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$EVWUDFW 

7KH�DSSOLFDWLRQ�RI�ZDUP�PL[�DVSKDOW�WHFKQRORJ\�WR�UHGXFH�PL[LQJ�DQG�FRPSDFWLRQ�WHPSHUDWXUHV�KDV�D�ZHDNQHVV�LQ�
GHFUHDVLQJ�WKH�SHUIRUPDQFH�RI�PL[WXUH�DQG�LV�PRUH�VHQVLWLYH�WR�KLJK�WHPSHUDWXUHV��7KLV�LV�LQIOXHQFHG�E\�WKH�W\SH�RI�
DGGLWLYHV� DQG� WKH� ZDUP� PL[� DVSKDOW� WHFKQRORJ\� XVHG�� 7KH� SXUSRVH� RI� WKLV� VWXG\� LV� WR� GHWHUPLQH� WKH� RSWLPXP�
SHUFHQWDJH� RI� 5HGLVHW�/4� XVHG� DQG� WKH� DPRXQW� RI� WHPSHUDWXUH� GURS� LQ� WKH� W\SH� RI� 3HQ� ������ DVSKDOW� PL[WXUH��
'HWHUPLQDWLRQ�RI� WKH�SHUFHQWDJH�RI� RSWLPXP�XVH�RI� WKH�5HGLVHW�/4�ZDV� FDUULHG�RXW� E\�XVLQJ�PL[HG�ZRUNDELOLW\�
DQDO\VLV��7KH�UHVXOWV�RI�WKH�ZDUP�PL[�DVSKDOW�WHVW�DUH�WKHQ�FRPSDUHG�ZLWK�WKH�FRQWURO�+0$��WKH�YROXPHWULF�YDOXH�
WKDW� LV� FORVH� WR� WKH� FRQWURO� +0$� LV� FRQVLGHUHG� WR� KDYH� HTXLYDOHQW� ZRUNDELOLW\�� 7KH� YDULDWLRQ� RI� WKH� XVH� RI� WKH�
5HGLVHW�/4�LV�������WR�������ZLWK�D�YDULDWLRQ�RI�WKH�PL[WXUH�WHPSHUDWXUH�UHGXFWLRQ�RI�����&������&��DQG�����&��
7KH�UHVXOWV�VKRZHG�WKDW�WKH�RSWLPXP�SHUFHQWDJH�RI�XVLQJ�5HGLVHW�/4�RQ�DVSKDOW�SHQ�������ZDV������ZLWK�D�ODUJH�
UHGXFWLRQ�LQ�PL[LQJ�WHPSHUDWXUH�DQG�RSWLPXP�FRPSDFWLRQ�RI�����&��(YDOXDWLRQ�RI�WKH�UHVLOLHQW�PRGXOXV�YDOXH�RI�WKH�
:0$�PL[WXUH�LV�HTXLYDOHQW�WR�WKH�+0$�PL[WXUH�DW�ORZ��PHGLXP��DQG�KLJK�WHPSHUDWXUHV��%DVHG�RQ�WKH�DQDO\VLV��WKH�
:DUP� 0L[� $VSKDOW� &RQFUHWH� %LQGHU� &RXUVH� ZLWK� 5HGLVHW�/4� DGGLWLYH�� DOVR� ORZHU� PL[LQJ� DQG� FRPSDFWLRQ�
WHPSHUDWXUH��LV�VXLWDEOH�IRU�XVH�RQ�SDYHPHQW�OD\HUV� 

.H\ZRUGV��:DUP�PL[�DVSKDOW��5HGLVHW�/4��UHVLOLHQW�PRGXOXV� 

$EVWUDN� 

$SOLNDVL� WHNQRORJL� FDPSXUDQ� EHUDVSDO� KDQJDW� XQWXN� PHQXUXQNDQ� WHPSHUDWXU� SHQFDPSXUDQ� GDQ� SHPDGDWDQ���
PHPLOLNL�NHOHPDKDQ�SDGD�SHUIRUPD�FDPSXUDQ�\DQJ�PHQXUXQ�GDQ�OHELK�VHQVLWLI�WHUKDGDS�WHPSHUDWXU�WLQJJL��KDO�LQL�
GLSHQJDUXKL� ROHK� MHQLV� DGLWLI� GDQ� WHNQRORJL� FDPSXUDQ� EHUDVSDO� KDQJDW� \DQJ� GLJXQDNDQ�� 7XMXDQ� SHQHOLWLDQ� LQL�
DGDODK�XQWXN�PHQJHWDKXL�SHUVHQWDVH�RSWLPXP�SHQJJXQDDQ�5HGLVHW�/4�GDQ�EHVDU�SHQXUXQDQ�WHPSHUDWXU�SDGD�MHQLV�
FDPSXUDQ� � DVSKDOW� FRQFUHWH� ELQGHU� FRXUVH� PHQJJXQDNDQ� DVSDO� SHQ� ������� 3HQHQWXDQ� SHUVHQWDVH� SHQJJXQDDQ�
5HGLVHW�/4� RSWLPXP� GLODNXNDQ� GHQJDQ� DQDOLVLV� ZRUNDELOLW\� FDPSXUDQ�� +DVLO� SHQJXMLDQ� ZDUP� PL[� DVSKDOW�
NHPXGLDQ�GLEDQGLQJNDQ�GHQJDQ�+0$� NRQWURO�� QLODL� YROXPHWULN� \DQJ�PHQGHNDWL�+0$� NRQWURO� GLDQJJDS�PHPLOLNL�
ZRUNDELOLW\� \DQJ� VHWDUD�� 9DULDVL� SHQJJXQDDQ� 5HGLVHW�/4DGDODK� ������� ����� GDQ� ������ GHQJDQ� YDULDVL�
SHQXUXQDQ� VXKX� FDPSXUDQ� ��� �&�� ��� �&�� GDQ� ��� �&�� +DVLO� SHQHOLWLDQ� PHQXQMXNNDQ� EDKZD� SHUVHQWDVH� RSWLPXP�
SHQJJXQDDQ�5HGLVHW�/4�SDGD�DVSDO� SHQ������� VHEHVDU������GHQJDQ�EHVDU�SHQXUXQDQ� WHPSHUDWXU�SHQFDPSXUDQ�
GDQ� SHPDGDWDQ� RSWLPXP� VHEHVDU� � ��� �&�� (YDOXDVL� QLODL� PRGXOXV� UHVLOLHQ� FDPSXUDQ� FDPSXUDQ� EHUDVSDO� KDQJDW�
VHWDUD� GHQJDQ� FDPSXUDQ� +0$� EDLN� SDGD� WHPSHUDWXU� UHQGDK�� VHGDQJ� GDQ� WLQJJL�� %HUGDVDUNDQ� DQDOLVLV� PDND�
FDPSXUDQ�EHUDVSDO�KDQJDW�DGGLWLI�5HGLVHW�/4�GHQJDQ�VXKX�SHQFDPSXUDQ�GDQ�SHPDGDWDQ�\DQJ�OHELK�UHQGDK�OD\DN�
XQWXN�GLJXQDNDQ�SDGD�ODSLV�SHUNHUDVDQ�MDODQ� 

.DWD�.XQFL��&DPSXUDQ�EHUDVSDO�KDQJDW��5HGLVHW�/4��PRGXOXV�UHVLOLHQ� 
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���,QWURGXFWLRQ 

:DUP� PL[� DVSKDOW� LV� D� PL[WXUH� RI� DVSKDOW� ZKLFK� LV�
SURGXFHG�DW�D� ORZHU� WHPSHUDWXUH� WKDQ�KRW�PL[�DVSKDOW��

EDVHG� RQ� WKH� WHPSHUDWXUH� RI� WKH� PL[WXUH�� WKH� DVSKDOW�
PL[WXUH�FDQ�EH�FODVVLILHG�LQWR�IRXU�FDWHJRULHV��QDPHO\��
KRW� PL[� DVSKDOW� �+0$�� ZLWK� D� PL[LQJ� WHPSHUDWXUH�
UDQJH�RI������&�–�����&��:DUP�PL[�DVSKDOW�RU��:0$��
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7DEOH����$JJUHJDWH�SURSHUWLHV 

7HVW 7HVW�0HWKRG 
$JJUHJDWH 

&RXUVH )LQH 

6SHFLILF�*UDYLW\ $670�&���-�� ����� ����� 

:DWHU�$EVRUSWLRQ���� $670�&���-�� ����� ����� 

/RV�$QJOHV�$EUDVLRQ���� $670�&���-�� ���� - 

)ODNLQHVV�DQG�(ORQJDWLRQ���� $670�'-���� ��� - 

)LJXUH���*UDGDWLRQ�FXUYH���%LQD�0DUJD� 

����5HGLVHW�/4 

7KH�W\SH�RI�5HGLVHW�/4������XVHG�LV�D�OLTXLG�ZLWK�DQ�
$PLQH�YDOXH�FRQWHQW�RI����-����PJ.2+���J�DQG����
ZDWHU���$N]R1REHO���������5HGLVHW�/4�FDQ�EH�VHHQ�LQ�
)LJXUH��� 

����$VSKDOW�3HQ������ 

7KH�RULJLQDO�DVSKDOW�XVHG�LQ�WKLV�UHVHDUFK�LV�WKH�W\SH�RI�
DVSKDOW�SHQ�������SURGXFHG�E\�37��3HUWDPLQD��WKLV�W\SH�
RI� DVSKDOW� LV� FRPPRQO\� XVHG� DV� D� URDG� SDYHPHQW�
PDWHULDO� LQ� ,QGRQHVLD�� 7KH� DVSKDOW� VSHFLILFDWLRQV� XVHG�
DUH�IROORZLQJ�WKH�*HQHUDO�6SHFLILFDWLRQV�RI�%LQD�0DUJD�
��������5HVXOW�WHVW�LV�VKRZQ�LQ�7DEOH��� 

ZLWK� D�PL[LQJ� WHPSHUDWXUH� UDQJH� RI� ���� �&� -� ���� �&��
KDOI-KRW� PL[� DVSKDOW� RU� �+:0$�� ZLWK� D� PL[LQJ�
WHPSHUDWXUH� UDQJH� RI� ��� �&� -� ���� �&� DQG� FROG� PL[�
DVSKDOW� RU� &0$� �&ROG�0L[� $VSKDOW� ZLWK� D� UDQJH� RI�
PL[LQJ�WHPSHUDWXUH����&�-�����&��9DLWNXV�HW�DO��������
�=DXPDQLV������� 

:DUP� PL[� DVSKDOW� WHFKQRORJ\� DLPV� WR� UHGXFH� WKH�
YLVFRVLW\� RI� WKH� DVSKDOW�� WKH� LPSOHPHQWDWLRQ�
�ZRUNDELOLW\���QDPHO\�ZLWK�D�ORZHU�VSUHDG�WHPSHUDWXUH�
DQG� D� GHFUHDVH�� QDPHO\� E\� GHFUHDVLQJ� WKH� PL[LQJ�
WHPSHUDWXUH��VHYHUDO�WHFKQLTXHV�FDQ�EH�XVHG�WR�DFKLHYH�
WKH� DERYH� REMHFWLYHV�� QDPHO\� E\� XVLQJ� RUJDQLF�
DGGLWLYHV�� FKHPLFDO� DGGLWLYHV� DQG� WHFKQLTXHV�� ZDWHU-
EDVH�RU�WKH�IRDPLQJ�SURFHVV��0RKG�+DVDQ�HW�DO���������
�2OLYHLUD�HW�DO�������� 

5HGLVHW�/4�LV�D�FKHPLFDO�DGGLWLYH�ZLWKRXW�XVLQJ�ZDWHU�
�ZDWHU� IUHH�� SURGXFHG� E\� $N]R1REHO� IURP� WKH�
1HWKHUODQGV�� 6ZHGHQ�� DQG� $PHULFD�� LQWURGXFHG� LQ�
$PHULFD�LQ�������WR�LPSURYH�WKH�SHUIRUPDQFH�RI�ZDUP�
PL[� DVSKDOW� DGGLWLYHV�� 5HGLVHW� KDV� WZR� W\SHV� LQ� WKH�
IRUP� RI� VROLG� ZLWK� WKH� QDPH� 5HGLVHW� :0;� DQG� WKH�
QHZHVW� W\SH� RI� OLTXLG� ZLWK� WKH� QDPH� 5HGLVHW�/4��
�$N]R1REHO��Q�G��� 

5HGLVHW�/4�FDQ�VLPSOLI\�WKH�FRPSDFWLRQ�SURFHVV�HYHQ�
WKRXJK�LW�LV�GRQH�DW�D�ORZHU�WHPSHUDWXUH��WKLV�SURGXFW�LV�
DOVR�HDVLHU� WR�XVH�EHFDXVH� LW� LV� LQ� WKH� IRUP�RI�D� OLTXLG�
ZLWK�D�UHODWLYHO\�VPDOO�GRVDJH�RI�RQO\������-������RI�
WKH� ZHLJKW� RI� DVSKDOW� IRU� :0$� DGGLWLYHV�� EHVLGHV�
5HGLVHW�/4�FRQWDLQV�DFWLYH�DGKHVLRQ�ZKLFK�DOORZV�WKH�
FRDWLQJ� RI� DJJUHJDWHV� WKDW� GR� QRW� GU\� RXW�� SUHYHQWV�
VWULSSLQJ� DQG� LQFUHDVHV� PRLVWXUH� UHVLVWDQFH�
�$N]R1REHO�� Q�G��� �+DP]DK� HW� DO��� ������� 7KH� DFWLYH�
DGKHVLRQ� FRQWHQW� LQ�5HGLVHW�/4�DOORZV�EHWWHU� FRDWLQJ�
HYHQ�DW�KLJKHU�PRLVWXUH�OHYHOV�UHVXOWLQJ�IURP�WKH�ORZHU�
PL[LQJ� WHPSHUDWXUH� RI� ZDUP� PL[� DVSKDOW� SRURXV��
5HGLVHW�/4� FDQ� UHPRYH� UHVLGXDO� ZDWHU� IURP� WKH�
VXUIDFH�RI�WKH�DJJUHJDWH��DQG�FUHDWHV�D�VWURQJ�FKHPLFDO�
ERQG� EHWZHHQ� WKH� DJJUHJDWH� DQG� DVSKDOW�� DQG� LV�PRUH�
UHVLVWDQW� WR�ZDWHU� � �$N]R1REHO�� Q�G���� 7KH� SHUFHQWDJH�
RI� XVH� RI� 5HGLVHW�/4� YDULHV�� GHSHQGLQJ� RQ� WKH� W\SH�
DQG� OHYHO� RI� KDUGQHVV� RI� DVSKDOW�� DVSKDOW� 3*�� DQG� WKH�
SHUFHQWDJH�RI�5$3�XVHG��$N]R1REHO��Q�G�� 

7KLV� VWXG\� DLPV� WR� GHWHUPLQH� WKH� SHUFHQWDJH� RI�
RSWLPXP� 5HGLVHW�/4� XVH� DQG� WKH� DPRXQW� RI� GURS� LQ�
WKH� PL[LQJ� WHPSHUDWXUH� RQ� :DUP� 0L[WXUH� $VSKDOW�
�:0$�� 

���0DWHULDOV�DQG�0HWKRG 

����$JJUHJDW� 

7KH� DJJUHJDWH� XVHG� FRPHV� IURP� .DUDZDQJ� 5HJHQF\��
:HVW� -DYD� 3URYLQFH�� ,QGRQHVLD�� 7KH� WHVW� UHVXOW� LV�
VKRZQ�LQ�7DEOH���� 

*UDGDWLRQ�GHVLJQ�UHIHUV�WR�*HQHUDO�6SHFLILFDWLRQV�%LQD�
0DUJD�� IRU� $VSKDOW� &RQFUHWH� -� %LQGHU� &RXUVH� �$&-
%&���7KH� JUDGDWLRQ� GHVLJQ� XVHG� WKH�PLGGOH� ERXQGDU\�
LQ�WKH�)XOOHU�FXUYH��DV�LQ�)LJXUH��� 

)LJXUH����5HGLVHW�/4������ 
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7DEOH����%DVLF�3URSHUWLHV�RI�DVSKDOW�3HQ������ 

3URSHUWLHV 9DOXH 6SHFLILFDWLRQV 

3HQHWUDWLRQ�#�����&������PP� ���� ��-�� 

6RIWHQLQJ�3RLQW���&� ����� ���� 

'XFWLOLW\�#�����&��FP� ����� ����� 

)ODVK�3RLQW���&� ��� ����� 

6SHVLILF�*UDILW\ ���� ���� 

:HLJKW�/RVV�7)27��� ����� >���� 

3HQHWUDWLRQ�7)27���� ���� ���� 

'XFWLOLW\�7)27��FP� ����� ���� 

����3UHSDUDWLRQ�RI�ELQGHU�PRGLILFDWLRQ 

$VSKDOW�PRGLILFDWLRQ�LV�FDUULHG�RXW�RQ�D�ODERUDWRU\�VFDOH�
DW� WKH�%DQGXQJ� ,QVWLWXWH� RI�7HFKQRORJ\��PL[LQJ� DVSKDOW�
ZLWK�5HGLVHW�/4�PDWHULDO�GLUHFWO\��DQG�ZLWK�WKH�ZHW�PL[�
PHWKRG� �/HQJ�� HW� DO��� ������� �%UHVVL�� HW� DO��� ������� 7KH�
PL[LQJ� DVSKDOW� SHQ� ������ DQG� DGGLWLYH� 5HGLVHW�/4�� E\�
KHDWLQJ� WKH� DVSKDOW� LQ� D� WHPSHUDWXUH� UDQJH�RI� ���� �&� WR�
�����&��WKH�5HGLVHW�/4�LV�VORZO\�SRXUHG�LQWR�KRW�DVSKDOW�
DQG� XVLQJ� D� ���� USP� ORZ-VSHHG� PL[HU� IRU� �� PLQXWHV�
�/HQJ��HW�DO���������� 

����7HVW�PHWKRG 

7KLV� UHVHDUFK�ZDV� FRQGXFWHG� LQ� �� VWDJHV�� WKH� ILUVW� VWDJH�
ZDV�PDNLQJ�WKH�+0$�FRQWURO�PL[WXUH�DV�D�UHIHUHQFH�IRU�
WKH�ZRUNDELOLW\�WHVW��WKH�VHFRQG�VWDJH�WHVWLQJ�WKH�YLVFRVLW\�
RI�PRGLILHG�DVSKDOW�XVLQJ�WKH�6D\EROW�IXURO�WRRO��WKH�WKLUG�
VWDJH� RI� WKH� ZRUNDELOLW\� WHVW� XVLQJ� WKH� PDUVKDO�
FRPSDFWRU��WKH�IRXUWK�VWDJH�RI�WKH�0DUVKDO�WHVW�WR�REWDLQ�
.$2�� DQG� WKH� ODVW� RQH� ZDV� WKH� WHVW�� UHVLOLHQW� PRGXOXV�
XVLQJ� D� 870� GHYLFH� XVLQJ� D� J\UDWRU\� FRPSDFWRU��
*\UDWRU\�&RPSDFWRU�DQG�WKH�870�PDFKLQH�FDQ�EH�VHHQ�
LQ�)LJXUH��� 

�����D��J\UDWRU\�FRPSDFWRU����������������E��870�PDFKLQH 

)LJXUH�����*\UDWRU\�FRPSDFWRU�DQG�870�PDFKLQH 

����0DUVKDO�WHV�+0$�FRQWURO 

7KH� PDUVKDO� +0$� FRQWURO� WHVW� LV� FDUULHG� RXW� DW� WKH�
EHJLQQLQJ� ZKLFK� LV� XVHIXO� DV� D� UHIHUHQFH� IRU� WKH�
YROXPHWULF�DQDO\VLV�RI�WKH�PL[WXUH�RI�:0$�DQG�:$5�LQ�
WKH�ZRUNDELOLW\�WHVW��WKH�PL[HG�WULDO�ZLOO�ODWHU�UHIHU�WR�WKH�
YROXPHWULF�+0$�FRQWURO��7KH�SURSHUWLHV�RI�PDUVKDO�WHVW�
+0$�FDQ�EH�IRXQG�LQ�7DEOH��� 

���5HVXOW�DQG�'LVFXVVLRQ 

����$VSKDOW�SHQ�������DGGLWLYHV��5HGLVHW�/4 

7KH� 5HGLVHW�/4� XVHG� LQ� WKLV� VWXG\� LV� WKH� 5HGLVHW�/4�
����� W\SH�� ZLWK� D� SHUFHQWDJH� RI� ������� ������ �������
DFFRUGLQJ� WR� WKH� UHTXLUHG� VSHFLILFDWLRQV�� QDPHO\� �����
WR�����$N]R1REHO��Q�G����WKH�DGGLWLRQ�RI�5HGLVHW�/4�XS�
WR� ������ UHGXFHV� WKH� SHQHWUDWLRQ� YDOXH� IURP� ����� WR�
����� LQ� WKLV� FRQGLWLRQ� WKH� DVSKDOW� LV� JHWWLQJ�KDUGHU�� WKH�
VRIWHQLQJ� SRLQW� RI� DVSKDOW� GHFUHDVHV� IURP� ������ �&� WR�
����� �&� LQGLFDWLQJ� WKDW� LW� LV� PRUH� VHQVLWLYH� WR�
WHPSHUDWXUH� FKDQJHV�� DOPRVW� WKH� VDPH� DV� UHVHDUFK�
FRQGXFWHG� E\� 9DKRUD� 	� 0LVKUD�� �����E��� ,QFUHDVLQJ�
5HGLVHW�/4�� OHYHOV�DOVR�UHGXFHV� WKH�3*�DVSKDOW��ZKHUH�
DVSKDOW�EHFRPHV�VRIWHU��.DWDZDUH�	�6LQJK���������7KLV�
LV� IROORZLQJ� WKH� IXQFWLRQ� RI� 5HGLVHW�/4� ZKLFK� LV� D�
FKHPLFDO�DGGLWLYH�WR�ZDUP�DVSKDOW�PL[WXUHV��ZKLFK�LV�D�
FRPELQDWLRQ� RI� VXUIDFWDQWV� DQG� RUJDQLF� DGGLWLYHV�
�5KHRORJ\� 0RGLILHU�� �.KHUDGPDQG�� HW� DO��� ������� 7KH�
UHVXOWV�RI� WKLV� WHVW� LW�FDQ�EH�FRQFOXGHG� WKDW� WKH�$VSKDOW�
SHQ�������ZLWK�5HGLVHW�/4�DGGLWLYH�PHHWV�WKH�*HQHUDO�
+LJKZD\�6SHFLILFDWLRQV��������7HVW�UHVXOWV�FDQ�EH�VHHQ�
LQ�7DEOH��� 

����9LVFRVLW\�RI�5HGLVHW�/4�$GGLWLYH 

9LVFRVLW\� WHVW�XVLQJ� WKH�6D\EROW� IXURO� WRRO�� WKH�YDOXH� LV�
VKRZQ� LQ� )LJXUH� � �� DQG� � )LJXUH� ��� LV� WKH� YLVFRVLW\� RI�
DVSKDOW� DW� ���� �� ��� F6W�� DW� PL[LQJ� WHPSHUDWXUH�
DFFRUGLQJ� WR� VWDQGDUGV� *HQHUDO� 6SHFLILFDWLRQV� %LQD�
0DUJD������� 

)LJXUH� �� DQG� )LJXUH� ��� WKH� HIIHFW� RI� WKH� DGGLWLRQ� RI�
5HGLVHW�/4� RQ� WKH� DVSKDOW� SHQ� ������ DQG� DVSKDOW�
PRGLILHG�39/15��WKH�KLJKHU�WKH�SHUFHQWDJH�RI�5HGLVHW�
�/4�� WKH� ORZHU� WKH� YLVFRVLW\� RI� WKH� DVSKDOW�� WKH� PRUH�
OLTXLG� DVSKDOW�� WKXV� UHGXFLQJ� WKH� PL[LQJ� WHPSHUDWXUH�
DQG� FRPSDFWLRQ� WHPSHUDWXUH�� ,Q� DVSKDOW� SHQ�������� WKH�
LQFUHDVH� LQ� WKH� SHUFHQWDJH� RI� 5HGLVHW�/4� �����
GHFUHDVHG�WKH�PL[LQJ�WHPSHUDWXUH������F6W��WR���������&�
DQG� WKH� FRPSDFWLRQ� WHPSHUDWXUH� ����� F6W�� � WR� ���� �&��
7KH� GHWHUPLQDWLRQ� RI� WKH� DPRXQW� RI� WHPSHUDWXUH�
UHGXFWLRQ�IURP�WKH�DVSKDOW�YLVFRVLW\�WHVW�UHVXOWV�KDV�QRW�
UHDFKHG� WKH� WDUJHW�� HYHQ� WKRXJK� LW� LV� EDVHG� RQ�
,QIRUPDWLRQ� RQ� VSHFLILFDWLRQV�EURFKXUHV� IURP�
GLVWULEXWRUV�XVLQJ�5HGLVHW�/4������FDQ�UHGXFH�PL[LQJ�
DQG�FRPSDFWLRQ�WHPSHUDWXUHV�XS�WR�����&�WR����&�ZKHQ�
FRPSDUHG�ZLWK�FRQYHQWLRQDO�+0$��$N]R1REHO���������
IRU� WKLV� UHDVRQ��D� IXUWKHU� WHVW� LV�FDUULHG�RXW��QDPHO\� WKH�
ZRUNDELOLW\�WHVW�RI�WKH�PL[WXUH�WR�GHWHUPLQH�WKH�PL[LQJ�
DQG� FRPSDFWLRQ� WHPSHUDWXUH� IURP� WKH� YROXPHWULF�

7DEHO����3URSHUWLHV�PDUVKDO�WHVW�+0$�FRQWURO 

1R 3URSHUWLHV +0$�&RQWURO 

� 2%&���� ��� 

� 'HQVLW\��JU�PO� ����� 

� 9,0���� ���� 

� 9)$���� ����� 

� 90$���� ����� 

� 6WDELOLW\��.J� ���� 

� )ORZ��PP� ��� 
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HYDOXDWLRQ� RI� WKH� PL[WXUH� IURP� WKH� UHVXOWV� RI� WKH�
0DUVKDO�FRPSDFWRU���%HQQHUW��HW�DO����������� 

����:RUNDELOLW\�:0$� 

7KH� ZRUNDELOLW\� WHVW� LQ� WKLV� VWXG\� XVHG� D� 0DUVKDO�
FRPSDFWRU�� DW� WKH� VDPH� QXPEHU� RI� D� EORZ�� ZLWK� WKH�
QXPEHU� �� [� ��� EORZ�� RQ� WKH� PL[HG� DVSKDOW� :0$�
�%HQQHUW�� HW� DO��� ������ %HQQHUW�� HW� DO��� �������
:RUNDELOLW\� WHVW� IRU� :0$� �DVSKDOW� SHQ� ������ ZLWK�
5HGLVHW�/4� DGGLWLYH��� WKLV� WHVW� DLPV� WR� VHH� WKH� ODUJH�
UHGXFWLRQ� LQ�PL[LQJ� WHPSHUDWXUH� IURP� WKH� DGGLWLRQ� RI�
5HGLVHW�/4� DGGLWLYHV� ZLWK� YDULDWLRQV� LQ� WKH� XVH� RI�
5HGLVHW�/4�������������DQG���������RI�ELQGHU�ZHLJKW��
DQG��WULDO�WHPSHUDWXUH�UHGXFWLRQ�RI������&�������&��DQG�
�����&� LV� ORZHU� WKDQ� WKH�PL[LQJ� WHPSHUDWXUH�RI�+0$�
ZKLFK� LV� ���� �&�� WKHQ� WULDO� PL[LQJ� WHPSHUDWXUH�
EHFRPHV������&�������&�������&��7KH� WHVW� UHVXOWV�DUH�
DV�VKRZQ�LQ�)LJXUH��� 

)LJXUH� ��D�� (YDOXDWLRQ� RI� WKH� GHQVLW\� RI� WKH�PL[WXUH��
LQGLFDWLQJ� WKDW� WKH� GHQVLW\� RI� WKH� PL[WXUH� LV� JHWWLQJ�
KLJKHU� ZLWK� DQ� LQFUHDVH� LQ� WKH� SHUFHQWDJH� RI�
5HGLVHW�/4� DQG� PL[LQJ� WHPSHUDWXUH�� 7KH� RSWLPXP�
GHQVLW\�IRU�UHIHUHQFH�LV�������JU�PO��GHQVLW\�RI�FRQWURO�
+0$���7KH�GHQVLW\�RI�WKH�:0$�PL[WXUH�LV�LQIOXHQFHG�
E\� WKH� SHUFHQW� XVH� RI� 5HGLVHW�/4� DQG� WKH� PL[LQJ�
WHPSHUDWXUH�� 

,QFUHDVHG� GHQVLW\� LQ� WKH� PL[WXUH� RI� :0$�� EHFDXVH�
5HGLVHW�/4� � LV� D� FRPELQDWLRQ� RI� VXUIDFWDQWV� �VXUIDFH�
DFWLYH� DJHQWV�� DQG� RUJDQLF� DGGLWLYHV� �5KHRORJ\�

0RGLILHU�� �.KHUDGPDQG� HW� DO��� ������� 6XUIDFWDQWV� DUH�
VXUIDFH-DFWLYH� LQJUHGLHQWV�� ZKLFK� ZRUN� WR� UHGXFH� WKH�
VXUIDFH� WHQVLRQ� RI� OLTXLGV�� WKLV� DFWLYH� SURSHUW\� LV�
REWDLQHG� IURP� WKH� GXDO� QDWXUH� RI� WKHLU�PROHFXOHV�� WKH�
VXUIDFWDQW� SDUW� RI� WKLV� SURGXFW� �VXFK� DV� FKHPLFDO�
DGGLWLYHV�� UHGXFHV� WKH� VXUIDFH� WHQVLRQ� RI� WKH� DVSKDOW�
ELQGHU� �%HQQHUW�� HW� DO��������� UHGXFH� LQWHUIDFH� IULFWLRQ�
EHWZHHQ� WKH� WKLQ� ILOP� DVSKDOW� ELQGHU� DQG� DJJUHJDWH�
�&DSLWmR�� HW� DO���������DQG� LPSURYH� WKH�FRDWLQJ�RI� WKH�
DJJUHJDWH�E\�WKH�DVSKDOW�ELQGHU��%DQHUMHH��HW�DO���������
ZKLOH� WKH� RUJDQLF� SDUW� UHGXFHV� WKH� YLVFRVLW\� RI� WKH�
DVSKDOW� ELQGHU� DQG� SURYLGHV� D� OXEULFDWLQJ� HIIHFW� IRU�
HDVLHU� FRDWLQJ� DQG� FRPSDFWLRQ� �.KHUDGPDQG�� HW� DO���
������ 

)LJXUH� ��E�� (YDOXDWLRQ� RI� WKH�9,0� �YRLG� LQ� WKH�PL[��
SDUDPHWHU�� WKH� 9,0� YDOXH� LV� JHWWLQJ� VPDOOHU� ZLWK� DQ�
LQFUHDVH� LQ� WKH� SHUFHQWDJH� RI� 5HGLVHW�/4� DQG� DQ�
LQFUHDVH� LQ� PL[LQJ� WHPSHUDWXUH�� 7KH� RSWLPXP� 9,0�
YDOXH� ZKLFK� EHFDPH� WKH� UHIHUHQFH� ZDV� ������ �9,0�
+0$�&RQWURO�� 

)LJXUH� ��F�� (YDOXDWLRQ� RI� WKH� 90$� �YRLG� LQ� PL[�
DVSKDOW�� SDUDPHWHU�� WKH�90$�YDOXH� LV� JHWWLQJ� VPDOOHU�
ZLWK�DQ� LQFUHDVH� LQ� WKH�SHUFHQWDJH�RI�5HGLVHW�/4�DQG�
DQ�LQFUHDVH�LQ�PL[LQJ�WHPSHUDWXUH��7KH�RSWLPXP�9,0�
YDOXH�ZKLFK� EHFRPHV� WKH� UHIHUHQFH� LV� ������� �90$�
+0$�&RQWURO�� 

)LJXUH� ��G�� (YDOXDWLRQ� RI� WKH� 9)$� �YRLG� ILOOHG� LQ�
DVSKDOW�� SDUDPHWHU�� WKH� 9)$� YDOXH� LV� JHWWLQJ� VPDOOHU�
ZLWK�DQ� LQFUHDVH� LQ� WKH�SHUFHQWDJH�RI�5HGLVHW�/4�DQG�

7DEOH�����$VSKDOW�3HQ�������ZLWK�5HGLVHW�/4�DGGLWLYHV 

3URSHUWLHV 
$VSKDOW�3HQ�������ZLWK�5HGLVHW�/4�DGGLWLYHV 

0HWKRGV *HQHUDO�+LJKZD\�
6SHFLILFDWLRQV ������ ����� ����� 

3HQHWUDWLRQ������PP� ���� �� ���� 61,���������� ��-�� 

6RIWHQLQJ�3RLQW���&� ���� ���� ���� 61,���������� ���� 

'XFWLOLW\�#�����&��FP� ����� ����� ����� 61,���������� ����� 

)ODVK�3RLQW���&� ��� ��� ��� 61,���������� ����� 

6ROXELOLW\�LQ�&�+&O����� ���� ����� ����� $$6+72�7��-�� ���� 

6SHFLILF�*UDWLI\ ���� ���� ����� 61,���������� ���� 

:HLJKW�/RVV�5)72���� ����� ����� ����� 61,���-����-���� ���� 

3HQHWUDWLRQ�5)72���� ���� ���� ���� 61,���������� ���� 

'XFWLOLW\�5)72��FP� ����� ����� ����� 61,���������� ���� 

)LJXUH�����7HPSHUDWXUHV�PL[LQJ�DW�YLVFRVLW\�����F6W )LJXUH�����7HPSHUDWXUHV�PL[LQJ�DW�YLVFRVLW\�����F6W 

��
��
� ��

� 

��
��
� 

��
� 

��
��
� ��
��
� 

��
��
� 

��
� 



��� Vol. 27 No. 3, Desember 2020 

,UIDQ��DW�DO� 

Diterima 21 November 2020, Direvisi  27 November 2020, Diterima untuk dipublikasikan 2 Desember 2020 

Copyright      2020 Diterbitkan oleh Jurnal Teknik Sipil ITB, ISSN 0853-2982, DOI: 10.5614/jts.2020.27.3.1 

)LJXUH����9ROXPHWULF�:0$�ZLWK�YDULDQW�SHUFHQW�DGGLWLYH�5HGLVHW�/4�DQG�YDULDQW�WHPSHUDWXUH�FRPSDFWLRQ 

D��'HQVLW\�:0$�ZLWK�YDU\LQJ�WHPSHUDWXUH�DQG�SHUFHQWDJH�RI�5HGLVHW�/4� E��9,0�:0$�ZLWK�YDU\LQJ�WHPSHUDWXUH�DQG�SHUFHQWDJH�RI�5HGLVHW�/4 

D��:0$�VWDELOLW\�ZLWK�YDU\LQJ�WHPSHUDWXUH�DQG�SHUFHQWDJH�RI�5HGLVHW�/4� E�:0$�IORZ�ZLWK�YDU\LQJ�WHPSHUDWXUH�DQG�SHUFHQWDJH�RI�5HGLVHW�/4� 

)LJXUH����6WDELOLW\�DQG�)ORZ�:0$�ZLWK�YDULDQW�SHUFHQW�DGGLWLYH�5HGLVHW�/4�DQG�YDULDQW�WHPSHUDWXUH�FRPSDFWLRQ 

DQ� LQFUHDVH� LQ� PL[LQJ� WHPSHUDWXUH�� 7KH� RSWLPXP� 9)$�
YDOXH� ZKLFK� EHFDPH� WKH� UHIHUHQFH� ZDV� ������� �9)$�
+0$�&RQWURO�� 

(YDOXDWLRQ� RI� WKH� SDUDPHWHUV� RI� 'HQVLW\�� 9,0�� 90$��
DQG�9)$��IRU�D�PL[WXUH�RI�:0$�ZLWK�GLIIHUHQW�SHUFHQW�
XVH� RI� WKH� 5HGLVHW�/4� �� QDPHO\� ������� ������ DQG�
������� UHVXOWLQJ� LQ� GLIIHUHQW� LGHDO� PL[LQJ� WHPSHUDWXUH�
GLIIHUHQFHV��QDPHO\������&�������&��DQG������&�� ,W�FDQ�
EH� FRQFOXGHG� WKDW� WKH�XVH�RI�5HGLVHW�/4� LV� HIIHFWLYH� LQ�
UHGXFLQJ� WKH� OXPLQHVFHQFH� WHPSHUDWXUH� RI� DVSKDOW�� 7KH�
XVH� RI� ����� 5HGLVHW�/4� FDQ� UHGXFH� WKH� PL[LQJ�
WHPSHUDWXUH� E\� ��� �&� ZLWKRXW� DIIHFWLQJ� WKH� YROXPHWULF�
YDOXH�FRPSDUHG�WR�WKH�YROXPHWULF�+0$�FRQWURO�YDOXH��VR�
WKH� PL[LQJ� WHPSHUDWXUH� XVHG� IRU� :0$� ������
5HGLVHW�/4��LV������&�DQG�D�FRPSDFWLRQ�WHPSHUDWXUH�RI�
�����&� 

F��90$�:0$�ZLWK�YDU\LQJ�WHPSHUDWXUH�DQG�SHUFHQWDJH�RI�5HGLVHW�/4� G��9)$�:0$�ZLWK�YDU\LQJ�WHPSHUDWXUH�DQG�SHUFHQWDJH�RI�5HGLVHW�/4� 

����2%&�DQG�YROXPHWULF�SURSHUWLHV�PL[ 

$W� WKLV� VWDJH� WHVWLQJ� WKH� PL[WXUH� WR� GHWHUPLQH� WKH�
2SWLPXP�%LQGHU�&RQWHQW��2%&��DQG�YROXPHWULF�YDOXHV�
RI�HDFK�PL[WXUH�RI�+0$��:0$��DQG�:$5��561,�0-
��-������ 7HVWLQJ� 0HWKRGV� RI� +RW� $VSKDOW� 0L[WXUHV�
ZLWK�0DUVKDOO�7RROV�������GDQ��*HQHUDO�6SHFLILFDWLRQV�
%LQD�0DUJD��0LQLVWU\�RI�3XEOLF�:RUNV��������7KH�WHVW�
UHVXOWV�FDQ�EH�VHHQ�LQ�7DEOH��� 

����0RGXOXV�UHVLOLHQW�WHVW�UHVXOW 

5HVLOLHQW�PRGXOXV� LV� WKH� DELOLW\� RI� WKH� DVSKDOW�PL[WXUH�
WR�DFFHSW� ORDGLQJ�ZLWK�D�FRQGLWLRQ� WKDW� UHPDLQV�HODVWLF�
DV� PHDVXUHG� E\� WKH� UDWLR� RI� WKH� ORDG� DQG� UHFRYHUDEOH�
VWUHVV��.DUDPL��HW�DO��������� 

5HVLOLHQFH� 0RGXOXV� 7HVWLQJ� XVLQJ� 870� �8QLYHUVDO�
WHVWLQJ� PDFKLQH�� WRROV� DW� WKH� 5RDG� DQG� 7UDIILF�
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(QJLQHHULQJ� /DERUDWRU\� RI� WKH� %DQGXQJ� ,QVWLWXWH� RI�
7HFKQRORJ\� UHIHUV� WR� 6WDQGDUG� RI� 7HVW� 0HWKRG� IRU�
,QGLUHFW� 7HQVLRQ� 7HVW� IRU� 5HVLOLHQW� 0RGXOXV� RI�
%LWXPLQRXV�0L[WXUHV��$670�'������������� 

7KH�WHVW�FRQGLWLRQV�DUH�VHW�DW�D�ORDGLQJ�SXOVH�ZLGWK�RI�
���� PV�� SXOVH� UHSHWLWLRQ� SHULRG� ����� PV�� +RUL]RQWDO�
GHIRUPDWLRQ� PHDVXUHPHQWV� ZHUH� FDUULHG� RXW� RQ� WZR�
VLGHV�RI� WKH� VDPSOH��7KH� WHVW� WHPSHUDWXUH�ZDV� FDUULHG�
RXW� DW� ��� �&�� ��� �&�� ���&�� ��� �&� �5RDG� 3DYLQJ�
0DQXDO���������5HVLOLHQW�PRGXOXV�WHVWLQJ�RI�D�PL[WXUH�
RI�+0$�&RQWURO�DQG�:0$� 

5HVLOLHQW�PRGXOXV� WHVW� VDPSOHV�ZHUH�FRPSDFWHG�XVLQJ�
D� J\UDWRU\� FRPSDFWRU� DFFRUGLQJ� WR� WKH� 6WDQGDUG�
0HWKRG� RI� 7HVW� IRU� 3UHSDULQJ� DQG� 'HWHUPLQLQJ� WKH�
'HQVLW\�RI�$VSKDOW�0L[WXUH�6SHFLPHQV�XVLQJ�WKH�6XSHU�
SDYH�*\UDWRU\�&RPSDFWRU��$$67+2�7����������� 

)LJXUH����7KH�UHVLOLHQW�0RGXOXV�RI�WKH�:0$�PL[WXUH�
LV� DOPRVW� HTXLYDOHQW� WR� WKH� +0$� PL[WXUH�� ZKLOH� LQ�
WHVWLQJ� DW� KLJK� WHPSHUDWXUHV�� WKH� UHVLOLHQW� PRGXOXV� RI�
:0$� LV� DOPRVW� HTXDO� WR� WKDW� RI� +0$�� 7KH� KLJK�
PRGXOXV� YDOXH� LV� DOVR� LQIOXHQFHG� E\� WKH� UKHRORJ\� RI�
WKH� DVSKDOW� ZKHUHIURP� WKH� UHVXOWV� RI� WKH� SHQHWUDWLRQ�
WHVW�� WKH� DGGLWLRQ� RI� WKH� SHUFHQWDJH� RI� 5HGLVHW�/4�
PDNHV�WKH�DVSKDOW�KDUGHU�EXW�IODFFLGLW\�EHFRPHV�ORZHU�
�9DKRUD�	�0LVKUD������D���%HWKDU\��HW�DO���������7KH�
DGGLWLRQ�RI�5HGLVHW�/4�DGGLWLYHV�WR�DVSKDOW�UHGXFHV�WKH�
YDOXH�RI�3*�JUDGH��7KH�PRGLILHG� DVSKDOW�5HGLVHW�/4�
LV�VRIWHU� WKDQ�SXUH�DVSKDOW�� WKH�YLVFRVLW\�RI�WKH�DVSKDOW�
LV�JHWWLQJ�VPDOOHU��ZLWK�WKH�DGGLWLRQ�RI�WKH�5HGLVHW�/4�
FRQWHQW��LW�VKRZV�WKDW�WKH�DVSKDOW�LV�JHWWLQJ�PRUH�OLTXLG�

7DEOH����2%&�DQG�9ROXPHWULF�3URSHUWLHV�+0$�DQG�:0$ 

3URSHUWLHV +0$ :0$ 
2%&����� ��� ���� 
'HQVLW\��JU�PO� ����� ����� 
9,0���� ���� ���� 
9)$���� ����� ����� 
90$���� ����� ����� 
6WDELOLW\��.J� ���� ���� 
)ORZ��PP� ���� ���� 
04 ��� ��� 
'XUDELOLW\���� ����� ����� 

DORQJ� ZLWK� WKH� DGGLWLRQ� RI� WKH� 5HGLVHW�/4� FRQWHQW��
)URP�WKH�UXWWLQJ�SDUDPHWHU�����*
�6LQ�į�VKRZV�WKH�VDPH�
WUHQG�ZKHUH� WKH�DGGLWLRQ�PDNHV� WKH�DVSKDOW� WHQG� WR�EH�
VRIWHU� �.DWDZDUH� 	� 6LQJK�� ������ �6LKRPELQJ� HW� DO���
������� 

5HGXFWLRQ�LQ�PL[WXUH�WHPSHUDWXUH�DQG�FRPSDFWLRQ�ZLWK�
DQ� HTXLYDOHQW� PRGXOXV� YDOXH� PDNHV� WKH� 5HGLVHW�/4�
JRRG�IRU�XVH�LQ�,QGRQHVLD�XVLQJ�3HQ�������DVSKDOW��WKLV�
WHPSHUDWXUH� UHGXFWLRQ� SURYLGHV� HFRQRPLF� EHQHILWV� LQ�
WKH� IRUP� RI� IXHO� VDYLQJV�� HQYLURQPHQWDO� HPLVVLRQV�
UHGXFWLRQ��DQG�LQ�WHUPV�RI�SHUIRUPDQFH�ZKHUH�WKH�ULVN�
RI� WHPSHUDWXUH� UHGXFWLRQ� WKH� UHVXOW� RI� WKH� KDXOLQJ�
SURFHVV��PDWHULDO�PRELOL]DWLRQ��FDQ�EH�UHGXFHG��VR�WKDW�
HYHQ� DW� ORZHU� WHPSHUDWXUHV�� WKH� DVSKDOW� PL[WXUH� VWLOO�
JLYHV� D� JRRG� SHUIRUPDQFH� �$OPHLGD-&RVWD� 	� %HQWD��
������ �.ULVWMiQVGRWWLU�� HW� DO��� �������$W� D� WHPSHUDWXUH�
RI� ��� �&�� WKH� DYHUDJH� UHVLOLHQW� PRGXOXV� RI� DOO� +0$�
PL[WXUHV�LV�JUHDWHU�WKDQ�WKDW�UHTXLUHG�LQ�WKH�3ODQQLQJ�RI�
)OH[LEOH�3DYHPHQW�7KLFNQHVV�ZLWK�'HIOHFWLRQ�0HWKRG��
ZKLFK�LV�������03D� 

���&RQFOXVLRQ 

)URP� WKH� WHVW� UHVXOWV� RI� :0$� �ZDUP� PL[� DVSKDOW���
ZLWK� YDULDWLRQV� SHUFHQW� 5HGLVHW�/4� DQG� YDULDWLRQV� LQ�
PL[LQJ� WHPSHUDWXUH�� VHYHUDO� � � FRQFOXVLRQV� FDQ� EH�
GUDZQ� 

�� 7KH�DGGLWLRQ�RI�5HGLVHW�/4�WR�WKH�DVSKDOW�SHQ�������
UHGXFHV� SHQHWUDWLRQ� VR� WKDW� WKH� DVSKDOW� EHFRPHV�
KDUGHU� ZLWK� DQ� LQGLFDWLRQ� RI� EHWWHU� VWDELOLW\� DQG�
GHFUHDVHV� WKH� VRIWHQLQJ� SRLQW� WHPSHUDWXUH� ZLWK� DQ�
LQGLFDWLRQ� WKDW� LW� LV� PRUH� VHQVLWLYH� WR� KLJK�
WHPSHUDWXUHV� 

�� 7KH� UDQJH� WR� GHFUHDVH� LQ� WKH� RSWLPXP�PL[LQJ� DQG�
FRPSDFWLRQ� WHPSHUDWXUH�GHSHQGV�RQ� WKH�SHUFHQWDJH�
RI�5HGLVHW�/4�FRQWHQW�XVHG�� 

�� 7KH� FKDUDFWHULVWLFV� RI� ������ 5HGLVHW�/4� DGGLWLYH�
KDV� WRR� ORZ� PHOWLQJ� SRLQW� DQG� WRR� ORZ� EXUQLQJ�
SRLQW�� VR� LW� LV� QRW� UHFRPPHQGHG� IRU� 3HQ� ������
DVSKDOW�� 

���%DVHG�RQ�WKH�ZRUNDELOLW\�WHVW�RI�WKH�PL[WXUH�DQG�WKH�
VSHFLILFDWLRQV� LVVXHG� E\� $N]R1REHO�� WKH� RSWLPXP�
PL[WXUH� SHUIRUPDQFH� LV� UHDFKHG� ZKHQ� �����

)LJXUH�����5HVLOLHQW�PRGXOXV�+0$�DQG��:0$�����&������&������&�DQG�����&� 
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5HGLVHW�/4� LV� XVHG�� 7KLV� FRQGLWLRQ�ZLOO� EH� DFKLHYHG�
LQ�����&�GURS�LQ�WKH�PL[WXUH�WHPSHUDWXUH� 

���7KH�XVH�RI�DVSKDOW�IRU�:0$�������LV�DOPRVW�WKH�VDPH�
ZKHQ�FRPSDUHG�WR�+0$�IRU�&RQWURO������� 

�� ,Q� JHQHUDO�� WKH� SHUIRUPDQFH� RI� :0$� ZLWK� �����
5HGLVHW�/4��DGGLWLYH��DV�ZHOO�DV�D�PL[LQJ�WHPSHUDWXUH�
RI� ���� �&� DQG� D� FRPSDFWLRQ� RI� ���� �&� �UHGXFHG�
WHPSHUDWXUH� RI� ��� �&��� LV� WKH� VDPH� DV� +0$� ZLWK� D�
KLJKHU�WHPSHUDWXUH�������&��� 

�� 5HVLOLHQW�0RGXOXV� RI�:0$�PL[WXUH� LV� HTXLYDOHQW� WR�
+0$� EXW� ZLWK� ORZHU� PL[LQJ� DQG� FRPSDFWLRQ�
WHPSHUDWXUH� 

���5HIHUHQFHV 

$$67+2�7��������������6WDQGDUG�*\UDWRU\�&RPSDFWHG��
����-DQXDU\����–��� 

$N]R1REHO�� ������ �Q�G���� %H\RQG� ZDUP-PL[��
ZZZ�D]RNQREHO�FRP 

$N]R1REHO�� ������ �������� 5HGLVHW� �� /4� -� ������
-DQXDU\����������� 

$OPHLGD-&RVWD��$��� 	�%HQWD��$�� �������� (FRQRPLF� DQG�
HQYLURQPHQWDO� LPSDFW�VWXG\�RI�ZDUP�PL[�DVSKDOW�
FRPSDUHG� WR�KRW�PL[�DVSKDOW��-RXUQDO�RI�&OHDQHU�
3URGXFWLRQ�� ����� ����–������ KWWSV���
GRL�RUJ���������M�MFOHSUR������������ 

$670� '������ �������� 6WDQGDUG� 7HVW� 0HWKRG� IRU�
,QGLUHFW� 7HQVLRQ� 7HVW� IRU� 5HVLOLHQW� 0RGXOXV� RI�
%LWXPLQRXV��$QQXDO�%RRN�RI�$PHULFDQ�6RFLHW\�IRU�
7HVWLQJ� 0DWHULDO� $670� 6WDQGDUGV�� ��
�5HDSSURYHG����–�� 

%DQHUMHH��$���'H�)RUWLHU�6PLW��$���	�3UR]]L��-��$����������
7KH�HIIHFW�RI� ORQJ-WHUP�DJLQJ�RQ� WKH�UKHRORJ\�RI�
ZDUP� PL[� DVSKDOW� ELQGHUV�� )XHO�� ���� ���–�����
KWWSV���GRL�RUJ���������M�IXHO������������ 

%HQQHUW��7���0DKHU��$���	�6DXEHU��5�� �������� ,QIOXHQFH�
RI�SURGXFWLRQ�WHPSHUDWXUH�DQG�DJJUHJDWH�PRLVWXUH�
FRQWHQW� RQ� WKH� LQLWLDO� SHUIRUPDQFH� RI� ZDUP-PL[�
DVSKDOW�� 7UDQVSRUWDWLRQ� 5HVHDUFK� 5HFRUG�� ������
��–�����KWWSV���GRL�RUJ�������������-�� 

%HQQHUW�� 7��� 5HLQNH�� *���0RJDZHU��:��� 	�0RRQH\�� .��
�������� $VVHVVPHQW� RI� ZRUNDELOLW\� DQG�
FRPSDFWDELOLW\� RI� ZDUP-PL[� DVSKDOW��
7UDQVSRUWDWLRQ� 5HVHDUFK� 5HFRUG�� ������ ��–����
KWWSV���GRL�RUJ�������������-�� 

%HWKDU\��5��7���6XEDJLR��%��6���5DKPDQ��+���	�6XDU\DQD��
1�� ��������'HYHORSPHQW� RI� DVSKDOW� PL[� VWLIIQHVV�
PRGXOXV� PRGHO� XVLQJ� VODJ� PDWHULDOV� DQG�
UHFODLPHG� DVSKDOW� SDYHPHQW�� ,QWHUQDWLRQDO�
-RXUQDO� RI� *(20$7(�� �������� �–��� KWWSV���
GRL�RUJ����������������������� 

%UHVVL��6���)LRUHQWLQL��1���+XDQJ��-���	�/RVD��0����������
&UXPE� 5XEEHU� 0RGLILHU� LQ� 5RDG� $VSKDOW�
3DYHPHQWVࣟ��6WDWH�RI�WKH�$UW�DQG�6WDWLVWLFV� 

&DSLWmR�� 6�� '��� 3LFDGR-6DQWRV�� /�� *��� 	� 0DUWLQKR�� )��
��������3DYHPHQW�HQJLQHHULQJ�PDWHULDOV��5HYLHZ�
RQ� WKH� XVH� RI� ZDUP-PL[� DVSKDOW�� &RQVWUXFWLRQ�
DQG�%XLOGLQJ�0DWHULDOV����������–������KWWSV���
GRL�RUJ���������M�FRQEXLOGPDW������������ 

561,� 0-��-������ 7HVWLQJ� 0HWKRGV� RI� +RW� $VSKDOW�
0L[WXUHV�ZLWK�0DUVKDOO�7RROV����������� 

5RDG� 3DYLQJ� 0DQXDO�� 3XE�� /�� 1R�� ���6(�'E������� ��
������������KWWSV���ELQDPDUJD�SX�JR�LG� 

*HQHUDO�+LJKZD\�6SHFLILFDWLRQV��3XE��/��1R��1XPEHU��
���6(�'E������ �������� 'LUHFWRUDWH� *HQHUDO� RI�
+LJKZD\V��0LQLVWU\�RI�3XEOLF�:RUNV�DQG�3XEOLF�
+RXVLQJ��,QGRQHVLD� 

+DP]DK�� 0�� 2��� *ROFKLQ�� %��� -DPVKLGL�� $��� 	�
&KDLOOHX[�� (�� ��������(YDOXDWLRQ� RI� 5HGLVHW� IRU�
XVH� LQ� ZDUP-PL[� DVSKDOWࣟ�� $� UHYLHZ� RI� WKH�
OLWHUDWXUHV�(YDOXDWLRQ�RI�5HGLVHW�IRU�XVH�LQ�ZDUP
-PL[� DVSKDOWࣟ�� D� UHYLHZ� RI� WKH� OLWHUDWXUHV�� -XQH�
������ KWWSV���
GRL�RUJ����������������������������� 

.DUDPL�� 0��� 1LNUD]�� +��� 6HED\DQJ�� 6��� 	� ,ULDQWL�� /��
�������� /DERUDWRU\� H[SHULPHQW� RQ� UHVLOLHQW�
PRGXOXV� RI� %5$� PRGLILHG� DVSKDOW� PL[WXUHV��
,QWHUQDWLRQDO�-RXUQDO�RI�3DYHPHQW�5HVHDUFK�DQG�
7HFKQRORJ\�� KWWSV���GRL�RUJ���������
M�LMSUW������������ 

.DWDZDUH�� $�� 9�� 	� 6LQJK�� '�� �������� (YDOXDWLQJ�
HIIHFWLYHQHVV� RI� :0$� DGGLWLYHV� IRU� 6%6�
PRGLILHG�ELQGHU� EDVHG�RQ�YLVFRVLW\� ��6XSHUSDYH�
3*� �� UXWWLQJ� DQG� IDWLJXH� SHUIRUPDQFH��
&RQVWUXFWLRQ�DQG�%XLOGLQJ�0DWHULDOV����������–
����� KWWSV���GRL�RUJ���������
M�FRQEXLOGPDW������������ 

.KHUDGPDQG��%���0XQLDQG\��5���+XD��/��7���<XQXV��5��
%��� 	� 6RORXNL�� $�� �������� $Q� RYHUYLHZ� RI� WKH�
HPHUJLQJ� ZDUP� PL[� DVSKDOW� WHFKQRORJ\��
,QWHUQDWLRQDO�-RXUQDO�RI�3DYHPHQW�(QJLQHHULQJ��
������� ��–���� KWWSV���
GRL�RUJ����������������������������� 

.ULVWMiQVGRWWLU�� Ï��� 0XHQFK�� 6�� 7��� 0LFKDHO�� /��� 	�
%XUNH��*����������$VVHVVLQJ�SRWHQWLDO�IRU�ZDUP-
PL[�DVSKDOW�WHFKQRORJ\�DGRSWLRQ��7UDQVSRUWDWLRQ�
5HVHDUFK� 5HFRUG�� ������ ��–���� KWWSV���
GRL�RUJ�������������-�� 

/HQJ�� =��� $VFH�� $�� 0��� *DPH]�� $��� $O-TDGL�� ,�� /��� 	�
$VFH�� '�� 0�� �������� 0HFKDQLFDO� 3URSHUW\�
&KDUDFWHUL]DWLRQ� RI� :DUP-0L[� $VSKDOW�
3UHSDUHG� ZLWK� &KHPLFDO� $GGLWLYHV�� ��
�)HEUXDU\��� ���–����� KWWSV���GRL�RUJ���������
�$6&(�07 

/HQJ�� =��� <X�� +��� =KDQJ�� =��� 	� 7DQ�� =�� ��������
2SWLPL]LQJ� WKH� PL[LQJ� SURFHGXUH� RI� ZDUP�
DVSKDOW�UXEEHU�ZLWK�ZD[-EDVHG�DGGLWLYHV�WKURXJK�
PHFKDQLVP� LQYHVWLJDWLRQ� DQG� SHUIRUPDQFH�
FKDUDFWHUL]DWLRQ�� &RQVWUXFWLRQ� DQG� %XLOGLQJ�
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0DWHULDOV�� ����� ���–����� KWWSV���
GRL�RUJ���������M�FRQEXLOGPDW������������ 

0RKG�+DVDQ��0��5���<RX��=���3RUWHU��'���	�*RK��6��:��
�������� /DERUDWRU\� PRLVWXUH� VXVFHSWLELOLW\�
HYDOXDWLRQ� RI� :0$� XQGHU� SRVVLEOH� ILHOG�
FRQGLWLRQV�� &RQVWUXFWLRQ� DQG� %XLOGLQJ�
0DWHULDOV�� ����� ��–���� KWWSV���GRL�RUJ���������
M�FRQEXLOGPDW������������ 

2OLYHLUD��-��5��0���6LOYD��+��0��5��'���$EUHX��/��3��)���
	�)HUQDQGHV��6��5��0�� ��������8VH�RI� D�ZDUP�
PL[� DVSKDOW� DGGLWLYH� WR� UHGXFH� WKH� SURGXFWLRQ�
WHPSHUDWXUHV�DQG�WR�LPSURYH�WKH�SHUIRUPDQFH�RI�
DVSKDOW� UXEEHU� PL[WXUHV�� -RXUQDO� RI� &OHDQHU�
3URGXFWLRQ������ ��–���� KWWSV���GRL�RUJ���������
M�MFOHSUR������������ 

6LKRPELQJ��$��9��5���6XEDJLR��%��6���+DUL\DGL��(��6���
	�<DPLQ��$�� ��������'HYHORSPHQW� RI� UHVLOLHQW�
PRGXOXV� PRGHO� SURSRVHG� IRU� ELR-DVSKDOW� DV�
PRGLILHU� LQ� DVSKDOW� FRQFUHWH� FRQWDLQLQJ�
UHFODLPHG� DVSKDOW� SDYHPHQW�� ,QWHUQDWLRQDO�
-RXUQDO� RI� *(20$7(�� �������� ���–�����
KWWSV���GRL�RUJ����������������������� 

9DKRUD�� 6�� ,���	�0LVKUD��&�� %�� �����D��� ,QYHVWLJDWLQJ�
WKH�3HUIRUPDQFH�RI�:DUP�0L[�$GGLWLYHV��������
����–����� 

9DKRUD��6��,���	�0LVKUD��3��&��%�������E���&ULWLTXH�RI�
:DUP�0L[�$GGLWLYH�LQ�0L[�'HVLJQ����9�������–
����� 

9DLWNXV��$���ý\JDV��'���/DXULQDYLþLXV��$���9RUREMRYDV��
9��� 	� 3HUYHQHFNDV�� =�� �������� ,QIOXHQFH� RI�
ZDUP� PL[� DVSKDOW� WHFKQRORJ\� RQ� DVSKDOW�
SK\VLFDO� DQG� PHFKDQLFDO� SURSHUWLHV��
&RQVWUXFWLRQ�DQG�%XLOGLQJ�0DWHULDOV����������–
����� KWWSV���GRL�RUJ���������
M�FRQEXLOGPDW������������ 

=DXPDQLV�� 0�� �������� :DUP� PL[� DVSKDOW�� *UHHQ�
(QHUJ\�DQG�7HFKQRORJ\����������–�����KWWSV���
GRL�RUJ������������-�-���-�����-�B�� 


