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$EVWUDFW 

:DUP�DVSKDOW�WHFKQRORJ\�LV�DQ�DOWHUQDWLYH�IRU�URDG�SDYHPHQW�VWUXFWXUHV��2QH�PHWKRG�WR�LPSURYH�WKH�SHUIRUPDQFH�
RI�ZDUP�PL[�DVSKDOW� LV�E\�XVLQJ� ILEHU�DV�DQ�DGGLWLYH��7KLV�VWXG\�DLPHG� WR�DQDO\]H� WKH�HIIHFW�RI�XVLQJ�DUDPLG�DQG�
SRO\ROHILQ� ILEHUV� LQ� ZDUP�PL[� DVSKDOW� WKURXJK� VHYHUDO� WHVWV�� WR� SURYLGH� UHFRPPHQGDWLRQV� IRU� WKH� RSWLPXP� ILEHU�
FRQWHQW���-SRLQW�EHQGLQJ�DQG�WULD[LDO�WHVWV�RQ�WKH�'$&-���DVSKDOW�PL[�VDPSOH�ZLWK�D�ILEHU�SURSRUWLRQ�RI�������RI�
WKH�WRWDO�VDPSOH�ZHLJKW�UHVXOWHG�LQ�DQ�LQFUHDVH�LQ�IDWLJXH�OLIH�RI������DQG�D�GHFUHDVH�LQ�FUHHS�FRHIILFLHQW�RI������
7KHQ�� D� WHQVLOH� WHVW� ZDV� FRQGXFWHG� RQ� DVSKDOW�PRUWDU� VDPSOH�� DV�ZHOO� DV� VHPL-FLUFXODU� EHQGLQJ� WHVW� RQ�'$&-���
DVSKDOW�PL[�VDPSOH��ZLWK�WKUHH�GLIIHUHQW�ILEHU�FRQWHQWV��������������DQG�������DQG�ZLWK�WZR�GLIIHUHQW�ILEHU�OHQJWKV��
��-PP�DQG���-PP��7KH�WHVW�UHVXOWV�VKRZHG�DQ�LQFUHDVH�LQ�VWLIIQHVV�XS�WR�����DQG�D�GHFUHDVH�LQ�FUHHS�FRHIILFLHQW�XS�
WR� ���� FRPSDUHG� WR� WKH� FRQWURO� VDPSOH�� DOVR� LQFUHDVHG� WHQVLOH� VWUHQJWK� E\� ������ DQG� WRWDO� HQHUJ\� E\� ����� ,Q�
DGGLWLRQ�� LW� ZDV� IRXQG� WKDW� WKH� DGGLWLRQ� RI� ��-PP� ILEHU� RI� ����� RI� WKH� VSHFLPHQ¶V� WRWDO� ZHLJKW� JDYH� RSWLPXP�
SHUIRUPDQFH�� ,W� FDQ�EH� FRQFOXGHG� WKDW� WKH� DGGLWLRQ� RI� ILEHU�ZLWK� D� OHQJWK� RI� ��-PP�� D� FRQWHQW� RI� �����JDYH�DQ�
RSWLPXP�PL[WXUH�SHUIRUPDQFH� LPSURYHPHQW��7KH�&7�VFDQ�UHVXOW�RQ� WKH�PRUWDU�VDPSOH�H[SODLQV� WKH�VWUHQJWKHQLQJ�
PHFKDQLVP�GXH�WR�WKH�DGGLWLRQ�RI� ILEHU�� L�H���L�� ORDG�WUDQVIHU�EHWZHHQ�ILEHUV�DQG��LL�� ILEHU-DVSKDOW�PDWUL[�LQWHUIDFH�
ERQGLQJ� 

.H\ZRUGV��:DUP�PL[�DVSKDOW��DUDPLG���SRO\ROHILQ��WHQVLOH�VWUHQJWK��FUHHS�FRHIILFLHQW��IDWLJXH�OLIH� 

$EVWUDN 

7HNQRORJL� DVSDO� KDQJDW� PHQMDGL� VDODK� VDWX� DOWHUQDWLI� XQWXN� VWUXNWXU� SHUNHUDVDQ� MDODQ�� 6DODK� VDWX� PHWRGH� XQWXN�
PHQLQJNDWNDQ� SHUIRUPD� FDPSXUDQ� DVSDO� KDQJDW� \DNQL� GHQJDQ�PHQJJXQDNDQ� EDKDQ� WDPEDK� ILEUH�� 3HQHOLWLDQ� LQL�
KHQGDN�PHQJDQDOLVLV�SHQJDUXK�GDUL�SHQJJXQDDQ�ILEUH�DUDPLG�GDQ�SRO\ROHILQ�SDGD�FDPSXUDQ�DVSDO�KDQJDW�PHODOXL�
EHEHUDSD�SHQJXMLDQ��XQWXN�PHPEHUL�UHNRPHQGDVL�GRVLV�ILEUH�\DQJ�RSWLPXP��+DVLO�XML��-SRLQW�EHQGLQJ�GDQ�WULD[LDO�
SDGD�VDPSHO�FDPSXUDQ�DVSDO�'$&-���GHQJDQ�SURSRUVL� ILEUH�������EHUDW�VDPSOH�WRWDO�\DNQL�SHQLQJNDWDQ�IDWLJXH�
OLIH�VHEHVDU������VHUWD�SHQXUXQDQ�FUHHS�FRHIILFLHQW������.HPXGLDQ��SHQJXMLDQ�WDULN�GLODNXNDQ�SDGD�VDPSHO�DVSDO�
PRUWDU��VHUWD�VHPL-FLUFXODU�EHQGLQJ� WHVW�SDGD�VDPSOH�FDPSXUDQ�DVSDO�'$&-����GHQJDQ� WLJD�GRVLV� ILEUH�EHUEHGD��
������� ����� GDQ� ������ VHUWD� GHQJDQ� GXD� SDQMDQJ� ILEUH� \DQJ� EHUEHGD�� ��-PP� GDQ� ��-PP�� +DVLO� SHQJXMLDQ�
PHQXQMXNNDQ� SHQLQJNDWDQ� NHNDNXDQ� KLQJJD� ���� VHUWD� FUHHS� FRHIILFLHQW� \DQJ� PHQXUXQ� KLQJJD� ���� GLEDQGLQJ�
VDPSOH� NRQWURO�� MXJD�SHQLQJNDWDQ� NXDW� WDULN� VHEHVDU� ������GDQ� WRWDO� HQHUJL� VHEHVDU������ 6HODLQ� LWX�� GLWHPXNDQ�
EDKZD� SHQDPEDKDQ� ILEUH� ��-PP� VHEDQ\DN� ����� GDUL� WRWDO� EHUDW� VSHVLPHQ� PHPEHUL� SHUIRUPD� RSWLPXP�� 'DSDW�
GLVLPSXONDQ� EDKZD� SHQDPEDKDQ� ILEUH� GHQJDQ� SDQMDQJ� ��-PP�� GRVLV� ����� PHPEHULNDQ� SHQLQJNDWDQ� SHUIRUPD�
FDPSXUDQ� \DQJ� RSWLPXP�� +DVLO� &7-6FDQ� SDGD� VDPSHO� PRUWDU� PHQMHODVNDQ� PHNDQLVPH� SHUNXDWDQ� DNLEDW�
SHQDPEDKDQ�ILEUH��\DNQL��L��WUDQVIHU�EHEDQ�DQWDU�ILEUH�GDQ��LL��LQWHUIDFH�ERQGLQJ�ILEUH-PDWULNV�DVSDO� 

.DWD�NXQFL��$VSDO�KDQJDW��DUDPLG���SRO\ROHILQ��NXDW�WDULN��FUHHS�FRHIILFLHQW��IDWLJXH�OLIH� 
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���,QWURGXFWLRQ 

$VSKDOW�LV�D�YLWDO�FRPSRQHQW�LQ�D�KLJKZD\�FRQVWUXFWLRQ�
GHYHORSPHQW� SURFHVV�� ZKHUH� LQ� JHQHUDO� WKH� YROXPH� RI�
DVSKDOW� LV� DERXW� ILYH� SHUFHQW� RI� WKH� WRWDO� YROXPH� RI� D�
SDYHPHQW� OD\HU� �ZHDULQJ� FRXUVH���$V� IRU� QRZ�� DVSKDOW�
HQJLQHHULQJ�WHFKQRORJ\�KDV�GHYHORSHG�YHU\�UDSLGO\��RQH�
RI�ZKLFK�LV�E\�PDNLQJ�ZDUP�PL[�DVSKDOW��:0$���7KH�
DGYDQWDJH� RI� :0$� FRPSDUHG� WR� WKH� JHQHUDOO\� XVHG�
PL[WXUH� W\SH� �KRW� PL[� DVSKDOW� -� +0$�� FRQVLVWV� RI�
VHYHUDO� DVSHFWV�� VXFK� DV� HQHUJ\� DQG� IXHO� VDYLQJV� RI�
DERXW� ��-���� DQG� ORZHU� KHDW� HPLVVLRQV� WR� WKH�
HQYLURQPHQW�� GXH� WR� WKH� GLIIHUHQFH� LQ� PL[LQJ�
WHPSHUDWXUH�ZKLFK�LV�DERXW���-��R&�ORZHU��,Q�DGGLWLRQ��

WKLV� WHFKQRORJ\�DOVR�PDNHV� LW�SRVVLEOH� WR�XVH�UHF\FOHG�
DJJUHJDWHV� ZLWK� D� ODUJHU� SRUWLRQ� WKDQ� XVXDO�� �($3$�
������ +RZHYHU�� HYHQ� WKLV� ORZHU� PL[LQJ� WHPSHUDWXUH�
FDQ� FDXVH� KDUP� WR� WKH� DSSOLFDWLRQ�� HVSHFLDOO\� RQ� WKH�
SHUIRUPDQFH�SDUW�RI�WKH�UHVXOWLQJ�SDYHPHQW��ZKLFK�KDV�
D� GLUHFW� LPSDFW� RQ� LWV� XVHIXO� OLIH�� 7R� RYHUFRPH� WKLV�
SUREOHP�� ILEHU� LV� XVHG� DV� DQ� DGGLWLRQDO� PDWHULDO� WR�
LPSURYH� WKH� PHFKDQLFDO� SURSHUWLHV� RI� D� ZDUP� PL[�
DVSKDOW� VR� WKDW� LW� FDQ� SURGXFH� D� PDWHULDO� ZLWK� JRRG�
TXDOLW\��7KLV� VWXG\�XVHG�D�FRPELQDWLRQ�RI�DUDPLG�DQG�
SRO\ROHILQ� ILEHUV� DV� DGGLWLYHV� IRU� GHQVH� DVSKDOW�
FRQFUHWH� �'$&�� ZDUP� PL[� DVSKDOW�� ZLWK� WKH� DLP� RI�
ILQGLQJ� WKH�RSWLPXP�FRQWHQW�RI� ILEHU�DGGLWLRQ�DQG� WKH�
HIIHFW� RI� DGGLQJ� ILEHU� WR� WKH� SHUIRUPDQFH� RI� :0$�
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PDWHULDO�WKURXJK�VHYHUDO�WHVWV��QDPHO\�WULD[LDO�WHVW�DQG�
�-SRLQW� EHQGLQJ� WHVW� WR� GHWHUPLQH� WKH� VDPSOH� DJH�
DJDLQVW� F\FOLF� ORDGV� DQG� UHVLVWDQFH� WR� SHUPDQHQW�
GHIRUPDWLRQ� VR� LW� FDQ� EH� GHWHUPLQHG� ZKHWKHU� WKH�
DGGLWLRQ�RI�ILEHU�KDV�D�SRVLWLYH�LPSDFW�RQ�WKH�VWUHQJWK�
RI�WKH�WHVW�VDPSOH��GLUHFW� WHQVLRQ�WHVW� -�PRQRWRQLF�DQG�
F\FOLF� ORDGLQJ� DW� PRUWDU� OHYHO� �ELWXPHQ� �� VDQG� ��
PLQHUDO� ILOOHU�� WR� GHWHUPLQH� WKH� HIIHFW� RI� ILEHU� RQ�
VWLIIQHVV�DQG�UHVLVWDQFH�WR�SHUPDQHQW�GHIRUPDWLRQ�IURP�
D� FULWLFDO� PLFUR-LQWHUDFWLRQ� OHYHO� LQ� GHWHUPLQLQJ�
PL[WXUH� IDLOXUH� DQG� WR� ILQG� WKH� RSWLPXP� FRQWHQW� RI�
ILEHU�DV�DQ�DGGLWLYH��DQG�VHPL-FLUFXODU�EHQGLQJ�WHVW�RQ�
'$&�PL[WXUH� WR� FKHFN� WKH� HIIHFW� RI� ILEHU� RQ� WKH� WHVW�
VDPSOH
V� WHQVLOH�VWUHQJWK��7KH�&7�VFDQ�ZDV�SHUIRUPHG�
RQ�D�PRUWDU� VDPSOH� LQ�RUGHU� WR�EH�DEOH� WR�DQDO\]H� WKH�
ILEHU� LQWHUDFWLRQ� LQ� WKH� WHVW� VSHFLPHQ�� VR� WKDW� WKH�
VWUHQJWKHQLQJ�PHFKDQLVP�FDQ�EH�LGHQWLILHG��7KH�UHVXOW�
RI�WKLV�VWXG\�LV�WKH�RSWLPXP�FRQWHQW�RI�WKH�DGGLWLRQ�RI�
DUDPLG-SRO\ROHILQ� ILEHUV� UHFRPPHQGHG� WR� DFKLHYH�
PD[LPXP�ZDUP�PL[�DVSKDOW�SHUIRUPDQFH� 

���7KHRUHWLFDO�)RXQGDWLRQ 

7KH�XVH�RI�ZDUP�DVSKDOW�WHFKQRORJ\�LV�NQRZQ�WR�KDYH�
VHYHUDO�DGYDQWDJHV��LQFOXGLQJ�WR�UHGXFH�JDV�HPLVVLRQV��
IXHO� FRQVXPSWLRQ� HIILFLHQF\� DW� WKH� OHYHO� RI� ��-����
�=DXPDQLV��������'
$QJHOR�DQG�DO���������$QD�&RVWD�
������� DQG� WKH� RSSRUWXQLW\� WR� PDNH� FRPSDFWLRQ� LQ� D�
ORQJHU� SHULRG� WKDQ� WKH� KRW� PL[� DVSKDOW�� WKHUHE\�
UHGXFLQJ�WKH�ZRUN�GXUDWLRQ��3URZHOO��+XUOH\�DQG�)UDQN�
������ �($3$� ������� )XUWKHUPRUH�� OLIH-F\FOH�
DVVHVVPHQW�VKRZV�WKDW�WKH�XVH�RI�ZDUP�PL[�DVSKDOW�FDQ�
UHGXFH� WKH� XVH� RI� IRVVLO� IXHOV� E\� ���� ZKLFK� KDV� DQ�
HIIHFW�RI����DQG�����UHGXFWLRQ�LQ�WKH�HIIHFWV�RI�JOREDO�
ZDUPLQJ� DQG� DFLGLILFDWLRQ�� FRPSDUHG� WR� KRW� PL[�
DVSKDOW��0LWKLO�0D]XPGHU��������+RZHYHU��WKH�UHVXOWV�
RI� UHVHDUFK� LQ� &KLQD� VKRZ� WKDW� DOWKRXJK� WKH� XVH� RI�
ZDUP� PL[� DVSKDOW� KDV� EHHQ� SURYHQ� WR� KDYH� SRVLWLYH�
HQYLURQPHQWDO� HIIHFWV�� WKH� SUREOHP� RI� PHFKDQLFDO�
SURSHUWLHV� �HVSHFLDOO\� LQ� WKH� ORQJ� WHUP�� LV� VWLOO� ODFNLQJ�
LQ� LWV� DSSOLFDWLRQ�� VR� IXUWKHU� DQDO\VLV� DQG� UHVHDUFK� LQ�
WKH�PHFKDQLFDO� SHUIRUPDQFH� RI�ZDUP�PL[� DVSKDOW� DUH�
QHFHVVDU\��+XL�0D������� 

2QH� PHWKRG� WR� LPSURYH� WKH� SHUIRUPDQFH� RI� DVSKDOW�
PL[HV�� ERWK� KRW� DQG� ZDUP�� LV� WR� XVH� ILEHU� DV� DQ�
DGGLWLYH��7KH�XVH�RI�ILEHU�KDV�EHFRPH�D�FRPPRQ�WKLQJ�
LQ� FLYLO� HQJLQHHULQJ�� VSHFLILFDOO\� LQ� WKH� FRQFHQWUDWLRQ�
RI� URDG� VWUXFWXUHV�� ZKHUH� WKH� ILUVW� XVH� LQ� PRGHUQ�
FLYLOL]DWLRQ� ZDV� UHFRUGHG� LQ� WKH� ����V� LQ� WKH� 8QLWHG�
6WDWHV� XVLQJ� DVEHVWRV� �0FGDQLHO� ������� 7KH� XVH� RI�
DVEHVWRV� DV� DQ� DGGLWLYH� ZDV� QRUPDO� XQWLO� WKH� ����V��
ZKHUH� LW� ZDV� EDQQHG� EHFDXVH� RI� LWV� GDQJHU� WR� KHDOWK��
7KHUHIRUH��WKH�XVH�RI�RWKHU�PDWHULDOV�DV�ILEHUV�EHJDQ�WR�
EH� LQ� GHPDQG�� XQWLO� QRZ� WKH� W\SHV� RI� ILEHU� WKDW� DUH�
JHQHUDOO\� XVHG� DUH� GLYLGHG� LQWR� VHYHUDO� FDWHJRULHV�
DFFRUGLQJ�WR�WKHLU�IRUPLQJ�PDWHULDOV��QDPHO\�PLQHUDOV��
JODVV��FHOOXORVH�DQG�V\QWKHWLF�SRO\PHUV��,Q�JHQHUDO��WKH�
XVH� RI� ILEHU� DV� DQ� DGGLWLYH� LQ� DVSKDOW�PL[HV� KDV� EHHQ�
UHSRUWHG� WR� LQFUHDVH� WHQVLOH� VWUHQJWK�� VHUYLFH� OLIH� WR�
F\FOLF� ORDG� �IDWLJXH� OLIH��� DV� ZHOO� DV� UHVLVWDQFH� WR�
SHUPDQHQW�GHIRUPDWLRQ��UXWWLQJ��VR�WKDW�LW�LQFUHDVHV�WKH�
GXUDELOLW\� RI� DVSKDOW� PL[HV� �0FGDQLHO� ������� $UDPLG�
DQG� SRO\ROHILQ� ILEHUV� DUH� LQ� WKH� V\QWKHWLF� SRO\PHUV�
FDWHJRU\�� $UDPLG�� ZLWK� WKH� FKHPLFDO� QDPH�

SDUDSKHQ\OHQHWHUHSKWKDODPLGH�� LV� IRUPHG� WKURXJK� D�
V\QWKHVLV� SURFHVV� E\� WZR� PRQRPHUV� QDPHO\� ���-
SKHQ\OHQHGLDPLQH� DQG� WHUHSKWKDOR\O� GLFKORULGH� XVLQJ�
PHWK\O� S\UUROLGRQH� DQG� FDOFLXP� FKORULGH� DV� VROYHQWV�
�9DQ� 'HU� =ZDDJ� ������� $UDPLG� LV� NQRZQ� WR� KDYH� D�
KLJK� UDWLR� RI� WHQVLOH� VWUHQJWK� WR� VSHFLILF� JUDYLW\� �!� ��
WLPHV� VWHHO� DQG�JODVV� ILEHU��� KLJK� IDWLJXH� UHVLVWDQFH� �!�
��� PLOOLRQ� F\FOHV�� DQG� JRRG� KHDW� UHVLVWDQFH� �ORVV� RI�
RQO\� ����� WHQVLOH� VWUHQJWK� DW� ���R&��� VR� LW� LV� RIWHQ�
XVHG� IRU� VWUXFWXUHV� WR� DFKLHYH� OLJKW� ZHLJKW� ZLWK� KLJK�
TXDOLW\� RU� VWUXFWXUHV� LQ� H[WUHPH� ORFDWLRQV� �-DVVDO� DQG�
*KRVK� ������� � 0HDQZKLOH�� WKH� SRO\ROHILQ� LV� GLYLGHG�
LQWR� VHYHUDO� VXE-FOXVWHUV�� VXFK� DV� +LJK-'HQVLW\�
3RO\HWK\OHQH� �+'3(��� /RZ-'HQVLW\� 3RO\HWK\OHQH�
�/'3(��� DQG� 3RO\SURS\OHQH� �33��� 7KH� PDNLQJ� RI�
SRO\ROHILQ� ILEHUV� EHJLQV� ZLWK� WKH� GLVFRYHU\� RI�
SRO\HWK\OHQH�DV�D�UHVLGXH�IURP�FKHPLFDO�WHVWLQJ�DW�KLJK�
SUHVVXUH��ZKLFK� EHJLQV� WKH� /'3(�SURGXFWLRQ�PHWKRG��
3RO\ROHILQ�KDV�VHYHUDO�DGYDQWDJHV�VXFK�DV�OLJKW�VSHFLILF�
JUDYLW\� �a�����J�FP���ZLWK� D� WHQVLOH� VWUHQJWK� WKDW� YDU\�
EHWZHHQ���-���03D�DQG� D� UHODWLYHO\� KLJK�PRGXOXV�RI�
HODVWLFLW\� EHWZHHQ� ���-����� 03D�� ZKHUH� 33� KDV�
VXSHULRU� SURSHUWLHV� FRPSDUHG� WR� 3(� �+XWOH\� DQG�
2XHGHUQL������� 

7KH� HIIHFW� RI� XVLQJ� WKH� FRPELQDWLRQ� RI� DUDPLG� DQG�
SRO\ROHILQ�ILEHUV�RQ�DVSKDOW�PL[HV�KDV�EHHQ�VWXGLHG� LQ�
KRW� DVSKDOW� PL[� �.DORXVK�� HW� DO�� ������� ZKHUH� WKH�
DGGLWLRQ�RI�ILEHU�LQFUHDVHG�WKH�VKHDU�VWUHQJWK�DV�ZHOO�DV�
UHVLVWDQFH� WR� F\FOLF� ORDG�� DQG� DOVR� DVSKDOW� PL[� WHQVLOH�
VWUHQJWK�� $QRWKHU� VWXG\� DOVR� SURYHG� WKH� HIIHFW� RI�
DGGLQJ� DUDPLG� DQG� SRO\ROHILQ� ILEHUV� RQ� WKH� TXDOLW\� RI�
DVSKDOW�PL[� IRU� DLUVWULSV��ZKHUH� WKH� DGGHG� ILEHU� FRXOG�
LQFUHDVH�VWLIIQHVV�DQG�UHVLVWDQFH�WR�UDYHOLQJ��6WHPSLKDU��
6RXOLPDQ� DQG� .DORXVK� ������� )XUWKHUPRUH�� D� UHFHQW�
UHVHDUFK�VKRZV�WKDW�WKH�XVH�RI�DUDPLG-SRO\ROHILQ�ILEHUV�
LQFUHDVHV� UHVLVWDQFH� WR� FUDFNLQJ�� HVSHFLDOO\� DW� ORZ�
WHPSHUDWXUHV� �-��R&��� ZKHUH� WKH� DGGLWLRQ� RI� ILEHU� FDQ�
PDLQWDLQ�WKH�WHVW�VDPSOH
V�OHYHO�RI�VWLIIQHVV�DW�WKH�SRLQW�
ZKHUH� WKH� FUDFN� GRHV� QRW� RFFXU� VLJQLILFDQWO\� �3LRWU�
-DVNXáD��������� 

)LJXUH����6SHFLPHQ¶V�WHQVLOH�VWUHQJWK�DW�D�WHPSHUDWXUH�RI�
�R&��DERYH��DQG���R&��EHORZ� 
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)LJXUH����6SHFLPHQ¶V�GXFWLOLW\�DW�D�WHPSHUDWXUH�RI���R&���
�DERYH��GDQ���R&��EHORZ� 

3UHYLRXV� UHVHDUFK� UHODWHG� WR� WKH� XVH� RI� DUDPLG� DQG�
SRO\ROHILQ� ILEHUV� KDV�DOVR�EHHQ�FRQGXFWHG�E\� WKH�DXWKRU�
WR�UHYLHZ�WKH�HIIHFW�RI�WHPSHUDWXUH�RQ�WKH�WHQVLOH�VWUHQJWK�
RI�ZDUP�PL[�DVSKDOW��7KH�UHVHDUFK�VKRZV�WKDW�WKH�XVH�RI�
ILEHU� DV� D� UHLQIRUFHPHQW� PDWHULDO� ZLOO� IXQFWLRQ� PRUH�
RSWLPDOO\�DW�D�KLJK�WHVW�WHPSHUDWXUH����R&����$SRVWROLGLV��
HW�DO�������� 

)LJXUH� �� VKRZV� WKDW� WKH� HIIHFW� RI� XVLQJ� ILEHU� RQ� DQ�
DVSKDOW� PL[� JDYH� D� PRUH� VLJQLILFDQW� WHQVLOH� VWUHQJWK�
UHVXOW�ZKHQ�WHVWHG�DW�KLJKHU�WHPSHUDWXUHV����R&���7KLV�LV�
FDXVHG� E\� WKH� QDWXUH� RI� ELWXPHQ� ZKLFK� EHFRPHV� PRUH�
YLVFRXV�DW�WKLV�WHPSHUDWXUH��VR�WKH�FULWLFDO�SDUDPHWHU�WKDW�
GHWHUPLQHV� WKH� FROODSVH� RI� WKH� VDPSOH� LV� LQWHUIDFLDO�
ERQGLQJ�EHWZHHQ�WKH�ILEHU�DQG�PRUWDU�PDWUL[��VR�WKDW�WKH�
ILEHU
V� KLJK� PRGXOXV� RI� HODVWLFLW\� DQG� WHQVLOH� VWUHQJWK�
KDYH� D� PRUH� VLJQLILFDQW� LPSDFW� FRPSDUHG� WR� D� ORZ�
WHPSHUDWXUH��,W�FDQ�EH�FRQFOXGHG�WKDW� WKH�XVH�RI� ILEHU�LQ�
WKH�SDYHPHQW� VWUXFWXUH� LWVHOI� EHFRPHV�PRUH�RSWLPXP� LI�
XVHG� DW� UHODWLYHO\� KLJK� VHUYLFH� WHPSHUDWXUHV�� +RZHYHU��
WKLV� LQFUHDVHG� WHQVLOH� FDSDFLW\� FDXVHV� WKH� VDPSOH¶V�
GXFWLOLW\�WR�GHFUHDVH��)LJXUH�����LQ�RWKHU�ZRUGV�PDWHULDOV�
ZLWK� ODUJH� ILEHU� FRQWHQWV� ORVH� WKH� DELOLW\� WR� VWUHWFK��
7KHUHIRUH�� WKH� VWXG\� FRQFOXGHG� WKDW� DVSKDOW� PL[HV� ZLWK�
����� DUDPLG-SRO\ROHILQ� ILEHU� SURSRUWLRQ� JLYH� RSWLPXP�
UHVXOWV�FRPSDUHG�WR�RWKHU�RSWLRQV� 

���5HVHDUFK�0HWKRG 

����0DWHULDOV�XVHG 

7KLV�VWXG\�XVHG�D�FRPELQDWLRQ�RI�DUDPLG�DQG�SRO\ROHILQ�
ILEHUV� ZLWK� D� SURSRUWLRQ� RI� ���� DQG� ����� 7KH� ILEHU�
VSHFLILFDWLRQV� LQ� DFFRUGDQFH� ZLWK� PDQXIDFWXULQJ�
VWDQGDUGV�FDQ�EH�VHHQ�LQ�7DEOH���� 

7KH�PL[WXUH� XVHG� LQ� WKLV� WHVW� ZDV� D� ZDUP� PL[� DVSKDOW�
ZLWK� '$&-��� JUDGDWLRQ� W\SH�� LQ� DFFRUGDQFH� ZLWK� WKH�
'XWFK� PL[� GHVLJQ� VWDQGDUG� �'$%� -� GHQVH� DVIDOW�
FRQFUHWH��� DV� VKRZQ� LQ�)LJXUH����$V� IRU� WKH�SXUSRVH�RI�
PDNLQJ� DVSKDOW� PRUWDU� VDPSOHV�� WKH� VDQG� WDNHQ� ZDV�

3K\VLFDO�3URSHUWLHV 
$UDPLG�)LEHUV 
/HQJWK �� PP 
)RUP 0RQRILODPHQW 
7HQVLOH�6WUHQJWK�� ���� 0SD 
6SHFLILF�*UDYLW\ ����  
2SHUDWLQJ�7HPSHUDWXUHV -ϳϯ�-�ϰϮϳ R& 

   
3RO\ROHILQ�)LEHUV 
/HQJWK �� PP 
)RUP 6HUUDWHG 
7HQVLOH�6WUHQJWK 1�$ Ύ 
6SHFLILF�*UDYLW\ ����  
2SHUDWLQJ�7HPSHUDWXUHV 1�$ Ύ 


�)LEHUV�ZLOO�EHFRPH�SODVWLFDOO\�GHIRUPHG�GXULQJ�DVSKDOW�PL[�SURGXFWLRQ 

7DEOH����7HFKQLFDO�VSHFLILFDWLRQV�RI�DUDPLG-SRO\ROHILQ���
ILEHUV�XVHG 

GHILQHG� IURP� WKRVH� UHWDLQHG� LQ� D� ���� PP� VLHYH� ZKLFK�
FDQ� EH� VHHQ� LQ� 7DEOH� ��� 7KH� ELWXPHQ� XVHG� ZDV� D�
SHQHWUDWLRQ� JUDGH� ������ ELWXPHQ�� DQG� $129$� �����
FKHPLFDO� DGGLWLYH� ZKLFK� FRXOG� UHGXFH� WKH� ELWXPHQ�
WHPSHUDWXUH� WR� ��R&� DQG� VLPSOLI\� WKH� FRPSDFWLRQ�
SURFHVV� ZLWKRXW� PRGLI\LQJ� LWV� UKHRORJLFDO� SURSHUWLHV�
�&DUJLOO��,QF��Q�G��� 

7DEOH���� $VSKDOW�PRUWDU�FRPSRVLWLRQ�EDVHG�RQ�'$&-���
JUDGDWLRQ 

)LJXUH����6LHYH�DQDO\VLV�UHVXOWV�IRU�'$&-���ZDUP�PL[�DVSKDOW 

&RPSRQHQW 3URSRUWLRQ 

6DQG ������ 

%LWXPHQ������ ������ 

)LOOHU��:LJUDV� ������ 

$129$����� �����RI�ELWXPHQ�ZHLJKW 

����6DPSOHV�GDQ�WHVWV 

)RU� VWDQGDUG� WHVW� DV� DQ� LQLWLDO� VWDJH� RI� WKLV� UHVHDUFK��
ZDUP� PL[� DVSKDOW� ZDV� PDGH� LQ� WKH� IRUP� RI� D� EHDP�
VSHFLPHQ�IRU�WKH��-SRLQW�EHQGLQJ�WHVW��DQG�D�F\OLQGHU�IRU�
WKH� WULD[LDO� WHVW�� 7KH� VWLIIQHVV� YDOXH� IURP� WKH� �-SRLQW�
EHQGLQJ� WHVW�ZDV� REWDLQHG� IURP� WKH� VWLIIQHVV� DIWHU� ����
F\FOHV� �LQLWLDO� VWLIIQHVV��� ZKHUH� WKH� WHVW� ZDV� FRQGXFWHG�
LQ� VHYHUDO� IUHTXHQF\� YDULDWLRQV� WR� GHWHUPLQH� WKH� HIIHFW�
RI� WKH� ORDG� IUHTXHQF\� RQ� WKH� VSHFLPHQ
V� VWLIIQHVV��
0HDQZKLOH��WKH�IDWLJXH�OLIH�ZDV�WDNHQ�IURP�WKH�QXPEHU�
RI�F\FOHV�WDNHQ�ZKHUH�WKH�VDPSOH
V�VWLIIQHVV�KDG�UHDFKHG�
����RI� WKH� LQLWLDO� VWLIIQHVV�YDOXH��7KH��-SRLQW�EHQGLQJ�
WHVW�ZDV�FRQGXFWHG� LQ�DFFRUGDQFH�ZLWK�(XURFRGH�1(1�
�����-��� DQG� �����-��� VWDQGDUGV�� :KLOH� WKH� WULD[LDO�
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WHVW� SURGXFHG� D� GHIRUPDWLRQ� FXUYH�ZLWK� WLPH� GLYLGHG�
LQWR� WKUHH� SKDVHV�� SKDVH� �� �HODVWLF��� SKDVH� ��
�YLVFRHODVWLF�� DQG� SKDVH� �� �QHDU� FROODSVH��� 7KH� FUHHS�
FRHIILFLHQW� YDOXH� LWVHOI� ZDV� VHW� DFFRUGLQJ� WR� WKH�
(XURFRGH�1(1������-��� VWDQGDUG� DV� DQ� H[SRQHQW� RI�
WKH� PDWKHPDWLFDO� IXQFWLRQ� VORSH� FRQWDLQHG� LQ� WKH�
VHFRQG�SKDVH��ZKHUH�SHUPDQHQW�GHIRUPDWLRQ�EHJDQ�WR�
RFFXU�� 7KH� ORZ� FUHHS� FRHIILFLHQW� UHVXOWV� LQGLFDWH� WKDW�
WKH� VDPSOH� XQGHUZHQW� D� VPDOOHU� SHUPDQHQW�
GHIRUPDWLRQ� DIWHU� EHLQJ� ORDGHG� LQ� VXFK� D� ZD\��
6WDQGDUG�JUDSK�RI��-SRLQW�EHQGLQJ�WHVW�UHVXOWV�DQG�GDWD�
LQWHUSUHWDWLRQ�PHWKRGV�FDQ�EH�VHHQ�LQ�)LJXUH��� 

)LJXUH����7HVW�UHVXOWV�DQG�GDWD�LQWHUSUHWDWLRQ��DERYH������������
�-SRLQW�EHQGLQJ�DQG��EHORZ��WULD[LDO 

,Q�WKH�QH[W�VWHS��DVSKDOW�PRUWDU�VDPSOHV�IRU�WKH�WHQVLOH�
WHVW�ZHUH�PDGH�LQ�SDUDEROLF�IRUP�DV�LQ�)LJXUH����7KH�
VHOHFWLRQ� RI� WKH� JHRPHWU\� DLPHG� WR� HQVXUH� WKDW� WKH�
SODQH�RI� IDLOXUH�RFFXUUHG� LQ� WKH�PLGGOH�RI� WKH� VDPSOH�
RU�WR�DYRLG�FROODSVH�DW�WKH�WRS�ERWWRP�RI�WKH�VSHFLPHQ��
ZKLFK� KDV� WKH� SRWHQWLDO� WR� FDXVH� GDPDJH� WR� WKH� WHVW�
PDFKLQH� DV� KDSSHQHG� LQ� VWXGLHV� XVLQJ� SHUIHFW�
F\OLQGULFDO� VDPSOHV� �%RO]DQ� DQG� +XEHU� ������� 7KH�
JHRPHWULFDO� IRUP� ZDV� ILUVW� SXW� IRUZDUG� LQ� WKH� HDUO\�
����V��(UNHQV�DQG�3RRW��������WKHQ�IXUWKHU�PRGHOOLQJ�
ZDV� GRQH� XVLQJ� ILQLWH� HOHPHQW� WR� SURYH� WKH� IDLOXUH�
PRGH��.ULQJRV��HW�DO��������� 

&7-6FDQ� ZDV� DOVR� FDUULHG� RXW� IRU� WKH� VDPSOH� PRUWDU�
EHIRUH� DQG� DIWHU� WKH� WHQVLOH� WHVW�� ZKLFK� DLPHG� WR�
DQDO\VH� WKH� PHFKDQLVP� RI� WKH� UHODWLRQ� EHWZHHQ� ILEHU�
ZLWK� RWKHU� FRPSRQHQWV� LQ� WKH� VSHFLPHQ�� VR� WKDW� WKH�
WHQVLOH�PHFKDQLVP�JLYHQ�E\� ILEHU�FRXOG�EH� LGHQWLILHG��
7KH� WHQVLOH� WHVW� UHVXOWV� ZHUH� IRUFH-GLVSODFHPHQW� GDWD�
UHFRUGHG� E\� WKH� V\VWHP� DQG� WKHQ� FRQYHUWHG� WR� VWUHVV�
DQG�VWUDLQ�XVLQJ�WKH�IRUPXODV�RI�����DQG����� 

 

)LJXUH�����DERYH��7HQVLOH�WHVW�VHWXS�DQG��EHORZ��870�
PDFKLQH 

 
 

)RU� WKH� ILQDO� VWDJH�� WKH� VHPL-FLUFXODU�EHQGLQJ� WHVW�ZDV�
FRQGXFWHG� XVLQJ� D� 870� PDFKLQH� EDVHG� RQ� WKH�
(XURFRGH� 1(1� �����-��� VWDQGDUG�� 7KLV� PHWKRG� ZDV�
FKRVHQ� EHFDXVH� LW� FDQ� UHSUHVHQW� WKH� WHQVLOH� VWUHQJWK�
YDOXH� RI� DQ� DVSKDOW� PL[� PRUH� FOHDUO\� WKDQ� WKH� ,77�
VWDQGDUG�WHVW��ZKHUH�WKH�IDLOXUH�PRGH�WKDW�RFFXUV�LQ�WKH�
,77� WHVW� LV� D� FRPELQDWLRQ� RI� FRPSUHVVLYH� DQG� WHQVLOH��
ZKHUHDV� LQ� WKH� 6&%� WHVW� WKH� FROODSVH� GXH� WR� WHQVLOH�
EHFRPHV� WKH� GRPLQDQW� IDLOXUH� PRGH� �0ROHQDDU�� HW� DO��
������� �0ROHQDDU�� /LX� DQG� 0ROHQDDU� ������ �*RXUDE�
6DKD� ������� 7KH� WHVW� ZDV� FDUULHG� RXW� DW� �R&�
WHPSHUDWXUH�� ZKHUH� WKH� UHVXOWV� RI� WKH� WHVWV� ZRXOG� EH�
SURFHVVHG�XVLQJ�WKH�IROORZLQJ�HTXDWLRQ�� 

 

 

 

6DPSOHV�IRU�6&%�WHVW�DORQJ�ZLWK� WKH�VHWXS�WHVW�FDQ�EH�
VHHQ�LQ�)LJXUH�� 

��� 

��� 

��� 

��� 
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)LJXUH����7HVW�VHWXS�VHPL�FLUFXODU�EHQGLQJ 

���5HVXOWV�DQG�'LVFXVVLRQ 

����3UHOLPLQDU\�WHVW�-�VWDQGDUG�WHVW� 

7KH� ILUVW� SDUW� RI� WKLV� UHVHDUFK� ZDV� E\� XVLQJ� D� VHULHV� RI�
VWDQGDUG� WHVWV� WR�GHWHUPLQH� WKH�TXDOLW\�RI� WKH�ZDUP�PL[�
DVSKDOW� UHVXOWLQJ� IURP� WKH� DGGLWLRQ�RI� DUDPLG-SRO\ROHILQ�
ILEHUV� DW� D� FRQWHQW� RI� ������ RI� WKH� VSHFLPHQ
V� ZHLJKW��
DFFRUGLQJ�WR�WKH�GLVWULEXWRU
V�UHFRPPHQGDWLRQV��7KH�ILUVW�
WHVW�� WKH��-SRLQW�EHQGLQJ� WHVW��SURGXFHG�GDWD� LQ� WKH�IRUP�
RI� VWLIIQHVV� DQG� OLIH� VSDQ� RI� WKH� VDPSOH� DJDLQVW� F\FOLF�
ORDGV��DV�VKRZQ�LQ�)LJXUH��� 

)URP� WKH�DERYH�GDWD�� LW� FDQ�EH� VHHQ� WKDW� WKH�DGGLWLRQ�RI�
ILEHU�� DOWKRXJK� LW� GRHV� QRW� VLJQLILFDQWO\� LQIOXHQFH� WKH�
PDWHULDO
V� VWLIIQHVV� �LQ� WKH� UDQJH� �-��*3D��� FDQ� DFWXDOO\�
LQFUHDVH� WKH� VSHFLPHQ
V� VHUYLFH� OLIH� LQ� WKH� IDWLJXH� WHVW��
HVSHFLDOO\�DW�KLJK�ORDG�IUHTXHQFLHV�E\�DOPRVW�WZR�WLPHV��

)LJXUH����6WLIIQHVV�YDOXH��DERYH��DQG�IDWLJXH��EHORZ��IURP����������
WKH�UHVXOWV�RI��-SRLQW�EHQGLQJ�EHDP�WHVW 

,W� FDQ� EH� VHHQ� IURP� ERWK� JUDSKV� WKDW� WKH� SHUIRUPDQFH�
LPSURYHPHQW�LV�PRUH�VLJQLILFDQW�ZKHQ�ORDGHG�ZLWK�KLJK�
VWUDLQ� OHYHOV��ERWK� WKH�VWLIIQHVV�HYROXWLRQ�FXUYH�DQG� WKH�
IDWLJXH�OLIH�RI�WKH�VSHFLPHQ�WHVWHG��$�KLJK�OHYHO�RI�VWUDLQ�
FDQ� EH� DVVRFLDWHG�ZLWK� ORZ� ORDG� VSHHG�� LQGLFDWLQJ� WKDW�
WKH� XVH� RI� ILEHU� ZLOO� EH�PRUH� RSWLPXP� LQ� D� SDYHPHQW�
VWUXFWXUH�ZLWK�D�ORZ�SODQQHG�VSHHG�� 

)LJXUH����7KH�FRHIILFLHQW�RI�SHUPDQHQW�GHIRUPDWLRQ���������
IURP�WKH�UHVXOWV�RI�WULD[LDO�WHVW 

7KH�FUHHS�FRHIILFLHQW� LV� WKH�JUDGLHQW�RI� WKH� WULD[LDO� WHVW�
FXUYH�XVLQJ�F\FOLF�ORDGV�ZKRVH�OLPLWV�DUH�WDNHQ�IURP�WKH�
SRLQW�ZKHUH�WKH�YLVFRHODVWLF�GHIRUPDWLRQ�EHJLQV��%DVHG�
RQ�)LJXUH����LW�LV�FOHDU�WKDW�WKH�FUHHS�FRHIILFLHQW�RI�WKH�
VDPSOH� ZLWK� WKH� DGGLWLRQ� RI� ILEHU� LV� EHORZ� WKH� FRQWURO�
WHVW�VDPSOH�ZLWK�D�GLIIHUHQFH�RI�DERXW������7KLV�VKRZV�
WKDW� WKH�DGGLWLRQ�RI� ILEHU� WR�DVSKDOW�PL[HV�FDQ� LQFUHDVH�
WKH� PL[
V� UHVLVWDQFH� WR� SHUPDQHQW� GHIRUPDWLRQ� GXH� WR�
ORDGLQJ�IRU�D�FHUWDLQ�SHULRG�� 

����$VSKDOW�PRUWDU�-�WHQVLOH�VWUHQJWK�WHVW 

7HQVLOH� WHVW� XVLQJ� DVSKDOW�PRUWDU� VSHFLPHQV� VKRZV� WKH�
UHVXOWV� LQ� WKH� IRUP� RI� VWLIIQHVV�� ZKLFK� FDQ� EH� VHHQ� LQ�
)LJXUH� ��� 7KLV� YDOXH� FDQ� RQO\� EH� SURGXFHG� DW� ORZ�
WHPSHUDWXUHV�� ZKHUH� WKH� ELWXPHQ� DFWV� DV� DQ� HODVWLF�
PDWHULDO�� $W� KLJKHU� WHPSHUDWXUHV�� ELWXPHQ� ZLOO� EH�
YLVFRHODVWLF�� VR� WKH� GHWHUPLQDWLRQ� RI� HODVWLF� VWLIIQHVV�
FDQQRW�DFFXUDWHO\�GHVFULEH�WKH�VWUXFWXUH
V�EHKDYLRXU�� 

7KH�WHVW�UHVXOWV�DW�-�R&�VKRZ�DQ�LQFUHDVH�LQ�WKH�VWLIIQHVV�
YDOXH� WKURXJK� WKH� DGGLWLRQ� RI� ILEHU� FRPSDUHG� WR� WKH�
FRQWURO� WHVW� VDPSOH��ZKHUH� WKH� WHVW� VDPSOH�ZLWK� ILEHU
V�
VWLIIQHVV� LQFUHDVHG� E\� ����� IURP� WKH� WHVW� VDPSOH�
ZLWKRXW�ILEHU��7KLV�VKRZV�WKH�UROH�RI�ILEHU�DV�D�ELQGLQJ�
PDWHULDO�LQ�WKH�VDPSOH��ZKLFK�DOVR�LQGLFDWHV�DQ�LQFUHDVH�
LQ� WKH� VSHFLPHQ
V� VWUHQJWK�� ,Q� DGGLWLRQ�� WKH� VWLIIQHVV�
SDUDPHWHU�RI� WKH�VSHFLPHQ�ZLWK�D���-PP�ILEHU�FRQWHQW�
RI������KDV�D�UHODWLYH�YDOXH�FRPSDUHG�WR�D�PL[WXUH�ZLWK�
D� ILEHU� FRQWHQW� RI� ������ 7KLV� KDSSHQV� EHFDXVH� DW� D�
FRQWHQW� RI� ������ WKHUH� FDQ� EH� D� SKHQRPHQRQ� RI�
FOXPSLQJ��ZKHUH�WKH�ILEHU�LV�FROOHFWHG�DQG�FRQFHQWUDWHG�
LQ� RQH� SRLQW� ZKLFK� FDXVHV� WKH� ZRUNLQJ� PHFKDQLVP� RI�
WKH� ILEHU� LQ� DVSKDOW� WR� EH� UHODWLYHO\� OHVV� RSWLPXP��
$OWKRXJK� LW� LV� DOVR� VHHQ� WKDW� D� ODUJH� HQRXJK� ILEHU�
FRQWHQW� FDQ� UHGXFH� WKH� ULVN� RI� SHUPDQHQW� GHIRUPDWLRQ�
ZKLFK� LV� TXLWH� VLJQLILFDQW�� WKH� FRHIILFLHQW� YDOXH� RI� D�
PL[WXUH�ZLWK���-PP�ILEHU�LQ�WKH�SURSRUWLRQ�RI������Z�W�
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)LJXUH����6WLIIQHVV�YDOXH��DERYH��DQG�FUHHS�FRHIILFLHQW���
�EHORZ��IURP�WKH�UHVXOWV�RI�WKH�DVSKDOW�PRUWDU����������

VDPSOH¶V�WHQVLOH�WHVW 

GRHV� QRW� GLIIHU� JUHDWO\� ZLWK� D� PL[WXUH� ZLWK� ��-PP�
ILEHU�LQ�WKH�SURSRUWLRQ�RI������Z�W�� 

)XUWKHUPRUH�� WKH� WHQVLOH� WHVW� UHVXOWV�XVLQJ�F\FOLF� ORDGV�
VKRZ� WKDW� WKH� DGGLWLRQ� RI� ILEHU� WR� WKH� DVSKDOW� PRUWDU�
PL[WXUH� JLYHV� D� KLJKHU� YDOXH� RI� UHVLVWDQFH� WR�
SHUPDQHQW�GHIRUPDWLRQ��UXWWLQJ���DV�VKRZQ�LQ�WKH�FUHHS�
FRHIILFLHQW�LQ�)LJXUH����%DVHG�RQ�WKH�JUDSK��LQFUHDVLQJ�
WKH�FRQWHQW�RI�ILEHU�XVHG�ZRXOG�LQFUHDVH�WKH�UHVLVWDQFH�
YDOXH�RI�DVSKDOW�PL[HV�XS�WR������+RZHYHU��WKH�XVH�RI�
LQDSSURSULDWH� FRQWHQW� DQG�RU� WKH� XVH� RI� ��-PP� ILEHU�
ZRXOG�JLYH�D�QHJDWLYH� LPSDFW�RQ� WKH� WHVW� UHVXOWV��7KLV�
LV� FDXVHG�E\� WKH�ERQGLQJ�PHFKDQLVP� WKDW� RFFXUUHG� DW�
WKH� ILEHU-PDWUL[� LQWHUIDFH� LWVHOI� �3DUN�� (O-7DZLO� DQG�
1DDPDQ��������,Q�WHVWLQJ�WKH�PL[WXUH�ZLWK�WKH�FRQWHQW�
DQG�XVH�RI� ILEHU�ZLWK� WKH� ULJKW� OHQJWK�� WKH�FDSDFLW\�RI�
WKH� ILEHU� WR� GLVWULEXWH� WKH� ORDG� HYHQO\� EHFRPHV� PRUH�
RSWLPXP�� VR� WKDW� WKH� ORDG� FDQ� EH� WUDQVIHUUHG� IURP� ��
ILEHU� WR� DQRWKHU� ILEHU� ZLWKRXW� FDXVLQJ� GDPDJH� WR� WKH�
PDWUL[�� :LWK� LPSURSHU� XVH�� WKH� ILEHU� ZLOO� SRWHQWLDOO\�
EHFRPH�D�OXEULFDWLRQ�PDWHULDO�ZKLFK�UHGXFHV�IULFWLRQ�LQ�
WKH�PRUWDU�PDWUL[��FDXVLQJ�FROODSVH�WR�RFFXU�IDVWHU�WKDQ�
LW�VKRXOG� 
7KH� VWUHQJWKHQLQJ� PHFKDQLVP� SURYLGHG� E\� WKH� ILEHU�
PL[HG� LQ� WKH� VSHFLPHQ� LV� LOOXVWUDWHG� LQ�)LJXUH� ���� ,Q�
WKH�&7-6FDQ�UHVXOW� LPDJH�RI�WKH�WHQVLOH�WHVW�VDPSOH�� LW�
LV� FOHDUO\� VHHQ� WKDW� WKH� ILEHU� LV� D� ELQGLQJ� PDWHULDO��
ZKHUHLQ� WKH� FROODSVH� PRGH�� WKH� ILEHU� XQGHUJRHV�
GLVSODFHPHQW�IURP�LWV�RULJLQDO� ORFDWLRQ��7KDW�LQGLFDWHV�
WKDW�ZKHQ� ORDGLQJ�RFFXUV�� WKH� ILEHU�FDUULHV� WKH�ZHLJKW�
WUDQVIHUUHG� IURP� WKH� PRUWDU� PDWUL[�� ,Q� DGGLWLRQ�� WKH�
ILEHU�VHUYHV�WR�KROG�WKH�FUDFNV�LQ�WKH�VSHFLPHQ�GRHV�QRW�
QHFHVVDULO\� OHDG� WR� IDLOXUH� RI� WKH� VDPSOH�� QDPHO\�
WKURXJK�WKH�LQWHUIDFH�ERQGLQJ�PHFKDQLVP�EHWZHHQ�WKH�

ILEHU�DQG�PRUWDU�PDWUL[��7KLV�LV�LQ�DFFRUGDQFH�ZLWK�WKH�
UHVXOWV�RI�WKH�WHVW��ZKHUH�WKH�ERQGLQJ�EHWZHHQ�ILEHU�DQG�
PDWUL[�UDLVHV�UHVLVWDQFH�WR�WKH�ORDG�JLYHQ� 

)LJXUH����LV�D�&7�VFDQ�UHVXOW�VKRZLQJ�WKH�GLVWULEXWLRQ�
RI�ILEHU�LQ�DOO�SDUWV�RI�WKH�WHVW�VSHFLPHQ��7KHUH�ZDV�DQ�
XQHYHQ� GLVWULEXWLRQ� FDXVHG� E\� WKH� VDPSOH� IDEULFDWLRQ�
PHWKRG�WKDW�ZDV�GRQH�PDQXDOO\��ZKHUH�WKH�PL[LQJ�DQG�
FRPSDFWLRQ� PHWKRGV� XVHG� WKH� PDQXDO� PHWKRG�� ,Q�
DGGLWLRQ�� WKH� FDOFXODWLRQ� RI� WKH� SODQ� ZDV� PDGH� LQ�
EDWFKHV�� ZKHUH� �� PL[� EDWFK� FRXOG� EH� PDGH� LQWR� ��

)LJXUH�����7KH�PHFKDQLVP�RI�ILEHU�VWUHQJWK�LQ�WKH�PL[WXUH��
VHHQ�WKURXJK�&7-6FDQ��DERYH��EHIRUH�WHVW�DQG��EHORZ��DIWHU�

)LJXUH�����&7-6FDQ�RI�WKH�FURVV-VHFWLRQ�RI�WKH�PRUWDU�
WHQVLOH�WHVW�VDPSOH 

��α�ʹǤͲ͸�� ��α�ͷǤͷͷ��� 

��α�͹Ǥ͵͹��� ��α�ͻǤͷ͸��� 

��α�ͳͲǤͻ͵��� ��α�ͳͷǤͷͶ��� 
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VDPSOHV��7KHVH�WKLQJV�DIIHFW�WKH�YDULDWLRQ�LQ�WKH�YDOXH�RI�
WKH� WHVW� UHVXOWV� DQG� WKH� ORFDWLRQ� RI� WKH� FROODSVH� RI� WKH�
VDPSOH�� 6LPXOWDQHRXVO\�� WKLV� ILJXUH� FDQ� VKRZ� WKH�
SRWHQWLDO� RI� WKH� ILEHU� WR� EH� FRQFHQWUDWHG� LQ� FHUWDLQ�
ORFDWLRQV��IRUPLQJ�WKH�SKHQRPHQRQ�RI�FOXPSLQJ� 

����6XSSRUWLQJ�UHVHDUFK�-�VHPL�FLUFXODU�EHQGLQJ� 

)URP�)LJXUH�����LW�FDQ�EH�VHHQ�WKDW�WKH�DGGLWLRQ�RI�ILEHU�
WR� WKH� VSHFLPHQV� ZRXOG� LQFUHDVH� WKH� VWUHQJWK� RI� WKH�
VDPSOH�XS� WR�������DQG� WKH�YDOXH�RI� WKH�HQHUJ\�QHHGHG�
WR� DFKLHYH� FROODSVH� E\� XS� WR� ����� 7KHVH� UHVXOWV� DOVR�
VXSSRUW� WKH� UHVXOWV� RI� SUHYLRXV� WHVWV�� WKDW� D� FRQWHQW� RI�
�����ILEHU�ZLWK�D� OHQJWK�RI���-PP�JDYH�UHVXOWV� WKDW�DUH�
UHODWLYHO\�HTXLYDOHQW�WR�D�PL[WXUH�ZLWK�D�FRQWHQW�RI�������
$V�H[SODLQHG�HDUOLHU�� WKLV�RFFXUUHG�EHFDXVH��DW�D�FRQWHQW�
RI� ������ WKHUH� FRXOG� EH� D� SKHQRPHQRQ� RI� FOXPSLQJ��
ZKHUH� WKH� ILEHU� ZDV� FROOHFWHG� DQG� FRQFHQWUDWHG� LQ� D�
VLQJOH�SRLQW�ZKLFK�FDXVHG�WKH�ZRUNLQJ�PHFKDQLVP�RI�WKH�
ILEHU�LQ�DVSKDOW�WR�EH�UHODWLYHO\�OHVV�RSWLPXP� 

)LJXUH�����6HPL-&LUFXODU�%HQGLQJ�7HVW�5HVXOWV 

���&RQFOXVLRQV 

)URP� WKHVH� UHVXOWV�� VHYHUDO� WKLQJV� FDQ� EH� FRQFOXGHG� DV�
IROORZV�� 

· 6WDQGDUG� WHVWV� FDUULHG� RXW� �,77�� WULD[LDO� DQG� �-SRLQW�
EHQGLQJ� WHVW�� VXFFHVVIXOO\� VKRZHG� DQ� LQFUHDVH� LQ� WKH�
SHUIRUPDQFH� RI� ZDUP� PL[� DVSKDOW� VSHFLPHQV� ZLWK�
DGGLWLRQDO� FRQWHQW� RI� DUDPLG-SRO\ROHILQ� ILEHUV� RI�
������RI�WKH�ZHLJKW�RI�WKH�PL[WXUH� 

· +RZHYHU�� WKH� UHVXOWLQJ� LQFUHDVH� ZDV� QRW� WRR�
VLJQLILFDQW�H[FHSW�LQ�WHUPV�RI�UHVLVWDQFH�WR�SHUPDQHQW�

GHIRUPDWLRQ��UXWWLQJ���7KHQ�IURP�WKH�WHQVLOH�VWUHQJWK�
WHVW� UHVXOWV� DW� D� WHPSHUDWXUH� RI� -�R&� LW� FDQ� EH�
FRQFOXGHG�WKDW�WKH�DGGLWLRQ�RI�ILEHU�ZLWK�D�FRQWHQW�RI�
����� RI� WKH� VSHFLPHQ
V� ZHLJKW� SURGXFHG� RSWLPXP�
VWLIIQHVV� 

· &7-VFDQ� RQ� D� PRUWDU� VDPSOH� FDQ� H[SODLQ� WKHVH�
UHVXOWV�� WKDW� WKH� WUDQVIHU� RI� ORDG�EHWZHHQ� ILEHUV� DQG�
LQWHUIDFLDO� ERQGLQJ� EHWZHHQ� ILEHU� DQG� RWKHU�
FRPSRQHQWV� IRUPLQJ� PRUWDU� ZRXOG� LQFUHDVH� WKH�
VWUHQJWK� RI� WKH� WHVW� VSHFLPHQ�� EXW� DQ� LQFRUUHFW�
SURSRUWLRQ�ZRXOG�UHGXFH� WKH� VWUHQJWK�RI� WKH�VDPSOH�
GXH�WR�LWV�QDWXUH�RI�EHLQJ�D�OXEULFDWLQJ�PDWHULDO� 

· ,W� FDQ� DOVR� EH� VHHQ� IURP� WKH� UHVXOWV� RI� WKH� 6HPL-
&LUFXODU�%HQGLQJ�WHVW��ZKHUH�WKH�DGGLWLRQ�RI�ILEHU�DW�
D�FRQWHQW�RI������JDYH�DQ�RSWLPXP�UHVXOW�FRPSDUHG�
WR� RWKHU� FRQWHQWV�� ,Q� DGGLWLRQ�� WKH� HIIHFW� RI� WKH�
GLIIHUHQFH� LQ� ILEHU� OHQJWK� ���� DQG� ��� PP�� KDG� DQ�
LPSDFW�RQ�WKH�WHVW�UHVXOWV��ZKHUH�ILEHU�ZLWK�D�ORQJHU�
VL]H� JDYH� D� KLJKHU� UHVXOW�� ,W� FDQ� EH� FRQFOXGHG� WKDW�
WKH�FRQWHQW�RI�XVLQJ�DUDPLG�DQG�SRO\ROHILQ� ILEHUV� LV�
UHFRPPHQGHG� DW� WKH� OHYHO� RI� �����RI� WKH�PL[WXUH
V�
WRWDO�ZHLJKW��DV�ZHOO�DV�E\�XVLQJ�D�ORQJHU-VL]HG�ILEHU�
���-PP�� WR� SURGXFH� D� ZDUP� PL[� DVSKDOW� ZLWK�
RSWLPXP�VWUHQJWK��VWLIIQHVV��DQG�GXUDELOLW\�� 

���5HIHUHQFHV� 

$QD� &RVWD�� $JRVWLQKR� %HQWD�� ´(FRQRPLF� DQG�
HQYLURQPHQWDO�LPSDFW�VWXG\�RI�ZDUP�PL[�DVSKDOW�
FRPSDUHG� WR� KRW� PL[� DVSKDOW� �´� -RXUQDO� RI�
&OHDQHU�3URGXFWLRQ������� 

$SRVWROLGLV��3���;��/LX��&�*��'DQLHO��6�0�-�*��(UNHQV��
RFK� $�� 6FDUSDV�� ´(IIHFW� RI� 6\QWKHWLF� )LEHUV� RQ�
)UDFWXUH�3HUIRUPDQFH�RI�$VSKDOW�0RUWDU�´�5RDG�
0DWHULDOV�DQG�3DYHPHQW�'HVLJQ������� 

%RO]DQ�� 3�(��� RFK� *�� +XEHU�� 'LUHFW� 7HQVLRQ� 7HVW�
([SHULPHQWV�� $XVWLQ�� 6WUDWHJLF� +LJKZD\�
5HVHDUFK�3URJUDP������� 

&DUJLOO�� ,QF�� ´&DUJLOO� -�$VSKDOW�:DUP�0L[�$GGLWLYHV�´�
KWWSV���ZZZ�FDUJLOO�FRP�ELRLQGXVWULDODQRYD�
DVSKDOW-ZDUP-PL[-DGGLWLYHV�� X�G�� KWWSV���
ZZZ�FDUJLOO�FRP�ELRLQGXVWULDODQRYD�DVSKDOW-
ZDUP-PL[-DGGLWLYHV��DQYlQG��������� 

&KDQJ��.��´$UDPLG�)LEHUV�´��0DWHULDOV�3DUN��2+��$60�
,QWHUQDWLRQDO����������-��� 

&KRZGKXU\��$ULI�� RFK� -�:��%XWWRQ��$� UHYLHZ� RI� ZDUP�
PL[� DVSKDOW�� 7H[DV� 7UDQVSRUWDWLRQ� ,QVWLWXWH��
7H[DV�$	0�8QLYHUVLW\�6\VWHP������������ 

'
$QJHOR�� -RKQ�� RFK� HW� DO�� :DUP-0L[� $VSKDOW��
(XURSHDQ� 3UDFWLFH�� $OH[DQGULD�� 86� )HGHUDO�
+LJKZD\�$GPLQLVWUDWLRQ������� 

($3$�� HDSD�RUJ�� GHQ� ��� ��� ������ KWWSV���HDSD�RUJ�
ZDUP-PL[-DVSKDOW��DQYlQG�GHQ������������� 

(UNHQV��6�0�-�*���RFK�0�5��3RRW��7KH�8QLD[LDO�7HQVLRQ�
7HVW�-�$VSKDOW�&RQFUHWH�5HVSRQVH��$&5H���'HOIW��
'HOIW�8QLYHUVLW\�RI�7HFKQRORJ\������� 
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*RXUDE� 6DKD�� .ULVKQD� 3UDSRRUQD� %LOLJLUL�� ´)UDFWXUH�
SURSHUWLHV� RI� DVSKDOW� PL[WXUHV� XVLQJ� VHPL-
FLUFXODU� EHQGLQJ� WHVW�� $� VWDWH-RI-WKH-DUW� UHYLHZ�
DQG�IXWXUH�UHVHDUFK�´�&RQVWUXFWLRQ�DQG�%XLOGLQJ�
0DWHULDOV�����������-���� 

+XL�0D�� =KLJDQJ� =KDQJ�� ;LD� =KDR�� 6KXDQJ�:X�� ´$�
&RPSDUDWLYH�/LIH�&\FOH�$VVHVVPHQW� �/&$�� RI�
:DUP� 0L[� $VSKDOW� �:0$�� DQG� +RW� 0L[�
$VSKDOW� �+0$�� 3DYHPHQW�� $� &DVH� 6WXG\� LQ�
&KLQD�´�$GYDQFHV� LQ�/LIH�&\FOH�(QYLURQPHQWDO�
6XVWDLQDELOLW\� RI� &LYLO� ,QIUDVWUXFWXUH� 6\VWHPV��
�������-��� 

+XWOH\�� 7�-��� RFK� 0�� 2XHGHUQL�� ´3RO\ROHILQV-7KH�
+LVWRU\� DQG� (FRQRPLF� ,PSDFW�´� L� 3RO\ROHILQ�
&RPSRXQGV�DQG�0DWHULDOV�-�)XQGDPHQWDOV�DQG�
,QGXVWULDO� $SSOLFDWLRQV�� DY� 0�$�� $O0D
DGHHG��
	�,��.UXSD����-����6SULQJHU��&KDP������� 

-DVVDO��0��RFK�6�*KRVK��´$UDPLG�ILEHUV-$Q�RYHUYLHZ�´�
,QGLDQ� -RXUQDO� RI� )LEHU� DQG� 7H[WLOH� 5HVHDUFK�
����QU��������������-���� 

.DORXVK�� .�(��� :�$�� =HLDGD�� .�3�� %LOLJLUL�� 0�&��
5RGH]QR�� RFK� -�� 5HHG�� ´(YDOXDWLRQ� RI� )LEHU-
5HLQIRUFHG� $VSKDOW� 0L[WXUHV� 8VLQJ� $GYDQFHG�
0DWHULDO�&KDUDFWHUL]DWLRQ�7HVWV�´�7KH�)LUVW�3DQ�
$PHULFDQ� *HRV\QWKHWLFV� &RQIHUHQFH� 	�
([KLELWLRQ��&DQFXQ������� 

.ULQJRV��1���5��.KHGRH��$��6FDUSDV��RFK�$��GH�%RQGW��
´$� 1HZ� $VSKDOW� &RQFUHWH� 0RLVWXUH�
6XVFHSWLELOLW\� 7HVW� 0HWKRGRORJ\�´�
7UDQVSRUWDWLRQ� 5HVHDUFK� %RDUG� ��WK� $QQXDO�
0HHWLQJ�� :DVKLQJWRQ�� '�&��� 7UDQVSRUWDWLRQ�
5HVHDUFK�%RDUG������� 

0FGDQLHO��5�6��´)LEHU�$GGLWLYHV�LQ�$VSKDOW�0L[WXUHV�´�
1&+53�6<17+(6,6����������� 

0LWKLO�0D]XPGHU��9HGDUDPDQ�6ULUDPDQ��+\XQ�+ZDQ�
.LP�� 6RRQ--DH� /HH�� ´4XDQWLI\LQJ� WKH�
HQYLURQPHQWDO� EXUGHQV� RI� WKH� KRW� PL[� DVSKDOW
�+0$��SDYHPHQWV�DQG�WKH�SURGXFWLRQ�RI�ZDUP�
PL[� DVSKDOW� �:0$��´� ,QWHUQDWLRQDO� -RXUQDO�RI�
3DYHPHQW�5HVHDUFK�DQG�7HFKQRORJ\�����������
-���� 

0ROHQDDU�� $�$�$��� $�� 6FDUSDV�� ;�� /LX�� RFK� 6�0�-�*��
(UNHQV�� ´6HPL-&LUFXODU� %HQGLQJ� 7HVW�� 6LPSOH�
%XW� 8VHIXO"´� $VVRFLDWLRQ� RI� $VSKDOW� 3DYLQJ�
7HFKQRORJLVWV-3URFHHGLQJV� RI� WKH� 7HFKQLFDO�
6HVVLRQV������� 

0ROHQDDU�� -�0�0��� ;�� /LX�� RFK� $�$�$�� 0ROHQDDU��
´5(6,67$1&(�72�&5$&.-*52:7+�$1'�
)5$&785(� 2)� $63+$/7�0,;785(�´� �WK�
5,/(0�6\PSRVLXP�37(%0
����=XULFK������� 

3DUN�� 3��� 6�� (O-7DZLO�� RFK� $�(�� 1DDPDQ�� ´3XOO-RXW�
EHKDYLRU� RI� VWUDLJKW� VWHHO� ILEHUV� IURP� DVSKDOW�
ELQGHU�´� &RQVWUXFWLRQ� DQG� %XLOGLQJ� 0DWHULDOV�
����������������-����� 

3LRWU� -DVNXáD�� 0DUFLQ� 6WLHQVV�� &H]DU\� 6]\GáRZVNL��
´(IIHFW� RI� SRO\PHU� ILEHUV� UHLQIRUFHPHQW� RQ�
VHOHFWHG� SURSHUWLHV� RI� DVSKDOW� PL[WXUHV�´�
0RGHUQ� %XLOGLQJ� 0DWHULDOV�� 6WUXFWXUHV� DQG�
7HFKQLTXHV�� 0%067� ������ 3URFHGLD�
(QJLQHHULQJ������������–������ 

3URZHOO��%�'���*�&��+XUOH\��RFK�%��)UDQN��´:DUP-0L[�
$VSKDOW�� %HVW� 3UDFWLFHV�´�4XDOLW\� ,PSURYHPHQW�
3XEOLFDWLRQ�������UG�(GLWLRQ������� 

6WHPSLKDU�� -�-��� 0�,�� 6RXOLPDQ�� RFK� .�(�� .DORXVK��
´)LEHU-5HLQIRUFHG� $VSKDOW� &RQFUHWH� DV�
6XVWDLQDEOH� 3DYLQJ� 0DWHULDO� IRU� $LUILHOGV�´�
-RXUQDO� RI� WKH� 7UDQVSRUWDWLRQ� 5HVHDUFK� %RDUG�
�7UDQVSRUWDWLRQ�5HVHDUFK�%RDUG�RI�WKH�1DWLRQDO�
$FDGHPLHV���QU����������������-��� 

9DQ�'HU�=ZDDJ��6��6WUXFWXUH�DQG�SURSHUWLHV�RI�DUDPLG�
ILEHUV�� 9RO�� ��� L� +DQGERRN� RI� 7H[WLOH� )LEHU�
6WUXFWXUH� -� )XQGDPHQWDOV� DQG� 0DQXIDFWXUHG�
3RO\PHU� )LEHUV�� DY� 6�-�� (LFKKRUQ�� -�:�6��
+HDUOH�� 0�� -DIIH�� 	� 7�� .LNXWDQL�� ���-�����
:RRGKHDG�3XEOLVKLQJ�/LPLWHG������� 

=DXPDQLV��0DUWLQV��$VSKDOW�LV�*RLQJ�*UHHQ��2YHUYLHZ�
RI�:DUP�0L[�$VSKDOW�WHFKQRORJLHV�DQG�UHVHDUFK�
UHVXOWV�IURP�DOO�RYHU�WKH�ZRUOG��%HUOLQ��/DPEHUW�
$FDGHPLF�3XEOLVLQJ������� 


