU�LQLWLDO�VWLII�
QHVV��ୗ�XQGHU� IDWLJXH� ORDGLQJ�� FRPSDUHG� WR� WKH�5+��%�� GXH� WR� WKH� DGGLWLRQ� RI� VLOLFD� IXPH�� 7KLV� LV�
FRQJUXHQW�ZLWK�WKH�UHVXOWV�IRU�WKH�PRQRWRQLFDOO\�LQFUHDVLQJ�ORDGLQJ��FI��VHFWLRQ�������7KH�GHFUHDVH�RI�
VWLIIQHVV�SHU�F\FOH�LQ�SKDVH�,,�������ୗ୍୍��LV�DOPRVW�LGHQWLFDO�IRU�ERWK�FRQFUHWHV�IRU�WKH�ORZHU�VWUHVV�OHYHO�
6F�PD[� �������)RU�6F�PD[� ������� WKH�JUDGLHQW�RI�VWLIIQHVV� LQ�SKDVH�,,������ୗ୍୍�LV� ORZHU�IRU� WKH�FRQFUHWH�
ZLWK� VLOLFD� IXPH��+RZHYHU�� IRU� 5+��%�6L�� WKH� RYHUDOO� SHUFHQWDJH� VWLIIQHVV� UHGXFWLRQ� LQ� WKH� IDWLJXH�
SURFHVV� LV� GHWHUPLQHG� RI� DSSUR[�� ο�ୗିଵǤ � ������ IRU� 6F�PD[� ������ DQG� ο�ୗିଵǤ � ������ IRU�
6F�PD[� ������ZLWK�UHVSHFW�WR�WKH�LQLWLDO�VWLIIQHVV�LQ�WKH�ILUVW�ORDG�F\FOH��)RU�FRPSDULVRQ��5+��%�VKRZV�
VWLIIQHVV�UHGXFWLRQ�RI�ο�ୗିଵǤ� ������IRU�6F�PD[� ������DQG�ο�ୗିଵǤ� ������IRU�6F�PD[� ������DQG�WKXV�
VLPLODU� RU� ORZHU� YDOXHV� WKDQ� WKH� 5+��%�6L�� +LJKHU� RYHUDOO� VWLIIQHVV� UHGXFWLRQV� GHVSLWH� VLPLODU� RU�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� )DWLJXH�RI�FRQFUHWH�VWUXFWXUHV�

�

ORZHU�JUDGLHQWV�LQ�SKDVH�,,�IRU�5+��%�6L�FDQ�EH�WUDFHG�EDFN�WR�WKH�KLJKHU�QXPEHUV�RI�F\FOHV�WR�IDLOXUH�
IRU�WKH�FRQFUHWH�ZLWK�VLOLFD���
�

� �

� �
)LJ���� 'HYHORSPHQWV�RI�GLVVLSDWHG�HQHUJ\�DQG�KLWV�IRU�6F�PD[� �������OHIW��DQG�6F�PD[� �������ULJKW��

7KH�GLVVLSDWHG�HQHUJ\�SHU�F\FOH��FI��)LJ�����VKRZV�DW�ILUVW�D�UDSLG�GHFUHDVH�DQG�WKHQ�D�VKRUW�QRQ�OLQHDU�
LQFUHDVH��ZKLFK� LV�IROORZHG�E\�D�VWHDG\�OLQHDU� LQFUHDVH� LQ�SKDVH�,,��6KRUWO\�EHIRUH�IDLOXUH�� WKH�GLVVL�
SDWHG�HQHUJ\�GLVSURSRUWLRQDWHO\� LQFUHDVHV�XQWLO� IDLOXUH��&KDUDFWHULVWLF� IRU� WKH�5+��%�6L� LV� WKH� ORZHU�
LQLWLDO�GLVVLSDWHG�HQHUJ\�DQG�D�ORZHU�GLVVLSDWHG�HQHUJ\�SHU�F\FOH�LQ�SKDVH�,,��'HVSLWH�WKH�ORZHU�HQHUJ\�
GLVVLSDWLRQ� SHU� F\FOH�� WKH� VXP� RI� WKH� GLVVLSDWHG� HQHUJ\� LV� KLJKHU� IRU� 5+��%�6L� ZLWK� DSSUR[��
σ�ୈ � �����0-�P�� IRU� 6F�PD[� ������ DQG�σ�ୈ � �����0-�P�� IRU� 6F�PD[� ������� )RU� FRPSDULVRQ� WKH��
5+��%� VXPV� XS�σ�ୈ � ���� 0-�P�� IRU� 6F�PD[� ������ DQG�σ�ୈ � �����0-�P�� IRU� 6F�PD[� ������� 7KH�
KLJKHU� VXP�RI� WKH�GLVVLSDWHG� HQHUJ\�RI� WKH�5+��%�6L�GHVSLWH� WKH� ORZHU� HQHUJ\�GLVVLSDWLRQ�SHU� ORDG�
F\FOH�FDQ�EH�WUDFHG�EDFN�WR�WKH�KLJKHU�QXPEHU�RI�F\FOHV�WR�IDLOXUH��$V�ZHOO�DV�IRU�WKH�VWUDLQ�DQG�VWLII�
QHVV� LQGLFDWRUV�� VKRUWO\� EHIRUH� IDLOXUH� WKH� GLVVLSDWHG� HQHUJ\� LQFUHDVHV� VLJQLILFDQWO\� IDVWHU� WKDQ� WKH�
5+��%��)XUWKHUPRUH��LW�LV�UHPDUNDEOH�WKDW�ZKLOH�WKH�FRXUVHV�RI�WKH�GLVVLSDWHG�HQHUJ\�IRU�6F�PD[� ������
DUH�YHU\�FRQWLQXRXV�IRU�ERWK�FRQFUHWHV��WKH�FRXUVHV�RI�WKH�GLVVLSDWHG�HQHUJ\�IRU�WKH�5+��%�6L�RVFLO�
ODWHV�DW�6F�PD[� �������7KLV�PHDQV�WKDW�WKH�DUHD�RI�K\VWHUHVLV�ORRSV�LQFUHDVHV�DQG�GHFUHDVHV�DJDLQ�ZLWKLQ�
SKDVH�,,�RI�WKH�GDPDJH�SURFHVV��7KLV�EHKDYLRXU�VHHPV�WR�EH�FKDUDFWHULVWLF�IRU�WKH�FRQFUHWH�ZLWK�VLOLFD�
IXPH�RQ�WKLV�VWUHVV�OHYHO�DQG�WKHUHIRUH�JLYHV�D�VWURQJ�LQGLFDWLRQ�RI�D�GLIIHUHQW�YLVFRXV�EHKDYLRXU�XQGHU�
IDWLJXH�ORDGLQJ���

)RU� WKH� DFRXVWLF� HPLVVLRQ� LW� VKRXOG� EH�PHQWLRQHG� WKDW� WKH� UHVXOWV� IRU� WKH� ORZHU� VWUHVV� OHYHO� RI�
6F�PD[� ������DUH�EDVHG�RQ�RQH�VSHFLPHQ�IRU�5+��%�DQG�WZR�VSHFLPHQ�IRU�5+��%�6L�7KH�FXPXODWHG�
KLWV�RI�WKH�DFRXVWLF�HPLVVLRQ�VKRZ�D�WKUHH�SKDVH�VKDSH��OLNH�WKH�RWKHU�VWUDLQ�GHSHQGHQW�GDPDJH�LQGLFD�
WRUV��)RU�WKH�VWUHVV�OHYHO�RI�6F�PD[� ������LW�LV�FKDUDFWHULVWLF�IRU�ERWK�FRQFUHWHV��WKDW�IURP�DSSUR[�������
RI� WKH� IDWLJXH�SURFHVV��D� VWHSZLVH�FRXUVH�FDQ�EH� LGHQWLILHG��&RPSDUHG� WR� WKH�RWKHU� VWUDLQ�GHSHQGHQW�
GDPDJH�LQGLFDWRUV��WKH�WKLUG�SKDVH�RI�WKH�5+��%�6L�VHHPV�WR�DQQRXQFH�LWVHOI�HDUOLHU�RQ�WKH�EDVLV�RI�WKH�
DFRXVWLF�HPLVVLRQ��7KLV�EHKDYLRXU�LV�QRW�GHUWHUPLQHG�IRU�WKH�KLJKHU�VWUHVV�OHYHO�RI�6F�PD[� �������+HUH��
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IRU�ERWK�FRQFUHWHV��WKH�WUDQVLWLRQ�IURP�SKDVH�,,�WR�SKDVH�,,,�FRUUHODWHV�ZLWK�WKRVH�RI�WKH�VWUDLQ�GHSHQ�
GHQW�GDPDJH�LQGLFDWRUV���

7KH� 5+��%�6L� HPLWV� VLJQLILFDQWO\� OHVV� GHWHFWDEOH� KLWV� XS� WKH� EHJLQQLQJ� RI� WKH� VWHSZLVH� FRXUVH�
VWDUWV��)RU�HDFK�FRQFUHWH��D�FKDUDFWHULVWLF�UDQJH�RI�FXPXODWHG�KLWV�DW�WKH�EHJLQQLQJ�RI�WKH�GLVSURSRUWLR�
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GLIIHULQJ� LQ� WKH� DGGLWLRQ� RI� VLOLFD� IXPH�� )DWLJXH� WHVWV� ZHUH� FRQGXFWHG� XVLQJ� WZR� VWUHVV� OHYHOV� RI�
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UHVHDUFK�LQ�WKH�OLWHUDWXUH�LQYHVWLJDWHV�WKH�LQIOXHQFH�RI�VSHFLPHQ�SURGXFWLRQ�DQG�SUHSDUDWLRQ�RQ�WKH�QXP�
EHU�RI�F\FOHV� WR�IDLOXUH��7KH� ILUVW�RFFDVLRQ� LQ�ZKLFK� WKH� LQIOXHQFH�RI�+3&�VSHFLPHQ�SURGXFWLRQ�DQG�
SUHSDUDWLRQ�RQ�WKH�FRQFUHWH�VWUHQJWK�DQG�QXPEHU�RI�F\FOHV�WR�IDLOXUH�FDQ�EH�H[WHQVLYHO\�LQYHVWLJDWHG�LQ�
WKH�IUDPHZRUN�RI�D�URXQG�URELQ�WHVW�ZLWKLQ�WKH�3ULRULW\�3URJUDPPH�633������³&\FOLF�GHWHULRUDWLRQ�RI�
+LJK�3HUIRUPDQFH�&RQFUHWH�LQ�DQ�H[SHULPHQWDO�YLUWXDO�ODE´��
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���� )DWLJXH�RI�FRQFUHWH�VWUXFWXUHV�

�

�� ([SHULPHQWDO�SURJUDPPH�

���� &RQFUHWH�DQG�VSHFLPHQV�
7KH�FRQFUHWH�XVHG�LQ�WKH�URXQG�URELQ�WHVW�LV�WKH�UHIHUHQFH�FRQFUHWH�GHYHORSHG�DQG�XVHG�ZLWKLQ�WKH�633�
������7KLV�LV�D�+3&�ZLWK����GD\�PHDQ�FRPSUHVVLYH�VWUHQJWKV�RI�DERXW������7KH�FRPSOHWH�FRPSRVLWLRQ�
RI�WKH�UHIHUHQFH�FRQFUHWH�LV�JLYHQ�LQ�7DEOH����
7DEOH��� &RQFUHWH�FRPSRVLWLRQ�

&RQWHQW� +3&�

&(0�,������5�+6�1$� �������NJ�Pñ�
0LFURVLOLFD� ��

4XDUW]�VDQG��������PP�� ��

)LQH�VDQG��������PP�� ������NJ�Pñ�
6DQG������PP�� �������NJ�Pñ�

%DVDOW������PP�� �������NJ�Pñ�

%DVDOW������PP�� �������NJ�Pñ�

6XSHUSODVWLFL]HU� �����NJ�Pñ�
6WDELOL]HU� �����NJ�Pñ�

:DWHU� �������NJ�Pñ�

���G�0HDQ�FRPSUHVVLYH�VWUHQJWK������PP�FXEH�� a�����03D�

7KH�SDUWLFLSDWLQJ�ODERUDWRULHV�ZHUH�DQRQ\PL]HG�E\�QXPEHULQJ�WKHP�IURP���WR����7KH�PL[LQJ�SURFHVV�
RI� WKH� UDZ�PDWHULDOV�ZDV� DOVR�JLYHQ� WR� WKHP��7KH\�ZHUH� IUHH� WR�XVH� WKHLU�RZQ�FRQFUHWH�PL[HUV� DQG�
WHFKQLTXH�WR�FRPSDFW�WKH�FRQFUHWH�LQ�WKH�IRUPZRUNV��7KH�IRUPZRUNV��39&��ZHUH�WKH�VDPH�W\SH�IRU�DOO�
SDUWLFLSDQWV��7KUHH�GLIIHUHQW�EDWFK�PL[HUV�ZHUH�XVHG��WZR�RI�WKHP�ZLWK�D�YHUWLFDO�D[LV�RI�URWDWLRQ�DQG�
RQH��DW�ODERUDWRU\����ZLWK�D�KRUL]RQWDO�D[LV��7KH�XVHG�FRQFUHWH�FRPSDFWLRQ�WHFKQRORJLHV�DQG�WHFKQLTXHV�
ZHUH�VLPLODU�ZLWK�VOLJKWO\�GLIIHUHQW�YLEUDWLRQ�IUHTXHQFLHV�DQG�GLIIHUHQW�WRWDO�YLEUDWLRQ�GXUDWLRQ��
7KH�WLPLQJ�IRU�WKH�FRQFUHWH�FXULQJ�DQG�IRUPZRUN�UHPRYDO�KDV�EHHQ�VHW�DV�IROORZV�IRU�DOO�ODERUDWRULHV��
$IWHU�ILOOLQJ�WKH�IRUPZRUN�DQG�FRPSDFWLQJ�WKH�FRQFUHWH��WKH�VSHFLPHQV�LQLWLDOO\�UHPDLQHG�FRYHUHG�LQ�
WKH�IRUPZRUN�IRU����K��/DERUDWRULHV������DQG���UHPRYHG�WKH�IRUPZRUN�E\�FXWWLQJ�LW�YHUWLFDOO\��ZKLOH�
ODERUDWRU\���SXVKHG�PDQXDOO\�WKH�KDUGHQHG�FRQFUHWH�VSHFLPHQV�RXW�RI�WKH�IRUPZRUNV��7KH�VSHFLPHQV�
ZHUH�WKHQ�VWRUHG�LQ�WKH�FOLPDWLF�FKDPEHU�DW�VWDQGDUG�FRQGLWLRQV������&������5�+����
7KH�SUHSDUDWLRQ�RI�WKH�VSHFLPHQV�ZDV�FDUULHG�RXW�ZKHQ�WKH�FRQFUHWH�KDG�UHDFKHG����GD\V�RI�FXULQJ��
(DFK�SDUWLFLSDWLQJ�ODERUDWRU\�SUHSDUHG�RQO\�KDOI�RI�WKH�VSHFLPHQV�SURGXFHG�HPSOR\LQJ�LWV�RZQ�WHFK�
QLTXHV��7KH�OHWWHU�³2´��2ZQ�SUHSDUDWLRQ�WHFKQLTXH��WKHQ�LGHQWLILHV�WKLV�JURXS�RI�VSHFLPHQV��7KHQ��WKH�
VSHFLPHQV�KDYH�EHHQ�VHQW�WR�WKH�FHQWUDO�ODERUDWRU\�RI�+DQQRYHU�ZLWK�D�FRQFUHWH�DJH�RI�DW�OHDVW����GD\V�
LQ�VKRFNSURRI�ER[HV��7KH\�ZHUH�DGGLWLRQDOO\�ZUDSSHG�LQ�SRO\HWK\OHQH�ILOP�WR�SURWHFW�WKHP�IURP�GU\LQJ�
GXULQJ�WUDQVSRUWDWLRQ���2QFH�WKH\�KDYH�EHHQ�GHOLYHUHG��WKH�RWKHU�KDOI�RI�WKH�VSHFLPHQV�RI�HDFK�ODERUDWRU\�
ZHUH�SUHSDUHG�LQ�WKH�ODERUDWRU\�RI�WKH�,QVWLWXWH�RI�%XLOGLQJ�0DWHULDOV�6FLHQFH�LQ�+DQQRYHU�XVLQJ�WKH�
WHFKQRORJ\�DYDLODEOH�WKHUH��7KH�OHWWHU�³5´��5HIHUHQFH�SUHSDUDWLRQ�WHFKQLTXH��WKXV��LGHQWLILHG�WKLV�JURXS��
7KH�SURFHGXUH�IRU�WKH�SUHSDUDWLRQ�RI�WKH�VSHFLPHQV�FRQVLVWV�JHQHUDOO\�RI�VDZLQJ�D�IHZ�FHQWLPHWUHV�RII�
DW�WKH�XSSHU�DQG�ORZHU�HQGV�RI�WKH�VSHFLPHQV�WR�UHPRYH�DUHDV�WKDW�FRXOG�KDYH�EHHQ�GLVWXUEHG�E\�WKH�
SURGXFWLRQ�SURFHVV��7KH�WHVW�VXUIDFHV�RI�WKH�FRQFUHWH�F\OLQGHUV�ZHUH�WKHQ�SDUDOOHO�JURXQG�DQG�RU�SRO�
LVKHG�LQGLYLGXDOO\��7KH�UHIHUHQFH�SUHSDUDWLRQ�WHFKQLTXH�FRQVLVWHG�RI�DFFXUDWH�VDZLQJ�DQG�SROLVKLQJ�RI�
WKH�WHVW�VXUIDFHV��63���7KH�QRPLQDO�VSHFLPHQ�GLPHQVLRQV�UHDG\�IRU�WKH�WHVW�ZHUH�G� ����PP�DQG�K� �
����PP��7KH�FRQFUHWH�SURGXFWLRQ�LQ�WKH�ODERUDWRULHV�ZDV�VFKHGXOHG�WR�REWDLQ�D�PLQLPDO�FRQFUHWH�DJH�
GLIIHUHQFH�RI�DOO�WKH�VSHFLPHQV�RQ�WKH�GD\�RI�WKH�WHVW��ZKRVH�LQIOXHQFH�RQ�WKH�FRQFUHWH�DJHLQJ�FRXOG�EH�
FRQVLGHUHG�LUUHOHYDQW��
7KH�SURGXFWLRQ�DQG�VSHFLPHQ�SUHSDUDWLRQ�WHFKQLTXHV�XVHG�DUH�VXPPDULVHG�LQ�7DEOH����
��
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7DEOH��� 6SHFLPHQ�SURGXFWLRQ�DQG�SUHSDUDWLRQ�WHFKQLTXHV�

/DERUDWRU\� �� �� �� ��

&RQFUHWH� +3&�

&RQFUHWH�
PL[HU�

3HPDW�=.�����+(� &(0����6�(OED� 8(=�=0����� 3HPDW�=.�����+(�

0D[��PDWHULDO�
�GU\��>O@�

���� ��� ���� ����

(QJLQH�3RZHU�
>N:@�

�� ���� �� ��

)RUPZRUN� 39&�

&RPSDFWLQJ�
WHFKQLTXH�

6KDNLQJ�WDEOH� 6KDNLQJ�WDEOH� 6KDNLQJ�WDEOH� 6KDNLQJ�WDEOH�

9LEUDWLRQ�IUH�
TXHQF\�>+]@�

��� Q�D�� ��±��� ��±���

7RWDO�YLEUDWLRQ�
GXUDWLRQ�>V@�

���� ��±����� ���� ���

)RUPZRUN��
UHPRYLQJ��
V\VWHP�

)RUP�FXWWLQJ� )RUP�FXWWLQJ� )RUP�FXWWLQJ� 6SHF��SXVK�RXW�

³2´�VSHFLPHQ�
SUHSDUDWLRQ�

6*� 6*3� 6*� 6*�

³5´�VSHFLPHQ�
SUHSDUDWLRQ�

63�

6��6DZLQJ��*��*ULQGLQJ��RQH�VLGH�DW�D�WLPH���3��3ROLVKLQJ�

���� 0DLQ�LQYHVWLJDWLRQV�
7KH�PDLQ�LQYHVWLJDWLRQV�RQWR�WKH�WZR�JURXSV�RI�VSHFLPHQV��2��2ZQ�SUHSDUDWLRQ�WHFKQLTXH��5��UHIHUHQFH�
SUHSDUDWLRQ�WHFKQLTXH��FRQVLVW�RI�PRQRWRQLFDOO\�LQFUHDVLQJ�DQG�F\FOLF�FRPSUHVVLRQ�ORDG�WHVWV��ERWK�FDU�
ULHG�RXW�LQ�WKH�VDPH�VHUYRK\GUDXOLF�WHVWLQJ�PDFKLQH�ZLWK�D���01�DFWXDWRU��
6L[�VSHFLPHQV�IURP�HDFK�JURXS�ZHUH�WHVWHG�XQGHU�IRUFH�FRQWUROOHG�FRQGLWLRQV�DW�D�FRQVWDQW�VSHHG�RI�
����03D�V��7KH�UHVXOWLQJ�PHDQ�FRPSUHVVLYH�VWUHQJWK�YDOXH�ZDV�XVHG�DV�WKH�UHIHUHQFH�VWUHQJWK�IRU�WKH�
IROORZLQJ�F\FOLF�ORDG�WHVWV�RQ�WKH�VDPH�VSHFLPHQ�JURXS�W\SH��
7KH�F\FOLF�ORDG�WHVWV�ZHUH�SHUIRUPHG�RQ�DW�OHDVW�VL[�VSHFLPHQV�XVLQJ�D�VLQXVRLGDO�F\FOLF�ORDG�ZLWK�D�
IUHTXHQF\�RI�IS� ���+]��2QO\�RQH�F\FOLF�ORDG�ZLWK�D�PLQLPXP�VWUHVV�OHYHO�RI�6F�PLQ� ������DQG�PD[LPXP�
VWUHVV�OHYHO�RI�6F�PD[� ������ZDV�LQYHVWLJDWHG��
7KH�GHIRUPDWLRQV�LQ�ERWK�W\SHV�RI�WHVWV�ZHUH�PHDVXUHG�FRQWLQXRXVO\�E\�WKUHH�ODVHU�GLVWDQFH� VHQVRUV��
ZKLFK�ZHUH�SRVLWLRQHG�DW������IURP�RQH�DQRWKHU��7KH�VXUIDFH�WHPSHUDWXUH�GXULQJ�WKH�F\FOLF�ORDG�WHVWV�
ZDV�UHFRUGHG�E\�PHDQV�RI�WKHUPRFRXSOHV�DV�ZHOO�DV�WKH�DPELHQW�WHPSHUDWXUH�LQ�WKH�WHVWLQJ�FKDPEHU��
7KHVH�PHDVXUHPHQWV�ZHUH�XVHG�WR�PRQLWRU�WKH�WHVWV�DQG�ZLOO�QRW�EH�XVHG�LQ�WKH�DQDO\VLV�LQ�WKLV�SDSHU�DV�
WKH�IRFXV�LV�RQ�WKH�FRPSUHVVLYH�VWUHQJWK�DQG�WKH�QXPEHU�RI�F\FOHV�WR�IDLOXUH��$Q�H[DPSOH�RI�WKH�WHVW�VHW�
XS�LV�VKRZQ�LQ�)LJXUH����
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�
)LJ���� 6HUYRK\GUDXOLF�WHVWLQJ�PDFKLQH�ZLWK���01�DFWXDWRU��D��DQG�PHDVXUHPHQW�VHW�XS��E��IRU�WKH�
FRPSUHVVLYH�VWUHQJWK�DQG�WKH�F\FOLF�ORDG�WHVWV��

���� &RPSOHPHQWDU\�LQYHVWLJDWLRQV�
%HIRUH�WKH�FRPSUHVVLRQ�DQG�IDWLJXH�WHVWV�ZHUH�FDUULHG�RXW��WKH�JHRPHWULFDO�FKDUDFWHULVWLFV�RI�WKH�F\OLQ�
GULFDO�VSHFLPHQV��UHVXOWLQJ�IURP�WKH�YDULRXV�SUHSDUDWLRQ�WHFKQLTXHV�XVHG��ZHUH�PHDVXUHG��,Q�DGGLWLRQ�
WR�WKH�GLDPHWHU�DQG�KHLJKW�RI�WKH�VSHFLPHQV��WKH�IODWQHVV�RI�WKH�WHVW�VXUIDFHV�DQG�WKH�SHUSHQGLFXODULW\�RI�
WKH�ODWHUDO�VXUIDFH�RI�WKH�F\OLQGHU�WR�WKH�WHVW�VXUIDFH�ZDV�DOVR�PHDVXUHG�DFFRUGLQJ�WR�>��@��7KH�SHUSHQ�
GLFXODULW\�LV�GHVFULEHG�DV�WKH�PD[LPXP�GHYLDWLRQ��YPD[��RI�D�SRLQW�RQ�WKH�F\OLQGHU�VKHOO�IURP�WKH�ODWHUDO�
UHIHUHQFH�SODQH�DQG�H[SUHVVHG�LQ�PLOOLPHWUHV���
7KH�VXUIDFH�URXJKQHVV�RI�ERWK�WHVW�VXUIDFHV��GHILQHG�DFFRUGLQJ�WR�,62��������KDV�EHHQ�PHDVXUHG�XVLQJ�
WKH��'� ODVHU� VFDQQLQJ�FRQIRFDO�PLFURVFRSH�³95�����´�E\�.(<(1&(��$GGLWLRQDOO\�� WKH�SDUDPHWHU�
FDOOHG�³HIIHFWLYH�DUHD�UDWLR´��($5��KDV�EHHQ�GHILQHG��ZLWK�WKH�DLP�WR�LGHQWLI\�VXUIDFH�HGJH�LPSHUIHF�
WLRQV��VXFK�DV�HGJH�EUHDNV��WKDW�FDXVH�D�UHGXFWLRQ�RI�WKH�FRQWDFW�VXUIDFH�ZLWK�WKH�ORDGLQJ�SODWHV�RI�WKH�
WHVW�PDFKLQH��7KH�³($5´�LV�WKH�UDWLR�EHWZHHQ�WKH�DUHD�H[FOXGLQJ�HGJH�LPSHUIHFWLRQV��GHWHUPLQHG�E\�WKH�
SURILORPHWHU��DQG�WKH�IODZOHVV�DUHD��FDOFXODWHG�XVLQJ�WKH�DYHUDJH�GLDPHWHU�RI�WKH�VSHFLPHQ��

�� &RPSUHVVLYH�VWUHQJWK�DQG�QXPEHU�RI�F\FOHV�WR�IDLOXUH�
$�WRWDO�RI����VSHFLPHQV�ZHUH�LQYHVWLJDWHG�XQGHU�FRPSUHVVLYH�ORDG�DQG����VSHFLPHQV�ZHUH�LQYHVWLJDWHG�
XQGHU�FRPSUHVVLYH�F\FOLF�ORDG�ZLWKLQ�WKH�IUDPHZRUN�RI�WKLV�LQYHVWLJDWLRQ�RI�+3&���
7KH�UHVXOWV�RI�WKH�FRPSUHVVLRQ�WHVWV�DQG�WKH�F\FOLF�ORDG�WHVWV�FDUULHG�RXW�RQ�+3&�VSHFLPHQV�IURP�ODERU�
DWRULHV���WR���DUH�VKRZQ�LQ�)LJXUH����7KH�ZKLVNHUV�LQGLFDWH�WKH�VWDQGDUG�GHYLDWLRQV��ZKLOH�WKH�UHG�DQG�
EOXH�GRWV�UHSUHVHQW�WKH�PHDQ�YDOXHV�REWDLQHG�IURP�WKH�VSHFLPHQ�VHWV�³2´�DQG�³5´��UHVSHFWLYHO\��$GGL�
WLRQDOO\��WKH�VWDQGDUG�GHYLDWLRQ�LV�DOVR�UHSUHVHQWHG�RQ�WKH�VHFRQGDU\�FR�RUGLQDWH�V\VWHP�RQ�WKH�ULJKW�
YHUWLFDO�D[LV�IRU�WKH�VDNH�RI�FODULW\���
&RQVLGHULQJ�WKH�UHVXOWV�REWDLQHG�IURP�WKH�VSHFLPHQV�IURP�DOO�WKH�ODERUDWRULHV��DQ�RYHUDOO�PHDQ�FRP�
SUHVVLYH�VWUHQJWK�YDOXH�RI������03D�LV�REWDLQHG��ZKLOH�WKH�RYHUDOO�VWDQGDUG�GHYLDWLRQ�LV����03D��ZKLFK�
LV�KLJKHU�WKDQ�WKH�VWDQGDUG�YDOXH�EHWZHHQ���DQG���03D�VWDWHG�E\�>��@�IRU�WKH�SURGXFWLRQ�RI�+3&��)URP�
D�JUDSKLFDO�SRLQW�RI�YLHZ��E\�DJJUHJDWLQJ�WKH�UHVXOWV�E\�JURXSV�RI�ODERUDWRULHV�LW�LV�SRVVLEOH�WR�LGHQWLI\�
LQ�)LJXUH���D��D�WUHQG�LQ�WKH�LQIOXHQFH�RI�WKH�ODERUDWRU\�SURGXFWLRQV�RQ�WKH�FRPSUHVVLYH�VWUHQJWK�RI�HDFK�
EDWFK�RI�FRQFUHWH���
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)LJ���� +3&�±��D��&RPSUHVVLYH�VWUHQJWK���E��1XPEHU�RI�F\FOHV�WR�IDLOXUH��
,Q�RUGHU�WR�DQDO\VH�RQO\�WKH�LQIOXHQFH�RI�FRQFUHWH�SURGXFWLRQ�WHFKQLTXHV��WKH�UHVXOWV�REWDLQHG�IURP�WKH�
WHVW�VSHFLPHQV�SUHSDUHG�ZLWK�WKH�UHIHUHQFH�WHFKQLTXH�ZHUH�DQDO\VHG�XVLQJ�WKH�SULQFLSOHV�RI�DQDO\VLV�RI�
YDULDQFH��7KH�$129$�LQGLFDWHV�D�VWDWLVWLFDOO\�VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ�WKH�JURXSV��FRQILUPLQJ�
WKH�LQIOXHQFH�RI�WKH�ODERUDWRULHV�RQ�WKH�FRPSUHVVLYH�VWUHQJWKV�REWDLQHG�IURP�WKH�³5´�VSHFLPHQV��
7KH�FRPSUHVVLYH�PHDQ�YDOXHV�REWDLQHG�IURP�VSHFLPHQ�VHWV�³5´�WHQG�WR�EH�KLJKHU�WKDQ�WKRVH�REWDLQHG�
IURP�VSHFLPHQ�VHWV�³2´�IRU�DOO�ODERUDWRULHV��7KLV�UHVXOW�LV�DOVR�VWDWLVWLFDOO\�FRQILUPHG�E\�WKH�FODVVLFDO�W�
WHVW��6XFK�D�GLIIHUHQFH�LV�SDUWLFXODUO\�VWURQJ�LQ�WKH�UHVXOWV�REWDLQHG�IURP�VSHFLPHQV�RI�ODERUDWRU\����$�
ZHDNHU�GLIIHUHQFH�FDQ�EH�VHHQ�LQ�WKH�UHVXOWV�IURP�WKH�VSHFLPHQV�RI�ODERUDWRU\����,Q�WKLV�FDVH��WKH�SUR�
GXFWLRQ�RI�FRQFUHWH� LQ� ODERUDWRU\���FDXVHV�D�KLJK� VFDWWHULQJ�RI� WKH� UHVXOWV��ZKLFK� WHQGV� WR�FRYHU� WKH�
LQIOXHQFHV�RI�WKH�VSHFLPHQ�SUHSDUDWLRQ�WHFKQLTXHV��
7R�VXPPDUL]H��WKHUH�LV�D�SRVLWLYH�LQIOXHQFH�RI�WKH�UHIHUHQFH�WHFKQLTXH��L�H��RI�WKH�SUHSDUDWLRQ�E\�FDUHIXO�
VDZLQJ�DQG�SROLVKLQJ��RQ�WKH�FRPSUHVVLYH�VWUHQJWK���
7KH�UHVXOWLQJ�RYHUDOO�QXPEHU�RI�F\FOHV�WR�IDLOXUH�PHDQ�LV�������RQ�D�ORJDULWKPLF�VFDOH�ZLWK�DQ�RYHUDOO�
VWDQGDUG�GHYLDWLRQ�RI�������,W�LV�REYLRXV�IURP�)LJXUH���E��WKDW�WKH�PHDQ�YDOXHV�RI�WKH�GLIIHUHQW�VSHFLPHQ�
VHWV�GR�QRW�GHYLDWH�VLJQLILFDQWO\� IURP�WKH�RYHUDOO�PHDQ�YDOXH�DQG�UHPDLQ�ZLWKLQ� WKH�GLVWDQFH�RI�RQH�
VWDQGDUG�GHYLDWLRQ�IURP�LW��+HQFH��IURP�D�ILUVW�DQDO\VLV��WKH�VWURQJ�LQIOXHQFH�RI�WKH�FRQFUHWH�SURGXFWLRQ�
RQ�WKH�FRQFUHWH�VWUHQJWK�LV�QRW�WR�EH�IRXQG�LQ�WKH�QXPEHU�RI�F\FOHV�WR�IDLOXUH�RQ�WKH�ORJDULWKPLF�VFDOH��
)XUWKHUPRUH��E\�DSSO\LQJ�WKH�FODVVLFDO�W�WHVW�WR�WKH�UHVXOWV�RI�³5´�DQG�³2´�IRU�HDFK�ODERUDWRU\�VSHFLPHQ�
VHW��WKH�LQIOXHQFH�RI�WKH�SUHSDUDWLRQ�WHFKQLTXHV�RQ�WKH�PHDQ�QXPEHU�RI�F\FOHV�WR�IDLOXUH�LV�QRW�SUHVHQW��
$�FORVHU�ORRN�DW�WKH�VWDQGDUG�GHYLDWLRQV�IRU�HDFK�VSHFLPHQ�VHW�VKRZV�WKDW�WKH�VWDQGDUG�GHYLDWLRQ�RI�WKH�
VSHFLPHQV�SUHSDUHG�DFFRUGLQJ�WR�WKH�UHIHUHQFH�WHFKQLTXH�LV�JHQHUDOO\�VPDOOHU�WKDQ�WKDW�IURP�WKH�VHW�RI�
VSHFLPHQV�SUHSDUHG�GLUHFWO\�E\�WKH�ODERUDWRULHV��

���� �6SHFLPHQV�JHRPHWULFDO�FKDUDFWHULVWLFV�
7KH�JHRPHWULFDO�FKDUDFWHULVWLFV�RI�DOO�WKH�VSHFLPHQV�ZHUH�DVVHVVHG�DV�GHVFULEHG�LQ�VHFWLRQ������1R�VLJ�
QLILFDQW�GLIIHUHQFHV�ZHUH�UHFRUGHG�UHJDUGLQJ�WKH�VSHFLPHQ�GLDPHWHU��2QO\�WKH�SUHSDUDWLRQ�WHFKQLTXH�RI�
ODERUDWRU\���SURYLGHG�VSHFLPHQV�RQ�DYHUDJH���PP�KLJKHU�WKDQ�WKH�QRPLQDO�KHLJKW��K� �����PP���7KH�
DVVHVVPHQW�RI�WKH�WHVW�VXUIDFH�IODWQHVV�RI�DOO�VSHFLPHQV�JDYH�QR�HYLGHQFH�RI�GHYLDWLRQV��ZKLFK�PHDQV�
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Abstract 
The deformations during the service life of concrete structures are predicted using creep models, 
assuming a constant loading. However, many structures are not only subject to static creep loads but 
to cyclic loads as well. The superposition of both load types can lead to significantly increased con-
crete deformations compared to deformations predicted by existing creep models. This might result in 
serious damage and safety risks.  
Hereinafter, the viscous strain development of a normal-strength concrete due to static creep and 
cyclic loading under corresponding stress levels are presented. The results show that even for low 
stress levels of Smax ≤ 0.45, there are differences in the cyclic and creep strain curves. For higher 
stress levels, the influence is expected to be even more significant. Therefore, an adjustment of cur-
rent dimensioning models is necessary. 

1 Introduction 
Measurements and recalculations on existing reinforced and prestressed concrete bridges have shown 
that long-term deformations of concrete structures can significantly exceed deformations predicted by 
creep models currently available. Bažant [1] and, previously [2]-[5], ascertained that the superposition 
of static creep loading and cyclic loading causes an increase in long-term deformations of concrete. 
The underestimation of deformations might lead to serious damage and safety risks. However, neither 
the magnitude of additional deformation caused by the superimposed cyclic loading nor the long-term 
development of these additional deformations during the service life are known so far. In this paper, 
the differences in strain development due to creep or cyclic loading are investigated in a first step to 
analyse the effect of superposition of creep and cyclic loading. 

The total strain due to static creep loading Htot,cr consists of an elastic strain Hel and a time-
dependent creep strain component Hv,cr [2], [6]-[7], (see Fig. 1 b)). In the field of cyclic strain analysis, 
the development of strains at maximum Htot,max and minimum peak stress Htot,min are usually investiga-
ted. Those peak strains also consist of an elastic strain Hel and a time-dependent, viscous strain com-
ponent Hv (Fig. 1 d)). In addition, a load cycle-dependent, plastic strain component could be induced 
by damage [8]-[10].  

        
Fig. 1 Schematic presentation of creep and cyclic loading as a function of time (a) and c)) and 

corresponding strain components (b) and d)) 
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2 Fatigue of concrete structures 

 

The similarity in shapes of strain curves due to creep and cyclic loading led to the assumption that the 
strain development due to cyclic loading can be described by the strain development caused by a 
specific static creep stress level [3], [10], [11]. The fib Model Code 2010 [12] provides equation (1), 
following creep formulations for calculating the total strain due to cyclic loading. The equation given 
is valid for maximum stresses                  and mean stresses (                 )   
       . The first term describes the elastic strain component Hel as a constant strain component 
resulting from the maximum cyclic stress. The second term describes the time-dependent, viscous 
strain Hv,cycl resulting as a function of creep due to the mean cyclic stress, calculated as the mean value 
from the maximum stress        and the minimum stress       .  

   (    )  
      
   (  )  

 l st   str  n ε  

  
             

     
  (    )  

v s ous str  n εv     

 
(1) 

The mean stress level concept of fib Model Code 2010 [12] is controversially discussed in the litera-
ture. A stress level between the mean and maximum cyclic stress level is often indicated as a creep 
stress level leading to comparable strain curves [3], [10], [11]. Whaley and Neville [2] found that the 
total cyclic strains at maximum peak stress for cyclic loading with a frequency of 9.75 Hz and maxi-
mum stress levels in the range of Smax = 0.15 to Smax = 0.55 are even higher than those resulting from 
static creep stress levels equal to the maximum cyclic stress level. Hereby, the difference between the 
total cyclic and creep strains increases with increasing stress levels. But Mehmel and Kern [3] showed 
that the total cyclic strains at maximum peak stress of cyclic loading with a frequency of 6.3 Hz and 
maximum stress levels in the range of Smax = 0.40 to Smax = 0.60 are comparable to the total strains at 
a creep stress level equal to the maximum stress level of cyclic loading.  

Whaley and Neville [2] and von der Haar [10] defined an equivalent creep stress level as a stress 
level for which the creep strains are equal to those due to cyclic loading depending on the mean stress 
level and the relative stress amplitude. It must be stated that von der Haar [10] investigated only 
cyclic strains with maximum stress levels Smax ≥ 0.6, whereby Whaley and Neville [2] and Mehmel 
and Kern [3] performed comparative investigations concerning creep and cyclic strains with maxi-
mum stress levels Smax < 0.5.  

There is generally no consensus in the literature about if and to which extent the developments of 
strain due to static creep and cyclic loading are comparable or which principal differences exist. 
Therefore, the developments of viscous strain are analysed comparatively for static creep and cyclic 
loading with coordinated stress levels Smax ≤ 0.45 in this paper. Special attention is paid to the compa-
rabiltiy of creep and cyclic strains. 

2 Concrete composition and specimens 
All investigations were carried out on a normal-strength concrete. The samples were cast in two 
batches with 28-day mean compressive strengths according to DIN EN 12390-3 [13] of 
fcm,cube = 35.7 MPa (batch 1) and fcm,cube = 37.5 MPa (batch 3), respectively. The composition of the 
concrete is given in Table 1.  

Table 1 Concrete composition  

Component Unit Value 

Ordinary Portland cement (CEM I 42.5 R) [kg/m³] 290 
Quartz powder (0/0.25 mm) [kg/m³] 40 

Sand (0/2 mm) [kg/m³] 790 

Gravel (2/8 mm) [kg/m³] 966 

PCE superplasticizer [kg/m³] 1.7 
Water [kg/m³] 202 

Water to cement ratio w/c [-] 0.70 
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The creep and cyclic tests were conducted on cylindrical specimens with a height h = 180 mm and a 
diameter d = 60 mm. PVC formwork was used for the casting. The concrete was filled into the form-
work in two equal layers and each layer was mechanically compacted using a vibrating table. All 
samples were stored at 20 °C and demolded after five to six weeks. After removal from the formwork, 
the test surfaces of the specimens were plan-parallel ground and polished. The entire sample was 
sealed with aluminium-coated butyl tape and stored at 20 °C until testing for at least 140 days to 
ensure an almost complete hydration and avoid additional hardening of the concrete during testing. 
The storage condition chosen (referred to as V100) ensures a constant pore moisture content of 
approx. 100 %. The specimens were tested in sealed state to prevent drying shrinkage.  

3 Experimental programme 

3.1 Experimental set-up 
The static creep tests were conducted using a creep testing machine with a maximum load capacity of 
45 kN and a load precision of r 1 kN. The stress was monotonically increased up to the intended 
creep stress level Screep using a hydraulic load cylinder connected to a high-pressure buffer reservoir 
and subsequently maintained constant.  

A class 0.5 servohydraulic universal testing machine (according to ISO 7500-1 [14]) with a load 
capacity (compression) of 500 kN was used for the cyclic testing. First, the stress was monotonically 
increased up to the mean stress level. Subsequently, the load oscillation, as defined by the mean stress 
level Smean, the amplitude and the frequency ft, was started.  

In both, static creep and cyclic tests, the axial deformations of the specimens were measured con-
tinuously throughout the entire test using three linear variable differential transformers (LVDTs) 
pos t on d  round th  sp   m n’s  x s  t  ngl s of 0°  120°  nd 240° (F g. 3). In addition, the axial 
force, the axial stroke of the actuator, the ambient temperature and the temperature at the top of the 
loading plate were measured and recorded. The sampling rate was 1 Hz for creep investigations and 
10 Hz for the cyclic investigations. 

 

 
Fig. 3 Experimental set-up 

3.2 Test programme 
The compressive strength of the concrete was determined force-controlled immediately before testing 
using three cylindrical specimens of the same batch, with the same dimensions and storage condition 
(sealed) as those used in the creep and cyclic loading tests. The reference compressive strength fcm,ref  
was calculated as mean value and used for the determination of the stress levels (Si = σc,i / fcm,ref). The 
maximum stress level Smax, mean stress level Smean and minimum stress level Smin or creep stress level 
Screep were kept constant within each test.  

The test programme is given in Table 2. The stress levels are chosen with regard to typical 
stresses during the service life of concrete structures such as bridges. The maximum stress level Smax 
was varied while the minimum stress level Smin and the load frequency ft of the cyclic tests were the 
same in all tests. Two accompanying static creep tests with load levels of Screep = Smax and 
Screep = Smean, respectively, were carried out for each type of cyclic test (Smax; Smean; Smin). Each test 
regime was carried out with three different test durations (3, 6 and 13 days). The number of creep 
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tests was respectively twice the number of the cyclic tests. This test regime was chosen to enable a 
sufficient number of repetitions while keeping the total duration of the test programme limited. 

Table 2 Stress levels investigated and frequency for cyclic and creep tests 

Line Load  
type 

Cyclic loading Static creep 
loading 

Test  
duration 

Number of specimens 
per test duration 

Smax Smean Smin ft Screep 

 [-] [-] [-] [-] [Hz] [-] [d] [-] 

1 Cyclic 0.35 0.20 0.05 0.1 - 3/6/13 1 

2 Creep - - - - 0.35 3/6/13 2 

3 Creep - - - - 0.20 3/6/13 2 

4 Cyclic 0.45 0.25 0.05 0.1 - 3/6/13 1 

5 Creep - - - - 0.45 3/6/13 2 

6 Creep - - - - 0.25 3/6/13 2 

As mentioned before, the specimens were cast in two batches due to the number of test specimens 
required. Even though the same composition and the same casting procedures were used, there are 
slight differences in compressive strength and modulus of elasticity at the age of loading (cf. Tab. 3). 
As described previously, the reference strength fcm,ref was determined directly before testing using 
three cylindrical specimens of the same batch, with the same dimensions and storage condition 
(sealed) as those used in the creep and cyclic loading tests. The modulus of elasticity at the age of 
loading Eci(t0) was determined as a secant modulus of the stress-strain curve while the stress was 
monotonically increased at a rate of approx. 0.5 MPa/s. 

Taking into account the batch dependency, the specimens for cyclic tests with Smax = 0.35 and 
those for the corresponding creep tests (Tab. 2, line 1-3) were taken from batch 1. For Smax = 0.45 and 
the corresponding creep tests (Tab. 2, line 4-6), the specimens were taken from batch 3. The speci-
mens of batch 2 were used for other investigations not presented in this paper.  

Table 3 Reference compressive strength and modulus of elasticity of cylindrical specimens  
(h/d = 180/60 mm) at the age of loading 

 Reference compressive strength fcm,ref  Modulus of elasticity Eci(t0) 

Batch 1 34.9 [MPa] 30,500 [MPa] 

Batch 3 42.0 [MPa] 29,400 [MPa] 

3.3 Data analysis 
The axial deformations were measured using three LVDTs directly on the specimen, as described in 
section 3.1. The strains measured are averaged for each specimen to determine the total strain Htot and 
its development due to static creep or cyclic loading. The viscous strains analysed are the mean vis-
cous curves of those specimens investigated with different test durations (Tab. 2). 

In the following, the total strain curve Htot,cr for creep loading and the peak curve at maximum 
stress Htot,max for cyclic loading are analysed (Fig. 1 b) and d)). The peak curve at minimum peak stress 
Htot,min for cyclic loading is not analysed hereinafter, as there are no significant differences in the 
viscous strains due to maximum peak stress Hv,max and minimum peak stress Hv,min. In accordance with 
fib Model Code 2010 [12] (see eq. (1)), a distinction was made between the elastic strain Hel emerging 
immediately at the beginning of loading and the time-dependent viscous strain Hv,cr or Hv,max. In this 
paper, the elastic strain component Hel is defined as the strain when the creep stress Screep is reached or, 
in the case of cyclic loading, the strain when the maximum stress Smax is reached in the first load 
cycle. The time-dependent viscous strain component Hv,cr or rather Hv,max is calculated from the total 
strain Htot,cr or rather Htot,max by subtracting the elastic strain component.  

254



Long-term strain development of concrete subjected to creep and cyclic loading  

Bianca Kern, Nadja Oneschkow, Ludger Lohaus, Michael Haist  5 
 

 

4 Results and Discussion 
The mean curves of the viscous strains at maximum stress level due to cyclic loading Hv,max (blue) are 
shown for both maximum stress levels together with the mean viscous strains due to creep loading 
Hv,cr at Screep = Smean (red) and Screep = Smax (yellow) in Fig. 4 and Fig. 5. Strain developments in fatigue 
research are usually analysed in relation to the number of load cycles. Therefore, it is important to 
state here that the analysis of strain developments is done in relation to the loading duration in order 
to enable the comparison with the static creep strain curves.  

From Fig. 4 it can bee seen that the viscous maximum strains due to cyclic loading Hv,max for  
Smax = 0.35 exceed the strains due to static creep loading Hv,cr with Screep = Smean.. For Smax = 0.45, the 
viscous maximum strains due to cyclic loading Hv,max exceed the strains due to static creep loading Hv,cr 
with Screep = Smean even more, as shown in Fig. 5. The viscous strains due to cyclic loading Hv,max with 
Smax = 0.35 (Fig. 4) are less but extremely close to that one caused by static creep loading Hv,cr at  
Screep = Smax. In comparison for Smax = 0.45, the strains due to cyclic loading Hv,max are significantly 
lower than the creep strains Hv,cr at Screep = Smax (Fig. 5). It can be assumed that these differences bet-
ween the strains due to cyclic Hv,max and creep loading Hv,cr for Screep = Smax increase further with in-
creasing maximum stress level. The growth of the mean viscous maximum cyclic strains Hv,max and the 
mean viscous creep strains Hv,cr due to Screep = Smax is generally most similar at the beginning of loa-
ding. As soon as the growth flattens and the curves become more linear, the differences between the 
cyclic curve and the creep curve for Screep = Smax become evident. In this area, the gradients of the 
cyclic strain curves of both stress levels are smaller than the gradient of the appropriate creep strain 
curve with Screep = Smax. Furthermore, the gradients of the cyclic strain curves are closer to the gra-
dients of the creep curves at mean stress level Screep = Smean. Whether the gradients due to cyclic loa-
ding and creep loading at Screep = Smean will converge for a longer loading duration and correspond at a 
certain time can be neither confirmed nor disproved by the presented investigations.  

The results obtained are in contradiction to the results of Whaley and Neville [2], where the cyclic 
strains for an increasing stress level are increasingly higher than the creep strains for Screep = Smax. 
Thus, the results presented here show exactly the opposite influence of cyclic loading. However, these 
results also disagree with Mehmel and Kern [3], who stated that the total strains due to cyclic loading 
are comparable to those caused by creep loading with Screep = Smax. Nevertheless, the results obtained 
agree with Whaley and Neville [2] and Mehmel and Kern [3] in the fact that the strains due to cyclic 
loading are closer to the strains due to those caused by creep loading with Screep = Smax. This contra-
dicts with the current design approach in fib Model Code 2010 [12] for cyclic strain development, 
which considers the viscous strains due to creep loading on a mean cyclic stress level (see eq. 1). 

 

  
Fig. 4 Development of viscous strains due 

to cyclic loading and creep loading 
(Smax = 0.35) 

Fig. 5 Development of viscous strains due 
to cyclic loading and creep loading           
(Smax = 0.45) 
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5 Conclusions and Outlook 
The overall objective of the research project is to examine the mutual influence of both types of load-
ing – i.e. static creep and cyclic loading – and to prove and improve the approaches for the description 
of the strain development. The investigations presented in this paper are focused on the comparison of 
the developments of strain due to cyclic or static creep loading considering two stress levels. A nor-
mal-strength concrete, which has a high constant pore moisture content of approx. 100 %, was inves-
tigated.  

Cyclic tests with a minimum stress level of Smin = 0.05 and two different maximum stress levels 
of  
Smax = 0.35 and Smax = 0.45 and corresponding creep tests were conducted to determine the influence 
of the load type with respect to the maximum stress level.  

The results obtained clearly show that the viscous maximum strains due to cyclic loading are hig-
her than those due to creep loading at Screep = Smean and below the creep strains at Screep = Smax within 
the duration of loading of 13 days investigated. Thus, the approach of fib Model Code 2010 [12] for 
modelling the strain development due to cyclic loading by using the strain caused by creep loading 
with Screep = Smean is not correct (at least for short durations of loading). Furthermore, the viscous 
maximum strains due to cyclic loading are closer to the viscous strains due to creep loading with 
Screep = Smax. However, the creep strains at Screep = Smax exceeds the cyclic strains at the maximum 
stress level Smax. After the initial strong increase in all strain curves, the gradients of the cyclic strains 
are lower than those of the creep curves for Screep = Smax and instead more similar with the one for 
Screep = Smean.  

The results obtained generally reveal that the mean stress level concept of the fib Model code 
2010 [12] is not suitable for the modelling of the development of cyclic strain. A transfer to the usage 
of the maximum stress level does not seem to be suitable either at this state of investigation, because 
this approach, would increasingly overestimate the visvous cyclic strains with increasing maximum 
stress level. This would lead to an uneconomical dimensioning of buildings. 

The experimental investigations conducted were limited to a duration of loading up to 13 days. To 
what extent the conclusions drawn can be transferred to longer loading will be examined in further 
tests. Furthermore, the influence of other parameters such as the minimum stress level and the test 
frequency has to be investigated.  
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The newly developed material carbon short fiber reinforced concrete (CSFRC) was investigated exten-
sively in the last years. This material combines high tensile strength of the carbon fibers with ultra-high 
compression strength of concrete. The focus lies on orienting the fibers in order to gain the most possi-
ble tensile enhancement. This is achieved by admixing the carbon fibers in the wet concrete and ex-
truding the paste throughout a small nozzle guided by a specifically designed concrete 3D-printer. 
Due to very high fatigue resistance of carbon fibers, this study is looking at bone shaped tensile speci-
mens under high cyclic fatigue load. In order to observe the process of crack growth and the mechanics 
of fatigue failure, we combined measuring techniques as digital image correlation and electrical resis-
tivity measurement. Carbon fibers are electrical conductive and they transfer this ability to the com-
pound material and to the specimen. By measuring the voltage drop at several specific points on the 
specimen’s surface, allows to detect material degradation. The amount of electrodes and connection 
nodes were increased continuously in order to enhance accuracy and to obtain a localization of material 
degradation. Comparing the results with digital image correlation, both measuring methods show up 
parallels, meaning changes in strain are also visible in conductivity measurement.  

�� &DUERQ�VKRUW�ILEHU�UHLQIRUFHG�FRQFUHWH��&6)5&��
Extended investigations on the newly developed material carbon short fiber reinforced concrete 
(CSFRC) have been carried out in the last years [1], [2]. This material combines high tensile strength 
of carbon fibers with high compression strength of concrete. Thereby, the focus lies on orienting the 
fibers in order to gain the most possible tensile enhancement. 

Looking at statistics, when molding fiber reinforced concrete in a conventional way only very view 
fibers are oriented in the desired direction of force. In [3] it is pointed out, that only 6% of the fibers 
are arranged within an angle of 20°. This angle is, however, a very important key fact in order to in-
crease the tensile strength and to use the fibers in a resource-saving manner. The tensile strength reduces 
by approximately 40% for a fiber-load-angle of 20° and even by 65% for an angle of 30° [4]. Similar 
coherence are known for carbon fiber reinforced polymer [5]. In CSFRC, 70% of the fibers align within 
an angle of ±10° to 15° of the desired direction as an examination using an X-ray CT [6] shows. 

The fiber orientation can be adjusted by considering the mold process. [7] shows very clearly the 
effect of fiber orientation by investigating steel fiber reinforced concrete with an X-ray radiography. 
There, a chute was used to fill an oblong mold from one side and let the fresh concrete flow to the far 
end of the mold. Only because of coherent concrete movement, the admixed steel fibers oriented in 
flow direction within an angle of 15 to 25°. The very same effect takes place when extruding CSFRC 
throughout a small nozzle.  

The carbon fibers (ZOLTEK PX35) used for the production of CSFRC are 7 µm in diameter and 
3 mm in length, thus having a length-diameter-ratio of 428 which is much higher compared to steel 
fibers with a common ratio of about 50. They are heat pretreated in order to remove the facing, which 
is optimized for the use in resin systems but disturbs the connection of concrete phases. Also, the fiber 
surface starts to oxidize and therefore the ability for fiber separation while admixing in concrete is 
increased. [1] examines different methods for improving fiber-matrix-bonding turning out with the de-
scribed method as the best for carbon fibers.  
�

3URF��RI�WKH���WK�ILE�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�
-XO����WR�����������0DUQH�OD�9DOOpH��3DULV��)UDQFH�



13th fib International PhD Symposium in Civil Engineering 

���� )DWLJXH�RI�FRQFUHWH�VWUXFWXUHV�

�

Table 1 Concrete mixture for 3D-printed carbon short fiber reinforced concrete. 

Component Name Amount 

Cement Holcim Sulfo 52.5R 34.6 wt.% 
Microsilica Sika Silicol P 21.5 wt.% 
Quartz powder Sikron Quartz SF500 21.5 wt.% 
Quartz sand Quarzwerke Quarzsand H33 7.6 wt.% 
Water - 11.5 wt.% 
Superplasticizer BASF Master ACE 460 2.5 wt.% 
Carbon fiber Zoltek PX35 1.0 vol.-% (0.8 wt.%) 

The concrete mixture can be found in Table 1. The dry components are poured in the mixing machine 
and homogenized before adding water and superplasticizer. The admixture has to be stirred very well 
to reduce nozzle choking due to dry agglomerates of cement, silica fume or aggregates. At the end, the 
dry, pretreated carbon fibers are added and mixing is continued for only a short amount of time to 
dispense the fibers homogenously during concrete mixing process. Investigations on separated carbon 
fibers from the admixture show, that long term mixing destroys the fibers and lower tensile and flexural 
strength are measured [8]. Finally, the admixture is extruded through a nozzle with a diameter of 4 mm 
using a 3D-printer (Figure 1). 

a) b) 

Figure 1 a) 3D concrete printer with working volume of 1.00 x 1.00 x 0.50 m. b) Printing process by 
extruding carbon short fiber reinforced concrete throughout a 4 mm nozzle. 

Preparation of specimen is executed by adding several layers of extruded material while guiding the 
nozzle in the desired direction. Without the need of a mold, freeform specimens can be produced. Lim-
iting factors are the height and overhanging constructions. Because of high amount of superplasticizer, 
the wet concrete tends to flow apart after extrusion when exceeding a certain number of layers or buck-
ling problems lead to tilting over of uncured concrete parts. In order to achieve more precise specimen 
edges and waveless surfaces a mold is pressed onto the specimen’s sides after printing process has 
finished.  

With this kind of probe preparation and concrete extrusion, the tensile and flexural strength is im-
proved tremendously. For reaching the best strengthening effect, an orientation in direction of the prin-
ciple tension stress is preferred. Under static loads a tensile strength of 23.8 N/mm² can be reached 
utilizing a fiber content of 2 Vol.-%. In flexural tests a 28-day strength of 57.6 (±5.4) N/mm² is reached. 
By using a higher fiber content the number of nozzle choking increases and specimen production be-
comes more complex. However, in smaller dimensions the use of fiber contents of 3 and 4 Vol.-% are 
described to lead to flexural strengths of 119.6 (±7.6) N/mm² [9], which meets the compression strength 
of this material at the same level. The reason for failure, meaning fiber rupture or fiber pull-out, is 
unknown to this point but shall be observed in further studies.  
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The use of carbon fibers changes the properties of concrete in such a way that electricity can be con-
ducted. The quite big amount of fibers leads to small distances between themselves and several junction 
points as well, making current flow through the specimen.  

It is well known, that changes in stress and strain influence the electrical resistivity of specimen 
[10]-[15]. [10] examines the effect of compression on cubes under quasistatic load with repeated load 
cycles. Their results show very well, that it is possible to show a change in electrical resistivity, although 
there seems to be no linear relation between strain and change in resistance (Figure 2a). Another study 
[11] though states that in 3-point-bending tests measuring the change in resistance on compression and
tension side shows a linear correlation (Figure 2b).

a)  b) 

Figure 2 a) Change in resistance measured in compression tests with no linear correlation to strain 
[10] versus b) linear relationship in a 3-point-beding-test [11].

This study examines the change in electrical resistance under tensional fatigue load. In a first approach, 
the change of resistivity is measured by supplying a uniform voltage of Uout = 10 V to a resistor, which 
is put in series with the probe (Figure 3a). The resistor is used to calculate the current running through 
the specimen with Ohm’s law (1): 

! " #$
% (1) 

The size of the resistor was chosen in the beginning of the tests and set to 10 kΩ due to accuracy 
reasons. The measured resistance of a specimen varies between from about 100 Ω to 5,000 Ω, condi-
tioned by better and worse connections of the electrodes on the specimen’s surface. To connect the 
electrodes to the specimen’s surface, different methods were tested. At first a carbon spray was used 
leading to a big sized connection of about 40 x 40 mm and higher resistance measurements. Next, a 
glue filled with milled carbon fibers was used, so the connection area could be reduced to about 
5 x 5 mm. However, the measured resistance was still in a range of about 10 kΩ. At last, a silver lacquer 
reduced the resistance to a range of 1 kΩ. Further investigations showed even better results of about 
200 Ω when applying the electrodes to an untreated surface of the specimen in comparison to an area 
which was sandblasted or cut with a stone saw. It can be assumed that using these surface treatments, 
the carbon fibers are broken and only small fiber tips are sticking out of the surface, while in an un-
treated area the carbon fibers lie aligned to the surface making up a bigger connection area.  

As the junction itself always implies an unknown resistance, the measurement was extended to the 
four-terminal sensing [16]. With this method, current is brought into the specimen at two electrodes, 
while voltage measurement takes place at two other electrodes positioned between the current elec-
trodes (Figure 3b). As the input resistance of the voltmeter is very high (>1 MΩ), current flowing 
through the voltage measuring electrodes is neglectable and therefore there is quasi no voltage drop at 
the connections which leads to undisturbed voltage and resistance measurement.  

In this study, the four-terminal sensing was extended by combining it with the first approach meas-
urement in order to gain more information about the part of specimen where damage occurs (Figure 
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3c). By looking at the change in voltage at each electrode, damage increases the partial resistance be-
tween two electrodes and the voltage difference rises. This setup can be reduce to the four-point sensing 
by subtracting U1 and U2. The voltage measurement U0 is used to calculate the current applied to the 
outer electrodes.  

a)  b)  c) 

Figure 3 Development of electrical circuit for localized damage indication. a) initial approach for 
overall resistance measurement, b) four-point sensing in order to get undisturbed resistance 
measurement due to high electrode connection resistances, c) extended four-point sensing 
and equivalent circuit used for localized damage detection. 

Figure 3c also shows the equivalent circuit for the extended measurement setup. As all components are 
arrange in series, current is the same at each point within the circuit, meaning that the resistance can be 
derived from the measured voltage with the following equations:  

! " #&'( ) #*
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To measure voltages at different electrodes, a HBM QuantumX MX840B universal measurement 
amplifier with 24-bit ADCs and eight channels is used. Looking at the resolution capacity of this device 
shows the good eligibility of this setup. By setting the amplifier’s measuring voltage range from -10 V 
to 10 V, a resolution of 1.19 µV per ADC-increment can be achieved. Calculating with (3) the overall 
resistance R0 from the measured voltage U0 (see Figure 3a), an accuracy of ΔR = 1.472 mΩ per ADC-
increment for a voltage of 1 V and ΔR = 4.768 mΩ per ADC-increment for a voltage of 5 V. Even for 
larger measured resistances than the chosen reference resistor Rref this setup works quite well as ΔR is 
only 1 Ω while the specimens resistance is about 279.6 kΩ (U = 9.655 V).  

�� ,PSOHPHQWDWLRQ�LQ�IDWLJXH�WHVWLQJ�
In order to detect damage during load cycles, 16 electrodes were attached to the specimen’s surface 
(Figure 4). The specimen’s outer size is 450 x 100 x 50 mm, the cross section of the center part is 
50x50 mm.  The electrodes are arranged on three edges with a vertical distance of 25 mm to each other. 
Voltage is supplied via the reference resistor to electrode U0 according to Figure 3c with additional 
electrodes. Next to electrical resistivity measurement, several other measuring sensors like LVDTs, 
strain gauges, temperature sensors and digital image correlation (DIC) are set up for damage detection. 

Voltage applied induces an electric field within the specimen leading to a non-constant current 
density over the cross section of the specimen. The considerations shown above in Figure 3 and equa-
tions (3) to (5) cannot be transferred directly to the measurement setup depicted in Figure 4. They work 
out well for the vertical string U2-U6 where the external voltage is applied, however the other two 
strings are faulty as the probe is three dimensional and actual current depends on the distance to the 
input and output electrodes. The size of current density behaves in an onion-shape or like an electric 
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field with the center axis going from the input electrode U0 to output electrode GND. The measured 
voltages in string U2a-U6a are smaller than in string U2-U6, U2b-U6b are smallest. Nevertheless, looking 
at the measured voltages, the results are qualified very well for damage detection.  

Figure 4 left:  picture of applied electrodes during fatigue test showing electrodes U2 – U6 on the left 
and U2a – U6a on the right. right: electrode arrangement and position of DIC-camera. The 
camera is located on the opposite side compared to the left picture. 

Figure 5 Voltage measurement of string U2b-U6b during fatigue test with a total of N = 409,063 cy-
cles. a) Each load cycle can be traced back using the voltage measurement. b) Overall volt-
age evolution. c) Relative voltage evolution with clearly revealing areas of damage pro-
gression.  
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The executed fatigue tests clearly show similar results compared to literature findings [10]-[15] as each 
load cycle can be detected (Figure 5a) even in the distant measuring string.  

Figure 5b and c show two different evaluations of the same measurement. Figure 5b shows the real 
measured voltages. The extreme rise of sensor U2b is clearly visible, however smaller changes of the 
other electrodes are hard to see. The measured voltages are all dependent on the electrode U0, where 
external voltage is applied. The voltage drop at a relative load cycle of 0.90 is visible in all sensors and 
can be reversed to a voltage drop at electrode U0. To cancel this effect out, the change of two adjoined 
electrodes is examined. To improve apparently furthermore, the change in voltage between two adjacent 
electrodes is related to their primary voltage drop of the first load cycle as shown in Figure 5c. The 
formula for this is (5), where i describes the number of electrode and n describes the load cycle.  

∆#4
∆#45*

" #.,4 ) #.23,4
#.,45* ) #.23,45* (5) 

Figure 6 Strain measured with digital image correlation across the specimen’s surface. The elec-
trodes U2b-U6b are attached as marked on the specimen’s left side, showing very similar 
results to Figure 5c. 

Comparing this result with digital image correlation proves very well the reliability of electrical con-
ductivity measurement. The electrodes were attached to the left side as marked in Figure 6. The image 
was taken at a relative load cycle of 0.99 shortly before collapse. There are many micro cracks all over 
the probe’s surface visible in a light green color. Two major cracks (though with a very small crack 
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opening of about 40 µm) arose during fatigue test with high tensional strain marked in red. The crack 
in the lower area between electrodes U5b and U6b is not totally proceeding to the left edge, while the 
one in the upper area at electrodes U2b and U3b seems to originate from there. This perception matches 
the curve progression in Figure 5c. Evaluation U3b-U4b and U4b-U5b behave simultaneously while the 
other two detect some change in electrical conductivity. As the upper crack is very close to the elec-
trodes, current is forced to find a way around the crack and the voltage difference increases vastly. As 
the lower crack barely reaches the electrodes on the specimen’s left edge, the measurement of sensor 
U5b-U6b is barely affected. Compared to the plot in Figure 6 the strain evolution matches the resistivity 
revolution very well. 

To improve testing and localization, additional investigations are planned. Connecting electrodes 
on all four sides of the specimen or with a fine-meshed sensor grit all over the surface can help to detect 
damage during fatigue testing more accurately. As current is always accompanied by electric and ma-
gnetic fields, techniques like EEG (Electroencephalography) [17], [18] or MEG (Magnetoencephalo-
graphy)[19],  which are widely used for medicine purposes as for detecting cerebral activity, could lead 
to a more detailed observation of the damage process during fatigue testing. These techniques are highly 
complex and need to be elaborated for this material in further studies.  

�� &RQFOXVLRQ�
The development of including carbon fibers as a reinforcement in concrete increases its tensile strength 
significantly. Techniques like fiber pretreatment and fiber orientation help to achieve best strength re-
sults and an economic use of materials. These qualities are accompanied by the effect of reducing the 
concretes electrical resistivity, which makes it possible to monitor damage progression during fatigue 
tests. Best electrode linkage has been obtained with conductive silver lacquer. Compared to digital 
image correlation very similar results to strain measurement were detected, proving the reliability of 
this technique. 
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0DUWLQ�0DUNHUW��+DUDOG�*DUUHFKW� �� ����
�

�

KHDWLQJ� RI�PRUH� WKDQ� ���.� LV� DFKLHYHG�� 7KH� IDFW� WKDW� KHDWLQJ� WR� RYHU� ���� �&� LV� SRVVLEOH� KDV� EHHQ�
VKRZQ�E\�>��@� LQ� WKHLU�VWXGLHV��$�KLJKHU�VWUHQJWK�QRUPDO�FRQFUHWH�ZDV�WHVWHG� LQ�D�UHVRQDQFH� WHVWLQJ�
PDFKLQH�DW�D�IUHTXHQF\�RI�a����+]��$OO�WKHVH�LQYHVWLJDWLRQV�VKRZ�WKDW�WKH�IUHTXHQF\�KDV�DQ�LQIOXHQFH�
RQ�WKH�WHPSHUDWXUH�GHYHORSPHQW�DV�ZHOO�DV�RQ�WKH�PD[LPXP�WHPSHUDWXUH��)XUWKHUPRUH��WKH�LQIOXHQFH�
RI� WKH� VWUHVV� OHYHO� LV� FOHDUO\� YLVLEOH�� 7KXV� WKH� WHPSHUDWXUH� ULVHV� IDVWHU� DW� D� KLJK� VWUHVV� OHYHO�� EXW� D�
KLJKHU�PD[LPXP�WHPSHUDWXUH�LV�UHDFKHG�DW�ORZHU�VWUHVV�OHYHOV��

������ +XPLGLW\�
&RQFUHWHV�ZLWK� GLIIHUHQW� KXPLGLW\� DW� GLIIHUHQW� ORDG� OHYHOV� DW� ���+]�ZHUH� FRPSDUHG� WR� HYDOXDWH� WKH�
HIIHFW�RI�KXPLGLW\��>��@�WHVWHG�DQ�+3&�ZLWK�WKUHH�GLIIHUHQW�VWRUDJH�FRQGLWLRQV�DQG�WKH�UHVXOWLQJ�KXPLG�
LWLHV��7KH�FRQFUHWH�KXPLGLW\�YDULHV�EHWZHHQ������E\�ZHLJKW� IRU� WKH�GULHG�WHVW�VSHFLPHQ�RI�VHULHV�'�
DQG������E\�ZHLJKW�IRU�XQGHU�ZDWHU�VWRUHG�WHVW�VSHFLPHQ�RI�VHULHV�8:��7KH�WHVW�VSHFLPHQ�VWRUHG�ZLWK�
QRUPDWLYH�FOLPDWH�FRQGLWLRQV������&��������VKRZ������SHU�ZHLJKW�ZKLFK�LV�YHU\�FORVH�WR�WKH�XQGHU�
ZDWHU� VWRUDJH� UHVXOWV�� )LJXUH� �� �OHIW�� VKRZV� WKH� PD[LPXP� WHPSHUDWXUH� LQFUHDVH� YDOXHV� RI� DOO� WHVWV�
SORWWHG�YHUVXV�WKH�QXPEHU�RI�F\FOHV�WR�IDLOXUH��7KH�UXQ�RXW�WHVWV�ZHUH�QRW�FRQVLGHUHG��,W�FDQ�EH�VHHQ�
WKDW� IRU� WKH�GULHG�VDPSOHV� WKH�PD[LPXP�WHPSHUDWXUH� LQFUHDVH� LV� ORZHU�FRPSDUHG� WR� WKH� WHVWV�ZLWK�D�
FRQFUHWH�KXPLGLW\�RI������DQG������UHVSHFWLYHO\��VHULHV�1�DQG�8:��HYHQ�LI�WKH�QXPEHU�RI�F\FOHV�WR�
IDLOXUH�LV�LQ�WKH�VDPH�RUGHU��,W�LV�REYLRXV�WKDW�WKH�WHPSHUDWXUH�LQFUHDVH�ULVHV�ZLWK�LQFUHDVLQJ�QXPEHU�RI�
ORDG�F\FOHV� IRU�ERWK�KXPLG�DQG�GULHG�VDPSOHV�EHFDXVH� WKH�VSHFLPHQ�KDV�PRUH� WLPH�WR�KHDW�XS��7KH�
WHPSHUDWXUH� LQFUHDVH�GHSHQGLQJ�RQ� WKH� FRQFUHWH�KXPLGLW\� LV� H[HPSODU\� VKRZQ� IRU� WKUHH� WHVWV� DW� WKH�
VWUHVV�OHYHO�RI�6R� �����LQ�)LJ�����)RU�ERWK�KXPLG�FRQFUHWH�VSHFLPHQV��VHULHV�1�DQG�8:��WKH�WHPSHUD�
WXUH�LQFUHDVH�LV�PXFK�IDVWHU�FRPSDUHG�WR�WKH�UHG�FXUYH�RI�WKH�GULHG�FRQFUHWH��

� �
)LJ���� 0D[LPXP�WHPSHUDWXUH� LQFUHDVH�RI� WKH� WKUHH�VHULHV��OHIW��DQG� WHPSHUDWXUH� LQFUHDVH�RI� WKH�

WKUHH�VHULHV�DW�WKH�ORDG�OHYHO�6R� �����>��@��

������ 6SHFLPHQ�DQG�PD[LPXP�JUDLQ�VL]H�
)DWLJXH� WHVWV�XQGHU�F\FOLF�FRPSUHVVLYH� IDWLJXH� ORDGLQJ�DUH�QRUPDOO\�SHUIRUPHG�RQ�F\OLQGULFDO�VSHFL�
PHQV�ZLWK�DQ�K�G�UDWLR�RI������6SHFLPHQ�VL]HV�RI���������RU��������DUH�RIWHQ�XVHG��,I�+3&�RU�8+3&�
FRQ�FUHWHV�DUH�XVHG��F\OLQGHUV�ZLWK�D�GLDPHWHU�RI����PP�DUH�XVHG�IRU�UHDVRQV�RI�WKH�ORDG�WR�EH�SODFHG��
7R�GHWHUPLQH� WKH� LQIOXHQFH�RI� WKH� VDPSOH�VL]H�� >�@�H[DPLQHG�VDPSOHV�ZLWK�D�GLDPHWHU�RI����RU�����
PP��7KH�VSHFLPHQV�ZHUH�VWRUHG�XQGHU�ZDWHU�XQWLO�WKH�WHVW��7KH\�ZHUH�WHVWHG�XQVHDOHG�DW���+]�DQG�DW�D�
ORDG�OHYHO�RI�6R� ������7KH�UHVXOWV�RI�WKH�LQYHVWLJDWLRQV��)LJ�����ULJKW��KDYH�VKRZQ�WKDW�WKH�VSHFLPHQV�
ZLWK�D�GLDPHWHU�RI����PP��EODFN�GRWWHG��FRPSDUHG�WR�WKH�VSHFLPHQV�ZLWK�����PP��EODFN�OLQH��DW�ILUVW�
KDYH�D�VLPLODU�WHPSHUDWXUH�FXUYH��EXW�DOUHDG\�DIWHU�D�IHZ�KXQGUHG�ORDG�F\FOHV�WKH�WHPSHUDWXUH�LQFUHDVH�
UHGXFHV� ZLWK� WKH� VPDOOHU� GLDPHWHUV�� /RRNLQJ� DW� WKH� PD[LPXP� WHPSHUDWXUH� LQFUHDVH� WKDW� KDV� EHHQ�
UHDOL]HG�� WKH� VDPSOHV� ZLWK� D� GLDPHWHU� RI� ���� PP� EHFRPH� VLJQLILFDQWO\� ZDUPHU�� $FFRUGLQJO\�� WKH�
VSHFLPHQ�VL]H�DOVR�KDV�DQ� LQIOXHQFH�RQ� WKH� WHPSHUDWXUH�FXUYH��7KH�IDFW� WKDW� WKH� ODUJHVW�JUDLQ�KDV�DQ�
LQIOXHQFH�ZDV�LQYHVWLJDWHG�E\�>�@��7KUHH�KLJK�VWUHQJWK�JURXWLQJ�PRUWDU�ZLWK�GLIIHUHQW�PD[LPXP�JUDLQ�
VL]HV�ZHUH�WHVWHG��)LJ����VKRZV�LQ�WKH�OHIW�GLDJUDP�WKH�WHPSHUDWXUH�LQFUHDVH�RYHU�WLPH�GXULQJ�WKH�ID�
WLJXH�SURFHVV��7KH�WKUHH�JURXWLQJ�FRQFUHWHV�ZHUH�H[DPLQHG�DW�D�IUHTXHQF\�RI����+]�DQG�D�PD[LPXP�
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��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� 6WUXFWXUDO�DQDO\VLV�DQG�GHVLJQ��7LWOH�RI�\RXU�WRSLF��

�

VWUHVV�RI�����DQG�D�PLQLPXP�VWUHVV�RI�����$OWKRXJK�DOO�WKUHH�PL[WXUHV�DSSUR[LPDWH�WKH�VDPH�PD[L�
PXP�WHPSHUDWXUH�� WKH\�GLIIHU� LQ� WKHLU� WHPSHUDWXUH� LQFUHDVH�� >�@� WKHUHIRUH�VKRZV�WKDW� WKH�VPDOOHU� WKH�
ODUJHVW�JUDLQ��WKH�VWURQJHU�WKH�VSHFLPHQ�KHDWLQJ�DW�WKH�VDPH�ORDGLQJ�OHYHO��6LQFH�WKH�PD[LPXP�WHP�
SHUDWXUH�LQFUHDVH�IRU�DOO�VSHFLPHQV�LV�EHWZHHQ����DQG����.��WKHUH�VHHPV�WR�EH�D�FRUUHODWLRQ�EHWZHHQ�
WHPSHUDWXUH�DQG�OLIHWLPH��%HVLGHV�WKH�YDULDWLRQ�RI�WKH�PD[LPXP�JUDLQ�VL]H��WKH�VL]H�RI�WKH�WHVW�VSHFL�
PHQ�FDQ�DOVR�EH�YDULHG��

� �
)LJ���� +HDWLQJ�RI� WKH� VSHFLPHQV�GHSHQGLQJ�RQ� WKH�PD[LPXP�JUDLQ� VL]H� DFFRUGLQJ� WR� >�@� �OHIW��

DQG�WHPSHUDWXUH�LQFUHDVH�RI�GLIIHUHQW�VSHFLPHQ�VL]HV�DFFRUGLQJ�WR�>�@��ULJKW���

�� ([SHULPHQWV�

���� 0DWHULDO�DQG�JHRPHWU\�
)RU� WKH�H[SHULPHQWDO�ZRUN��DQ�+3&�ZLWK�D�ZDWHU�FHPHQW�UDWLR�RI������ZDV�XVHG��7KH�PL[LQJ�RI� WKH�
FRQFUHWH�ZDV� GRQH�ZLWK� D� FRQYHQWLRQDO� VLQJOH�VKDIW�PL[HU��)RU� FRPSDUDELOLW\�EHWZHHQ� WKH�GLIIHUHQW�
EDWFKHV�� WKH� VDPH�DPRXQW�RI� FRQFUHWH�ZDV�SURGXFHG� DW� HDFK� FRQFUHWLQJ��7KH�RYHUYLHZ�RI� WKH� H[DFW�
FRPSRVLWLRQ�RI� WKH� FRQFUHWH� DQG� WKH� IUHVK� FRQFUHWH�SURSHUWLHV� LV�JLYHQ�E\� >��@��$OO� VDPSOHV� IRU� WKH�
FRPSUHVVLYH�VWUHQJWK�DQG�IRU� WKH�IDWLJXH� WHVWV�KDG�D�F\OLQGULFDO�VKDSH�ZLWK�����PP�LQ�KHLJKW�DQG�D�
GLDPHWHU�RI����PP��G�K�UDWLR�RI�������

���� 6WRUDJH�FRQGLWLRQV�DQG�KXPLGLW\�
7ZR� WHVW� VHULHV� ZLWK� GLIIHUHQW� VWRUDJH� FRQGLWLRQV� ZHUH� SODQQHG� WR� LQYHVWLJDWH� WKH� LQIOXHQFH� RI� WKH�
FRQFUHWH� KXPLGLW\�� 7KH� WHVW� VHULHV� '� ZLWK� GULHG� WHVW� VSHFLPHQ� DQG� WKH� WHVW� VHULHV� 1� ZLWK� VWRUDJH�
FRQGLWLRQV�RI�����&�DQG�����UHODWLYH�KXPLGLW\�ZHUH�FRQGXFWHG��$IWHU�FRQFUHWLQJ��DOO� VDPSOHV�ZHUH�
VWULSSHG�DIWHU����K�DQG�VWRUHG�XQGHU�ZDWHU� IRU���GD\V��6XEVHTXHQWO\� WKH� WHVW� VSHFLPHQV�ZHUH�FXW� WR�
OHQJWK�DQG� WKH� WRS�VXUIDFHV�ZHUH�JULQGHG�SODQH�SDUDOOHO� DQG�SROLVKHG��7R�PLQLPLVH� WKH� LQIOXHQFH� RI�
GU\LQJ�RQ�WKH�FRQFUHWH�KDUGHQLQJ�SURFHVV�WKH�WHVW�VSHFLPHQV�RI�VHULHV�'�ZHUH�VWRUHG�XQGHU�WKH�VDPH�
FRQGLWLRQV�DV�VHULHV�1�IRU�WKH�ILUVW����GD\V��$IWHUZDUGV�WKH\�ZHUH�VWRUHG�DW������&�IRU����GD\V�XQWLO�
WKH�DJH�RI�DW�OHDVW����GD\V��7KH�KXPLGLW\�RI�WKH�FRQFUHWH�ZDV�GHWHUPLQHG�IRU�HDFK�WHVW�VHULHV�RQ�WZR�
VDPSOHV�E\�RYHQ�GU\LQJ�DW������&��7KH�DJH�RI�WKH�VDPSOHV�ZDV�WKH�VDPH�DV�LQ�WKH�IDWLJXH�WHVWV��%HIRUH�
WHVWLQJ��DOO�VSHFLPHQV�ZHUH�ZUDSSHG�LQ�D�GLIIXVLRQ�WLJKW�IRLO�WR�SUHYHQW�FKDQJHV�RI�WKH�FRQFUHWH�KXPLG�
LW\�GXULQJ�WKH�WHVW��7KH�VWRUDJH�FRQGLWLRQV�DQG�WKH�KXPLGLW\�RI�WKH�VHULHV�DUH�VXPPDULVHG�LQ�7DEOH����

7DEOH��� 6WRUDJH�FRQGLWLRQV�DQG�KXPLGLW\�RI�WKH�WKUHH�VHULHV��

6HULHV� 'D\��� 'D\���� 'D\������ 'D\������
7HVW�

%HIRUH�
WHVWLQJ�

+XPLGLW\�

'��
�'U\�6SHFLPHQ�� VWULS�

WKH�
IRUP�
ZRUN�

XQGHU�
ZDWHU�

����&������� �����&�

ZUDS�

�����
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��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� 6WUXFWXUDO�DQDO\VLV�DQG�GHVLJQ��7LWOH�RI�\RXU�WRSLF��

�

���� 7HVW�VHWXS�IDWLJXH�WHVW�
7KH�IDWLJXH�WHVWV�ZHUH�FRQGXFWHG�RQ�D�VHUYRK\GUDXOLF�6FKHQFN�WHVWLQJ�PDFKLQH�ZLWK�D�PD[LPXP�ORDG�
FDSDFLW\�RI�����N1��(DFK�WHVW�ZDV�RSHUDWHG�ORDG�FRQWUROOHG��7KH�WHVWLQJ�PDFKLQH�DQG�WKH�WHVW�VHWXS�DUH�
VKRZQ�LQ�>��@��7R�PLQLPLVH�XQLQWHQGHG�EHQGLQJ�RI�WKH�WHVW�VSHFLPHQ�GXH�WR�LPSHUIHFWLRQ�RI�WKH�SODQH�
SDUDOOHO� WRS�DQG�ERWWRP�VLGHV�RI�WKH�F\OLQGHUV��D� ORDG� WUDQVIHU�SODWH�ZLWK�D�FXS�DQG�EDOO�EHDULQJ�ZDV�
XVHG��'XULQJ�WKH�WHVWV��WKH�QXPEHU�RI�ORDG�F\FOHV��WKH�DSSOLHG�ORDGV��WKH�GHIRUPDWLRQ�RI�WKH�VSHFLPHQ�
DQG�WKH� WHPSHUDWXUH�GHYHORSPHQW�ZHUH�PHDVXUHG��7KH�GHIRUPDWLRQ�ZDV�PHDVXUHG�E\� IRXU�GLVSODFH�
PHQW�WUDQVGXFHUV�:$�������DGDSWHG�EHWZHHQ�WKH�ORDG�WUDQVIHU�SODWHV��7KH�VWUDLQ�LV�FDOFXODWHG�IURP�WKH�
PHDVXUHG�GHIRUPDWLRQV�XQGHU�WKH�DVVXPSWLRQ�RI�FRQVWDQW�VWUDLQ�RYHU�WKH�KHLJKW�RI�WKH�VSHFLPHQ��7KH�
SRVLWLRQV�RI�WKH�WUDQVGXFHUV�DUH�VKRZQ�LQ�>��@��

���� ([SHULPHQWDO�SURJUDPPH�
$OO�WHVWV�ZHUH�FDUULHG�RXW�ZLWK�D�VLQXVRLGDO�ORDGLQJ�DW�D�FRQVWDQW�IUHTXHQF\�RI����+]��7KH�QRUPDOLVHG�
PLQLPXP�VWUHVV�ZDV�6X� �ıX���IF�F\O� ������DQG�WKH�QRUPDOLVHG�PD[LPXP�VWUHVV�6R� �ıR���IF�F\O��YDULHG�
IURP�6R� ������WR�6R� �����DFFRUGLQJ�WR�7DEOH����7HVWV�ZLWK�!�����PLOOLRQ�ORDG�F\FOHV�ZHUH�WUHDWHG�DV�
UXQ�RXWV��7KH�WHVW�SURJUDP�RI�WKH�WZR�VHULHV�LV�VKRZQ�LQ�7DEOH����

7DEOH��� ([SHULPHQWDO�RXWOLQH�RI�WKH�WKUHH�VHULHV�>��@��

6HULHV� )UHTXHQ]\�>+]@� 6R� 6X� 6HDOHG�8QVHDOG�

'� ��� �������� ����� 6HDOHG�

1� ��� ����������������� ����� 6HDOHG�

�� ([SHULPHQWDO�5HVXOWV�

���� 7HPSHUDWXUH�GHSHQGHQW�VWDWLF�FRPSUHVVLYH�VWUHQJWK�
7KH�VWDWLF�FRPSUHVVLYH�VWUHQJWK�ZDV�GHWHUPLQHG�IRU�HDFK�WHPSHUDWXUH�RQ�DW�OHDVW�WKUHH�WHVW�VSHFLPHQV��
7KH�F\OLQGHUV�ZHUH�ZUDSSHG�ZLWK�WKH�IRLO�DQG�KHDWHG�WR�WKH�UHVSHFWLYH�WHPSHUDWXUH�IRU����KRXUV�EHIRUH�
WKH�VWDWLF�FRPSUHVVLYH�VWUHQJWK�ZDV�GHWHUPLQHG��7KH�VWDWLF�FRPSUHVVLYH�VWUHQJWKV�GHWHUPLQHG�LQ� WKLV�
SURFHVV�LQ�UHODWLRQ�WR�WKH�VWDWLF�FRPSUHVVLYH�VWUHQJWK�DW�����&�DUH�SORWWHG�YHUVXV�WHPSHUDWXUH�LQ�)LJ�����
7KH�FRPSUHVVLYH�VWUHQJWK�RI�WKH�VHULHV�'�LV�VKRZQ�LQ�UHG��VHULHV�1�LQ�GDVKHG�EODFN��,W�FDQ�EH�VHHQ�WKDW�
WKH�VWUHQJWK�RI�WKH�GULHG�VDPSOHV�UHPDLQV�WKH�VDPH�H[FHSW�DW�����&��7KLV�FDQ�EH�DWWULEXWHG�WR�WKH�YDULD�
WLRQ�LQ�FRPSUHVVLYH�VWUHQJWK��,Q�FRQWUDVW��WKH�FRPSUHVVLYH�VWUHQJWKV�RI�WKH�VDPSOHV�ZLWK�D�KXPLGLW\�RI�
����� �1� VHULHV�� GHFUHDVH� ZLWK� LQFUHDVLQJ� WHPSHUDWXUH�� 7KH�PLQLPXP� LV� UHDFKHG� DW� ��� �&�� $W� WKLV�
WHPSHUDWXUH�� WKH� UHGXFWLRQ�GXH� WR� WKH� LQFUHDVHG� WHPSHUDWXUH�ZDV��������7KH� IDFW� WKDW� WKH� VWUHQJWKV�
LQFUHDVH�DJDLQ�ZLWK�KLJKHU�WHPSHUDWXUHV�FDQ�DOVR�EH�VHHQ�LQ�WKH�OLWHUDWXUH�>�@��

�
)LJ���� 5HGXFWLRQ�RI�WKH�VWDWLF�FRPSUHVVLYH�VWUHQJWK�GHSHQGLQJ�RQ�WKH�FRQFUHWH�WHPSHUDWXUH��



,QIOXHQFH�RI�WHPSHUDWXUH�LQFUHDVH�LQ�IDWLJXH�EHKDYLRXU�RI�FRQFUHWH�GXULQJ�FRPSUHVVLYH�IDWLJXH�ORDGLQJ��

0DUWLQ�0DUNHUW��+DUDOG�*DUUHFKW� �� ����
�

�

���� 1XPEHU�RI�F\FOHV�WR�IDLOXUH�
7KH�UHVXOWV�RI�WKH�IDWLJXH�WHVWV�DFFRUGLQJ�WR�7DEOH���DUH�JLYHQ�LQ�)LJ�����7KH�QXPEHU�RI�F\FOHV�WR�IDLO�
XUH�LV�SORWWHG�LQ�ORJ�VFDOH�YHUVXV�WKH�QRUPDOLVHG�PD[LPXP�VWUHVV�6R��$GGLWLRQDOO\��D�OLQHDU�UHJUHVVLRQ�
IXQFWLRQ�ZDV�GHWHUPLQHG�E\�XVLQJ�WKH�IXQFWLRQ�I� �P�[�ORJ�1����E�IRU�HDFK�RI�WKH�WZR�WHVW�VHULHV��7KH�
XVH�D�ELOLQHDU�IXQFWLRQ�DV�VXJJHVWHG� LQ�>��@�ZDV�QRW�SRVVLEOH�GXH�WR� WKH�VPDOO�DPRXQW�RI�KLJK�F\FOH�
WHVWV�ZLWK�Q�!�����F\FOHV��%HFDXVH�RI�WKH�IHZ�WHVW�UHVXOWV�XS�WR�QRZ�WKH�UXQ�RXW�WHVWV�ZHUH�DOVR�XVHG�IRU�
WKH�UHJUHVVLRQ�ZKLFK�LV�QRUPDOO\�QRW�WKH�FDVH�LQ�HYDOXDWLRQ�RI�IDWLJXH�WHVW�UHVXOWV��,Q�)LJ����WKH�UXQ�RXW�
WHVWV�DUH�PDUNHG�ZLWK�DQ�DUURZ���

�
)LJ���� 1RUPDOLVHG�VWUHVV�YHUVXV�QXPEHU�RI�F\FOHV�WR�IDLOXUH�

&RPSDULQJ� WKH� WHVWV� DW� WKH�KLJKHVW� VWUHVV� OHYHO� 6R�  ������ LW� LV� REYLRXV� WKDW� WKH� WHVW� VSHFLPHQ� RI� VH�
ULHV�1��EODFN��ZLWK� D� FRQFUHWH� KXPLGLW\� RI� ��� IDLO� VLJQLILFDQWO\� HDUOLHU� WKDQ� WKH� WHVW� VSHFLPHQ�ZLWK�
GULHG�FRQFUHWH��FRQFUHWH�KXPLGLW\�RI������2Q�WKH�VWUHVV�OHYHO�6R� �����WKH�VDPH�HIIHFW�EHFRPHV�YLVL�
EOH��7KH�KXPLG�FRQFUHWH�WHVW�VSHFLPHQ������RI�VHULHV�1�IDLO�XS�WR�WZR�SRZHUV�RI�WHQ�HDUOLHU�WKDQ�WKH�
GULHG� FRQFUHWH� VSHFLPHQ��$W� VWUHVV� OHYHOV� RI� 6R� �� ���� LW� ZDV� QRW� SRVVLEOH� WR� JHQHUDWH� IDLOXUHV� ZLWK�
6HULHV�1�FRQFUHWH�VSHFLPHQV�XS�WR�Q� ���[�����F\FOHV���

���� 7HPSHUDWXUH�LQFUHDVH�
,I� WKH�PD[LPXP� ILQDO� WHPSHUDWXUH� RQ� WKH� VXUIDFH� LQ� WKH�PLGGOH� RI� WKH� VSHFLPHQ� LV� FRQVLGHUHG� DQG�
SORWWHG�RYHU�WKH�QXPEHU�RI�F\FOHV�WR�IDLOXUH��)LJ����LV�REWDLQHG��7KHUH�LW�FDQ�EH�VHHQ�WKDW�WKH�FRQFUHWH�
UHDFKHV�D�KLJKHU�ILQDO�WHPSHUDWXUH�DV�WKH�QXPEHU�RI�F\FOHV�WR�IDLOXUH�LQFUHDVHV��,W�FDQ�EH�VKRZQ�WKDW�DW�
WKH�VDPH�QXPEHU�RI�F\FOHV�WR�IDLOXUH��WKH�VDPSOHV�RI�WKH�VHULHV�1�UHDFK�D�KLJKHU�ILQDO�WHPSHUDWXUH�WKDQ�
WKH�VDPSOHV�RI�WKH�VHULHV�'��7KH�PD[LPXP�ILQDO�WHPSHUDWXUH�PHDVXUHG�GXULQJ�WKH�WHVWV�ZDV�������&��
$FFRUGLQJO\��KXPLGLW\�KDV�DQ�LQIOXHQFH�RQ�WKH�PD[LPXP�ILQDO�WHPSHUDWXUH��

�
)LJ���� )LQDO�WHPSHUDWXUH�YHUVXV�QXPEHU�RI�F\FOHV�WR�IDLOXUH��
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��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� 6WUXFWXUDO�DQDO\VLV�DQG�GHVLJQ��7LWOH�RI�\RXU�WRSLF��

�

�� (IIHFW�RI�WKH�WHPSHUDWXUH�LQFUHDVH�
$V�VKRZQ�LQ�FKDSWHU������WKH�WHPSHUDWXUH�RI�WKH�VDPSOH�LQFUHDVHV�GXULQJ�WKH�H[SHULPHQW��7KH�LQFUHDVH�
LQ� WHPSHUDWXUH� FDQ�GU\�RXW� WKH� VDPSOH� >��@� DQG�SRUH�ZDWHU�SUHVVXUH� FDQ�EH�JHQHUDWHG� >�@��$QRWKHU�
SRLQW�ZKLFK�VKRXOG�QRW�EH�LJQRUHG�LV�WKH�UHGXFWLRQ�LQ�VWDWLF�FRPSUHVVLYH�VWUHQJWK�GXH�WR�WKH� WHPSHUD�
WXUH�LQFUHDVH��7KLV�HIIHFW�FDQ�EH�VHHQ�LQ�ILJ�����FKDSWHU�������$�UHGXFWLRQ�LQ�VWUHQJWK�GXULQJ�WKH�WHVW�KDV�
LPPHGLDWH�FRQVHTXHQFHV��EHFDXVH�EHIRUH�WKH�WHVW�EHJLQV�WKH�VWDWLF�FRPSUHVVLYH�VWUHQJWK�LV�GHWHUPLQHG�
DQG�XVHG�DV�WKH�EDVLV�IRU�WKH�VWUHVV�OHYHOV�ZLWK�IF�F\O����&��,I�WKLV�YDOXH�QRZ�FKDQJHV�GXH�WR�DQ�LQFUHDVH�LQ�
WHPSHUDWXUH��WKH�VWDWLF�FRPSUHVVLYH�VWUHQJWK�RI�FRQFUHWH�ZLWK�KXPLGLW\�DOVR�FKDQJHV��DV�VKRZQ�LQ������
7KLV� FKDQJH� LQ� FRPSUHVVLYH� VWUHQJWK� PHDQV� WKDW� WKH� DFWXDO� FRPSUHVVLYH� VWUHQJWK� QR� ORQJHU� FRUUH�
VSRQGV�WR�WKH�YDOXH�DW�WKH�EHJLQQLQJ�RI�WKH�WHVW��7KH�UHVXOWV�DUH�WKH�FKDQJHV�RI�WKH�VWUHVV�OHYHO�DQG�WKH�
VWUHVV�UDQJH��7KLV�LV�VKRZQ�DV�DQ�H[DPSOH�LQ�7DEOH���IRU�WKH�KLJK�VWUHVV�OHYHO�����ZLWK�GLIIHUHQW�UHGXF�
WLRQV��,I�WKH�LQFUHDVH�LQ�WHPSHUDWXUH�UHVXOWV�LQ�D�����UHGXFWLRQ�LQ�FRPSUHVVLYH�VWUHQJWK��WKH�KLJK�VWUHVV�
OHYHO�6R�LQFUHDVHV�IURP�����E\��������WR�������,W�DOVR�EHKDYHV�HTXLYDOHQWO\�ZLWK�WKH�ORZ�VWUHVV�OHYHO�
6X�DQG�WKH�VWUHVV�UDQJH��&RQVHTXHQWO\��WKH�LQFUHDVH�LQ�WHPSHUDWXUH�KDV�D�VLJQLILFDQW�LQIOXHQFH�RQ�WKH�
VWUHVV�OHYHOV�DQG�WKLV�KDV�D�JUHDW�LQIOXHQFH�RQ�WKH�QXPEHU�RI�F\FOHV�WR�IDLOXUH��

7DEOH��� (IIHFW�RI�WKH�UHGXFWLRQ�LQ�FRPSUHVVLYH�VWUHQJWK�RQ�WKH�VWUHVV�OHYHOV�

5HGXFWLRQ� 6R� 6X� 6R���6X�� ,QFUHDVH�

��� ����� ������ ����� ������

���� ����� ������ ����� �������

���� ����� ������ ����� �������

���� ����� ������ ����� �������

�� &RQFOXVLRQV�DQG�RXWORRN�
)LQDOO\�� WKHUH� DUH� PDQ\� IDFWRUV� WKDW� LQIOXHQFH� WKH� KHDWLQJ� RI� FRQFUHWH� GXULQJ� F\FOLFDO� FRPSUHVVLYH�
IDWLJXH�ORDGLQJ�WHVWV��,Q�DGGLWLRQ�WR�WKH�PDLQ�LQIOXHQFLQJ�IDFWRUV�RI�IUHTXHQF\��VWUHVV�OHYHO�DQG�KXPLG�
LW\��WKHUH�DUH�RWKHUV�VXFK�DV�WKH�PD[LPXP�JUDLQ�VL]H��7KH�LQIOXHQFH�RI�WKH�KHDWLQJ�RI�WKH�FRQFUHWH�KDV�
D�GLUHFW�LQIOXHQFH�RQ�WKH�FRPSUHVVLYH�IDWLJXH�WHVWV��+HDWLQJ�RI�WKH�FRQFUHWH�UHVXOWV�LQ�GU\LQJ�RXW�RI�WKH�
FRQFUHWH��WKH�EXLOG�XS�RI�SRUH�ZDWHU�SUHVVXUHV��EXW�DOVR�LQ�FKDQJHV�LQ�WKH�VWDWLF�FRPSUHVVLYH�VWUHQJWK��
,Q� WKH� LQYHVWLJDWLRQV� LW� FRXOG� EH� VKRZQ� WKDW� D� GLVWLQFWLRQ�PXVW� EH�PDGH� EHWZHHQ� KXPLG� DQG� GULHG�
FRQFUHWH�� ,Q�GULHG�FRQFUHWH��QR�KXPLGLW\�FDQ�GU\�RXW�DQG�QR�SRUH�ZDWHU�SUHVVXUH�FDQ�EXLOG�XS��7KH�
GULHG�FRQFUHWH�DOVR�VKRZV�QR�VLJQLILFDQW�UHGXFWLRQ�LQ�VWDWLF�FRPSUHVVLYH�VWUHQJWK�LQ�WKH�UHOHYDQW�WHP�
SHUDWXUH�UDQJH��7KH�VLWXDWLRQ�LV�GLIIHUHQW�IRU�FRQFUHWH�ZLWK�H[LVWLQJ�KXPLGLW\��7KLV�FRQFUHWH�KHDWV�XS�
PRUH� WKDQ�GULHG�FRQFUHWH�� LW� FDQ�GU\�RXW�DQG�SRUH�ZDWHU�SUHVVXUHV�FDQ�EXLOG�XS�GXH� WR� WKH�FRPSDFW�
VWUXFWXUH�RI�+3&��)XUWKHUPRUH��DQ� LPSRUWDQW�DVSHFW� LV� WKH�HIIHFW�RI� WKH� WHPSHUDWXUH� LQFUHDVH�RQ� WKH�
VWDWLF�FRPSUHVVLYH�VWUHQJWK��6WDWLF�WHVWV�KDYH�VKRZQ�WKDW�WKH�UHGXFWLRQ�FDQ�EH�DV�PXFK�DV�������FRP�
SDUHG�WR�����&��7KLV�UHGXFWLRQ�RI�WKH�VWDWLF�FRPSUHVVLYH�VWUHQJWK�OHDGV�WR�D�FKDQJH�LQ�WKH�VWUHVV�OHYHOV�
DQG�WKH�RVFLOODWLRQ�ZLGWK�GXULQJ�WKH�WHVW��7KLV�HIIHFW�PDNHV�LW�GLIILFXOW�WR�FRPSDUH�WKH�WHVWV�ZLWK�HDFK�
RWKHU��7KHUHIRUH��DUH�IXUWKHU�LQYHVWLJDWLRQV�XVHIXO�DQG�QHFHVVDU\��,Q�IXUWKHU�LQYHVWLJDWLRQV�LW�LV�SODQQHG�
WR� WHVW� WKH� WHPSHUDWXUH� GHYHORSPHQW� DW� ��+]� DQG� FRPSDUH� LW�ZLWK� HDUOLHU� H[SHULPHQWV� DW� ���+]��$�
IXUWKHU�SRLQW�RI�LQYHVWLJDWLRQ�LV�WKH�EHKDYLRXU�RI�WKH�FRQFUHWH�DW�D�KLJKHU�HQYLURQPHQWDO�WHPSHUDWXUH��
)RU�WKLV�SXUSRVH��WKH�VSHFLPHQV�DUH�WR�EH�KHDWHG�WR�����&�DQG�WHVWHG�LQ�D�FOLPDWLF�FKDPEHU�WR�LQYHVWL�
JDWH� WKH� LQIOXHQFH�RI�IDWLJXH�XQGHU�KLJKHU� WHPSHUDWXUHV��)XUWKHUPRUH�� WKH�VDPH�RVFLOODWLRQ�ZLGWKV�DW�
GLIIHUHQW�OHYHOV�RI�XSSHU�DQG�ORZHU�VWUHVV�OHYHOV�KDYH�WR�EH�LQYHVWLJDWHG�LQ�RUGHU�WR�FDOFXODWH�WKH�LQIOX�
HQFH�RI�WKH�LQFUHDVH�LQ�VWUHVV�UDQJH�RYHU�WLPH�GXH�WR�WKH�LQFUHDVH�LQ�WHPSHUDWXUH��
� �



,QIOXHQFH�RI�WHPSHUDWXUH�LQFUHDVH�LQ�IDWLJXH�EHKDYLRXU�RI�FRQFUHWH�GXULQJ�FRPSUHVVLYH�IDWLJXH�ORDGLQJ��

0DUWLQ�0DUNHUW��+DUDOG�*DUUHFKW� �� ����
�

�

$FNQRZOHGJHPHQWV�
)LQDQFLDO�VXSSRUW�ZDV�SURYLGHG�E\�WKH�*HUPDQ�6FLHQFH�)RXQGDWLRQ��')*��DV�SDUW�RI�WKH�IUDPHZRUN�
RI� WKH�SURMHFW� ³7HPSHUDWXUH� DQG�KXPLGLW\� LQGXFHG�GDPDJH�SURFHVVHV� LQ� FRQFUHWH�GXH� WR�SXUH� FRP�
SUHVVLYH� IDWLJXH� ORDGLQJ´� RI� WKH� SULRULW\� SURJUDP� ����� WKURXJK� JUDQG� QXPEHU� *$����������� 7KLV�
VXSSRUW�LV�JUDWHIXOO\�DFNQRZOHGJHG��

5HIHUHQFHV�
>�@� +RKEHUJ��5��������³=XP�(UP�GXQJVYHUKDOWHQ�YRQ�%HWRQ��´�3K'�GLVV���.DUOVUXKH�,QVWLWXWH�RI�

7HFKQRORJ\�
>�@� 5HLQKDUGW��+�:���6WURHYHQ��3���8LMO��-�$���.RRLVWUD��7�5���9UHQFNHQ��-�+�$�0��������³(LQIOX��

YRQ�6FKZLQJEUHLWH��%HODVWXQJVK|KH� XQG�)UHTXHQ]� DXI� GLH� 6FKZLQJIHVWLJNHLW� YRQ�%HWRQ� EHL�
QLHGULJHQ�%UXFKODVWVSLHO]DKOHQ��´�%HWRQZHUN���)HUWLJWHLO�7HFKQLN������������

>�@� +�PPH�� -�� ������ ³(UP�GXQJVYHUKDOWHQ�YRQ�KRFKIHVWHP�%HWRQ�XQWHU�:DVVHU�´�%HULFKWH�DXV�
GHP�,QVWLWXW�I�U�%DXVWRII�����

>�@� (OVPHLHU��.���+�PPH��-���2QHVFKNRZ��1���/RKDXV��/��������³3U�IWHFKQLVFKH�(LQIO�VVH�DXI�GDV�
(UP�GXQJVYHUKDOWHQ� KRFKIHVWHU� IHLQN|UQLJHU� 9HUJXVVEHWRQH�´� %HWRQ�� XQG� 6WDKOEHWRQEDX�
���������������

>�@� %OXQGHOO��5���'LPRQG��&���%URZQH��5��������³7KH�SURSHUWLHV�RI�FRQFUHWH�VXEMHFWHG�WR�HOHYDWHG�
WHPSHUDWXUHV�´�/RQGRQ��&LULD�8QGHUZDWHU�(QJLQHHULQJ�*URXS��

>�@� %XGHOPDQQ��+��������³=XP�(LQIOX��HUK|KWHU�7HPSHUDWXU�DXI�)HVWLJNHLW�XQG�9HUIRUPXQJ�YRQ�
%HWRQ� PLW� XQWHUVFKLHGOLFKHQ� )HXFKWHJHKDOWHQ�´� 3K'� GLVV��� 7HFKQLVFKH� 8QLYHUVLWlW� %UDXQ�
VFKZHLJ��

>�@� 7KLHQHO�� .��&K�� ������ ³)HVWLJNHLW� XQG� 9HUIRUPXQJ� YRQ� %HWRQ� EHL� KRKHU� 7HPSHUDWXU� XQG�
ELD[LDOHU�%HDQVSUXFKXQJ���9HUVXFKH�XQG�0RGHOOELOGXQJ�´�3K'�GLVV���7HFKQLVFKH�8QLYHUVLWlW�
%UDXQVFKZHLJ�

>�@� 'HXWVFKHU��0���7UDQ��1�/���6FKHHUHU��6�������� ³([SHULPHQWDO� LQYHVWLJDWLRQ�RI� ORDG�LQGX� FHG�
LQFUHDVH�RI� WHPSHUDWXUH� LQ�8+3&�´�$GYDQFHV� LQ�(QJLQHHULQJ�0DWHULDOV��6WUXFWXUHV�DQG�6\V�
WHPV��,QQRYDWLRQV��0HFKDQLFV�DQG�$SSOLFDWLRQV���3URF��RI�WKH��WK�,QW��&RQI��RQ�6WUXFWXUDO�(Q�
JLQHHULQJ� �6(0&��� 0HFKDQLFV� DQG� &RPSXWDWLRQ�� =LQJRQL�� $�� �(G���� �±�� 6HSWHPEHU� ������
&DSH�7RZQ��6RXWK�$IULFD���/RQGRQ��7D\ORU�	�)UDQFLV�����������

>�@� +DDU�&��YRQ�GHU���:HGHO��)���0DU[��6��������³1XPHULFDO�DQG�([SHULPHQWDO�,QYHVWLJDWLRQV�RI�
WKH� :DUPLQJ� RI� )DWLJXH� /RDGHG� &RQFUHWH�´� 3DSHU� SUHVHQWHG� DW� WKH� ILE� 6\PSRVLXP�� &DSH�
7RZQ��

>��@� *U�QEHUJ�� -��� DQG� 2QHVFKNRZ�� 1�� ������ ³*U�QGXQJ� YRQ�2IIVKRUH�:LQGHQHUJLHDQODJHQ� DXV�
ILOLJUDQHQ� %HWRQNRQVWUXNWLRQHQ� XQWHU� EHVRQGHUHU� %HDFKWXQJ� GHV� (UP�GXQJVYHUKDOWHQV� YRQ�
KRFKIHVWHP�%HWRQ�´�$EVFKOXVVEHULFKW�]XP�%08�9HUEXQGIRUVFKXQJVSURMHNW��/HLEQL]�8QLYHU�
VLW\�+DQQRYHU���

>��@� +DDU�&��YRQ�GHU���+�PPH��-���0DU[��6���/RKDXV��/�������³8QWHUVXFKXQJHQ�]XP�(UP�GXQJV�
YHUKDOWHQ�HLQHV�K|KHUIHVWHQ�1RUPDOEHWRQV�´�%HWRQ��XQG�6WDKOEHWRQEDX������������������

>��@� 0DUNHUW��0���9HLW��%���*DUUHFKW��+�������� ³7HPSHUDWXUH�DQG�KXPLGLW\� LQGXFHG�GDPDJH� SUR�
FHVVHV�LQ�FRQFUHWH�GXH�WR�SXUH�FRPSUHVVLYH�IDWLJXH�ORDGLQJ�´�3URFHHGLQJV�RI�WKH�ILE�6\PSRVL�
XP��.UDNRZ��3RODQG��

>��@� )pGpUDWLRQ� LQWHUQDWLRQDOH� GX� EpWRQ�� ������ ³ILE� 0RGHO� &RGH� IRU� FRQFUHWH� VWUXFWXUHV� �����´�
(UQVW�	�6RKQ��%HUOLQ��

>��@� (OVPHLHU�� .�� ������ ³(LQIOXVV� GHU� 3UREHN|USHUZlUPXQJ� DXI� GHQ� (UP�GXQJVZLGHUVWDQG� YRQ�
KRFKIHVWHP�9HUJXVVEHWRQ�´�3K'�GLVV���%HULFKWH�DXV�GHP�,QVWLWXW�I�U�%DXVWRII�����

�



3URF��RI�WKH���WK�ILE�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�
-XO����WR�����������0DUQH�OD�9DOOpH��3DULV��)UDQFH�

���

�

0LFURFUDFNLQJ�RI�KLJK�SHUIRUPDQFH�FRQFUHWH�XQGHU�
F\FOLF�ORDGLQJ�DQG�WKH�LQIOXHQFH�RI�WKH�DJJUHJDWH�
1LNODV�6FKlIHU��5ROI�%UHLWHQE�FKHU�

,QVWLWXWH�IRU�%XLOGLQJ�0DWHULDOV���
5XKU�8QLYHUVLW\�%RFKXP���
8QLYHUVLWlWVVWUD�H������������%RFKXP��*HUPDQ\�

$EVWUDFW�
7KH�KLJKHU�GHPDQG�WR�FUHDWH�VOHQGHU�FRQVWUXFWLRQV�PDNHV�WKH�XVH�RI�KLJK�SHUIRUPDQFH�EXLOGLQJ�PDWH�
ULDOV�LQGLVSHQVDEOH��$�FRQVHTXHQFH�RI�VXFK�OLJKWZHLJKW�FRQVWUXFWLRQV�LV�DQ�LQFUHDVLQJ�YXOQHUDELOLW\�WR�
IDWLJXH�ORDGV��FDXVHG�E\�WLPH�YDULDQW�ORDGLQJV��ZKLFK�PD\�XOWLPDWHO\�OHDG�WR�HDUOLHU�IDWLJXH�IDLOXUH�$V�
D� UHVXOW� RI� WKH� LQKRPRJHQHLW\� RI� WKH� PLFURVWUXFWXUH� RI� FRQFUHWH�� HYHQ� PLQRU� H[WHUQDO� PHFKDQLFDO�
VWUHVVHV�FDQ�OHDG�WR�ORFDO�VWUHVV�SHDNV�ZKLFK�FRQVHTXHQWO\�OHDG�WR�FKDQJHV�LQ�WKH�PLFURVWUXFWXUH��8Q�
GHU�F\FOLF� ORDG��QHZ�PLFURFUDFNV�DUH�JHQHUDWHG�EXW�DOVR� DOUHDG\�H[LVWLQJ�PLFURFUDFNV�SURSDJDWH�$Q�
DFFXPXODWLRQ� RI� WKHVH�PLFUR�GDPDJHV� RIWHQWLPHV� OHDGV� WR� SUHPDWXUH� IDLOXUH�� 7KH� GHVLJQ� RI� ILOLJUHH�
DQG�VOHQGHU�FRQVWUXFWLRQV�LPSOLHV�DQ�LQFUHDVHG�VHQVLWLYLW\�WR�YLEUDWLRQV�GXH�WR�YDULDEOH�H[WHUQDO�ORDGV��
7KLV��KRZHYHU��PD\�FDXVH�KLJKHU�IDWLJXH�ORDGV�XQGHU�F\FOLF�VWUHVVHV��ZKLFK�PD\�IXUWKHU�OHDG�WR�GDP�
DJHV�RU�HYHQ�IDLOXUH�RI�WKH�FRQFUHWH�FRPSRQHQWV�EHIRUH�WKH�EHDUDEOH�PD[LPXP�VWDWLF�VWUHVV�LV�UHDFKHG��
+LJK�SHUIRUPDQFH�FRQFUHWHV�KDYH�D�GHQVHU�PDWUL[�LQ�FRPSDULVRQ�WR�QRUPDO�VWUHQJWK�FRQFUHWHV��EXW�WKH�
LQIOXHQFH�RI�WKH�VL]H�DQG�W\SH�RI�WKH�DJJUHJDWH�RQ�IDWLJXH�IDLOXUH�RU�PLFURFUDFNLQJ�IRU�WKLV�FDVH�LV�VWLOO�
XQNQRZQ��
,Q�WKLV�FRQWH[W��V\VWHPDWLF�LQYHVWLJDWLRQV�RI�KLJK�VWUHQJWK�FRQFUHWH��PRUWDU�DQG�KDUGHQHG�FHPHQW�SDVWH�
VXEMHFWHG�WR�VWDWLF�DQG�F\FOLF�FRPSUHVVLYH�ORDGLQJV�ZHUH�FRQGXFWHG�WR�XQGHUVWDQG�WKH�LQIOXHQFH�RI�WKH�
DJJUHJDWH�RQ�PLFURFUDFNLQJ��7KH� VWUDLQ� LQ� ORQJLWXGLQDO� DQG� WUDQVYHUVH�GLUHFWLRQV�ZHUH� FRQWLQXRXVO\�
UHFRUGHG�E\�PHDQV�RI�VWUDLQ�JDXJHV��6WUDLQV�LQ�WKH�WUDQVYHUVH�GLUHFWLRQ�LQFUHDVHG�IDVWHU�DQG�WKXV�UHSUH�
VHQWHG�DQ�HDUOLHU�LQGLFDWRU�RI�IDWLJXH�SURJUHVV�WKDQ�WKH�ORQJLWXGLQDO�VWUDLQV��7KLV�REVHUYDWLRQ�ZDV�PRUH�
SURQRXQFHG�ZLWK�KLJK�VWUHQJWK�PRUWDU�WKDQ�ZLWK�KLJK�VWUHQJWK�FRQFUHWH��
)XUWKHUPRUH�� WKH� PDWHULDO� GHJUDGDWLRQ� ZDV� LQYHVWLJDWHG� E\� PHDQV� RI� PLFURVFRSLF� DQDO\VLV� RI� WKH�
PLFURFUDFN� GHYHORSPHQW�� 7KLV� DQDO\VLV� VKRZV� WKDW� ERWK� LQ� FRQFUHWH� DQG� LQ� PRUWDU� PLFURFUDFNLQJ�
SULPDULO\� WDNHV�SODFH� LQ� WKH� LQWHUIDFLDO� WUDQVLWLRQ�]RQH� �,7=��DQG� WKDW� WKH�FUDFN�ZLGWK�FKDQJHG�RQO\�
PDUJLQDOO\�GXULQJ�WKH�DSSOLHG�ORDG�FKDQJHV��SUHGRPLQDQWO\�QHZO\�IRUPHG�PLFURFUDFNV�DSSHDUHG�ZLWK�
LQFUHDVLQJ� GHJUDGDWLRQ�� ,Q� KDUGHQHG� FHPHQW� SDVWH�� LW� FDQ�EH� REVHUYHG� WKDW�PLFURFUDFNV� RULJLQDWH� LQ�
VWUXFWXUDO�GHIHFWV�DQG�SRUHV�VXFK�DV�LPSHUIHFWLRQV��$GGLWLRQDOO\��LW�FDQ�EH�FRQFOXGHG�WKDW�WKH�LQFUHDV�
LQJ� GHJUDGDWLRQ� HVVHQWLDOO\� LV� FDXVHG� E\� WKH� IRUPDWLRQ� RI� QHZ�PLFURFUDFNV�� )XUWKHUPRUH�� LW� FDQ� EH�
DVVXPHG�WKDW�D�GURS�LQ�VWLIIQHVV�RQO\�RFFXUV�ZKHQ�WKH�PLFURFUDFN�GHQVLW\�LV�VR�ODUJH�WKDW�LW�OHDGV�WR�D�
FRQQHFWLRQ� RI� WKH�PLFURFUDFNV�� )RU� WKH� FRQGXFWHG� WHVWV�� F\OLQGULFDO� VSHFLPHQV�ZHUH� VXEMHFWHG� WR� D�
SUHGHILQHG�QXPEHU�RI�ORDG�F\FOHV��,Q�RUGHU�WR�UHGXFH�WKH�WLPH�RI�WKH�H[SHULPHQWDO�LQYHVWLJDWLRQV��D�WHVW�
VHWXS�KDV�EHHQ�GHYHORSHG�ZKLFK�DOORZV�WKH�VLPXOWDQHRXV�WHVWLQJ�RI�WKUHH�VSHFLPHQV��,Q�WKLV�SDSHU��WKH�
REMHFWLYH� LV� WR� DQDO\VH� WKH� REVHUYHG� EHKDYLRXU� RI� KLJK�SHUIRUPDQFH� FRQFUHWH��PRUWDU� DQG� KDUGHQHG�
FHPHQW�SDVWH�XQGHU�F\FOLF� ORDGLQJ�DQG� WR� LGHQWLI\� WKH�PDLQ�FDXVHV� IRU� WKLV�EHKDYLRXU�RQ� WKH�PLFUR�
OHYHO���
Keywords:�F\FOLF�ORDGLQJ��PLFURFUDFNLQJ��GHJUDGDWLRQ��IDWLJXH��KLJK�VWUHQJWK�FRQFUHWH��633������

�� ,QWURGXFWLRQ�
,Q�WKH�ODVW�GHFDGHV�LQ�FRQFUHWH�FRQVWUXFWLRQ��DQ�LQFUHDVLQJ�GHPDQG�IRU�KLJKHU�VWUHQJWK��VPDOOHU�DJJUH�
JDWH� IUDFWLRQV� DQG� KLJKHU� IORZDELOLW\� KDV� EHHQ� JDLQLQJ� PRUH� DWWHQWLRQ�� )LQH�JUDLQHG� FRQFUHWHV� DUH�
LQFUHDVLQJO\�XVHG�LQ�GLIIHUHQW�DUHDV�RI�VWUXFWXUDO�HQJLQHHULQJ��([DPSOHV�IRU�WKLV�DUH�WKH�ORDG�FDUU\LQJ�
DUHDV� EHWZHHQ� VXSSRUWLQJ� VWUXFWXUHV� DQG� WKH� IRXQGDWLRQ� VWUXFWXUHV� RI� ZLQG� WXUELQHV� �RQVKRUH� DQG�
RIIVKRUH���7KHUHIRUH�� KLJK�VWUHQJWK�PRUWDUV� FDQ�EH� H[SRVHG� WR�KLJK� F\FOLF� ORDGV�RI� VHYHUDO� KXQGUHG�
PLOOLRQ� ORDG� F\FOHV��$Q� LQFUHDVLQJ� RSWLPL]DWLRQ� RI� WKH� JUDLQ� VL]H� GLVWULEXWLRQ� LQ�KLJK�VWUHQJWK� FRQ�
FUHWHV�DOVR�VKRZV�WKH�QHHG�IRU�UHVHDUFK�ZLWK�UHJDUG�WR�WKH�LQIOXHQFH�RI�WKH�DJJUHJDWHV�RQ�WKH�PLFUR�



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� )DWLJXH�RI�FRQFUHWH�VWUXFWXUHV�

�

FUDFNLQJ�EHKDYLRXU�RI�KLJK�VWUHQJWK�FRQFUHWH�VWUXFWXUHV��'XH�WR�WKH�IDFW�WKDW�FRQFUHWH�LV�DQ�LQKRPRJH�
QHRXV�PDWHULDO�� HYHQ�PLQRU� H[WHUQDO�PHFKDQLFDO� VWUHVVHV� FDQ� OHDG� WR�KLJK� ORFDO� VWUHVVHV� DQG� FRQVH�
TXHQWO\� WR� VWUXFWXUDO�GHJUDGDWLRQ�RI� WKH�FRQFUHWH��7KLV� LV�SDUWLFXODUO\� LPSRUWDQW� IRU�F\FOLFDO� ORDG�HI�
IHFWV��6WUXFWXUDO�GHJUDGDWLRQ�LQ�IRUP�RI�PLFURFUDFNLQJ�FDQ�DOUHDG\�EH�VHHQ�ZLWK�VWUHVVHV�IDU�EHORZ�RI�
WKH� VWDWLF� VWUHQJWK� RI� WKH� FRQFUHWH�� 7KHVH�PLFURFUDFNV� DQG� WKXV� D� GHJUDGDWLRQ� LQ� WKH�PLFURVWUXFWXUH�
LQFUHDVH�ZLWK� LQFUHDVLQJ� ORDG�F\FOHV�DQG�FDQ�FDXVH�SUHPDWXUH� IDLOXUH� LQ� WKH�FRXUVH�RI� WKHVH� VWUHVVHV�
>�@��

0LFURFUDFNV��DV� WKH\� DUH�FRQVLGHUHG� LQ� WKLV�SDSHU��FDQ�DOVR�RFFDVLRQDOO\�DFFUXH� LQ� WKH�XQORDGHG�
VWDWH��7KLV�XVXDOO\�WDNHV�SODFH�DORQJ�WKH�DJJUHJDWH�ERXQGDULHV�DQG�LV�FDXVHG�SULPDULO\�GXH�WR�WKHUPDO�
DQG�K\JULF�LQFRPSDWLELOLWLHV�EHWZHHQ�KDUGHQHG�FHPHQW�VWRQH�DQG�DJJUHJDWH�>�@��>�@��$FFRUGLQJO\��WKH�
FRQWDFW�]RQH�EHWZHHQ�WKH�DJJUHJDWH�DQG� WKH�KDUGHQHG�FHPHQW�VWRQH���,QWHUIDFLDO�7UDQVLWLRQ�=RQH�� �
,7=�� LV�D�ZHDN�SRLQW� LQ�WKH�VWUXFWXUH��DW� OHDVW� LQ�QRUPDO�VWUHQJWK�FRQFUHWH��'HSHQGLQJ�RQ� WKH� ODUJHVW�
DJJUHJDWH�VL]H�DQG� WKH�ULJLGLW\�RI� WKH�DJJUHJDWH��VXFK�PLFURFUDFNV�DUH�XVXDOO\� OHVV� WKDQ����ȝP�ZLGH�
DQG�WKHLU�OHQJWK�YDULHV�EHWZHHQ�DERXW����ȝP�DQG������ȝP�>�@��>�@��

,Q�KLJK�VWUHQJWK�FRQFUHWH� WKHUH�DUH� WKUHH�SKDVHV�RI�GDPDJH�HYROXWLRQ�ZKLFK�ILQDOO\� OHDG� WR�D�ID�
WLJXH� IDLOXUH�� ,Q� D� ILUVW� VWHS�� D� VLJQLILFDQW� QXPEHU� RI�PLFURFUDFNV� DUH� FUHDWHG� �SKDVH� ���$IWHU� WKLV� D�
IXUWKHU� VWHDG\� IRUPDWLRQ� RI� PLFURFUDFNV� WDNHV� SODFH� �SKDVH� ,,�� ZKLFK� LV� VLJQLILFDQWO\� VORZOHU� WKDQ�
GXULQJ�SKDVH�,��7KH�IRUPDWLRQ�RI�D�FRKHUHQW�FUDFN�QHWZRUN�XOWLPDWHO\�OHDGV�WR�ILQDO�IDLOXUH��SKDVH�,,��
>�@��

,Q�QRUPDO�VWUHQJWK�FRQFUHWH��PLFURFUDFNV�XVXDOO\�RULJLQDWH�LQ�WKH�FRQWDFW�]RQH�EHWZHHQ�WKH�DJJUH�
JDWH�DQG�WKH�KDUGHQHG�FHPHQW�VWRQH��,7=��>�@��6R�IDU��QR�FOHDU�VWDUWLQJ�SRLQW�IRU�WKH�PLFURFUDFNV�FRXOG�
EH�LGHQWLILHG�LQ�KLJK�VWUHQJWK�FRQFUHWHV�GXH�WR�WKH�PRUH�KRPRJHQHRXV�VWUXFWXUH�>�@��$FFRUGLQJ�WR�>�@��
LQ� KLJK�SHUIRUPDQFH� FRQFUHWHV� SUHGRPLQDQWO\� PLFURFUDFNV�� ZKLFK� FRQQHFW� DJJUHJDWHV� ZHUH� IRXQG��
XVXDOO\�DW�WKH�ORFDWLRQ�RI�WKH�VPDOOHVW�GLVWDQFH�EHWZHHQ�WKH�DJJUHJDWHV��$FFRUGLQJO\��LQ�DGGLWLRQ�WR�WKH�
WHQVLOH�VWUHQJWK�RI�KDUGHQHG�FHPHQW�SDVWH��WKH�ERQG�EHWZHHQ�WKH�DJJUHJDWH�DQG�WKH�FHPHQW�SDVWH�LV�RI�
FRQVLGHUDEOH�LPSRUWDQFH��>�@�DOVR�VKRZHG�WKDW�WKH�QXPEHU�RI�PLFURFUDFNV�DQG�WKH�DUHD�RI�WKH�PLFUR�
FUDFN�LQFUHDVHG�WKH�ODUJHU�WKH�ODUJHVW�DJJUHJDWH�RU�WKH�JUHDWHU�WKH�DJJUHJDWH�VWLIIQHVV�>�@��

1HZHU� LQYHVWLJDWLRQV�RQ�XOWUD�KLJK�SHUIRUPDQFH�FRQFUHWH� VKRZ�D�SUHOLPLQDU\�VWDJH�RI�FUDFNV� LQ�
WKH�PDWUL[� RI� KLJK�VWUHQJWK� FRQFUHWHV� RQ� D� QDQRPHWHU� VFDOH�� ,W� LV� DOVR� VKRZQ� WKDW� DIWHU� HDUO\�VWDJH�
IDWLJXH��WKH�FHPHQW�SDVWH�DOUHDG\�DSSHDUV�PXFK�PRUH�GHQVHO\�SDFNHG�ZLWK�PLFURFUDFNV��,Q�FRQFOXVLRQ�
RI� WKHVH� LQYHVWLJDWLRQV�� LW� FDQ� EH� VDLG� WKDW� IDWLJXH� RI� XOWUD� KLJK�SHUIRUPDQFH� FRQFUHWH� PDQLIHVWV� DV�
QDQRPHWHU�VFDOH�FUDFN�SUHFXUVRUV� LQ� WKH�FHPHQW�SDVWH�PDWUL[��EHJLQQLQJ� LQ�SKDVH�,�RI�IDWLJXH� >�@�� ,W�
FDQ�DOVR�EH�VDLG�WKDW�LQ�XOWUD�KLJK�SHUIRUPDQFH�FRQFUHWH�WKH�FUDFN�LQLWLDWLRQ�DQG�SURSDJDWLRQ�KDYH�DQ�
H[SRQHQWLDO�JURZWK�DQG�WKH�IDLOXUH�LV�GRPLQDWHG�E\�WKH�,7=��5HDVRQ�IRU�WKLV�DUH�WKH�VWUHVV�FRQFHQWUD�
WLRQV�DURXQG�WKH�DJJUHJDWH�ZKLFK�DUH�LQGXFHG�LQWR�WKH�,7=�>��@��

7KH�LQYHVWLJDWLRQV�RQ�WKH�LQIOXHQFH�RI�DJJUHJDWHV�RQ�IDWLJXH�EHKDYLRXU�DQG�WKH�EHKDYLRXU�RI�KLJK�
SHUIRUPDQFH�FRQFUHWH�SUHVHQWHG�KHUH�DUH�SDUW�RI� WKH�3ULRULW\�3URJUDP�������&\FOLF�GHWHULRUDWLRQ�RI�
+LJK�3HUIRUPDQFH�&RQFUHWH�LQ�DQ�H[SHULPHQWDO�YLUWXDO�ODE���7KH�DLP�RI�WKLV�SDSHU�LV�WR�GHVFULEH�WKH�
WHVWLQJ�VHW�XS�DQG�WR�SUHVHQW�DQ�H[FHUSW�RI�WKH�UHVXOWV��

�� ([SHULPHQWDO�LQYHVWLJDWLRQV�
6LQFH� IDWLJXH� WHVWV� DUH� DOZD\V� FDUULHG� RXW�ZLWK� D� ORDG� OHYHO� EHORZ� WKH�PD[LPXP� VWUHQJWK�� WKXV� WKH�
VWDWLF�FRPSUHVVLYH�VWUHQJWK�PXVW�EH�GHWHUPLQHG�SULRU�WR�WHVWLQJ��,Q�WKLV�VWXG\��F\FOLF�WHVWV�ZHUH�FDUULHG�
RXW�RQ�VSHFLPHQV�ZLWK�WKUHH�GLIIHUHQW�FRPSRVLWLRQV�WKDW�ZHUH�FKDUDFWHUL]HG�E\�WKH�VWHSZLVH�HOLPLQD�
WLRQ�RI�DJJUHJDWH��7KH�UHIHUHQFH�FRPSRVLWLRQ�ZDV�FRPPRQ�IRU�D�KLJK�VWUHQJWK�FRQFUHWH��

���� 0DWHULDOV�DQG�FRPSRVLWLRQ�
7KH� H[SHULPHQWDO� LQYHVWLJDWLRQV�ZLWKLQ� WKLV� SDSHU� DUH� FRQGXFWHG� RQ� KLJK�VWUHQJWK� FRQFUHWH��PRUWDU�
DQG�KDUGHQHG�FHPHQW�SDVWH�ZLWK�FRPSUHVVLYH�VWUHQJWKV�RI�����03D��FRQFUHWH������03D��PRUWDU��DQG�
���03D��KDUGHQHG�FHPHQW�SDVWH���7KH�UHVSHFWLYH�FRPSRVLWLRQV�DUH�VKRZQ�LQ�7DEOH����)RU�DOO�FRPSRVL�
WLRQV�D�3RUWODQG�FHPHQW�,������5�ZDV�XVHG��)LQH�TXDUW]�VDQG��PLQHUDO�VDQG�DQG�EDVDOW�ZLWK�D�PD[LPXP�
SDUWLFOH�VL]H�RI���PP�ZHUH�XVHG�IRU�WKH�FRPSRVLWLRQV�ZLWK�DJJUHJDWH��$�VXSHUSODVWLFL]HU�DQG�D�VWDEL�
OL]HU�ZHUH� DGGHG� �H[FHSWLRQ��KDUGHQHG� FHPHQW� SDVWH���)URP� WKH� UHIHUHQFH� FRPSRVLWLRQ�+3&���� ����
UHSUHVHQWV� WKH�PD[LPXP�DJJUHJDWH�VL]H�RI���PP��D�KLJK�VWUHQJWK�PRUWDU� �+3&�����ZDV�GHULYHG�E\�
HOLPLQDWLQJ�DOO�DJJUHJDWHV�ZLWK�D�SDUWLFOH�VL]H�DERYH���PP�VR�WKDW�WKHUH�LV�QR�EDVDOW�DJJUHJDWH�LQ�WKH�
FRPSRVLWLRQ��&RQVHTXHQWO\�� WKH� KDUGHQHG� FHPHQW� SDVWH� �+3&����� KDV� QR� DJJUHJDWH� DW� DOO�� 7KH�Z�F�
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UDWLR�ZDV�NHSW�FRQVWDQW�DW�������'LIIHUHQW�ZDWHU�DEVRUEDWLRQ�RI�WKH�DJJUDJDWHV�ZHUH�RQO\�UHOHYDQW�IRU�
IUHVK�FRQFUHWH�SURSHUWLHV�DQG�ZHUH�FRPSHQVDWHG�E\�VXSHUSODWLFL]HU��

7DEOH��� &RPSRVLWLRQV��

Materials HPC-08 HPC-02 HPC-00 

&HPHQW�>NJ�Pñ@� ���� ���� �����
4XDUW]�VDQG�������>NJ�Pñ@� ��� ���� ��

0LQHUDO�VDQG�����>NJ�Pñ@� ���� ����� ��

%DVDOW�����>NJ�Pñ@� ���� �� ��

%DVDOW�����>NJ�Pñ@� ���� �� ��
6XSHUSODVWLFL]HU�>NJ�Pñ@� ���� ����� ��

6WDELOL]HU�>NJ�Pñ@� ����� ����� ��

:DWHU�>NJ�Pñ@� ���� ������ ������
Z�F�>�@� ����� ����� �����

���� ([SHULPHQWDO�PHWKRG�DQG�YDULDWLRQV�
,Q�IRUFH�FRQWUROOHG�IDWLJXH�WHVWV��WKH�WHVW�VSHFLPHQV�ZHUH�VXEMHFWHG�WR�FRPSUHVVLYH�VWUHVVHV�DW�VLQXVRL�
GDO�ORDG�IXQFWLRQV�ZLWK�YDULHG�XSSHU�DQG�ORZHU�ORDGV��7KH�VWUHVV�OHYHOV�ZHUH�FKRVHQ�LQ�GHSHQGHQFH�RQ�
FRPPRQ� IDWLJXH� WHVWV�FDUULHG�RXW�DW� WKH� ,QVWLWXWH� IRU�%XLOGLQJ�0DWHULDOV�RI� WKH�5XKU�8QLYHUVLW\�%R�
FKXP��7KH� F\FOLF� ORDGLQJ�ZDV� FRPSOHWHG� DIWHU� XS� WR���PLOOLRQ� F\FOHV� UHVSHFWLYHO\� DW� WKH�PD[LPXP�
UHDFKDEOH� QXPEHU� RI� ORDG� F\FOHV�� 7KH� ORDG� IUHTXHQF\� RI� WKH� F\FOLF� WHVWV� ZDV� �� +]�� $� WRWDO� RI� ���
VSHFLPHQV�ZHUH�WHVWHG�DV�SDUW�RI�WKH�SUHVHQW�VWXG\��
7KH�IROORZLQJ�SDUDPHWHUV�ZHUH�YDULHG�DQG�LQYHVWLJDWHG��
�� PD[LPXP�SDUWLFOH�VL]H�RI�WKH�DJJUHJDWH�DQG�QR�DJJUHJDWH�DW�DOO��
�� XSSHU�ORDG�OHYHO�������DQG������RI�WKH�PD[LPXP�VWDWLF�FRPSUHVVLYH�VWUHQJWK�IF�PD[��
�� QXPEHU�RI�ORDG�F\FOHV����������������PLOOLRQ�
7KH� ORZHU� OHYHO�RI������RI� IF�PD[�ZDV�NHSW�FRQVWDQW��)RU�KDUGHQHG�FHPHQW�SDVWH� LW�ZDV� LQFUHDVHG� WR�
�����RI�IF�PD[�GXH�WR�WHVW�UHVWULFWLRQV���

���� ([SHULPHQWDO�VHWXS�DQG�LQYHVWLJDWLRQ�
&\FOLF�FRPSUHVVLYH�WHVWV�ZHUH�FDUULHG�RXW�RQ�F\OLQGULFDO�VSHFLPHQV�ZLWK�D�GLDPHWHU�RI�����PP�DQG�D�
KHLJKW�RI�����PP�IRU�+3&�����)RU�+3&����DQG�+3&����F\OLQGULFDO�VSHFLPHQV�ZLWK�D�GLDPHWHU�RI����
PP�DQG�D�KHLJKW�RI�����PP�ZHUH�XVHG��)LJ������'XH�WR�WKH�VOHQGHUQHVV�RI�WKH�WHVW�VSHFLPHQ�WKH�WUDQV�
YHUVH�VWUDLQ�LQ�DQG�DURXQG�WKH�PLG�KLGH�RI�WKH�VSHFLPHQ�LV�XQLPSHGHG��7KH�VWUDLQ�LQ�ORQJLWXGLQDO�DQG�
WUDQVYHUVH�GLUHFWLRQV�ZHUH�FRQWLQXRXVO\�UHFRUGHG�E\�PHDQV�RI�VWUDLQ�JDXJHV��)LJ������

�
)LJ���� 6FKHPDWLF�WHVW�VSHFLPHQ�ZLWK�VWUDLQ�JDXJHV�IRU�KLJK�VWUHQJWK�PRUWDU�DQG�KDUGHQHG�FHPHQW�

SDVWH��



��WK�fib�,QWHUQDWLRQDO�3K'�6\PSRVLXP�LQ�&LYLO�(QJLQHHULQJ�

���� )DWLJXH�RI�FRQFUHWH�VWUXFWXUHV�

�

,Q�RUGHU�WR�EH�DEOH�WR�FDUU\�RXW�DV�PDQ\�F\FOLFDO�WHVWV�DV�SRVVLEOH�DQG�WKXV�HQVXUH�WKH�UHSURGXFLELOLW\�
RI�WKH�UHVXOWV��D�PXOWLSOH�WHVW�VHWXS�ZDV�GHVLJQHG�DQG�EXLOW�EDVHG�RQ�WKH�WHVW�VHWXSV�IRU�F\FOLF�EHQGLQJ�
WHVWV�>��@�DOUHDG\�GHYHORSHG�DW�5XKU�8QLYHUVLW\�%RFKXP��7KLV�HQDEOHV�WKH�VLPXOWDQHRXV�DQG�FRQJUX�
HQW�ORDGLQJ�RI�WKUHH�WHVW�VSHFLPHQV�XQGHU�FRPSUHVVLYH�ORDG��7KH�WHVW�VHWXS�FRQVLVWV�RI�WKUHH�ULJLG�VWHHO�
IUDPHV��)LJ������HDFK�HTXLSSHG�ZLWK�D�K\GUDXOLF�GLIIHUHQWLDO�F\OLQGHU�ZLWK�D�PD[LPXP�SLVWRQ�IRUFH�RI�
����� N1� �IRUFH�FRQWUROOHG�� DQG� D� PD[LPXP� ORDG� IUHTXHQF\� RI� �� +]�� 7KH� ORDG� LV� LQWURGXFHG� YLD�
VSKHULFDO� EDOOV� VSHFLILFDOO\� GHVLJQHG� IRU� WKH�PXOWLSOH� WHVW� VHWXS�ZLWK� FRQQHFWHG�SUHVVXUH�SODWHV��7KH�
IOH[LEOH�VWUXFWXUH�RI�WKH�WHVW�IUDPH�DOORZV�WHVWLQJ�RI�VSHFLPHQV�ZLWK�GLIIHUHQW�KHLJKWV�DQG�GLDPHWHUV��
7KH�W\SLFDO�GLPHQVLRQV�IRU�VSHFLPHQV�LQ�IDWLJXH�UHVHDUFK�DUH���������PP���������PP���������PP��
ZKLFK�FRUUHVSRQGV�WR�DQ�K���G�UDWLR�RI�����>��@�

�
)LJ���� 0XOWLSOH�WHVW�VHW�XS��VFKHPDWLF��OHIW���UHDOLW\��ULJKW��>��@��

���� 0LFURVFRSLF�LQYHVWLJDWLRQV�
$IWHU� ��� �������� DQG���PLOOLRQ� ORDG� F\FOHV�� RQH� WHVW� VSHFLPHQV� RI� WKH� WKUHH� WHVWHG� VSHFLPHQV� HDFK�
VHULHV�LV�H[WUDFWHG��IURP�ZKLFK�SDUWLDO�VDPSOHV�IRU�PLFURVFRSLF�H[DPLQDWLRQV��DPRXQW�� OHQJWK��ZLGWK�
DQG�SRVLWLRQ�RI�WKH�PLFURFUDFNV��DUH�SUHSDUHG�DV�WKLFN�VHFWLRQV�ZLWK�FRORUHG�UHVLQ��EOXH���7KHUHIRUH��
WZR�WKLFN�VHFWLRQV�ZHUH�WDNHQ�RXW�RI�WKH�WHVW�VSHFLPHQ�LQ�ORQJLWXGLQDO�DQG�LQ�WUDQVYHUVH�GLUHFWLRQ��VHH�
)LJXUH����7KLFN�VHFWLRQV�UHIHUV�WR�D�SUHSDUDWLRQ�ZLWK�D�WKLFNQHVV�RI����������P��:LWK�WKH�WKLFN�VHF�
WLRQV� EHLQJ� SUHSDUHG� DIWHU� WKH� VSHFLPHQV�ZHUH� VXEMHFWHG� WR� D� GLIIHUHQW� QXPEHU� RI� ORDG� F\FOHV� LW� LV�
SRVVLEOH�WR�FDSWXUH�WKH�FUDFN�HYROXWLRQ�RYHU�WKH�FRXUVH�RI�IDWLJXH�EHKDYLRXU��

�

�
�
�)LJ���� 6FKHPDWLF�UHSUHVHQWDWLRQ�RI�PLFURVFRSLF�LQYHVWLJDWLRQV�>��@��

� �
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�� 5HVXOWV�

���� /RQJLWXGLQDO�DQG�WUDQVYHUVDO�VWUDLQV�
6\VWHPDWLF� LQYHVWLJDWLRQV�RI�KLJK�VWUHQJWK�FRQFUHWH��PRUWDU�DQG�KDUGHQHG�FHPHQW�SDVWH� VXEMHFWHG� WR�
VWDWLF�DQG�F\FOLF�FRPSUHVVLYH�ORDGLQJV�ZHUH�FRQGXFWHG�WR�XQGHUVWDQG�WKH�LQIOXHQFH�RI�WKH�DJJUHJDWHV�
ZLWK�VSHFLDO�UHJDUG�WR�WKH�PLFURFUDFNLQJ��$QRWKHU�DLP�RI�WKH�VWXG\�ZDV�WR�JDLQ�NQRZOHGJH�DERXW�WKH�
VWDUWLQJ�SRLQW�RI�PLFURFUDFNV� LQ�FRPSDULVRQ� WR� WKH�VL]H�RI�DJJUHJDWH�UHVSHFWLYHO\�ZLWKRXW�DJJUHJDWH��
7KH� FRPSDULVRQ� RI� WKH� ORQJLWXGLQDO� DQG� WUDQVYHUVH� VWUDLQ� RI� KLJK�VWUHQJWK� FRQFUHWH�� PRUWDU� DQG�
KDUGHQG�FHPHQW�SDVWH�LV�VKRZQ�LQ�)LJXUH���DQG����7KH�VWUDLQ�LQ�ORQJLWXGLQDO�DQG�WUDQVYHUVH�GLUHFWLRQV�
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Košćak Janko, 211–217
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