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([HFXWLYH�6XPPDU\�
7KLV�GHVLJQ�SURFHGXUH�LQ�3$57���LV�SDUW�RI�D�QHZ�VHLVPLF�GHVLJQ�PHWKRGRORJ\�IRU�SUHFDVW�FRQFUHWH�

GLDSKUDJPV��7KH�GHVLJQ�PHWKRGRORJ\�DQG�SURFHGXUH�DUH�WKH�SURGXFW�RI�D�ODUJH�PXOWL�XQLYHUVLW\�UHVHDUFK�
SURMHFW�LQLWLDWHG�DQG�JXLGHG�E\�WKH�3UHFDVW�3UHVWUHVVHG�&RQFUHWH�,QVWLWXWH��3&,��FDQ�FR�IXQGHG�E\�3&,��WKH�
1DWLRQDO�6FLHQFH�)RXQGDWLRQ� �16)��DQG� WKH�&KDUOHV�3DQNRZ�)RXQGDWLRQ� �&3)��� WHUPHG� WKH�'LDSKUDJP�
6HLVPLF�'HVLJQ�0HWKRGRORJ\��'6'0��SURMHFW���

7KH�SULPDU\�REMHFWLYHV�RI�WKH�'6'0�SURMHFW��DV�ODLG�RXW�LQ�WKH�3&,�5)3�DUH�WR�GHYHORS�DQ�LQGXVWU\�
HQGRUVHG�GHVLJQ�SURFHGXUH��LQFOXGLQJ��

��� 7KH�IRUFHV�WR�ZKLFK�SUHFDVW�GLDSKUDJPV�DUH�WR�EH�GHVLJQHG�
��� 7KH�GHIRUPDWLRQV�WR�ZKLFK�SUHFDVW�GLDSKUDJPV�DUH�WR�EH�GHVLJQHG��
��� 7KH�SUHFDVW�GLDSKUDJP�UHLQIRUFLQJ�GHWDLOV�WKDW�FDQ�SURYLGH�WKLV�EHKDYLRU���

$�IXUWKHU�REMHFWLYH�RI�WKH�'6'0�SURMHFW��DGGHG�DV�D�GHOLYHUDEOH�DV�SDUW�RI�VXSSOHPHQWDO�IXQGLQJ�E\�
WKH�&KDUOHV�3DQNRZ�)RXQGDWLRQ��ZDV�WKH�GHPRQVWUDWLRQ�RI�YLDEOH�V\VWHPV�IRU�KLJK�VHLVPLF�]RQHV��

7KH� UHVHDUFK� SURMHFW�� OHG� E\� WKH� 8QLYHUVLW\� RI� $UL]RQD�� DFFRPSOLVKHG� WKHVH� JRDOV� WKURXJK� DQ�
LQWHJUDWHG�H[SHULPHQWDO�DQDO\WLFDO�UHVHDUFK�SURJUDP�XVLQJ�WKH�16)�1HWZRUN�IRU�(DUWKTXDNH�(QJLQHHULQJ�
6LPXODWLRQ��1((6��6LWHV�DW�/HKLJK�8QLYHUVLW\�DQG�8QLYHUVLW\�RI�&DOLIRUQLD��6DQ�'LHJR��8&6'���

� 7KH�NH\�RXWFRPHV�RI�WKH�UHVHDUFK�DUH��
��� 7KH� GLDSKUDJP� GHVLJQ� IRUFH� OHYHOV� UHTXLUHG� WR� NHHS� GLDSKUDJPV� HODVWLF� LQ� WKH� GHVLJQ�

HDUWKTXDNH��
��� 7KH� UHODWLRQVKLS� EHWZHHQ� SUHFDVW� GLDSKUDJP� VWUHQJWK� DQG� DQWLFLSDWHG� GLDSKUDJP�

UHLQIRUFHPHQW��GHIRUPDWLRQ� GHPDQGV��IRU� GLIIHUHQW� GLDSKUDJP� JHRPHWULHV� DQG� VHLVPLF�
KD]DUG�OHYHOV���

��� 7KH� UHTXLUHG� LQFUHDVH� LQ� GLDSKUDJP� VKHDU� VWUHQJWK�� ZLWK� UHVSHFW� WR� GLDSKUDJP� IOH[XUH�
VWUHQJWK��WR�SUHYHQW�XQGHVLUDEOH�KLJK�LQHODVWLF�VKHDU�GHIRUPDWLRQV�LQ�SUHFDVW�GLDSKUDJPV��

��� 7KH�NH\�FKDUDFWHULVWLFV�RI�VHYHUDO�W\SLFDO�SUHFDVW�GLDSKUDJP�UHLQIRUFHPHQWV�XQGHU�F\FOLF�
WHQVLRQ�DQG�VKHDU��LQFOXGLQJ�VWLIIQHVV��VWUHQJWK�DQG�UHOLDEOH�GHIRUPDWLRQ�FDSDFLW\��

��� 1HZ�SUHFDVW�GLDSKUDJP�UHLQIRUFHPHQW�FRQFHSWV�SURYLGLQJ�LPSURYHG�F\FOLF�SHUIRUPDQFH��

� 7KH�UHVHDUFK�DOVR�SURYLGHG�QHZ�LQIRUPDWLRQ�RQ������7KH�UHVSRQVH�RI�SUHFDVW�GLDSKUDJP�FRQQHFWRUV�
XQGHU� FRPELQHG� WHQVLRQ� DQG� VKHDU�� ���� 7KH� VHLVPLF� GLDSKUDJP� IRUFH� SURILOHV� WKDW� RFFXU� LQ�PXOWL�VWRU\�
VWUXFWXUHV�� ���� 7KH� IRUFH� SDWKV� WKDW� GHYHORS� LQ� SUHFDVW� IORRU� V\VWHPV�� LQFOXGLQJ� SDUNLQJ� VWUXFWXUHV� DQG�
RIILFH� EXLOGLQJV�� ���� 7KH� LQHODVWLF� GHIRUPDWLRQ� SDWWHUQV� WKDW� GHYHORS� LQ� WKH� GLDSKUDJP� UHLQIRUFHPHQW��
LQFOXGLQJ�FRQFHQWUDWHG�GHPDQGV�DW�FROXPQV�OLQHV��7KLV�LQIRUPDWLRQ�LQIRUPHG�WKH�GHVLJQ�PHWKRGRORJ\��

� 7KH�NH\�UHVHDUFK�RXWFRPHV�OLVWHG�DERYH�DUH�HPERGLHG�LQ�WKH�GHVLJQ�SURFHGXUH�DV�IROORZV��
��� 'LDSKUDJP� GHVLJQ� IRUFH� OHYHOV� WKDW� DUH� FDOLEUDWHG� WR� GLIIHUHQW� SHUIRUPDQFH� WDUJHWV� IRU�

SUHFDVW�GLDSKUDJPV�YLD�D�GLDSKUDJP�GHVLJQ� IRUFH� UHGXFWLRQ� IDFWRU��Rs�� DSSOLHG� WR�QHZO\�
SURSRVHG��KLJKHU��GLDSKUDJP�IRUFHV���

��� 'LDSKUDJP� UHLQIRUFHPHQW� DQG� FRQQHFWRU� FODVVLILFDWLRQV� �Low, Moderate and High 
Deformability Elements or LDE, MDE, HDE��EDVHG�RQ�LQHODVWLF�GHIRUPDWLRQ�FDSDFLW\��

��� 'LDSKUDJP� VKHDU� RYHUVWUHQJWK� IDFWRUV� �:�v�� WR� SURWHFW� WKH� GLDSKUDJP� IURP� XQGHVLUDEOH�
VKHDU�PHFKDQLVPV��

�������������������������������������������������
��7KH�WHUP�diaphragm reinforcement�LV�XVHG�WR�UHIHU�JHQHULFDOO\�WR�UHLQIRUFLQJ�EDUV�RU�PHVK�LQ�WRSSHG�GLDSKUDJPV��

DQG�SUHFDVW�FRQQHFWRUV�LQ�WRSSHG�XQWRSSHG�GLDSKUDJPV����
��'HIRUPDWLRQ�GHPDQGV�RFFXU�DW�MRLQWV�EHWZHHQ�SUHFDVW�XQLWV��
��%66&�SURSRVDO�,7������IRU�WKH�$6&(�����3URYLVLRQV��
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� 7KH�QHZ�GLDSKUDJP�GHVLJQ�IRUFHV��GLDSKUDJP�GHVLJQ�IDFWRUV��Rs, : v��DQG�GLDSKUDJP�UHLQIRUFHPHQW�
FODVVLILFDWLRQV� �LDE, MDE, HDE�� DUH� XVHG�ZLWKLQ� D� SHUIRUPDQFH� EDVHG� GHVLJQ� IUDPHZRUN� IRU� SUHFDVW�
GLDSKUDJPV��GHYHORSHG�MRLQWO\�E\�UHVHDUFKHUV�DQG�LQGXVWU\��ZKLFK�DOORZV�WKH�GHVLJQHU�WKUHH�RSWLRQV���

��� $Q�Elastic Design Option��ZKHUH�WKH�GLDSKUDJP�LV�GHVLJQHG�WR�WKH�KLJKHVW�IRUFH�OHYHOV��FDOLEUDWHG�
WR�NHHS� WKH�GLDSKUDJP�HODVWLF�� QRW�RQO\� IRU� WKH�GHVLJQ� HDUWKTXDNH�� EXW� DOVR� LQ� D� UDUH�PD[LPXP�
HYHQW��EXW��LQ�H[FKDQJH�IRU�WKH�KLJKHU�GHVLJQ�IRUFH��SHUPLWV�WKH�GHVLJQHU�WR�GHWDLO�WKH�GLDSKUDJP�
ZLWK�WKH�RUGLQDU\��LDE��UHLQIRUFHPHQW�WKDW�QHHG�QRW�PHHW�DQ\�GHIRUPDWLRQ�UHTXLUHPHQWV���
7KLV�RSWLRQ�LV�OLPLWHG�LQ�LWV�XVH�WKURXJK�WKH�LQWURGXFWLRQ�RI�Diaphragm Seismic Demand Levels��
ZKLFK�DUH�EDVHG�RQ�EXLOGLQJ�KHLJKW��GLDSKUDJP�JHRPHWU\�DQG�VHLVPLF�KD]DUG�OHYHO��DQG�SUHFOXGH�
WKH�XVH�RI�WKH�(ODVWLF�'HVLJQ�2SWLRQ�IRU�High�'LDSKUDJP�6HLVPLF�'HPDQG��

��� $�Basic Design Option��LQ�ZKLFK�WKH�GLDSKUDJP�LV�GHVLJQHG�WR�D�IRUFH�OHYHO�FDOLEUDWHG�WR�NHHS�WKH�
GLDSKUDJP�HODVWLF� LQ� WKH�GHVLJQ�HDUWKTXDNH�� WKXV� ORZHU� WKDQ� WKH�(ODVWLF�'HVLJQ�2SWLRQ�VWUHQJWK��
EXW� UHTXLUHV� MDE� GLDSKUDJP� UHLQIRUFHPHQW�� VSHFLILHG� WR� SURYLGH� DQ� LQHODVWLF� GHIRUPDWLRQ�
FDSDFLW\�VXIILFLHQW�WR�VXUYLYH�WKH�DQWLFLSDWHG�GHIRUPDWLRQ�GHPDQGV�LQ�D�UDUH�PD[LPXP�HYHQW��
7KLV�RSWLRQ��DQG�WKH�QH[W��UHTXLUHV�WKH�XVH�RI�D�GLDSKUDJP�VKHDU�RYHUVWUHQJWK�IDFWRU�WR�DVVXUH�WKDW�
D�QRQ�GXFWLOH�VKHDU�IDLOXUH�GRHV�QRW�RFFXU�SULRU�WR�WKH�UHLQIRUFHPHQW�UHDFKLQJ�LWV�LQWHQGHG�LQHODVWLF�
WDUJHW� GHIRUPDWLRQ�� 1RWH� WKDW� inelastic deformation� LV� DVVRFLDWHG� ZLWK� MRLQW� opening� GXH� WR�
GLDSKUDJP�IOH[XUH��QRW�MRLQW�VOLGLQJ�GHIRUPDWLRQ�GXH�WR�VKHDU��

��� $�Reduced Design Option��LQ�ZKLFK�WKH�GLDSKUDJP�LV�GHVLJQHG�IRU�WKH�ORZHVW�GHVLJQ�IRUFH�OHYHO��
%HFDXVH�WKHVH�OHYHOV�DUH�ORZHU�WKDQ�LQ�WKH�%DVLF�'HVLJQ�2SWLRQ��VRPH�\LHOGLQJ�LQ�WKH�GLDSKUDJP�
LV�DQWLFLSDWHG�LQ�WKH�GHVLJQ�HDUWKTXDNH��7KH�IRUFH�OHYHOV�KDYH�EHHQ�FDOLEUDWHG�WR�NHHS�GLDSKUDJP�
LQHODVWLF� GHIRUPDWLRQ� GHPDQGV� LQ� D� UDUH� PD[LPXP� HYHQW� ZLWKLQ� WKH� DOORZDEOH� GHIRUPDWLRQ�
FDSDFLW\�IRU�WKH�KLJKHVW�FODVVLILFDWLRQ�RI�SUHFDVW�GLDSKUDJP�UHLQIRUFHPHQW��WHUPHG�HDE�GHWDLOV���

7KH�GHVLJQ�PHWKRGRORJ\�SHUPLWV�WKH�GHVLJQHU�WR�FDOFXODWH�WKH�LQWHUQDO�IRUFHV�LQ�WKH�GLDSKUDJP�XVLQJ�
WKH� VLPSOH� KRUL]RQWDO� EHDP�PHWKRGV� FRPPRQO\�XVHG� WRGD\��$OWHUQDWLYHO\�� WKH� LQWHUQDO� IRUFHV� �LQ� SODQH�
VKHDU�� PRPHQW�� DQG� LQ� FDVHV� D[LDO� IRUFH�� FDQ� EH� GHWHUPLQHG� XVLQJ� IUHH�ERG\� PHWKRGV� GHYHORSHG� IRU�
FRPPRQ� FRQILJXUDWLRQV�� RU� XVLQJ� WKH� VHPL�ULJLG� GLDSKUDJP� RSWLRQ� DYDLODEOH� LQ� PRVW� GHVLJQ� RIILFH�
FRPSXWHU�VWUXFWXUDO�DQDO\VLV�SDFNDJHV��)RU�WKH�ODWWHU�FDVH��DQ�HVWLPDWH�RI�GLDSKUDJP�VWLIIQHVV�LV�UHTXLUHG��
7KH�GHVLJQ�PHWKRGRORJ\�SURYLGHV�DSSUR[LPDWH�YDOXHV�RI�HIIHFWLYH�HODVWLF�DQG�VKHDU�PRGXOL��Eeff, Geff��IRU�
WKLV� SXUSRVH�� DV� ZHOO� DV� DQ� DOWHUQDWLYH� PHWKRG� WR� GLUHFWO\� FDOFXODWH� WKHVH� YDOXHV�� *XLGDQFH� IRU� WKHVH�
PHWKRGV�DSSHDUV�LQ�3$57���RI�WKH�Seismic Design Methodology Document��

'LDSKUDJP�UHLQIRUFHPHQW�PXVW�FRQIRUP�WR�WKH�UHTXLUHG�FODVVLILFDWLRQ�RI�WKH�VHOHFWHG�GHVLJQ�RSWLRQ��
([LVWLQJ�GLDSKUDJP�UHLQIRUFHPHQW�LV�SUHTXDOLILHG�IRU�GLIIHUHQW�FODVVLILFDWLRQV��LDE, MDE and HDE��DQG�
WDEOHV�RI� FRQQHFWRU�QRPLQDO� VWUHQJWK�DQG� VWLIIQHVV�YDOXHV�DUH�SURYLGHG� LQ� DQ�$SSHQGL[��$�TXDOLILFDWLRQ�
SURWRFRO� LV� SURYLGHG� IRU� FODVVLI\LQJ� DQG� GHWHUPLQLQJ� SURSHUWLHV� RI� QHZ� GLDSKUDJP� UHLQIRUFHPHQW�� 7KH�
TXDOLILFDWLRQ� SURWRFRO� DSSHDUV� LQ� 3$57� �� RI� WKH� Seismic Design Methodology Document��
5HFRPPHQGDWLRQV� DUH� DOVR� JLYHQ� IRU� FRQQHFWLRQV� LQ� WKH� SUHFDVW� IORRU� V\VWHP� WKDW� DUH� QRW� SDUW� RI� WKH�
SULPDU\�GLDSKUDJP�UHLQIRUFHPHQW��LQFOXGLQJ�FRQQHFWLRQV�EHWZHHQ�SUHFDVW�XQLWV�DQG�JUDYLW\�EHDPV��

'LDSKUDJP� UHLQIRUFHPHQW� LV� WR� EH� SURYLGHG� LQ� VXIILFLHQW� TXDQWLWLHV� WR� PHHW� WKH� UHTXLUHG� VWUHQJWK�
HVWDEOLVKHG�E\�WKH�FDOFXODWHG�LQWHUQDO�IRUFHV��7KH�PHWKRGRORJ\�SURPRWHV�D�VWUHQJWK�GHVLJQ�IRU�WKH�SUHFDVW�
UHLQIRUFHPHQW� DW� WKH� MRLQW� OHYHO�� ,Q� WKLV� DSSURDFK�� DOO� WKH� UHLQIRUFHPHQW� DFURVV� WKH� MRLQW� LV� DFFRXQWHG�
WRJHWKHU� WR� FDUU\� WKH� GHVLJQ� IRUFHV�� $� JHQHUDO� LQWHUDFWLRQ� HTXDWLRQ� LV� SURYLGHG� WR� GHVLJQ� MRLQWV� XQGHU�
FRPELQDWLRQV� RI� VKHDU�� IOH[XUH�� RU� FROOHFWRU� DFWLRQV��0DQ\� GLDSKUDJP� MRLQWV� DUH� GRPLQDWHG� E\� D� VLQJOH�
IRUFH�FRPSRQHQW�ZKHUH�WKH�HTXDWLRQ�VLPSOLILHV�WR�D�GLUHFW�FRPSDULVRQ�WR�WKH�FDSDFLW\�RI�WKH�FRQQHFWLRQV��

,Q� UDUH� FDVHV�� WKH� SUHFDVW� GLDSKUDJP� IOH[LELOLW\� PXVW� EH� HYDOXDWHG� WR� HQVXUH� WKDW� JUDYLW\� V\VWHP�
FROXPQV� UHPRWH� WR� SULPDU\� ODWHUDO� IRUFH� UHVLVWLQJ� HOHPHQWV� �VKHDU� ZDOOV�� PRPHQW� IUDPHV�� DUH� QRW�
VXVFHSWLEOH�WR�H[FHVVLYH�LQWHU�VWRU\�GULIWV�GXH�WR�WKH�DGGHG�GHIOHFWLRQ�RI�WKH�GLDSKUDJP��
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'HVLJQ�0HWKRGRORJ\�6XPPDU\��
��

x� $SSOLFDELOLW\�
o� 6HLVPLF�GHVLJQ�RI�SUHFDVW�FRQFUHWH�GLDSKUDJPV�ZLWK�DQG�ZLWKRXW�WRSSLQJ�VODEV�LQ�JHQHUDO�

SUHFDVW�FRQFUHWH�EXLOGLQJ�FRQVWUXFWLRQ�
x� 2EMHFWLYH�

o� 3URYLGH�DGHTXDWH�VWUHQJWK�DQG�GHIRUPDELOLW\�RI�FRQQHFWRUV�EHWZHHQ�SUHFDVW�IORRU�XQLWV��
x� 0HWKRG�

o� &DOFXODWH�GLDSKUDJP�IRUFH�Fpx��EDVHG�RQ�proposal IT06-001 IRU�WKH 2014 ASCE 7 
provisions��DSSO\LQJ�WKH��DSSURSULDWH�GLDSKUDJP�GHVLJQ�IRUFH�UHGXFWLRQ�IDFWRU�Rs�DOLJQHG�
WR�WKH��GHVLUHG�SHUIRUPDQFH�WDUJHWV�

o� $PSOLI\�WKH�GLDSKUDJP�VKHDU�IRUFHV�DGGLWLRQDOO\�E\�DQ�RYHUVWUHQJWK�IDFWRU�:��WR�DYRLG�
GLDSKUDJP�QRQGXFWLOH�IDLOXUH�PRGHV�

o� 6HOHFW�DSSURSULDWH�GLDSKUDJP�UHLQIRUFLQJ�EDVHG�RQ�UHTXLUHG�GHIRUPDWLRQ�FDSDFLW\�
o� &KHFN�JUDYLW\�V\VWHP�GULIWV�DV�DPSOLILHG�E\�GLDSKUDJP�IOH[LELOLW\�LI�DSSOLFDEOH��

� �
'HVLJQ�6WHS�6XPPDU\��
�
6WHS�����'HWHUPLQH�diaphragm seismic demand level��/RZ��0RGHUDWH��RU�+LJK��EDVHG�RQ�VHLVPLF�GHVLJQ�

FDWHJRU\��6'&���QXPEHU�RI�VWRULHV�DQG�GLDSKUDJP�VSDQ��

6WHS����6HOHFW�diaphragm design option��(ODVWLF��%DVLF�RU�5HGXFHG��EDVHG�RQ�GLDSKUDJP�VHLVPLF�
GHPDQG�OHYHO��LQ�FRQMXQFWLRQ�ZLWK�D�diaphragm reinforcement classification��/RZ��0RGHUDWH��RU�
+LJK�GHIRUPDELOLW\�HOHPHQW���/'(��0'(��+'(���

6WHS�����D��'HWHUPLQH�WKH�diaphragm design forces, )S[ using ASCE 7 proposal IT06-001 ZLWK 
diaphragm design force reduction factors�Rs�EDVHG�RQ�WKH�diaphragm design option���

� �E��'HWHUPLQH�WKH�FRUUHVSRQGLQJ�diaphragm required strength��9X��0X�DQG�LQ�FDVHV�1X��EDVHG�RQ�
WKH�LQWHUQDO�GHVLJQ�IRUFHV�DW�WKH�SUHFDVW�MRLQWV �

6WHS����'HVLJQ�GLDSKUDJP�FRQQHFWLRQV�IRU�WKH�UHTXLUHG�VWUHQJWK��LQFOXGLQJ�VSHFLDO�SURYLVLRQV�IRU�VKHDU�
UHLQIRUFHPHQW�RYHUVWUHQJWK��:v��DQG�FROOHFWRUV��XVLQJ�GLDSKUDJP�UHLQIRUFHPHQW�W\SHV�PHHWLQJ�WKH�
UHTXLUHG�diaphragm reinforcement classification (See Step B below)�WR�SURYLGH�DGHTXDWH�QRPLQDO�
VWUHQJWK��I9Q���I0Q�DQG�LQ�FDVHV�I1Q���

6WHS����'HWHUPLQH�diaphragm stiffness, LI�QHHGHG��YLD�DQ effective elastic modulus��Eeff ��DQG�shear 
modulus��Geff���DQG�FKHFN�diaphragm-amplified gravity column drift��ZKHQ�DSSOLFDEOH��

�
�
'HVLJQ�6WHS�6XPPDU\�±�3UHIHUUHG�&RQQHFWRU�6HW�IRU�'LDSKUDJP�5HLQIRUFHPHQW��
�
6WHS�$��� 6HOHFW�VSHFLILF�GLDSKUDJP�UHLQIRUFHPHQW�W\SHV�EDVHG�RQ�D�SUHIHUUHG�FRQQHFWRU�VHW��

6WHS�%��������,I�FRQQHFWRUV�DUH�SUHTXDOLILHG��ORRN�XS�GLDSKUDJP�UHLQIRUFHPHQW�FODVVLILFDWLRQ��/'(��0'(��
+'(��DQG�SURSHUWLHV�LQ�3$57����$SSHQGL[����,I�QRW�SUHTXDOLILHG�FRQQHFWRUV��SHUIRUP�
TXDOLILFDWLRQ�WHVWLQJ�IROORZLQJ�SURWRFROV�LQ�3$57����

6WHS�&��������6HOHFW�GLDSKUDJP�GHVLJQ�RSWLRQ��Elastic, Basic, or Reduced��EDVHG�RQ�diaphragm seismic 
demand level�DQG�diaphragm reinforcement classification�IRU�WKH�VHOHFWHG�FRQQHFWRUV��

6WHS�'�������&KHFN�DSSOLFDELOLW\�RI�VHOHFWHG�GLDSKUDJP�GHVLJQ�RSWLRQ�DQG�GLDSKUDJP�FRQQHFWRU�VHW�ZLWK�
FRUUHVSRQGLQJ�GLDSKUDJP�VHLVPLF�GHPDQG�OHYHO��Low, Moderate, or High���

6WHSV�������$V�DERYH��
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6HLVPLF�'HVLJQ�3URFHGXUH�IRU�3UHFDVW�&RQFUHWH�'LDSKUDJPV�
�
6WHS����'HWHUPLQH�GLDSKUDJP�VHLVPLF�GHPDQG�OHYHO�

���� 7KUHH�GLDSKUDJP�VHLVPLF�GHPDQG�OHYHOV�DUH�GHILQHG��/RZ��0RGHUDWH��DQG�+LJK�
����'LDSKUDJP�VHLVPLF�GHPDQG�OHYHO�LV�EDVHG�RQ�VHLVPLF�GHVLJQ�FDWHJRU\��SDC���QXPEHU�RI�VWRULHV�n��

GLDSKUDJP�VSDQ�L�DQG�DVSHFW�UDWLR�AR��
x� 'HWHUPLQH�SDC�IURP�VWUXFWXUH�ULVN�FDWHJRU\�DQG�6'6��6'��DW�WKH�VLWH�SHU�$6&(�6HFWLRQ������

x� 'LDSKUDJP�VHLVPLF�GHPDQG�OHYHO�LV��
)RU�6'&�%�DQG�&��� /RZ�
)RU�6'&�'�DQG�(��� 6HH�)LJ����

��

�
�
�
�
�
�
�
�
�

� �� �� �� ��� ��� ��� ��� ���
'LDSKUDJP�6SDQ�/��IW�

1
XP

EH
U�R
I�6
WR
ULH
V��
Q�

+LJK��$5!����

0RGHUDWH/RZ
�$5�����

�
)LJ�����'LDSKUDJP�VHLVPLF�GHPDQG�OHYHO��

�
1RWHV�RQ�)LJXUH�����

,I�$5!����DQG�WKH�GLDSKUDJP�VHLVPLF�GHPDQG�IDOOV�LQ�Low��
LW�VKDOO�EH�PRYHG�IURP�Low�WR�0RGHUDWH��

,I�$5�����DQG�WKH�GLDSKUDJP�VHLVPLF�GHPDQG�IDOOV�LQ�High��
LW�FDQ�EH�PRYHG�IURP�High�WR�0RGHUDWH��

�
����'LDSKUDJP�VSDQ�RQ�D�IORRU�OHYHO�LV�GHILQHG�DV�WKH�ODUJHU�YDOXH�RI���

�� PD[LPXP�LQWHULRU�GLVWDQFH�EHWZHHQ�WZR�/)56�HOHPHQWV�
�� WZLFH�WKH�H[WHULRU�GLVWDQFH�EHWZHHQ�WKH�RXWHU�/)56�HOHPHQW�DQG�WKH�EXLOGLQJ�IUHH�HGJH��

����'LDSKUDJP�VSDQ�IRU�WKH�VWUXFWXUH�LV�VHOHFWHG�DV�WKH�PD[LPXP�GLDSKUDJP�VSDQ�RQ�DQ\�IORRU�LQ�WKH�
VWUXFWXUH�LQ�DQ\�GLUHFWLRQ���

����'LDSKUDJP�DVSHFW�UDWLR��$5��LV�GHILQHG�DV�WKH�GLDSKUDJP�VSDQ�WR�GHSWK�UDWLR��XVLQJ�WKH�
GLDSKUDJP�VSDQ�GHWHUPLQHG�LQ�VWHSV����������DERYH��'HSWK�LV�GHILQHG�DV�WKH�IORRU�GLDSKUDJP�
GLPHQVLRQ�SHUSHQGLFXODU�WR�GLDSKUDJP�VSDQ�DVVRFLDWHG�ZLWK�WKH�SDLU�RI�DGMDFHQW�FKRUG�OLQHV�IRU�
WKH�GLDSKUDJP�RU�VXE�GLDSKUDJP��6HH�Commentary�)LJ��&�����

�
�
�
�
�
�
�
�
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6WHS����6HOHFW�GLDSKUDJP�GHVLJQ�RSWLRQ�DQG�DSSURSULDWH�GLDSKUDJP�UHLQIRUFHPHQW�FODVVLILFDWLRQ���
���� 7KUHH�GLDSKUDJP�GHVLJQ�RSWLRQV�DUH�GHILQHG��(ODVWLF��%DVLF�DQG�5HGXFHG�
����'LDSKUDJP�GHVLJQ�RSWLRQ�DSSOLFDELOLW\�LV�EDVHG�RQ�GLDSKUDJP�VHLVPLF�GHPDQG�OHYHO��VHH�7DEOH���
���� 7KUHH�GLDSKUDJP�UHLQIRUFHPHQW�FODVVLILFDWLRQV�DUH�GHILQHG���+LJK��0RGHUDWH�DQG�/RZ�

GHIRUPDELOLW\�HOHPHQWV��
����'LDSKUDJP�UHLQIRUFHPHQW�DSSOLFDELOLW\�LV�EDVHG�RQ�GLDSKUDJP�GHVLJQ�RSWLRQ��VHH�7DEOH�����
���� 7KH�DSSOLFDEOH�'LDSKUDJP�5HLQIRUFHPHQW�&ODVVLILFDWLRQ�LV�EDVHG�RQ�WKH�ORZHVW�FODVVLILHG�

UHLQIRUFHPHQW�XVHG�LQ�WKH�GLDSKUDJP��

7DEOH����'LDSKUDJP�GHVLJQ�RSWLRQ�
'LDSKUDJP�6HLVPLF�'HPDQG�OHYHO�'HVLJQ�2SWLRQ�

/RZ�� 0RGHUDWH� +LJK�
(ODVWLF� 5HFRPPHQGHG :LWK�3HQDOW\
� 1RW�$OORZHG�
%DVLF� $OWHUQDWLYH� 5HFRPPHQGHG :LWK�3HQDOW\
�

5HGXFHG� $OWHUQDWLYH� $OWHUQDWLYH� 5HFRPPHQGHG�
� � 
�'LDSKUDJP�GHVLJQ�IRUFH�VKDOO�EH�LQFUHDVHG�E\������

�
7DEOH����5HTXLUHG�GLDSKUDJP�UHLQIRUFHPHQW�FODVVLILFDWLRQ�

'LDSKUDJP�5HLQIRUFHPHQW�&ODVVLILFDWLRQ�'HVLJQ�2SWLRQ�
/RZ�� 0RGHUDWH� +LJK�

(ODVWLF� 5HFRPPHQGHG $OORZDEOH� $OORZDEOH�
%DVLF� 1RW�DOORZHG� 5HFRPPHQGHG $OORZDEOH�

5HGXFHG� 1RW�DOORZHG� 1RW�DOORZHG� 5HFRPPHQGHG�
�

�
�

&RPPHQWV��
�� $Q�(ODVWLF�'HVLJQ�2SWLRQ��('2���

••�� 7KH�('2�WDUJHWV�HODVWLF�GLDSKUDJP�EHKDYLRU�LQ�WKH�PD[LPXP�FRQVLGHUHG�HDUWKTXDNH��0&(��
••�� 7KH�GLDSKUDJP�IRUFH�UHGXFWLRQ�IDFWRU��Rs��LV�OHVV�WKDQ�XQLW\�IRU�WKH�('2��UHIOHFWLQJ�D�JUHDWHU�

VWUHQJWK�WKDQ�WKH�%'2��
••�� 7KH�('2�DOORZV�WKH�XVH�RI�ORZ�GHIRUPDELOLW\�FRQQHFWLRQV�RU�EHWWHU��

�� 7KH�%DVLF�'HVLJQ�2SWLRQ��%'2����
••�� 7KH�%'2�WDUJHWV�HODVWLF�GLDSKUDJP�GHVLJQ�LQ�WKH�GHVLJQ�EDVLV�HDUWKTXDNH��'%(���
••�� 7KH�GLDSKUDJP�IRUFH�UHGXFWLRQ�IDFWRU��Rs��IRU�WKH�%'2�LV�XQLW\��DV�LWV�GHVLJQ�LQWHQW�DOLJQV�

GLUHFWO\�ZLWK�WKH�GLDSKUDJP�GHVLJQ�IRUFHV�SURYLGHG�LQ�ASCE 7 proposal IT06-001.�
••�� 7KH�%'2�UHTXLUHV�WKH�XVH�RI�PRGHUDWH�GHIRUPDELOLW\�FRQQHFWLRQV�RU�EHWWHU��

�� $�5HGXFHG��)RUFH��'HVLJQ�2SWLRQ��5'2���
••�� 7KH�5'2�SHUPLWV�GLDSKUDJP�\LHOGLQJ�LQ�WKH�'%(�
••�� 7KH�GLDSKUDJP�IRUFH�UHGXFWLRQ�IDFWRU��Rs��LV�JUHDWHU�WKDQ�XQLW\�IRU�WKH�5'2��UHIOHFWLQJ�D�

ORZHU�VWUHQJWK�WKDQ�WKH�%'2���
••�� 7KH�5'2�UHTXLUHV�WKH�XVH�RI�KLJK�GHIRUPDELOLW\�FRQQHFWLRQV��

�� +LJK�GHIRUPDELOLW\�HOHPHQW��+'(���$Q�HOHPHQW�WKDW�GHPRQVWUDWHV�D�UHOLDEOH�DQG�VWDEOH�PD[LPXP�
MRLQW�RSHQLQJ�GHIRUPDWLRQ�FDSDFLW\�RI�JUHDWHU�WKDQ����´��

�� 0RGHUDWH�GHIRUPDELOLW\�HOHPHQW��0'(���$Q�HOHPHQW�WKDW�GHPRQVWUDWHV�D�UHOLDEOH�DQG�VWDEOH�
PD[LPXP�MRLQW�RSHQLQJ�FDSDFLW\�RI�EHWZHHQ����´�DQG����´��

�� /RZ�GHIRUPDELOLW\�HOHPHQW��/'(���$Q�HOHPHQW�WKDW�GRHV�QRW�PHHW�PRGHUDWH�RU�KLJK�GHIRUPDELOLW\�
HOHPHQW�UHTXLUHPHQWV�

�� &ODVVLILFDWLRQ�RI�D�JLYHQ�GLDSKUDJP�UHLQIRUFHPHQW�HOHPHQW�RU�FRQQHFWLRQ�LV�GHWHUPLQHG�WKURXJK�
WHVWLQJ�RI�LQGLYLGXDO�HOHPHQWV�IROORZLQJ�WKH�F\FOLF�WHVWLQJ�SURWRFROV�RI�WKH�Precast Diaphragm 
Reinforcement Qualification Procedure��LQ�3$57���RI�WKH�Seismic Design Methodology Document.�
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6WHS����'HWHUPLQH�WKH�GLDSKUDJP�GHVLJQ�IRUFHV�DQG�WKH�FRUUHVSRQGLQJ�GLDSKUDJP�MRLQW�UHTXLUHG�VWUHQJWKV��

���D���7KH�GLDSKUDJP�GHVLJQ�IRUFHV�DUH�FDOFXODWHG�DFFRUGLQJ�WR�WKH�$6&(���XVLQJ�SURSRVDO�,7�������IRU�
WKH������SURYLVLRQ��KHUHLQ��WHUPHG�DV�,7��������

�����'HWHUPLQH�WKH�GLDSKUDJP�GHVLJQ�DFFHOHUDWLRQ�FRHIILFLHQW�DW�OHYHO�x �Cpx��DFFRUGLQJ�WR�����������
DQG�)LJXUH���������RI�,7�������

�����'HWHUPLQH�WKH�IOH[LEOH�GLDSKUDJP�DFFHOHUDWLRQ�DPSOLILFDWLRQ�IDFWRU�DW�OHYHO�x��Dfx��DFFRUGLQJ�WR�
(TQ�����������RI�,7�������

�����'HWHUPLQH�WKH�GLDSKUDJP�GHVLJQ�IRUFH�DW�HDFK�OHYHO�DFFRUGLQJ�WR�(TQ�����������(TQ�����������
����������DQG�7DEOH�����������RI�,7��������DQG�VLPSOLILHG�DV�IROORZ��

   Fpx  Dfx Cpx wpx  ��Rs����������������� � � ����������(TQ���D��
� EXW�QRW�OHVV�WKDQ��
� � �����������Fpx  � ���Dfx 6'6�,H�wpx               �(TQ��E��

ZKHUH��
wpx LV�WKH�WULEXWDU\�ZHLJKW�RI�IORRU�DW�OHYHO�x�
Fpx LV�WKH�GLDSKUDJP�GHVLJQ�IRUFH�DW�OHYHO�x�
Rs ���7DEOH�����������RI�,7��������  �����IRU�('2�

� � � �  �����IRU�%'2�
� � � �  �����IRU�5'2�

)RU�FDVW�LQ�SODFH�HTXLYDOHQW�GLDSKUDJPV��GHILQHG�LQ�&RPPHQWV�EHORZ���Rs�LV�WKH�
VDPH�DV�IRU�FDVW�LQ�SODFH�GLDSKUDJPV��See Table 12.11.5-1, IT06-001���

�
�����)RU�GHVLJQ�RI�FROOHFWRUV�LQ�6'&�&�WKURXJK�)��DPSOLI\�WKH�GHVLJQ�IRUFH�E\�����DFFRUGLQJ�WR�

��������RI�,7��������

����'HWHUPLQH�GLDSKUDJP�VKHDU�RYHUVWUHQJWK�IDFWRU����ȍY� �����Rs�
�

�������������������������������������������������
��(OLPLQDWHG��L�H��VHW�WR�XQLW\��LQ�D�VXEVHTXHQW�YHUVLRQ�RI�,7��������6HH�&RPPHQWDU\�IRU�Dfx�H[SUHVVLRQ��

&RPPHQWV��
�� Rs�LV�D�ORZHU�ERXQG��FRQVHUYDWLYH��GLDSKUDJP�GHVLJQ�IRUFH�UHGXFWLRQ�IDFWRU�EDVHG�RQ�DQDO\WLFDO�

UHVHDUFK�ZKRVH�YDOXHV�DUH����
���� &DOLEUDWHG�WR�SURGXFH�HODVWLF�GLDSKUDJP�UHVSRQVH�LQ�WKH�0&(�IRU�WKH�('2��
���� &DOLEUDWHG�WR�SURGXFH�HODVWLF�GLDSKUDJP�UHVSRQVH�LQ�WKH�'%(�IRU�WKH�%'2��DQG�

���� WR�SURGXFH�PD[LPXP�LQHODVWLF�RSHQLQJ�GHIRUPDWLRQ�GHPDQG�LQ�WKH�0&(�QRW�
H[FHHGLQJ��WKH�DOORZDEOH�YDOXH�IRU�D�0RGHUDWH�'HIRUPDELOLW\�(OHPHQW�����”��

���� &DOLEUDWHG�WR�SURGXFH�WKH�PD[LPXP�LQHODVWLF�RSHQLQJ�GHIRUPDWLRQ�GHPDQG�LQ�0&(�QRW�
H[FHHGLQJ�WKH�DOORZDEOH�YDOXH�IRU�D�+LJK�'HIRUPDELOLW\�(OHPHQW�����” IRU�WKH�5'2��

�� $�FDVW�LQ�SODFH�HTXLYDOHQW�GLDSKUDJP�LV�D�WRSSHG�SUHFDVW�GLDSKUDJP�ZLWK�WKH�WRSSLQJ�GHVLJQHG�WR�DFW�
DV�WKH�GLDSKUDJP�DFFRUGLQJ�WR�$&,��������VHFWLRQ���������RU�D�SUHWRSSHG�SUHFDVW�GLDSKUDJP�ZKHUH�
DOO�FKRUGV��FROOHFWRUV��DQG�MRLQWV�EHWZHHQ�SUHFDVW�HOHPHQWV�DUH�FRQVWUXFWHG�RI�ILHOG�FDVW�UHLQIRUFHG�
FRQFUHWH�ZLWK�GHWDLOV�FRQVLVWHQW�ZLWK�WKH�UHTXLUHPHQWV�RI�$&,������

�� :Y�LV�DSSOLHG�WR�WKH�required�VKHDU�IRUFH�LQ�6WHS���
�� )RU�WKH�SXUSRVHV�RI�GHWHUPLQLQJ�Cpx���D�UDPS�HOHPHQW�ZLOO�EH�DVVRFLDWHG�ZLWK�WKH�WRS�PRVW�OHYHO�WR�

ZKLFK�LW�LV�DWWDFKHG��
�� 6HH�Appendix 4�IRU�DOWHUQDWH�GHVLJQ�IRUFH�SURFHGXUH�EDVHG�RQ�$6&(������GLDSKUDJP�IRUFHV��
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��E��'HWHUPLQH�GLDSKUDJP�LQWHUQDO�IRUFHV��
'HWHUPLQH�WKH�GLDSKUDJP�UHTXLUHG�VWUHQJWK��Vu, Mu DQG�RU�Nu,��IRU�DOO�SRWHQWLDO�FULWLFDO�GLDSKUDJP�MRLQWV�
E\�DSSO\LQJ�WKH�GLDSKUDJP�GHVLJQ�IRUFH�Fpx�IURP�(TQ����WR�HDFK�IORRU�URRI�GLDSKUDJP��7KH�GLDSKUDJP�LV�
WR� EH� HYDOXDWHG� IRU� WKH� HIIHFWV� RI� VHLVPLF� ORDGLQJ� LQ� HDFK� RUWKRJRQDO� GLUHFWLRQ� LQGLYLGXDOO\�� ZLWK� WKH�
FULWLFDO�VHW�RI�GLDSKUDJP�LQWHUQDO�IRUFHV�DW�D�MRLQW�XVHG�WR�GHVLJQ�WKH�GLDSKUDJP�UHLQIRUFHPHQW�LQ�6WHS�����

'HWHUPLQDWLRQ�RI�GLDSKUDJP�LQ�SODQH�GHVLJQ�PRPHQWV��VKHDUV��DQG�D[LDO�IRUFHV�VKDOO�EH�FRQVLVWHQW�ZLWK�
UHTXLUHPHQWV�RI�HTXLOLEULXP�DQG�GHVLJQ�ERXQGDU\�FRQGLWLRQV��,W�VKDOO�EH�SHUPLWWHG�WR�GHWHUPLQH�GHVLJQ�
PRPHQWV��VKHDUV��DQG�D[LDO�IRUFHV�LQ�DFFRUGDQFH�ZLWK�RQH�RI�����WKURXJK������DV�DSSURSULDWH��

����$QDO\VLV�XVLQJ�IUHH�ERG\�GLDJUDPV��,QWHUQDO�IRUFHV�DW�DOO�SRWHQWLDO�FULWLFDO�VHFWLRQV�LQ�WKH�
GLDSKUDJP�FDQ�EH�GHWHUPLQHG�E\�WDNLQJ�WKH�DSSOLHG�GLDSKUDJP�IRUFHV��Fpx��DQG�UHDFWLRQV�RQ�WKH�
GLDSKUDJP�DQG�HYDOXDWLQJ�DSSURSULDWH�IUHH�ERGLHV�DURXQG�HDFK�FULWLFDO�VHFWLRQ�XVLQJ�WKH�
SULQFLSOHV�RI�VWDWLFV��$PRQJ�WKHVH�PHWKRGV�LV�WKH�FRPPRQO\�XVHG�KRUL]RQWDO�EHDP�DQDORJ\��See 
Comments below���'LDSKUDJP�UHDFWLRQV�FDQ�EH�GHWHUPLQHG�EDVHG�RQ�D�ULJLG�GLDSKUDJP�
DVVXPSWLRQ��IOH[LEOH�GLDSKUDJP�DVVXPSWLRQ�RU�ERXQGLQJ�DQDO\VHV�DV�DSSOLFDEOH��

���� 6HPL�ULJLG�GLDSKUDJP�PRGHO��,I�WKH�VWUXFWXUDO�DQDO\VLV�PRGHO�IRU�WKH�EXLOGLQJ�LQFOXGHV�VHPL�
ULJLG�PRGHOLQJ�RI�WKH�IORRU�DQG�URRI�GLDSKUDJPV��WKH�LQWHUQDO�IRUFHV�DW�FULWLFDO�VHFWLRQV�FDQ�EH�
H[WUDFWHG�GLUHFWO\�IURP�WKH�DQDO\VLV�PRGHO�VXEMHFWHG�WR�WKH�GLDSKUDJP�IRUFHV��Fpx���

����'HVLJQ�DLGV��'LDSKUDJP�IUHH�ERG\�GLDJUDPV�DQG�LQWHUQDO�IRUFH�H[SUHVVLRQV�GHYHORSHG�IRU�
FRPPRQ�SUHFDVW�VWUXFWXUH�IORRU�FRQILJXUDWLRQV�DUH�SURYLGHG�LQ�3$57���RI�WKH�Seismic Design 
Methodology Document��

���� 6WUXW�DQG�7LH�PRGHOV��$� VWUXW�DQG�WLH� DSSURDFK� FDQ�EH� XVHG� WR� GHWHUPLQH� GLDSKUDJP� LQWHUQDO�
DFWLRQV�LQ�DFFRUGDQFH�ZLWK�WKH�SURYLVLRQV�RI�$&,�����6HFWLRQ�������

�

�
�

&RPPHQWV��
�� 7KH�KRUL]RQWDO�EHDP�DQDORJ\�LV�DQ�HTXLOLEULXP�EDVHG�VLPSOLILHG�DQDO\VLV�PHWKRG��7KLV�PHWKRG�SHUPLWV�

D�VLPSOH�FDOFXODWLRQ�RI�PRPHQWV�DQG�VKHDUV�E\�LGHDOL]LQJ�WKH�GLDSKUDJP�RU�VHJPHQWV�RI�WKH�GLDSKUDJP�
DV�D�EHDP�ZLWK�VSDQV�EHWZHHQ�WKH�YHUWLFDO�HOHPHQWV�RI�WKH�ODWHUDO�IRUFH�UHVLVWLQJ�V\VWHP��/)56����

••�� 7KH�EHDP�DQDORJ\�GRHV�QRW�LQFOXGH�WKH�GHYHORSPHQW�RI�GLDSKUDJP�WHQVLRQ�IRUFHV�WKDW�PD\�
RFFXU�LQ�VHPL�ULJLG�PRGHOV���L�H��Nu = 0�IRU�MRLQWV�QRW�DVVRFLDWHG�ZLWK�FROOHFWRU�DFWLRQ��

••�� 7KH�EHDP�DQDORJ\�GRHV�QRW�FRQVLGHU�GHHS�EHDP�HIIHFWV��DQG�ZLOO�SURGXFH�FRQVHUYDWLYH�
HVWLPDWHV�RI�WKH�ODWHUDO�IRUFH�DFWLRQV�RQ�WKH�GLDSKUDJP��

�� 7KH�GLDSKUDJP�UHDFWLRQV�DW�WKH�/)56�YHUWLFDO�HOHPHQWV�IRU�IUHH�ERG\�DQDO\VLV�PHWKRGV�DUH�W\SLFDOO\�
GHWHUPLQHG�E\�FRQVLGHULQJ�WKH�GLDSKUDJP�ULJLG�RU�IOH[LEOH���

••�� 7KH�ULJLG�GLDSKUDJP�DVVXPSWLRQ�GLVWULEXWHV�GLDSKUDJP�UHDFWLRQV�LQ�SURSRUWLRQ�WR�WKH�UHODWLYH�
VWLIIQHVV�RI�HDFK�/)56�YHUWLFDO�HOHPHQW��7KLV�DVVXPSWLRQ�KDV�KLVWRULFDOO\�EHHQ�DSSOLHG�WR�
SUHFDVW�FRQFUHWH�GLDSKUDJPV�ZLWK�DVSHFW�UDWLRV�OHVV�WKDQ�����

••�� 7KH�IOH[LEOH�GLDSKUDJP�DVVXPSWLRQ�GLVWULEXWHV�GLDSKUDJP�UHDFWLRQV�LQ�SURSRUWLRQ�WR�WKH�
WULEXWDU\�PDVV�RI�HDFK�/)56�YHUWLFDO�HOHPHQW��7KLV�DVVXPSWLRQ�KDV�KLVWRULFDOO\�EHHQ�DSSOLHG�
WR�SUHFDVW�FRQFUHWH�GLDSKUDJPV�ZLWK�DVSHFW�UDWLRV�JUHDWHU�WKDQ����

••�� $�ERXQGLQJ�DQDO\VHV�FDQ�EH�SHUIRUPHG�LQ�ZKLFK�WKH�GHVLJQ�YDOXHV�DUH�WKH�HQYHORSH�RI�YDOXHV�
REWDLQHG�E\�DVVXPLQJ�XSSHU�DQG�ORZHU�ERXQG�LQ�SODQH�VWLIIQHVV�IRU�WKH�GLDSKUDJP�LQ�WZR��RU�
PRUH��VHSDUDWH�DQDO\VHV���6HH�PCI Seismic Design Manual��

�� )RU�VHPL�ULJLG�GLDSKUDJPV��WKH�GLDSKUDJP�HIIHFWLYH�HODVWLF�PRGXOL��Eeff  DQG�Geff , FDQ�EH�HVWLPDWHG�DV�
���a����RI� WKH� XQFUDFNHG� FRQFUHWH�E� DQG�G IRU WKH� VWUXFWXUDO� DQDO\VLV�PRGHO. 7KHVH� HVWLPDWHG�
YDOXHV�VKRXOG�EH�YHULILHG�LQ�6WHS���DIWHU�VL]LQJ�WKH�GLDSKUDJP�UHLQIRUFHPHQW���

�� )XUWKHU� JXLGDQFH� RQ� PRGHOLQJ� WKH� GLDSKUDJP� DSSHDUV� LQ� 3$57� �� RI� WKH� Seismic Design 
Methodology Document��7KH�GHVLJQHU�LV�DOVR�GLUHFWHG�WR�WKH�QHZ�$&,��������GLDSKUDJP�FKDSWHU��
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6WHS����'HVLJQ�GLDSKUDJP�FRQQHFWLRQV�IRU�UHTXLUHG�VWUHQJWK���
���� 6HOHFW�GLDSKUDJP�FRQQHFWLRQV�EDVHG�RQ�UHTXLUHG�'LDSKUDJP�5HLQIRUFHPHQW�&ODVVLILFDWLRQ��

���� 'LDSKUDJP�FRQQHFWLRQV�VKDOO�EH�FODVVLILHG�XVLQJ�WKH�F\FOLF�WHVWLQJ�SURWRFROV�LQ�WKH�
Precast Diaphragm Reinforcement Qualification Procedure��

���� 6HH�Appendix 1��Prequalified�Precast Diaphragm Reinforcement WR�GHWHUPLQH�WKH�
FODVVLILFDWLRQ�RI�FRPPRQO\�XVHG�H[LVWLQJ�GLDSKUDJP�UHLQIRUFHPHQW��

���� (VWDEOLVK�GLDSKUDJP�UHLQIRUFHPHQW�SURSHUWLHV�UHTXLUHG�IRU�GHVLJQ�LQFOXGLQJ��
�D��(ODVWLF�VWLIIQHVV�LQ�WHQVLRQ�DQG�VKHDU��kt, kv�
�E��<LHOG�VWUHQJWK�LQ�WHQVLRQ�DQG�VKHDU��tn , vn�
���� 'LDSKUDJP�FRQQHFWLRQ�SURSHUWLHV�VKDOO�EH�GHWHUPLQHG�XVLQJ�WKH�TXDOLILFDWLRQ�EDFNERQHV�

LQ�WKH�Precast Diaphragm Reinforcement Qualification Procedure��
���� 6HH�Appendix 1��Prequalified�Precast Diaphragm Reinforcement WR�ORRN�XS�WKH�

SURSHUWLHV�RI�FRPPRQO\�XVHG�H[LVWLQJ�GLDSKUDJP�UHLQIRUFHPHQW��

����'LDSKUDJP�FRQQHFWLRQV�DW�HDFK�MRLQW�EHWZHHQ�SUHFDVW�HOHPHQWV�PXVW�SRVVHVV�VXIILFLHQW�WRWDO�
VWUHQJWK��Nn, Vn, Mn��WR�UHVLVW�WKH�GLDSKUDJP�LQWHUQDO�IRUFHV��7KH�IROORZLQJ�JHQHUDO�LQWHUDFWLRQ�
IRUPXOD�LV�SHUPLWWHG�WR�EH�XVHG�IRU�GLDSKUDJP�MRLQW�GHVLJQ��
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��������������������������(TQ�����

ZKHUH�WKH�VWUHQJWK�UHGXFWLRQ�IDFWRUV���II��DQG�IY��DUH�JLYHQ�LQ�WKH�UHODWLYH�PDWHULDO�VWDQGDUG����

x� 1RWH��)RU�WKH�GHVLJQ�RI�FROOHFWRUV�DQG�FRQQHFWLRQV�WR�WKH�/)56��XVH�(TQ����FDOFXODWLQJ�
WKH�UHTXLUHG�VWUHQJWK��Vu, Mu , and Nu,��EDVHG�RQ�QRWH�����RI�6WHS��D��DQG�XVH�:Y� ������
�

���� 7KH�QRPLQDO�VWUHQJWK�RI�WKH�MRLQW�IRU�(TQ����FDQ�EH�FDOFXODWHG�DV�IROORZV��

¦ nn tN � � � � � �(TQ���D��

¦ nn vV �� � � � � �(TQ���E��
ZKHUH�WQ��DQG�YQ�DUH�WKH�QRPLQDO�WHQVLRQ�DQG�VKHDU�VWUHQJWKV�RI�LQGLYLGXDO�UHLQIRUFHPHQW�HOHPHQWV�
FURVVLQJ�WKH�MRLQW��7KH�DSSURSULDWH�QRPLQDO�flexural�VWUHQJWK�0Q�RI�WKH�MRLQW�GHSHQGV�RQ�WKH�
GLDSKUDJP�GHVLJQ�RSWLRQ��

x� )RU�HODVWLF�GHVLJQ�RSWLRQ��� ������������� yn MM  �����������������������(TQ���D��
�

x� )RU�EDVLF�GHVLJQ�RSWLRQ�� ����������� y
d

n MM
�

� :�
 ������ ��(TQ���E��

�
���� )RU�UHGXFHG�GHVLJQ�RSWLRQ���������� ydn MM : ������������������(TQ���F��

ZKHUH��
�� My�LV�WKH�\LHOG�PRPHQW�RI�WKH�SUHFDVW�GLDSKUDJP�MRLQW��DQG��

:d�LV�WKH�GLDSKUDJP�IOH[XUDO�RYHUVWUHQJWK�IDFWRU�

���� My�FDQ�EH�WDNHQ�FRQVHUYDWLYHO\�DV�tn
chrd

 d’�ZKHUH�tn
chrd

 LV�WKH�FKRUG�\LHOG�IRUFH��Asfy�IRU�W\SLFDO�FKRUG�
UHLQIRUFHPHQW�DQG�FRQQHFWRUV���DQG�d’ LV�WKH�GHSWK�EHWZHHQ�FKRUGV��6HH�Commentary�)LJ��&������

���� :d�LV�GHILQHG�DV�WKH�UDWLR�RI�WKH�GLDSKUDJP�SODVWLF�PRPHQW�WR�WKH�GLDSKUDJP�\LHOG�PRPHQW��Mp/My��
FRQVHUYDWLYHO\�WDNHQ�DV�1.0�IRU�D�pretopped�GLDSKUDJP��DQG�1.25�IRU�D�topped�GLDSKUDJP���

���� $OWHUQDWHO\��My�DQG�:d�FDQ�EH�GHWHUPLQHG�IURP�D�VWUDLQ�FXUYDWXUH�RU�SXVKRYHU�DQDO\VLV��



� ��

�
�
6WHS����'HWHUPLQH�GLDSKUDJP�VWLIIQHVV�DQG�FKHFN�JUDYLW\�V\VWHP�GULIWV�LI�DSSOLFDEOH���

����$�GLDSKUDJP�VWLIIQHVV�FDOFXODWLRQ�LV�UHTXLUHG�LI��
o� D�VHPL�ULJLG�GLDSKUDJP�FRPSXWHU�VWUXFWXUDO�DQDO\VLV�PRGHO�LV�XVHG��RU�
o� D�JUDYLW\�V\VWHP�GULIW�FKHFN�LV�UHTXLUHG��

���� )RU�D�VHPL�ULJLG�GLDSKUDJP�PRGHO��GHWHUPLQH�D�GLDSKUDJP�HIIHFWLYH�HODVWLF�PRGXOXV��Eeff ��DQG�
VKHDU�PRGXOXV��Geff���7KH�FDOFXODWHG�Eeff DQG�Geff�VKDOO�EH�FKHFNHG�ZLWK�UHVSHFW�WR�WKH�HVWLPDWHG�
YDOXHV�LQ�6WHS����DQG�WKH�DQDO\VLV�UHSHDWHG�LI�QHFHVVDU\��

����$�FKHFN�IRU�WKH�JUDYLW\�V\VWHP�GULIW�LV�UHTXLUHG�IRU�FHUWDLQ�GHVLJQ�FDVHV�DV�VSHFLILHG�LQ�7DEOH����,I�
UHTXLUHG��WKH�SURFHGXUH�IRU�WKH�JUDYLW\�V\VWHP�GULIW�FKHFN�LV�SURYLGHG�LQ�$SSHQGL[����

�
7DEOH����'HVLJQ�FDVHV�UHTXLULQJ�GULIW�FKHFN��
'HVLJQ�2SWLRQ� &DVHV�5HTXLULQJ�'ULIW�&KHFN�

� Q����� ����Q����� Q!��
('2� �� �� $5!���
%'2� $5!���� $5!���� $5!���
5'2� $5!���� $5!���� $5!���

&RPPHQWV��
�� 7KH�Precast Diaphragm Reinforcement Qualification�Procedure DSSHDUV�LQ�3$57���RI�WKH�Seismic 

Design Methodology Document.�
�� (TXDWLRQ���SHUWDLQV�WR�WKH�SULPDU\�MRLQWV�LQ�WKH�GLDSKUDJP��LQFOXGLQJ�WKRVH�EHWZHHQ�SUHFDVW�IORRU�

XQLWV��GLDSKUDJP�WR�/)56�MRLQWV�LQ�ERWK�RUWKRJRQDO�GLUHFWLRQ��DQG�LQWHUQDO�EHDP�MRLQWV�UHVLGLQJ�
EHWZHHQ�FKRUG�OLQHV��6R�FDOOHG�³secondary´�FRQQHFWLRQV�LQ�WKH�IORRU�V\VWHP��LQFOXGLQJ�GLDSKUDJP�WR�
VSDQGUHO�FRQQHFWLRQV��VSDQGUHO�WR�FROXPQ�FRQQHFWLRQV��LQWHUQDO�EHDPV�RXWVLGH�WKH�FKRUG�OLQHV�DQG�
UDPS�WR�OLWH�ZDOO�QRQ�GLDSKUDJP�FRQQHFWLRQV��'2�127�UHTXLUH�D�VHLVPLF�VWUHQJWK�GHVLJQ��

�� 1RWH�WKDW�IRU�GLDSKUDJP�MRLQWV�ZLWKRXW�VLJQLILFDQW�FRPELQHG�IRUFHV��(TQ����VLPSOLILHV�FRQVLGHUDEO\��
••�� ,Q�PRVW�GLDSKUDJPV��WKHUH�DUH�DUHDV�VWURQJO\�GRPLQDWHG�E\�HLWKHU�VKHDU�RU�EHQGLQJ�ZKHUH�WKH�

LQWHUDFWLRQ�RI�WKH�VWUXFWXUDO�HIIHFWV�LV�QRW�VLJQLILFDQW�DQG�WKH�GRPLQDQW�DFWLRQ�FDQ�EH�FRPSDUHG�
GLUHFWO\�WR�WKH�FDSDFLW\�RI�WKH�FRQQHFWLRQV�LQ�WKH�MRLQWV��II�0Q�!�0X�RU�IY9Q�!�:Y9X�����••�� :KHQ�WKH�ULJLG�GLDSKUDJP�DVVXPSWLRQ�LV�XVHG��WKH�DSSOLFDWLRQ�RI�WKH�FRQQHFWLRQ�LQWHUDFWLRQ�
(TQ����FDQ�EH�VLPSOLILHG�E\�UHPRYLQJ�WKH�D[LDO�IRUFH�WHUP�DV�WKH�EHDP�DQDORJ\�GRHV�QRW�
SURGXFH�VHSDUDWH�WHQVLRQ�LQ�WKH�GLDSKUDJP��

�� � (TQ������DOW�

••�� &ROOHFWRUV�DQG�GLDSKUDJP�WR�/)56�FRQQHFWLRQ�FDQ�EH�GHVLJQHG�GLUHFWO\�IRU�WKH�GLDSKUDJP�
UHDFWLRQ�EDVHG�RQ�QRWH������6WHS��D�DQG�:Y �����XQOHVV�D�UDWLRQDO�ORDG�SDWK�PHWKRG�LV�XVHG���

�� $�UDWLRQDO�PHWKRG�LV�SURYLGHG�IRU�FDOFXODWLQJ�WKH�GLDSKUDJP�IOH[XUDO�VWUHQJWKV�My�DQG�Mp�DQG�EHHQ�
HPEHGGHG�LQ�D�GHVLJQ�DLG�SURJUDP��6HH�³'LDSKUDJP�-RLQW�6WUHQJWK�&DOFXODWLRQ´�DQG�³'HVLJQ�$LGV�IRU�
'LDSKUDJP�'HVLJQ��6SUHDGVKHHW�3URJUDP´�LQ�3$57���RI�WKH�Seismic Design Methodology Document.��

�� 'HIRUPDWLRQ�FDSDFLW\�RI�SULPDU\�UHLQIRUFHPHQW�LV�GLUHFWO\�DFFRXQWHG�LQ�WKH�GHVLJQ�WKURXJK�WKH�
GLDSKUDJP�FODVVLILFDWLRQ���+RZHYHU��GHIRUPDWLRQ�FDSDFLW\�VKRXOG�EH�FRQVLGHUHG�IRU�RWKHU�FRQQHFWLRQV�
DQG�UHLQIRUFHPHQW�LQ�WKH�IORRU�V\VWHP�LQFOXGLQJ��

••�� GLDSKUDJP�WR�/)56�FRQQHFWLRQV��ZKLFK�UHTXLUH�D�GLIIHUHQW�VHW�RI�UHTXLUHG�GHIRUPDWLRQ�
FKDUDFWHULVWLFV�WKDQ�WKRVH�GHILQHG�E\�WKH�GLDSKUDJP�UHLQIRUFHPHQW�FODVVLILFDWLRQ�

••�� GLDSKUDJP�WR�VSDQGUHO�FRQQHFWLRQV��VSDQGUHO�WR�FROXPQ�FRQQHFWLRQV��DQG�LQWHUQDO�EHDP�
FRQQHFWLRQV�QRW�LQFOXGHG�LQ�WKH�VWUHQJWK�GHVLJQ���

••�� 5HFRPPHQGDWLRQV�IRU�WKH�GHIRUPDWLRQ�FDSDFLW\�RI�WKHVH�FRQQHFWLRQV�DSSHDU�LQ�Appendix 1��
�� 7KH�GHWHUPLQDWLRQ�RI�GLDSKUDJP�QRPLQDO�VWUHQJWK�DQG�WKH�XVH�RI�(TXDWLRQ���DUH�IXUWKHU�GLVFXVVHG�LQ�WKH�

6WHS���Commentary���

&RPPHQW��$�UDWLRQDO�PHWKRG�KDV�EHHQ�GHYHORSHG�IRU�
WKH�GLDSKUDJP�Eeff DQG�Geff�FDOFXODWLRQV��7KLV�PHWKRG�
LV�HPEHGGHG�LQ�D�GHVLJQ�DLG�SURJUDP��6HH�
³'LDSKUDJP�-RLQW�6WLIIQHVV�&DOFXODWLRQ´�DQG�³'HVLJQ�
$LGV�IRU�'LDSKUDJP�'HVLJQ��6SUHDGVKHHW�3URJUDP´�LQ�
3$57���RI�WKH�Seismic Design Methodology 
Document for Precast Concrete Diaphragms.�
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$SSHQGL[�WR�3UHFDVW�&RQFUHWH�'LDSKUDJP�'HVLJQ�3URFHGXUH�
�
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�

$33(1',&(6��
�
�
$33(1',;����3UHTXDOLILHG�'LDSKUDJP�&RQQHFWLRQV«««««««««««««««S���
�
$33(1',;����&RQQHFWRU�'HIRUPDWLRQ�&DSDFLW\«««««««««�«««��««««S���
�
$33(1',;����'LDSKUDJP�&RQWULEXWLRQ�WR�'ULIW«««««««««�««««««��«S���
�
$33(1',;����$OWHUQDWH�'LDSKUDJP�'HVLJQ�)RUFH�3URFHGXUH�%DVHG�RQ�$6&(�����««S���
�
$33(1',;����&DSDFLW\�'HVLJQ�&RQVLGHUDWLRQV�IRU�3UHFDVW�'LDSKUDJPV««««««���S���
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�



� ��

$33(1',;����3UHTXDOLILHG�'LDSKUDJP�&RQQHFWLRQV�
�
7DEOH�$���SURYLGHV�WKH�SUHTXDOLILHG�GLDSKUDJP�UHLQIRUFHPHQW�LQFOXGLQJ���

����'LDSKUDJP�5HLQIRUFHPHQW�&ODVVLILFDWLRQ��/RZ�'HIRUPDELOLW\�(OHPHQW��/'(���0RGHUDWH�
'HIRUPDELOLW\�(OHPHQW��0'(���+LJK�'HIRUPDELOLW\�(OHPHQW��+'(���

����3HUWLQHQW�UHLQIRUFHPHQW�SURSHUWLHV�IRU�XVH�LQ�WKH�GHVLJQ�SURFHGXUH��HODVWLF�WHQVLRQ�VWLIIQHVV�NW���
QRPLQDO�WHQVLRQ�VWUHQJWK�WQ�HODVWLF�VKHDU�VWLIIQHVV�NY�DQG�QRPLQDO�VKHDU�VWUHQJWK�YQ�

�
7KH�FRQQHFWRU�LGHQWLILFDWLRQ��,'��LQ�WKH�ILUVW�FROXPQ�UHIHUV�WR�WKH�FRQQHFWRU�ODEHOV�VKRZQ�LQ�7DEOH�

�$��� �3$57� �� RI� WKH� Diaphragm Seismic Design Methodology Document��� 7DEOH� �$��� LQ� 3$57� ��
SURYLGHV� D� SKRWR� DQG� VFKHPDWLF� RI� HDFK� WHVWHG� FRQQHFWRU�� LQFOXGLQJ� WKH� SUHTXDOLILHG� FRQQHFWRUV�� 7KH�
VFKHPDWLF�SURYLGHV� WKH�PDMRU�GHWDLOV�RI� WKH�FRQQHFWRUV��KRZHYHU�� WKH�GHVLJQHU�PXVW� UHIHU� WR� WKH�/HKLJK�
WHVWLQJ�UHSRUWV��1DLWR�HW�DO���������1DLWR�HW�DO��������IRU�WKH�IXOO�GHVFULSWLRQ�RI�WKH�FRQQHFWRU�GHWDLOLQJ���
�

7DEOH�$����3UHTXDOLILHG�'LDSKUDJP�5HLQIRUFHPHQW�7DEOH�
7HQVLRQ� 6KHDU�

&ODVVLILFDWLRQ NW�$� WQ�$� GW\� GWX� NY�$� YQ�$ GY\�,'� �$��D��5HLQIRUFLQJ�EDUV�
� >N�LQ�LQ�@ >NVL@ >LQ@� >LQ@ >N�LQ�LQ�@� >NVL@ >LQ@�

%����
%����
%���

'U\�FKRUG�*U���� /'(� ����� �� ����� ��� ���� ���� �����

'� 'U\�FKRUG�Z��IODW�SODWH�*U����� 0'(� ����� �� ����� ��� ���� ���� �����
(� 3RXU�VWULS�FKRUG�*U���� +'(� ����� �� ����� ��� ���� ���� �����
*� 'XFWLOH�ODGGHU�*U������ +'(� ����� �� ����� ��� ���� ���� �����
)� 6WDQGDUG�$670�$����ZZU� /'(� ������
 ���
 ������
 ����
� ���� ���� �����


�EDVHG�RQ�WHVWLQJ�RI�ZZU�ZLWK���”�JDJH�VSDFLQJ�SHUSHQGLFXODU�WR�MRLQW� �
�

7HQVLRQ� 6KHDU�
&ODVVLILFDWLRQ NW� WQ� GW\� GWX� NY� YQ� GY\�,'� �$��E��&RQQHFWRUV�

� >N�LQ@ >NLSV@ >LQ@� >LQ@� >N�LQ@� >NLSV@ >LQ@�
$����
$��� -9,� +'(� ��� ���� ����� ���� ���� ����� ������

&��� +DLUSLQ������ +'(� ���� ���� ����� ���� ���� ����� ������
�� $QJOHG�EDU������ 0'(� ���� ����� ����� ���� ���� ����� ������

��
�

NW�  �(ODVWLF�WHQVLRQ�VWLIIQHVV� � NY�  �(ODVWLF�VKHDU�VWLIIQHVV�
WQ�  �1RPLQDO�7HQVLRQ�VWUHQJWK� � YQ�  �1RPLQDO�6KHDU�VWUHQJWK�
GW\�  �<LHOG�WHQVLRQ�GHIRUPDWLRQ� � GY\�  �<LHOG�VKHDU�GHIRUPDWLRQ�
GWX�  �7HQVLRQ�GHIRUPDWLRQ�FDSDFLW\� � $�  ��%DU�FURVV�VHFWLRQDO�DUHD�

�
�
�
�
�
�
�
�
�



� ��

$33(1',;����&RQQHFWRU�'HIRUPDWLRQ�&DSDFLW\��
�
�
3ULPDU\�'LDSKUDJP�5HLQIRUFHPHQW��6KHDU�DQG�)OH[XUDO�5HLQIRUFHPHQW�

7DEOH�$�����OLVWV�WKH�WHQVLRQ��MRLQW�RSHQLQJ��FDSDFLW\�DVVRFLDWHG�ZLWK�HDFK�RI�WKH�&RQQHFWRU�
'HIRUPDELOLW\�&ODVVLILFDWLRQV�XVHG�LQ�WKH�GHVLJQ�PHWKRGRORJ\���
�

7DEOH�$�����'LDSKUDJP�5HLQIRUFHPHQW�&ODVVLILFDWLRQ�
'HIRUPDELOLW\�&DWHJRU\� 7HQVLRQ�GHIRUPDWLRQ�FDSDFLW\

/'(� GW�������
0'(� �����GW�������
+'(� ���´��GW�

�
�
3ULPDU\�'LDSKUDJP�5HLQIRUFHPHQW��'LDSKUDJP�±WR�/)56�&RQQHFWLRQV�

7KH� GHIRUPDWLRQ� FDSDFLW\� �GF�� IRU� UHLQIRUFHPHQW� RU� FRQQHFWRUV� FRPSULVLQJ� WKH� GLDSKUDJP�WR�
/)56�FRQQHFWLRQ�VKDOO�VDWLVI\�WKH�IROORZLQJ�FRQGLWLRQ��
�

cbc C GG �t �
ZKHUH�&��LV�D�FRHIILFLHQW�PXOWLSOLHU�IRU�GLDSKUDJP�VHLVPLF�GHPDQG�OHYHO��6HH�7DEOH�$�������DQG�GFE� LV�D�
UHIHUHQFH� GHIRUPDWLRQ� FDSDFLW\� IRU� GLDSKUDJP�WR�/)56� FRQQHFWLRQ� �6HH� 7DEOH� $������� 'HIRUPDWLRQ�
FDSDFLW\�LV�WR�EH�UHOLDEOH�DQG�VWDEOH�DW�WKH�GHIRUPDWLRQ�FDSDFLW\�XQGHU�F\FOLF�ORDGLQJ��
�
7DEOH�$�����'LDSKUDJP�WR�/)56�FRQQHFWLRQ�&RHIILFLHQW�PXOWLSOLHU�&���

6HLVPLF�'HPDQG�/HYHO� &��
/RZ� �����
0RGHUDWH� �����
+LJK� �����
�
7DEOH�$�����'LDSKUDJP�WR�/)56�FRQQHFWLRQV�UHIHUHQFH�GHIRUPDWLRQ�FDSDFLW\�GFE��

GFE� ([WHULRU�ZDOO� ,QWHULRU�ZDOO� /LWH�ZDOO 0RPHQW�IUDPH
2SHQLQJ� ������ ������ ������ �����
6OLGLQJ� ����� ������ ������ �����

�
'LDSKUDJP��6HFRQGDU\�&RQQHFWLRQV�'HIRUPDWLRQ�5HFRPPHQGDWLRQV�

�������5HFRPPHQGHG�GHIRUPDWLRQ�FDSDFLW\�IRU�GLDSKUDJP�VHFRQGDU\�FRQQHFWLRQV�DUH�WKH�SURGXFW�RI�WKH�
UHIHUHQFH�GHIRUPDWLRQ�FDSDFLWLHV�OLVWHG�LQ�7DEOH�$�����PXOWLSOLHG�E\�WKH�DSSURSULDWH�&��IDFWRU��

7DEOH�$�����'HIRUPDWLRQ�FDSDFLW\�UHFRPPHQGDWLRQV�IRU�GLDSKUDJP�VHFRQGDU\�FRQQHFWLRQV���

3DUNLQJ�6WUXFWXUH� 5HJXODU�EXLOGLQJ�'HIRUPDWLRQ�
,QWHUQDO�EHDP� 6SDQGUHO ,QWHUQDO�EHDP 6SDQGUHO

2SHQLQJ� ������� ������ ������� �������
6OLGLQJ� ������� ������� ������ ������
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$33(1',;����'LDSKUDJP�&RQWULEXWLRQ�WR�'ULIW�
3URFHGXUH�WR�FDOFXODWH�WKH�GLDSKUDJP�FRQWULEXWLRQ�WR�JUDYLW\�FROXPQ�LQWHUVWRU\�GULIW�����
����'HWHUPLQH�WKH�GLDSKUDJP�HODVWLF�GHIRUPDWLRQ��G�GLD��HO��XQGHU�GHVLJQ�IRUFH��FDia���

�� ,I�XVLQJ�D�IUHH�ERG\�GLDJUDP�PHWKRG��REWDLQ�WKH�PD[LPXP�GLDSKUDJP�GHIRUPDWLRQ�EDVHG�RQ�
WKH�PRPHQW�DQG�VKHDU�GLDJUDPV�REWDLQHG�LQ�6WHS��E��DQG�XVLQJ�WKH�FDOFXODWHG�Eeff DQG�Geff.�

�� ,I�XVLQJ�D�VHPL�ULJLG�GLDSKUDJP�PRGHO��H[WUDFW�WKH�PD[LPXP�GLDSKUDJP�GHIRUPDWLRQ�IURP�
WKH�VWDWLF�DQDO\VLV�SHUIRUPHG�LQ�6WHS��E�XVLQJ�WKH�FDOFXODWHG�Eeff DQG�Geff�

����'HWHUPLQH�WKH�GLDSKUDJP�LQHODVWLF�GHIRUPDWLRQ�E\�DSSO\LQJ�WKH�GHIRUPDWLRQ�DPSOLILHU��&G�GLD��WR�
HODVWLF�GLDSKUDJP�GHIRUPDWLRQ��G�GLD��HO���

G�GLD� �&G�GLD�G�GLD��HO�������������������������������� ���(TQ��$�����
� � ZKHUH���IRU�('2���&G�GLD� �����&'�

IRU�%'2���&G�GLD� �����&'�
IRU�5'2���&G�GLD� �����&'�

DQG�&'�LV�WKH�GLDSKUDJP�GULIW�3�'�PXOWLSOLHU�� ����������� � ARLCC � ' �ZKHUH�&��LV�D�
WKH�GHVLJQ�RSWLRQ�IDFWRU�HTXDO�WR������IRU�('2�������IRU�%'2�DQG������IRU�5'2��

����'HWHUPLQH�WKH�GLDSKUDJP�LQGXFHG�JUDYLW\�FROXPQ�GULIW�E\�LQWURGXFLQJ�D�GLDSKUDJP�GULIW�
UHGXFWLRQ�IDFWRU��&U�GLD��WR�WKH�GLDSKUDJP�LQHODVWLF�GHIRUPDWLRQ��G�GLD��

T�GLD� �G�GLD&U�GLD��h      �(TQ��$�����
� �� ZKHUH�K�LV�WKH�IORRU�WR�IORRU�KHLJKW�DQG�&U�GLD�LV�FDOFXODWHG�IURP��

� � � )RU�('2�� �������������� � d� d ARC diar ��������������������(TQ��$�����

)RU�%'2�� �������������� � d� d ARC diar �������������������(TQ��$�����
)RU�5'2�� �������������� � d� d ARC diar �������������������(TQ��$�����

� � DQG�AR �LV�GLDSKUDJP�DVSHFW�UDWLR�DV�OLPLWHG�LQ�$SSHQGL[����

����&KHFN�WKH�GLDSKUDJP�LQGXFHG�JUDYLW\�FROXPQ�GULIW�ZLWK�GHVLJQ�OLPLW���
�����,I�T�GLD��������2.�

�����,I�T�GLD�!������WKHQ�FKHFN�T�GLD���T�/)56�
� � � ZKHUH�T�/)56�LV�����WLPHV�WKH�/)56�VWRU\�GULIW�GHWHUPLQHG�SHU�$6&(������������

� � ,I��T�GLD���T�/)56��������2.�

,I��T�GLD���T�/)56�!�������WKHQ�UHGHVLJQ�WKH�GLDSKUDJP�WR�LQFUHDVH�
GLDSKUDJP�VWLIIQHVV��YLD�GLDSKUDJP�UHLQIRUFHPHQW�RU�VSDQ��

�

&RPPHQWV��
�� 7KH�&U�IDFWRU�LV�LQWHQGHG�WR�DFFRXQW�IRU�WKH�IDFW�WKDW�GLDSKUDJP�GHIRUPDWLRQ�LV�QRW�GLUHFWO\�

UHODWHG�WR�WKH�FROXPQ�LQWHU�VWRU\�GULIW�GXH�WR�KLJKHU�PRGH�HIIHFWV�	�GHIRUPDWLRQ�RI�DGMDFHQW�
IORRU�GLDSKUDJPV��H[FHSW�IRU�WKH�ORZHVW�GLDSKUDJP�ZKLFK�W\SLFDOO\�KDV�ORZ�GHIRUPDWLRQ�
GHPDQG�FRPSDUHG�WR�XSSHU�IORRUV���

�� 7KH�&'�IDFWRU�LV�LQWHQGHG�WR�DFFRXQW�IRU�DGGHG�JUDYLW\�V\VWHP�GULIW�GXH�WR�3�'�HIIHFWV��
�� 7KH�GLDSKUDJP�LQGXFHG�GULIW�OLPLW������LV�VHW�DV�WKH�GLIIHUHQFH�RI�WKH�HVWLPDWHG�DOORZDEOH�

JUDYLW\�FROXPQ�GULIW��TFRO� �������DQG�WKH�H[SHFWHG�/)56�GULIW��T/)56� �������LQ�WKH�0&(��
�� 7KH�����IDFWRU�IRU�T/)56�LV�WR�VFDOH�WKH�FRGH��'%(��GULIW�WR�WKH�0&(�OHYHO��
�� )XUWKHU�JXLGDQFH�RQ�SHUIRUPLQJ�WKH�GLDSKUDJP�GHIRUPDWLRQ�FDOFXODWLRQ�IRU�VXEVWHS���DERYH�

DSSHDUV�LQ�3$57���RI�WKH�Seismic Design Methodology Document.�
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$33(1',;����$OWHUQDWH�'LDSKUDJP�'HVLJQ�)RUFH�3URFHGXUH�%DVHG�RQ�$6&(������
�
7R�XVH�WKH�GLDSKUDJP�GHVLJQ�PHWKRGRORJ\�ZLWK�FXUUHQW�$6&(�����GLDSKUDJP�SURFHGXUHV��XVH�DOWHUQDWH�
6WHS��D�EHORZ�LQ�OLHX�RI�FXUUHQW�3$57����6WHS��D��XVLQJ�WKH�Fdia,x�FDOFXODWHG�LQ�(TQ��$����IRU�Fpx .�
�
6WHS��D���$OWHUQDWH���

����'HWHUPLQH�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRU��<���
x� )RU�HODVWLF�GHVLJQ�RSWLRQ��< �<(��

@����������>���� ����� ARnE ��: < �� E<d��� �������������(TQ��$���D��
x� )RU�EDVLF�GHVLJQ�RSWLRQ��< �<'��

@����������>���� ���� ARnD ��: < �� D<d��� ����������� �(TQ��$���E��
x� )RU�UHGXFHG�GHVLJQ�RSWLRQ��< �<5��

@����������>���� ���� ARnR ��: < �� R<d��� �������� ��(TQ��$���F��

�����ZKHUH�  
n�LV�EXLOGLQJ�WRWDO�QXPEHU�RI�VWRULHV�
AR LV�GLDSKUDJP�DVSHFW�UDWLR��������AR ������
:�LV�D�PXOWLSOLHU�WR�FRQVLGHU�WKH�HIIHFW�RI�/)56�RYHUVWUHQJWK�� ���

� �ORJ���� n:� : ��
EDVHG�RQ�WKH�VWUXFWXUH�V\VWHP�RYHUVWUHQJWK�IDFWRU��:���GHILQHG�LQ�$6&(������

�
����'HWHUPLQH�GLDSKUDJP�VKHDU�RYHUVWUHQJWK�IDFWRU��:Y��

x� )RU�HODVWLF�GHVLJQ�RSWLRQ��:Y� �:Y(��
��� :vE �������������������������������� �(TQ��$���D��

x� )RU�EDVLF�GHVLJQ�RSWLRQ��:Y� �:Y'��
��������� ���� d : ARvD ������������������(TQ��$���E��

���� )RU�UHGXFHG�GHVLJQ�RSWLRQ��:Y� �:Y5��
��������� ���� d : ARvR ������������������(TQ��$���F��

�
� � ZKHUH AR LV�GLDSKUDJP�DVSHFW�UDWLR��

�������AR ����������XVH�����LI�$5�!����DQG�XVH������LI�$5��������

�
����'HWHUPLQH�'LDSKUDJP�)RUFH�9HUWLFDO�'LVWULEXWLRQ��Dx��)DFWRU������

7KH�GLDSKUDJP�IRUFH�YHUWLFDO�GLVWULEXWLRQ�IDFWRU�Dx���IRU�XVH�LQ�(TQ��$����LV�FDOFXODWHG�DV�IROORZV��

3DUNLQJ�JDUDJH�ZLWK�UDPS��� Dx� ����IRU�WRS�IORRU��������Dx� �����IRU�RWKHU�IORRUV�
2WKHU�W\SHV�RI�EXLOGLQJV��� Dx��DV�GHWHUPLQHG�LQ�7DEOH�$�����

�

����&DOFXODWH�WKH�ODWHUDO�VHLVPLF�GHVLJQ�IRUFH�Fx�DW�HDFK�IORRU�OHYHO�DV�SHU�$6&(������XVLQJ�HTXDWLRQ�
(TQ����������DV�SHU�$6&(���6HFWLRQV����������������

x� 1RWH��The approximate structure fundamental period Ta in ASCE 7 Section 12.8.2 shall be used to 
calculate the controlling seismic response coefficient Cs��

����&DOFXODWH�WKH�WRS�OHYHO�GLDSKUDJP�IRUFH�Fpn�XVLQJ�(TQ����������DV�SHU�$6&(���6HFWLRQ������������
x� 1RWH��The lower bound diaphragm design force 0.2SDSIwpx shall apply in the calculation of Fpn 

(ASCE 7 Section 12.10.1.1), where terms SDS , I , wpx are defined in ASCE7-05��
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����&DOFXODWH�GLDSKUDJP�GHVLJQ�DFFHOHUDWLRQ�DW�WKH�XSSHUPRVW�OHYHO�n��Cdia�Q �
pnpnndia wFC ��  � � � � � �(TQ��$�����

����&DOFXODWH�EDVHOLQH�GLDSKUDJP�IRUFH�DW�HDFK�OHYHO�x��)'[�
� � � � FDx� �D x� Cdia��Q  wpx       �(TQ��$�����

ZKHUH�Dx�LV�D�diaphragm force vertical distribution�factor, ZKLFK�FDQ�EH�WDNHQ�DV������RU 
DOWHUQDWLYHO\�FDOFXODWHG�XVLQJ�$SSHQGL[���RI�3$57��� 

����$PSOLI\�WKH�EDVHOLQH�GLDSKUDJP�IRUFH�REWDLQHG�IURP�(TQ��$����E\�WKH�GLDSKUDJP�IRUFH�
DPSOLILFDWLRQ�IDFWRU�REWDLQHG�IURP�(TQV��$���D�F��

� DxxDia FF < � �������������������������������� � ������ �(TQ��������
�

�
�

7DEOH�$�����'LDSKUDJP�GHVLJQ�IRUFH�GLVWULEXWLRQ�IDFWRU��Dx��

7RWDO�1XPEHU�RI�6WRU\�6WRU\�1XPEHU�
�� �� �� �� �� �� �� �� �� ���

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

7DEOH�$����SURYLGHV�WKH�Dx�YDOXHV�FDOFXODWHG�IRU���WR����VWRU\�VWUXFWXUHV��6HH�Appendix 4 Commentary�IRU�JHQHUDO�HTXDWLRQ���

&RPPHQWV��
�� 'HVLJQ�HTXDWLRQV�DUH�JUHDWHU�WKDQ�RU�HTXDO�WR�����RI�PHDQ�GDWD�RI�WKH�PD[LPXP�UHVSRQVH�IURP�

��JURXQG�PRWLRQV��
�� <(�±�'LDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRU�XVHG�LQ�WKH�('2���

���� &DOLEUDWHG�WR�SURGXFH�HODVWLF�GLDSKUDJP�UHVSRQVH�LQ�WKH�0&(��
�� <'�±�'LDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRU�XVHG�LQ�WKH�%'2���

���� &DOLEUDWHG�WR�SURGXFH�HODVWLF�GLDSKUDJP�UHVSRQVH�LQ�WKH�'%(��
���� <'�SURGXFHV�PD[LPXP�LQHODVWLF�RSHQLQJ�GHIRUPDWLRQ�GHPDQG�LQ�0&(�QRW�H[FHHGLQJ��WKH�

DOORZDEOH�YDOXH�IRU�D�0RGHUDWH�'HIRUPDELOLW\�(OHPHQW�����”��
�� <5�±�'LDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRU�XVHG�LQ�WKH�5'2���

���� &DOLEUDWHG�WR�SURGXFH�WKH�PD[LPXP�LQHODVWLF�RSHQLQJ�GHIRUPDWLRQ�GHPDQG�LQ�0&(�QRW�
H[FHHGLQJ�WKH�DOORZDEOH�YDOXH�IRU�D�+LJK�'HIRUPDELOLW\�(OHPHQW�����”�

�� $Q�HVWLPDWH�RI�DFWXDO�/)56�RYHUVWUHQJWK�FDQ�EH�VXEVWLWXWHG�IRU�:��LQ�GHWHUPLQLQJ�:��6HH�
Commentary Appendix 4���

�� :Y�LV�DSSOLHG�WR�WKH�required�VKHDU�IRUFH�LQ�6WHS���
�� )RU�WKLV�PHWKRG��FROOHFWRUV�VKRXOG�EH�GHVLJQHG�IRU�D[LDO�IRUFH�HTXLYDOHQW�WR�WKH�GLDSKUDJP�WR�/)56�

FRQQHFWLRQ�GHVLJQ�VKHDU��JLYHQ�E\�WKH�PD[LPXP�RI��:Y9X���:R9X�<���XQOHVV�D�UDWLRQDO�ORDG�SDWK�
PHWKRG��Step 5 CommHQWDU\��LV�XVHG��

�� 8SSHUPRVW�IORRU�OHYHO�IRU�EXLOGLQJV�ZLWK�YHUWLFDO�DSSHQGDJHV��H�J��SHQWKRXVHV��LV�OHYHO�FRQWDLQLQJ�
����RI�WRWDO�EXLOGLQJ�ZHLJKW�DV�PHDVXUHG�IURP�JURXQG��'HVLJQ�DSSHQGDJH�IRU�&GLD�DW�LWV�OHYHO��

�� 7KH�XSSHU�ERXQG�GLDSKUDJP�GHVLJQ�IRUFH�LQ�$6&(���GRHV�QRW�DSSO\��
�� $�UDPS�HOHPHQW�ZLOO�EH�DVVRFLDWHG�ZLWK�WKH�WRS�PRVW�OHYHO�WR�ZKLFK�LW�LV�DWWDFKHG��
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$33(1',;����&DSDFLW\�'HVLJQ�&RQVLGHUDWLRQV�IRU�3UHFDVW�'LDSKUDJPV�
$� FDSDFLW\� GHVLJQ� FKHFN� VKRXOG� EH� SHUIRUPHG� LQ� DQ� HIIRUW� WR� DFKLHYH� WKH� GHVLUHG� GLDSKUDJP�

XOWLPDWH�PHFKDQLVP��L�H���DQ�LQHODVWLF�IOH[XUDO�PHFKDQLVP�ZLWK�HODVWLF�VKHDU�UHVSRQVH��7KLV�FKHFN�HQIRUFHV�
WKDW�WKH�GLDSKUDJP�MRLQW�QRPLQDO�VKHDU�FDSDFLW\�LV�QRW�OHVV�WKDQ�WKH�H[SHFWHG�VKHDU�GHPDQG�EDVHG�RQ�WKH�
PD[LPXP�GLDSKUDJP�IOH[XUDO�VWUHQJWK��

�

���� LMMV nnn

�� �t E � � � �(TQ��$�����
�

ZKHUH� 0Q
�� DQG� 0� Q

�� DUH� WKH� GLDSKUDJP� MRLQW� QRPLQDO� IOH[XUDO� VWUHQJWK� DW� WKH� VXSSRUW� DQG� PLGVSDQ�
UHVSHFWLYHO\�� DQG� L’ LV� WKH� GLDSKUDJP� VSDQ� EHWZHHQ� WKH� /)56� LQHODVWLF� IOH[XUH� �6HH� &RPPHQWDU\�
$SSHQGL[� ���� E� LV� D� IDFWRU� WR� DFFRXQW� IRU� SRVVLEOH� VWUDLQ� KDUGHQLQJ� LQ� GLDSKUDJP� UHLQIRUFHPHQW��
UHFRPPHQGHG�DV�������
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
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&RPPHQWDU\�WR�3UHFDVW�&RQFUHWH�'LDSKUDJP�'HVLJQ�
3URFHGXUH�

�
�
�
7(50,12/2*<�$1'�127$7,21«««««««««««««««««««��««S���
�
35()$&(�72�&200(17$5<�«««««««««««««««««««���«««S���
�
&200(17$5<�72�7+(�6(,60,&�'(6,*1�352&('85(�««««««�«�«���«S���
� 6WHS����Diaphragm seismic demand level««««««�«�«�������������������������������������«S�� 

 6WHS����Diaphragm design option«««««««««�«�«�������������������������������������«S�� 

 6WHS��D��Diaphragm design forces««««���««««�«�«�������������������������������������«S�� 

 6WHS��E��Diaphragm required strength««««�«««�«�«�������������������������������������«S�� 

 6WHS����Diaphragm connection design««««��«««�«�«�������������������������������������«S�� 

 6WHS����Diaphragm stiffness«««««««««««��«�«�������������������������������������«S�� 

 
�
&200(17$5<�$33(1',;����3UHTXDOLILHG�'LDSKUDJP�&RQQHFWLRQV«««««««S���
�
&200(17$5<�$33(1',;����&RQQHFWRU�'HIRUPDWLRQ�&DSDFLW\««««««���«���S���
�
&200(17$5<�$33(1',;����'LDSKUDJP�&RQWULEXWLRQ�WR�'ULIW««�«««««��«S���
�
&200(17$5<�$33(1',;����$OWHUQDWH�'HVLJQ�)RUFH�3URFHGXUH�IRU�$6&(�����«���S���
�
&200(17$5<�$33(1',;����3UHFDVW�'LDSKUDJP�&DSDFLW\�'HVLJQ�&RQVLGHUDWLRQV���S���
�
�
�
�

5()(5(1&(6«««««««««««��«�«�������������������������������������«««««««��S���
�

�

�

�

�

�

�

�
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7HUPLQRORJ\�DQG�1RWDWLRQ�
�
1RWH��7HUPV�LQ�EROG�UHSUHVHQW�QHZ�WHUPLQRORJ\�DQG�QRWDWLRQ�GHYHORSHG�IRU�WKH�SURFHGXUH��1RUPDO�IRQW�LV�
XVHG�IRU�DFFHSWHG�RU�FRGH�WHUPLQRORJ\��

7HUPLQRORJ\��
$5�� � $VSHFW�5DWLR�
%'2�� � %DVLF�'HVLJQ�2SWLRQ�
'%(�� � 'HVLJQ�%DVLV�(DUWKTXDNH�
'6'0�� � 'LDSKUDJP�6HLVPLF�'HVLJQ�0HWKRGRORJ\�
('2�� � (ODVWLF�'HVLJQ�2SWLRQ�
(/)�� � (TXLYDOHQW�/DWHUDO�)RUFH�
+'(�� � +LJK�'HIRUPDELOLW\�(OHPHQW�
/'(�� � /RZ�'HIRUPDELOLW\�(OHPHQW�
/)56�� � /DWHUDO�)RUFH�5HVLVWLQJ�6\VWHP�
0&(�� � 0D[LPXP�&RQVLGHUHG�(DUWKTXDNH�
0'(�� � 0RGHUDWH�'HIRUPDELOLW\�(OHPHQW�
5'2�� � 5HGXFHG�'HVLJQ�2SWLRQ�
6'&�� � 6HLVPLF�'HVLJQ�&DWHJRU\�

1RWDWLRQ��
Cd,dia�� � 'LDSKUDJP�'ULIW�5HGXFWLRQ�)DFWRU�
Cr,dia�� � 'LDSKUDJP�,QHODVWLF�'HIRUPDWLRQ�$PSOLILHU 
Eeff  'LDSKUDJP�(IIHFWLYH�<RXQJ¶V�0RGXOXV 
Fx��� � 6HLVPLF�'HVLJQ�)RUFH 
Geff�� � 'LDSKUDJP�(IIHFWLYH�6KHDU�0RGXOXV 
h   )ORRU�WR�)ORRU�+HLJKW 
kt, kv  &RQQHFWRU�7HQVLRQ��6KHDU�6WLIIQHVV 
L   'LDSKUDJP�6SDQ�
Nu, Vu, Mu��� 'LDSKUDJP�'HVLJQ�,QWHUQDO�)RUFHV��$[LDO��6KHDU�DQG�0RPHQW 
n�� � � 1XPEHU�RI�6WRULHV 
tn , vn  &RQQHFWRU�7HQVLRQ��6KHDU�6WUHQJWK 
wpx   7ULEXWDU\�)ORRU�0DVV 

G dia  'LDSKUDJP�,QHODVWLF�'HIRUPDWLRQ�
G dia, el   'LDSKUDJP�(ODVWLF�'HIRUPDWLRQ 

If�� � � )OH[XUDO�6WUHQJWK�5HGXFWLRQ�)DFWRU 
Iv��� � 6KHDU�6WUHQJWK�5HGXFWLRQ�)DFWRU 
Tcol�� � $OORZDEOH�*UDYLW\�&ROXPQ�'ULIW 
T dia�� � 'LDSKUDJP�,QGXFHG�*UDYLW\�&ROXPQ�'ULIW 
T LFRS�� � $OORZDEOH�/)56�'ULIW 
:V�� � 'LDSKUDJP�6KHDU�2YHUVWUHQJWK�)DFWRU�

1RWDWLRQ�IRU�$OWHUQDWH��$6&(������'LDSKUDJP�'HVLJQ�)RUFH�3URFHGXUH��
Cdia,max  0D[LPXP�'LDSKUDJP�'HVLJQ�$FFHOHUDWLRQ�
Cvc   9HUWLFDO�'LVWULEXWLRQ�)DFWRU�
FDia,x�� � $PSOLILHG�'LDSKUDJP�'HVLJQ�)RUFH 
FDx�� � 'LDSKUDJP�%DVHOLQH�'HVLJQ�)RUFH 

Dx   'LDSKUDJP�)RUFH�9HUWLFDO�'LVWULEXWLRQ�)DFWRU 
:0�� � 6\VWHP�2YHUVWUHQJWK�)DFWRU�
:� � � 'LDSKUDJP�)RUFH�/)56�2YHUVWUHQJWK�)DFWRU�
<� � � 'LDSKUDJP�)RUFH�$PSOLILFDWLRQ�)DFWRU�
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3UHIDFH�WR�&RPPHQWDU\�RQ�WKH�6HLVPLF�'HVLJQ�3URFHGXUH�IRU�
3UHFDVW�&RQFUHWH�'LDSKUDJPV�

7KLV� SUHIDFH� WR� WKH� &RPPHQWDU\� VXPPDUL]HV� WKH� PDLQ� SRLQWV� RI� WKH� GHVLJQ� PHWKRGRORJ\� DQG�
GHVLJQ� IDFWRU� FDOLEUDWLRQ�� $� UHDGHU� XQIDPLOLDU� ZLWK� WKH� GHVLJQ� DSSURDFK� DGRSWHG� IRU� WKH� GHVLJQ�
PHWKRGRORJ\� LV� HQFRXUDJHG� WR� ILUVW� UHDG� 3$57� �� 6HFWLRQ� ���� Background on the Seismic Design 
Methodology.� 7KH� GHVLJQ� IDFWRU� FDOLEUDWLRQ� LQYROYHG� DQDO\WLFDO� UHVHDUFK� XVLQJ� PRGHOV� GHYHORSHG� DQG�
FDOLEUDWHG�RQ�WKH�EDVLV�RI�H[WHQVLYH�ODUJH�VFDOH�SK\VLFDO�WHVWLQJ��DV�GHVFULEHG�LQ�3$57����Appendix C��

'HVLJQ�0HWKRGRORJ\�6XPPDU\�
7KH�GHVLJQ�PHWKRGRORJ\�DOORZV�WKH�GHVLJQHU�WKUHH�RSWLRQV��6HH�)LJXUH�&�,����

��� $Q�Elastic Design Option��('2��LQ�ZKLFK�WKH�GLDSKUDJP�LV�GHVLJQHG�WR�UHPDLQ�HODVWLF�XS�WR�WKH�
Maximum Considered Earthquake �0&(��� 7KLV� REMHFWLYH� LV� UHDOL]HG� WKURXJK� WKH� XVH� RI� D�
'LDSKUDJP� 'HVLJQ� )RUFH� 5HGXFWLRQ� )DFWRU� Rs� OHVV� WKDQ� XQLW\�� LQ� FRQMXQFWLRQ� ZLWK� QHZO\�
SURSRVHG� GLDSKUDJP� IRUFHV� DOLJQHG� WR� HODVWLF� UHVSRQVH� LQ� WKH� '%(�� ,Q� H[FKDQJH� IRU� D� KLJKHU�
GLDSKUDJP�GHVLJQ� IRUFH�� WKH�GHVLJQHU� FDQ�GHWDLO� WKH�GLDSKUDJP�ZLWK� UHLQIRUFHPHQW� FODVVLILHG�DV�
Low Deformability Elements��/'(���L�H��UHLQIRUFHPHQW�ZLWKRXW�DQ\�GHIRUPDWLRQ�UHTXLUHPHQWV���

��� $�Basic Design Option� �%'2�� LQ�ZKLFK� WKH�GLDSKUDJP� LV�GHVLJQHG� WR� UHPDLQ� HODVWLF�XS� WR� WKH�
Design Basis Earthquake �'%(���7KLV�REMHFWLYH�LV�UHDOL]HG�WKURXJK�WKH�XVH�RI�Rs�HTXDO�WR�XQLW\��LQ�
FRQMXQFWLRQ�ZLWK� WKH�QHZO\�SURSRVHG�GLDSKUDJP�IRUFHV� DOLJQHG� WR�HODVWLF� UHVSRQVH� LQ� WKH�'%(��
7KH�GHVLJQ�UHTXLUHV�UHLQIRUFHPHQW�FODVVLILHG�DV�Moderate Deformability Elements��0'(���ZKRVH�
FODVVLILFDWLRQ� SURYLGH� DQ� LQHODVWLF� GHIRUPDWLRQ� FDSDFLW\� VXIILFLHQW� WR� VXUYLYH� WKH� DQWLFLSDWHG�
GHIRUPDWLRQ�GHPDQGV�IRU�D�%'2�GHVLJQ�LQ�WKH�0&(��

��� $�Reduced Design Option��5'2��LQ�ZKLFK�WKH�GLDSKUDJP�LV�GHVLJQHG�ZLWK�Rs�JUHDWHU�WKDQ�XQLW\��
LQ� FRQMXQFWLRQ�ZLWK� WKH� QHZO\� SURSRVHG� GLDSKUDJP� IRUFHV�� $W� WKHVH� GHVLJQ� IRUFH� OHYHOV�� VRPH�
\LHOGLQJ�LQ�WKH�GLDSKUDJP�LV�DQWLFLSDWHG�LQ�WKH�'%(��,Q�H[FKDQJH�IRU�WKH�ORZHVW�GLDSKUDJP�GHVLJQ�
IRUFH��WKH�GHVLJQHU�PXVW�XVH�WKH�KLJKHVW�FODVVLILFDWLRQ�RI�SUHFDVW�GLDSKUDJP�UHLQIRUFHPHQW��WHUPHG�
High Deformability Elements��+'(���7KH�Rs�YDOXH�LV�FDOLEUDWHG�VXFK�WKDW�WKH�GLDSKUDJP�LQHODVWLF�
GHIRUPDWLRQ�GHPDQGV�LQ�WKH�0&(�DUH�WDUJHWHG�ZLWKLQ�WKH�+'(�DOORZDEOH�GHIRUPDWLRQ�FDSDFLW\��

$�GLDSKUDJP�VKHDU�RYHUVWUHQJWK�IDFWRU��:9��LV�XVHG�WR�DVVXUH�WKDW�QRQ�GXFWLOH�VKHDU�IDLOXUH�GRHV�QRW�RFFXU�
SULRU�WR�WKH�GLDSKUDJP�UHDFKLQJ�LWV�LQWHQGHG�LQHODVWLF�WDUJHW�GHIRUPDWLRQ��1RWH�WKDW�inelastic deformation�
LV�DVVRFLDWHG�ZLWK�MRLQW�opening�GXH�WR�GLDSKUDJP�IOH[XUH��QRW�MRLQW�VOLGLQJ�GHIRUPDWLRQ�GXH�WR�VKHDU��
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)LJXUH�&�,��6FKHPDWLF�RI�'LDSKUDJP�5HVSRQVH�LQGLFDWLQJ�'LDSKUDJP�'HVLJQ�2SWLRQV��

� ,W� LV� QRWHG� WKDW� SULRU� WR� WKH� LQWURGXFWLRQ� RI� WKH� QHZ�GLDSKUDJP� IRUFH� SURSRVDO�� WKHVH� VDPH� GHVLJQ�
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<D��<R ��WR�WKH�FXUUHQW��$6&(�������GLDSKUDJP�IRUFHV��7KH�RULJLQDO�QRWDWLRQ�LV�DOVR�LQGLFDWHG�LQ�)LJ��&�,��
DQG� LV� PDLQWDLQHG� DV� DQ� DOWHUQDWH� GHVLJQ� DSSURDFK� LQ� $SSHQGL[� �� RI� WKH� GHVLJQ� SURFHGXUH�� 7DEOH� &���
EHORZ�VXPPDUL]HV�WKH�GHVLJQ�RSWLRQV�DYDLODEOH�DQG�KRZ�$6&(�����PDSV�WR��WKH�SURSRVHG��$6&(������

7DEOH�&�,��'LDSKUDJP�'HVLJQ�2SWLRQV�

'HVLJQ�)DFWRUV� 'LDSKUDJP�6WUHQJWK�3HUIRUPDQFH�7DUJHW�
)OH[XUH� 6KHDU�

'LDSKUDJP�
'HVLJQ�
2SWLRQ�

$6&(�����
�$SSHQGL[����

$6&(����
�
�3$57����� '%(� 0&(� '%(� 0&(�

('2� <(� Rs� ����� (ODVWLF� (ODVWLF� (ODVWLF� (ODVWLF�
%'2� <'� Rs� ����� (ODVWLF� ,QHODVWLF� (ODVWLF� (ODVWLF�
5'2� <5� Rs� ����� ,QHODVWLF� ,QHODVWLF� (ODVWLF� (ODVWLF�


�3URSRVHG�WKURXJK�,7�������
�
&DOLEUDWLRQ�RI�'HVLJQ�)DFWRUV�

7KH�GHVLJQ�IDFWRUV�ZHUH�FDOLEUDWHG� WKURXJK�DQDO\WLFDO�SDUDPHWHU�VWXGLHV��7KHVH�VWXGLHV� LQYROYHG�
HDUWKTXDNH� VLPXODWLRQV� RI� D� SUHFDVW� HYDOXDWLRQ� VWUXFWXUH� WR� GHWHUPLQH� GLDSKUDJP� VHLVPLF� GHPDQGV�� DV�
GHVFULEHG�LQ�3$57����Appendix A1��:KHUH�WKHVH�DQDO\WLFDO�UHVXOWV�VXSSRUW�D�VWHS�LQ�WKH�GHVLJQ�SURFHGXUH��
WKH\�ZLOO�EH�SUHVHQWHG� LQ� WKH�FRUUHVSRQGLQJ�FRPPHQWDU\� VHFWLRQ��8QOHVV�RWKHUZLVH� LQGLFDWHG��DQDO\WLFDO�
UHVXOWV� VKRZQ� DUH� WKH�PHDQ� RI�PD[LPXP� IURP� D� VXLWH� RI� �� VSHFWUXP� FRPSDWLEOH� JURXQG�PRWLRQV�� ,W� LV�
QRWHG�WKDW�WKH�DQDO\WLFDO�UHVHDUFK�ZDV�OLPLWHG�WR�6'&�&�WR�(��QR�DQDO\VHV�ZHUH�SHUIRUPHG�IRU�6'&�%���

,Q�JHQHUDO��WZR�SHUIRUPDQFH�WDUJHWV�DUH�XVHG�WR�GHWHUPLQH�WKH�IDFWRUV�IRU�WKH�GHVLJQ�PHWKRGRORJ\�
�6HH�7DEOH�&�,,�������HODVWLF�GLDSKUDJP�UHVSRQVH��PHDVXUHG�LQ�WHUPV�RI�WKH�PD[LPXP�GLDSKUDJP�LQHUWLDO�
IRUFHV� DQWLFLSDWHG� IRU� D� JLYHQ� VHLVPLF� KD]DUG�� DQG�� �E�� LQHODVWLF� GLDSKUDJP� GHIRUPDWLRQ� GHPDQGV��
PHDVXUHG�LQ�WHUPV�RI�WKH�PD[LPXP�H[SHFWHG�RSHQLQJ�RI�MRLQWV�EHWZHHQ�SUHFDVW�XQLWV�DW�WKH�FKRUG�OLQHV��

7KH�SHUIRUPDQFH�WDUJHWV�DUH�LOOXVWUDWHG�VFKHPDWLFDOO\�XVLQJ�WKH�PRQRWRQLF�EDFNERQHV�LQ�)LJXUH�&�
,,�� �D��D�JOREDO�SXVKRYHU�FXUYH�RI�GLDSKUDJP�IRUFH� �Fdia��YV��GHIRUPDWLRQ� �'dia���DQG���E��D�SORW�RI� ORFDO�
GHPDQG� RQ� WKH� FULWLFDO� IOH[XUH� �PLGVSDQ�� MRLQW�� LQ� WHUPV� RI� FKRUG� FRQQHFWRU� WHQVLRQ� IRUFH� �T��YV�� MRLQW�
RSHQLQJ��G���7KHVH�DFWLRQV�DUH�JUDSKLFDOO\�GLVSOD\HG�LQ�WKH�)LJ��&�,,D�LQVHW���

7KH� IRUFH�EDVHG� GLDSKUDJP�SHUIRUPDQFH� WDUJHWV� SHUWDLQ� WR� HODVWLF� GLDSKUDJP� UHVSRQVH�� DQG� DUH�
LQGLFDWHG�LQ�)LJ��&�,,�DV�JUH\�VROLG�FLUFOHV��7KH�GHIRUPDWLRQ�EDVHG�GLDSKUDJP�SHUIRUPDQFH�WDUJHWV�SHUWDLQ�
WR� DOLJQLQJ� WKH� FKRUG� UHLQIRUFHPHQW� MRLQW� RSHQLQJ� GHPDQGV� WR� WKH� DOORZDEOH� FRQQHFWRU� GHIRUPDWLRQV�

MDE
aG �RU� HDE

aG �� DV� LQGLFDWHG� E\� YHUWLFDO� WUHQG� OLQHV� LQ� )LJ�� &�,,E�� 7KHVH� DOORZDEOH� GHIRUPDWLRQV� DUH�
GHILQHG�LQ�WKH�&RPPHQWDU\�IRU�6WHS����1RWH�WKDW�WKH�GHVLJQ�IRUFH�DPSOLILFDWLRQ�IDFWRUV��<E��<D��<R ��DUH�
UHSODFHG�E\�GLDSKUDJP�GHVLJQ�IRUFH�UHGXFWLRQ�IDFWRUV�Rs�LQ�WKH�FXUUHQW�YHUVLRQ�RI�WKH�GHVLJQ�PHWKRGRORJ\��
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7DEOH�&�,,��3HUIRUPDQFH�7DUJHWV�DQG�0HWULFV�LQ�$QDO\WLFDO�6WXG\�
'LDSKUDJP�3HUIRUPDQFH�7DUJHW� 7DUJHW�0HWULF�LQ�$QDO\VLV�'HVLJQ�

2SWLRQ� �)RUFH� 'HIRUPDWLRQ� )RUFH� 'HIRUPDWLRQ�
)RUFH�$PSOLILFDWLRQ�

)DFWRU�

('2� (ODVWLF�LQ�0&(� ��
EDO

yMCE TT  � � DxnMCEE tT �� < �

%'2� (ODVWLF�LQ�'%(� 0'(�DOORZDEOH�LQ�0&(
BDO

yDBE TT  MDE
aMCE GG  � DxnDBED tT �� < �

5'2� �� � +'(�DOORZDEOH�LQ�0&( � �
HDE
aMCE GG  � Dxn

RDO
yR tT �� < �

*UD\�WH[W�ER[HV�DUH�XVHG�WKURXJKRXW�WKH�&RPPHQWDU\�WR�SURYLGH�EDFNJURXQG�LQIRUPDWLRQ�LQ�WKH�
IRUP�RI�DQDO\WLFDO�UHVXOWV�WKDW�VXSSRUW�WKH�GHVLJQ�PHWKRGRORJ\��,W�VKRXOG�EH�UHFRJQL]HG�WKDW�WKH�DQDO\WLFDO�
UHVHDUFK� ZDV� SHUIRUPHG� XVLQJ� DQDO\WLFDO� PRGHOV� EXLOW�� FDOLEUDWHG� DQG� YHULILHG� WKURXJK� DQ� H[WHQVLYH�
H[SHULPHQWDO�UHVHDUFK�SURJUDP�LQFOXGLQJ�LVRODWHG�WHVWV�RI�GLDSKUDJP�FRQQHFWRUV��K\EULG�WHVWLQJ�RI�FULWLFDO�
SUHFDVW�GLDSKUDJP�MRLQWV��DQG�D�VKDNH�WDEOH�WHVW�RI�D�KDOI�VFDOH�GLDSKUDJP�VHQVLWLYH�SUHFDVW�VWUXFWXUH��7KH�
ILJXUHV�LQ�WKH�WH[W�ER[�DUH�ODEHOHG�ZLWK�D�VPDOO�³c´��

Figure c-i VKRZV� DQDO\WLFDO� UHVXOWV� IURP� WKUHH� VHOHFWHG� HDUWKTXDNH� VLPXODWLRQV� IURP� WKH� H[WHQVLYH�
DQDO\WLFDO�SDUDPHWHU�VWXG\��7KHVH�UHVXOWV�DUH�VKRZQ�IRU� WKH�VDPH���VWRU\�VWUXFWXUH�ZLWK�D�����DVSHFW�UDWLR�IORRU�
SODQ�XQGHU� WKH� VDPH�0&(� OHYHO� JURXQG�PRWLRQ�ZLWK� WKUHH� GLIIHUHQW� GLDSKUDJP� VWUHQJWKV�� ������ ����� DQG������
WLPHV� WKH� FXUUHQW� �$6&(�� ���� GLDSKUDJP� IRUFH�� Figure c-i a� VKRZV� WKH� JOREDO� GLDSKUDJP� IRUFH� �Ftop�� � YV��
GLDSKUDJP�GHIRUPDWLRQ��'��DW�WKH�WRS�OHYHO�GLDSKUDJP�RI�WKH�VWUXFWXUH��6HH�VFKHPDWLF�LQ�LQVHW�)LJXUH�c-i b�IRU�WKH�
GHILQLWLRQ�RI�WKHVH�WHUPV���Figure c-i b�VKRZV�WKH�ORFDO�GHPDQGV�RQ�WKH�GLDSKUDJP�UHLQIRUFHPHQW�LQ�WKH�WRS�OHYHO�
GLDSKUDJP�PLGVSDQ��FULWLFDO�IOH[XUH��MRLQW�IRU�WKHVH�VDPH�DQDO\VHV�LQ�WHUPV�RI�FKRUG�IRUFH�T�YV��MRLQW�RSHQLQJ��G���
�6HH�VFKHPDWLF� LQ� LQVHW�)LJXUH�c-i b���$V�VHHQ�� WKH�FKRUG� UHVSRQVH�IRU� WKH�VWURQJHVW�GHVLJQ� ������ WLPHV�FXUUHQW�
FRGH�Fpx��LV�HVVHQWLDOO\�HODVWLF��GDUN�EODFN�OLQHV�LQ�)LJXUH�c-i b���WKH�FKRUG�UHVSRQVH�IRU�WKH�LQWHUPHGLDWH�VWUHQJWK�
GHVLJQ�������WLPHV�FXUUHQW�FRGH�Fpx��RI�WKHVH�HDUWKTXDNHV�KDV�D�PD[LPXP�RSHQLQJ�GHIRUPDWLRQ�GHPDQG�RI����”�
�GDUN�JUD\�OLQHV�LQ�)LJXUH�c-i b����DQG��WKH�FKRUG�UHVSRQVH�IRU�WKH�ZHDNHVW�GHVLJQ�������WLPHV�FXUUHQW�FRGH�Fpx��KDV�
D�PD[LPXP�RSHQLQJ�GHIRUPDWLRQ�GHPDQG�RI����”��OLJKW�JUD\�OLQHV�LQ�)LJXUH�c-i b����7KHVH�RSHQLQJV�UHSUHVHQW�WKH�
DOORZDEOH� GHIRUPDWLRQ� GHPDQGV� IRU� WKH� /RZ�� 0RGHUDWH� DQG� +LJK� 'HIRUPDELOLW\� �/'(�� 0'(�� DQG� +'(��
&ODVVLILFDWLRQV� LQ� WKH� 'HVLJQ� 0HWKRGRORJ\�� $V� WKHVH� GHPDQGV� DUH� LQ� WKH� 0D[LPXP� &RQVLGHUHG� (DUWKTXDNH�
�0&(��� WKHVH� GHVLJQ� VWUHQJWKV� WKHUHIRUH� UHSUHVHQW�� IURP� VWURQJHVW� WR�ZHDNHVW�� WKH�(ODVWLF��%DVLF� DQG�5HGXFHG�
'HVLJQ�2SWLRQV��('2��%'2��DQG�5'2���DV�GHILQHG�E\�WKH�SHUIRUPDQFH�WDUJHWV�LQ�7DEOH�&�,,��7KXV��WKH�YDOXHV�
�����������DQG������DSSUR[LPDWH�WKH�<(��<'��DQG�<5����IDFWRUV�IRU�WKLV�GHVLJQ�FDVH��WKH\�RQO\�DSSUR[LPDWH�VLQFH�
WKH�IDFWRUV�DUH�EDVHG�RQ�WKH�����FRQILGHQFH�LQWHUYDO�RI�WKH�DYHUDJH�RYHU�WKH�VXLWHV�RI�JURXQG�PRWLRQV���)LQDOO\��
WKHVH�HTXDWLRQV�ZHUH�FRQYHUWHG�LQWR�5V�IDFWRUV�IRU�WKH�$6&(�����GLDSKUDJP�IRUFH�SURSRVDO�DV�GHVFULEHG�LQ�WKH�
FRPPHQWDU\�IRU�6WHS��D��
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9HULILFDWLRQ�RI�'HVLJQ�)DFWRUV�
7KH�GHVLJQ� IDFWRUV�ZHUH�YHULILHG� WKURXJK�D� OLPLWHG�VHW�RI�DQDO\VHV�RI� UHDOLVWLF�SUHFDVW�SURWRW\SH�

VWUXFWXUHV��LQFOXGLQJ�D���VWRU\�SUHFDVW�SDUNLQJ�VWUXFWXUH��Fig. C-IIIa��DQG�DQ���VWRU\�SUHFDVW�VKHDU�ZDOO�RU�
PRPHQW� IUDPH�RIILFH�EXLOGLQJ� �Fig. C-IIIb���DV�GHVFULEHG� LQ�3$57����Appendix A2��3URWRW\SH�VWUXFWXUH�
DQDO\WLFDO�UHVXOWV�DUH�XVHG�WR�GHPRQVWUDWH�FHUWDLQ�GHVLJQ�DVSHFWV�LQ�JUD\�WH[W�ER[HV�LQ�WKH�Commentary��
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)LJXUH�&�,,,��3UHFDVW�3URWRW\SH�6WUXFWXUHV�3ODQ�DQG�0RGHOV���D��3DUNLQJ�6WUXFWXUH���E��2IILFH�%XLOGLQJ��

Figure c-ii VKRZV�DQ�H[DPSOH�RI�KRZ�WKH�SURWRW\SH�VWUXFWXUHV�ZHUH�XVHG�WR�YHULI\�WKH�GHVLJQ�IDFWRUV�GHYHORSHG�LQ�
WKH� DQDO\WLFDO� SDUDPHWHU� VWXG\�� )LJXUH� c-ii D� VKRZV� WKH� WRWDO� PD[LPXP� GLDSKUDJP� IRUFH� DW� HDFK� OHYHO� RI� WKH�
SURWRW\SH�SDUNLQJ�VWUXFWXUH�LQ�WKH�0&(��7KH�UHG�OLQHV�UHSUHVHQW�WKH�PD[LPXP�HQYHORSH�RI�WKH�IRUFHV��WKH�EOXH�
OLQH�LV�WKH�LQVWDQWDQHRXV�SURILOH�DQG�PD[LPXP�GLDSKUDJP�IRUFH��7KH�JUHHQ�OLQH�LV�WKH�GHVLJQ�VWUHQJWK�SURGXFHG�LQ�
WKH� GHVLJQ�PHWKRGRORJ\�� LQGLFDWHG� D� UHDVRQDEOH� DQG� FRQVHUYDWLYH�SUHGLFWLRQ�RI� WKH�GLDSKUDJP� IRUFH� GHPDQGV��
)LJXUH�c-ii E�VKRZV�WKLV�VDPH�LQIRUPDWLRQ�IRU�WKH�IRUFHV�LQ�HDFK�VXE�GLDSKUDJP��RXWHU�IODWV�DQG�UDPS���LQGLFDWLQJ�
DQ�DFFXUDWH�DQG�FRQVHUYDWLYH�GHVLJQ��
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&RPPHQWDU\�RQ�WKH�6HLVPLF�'HVLJQ�3URFHGXUH�IRU�3UHFDVW�
&RQFUHWH�'LDSKUDJPV�

 7KLV�VHFWLRQ�SURYLGHV�D�FRPPHQWDU\�IRU�WKH�3$57���'HVLJQ�3URFHGXUH��7KH�GHVLJQ�SURFHGXUH�
LQYROYHV���VHTXHQWLDO�VWHSV��7KH�FRPPHQWDU\�VHFWLRQ�LV�RUJDQL]HG�LQ�WKH�VDPH�IRUPDW�WR�SURYLGH�D�RQH�WR�
RQH�FRUUHVSRQGHQFH�EHWZHHQ�GHVLJQ�VWHS�DQG�FRPPHQWDU\��)LJXUHV�LQ�WKH�FRPPHQWDU\�XVH�WKH�QRWDWLRQ�C�
WR� GLVWLQJXLVK� WKHP� IURP� WKH� 3$57� �� GHVLJQ� SURFHGXUH� ILJXUHV� EHLQJ� GLVFXVVHG��ZKLFK� DUH� GHQRWHG� LQ�
EROG��7KH�FRPPHQWDU\�WH[W�IRFXVHV�RQ�EDFNJURXQG�IRU�WKH�XVH�RI�WKH�GHVLJQ�SURFHGXUH��*UD\�WH[W�ER[HV�
ZLWKLQ�SHUWLQHQW�VWHSV�RI�WKH�&RPPHQWDU\�H[SODLQ�KRZ�WKH�3$57���GHVLJQ�IDFWRUV�ZHUH�HVWDEOLVKHG�EDVHG�
RQ�WKH�DQDO\WLFDO�UHVXOWV�IURP�WKH�UHVHDUFK�SURJUDP��ZLWK�ILJXUHV�ODEHOHG�XVLQJ�D�VPDOO�LWDOLFL]HG�³c´���

6WHS����'HWHUPLQH�GLDSKUDJP�VHLVPLF�GHPDQG�OHYHO��Low, Moderate, and High���
6WHS� ��'HVFULSWLRQ�� ,Q� WKH� ILUVW�GHVLJQ�VWHS�� WKH�GLDSKUDJP�VHLVPLF�GHVLJQ� OHYHO� LV�HVWDEOLVKHG���

7KUHH� OHYHOV� �Low, Moderate, and High�� DUH� GHILQHG� DQG� GHSHQG� RQ� VHLVPLF� GHVLJQ� FDWHJRU\� �6'&���
QXPEHU�RI�VWRULHV�LQ�WKH�VWUXFWXUH��DQG�GLDSKUDJP�JHRPHWU\��VSDQ�DQG�DVSHFW�UDWLR���

%DVHG�RQ�WKH�FRQVHQVXV�RI�WKH�'6'0�7DVN�*URXS�'HVLJQ�'HYHORSPHQW�7HDP��OLVWHG�LQ�3$57����
Sec 5.1���DOO�GLDSKUDJP�GHVLJQV�LQ�6'&�%�DQG�&�DUH�FRQVLGHUHG�WR�EH�LQ�WKH�Low�6HLVPLF�'HPDQG�/HYHO��
)RU�GHVLJQV�LQ�6'&�'�DQG�(��WKH�FKDUW�LQ�)LJXUH���RI�3$57���LV�XVHG�WR�GHWHUPLQH�WKH�GLDSKUDJP�VHLVPLF�
GHPDQG�OHYHO��7KH�FKDUW�UHODWHV�6HLVPLF�'HPDQG�/HYHO�&ODVVLILFDWLRQ�WR�FRPELQDWLRQV�RI�GLDSKUDJP�VSDQ��
DVSHFW�UDWLR��DQG�QXPEHU�RI�EXLOGLQJ�VWRULHV���

$�GLDSKUDJP�WKDW�ZRXOG�EH�FRQVLGHUHG�LQ�WKH��
��� Low�6HLVPLF�'HPDQG�/HYHO�EDVHG�RQ�GLDSKUDJP�OHQJWK�DQG�EXLOGLQJ�VWRULHV��EXW�ZKLFK�SRVVHVVHV�

DQ�DVSHFW�UDWLR�!������LV�WR�EH�PRYHG��XS��WR�WKH�Moderate�6HLVPLF�'HPDQG�/HYHO��
��� High� 6HLVPLF� 'HPDQG� /HYHO� EDVHG� RQ� GLDSKUDJP� OHQJWK� DQG� EXLOGLQJ� VWRULHV�� EXW� ZKLFK�

SRVVHVVHV�DQ�DVSHFW�UDWLR��������LV�SHUPLWWHG�EH�PRYHG�GRZQ�WR�Moderate�6HLVPLF�'HPDQG�/HYHO��

� 6WHS���&RPPHQWDU\��7KH�LQWHQW�RI�WKH�GHVLJQ�SURFHGXUH�LV�WR�SURYLGH�WKH�GLDSKUDJP�WKH�SURSHU�
FRPELQDWLRQ�RI� VWUHQJWK�DQG�GHIRUPDWLRQ�FDSDFLW\� LQ�RUGHU� WR� VXUYLYH�DQWLFLSDWHG�VHLVPLF�HYHQWV��7KUHH�
GLIIHUHQW�GHVLJQ�RSWLRQV�DUH�SURYLGHG� WR� WKH�GHVLJQHU� WR�DFFRPSOLVK� WKLV�REMHFWLYH�� UDQJLQJ� IURP�D� IXOO\�
HODVWLF�GLDSKUDJP�GHVLJQ� WR�GHVLJQV� WKDW�SHUPLW� VLJQLILFDQW� LQHODVWLF�GHIRUPDWLRQ� LQ� WKH�GLDSKUDJP��7KH�
PRWLYDWLRQ� IRU� WKLV� DSSURDFK� LV� WKH� UHFRJQLWLRQ� WKDW� XQGHU� FHUWDLQ� FRQGLWLRQV�� D� IXOO\� HODVWLF� GLDSKUDJP�
GHVLJQ�PD\�QRW�EH�HFRQRPLFDO�RU� UHOLDEOH� IRU�SUHFDVW�GLDSKUDJPV��8QGHU�RWKHU�FRQGLWLRQV��KRZHYHU�� DQ�
HODVWLF�GLDSKUDJP�GHVLJQ�ZLOO�EH�VDWLVIDFWRU\�DQG�PD\�EH�PRVW�GHVLUDEOH���

7KH� diaphragm seismic demand levels� DUH� LQWURGXFHG� LQWR� WKH� GHVLJQ� SURFHGXUH� WR� KHOS�
GLVWLQJXLVK� EHWZHHQ� WKHVH� GLIIHUHQW� FRQGLWLRQV�� VR� DV� WR� JXLGH� VHOHFWLRQ� RI� WKH� DSSURSULDWH� GLDSKUDJP�
GHVLJQ�RSWLRQ��7KXV��WKLV�FODVVLILFDWLRQ�SHUPLWV�HQIRUFHPHQW�RI�WKH�GHIRUPDWLRQ�FDSDFLW\�PHDVXUHV�ZKHUH�
QHHGHG��IRU�LQVWDQFH�ORQJ�VSDQ�GLDSKUDJPV�VXEMHFWHG�WR�KLJK�VHLVPLF�KD]DUG��ZKLOH�SHUPLWWLQJ�WKH�GHVLJQ�
WR� DYRLG� VXFK� PHDVXUHV� IRU� FDVHV� ZKHUH� VLJQLILFDQW� LQHODVWLF� GHIRUPDWLRQ� FDSDFLW\� LV� XQQHFHVVDU\�� IRU�
LQVWDQFH�VKRUW�VSDQ�GLDSKUDJPV�VXEMHFWHG�WR�ORZ�VHLVPLF�KD]DUG���

'LDSKUDJP�6HLVPLF�'HPDQG�/HYHO�&KDUW��'HVLJQ�3URFHGXUH�6WHS�����7KH�FRQVWUXFWLRQ�RI�WKH�)LJXUH�
��FKDUW�LQ�6WHS���RI�3$57��LV�JXLGHG�E\�DQDO\WLFDO�UHVXOWV�IRU�WKH�Basic Design Option��%'2��DV�IROORZV��

7KH�SULPDU\�GHVLJQ�WDUJHW�IRU� WKH�%'2�LV�HODVWLF�GLDSKUDJP�EHKDYLRU� LQ�WKH�Design Basis Earthquake�
�'%(���7KLV�WDUJHW�LV�HVWDEOLVKHG�E\�WKH�QHZO\�SURSRVHG�GLDSKUDJP�IRUFHV��RU�XVLQJ�WKH�FXUUHQW�FRGH�IRUFHV��E\�
WKH� GLDSKUDJP� IRUFH� DPSOLILFDWLRQ� IDFWRU�<'��� 7KH� VHFRQG� GHVLJQ� WDUJHW� IRU� WKH� %'2� LV� OLPLWLQJ� GLDSKUDJP�
LQHODVWLF� GHIRUPDWLRQ� GHPDQGV�ZLWKLQ� DOORZDEOH� YDOXHV� LQ� WKH�Maximum Considered Earthquake� �0&(��� 7KH�
moderate deformability element �MDE�� GLDSKUDJP� UHLQIRUFHPHQW� VSHFLILHG� LQ� WKH� %'2� GHVLJQ� SRVVHVVHV� DQ�
DOORZDEOH�GHIRUPDWLRQ�RI����” �See Commentary, Step 2���$FFRUGLQJO\��LQ�WKH�DQDO\WLFDO�UHVHDUFK��LQHODVWLF�MRLQW�
RSHQLQJ� GHPDQGV� IRU� %'2� GLDSKUDJPV� XQGHU� 0&(� OHYHO� KD]DUG� ZHUH� HYDOXDWHG� ZLWK� UHVSHFW� WR� WKLV� MDE 
reinforcement�DOORZDEOH�GHIRUPDWLRQ��7KH�VXFFHVV�LQ�DFKLHYLQJ�WKLV�VHFRQG�WDUJHW�LV�SORWWHG�LQ�Figure c-1��
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:KLOH�QXPEHU�RI�VWRULHV�DQG�6'&�DUH�VWUDLJKWIRUZDUG�GHWHUPLQDWLRQV��DVVLJQLQJ�D�GLDSKUDJP�VSDQ��
DQG� FRQVHTXHQWO\� GLDSKUDJP� DVSHFW� UDWLR�� LV� PRUH� FRPSOLFDWHG�� DQG� HQJLQHHULQJ� MXGJPHQW� PD\� EH�
UHTXLUHG��SDUWLFXODUO\�IRU�PRUH�FRPSOLFDWHG�IORRU�SODQV���

'LDSKUDJP�VSDQ�IRU�WKH�VWUXFWXUH�LV�VHOHFWHG�DV�WKH�PD[LPXP�GLDSKUDJP�VSDQ�RQ�D�IORRU�LQ�HLWKHU�
RUWKRJRQDO�GLUHFWLRQ��0RVW�SUHFDVW� GLDSKUDJPV�FRQWDLQ�SUHFDVW� XQLWV� UXQQLQJ� LQ�RQO\�RQH�GLUHFWLRQ�� DQG�
W\SLFDOO\�WKH�PD[LPXP�VSDQ�ZLOO�EH�RULHQWHG�SHUSHQGLFXODU�WR�WKH�MRLQWV�EHWZHHQ�WKH�SULPDU\�SUHFDVW�IORRU�
XQLWV��7KH�GHVLJQ�PHWKRGRORJ\�IDFWRUV�DUH�FDOLEUDWHG�UHODWLYH�WR�MRLQW�RSHQLQJ�GHPDQG�EHWZHHQ�WKH�SUHFDVW�
IORRU�XQLWV��DQG�WKXV�EDVHG�RQ�WKH�PRUH�W\SLFDO�RULHQWDWLRQ��)RU�WKH�SURFHGXUH���

��� 'LDSKUDJP� VSDQ� LV� GHILQHG� DV� WKH� ODUJHU� YDOXH� RI� WKH�PD[LPXP� LQWHULRU� GLVWDQFH� EHWZHHQ� WZR�
/)56�HOHPHQWV�DQG�WZLFH�WKH�H[WHULRU�GLVWDQFH�EHWZHHQ�WKH�RXWHU�/)56�HOHPHQW�DQG�WKH�EXLOGLQJ�
IUHH�HGJH��6HH�)LJ��&�����

��� 'LDSKUDJP�DVSHFW�UDWLR��$5��LV�GHILQHG�DV�WKH�GLDSKUDJP�VSDQ�WR�GHSWK�UDWLR�XVLQJ�WKH�PD[LPXP�
VSDQ�FDOFXODWHG�DERYH��'HSWK� LV�GHILQHG�DV� WKH� IORRU�GLDSKUDJP�GLPHQVLRQ�SHUSHQGLFXODU� WR� WKH�
GLDSKUDJP�VSDQ�WKDW�LV�DVVRFLDWHG�ZLWK�WKH�SDLU�RI�DGMDFHQW�FKRUG�OLQHV�IRU�WKH�GLDSKUDJP�RU�VXE�
GLDSKUDJP��7KLV�GLPHQVLRQ�LV�DOVR�LOOXVWUDWHG�LQ�)LJ��&����

Figure c-1a� UHSURGXFHV� WKH� )LJXUH� �� FKDUW� ZLWK� PDUNHUV� GHQRWLQJ� WKH� PD[LPXP� GLDSKUDJP� MRLQW�
RSHQLQJ�GHPDQG�PHDVXUHG� LQ� WKH�DQDO\VHV� IRU�%'2�GHVLJQV�XQGHU� WKH�0&(��7KUHH� UDQJHV�DUH�GHQRWHG�E\� WKH�
PDUNHUV��Triangle��GHPDQGV�EHWZHHQ����”�����”��UHSUHVHQWLQJ�efficient and safe GHVLJQV�IRU�0'(�UHLQIRUFHPHQW��
Square�� GHPDQGV� JUHDWHU� WKDQ� ���”�� UHSUHVHQWLQJ�unsafe� GHVLJQV� LQ�ZKLFK� WKH�0'(� DOORZDEOH� GHIRUPDWLRQ� LV�
H[FHHGHG��Circle��GHPDQGV�OHVV�WKDQ����”��UHSUHVHQWLQJ�inefficient�GHVLJQV�ZKHUH�WKH�0'(�DOORZDEOH�GHIRUPDWLRQ�
OLPLW�LV�QRW�FORVHO\�DSSURDFKHG��7KH�UHVXOWV�VKRZQ�LQ�)LJXUH�F��D�LPSO\�WKDW�D�VHW�RI�%'2�GHVLJQV�WKDW�equally�
PHHW� WKH� '%(� WDUJHW� RI� HODVWLF� GLDSKUDJP� EHKDYLRU� PD\� KDYH� TXLWH� GLIIHUHQW�0&(� SHUIRUPDQFH� LQ� WHUPV� RI�
LQHODVWLF�GHIRUPDWLRQ�GHPDQGV��7KH�RXWFRPHV� �unsafe�� safe� DQG�efficient�� inefficient�� DUH�ZHOO�SUHGLFWHG�E\� WKH�
EXLOGLQJ� FRQILJXUDWLRQ� SDUDPHWHUV� RI� QXPEHU� RI� VWRULHV� DQG� GLDSKUDJP� OHQJWK�� 7KH� WUDQVLWLRQV� EHWZHHQ� WKHVH�
RXWFRPHV�DUH�XVHG�WR�GHVLJQDWH� WKH�ERXQGDULHV�EHWZHHQ�High��Moderate�DQG�Low�'LDSKUDJP�6HLVPLF�'HPDQG�
/HYHOV��7KHVH�FODVVLILFDWLRQV�WULJJHU�GLIIHUHQW�UHTXLUHPHQWV�LQ�WKH�'LDSKUDJP�'HVLJQ�2SWLRQ�VHOHFWLRQ�RI�6WHS����

7KRXJK� WKH�SULPDU\�SDUDPHWHUV� FRQWUROOLQJ�GLDSKUDJP� MRLQW�RSHQLQJ�GHPDQG�DUH�GLDSKUDJP�VSDQ�DQG�
QXPEHU�RI�VWRULHV��GLDSKUDJP�DVSHFW�UDWLR�ZDV�IRXQG�WR�KDYH�D�VHFRQGDU\�EXW�QRQ�QHJOLJLEOH�HIIHFW����$V�VHHQ�LQ�
Figure c-1b�� D� ORQJHU� GLDSKUDJP� �LQ� WKLV� FDVH� / ���’�� ZLWK� D� VXIILFLHQWO\� VWRFN\� DVSHFW� UDWLR� �LQ� WKLV� FDVH�
AR=1.0��FDQ�KDYH�LWV�RSHQLQJ�GHPDQG�GURS�IURP�high� WR�moderate�� OLNHZLVH��D�VKRUWHU�GLDSKUDJP��LQ�WKLV�FDVH�
/ ��’��ZLWK�D�VXIILFLHQWO\�VOHQGHU�DVSHFW�UDWLR��LQ�WKLV�FDVH��AR=3.0���FDQ�KDYH�LWV�RSHQLQJ�GHPDQG�ULVH�IURP�low�
WR�moderate��7KHVH�GLDSKUDJP�JHRPHWULHV�FRXOG�RFFXU�IRU�D�IORRU�SODQ�WKUHH���’�GRXEOH�WHHV�GHHS�ZLWK�WULEXWDU\�
UHLQIRUFHPHQW� DFURVV� WKH� LQWHUQDO� EHDP� OLQHV� �H�J�� VKRZQ� LQ� )LJ�� &��D�� DQG� D� ��’� KROORZFRUH� GLDSKUDJP��
UHVSHFWLYHO\��7KHUHIRUH�WKH�H[FHSWLRQV�EDVHG�RQ�$5�DUH�SURYLGHG�IRU�WKH�)LJXUH���&KDUW�LQ�3$57�����
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)LJXUH�&����'LDSKUDJP�VSDQ�DQG�DVSHFW�UDWLR��

7KH�LQWHQW�RI�WKH�GHVLJQ�SURFHGXUH�LV�WR�KDYH�D�VLQJOH�FODVVLILFDWLRQ�IRU�D�JLYHQ�IORRU�OHYHO��7KHUH�
DUH�FDVHV�ZKHUH�LW�LV�SRVVLEOH�WR�DVVLJQ�PXOWLSOH�FODVVLILFDWLRQV�ZLWKLQ�D�IORRU��D�GLDSKUDJP�ZLWK�VKRUW�DQG�
ORQJ�GLDSKUDJP�VSDQV��H�J��WKH�RYHUKDQJV�YV��WKH�PDLQ�VSDQV�LQ�)LJ��&��D�F���+RZHYHU��WKLV�SUDFWLFH�LV�QRW�
HQFRXUDJHG��/LNHZLVH��WKH�FODVVLILFDWLRQ�SURFHGXUH�LV�EDVHG�RQ�PD[LPXP�GLDSKUDJP�VSDQ�DQG�PD[LPXP�
DVSHFW�UDWLR�RFFXUULQJ�DW�WKH�VDPH�ORFDWLRQ�LQ�D�IORRU��)ORRU�FRQILJXUDWLRQV�WKDW�GR�QRW�FRQIRUP�WR�WKLV�DUH�
FRQVLGHUHG�UDUH�DQG�WKH�VHFRQGDU\�ORFDWLRQ�LV�OLNHO\�D�QRQ�FRQWUROOLQJ�FDVH��

G’�
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/LNHZLVH�� WKH�SURFHGXUH� LQWHQGV�D�VLQJOH�FODVVLILFDWLRQ� WR�EH�DVVLJQHG�IRU� WKH�VWUXFWXUH�EDVHG�RQ�
WKH�PD[LPXP�GLDSKUDJP�VSDQ�DVSHFW�UDWLR�RQ�DQ\�IORRU��7KLV�ZLOO�EH�WKH�W\SLFDO�SURFHGXUH�IRU�VWUXFWXUHV�
ZLWK� VLPLODU� IORRU� SODQV� XS� WKH� EXLOGLQJ�� +RZHYHU�� LW� LV� UHFRJQL]HG� WKDW� IRU� FHUWDLQ� FDVHV�� LW� PD\� EH�
DGYDQWDJHRXV�IRU�WKH�GHVLJQHU�WR�GLVWLQJXLVK�EHWZHHQ�FRQGLWLRQV�RQ�GLIIHUHQW�IORRUV��SRGLXPV��VKHDU�ZDOO�
YHUWLFDO� FXW�RIIV�� HWF���� 7KXV�� IRU� VWUXFWXUHV�ZLWK� KLJKO\� YDULDEOH� IORRU� SODQV�� LW� LV� SHUPLVVLEOH� WR� GLYLGH�
IORRU� OHYHOV� LQ� D� VWUXFWXUH� LQWR� WZR�RU�PRUH�GLVWLQFW� UHJLRQV� IRU� WKH�SXUSRVHV�RI�GHWHUPLQLQJ�GLDSKUDJP�
VHLVPLF�GHPDQG�FODVVLILFDWLRQV���

6WHS����6HOHFW�GLDSKUDJP�GHVLJQ�RSWLRQ�DQG�DVVRFLDWHG�GLDSKUDJP�UHLQIRUFHPHQW�FODVVLILFDWLRQ���
6WHS� �� 'HVFULSWLRQ�� � ,Q� WKLV� VWHS�� RQH� RI� WKUHH� GLDSKUDJP� GHVLJQ� RSWLRQV� �Elastic, Basic and 

Reduced��LV�VHOHFWHG�EDVHG�RQ�WKH�'LDSKUDJP�6HLVPLF�'HPDQG�&ODVVLILFDWLRQ�GHWHUPLQHG�LQ�6WHS����7KH�
SHUIRUPDQFH� WDUJHWV� IRU� HDFK� GHVLJQ� RSWLRQ� ZHUH� VKRZQ� LQ� 7DEOH� &�,�� 7KH� FODVVHV� RI� GLDSKUDJP�
UHLQIRUFHPHQW�DYDLODEOH�LQ�WKH�GHVLJQ�DUH�WKHQ�GHWHUPLQHG�EDVHG�RQ�WKH�VHOHFWHG�GLDSKUDJP�GHVLJQ�RSWLRQ���

6WHS���&RPPHQWDU\��7KH�Diaphragm Design Option�LV�VHOHFWHG�XVLQJ�7DEOH���RI�3$57����$V�
VHHQ� LQ�7DEOH���� WKHUH� LV�D� UHFRPPHQGHG�SDLULQJ�EHWZHHQ�D�'LDSKUDJP�6HLVPLF�'HPDQG�&ODVVLILFDWLRQ�
DQG�D�'LDSKUDJP�'HVLJQ�2SWLRQ��Low�'LDSKUDJP�6HLVPLF�GHPDQG�ZLWK�WKH�('2��Moderate�'LDSKUDJP�
6HLVPLF�GHPDQG�ZLWK�WKH�%'2��DQG��High�'LDSKUDJP�6HLVPLF�GHPDQG�ZLWK�WKH�5'2���$V�DOVR�VKRZQ�LQ�
7DEOH����WKH�GHVLJQHU�LV�SHUPLWWHG�WR�GHYLDWH�IURP�WKH�UHFRPPHQGHG�SDLULQJV�DV�IROORZV��

��� $� GHVLJQ� RSWLRQ� LQYROYLQJ� D� JUHDWHU� WDUJHWHG� GHIRUPDWLRQ� FDSDFLW\� WKDQ� UHFRPPHQGHG� FDQ� EH�
VHOHFWHG��7KXV��ERWK�WKH�%'2�DQG�WKH�5'2�DUH�DOWHUQDWLYHV�IRU�WKH�Low Seismic Demand Level��
DQG�WKH�5'2�LV�DQ�DOWHUQDWLYH�IRU�WKH�Moderate Seismic Demand Level���

��� $�GHVLJQ�RSWLRQ�LQYROYLQJ�OHVV�WDUJHWHG�GHIRUPDWLRQ�FDSDFLW\�WKDQ�UHFRPPHQGHG�LV�SHUPLWWHG�LQ�
FHUWDLQ� FDVHV�� EXW� ZLWK� DQ� DGGHG� UHTXLUHPHQW�� 7KHVH� FDVHV� LQFOXGH� WKH� XVH� RI� ('2� IRU� WKH�
Moderate Seismic Demand Level�DQG�%'2�IRU�WKH�High Seismic Demand Level��)RU�WKHVH�FDVHV��
WKH�FDOFXODWHG�GHVLJQ�IRUFH�PXVW�EH�IXUWKHU�LQFUHDVHG�ZLWK�D�SHQDOW\�PXOWLSOLHU�RI�������

��� 7KH�XVH�RI�WKH�('2�LV�QRW�SHUPLWWHG�IRU�WKH�High Seismic Demand Level��

7KH�Diaphragm Reinforcement Classification�LV�VHOHFWHG�LQ�6WHS���XVLQJ�7DEOH����3$57����$V�
VHHQ�LQ�7DEOH����WKHUH�LV�D�UHFRPPHQGHG�SDLULQJ�EHWZHHQ�WKH�GLDSKUDJP�UHLQIRUFHPHQW�FODVVLILFDWLRQV�DQG�
D� GLDSKUDJP� GHVLJQ� RSWLRQ�� low deformability element� �/'(�� IRU� WKH� ('2�� moderate deformability 
element��0'(��IRU�WKH�%'2��DQG�high deformability element��+'(��ZLWK�WKH�5'2��,W�LV�DOZD\V�DOORZDEOH�
WR�XVH�GLDSKUDJP�UHLQIRUFHPHQW�ZLWK�greater�GHIRUPDWLRQ�FDSDELOLW\�WKDQ�UHTXLUHG��L�H���0'(�RU�+'(�IRU�
WKH� ('2�� RU�+'(� IRU� WKH�%'2��+RZHYHU�� LW� LV� QHYHU� SHUPLWWHG� WR� XVH� GLDSKUDJP� UHLQIRUFHPHQW�ZLWK�
lower�GHIRUPDWLRQ�FDSDELOLW\�WKDQ�UHTXLUHG��L�H���/'(�RU�0'(�IRU�WKH�5'2��RU�/'(�IRU�WKH�%'2�����

Diaphragm Design Option 
$V� GHVFULEHG� DERYH�� WKHUH� DUH� UHFRPPHQGHG� SDLULQJV� EHWZHHQ� 'LDSKUDJP� 6HLVPLF� 'HPDQG�

&ODVVLILFDWLRQ�DQG�D�'LDSKUDJP�'HVLJQ�2SWLRQ��+RZHYHU��WKHVH�DUH�RQO\�UHFRPPHQGDWLRQV�DQG�WKH�RWKHU�
RSWLRQV�OLVWHG�DERYH�DUH�DYDLODEOH��7KHVH�RSWLRQV�DUH�GLVFXVVHG�IXUWKHU�KHUH��

��� 8VLQJ�D�GHVLJQ�RSWLRQ�ZLWK�D�JUHDWHU�WDUJHWHG�GHIRUPDWLRQ�FDSDFLW\�WKDQ�WKH�UHFRPPHQGHG�GHVLJQ�
RSWLRQ�DOORZV�WKH�GHVLJQHU�WR�XVH�WKH�ORZHU�IRUFHV�DVVRFLDWHG�ZLWK�WKH�DOWHUQDWH�RSWLRQ��7KXV��WKH�
GHVLJQHU�PD\�SUHIHU� WR� LQVHUW�EHWWHU�FRQQHFWRUV� LQWR� WKH�GHVLJQ��/LNHZLVH�� WKHUH�PD\�EH� UHDVRQV�
XQUHODWHG� WR� WKH� VHLVPLF� GHVLJQ� WKDW� OHDG� WR� WKH� XVH� RI� EHWWHU� FRQQHFWRUV�� DQG� WKLV� LPSURYHG�
WRXJKQHVV� VKRXOG� EH� UHFRJQL]HG� LQ� WKH� GHVLJQ�� ,Q� JHQHUDO�� WKH� XVH� D� EHWWHU� FODVV� RI� FRQQHFWRUV�
OHDGV�WR�LPSURYHG�VWUXFWXUDO�LQWHJULW\�DQG�LV�WKHUHIRUH�HQFRXUDJHG���

��� 8VLQJ�D�GHVLJQ�RSWLRQ�ZLWK�D�ORZHU�WDUJHWHG�GHIRUPDWLRQ�FDSDFLW\�WKDQ�WKH�UHFRPPHQGHG�GHVLJQ�
RSWLRQ� LV� DOVR� DOORZHG�� WKRXJK� QRW� VWURQJO\� HQFRXUDJHG� VLQFH� LW� PRYHV� WKH� GHVLJQ� DZD\� IURP�
KLJKHU�VWUXFWXUDO�LQWHJULW\��7KLV�DSSURDFK�SHUPLWV�WKH�GHVLJQHU�WKH�RSWLRQ�RI�XVLQJ�D�SUHIHUUHG�VHW�
RI� GLDSKUDJP� UHLQIRUFHPHQW� ZLWK� OHVV� GHIRUPDWLRQ� FDSDFLW\� WKDQ� WKH� FODVV� DVVRFLDWHG� ZLWK� WKH�
UHFRPPHQGHG�RSWLRQ��7KH�WUDGHRII�LV�D�KLJKHU�GLDSKUDJP�GHVLJQ�IRUFH��QRW�RQO\�WKDW�LQKHUHQW�LQ�D�
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GHVLJQ�RSWLRQ�ZLWK�OHVV�WDUJHWHG�GHIRUPDWLRQ�FDSDFLW\��EXW�DOVR�D�IXUWKHU�SHQDOW\�LQFUHDVH�RI���������
7KH�MXVWLILFDWLRQ�IRU�WKH�YDOXH�RI�WKLV�SHQDOW\�LV�GLVFXVVHG�LQ�WKH�WH[W�ER[�EHORZ���

��� &DOLEUDWHG� ('2� GLDSKUDJP� GHVLJQ� VWUHQJWK� YDOXHV� IRU� High Seismic Demand Level ZHUH�
SURGXFHG�LQ�WKH�UHVHDUFK��+RZHYHU��LW�ZDV�YLHZHG�DV�XQZLVH�WR�DOORZ�GLDSKUDJP�GHVLJQV�ZLWK�QR�
VWUXFWXUDO�LQWHJULW\�UHTXLUHPHQWV�LQ�FDVHV�RI�KLJK�GLDSKUDJP�GHPDQG��UHJDUGOHVV�RI�KRZ�ODUJH�WKH�
GLDSKUDJP�IRUFHV�DUH��7KXV��WKLV�GHVLJQ�FDVH�ZDV�SURKLELWHG�LQ�WKH�GHVLJQ�PHWKRGRORJ\����

�

�

'LDSKUDJP�)RUFH�3HQDOW\�-XVWLILFDWLRQ��'HVLJQ�3URFHGXUH�6WHS������

7KH�RULJLQDO�LQWHQW�ZDV�WR�DOORZ�MDE reinforcement�IRU�DQ\�%'2�GHVLJQ��+RZHYHU��DV�GHVFULEHG�LQ�WKH�
SUHYLRXV�WH[W�ER[��QR�D�SULRUL�DVVXUDQFH�IRU�WKH�DGHTXDF\�RI�WKLV�FRQGLWLRQ�H[LVWHG�VLQFH�WKH�SULPDU\�%'2�GHVLJQ�
WDUJHW�LV�elastic diaphragm response in the DBE��DQG�WKHUHIRUH�WKH�FDOLEUDWLRQ�RI�WKH�%'2�IRUFH�OHYHO�GRHV�QRW�
GLUHFWO\�HVWDEOLVK�OLPLWV�RQ�WKH�GLDSKUDJP�GHIRUPDWLRQ�GHPDQGV�LQ�WKH�MCE��7KLV�RXWFRPH�ZDV�HYLGHQFHV�LQ�WKH�
Figure c-1a� FKDUW�� DQG� FRQILUPV� WKDW� D�PRGLILFDWLRQ� LV� UHTXLUHG� LQ� WKH� RULJLQDO� LQWHQW� EHFDXVH� WKH�PD[LPXP�
RSHQLQJ�GHPDQGV�LQ�WKH�0&(�IRU�FHUWDLQ�%'2�GHVLJQ�FDVHV�GR�LQGHHG�H[FHHG�WKH�0'(�DOORZDEOH�OLPLW�RI����”��

$� FKRLFH� H[LVWHG� LQ� KRZ� WR�PRGLI\� WKH� GHVLJQ�PHWKRGRORJ\� WR� UHVROYH� WKLV� QRQ�FRQIRUPDQFH� WR� WKH�
GHVLJQ�WDUJHWV���D��7KH�DOORZDEOH�GHIRUPDWLRQ�UDQJHV�IRU�WKH�GLDSKUDJP�UHLQIRUFHPHQW�FRXOG�EH�PRGLILHG��L�H���D�
PRUH� VWULQJHQW� GHIRUPDWLRQ� UHTXLUHPHQW� IRU� 0'(� UHLQIRUFHPHQW��� �E�� WKH� GLDSKUDJP� IRUFH� OHYHOV� FRXOG� EH�
LQFUHDVHG�DFURVV�WKH�ERDUG��L�H���FKDQJH�WKH�'%(�SHUIRUPDQFH�WDUJHW�IURP�WKH�GLDSKUDJP�\LHOG�SRLQW�LWVHOI�WR�D�
ORZHU�YDOXH�ZLWKLQ� WKH�GLDSKUDJP�HODVWLF� UDQJH���RU� �F�� LQFUHPHQW�GLDSKUDJP�IRUFHV�RQO\� IRU�QRQ�FRQIRUPLQJ�
FDVHV��7KH� ILUVW� FKRLFH� GLG� QRW� DOLJQ�ZHOO�ZLWK� WKH� W\SLFDO� GHIRUPDWLRQ� FDSDFLWLHV� RI� H[LVWLQJ� FRQQHFWRUV�� DQG�
ZRXOG�QRW�SURGXFH�HYHQO\�VL]HG�GHIRUPDWLRQ�UDQJHV�IRU�WKH�LDE, MDE and HDE�UHLQIRUFHPHQW�FODVVLILFDWLRQV��
7KH�VHFRQG�FKRLFH�QRW�RQO\�SURGXFHV�RYHUO\�FRQVHUYDWLYH�GHVLJQV�IRU�PDQ\�FDVHV��EXW�DOVR�EOXUV�WKH�FOHDQ�%'2�
SHUIRUPDQFH�WDUJHW�RI�HODVWLF�GLDSKUDJP�UHVSRQVH�LQ�WKH�'%(��)RU�WKHVH�UHDVRQV��WKH�WKLUG�FKRLFH�ZDV�FRQVLGHUHG�
DV�PRVW�GHVLUDEOH�DQG�UHDOL]HG�WKURXJK�WKH�GHVLJQ�IRUFH�SHQDOW\�LQ�7DEOH���RI�3$57�����

7KH�PDJQLWXGH�RI�WKH�GHVLJQ�IRUFH�SHQDOW\�LV������Figure c-2�VKRZV�WKH�PDQQHU�LQ�ZKLFK�WKLV�YDOXH�LV�
VHOHFWHG��7KH�VROLG�PDUNHUV�LQGLFDWH�WKH�PD[LPXP�RSHQLQJ�GHPDQG�IRU�%'2�GHVLJQV�ZLWKRXW�DQ\�IRUFH�SHQDOW\��
L�H���WKH�VDPH�GDWD�IURP�WKH�Figure c-1a�FKDUW�SORWWHG�GLUHFWO\�DORQJ�WKH�YHUWLFDO�D[LV��$V�H[SHFWHG��D�QXPEHU�RI�
GDWD� SRLQWV� FRUUHVSRQGLQJ� WR� %'2� GHVLJQV� LQ� High� Diaphragm Seismic Demand� KDYH� 0&(� MRLQW� RSHQLQJ�
GHPDQGV� JUHDWHU� WKDQ� WKH� ���”� DOORZDEOH� YDOXH� IRU Moderate Deformability Elements�� 7KH� KROORZ� PDUNHUV�
LQGLFDWH� 0&(� MRLQW� RSHQLQJ� GHPDQGV� IRU� WKH� VDPH� %'2� GHVLJQV�with the 15% force increase�� 7KLV� IRUFH�
LQFUHPHQW�LV�VHHQ�LQ�WR�ORZHU�WKH�RSHQLQJ�GHPDQG�WR�ZLWKLQ�WKH�DOORZDEOH�OLPLW��7KH�VDPH�SHQDOW\�LV�HQIRUFHG�LQ�
7DEOH���IRU�XVH�RI�WKH�('2�LQ�WKH�Moderate Seismic Demand Level��WKRXJK�WKLV�SURYLVLRQ�ZDV�QRW�EDVHG�RQ�DQ\�
TXDQWLWDWLYH�DQDO\WLFDO�UHVXOWV��
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Diaphragm Reinforcement Classification  
&ODVVLILFDWLRQ� RI� D� JLYHQ� GLDSKUDJP� UHLQIRUFHPHQW� W\SH� LV� GHWHUPLQHG� WKURXJK� WHVWLQJ� RI�

LQGLYLGXDO� HOHPHQWV� IROORZLQJ� WKH� F\FOLF� WHVWLQJ� SURWRFROV� RI� WKH� Precast Diaphragm Reinforcement 
Qualification Procedure� �6HH� 3$57� �� RI� WKH� Seismic Design Methodology Document for Precast 
Concrete Diaphragms�.� 7KH� FRQQHFWRU¶V� ³UHOLDEOH� DQG� VWDEOH� PD[LPXP� MRLQW� RSHQLQJ� GHIRUPDWLRQ�
FDSDFLW\´� DV� GHILQHG� LQ� WKH� HYDOXDWLRQ� FULWHULD� RI� WKH�Precast Diaphragm Reinforcement Qualification 
Procedure, PXVW� EH� GHPRQVWUDWHG� LQ� WHVWLQJ� WR� H[FHHG� WKH� TXDOLILFDWLRQ� GHIRUPDWLRQ� RI� D� FHUWDLQ�
FODVVLILFDWLRQ.��
� 7KH� GLDSKUDJP� UHLQIRUFHPHQW� FODVVLILFDWLRQV� DUH high deformability elements� �+'(���moderate 
deformability elements� �0'(��� DQG� low deformability elements� �/'(��� 7KH� TXDOLILFDWLRQ� GHIRUPDWLRQ�
YDOXHV� IRU� HDFK� GLDSKUDJP� UHLQIRUFHPHQW� FODVV�ZHUH� VHOHFWHG� E\� FRQVLGHULQJ� WKH� UDQJH� RI� WKH� XOWLPDWH�
�F\FOLF�WHQVLRQ�RSHQLQJ��GHIRUPDWLRQV�H[KLELWHG�E\�WKH�YDULRXV�SUHFDVW�GLDSKUDJP�FRQQHFWRUV�H[DPLQHG�LQ�
WKH�H[SHULPHQWDO�SURJUDP��1DLWR�HW�DO���������1DLWR�HW�DO���������%DVHG�RQ�WKHVH�UHVXOWV��D�TXDOLILFDWLRQ�
GHIRUPDWLRQ�RI����”�ZDV�DVVLJQHG�IRU�HDE reinforcement�DQG����”� IRU�MDE reinforcement��7KHUH�LV�QR�
GHIRUPDWLRQ�UHTXLUHPHQW�IRU�LDE reinforcement��
� $�IDFWRU�RI�VDIHW\�RI�����ZDV�LQWURGXFHG�LQWR�WKH�GHVLJQ�SURFHGXUH�E\�HVWDEOLVKLQJ�WKH�DOORZDEOH�
PD[LPXP� MRLQW� RSHQLQJ� YDOXH� DW� ���� RI� WKH� FRQQHFWRU¶V� UHOLDEOH� DQG� VWDEOH� PD[LPXP� MRLQW� RSHQLQJ�
GHIRUPDWLRQ�FDSDFLW\���7KH�����IDFWRU�SURGXFHV�PD[LPXP�DOORZDEOH�GHIRUPDWLRQV�RI����”�DQG����”�IRU�WKH�
high deformability element� �+'(�� DQG� moderate deformability element� �0'(�� UHVSHFWLYHO\�� 1R�
GHIRUPDWLRQ� FDSDFLW\� UHTXLUHPHQW� LV� QHHGHG� IRU� WKH� low deformability HOHPHQW� �/'(�� VLQFH� WKLV�
FODVVLILFDWLRQ�RI�UHLQIRUFHPHQW�LV�XVHG�ZLWK�IXOO\�HODVWLF�GHVLJQV���
� 7KH� DOORZDEOH� PD[LPXP� MRLQW� RSHQLQJV� DUH� XVHG� DV� SHUIRUPDQFH� WDUJHWV� LQ� WKH� DQDO\WLFDO�
SDUDPHWHU�VWXGLHV�WR�FDOLEUDWH�WKH�GHVLJQ�IDFWRUV���

�
$�IHZ�IXUWKHU�FRPPHQWV�DUH�JLYHQ�DERXW�WKH�UHLQIRUFHPHQW�FODVVLILFDWLRQ��

��� 7KH� GLDSKUDJP� UHLQIRUFHPHQW� FODVVLILFDWLRQ� LV� EDVHG� RQ� inelastic deformation� DVVRFLDWHG� ZLWK�
MRLQW�opening�GXH�WR�GLDSKUDJP�IOH[XUH��QRW�MRLQW�VOLGLQJ�GHIRUPDWLRQ�GXH�WR�VKHDU��

��� 7KH� GLDSKUDJP� UHLQIRUFHPHQW� FODVVLILFDWLRQ� DSSOLHV� WR� WKH� FKRUG� UHLQIRUFHPHQW� DQG� VKHDU�
UHLQIRUFHPHQW�� 2WKHU� UHLQIRUFHPHQW� �FROOHFWRU�DQFKRUDJHV�� WULEXWDU\� VKHDU�� DQG� VHFRQGDU\�
FRQQHFWLRQV� WR� VSDQGUHOV�� KDYH� GLIIHUHQW� UHTXLUHPHQWV� RU� UHFRPPHQGHG� FKDUDFWHULVWLFV� �6HH�
Appendix 1���

��� ,Q� PHHWLQJ� WKH� UHTXLUHG� PD[LPXP� GHIRUPDWLRQ� FDSDFLW\� XVLQJ� WKH� WHVWLQJ� SURWRFROV� LQ� WKH 
Qualification Procedure��WKH�UHTXLUHG�FXPXODWLYH�LQHODVWLF�GHIRUPDWLRQ�FDSDFLW\�LV�DOVR�PHW���

�

'LDSKUDJP�5HLQIRUFHPHQW�&ODVVLILFDWLRQ��'HVLJQ�3URFHGXUH�6WHS����� 
� �

��� 7KH�FRQGLWLRQ�WKDW�WKH�UHTXLUHG�cumulative�LQHODVWLF�GHIRUPDWLRQ�FDSDFLW\�LV�DOVR�VDWLVILHG�LQ�PHHWLQJ�WKH�
UHTXLUHG�maximum�GHIRUPDWLRQ�FDSDFLW\�XVLQJ� WKH� WHVWLQJ�SURWRFROV� LQ� WKH Qualification Procedure� LV�
HYLGHQFHG�LQ�Figure c-3��7KH�ILJXUH�VKRZV�WKH�GLDSKUDJP�cumulative�MRLQW�RSHQLQJ�GHPDQG�XQGHU�0&(�
DQDO\VHV� FRUUHVSRQGLQJ� WR� WKH� GHVLJQ� IDFWRUV� WKDW� SURGXFHG� WKH� maximum� DOORZDEOH� MRLQW� RSHQLQJ�
GHPDQG�� $V� VHHQ�� WKH� FXPXODWLYH� GHPDQGV� DUH� VLJQLILFDQWO\� ORZHU� WKDQ� WKH� FXPXODWLYH� GHIRUPDWLRQ�
FDSDFLW\�DFKLHYHG�LQ�WKH�F\FOLF�WHQVLRQ�WHVWV��DV�LQGLFDWHG�E\�WKH�KRUL]RQWDO�WUHQG�OLQH��1DLWR�HW�DO��������
IRU�ERWK�WKH�%'2�DQG�5'2��

��� ,W� DOVR�PD\�DVNHG�KRZ� WKH�GLDSKUDJP�FODVVLILFDWLRQV�FDQ�EH� WLHG� WR�DOORZDEOH�GHIRUPDWLRQV�EDVHG�RQ�
absolute deformations�����”�����”���UDWKHU�WKDQ�D�QRQ�GLPHQVLRQDO�YDOXH��IRU�LQVWDQFH�MRLQW�URWDWLRQ��H�J��
GHIRUPDWLRQ�GLYLGHG�E\� MRLQW� GHSWK���7R� VKRZ� WKH� DGHTXDF\�RI� WKLV� DVVXPSWLRQ�� FRQVLGHU�Figure c-4��
VKRZLQJ� WKH� DQDO\WLFDO� UHVXOWV� �VKRZQ� DV� SURILOHV� DORQJ� WKH� KHLJKW� RI� WKH� VWUXFWXUH�� IRU� WZR� GLIIHUHQW�
GLDSKUDJP�GHSWKV����’�DQG���’�����
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$V�VHHQ�� WKHVH�GLIIHUHQW�GLDSKUDJP�GHSWKV�SURGXFH�VLJQLILFDQWO\�GLIIHUHQW� MRLQW� LQHODVWLF� URWDWLRQ�GHPDQGV� �6HH�
Figure c-4a���EXW�WKHVH�WUDQVODWH�WR�HVVHQWLDOO\�WKH�VDPH�FKRUG�RSHQLQJ�GHPDQG��6HH�Figure c-4b���ZLWK�D�VOLJKWO\�
ODUJHU�GHPDQG�IRU� WKH�GHHSHU�GLDSKUDJP��6LQFH�PRVW�RI� WKH�DQDO\VHV�LQ� WKH�SDUDPHWHU�VWXG\�ZHUH�FRQGXFWHG�DW�
WKLV�GHHSHU�GLPHQVLRQ��DQG�WKH�GLIIHUHQFH�LQ�FKRUG�RSHQLQJ�LV�VPDOO��WKH�FDOLEUDWLRQ�RI�WKH�GHVLJQ�IDFWRUV�EDVHG�RQ�
DQ� DEVROXWH� RSHQLQJ� GHIRUPDWLRQ� LV� FRQVLGHUHG� VXIILFLHQWO\� DFFXUDWH� DQG� VOLJKWO\� FRQVHUYDWLYH� IRU� GLDSKUDJPV�
ZLWK�SUHFDVW�XQLWV�RI�ORZHU�GHSWKV��
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6WHS����'HWHUPLQH�WKH�GLDSKUDJP�GHVLJQ�IRUFHV�DQG�WKH�FRUUHVSRQGLQJ�GLDSKUDJP�MRLQW�UHTXLUHG�VWUHQJWKV���
6WHS��D��7KH�GLDSKUDJP�GHVLJQ�IRUFHV�(Fpx) DUH�FDOFXODWHG�DFFRUGLQJ�WR�XVLQJ�SURSRVDO�,7�������

IRU�WKH�$6&(��������SURYLVLRQV��7KH�,7�������SURFHGXUH�XVHV�D�diaphragm force reduction factor��Rs�LQ�
RUGHU�WR�UHDOL]H�WKH�GLIIHUHQW�IRUFH�OHYHOV�UHTXLUHG�IRU�WKH�('2��%'2�DQG�5'2�GLDSKUDJP�GHVLJQ�RSWLRQV��

� 6WHS��D�&RPPHQWDU\��7KH�QHHG�IRU�DQ�LQFUHDVH�LQ�GLDSKUDJP�GHVLJQ�IRUFHV�ZDV�UHFRJQL]HG�IURP�
WKH� RXWVHW� RI� WKH� UHVHDUFK� HIIRUW� WR� GHYHORS� WKH� SUHFDVW� GLDSKUDJP� VHLVPLF� GHVLJQ�PHWKRGRORJ\�� ,W�ZDV�
LQLWLDOO\� GHFLGHG� WR� GHWHUPLQH� WKHVH� GHVLJQ� IRUFH� LQFUHDVHV� UHODWLYH� WR� FXUUHQW� FRGH� GLDSKUDJP� GHVLJQ�
IRUFHV��LQLWLDOO\�,%&������DQG�VXEVHTXHQWO\�$6&(��������$V�VXFK��GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRUV�
�<E� ��<D� �<R ���ZHUH�GHYHORSHG�IRU�WKH�('2��%'2�DQG�5'2�UHVSHFWLYHO\�WR�EH�DSSOLHG�WR�FXUUHQW�FRGH�
IRUFHV� �See Appendix 3���'XULQJ� WKH� FRGLILFDWLRQ�SURFHVV�� WKH� OLPLWDWLRQV�RI� VFDOLQJ� WR� WKH� FXUUHQW� FRGH�
YDOXHV�EHFDPH�DSSDUHQW���

��� &XUUHQW� FRGH� GLDSKUDJP� IRUFHV� DUH� EDVHG� RQ� WKH� IXQGDPHQWDO� PRGH�� KRZHYHU� WKH� ODUJH�
GLDSKUDJP�IRUFHV�LGHQWLILHG�GXULQJ�HDUWKTXDNH�H[FLWDWLRQ��)OHLVFKPDQ�HW�DO�������DUH�DWWULEXWDEOH�
WR�KLJKHU�PRGH�HIIHFWV��5RGULJXH]�HW�DO��������7KXV��ILUVW�DQG�IRUHPRVW��WKH�XVH�RI�FXUUHQW�FRGH�
IRUFHV� DV� D� EDVHOLQH� SURGXFHV� LQFRQVLVWHQW� UHVXOWV� VLQFH� GLIIHUHQW� GHVLJQV� ZLOO� KDYH� D� YDU\LQJ�
UHODWLRQVKLS�RI�WKH�VSHFWUDO�DFFHOHUDWLRQ�IRU�SHULRGV�RI�WKH�IXQGDPHQWDO�DQG�KLJKHU�PRGHV���

��� )XUWKHU�� WKH� ³VHOI�FRQWDLQHG´� QDWXUH� RI� WKH� RULJLQDO� GHVLJQ� SURFHGXUH� GHYHORSHG� E\� WKH�'6'0�
UHVHDUFK�SURMHFW��L�H��W\LQJ�WKH�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRUV�GLUHFWO\�WR�WKH�FRQVWUXFWLRQ�
PDWHULDO��WKDW�LV��WKH�<E���<D��<R �IDFWRUV�RI�WKH�RULJLQDO�SURFHGXUH�DUH�GLUHFWO\�FDOLEUDWHG�WR�WKH�
DYDLODEOH�GHIRUPDWLRQ�FDSDFLW\�RI�SUHFDVW�GLDSKUDJP�UHLQIRUFHPHQW��SUHVHQWV�VRPH�GLIILFXOWLHV�LQ�
WKH� FRGLILFDWLRQ� SURFHVV� DV� LQ� FXUUHQW� FRGHV�� VHLVPLF� GHVLJQ� IRUFHV� DUH� FRQWUROOHG� E\� RQH�
GRFXPHQW��$6&(�����ZKLOH�PDWHULDO�GHVLJQ�LV�FRYHUHG�LQ�DQRWKHU�FRGH��H�J��$&,��������

��� )LQDOO\��WKH�XQGHUHVWLPDWLRQ�RI�GLDSKUDJP�IRUFHV�LQ�FXUUHQW�FRGH�LV�D�PDWHULDO�LQGHSHQGHQW�LVVXH�
�See PART 5: Sec. 5.4��� DQG� WKXV� LW� LV� FRQFHSWXDOO\� LQFRQVLVWHQW� DQG� HFRQRPLFDOO\� SXQLWLYH� WR�
KDYH�D�SURFHGXUH�WKDW�VLQJOHV�RXW�SUHFDVW�FRQVWUXFWLRQ�IRU�KLJKHU�GLDSKUDJP�IRUFHV��

)RU�WKH�UHDVRQV�OLVWHG�DERYH��WKH�%66&�,7���FRPPLWWHH�FKDUJHG�ZLWK�GHYHORSLQJ�D�ZKLWH�SDSHU�RQ�
GLDSKUDJP�VHLVPLF�GHVLJQ� �*KRVK��������SURPRWHG�D� UDWLRQDOO\�EDVHG�PHWKRG�IRU�SUHGLFWLQJ�GLDSKUDJP�
VHLVPLF�IRUFHV�IRU�DOO�FRQVWUXFWLRQ�W\SHV�IRU�XVH�LQ�WKH�$6&(���ORDGLQJ�VWDQGDUG��7KLV�PHWKRG��EDVHG�RQ�
WKH� )LUVW�0RGH� 5HGXFHG� �)05��PHWKRG�� SURSRVHG� E\� '6'0� SURMHFW� FR�3,� 5HVWUHSR� �������� LV� EHLQJ�
EDOORWHG�XQGHU�SURSRVDO�,7�������IRU�WKH�$6&(��������SURYLVLRQV���

7KH� )05�PHWKRG� SURYLGHV� D� PRUH� UHDOLVWLF� HVWLPDWLRQ� RI� WKH� HODVWLF� GLDSKUDJP� IRUFHV� LQ� WKH�
GHVLJQ�EDVLV�HDUWKTXDNH��'%(��WKDQ�FXUUHQW�FRGH�SURYLVLRQV��5RGULJXH]�HW��DO���������:LWK�UHJDUG�WR�LWV�
SHUIRUPDQFH�WDUJHW��WKH�)05�PHWKRG�LV�QRPLQDOO\�HTXLYDOHQW�WR�WKH�%'2�GHVLJQ��VLQFH�ERWK�WDUJHW�HODVWLF�
GLDSKUDJP� UHVSRQVH� LQ� WKH� '%(�� 7KH� GLDSKUDJP� IRUFHV� SURGXFHG� E\� WKH� )05�PHWKRG� ZHUH� FKHFNHG�
UHODWLYH�WR�WKH�<D�IDFWRUV�DQG�LQGHHG�IRXQG�WR�EH�FRQVLVWHQW�IRU�PRVW�GHVLJQ�FDVHV��)RU�OLPLWHG�FDVHV�ZKHUH�
GLVFUHSDQF\�ZDV�REVHUYHG��WKH�XQGHUO\LQJ�UHDVRQV�ZHUH�UHDGLO\�LGHQWLILHG�DQG�UHFWLILHG��See Comm., Apdx. 
3���7KH�UHVXOW�LV�'6'0�%'2�IRUFHV�DQG�)05�IRUFHV�WKDW�DUH�HVVHQWLDOO\�DOLJQHG��See text box below����

7KH� DOLJQPHQW� RI� WKH� '6'0� %'2� GHVLJQ� IRUFHV� ZLWK� WKH� )05�PHWKRG� DOORZHG� WKH� RULJLQDO�
'6'0�SURFHGXUH�WR�EH�UHYLVHG�WR�ZRUN�ZLWK�$6&(������SURSRVDO�,7��������,Q�WKH�UHYLVHG�SURFHGXUH��WKH�
GLIIHUHQW� GLDSKUDJP� IRUFH� OHYHOV� DVVRFLDWHG� ZLWK� WKH� GLIIHUHQW� GHVLJQ� RSWLRQV� �('2�� %'2�� 5'2�� DUH�
UHDOL]HG�WKURXJK�WKH�LQWURGXFWLRQ�RI�GLDSKUDJP�IRUFH�UHGXFWLRQ�IDFWRUV�Rs��DV�GLVFXVVHG�VXEVHTXHQWO\�LQ�WKH�
FRPPHQWDU\�� ,W� LV� QRWHG� WKDW� ZKLOH� GLDSKUDJP� IOH[LELOLW\� KDV� DQ� HIIHFW� RQ� GLDSKUDJP� IRUFHV�� LW� ZDV�
FRQVLGHUHG�PRUH�VWUDLJKWIRUZDUG�WR�XVH�DQ�XSSHU�ERXQG�YDOXH�LQ�WKH�ILQDO�$6&(������SURSRVDO�,7��������
DQG�WKXV�HOLPLQDWH��VHW�WR�XQLW\��WKH�IOH[LEOH�GLDSKUDJP�DFFHOHUDWLRQ�DPSOLILFDWLRQ�IDFWRU�DW�OHYHO�x��Dfx���
7KH�H[SUHVVLRQ�IRU�Dfx���RULJLQDOO\�LQ�,7�������(TQ�����������LV��Dfx �������GMDD�'ADVE����������

7KH� revised procedure aligned to the based on the FMR method is the design procedure 
contained in PART 1, in anticipation of the future code revisions; the original DSDM procedure is 
preserved in Appendix 3 for use with current code��
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Diaphragm Force Reduction Factors (Rs) 
7KH�SURSRVHG�,7�������GLDSKUDJP�GHVLJQ�IRUFH�SURFHGXUH�LPSOHPHQWHG�LQ�6WHS���D��RI�3$57��LV�

EDVHG� RQ� WKH� )05�PHWKRG�� ZKLFK� HVWLPDWHV� WKH� HODVWLF� GLDSKUDJP� IRUFHV� LQ� WKH� '%(�� 7KH� ,7�������
SURFHGXUH�LQWURGXFHV�D�diaphragm force reduction factor��Rs�LQ�RUGHU�WR�DOORZ�IRU�RWKHU�GHVLJQ�FRQGLWLRQV�
�RU�LQWHQW��WKDQ�VWULFWO\�HODVWLF�GLDSKUDJP�UHVSRQVH�LQ�WKH�'%(��7KLV�DSSURDFK�LV�VLPLODU�WR�WKH�FRQFHSWXDO�
IUDPHZRUN� SURSRVHG� E\�0DIIHL� �������ZKLFK� VHSDUDWHG� WKH� GLDSKUDJP� IRUFH� LQWR� IDFWRUV� SHUWDLQLQJ� WR�
G\QDPLF�DPSOLILFDWLRQ��IRUFH�UHGXFWLRQ�EDVHG�RQ�DYDLODEOH�GXFWLOLW\��DQG�RYHUVWUHQJWK��See PART 5: Sec. 

'LDSKUDJP�'HVLJQ�)RUFHV��'HVLJQ�3URFHGXUH�6WHS��D��� 

� Figure c-5� FRPSDUHV� WKH� GLDSKUDJP� IRUFH� DPSOLILFDWLRQ� IDFWRU� �<�� HTXDWLRQV� WR� WKH� )05� GHVLJQ�
HTXDWLRQV�� 7KH�<� IDFWRUV� �found in Appendix 4�� ZHUH� GHYHORSHG� LQ� WKH� '6'0�5HVHDUFK� DQG� DUH� DSSOLHG� WR�
$6&(�����GHVLJQ� IRUFHV�� � 7KH� ILJXUH� FRPSDUHV� WKH�)05� WR� WKH� HTXDWLRQV� IRU�<(�<'� DQG�<5� IDFWRUV� IRU� WKH�
('2��%'2�DQG�5'2�UHVSHFWLYHO\��7KH�YHUWLFDO�GLPHQVLRQ�IRU�HDFK�GHVLJQ�H[SUHVVLRQ� UHSUHVHQWV� WKH� UDQJH�RI�
GLDSKUDJP�IRUFH�YDULDWLRQ�GXH�WR�GLDSKUDJP�IOH[LELOLW\��)RXU�GLIIHUHQW�VHLVPLF�VLWHV�DUH�H[DPLQHG�IRU�VWUXFWXUHV�
XS�WR����VWRULHV���
� 7KH� )05� H[SUHVVLRQV� DUH� DOLJQHG� WR� UHTXLUHG� HODVWLF� GLDSKUDJP� VWUHQJWK� IRU� WKH�'%(�� DQG� WKXV� WKH�
DSSURSULDWH� FRPSDULVRQ� JURXS� IRU� WKH� )05� LV�<'� �APPENDIX 4:�(TQ�� $���E��� VLQFH� WKH� %'2� DQG� )05�
PHWKRG�VKDUH� WKH�VDPH�SHUIRUPDQFH� WDUJHW��7KH�SRWHQWLDO� IRU�PDSSLQJ� WKH�<�HTXDWLRQV� WR� WKH�)05�PHWKRG� LV�
VHHQ�WR�EH�SRVVLEOH��JLYHQ�WKH�JRRG�DJUHHPHQW�EHWZHHQ�<'�DQG�)05�RYHU�PRVW�RI�WKH�UDQJHV�VKRZQ�LQ�)LJXUH�&�
���$V�VXFK�� WKH�GHVLJQ�SURFHGXUH�ZDV�UHYLVHG�WR�XVH�WKH�)05�IRUFHV� LQ�SODFH�RI�<'��DQG�XVH�GLDSKUDJP�IRUFH�
UHGXFWLRQ�IDFWRUV�Rs�WR�UHDOL]H�WKH�WKUHH�SHUIRUPDQFH�EDVHG�GHVLJQ�RSWLRQV�RI�WKH�%'2��('2�DQG�5'2� 
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5.3���'LDSKUDJP�IRUFH�UHGXFWLRQ�IDFWRUV�IRU�IORRU�GLDSKUDJPV�RI�YDULRXV�FRQVWUXFWLRQ�PDWHULDOV�DUH�IRXQG�
LQ�Table 12.11.5-1�RI�SURSRVDO�,7���������

7KH�Rs�IDFWRU�PRGLILHV�WKH�GLDSKUDJP�IRUFHV�SURGXFHG�LQ�DQ�HODVWLF�GLDSKUDJP�LQ�UHFRJQLWLRQ�RI�
WKH�GXFWLOLW\�LQ�WKH�GLDSKUDJP��)RU�FHUWDLQ�FRQVWUXFWLRQV�W\SHV��WKH�IDFWRU�LV�EDVHG�RQ�WKH�LQKHUHQW�GXFWLOLW\�
LQ� WKH� GLDSKUDJP��)RU� SUHFDVW� GLDSKUDJPV�� WKH�Rs� IDFWRU� LV� DOLJQHG� WR� WKH� GHWDLOLQJ� UHTXLUHPHQWV� RI� WKH�
VHOHFWHG� GHVLJQ� RSWLRQ��('2��%'2��5'2��7KH�Rs� IDFWRUV� IRU� SUHFDVW� FRQFUHWH� GLDSKUDJPV� SURYLGHG� LQ�
Table 12.11.5-1� DUH� UHSURGXFHG� LQ� 6WHS� ��D��� ,W� LV� QRWHG� WKDW� WKHVH� IDFWRUV� DGGUHVV� SUHFDVW� FRQFUHWH�
GLDSKUDJPV�GHVLJQHG�LQ�DFFRUGDQFH�ZLWK�$&,������$&,���������

7KH� Rs� IDFWRUV� IRU� SUHFDVW� FRQFUHWH� GLDSKUDJPV� ZHUH� HVWDEOLVKHG� EDVHG� RQ� WKH� UHVXOWV� RI� WKH�
DQDO\WLFDO�HDUWKTXDNH�VLPXODWLRQ�VWXGLHV�RI�H[SHULPHQWDOO\�VXSSRUWHG�PRGHOV�FRQGXFWHG�ZLWKLQ�WKH�'6'0�
3URMHFW�� 7KH� GLDSKUDJP� GHVLJQ� IRUFH� OHYHOV� DUH� DOLJQHG� ZLWK� WKH� GLDSKUDJP� GHIRUPDWLRQ� FDSDFLWLHV�
VSHFLILFDOO\�IRU�SUHFDVW�FRQFUHWH�GLDSKUDJPV�IRU�WKH�WKUHH�GLIIHUHQW�GHVLJQ�RSWLRQV��('2��%'2��5'2��DQG�
FRUUHVSRQGLQJ�GHVLJQ�SHUIRUPDQFH�WDUJHWV��DV�LQGLFDWHG�LQ�7DEOHV�&�,�DQG�&�,,����

7KH�GLDSKUDJP�GHVLJQ�IRUFH�DPSOLILFDWLRQ�IDFWRUV�<�RULJLQDOO\�GHYHORSHG�ZHUH�GHSHQGHQW�RQ�WKH�
GHIRUPDWLRQ� FDSDFLW\� RI� WKH� SUHFDVW� GLDSKUDJP� UHLQIRUFHPHQW�� FDOLEUDWHG� GLUHFWO\� WR� WKH� GHIRUPDWLRQ�
SDWWHUQV� RI� SUHFDVW� GLDSKUDJPV�� � 7KHVH� IDFWRUV�ZHUH� D� IXQFWLRQ� RI� VHYHUDO� GHVLJQ� SDUDPHWHUV� LQFOXGLQJ�
GLDSKUDJP� DQG� EXLOGLQJ� JHRPHWU\� �6HH� Commentary for Appendix 3��� 7KH� VXEVHTXHQW� Rs� IDFWRUV�
GHYHORSHG�DUH�VLQJOH�YDOXH��IRU�HDFK�GHVLJQ�RSWLRQ��FRQVHUYDWLYH�XSSHU�ERXQGV�RI�WKH�IRUFHV�SURGXFHG�E\�
WKH�<�HTXDWLRQV�RYHU�WKH�UDQJH�RI�SUDFWLFDO�GHVLJQV��

,Q� WKH� UHVHDUFK�XVHG� WR�SURGXFH� WKH�<� IDFWRUV�� WKH� UHODWLRQVKLSV�ZHUH�GHYHORSHG�RQ� WKH�EDVLV�RI�
GLDSKUDJP� local� GXFWLOLW\� GHPDQG�� WKDW� LV�� WKH� GHIRUPDWLRQ� FDSDFLW\� RI� WKH� GLDSKUDJP� FRQQHFWRUV� RU�
UHLQIRUFHPHQW�FURVVLQJ�WKH�MRLQWV�EHWZHHQ�WKH�SUHFDVW�XQLWV��+RZHYHU��WR�PDNH�WKH�$6&(��������SURSRVDO�
,7������� SURFHGXUH� XVHIXO� DFURVV� FRQVWUXFWLRQ� PDWHULDOV�� LW� ZDV� SUHIHUDEOH� WR� UHODWH� GLDSKUDJP� IRUFH�
OHYHOV� WR� GLDSKUDJP�global� GXFWLOLW\� FDSDFLW\�� DV� WKH� ORFDOL]HG� GHPDQGV� DQG� GHIRUPDWLRQ� FDSDFLWLHV� IRU�
SUHFDVW� GLDSKUDJP� DUH� TXLWH� VSHFLILF� WR� WKLV� FRQVWUXFWLRQ� IRUP�� )RU� WKLV� UHDVRQ�� WKH� GLDSKUDJP� IRUFH�
UHODWLRQVKLSV�ZHUH� ILUVW� WUDQVIRUPHG� IURP� ORFDO� WR� JOREDO� GXFWLOLW\��ZKHUH� JOREDO� GXFWLOLW\� LV� GHILQHG� DV�
PD[LPXP�GLDSKUDJP�GHIRUPDWLRQ�GLYLGHG�E\�GLDSKUDJP�\LHOG�GHIRUPDWLRQ��Refer to Fig. C-II����

7KH�UHODWLRQVKLS�EHWZHHQ�GLDSKUDJP�GHVLJQ�IRUFH� OHYHOV�DQG�GLDSKUDJP�ORFDO�GXFWLOLW\�GHPDQGV�
HVWDEOLVKHG� LQ� WKH�'6'0� UHVHDUFK� SURMHFW�� DQG� WKH� WUDQVIRUPDWLRQ� RI� WKHVH� UHODWLRQVKLSV� IURP� ORFDO� WR�
JOREDO�GLDSKUDJP�GXFWLOLW\�DUH�VXPPDUL]HG�LQ�WKH�QH[W�WH[W�ER[��7KHVH�UHODWLRQVKLSV�ZHUH�XVHG�WR�GHULYH�
WKH�Rs IRU�SUHFDVW�FRQFUHWH�GLDSKUDJPV�LQ�7DEOH�����������RI�WKH�$6&(��������SURSRVDO�,7��������

,Q�WKH�'6'0�UHVHDUFK��SUHFDVW�GLDSKUDJP�FRQQHFWRUV�KDYH�EHHQ�H[WHQVLYHO\�WHVWHG��)OHLVFKPDQ�
HW�DO��������DQG�KDYH�EHHQ�TXDOLILHG�LQWR�WKUHH�FDWHJRULHV��+LJK�GHIRUPDELOLW\�HOHPHQWV��+'(���PRGHUDWH�
GHIRUPDELOLW\�HOHPHQWV��0'(��DQG�ORZ�GHIRUPDELOLW\�HOHPHQWV��/'(��ZKLFK�DUH�UHTXLUHG�DV�D�PLQLPXP�
IRU�GHVLJQV� HPSOR\LQJ� WKH� UHGXFHG�GHVLJQ�REMHFWLYH� �5'2��� WKH�EDVLF�GHVLJQ�REMHFWLYH� �%'2��� DQG� WKH�
HODVWLF�GHVLJQ�REMHFWLYH��('2���UHVSHFWLYHO\���

�
7KH�ORFDO�GHIRUPDWLRQ�DQG�GXFWLOLW\�

FDSDFLWLHV� IRU� GLDSKUDJP� FRQQHFWRU�
FDWHJRULHV� DUH� VXPPDUL]HG� LQ� 7DEOH� &����
&RQVLGHULQJ� WKDW� WKH� SURSRVHG� GLDSKUDJP�
GHVLJQ� IRUFH� OHYHO� �(T�� ��������� WDUJHWV�
HODVWLF� GLDSKUDJP� UHVSRQVH� DW� WKH� GHVLJQ�
HDUWKTXDNH��ZKLFK� LV� HTXLYDOHQW� WR� GHVLJQ�
HPSOR\LQJ�%'2�ZKHUH�Plocal  �����DW�0&(�
�6HH� 7DEOH� &����� WKH� DYDLODEOH� GLDSKUDJP� JOREDO� GXFWLOLW\� FDSDFLW\� KDV� WR� EH� UHGXFHG� IURP� )LJ�� �D��
DFNQRZOHGJLQJ�PRUH�VHYHUH�GHPDQGV�LQ�WKH�0&(��

P�global , red� �������P�local  ����������� �� � � � �(TQ��&����

$FFRUGLQJO\��WKH�Rs�IDFWRU�FDQ�EH�PRGLILHG�IURP�Figure c-7(b)��6HH�7DEOH�&�����
R s�� ������P�global , red��������� �� � � � �(TQ��&����

7DEOH�&����'LDSKUDJP�)RUFH�5HGXFWLRQ�)DFWRUV�
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'LDSKUDJP�)RUFH�5HGXFWLRQ�)DFWRUV�Rs��'HVLJQ�3URFHGXUH�6WHS��D��� 
� �

7KH� WUDQVIRUPDWLRQ� RI� WKH� GLDSKUDJP� GHVLJQ� IRUFH� SURFHGXUH� IURP� WKH� RULJLQDO� '6'0� IRUFH�
DPSOLILFDWLRQ�IDFWRUV�WR�WKH�SURSRVHG�SURFHGXUH�ZDV�D�WZR�VWHS�SURFHVV��)LUVW��WKH�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�
IDFWRUV�<�ZHUH�UHODWHG�WR�WKH�ORFDO�GXFWLOLW\��WKHQ�WKH�ORFDO�GXFWLOLW\�ZDV�UHODWHG�WR�WKH�GLDSKUDJP�JOREDO�GXFWLOLW\�
GHPDQG�Pglobal WR�GHYHORS�WKH�ILQDO�H[SUHVVLRQV���

�
'LDSKUDJP�Rdia-�Plocal 5HODWLRQVKLSV��7KH�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRUV�ZHUH�ILUVW�PDSSHG�WR�

WKH�)05�HTXDWLRQV�E\�GHYHORSLQJ�D�UHODWLRQVKLS�EHWZHHQ�D�GLDSKUDJP�GHVLJQ�IRUFH�UHGXFWLRQ�IDFWRU��Rdia��DQG�
WKH� GLDSKUDJP� �ORFDO�� UHLQIRUFHPHQW� GXFWLOLW\� GHPDQG� �P��� ([WHQVLYH� DQDO\WLFDO� VWXGLHV� ZHUH� SHUIRUPHG�
�)OHLVFKPDQ�HW�DO��������WR�GHYHORS�WKH�UHODWLRQVKLS�EHWZHHQ�Rdia�DQG�Plocal��Rdia LV�WKH�GLDSKUDJP�IRUFH�UHGXFWLRQ�
IDFWRU��VLPLODU�WR�WKH�Rs LQ�7DEOH������������PHDVXUHG�IURP�WKH�UHTXLUHG�HODVWLF�GLDSKUDJP�GHVLJQ�IRUFH�DW�0&(�
OHYHO��Plocal�LV�WKH�GLDSKUDJP�ORFDO�FRQQHFWRU�GXFWLOLW\�GHPDQG�PHDVXUHG�DW�0&(�OHYHO���

7KH�Rdia-�Plocal�UHODWLRQVKLS�LV�REWDLQHG�E\�SORWWLQJ�WKLV�UHODWLRQVKLS�IRU�DOO�WKH�DQDO\WLFDO�UHVXOWV�LQ�WKH�GHVLJQ�
IDFWRU�SDUDPHWHU� VWXG\� �6HH�6HFWLRQ�;���Figure c-6�SORWV� WKH�GDWD� IRU�HYHU\�GHVLJQ�SRLQW�DQDO\]HG� IRU�D�JLYHQ�
FDVH��%HUNHOH\�6'&�(�6KHDU�:DOO�VWUXFWXUHV���(DFK�PDUNHU�RQ�WKH�SORW�LV�WKH�PHDQ�RI�PD[LPXP�YDOXHV�IURP�D�
VXLWH�RI���JURXQG�PRWLRQV�IRU�D�JLYHQ�GHVLJQ�that met the performance targets��1RWH�WKDW�WKHVH�PDUNHUV�UHSUHVHQW�
GHVLJQV�WKDW�PHW�WKH�SHUIRUPDQFH�WDUJHWV�DW�DQ\�RI�WKH�GHVLJQ�RSWLRQV��LQFOXGLQJ�WKH�('2��%'2�DQG�WKH�5'2���

Figure c-6� LV� GLYLGHG� LQWR� IRXU� SORWV�� HDFK� IRU� D� GLIIHUHQW� GLDSKUDJP� DVSHFW� UDWLR�� 7KH� PDUNHUV�
GLIIHUHQWLDWH� EHWZHHQ� WKH� QXPEHU� RI� VWRULHV�� DV� ZHOO� DV� WKH� '%(� �KROORZ� PDUNHU�� DQG� 0&(� �VROLG� PDUNHU��
DQDO\VHV�� $V� VHHQ�� D� IDLUO\� OLQHDU� UHODWLRQVKLS� H[LVWV� IRU� HDFK� GLDSKUDJP� DVSHFW� UDWLR�� $� OLQHDU� FXUYH� ILW� ZDV�
DSSOLHG�WR�WKHVH�UHVXOWV��VKRZQ�LQ�Figure c-6�DV�D�GDVKHG�EODFN�OLQH��DQG�FDQ�EH�H[SUHVVHG�DV��
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)LJXUH�F����'LDSKUDJP�IRUFH�UHGXFWLRQ��5GLD��YV��SUHFDVW�GLDSKUDJP�FRQQHFWRU�ORFDO�GXFWLOLW\�GHPDQG�P���
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�

7KH�GDWD�SRLQWV�LQ�Figure c-6�DUH�FDOFXODWHG�DV�IROORZV��
�� )RU�HDFK�VXFFHVVIXO�GHVLJQ�SRLQW��WKH�GLDSKUDJP�GHVLJQ�IRUFH�UHGXFWLRQ�IDFWRU��Rdia��LV�FDOFXODWHG�DV�

WKH�GHVLJQ�IRUFH�DPSOLILFDWLRQ�IDFWRU�DVVRFLDWHG�ZLWK�HODVWLF�GLDSKUDJP�UHVSRQVH�DW�WKH�JLYHQ�OHYHO�
RI�VHLVPLF�KD]DUG�GLYLGHG�E\�WKH�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRU�IRU�WKH�JLYHQ�GHVLJQ�RSWLRQ��
VR�Rdia�LV��<(�<�IRU�WKH�0&(�DQG�LV��<'�<�IRU�WKH�'%(���

o� 7KXV�IRU�0&(�OHYHO�KD]DUG���
�� ('2��� � 5GLD� �<(�<(� �����
�� %'2��� � 5GLD� �<�(�<'�
�� 5'2��� � 5GLD� �<�(�<5�

o� DQG�IRU�'%(�OHYHO�KD]DUG���
�� %'2��� � 5GLD� �<'�<'� �����
�� 5'2��� � 5GLD� �<'�<5�

o� 1RWH�WKDW�ZLWK�WKLV�GHILQLWLRQ��IRU�DOO�FDVHV�5��������

�� /LNHZLVH�� IRU�HDFK� VXFFHVVIXO�GHVLJQ�SRLQW�� WKH�GLDSKUDJP�UHLQIRUFHPHQW�GXFWLOLW\�GHPDQG� �P�� LV�
FDOFXODWHG�DV� WKH�PHDQ�RI�PD[LPXP�RI� WKH�PD[LPXP�FKRUG�RSHQLQJ�GHIRUPDWLRQ�GHPDQG� LQ� WKH�
DQDO\VHV�GLYLGHG�E\�WKH�\LHOG�GHIRUPDWLRQ�RI�WKH�FKRUG���

o� 7KXV�IRU�0&(�OHYHO�KD]DUG��� �
�� ('2���P� ������

o� DQG�IRU�'%(�OHYHO�KD]DUG��� �
�� %'2���P� ������

o� 1RWH�WKDW�ZLWK�WKLV�GHILQLWLRQ��IRU�DOO�FDVHV�P��������
 
'LDSKUDJP��Pglobal -�Plocal 5HODWLRQVKLSV� 

:LWK� WKH� UHODWLRQVKLS� EHWZHHQ� GLDSKUDJP� IRUFH� UHGXFWLRQ� �UHODWLYH� WR� HODVWLF� UHVSRQVH�� DQG� ORFDO�
GXFWLOLW\��LQHODVWLF�GHIRUPDWLRQ�GHPDQG�RQ� WKH�SUHFDVW�GLDSKUDJP�FRQQHFWRUV�RU� UHLQIRUFHPHQW��HVWDEOLVKHG��DV�
VKRZQ�LQ�)LJXUH�F�����WKH�GLDSKUDJP�IRUFHV�FDQ�QRZ�EH�UHODWHG�WR�GLDSKUDJP�JOREDO�GXFWLOLW\��Figure c-7�VKRZV�
WKHVH� UHODWLRQVKLSV�DV� VFDWWHU�SORWV� IRU�DOO� WKH�DQDO\VHV�SHUIRUPHG� LQ� WKH�DQDO\WLFDO� VWXG\� �DQDO\WLFDO� UHVXOWV� IRU�
GLIIHUHQW�GLDSKUDJP�DVSHFW�UDWLRV��AR���ILUVW�DV���D��WKH�UHODWLRQVKLS�EHWZHHQ�WKH�ORFDO�GXFWLOLW\��PHDVXUHG�DW�WKH�
GLDSKUDJP�UHLQIRUFHPHQW�XQGHU�PD[LPXP�GHIRUPDWLRQ�GHPDQG�� DQG� WKH�FRUUHVSRQGLQJ�JOREDO�GXFWLOLW\��Pglobal�
��P�local���7KHQ��E\�UHODWLQJ�WKH�UHVXOWV�LQ�Figure c-6��DQG�Figure c-7a���E��WKH�UHVXOWLQJ�UHODWLRQVKLS�EHWZHHQ�WKH�
GLDSKUDJP�IRUFH�UHGXFWLRQ��UHODWLYH�WR�HODVWLF�UHVSRQVH��WR�GLDSKUDJP�JOREDO�GXFWLOLW\��Rdia-Pglobal ��DV�VKRZQ�LQ�
Figure c-7a. (DFK�SORW�LQFOXGHV�WKH�SURSRVHG�OLQHDU�HTXDWLRQV�GHULYHG�IURP�WKH�GDWD��
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�

8VLQJ� WKH� HTXDWLRQV� VKRZQ� LQ�Figure c-7�� WKH�Rs IDFWRU LV� FDOFXODWHG� IRU� GLIIHUHQW� GLDSKUDJP� GHVLJQ� RSWLRQV�
SURYLGHG�WKH�GLDSKUDJP�ORFDO�UHLQIRUFHPHQW�GXFWLOLW\�FDSDFLW\�LV�NQRZQ���
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� )LJXUH� &��� VKRZV� WKH� FRPSDULVRQ� RI� WKH� WKUHH� GHVLJQ� RSWLRQ� ZLWK� FXUUHQW� FRGH� IRU� YDULRXV�
VWUXFWXUHV��LQFOXGLQJ�ERWK�D���VWRU\�SDUNLQJ�VWUXFWXUH�DQG�D���VWRU\�RIILFH�EXLOGLQJ�IRU�6'&�&�DQG�'��

� �
)LJXUH�&����'LDSKUDJP�'HVLJQ�)RUFH�&RPSDULVRQV�EHWZHHQ�$6&(������DQG�SURSRVHG�$6&(�������

 
Diaphragm Shear Overstrength Factor (:v ) 
3UHFDVW�GLDSKUDJPV�W\SLFDOO\�H[KLELW�GXFWLOH�IOH[XUDO�UHVSRQVH�EXW�EULWWOH�VKHDU�UHVSRQVH��,Q�RUGHU�

WR� DYRLG�EULWWOH� VKHDU� IDLOXUH�� HODVWLF� VKHDU� UHVSRQVH� WDUJHWV� DUH� UHTXLUHG� IRU�ERWK� IOH[XUH�FRQWUROOHG� DQG�
VKHDU�FRQWUROOHG� V\VWHPV� DW� GHVLJQ� HDUWKTXDNH� DQG�0&(� OHYHOV�� 7KXV�� D� FDSDFLW\� GHVLJQ� IDFWRU�� VKHDU�
RYHUVWUHQJWK�IDFWRU��:v���LV�UHTXLUHG�IRU�WKH�GLDSKUDJP�VKHDU�GHVLJQ��)RU�('2�GHVLJQ��VLQFH�WKH�GLDSKUDJP�
LV� H[SHFWHG� WR� UHPDLQ� HODVWLF� XQGHU� WKH�0&(�� QR� VKHDU� RYHUVWUHQJWK� LV� QHHGHG�� )LJXUH� &��� VKRZV� WKH�
DQDO\WLFDO� UHVXOWV� IRU� UHTXLUHG� VKHDU� RYHUVWUHQJWK� IDFWRUV� IRU� %'2� DQG� 5'2� �6KRZQ� DV� PDUNV��� $�
VLPSOLILHG�FRQVHUYDWLYH�HTXDWLRQ�LV�SURSRVHG�DV��VHH�EODFN�OLQHV�LQ�)LJ��&�����
�

:v ���Rs     �(TQ��&����
�

7KH� VKHDU� RYHUVWUHQJWK� IDFWRU� :Y� LV� VFDOHG� UHODWLYH� WR� WKH� DPSOLILHG� GLDSKUDJP� IRUFH�� L�H�� D�
GLDSKUDJP�GHVLJQHG�ZLWK�WKH�DSSURSULDWH�GLDSKUDJP�DPSOLILFDWLRQ�<��7KXV�WKH�:Y�IDFWRU�LV�VWDFNHG�RQ�WRS�
RI� WKH� <�IDFWRU�� ,Q� WKH� GHVLJQ�� WKH� :Y� IDFWRU� LV� DSSOLHG� GLUHFWO\� WR� WKH� UHTXLUHG� VKHDU� IRUFH� �6HH�



� ��

&RPPHQWDU\�6WHS�����,W�VKRXOG�EH�QRWHG�WKDW�WKH�:Y�IDFWRU�LV�LQGHSHQGHQW�RI�WKH�VKHDU�VWUHQJWK�UHGXFWLRQ�
IDFWRU�IY�DV�LW� LV�DSSOLHG�WR�WKH�GHPDQG�VLGH��ZKLOH�WKH�IY�IDFWRU�LV�DSSOLHG�WR�WKH�PDWHULDO�FDSDFLW\�VLGH��
7KXV��ERWK�DUH�DSSOLHG�WRJHWKHU�WR�SURYLGH�UHOLDEOH�HODVWLF�VKHDU�VWUHQJWK�XQGHU�0&(�GHPDQG��

�

'LDSKUDJP�6KHDU�2YHUVWUHQJWK�)DFWRUV���:v����'HVLJQ�3URFHGXUH�6WHS��D��� 

� 7KH�:v�YDOXHV�IRU�WKH�GHVLJQ�SURFHGXUH�ZHUH�GHWHUPLQHG�LQ�WKH�DQDO\WLFDO�SDUDPHWHU�VWXG\��7KH�UHTXLUHG�
PDJQLWXGH�RI�:v�ZDV�FDOLEUDWHG�WR�GHVLJQ�WDUJHWV�WKURXJK�0&(�DQDO\VHV��3OHDVH�VHH�3$57��� Appendix A1�IRU�
IXOO�GHWDLOV�RI�DQDO\WLFDO�UHVHDUFK�WR�GHWHUPLQH�WKHVH�IDFWRUV��

7KH� VKHDU� RYHUVWUHQJWK� IDFWRU� YDOXHV� ZHUH� REWDLQHG� E\� ERXQGLQJ� WKH� PD[LPXP� VKHDU� IRUFH� Vmax�
RFFXUULQJ�LQ�WKH�GLDSKUDJP�DW�WKH�FULWLFDO�VKHDU�MRLQW�DW�0&(�OHYHO�KD]DUG�DV�WKH�GLDSKUDJP�GHYHORSV�D�IOH[XUDO�
PHFKDQLVP��LQ�RWKHU�UHJLRQV�RI�WKH�IORRU���DQG�VFDOLQJ�LW�E\�WKH�GHVLJQ�VKHDU�Vu��$FFRUGLQJO\��

���� :(��WKH�GLDSKUDJP�VKHDU�RYHUVWUHQJWK�IDFWRU�IRU�WKH�('2��LV�WDNHQ�DV�XQLW\��:(� ������VLQFH�WKH�<(��
IDFWRU�LV�FDOLEUDWHG�WR�WKH�HODVWLF�IRUFH�GHPDQG�LQ�WKH�0&(��

�� :'��WKH�GLDSKUDJP�VKHDU�RYHUVWUHQJWK�IDFWRU�IRU�WKH�%'2��LV�WDNHQ�DV�DQ�XSSHU�ERXQG�RQ�WKH�Vmax�Vu�
UDWLR�IRU�WKH�%'2�GHVLJQ�XQGHU�0&(�OHYHO�KD]DUG��

�� :5��WKH�GLDSKUDJP�VKHDU�RYHUVWUHQJWK�IDFWRU�IRU�WKH�5'2��LV�WDNHQ�DV�DQ�XSSHU�ERXQG�RQ�WKH�Vmax�Vu�
UDWLR�IRU�WKH�5'2�GHVLJQ�XQGHU�0&(�OHYHO�KD]DUG��:5�LV�ODUJHU�WKDQ�:'�GXH�WR�WKH�ODUJHU�H[SHFWHG�
GLDSKUDJP�VWUDLQ�KDUGHQLQJ�LQ�WKH�5'2��

Figure c-8�VKRZV�D�VFDWWHU�SORW�RI�WKH�Vmax�Vu�UDWLRV�IURP�WKH�DQDO\WLFDO�UHVHDUFK��7KH�GDWD�LV�WKH�PHDQ�
RI�WKH�PD[LPXP�UHVSRQVH�IURP���JURXQG�PRWLRQV��7KH�H[SUHVVLRQ�XVHG�IRU�:v�LQ�WKH�GHVLJQ�PHWKRGRORJ\��:v� �
���5V��LV�SORWWHG�DV�D�KRUL]RQWDO�JUHHQ�OLQH�LQ�HDFK�SORW��LQGLFDWLQJ�FRQVHUYDWLVP�UHODWLYH�WR�DOO�GHVLJQ�FDVHV��$OVR�
VKRZQ�RQ�WKH�SORW�LV�WKH�DOWHUQDWH�GHVLJQ�HTXDWLRQV�IRU�:v� �:(��:'��:5�XVHG�LQ�WKH�RULJLQDO�SURFHGXUH�IRU�XVH�
ZLWK� $6&(����� �6HH� $SSHQGL[�� (TQV�� $���D�F��� VXSHULPSRVHG� DV� VROLG� EODFN� OLQHV� LQ� Fig. c-8 (See 
Commentary, Appendix 4)���
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)LJXUH�F����'LDSKUDJP�VKHDU�RYHUVWUHQJWK�IDFWRU�HTXDWLRQV���D��%'2���E��5'2��

�

7KH� DQDO\VHV�XVHG� WR�GHYHORS�:v�PDGH�XVH� RI� D� VLPSOH� HYDOXDWLRQ� VWUXFWXUH�ZLWK�ZHOO�GHILQHG� VKHDU�
FULWLFDO� UHJLRQV� DQG� IOH[XUH�FULWLFDO� UHJLRQV�� 7KH� VKHDU� RYHUVWUHQJWK�� DV� REWDLQHG�� SURYLGHV� DQ� HVWLPDWH� RI� WKH�
PD[LPXP�UHTXLUHG�VKHDU�IRUFH��+RZHYHU��LQ�LWVHOI�LW�GRHV�QRW�GLUHFWO\�DGGUHVV�WKH�LPSDFW�RI�LQ�SODQH�D[LDO�IRUFH�
�GXH�WR�IOH[XUH�RU�FROOHFWRU�DFWLRQV��RQ�WKH�SUHFDVW�GLDSKUDJP�VKHDU�UHVSRQVH��7KH�HIIHFW�RI�D[LDO�IRUFH�LV�GLUHFWO\�
LQFOXGHG� LQ� WKH� GHVLJQ� SURFHGXUH� WKURXJK� WKH� LQWHUDFWLRQ� HTXDWLRQ� �6HH� Commentary� Step 4�� WR� GHWHUPLQH�
UHTXLUHG� GLDSKUDJP� UHLQIRUFHPHQW� DW� D� MRLQW� EDVHG�RQ� LQWHUQDO� IRUFH� FRPELQDWLRQV� GHWHUPLQHG� LQ�6WHS� ��E��� ,W�
VKRXOG�EH�IXUWKHU�QRWHG�WKDW�ZKLOH�WKH�:v�IDFWRU�KDV�EHHQ�FDOLEUDWHG�LQ�WKH�DQDO\WLFDO�UHVHDUFK�WR�SURYLGH�HODVWLF�
VKHDU�UHVSRQVH�RI�WKH�GLDSKUDJP�LQ�WKH�0&(��FDUH�PXVW�EH�WDNHQ�LQ�HQVXULQJ�WKH�DQWLFLSDWHG�0�9�UDWLR�RFFXUV�LQ�
WKH�GLDSKUDJP��6HH “Capacity Design Considerations for Precast Diaphragms”, Commentary to Appendix 5����



� ��

�
6WHS��E��'HWHUPLQH�WKH�GLDSKUDJP�LQWHUQDO�IRUFHV��

6WHS� �E� 'HVFULSWLRQ�� ,Q� WKLV� VWHS�� WKH� GLDSKUDJP� LQWHUQDO� IRUFH� GHPDQGV� �Nu, Vu, Mu�� DUH�
FDOFXODWHG�DW� DOO� SRWHQWLDO� FULWLFDO� MRLQWV�EHWZHHQ�SUHFDVW� HOHPHQWV��7KH�GHVLJQHU� FDQ� VHOHFW� IURP�RQH�RI�
IRXU� DSSURDFKHV� WR�GHWHUPLQH� WKHVH� LQWHUQDO� IRUFH�GHPDQGV�� ����$QDO\VLV� XVLQJ� IUHH�ERG\�GLDJUDPV�� ����
6HPL�ULJLG�GLDSKUDJP�PRGHO������'HVLJQ�DLGV��DQG�����6WUXW�DQG�7LH�PRGHOV���

� 6WHS��E�&RPPHQWDU\��7KH�WUDQVIRUPDWLRQ�RI�WKH�VWRU\�OHYHO�GLDSKUDJP�IRUFH�Fdiax�LQWR�LQWHUQDO�
IRUFHV�ZLWKLQ�WKH�GLDSKUDJP�LV�YLHZHG�DV�D�NH\�VWHS�LQ�GLDSKUDJP�GHVLJQ��&ORXJK��������6HYHUDO�PHWKRGV�
DUH�DYDLODEOH�WR�WKH�GHVLJQHU�DV�OLVWHG�DERYH�DQG�GLVFXVVHG�EHORZ��

Horizontal Beam Analogy 
&XUUHQW�SUDFWLFH��3&,�'HVLJQ�+DQGERRN�������HPSOR\V�D�KRUL]RQWDO�EHDP�DQDORJ\��*DWHV��������

7KH� KRUL]RQWDO� EHDP� DQDORJ\� SHUPLWV� D� VLPSOH� FDOFXODWLRQ� RI�PRPHQWV� DQG� VKHDUV� DV� LI� WKH� GLDSKUDJP�
ZHUH�D�EHDP��7KH�PHWKRG�SHUPLWV� WKH�GLDSKUDJP��RU� VHJPHQWV�RI� WKH�GLDSKUDJP�� WR�EH� LGHDOL]HG�DV� DQ�
HTXLYDOHQW�EHDP�ZLWK�VSDQV�EHWZHHQ�WKH�YHUWLFDO�HOHPHQWV�RI�WKH�ODWHUDO�IRUFH�UHVLVWLQJ�V\VWHP��

)RU� SHULPHWHU� FRQILJXUDWLRQV� �SHULPHWHU� IUDPHV� RU�ZDOOV��� WKH� GLDSKUDJP� LV� WUHDWHG� DV� D� VLPSOH�
EHDP�LQ�FDOFXODWLQJ�D�PD[LPXP�PRPHQW��wuL2/8 = FpxL/8���VKHDU�DQG�EHDP�UHDFWLRQV��wuL/2 = Fpx/2���)RU�
PRUH� FRPSOH[� FRQILJXUDWLRQV�� WKH� GHVLJQHU� W\SLFDOO\� PXVW� FRQVLGHU� ZKHWKHU� WKH� GLDSKUDJP� LV� ULJLG� RU�
IOH[LEOH�LQ�GHWHUPLQLQJ�KRZ�WR�DSSRUWLRQ�³EHDP´�UHDFWLRQV�DW�HDFK�ZDOO�RU�IUDPH��discussed later in this 
Commentary step���LQ�RUGHU�WR�FDOFXODWH�GLDSKUDJP�VKHDU�DQG�PRPHQW��RU�UHVRUW�WR�VHPL�ULJLG�GLDSKUDJP�
PRGHOV�DYDLODEOH�ZLWK�PRVW�FRPPHUFLDO�VRIWZDUH�SDFNDJHV��also�discussed later in this Commentary step���
7KH� UHDFWLRQV� WR� WKH� ODWHUDO� IRUFH� UHVLVWLQJ� HOHPHQWV� DUH� DOVR� XVHG� WR� GHWHUPLQH� WKH� FROOHFWRU� VWHHO�
UHTXLUHPHQWV��ZKLFK�FDQ�EH�SODFHG�LQ�WKH�VODE�RU�WKH�SUHFDVW�XQLW��

2QFH�GLDSKUDJP�VKHDU�DQG�PRPHQW�DUH�HVWDEOLVKHG�� WKH�FKRUG�UHLQIRUFHPHQW��QHDU�HDFK�HGJH�RI�
WKH�GLDSKUDJP��LV�GHVLJQHG�IRU�WKH�WHQVLRQ�FRPSRQHQW�RI�WKH�FRXSOH�GXH�WR�LQ�SODQH�GLDSKUDJP�PRPHQW�
DQG� WKH� VKHDU� UHLQIRUFHPHQW� �DORQJ� WKH� MRLQWV� EHWZHHQ� SUHFDVW� XQLWV�� LV� GHVLJQHG� IRU� WKH� VKHDU�� 7KH�
GHVLJQHU�PD\�RIWHQ�GHVLJQ� WKH�FKRUG�DQG�VKHDU� UHLQIRUFHPHQW� IRU� WKH�PD[LPXP�PRPHQW�DQG�VKHDU�� WKH�
GHVLJQHU� FDQ� DOVR� XVH� WKH� PRPHQW� DQG� VKHDU� GLDJUDPV� WR� GHWHUPLQH� EDU� FXWRIIV� DQG� GLIIHUHQW� VKHDU�
FRQQHFWRU�VSDFLQJ�WR�FUHDWH�D�PRUH�HFRQRPLFDO�GHVLJQ��

:KLOH�VWUDLJKWIRUZDUG�� WKH�KRUL]RQWDO�EHDP�DSSURDFK�KDV�FHUWDLQ�OLPLWDWLRQV�RU�DVVXPSWLRQV�WKDW�
VKRXOG�EH�XQGHUVWRRG�E\�WKH�GHVLJQHU��7KHVH�LQFOXGH���

��� DQ�LQWHUQDO�IRUFH�GLVWULEXWLRQ�DVVXPHG�LQ�WKH�KRUL]RQWDO�EHDP�DQDORJ\�WKDW�LPSOLFLWO\�UHOLHV�XSRQ�
HOHPHQWV�ZLWK�SODVWLF�UHGLVWULEXWLRQ�TXDOLWLHV��ZLWKRXW�HQIRUFLQJ�WKLV�FKDUDFWHULVWLF��

��� WKH�KRUL]RQWDO�EHDP�DQDORJ\�LV�XQDEOH�WR�FDSWXUH�FRPSOH[�IRUFH�SDWKV�WKDW�FDQ�H[LVW�LQ�WKH�SUHFDVW�
IORRU�V\VWHP��LQFOXGLQJ�IRUFH�FRPELQDWLRQV�LQYROYLQJ�VLPXOWDQHRXV�D[LDO��VKHDU�DQG�PRPHQW��

��� WKH� KRUL]RQWDO� EHDP� DQDORJ\� GRHV� QRW� SURGXFH� DQ� DFFXUDWH� IRUFH� SDWK� IRU� VTXDW� GLDSKUDJPV�� LQ�
ZKLFK�WKH�LQWHUQDO�IRUFHV�PRUH�FORVHO\�UHVHPEOH�WKDW�RI�D�GHHS�EHDP��

&RPPHQWV�RQ�WKHVH�OLPLWDWLRQV�DQG�DVVXPSWLRQV�IROORZ���
x� 7KH�SUHFDVW�GLDSKUDJP�GHVLJQ�PHWKRGRORJ\�HQIRUFHV�WKH�VDPH�WHQVLRQ�GHIRUPDWLRQ�UHTXLUHPHQW�

IRU�WKH�VKHDU�UHLQIRUFHPHQW�DV�LW�GRHV�IRU�WKH�FKRUG�UHLQIRUFHPHQW��See Comments for Step 4 in 
PART 1��LQ�RUGHU�WR�HQVXUH�VXIILFLHQW�SODVWLF�UHGLVWULEXWLRQ�LQ�WKH�GLDSKUDJP��WKHUHE\�DGGUHVVLQJ�
WKH�ILUVW�OLPLWDWLRQ���

x� 7KH�KRUL]RQWDO�EHDP�PHWKRG�GRHV�QRW�LQFOXGH�WKH�GHYHORSPHQW�RI�GLDSKUDJP�WHQVLRQ�IRUFHV�WKDW�
PD\�RFFXU�LQ�VHPL�ULJLG�GLDSKUDJP�PRGHOV��H�J���LQ�FRPSXWHU�VWUXFWXUDO�DQDO\VLV���ZKLOH�DW�ILUVW�
FRQVLGHUDWLRQ� WKLV�PD\�VHHP�XQFRQVHUYDWLYH�� WKH�XVH�RI� WKH�VLPSOH�EHDP�PRPHQW� �wuL2/8��ZLOO�
SURGXFH�FRQVHUYDWLYH��RU�LQFDVHV�HTXLYDOHQW��FKRUG�GHPDQGV�WKDQ�D�VHPL�ULJLG�GLDSKUDJP�PRGHO��
WKXV�UHOHJDWLQJ�WKH�VHFRQG�OLPLWDWLRQ�WR�DFFHSWDEOH�IRU�PRVW�GHVLJQ�FDVHV��+RZHYHU�FDUH�VKRXOG�
EH�WDNHQ�DW�UHHQWUDQW�FRUQHUV��UHJLRQV�RI�WKH�IORRU�XQGHU�UHVWUDLQW��RU�DW�ORFDWLRQV�ZKHUH�FROOHFWRU�
DFWLRQV�LQ�RQH�GLUHFWLRQ�DFW�WRJHWKHU�ZLWK�EHQGLQJ�DFWLRQV�LQ�WKH�RWKHU��See Commentary Step 4���
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x� 7KH�KRUL]RQWDO�EHDP�PHWKRG�GRHV�QRW�FRQVLGHU�GHHS�EHDP�HIIHFWV��ZKLFK�DOVR�FDQ�EH�UHSUHVHQWHG�
LQ�FRPSXWHU�VWUXFWXUDO�DQDO\VLV�PRGHOV�RU�VWUXW�DQG�WLH�PRGHOV���

7KXV��WKH�KRUL]RQWDO�EHDP�DQDORJ\�FDQ�EH�FRQVLGHUHG�DQ�DSSUR[LPDWH�DQG�W\SLFDOO\�FRQVHUYDWLYH�
PHWKRG� IRU� FDOFXODWLQJ� WKH� LQWHUQDO� IRUFH� GLDJUDPV� LQ� WKH� SUHFDVW� GLDSKUDJP� GHVLJQ� PHWKRGRORJ\��
5HJDUGOHVV��LQ�WKH�DEVHQFH�RI�D�FRPSXWHU�VWUXFWXUDO�DQDO\VLV�ZLWK�VHPL�ULJLG�GLDSKUDJP�PRGHOLQJ��LQWHUQDO�
IRUFHV� DW� DOO� SRWHQWLDO� FULWLFDO� VHFWLRQV� LQ� WKH�GLDSKUDJP�VKRXOG�EH�GHWHUPLQHG�E\� WDNLQJ� WKH�GLDSKUDJP�
IRUFHV� �Fpx��DQG� UHDFWLRQV�RQ� WKH�GLDSKUDJP�DQG�HYDOXDWLQJ�DSSURSULDWH� IUHH�ERGLHV�DURXQG�HDFK�FULWLFDO�
VHFWLRQ�XVLQJ�WKH�SULQFLSOHV�RI�VWDWLFV���

$OWHUQDWH� PHWKRGV� WKDW� SURYLGH� PRUH� DFFXUDWH� UHVXOWV�� EXW� PD\� EH� SRWHQWLDOO\� PRUH� WLPH�
FRQVXPLQJ��DQG�PD\�EH�FRQVLGHUHG�D�GHSDUWXUH�IURP�FXUUHQW�SUDFWLFH��DUH�PDGH�DYDLODEOH�WR�WKH�GHVLJQHU�
LQ�WKH�GHVLJQ�PHWKRGRORJ\��7KHVH�PHWKRGV�DUH�GLVFXVVHG�VXEVHTXHQWO\�LQ�WKLV�&RPPHQWDU\�VWHS��

5HJDUGOHVV�RI�WKH�DSSURDFK��WKH�GHVLJQHU�KDV�WKH�FKRLFH�LQ�GHWHUPLQLQJ�WKH�LQWHUQDO�GHVLJQ�IRUFHV��
HLWKHU������FDOFXODWHG�IRU�WKHLU�PD[LPXP�YDOXHV�DW�WKH�FULWLFDO�MRLQWV��DQG�GHVLJQ�DOO�WKH�MRLQWV�LQ�WKH�IORRU�WR�
WKLV� OHYHO�� RU� ���� FDOFXODWHG� DW� HDFK� GLDSKUDJP� MRLQW�� IRU� D� PRUH� HFRQRPLFDO� EXW� PRUH� WLPH�LQWHQVLYH�
GHVLJQ�ZLWK�PRUH�YDULDQFH�RI�GHWDLOV�LQ�WKH�FRQVWUXFWLRQ�SURFHGXUH���,W�LV�QRWHG�WKDW�FULWLFDO�MRLQWV�LQFOXGH�
MRLQWV�EHWZHHQ�SUHFDVW�XQLWV��GLDSKUDJP�WR�/)56�MRLQWV� LQ�ERWK�RUWKRJRQDO�GLUHFWLRQ��DQG��GHSHQGLQJ�RQ�
WKH� GHVLJQ�� LQWHUQDO� EHDP� MRLQWV�� 7KH� GLDSKUDJP� LQWHUQDO� IRUFHV� DUH� WR� EH� FDOFXODWHG� IRU� WKH� HIIHFWV� RI�
VHLVPLF� ORDGLQJ� LQ� HDFK� RUWKRJRQDO� GLUHFWLRQ� LQGLYLGXDOO\�� (DFK� MRLQW� LV� WR� EH� GHVLJQHG� IRU� WKH� VHW� RI�
FRLQFLGLQJ� GLDSKUDJP� LQWHUQDO� IRUFH� FRPSRQHQWV� IURP� WKH� GLUHFWLRQ� WKDW� SURGXFHV� WKH� PRUH� FULWLFDO�
FRQGLWLRQ�LQ�(TXDWLRQ���RI�3$57����6WHS�����

7KH�HIIHFW�RI�JUDYLW\�ORDG�RQ�GLDSKUDJP�FRQQHFWRU�SHUIRUPDQFH�LV�FRQVLGHUHG�VHFRQGDU\��DV�PRVW�
FRQQHFWRUV� DUH� ORFDWHG� EHWZHHQ� IORRU� XQLWV� DFWLQJ� DV� RQH�ZD\� VODE� HOHPHQWV�� DQG� WKXV� YHUWLFDO� IRUFH�
FRPSRQHQWV� DUH� QRW� H[SHFWHG� WR� EH� VLJQLILFDQW��� DQG� WKXV� ZDV� QRW� FRQVLGHUHG� LQ� WKH� H[SHULPHQWDO� RU�
DQDO\WLFDO�UHVHDUFK��QRU�LQFOXGHG�LQ�WKH�GHVLJQ�SURFHGXUHV��7KHVH�DFWLRQV�FDQ�EH�FRQVLGHUHG�LQ�FDVHV�ZKHUH�
LPSRUWDQW��

Rigid vs. Flexible Diaphragms 

127(��5LJLG�YV��IOH[LEOH�GLDSKUDJPV�ZHUH�FRQVLGHUHG�LQ�6WHS��D�ZLWK�UHVSHFW�WR�WKH�GLDSKUDJP�
IRUFHV�GHYHORSHG�DW�D�JLYHQ�OHYHO��vertical�SURILOH��RI�WKH�VWUXFWXUH��7KLV�VHFWLRQ�SHUWDLQV�WR�ULJLG�
YV�� IOH[LEOH� GLDSKUDJPV� DV� LW� DIIHFWV� WKH�horizontal� GLVWULEXWLRQ� RI� GLDSKUDJP� IRUFHV� DW� D� JLYHQ�
OHYHO�DPRQJ�WKH�LQGLYLGXDO�ZDOOV�DQG�IUDPHV�WKDW�PDNH�XS�WKH�ODWHUDO�IRUFH�UHVLVWLQJ�V\VWHP��

�
)RU�D�GLDSKUDJP�DVVRFLDWHG�ZLWK�E\�D�SDLU�RI�SULPDU\��YHUWLFDO�SODQH��ODWHUDO�IRUFH�UHVLVWLQJ�V\VWHP�

�/)56�� HOHPHQWV�� IRU� LQVWDQFH� SHULPHWHU� ZDOOV� RU� IUDPHV�� RU� D� SDLU� RI� LQWHULRU� ZDOOV� DQG� IUDPHV�� WKH�
FDOFXODWLRQ�RI�GLDSKUDJP�UHDFWLRQV�LV�VWDWLFDOO\�GHWHUPLQDWH��H�J��Fpx/2�IRU�D�V\PPHWULF�V\VWHP����

)RU�OD\RXWV�ZLWK�PXOWLSOH�RU�DV\PPHWULF�OD\RXWV��FDUH�PXVW�EH�WDNHQ�LQ�GHWHUPLQLQJ�WKH�LQWHUQDO�
IRUFHV�XVLQJ�IUHH�ERGLHV�VLQFH�WKH�UHODWLYH�PDJQLWXGHV�RI�WKH�UHDFWLRQV�GHSHQG�RQ�WKH�UHODWLYH�IOH[LELOLW\�RI�
WKH�GLDSKUDJP�WR�WKH�/)56�HOHPHQWV��)RU�WKHVH�PRUH�FRPSOH[�FRQILJXUDWLRQV��WKH�GHVLJQHU�W\SLFDOO\�PXVW�
FRQVLGHU�ZKHWKHU�WKH�GLDSKUDJP�LV�ULJLG�RU�IOH[LEOH�LQ�GHWHUPLQLQJ�KRZ�WR�DSSRUWLRQ�WKH�³EHDP´�UHDFWLRQV�
DW� HDFK�ZDOO� RU� IUDPH�� LQ�RUGHU� WR� FDOFXODWH� WKH� GLDSKUDJP� VKHDUV� DQG�PRPHQWV�� RU� UHVRUW� WR� VHPL�ULJLG�
GLDSKUDJP� PRGHOV� DYDLODEOH� ZLWK� PRVW� FRPPHUFLDO� VRIWZDUH� SDFNDJHV� �discussed later in this 
Commentary step����

x� 7KH� ULJLG� GLDSKUDJP� DVVXPSWLRQ� KDV� KLVWRULFDOO\� EHHQ� DSSOLHG� WR� SUHFDVW� FRQFUHWH� GLDSKUDJPV�
ZLWK�DVSHFW�UDWLRV�OHVV�WKDQ����7KH�VXSSRUW�HOHPHQWV�DUH�QRW�WDNHQ�DV�ULJLG�VXSSRUWV��EXW�LQVWHDG�
GLVWULEXWHV� GLDSKUDJP� UHDFWLRQV� LQ� SURSRUWLRQ� WR� WKH� UHODWLYH� VWLIIQHVV� RI� HDFK� /)56� YHUWLFDO�
HOHPHQW�DW�WKH�GLDSKUDJP�OHYHO�ZLWK�UHVSHFW�WR�WKH�EDVH�RI�WKH�VWUXFWXUH��,Q�WKLV�FDVH��WKH�VXP�RI�
WKH� IRUFHV� IRU� WKH� EHDP� VXSSRUWV� LV� HTXDO� WR� WKH� WRWDO� IRUFH� DW� WKH� OHYHO�� EXW� DQ� LPEDODQFH� LQ�
PRPHQW� WKDW� PD\� RFFXU� LV� UHVROYHG� E\� UHVLVWDQFH� SURYLGHG� E\� WKH� YHUWLFDO� HOHPHQWV� LQ� WKH�
RUWKRJRQDO�GLUHFWLRQ�WDNLQJ�WKH�DFWXDO�DQG�DFFLGHQWDO�WRUVLRQ�PRPHQWV���
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x� 7KH�IOH[LEOH�GLDSKUDJP�DVVXPSWLRQ�GLVWULEXWHV�GLDSKUDJP�UHDFWLRQV�LQ�SURSRUWLRQ�WR�WKH�WULEXWDU\�
PDVV� RI� HDFK�/)56�YHUWLFDO� HOHPHQW��7KLV� DVVXPSWLRQ�KDV� KLVWRULFDOO\� EHHQ� DSSOLHG� WR� SUHFDVW�
FRQFUHWH�GLDSKUDJPV�ZLWK�DVSHFW�UDWLRV�JUHDWHU�WKDQ����

x� &RPPRQ�SUDFWLFH�LV�WR�FUHDWH�DQ�HQYHORSH�RI�IRUFH�GLDJUDPV��RQH�IRU�D�ULJLG�GLDSKUDJP��UHDFWLRQV�
SURSRUWLRQDO� WR� WKH� /)56� VWLIIQHVV� GXH� WR� GLVSODFHPHQW� FRPSDWLELOLW\��� DQG� RQH� IRU� D� IOH[LEOH�
GLDSKUDJP�ZKHUH�WKH�UHDFWLRQ�LV�GLVWULEXWHG�EDVHG�RQ�WULEXWDU\�DUHD��3&,�'HVLJQ�+DQGERRN���������

x� $Q�DOWHUQDWH�SURFHGXUH�LV�SUHVHQWHG�LQ�WKH�3&,�6HLVPLF�'HVLJQ�0DQXDO��&OHODQG�DQG�*KRVK�������
WKDW� DWWHPSWV� WR� RSWLPL]H� WKH� GHVLJQ� E\� WXQLQJ� WKH� /)56� VWLIIQHVV� WR� WKH� GLDSKUDJP� OD\RXW��
%RXQGLQJ� DQDO\VHV� FDQ� EH� SHUIRUPHG� LQ� ZKLFK� WKH� GHVLJQ� YDOXHV� DUH� WKH� HQYHORSH� RI� YDOXHV�
REWDLQHG� E\� DVVXPLQJ� XSSHU� DQG� ORZHU� ERXQG� LQ�SODQH� VWLIIQHVV� IRU� WKH� GLDSKUDJP� LQ� WZR�� RU�
PRUH��VHSDUDWH�DQDO\VHV���6HH�PCI Seismic Design Manual��
�

Semi-Rigid Diaphragm Model  
� ,Q�WKLV�DSSURDFK��WKH�GHVLJQHU�ZLOO�UHO\�XSRQ�WKH�FRPSXWHU�VWUXFWXUDO�DQDO\VLV�VRIWZDUH�PRGHO�RI�
WKH�EXLOGLQJ�VWUXFWXUH�WR�GHWHUPLQH�GLDSKUDJP�LQWHUQDO�IRUFHV��0RVW�VWUXFWXUDO�DQDO\VLV�VRIWZDUH�SURYLGHV�
WKH�RSWLRQ�IRU�VHPL�ULJLG�PRGHOLQJ�RI�WKH�IORRU�DQG�URRI�GLDSKUDJPV��WKHUHE\�SHUPLWWLQJ�WKH�LQWHUQDO�IRUFHV�
DW�FULWLFDO�VHFWLRQV�WR�EH�H[WUDFWHG�IURP�WKH�DQDO\VLV�PRGHO���

&XUUHQWO\��PRVW� VRIWZDUH�SDFNDJHV�SURYLGH�D�GLDSKUDJP�PRGHOLQJ�RSWLRQ� IRU� WKUHH�GLPHQVLRQDO�
PRGHOV�� ���� QR� GLDSKUDJP�� L�H��� /)56� HOHPHQWV� DFW� LQGHSHQGHQWO\�� ���� ULJLG� GLDSKUDJP�� L�H��� DOO� /)56�
HOHPHQWV�DW�D�VWRU\�DUH�VXEMHFWHG�WR�D�ULJLG�ERG\�WUDQVODWLRQ��XL� �XR���I�\L���ZKHUH�XR�LV�WKH�WUDQVODWLRQ�RI�
WKH�IORRU�SODWH�FHQWURLG��XL�LV�WKH�UHVXOWLQJ�WUDQVODWLRQ�RI�D�SRLQW�RQ�WKH�IORRU�D�GLVWDQFH�\L�IURP�WKH�FHQWURLG��
DQG�I�LV�WKH�LQ�SODQH�WZLVW�RI�WKH�IORRU��DOO�SRLQWV�RQ�WKH�IORRU�WUDQVODWH�WKH�VDPH�LQ�WKH�DEVHQFH�RI�WRUVLRQ���
DQG�����VHPL�ULJLG�GLDSKUDJP��ZKHUH�WKH�HODVWLF�VWLIIQHVV�RI�WKH�IORRU�V\VWHP�LV�PRGHOHG���

)RU� WKH� VHPL�ULJLG�GLDSKUDJP�PRGHO�� GHVLJQ�RIILFH� VRIWZDUH� SDFNDJHV� W\SLFDOO\� RIIHU� WZR�EDVLF�
RSWLRQV������PHPEUDQH�DFWLRQ��LQ�ZKLFK�RQO\�WKH�LQ�SODQH�HODVWLF�VWLIIQHVV�RI�WKH�IORRU�V\VWHP�LV�PRGHOHG��
DQG�����SODWH�RU�VKHOO�DFWLRQ��LQ�ZKLFK�WKH�RXW�RI�SODQH�WZR�ZD\�EHQGLQJ�DQG�VKHDU�VWLIIQHVV�RI�WKH�IORRU�
V\VWHP�LV�PRGHOHG�LQ�DGGLWLRQ�WR�WKH�PHPEUDQH�DFWLRQ��1RWH�WKDW�LQ�HLWKHU�FDVH��WKH�GLDSKUDJP�LV�PRGHOHG�
LQ� WZR�GLPHQVLRQV� ��'��� L�H�� WKH� KRUL]RQWDO� SODQH� RI� WKH� IORRU� VODE�� )RU� SUHFDVW� V\VWHPV�� WKH� LQ�SODQH�
VWLIIQHVV�VKRXOG�EH�EDVHG�RQ�WKH�IORRU�SODWH��H�J���LJQRUH�WKH�VWLIIQHVV�DVVRFLDWHG�ZLWK�WKH�VWHPV�RI�GRXEOH�
WHHV��HWF����

,Q�HPSOR\LQJ�WKH�VHPL�ULJLG�PRGHOLQJ�RSWLRQ��PRVW�VWUXFWXUDO�DQDO\VLV�SURJUDPV�UHTXHVW�DV� LQSXW�D�
VODE� WKLFNQHVV� DQG� DQ� HODVWLF� PRGXOXV� �E��� ,I� VKHDU� GHIRUPDWLRQV� DUH� DYDLODEOH�� ZKLFK� W\SLFDOO\� LV� D�
VWDQGDUG�IHDWXUH�LQ�PRGHUQ�VWUXFWXUDO�DQDO\VLV�SURJUDPV��D�VKHDU�PRGXOXV��G��FDQ�DOVR�EH�HQWHUHG��0DQ\�
GHVLJQ� RIILFH� VWUXFWXUDO� DQDO\VLV� SURJUDPV� QRZ� DOVR� LQFOXGH� DQ� RSWLRQ� WR� HQWHU� RUWKRWURSLF� VWLIIQHVV�
SURSHUWLHV�6����6����6��� WR�DFFRXQW� IRU�GLIIHUHQW� IORRU�VWLIIQHVV� LQ�HDFK�GLUHFWLRQ��7KLV�RSWLRQ� LV�XVHIXO� LQ�
PRGHOLQJ�SUHFDVW�GLDSKUDJPV��ZKLFK�KDYH�GLVVLPLODU�VWLIIQHVV�SURSHUWLHV�LQ�WKH�SUHFDVW�IORRU�XQLW�VSDQQLQJ�
GLUHFWLRQ��DQG�WKH�GLUHFWLRQ�SHUSHQGLFXODU�WR�WKH�SUHFDVW�IORRU�XQLW�VSDQ���

,Q� RUGHU� WR� SHUIRUP� D� FRPSXWHU� VWUXFWXUDO� DQDO\VLV� XVLQJ� WKH� VHPL�ULJLG� GLDSKUDJP� RSWLRQ� IRU�
SUHFDVW� GLDSKUDJPV�� D� PHPEUDQH� VWLIIQHVV� KDV� WR� EH� DVVLJQHG� WR� WKH� GLDSKUDJP�� 7KLV� SURSHUW\� LV�
LQWRUGXFHG� LQ� 6WHS� �� RI� WKH� 3$57� �� GHVLJQ� SURFHGXUH� RQFH� WKH� GLDSKUDJP� UHLQIRUFHPHQW� KDV� EHHQ�
GHVLJQHG��$� UDWLRQDO�PHWKRG�KDV� EHHQ�SURYLGHG� LQ�3$57��� �DQG� DOVR� GHVFULEHG� LQ� WKH� FRPPHQWDU\� IRU�
6WHSV���DQG����ZKRVH�FDOFXODWLRQV�SURGXFH�GLDSKUDJP�HIIHFWLYH�HODVWLF�DQG�VKHDU�PRGXOL��Eeff  DQG�Geff. )RU�
WKH�SXUSRVHV�RI�GHWHUPLQLQJ�WKH�LQWHUQDO�IRUFHV�LQ�WKLV�VWHS��Eeff DQG�Geff , FDQ�EH�HVWLPDWHG�DV����a����RI�
WKH�XQFUDFNHG�FRQFUHWH�E� DQG�G. 7KHVH�HVWLPDWHG�YDOXHV�DUH� WR�EH�YHULILHG� LQ�6WHS���DIWHU�VL]LQJ�RI� WKH�
GLDSKUDJP�UHLQIRUFHPHQW��1RWH�WKDW�WKH�FRQFUHWH�cracked RU uncracked�HODVWLF�PRGXOL��Ec DQG�Gc��FDQ�EH�
XVHG�DV�WKH�SURSHUWLHV�IRU�WKH�VHPL�ULJLG�GLDSKUDJP�LQ�WKH�GLUHFWLRQ�RI�WKH�SUHFDVW�IORRULQJ�XQLWV��L�H��S11���
GHSHQGLQJ�RQ�WKH�DVVXPHG�HIIHFWV�RI�WKH�SUHVWUHVVLQJ�LQ�WKH�IORRU�SODWH��,Q�WKLV�FDVH�LW�PD\�EH�UHDVRQDEOH�WR�
DVVLJQ� FUDFNHG� PRGXOXV �0.5Ec� IRU� GRXEOH� WHH� XQLWV� DQG� XQFUDFNHG �Ec�� IRU� KROORZFRUH� XQLWV�� DV� WKH�
HIIHFWV�RI�SUHVWUHVV�DUH�PLQRU�LQ�WKH�IRUPHU�DQG�PRUH�HIIHFWLYH�LQ�WKH�ODWWHU��
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,I�WKH�VWUXFWXUDO�DQDO\VLV�PRGHO�IRU�WKH�EXLOGLQJ�LQFOXGHV�VHPL�ULJLG�PRGHOLQJ�RI�WKH�IORRU�DQG�URRI�
GLDSKUDJPV�� WKH� LQWHUQDO� IRUFHV� DW� FULWLFDO� VHFWLRQV� FDQ� EH� H[WUDFWHG� GLUHFWO\� IURP� DQ� DQDO\VLV� PRGHO�
VXEMHFWHG� WR� WKH� GLDSKUDJP� IRUFHV� �Fpx��� &XUUHQWO\� GHVLJQHUV� UHO\� RQ� IXOO� �'� VWUXFWXUH� PRGHOV� IRU�
UHLQIRUFHG� FRQFUHWH� GLDSKUDJPV� LQ� KLJK�ULVH� VWUXFWXUHV� IRU� FDVHV� LQYROYLQJ� WUDQVIHU� GLDSKUDJPV� �0H\HU�
������� � )RU� WKHVH� DQDO\VHV�� IUHH�ERG\� FXWV� FDQ� EH� PDGH� DW� GLDSKUDJP� VHFWLRQV� DORQJ� WKH� OLQHV� RI� WKH�
SUHFDVW�MRLQWV�WR�GHWHUPLQH�LQWHUQDO�IRUFHV��

7KHUH�KDV�EHHQ�VRPH�GHEDWH�DV�WR�KRZ�WR�DSSO\�WKH�GLDSKUDJP�IRUFHV��SDUWLFXODUO\�LQ�FDVHV�RI�D�
WUDQVIHU�GLDSKUDJP��ZKHUH�WKH�IRUFHV�LQ�WKH�IORRU�V\VWHP�DW�RQH�OHYHO�DUH�GHSHQGHQW�RQ�WKH�ODWHUDO�ORDGLQJ�
DW�HDFK�OHYHO��7KHUH�LV�FKDOOHQJHV�LQ�VHOHFWLQJ�WKH�ORDGLQJ�WR�DSSO\�WR�WKH�VWUXFWXUH��VLQFH�WKH�(/)�SDWWHUQ�
Fi�LV�DQ�LQVWDQWDQHRXV�SDWWHUQ��ZKLFK�LV�DSSURSULDWH�WR�DSSO\�EXW�GRHV�QRW�FDSWXUH�IORRU�PD[LPD��ZKLOH�WKH�
GLDSKUDJP�IRUFH�SDWWHUQ�Fpx�LV�D�SURILOH�RI�PD[LPXPV��DQG�WKXV�LV�QRW�D�UDWLRQDOH�SDWWHUQ�WR�DSSO\�WR�WKH�
VWUXFWXUH��8VHIXO�PHWKRGV�IRU�DSSO\LQJ�WKLV�ORDG�LQ�GHVLJQ�DUH�SURSRVHG�LQ��6DEHOOL�HW��DO���������

)XUWKHU�JXLGDQFH�RQ�PRGHOLQJ� WKH�GLDSKUDJP�DQG�GLVFXVVLRQ�RI� DQDO\VLV� WHFKQLTXHV� LV� IRXQG� LQ�
3$57����

Analysis using Design Aids  

'LDSKUDJP� IUHH�ERG\� GLDJUDPV� DQG� LQWHUQDO� IRUFH� H[SUHVVLRQV� GHYHORSHG� IRU� FRPPRQ� SUHFDVW�
VWUXFWXUH� IORRU� FRQILJXUDWLRQV� DUH� SURYLGHG� LQ� 3$57� �� RI� WKH�Seismic Design Methodology Document��
'HVLJQ�H[DPSOHV�GHPRQVWUDWLQJ�WKH�XVH�RI�WKH�)UHH�%RG\�'LDJUDPV�DSSHDU�LQ�3$57����

� 0DQ\� SUHFDVW� VWUXFWXUHV� VKDUH� VLPLODU� OD\RXWV�� SDUWLFXODUO\� WKRVH� ZLWK� FKDOOHQJLQJ� GLDSKUDJP�
FRQGLWLRQV� �H�J�� SDUNLQJ� VWUXFWXUHV�� DQG� VR� LW� PD\� EH� XVHIXO� IRU� WKH� GHVLJQHUV� WR� GHWHUPLQH� IUHH�ERG\�
GLDJUDPV� IRU� WKRVH� FRPPRQ� FRQILJXUDWLRQV� DQG� FUHDWH� VSUHDGVKHHW� WRROV� WR� DXWRPDWLFDOO\� FDOFXODWH� WKH�
LQWHUQDO� IRUFHV�� $� VHW� RI� IUHH� ERGLHV� IRU� FRPPRQ� FRQILJXUDWLRQV� DUH� IRXQG� LQ� 3$57� ��� DORQJ� ZLWK� D�
GHVFULSWLRQ�RI�VSUHDGVKHHW�PHWKRGV�WR�FDOFXODWH�WKH�LQWHUQDO�IRUFH�GLDJUDPV�IURP�WKHVH�IUHH�ERGLHV��

,W� LV� QRWHG� WKDW� WKH� VHW� RI� IUHH� ERG\� GLDJUDPV� LQ� 3$57� �� LQYROYH� V\PPHWULF� /)56� OD\RXWV�
LQYROYLQJ�SDLUV�RI�SULPDU\�/)56�HOHPHQWV��ZDOOV�RU�IUDPHV��DQG�WKXV�HVVHQWLDOO\�D�VWDWLFDOO\�GHWHUPLQDWH�
V\VWHP�UHJDUGLQJ�WKH�GLDSKUDJP�UHDFWLRQ�EHLQJ�FDUULHG�E\�WKHVH�HOHPHQWV������RI�WKH�WRWDO�ORDG�WR�HDFK���
)RU�PRUH�FRPSOH[�/)56�OD\RXWV��WKH�GHVLJQHU�LV�UHIHUUHG�WR�WKH�3&,�6HLVPLF�'HVLJQ�0DQXDO��&OHODQG�DQG�
*KRVK��������

Analysis using Rational Methods  

0DQ\�IORRU�OD\RXWV�FUHDWH�GLDSKUDJPV�WKDW�DFW�PRUH�VLPLODUO\�WR�D�GHHS�EHDP��%XOO�������WKDQ�WKH�
%HUQRXOOL�IOH[XUDO�PHPEHU�LPSOLHG�LQ�WKH�KRUL]RQWDO�EHDP�DVVXPSWLRQ��,UUHJXODU�IORRU�SODQ�FRQILJXUDWLRQV�
�3DXOD\�DQG�3ULHVWOH\�������DQG�RSHQLQJV�LQ�IORRU�V\VWHPV��0RHKOH�HW�DO��������UHTXLUH�FDUH�LQ�GLDSKUDJP�
GHVLJQ�� )RU� WKHVH� FDVHV�� GLDSKUDJP�GHVLJQ�PD\� EHQHILW� IURP� WKH� XVH� RI� UDWLRQDO� IRUFH� SDWK�PHWKRGV� WR�
GHWHUPLQH� WKH� LQWHUQDO� IRUFH� GHVLJQ� DQG� UHLQIRUFHPHQW� OD\RXWV�� 6XFK�PHWKRGV� LQFOXGH� WKH� VWUXW� DQG� WLH�
PHWKRG� �6FKODLFK� HW� DO�� ������ DQG� WKH�SDQHO�VWULQJHU�PHWKRG� �%ODDXZHQGUDDG� DQG�+RRJHQERRP��������
7KHVH� UDWLRQDO� PHWKRGV�� HIIHFWLYH� IRU� GHHS� VTXDW� GLDSKUDJPV�� FROOHFWRUV�� RU� PRUH� FRPSOH[� IORRU�
FRQILJXUDWLRQV�� FDQ�DOVR�EH�DSSOLHG� WR� UHJXODU� IORRU�SODQV� �0F6DYHQ\��������7KH�VWUXW�DQG�WLH�DSSURDFK�
FDQ� EH� XVHG� WR� GHWHUPLQH� GLDSKUDJP� LQWHUQDO� DFWLRQV� LQ� DFFRUGDQFH� ZLWK� WKH� SURYLVLRQV� RI� $&,� ����
6HFWLRQ�������

7UDQVIHU� GLDSKUDJPV�� IRU� LQVWDQFH� RFFXUULQJ� RYHU� SRGLXPV� RU� LQ� GXDO� V\VWHPV�� DUH� QRW� GLUHFWO\�
FRYHUHG�LQ�WKH�GHVLJQ�PHWKRGRORJ\��&DUH�PXVW�EH�WDNHQ�LQ�FDUU\LQJ�WKH�ODUJH�WUDQVIHU�IRUFHV�ZLWK�SUHFDVW�
GLDSKUDJPV�� LQFOXGLQJ� DVVHVVLQJ� WKH� HIIHFWLYHQHVV� RI� ERQG� EHWZHHQ� WKH� SUHFDVW� XQLWV� DQG� WRSSLQJ� VODE�
�%XOO� �������7KHVH� WUDQVIHU� FRQGLWLRQV� KDYH� OHG� WR� IDLOXUHV� LQ� UHFHQW� HDUWKTXDNHV� �((5,� ������� 6HH� ILE�
�������DQG��0RHKOH�HW�DO��������IRU�PRUH�LQIRUPDWLRQ��

)RU�PRUH�LQIRUPDWLRQ�RQ�UDWLRQDO�PHWKRGV��WKH�UHDGHU�LV�UHIHUUHG�WR��ILE���������6FKODLFK�HW�DO��������
DQG��%ODDXZHQGUDDG�DQG�+RRJHQERRP���������
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'LDSKUDJP�,QWHUQDO�)RUFHV��'HVLJQ�3URFHGXUH�6WHS��E��� 
� �
�� Figure c-9� VKRZV� WKH� LQWHUQDO� GLDSKUDJP� IRUFH� UHVXOWV� IRU� WKH� WRS� OHYHO� GLDSKUDJP� RI� WKH� SURWRW\SH�
SDUNLQJ� VWUXFWXUH� LQ� Figure C-IIIa�� 7KH� UHVXOWV� DUH� IURP� WKH� G\QDPLF� WLPH�KLVWRU\� DQDO\VLV� �HDUWKTXDNH�
VLPXODWLRQ��XQGHU� WKH�0&(�JURXQG�PRWLRQ� �EL�GLUHFWLRQDO� FRPSRQHQWV���7KH� ILJXUH� VKRZV� WKH� IRUFH�GLDJUDPV�
IRU���D��'LDSKUDJP�D[LDO�WKUXVW���E��'LDSKUDJP�LQ�SODQH�6KHDU��DQG��F��'LDSKUDJP�LQ�SODQH�PRPHQW��DORQJ�WKH�
QRUWK�GLDSKUDJP�IODW��IURP���WR�/�DV�GHVFULEHG�LQ�Fig. C-IIIa���7KH�UHG�OLQHV�LQGLFDWH�WKH�HQYHORSH�RI�PD[LPXP�
IRUFHV� WKDW�RFFXUUHG�GXULQJ� WKH�HDUWKTXDNH�� WKH�EOXH� OLQH� LQGLFDWHV� WKH� LQVWDQWDQHRXV�IRUFH� LQ� WKH�GLDSKUDJP�DW�
PD[LPXP�IRUFH��7KH�JUHHQ�OLQH�UHSUHVHQWV�WKH�GHVLJQ�YDOXHV��1X��9X�DQG�0X��GHWHUPLQHG�LQ�6WHS��E�DQG�XVHG�WR�
GHVLJQ�WKH�SURWRW\SH�SDUNLQJ�VWUXFWXUH�IRU�WKH�DQDO\VLV��IRU�DQ�('2�GHVLJQ���7KH�PHWKRG�VHOHFWHG�WR�GHWHUPLQH�
LQWHUQDO�IRUFHV�LQWKLV�FDVH�ZDV�WKH�GHVLJQ�DLGV�SURYLGHG�LQ�3$57���RI�WKH�Design Methodology��$V�VHHQ��WKHVH�
PHWKRGV�SURGXFHG�DFFXUDWH�DQG�IRU�WKH�PRVW�SDUW�FRQVHUYDWLYH�UHVXOWV��1RWH�� ���� WKH� ODUJH�D[LDO� IRUFHV������N��
REVHUYHG�DW�WKH�ERWWRP�RI�WKH�)LJ��F��D�FKDUW�WKDW�H[FHHG�WKH�GHVLJQ�YDOXHV�����N��DUH�FRPSUHVVLYH�DQG�WKXV�GR�
QRW�YLRODWH� WKH�GHVLJQ��WKH�1X�WHUP�LQ�WKH�LQWHUDFWLRQ�HTXDWLRQ���LV�VLJQ�VHQVLWLYH�DQG�WKXV�FRPSUHVVLRQ�ORZHUV�
GHPDQG��� ���� WKH� PD[LPXP� PRPHQW� SUHGLFWHG� LV� DFFXUDWH� EXW� WKH� PRPHQW� GLDJUDP� LV� RIIVHW� GXH� WR� WKH�
DV\PPHWU\�FDXVHG�E\�WKH�UDPS�LQ�WKH�SDUNLQJ�VWUXFWXUH��
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)LJ��F����'LDSKUDJP�MRLQW�LQWHUQDO�IRUFH�FRPSDULVRQ��'HVLJQ�YV��$QDO\VLV���D��D[LDO���E��VKHDU�DQG��F��PRPHQW��

Figure c-10�UHSURGXFHV�WKH�PD[LPXP�UHVSRQVH��EOXH�OLQH��DQG�WKH�GHVLJQ�YDOXH�XVHG��JUHHQ�OLQHV��IRU�
WKH�FDVH�GHSLFWHG�LQ�)LJ�����7KH�UHG�OLQHV�RQ�WKH�SORW�LQGLFDWH�WKH�IRUFHV�WKDW�ZRXOG�EH�SURGXFHG�LI�WKH�KRUL]RQWDO�
EHDP�DQDORJ\�ZDV�XVHG�LQ�6WHS���D��LQVWHDG�RI�WKH�GHVLJQ�DLG�PHWKRG��DOVR�VKRZQ�IRU�FRPSDULVRQ�DV�D�EODFN�OLQH�
LV� WKH� KRUL]RQWDO� EHDP�PHWKRG� DSSOLHG�ZLWK� FXUUHQW� �XQDPSOLILHG�� FRGH� IRUFHV���$V� VHHQ�� WKH�KRUL]RQWDO� EHDP�
PHWKRG�GRHV�QRW� DFFXUDWHO\�SUHGLFW� WKH� GLDSKUDJP�1��9�� DQG�0��+RZHYHU� WKH� VLPSOH� EHDP�FRQGLWLRQV� LQ� WKH�
KRUL]RQWDO� EHDP� PHWKRG� DUH� VHHQ� WR� VLJQLILFDQWO\� RYHUHVWLPDWH� WKH� GLDSKUDJP� PRPHQW� �Fig. c-10a��� 7KLV�
RYHUHVWLPDWLRQ� LV� VXIILFLHQW� WR� RYHUFRPH� WKH� IDFW� WKDW� WKH� KRUL]RQWDO� EHDP� PHWKRG� GRHV� QRW� SURGXFH� DQ\�
GLDSKUDJP�D[LDO� WKUXVWV� �Fig. c-10b���)RU� WKLV� UHDVRQ�� WKH�KRUL]RQWDO�EHDP�PHWKRG�FDQ�EH�FRQVLGHUHG� W\SLFDOO\�
FRQVHUYDWLYH��SURYLGHG� WKH�GLDSKUDJP�FDQ� UHGLVWULEXWH� WKH� IRUFHV� WR� WKH�DVVXPHG�HTXLOLEULXP�SDWWHUQ��ZKLFK� LV�
HQIRUFHG� LQ� WKH� GHVLJQ� PHWKRGRORJ\� E\� SURYLGLQJ� GHIRUPDWLRQ� FDSDFLW\� IRU� ERWK� WKH� FKRUG� DQG� VKHDU�
UHLQIRUFHPHQW��See Commentary Step 4����
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)LJ��F�����'LDSKUDJP�MRLQW�LQWHUQDO�IRUFH�FRPSDULVRQ��'HVLJQ�$LG�YV��+RUL]RQWDO�%HDP���D��PRPHQW���E��D[LDO�DQG��F��VKHDU��
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6WHS����'HVLJQ�GLDSKUDJP�UHLQIRUFHPHQW�IRU�UHTXLUHG�VWUHQJWK���
6WHS���'HVFULSWLRQ��,Q�WKLV�VWHS��GLDSKUDJP�UHLQIRUFHPHQW�LV�GHVLJQHG�IRU�WKH�UHTXLUHG�VWUHQJWK��

7KLV� VWHS� LQYROYHV�� ���� VHOHFWLQJ�GLDSKUDJP�UHLQIRUFHPHQW� W\SHV� IURP� WKH�DSSURSULDWH�FODVVLILFDWLRQ�� ����
ORRNLQJ� XS� RU� WHVWLQJ� WKH� UHLQIRUFHPHQW� WR� GHWHUPLQH� SURSHUWLHV�� DQG� ���� GHVLJQLQJ� WKH� GLDSKUDJP� IRU�
VXIILFLHQW� VWUHQJWK�� $Q� LQWHUDFWLRQ� IRUPXOD� LV� SURYLGHG� IRU� WKH� GLDSKUDJP� VWUHQJWK� GHVLJQ��
5HFRPPHQGDWLRQV�DUH�SURYLGHG�IRU�GHIRUPDWLRQ�FDSDFLW\�RI�VHFRQGDU\�FRQQHFWLRQV�LQ�WKH�IORRU�V\VWHP��

� 6WHS���&RPPHQWDU\���
6HOHFWLQJ� 'LDSKUDJP�5HLQIRUFHPHQW�� 7KH� GLDSKUDJP� UHLQIRUFHPHQW� LV� VHOHFWHG� EDVHG� RQ� WKH�

'LDSKUDJP� 5HLQIRUFHPHQW� &ODVVLILFDWLRQ� GHWHUPLQHG� LQ� 6WHS� �� RI� 3$57� ��� 7KXV�� WKH� GLDSKUDJP�
UHLQIRUFHPHQW�W\SHV�DOORZDEOH�LQ�WKLV�VWHS�DUH�GHSHQGHQW�RQ�FKRLFHV�PDGH�HDUOLHU�LQ�WKH�GHVLJQ��,Q�FDVHV��
GHVLJQV�ZLOO�LQYROYH�D�SUHIHUUHG�VHW�RI�SUHFDVW�FRQQHFWRUV�WR�XVH�DV�GLDSKUDJP�UHLQIRUFHPHQW��ZKHWKHU�GXH�
WR�DYDLODELOLW\��ORFDO�SUDFWLFHV�RI�WKH�SUHFDVW�SURGXFHU��HWF��,Q�WKLV�FDVH��WKH�GHVLJQHU�VKRXOG�EHJLQ�ZLWK�WKLV�
VWHS� ILUVW��EULQJ� WKLV� LQIRUPDWLRQ� WR�6WHSV���DQG����DQG�SHUIRUP�D�FKHFN�RQ�6WHS����SULRU� WR� VWDUWLQJ� WKH�
GHVLJQ�SURFHGXUH�ZLWK�6WHS����

'LDSKUDJP� UHLQIRUFHPHQW� W\SHV� WKDW� PHHW� WKH� 'LDSKUDJP� 5HLQIRUFHPHQW� &ODVVLILFDWLRQV� DUH�
GHWHUPLQHG� XVLQJ� 3$57� �� RI� WKH� Seismic Design Methodology Document for Precast Concrete 
Diaphragms.� ,Q�3$57����D�Precast Diaphragm Reinforcement Qualification�Procedure� �1DLWR�DQG�5HQ�
������GHYHORSHG�LQ�SDUDOOHO�ZLWK�WKH�GHVLJQ�SURFHGXUH�LV�XVHG�WR�GHWHUPLQH�WKH�GLDSKUDJP�UHLQIRUFHPHQW�
FODVVLILFDWLRQ��$�GLVWLQFWLRQ�LV�PDGH�LQ�3$57���EHWZHHQ�H[LVWLQJ�FRQQHFWLRQV�that have been prequalified�
DQG�FRQQHFWLRQV�that have not been prequalified��ZKHWKHU�QHZ�FRQQHFWLRQV�XQGHU�GHYHORSPHQW�RU�H[LVWLQJ�
FRQQHFWLRQV�WKDW�KDYH�\HW�WR�EH�SUHTXDOLILHG��)RU�WKH�IRUPHU��WKH�Qualification�Procedure�KDV�DOUHDG\�EHHQ�
DSSOLHG� WR� VRPH� FRPPRQO\�XVHG� H[LVWLQJ� GLDSKUDJP� UHLQIRUFHPHQW�� 7KH� 'LDSKUDJP� 5HLQIRUFHPHQW�
&ODVVLILFDWLRQ�IRU�WKHVH�FRQQHFWRUV�DSSHDUV�LQ�7DEOH�$���RI�$SSHQGL[���RI�WKH�3$57���'HVLJQ�3URFHGXUH����
)RU� WKH� ODWWHU�� WKH� Qualification� Procedure� SURYLGHV� VSHFLILF� VWHS�E\�VWHS� JXLGDQFH� RQ� WKH� WHVWLQJ�
SURFHGXUHV�� F\FOLF� ORDGLQJ�SURWRFROV��PHDVXUHPHQWV� DQG�SHUIRUPDQFH�PHWULFV� UHTXLUHG� WR�GHWHUPLQH� WKH�
GLIIHUHQW�GLDSKUDJP�UHLQIRUFHPHQW�FODVVLILFDWLRQV��

(DFK�FRQQHFWLRQ�JURXS� LQ� WKH�GLDSKUDJP�KDV�D�GLIIHUHQW� VHW�RI�GHVLJQ� UHTXLUHPHQWV� LQ� WHUPV�RI�
VWUHQJWK� DQG� GHIRUPDWLRQ� DV� VXPPDUL]HG� LQ� 7DEOH� &���� 7KH� 3$57� �� Qualification Procedure� DQG�
$SSHQGL[���Prequalified Connections�DSSO\�WR�FKRUG�DQG�VKHDU�UHLQIRUFHPHQW�RQO\��7KXV��WKH�'LDSKUDJP�
5HLQIRUFHPHQW�&ODVVLILFDWLRQV� GR� QRW� DSSO\� WR� GLDSKUDJP�WR�/)56� FRQQHFWLRQV�� GLDSKUDJP�WR�,7� EHDP�
FRQQHFWLRQV��DQG�WKH�VR�FDOOHG�GLDSKUDJP�secondary�FRQQHFWLRQV��ZKLFK�LQFOXGH�GLDSKUDJP�WR�VSDQGUHO��
VSDQGUHO�WR�FROXPQ�� DQG� UDPS�WR�OLWH� ZDOO� �QRQ�/)56�� FRQQHFWLRQV�� (DFK� RI� WKHVH� FRQQHFWLRQV� � DUH�
JRYHUQHG�E\�D�GLIIHUHQW�VHW�RI�GHIRUPDWLRQ�UHTXLUHPHQWV��6HH�$SSHQGL[�����

7DEOH�&����'HVLJQ�UHTXLUHPHQW�IRU�GLDSKUDJP�UHLQIRUFHPHQW��
'LDSKUDJP�

UHLQIRUFHPHQW
,QWHUQDO�EHDP�
&RQQHFWLRQ�'HVLJQ�5HTXLUHPHQW�

&KRUG� 6KHDU

'LDSKUDJP�
WR�/)56� &ROOHFWRU :LWKLQ�

FKRUG�
2XWVLGH�
FKRUG�

6SDQGUHO�
FRQQHFWLRQ

)RUFH�'HWHUPLQDWLRQ� ;� ;� ;� ;� ;�� ;� �
,QWHUDFWLRQ�(TXDWLRQ� ;� ;� ;� � ;� ;� �

&RQQHFWRU�&ODVVLILFDWLRQ� ;� ;� � � � � �
�$GGWO��'HIR��5HTV��� � � ;� � ;� ;� ;�

��7ULEXWDU\�VKHDU��94�,���������� � � ��$OORZDEOH�RU�5HFRPPHQGHG��6HH�$SSHQGL[���

7KH� 'LDSKUDJP� 5HLQIRUFHPHQW� &ODVVLILFDWLRQV� DUH� EDVHG� RQ� FRQQHFWRU� LQHODVWLF� GHIRUPDWLRQ�
FDSDFLW\��,W�VKRXOG�EH�XQGHUVWRRG�WKDW�WKH�LQWHQW�RI�WKH�%'2�DQG�5'2�LV�WR�SURYLGH�WKH�SUHFDVW�GLDSKUDJP�
ZLWK� LQHODVWLF� GHIRUPDWLRQ� FDSDELOLW\� UHODWHG� WR� D� flexural� PHFKDQLVP�� 7KXV� WKH� GHVLUHG� LQHODVWLF�
GHIRUPDWLRQ� FDSDFLW\� LV� D� tension deformation�� UHODWHG� WR� WKH� SUHFDVW� GLDSKUDJP� IORRU� MRLQW� RSHQLQJ�
DVVRFLDWHG�ZLWK� LQ�SODQH� IOH[XUH� �DQG� WR� D� OHVVHU� H[WHQW� LQ�SODQH� D[LDO� WKUXVW��� )RU� WKLV� UHDVRQ�� WKH� NH\�
UHLQIRUFHPHQW�JURXS�ZLWK�UHVSHFW�WR�WKH�GHIRUPDWLRQ�UHTXLUHPHQWV�LV�WKH�FKRUG�UHLQIRUFHPHQW��DV�WKH�FKRUG�
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VWHHO�SURYLGHV�WKH�SULPDU\�IOH[XUH�WUDQVIHU�LQ�WKH�GLDSKUDJP��DQG�DW�D�ORFDWLRQ�DORQJ�WKH�MRLQW�LQ�ZKLFK�WKH�
PD[LPXP�RSHQLQJ�RFFXUV�GXH�WR�IOH[XUH���

7KH� tension GHIRUPDELOLW\�
UHTXLUHPHQWV�DUH�DOVR�DSSOLFDEOH�WR�WKH�
shear� UHLQIRUFHPHQW�� 7KXV�� WKH VKHDU�
UHLQIRUFHPHQW�XVHG�LQ�WKH�GHVLJQ�PXVW�
DOVR� PHHW� WKH� UHTXLUHG� 'LDSKUDJP�
5HLQIRUFHPHQW� &ODVVLILFDWLRQ�� 7KH�
UHDVRQ� IRU� WKLV� UHTXLUHPHQW� LV� WKUHH�
IROG�� ���� WKH� VKHDU� UHLQIRUFHPHQW� FDQ�
DOVR�FRQWULEXWH�WR�WKH�IOH[XUDO�WUDQVIHU��
DV� SHUPLWWHG� E\� $&,� ���� �������� ����
WKH� VKHDU� UHLQIRUFHPHQW� PXVW� EH� DEOH�
WR� XQGHUJR� WKH� FRPSDWLEOH�
GLVSODFHPHQWV� DVVRFLDWHG� ZLWK� WKH�
MRLQW� RSHQLQJ� �6HH� )LJ�� &���� DQG� VWLOO�
PDLQWDLQ� VKHDU� ORDG�FDUU\LQJ� FDSDFLW\�
�:RRG� HW� DO�� ������� HYHQ� LQ� FDVHV�
ZKHUH� LW� LV� QRW� SURYLGLQJ� VLJQLILFDQW�
IOH[XUDO� UHVLVWDQFH�� DQG� ���� DQDO\WLFDO�
UHVHDUFK� �)OHLVFKPDQ� DQG�:DQ�������
KDV� LQGLFDWHG� WKDW�SUHFDVW�GLDSKUDJPV�
ZLWK� VKHDU� UHLQIRUFHPHQW�ZLWK� OLPLWHG� WHQVLRQ� GHIRUPDWLRQ� FDSDFLW\� WHQG� WR� KDYH� LQHODVWLF� GHIRUPDWLRQ�
FRQFHQWUDWH�DW�D�VLQJOH�MRLQW�UDWKHU�WKDQ�EH�VSUHDG�RXW�DPRQJ�WKH�GLDSKUDJP�MRLQWV��6HH text box����

'LDSKUDJP�5HLQIRUFHPHQW�&ODVVLILFDWLRQ��'HVLJQ�3URFHGXUH�6WHS����� 
� Figure c-11�VKRZV�WKH�SXVKRYHU�FXUYHV��GLDSKUDJP�IRUFH�YV��GHIRUPDWLRQ��IRU�WZR�RWKHUZLVH�LGHQWLFDO�
SUHFDVW�GLDSKUDJPV��VDPH�GLPHQVLRQV�� UHLQIRUFHPHQW�VWUHQJWK��HWF����H[FHSW�RQH�SRVVHVVHV�VKHDU�UHLQIRUFHPHQW�
ZLWK� tension� LQHODVWLF� GHIRUPDWLRQ� FDSDFLW\�� WKH� RWKHU� VKHDU� UHLQIRUFHPHQW� WKDW� LV� QRQGXFWLOH� LQ� tension�� 7KH�
FKRUG�UHLQIRUFHPHQW�LV�LGHQWLFDO��$V�VHHQ�E\�FRPSDULQJ�32�FXUYHV�$�DQG�'�WKH�JOREDO�GXFWLOLW\�RI�WKH�GLDSKUDJP�
LV�VLJQLILFDQWO\�DIIHFWHG�E\�WKH�WHQVLRQ�GHIRUPDWLRQ�FDSDFLW\�RI�WKH�VKHDU�UHLQIRUFHPHQW��GXFWLOLW\�UHGXFWLRQ�IURP�
a�� WR�a�������7KH� LQVHWV�$�DQG�'�VKRZ� WKH� UHDVRQ�� WKH� ORVV�RI� WKH�QRQ�GXFWLOH� VKHDU� UHLQIRUFHPHQW�FDXVHV� WKH�
PLGVSDQ� MRLQW� VWUHQJWK� WR� GURS� EHORZ� WKH� VXUURXQGLQJ� MRLQWV�� OHDGLQJ� WR� D� ³QHFNLQJ´� RI� WKH� GLDSKUDJP�
GHIRUPDWLRQ�GHPDQGV�DW�WKH�PLGVSDQ�MRLQW��DQG�WKXV�D�FRQFHQWUDWLRQ�RI�GXFWLOLW\�GHPDQGV�OHDGLQJ�WR�D�IDLOXUH�RI�
WKH�FKRUG�DW�PLGVSDQ��ZKLOH�WKH�GXFWLOH�VKHDU�UHLQIRUFHPHQW�SHUPLWV�VSUHDG�RI�WKH�LQHODVWLF�GHIRUPDWLRQ�GHPDQGV�
WR�VXUURXQGLQJ�MRLQWV��ZKLFK�VKDUH�WKH�LQHODVWLF�GHIRUPDWLRQ�GHPDQG��OHDGLQJ�WR�JUHDWHU�JOREDO�GXFWLOLW\��

�
)LJ��F�����(IIHFW�RI�VKHDU�UHLQIRUFHPHQW�WHQVLRQ�GHIRUPDWLRQ�RQ�GLDSKUDJP�GXFWLOLW\��
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'LDSKUDJP� 5HLQIRUFHPHQW� 3URSHUWLHV�� 7KH� GLDSKUDJP� UHLQIRUFHPHQW� SURSHUWLHV� UHTXLUHG� IRU�
WKH� GHVLJQ� SURFHGXUH� DUH� GHWHUPLQHG� LQ� FRQMXQFWLRQ�ZLWK� WKH� VHOHFWLRQ� RI� WKH� GLDSKUDJP� UHLQIRUFHPHQW�
W\SHV� EDVHG� RQ� WKH� 'LDSKUDJP� 5HLQIRUFHPHQW� &ODVVLILFDWLRQ�� )RU� WKH� SUHTXDOLILHG� FRQQHFWLRQV�� WKH�
SHUWLQHQW�FRQQHFWRU�SURSHUWLHV�DUH�JLYHQ�LQ�7DEOH�$���RI�$SSHQGL[���RI� WKH�3$57���'HVLJQ�3URFHGXUH��
)RU� QHZ� FRQQHFWLRQV�� WKH� Qualification� Procedure� SURYLGHV� VSHFLILF� SURFHGXUHV� IRU� PHDVXULQJ� DQG�
FKDUDFWHUL]LQJ�WKH�DSSURSULDWH�FRQQHFWRU�SURSHUWLHV�WKURXJK�WKH�XVH�RI�D�TXDOLILFDWLRQ�EDFNERQH��1RWH�WKDW�
WKHVH�SURSHUWLHV�SHUWDLQ�WR�FKRUG�DQG�VKHDU�UHLQIRUFHPHQW��

7KH� GLDSKUDJP� UHLQIRUFHPHQW� SURSHUWLHV� WKDW� DUH� UHTXLUHG� IRU� GHVLJQ� �LQ� DGGLWLRQ� WR� WKH�
GHIRUPDWLRQ�FDSDFLW\�XVHG�WR�GHWHUPLQH�WKH�'LDSKUDJP�5HLQIRUFHPHQW�&ODVVLILFDWLRQ��LQFOXGH��

���� <LHOG�VWUHQJWK�LQ�WHQVLRQ�tn �
���� <LHOG�VWUHQJWK�LQ�VKHDU vn�

,Q�DGGLWLRQ��WKHVH�SURSHUWLHV�PD\�EH�QHHGHG�GHSHQGLQJ�RQ�WKH�GHVLJQ�DSSURDFK�RU�FRQGLWLRQV��
���� (ODVWLF�VWLIIQHVV�LQ�WHQVLRQ�kt�
���� (ODVWLF�VWLIIQHVV�LQ�VKHDU�kv�

7KH�ILUVW�SDLU�RI�SURSHUWLHV�
LV�XVHG�LQ�WKLV�6WHS���WR�GHWHUPLQH�
WKH� GLDSKUDJP� VWUHQJWK� GHVLJQ��
7KH� VHFRQG� SDLU� RI� SURSHUWLHV� LV�
XVHG� LQ� 6WHS� �� WR� GHWHUPLQH� WKH�
GLDSKUDJP� VWLIIQHVV�� LI� QHHGHG��
7KH� PDQQHU� LQ� ZKLFK� WKHVH�
SURSHUWLHV� DUH� GHILQHG� IRU�
UHVSRQVH� LQ� WHQVLRQ� DQG� VKHDU� DUH�
VKRZQ�LQ�)LJXUH�&����

7KH� VWUHQJWK� SURSHUWLHV�
�tn, vn�� DUH� DOVR� UHTXLUHG� IRU� WKH�
GLDSKUDJP�WR�/)56� FRQQHFWLRQV��
1RWH�DW�WKLV�WLPH�WKHVH�YDOXHV�PXVW�EH�HVWLPDWHG�XVLQJ�UDWLRQDO�PHWKRGV�DV�WKH\�ZHUH�QRW�WHVWHG�DV�SDUW�RI�
WKH� UHVHDUFK�SURJUDP��1R� VWUHQJWK�RU� VWLIIQHVV�SURSHUWLHV� DUH� UHTXLUHG� IRU� VHFRQGDU\� FRQQHFWLRQV� LQ� WKH�
IORRU�V\VWHP��6HH�GLVFXVVLRQ�DIWHU�³'LDSKUDJP�5HLQIRUFHPHQW�6WUHQJWK�'HVLJQ´���

'LDSKUDJP�5HLQIRUFHPHQW�3URSHUWLHV��'HVLJQ�3URFHGXUH�6WHS����� 
� Figure c-12� VKRZV� H[DPSOHV� RI� H[SHULPHQWDO� GDWD� IURP� WKH� /HKLJK� WHVWLQJ� SURJUDP� RQ� GLDSKUDJP�
FRQQHFWRUV��)LJ��F���D�VKRZV�WKH�F\FOLF�D[LDO�ORDGLQJ�RI�FKRUG�UHLQIRUFHPHQW�LQ�D�WRSSHG�SUHFDVW�GLDSKUDJP��)LJ��
F���E� VKRZV� WKH� F\FOLF� VKHDU� ORDGLQJ� RI� D� VKHDU� FRQQHFWRU� LQ� DQ� XQWRSSHG� SUHFDVW� GLDSKUDJP�� $V� VHHQ�� WKH�
GHILQLWLRQV�RI�VWLIIQHVV�DQG�VWUHQJWK�GHVFULEHG�LQ�)LJXUH�&���DUH�DSSOLHG�WR�WKH�F\FOLF�EDFNERQH�WR�GHWHUPLQH�WKH�
GHVLJQ�SURSHUWLHV�RI�WKH�SUHFDVW�GLDSKUDJP�UHLQIRUFHPHQW��

kt 

ty 

����ty�

������”�

0HVK�FRQWULEXWLRQ�

��

� kY�-9,�

����”�

�����vy�
vy 

)LJ��F�����'LDSKUDJP�&RQQHFWRU�&\FOLF�7HVWV���D��&KRUG UHLQIRUFHPHQW�XQGHU�WHQVLRQ���E��6KHDU�FRQQHFWRU�XQGHU�VKHDU�

7HQVLRQ

2SHQLQJ

GW\

WQ

����WQ

NW

GWX

2FFXUUHQFH
RI�\LHOG

3HDN�VWUHQJWK

6KHDU

6OLGLQJ

GY\�����

YQ

����YQ

NY

3HDN�VWUHQJWK

���
&\FOLF�WHQVLRQ�Z�R
VKHDU�EDFNERQH

&\FOLF�VKHDU�Z�R
D[LDO�IRUFH�EDFNERQH

�D��7HQVLRQ �E��6KHDU��FDVH���

)LJ��&����'LDSKUDJP�&RQQHFWRU�3URSHUWLHV���D��7HQVLRQ���E��6KHDU�



� ��

� 'LDSKUDJP�5HLQIRUFHPHQW�6WUHQJWK�'HVLJQ����7KH�GLDSKUDJP�UHLQIRUFHPHQW�LV�GHVLJQHG�XVLQJ�
WKH�LQWHUDFWLRQ�IRUPXOD�JLYHQ�LQ�3$57���(TQ����DQG�UHSHDWHG�EHORZ��
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�����������������������Eqn. 2 from PART I��

7KH�LQWHUDFWLRQ�HTXDWLRQ�LV�WR�EH�DSSOLHG�FROOHFWLYHO\�WR�DOO�WKH�GLDSKUDJP�UHLQIRUFHPHQW�DORQJ�WKH�
GLDSKUDJP� MRLQW� EHLQJ� HYDOXDWHG�� 8VLQJ� WKLV� HTXDWLRQ�� GLDSKUDJP� UHLQIRUFHPHQW� at a given joint� PXVW�
SRVVHVV�VXIILFLHQW�QRPLQDO�VWUHQJWK�WR�UHVLVW�WKH�GLDSKUDJP�LQWHUQDO�GHVLJQ�IRUFHV��,Q�WKLV�H[SUHVVLRQ��WKH�
QRPLQDO� VWUHQJWK� �Nn, Vn, Mn�� LV� H[SUHVVHG� DV� WKH� FROOHFWLYH� D[LDO�� VKHDU� DQG� IOH[XUDO� VWUHQJWK� RI� DOO�
UHLQIRUFHPHQW�DFURVV�WKH�MRLQW��/LNHZLVH��WKH�GLDSKUDJP�LQWHUQDO�GHVLJQ�IRUFHV�DUH�H[SUHVVHG�DV�WKH�VHW�RI�
LQWHUQDO�D[LDO� WKUXVW�� LQ�SODQH�VKHDU�DQG� LQ�SODQH�PRPHQW�DFWLQJ�DW� WKH�GLDSKUDJP�MRLQW��7KHVH�GHPDQGV�
UHSUHVHQW�WKH�UHTXLUHG�VWUHQJWK�DQG�DUH�WKHUHIRUH�H[SUHVVHG�ZLWK�WKH�FXVWRPDU\�QRWDWLRQ��Nu, Vu, Mu���

(TQ����SHUWDLQV�WR�WKH�SULPDU\�MRLQWV�LQ�WKH�GLDSKUDJP��LQFOXGLQJ�WKRVH�EHWZHHQ�SUHFDVW�IORRU�XQLWV��
GLDSKUDJP�WR�/)56� MRLQWV� LQ�ERWK�RUWKRJRQDO�GLUHFWLRQ��DQG� LQWHUQDO�EHDP�MRLQWV��$�GLVWLQFWLRQ� LV�PDGH�
EHWZHHQ�LQWHUQDO�EHDP�FRQQHFWLRQV�ZLWKLQ�DQG�RXWVLGH�RI�FKRUG�OLQHV��5HIHU�WR�7DEOH�&�����DV�WKH�ODWWHU�DUH�
QRW� JRYHUQHG� E\� WULEXWDU\� VKHDU� UHTXLUHPHQWV�� 'LDSKUDJP� FRQQHFWLRQV� LQ� VHFRQGDU\� MRLQWV� LQ� WKH� IORRU�
V\VWHP�� LQFOXGLQJ� GLDSKUDJP�WR�VSDQGUHO� DQG� VSDQGUHO�WR�FROXPQ� FRQQHFWLRQV�� LQWHUQDO� EHDPV� RXWVLGH�
FKRUG� OLQHV� DQG� UDPS�WR�OLWH� ZDOO� QRQ�/)56� FRQQHFWLRQV�� '2� 127� UHTXLUH� D� VHLVPLF� VWUHQJWK� GHVLJQ�
XVLQJ�(TQ�����EXW�PD\�EH�UHTXLUHG�WR�SURYLGH�GHIRUPDWLRQ�FDSDFLW\��GLVFXVVHG�ODWHU�LQ�WKLV�VWHS���

,W�VKRXOG�EH�UHFRJQL]HG�WKDW�(TQ����LV�D�JHQHUDO�HTXDWLRQ�LQWHQGHG�WR�FRYHU�WKH�VLJQLILFDQW�IRUFH�
FRPELQDWLRQV� WKDW� FDQ� DULVH� LQ� FHUWDLQ� UHJLRQV� RI� WKH� GLDSKUDJP�� SDUWLFXODUO\� ZKHQ� DQDO\]LQJ� WKH�
GLDSKUDJP�DV�VHPL�ULJLG�XVLQJ�FRPSXWHU�DQDO\VLV�VRIWZDUH��:KLOH�WKHVH�FRPELQHG�IRUFH�FRQGLWLRQV�VKRXOG�
EH�DGGUHVVHG�LQ�WKH�GHVLJQ��See text box���WKHUH�DUH�PDQ\�FDVHV�ZKHUH�(TQ����ZLOO�VLPSOLI\�FRQVLGHUDEO\��

••�� ,Q�PRVW�GLDSKUDJPV��WKHUH�DUH�DUHDV�VWURQJO\�GRPLQDWHG�E\�HLWKHU�VKHDU�RU�EHQGLQJ�ZKHUH�WKH�
LQWHUDFWLRQ�RI�WKH�VWUXFWXUDO�HIIHFWV�LV�QRW�VLJQLILFDQW�DQG�WKH�GRPLQDQW�DFWLRQ�FDQ�EH�FRPSDUHG�
GLUHFWO\�WR�WKH�FDSDFLW\�RI�WKH�FRQQHFWLRQV�LQ�WKH�MRLQWV��II�0Q�!�0X�RU�IY9Q�!�:Y9X�����••�� :KHQ�WKH�ULJLG�GLDSKUDJP�DVVXPSWLRQ�LV�XVHG��WKH�DSSOLFDWLRQ�RI�WKH�FRQQHFWLRQ�LQWHUDFWLRQ�
(TQ����FDQ�EH�VLPSOLILHG�E\�UHPRYLQJ�WKH�D[LDO�IRUFH�WHUP�DV�WKH�EHDP�DQDORJ\�GRHV�QRW�
SURGXFH�VHSDUDWH�WHQVLRQ�LQ�WKH�GLDSKUDJP��

�� � (TQ������DOW�

••�� &ROOHFWRUV�DQG�GLDSKUDJP�WR�/)56�FRQQHFWLRQ�FDQ�EH�GHVLJQHG�GLUHFWO\�IRU�WKH�GLDSKUDJP�
UHDFWLRQ�EDVHG�RQ�QRWH������6WHS��D�DQG�:Y �����XQOHVV�D�UDWLRQDO�ORDG�SDWK�PHWKRG�LV�XVHG���

'LDSKUDJP�6WUHQJWK�,QWHUDFWLRQ�(TXDWLRQ��'HVLJQ�3URFHGXUH�6WHS����� 
Figure c-13� VKRZV� DQDO\WLFDO� UHVXOWV� GLDSKUDJP� FRQQHFWRUV� IRU� D� MRLQW� XQGHU� VLJQLILFDQW� IRUFH�

FRPELQDWLRQV�� LQ� WKLV� FDVH� KLJK� PRPHQW� DQG� VKHDU� IRUFH�� 7KH� MRLQW� LV� LQ� WKH� RXWHU� IODW� RI� D� SUHFDVW� SDUNLQJ�
VWUXFWXUH� ZLWK� LQWHULRU� VKHDU� ZDOOV� IODQNLQJ� WKH� LQWHULRU� UDPS� ZKHUH� WKH� UDPS� PHHWV� WKH� UDPS� ODQGLQJ� �6HH�
VFKHPDWLF�LQ�Fig. c-13���7KLV�MRLQW�LV�XQGHU�KLJK�VKHDU�DQG�EHQGLQJ�GXH�WR�WKH�LQWHULRU�OD\RXW�RI�WKH�ZDOO��DV�ZHOO�
DV�VRPH��D[LDO��FROOHFWRU�DFWLRQ�GXH� WR� WKH� OLWH�ZDOOV� �not shown��DORQJ� WKH�UDPS�FDYLW\��7KH� WRS�SORWV�DUH� WKH�
tension�IRUFH�YV��GHIRUPDWLRQ�GHPDQGV�RQ�WKH�FRQQHFWRUV��WKH�ERWWRP�SORWV�DUH�WKH�shear�IRUFH�YV��GHIRUPDWLRQ�
GHPDQGV�RQ�WKH�FRQQHFWRUV��7KH�OHIW�KDQG�SORWV�DUH�IRU�D�VKHDU�FRQQHFWRUV��WKH�ULJKW�KDQG�SORWV�DUH�IRU�WKH�FKRUG�
FRQQHFWRU��6HH�LQVHW�LQ�Fig. c-13���7KH�EOXH�OLQHV�DUH�WKH�K\VWHUHWLF�UHVSRQVH�PHDVXUHG�LQ�WKH�DQDO\VHV��WKH�UHG�
GDVKHG�OLQH�LV�WKH�PRQRWRQLF�EDFNERQH�UHSUHVHQWLQJ�WKH�UHVSRQVH�RI�WKH�FRQQHFWRU�XQGHU�D�VLQJOH�ORDG�FRPSRQHQW�
�L�H��RQO\�WHQVLRQ�RU�RQO\�VKHDU����
� $V�FDQ�EH�VHHQ��WKH�FRPELQDWLRQ�RI�IRUFHV�DFWLQJ�RQ�WKLV�MRLQW�OHDG�WR������VLJQLILFDQW�UHGXFWLRQ�LQ�ERWK�
WKH�HIIHFWLYH�VKHDU�DQG�WHQVLRQ�IRUFH�WKDW�WKH�VKHDU�FRQQHFWRU�FDQ�WUDQVIHU��DQG�����D�VPDOOHU�EXW�VWLOO�QRWLFHDEOH�
UHGXFWLRQ�LQ�WKH�HIIHFWLYH�WHQVLRQ�DQG�VKHDU�IRUFH�WKDW�WKH�FKRUG�FRQQHFWRU�FDQ�WUDQVIHU��7KHVH�UHVXOWV�LPSO\�WKH�
QHHG�IRU�WKH�IRUFH�LQWHUDFWLRQ�HTXDWLRQ�LQ�WKH�GHVLJQ�RI�GLDSKUDJP�UHLQIRUFHPHQW�LQ�FHUWDLQ�UHJLRQV�RI�WKH�IORRU��
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6KHDU�UHLQIRUFHPHQW��-9,�9HFWRU� &KRUG�UHLQIRUFHPHQW�

7HQVLRQ� 7HQVLRQ�

6KHDU� 6KHDU�

�
)LJ��F�����'LDSKUDJP�UHLQIRUFHPHQW�K\VWHUHWLF�UHVSRQVH�XQGHU�FRPELQHG�IRUFHV��
�

$V�VHHQ�LQ�)LJ��F�����WKH�LQWHUDFWLRQ�HTXDWLRQ�SUHGLFWV�ZHOO�WKH�IRUFH�GHPDQGV�IRU�WKH�PDMRULW\�RI�MRLQWV�
LQ� WKH�VWUXFWXUH��ZLWK�VRPH� MRLQWV�DW� ORZHU�XQLW\� UDWLRV� �����������DQG�D�VPDOO�QXPEHU�RI� MRLQWV�FORVH� WR�RU� MXVW�
H[FHHGLQJ�XQLW\��1RWH�WKDW�D�GHVLJQ�EDVHG�RQ�maximum�PRPHQW�DQG�VKHDU�ZLOO�EH�OHVV�HIILFLHQW�DW�PDQ\�MRLQWV���
�
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)LJ��F�����3URWRW\SH�3DUNLQJ�6WUXFWXUH��('2�'HVLJQ��0&(�+D]DUG��'LDSKUDJP�MRLQW��0�1�9��GHPDQG�UDWLR��

Figure c-14� VKRZV� WKH�
HIIHFWLYHQHVV�RI� WKH�GHVLJQ�SURFHGXUH�
ZLWK� UHVSHFW� WR� WKH� LQWHUDFWLRQ�
HTXDWLRQ� IRU� HODVWLF� GLDSKUDJP�
SHUIRUPDQFH�� L�H��� GHVLJQLQJ� WR� WKH�
('2� IRUFH� OHYHO��7KH�SORW� VKRZV� WKH�
PD[LPXP�LQWHUQDO�IRUFH�GHPDQGV�LQ�D�
0&(�KD]DUG�HDUWKTXDNH�VLPXODWLRQ�RI�
WKH� SURWRW\SH� 3DUNLQJ� 6WUXFWXUH� ZLWK�
('2�GLDSKUDJP�GHVLJQV���

7KH�IRUFHV�DUH�H[SUHVVHG�DV�D�
GHVLJQ� XQLW\� UDWLR�� L�H�� WKH� UDWLR� RI�
GHPDQG� WR� VWUHQJWK�� E\� UHSODFLQJ� WKH�
UHTXLUHG� VWUHQJWK� �0X��1X� DQG�9X�� LQ�
WKH�LQWHUDFWLRQ�HTXDWLRQ��(TQ�����ZLWK�
WKH�PD[LPXP� YDOXH� SURGXFHG� E\� WKH�
VLPXOWDQHRXV� YDOXHV� IURP� WKH� IRUFH�
WLPH� KLVWRULHV� 0�W��� 1�W�� DQG� 9�W��
PHDVXUHG� GXULQJ� WKH� HDUWKTXDNH�
DQDO\VLV�� 7KHVH� YDOXHV� DUH� SORWWHG�
DORQJ� WKH� GLDSKUDJP� �HDFK� PDUNHU�
UHSUHVHQWV� D� MRLQW� EHWZHHQ� SUHFDVW�
XQLWV��IRU�HDFK�RI�WKH�IRXU�IORRU�OHYHOV�
IRU�WKH�SURWRW\SH�VWUXFWXUH��7KH�QRUWK��
VRXWK� DQG� UDPS� VXE�GLDSKUDJPV� DUH�
SORWWHG� VHSDUDWHO\� �UHIHU� WR� VFKHPDWLF�
LQ�)LJ��F������$OVR�VKRZQ�RQ�WKH�SORW�
DV� D� GDVKHG� OLQH� LV� WKH� XQLW\� UDWLR�
SURGXFHG�LQ�WKH�('2�GHVLJQ��VKRZLQJ�
YDOXHV� OHVV� WKDQ� XQLW\� ZKHUH� WKH�
GHVLJQ�SURGXFHG�DQ�RYHUVWUHQJWK����
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� Figure c-15� VKRZV� WKH� HIIHFWLYHQHVV� RI� WKH� LQWHUDFWLRQ� HTXDWLRQ� �(TQ�� ��� 3$57� ��� IRU� inelastic�
GLDSKUDJP�SHUIRUPDQFH��GHPRQVWUDWHG�KHUH� IRU�DQ�5'2�GHVLJQ�IRU� WKH�SURWRW\SH�SUHFDVW�SDUNLQJ�VWUXFWXUH�� ,Q�
WKLV� FDVH�� WKH� LQWHUDFWLRQ� HTXDWLRQ�� XVHG� ZLWK� WKH� 5'2�Rs� DQG�:v� IDFWRUV�� LV� LQWHQGHG� WR� SURYLGH� VXIILFLHQW�
VWUHQJWK�WR�WKH�GLDSKUDJP�WKDW�ZLOO�WUDQVODWH�LQWR���D��GLDSKUDJP�LQHODVWLF�IOH[XUDO�GHIRUPDWLRQV�XQGHU�0&(�OHYHO�
KD]DUG�WKDW�UHPDLQ�EHORZ�WKH�+LJK�'HIRUPDELOLW\�(OHPHQW��+'(��DOORZDEOH�GHIRUPDWLRQ�RI����”�MRLQW�RSHQLQJ��
DQG��E��GLDSKUDJP�VKHDU�IRUFHV�XQGHU�0&(�OHYHO�KD]DUG�WKDW�DUH�FDUULHG�HODVWLFDOO\��1RWH�WKH�GLVWLQFWLRQ�ZLWK�WKH�
SUHYLRXV�H[DPSOH�LQYROYLQJ�WKH�('2�GHVLJQ��Fig. c-14���ZKHUH�WKH�LQWHUDFWLRQ�HTXDWLRQ�LQ�LQWHQGHG�WR�GLUHFWO\�
SURYLGH�WKH�VWUHQJWK�UHTXLUHG�WR�NHHS�WKH�GLDSKUDJP�elastic�XQGHU�0&(�OHYHO�KD]DUG��
� 7KH�Figure c-15�SORW� VKRZV� WKH�PD[LPXP�GHIRUPDWLRQ�GHPDQGV�RQ� WKH�GLDSKUDJP�UHLQIRUFHPHQW� IRU�
HYHU\�MRLQW�LQ�WKH�SURWRW\SH�VWUXFWXUH���D��WKH�WRS�VHW�RI�SORWV�VKRZV�WKH�MRLQW�RSHQLQJ�DFWLQJ�RQ�WKH�GLDSKUDJP�
FKRUG�UHLQIRUFHPHQW���E��WKH�ORZHU�VHW�RI�SORWV�VKRZV�WKH�UHODWLYH�VKHDU�GHIRUPDWLRQ�RI�WKH�SDQHOV�DW�HDFK�MRLQW�
�³VOLGLQJ´���DFWLQJ�RQ�WKH�GLDSKUDJP�VKHDU�UHLQIRUFHPHQW��1RWH�WKDW�HDFK�VHW�RI�SORWV�VKRZV�UHVXOWV�IRU�HDFK�RI�
WKH�SDUNLQJ�VWUXFWXUH�VXE�GLDSKUDJPV��QRUWK�IODW��UDPS�DQG�VRXWK�IODW���$V�VHHQ�LQ�Fig. c-15a�� WKH�5'2�GHVLJQ�
SURGXFHV�LQHODVWLF�FKRUG�GHIRUPDWLRQ��RSHQLQJ��GHPDQGV�EHORZ�WKH�+'(�DOORZDEOH�YDOXH�RI����”�DW�DOO�MRLQWV�LQ�
WKH� VWUXFWXUH�� /LNHZLVH�� DV� VHHQ� LQ Fig. c-15b�� WKH� 5'2� GHVLJQ� SURGXFHV� HODVWLF� VKHDU� UHVSRQVH� �VOLGLQJ�
GHIRUPDWLRQ�GHPDQGV�EHORZ� WKH�\LHOG�YDOXH�� IRU� DOO� MRLQWV� LQ� WKH� VWUXFWXUH��7RJHWKHU�� WKHVH�RXWFRPHV�GHVFULEH�
VXFFHVVIXO�DFKLHYHPHQW�RI�WKH�5'2�SHUIRUPDQFH�UHTXLUHPHQWV��)XUWKHU�FRPPHQW�RQ�WKLV�SHUIRUPDQFH�LV�IRXQG�
ODWHU�LQ�WKLV�FRPPHQWDU\�RQ�VWHS���LQ�WKH�VXEVHFWLRQ�SHUWDLQLQJ�WR�&DSDFLW\�'HVLJQ�&RQVLGHUDWLRQV����
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Diaphragm Nominal Strength�� $Q� HVWLPDWLRQ� RI� WKH� GLDSKUDJP� QRPLQDO� VKHDU� DQG� IOH[XUDO�
VWUHQJWK��Vn�DQG�Mn� �� �PXVW�EH�FDOFXODWHG��ZKHWKHU�XVLQJ�D�VLPSOLILHG�DSSURDFK�OLNH�WKH�KRUL]RQWDO�EHDP�
PHWKRG�RU�D�PRUH�LQYROYHG�SURFHGXUH��,I�XVLQJ�WKH�JHQHUDO��XQUHGXFHG��LQWHUDFWLRQ�HTXDWLRQ��3$57���(TQ��
���DVVRFLDWHG�ZLWK�D�VHPL�ULJLG�GLDSKUDJP�DQDO\VLV��DQ�HVWLPDWLRQ�RI�WKH�GLDSKUDJP�QRPLQDO�D[LDO�VWUHQJWK�
Nn�LV�DOVR�QHHGHG��

7KH�GLDSKUDJP�MRLQW�GHVLJQ�PRPHQW�VWUHQJWK��Mn��LV�FDOFXODWHG�EDVHG�RQ�WKH�GHVLJQ�RSWLRQ��('2��
%'2�� 5'2��� WR� DOLJQ� WKH� GLDSKUDJP� VWUHQJWK� ZLWK� WKH� SHUIRUPDQFH� WDUJHW� �H�J�� HODVWLF� RU� LQHODVWLF�
UHVSRQVH���,Q�WKH�GHVLJQ�SURFHGXUH��Mn�LV�GHWHUPLQHG�XVLQJ�WKH�IROORZLQJ�HTXDWLRQV��

� )RU�(ODVWLF�'HVLJQ�2SWLRQ��('2���� ����������� yn MM  ������������������������Eqn. 4a from PART 1��

)RU�%DVLF�'HVLJQ�2SWLRQ��%'2���� ����������� y
d

n MM
�

� :�
 ������������Eqn. 4b from PART 1��

)RU�5HGXFHG�'HVLJQ�2SWLRQ��5'2���� ����������� ydn MM : ��������������������Eqn. 4c from PART 1��

� �ZKHUH�My� LV� WKH� QRPLQDO� \LHOG�PRPHQW� VWUHQJWK� RI� WKH� SUHFDVW� GLDSKUDJP� MRLQW� DQG� �:d� LV� GLDSKUDJP�
IOH[XUDO�RYHUVWUHQJWK�IDFWRU��7KH�GLDSKUDJP�QRPLQDO�IOH[XUDO�VWUHQJWK�LV�FRQVLGHUHG�IXUWKHU�EHORZ��

7ZR�GLDSKUDJP� IOH[XUDO� OLPLW� VWDWHV� DUH� LOOXVWUDWHG� LQ� WKH� LQWHUQDO� IRUFH� VFKHPDWLFV�RI� D�SUHFDVW�
MRLQW�LQ�)LJXUH�&�����D��WKH�\LHOG�PRPHQW�My��DQG��E��WKH�SODVWLF�PRPHQW�Mp��7KH�IRUPHU�UHSUHVHQWV�WKH�
PRPHQW�ZKHQ�WKH�FKRUG�UHLQIRUFHPHQW��ORFDWHG�DW�WKH�HQG�RI�WKH�MRLQW��DQDORJRXV�WR�WKH�H[WUHPH�ILEHU�LQ�D�
EHDP�FURVV�VHFWLRQ���UHDFKHV�LWV�\LHOG�VWUHVV��DQG�VWUDLQ���1RWH�WKDW�WKH�UHLQIRUFHPHQW�DORQJ�WKH�UHPDLQGHU�
RI�WKH�GLDSKUDJP�MRLQW�ZLOO�VWLOO�EH�LQ�WKH�HODVWLF�UDQJH��XQOHVV�WKH�VKHDU�UHLQIRUFHPHQW�\LHOG�GHIRUPDWLRQ�LV�
VLJQLILFDQWO\�ORZHU�WKDQ�WKDW�RI�WKH�FKRUG�UHLQIRUFHPHQW��6HH�)LJ��&��D���7KH�ODWWHU�UHSUHVHQWV�WKH�PRPHQW�
DW�ZKLFK� DOO� WKH� UHLQIRUFHPHQW� DORQJ� WKH� MRLQW� KDV�\LHOGHG� �6HH�)LJ��&��E��� DQG� WKXV�RFFXUV� DW� D� KLJKHU�
PRPHQW��DQG�DIWHU�WKH�MRLQW�KDV�XQGHUJRQH�VRPH�SODVWLF�URWDWLRQ���

0\

7LPHVK
7LFRQQ

7FKRUG 7\

0S

7LPHVK 7\

7LFRQQ 7\

& &

7FKRUG 7\

�
)LJXUH�&����-RLQW�IRUFH�GLVWULEXWLRQ�DW���D��\LHOG�PRPHQW���E��SODVWLF�PRPHQW���

7KH� UDWLR� RI�Mp/My�� WKDW� LV� KRZ�PXFK� ODUJHU� WKH�PRPHQW� DW� IXOO� MRLQW� \LHOGLQJ� LV� WR�ZKHQ� WKH�
GLDSKUDJP� MRLQW� UHDFKHV� LQLWLDO� \LHOGLQJ� �6HH� WH[W� ER[��� LV� WHUPHG� WKH� GLDSKUDJP� RYHUVWUHQJWK�� DQG�
UHSUHVHQWHG� E\� WKH� WHUP�:d�� 6LQFH� WKH� \LHOG� PRPHQW� My� UHSUHVHQWV� WKH� OLPLW� RI� WKH� HODVWLF� UDQJH� RI�
GLDSKUDJP� UHVSRQVH�� LW� LV� DVVRFLDWHG� ZLWK� WKH� ('2� �(TQ�� �D��� 7KH� SODVWLF� PRPHQW�� DVVRFLDWHG� ZLWK�
GHYHORSLQJ�LQHODVWLF�GHIRUPDWLRQ�FDSDFLW\�LQ�WKH�GLDSKUDJP��LV�DVVRFLDWHG�ZLWK�WKH�5'2��DV�H[SUHVVHG�E\�
Mp=:d My��(TQ���F���7KH�%'2�HPSOR\V�DQ�DYHUDJH�YDOXH�RI�WKH�WZR�OLPLW�YDOXHV��(TQ���E���

$V�LV�W\SLFDOO\�GRQH�LQ�FXUUHQW�SUDFWLFH��WKH�QRPLQDO�\LHOG�PRPHQW�My�FDQ�EH�WDNHQ�FRQVHUYDWLYHO\�
DV�tn

chrd
 d’�ZKHUH�WKH�FKRUG�\LHOG�IRUFH�tn

chrd� Asfy��DQG�d’ LV�WKH�GHSWK�EHWZHHQ�FKRUGV��+RZHYHU��GHSHQGLQJ�
RQ�WKH�WHQVLRQ�VWLIIQHVV�FKDUDFWHULVWLFV�DQG�WKH�GHSWK�RI�WKH�GLDSKUDJP�MRLQW��WKH�FRQWULEXWLRQ�RI�WKH�VKHDU�
UHLQIRUFHPHQW� WR� WKH� GLDSKUDJP� IOH[XUDO� VWUHQJWK� PD\� EH� VLJQLILFDQW�� 7KXV�� LW� PD\� EH� HFRQRPLFDOO\�
DGYDQWDJHRXV� WR�FDOFXODWH� WKH�GLDSKUDJP� MRLQW� IOH[XUDO� VWUHQJWK�EDVHG�RQ�DOO� UHLQIRUFHPHQW�FURVVLQJ� WKH�
MRLQW��L�H��DV�VKRZQ�LQ�)LJ��&��D��WKRXJK�WKLV�LQYROYHV�D�PRUH�LQYROYHG�FDOFXODWLRQ��7KLV�FDOFXODWLRQ�FDQ�EH�
DFFRPSOLVKHG�WKURXJK�D�VWUDLQ�FXUYDWXUH�DQDO\VLV�RU�SXVKRYHU�DQDO\VHV�DV�GHVFULEHG�VXEVHTXHQWO\��
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/LNHZLVH�� WKH� RYHUVWUHQJWK� RI� WKH� GLDSKUDJP� FDQ� EH� LJQRUHG� �:d�   1.0) RU� HVWLPDWHG� XVLQJ�
DSSUR[LPDWH�EXW�FRQVHUYDWLYH�YDOXHV��7KH�DSSUR[LPDWH�YDOXHV�SURSRVHG�LQ�WKH�GLDSKUDJP�VHLVPLF�GHVLJQ�
PHWKRGRORJ\� DUH� 1.0� IRU� D� pretopped� GLDSKUDJP�� DQG� 1.25� IRU� D� topped� GLDSKUDJP�� 7KH� GLVWLQFWLRQ�
EHWZHHQ�GLDSKUDJP�FRQVWUXFWLRQ�W\SHV�LV�PDGH�EHFDXVH�WKH�WRSSHG�V\VWHP��W\SLFDOO\�FRQVLVWLQJ�RI�VKHDU�
UHLQIRUFHPHQW� �ZHE� FRQQHFWRUV�� ZLUH� PHVK� RU� EDUV�� WKDW� LV� VWLIIHU� DQG� VWURQJHU� LQ� WHQVLRQ� WKDQ� WKH�
SUHWRSSHG�V\VWHP��W\SLFDOO\�KDV�D�ODUJHU�IOH[XUDO�RYHUVWUHQJWK�WKDQ�WKH�SUHWRSSHG�V\VWHP��6HH�WH[W�ER[���
:d�FDQ�EH�DOWHUQDWHO\�GHWHUPLQHG�IURP�D�VWUDLQ�FXUYDWXUH�DQDO\VLV�RU�SXVKRYHU�DQDO\VHV�DV�GHVFULEHG�QH[W��

�
7KH�DSSURDFK�WR�GHVLJQLQJ�WKH�SUHFDVW�GLDSKUDJP�UHLQIRUFHPHQW�DV�D�JURXS�DORQJ�WKH�MRLQW��EDVHG�

RQ�DOO�UHLQIRUFHPHQW�FURVVLQJ�WKH�MRLQW��WKRXJK�FRQVLVWHQW�ZLWK�UHFHQW�FRGH�PRGLILFDWLRQV�WKDW�SHUPLW�WKH�
FRQWULEXWLRQ�RI� WKH� VKHDU� UHLQIRUFHPHQW� WR� WKH�GLDSKUDJP�IOH[XUDO� VWUHQJWK� �$&,��������� LV� VXEVWDQWLDOO\�

'LDSKUDJP�1RPLQDO�6WUHQJWK��'HVLJQ�3URFHGXUH�6WHS����� 

� Figure c-16�FRPSDUHV� WKH�UHVSRQVH�RI� W\SLFDO� WRSSHG�DQG�SUHWRSSHG�GLDSKUDJPV�RI� WKH�VDPH�QRPLQDO�
\LHOG�VWUHQJWK��My��Figure c-16a�VKRZV�WKH�JOREDO�SXVKRYHU�UHVSRQVH�FXUYH��UHIHU�WR�LQVHW�)LJ��&�,���GLDSKUDJP�
IRUFH� �H[SUHVVHG� DV� WKH� LQHUWLDO� IRUFH� DFFHOHUDWLRQ� DV� D� SHUFHQWDJH� RI� J�� YV��PLGVSDQ� GLDSKUDJP� GHIRUPDWLRQ��
)LJXUH�F���E�VKRZV�WKH�FRUUHVSRQGLQJ�ORFDO�UHVSRQVH�RI�WKH�FULWLFDO�PLGVSDQ�MRLQW��LQ�SODQH�GLDSKUDJP�PRPHQW�
YV��URWDWLRQ�RI�WKH�MRLQW��LQGLUHFWO\�H[SUHVVHG�DV�WKH�MRLQW�RSHQLQJ�GHIRUPDWLRQ�DW�WKH�FKRUG���
� $V� FDQ� EH� VHHQ� LQ� Fig. c-16b�� WKH� WRSSHG� DQG� SUHWRSSHG� V\VWHPV� VKDUH� WKH� VDPH� \LHOG� PRPHQW��
+RZHYHU��WKH�SRVW�\LHOG�UHVSRQVH�RI�WKH�V\VWHPV�LV�VLJQLILFDQWO\�GLIIHUHQW��WKH�WRSSHG�V\VWHP�GHYHORSV�VLJQLILFDQW�
RYHUVWUHQJWK��D�Mp�KLJKHU�WKDQ�My���ZKLOH�WKH�SUHWRSSHG�V\VWHP�GHYHORSV�DOPRVW�QR�RYHUVWUHQJWK��Mp�§�My���7KLV�
UHVXOW�LV�GXH�HQWLUHO\�WR�WKH�FKDUDFWHULVWLFV�RI�WKH�shear reinforcement�XVHG�LQ�WKHVH�WZR�V\VWHPV��ZLWK�WKH�W\SLFDO�
SUHWRSSHG�GLDSKUDJP�XVLQJ�WHQVLRQ�FRPSOLDQW�VKHDU�FRQQHFWRUV��H�J��-9,�9HFWRU���ZKRVH�FRQWULEXWLRQ�WR�IOH[XUH�
LV�QHJOLJLEOH�ZKHQ�FRPSDUHG�WR�WKH�FKRUG�UHLQIRUFHPHQW�VWUHQJWK��ZKLOH�WKH�WRSSHG�V\VWHP�SRVVHVVHV�GLVWULEXWHG�
PHVK� UHLQIRUFHPHQW� WKDW� SRVVHVVHV� VXIILFLHQW� WHQVLRQ� VWUHQJWK� WR� SURYLGH� D� VLJQLILFDQW� LQFUHPHQW� RI� PRPHQW�
VWUHQJWK�DV�WKH�GLDSKUDJP�MRLQW�PRYHV�IURP�\LHOG��)LJ��&��D��WR�SODVWLF�RU�XOWLPDWH�IOH[XUDO�VWUHQJWK��)LJ��&��E����
� $V� VHHQ� LQ�Figure c-16a�� WKH� RYHUVWUHQJWK� LQ� IOH[XUDO� VWUHQJWK� SURYLGHG� E\� WKH� VKHDU� UHLQIRUFHPHQW�
FRQWULEXWLRQ�WR�WKH�FULWLFDO�PLGVSDQ�IOH[XUH�MRLQW�LQ�WKH�W\SLFDO�WRSSHG�GLDSKUDJP��WUDQVODWHV�GLUHFWO\�WR�LQFUHDVHG�
GLDSKUDJP� VWUHQJWK� IRU� WKH� �IOH[XUH�FRQWROOHG�� WRSSHG� GLDSKUDJP�� ,W� LV� QRWHG� WKDW� WKH� ODUJHU� RYHUVWUHQJWK�
REVHUYHG�IRU�WKH�WRSSHG�YV��SUHWRSSHG�GLDSKUDJP�LV�GXH�WR�WKH�W\SLFDO�VKHDU�UHLQIRUFHPHQW�XVHG�LQ�FRQVWUXFWLRQ��
WKXV�LW� LV�DW� OHDVW� WKHRUHWLFDOO\�SRVVLEOH� WR�GHVLJQ�D�SUHWRSSHG�GLDSKUDJP�ZLWK�ODUJH�RYHUVWUHQJWK��DQG�D� WRSSHG�
GLDSKUDJP�ZLWK�ORZHU�RYHUVWUHQJWK��
� ,W�LV�DGGLWLRQDOO\�QRWHG�WKDW�WKH�VKHDU�UHLQIRUFHPHQW�ZLOO�DOVR�FRQWULEXWH�WR�WKH�\LHOG�PRPHQW�LWVHOI��)LJ��
&��D���ZLWK�D�PRUH�VLJQLILFDQW�FRQWULEXWLRQ�LQ�WKH�WRSSHG�FDVH��WKXV�WKH�VDPH�\LHOG�PRPHQW�FDQ�EH�DFKLHYHG�ZLWK�
OHVV� FKRUG� UHLQIRUFHPHQW� LI� WKH� QRPLQDO� IOH[XUDO� VWUHQJWK� FDOFXODWLRQ� LQFOXGHV� WKH� VKHDU� UHLQIRUFHPHQW� �DV�
GHVFULEHG�LQ�WKH�QH[W�VHFWLRQ���
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GLIIHUHQW� WKDQ�WKH�SURFHGXUHV�XVHG�LQ�FXUUHQW�SUDFWLFH�7KH�IROORZLQJ�FDQ�EH� LQFOXGHG�IRU� WKH�UHLQIRUFLQJ�
HOHPHQWV� �FRQQHFWRUV�� EDUV� RU� PHVK�� DFURVV� WKH� SUHFDVW� GLDSKUDJP� MRLQW� ZKHQ� FDOFXODWLQJ� WKH� QRPLQDO�
GLDSKUDJP�VWUHQJWK���D��VKHDU�UHLQIRUFHPHQW�FRQWULEXWLRQ�WR�IOH[XUH���E��FKRUG�UHLQIRUFHPHQW�FRQWULEXWLRQ�
WR�VKHDU��DQG��F��GLDSKUDJP�UHLQIRUFHPHQW�FRQWULEXWLRQ�WR�D[LDO�IRUFH��1RWH�WKDW�WKHVH�GR�QRW�QHHG�WR�EH�
FRQVLGHUHG��EXW�DUH�DYDLODEOH�WR�WKH�GHVLJQHU�WR�PDNH�WKH�GHVLJQ�PRUH�HFRQRPLFDO��

Diaphragm Strength and Stiffness Calculations�� ,I�D�GHVLJQHU�GHFLGHV� WR� WDNH�DGYDQWDJH�RI�DOO�
WKH� UHLQIRUFHPHQW� FURVVLQJ� WKH� MRLQW� LQ� GHWHUPLQLQJ� WKH� GLDSKUDJP� QRPLQDO� IOH[XUDO� VWUHQJWK�� WKH�
SURFHGXUH� LV� PRUH� LQYROYHG� WKDQ� WKH� VLPSOH� FDOFXODWLRQV� RI� WKH� KRUL]RQWDO� EHDP� PHWKRG�� $V� VXFK�� D�
UDWLRQDO�PHWKRG� KDV� EHHQ� GHYHORSHG� WR� GHWHUPLQH� WKH� GLDSKUDJP� MRLQW� IOH[XUDO� VWUHQJWK� �DQG� VWLIIQHVV���
7KH�PHWKRG��RULJLQDOO\�DSSHDULQJ�LQ��%66&��������PDNHV�D�UHDVRQDEOH�HVWLPDWLRQ�RI�WKH�QHXWUDO�D[LV��1$��
DQG�HPSOR\V�%HUQRXOOL�SULQFLSOHV�WR�HVWLPDWH�WKH�IOH[XUDO�VWLIIQHVV�DQG�VWUHQJWK�RI�WKH�GLDSKUDJP���

7KH� GHULYDWLRQ� RI� WKH� PHWKRG� DSSHDUV� LQ� ³3.3 DIAPHRAGM JOINT STIFFNESS AND 
STRENGTH CALCULATION”�LQ�3$57���RI�WKH�Seismic Design Methodology. 7KH�PHWKRG�KDV�DOVR�EHHQ�
HPEHGGHG� LQ� D� FRPSXWHU� VSUHDGVKHHW� XWLOLW\� IRU� HDVH� RI� XVH�� DV� GHVFULEHG� LQ� ³����'(6,*1�$,'6�)25�
',$3+5$*0�'(6,*1��635($'6+((7�352*5$0´�LQ�3$57���RI�WKH�Seismic Design Methodology. 
7KH�Design Aid Spreadsheet�LV DYDLODEOH�IRU�GRZQORDG�ZLWK�WKH Design Methodology 'RFXPHQWV. 

7KH� H[SUHVVLRQV� XVHG� LQ� WKH� UDWLRQDO� PHWKRG� DUH� VXPPDUL]HG� KHUH� LQ� WKH� FRPPHQWDU\� Please 
refer to PART 3 RI�WKH�Seismic Design Methodology for full details of the method and spreadsheet. 

Rational Method Summary�� 7KH� SURFHGXUH� XVHV� WKH� SDQHO� JHRPHWU\�� FRQFUHWH� SURSHUWLHV��
FRQQHFWRU� OD\RXW� DQG� FRQQHFWRU� VWLIIQHVV� DQG� VWUHQJWK� SURSHUWLHV� WR� DSSUR[LPDWH�� �$�� WKH� GLDSKUDJP�
VWLIIQHVV���%��WKH�GLDSKUDJP�\LHOG�PRPHQW�My�DQG��&��WKH�GLDSKUDJP�SODVWLF�PRPHQW�Mp��7KH�GLDSKUDJP�
D[LDO�DQG�VKHDU�VWUHQJWK�FDQ�DOVR�EH�FDOFXODWHG��

Rational Method Terminology�� )LJXUH� &��� VKRZV� D� VFKHPDWLF� RI� WKH� SDQHO� MRLQW� DQG� IOH[XUDO�
DFWLRQV� LQGLFDWLQJ� WKH� QRWDWLRQ� XVHG� IRU� GLPHQVLRQV� DQG� IRUFHV�� 7KH� FRQQHFWRU� SURSHUWLHV� UHTXLUHG� DUH�
WKRVH�GHVFULEHG�LQ�7DEOH�$���LQ�WKH�3$57����'HVLJQ�3URFHGXUH�$33(1',;����DQG�ODEHOHG�KHUH�LQ�7DEOH�
&��� WR� GLVWLQJXLVK� EHWZHHQ� WKH� FKRUG� UHLQIRUFHPHQW�� WKH� VKHDU� UHLQIRUFHPHQW� DQG� D� GLVWULEXWHG� WRSSLQJ�
UHLQIRUFHPHQW��LI�SUHVHQW��7KH�PRGXOXV�RI�FRQFUHWH�Ec��FDQ�EH�WDNHQ�DV�WKH�IXOO�$&,������������YDOXH��
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A. Diaphragm Stiffness 
 
6WHS����'HWHUPLQH�1HXWUDO�$[LV�/RFDWLRQ��c�
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1RWH� WKDW� WKH� Eeff� DQG� Geff� YDOXHV� UHSUHVHQW� WKH� VWLIIQHVV� RI� RQH� SDQHO� DQG� MRLQW� UHJLRQ�� ,I� WKH�

UHLQIRUFHPHQW�YDULHV� LQ� WKH�GLDSKUDJP��EDU�FXW�RIIV��PRUH�VKHDU�FRQQHFWRUV�DW�GLDSKUDJP�HQG��HWF���� WKH�
YDOXHV�RI�Eeff� DQG�Geff�ZLOO�EH�GHSHQGHQW�RQ� WKH�SDUWLFXODU� MRLQW� WKHVH�FDOFXODWLRQV�DUH�PDGH��6HH�6WHS���
&RPPHQWDU\�IRU�DFFHSWDEOH�WHFKQLTXHV�IRU�DSSUR[LPDWLQJ�WKH�RYHUDOO�GLDSKUDJP�VWLIIQHVV�LQ�WKHVH�FDVHV��
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B. Diaphragm Yield Moment 

6WHS����'HWHUPLQH�'LDSKUDJP�<LHOG�5RWDWLRQ��Ty�

Ty=PLQ�>Gy,chord/(d-d0-c)��Gy,conn/(d-s0-c)��Gy,topping/(d-2d0-c)@��� ���������������(TQ�&�����
�

6WHS����'HWHUPLQH�'LDSKUDJP�-RLQW�6HFDQW�5RWDWLRQDO�6WLIIQHVV��K’4�

5HSHDW�(TXDWLRQV�&���WR�&���LQ�6WHSV���WR���RI�WKH�GLDSKUDJP�6WLIIQHVV�&DOFXODWLRQ�XVLQJ�
VHFDQW� VWLIIQHVV� �6HH� 7DEOH� &���� UDWKHU� WKDQ� HODVWLF� VWLIIQHVV� RI� FRQQHFWRUV� WR� FDOFXODWH�
K’4��LQ�(TQ��&����

�

6WHS����'LDSKUDJP�<LHOG�0RPHQW��My�

� � � yy KM T� 4

 � � ���������� � ��� � ���������������(TQ�&�����

�

C. Diaphragm Plastic Moment��Mp 

6WHS����$VVXPH�ORFDWLRQ�RI�SODVWLF�QHXWUDO�D[LV������RI�GLDSKUDJP�GHSWK���

��dc  �� � � � � � � �(TQ�&�����
��������

6WHS����'HWHUPLQH�&HQWHU�RI�&RPSUHVVLRQ��c0�

&DOFXODWH�YDOXH�E\�VHOHFWLQJ�DSSURSULDWH�(TQ��&��D�WR�&��F��
�

6WHS����&DOFXODWH�GLDSKUDJP�SODVWLF�PRPHQW�VWUHQJWK��

�
�
��
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6WHS����&DOFXODWH�GLDSKUDJP�RYHUVWUHQJWK��:d���

:d�� �Mp���My� � � � � � �(TQ�&�����
�

Diaphragm Joint Shear Strength Calculation���
7KH�GLDSKUDJP�MRLQW�VKHDU�VWUHQJWK�LV�JLYHQ�LQ�WKH�GHVLJQ�SURFHGXUH�DUH��

¦ nn vV �� � � � � � �Eqn. 3b from PART 1��
�
7KLV�GLDSKUDJP�MRLQW�VKHDU�VWUHQJWK�FDQ�EH�FDOFXODWHG�DV�WKH�VXP�RI�WKH�\LHOG�VKHDU�VWUHQJWKV�RI�DOO�

WKH�UHLQIRUFHPHQW�DFURVV�WKH�MRLQW��
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1RWH� WKDW� WKH� FKRUG� FRQQHFWLRQV� FDQ� FRQWULEXWH� WR� ERWK�PRPHQW� DQG� VKHDU� VWUHQJWK�� 7KH� VKHDU�
VWUHQJWK� RI� WKH� FKRUG� PD\� EH� OLPLWHG� E\� WKH� VWUHQJWK� RI� WKH� ZHOGV� RU� E\� WKH� VWUHQJWK� RI� WKH� FKRUG�
UHLQIRUFHPHQW��DV�GHWHUPLQHG�LQ�WHVWLQJ��7KH�YDOXHV�IRU�FKRUG�VKHDU�VWUHQJWK�LQ�$SSHQGL[���DUH�EDVHG�RQ�
WKH� TXDOLILFDWLRQ� � WHVWLQJ�RI� WKHVH� GHWDLOV�� ,W� LV� DFFHSWDEOH� WR� GHWHUPLQH� WKH� VKHDU� VWUHQJWK� IRU� WKH� FKRUG�
UHLQIRUFHPHQW� LQ� D� WRSSLQJ� HLWKHU� E\� VKHDU� IULFWLRQ�� ĳI\$Vȝ�� RU� E\� WKH� GLUHFW� VKHDU� VWUHQJWK� RI� WKH�
UHLQIRUFHPHQW�DV�GRZHOV��ĳ���I\$V���
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7KH�VKHDU�VWUHQJWK�DW� WKH�MRLQW�� WKHQ��FDQ�EH�WDNHQ�DV�WKH�VXP�RI�WKH�VKHDU�VWUHQJWK�RI�WKH�FKRUG�
FRQQHFWRUV� DQG� WKH� VXPPHG� VKHDU� VWUHQJWK� RI� WKH� VKHDU� FRQQHFWRUV� EHWZHHQ� WKH� FKRUGV�� 7KH� VKHDU�
FRQQHFWLRQV�FDQ�EH�SURSRUWLRQHG� WR� FDUU\� WKH� WRWDO� VKHDU�GHPDQG� LQ� WKH� MRLQW��EXW� WKH� FKRUG� FRQQHFWLRQ�
PD\� VWLOO� DWWUDFW� D� SRUWLRQ� RI� WKH� VKHDU� DQG�PXVW� EH� FKHFNHG� WR� HQVXUH� WKDW� FKRUG� GHVLJQ� VDWLVILHV� WKH�
FRPELQHG�IRUFHV�E\�DSSO\LQJ�(TQ����IURP�3$57���������

�
Diaphragm Joint Axial Strength Calculation���

,I�XVLQJ� WKH�JHQHUDO� �XQUHGXFHG�� LQWHUDFWLRQ�HTXDWLRQ� �3$57���(TQ����� DVVRFLDWHG�ZLWK�D� VHPL�
ULJLG�GLDSKUDJP�DQDO\VLV��DQ�HVWLPDWLRQ�RI�WKH�GLDSKUDJP�QRPLQDO�D[LDO�VWUHQJWK�Nn�LV�DOVR�QHHGHG��

�
7KH�GLDSKUDJP�MRLQW�VKHDU�VWUHQJWK�LV�JLYHQ�LQ�WKH�GHVLJQ�SURFHGXUH�DUH��

�

¦ nn tN � � � � � �Eqn. 3a from PART 1��
�
7KLV�GLDSKUDJP�MRLQW�D[LDO�VWUHQJWK�FDQ�EH�FDOFXODWHG�DV�WKH�VXP�RI�\LHOG�WHQVLRQ�VWUHQJWK�RI�DOO�

WKH�UHLQIRUFHPHQW�DFURVV�WKH�MRLQW��
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'LDSKUDJP�6WUHQJWK�DQG�6WLIIQHVV�&DOFXODWLRQ��'HVLJQ�3URFHGXUH�6WHS����� 

 Figure c-17�VKRZV�SUHWRSSHG�GLDSKUDJP�VWLIIQHVV�DQG�VWUHQJWK�YDOXHV�IRU�D�ZLGH�YDULHW\�RI�GLDSKUDJP�
DVSHFW� UDWLRV�DQG� OHQJWKV��7KH� ILJXUHV�FRPSDUH� WKH� UHVSRQVH�RI�D�QRQOLQHDU�SXVKRYHU�DQDO\VLV�RI�XVLQJ�D�ILQLWH�
HOHPHQW�PRGHO�RI�WKH�GLDSKUDJP�WKDW�PRGHOV�WKH�UHLQIRUFHPHQW�DW�WKH�MRLQW�GLVFUHWHO\�ZLWK�YDOXHV�REWDLQHG�IURP�
D�GHVLJQ�FDOFXODWLRQ�XVLQJ�WKH�UHVXOWV�RI�WKH�UDWLRQDO�PHWKRG�GHVFULEHG�LQ�(TQV��&���WR�&�����

� ,Q�)LJXUH�F���D�D�FRPSDULVRQ�RI�WKH�GLVSODFHPHQW�DW�PLGVSDQ�XQGHU�WKH�GLDSKUDJP�GHVLJQ�ORDG�LV�JLYHQ�
IRU�WKH�FRPSXWHU�DQDO\VLV�YHUVXV�D�GHVLJQ�FDOFXODWLRQ�XVLQJ�WKH�HIIHFWLYH�PRGXOL�(HII�DQG�*HII���(TQV��&����&�����
$V� VHHQ�� WKH� PHWKRG� SURGXFHV� D� UHDVRQDEO\� DFFXUDWH� PDWFK� WR� WKH� DQDO\VLV� DFURVV� D� UDQJH� RI� DVSHFW� UDWLRV��
GLDSKUDJP� OHQJWKV�� DQG� GLDSKUDJP� UHLQIRUFHPHQW� GHWDLOV�� ,Q� SDUWLFXODU�� WKH� PHWKRG� FDQ� DFFXUDWHO\� SUHGLFW�
VWLIIQHVV�IRU�ERWK�VKHDU�GRPLQDWHG��ORZ�DVSHFW�UDWLR��DQG�IOH[XUH�GRPLQDWHG��ODUJH�DVSHFW�UDWLR��GLDSKUDJPV���

� )LJXUH�F���E�FRPSDUHV�WKH�PRPHQW�VWUHQJWK�IRU�WKH�GLDSKUDJP���H[SUHVVHG�LQ�WHUPV�RI�WKH�LQHUWLDO�IRUFH�
DFFHOHUDWLRQ�WKDW�SURGXFHV�WKH�QRPLQDO�PRPHQW�VWUHQJWK��SURGXFHG�E\�FRPSXWHU�DQDO\VLV�WR�WKH�YDOXH�FDOFXODWHG�
ZLWK�(TQ��&������$V�VHHQ��WKH�PHWKRG�DJDLQ�SURGXFHV�D�UHDVRQDEO\�DFFXUDWH�PDWFK�WR�WKH�DQDO\VLV�DFURVV�D�UDQJH�
RI�DVSHFW�UDWLRV��GLDSKUDJP�OHQJWKV��DQG�GLDSKUDJP�UHLQIRUFHPHQW�GHWDLOV��ZLWK�VOLJKW�XQGHUHVWLPDWLRQ�IRU�VKHDU�
FULWLFDO�GLDSKUDJPV��VKRUWHU�DVSHFW�UDWLRV���
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)LJXUH�F�����&RPSDULVRQ�ZLWK�)(�DQDO\VLV���D��'LDSKUDJP�VWLIIQHVV���E��<LHOG�VWUHQJWK��
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6WHS����'HWHUPLQH�GLDSKUDJP�VWLIIQHVV�DQG�FKHFN�JUDYLW\�V\VWHP�GULIWV��
6WHS� ��'HVFULSWLRQ�� � ,Q� WKLV� VWHS��GLDSKUDJP�VWLIIQHVV� LV�FDOFXODWHG�� LI�QHFHVVDU\�� IRU�� ���� VHPL�

ULJLG�GLDSKUDJP�PRGHOV�XVHG�LQ�FRPSXWHU�VWUXFWXUDO�DQDO\VLV�DQG�RU�����WR�FKHFN�JUDYLW\�V\VWHP�FROXPQ�
LQWHU�VWRU\�GULIWV�DPSOLILHG�E\�GLDSKUDJP�IOH[LELOLW\��7KH�GLDSKUDJP�VWLIIQHVV�LV�H[SUHVVHG�LQ�WKH�IRUP�RI�
DQ�HIIHFWLYH�HODVWLF�PRGXOXV��Eeff ��DQG�HIIHFWLYH�VKHDU�PRGXOXV��Geff���IRU�HDVH�RI�LQVHUWLRQ�LQWR�FRPSXWHU�
VWUXFWXUDO�DQDO\VLV�SURJUDPV��7KH�QHHG�IRU�D�GULIW�FDOFXODWLRQ�LV�GHWHUPLQHG�E\�D�FKHFN�XVLQJ�7DEOH���RI�
3$57����,I�D�GULIW�FKHFN�FDOFXODWLRQ�LV�QHFHVVDU\��WKH�SURFHGXUH�LV�IRXQG�LQ�$SSHQGL[����

� 6WHS���&RPPHQWDU\���
$Q�HVWLPDWLRQ�RI�WKH�SUHFDVW�IORRU�GLDSKUDJP�HODVWLF�VWLIIQHVV�LV�UHTXLUHG�LQ�WKH�GHVLJQ�SURFHGXUH�

ZKHQ�RQH�RI�WKH�IROORZLQJ�FRQGLWLRQV�H[LVW������VHPL�ULJLG�GLDSKUDJP�PRGHOV�XVHG�LQ�FRPSXWHU�VWUXFWXUDO�
DQDO\VLV�� LQ� SDUWLFXODU� WKRVH�ZLWK� UHGXQGDQW� ODWHUDO� IRUFH� UHVLVWLQJ� OD\RXWV�ZKHUH� GLDSKUDJP� VWLIIQHVV� LV�
UHTXLUHG� LQ�GHWHUPLQLQJ�GLDSKUDJP�LQWHUQDO� IRUFH�GLVWULEXWLRQV��DQG� ���� LQ� ORQJ�VSDQ�GLDSKUDJPV��ZKHUH�
GLDSKUDJP�VWLIIQHVV�LV�UHTXLUHG�WR�SHUIRUP�D�GULIW�FKHFN�RQ�JUDYLW\�V\VWHP�FROXPQV��

Discussion on Diaphragm Stiffness 
$� GLDSKUDJP� VWLIIQHVV� FDOFXODWLRQ� KDV� QRW� W\SLFDOO\� EHHQ� SDUW� RI� FXUUHQW� GHVLJQ�� )RU� SUHFDVW�

FRQVWUXFWLRQ��WKH�FRPELQDWLRQ�RI�KLJKHU�LQKHUHQW�IOH[LELOLW\�RI�SDQHOHG�V\VWHPV�ZLWK�WKH�HIIHFWLYH�XVH�RI�
WKHVH� V\VWHPV� IRU� VWUXFWXUHV� ZLWK� ORQJ� IORRU� VSDQV� FDQ� FUHDWH� D� KLJKO\� IOH[LEOH� GLDSKUDJP��'LDSKUDJP�
IOH[LELOLW\�FDQ�LPSDFW�GLDSKUDJP�UHVSRQVH�LQ�VHYHUDO�ZD\V��LQFOXGLQJ�PRGLI\LQJ������6WUXFWXUH�3HULRG������
'LDSKUDJP�)RUFH�0DJQLWXGH������'LDSKUDJP�,QWHUQDO�)RUFH�3DWK��DQG������*UDYLW\�6\VWHP�'ULIW��(DFK�RI�
WKHVH�LV�GLVFXVVHG�LQ�PRUH�GHWDLO�EHORZ��

6WUXFWXUH�3HULRG��7KH�SHULRG�RI�WKH�VWUXFWXUH�ZLOO�OHQJWKHQ�GXH�WR�GLDSKUDJP�IOH[LELOLW\��,W�ZDV�WKH�
FRQVHQVXV�RI�WKH�GHYHORSPHQW�WHDP�WKDW�WKH�GHVLJQ�IDFWRUV�EH�FDOLEUDWHG�UHODWLYH�WR�FXUUHQW�GHVLJQ�IRUFHV��
L�H��RQ�WKH�IRUFHV�EDVHG�RQ�WKH�SHULRG�FDOFXODWHG�LQ�FXUUHQW�GHVLJQ��ZKLFK�LV�EDVHG�RQ�D�ULJLG�GLDSKUDJP��,Q�
IDFW��DV�WKH�GLDSKUDJP�PD[LPXP�IRUFHV�DUH�UHODWHG�VWURQJO\�WR�WKH�KLJKHU�PRGHV��WKH�QHHG�WR�WLH�LW�WR�WKH�
IXQGDPHQWDO� SHULRG� DGMXVWHG� IRU� GLDSKUDJP� IOH[LELOLW\� LV� OHVV� LPSRUWDQW� WKDQ� RWKHU�PHDVXUHV�� 7KXV� WKH�
GLDSKUDJP� GHVLJQ� IRUFH� IDFWRUV�� WKRXJK� EDVHG� RQ� DQDO\VHV� LQFRUSRUDWLQJ� GLDSKUDJP� IOH[LELOLW\�� DUH�
PDSSHG�RQWR� WKH� UHVSRQVH�RI�D� ULJLG�GLDSKUDJP�GHVLJQ��)RU� WKLV� UHDVRQ��D�VSHFLDO�FDOFXODWLRQ�RI�SHULRG��
GLIIHUHQW� WKDQ� ZKDW� LV� DOUHDG\� GRQH�� LV� QRW� UHTXLUHG�� ,W� VKRXOG� EH� QRWHG� WKDW� IRU� ORQJ� VSDQ� SUHFDVW�
GLDSKUDJPV��WKH�VWUXFWXUH�SHULRG�LQFOXGLQJ�WKH�HIIHFW�RI�GLDSKUDJP�IOH[LELOLW\�LV�W\SLFDOO\�ORQJHU�WKDQ�WKH�
PD[LPXP� GHVLJQ� SHULRG� SHUPLWWHG� LQ� FXUUHQW� FRGH�� CuTa� �$6&(� �� ������� 7KHUHIRUH� LW� ZDV� GHHPHG�
XQQHFHVVDU\�WR�UHFDOFXODWH�WKH�VWUXFWXUH�SHULRG�LQFOXGLQJ�WKH�HIIHFW�RI�GLDSKUDJP�IOH[LELOLW\��

'LDSKUDJP� )RUFH� 0DJQLWXGH�� 7KH� PDJQLWXGH� RI� GLDSKUDJP� IRUFH� LV� DIIHFWHG� E\� GLDSKUDJP�
IOH[LELOLW\��)DUURZ�DQG�)OHLVFKPDQ��������7KH�HIIHFW�RI�GLDSKUDJP�IOH[LELOLW\��RQ�ERWK�GLDSKUDJP�IRUFH�
DQG�GULIW��LV�D�FRPSOH[�FRPELQDWLRQ�RI�WKH�IORRU¶V�DEVROXWH�VWLIIQHVV�DQG�LWV�UHODWLYH�VWLIIQHVV�ZLWK�UHVSHFW�
WR� WKH�/)56��)OHLVFKPDQ�DQG�)DUURZ��������7KH�HIIHFW�RI�GLDSKUDJP�IOH[LELOLW\�RQ�GLDSKUDJP� IRUFH� LV�
KDQGOHG�LQGLUHFWO\�LQ�WKH�GHVLJQ�SURFHGXUH�DV�WKH�RULJLQDO�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRU�HTXDWLRQV�
IRU�$6&(������LQFOXGH�GLDSKUDJP�OHQJWK�/�DQG�DVSHFW�UDWLR�$5��6HH�$SSHQGL[�����7KLV�HIIHFW�LV�UHDOL]HG�
LQ� WKH� XSGDWHG� GHVLJQ� IRUFH� HTXDWLRQV� �6WHS� �D�� 3$57� ��� WKURXJK� IOH[LEOH� GLDSKUDJP� DFFHOHUDWLRQ�
DPSOLILFDWLRQ�IDFWRUV��DI[��DFFRUGLQJ�WR�(TQ����������RI�SURSRVDO�,7�������IRU�WKH�$6&(������SURYLVLRQV��
6LQFH�WKH�GLDSKUDJP�IOH[LELOLW\�LV�PRUH�VLJQLILFDQWO\�DIIHFWHG�E\�JHRPHWU\��WKH�HIIHFW�WKH�PDJQLWXGH�RI�WKH�
GLDSKUDJP� LQHUWLDO� IRUFH� GXH� WR� WKH� YDULDWLRQ� RI� VWLIIQHVV� FDXVHG� E\� GLIIHUHQW� GLDSKUDJP� UHLQIRUFHPHQW�
GHWDLOV�LV�QRW�UHTXLUHG�LQ�GHWHUPLQLQJ�WKH�GLDSKUDJP�DPSOLILFDWLRQ�IDFWRU��6FKRHWWOHU���������,W� LV�IXUWKHU�
QRWHG�WKDW�WKH�PRVW�VLJQLILFDQW�HIIHFW�RQ�GLDSKUDJP�IRUFH�LV�GXH�WR�KLJKHU�RUGHU�PRGHV��5RGULJXH]�HW�DO��
������� DV� UHDOL]HG� LQ� (TQV�� ���� WKURXJK� WKH� QXPEHU� RI� VWRULHV� �n�� SDUDPHWHU� DQG� WKH� WRWDO� HIIHFW� RI�
GLDSKUDJP�IOH[LELOLW\� �JHRPHWU\�DQG� ULJLGLW\�� LV� VHFRQGDU\� �)OHLVFKPDQ�DQG�)DUURZ������� WR� WKLV� ODUJHU�
HIIHFW��6HH�Background�$SSHQGLFHV�A1)����

'LDSKUDJP�,QWHUQDO�)RUFH�3DWK��7KH�LQWHUQDO�IRUFH�SDWKV�WKDW�GHYHORS�ZLWKLQ�WKH�IORRU�V\VWHP�FDQ�
GHSHQG�RQ�WKH�UHODWLYH�VKHDU�DQG�HODVWLF�LQ�SODQH�VWLIIQHVV�RI�WKH�IORRU�V\VWHP�UHODWLYH�WR�HDFK�RWKHU��DQG�
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WKH�/)56�HOHPHQWV���LQFOXGLQJ�WULEXWDU\�UHDFWLRQV�WR�WKH�/)56�HOHPHQWV��IRU�GLDSKUDJPV�ZLWK�UHGXQGDQF\�
LQ�/)56�OD\RXW��GLVSODFHPHQW�FRPSDWLELOLW\�FRQGLWLRQV��GXDO�V\VWHP���RU�LQWHU�VWRU\�HOHPHQWV��H�J��UDPSV����
7KH�GLIIHUHQFH� LQ� GLDSKUDJP� VWLIIQHVV� LV� QRW� FULWLFDO� IRU� GLDSKUDJP� LQWHUQDO� IRUFH� SDWKV� IRU� GHWHUPLQDWH�
/)56� OD\RXWV� �6HH�Background $SSHQGLFHV� $�������� +RZHYHU�� ZKHQ� XVLQJ� WKH� VHPL�ULJLG� GLDSKUDJP�
RSWLRQ� �6HH�Commentary Step 4�� IRU� LQGHWHUPLQDWH� /)56� OD\RXWV�� LW� LV� LPSRUWDQW� WR� LQVHUW� WKH� SURSHU�
VWLIIQHVV�YDOXHV�IRU�WKH�GLDSKUDJP�WR�JHW�WKH�SURSHU�SURSRUWLRQ��6HH�GLVFXVVLRQ�LQ�Commentary Step 4����

*UDYLW\� 6\VWHP�'ULIW�� 'LDSKUDJP� VWLIIQHVV� LV� UHTXLUHG� LQ� SHUIRUPLQJ� D� GULIW� FKHFN� IRU� JUDYLW\�
V\VWHP�FROXPQV�UHPRWH� WR�/)56�HOHPHQWV��0RVW�GLDSKUDJP�FRQILJXUDWLRQV�DQG�EXLOGLQJ�JHRPHWULHV�DUH�
VXFK� WKDW� WKH� GLDSKUDJP� GRHV� QRW� FRQWULEXWH� VLJQLILFDQWO\� WR� JUDYLW\� V\VWHP� FROXPQV� GULIWV� GXH� WR�
FRPSDWLEOH�GLVSODFHPHQW��+RZHYHU��IRU�KLJKO\�IOH[LEOH�GLDSKUDJPV��GXH�PRVWO\�WR�JHRPHWU\��EXW�DOVR�WR�
LQKHUHQW� IOH[LELOLW\� LQ� WKH� SUHFDVW� IORRU� V\VWHP� FRQVWUXFWLRQ��� JUDYLW\� V\VWHP� FROXPQV� UHPRWH� WR� WKH�
SULPDU\��YHUWLFDO��HOHPHQWV�RI�WKH�/)56�PD\�XQGHUJR�WRR�ODUJH�RI�D�ODWHUDO�GULIW��)OHLVFKPDQ�HW�DO��������
�5KRGHV�HW�DO���������7KLV�GHVLJQ�FKHFN�LV�SHUIRUPHG�LQ�6WHS�����

)RU�SUHFDVW�FRQFUHWH�VWUXFWXUHV�ZLWK�ORQJ�IORRU�VSDQV��H�J��SDUNLQJ�VWUXFWXUHV��XQDFFHSWDEOH�JUDYLW\�
FROXPQ�LQWHU�VWRU\�GULIW�DW�UHJLRQV�UHPRWH�WR�WKH�SULPDU\�/)56�PLJKW�RFFXU�GXULQJ�D�VHLVPLF�HYHQW�GXH�WR�
WKH�GULIW�LQFUHPHQW�IURP�GLDSKUDJP�GHIRUPDWLRQ���)OHLVFKPDQ�HW�DO���������)OHLVFKPDQ�DQG�)DUURZ��������
7KHUHIRUH�WKH�JUDYLW\�FROXPQ�LQWHU�VWRU\�GULIW�LV�FKHFNHG�H[SOLFLWO\�LQ�WKH�GHVLJQ�SURFHGXUH�

�
Drift Check Determination 

7KH�QHHG� IRU�D�GULIW�FDOFXODWLRQ� LV�GHWHUPLQHG�E\�FKHFNLQJ� WKH�GHVLJQ�FRQGLWLRQV� UHODWLYH� WR� WKH�
YDOXHV�LQ�7DEOH���RI�3$57����7DEOH���SURYLGHV�WKH�FULWLFDO�GLDSKUDJP�DVSHFW�UDWLR�ZKHUH�D�GULIW�FKHFN�LV�
UHTXLUHG��DQG�LV�D�IXQFWLRQ�RI�EXLOGLQJ�KHLJKW�DQG�GLDSKUDJP�GHVLJQ�RSWLRQ��WDOOHU�EXLOGLQJV�FDQ�KDYH�PRUH�
VLJQLILFDQW�JUDYLW\�V\VWHP�GULIWV��DQG�DQ�LQHODVWLF�GLDSKUDJP�KDV�D�UHGXFHG�VWLIIQHVV�DIWHU�\LHOGLQJ��ZKLFK�
FDQ�FRQWULEXWH�PRUH�WR�GULIW�GXH�WR�GLDSKUDJP�GHIRUPDWLRQ����

7KH�UHODWLRQVKLS�EHWZHHQ�GLDSKUDJP�IOH[LELOLW\�DQG�DPSOLILHG�JUDYLW\�V\VWHP�GULIW�ZDV�GHWHUPLQHG�
WKURXJK�DQDO\WLFDO�UHVHDUFK��DQG�DSSUR[LPDWHG�XVLQJ�GHVLJQ�HTXDWLRQV�LQ�$SSHQGL[����,Q�RUGHU�WR�VLPSOLI\�
WKH�GHVLJQ�SURFHGXUH��7DEOH���SURYLGHV�D�ILUVW�FKHFN�WR�GHWHUPLQH�LI�WKDW�DPSOLILFDWLRQ�LV�VLJQLILFDQW��7KXV��
WKH� LQWHQW� RI� WKH� GHVLJQ� SURFHGXUH� LV� WR� RQO\� SHUIRUP� D� GULIW� FKHFN� IRU� FDVHV� ZKHUH� WKH� GLDSKUDJP�
IOH[LELOLW\� PD\� KDYH� DQ� HIIHFW� RQ� WKH� GHVLJQ� GULIW�� 7KH� YDOXHV� LQ� WKH� WDEOH� DUH� FKRVHQ� VXFK� WKDW� WKH�
FRQGLWLRQV�UHVXOW�LQ�WKH�JUDYLW\�V\VWHP�GULIWV�SDVVLQJ�WKH�WKUHVKROG�RI����GULIW�LQ�WKH�0&(�IRU�D����GULIW�
RI�WKH�ODWHUDO�IRUFH�UHVLVWLQJ�V\VWHP��6HH�WH[W�ER[���

'LDSKUDJP�&RQWULEXWLRQ�WR�'ULIW��'HVLJQ�3URFHGXUH�6WHS����� 
�
� 7DEOH�LV�EDVHG�RQ�WKH�GULIW�FDOFXODWLRQV�IRU�WKH�HYDOXDWLRQ�VWUXFWXUH�ZLWK�SHULPHWHU�VKHDU�ZDOO�LQ�6'&�(��
7KH� GHVLJQ� VSDFH� IRU� WKH� FDOFXODWHG� JUDYLW\� V\VWHP� GULIW� LV� VKRZQ� LQ� )LJ�� F���� IRU� IRXU� GLIIHUHQW� GLDSKUDJP�
$VSHFW�5DWLRV��$5V��DQG�WKUHH�GLIIHUHQW�EXLOGLQJ�KHLJKWV��1��ZLWK�DQ�DVVXPSWLRQ�RI�T/)56 ������7KH�LQWHUVHFWLRQ�
EHWZHHQ�WKH�OLPLW�GULIW������DQG�WKH�GHVLJQ�VSDFH�LV�XVHG�WR�LGHQWLI\�WKH�GHVLJQ�FDVHV�UHTXLULQJ�WKH�GULIW�FKHFN��
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Precast Diaphragm Effective Stiffness 

(TXDWLRQV�&���DQG�&���� LQWURGXFHG� LQ� WKH�FRPPHQWDU\� IRU�6WHS���RQ� UDWLRQDO�PHWKRGV��SURGXFH�
HIIHFWLYH�PRGXOL��DQ�HIIHFWLYH�HODVWLF�PRGXOXV�Eeff�DQG�DQ�HIIHFWLYH�VKHDU�PRGXOXV�Geff��7KH�QHHG�IRU�ERWK�
SURSHUWLHV� DULVHV� IURP� WKH� QRQ�QHJOLJLEOH� FRQWULEXWLRQ� RI� VKHDU� GHIRUPDWLRQ� LQ� SUHFDVW� FRQFUHWH� IORRU�
GLDSUKDJPV��GXH�WR�DVSHFW�UDWLR�JHRPHWU\��DQG�VKHDU�IOH[LELOLW\�DW� WKH�MRLQWV�EHWZHHQ�SUHFDVW�XQLWV��1RWH�
WKDW�WKH�HIIHFWLYH�PRGXOXV�YDOXHV�UHSUHVHQW�WKH�FRPELQHG�VWLIIQHVV�RI�RQH�SDQHO�DQG�MRLQW�UHJLRQ���

1RWH� WKDW� LI� WKH� UHLQIRUFHPHQW� YDULHV� LQ� WKH� GLDSKUDJP� �EDU� FXW�RIIV��PRUH� VKHDU� FRQQHFWRUV� DW�
GLDSKUDJP�HQG��HWF����WKH�YDOXHV�RI�Eeff�DQG�Geff�ZLOO�EH�GHSHQGHQW�RQ�WKH�SDUWLFXODU�MRLQW�WKHVH�FDOFXODWLRQV�
DUH�PDGH�� 7KH� GHVLJQHU� FDQ� DWWHPSW� WR� DQDO\]H� WKH� GLDSKUDJP�ZLWK� WKH� FKDQJLQJ� VWLIIQHVV�� KRZHYHU� LW�
PD\EH�PRUH�H[SHGLHQW�WR�FDOFXODWH�DQ�DYHUDJH�YDOXH�WR�XVH�DFURVV�WKH�GLDSKUDJP��

$SSUR[LPDWH�PHWKRGV�WR�SURGXFH�DQ�DYHUDJH�Eeff�DQG�Geff�IRU�WKH�GLDSKUDJP��LQFOXGH���
��� 8VH�WKH�Eeff�FDOFXODWHG�DW�PLGVSDQ��DQG�WKH�Geff�FDOFXODWHG�DW�WKH�HQG�VSDQ��5HDVRQDEOH�DQG�

TXLFN�� EXW� ZLOO� WHQG� WR� XQGHUHVWLPDWH� GLDSKUDJP� GHIRUPDWLRQV� IRU� W\SLFDO� YDU\LQJ�
GLDSKUDJP�UHLQIRUFHPHQW�OD\RXWV��

��� 8VH� WKH� DYHUDJH�RI� WKH�Eeff� DQG�Geff� YDOXHV� FDOFXODWHG� DW�PLGVSDQ� DQG� HQG� VSDQ��7KLV� LV�
W\SLFDOO\�D�EHWWHU�HVWLPDWH��DQG�UHODOWLYHO\�TXLFN��EXW�ZLOO�WHQG�WR�RYHUHVWLPDWH�GLDSKUDJP�
GHIRUPDWLRQV�IRU�W\SLFDO�YDU\LQJ�GLDSKUDJP�UHLQIRUFHPHQW�OD\RXWV��

��� 8VH� D�ZHLJKWHG� DYHUDJH� RI� WKH�Eeff� DQG�Geff� YDOXHV� FDOFXODWHG� DW�PLGVSDQ� DQG� HQG� VSDQ�
�VXJJHVW������������IRU�IOH[XUH�������������IRU�VKHDU�ZKHUH�WKH�ILUVW�QXPEHU�RI�WKH�SDLU�LV�
WKH�ZHLJKWHG�YDOXH�IRU�PLGVSDQ���7KLV�DSSURDFK�ZLOO�SURYLGH�D�JRRG�HVWLPDWH��DQG�LV�VWLOO�
UHODWLYHO\�VLPSOH��

6HH� WKH�&RPPHQWDU\� WR�$SSHQGL[��� IRU�GLIIHUHQW�PHWKRGV� WR� FDOFXODWH�GLDSKUDJP�GHIRUPDWLRQ��
HLWKHU� E\� XVLQJ� WKH� FKDQJLQJ� GLDSKUDJP� VWLIIQHVV�� RU� E\� FDOFXODWLQJ� DQ� DYHUDJH� YDOXH� WR� XVH� DFURVV� WKH�
GLDSKUDJP��,W�LV�QRWHG�WKDW�WKH�GHVLJQ�DLG�VSUHDGVKHHW�SURYLGHG�ZLWK�WKH�GHVLJQ�PHWKRGRORJ\�LV�FDSDEOH�RI�
SURGXFLQJ�GHIOHFWLRQ�FDOFXODWLRQV�EDVHG�RQ�YDULHG�VWLIIQHVV�DW�HDFK�GLDSKUDJP�MRLQW��

(IIHFWLYH�0RGXOL��'HVLJQ�3URFHGXUH�6WHS����� 
�
)LJXUH�F����VKRZV�WKH�UDWLR�RI�HIIHFWLYH�PRGXOL�WR�WKH�JURVV�VHFWLRQ�PRGXOL��( FFF��*F��IRU�D�WKUHH�VWURU\�

SUHFDVW�VWUXFWXUH�XVLQJ�GLIIHUHQW�GLDSKUDJP�GHWDLOV��7KH�HIIHFWLYH�0RGXOL��(HII�DQG�*HII��DUH�FDOFXODWHG�DW�WRS�IORRU�
XVLQJ�(TXDWLRQ�&���DQG�&�����

$V�VHHQ��WKH�HIIHFWLYH�HODVWLF�PRGXOXV�UDQJHV�IURP����a����RI�WKH�JURVV�VHFWLRQ�HODVWLF�PRGXOXV�ZKLOH�
WKH�HIIHFWLYH�VKHDU�PRGXOXV�UDQJHV�IURP����a����RI�WKH�JURVV�VHFWLRQ�VKHDU�PRGXOXV���

7KH� DFFXUDF\� RI� WKHVH� YDOXHV�� UHODWLYH� WR� QRQOLQHDU� ILQLWH� HOHPHQW� DQDO\VLV� RI� SUHFDVW� GLDSKUDJPV� RI�
GLIIHUHQW�JHRPHWU\��ZDV�GHPRQVWUDWHG�LQ�Figure c-17��
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&RPPHQWDU\�WR�$SSHQGL[����3UHTXDOLILHG�'LDSKUDJP�&RQQHFWLRQV��

7DEOH� $��� SURYLGHV� WKH� FODVVLILFDWLRQV� DQG� FRQQHFWRU� SURSHUWLHV� IRU� WKH� SUHFDVW� GLDSKUDJP�
UHLQIRUFHPHQW�WKDW�ZDV�³SUH�TXDOLILHG´�WKURXJK�WHVWLQJ�LQ�WKH�'6'0�SURMHFW�DQG�RWKHU�FRQIRUPLQJ�WHVWLQJ�
SURJUDPV���

7KH�FODVVLILFDWLRQ�RI�WKH�SDUWLFXODU�UHLQIRUFHPHQW�RU�FRQQHFWRU��+'(��0'(�RU�/'(��FDQ�EH�UHDG�
GLUHFWO\�IURP�WKH�WDEOH��

7KH� SURSHUWLHV� SURYLGHG� LQ� 7DEOH� $��� FDQ� EH� GLUHFWO\� LQSXW� LQWR� (TXDWLRQV� &��� WR� &���� WR�
FDOFXODWH�GLDSKUDJP�VWUHQJWK�DQG�VWLIIQHVV�IRU�GLDSKUDJPV�XVLQJ�WKH�SUHTXDOLILHG�GLDSKUDJP�FRQQHFWLRQV��
7KHVH�SURSHUWLHV�DUH�GHWHUPLQHG�EDVHG�H[SHULPHQWDO�GDWD�IURP�WKH�/HKLJK�WHVWLQJ�SURJUDP�RQ�GLDSKUDJP�
UHLQIRUFHPHQW�DQG�FRQQHFWRU���

7DEOH�$��D� SURYLGHV� WKH� YDOXHV� IRU� SUHFDVW� GLDSKUDJP� UHLQIRUFHPHQW� FRPSULVHG� RI� EDUV��ZKLOH�
7DEOH�$��E�SURYLGHV�WKH�VDPH�IRU�SUHFDVW�GLDSKUDJP�FRQQHFWRUV��1RWH�WKDW�ZKLOH�IRU�WKH�ODWWHU��YDOXHV�DUH�
UHDG�GLUHFWO\� �SHU�FRQQHFWRU��� IRU� WKH� IRUPHU� WKH� VWUHQJWK�DQG�VWLIIQHVV�SURSHUWLHV�DUH�QRUPDOL]HG�E\� WKH�
UHLQIRUFHPHQW�EDU�DUHD��7KLV�SHUPLWV�D�GHVLJQHU�WR�XVH�WKH�WDEOH�IRU�GLIIHUHQW�VL]HG�EDUV��E\�PXOWLSO\LQJ�WKH�
VWLIIQHVV�DQG�VWUHQJWK�YDOXH� LQ�7DEOH�$��D�E\� WKH�QRPLQDO�DUHD�RI� WKH� UHLQIRUFHPHQW�EDU�EHLQJ�XVHG� �DV�
ZHOO�DV�WKH�QXPEHU�RI�EDUV��EHIRUH�LQVHUWLQJ�LQWR�(TXDWLRQV�&���WR�&�����

,W�LV�DQWLFLSDWHG�WKDW�QHZ�UHLQIRUFHPHQW��RQFH�WHVWHG�WKURXJK�WKH�TXDOLILFDWLRQ�SURWRFROV�GHVFULEHG�
LQ�3$57���RI�WKH�'LDSKUDJP�6HLVPLF�'HVLJQ�0HWKRGRORJ\��ZLOO�EH�DGGHG�WR�WKLV�$SSHQGL[��

�
3OHDVH�FRQVXOW�LQ�3$57���RI�WKH�'LDSKUDJP�6HLVPLF�'HVLJQ�0HWKRGRORJ\�IRU�PRUH�GHWDLOHG�

H[SODQDWLRQV�RI�WKH�SUHTXDOLILFDWLRQ�DQG�TXDOLILFDWLRQ�SURWRFROV��DQG�DFFHSWDQFH�FULWHULD��
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&RPPHQWDU\�WR�$SSHQGL[����&RQQHFWRU�'HIRUPDWLRQ�&DSDFLW\��
7KH� VKHDU� DQG� FKRUG� UHLQIRUFHPHQW� DUH� VXEMHFWHG� WR� WKH� GLDSKUDJP� UHLQIRUFHPHQW� FODVVLILFDWLRQ�

DQG�WKXV�KDYH�SUHVFULSWLYH�GHIRUPDWLRQ�FDSDFLW\�UHTXLUHPHQWV��6HH�7DEOH�$���$SSHQGL[������$V�LQGLFDWHG�
LQ�7DEOH�&��� �Commentary for Step 4���DQG� UHSURGXFHG�EHORZ� LQ�7DEOH�&�$�����DGGLWLRQDO�GHIRUPDWLRQ�
UHTXLUHPHQWV�RU�UHFRPPHQGDWLRQV�H[LVW�IRU�WKH�FRQQHFWLRQV�LQ�WKH�IORRU�V\VWHP�WKDW�DUH�QRW�FRYHUHG�E\�WKH�
GLDSKUDJP� UHLQIRUFHPHQW� FODVVLILFDWLRQ��$SSHQGL[� �� SURYLGHV� WKHVH� GHIRUPDWLRQ� UHTXLUHPHQWV� �� IRU� WKH�
GLDSUKUDJP�WR�ODWHUDO�IRUFH�UHVLVWLQJ�V\VWHP��/)56��FRQQHFWLRQV��DQG�UHFRPPHQGDWLRQV�±�IRU�WKH�VR�FDOOHG�
³VHFRQGDU\´� FRQQHFWLRQV� LQ� WKH� IORRU� V\VWHP�� VSDQGUHO� DQG� ,7� EHDP� FRQQHFWLRQV�� QRQ�/)56� OLWH� ZDOO�
FRQQHFWLRQV��HWF��

7DEOH�&�$����'HVLJQ�UHTXLUHPHQW�IRU�GLDSKUDJP�UHLQIRUFHPHQW��
'LDSKUDJP�

UHLQIRUFHPHQW
,QWHUQDO�EHDP�
&RQQHFWLRQ�'HVLJQ�5HTXLUHPHQW�

&KRUG� 6KHDU

'LDSKUDJP�
WR�/)56� &ROOHFWRU :LWKLQ�

FKRUG�
2XWVLGH�
FKRUG�

6SDQGUHO�
FRQQHFWLRQ

)RUFH�'HWHUPLQDWLRQ� ;� ;� ;� ;� ;�� ;� �
,QWHUDFWLRQ�(TXDWLRQ� ;� ;� ;� � ;� ;� �

&RQQHFWRU�&ODVVLILFDWLRQ� ;� ;� � � � � �
�$GGWO��'HIR��5HTV��� � � ;� � ;� ;� ;�

��7ULEXWDU\�VKHDU��94�,���������� � � ��$OORZDEOH�RU�5HFRPPHQGHG��6HH�$SSHQGL[���
�
'HIRUPDWLRQ�5HTXLUHPHQWV�IRU�'LDSKUDJP�WR�/)56�&RQQHFWLRQV��
7KH� WHQVLRQ GHIRUPDELOLW\� UHTXLUHPHQWV� DVVRFLDWHG� ZLWK� WKH� 'LDSKUDJP� 5HLQIRUFHPHQW�

&ODVVLILFDWLRQ� DUH� QRW� DSSOLFDEOH� WR� WKH� GLDSKUDJP�WR�/)56� FRQQHFWLRQ�� 7KXV�� WKH� GLDSKUDJP�WR�/)56�
FRQQHFWLRQ�KDV�D�VHSDUDWH�VHW�RI�GHIRUPDWLRQ�FDSDFLW\�UHTXLUHPHQWV��

7KH� MRLQW� EHWZHHQ� WKH� GLDSKUDJP� DQG� WKH� /)56� GRHV� XQGHUJR� GHIRUPDWLRQ� GHPDQGV� LQ� DQ�
HDUWKTXDNH�� EXW� WKH\� GR� QRW� UHVHPEOH� WKH� GHPDQGV� RFFXUULQJ�ZLWKLQ� WKH� IORRU� V\VWHP��7KLV� RXWFRPH� LV�
SDUWLDOO\�GXH� WR�GRPLQDQFH�RI�VKHDU� IRUFH� LQ� WKH� WRWDO�GLDSKUDJP�UHDFWLRQ� WR� WKH�/)56��ZKLFK�FUHDWHV�D�
ODUJHO\� IRUFH�FRQWUROOHG� GHVLJQ� GXH� WR� VKHDU� RYHUVWUHQJWK� IDFWRU�:�� DQG� SDUWLDOO\� GXH� WR� /)56� OD\RXW�
ZLWKLQ�WKH�IORRU�SODQ�JHRPHWU\�ZKLFK�LQ�PRVW�FDVHV�KDV�OLPLWHG�PRPHQW�GHPDQG�DW�WKLV�MRLQW���

,Q�SDUWLFXODU��WKH�GLDSKUDJP�WR�/)56�FRQQHFWLRQ�GHIRUPDWLRQ�GHPDQGV�DUH�QRW�DV�GLUHFWO\�UHODWHG�
WKH� GHVLJQ� RSWLRQ� VHOHFWHG�� DV� LV� WKH� FDVH� IRU� WKH� FKRUG� DQG� VKHDU� UHLQIRUFHPHQW��$QDO\WLFDO� UHVXOWV� IRU�
SURWRW\SH�VWUXFWXUHV�XVLQJ�WKH�GHVLJQ�PHWKRGRORJ\�LQGLFDWH�WKDW�PRVW�FRQQHFWRUV�ZLWKLQ�D�GLDSKUDJP�WR�
/)56�FRQQHFWLRQ�� UHPDLQ� HODVWLF� XQGHU�0&(�GHPDQG� UHJDUGOHVV� RI�GHVLJQ�RSWLRQ� �('2��%'2��5'2���
H[FHSW� IRU� ORFDOL]HG� VPDOO� LQHODVWLF� GHIRUPDWLRQ� IRU� D� SRUWLRQ� RI� WKH� FRQQHFWRUV� GXH� WR� QRQ�XQLIRUP�
GLVWULEXWLRQ�DORQJ�WKH�MRLQW�EHWZHHQ�GLDSKUDJP�DQG�/)56��See text box����

,Q�HVVHQFH�� WKH�FRQQHFWRUV� LQ� WKH�GLDSKUDJP�WR�/)56�FRQQHFWLRQ� UHTXLUH�D�PHDVXUH�RI� LQHODVWLF�
GHIRUPDWLRQ�FDSDFLW\�WR�DOORZ�WKH�DQFKRUDJH�IRUFHV�WR�UHGLVWULEXWH�DORQJ�WKH�/5)6��7KLV�FRQGLWLRQ�RFFXUV�
SULPDULO\� EHFDXVH� ZKLOH� W\SLFDOO\� FRQVLGHUHG� D� SXUH� VKHDU� UHDFWLRQ�� WKH� GLDSKUDJP� ³UHDFWLRQ´� IRUFHV�
REVHUYHG� LQ� WKH� DQDO\WLFDO� PRGHOV� WHQG� WR� KDYH� D� QRQ�QHJOLJLEOH� LQ�SODQH� EHQGLQJ� FRPSRQHQW�� 7KXV��
FRQQHFWRUV� QHDU� WKH� HQG� RI� WKH� /)56� WHQG� WR� DWWUDFW� ODUJHU� VWUHVVHV�� 1RQ�GXFWLOH� GLDSKUDJP�WR�/)56�
FRQQHFWRUV�ZRXOG�WHQG�WR�³XQ]LS´�XQGHU�WKHVH�DFWLRQV���

7KXV� WR� DYRLG� VXFK� EHKDYLRU�� WKH� GLDSKUDJP�WR�/)56� UHLQIRUFHPHQW� KDV� LWV� RZQ� VHW� RI�
GHIRUPDWLRQ� UHTXLUHPHQWV�� JLYHQ� LQ� Appendix 2, Table A-2.3�� ,W� ZDV� FRQVLGHUHG� SUXGHQW� WR� UHODWH� WKH�
GHIRUPDWLRQ� UHTXLUHPHQWV� WR� WKH� GLDSKUDJP� VHLVPLF� GHPDQG� OHYHO� �6HH Commentary� Step 2��� )RU� WKLV�
UHDVRQ�� WKH�DQDO\WLFDOO\�REWDLQHG�YDOXHV�DUH�PXOWLSOLHG�E\�D�&��IDFWRU�JLYHQ�LQ�Appendix 2, Table A-2.2��
7KH�&��IDFWRU�YDOXHV�DUH�����������������IRU�WKH�ORZ��PHGLXP�DQG�KLJK�GLDSKUDJP�VHLVPLF�GHPDQG�OHYHOV�
UHVSHFWLYHO\�� 7KHVH� YDOXHV� DUH� FRQVLGHUHG� FRQVHUYDWLYH�� DQG� WKH� WRSLF� UHTXLUH� IXUWKHU� UHVHDUFK� WR� EHWWHU�
GHWHUPLQH� WKH�QHHGHG�GHIRUPDWLRQ� FDSDFLW\�� DQG� DELOLW\� IRU�GLDSKUDJP� WR�/)56�FRQQHFWLRQV� WR� DFKLHYH�
WKHVH�RSHQLQJ�DQG�VOLGLQJ�GHIRUPDWLRQV�IRU�GLIIHUHQW�ZDOO�WR�IORRU�FRQQHFWLRQ�FRQILJXUDWLRQV��LQ�SDUWLFXODU�
EHDULQJ�FRQGLWLRQV��DQG�XQGHU�WKH�RXW�RI�WKH�IORRU�SODQH�DFWLRQ�DW�WKLV�LQWHUIDFH�GXULQJ�VHLVPLF�UHVSRQVH��
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�

'HIRUPDWLRQ�5HTXLUHPHQWV�IRU�1RQ�3ULPDU\�'LDSKUDJP�5HLQIRUFHPHQW��
'HIRUPDWLRQ� FDSDFLW\� VKRXOG� WR� EH� FRQVLGHUHG� IRU� RWKHU� UHLQIRUFHPHQW� LQ� WKH� IORRU� V\VWHP��

LQFOXGLQJ� GLDSKUDJP�WR�VSDQGUHO� FRQQHFWLRQV�� VSDQGUHO�WR�FROXPQ� FRQQHFWLRQV�� DQG� LQWHUQDO� EHDP�
FRQQHFWLRQV�QRW�LQFOXGHG�LQ�WKH�GHVLJQ��7KHVH�VR�FDOOHG�³VHFRQGDU\´�FRQQHFWLRQV�DUH�QRW�IRUPDOO\�SDUW�RI�
WKH�GLDSKUDJP�GHVLJQ��EXW�QRQHWKHOHVV�ZLOO�KDYH�DQ�HIIHFW�RQ�WKH�GLDSKUDJP�UHVSRQVH��SDUWLFXODUO\�IRU�DQ�
LQHODVWLF�GLDSKUDJP��:DQ�HW�DO���������7KH�VHFRQGDU\�FRQQHFWLRQV�ZHUH�RXWVLGH�WKH�WHVWLQJ�VFRSH�IRU�WKH�
SUHTXDOLILHG�FRQQHFWLRQV�SURYLGHG� LQ�3$57����7KXV��VHFRQGDU\�FRQQHFWLRQ�GHIRUPDWLRQ�FDSDFLWLHV�ZHUH�
HVWLPDWHG�LQ�WKH�UHVHDUFK��DQG�FRXOG�EH�YHULILHG�LQ�D�IXWXUH�WHVWLQJ�SURJUDP��

7KH�HVWLPDWHG�GHIRUPDWLRQ�GHPDQGV�RQ�WKH�VHFRQGDU\�FRQQHFWLRQV�ZHUH�GHWHUPLQHG�LQ�WKH�'6'0�
UHVHDUFK� E\� LQWURGXFLQJ� WKH� VHFRQGDU\� HOHPHQWV� GLUHFWO\� LQWR� WKH� DQDO\WLFDO� PRGHOV�� ,Q� WKLV� ZD\�� WKH�
DQDO\VHV�SHUIRUPHG�RQ� WKH�HYDOXDWLRQ�DQG�SURWRW\SH�VWUXFWXUHV� �See Preface to Commentary��� SULPDULO\�
IRU� GHWHUPLQLQJ� GLDSKUDJP� GHVLJQ� IDFWRUV� DQG� UHLQIRUFHPHQW� FODVVLILFDWLRQ� OLPLWV�� DOVR� SURYLGH�
LQIRUPDWLRQ� WRZDUG� GHVLJQ� UHFRPPHQGDWLRQV� IRU� WKH� GLDSKUDJP� VHFRQGDU\� FRQQHFWLRQV�� 7KH� VHFRQGDU\�
FRQQHFWLRQ�GHIRUPDWLRQ�GHPDQGV�PHDVXUHG�GLUHFWO\� LQ� WKH�DQDO\WLFDO� UHVHDUFK� �See text box��HVWDEOLVKHG�
GHIRUPDWLRQ�UHFRPPHQGDWLRQV�IRU�FRQQHFWRUV�RI�QRPLQDO�VWUHQJWK�W\SLFDO�RI�VWDQGDUG�LQGXVWU\�FRQQHFWRUV���

7KH�UHDVRQ�WKDW�WKH�GHIRUPDWLRQ�FDSDFLWLHV�DUH�recommended�UDWKHU�WKDQ�UHTXLUHG�DW�WKLV�SRLQW�LV�
WKDW�LW�LV�XQFOHDU�WKH�UDPLILFDWLRQV�RI�WKH�ORVV�RI�VHFRQGDU\�FRQQHFWLRQV��7KH�ORVV�RI�WKHVH�FRQQHFWLRQV�PD\�
FKDQJH� ORDG� SDWK��PRGLI\� GHIRUPDWLRQ� SDWWHUQV� RQ� WKH� SULPDU\� GLDSKUDJP� UHLQIRUFHPHQW�� DQG� GHFUHDVH�
GLDSKUDJP�VWLIIQHVV��+RZHYHU��VLQFH�WKH�VHFRQGDU\�HOHPHQWV��VSDQGUHOV��,7�EHDPV��DUH�W\SLFDOO\�VHFXUHG�
GLUHFWO\�WR�FROXPQV�RU�ZDOOV��LW�LV�XQFOHDU�LI�WKH�ORVV�RI�WKHLU�FRQQHFWLRQV�WR�WKH�IORRU�GLDSKUDJP�ZRXOG�OHDG�
WR�FROODSVH�RU�JOREDO� IDLOXUH�RI� WKH�GLDSKUDJP��7KH�NH\�FRQVLGHUDWLRQ�PD\�EH� WR�DYRLG�XQVHDWLQJ�RI� WKH�
SUHFDVW�IORRU�XQLWV�DIWHU�FRQQHFWLRQ�IDLOXUH��7KH�LPSDFW�RI�WKH�ORVV�RI�WKH�VHFRQGDU\�FRQQHFWLRQV�UHTXLUHV�
IXUWKHU�FRQVLGHUDWLRQ��H�J��WKH�UDPLILFDWLRQV�RI�ORVV�RI�WKHVH�FRQQHFWLRQV�ZLWK�UHJDUG�WR�ORDG�SDWK��VHDWLQJ�
UHTXLUHPHQWV�� HWF�� ,W� VKRXOG�EH� UH�HPSKDVL]HG��KRZHYHU�� WKDW�D�/'(�VHFRQGDU\�FRQQHFWRU� �H�J�� WKH�RQH�
VLGHG� EDU�SODWH�� ZLOO� QRW� VXUYLYH� WKH� LPSRVHG� FRPSDWLEOH� GLDSKUDJP� GHIRUPDWLRQV� ZLWQHVVHG� LQ� WKH�
UHVHDUFK��H�J��IRU�KLJK�VHLVPLF�GHPDQG�FDVHV�DQG�%'2�RU�5'2�GHVLJQV��See text box���

'LDSKUDJP�±WR�/)56�&RQQHFWLRQ�'HIRUPDWLRQ�&DSDFLW\��$SSHQGL[����� 
� �

�)LJXUH�F����VKRZV�WKH�/)56�GHIRUPDWLRQ�GHPDQGV�IRU�YDULRXV�OD\RXWV�RI�WKH�3URWRW\SH�3UHFDVW�2IILFH�
%XLOGLQJ� �UHIHU� WR� Verification of Design Factors LQ� 3UHIDFH� WR� &RPPHQWDU\��� 7KH� YDOXHV� REWDLQHG� LQ� WKHVH�
DQDO\VHV�ZHUH�XVHG�WR�HVWDEOLVK�WKH�UHIHUHQFH�GHIRUPDWLRQ�FDSDFLWLHV�IRU�7DEOH�A-2.3�,W�FDQ�DOVR�EH�VHHQ�WKDW�WKH�
GLDSKUDJP�WR�/)56�GHPDQGV�ZHUH�QRW�JUHDWO\�GLIIHUHQW�DPRQJ�GLIIHUHQW�GHVLJQ�RSWLRQV��6HH�)LJ��F������DQG�WKXV�
E\�WKH�&��IDFWRUV�LQ�7DEOH�A-2.2 DUH�D�IDFWRU�RI�VDIHW\��QRW�D�UHVXOW�GLUHFWO\�REWDLQHG�IURP�WKH�DQDO\WLFDO�UHVHDUFK���
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)LJXUH�&���VKRZV� WKH�DVVXPHG�GLDSKUDJP�GHVLJQ� UHDFWLRQ� IRUFH� IORZV�RI�RXWHU� VXE�GLDSKUDJPV�
IRU���D��SHULPHWHU�ZDOO�SDUNLQJ�VWUXFWXUH��DQG��E��LQWHULRU�ZDOO�SDUNLQJ�VWUXFWXUH��$V�VHHQ��IRU�WKH�SHULPHWHU�
ZDOO�VWUXFWXUH��D�SDUW�RI�GLDSKUDJP�UHDFWLRQV�LV�DVVXPHG�WR�EH�WUDQVIHUUHG�WKURXJK�WKH�LQWHUQDO�EHDP�MRLQW��
+RZHYHU�IRU�WKH�H[WHULRU�ZDOO�VWUXFWXUH��DOO�RI�GLDSKUDJP�UHDFWLRQV�DUH�DVVXPHG�WR�EH�WUDQVIHUUHG�GLUHFWO\�
WR�WKH�LQWHULRU�VKHDU�ZDOO��7KHUHIRUH�WKH�LQWHUQDO�EHDP�MRLQW�LQ�WKH�SHULPHWHU�ZDOO�VWUXFWXUH�LV�GHVLJQHG�WR�
UHVLVW�DQ�D[LDO�IRUFH�IRU�WUDQVIHUULQJ�WKH�GLDSKUDJP�UHDFWLRQV�ZKLFK�UHVXOWV�LQ�D�³VWURQJ´�FRQQHFWRU�ZKLOH�
WKH�LQWHUQDO�EHDP�MRLQW�LQ�WKH�LQWHULRU�ZDOO�VWUXFWXUH�LV�VHOHFWHG�DV�DQ�LQGXVWU\�VWDQGDUG�FRQQHFWRU��7KHVH�
GHVLJQ� DVVXPSWLRQV� UHVXOW� LQ� D� KLJKHU� RSHQLQJ� GHPDQG� LQ� WKH� LQWHUQDO� EHDP� MRLQW� IRU� WKH� LQWHULRU� ZDOO�
VWUXFWXUH�FRPSDUHG�WR�WKH�SHULPHWHU�ZDOO�VWUXFWXUH�LQ�WKH�HDUWKTXDNH�VLPXODWLRQV��See text box, Fig c-21a���

'HIRUPDWLRQ�5HTXLUHPHQWV�IRU�1RQ�3ULPDU\�'LDSKUDJP�5HLQIRUFHPHQW��$SSHQGL[����� 
)LJXUHV�F����DQG�F����VKRZ�WKH�PD[LPXP�GHIRUPDWLRQ�GHPDQGV�PHDVXUHG�RQ�VHFRQGDU\�FRQQHFWLRQV�LQ�

WKH� SURWRW\SH� VWUXFWXUH� DQDO\VHV� �6HH� Verification of Design Factors, Preface to Commentary��� )LJXUH� F����
VKRZV�WKH�UHVXOWV�IRU�LQWHUQDO��,7��EHDPV��)LJXUH�F����IRU�VSDQGUHO�EHDPV����$SSHQGL[���UHFRPPHQGDWLRQV�IRU�WKH�
VHFRQGDU\�FRQQHFWLRQV��7DEOHV�$�����DQG�$������DUH�EDVHG�RQ�WKH�UHVXOWV�VKRZQ�LQ�)LJXUHV�F����DQG�F������

7KHVH�DQDO\VHV�DQG�RWKHUV� �:DQ�HW�DO�������� LQGLFDWH� WKDW�GHPDQGV�RQ� WKH�VHFRQGDU\�FRQQHFWLRQV�DUH�
OHVV� FORVHO\� FRUUHODWHG� WR� WKH�GLDSKUDJP� IRUFH� WKDQ� WR� WKH�GLDSKUDJP�GHIRUPDWLRQ�GHPDQG�� L�H�� WKH� IRUFHV� WKDW�
GHYHORS�LQ�WKHVH�FRQQHFWLRQV�XQGHU�HDUWKTXDNH�ORDGLQJ�LV�GXH�WR�WKH�LPSRVHG�GLVSODFHPHQW�FRPSDWLELOLW\�RI�WKH�
IORRU� V\VWHP�� )RU� WKLV� UHDVRQ�� WKHVH� FRQQHFWLRQV� PD\� EH� H[SHFWHG� WR� KDYH� ODUJHU� GHPDQGV� IRU� GLDSKUDJPV�
H[SHFWHG�WR�XQGHUJR�ODUJHU�JOREDO�LQHODVWLF�UHVSRQVH��H�J��WKH�5'2���7KLV�WUHQG�LV�VHHQ�LQ�WKH�PD[LPXP�RSHQLQJ�
DQG�VOLGLQJ�LQ�WKH�VHFRQGDU\�FRQQHFWLRQV�IURP�WKH�SURWRW\SH�VWUXFWXUH�DQDO\VHV��VKRZQ�IRU�WKH�LQWHUQDO�EHDP��6HH�
)LJ��F�����DQG�WKH�SHULPHWHU�VSDQGUHO�EHDPV��6HH�)LJ��F�������

7KH�\LHOG�DQG�IDLOXUH�GHIRUPDWLRQV�RI�WKH�RQH�VLGHG�SODWH�EDU�FRQQHFWRU�DUH�LQGLFDWHG�DV�WUHQG�OLQHV�RQ�
WKH�SORWV��1RWH� WKDW� LQHODVWLF�GHIRUPDWLRQ�GHPDQGV�DUH�REVHUYHG� LQ� VHFRQGDU\�FRQQHFWLRQV��HYHQ�IRU�VWUXFWXUHV�
ZLWK� ('2� GLDSKUDJP� GHVLJQV�� )XUWKHU� QRWH� WKDW� LQ� D� OLPLWHG� QXPEHU� RI� FDVHV�� WKH� IDLOXUH� GHIRUPDWLRQ� LV�
H[FHHGHG��)XOO�GHWDLOV�RI�WKHVH�DQDO\VHV�DUH�IRXQG�LQ�3$57���±Background���
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�
)LJXUH�&����'LDSKUDJP�UHDFWLRQ�IRUFH�IORZ���D��SHULPHWHU�VKHDU�ZDOO�VWUXFWXUH���E��LQWHULRU�VKHDU�ZDOO�VWUXFWXUH���

�
6HFRQGDU\�'LDSKUDJP�5HLQIRUFHPHQW�(IIHFW�RQ�3ULPDU\�5HLQIRUFHPHQW�'HPDQGV��
)LJXUH� &��� VKRZV� WKH� HIIHFW� RI� WKH� VSDQGUHOV� RQ� WKH� MRLQ� VOLGLQJ� DQG� RSHQLQJ� LQ� WKH� SUHFDVW�

GLDSKUDJP��,W�LV�LPSRUWDQW�WR�QRWH�WKDW�WKH�LQFOXVLRQ�RI�VHFRQGDU\�HOHPHQWV�LQ�WKH�DQDO\WLFDO�PRGHOV�LV�DOVR�
FHQWUDO� WR� DFKLHYLQJ� WKH� DQDO\WLFDO� UHVHDUFK� SULPDU\� JRDOV�� VLQFH� WKH� VHFRQGDU\� HOHPHQWV� KDYH� D� QRQ�
QHJOLJLEOH�HIIHFW�RQ�JOREDO�GLDSKUDJP�UHVSRQVH�DQG�GLDSKUDJP�SULPDU\�UHLQIRUFHPHQW�GHPDQGV��:DQ�HW�DO��
�������DV�HYLGHQFHG�LQ�WKH�DQDO\WLFDO�DQG�WHVW�UHVXOWV�VKRZQ�LQ�)LJ�&����,Q�WKH�DEVHQFH�RI�WHVW�UHVXOWV��WKH�
VHFRQGDU\�FRQQHFWLRQ�FKDUDFWHULVWLFV�KDG�WR�EH�HVWLPDWHG��7KH�FKDUDFWHULVWLFV�ZHUH�DSSUR[LPDWHG�DV�RQH�
VLGHG�YHUVLRQV�RI� WKH�SODWH�EDU� IODQJH�WR�IODQJH�FRQQHFWRU� WHVWHG�E\�3LQFKHLUD� HW� DO�� ��������7KXV�� WKHVH�
FRQQHFWLRQV�ZHUH�JLYHQ�WKH�QRPLQDO�VWLIIQHVV�DQG�VWUHQJWK�H[SHFWHG�RI�VWDQGDUG�LQGXVWU\�KDUGZDUH��

&ROXPQ

/HDGLQJ�63
)UHH�%RG\�'LDJUDP���������

�)RUFHV�LQ�63�ORQJLWXGLQDO�
GLUHFWLRQ�UHPRYHG�IRU�FODULW\�

)RUFHV�LQ�'7�63�
FRQQHFWRUV

3UHFDVW
XQLWV

7UDLOLQJ�63

6KHDU�
ZDOO

� � 8QFRYHUHG�MRLQW�QRW�
DW�PD[�VKHDU

� � �

��

,QHUWLDO�
IRUFH

Lsp

VSP

VSP

MSP

MSP

G9�

&RQILQLQJ�HIIHFW�
ZLWKLQ�63�VSDQ�
GXH�WR�RSHQLQJ

/HDGLQJ�63

7UDLOLQJ�63

&RQFHQWUDWHG�2SHQLQJ/LPLWHG�2SHQLQJ

)UHH�%RG\�'LDJUDP���������
�)RUFHV�LQ�63�WUDQVYHUVH�

GLUHFWLRQ�UHPRYHG�IRU�FODULW\�

NSP

NSP

L

L

Q

Q

G2L

&ROXPQ

/HDGLQJ�63
)UHH�%RG\�'LDJUDP���������

�)RUFHV�LQ�63�ORQJLWXGLQDO�
GLUHFWLRQ�UHPRYHG�IRU�FODULW\�

)RUFHV�LQ�'7�63�
FRQQHFWRUV

3UHFDVW
XQLWV

7UDLOLQJ�63

6KHDU�
ZDOO

� � 8QFRYHUHG�MRLQW�QRW�
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&RQILQLQJ�HIIHFW�
ZLWKLQ�63�VSDQ�
GXH�WR�RSHQLQJ

/HDGLQJ�63

7UDLOLQJ�63

&RQFHQWUDWHG�2SHQLQJ/LPLWHG�2SHQLQJ

)UHH�%RG\�'LDJUDP���������
�)RUFHV�LQ�63�WUDQVYHUVH�
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�D��'LDSKUDJP�KLJK�VKHDU�UHJLRQ� � ���������������������������������E��'LDSKUDJP�KLJK�IOH[XUH�UHJLRQ�

)LJXUH�&����6FKHPDWLFV�RI�LQWHUDFWLRQ�EHWZHHQ�VSDQGUHOV�DQG�SUHFDVW�IORRU�XQLWV�DIWHU��:DQ�HW�DO���������
�
�

�

���

���

���

��� G9�GY�X

�

���

���

���

���

� GR�GW�X
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'XFWLOH
&XUUHQW

1R�63

6KDNH�WDEOH
XQWRSSHG

&RQWLQXRXV
5LJLG

(ODVWLF
'XFWLOH

&XUUHQW
1R�63

�LQHODVWLF
6KDNH�WDEOH���XQWRSSHG

HODVWLF

-RLQW����������������������������������������������������������������������������� ����������������������������������������������������������������������������

6KDNH�WDEOH�WRSSHG

�
�D��-RLQW�VKHDU�GLVSODFHPHQW����������������������������������������������������E��-RLQW�RSHQLQJ�

)LJXUH�&����-RLQW�GHIRUPDWLRQ�SURILOHV��'GLD ����FP��DIWHU��:DQ�HW�DO���������

,QWHUQDO�EHDP�MRLQW� ,QWHUQDO�EHDP�MRLQW�
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&RPPHQWDU\�WR�$SSHQGL[����'LDSKUDJP�'ULIW���

'LDSKUDJP�(ODVWLF�'HIRUPDWLRQ�&DOFXODWLRQ���

'LDSKUDJP�HODVWLF�GHIRUPDWLRQ�FDQ�EH�FDOFXODWHG�XVLQJ�WKH�IROORZLQJ�PHWKRGV��

���� 6LPSO\�EHDP�DQDORJ\��

G�GLD��HO� �)S[/�����(HII,��)S[�$H*HII���

����&RPSXWHU�$QDO\VLV�0HWKRG�

� 7KH�VDPH�VWUXFWXUH�PRGHO�DQG�VWDWLF�DQDO\VLV�XVHG�IRU�WKH�GLDSKUDJP�LQWHUQDO�IRUFH�FDOFXODWLRQ�DUH�
DSSOLHG�WR�REWDLQ�WKH�GLDSKUDJP�HODVWLF�GHIRUPDWLRQ��7KH�GLDSKUDJP�HODVWLF�GHIRUPDWLRQ�PHDVXUHPHQW�LV�
WDNHQ� DV� WKH� GLIIHUHQFH� EHWZHHQ� WKH� GLDSKUDJP�GLVSODFHPHQW� DQG� WKH�/)56�GLVSODFHPHQW� DW� HDFK� IORRU�
OHYHO��3OHDVH�UHIHU�WR�Semi-Rigid Diaphragm Model��&RPPHQWDU\�IRU�6WHS��E��

���� ,QWHJUDWLRQ�0HWKRG�

� 7KLV� PHWKRG� LV� WR� LQWHJUDWH� WKH� VKHDU� DQG� IOH[XUH� GHIRUPDWLRQ� RI� HDFK� SUHFDVW� SDQHO� ZLWK� WKH�
SUHYLRXV�FDOFXODWHG�GHVLJQ�VKHDU�PRPHQW�GLDJUDP�DQG�GLDSKUDJP�HIIHFWLYH�PRGXOL��7KH�GLDSKUDJP�HODVWLF�
GHIRUPDWLRQ�LV�FDOFXODWHG�DV�WKH�VXP�RI�VKHDU�DQG�IOH[XUH�GHIRUPDWLRQ��GHO �GY��GI���
7KH�VKHDU�GHIRUPDWLRQ��GY��LV�FDOFXODWHG�E\�VXP�RI�WKH�VKHDU�GHIRUPDWLRQ�RI�HDFK�SUHFDVW�SDQHO��
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ZKHUH��Vi�LV�WKH�DYHUDJH�VKHDU�IRUFH�ZLWK�WKH� iWK�SDQHO��A�LV�WKH�JURVV�FURVV�VHFWLRQ�DUHD�RI�SUHFDVW�SDQHO��
Geffi� LV� WKH�HIIHFWLYH�HODVWLF� VKHDU�PRGXOXV� IRU� iWK�SDQHO� �UHIHU� WR�'LDSKUDJP�-RLQW�6WLIIQHVV�&DOFXODWLRQ´�
VHFWLRQ����DQG n�LV�QXPEHU�RI�SUHFDVW�SDQHOV��
�
7KH�IOH[XUH�GHIRUPDWLRQ��GI��FDQ�EH�FDOFXODWHG�E\�DQ\�DFFHSWHG�PHWKRG��LQFOXGLQJ�YLUWXDO�ZRUN��PRPHQW�
DUHD��FRQMXJDWH�EHDP�PHWKRG��HWF��:LWK� WKH� ODWWHU�PHWKRG�� WKH�GLDSKUDJP�PRPHQW�GLDJUDP�LV�VFDOHG�E\�
WKH���(HII,��(HII�LV�WKH�HIIHFWLYH�HODVWLF�<RXQJ¶V�PRGXOXV�DQG�,�LV�JURVV�VHFWLRQ�VHFRQGDU\�PRPHQW�RI�LQHUWLD�
IRU�SUHDVW�SDQHO��DQG�DSSOLHG�DV�WKH�GLVWULEXWHG�ORDG��w’��RQ�WKH�FRQMXJDWHG�EHDP�DV�VHHQ�LQ�)LJ��&�����7KH�
GLDSKUDJP�IOH[XUH�GHIRUPDWLRQ�LV�WKH�UHVXOWLQJ�PRPHQW�GLDJUDP�IRU�WKH�FRQMXJDWH�EHDP��

/VXSSRUW/IUHH /IUHH
Z
 0�(HII ,

9UHFDFWLRQ

0UHFDFWLRQ

9UHFDFWLRQ

0UHFDFWLRQ

&RQMXJDWH�%HDP

5HDO�%HDP

��/�/
����IRU�H[WHULRU�ZDOO�FDVH
/
�����������IRU�LQWHULRU�ZDOO�FDVH/IUHH 

�
)LJXUH�&�����)%'�RI�FRQMXJDWH�EHDP��

)RU�PHWKRGV� ���� DQG� ����� DQ� DYHUDJH�(HII� DQG�*HII� IRU� WKH� GLDSKUDJP� LV� QHHGHG�� 3OHDVH� UHIHU� WR�
Precast Diaphragm Effective Stiffness��&RPPHQWDU\�RQ�6WHS����
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'LDSKUDJP�'HIRUPDWLRQ�&RQWULEXWLRQ�RQ�'ULIW���
)RU�WKH�FDVHV�UHTXLULQJ�WKH�GLDSKUDJP�GULIW�FKHFN��WKH�GLDSKUDJP�FRQWULEXWLRQ�WR�JUDYLW\�FROXPQ�

LQWHU�VWRU\� GULIW� �Tdia�� FDQ� EH� FDOFXODWHG� DV� �Gdia, i� �� Gdia, i-1��h�� ZKHUH� G dia, i� DQG� G dia, i-1� DUH� WKH� H[SHFWHG�
GLDSKUDJP� GHIRUPDWLRQ� DW� FRQVHFXWLYH� VWRULHV� i� DQG� i-1� ZKHUH� GLDSKUDJP� GHIRUPDWLRQ� LV� PHDVXUHG�
UHODWLYH� WR� WKH�/)56� GULIW� �6HH� )LJ��&������ DQG�h� LV� WKH� IORRU�WR�IORRU� KHLJKW��7KXV��Tdia� LV� QRW� GLUHFWO\�
UHODWHG�WR�GLDSKUDJP�GHIRUPDWLRQ�DW�D�JLYHQ�IORRU�OHYHO�H[FHSW�IRU�WKH��VW�IORRU��ZKLFK�W\SLFDOO\�KDV�QRQ�
FULWLFDO�GLDSKUDJP�GHIRUPDWLRQ�GHPDQG��See PART 5: Background����

'/)56�L

GGLD�L

'GLD�L

/)56
'LDSKUDJP

TFRO�L
T/)56��L

/)56

*UDYLW\�FROXPQ

'LDSKUDJP

K

�
)LJXUH�&�����'LDSKUDJP�GHIRUPHG�VKDSH���D��SODQ���E��HOHYDWLRQ��

7KH�GULIW�FKHFN�LV�SHUIRUPHG�RQ�ERWK�GLDSKUDJP�GHIRUPDWLRQ�DORQH�DQG�DOVR�RQ�WRWDO�GULIW�RI�WKH�
/)56�DQG�GLDSKUDJP�WRJHWKHU��7KH�FDOFXODWHG�PD[LPXP�GLDSKUDJP�LQGXFHG�JUDYLW\�FROXPQ�GULIW��Tdia��LV�
FRPSDUHG�WR�DQ�DOORZDEOH�GHVLJQ�YDOXH��7KH�DOORZDEOH�YDOXH�LV�VHW�DV������ZKLFK�
FRQVLGHUV�D������OLPLW�IRU�WRWDO�JUDYLW\�FROXPQ�LQWHU�VWRU\�GULIW��Tcol��LQ�WKH�0&(��
DQG�D������OLPLW�IRU�/)56�LQWHU�VWRU\�GULIW��TLFRS���:KHQ�TGLD�LV�ODUJHU�WKDQ�������
DQ� DGGLWLRQDO� FKHFN� LV� SHUIRUPHG� IRU� WKH� WRWDO� JUDYLW\� FROXPQ� LQWHU�VWRU\� GULIW�
XVLQJ�WKH������GULIW�OLPLW��EHIRUH�UHTXLULQJ�D�UHGHVLJQ�IRU�WKH�GLDSKUDJP��7KLV�ODVW�
FKHFN�UHIOHFWV�FRQVLGHUDWLRQ�RI�FDVHV�ZKHUH�WKH�H[SHFWHG�/)56�LQWHU�VWRU\�0&(�
GULIW�PD\�EH�OHVV�WKDQ�LWV�DOORZDEOH�OLPLW�RI�������

0D[LPXP�GLDSKUDJP�GHIRUPDWLRQ�RQ�D�JLYHQ�IORRU�PD\�QRW�RFFXU�VLPXOWDQHRXVO\�ZLWK�PD[LPXP�
GLDSKUDJP�GHIRUPDWLRQ�RQ�DQ�DGMDFHQW�IORRU��ZKLFK�FRXOG�RFFXU�DW�D�GLIIHUHQW�WLPH�GXULQJ�WKH�HDUWKTXDNH��
QRU�QHFHVVDULO\�WKH�PD[LPXP�/)56�GULIW��ZKLFK�WHQGV�WR�EH�VOLJKWO\�RXW�RI�SKDVH�ZLWK�WKH�GLDSKUDJP��)RU�
WKLV�UHDVRQ��D�GLDSKUDJP�GULIW� UHGXFWLRQ�IDFWRU�Cr,dia� LV� LQWURGXFHG�LQWR� WKH�PD[LPXP��DGGHG�� LQWHU�VWRU\�
GULIW�GXH�WR�WKH�GLDSKUDJP��

Tdia� �G dia Cr,dia ��h��� � �Eqn. A2-2��
7KH� IDFWRU�Cr,dia�� DOZD\V� OHVV� WKDQ�XQLW\�� � SURYLGHV� WKH� DSSUR[LPDWH� UHGXFWLRQ� LQ� YDOXH�EHWZHHQ�

PD[LPXP� GLDSKUDJP� GHIRUPDWLRQ� Gdia  DQG� WKH� DVVRFLDWHG� GULIW� GXH� WR� GLDSKUDJP� GHIRUPDWLRQ�Tdia�7KH�
HTXDWLRQV�IRU�WKLV�IDFWRU�DUH�OLQHDU�FXUYH�ILWV��VKRZQ�DV�EODFN�VROLG�OLQHV�LQ�)LJ��F�����6HH�7H[W�ER[��

'HVLJQ�2SWLRQ &��
('2� ����
%'2� ����
5'2� ����

&RPPHQWDU\�$SSHQGL[����'LDSKUDJP�&RQWULEXWLRQ�WR�'ULIW�

�

�

�

�

�

� � � �
'ULIW����

6W
RU
\

&ROXPQ
/)56
'LDSKUDJP

0&(
OLPLW�IRU
JUDYLW\
FROXPQ
GULIW

0&(�OLPLW�IRU
GLDSKUDJP
LQGXFHG�GULIW

)LJ��F�����0D[LPXP�LQWHU�VWRU\�GULIW�SURILOH�

�
)LJXUH� &���� VKRZV� VWUXFWXUDO� LQWHU�VWRU\� GULIW� SURILOHV�

FRQWULEXWHG�E\�/)56��GLDSKUDJP�DQG�WRWDO��JUDYLW\�FROXPQ��IRU�D�
��VWRU\�SDUNLQJ�VWUXFWXUH�XQGHU�0&(�REWDLQHG�IURP�DQ�HDUWKTXDNH�
VLPXODWLRQ��$V�VHHQ��WKH�LQWHU�GULIW�RI�JUDYLW\�FROXPQ�LV�DPSOLILHG�
E\� WKH�GLDSKUDJP�IOH[LELOLW\� HVSHFLDOO\�DW� WRS� IORRU��+RZHYHU� WKH�
WRWDO� FROXPQ� DQG� GLDSKUDJP� LQGXFHG� LQWHU�VWRU\� GULIWV� DUH� XQGHU�
WKH�GHVLJQ�OLPLW�SURSRVHG�LQ�WKH�GHVLJQ�SURFHGXUH��
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7KH�PD[LPXP�GLDSKUDJP�GHIRUPDWLRQ��Gdia�� LQ�(TQ��$����LV� WKH�H[SHFWHG�GLDSKUDJP�PD[LPXP�
GHIRUPDWLRQ�XQGHU�0&(��ZKLFK�ZLOO�LQFOXGH�LQHODVWLF�GHIRUPDWLRQ��7R�DOORZ�WKLV�FRGH�FKHFN�WR�EH�PDGH�
RQ�WKH�EDVLV�RI�DQ�HODVWLF�VWUXFWXUDO�DQDO\VLV��WKH�GULIW�FKHFN�IROORZV�D�SURFHGXUH�VLPLODU�WR�SURYLVLRQV�LQ�
FXUUHQW�GHVLJQ�FRGHV��$FFRUGLQJO\��WKH�PD[LPXP�GLDSKUDJP�GHIRUPDWLRQ�Gdia�LV�FDOFXODWHG�E\�PXOWLSO\LQJ�
WKH�GLDSKUDJP�GHIRUPDWLRQ�IURP�DQ�HODVWLF�DQDO\VLV��G�GLD��HO��ZLWK�DQ�LQHODVWLF�GHIRUPDWLRQ�DPSOLILHU��Cd,dia��
WR�DFFRXQW� IRU� LQHODVWLF�GLDSKUDJP�GHIRUPDWLRQ� LQ� WKH�0&(��7KH�Cd,dia� IDFWRU� LV�D�GLIIHUHQW�FRQVWDQW� IRU�
GLIIHUHQW�GHVLJQ�RSWLRQV�LV�HVWDEOLVKHG�EDVHG�RQ�DQDO\VLV�UHVXOWV��See text box���)RU�WKH�('2��Cd,dia  �����
VLQFH�QR�LQHODVWLF�GLDSKUDJP�GHIRUPDWLRQ�LV�H[SHFWHG��7KH�GLDSKUDJP�HODVWLF�GHIRUPDWLRQ��G�GLD��HO��XVHG�LQ�
(TQ��$����LV� WR�EH�FDOFXODWHG�XVLQJ�WKH�PHWKRGV�GHVFULEHG�LQ�WKLV�FRPPHQWDU\�VWHS��6HH�DOVR�3$57�����
Cd,dia�DOVR�KDV�D�&'�IDFWRU��D�3�'�PXOWLSOLHU�IRU�WKH�JUDYLW\�FROXPQV�GXH�WR�GLDSKUDJP�DPSOLILHG�GULIW���

�

'LDSKUDJP�&RQWULEXWLRQ�WR�'ULIW��$SSHQGL[����� 
7KH�HTXDWLRQV�IRU�WKLV�IDFWRU�DUH�OLQHDU�FXUYH�ILWV��VKRZQ�DV�EODFN�VROLG�OLQHV�LQ�)LJ��F����ZKLFK�UHSURGXFHV�WKH�
DQDO\VLV� UHVXOWV� IURP� WKH� WULDO� GHVLJQ� IDFWRU�SDUDPHWULF� VWXG\� �6HH�Commentary Preface���7KH�Cd,dia� IDFWRU� IRU�
GLIIHUHQW�GHVLJQ�RSWLRQV� LV�HVWDEOLVKHG�DV�D�FRQVWDQW�XSSHU�ERXQG� IDFWRU�EDVHG�RQ� WKH�%'2�DQG�5'2�DQDO\VLV�
UHVXOWV��6HH�)LJ��F������DQG�LV�XQLW\�IRU�WKH�('2���'DWD�XVHG�WR�FUHDWH�WKH�&'�PXOWLSOLHU�LV�VKRZQ�LQ�)LJ��F�����
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)LJXUH�F�����'LDSKUDJP�LQHODVWLF�GHIRUPDWLRQ�DPSOLILFDWLRQ�IDFWRU���D��%'2���E��5'2��
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)LJXUH�F�����3�'�PXOWLSOLHU�IRU�WKH�JUDYLW\�FROXPQV���D��('2���E��%'2��DQG��F��5'2��
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&RPPHQWDU\�WR�$SSHQGL[����$OWHUQDWH�'LDSKUDJP�'HVLJQ�)RUFH�3URFHGXUH�IRU�$6&(�������

$SSHQGL[� �� LV� DQ� DOWHUQDWH� SURFHGXUH� WR� 3$57� ��� 6WHS� �D� IRU� XVLQJ� WKH� GLDSKUDJP� GHVLJQ�
PHWKRGRORJ\�ZLWK�WKH�FXUUHQW�$6&(������GLDSKUDJP�IRUFHV��7KH�DOWHUQDWH�SURFHGXUH�KDV���VXEVWHSV��

�

$SSHQGL[����6WHS��D�$OW���6XEVWHS����'HWHUPLQH�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRU��<����

'HVFULSWLRQ�� 7KH� GLDSKUDJP� IRUFH� DPSOLILFDWLRQ� IDFWRU� �<��� LV� GHWHUPLQHG�� 7KH�<� IDFWRUV� DUH�
DSSOLHG� WR� baseline� GLDSKUDJP� IRUFHV� GHWHUPLQHG� XVLQJ� WKH� $6&(� ����� FRGH�� 6XEVFULSWV� (�� '� DQG� 5�
GLIIHUHQWLDWH�EHWZHHQ�WKH�GLIIHUHQW�DPSOLILFDWLRQ�IDFWRU�PDJQLWXGHV�UHTXLUHG�IRU�WKH�('2��%'2�DQG�5'2�
UHVSHFWLYHO\��7KH�HTXDWLRQV�IRU�<(��<'��DQG�<5���$SSHQGL[����(TQV��$���D�F��WDNH�DV�LQSXW�WKH�IROORZLQJ�
GHVLJQ�SDUDPHWHUV�GHILQHG�LQ�WKH�GHVLJQ�SURFHGXUH��QXPEHU�RI�VWRULHV n��GLDSKUDJP�VSDQ�OHQJWK�L �LQ�IHHW���
DQG�GLDSKUDJP�DVSHFW�UDWLR�AR��,W�LV�QRWHG�WKDW�$5�LV�OLPLWHG�E\���������AR ��������7KH�FRQWULEXWLRQ�RI�
/)56�RYHUVWUHQJWK�LV�LQFOXGHG�YLD�WKH�$6&(������VWUXFWXUH�V\VWHP�RYHUVWUHQJWK�IDFWRU��:�����

7KH� IROORZLQJ� LV� QRWHG� DERXW� WKH� XVH� RI� 3$57� ��(TXDWLRQ� ��ZLWK� WKH� DOWHUQDWH� SURFHGXUH�� ����
VWUHQJWK�UHGXFWLRQ�IDFWRUV�RI�II�LV�����DQG�IY�LV������DUH�XVHG��WKH�IRUPHU�LV�WKH�W\SLFDO�YDOXH�XVHG�LQ�WKH�
FXUUHQW�FRGHV��WKH�ODWWHU�YDOXHV�ZDV�VHOHFWHG�DV�SHU�$SSHQGL[�&�RI�$&,�����������������Nu, Vu, Mu�FRQWDLQ�
WKH�GLDSKUDJP�DPSOLILFDWLRQ�IDFWRU�<�LQWHUQDOO\������WKH�VKHDU�RYHUVWUHQJWK�IDFWRU�:Y�LV�LQFOXGHG�GLUHFWO\�
LQ� (TQ�� ��� DQG� ���� WR� HQVXUH� GHVLJQV� DUH� QRW� XQFRQVHUYDWLYH� LQ� UHODWLRQ� WR� FXUUHQW� FRGH�� D� FKHFN� LV�
SHUIRUPHG�IRU�FROOHFWRUV�DQG�GLDSKUDJP�WR�/)56�FRQQHFWLRQV�UHODWLYH�WR�WKH�6\VWHP�2YHUVWUHQJWK�)DFWRU�
:R�SHU�$6&(�������

�

� &RPPHQWDU\��7KH�PDJQLWXGH�RI�<�XVHG�LQ�WKH�GHVLJQ�SURFHGXUH�ZDV�FDOLEUDWHG�WR�GHVLJQ�WDUJHWV�
WKURXJK�DQDO\VLV�DW�'%(�DQG�0&(�OHYHOV��5HIHU�WR�7DEOH�&�,����

���� <(��WKH�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRU�IRU�WKH�('2��LV�FDOLEUDWHG�LQ�WKH�DQDO\WLFDO�UHVHDUFK�
WR�SURGXFH�HODVWLF�GLDSKUDJP�UHVSRQVH�LQ�WKH�MCE��

�� <'��WKH�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRU�IRU�WKH�%'2��LV�FDOLEUDWHG�LQ�WKH�DQDO\WLFDO�UHVHDUFK�
WR�SURGXFH�HODVWLF�GLDSKUDJP�UHVSRQVH�LQ�WKH�DBE���

�� <5��WKH�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRU�IRU�WKH�5'2��LV�FDOLEUDWHG�WR�SURGXFH�D�PD[LPXP�
MRLQW� RSHQLQJ� GHPDQG� LQ� MCE� HTXLYDOHQW� WR� WKH� PD[LPXP� DOORZDEOH� LQHODVWLF� RSHQLQJ�
GHIRUPDWLRQ�RI�high deformability element��HDE��UHLQIRUFHPHQW�RI����”��

7KH� $SSHQGL[� ���(TQV��� $���D�F� DUH� VLPSOLILHG� YHUVLRQV� RI� H[SUHVVLRQV� GHYHORSHG� GXULQJ� WKH�
UHVHDUFK� LQYROYLQJ�FRPELQDWLRQV�RI�SRZHU��SRO\QRPLDO�DQG�H[SRQHQWLDO� WHUPV��7KH�RULJLQDO�H[SUHVVLRQV�
DUH�UHSURGXFHG�EHORZ��IROORZHG�E\�WKH�PRGLILFDWLRQV�XVHG�WR�DUULYH�DW�WKH�FXUUHQW�H[SUHVVLRQV��

Original Expressions��
�������@��������>������ ���������� d�� <d �ARL

E ARn �����������(TQ��&�$�����
�������@��������>������� ���������� d�� <d �ARL

D ARn ���������(TQ��&�$�����
�������@����������>������� ��������� d�� <d �ARL

R ARn �������(TQ��&�$�����
ZKHUH  

n�LV�WKH�WRWDO�QXPEHU�RI�VWRULHV�LQ�EXLOGLQJ���
L�LV�WKH�GLDSKUDJP�VSDQ�LQ�IW�DQG��
AR LV�GLDSKUDJP�DVSHFW�UDWLR��������AR ��������
�L����AR��QRW�WR�EH�WDNHQ�ODUJHU�WKDQ�����QRU�OHVV�WKDQ�������

�
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�
(TQV���$���D���F�LQ�$SSHQGL[����ZHUH�FUHDWHG�E\�PRGLI\LQJ�WKH�RULJLQDO�H[SUHVVLRQV�DV�IROORZV��

����� 7KH� WHUP� >�����/����$5�@� ZKLFK� FDSWXUHG� WKH� HIIHFW� RI� GLDSKUDJP� VSDQ� ZDV� UHPRYHG�� DQG�
VLPSO\� UHSODFHG� E\� WKH� FRQVWDQW� YDOXH� ������ 7KLV�PRGLILFDWLRQ�ZDV� WDNHQ� LQ� RUGHU� WR� VLPSOLI\� WKH�
GHVLJQ�HTXDWLRQV��1RWH�WKDW�WKH�HIIHFW�RI�DVSHFW�UDWLR�LV�VWLOO�LQFOXGHG�LQ�WKH�H[SUHVVLRQV����

����$V�VHHQ�LQ�(TQV��&�$����WR�&��$�����D�ORZHU�OLPLW�RI�XQLW\�DQG�XSSHU�OLPLWV�H[LVWHG�LQ�WKH�
RULJLQDO�H[SUHVVLRQV��7KH�XSSHU�OLPLW�KDV�VLQFH�EHHQ�UHPRYHG��7KHUH�ZDV�QR�SK\VLFDO�MXVWLILFDWLRQ�IRU�
WKH�XSSHU� OLPLW�RQ�WKH�GLDSKUDJP�IRUFH��DQG�EHWWHU�DJUHHPHQW� LV�REWDLQHG�EHWZHHQ�WKHVH�GLDSKUDJP�
GHVLJQ�IRUFHV�DQG�WKH�GLDSKUDJP�IRUFHV�LQ�$6&(������SURSRVDO�,7��������

'LDSKUDJP�)RUFH�$PSOLILFDWLRQ�)DFWRU�&DOLEUDWLRQ�ZUW�$6&(������3URFHGXUHV��$33(1',;��� 

)LJXUH� F���� VKRZV� VFDWWHU� SORWV� RI� WKH� UHVXOWV� RI� WKH� DQDO\WLFDO� SDUDPHWHU� VWXG\� WR� GHWHUPLQH� WKH�
GLDSKUDJP�GHVLJQ� IRUFH� IDFWRUV� �6HH�3$57����Appendix A1��� FRUUHVSRQGLQJ� WR� WKH�GLDSKUDJP� IRUFH�ZKHQ� WKH�
DVVRFLDWHG�SHUIRUPDQFH�WDUJHW�LV�PHW�IRU���D��WKH�('2���E��WKH�%'2��DQG��F��WKH�5'2��$OVR�VKRZQ�RQ�WKH�SORWV�
DUH�WKH�VROLG�OLQH�FXUYH�ILWV�RI�WKH�DQDO\WLFDO�UHVXOWV that produced (TQV��&�$����WR�&�$����7KH�GDWD�XVHG�LQ�WKH�
FXUYH�ILW�LV�WKH�PHDQ�RI�WKH�PD[LPXP�UHVSRQVH�IURP���JURXQG�PRWLRQV�DSSOLHG�WR����GHVLJQ�FRQILJXUDWLRQ�RI�D�
VLPSOH�HYDOXDWLRQ�VWUXFWXUH��6HH�Calibration of Design Factors�LQ�WKH�Preface to the Commentary���7KH�GHVLJQ�
HTXDWLRQV�SURGXFH�YDOXHV�JUHDWHU�WKDQ�RU�HTXDO�WR�����RI�PHDQ�GDWD���
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)LJXUH�F�����'LDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRU�HTXDWLRQV���D��('2���E��%'2���F��5'2��

�
6LPSOHU�OLQHDU��EOXH�VROLG�OLQHV�LQ�)LJ��F�����DQG�SRZHU��EODFN�VROLG�OLQH�LQ�)LJ��F�����FXUYH�ILWV�ZHUH�

DOVR� SURGXFHG� DV� VLPSOHU�� EXW�PRUH� FRQVHUYDWLYH�� DOWHUQDWLYHV� WR� WKH� HTXDWLRQV� LQ� WKH�PDLQ� SURFHGXUH�� 7KHVH�
H[SUHVVLRQV��EDVHG�RQ�QXPEHU�RI�VWRULHV�RQO\��FDQ�EH�XVHG�LQ�OLHX�RI�WKH�HTXDWLRQV�LQ�$SSHQGL[�����
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���� 7KH� ILQDO� PRGLILFDWLRQ� WR� WKH� RULJLQDO� H[SUHVVLRQV� LV� WKH� LQFOXVLRQ� RI� D� /DWHUDO� )RUFH�
5HVLVWLQJ�6\VWHP��/)56��2YHUVWUHQJWK�IDFWRU�:���7KH�:�IDFWRU�LV�D�PXOWLSOLHU�WR�FDSWXUH�WKH�HIIHFW�RI�
/)56�RYHUVWUHQJWK�LQ�WKH�GLDSKUDJP�GHVLJQ�IRUFH�� ���

� �ORJ���� n:� : �ZKHUH�:��LV�WKH�VWUXFWXUH�
V\VWHP�RYHUVWUHQJWK�IDFWRU�GHILQHG�LQ�$6&(������7KH�:�IDFWRU�LV�IXUWKHU�GLVFXVVHG�EHORZ��

�
LFRS Overstrength Factor (:���� %DVHG� RQ� '6'0� 7*� FRQVHQVXV�� WKH� RULJLQDO� VWXGLHV� ZHUH�

FRQGXFWHG�XVLQJ�GHVLJQV�ZLWK�ORZ�/)56�RYHUVWUHQJWK��VKHDU�ZDOO�RU�PRPHQW�IUDPHV�GHVLJQHG�ZLWK�
Mn/Mu�FORVH�WR�XQLW\���ZLWK�WKH�HIIHFW�RI�/)56�RYHUVWUHQJWK�UHOHJDWHG�WR�VXEVHTXHQW�VWXG\��%DVHG�RQ�
UHVXOWV� RI� SDUDOOHO� UHVHDUFK� LQ� WKH� SURMHFW� VKRZLQJ� WKH� LPSRUWDQFH� RI� WKH� /)56� RYHUVWUHQJWK�
�5RGULJXH]�HW�DO���������D�VXEVHTXHQW�VWXG\�ZDV�SHUIRUPHG�WR�H[DPLQH�WKLV�IDFWRU��See text box��� 

�

Diaphragm Force for Long Period Structures���
7KH�DQDO\WLFDO� VWXGLHV�XVHG� WR�GHWHUPLQH� WKH�GLDSKUDJP�GHVLJQ� IRUFH�DPSOLILFDWLRQ� IDFWRUV�ZHUH�

OLPLWHG�WR�EXLOGLQJV�RI�������DQG���VWRU\�VWUXFWXUHV��7KLV�VFRSH�GHFLVLRQ��EDVHG�RQ�'6'0�7*�FRQVHQVXV��
FRYHUHG� W\SLFDO�KHLJKWV�RI�PDQ\�SUHFDVW� VWUXFWXUHV��/DWHU� LQ� WKH�SURMHFW�� LQWHUHVW� DURVH� LQ�HYDOXDWLQJ� WKH�
DSSOLFDELOLW\�RI�WKH�GLDSKUDJP�HTXDWLRQV�WR�WDOOHU�VWUXFWXUHV��$FFRUGLQJO\��VXSSOHPHQWDO�DQDO\WLFDO�VWXGLHV�
ZHUH�SHUIRUPHG�RQ� WDOOHU� VWUXFWXUHV� WR�H[DPLQH� WKH�DSSOLFDELOLW\�RI� WKH�GHVLJQ� IRUFH�HTXDWLRQV� �See text 
box����7KHVH�DQDO\VHV�LQGLFDWHG�WKDW�WKH�RULJLQDO�'6'0�<�IDFWRUV�ZHUH�XQFRQVHUYDWLYH�IRU�WDOO�VWUXFWXUHV��

$FFRUGLQJO\�� WZR�PRGLILFDWLRQV�ZHUH� LQWURGXFHG� LQWR� WKH�$SSHQGL[� �� DOWHUQDWH� GLDSKUDJP� GHVLJQ�
IRUFH� SURFHGXUH� LQ� WKH� FDOFXODWLRQ� RI� WKH� EDVHOLQH� GLDSKUDJP� GHVLJQ� IRUFH�� ���� WKH� GLDSKUDJP� EDVHOLQH�
GHVLJQ� IRUFH� LV� WR� EH� FDOFXODWHG� RQ� WKH� EDVLV� RI� WKH� FRGH� DSSUR[LPDWH� VWUXFWXUH� IXQGDPHQWDO� SHULRG�Ta�
�GHWHUPLQHG�SHU�$6&(���6HFWLRQ����������QRW�7��DQG�����LQ�FDOFXODWLQJ�WKH�EDVHOLQH�IRUFH��WKH�FXUUHQW�FRGH�
GLDSKUDJP�ORZHU�ERXQG�GHVLJQ�IRUFH��0.2SDSIwpx�IURP�$6&(���6HFWLRQ������������LV�WR�EH�HQIRUFHG��

/)56�2YHUVWUHQJWK�)DFWRU�IRU�$OWHUQDWH��$6&(�������3URFHGXUH��$33(1',;��� 
7KH�VWXG\�RQ�/)56�RYHUVWUHQJWK�ZDV�SHUIRUPHG�XVLQJ�D�VXEVHW�RI�WKH�DQDO\WLFDO�GHVLJQ�VSDFH�RI�WKH�

RYHUDOO�GHVLJQ�IDFWRU�SDUDPHWHU�VWXG\�GHVFULEHG� LQ� WKH�Preface to the Commentary��DQG� LQ�PRUH�GHWDLO� LQ�
3$57� ��� Appendix A1. 7KH� RYHUVWUHQJWK� VWXG\� LQFOXGHG� WKH� ���� ��� DQG� ��VWRU\� VKHDU� ZDOO� HYDOXDWLRQ�
VWUXFWXUHV�SRVVHVVLQJ�D�UHFWDQJXODU����’�[���’ GLDSKUDJP��7KH�VWUXFWXUHV�DUH�GHVLJQHG�IRU�6'&�(��%HUNHOH\��
XVLQJ� WKH� %'2� IRU� GLDSKUDJP� GHVLJQ�� 7KH� DQDO\WLFDO� UHVXOWV� VKRZQ� DUH� PHDQ� UHVXOWV� IURP� D� VXLWH� RI� ��
VSHFWUXP� FRPSDWLEOH� JURXQG�PRWLRQV� VFDOHG� WR� WKH�Design Basis Earthquake� �'%(��� )LJXUH� F���� VKRZV�
WKHVH� UHVXOWV� IRU� /)56� RYHUVWUHQJWK� UDQJLQJ� IURP� ���� WR� ����� $V� VHHQ�� WKH� UHTXLUHG� GLDSKUDJP� IRUFH�
DPSOLILFDWLRQ� IDFWRUV� LQFUHDVH� ZLWK� WKH� LQFUHDVH� RI� WKH� /)56� RYHUVWUHQJWK�� 7KH� H[SUHVVLRQV� IRU� WKH�:�
PXOWLSOLHU�DUH�GHYHORSHG�XVLQJ�D�FXUYH� ILW�RI� WKH�GDWD�SRLQWV��7KH�<'�YDOXHV�EDVHG�RQ� WKH�FXUUHQW�GHVLJQ�
HTXDWLRQV�WKDW�LQFOXGH�WKH�:�IDFWRU�DUH�VKRZQ�DV�GDVKHG�OLQHV�LQ�)LJXUH�F�����
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7KH�QHHG�IRU�³IL[HV´�WR�WKH�SURFHGXUH�EDVHG�RQ�VFDOLQJ�H[LVWLQJ�GLDSKUDJP�GHVLJQ�IRUFHV�UHSUHVHQWV�
RQH�RI� WKH�PDMRU� UHDVRQV� WKDW� WKH�RULJLQDO� GLDSKUDJP�GHVLJQ� IRUFH�SURFHGXUH�EDVHG�RQ�$6&(������KDV�
EHHQ�UHOHJDWHG�WR�WKH�$SSHQGL[��DQG�UHSODFHG�E\�WKH�UDWLRQDO�DSSURDFK�RI�SURSRVDO�,7��������$6&(��������

$GMXVWPHQW�IRU�/RQJ�3HULRG�6WUXFWXUHV��$6&(������'LDSKUDJP�3URFHGXUH��$33(1',;��� 

� 7KH�VWXG\�RQ�GLDSKUDJP�IRUFHV�IRU�WDOO�EXLOGLQJV�IROORZHG�WKH�VDPH�DSSURDFK�DV�WKH�RULJLQDO�VWXG\��6HH�
3$57����Appendix A1���EXW�ZDV�FRQGXFWHG�RQ�������DQG���� VWRU\�VWUXFWXUHV��7KH� VWUXFWXUH�KDG�SHULPHWHU�5&�
VKHDU�ZDOOV�GHVLJQHG�IRU�6'&�(��%HUNHOH\��ZLWK�D�UHFWDQJXODU�SODQ�RI����’�[���’�DQG�D�%'2�GLDSKUDJP�GHVLJQ���
� )LJXUH�F���D�VKRZV�WKH����GDPSHG�GHVLJQ�DFFHOHUDWLRQ�VSHFWUXP�IRU�6'&�(��%HUNHOH\��$OVR�VKRZQ�RQ�
WKH�SORW�DUH�WKH�GHVLJQ�SHULRGV�IRU�WKH�VWUXFWXUHV�RI�GLIIHUHQW�QXPEHU�RI�VWRULHV��GHWHUPLQHG�XVLQJ�$6&(�����������
WKH� DSSUR[LPDWH� IXQGDPHQWDO� SHULRG� �Ta�� DQG� ���� WKH� FDOFXODWHG� IXQGDPHQWDO� SHULRG� DV� OLPLWHG� E\� WKH� FRGH�
PD[LPXP��T���$OVR�VKRZQ�LV�WKH�VWUXFWXUDO�VHFRQG�PRGH��T2���DV�PHDVXUHG�WKURXJK�PRGDO�DQDO\VLV��,W�LV�QRWHG�
IRU� DOO� WKHVH� VWUXFWXUHV�� WKH� DFWXDO� IXQGDPHQWDO� SHULRG� T1� EDVHG� RQ� PRGDO� DQDO\VLV� LV� ORQJHU� WKDQ� KH� FRGH�
PD[LPXP��DQG�WKXV�7�IRU�DOO�WKHVH�FDVHV�LV�OLPLWHG�E\�WKH�FRGH�YDOXH���

$V�VHHQ�LQ�)LJ��F���D��IRU�VKRUWHU�VWUXFWXUHV��H�J��Q ����WKH�VSHFWUDO�RUGLQDWHV�FRUUHVSRQGLQJ�WR�WKH�ILUVW�
WZR�PRGHV�DUH�VLPLODU��KRZHYHU��QRWLFH�WKDW�WDOOHU�VWUXFWXUHV��H�J��Q �����WKH�VSHFWUDO�RUGLQDWH�FRUUHVSRQGLQJ�WR�
WKH�VHFRQG�PRGH�LV�VLJQLILFDQWO\�KLJKHU��7KLV�RXWFRPH�LPSOLHV�WKDW�GLDSKUDJP�GHVLJQ�IRUFHV�VFDOHG�WR�WKH�GHVLJQ�
VSHFWUXP� ZLOO� QRW� KDYH� D� FRQVLVWHQW� UHODWLRQVKLS� WR� WKH� DQWLFLSDWHG� GLDSKUDJP� GHPDQG�� DQG� WKDW�<� IDFWRUV�
FDOLEUDWHG�RQ�VKRUWHU�VWUXFWXUHV�ZLOO�EH�XQFRQVHUYDWLYH�IRU�WDOOHU�VWUXFWXUHV��VLQFH�WKH�UHODWLYH�HIIHFW�RI�WKH�KLJKHU�
PRGHV�LV�PRUH�VLJQLILFDQW��7KLV� ODVW�SRLQW� LV� LPSRUWDQW�DV�WKLV� LV�KRZ�WKH�<�IDFWRUV�ZHUH�GHYHORSHG��1RWH�DOVR�
WKDW�IRU�WKHVH�VDPH�FDVHV��WKH�FRUUHVSRQGLQJ�GHVLJQ�VSHFWUDO�RUGLQDWHV�DUH������VLPLODU�IRU�7D�DQG�7�IRU�WKH�VKRUW�
VWUXFWXUH��DQG������GLIIHUHQW�IRU�7D�DQG�7�IRU�WKH�WDOOHU�VWUXFWXUH��ZLWK�WKH�GHVLJQ�VSHFWUDO�RUGLQDWH�IRU�7D�KLJKHU��
7KXV�� WKH�UHODWLRQVKLS�EHWZHHQ�7D�DQG�7�IROORZV�VLPLODU� WUHQGV�DV�7��DQG�7��DQG�ZLOO�EH�XVHG� LQ�DGMXVWLQJ� WKH�
$6&(������EDVHOLQH�IRUFHV�WR�UHQGHU�WKH�$SSHQGL[���GLDSKUDJP�GHVLJQ�SURFHGXUH�DFFXUDWH��DV�ZLOO�EH�VKRZQ���

� )LJXUH� F���E� VKRZV� WKH� DQDO\WLFDO� UHVXOWV� IRU� PD[LPXP� GLDSKUDJP� IRUFH� SORWWHG� DV� DQ� DSSDUHQW�
GLDSKUDJP�RYHUVWUHQJWK�IDFWRU��<'� �)PD[�)SQ��ZKHUH�)PD[�LV�WKH�PHDQ�PD[LPXP�GLDSKUDJP�IRUFH�PHDVXUHG�LQ�
'%(�OHYHO�DQDO\VHV��DQG�)SQ�LV�FDOFXODWHG�WZR�ZD\V��EDVHG�RQ�7�DQG�EDVHG�RQ�7D��7KH�D�PD[LPXP�GLDSKUDJP�
IRUFH�DUH� WKH�PHDQ� UHVXOWV� IURP�D�VXLWH�RI���JURXQG�PRWLRQV��7KH�JUHHQ�GDVKHG� OLQH� LV� WKH�<'�YDOXH� IURP� WKH�
GHVLJQ�HTXDWLRQV��$V�VHHQ��IRU�VKRUWHU�VWUXFWXUHV��Q ������WKH�GHVLJQ�HTXDWLRQ�DFFXUDWHO\�UHSUHVHQWV�WKH�UHTXLUHG�
GLDSKUDJP�IRUFH�DPSOLILFDWLRQ� IDFWRUV�DSSOLHG� WR� WKH�EDVHOLQH�GHVLJQ�IRUFH�FDOFXODWHG�� UHJDUGOHVV�RI� WKH�GHVLJQ�
SHULRG�FKRVHQ��7D�RU�7��+RZHYHU��IRU�WDOOHU�VWUXFWXUHV��Q ������� WKH�GHVLJQ�HTXDWLRQV�RQO\�DFFXUDWHO\�UHSUHVHQW�
WKH�UHTXLUHG�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRUV�DSSOLHG�WR�D�EDVHOLQH�GHVLJQ�IRUFH�FDOFXODWHG�XVLQJ�7D��EOXH�
GLDPRQGV��� ZKLOH� WKRVH� FDOFXODWHG� XVLQJ� 7� ZRXOG� UHTXLUH� D� KLJKHU�<'� YDOXH� WKDQ� SURGXFHG� LQ� WKH� GHVLJQ�
HTXDWLRQV�� DQG� DUH� WKXV� XQFRQVHUYDWLYH�� 7KLV� RXWFRPH� UHIOHFWV� WKH� IDFW� WKDW� 7D� EHWWHU� FDSWXUHV� WKH� VSHFWUDO�
RUGLQDWHV� RI� WKH� KLJKHU� PRGHV� WKDQ� 7�� ,W� ZDV� IXUWKHU� QRWHG� LQ� FRPSDULVRQ� WR� RWKHU� PHWKRGV� �5HVWUHSR� DQG�
5RGULJXH]�� ������� WKDW� IRU� KLJK�ULVH� VWUXFWXUHV�� WKH� FDOFXODWHG� GLDSKUDJP� GHVLJQ� IRUFH� FDQ� EH� VOLJKWO\�
XQFRQVHUYDWLYH��HYHQ�ZKHQ�XVLQJ�7D��7KHVH�FDVHV�RFFXU�ZKHQ�WKH�GLDSKUDJP�EDVHOLQH�GHVLJQ�IRUFH�LV�OHVV�WKDQ�
WKH�FXUUHQW�FRGH�GLDSKUDJP�ORZHU�ERXQG�GHVLJQ�IRUFH��7KHVH�WZR�REVHUYDWLRQV�OHG�WR�WKH�FKDQJHV�OLVWHG�DERYH��
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$SSHQGL[����6WHS��D�$OW���6XEVWHS����'HWHUPLQH�'LDSKUDJP�6KHDU�2YHUVWUHQJWK�IDFWRU��:Y���

'HVFULSWLRQ��$�GLDSKUDJP�VKHDU�RYHUVWUHQJWK�IDFWRU��:v���LV�GHWHUPLQHG���

&RPPHQWDU\: Diaphragm Shear Overstrength Factors (:v)���
7KH�:v�YDOXHV�IRU�WKH�GHVLJQ�SURFHGXUH�ZHUH�GHWHUPLQHG�LQ�WKH�VDPH�VWXG\�XVHG�WR�HVWDEOLVK�WKH�<�

IDFWRUV��7KH�UHTXLUHG�PDJQLWXGH�RI�:v�ZDV�FDOLEUDWHG�WR�GHVLJQ�WDUJHWV�WKURXJK�0&(�DQDO\VHV��3OHDVH�VHH�
3$57��� Appendix A1�IRU�IXOO�GHWDLOV�RI�DQDO\WLFDO�UHVHDUFK�WR�GHWHUPLQH�WKHVH�IDFWRUV��

7KH�VKHDU�RYHUVWUHQJWK�IDFWRU�YDOXHV�ZHUH�REWDLQHG�E\�PHDVXULQJ�WKH�PD[LPXP�VKHDU�IRUFH�Vmax�
RFFXUULQJ� LQ� WKH�GLDSKUDJP�DW� WKH�FULWLFDO� VKHDU� MRLQW�DW�0&(�OHYHO�KD]DUG�DV� WKH�GLDSKUDJP�GHYHORSV�D�
IOH[XUDO�PHFKDQLVP��LQ�RWKHU�UHJLRQV�RI�WKH�IORRU���DQG�VFDOLQJ�LW�E\�WKH�GHVLJQ�VKHDU�Vu��$FFRUGLQJO\��
���� :(��WKH�GLDSKUDJP�VKHDU�RYHUVWUHQJWK�IDFWRU�IRU�WKH�('2��LV�WDNHQ�DV�XQLW\��:(� ������VLQFH�WKH�

<(��IDFWRU�LV�FDOLEUDWHG�WR�WKH�HODVWLF�IRUFH�GHPDQG�LQ�WKH�0&(��
�� :'��WKH�GLDSKUDJP�VKHDU�RYHUVWUHQJWK�IDFWRU�IRU�WKH�%'2��LV�WKH�Vmax�Vu�UDWLR�IRU�WKH�%'2�GHVLJQ�

XQGHU�0&(�OHYHO�KD]DUG��
�� :5��WKH�GLDSKUDJP�VKHDU�RYHUVWUHQJWK�IDFWRU�IRU�WKH�5'2��LV�WKH�Vmax�Vu�UDWLR�IRU�WKH�5'2�GHVLJQ�

XQGHU�0&(�OHYHO�KD]DUG��:5�LV�VRPHZKDW�ODUJHU�WKDQ�:'�GXH�WR�WKH�ODUJHU�H[SHFWHG�GLDSKUDJP�
VWUDLQ�KDUGHQLQJ�LQ�WKH�5'2��

1RWH�WKDW�WKH�XVH�RI�WKH�V\VWHP�RYHUVWUHQJWK�IDFWRU�:��������IRU�5&�VKHDU�ZDOO������IRU�PRPHQW�
IUDPH��$6&(���������LQ�WKH�:�H[SUHVVLRQ�ZLOO�WHQG�WR�EH�FRQVHUYDWLYH�IRU�PRVW�RI�WKH�GDWD�VKRZQ�LQ�
)LJXUH�F�����7KXV��ZKLOH�WKH�XVH�RI�WKLV�IDFWRU�LV�VWUDLJKWIRUZDUG��D�GHVLJQHU�PD\�FKRRVH�WR�FDOFXODWH�
DQ�/)56�RYHUVWUHQJWK�YDOXH�GLUHFWO\�YLD�DQDO\WLFDO�SXVKRYHU�PHWKRGV�XVLQJ�H[SHFWHG�VWUHQJWKV��DQG�
XVH�LW�LQ�SODFH�RI�WKH�V\VWHP�RYHUVWUHQJWK�IDFWRU�:��LQ�WKH�:�PXOWLSOLHU�H[SUHVVLRQ���

�
� 7KH�DQDO\VHV�XVHG�WR�JHQHUDWH�WKH�GDWD�LQ�)LJ��F����PDGH�XVH�RI�D�VLPSOH�HYDOXDWLRQ�VWUXFWXUH�ZLWK�
ZHOO�GHILQHG� VKHDU�FULWLFDO� UHJLRQV� DQG� IOH[XUH�FULWLFDO� UHJLRQV� �6HH�Commentary Preface� DQG� Part 5: 
Background���7KH�VKHDU�RYHUVWUHQJWK��DV�REWDLQHG��SURYLGHV�DQ�HVWLPDWH�RI� WKH�PD[LPXP�UHTXLUHG�VKHDU�

'LDSKUDJP�6KHDU�)RUFH�2YHUVWUHQJWK�)DFWRUV��'HVLJQ�3URFHGXUH�6WHS��D�$OW��$33(1',;������ 
� �

$OVR� VKRZQ� RQ� WKH� SORW� LV� WKH� DOWHUQDWH� GHVLJQ� HTXDWLRQV� IRU�:v�  �:(��:'��:5� XVHG� LQ� WKH� RULJLQDO�
SURFHGXUH�IRU�XVH�ZLWK�$6&(������6HH�$SSHQGL[��(TQV��$���D�F���VXSHULPSRVHG�DV�VROLG�EODFN�OLQHV�LQ�Fig. c-
31 (See Commentary, Appendix 4)��7KH�GHVLJQ�HTXDWLRQV�DUH�SRZHU�FXUYH�ILWV�RI�WKH�DQDO\WLFDO�UHVXOWV�EDVHG�RQ�
YDOXHV�JUHDWHU� WKDQ�RU� HTXDO� WR�����RI�PHDQ�GDWD��$�GHWDLOHG�GHVFULSWLRQ�RI� WKH�GHYHORSPHQW�RI� WKHVH�GHVLJQ�
IDFWRU�HTXDWLRQV�LV�SUHVHQWHG�LQ�3$57��: Appendix A1��
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)LJXUH�F�����'LDSKUDJP�VKHDU�RYHUVWUHQJWK�IDFWRU�HTXDWLRQV���D��%'2���E��5'2��



� ��

IRUFH��+RZHYHU��LQ�LWVHOI�LW�GRHV�QRW�GLUHFWO\�DGGUHVV�WKH�LPSDFW�RI�LQ�SODQH�D[LDO�IRUFH��GXH�WR�IOH[XUH�RU�
FROOHFWRU�DFWLRQV��RQ�WKH�SUHFDVW�GLDSKUDJP�VKHDU�UHVSRQVH��7KH�HIIHFW�RI�D[LDO�IRUFH�LV�GLUHFWO\�LQFOXGHG�LQ�
WKH� GHVLJQ� SURFHGXUH� WKURXJK� WKH� LQWHUDFWLRQ� HTXDWLRQ� �6HH�Commentary�Step 4�� WR� GHWHUPLQH� UHTXLUHG�
GLDSKUDJP�UHLQIRUFHPHQW�DW�D�MRLQW�EDVHG�RQ�LQWHUQDO�IRUFH�FRPELQDWLRQV�GHWHUPLQHG�LQ�6WHS��E��,W�VKRXOG�
EH�IXUWKHU�QRWHG�WKDW�ZKLOH�WKH�:v�IDFWRU�KDV�EHHQ�FDOLEUDWHG�LQ�WKH�DQDO\WLFDO�UHVHDUFK�WR�SURYLGH�HODVWLF�
VKHDU� UHVSRQVH�RI� WKH�GLDSKUDJP�LQ� WKH�0&(��FDUH�PXVW�EH� WDNHQ�LQ�HQVXULQJ� WKH�DQWLFLSDWHG�0�9�UDWLR�
RFFXUV�LQ�WKH�GLDSKUDJP��6HH Appendix 5, Capacity Design Considerations���

7KH� VKHDU� RYHUVWUHQJWK� IDFWRU� :v� LV� VFDOHG� UHODWLYH� WR� WKH� DPSOLILHG� GLDSKUDJP� IRUFH�� L�H�� D�
GLDSKUDJP�GHVLJQHG�ZLWK�WKH�DSSURSULDWH�GLDSKUDJP�DPSOLILFDWLRQ�<��7KXV�WKH�:v�IDFWRU�LV�VWDFNHG�RQ�WRS�
RI� WKH�<�IDFWRU�� ,Q� WKH�GHVLJQ�� WKH�:v� IDFWRU� LV�DSSOLHG�GLUHFWO\� WR� WKH�required� VKHDU� IRUFH�� ,W� VKRXOG�EH�
QRWHG� WKDW� WKH�:v� IDFWRU� LV� LQGHSHQGHQW� RI� WKH� VKHDU� VWUHQJWK� UHGXFWLRQ� IDFWRU�IY� DV� LW� LV� DSSOLHG� WR� WKH�
GHPDQG�VLGH��ZKLOH�WKH�IY�IDFWRU�LV�DSSOLHG�WR�WKH�PDWHULDO�FDSDFLW\�VLGH��7KXV��ERWK�DUH�DSSOLHG�WRJHWKHU�WR�
SURYLGH�UHOLDEOH�HODVWLF�VKHDU�VWUHQJWK�XQGHU�0&(�GHPDQG��
�

$SSHQGL[����6WHS��D�$OW���6XEVWHS����'HWHUPLQH�'LDSKUDJP�)RUFH�9HUWLFDO�'LVWULEXWLRQ�)DFWRU��Dx���

'HVFULSWLRQ��7KH�YHUWLFDO�GLVWULEXWLRQ�RI�GLDSKUDJP�IRUFHV�LV�FRQWUROOHG�E\�WKH�GLDSKUDJP�YHUWLFDO�
IRUFH�GLVWULEXWLRQ�IDFWRU��Dx���

�dn ���
��� xD ������IRU�DOO�IORRUV�

�� d� n ��
��� xD ������IRU�WRS�IORRU�DQG�� ��� xD ������IRU��VW�IORRU�

������������� ���� nxnxD �����IRU�RWKHU�IORRUV��L�H��x n����n����«�����
�!n ��

��� xD ������IRU�WKH�WRS�DQG��VW�IORRU�
������ xnx �� D �����IRU�WZR�IORRUV�GLUHFWO\�EHORZ�WKH�WRS�IORRU��x  �n����n����

������������� ���� nxnxD �����IRU�RWKHU�IORRUV��L�H��x n����n����«�����
ZKHUH�LV�n�WKH�WRWDO�QXPEHU�RI�VWRULHV��x�LV�WKH�VWRU\�QXPEHU�DQG�Dx�LV�WKH�GLDSKUDJP�IRUFH�YHUWLFDO�
GLVWULEXWLRQ�IDFWRU���

&RPPHQWDU\��7KH� VWRU\�EDVHG�Dx� IDFWRU� LV� LQWHQGHG� WR�SURYLGH�D� UHDVRQDEOH�GLVWULEXWLRQ�RI� WKH�
GLDSKUDJP� IRUFHV� DORQJ� WKH� KHLJKW� RI� WKH� VWUXFWXUH�� ,W� LV� QRWHG� WKDW� WKH�Dx� IDFWRU� SURYLGHV� D� GLIIHUHQW�
YHUWLFDO�GLVWULEXWLRQ�WKDW�WKDW�SURGXFHG�E\�Fpx�LQ�FXUUHQW�FRGH�(/)�SURFHGXUHV��

,W�LV�DOVR�QRWHG�WKDW�LQ�WKH�SDVW��UHVHDUFKHUV�HQGRUVHG�D�FRQVWDQW�GHVLJQ�IRUFH�GLVWULEXWLRQ�DORQJ�WKH�
KHLJKW�RI�WKH�VWUXFWXUH��)OHLVFKPDQ�HW�DO���������7KH�LQWURGXFWLRQ�RI�WKH�Dx�IDFWRU�LV�LQ�UHFRJQLWLRQ�RI�WKH�
UHVXOWV�RI�HDUWKTXDNH�VLPXODWLRQV�XVLQJ�PRUH�LPSURYHG�DQDO\WLFDO�PRGHOV�WKDW�LQFRUSRUDWH�FHUWDLQ�IHDWXUHV�
LQWR�WKH�VWUXFWXUDO�PRGHOV�QRW�SUHVHQW�SUHYLRXVO\��H�J��JUDYLW\�V\VWHP�FROXPQV��

,Q� JHQHUDO�� D� VLPSOH� EXW� SRWHQWLDOO\� RYHUO\� FRQVHUYDWLYH� DOWHUQDWH� DSSURDFK� LV� WR� XVH� D� YDOXH� RI�
Dx� ����DW�HDFK�IORRU��+RZHYHU��LQ�RUGHU�WR�SURYLGH�D�PRUH�HFRQRPLFDO�GHVLJQ�RSWLRQ��Dx�YDOXHV�KDYH�EHHQ�
GHWHUPLQHG�RQ� WKH�EDVLV� RI� UHVXOWV� IURP� WKUHH�GLPHQVLRQDO� QRQOLQHDU� WUDQVLHQW� G\QDPLF� DQDO\VLV� �=KDQJ�
DQG�)OHLVFKPDQ�����D���,W�LV�QRWHG�WKDW�WKH�D�YDOXHV�DUH�EDVHG�RQ�D�IDLUO\�OLPLWHG�VDPSOH�RI�DQDO\VHV�DV�
GHVFULEHG�QH[W�DQG�FRXOG�EHQHILW�IURP�D�PRUH�FRPSUHKHQVLYH�H[DPLQDWLRQ��

$� GLVWLQFWLRQ� LV� PDGH� EHWZHHQ� WKH� GLVWULEXWLRQ� RI� JHQHUDO� EXLOGLQJ� VWUXFWXUHV� DQG� SDUNLQJ�
VWUXFWXUHV�DV�D�GLIIHUHQW�GLVWULEXWLRQ�ZDV�REWDLQHG�IRU�HDFK��7KH�Dx�YDOXHV�IRU�JHQHUDO�EXLOGLQJ�VWUXFWXUHV�
DUH�IRXQG�LQ�$SSHQGL[����7DEOH�$������



� ��

,W� LV�VXJJHVWHG� WKDW�D�VWUXFWXUH�ZLWK�VLJQLILFDQW�YHUWLFDO� LUUHJXODULW\�EH�DVVLJQHG�D�FRQVWDQW�YHUWLFDO�IRUFH�
GLVWULEXWLRQ��D[� ������� WKRXJK�WKLV�VXJJHVWLRQ�LV�QRW�EDVHG�RQ�DQ\�DQDO\WLFDO�UHVHDUFK��1RWH�DOVR� WKDW� LQ�
XVLQJ�WKH�Dx�IDFWRU�IRU�D�SDUNLQJ�VWUXFWXUH��LW�LV�QHFHVVDU\�WR�DVVLJQ�D�OHYHO�IRU�D�UDPS�VXE�GLDSKUDJP��,Q�
WKLV�SURFHGXUH��VXFK�DQ�HOHPHQW�LV�FRQVLGHUHG�SDUW�RI�WKH�XSSHUPRVW�OHYHO�WR�ZKLFK�LW�FRQQHFWV��

)LQDOO\�� QRWH� WKDW� FRQVLVWHQW� ZLWK� FHUWDLQ� RWKHU� FRGHV� DQG� JXLGHOLQHV� �6WDQGDUGV� 1HZ� =HDODQG�
�������$6&(�6(,����������� WKH�GHVLJQHU�LV�SHUPLWWHG�WR�SHUIRUP�QRQOLQHDU�WLPH�KLVWRU\�DQDO\VLV�RQ�WKH�
SDUWLFXODU� VWUXFWXUH� XQGHU� GHVLJQ� WR� REWDLQ� WKH� GLDSKUDJP� IRUFHV� GLUHFWO\�� 6XFK� DQ� DSSURDFK� UHTXLUHV�
UHDOLVWLF�PRGHOV�DQG�D�FDUHIXOO\�VHOHFWHG�VXLWH�RI�JURXQG�PRWLRQV��DV�GHVFULEHG�LQ�3$57���RI�WKH�'HVLJQ�
0HWKRGRORJ\��7KH�GHVLJQ�SURFHGXUH�KDV�EHHQ�GHYHORSHG�WR�DYRLG�WKH�QHHG�IRU�VXFK�PRGHOV�DQG�DQDO\VHV��

�

$SSHQGL[����6WHS��D�$OW���6XEVWHSV������&DOFXODWH�EDVHOLQH�GLDSKUDJP�IRUFH�EDVHG�RQ�$6&(�������
'HVFULSWLRQ��,Q�WKLV�VWHS��WKH�GLDSKUDJP�VHLVPLF�GHVLJQ�IRUFH�LV�FDOFXODWHG�E\�ILUVW�GHWHUPLQLQJ�D�

EDVHOLQH�GHVLJQ�IRUFH�EDVHG�RQ�FXUUHQW�FRGH��DQG�WKHQ�DSSO\LQJ�WKH�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRU��
6XPPDUL]LQJ�WKH�VWHSV�LQ�$SSHQGL[�����6WHS��D��6XEVWHSV������
�� 7KH�FRGH�GLDSKUDJP�IRUFH�Fpx�DW�WRS�OHYHO�n��WHUPHG�Fpn��LV�FDOFXODWHG�DFFRUGLQJ�WR�FXUUHQW�FRGH�

�$6&(�������SURYLVLRQV��(TQ����������^Sec. 12.10.1.1`��7R�GR�WKLV�UHTXLUHV�ILUVW�FDOFXODWLQJ�WKH�
ODWHUDO�VHLVPLF�GHVLJQ�IRUFH�Fx�DW�HDFK�IORRU�XVLQJ�(TQ����������^Sec. 12.8.1-12.8.3`��

�� 7KLV� WRS� OHYHO� GLDSKUDJP� GHVLJQ� IRUFH� LV� FRQYHUWHG� LQWR� D� PD[LPXP� GHVLJQ� acceleration�
FRHIILFLHQW�Cdia�Q��3$57����(TQ��$�����E\�GLYLGLQJ�E\�WKH�WRS�OHYHO�IORRU�ZHLJKW�wpn����

'LDSKUDJP�)RUFH�9HUWLFDO�'LVWULEXWLRQ�)DFWRU��'HVLJQ�3URFHGXUH�6WHS��D�$OW��$33(1',;��"���� 
� �
�&RPPHQWDU\�$SSHQGL[����'LDSKUDJP�)RUFH�9HUWLFDO�'LVWULEXWLRQ��Dx��)DFWRU�

7KH� Dx� IDFWRUV� ZHUH� GHWHUPLQHG� IURP� WKH� DYHUDJH� GLVWULEXWLRQ� RI� �� HDUWKTXDNH� VLPXODWLRQV� IRU� ���
VHSDUDWH�GHVLJQ�FDVHV�XVLQJ�D�VLPSOH�HYDOXDWLRQ�VWUXFWXUH��6HH�Preface to Commentary��DQG�3$57���$SSHQGL[�
$����DQG�YHULILHG�E\�D�VLQJOH�HDUWKTXDNH�VLPXODWLRQ�RI�D�UHDOLVWLF���VWRU\�RIILFH�EXLOGLQJ�XQGHU�D�EL�GLUHFWLRQDO�
JURXQG�PRWLRQ� �6HH�Preface to Commentary� DQG� 3$57��� Appendix A2���$V� DQ� H[DPSOH�� )LJ�� &���D� VKRZV�
DQDO\WLFDO�UHVXOWV�IRU�DQ���VWRU\�VKHDU�ZDOO�DQG�PRPHQW�IUDPH�VWUXFWXUH��

)RU�PLG�ULVH�SDUNLQJ�VWUXFWXUHV��WKH�GLDSKUDJP�IRUFH�LV�PD[LPXP�DW�WKH�URRI��DQG�UHDVRQDEO\�ERXQGHG�
E\�D�FRQVWDQW�UHGXFHG�YDOXH�IRU�WKH�UHPDLQGHU�RI�WKH�ORZHU�IORRUV��6HH�)LJ�&���E���7KH�Dx�IDFWRUV�IRU�WKH�SDUNLQJ�
VWUXFWXUH�ZHUH�HVWDEOLVKHG�EDVHG�RQ�WKH�UHVXOWV�RI�ILYH�WRWDO�DQDO\VHV�RI�UHDOLVWLF���VWRU\�SDUNLQJ�VWUXFWXUHV�XQGHU�
ELGLUHFWLRQDO� HDUWKTXDNH� JURXQG�PRWLRQV�� WKUHH�ZLWK� H[WHULRU� WUDQVYHUVH� VKHDU�ZDOOV� DQG� OLWH� ZDOOV� �DORQJ� WKH�
UDPS��� RQH� ZLWK� LQWHULRU� WUDQVYHUVH� VKHDU� ZDOOV� DQG� OLWH�ZDOOV�� DQG� RQH� ZLWK� SHULPHWHU� VKHDU� ZDOOV� LQ� ERWK�
GLUHFWLRQV��6HH�3$57��� Appendix A2����
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�� 7KHQ� WKH� EDVHOLQH� GLDSKUDJP� IRUFH� DW� HDFK� OHYHO� x��FDx� �� LV� FDOFXODWHG� �3$57� ���(TQ�� $�����
DSSO\LQJ�WKLV�PD[LPXP�GHVLJQ�acceleration�WR�WKH�IORRU�DW�HDFK�OHYHO��DQG�IXUWKHU�PRGLI\LQJ�WKH�
YDOXH� XVLQJ� D� � diaphragm force vertical distribution� factor, Dx� �� ZKLFK� DFFRXQWV� IRU� W\SLFDO�
PD[LPXP�LQHUWLDO�IRUFH�SURILOHV�LQ�PXOWL�VWRU\�VWUXFWXUHV��7DEOHV�IRU�Dx�DUH�JLYHQ�LQ�$SSHQGL[����
7DEOH�$�����

7KH�IROORZLQJ�QRWHV�DUH�SURYLGHG�DERXW�WKH�3$57����6WHS��D�GLDSKUDJP�GHVLJQ�IRUFH�FDOFXODWLRQ�VWHSV��

��� Substep (4)�� ,Q� GHWHUPLQLQJ� WKH� VHLVPLF� GHVLJQ� IRUFH�Fx� SHU�$6&(� ������ WKH� seismic response 
coefficient Cs� ^Sec. 12.8.3`� LV� WR� EH� FDOFXODWHG� XVLQJ� WKH� approximate structure fundamental 
period Ta IURP� $6&(� �� 6HFWLRQ� �������� 7KLV� SUDFWLFH� ZDV� H[SODLQHG� DERYH� LQ� WKH� text box 
associated with Fig. c-30��

��� Substep (5)�� ,Q� GHWHUPLQLQJ� WKH� WRS� OHYHO� GLDSKUDJP� IRUFH� SHU� $6&(� ������ WKH� lower bound 
diaphragm design force 0.2SDSIwpx ^Sec. 12.10.1.1} VKDOO� DSSO\� LQ� WKH� FDOFXODWLRQ� RI Fpx�� 7KLV�
SUDFWLFH�LV�H[SODLQHG�EHORZ�LQ�WKH�Commentary��

�� 7KH�$6&(������XSSHU�ERXQG�GLDSKUDJP�GHVLJQ� IRUFH�0.4SDSIwpx ^Sec. 12.10.1.1} GRHV�
QRW�DSSO\�LQ�WKH�GLDSKUDJP�GHVLJQ�SURFHGXUH��

��� Substep (6)�� 7KH� LQWHQW� RI� WKH� SURFHGXUH� LV� WR� GHILQH� WKH� DPSOLILFDWLRQ� IDFWRUV� UHODWLYH� WR� WKH�
FXUUHQW�FRGH�PD[LPXP�GLDSKUDJP�VHLVPLF�GHVLJQ�IRUFH��7KH�PD[LPXP�HTXLYDOHQW�ODWHUDO�IRUFH�Fx�
W\SLFDOO\�RFFXUV�DW� WKH�URRI��KRZHYHU� LV�QRW�DVVXUHG� LQ�FDVHV�RI�YDULDEOH�IORRU�PDVV�GLVWULEXWLRQ���
$FFRUGLQJO\��
�� $�GHVLJQ�DFFHOHUDWLRQ�FRHIILFLHQW�Cdia�Q�LV�XVHG�LQVWHDG�RI�WKH�GHVLJQ�IRUFH�IRU�HDVH�RI�

DSSO\LQJ�WR�VWUXFWXUHV�ZLWK�QRQ�XQLIRUP�IORRU�PDVVHV��
�� $�VSHFLDO�FDVH�LQYROYHV�D�EXLOGLQJ�ZLWK�D�SHQWKRXVHV�RU�RWKHU�YHUWLFDO�DSSHQGDJH��)RU�WKH�

SXUSRVH�RI�FDOFXODWLQJ�WKH�GLDSKUDJP�IRUFHV�LQ�WKHVH�FDVHV��WKH�XSSHUPRVW�IORRU�OHYHO�IRU�
EXLOGLQJV�LV�GHILQHG�DV�WKH�OHYHO�FRQWDLQLQJ�����RI�WRWDO�EXLOGLQJ�ZHLJKW��DV�PHDVXUHG�XS�
IURP�WKH�JURXQG�IORRU��7KH�DSSHQGDJH�LWVHOI�FDQ�EH�GHVLJQHG�IRU�WKH�&GLD�DW�LWV�RZQ�OHYHO��

�� ,Q�SDUNLQJ�VWUXFWXUHV��D�UDPS�HOHPHQW�LV�WR�EH�DVVRFLDWHG�ZLWK�WKH�WRS�PRVW�OHYHO�WR�ZKLFK�
LW�LV�DWWDFKHG��IRU�WKH�SXUSRVH�RI�IORRU�ZHLJKWV�DQG�WKH�GHVLJQ�RI�WKH�UDPS�LWVHOI�� 

$SSHQGL[� ��� 6WHS� �D�$OW��� 6XEVWHS� ��� &DOFXODWH� WKH� DPSOLILHG� GLDSKUDJP� IRUFH� �UHODWLYH� WR�
$6&(�������7KH�GLDSKUDJP�GHVLJQ�IRUFH�DPSOLILFDWLRQ�IDFWRU�LV�DSSOLHG�WR�D�EDVHOLQH�GHVLJQ�IRUFH�EDVHG�
RQ�WKH�FXUUHQW�FRGH�GLDSKUDJP�GHVLJQ�IRUFH��$6&(��������7KXV��WKH�DPSOLILHG�GLDSKUDJP�GHVLJQ�IRUFHV�
DUH� VFDOHG� UHODWLYH� WR� WKH� FXUUHQW� FRGH� GHVLJQ� IRUFHV�� 7KLV� DSSURDFK�ZDV� GLVFXVVHG� GXULQJ�'6'0�7*�
PHHWLQJV� DW� WKH� RQVHW� RI� WKH� UHVHDUFK� SURJUDP�� DQG� GHHPHG� HIIHFWLYH� VLQFH� LW� ZRXOG� EH� XVHIXO� IRU�
FRGLILFDWLRQ�WR�EXLOG�WKH�QHZ�GHVLJQ�PHWKRGRORJ\�UHODWLYH�WR�H[LVWLQJ�SURYLVLRQV��+RZHYHU��LW�ZDV�QRWHG�
WKDW�D� IRUFH�DPSOLILFDWLRQ�DSSURDFK�GHILQHG�UHODWLYH� WR� WKH�FXUUHQW�FRGH�YDOXH�PD\�QRW�EH�IXOO\� UDWLRQDO��
VLQFH�WKH�FXUUHQW�FRGH�GLDSKUDJP�GHVLJQ�IRUFH�LV�SURSRUWLRQDO�WR�WKH�VHLVPLF�IRUFH�UHGXFWLRQ�IDFWRU�5��DQG�
WKH�DFWXDO�GLDSKUDJP�LQHUWLDO�IRUFH�LV�GXH�IURP�D�FRPELQDWLRQ�RI�PRGHV��RI�ZKLFK�RQO\�WKH�IXQGDPHQWDO�
PRGH�KDV�WKLV�GLUHFW�UHODWLRQVKLS�WR�WKH�5�IDFWRU��5RGULJXH]�HW�DO���������7KH�UDPLILFDWLRQV�RI�VFDOLQJ�WR�
FXUUHQW�FRGH�DUH�DV�IROORZV��

&XUUHQW�FRGH�IRUFHV�DUH�EDVHG�RQ�WKH�ILUVW�PRGH�ZKLOH�PD[LPXP�GLDSKUDJP�IRUFHV�DUH�UHODWHG�WR�
KLJKHU�PRGH�HIIHFWV��SULPDULO\�WKH�VHFRQG�PRGH��5HVWUHSR�DQG�5RGULJXH]���������2QH�LVVXH�ZLWK�VFDOLQJ�
WKH�GLDSKUDJP�GHVLJQ� IRUFHV� WR� FXUUHQW�FRGH� LV� WKDW� WKH� UHODWLRQVKLS�EHWZHHQ� WKH� ILUVW� DQG� VHFRQG�PRGH�
GHVLJQ� VSHFWUXP� RUGLQDWHV� FKDQJHV� ZLWK� EXLOGLQJ� SHULRG�� 7KLV� IDFW� LV� SDUWLFXODUO\� DSSDUHQW� ZKHQ�
FRQVLGHULQJ�WDOO�VWUXFWXUHV��Refer to text box Fig. c-30���$FFRUGLQJO\��WZR�FRQVLGHUDWLRQV�ZHUH�LQWURGXFHG�
LQWR�WKH�FDOFXODWLRQ�RI�WKH�EDVHOLQH�GLDSKUDJP�GHVLJQ�IRUFH�LQ�6WHSV����������WKH�GLDSKUDJP�EDVHOLQH�GHVLJQ�
IRUFH�LV�WR�EH�FDOFXODWHG�RQ�WKH�EDVLV�RI�WKH�FRGH�DSSUR[LPDWH�VWUXFWXUH�IXQGDPHQWDO�SHULRG�Ta��GHWHUPLQHG�
SHU�$6&(���6HFWLRQ����������QRW�7��DQG�����LQ�FDOFXODWLQJ�WKH�EDVHOLQH�IRUFH��WKH�FXUUHQW�FRGH�GLDSKUDJP�
ORZHU�ERXQG�GHVLJQ�IRUFH��0.2SDSIwpx�IURP�$6&(���6HFWLRQ������������LV�WR�EH�HQIRUFHG��
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)RU� WKH� UHDVRQV� VWDWHG� DERYH�� DQ� DOWHUQDWLYH� GLDSKUDJP� GHVLJQ� IRUFH� HTXDWLRQ� WR� VFDOLQJ� WR� WKH�
H[LVWLQJ�$6&(������GLDSKUDJP�IRUFHV�KDV�EHHQ�SURSRVHG���7KLV�DOWHUQDWH�PHWKRG��GHVFULEHG�EHORZ��ZDV�
XVHG�WR�SHUPLW�WKH�SUHFDVW�GLDSKUDJP�VHLVPLF�GHVLJQ�SURFHGXUH�WR�EH�XVHG�ZLWK�WKH�)LUVW�0RGH�5HGXFWLRQ�
�)05��HTXDWLRQ��GHYHORSHG�E\�5HVWUHSR�DQG�5RGULJXH]���������DQG�SURSRVHG�IRU� WKH�$6&(������&RGH�
3URYLVLRQV� LQ� ,7��������$� VLPSOLILHG� YHUVLRQ�RI� WKLV� SURFHGXUH� LV� QRZ� LQFOXGHG� LQ� WKH� �PDLQ��3$57���
'HVLJQ�3URFHGXUH�6WHS��D��DQG�GHVFULEHG�LQ�GHWDLO�LQ�WKH�FRPPHQWDU\�IRU�6WHS��D��

�
Alternate Diaphragm Design Force Procedure (basis for PART 1 procedure for ,7������) 
7KH�)05�GHVLJQ�HTXDWLRQ�ZDV�GHYHORSHG�IRU�D�GHVLJQ�WDUJHW�RI�HODVWLF�GLDSKUDJP�UHVSRQVH�XQGHU�

'%(��8VLQJ�WKH�GHVLJQ�PHWKRGRORJ\�GHVLJQ�WDUJHWV��DV�VXSSRUWHG�E\�WKH�DQDO\WLFDO�UHVXOWV��WKLV�GHVLJQ�LV�
DQWLFLSDWHG� WR� SURGXFH� D� GLDSKUDJP� UHLQIRUFHPHQW� PD[LPXP� LQHODVWLF� GHIRUPDWLRQ� HTXDO� WR� WKH�0'(�
DOORZDEOH�GHIRUPDWLRQ�FDSDFLW\�����”��XQGHU�0&(�KD]DUG��7KLV�YDOXH�LV�HTXLYDOHQW�WR�D�GXFWLOLW\�GHPDQG�
RI������JLYHQ�WKH�\LHOG�GHIRUPDWLRQ�G\ ������”�RI�WKH�SRXU�VWULS�FKRUG�HOHPHQW�PHDVXUHG�LQ�WHVWLQJ��1DLWR�
HW�DO���������'HILQLQJ�WKH�0'(�GXFWLOLW\�GHPDQG�DV�P0'(� �����WKH�5GLD�HTXDWLRQ�FDQ�EH�PRGLILHG�DV���
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ZKHUH�AR�LV�WKH�IORRU�DVSHFW�UDWLR�DQG�LV�OLPLWHG�EHWZHHQ������WR�������P/'(�P0'(�DQG�P+'(�DUH�WKH�
DOORZDEOH�GXFWLOLW\�FDSDFLW\�RI�WKH�/'(��0'(�DQG�+'(�UHLQIRUFHPHQW�UHVSHFWLYHO\��5HFRJQL]H�WKDW�WKH�
DOORZDEOH�GHIRUPDWLRQ�YDOXHV�DQG�WKH�UHVXOWLQJ�GXFWLOLW\�DVVRFLDWHG�ZLWK�HDFK�GHVLJQ�RSWLRQ�DUH�WKHQ���

('2��� GD� �G\���� � P ����
%'2��� GD� ����”  P ����
5'2��� GD� ����”  P ����
�

7KXV�5GLD�IDFWRU�FDQ�WKHQ�EH�GLUHFWO\�DSSOLHG�WR�WKH�)05�HTXDWLRQV�WR�REWDLQ�GLDSKUDJP�GHVLJQ�
IRUFHV�XVLQJ�WKH�IROORZLQJ�H[SUHVVLRQ��

diaxxxdia RwAF ��  � � � � � � �
ZKHUH wx�LV�WKH�ZHLJKW�RI�IORRU�DW�OHYHO�x���
DQG�Ax�LV�WKH�)05�GLDSKUDJP�GHVLJQ�DFFHOHUDWLRQ��
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'LDSKUDJP�1RPLQDO�6WUHQJWK��'HVLJQ�3URFHGXUH�6WHS����� 
�)LJXUH� F���� VKRZV� WKH� FRPSDULVRQ� EHWZHHQ� WKH� GLDSKUDJP� GHVLJQ� IRUFHV� �H[SUHVVHG� DV� IORRU�

DFFHOHUDWLRQV��IRU�%HUNHOH\�6'&�(��6KRZQ�RQ�WKH�SORW�DUH������PDUNHUV� LQGLFDWLQJ�WKH�PHDQ�RI� WKH�PD[LPXPV�
IURP�WKH�DQDO\WLFDO�UHVHDUFK�UHVXOWV������GDVKHG�OLQHV�UHSUHVHQWLQJ�WKH�GHVLJQ�HTXDWLRQV�IURP�$SSHQGL[����(TQV��
$���D�F���DQG�����VROLG�OLQHV�UHSUHVHQWLQJ�WKH�)05�PDSSHG�GHVLJQ�HTXDWLRQV��WKH�EDVLV�RI�,7��������3$57������
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)LJXUH�F�����'LDSKUDJP�GHVLJQ�DFFHOHUDWLRQ�FRPSDULVRQ�EHWZHHQ�$SSHQGL[���DQG�3$57���(TXDWLRQV��
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&RPPHQWDU\�WR�$SSHQGL[����&DSDFLW\�'HVLJQ�&RQVLGHUDWLRQV�IRU�3UHFDVW�'LDSKUDJPV�
7KH�VKHDU�RYHUVWUHQJWK�IDFWRU��:Y��LV�DVVRFLDWHG�ZLWK�FDSDFLW\�GHVLJQ�FRQFHSWV�LQ�WKDW�LW�LV�LQFOXGHG�

WR�SURWHFW�WKH�GLDSKUDJP�IURP�XQGHUJRLQJ�D�QRQ�GXFWLOH�VKHDU�IDLOXUH��+RZHYHU��WKH�:Y�IDFWRU�FDQQRW�WUXO\�
EH�FRQVLGHUHG�D� FDSDFLW\�GHVLJQ� IDFWRU�JLYHQ� WKH�GLIILFXOW\� LQ�FOHDUO\�GHILQLQJ�QHHGHG� UHODWLYH� VWUHQJWKV�
GXH�WR�WKH�FRPSOH[�LQWHUQDO�IRUFH�SDWWHUQV�WKDW�GHYHORS�LQ�WKH�SUHFDVW�GLDSKUDJP�GXULQJ�D�VHLVPLF�HYHQW��
7KXV��ZKLOH�WKH�:�IDFWRU�KDV�EHHQ�FDOLEUDWHG�LQ�WKH�DQDO\WLFDO�UHVHDUFK�WR�SURYLGH�HODVWLF�VKHDU�UHVSRQVH�RI�
WKH� GLDSKUDJP� LQ� WKH� 0&(�� FDUH� PXVW� EH� WDNHQ� LQ� HQVXULQJ� WKH� DQWLFLSDWHG� M/V� UDWLR� RFFXUV� LQ� WKH�
GLDSKUDJP��6HH�3$57����Background����

)LJXUH�&���� VKRZV� DQ� H[DPSOH�ZKHUH� WKH� ORQJLWXGLQDO�ZDOOV�� QRW� SDUW� RI� WKH� WUDQVYHUVH�/)56��
DFWXDOO\� VXSSUHVV� WUDQVYHUVH� EHQGLQJ�� GHYHORSLQJ� ODUJH� VKHDUV�� 7KLV� DFWLRQ� ORZHUV� WKH� �PRPHQW��ZKLFK�
ZRXOG�EH�ILQH�LQ�DQ�HODVWLF�GHVLJQ��+RZHYHU��LQ�D�GHVLJQ�SURFHGXUH�ZKHUH�ORZHU�GHVLJQ�IRUFHV�DUH�EHLQJ�
DOORZHG� LQ� UHWXUQ� IRU� LQHODVWLF� GHIRUPDWLRQ� FDSDFLW\�� VXFK� DFWLRQ� PD\� UHGLUHFW� WKH� LQHODVWLF� DFWLRQ�
HOVHZKHUH��LQFOXGLQJ�DV�LQWR�D�VKHDU�IDLOXUH��7KXV�IRU�WKHVH�LQWHULRU�/)56�HOHPHQWV��FDUH�PXVW�EH�WDNHQ�WR�DVVXUH�
D�SURSHU�PHFKDQLVP�LQ�WKH�GLDSKUDJP��
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7UDQVYHUVH
6KHDU�ZDOO
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/RQLWXGLQDO
6KHDU�ZDOO

��


5DPS

1RUWK

6RXWK

6KRUW�6SDQ

&RYHUHG�-RLQWV

$VVXPHG
PRPHQW

$FWXDO
PRPHQW

�

�

RLFRS RLFRS 

qsw 

qsw 0RPHQW
0RPHQW�UHGXFHG�

�
)LJXUH�&�����3ODQ�IRU�D���VWRU\�SDUNLQJ�JDUDJH�ZLWK�SHULPHWHU�VKHDU�ZDOOV��

�
$�FDSDFLW\�GHVLJQ�FKHFN�FDQ�EH�SHUIRUPHG�LQ�DQ�HIIRUW�WR�DFKLHYH�WKH�GHVLUHG�GLDSKUDJP�XOWLPDWH�

PHFKDQLVP��L�H���DQ�LQHODVWLF�IOH[XUDO�PHFKDQLVP�ZLWK�HODVWLF�VKHDU�UHVSRQVH��7KLV�FKHFN�UHTXLUHV�WKDW�WKH�
GLDSKUDJP� MRLQW� QRPLQDO� VKHDU� FDSDFLW\� LV� QRW� OHVV� WKDQ� WKH� H[SHFWHG� VKHDU� GHPDQG� EDVHG� RQ� WKH�
PD[LPXP�GLDSKUDJP�IOH[XUDO�VWUHQJWK��
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ZKHUH� 0Q
�� DQG� 0� Q

�� DUH� WKH� GLDSKUDJP� MRLQW� QRPLQDO� IOH[XUDO� VWUHQJWK� DW� WKH� VXSSRUW� DQG� PLGVSDQ�
UHVSHFWLYHO\�� DQG�L’ LV� WKH� GLDSKUDJP� VSDQ� EHWZHHQ� WKH�/)56� LQHODVWLF� IOH[XUH� �6HH�)LJ��&������E� LV� D�
IDFWRU�WR�DFFRXQW�IRU�SRVVLEOH�VWUDLQ�KDUGHQLQJ�LQ�GLDSKUDJP�UHLQIRUFHPHQW��UHFRPPHQGHG�DV�������
�
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)LJXUH�&�����)%'�LOOXVWUDWLRQ�IRU�D�FDSDFLW\�GHVLJQ�FKHFN�RQ�VKHDU��
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�Collectors and Diaphragm to LFRS Connections���7KH�LQWHUDFWLRQ�HTXDWLRQ�LV�DOVR�DSSOLHG�IRU�WKH�
GHVLJQ� RI� WKH� GLDSKUDJP�WR�/)56� FRQQHFWLRQV� �L�H�� FRQQHFWLRQV� EHWZHHQ� WKH� IORRU� DQG� VKHDU� ZDOOV��
PRPHQW�IUDPHV��HWF����7KXV��VKHDU��D[LDO�DQG�IOH[XUDO�UHDFWLRQV�DUH�FDOFXODWHG�IRU� WKHVH�FRQQHFWLRQV��EXW�
WKH�RYHUVWUHQJWK�IDFWRU��:Y��LV�DSSOLHG�RQO\�WR�WKH�VKHDU�FRPSRQHQW��7KLV�DSSURDFK�LV�FRQFHSWXDOO\�VLPLODU�
WR�FXUUHQW�SURFHGXUHV�LQ�ZKLFK�DQ�RYHUVWUHQJWK�IDFWRU��:R��LV�DSSOLHG�WR�WKH�GLDSKUDJP�WR�/)56�UHDFWLRQ�
IRUFH��EHFDXVH������LQ�FXUUHQW�FRGH�W\SLFDOO\�RQO\�WKH�VKHDU�IRUFH�LV�FRQVLGHUHG�IRU�WKH�GLDSKUDJP�UHDFWLRQ��
���� WKH� VKHDU� FRPSRQHQW� GRPLQDWHV� WKH� GLDSKUDJP� UHDFWLRQ� WRWDO� IRUFH�� 7KXV�� WKH� GLDSKUDJP�WR�/)56�
GHVLJQV�SURGXFHG�E\�WKLV�SURFHGXUH�DUH�VLPLODU�WR�FXUUHQW�SUDFWLFH��5HJDUGOHVV��D�FKHFN�UHODWLYH�WR�FXUUHQW�
FRGH�LV�SHUIRUPHG�WR�HQVXUH�WKDW�WKH�QHZ�GHVLJQ�SURFHGXUH�GRHV�QRW�SURGXFH�ORZHU�VWUHQJWKV�WKDQ�FXUUHQW�
FRGH��ZKLFK�LV�SRVVLEOH�IRU�WKH�5'2�GHVLJQ���:LWK�UHJDUG�WR�FROOHFWRUV��LI�D�UDWLRQDO�VWUXW�DQG�WLH�PRGHO�LV�
QRW�XVHG��WKH�FROOHFWRU�VKRXOG�EH�GHVLJQHG�IRU�WKH�VKHDU�IRUFH�UHTXLUHG�WR�EH�WUDQVIHUUHG�IURP�GLDSKUDJP�WR�
WKH�/)56�XVLQJ�(TQ����ZLWK�1X�DQG�0X�LQSXW�DV�]HUR���

'LDSKUDJP�&DSDFLW\�'HVLJQ��$SSHQGL[����� 
�)LJXUHV� F���� DQG� F���� VKRZ� WZR� FDVHV�ZKHUH� D� VXIILFLHQWO\� VWURQJ� GHVLJQ�PD\� IRUFH� DQ� XQGHVLUDEOH�

PHFKDQLVP�LQ�WKH�GLDSKUDJP��,Q�HDFK�SORW��WKH�UHTXLUHG�GHVLJQ�VWUHQJWK�LQ�VKRZQ�DV�D�UHG�OLQH��WKH�0&(�VHLVPLF�
GHPDQGV�REVHUYHG�LQ�WKH�DQDO\VLV�DUH�GDUN�EOXH�OLQHV��DQG�WKH�DFWXDO�QRPLQDO�IOH[XUDO�VWUHQJWK�SURGXFHG�LV�VKRZQ�
DV� D� OLJKW� EOXH� OLQH�� %RWK� DUH� LQWHULRU�ZDOO� VWUXFWXUHV�ZLWK� LQHODVWLF� GLDSKUDJP� GHVLJQV� �H�J��� %'2� RU� 5'2���
ZKHUH�WKH�FRQWULEXWLRQ�RI�VKHDU�UHLQIRUFHPHQW�VXSSOHPHQWV�WKH�IOH[XUDO�VWUHQJWK�VXIILFLHQWO\�WKDW�WKH�GLDSKUDJP�
UHPDLQV�HODVWLF�GXH�WR�D�ODUJH�IOH[XUDO�RYHUVWUHQJWK��DQG�DSSURDFKHV�D�VKHDU�RYHUORDG�IDLOXUH�FRQGLWLRQ���
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'HVLJQ�

)LJXUH�F�����'LDSKUDJP�LQWHUQDO�IRUFH�GLDJUDP�DW��QG�IORRU���D��0RPHQW���E��6KHDU��
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)LJ��F�����'LDSKUDJP�LQWHUQDO�IRUFH�GLDJUDP���D��0RPHQW���E��6KHDU��
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0DIIHL��-�5����������'6'0�7DVN�*URXS�5HVHDUFK�0HHWLQJ�����1DSD�&$��$XJXVW��
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�
5RGULJXH]��0���5HVWUHSR��-,��DQG�&DUU��$�-���������³(DUWKTXDNH�LQGXFHG�IORRU�KRUL]RQWDO�DFFHOHUDWLRQV�LQ�
EXLOGLQJV´��(DUWKTXDNH�(QJ��	�6WUXFWXUDO�'\QDPLFV������������������
�
5KRGHV�� $�%��� 6DXVH�� 5��� 3HVVLNL�� 6�� DQG� )OHLVFKPDQ�� 5�%�� �������� ³6HLVPLF� SHUIRUPDQFH� RI� SUHFDVW�
SDUNLQJ� VWUXFWXUHV�� WUDQVYHUVH� GLUHFWLRQ´�� (DUWKTXDNH� (QJLQHHULQJ� 5HVHDUFK� 5HSRUW� 1R�� (4��������
'HSDUWPHQW�RI�&LYLO�DQG�(QYLURQPHQWDO�(QJLQHHULQJ��/HKLJK�8QLYHUVLW\��%HWKOHKHP��3$��������
�
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6DEHOOL��5���6DERO��7��DQG�(DVWHUOLQJ��6�:����������³6HLVPLF�GHVLJQ�RI�FRPSRVLWH�VWHHO�GHFN�DQG�FRQFUHWH�
ILOOHG�GLDSKUDJPV´��1(+53�6HLVPLF�'HVLJQ�7HFKQLFDO�%ULHI�1R����1,67�*&5������������
�
6FKRHWWOHU��0�-���������³6HLVPLF�GHPDQGV�LQ�SUHFDVW�FRQFUHWH�GLDSKUDJPV´�3K�'��'LVVHUWDWLRQ��8QLYHUVLW\�
RI�&DOLIRUQLD��6DQ�'LHJR��&$��
�
6FKRHWWOHU��0�-���%HOOHUL��$���=KDQJ��'���5HVWUHSR��-���DQG�)OHLVFKPDQ��5�%�����������³3UHOLPLQDU\�UHVXOWV�
RI�WKH�VKDNH�WDEOH�WHVWLQJ�IRU�GHYHORSPHQW�RI�D�GLDSKUDJP�VHLVPLF�GHVLJQ�PHWKRGRORJ\�´�3&,�-RXUQDO�����
��������������
�
6FKODLFK��-��6FKDHIHU��.��DQG�-HQQHZHLQ��0����������³7RZDUGV�D�FRQVLVWHQW�GHVLJQ�RI�VWUXFWXUDO�FRQFUHWH´��
3&,�-RXUQDO�9����������������
�
:DQ��*��� )OHLVFKPDQ�� 5�%�� DQG� =KDQJ��'�� �������� ³(IIHFW� RI� VSDQGUHO� EHDP� WR� GRXEOH� WHH� FRQQHFWLRQ�
FKDUDFWHULVWLF�RI�IOH[XUH�FRQWUROOHG�SUHFDVW�GLDSKUDJPV´��-��RI�6WUXFWXUDO�(QJ��$6&(��6FKHGXOHG�SXEOLVKHG�
LQ�)HE��������
�
:RRG��6��/���6WDQWRQ��-��)���DQG�+DZNLQV��1��0����������³3HUIRUPDQFH�RI�SUHFDVW�SDUNLQJ�JDUDJHV�GXULQJ�
WKH������1RUWKULGJH�HDUWKTXDNH´��3URFHHGLQJV��;,,,�$6&(�6WUXFWXUHV�&RQJUHVV��5HVWUXFWXULQJ��$PHULFD�
DQG�%H\RQG�����1HZ�<RUN��1<��SS������������
�
=KDQJ��'�� DQG� )OHLVFKPDQ��5�%�� �����D��� ³(VWDEOLVKPHQW� RI� 6HLVPLF�'HVLJQ� )RUFH� )DFWRUV� IRU� 3UHFDVW�
&RQFUHWH�'LDSKUDJPV´��XQGHU�SUHSDUDWLRQ��
�
�
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3$57����3UHFDVW�&RQFUHWH�'LDSKUDJP�5HLQIRUFHPHQW�4XDOLILFDWLRQ�3URWRFRO��
�
�
�
�
3$57��$��3UHTXDOLILHG�3UHFDVW�'LDSKUDJP�5HLQIRUFHPHQW�«««««««««««�«�����

�
3$57��%��3UHFDVW�'LDSKUDJP�5HLQIRUFHPHQW�4XDOLILFDWLRQ�3URWRFRO�«««««««���«���

�
3$57��&��&RPPHQWDU\�RQ�3UHFDVW�'LDSKUDJP�5HLQIRUFHPHQW�4XDOLILFDWLRQ�««««�������
�
3$57��'��/HKLJK�7HVW�'DWDEDVH���������������������������������������������������������������������������������������������������
�
3$57��(��5HIHUHQFHV�«««««««««««««««««««««««���������««�������
�
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3$57��$��Prequalified Precast Diaphragm Reinforcement�
�
�
7DEOH��$���SURYLGHV�WKH�SUHTXDOLILHG�GLDSKUDJP�UHLQIRUFHPHQW�LQFOXGLQJ���

����'LDSKUDJP�5HLQIRUFHPHQW�&ODVVLILFDWLRQ��/RZ�'HIRUPDELOLW\�(OHPHQW��/'(���0RGHUDWH�
'HIRUPDELOLW\�(OHPHQW��0'(���+LJK�'HIRUPDELOLW\�(OHPHQW��+'(���

����3HUWLQHQW�UHLQIRUFHPHQW�SURSHUWLHV�IRU�XVH�LQ�WKH�GHVLJQ�SURFHGXUH��HODVWLF�WHQVLRQ�VWLIIQHVV�NW���
QRPLQDO�WHQVLRQ�VWUHQJWK�WQ�HODVWLF�VKHDU�VWLIIQHVV�NY�DQG�QRPLQDO�VKHDU�VWUHQJWK�YQ�

�
7KH�FRQQHFWRU�LGHQWLILFDWLRQ��,'��LQ�WKH�ILUVW�FROXPQ�UHIHUV�WR�WKH�FRQQHFWRU�ODEHOV�VKRZQ�LQ�7DEOH�

�$����7DEOH� �$���SURYLGHV� D� SKRWR� DQG� VFKHPDWLF� RI� HDFK� WHVWHG� FRQQHFWRU�� LQFOXGLQJ� WKH� SUHTXDOLILHG�
FRQQHFWRUV��7KH�VFKHPDWLF�SURYLGHV�WKH�PDMRU�GHWDLOV�RI�WKH�FRQQHFWRUV��KRZHYHU��WKH�GHVLJQHU�PXVW�UHIHU�
WR�WKH�/HKLJK�WHVWLQJ�UHSRUWV��1DLWR�HW�DO���������1DLWR�HW�DO��������IRU�WKH�IXOO�GHVFULSWLRQ�RI�WKH�FRQQHFWRU�
GHWDLOLQJ���
�

7DEOH��$����3UHTXDOLILHG�'LDSKUDJP�5HLQIRUFHPHQW�7DEOH�
7HQVLRQ� 6KHDU�

&ODVVLILFDWLRQ NW�$� WQ�$� GW\� GWX� NY�$� YQ�$ GY\�,'� �$��D��5HLQIRUFLQJ�EDUV�
� >N�LQ�LQ�@ >NVL@ >LQ@� >LQ@ >N�LQ�LQ�@� >NVL@ >LQ@�

%����
%����
%���

'U\�FKRUG�*U���� /'(� ����� �� ����� ��� ���� ���� �����

'� 'U\�FKRUG�Z��IODW�SODWH�*U����� 0'(� ����� �� ����� ��� ���� ���� �����
(� 3RXU�VWULS�FKRUG�*U���� +'(� ����� �� ����� ��� ���� ���� �����
*� 'XFWLOH�ODGGHU�*U������ +'(� ����� �� ����� ��� ���� ���� �����
)� 6WDQGDUG�$670�$����ZZU� /'(� ������
 ���
 ������
 ����
� ���� ���� �����


�EDVHG�RQ�WHVWLQJ�RI�ZZU�ZLWK���”�JDJH�VSDFLQJ�SHUSHQGLFXODU�WR�MRLQW� �
�

7HQVLRQ� 6KHDU�
&ODVVLILFDWLRQ NW� WQ� GW\� GWX� NY� YQ� GY\�,'� �$��E��&RQQHFWRUV�

� >N�LQ@ >NLSV@ >LQ@� >LQ@� >N�LQ@� >NLSV@ >LQ@�
$����
$��� -9,� +'(� ��� ���� ����� ���� ���� ����� ������

&��� +DLUSLQ������ +'(� ���� ���� ����� ���� ���� ����� ������
�� $QJOHG�EDU������ 0'(� ���� ����� ����� ���� ���� ����� ������

��
�

NW�  �(ODVWLF�WHQVLRQ�VWLIIQHVV� � NY�  �(ODVWLF�VKHDU�VWLIIQHVV�
WQ�  �1RPLQDO�7HQVLRQ�VWUHQJWK� � YQ�  �1RPLQDO�6KHDU�VWUHQJWK�
GW\�  �<LHOG�WHQVLRQ�GHIRUPDWLRQ� � GY\�  �<LHOG�VKHDU�GHIRUPDWLRQ�
GWX�  �7HQVLRQ�GHIRUPDWLRQ�FDSDFLW\� � $�  ��%DU�FURVV�VHFWLRQDO�DUHD�

�
�
�
�
�
�
�
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7DEOH��$���'LDSKUDJP�5HLQIRUFHPHQW�&ODVVLILFDWLRQ�
'HIRUPDELOLW\�&DWHJRU\� 7HQVLRQ�GHIRUPDWLRQ�FDSDFLW\

/'(� GW�������
0'(� �����GW�������
+'(� ���´��GW�

�
�
7DEOH��$���&RQQHFWRU�3URSHUW\�'DWDEDVH�
�

 

�
�
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'LDSKUDJP�WR�/)56�&RQQHFWLRQ�'HIRUPDWLRQ�5HTXLUHPHQWV�
7KH�GLDSKUDJP�WR�/)56�FRQQHFWLRQ�KDV�D�VHSDUDWH�VHW�RI�GHIRUPDWLRQ�FDSDFLW\�UHTXLUHPHQWV��7KH�

UHLQIRUFHPHQW� RU� FRQQHFWRUV� FRPSULVLQJ� WKH� GLDSKUDJP�WR�/)56� FRQQHFWLRQ� GHIRUPDWLRQ� FDSDFLW\� �GF��
VKDOO�VDWLVI\�WKH�IROORZLQJ�FRQGLWLRQ��
�

cbc C GG �t �
ZKHUH�&�� LV� D�FRHIILFLHQW� IRU�GLDSKUDJP�VHLVPLF�GHPDQG� OHYHO� �6HH�7DEOH��$����� DQG�GFE� LV� D� UHIHUHQFH�
GHIRUPDWLRQ�FDSDFLW\�IRU�GLDSKUDJP�WR�/)56�FRQQHFWLRQ��6HH�7DEOH��$�����
�
7DEOH��$����&��FRHIILFLHQW�IRU�GLDSKUDJP�WR�/)56�FRQQHFWLRQV��
6HLVPLF�'HPDQG�/HYHO� &��
/RZ� �����
0RGHUDWH� �����
+LJK� �����
�
7DEOH��$����5HIHUHQFH�GHIRUPDWLRQ�FDSDFLW\�IRU�GLDSKUDJP�WR�/)56�FRQQHFWLRQV��

GFE� ([WHULRU�ZDOO� ,QWHULRU�ZDOO� /LWH�ZDOO 0RPHQW�IUDPH
2SHQLQJ� ������ ������ ������ �����
6OLGLQJ� ����� ������ ������ �����

�
'LDSKUDJP�6HFRQGDU\�&RQQHFWLRQ�'HIRUPDWLRQ�5HTXLUHPHQWV�
� 7KH��UHFRPPHQGDWLRQV�IRU�GLDSKUDJP�IRU�GLDSKUDJP�VHFRQGDU\�FRQQHFWLRQV�DUH�OLVWHG�LQ�7DEOH�
�$���
�
7DEOH��$����'HIRUPDWLRQ�FDSDFLW\�UHFRPPHQGDWLRQV�IRU�GLDSKUDJP�VHFRQGDU\�FRQQHFWLRQV��

3DUNLQJ�6WUXFWXUH� 5HJXODU�EXLOGLQJ�'HIRUPDWLRQ�
,QWHUQDO�EHDP� 6SDQGUHO ,QWHUQDO�EHDP 6SDQGUHO

2SHQLQJ� ������ ������ ������ ������
6OLGLQJ� ������ ������ ������ ������

�
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3$57��%��Precast Diaphragm Reinforcement Qualification Procedure�
�

7KLV�VHFWLRQ�SURYLGHV�D�TXDOLILFDWLRQ�SURFHGXUH�XVLQJ�H[SHULPHQWDO�PHWKRGV�WR�DVVHVV�WKH�LQ�SODQH�
VWUHQJWK�� VWLIIQHVV�� DQG� GHIRUPDWLRQ� FDSDFLW\� RI� SUHFDVW� FRQFUHWH� GLDSKUDJP� FRQQHFWLRQV�� 7KH�
PHWKRGRORJ\� LV� GHYHORSHG� VSHFLILFDOO\� IRU� GLDSKUDJP� IODQJH�WR�IODQJH� FRQQHFWLRQV�� DQG� LV� LQWHQGHG� WR�
SURYLGH� WKH�UHTXLUHG�SURSHUWLHV�DQG�FODVVLILFDWLRQ�IRU�XVH� LQ� WKH�VHLVPLF�GHVLJQ�SURFHGXUH� LQ�3$57���RI�
WKH�Seismic Design Methodology Document for Precast Concrete Diaphragms��

�
(;3(5,0(17$/�6(783�

7HVW�0RGXOHV�
7R� HYDOXDWH� WKH� SHUIRUPDQFH� RI� D� SUHFDVW� FRQFUHWH� FRQQHFWLRQ� D� WHVW� PRGXOH� UHSUHVHQWLQJ� WKH�

FRQQHFWLRQ�DQG�WKH�SUHFDVW�FRQFUHWH�HOHPHQW�LW�LV�HPEHGGHG�LQ�VKDOO�EH�IDEULFDWHG�DQG�WHVWHG���$�VHSDUDWH�
WHVW�PRGXOH�VKDOO�EH�XVHG�IRU�HDFK�FKDUDFWHULVWLF�RI�LQWHUHVW��$W�D�PLQLPXP��RQH�LQ�SODQH�VKHDU�WHVW�PRGXOH��
DQG�RQH�LQ�SODQH�WHQVLRQ�WHVW�PRGXOH�VKDOO�EH�HYDOXDWHG��,W�LV�VWURQJO\�UHFRPPHQGHG�WR�FRQGXFW�PXOWLSOH�
WHVWV�WR�DVVHVV�UHSHDWDELOLW\�DQG�FRQVLVWHQF\��

�
0RGXOHV�VKDOO�EH�IDEULFDWHG�DW�IXOO�VFDOH�IRU�TXDOLILFDWLRQ���5HGXFHG�VFDOH�FRQQHFWRUV�ZLWK�DSSURSULDWH�

UHGXFWLRQV�LQ�PD[LPXP�DJJUHJDWH�VL]H�DQG�IROORZLQJ�ODZV�RI�VLPLOLWXGH�FDQ�EH�XVHG�DV�UHVHDUFK�WRROV�WR�
JDLQ� NQRZOHGJH�EXW� DUH� QRW� WR� EH� XVHG� IRU� FRQQHFWRU� TXDOLILFDWLRQ�� � )XOO� VFDOH�PRGXOHV� VKDOO� LQFOXGH� D�
WULEXWDU\�FRQFUHWH�VHFWLRQ�RI�DW�OHDVW���IW�������P����6LQFH�WKH�WHVW�PRGXOH�UHSUHVHQWV�RQO\�D�VPDOO�SRUWLRQ�
RI�D�SUHFDVW�FRQFUHWH�SDQHO��SRWHQWLDO�FRQILQHPHQW�HIIHFWV�DUH�QRW�SURYLGHG�DQG�WKH�SDQHO�PD\�EH�VXEMHFWHG�
WR� SUHPDWXUH� FUDFNLQJ��$GGLWLRQDO� UHLQIRUFHPHQW� VKDOO� EH� XVHG� WR� SUHYHQW� SUHPDWXUH� IDLOXUH� RI� WKH� WHVW�
PRGXOH��7KH�DGGLWLRQDO�UHLQIRUFHPHQW�VKDOO�QRW�EH�SODFHG�LQ�D�ZD\�WKDW�ZRXOG�DOWHU�WKH�SHUIRUPDQFH�RI�WKH�
FRQQHFWRU��([DPSOH� UHLQIRUFLQJ� VWUDWHJLHV� IRU� WKH��� IW�E\��� IW� �����PP�E\������PP��ò� WHVW�PRGXOH� LV�
LOOXVWUDWHG�LQ�)LJXUH�����7KH�FRQQHFWLRQV�VKRXOG�EH�LQVWDOOHG�DQG�ZHOGHG�LQ�WKH�WHVW�PRGXOH�LQ�DFFRUGDQFH�
ZLWK�WKH�LQWHQGHG�JXLGHOLQHV����

�

�
)LJXUH����7HVW�PRGXOH���SODQ�YLHZ�RI�KDOI�VSHFLPHQ��

�
7HVW�6HWXS�

)RU�HDFK�FRQQHFWLRQ� WHVW� D�PXOWL�GLUHFWLRQDO� WHVW� IL[WXUH� VKDOO�EH�XVHG� WR�DOORZ�IRU� WKH� VLPXOWDQHRXV�
FRQWURO� RI� VKHDU�� D[LDO�� DQG� SRWHQWLDO� EHQGLQJ� GHIRUPDWLRQV� DW� WKH� SDQHO� MRLQW�� � $� SRVVLEOH� VHWXS� LV�
LOOXVWUDWHG� LQ� )LJXUH� ��� 7KH� IL[WXUH� LV� FRPSRVHG� RI� WKUHH� LQGHSHQGHQWO\� FRQWUROOHG� DFWXDWRUV�� WZR�
SURYLGLQJ�D[LDO�GLVSODFHPHQW�DQG�RQH�SURYLGLQJ�VKHDU�GLVSODFHPHQW�WR�WKH�FRQQHFWLRQ���'HPDQG�VKDOO�EH�
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DSSOLHG�WKURXJK�GLVSODFHPHQW�FRQWURO�RI�HDFK�RI�WKH�WKUHH�DFWXDWRUV��7KH�WHVW�VSHFLPHQ�VKDOO�EH�FRQQHFWHG�
WR�UHVWUDLQW�EHDPV�RQ�HLWKHU�HQG�RI�WKH�SDQHO��VOLS�EHWZHHQ�WKH�WHVW�PRGXOH�DQG�EHDPV�VKDOO�EH�PLQLPL]HG���
2QH�VXSSRUW�EHDP�VKDOO�EH�IDVWHQHG�WR�WKH�ODERUDWRU\�IORRU��SURYLGLQJ�D�IL[HG�HQG��ZKLOH�WKH�RWKHU�EHDP�
UHVWV�RQ�D�ORZ�IULFWLRQ�PRYDEOH�VXSSRUW���9HUWLFDO�PRYHPHQW�RI�WKH�SDQHO�VKDOO�EH�UHVWULFWHG�E\�SURYLGLQJ�
VXSSRUW�XQGHU�WKH�FHQWHU�RI�HDFK�SDQHO���
�

�
)LJXUH�����0XOWL�GLUHFWLRQDO�WHVW�IL[WXUH�

�
,QVWUXPHQWDWLRQ��

$W�D�PLQLPXP� LQVWUXPHQWDWLRQ� VKDOO� FRQVLVW�RI�GLVSODFHPHQW� DQG� IRUFH� WUDQVGXFHUV�� �)RUFH� VKDOO�EH�
PHDVXUHG� LQ� OLQH� ZLWK� HDFK� DFWXDWRU� WR� TXDQWLI\� VKHDU� DQG� D[LDO� GHPDQGV� RQ� WKH� FRQQHFWLRQ�� 7R�
DFFRPPRGDWH�GLVSODFHPHQW�FRQWURO�RI�WKH�DFWXDWRUV�IHHGEDFN�WUDQVGXFHUV�VKDOO�EH�LQFRUSRUDWHG�LQWR�HDFK�
DFWXDWRU�� &RQQHFWLRQ� GHIRUPDWLRQ� VKDOO� EH� PHDVXUHG� GLUHFWO\� RQ� WKH� WHVW� PRGXOH� �XVH� RI� DFWXDWRU�
WUDQVGXFHUV� LV� QRW� UHFRPPHQGHG� GXH� WR� SRWHQWLDO� VOLS� LQ� WKH� WHVW� IL[WXUH��� � $� PLQLPXP� RI� WZR� D[LDO�
WUDQVGXFHUV� VKDOO�EH�XVHG� WR�GHWHUPLQH� WKH�DYHUDJH� D[LDO�RSHQLQJ�DQG�FORVLQJ�DW� WKH�FRQQHFWLRQ�� �6KHDU�
GHIRUPDWLRQ�VKDOO�EH�GHWHUPLQHG�IURP�PHDVXUHPHQWV�WDNHQ�DW�WKH�ORFDWLRQ�RI�WKH�FRQQHFWLRQ���3ODFHPHQW�
RI� WKH� WUDQVGXFHUV�RQ� WKH� WHVW�PRGXOH�VKDOO�EH�DW�DQ�DGHTXDWH�GLVWDQFH�IURP�WKH�FRQQHFWLRQ� WR�PLQLPL]H�
GDPDJH� WR� WKH� WUDQVGXFHU� VXSSRUWV� GXULQJ� WKH� WHVW� KLVWRU\�� � $� SRVVLEOH� DUUDQJHPHQW� RI� WUDQVGXFHUV� LV�
LOOXVWUDWHG�LQ�)LJXUH������

�
/2$',1*�35272&2/6�

&RQQHFWLRQV�VKDOO�EH�HYDOXDWHG�IRU�LQ�SODQH�VKHDU��WHQVLRQ��DQG�FRPELQDWLRQV�RI�VKHDU�ZLWK�WHQVLRQ��
�
/RDG�&RQWURO�DQG�/RDGLQJ�5DWH�

7HVWV�VKDOO�EH�FRQGXFWHG�XQGHU�GLVSODFHPHQW�FRQWURO�XVLQJ�TXDVL�VWDWLF� UDWHV� OHVV� WKDQ������ LQ�� �� VHF�
������PP��VHF��RU�WKURXJK�DQ�HQKDQFHG�PL[HG�GLVSODFHPHQW�DQG�IRUFH�FRQWURO���$OO�WHVW�PRGXOHV�VKDOO�EH�
WHVWHG�XQWLO�WKH�VSHFLPHQ�FDSDFLW\�DSSURDFKHV�]HUR��

�
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0RQRWRQLF�/RDG�7HVW�
$�PRQRWRQLF� WHVW� VKDOO�EH�SHUIRUPHG� WR�GHWHUPLQH� WKH� UHIHUHQFH�GHIRUPDWLRQ�RI� WKH�FRQQHFWLRQ� LI� D�

UHIHUHQFH�LV�QRW�DYDLODEOH��7KH�UHIHUHQFH�GHIRUPDWLRQ�UHSUHVHQWV�WKH�HIIHFWLYH�\LHOG�RI�WKH�WHVW�PRGXOH��
7KH�PRQRWRQLF� VKHDU� DQG� WHQVLRQ� ORDGLQJ� SURWRFRO� FRQVLVWV� RI� WKUHH� SUHOLPLQDU\� F\FOHV� WR� ����� LQ��

������PP��WR�YHULI\�FRQWURO�DQG�LQVWUXPHQWDWLRQ�RSHUDWLRQ��)ROORZLQJ�YHULILFDWLRQ�RI�WKH�V\VWHP�WKH�WHVW�
PRGXOH�VKDOO�EH�ORDGHG�XQGHU�D�PRQRWRQLFDOO\�LQFUHDVLQJ�GLVSODFHPHQW�XQWLO�IDLOXUH�������
�
&\FOLF�6KHDU�3URWRFRO�

&\FOLF�VKHDU�SURWRFRO�FRQVLVWV�RI�WKUHH�SUHOLPLQDU\�F\FOHV�WR������LQ��������PP��WR�YHULI\�FRQWURO�DQG�
LQVWUXPHQWDWLRQ� RSHUDWLRQ�� )ROORZLQJ� YHULILFDWLRQ� RI� WKH� V\VWHP� WKH� WHVW� PRGXOH� VKDOO� EH� ORDGHG� LQ�
LQFUHDVLQJ� VHWV� RI� VKHDU� GHIRUPDWLRQ� DV� LOOXVWUDWHG� DV� LQ�)LJXUH� ��� �7KH� WHQVLRQ�GHIRUPDWLRQ� DFURVV� WKH�
MRLQW� VKDOO� EH� PDLQWDLQHG� DW� D� FRQVWDQW� OHYHO� GXULQJ� WKH� VKHDU� KLVWRU\� WKURXJK� DGMXVWPHQW� RI� WKH�
WHQVLRQ�FRPSUHVVLRQ�DFWXDWRUV���DQG�����7KH�D[LDO�GHIRUPDWLRQ�VKDOO�EH�PDLQWDLQHG�DW�]HUR�RU�DW�D�WHQVLRQ�
RSHQLQJ�RI�����LQ�������PP����
x� ,Q�SODQH� F\FOLF� VKHDU� WHVWV� �ZLWK� D� FRQVWDQW� ���� LQ�� D[LDO� RSHQLQJ�� VKDOO� EH� FRQGXFWHG� WR� IDLOXUH� WR�

GHWHUPLQH�VWLIIQHVV�DQG�VWUHQJWK�FDSDFLW\�RI�FRQQHFWLRQ�XQGHU�VKHDU�ORDGLQJ�����

1RWH���' 5HIHUHQFH�'HIRUPDWLRQ�)URP�0RQRWRQLF�7HVW
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$SSOLHG�
6KHDU�

'LVSODFHPHQW
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7HQVLRQ�'LVSODFHPHQW�
&RPSHQVDWLRQ�WR�
SURYLGH�FRQVWDQW�SDQHO�
VSDFLQJ

9PD[
����9PD[

'

0RQRWRQLF�
UHVSRQVH

)RUFH

'LVSODFHPHQW

�
)LJXUH�����6KHDU�ORDGLQJ�SURWRFRO�

�
&\FOLF�7HQVLRQ���&RPSUHVVLRQ�3URWRFRO�

&\FOLF� WHQVLRQ� ��FRPSUHVVLRQ�SURWRFRO�FRQVLVWV�RI� WKUHH�SUHOLPLQDU\�F\FOHV� WR������ LQ�� ������PP�� WR�
YHULI\�FRQWURO�DQG�LQVWUXPHQWDWLRQ�RSHUDWLRQ��)ROORZLQJ�YHULILFDWLRQ�RI�WKH�V\VWHP��WKH�WHVW�PRGXOH�VKDOO�
EH� ORDGHG� LQ� LQFUHDVLQJ� VHWV� RI� WHQVLRQ� GHIRUPDWLRQ� DV� LOOXVWUDWHG� DV� LQ� )LJXUH� ��� � 'XH� WR� WKH� KLJK�
FRPSUHVVLRQ�VWLIIQHVV�RI�FRQQHFWLRQV�WKH�FRPSUHVVLRQ�SRUWLRQ�RI�HDFK�F\FOH�VKDOO�EH�IRUFH�OLPLWHG���(DFK�
FRPSUHVVLRQ� KDOI� F\FOH� VKDOO� FRQVLVW� RI� DQ� LQFUHDVLQJ� FRPSUHVVLRQ� GHIRUPDWLRQ� XQWLO� D� IRUFH� OLPLW� LV�
UHDFKHG���7KH�IRUFH�OLPLW�IRU�HDFK�F\FOH�VKDOO�EH�HTXDO�WR�WKH�PD[�IRUFH�RI�WKH�SUHFHGLQJ�WHQVLRQ�KDOI�F\FOH���
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7KH� VKHDU� GHIRUPDWLRQ� VKDOO� EH� PDLQWDLQHG� DW� ]HUR� WKURXJK� DGMXVWPHQW� RI� WKH� VKHDU� DFWXDWRU�� � $V� DQ�
DOWHUQDWH��WKH�VKHDU�DFWXDWRU�PD\�EH�GLVFRQQHFWHG�IURP�WKH�VHWXS�SULRU�WR�ORDGLQJ�DOORZLQJ�IRU�]HUR�VKHDU�
IRUFH�GXULQJ�WKH�F\FOLF�WHQVLRQ�FRPSUHVVLRQ�KLVWRU\����
x� ,Q�SODQH�F\FOLF�WHQVLRQ�WHVWV�VKDOO�EH�FRQGXFWHG�WR�IDLOXUH�WR�GHWHUPLQH�VWLIIQHVV��VWUHQJWK�FDSDFLW\�DQG�

GHIRUPDWLRQ� FDSDFLW\� RI� FRQQHFWLRQ� XQGHU� WHQVLRQ� ORDGLQJ�� 7KH� PHDVXUHG� WHQVLRQ� GHIRUPDWLRQ�
FDSDFLW\�VKDOO�EH�XVHG�WR�HVWDEOLVK�WKH�SHUIRUPDQFH�FDWHJRU\�RI�WKH�FRQQHFWLRQ��

7PD[
����7PD[

'

0RQRWRQLF�
UHVSRQVH

)RUFH

'LVSODFHPHQW

$SSOLHG�
7HQVLRQ�&RPSUHVVLRQ�

'LVSODFHPHQW

1RWH���' 5HIHUHQFH�'HIRUPDWLRQ
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6KHDU�'LVSODFHPHQW��
&RPSHQVDWLRQ�WR�
SURYLGH�]HUR�VKHDU

�#���'
�#���' �#���' �#���'
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$SSOLHG�
7HQVLRQ�&RPSUHVVLRQ�
'LVSODFHPHQW

&RPSUHVVLRQ�)RUFH

'HIRUP�LQ�&RPSUHVVLRQ�XQWLO�)RUFH�(TXDOV�3UHFHGLQJ�&\FOH�7HQVLRQ�)RUFH��

�
)LJXUH����7HQVLRQ�&RPSUHVVLRQ�ORDGLQJ�SURWRFRO��

�

0($685(0(17�,1',&(6�
7HVW�2EVHUYDWLRQV�DQG�$FTXLVLWLRQ�RI�'DWD�

4XDQWLWDWLYH� GDWD� VKDOO� EH� UHFRUGHG� IURP� WKH� WHVW� VXFK� WKDW� LQWHUSUHWDWLRQ� FDQ� EH� PDGH� RI� WKH�
SHUIRUPDQFH�RI�WKH�WHVW�PRGXOH��$�FRQWLQXRXV�UHFRUG�VKDOO�EH�PDGH�RI�WKH�IRUFH�YHUVXV�GHIRUPDWLRQ��)RU�
LQ�SODQH�WHVWV�WKH�D[LDO�DQG�VKHDU�IRUFH��DQG�GHIRUPDWLRQV�VKRXOG�EH�UHFRUGHG���'DWD�VKDOO�EH�UHFRUGHG�DW�D�
PLQLPXP� UDWH� RI� ���� F\FOH�VHFRQG�� 3KRWRJUDSKV� VKDOO� EH� WDNHQ� WR� LOOXVWUDWH� WKH� FRQGLWLRQ� RI� WKH� WHVW�
PRGXOH� DW� WKH� LQLWLDWLRQ� DQG� FRPSOHWLRQ�RI� WHVWLQJ� DV�ZHOO� DV�SRLQWV� WKURXJK� WKH� WHVWLQJ�KLVWRU\�� ,GHDOO\�
SKRWRV�VKRXOG�EH�WDNHQ�DW�WKH�HQG�RI�HDFK�JURXS�RI�F\FOHV��7HVW�KLVWRU\�SKRWRV�WDNHQ�DW�SRLQWV�RI�LQWHUHVW��
VXFK�DV�FUDFNLQJ��\LHOG��XOWLPDWH�ORDG�DQG�SRVW�WHVW��DUH�DGHTXDWH�IRU�PRVW�HYDOXDWLRQV��
�
5HIHUHQFH�'HIRUPDWLRQ�

([SHULPHQWDO�GHWHUPLQDWLRQ�RI�WKH�UHIHUHQFH�GHIRUPDWLRQ��ǻ��VKDOO�EH�EDVHG�RQ�D�PRQRWRQLF�WHVW�RI�D�
FRQQHFWLRQ� WHVW� PRGXOH�� 7KH� UHIHUHQFH� GHIRUPDWLRQ� UHSUHVHQWV� WKH� HIIHFWLYH� \LHOG� GHIRUPDWLRQ� RI� WKH�
FRQQHFWRU���,W�VKDOO�EH�FRPSXWHG�E\�WDNLQJ�WKH�LQWHUFHSW�RI�D�KRUL]RQWDO�OLQH�DW�WKH�PD[LPXP�WHQVLRQ�IRUFH�
�Tmax��RU�VKHDU�IRUFH��Vmax��DQG�D�VHFDQW�VWLIIQHVV�OLQH�DW�����RI�WKH�PD[LPXP�PHDVXUHG�ORDG��)LJXUH���
LQVHW��� �$V� DQ� DOWHUQDWH� WR� WKH�PRQRWRQLF� WHVW�� DQDO\WLFDO� GHWHUPLQDWLRQ� RI� WKH� UHIHUHQFH� GHIRUPDWLRQ� LV�
DOORZHG�LQ�DFFRUGDQFH�ZLWK�VHFWLRQ���DQG����
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%DFNERQH�4XDOLILFDWLRQ�(QYHORSH�
7KH�PHDVXUHG�F\FOLF�UHVSRQVH�VKDOO�EH�SURFHVVHG�LQ�DFFRUGDQFH�ZLWK�WKH�SURFHGXUHV�RXWOLQHG�LQ�

$6&(�6(,�������6HLVPLF�5HKDELOLWDWLRQ�RI�([LVWLQJ�%XLOGLQJV����(DFK�FRQQHFWLRQ�VKDOO�EH�FODVVLILHG�DV�
GHIRUPDWLRQ�FRQWUROOHG��GXFWLOH��RU�IRUFH�FRQWUROOHG��QRQ�GXFWLOH���7KLV�DVVHVVPHQW�VKDOO�EH�GHWHUPLQHG�
EDVHG�RQ�WKH�EDFNERQH�FXUYH�RI�WKH�UHVSRQVH���

$Q�HQYHORSH�RI�WKH�F\FOLF�IRUFH�GHIRUPDWLRQ�UHVSRQVH�VKDOO�EH�FRQVWUXFWHG�IURP�WKH�SRLQWV�PDNLQJ�XS�
WKH�SHDN�GLVSODFHPHQW�DSSOLHG�GXULQJ�WKH�ILUVW�F\FOH�RI�HDFK�LQFUHPHQW�RI�ORDGLQJ��RU�GHIRUPDWLRQ��DV�
LQGLFDWHG�LQ�$6&(�6(,����������7KLV�PHWKRG�SURYLGHV�D�KLJKHU�HVWLPDWH�RI�VWUHQJWK�WKDQ�DOWHUQDWH�
PHWKRGV�RXWOLQHG�LQ�)(0$������LQ�ZKLFK�WKH�HQYHORSH�LV�GHILQHG�E\�GUDZLQJ�WKURXJK�WKH�LQWHUVHFWLRQ�RI�
WKH�ILUVW�F\FOH�FXUYH�IRU�DOO�WKH�ith�GHIRUPDWLRQ�VWHS�ZLWK�WKH�VHFRQG�F\FOH�FXUYH�RI�(i-1)th�GHIRUPDWLRQ�
VWHS����7KH�GLIIHUHQFH�EHWZHHQ�WKH�WZR�PHWKRGV�LV�LOOXVWUDWHG�LQ�)LJXUH���IRU�D�ODGGHU�FRQQHFWLRQ����

�
)LJXUH�����&\FOLF�HQYHORSH�GHWHUPLQDWLRQ�

7KH�F\FOLF�HQYHORSH�VKDOO�EH�IXUWKHU�VLPSOLILHG�WR�D�PXOWL�VHJPHQW�EDFNERQH�FXUYH���7KH�EDFNERQH�
FXUYH�VKDOO�FRQVLVW�RI�D�IRXU�SRLQW��3RLQW�µ�¶��µ�¶��µ�D¶��µ�¶��PXOWL�OLQHDU�FXUYH�DV�LOOXVWUDWHG�LQ�)LJXUH�����
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([SHULPHQWDO
(QYHORSH
%DFNERQH

�
)LJXUH�����%DFNERQH�4XDOLILFDWLRQ�FXUYH�

7KH� EDFNERQH� FXUYH� LV� DGRSWHG� WR� UHSUHVHQW� D� VLPSOLVWLF� DSSUR[LPDWLRQ� RI� WKH� ORDG�GHIRUPDWLRQ�
UHVSRQVH�RI�WKH�FRQQHFWLRQ�� �3RLQW���UHSUHVHQWV�WKH�SHDN�HQYHORSH�ORDG��3RLQW�µD¶�LV�GHILQHG�DV�WKH�SRLQW�
ZKHUH�WKH�VWUHQJWK�ILUVW�DFKLHYHV�����RI�SHDN�ORDG��,QLWLDO�HODVWLF�VWLIIQHVV�LV�FDOFXODWHG�DV�WKH�VHFDQW�RI�
VWUHQJWK�GLVSODFHPHQW�UHODWLRQVKLS�IURP�RULJLQ�WR�SRLQW�µD¶���3RLQW�µE¶�LV�WKH�SRLQW�RQ�WKH�HQYHORSH�FXUYH�DW�
D�GLVSODFHPHQW�ǻb���7KH�GHIRUPDWLRQ�ǻb�LV�WKH�LQWHUVHFWLRQ�RI�D�KRUL]RQWDO�OLQH�IURP�WKH�PD[�HQYHORSH�ORDG�
DQG�WKH�LQLWLDO�HODVWLF�VWLIIQHVV�OLQH�DW�����RI�WKH�PD[�ORDG���3RLQW�µ�¶�UHSUHVHQWV�WKH�RFFXUUHQFH�RI�\LHOG��
ZKLFK�LV�GHILQHG�E\�GUDZLQJ�D�OLQH�EHWZHHQ�SRLQW�µ�¶�DQG�µE¶�DQG�H[WHQGLQJ�EDFN�WR�LQWHUVHFW� WKH�LQLWLDO�
HODVWLF�VWLIIQHVV�OLQH�DW�����RI�WKH�PD[�ORDG��3RLQW�µ�¶� LV�GHILQHG�DV�WKH�SRLQW�ZKHUH�WKH�VWUHQJWK�LV� OHVV�
WKDQ� ���� RI� WKH� SHDN� ORDG�� � 3RLQW� µ�D¶� LV� GHILQHG� DV� WKH� SRLQW� ZKHUH� WKH� GHIRUPDWLRQ� LV� ���� RI� WKH�
VXPPDWLRQ�RI�GHIRUPDWLRQV�DW�SRLQW�µ�¶DQG�µ�¶��7KH�SRLQWV�DUH�GHILQHG�LQ�WHUPV�RI�WKH�UHVLVWDQFH�Pa��P1��Pb��
P2��P2a�� DQG�P3�� DQG� WKH� GLVSODFHPHQWV�'a��'1, 'b, '2, '2a� DQG�'3�� 7KH� LQLWLDO� HODVWLF� VWLIIQHVV�Ke� LV� WKH�
VHFDQW�DW�SRLQW�D��7KH�SURFHGXUH�RI�GHWHUPLQDWLRQ�RI�WKHVH�SRLQWV�LV�VKRZQ�DV�IROORZV��
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��� 'HWHUPLQH�WKH�IRUFH�DW�SRLQW����P2� �Pmax��

��� 'HWHUPLQH�WKH�IRUFH�DW�SRLQW�D��Pa� ����îPmax���

'HWHUPLQH�WKH�GHIRUPDWLRQ�DW�SRLQW�D��ǻa�IURP�RULJLQDO�GDWD��
��� 'HWHUPLQH�WKH�LQLWLDO�HODVWLF�VWLIIQHVV��Ke� �Pa/'a���'HWHUPLQH�WKH�GHIRUPDWLRQ�DW�SRLQW�E�� ǻb� �P2/Ke�

'HWHUPLQH�WKH�IRUFH�DW�SRLQW�E��Pb IURP�WKH�RULJLQDO�GDWD��
��� 'HWHUPLQH�WKH�GHIRUPDWLRQ��ǻ1��DQG�IRUFH��P1�DW�SRLQW���XVLQJ��

����
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��
� PPK

PP
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 ' ��������������� �� ' eKP �

��� 'HWHUPLQH�WKH�IRUFH�DW�SRLQW����P3� ����îPmax�7KH�GHIRUPDWLRQ��ǻ3�FDQ�EH�IRXQG�IURP�RULJLQDO�GDWD��
��� 'HWHUPLQH�WKH�GHIRUPDWLRQ�DW�SRLQW��D��ǻ2a� �� ǻ2�ǻ3����'HWHUPLQH�WKH�IRUFH�DW�SRLQW��D��P2a��IURP�WKH�

RULJLQDO�GDWD��
�
7KH� EDFNERQH� FXUYH� VKDOO� EH� FODVVLILHG� DV� RQH� RI� WKH� W\SHV� LQGLFDWHG� LQ�)LJXUH� ��� $V� GHSLFWHG� LQ�

)LJXUH����WKH�W\SH���FXUYH�LV�UHSUHVHQWDWLYH�RI�GXFWLOH�EHKDYLRU�ZKHUH�WKHUH�LV�DQ�HODVWLF�UDQJH��SRLQW���WR�
SRLQW���RQ�WKH�FXUYH��DQG�DQ�LQHODVWLF�UDQJH��SRLQW���WR�SRLQW���RQ�WKH�FXUYH���IROORZHG�E\�ORVV�RI�IRUFH�
UHVLVWLQJ�FDSDFLW\��7KH�W\SH���FXUYH�LV�UHSUHVHQWDWLYH�RI�GXFWLOH�EHKDYLRU�ZKHUH�WKHUH�LV�DQ�HODVWLF�UDQJH�
�SRLQW���WR�SRLQW����DQG�DQ�LQHODVWLF�UDQJH��SRLQW���WR�SRLQW���RQ�WKH�FXUYH���IROORZHG�E\�VXEVWDQWLDO�ORVV�RI�
IRUFH�UHVLVWLQJ�FDSDFLW\��6RPH�FRQQHFWLRQV�PD\�H[KLELW�D�VPDOO�SHDN�VWUHQJWK�ZLWK�OLPLWHG�GXFWLOLW\���)RU�
WKHVH�FDVHV�WKH�DOWHUQDWH�W\SH���FXUYH�LV�UHFRPPHQGHG���7KH�W\SH���FXUYH�LV�UHSUHVHQWDWLYH�RI�D�EULWWOH�RU�
QRQ�GXFWLOH� EHKDYLRU�ZKHUH� WKHUH� LV� DQ� HODVWLF� UDQJH� �SRLQW� �� WR� SRLQW� ��� IROORZHG� E\� ORVV� RI� VWUHQJWK���
'HIRUPDWLRQ� FRQWUROOHG� HOHPHQWV� VKDOO� FRQIRUP� WR� W\SH� �� RU� W\SH� �� UHVSRQVH�ZLWK�ǻ2� �� �ǻ1�� $OO� RWKHU�
UHVSRQVHV�VKDOO�EH�FODVVLILHG�DV�IRUFH�FRQWUROOHG��
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)LJXUH����'HIRUPDWLRQ�FXUYH�W\SHV�

5HVSRQVH�3URSHUWLHV�
7KH�SHUIRUPDQFH�FKDUDFWHULVWLFV�RI�WKH�FRQQHFWRU�VKDOO�EH�TXDQWLILHG�IURP�WKH�EDFNERQH�UHVSRQVH���

7KH�IROORZLQJ�YDOXHV�VKDOO�EH�TXDQWLILHG����
Stiffness 

7KH� LQLWLDO�HODVWLF�VWLIIQHVV�RI� WKH�FRQQHFWLRQ�VKDOO�EH�GHWHUPLQHG�IURP�WKH�VHFDQW� WR�\LHOG�SRLQW�����
7KH�SUHYLRXV�IRUPXODWLRQ�IRU�Ke�VKDOO�EH�XVHG��

�
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Deformation Capacity 

7KH� UHOLDEOH� DQG� VWDEOH�PD[LPXP�GHIRUPDWLRQ� FDSDFLW\� LV� GHILQHG� IRU� GHVLJQ� FRGH� SXUSRVHV� DV� WKH�
FRQQHFWRU� GHIRUPDWLRQ� DW� SHDN� ORDG�� SRLQW�'�� RQ� WKH� EDFNERQH� FXUYH�� REWDLQHG� LQ� WHVWLQJ� IROORZLQJ� WKH�
ORDGLQJ�SURWRFROV�GHILQHG�KHUH�� ,W� LV�QRWHG� WKDW� WKH�DQDO\WLFDO�FDOLEUDWLRQV�ZHUH�SHUIRUPHG� IRU�D� UHOLDEOH�
DQG�VWDEOH�PD[LPXP�GHIRUPDWLRQ�FDSDFLW\�FRUUHVSRQGLQJ�WR�D�GHIRUPDWLRQ�ZKHUH�WKH�VWUHQJWK�UHGXFHV�WR�
���� RI� 3�� ��ZKLFK� LV� VLPLODU� WR� WKH� EHDP�FROXPQ� FRQQHFWLRQ� GHIRUPDWLRQ� FDSDFLW\� GHILQLWLRQ� IRU� VWHHO�
VWUXFWXUHV� �$,6&�6HLVPLF� 3URYLVLRQV� ������� 7KXV�� DQ� DGGHG� GHJUHH� RI� FRQVHUYDWLVP� LV� SURYLGHG� LQ� WKH�
GHILQLWLRQ� SURSRVHG� IRU� WKH� GHVLJQ� FRGH�� :KHQ� PXOWLSOH� WHVWV� DUH� FRQGXFWHG� IRU� UHSHDWDELOLW\�� WKH�
GHIRUPDWLRQ� FDSDFLW\� IRU� HDFK� FRQQHFWLRQ� WHVW� VKDOO� EH� XVHG� DV� IROORZV�� 7KH� FRQQHFWLRQ� GHIRUPDWLRQ�
FDSDFLW\� VKDOO� EH� GHWHUPLQHG� DV� WKH� PHDQ� YDOXH� RI� HDFK� WHVW� GHIRUPDWLRQ� FDSDFLW\� IRU� GHIRUPDWLRQ�
FRQWUROOHG�HOHPHQWV�DQG�WKH�PHDQ�PLQXV�RQH�VWDQGDUG�GHYLDWLRQ�IRU�IRUFH�FRQWUROOHG�FRQQHFWLRQV��

�
Deformation Category 

7KH�FRQQHFWLRQ�VKDOO�EH�FODVVLILHG�DV�D� ORZ�GHIRUPDELOLW\�HOHPHQW� �/'(���D�PRGHUDWH�GHIRUPDELOLW\�
HOHPHQW��0'(���RU�D�KLJK�GHIRUPDELOLW\�HOHPHQW��+'(��EDVHG�RQ�LWV�GHIRUPDWLRQ�FDSDFLW\�LQ�WHQVLRQ��7KH�
GHIRUPDWLRQ� FDSDFLW\� DV� GHILQHG� LQ� ������ VKDOO� EH� XVHG� WR� FODVVLI\� WKH� GHIRUPDELOLW\� FDWHJRU\� RI� WKH�
FRQQHFWRU�LQ�DFFRUGDQFH�7DEOH��$����7KH�FDWHJRU\�UDQJHV�ZHUH�GHWHUPLQHG�IURP�ILQLWH�HOHPHQW�DQDO\VLV�
RI�D�GDWDEDVH�RI�GLDSKUDJP�V\VWHPV�XQGHU�D�UDQJH�RI�VHLVPLF�GHPDQGV����$OWHUQDWH�GHIRUPDWLRQ�OLPLWV�FDQ�
EH�XVHG�LI�VXSSRUWLYH�GDWD�LV�SURYLGHG��

Tension Force Capacity 

7KH� WHQVLRQ� IRUFH� FDSDFLW\�RI� WKH� FRQQHFWLRQ� LV� GHILQHG� DV� WKH�PD[LPXP� IRUFH��P2� IRU� GHIRUPDWLRQ�
FRQWUROOHG�FRQQHFWLRQV�DQG�DV�P1�IRU�IRUFH�FRQWUROOHG�FRQQHFWLRQV���
�
Shear Force Capacity 

7KH�LQWHQWLRQ�LV�IRU�WKH�GLDSKUDJP�V\VWHP�WR�UHPDLQ�HODVWLF�XQGHU�VKHDU�GHPDQGV��&RQVHTXHQWO\�WKH�
LQHODVWLF�VKHDU� IRUFH�FDSDFLW\�RI�FRQQHFWLRQV�VKDOO�QRW�EH�FRQVLGHUHG�� �7KH�VKHDU� IRUFH�FDSDFLW\�VKDOO�EH�
FRPSXWHG�DW�IRUFH�OHYHO�P1�IRU�DOO�FRQQHFWLRQV�� �'XH�WR�WKH�H[LVWHQFH�RI�ORZ�VWLIIQHVV�FRQQHFWLRQV�OLPLWV�
DUH�SODFHG�RQ�WKH�DOORZDEOH�GHIRUPDWLRQ�DW�ZKLFK�WKH�IRUFH�FDSDFLW\��P1��FDQ�EH�GHWHUPLQHG����
x� ,I�WKH�VKHDU�GHIRUPDWLRQ�ǻ1�LV�OHVV�WKDQ������LQ�������PP���WKH�VKHDU�IRUFH�FDSDFLW\�VKDOO�EH�WDNHQ�DV�WKH�

\LHOG�IRUFH�P1��
x� ,I�WKH�VKHDU�GHIRUPDWLRQ�ǻ1�LV�JUHDWHU�WKDQ������LQ�������PP���WKH�VKHDU�IRUFH�FDSDFLW\�VKDOO�EH�WDNHQ�DV�

WKH�IRUFH�YDOXH�DW������LQ���7KLV�VKHDU�IRUFH�FDSDFLW\�FDQ�EH�FRPSXWHG�DV�WKH�VWLIIQHVV��Ke��PXOWLSOLHG�
E\������LQ��

�
7HVW�5HSRUW�

7KH�WHVW�UHSRUW�PXVW�EH�VXIILFLHQWO\�FRPSOHWH�DQG�VHOI�FRQWDLQHG�IRU�D�TXDOLILHG�H[SHUW�WR�EH�VDWLVILHG�
WKDW�WKH�WHVWV�KDYH�EHHQ�GHVLJQHG�DQG�FDUULHG�RXW�LQ�DFFRUGDQFH�ZLWK�WKH�FULWHULD�SUHYLRXVO\�GHVFULEHG��DQG�
WKDW�WKH�UHVXOWV�VDWLVI\�WKH�LQWHQW�RI�WKHVH�SURYLVLRQV��7KH�WHVW�UHSRUW�VKDOO�FRQWDLQ�VXIILFLHQW�HYLGHQFH�IRU�
DQ�LQGHSHQGHQW�HYDOXDWLRQ�RI�WKH�SHUIRUPDQFH�RI�WKH�WHVW�PRGXOH��$V�D�PLQLPXP��DOO�RI�WKH�IROORZLQJ�
LQIRUPDWLRQ�VKDOO�EH�SURYLGHG��
x� 'HWDLOV�RI�WHVW�PRGXOH�GHVLJQ�DQG�FRQVWUXFWLRQ��LQFOXGLQJ�HQJLQHHULQJ�GUDZLQJV��
x� 6SHFLILHG�PDWHULDOV�SURSHUWLHV�XVHG�IRU�GHVLJQ��DQG�DFWXDO�PDWHULDO�SURSHUWLHV�REWDLQHG�E\�WHVWLQJ��
x� 'HVFULSWLRQ�RI�WHVW�VHWXS��LQFOXGLQJ�GLDJUDPV�DQG�SKRWRJUDSKV��
x� 'HVFULSWLRQ�RI�LQVWUXPHQWDWLRQ��ORFDWLRQ��DQG�SXUSRVH��
x� 'HVFULSWLRQ�DQG�JUDSKLFDO�SUHVHQWDWLRQ�RI�DSSOLHG�ORDGLQJ�SURWRFRO��
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x� 0DWHULDO� SURSHUWLHV� RI� WKH� FRQFUHWH� PHDVXUHG� LQ� DFFRUGDQFH� ZLWK� $670� &������ 7KH� DYHUDJH� RI� D�
PLQLPXP�RI�WKUHH�WHVWV�VKDOO�EH�XVHG��7KH�FRPSUHVVLRQ�WHVWV�VKDOO�EH�FRQGXFWHG�ZLWKLQ���GD\V�RI�WKH�
FRQQHFWLRQ� WHVWV� RU� VKDOO� EH� LQWHUSRODWHG� IURP� FRPSUHVVLRQ� WHVWV� FRQGXFWHG� EHIRUH� DQG� DIWHU� WKH�
FRQQHFWLRQ�WHVW�VHULHV���

x� 0DWHULDO� SURSHUWLHV� RI� WKH� FRQQHFWRU�� VOXJ�� DQG� ZHOG� PHWDO� EDVHG� RQ� PDWHULDO� WHVWLQJ� RU� PLOO�
FHUWLILFDWLRQ���$V�D�PLQLPXP�WKH�\LHOG�VWUHVV��WHQVLOH�VWUHVV��DQG�WKH�XOWLPDWH�VWUDLQ�VKDOO�EH�UHSRUWHG��

x� 'HVFULSWLRQ� RI� REVHUYHG� SHUIRUPDQFH�� LQFOXGLQJ� SKRWRJUDSKLF� GRFXPHQWDWLRQ�� RI� WHVW� PRGXOH�
FRQGLWLRQ�DW�NH\�ORDGLQJ�F\FOHV��

x� *UDSKLFDO�SUHVHQWDWLRQ�RI�IRUFH�YHUVXV�GHIRUPDWLRQ�UHVSRQVH��
x� 7KH�HQYHORSH�DQG�EDFNERQH�RI�WKH�ORDG�GHIRUPDWLRQ�UHVSRQVH��
x� <LHOG�VWUHQJWK��SHDN�VWUHQJWK��DQG�GHIRUPDWLRQ�FDSDFLW\�DQG�FRQQHFWLRQ�FDWHJRU\��
x� 7HVW�GDWD��UHSRUW�GDWD��QDPH�RI�WHVWLQJ�DJHQF\��UHSRUW�DXWKRU�V���VXSHUYLVLQJ�SURIHVVLRQDO�HQJLQHHU��DQG�

WHVW�VSRQVRU��
1RWH��$OO�WKH�FRQQHFWLRQV�VKRXOG�EH�LQVWDOOHG�DQG�ZHOGHG�LQ�DFFRUGDQFH�ZLWK�WKH�PDQXIDFWXUHU¶V�SXEOLVKHG�
LQVWDOODWLRQ�LQVWUXFWLRQV��7KH�UHVXOWV�RI�WKH�GDWD�JHQHUDWHG�VKDOO�EH�OLPLWHG�WR�FRQQHFWLRQV�EXLOW�WR�WKH�
VSHFLILHG�UHTXLUHPHQWV���
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3$57��&��Commentary on Precast Diaphragm Reinforcement Qualification 
Protocol�

�
7KLV� FRPPHQWDU\� LV� EDVHG�RQ�An Evaluation Method for Precast Concrete Diaphragm Connectors 

Based on Structural Testing��1DLWR�DQG�5HQ���������

�

,1752'8&7,21�
7KH� SUHFDVW� GLDSKUDJP� VHLVPLF� GHVLJQ� PHWKRGRORJ\�� XQOLNH� FRQYHQWLRQDO� IRUFH�EDVHG� GLDSKUDJP�

GHVLJQ��XVHV�D�SHUIRUPDQFH�EDVHG�DSSURDFK�WKDW�UHTXLUHV�NQRZOHGJH�RI�WKH�GLDSKUDJP�FRQQHFWRU�VWLIIQHVV��
GHIRUPDWLRQ�FDSDFLW\��DQG�VWUHQJWK�WR�HIIHFWLYHO\�DQG�HIILFLHQWO\�GHVLJQ�WKH�GLDSKUDJP�V\VWHP�IRU�VHLVPLF�
IRUFHV�� � 7R� PHHW� WKLV� QHHG� LW� LV� FULWLFDO� WKDW� WKH� FRQQHFWRU� SURSHUWLHV� EH� GHWHUPLQHG� LQ� D� UHSHDWDEOH��
UHSURGXFLEOH��DQG�FRQVLVWHQW�PDQQHU�VR�WKDW�H[LVWLQJ�DQG�QHZ�FRQQHFWLRQV�FDQ�EH�XWLOL]HG�HIIHFWLYHO\�LQ�WKH�
GLDSKUDJP�V\VWHP��7KH�TXDOLILFDWLRQ�SURWRFRO�SURYLGHV�DQ�H[SHULPHQWDO�HYDOXDWLRQ�DSSURDFK�IRU�DVVHVVLQJ�
WKH�PHFKDQLFDO�SURSHUWLHV�RI�HPEHGGHG�FRQQHFWLRQV�XVHG�LQ�FRQYHQWLRQDO�SUHFDVW�FRQFUHWH�SDQHO�V\VWHPV��
7KH� PHDVXUHG� UHVSRQVHV� DUH� WLHG� WR� SHUIRUPDQFH� OHYHOV� ZKLFK� DUH� XVHG� WR� FDWHJRUL]H� FRQQHFWRUV� LQ�
DFFRUGDQFH�ZLWK�WKH�SURFHGXUH�LQ�3$57���RI�WKH�WKH�Seismic Design Methodology Document for Precast 
Concrete Diaphragms��

6FRSH�
7KLV� UHFRPPHQGDWLRQ� LV� LQWHQGHG� WR� PHHW� $PHULFDQ� &RQFUHWH� ,QVWLWXWH¶V� �$&,¶V�� Building Code 

Requirements for Structural Concrete (ACI 318-08) and Commentary (ACI 318R-08)�IRU�SUHFDVW�FRQFUHWH�
FRQQHFWLRQV���� �$V� GHILQHG� LQ� 6HFWLRQ� ��������� WKH� adequacy of connections to transfer forces between 
members shall be determined by analysis or by test�� �7KLV�UHFRPPHQGDWLRQ�SURYLGHV�WHVW�SURFHGXUHV�IRU�
DVVHVVLQJ�ERWK�VWUHQJWK�DQG�GHIRUPDWLRQ�FDSDFLW\����

8QGHU� VHLVPLF� GHPDQGV� FRQQHFWLRQV� EHWZHHQ� DGMDFHQW� SUHFDVW� FRQFUHWH� GLDSKUDJPV� HOHPHQWV� DUH�
VXEMHFW� WR� FRPELQDWLRQV� RI� VKHDU�� WHQVLRQ� DQG� FRPSUHVVLRQ�� � 7KH� UHODWLYH� FRPELQDWLRQV� RI� WKHVH�
GHIRUPDWLRQ�RU�IRUFH�FRPSRQHQWV�DUH�GHSHQGHQW�RQ�WKH�ORFDWLRQ�ZLWKLQ�WKH�GLDSKUDJP�DQG�WKH�SUHVHQFH�RI�
GLVFRQWLQXLWLHV�� � 7KH� WHVWLQJ� PHWKRG� LQGHSHQGHQWO\� GHWHUPLQHV� WKH� VKHDU� DQG� WHQVLRQ� SHUIRUPDQFH� RI�
FRQQHFWLRQV���$OWHUQDWH�SURFHGXUHV�DUH�DOVR�SURYLGHG�IRU�GHWHUPLQDWLRQ�RI�FRPELQHG�LQWHUDFWLRQV�RI�VKHDU�
DQG�WHQVLRQ��

%DFNJURXQG��
3UHFDVW�FRQFUHWH�IORRU�GLDSKUDJPV�DUH�FRPSRVHG�RI�ODUJH�SUHFDVW�FRQFUHWH�SDQHOV�FRQQHFWHG�WR�HDFK�

RWKHU� WKURXJK� GLVFUHWH� HPEHGGHG� FRQQHFWLRQV�� � 7KHVH� FRQQHFWLRQV� DFW� WR� WUDQVIHU� YHUWLFDO� DQG� LQ�SODQH�
GHPDQGV� EHWZHHQ� SDQHOV�� � 9HUWLFDO� IRUFH� GHPDQGV� DUH� OLPLWHG� WR� �� NLSV� ������ N1�� LQ� DFFRUGDQFH�ZLWK�
$6&(��� >����@��� �$VVXUDQFH� RI� FRQQHFWRU� YHUWLFDO� FDSDFLW\� FDQ� EH� DFKLHYHG� WKURXJK� VWDQGDUG� VWUHQJWK�
WHVWLQJ���8QGHU�VHLVPLF�HYHQWV�WKH�IORRU�V\VWHP�LV�VXEMHFW�WR�LQ�SODQH�LQHUWLDO�GHPDQGV�ZKLFK�VXEMHFW�WKH�
GLVFUHWH� FRQQHFWLRQV� WR� FRPELQDWLRQV� RI� LQ�SODQH� VKHDU�� WHQVLRQ� DQG� FRPSUHVVLRQ� >)OHLVFKPDQ� HW�� DO��
����@�����
�

8VLQJ�WUDGLWLRQDO�GLDSKUDJP�GHVLJQ�DSSURDFKHV��DGHTXDWH�LQ�SODQH�IRUFH�FDSDFLW\�LV�UHTXLUHG�IRU�HDFK�
FRQQHFWLRQ�WR�VDIHO\�VXSSRUW�WKH�H[SHFWHG�HDUWKTXDNH�GHPDQGV���6LPSOLILHG�GLDSKUDJP�PRGHOLQJ�PHWKRGV�
DUH�SURYLGHG�LQ�WKH�PCI Design Handbook: Precast and Prestressed Concrete��WR�GHWHUPLQH�WKH�UHTXLUHG�
VKHDU� DQG� WHQVLRQ� GHPDQG� LQ� HDFK� FRQQHFWLRQ�� � 6XEVHTXHQW� IRUFH�EDVHG� FRQQHFWLRQ� GHVLJQ� DSSURDFKHV�
VXFK�DV�WKRVH�RXWOLQHG�LQ�WKH�PCI Connection Manual for Precast and Prestressed Concrete Construction��
FDQ�EH�IROORZHG�WR�VL]H�WKH�FRQQHFWLRQ�UHTXLUHG����
�
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7R�SURYLGH�HQKDQFHG�VDIHW\�DQG�HFRQRP\�LQ�GHVLJQ��D�QHZ�SHUIRUPDQFH�EDVHG�IRUPXODWLRQ�IRU�SUHFDVW�
GLDSKUDJPV�KDV�EHHQ�RXWOLQHG�LQ�WKH�Building Seismic Safety Committee�TS4�>����@����7KLV�PHWKRG�UHOLHV�
QRW� RQO\� RQ� WKH� VWUHQJWK� RI� WKH� FRQQHFWLRQV� XVHG� EXW� DOVR� RQ� WKH� VWLIIQHVV� DQG� GHIRUPDWLRQ� FDSDFLWLHV���
8QGHU� WKH�SURSRVHG�GHVLJQ�PHWKRGRORJ\� WKH� FKRLFH�RI� FRQQHFWLRQ� W\SH� LV� WLHG� WR� WKH� IOH[XUH� DQG� VKHDU�
RYHU�VWUHQJWK�IDFWRUV�QHHGHG�E\�WKH�GLDSKUDJP�WR�PHHW�WKH�UHTXLUHG�OHYHO�RI�VHLVPLF�SHUIRUPDQFH��:KLOH�
WKH�PHWKRGRORJ\�LV�FRPSOH[��LQ�HVVHQFH�WKH�XVH�RI�FRQQHFWLRQV�ZLWK�OLPLWHG�GHIRUPDWLRQ�FDSDFLW\�FRXOG�
UHVXOW�LQ�KLJKHU�UHTXLUHG�GHVLJQ�IRUFHV�ZKLOH�GXFWLOH�FRQQHFWLRQV�FRXOG�DOORZ�IRU�ORZHU�GHVLJQ�IRUFHV���7R�
FKRRVH�WKH�DSSURSULDWH�RYHU�VWUHQJWK�IDFWRU�WKXV�UHTXLUHV�NQRZOHGJH�RQ�WKH�GHIRUPDWLRQ�FDSDFLW\�RI�HDFK�
FRQQHFWLRQ�W\SH�XVHG�LQ�WKH�GLDSKUDJP����
�

'XH�WR�WKH�YDULHW\�RI�FRQQHFWLRQV�LQ�XVH��DQDO\WLFDO�GHWHUPLQDWLRQ�RI�WKH�H[SHFWHG�GHIRUPDELOLW\�LV�QRW�
WULYLDO�� &RQQHFWLRQ� GHIRUPDWLRQ� FDSDFLW\� XQGHU� LQ�SODQH� WHQVLRQ� DQG� VKHDU� LV� FRQWLQJHQW� RQ� D� VHULHV� RI�
LQHODVWLF�IDLOXUH�PRGHV���7KHVH�LQFOXGH�FRQFUHWH�EUHDNRXW��\LHOG�RI�WKH�DQFKRUDJH�EDUV��IOH[XUH�RU�WRUVLRQ�
RI� WKH� IDFHSODWH��\LHOG�RI� WKH� VOXJ�RU� MXPSHU�SODWH�� IUDFWXUH�RI� WKH�ZHOGV��RU� IUDFWXUH�RI� WKH� IDFHSODWH�RU�
DQFKRUDJH�DV�LOOXVWUDWHG�LQ�)LJXUH�����7KH�RFFXUUHQFH�RI�HDFK�RI�WKHVH�FRQGLWLRQV�LV�GLIILFXOW�WR�DFFXUDWHO\�
SUHGLFW�HYHQ�ZLWK�ILQLWH�HOHPHQW�PHWKRGV���)XUWKHUPRUH�HDFK�FRQQHFWLRQ�W\SH�H[KLELWV�YDULDWLRQV�LQ�WKHVH�
PRGHV�RI�IDLOXUH���&RQVHTXHQWO\�SURSHU�GHWHUPLQDWLRQ�RI�WKH�GHIRUPDWLRQ�FDSDFLW\�RI�FRQQHFWLRQV�LV�EHVW�
GHWHUPLQHG�WKURXJK�H[SHULPHQWDO�HYDOXDWLRQ����

�
)LJXUH�����3RWHQWLDO�LQ�SODQH�IDLOXUH�PRGHV�LQ�GLDSKUDJP�FRQQHFWLRQV�

�
Existing Experimental Methods 

$� VLJQLILFDQW� DPRXQW� RI� H[SHULPHQWDO� UHVHDUFK� KDV� EHHQ� FRQGXFWHG� RQ� HYDOXDWLQJ� UHVSRQVH� RI�
GLDSKUDJP�FRQQHFWRUV�XQGHU� LQ�SODQH�GHPDQGV��,QLWLDO�H[SHULPHQWV�RQ�VKHDU�PHFKDQLFDO�FRQQHFWRU�ZHUH�
FRQGXFWHG� LQ������ZKHQ�9HQXWL� �������� H[DPLQHG���� UHEDU� FRQQHFWLRQV��6LQFH� WKHQ�PDQ\� VWXGLHV�KDYH�
EHHQ�FRQGXFWHG�WR�TXDOLI\�WKH�SHUIRUPDQFH�RI�IODQJH�WR�IODQJH�FRQQHFWRUV������&RQQHFWLRQV�ZHUH�HYDOXDWHG�
XQGHU�LQ�SODQH�VKHDU�ORDGLQJ��LQ�SODQH�WHQVLRQ�ORDGLQJ��DQG�FRPELQHG�LQ�SODQH�VKHDU�DQG�WHQVLRQ�GHPDQGV��
6WXGLHV�ZHUH� FRQGXFWHG� ERWK�PRQRWRQLFDOO\� DQG� F\FOLFDOO\��0RVW� WHVW� IL[WXUHV� IURP������ WR� �����ZHUH�
GHYHORSHG�WR�H[DPLQH�WKH�FRQQHFWRU�SHUIRUPDQFH�XQGHU�PRQRWRQLF�LQ�SODQH�VKHDU�VWUHQJWK�WKURXJK�IRUFH�
FRQWURO�� 7KLV� DSSURDFK� LV� XQDEOH� WR� FDSWXUH� SRVW�SHDN� EHKDYLRU� DQG� GHIRUPDWLRQ� FDSDFLW\�� � ,Q� DGGLWLRQ��
PRVW�VWXGLHV�XWLOL]HG�KDOI�WKH�FRQQHFWLRQ�WR�HDVH�LQVWDOODWLRQ�DQG�ORZHU�WHVWLQJ�FRVW���5HVHDUFK�KDV�VKRZQ�
WKDW� WKH� OHYHO�RI�D[LDO� UHVWUDLQW� VLJQLILFDQWO\�DIIHFWV� WKH�PHDVXUHG�VKHDU�FDSDFLW\���� �7KHVH�V\VWHPV�ZHUH�
FRQQHFWHG� WR�D�VWLII� ORDGLQJ�EHDP�WR�DUWLILFLDOO\� UHVWUDLQ� WKH�FRQQHFWRU��XQIRUWXQDWHO\� IRU�PRVW�FDVHV� WKH�
D[LDO� UHVWUDLQW�SURYLGHG�E\�WKH� ORDGLQJ�EHDP�ZDV�QRW�PHDVXUHG�� �:LWK� WKHVH�VKRUWFRPLQJV�� WKH�SUHYLRXV�
H[SHULPHQWDO� DSSURDFKHV� KDYH� OLPLWHG� DELOLW\� WR� FRUUHFWO\� TXDQWLI\� ERWK� WKH� VWUHQJWK� DQG� GHIRUPDWLRQ�
SURSHUWLHV�RI�GLDSKUDJP�FRQQHFWLRQV�XQGHU�LQ�SODQH�GHPDQGV���
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/RDGLQJ�3URWRFROV�
�8QGHU� VHLVPLF� GHPDQGV� D� IORRU� GLDSKUDJP� V\VWHP� LV� VXEMHFWHG� WR� D� VSHFWUXP� RI� UHODWLYH�PRWLRQV��

$QDO\WLFDO�VWXGLHV�RQ�WKH�SUHFDVW�FRQFUHWH�GLDSKUDJP�UHVSRQVH�WR�VHLVPLF�GHPDQGV���KDYH�VKRZQ�WKDW�WKH�
FRQQHFWLRQ�GLVSODFHPHQW�KLVWRU\�LV�GHSHQGHQW�RQ�WKH�ORFDWLRQ�ZLWKLQ�WKH�GLDSKUDJP��&RQQHFWLRQV�ORFDWHG�
DW�WKH�PLG�VSDQ�RI�WKH�GLDSKUDJP�DUH�VXEMHFWHG�WR�KLJK�IOH[XUDO�GHPDQGV�ZKLOH�FRQQHFWLRQV�ORFDWHG�DW�WKH�
ERXQGDULHV� DUH� VXEMHFWHG� WR� KLJK� VKHDU� GHPDQGV�ZLWK�PLQLPDO� WHQVLOH� RSHQLQJ��&RQQHFWLRQV� ORFDWHG� LQ�
LQWHUPHGLDWH�GLDSKUDJP�UHJLRQV�DUH�VXEMHFWHG�WR�FRPELQHG�VKHDU�DQG�WHQVLOH�GHIRUPDWLRQ�GHPDQGV�ZLWK�D�
FRPPRQ� VKHDU�WR�WHQVLRQ� GHIRUPDWLRQ� UDWLR� RI� ����� 7R� HQFRPSDVV� WKHVH� SRVVLEOH� PRWLRQV�� VL[�
GLVSODFHPHQW� SURWRFROV� DUH� SRVVLEOH� WR� DVVHVV� WKH� SHUIRUPDQFH� RI� GLDSKUDJP� FRQQHFWRUV� VXEMHFWHG� WR�
VHLVPLF�GHPDQGV��7KHVH�SURWRFROV�LQFOXGH��
�
x� Monotonic Shear�±�)RU�GHWHUPLQDWLRQ�RI�FRQQHFWLRQ�VKHDU�\LHOG�DQG�DVVRFLDWHG�UHIHUHQFH�GHIRUPDWLRQ�

IRU� XVH� LQ� WKH� F\FOLF� ORDGLQJ� SURWRFRO�� 0RQRWRQLF� WHVWV� VKDOO� EH� HOLPLQDWHG� LI� FRQQHFWLRQ� \LHOG�
GHIRUPDWLRQ�FDQ�EH�HVWLPDWHG����

x� Cyclic Shear� ±� )RU� GHWHUPLQDWLRQ� RI� FRQQHFWRU� VKHDU� VWLIIQHVV�� VWUHQJWK�� GHIRUPDWLRQ� OLPLWV�� DQG�
PRGHV�RI�IDLOXUH��

x� Monotonic Tension� ±� )RU� GHWHUPLQDWLRQ� RI� FRQQHFWLRQ� WHQVLRQ� \LHOG� DQG� DVVRFLDWHG� UHIHUHQFH�
GHIRUPDWLRQ�IRU�XVH�LQ�WKH�F\FOLF�ORDGLQJ�SURWRFRO���0RQRWRQLF�WHVWV�VKDOO�EH�HOLPLQDWHG�LI�FRQQHFWLRQ�
\LHOG�GHIRUPDWLRQ�FDQ�EH�HVWLPDWHG����

x� Cyclic Tension and Compression� ±� )RU� GHWHUPLQDWLRQ� RI� FRQQHFWRU� WHQVLRQ� VWLIIQHVV�� VWUHQJWK��
GHIRUPDWLRQ�OLPLWV��DQG�PRGHV�RI�IDLOXUH��

x� Monotonic Shear with Proportional Tension�±�$OWHUQDWH�SURWRFRO� WR�DVVHVV� LQIOXHQFH�RI�FRPELQHG�
WHQVLRQ�DQG�VKHDU��

x� Cyclic Shear with Axial Force Control�±�$OWHUQDWH�SURWRFRO�WR�DVVHVV�LQIOXHQFH�RI�D[LDO�FRQILQHPHQW�
RQ�VKHDU�SHUIRUPDQFH��

&\FOLF�3URWRFROV�
7R�DVVHVV�WKH�SHUIRUPDQFH�RI�GLDSKUDJP�FRQQHFWLRQV�IRU�XVH�LQ�VHLVPLF�DSSOLFDWLRQV��HYDOXDWLRQ�VKDOO�

EH�FRQGXFWHG�ZLWK�F\FOLFDOO\�LQFUHDVLQJ�GHPDQGV��7KH�F\FOLF�GHPDQG�VKDOO�EH�DSSOLHG�UHODWLYH�WR�WKH�
UHIHUHQFH�GHIRUPDWLRQ�RI�WKH�FRQQHFWLRQ�WR�HQVXUH�WKDW�DQ�DSSURSULDWH�QXPEHU�RI�HODVWLF�DQG�LQHODVWLF�
F\FOHV�DUH�DSSOLHG���
�

&\FOLF�ORDGLQJ�SURWRFROV�LQ�DFFRUGDQFH�ZLWK�3UHFDVW�6HLVPLF�6WUXFWXUDO�6\VWHPV��35(666��SURJUDP�
DUH�UHFRPPHQGHG����7HVWLQJ�ZLWK�WKUHH�SUHOLPLQDU\�F\FOHV�WR������LQ��������PP��VKDOO�EH�FRQGXFWHG�WR�
HYDOXDWH�FRQWURO�DQG�DFTXLVLWLRQ�DFFXUDF\���7KH�UHPDLQLQJ�SURWRFRO�FRQVLVWV�RI�JURXSV�RI�WKUHH�V\PPHWULF�
F\FOHV�DW�LQFUHDVLQJ�GHIRUPDWLRQ�OHYHOV���(DFK�OHYHO�LV�EDVHG�RQ�D�SHUFHQWDJH�RI�D�UHIHUHQFH�GHIRUPDWLRQ�
FRPSXWHG�IURP�WKH�FRUUHVSRQGLQJ�PRQRWRQLF�WHVWV��

$OWHUQDWH�3URWRFROV�
)RU�FDVHV�ZKHUH�DGGLWLRQDO�FRQQHFWRU�SHUIRUPDQFH�LV�QHHGHG��WZR�DOWHUQDWLYH�ORDGLQJ�SURWRFROV�FDQ�EH�

XVHG����
�
Monotonic Shear with Proportional Tension 

'LDSKUDJP�FRQQHFWLRQV�PD\�EH�VXEMHFW�WR�FRPELQDWLRQV�RI�VKHDU�DQG�WHQVLRQ�GXH�WR�WKHLU�ORFDWLRQ�LQ�
WKH�GLDSKUDJP���$�VKHDU�WR�WHQVLOH�GHIRUPDWLRQ�UDWLR�RI�����LV�UHFRPPHQGHG�IRU�ZHE�FRQQHFWLRQV�XVHG�LQ�
VKHDU� GRPLQDWHG� UHJLRQV� RI� WKH� GLDSKUDJP�� � $� UDWLR� RI� ���� LV� UHFRPPHQGHG� IRU� FKRUG� FRQQHFWLRQV� LQ�
WHQVLRQ� GRPLQDWHG� UHJLRQV� RI� WKH� GLDSKUDJP�� 7KH� PRQRWRQLF� VKHDU� ZLWK� WHQVLRQ� WHVW� FRQVLVWV� RI� WKUHH�
F\FOHV� RI� ����� LQ�� ������ PP�� LQ� VKHDU� DQG� D� SURSRUWLRQDO� WHQVLRQ�FRPSUHVVLRQ� GHIRUPDWLRQ� �(UURU��
5HIHUHQFH�VRXUFH�QRW�IRXQG����7KH�VKHDU�DQG�WHQVLRQ�GHIRUPDWLRQV�DUH�LQFUHDVHG�SURSRUWLRQDOO\�XVLQJ�WKH�
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FKRVHQ�FRQVWDQW�VKHDU�WR�WHQVLRQ�GHIRUPDWLRQ�UDWLR��7KH�WHVW�VKDOO�EH�SDXVHG�DW�HDFK�����LQ�������PP��RI�
VKHDU�GHIRUPDWLRQ�IRU�REVHUYDWLRQV��
x� ,Q�SODQH�PRQRWRQLF�VKHDU�ZLWK�SURSRUWLRQDO�WHQVLRQ�WHVWV�PD\�DOVR�EH�FRQGXFWHG�IRU�WKH�FRQQHFWLRQV�

XVHG�LQ�LQWHUPHGLDWH�GLDSKUDJP�UHJLRQV���,Q�SODQH�F\FOLF�VKHDU�ZLWK�D�WDUJHW�D[LDO�ORDG�WHVWV�FRXOG�EH�
FRQGXFWHG�LI�QHHGHG��

�
Cyclic Shear with Axial Force Control 

(QKDQFHG�GLVSODFHPHQW�EDVHG�FRQWURO�SURWRFROV�PD\�EH�XVHG�WR�HYDOXDWH�WKH�FRQQHFWLRQV�XQGHU�LQ�
SODQH�VKHDU���6WDQGDUG�VKHDU�GLVSODFHPHQW�EDVHG�SURWRFROV�KROG�WKH�MRLQW�RSHQLQJ�DW�D�IL[HG�RSHQLQJ�ZKLFK�
PD\� UHVXOW� LQ� WKH� EXLOG�XS�RI� ODUJH� D[LDO� IRUFHV��7KH� HQKDQFHG�SURWRFROV� DUH�GHYHORSHG� WR� H[DPLQH� WKH�
VKHDU� SHUIRUPDQFH� RI� FRQQHFWLRQV� XQGHU� IL[HG� OHYHOV� RI� D[LDO� IRUFH�� 7KHVH� WHVW� SURWRFROV� SURYLGH�
LQIRUPDWLRQ�WKDW�FDQ�EH�XVHG�WR�PRGHO�WKH�VKHDU�UHVLVWDQFH�RI�FRQQHFWLRQV�DW�YDULRXV�ORFDWLRQV�LQ�WKH�IORRU�
GLDSKUDJP��7KLV�LQFOXGHV�UHJLRQV�RI�KLJK�FRPSUHVVLRQ��WHQVLRQ�RU�DUHDV�ZKHUH�]HUR�D[LDO�ORDGV�DUH�SUHVHQW���

$OO� WHVWV� VKDOO�EH�FRQGXFWHG�DW�TXDVL�VWDWLF� UDWHV�XQGHU�PL[HG�GLVSODFHPHQW�DQG� IRUFH�FRQWURO��7KH�
FRQWURO�VKDOO�EH�DFKLHYHG�XVLQJ�DQ�LQQHU�FRQWURO�ORRS�DQG�DQ�RXWHU�FRQWURO�ORRS��7KH�RXWHU�ORRS�FRQIRUPV�
WR�WKH�GHIRUPDWLRQ�EDVHG�VKHDU�SURWRFROV�VKRZQ�LQ�)LJXUH����(DFK�GLVSODFHPHQW�VWHS�VKDOO�EH�GLYLGHG�LQWR�
VPDOO�VXE�VWHSV�RI�DSSUR[LPDWHO\�������LQ���������PP���(DFK�VXE�VWHS�VKDOO�EH�DSSOLHG�LQ�WKH�LQQHU�FRQWURO�
ORRS��7KH�LQQHU�ORRS�LV�FRQWUROOHG�LQ�D�PL[HG�ORDG�DQG�GLVSODFHPHQW�PDQQHU��$IWHU�WKH�DSSOLFDWLRQ�RI�HDFK�
LQQHU� ORRS�VKHDU�VXE�VWHS�� WKH�IRUFH� LQ� WKH�D[LDO�DFWXDWRUV�VKDOO�EH�PHDVXUHG��,I� WKH�VXP�RI� WKH�IRUFHV� LV�
JUHDWHU� WKDQ� WKH� WDUJHW� D[LDO� ORDG�� WKH�DFWXDWRUV� VKDOO�EH�H[WHQGHG�DQ�HTXDO� DPRXQW�XQWLO� WKH�D[LDO� IRUFH�
HTXDOV�WKH�WDUJHW��,I�WKH�D[LDO�IRUFH�LV�OHVV�WKDQ�WKH�WDUJHW�D[LDO�ORDG��WKH�DFWXDWRUV�VKDOO�EH�UHWUDFWHG�XQWLO�
WKH�D[LDO�IRUFH�HTXDOV�WKH�WDUJHW��$Q�HUURU�WROHUDQFH�RI�����OEI������N1��WR������OEI������N1��VKDOO�EH�XVHG�
IRU�DFFHSWDQFH��)ROORZLQJ�WKLV�SURFHGXUH�WKH�QH[W�VXE�VWHS�VKDOO�EH�DSSOLHG�DQG�WKH�D[LDO�LQQHU�ORRS�VKDOO�
EH�UHSHDWHG��7KLV�SURFHVV�VKDOO�EH�FRQWLQXHG�XQWLO�WKH�IXOO�RXWHU�VKHDU�VWHS�LV�DSSOLHG��7KHQ�QH[W�VKHDU�VWHS�
ZRXOG�EH�DSSOLHG�DQG�WKH�SURFHVV�ZRXOG�EH�UHSHDWHG����
7KH�DOJRULWKP�RI�DSSO\LQJ�VKHDU�GHIRUPDWLRQ�ZLWK�]HUR�D[LDO�ORDG�LV�DV�IROORZV��

��� $SSO\�VKHDU�GHIRUPDWLRQ�VWHS�WR�VKHDU�DFWXDWRU��

��� 5HDG�IRUFH�LQ�FRPSUHVVLRQ�WHQVLRQ�DFWXDWRUV���DQG����F1�DQG�F2��

��� &RPSXWH�7RWDO�IRUFH��Ft� �F1���F2��

D�� ,I��Ft�!����([WHQG�DFWXDWRUV���DQG���XQWLO�Ft� ����

E�� ,I��Ft������5HWUDFW�DFWXDWRUV���DQG���XQWLO�Ft� ���

��� *R�WR�6WHS���XQWLO�WDUJHW�VKHDU�GLVSODFHPHQW�LV�UHDFKHG��

�
5HIHUHQFH�'HIRUPDWLRQ�
x� $�PRQRWRQLF�WHQVLRQ�WHVW�VKDOO�EH�FRQGXFWHG�WR�GHWHUPLQH�WKH�LQLWLDO�UHIHUHQFH�GHIRUPDWLRQ�IRU�XVH�LQ�

WKH�F\FOLF�WHQVLRQ�WHVWV���7ZR�DOWHUQDWLYH��QRQ�H[SHULPHQWDO��PHWKRGV�PD\�EH�XVHG�IRU�GHWHUPLQDWLRQ�
RI�WKH�UHIHUHQFH�GHIRUPDWLRQ�������7KH�UHIHUHQFH�GHIRUPDWLRQ�PD\�EH�EDVHG�RQ�DQ�DQDO\WLFDO�HVWLPDWH�
RI�WKH�\LHOG�GHIRUPDWLRQ�RI�WKH�FRQQHFWLRQ������7KH�UHIHUHQFH�GHIRUPDWLRQ�PD\�EH�EDVHG�RQ�D�GHVLUHG�
GHIRUPDWLRQ�FDSDFLW\�IRU�WKH�FRQQHFWLRQ���)RU�WKLV�PHWKRG��WKH�GHIRUPDWLRQ�FDWHJRU\�RI�WKH�FRQQHFWLRQ�
PD\�EH�XVHG�DV�WKH�UHIHUHQFH�GHIRUPDWLRQ��

x� $�PRQRWRQLF�VKHDU�WHVW�VKDOO�EH�FRQGXFWHG�WR�GHWHUPLQH�WKH�LQLWLDO�UHIHUHQFH�GHIRUPDWLRQ�IRU�XVH�LQ�WKH�
F\FOLF�VKHDU�WHVWV���7ZR�DOWHUQDWLYH��QRQ�H[SHULPHQWDO��PHWKRGV�PD\�EH�XVHG�IRU�GHWHUPLQDWLRQ�RI�WKH�
UHIHUHQFH�GHIRUPDWLRQ�������7KH�UHIHUHQFH�GHIRUPDWLRQ�PD\�EH�EDVHG�RQ�DQ�DQDO\WLFDO�HVWLPDWH�RI�WKH�
VKHDU�\LHOG�GHIRUPDWLRQ�RI�WKH�FRQQHFWLRQ������7KH�UHIHUHQFH�GHIRUPDWLRQ�PD\�EH�EDVHG�RQ�D�GHVLUHG�
GHIRUPDWLRQ�FDSDFLW\�IRU�WKH�FRQQHFWLRQ��
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0XOWLSOH�7HVWV�$SSURDFK�
7R�SURYLGH�DFFXUDWH�VWLIIQHVV��VWUHQJWK��DQG�GHIRUPDWLRQ�FDSDFLW\�PXOWLSOH�WHVWV�IRU�VKHDU�DQG�WHQVLRQ�

DUH� UHFRPPHQGHG�� 7KH� FRQQHFWLRQ� SHUIRUPDQFH� VKDOO� EH� WLHG� WR� WKH� QXPEHU� RI� WHVWV� FRQGXFWHG�� � 7KH�
SHUIRUPDQFH�RI� WKH�FRQQHFWRU�VKDOO�EH�EDVHG�RQ� WKH�DYHUDJH�RI� WKH� WHVWV� LI��D�PLQLPXP�RI� ILYH� WHVWV�DUH�
FRQGXFWHG��RU�DW�OHDVW�WKUHH�WHVWV�DUH�FRQGXFWHG�ZLWK�QRQH�RI�WKH�UHVXOWV�YDU\LQJ�PRUH�WKDQ����SHUFHQW�IURP�
WKH�DYHUDJH�RI�WKH�WKUHH���2WKHUZLVH�WKH�ORZHVW�PHDVXUHG�YDOXHV�VKDOO�EH�XVHG���$GGLWLRQDO�UHTXLUHPHQWV�
DUH�UHFRPPHQGHG�IRU�GHWHUPLQDWLRQ�RI�GHIRUPDWLRQ�FDSDFLW\��VHH�VHFWLRQ���������

&RQFOXVLRQV�
$Q� HYDOXDWLRQ� PHWKRG� IRU� SUHFDVW� FRQFUHWH� GLDSKUDJP� FRQQHFWRUV� EDVHG� RQ� VWUXFWXUDO� WHVWLQJ� LV�

SURYLGHG���7KH�UHFRPPHQGDWLRQ�SURYLGHV�D�GHWDLOHG�SURFHGXUH�IRU�GHWHUPLQDWLRQ�RI�VWLIIQHVV��GHIRUPDWLRQ�
FDSDFLW\�� DQG� IRUFH� FDSDFLW\�� � 'HWDLOV� RQ� GHYHORSLQJ� D� WHVW� PRGXOH�� ORDGLQJ� VHWXS�� ORDG� KLVWRULHV��
LQVWUXPHQWDWLRQ��GDWD�UHGXFWLRQ��UHSRUWLQJ�DQG�SHUIRUPDQFH�FDWHJRUL]DWLRQ�LV�JLYHQ���$GKHUHQFH�WR�WKH�WHVW�
PHWKRG� DOORZV� FRQQHFWLRQ� SURSHUWLHV� WR� EH� GHWHUPLQHG� LQ� D� UHSHDWDEOH�� UHSURGXFLEOH�� DQG� FRQVLVWHQW�
PDQQHU�VR�WKDW�H[LVWLQJ�DQG�QHZ�FRQQHFWLRQV�FDQ�EH�TXDQWLILHG�DQG�XWLOL]HG�HIIHFWLYHO\�LQ�WKH�GLDSKUDJP�
V\VWHP���
�

1RWDWLRQ�
$OO�WKH�V\PEROV�DUH�GHILQHG�LQ�WKLV�VHFWLRQ���
/9'7  �OLQHDU�YDULDEOH�GLIIHUHQWLDO�WUDQVIRUPHU�
'� �UHIHUHQFH�GHIRUPDWLRQ��LQ�
Tmax  �PD[LPXP�WHQVLRQ�IRUFH��NLS�
Vmax  �PD[LPXP�VKHDU�IRUFH��NLS 
F�  �D[LDO�IRUFH�UHDG�IURP�DFWXDWRU����NLS� �
F�  �D[LDO�IRUFH�UHDG�IURP�DFWXDWRU����NLS�
Ft  �D[LDO�IRUFH�UHVLVWHG�E\�FRQQHFWLRQV��NLS�
Pmax IRUFH�DW�\LHOG�SRLQW�RQ�PXOWL�VHJPHQW�EDFNERQH�FXUYH��NLS 
Pa IRUFH�DW�SRLQW�µD¶�RQ�WKH�PXOWL�VHJPHQW�EDFNERQH�FXUYH��NLS 
Pb �IRUFH�DW�SRLQW�µE¶�RQ�WKH�PXOWL�VHJPHQW�EDFNERQH�FXUYH��NLS  
P1 IRUFH�DW�SRLQW�µ�¶�RQ�PXOWL�VHJPHQW�EDFNERQH�FXUYH��NLS 
P2 IRUFH�DW�SRLQW�µ�¶�RQ�PXOWL�VHJPHQW�EDFNERQH�FXUYH��NLS 
P2a IRUFH�DW�SRLQW�µ�D¶�RQ�PXOWL�VHJPHQW�EDFNERQH�FXUYH��NLS 
P3 �IRUFH�DW�SRLQW�µ�¶�RQ�PXOWL�VHJPHQW�EDFNERQH�FXUYH��NLS 
'a  �GHIRUPDWLRQ�DW�SRLQW�µD¶�RQ�WKH�PXOWL�VHJPHQW�EDFNERQH�FXUYH��LQ�
'1  �GHIRUPDWLRQ�DW�SRLQW�µ�¶�RQ�WKH�PXOWL�VHJPHQW�EDFNERQH�FXUYH��LQ�
'b  �GHIRUPDWLRQ�DW�SRLQW�µE¶�RQ�WKH�PXOWL�VHJPHQW�EDFNERQH�FXUYH��LQ�
'2  �GHIRUPDWLRQ�DW�SRLQW�µ�¶�RQ�WKH�PXOWL�VHJPHQW�EDFNERQH�FXUYH��LQ�
'2a  �GHIRUPDWLRQ�DW�SRLQW�µ�D¶�RQ�WKH�PXOWL�VHJPHQW�EDFNERQH�FXUYH��LQ�
'3  �GHIRUPDWLRQ�DW�SRLQW�µ�¶�RQ�WKH�PXOWL�VHJPHQW�EDFNERQH�FXUYH��LQ�
Ke �LQLWLDO�HODVWLF�VWLIIQHVV�RI�WKH�PXOWL�VHJPHQW�EDFNERQH�FXUYH��NLS�LQ�
/'(  �ORZ�GHIRUPDELOLW\�HOHPHQW�
0'( �PRGHUDWH�GHIRUPDELOLW\�HOHPHQW�
+'( �KLJK�GHIRUPDELOLW\�HOHPHQW�
'T� �WHQVLRQ�GHIRUPDWLRQ�PHDVXUHG�DFURVV�WKH�FRQQHFWRUV��LQ��
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�
����&$/&8/$7,21�2)�',$3+5$*0�3523(57,(6««««««««���««��««����

$�� 'LDSKUDJP� -RLQW� 6WLIIQHVV««««««««««««««««««««««���
� %��'LDSKUDJP�-RLQW�6WUHQJWK«««««««««««««««��«««««««���
� &��'LDSKUDJP�(ODVWLF�'HIRUPDWLRQ�«««««���«««««««««���««�����«���

��
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����635($'6+((7�%$6('�',$3+5$*0�'(6,*1�$,'6«««��««�«���««««�����
$��'LDSKUDJP�6HLVPLF�%DVHOLQH�'HVLJQ�)RUFH«««««««««««««���««���

� %��$PSOLILHG�'LDSKUDJP�6HLVPLF�'HVLJQ�)RUFH«««««««««««««««���
&��'LDSKUDJP�,QWHUQDO�)RUFHV�������������������������������������������������������������������������������������������
'��'LDSKUDJP�5HLQIRUFHPHQW�'HVLJQ�������������������������������������������������������������������������������
(��6HFRQGDU\�5HLQIRUFHPHQW�'HVLJQ«««««««««««««««��««««���
)��'LDSKUDJP�,QGXFHG�'ULIW�&KHFN««««««««««««««««���«««���

�
����5()(5(1&(6�«��««�«�««««««««««««««««««««««««�����
�
�
�

,1752'8&7,21�
�
�
3$57���SURYLGHV�JXLGDQFH�RQ�WKH�DQDO\VLV�WHFKQLTXHV�WKDW�FDQ�EH�XVHG�IRU�WKH�GLDSKUDJP�VHLVPLF�GHVLJQ�
PHWKRGRORJ\��7KHVH�DQDO\VLV�WHFKQLTXHV�LQFOXGH�FRPSXWHU�PHWKRGV�XVLQJ�VWDQGDUG�GHVLJQ�RIILFH�VWUXFWXUDO�
DQDO\VLV�VRIWZDUH�DQG�FDOFXODWLRQ�EDVHG�PHWKRGV�WKDW�FDQ�EH�UHDGLO\�LQVHUWHG�LQWR�VSUHDGVKHHW�SURJUDPV��
�
3$57���LV�GLYLGHG�LQWR�ILYH�VHFWLRQV������&RPSXWHU�6WUXFWXUDO�$QDO\VLV�0HWKRGV�IRU�'LDSKUDJP�'HVLJQ��
����'LDSKUDJP�,QWHUQDO�)RUFH�&DOFXODWLRQV������'LDSKUDJP�-RLQW�6WLIIQHVV�DQG�6WUHQJWK�&DOFXODWLRQV������
'LDSKUDJP� (ODVWLF� 'HIRUPDWLRQ� &DOFXODWLRQV�� DQG�� ���� 6SUHDGVKHHW�EDVHG�'HVLJQ� $LGV� IRU� 'LDSKUDJP�
'HVLJQ��
�
,Q� WKH� ILUVW� VHFWLRQ�� WKH�PDQQHU� LQ�ZKLFK� GHVLJQ� RIILFH� VWUXFWXUDO� DQDO\VLV� VRIWZDUH� FDQ� EH� XVHG� LQ� WKH�
GHVLJQ�PHWKRGRORJ\�LV�GLVFXVVHG���
�
7R�XVH�WKH�GHVLJQ�PHWKRGRORJ\��WKH�GHVLJQHU�PXVW�EH�DEOH�WR�FDOFXODWH������WKH�GLDSKUDJP�LQWHUQDO�IRUFH�
GHPDQG�� ���� WKH� GLDSKUDJP� MRLQW� VWUHQJWK� DQG� VWLIIQHVV�� DQG� ���� WKH� GLDSKUDJP� LQGXFHG�JUDYLW\� FROXPQ�
GULIW��7HFKQLTXHV�WR�SHUIRUP�WKHVH�FDOFXODWLRQV�DUH�FRYHUHG�LQ�WKH�QH[W�WKUHH�VHFWLRQV��
�
,Q� WKH�ILQDO�VHFWLRQ��D�VSUHDGVKHHW�SURJUDP�GHYHORSHG�DV�D�GHVLJQ�DLG�IRU� WKH�GLDSKUDJP�VHLVPLF�GHVLJQ�
PHWKRGRORJ\� LV� GHVFULEHG�� 6HFWLRQ� ���� SURYLGHV� VWHS�E\�VWHS� LQVWUXFWLRQ� RQ� KRZ� WR� XVH� WKH� GHVLJQ� DLG�
VSUHDGVKHHW�SURJUDP�IRU�WKH�GLDSKUDJP�VHLVPLF�GHVLJQ�SURFHGXUH��7KH�VRIWZDUH�LV�WR�EH�PDGH�DYDLODEOH�DW�
WKH�3&,�ZHEVLWH��
�
�
�
�
�
�
�
�
�
�
�
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����&20387(5�6758&785$/�$1$/<6,6�0(7+2'6�)25�',$3+5$*0�'(6,*1�
�

,Q� WKLV� VHFWLRQ�� WKH� UROH� GHVLJQ� RIILFH� FRPSXWHU� VWUXFWXUDO� DQDO\VLV� FDQ� SOD\� LQ� IDFLOLWDWLQJ� WKH�
GHVLJQ� RI� GLDSKUDJPV� XVLQJ� WKH� VHLVPLF� GHVLJQ�PHWKRGRORJ\� LQ� 3$57� �� LV� GLVFXVVHG�� ,W� LV� QRWHG� WKDW�
FRPSXWHU�VWUXFWXUDO�DQDO\VLV�PHWKRGV�LV�not required�IRU�XVLQJ�WKH�GHVLJQ�PHWKRGRORJ\��EXW�FDQ�EH�XVHG�LI�
GHVLUHG�RU�LI�D�WKUHH�GLPHQVLRQDO�VWUXFWXUDO�PRGHO�LV�EHLQJ�FUHDWHG�LQ�WKH�QRUPDO�SURFHVV�RI�WKH�GHVLJQ��
�
$�� 'HVLJQ�2IILFH�&RPSXWHU�6WUXFWXUDO�$QDO\VLV�

&RPSXWHU� VWUXFWXUDO� DQDO\VLV� KDV� EHFRPH� D� PDLQVWUHDP�PHWKRG� IRU� VWUXFWXUDO� GHVLJQ� LQ� UHFHQW�
\HDUV��2ULJLQDOO\� WKH� FRPSXWHU� VWUXFWXUDO� DQDO\VLV�ZDV� W\SLFDOO\� OLPLWHG� WR� DQDO\VLV� RI� WKH� ODWHUDO� IRUFH�
UHVLVWLQJ� V\VWHP� �/)56��� ZKLOH� WKH� JUDYLW\� ORDG� WDNHGRZQ� ZDV� UHOHJDWHG� WR� VSUHDGVKHHW� PHWKRGV��
+RZHYHU�� ZLWK� DGYDQFHV� LQ� JUDSKLFDO� LQWHUIDFHV�� GHVLJQ� RSWLPL]DWLRQ�� DQG� %,0� �%XLOGLQJ� ,QIRUPDWLRQ�
0RGHOLQJ���WKHVH�DQDO\VHV�KDYH�H[WHQGHG�WR�WKH�JUDYLW\�ORDG�UHVLVWLQJ�V\VWHP��LQFOXGLQJ�WKH�IORRU�V\VWHP����
,Q� WKLV� VHFWLRQ��FXUUHQW�DSSURDFKHV� WR�VSDWLDO� UHSUHVHQWDWLRQ� ��'�YV���'��DQG�PRGHOLQJ� �HODVWLF�LQHODVWLF��
VWDWLF�G\QDPLF��DUH�EULHIO\�VXPPDUL]HG��

�
$���7KUHH�'LPHQVLRQDO�6WUXFWXUDO�$QDO\VLV�

,Q� WKH� UHFHQW� SDVW�� GHVLJQ� RIILFH� FRPSXWHU� VWUXFWXUDO� DQDO\VLV� PLJKW� EH� OLPLWHG� WR� D� WZR�
GLPHQVLRQDO� ��'��PRGHO� RI� WKH� SULPDU\� /)56� HOHPHQWV� �PRPHQW� IUDPH�� EUDFHG� IUDPH�� HWF���� ,Q� FDVHV�
ZKHUH� WKH�/)56�HOHPHQWV�DUH�DW� LVRODWHG� ORFDWLRQV� LQ� WKH� IORRU�� WKH� WULEXWDU\� ORDG� IURP�WKH�VXUURXQGLQJ�
IORRUV�DQG�JUDYLW\�V\VWHP�FRXOG�EH�DGGHG�DV�D�ILFWLWLRXV�3�'�FROXPQ�LQ�WKH�SODQH�RI�WKH�IUDPH��,Q�UHFHQW�
\HDUV�� KRZHYHU�� LW� LV� QRW� XQFRPPRQ� WR� FUHDWH� D� IXOO\�UHDOL]HG� WKUHH�GLPHQVLRQDO� ��'�� PRGHO� RI� WKH�
VWUXFWXUH� XVLQJ� FRPPHUFLDOO\� DYDLODEOH� VWUXFWXUDO� DQDO\VLV� SDFNDJHV� VXFK� DV� (7$%6 � �� 6$3��������
3(5)250��'���� 5$0���5,6$��'���� HWF�� 7KLV� DSSURDFK� VKRXOG� EHFRPH�PRUH� SUHYDOHQW� LQ� WKH� FRPLQJ�
\HDUV�DV�VRIWZDUH�IXUWKHU�IDFLOLWDWHV�WKH�XVH�RI�WKUHH�GLPHQVLRQDO�PRGHOLQJ��LQ�SDUWLFXODU�ZLWK�WKH�DGYHQW�RI�
%,0��ZKHUH� WKHUH� LV� D� IXUWKHU� LQFHQWLYH� WR� KDYH� D� IXOO\�UHDOL]HG� �'� EXLOGLQJ�PRGHO� EH\RQG� WKH� WKUHH�
GLPHQVLRQDO� VWUXFWXUDO� EHKDYLRU� FDSWXUHG�� 7KUHH�GLPHQVLRQDO� %,0� PRGHOLQJ� LV� EHLQJ� XVHG� WR� DQ�
DGYDQWDJH�DW�FHUWDLQ�SUHFDVW�FRPSDQLHV��H�J���+DUPDQ��������ZKHUH�FOHDUDQFHV��WROHUDQFHV�DQG�ILW�XS�DUH�
FUXFLDO�WR�WKH�VXFFHVV�RI�FRQVWUXFWLRQ�RI�SUHIDEULFDWHG�FRPSRQHQWV��

�
$���6WUXFWXUDO�$QDO\VLV�0HWKRGV�IRU�6HLVPLF�(IIHFWV��

'HVLJQ�RIILFH�VWUXFWXUDO�DQDO\VLV�KDV�W\SLFDOO\�LQYROYHG�VWDWLF�OLQHDU�DQDO\VLV��)RU�JUDYLW\�ORDG�RU�
ZLQG�ODWHUDO�ORDG�DQDO\VLV�WKLV�DSSURDFK�LV�QDWXUDO�VLQFH�WKH�VWUXFWXUH�LV�WR�UHPDLQ�LQ�WKH�HODVWLF�UDQJH�XQGHU�
VHUYLFH�ORDGV�DQG�UHVSRQG�WR�WKHP�SVHXGR�VWDWLFDOO\��)RU�HDUWKTXDNH�ODWHUDO�ORDGV��ZKHUH�QHLWKHU�RI�WKHVH�
FRQGLWLRQV� W\SLFDOO\� RFFXUV� XQGHU� WKH� GHVLJQ� HDUWKTXDNH�� WKH� G\QDPLF� HIIHFWV� DUH� FDSWXUHG� LQ� WKH�
HTXLYDOHQW� ODWHUDO� IRUFHV� WKURXJK� D� UHVSRQVH� VSHFWUXP�� ZKLOH� WKH� HIIHFWV� RI� QRQOLQHDU� DFWLRQ� DUH�
DSSUR[LPDWHG�WKURXJK�WKH�LQWURGXFWLRQ�RI�UHVSRQVH�PRGLILFDWLRQ�FRHIILFLHQW�R��V\VWHP�RYHUVWUHQJWK�IDFWRU�
:�DQG�GHIOHFWLRQ�DPSOLILFDWLRQ�IDFWRU�Cd��$6&(�����������

)RU�DVVHVVPHQW�DQG�UHWURILW�RI�H[LVWLQJ�VWUXFWXUHV��ZKHUH�LW�PD\�QRW�EH�DV�VWUDLJKWIRUZDUG�WR�XVH�
WKH� FRGH� SUHVFULSWLYH� DSSURDFK� XVHG� IRU� QHZ� EXLOGLQJV�� IRXU� DQDO\VLV� SURFHGXUH� RSWLRQV� RI� LQFUHDVLQJ�
VRSKLVWLFDWLRQ�DUH�W\SLFDOO\�SURYLGHG��$6&(�6(,���������������OLQHDU�VWDWLF�SURFHGXUH������QRQOLQHDU�VWDWLF�
�SXVKRYHU�� SURFHGXUH�� ���� OLQHDU� G\QDPLF� �PRGDO� VXSHUSRVLWLRQ�� SURFHGXUH�� DQG� ���� QRQOLQHDU� G\QDPLF�
�WLPH�KLVWRU\��SURFHGXUH���

7KH�PLQLPXP�OHYHO�RI�DQDO\VLV�UHTXLUHG�LV�GULYHQ�E\�WKH�FKDUDFWHULVWLFV�RI�WKH�VWUXFWXUH��LQFOXGLQJ�
LUUHJXODULW\�DQG�VLWH�FRQGLWLRQV��$QDO\VLV�OHYHOV�JUHDWHU�WKDQ�ZKDW�LV�OHJDOO\�UHTXLUHG�DUH�UDUHO\�SHUIRUPHG��
�������������������������������������������������
��&RPSXWHUV�DQG�6WUXFWXUHV��,QF��%HUNHOH\��&$�������
��%HQWOH\�6\VWHPV��,QF��([WRQ��3$�������
��5,6$�7HFKQRORJLHV��//&��)RRWKLOO�5DQFK��&$�������
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XQOHVV� D� FOLHQW� KDV� UHTXHVWHG� DGGHG� SHUIRUPDQFH� LQIRUPDWLRQ� RU� UHWURILW� DOWHUQDWLYHV� �H�J�� VXSSOHPHQWDO�
GDPSLQJ��HWF���LQ�ZKLFK�D�PRUH�DGYDQFHG�DQDO\VLV�ZRXOG�IDFLOLWDWH�WKH�SHUIRUPDQFH�EDVHG�GHVLJQ���

(DFK�DQDO\VLV�RSWLRQ�LV�EULHIO\�GHVFULEHG�EHORZ��7KH�DSSOLFDELOLW\�RI�WKHVH�DSSURDFKHV�IRU�SUHFDVW�
GLDSKUDJP�GHVLJQ�LV�FRQVLGHUHG�QH[W�LQ�6HFWLRQ�$����

/LQHDU�6WDWLF�$QDO\VLV���,Q�WKLV�PHWKRG��DQ�HODVWLF�PRGHO�RI�WKH�VWUXFWXUH�LV�VXEMHFWHG�WR�HTXLYDOHQW�
ODWHUDO� IRUFHV� LQWHQGHG� WR� UHSUHVHQW� WKH� HIIHFWV� RI� WKH� HDUWKTXDNH�� 7KLV� DQDO\VLV� OHYHO� FDSWXUHV� QHLWKHU�
LQHODVWLF�EHKDYLRU�QRU�G\QDPLF�UHVSRQVH��DFWLRQV�ERWK�RI�ZKLFK�WKDW�DUH�DQWLFLSDWHG�LQ�D�VWUXFWXUH��7KXV��
OLQHDU�VWDWLF�DQDO\VLV�UHOLHV�RQ�PHDVXUHV�WKDW� LPSOLFLWO\�LQFOXGH�WKH�G\QDPLF�HIIHFWV��SVHXGR�DFFHOHUDWLRQ�
UHVSRQVH� VSHFWUD� EDVHG� RQ� DQ� LQKHUHQW� DPRXQW� RI� GDPSLQJ�� IDFWRUV�� LQ� FRQMXQFWLRQ� ZLWK� IDFWRUV� WKDW�
DFFRXQW�IRU�WKH�LQHODVWLF�EHKDYLRU��R��:��Cd��DV�GLVFXVVHG�DERYH�IRU�QHZ�FRQVWUXFWLRQ�$6&(����������DQG��
C1, C2, J��m�DQG�N�IDFWRUV�IRU�UHWURILW��$6&(�6(,�����������7KH�XVH�RI�WKHVH�IDFWRUV��ZKLOH�DSSUR[LPDWH��LV�
MXVWLILHG� JLYHQ� WKH� VWUDLJKWIRUZDUG� DQG� VLPLODU� QDWXUH� RI� WKH� OLQHDU� VWDWLF� DQDO\VLV� WR�ZLQG�JUDYLW\� ORDG�
DQDO\VLV�IRU�GHVLJQ��

�
/LQHDU�'\QDPLF�$QDO\VLV���7KLV�DQDO\VLV�OHYHO�LQFOXGHV�G\QDPLF�UHVSRQVH�WKURXJK�PRGDO�DQDO\VLV�

RI�DQ�HODVWLF�PRGHO��7KXV��DQDO\VLV�OHYHO�FDSWXUHV�G\QDPLF�HIIHFWV�EXW�QRW�LQHODVWLF�EHKDYLRU��7KH�PRGDO�
DQDO\VLV� XVHV� WKH� UHVSRQVH� VSHFWUXP� WR� GHWHUPLQH� LQSXW� H[FLWDWLRQ�� ,W� LV� LPSRUWDQW� WR� QRWH� WKDW� WKH�
PD[LPXP� G\QDPLF� DFWLRQV� DUH� UHSUHVHQWHG� DSSUR[LPDWHO\� WKURXJK� PRGDO� VXSHUSRVLWLRQ� �H�J�� 6656� RU�
&4&�PHWKRGV���7KH��OLQHDU�VWDWLF�PHWKRG�UHOLHV�RQ�VLPLODU�IDFWRUV�WR�DFFRXQW�IRU�WKH�LQHODVWLF�EHKDYLRU�DV�
LQ�WKH�OLQHDU�VWDWLF�DQDO\VLV��7KLV�DQDO\VLV�PHWKRG�LV�GHVLUDEOH�RYHU�WKH�OLQHDU�VWDWLF�PHWKRG�IRU�VWUXFWXUHV�
ZKHUH�KLJKHU�PRGH�HIIHFWV�DUH�LPSRUWDQW��VLQFH�W\SLFDO�(/)�SDWWHUQV�DUH�EDVHG�RQ�ILUVW�PRGH�UHVSRQVH���RU�
IRU�EXLOGLQJ�LUUHJXODULW\�LQ�SODQ�RU�SURILOH�VXFK�WKDW�D�SUHVFULEHG�(/)�SDWWHUQ�PD\�QRW�FDSWXUH�WKH�PRGH�
VKDSHV�SURSHUO\��7KLV�PHWKRG�LV�RIWHQ�XVHG�LQ�OLHX�RI�WKH�OLQHDU�VWDWLF�DQDO\VLV�EHFDXVH�PRGHUQ�FRPSXWHU�
WRROV�KDYH�UHQGHUHG�WKH�WLPH�DQG�HIIRUW�FRPPLWPHQW�IRU�WKH�WZR�PHWKRGV�QHDUO\�HTXDO��

�
1RQOLQHDU� 6WDWLF� $QDO\VLV�� � ,Q� WKLV�PHWKRG�� DQ� inelastic� PRGHO� RI� WKH� VWUXFWXUH� LV� VXEMHFWHG� WR�

HTXLYDOHQW� ODWHUDO� IRUFHV� LQWHQGHG� WR� UHSUHVHQW� WKH� HIIHFWV� RI� WKH� HDUWKTXDNH�� 7KLV� PHWKRG� WKHUHIRUH�
DWWHPSWV� WR�GLUHFWO\� FDSWXUH� WKH�GDPDJH� DQG� OLPLW� VWDWHV� WKDW�PD\�RFFXU� LQ� DQ� HDUWKTXDNH��7KH�PHWKRG��
RIWHQ�WHUPHG�D�SXVKRYHU�DQDO\VLV��GRHV�QRW�DWWHPSW�WR�GLUHFWO\�FDSWXUH�G\QDPLF�HIIHFWV��,QVWHDG��WKH�PRGHO�
LV� VWHSSH� WKURXJK� LQFUHPHQWDO� LQFUHDVHV� LQ� ORDGLQJ� XQWLO� LW� UHDFKHV� D� IDLOXUH� PHFKDQLVP�� 7KXV�� WKH�
SXVKRYHU�DQDO\VLV�SURYLGHV�FDSDFLW\��DQG�QRW�GHPDQG��'HPDQG�LV�HVWLPDWHG�XVLQJ�DSSUR[LPDWH�PHWKRGV�
VXFK�DV�WDUJHW�GLVSODFHPHQWV��$6&(�6(,����������RU�FDSDFLW\�VSHFWUXP�PHWKRGV��1=6((��������([FHSW�
IRU�VSHFLDO�DGDSWLYH�WHFKQLTXHV�IRU�SXVKRYHUV��$QWRQLRX�DQG�3LQKR��������WKH�QRQOLQHDU�VWDWLF�DQDO\VLV�LV�
W\SLFDOO\�EDVHG�RQ�D�ILUVW�PRGH�(/)��7KLV�PHWKRG�LV�SRSXODU�EHFDXVH�RI�WKH�DELOLW\�WR�GLUHFWO\�FRQVLGHU�WKH�
IDLOXUH�PHFKDQLVP��

�
1RQOLQHDU� '\QDPLF� $QDO\VLV�� 7KLV� DQDO\VLV� DWWHPSWV� WR� GLUHFWO\� FDSWXUH� WKH� UHVSRQVH� RI� WKH�

VWUXFWXUH� WR� D� VHLVPLF� HYHQW� E\� XVLQJ� D� QRQOLQHDU� PRGHO� RI� WKH� VWUXFWXUH� WLPH�VWHSSHG� WKURXJK� WKH�
HDUWKTXDNH�XVLQJ�QRQOLQHDU�WUDQVLHQW�G\QDPLF�DQDO\VLV��1/7'$���:KLOH�WKLV�PHWKRG�LV�WKH�PRVW�GLUHFW��LW�
LV�UDUHO\�XVHG�LQ�GHVLJQ�RU�HYHQ�DVVHVVPHQW�GXH�WR�WKH�OHYHO�RI�LQYROYHPHQW�LQ�WKH�DQDO\VLV������LW�WDNHV�D�
VLJQLILFDQW�DPRXQW�RI�WLPH�WR�EXLOG�WKH�PRGHOV��SHUIRUP�WKH�DQDO\VHV�DQG�SRVW�SURFHVV�WKH�UHVXOWV������WKH�
DPRXQW�RI�GDWD�SURGXFHG�LQ�WKHVH�DQDO\VHV�LV�VLJQLILFDQW��WLPH�VWHSSLQJ�W\SLFDOO\�LQYROYHV�GLVFUHWL]LQJ�WKH�
HDUWKTXDNH�LQWR�WKRXVDQGV�RI�WLPH�VWHSV�������WKH�OHYHO�RI�H[SHUWLVH�UHTXLUHG�WR�VXFFHVVIXOO\�EXLOG�D�PRGHO�
DQG�SHUIRUP�DQ�DQDO\VLV�LV�TXLWH�KLJK��DQG�����D�VXLWH�RI�JURXQG�PRWLRQV�LV�W\SLFDOO\�UHTXLUHG�WR�SURYLGH�
HTXLYDOHQFH� WR� WKH� VPRRWK� DYHUDJHG� GHVLJQ� VSHFWUXP�� 6XFK� DQDO\VHV� DUH� W\SLFDOO\� RQO\� ZDUUDQWHG� IRU�
GHVLJQV�RU�DVVHVVPHQWV�ZLWK�FRPSOLFDWHG�G\QDPLF�RU�LQHODVWLF�PHFKDQLVPV�RU�GHVLJQV�HPSOR\LQJ�VSHFLDO�
VHLVPLF�GHYLFHV��SHUIRUPDQFH�EDVHG�GHVLJQ�WDUJHWV��HWF��

�

�
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$���6WUXFWXUDO�$QDO\VLV�0HWKRGV��2SWLRQV�IRU�'LDSKUDJP�6HLVPLF�'HVLJQ��
)RU�WKH�UHDVRQV�JLYHQ�LQ�WKH�SUHYLRXV�VHFWLRQ��ZKLOH�WKH�ODWWHU�WZR�DSSURDFKHV��QRQOLQHDU�VWDWLF�RU�

G\QDPLF��ZHUH� XVHG� KHDYLO\� LQ� WKH� GLDSKUDJP� research�� WKH� GHVLJQ�PHWKRGRORJ\� KDV� EHHQ� FRQVWUXFWHG�
VXFK� WKDW� WKH� GLDSKUDJP� design� FDQ� EH� SHUIRUPHG� XVLQJ� WKH� ILUVW� PHWKRG� �OLQHDU� VWDWLF� DQDO\VLV��� RU� LI�
GHVLUHG��WKH�VHFRQG�PHWKRG��OLQHDU�G\QDPLF�DQDO\VLV���,W�LV�LPSRUWDQW�WR�UHPHPEHU�WKDW�IRU�SURMHFWV�ZKHUH�
D�FRPSXWHU� VWUXFWXUDO�DQDO\VLV�PRGHO� is not�EHLQJ�FUHDWHG�DV�SDUW�RI� WKH�QRUPDO�SURFHVV�� WKH�GLDSKUDJP�
GHVLJQ�FDQ�EH�FDUULHG�RXW�VLPSO\�ZLWK�KDQG�RU�VSUHDGVKHHW�EDVHG�FDOFXODWLRQV��

/LQHDU�6WDWLF�$QDO\VLV��6XJJHVWHG�0HWKRG�IRU�'LDSKUDJP�'HVLJQ��
7KH� GHVLJQ� PHWKRGRORJ\� DGRSWV� IDFWRUV� ZKLFK� DUH� VLPLODU� LQ� VSLULW� WR� WKH� IDFWRUV�

PHQWLRQHG� DERYH� �IRU� LQVWDQFH� WKH�<� IDFWRU� FRQVLGHUV�ERWK�G\QDPLF� DPSOLILFDWLRQ� DQG� LQHODVWLF�
UHVSRQVH�RI�WKH�GLDSKUDJP���)RU�WKLV�UHDVRQ��OLQHDU�VWDWLF�DQDO\VLV�LV�WKH�DSSURDFK�SURPRWHG�LQ�WKH�
GHVLJQ�PHWKRGRORJ\��

� This method is promoted for use with the diaphragm design methodology, if computer structural 
analysis is desired. 

�
/LQHDU�'\QDPLF�$QDO\VLV��

)RU�GHVLJQ�RIILFHV�ZLWK�SURILFLHQF\�ZLWK�PRGDO�VXSHUSRVLWLRQ�PHWKRGV��WKH�XSJUDGH�IURP�
OLQHDU�VWDWLF�WR�OLQHDU�G\QDPLF�DQDO\VLV�GRHV�QRW�LQYROYH�D�VLJQLILFDQW�WLPH�RU�HIIRUW�SHQDOW\��6XFK�
WHFKQLTXHV�DUH�UHDGLO\�DYDLODEOH�DQG�IDFLOLWDWHG�LQ�FXUUHQW�VWUXFWXUDO�DQDO\VLV�VRIWZDUH�SDFNDJHV���

 This method is suggested as an alternative for use with the diaphragm design methodology, if 
computer structural analysis is desired. 
�
1RQOLQHDU�6WDWLF�$QDO\VLV��

7KLV�PHWKRG�ZDV�DQ�HVVHQWLDO�research� WRRO�LQ�GHYHORSLQJ�NQRZOHGJH�RI�WKH�capacity�RI�
SUHFDVW�GLDSKUDJPV��)LQGLQJV�EDVHG�RQ�WKHVH�DQDO\VHV�DUH�EXLOW�LQWR�WKH�GHVLJQ�PHWKRGRORJ\���

This method is not necessary for the design of precast diaphragms using the design methodology. 
�

1RQOLQHDU�'\QDPLF�$QDO\VLV��
7KLV� PHWKRG� ZDV� DQ� HVVHQWLDO� research� WRRO� LQ� GHYHORSLQJ� NQRZOHGJH� RI� WKH� seismic 

demands� RI� SUHFDVW� GLDSKUDJPV�� )LQGLQJV� EDVHG� RQ� WKHVH� DQDO\VHV� DUH� EXLOW� LQWR� WKH� GHVLJQ�
PHWKRGRORJ\���

This method is not necessary for the design of precast diaphragms using the design methodology. 

�
%�� 'LDSKUDJP�$FWLRQ�LQ�&RPSXWHU�6WUXFWXUDO�$QDO\VLV�

&RPSXWHU�VWUXFWXUDO�DQDO\VLV�LV�QRW�W\SLFDOO\�LQYROYHG�LQ�WKH�FXUUHQW�GHVLJQ�RI�SUHFDVW�GLDSKUDJPV��
7\SLFDOO\� FXUUHQW� GLDSKUDJP� GHVLJQ� LQYROYHV� FDOFXODWLQJ� WKH� HTXLYDOHQW� ODWHUDO� IRUFH� �(/)��� XVLQJ� WKLV�
SDWWHUQ� WR� GHWHUPLQH� WKH� GLDSKUDJP� GHVLJQ� IRUFHV�Fpx�� XVLQJ� WKH� KRUL]RQWDO� EHDP�PHWKRG� WR� GHWHUPLQH�
PD[LPXP�GLDSKUDJP�PRPHQW�DQG�VKHDU�Mmax =��Fpx/����DQG�Vmax =�Fpx���WKHQ�VL]LQJ�WKH�FKRUG�DQG�VKHDU�
UHLQIRUFHPHQW��IbAsFy > Mmax/d�DQG�nv = Vmax /IvVn���7KXV��SUHFDVW�GLDSKUDJP�GHVLJQ�RIWHQ�LQYROYHV�VLQJOH�
SDJH�LQ�WKH�FXUUHQW�GHVLJQ�RI�SUHFDVW�VWUXFWXUHV��,Q�WKLV�VHFWLRQ��WKH�XVH�RI�FRPSXWHU�VWUXFWXUDO�DQDO\VLV�IRU�
GLDSKUDJP�GHVLJQ�LQ�GLVFXVVHG��

�



� �

%���0HWKRGV�$YDLODEOH�IRU�0RGHOLQJ�'LDSKUDJPV�
%�����5LJLG�YV��6HPL�ULJLG�'LDSKUDJP�0RGHOV�
&XUUHQWO\��PRVW� VRIWZDUH�SDFNDJHV�SURYLGH�D�GLDSKUDJP�PRGHOLQJ�RSWLRQ� IRU� WKUHH�GLPHQVLRQDO�

PRGHOV�� ���� QR� GLDSKUDJP�� L�H��� /)56� HOHPHQWV� DFW� LQGHSHQGHQWO\�� ���� ULJLG� GLDSKUDJP�� L�H��� DOO� /)56�
HOHPHQWV�DW�D�VWRU\�DUH�VXEMHFWHG�WR�D�ULJLG�ERG\�WUDQVODWLRQ��XL� �XR���I�\L���ZKHUH�XR�LV�WKH�WUDQVODWLRQ�RI�
WKH�IORRU�SODWH�FHQWURLG��XL�LV�WKH�UHVXOWLQJ�WUDQVODWLRQ�RI�D�SRLQW�RQ�WKH�IORRU�D�GLVWDQFH�\L�IURP�WKH�FHQWURLG��
DQG�I�LV�WKH�LQ�SODQH�WZLVW�RI�WKH�IORRU��DOO�SRLQWV�RQ�WKH�IORRU�WUDQVODWH�WKH�VDPH�LQ�WKH�DEVHQFH�RI�WRUVLRQ���
DQG�����VHPL�ULJLG�GLDSKUDJP��ZKHUH�WKH�HODVWLF�VWLIIQHVV�RI�WKH�IORRU�V\VWHP�LV�PRGHOHG���

)RU� WKH� VHPL�ULJLG�GLDSKUDJP�PRGHO�� GHVLJQ�RIILFH� VRIWZDUH� SDFNDJHV� W\SLFDOO\� RIIHU� WZR�EDVLF�
RSWLRQV������PHPEUDQH�DFWLRQ��LQ�ZKLFK�RQO\�WKH�LQ�SODQH�HODVWLF�VWLIIQHVV�RI�WKH�IORRU�V\VWHP�LV�PRGHOHG��
DQG�����SODWH�RU�VKHOO�DFWLRQ��LQ�ZKLFK�WKH�RXW�RI�SODQH�WZR�ZD\�EHQGLQJ�DQG�VKHDU�VWLIIQHVV�RI�WKH�IORRU�
V\VWHP�LV�PRGHOHG�LQ�DGGLWLRQ�WR�WKH�PHPEUDQH�DFWLRQ��1RWH�WKDW�LQ�HLWKHU�FDVH��WKH�GLDSKUDJP�LV�PRGHOHG�
LQ�WZR�GLPHQVLRQV���'���L�H��WKH�KRUL]RQWDO�SODQH�RI�WKH�IORRU�VODE��

,Q�HPSOR\LQJ�WKH�VHPL�ULJLG�PRGHOLQJ�RSWLRQ��PRVW�VWUXFWXUDO�DQDO\VLV�SURJUDPV�UHTXHVW�DV�LQSXW�D�
VODE�WKLFNQHVV�DQG�DQ�HODVWLF�PRGXOXV��E���,I�VKHDU�GHIRUPDWLRQV�DUH�DYDLODEOH��D�VKHDU�PRGXOXV��G��FDQ�
DOVR� EH� HQWHUHG�� 0DQ\� GHVLJQ� RIILFH� VWUXFWXUDO� DQDO\VLV� SURJUDPV� QRZ� LQFOXGH� DQ� RSWLRQ� WR� HQWHU�
RUWKRWURSLF�VWLIIQHVV�SURSHUWLHV�6����6����6���WR�DFFRXQW�IRU�GLIIHUHQW�IORRU�VWLIIQHVV�LQ�HDFK�GLUHFWLRQ��7KLV�
RSWLRQ�FRXOG�EH�XVHIXO�LQ�PRGHOLQJ�SUHFDVW�GLDSKUDJPV��ZKLFK�KDYH�GLVVLPLODU�VWLIIQHVV�SURSHUWLHV�LQ�WKH�
SUHFDVW�IORRU�XQLW�VSDQQLQJ�GLUHFWLRQ��DQG�WKH�GLUHFWLRQ�SHUSHQGLFXODU�WR�WKH�SUHFDVW�IORRU�XQLW�VSDQ��

�
%�������,VRODWHG�'LDSKUDJP�YV��6WUXFWXUDO�0RGHOV��
&RPSXWHU� VWUXFWXUDO� DQDO\VLV� WR� GHWHUPLQH� GLDSKUDJP� LQWHUQDO� GHVLJQ� IRUFHV� FDQ� EH� SHUIRUPHG�

HLWKHU� E\�� �D�� FRQVLGHULQJ� HDFK� IORRU� SODWH� LQGLYLGXDOO\�� L�H�� �'�DQDO\VLV� RI� LVRODWHG�GLDSKUDJPV�� RU�� �E��
H[DPLQLQJ� WKH� IORRU�GLDSKUDJPV� LQ� WKH�FRQWH[W�RI� WKH�RYHUDOO� VWUXFWXUH� LQ� D��'�VWUXFWXUDO�PRGHO�� ,Q� WKH�
'6'0�UHVHDUFK��ERWK�RI�WKHVH�DSSURDFKHV�ZHUH�XVHG�H[WHQVLYHO\��7KHUH�DUH�DGYDQWDJHV�DQG�GLVDGYDQWDJHV�
RI�HDFK�DSSURDFK��7KH�DSSURDFK�UHFRPPHQGHG�IRU�WKH�GHVLJQ�PHWKRGRORJ\��LI�VWUXFWXUDO�DQDO\VLV�LV�WR�EH�
XVHG��LV�WR�HYDOXDWH�WKH�GLDSKUDJPV�LQ�WKH�IXOO�VWUXFWXUDO�PRGHO����

Isolated Diaphragm Model��7KH�DGYDQWDJH�RI�XVLQJ�DQ�LVRODWHG�PRGHO�LV�WKDW�WKH�PRGHO�LV�HDVLHU�
WR�EXLOG��DQDO\]H�DQG�SRVW�SURFHVV��+RZHYHU��VLQFH�WKH�XVH�RI�FRPSXWHU�VWUXFWXUDO�DQDO\VLV�LV�QRW�UHTXLUHG�
IRU� WKH� GHVLJQ�PHWKRGRORJ\�� LW� LV� FRQVLGHUHG� OLNHO\� WKDW� LW�ZLOO� RQO\� EH� XVHG�ZKHQ� WKHUH� LV� DQ� H[LVWLQJ�
PRGHO�RI�WKH�VWUXFWXUH��7KXV��ZKDW�PLJKW�EH�D�WLPH�VDYHU�LQ�D�UHVHDUFK�VHWWLQJ��LV�OLNHO\�H[WUD�ZRUN�LQ�WKH�
GHVLJQ� RIILFH� VHWWLQJ�� )XUWKHU�� WKH� KDQGOLQJ� RI� ERXQGDU\� FRQGLWLRQV� LV� VRPHZKDW� FKDOOHQJLQJ� IRU� WKH�
LVRODWHG�GLDSKUDJP�PRGHO��/DWHUDO� IRUFH�UHVLVWLQJ�HOHPHQWV�DUH� W\SLFDOO\�PRGHOHG�DV� LGHDOL]HG�ERXQGDU\�
FRQGLWLRQV��SLQV�DQG�UROOHUV���7KLV�GRHV�QRW�DOORZ�IRU�DFFRXQWLQJ�IRU�GLIIHUHQFHV�LQ�VWLIIQHVV�EHWZHHQ�WKH�
YDULRXV� /)56� HOHPHQWV� RU� GXH� WR� WKH� OHYHO� DERYH� WKH� JURXQG� ZLWKRXW� WKH� LQWURGXFWLRQ� RI� ³IRXQGDWLRQ�
VSULQJV´�EHWZHHQ�WKH�GLDSKUDJP�DQG�WKH�IL[HG�ERXQGDULHV��7KHVH�DUH�VRPHZKDW�FXPEHUVRPH�WR�LQWURGXFH�
DQG�LW�PD\�EH�PRUH�VWUDLJKWIRUZDUG�WR�VLPSO\�PRGHO�WKH�VWUXFWXUH�VR�DV�WR�LQFOXGH�WKH�YHUWLFDO�VSDWLDO�DQG�
VWLIIQHVV�UHODWLRQVKLSV�GLUHFWO\��)RU�WKHVH�UHDVRQV��WKH�IXOO�VWUXFWXUDO�PRGHO�LV�SURPRWHG��

Full Structural Model�� 7KH� LQWHUQDO� IRUFHV� DQG� GHIRUPDWLRQV� IRU� D� SUHFDVW� GLDSKUDJP� FDQ� EH�
PRGLILHG�E\� WKH�SUHVHQFH�RI�YHUWLFDO� HOHPHQWV� �ZDOOV�� IUDPHV�� FROXPQV��� LQFOXGLQJ� LQ� WKHLU�RXW� RI� SODQH�
GLUHFWLRQ��,Q�FDVHV��WKHVH�DFWLRQV�FDQ�EH�LPSDFWHG�E\�WKH�UHODWLYH�VWLIIQHVV�RI�WKH�YDULRXV�YHUWLFDO�HOHPHQWV��
RU�FDQ�EH�VHQVLWLYH�WR�WKH�FRQGLWLRQV�RQ�GLIIHUHQW�IORRUV�RU�KRZ�IDU�WKH�IORRU�OHYHO�LV�IURP�WKH�IRXQGDWLRQ���
7KXV��WKH�IXOO��'�VWUXFWXUDO�PRGHO�LV�UHFRPPHQGHG�LI�FRPSXWHU�VWUXFWXUDO�DQDO\VLV�LV�XVHG���

,W�LV�LPSRUWDQW�WR�QRWH�WKDW�WKHUH�DUH�VRPH�UHPDLQLQJ�VKRUWFRPLQJV�ZLWK�WKH�VWDWLF�DQDO\VLV��HYHQ�
ZLWK� WKH� IXOO� �'� VWUXFWXUDO� PRGHO�� )RU� LQVWDQFH�� WKHUH� DUH� LQWHU�IORRU� DFWLRQV� WKDW� FDQ� RQO\� WUXO\� EH�
DFFXUDWHO\� FDSWXUHG� WKURXJK� QRQOLQHDU� WUDQVLHQW� DQDO\VLV�� 7KHVH� FRXOG� LQFOXGH� UHVWUDLQLQJ� IRUFHV� IURP�
FROXPQV��LQ�SDUWLFXODU�GXH�WR�KLJKHU�PRGH�HIIHFWV�ZKHUH�WKH�IORRUV�JHW�RXW�RI�SKDVH��RU�WKH�HIIHFW�RI�UDPSV�
LQ�SDUNLQJ�JDUDJHV��)XUWKHU��WKHUH�LV�FKDOOHQJHV�LQ�VHOHFWLQJ�WKH�ORDGLQJ�WR�DSSO\�WR�WKH�VWUXFWXUH��VLQFH�WKH�
(/)� SDWWHUQ� Fi� LV� DQ� LQVWDQWDQHRXV� SDWWHUQ�� ZKLFK� LV� DSSURSULDWH� WR� DSSO\� EXW� GRHV� QRW� FDSWXUH� IORRU�



� �

PD[LPD�� ZKLOH� WKH� GLDSKUDJP� IRUFH� SDWWHUQ�Fpx� LV� D� SURILOH� RI� PD[LPXPV�� DQG� WKXV� LV� QRW� D� UDWLRQDOH�
SDWWHUQ�WR�DSSO\�WR�WKH�VWUXFWXUH���0HWKRGV�IRU�DSSO\LQJ�WKLV�ORDG�DUH�SURSRVHG�LQ��6DEHOOL�HW�DO��������

�
%�������0RQROLWKLF�YV��'LVFUHWH�'LDSKUDJP�0RGHOV��
$V� GLVFXVVHG� LQ� $SSHQGL[� %� RI� 6HFWLRQ� ��� WKH� UHVHDUFK� ZDV� SHUIRUPHG� XVLQJ� PRGHOV� WHUPHG�

³GLVFUHWH´�GLDSKUDJP�PRGHOV��,Q�WKHVH�PRGHOV�� WKH�LQGLYLGXDO�FRQQHFWRUV�LQ�WKH�SUHFDVW�IORRU�V\VWHP�DUH�
GLVFUHWHO\�PRGHOHG�DW�WKHLU�ORFDWLRQV�DORQJ�WKH�MRLQW�EHWZHHQ�SUHFDVW�XQLWV��6XFK�PRGHOV�ZHUH�HVVHQWLDO�WR�
WKH� UHVHDUFK�� EXW� ZHUH� XVHG� WR� GHWHUPLQH� GHVLJQ� SURFHGXUHV�� FODVVLILFDWLRQV� DQG� IDFWRUV� VXFK� WKDW� WKH�
GHVLJQHU� ZRXOG� QRW� KDYH� WR� XVH� WKHVH� GLVFUHWH� GLDSKUDJP� PRGHOV�� 7KXV�� ZKLOH� VRPH� GHVLJQHUV� KDYH�
DWWHPSWHG�VXFK�PRGHOLQJ�DSSURDFKHV��&OHODQG��������GLVFUHWH�GLDSKUDJP�PRGHOV�DUH�QRW�QHFHVVDU\�LQ�WKH�
XVH�RI�WKH�GHVLJQ�PHWKRGRORJ\�SURFHGXUHV���,W�LV�QRWHG�IRU�FRPSOHWHQHVV�WKDW�WKH�XVH�RI�LGHDOL]HG�ERXQGDU\�
FRQGLWLRQV� XVHG� LQ� �'� LVRODWHG� GLDSKUDJP� UHSUHVHQWDWLRQV� DUH� VRPHZKDW� SUREOHPDWLF� ZLWK� GLVFUHWH�
GLDSKUDJP� PRGHOV�� ZKLFK� UHTXLUH� MRLQW� RSHQLQJ� IRU� GLDSKUDJP� GHIRUPDWLRQ�� /LNHZLVH�� WKH� GLVFUHWH�
GLDSKUDJP�PRGHOV� DUH� DOVR� GLIILFXOW� WR� XVH� IRU�PRGDO� DQDO\VLV�� IRU� LQVWDQFH� WR� GHWHUPLQH� WKH� VWUXFWXUDO�
IXQGDPHQWDO�SHULRG��VLQFH�WKH�GLVFUHWH�GLDSKUDJP�PRGHOV�GHSHQG�RQ�FRQWDFW�HOHPHQWV�ZKRVH�LQLWLDO�VWDWXV�
�RSHQ�RU�FORVHG��VWXFN�RU�VOLGLQJ��LV�XQNQRZQ��

�
%���6WUXFWXUDO�$QDO\VLV�0HWKRGV�IRU�3UHFDVW�'LDSKUDJP�'HVLJQ�

$V� PHQWLRQHG�� FRPSXWHU� VWUXFWXUDO� DQDO\VLV� LV� QRW� FXUUHQWO\� FRPPRQ� IRU� SUHFDVW� GLDSKUDJP�
GHVLJQ��)RU�GLVWULEXWHG�ODWHUDO�IRUFH�UHVLVWLQJ�V\VWHPV��GHVLJQHUV�KDYH�XVHG�OLQH�W\SH�EHDP�HOHPHQWV�ZLWK�
LGHDOL]HG�ERXQGDU\�FRQGLWLRQV��UROOHUV�DQG�SLQV���DQG�WKH�GLDSKUDJP�IRUFH�Fpx�DSSOLHG�DV�D�GLVWULEXWHG�ORDG��
WR�GHWHUPLQH�VKHDUV�DQG�PRPHQWV�DW�GLIIHUHQW�ORFDWLRQV�LQ�WKH�IORRU��
� )RU�PRUH�FRPSOLFDWHG�IORRU�FRQILJXUDWLRQV��SUHFDVW�IORRU�V\VWHPV�FDQ�EH�PRGHOHG�XVLQJ�VWUXFWXUDO�
DQDO\VLV� VRIWZDUH�� DV� GHVFULEHG� LQ� 6HFWLRQ� $��� 6XFK� DQDO\VHV� DUH� QRW� FXUUHQWO\� FRPPRQ�� &XUUHQWO\�
GHVLJQHUV�UHO\�RQ�IXOO��'�VWUXFWXUH�PRGHOV�IRU�UHLQIRUFHG�FRQFUHWH�GLDSKUDJPV�LQ�KLJK�ULVH�VWUXFWXUHV�IRU�
FDVHV� LQYROYLQJ� WUDQVIHU� GLDSKUDJPV� �0H\HU�������� �)RU� WKHVH� DQDO\VHV�� IUHH�ERG\�FXWV� FDQ�EH�PDGH� DW�
GLDSKUDJP�VHFWLRQV�DORQJ�WKH�OLQHV�RI�WKH�SUHFDVW�MRLQWV�WR�GHWHUPLQH�LQWHUQDO�IRUFHV��
�

&�� *XLGHOLQHV�IRU�&RPSXWHU�6WUXFWXUDO�$QDO\VLV�RI�3UHFDVW�'LDSKUDJPV�
&����'LDSKUDJP�0RGHOLQJ�

� �� 7KH�GHVLJQ�PHWKRGRORJ\�FDQ�EH�SHUIRUPHG�XVLQJ�KDQG�FDOFXODWLRQV�RU�VSUHDGVKHHW�PHWKRGV��6HH�
6HFWLRQ� ������ ,I� FRPSXWHU� VWUXFWXUDO� DQDO\VLV� LV� GHVLUHG�� WKH� DSSURDFK� UHFRPPHQGHG� IRU� WKH� GHVLJQ�
PHWKRGRORJ\� LV� D� IXOO� �'� VWUXFWXUDO� PRGHO�� 7KH� GLDSKUDJP� LQWHUQDO� IRUFHV� FDQ� EH� FDOFXODWHG� WKURXJK�
FRPSXWHU�DQDO\VLV�E\�XVLQJ�WKH�IROORZLQJ�SURFHGXUH��

�
�D�� �'�6WUXFWXUH�0RGHO��
�� 7KH�IORRU�V\VWHP�FDQ�EH�PRGHOHG�DV�D�SODQDU�VHPL�ULJLG�GLDSKUDJP�WKURXJK�PHPEUDQH�DFWLRQ��

9� LQSXW�WKLFNQHVV�DV�IODQJH�WKLFNQHVV�IRU�SUHWRSSHG�V\VWHP��
9� VXP�RI�IODQJH�WKLFNQHVV�DQG�WRSSLQJ�VODE�WKLFNQHVV�IRU�WRSSHG�V\VWHP�
9� HIIHFWLYH�GHQVLW\�WR�SURGXFH�WKH�SURSHU�WRWDO�PDVV�RI�WKH�IORRU�V\VWHP��WHH�VWHPV��

LQWHUQDO�EHDPV��HWF���
9� SUHVWUHVVLQJ�HIIHFWV�GR�QRW�QHHG�WR�EH�PRGHOHG�DV�WKH\�DUH�QRW�W\SLFDOO\�VLJQLILFDQW�

LQ�WKH�IORRU�VODE��
�

�� 7KH�IORRU�V\VWHP�VWLIIQHVV�LV�FDOFXODWHG�XVLQJ�HIIHFWLYH�PRGXOL��(HII����*HII��



� �

9� ,Q�SUHOLPLQDU\�GHVLJQ�� WKH�HIIHFWLYH�PRGXOL�FDQ�EH�HVWLPDWHG�DV�����������RI�(F�
DQG�����������RI�*F��ZKHUH�(F�DQG�*F�DUH� FRQFUHWH�XQFUDFNHG�HODVWLF�DQG� VKHDU�
PRGXOXV��

9� ,Q�ILQDO�GHVLJQ��WKH�HIIHFWLYH�PRGXOL�DUH�REWDLQHG�EDVHG�RQ�WKH�DFWXDO�UHLQIRUFHPHQW�
OD\RXW� XVLQJ� WKH� SURFHGXUH� JLYHQ� LQ� ³'LDSKUDJP� -RLQW� 6WLIIQHVV� DQG� 6WUHQJWK�
&DOFXODWLRQ´�RI�3$57����

9� )RU� GLDSKUDJPV�ZLWK� YDU\LQJ� UHLQIRUFHPHQW�� LW� LV� VXJJHVWHG� WR� DSSO\� WKH� DYHUDJH�
Eeff DQG Geff�RYHU�DOO�WKH�MRLQWV�LQ�WKH�IORRU��Eeff FDQ�EH�DSSOLHG�LQ�ERWK�GLUHFWLRQV��,W�
FDQ�EH�LQFUHDVHG�LQ�WKH�SUHFDVW�IORRU�VSDQ�GLUHFWLRQ��ZLWK�D�UHFRPPHQGHG�YDOXH�RI�
�Eeff��

�
�� 7KH�ODWHUDO�IRUFH�UHVLVWDQW�V\VWHP��/)56��FDQ�EH�PRGHOHG�DV�HODVWLF�SODQDU��VKHOO�HOHPHQW�IRU�

VKHDU� ZDOO�� RU� HODVWLF� EHDP� �EHDP� HOHPHQW� IRU� IUDPH�� HOHPHQWV� XVLQJ� FUDFNHG� VHFWLRQ�
SURSHUWLHV�WR�SURYLGH�ERXQGDU\�VXSSRUWV�WR�GLDSKUDJP�LQ�WKH�/)56�RXW�RI�SODQH�GLUHFWLRQ��

�
�� 7KH� LQWHUIDFHV� EHWZHHQ� WKH� /)56� WR� GLDSKUDJP�� WKH� LQWHUQDO� EHDP� WR� GLDSKUDJP� DQG� WKH�

VSDQGUHO�WR�GLDSKUDJP�DUH�PRGHOHG�DV�FRQWLQXRXV�HOHPHQWV���
�

�� ,W�LV�UHFRPPHQGHG�WR�PRGHO�WKH�YHUWLFDO�JUDYLW\�V\VWHP��H�J��JUDYLW\�FROXPQ��DV�HODVWLF�EHDP�
HOHPHQWV�ZLWK�SLQQHG�FRQQHFWLRQ�WR�WKH�IORRU�V\VWHP�DQG�DQ�DSSURSULDWH�EDVH�FRQGLWLRQ��

�
&���6WUXFWXUDO�$QDO\VLV� �

� ,I� FRPSXWHU� VWUXFWXUDO� DQDO\VLV� LV� GHVLUHG� WR� SHUIRUP� WKH� GLDSKUDJP� GHVLJQ� XVLQJ� WKH� GHVLJQ�
PHWKRGRORJ\�� WKH� OLQHDU� VWDWLF� PHWKRG� LV� UHFRPPHQGHG�� /LQHDU� G\QDPLF� DQDO\VLV� FDQ� EH� XVHG� DV� DQ�
DOWHUQDWLYH�PHWKRG��

�
�D�� /LQHDU�6WDWLF�$QDO\VLV�
�� $SSO\�WKH�DSSURSULDWH�DPSOLILHG�GLDSKUDJP�IRUFH��)GLD�REWDLQHG�LQ�VWHS���RI�3$57����WR�WKH�

�'�VWUXFWXUH�PRGHO�DV�ERG\�ORDGV�DW�HDFK�IORRU�OHYHO�
�
�� $SSO\�WKH�ORDGV�LQGLYLGXDOO\�LQ�HDFK�RUWKRJRQDO�GLUHFWLRQ�

�
�� 3HUIRUP�VWDWLF�DQDO\VLV�WR�REWDLQ�WKH�PRPHQW��VKHDU�DQG�D[LDO�IRUFHV�DW�GLDSKUDJP�MRLQWV�DQG�

LQWHUIDFHV�EHWZHHQ�GLDSKUDJPV�WR�VHFRQGDU\�HOHPHQWV��/)56��LQWHUQDO�EHDP�DQG�VSDQGUHO�HWF��
IRU�HDFK�ORDGLQJ�GLUHFWLRQ�

�
�E�� /LQHDU�'\QDPLF�$QDO\VLV�
�� &RQVWUXFW� WKH�GHVLJQ� DFFHOHUDWLRQ� VSHFWUXP�EDVH�RQ�&KDSWHU����RI�$6&(��� ������� DW�'%(�

OHYHO�DQG����GDPSLQJ��
�
�� 3HUIRUP�PRGHO�VXSHUSRVLWLRQ�DQDO\VLV�XVLQJ�6566�RU�&4&�PHWKRG�

�
�� 0HDVXUH�WKH�GLDSKUDJP�LQHUWLD�IRUFH��)L��DW�HDFK�IORRU�

�
�� 0HDVXUH� WKH� PRPHQW�� VKHDU� DQG� D[LDO� IRUFHV� DW� GLDSKUDJP� MRLQWV� DQG� LQWHUIDFHV� EHWZHHQ�

GLDSKUDJPV� WR�VHFRQGDU\�HOHPHQWV��/)56�� LQWHUQDO�EHDP�DQG�VSDQGUHO�HWF�� IRU�HDFK� ORDGLQJ�
GLUHFWLRQ��

�
�� 6FDOH�WKH�PHDVXUHG�GLDSKUDJP�LQWHUQDO�IRUFHV��REWDLQHG�LQ�SUHYLRXV�VWHS��E\�<)'[�)L�
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&���'LDSKUDJP�'HIRUPDWLRQ�0HDVXUHPHQWV�
�� 0HDVXUH�WKH�PD[LPXP�GLDSKUDJP�GLVSODFHPHQW��'GLD��DW�D�JLYHQ�IORRU�OHYHO��
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� 7KH� GLDSKUDJP� LQWHUQDO� IRUFH� �LQ�SODQH� PRPHQW�� VKHDU� DQG� D[LDO� IRUFH� DW� HDFK� MRLQW�� LV� WR� EH�
FDOFXODWHG� E\� DSSO\LQJ� WKH� DPSOLILHG� GLDSKUDJP� GHVLJQ� IRUFH� �REWDLQHG� LQ� 6WHS� �� RI� 3$57� ��� WR� WKH�
GLDSKUDJP��)UHH�%RG\�0HWKRG��)%'��LV�LQWURGXFHG�LQ�WKLV�VHFWLRQ�WR�GHWHUPLQH�WKHVH�LQWHUQDO�IRUFHV��
�
$�� )UHH�%RG\�0HWKRG��

� 7KH�IUHH�ERG\�PHWKRG�WR�FDOFXODWH�WKH�GLDSKUDJP�LQWHUQDO�IRUFHV�FDQ�EH�SHUIRUPHG�DV�IROORZV��
�� &XW� D� IUHH� ERG\� IRU� WKH�GLDSKUDJP�RU� VXE�GLDSKUDJP� �W\SLFDOO\� DW� WKH� LQWHUIDFHV� EHWZHHQ�

GLDSKUDJP�WR�/)56�DQG�LQWHUQDO�EHDP��HWF���
�� $SSO\�WKH�DSSURSULDWH�DPSOLILHG�GLDSKUDJP�IRUFH��)GLD�REWDLQHG�LQ�3$57����6WHS�����WR�WKH�

�'�VWUXFWXUH�PRGHO�DV�ERG\�ORDGV�DW�HDFK�IORRU�OHYHO�
�� &DOFXODWH�WKH�UHDFWLRQ�IRUFHV�DW�ERXQGDU\�RI�WKH�GLDSKUDJP�IUHH�ERG\�WR�VDWLVI\�WKH�

JOREDO� HTXLOLEULXP� IRU� VWDWLF� GHWHUPLQDWH� IUHH� ERG\�� )RU� LQGHWHUPLQDWH� IUHH� ERG\��
DVVXPSWLRQ�KDV�WR�EH�PDGH�EDVHG�RQ�PHFKDQLFV��6HH�([DPSOHV�LQ�����%��

�� 'HWHUPLQH�WKH�GLDSKUDJP�LQWHUQDO�IRUFHV�XVLQJ�ORFDO�HTXLOLEULXP�ZLWK�VHFWLRQ�FXW�DW�
GLDSKUDJP�MRLQWV�

�� &RQVLGHU�WKH�ORDGLQJ�LQ�HDFK�RUWKRJRQDO�GLUHFWLRQ�LQGLYLGXDOO\��XVH�WKH�PD[LPXP�FDVH�
RI�FRPELQHG��0�1�9��IRUFHV�

�
%�� )UHH�%RG\�'LDJUDPV�IRU�&RPPRQ�3UHFDVW�'LDSKUDJP�&RQILJXUDWLRQV��

� �� ,Q� WKLV� VHFWLRQ�� IUHH� ERG\� GLDJUDPV� �)%'V�� IRU� FRPPRQ� SUHFDVW� VWUXFWXUH� GLDSKUDJP�
FRQILJXUDWLRQV�DUH�SURYLGHG��7KHVH�FRQILJXUDWLRQV�FRUUHVSRQG�WR�WKH�H[DPSOHV�LQ�3$57����

�
%���6WUXFWXUH�&RQILJXUDWLRQ������VWRU\�SHULPHWHU�ZDOO�SDUNLQJ�JDUDJH��([DPSOH���LQ�3$57���

� � 7KH�ILUVW�SUHFDVW�GLDSKUDJP�FRQILJXUDWLRQ�LV�VKRZQ�LQ�)LJXUH����$�GLVWLQFWLRQ�LV�PDGH�EHWZHHQ�WKH�
IODW�SDUNLQJ�UHJLRQ��DW�WKH�WRS�RU�ERWWRP�RI�WKH�ILJXUH��DQG�WKH�UDPS��(DFK�RI�WKHVH�UHJLRQV�LV�WUHDWHG�DV�D�
VXE�GLDSKUDJP�DQG�ZLOO�EH�SURYLGHG�ZLWK�D�VHSDUDWH�)%'���
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��� LLFw Dx �< IRU�WRS�IORRU�������� LFw Dx ��< IRU�RWKHU�IORRUV�
5HDFWLRQV�DW�%RXQGDU\��
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��� LNwLVN lwSWBeam �  �
� � � �� IVQLV beambeam � �ZKHUH� ���
�� LLwV beam � ��DQG� dIQ ����  
'LDSKUDJP�-RLQWV��

beamLx dd� ��
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beamlwbeambeamswu LxNLxNwxxVM ����� �
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$VVXPSWLRQV���
��� 7KH�WRWDO�VXE�GLDSKUDJP�HQG�UHDFWLRQV�VKDUHG�������EHWZHHQ�WKH�HQG�VKHDU�ZDOO�SURMHFWLQJ�SDVW�WKH�,7�

EHDP�DQG�WKH�,7�EHDP�LWVHOI��
��� 7KH�LQWHUQDO�EHDP�MRLQW�PXVW�EH�GHVLJQHG�WR�FDUU\�����RI�WKH�VXE�GLDSKUDJP�HQG�UHDFWLRQ��
��� 7KH�OLWHZDOO�SURYLGHV�UHVWUDLQW�VXFK�WKDW�WKH�D[LDO�IRUFH��Nlw��DV�����RI�w��
��� 6KHDU�UHDFWLRQ��9EHDP��DW�WKH�LQWHUQDO�EHDP�MRLQW�LV�XQLIRUPO\�GLVWULEXWHG��
��� 'XH�WR�EHQGLQJ��D�WULDQJXODU�GLVWULEXWLRQ�LV�DVVXPHG�IRU�WKH�D[LDO�IRUFH�DW�WKH�,7�LQWHUIDFH��
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5HDFWLRQV�DW�%RXQGDU\��
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� � beamlwrampSW NLNwLV ���
� �� �
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�� LLWV beam � ��DQG� dIQ ����  �
'LDSKUDJP�-RLQW��

beamLx dd� ��
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��LxLbeam d� �
���������������� � uN ���

��� beamlwbeamswu LxNNwxVV ���� ���
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,QWHUQDO�IRUFHV�DUH�V\PPHWULFDO�

�
$VVXPSWLRQV���
��� /RDG��VKHDU��9EHDP�DQG�D[LDO��1EHDP��DUH�WUDQVIHUUHG�IURP�1�6�IODW�WKURXJK�LQWHUQDO�EHDP�MRLQW��
��� 7KH�OLWHZDOO�SURYLGHV�UHVWUDLQW�VXFK�WKDW�WKH�D[LDO�IRUFH��Nlw��DV�����RI�w��
��� 7KH�/LWHZDOO�SURYLGHV�UHVWUDLQW�VXFK�WKDW�WKH�VKHDU�IRUFH��Vlw��DV�����RI�WRWDO�GLDSKUDJP�LQHUWLD�IRUFH��
��� 6KHDU�UHDFWLRQ��9EHDP��DQG�D[LDO�UHDFWLRQ��1EHDP��DW�LQWHUQDO�EHDP�MRLQW�DUH�XQLIRUPO\�GLVWULEXWHG��
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��� LLFn Dx �< IRU�WRS�IORRU���� LFn Dx ��< IRU�RWKHU�IORRUV�
nn ����  ��� ����� �� beambeam LLLnnLn �� �

5HDFWLRQV�DW�%RXQGDU\��
� � � �� nq ����  ��� nq �����  �� 
�@��> �� LLqqnLq beamlw �� �
� � � �� beamt LndN � �� ��� beamc LLndN � �
'LDSKUDJP�-RLQW��

beamLx dd� ��

������� �� �� nqxNu � �������� tu xNV  �������� ���� �
� dxqxNM tu � �

�
beambeam LLxL �d� ��

������ �� �� xnLxqLqN beamlwbeamu ��� �� �� beamctbeamu LxNNLV �� ��

�������������� �
� beamclwbeambeambeambeamtu LxNqLxdqdLLxLNM ������ 
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 �� LLxqLqLqN beamlwbeamu ���� �� �� beamctbeamu LxNNLV �� ��
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qLLxd
LxNqdLqdLLxLNM
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$VVXPSWLRQV���
��� 7ZR�GLIIHUHQW��XQLIRUP�GLVWULEXWHG�ORDGV��Q��DQG�Q���DUH�XVHG�GXH�WR�WZLVWLQJ�HIIHFW��
��� 7ZLVW�PRPHQW�FDXVHG�E\�HFFHQWULFLW\�RI�VKHDU�UHDFWLRQ��q�DQG�q���LV�EDODQFHG�E\�WKH�D[LDO�UHVWUDLQW��NW�
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5HDFWLRQV�DW�%RXQGDU\��
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� � �������������������� beambeam nLV  
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'LDSKUDJP�-RLQW��

beamLx dd� ���
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�
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,QWHUQDO�IRUFHV�DUH�V\PPHWULFDO�

$VVXPSWLRQV���
��� &RQVLGHULQJ�KDOI�RI� UDPS� LV� ORDGHG� LQ�RQH�GLUHFWLRQ�ZLWK�XSSHU� IORRU�DQG�KDOI�RI� UDPS� LV� ORDGHG� LQ�

RWKHU�GLUHFWLRQ�ZLWK�ORZHU�IORRU��
��� 7KH�ORDGLQJ�LV�LQ�VHOI�HTXLOLEULXP��
��� 7KH�/LWHZDOO�SURYLGHV�UHVWUDLQW�VXFK�WKDW�WKH�VKHDU�IRUFH��Vlw��DV�����RI�WRWDO�GLDSKUDJP�LQHUWLD�IRUFH��
��� 6KHDU�IRUFH��9EHDP��DW�LQWHUQDO�EHDP�MRLQW�LV�WUDQVIHUUHG�IURP�1�6�IODW�DQG�LV�XQLIRUPO\�GLVWULEXWHG��
�

,QWHUIDFH�-RLQWV��&ULWLFDO�/RDGLQJ�GLUHFWLRQ�RQO\��
'LDSKUDJP�WR�6KHDU�:DOO�&RQQHFWLRQ��SHU�:DOO���
������������������������� � uN ������ ��pxu FV < ������ � uM �
'LDSKUDJP�WR�/LWHZDOO�-RLQW�&RQQHFWLRQ��SHU�:DOO���

bNN cu  ����� bqV lwu  �������� � uM �
,QWHUQDO�%HDP�-RLQW�DORQJ�%��WR�%��LQ�)LJ�����

beamu NN  ����� beamu VV  ������� ��beambeamu LNM  ����
� � ��EDVHG�RQ�WULDQJXODU�IRUFH�GLVWULEXWLRQ�
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6WUXFWXUH� &RQILJXUDWLRQ� �� H[FHSW� WKH� SHULPHWHU� WUDQVYHUVH� VKHDU� ZDOOV� DUH� QRZ�PRYHG� LQERXQG� WR� WKH�
LQWHULRU�FROXPQ�OLQH�DW�WKH�WHUPLQDWLRQ�RI�WKH�UDPS��$�GLVWLQFWLRQ�LV�PDGH�EHWZHHQ�WKH�IODW�SDUNLQJ�UHJLRQ�
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�
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�
� TdcdsKT toppingttopping �� � � � � ����

�
7KXV��WKH�WRWDO�WHQVLRQ�IRUFH�DFWLQJ�RQ�WKH�MRLQW��T��LV�

� � toppingconnchord TTTT �� � � � � � � ����
�
7KH�IRUFH�HTXLOLEULXP�RI�WKH�MRLQW�UHTXLUHV�C=T��ZKLFK�FDQ�EH�H[SUHVVHG�DV�D�IXQFWLRQ�RI�c��
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)LJ����)%'�RI�GLDSKUDJP�MRLQW��

�
�

�E��'HWHUPLQH�ORFDWLRQ�RI�FHQWHU�RI�FRPSUHVVLRQ�
�
7KH� FHQWHU� RI� FRPSUHVVLRQ�� c0�� LV� FDOFXODWHG� GLIIHUHQWO\� IRU� WRSSHG� DQG� XQWRSSHG� V\VWHPV�� )RU�
WRSSHG� GLDSKUDJP� V\VWHPV�� WKH� FRPSUHVVLRQ� GLVWULEXWLRQ� LV� DVVXPHG� OLQHDU�� VLQFH� FRQFUHWH�WR�
FRQFUHWH�FRQWDFW�ZLOO�RFFXU�DORQJ�WKH�HQWLUH�FRPSUHVVLRQ�]RQH�DQG�WKH�FRPSUHVVLRQ�VWLIIQHVV�FDQ�
EH�DVVXPHG�WR�EH�FRQVWDQW�LQ�WKLV�UHJLRQ��L�H��WKH�FRPSUHVVLRQ�UHVXOWDQW��C��DFWLQJ�DW��

� � cc � ���� � � � � � � � ������� ��������
�
)RU� XQWRSSHG� GLDSKUDJP� V\VWHPV� ZLWK� D� GU\� FKRUG�� WKH� FHQWHU� RI� IRUFH co� LV� HVWLPDWHG� E\� WKH�
UHODWLYH�FRPSUHVVLYH�VWLIIQHVV�RI�WKH�VKHDU�FRQQHFWRUV�WR�WKH�FKRUG��

� �
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scsKdcK
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conncchordc
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�
)RU� XQWRSSHG� V\VWHPV� ZLWK� FKRUG� UHLQIRUFHPHQW� LQ� D� SRXU� VWULS�� Kc,chord!!Kc,conn�� WKXV�� WKH�
FRPSUHVVLRQ�IRUFH�FHQWHU�LV�DVVXPHG�WR�EH�DW�FRPSUHVVLRQ�FKRUG�UHLQIRUFHPHQW��L�H��

� � �� dcc � � � � � � � � � ��������
�
�
�F�� 'HWHUPLQH�GLDSKUDJP�MRLQW�VWLIIQHVV�

�
7KH� VHUYLFH� VWLIIQHVV� RI� WKH� GLDSKUDJP� LV� FRPSULVHG� RI� D� IOH[XUDO� FRPSRQHQW� DQG� D� VKHDU�
FRPSRQHQW��7KH�VWLIIQHVV�LV�FDOFXODWHG�XVLQJ�JURVV�VHFWLRQ�SURSHUWLHV�E\�GHWHUPLQLQJ�DQ�HIIHFWLYH�
<RXQJ¶V�PRGXOXV�Eeff DQG�VKHDU�PRGXOXV�Geff��

�
� )OH[XUH�6WLIIQHVV��

� 7KH�URWDWLRQDO�VWLIIQHVV�RI�WKH�MRLQW�ZLOO�EH�WHUPHG� K4���L�H��
K4=M/T1ǂ������������� � � � � � � ��������

�
7KH�PRPHQW�DFWLQJ�RQ�WKH�MRLQW�FDQ�EH�H[SUHVVHG�DV��

� � ������������� ���� dcdTcsdTcddTcCM toppingconnchord ������������ ��������
�

6XEVWLWXWH�(TQV���������������DQG�����LQWR�������WKH�URWDWLRQDO�VWLIIQHVV�EHFRPHV��
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&RQVLGHULQJ� QRZ� D� SDQHO� VHJPHQW� ��� SDQHO� DQG� �� MRLQW��� WKH� WRWDO� IOH[XUDO� URWDWLRQ� RI� WKLV�
VXEVWUXFWXUH�FDQ�EH�UHSUHVHQWHG�DV�

� � �� TTT � t �� � � � � � � ���������������������
ZKHUH�T1 LV��DV�EHIRUH��WKH�URWDWLRQ�ZLWKLQ�WKH�MRLQW�DQG�T2 LV�WKH�URWDWLRQ�DWWULEXWHG�WR�WKH�SUHFDVW�
IORRU�XQLW��

T2=Mb/(EcI)                       �����
�

$Q�HTXLYDOHQW�<RXQJ¶V�PRGXOXV�Eeff FDQ�QRZ�EH�GHILQHG���
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ZKHUH Eeff��LV�VPHDUHG�DFURVV�WKH�SDQHO�VHJPHQW�DQG�FDQ�EH�HTXDWHG�WR�WKH�LQGLYLGXDO�VWLIIQHVV�RI�
WKH�SDQHO�DQG�MRLQW�E\�VXEVWLWXWLQJ�(TQ�������������DQG������LQWR�(TQ��������
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� 6KHDU�6WLIIQHVV��

'HILQLQJ�K<�DV�WKH�VKHDU�VWLIIQHVV�RI�WKH�MRLQW��WKH�VKHDU�GLVSODFHPHQW�RI�D�MRLQW��G1�LV�WKHQ�JLYHQ�
DV��

� � < KV ��G � � � � � � ��� ������� ��������
ZKHUH�9�LV�WKH�VKHDU�DFWLQJ�RQ�WKH�VKHDU�FULWLFDO�MRLQW��DQG�VXPPLQJ�LQGLYLGXDO�VWLIIQHVV��

� � toppingvconnvchordv KsdnKKK ��� 
�� �� < � � � ������ ��������
�

&RQVLGHULQJ�QRZ�LQ�DGGLWLRQ�WKH�SUHFDVW�XQLW��WKH�WRWDO�VKHDU�GLVSODFHPHQW�RI�WKH�SDQHO�VHJPHQW��Gt��
LV���

� � �� GGG � t � � � � � � � ������� ��������
ZKHUH�G2�LV�WKH�VKHDU�GHIRUPDWLRQ�RYHU�WKH�SUHFDVW�SDQHO�DQG�FDQ�EH�H[SUHVVHG��
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ZKHUH Geff�LV�VPHDUHG�DFURVV�WKH�SDQHO�VHJPHQW�DQG�FDQ�EH�HTXDWHG�WR�WKH�LQGLYLGXDO�VWLIIQHVV�RI�
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%��'LDSKUDJP�-RLQW�6WUHQJWK�
�

%���6WUHQJWK�LQ�WKH�-RLQWV�EHWZHHQ�3UHFDVW�)ORRU�8QLWV�
�

� 'LDSKUDJP� MRLQW� VWUHQJWK� LV� FDOFXODWHG� LQ� WKLV� VHFWLRQ� DV� XQFRXSOHG� D[LDO�� VKHDU� DQG� PRPHQW�
VWUHQJWK�� 7KH� D[LDO�VKHDU�PRPHQW� FRXSOLQJ� HIIHFW� LV� FRQVLGHUHG� LQ� VL]LQJ� WKH� GLDSKUDJP� UHLQIRUFHPHQW�
�UHIHU�WR�(TQ�����LQ�3$57�����
�
�D�� 'LDSKUDJP�MRLQW�D[LDO�VWUHQJWK�
�

'LDSKUDJP� MRLQW� D[LDO� VWUHQJWK� LV� FDOFXODWHG� DV� WKH� VXP� RI� \LHOG� WHQVLRQ� VWUHQJWK� RI� DOO� WKH�
UHLQIRUFHPHQW�DFURVV�WKH�MRLQW��
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�E��'LDSKUDJP�MRLQW�VKHDU�VWUHQJWK�

�
'LDSKUDJP� MRLQW� VKHDU� VWUHQJWK� LV� FDOFXODWHG� DV� WKH� VXP� RI� \LHOG� VKHDU� VWUHQJWK� RI� DOO� WKH�
UHLQIRUFHPHQW�DFURVV�WKH�MRLQW��
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�
�F�� 'LDSKUDJP�MRLQW�IOH[XUDO�VWUHQJWK�

�
7ZR�W\SHV�RI�GLDSKUDJP�IOH[XUDO�VWUHQJWK�DUH�FRQVLGHUHG��\LHOG�PRPHQW�VWUHQJWK�DQG�SODVWLF�PRPHQW�
VWUHQJWK��
�
<LHOG�PRPHQW�VWUHQJWK��0\���
�
<LHOG�PRPHQW�VWUHQJWK�LV�GHILQHG�DV�WKH�SRLQW�ZKHQ�DQ\�RI�UHLQIRUFHPHQW�ILUVW�UHDFKHV�\LHOG�WHQVLRQ�
VWUHQJWK�� 7KH� URWDWLRQ� DW� WKH� FULWLFDO� MRLQW�T1y� DW� GLDSKUDJP� \LHOG� FDQ� EH� H[SUHVVHG� WKURXJK� VWUDLQ�
FRPSDWLELOLW\�DV��

� � T1y=PLQ�>Gy,chord/(d-d0-c)��Gy,conn/(d-s0-c)��Gy,topping/(d-2d0-c)@��� ������������������
�

7KH�FRUUHVSRQGLQJ�IOH[XUDO�VWLIIQHVV�RI� WKH�FULWLFDO� MRLQW��K’4��DW�GLDSKUDJP�\LHOG�FDQ�EH�FDOFXODWHG�
IROORZLQJ� WKH� VDPH� SURFHGXUH� DV� IRU� GLDSKUDJP� HODVWLF� VWLIIQHVV� �VHH� SUHYLRXV� VHFWLRQ��� ZLWK� WKH�
IROORZLQJ�PRGLILFDWLRQV��

�� 5HSODFH�WKH�UHLQIRUFHPHQW�HODVWLF�VWLIIQHVV�LQ�(TQ������E\�VHFDQW�VWLIIQHVV�IRU�WKH�FDOFXODWLRQ�
RI�c�IRU�QHXWUDO�D[LV�DW�\LHOG��

�� 'HWHUPLQH�c0�IURP�WKLV�QHZ�c��EDVHG�RQ�(TQ�������������RU������
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�� 5HSODFH� WKH�UHLQIRUFHPHQW�HODVWLF� VWLIIQHVV� LQ�(TQ�� �����E\�VHFDQW�VWLIIQHVV� IRU�FDOFXODWLQJ�
K’4��WKH�GLDSKUDJP��VHFDQW��\LHOG�VWLIIQHVV��

�
2QFH�K’4��LV�NQRZQ��WKH�GLDSKUDJP�\LHOG�PRPHQW�FDSDFLW\�LV�VLPSO\��

� � � yy KM �

 T� 4 �� ���������� � ��� � ������������������

�
�
3ODVWLF�PRPHQW�VWUHQJWK��0S���
�
7KH�SODVWLF�PRPHQW�VWUHQJWK�LV�GHILQHG�DV�WKH�SRLQW�ZKHQ�DOO�WKH�WHQVLRQ�UHLQIRUFHPHQW�\LHOGV��1HXWUDO�
D[LV�DQG�FRPSUHVVLRQ�FHQWHU�FDQQRW�EH�FDOFXODWHG�XVLQJ�WKH�SURFHGXUH�IRU�VWLIIQHVV�DQG�\LHOG�VWUHQJWK�
VLQFH�WKH�SODQH�VHFWLRQ�UHPDLQLQJ�SODQH�LV�QRW�YDOLG��7KH�IROORZLQJ�DSSUR[LPDWH�SURFHGXUH�LV�XVHG�WR�
FDOFXODWH�WKH�SODVWLF�PRPHQW�VWUHQJWK��
�
$VVXPH� WKH� ORFDWLRQ�RI�QDWXUDO�D[LV� LV�����RI�GLDSKUDJP�GHSWK� IURP� WKH�FRPSUHVVLRQ�HGJH��ZKLFK�
JLYHV��

��dc  �� � � � � � � �����
��������

)RU�XQWRSSHG�V\VWHP�XVLQJ�(TQ�������RU�IRU�WRSSHG�V\VWHP�XVLQJ�(TQ�������FDOFXODWH�WKH�FRPSUHVVLRQ�
FHQWHU��F����
�
7KHQ�WKH�GLDSKUDJP�SODVWLF�PRPHQW�VWUHQJWK�LV�FDOFXODWHG�DV��

�
�
��



��

�
��� �

��
��

��
���� cdcd

s
dcdTcscd

s
scdTccddTM toppingyconnychordyp �

����
��

����
���� �������

�
�

'HVLJQ�PRPHQW�VWUHQJWK��0Q���
�������

'LDSKUDJP�MRLQW�GHVLJQ�PRPHQW�VWUHQJWK��0Q��LV�GHWHUPLQHG�EDVHG�RQ�\LHOG�PRPHQW�VWUHQJWK�DQG�D�
GLDSKUDJP�IOH[XUDO�RYHUVWUHJQWK�IDFWRU��:G��IRU�GLIIHUHQW�GHVLJQ�RSWLRQ��
� �

)RU�(ODVWLF�'HVLJQ�2SWLRQ��('2���� ����������� yn MM  ����������������������������������������D��

)RU�%DVLF�'HVLJQ�2SWLRQ��%'2���� ����������� y
d

n MM
�

� :�
 ����������������������E��

)RU�5HGXFHG�'HVLJQ�2SWLRQ��5'2���� ����������� ydn MM : ����������������������������������������F��
ZKHUH��
�� My�LV�WKH�\LHOG�PRPHQW�RI�WKH�SUHFDVW�GLDSKUDJP�MRLQW���

:d� LV� WKH�GLDSKUDJP� IOH[XUDO� RYHUVWUHQJWK� IDFWRU�� GHILQHG� DV� WKH� UDWLR�RI� WKH�GLDSKUDJP�
SODVWLF�PRPHQW�WR�WKH�GLDSKUDJP�\LHOG�PRPHQW��Mp/My���FRQVHUYDWLYHO\�WDNHQ�DV�1.0�IRU�D�
pretopped�GLDSKUDJP��DQG�1.25�IRU�D�topped�GLDSKUDJP��:d�FDQ�EH�DOWHUQDWHO\�GHWHUPLQHG�
IURP�D�VWUDLQ�FXUYDWXUH�DQDO\VLV�RU�SXVKRYHU�DQDO\VHV��

�
�����%���6WUHQJWK�LQ�2WKHU�-RLQWV�
�
� 7KH�VWUHQJWK�IRU�RWKHU�MRLQWV�LQFOXGLQJ�GLDSKUDJP�WR�/)56�MRLQW�DQG�GLDSKUDJP�WR�LQWHUQDO�EHDP�
MRLQW�LV�FDOFXODWHG�XVLQJ�WKH�IROORZLQJ�HTXDWLRQV��

nn ntN  �������������������������������������������������������������������������������D��



� ��

nn nvV  ��������������������������������������������������������������������������������E��

�
�

�
Jn

n
Lnt

M  ���������������������������������������������������������������������F��

ZKHUH�WQ�DQG�YQ�LV�WKH�QRPLQDO�WHQVLRQ�DQG�VKHDU�VWUHQJWK�RI�FRQQHFWRU�DFURVV�WKH�MRLQW��Q�LV�WKH�QXPEHU�RI�
FRQQHFWRU�DFURVV�WKH�MRLQW��/M�LV�WKH�OHQJWK�RI�MRLQW��7KH�PRPHQW�VWUHQJWK�FDOFXODWHG�LQ�(TQ����F�LV�EDVHG�
RQ�D�WULDQJOH�QRUPDO�IRUFH�GLVWULEXWLRQ�DFURVV�WKH�MRLQW��
&��'LDSKUDJP�(ODVWLF�'HIRUPDWLRQ�
�
� 'LDSKUDJP�HODVWLF�GHIRUPDWLRQ�LV�XVHG�LQ�WKH�GLDSKUDJP�LQGXFHG�JUDYLW\�FROXPQ�GULIW�FKHFN��VWHS�
��� LQ�3$57�����7ZR�DOWHUQDWLYH�PHWKRGV�DUH�XVHG� IRU�REWDLQLQJ� WKH�HODVWLF�GLDSKUDJP�GHIRUPDWLRQ�� ����
FRPSXWHU�DQDO\VLV�PHWKRG��DQG�����LQWHJUDWLRQ�PHWKRG��
�

&���&RPSXWHU�$QDO\VLV�0HWKRG�
� 7KH� VDPH� VWUXFWXUH�PRGHO� DQG� VWDWLF� DQDO\VLV� XVHG� IRU� WKH� GLDSKUDJP� LQWHUQDO� IRUFH� FDOFXODWLRQ�
�UHIHU� WR� ³'LDSKUDJP� ,QWHUQDO� )RUFH� &DOFXODWLRQ´� VHFWLRQ�� DUH� DSSOLHG� WR� REWDLQ� WKH� GLDSKUDJP� HODVWLF�
GHIRUPDWLRQ�� 7KH� GLDSKUDJP� HODVWLF� GHIRUPDWLRQ� PHDVXUHPHQW� LV� WDNHQ� DV� WKH� GLIIHUHQFH� EHWZHHQ� WKH�
GLDSKUDJP�GLVSODFHPHQW�DQG�WKH�/)56�GLVSODFHPHQW�DW�HDFK�IORRU�OHYHO���
�

&���,QWHJUDWLRQ�0HWKRG�
� 7KLV� PHWKRG� LV� WR� LQWHJUDWH� WKH� VKHDU� DQG� IOH[XUH� GHIRUPDWLRQ� RI� HDFK� SUHFDVW� SDQHO� ZLWK� WKH�
SUHYLRXV�FDOFXODWHG�GHVLJQ�VKHDU�PRPHQW�GLDJUDP�DQG�GLDSKUDJP�HIIHFWLYH�PRGXOL� �VWHS��� LQ�3$57�����
7KH�GLDSKUDJP�HODVWLF�GHIRUPDWLRQ�LV�FDOFXODWHG�DV�WKH�VXP�RI�VKHDU�DQG�IOH[XUH�GHIRUPDWLRQ��GHO �GY��GI���
7KH�VKHDU�GHIRUPDWLRQ��GY��LV�FDOFXODWHG�E\�VXP�RI�WKH�VKHDU�GHIRUPDWLRQ�RI�HDFK�SUHFDVW�SDQHO��
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ZKHUH��Vi�LV�WKH�DYHUDJH�VKHDU�IRUFH�ZLWK�WKH� iWK�SDQHO��A�LV�WKH�JURVV�FURVV�VHFWLRQ�DUHD�RI�SUHFDVW�SDQHO��
Geffi� LV� WKH�HIIHFWLYH�HODVWLF� VKHDU�PRGXOXV� IRU� iWK�SDQHO� �UHIHU� WR�'LDSKUDJP�-RLQW�6WLIIQHVV�&DOFXODWLRQ´�
VHFWLRQ����DQG n�LV�QXPEHU�RI�SUHFDVW�SDQHOV��
�
7KH�IOH[XUH�GHIRUPDWLRQ��GI�� LV�FDOFXODWHG�E\�FRQMXJDWH�EHDP�PHWKRG��:LWK�WKLV�PHWKRG�� WKH�GLDSKUDJP�
PRPHQW� GLDJUDP� LV� VFDOHG� E\� WKH� ��(HII,� �(HII� LV� WKH� HIIHFWLYH� HODVWLF� <RXQJ¶V� PRGXOXV� DQG� ,� LV� JURVV�
VHFWLRQ� VHFRQGDU\� PRPHQW� RI� LQHUWLD� IRU� SUHDVW� SDQHO�� DQG� DSSOLHG� DV� WKH� GLVWULEXWHG� ORDG� �w’�� RQ� WKH�
FRQMXJDWHG�EHDP�DV�VHHQ�LQ�)LJ�����7KH�GLDSKUDJP�IOH[XUH�GHIRUPDWLRQ�LV�WKH�UHVXOWLQJ�PRPHQW�GLDJUDP�
IRU�WKH�FRQMXJDWH�EHDP��

/VXSSRUW/IUHH /IUHH
Z
 0�(HII ,

9UHFDFWLRQ

0UHFDFWLRQ

9UHFDFWLRQ

0UHFDFWLRQ

&RQMXJDWH�%HDP

5HDO�%HDP

��/�/
����IRU�H[WHULRU�ZDOO�FDVH
/
�����������IRU�LQWHULRU�ZDOO�FDVH/IUHH 

�
)LJ����)%'�RI�FRQMXJDWH�EHDP��
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����'(6,*1�$,'6�)25�',$3+5$*0�'(6,*1��635($'6+((7�352*5$0�
�
� 7KH�WHFKQLTXHV�GLVFXVVHG�LQ�6HFWLRQV���DQG���FDQ�HDVLO\�EH�LPSOHPHQWHG�LQ�D�VSUHDGVKHHW��$V�DQ�
H[DPSOH��D�VSUHDGVKHHW�EDVHG�GHVLJQ�SURJUDP�LV�GHYHORSHG�IRU�WKH�GLDSKUDJP�VHLVPLF�GHVLJQ�DV�SDUW�RI�WKH�
UHVHDUFK�SURJUDP��DQG�LV�DYDLODEOH�ZLWK�WKH�GHVLJQ�PHWKRGRORJ\��7KLV�SURJUDP�WUDQVODWHV�WKH�VWHS�E\�VWHS�
GHVLJQ�SURFHGXUH��UHIHU�WR�3$57����DQG�WKH�GHVLJQ�DQDO\VLV�WHFKQLTXHV�DV�GLVFXVVHG�LQ�SUHYLRXV�VHFWLRQV�
LQWR�([FHO�VSUHDGVKHHWV��,Q�WKLV�VHFWLRQ��WKH�LQVWUXFWLRQ�RQ�KRZ�WR�XVH�WKH�SURJUDP�LV�SURYLGHG���
�
� *HQHUDO�QRWHV�IRU�WKH�VSUHDGVKHHW�SURJUDP��

�� &HOOV�ZLWK�EOXH�WH[W�UHTXLUH�XVHU�LQSXW�
�� &HOOV�ZLWK�EODFN�WH[W�DUH�FDOFXODWHG�DXWRPDWLFDOO\�
�� $OO�FHOOV�ZLWK�EODFN�WH[W�DUH�ORFNHG�DQG�DUH�QRW�DOORZHG�WR�PRGLI\�
�� *UHHQ�SXVK�EXWWRQ�LV�XVHG�IRU�DXWRPDWLF�FDOFXODWLRQ��H�J��JHQHUDWH�VWRU\�DQG�GLDSKUDJP�MRLQW�

ORFDWLRQV��HWF���
�� 3URJUDP�LV�FUHDWHG�LQ�([FHO�9%$�ZKLFK�UHTXLUHV�WKH�PDFUR�VHFXULW\�OHYHO�WR�EH�³PHGLXP´�RU�

³ORZ´��JR�WR�³7RRO´��³0DFUR´��³�6HFXULW\´�WR�PRGLI\�WKH�VHFXULW\�OHYHO��
�
$��'LDSKUDJP�6HLVPLF�%DVHOLQH�'HVLJQ�)RUFH�
�
� 7KLV�VKHHW�FDOFXODWHV�WKH�GLDSKUDJP�VHLVPLF�EDVHOLQH�GHVLJQ�IRUFH��UHIHU�WR�VWHS���LQ�3$57����DV�
IROORZV��

���� ,QSXW�VHLVPLF�GHVLJQ�SDUDPHWHUV��&HOO�$��WR�&HOO�%����
�

�
�

���� ,QSXW�EXLOGLQJ�JHRPHWU\��&HOO�'��WR�&HOO�)����
�
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�
���� ,QSXW�/)56�VHLVPLF�FRHIILFLHQW��&HOO�+��WR�&HOO�2���

�

�
�

����&DOFXODWH�DSSUR[LPDWH�EXLOGLQJ�SHULRG��&HOO�+��WR�&HOO�-�����
�

�
�

�
� �������3URJUDP�DXWRPDWLFDOO\�FDOFXODWHV�EDVH�VKHDU��&HOO�/��WR�&HOO�2����
�

�
�

����&DOFXODWH�GLDSKUDJP�GHVLJQ�DFFHOHUDWLRQ��&HOO�&���WR�&HOO�.�����
�

�
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&OLFN�WR�JHQHUDWH�FROXPQ�&�
DQG�'�DXWRPDWLFDOO\ �
� �������1RWH��0D[LPXP����VWRULHV�LV�DOORZHG�LQ�WKLV�SURJUDP�
�
� ������3URJUDP�DXWRPDWLFDOO\�FDOFXODWHV�GLDSKUDJP�EDVHOLQH�IRUFHV�
�

�
�
%��$PSOLILHG�'LDSKUDJP�6HLVPLF�'HVLJQ�)RUFH�
�
� 7KLV�VKHHW�LV�WR�FDOFXODWH�WKH�DPSOLILHG�GLDSKUDJP�VHLVPLF�GHVLJQ�IRUFH��UHIHU�WR�VWHS���WR�VWHS���LQ�
3$57����DV�IROORZV��
�

���� ,QSXW�GLDSKUDJP�JHRPHWU\��&HOO�'���WR�&HOO�1����
�

�
�

����'LDSKUDJP�EDVHOLQH�GHVLJQ�IRUFH�LPSRUWHG�IURP�SUHYLRXV�VKHHW��&HOO�'��WR�&HOO�*�����
�

�
�

���� 3URJUDP�DXWRPDWLFDOO\�FDOFXODWHV�WKH�GLDSKUDJP�GHVLJQ�IDFWRUV��&HOO�'���WR�&HOO�*�����
�

�
�

����$PSOLILHG�GLDSKUDJP�VHLVPLF�GHVLJQ�IRUFH��&HOO�'���WR�&HOO�+�����
�
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'HVLJQHU�VHOHFWV�GHVLJQ�RSWLRQ'HVLJQHU�VHOHFWV�GHVLJQ�RSWLRQ
�

�
�
&��'LDSKUDJP�,QWHUQDO�)RUFHV��
�
� :LWK� WKH� LQIRUPDWLRQ� LQSXW�FDOFXODWHG� LQ� SUHYLRXV� WZR� VKHHWV�� GLDSKUDJP� LQWHUQDO� IRUFH� LV�
DXWRPDWLFDOO\�JHQHUDWHG�XVLQJ�IUHH�ERG\�PHWKRG�E\�WKH�SURJUDP�IRU�H[WHULRU�ZDOO�FDVH�LQ�³,QWHUQDO�IRUFH�
H[WHULRU�ZDOO´�VKHHW�DQG�IRU�LQWHULRU�ZDOO�FDVH�LQ�³,QWHUQDO�IRUFH�LQWHULRU�ZDOO´��UHIHU�WR�VWHS���LQ�3$57�����
$Q�LOOXVWUDWLRQ�JLYHQ�KHUH�LV�IRU�H[WHULRU�ZDOO�FDVH��
�

���� /RDGLQJ�DQG�UHDFWLRQV�IRU�WKH�)%'��&HOO�&��WR�&HOO�7����
�

�
����'LDSKUDJP�IRUFH�IRU�HDFK�MRLQW�XQGHU�GLIIHUHQW�ORDGLQJ�FDVHV��&HOO�'��WR�&HOO�<������

�

*HQHUDWHV�GLDSKUDJP�MRLQW�
ORFDWLRQV�LQ�FROXPQ�'�EDVHG�
RQ�VSDQ�DQG�SDQHO�ZLGWK �

1RWH��0D[LPXP�����MRLQWV�DUH�DOORZHG�LQ�WKH�SURJUDP��
�

����'LDSKUDJP�)%'�DQG�1��9��0�GLDJUDP�DUH�GLVSOD\HG�LQ��&HOO�$(��WR�&HOO�$:������
�
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�
�
�
�
'��'LDSKUDJP�5HLQIRUFHPHQW�'HVLJQ�
�
� 7KLV� VKHHW� LV� WR� FDOFXODWH� WKH� GLDSKUDJP� MRLQW� VWLIIQHVV� DQG� VWUHQJWK� DQG� VL]H� WKH� GLDSKUDJP�
SULPDU\� UHLQIRUFHPHQW� �UHIHU� WR� VWHS� �� WR� VWHS� ��� LQ� 3$57� ��� XVLQJ� WKH� DQDO\WLFDO� EDVHG� SURFHGXUH� DV�
GLVFXVVHG� LQ� ³'LDSKUDJP� -RLQW� 6WLIIQHVV�6WUHQJWK� &DOFXODWLRQ´� VHFWLRQ��� 7KH� VL]LQJ� RI� GLDSKUDJP�
UHLQIRUFHPHQW�LV�D�WULDO�DQG�HUURU�GHVLJQ�FKHFN�SURFHVV�XVLQJ�LQWHUDFWLRQ�GHVLJQ�HTXDWLRQ��UHIHU�WR�(TQ�����
RI�3$57����

���� 6HOHFW�SDUDPHWHUV�IRU�LPSRUWLQJ�GLDSKUDJP�MRLQW�IRUFH��&HOO�$��WR�&HOO�'���LQFOXGLQJ��³6XE�
GLDSKUDJP´��³ORDGLQJ�GLUHFWLRQ´�DQG�³IORRU�OHYHO´�

�

�
�

���� ,QSXW�GLDSKUDJP�UHLQIRUFHPHQW�SURSHUWLHV��&HOO�)��WR�&HOO�0���
�
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�
�

���� ,QSXW�SUHFDVW�SDQHO�VHFWLRQ�SURSHUWLHV��&HOO�4��WR�&HOO�9���
�

�
�

���� ,QSXW�GHVLJQ�IDFWRUV��&HOO�;��WR�&HOO�=���
�

�
�
�
�
�
�
�
�
�

���� ,PSRUW�GLDSKUDJP�MRLQW�IRUFHV�IURP�)%'�FDOFXODWLRQ�LQ�SUHYLRXV�VKHHW�RU�PDQXDOO\�LQSXW�
GLDSKUDJP�MRLQW�IRUFHV�REWDLQHG�IURP�FRPSXWHU�DQDO\VLV��&HOO�'���WR�&HOO�*�����

�
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1RWH��$XWRPDWLFDOO\�
LPSRUWHG�GLDSKUDJP�MRLQW�
IRUFHV�LV�FRUUHVSRQGLQJ�WR�
SDUDPHWHU�VHOHFWHG�LQ����

�
�
�

���� ,QSXW�WULDO�GLDSKUDJP�UHLQIRUFHPHQW��&HOO�+��WR�&HOO�4�����
�

�
����&KHFN�WKH�VHOHFWHG�UHLQIRUFHPHQW�ZLWK�0�1�9�LQWHUDFWLRQ��&HOO�;��WR�&HOO�<�����

�
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�

�� 5HGR�����WR�PDNH�WKH�0�1�9�WR�FORVH�³���´�
�

�� &KHFN�WKH�VHOHFWHG�UHLQIRUFHPHQW�ZLWK�WKH�MRLQW�GHVLJQ�IRUFH�LQ�WZR�RUWKRJRQDO�GLUHFWLRQV�
UHVSHFWLYHO\�

�

�
�

���� 6DYH�WKH�GLDSKUDJP�GHVLJQV��UHLQIRUFHPHQW�DQG�(HII�*HII���&HOO�$%��WR�&HOO�%2�����
�

�
�
(��6HFRQGDU\�5HLQIRUFHPHQW�'HVLJQ�
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�
� 7KLV� VKHHW� LV� WR� VL]H� WKH� VHFRQGDU\� GLDSKUDJP� UHLQIRUFHPHQW� LQFOXGLQJ� /)56� DQFKRUDJH� DQG�
LQWHUQDO�EHDP�MRLQW�FRQQHFWRU��UHIHU�WR�VWHS����RI�3$57�����7ZR�DOWHUQDWLYHV�DUH�DYDLODEOH�IRU�WKH�GHVLJQ�
IRUFHV������LPSRUW�WKH�GHVLJQ�IRUFHV�IURP�WKH�)%'�FDOFXODWLRQ�LQ�SUHYLRXV�VKHHW�DQG�����PDQXDOO\�LQSXW�WKH�
GHVLJQ�IRUFHV�REWDLQHG�IURP�FRPSXWHU�DQDO\VLV��
�

����$OWHUQDWLYH����LPSRUW�GHVLJQ�IRUFHV�IURP�)%'���&HOO�)��WR�&HOO�2����
�

�
�

����$OWHUQDWLYH����LQSXW�GHVLJQ�IRUFHV�IURP�PDQXDOO\���&HOO�)���WR�&HOO�2����
�

�
�
�
�
)��'LDSKUDJP�,QGXFHG�'ULIW�&KHFN��
�
7KLV�VKHHW�DXWRPDWLFDOO\�FDOFXODWHV�WKH�GLDSKUDJP�GHIRUPDWLRQ�DQG�GLDSKUDJP�LQGXFHG�FROXPQ�GULIW�XVLQJ�
WKH�LQWHJUDWLRQ�PHWKRG�GLVFXVVHG�LQ�SUHYLRXV�VHFWLRQ��$�GULIW�FKHFN�LV�DOVR�SURYLGHG��
�

���� 3DUDPHWHUV�IRU�FDOFXODWLRQ���&HOO�%��WR�&HOO�3���
�

�
1RWH��WKH�/)56�GULIW��T/)56��LQ�³FHOO�2�´�FDQ�EH�LQSXW�DV�WKH�/)56�GULIW�FKHFN�FDOFXODWLRQ�

�
����'LDSKUDJP�GHIRUPDWLRQ�FDOFXODWLRQ�DQG�GULIW�FKHFN���&HOO�'��WR�&HOO�4�����
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����5()(5(1&(6�
�
$6&(�����������³0LQLPXP�'HVLJQ�/RDGV�IRU�%XLOGLQJV�DQG�2WKHU�6WUXFWXUHV´��$6&(��5HVWRQ��9$��
�
$6&(�6(,������������³6HLVPLF�5HKDELOLWDWLRQ�RI�([LVWLQJ�%XLOGLQJs´��$6&(��5HVWRQ��9$��
�
$QWRQLRX�6��DQG�3LQKR�5����������³'HYHORSPHQW�DQG�YHULILFDWLRQ�RI�D�GLVSODFHPHQW�EDVHG�DGDSWLYH�
SXVKRYHU�SURFHGXUH´��-RXUQDO�RI�(DUWKTXDNH�(QJLQHHULQJ����������������
�
&OHODQG��1��%66&�,7���GLVFXVVLRQV��6DQ�)UDQFLVFR��)HEUXDU\�������
�
+DUPDQ��5��&RUHVODE�6WUXFWXUHV�3ODQW�6LWH�9LVLW��8QLYHUVLW\�RI�$UL]RQD�$6&(�6WXGHQW�&KDSWHU��0DUFK�
������
�
0H\HU��7��%66&�,7���GLVFXVVLRQV��6DQ�)UDQFLVFR��)HEUXDU\�������
�
1=6((���������³$VVHVVPHQW�DQG�LPSURYHPHQW�RI�WKH�VWUXFWXUH�SHUIRUPDQFH�RI�EXLOGLQJV�LQ�HDUWKTXDNHV´��
1HZ�=HDODQG�6RFLHW\�IRU�(DUWKTXDNH�(QJLQHHULQJ��
�
6DEHOOL��5���6DERO��7��DQG�(DVWHUOLQJ��6�:����������³6HLVPLF�GHVLJQ�RI�FRPSRVLWH�VWHHO�GHFN�DQG�FRQFUHWH�
ILOOHG�GLDSKUDJPV´��1(+53�6HLVPLF�'HVLJQ�7HFKQLFDO�%ULHI�1R����1,67�*&5������������
�
=KHQJ��:��DQG�2OLYD��0�*����������³$�SUDFWLFDO�PHWKRG�WR�HVWLPDWH�HODVWLF�GHIRUPDWLRQ�RI�SUHFDVW�
SUHWRSSHG�'RXEOH�7HH�GLDSKUDJPV´��3&,�-RXUQDO��0DUFK�$SULO���������
�
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Seismic Design Methodology Document for Precast Concrete Diaphragms 
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3$57����'LDSKUDJP�([DPSOHV�
�
([DPSOH������6WRU\�3HULPHWHU�:DOO�3DUNLQJ�*DUDJH««««««««««««««����«���
�

'HVLJQ��$��('2�'HVLJQ��6'&�&�
�

'HVLJQ��%��%'2�'HVLJQ��6'&�&�
�

'HVLJQ��&��5'2�'HVLJQ��6'&�&�
�

�
$33(1',;� $�� 'HVLJQ� ([DPSOHV� $FFRUGLQJ� WR� $OWHUQDWH� 'LDSKUDJP� 'HVLJQ� )RUFH�
3URFHGXUH�%DVHG�RQ�$6&(�����«««««««««««««««««««««���««�����
�
([DPSOH������6WRU\�3HULPHWHU�:DOO�3DUNLQJ�*DUDJH«««««««««««««������«����

'HVLJQ��$��('2�'HVLJQ��6'&�&�
'HVLJQ��%��%'2�'HVLJQ��6'&�&�
'HVLJQ��&��5'2�'HVLJQ��6'&�&�

�
([DPSOH������6WRU\�,QWHULRU�:DOO�3DUNLQJ�*DUDJH«««««««««««�«««««����

'HVLJQ��$��('2�'HVLJQ��6'&�&�
'HVLJQ��%��5'2�'HVLJQ��6'&�'�

�
([DPSOH������6WRU\�0RPHQW�)UDPH�2IILFH�%XLOGLQJ�«««««««««««���«««««����

'HVLJQ��$��('2�'HVLJQ��6'&�&��
'HVLJQ��%��5'2�'HVLJQ�6'&�'��

�
([DPSOH������6WRU\�6KHDU�:DOO�2IILFH�%XLOGLQJ�«««««««««««««��«««««����

'HVLJQ��$��('2�'HVLJQ��6'&�&��
'HVLJQ��%��5'2�'HVLJQ�6'&�'��

�
$33(1',;�%��'LDSKUDJP�,QWHUQDO�)RUFH�'LDJUDPV�DQG�7DEOHV«««««««�«««����
$33(1',;�&��&RVW�&RPSDULVRQV��(FRQRPLF�6WXGLHV«««««««««���««««��������
�

,1752'8&7,21�
7KLV�VHFWLRQ�SURYLGHV�GLDSKUDJP�GHVLJQ�H[DPSOHV�XVLQJ�WKH�QHZ�VHLVPLF�GHVLJQ�PHWKRGRORJ\�

FUHDWHG� IURP� WKH� 3&,�&3)�16)� GLDSKUDJP� UHVHDUFK� SURMHFW�� 7KLV� GHVLJQ� PHWKRGRORJ\� LV� DOLJQHG�
ZLWK� $6&(� �� GLDSKUDJP� ,7������� SURSRVDO� IRU� WKH� ����� SURYLVLRQ�� KHUHLQ� WHUPHG� ,7�������� 'HVLJQ�
H[DPSOHV�DUH�SURYLGHG�IRU�WZR�FRPPRQ�SUHFDVW�VWUXFWXUHV��D�IRXU�VWRU\�SUHFDVW�SDUNLQJ�VWUXFWXUH�DQG�DQ�
HLJKW� VWRU\� SUHFDVW� RIILFH� EXLOGLQJ�� (DFK� VWUXFWXUH� KDV� WZR� ODWHUDO� IRUFH�UHVLVWLQJ� V\VWHP� �/)56��
FRQILJXUDWLRQV��DQ�H[WHULRU�VKHDU�ZDOO�DQG�LQWHULRU�VKHDU�ZDOO�FRQILJXUDWLRQ�IRU�WKH�SDUNLQJ�JDUDJH��DQG�D�
PRPHQW�IUDPH�DQG�VKHDU�ZDOO�GHVLJQ�IRU�WKH�RIILFH�EXLOGLQJ��'HVLJQV�DUH�SURYLGHG�IRU�WZR�6HLVPLF�'HVLJQ�
&DWHJRULHV� �6'&V��� &� DQG� '�� 7KH� GLDSKUDJP� GHVLJQV� DUH� H[HFXWHG� IROORZLQJ� WKH� VWHS� E\� VWHS�
SURFHGXUH� GHVFULEHG� LQ� 3$57� ��� (TXDWLRQ� QXPEHUV� LQGLFDWHG� LQ� WKH� H[DPSOHV� IROORZ� WKH�
QXPEHULQJ� JLYHQ� LQ� 3$57� ��� :KHUH� DSSURSULDWH�� WKH� GHVLJQ� H[DPSOHV� UHIHUHQFHV� GLDSKUDJP�
UHLQIRUFHPHQW� LQIRUPDWLRQ� IURP� 3$57� �� DQG� GLDSKUDJP� GHVLJQ� DQDO\WLFDO� WHFKQLTXHV� DQG� GHVLJQ� DLGV�
IURP�3$57����
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([DPSOH������6WRU\�3HULPHWHU�:DOO�3DUNLQJ�*DUDJH�
�
7KH� VWUXFWXUH� IRU� H[DPSOH��� LV� D���VWRU\�SHULPHWHU� VKHDU�ZDOO� SDUNLQJ�JDUDJH��$V� VHHQ� LQ�SODQ�YLHZ�RI�
)LJXUH�D��WKH�SDUNLQJ�VWUXFWXUH�KDV�WKUHH�ED\V�ZLWK�D�FHQWUDO�UDPS��7KH�VWUXFWXUDO�SODQ�KDV�D�IRRWSULQW�RI�
���’�u� ���’�� UHVXOWLQJ� LQ� ���’�u� ��’� IRU� HDFK� VXE�GLDSKUDJP�� 7KH� IORRU�WR�IORRU� KHLJKW� LV� ����’� IRU� WKH�
W\SLFDO�IORRU�DQG���’�DW�WKH��VW�VWRU\��7KH�ODWHUDO�IRUFH�UHVLVWLQJ�V\VWHP��/)56��LQ�WKH�WUDQVYHUVH�GLUHFWLRQ�LV�
FRPSRVHG�RI�IRXU���’�SHULPHWHU�SUHFDVW�ZDOOV�DW�HDFK�HQG�RI�VWUXFWXUH��7KH�/)56�LQ�ORQJLWXGLQDO�GLUHFWLRQ�
DUH����LQWHULRU�OLWH�ZDOOV�IODQNLQJ�WKH�FHQWUDO�UDPS��6HH�HOHYDWLRQ�LQ�)LJXUH��E����
�

/EHDP ��
 /
 ���
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/ ���
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D ���
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�
 �/LWH�ZDOO

6KHDU�ZDOO

E ��


5DPS�6SDQ 7UDQVYHUVH

/RQJLWXGLQDO

1RUWK

6RXWK

5DPS
/DQGLQJ

-RLQW��� �������������������������������������������

'7�,7�-RLQW

�
�D��7\SLFDO�IORRU�SODQ�
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�E��5DPS�HOHYDWLRQ�

)LJ�����([DPSOH���6WUXFWXUH����VWRU\�SHULPHWHU�ZDOO�SDUNLQJ�JDUDJH��
�
([DPSOH� 6WUXFWXUH� �� LV� ORFDWHG� LQ� D� 6HLVPLF� 'HVLJQ� &DWHJRU\� �6'&�� &� 6LWH� LQ� .QR[YLOOH� 71�� 7KH�
GLDSKUDJP�GHVLJQ�ZLOO�EH�FRPSOHWHG�IRU�WKUHH�GLIIHUHQW�GLDSKUDJP�GHVLJQ�RSWLRQV���

'HVLJQ�([DPSOH��$��� (ODVWLF�'HVLJQ�2SWLRQ��('2�'HVLJQ��
'HVLJQ�([DPSOH��%��� %DVLF�'HVLJQ�2SWLRQ��%'2�'HVLJQ��
'HVLJQ�([DPSOH��&��� 5HGXFHG�'HVLJQ�2SWLRQ��5'2�'HVLJQ��

�
%HFDXVH� PDQ\� GHVLJQ� VWHSV� DUH� VKDUHG� DPRQJ� WKH� GLIIHUHQW� GLDSKUDJP� GHVLJQ� RSWLRQV�� WKH� GHVLJQ�
H[DPSOHV�DUH�DUUDQJHG�WR�IROORZ�WKH�VWHS�E\�VWHS�SURFHGXUH�LQ�SDUW����ZLWK�WKH�GLIIHUHQW�FDOFXODWLRQV�IRU�
([DPSOHV��$���%�DQG��&�DSSHDULQJ�DV�VHTXHQWLDO�VXE�VHFWLRQV�ZLWKLQ�HDFK�GHVLJQ�VWHS��

�
�
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'(6,*1�67(36��
�
6WHS��� Determine the Diaphragm Seismic Demand Level 
�

7KLV�VWHS�LV�WKH�VDPH�IRU�DOO�WKUHH�GHVLJQ�H[DPSOHV���$���%��DQG��&��
 
� � )RU�6'&�&��� � � /RZ��
�

1RWH��$OO�EXLOGLQJV�LQ�6'&�&�DUH�DVVLJQHG�³/RZ´�6HLVPLF�'HPDQG�
�
�
6WHS��� Select Diaphragm Design Option and Appropriate Diaphragm Reinforcement Classification   
 
'LDSKUDJP�'HVLJQ�2SWLRQ�

'HVLJQ�H[DPSOH��$���('2��
� � )RU�ORZ�VHLVPLF�GHPDQG����������(ODVWLF�GHVLJQ�RSWLRQ��('2�� LV�UHFRPPHQGHG��
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8VH� LV�PDGH�RI� H[LVWLQJ� IUHH� ERG\�GLDJUDPV� FUHDWHG� IRU� FRPPRQ�SUHFDVW� GLDSKUDJP�FRQILJXUDWLRQV�
�6HH� 3$57� ��� Free Body Diagrams for Typical Precast Parking Structures��� 7KH� DVVRFLDWH�
FDOFXODWLRQV� KDYH� EHHQ� HPEHGGHG� LQ� D� GHVLJQ� VSUHDGVKHHW� SURJUDP� �6HH� 3$57� ���Design Aids for 
Diaphragm Design: Spreadsheet Program���
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* Symmetric design will be applied although loading is not symmetric. The most critical diaphragm internal forces 
are  shown in the table for each symmetric joint. 
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Note: Critical force demand is marked as bond. �
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1�6�)ODW
� 5DPS� 1�6�)ODW
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� � >IW@� >NLSV@� >NLSV@� >N�IW@� >NLSV@ >NLSV@ >N�IW@ >NLSV@ >NLSV@ >N�IW@� >NLSV@� >NLSV@ >N�IW@
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�� ��� ����� ���� ������� ���� ��� ��� ���� ��� ������� ����� ��� ���
�� ��� ����� ���� ������� ���� ��� ��� ���� ��� ������� ����� ��� ���
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�� ��� ����� ���� ������ ���� ��� ��� ���� ��� ������ ����� ��� ���
�� ��� ����� ���� ������ ���� ��� ��� ���� ��� ������ ����� ��� ���
�� ���� ����� ���� ���� ���� ��� ��� ���� ��� ���� ����� ��� ���
��� ���� ����� ���� ����� ���� ��� ��� ���� ��� ����� ����� ��� ���
��� ���� ����� ���� ����� ���� ��� ��� ���� ��� ����� ����� ��� ���
��� ���� ����� ���� ����� ���� ��� ��� ���� ��� ����� ����� ��� ���

* Symmetric design will be applied although loading is not symmetric. The most critical diaphragm internal forces 
are  shown in the table for each symmetric joint. 
�
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'7�WR�6:� �� ���� �� �� �� �� �� ���� �� �� �� ��
'7�WR�/:� ���� ���� �� ���� ��� �� ���� ���� �� ���� ��� ��
'7�WR�,7� ���� ���� ����� ���� ���� �� ���� ���� ���� ���� ���� ��
Note: Critical force demand is marked as bond. 
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* Symmetric design will be applied although loading is not symmetric. The most critical diaphragm internal forces 
are  shown in the table for each symmetric joint. 
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Note: Critical force demand is marked as bond. 
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6WHS��� Design diaphragm reinforcement for required strength. 
  
� ����6HOHFW�'LDSKUDJP�5HLQIRUFHPHQW��

�
'LDSKUDJP� UHLQIRUFHPHQW� W\SH� VHOHFWHG� WR� PHHW� 5HTXLUHG� 'LDSKUDJP� 5HLQIRUFHPHQW�
&ODVVLILFDWLRQ� �See Step 2��� 3UHTXDOLILHG� FRQQHFWRUV� ZLOO� EH� XVHG� LQ� WKLV� H[DPSOH�� 6HOHFW�
DSSURSULDWH�GLDSKUDJP�UHLQIRUFHPHQW�W\SHV�IURP�3$57����7DEOH��$����

�
'HVLJQ�H[DPSOH��$���('2��
&KRUG�5HLQIRUFHPHQW�� � 'U\�FKRUG�FRQQHFWRU�
6KHDU�5HLQIRUFHPHQW�� � -9,�9HFWRU�
6HFRQGDU\�5HLQIRUFHPHQW�� ���DQJOHG�EDU�

� �
'HVLJQ�H[DPSOH��%���%'2��
&KRUG�5HLQIRUFHPHQW�� � 'U\�FKRUG�ZLWK�IODW�SODWH�FRQQHFWRU�
6KHDU�5HLQIRUFHPHQW�� � -9,�9HFWRU�
6HFRQGDU\�5HLQIRUFHPHQW�� ���DQJOHG�EDU�
'HVLJQ�H[DPSOH��&���5'2��
&KRUG�5HLQIRUFHPHQW�� � 3RXU�VWULS�EDUV�
6KHDU�5HLQIRUFHPHQW�� � -9,�9HFWRU�
6HFRQGDU\�5HLQIRUFHPHQW�� 3RXU�VWULS�EDUV�

�
� ����'HWHUPLQH�'LDSKUDJP�5HLQIRUFHPHQW�3URSHUWLHV���
�

$V�WKH�GLDSKUDJP�UHLQIRUFHPHQW�VHOHFWHG�LV�SUHTXDOLILHG��WKH�GLDSKUDJP�UHLQIRUFHPHQW�SURSHUWLHV�
FDQ�DOVR�EH�ORRNHG�XS�LQ�3$57����7DEOH��$��� 

 
7DEOH�����'HVLJQ�H[DPSOH��$���('2���

NW���$� NY���$ WQ���$ YQ���$ GW\�5HLQIRUFLQJ�EDUV�
N�LQ�LQ� N�LQ�LQ� N�LQ� N�LQ� LQ�

'U\�FKRUG�*U���� ����� ���� ��� ���� ������
NW� NY� WQ� YQ� GW\�&RQQHFWRUV�
N�LQ� N�LQ� N� N� LQ�

-9,�9HFWRU� ��� ���� ��� ���� ������
$QJOHG�EDU���� ���� ���� ���� ���� ��

�
7DEOH�����'HVLJQ�H[DPSOH��%���%'2��

NW���$� NY���$ WQ���$ YQ���$ GW\�5HLQIRUFLQJ�EDUV�
N�LQ�LQ� N�LQ�LQ� N�LQ� N�LQ� LQ�

'U\�FKRUG�Z��IODW�SODWH�*U��� ����� ���� ��� ���� ������
NW� NY� WQ� YQ� GW\�&RQQHFWRUV�
N�LQ� N�LQ� N� N� LQ�

-9,�9HFWRU� ��� ���� ��� ���� ������
$QJOHG�EDU���� ���� ���� ���� ���� ��
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7DEOH�����'HVLJQ�H[DPSOH��&���5'2��

NW���$� NY���$ WQ���$ YQ���$ GW\�5HLQIRUFLQJ�EDUV�
N�LQ�LQ� N�LQ�LQ� N�LQ� N�LQ� LQ�

3RXU�VWULS�FKRUG�*U��� ����� ���� ��� ���� ������
NW� NY� WQ� YQ� GW\�&RQQHFWRUV�
N�LQ� N�LQ� N� N� LQ�

-9,�9HFWRU� ��� ���� ��� ���� ������
�
� ����'HVLJQ�WKH�'LDSKUDJP�5HLQIRUFHPHQW�DW�-RLQWV�
� �

8VH�WKH�LQWHUDFWLRQ�HTXDWLRQ��(TQ�����WR�GHWHUPLQH�WKH�UHTXLUHG�GLDSKUDJP�UHLQIRUFHPHQW��
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,QVHUW�WKH�GLDSKUDJP�MRLQW�UHTXLUHG�VWUHQJWK�YDOXHV��0X��1X�DQG�9X��IURP�6WHS�����

7KH�GLDSKUDJP�MRLQW�QRPLQDO�GHVLJQ�VWUHQJWK��0Q��1Q�DQG�9Q��LV�EDVHG�RQ�YQ�DQG�WQ�LQ�7DEOH���������

���� $Q� DQDO\WLFDOO\�EDVHG� SURFHGXUH� IURP� 3$57� �� LV� XVHG� IRU� GHWHUPLQLQJ� WKH�
PRPHQW� VWUHQJWK� DW� SUHFDVW� IORRU� XQLW� WR� SUHFDVW� IORRU� XQLW� MRLQW��7ULDQJOH� IRUFH�
GLVWULEXWLRQ� LV� XVHG� IRU� GHWHUPLQLQJ� WKH� PRPHQW� VWUHQJWK� DW� RWKHU� MRLQWV�
�GLDSKUDJP�WR�/)56�MRLQW�DQG�GLDSKUDJP�WR�LQWHUQDO�EHDP�MRLQW���6HH�3$57�����

���� 8VLQJ�(TQ�������������IRU�WKH�MRLQW�EHWZHHQ�SUHFDVW�IORRU�XQLWV�DQG�(TQ�����IRU�WKH�
MRLQW� EHWZHHQ� /)56�EHDP� DQG� SUHFDVW� IORRU� XQLW� LQ� 6HF�� ���� RI� 3$57� �� WR�
GHWHUPLQH�WKH�GLDSKUDJP�MRLQW�VWUHQJWK��

���� 6HOHFWLRQ� RI� D� WULDO� GHVLJQ� LV� JUHDWO\� IDFLOLWDWHG� WKURXJK� WKH� XVH� RI� VSUHDGVKHHW�
PHWKRGV��6HH�3$57�����

�

3ULPDU\�GLDSKUDJP�UHLQIRUFHPHQW��
�D�� &KRUG�DQG�VKHDU�UHLQIRUFHPHQW�GHVLJQ�

'LDSKUDJP� FKRUG� DQG� VKHDU� UHLQIRUFHPHQW� ILQDO� GHVLJQ� LV� VKRZQ� EHORZ� IRU� HDFK� 'HVLJQ�
2SWLRQ��7KH�0�1�9�IRU�HDFK�GLUHFWLRQ�LV�VKRZQ�LQ�WKH�WDEOH�ZLWK�WKH�FULWLFDO�YDOXH�PDUNHG�DV�EROG��
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'HVLJQ�H[DPSOH��$���('2��
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� 7DEOH�����7RS�)ORRU�

1RUWK�6RXWK�IODW� 5DPS�
&KRUG� -9,� 0�1�9� &KRUG� -9,� 0�1�9�-RLQW�
6L]H� �� �� V��IW�� 7UDQ� /RQJ� 6L]H � � V��IW� 7UDQ�� /RQJ��

�� ��� �� �� ����� ����� ���� ��� �� �� ����� ������ ������
�� ��� �� �� ����� ����� ���� ��� �� �� ����� ������ ������
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�� ��� �� ��� ����� ����� ���� ��� � �� ����� ������ ������
�� ��� �� ��� ����� ����� ���� ��� � �� ����� ������ ������
�� ��� �� ��� ����� ����� ���� ��� � �� ����� ������ ������
�� ��� �� ��� ����� ����� ���� ��� � �� ����� ������ ������
�� ��� �� ��� ����� ����� ���� ��� � �� ����� ������ ������
�� ��� �� ��� ����� ����� ���� ��� � �� ����� ������ ������
��� ��� �� �� ����� ����� ���� ��� � � ����� ������ ������
��� ��� �� �� ����� ����� ���� ��� � � ����� ������ ������
��� ��� �� �� ����� ����� ���� ��� � � ����� ������ ������
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1RUWK�6RXWK�IODW� 5DPS�
&KRUG� -9,� 0�1�9� &KRUG� -9,� 0�1�9�-RLQW�
6L]H� �� �� V��IW�� 7UDQ� /RQJ� 6L]H � � V��IW� 7UDQ�� /RQJ��

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

Note: Symmetric design is applied. The chord bar cut-off and shear reinforcement space varying are conducted at 
every three joint. Therefore not all joints are designed against the required diaphragm joint strength, i.e. M-N-V = 
1.0�
�
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�
�

7DEOH�����2WKHU�)ORRUV�

1RUWK�6RXWK�IODW� 5DPS�
&KRUG� -9,� 0�1�9� &KRUG� -9,� 0�1�9�-RLQW�
6L]H� �� �� V��IW� 7UDQ� /RQJ� 6L]H � � V��IW� 7UDQ�� /RQJ��
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Note: Symmetric design is applied. The chord bar cut-off and shear reinforcement space varying are conducted at 
every three joint. Therefore not all joints are designed against the required diaphragm joint strength, i.e. M-N-V = 
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every three joint. Therefore not all joints are designed against the required diaphragm joint strength, i.e. M-N-V = 
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GLDSKUDJP�GHVLJQ�ZLOO�EH�FRPSOHWHG�IRU�WKUHH�GLIIHUHQW�GLDSKUDJP�GHVLJQ�RSWLRQV���

'HVLJQ�([DPSOH��$��� (ODVWLF�'HVLJQ�2SWLRQ��('2�'HVLJQ��
'HVLJQ�([DPSOH��%��� %DVLF�'HVLJQ�2SWLRQ��%'2�'HVLJQ��
'HVLJQ�([DPSOH��&��� 5HGXFHG�'HVLJQ�2SWLRQ��5'2�'HVLJQ��

�
%HFDXVH� PDQ\� GHVLJQ� VWHSV� DUH� VKDUHG� DPRQJ� WKH� GLIIHUHQW� GLDSKUDJP� GHVLJQ� RSWLRQV�� WKH� GHVLJQ�
H[DPSOHV�DUH�DUUDQJHG�WR�IROORZ�WKH�VWHS�E\�VWHS�SURFHGXUH�LQ�SDUW����ZLWK�WKH�GLIIHUHQW�FDOFXODWLRQV�IRU�
([DPSOHV��$���%�DQG��&�DSSHDULQJ�DV�VHTXHQWLDO�VXE�VHFWLRQV�ZLWKLQ�HDFK�GHVLJQ�VWHS��
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'(6,*1�67(36��
�
6WHS��� Determine the Diaphragm Seismic Baseline Design Forces as per ASCE 7-05 
 

7KLV�VWHS�LV�WKH�VDPH�IRU�DOO�WKUHH�GHVLJQ�H[DPSOHV���$���%��DQG��&��
 

����DQG������6HLVPLF�GHVLJQ�SDUDPHWHUV�
'HVLJQ�VLWH�� � � � � .QR[YLOOH��71�
6'&� � � � � � &�
6V� � � � � � �����
6�� � � � � � ������
6RLO�VLWH�FODVV� � � � � &�
)D� ����� � � � � �����
)Y� � ��� � � � �����
6PV �)Du�6V� � � � � �����
6P� �)Yu�6�� � � � � �����
6'6 ����u�6PV� � � � � �����
6'� ����u�6P�� � � � � �����
1�6�,QWHUPHGLDWH�SUHFDVW�ZDOO������������������������������5 ���:� �����&G ����
(�:�,QWHUPHGLDWH�SUHFDVW�EHDULQJ�ZDOO�� � 5 ���:� �����&G ��

�
�����6HLVPLF�UHVSRQVH�FRHIILFLHQW�&V�

������������� ������  u  nta HCT VHF��� ��������������  u  auTCT VHF�
�
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'LDSKUDJP�PD[LPXP�GHVLJQ�DFFHOHUDWLRQ��Cdia��PD[ PD[��)[�Z[���(TQ����
'LDSKUDJP�EDVHOLQH�GHVLJQ�IRUFH�FDx� �Dx�Cdia��PD[ wx  ��(TQ����

�
1RWH��Dx� ����DW�WRS�IORRU�DQG�Dx� �����DW�ORZHU�IORRUV�IRU�SDUNLQJ�VWUXFWXUH��

�
1�6�GLUHFWLRQ��

� K[��IW�� :[��NLSV�� :[�K[N &Y[ )[��NLSV� &GLD��PD[���� Dx� )'[��NLSV�����
5RRI� ����� ����
� ������ ���� ���� ������ ��� ����
�WK� ��� ����� ������ ���� ���� ������ ����� ����
�UG� ����� ����� ������ ���� ���� ������ ����� ����
�QG� ��� ����� ������ ���� ���� ������ ����� ����
6XP� �� ������ ������ �� ����� � � �

1RWH��
�7KH�WRS�IORRU�KDV�OHVV�VHLVPLF�PDVV�GXH�WR�UDPS��
�



� ��

(�:�GLUHFWLRQ��
� K[��IW�� :[��NLSV�� :[�K[N &Y[ )[��NLSV� &GLD��PD[���� Dx� )'[��NLSV�����

5RRI� ����� ����
� ������ ���� ���� ������ ��� ����
�WK� ��� ����� ������ ���� ���� ������ ����� ����
�UG� ����� ����� ������ ���� ���� ������ ����� ����
�QG� ��� ����� ������ ���� ���� ������ ����� ����
6XP� �� ������ ������ �� ����� � � �

1RWH��
�7KH�WRS�IORRU�KDV�OHVV�VHLVPLF�PDVV�GXH�WR�UDPS��
�
�
6WHS��� Determine the Diaphragm Seismic Demand Level 
�

7KLV�VWHS�LV�WKH�VDPH�IRU�DOO�WKUHH�GHVLJQ�H[DPSOHV���$���%��DQG��&��
 
� � )RU�6'&�&��� � � /RZ��
�

1RWH��$OO�EXLOGLQJV�LQ�6'&�&�DUH�DVVLJQHG�³/RZ´�6HLVPLF�'HPDQG�
�
�
6WHS��� Select Diaphragm Design Option 
 

'HVLJQ�H[DPSOH��$���('2��
� � )RU�ORZ�VHLVPLF�GHPDQG����������(ODVWLF�GHVLJQ�RSWLRQ��('2�� LV�DQ�DOWHUQDWLYH��
�

'HVLJQ�H[DPSOH��%���%'2��
� � )RU�ORZ�VHLVPLF�GHPDQG����������%DVLF�GHVLJQ�RSWLRQ��%'2��� LV�UHFRPPHQGHG�
�

'HVLJQ�H[DPSOH��&���5'2��
� � )RU�ORZ�VHLVPLF�GHPDQG����������5HGXFHG�GHVLJQ�RSWLRQ��5'2�� LV�DQ�DOWHUQDWLYH�
�
�
6WHS��� Determine Required Diaphragm Reinforcement Classification 
 

'HVLJQ�H[DPSOH��$���('2��
� � )RU�HODVWLF�GHVLJQ�RSWLRQ�� /RZ�GHIRUPDELOLW\�HOHPHQW��/'(���������LV�SHUPLWWHG��
�

'HVLJQ�H[DPSOH��%���%'2��
� � )RU�EDVLF�GHVLJQ�RSWLRQ��� 0RGHUDWH�GHIRUPDELOLW\�HOHPHQW��0'(����LV�SHUPLWWHG��
�

'HVLJQ�H[DPSOH��&���5'2��
� � )RU�UHGXFHG�GHVLJQ�RSWLRQ�� +LJK�GHIRUPDELOLW\�HOHPHQW��+'(���������LV�UHTXLUHG��
�
�
6WHS��� Determine Diaphragm Force Amplification Factor 
 

7KH�HQWLUH�GLDSKUDJP�LV�WUHDWHG�DV�WKUHH�LQGLYLGXDO�VXE�GLDSKUDJPV�IRU�WKH�GLDSKUDJP�GHVLJQ�DV�
VKRZQ�LQ�3$57����1RUWK��6RXWK�DQG�5DPS�VXE�GLDSKUDJP��
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/���� �  � � ����IW�
� $5�� �  �� � �������  ����

��������AR ������8ࡡࡡ�������VH�$5� ���LQ�(TQV������
� Q� �  � � ��
� /����$5�  � � ��
�

'HVLJQ�H[DPSOH��$���('2���

(TQ������� �������@���������>���� ��������������  u��u < �
E �

�
'HVLJQ�H[DPSOH��%���%'2���

(TQ����� � ��������@���������>����� ��������������  u��u < �
D �

�
'HVLJQ�H[DPSOH��&���5'2���

(TQ������� ��������@�����������>����� �������������  u��u < �
R �

�
�
6WHS��� Determine Diaphragm Shear Overstrength Factor 
 

'HVLJQ�H[DPSOH��$���('2���
� � (TQ������� ��� :vE �

'HVLJQ�H[DPSOH��%���%'2���
(TQ������� ������������� ��������  u  : ��ARvB �

'HVLJQ�H[DPSOH��&���5'2���
(TQ������� ������������ ��������  u  : ��ARvR �
�
�

6WHS��� Determine Diaphragm Design Force 
,QVHUWLQJ� WKH� EDVHOLQH� GLDSKUDJP� IRUFHV� IURP� 6WHS� �� DQG� WKH� GLDSKUDJP�

DPSOLILFDWLRQ�IDFWRU�IURP�6WHS���LQWR�(TXDWLRQ����
�
'HVLJQ�H[DPSOH��$���('2���

�  
� � 1�6�GLUHFWLRQ��
� � � 7RS�)ORRU��� � � � � � � � �
� � � � � )GLD� �<()'[� ����u���� �����NLSV�!����6'6,Z[ �����NLSV�
� � � 2WKHU�)ORRUV� � � � � � � � �
� � � � � )GLD� �<()'[� ����u���� ������NLSV�!����6'6,Z[ �����NLSV�
�
� � (�:�GLUHFWLRQ��
� � � 7RS�)ORRU� � � � � � � � �
� � � � � )GLD� �<()'[� ����u���� ������NLSV�!����6'6,Z[ �����NLSV�
� � � 2WKHU�)ORRUV� � � � � � � � �
� � � � � )GLD� �<()'[� ����u���� ������NLSV�!����6'6,Z[ �����NLSV�
�

'HVLJQ�H[DPSOH��%���%'2���
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�
1�6�GLUHFWLRQ���

� � � 7RS�)ORRU� � � � � � � � �
� � � � � )GLD� �<')'[� �����u���� ������NLSV�!����6'6,Z[ �����NLSV�
� � � 2WKHU�)ORRUV� � � � � � � � �
� � � � � )GLD� �<')'[� �����u���� �����NLSV�!����6'6,Z[ �����NLSV�
�
� � (�:�GLUHFWLRQ��
� � � 7RS�)ORRU� � � � � � � � �
� � � � � )GLD� �<')'[� �����u���� ������NLSV�!����6'6,Z[ �����NLSV�
� � � 2WKHU�)ORRUV� � � � � � � � �
� � � � � )GLD� �<')'[� �����u���� ������NLSV�!����6'6,Z[ �����NLSV�
�

'HVLJQ�H[DPSOH��&���5'2���
�

1�6�GLUHFWLRQ��
� � � 7RS�)ORRU� � � � � � � � �
� � � � � )GLD� �<5)'[� �����u���� �����NLSV�!����6'6,Z[ �����NLSV�
� � � 2WKHU�)ORRUV� � � � � � � � �
� � � � � )GLD� �<5)'[� �����u���� �����NLSV�!����6'6,Z[ �����NLSV�
�
� � (�:�GLUHFWLRQ��
� � � 7RS�)ORRU� � � � � � � � �
� � � � � )GLD� �<5)'[� �����u���� �����NLSV�!����6'6,Z[ �����NLSV�
� � � 2WKHU�)ORRUV� � � � � � � � �
� � � � � )GLD� �<5)'[� �����u���� �����NLSV�!����6'6,Z[ �����NLSV�
�
�
6WHS��� Determine Diaphragm Internal Forces 
 

7KH� IUHH�ERG\�GLDJUDP�PHWKRG� �Option 8b�� LV� VHOHFWHG� WR�REWDLQ� WKH�GLDSKUDJP� LQWHUQDO� IRUFHV��
8VH� LV�PDGH�RI� H[LVWLQJ� IUHH� ERG\�GLDJUDPV� FUHDWHG� IRU� FRPPRQ�SUHFDVW� GLDSKUDJP�FRQILJXUDWLRQV�
�6HH� 3$57� ��� Free Body Diagrams for Typical Precast Parking Structures��� 7KH� DVVRFLDWH�
FDOFXODWLRQV� KDYH� EHHQ� HPEHGGHG� LQ� D� GHVLJQ� VSUHDGVKHHW� SURJUDP� �6HH� 3$57� ���Design Aids for 
Diaphragm Design: Spreadsheet Program���

7KH� WDEOHV�EHORZ�VKRZ� WKH� UHVXOWLQJ� UHTXLUHG�VWUHQJWK� �PD[LPXP�GLDSKUDJP� LQWHUQDO� IRUFHV��DW�
HDFK�GLDSKUDJP�MRLQW��5HIHU�WR�)LJ��$���D�IRU�MRLQW�QXPEHULQJ��DQG�MRLQWV�EHWZHHQ�GLDSKUDJP�WR�RWKHU�
PHPEHUV��/)56�DQG�LQWHUQDO�EHDP��XQGHU�WUDQVYHUVH�DQG�ORQJLWXGLQDO�GLUHFWLRQV��$OWKRXJK�WKH�HIIHFW�
RI�WZR�RUWKRJRQDO�GLUHFWLRQ�ORDGLQJV��WUDQVYHUVH�DQG�ORQJLWXGLQDO��LV�FRQVLGHUHG�LQGHSHQGHQWO\��DW�WKLV�
VWHS�WKH�FULWLFDO�ORDGLQJ�GLUHFWLRQ�LQ�WKH�GLDSKUDJP�MRLQW�FDQQRW�EH�H[SOLFLWO\�GHWHUPLQHG�EHFDXVH�WKH�
GLDSKUDJP�UHLQIRUFHPHQW�VHOHFWLRQ�DW�VWHS����LV�EDVHG�RQ�DQ�0�1�9�LQWHUDFWLRQ�HTXDWLRQ��(TQ���������

�
�
�
�
�
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'HVLJQ�H[DPSOH��$��('2����
-RLQW�EHWZHHQ�SUHFDVW�IORRU�XQLWV��7UDQVYHUVH��1�6��/RDGLQJ�

7RS�IORRU� 2WKHU�IORRUV�
1�6�)ODW� 5DPS� 1�6�)ODW� 5DPS�-RLQW� [�

1X� 9X� 0X� 1X� 9X� 0X� 1X� 9X� 0X� 1X� 9X� 0X�
� � >IW@� >NLSV@� >NLSV@� >N�IW@� >NLSV@ >NLSV@ >N�IW@ >NLSV@ >NLSV@ >N�IW@� >NLSV@� >NLSV@ >N�IW@
�� ��� ���� ����� ������ ��� ���� ����� ��� ��� ������ ��� ���� �����
�� ��� ����� ����� ������ ��� ���� ����� ��� ��� ������ ��� ���� �����
�� ��� ����� ����� ������� ��� ���� ����� ���� ��� ������ ��� ���� �����
�� ��� ����� ����� ������� ��� ���� ���� ���� ���� ������� ��� ���� ����
�� ��� ����� ����� ����� ��� ���� ����� ���� ��� ����� ��� ��� �����
�� ��� ����� ����� ������ ��� ���� ����� ���� ��� ������ ��� ��� �����
�� ��� ����� ���� ������ ��� ��� ����� ���� ��� ������ ��� ��� �����
�� ��� ����� ���� ������ ��� ��� ����� ���� ��� ������ ��� ��� �����
�� ���� ����� ���� ������ ��� ��� ����� ���� ��� ������ ��� ��� �����
��� ���� ����� ���� ������ ��� ��� ����� ���� ��� ������ ��� ��� �����
��� ���� ����� ���� ������ ��� ��� ����� ���� ��� ������ ��� ��� �����
��� ���� ����� ��� ������ ��� ��� ����� ���� ��� ������ ��� ��� �����

�
-RLQW�EHWZHHQ�SUHFDVW�IORRU�XQLWV��/RQJLWXGLQDO��(�:��/RDGLQJ�

7RS�IORRU� 2WKHU�IORRUV�
1�6�)ODW
� 5DPS� 1�6�)ODW
� 5DPS�-RLQW� [�

1X� 9X� 0X� 1X� 9X� 0X 1X� 9X� 0X� 1X� 9X� 0X�
� � >IW@� >NLSV@� >NLSV@� >N�IW@� >NLSV@ >NLSV@ >N�IW@ >NLSV@ >NLSV@ >N�IW@� >NLSV@� >NLSV@ >N�IW@
�� ��� ���� ��� ������ ��� ��� ��� ��� ��� ������ ���� ��� ���
�� ��� ����� ���� ������ ���� ��� ��� ��� ��� ������ ����� ��� ���
�� ��� ����� ���� ������� ���� ��� ��� ���� ��� ������� ����� ��� ���
�� ��� ����� ���� ������� ���� ��� ��� ���� ��� ������� ����� ��� ���
�� ��� ����� ���� ������� ���� ��� ��� ���� ��� ������� ����� ��� ���
�� ��� ����� ���� ������� ���� ��� ��� ���� ��� ������ ����� ��� ���
�� ��� ����� ���� ������ ���� ��� ��� ���� ��� ������ ����� ��� ���
�� ��� ����� ���� ������ ���� ��� ��� ���� ��� ������ ����� ��� ���
�� ���� ����� ���� ���� ���� ��� ��� ���� ��� ���� ����� ��� ���
��� ���� ����� ���� ����� ���� ��� ��� ���� ��� ����� ����� ��� ���
��� ���� ����� ���� ����� ���� ��� ��� ���� ��� ����� ����� ��� ���
��� ���� ����� ���� ����� ���� ��� ��� ���� ��� ����� ����� ��� ���

* Symmetric design will be applied although loading is not symmetric. The most critical diaphragm internal forces 
are  shown in the table for each symmetric joint. 
�

2WKHU�-RLQWV��'LDSKUDJP�WR�/)56�DQG�'LDSKUDJP�WR�LQWHUQDO�EHDP���

7RS�)ORRU� 2WKHU�)ORRUV�
7UDQVYHUVH��1�6�� /RQJLWXGLQDO��(�:�� 7UDQVYHUVH��1�6�� /RQJLWXGLQDO��(�:��
1X� 9X� 0X� 1X� 9X� 0X� 1X� 9X� 0X� 1X� 9X� 0X�

-RLQW�

>NLSV@� >NLSV@� >N�IW@� >NLSV@ >NLSV@ >N�IW@ >NLSV@ >NLSV@ >N�IW@� >NLSV@� >NLSV@ >N�IW@
'7�WR�6:� �� ���� �� �� �� �� �� ���� �� �� �� ��
'7�WR�/:� ���� ���� �� ���� ��� �� ���� ���� �� ���� ��� ��
'7�WR�,7� ���� ���� ���� ���� ���� �� ��� ���� ���� ��� ���� ��
Note: Critical force demand is marked as bond.  
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'HVLJQ�H[DPSOH��%��%'2����
-RLQW�EHWZHHQ�SUHFDVW�IORRU�XQLWV��7UDQVYHUVH��1�6��/RDGLQJ�

7RS�IORRU� 2WKHU�IORRUV�
1�6�)ODW� 5DPS� 1�6�)ODW� 5DPS�-RLQW� [�

1X� 9X� 0X� 1X� 9X� 0X� 1X� 9X� 0X� 1X� 9X� 0X�
� � >IW@� >NLSV@� >NLSV@� >N�IW@� >NLSV@ >NLSV@ >N�IW@ >NLSV@ >NLSV@ >N�IW@� >NLSV@� >NLSV@ >N�IW@
�� ��� ���� ���� ������ ��� ���� ����� ��� ��� ������ ��� ���� ����
�� ��� ���� ���� ������ ��� ���� ����� ��� ��� ������ ��� ���� �����
�� ��� ����� ���� ������� ��� ���� ����� ��� ��� ������ ��� ���� �����
�� ��� ����� ����� ������� ��� ���� ���� ���� ��� ������ ��� ��� ����
�� ��� ����� ����� ����� ��� ���� ����� ���� ��� ����� ��� ��� �����
�� ��� ����� ���� ������ ��� ��� ����� ���� ��� ����� ��� ��� �����
�� ��� ����� ���� ������ ��� ��� ����� ���� ��� ������ ��� ��� �����
�� ��� ����� ���� ������ ��� ��� ����� ���� ��� ������ ��� ��� �����
�� ���� ����� ���� ������ ��� ��� ����� ���� ��� ������ ��� ��� �����
��� ���� ����� ���� ������ ��� ��� ����� ���� ��� ������ ��� ��� �����
��� ���� ����� ���� ������ ��� ��� ����� ���� ��� ������ ��� ��� �����
��� ���� ����� ��� ������ ��� ��� ����� ���� ��� ������ ��� ��� �����

�
-RLQW�EHWZHHQ�SUHFDVW�IORRU�XQLWV��/RQJLWXGLQDO��(�:��/RDGLQJ�

7RS�IORRU� 2WKHU�IORRUV�
1�6�)ODW
� 5DPS� 1�6�)ODW
� 5DPS�-RLQW� [�

1X� 9X� 0X� 1X� 9X� 0X 1X� 9X� 0X� 1X� 9X� 0X�
� � >IW@� >NLSV@� >NLSV@� >N�IW@� >NLSV@ >NLSV@ >N�IW@ >NLSV@ >NLSV@ >N�IW@� >NLSV@� >NLSV@ >N�IW@
�� ��� ���� ��� ������ ��� ��� ��� ��� ��� ������ ���� ��� ���
�� ��� ���� ���� ������ ���� ��� ��� ��� ��� ������ ���� ��� ���
�� ��� ����� ���� ������� ���� ��� ��� ��� ��� ������ ����� ��� ���
�� ��� ����� ���� ������� ���� ��� ��� ���� ��� ������� ����� ��� ���
�� ��� ����� ���� ������� ���� ��� ��� ���� ��� ������ ����� ��� ���
�� ��� ����� ���� ������ ���� ��� ��� ���� ��� ������ ����� ��� ���
�� ��� ����� ���� ������ ���� ��� ��� ���� ��� ������ ����� ��� ���
�� ��� ����� ���� ������ ���� ��� ��� ���� ��� ������ ����� ��� ���
�� ���� ����� ���� ���� ���� ��� ��� ��� ��� ���� ����� ��� ���
��� ���� ����� ���� ����� ���� ��� ��� ��� ��� ����� ����� ��� ���
��� ���� ����� ���� ����� ���� ��� ��� ��� ��� ����� ����� ��� ���
��� ���� ����� ���� ����� ���� ��� ��� ��� ��� ����� ����� ��� ���

* Symmetric design will be applied although loading is not symmetric. The most critical diaphragm internal forces 
are  shown in the table for each symmetric joint. 
�

2WKHU�-RLQWV��'LDSKUDJP�WR�/)56�DQG�'LDSKUDJP�WR�LQWHUQDO�EHDP���

7RS�)ORRU� 2WKHU�)ORRUV�
7UDQVYHUVH��1�6�� /RQJLWXGLQDO��(�:�� 7UDQVYHUVH��1�6�� /RQJLWXGLQDO��(�:��
1X� 9X� 0X� 1X� 9X� 0X� 1X� 9X� 0X� 1X� 9X� 0X�

-RLQW�

>NLSV@� >NLSV@� >N�IW@� >NLSV@ >NLSV@ >N�IW@ >NLSV@ >NLSV@ >N�IW@� >NLSV@� >NLSV@ >N�IW@
'7�WR�6:� �� ���� �� �� �� �� �� ���� �� �� �� ��
'7�WR�/:� ���� ���� �� ���� ��� �� ���� ���� �� ���� ��� ��
'7�WR�,7� ��� ���� ���� ���� ���� �� ��� ���� ���� ��� ��� ��
Note: Critical force demand is marked as bond. 



� ��

'HVLJQ�H[DPSOH��&��5'2���
-RLQW�EHWZHHQ�SUHFDVW�IORRU�XQLWV��7UDQVYHUVH��1�6��/RDGLQJ�

7RS�IORRU� 2WKHU�IORRUV�
1�6�)ODW� 5DPS� 1�6�)ODW� 5DPS�-RLQW� [�

1X� 9X� 0X� 1X� 9X� 0X� 1X� 9X� 0X� 1X� 9X� 0X�
� � >IW@� >NLSV@� >NLSV@� >N�IW@� >NLSV@ >NLSV@ >N�IW@ >NLSV@ >NLSV@ >N�IW@� >NLSV@� >NLSV@ >N�IW@
�� ��� ���� ���� ������ ��� ���� ���� ��� ��� ������ ��� ���� ����
�� ��� ���� ���� ������ ��� ���� ����� ��� ��� ������ ��� ���� ����
�� ��� ���� ���� ������ ��� ���� ����� ��� ��� ������ ��� ��� ����
�� ��� ����� ���� ������ ��� ��� ���� ��� ��� ������ ��� ��� ����
�� ��� ����� ���� ����� ��� ��� ����� ��� ��� ��� ��� ��� ����
�� ��� ����� ���� ����� ��� ��� ����� ��� ��� ����� ��� ��� �����
�� ��� ����� ���� ������ ��� ��� ����� ��� ��� ������ ��� ��� �����
�� ��� ����� ���� ������ ��� ��� ����� ��� ��� ������ ��� ��� �����
�� ���� ����� ���� ������ ��� ��� ����� ��� ��� ������ ��� ��� �����
��� ���� ����� ���� ������ ��� ��� ����� ��� ��� ������ ��� ��� �����
��� ���� ����� ���� ������ ��� ��� ����� ��� ��� ������ ��� ��� �����
��� ���� ����� ��� ������ ��� ��� ����� ��� ��� ������ ��� ��� �����

�
-RLQW�EHWZHHQ�SUHFDVW�IORRU�XQLWV��/RQJLWXGLQDO��(�:��/RDGLQJ�

7RS�IORRU� 2WKHU�IORRUV�
1�6�)ODW
� 5DPS� 1�6�)ODW
� 5DPS�-RLQW� [�

1X� 9X� 0X� 1X� 9X� 0X 1X� 9X� 0X� 1X� 9X� 0X

� � >IW@� >NLSV@� >NLSV@� >N�IW@� >NLSV@ >NLSV@ >N�IW@ >NLSV@ >NLSV@ >N�IW@� >NLSV@� >NLSV@ >N�IW@
�� ��� ���� ��� ������ ��� ��� ��� ��� ��� ������ ���� ��� ���
�� ��� ���� ��� ������ ��� ��� ��� ��� ��� ������ ���� ��� ���
�� ��� ���� ���� ������ ���� ��� ��� ��� ��� ������ ���� ��� ���
�� ��� ����� ���� ������� ���� ��� ��� ��� ��� ������ ����� ��� ���
�� ��� ����� ���� ������ ���� ��� ��� ��� ��� ������ ����� ��� ���
�� ��� ����� ���� ������ ���� ��� ��� ��� ��� ������ ����� ��� ���
�� ��� ����� ���� ������ ���� ��� ��� ��� ��� ������ ����� ��� ���
�� ��� ����� ���� ������ ���� ��� ��� ��� ��� ����� ����� ��� ���
�� ���� ���� ���� ���� ���� ��� ��� ��� ��� ��� ����� ��� ���
��� ���� ���� ���� ����� ���� ��� ��� ��� ��� ���� ����� ��� ���
��� ���� ���� ���� ����� ���� ��� ��� ��� ��� ����� ����� ��� ���
��� ���� ���� ���� ����� ���� ��� ��� ��� ��� ����� ����� ��� ���

* Symmetric design will be applied although loading is not symmetric. The most critical diaphragm internal forces 
are  shown in the table for each symmetric joint. 
 

2WKHU�-RLQWV��'LDSKUDJP�WR�/)56�DQG�'LDSKUDJP�WR�LQWHUQDO�EHDP���

7RS�)ORRU� 2WKHU�)ORRUV�
7UDQVYHUVH��1�6�� /RQJLWXGLQDO��(�:�� 7UDQVYHUVH��1�6�� /RQJLWXGLQDO��(�:��
1X� 9X� 0X� 1X� 9X� 0X� 1X� 9X� 0X� 1X� 9X� 0X�

-RLQW�

>NLSV@� >NLSV@� >N�IW@� >NLSV@ >NLSV@ >N�IW@ >NLSV@ >NLSV@ >N�IW@� >NLSV@� >NLSV@ >N�IW@
'7�WR�6:� �� ���� �� �� �� �� �� ���� �� �� �� ��
'7�WR�/:� ���� ���� �� ���� ��� �� ���� ���� �� ���� ��� ��
'7�WR�,7� ��� ���� ���� ��� ��� �� ��� ��� ���� ��� ��� ��
Note: Critical force demand is marked as bond. 
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6WHS��� Select Diaphragm Reinforcement  
 

'LDSKUDJP�UHLQIRUFHPHQW� W\SH� VHOHFWHG� WR�PHHW�5HTXLUHG�'LDSKUDJP�5HLQIRUFHPHQW�&ODVVLILFDWLRQ�
�See Step 4��� 3UHTXDOLILHG� FRQQHFWRUV� ZLOO� EH� XVHG� LQ� WKLV� H[DPSOH�� 6HOHFW� DSSURSULDWH� GLDSKUDJP�
UHLQIRUFHPHQW�W\SHV�IURP�3$57����7DEOH��$����
�

'HVLJQ�H[DPSOH��$���('2��
&KRUG�5HLQIRUFHPHQW�� � 'U\�FKRUG�FRQQHFWRU�
6KHDU�5HLQIRUFHPHQW�� � -9,�9HFWRU�
6HFRQGDU\�5HLQIRUFHPHQW�� ���DQJOHG�EDU�

� �
'HVLJQ�H[DPSOH��%���%'2��

&KRUG�5HLQIRUFHPHQW�� � 'U\�FKRUG�ZLWK�IODW�SODWH�FRQQHFWRU�
6KHDU�5HLQIRUFHPHQW�� � -9,�9HFWRU�
6HFRQGDU\�5HLQIRUFHPHQW�� ���DQJOHG�EDU�

�
'HVLJQ�H[DPSOH��&���5'2��

&KRUG�5HLQIRUFHPHQW�� � 3RXU�VWULS�EDUV�
6KHDU�5HLQIRUFHPHQW�� � -9,�9HFWRU�
6HFRQGDU\�5HLQIRUFHPHQW�� 3RXU�VWULS�EDUV�

�
� Determine Diaphragm Reinforcement Properties:�$V�WKH�GLDSKUDJP�UHLQIRUFHPHQW�VHOHFWHG�LV�
SUHTXDOLILHG��WKH�GLDSKUDJP�UHLQIRUFHPHQW�SURSHUWLHV�FDQ�DOVR�EH�ORRNHG�XS�LQ�3$57����7DEOH��$��� 
 

'HVLJQ�H[DPSOH��$���('2��
�

NW���$� NY���$ WQ���$ YQ���$ GW\�5HLQIRUFLQJ�EDUV�
N�LQ�LQ� N�LQ�LQ� N�LQ� N�LQ� LQ�

'U\�FKRUG�*U���� ����� ���� ��� ���� ������
NW� NY� WQ� YQ� GW\�&RQQHFWRUV�
N�LQ� N�LQ� N� N� LQ�

-9,�9HFWRU� ��� ���� ��� ���� ������
$QJOHG�EDU���� ���� ���� ���� ���� ��

�
'HVLJQ�H[DPSOH��%���%'2��

NW���$� NY���$ WQ���$ YQ���$ GW\�5HLQIRUFLQJ�EDUV�
N�LQ�LQ� N�LQ�LQ� N�LQ� N�LQ� LQ�

'U\�FKRUG�Z��IODW�SODWH�*U��� ����� ���� ��� ���� ������
NW� NY� WQ� YQ� GW\�&RQQHFWRUV�
N�LQ� N�LQ� N� N� LQ�

-9,�9HFWRU� ��� ���� ��� ���� ������
$QJOHG�EDU���� ���� ���� ���� ���� ��

�
�



� ��

'HVLJQ�H[DPSOH��&���5'2��

NW���$� NY���$ WQ���$ YQ���$ GW\�5HLQIRUFLQJ�EDUV�
N�LQ�LQ� N�LQ�LQ� N�LQ� N�LQ� LQ�

3RXU�VWULS�FKRUG�*U��� ����� ���� ��� ���� ������
NW� NY� WQ� YQ� GW\�&RQQHFWRUV�
N�LQ� N�LQ� N� N� LQ�

-9,�9HFWRU� ��� ���� ��� ���� ������
�
�
6WHS���� Design the Diaphragm Reinforcement at Joints 
� �

8VH�WKH�LQWHUDFWLRQ�HTXDWLRQ��(TQ������WR�GHWHUPLQH�WKH�UHTXLUHG�GLDSKUDJP�UHLQIRUFHPHQW��
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,QVHUW�WKH�GLDSKUDJP�MRLQW�UHTXLUHG�VWUHQJWK�YDOXHV��0X��1X�DQG�9X��IURP�6WHS�����

7KH�GLDSKUDJP�MRLQW�QRPLQDO�GHVLJQ�VWUHQJWK��0Q��1Q�DQG�9Q��LV�EDVHG�RQ�YQ�DQG�WQ�IURP�6WHS�����

���� $Q� DQDO\WLFDOO\�EDVHG� SURFHGXUH� IURP� 3$57� �� LV� XVHG� IRU� GHWHUPLQLQJ� WKH�
PRPHQW� VWUHQJWK� DW� SUHFDVW� IORRU� XQLW� WR� SUHFDVW� IORRU� XQLW� MRLQW��7ULDQJOH� IRUFH�
GLVWULEXWLRQ� LV� XVHG� IRU� GHWHUPLQLQJ� WKH� PRPHQW� VWUHQJWK� DW� RWKHU� MRLQWV�
�GLDSKUDJP�WR�/)56�MRLQW�DQG�GLDSKUDJP�WR�LQWHUQDO�EHDP�MRLQW���6HH�3$57�����

���� 8VLQJ�(TQ�������������IRU�WKH�MRLQW�EHWZHHQ�SUHFDVW�IORRU�XQLWV�DQG�(TQ�����IRU�WKH�
MRLQW� EHWZHHQ� /)56�EHDP� DQG� SUHFDVW� IORRU� XQLW� LQ� 6HF�� ���� RI� 3$57� �� WR�
GHWHUPLQH�WKH�GLDSKUDJP�MRLQW�VWUHQJWK��

���� 6HOHFWLRQ� RI� D� WULDO� GHVLJQ� LV� JUHDWO\� IDFLOLWDWHG� WKURXJK� WKH� XVH� RI� VSUHDGVKHHW�
PHWKRGV��6HH�3$57�����

�

3ULPDU\�GLDSKUDJP�UHLQIRUFHPHQW�
�F�� &KRUG�DQG�VKHDU�UHLQIRUFHPHQW�GHVLJQ�
'LDSKUDJP�FKRUG�DQG�VKHDU�UHLQIRUFHPHQW�ILQDO�GHVLJQ�LV�VKRZQ�EHORZ�IRU�HDFK�'HVLJQ�2SWLRQ��
7KH�0�1�9�IRU�HDFK�GLUHFWLRQ�LV�VKRZQ�LQ�WKH�WDEOH�ZLWK�WKH�FULWLFDO�YDOXH�PDUNHG�DV�EROG��

�
�
�
�
�
�
�
�



� ��

'HVLJQ�H[DPSOH��$���('2��
�

7RS�)ORRU�

1RUWK�6RXWK�IODW� 5DPS�
&KRUG� -9,� 0�1�9� &KRUG� -9,� 0�1�9�-RLQW�
6L]H� �� �� V��IW�� 7UDQVYHUVH /RQJLWXGLQDO 6L]H � � V��IW� 7UDQVYHUVH� /RQJLWXGLQDO

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

�

2WKHU�)ORRUV�

1RUWK�6RXWK�IODW� 5DPS�
&KRUG� -9,� 0�1�9� &KRUG� -9,� 0�1�9�-RLQW�
6L]H� �� �� V��IW�� 7UDQVYHUVH /RQJLWXGLQDO 6L]H � � V��IW� 7UDQVYHUVH� /RQJLWXGLQDO

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

 

Note: Symmetric design is applied. The chord bar cut-off and shear reinforcement space varying are conducted at 
every three joint. Therefore not all joints are designed against the required diaphragm joint strength, i.e. M-N-V = 
1.0�
�
�
�
�
�
�
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)RU�WKH�SXUSRVH�RI�FRPSDULQJ�WKH�SURSRVHG�)%'�GHVLJQ�PHWKRG�WR�WKH�VLPSOH�EHDP�PHWKRG�XVHG�
LQ�FXUUHQW�GHVLJQ�SUDFWLFH�� WKH�GLDSKUDJP�GHVLJQ� IRU�([DPSOH��$�KDV�EHHQ�SHUIRUPHG�XVLQJ� WKH� VLPSOH�
EHDP�PHWKRG�DV�VKRZQ�EHORZ���

'LDSKUDJP�GHVLJQ�IRUFHV��

7RS�IORRU�

9X� )GLD����� �������� �����NLSV�

0X� )GLD���u/�� ������u������ �������N�IW�

2WKHU�IORRUV�

9X� )GLD����� �������� ����NLSV�

0X� )GLD���u/�� ������u������ �������N�IW�

�

� 6HOHFW�WKH���RI�-9,�EDVHG�RQ�VKHDU�GHPDQG�DQG�WKH���RI�FKRUG�EDVHG�RQ�PRPHQW�GHPDQG�LQFOXGLQJ�
WKH�FKRUG�FRQWULEXWLRQ�WR�MRLQW�VKHDU�VWUHQJWK�DQG�WKH�-9,�FRQWULEXWLRQ�WR�MRLQW�PRPHQW�VWUHQJWK��

7RS� IORRU�� VHOHFW� ����� DQG� �� -9,� 9HFWRU�#� ���’� ZLWKRXW� EDU� ³FXW�RII´� RU� -9,� 9HFWRU� VSDFLQJ�
YDULDWLRQ�

9Q� �����NLSV�!�9X�I� �������� ���NLSV�2.�

0Q� �������N�IW�!�0X�I� ��������� ������N�IW�2.�

2WKHU� IORRUV�� VHOHFW������DQG���-9,�9HFWRU�#����’�ZLWKRXW�EDU�³FXW�RII´�RU�-9,�9HFWRU�VSDFLQJ�
YDULDWLRQ�

9Q� �����NLSV�!�9X�I� �������� ���NLSV�2.�

0Q� �������N�IW�!�0X�I� ��������� ������N�IW�2.�

�

� $Q�FRVW�FRPSDULVRQ�EHWZHHQ�WKH�VLPSOH�EHDP�PHWKRG�DQG�)%'�PHWKRG�LQ�WKH�IROORZLQJ�)LJXUH�
IRU�ZHLJKW� RI� FKRUG� VWHHO� DQG� WRWDO� QXPEHU� RI� -9,�9HFWRUV��$V� VHHQ�� WKH� VLPSOH� EHDP�PHWKRG� UHTXLUHV�
DERXW�WZLFH�RI�FKRUG�VWHHO�WKDQ�WKH�)%'�PHWKRG�ZKLOH�WKH�)%'�PHWKRG�UHTXLUHV�DERXW�����PRUH�QXPEHU�
RI�-9,�9HFWRUV�WKDQ�WKH�VLPSH�EHDP�PHWKRG��

�
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Note: Symmetric design is applied. The chord bar cut-off and shear reinforcement space varying are conducted at 
every three joint. Therefore not all joints are designed against the required diaphragm joint strength, i.e. M-N-V = 
1.0�
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6WHS���� Check the diaphragm induced gravity column drift 
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6WHS��� Determine the Diaphragm Seismic Baseline Design Forces as per ASCE 7-05 
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1RWH��
�7KH�WRS�IORRU�KDV�OHVV�VHLVPLF�PDVV�GXH�WR�UDPS�
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6WHS��� Determine the Diaphragm Seismic Demand Level 
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6WHS��� Select Diaphragm Design Option 
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6WHS��� Determine Required Diaphragm Reinforcement Classification 
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6WHS��� Determine Diaphragm Force Amplification Factor 
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6WHS��� Determine Diaphragm Shear/Anchorage Overstrength Factor 
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6WHS��� Determine Diaphragm Design Force 
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� � � 7RS�)ORRU� � � � � � � � �
� � � � � )GLD� �<()'[� �����u���� ������NLSV!����6'6,Z[ �������NLSV�
� � � 2WKHU�)ORRUV� � � � � � � � �
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6WHS��� Determine Diaphragm Internal Forces 
 

7KH� IUHH�ERG\�GLDJUDP�PHWKRG� �Option 8b�� LV� VHOHFWHG� WR�REWDLQ� WKH�GLDSKUDJP� LQWHUQDO� IRUFHV��
8VH� LV�PDGH�RI� H[LVWLQJ� IUHH� ERG\�GLDJUDPV� FUHDWHG� IRU� FRPPRQ�SUHFDVW� GLDSKUDJP�FRQILJXUDWLRQV�
�6HH� 3$57� ��� Free Body Diagrams for Typical Precast Parking Structures��� 7KH� DVVRFLDWH�
FDOFXODWLRQV� KDYH� EHHQ� HPEHGGHG� LQ� D� GHVLJQ� VSUHDGVKHHW� SURJUDP� �6HH� 3$57� ���Design Aids for 
Diaphragm Design: Spreadsheet Program���

7KH� WDEOHV�EHORZ�VKRZ� WKH� UHVXOWLQJ� UHTXLUHG�VWUHQJWK� �PD[LPXP�GLDSKUDJP� LQWHUQDO� IRUFHV��DW�
HDFK� GLDSKUDJP� MRLQW� �5HIHU� WR� )LJ��$�� ��D� IRU� MRLQW� QXPEHULQJ�� DQG� MRLQWV� EHWZHHQ� GLDSKUDJP� WR�
RWKHU�PHPEHUV��/)56�DQG�LQWHUQDO�EHDP��XQGHU�WUDQVYHUVH�DQG�ORQJLWXGLQDO�GLUHFWLRQV��$OWKRXJK�WKH�
HIIHFW�RI�WZR�RUWKRJRQDO�GLUHFWLRQ�ORDGLQJV��WUDQVYHUVH�DQG�ORQJLWXGLQDO��LV�FRQVLGHUHG�LQGHSHQGHQWO\��
DW� WKLV� VWHS� WKH� FULWLFDO� ORDGLQJ� GLUHFWLRQ� FDQQRW� EH� H[SOLFLWO\� GHWHUPLQHG� EHFDXVH� WKH� GLDSKUDJP�
UHLQIRUFHPHQW�VHOHFWLRQ�DW�VWHS����LV�EDVHG�RQ�DQ�0�1�9�LQWHUDFWLRQ�HTXDWLRQ��(TQ���������
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* Symmetric design will be applied although loading is not symmetric. The most critical diaphragm internal forces 
are  shown in the table for each symmetric joint. 
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'7�WR�,7� �� �� �� ���� ���� �� �� �� �� ��� ���� ��
Note: Critical force demand is marked as bond. 
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* Symmetric design will be applied although loading is not symmetric. The most critical diaphragm internal forces 
are  shown in the table for each symmetric joint. 
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Note: Critical force demand is marked as bond. 
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6WHS��� Select Diaphragm Reinforcement Type Based on DRC 
 

'LDSKUDJP� UHLQIRUFHPHQW� W\SH� VHOHFWHG� WR� PHHW� 5HTXLUHG� 'LDSKUDJP� 5HLQIRUFHPHQW�
&ODVVLILFDWLRQ� �See Step 4��� 3UHTXDOLILHG� FRQQHFWRUV� ZLOO� EH� XVHG� LQ� WKLV� H[DPSOH�� 6HOHFW�
DSSURSULDWH�GLDSKUDJP�UHLQIRUFHPHQW�W\SHV�IURP�3$57����7DEOH��$����

�
'HVLJQ�H[DPSOH��$���6'&�&�('2��

&KRUG�5HLQIRUFHPHQW�� � 'U\�FKRUG�FRQQHFWRU�
6KHDU�5HLQIRUFHPHQW�� � -9,�9HFWRU�
6HFRQGDU\�5HLQIRUFHPHQW�� ���DQJOHG�EDU�

�
'HVLJQ�H[DPSOH��%���6'&�'�5'2��

&KRUG�5HLQIRUFHPHQW�� � 3RXU�VWULS�EDUV�
6KHDU�5HLQIRUFHPHQW�� � -9,�9HFWRU�
6HFRQGDU\�5HLQIRUFHPHQW�� 3RXU�VWULS�EDUV�
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�
Determine Diaphragm Reinforcement Properties:� $V� WKH� GLDSKUDJP� UHLQIRUFHPHQW� VHOHFWHG� LV�
SUHTXDOLILHG�� WKH� GLDSKUDJP� UHLQIRUFHPHQW� SURSHUWLHV� FDQ� DOVR� EH� ORRNHG� XS� LQ� 3$57����7DEOH�
�$��: 
 

'HVLJQ�H[DPSOH��$���6'&�&�('2��

5HLQIRUFLQJ�EDUV NW���$� NY���$ WQ���$ YQ���$ GW\�

� N�LQ�LQ� N�LQ�LQ� N�LQ� N�LQ� LQ�

'U\�FKRUG�*U��� ����� ���� ��� ���� ������
&RQQHFWRUV� NW� NY� WQ� YQ� GW\�

� N�LQ� N�LQ� N� N� LQ�

-9,�9HFWRU� ��� ���� ��� ���� ������
$QJOHG�EDU���� ���� ���� ���� ���� ��
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5HLQIRUFLQJ�EDUV� NW���$� NY���$ WQ���$ YQ���$ GW\�

� N�LQ�LQ� N�LQ�LQ� N�LQ� N�LQ� LQ�

3RXU�VWULS�FKRUG�*U��� ����� ���� ��� ���� ������
&RQQHFWRUV� NW� NY� WQ� YQ� GW\�

� N�LQ� N�LQ� N� N� LQ�

-9,�9HFWRU� ��� ���� ��� ���� ������
�
�
6WHS���� Design the Diaphragm Reinforcement at Joints 
� �
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,QVHUW�WKH�GLDSKUDJP�MRLQW�UHTXLUHG�VWUHQJWK�YDOXHV��0X��1X�DQG�9X��IURP�6WHS�����

7KH�GLDSKUDJP�MRLQW�QRPLQDO�GHVLJQ�VWUHQJWK��0Q��1Q�DQG�9Q��LV�EDVHG�RQ�YQ�DQG�WQ�IURP�6WHS�����

���� $Q� DQDO\WLFDOO\�EDVHG� SURFHGXUH� IURP� 3$57� �� LV� XVHG� IRU� GHWHUPLQLQJ� WKH�
PRPHQW� VWUHQJWK� DW� SUHFDVW� IORRU� XQLW� WR� SUHFDVW� IORRU� XQLW� MRLQW��7ULDQJOH� IRUFH�
GLVWULEXWLRQ� LV� XVHG� IRU� GHWHUPLQLQJ� WKH� PRPHQW� VWUHQJWK� DW� RWKHU� MRLQWV�
�GLDSKUDJP�WR�/)56�MRLQW�DQG�GLDSKUDJP�WR�LQWHUQDO�EHDP�MRLQW���6HH�3$57�����

���� 8VLQJ�(TQ�������������IRU�WKH�MRLQW�EHWZHHQ�SUHFDVW�IORRU�XQLWV�DQG�(TQ�����IRU�WKH�
MRLQW� EHWZHHQ� /)56�EHDP� DQG� SUHFDVW� IORRU� XQLW� LQ� 6HF�� ���� RI� 3$57� �� WR�
GHWHUPLQH�WKH�GLDSKUDJP�MRLQW�VWUHQJWK��

���� 6HOHFWLRQ� RI� D� WULDO� GHVLJQ� LV� JUHDWO\� IDFLOLWDWHG� WKURXJK� WKH� XVH� RI� VSUHDGVKHHW�
PHWKRGV��6HH�3$57�����
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Note: Symmetric design is applied. The shear reinforcement space varying are conducted at every three joint. 
Therefore not all joints are designed against the required diaphragm joint strength, i.e. M-N-V = 1.0�



� ��

'HVLJQ�H[DPSOH��%���6'&�'�5'2��
�

7RS�)ORRU�

1RUWK�6RXWK�IODW� 5DPS�
&KRUG� -9,� 0�1�9� &KRUG� -9,� 0�1�9�-RLQW�
6L]H� �� �� V��IW�� 7UDQVYHUVH /RQJLWXGLQDO 6L]H � � V��IW� 7UDQVYHUVH� /RQJLWXGLQDO

�� ��� �� ��� ����� ������ ������ ��� � �� ���� ������ ������
�� ��� �� ��� ����� ������ ������ ��� � �� ���� ������ ������
�� ��� �� ��� ����� ������ ������ ��� � �� ���� ������ ������
�� ��� �� ��� ����� ������ ������ ��� � �� ���� ������ ������
�� ��� �� ��� ����� ������ ������ ��� � �� ���� ������ ������
�� ��� �� ��� ����� ������ ������ ��� � �� ���� ������ ������
�� ��� �� ��� ����� ������ ������ ��� � �� ���� ������ ������
�� ��� �� ��� ����� ������ ������ ��� � �� ���� ������ ������
�� ��� �� ��� ����� ������ ������ ��� � �� ���� ������ ������
��� ��� �� ��� ����� ������ ������ ��� � �� ���� ������ ������
��� ��� �� ��� ����� ������ ������ ��� � �� ���� ������ ������
��� ��� �� ��� ����� ������ ������ ��� � �� ���� ������ ������
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1RUWK�6RXWK�IODW� 5DPS�
&KRUG� -9,� 0�1�9� &KRUG� -9,� 0�1�9�-RLQW�
6L]H� �� �� V��IW�� 7UDQVYHUVH /RQJLWXGLQDO 6L]H � � V��IW� 7UDQVYHUVH� /RQJLWXGLQDO

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

 

Note: Symmetric design is applied. The shear reinforcement space varying are conducted at every three joint. 
Therefore not all joints are designed against the required diaphragm joint strength, i.e. M-N-V = 1.0�
�
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:DOO�OHQJWK� 9X� 1X� 0X� YQ�
� WQ�
� 5HT
G��� 3URYLGH�$QFKRUDJH�GHVLJQ�
>IW@� NLSV NLSV >N�IW@ >NLSV@ >NLSV@ 3HU�ZDOO� ���DQJOHG�EDU

7RS� ��� ���� �� ����� ���� ���� ������ ���16�VKHDU�
ZDOO� 2WKHUV� ��� ���� �� ����� ���� ���� ������ ���

7RS� �� ��� ���� �� ���� ���� ����� ��(:�OLWH�ZDOO�
��6�1�)ODW� 2WKHUV� �� ��� ���� �� ���� ���� ����� ��

(:�OLWH�ZDOO�
��5DPS�

$OO�IORRUV� 3URYLGH�IOH[LEOH�FRQQHFWRU����[��[��������DQJOH�SODWH�ZLWK�&�VKDSH�ZHOG�SHU�ZDOO


�7HQVLRQ�DQG�VKHDU�QRPLQDO�VWUHQJWK�RI����DQJOHG�EDU�FRQQHFWRU���
�

'LDSKUDJP�FROOHFWRU�UHLQIRUFHPHQW���
&ROOHFWRU� UHLQIRUFHPHQW� LV� GHVLJQHG� WR� UHVLVWDQW� WKH� VDPH� VKHDU� GHPDQG� DV� WKH�
DQFKRUDJH�RI�VKHDU�ZDOO��

�����������������  u : yus fVA I LQ��
� � ��������&KRRVH�����������LQ���DW�HDFK�IDFH�RI�LQWHULRU�ZDOO�
�
�

'HVLJQ�H[DPSOH��%���6'&�'�5'2��
�

&KHFN�<5�u�:Y5 ������u����� �������:R �����,QFUHDVH�9X�IURP�6WHS���IRU�ZDOOV�E\�D�
IDFWRU�RI���������� �����
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� WQ�
� 5HT
G��� 3URYLGH�$QFKRUDJH�GHVLJQ�
>IW@� NLSV NLSV >N�IW@ >NLSV@ >NLSV@ 3HU�ZDOO� ���UHEDU�
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ZDOO� 2WKHUV� ��� ���� �� ����� ���� ��� ������ ���
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(:�OLWH�ZDOO�
��5DPS�

$OO�IORRUV� 3URYLGH�IOH[LEOH�FRQQHFWRU����[��[��������DQJOH�SODWH�ZLWK�&�VKDSH�ZHOG�SHU�ZDOO


�7HQVLRQ�DQG�VKHDU�QRPLQDO�VWUHQJWK�RI����UHEDU��
�

'LDSKUDJP�FROOHFWRU�UHLQIRUFHPHQW���
&ROOHFWRU� UHLQIRUFHPHQW� LV� GHVLJQHG� WR� UHVLVWDQW� WKH� VDPH� VKHDU� GHPDQG� DV� WKH�
DQFKRUDJH�RI�VKHDU�ZDOO��

�����������������  u : yus fVA I LQ��
� � ��������&KRRVH������������LQ���DW�HDFK�IDFH�RI�LQWHULRU�ZDOO�
�

6HFRQGDU\�GLDSKUDJP�UHLQIRUFHPHQW�
'HVLJQ�H[DPSOH��$���6'&�&�('2��

�
���� ,QWHUQDO�EHDP�MRLQW�GHVLJQ�

�
4� ,� 9X� 1X� 0X YQ�
� WQ�
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G��� 3URYLGH�%HDP�MRLQW�GHVLJQ�
>IW�@� >IW�@� >NLSV@ >NLSV@ >N�IW@ >NLSV@ >NLSV@ 3HU�'7� ���DQJOHG�EDU

7RS�IORRU� ����� ������� ���� ���� ��� ���� ���� ����� ��
2WKHU�IORRUV� ����� ������� ���� ��� ��� ���� ���� ����� ��


�7HQVLRQ�DQG�VKHDU�QRPLQDO�VWUHQJWK�RI����DQJOHG�EDU�FRQQHFWRU���
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���� 6SDQGUHO�WR�GLDSKUDJP�FRQQHFWRU�
�

8VH�����DQJOHG�EDU�FRQQHFWRU�SHU�SUHFDVW�IORRU�XQLW��
�
�

'HVLJQ�H[DPSOH��%���6'&�'�5'2��
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2WKHU�IORRUV� ����� ������� ���� ���� ��� ���� ��� ����� ��

�7HQVLRQ�DQG�VKHDU�QRPLQDO�VWUHQJWK�RI����UHEDU��

�
���� 6SDQGUHO�WR�GLDSKUDJP�FRQQHFWRU�

�
8VH�����UHEDU�SHU�SUHFDVW�IORRU�XQLW��

�
6WHS���� Determine the diaphragm effective elastic modulus and shear modulus 

7KH�GLDSKUDJP�MRLQW�HIIHFWLYH�HODVWLF�<RXQJ¶V�PRGXOXV��(HII��DQG�HIIHFWLYH�VKHDU�PRGXOXV�
�*HII�� DUH� FDOFXODWHG� XVLQJ� WKH� DQDO\WLFDO� EDVHG� SURFHGXUH� �VHH� ³'LDSKUDJP� -RLQW� 6WLIIQHVV�
&DOFXODWLRQ´� LQ�3$57����� �(HII� DQG�*HII�ZLOO� EH�XVHG� LQ� VWHS���� IRU� FDOFXODWLQJ� WKH�GLDSKUDJP�
LQGXFHG�GULIW��7KHVH�YDOXHV�FDQ�EH�FDOFXODWHG�LQ�D�VSUHDGVKHHW�DW�WKH�VDPH�WLPH�DV�WKH�GLDSKUDJP�
UHLQIRUFHPHQW� LV� VHOHFWHG�� $Q� DYHUDJH� RI� WKH� PD[LPXP� DQG� PLQLPXP� YDOXHV� DW� DQ\� MRLQW� LV�
VXJJHVWHG� LQ� GHVLJQ� DV� VKRZQ� LQ� WKH� ERWWRP� URZ� RI� WDEOHV� EHORZ�� �6HH� $SSHQGL[� IRU� WDEOHV�
RXWSXW�SHU�MRLQW���

'HVLJQ�H[DPSOH��$���6'&�&�('2��

7RS�)ORRU� 2WKHU�)ORRUV�
1RUWK�6RXWK�IODW� 5DPS� 1RUWK�6RXWK�IODW� 5DPS�
(HII� *HII� (HII� *HII� (HII� *HII� (HII� *HII�
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6WHS���� Check the diaphragm induced gravity column drift�
7KH�IROORZLQJ�WDEOHV�VKRZ�WKH�GLDSKUDJP�LQGXFHG�JUDYLW\�FROXPQ�GULIW�DW�WKH�PLGVSDQ�

FROXPQ�M�REWDLQHG�IURP�WKH�VSUHDGVKHHW�GHVLJQ�SURJUDP�LQ�3$57�����
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'HVLJQ�H[DPSOH��$���6'&�&�('2��

6XE� )ORRU� GGLD�HO� GGLD� TGLD�
'LDSKUDJP� � �

&'� &G�GLD� &U�GLD�
>LQ@� >LQ@� >UDG@�

1�6�)ODW� 7RS� ������ ������ ������ ������� ������� �������
� � 2WKHUV� ������ ������ ������ ������� ������� �������
5DPS� 7RS� ������ ������ ������ ������� ������� �������
� � 2WKHUV� ������ ������ ������ ������� ������� �������

� �

'HVLJQ�H[DPSOH��%���6'&�'�5'2��

6XE� )ORRU� GGLD�HO� GGLD� TGLD�
'LDSKUDJP� � �

&'� &G�GLD� &U�GLD�
>LQ@� >LQ@� >UDG@�

1�6�)ODW� 7RS� ������ ������ ������ ������� ������� �������
� � 2WKHUV� ������ ������ ������ ������� ������� �������
5DPS� 7RS� ������ ������ ������ ������� ������� �������
� � 2WKHUV� ������ ������ ������ ������� ������� �������

�
)RU�DOO�GHVLJQ�H[DPSOHV��WKH�PD[LPXP�GLDSKUDJP�LQGXFHG�JUDYLW\�FROXPQ�GULIW��TGLD��LV�OHVV�WKDQ�
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([DPSOH������6WRU\�0RPHQW�)UDPH�2IILFH�%XLOGLQJ�
�
7KH�VWUXFWXUH�IRU�H[DPSOH���LV�DQ���VWRU\�PRPHQW�IUDPH�RIILFH�EXLOGLQJ��$V�VHHQ�LQ�)LJ��$����DQG�)LJ��$��
����WKH�VWUXFWXUH�KDV�WKUHH�ED\V�ZLWK�D�IRRWSULQW�RI����’�u����’��7KH�VWRU\�WR�VWRU\�KHLJKW�LV���’�IRU�W\SLFDO�
IORRU� DQG� ��’� IRU� �VW� IORRU�� /)56� LQ� WUDQVYHUVH� DQG� ORQJLWXGLQDO� GLUHFWLRQ� LV� FRPSRVHG� RI� LQWHUPHGLDWH�
PRPHQW� IUDPHV� IRU�6'&�&�DQG�VSHFLDO�PRPHQW� IUDPHV� IRU�6'&�'��7KH�SUHFDVW� IORRU�V\VWHP�LV� WRSSHG�
GRXEOH�7HH�ZLWK��”�WRSLQJ��
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�D��6'&�&��������������������������������������������������������������������������E��6'&�'��
)LJ��$������(OHYDWLRQ�RI���VWRU\�PRPHQW�IUDPH�RIILFH�EXLOGLQJ��

�
�
([DPSOH�6WUXFWXUH���LV�ORFDWHG�LQ�D�6HLVPLF�'HVLJQ�&DWHJRU\��6'&��&�6LWH�LQ�.QR[YLOOH�71�DQG�D�6'&�'�
6LWH�LQ�6HDWWOH�:$��7KH�GLDSKUDJP�GHVLJQ�ZLOO�EH�FRPSOHWHG�IRU�WZR�GLIIHUHQW�GLDSKUDJP�GHVLJQ�RSWLRQV���

'HVLJQ�([DPSOH��$��� 6'&�&�(ODVWLF�'HVLJQ�2SWLRQ��('2�'HVLJQ��
'HVLJQ�([DPSOH��%��� 6'&�'�5HGXFHG�'HVLJQ�2SWLRQ��5'2�'HVLJQ��

�
%HFDXVH� PDQ\� GHVLJQ� VWHSV� DUH� VKDUHG� DPRQJ� WKH� GLIIHUHQW� GLDSKUDJP� GHVLJQ� RSWLRQV�� WKH� GHVLJQ�
H[DPSOHV�DUH�DUUDQJHG�WR�IROORZ�WKH�VWHS�E\�VWHS�SURFHGXUH�LQ�3$57����ZLWK�WKH�GLIIHUHQW�FDOFXODWLRQV�IRU�
([DPSOHV��$�DQG�%�DSSHDULQJ�DV�VHTXHQWLDO�VXE�VHFWLRQV�ZLWKLQ�HDFK�GHVLJQ�VWHS��
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'(6,*1�67(36��
�
6WHS��� Determine the Diaphragm Seismic Baseline Design Forces as per ASCE 7-05 
 

'HVLJQ�H[DPSOH��$���6'&�&�('2��
 

����DQG������6HLVPLF�GHVLJQ�SDUDPHWHUV�
'HVLJQ�VLWH�� � � � � .QR[YLOOH��71�
6'&� � � � � � &�
6V� � � � � � �����
6�� � � � � � ������
6RLO�VLWH�FODVV� � � � � &�
)D� ����� � � � � �����
)Y� � ��� � � � �����
6PV �)Du�6V� � � � � �����
6P� �)Yu�6�� � � � � �����
6'6 ����u�6PV� � � � � �����
6'� ����u�6P�� � � � � �����
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'LDSKUDJP�PD[LPXP�GHVLJQ�DFFHOHUDWLRQ��Cdia��PD[ PD[��)[�Z[���(TQ����
'LDSKUDJP�EDVHOLQH�GHVLJQ�IRUFH�FDx� �Dx�Cdia��PD[ wx  ��(TQ����
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1RWH��FRQVHUYDWLYHO\�Dx� ����IRU�DOO�IORRUV��
�
,Q�1�6�DQG�(�:�GLUHFWLRQV��

� K[��IW�� :[��NLSV�� :[�K[N� &Y[� )[��NLSV� &GLD��PD[���� Dx� )'[��NLSV�����
5RRI� ���� ����� ������� ����� ���� ������ ���� ����
�WK� ��� ����� ������� ����� ���� ������ ���� ����
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'LDSKUDJP�EDVHOLQH�GHVLJQ�IRUFH�FDx� �Dx�Cdia��PD[ wx  ��(TQ����

�
1RWH��FRQVHUYDWLYHO\�Dx� ����IRU�DOO�IORRUV��
�
,Q�1�6�DQG�(�:�GLUHFWLRQV��
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6WHS��� Determine the Diaphragm Seismic Demand Level 
�

'HVLJQ�H[DPSOH��$���6'&�&�('2��
� � )RU�6'&�&��� � � /RZ��

1RWH��$OO�EXLOGLQJV�LQ�6'&�&�DUH�DVVLJQHG�³/RZ´�6HLVPLF�'HPDQG�
�
�

'HVLJQ�H[DPSOH��%���6'&�'�5'2��
Q �!������������������������ ������������+LJK�

�
�
6WHS��� Select Diaphragm Design Option 
 

'HVLJQ�H[DPSOH��$���6'&�&�('2��
� � )RU�ORZ�VHLVPLF�GHPDQG������������(ODVWLF�GHVLJQ�RSWLRQ��('2�� LV�UHFRPPHQGHG�
�

'HVLJQ�H[DPSOH��%���6'&�'�5'2��
� � )RU�KLJK�VHLVPLF�GHPDQG����������5HGXFHG�GHVLJQ�RSWLRQ��5'2��� LV�UHFRPPHQGHG�
�
�
�
6WHS��� Determine Required Diaphragm Reinforcement Classification 
 

'HVLJQ�H[DPSOH��$���6'&�&�('2��
� � )RU�HODVWLF�GHVLJQ�RSWLRQ�� � /RZ�GHIRUPDELOLW\�HOHPHQW��/'(��
�

'HVLJQ�H[DPSOH��%���6'&�'�5'2��
� � )RU�UHGXFHG�GHVLJQ�RSWLRQ�� � +LJK�GHIRUPDELOLW\�HOHPHQW��+'(��
�
�
6WHS��� Determine Diaphragm Force Amplification Factor 
� �

7KH�ZKROH�GLDSKUDJP�LV�WUHDWHG�DV�RQH�IUHH�ERG\�IRU�GLDSKUDJP�GHVLJQ�DV�VKRZQ�LQ�3$57����
�

'HVLJQ�H[DPSOH��$���6'&�&�('2���
�

� � /���� �  � � ����IW�
� � $5�� �  �� � ������� ������
� � Q� �  � � ��
� � /����$5�  � � �����

(TQ������������������ �������@������������>���� �����������������  u��u < �
E �

�
'HVLJQ�H[DPSOH��%���6'&�'�5'2��
�

� � /���� �  � � ����IW�
� � $5�� �  �� � ������� ������
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� � /����$5�  � � �����

(TQ����� ������������ ��������@��������������>����� ����������������  u��u < �
R �
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6WHS��� Determine Diaphragm Shear/Anchorage Overstrength Factor 
 

'HVLJQ�H[DPSOH��$���6'&�&�('2���(TQ�����

� � (TQ����� ������������� ��� :vE �
�
'HVLJQ�H[DPSOH��%���6'&�'�5'2���(TQ�����

(TQ������� ���������������� ��������  u  : ��ARvR �
�
�
6WHS��� Determine Diaphragm Design Force 

,QVHUWLQJ� WKH� EDVHOLQH� GLDSKUDJP� IRUFHV� IURP� 6WHS� �� DQG� WKH� GLDSKUDJP�
DPSOLILFDWLRQ�IDFWRU�IURP�6WHS���LQWR�(TXDWLRQ����

 
'HVLJQ�H[DPSOH��$���6'&�&�('2���

� � � � � � � � � � � � �
� � )GLD� �<()'[� ���u���� ����NLSV�!����6'6,Z[ ����NLSV�
�

'HVLJQ�H[DPSOH��%���6'&�'�5'2���

)GLD� �<5)'[� �����u���� ����NLSV������6'6,Z[ �����NLSV��6R�)GLD� ������NLSV�
�
�
6WHS��� Determine Diaphragm Internal Forces 
 

7KH� IUHH�ERG\�GLDJUDP�PHWKRG� �Option 8b�� LV� VHOHFWHG� WR�REWDLQ� WKH�GLDSKUDJP� LQWHUQDO� IRUFHV��
8VH� LV�PDGH�RI� H[LVWLQJ� IUHH� ERG\�GLDJUDPV� FUHDWHG� IRU� FRPPRQ�SUHFDVW� GLDSKUDJP�FRQILJXUDWLRQV�
�6HH� 3$57� ��� Free Body Diagrams for Typical Precast Parking Structures��� 7KH� DVVRFLDWH�
FDOFXODWLRQV� KDYH� EHHQ� HPEHGGHG� LQ� D� GHVLJQ� VSUHDGVKHHW� SURJUDP� �6HH� 3$57� ���Design Aids for 
Diaphragm Design: Spreadsheet Program���

7KH� WDEOHV�EHORZ�VKRZ� WKH� UHVXOWLQJ� UHTXLUHG�VWUHQJWK� �PD[LPXP�GLDSKUDJP� LQWHUQDO� IRUFHV��DW�
HDFK� GLDSKUDJP� MRLQW� �5HIHU� WR� )LJ��$�� ��D� IRU� MRLQW� QXPEHULQJ�� DQG� MRLQWV� EHWZHHQ� GLDSKUDJP� WR�
RWKHU�PHPEHUV��/)56�DQG�LQWHUQDO�EHDP��XQGHU�WUDQVYHUVH�DQG�ORQJLWXGLQDO�GLUHFWLRQV��$OWKRXJK�WKH�
HIIHFW�RI�WZR�RUWKRJRQDO�GLUHFWLRQ�ORDGLQJV��WUDQVYHUVH�DQG�ORQJLWXGLQDO��LV�FRQVLGHUHG�LQGHSHQGHQWO\��
DW� WKLV� VWHS� WKH� FULWLFDO� ORDGLQJ� GLUHFWLRQ� FDQQRW� EH� H[SOLFLWO\� GHWHUPLQHG� EHFDXVH� WKH� GLDSKUDJP�
UHLQIRUFHPHQW�VHOHFWLRQ�DW�VWHS����LV�EDVHG�RQ�DQ�0�1�9�LQWHUDFWLRQ�HTXDWLRQ��(TQ�������
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'HVLJQ�H[DPSOH��$���6'&�&�('2��
�

-RLQW�EHWZHHQ�SUHFDVW�IORRU�XQLWV�

7UDQVYHUVH��1�6��ORDGLQJ� /RQJLWXGLQDO��(�:��ORDGLQJ�
[�

1X� 9X� 0X� 1X� 9X� 0X�-RLQW�

>IW@� >NLSV@� >NLSV@� >N�IW@� >NLSV@� >NLSV@� >N�IW@�
�� ��� ��� ����� ������ ���� ��� ���
�� ��� ��� ����� ������ ���� ��� ���
�� ��� ��� ����� ������� ���� ��� ���
�� ��� ��� ����� ������� ����� ��� ���
�� ��� ��� ����� ������ ����� ��� ���
�� ��� ��� ����� ������ ����� ��� ���
�� ��� ��� ����� ������ ����� ��� ���
�� ��� ��� ����� ������ ����� ��� ���
�� ��� ��� ���� ������ ����� ��� ���
��� ���� ��� ���� ������ ���� ��� ���
��� ���� ��� ���� ������ ���� ��� ���

�
2WKHU�-RLQWV��'LDSKUDJP�WR�/)56�DQG�'LDSKUDJP�WR�LQWHUQDO�EHDP���

7RS�)ORRU�
7UDQVYHUVH� /RQJLWXGLQDO�

1X� 9X� 0X� 1X� 9X� 0X�
-RLQW�

>NLSV@ >NLSV@ >N�IW@ >NLSV@ >NLSV@ >N�IW@�
'7�WR�1�6�)UDPH� �� ��� ���� �� �� ��
'7�WR�(�:�)UDP� �� �� �� �� ��� �����
'7�WR�,7�SHU�'7� ��� ��� �� �� �� ��

�������������������Note: Critical force demand is marked as bond.  
�
�

'HVLJQ�H[DPSOH��%���6'&�'�5'2��
�

-RLQW�EHWZHHQ�SUHFDVW�IORRU�XQLWV�

7UDQVYHUVH��1�6��ORDGLQJ� /RQJLWXGLQDO��(�:��ORDGLQJ�
[�

1X� 9X� 0X� 1X� 9X� 0X�-RLQW�

>IW@� >NLSV@� >NLSV@� >N�IW@� >NLSV@� >NLSV@� >N�IW@�
�� ��� ��� ����� ������ ���� ��� ���
�� ��� ��� ����� ������ ���� ��� ���
�� ��� ��� ����� ������� ����� ��� ���
�� ��� ��� ����� ������ ����� ��� ���
�� ��� ��� ����� ������ ����� ��� ���
�� ��� ��� ����� ������ ����� ��� ���
�� ��� ��� ����� ������ ����� ��� ���
�� ��� ��� ����� ������ ����� ��� ���
�� ��� ��� ����� ������ ���� ��� ���
��� ���� ��� ���� ������ ���� ��� ���
��� ���� ��� ���� ������ ���� ��� ���
�
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2WKHU�-RLQWV��'LDSKUDJP�WR�/)56�DQG�'LDSKUDJP�WR�LQWHUQDO�EHDP���
7RS�)ORRU�

7UDQVYHUVH� /RQJLWXGLQDO�
1X� 9X� 0X� 1X� 9X� 0X�

-RLQW�

>NLSV@ >NLSV@ >N�IW@ >NLSV@ >NLSV@ >N�IW@�
'7�WR�1�6�)UDPH� �� ��� ���� �� �� ��
'7�WR�(�:�)UDP� �� �� �� �� ��� �����
'7�WR�,7�SHU�'7� ��� ��� �� �� �� ��

Note: Critical force demand is marked as bond.�
�
�
6WHS��� Select Diaphragm Reinforcement Type Based on DRC 
 

'LDSKUDJP� UHLQIRUFHPHQW� W\SH� VHOHFWHG� WR� PHHW� 5HTXLUHG� 'LDSKUDJP� 5HLQIRUFHPHQW�
&ODVVLILFDWLRQ� �See Step 4��� 3UHTXDOLILHG� FRQQHFWRUV� ZLOO� EH� XVHG� LQ� WKLV� H[DPSOH�� 6HOHFW�
DSSURSULDWH�GLDSKUDJP�UHLQIRUFHPHQW�W\SHV�IURP�3$57����7DEOH��$����

�
�

'HVLJQ�H[DPSOH��$���6'&�&�('2��
&KRUG�5HLQIRUFHPHQW�� � 7RSSHG�FKRUG�
6KHDU�5HLQIRUFHPHQW�� � 6WDQGDUG�ZZU�DQG�KDLUSLQ�
6HFRQGDU\�5HLQIRUFHPHQW�� 7RSSHG�FKRUG�

�
'HVLJQ�H[DPSOH��%���6'&�'�5'2��

&KRUG�5HLQIRUFHPHQW�� � 7RSSHG�FKRUG�
6KHDU�5HLQIRUFHPHQW�� � 'XFWLOH�ODGGHU�DQG�KDLUSLQ�
6HFRQGDU\�5HLQIRUFHPHQW�� 7RSSHG�FKRUG�

�
Determine Diaphragm Reinforcement Properties:� $V� WKH� GLDSKUDJP� UHLQIRUFHPHQW� VHOHFWHG� LV�
SUHTXDOLILHG�� WKH� GLDSKUDJP� UHLQIRUFHPHQW� SURSHUWLHV� FDQ� DOVR� EH� ORRNHG� XS� LQ� 3$57����7DEOH�
�$��: 

 
'HVLJQ�H[DPSOH��$���6'&�&�('2��

� NW���$� NY���$ WQ���$ YQ���$ GW\�
� N�LQ�LQ� N�LQ�LQ� N�LQ� N�LQ� LQ�

7RSSHG�FKRUG�*U���� ����� ���� ��� ���� �������
6WDQGDUG�$670�$����ZZU ����� ���� ��� ���� ������

� NW� NY� WQ� YQ� GW\�

� N�LQ� N�LQ� N� N� LQ�
+DLUSLQ�FRQQHFWRU� ���� ���� �� ���� ������
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'HVLJQ�H[DPSOH��%���6'&�'�5'2��

� NW���$� NY���$ WQ���$ YQ���$ GW\�
� N�LQ�LQ� N�LQ�LQ� N�LQ� N�LQ� LQ�

7RSSHG�FKRUG�*U��� ����� ���� ��� ���� �������
'XFWLOH�ODGGHU�*U����� ����� ����� ���� ����� ������

� NW� NY� WQ� YQ� GW\�

� N�LQ� N�LQ� N� N� LQ�
+DLUSLQ�FRQQHFWRU� ���� ���� �� ���� ������

�
�
6WHS���� Design the Diaphragm Reinforcement at Joints 

� �

8VH�WKH�LQWHUDFWLRQ�HTXDWLRQ��(TQ������WR�GHWHUPLQH�WKH�UHTXLUHG�GLDSKUDJP�UHLQIRUFHPHQW��
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,QVHUW�WKH�GLDSKUDJP�MRLQW�UHTXLUHG�VWUHQJWK�YDOXHV��0X��1X�DQG�9X��IURP�6WHS�����

7KH�GLDSKUDJP�MRLQW�QRPLQDO�GHVLJQ�VWUHQJWK��0Q��1Q�DQG�9Q��LV�EDVHG�RQ�YQ�DQG�WQ�IURP�6WHS�����

���� $Q� DQDO\WLFDOO\�EDVHG� SURFHGXUH� IURP� 3$57� �� LV� XVHG� IRU� GHWHUPLQLQJ� WKH�
PRPHQW� VWUHQJWK� DW� SUHFDVW� IORRU� XQLW� WR� SUHFDVW� IORRU� XQLW� MRLQW��7ULDQJOH� IRUFH�
GLVWULEXWLRQ� LV� XVHG� IRU� GHWHUPLQLQJ� WKH� PRPHQW� VWUHQJWK� DW� RWKHU� MRLQWV�
�GLDSKUDJP�WR�/)56�MRLQW�DQG�GLDSKUDJP�WR�LQWHUQDO�EHDP�MRLQW���6HH�3$57�����

���� 8VLQJ�(TQ�������������IRU�WKH�MRLQW�EHWZHHQ�SUHFDVW�IORRU�XQLWV�DQG�(TQ�����IRU�WKH�
MRLQW� EHWZHHQ� /)56�EHDP� DQG� SUHFDVW� IORRU� XQLW� LQ� 6HF�� ���� RI� 3$57� �� WR�
GHWHUPLQH�WKH�GLDSKUDJP�MRLQW�VWUHQJWK��

���� 6HOHFWLRQ� RI� D� WULDO� GHVLJQ� LV� JUHDWO\� IDFLOLWDWHG� WKURXJK� WKH� XVH� RI� VSUHDGVKHHW�
PHWKRGV��6HH�3$57�����

�
3ULPDU\�GLDSKUDJP�UHLQIRUFHPHQW�GHVLJQ��

�

����&KRUG�DQG�VKHDU�UHLQIRUFHPHQW�GHVLJQ�
'LDSKUDJP�FKRUG�DQG�VKHDU�UHLQIRUFHPHQW�ILQDO�GHVLJQ�LV�VKRZQ�EHORZ�IRU�HDFK�'HVLJQ�2SWLRQ��
7KH�0�1�9�IRU�HDFK�GLUHFWLRQ�LV�VKRZQ�LQ�WKH�WDEOH�ZLWK�WKH�FULWLFDO�YDOXH�PDUNHG�DV�EROG��
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� � 'HVLJQ�H[DPSOH��$���6'&�&�('2��
�

-RLQW� &KRUG� +DLUSLQ� ZZU�:����[�:���� 0�1�9�
�� 6L]H� �� �� 6SDFLQJ��IW� $UHD��LQ�� ��”�[�”� 1�6� (�:�
�� ��� �� ��� ������ ������ ��� ������ ������
�� ��� �� ��� ������ ������ ��� ������ ������
�� ��� �� ��� ������ ������ ��� ������ ������
�� ��� �� ��� ������ ������ ��� ������ ������
�� ��� �� ��� ������ ������ ��� ������ ������
�� ��� �� ��� ������ ������ ��� ������ ������
�� ��� �� ��� ������ ������ ��� ������ ������
�� ��� �� ��� ������ ������ ��� ������ ������
�� ��� �� ��� ������ ������ ��� ������ ������
��� ��� �� ��� ������ ������ ��� ������ ������
��� ��� �� ��� ������ ������ ��� ������ ������

�
'HVLJQ�H[DPSOH��%���6'&�'�5'2��

-RLQW� &KRUG� +DLUSLQ� 'XFWLOH�ODGGHU�:����[�:����
� 0�1�9�
�� 6L]H� �� �� 6SDFLQJ��IW� $UHD��LQ��� ��”�[�”� 1�6� (�:
�� ��� �� ��� ������ ������ ��� ������ �����
�� ��� �� ��� ������ ������ ��� ������ �����
�� ��� �� ��� ���� ������ �� ������ �����
�� ��� �� ��� ����� ������ �� ������ �����
�� ��� �� ��� ����� ������ �� ������ �����
�� ��� �� ��� ����� ������ ��� ������ �����
�� ��� �� ��� ����� ������ ��� ������ �����
�� ��� �� ��� ����� ������ ��� ������ �����
�� ��� �� ��� ����� ������ ��� ������ �����
��� ��� �� ��� ����� 1RW�3URYLGHG� ������ ����
��� ��� �� ��� ������ 1RW�3URYLGHG� ����� ����


�ZZU�:���[:�������”[��”�LV�SURYLGHG�ZLWKLQ�WKH�SURMHFWLRQ�RI�WKH�SDQHO�IRU�WHPSHUDWXUH�DQG�VKULQNDJH���
�

���� /)56�WR�GLDSKUDJP�FRQQHFWLRQ�DQG�FROOHFWRU�GHVLJQ�
�

'HVLJQ�H[DPSOH��$���6'&�&�('2��
�
&KHFN�<(�u�:Y( ����u���� ���!�:R ����2.�

�
OHQJWK� 9X� 1X� 0X� YQ�
� WQ�
� 5HT
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6WHS���� Determine the diaphragm effective elastic modulus and shear modulus 
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6WHS���� Check the diaphragm induced gravity column drift 
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6WHS��� Determine the Diaphragm Seismic Baseline Design Forces as per ASCE 7-05 
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6WHS��� Determine the Diaphragm Seismic Demand Level 
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6WHS��� Select Diaphragm Design Option 
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6WHS��� Determine Required Diaphragm Reinforcement Classification 
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6WHS��� Determine Diaphragm Force Amplification Factor 
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6WHS��� Determine Diaphragm Shear/Anchorage Overstrength Factor 
 

'HVLJQ�H[DPSOH��$���6'&�&�('2��

� � (TQ���� � ��� :vE �
�
'HVLJQ�H[DPSOH��%���6'&�'�5'2���

(TQ���� � ���������������� ��������  u  : ��ARvR �
�
�
6WHS��� Determine Diaphragm Design Force 

,QVHUWLQJ� WKH� EDVHOLQH� GLDSKUDJP� IRUFHV� IURP� 6WHS� �� DQG� WKH� GLDSKUDJP�
DPSOLILFDWLRQ�IDFWRU�IURP�6WHS���LQWR�(TXDWLRQ����

 
'HVLJQ�H[DPSOH��$���6'&�&�('2���

�  
� � 1�6�GLUHFWLRQ��
� � � $OO�)ORRUV��� )GLD� �<()'[� �����u���� �����NLSV!����6'6,Z[ ���NLSV�
�
� � (�:�GLUHFWLRQ��
� � � $OO�)ORRUV�� )GLD� �<()'[� �����u���� ������NLSV!����6'6,Z[ ���NLSV�
�

'HVLJQ�H[DPSOH��%���6'&�'�5'2���
�
1�6�GLUHFWLRQ��

� � � $OO�)ORRUV��� )GLD� �<5)'[� ����u��� �����NLSV!����6'6,Z[ ����NLSV�
�
� � (�:�GLUHFWLRQ��
� � � $OO�)ORRUV�� )GLD� �<5)'[� ����u���� ������NLSV!����6'6,Z[ ����NLSV�
�
�
6WHS��� Determine Diaphragm Internal Forces 
 

7KH� IUHH�ERG\�GLDJUDP�PHWKRG� �Option 8b�� LV� VHOHFWHG� WR�REWDLQ� WKH�GLDSKUDJP� LQWHUQDO� IRUFHV��
8VH� LV�PDGH�RI� H[LVWLQJ� IUHH� ERG\�GLDJUDPV� FUHDWHG� IRU� FRPPRQ�SUHFDVW� GLDSKUDJP�FRQILJXUDWLRQV�
�6HH� 3$57� ��� Free Body Diagrams for Typical Precast Parking Structures��� 7KH� DVVRFLDWH�
FDOFXODWLRQV� KDYH� EHHQ� HPEHGGHG� LQ� D� GHVLJQ� VSUHDGVKHHW� SURJUDP� �6HH� 3$57� ���Design Aids for 
Diaphragm Design: Spreadsheet Program���

7KH� WDEOHV�EHORZ�VKRZ� WKH� UHVXOWLQJ� UHTXLUHG�VWUHQJWK� �PD[LPXP�GLDSKUDJP� LQWHUQDO� IRUFHV��DW�
HDFK� GLDSKUDJP� MRLQW� �5HIHU� WR� )LJ��$�� ��D� IRU� MRLQW� QXPEHULQJ�� DQG� MRLQWV� EHWZHHQ� GLDSKUDJP� WR�
RWKHU�PHPEHUV��/)56�DQG�LQWHUQDO�EHDP��XQGHU�WUDQVYHUVH�DQG�ORQJLWXGLQDO�GLUHFWLRQV��$OWKRXJK�WKH�
HIIHFW�RI�WZR�RUWKRJRQDO�GLUHFWLRQ�ORDGLQJV��WUDQVYHUVH�DQG�ORQJLWXGLQDO��LV�FRQVLGHUHG�LQGHSHQGHQWO\��
DW� WKLV� VWHS� WKH� FULWLFDO� ORDGLQJ� GLUHFWLRQ� FDQQRW� EH� H[SOLFLWO\� GHWHUPLQHG� EHFDXVH� WKH� GLDSKUDJP�
UHLQIRUFHPHQW�VHOHFWLRQ�DW�VWHS����LV�EDVHG�RQ�DQ�0�1�9�LQWHUDFWLRQ�HTXDWLRQ��(TQ�������

�

�
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'HVLJQ�H[DPSOH��$���6'&�&�('2��
�

-RLQW�EHWZHHQ�SUHFDVW�IORRU�XQLWV�

7UDQVYHUVH��1�6��ORDGLQJ� /RQJLWXGLQDO��(�:��ORDGLQJ�
[�

1X� 9X� 0X� 1X� 9X� 0X�-RLQW�

>IW@� >NLSV@� >NLSV@� >N�IW@� >NLSV@� >NLSV@� >N�IW@�
�� ��� ��� ����� ������ ���� ��� ���
�� ��� ��� ����� ������ ����� ��� ���
�� ��� ��� ����� ������ ����� ��� ���
�� ��� ��� ����� ������ ����� ��� ���
�� ��� ��� ����� ������ ���� ��� ���
�� ��� ��� ����� ������ ������ ��� ���
�� ��� ��� ����� ������ ������ ��� ���
�� ��� ��� ����� ������ ������ ��� ���
�� ��� ��� ����� ������ ������ ��� ���
��� ���� ��� ���� ������ ����� ��� ���
��� ���� ��� ���� ������ ����� ��� ���

�
2WKHU�-RLQWV��'LDSKUDJP�WR�/)56�DQG�'LDSKUDJP�WR�LQWHUQDO�EHDP���

7RS�)ORRU�
7UDQVYHUVH� /RQJLWXGLQDO�

1X� 9X� 0X 1X� 9X� 0X�
-RLQW�

>NLSV@ >NLSV@ >N�IW@ >NLSV@ >NLSV@ >N�IW@�
'7�WR�1�6�)UDPH� �� ��� �� �� �� ��
'7�WR�(�:�)UDP� �� ��� �� �� ��� ��
'7�WR�,7�SHU�'7� ��� ��� �� �� �� ��

�������������������Note: Critical force demand is marked as bond.  
�
�

'HVLJQ�H[DPSOH��%���6'&�'�5'2��
�

-RLQW�EHWZHHQ�SUHFDVW�IORRU�XQLWV�

7UDQVYHUVH��1�6��ORDGLQJ� /RQJLWXGLQDO��(�:��ORDGLQJ�
[�

1X� 9X� 0X� 1X� 9X� 0X�-RLQW�

>IW@� >NLSV@� >NLSV@� >N�IW@� >NLSV@� >NLSV@� >N�IW@�
�� ��� ��� ����� ������ ���� ��� ���
�� ��� ��� ����� ������ ����� ��� ���
�� ��� ��� ����� ������ ����� ��� ���
�� ��� ��� ����� ������ ����� ��� ���
�� ��� ��� ����� ������ ����� ��� ���
�� ��� ��� ����� ������ ������ ��� ���
�� ��� ��� ����� ������ ������ ��� ���
�� ��� ��� ����� ������ ������ ��� ���
�� ��� ��� ����� ������ ������ ��� ���
��� ���� ��� ����� ������ ������ ��� ���
��� ���� ��� ���� ������ ����� ��� ���
�
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2WKHU�-RLQWV��'LDSKUDJP�WR�/)56�DQG�'LDSKUDJP�WR�LQWHUQDO�EHDP���
7RS�)ORRU�

7UDQVYHUVH� /RQJLWXGLQDO�
1X� 9X� 0X 1X� 9X� 0X�

-RLQW�

>NLSV@ >NLSV@ >N�IW@ >NLSV@ >NLSV@ >N�IW@�
'7�WR�1�6�)UDPH� �� ��� �� �� �� ��
'7�WR�(�:�)UDP� �� ��� �� �� ��� ��
'7�WR�,7�SHU�'7� ��� ��� �� �� �� ��

Note: Critical force demand is marked as bond.�
�
�
6WHS��� Select Diaphragm Reinforcement Type Based on DRC 
 

'LDSKUDJP� UHLQIRUFHPHQW� W\SH� VHOHFWHG� WR� PHHW� 5HTXLUHG� 'LDSKUDJP� 5HLQIRUFHPHQW�
&ODVVLILFDWLRQ� �See Step 4��� 3UHTXDOLILHG� FRQQHFWRUV� ZLOO� EH� XVHG� LQ� WKLV� H[DPSOH�� 6HOHFW�
DSSURSULDWH�GLDSKUDJP�UHLQIRUFHPHQW�W\SHV�IURP�3$57����7DEOH��$����

�
'HVLJQ�H[DPSOH��$���6'&�&�('2��

&KRUG�5HLQIRUFHPHQW�� � 7RSSHG�FKRUG�
6KHDU�5HLQIRUFHPHQW�� � 6WDQGDUG�ZZU�DQG�KDLUSLQ�
6HFRQGDU\�5HLQIRUFHPHQW�� 7RSSHG�FKRUG�

�
'HVLJQ�H[DPSOH��%���6'&�'�5'2��

&KRUG�5HLQIRUFHPHQW�� � 7RSSHG�FKRUG�
6KHDU�5HLQIRUFHPHQW�� � 'XFWLOH�ODGGHU�DQG�KDLUSLQ�
6HFRQGDU\�5HLQIRUFHPHQW�� 7RSSHG�FKRUG�

�
Determine Diaphragm Reinforcement Properties:� $V� WKH� GLDSKUDJP� UHLQIRUFHPHQW� VHOHFWHG� LV�
SUHTXDOLILHG�� WKH� GLDSKUDJP� UHLQIRUFHPHQW� SURSHUWLHV� FDQ� DOVR� EH� ORRNHG� XS� LQ� 3$57����7DEOH�
�$��: 

 
'HVLJQ�H[DPSOH��$���6'&�&�('2��

� NW���$� NY���$ WQ���$ YQ���$ GW\�
� N�LQ�LQ� N�LQ�LQ� N�LQ� N�LQ� LQ�

7RSSHG�FKRUG�*U���� ����� ���� ��� ���� �������
6WDQGDUG�$670�$����ZZU ����� ���� ��� ���� ������

� NW� NY� WQ� YQ� GW\�

� N�LQ� N�LQ� N� N� LQ�
+DLUSLQ�FRQQHFWRU� ���� ���� �� ���� ������
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�
�
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'HVLJQ�H[DPSOH��%���6'&�'�5'2��

� NW���$� NY���$ WQ���$ YQ���$ GW\�
� N�LQ�LQ� N�LQ�LQ� N�LQ� N�LQ� LQ�

7RSSHG�FKRUG�*U��� ����� ���� ��� ���� �������
'XFWLOH�ODGGHU�*U����� ����� ����� ���� ����� ������

� NW� NY� WQ� YQ� GW\�

� N�LQ� N�LQ� N� N� LQ�
+DLUSLQ�FRQQHFWRU� ���� ���� �� ���� ������

�
�
6WHS���� Design the Diaphragm Reinforcement at Joints 
� �

8VH�WKH�LQWHUDFWLRQ�HTXDWLRQ��(TQ������WR�GHWHUPLQH�WKH�UHTXLUHG�GLDSKUDJP�UHLQIRUFHPHQW��
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,QVHUW�WKH�GLDSKUDJP�MRLQW�UHTXLUHG�VWUHQJWK�YDOXHV��0X��1X�DQG�9X��IURP�6WHS�����

7KH�GLDSKUDJP�MRLQW�QRPLQDO�GHVLJQ�VWUHQJWK��0Q��1Q�DQG�9Q��LV�EDVHG�RQ�YQ�DQG�WQ�IURP�6WHS�����

���� $Q� DQDO\WLFDOO\�EDVHG� SURFHGXUH� IURP� 3$57� �� LV� XVHG� IRU� GHWHUPLQLQJ� WKH�
PRPHQW� VWUHQJWK� DW� SUHFDVW� IORRU� XQLW� WR� SUHFDVW� IORRU� XQLW� MRLQW��7ULDQJOH� IRUFH�
GLVWULEXWLRQ� LV� XVHG� IRU� GHWHUPLQLQJ� WKH� PRPHQW� VWUHQJWK� DW� RWKHU� MRLQWV�
�GLDSKUDJP�WR�/)56�MRLQW�DQG�GLDSKUDJP�WR�LQWHUQDO�EHDP�MRLQW���6HH�3$57�����

���� 8VLQJ�(TQ�������������IRU�WKH�MRLQW�EHWZHHQ�SUHFDVW�IORRU�XQLWV�DQG�(TQ�����IRU�WKH�
MRLQW� EHWZHHQ� /)56�EHDP� DQG� SUHFDVW� IORRU� XQLW� LQ� 6HF�� ���� RI� 3$57� �� WR�
GHWHUPLQH�WKH�GLDSKUDJP�MRLQW�VWUHQJWK��

���� 6HOHFWLRQ� RI� D� WULDO� GHVLJQ� LV� JUHDWO\� IDFLOLWDWHG� WKURXJK� WKH� XVH� RI� VSUHDGVKHHW�
PHWKRGV��6HH�3$57�����

�
3ULPDU\�GLDSKUDJP�UHLQIRUFHPHQW�GHVLJQ��

�

����&KRUG�DQG�VKHDU�UHLQIRUFHPHQW�GHVLJQ�
'LDSKUDJP�FKRUG�DQG�VKHDU�UHLQIRUFHPHQW�ILQDO�GHVLJQ�LV�VKRZQ�EHORZ�IRU�HDFK�'HVLJQ�2SWLRQ��
7KH�0�1�9�IRU�HDFK�GLUHFWLRQ�LV�VKRZQ�LQ�WKH�WDEOH�ZLWK�WKH�FULWLFDO�YDOXH�PDUNHG�DV�EROG��

�
�
�
�
�
�
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'HVLJQ�H[DPSOH��$���6'&�&�('2��
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-RLQW� &KRUG� +DLUSLQ� ZZU�:����[�:����� 0�1�9�
�� 6L]H� �� � 6SDFLQJ��IW� $UHD��LQ�� ��”�[�”� 1�6� (�:�
�� ��� �� �� ����� ������ ��� ������ �����
�� ��� �� �� ����� ������ ��� ������ �����
�� ��� �� �� ����� ������ ��� ������ �����
�� ��� �� �� ����� ������ ��� ������ �����
�� ��� �� �� ����� ������ ��� ������ �����
�� ��� �� �� ����� ������ ��� ������ �����
�� ��� �� �� ����� ������ ��� ������ �����
�� ��� �� �� ����� ������ ��� ������ �����
�� ��� �� �� ����� ������ ��� ������ �����
��� ��� �� �� ����� ������ ��� ������ �����
��� ��� �� �� ����� ������ ��� ������ �����

�
'HVLJQ�H[DPSOH��%���6'&�'�5'2��

-RLQW� &KRUG� +DLUSLQ� 'XFWLOH�ODGGHU�:����[�:����
� 0�1�9�
�� 6L]H� �� �� 6SDFLQJ��IW� $UHD��LQ��� ��”�[�”� 1�6� (�:
�� ��� ��� ��� ����� ������ ����� ������ �����
�� ��� ��� ��� ����� ������ ����� ������ �����
�� ��� ��� ��� ����� ������ ���� ������ �����
�� ��� ��� ��� ���� ������ ���� ������ �����
�� ��� ��� ��� ����� ������ ���� ������ �����
�� ��� �� ��� ���� ������ �� ������ �����
�� ��� �� ��� ����� ������ �� ������ �����
�� ��� �� ��� ����� ������ �� ������ �����
�� ��� �� ��� ������ ������ �� ������ �����
��� ��� �� ��� ������ 1RW�SURYLGHG� ������ �����
��� ��� �� ��� ������ 1RW�SURYLGHG�� ������ �����


�ZZU�:���[:�������”[��”�LV�SURYLGHG�ZLWKLQ�WKH�SURMHFWLRQ�RI�WKH�SDQHO�IRU�WHPSHUDWXUH�DQG�VKULQNDJH��
�

���� /)56�WR�GLDSKUDJP�FRQQHFWLRQ�DQG�FROOHFWRU�GHVLJQ�
�
'HVLJQ�H[DPSOH��$���6'&�&�('2��

�
&KHFN�<(�u�:Y( �����u���� ����!�:R ����2.�

�

OHQJWK� 9X� 1X� 0X YQ�
� WQ�
� 5HT
G�FRQQ�� 3URYLGH$QFKRUDJH�GHVLJQ�
>IW@� >NLSV@ >NLSV@ >N�IW@ >NLSV@ >NLSV@ 3HU�/)56� ���EDU

16�IUDPH� ��� ���� �� ��� ����� ��� ������ ���
(:�IUDPH� ��� ���� ��� ��� ����� ��� ������ ���


�7HQVLRQ�DQG�VKHDU�QRPLQDO�VWUHQJWK�RI����UHEDU��
�

'LDSKUDJP�FROOHFWRU�UHLQIRUFHPHQW���
&ROOHFWRU� UHLQIRUFHPHQW� LV� GHVLJQHG� WR� UHVLVWDQW� WKH� VDPH� VKHDU� GHPDQG� DV� WKH�
DQFKRUDJH�RI�VKHDU�ZDOO��
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��������������������  u : yus fVA I LQ��
&KRRVH����������LQ���DW�HDFK�IDFH�RI�H[WHULRU�ZDOO�

�
'HVLJQ�H[DPSOH��%���6'&�'�5'2��

�
&KHFN�<(�u�:Y( ����u����� ����!�:R ����2.�

�

OHQJWK� 9X� 1X� 0X YQ�
� WQ�
� 5HT
G�FRQQ�� 3URYLGH$QFKRUDJH�GHVLJQ�
>IW@� >NLSV@ >NLSV@ >N�IW@ >NLSV@ >NLSV@ 3HU�/)56� ���EDU

16�IUDPH� ��� ���� �� ��� ���� ��� ������ ���
(:�IUDPH� ��� ���� ��� ��� ���� ��� ������ ���


�7HQVLRQ�DQG�VKHDU�QRPLQDO�VWUHQJWK�RI����UHEDU��
�

'LDSKUDJP�FROOHFWRU�UHLQIRUFHPHQW���
&ROOHFWRU� UHLQIRUFHPHQW� LV� GHVLJQHG� WR� UHVLVWDQW� WKH� VDPH� VKHDU� GHPDQG� DV� WKH�
DQFKRUDJH�RI�VKHDU�ZDOO��

�������������������  u : yus fVA I LQ��
&KRRVH������������LQ���DW�HDFK�IDFH�RI�H[WHULRU�ZDOO�

�
6HFRQGDU\�GLDSKUDJP�UHLQIRUFHPHQW�

�
'HVLJQ�H[DPSOH��$���6'&�&�('2��

�
���� ,QWHUQDO�EHDP�MRLQW�GHVLJQ�

�
9X� 1X� 0X YQ�
� WQ�
� 5HT
G�FRQQ�� 3URYLGH�,QWHUQDO�EHDP�MRLQW�GHVLJQ�

>NLSV@ >NLSV@ >N�IW@ >NLSV@ >NLSV@ 3HU�'7�SDQHO� ���EDU�
7RS�IORRU� ���� ��� ��� ����� ��� ����� ��SHU�SDQHO


�7HQVLRQ�DQG�VKHDU�QRPLQDO�VWUHQJWK�RI����UHEDU��
�

���� 6SDQGUHO�WR�GLDSKUDJP�FRQQHFWRU�
�

8VH�����UHEDU�SHU�SUHFDVW�IORRU�XQLW��
�

'HVLJQ�H[DPSOH��%���6'&�'�5'2��
�

���� ,QWHUQDO�EHDP�MRLQW�GHVLJQ�
�

9X� 1X� 0X YQ�
� WQ�
� 5HT
G�FRQQ�� 3URYLGH�,QWHUQDO�EHDP�MRLQW�GHVLJQ�
>NLSV@ >NLSV@ >N�IW@ >NLSV@ >NLSV@ 3HU�'7�SDQHO� ���EDU�

7RS�IORRU� ��� ��� ��� ���� ��� ����� ��SHU�SDQHO

�7HQVLRQ�DQG�VKHDU�QRPLQDO�VWUHQJWK�RI����UHEDU��

�
���� 6SDQGUHO�WR�GLDSKUDJP�FRQQHFWRU�

�
8VH�����UHEDU�SHU�SUHFDVW�IORRU�XQLW��
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6WHS���� Determine the diaphragm effective elastic modulus and shear modulus 
  

7KH�GLDSKUDJP�MRLQW�HIIHFWLYH�HODVWLF�<RXQJ¶V�PRGXOXV��(HII��DQG�HIIHFWLYH�VKHDU�PRGXOXV��*HII��
DUH�FDOFXODWHG�XVLQJ�WKH�DQDO\WLFDO�EDVHG�SURFHGXUH��VHH�³'LDSKUDJP�-RLQW�6WLIIQHVV�&DOFXODWLRQ´�
LQ�3$57����� �(HII�DQG�*HII�ZLOO�EH�XVHG� LQ�VWHS����IRU�FDOFXODWLQJ� WKH�GLDSKUDJP�LQGXFHG�GULIW��
7KHVH�YDOXHV�FDQ�EH�FDOFXODWHG�LQ�D�VSUHDGVKHHW�DW�WKH�VDPH�WLPH�DV�WKH�GLDSKUDJP�UHLQIRUFHPHQW�
LV�VHOHFWHG��$Q�DYHUDJH�RI�WKH�PD[LPXP�DQG�PLQLPXP�YDOXHV�DW�DQ\�MRLQW�LV�VXJJHVWHG�LQ�GHVLJQ�
DV�VKRZQ�LQ�WKH�ERWWRP�URZ�RI�WDEOHV�EHORZ���6HH�$SSHQGL[�IRU�WDEOHV�RXWSXW�SHU�MRLQW���

�
'HVLJQ�H[DPSOH��$���6'&�&�('2��

(HII� *HII�-RLQW�
>NVL@� >NVL@�

0LQ� ������ �����
0D[� ������ �����
$YH� ������ �����
'HV� ������ �����

�
'HVLJQ�H[DPSOH��%���6'&�'�5'2��

(HII� *HII�-RLQW�
>NVL@� >NVL@�

0LQ� ������ �����
0D[� ������ �����
$YH� ������ �����
'HV� ������ �����

�
6WHS���� Check the diaphragm induced gravity column drift 

�
7KH�IROORZLQJ�WDEOHV�VKRZ�WKH�GLDSKUDJP�LQGXFHG�JUDYLW\�FROXPQ�GULIW�DW�WKH�PLGVSDQ�FROXPQ�M�
REWDLQHG�IURP�WKH�VSUHDGVKHHW�GHVLJQ�SURJUDP�LQ�3$57�����

�
'HVLJQ�H[DPSOH��$���6'&�&�('2��

�
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WKH� GHVLJQ� PHWKRGRORJ\� XVHV� D� PRUH� FRPSOH[� DQG� DFFXUDWH� IUHH� ERG\� PHWKRG� �6HH� Design 
Methodology PART 3��DQG�XVHV�D�ORZHU�GLDSKUDJP�GHVLJQ�IRUFH�IRU�ORZHU�IORRU��
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�
����%DFNJURXQG�RQ�'LDSKUDJP�6HLVPLF�%HKDYLRU�««««««««««««������«�S��%����

�
����&RPPHQWV�RQ�'6'0�5HVHDUFK�6FRSH«««««««««�«««««««««S��%����

�
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�

$SSHQGLFHV�
�

%DFNJURXQG� $SSHQGLFHV� �6HSDUDWH� 'RFXPHQW�«««�����������������������������������������������«�&�$���
�

$SSHQGL[�$��'HVLJQ�3URFHGXUH�&DOLEUDWLRQ�DQG�9HULILFDWLRQ�««««�««««����«�&�$���
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�
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�
$SSHQGL[�&��6XPPDU\�RI�'6'0�0DLQ�5HVHDUFK«««««��«««««������«�S��&�$�����

�
$SSHQGL[�'��'6'0�3URMHFW�3XEOLFDWLRQV�DQG�5HSRUWV««««««��««���««S��&�$�����
�
�
�
�
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�
�
�
�
�
�
�
�
�
�
�
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����'6'0�,QGXVWU\�7DVN�*URXS�'HVLJQ�'HYHORSPHQW�7HDP�
'6'0�'HVLJQ�'HYHORSPHQW�7HDP�
�� 5RJHU�%HFNHU��'LUHFWRU��5HVHDUFK�DQG�'HYHORSPHQW��3&,��
�� 'U��1HG�&OHODQG��3UHVLGHQW��%OXH�5LGJH�'HVLJQ��,QF���:LQFKHVWHU��9$��
�� 7RP�'¶$UF\��)RXQGHU��7KH�&RQVXOWLQJ�(QJLQHHUV�*URXS��6DQ�$QWRQLR��7;��
�� 'DYLG�'LHWHU��3UHVLGHQW�*HQHUDO�0DQDJHU��0LG�6WDWH�3UHFDVW��,QF���&RFRUDQ��&$��
�� 'U��5REHUW�)OHLVFKPDQ
��$VVRFLDWH�3URIHVVRU��8QLYHUVLW\�RI�$UL]RQD�
�� 'U��6�.��*KRVK��3UHVLGHQW��6�.��*KRVK�$VVRFLDWHV��,QF���6NRNLH��,/��
�� 'U��1HLO�+DZNLQV��3URIHVVRU�(PHULWXV��8QLYHUVLW\�RI�,OOLQRLV��8UEDQD�&KDPSDLJQ��,/��
�� 3DYHO�.UDYHWV��3ULQFLSDO��9HFWRU�6WUXFWXUHV��//&��0DULHWWD��*$��
�� 'U��-RVHSK�0DIIHL��3ULQFLSDO��5XWKHUIRUG�	�&KHNHQH�(QJLQHHUV��2DNODQG��&$��
�� 6XVLH�1DNDNL��3UHVLGHQW��7KH�1DNDNL�%DVKDZ�*URXS��,QF���,UYLQH��&$��
�� .DUO�7HOOHHQ��(QJLQHHU��5XWKHUIRUG�	�&KHNHQH�(QJLQHHUV��2DNODQG��&$��
�� 'U��'LFKXDQ�=KDQJ
��3RVWGRFWRUDO�5HVHDUFKHU��8QLYHUVLW\�RI�$UL]RQD�
�
'6'0�,QGXVWU\�7DVN�*URXS�0HPEHUV��
�
�� 7RP� '¶$UF\�� '6'0� 7DVN� *URXS� &KDLU�� 3&,� 5	'� &RPPLWWHH�� IRXQGHU�� 7KH� &RQVXOWLQJ�

(QJLQHHUV�*URXS��6DQ�$QWRQLR��7;��
�� 5RJHU�%HFNHU��9LFH�3UHVLGHQW��6SDQFUHWH�,QGXVWULHV��,QF���:DXNHVKD��:,��
�� 'U��1HG�&OHODQG��3UHVLGHQW��%OXH�5LGJH�'HVLJQ��,QF���:LQFKHVWHU��9$��
�� 'DYLG�'LHWHU��3UHVLGHQW�*HQHUDO�0DQDJHU��0LG�6WDWH�3UHFDVW��,QF���&RFRUDQ��&$��
�� 'U��6�.��*KRVK��'6'0�3URMHFW�&R�3ULQFLSDO�,QYHVWLJDWRU��3UHVLGHQW��6�.��*KRVK�$VVRFLDWHV��,QF���

6NRNLH��,/��
�� +DUU\�*OHLFK��9LFH�3UHVLGHQW�(QJLQHHULQJ��0HWURPRQW�3UHVWUHVV��*UHHQYLOOH��1&��
�� 'U��1HLO�+DZNLQV��3URIHVVRU�(PHULWXV��8QLYHUVLW\�RI�,OOLQRLV��8UEDQD�&KDPSDLJQ��,/��
�� 3DXO�-RKDO��3&,�5HVHDUFK�'LUHFWRU��3UHFDVW�3UHVWUHVVHG�&RQFUHWH�,QVWLWXWH��&KLFDJR��,/��
�� 'U��-RVHSK�0DIIHL��6WUXFWXUDO�HQJLQHHU��5XWKHUIRUG�	�&KHNHQH�(QJLQHHUV��2DNODQG��&$��
�� &KXFN� 0DJQHVLR�� 6HQLRU� 9LFH� 3UHVLGHQW� RI� (QJLQHHULQJ� 	� 7HFKQLFDO� 0DUNHWLQJ�� -9,� ,QF��

3LWWVILHOG��0$��
�� 6XVLH�1DNDNL��3UHVLGHQW��7KH�1DNDNL�%DVKDZ�*URXS��,QF���,UYLQH��&$��
�� 'U�� 'RXJODV� 6XWWRQ�� &KDLU�� 3&,� 5HVHDUFK� 	� 'HYHORSPHQW� &RPPLWWHH�� DQG� 3URIHVVRU�� 3XUGXH�

8QLYHUVLW\��:HVW�/DID\HWWH��,1��
�
8QLYHUVLW\�5HVHDUFKHUV�
�
�� 'U��5REHUW�)OHLVFKPDQ��8QLYHUVLW\�RI�$UL]RQD��3ULQFLSDO�,QYHVWLJDWRU�
�� 'U��&OD\�1DLWR�DQG�'U��5LFKDUG�6DXVH��/HKLJK�8QLYHUVLW\�
�� 'U��-RVH�5HVWUHSR��8QLYHUVLW\�RI�&DOLIRUQLD��6DQ�'LHJR�
�
*UDGXDWH�DQG�3RVW�*UDGXDWH�5HVHDUFKHUV�
�
�� 'UV��*H�:DQ�DQG�'LFKXDQ�=KDQJ��8QLYHUVLW\�RI�$UL]RQD�
�� 'UV��/LOLQJ�&DR�DQG�5XL�5HQ���/HKLJK�8QLYHUVLW\�
�� 'U��0DWW�6FKRHWWOHU���8QLYHUVLW\�RI�&DOLIRUQLD��6DQ�'LHJR�
�� 'U��$QGUHD�%HOOHUL���8QLYHUVLW\�RI�%HUJDPR��,WDO\�
�
�

&R�DXWKRUV��'6'0�'HVLJQ�0HWKRGRORJ\�'RFXPHQWV��
�
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����%DFNJURXQG�RQ�WKH�'HVLJQ�0HWKRGRORJ\��
7KH�VHLVPLF�GHVLJQ�PHWKRGRORJ\�IRU�SUHFDVW�FRQFUHWH�IORRU�GLDSKUDJPV�GHVFULEHG�LQ�3$576�����

ZDV�GHYHORSHG�DV�SDUW�RI�D�ODUJH�PXOWL�XQLYHUVLW\�UHVHDUFK�SURMHFW�WHUPHG�WKH�'6'0�3URMHFW��7KH�'6'0�
3URMHFW� ZDV� FR�IXQGHG� E\� WKH� 3UHFDVW�3UHVWUHVVHG� &RQFUHWH� ,QVWLWXWH� �3&,��� WKH� &KDUOHV� 3DQNRZ�
)RXQGDWLRQ� �&3)�� DQG� WKH� 1DWLRQDO� 6FLHQFH� )RXQGDWLRQV� �16)�� DQG� LQYROYHG� VWURQJ� LQGXVWU\�
FROODERUDWLRQ��)OHLVFKPDQ�HW�DO������D���

7KH� VHLVPLF� GHVLJQ�PHWKRGRORJ\� LV� SHUIRUPDQFH�EDVHG� DQG�SRVVHVVHV� NH\� IHDWXUHV� WKDW� DGGUHVV�
DVSHFWV� RI� EHKDYLRU� QRW� WUHDWHG� DGHTXDWHO\� LQ� SUHYLRXV� SUHFDVW� FRQFUHWH� GLDSKUDJP� VHLVPLF� GHVLJQ�
SURYLVLRQV��LQFOXGLQJ������'LDSKUDJP�VHLVPLF�GHVLJQ�IRUFHV�WKDW�PRUH�DFFXUDWHO\�UHIOHFW�WKH�DFWXDO�LQHUWLDO�
IRUFHV�WKDW�GHYHORS�GXULQJ�VWURQJ�VKDNLQJ������0RUH�UDWLRQDO�PHWKRGV�RI�GHWHUPLQLQJ�GLDSKUDJP�LQWHUQDO�
IRUFHV������,QHODVWLF�GHIRUPDWLRQ�FDSDFLW\�UHTXLUHPHQWV�IRU�WKH�GLDSKUDJP�UHLQIRUFHPHQW������3URWHFWLRQ�RI�
SRWHQWLDOO\� QRQ�GXFWLOH� HOHPHQWV� LQ� WKH� SUHFDVW� FRQFUHWH� GLDSKUDJP� WKURXJK� WKH� XVH� RI� FDSDFLW\� GHVLJQ�
FRQFHSWV��DQG������([SOLFLW�LQFOXVLRQ�RI�GLDSKUDJP�IOH[LELOLW\�LQ�GULIW�OLPLWV�FKHFNV���

7KH� GHVLJQ� PHWKRGRORJ\� RIIHUV� WKH� GHVLJQHU� GLIIHUHQW� RSWLRQV� DVVRFLDWHG� ZLWK� GLIIHUHQW�
SHUIRUPDQFH� WDUJHWV�� LQYROYLQJ� GLIIHUHQW� UHTXLUHG� GLDSKUDJP� GHVLJQ� IRUFH� DQG� GLDSKUDJP� GHIRUPDWLRQ�
FDSDFLW\� UHTXLUHPHQWV�� $� GLDSKUDJP� UHLQIRUFHPHQW� FODVVLILFDWLRQ� V\VWHP� LV� LQWURGXFHG� WR� PHHW� WKH�
GHIRUPDWLRQ� FDSDFLW\� UHTXLUHPHQWV�� ,Q� JHQHUDO�� WKH� GLDSKUDJP� IRUFH� OHYHOV� WKDW� PHHW� WKH� SHUIRUPDQFH�
WDUJHWV�UHTXLUH�DQ�LQFUHDVH�LQ�FXUUHQW�GLDSKUDJP�GHVLJQ�IRUFH�OHYHOV��DQG�DUH�WKHUHIRUH�UHDOL]HG�WKURXJK�WKH�
LQWURGXFWLRQ�RI�GLDSKUDJP�GHVLJQ�IRUFH�DPSOLILFDWLRQ�IDFWRUV��
�

'HVLJQ�0HWKRGRORJ\�0DLQ�)HDWXUHV���
7KH�GHVLJQ�PHWKRGRORJ\�LV�LQWHQGHG�IRU�SUHFDVW�FRQFUHWH�GLDSKUDJPV�ZLWK�RU�Z�RXW�WRSSLQJ�VODEV��

7KH�GHVLJQ�SURFHGXUH�DWWHPSWV�WR�SURYLGH�DGHTXDWH�VWUHQJWK�DQG�GHIRUPDELOLW\�WR�WKH�FRQQHFWRUV�EHWZHHQ�
SUHFDVW�GLDSKUDJP�XQLWV��7KH�PHWKRG�HPSOR\V�WKH�IROORZLQJ�PDLQ�IHDWXUHV��%66&��������

��� 7KUHH�GHVLJQ�RSWLRQV��(ODVWLF��%DVLF�DQG�5HGXFHG��DUH�DYDLODEOH�HDFK�ZLWK�D�GLVWLQFW�GLDSKUDJP�
SHUIRUPDQFH�WDUJHWV���

��� 7KH�FRGH�IRUFHV�Fp�DUH�DPSOLILHG�E\�D�IDFWRU�<��EDVHG�RQ�WKH�VHOHFWHG�GLDSKUDJP�GHVLJQ�RSWLRQ����
��� 7KH� GLDSKUDJP� GHVLJQ� VKHDU� IRUFHV�� LQFOXGLQJ� WKH� VKHDU� FRPSRQHQW� RI� WKH� GLDSKUDJP�WR�/)56�

FRQQHFWLRQ�IRUFHV��DUH�DPSOLILHG�E\�DQ�RYHUVWUHQJWK�IDFWRU�:��
��� $SSURSULDWH� GLDSKUDJP� UHLQIRUFLQJ� �+'(�� 0'(� RU� /'(�� LV� VHOHFWHG� EDVHG� RQ� GHIRUPDWLRQ�

FDSDFLW\�WR�PHHW�WKH�GLDSKUDJP�SHUIRUPDQFH�WDUJHWV�DVVRFLDWHG�E\�WKH�VHOHFWHG�GHVLJQ�DSSURDFK��
��� 7KH�GLDSKUDJP�IOH[LELOLW\�LQIOXHQFH�RQ�LQWHU�VWRU\�GULIWV�LV�FDOFXODWHG�XVLQJ�IDFWRUV�Cd,dia�DQG�Cr,dia�

DQG�FRPSDUHG�WR�DSSURSULDWH�OLPLWV��
�

'HVLJQ�0HWKRGRORJ\�&RQFHSWV���
7KH�FRQFHSWXDO�IUDPHZRUN�RI�WKH�GHVLJQ�PHWKRGRORJ\�LV�GULYHQ�E\�WKH�IROORZLQJ�FRQVLGHUDWLRQV��

����WKH�PD[LPXP�LQHUWLDO�IRUFHV�WKDW�GHYHORS�LQ�D�EXLOGLQJ�VWUXFWXUHV�GXULQJ�DQ�DFWXDO�HDUWKTXDNH�FDQ�EH�
VLJQLILFDQWO\�ODUJHU�WKDQ�WKRVH�VXJJHVWHG�E\�FXUUHQW�FRGH�GLDSKUDJP�IRUFHV��DQG�����ODUJHU�WKDQ�DQWLFLSDWHG�
GLDSKUDJP� IRUFHV� FDQ� KDYH� VLJQLILFDQW� GHWULPHQWDO� HIIHFW� LQ� D� IORRU� V\VWHP� ZLWK� OLPLWHG� SODVWLF�
UHGLVWULEXWLRQ� TXDOLWLHV��$� IXOO� WUHDWPHQW� RI� WKHVH� FRQVLGHUDWLRQV� DSSHDUV� LQ� Sections 5.3: Rationale for 
Design Approach DQG 5.5: Background on Diaphragm Seismic Behavior��

7KH� GHVLJQ� SURFHGXUH� DFFRXQWV� IRU� WKH� KLJKHU� DQWLFLSDWHG� GLDSKUDJP� IRUFHV� WKURXJK� WKH� XVH� RI�
GLDSKUDJP� IRUFH� DPSOLILFDWLRQ� IDFWRUV� �<���� 7KH� <� IDFWRUV� KDYH� EHHQ� FDOLEUDWHG� WKURXJK� H[WHQVLYH�
FRPSXWHU� HDUWKTXDNH� VLPXODWLRQ�RI�SUHFDVW� VWUXFWXUHV�XVLQJ� DQDO\WLFDO�PRGHOV�GHYHORSHG� LQ� FRQMXQFWLRQ�
ZLWK� H[WHQVLYH� ODUJH�VFDOH� SK\VLFDO� H[SHULPHQWDWLRQ�� 7KH� <� IDFWRUV� DUH� GHSHQGHQW� RQ� WKH� GHVLJQ�
SDUDPHWHUV� �QXPEHU� RI� VWRULHV�� GLDSKUDJP� JHRPHWU\�� HWF��� DQG� DUH� DOLJQHG� WR� SHUIRUPDQFH� WDUJHWV�
DVVRFLDWHG� ZLWK� WKUHH� GHVLJQ� RSWLRQV�� ���� DQ� (ODVWLF� 'HVLJQ� 2SWLRQ� �('2�� ZKHUH� WKH� GLDSKUDJP� LV�
LQWHQGHG�WR�UHPDLQ�HODVWLF�LQ�WKH�0&(������D�%DVLF�'HVLJQ�2SWLRQ��%'2��ZKHUH�WKH�GLDSKUDJP�LV�LQWHQGHG�
WR�UHPDLQ�HODVWLF�LQ�WKH�'%(�DQG�WKHUHIRUH�UHTXLUHV�D�FHUWDLQ�DPRXQW�RI�LQHODVWLF�GHIRUPDWLRQ�FDSDFLW\�LQ�
WKH�0&(��DQG�����D�5HGXFHG�'HVLJQ�2SWLRQ��5'2��LQ�ZKLFK�GLDSKUDJP�\LHOGLQJ�LV�DOORZHG�LQ�WKH�'%(��
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7KH�('2�LV�SUHVXPDEO\�WKH�PRVW�VWUDLJKWIRUZDUG�GHVLJQ�RSWLRQ��EXW�WKH�UHVXOWV�RI�WKH�DQDO\WLFDO�
UHVHDUFK� LQGLFDWH� WKDW� LW� LV�GLIILFXOW� LQ�PDQ\�VLWXDWLRQV� WR�FUHDWH� UHOLDEOH� IXOO\�HODVWLF�GLDSKUDJP�GHVLJQV�
HFRQRPLFDOO\��+HQFH� WKH� QHHG� IRU� WKH�%'2� DQG�5'2�� DV� GHVLJQHUV�PD\� ILQG� WKHVH� WKH�PRVW� GHVLUDEOH�
RSWLRQV� LQ� PDQ\� FDVHV�� (DFK� RI� WKHVH� GHVLJQ� RSWLRQV� LQYROYHV� SHUIRUPDQFH� WDUJHWV� WKDW� WUDQVODWH� LQWR�
GLIIHULQJ�OHYHOV�RI�LQHODVWLF�GHIRUPDWLRQ�GHPDQG�LQ�WKH�GLDSKUDJP�UHLQIRUFHPHQW��

,W�VKRXOG�EH�QRWHG�WKDW� LQWHQW�RI� WKH�GHVLJQ�RSWLRQV�LQYROYLQJ�LQHODVWLF�GLDSKUDJP�UHVSRQVH��L�H���
WKH� %'2� DQG� 5'2�� LV� QRW� IRU� WKH� GLDSKUDJP� WR� VHUYH� DV� WKH� SULPDU\� HQHUJ\� GLVVLSDWLRQ� PHFKDQLVP�
�VSHFLDO� GHWDLO�� IRU� WKH� VWUXFWXUH�� EXW� UDWKHU� WKDW� WKH� IORRU� V\VWHP� VLPSO\� KDYH� VXIILFLHQW� LQHODVWLF�
GHIRUPDWLRQ�FDSDFLW\��GXFWLOLW\��WR�DOORZ�LW�WR�UHPDLQ�LQWDFW�GXULQJ�D�VWURQJ�HDUWKTXDNH�HYHQW���

5HFRJQL]LQJ� WKH� PDQ\� H[LVWLQJ� SUHFDVW� GLDSKUDJP� UHLQIRUFHPHQW� W\SHV� DQG� ZLGH� YDULHW\� RI�
UHLQIRUFHPHQW�UHVSRQVH�FKDUDFWHULVWLFV��D�GLDSKUDJP�UHLQIRUFHPHQW�FODVVLILFDWLRQ�V\VWHP�LV�DGRSWHG�LQ�WKH�
GHVLJQ�PHWKRGRORJ\��1DLWR�DQG�5HQ��������7KH�FODVVLILFDWLRQ�V\VWHP�LV�EDVHG�HQWLUHO\�RQ�WKH�GLDSKUDJP�
UHLQIRUFHPHQW�LQHODVWLF�GHIRUPDWLRQ�FDSDFLW\�DV�LW�SHUWDLQV�WR�MRLQW�RSHQLQJ��DQG�DSSOLHV�WR�ERWK�WKH�FKRUG�
UHLQIRUFHPHQW� DQG� WKH� VKHDU� UHLQIRUFHPHQW��'LDSKUDJP� UHLQIRUFHPHQW� LV� FODVVLILHG� DV� low deformability 
element� �/'(��� moderate deformability element� �0'(��� high deformability element� �+'(��� 7KH�
FODVVLILFDWLRQ� V\VWHP� DSSURDFK� DOVR� SHUPLWV� VWUDLJKWIRUZDUG� LQFOXVLRQ� LQWR� WKH� GHVLJQ� SURFHGXUH� RI� DQ\�
QHZ�GLDSKUDJP�FRQQHFWRUV�RU�UHLQIRUFLQJ�GHWDLOV�WKDW�WKH�SUHFDVW�LQGXVWU\�PD\�EH�PRWLYDWHG�WR�GHYHORS���

,Q� RUGHU� WR� REYLDWH� QRQ�GXFWLOH� IDLOXUH�PRGHV�� D� VKHDU� RYHUVWUHQJWK� IDFWRU��:�� LV� DSSOLHG� LQ� WKH�
GHVLJQ�WR�WKH�VKHDU�IRUFH�FRPSRQHQW�IRU�MRLQWV�LQ�WKH�GLDSKUDJP��7KLV�IDFWRU�LV�³VWDFNHG´�RQ�WRS�RI�WKH�<�
IDFWRUV�IRU� WKH�SRWHQWLDOO\�QRQ�GXFWLOH�VKHDU�DFWLRQV��VHUYLQJ�LQ�D�UROH�VLPLODU� WR�FDSDFLW\�GHVLJQ�IDFWRUV��
UHODWLYH� WR� WKH� GXFWLOH� FKRUG� UHLQIRUFHPHQW�� 7KH�:�IDFWRU� FDQQRW� WUXO\� EH� FRQVLGHUHG� D� FDSDFLW\� GHVLJQ�
IDFWRU�JLYHQ�WKH�GLIILFXOW\�LQ�FOHDUO\�GHILQLQJ�QHHGHG�UHODWLYH�VWUHQJWKV�GXH�WR�WKH�FRPSOH[�LQWHUQDO�IRUFH�
SDWWHUQV�WKDW�GHYHORS�LQ�WKH�SUHFDVW�GLDSKUDJP�GXULQJ�D�VHLVPLF�HYHQW��7KXV��ZKLOH�WKH�:�IDFWRU�KDV�EHHQ�
FDOLEUDWHG�LQ�WKH�DQDO\WLFDO�UHVHDUFK�WR�SURYLGH�HODVWLF�VKHDU�UHVSRQVH�RI�WKH�GLDSKUDJP�LQ�WKH�0&(��LW�LV�
VXJJHVWHG�WKDW�D�FKHFN�EH�SHUIRUPHG�WR�HQVXUH�WKH�GHVLUHG�M/V�UDWLR�RFFXUV�LQ�D�PRUH�FRPSOH[�GLDSKUDJP��

7KH�GHVLJQ�RFFXUV�DW�WKH�MRLQW�OHYHO��KHQFH�JURXSV�RI�SUHFDVW�GLDSKUDJP�UHLQIRUFHPHQW�FURVVLQJ�D�
MRLQW�LV�GHVLJQHG�FROOHFWLYHO\�WR�UHVLVW�WKH�WRWDO�GLDSKUDJP�LQWHUQDO�IRUFHV�DFWLQJ�DW�WKDW�MRLQW��LQ�SODQH�D[LDO��
VKHDU� DQG� PRPHQW��� $Q� LQWHUDFWLRQ� IRUPXOD� LV� LQWURGXFHG� WR� SHUIRUP� WKLV� GHVLJQ� VWHS�� 7KLV� DSSURDFK�
UHSUHVHQWV� D� GHSDUWXUH� IURP� WKH� FRPPRQO\� XVHG� ³KRUL]RQWDO� EHDP´� PHWKRG� LQ� ZKLFK� WKH� FKRUG�
UHLQIRUFHPHQW�DQG�VKHDU�UHLQIRUFHPHQW�DUH�FRQVLGHUHG�VHSDUDWHO\��7KH�LQWHUDFWLRQ�IRUPXOD�DOVR�DSSOLHV�WR�
WKH� GLDSKUDJP�WR�/)56� FRQQHFWLRQ�� +RZHYHU�� WKLV� FRQQHFWLRQ� LV� VXEMHFWHG� WR� D� VHSDUDWH� GHIRUPDWLRQ�
UHTXLUHPHQW��L�H���IURP�WKH�FKRUG��GXH�WR�GLIIHUHQW�GHIRUPDWLRQ�GHPDQGV�WKDQ�MRLQWV�WKURXJKRXW�WKH�IORRU��

,W�LV�QRWHG�WKDW�D�IOH[XUDO�OLPLW�VWDWH�KDV�EHHQ�VHOHFWHG�DV�WKH�GHVLUDEOH�LQHODVWLF�PHFKDQLVP�IRU�WKH�
GLDSKUDJP��DQG�WKXV�WKH�IDFWRUV�DQG�GHWDLO�FODVVLILFDWLRQV�SHUWDLQ�WR�GHVLJQV�LQ�ZKLFK�IOH[XUDO�PHFKDQLVPV�
DUH�SURPRWHG�DQG�VKHDU�PHFKDQLVPV�DUH�SUHYHQWHG��:KLOH�QRW�LQFOXGHG�LQ�WKH�PHWKRGRORJ\�SUHVHQWHG�KHUH��
DQ�DOWHUQDWH�DSSURDFK�HPERG\LQJ�WKH�VDPH�GHVLJQ�SKLORVRSK\�FRXOG�LQYROYH�SURPRWLQJ�VKHDU�PHFKDQLVPV��
,Q� WKLV� FDVH�� GLDSKUDJP� FRQQHFWRUV� ZRXOG� UHTXLUH shear� GHIRUPDWLRQ� FDSDFLW\�� 7KLV� DSSURDFK� PD\� EH�
GHVLUDEOH� IRU�� ���� VTXDW� GLDSKUDJPV�ZKHUH� LW� LV� GLIILFXOW� WR� GHYHORS� D� IOH[XUDO�PHFKDQLVP�� ���� FRPSOH[�
GLDSKUDJPV�ZKHUH�D�FDSDFLW\�GHVLJQ�EDVHG�RQ�IOH[XUH�PD\�EH�GLIILFXOW�WR�DFFRPSOLVK��7KH�GHVLJQ�IDFWRUV�
DQG�FODVVLILFDWLRQV�GHYHORSHG�KHUH�GR�QRW�DSSO\�WR�WKLV�DOWHUQDWH�DSSURDFK���

7KH� GHVLJQ� FRQFHSWV� XQGHUO\LQJ� WKH�PHWKRGRORJ\� FDQ� EH� LOOXVWUDWHG� E\� FRQVLGHULQJ� GLDSKUDJP�
ORDG�GHIOHFWLRQ� PRQRWRQLF� UHVSRQVH� ³SXVKRYHU´� FXUYHV�� )LJXUH� &��D� VKRZV� D� SXVKRYHU� VFKHPDWLF�
GHPRQVWUDWLQJ�WKH�Basic Design Option��%'2���7KH�<�IDFWRU�IRU�WKH�%'2�LV�WHUPHG�<'�DQG�LV�FDOLEUDWHG�
IRU� WKH�SHUIRUPDQFH� WDUJHW�RI�HODVWLF�GLDSKUDJP�EHKDYLRU� LQ� WKH�'%(��$V� LPSOLHG� LQ� WKH� VFKHPDWLF�� WKH�
0'(�FODVVLILFDWLRQ�IRU�WKH�GLDSKUDJP�UHLQIRUFHPHQW�KDV�EHHQ�FDOLEUDWHG�WR�SURYLGH�VXIILFLHQW�GHIRUPDWLRQ�
FDSDFLW\�WR�PHHW�WKH�LQHODVWLF�GHIRUPDWLRQ�GHPDQGV�H[SHFWHG�RI�%'2�GHVLJQV�LQ�DQ�0&(�HYHQW��/LNHZLVH��
WKH�:�IDFWRU�KDV�EHHQ�FDOLEUDWHG�WR�WKH�PD[LPXP�HODVWLF�IRUFH�GHPDQG�LQ�WKH�0&(�HYHQW��

7KH�Elastic Design Option��('2��WDUJHWV�HODVWLF�GLDSKUDJP�UHVSRQVH�in the MCE��6HH�)LJ��&��E���
7KLV� RSWLRQ� ZLOO� EH� XQHFRQRPLFDO� DQG�� PRUHRYHU�� SRWHQWLDOO\� XQVDIH� LQ� PDQ\� FDVHV� DQG� LV� UHVHUYHG�
SULPDULO\� IRU� ORZ� DVSHFW� UDWLR� �VR� FDOOHG� ³VTXDW´�� GLDSKUDJPV� LQ� UHJLRQV� RI� ORZHU� VHLVPLF� KD]DUG�� 7KH�
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('2�UHTXLUHV�D�ODUJHU�LQFUHDVH�LQ�GLDSKUDJP�IRUFH�DV�UHDOL]HG�E\�WKH�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRU�
<(��+RZHYHU�� /'(� UHLQIRUFLQJ� GHWDLOV� FDQ� EH� XVHG� IRU� WKH� ('2� VLQFH� WKHUH� LV� QR� VLJQLILFDQW� LQHODVWLF�
UHVSRQVH�DQWLFLSDWHG��/LNHZLVH��QR�VKHDU�RYHUVWUHQJWK��L�H���:� �����LV�UHTXLUHG�IRU�WKH�('2��

)LQDOO\��D�5HGXFHG�'HVLJQ�2SWLRQ��5'2��LV�RIIHUHG�SULPDULO\�IRU�ORQJHU�VSDQ�GLDSKUDJPV�LQ�KLJK�
VHLVPLF�KD]DUG�ZKHUH�WKH�%'2�GRHV�QRW�SURGXFH�HFRQRPLFDO�GHVLJQV��7KH�5'2�DOORZV�OLPLWHG�LQHODVWLF�
GLDSKUDJP�UHVSRQVH�LQ�WKH�'%(�DV�UHDOL]HG�E\�D�VPDOOHU�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRU�<5��6HH�)LJ��
%��F���+'(�UHLQIRUFLQJ�GHWDLOV�DUH�UHTXLUHG�WR�DFFRPPRGDWH�WKH�ODUJHU�0&(�GHIRUPDWLRQ�GHPDQG�IRU�WKH�
5'2�� 7KH� 5'2� SHUIRUPDQFH� WDUJHW� LV� D� 0&(� LQHODVWLF� GHIRUPDWLRQ� GHPDQG� HTXDO� WR� WKH� DOORZDEOH�
PD[LPXP�+'(�GHIRUPDWLRQ�FDSDFLW\��7KH�5'2�FDOLEUDWHG�:Y�YDOXHV�DUH�KLJKHU�WKDQ�WKRVH�LQ�WKH�%'2��
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'HVLJQ�0HWKRGRORJ\�'HYHORSPHQW�DQG�&DOLEUDWLRQ���
� 7KH�'6'0�SURMHFW�SRVVHVVHG�D� UHVHDUFK� VWDJH�DQG� D�GHVLJQ�SURFHGXUH�GHYHORSPHQW� VWDJH��7KH�
UHVHDUFK�VWDJH�LQYROYHG�DQ�LQWHJUDWHG�DQDO\WLFDO�H[SHULPHQWDO�SURJUDP�SHUIRUPHG�LQ�VXSSRUW�RI�WKH�GHVLJQ�
PHWKRGRORJ\�GHYHORSPHQW��6HH�Background Appendix C���0DMRU�DVSHFWV�LQFOXGHG�GHWHUPLQLQJ�FRQQHFWRU�
FKDUDFWHULVWLFV��DQG�WKH�GHYHORSPHQW�DQG�FDOLEUDWLRQ�RI�DQDO\WLFDO�PRGHOV��6HH�Background Appendix B����

'XULQJ�WKH�UHVHDUFK�VWDJH��WKH�IUDPHZRUN�RI�WKH�GHVLJQ�PHWKRGRORJ\�DQG�WKH�VWHSV�RI�WKH�GHVLJQ�
SURFHGXUH� ZHUH� EURDGO\� HVWDEOLVKHG�� DV� GHVFULEHG� LQ� 3DUW� ,,,� RI� WKH� 1DWLRQDO� (DUWKTXDNH� +D]DUGV�
5HGXFWLRQ�3URJUDP��1(+53��5HFRPPHQGHG�6HLVPLF�3URYLVLRQV�IRU�1HZ�%XLOGLQJV��%66&����������

7KH�GHVLJQ�SURFHGXUH�GHYHORSPHQW�VWDJH�ZDV�SHUIRUPHG� ODUJHO\� WR�SURYLGH�VSHFLILF�QXPEHUV� WR�
WKH�FRQFHSWV� LQWURGXFHG� LQ�%66&� �������� ,Q� WKLV� VWDJH�� WZR�PDLQ�DQDO\WLFDO� VWXGLHV�ZHUH�SHUIRUPHG�� DV�
GHVFULEHG�LQ�Background Appendix A������GHYHORS�WULDO�GHVLJQ�IDFWRUV��DQG�����FDOLEUDWH�WKHVH�IDFWRUV�RQ�
UHDOLVWLF�VWUXFWXUH�GHVLJQHG�ZLWK� WKH�QHZ�PHWKRGRORJ\�� ,W� LV�QRWHG� WKDW� WKH� ODWWHU�VWXG\�ZDV�DOVR�XVHG� WR�
³VFUXE´�WKH�GHVLJQ�SURFHGXUH�DQG�SURGXFH�GHVLJQ�H[DPSOHV��

7KHVH�DSSHQGLFHV�DUH�UHIHUHQFHG�WKURXJKRXW�WKH�Background DV�Background-Appendix A1��A2��B�
DQG�C��7KHVH�DSSHQGLFHV�VKRXOG�EH�GLVWLQJXLVKHG�IURP�GHVLJQ�SURFHGXUH�$SSHQGLFHV�,�DQG�,,�LQ�3$57����
ZKLFK�SURYLGH�WKH�IRUFH�GLVWULEXWLRQ�IDFWRUV�D[��DQG�GLDSKUDJP�WR�/)56�FRQQHFWLRQ�UHTXLUHPHQWV���
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����5DWLRQDOH�IRU�WKH�'HVLJQ�$SSURDFK�
,Q� WKLV� VHFWLRQ�� WKH� UDWLRQDOH� IRU� WKH� SHUIRUPDQFH�EDVHG� DSSURDFK� DGRSWHG� LQ� WKH� GLDSKUDJP�

VHLVPLF� GHVLJQ� PHWKRGRORJ\� LV� SURYLGHG�� 7KLV� UDWLRQDOH� FDQ� EHVW� EH� XQGHUVWRRG� ZLWK� D� WKRURXJK�
NQRZOHGJH� RI� WKH� G\QDPLF� UHVSRQVH� RI� EXLOGLQJ� VWUXFWXUHV�� WKH� GHIRUPDWLRQ� DQG� IRUFH� SDWKV� LQ� IORRU�
GLDSKUDJPV�� DQG� WKH� LVVXHV� DVVRFLDWHG�ZLWK� WKH� SDQHOHG� IORRU� V\VWHPV� IRXQG� LQ� SUHFDVW� VWUXFWXUHV�� 7KH�
UHDGHU� LV� HQFRXUDJHG� WR� UHYLHZ� EDFNJURXQG� LQIRUPDWLRQ� RQ� WKHVH� WRSLFV� SURYLGHG� LQ� 6HFWLRQ� ����� � 7KLV�
VHFWLRQ�IRFXVHV�RQ�GHVLJQ�SKLORVRSKLHV��FRGH�SURYLVLRQV��FRGH�FKDQJHV��DQG�GHVLJQ�UDPLILFDWLRQV��

$�NH\� DVSHFW� RI� WKH� GLDSKUDJP� VHLVPLF� GHVLJQ�PHWKRGRORJ\� LV� WKH� XVH� RI� D�SHUIRUPDQFH�EDVHG�
DSSURDFK�ZLWK�GHVLJQ�WDUJHWV��)OHLVFKPDQ�HW�DO������D���UDWKHU�WKDQ�D�SUHVFULSWLYH�HODVWLF�GLDSKUDJP�GHVLJQ��
(ODVWLF� UHVSRQVH� LV� GHVLUDEOH� EXW� LV� QRW� DOZD\V� SUDFWLFDEO\� UHDOL]HG� �%66&� ������� 7KH� UHDVRQV� IRU� WKLV�
FRQGLWLRQ�DQG�WKH�FRGH�SURYLVLRQV�UHODWLRQVKLS�WR�HODVWLF�GHVLJQ�LV�KLJKOLJKWHG�LQ�WKLV�VHFWLRQ��

7KH�GLVFXVVLRQV�SURYLGHG�KHUH�DQG�LQ�6HFWLRQ�����DUH�XSGDWHG�YHUVLRQV�RI�SUHYLRXV�FRPPHQWDU\�
RQ�WKH�WRSLF�E\�WKH�'6'0�3URMHFW�3ULQFLSDO�,QYHVWLJDWRU��LQFOXGLQJ�DV�SDUW�RI�D�6WDWH�RI�WKH�DUW�5HSRUW�RQ�
WKH�6HLVPLF�'HVLJQ�RI�3UHFDVW�&RQFUHWH�VWUXFWXUHV�IRU�7KH�,QWHUQDWLRQDO�)HGHUDWLRQ�IRU�6WUXFWXUDO�&RQFUHWH�
�ILE�������DQG�D�ZKLWH�SDSHU�RQ�SUHFDVW�FRQFUHWH�GLDSKUDJPV�DSSURYHG�E\� WKH�%XLOGLQJ�6HLVPLF�6DIHW\�
&RXQFLO� �%66&�� 3URYLVLRQV� 8SGDWH� &RPPLWWHH� �38&�� IRU� WKH� ����� 1DWLRQDO� (DUWKTXDNH� +D]DUGV�
5HGXFWLRQ�3URJUDP��1(+53��5HFRPPHQGHG�6HLVPLF�3URYLVLRQV��%66&����������

2YHUYLHZ�
7KHUH� KDV� EHHQ� FRQVLGHUDEOH� GLVFXVVLRQ� VLQFH� WKH� ����� 1RUWKULGJH� (DUWKTXDNH� UHJDUGLQJ� WKH�

DSSURSULDWH� DSSURDFK� WR� WKH� VHLVPLF� GHVLJQ�RI�SUHFDVW� FRQFUHWH� IORRU� GLDSKUDJPV��:KLOH� FHUWDLQ� DG�KRF�
FRGHV�FKDQJHV�ZHUH�PDGH� LQ� WKH� LQWHULP�� WKH�SUHFDVW� LQGXVWU\� UHFRJQL]HG� WKH�QHHG� IRU�D�FRPSUHKHQVLYH�
LQGXVWU\�HQGRUVHG�VHLVPLF�GHVLJQ�PHWKRGRORJ\�IRU�SUHFDVW�FRQFUHWH�IORRU�GLDSKUDJPV��DQG�LQ������LVVXHG�
WKH� 5)3� WKDW� OHG� WR� WKH� '6'0� SURMHFW�� 7KH� '6'0� UHVHDUFK� WHDP� LGHQWLILHG� IRXU� PDMRU� DVSHFWV� RI�
GLDSKUDJP�UHVSRQVH�WKDW�DUH�QRW�DGHTXDWHO\�DGGUHVVHG�LQ�WKH�VHLVPLF�FRGHV��7KHVH�DVSHFWV�LQFOXGH��

��� 7KH� XQGHUHVWLPDWLRQ� LQ� FXUUHQW� FRGH� RI� WKH� DFWXDO� IORRU� LQHUWLDO� IRUFHV� WKDW� RFFXU� LQ�
HDUWKTXDNHV��

��� 7KH�LQDELOLW\�RI�VLPSOH�WHFKQLTXHV�VXFK�DV�WKH�KRUL]RQWDO�EHDP�PHWKRG�WR�DFFXUDWHO\�FDSWXUH�
WKH�FRPSOH[�LQWHUQDO�IRUFH�SDWWHUQV�LQ�IORRU�GLDSKUDJPV��

��� ,QVXIILFLHQW�FRQVLGHUDWLRQ�RI�WKH�QHHG�IRU�GHIRUPDWLRQ�FDSDFLW\�LQ�GLDSKUDJP�UHLQIRUFHPHQW���
��� ,QFRPSOHWH�WUHDWPHQW�RI�WKH�UROH�GLDSKUDJP�IOH[LELOLW\�SOD\V�LQ�WKH�UHVSRQVH�RI�WKH�GLDSKUDJP��

7KLV�OLVW�SHUWDLQV�WR�GHVLJQ�DVSHFWV�RI�JHQHUDO�EXLOGLQJ�V\VWHPV��DQG�QRW�QHFHVVDULO\�DQ\�EHKDYLRU�
VSHFLILF�WR�SUHFDVW�FRQFUHWH��+RZHYHU��WKHVH�DVSHFWV�PD\�DOO�EH�SUHVHQW�DQG�SURPLQHQW�LQ�SUHFDVW�FRQFUHWH�
VWUXFWXUHV��DQG�JLYHQ�WKDW�SUHFDVW�FRQFUHWH�FRQVWUXFWLRQ�LV�XVHG�HIIHFWLYHO\�IRU�ORQJ�IORRU�VSDQ�VWUXFWXUHV�
ZKHUH�GLDSKUDJP�GHPDQGV�DUH�VLJQLILFDQW��DQG�WKXV�UHTXLUHV�FDUHIXO�FRQVLGHUDWLRQ��LQFOXGLQJ�LGHQWLI\LQJ��
LQDGHTXDFLHV�LQ�FXUUHQW�FRGHV�SHUWDLQLQJ�WR�GLDSKUDJP�GHVLJQ���

5HFRJQLWLRQ� WKDW� WKHVH� DUH� EXLOGLQJ� VWUXFWXUH� VHLVPLF� GHVLJQ� LVVXHV�� DQG�QRW� QHFHVVDULO\� SUHFDVW�
FRQFUHWH�VWUXFWXUH�GHVLJQ�LVVXHV�LV�LPSRUWDQW�GXH�WR�WKH�PDQQHU�LQ�ZKLFK�WKH�EXLOGLQJ�FRGHV�DUH�ZULWWHQ��
7KH�LVVXHV�GHVFULEHG�DERYH�SHUWDLQ�ERWK�WR�WKH�ORDGLQJ�RI�GLDSKUDJPV��FRQWUROOHG�E\�D�VWDQGDUG�IRU�JHQHUDO�
FRQVWUXFWLRQ��L�H��$6&(�����������DV�ZHOO�DV�PDWHULDO�DQG�GHWDLOLQJ�LVVXHV��FRQWUROOHG�E\�D�VHSDUDWH�VHW�RI�
VWDQGDUGV��L�H��$&,������������DV�JXLGHG�E\�WKH�3&,�+DQGERRN���������7KXV�LW�LV�LPSRUWDQW�WR�LGHQWLI\�WKH�
VHSDUDWH� FRQGLWLRQV� WKDW� FRPELQH� WR� FUHDWH� WKH�SRWHQWLDO� IRU� D�GLDSKUDJP�FULWLFDO� VWDWH� LQ� VWUXFWXUHV�� DQG�
XQGHUVWDQG�ZKHUH�WKHVH�FRQGLWLRQV�H[LVW�LQ�SUHFDVW�FRQVWUXFWLRQ�DQG�LQ�RWKHU�FRQVWUXFWLRQ�W\SHV��

$� %66&� 38&� ,VVXH� 7HDP� KDV� EHHQ� WDVNHG� WR� VXPPDUL]H� WKH� NH\� GLDSKUDJP� LVVXHV� DFURVV�
GLIIHUHQW�FRQVWUXFWLRQ� W\SHV� �%66&�,7���������'LDSKUDJP�GHVLJQ��GHWDLOLQJ��FRQVWUXFWLRQ��FRQILJXUDWLRQ�
DQG�XOWLPDWHO\�VHLVPLF�EHKDYLRU�DUH�TXLWH�GLVVLPLODU�IRU�GLIIHUHQW�EXLOGLQJ�FRQVWUXFWLRQ��$�PDMRU�REMHFWLYH�
RI�WKH�%66&�HIIRUW�LV�WR�GHWHUPLQH�WKH�GLDSKUDJP�UHODWHG�EHKDYLRUV�WKDW�DUH�FRPPRQ�DPRQJ�WKH�GLIIHUHQW�
FRQVWUXFWLRQ�WHFKQLTXHV�DQG�WKRVH�WKDW�DUH�SDUWLFXODU�WR�D�JLYHQ�PDWHULDO��$OVR�SODQQHG�LV�D�FRPSDULVRQ�RI�
WKH�LPSOLHG�RYHUDOO�HIIHFWLYH�VDIHW\�IDFWRUV�UHDOL]HG�LQ�GLIIHUHQW�FRQVWUXFWLRQ�W\SHV��%66&�,7����������
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7KH�PRVW�VLJQLILFDQW�GHVLJQ�LVVXH�UHODWHG�WR�GLDSKUDJPV�PD\�EH�LWHP���DERYH��WKH�XQGHUHVWLPDWLRQ�
RI�GLDSKUDJP�IRUFH��7KLV�FRQGLWLRQ��GXH�SULPDULO\�WR�KLJKHU�PRGH�HIIHFWV��DV�GLVFXVVHG�LQ�Section 5.4���LV�
HVVHQWLDOO\� LQGHSHQGHQW� RI� FRQVWUXFWLRQ� PDWHULDO�� 7KXV�� D� NH\� FRQVLGHUDWLRQ� LV� ZK\� WKH� SRWHQWLDOO\�
GHVWUXFWLYH�HIIHFWV�RI� WKHVH�RYHUORDG� IRUFHV�KDYH�EHHQ�ZLWQHVVHG�SULPDULO\� LQ�SUHFDVW� IORRU�GLDSKUDJPV��
'LIIHUHQFHV� LQ� VWUXFWXUDO� FRQILJXUDWLRQ�� IORRU� PDVV�� LQKHUHQW� UHGXQGDQF\�� RYHUVWUHQJWK�� SODVWLF�
UHGLVWULEXWLRQ� DQG� GHIRUPDWLRQ� FDSDFLW\� DUH� DOO� FRQVLGHUHG� IDFWRUV��7KH� UHDGHU� LV� HQFRXUDJHG� WR� FRQVXOW�
%66&�,7���������ZKHQ�LW�LV�SXEOLVKHG��

5HJDUGOHVV� RI� WKH� DSSURDFKHV� XVHG� IRU� RWKHU� FRQVWUXFWLRQ� WHFKQLTXHV�� LW� LV� WKH� FRQVHQVXV� RI� WKH�
FUHDWRUV�RI� WKLV�GHVLJQ�PHWKRGRORJ\� WKDW� WKH�FRQGLWLRQV�SUHVHQW�RIWHQ� LQ�SUHFDVW�FRQFUHWH� IORRU� V\VWHPV��
QDPHO\�ORQJ�VSDQV�ZLWK�UHODWLYHO\�KHDY\�IORRU�PDVVHV��GLVFUHWH�IRUFH�WUDQVIHUV��FRQFHQWUDWHG�GHIRUPDWLRQ�
GHPDQG��FRPSOH[�IORRU�FRQILJXUDWLRQV�DQG�OLPLWHG�RSSRUWXQLW\�IRU�SODVWLF�UHGLVWULEXWLRQ��UHTXLUH�UHDOLVWLF�
DVVHVVPHQW�RI�WKH�DFWXDO�LQHUWLDO�IRUFHV�WKDW�PD\�GHYHORS�LQ�WKH�IORRU�V\VWHP�GXULQJ�'%(�DQG�0&(�HYHQWV��
DQG�SURYLGH�WKH�GLDSKUDJP�UHLQIRUFHPHQW�D�FRPELQDWLRQ�RI�VXIILFLHQW�VWUHQJWK�DQG�LQHODVWLF�GHIRUPDWLRQ�
FDSDFLW\��RU�RYHUVWUHQJWK��WR�PDLQWDLQ�VWUXFWXUDO�LQWHJULW\�GXULQJ�WKHVH�VHLVPLF�HYHQWV���

,QWHQW�RI�&RGH�3URYLVLRQV�
(ODVWLF� UHVSRQVH�KDV� WUDGLWLRQDOO\� EHHQ� WKH� SUHIHUUHG�EHKDYLRU� IRU� GLDSKUDJPV� �$&,��������7KH�

SUHIHUHQFH�RULJLQDWHV�IURP�WKH�UHFRJQLWLRQ�RI�WKH�UHODWLRQVKLS�EHWZHHQ�HIILFLHQW�GLDSKUDJP�DFWLRQ�DQG�LQ�
SODQH� VWLIIQHVV� RI� WKH� IORRU� VODE� �&KRSUD� ������� +RZHYHU�� IRU� VHLVPLF� GHVLJQ�� WKH� QHHG� IRU� HODVWLF�
GLDSKUDJPV� VWHPV� SULPDULO\� IURP� D� GHVLUH� WR� DYRLG� QRQ�GXFWLOH� IDLOXUH� LQ� WKH� IORRU� V\VWHP�� VLQFH� WKLV�
UHJLRQ� RI� WKH� VWUXFWXUH� LV� QRW� W\SLFDOO\� SURYLGHG� ZLWK� VSHFLDO� GHWDLOLQJ� �ILE� ������� &OHDUO\�� GHVLJQV� LQ�
ZKLFK� WKH� GLDSKUDJP� DFWV� DV� WKH� VWUXFWXUH¶V� ZHDN� OLQN� FRPSURPLVH� WKH� LQWHQW� RI� WKH� FRGH� SURYLVLRQV�
�1DNDNL� ������ VLQFH� WKH� IRUFH� UHGXFWLRQ� �R�� IDFWRUV� XVHG� LQ� VHLVPLF� GHVLJQ� DUH� EDVHG� RQ� WKH� H[SHFWHG�
GXFWLOLW\�DQG�HQHUJ\�GLVVLSDWLRQ�RI�WKH�/)56�DQG�WKXV�VXFK�GHVLJQ�FRQGLWLRQV�DUH�WR�EH�DYRLGHG��:RRG�HW�
DO��������7KLV�SDUWLFXODU�WRSLF�KDV�UHFHQWO\�UHFHLYHG�UHQHZHG�DWWHQWLRQ��ERWK�LQ�WKH�UHFRJQLWLRQ�WKDW�FHUWDLQ�
VWUXFWXUDO�V\VWHPV�KDYH�FRQILJXUDWLRQV�WKDW� LQKHUHQWO\�SURGXFH�FRQWUROOLQJ�PHFKDQLVP�LQ�WKH�GLDSKUDJP��
IRU�LQVWDQFH�ER[�W\SH�VWUXFWXUHV�ZLWK�ZRRG�GLDSKUDJPV��3DWKDN�DQG�&KDUQH\��������DV�ZHOO�DV�VWUXFWXUDO�
V\VWHPV� ZKHUH� WKH� IHDVLELOLW\� RI� DQ� LQWHQWLRQDO� GLDSKUDJP�FRQWUROOHG� PHFKDQLVP� LV� ZRUWK\� RI�
LQYHVWLJDWLRQ��IRU�LQVWDQFH�RQH�VWRU\�PHWDO�GHFN�GLDSKUDJPV��5RJHUV�DQG�7UHPEOD\��������

3UHVFULSWLYH�HODVWLF�GLDSKUDJP�EHKDYLRU�� WKHUHIRUH��ZRXOG�VHHP�DQ�HVVHQWLDO�SDUW�RI�DQ\�VHLVPLF�
GHVLJQ� FRGH�� +RZHYHU�� VHLVPLF� FRGH� SURYLVLRQV�� ZKLOH� LPSO\LQJ� HODVWLF� GLDSKUDJP� EHKDYLRU�� KDYH� QRW�
FOHDUO\� DFFRPSOLVKHG� WKLV� JRDO� �1DNDNL� ������� &RQVLGHU� WKH� VHLVPLF� GHVLJQ� RI� UHLQIRUFHG� FRQFUHWH�
GLDSKUDJPV� �0RHKOH�HW� DO�� �������'LDSKUDJP�VWUHQJWK� LV�EDVHG�RQ� WKH�ultimate� OLPLW� VWDWH�� DV� LV� W\SLFDO�
SUDFWLFH�ZLWK�FRQFUHWH�IOH[XUDO�PHPEHUV��$&,������������DQG�QRW�RQ�DQ�elastic�OLPLW��)XUWKHUPRUH��GHVLJQ�
FRGHV� KDYH� WUDGLWLRQDOO\� XVHG� WKH� VDPH� VWUHQJWK� UHGXFWLRQ� �I�  � ����� IRU� WKH� GLDSKUDJP� DV� IRU� RWKHU�
HOHPHQWV�RI� WKH�/)56��,&%2��������7KH� LQFRQVLVWHQF\�EHWZHHQ�FRGH� LQWHQW�DQG� UHDOL]DWLRQ�EULQJV� LQWR�
GRXEW�WKH�VXSSRVLWLRQ�WKDW�GHVLJQ�SURYLVLRQV�KDYH�KLVWRULFDOO\�SURGXFHG�HODVWLF�EHKDYLRU�IRU�WKH�'%(����

'HVSLWH� WKLV� LQFRQVLVWHQF\�� FXUUHQW� FRGHV� GR� QRW� SURYLGH� PXFK� JXLGDQFH� RQ� WKH� UHTXLUHG�
GHIRUPDWLRQ�FDSDFLW\�RI�WKH�GLDSKUDJP��&RGHV�GR�LQFOXGH�VWUXFWXUDO�LQWHJULW\�UHTXLUHPHQWV�IRU�GLDSKUDJPV�
FRPSDWLEOH�GLVSODFHPHQW�GHPDQGV��$&,������������,%&��������KRZHYHU�ZLWK�OLWWOH�JXLGDQFH�RQ�KRZ�WR�
PHHW� WKHVH� UHTXLUHPHQWV�� $V� D� UHVXOW�� PRVW� GHVLJQHUV� FRQVLGHU� GLDSKUDJPV� WR� EH� HODVWLF� IRUFH�EDVHG�
HOHPHQWV�DQG�FRQVLGHUDWLRQV�RI�GHIRUPDWLRQ�FDSDFLW\�DUH�QRW�SDUW�RI�WKH�GHVLJQ��

7KH�FRQVHTXHQFHV�RI�XQLQWHQGHG�LQHODVWLF�DFWLRQ�LQ�GLDSKUDJPV�QRW�GHWDLOHG�IRU�GXFWLOLW\�PD\�EH�
VHYHUH�� IRU� LQVWDQFH� DV� HYLGHQFHG� LQ� WKH� FROODSVHV� RI� VHYHUDO� SDUNLQJ� VWUXFWXUHV� GXULQJ� WKH� 1RUWKULGJH�
HDUWKTXDNH� �((5,� ������ �,YHUVRQ� DQG� +DZNLQV� ������� 7KHVH� VWUXFWXUHV� GLG� QRW� KDYH� VXIILFLHQW�
FRQQHFWLRQV�EHWZHHQ�WKH�SUHFDVW�XQLWV�DQG�XVHG��EULWWOH��PHVK�IRU�VKHDU�UHLQIRUFHPHQW�� ,QYHVWLJDWLRQV�RI�
WKHVH� IDLOXUHV� LQGLFDWHG� WKDW� D� FRPELQDWLRQ� RI� LQVXIILFLHQW� GLDSKUDJP� VWUHQJWK� �:RRG� HW� DO�� ������ DQG�
GLDSKUDJP�VWLIIQHVV��)OHLVFKPDQ�HW�DO��������OLNHO\�OHG�WR�WKH�FROODSVHV��,Q�OLJKW�RI�WKH�UROH�WKDW�LQHODVWLF�
UHVSRQVH� ZDV� SHUFHLYHG� WR� KDYH� SOD\HG� LQ� WKH� SRRU� VWUXFWXUDO� SHUIRUPDQFH�� SUDFWLWLRQHUV� DGYRFDWHG�
PRGLILFDWLRQV� WR� FXUUHQW� FRGHV� WR� SURGXFH� SUHVFULSWLYH� HODVWLF� GLDSKUDJP� GHVLJQV� �*KRVK� ������� 7KHVH�
PRGLILFDWLRQV�DUH�GLVFXVVHG�QH[W��
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5HFHQW�&RGH�0RGLILFDWLRQV�
� ,PPHGLDWHO\� IROORZLQJ� WKH� ����� 1RUWKULGJH� HDUWKTXDNH�� D� WDVN� JURXS� LQYHVWLJDWLQJ� SDUNLQJ�
VWUXFWXUH� SHUIRUPDQFH� SURSRVHG� WZR� FRGH� FKDQJHV� IRU� SUHFDVW� GLDSKUDJPV�� ODWHU� DGRSWHG� E\� WKH� �����
8QLIRUP�%XLOGLQJ�&RGH��,&%2������������PLQLPXP�VSDFLQJ��FRYHU�DQG�WUDQVYHUVH�UHLQIRUFLQJ�IRU�FKRUGV�
DQG� FROOHFWRUV� ^8%&�����������`�� DQG� ���� D� VWUHQJWK� UHGXFWLRQ� IDFWRU� RI� ���� ^8%&�����������`��7KHVH�
FKDQJHV�� SHUKDSV� LQ� UHFRJQLWLRQ� WKDW� WKH� FRGH� GLG� QRW� SURYLGH� D� SUHVFULSWLYH� HODVWLF� GHVLJQ�� FRQWDLQ�
SURYLVLRQV�LQWHQGHG�WR�LQFUHDVH�WKH�SUHFDVW�GLDSKUDJP�VWUHQJWK�DQG�HQVXUH�WKH�H[LVWHQFH�RI�VRPH�GXFWLOLW\�
FDSDFLW\� LQ� SUHFDVW� GLDSKUDJP� FKRUGV� DQG� FROOHFWRUV�� $Q� DGGLWLRQDO� FRGH� FKDQJH� SHUWDLQLQJ� WR� SUHFDVW�
GLDSKUDJPV�ZDV�WR�OLPLW�WKH�VSDQ�WR�GHSWK�UDWLR�RI�GLDSKUDJPV�WKDW�FRQWDLQ�SUHFDVW�JUDYLW\�V\VWHPV�WR�QR�
PRUH� WKDQ� ���� ^8%&� ����������`�� 7KLV� SUHVFULSWLYH� UHTXLUHPHQW� ZDV� LQWHQGHG� WR� PLQLPL]H� H[FHVVLYH�
GLDSKUDJP�GHIRUPDWLRQV�XQGHU�WKH�'HVLJQ�%DVLV�(DUWKTXDNH��*KRVK�HW�DO��������

7KH� ����� 8%&� DOVR� LQWURGXFHG� WKH� IROORZLQJ� PRGLILFDWLRQV� IRU� GLDSKUDJPV� LQ� JHQHUDO�� ����
GLDSKUDJPV�ZLWK�KLJK�FRPSUHVVLYH�VWUHVV�PXVW�SRVVHVV�FRQILQHG�FROOHFWRUV�^8%&�����������`��DQG�����WKH�
V\VWHP� RYHUVWUHQJWK� IDFWRU� �:R�� LV� WR� EH� DSSOLHG� WR� FROOHFWRU� UHLQIRUFHPHQW� WUDQVIHUULQJ� WKH� GLDSKUDJP�
UHDFWLRQ� WR� WKH� SULPDU\�/)56�HOHPHQWV� �,&%2��������6LQFH� FROOHFWRUV� IRU� ODWHUDO� ORDG� LQ� RQH�GLUHFWLRQ�
RIWHQ�VHUYH�DV�FKRUGV�LQ�WKH�RUWKRJRQDO�GLUHFWLRQ��WKLV�UHTXLUHPHQW�RIWHQ�SURGXFHV�FRQILQHG�FKRUGV�DV�ZHOO��
� 7KRXJK�QRW�EDVHG�RQ�DQ\�FRQFOXVLYH�UHVXOWV��WKH�REMHFWLYHV�RI�WKH�FRGH�FKDQJHV�FROOHFWLYHO\�ZHUH�
WR�LPSURYH�WKH�VWUHQJWK�DQG�WRXJKQHVV�RI�FKRUGV�DQG�FROOHFWRUV�LQ�GLDSKUDJPV�DQG�DWWHPSW�WR�HQVXUH�WKDW�
WKHVH�HOHPHQWV� WR�QRW�\LHOG� LQ� WHQVLRQ��6($2&��������&OHDUO\�� WKH�ZULWHUV�RI� WKHVH�FRGHV�VHFWLRQV�ZHUH�
FRQFHUQHG�WKDW�GLDSKUDJPV��HVSHFLDOO\�SUHFDVW�FRQFUHWH�GLDSKUDJPV��FRXOG�EH�WKH�ZHDN�OLQN�LQ�D�VWUXFWXUH�
LI�QRW�SURSHUO\�GHVLJQHG�DQG�GHWDLOHG��1DNDNL����������

2I� WKH� FRGH� FKDQJHV� OLVWHG� DERYH�� WKH�PLQLPXP� VSDFLQJ�� FRYHU� DQG� WUDQVYHUVH� UHLQIRUFLQJ� IRU�
FROOHFWRUV� ^$&,� ���� �� ���������`� DQG� FRQILQHG� FROOHFWRUV� IRU� GLDSKUDJP�ZLWK� KLJK� FRPSUHVVLYH� VWUHVV�
^$&,� ���� �� ���������`� KDYH� EHHQ� FDUULHG� RYHU� WR� WKH� FXUUHQW� FRGH� IRU� UHLQIRUFHG�SUHFDVW� FRQFUHWH�
GLDSKUDJPV��$&,������������$GGLWLRQDOO\��WKH�RYHUVWUHQJWK�IDFWRU�IRU�FROOHFWRU�HOHPHQWV�^$6&(��������
���������`�KDV�EHHQ�FDUULHG�RYHU�WR�WKH�FXUUHQW�FRGH�IRU�JHQHUDO�FRQVWUXFWLRQ��$6&(�����������

7KH�PLQLPXP�VSDFLQJ��FRYHU�DQG�WUDQVYHUVH�UHLQIRUFLQJ�UHTXLUHPHQWV�GR�QRW�DSSO\�WR�WKH�FKRUGV�
LQ�$&,���������+RZHYHU�� VLQFH� WKH� UHTXLUHG� OHQJWK�RI� GLDSKUDJP�FKRUGV� LV� W\SLFDOO\� ORQJHU� WKDQ� WKRVH�
FRPPRQO\�DYDLODEOH�IRU�UHLQIRUFLQJ�VWHHO��VSOLFHV�LQ�FKRUGV�DUH�FRPPRQSODFH��7KXV��$&,�����������������
RIWHQ� UHVXOWV� LQ� WLHG�FKRUGV��:LWK� UHJDUG� WR�GLDSKUDJP�IOH[LELOLW\�� UDWKHU� WKDQ� OLPLWLQJ� WKH�VSDQ�WR�GHSWK�
UDWLR��FXUUHQW�FRGH�UHTXLUHV�WKH�GHIOHFWLRQ�RI�WKH�GLDSKUDJP�WR�QRW�H[FHHG�WKH�SHUPLVVLEOH�GHIOHFWLRQ�RI�WKH�
DWWDFKHG�HOHPHQWV��$6&(�����������

7KH� XVH� RI� I ���� IRU� SUHFDVW� GLDSKUDJP� UHLQIRUFHPHQW� LV� QRW� LQFOXGHG� LQ� $&,� ���� �������� $�
JHQHUDO� UHTXLUHPHQW� WKDW� WKH� GLDSKUDJP� QRW� HPSOR\� D� JUHDWHU� VWUHQJWK� UHGXFWLRQ� IDFWRU� WKDQ� WKH� /)56�
^$&,������� �����`�FDQ�SURGXFH�D�I ���� IRU�GLDSKUDJPV� LQ� VWUXFWXUHV�ZLWK� VKHDU�FRQWUROOHG�/)56��7KH�
����� DQG� ����� 1(+53� 5HFRPPHQGHG� 3URYLVLRQV� $SSHQGL[� $� WR� &KDSWHU� �� IRU� 8QWRSSHG� 3UHFDVW�
'LDSKUDJPV�GLG�SURSRVH�D� IDFWRU� WKDW�FRPELQHG� WKH�V\VWHP�RYHUVWUHQJWK�IDFWRU�:R�ZLWK� WKH�UHGXQGDQF\�
IDFWRU� U�� 7KHVH� SURYLVLRQV�� OLNH� WKRVH� SUHYLRXV�� DUH� DQ� DWWHPSW� WR� DYRLG� EXLOGLQJ� GHVLJQV� ZKHUH� WKH�
GLDSKUDJP�LV�ZHDNHU�WKDQ�WKH�/)56���

$&,� ������� SHUPLWV� DFFRXQWLQJ� IRU� VKHDU� UHLQIRUFHPHQW� LQ� WKH� FDOFXODWLRQ� RI� IOH[XUDO� VWUHQJWK�
^$&,��������������`�WKRXJK�WKLV�SUDFWLFH�PD\�QRW�EH�ZLGHO\�DGRSWHG�LQ�SUDFWLFH��%66&�,7���������$&,�
������� DOVR� OLPLWV� WKH� VKHDU� VWUHQJWK� IRU� GLDSKUDJPV� ZLWK� WRSSLQJ� VODEV� EDVHG� RQ� D� VKHDU� IULFWLRQ�
FDOFXODWLRQ��FRQVLGHULQJ�D�SUH�FUDFNHG�WRSSLQJ�VODE�DW�WKH�GLDSKUDJP�MRLQWV�^$&,����������������`��
� 7KH� FRGH� SURYLVLRQ� UHTXLULQJ� DSSOLFDWLRQ� RI� WKH� /)56� RYHUVWUHQJWK� IDFWRU� :R� WR� FROOHFWRU�
HOHPHQWV� KDV� FDUULHG� RYHU� WR� FXUUHQW� FRGH� �$6&(� �� ������� +RZHYHU�� WKLV� IDFWRU� LV� QRW� DSSOLHG� WR� WKH�
GLDSKUDJP�IOH[XUH�RU�VKHDU�UHLQIRUFHPHQW��6RPH�GHVLJQ�JXLGHOLQHV�KDYH�VXJJHVWHG�DSSO\LQJ�WKH�:R�IDFWRU�
WR�DOO�SUHFDVW�GLDSKUDJP�UHLQIRUFHPHQW��3&,�'HVLJQ�+DQGERRN��������&OHODQG�DQG�*KRVK���������

,Q�WKH�DEVHQFH�RI�D�UDWLRQDO�HODVWLF�GHVLJQ��WKH�PHDVXUHV�GHVFULEHG�DERYH�DUH�LPSRUWDQW��EXW�PD\�
QRW� QHFHVVDULO\� DVVXUH� JRRG� SHUIRUPDQFH� �1DNDNL� ������� 7KH� SRWHQWLDO� IRU� HODVWLF� GLDSKUDJP� GHVLJQ� LV�
FRQVLGHUHG�QH[W��
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(ODVWLF�'LDSKUDJP�'HVLJQ��
3UHVFULSWLYH� HODVWLF� GHVLJQ� KDV� EHHQ� SURPRWHG� IRU� GLDSKUDJPV� �*KRVK� ������ �1DNDNL� �������

ODUJHO\� LQ� UHFRJQLWLRQ�RI� WKH� VLJQLILFDQW� GHWULPHQWDO� HIIHFWV� RI� LQHODVWLF�EHKDYLRU�RQ� WKH�SHUIRUPDQFH�RI�
IORRU� V\VWHPV� �H�J��� WKH� ����� 1RUWKULGJH� SDUNLQJ� VWUXFWXUH� FROODSVHV��� JLYHQ� WKDW� WKLV� UHJLRQ� RI� WKH�
VWUXFWXUH�LV�QRW�W\SLFDOO\�GHWDLOHG�IRU�VXFK�UHVSRQVH���

$� FDSDFLW\� GHVLJQ� DSSURDFK� VHHPV� WKH� PRVW� DSSURSULDWH� ZD\� WR� DFKLHYH� D� UDWLRQDO� HODVWLF�
GLDSKUDJP�GHVLJQ� �1DNDNL� �������7KH� LQWHQW� RI� D� FDSDFLW\� GHVLJQ� LV� WR� SUHYHQW� QRQGXFWLOH� EHKDYLRU� E\�
GHVLJQLQJ� D� EULWWOH� FRPSRQHQW�� QRW� WR� DQ� H[SHFWHG� IRUFH�� EXW� LQVWHDG� UHODWLYH� WR� WKH� VWUHQJWK� RI� DQRWKHU�
SRUWLRQ� RI� WKH� VWUXFWXUH� WKDW� KDV� EHHQ� VSHFLDOO\� GHWDLOHG� IRU� GXFWLOLW\� �3DXOH\� DQG� 3ULHVWOH\� �������2QH�
FRXOG�LPDJLQH�XVLQJ�WKH�HTXLYDOHQW�ODWHUDO�IRUFH��(/)��SDWWHUQ�WR�GHVLJQ�WKH�GLDSKUDJP�VWURQJHU�WKDQ�WKH�
SULPDU\�YHUWLFDO�HOHPHQWV�RI�WKH�/)56��WKXV�UHO\LQJ�RQ�\LHOGLQJ�RI�WKH�VSHFLDOO\�GHWDLOHG�ZDOOV�RU�IUDPHV�
WR� OLPLW� WKH� V\VWHP� UHVSRQVHV�� DQG�KHQFH� WKH� IRUFHV� WKDW� RFFXU� LQ� WKH�GLDSKUDJP��&HUWDLQ� FRGHV� �1=&6�
������KDYH�DWWHPSWHG�WR�DSSO\�SULQFLSOHV�RI�FDSDFLW\�GHVLJQ�WR�HVWLPDWH�WKH�PDJQLWXGH�RI�ODWHUDO�IRUFHV��

+RZHYHU�D�SRRUO\�XQGHUVWRRG�DVSHFW�RI�EXLOGLQJ�UHVSRQVH�LV�WKH�UHODWLRQVKLS�RI�WKH�LQHUWLDO�IRUFHV�
WKDW�FDQ�GHYHORS�DW� LQGLYLGXDO� IORRU� OHYHOV�DW�D�JLYHQ�LQVWDQW�GXULQJ�DQ�HDUWKTXDNH��6HH�Sec. 5.4��� ,W�KDV�
EHHQ� GHPRQVWUDWHG� E\� VHYHUDO� UHVHDUFKHUV� WKDW� WKH�PD[LPXP� LQHUWLDO� IRUFHV� WKDW� GHYHORS� LQ� D� EXLOGLQJ�
VWUXFWXUHV�GXULQJ� DQ� DFWXDO� HDUWKTXDNH�FDQ�EH� VLJQLILFDQWO\� ODUJHU� WKDQ� WKRVH� VXJJHVWHG�E\�FXUUHQW� FRGH�
GLDSKUDJP�IRUFHV��5RGULJXH]�HW�DO���������)OHLVFKPDQ�HW�DO���������/HH�DQG�.XFKPD��������7KLV�EHKDYLRU��
GXH� WR�KLJKHU�PRGH�HIIHFWV�� LV�GHVFULEHG� LQ�GHWDLO� LQ�Section 5.4: Seismic Design Forces��7KH�PHDVXUHV�
GHVFULEHG�LQ�WKH�SUHYLRXV�VHFWLRQ��EDVHG�RQ�ILUVW�PRGH�FRQFHSWV��PLVV�WKLV�LPSRUWDQW�EHKDYLRU��

:KLOH�VLJQLILFDQWO\�ODUJHU�GLDSKUDJP�IRUFHV�FDQ�PDNH�WKH�UHVXOWLQJ�GHVLJQ�XQHFRQRPLFDO��LW�LV�QRW�
HQRXJK�LQ�RI�LWVHOI�WR�GLVTXDOLI\�D�FDSDFLW\�GHVLJQ�DSSURDFK��+RZHYHU��WKH�ODUJHU�IRUFHV�DUH�GXH�WR�KLJKHU�
PRGHV��WKXV�UHQGHULQJ�WKH�DSSURDFK�GHVFULEHG�DERYH�XVLQJ�WKH�(/)�SDWWHUQ�LQHIIHFWXDO��JLYHQ�WKDW�WKH�(/)�
SDWWHUQ� LV�EDVHG�RQ� WKH� ILUVW� �IXQGDPHQWDO��PRGH��)XUWKHU�� WKH� ODUJH�GLDSKUDJP� IRUFHV� FDQ�EH�GULYHQ�E\�
PRGLILFDWLRQV� LQ� WKH� VWUXFWXUH¶V�G\QDPLF�SURSHUWLHV�after�\LHOGLQJ�RI� WKH�SULPDU\�HOHPHQWV�RI� WKH�/)56�
�)OHLVFKPDQ� HW� DO�� ������ (EHUKDUG� DQG� 6R]HQ� �������$V� D� UHVXOW�� HYHQ� D� FDSDFLW\� GHVLJQ� DSSURDFK� IRU�
GLDSKUDJPV� WKDW� VXFFHVVIXOO\� LQLWLDWHV� \LHOGLQJ� LQ� WKH� /)56� ZKLOH� WKH� GLDSKUDJP� LV� VWLOO� HODVWLF�� LV� QR�
JXDUDQWHH�RI�VXVWDLQHG�HODVWLF�GLDSKUDJP�EHKDYLRU�WKURXJKRXW�WKH�VHLVPLF�HYHQW��%HFDXVH�RI�WKHVH�LVVXHV��
LW� PD\� EH� GLIILFXOW� WR� UHODWH� WKH� UHODWLRQVKLS� RI� GLIIHUHQW� HOHPHQWV� �L�H�� /)56� DQG� GLDSKUDJPV�� LQ� WKH�
VWUXFWXUH�� DQG� DFKLHYLQJ� D� UHOLDEOH� FDSDFLW\� GHVLJQ� LV� QRW� DV� VWUDLJKWIRUZDUG� DV� LW� PLJKW� DSSHDU�� $�
SUHVFULSWLYH� HODVWLF� GLDSKUDJP� GHVLJQ�� WKHUHIRUH�� PD\� EH� GLIILFXOW� WR� DFKLHYH� UHOLDEO\�� ZLWKRXW� DGGLQJ�
DGGLWLRQDO�IDFWRUV�RI�VDIHW\�WR�UHQGHU�LW�XQHFRQRPLFDO��

'HVLJQ�JXLGHOLQHV�KDYH�DWWHPSWHG�WR�DSSUR[LPDWH�D�FDSDFLW\�GHVLJQ�IRU�WKH�GLDSKUDJP�WKURXJK�WKH�
XVH�RI�WKH�V\VWHP�RYHUVWUHQJWK�IDFWRU�:R��,Q�WKLV�DSSURDFK��WKH�:R�IDFWRU�LV�DSSOLHG�WR�DOO�WKH�GLDSKUDJP�
UHLQIRUFHPHQW� �3&,�'HVLJQ�+DQGERRN� ������ �&OHODQG� DQG�*KRVK� ������� QRW� MXVW� WKH� FROOHFWRU� V\VWHP��
/LNHZLVH��LQ�WKH�DIRUHPHQWLRQHG�1HZ�=HDODQG�SURFHGXUH��1=&6�������WKH�HIIHFWV�RI�V\VWHP�RYHUVWUHQJWK�
DUH�LQFOXGHG�LQ�D�PHDQLQJIXO�FDSDFLW\�GHVLJQ�GLDSKUDJP�IRUFH�IRU�IUDPHV�XVLQJ�WKH�SURGXFW�RI�WKH�GHVLJQ�
ODWHUDO�IRUFH�DW�D�OHYHO�)L�DQG�WKH�V\VWHP�RYHUVWUHQJWK�IDFWRU�:R��7KH�FRQVHUYDWLVP�LQ�WKH�VHOHFWLRQ�RI�WKHVH�
ODWHUDO� IRUFHV�ZDV� MXVWLILHG�EHFDXVH�RI� WKH�SRWHQWLDO� IRU� H[FHSWLRQDOO\� ODUJH� LQHUWLD� IRUFHV�DW� D�SDUWLFXODU�
OHYHO�GXH�WR�KLJKHU�PRGH�HIIHFWV��%XOO��������)RU�W\SLFDO�VWUXFWXUDO�V\VWHPV�� WKH�XVH�RI�WKH�RYHUVWUHQJWK�
IDFWRU� URXJKO\� WUDQVODWHV� LQWR� GLDSKUDJP� IRUFHV� WZR� WR� WKUHH� WLPHV� WKH�PDJQLWXGH� RI� WKH� GHVLJQ� ODWHUDO�
IRUFH� DW� D� JLYHQ� OHYHO�� &OHDUO\�� WKLV� OHYHO� RI� IRUFH� LQFUHDVH� LV� LPSDFWIXO� RQ� WKH� GHVLJQ� HFRQRP\�� DQG�
ZLWKRXW�D�UDWLRQDO�EDVLV��LV�VWLOO�QR�JXDUDQWHH�RI�HODVWLF�EHKDYLRU���
� $Q�LPSRUWDQW�IXUWKHU�FRQVLGHUDWLRQ�UHJDUGLQJ�WKH�SRWHQWLDO�IRU�D�UHOLDEOH�DQG�FRVW�HIIHFWLYH�HODVWLF�
GLDSKUDJP�GHVLJQ�LV�WKH�DELOLW\�WR�UHOLDEO\�UHODWH�WKH�GLDSKUDJP�VHLVPLF�IRUFH�WR�GLDSKUDJP�LQWHUQDO�IRUFH��
&OHDUO\��WKH�\LHOGLQJ�RI�WKH�GLDSKUDJP�RFFXUV�ORFDOO\��ZKHQ�WKH�LQWHUQDO�IRUFHV�DW�D�GLDSKUDJP�VHFWLRQ�PD\�
H[FHHG�WKH�HODVWLF�FDSDFLW\�RI�WKH�GLDSKUDJP�UHLQIRUFHPHQW�DW�WKDW�VHFWLRQ��'XH�WR�WKH�FRPSOH[LW\�RI�IORRU�
V\VWHPV�� WKH� WUDQVIRUPDWLRQ� RI� WKH� GLDSKUDJP� JOREDO� IRUFHV� WR� LQWHUQDO� IRUFHV� PD\� DOVR� QRW� EH� DV�
VWUDLJKWIRUZDUG� DV� LPSOLHG� E\� WKH� KRUL]RQWDO� EHDP� DSSURDFK� XVHG� LQ� FXUUHQW� SUDFWLFH� �6HH Sec. 5.4: 
Diaphragm Internal Forces��� 7KLV� DGGHG� OHYHO� RI� FRPSOH[LW\� QHHGV� WR� EH� FRQVLGHUHG� LQ� D� YLDEOH�
SUHVFULSWLYH�HODVWLF�GLDSKUDJP�GHVLJQ��
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7KXV��DQ�DOWHUQDWLYH�WR�HODVWLF�GHVLJQ�ZRXOG�EH�WR�SURYLGH�D�PHDVXUH�RI�GHIRUPDWLRQ�FDSDFLW\�WR�
WKH�GLDSKUDJP�UHLQIRUFHPHQW��6XFK�DQ�DSSURDFK�PD\�EH�DWWUDFWLYH�LI�DQ�HODVWLF�GHVLJQ�LV�HLWKHU�WRR�GLIILFXOW�
RU�WRR�FRVWO\�WR�SURGXFH�UHOLDEO\��,Q�WKLV�DSSURDFK��D�YLDEOH�VHLVPLF�GHVLJQ�IRU�SUHFDVW�GLDSKUDJPV�VKRXOG�
FRQVLGHU� GLDSKUDJP� LQHODVWLF� GHIRUPDWLRQ�� ERWK� LQ� WHUPV� RI� WKH� UHTXLUHG� GHIRUPDWLRQ� FDSDFLW\� IRU�
GLDSKUDJP�UHLQIRUFHPHQW��DQG�WKH�FRQQHFWRUV�FDSDEOH�RI�SURYLGLQJ�WKLV�GHIRUPDWLRQ���

,W� LV� LPSRUWDQW� WR�UHFRJQL]H� WKDW� WKLV�DSSURDFK�LV�QRW�D�³GXFWLOH´�GLDSKUDJP�GHVLJQ�LQ�ZKLFK�WKH�
GLDSKUDJP�VHUYHV�DV�WKH�VWUXFWXUH¶V�FRQWUROOLQJ�HOHPHQW��L�H��WKH�SULPDU\�HQHUJ\�GLVVLSDWLQJ�VRXUFH��DV�KDV�
EHHQ�SURSRVHG�IRU�RWKHU�V\VWHPV��5RJHUV�DQG�7UHPEOD\��������,W�ZDV�FRQVLGHUHG�LPSUDFWLFDO�WR�DWWHPSW�WR�
GHYHORS� WKH�VWUXFWXUH¶V� LQHODVWLF�GLVVLSDWLQJ�PHFKDQLVPV� LQ�D�SUHFDVW� IORRU�V\VWHP�UHSUHVHQWHG�SUDFWLFDO��
UHOLDEOH�RU�HFRQRPLFDO�DSSURDFKHV�WR�WKH�GHVLJQ�RI�SUHFDVW�GLDSKUDJPV��

3UHFDVW�'LDSKUDJP�'HWDLOLQJ�&RQVLGHUDWLRQV��
%DVHG�RQ�WKH�GLVFXVVLRQV�LQ�SUHYLRXV�VHFWLRQV��FXUUHQW�FRGH�PD\�QRW�SUHYHQW�LQHODVWLF�GLDSKUDJP�

UHVSRQVH�DQG�HFRQRPLFDO�UHOLDEOH�HODVWLF�GLDSKUDJP�GHVLJQV�PD\�EH�GLIILFXOW�WR�FUHDWH��,Q�WKH�DEVHQFH�RI�
DQ\�GHWDLOLQJ�UHTXLUHPHQWV�� WKH�GLDSKUDJP�PD\�SRVVHVV�OLPLWHG�SODVWLF�UHGLVWULEXWLRQ�TXDOLWLHV�DQG�FRXOG�
XQGHUJR� D� QRQGXFWLOH� IDLOXUH� LQ� D� VLJQLILFDQW� VHLVPLF� HYHQW��7KXV�� WKH� UROH� RI� GLDSKUDJP�GHWDLOLQJ� LQ� D�
SUHFDVW�GLDSKUDJP�GHVLJQ�PXVW�EH�FRQVLGHUHG��

3UHFDVW� GLDSKUDJP� UHLQIRUFHPHQW� GHWDLOV� DUH� RIWHQ� VWDQGDUG� LQGXVWU\� KDUGZDUH�� SURSULHWDU\�
FRQQHFWRUV�� RU� RWKHU� UHLQIRUFHPHQW� HOHPHQWV� GHVLJQHG� SULPDULO\� IRU� VHUYLFHDELOLW\� �YROXPH� FKDQJH��
WROHUDQFHV�� HUHFWLRQ�� OHYHOLQJ�� DQG� QRPLQDO� ORDGV� GXH� WR� JUDYLW\� RU� LPSDFW�� 7KXV�� SUHFDVW� GLDSKUDJP�
UHLQIRUFHPHQW� KDV� WUDGLWLRQDOO\� EHHQ� GHVLJQHG� ZLWKRXW� LQHODVWLF� GHIRUPDWLRQ� FDSDFLW\� LQ� PLQG�� 0DQ\�
SUHFDVW�FRQQHFWRUV�GR�FRQVLGHU�DFFRPPRGDWLRQ�RI�GHIRUPDWLRQ�IRU�YROXPH�FKDQJH�GXH�WR�WHPSHUDWXUH�RU�
VKULQNDJH�� W\SLFDOO\� WKURXJK� HODVWLF� FRPSOLDQFH� RU� DGMXVWPHQW�� +RZHYHU�� WKH� WHQVLRQ� VWUHQJWK� RI� WKHVH�
FRQQHFWRUV� LV� W\SLFDOO\� TXLWH� ORZ�� DQG� WKXV� WKH� W\SLFDO� GHWDLOV� WKDW� VHUYH� DV� FKRUG� HOHPHQWV� DUH� VWLIIHU��
WKHUHE\�UHDFKLQJ�WKHLU�\LHOG�VWUHQJWK�DW�PRGHVW�MRLQW�RSHQLQJV��DSSUR[LPDWHO\�����”�����

,QHODVWLF� GHIRUPDWLRQ� GHPDQG� RQ� GLDSKUDJP� UHLQIRUFHPHQW� QRW� GHVLJQHG� IRU� GXFWLOLW\� LV�
XQGHVLUDEOH�GXH� WR� WKH�SRWHQWLDO� IRU�QRQ�GXFWLOH�GLDSKUDJP�IDLOXUH��7KLV�HIIHFW� LV� H[DFHUEDWHG� LQ�SUHFDVW�
IORRU�V\VWHPV�ZKHUH�LQHODVWLF�GHIRUPDWLRQV�FRQFHQWUDWH�EHWZHHQ�WKH�SUHFDVW�SDQHOV��ZKHWKHU�XQWRSSHG�RU�
WRSSHG�� WKHUHE\�DPSOLI\LQJ� ORFDO�GXFWLOLW\�GHPDQGV� IRU�D�JLYHQ�JOREDO�GLDSKUDJP� LQHODVWLF�GHIRUPDWLRQ��
6HFRQGDU\�HOHPHQWV��H�J��VSDQGUHOV��PD\�SURWHFW�FHUWDLQ�MRLQWV�DW�WKH�H[SHQVH�RI�RWKHUV��H�J��FROXPQ�OLQH�
MRLQWV��IXUWKHU�FRQFHQWUDWLQJ�LQHODVWLF�GHIRUPDWLRQ�GHPDQG�DW�ORFDOL]HG�DUHDV��:DQ�HW�DO���������)RU�WKHVH�
UHDVRQV��GHIRUPDWLRQ�FDSDFLW\�QHHGV�WR�EH�EXLOW�LQWR�WKH�SUHFDVW�IORRU�V\VWHP��/HH�HW�DO���������

&DUH� PXVW� EH� WDNHQ� LQ� GHYHORSLQJ� UHOLDEOH� SUHFDVW� GLDSKUDJP� GHVLJQV� WKDW� LQYROYH� LQHODVWLF�
GHIRUPDWLRQ� LQ� WKH� UHLQIRUFHPHQW�� $� UHDOLVWLF� UHODWLRQVKLS� LV� UHTXLUHG� EHWZHHQ� WKH� JOREDO� GLDSKUDJP�
UHVSRQVH�DQG�WKH�ORFDO�GHPDQGV�DW�WKH�MRLQW��7KHVH�GHPDQGV�FDQ�EH�FRPSOLFDWHG�WR�GHWHUPLQH��&RPSOH[�
LQWHUQDO�IRUFH�SDWKV�DUH�LQKHUHQW�LQ�IORRU�V\VWHPV��LQFOXGLQJ�WKH�HIIHFW�RI�RSHQLQJV�IRU�VWDLUZHOOV��HOHYDWRUV�
DQG� WUDIILF� UDPSV�� ,W� LV� XQFOHDU� ZKHWKHU� GHVLJQV� EDVHG� RQ� VLPSOH� KRUL]RQWDO� EHDP� UHSUHVHQWDWLRQV� FDQ�
DYRLG�ORFDOL]HG�LQHODVWLF�GHIRUPDWLRQ�GHPDQGV�IRU�DOO�VLWXDWLRQV��HYHQ�LI�WKH�DFWXDO�GLDSKUDJP�IRUFHV�OLNHO\�
LQ� ODUJH� JURXQG� VKDNLQJ� HYHQWV� DUH� DFFRXQWHG�� 7KXV�� WKH� FRPSOH[� IRUFH� SDWKV� WKDW� SURGXFH� IRUFH�
FRPELQDWLRQV�LQ�WKH�HODVWLF�UDQJH��SURGXFH�VLPLODUO\�FRPSOH[�deformation�SDWWHUQV�LQ�WKH�LQHODVWLF�UDQJH���

)XUWKHU��D�GHVLJQ�DSSURDFK�WKDW�EXLOGV�D�PHDVXUH�RI�GHIRUPDWLRQ�FDSDFLW\�LQWR�WKH�GLDSKUDJP�PXVW�
HQVXUH� WKDW� WKH� GHIRUPDWLRQ� GHPDQGV� DUH� RFFXUULQJ� LQ� WKH� LQWHQGHG� UHJLRQV� DQG� QRW� LQ� DQ� DOWHUQDWH�
XQDQWLFLSDWHG�ORDG�SDWK��7KLV�LV�SDUWLFXODUO\�LPSRUWDQW�IRU�SUHFDVW�FRQFUHWH�GLDSKUDJPV�EHFDXVH�WKH�SUHFDVW�
IORRU� V\VWHP� LV� DQ� DVVHPEODJH� RI� VHYHUDO� W\SHV� RI� SUHFDVW� HOHPHQWV� LQFOXGLQJ� WKH� DIRUHPHQWLRQHG�
³VHFRQGDU\´� HOHPHQWV� �VSDQGUHOV�� LQYHUWHG� WHH� EHDPV�� OLWH� ZDOOV�� WKDW� DUH� QRW� IRUPDOO\� LQFOXGHG� LQ� WKH�
GLDSKUDJP�GHVLJQ� EXW� QHYHUWKHOHVV�PD\� SDUWLFLSDWH� LQ� WKH� GLDSKUDJP� DFWLRQ��7KH� FRQQHFWLRQV� IRU� WKHVH�
VHFRQGDU\� HOHPHQWV� DUH� RIWHQ� LQGXVWU\� VWDQGDUG� KDUGZDUH� UDWKHU� WKDQ� HOHPHQWV� GHVLJQHG� IRU� D� VHLVPLF�
IRUFH�� 7KHVH� HOHPHQWV� GR� QRW� XVXDOO\� SRVVHVV� VXIILFLHQW� VWUHQJWK� RU� GHIRUPDWLRQ� FDSDFLW\� IRU� SODVWLF�
UHGLVWULEXWLRQ��7KXV��LI�D�VHFWLRQ�DORQJ�WKH�IRUFH�SDWK�FDQQRW�DFFRPPRGDWH�WKH�IRUFHV�RU�GLVSODFHPHQWV��D�
QRQ�GXFWLOH�IDLOXUH�PD\�RFFXU�WKHUH��
�
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$VVXUDQFH�RI�DQ�$SSURSULDWH�/LPLW�6WDWH�
)RU�D�GLDSKUDJP�GHVLJQ�WKDW�GRHV�QRW�IXOO\�HQIRUFH�HODVWLF�GLDSKUDJP�UHVSRQVH��WKH�QDWXUH�RI�WKH�

LQHODVWLF�DFWLRQ�PXVW�EH�FRQVLGHUHG��)RU�D�SUHFDVW�GLDSKUDJP�XVLQJ�QRQ�GXFWLOH�HOHPHQWV�WKURXJKRXW��WKH�
IDLOXUH�LQ�WKH�V\VWHP�PLJKW�EH�DQWLFLSDWHG�LQ�WKH�FKRUG�UHLQIRUFHPHQW��H�J��D�QRQ�GXFWLOH�FKRUG�FRQQHFWRU��
DW�WKH�FULWLFDO�IOH[XUH�MRLQW��RU�DW�WKH�DQFKRUDJH�WR�WKH�/)56��WKH�GLDSKUDJP�WR�/)56�FRQQHFWLRQ���,I�WKH�
FKRUG�UHLQIRUFLQJ�LV�GXFWLOH��IRU�LQVWDQFH��FRQWLQXRXV�EDUV�LQ�D�SRXU�VWULS��ZKLOH�WKH�VKHDU�UHLQIRUFHPHQW�LV�
QRW��JLYHQ�D�VLPLODU�IDFWRU�RI�VDIHW\�IRU�VKHDU�DQG�IOH[XUH�UHLQIRUFHPHQW��WKH�GLDSKUDJP�ZLOO�OLNHO\�XQGHUJR�
D�QRQGXFWLOH�VKHDU�IDLOXUH�SULRU� WR�GHYHORSLQJ�D�IXOO� IOH[XUH�PHFKDQLVP�VLQFH� WKH�FKRUG�EDUV�ZLOO�VWUDLQ�
KDUGHQ� �5HIHU� WR� )LJ�� &��D��� )XUWKHU�� WKH� SUHFDVW� GLDSKUDJP� PD\� ORVH� LWV� VKHDU� FDUU\LQJ� FDSDFLW\�
SUHPDWXUHO\� WKURXJK� IRUFH� FRPELQDWLRQV� DFWLQJ� RQ� WKH� VKHDU� UHLQIRUFHPHQW� RU� VWUDLQ�FRPSDWLELOLW\�
GHIRUPDWLRQ�GHPDQGV�RQ�WKH�MRLQW�IURP�IOH[XUDO�GHPDQGV��)DUURZ�DQG�)OHLVFKPDQ���������

$FFRUGLQJO\��LW�PD\�EH�GHVLUDEOH�WR�FRQVLGHU�RQFH�DJDLQ�WKH�XVH�RI�FDSDFLW\�GHVLJQ�SULQFLSOHV��WKLV�
WLPH� LQ� WHUPV�RI� WKH� UHODWLYH� VWUHQJWK�RI� GLIIHUHQW� UHLQIRUFHPHQW� JURXSV�ZLWKLQ� WKH� GLDSKUDJP� �ZKHUHDV�
HDUOLHU�� WKHVH� SULQFLSOHV�ZHUH� GLVFXVVHG� DV� WKH\�SHUWDLQ� WR� WKH� JOREDO� GLDSKUDJP� VWUHQJWK� UHODWLYH� WR� WKH�
/)56���$SSURDFKHV�KDYH�SURPRWHG� IOH[XUDO� OLPLW� VWDWHV�RYHU� VKHDU� OLPLW� VWDWHV� �)OHLVFKPDQ�3&,��������
WKURXJK�WKH�XVH�RI�RYHUVWUHQJWK�IDFWRUV�IRU� WKH�VKHDU�UHLQIRUFHPHQW��7KLV�FKRLFH� LV�EDVHG�RQ�DVVXPSWLRQ�
WKDW� D� VKHDU� OLPLW� VWDWH� LV� EULWWOH�� FRQVLVWHQW�ZLWK� FRQFHSWV� IURP� UHLQIRUFHG� FRQFUHWH� �$&,������������ ,W�
VKRXOG�EH�UHFRJQL]HG��KRZHYHU�� WKDW�JLYHQ�WKHLU� MRLQWHG�QDWXUH�� WKH�GLDJRQDO�FUDFNLQJ�VKHDU�PHFKDQLVPV�
DVVRFLDWHG�ZLWK�UHLQIRUFHG�FRQFUHWH�DUH�QRW�DSSURSULDWH�IRU�SUHFDVW�GLDSKUDJPV��:RRG�HW�DO��������)RU�WKLV�
UHDVRQ��WKH�SRVVLELOLW\�H[LVWV�IRU�GHYHORSLQJ�D�GXFWLOH�VKHDU�PHFKDQLVP�LQ�WKH�GLDSKUDJP��RU�D�FRPELQHG�
GXFWLOH�VKHDU�IOH[XUH�PHFKDQLVP��7KHVH�DOWHUQDWLYH�DSSURDFKHV�ZHUH�QRW�SXUVXHG�LQ�WKH�'6'0�UHVHDUFK��
ZKLFK�LQVWHDG�IRFXVHG�H[FOXVLYHO\�RQ�GHVLJQV�WKDW�SURPRWH�IOH[XUDO�OLPLW�VWDWHV�RYHU�VKHDU�OLPLW�VWDWHV��

,W�LV�QRWHG�WKDW�WKH�RYHUVWUHQJWK�IDFWRUV�XVHG�LQ�WKH�GHVLJQ�PHWKRGRORJ\�WR�SURWHFW�WKH�GLDSKUDJP�
VKHDU�UHLQIRUFHPHQW�UHODWLYH�WR�WKH�IOH[XUDO�UHLQIRUFHPHQW�DUH�QRW�WHUPHG�FDSDFLW\�GHVLJQ�IDFWRUV��&DSDFLW\�
GHVLJQV�ZRUN�ZHOO�IRU�ZHOO�GHILQHG�IRUFH�SDWWHUQV��FRQVLGHU�VKHDU�LQ�FROXPQV��ZKLFK�LV�HDVLO\�ERXQGHG�E\�
Vn > 2Mp/h���6XFK�VLPSOH�UHODWLRQVKLSV�EHWZHHQ�VKHDU�DQG�PRPHQW�DUH�QRW�DOZD\V�UHDGLO\�DYDLODEOH�LQ�WKH�
GLDSKUDJP��SDUWLFXODUO\�IRU�PRUH�FRPSOLFDWHG�IORRU�V\VWHPV��7KXV��QRW�XQOLNH�WKH�FKDOOHQJHV�WKDW�H[LVW�IRU�
D� FDSDFLW\�GHVLJQ� IRU� HODVWLF�GLDSKUDJP�EHKDYLRU� �GXH� WR�XQFHUWDLQW\�DQG�FRPSOH[LW\� LQ� WKH� ODWHUDO� ORDG�
SDWWHUQ��L�H��WKH�DFWXDO�VHLVPLF�LQHUWLD�IRUFHV�QRW�PDWFKLQJ�WKH�(/)���VLPLODU�FKDOOHQJHV�H[LVW�IRU�SURWHFWLQJ�
WKH� VKHDU� UHLQIRUFHPHQW� UHODWLYH� WR� WKH� IOH[XUDO� UHLQIRUFHPHQW� �EHFDXVH� LQWHUQDO� IRUFHV� GR� QRW� DOZD\V�
PDWFK�WKH�PRPHQW�DQG�VKHDU�GLDJUDPV�IURP�WKH�KRUL]RQWDO�EHDP�PHWKRG���7KXV��ZKLOH�WKH�:�IDFWRU�KDV�
EHHQ�FDOLEUDWHG�LQ�WKH�DQDO\WLFDO�UHVHDUFK�WR�SURYLGH�HODVWLF�VKHDU�UHVSRQVH�RI�WKH�GLDSKUDJP�LQ�WKH�0&(��
FDUH� PXVW� EH� WDNHQ� LQ� HQVXULQJ� WKH� DQWLFLSDWHG� M/V� UDWLR� RFFXUV� LQ� WKH� GLDSKUDJP� �6HH� Sec 5.4: 
Diaphragm Controlling Mechanism DQG�Background -Appendix�Sec. A2.4.4���

(YROXWLRQ�RI�'HVLJQ�&RQFHSWV�GXULQJ�'6'0�3URMHFW��
$V�DQ�DOWHUQDWLYH� WR�D�SUHVFULSWLYH�HODVWLF�GHVLJQ�� WKH�3&,�'HVLJQ�+DQGERRN��������VXJJHVWHG�D�

SHUIRUPDQFH�EDVHG�GHVLJQ�ZLWK�WZR�SHUIRUPDQFH�FULWHULD������WKH�DFKLHYHPHQW�RI�WKH�GLDSKUDJP¶V�HODVWLF�
OLPLW� DW� OLIH�VDIHW\� DQG� ���� WKH� H[KDXVWLRQ�RI� WKH�GLDSKUDJP¶V� DYDLODEOH� GXFWLOLW\� DW� FROODSVH�SUHYHQWLRQ��
7KLV�SURSRVHG�DSSURDFK��LQWURGXFHG�DW�WKH�RXWVHW�RI�WKH�'6'0�SURMHFW��ZDV�GULYHQ�E\�WKH�LGHD�WKDW�QRQ�
GXFWLOH� SUHFDVW� GLDSKUDJPV�ZRXOG� IDLO� LQ� DQ�0&(�HYHQW� �H�J��1RUWKULGJH� HDUWKTXDNH��� HYHQ� LI� GHVLJQHG�
HODVWLFDOO\�LQ�D�'%(�HYHQW��,W�ZDV�UHFRJQL]HG�WKDW�WR�DFKLHYH�WKLV�DSSURDFK�WKH�GLDSKUDJP�GHVLJQ�IRUFHV�
ZRXOG�QHHG�WR�EH�LQFUHDVHG�RYHU�WKH�YDOXHV�FXUUHQWO\�XVHG�LQ�WKH�FRGH��5HVWUHSR��������

'XULQJ� WKH� HDUO\� VWDJHV� RI� WKH� '6'0� SURMHFW�� LW� ZDV� UHFRJQL]HG� WKDW� D� PRUH� YHUVDWLOH� GHVLJQ�
PHWKRG� FRXOG� EH� DFKLHYHG� E\� SURYLGLQJ� WKH� GHVLJQHU� D� VHOHFWLRQ�RI� SHUIRUPDQFH� WDUJHWV�� GULYHQ� E\� WKH�
GHIRUPDWLRQ�FDSDELOLWLHV�RI�WKH�GLDSKUDJP�UHLQIRUFHPHQW��)OHLVFKPDQ�HW�DO�����D���7KLV�DSSURDFK�ZRXOG�
DOORZ�D�GHVLJQHU�WKH�IOH[LELOLW\�WR�XVH�GLDSKUDJP�GHWDLOV�RI�WKHLU�FKRRVLQJ��ZLWK�WKH�XQGHUVWDQGLQJ�WKDW�D�
KLJKHU�GHVLJQ�IRUFH�LV�DVVRFLDWHG�ZLWK�OHVV�GXFWLOH�GHWDLOV��7KLV�LV�DQDORJRXV�WR�WKH�VHLVPLF�IRUFH�UHGXFWLRQ�
³R´�IDFWRUV�XVHG�LQ�WKH�GHVLJQ�RI�WKH�/)56��ZKHUH�KLJKHU�R�IDFWRUV�DUH�MXVWLILHG�IRU�PRUH�GXFWLOH�V\VWHPV���

$Q�HDUO\�FRQFHSWXDO�IUDPHZRUN�IRU�WKLV�DSSURDFK�ZDV�SURSRVHG�E\�0DIIHL��������� LQ�ZKLFK�WKH�
DPSOLILHG�GLDSKUDJP�IRUFH�LV�JLYHQ�E\��
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 ���������������������������������������������������(Eqn. B-1)�

ZKHUH�Fx� LV� WKH�VWRU\�VHLVPLF�IRUFH��wdia� LV� WKH�G\QDPLF�DPSOLILFDWLRQ�RI�GLDSKUDJP��GHSHQGV�RQ�VWRU\���
<vert�LV�WKH�RYHUVWUHQJWK�RI�YHUWLFDO�/)56��DQG�Pdia�LV�WKH�GXFWLOLW\�FDSDFLW\�RI�WKH�GLDSKUDJP�DV�D�ZKROH��
ZKLFK�GHSHQGV�RQ�FRQQHFWLRQV�XVHG��)RU�D�IXOO\�HODVWLF�GLDSKUDJP�GHVLJQ��Pdia = 1.0��
� 7KLV�LV�HVVHQWLDOO\�WKH�DSSURDFK�DGRSWHG�LQ�WKH�'6'0�GHVLJQ�PHWKRGRORJ\��WKRXJK�WKH�HIIHFWV�RI��
wdia�DQG�<vert��DUH�FRPELQHG�LQWR�RQH�IDFWRU��WKH�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRU�<��6HH�Commentary 
Step 3���DQG�WKH�HIIHFW�RI�WKH�WHUP�Pdia�LV�UHDOL]HG�WKURXJK�GLIIHUHQW�HTXDWLRQV�IRU�GLIIHUHQW�GHVLJQ�RSWLRQV�
�(ODVWLF��%DVLF�DQG�5HGXFHG���HDFK�FRUUHVSRQGLQJ�WR�D�GLIIHUHQW�OHYHO�RI�GXFWLOLW\�LQ�WKH�GLDSKUDJP���

,W�VKRXOG�EH�QRWHG�WKDW�D�IRUFH�DPSOLILFDWLRQ�DSSURDFK�GHILQHG�UHODWLYH�WR�WKH�FXUUHQW�FRGH�YDOXH�
PD\�QRW�EH� IXOO\� UDWLRQDO�� VLQFH� WKH� FXUUHQW� FRGH�GLDSKUDJP�GHVLJQ� IRUFH� LV�SURSRUWLRQDO� WR� WKH� VHLVPLF�
IRUFH�UHGXFWLRQ�IDFWRU�5��DQG�WKH�DFWXDO�GLDSKUDJP�LQHUWLDO�IRUFH�LV�GXH�IURP�D�FRPELQDWLRQ�RI�PRGHV��RI�
ZKLFK�RQO\�WKH�IXQGDPHQWDO�PRGH�KDV�WKLV�GLUHFW�UHODWLRQVKLS�WR�WKH�5�IDFWRU��5RGULJXH]�HW�DO���������$�
PRUH�UDWLRQDOO\�EDVHG�PHWKRG�IRU�SUHGLFWLQJ�WKH�GLDSKUDJP�LQHUWLDO�IRUFH��WKH�)LUVW�0RGH�5HGXFHG��)05��
PHWKRG��KDV�EHHQ�SURSRVHG� IRU� WKH� VHLVPLF�FRGH� �5HVWUHSR��������7KH�)05�H[SUHVVLRQV�DUH�DOLJQHG� WR�
UHTXLUHG�HODVWLF�GLDSKUDJP�VWUHQJWK�IRU�WKH�'%(��DQG�WKXV�DUH�HTXLYDOHQW�WR�<'�XVHG�IRU�WKH�%'2��(TQ�����
6WHS�����%HFDXVH�WKHUH�LV�QR�DQDORJ�FXUUHQWO\�LQ�WKH�SURFHGXUH�IRU�<(�IRU�<5� �� WKHVH�PHWKRGV�FDQQRW�EH�
GLUHFWO\�LQWURGXFHG�LQWR�WKH�GHVLJQ�PHWKRGRORJ\�DW�WKLV�WLPH��+RZHYHU��WKH�)05�PHWKRG�FRXOG�HDVLO\�EH�
DGRSWHG�LQWR�WKH�GHVLJQ�PHWKRGRORJ\�WKURXJK�DQ�DSSURDFK�VLPLODU�WR�WKDW�SURSRVHG�E\�0DIIHL���������LQ�
ZKLFK�WKH�)05�PHWKRG�FRQWUROV�WKH�WHUPV�wdia�DQG�<vert��DQG�GLIIHUHQW�Pdia�YDOXHV�DUH�SURYLGHG�IRU�HDFK�
GHVLJQ�RSWLRQ��(ODVWLF��%DVLF�DQG�5HGXFHG���7KLV�VWHS�ZRXOG�UHTXLUH�DOLJQLQJ�WKH�GLDSKUDJP�SHUIRUPDQFH�
WDUJHWV� ZLWK� WKH� GHVLJQ� IRUFH� YDOXHV� IURP� WKH� )05�PHWKRG�� $� GHVFULSWLRQ� RI� WKH� )05�PHWKRG� DQG� D�
FRPSDULVRQ�RI�)05�YDOXHV�ZLWK�WKH�'6'0�IRUFH�DPSOLILFDWLRQ�IDFWRUV�<'�<(�<5�LV�IRXQG�LQ�Section 5.4��

$W�DERXW� WKH�PLGSRLQW�RI� WKH�SURMHFW�� WKH�FRQVHQVXV�RI� WKH�'6'0�UHVHDUFK� WHDP�RQ� WKH�QHHGHG�
GHVLJQ�DSSURDFK�ZDV�GHWDLOHG� LQ�D�ZKLWH�SDSHU� WKDW�HYHQWXDOO\�ZDV�SXEOLVKHG� LQ�3DUW� ,,,�RI� WKH�1(+53�
5HFRPPHQGHG� 6HLVPLF� 3URYLVLRQV� �%66&� ������� $FFRUGLQJ� WR� WKLV� GRFXPHQW�� WKH� IROORZLQJ� DUH�
QHFHVVDU\�IHDWXUHV�RI�D�YLDEOH�GLDSKUDJP�GHVLJQ�PHWKRGRORJ\��

��� $FFXUDWH�GLDSKUDJP�GHVLJQ�IRUFH�PDJQLWXGHV�DQG�DSSURSULDWH�GHVLJQ�IRUFH�SDWWHUQV��
��� $Q� DFFXUDWH� \HW� VLPSOH�PHWKRG� IRU� GHWHUPLQLQJ� GLDSKUDJP� LQWHUQDO� IRUFHV� LQFOXGLQJ� WKH� OLNHO\�

IRUFH� FRPELQDWLRQV� RQ� LQGLYLGXDO� UHLQIRUFHPHQW� RU� UHLQIRUFHPHQW� JURXSV�� DQG� UHFRJQLWLRQ� RI�
DOWHUQDWH�ORDG�SDWKV��7KH�IROORZLQJ�DVSHFWV�VKRXOG�EH�UHIOHFWHG�LQ�WKLV�PHWKRG��
���� 3UHFDVW�GLDSKUDJP�UHLQIRUFHPHQW�GHVLJQHG�IRU�IRUFH�FRPELQDWLRQV�ZKHQ�DSSURSULDWH��
���� 0RUH�UDWLRQDO�ORDG�SDWKV�XVHG�WR�GLVWULEXWH�IRUFHV�WR�WKH�SULPDU\�/)56�HOHPHQWV��
���� $OWHUQDWH�ORDG�SDWKV�WKURXJK�VHFRQGDU\�HOHPHQWV�VKRXOG�EH�DFFRXQWHG�IRU�RU�PLWLJDWHG��

LQFOXGLQJ�SUHFOXVLRQ�RI�QRQ�GXFWLOH�IDLOXUH�PRGHV�LQ�VHFRQGDU\�HOHPHQWV��
��� 'HWDLOLQJ�SURYLVLRQV�LQFOXGLQJ��

���� &DSDFLW\�GHVLJQ�IDFWRUV�WR�SURWHFW�QRQ�GXFWLOH�GLDSKUDJP�UHLQIRUFLQJ�HOHPHQWV��
���� (VWLPDWH�RI�WKH�H[SHFWHG�LQHODVWLF�GHIRUPDWLRQ�GHPDQGV�IRU�WKH�UHPDLQLQJ�GLDSKUDJP�GHWDLOV�

IRU�D�JLYHQ�VHW�RI�GHVLJQ�SDUDPHWHUV��DQG�
���� 'HPRQVWUDWLRQ�RI�UHOLDEOH�GHIRUPDWLRQ�FDSDFLW\�IRU�WKH�GLDSKUDJP�GHWDLOV�LQ�TXHVWLRQ��

��� $�GLDSKUDJP�HODVWLF�VWLIIQHVV�FDOFXODWLRQ�SURFHGXUH�WKDW�FDQ�EH�XVHG�WR�SURSHUO\�HVWLPDWH�VHLVPLF�
GHVLJQ�IRUFHV�DQG�FKHFN�GULIW�OLPLWV��

,Q�HVVHQFH��WKH�'6'0�3URMHFW�SHUIRUPHG�WKH�H[SHULPHQWDO�DQG�DQDO\WLFDO�UHVHDUFK�WR�SXW�QXPEHUV�
WR�WKH�FRQFHSWV�OLVWHG�DERYH��7KHVH�DFWLYLWLHV�DUH�GHVFULEHG�LQ�Background Appendices�A and B���

�
'HVLJQ�&RQFHSW�0RGLILFDWLRQV�SRVW�1(+53�3DUW�,,,��

&HUWDLQ� PRGLILFDWLRQV� RU� IXUWKHU� HQKDQFHPHQWV� ZHUH� PDGH� WR� WKH� DSSURDFK� GHVFULEHG� LQ� WKH�
1(+53�ZKLWH�SDSHU�EDVHG�RQ�WKH�UHVXOWV�RI�WKH�UHVHDUFK��3ULQFLSDO�DPRQJ�WKHVH�ZHUH���
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����,QWURGXFWLRQ�RI�'LDSKUDJP�6HLVPLF�'HPDQG�/HYHOV��,Q�WKH�HDUOLHU�FRQFHSWXDO�GHVFULSWLRQV��WKH�
LGHD� RI� ('2�� %'2� DQG�5'2� GHVLJQV� XVLQJ� /'(�0'(� DQG�+'(� UHLQIRUFHPHQW�ZHUH� LQWURGXFHG�� EXW�
WKHUH� ZDV� QR� FOHDU� JXLGDQFH� RQ� ZKHQ� WKHVH� GHVLJQV� FRXOG� RU� VKRXOG� EH� XVHG�� )RU� WKLV� UHDVRQ� WKH�
'LDSKUDJP�6HLVPLF�'HPDQG�/HYHOV�ZHUH� LQWURGXFHG�ZKLFK� VHW� ERXQGDULHV� IRU� WKH� XVH� RI� WKHVH� GHVLJQ�
RSWLRQV�EDVHG�RQ�6'&����RI�VWRULHV��GLDSKUDJP�OHQJWK�DQG�DVSHFW�UDWLR��

���� ,QWURGXFWLRQ�RI�D�'LDSKUDJP�)RUFH�9HUWLFDO�'LVWULEXWLRQ�)DFWRU� �D[���$�FRQVWDQW�GLDSKUDJP�
IRUFH� YHUWLFDO� GLVWULEXWLRQV� SURSRVHG� LQ� HDUOLHU�ZRUN� �)OHLVFKPDQ� HW� DO�� ������ �)OHLVFKPDQ� DQG� )DUURZ�
�������7KH�HDUOLHU�UHVHDUFK�RQ�ZKLFK�WKLV�UHFRPPHQGDWLRQ�ZDV�EDVHG�LQYROYHG�DQDO\WLFDO�PRGHOV�WKDW�GLG�
QRW�LQFOXGH�WKH�FRQWULEXWLRQ�WR�ODWHUDO�UHVLVWDQFH�RI�WKH�JUDYLW\�V\VWHP�FROXPQV��7KLV�FRQWULEXWLRQ��ZKLFK�
ZDV�LQFOXGHG�LQ�WKH�'6'0�UHVHDUFK��WXUQHG�RXW�WR�KDYH�D�QRQ�QHJOLJLEOH�HIIHFW�RQ�WKH�UHVSRQVH�RI�IOH[LEOH�
GLDSKUDJPV��$�FRQVWDQW�GLDSKUDJP�IRUFH�YHUWLFDO�GLVWULEXWLRQ�FDQ�VWLOO�EH�XVHG��EXW�LQ�PDQ\�FDVHV�LW�ZLOO�EH�
RYHUO\� FRQVHUYDWLYH� RQ� PDQ\� IORRUV�� 7KXV�� WKH� D[� IDFWRU� ZDV� LQWURGXFHG� WR� FUHDWH� PRUH� HFRQRPLFDO�
GHVLJQV���

����'LDSKUDJP�SURSHUWLHV�EDVHG�RQ�VLQJOH�ORDG�FRPSRQHQW�WHVWLQJ��7KH�GLDSKUDJP�UHLQIRUFHPHQW�
FKDUDFWHULVWLFV� DUH� REWDLQHG� EDVHG� RQ� VLPSOH� WHVWV� RI� WKH� GLDSKUDJP� FRQQHFWRUV� XQGHU� VLQJOH� ORDG�
FRPSRQHQWV� �H�J�� F\FOLF� VKHDU� DQG� F\FOLF� WHQVLRQ��� DQG� WKHVH� YDOXHV� DUH� LQWURGXFHG� LQWR� WKH� LQWHUDFWLRQ�
IRUPXOD� WR� DFFRXQW� IRU� WKH� FRPELQHG� HIIHFWV� RI� WKHLU� VLPXOWDQHRXV� DFWLRQV�� 7KH� XVH� RI� DQ� LQWHUDFWLRQ�
HTXDWLRQ� DFFRXQWV� IRU� FRPELQHG� IRUFHV� RQ� WKH� GLDSKUDJP� UHLQIRUFHPHQW� UDWKHU� WKDQ� UHO\LQJ� RQ� WHVWLQJ�
SURWRFROV�LQYROYLQJ�FRPELQHG�D[LDO�DQG�VKHDU�ORDGLQJ�LQ�WKH�GLDSKUDJP�UHLQIRUFHPHQW�TXDOLILFDWLRQ���

7KLV�GHFLVLRQ�ZDV�PDGH�EDVHG�RQ�WKH�FKDOOHQJHV�IDFHG�LQ�DWWHPSWLQJ�WR�FUHDWH�FRQVLVWHQW�WHVWLQJ�
SURWRFROV�GXULQJ�WKH�'6'0�SURMHFW�WR�HYDOXDWH�GLDSKUDJP�UHLQIRUFHPHQW�FKDUDFWHULVWLFV��7KHUH�DUH�PDQ\�
GLIIHUHQW�SDUDPHWHUV� WKDW� FDQ�EH�FRQWUROOHG� �VKHDU�WR�D[LDO� IRUFH� UDWLR�� VKHDU�WR�D[LDO�GLVSODFHPHQW� UDWLR��
SURSRUWLRQDO�YV��FRQVWDQW�DPSOLWXGH�ORDGLQJ�WUDMHFWRULHV��DQG�LW�ZDV�GLIILFXOW�WR�ILQG�FRQVLVWHQW�WHVW�UHVXOWV�
DPRQJ�WKHVH�SURWRFROV�WKDW�SURYLGHG�WKH�QHHGHG�LQIRUPDWLRQ��)XUWKHU��LW�WDNHV�D�VLJQLILFDQW�OHYHO�RI�WHVWLQJ�
H[SHUWLVH� WR� FRQGXFW� WKHVH� WHVWV� SURSHUO\��7KHUHIRUH�� LW�ZDV� FRQVLGHUHG� LPSUDFWLFDO� WR� UHTXLUH� FRPELQHG�
ORDG�WHVWLQJ�DV�SDUW�RI�WKH�TXDOLILFDWLRQ�SURWRFROV��,W�LV�QRWHG�WKDW�WKH�GHVLJQV�ZHUH�YHULILHG�LQ�DQDO\VHV�RI�
SUHFDVW� SURWRW\SH� VWUXFWXUHV� XVLQJ� PRGHOV� WKDW� FDSWXUH� WKH� QRQ�SURSRUWLRQDO� F\FOLF� IRUFH� FRPELQDWLRQV�
DFWLQJ�RQ�WKH�GLDSKUDJP��

����'LDSKUDJP�UHLQIRUFHPHQW�GHVLJQ�EDVHG�RQ�WKH�FROOHFWLYH�VWUHQJWK�DW�HDFK�MRLQW��7KLV�GHFLVLRQ�
ZDV�PDGH�LQ�UHFRJQLWLRQ�RI�WKH�IRUFH�FRPELQDWLRQV��1�9�0��SUHVHQW�DW�PDQ\�GLDSKUDJP�MRLQWV��DQG�GXH�WR�
WKH�GHVLUH�WR�LQFOXGH�WKH�FRQWULEXWLRQ�RI�VKHDU�UHLQIRUFHPHQW�WR�WKH�IOH[XUDO�VWUHQJWK��DV�ZHOO�DV�WKH�QHHG�LQ�
FDVHV� WR� LQFOXGH� WKH�FRQWULEXWLRQ�RI� WKH�FKRUG� UHLQIRUFHPHQW� WR� WKH�VKHDU� VWUHQJWK��7KXV�� WKH� LQWHUDFWLRQ�
IRUPXOD�LV�DSSOLHG�DORQJ�WKH�MRLQW��UDWKHU�WKDQ�RQ�D�FRQQHFWRU�E\�FRQQHFWRU�EDVLV��

����(OLPLQDWLRQ� RI� WKH�:D� IDFWRU��2ULJLQDOO\�� VHSDUDWH� IDFWRUV��:Y� DQG�:D��ZHUH� SODQQHG� IRU� WKH�
GLDSKUDJP� VKHDU� UHLQIRUFHPHQW� DQG� WKH� GLDSKUDJP� DQFKRUDJH� �H�J�� FROOHFWRUV� DQG� GLDSKUDJP�WR�/)56�
FRQQHFWLRQ��UHVSHFWLYHO\��:KHQ�WKH�GHFLVLRQ�ZDV�PDGH�WR�GHVLJQ�WKH�GLDSKUDJP�IRUFH�DW� WKH� MRLQW� OHYHO��
7KXV�� LW�ZDV�GHFLGHG�WKDW� WKHUH�ZDV�QR�UHDVRQ�WR�GLVWLQJXLVK�EHWZHHQ�WKH�GHVLJQ�RI�D�VKHDU�FULWLFDO� MRLQW�
DQG�WKH�GHVLJQ�RI�WKH�GLDSKUDJP�WR�/)56�FRQQHFWLRQ��7KXV��WKH�GLDSKUDJP�VKHDU�RYHUVWUHQJWK�IDFWRU��:��
LV�DSSOLHG�WR�WKH�UHTXLUHG�VKHDU�VWUHQJWK�LQ�WKH�LQWHUDFWLRQ�IRUPXOD��UHJDUGOHVV�RI�ZKHWKHU�D�MRLQW�ZLWKLQ�WKH�
GLDSKUDJP�RU�WKH�FRQQHFWLRQ�WR�WKH�/)56��

�����'LVFRQWLQXLQJ�XVH�RI�WKH�WHUP�³FDSDFLW\�GHVLJQ´��7KH�WHUPLQRORJ\�UHJDUGLQJ�WKH�RYHUVWUHQJWK�
IDFWRU�:�ZDV�PRGLILHG�WR�HOLPLQDWH�WKH�WHUPLQRORJ\�³FDSDFLW\�GHVLJQ�IDFWRU´��VLQFH�EDVHG�RQ�WKH�FRPSOH[�
LQWHUQDO� SDWWHUQV� REVHUYHG� LQ� WKH� DQDO\VHV� �6HH�Background -Appendix�A2��� D� ULJRURXV� FDSDFLW\� GHVLJQ�
FDQQRW�EH�DVVXUHG��

�
)LQDO�'6'0�'HVLJQ�$SSURDFK�

7KH�DSSURDFK�DGRSWHG�LQ�WKH�ILQDO�GHVLJQ�PHWKRGRORJ\�LV�GHVFULEHG�LQ�Section 5.2��7KH�SURFHGXUH�
DSSHDUV�LQ�3$57����ZLWK�DSSURSULDWH�IRUFH�YDOXHV�SURYLGHG�E\�WKH�'6'0�5HVHDUFK��6HH�WKH�Background 
Appendices���7KH�GHVLJQ�DSSURDFK�ZDV�DUULYHG�WKURXJK�LQGXVWU\�FRQVHQVXV�WKURXJK�WKH�'6'0�7*���

�
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����%DFNJURXQG�RQ�'LDSKUDJP�6HLVPLF�%HKDYLRU��
,Q�WKLV�VHFWLRQ��EDFNJURXQG�RQ�WKH�VHLVPLF�EHKDYLRU�RI�SUHFDVW�FRQFUHWH�GLDSKUDJPV�LV�SUHVHQWHG��

LQFOXGLQJ�� ���� 'LDSKUDJP� 6HLVPLF� )RUFHV�� ���� 'LDSKUDJP� ,QWHUQDO� )RUFH� 3DWKV�� ���� 'LDSKUDJP�
'HIRUPDWLRQ�&DSDFLW\��DQG�����'LDSKUDJP�)OH[LELOLW\��

�
'LDSKUDJP�6HLVPLF�)RUFHV�
� $Q� DVSHFW� RI� GLDSKUDJP� EHKDYLRU� QRW� HOXFLGDWHG� LQ� WKH� FRGHV� DQG� WKXV� SRVVLEO\� QRW� FOHDUO\�
XQGHUVWRRG�LV�WKH�UHODWLRQVKLS�RI�WKH�GHVLJQ�IRUFHV�XVHG�LQ�HTXLYDOHQW�ODWHUDO�IRUFH��(/)��SURFHGXUHV�WR�WKH�
LQHUWLDO�IRUFHV�WKDW�PD\�DFWXDOO\�RFFXU�LQ�IORRU�GLDSKUDJPV�GXULQJ�D�VHLVPLF�HYHQW��,W�KDV�EHHQ�WUDGLWLRQDOO\�
FRQVLGHUHG� WKDW� LQHUWLD� IRUFHV� LQ�GLDSKUDJPV�DUH� UHODWHG� WR� WKH�PDJQLWXGH�DQG�GLVWULEXWLRQ�RI� WKH� ODWHUDO�
IRUFHV� IRU� GHVLJQLQJ� WKH� ODWHUDO� IRUFH� UHVLVWLQJ� V\VWHP�� +RZHYHU�� HYLGHQFH� H[LVWV� WR� VKRZ� WKDW� WKLV�
DVVXPSWLRQ�LV�QRW�QHFHVVDULO\�WUXH��DQG�LQVWHDG��WKH�VHLVPLF�GHVLJQ�FRGH�YDOXHV�PD\�LQ�FDVHV�VLJQLILFDQWO\�
XQGHUHVWLPDWH� GLDSKUDJP� LQHUWLDO� IRUFHV�� 6XFK� REVHUYDWLRQV� KDYH� EHHQ� GHGXFHG� IURP� DFFHOHUDWLRQV�
PHDVXUHG� GXULQJ� HDUWKTXDNHV� �+DOO� ������ DQG� LQ� VKDNH� WDEOH� WHVWV� �.DR� ������� )RU� LQVWDQFH�� UHFRUGHG�
PD[LPXP�IORRU� DFFHOHUDWLRQV� IRU����PXOWLVWRU\�EXLOGLQJV�GXULQJ� WKH�1RUWKULGJH�HDUWKTXDNH� UHDFKHG�����
WLPHV�WKH�SHDN�JURXQG�DFFHOHUDWLRQV��+DOO���������

7KH�SULPDU\�FRQWULEXWRU� WR� WKH� ODUJH� LQHUWLDO� IRUFHV� LQ�GLDSKUDJPV� LV�KLJKHU�PRGH�HIIHFWV� LQ� WKH�
EXLOGLQJ�V\VWHP��5RGULJXH]�HW�DO���������7KH�HIIHFW�ZDV�ILUVW�GHVFULEHG�DV�LW�UHODWHV�WR�KLJK�VHLVPLF�VKHDU�
IRUFHV�RFFXUULQJ�LQ�VKHDU�ZDOO��%ODNHOH\�HW�DO���������OHDGLQJ�WR�VHLVPLF�GHVLJQ�UHFRPPHQGDWLRQV�IRU�VKHDU�
ZDOOV��.DEH\DVDZD��������(EHUKDUW�DQG�6R]HQ��������ILUVW�IRUPDOL]HG�WKH�EDVLV�RI�WKH�HIIHFW��DJDLQ�DV�LW�
SHUWDLQV�WR�VHLVPLF�VKHDU�IRUFH�LQ�VKHDU�ZDOOV��E\�KLJKOLJKWLQJ�WKH�VLPLODULW\�RI�WKH�ILUVW�PRGH�ZLWK�WKH�EDVH�
PRPHQW�LQIOXHQFH�YHFWRU��LQFOXGLQJ�LWV�GLUHFW�HTXLYDOHQFH�WR�WKH�PRGH�VKDSH�RI�D�EDVH�KLQJHG�VKHDU�ZDOO��
DQG� XVHG� WKH� FRQFHSW� RI�PRGH� RUWKRJRQDOLW\� WR� HOXFLGDWH� WKH� SRVWXODWLRQ� WKDW� KLJKHU�PRGHV� FRQWULEXWH�
SULPDULO\�WR�WKH�EDVH�VKHDU��DQG�RQO\�WR�WKH�EDVH�VKHDU�IRU�VKHDU�ZDOO�VWUXFWXUHV�XQGHUJRLQJ�D�EDVH�KLQJH���

)OHLVFKPDQ� DQG� )DUURZ� ������� H[WHQGHG� WKLV� FRQFHSW� WR� WKH� GLDSKUDJP� IRUFHV� WKDW� GHYHORS� LQ�
VKHDU� ZDOO� VWUXFWXUHV�� DQG� FRPSDUHG� WKH� IRUFHV� WKDW� GHYHORS� LQ� VWUXFWXUHV� ZLWK� GLIIHUHQW� GLDSKUDJP�
FKDUDFWHULVWLFV��)LJXUH�%��� UHSURGXFHV�D� ILJXUH� IURP� WKH�SDSHU� VKRZLQJ�FHQWHU�RI� IRUFH� VFDWWHU�SORWV� IRU�
WKUHH�VWRU\� VKHDU�ZDOO� VWUXFWXUHV��1RWH� WKDW� D� ORZHU� LQVWDQWDQHRXV� FHQWHU�RI� IRUFH� LPSOLHV� D�KLJKHU�EDVH�
VKHDU�IRU�D�JLYHQ�EDVH�PRPHQW�VWUHQJWK��DQG�KHQFH�WKH�SRWHQWLDO�IRU�D�KLJKHU�GLDSKUDJP�IRUFH�DW�RQH�RU�
PRUH� IORRU� OHYHOV� LQ� WKH� VWUXFWXUH�� 7KH� VFDWWHU� SORWV� VKRZ� WKH� FHQWHU� RI� IRUFH� IRU� DOO� EDVH� VKHDU� YDOXHV�
DERYH�D�FHUWDLQ�WKUHVKROG�IRUFH��)LJXUH�%��D�VKRZV�WKH�(/)�UHSUHVHQWLQJ�WKH�HTXLYDOHQW�ODWHUDO�IRUFH��(/)��
SDWWHUQ� XVHG� WR� GHVLJQ� WKH� /)56�� DQG� H[WHQGV� D� GDVKHG� OLQH� DW� WKH� FHQWURLG� RI� WKLV� IRUFH� SDWWHUQ�� 7KH�
VFDWWHU� SORWV� LQ� )LJXUH� %��� LQFOXGH�� �E�� DQ� HODVWLF� ULJLG� GLDSKUDJP� VWUXFWXUH�� �F�� DQ� HODVWLF� IOH[LEOH�
GLDSKUDJP� VWUXFWXUH�� �G�� DQ� LQHODVWLF� VKHDU� ZDOO� ULJLG� GLDSKUDJP� VWUXFWXUH�� �H�� DQ� LQHODVWLF� VKHDU� ZDOO�
VWUXFWXUH��ZLWK�IOH[LEOH�HODVWLF�GLDSKUDJPV��DQG��I��DQ�LQHODVWLF�VKHDU�ZDOO�VWUXFWXUH��ZLWK�IOH[LEOH�LQHODVWLF�
GLDSKUDJPV��$�KLJK�GLDSKUDJP�IOH[LELOLW\�LV�XVHG�IRU�WKH�DQDO\VHV�RI�)LJV��%��F�H�I��URXJKO\�HTXLYDOHQW�WR�
ZKDW�ZRXOG�RFFXU�LQ�D�SHULPHWHU�ZDOO�SDUNLQJ�VWUXFWXUH��

$V�VHHQ�LQ�)LJ��%��E��WKH�FHQWHU�RI�IRUFH�IRU�D�WKUHH�VWRU\�HODVWLF�VWUXFWXUH�LV�HVVHQWLDOO\�FOXVWHUHG�
DURXQG� WKH� FHQWURLG� LPSOLHG� E\� WKH� (/)� SDWWHUQ�� 7KLV� FDQ� EH� H[SODLQHG� E\� WKH� OHVVHQHG� LPSRUWDQFH� RI�
KLJKHU� PRGHV� LQ� D� WKUHH� VWRU\� VWUXFWXUH� �GXH� WR� OHVV� PDVV� SDUWLFLSDWLRQ� DQG� VLPLODULW\� RI� VSHFWUDO�
DFFHOHUDWLRQ� LQ�KLJKHU�PRGHV� IRU� VKRUW�SHULRG� VWUXFWXUHV���)LJXUH�%��F� VKRZV� WKDW� GLDSKUDJP� IOH[LELOLW\�
ZLOO� WHQG� WR� LQFUHDVH� WKH� IRUFHV� LQ� WKH� VWUXFWXUH�� WKLV� RFFXUV� EHFDXVH� WKH� IOH[LEOH� GLDSKUDJP� SURGXFHV�
KLJKHU�PRGHV�WKDW�FDQ�YLEUDWH�VHPL�LQGHSHQGHQWO\��DQG�ZKRVH�HIIHFWV�DUH�OHVV�GHSHQGHQW�RQ�KHLJKW�IURP�
WKH� EDVH�� +RZHYHU�� FRPSDUH� WKLV� ZLWK� WKH� UHVXOWV� VKRZQ� LQ� )LJV�� %���G�I�� ZKLFK� SHUWDLQ� WR� WKH� PRUH�
H[SHFWHG�FDVH�RI�DQ�LQHODVWLF�VKHDU�ZDOO��,Q�WKLV�FDVH��WKH�KLJKHU�PRGH�HIIHFWV�EHFRPH�PRUH�VLJQLILFDQW�DV�
WKH�HIIHFWLYH�IXQGDPHQWDO�SHULRG�OHQJWKHQV�DQG�WKH�HIIHFWLYH�PRGH�VKDSH�LV�H[DFWO\�DOLJQHG�ZLWK�WKH�EDVH�
PRPHQW� LQIOXHQFH�YHFWRU� �(EHUKDUW�DQG�6R]HQ�������� ,Q� WKLV�FDVH��KLJKO\�GLDSKUDJP�IOH[LELOLW\�DFWXDOO\�
UDLVHV�WKH�FHQWURLG��DV�WKH�IOH[LEOH�GLDSKUDJP�PRGHV�QRZ�XQFRXSOHV�PRUH�RI�WKH�PDVV�IURP�WKH�EHKDYLRU�
H[KLELWHG� LQ� )LJXUH� %��G�� 7KH� FRQFOXVLRQ� GUDZQ� IURP� WKHVH� SORWV� LV� WKDW� WKH� SULPDU\� GULYHU� RI� KLJK�
GLDSKUDJP�IRUFH�LV�WKH�G\QDPLFV�RI�WKH�/)56��DV�PRGLILHG�E\�GLDSKUDJP�IOH[LELOLW\����
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�
)LJXUH�%����&HQWHU�RI�)RUFH�IRU�GLIIHUHQW�GLDSKUDJP�FRQGLWLRQV��)OHLVFKPDQ�DQG�)DUURZ���������
�
,Q�IROORZ�XS�ZRUN��)OHLVFKPDQ�HW�DO� �������VKRZHG�WKDW�PRGHUDWH� WR�KLJK�GLDSKUDJP�IOH[LELOLW\�

FDQ� DGG�GHIRUPDWLRQ� WR� H[LVWLQJ�PRGH� VKDSHV�� WKHUHE\� DPSOLI\LQJ� LQHUWLDO� IRUFHV��ZKLOH� H[WUHPHO\�KLJK�
GLDSKUDJP� IOH[LELOLW\� �IRU� LQVWDQFH� WKDW� VKRZQ� LQ�)LJ��%���� WHQGV� WR� LVRODWH� WKH�GLDSKUDJP� LQWR� LWV� RZQ�
PRGHV�� WKHUHE\� UHGXFLQJ� LQHUWLDO� IRUFHV�� 7KLV� UHVHDUFK� DOVR� H[DPLQHG� PRPHQW� IUDPH� VWUXFWXUHV� DQG�
GHWHUPLQHG�WKDW�WKH�HIIHFW�ZDV�QRW�DV�SURQRXQFHG�IRU�WKLV�/)56���

$Q� LPSRUWDQW� FRQFHSW� LQYROYHG� LQ� WKH� KLJKHU�PRGH� HIIHFW� LV� WKDW� WKH� UHVSRQVH� LV� GULYHQ� E\� WKH�
G\QDPLF� FKDUDFWHULVWLFV� RI� WKH� yielded� �/)56�� VWUXFWXUH� �H�J�� FRPSDUH� )LJV�� %��E� DQG� G��� 7KXV�� LW� LV�
LPSRUWDQW� WR�XQGHUVWDQG� WKDW� HODVWLF� FRQFHSWV� �H�J��PRGDO� VXSHUSRVLWLRQ�PD\�QRW� SURSHUO\� FDSWXUH� WKHVH�
EHKDYLRUV��&RQVLGHU�)LJXUH�%��D��ZKLFK�VKRZV�IORRU�DFFHOHUDWLRQV�IRU�VKHDU�ZDOO�VWUXFWXUHV��WKH�DYHUDJH�RI�
PD[LPXPV�IURP�DQDO\VHV�RI�WHQ�6'&�'�0&(�HYHQWV��RI�GLIIHUHQW�VWRULHV�DQG�5�IDFWRUV��7KH�SORW�FOHDUO\�
VKRZV� D� UHGXFWLRQ� LQ� PD[LPXP� DFFHOHUDWLRQ� DV� 5� LV� LQFUHDVHG�� DV� PD\� EH� H[SHFWHG�� +RZHYHU�� ZKHQ�
VFDOLQJ�WKHVH�UHVXOWV�ZLWK�WKH�LQHODVWLF�UHVSRQVH�VSHFWUXP��L�H���WKH�VWUXFWXUH�GHVLJQ�IRUFH�WKDW�LQFOXGHV�WKH�
5�IDFWRU��DV�LV�GRQH�LQ�)LJXUH�%��E��LW�LV�FOHDU�WKDW�WKH�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�JURZV�ZLWK�LQFUHDVHG�
LQHODVWLF� DFWLRQ� RI� WKH� VKHDU� ZDOO�� )LJXUH� %��F� VKRZV� WKDW� WKLV� EHKDYLRU� DOVR� RFFXUV� LQ�PRPHQW� IUDPH�
VWUXFWXUHV��WKRXJK�WKH�DPSOLILFDWLRQ�LV�OHVV������
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)LJXUH�%����'LDSKUDJP�)RUFH�YV��5�IDFWRU��=KDQJ���������D��$FFHOHUDWLRQ�6:��$PSOLILFDWLRQ�IRU���E��6:���F��0)��

�
,Q� SDUDOOHO� ZRUN� GHPRQVWUDWLQJ� WKDW� WKH� GHVLJQ� FRGH� (/)� YDOXHV� PD\� LQ� FDVHV� VLJQLILFDQWO\�

XQGHUHVWLPDWH�IORRU�LQHUWLDO�IRUFHV��5RGULJXH]�HW�DO��������ZHUH�WKH�ILUVW�WR�FOHDUO\�UHODWH�WKH�KLJKHU�PRGH�
HIIHFWV�WR�IORRU�GLDSKUDJP�LQHUWLDO�IRUFH��$�NH\�FRQFHSWXDO�DGYDQFH�IRU�GLDSKUDJP�GHVLJQ�SURYLGHG�LQ�WKLV�
ZRUN�ZDV�WKH�UHFRJQLWLRQ�WKDW�WKH�VHLVPLF�IRUFH�UHGXFWLRQ��R��IDFWRU�LV�EDVHG�RQ�ILUVW�PRGH�UHVSRQVH�DQG�
GRHV�QRW�WKHUHIRUH�DSSO\�WR�WKH�KLJKHU�PRGHV�WKDW�GULYH�PD[LPXP�IORRU�LQHUWLDO�IRUFHV������
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7R� UDWLRQDOL]H� WKHLU� UHVHDUFK� ILQGLQJV��5RGULJXH]� HW� DO� ������� SURSRVHG� WKH�)LUVW�PRGH� UHGXFHG�
PHWKRG� �)05�� IRU� HYDOXDWLQJ� LQHUWLD� IRUFHV� IRU� WKH� GHVLJQ�RI� GLDSKUDJPV�� ,Q� WKLV�PHWKRG�� WKH� DEVROXWH�
DFFHOHUDWLRQ� RI� WKH� XSSHUPRVW� IORRU�An� LV� REWDLQHG� IURP� D� PRGDO� FRPELQDWLRQ� UXOH� LQ� ZKLFK� RQO\� WKH�
VSHFWUDO� DFFHOHUDWLRQ� FRUUHVSRQGLQJ� WR� WKH� ILUVW� PRGH� RI� YLEUDWLRQ� Sa1� LV� UHGXFHG� E\� WKH�R� IDFWRU�� 7KH�
IROORZLQJ�HTXDWLRQ�ZDV�SURSRVHG�IRU�HVWLPDWLQJ�An���
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� II � � � �Eqn. B-2��

LQ�ZKLFK�*q� LV� WKH� SDUWLFLSDWLRQ� IDFWRU� RI�PRGH�q��In
q� LV� WKH� DPSOLWXGH� RI�PRGH�q� DW� OHYHO�n��Saq� LV� WKH�

VSHFWUDO� DFFHOHUDWLRQ� FRUUHVSRQGLQJ� WR� WUDQVODWLRQDO�PRGH�q�� 7KH�R� IDFWRU�� JLYHQ� E\� WKH� FRHIILFLHQW�R���
DFFRXQWV� IRU� WKH�HIIHFW�RI�GXFWLOLW\� LQ� WKH� ILUVW�PRGH�RI� UHVSRQVH��R�� LV�DOVR�PRGLILHG� WR�DFFRXQW� IRU� WKH�
RYHUVWUHQJWK�RI�WKH�/)56���
� )RU� URXWLQH� GHVLJQ� SUDFWLFH�� 5RGULJXH]� HW� DO� ������� SURYLGHG� D� VLPSOLILHG� YHUVLRQ� RI� WKH� )05�
H[SUHVVLRQ� IRU� HVWLPDWLQJ� An� E\� UHPRYLQJ� WKH� QHHG� WR� SHUIRUP� D� PRGDO� UHVSRQVH� VSHFWUXP� DQDO\VLV�
WKURXJK� WKH� XVH� RI� DQ� XSSHU� ERXQG� �(TQ��%��D�� DQG� D� ORZHU� ERXQG� �(TQ��%��E�� DSSUR[LPDWLRQ� IRU� WKH�
PRGDO�UHVSRQVH�WHUPV��
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 K � � �Eqn. B-3b��

LQ�ZKLFK�K1�LV�D� ILUVW�PRGH�FRQWULEXWLRQ�FRHIILFLHQW�FRQVHUYDWLYHO\� WDNHQ�DV�����IRU�VLQJOH�VWRU\��DQG�����
�XSSHU� ERXQG�� DQG� ���� �ORZHU� ERXQG�� IRU� PXOWL�VWRU\� EXLOGLQJV�� CK�7����� LV� WKH� ��� GDPSHG� VSHFWUDO�
DFFHOHUDWLRQ�QRUPDOL]HG�E\�WKH�DFFHOHUDWLRQ�RI�JUDYLW\�DW�WKH�EXLOGLQJ¶V�IXQGDPHQWDO�SHULRG��7���Cho�LV�WKH�
SHDN� JURXQG� DFFHOHUDWLRQ� QRUPDOL]HG� E\� WKH� DFFHOHUDWLRQ� RI� JUDYLW\�� )XUWKHU� H[SHULPHQWDO� UHVHDUFK�
�5RGULJXH]� HW� DO� ������ DQG� DQDO\WLFDO� VWXGLHV� �6FKRHWWOHU� ������ VKRZHG� WKDW� WKH� HVWLPDWHG� GLDSKUDJP�
DFFHOHUDWLRQ� XVLQJ� WKH� VLPSOLILHG� )05� XSSHU� ERXQG� HTXDWLRQ� �Eqn. B-3a�� FRQVHUYDWLYHO\� SUHGLFWV� WKH�
HDUWKTXDNH�DFFHOHUDWLRQ�GHPDQGV�LQ�'%(�OHYHO�DW�HDFK�IORRU�GLDSKUDJP��
� /DWHU��E\�LQWURGXFLQJ�WKH�FXUUHQW�FRGH�VHLVPLF�GHVLJQ�SDUDPHWHUV�LQWR�WKH�VLPSOLILHG�)05�XSSHU�
ERXQG� HTXDWLRQ�� 5HVWUHSR� DQG� 5RGULJXH]� ������� SURSRVHG� D� QHZ� HTXDWLRQ� WR� UHSODFH� WKH� FXUUHQW�
GLDSKUDJP�VHLVPLF�GHVLJQ�IRUFH�LQ�FXUUHQW�FRGH��$6&(����������7KH�URRI�GLDSKUDJP�GHVLJQ�IRUFH��)SQ��LV�
GHWHUPLQHG�XVLQJ�IROORZ�HTXDWLRQ��

> @ ��
� ���OQ����� DSsopnpn ISnCwF �: K � � � �Eqn. B-4��

LQ�ZKLFK�wpn� LV� WKH�ZHLJKW� WULEXWDU\� WR� WKH� GLDSKUDJP� DW� OHYHO�n��K1� LV� ���� IRU� VLQJOH�VWRU\� DQG� ���� IRU�
PXOWLSOH�VWRU\�EXLOGLQJV��:o LV�WKH�V\VWHP�RYHUVWUHQJWK�IDFWRU��Cs�LV�WKH�VHLVPLF�UHVSRQVH�FRHIILFLHQW��SDS�LV�
GHVLJQ�VSHFWUDO�UHVSRQVH�DFFHOHUDWLRQ�SDUDPHWHU�DW�VKRUW�SHULRGV�DQG�I�LV�WKH�LPSRUWDQW�IDFWRU�DV�VSHFLILHG�
LQ�FXUUHQW�FRGH��$6&(����������)RU�RWKHU�IORRUV��WKH�GLDSKUDJP�GHVLJQ�IRUFH�LV�FDOFXODWHG�XVLQJ��

ISwF DSipipi < ��� � � � � � �Eqn. B-5��

ZKHUH�<i�LV�WKH�GLDSKUDJP�GHVLJQ�IRUFH�PDJQLILFDWLRQ�IDFWRU�GHILQHG�DV��
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1RWH� WKDW� WKH� GLDSKUDJP� GHVLJQ� IRUFH� PDJQLILFDWLRQ� IDFWRU�<L� LQ� WKH� 5HVWUHSR� DQG� 5RGULJXH]�
������� $6&(��� FRGH� FKDQJH� SURSRVDO� LV� HTXLYDOHQW� LQ� FRQFHSW� ZLWK� WKH� GLDSKUDJP� YHUWLFDO� IRUFH�
GLVWULEXWLRQ� IDFWRU��Dx� LQ� WKLV� GHVLJQ� PHWKRGRORJ\� �DQG� VKRXOG� WKHUHIRUH� QRW� EH� FRQIXVHG� ZLWK� WKH�<�
IDFWRUV�XVHG�DV�GLDSKUDJP�DPSOLILFDWLRQ�IDFWRUV�LQ�3$57�����7KH�QHHG�IRU�YHUWLFDO�GLVWULEXWLRQ�IDFWRUV�IRU�
GLDSKUDJP� IRUFH� KDV� EHHQ� UHFRJQL]HG� LQ� PRUH� UHFHQW� UHVHDUFK� �=KDQJ� ������ �6FKRHWWOHU� ������
LQFRUSRUDWLQJ�WKH�JUDYLW\�V\VWHP�FROXPQV�LQ�WKH�DQDO\WLFDO�PRGHOV��ZKLFK�KDV�SURGXFHG�GLIIHUHQW�YHUWLFDO�
IRUFH�GLVWULEXWLRQV��

0RVW� UHFHQWO\�� 6FKRHWWOHU� ������� SURSRVHG� D� GLDSKUDJP� DFFHOHUDWLRQ� GHVLJQ� HTXDWLRQ�PRGLILHG�
IURP�WKH�VLPSOLILHG�XSSHU�ERXQG�HTXDWLRQ��Eqn. B-3a��IURP�5RGULJXH]�HW�DO���������
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ZKHUH� 5� LV� WKH� UHVSRQVH� PRGLILFDWLRQ� IDFWRU� LQ� FXUUHQW� FRGH� �$6&(� �� ������� K1�  � �� IRU� RQH� VWRU\�
VWUXFWXUHV� DQG� ���� IRU� PXOWL�VWRU\� VWUXFWXUHV�� DQG� � �������PLQ � nkK �� O� LV� DQ� RYHUVWUHQJWK� IDFWRU�
UHFRPPHQGHG� DV� ������ ,W� LV� QRWHG� WKDW� WKH� HIIHFW� RI� GLDSKUDJP� JHRPHWU\�� H�J�� IORRU� VSDQ� DV� LW� LPSDFWV�
GLDSKUDJP� IOH[LELOLW\��RQ�GLDSKUDJP� IRUFH�ZDV� H[DPLQHG� LQ� WKH� UHVHDUFK�� DQG� LWV� HIIHFW�ZDV� FRQVLGHUHG�
VHFRQGDU\�WR�WKH�KLJKHU�PRGH�HIIHFWV�LQ�WKH�VWUXFWXUH��6FKRHWWOHU���������

,W� LV� QRWHG� WKDW� UHFHQWO\� WKH� KLJKHU� PRGH� SKHQRPHQRQ� ZDV� VHHQ� LQ� SUHFDVW� FDQWLOHYHU� FROXPQ�
VWUXFWXUHV��OHDGLQJ�WR�VLPLODU�GHVLJQ�H[SUHVVLRQV�DV�WKH�)05��6$)(&$67���������
�
&RPSDULVRQ�RI�)05�PHWKRG�ZLWK�'6'0�<�)DFWRUV�

,W� ZLOO� EH� LQVWUXFWLYH� WR� FRPSDUH� WKH� GLDSKUDJP� IRUFHV� SURGXFHG� E\� WKH� )05� PHWKRG� WR� WKH�
GLDSKUDJP�DPSOLILFDWLRQ� IDFWRUV� LQ� WKH�'6'0�GHVLJQ�SURFHGXUH� �3$57����Eqns. 3-5���7KH�PRVW� UHFHQW�
)05�H[SUHVVLRQV��Eqns. B-3a, B-3b, and B-6��DUH�VHOHFWHG�IRU�WKLV�SXUSRVH��7KH�FRPSDULVRQ�LV�SHUIRUPHG�
DFURVV�D�QXPEHU�RI�VLWHV�ZLWK�VHLVPLF�GHVLJQ�SDUDPHWHUV�VKRZQ�LQ�7DEOH�%����

7DEOH��%����6HLVPLF�GHVLJQ�SDUDPHWHUV�
&RPSDUH�FDVHV� 6'&� 6LWH� 6LWH�FODVV 6'6 6�� 5 :R�

�� (� %HUNHOH\��%(�� &� ����� ����� � ���
�� '� 6HDWWOH��6(�� &� ����� ����� � ���
�� '� &KDUOHVWRQ��&+� )� ����� ����� � ���
�� &� .QR[YLOOH��.1�� &� ����� ����� � ���

� �
� 7KH�YDOXH�ZLOO�EH�FRPSDUHG�EDVHG�RQ�WKH�GLDSKUDJP�GHVLJQ�DFFHOHUDWLRQV�DW�WRS�IORRU��7KLV�YDOXH�
LV�GLUHFWO\�REWDLQHG�WKURXJK�WKH�)05�DSSURDFK��KRZHYHU�WKH�GHVLJQ�PHWKRGRORJ\�IRUFH�HTXDWLRQ��3$57����
Eqn. 9��PXVW�EH�FRQYHUWHG�WR�GLDSKUDJP�DFFHOHUDWLRQ�E\�QRUPDOL]LQJ�WKH�GHVLJQ�IRUFH�ZLWK�IORRU�PDVV�DW�
WRS�IORRU��$Q <)'Q�ZQ��WR�SURGXFH�HTXLYDOHQW�YDOXHV�WR�FRPSDUH�WKH�WZR�PHWKRGV��7KH�'6'0�GLDSKUDJP�
IRUFH� DPSOLILFDWLRQ� H[SUHVVLRQV� �3$57� ���Eqns. 3-5�� DUH� DOVR� D� IXQFWLRQ� GLDSKUDJP� OHQJWK� DQG� VSDQ��
XQOLNH�WKH�)05�H[SUHVVLRQV��ZKLFK�DUH�EDVHG�RQO\�RI�QXPEHU�RI�VWRULHV��7KHUHIRUH��WKH�'6'0�GLDSKUDJP�
IRUFH�YDOXHV�ZLOO�EH�SUHVHQWHG�RYHU�D�UDQJH�RI�GLDSKUDJP�JHRPHWULHV��

7KH� QRUPDOL]HG� GLDSKUDJP� IRUFH� FRPSDULVRQV� EHWZHHQ� WKH� )05� DQG� WKH�'6'0�DUH� VKRZQ� LQ�
)LJXUH�%�����7KH�YDOXHV�DUH�SORWWHG�YHUVXV�QXPEHU�RI�VWRULHV��7KH�UDQJH�RI�)05�H[SUHVVLRQV�DUH�VKRZQ�
DV�D�JUD\�VKDGHG�DUHD��ZLWK�WKH�EOXH�ERXQGDU\�OLQHV�UHSUHVHQWLQJ�WKH�XSSHU�ERXQG��Eqn. B-4 or B-3a��DQG�
ORZHU�ERXQG�HTXDWLRQV��Eqn. B-3b���7KH�EODFN�OLQH�UXQQLQJ�LQVLGH�WKH�JUD\�VKDGHG�UHJLRQ�UHSUHVHQWV�WKH�
PRGLILHG�)05�HTXDWLRQ�SURSRVHG�E\�6FKRHWWOHU��Eqn. B-6����

7KH� YHUWLFDOO\� KDVKHG� UHJLRQV� UHSUHVHQW� WKH� UDQJH� RI� YDOXHV� IRU� WKH� '6'0� 'LDSKUDJP� )RUFH�
$PSOLILFDWLRQ�)DFWRU�(TXDWLRQV��WKH�XSSHU�KDVKHG�UHJLRQ��LQ�SXUSOH��IRU�<(��WKH�PLGGOH�KDVKHG�UHJLRQ��LQ�
JUHHQ�� IRU�<'�� DQG� WKH� ORZHU� KDVKHG� UHJLRQ� �LQ� OLJKW� EOXH�� IRU�<5�� 7KH� XSSHU� H[WHQW� RI� HDFK� UDQJH�
UHSUHVHQWV� WKH�KLJKHU�GLDSKUDJP�IRUFHV�SURGXFHG�E\�ORQJHU�GLDSKUDJP�JHRPHWULHV��VSDQ ���IW��$5 ��
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IRU�('2� DQG�%'2�� VSDQ ���IW��$5 ���� IRU�5'2��� WKH� ORZHU� H[WHQW� UHSUHVHQWV� WKH� VKRUWHU� GLDSKUDJP�
JHRPHWULHV��VSDQ ��IW��$5 ����IRU�DOO�GHVLJQ�RSWLRQV���1RWH�WKDW�WKH�RQO\�GLUHFW�FRPSDULVRQ�FDQ�EH�PDGH�
EHWZHHQ� WKH�)05�DQG� WKH�%'2��L�H��<'� IURP�3$57����Eqn. 4��� VLQFH� LW� DOLJQV�SHUIRUPDQFH� WDUJHWV�RI�
HODVWLF�GLDSKUDJP�EHKDYLRU�LQ�WKH�'%(��

$V�VHHQ�LQ�)LJ��%����WKH�)05�ORZHU�ERXQG�HTXDWLRQ�RQ�DYHUDJH�ZLOO�SURGXFH�VLPLODU�GLDSKUDJP�
GHVLJQ� IRUFH� DV� WKH� '6'0� HTXDWLRQV� IRU� WKH� %'2� GHVLJQ� YDOXHV�� LQGLFDWLQJ� UHDVRQDEOH� FRUUHODWLRQ�
EHWZHHQ� WKH�PHWKRGV�� 7KH� )05� XSSHU� ERXQG� HTXDWLRQ�ZLOO� WHQG� WR� SURGXFH� KLJKHU� GLDSKUDJP� GHVLJQ�
IRUFHV� WKDQ� WKH� '6'0� HTXDWLRQV�� HYHQ� IRU� PRVW� ('2� GHVLJQ�� DQG� WKXV� RQ� WKH� EDVLV� RI� WKH� H[WHQVLYH�
'6'0� DQDO\WLFDO� UHVHDUFK� �6HH�Background Appendices�A1, A2���PD\� EH� WRR� FRQVHUYDWLYH�� 7KH� )05�
ORZHU�ERXQG�HTXDWLRQ�LV�LQ�PDQ\�GHVLJQ�UHJLPHV�VLPLODU�WR�WKH�'6'0�HTXDWLRQV��DQG�WKXV�FRXOG�VHUYH�DV�
D�YLDEOH�JHQHULF�FRQVWUXFWLRQ�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRU��H�J��IRU�$6&(����WR�XVH�LQ�FRQMXQFWLRQ�
ZLWK�WKH�GLDSKUDJP�GHVLJQ�PHWKRGRORJ\��
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)LJXUH�%����'LDSKUDJP�GHVLJQ�DFFHOHUDWLRQ�FRPSDULVRQV�EHWZHHQ�'6'0�DQG�)05�H[SUHVVLRQV��
�
$� VLPLODU� FRPSDULVRQ� FDQ� EH�PDGH� EHWZHHQ� WKH�'6'0� IRUFH� GLVWULEXWLRQ� IDFWRU��Dx� �3$57����

Eqn. 2�� DQG� WKH� )05� GLDSKUDJP� GHVLJQ� IRUFH�PDJQLILFDWLRQ� IDFWRU�<L� LQ� WKH� 5HVWUHSR� DQG� 5RGULJXH]�
������� $6&(��� FRGH� FKDQJH� SURSRVDO�� )LJXUH� %��� VKRZV� WKLV� FRPSDULVRQ� IRU� WKUHH� GLIIHUHQW� KHLJKW�
VWUXFWXUHV��$V�VHHQ�� WKH�'6'0�Dx� IDFWRU�DWWHPSWV� WR�SURYLGH�PRUH�HFRQRPLFDO�GHVLJQV�E\�UHGXFLQJ� WKH�
GLDSKUDJP�IRUFHV�LQ�WKH�PLGGOH�VWRULHV�ZKHUH�KLJKHU�PRGH�HIIHFWV�DUH�QRW�DV�SURQRXQFHG��7KLV�ORZHU�IRUFH�
UHJLRQ� LV� GXH� LQ� SDUW� WR� WKH� FRQWULEXWLRQ� RI� WKH� JUDYLW\� V\VWHP�� ZKRVH� LQKHUHQW� VWLIIQHVV� UHGXFHV� WKH�
PDJQLWXGH�RI�WKH�KLJK�GLDSKUDJP�GHPDQGV�VHHQ�WR�RFFXU�LQ�WKH�ORZHU�IORRUV�RI�WKH�VWUXFWXUH�ZLWK�HDUOLHU�
VLPSOHU�PRGHOV�WKDW�GLG�QRW�LQFOXGH�WKH�JUDYLW\�V\VWHP�FROXPQV��)OHLVFKPDQ�HW�DO���������
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�
)LJXUH�%����'LDSKUDJP�GHVLJQ�IRUFH�GLVWULEXWLRQ�FRPSDULVRQV�EHWZHHQ�'6'0�DQG�)05�H[SUHVVLRQV��

�
1RWH� WKDW� WKH� )05� PHWKRG�� WKRXJK� EDVHG� RQ� HODVWLF� PRGDO� VXSHUSRVLWLRQ�� LQFOXGHV� LQHODVWLF�

HIIHFWV�LQ�WKH�GHVLJQ�HTXDWLRQV�E\�HPSOR\LQJ�WKH�LQHODVWLF�GHVLJQ�VSHFWUXP�RQ�WKH�ILUVW�PRGH��L�H���WKH�5�
IDFWRU�LV�RQO\�DVVRFLDWHG�ZLWK�WKH�ILUVW�PRGH���)RU�WKLV�UHDVRQ��WKH�)05�PHWKRG�FDSWXUHV�ZHOO�WKH�HIIHFWV�
RI�LQHODVWLF�UHVSRQVH��L�H��WKH�WUHQGV�LQGLFDWHG�LQ�)LJ��%�����DV�VKRZQ�LQ�)LJ��%���IRU�WKH�XSSHU�ERXQG�)05�
H[SUHVVLRQ��$OVR�� LW� VKRXOG� EH� QRWHG� WKDW� WKH�'6'0�GLDSKUDJP� GHVLJQ� IRUFH� DPSOLILFDWLRQ� IDFWRUV��<��
ZHUH�GHYHORSHG�EDVHG�RQ�DQDO\VHV�RI������DQG���VWRU\�HYDOXDWLRQ�VWUXFWXUHV��DQG�YHULILHG�ZLWK�D� OLPLWHG�
QXPEHU�RI� VWUXFWXUHV� ���VWRU\� VKHDU�ZDOO� SDUNLQJ� VWUXFWXUHV� DQG���VWRU\� VKHDU�ZDOO� DQG���VWRU\�PRPHQW�
IUDPH� RIILFH� EXLOGLQJV�� 7KXV�� WKH� DFFXUDF\� RI� WKH� <� IDFWRUV� IRU� WDOOHU� VWUXFWXUHV� KDV� QRW� EHHQ� IXOO\�
HVWDEOLVKHG��7KLV�LV�VHHQ�LQ�WKH�XQGHUHVWLPDWLQJ�RI�VKHDU�ZDOO�HODVWLF�IRUFH�IRU�WKH����VWRU\�VWUXFWXUH��6HH�
)LJ�%��E���7KXV�LW�PD\�EH�SUXGHQW�WR�XVH�D�PRUH�FRQVHUYDWLYH�H[SUHVVLRQ�IRU�<�IRU�WDOOHU�VWUXFWXUHV��IRU�
LQVWDQFH� WKH� DOWHUQDWLYH� OLQHDU�<�HTXDWLRQ�� � +RZHYHU�� LW� LV� QRWHG� WKDW� WKH� UHVXOWV� VKRZQ� LQ� )LJXUH� %���
UHSUHVHQW� D� VXEVWDQWLDOO\� VLPSOHU� PRGHO� WKDQ� WKH� SURWRW\SH� VWUXFWXUH�PRGHOV� HYDOXDWHG� WR� YHULI\� WKH�<�
IDFWRUV�� DQG� WKXV� LW� LV� XQFOHDU� LI� WKH� '6'0� HTXDWLRQV� DUH� LQGHHG� QRW� DSSURSULDWH� IRU� WDOOHU� VWUXFWXUHV��
/LNHZLVH�� LW� LV� VHHQ� WKDW� ERWK� WKH� '6'0� DQG� )05� H[SUHVVLRQV� GR� QRW� FXUUHQWO\� IXOO\� FDSWXUH� WKH�
GLIIHUHQFHV� EHWZHHQ� VKHDU� ZDOO� DQG� IUDPH� VWUXFWXUHV�� )XUWKHU� ZRUN�PD\� EH� UHTXLUHG� RQ� WKH� GLIIHUHQFH�
EHWZHHQ� HODVWLF� DQG� LQHODVWLF� /)56� UHVSRQVH�� DQG� EHWZHHQ� VKHDU� ZDOOV� DQG� IUDPHV�� VRPH� RI� ZKLFK� LV�
RFFXUULQJ�ZLWKLQ�WKH�DXVSLFHV�RI�%66&�,7�����������
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�
�



�%���

'LDSKUDJP�,QWHUQDO�)RUFHV�
� 7KH�XQGHUHVWLPDWLRQ�RI�GLDSKUDJP�LQHUWLDO�IRUFHV��DV�GHVFULEHG�LQ�WKH�SUHYLRXV�VHFWLRQ��LV�D�NH\�
LVVXH�LQ�FXUUHQW�GLDSKUDJP�GHVLJQ��+RZHYHU��FXUUHQW�GHVLJQ�PHWKRGV�PD\�DOVR�LQDGHTXDWHO\�GHVFULEH�WKH�
LQWHUQDO�IRUFHV�WKDW�GHYHORS�LQ�WKH�GLDSKUDJP��7KLV�VWHS��WKH�WUDQVIRUPDWLRQ�RI�WKH�VWRU\�OHYHO�GLDSKUDJP�
IRUFH�LQWR�LQWHUQDO�IRUFHV�ZLWKLQ�WKH�GLDSKUDJP��LV�D�NH\�VWHS�LQ�GLDSKUDJP�GHVLJQ��&ORXJK���������

&XUUHQW�SUDFWLFH� �3&,�'HVLJQ�+DQGERRN�������XVHV�D�KRUL]RQWDO�EHDP�DQDORJ\��*DWHV������� WR�
GHWHUPLQH� WKH� LQWHUQDO� IRUFHV� GXH� WR�Fpx�� ,Q� WKLV� DSSURDFK�� WKH� GLDSKUDJP� LV� WUHDWHG� DV� D� VLPSOH� EHDP�
�%RFNHPRKOH�������LQ�RUGHU�WR�FDOFXODWH�D�PD[LPXP�PRPHQW��VKHDU�DQG�EHDP�UHDFWLRQV��6HH�)LJ��%������
&KRUG�UHLQIRUFHPHQW�LV�WKHQ�GHVLJQHG�IRU�WKH�WHQVLRQ�FRPSRQHQW�RI�WKH�FRXSOH�GXH�WR�LQ�SODQH�GLDSKUDJP�
PRPHQW��VKHDU�UHLQIRUFHPHQW�DFURVV�SDQHO�MRLQWV�SDUDOOHO�WR�WKH�VHLVPLF�IRUFH�LV�GHVLJQHG�WR�FDUU\�WKH�LQ�
SODQH�VKHDU��DQG�FROOHFWRUV�EULQJ�WKHVH�IRUFHV�WR�WKH�/)56��ZKHWKHU�LQ�WKH�WRSSLQJ�VODE�RU�LQ�WKH�SUHFDVW�
XQLW��7KH�IROORZLQJ�REVHUYDWLRQV�DUH�PDGH�ZLWK�UHVSHFW�WR�WKLV�DSSURDFK���

��� WKH� LQWHUQDO� IRUFH� GLVWULEXWLRQ� DVVXPHG� LQ� WKH� KRUL]RQWDO� EHDP� DQDORJ\� LPSOLFLWO\� UHOLHV� XSRQ�
HOHPHQWV� LQ� WKH� SUHFDVW� MRLQW� ZLWK� SODVWLF� UHGLVWULEXWLRQ� TXDOLWLHV�� ZLWKRXW� HQIRUFLQJ� WKLV�
FKDUDFWHULVWLF��

��� WKH�KRUL]RQWDO�EHDP�DQDORJ\�LV�XQDEOH�WR�FDSWXUH�FRPSOH[�IRUFH�SDWKV�WKDW�FDQ�H[LVW�LQ�WKH�SUHFDVW�
IORRU� V\VWHP�� LQFOXGLQJ� IRUFH� FRPELQDWLRQV� LQYROYLQJ� VLPXOWDQHRXV� VKHDU�� PRPHQW�� DQG� WKUXVW�
FRLQFLGLQJ�DW�D�GLDSKUDJP�VHFWLRQ���

��� $OWHUQDWH�ORDG�SDWKV�FDQ�RFFXU�WKURXJK�VHFRQGDU\�PHPEHUV��
��� 7KH� ���GHJUHH� SDWKV� DVVRFLDWHG�ZLWK� FROOHFWRUV� GR�QRW� SURYLGH� D� IXOO\� UDWLRQDO� ORDG� SDWK� WR� WKH�

SULPDU\��YHUWLFDO�SODQH��/)56�HOHPHQWV��/LNHZLVH�WUDQVIHU�FRQGLWLRQV�DUH�QRW�DGGUHVVHG��
��� WKH� KRUL]RQWDO� EHDP� DQDORJ\� GRHV� QRW� SURGXFH� DQ� DFFXUDWH� IRUFH� SDWK� IRU� VTXDW� GLDSKUDJPV�� LQ�

ZKLFK�WKH�LQWHUQDO�IRUFHV�PRUH�FORVHO\�UHVHPEOH�WKDW�RI�D�GHHS�EHDP���

L

�0�

�9�

Vu=Fpx /2

Mu=FpxL/8

Fpx=wL

1�$�

L

�0�

�9�

Vu=Fpx /2

Mu=FpxL/8

Fpx=wL

1�$�

�
)LJXUH�%����7\SLFDO�GLDSKUDJP�OD\RXW��

7KXV� GHVLJQV� XVLQJ� WKH� KRUL]RQWDO� EHDP�PHWKRG�PD\�QRW� EH� VXIILFLHQWO\� DFFXUDWH� WR� OHDG� WR� DQ�
DGHTXDWH�GHVLJQ��7KHVH�LVVXHV�DUH�HDFK�GLVFXVVHG�LQ�PRUH�GHWDLO�LQ�WKH�IROORZLQJ��

���-RLQW�LQWHUQDO�IRUFH�GLVWULEXWLRQ��)LUVW��WKH�LQWHUQDO�IRUFH�GLVWULEXWLRQ�DVVXPHG�LQ�WKH�KRUL]RQWDO�
EHDP�PHWKRG� LPSOLFLWO\� UHOLHV� XSRQ� HOHPHQWV�ZLWK� SODVWLF� UHGLVWULEXWLRQ� TXDOLWLHV�� 7KLV� LV� DQ� LPSRUWDQW�
FRQVLGHUDWLRQ�WKDW�PD\�KDYH�EHHQ�RYHUORRNHG�LQ�WKH�SDVW��(VVHQWLDOO\��GHVLJQLQJ�WKH�FKRUG�UHLQIRUFHPHQW�
XVLQJ�WKH�H[SUHVVLRQ�Asfy = T = Mu/d��UHTXLUHV�WKDW�WKH�GLDSKUDJP�FDQ�XQGHUJR�D�GHIRUPDWLRQ�VXFK�WKDW�WKH�
FKRUG� UHLQIRUFHPHQW� FDQ� UHDFK� LWV� \LHOG� VWUDLQ� �6HH� )LJ�� %����� 7KLV� FRQGLWLRQ� LV� QRW� DVVXUHG� LQ� SUHFDVW�
GLDSKUDJPV� EHFDXVH� WKH� VKHDU� UHLQIRUFHPHQW� WKDW� H[LVWV� LQ� WKH� MRLQW� LV� QRW� FXUUHQWO\� VXEMHFWHG� WR� DQ\�
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�WHQVLRQ�� GHIRUPDWLRQ� UHTXLUHPHQWV�� 5HFHQW� FRGHV� �$&,� �������� SHUPLW� WKH� FRQWULEXWLRQ� RI� VKHDU�
UHLQIRUFHPHQW� WR� IOH[XUDO� VWUHQJWK�� EXW� GR� QRW� SURYLGH� GHIRUPDWLRQ� UHTXLUHPHQWV�� :RRG� HW� DO� �������
LQGLFDWHG�WKDW�VXFK�VWUDLQ�FRPSDWLELOLW\�VKRXOG�EH�FRQVLGHUHG�LQ�WKH�GHVLJQ�RI�VKHDU�UHLQIRUFHPHQW���

6XFK� D� UHTXLUHPHQW� VHHPV� QHFHVVDU\�� 7KH� SUHFDVW� GLDSKUDJP� MRLQW� LV� HVVHQWLDOO\� DQ� H[WUHPHO\�
OLJKWO\�UHLQIRUFHG�VHFWLRQ�ZLWK�D�QHXWUDO�D[LV�QHDU�WKH�FRPSUHVVLRQ�FKRUG��VHH�Section 3.3, PART 3���)RU�D�
FURVV�VHFWLRQ�RI�VLJQLILFDQW�GHSWK��HTXLYDOHQW�WR�WKH�OHQJWK�RI�WKH�SUHFDVW�XQLW��WKH�VKHDU�UHLQIRUFHPHQW�ZLOO�
XQGHUJR�ODUJH�RSHQLQJ�FRPSDWLEOH�GLVSODFHPHQWV�LQ�GHYHORSLQJ�WKH�VWUHQJWK�RI�WKH�MRLQW��1RWH�WKDW�ZKLOH�
LQ�PDQ\�GHVLJQ�FDVHV�WKLV�LV�D�ODUJHO\�WKHRUHWLFDO�H[HUFLVH��H�J��UHLQIRUFHPHQW�UDWLR�OLPLWV�UHODWLYH�WR�UE�IRU�
UHLQIRUFHG�FRQFUHWH�EHDPV�LQ�JUDYLW\�V\VWHPV��$&,������������\LHOGLQJ�LV�H[SHFWHG�WR�RFFXU�IRU�SUHFDVW�
GLDSKUDJPV�GHVLJQHG�XVLQJ�FXUUHQW�FRGHV�LQ�WKH�GHVLJQ�HDUWKTXDNH��=KDQJ�HW�DO���������6LQFH�WKH�WHQVLRQ�
IDLOXUH� GHIRUPDWLRQ� RI� VRPH� FRQQHFWRUV� XVHG� IRU� VKHDU� UHLQIRUFHPHQW� �1DLWR� HW� DO�� ������ LV� RI� VLPLODU�
PDJQLWXGH�DV�WKH�FKRUG�\LHOG�GLVSODFHPHQW��1DNDNL��������IDLOXUH�RI�WKH�VKHDU�UHLQIRUFHPHQW�FRXOG�RFFXU�
LQ� WKH� DEVHQFH� RI� VWUDLQ� FRPSDWLELOLW\� SURYLVLRQV�� 7KLV� RXWFRPH� QRW� RQO\� KDV� UDPLILFDWLRQV� IRU� WKH�
GLDSKUDJP� VKHDU� VWUHQJWK�� EXW� DOVR� IRU� WKH� GLDSKUDJP� IOH[XUDO� VWUHQJWK�� )OHLVFKPDQ� DQG� :DQ� �������
VKRZHG� WKDW� WKH� ORVV� RI� QRQGXFWLOH� VKHDU� UHLQIRUFHPHQW� LQ� D� FULWLFDO� IOH[XUDO� MRLQW� GXH� WR� FRPSDWLEOH�
WHQVLRQ�GHIRUPDWLRQ�ZLOO�WHQG�WR�FRQFHQWUDWH�WKH�LQHODVWLF�GHIRUPDWLRQ�LQ�WKDW�MRLQW��UDWKHU�WKDQ�DOORZ�WKH�
LQHODVWLF�GHIRUPDWLRQ�GHPDQG�WR�VSUHDG�RXW�DPRQJ�PDQ\�MRLQWV��

��� &RPSOH[� IRUFH� SDWKV�� )RU� WKH� KRUL]RQWDO� EHDP� PHWKRG�� WKH� PD[LPXP� PRPHQW� RFFXUV� DW�
GLDSKUDJP�PLGVSDQ��PD[LPXP�VKHDU�DW�GLDSKUDJP�HQG��DQG�D[LDO�WKUXVW�LV�UHOHJDWHG�WR�WKH�HQG�FROOHFWRU�
UHDFWLRQ�EURXJKW�WR�WKH�SULPDU\�HOHPHQWV�RI�WKH�/)56��H�J��)LJ��%�����7KLV�DSSURDFK�ZKHUH�WKH�GLDSKUDJP�
LV� GHVLJQHG� IRU� D� VLQJOH� PRPHQW� YDOXH� LQ� RQH� UHJLRQ� DQG� D� VLQJOH� VKHDU� YDOXH� LQ� DQRWKHU� UHJLRQ�
RYHUVLPSOLILHV� WKH� DFWXDO� IRUFH� GHPDQGV� DFWLQJ� LQ� WKH� GLDSKUDJP�� ,W� KDV� ORQJ� EHHQ� UHFRJQL]HG� WKDW�
FRPSOH[�IRUFH�SDWKV�H[LVW�LQ�WKH�SUHFDVW�IORRU�V\VWHP��:RRG�HW�DO���������7KH�LQWHUQDO�IRUFHV�WKDW�GHYHORS�
LQ� SUHFDVW� IORRU� MRLQWV� GXULQJ� HDUWKTXDNHV� LQYROYH� IRUFH� FRPELQDWLRQV� �/HH� DQG�.XFKPD� ������� L�H��� LQ�
SODQH� WKUXVW�� VKHDU� DQG�EHQGLQJ� DFWLQJ� VLPXOWDQHRXVO\� �)DUURZ�DQG�)OHLVFKPDQ��������7KHVH� VLWXDWLRQV�
RFFXU�GXH�WR�WKH�FRPSOH[LW\�LQ�IORRU�SODQV��LQFOXGLQJ�RSHQLQJV�RU�RWKHU�LUUHJXODULWLHV�LQ�WKH�IORRU�V\VWHP��
UHVWUDLQW� LQFOXGLQJ�RXU�RI�SODQH�UHVWUDLQW�RI�/)56�HOHPHQWV��RU�VLPXOWDQHRXV�DFWLRQ�RI�IOH[XUH�DFWLRQV�LQ�
RQH�RUWKRJRQDO�GLUHFWLRQ�ZLWK�FROOHFWRU�DFWLRQV�LQ�WKH�RWKHU�GLUHFWLRQ���

)RUFH� FRPELQDWLRQV� FDQ� LQFOXGH� KLJK� VKHDU� DQG�PRPHQW�� KLJK� VKHDU� DQG� WHQVLRQ�� DQG� LQ� FDVHV��
QRQ�QHJOLJLEOH�YDOXHV�RI�D[LDO�IRUFH��LQ�SODQH�VKHDU�DQG�PRPHQW��6HYHUDO�H[DPSOHV�RI�IRUFH�FRPELQDWLRQV�
DUH�IRXQG�LQ�WKH�UHVXOWV�VKRZQ�LQ�Background -Appendix A2��)LJ��$����VKRZV�MRLQWV�ZLWK�KLJK�FRPELQHG�
PRPHQW�D[LDO�DQG�D[LDO�VKHDU�GHPDQG��)LJ��$�����VKRZV�MRLQWV�ZLWK�KLJK�VKHDU�DQG�PRPHQW�GHPDQG��

��� $OWHUQDWH� /RDG� 3DWKV.� $OWHUQDWH� ORDG� SDWKV� PD\� RFFXU� LQ� WKH� SUHFDVW� IORRU� V\VWHP� WKURXJK�
VHFRQGDU\�HOHPHQWV�VXFK�DV�VSDQGUHO�EHDPV��LQWHUQDO�EHDP�FRQQHFWLRQV�RXWVLGH�WKH�FKRUG�OLQHV�WKDW�DUH�QRW�
JRYHUQHG�E\�WULEXWDU\�VKHDU�UHTXLUHPHQWV��OLWH�ZDOOV�LQ�WKHLU�RXW�RI�SODQH�GLUHFWLRQ��JUDYLW\�FROXPQV��HWF���
7KHVH�SDWKV�DUH�XQDQWLFLSDWHG�E\�WKH�KRUL]RQWDO�EHDP�PRGHO��7KHVH�HIIHFWV�VKRXOG�EH�DFFRXQWHG�IRU�LQ�WKH�
GHWHUPLQDWLRQ� RI� WKH� LQWHUQDO� IRUFH� SDWK�� (VVHQWLDOO\�� WKHUH� DUH� IRXU� SRVVLEOH� DSSURDFKHV� WR� VHFRQGDU\�
HOHPHQW� SDUWLFLSDWLRQ� LQ� WKH� IORRU� GLDSKUDJP� �:DQ� HW� DO�� ������� ���� 6WURQJ� �HODVWLF�� FRQQHFWLRQV�� ����
&RPSOLDQW��HODVWLF��FRQQHFWLRQV������GXFWLOH��LQHODVWLF��FRQQHFWLRQV��RU�����EULWWOH��LQHODVWLF��FRQQHFWLRQV��
$V� DQ� H[DPSOH�� WKH� (XURSHDQ�8QLRQ� GHVLJQHUV� DUH� FRQVLGHULQJ� WKH�PHULWV� RI� WKHVH� DSSURDFKHV� IRU� WKH�
DWWDFKPHQW�RI�SUHFDVW�ZDOO�SDQHOV�WR�IOH[LEOH�FDQWLOHYHU�FROXPQ�SUHFDVW�VWUXFWXUHV��6$)(&$67��������,Q�
WKH� ILUVW� FDVH�� strong FRQQHFWLRQV�� WKH� DOWHUQDWH� ORDG� SDWK� LV� DFFHSWHG� DQG� XVHG� LQ� WKH� UHVLVWDQFH�� 7KLV�
DSSURDFK�FDQ�EH�HIIHFWLYH� LI� WKH� VHFRQGDU\� V\VWHP� LV� VWLII� DQG�ZHOO�EHKDYHG�� � IRU�H[DPSOH�6W��*HRUJH¶V�
+RVSLWDO�&DUSDUN��ZKLFK�SHUIRUPHG�ZHOO�LQ�WKH������1HZ�=HDODQG�HDUWKTXDNH�WKURXJK�WKH�SDUWLFLSDWLRQ�RI�
VWLII� SHULPHWHU� SUHFDVW� OLWH�ZDOO� HOHPHQWV� LQWHUDFWLQJ� ZLWK� VSDQGUHO� XQLWV�� WKHUHE\� SURWHFWLRQ� WKH�
KROORZFRUH� IORRU� V\VWHP� �3&,� ������� ,W� LV� XQFOHDU� LI� VXFK� DQ� DSSURDFK� WUDQVODWHV� WR� WKH� 8�6�� V\VWHPV��
ZKHUH� WKH� VHFRQGDU\� HOHPHQWV� RIWHQ� KDYH� FRPSOLDQFH� IRU� WHPSHUDWXUH� FKDQJH�� )XUWKHU�� D� ZHOO�GHILQHG�
VHFRQGDU\� ORDG� SDWK� LV� UHTXLUHG�� 7KH� VHFRQG� FDVH�� D� compliant� FRQQHFWRU�� PD\� EH� WKH� EHVW� RSWLRQ��
([DPSOHV� RI� WKLV� DUH� WKH� XVH� RI� D� IOH[LEOH� DQJOH� EHWZHHQ� OLWH�ZDOOV� DQG� WKH� UDPS� HOHPHQWV� LQ� SUHFDVW�
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SDUNLQJ�VWUXFWXUHV��ZKLOH�PRUH�ULJLGO\�W\LQJ�LQ�WKH�IODW�SDUNLQJ�UHJLRQV�WR�WKH�RSSRVLWH�IDFH�RI�WKH�OLWH�ZDOO�
�&OHODQG��������7KH�XVH�RI�WKLV�GHWDLO�LV�LQ�UHFRJQLWLRQ�RI�WKH�GLIILFXOW\�LQ�DFKLHYLQJ�JRRG�SHUIRUPDQFH�IRU�
ULJLGO\�FRQQHFWHG�IORRU�GLDSKUDJPV�RQ�HLWKHU�VLGH�RI�WKH�OLWH�ZDOOV��RIIVHW�E\�VKRUW�GLVWDQFHV�LQ�HOHYDWLRQ�
DFWLQJ�RXW�RI�WKH�SODQH�RI�WKH�OLWH�ZDOO��7KH�WKLUG�FDVH��D�ductile�FRQQHFWLRQ��LV�ZKDW�ZDV�DVVXPHG�LQ�WKH�
UHVHDUFK��7KXV��WKH�GLDSKUDJP�DQDO\VHV�XVHG�WR�GHYHORS�WKH�GHVLJQ�IDFWRUV�DUH�HVWLPDWLQJ�WKH�IRUFH�SDWKV�
SUHVHQW�ZLWK�FXUUHQW�GHWDLOV��KRZHYHU�WKHVH�GHWDLOV�DUH�DVVXPHG�WR�KDYH�VRPH�GHIRUPDWLRQ�FDSDFLW\���7KXV��
WKH�LPSDFW�RI�WKH�DFWXDO�FXUUHQW�FRQQHFWLRQV��ZKLFK�PD\�QRW�KDYH�WKH�IXOO�GHIRUPDWLRQ�FDSDFLW\�DVVXPHG�
�H�J��FDVH�����PXVW�EH�FRQVLGHUHG��7KLV� LVVXH� LV�FRQVLGHUHG�EHORZ�LQ�Deformation Capacity�� VLQFH�ZKLOH�
WKHVH� FRQGLWLRQV� GR� UHSUHVHQW� D� GLDSKUDJP� LQWHUQDO� IRUFH� LVVXH� LQ� WKH� HODVWLF� UDQJH�� WKH�PDMRU� HIIHFW� RI�
WKHVH� DOWHUQDWH� ORDG� SDWKV� SHUWDLQ� WR� GHIRUPDWLRQ� SDWWHUQV� DQG� WKH� UHODWLRQVKLS� RI� ORFDO� WR� JOREDO�
GHIRUPDWLRQ�FDSDFLW\���

��� &ROOHFWRU� ORDG� SDWKV�� 7KH� ���GHJUHH� SDWKV� DVVRFLDWHG�ZLWK� FROOHFWRUV� GR� QRW� SURYLGH� D� IXOO\�
UDWLRQDO�ORDG�SDWK�WR�WKH�SULPDU\��YHUWLFDO�SODQH��/)56�HOHPHQWV��6KHDU�VWUHQJWK�GHVLJQ�HTXDWLRQV�EDVHG�
RQ�LQFOLQHG�FUDFNLQJ�DUH�QRW�FRQVLVWHQW�ZLWK�WKH�REVHUYHG�EHKDYLRU�IRU�WRSSHG�SUHFDVW�FRQFUHWH�GLDSKUDJPV�
�:RRG�HW�DO���������7KH�GHVLJQHU�VKRXOG�XVH�UDWLRQDO�PHWKRGV�WR�EULQJ�WKH�ORDG�SDWK�WR�WKH�/)56�HOHPHQWV��
7KH� LQWHUQDO� IRUFH� FRQGLWLRQV� GLVFXVVHG�GR�QRW� LQFOXGH� WUDQVIHU� FRQGLWLRQV��7KHVH� FRQGLWLRQV� KDYH�EHHQ�
VKRZQ�WR�EH�IDLOXUH�FULWLFDO�LQ�UHFHQW�HDUWKTXDNHV��((5,��������6HH�Commentary Step 5����

���6TXDW�GLDSKUDJP�IRUFH�SDWKV��7KH�KRUL]RQWDO�EHDP�PHWKRG�ZLOO�QRW�FUHDWH�DFFXUDWH�IRUFH�SDWK�
IRU� VTXDW�GLDSKUDJPV�� LQ�ZKLFK� WKH� LQWHUQDO� IRUFHV�PRUH�FORVHO\� UHVHPEOH� WKDW�RI� D�GHHS�EHDP��6HYHUDO�
PHWKRGV� H[LVW� IRU� GHWHUPLQLQJ�GLDSKUDJP� LQWHUQDO� ORDG� SDWKV� WKDW� DUH� DOWHUQDWHV� WR� WKH� KRUL]RQWDO� EHDP�
DSSURDFK��)RU�H[DPSOH��VWUXW�DQG�WLH�PHWKRGV�DUH�XVHG�RXWVLGH�WKH�8QLWHG�6WDWHV��)pGpUDWLRQ�,QWHUQDWLRQDOH�
GX�%pWRQ��������7KHVH�PHWKRGV�ZHUH�GHVFULEHG�LQ�WKH�&RPPHQWDU\�IRU�6WHS����
�
'LDSKUDJP�&RQWUROOLQJ�0HFKDQLVP�
� $�IOH[XUDO�OLPLW�VWDWH�LV�SURPRWHG�LQ�WKH�GHVLJQ�PHWKRGRORJ\�RYHU�D�VKHDU�OLPLW�VWDWH��)OHLVFKPDQ�
3&,��������7KLV�RXWFRPH�LV�DFKLHYHG�LQ�WKH�GHVLJQ�PHWKRGRORJ\�WKURXJK�WKH�XVH�RI�RYHUVWUHQJWK�IDFWRUV�
IRU�WKH�VKHDU�UHLQIRUFHPHQW��+RZHYHU��WKHVH�RYHUVWUHQJWK�IDFWRUV�DUH�QRW�FDSDFLW\�GHVLJQ�IDFWRUV�SXUSRVH��
JLYHQ�WKDW�WKH�PRPHQW�DQG�VKHDU�GLDJUDPV�LQ�GLDSKUDJPV�DUH�QRW�DOZD\V�FOHDUO\�GHILQHG��7KXV�FDUH�PXVW�
EH�WDNHQ�LQ�DSSO\LQJ�WKH�IDFWRUV�LQ�GHVLJQ�IRU�FRPSOLFDWHG�IORRU�V\VWHPV��7ZR�H[DPSOHV�IURP�WKH�DQDO\VHV�
RI�WKH�SURWRW\SH�VWUXFWXUHV��6HH�Background -Appendix A2��DUH�XVHG�KHUH�WR�LOOXVWUDWH�WKLV�SRLQW���

%HIRUH�FRYHULQJ�WKHVH�H[DPSOHV��LW�LV�QRWHG�WKDW�WKH�FKRLFH�RI�D�IOH[XUDO�FRQWUROOLQJ�OLPLW�VWDWH�LV�
EDVHG�RQ�DVVXPSWLRQ�WKDW�D�VKHDU�OLPLW�VWDWH�LV�EULWWOH��FRQVLVWHQW�ZLWK�FRQFHSWV�IURP�UHLQIRUFHG�FRQFUHWH�
�$&,������������,W�VKRXOG�EH�UHFRJQL]HG��KRZHYHU��WKDW�VLQFH�WKH�VKHDU�OLPLW�VWDWHV�ZLOO�QRW�RFFXU�LQ�WKH�
FRQFUHWH� JLYHQ� WKH� MRLQWHG� QDWXUH� RI� WKH� IORRU� V\VWHP� �:RRG� HW� DO� ������� WKH� SRVVLELOLW\� H[LVWV� IRU�
GHYHORSLQJ�D�GXFWLOH�VKHDU�PHFKDQLVP�LQ�WKH�GLDSKUDJP��RU�D�FRPELQHG�GXFWLOH�VKHDU�IOH[XUH�PHFKDQLVP��
7KHVH�DOWHUQDWLYH�DSSURDFKHV�ZHUH�QRW�SXUVXHG�LQ�WKH�'6'0�UHVHDUFK��ZKLFK�LQVWHDG�IRFXVHG�H[FOXVLYHO\�
RQ� GHVLJQV� WKDW� SURPRWH� IOH[XUDO� OLPLW� VWDWHV� RYHU� VKHDU� OLPLW� VWDWHV�� +RZHYHU�� WKLV� DSSURDFK� PD\� EH�
GHVLUDEOH� IRU�� ���� VTXDW� GLDSKUDJPV�ZKHUH� LW� LV� GLIILFXOW� WR� GHYHORS� D� IOH[XUDO�PHFKDQLVP�� ���� FRPSOH[�
GLDSKUDJPV�ZKHUH�D�FDSDFLW\�GHVLJQ�EDVHG�RQ�IOH[XUH�PD\�EH�GLIILFXOW�WR�DFFRPSOLVK��7KH�GHVLJQ�IDFWRUV�
DQG� FODVVLILFDWLRQV� GHYHORSHG� KHUH� GR� QRW� DSSO\� WR� WKLV� DOWHUQDWH� DSSURDFK�� ,Q� WKLV� FDVH�� GLDSKUDJP�
FRQQHFWRUV�ZRXOG�UHTXLUH shear�GHIRUPDWLRQ�FDSDFLW\��
�
�����3DUNLQJ�6WUXFWXUH�ZLWK�3HULPHWHU�/RQJLWXGLQDO�:DOOV�DW�'LDSKUDJP�0LGVSDQ�

7KH� ILUVW� VWUXFWXUH� FRQVLGHUHG� LV� D� ��VWRU\� SDUNLQJ� VWUXFWXUH� ZLWK� ORQJLWXGLQDO� VKHDU� ZDOOV� DW� WKH�
PLGVSDQ�UHJLRQ�RI�WKH�GLDSKUDJP�ZKHQ�DFWLQJ�LQ�WKH�WUDQVYHUVH�GLUHFWLRQ��)LJXUH�%���VKRZV�W\SLFDO�IORRU�
SODQ�IRU�WKLV�FDVH��GHVLJQHG�ZLWK�5'2�RSWLRQ�IRU�WKH�GHVLJQ�IDFWRU�YHULILFDWLRQ�VWDJH��6HH�Background -
Appendix A2���,Q�ORQJLWXGLQDO�GLUHFWLRQ��WKH�WZR�SHULPHWHU�VKHDU�ZDOOV�DUH�ORFDWHG�DW�GLDSKUDJP�PLGVSDQ��
7KHVH� SHULPHWHU� ORQJLWXGLQDO� VKHDU� ZDOOV� ³FRYHU´� VHYHUDO� MRLQWV� FORVH� WR� WKH� GLDSKUDJP� PLGVSDQ� DQG�
SURYLGH�UHVWUDLQW�WKDW�SUHYHQWV�WKHVH�MRLQWV�IURP�RSHQLQJ��7KLV�SURWHFWLRQ�FKDQJHV�WKH�UHODWLRQVKLS�EHWZHHQ�
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PD[LPXP�PRPHQW�DQG�PD[LPXP�VKHDU�EDVHG�RQ�D�PRPHQW�GLDJUDP��VHH�QRUWK�VXE�GLDSKUDJP�LQ�)LJ��%�
��� UHVXOWV� LQ� IOH[XUDO� RYHUVWUHQJWK� DW� MRLQWV� FORVH� WR�PLGVSDQ� DQG� D� VKRUW� VKHDU� VSDQ� IRU� WKH� GLDSKUDJP�
ZKLFK�LPSO\�WKH�VKHDU�RYHUVWUHQJWK�XVLQJ�5'2�RSWLRQ�PLJKW�QRW�HQRXJK�WR�SUHYHQW�EULWWOH�VKHDU�IDLOXUH��
�
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1RUWK

6RXWK
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&RYHUHG�-RLQWV

$VVXPHG
PRPHQW

$FWXDO
PRPHQW

�
)LJXUH�%����3ODQ�IRU�D���VWRU\�SDUNLQJ�JDUDJH�ZLWK�SHULPHWHU�VKHDU�ZDOOV��

�
� )LJXUH�%���VKRZV� WKH�PD[LPXP�GLDSKUDJP�RSHQLQJ�DQG�VOLGLQJ�GHPDQG�XQGHU�0&(�IRU� WKH���
VWRU\� SDUNLQJ� JDUDJH� ZLWK� SHULPHWHU� VKHDU� ZDOOV�� $V� VHHQ� LQ� )LJ�� %���� GLDSKUDJP� RSHQLQJ� GHPDQG� DW�
FRYHUHG�MRLQWV�LV�YHU\�VPDOO�GXH�WKH�SURWHFWLRQ�RI�ORQJLWXGLQDO�VKHDU�ZDOO��6LJQLILFDQW�LQHODVWLF�RSHQLQJ�LV�
FRQFHQWUDWHG�DW�WKH�ILUVW�QRQ�FRYHUHG�MRLQW�ZLWK�D�KLJKHVW�YDOXH�RI��”�ZKLFK�LV�ODUJHU�WKDQ�WKH�W\SLFDO�+'(�
FDSDFLW\�����”���$V�VHHQ�LQ�)LJ��%��E��GLDSKUDJP�VOLGLQJ�GHPDQG�H[FHHGV�\LHOG�VOLGLQJ�DW�PXOWLSOH�MRLQWV�
GXH�WR�WKH�IOH[XUDO�RYHUVWUHQJWK�DQG�VKRUW�VKHDU�VSDQ�ZKLFK�LQGLFDWHV�EULWWOH�VKHDU�IDLOXUH�LQ�WKH�GLDSKUDJP���
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����2IILFH�6WUXFWXUH�ZLWK�3HULPHWHU�/RQJLWXGLQDO�:DOOV�DW�'LDSKUDJP�4XDUWHU�6SDQ�
7KH�VHFRQG�VWUXFWXUH�FRQVLGHUHG�LV�DQ���VWRU\�RIILFH�EXLOGLQJ�ZLWK�SHULPHWHU�VKHDU��)LJXUH�%����VKRZV�

D�W\SLFDO�IORRU�SODQ��GHVLJQHG�ZLWK�5'2�RSWLRQ�IRU�WKH�GHVLJQ�IDFWRU�YHULILFDWLRQ�VWDJH��6HH�Background -
Appendix A2���,Q�ORQJLWXGLQDO�GLUHFWLRQ��IRXU�SHULPHWHU�VKHDU�ZDOOV�DUH�SODFHG�DW�GLDSKUDJP�TXDUWHU�VSDQ��
7KHVH� SHULPHWHU� ORQJLWXGLQDO� VKHDU� ZDOOV� ZLOO� SURYLGH� UHVWUDLQW� ZKHQ� WKH� GLDSKUDJP� GHIRUPV� XQGHU�
WUDQVYHUVH� ORDG��6HH�)LJ��%���E���7KH�UHVXOWLQJ�VKHDULQJ�IRUFHV�ZLOO� UHGXFH� WKH�PRPHQW�GHPDQG�IRU� WKH�
GLDSKUDJP� IURP� WKH�SHULPHWHU� VKHDU�ZDOO� WR�PLGVSDQ�ZKLFK�FUHDWHV� WKUHH� FULWLFDO� IOH[XUDO� MRLQWV��RQH�DW�
PLGVSDQ�DQG�WKH�RWKHU�WZR�DW�WKH�MRLQWV�FORVH�WR�WKH�ORQJLWXGLQDO�SHULPHWHU�ZDOOV��6HH�PRPHQW�GLDJUDP�LQ�
)LJ��%���E���

���


���


��


6RXWK

1RUWK

:HVW (DVW

��
 RLFRS RLFRS 

qsw 

qsw 0RPHQW
0RPHQW�UHGXFHG�

�
)LJXUH�%�������VWRU\�SDUNLQJ�JDUDJH�ZLWK�SHULPHWHU�VKHDU�ZDOOV���D��3ODQ���E��)%'��

�
)LJXUH�%����VKRZV� WKH�GLDSKUDJP�LQWHUQDO� IRUFH�GLDJUDP�IRU� WKH���VWRU\�RIILFH�EXLOGLQJ�ZLWK�5'2�

GHVLJQ�DW��QG�IORRU�XQGHU�0&(��7KH�UHG�OLQH�UHSUHVHQWV� WKH�GHVLJQ�IRUFH�DVVXPSWLRQ��7KH�OLJKW�EOXH�OLQH�
UHSUHVHQWV�WKH�DFWXDO�VWUHQJWK��7KH�GDUN�EOXH�OLQH�UHSUHVHQWV�WKH�VHLVPLF�GHPDQG�IURP�DQDO\VLV�UHVXOWV��

$V� VHHQ� LQ�)LJ��%����� WKH� MRLQWV�FORVH� WR� WKH� ORQJLWXGLQDO�SHULPHWHU�ZDOOV�KDV� D� VLJQLILFDQW� IOH[XUDO�
RYHUVWHQJWK�LQ�RUGHU�WR�VDWLVI\�KLJK�VKHDU�GHPDQG�DW�WKHVH�MRLQWV��,Q�WKH�HDUWKTXDNH�VLPXODWLRQ��DIWHU�WKH�
GLDSKUDJP�\LHOG�LQ�IOH[XUH�DW�PLGVSDQ��WKH�PRPHQW�GHPDQG�RI�WKHVH�MRLQWV�FDQ�VLJQLILFDQWO\�LQFUHDVH�GXH�
WR� LWV� IOH[XUDO�RYHUVWUHQJWK�ZLWKRXW�VLJQLILFDQW� LQFUHDVH�RI�PLGVSDQ�PRPHQW�GXH� WR�SHULPHWHU�ZDOO�VKHDU�
FRQVWUDLQWV� �VHH�GDUN�EOXH� OLQH� WKH�)LJ��%���D���7KH� LQFUHDVH�RI�PRPHQW�DW� WKH� MRLQWV�FORVH� WR�SHULPHWHU�
ZDOOV�UHVXOWV�LQ�D�VLJQLILFDQW�ODUJHU�VKHDU�GHPDQG�FRPSDUHG�WR�WKH�GHVLJQ�DVVXPSWLRQ��VHH�)LJ��)LJ��%���E���
7KLV�LQ�WXUQ�FDXVHV�D�EULWWOH�VKHDU�IDLOXUH�DW�PXOWLSOH�GLDSKUDJP�MRLQWV�DV�VHHQ�LQ�)LJ��$�������

�
)LJXUH�%�����'LDSKUDJP�LQWHUQDO�IRUFH�GLDJUDP�DW��QG�IORRU���D��0RPHQW���E��6KHDU��
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'LDSKUDJP�'HIRUPDWLRQ�&DSDFLW\�
7KH� FULWLFDO� GLDSKUDJP� FURVV�VHFWLRQV� RFFXU� DW� WKH� MRLQWV� EHWZHHQ� WKH� SUHFDVW� IORRU� XQLWV�� 7KLV�

FRQGLWLRQ� RFFXUV� IRU� XQWRSSHG� DQG� WRSSHG� SUHFDVW� FRQFUHWH� GLDSKUDJPV� DOLNH�� EHFDXVH� FUDFNLQJ� LQ� WKH�
WRSSLQJ�VODE�DORQJ�WKH�MRLQWV�EHWZHHQ�SUHFDVW�XQLWV�GRH�QRW�HQVXUH�PRQROLWKLF�GLDSKUDJP�DFWLRQ�IRU�WRSSHG�
GLDSKUDJPV� �:RRG� HW� DO�� ������� ,Q� WKH� HODVWLF� UDQJH�� D� QRQ�QHJOLJLEOH� SRUWLRQ� RI� RYHUDOO� GLDSKUDJP�
GHIRUPDWLRQ� LV�DVVRFLDWHG�ZLWK�GHIRUPDWLRQ�RI� WKH�SDQHO� �IODQJH�� LWVHOI� �:DUH��������+RZHYHU�DIWHU� WKH�
GLDSKUDJP�\LHOGV��LQHODVWLF�GHIRUPDWLRQ�ZLOO�WHQG�WR�FRQFHQWUDWH�SULPDULO\�DW�WKH�MRLQWV��

$QDO\WLFDO�UHVHDUFK��)OHLVFKPDQ�DQG�:DQ�������KDV�LQGLFDWHG�WKDW�SUHFDVW�GLDSKUDJPV�ZLWK�VKHDU�
UHLQIRUFHPHQW�ZLWK�OLPLWHG�tension�GHIRUPDWLRQ�FDSDFLW\�WHQG�WR�KDYH�LQHODVWLF�GHIRUPDWLRQ�FRQFHQWUDWH�DW�
D�VLQJOH�MRLQW�UDWKHU�WKDQ�EH�VSUHDG�RXW�DPRQJ�WKH�GLDSKUDJP�MRLQWV��,Q�RWKHU�ZRUGV��WKH�LQLWLDO�MRLQW�WR�ORVH�
D�SRUWLRQ�RI� LWV�VKHDU�UHLQIRUFHPHQW�GXH� WR� WHQVLRQ�GHIRUPDWLRQ�GHPDQGV�FUHDWHG�E\�IOH[XUDO�DFWLRQ�ZLOO�
OLPLW� WKH� SHDN� YDOXH� RI� IXUWKHU� PRPHQWV�� WKHUHE\� VHUYLQJ� DV� D� IXVH� LQ� WKH� GLDSKUDJP�� SURWHFWLQJ�
VXUURXQGLQJ�MRLQWV��DQG�WKXV�LQFXUULQJ�WKH�WRWDO�LQHODVWLF�GHIRUPDWLRQ�ORFDOO\�DW�WKH�VLQJOH�MRLQW��$V�D�UHVXOW��
HYHQ�WKRXJK�WKH�WHQVLRQ�VWUHQJWK�RI�WKH�VKHDU�UHLQIRUFHPHQW�FRQWULEXWLQJ�WR�IOH[XUDO�VWUHQJWK�LV�LQFOXGHG�LQ�
WKH�GHVLJQ�SURFHGXUH��See Commentary Step 5��� WKH�WHQVLOH�GHIRUPDWLRQ�FDSDFLW\�RI�VKHDU�UHLQIRUFHPHQW�
PD\�EH�D�PRUH�LPSRUWDQW�FKDUDFWHULVWLF�LQ�WKH�GHVLJQ��)RU�WKLV�UHDVRQ�QRQ�GXFWLOH�VKHDU�UHLQIRUFHPHQW��H�J��
WKH�VKHDU�IULFWLRQ�FRQWULEXWLRQ�RI�FROG�GUDZQ�ZHOGHG�ZLUH�IDEULF�FURVVLQJ�MRLQWV�LQ�WKH�SUHFDVW�GLDSKUDJP��
VKRXOG�QRW�EH�LQFOXGHG�XQOHVV�HODVWLF�GLDSKUDJP�UHVSRQVH�LV�DVVXUHG��ILE��������

$Q� LPSRUWDQW� FRPSRQHQW� RI� WKH� VWUXFWXUDO� LQWHJULW\� PHDVXUHV� LV� DOVR� WKH� WUHDWPHQW� RI� VHFRQGDU\�
PHPEHUV�VXFK�DV�VSDQGUHOV��VHH�)LJXUH�%����ZKHUH�WKH�VSDQGUHO�LV�63����
�

&ROXPQ

/HDGLQJ�63
)UHH�%RG\�'LDJUDP���������

�)RUFHV�LQ�63�ORQJLWXGLQDO�
GLUHFWLRQ�UHPRYHG�IRU�FODULW\�

)RUFHV�LQ�'7�63�
FRQQHFWRUV

3UHFDVW
XQLWV

7UDLOLQJ�63

6KHDU�
ZDOO

� � 8QFRYHUHG�MRLQW�QRW�
DW�PD[�VKHDU

� � �

��

,QHUWLDO�
IRUFH

Lsp

VSP

VSP

MSP

MSP

G9�

&RQILQLQJ�HIIHFW�
ZLWKLQ�63�VSDQ�
GXH�WR�RSHQLQJ

/HDGLQJ�63

7UDLOLQJ�63

&RQFHQWUDWHG�2SHQLQJ/LPLWHG�2SHQLQJ

)UHH�%RG\�'LDJUDP���������
�)RUFHV�LQ�63�WUDQVYHUVH�

GLUHFWLRQ�UHPRYHG�IRU�FODULW\�

NSP

NSP

L

L

Q

Q

G2L

&ROXPQ

/HDGLQJ�63
)UHH�%RG\�'LDJUDP���������

�)RUFHV�LQ�63�ORQJLWXGLQDO�
GLUHFWLRQ�UHPRYHG�IRU�FODULW\�

)RUFHV�LQ�'7�63�
FRQQHFWRUV

3UHFDVW
XQLWV

7UDLOLQJ�63

6KHDU�
ZDOO

� � 8QFRYHUHG�MRLQW�QRW�
DW�PD[�VKHDU

� � �

��

,QHUWLDO�
IRUFH

Lsp

VSP

VSP

MSP

MSP

G9�

&RQILQLQJ�HIIHFW�
ZLWKLQ�63�VSDQ�
GXH�WR�RSHQLQJ

/HDGLQJ�63

7UDLOLQJ�63

&RQFHQWUDWHG�2SHQLQJ/LPLWHG�2SHQLQJ

)UHH�%RG\�'LDJUDP���������
�)RUFHV�LQ�63�WUDQVYHUVH�

GLUHFWLRQ�UHPRYHG�IRU�FODULW\�

NSP

NSP

L

L

Q

Q

G2L

�
�D��'LDSKUDJP�KLJK�VKHDU�UHJLRQ� � ���������������������������������E��'LDSKUDJP�KLJK�IOH[XUH�UHJLRQ�

)LJXUH�%�����6FKHPDWLFV�RI�LQWHUDFWLRQ�EHWZHHQ�VSDQGUHOV�DQG�SUHFDVW�IORRU�XQLWV�DIWHU��:DQ�HW�DO���������
�

7KH�HIIHFW�RI�WKH�VSDQGUHO��6HH�)LJ��%�����KDV�EHHQ�TXDQWLILHG�LQ�WKH�DQDO\VHV��$QDO\VHV��:DQ�HW�
DO�� ������ KDYH� LQGLFDWHG� WKDW� GHPDQGV� RQ� WKH� VHFRQGDU\� FRQQHFWLRQV� DUH� OHVV� FORVHO\� FRUUHODWHG� WR� WKH�
GLDSKUDJP�IRUFH�WKDQ�WR�GLDSKUDJP�GHIRUPDWLRQ�GHPDQG��L�H��WKH�IRUFHV�WKDW�GHYHORS�LQ�WKHVH�FRQQHFWLRQV�
XQGHU�HDUWKTXDNH�ORDGLQJ�LV�GXH�WR�WKH�LPSRVHG�GLVSODFHPHQW�FRPSDWLELOLW\�RI�WKH�IORRU�V\VWHP���

)RU�WKLV�UHDVRQ��VHFRQGDU\�FRQQHFWLRQV�PD\�EH�H[SHFWHG�WR�KDYH�ODUJHU�GHPDQGV�IRU�GLDSKUDJPV�
H[SHFWHG�WR�XQGHUJR�ODUJHU�JOREDO�LQHODVWLF�UHVSRQVH��H�J��WKH�5'2���,Q�WKH�SURWRW\SH�VWUXFWXUH�DQDO\VHV��
LQHODVWLF�GHPDQG�LV�REVHUYHG�LQ�WKHVH�FRQQHFWLRQV�HYHQ�IRU�D�VWUXFWXUH�ZLWK�('2�GLDSKUDJP�GHVLJQV��6HH�
Commentary Step 6���7KHUHIRUH��UHFRPPHQGHG�GHIRUPDWLRQ�FDSDFLW\�RI�GLDSKUDJP�VHFRQGDU\�FRQQHFWLRQ�
DUH� SURYLGHG� �6HH�Comm-Appendix A2 7DEOH�%���� WR� DYRLG� XQVHDWLQJ� DIWHU� SRVVLEOH� FRQQHFWLRQ� IDLOXUH��
7KH�LPSDFW�RI�WKH�ORVV�RI�WKH�VHFRQGDU\�FRQQHFWLRQV�UHTXLUHV�IXUWKHU�FRQVLGHUDWLRQ��H�J��WKH�UDPLILFDWLRQV�
RI�ORVV�RI�WKHVH�FRQQHFWLRQV�ZLWK�UHJDUG�WR�ORDG�SDWK��VHDWLQJ�UHTXLUHPHQWV��HWF���6HH�Sec. 5.5���

� �
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� GR�GW�X

&RQWLQXRXV

5LJLG

(ODVWLF

'XFWLOH
&XUUHQW

1R�63

6KDNH�WDEOH
XQWRSSHG

&RQWLQXRXV
5LJLG

(ODVWLF
'XFWLOH

&XUUHQW
1R�63

�LQHODVWLF
6KDNH�WDEOH���XQWRSSHG

HODVWLF

-RLQW����������������������������������������������������������������������������� ����������������������������������������������������������������������������

6KDNH�WDEOH�WRSSHG

�
�D��-RLQW�VKHDU�GLVSODFHPHQW����������������������������������������������������E��-RLQW�RSHQLQJ�

)LJXUH�%�����-RLQW�GHIRUPDWLRQ�SURILOHV��'GLD ����FP��DIWHU��:DQ�HW�DO���������
�
,W� LV� LPSRUWDQW� WKDW� WKH�SUHFDVW� GLDSKUDJP�PDLQWDLQ� VWUXFWXUDO� LQWHJULW\�� ,Q� DGGLWLRQ� WR� WKH� FODVVLILFDWLRQ�
V\VWHP�SURYLGHG�IRU�WKH�SULPDU\�GLDSKUDJP�UHLQIRUFHPHQW��UHTXLUHPHQWV�PXVW�LQFOXGH��

��� $GHTXDWH� DQFKRUDJH� RI� GLDSKUDJPV� WR� WKH� SULPDU\� /)56� HOHPHQWV�� LQFOXGLQJ� WKH� FDUU\LQJ� RI�
VXSHULPSRVHG�JUDYLW\�ORDGV�DQG�DFFRPPRGDWLQJ�LPSRVHG�URWDWLRQV�IURP�ZDOOV��0HQHJRWWR��������
���0DLQWHQDQFH�RI�VHDWLQJ�IRU�WKH�SUHFDVW�XQLWV��0HMLD�0F0DVWHU�DQG�3DUN���������
���3URYLVLRQ�RI�PLQLPXP�GXFWLOLW\�UHTXLUHPHQWV�IRU�MRLQW�UHLQIRUFLQJ�GHWDLOV��

�
'LDSKUDJP�)OH[LELOLW\�

3UHFDVW�FRQFUHWH�FRQVWUXFWLRQ� LV�FRPPRQO\�DQG�HIIHFWLYHO\�XVHG�IRU�EXLOGLQJ�V\VWHPV�ZLWK� ORQJ�
IORRU�VSDQV��,Q�WKHVH�VWUXFWXUHV��GLVWDQFHV�EHWZHHQ�WKH�SULPDU\�/)56�HOHPHQWV�FDQ�SURGXFH�D�GLDSKUDJP�
WKDW� LV� UHODWLYHO\� IOH[LEOH��7KH�GLDSKUDJP� IOH[LELOLW\� LV� IXUWKHU� LQFUHDVHG�E\� WKH� LQKHUHQW� IOH[LELOLW\�RI� D�
MRLQWHG�V\VWHP�LQ�FRPSDULVRQ�WR�D�PRQROLWKLF�V\VWHP��)RU�WKHVH�IOH[LEOH�GLDSKUDJPV��WKH�IORRU�V\VWHP�DQG�
FRQQHFWHG� JUDYLW\� IRUFH�UHVLVWLQJ� FROXPQV� LQ� UHJLRQV� UHPRYHG� IURP� WKH� SULPDU\� /)56� HOHPHQWV� FDQ�
XQGHUJR� DPSOLILHG� GULIW� GHPDQGV� �-X� DQG� /LQ� ������ 7HQD�&ROXQJD� DQG� $EUDPV� ������� 7KHVH� GULIW�
GHPDQGV�FDQ�EH�VLJQLILFDQW�IRU�ORQJ�VSDQ�SUHFDVW�FRQFUHWH�VWUXFWXUHV�LQ�D�0&(��/HH�DQG�.XFKPD�������
)OHLVFKPDQ�HW�DO���������
� 6HYHUDO�PHWKRGV�KDYH�EHHQ�SURSRVHG�IRU�FDOFXODWLQJ�WKH�VWLIIQHVV�RI�D�SUHFDVW�FRQFUHWH�GLDSKUDJP�
�=KHQJ� DQG� 2OLYD� ������ )DUURZ� DQG� )OHLVFKPDQ� ������ 1DNDNL�� ������� 7KH� PHWKRGRORJ\� XVHV� WKH�
DQDO\WLFDO�EDVHG�VSUHDGVKHHW�FRPSDWLEOH�PHWKRG��6HH�Sec 3.3 of Design Methodology PART 3���GHYHORSHG�
E\�:DQ�DQG�)OHLVFKPDQ���������ZKLFK�KDV�VLPLODULWLHV�WR�WKH�SULRU�DSSURDFKHV��
� 7KH�DQDO\WLFDO�EDVHG�PHWKRG�LV�XVHG�WR�FDOFXODWH�WKH�HODVWLF�VWLIIQHVV�RI�WKH�SUHFDVW�GLDSKUDJP�LQ�
WHUPV� RI� HTXLYDOHQW� HODVWLF� PRGXOXV� DQG� VKHDU� PRGXOXV� DQG� WKH� IOH[XUDO� \LHOG� VWUHQJWK� RI� WKH� SUHFDVW�
GLDSKUDJP�LQFOXGLQJ�DQ\�FRQWULEXWLRQV�IURP�WKH�VKHDU� UHLQIRUFHPHQW� WR� WKDW�VWUHQJWK��7KH�FDOFXODWLRQ� LV�
EDVHG�RQ�D�UDWLRQDO�PHWKRG�DQG�LV�XVHG�LQ�WKH�SURSRVHG�GHVLJQ�PHWKRGRORJ\�WR�HLWKHU�PDQXDOO\�GHWHUPLQH�
WKH�GLDSKUDJP�GHIOHFWLRQ�RU�FRQYHQLHQWO\�PRGHO�WKH�IORRUV�LQ�GHVLJQ�VRIWZDUH���

7KH�PHWKRG�LV�FDOLEUDWHG�E\�FRPSDULVRQV�WR�ILQLWH�HOHPHQW�DQDO\VHV�RI�GLDSKUDJPV�ZLWK�GLIIHULQJ�
JHRPHWULHV�DQG�UHLQIRUFLQJ�GHWDLOV��6HH�)LJ��%�������)LJXUH�%���D�FRPSDUHV�WKH�VWLIIQHVV�FDOFXODWHG�E\�WKLV�
PHWKRG�ZLWK�WKDW�GHWHUPLQHG�IURP�)(0�DQDO\VHV��:DQ�DQG�)OHLVFKPDQ��������)LJXUH�%���E�VKRZV�WKH�
VDPH� FRPSDULVRQ� IRU� \LHOG� VWUHQJWK�� 7KH� PHWKRG� VKRZV� UHDVRQDEOH� DJUHHPHQW� ZLWK� )(0� UHVXOWV�� ,Q�
DGGLWLRQ��WKH�PHWKRGV�DUH�EHLQJ�FDOLEUDWHG�XVLQJ�H[SHULPHQWDO�UHVXOWV�IURP�WKH�K\EULG�SDQHO�WHVWV�DQG�ZLOO�
EH�IXUWKHU�YDOLGDWHG�LQ�WKH�LQ�WKH�KDOI�VFDOH�VKDNH�WDEOH��
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����&RPPHQWV�RQ�'6'0�5HVHDUFK�6FRSH��
7KH�GHVLJQ�SURFHGXUH�SUHVHQWHG�LQ�3$57���ZDV�SURGXFHG�WKURXJK�WKH�HIIRUWV�RI�D�ODUJH����\HDU�

UHVHDUFK�SURMHFW� LQYROYLQJ�IXOO�VFDOH�GLDSKUDJP�FRQQHFWRU� WHVWLQJ�� ODUJH�VFDOH� ODERUDWRU\� WHVWV�RQ�FULWLFDO�
GLDSKUDJP�MRLQWV��D�KDOI�VFDOH�VKDNH�WDEOH�WHVW�RI�D�GLDSKUDJP�VHQVLWLYH�VWUXFWXUH��DQG�VHYHUDO�KXQGUHGV�RI�
HDUWKTXDNH� VLPXODWLRQV� XVLQJ� PRGHOV� GHYHORSHG� WKURXJK� WKH� WHVWLQJ� SURJUDP�� 7KLV� HIIRUW� DGGHG�
VLJQLILFDQWO\�WR�WKH�NQRZOHGJH�EDVH�RQ�SUHFDVW�FRQFUHWH�GLDSKUDJPV��1HYHUWKHOHVV��JLYHQ�WKH�EURDG�SURMHFW�
REMHFWLYH�� L�H�� DQ� LQGXVWU\�HQGRUVHG� VHLVPLF� GHVLJQ� PHWKRGRORJ\� IRU� SUHFDVW� GLDSKUDJP� VWUXFWXUHV�
QDWLRQZLGH�� FHUWDLQ� GHFLVLRQV� KDG� WR� EH�PDGH� LQ� VHOHFWLQJ� VFRSH�� 7KHVH� GHFLVLRQV� LQYROYHG� WKH� W\SH� RI�
GLDSKUDJP� FRQVWUXFWLRQ� DQG� FRQQHFWRU� W\SHV� HYDOXDWHG�� WKH� QXPEHU� RI� WHVWV�� DQG� WKH� NH\� EHKDYLRUV� WR�
LQFOXGH�LQ�WKH�VWXGLHV��$FFRUGLQJO\��WKH�DVVXPSWLRQV�DQG�OLPLWDWLRQV�LQ�WKH�UHVHDUFK��XQUHVROYHG�LVVXHV�DQG�
QH[W�UHVHDUFK�VWHSV�DUH�OLVWHG�LQ�WKLV�VHFWLRQ��7KHVH�LWHPV�DUH�SUHVHQWHG�DV�IROORZV��

��� /LPLWDWLRQV��LQFOXGLQJ��
���� WRSLFV�RXWVLGH�WKH�SURMHFW�VFRSH�
���� DVSHFWV�WKDW�UHFHLYHG�D�VHFRQGDU\�IRFXV��
���� EHKDYLRUV�H[DPLQHG�RQO\�ZLWK�OLPLWHG�GDWD�

��� $VVXPSWLRQV��LQFOXGLQJ�WKRVH�PDGH�LQ��
���� WKH�DQDO\WLFDO�SRUWLRQ�RI�WKH�UHVHDUFK�
���� WKH�H[SHULPHQWDO�SRUWLRQ�RI�WKH�UHVHDUFK�ZRUN�
���� LQ�WKH�GLDSKUDJP�GHVLJQ�SURFHGXUH�

��� ,PSDFW�RI�WKH�$VVXPSWLRQV�DQG�/LPLWDWLRQV��
���� XQUHVROYHG�RU�GLIILFXOW�WR�GHVFULEH�EHKDYLRUV�WKDW�UHTXLUH�IXUWKHU�UHVHDUFK�
���� VXJJHVWHG�IXWXUH�ZRUN�

�
6FRSH�/LPLWDWLRQV�RI�WKH�5HVHDUFK�3URJUDP�

:RUN�2XWVLGH�3URMHFW�6FRSH�
7KH� IROORZLQJ� DUH� WKH� OLPLWDWLRQV� LQ� VFRSH� LQ� WKH� UHVHDUFK� SHUIRUPHG� LQ� WKH� '6'0� SURMHFW� DV� LW�

SHUWDLQHG�WR�WKH�GHYHORSPHQW�RI�WKH�GHVLJQ�PHWKRGRORJ\��

1R�HYDOXDWLRQV�RI�SHUIRUPDQFH�ZHUH�PDGH�IRU��
��� 'HVLJQV�LQ�6'&V�$�DQG�%��
��� 8QWRSSHG�+ROORZFRUH�
��� 7RSSHG�1RQFRPSRVLWH�'RXEOH�7HH�)ORRU�6\VWHPV�
��� 7UDQVIHU�GLDSKUDJPV��IRU�LQVWDQFH�RYHU�SRGLXPV�RU�LQ�GXDO�V\VWHPV����
��� 6WUXFWXUHV�ZLWK�YHUWLFDO�LUUHJXODULW\��H�J��FKDQJH�LQ�GLDSKUDJP�VSDQV�DW�GLIIHUHQW�OHYHOV���

1R�SK\VLFDO�WHVWLQJ�ZDV�LQFOXGLQJ�LQ�WKH�H[SHULPHQWDO�SURJUDP�IRU��
��� 'LDSKUDJP�WR�/)56�FRQQHFWLRQV�DQG�DQFKRUDJHV�
��� )ODW�SODWH�&KRUG�FRQQHFWLRQV�
��� %DU�SODWH�VKHDU�FRQQHFWLRQV�>H�J��VLPLODU�WR�WKRVH�WHVWHG�E\�3LQFKHLUD�HW�DO��������@��
��� 6HFRQGDU\� FRQQHFWLRQV� LQ� WKH� IORRU� V\VWHP�� LQFOXGLQJ� FRQQHFWLRQV� WR� VSDQGUHOV�� LQWHUQDO�

EHDPV��DQG�FROXPQV��
�

7RSLFV�RI�6HFRQGDU\�)RFXV�
7KH� IROORZLQJ� DUH� WRSLFV� WKDW� ZKLOH� H[DPLQHG� LQ� WKH� UHVHDUFK�� ZHUH� QRW� WKH� SULPDU\� IRFXV� RI� WKH�

UHVHDUFK�SHUIRUPHG�GXULQJ�WKH�'6'0�SURMHFW��

��� Diaphragm-to-LFRS connections, anchorages and collector systems�� 7KH� UHVHDUFK� SURJUDP�
IRFXVHG�RQ�WKH�GHVLJQ�RI�FKRUG�UHLQIRUFHPHQW�DQG�VKHDU�UHLQIRUFHPHQW��7KXV��WKH�GLDSKUDJP�WR�
/)56�FRQQHFWLRQV��DQFKRUDJHV�DQG�FROOHFWRU�V\VWHPV�ZHUH�QRW�LQFOXGHG�LQ�WKH�FRPSRQHQW�WHVWLQJ�
SURJUDP�� )XUWKHU�� WR� DFFRPPRGDWH� GLVSODFHPHQW� FRPSDWLELOLW\� LQ� WKH� VKDNH� WDEOH� WHVW� GXH� WR�
ELDVHG��FRPSUHVVHG��GLUHFWLRQDO�VLPLOLWXGH�LQ�WKH�SUHFDVW�VWUXFWXUH��VSHFLDO�YHUWLFDOO\�VORWWHG��36$�



�%���

&RQQHFWRUV��� FRQQHFWLRQV� ZHUH� XVHG� IRU� WKH� VKDNH� WDEOH� GLDSKUDJP�WR�VKHDU� ZDOO� FRQQHFWLRQV��
$GGLWLRQDOO\�� WKH� VKDNH� WDEOH� VSHFLPHQ� ORQJLWXGLQDO� VSDQ� ZDV� VXFK� WKDW� FROOHFWRUV� ZHUH� QRW�
UHTXLUHG��7KXV��ZKLOH� IRUFH� DQG�GHIRUPDWLRQ�GHPDQGV�ZHUH� WUDFNHG�RQ� WKH�GLDSKUDJP�WR�/)56�
FRQQHFWLRQV�LQ�WKH�DQDO\WLFDO�SURJUDP��WKH�FRQQHFWLRQ�SURSHUWLHV�ZHUH�HVWLPDWHG�XVLQJ�RQH�VLGHG�
EDU�SODWH� FRQQHFWRUV� WHVWHG� E\� 3LQFKHLUD� HW� DO�� �������� )XUWKHU�� LQ� WKH� DQDO\WLFDO� PRGHOLQJ� WKH�
SUHFDVW� XQLWV� �DQG� WRSSLQJ� VODE� DERYH� WKH� XQLWV� LI� DSSOLFDEOH�� DUH�PRGHOHG� DV� HODVWLF� HOHPHQWV��
7KXV��FROOHFWRU�IRUFHV�DW�WKH�HQG�RI�WKH�IORRU�DUH�FDUULHG�WKURXJK�WKH�XQLWV�LQ�WKH�DQDO\WLFDO�PRGHO��
UHJDUGOHVV�RI�WKH�FROOHFWRU�GHWDLO���

��� Diaphragm design at interior beam lines��7KH�UHVHDUFK�SURJUDP�IRFXVHG�RQ�WKH�GHVLJQ�RI�FKRUG�
UHLQIRUFHPHQW�DQG�VKHDU�UHLQIRUFHPHQW��,Q�FHUWDLQ�FRQILJXUDWLRQV��WKH�IRUFHV�DFURVV�LQWHUQDO�EHDP�
OLQHV�PXVW�DOVR�EH�FRQVLGHUHG��XVXDOO\�ZLWK� WULEXWDU\��VQ/I��VKHDU�FDOFXODWLRQV��7KH�FRQQHFWLRQV�
DFURVV�WKHVH�MRLQWV�ZHUH�LQFOXGHG�LQ�WKH�DQDO\WLFDO�PRGHOV��KRZHYHU��WKHVH�GHWDLOV�ZHUH�QRW�WHVWHG��
DQG�WKXV�RQO\�HVWLPDWHG�RI�WKH�QRPLQDO�FRQQHFWRU�SURSHUWLHV�ZHUH�XVHG��5HFRPPHQGDWLRQV�IRU�WKH�
GHIRUPDWLRQ�FDSDFLW\�RI� LQWHULRU�EHDP�FRQQHFWLRQV�DUH�SURYLGHG��KRZHYHU�QRW�EDVHG�RQ�DQ\� LQ�
GHSWK�H[DPLQDWLRQ�RI�SRVVLEOH�GHWDLOV�RU�GHVLJQ�DSSURDFKHV�WKDW�FRXOG�EH�DSSOLHG�WR�WKHVH�MRLQWV���

��� Indeterminate LFRS Systems:�7KH�VWUXFWXUHV�H[DPLQHG�LQ�WKH�DQDO\WLFDO�UHVHDUFK��DQG�WKH�VKDNH�
WDEOH� WHVWLQJ�� DOPRVW� H[FOXVLYHO\� LQYROYHG�/)56� V\VWHPV�ZLWK� SDLUV� RI� YHUWLFDO� HOHPHQWV� �VKHDU�
ZDOOV� RU� PRPHQW� IUDPHV�� DORQJ� WZR� V\PPHWULF� OLQHV� RI� WKH� VWUXFWXUH� LQ� HDFK� GLUHFWLRQ� �H�J��
EXLOGLQJ�SHULPHWHU��RU�ILUVW�LQWHULRU�FROXPQ�OLQH���)RU�WKHVH�VWUXFWXUHV��WKH�GLDSKUDJP�VHLVPLF�ORDG�
QRPLQDOO\� VSOLWV� EHWZHHQ� WKHVH� OLQHV�� )RU� VWUXFWXUHV�ZLWK�PRUH� UHGXQGDQF\� LQ� WKH�/)56� OD\RXW�
�IRU�LQVWDQFH�ERWK�SHULPHWHU�DQG�LQWHULRU�/)56�HOHPHQWV���WKH�GLVWULEXWLRQ�RI�WKH�VWRU\�VKHDU��L�H���
WKH�GLDSKUDJP�UHDFWLRQV��WR�WKHVH�HOHPHQWV�GHSHQGV�RQ�WKH�UHODWLYH�VWLIIQHVV�RI�WKHVH�HOHPHQWV�DQG�
WKH�IOH[LELOLW\�RI�WKH�GLDSKUDJP��7KLV�WRSLF�ZDV�QRW�LQFOXGHG�LQ�WKH�SULPDU\�IRFXV�RI�WKH�UHVHDUFK��
6HH�3&,�6HLVPLF�'HVLJQ�0DQXDO��&OHODQG�DQG�*KRVK�������IRU�PRUH�LQIRUPDWLRQ�RQ�WKLV�WRSLF��

��� Topped Hollowcore, and Topped Double Tee Systems��7KH� UHVHDUFK�XVHG�SUHWRSSHG�GRXEOH� WHH�
IORRU� FRQVWUXFWLRQ� DV� WKH� ³ZRUNKRUVH´� V\VWHP� WR� H[DPLQH� PRVW� JHQHUDO� GLDSKUDJP� EHKDYLRUV��
7KXV�WKH�UHVHDUFK�IRFXVHG�SULPDULO\�RQ�WKLV�V\VWHP��DQG�SHUIRUPHG�D�VPDOOHU�VHW�RI�DQDO\VHV�DQG�
H[SHULPHQWV�ZLWK�RWKHU�V\VWHPV��LQFOXGLQJ�WRSSHG�KROORZFRUH�DQG�WRSSHG�GRXEOH�WHHV��
���� 7ULDO�GHVLJQ�IDFWRUV�ZHUH�GHYHORSHG�XVLQJ�WKH�SUHWRSSHG�GLDSKUDJP��WKRXJK�WKH�IDFWRUV�ZHUH�

YHULILHG�XVLQJ�ERWK�SUHWRSSHG�DQG�WRSSHG�V\VWHPV����
���� 7KH� LVRODWHG� FRQQHFWRU� WHVWLQJ� SURJUDP� ZDV� IDLUO\� HYHQO\� GLYLGHG� DPRQJ� WRSSHG� DQG�

XQWRSSHG�GHWDLOV�� KRZHYHU�� WKH�K\EULG� WHVWV� RI� FULWLFDO� VKHDU� DQG� FULWLFDO� IOH[XUH� MRLQWV�ZHUH�
OLPLWHG�WR�SUHWRSSHG�GRXEOH�WHHV���

���� 7KH�VKDNH�WDEOH� WHVW� LQYROYHG�RQH�IORRU�HDFK�IRU� WRSSHG�GRXEOH�WHHV��SUHWRSSHG�GRXEOH�WHHV��
DQG�WRSSHG�KROORZFRUH��+RZHYHU��WKH�WRSSHG�V\VWHPV�ZHUH�SODFHG�LQ�WKH�ORZHU�IORRUV��7KXV��
E\�YLUWXH�RI�LWV�ORFDWLRQ��WKH�SUHWRSSHG�V\VWHP�ZDV�VXEMHFWHG�WR�WKH�KLJKHVW�VHLVPLF�GHPDQGV��

��� Distributed reinforcement systems, high tension-stiffness and/or strong shear connectors�� 7KH�
UHVHDUFK�IRFXVHG�SULPDULO\�RQ�VKHDU�FRQQHFWRUV�ZLWK�ORZHU�WHQVLRQ�VWUHQJWK�DQG�VWLIIQHVV��GXH�LQ�
SDUW� WR� WKH� QHHG� LQ� PDQ\� SUHFDVW� IORRU� V\VWHPV� WR� DFFRPPRGDWH� VHUYLFHDELOLW\� UHTXLUHPHQWV�
UHODWHG�WR�YROXPH�FKDQJH��7KH�³ZRUNKRUVH´�V\VWHP�XVHG�LQ�WKH�DQDO\VHV�WR�GHWHUPLQH�WULDO�GHVLJQ�
IDFWRUV�� IRU� LQVWDQFH��HPSOR\HG�D�SUHWRSSHG�GRXEOH� WHH� IORRU� V\VWHP�ZLWK� WKH� -9,�9HFWRU�DV� WKH�
VKHDU� UHLQIRUFHPHQW��)RU� WKHVH� V\VWHPV��DVVXPHG� WR�EH� W\SLFDO�SUHFDVW�FRQVWUXFWLRQ�� WKH� UDWLR�RI�
WRWDO�IOH[XUDO�VWUHQJWK�DW�D�MRLQW�SURYLGHG�E\�WKH�VKHDU�UHLQIRUFHPHQW��UHODWLYH�WR�WKDW�SURYLGHG�E\�
WKH�FKRUG�UHLQIRUFHPHQW��LV�TXLWH�VPDOO��)RU�WKLV�UHDVRQ��WKHVH�V\VWHPV�KDYH�OLPLWHG�UHGLVWULEXWLRQ�
TXDOLWLHV�� 7KXV�� LI� WKH� FKRUG� UHLQIRUFHPHQW� IDLOV�� WKH� GLDSKUDJP� LV� OLNHO\� WR� ORVH� ORDG�FDUU\LQJ�
DELOLW\��³'LVWULEXWHG´�UHLQIRUFHPHQW�V\VWHPV��RQ�WKH�RWKHU�KDQG��PD\�SRVVHVV�MRLQWV�ZLWK�LPSURYHG�

�������������������������������������������������
��-9,�,QF��/LQFROQZRRG�,/�������
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UHGXQGDQF\�� /LNHZLVH�� WKHVH� V\VWHPV� KDYH� D� GLIIHUHQW� UHODWLRQVKLS� EHWZHHQ� \LHOG� DQG� XOWLPDWH�
PRPHQW��ZLWK� UDPLILFDWLRQV� RQ� QRPLQDO�PRPHQW� VWUHQJWK� �See Commentary on Step 6���:KLOH�
VRPH�DQDO\VHV�ZHUH�SHUIRUPHG�ZLWK�VKHDU�FRQQHFWLRQV�ZLWK�KLJK�WHQVLRQ�VWLIIQHVV�RU�VWUHQJWK��H�J��
WRSSHG� GLDSKUDJPV� ZLWK� WKH� GXFWLOH� ODGGHU� PHVK�� DV� ZDV� H[DPLQHG� IRU� WZR� RI� WKH� SURWRW\SH�
VWUXFWXUH� GHVLJQ� PHWKRGRORJ\� YHULILFDWLRQ� DQDO\VHV� LQ� Background -Appendix A2��� IXUWKHU�
H[DPLQDWLRQ� RI� WKHVH� GLVWULEXWHG� UHLQIRUFHPHQW� V\VWHPV� PD\� SURYLGH� EHQHILW�� LQFOXGLQJ� WKH�
SRVVLELOLW\�WKDW�VXFK�V\VWHPV�FRXOG�WUDQVODWH�LQWR�ORZHU�GHVLJQ�IRUFH�IDFWRUV��

��� Bond between topping and precast units�� &RQFUHWH� WRSSLQJV� UHTXLUHG� WR� UHVLVW� VHLVPLF� IRUFHV�
VKRXOG�EH�ZHOO�ERQGHG�WR�DGHTXDWHO\�URXJKHQHG�SUHFDVW�HOHPHQWV��0HQHJRWWR���������7KH�ORZHU�
WZR�IORRUV�RI�WKH�VKDNH�WDEOH�WHVW�LQYROYHG�D�WRSSLQJ�VODE�RYHU�SUHFDVW�XQLWV��)RU�WKH�GRXEOH�WHHV��D�
URXJK�EURRP�ILQLVK�ZDV�FDOOHG�IRU�LQ�SURGXFWLRQ�WR�PD[LPL]H�WKH�FRPSRVLWH�DFWLRQ�IRU�WKH�GRXEOH�
WHHV��ZKLOH�QR�VSHFLDO�PHDVXUHV�ZHUH�WDNHQ�IRU�WKH�VXUIDFH�RI�WKH�KROORZ�FRUH�XQLWV��6FKRHWWOHU�HW�
DO���������7KH�VHFRQG�IORRU��WRSSHG�KROORZFRUH��ZDV�VXEMHFWHG�WR�KLJK�GHPDQGV��ZKLOH� WKH�ILUVW�
IORRU� �WRSSHG� GRXEOH� WHHV�� ZDV� VXEMHFWHG� WR� PRGHUDWH� GHPDQG� �6HH� )LJ� %������ 1R� VLJQ� RI�
GHERQGLQJ�ZDV�REVHUYHG�RYHU�WKH����JURXQG�PRWLRQV�WR�ZKLFK�WKH�WHVW�VSHFLPHQ�ZDV�VXEMHFWHG��
7KXV��IRU�WKLV�VPDOO�VDPSOH�VL]H�RI�IORRUV�XQGHU�LQHUWLDO�IRUFH�IURP�JURXQG�PRWLRQ�H[FLWDWLRQ��WKH�
ERQG�EHWZHHQ�WRSSLQJ�DQG�SUHFDVW�XQLWV�ZDV�VXIILFLHQW�ZLWKRXW�DQ\�VSHFLDO�VXUIDFH�SUHSDUDWLRQ��

��� Seating of precast units�� 7KH� 8�6�� SUDFWLFH� XVHV� IDLUO\� VXEVWDQWLDO� VHDWLQJ� GLPHQVLRQV� �3&,�
+DQGERRN� ������� LQ� FRQWUDVW� WR� VRPH� SUHFDVW� FRQVWUXFWLRQ� �H�J�� 1HZ� =HDODQG�� ZKHUH� ��PP�
H[LVWLQJ�FRQVWUXFWLRQ�DQG���PP�QHZ�FRQVWUXFWLRQ� LV�FRPPRQ���7KXV� WKH�UHVHDUFK�GLG�QRW� IRFXV�
GLUHFWO\�RQ�WKH�VHDWLQJ�SHUIRUPDQFH�H[FHSW�GLUHFWO\�LQ�WKH�SHUIRUPDQFH�RI�WKH�VKDNH�WDEOH�WHVW��,W�LV�
QRWHG�WKDW�WKH�XOWLPDWH�IDLOXUH�RI�WKH�VKDNH�WDEOH�WHVW�VSHFLPHQ�GLG�LQYROYH�DQ�XQVHDWLQJ�IDLOXUH�DW�
RQH�HQG�RI�WKH��UG�IORRU�SUHWRSSHG�GLDSKUDJP��6HH�Background Appendix B.4)��+RZHYHU��WKLV�ZDV�
WKH���WK�VWURQJ�JURXQG�PRWLRQ��DQG�DW� WKLV�SRLQW� WKH�VHDWLQJ�LQ�WKLV�UHJLRQ�RI�WKH�VWUXFWXUH�ZDV���
���”� �GRZQ�IURP�DQ�RULJLQDO��”��GXH� WR�³ZDONLQJ�RXW´�RI� WKH�JUDYLW\�IUDPH�GXULQJ�ORVV�RI�VKHDU�
ZDOO�SRVW�WHQVLRQLQJ�LQ�HDUO\�VKDNH�WHVWV��

(YDOXDWLRQV�,QYROYLQJ�/LPLWHG�'DWD�
7KH�GHVLJQ�IDFWRUV�ZHUH�GHYHORSHG�WKURXJK�H[WHQVLYH�DQDO\WLFDO�ZRUN��+RZHYHU��FHUWDLQ�DVSHFWV�RI�WKH�

GHVLJQ�PHWKRGRORJ\�FRXOG�RQO\�EH�H[DPLQHG�WKURXJK�D�OLPLWHG�VHW�RI�DQDO\VHV�RU�H[SHULPHQWV��DQG�WKXV�
FRXOG�EHQHILW�IURP�D�PRUH�FRPSUHKHQVLYH�SDUDPHWHU�VWXG\�RU�WHVWLQJ�SURJUDP�WKDQ�WKDW�SHUIRUPHG�GXULQJ�
WKH�'6'0�SURMHFW��7KHVH�DVSHFWV�LQFOXGH��

��� Diaphragm force vertical distribution factor Dx� �'HVLJQ� 3URFHGXUH� 6WHS� ���� 7KLV� IDFWRU� ZDV�
GHWHUPLQHG� XVLQJ� D� VLPSOH� HYDOXDWLRQ� VWUXFWXUH� IRU� RQO\� �� GLIIHUHQW� VWRU\� KHLJKWV�� DQG� YHULILHG�
WKURXJK� D� OLPLWHG� QXPEHU� RI� DQDO\VHV� RI�SURWRW\SH� VWUXFWXUHV� RI� FRQVWDQW� QXPEHU� RI� VWRULHV� ���
VWRU\� SDUNLQJ� JDUDJHV� DQG� �� VWRU\� RIILFH� EXLOGLQJV� �6HH� Background �$SSHQGL[� $���� 5H�
H[DPLQDWLRQ� RI� GDWD� JHQHUDWHG� E\� WKH� 8&6'� 0'2)� VWXGLHV� �6FKRHWWOHU� ������ RU� D� FDUHIXO�
SDUDPHWHU�VWXG\�IRFXVLQJ�RQ�UHILQHPHQW�RI�WKLV�IDFWRU�ZRXOG�EH�EHQHILFLDO���

��� 15% penalty factor� �'HVLJQ� 3URFHGXUH� 6WHS� ���� 7KLV� SHQDOW\� IDFWRU� LV� HQIRUFHG� ZKHQ�
³XQGHUPDWFKLQJ´�WKH�GLDSKUDJP�GHVLJQ�RSWLRQ�IRU�D�JLYHQ�GLDSKUDJP�VHLVPLF�GHPDQG�OHYHO��6HH�
Commentary Step 2��� 7KH� YDOXH� RI� WKLV� SHQDOW\�� ����� LV� DQ� LQLWLDO� HVWLPDWH� EDVHG� RQ� D� OLPLWHG�
QXPEHU�RI�DQDO\VHV��6HH�)LJ��%�����DQG�FRXOG�EHQHILW�IURP�IXUWKHU�DQDO\WLFDO�GDWD����

��� Statistically Significance of Connector Test Data�� 7KH� GHFLVLRQ�ZDV�PDGH� DW� WKH� RXWVHW� RI� WKH�
SURMHFW� WR�H[DPLQH�D� ODUJH�QXPEHU�RI�GLDSKUDJP�FRQQHFWRUV��7KH�QHHG�IRU�FKDUDFWHULVWLFV�XQGHU�
GLIIHUHQW� ORDG�FRPSRQHQWV��WHQVLRQ��VKHDU��VKHDU�FRPSUHVVLRQ��VKHDU�� WHQVLRQ��PHDQW�WKDW�VHYHUDO�
WHVWV�ZHUH�UHTXLUHG�WR�FRPSOHWHO\�FKDUDFWHUL]H�D�VLQJOH�FRQQHFWRU��)RU�WKLV�UHDVRQ��WKH�QXPEHU�RI�
WHVW� UHVXOWV� IRU� D� VSHFLILF� ORDG� FKDUDFWHULVWLF� RI� D� JLYHQ� FRQQHFWRU� LV� QRW� ODUJH�� 7KH� FRQILGHQFH�
OHYHOV�IRU�WKH�FRQQHFWRUV�FRXOG�EHQHILW�IURP�D�PRUH�VWDWLVWLFDOO\�VLJQLILFDQW�VHW�RI�GDWD��,Q�IDFW��QR�
FRQQHFWRUV�WHVWHG�VWULFWO\�FRPSO\�ZLWK�WKH�SUHTXDOLILFDWLRQ�WHVW�TXDQWLW\�UHTXLUHPHQWV�RI�3$57����
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��� Interior LFRS Layouts�� 7KH� SULPDU\� OD\RXW� LQYHVWLJDWHG� LQ� WKH� SDUDPHWHU� VWXGLHV� LQYROYHG�
SHULPHWHU� /)56� OD\RXWV�� 2QH� SURWRW\SH� SDUNLQJ� VWUXFWXUH� OD\RXW� DQG� RQH� SURWRW\SH� RIILFH�
EXLOGLQJ�VWUXFWXUH�HPSOR\HG�LQWHULRU�/)56�OD\RXWV��7KXV��D�PRUH�GHWDLOHG�LQYHVWLJDWLRQ�RI�LQWHULRU�
/)56�OD\RXWV�ZRXOG�DOORZ�UHILQLQJ�RI�WKH�GLDSKUDJP�LQWHUQDO�IRUFH�SDWWHUQV��

��� LFRS overstrength�� 7KH� GLDSKUDJP� GHVLJQ� IDFWRUV� ZHUH� FDOLEUDWHG� IRU� VWUXFWXUHV� ZLWK� QRPLQDO�
VWUHQJWKV� FORVH� WR� WKH� UHTXLUHG� VWUHQJWK�� )XUWKHU� UHVHDUFK� H[DPLQLQJ� WKH� HIIHFW� RI� /)56�
RYHUVWUHQJWK�ZRXOG�EH�XVHIXO�LQ�UHILQLQJ�WKH�IDFWRUV��

��� Moment Frames�� 0RVW� RI� WKH� DQDO\VHV� LQYROYHG� VKHDU� ZDOO� VWUXFWXUHV�� $� VPDOO� VXEVHW� RI� WKH�
VLPSOH� HYDOXDWLRQ� VWUXFWXUH� SDUDPHWHU� VWXGLHV� LQYROYHG� IUDPH� VWUXFWXUHV�� 2QH� SURWRW\SH� RIILFH�
EXLOGLQJ� VWUXFWXUH� HPSOR\HG� PRPHQW� IUDPHV�� 7KXV� WKH� GDWD� XVHG� WR� REWDLQ� WKH� GLDSKUDJP�
DPSOLILFDWLRQ� IDFWRUV� IRU� IUDPH� VWUXFWXUHV�ZDV� OLPLWHG�� 6LQFH� WKHVH� UHVXOWV� DUH� VOLJKWO\� GLIIHUHQW�
WKDQ� WKRVH� SUHYLRXVO\� REWDLQHG� ZLWK� VLPSOHU� PRGHOV� �)OHLVFKPDQ� HW� DO�� ������� LW� ZRXOG� EH� RI�
LQWHUHVW�WR�PRUH�FORVHO\�H[DPLQH�WKH�UHVSRQVH�RI�GLDSKUDJPV�LQ�PRPHQW�IUDPHV��

���  Seismic Design Category� 7KH�DQDO\VHV�RI�HYDOXDWLRQ�VWUXFWXUHV�XVHG�WR�GHWHUPLQH�WKH�WULDO�GHVLJQ�
IDFWRUV�ZHUH�SULPDULO\�SHUIRUPHG�IRU�6'&�(��%HUNHOH\��&$���ZLWK�D�VPDOO�DPRXQW�SHUIRUPHG�IRU�
6'&�&� �.QR[YLOOH��6&���7KH�SURWRW\SH�VWUXFWXUH�YHULILFDWLRQ�DQDO\VHV�ZHUH�SHUIRUPHG� IRU�ERWK�
6'&�&��.QR[YLOOH��6&��DQG�6'&�'��6HDWWOH��:$���,Q�WKH�VKDNH�WDEOH�WHVW�SURJUDP��WKH�VWUXFWXUH�
KDG� DFFXPXODWHG� GDPDJH� WR� WKH� /)56� DQG� JUDYLW\� V\VWHP� GXH� WR� XQH[SHFWHG� IDLOXUHV� �6HH�
Background Appendix B.4���

��� Different column density, spandrel length, precast panel width��$�FRQVWDQW�VSDQGUHO�OHQJWK����’��
ZDV� XVHG� OHDGLQJ� WR� D� IDLUO\� HYHQ� JUDYLW\� V\VWHP� FROXPQ� GHQVLW\�� $GGLWLRQDOO\��PRVW� DQDO\VHV�
XVHG� D�SUHFDVW� IORRU�XQLW�ZLGWK�RI���’�� H[FHSW� WKDW� WKH� VWXGLHG�SDUNLQJ�JDUDJH� VWUXFWXUHV�KDYH� D�
SUHFDVW�IORRU�XQLW�ZLGWK�RI���’��7KXV��UHVHDUFK�H[DPLQLQJ�WKH�HIIHFW�RI�GLIIHUHQW�FROXPQ�GHQVLW\��
VSDQGUHO�OHQJWK�DQG�SUHFDVW�SDQHO�ZLGWK�ZRXOG�EH�XVHIXO�LQ�UHILQLQJ�GHVLJQ�IDFWRUV��

��� Gravity System Stability��0RVW�RI�WKH�HDUWKTXDNH�VLPXODWLRQV�SHUIRUPHG�ZHUH�ILUVW�RUGHU�DQDO\VHV��
IRU�HDVH�RI�FRPSXWDWLRQ� WLPH�DQG�FRQYHUJHQFH��+RZHYHU�� LW�ZDV�UHFRJQL]HG�WKDW�DFFRXQWLQJ�IRU�
VHFRQG�RUGHU��3�'��HIIHFWV�FRXOG�EH�LPSRUWDQW�IRU�WDOOHU�VWUXFWXUHV��H�J��WKH���VWRU\�RIILFH�EXLOGLQJ��
RU�KLJKO\�IOH[LEOH�GLDSKUDJPV�ZKHUH�WKH�JUDYLW\�FROXPQV�PLJKW�XQGHUJR�ODUJH�GULIWV��6HFRQG�RUGHU�
HIIHFWV�ZHUH�LQFOXGHG�LQ�WKHVH�DQDO\VHV��DQG�IURP�H[DPLQLQJ�WKH�GLIIHUHQFH�EHWZHHQ�WKH�ILUVW�RUGHU�
DQG�VHFRQG�RUGHU�DQDO\VHV�� WKH�&'� IDFWRU�KDV�EHHQ�LQWURGXFHG�LQWR�WKH�GHVLJQ�PHWKRGRORJ\��6HH�
3$57����6WHS������+RZHYHU�� WKLV� IDFWRU� LV� EDVHG�RQ� D� VPDOO� QXPEHU� RI� DQDO\VHV�� DQG� WKH� GULIW�
FDSDFLW\�RI�WKH�JUDYLW\�V\VWHP�LV�HVWLPDWHG��,Q�JHQHUDO��WKH�WRSLF�RI�JUDYLW\�V\VWHP�VWDELOLW\�FRXOG�
XVH�PRUH�DWWHQWLRQ�DV�D�UHVHDUFK�DUHD�XQWR�LWVHOI��

�
)LJXUH�%�����6KDNH�WDEOH�WHVW�UHVXOWV���D��0D[LPXP�GLDSKUDJP�IRUFH���E��0D[LPXP�MRLQW�RSHQLQJ��
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$VVXPSWLRQV�RI�WKH�5HVHDUFK�
$VVXPSWLRQV�RI�WKH�$QDO\WLFDO�5HVHDUFK�

7KH�'6'0�GHVLJQ�PHWKRGRORJ\�LV�EDVHG�RQ�QRQOLQHDU�PRQRWRQLF�³SXVKRYHU´�DQDO\VHV�RI�LVRODWHG�
SUHFDVW� GLDSKUDJPV� DQG� QRQOLQHDU� WUDQVLHQW� G\QDPLF� DQDO\VHV�� H�J�� HDUWKTXDNH� VLPXODWLRQV�� RI� WKUHH�
GLPHQVLRQDO�PRGHOV�RI�SUHFDVW�VWUXFWXUHV��)RU�WKHVH�DQDO\VHV��D�SUHFDVW�GLDSKUDJP�PRGHO�GHYHORSHG�LQ�WKH�
UHVHDUFK�� WHUPHG� WKH� ³GLVFUHWH´� SUHFDVW� GLDSKUDJP�PRGHO��ZDV� XVHG�� ,Q� WKH� GLVFUHWH�PRGHO�� WKH� SUHFDVW�
GLDSKUDJP�FRQQHFWRUV�DUH�PRGHOHG�GLUHFWO\�DV�HOHPHQWV�LQ�WKH�DQDO\WLFDO�PRGHO���

����7KH� IROORZLQJ� DUH� DVVXPSWLRQV� LQYROYHG� LQ� WKH� GLDSKUDJP� GLVFUHWH� DQDO\WLFDO� PRGHOV�� XVHG� WR�
GHWHUPLQH�WKH�GLDSKUDJP�GHVLJQ�IDFWRUV��

��� ,Q� WKH� PRGHOLQJ�� DOO� LQHODVWLF� GHIRUPDWLRQ� LQ� WKH� GLDSKUDJP� LV� DVVXPHG� WR� RFFXU� LQ� WKH� MRLQW�
EHWZHHQ�WKH�SUHFDVW�XQLWV��
���� Primary Diaphragm Reinforcement��7KH�PRGHOLQJ�SDUDPHWHUV� �VWUHQJWK�� VWLIIQHVV� DQG�SRVW�

\LHOG� EHKDYLRU�� IRU� WKHVH� HOHPHQWV� DUH� GHYHORSHG� EDVHG� RQ� F\FOLF� WHVWLQJ� RI� LQGLYLGXDO�
GLDSKUDJP�FRQQHFWRUV�SHUIRUPHG�DW�/HKLJK�8QLYHUVLW\��1DLWR�HW�DO��������1DLWR�HW�DO���������
7KH� K\VWHUHWLF� PRGHOV� IRU� WKHVH� HOHPHQWV� LQFOXGH� SLQFKLQJ�� F\FOLF� VWLIIQHVV� GHJUDGDWLRQ� LQ�
WHQVLRQ�� F\FOLF� VWUHQJWK� GHJUDGDWLRQ� LQ� VKHDU�� DQG� WHQVLRQ�VKHDU� FRXSOLQJ� �6HH�Background 
Appendix B.2���DV�REVHUYHG�LQ�WKH�WHVWLQJ���

���� Secondary Diaphragm Reinforcement�� 7KH� VHFRQGDU\� FRQQHFWLRQV� LQ� WKH� IORRU� V\VWHP��
GLDSKUDJP� WR� LQWHUQDO� EHDP� FRQQHFWLRQV�� GLDSKUDJP� WR� VSDQGUHO� FRQQHFWLRQV� HWF��� ZHUH�
HVWLPDWHG� DV� QR� WHVWLQJ� RI� WKHVH� HOHPHQWV� ZDV� SHUIRUPHG� LQ� WKH� UHVHDUFK� SURJUDP�� 7KH�
FRQQHFWRU�FKDUDFWHULVWLFV�DUH�DVVXPHG�WR�EH�HTXLYDOHQW�WR�D�RQH�VLGHG�YHUVLRQ�RI�WKH�EDU�SODWH�
VKHDU� FRQQHFWRU� WHVWHG�E\�3LQFKHLUD� HW� DO�� �������� L�H��ZLWK� WKH� VDPH� VWUHQJWK��EXW� WZLFH� WKH�
VWLIIQHVV�DQG�KDOI�WKH�GHIRUPDWLRQ�FDSDFLW\��2QH�VLGH�FRQQHFWRUV�DUH�PRGHOHG�ZLWK�WKH�VDPH�
VWUHQJWK��GRXEOHG�VWLIIQHVV�DQG�KDOI�RI�GHIRUPDWLRQ�FDSDFLW\�DV�WKH�WZR�VLGH�FRQQHFWLRQV��H�J��
FRQQHFWLRQV� EHWZHHQ� WZR� SUHFDVW� IORRU� XQLWV��� 7KH� K\VWHUHWLF� PRGHO� IRU� WKH� RQH�VLGH�
FRQQHFWLRQ�LQFOXGHV�HIIHFWV�RI�SLQFKLQJ�DQG�WHQVLRQ�VKHDU�FRXSOLQJ�ZLWKRXW�F\FOLF�VWLIIQHVV�RU�
VWUHQJWK�GHJUDGDWLRQ���

���� Diaphragm-to-LFRS Connections��7KH�GLDSKUDJP�WR�/)56�FRQQHFWLRQV�ZHUH�PRGHOHG�XVLQJ�
WKH�VDPH�RQH�VLGH�FRQQHFWRU�PRGHO�DV�WKH�GLDSKUDJP�VHFRQGDU\�FRQQHFWLRQV��7KLV�DSSURDFK�LV�
DQ� DSSUR[LPDWLRQ� VLQFH� WKH� DFWXDO� FRQQHFWRUV� XVHG� IRU� GLDSKUDJP�WR�/)56�FRQQHFWLRQV� DUH�
W\SLFDOO\�VWUDLJKW�EDU�ZHOGHG�FRQQHFWRUV� LQ� ORZHU�VHLVPLF�KD]DUG�DQG�GRZHOV� LQ� WKH� WRSSLQJ�
VODE� LQ� KLJKHU� VHLVPLF� KD]DUG�� 6LQFH� QRQH� RI� WKHVH� GHWDLOV� ZHUH� WHVWHG� LW� ZDV� DVVXPHG�
VXIILFLHQWO\� DFFXUDWH� WR� XVH� WKH� DQJOHG� EDU� FRQQHFWRU� WHVW� UHVXOWV� �3LQFKHLUD� HW� DO�� �������
DGMXVWHG�IRU�RQH�VLGH�LQ�UHFRJQLWLRQ�RI�WKH�QHDUO\�ULJLG�UHVSRQVH�RI�KHDGHG�VWXG�DQFKRU�SODWHV�
LQ� WKH� ZDOO�IUDPH�� 7KH� GLDSKUDJP�WR�/)56� FRQQHFWRU� PRGHOV� DUH� SURYLGHG� ZLWK� XQOLPLWHG�
GHIRUPDWLRQ�FDSDFLW\�LQ�WKH�PRGHO�LQ�RUGHU�WR�GHWHUPLQH�UHTXLUHG�GHIRUPDWLRQ�FDSDFLW\��

���� Further notes on Connections��
D�� 7KH�PRGHOLQJ�ZDV�EDVHG�RQ�D� OLPLWHG� VHW�RI�GLDSKUDJP�FRQQHFWRU�SURSHUWLHV��(DUO\�

DQDO\VHV� �:DQ� DQG� )OHLVFKPDQ� ������ �5HQ� DQG� 1DLWR� ������ RQ� WKH� HIIHFW� RI�
FRQQHFWRU�VWLIIQHVV��VWUHQJWK��LQGLFDWHG�WKDW�WKH�IOXFWXDWLRQ�RI�GLDSKUDJP�GHPDQGV�GXH�
WR� WKH� UDQJH� IURP� WKH�PRVW� IOH[LEOH� WR� WKH�PRVW� VWLII� FRQQHFWRU� GHWDLOV� LV� QRW� ODUJH�
FRPSDUHG� WR� WKH� RYHUDOO� GLDSKUDJP� IOH[LELOLW\� GXH� WR� VSDQ�� ,Q� WKLV�ZD\�� WKH� UHVXOWV�
�SULPDULO\� FRQQHFWRU� LQHODVWLF� GHIRUPDWLRQ� GHPDQGV�� EDVHG� RQ� D� JHQHULF� VHW� RI�
FRQQHFWRU� SURSHUWLHV� FDQ� EH� DSSOLHG� WR� DOO� GLIIHUHQW� FRQQHFWRU� GHWDLOV� EDVHG� RQ� WKH�
GLDSKUDJP�UHLQIRUFHPHQW�FODVVLILFDWLRQ�V\VWHP��6HH�Background Step 4���

E�� 7KH� HYDOXDWLRQ� VWUXFWXUH� DQG� WKH� SURWRW\SH� SDUNLQJ� VWUXFWXUH� FRQWDLQHG� FKRUG�
UHLQIRUFHPHQW� ZLWK� WKH� -9,� 9HFWRU�� DQG� WKH� SURWRW\SH� RIILFH� EXLOGLQJ� VWUXFWXUH�
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FRQWDLQHG�FKRUG�UHLQIRUFHPHQW��KDLUSLQ�FRQQHFWLRQV�DQG�D�GXFWLOH�PHVK�LQ�WKH�WRSSLQJ�
DW�WKH�MRLQW��

F�� 7KH�FKRUG�UHLQIRUFHPHQW�LV�EDVHG�RQ�D�K\VWHUHWLF�PRGHO�GHYHORSHG�IURP�WKH�SRXU�VWULS�
FKRUG�F\FOLF�WHVW��GXH�WR�OLPLWDWLRQV�LQ�WHVW�GDWD�IRU�RWKHU�RI�FKRUG�W\SHV��GLIILFXOWLHV�LQ�
WHVWLQJ� RI� WKH� GU\� FKRUG� FRQQHFWRU� WKDW� OHG� WR� XQUHOLDEOH� RU� LQFRQFOXVLYH� GDWD�� QR�
WHVWLQJ�RI�WKH�GU\�FKRUG�IODW�SODWH�FRQQHFWRU��

G�� ,W� LV� DVVXPHG� WKDW� WKH� VHFRQGDU\� FRQQHFWRUV� DUH� DEOH� WR� GHIRUP� ZLWKRXW� VWUHQJWK�
UHGXFWLRQ�DIWHU�\LHOG��ZLWK�WHQVLRQ�DQG�VKHDU�UHVSRQVHV�DUH�FRXSOHG�LQ�WKH�PRGHO��

H�� 7KH� VSDQGUHO�WR�FROXPQ� FRQQHFWLRQ� LV� PRGHOHG� WR� DOORZ� IUHH� VHSDUDWLRQ� EHWZHHQ�
VSDQGUHO�DQG�FROXPQ�LQ�WKH�GLUHFWLRQ�SHUSHQGLFXODU�WR�WKH�SUHFDVW�IORRU�XQLW�MRLQWV��

��� Precast Units���
���� 7KH�SUHFDVW�XQLWV�DUH�PRGHOHG�DV�HODVWLF�HOHPHQWV�XVLQJ�WKH�IODQJH�VODE�FURVV�VHFWLRQ���
���� 7KH�VWUXFWXUDO�PRGHOV�LQFOXGH�WKH�VHFRQGDU\�HOHPHQWV�LQ�WKH�IORRU�V\VWHP��VSDQGUHOV��LQWHUQDO�

EHDPV��7KHVH�HOHPHQWV�DUH�DVVXPHG�WR�UHVSRQG�HODVWLFDOO\�XVLQJ�JURVV�VHFWLRQ�SURSHUWLHV��GXH�
WR�WKH�SUHVHQFH�RI�SUHVWUHVV����

���� 7KH� JUDYLW\� FROXPQV� DUH� PRGHOHG� DV� HODVWLF� HOHPHQWV� ZLWK� SLQQHG� EDVHV� SLQQHG� DW� WKH�
IRXQGDWLRQ�DQG�SLQQHG�FRQQHFWLRQV�WR�IORRU�V\VWHPV��DW�WKH�VSDQGUHOV����

��� Out-of-Plane Action��7KH�RXW�RI�SODQH�RI�WKH�IORRU��YHUWLFDO��DFWLRQV��GXH�WR�XSOLIW�RU�URWDWLRQ�RI�
WKH�/)56�HOHPHQWV��DUH�LJQRUHG��

��� Gravity Load Effects�� 7KH� HIIHFW� RI� JUDYLW\� ORDG� RQ� GLDSKUDJP� FRQQHFWRU� EHKDYLRU� ZDV� QRW�
LQFOXGHG�LQ�WKH�DQDO\WLFDO�PRGHOLQJ��

��� Seating:�([FHSW�IRU�D�OLPLWHG�QXPEHU�RI�PRGHOV�RI�WKH�VKDNH�WDEOH�VSHFLPHQ��WKH�VHDWLQJ�RI�IORRU�
XQLWV� ZDV� QRW� PRGHOHG�� 7KXV�� UHODWLYH� PRYHPHQW� RI� WKH� VSDQGUHO� DQG� IORRU� XQLWV� LV� PHDVXUHG�
GLUHFWO\�DW�WKH�GHFN�OHYHO��

��� Uncertainty�� 7KH� PRGHOV� DUH� EDVHG� RQ� GHWHUPLQLVWLF� QRPLQDO� YDOXHV�� ZLWKRXW� FRQVLGHUDWLRQ� RI�
XQFHUWDLQW\��1R�RYHUVWUHQJWK�LV�FRQVLGHUHG�LQ�WKH�GHVLJQ�RI�HOHPHQWV��HLWKHU�IRU�WKH�GLDSKUDJP�RU�
WKH�/)56��7KH�/)56�VWUHQJWK�LV�DVVLJQHG�WKH�QRPLQDO�YDOXH��ZLWK�QR�RYHUVWUHQJWK�DVVLJQHG�WR�WKH�
DFWXDO�\LHOG�VWUHQJWK�RI�WKH�/)56�V\VWHP��

��� Asymmetry��1R�DFFLGHQWDO�DV\PPHWU\�RU�YDULDWLRQ�LQ�SDUDPHWHUV�LV�DVVXPHG��

��� LFRS Nonlinear Response�� �6KHDU�ZDOOV�DUH�PRGHOHG�DV�EDVH�KLQJLQJ�HOHPHQWV��0RPHQW�IUDPHV�
DUH�PRGHOHG�DV�EHDP�HQG�KLQJLQJ�HOHPHQWV��VWURQJ�FROXPQ�ZHDN�EHDP����

��� Vertical Elements�� � 7KH� FRQILQLQJ� HIIHFW� WR� WKH� IORRU� MRLQWV� GXH� WR� WKH� RXW�RI�SODQH� VWLIIQHVV� RI�
YHUWLFDO�HOHPHQWV��VKHDU�ZDOOV��PRPHQW�IUDPHV�DQG�OLWH�ZDOOV��LV�LQFOXGHG�LQ�WKH�PRGHOV���
�
7KH� GHVLJQ� IDFWRUV� DUH� GHWHUPLQHG� XVLQJ� WKH� DQDO\WLFDO� VWXGLHV� GHVFULEHG� LQ�$SSHQGL[�$�� 7ULDO�

GHVLJQ� IDFWRUV�ZHUH� ILUVW� GHYHORSHG� DV� GHVFULEHG� LQ�Background �$SSG[��$�� DQG� YHULILHG� LQ� WKH� VWXG\�
GHVFULEHG�LQ�Background �$SSG[��$���7KH�GHWDLOHG�OLVW�RI�DVVXPSWLRQV�DQG�OLPLWDWLRQV�IRU�HDFK�DQDO\WLFDO�
UHVHDUFK�VWDJH�DUH�OLVWHG�DW�WKH�EHJLQQLQJ�RI�WKH�FRUUHVSRQGLQJ�Background $SSHQGL[��See Sections A1.0, 
A2.0���
�
$VVXPSWLRQV�RI�WKH�([SHULPHQWDO�5HVHDUFK�

&RQQHFWRU�7HVWLQJ�3URJUDP��
��� 7KH�WHVWLQJ�SURJUDP�ZDV�WDUJHWHG�VSHFLILFDOO\�IRU�GLDSKUDJP�IODQJH�WR�IODQJH�FRQQHFWRUV��
��� 7KH� FRQQHFWRU� WHVWLQJ� SURJUDP� LV� OLPLWHG� WR� DVVHVVLQJ� WKH� LQ�SODQH� VWUHQJWK�� VWLIIQHVV�� DQG�

GHIRUPDWLRQ�FDSDFLW\�RI�SUHFDVW�FRQFUHWH�GLDSKUDJP�FRQQHFWRUV��
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��� 7KH�WHVWLQJ�PHWKRG�GHWHUPLQHV�WKH�VKHDU�DQG�WHQVLRQ�SHUIRUPDQFH�RI�FRQQHFWLRQV�LQGHSHQGHQWO\��
$OWHUQDWLYH�SURFHGXUHV�DUH�SURYLGHG�IRU�GHWHUPLQLQJ�VKHDU�WHQVLRQ�FRXSOHG�EHKDYLRU��

��� 7KH�WHVWLQJ�SURJUDP�H[DPLQHG�LQGLYLGXDO�FRQQHFWRU�SHUIRUPDQFH��L�H��RQH�LVRODWHG�FRQQHFWRU�SHU�
WHVW�VSHFLPHQ���

��� 7KH�FRQQHFWRU�MRLQHG�WZR��’�[��’�SUHFDVW�SLHFHV�LQWHQGHG�WR�UHSUHVHQW�WKH�WULEXWDU\�SRUWLRQ�RI�WKH�
IORRU�XQLW�IODQJH��7KHVH�SLHFHV�ZHUH�QRQ�SUHVWUHVVHG�DQG�FRQWDLQHG��[��:���[:����ZHOGHG�ZLUH�
UHLQIRUFHPHQW���

��� %RWK� GU\� FKRUG� FRQQHFWRUV� DQG� FKRUG� EDUV� LQ� WKH� SRXU� VWULS� ZHUH� EDFN�HQG� DQFKRUHG� XVLQJ� D�
IDFHSODWH�DW�WKH�IDU�HQG�RI�WKH�SDQHO����’�IURP�WKH�MRLQW�EHLQJ�WHVWHG��,W�ZDV�DVVXPHG�WKDW�WKLV�ZDV�
VXIILFLHQWO\�EH\RQG�WKH�GHYHORSPHQW�OHQJWK�QRW�WR�KDYH�D�VLJQLILFDQW�HIIHFW�RQ�WKH�UHVXOWV���

��� %HVW�FRQVWUXFWLRQ�SUDFWLFHV�ZHUH�XVHG�ZLWK�UHJDUG�WR�DOLJQPHQW��DPELHQW�ZHOGLQJ�FRQGLWLRQV��HWF��
��� 9HUWLFDO�PRYHPHQW�RI�WKH�SUHFDVW�WHVW�VSHFLPHQ�ZDV�UHVWULFWHG��
��� 7HVWV�ZHUH�FRQGXFWHG�XQGHU�TXDVL�VWDWLF�GLVSODFHPHQW�FRQWURO�DW�D�UDWH�OHVV�WKDQ�����LQ�VHF��
���� 7KH� F\FOLF� ORDGLQJ� SURWRFRO� LQYROYHV� �� UHSHDWHG� F\FOHV� DW� JLYHQ� DPSOLWXGH� RI� DSSOLHG�

GLVSODFHPHQW�� 7KH� FRQQHFWRU� SHUIRUPDQFH� LV� DVVHVVHG� XVLQJ� D� EDFNERQH� DSSUR[LPDWLRQ� LQ�
DFFRUGDQFH�ZLWK�WKH�SURFHGXUH�RXWOLQHG�LQ�$6&(�6(,��������

���� )RU� WKH� WHVWLQJ� RI� FULWLFDO� GLDSKUDJP� MRLQWV�� WKH� SUHFDVW� IORRU� XQLWV� ZHUH� VHFXUHO\� DWWDFKHG� WR�
IL[WXULQJ��RQH�SDQHO�ZLGWK�DZD\�IURP�WKH�MRLQW�EHLQJ�WHVWHG��

�
6KDNH�7DEOH�7HVWLQJ��
��� 7KH�FRQQHFWLRQV�DQG�HOHPHQWV�ZHUH�FUHDWHG�LQ�KDOI�VFDOH��DOVR�IRU�WKH�FULWLFDO�MRLQW�WHVWV����

D�� )RU�FKRUG�UHLQIRUFHPHQW�����EDUV�ZHUH�VFDOHG�E\�XVLQJ����EDUV���
E�� 6SHFLDO�KDOI�VFDOH�9HFWRU�FRQQHFWLRQV�ZHUH�PDGH�E\�-9,�IRU�WKH�WHVWLQJ��7KHVH�KDOI�VFDOH�

FRQQHFWRUV�ZHUH�WHVWHG�LQ�LVRODWHG�IDVKLRQ�WR�FRQILUP�YHULVLPLOLWXGH��
��� 9HUWLFDOO\�VORWWHG�GLDSKUDJP�WR�/)56�FRQQHFWLRQV�ZHUH�XVHG��-9,�36$�FRQQHFWRUV���
��� 7KH�VWUXFWXUDO�V\VWHP�LQFXUUHG�GDPDJH�SULRU�WR�WKH�IXOO�WHVWLQJ�SURJUDP�LQFOXGLQJ��

D�� )DLOXUH�RI�WKH��UG�IORRU��SUHWRSSHG��FKRUG�LQ�WKH�ILUVW�6HDWWOH�'%(��FDXVLQJ��
���� WKH��QG�IORRU��WRSSHG�+&��XQGHUZHQW�ODUJH�GHPDQGV�GXULQJ�WKH�IDLOXUH��

E�� )DLOXUH�RI�WKH�5RFNLQJ�:DOO�37�DQFKRUV�GXULQJ�WKH�ILUVW�%HUNHOH\�0&(��FDXVLQJ��
���� ³:DONLQJ´�RI� WKH�JUDYLW\� V\VWHP�VXFK� WKDW� VSDQGUHO�FRQQHFWLRQV�KDG� WR�EH� UHSODFHG�

DQG�DYDLODEOH�VHDWLQJ�PDJQLWXGHV�ZHUH�UHGXFHG��
���� 8QGHWHFWHG�GDPDJH�WR�'LDSKUDJP�WR�/)56��36$��FRQQHFWLRQV��

F�� 6XEVHTXHQW�IDLOXUHV�RI�WKH�36$�FRQQHFWLRQV�GXULQJ�%HUNHOH\�'%(V�
G�� )DLOXUHV�RI�WKH�RXWULJJHU�VOLGHUV�
H�� )LQDO�IDLOXUH�GXH�WR�XQVHDWLQJ�RI�WKH��UG�IORRU�UHJLRQ�ZLWK�WKH�ORZHU�DYDLODEOH�VHDWLQJ�LQ�D�

%HUNHOH\�0&(��
��� $V�D�UHVXOW�RI�WKH�DIRUHPHQWLRQHG�IDLOXUHV��VRPH�WHVWV�RU�GDWD�KDYH�WR�EH�LQWHUSUHWHG�FDUHIXOO\��DQG�

RWKHU�GDWD�FDQQRW�EH�GLUHFWO\�XVHG�LQ�FDOLEUDWLRQ���
��� 7KH�WRSSHG�'7�IORRU�ZDV�QRW�WHVWHG�WR�0&(�OHYHOV�GXH�WR�LWV�ORFDWLRQ�RQ�WKH�ILUVW�IORRU��

$�GHWDLOHG�GHVFULSWLRQ�RI�WKH�VKDNH�WDEOH�WHVWLQJ�DQG�UHODWHG�PRGHO�FDOLEUDWLRQ�DFWLYLWLHV�DSSHDUV�LQ�
$SSHQGLFHV�&�DQG�%���
�
$VVXPSWLRQV�LQ�WKH�'HVLJQ�0HWKRGRORJ\�

7KH�GLDSKUDJP�GHVLJQ�SURFHGXUH��3$57����FRQWDLQV�WKH�IROORZLQJ�DVVXPSWLRQV����
��� 7KH� GLDSKUDJP� MRLQWV� DUH� GHVLJQHG� XVLQJ� DQ� LQWHUDFWLRQ� H[SUHVVLRQ� �(TQ�� ����� 7KH� LQWHUDFWLRQ�

H[SUHVVLRQ��LQYROYLQJ�GLUHFW�DGGLWLRQ�RI�D[LDO�DQG�PRPHQW��DQG�YHFWRU�DGGLWLRQ�RI�WKH�VKHDU�IRUFH��
LV� QRW� EDVHG� RQ� DQ\� WKHRUHWLFDO� GHULYDWLRQ� LQYROYLQJ� SUHFDVW� FRQFUHWH� MRLQWV�� +RZHYHU�� WKH�
H[SUHVVLRQ� KDV� EHHQ� HPSLULFDOO\� YHULILHG� XVLQJ� WKH� UHVXOWV� RI� WKH� VHLVPLF� VLPXODWLRQV� RI� WKH�
SURWRW\SH�VWUXFWXUHV�� ,W� VKRXOG�EH�QRWHG�KRZHYHU�� WKDW� WKH�DQDO\WLFDO�PRGHOV� WKHPVHOYHV�SRVVHVV�
FRQQHFWRU�HOHPHQWV�WKDW�DUH�EDVHG�RQ�DQ�DSSUR[LPDWH�FRXSOLQJ�RI�VKHDU�DQG�D[LDO�UHVSRQVH��6HH�
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Background Appendix B.1�� EDVHG� RQ� LQGLYLGXDO� ORDG� FRPSRQHQW� WHVWLQJ� DQG� OLPLWHG� FRPELQHG�
ORDGLQJ�RI�LVRODWHG�FRQQHFWRUV��6HH�Background Appendix B.2���1RWH�WKDW�WKH�D[LDO�FRPSRQHQW�LQ�
WKH� LQWHUDFWLRQ� HTXDWLRQ� LV� VLJQHG�� VR� D[LDO� FRPSUHVVLRQ� LV� EHQHILFLDO� DV� LW� ZLOO� DFW� DJDLQ� WKH�
PRPHQW�GHPDQG��7KLV�EHQHILW�KDV�EHHQ�ZLWQHVVHG�LQ�LVRODWHG�FRQQHFWRU�WHVWLQJ��1DLWR�HW�DO��������
DQG�K\EULG�WHVWLQJ�RI�D�FULWLFDO�VKHDU�MRLQW��6HH�Background Appendix B.3.1���

��� 7KH�XVH�RI�WKH�LQWHUDFWLRQ�H[SUHVVLRQ�DOVR�HOLPLQDWHV�WKH�QHHG�IRU�LQFOXGLQJ�WHVWV�XQGHU�FRPELQHG�
ORDGLQJ��IRU�LQVWDQFH�VLPXOWDQHRXV�VKHDU�DQG�WHQVLRQ��RU�VLPXOWDQHRXV�VKHDU�DQG�FRPSUHVVLRQ��LQ�
WKH� GLDSKUDJP� FRQQHFWRU� TXDOLILFDWLRQ� SURWRFRO�� 6XFK� WHVWV� DUH� GLIILFXOW� WR� SHUIRUP�
VWUDLJKWIRUZDUGO\�ZLWKRXW� VSHFLDO� HTXLSPHQW�� DQG� LW� LV�XQFOHDU�ZKDW�EHVW� UHSUHVHQWV� DQ�HIIHFWLYH�
GLDSKUDJP� FRQQHFWRU� ORDG� KLVWRU\� �F\FOLF� VKHDU� LQ� WKH� SUHVHQFH� RI� FRQVWDQW� D[LDO� IRUFH�� F\FOLF�
VKHDU� IRUFH�ZLWK� D�SURSRUWLRQDO� D[LDO� IRUFH�� F\FOLF� VKHDU�GLVSODFHPHQW�ZLWK� D�SURSRUWLRQDO� D[LDO�
GLVSODFHPHQW��DQG�LI�RQH�RI�WKH�ODWWHU�WZR��ZKDW�WKDW�SURSRUWLRQ�VKRXOG�EH���7KXV�WKH�GHFLVLRQ�ZDV�
PDGH� WR� UHTXLUH� FRPSRQHQW� WHVWLQJ� �F\FOLF� VKHDU�� F\FOLF� WHQVLRQ�� DQG� FRPELQH� WKH� HIIHFWV� RI�
WHQVLRQ�DQG�VKHDU�XVLQJ�WKH�LQWHUDFWLRQ�HTXDWLRQ��,W�LV�LPSRUWDQW�WR�QRWH�WKDW�WKH�YHULILFDWLRQ�RI�WKH�
LQWHUDFWLRQ� HTXDWLRQ� LV� SHUIRUPHG� XVLQJ� QRQOLQHDU� G\QDPLF� HDUWKTXDNH� VLPXODWLRQ� WKDW� GRHV�
LQGHHG� UHSURGXFH� WKH�FRPSOH[� VHW�RI� ORDG�KLVWRULHV�RQ� LQGLYLGXDO�FRQQHFWRUV�� DQG�XVLQJ�PRGHOV�
ZKRVH� FRQQHFWRU� HOHPHQWV� DUH� EDVHG� RQ� WKH� WHVWLQJ� RI� LVRODWHG� FRQQHFWRUV� LQ� WKH� H[SHULPHQWDO�
SURJUDP��LQFOXGLQJ�XQGHU�FRPELQHG�IRUFHV����

��� 7KH� GLDSKUDJP� GHVLJQ� IDFWRUV� ZHUH� GHYHORSHG� XVLQJ� DQ� HYDOXDWLRQ� VWUXFWXUH� ZLWK� D� VLPSOH�
UHFWDQJXODU� GLDSKUDJP� OD\RXW� DQG� ORDGHG� LQ� D� VLQJOH� �WUDQVYHUVH�� GLUHFWLRQ�� 7KH� YHULILFDWLRQ� LV�
EDVHG�RQ�OLPLWHG�DQDO\VHV�RI�SURWRW\SH�VWUXFWXUHV���

��� 7KH� GHVLJQ� IDFWRUV� HTXDWLRQV� DUH� EDVHG� RQ� D� FXUYH� ILW� XVLQJ� D� ���� FRQILGHQFH� LQWHUYDO� IRU� WKH�
PHDQ�YDOXH�RI�GDWD�SRLQWV�RYHU�WKH���HDUWKTXDNHV�RI�PD[LPXP�UHVSRQVH�GDWD��

��� 7KH�GHYHORSPHQW�RI�WULDO�GHVLJQ�IDFWRUV�RFFXUUHG�GLUHFWO\�DIWHU�WKH�UHVHDUFK�SKDVH��ZKLFK�LQFOXGHG�
WKH� VKDNH� WDEOH� WHVWLQJ��)RU� WKLV� UHDVRQ�� D� IXOO\�FDOLEUDWHG�PRGHO�ZDV�QRW� DYDLODEOH� DW� WKLV� WLPH��
0RGHO�FDOLEUDWLRQ�XVLQJ�WKH�VKDNH�WDEOH�UHVXOWV�RFFXUUHG�LQ�SDUDOOHO�LQ�WKH�ODWHU��GHVLJQ�SURFHGXUH�
GHYHORSPHQW�� SKDVH�� SULRU� WR� WKH� HVWDEOLVKPHQW� RI� WKH� ILQDO� GLDSKUDJP� GHVLJQ� IDFWRUV�� 6HH�
$SSHQGL[�%�IRU�IXOO�GHWDLOV�RI�WKH�FDOLEUDWLRQ��

��� 7KH� HIIHFW� RI� JUDYLW\� ORDG� RQ� GLDSKUDJP� FRQQHFWRU� SHUIRUPDQFH�ZDV� FRQVLGHUHG� VHFRQGDU\� �DV�
PRVW� FRQQHFWRUV� DUH� ORFDWHG� EHWZHHQ� IORRU� XQLWV� DFWLQJ� DV� RQH�ZD\� VODE� HOHPHQWV�� DQG� WKXV�
YHUWLFDO�IRUFH�FRPSRQHQWV�DUH�QRW�H[SHFWHG�WR�EH�VLJQLILFDQW���DQG�WKXV�ZDV�QRW�FRQVLGHUHG�LQ�WKH�
H[SHULPHQWDO� RU� DQDO\WLFDO� UHVHDUFK�� QRU� LQFOXGHG� LQ� WKH� GHVLJQ� SURFHGXUHV�� +RZHYHU�� WKHVH�
DFWLRQV�VKRXOG�EH�FRQVLGHUHG�LQ�FDVHV�ZKHUH�LPSRUWDQW��

�
,PSDFW�RI�/LPLWDWLRQV�DQG�$VVXPSWLRQV��

7KH� IROORZLQJ� DUH� DVSHFWV� RI� WKH� GLDSKUDJP� EHKDYLRU� WKDW� DUH� XQUHVROYHG�� RU� WKDW� RI� KDYH� EHHQ�
LGHQWLILHG�DV�GLIILFXOW�WR�DFFXUDWHO\�GHVFULEH��DQG�WKXV�ZRXOG�EHQHILW�IURP�IXUWKHU�UHVHDUFK��

��� Chord deformation distribution�� 7KH� GLVWULEXWLRQ� RI� FRQFHQWUDWHG� MRLQW� RSHQLQJ� YV�� VWUDLQ�
SHQHWUDWLRQ�LQ�WKH�SUHFDVW�XQLW�DW�WKH�FKRUG��DV�REVHUYHG�LQ�K\EULG�DQG�VKDNH�WDEOH�WHVWLQJ��

��� Joint Opening Profiles��7KH� VSUHDG�RI� LQHODVWLF�GHIRUPDWLRQ�GHPDQG� LQ�GLIIHUHQW� MRLQWV��GXH� WR��
YDULDELOLW\�LQ�VWUHQJWK�DPRQJ�WKH�MRLQWV��

3. Diaphragm bending spans: 6RPH�GLDSKUDJP�OD\RXWV�� VXFK�DV�SHULPHWHU�ZDOOV�ZLWK� ORQJLWXGLQDO�
ZDOOV�DORQJ�WKH�VSDQ�PD\�FUHDWH�VKRUW�GLDSKUDJP�VSDQV�ZLWK�D�potential for VKHDU�IDLOXUH� 

��� Diaphragm End Conditions��&KRLFHV�H[LVW�LQ�GHVLJQ�UHJDUGLQJ�HQG�IL[LW\�DQG�VKHDU�WUDQVIHU�DORQJ�
LQWHUQDO�MRLQWV�EDVHG�RQ�WKH�GHWDLOV�SURYLGHG�LQ�WKHVH�ORFDWLRQV��

��� Diaphragm force amplification for Moment Frames�YV��ZDOO�V\VWHPV�±�UROH�RI�LQHODVWLF�UHVSRQVH�
RQ�WKLV�YDOXH��5ROH�RI�GLDSKUDJP�IOH[LELOLW\�RQ�WKH�5�IDFWRU���
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1DNDNL�� 6��'�� ������� ³'HVLJQ� JXLGHOLQHV� IRU� SUHFDVW� DQG� FDVW�LQ�SODFH� FRQFUHWH� GLDSKUDJPV´�7HFKQLFDO�
5HSRUW��((5,�3URIHVVLRQDO�)HOORZVKLS��(DUWKTXDNH�(QJLQHHULQJ�5HVHDUFK�,QVWLWXWH��$SULO��
�
1HZ� =HDODQG� &RQFUHWH� 6RFLHW\� �������� ³5HYLVLRQV� WR� WKH� 1HZ� =HDODQG� 6WDQGDUG� IRU� WKH� GHVLJQ� RI�
FRQFUHWH�VWUXFWXUHV��1=6�����´��7HFKQLFDO�5HSRUW�1R������75�����0D\��
�
1DLWR��&���-RQHV��&���&XOOHQ�7��DQG�5HQ��5����������³'HYHORSPHQW�RI�D�VHLVPLF�GHVLJQ�PHWKRGRORJ\�IRU�
SUHFDVW�GLDSKUDJPV���SKDVH��E�VXPPDU\�UHSRUW´��$7/66�5HSRUW��$7/66�&HQWHU��/HKLJK�8QLYHUVLW\��3$���



�%���

�
1DLWR�� &��� 3HWHU��:�� DQG� &DR�� /�� �������� ³'HYHORSPHQW� RI� D� VHLVPLF� GHVLJQ� PHWKRGRORJ\� IRU� SUHFDVW�
GLDSKUDJPV���SKDVH���VXPPDU\�UHSRUW´��$7/66�5HSRUW�1R��������$7/66�&HQWHU��/HKLJK�8QLYHUVLW\��3$���
�
1DLWR��&�-��DQG�5HQ��5����������³$Q�HYDOXDWLRQ�PHWKRG�IRU�SUHFDVW�FRQFUHWH�GLDSKUDJP�FRQQHFWRUV�EDVHG�
RQ�VWUXFWXUDO�WHVWLQJ´�3&,�-RXUQDO��6XEPLWWHG��
�
2WDQO��6���.DEH\DVDZD��7���6KLRKDUD��+���DQG�$R\DPD��+����������³$QDO\VLV�RI�WKH�IXOO�VFDOH�VHYHQ�VWRU\�
UHLQIRUFHG�FRQFUHWH�WHVW�VWUXFWXUH´��$&,�6WUXFWXUDO�-RXUQDO��6SHFLDO�3XEOLFDWLRQ�63���������������
�
3UHFDVW�3UHVWUHVVHG� &RQFUHWH� ,QVWLWXWLRQ�� �������� ³3&,� GHVLJQ� KDQGERRN�� SUHFDVW� DQG� SUHVWUHVVHG�
FRQFUHWH�´�6L[WK�(GLWLRQ��&KLFDJR�,/��
�
3UHFDVW�3UHVWUHVVHG� &RQFUHWH� ,QVWLWXWLRQ�� �������� ³6XPPDU\� RI� SUHFDVW� SHUIRUPDQFH� LQ� )HE� ��QG�
&KULVWFKXUFK�1HZ�=HDODQG�HDUWKTXDNH�´�5HSRUW�WR�3&,��-XO\��
�
3DWKDN��5��DQG�&KDUQH\��)�$����������³7KH�HIIHFWV�RI�GLDSKUDJP�IOH[LELOLW\�RQ�WKH�VHLVPLF�SHUIRUPDQFH�RI�
OLJKW� IUDPH� ZRRG� VWUXFWXUHV�´� &RQIHUHQFH� 3URFHHGLQJ�� 7KH� ��WK� :RUOG� &RQIHUHQFH� RQ� (DUWKTXDNH�
(QJLQHHULQJ��%HLMLQJ�&KLQD��
�
3LQFKHLUD��-��$���2OLYD��0��*���DQG�.XVXPR�UDKDUGMR��)��,����������³7HVWV�RQ�GRXEOH�WHH�IODQJH�FRQQHFWRUV�
VXEMHFWHG�WR�PRQRWRQLF�DQG�F\FOLF�ORDGLQJ�´�3&,�-RXUQDO�����������������
�
3DXOD\��7��DQG�3ULHVWOH\��0�-�1����������³6HLVPLF�GHVLJQ�RI�UHLQIRUFHG�FRQFUHWH�DQG�PDVRQU\�EXLOGLQJV´��
-RKQ�:LOH\�DQG�6RQV��
�
5HVWUHSR�� -�,�� DQG� 5RGULJXH]�� 0�� ������� ³3URSRVDO� WR� 5HYLVH� WKH� ����� (GLWLRQ� RI� $6&(�´�� 7DVN�
&RPPLWWHH�$FWLRQ�RQ�3URSRVDO��5HYLVH�6HFWLRQ�������RI�$6&(���6WDQGDUG��
�
5RGULJXH]��0���5HVWUHSR��-,��DQG�%ODQGRQ��-�-���������³6HLVPLF�GHVLJQ�IRUFHV�RI�ULJLG�IORRU�GLDSKUDJPV�LQ�
SUHFDVW�FRQFUHWH�EXLOGLQJ�VWUXFWXUHV´��$6&(�-RXUQDO�RI�6WUXFWXUDO�(QJLQHHULQJ���������������������
�
5RGULJXH]��0���5HVWUHSR��-,��DQG�&DUU��$�-���������³(DUWKTXDNH�LQGXFHG�IORRU�KRUL]RQWDO�DFFHOHUDWLRQV�LQ�
EXLOGLQJV´��(DUWKTXDNH�(QJ��	�6WUXFWXUDO�'\QDPLFV������������������
�
5KRGHV�� $�%��� 6DXVH�� 5��� 3HVVLNL�� 6�� DQG� )OHLVFKPDQ�� 5�%�� �������� ³6HLVPLF� SHUIRUPDQFH� RI� SUHFDVW�
SDUNLQJ� VWUXFWXUHV�� WUDQVYHUVH� GLUHFWLRQ´�� (DUWKTXDNH� (QJLQHHULQJ� 5HVHDUFK� 5HSRUW� 1R�� (4��������
'HSDUWPHQW�RI�&LYLO�DQG�(QYLURQPHQWDO�(QJLQHHULQJ��/HKLJK�8QLYHUVLW\��%HWKOHKHP��3$��������
�
5RJHUV��&�$��DQG�7UHPEOD\��5������������,PSDFW�RI�GLDSKUDJP�EHKDYLRU�RQ�WKH�VHLVPLF�GHVLJQ�RI�ORZ�ULVH�
VWHHO�EXLOGLQJV���$,6&�(QJLQHHULQJ�-RXUQDO����������������
�
6$)(&$67���������³(XURSHDQ�UHVHDUFK�RQ�SUHFDVW�VWUXFWXUHV�FRQWULEXWLRQV�RI�WKH�6$)(&$67�SURMHFW´��
+LJK� &RXQFLO� RI� 3XEOLF� :RUNV� RI� ,WDO\�� ,QWHUQDWLRQDO� &RQIHUHQFH�� 0LQLVWU\� RI� ,QIUDVWUXFWXUHV� DQG�
7UDQVSRUWV��5RPD��,WDO\�0DUFK������
�
6($2&� �������� &RPPLWWHH� &RUUHVSRQGHQFH�� 6WUXFWXUDO� (QJLQHHUV� $VVRFLDWLRQ� RI� &DOLIRUQLD� �6($2&��
$'�+RF�&RPPLWWHH�RQ�3UHFDVW��
�
6FKRHWWOHU��0�-���������³6HLVPLF�GHPDQGV�LQ�SUHFDVW�FRQFUHWH�GLDSKUDJPV´�3K�'��'LVVHUWDWLRQ��8QLYHUVLW\�
RI�&DOLIRUQLD��6DQ�'LHJR��&$��
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�
6FKRHWWOHU��0�-���%HOOHUL��$���=KDQJ��'���5HVWUHSR��-���DQG�)OHLVFKPDQ��5�%�����������³3UHOLPLQDU\�UHVXOWV�
RI�WKH�VKDNH�WDEOH�WHVWLQJ�IRU�GHYHORSPHQW�RI�D�GLDSKUDJP�VHLVPLF�GHVLJQ�PHWKRGRORJ\�´�3&,�-RXUQDO�����
��������������
�
6FKODLFK��-��6FKDHIHU��.��DQG�-HQQHZHLQ��0����������³7RZDUGV�D�FRQVLVWHQW�GHVLJQ�RI�VWUXFWXUDO�FRQFUHWH´��
3&,�-RXUQDO�9����������������
�
7HQD�&ROXQJD��$���DQG�'��3��$EUDPV����������5HVSRQVH�RI�DQ�8QUHLQIRUFHG�0DVRQU\�%XLOGLQJ�'XULQJ�WKH�
/RPD�3ULHWD�(DUWKTXDNH��6WUXFWXUDO�5HVHDUFK�6HULHV������'HSDUWPHQW�RI�&LYLO�(QJLQHHULQJ��8QLYHUVLW\�RI�
,OOLQRLV�DW�8UEDQD�&KDPSDLJQ��
�
:DQ��*��� DQG�5��%��)OHLVFKPDQ�� �������� ³$�5DWLRQDO�0HWKRG� IRU�&DOFXODWLQJ� WKH�6HUYLFH�6WLIIQHVV� DQG�
<LHOG�6WUHQJWK�RI�3UHFDVW�)ORRU�'LDSKUDJPV�´�LQ�SUHSDUDWLRQ�IRU�VXEPLVVLRQ�WR�3&,�-RXUQDO��
�
:DQ��*��� )OHLVFKPDQ�� 5�%�� DQG� =KDQJ��'�� �������� ³(IIHFW� RI� VSDQGUHO� EHDP� WR� GRXEOH� WHH� FRQQHFWLRQ�
FKDUDFWHULVWLF�RI�IOH[XUH�FRQWUROOHG�SUHFDVW�GLDSKUDJPV´��-��RI�6WUXFWXUDO�(QJ��$6&(��6FKHGXOHG�SXEOLVKHG�
LQ�)HE��������
�
:RRG��6��/���6WDQWRQ��-��)���DQG�+DZNLQV��1��0����������³3HUIRUPDQFH�RI�SUHFDVW�SDUNLQJ�JDUDJHV�GXULQJ�
WKH������1RUWKULGJH�HDUWKTXDNH´��3URFHHGLQJV��;,,,�$6&(�6WUXFWXUHV�&RQJUHVV��5HVWUXFWXULQJ��$PHULFD�
DQG�%H\RQG�����1HZ�<RUN��1<��SS������������
�
:RRG�6�� /��� 6WDQWRQ�-�� )��� +DZNLQV�1��0�� �������� ³1HZ� VHLVPLF� GHVLJQ� SURYLVLRQV� IRU� GLDSKUDJPV� LQ�
SUHFDVW�FRQFUHWH�SDUNLQJ�VWUXFWXUHV´��3&,�-RXUQDO�����������������
�
:DUH�� $�5��� =KDQJ�� '��� )OHLVFKPDQ�� 5�%�� DQG�0LHONH�0�� �������� ³&DOLEUDWLRQ� RI�0RGHOV� IRU� 7RSSHG�
3UHFDVW�'LDSKUDJP´��8QGHU�SUHSDUDWLRQ��
�
=KDQJ��'�� DQG� )OHLVFKPDQ��5�%�� �����D��� ³(VWDEOLVKPHQW� RI� 6HLVPLF�'HVLJQ� )RUFH� )DFWRUV� IRU� 3UHFDVW�
&RQFUHWH�'LDSKUDJPV´��XQGHU�SUHSDUDWLRQ��
�
=KDQJ��'��DQG�)OHLVFKPDQ��5�%�� �����E���³'\QDPLF�UHVSRQVH�RI�SUHFDVW�FRQFUHWH�SDUNLQJ�JDUDJH�XQGHU�
VHLVPLF�ORDGLQJ´��XQGHU�SUHSDUDWLRQ��
�
=KDQJ�� '��� )OHLVFKPDQ�� 5�%��� 1DLWR�� &��� DQG� 5HQ�� 5�� �������� ³([SHULPHQWDO� HYDOXDWLRQ� RI� SUHWRSSHG�
SUHFDVW�GLDSKUDJP�FULWLFDO�IOH[XUH�MRLQW�XQGHU�VHLVPLF�GHPDQGV�´�-��6WUXFW��(QJ��$6&(��9���������
�
=KHQJ��:��� DQG�2OLYD��0��*�� �������� ³$�3UDFWLFDO�0HWKRG� WR�(VWLPDWH�(ODVWLF�'HIRUPDWLRQ� RI� 3UHFDVW�
3UHWRSSHG�'RXEOH�7HH�'LDSKUDJPV�´�3&,�-RXUQDO����������������
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�
%DFNJURXQG�$SSHQGLFHV��

,QWURGXFWLRQ«««««««««�«««����������������������������������������������������«��S��&�$���
�
$SSHQGL[�$��'HVLJQ�3URFHGXUH�&DOLEUDWLRQ�DQG�9HULILFDWLRQ�«««««««���������S��&�$���

$SSHQGL[�$���7ULDO�'HVLJQ�)DFWRU�3DUDPHWULF�6WXG\«««««««««««�«���S��&�$���
$SSHQGL[�$���'HVLJQ�3URFHGXUH�(YDOXDWLRQ��3URWRW\SH�6WUXFWXUHV�«««�«««����S��&�$����

� � ��VWRU\�SDUNLQJ�JDUDJH�Z�H[WHULRU�VKHDU�ZDOO��6'&�&�('2«««««������««S��&�$����
� � ��VWRU\�SDUNLQJ�JDUDJH�Z�H[WHULRU�VKHDU�ZDOO��6'&�&�%'2���������������������������������S��&�$����
� � ��VWRU\�SDUNLQJ�JDUDJH�Z�H[WHULRU�VKHDU�ZDOO��6'&�&�5'2««««���������««S��&�$����
� � ��VWRU\�SDUNLQJ�JDUDJH�Z�LQWHULRU�VKHDU�ZDOO��6'&�&�('2����������������������������������S��&�$����
� � ��VWRU\�SDUNLQJ�JDUDJH�Z�LQWHULRU�VKHDU�ZDOO��6'&�&�('2����������������������������������S��&�$����
� � ��VWRU\�RIILFH�EXLOGLQJ�Z�PRPHQW�IUDPH��6'&�&�('2«��««««««���«���S��&�$����
� � ��VWRU\�RIILFH�EXLOGLQJ�Z�PRPHQW�IUDPH��6'&�'�5'2«««««««�«�«��S��&�$����
� � ��VWRU\�RIILFH�EXLOGLQJ�Z�SHULPHWHU�VKHDU�ZDOOV��6'&�&�('2««««�«���«�S��&�$����
� � ��VWRU\�RIILFH�EXLOGLQJ�Z�SHULPHWHU�VKHDU�ZDOOV��6'&�'�5'2�����������������������������S��&�$����

�
$SSHQGL[�%��'HYHORSPHQW�DQG�&DOLEUDWLRQ�RI�$QDO\WLFDO�0RGHOV�«����«���«��«�S��&�$�����
� $SSHQGL[�%���&RQQHFWRU�(OHPHQWV�IRU��'�1RQOLQHDU�6WDWLF�'LDSKUDJP�0RGHOV�«��S��&�$�����

$SSHQGL[�%���&RQQHFWRU�(OHPHQWV�IRU��'�1RQOLQHDU�'\QDPLF�6WUXFWXUH�0RGHOV�«�S��&�$�����
$SSHQGL[�%���'LDSKUDJP�0RGHO�&DOLEUDWLRQ�XVLQJ�3UHFDVW�-RLQW�7HVWV�««««�����S��&�$�����
$SSHQGL[�%���'LDSKUDJP�0RGHO�&DOLEUDWLRQ�XVLQJ�6KDNH�7DEOH�7HVWLQJ�«�««�����S��&�$�����
�

$SSHQGL[�&��6XPPDU\�RI�'6'0�0DLQ�5HVHDUFK«««««««���«««�����«�S��&�$�����
�
$SSHQGL[�'��'6'0�3URMHFW�3XEOLFDWLRQV�DQG�5HSRUWV«««««««���«�����«�S��&�$�����
�

�
�
�

,QWURGXFWLRQ�
�

7KH� GHVLJQ� PHWKRGRORJ\� ZDV� GHYHORSHG� WKURXJK� UHVHDUFK� SHUIRUPHG� LQ� WKH� 3&,��&3)��16)��
IXQGHG� '6'0��SURMHFW�� 7KH� GHVLJQ� SURFHGXUH� LQ� 3$57� �� ZDV� HVWDEOLVKHG� WKURXJK� DQDO\WLFDO� UHVHDUFK�
SHUIRUPHG� LQ� D�Design Procedure Development Phase� DIWHU� WKH� '6'0� 3URMHFW� PDLQ� UHVHDUFK� SKDVH��
7KHVH�VWXGLHV�SURGXFHG�WKH�QXPHULFDO�YDOXHV�IRU�WKH�GHVLJQ�IDFWRUV��HTXDWLRQV��DQG�FODVVLILFDWLRQV�XVHG�LQ�
WKH� GHVLJQ� SURFHGXUH�� DQG� DUH� GHVFULEHG� LQ� $SSHQGL[� $�� 7KH� DQDO\WLFDO� PRGHOV� XVHG� LQ� WKH� Design 
Procedure Development Phase� ZHUH� GHYHORSHG� DQG� FDOLEUDWHG� RQ� WKH� EDVLV� RI� H[WHQVLYH� WHVW� GDWD�� DV�
GHVFULEHG�LQ�$SSHQGL[�%��7KH�H[SHULPHQWDO�ZRUN�WKDW�SURGXFHG�WKH�WHVW�GDWD�RFFXUUHG�GXULQJ�WKH�SULPDU\�
SKDVH�RI�WKH�'6'0�3URMHFW��6HH $SSHQGL[�&���$�FRPSUHKHQVLYH�OLVW�RI�WKH�SXEOLFDWLRQV�SURGXFHG�E\�WKH�
UHVHDUFK�DSSHDUV�LQ�$SSHQGL[�'��

�
�

�������������������������������������������������
��3&,�±�3UHFDVW�3UHVWUHVVHG�&RQFUHWH�,QVWLWXWH�
��&3)�±�&KDUOHV�3DQNRZ�)RXQGDWLRQ�
�16)�±�1DWLRQDO�6FLHQFH�)RXQGDWLRQ�
��'6'0�±�'LDSKUDJP�6HLVPLF�'HVLJQ�0HWKRGRORJ\�
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$SSHQGL[�$��'HVLJQ�3URFHGXUH�&DOLEUDWLRQ�DQG�9HULILFDWLRQ�
�
7KH� Design Procedure Development Phase� LQYROYHG� WZR� PDLQ� DQDO\WLFDO� VWXGLHV�� ���� WKH�

GHYHORSPHQW� RI� trial design factors� XVLQJ� D� VLPSOH� HYDOXDWLRQ� VWUXFWXUH�� DQG� ���� WKH� YHULILFDWLRQ� RI� WKH�
diaphragm design procedure��LQFOXGLQJ�WKH�WULDO�GHVLJQ�IDFWRUV��XVLQJ�UHDOLVWLF�SURWRW\SH�VWUXFWXUHV��7KLV�
UHVHDUFK�SKDVH�LQYROYHG�VLJQLILFDQW�FROODERUDWLRQ�ZLWK�WKH�'6'0�7DVN�*URXS�'HVLJQ�'HYHORSPHQW�7HDP�
�listed in Sec 5.1��LQ�RUGHU�WR�HYDOXDWH�DQG�LPSURYH�WKH�XVDELOLW\�RI�WKH�GHVLJQ�SURFHGXUH���

%RWK�DQDO\WLFDO�VWDJHV�LQYROYHG�HDUWKTXDNH�VLPXODWLRQ�XVLQJ�QRQOLQHDU�WUDQVLHQW�G\QDPLF�DQDO\VLV�
RI� WKUHH�GLPHQVLRQDO�PRGHOV� RI� SUHFDVW� VWUXFWXUHV�� 7KH� VWUXFWXUDO�PRGHOV� HPSOR\� ³GLVFUHWH´� GLDSKUDJP�
PRGHOV��WKDW�LV�WKH\�LQFOXGH�WKH�GLDSKUDJP�UHLQIRUFHPHQW�GLUHFWO\�WKURXJK�GLDSKUDJP�FRQQHFWRU�HOHPHQWV�
ORFDWHG�DW�GLVFUHWH�ORFDWLRQV�DORQJ�WKH�MRLQW����

7KH� ILUVW� DQDO\WLFDO� VWDJH� LV� GHVFULEHG� LQ� $SSHQGL[� $���� ,Q� WKLV� DQDO\WLFDO� VWDJH�� DQ� H[WHQVLYH�
SDUDPHWHU� DQDO\VLV� ZDV� SHUIRUPHG� XVLQJ� D� VLPSOH� HYDOXDWLRQ� VWUXFWXUH� ZLWK� UHFWDQJXODU� GLDSKUDJP�
JHRPHWU\��7KLV�VWXG\�ZDV�XVHG�WR�GHYHORS�WULDO�GHVLJQ�IDFWRUV�IRU�WKH�GLDSKUDJP�GHVLJQ�SURFHGXUH���

7KH� VHFRQG� DQDO\WLFDO� VWDJH� LV� GHVFULEHG� LQ� $SSHQGL[� $���� ,Q� WKLV� DQDO\WLFDO� VWDJH�� WKH� GHVLJQ�
SURFHGXUH�� LQFOXGLQJ� WKH� WULDO� GHVLJQ� IDFWRUV� GHYHORSHG� LQ� SUHYLRXV� VWDJH��ZDV� YHULILHG� RU� DSSURSULDWHO\�
PRGLILHG�EDVHG�RQ� D� OLPLWHG� VHW� RI� DQDO\VHV�RI� UHDOLVWLF� VWUXFWXUHV��7KH� VWUXFWXUHV�ZHUH� VHOHFWHG� IURP�D�
SRUWIROLR�RI�SURWRW\SH�VWUXFWXUHV�GHYHORSHG�IRU�WKH�SURMHFW���

(YDOXDWLRQ�RI�GHVLJQ�SURFHGXUH�XVDELOLW\�RFFXUUHG�RUJDQLFDOO\�ZLWKLQ�WKH�VHFRQG�DQDO\WLFDO�VWDJH��
7KH� ILUVW� VWHS� IRU� HDFK� DQDO\VLV� LQ� WKLV� VWDJH�ZDV� WR� XVH� WKH� GHVLJQ� SURFHGXUH� WR� GHVLJQ� WKH� SURWRW\SH�
VWUXFWXUH� LQ�RUGHU� WR�FUHDWH� WKH�GHVLUHG�VWUXFWXUDO�PRGHO��7KXV�� WKLV�VWHS�SURYLGHG�DQ�RSSRUWXQLW\�IRU� WKH�
'6'0�7DVN�*URXS�'HVLJQ�'HYHORSPHQW�7HDP�WR�UHYLHZ�WKH�GHVLJQ�SURFHVV�DQG�VXJJHVW�LPSURYHPHQWV��
7KLV�VWHS�LV�DOVR�WR�SURYLGH�WKH�GHVLJQ�H[DPSOHV�LQ�3$57�,9�RI�WKH�'HVLJQ�0HWKRGRORJ\��
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$SSHQGL[�$���� 7ULDO�'HVLJQ�)DFWRU�3DUDPHWULF�6WXG\�
,Q�WKH�ILUVW�VWDJH�RI�WKH�Design Procedure Development Phase��DQ�DQDO\WLFDO�VWXG\�LV�SHUIRUPHG�WR�

HVWDEOLVK�YDOXHV�IRU� WKH�GLDSKUDJP�GHVLJQ�IRUFH�IDFWRUV�DQG�GHIRUPDWLRQ�FDSDFLW\� UHTXLUHPHQWV�RYHU� WKH�
UDQJH�RI�H[SHFWHG�GHVLJQ�SDUDPHWHUV��7KH�DQDO\VHV�DUH�SHUIRUPHG�RQ�DQ�HYDOXDWLRQ�VWUXFWXUH�XVLQJ�D�WKUHH�
GLPHQVLRQDO� ILQLWH� HOHPHQW� ��'�)(��PRGHO� �=KDQJ� HW� DO�� ������ FRQVWUXFWHG� XVLQJ� WHVW� GDWD� RQ� LVRODWHG�
GLDSKUDJP� FRQQHFWRUV� �1DLWR� HW� DO�� ������ �&DR� HW� DO�� ������ �2OLYD� ������ �6KDLNK� DQG� )HLOH� ������
�3LQFKHLUD� HW� DO�� ������ DQG� YHULILHG� RQ� WKH� EDVLV� RI� H[WHQVLYH� SDUDOOHO� WHVWLQJ� �=KDQJ� HW� DO�� ������
�)OHLVFKPDQ� HW� DO�� ������ �6FKRHWWOHU� �������7KH�RXWFRPHV�RI� WKLV� VWDJH� DUH� WULDO� GHVLJQ� IDFWRUV� WKDW� DUH�
FDOLEUDWHG�RQ�UHDOLVWLF�VWUXFWXUHV�LQ�WKH�QH[W�VWDJH��DV�GHVFULEHG�LQ�$SSHQGL[�$�����
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$����$668037,216�$1'�/,0,7$7,216�2)�75,$/�'(6,*1�)$&725�678'<�
7KH�IROORZLQJ�DUH�WKH�RYHUDOO�DVVXPSWLRQV�DQG�OLPLWDWLRQV�RI�WKH�WULDO�GHVLJQ�IDFWRU�SDUDPHWULF�VWXG\��

��� 7KH� GLDSKUDJP� GHVLJQ� IDFWRUV� ZHUH� GHYHORSHG� XVLQJ� DQ� HYDOXDWLRQ� VWUXFWXUH� ZLWK� D� VLPSOH�
UHFWDQJXODU�GLDSKUDJP�OD\RXW�DQG�ORDGHG�LQ�D�VLQJOH��WUDQVYHUVH��GLUHFWLRQ��

��� 7KH�JHRPHWU\�RI�WKH�HYDOXDWLRQ�VWUXFWXUH�ZDV�OLPLWHG�WR��
���� 7KUHH�GLIIHUHQW�KHLJKWV�������DQG���VWRULHV��
���� $VSHFW�UDWLRV�EHWZHHQ�����
���� 'LDSKUDJP�OHQJWKV�RI��������IW��

��� 7KH�VWUXFWXUH�ZDV�DVVXPHG�WR�KDYH�D�FRQVWDQW�VPHDUHG�IORRU�ZHLJKW�RI�����SVI��D�FRQVWDQW�IORRU�
WR�IORRU�KHLJKW�RI���’��DQG�D�FRQVWDQW�FROXPQ�VSDFLQJ�RI���’��

��� 7KH�SUHFDVW�IORRU�XQLWV�ZHUH�OLPLWHG�WR�WZR�JHRPHWULHV�������D���’�GHHS�[���’�ZLGH�XQLW�ZLWK�D���”�
WKLFN�IODQJH��FRUUHVSRQGLQJ�WR�D�W\SLFDO�SUHFDVW�GRXEOH�WHH��'7��JHRPHWU\��DQG�����D���’�GHHS�[��’�
ZLGH�XQLW�ZLWK�D��”�WKLFN�IODQJH��FRUUHVSRQGLQJ�WR�D�FRPPRQ�SUHFDVW�KROORZFRUH��+&��JHRPHWU\��

��� $�JHQHULF�SUHFDVW�GLDSKUDJP�GHWDLO�ZDV�XVHG�IRU�DOO�WKH�DQDO\VHV��D�SUHWRSSHG�GLDSKUDJP�ZLWK�-9,�
9HFWRU�IODQJH�WR�IODQJH�FRQQHFWRUV�DQG�D�SRXU�VWULS�ZLWK�FRQWLQXRXV�FKRUG�UHLQIRUFHPHQW��

��� 7KH�6HLVPLF�'HVLJQ�&DWHJRULHV��6'&V��ZHUH�OLPLWHG�WR�VLQJOH�VLWHV�LQ�6'&�&�DQG�6'&�(��
��� 7KH� HYDOXDWLRQ� VWUXFWXUH�� RWKHU� WKDQ� WKH� GLDSKUDJP�� ZDV� GHVLJQHG� XVLQJ� ,%&� ������ ZKLFK�

UHIHUHQFHV�$6&(������DQG�$&,���������
��� /DWHUDO�)RUFH�5HVLVWLQJ�6\VWHPV��/)56��ZHUH�OLPLWHG�WR�SHULPHWHU�VKHDU�ZDOOV�RU�PRPHQW�IUDPHV���
��� 0RVW�DQDO\VHV�LQYROYHG�6'&�(�VKHDU�ZDOO�VWUXFWXUHV�ZLWK�SUHFDVW�'7V��6HH�7DEOH�$�������
����7KH�VHLVPLF�H[FLWDWLRQ�ZDV�OLPLWHG�WR�D�VXLWH�RI���VSHFWUXP�FRPSDWLEOH�KLVWRULF�JURXQG�PRWLRQV��
����7KH�GDWD�SRLQWV�XVHG�WR�GHWHUPLQH� WKH�GHVLJQ�IDFWRUV�DUH�EDVHG�RQ�WKH�PHDQ�YDOXH�RI�PD[LPXP�

UHVSRQVH�GDWD�SURGXFHG�LQ�WKH���HDUWKTXDNH�VLPXODWLRQV�RYHU�WKH�VXLWH�RI�JURXQG�PRWLRQV��
����7KH�GHVLJQ�HTXDWLRQV�DUH�EDVHG�RQ�D�FXUYH�ILW�XVLQJ�D�����FRQILGHQFH�LQWHUYDO�IRU�WKH�PHDQ�GDWD��
����7KH�WULDO�GHVLJQ�IRUFH�DPSOLILFDWLRQ�IDFWRUV�<�DUH�GHYHORSHG�UHODWLYH�WR�GLDSKUDJP�QRPLQDO�GHVLJQ�

VWUHQJWK��ZKLFK�LQ�WKH�HYDOXDWLRQ�VWUXFWXUH�LV�VHW�WR�WKH�GLDSKUDJP�\LHOG�PRPHQW��0Q� ��0\��
����7KH�/)56� VWUHQJWK� LV� DVVLJQHG� WKH� QRPLQDO� YDOXH��ZLWK� QR� RYHUVWUHQJWK� DVVLJQHG� WR� WKH� DFWXDO�

\LHOG�VWUHQJWK�RI�WKH�/)56�V\VWHP��

7DEOH�$�����$QDO\VLV�PDWUL[�IRU�WULDO�GHVLJQ�IDFWRU�SDUDPHWULF�VWXG\��
)ORRU�GHSWK� ��RI�SDUDPHWHUV� ��RI�GHVLJQ ��RI�VHLVPLF� ��RI�JURXQG�

6'&� /)56�
IW� IRU���RI�VWRULHV IRU�$5 FDVHV� KD]DUG�OHYHOV� PRWLRQV�

��RI�5XQV

(� 6KHDU�ZDOO� ��� �� �� �� �� �� ����
(� 6KHDU�ZDOO� ��� �� �� �� �� �� ���
(� 0RP�)UDPH� ��� �� �� �� �� �� ����
&� 6KHDU�ZDOO� ��� �� �� �� �� �� ���

7RWDO���RI�UXQV� ����

� 6RPH�FRPPHQW�LV�ZDUUDQWHG�IRU�DVVXPSWLRQV���DQG����DERYH��(DUOLHU�DQDO\WLFDO�UHVHDUFK�GXULQJ�
WKH� SURMHFW� LQGLFDWHG� WKDW� WKH� NH\� JOREDO� GHPDQGV� �GLDSKUDJP� IRUFH�� XVHG� KHUH� WR� GHWHUPLQH� WKH� WULDO�
GHVLJQ� IDFWRUV� DUH�QRW� SDUWLFXODUO\� VHQVLWLYH� WR� WKH�GLDSKUDJP� UHLQIRUFHPHQW� VWLIIQHVV� �6FKRHWWOHU� �������
+HQFH�� WKH� GHFLVLRQ� ZDV� PDGH� WR� GHWHUPLQH� WKH� WULDO� GHVLJQ� IDFWRUV� XVLQJ� D� VLQJOH� JHQHULF� VHW� RI�
GLDSKUDJP�UHLQIRUFHPHQW��DQG�FRQILUP�WKH�DSSOLFDELOLW\�WR�RWKHU�GLDSKUDJP�UHLQIRUFHPHQW�VHWV�GXULQJ�WKH�
HYDOXDWLRQ�RI�WKH�SURWRW\SH�VWUXFWXUHV��6HH�$SSHQGL[�$����)RU�WKH�UHLQIRUFHPHQW�VHOHFWHG��LQYROYLQJ�-9,�
9HFWRU�FRQQHFWRUV��WKH�GLIIHUHQFH�EHWZHHQ�WKH�\LHOG�PRPHQW��0\��DQG�XOWLPDWH��SODVWLF��PRPHQW��0S��LV�
TXLWH� VPDOO�� WKXV� GLDSKUDJPV� GHVLJQV� EDVHG� RQ� \LHOG� RU� XOWLPDWH� DUH� QHDUO\� LGHQWLFDO�� +RZHYHU�� IRU�
GLDSKUDJP�UHLQIRUFHPHQW�VFKHPHV�ZLWK�ODUJHU�RYHUVWUHQJWK��IRU�LQVWDQFH�D�WRSSHG�GLDSKUDJP�ZLWK�GXFWLOH�
PHVK��WKLV�ODUJHU�UDWLR�RI�XOWLPDWH�WR�\LHOG�VWUHQJWK��0S�0\��KDV�DQ�LPSDFW��DQG�KDV�WR�EH�DFFRXQWHG�LQ�WKH�
VHOHFWLRQ� RI� QRPLQDO� VWUHQJWK� 0Q� �6HH� &RPPHQWDU\� 6WHS� ����� %DFNJURXQG� RQ� WKLV� WRSLF� DSSHDUV� LQ�
&RPPHQWDU\�6HFWLRQ�����LQ�6HFWLRQ��Diaphragm Controlling Mechanism��



�&�$��

7KH�IROORZLQJ�DUH�WKH�PRGHOLQJ�DVVXPSWLRQV�DQG�OLPLWDWLRQV�LQYROYHG�LQ�WKH�HYDOXDWLRQ�VWUXFWXUH�DQDO\VHV��
��� 7KH�VKHDU�ZDOO�QRQOLQHDU�UHVSRQVH�LV�DVVXPHG�WR�RFFXU�HQWLUHO\�LQ�D�EDVH�SODVWLF�KLQJH�RI�OHQJWK�

FRUUHVSRQGLQJ�WR�KDOI�WKH�VKHDU�ZDOO�KRUL]RQWDO�GLPHQVLRQ��
��� 7KH�VKHDU�ZDOO�EDVH�SODVWLF�KLQJH�QRQOLQHDU�PRPHQW�FXUYDWXUH�EDFNERQH�LV�GHWHUPLQHG�WKURXJK�D�

ILEHU�DQDO\VLV�RI�WKH�GHVLJQHG�VKHDU�ZDOO�FURVV�VHFWLRQ�XVLQJ�QRPLQDO�PDWHULDO�SURSHUWLHV���
��� 7KH�VKHDU�ZDOO�KLQJH�IOH[XUDO�VWUHQJWK�LQFOXGHV�ELD[LDO�PRPHQW�WR�LQFOXGH�RXW�RI�SODQH�UHVSRQVH��
��� 7KH�PRPHQW� IUDPH�VZD\�PHFKDQLVP� LV�EDVHG�RQ�D� VWURQJ�FROXPQ�ZHDN�EHDP�DVVXPSWLRQ��7KH�

EHDP�SODVWLF�KLQJH�QRQOLQHDU�PRPHQW�FXUYDWXUH�EDFNERQH�LV�GHWHUPLQHG�WKURXJK�D�ILEHU�DQDO\VLV�
RI�WKH�GHVLJQHG�EHDP�FURVV�VHFWLRQ�XVLQJ�QRPLQDO�PDWHULDO�SURSHUWLHV��

��� 7KH� K\VWHUHWLF� PRGHO� IRU� WKH� VKHDU� ZDOO� EDVH� SODVWLF� KLQJH� HPSOR\V� D� SLQFKHG� K\VWHUHVLV�
FKDUDFWHULVWLF�RI�XQERQGHG�SRVW�WHQVLRQHG�SUHFDVW�ZDOOV��

��� 7KH�RXW�RI�SODQH�VWLIIQHVV�RI�YHUWLFDO�HOHPHQWV��VKHDU�ZDOOV��OLWHZDOOV��PRPHQW�IUDPHV��LV�LQFOXGHG�
LQ�WKH�PRGHO��LQ�RUGHU�WR�FDSWXUH�UHVWUDLQLQJ�HIIHFWV�RQ�WKH�GLDSKUDJP�GHIRUPDWLRQ���

��� 1R�IRXQGDWLRQ�URWDWLRQ�LQ�WKH�RXW�RI�SODQH�GLUHFWLRQ�RI�WKH�VKHDU�ZDOO�LV�LQFOXGHG��
��� 7KH�IORRU�V\VWHP�LV�PRGHOHG�DV�D�WZR�GLPHQVLRQDO��LQ�WKH�KRUL]RQWDO�SODQH��V\VWHP��
��� 7KH� SUHFDVW� IORRU� XQLWV� DUH�PRGHOHG� DV� HODVWLF� SODQH� VWUHVV� HOHPHQWV�ZLWK� DSSURSULDWH�PDVV� EXW�

VWLIIQHVV�EDVHG�RQO\�RQ�WKH�IODQJH�WKLFNQHVV��
����6SDQGUHOV�DUH�PRGHOHG�DV�OLQH�W\SH��'�HODVWLF�EHDP�HOHPHQWV��GHIRUPLQJ�LQ�WKH�IORRU�SODQH�RQO\��
����*UDYLW\�FROXPQV�DUH�PRGHOHG�DV��'�HODVWLF�EHDP�HOHPHQWV�ZLWK�D�SLQQHG�EDVH�DW�WKH�IRXQGDWLRQ�

DQG�SLQQHG�FRQQHFWLRQV�DW�HDFK�IORRU�OHYHO��
����*UDYLW\� ORDGV� DUH� QRW� LQFOXGHG� GLUHFWO\� LQ� WKH� DQDO\VHV� H[FHSW� IRU�PRPHQW� IUDPH� VWUXFWXUHV� LQ�

RUGHU�WR�REWDLQ�WKH�SURSHU�HQG�PRPHQWV��0J���0(��LQ�WKH�IUDPH��*UDYLW\�ORDG�HIIHFWV�DUH�LQFOXGHG�
LQGLUHFWO\�LQ�VKHDU�ZDOO�VWUXFWXUHV�LQ�WKH�PRPHQW�FXUYDWXUH�UHVSRQVH�RI�WKH�VKHDU�ZDOO�EDVH�KLQJH��

����7KH�HIIHFW�RI�JUDYLW\�ORDG�DQG�YHUWLFDO�DFWLRQV�RQ�WKH�GLDSKUDJP�FRQQHFWLRQ�UHVSRQVH�LV�LJQRUHG�
����7KH�FRQQHFWLRQV�DUH�DVVXPHG�WR�EH�SULVWLQH�SULRU�WR�WKH�VHLVPLF�ORDGLQJ��
����3�'� HIIHFWV� ZHUH� LJQRUHG� LQ� WKH� VWXG\��$� OLPLWHG� VHW� RI� IROORZ�XS� DQDO\VHV�ZHUH� SHUIRUPHG� WR�

HPSLULFDOO\�FDOLEUDWH�D�3�'�PXOWLSOLHU�� VLPLODU� WR� WKH�GV�PXOWLSOLHU� LQ� WKH�FXUUHQW�FRGH� �$&,�����
�������DV�SDUW�RI�WKH�GLDSKUDJP�FRQWULEXWLRQ�WR�JUDYLW\�FROXPQ�LQWHU�VWRU\�GULIW��

����7KH�G\QDPLF�DQDO\VHV�HPSOR\HG����5D\OHLJK�GDPSLQJ�DOLJQHG�ZLWK�WKH�ILUVW��IXQGDPHQWDO��DQG�
ODVW�VLJQLILFDQW�WUDQVYHUVH�YLEUDWLRQDO�PRGHV��FXPXODWLYH�PDVV�SDUWLFLSDWLRQ�UDWLR���������

�
7KH�IROORZLQJ�DVVXPSWLRQV�DQG�OLPLWDWLRQV�DUH�LQYROYHG�LQ�PRGHOLQJ�RI�GLDSKUDJP�FRQQHFWRUV��

��� .H\�FKDUDFWHULVWLFV�RI� WKH�GLDSKUDJP�UHLQIRUFHPHQW� �VWUHQJWK�� VWLIIQHVV�DQG�SRVW�\LHOG�EHKDYLRU��
DUH�REWDLQHG�IURP�WKH�F\FOLF�WHVWV�RI�LVRODWHG�GLDSKUDJP�FRQQHFWRUV��6HH�3$57�����

��� +\VWHUHWLF�PRGHOV�IRU�WKH�GLDSKUDJP�UHLQIRUFHPHQW�LQFOXGH�WKH�HIIHFWV�RI�SLQFKLQJ�F\FOLF�VWLIIQHVV�
GHJUDGDWLRQ�LQ�WHQVLRQ��DQG�WHQVLRQ�VKHDU�FRXSOLQJ��

��� 2QH�VLGHG� FRQQHFWLRQV� WR� HPEHG� SODWHV� �H�J�� GLDSKUDJP�WR�/)56� FRQQHFWLRQV�� GLDSKUDJP�WR�
LQYHUWHG� WHH� FRQQHFWLRQV�� GLDSKUDJP�WR�VSDQGUHO� FRQQHFWLRQV�� ZHUH� QRW� WHVWHG� LQ� WKH� UHVHDUFK�
SURJUDP��7KH�FKDUDFWHULVWLFV�IRU�WKHVH�FRQQHFWLRQV�DUH�REWDLQHG�IURP�WKH�WHVW�GDWD�IURP�WZR�VLGHG�
FRQQHFWLRQV� E\� XVLQJ� WKH� VDPH� VWUHQJWK�� GRXEOLQJ� WKH� VWLIIQHVV� DQG� KDOYLQJ� WKH� GHIRUPDWLRQ�
FDSDFLW\��,Q�RUGHU�WR�GHWHUPLQH�UHFRPPHQGDWLRQV�IRU�WKH�UHTXLUHG�GHIRUPDWLRQ�FDSDFLW\�RI� WKHVH�
³VHFRQGDU\´� GLDSKUDJP� FRQQHFWLRQV�� WKH� HOHPHQW� PRGHOV� IRU� WKHVH� FRQQHFWLRQV� DUH� JLYHQ�
XQOLPLWHG� GHIRUPDWLRQ� FDSDFLW\� ZLWK� QR� F\FOLF� GHJUDGDWLRQ� RU� SRVW�\LHOG� VHFRQGDU\� VORSH� �EXW�
ZLWK�WHQVLRQ�VKHDU�FRXSOLQJ����

��� 7KH� VSDQGUHO�WR�FROXPQ� FRQQHFWLRQV� SHUPLW� XQUHVWUDLQHG� UHODWLYH� PRYHPHQW� EHWZHHQ� VSDQGUHO�
DQG� FROXPQ� LQ� WKH� GLUHFWLRQ� SHUSHQGLFXODU� WR� WKH� SUHFDVW� IORRU� XQLW� MRLQWV� �VOLGLQJ� DORQJ� WKH�
FROXPQ�IDFH���,Q�WKH�GLUHFWLRQ�SDUDOOHO�WR�WKH�SUHFDVW�IORRU�XQLW�MRLQWV��WKH�VSDQGUHO�DQG�FROXPQ�DUH�
ULJLGO\�FRQQHFWHG�E\�FRXSOLQJ�WKH�'2)�LQ�WKLV�GLUHFWLRQ��

�
�
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$����'(6&5,37,21�2)�678'<�
7KH�DQDO\WLFDO�SDUDPHWHU�VWXG\�HVWDEOLVKHV�WULDO�YDOXHV�IRU������WKH�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�

IDFWRUV�<'��<(�DQG�<5������WKH�GLDSKUDJP�VKHDU�RYHUVWUHQJWK�IDFWRUV�:Y��DQG������WKH�UHTXLUHG�GHIRUPDWLRQ�
FDSDFLW\�IRU�WKH�GLIIHUHQW�GLDSKUDJP�UHLQIRUFHPHQW�FODVVLILFDWLRQV��/'(��0'(��DQG�+'(���7KHVH�YDOXHV�
DUH� HVWDEOLVKHG� RYHU� D� UDQJH� RI� GHVLJQ� SDUDPHWHUV�� 7KH� VWXG\� LV� SHUIRUPHG� XVLQJ� QRQOLQHDU� WUDQVLHQW�
G\QDPLF�DQDO\VLV��1/7'$��RI�D�WKUHH�GLPHQVLRQDO�ILQLWH�HOHPHQW���'�)(��PRGHO�RI�D�VLPSOH�HYDOXDWLRQ�
VWUXFWXUH�XQGHU�VSHFWUXP�FRPSDWLEOH�JURXQG�PRWLRQV��
�
$������(YDOXDWLRQ�6WUXFWXUH�
� $�VLPSOH�SUHFDVW�VWUXFWXUH�ZLWK�D�UHFWDQJXODU�IORRU�SODQ��6HH�)LJ��$�����LV�XVHG�DV�WKH�HYDOXDWLRQ�
VWUXFWXUH� WR� HVWDEOLVK� WULDO� GHVLJQ� YDOXHV� IRU� WKH� GHVLJQ� PHWKRGRORJ\�� 7KLV� VWUXFWXUH� SHUPLWV�
VWUDLJKWIRUZDUG�DVVHVVPHQW�RI�GLDSKUDJP�VHLVPLF�GHPDQGV�RYHU�WKH�H[SHFWHG�UDQJH�RI�GHVLJQ�SDUDPHWHUV��
7KH� VWUXFWXUH� KDV� D� ��’� IORRU� WR� IORRU� KHLJKW� DQG�����SVI� VPHDUHG� IORRU�PDVV��7KH� HYDOXDWLRQ� VWUXFWXUH�
ODWHUDO� IRUFH� UHVLVWLQJ� V\VWHP� �/)56�� SRVVHVVHV� D� SHULPHWHU� OD\RXW�� DQG� LV� FRQVLGHUHG� RQO\� IRU� WKH�
GLDSKUDJP�WUDQVYHUVH��FULWLFDO��GLUHFWLRQ�RQO\��7KH�VHLVPLF�GHVLJQ�RI�WKH�ODWHUDO�V\VWHP�HOHPHQWV�LV�EDVHG�
RQ�$6&(������ �������DQG�$&,�������� ��������7KH�VHLVPLF�GHVLJQ�FRHIILFLHQWV� IRU�HDFK�GLVWLQFW�/)56�
FDVH�DUH�OLVWHG�LQ�7DEOH�$�����

)LJ�$�����7\SLFDO�SUHFDVW�IORRU�SODQ�XVHG�IRU�HYDOXDWLRQ�VWUXFWXUH��

L

d

< FDx

'LDSKUDJP�PRPHQW

'LDSKUDJP�VKHDU

&KRUG
FRQQHFWRU

6KHDU
FRQQHFWRU

6KHDU�ZDOO

:DOO�DQFKRUDJH

&ROOHFWRU

6SDQGUHO�EHDP &ROXPQ

7UDQVYHUVH
GLUHFWLRQ

�
�
7DEOH�$�����,%&�VHLVPLF�GHVLJQ�FRHIILFLHQWV�DQG�IDFWRUV��

6LWH� 6'&� /)56� ,%&�&DWHJRU\� R :o� Cd

%HUNHOH\� (� 6KHDU�ZDOO� 6SHFLDO�5&�VKHDU�ZDOOV� � ��� ��
%HUNHOH\� (� )UDPH� 6SHFLDO�5&�PRPHQW�IUDPH � �� ���
.QR[YLOOH� &� 6KHDU�ZDOO� 2UGLQDU\�5&�VKHDU�ZDOOV� � ��� ���

$� EDVHOLQH� GLDSKUDJP� VHLVPLF� GHVLJQ� IRUFH� �FDx�� LV� ILUVW� GHWHUPLQHG� IRU� HDFK� VHW� RI� GHVLJQ�
SDUDPHWHUV�EDVHG�RQ�WKH�PD[LPXP��WRS�IORRU��)S[�IURP�$6&(��������������7KH�WHUP�³EDVHOLQH´�UHIHUV�WR�
WKH�GLDSKUDJP�GHVLJQ�IRUFHV�SULRU�WR�WKH�DSSOLFDWLRQ�RI�DPSOLILFDWLRQ�IDFWRUV����

7KH�UHTXLUHG�GLDSKUDJP�GHVLJQ�VWUHQJWK�IRU� WKH�DQDO\VHV�LV�REWDLQHG�E\�DSSO\LQJ�WKH�GLDSKUDJP�
IRUFH�DPSOLILFDWLRQ�IDFWRU�<�WR�FDx��)RU�HDFK�EDVHOLQH�GHVLJQ��GLIIHUHQW�GLDSKUDJP�GHVLJQ�VWUHQJWKV�FDQ�EH�
HYDOXDWHG�E\�DSSO\LQJ�GLIIHUHQW�WULDO�YDOXHV�RI�<��)RU�WKH�VWXG\��WKH�DPSOLILHG�GLDSKUDJP�GHVLJQ�IRUFH�LV�
DSSOLHG�XVLQJ�D�FRQVWDQW�YHUWLFDO�SURILOH�DORQJ�WKH�KHLJKW�RI�WKH�VWUXFWXUH�LQ�DFFRUGDQFH�ZLWK�WKH�RULJLQDO�
UHFRPPHQGDWLRQV�RI�WKH�GUDIW�GHVLJQ�PHWKRGRORJ\��%66&�76����������It is noted that on the basis of the 
analytical results from this research phase, a varying diaphragm force vertical profile (controlled by the 
Dx factor) is now included in the design procedure (See Section A.1.5.3).�



�&�$��

7KH� DPSOLILHG� GHVLJQ� IRUFH� LV� DSSOLHG� WR� WKH� GLDSKUDJP� WR� GHWHUPLQH� LQWHUQDO� IRUFHV�� )RU� WKH�
HYDOXDWLRQ�VWUXFWXUH¶V�VLPSOH�OD\RXW�� WKH�GLDSKUDJP�UHTXLUHG�GHVLJQ�PRPHQW��Mu��DQG�VKHDU��Vu��FDQ�EH�
GHWHUPLQHG�XVLQJ�WKH�KRUL]RQWDO�EHDP�PHWKRG��3&,�'HVLJQ�+DQGERRN��������DV�VKRZQ�E\�WKH�GLDJUDPV�LQ�
)LJXUH�$�����More accurate methods for determining the internal forces are presented in PART 3 based 
on the results of the prototype structure analytical results �6HH�$SSHQGL[�$����

7KH� QRPLQDO� PRPHQW� FDSDFLW\� �Mn�� RI� WKH� GLDSKUDJP� LV� FDOFXODWHG� XVLQJ� VWUDLQ� FRPSDWLELOLW\�
SURFHGXUHV�GHYHORSHG�LQ�WKH�SURMHFW��%66&�76���������DQG�LQFOXGHV�WKH�VKHDU�UHLQIRUFHPHQW�FRQWULEXWLRQ�
WR� IOH[XUH� �$&,� ���� ������� 7KH� QRPLQDO� VKHDU� VWUHQJWK� �Vn�� LQFOXGHV� WKH� FKRUG� UHLQIRUFHPHQW� GRZHO�
DFWLRQ� FRQWULEXWLRQ� WR� WKH� VKHDU� UHLQIRUFHPHQW�EDVHG�RQ� F\FOLF� VKHDU� WHVW� �&DR� HW� DO�� �������7KH�GHVLJQ�
VWUHQJWK� YDOXHV� XVHG� IRU� WKH� LQGLYLGXDO� GLDSKUDJP� UHLQIRUFHPHQW� DUH� REWDLQHG� IURP� WKH� GDWDEDVH� RI�
GLDSKUDJP�FRQQHFWRU�SURSHUWLHV�REWDLQHG�LQ�WHVWLQJ��5HQ�DQG�1DLWR�������DQG�UHSURGXFHG�LQ�3$57�����

$�VDPSOH�GHVLJQ�IRU�RQH�GHVLJQ�FDVH�RI�WKH�HYDOXDWLRQ�VWUXFWXUH�LV�VKRZQ�LQ�7DEOH�$�����6'&�(�
��VWRU\�VKHDU�ZDOO�VWUXFWXUH�ZLWK�D����’�E\���’�IORRU�SODQ��
�
7DEOH�$�����(YDOXDWLRQ�VWUXFWXUH�VDPSOH�GHVLJQ��6'&�(��VKHDU�ZDOO�����’[��’��

:HLJKW� &RHIILFLHQW %DVH�VKHDU� %DVH�PRPHQW� 7RS�IORRU
w��NLSV�� Cs Vb��NLSV�� Mb��N�IW�� FDx��NLSV�

6HLVPLF�
GHVLJQ�

����� ������ ����� ������� ����
/HQJWK� :LGWK� %RXQGDU\ :HE� Mu�>N�IW@ IMn IMn��Mu

Lw��IW�� tw �LQ�� DUHD�VWHHO VWHHO� 3HU�ZDOO �>N�IW@� � �
6KHDU�ZDOO�
GHVLJQ�

��� ��� �������� ���#���� ������ ������ �����

<D� <D FDx� Mu  IMn��I ����� Vu  Vn :v�
� � �NLSV�� �N�LQ�� �N�LQ�� �NLSV�� �NLSV�� Vn�Vu�

'LDSKUDJP�
GHVLJQ�

������ ������ ������� ������� ����� ����� ������
�
$������'HVLJQ�3DUDPHWHUV��

7KH� WULDO� GHVLJQ� IDFWRUV� DUH� GHWHUPLQHG� DFURVV� D� VHW� RI� GHVLJQ� SDUDPHWHUV� UHODWHG� WR� EXLOGLQJ�
JHRPHWU\��FRQVWUXFWLRQ�W\SH�DQG�VHLVPLF�KD]DUG�OHYHO��7KHVH�SDUDPHWHUV�FRYHU�WKH�UDQJH�RI�GHVLJQ�YDOXHV�
FRQVLGHUHG�W\SLFDO�IRU�SUHFDVW�GLDSKUDJP�FRQVWUXFWLRQ��6HH�7DEOH�$������7KH�GHVLJQ�SDUDPHWHUV�UHODWHG�WR�
EXLOGLQJ�JHRPHWU\�LQFOXGH������GLDSKUDJP�OHQJWK��L������GLDSKUDJP�DVSHFW�UDWLR��$5������QXPEHU�RI�VWRULHV��
N��DQG������GLDSKUDJP�GHSWK��d��UHSUHVHQWLQJ�FRPPRQ�GLPHQVLRQV�RI�GRXEOH�WHH�DQG�KROORZFRUH�SUHFDVW�
XQLWV���7ZR�/)56�W\SHV�DUH�HYDOXDWHG��ERWK�ZLWK�SHULPHWHU�OD\RXWV��VKHDU�ZDOO�DQG�IUDPH��6HLVPLF�GHVLJQ�
FDWHJRULHV�LQFOXGH�6'&�(��KLJK��IRU�%HUNHOH\��%.��&$�DQG�&��PRGHUDWH��IRU�.QR[YLOOH��.1��71��7KHVH�
VLWHV�ZHUH�VHOHFWHG�DV�HYDOXDWLRQ�VLWHV�IRU�WKH�'6'0�SURMHFW��)OHLVFKPDQ�HW�DO���������

�

7DEOH�$�����'HVLJQ�SDUDPHWHUV�HYDOXDWHG��
/HQJWK��IW�� ��� ��� ��� ��
$VSHFW�5DWLR��$5� �� �� �� �
��RI�VWRU\��1�� �� �� �
'HSWK��IW�� ��� ���
/)56�7\SH� 6KHDU�ZDOO )UDPH�
6'&�� (� &�

�
,W�VKRXOG�EH�QRWHG�WKDW�YDU\LQJ�WKH�GLDSKUDJP�JHRPHWU\�PRGLILHV�WKH�UHODWLRQVKLS�EHWZHHQ�VHYHUDO�

NH\� IDFWRUV� LQFOXGLQJ�� ���� WKH� GLDSKUDJP� PRPHQW�WR�VKHDU� UDWLRV�� ���� WKH� UDWLR� RI� GLDSKUDJP�WR�/)56�
VWLIIQHVV� �)OHLVFKPDQ� DQG�)DUURZ� ������� DQG�� ���� WKH� UHODWLRQVKLS� EHWZHHQ� GLDSKUDJP� ORFDO� DQG� JOREDO�
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GHIRUPDWLRQ� GHPDQGV�� 1RWH� DOVR� WKDW� LQFUHDVLQJ� GLDSKUDJP� OHQJWK� KDV� D� GLVSURSRUWLRQDO� HIIHFW� RQ� WKH�
GLDSKUDJP�WR�/)56� VWLIIQHVV� UDWLR� �6HH� )LJ�� $���D��� VLQFH� QRW� RQO\� GRHV� WKH� GLDSKUDJP� IOH[LELOLW\�
LQFUHDVH��EXW�WKH�/)56�VWLIIQHVV�ZLOO�WHQG�WR�LQFUHDVH�GXH�WR�WKH�KLJKHU�UHTXLUHG�ODWHUDO�IRUFH�IURP�PRUH�
PDVV� WULEXWDU\� WR� WKH� /)56� HOHPHQW�� /LNHZLVH�� DV� D� GLDSKUDJP� JHWV� ORQJHU�� WKH� GLDSKUDJP� IOH[LELOLW\�
OHQJWKHQV�WKH�VWUXFWXUDO�SHULRG��6HH�)LJ��$���E����

�

�

�D��'LDSKUDJP�VWLIIQHVV�UDWLR� �E��6WUXFWXUDO�SHULRG�
)LJ��$�����6WUXFWXUDO�FKDUDFWHULVWLFV�IRU�VKHDU�ZDOO�VWUXFWXUHV��%'2���
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)UDPH

+&
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$������*URXQG�0RWLRQV�

$�VXLWH�RI�ILYH�HDUWKTXDNH�VWURQJ�JURXQG�PRWLRQV�DUH�XVHG�LQ�WKH�SDUDPHWULF�VWXG\�IRU�HDFK�6'&�
�6HH�7DEOH�$������7KH�HDUWKTXDNHV�UHSUHVHQW�DQWLFLSDWHG�VHLVPLF�KD]DUG�IRU�WKH�VLWHV�LQ�7DEOH�$�����7KH�
VXLWH�RI�PRWLRQV�LV�VFDOHG�VXFK�WKDW�WKHLU�PHDQ�UHVSRQVH�VSHFWUXP�UHDVRQDEO\�PDWFKHV�WKH�GHVLJQ�VSHFWUXP�
IRU�WKH�GHVLJQ�EDVLV�HDUWKTXDNH��'%(���DV�VKRZQ�LQ�)LJ��$�����7KH�LQGLYLGXDO�PRWLRQV�DUH�VFDOHG�E\�����
IRU�WKH�0&(�DQDO\VHV��7KH�PRWLRQV�DUH�DSSOLHG�DV�D�XQL�GLUHFWLRQDO�WUDQVYHUVH�FRPSRQHQW��)RU�UHIHUHQFH��
WKH�HYDOXDWLRQ�VWUXFWXUH�SHULRGV��VKRZQ�SUHYLRXVO\�LQ�)LJ��$���E��DUH�LQGLFDWHG�RQ�WKH�UHVSRQVH�VSHFWUD��

7DEOH�$�����,QIRUPDWLRQ�RI�JURXQG�PRWLRQV�XVHG�LQ�WKH�SDUDPHWULF�VWXG\�
/DEHO� (DUWKTXDNH� 0DJQLWXGH 6FDOH�IDFWRU GW��V� 'XUDWLRQ��V�� 3*$��J�
.1�� .RFDHOL��7XUNH\� ���� ������� ����� ������ �������
.1�� /DQGHUV� ���� ������� ���� ������ �������
.1�� 1DKDQQL��&DQDGD� ���� ������� ����� ������ �������
.1�� 1DKDQQL��&DQDGD� ���� ������� ����� ������ �������
.1�� 7DEDV��,UDQ� ���� ������� ���� ������ �������
%.�� (U]LQFDQ��7XUNH\� ����� ������� ����� ������ �������
%.�� /RPD�3ULHWD� ����� ������� ����� ������ �������
%.�� /RPD�3ULHWD� ����� ������� ����� ������ �������
%.�� 1RUWKULGJH� ����� ������� ����� ������ �������
%.�� 6XSHUVWLWLRQ�+LOOV� ����� ������� ���� ������ �������
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$������3DUDPHWULF�6WXG\�3URFHGXUH�
7KH� GHVLJQ� IDFWRUV� DUH� FDOLEUDWHG� WR� IRUFH� DQG� GHIRUPDWLRQ� WDUJHWV� IRU� HDFK� GHVLJQ� RSWLRQ� DV�

VXPPDUL]HG�LQ�7DEOH�$������

7DEOH�$�����'HVLJQ�2SWLRQV�DQG�3HUIRUPDQFH�7DUJHWV�

'HVLJQ�
2SWLRQ�

3HUIRUPDQFH�
7DUJHW�

)RUFH�
$PSO��
)DFWRU�

7DUJHW�
0HWULF�LQ�
$QDO\VLV�

0&(�
'HIR��
7DUJHW�

6KHDU�
2YUVWU��
)DFWRU

7DUJHW�0HWULF�
LQ�0&(�
$QDO\VLV�

'ULIW�
0HWULF�
LQ�0&(

('2� (ODVWLF�GLDSKUDJP�
UHVSRQVH�LQ�0&(� <(�

70&(
FKUG� ��

$V)\�
BB� :(�

1RQH�
��:(� ������

TGLD�

%'2�
(ODVWLF�GLDSKUDJP�
UHVSRQVH�LQ�'%(���
0'(�DOORZDEOH�
RSHQLQJ��LQ�0&(�

�
<'�

�
7'%(

FKUG� ��
$V)\�

�
GFKUG����
G$//0'(�

�
:%�

9PD[�)(����9X�
ZKHUH�

9X� �<'�)S[���

�
TGLD�

5'2� +'(�DOORZDEOH�
RSHQLQJ��LQ�0&(� <5� BB� GFKUG����

G$//+'(� :5�
9PD[�)(����9X�

ZKHUH�
9X� �<5�)S[���

TGLD�

�
7KH� FDOLEUDWLRQ� RI� GHVLJQ� IRUFH� IDFWRUV� IRU� WKH� VHLVPLF� GHVLJQ�PHWKRGRORJ\� LV� D� WULDO�DQG�HUURU�

SURFHVV�VLQFH� WKH�QRQOLQHDU�DQDO\VLV�UHVXOWV� WR�EH�DOLJQHG�ZLWK�SHUIRUPDQFH�REMHFWLYHV�DUH�GHSHQGHQW�RQ�
WKH�GLDSKUDJP�GHVLJQ�VWUHQJWKV�LQLWLDOO\�VHOHFWHG��$Q�DSSURDFK�XVHG�ZLWK�VLPSOHU�PXOWL�GHJUHH�RI�IUHHGRP�
�0'2)�� PDVV�VSULQJ� PRGHOV� LQ� SUHYLRXV� UHVHDUFK� LQYROYHG� JUDGXDOO\� LQFUHPHQWLQJ� WKH� GLDSKUDJP�
VWUHQJWK� IURP� WKH� FXUUHQW� FRGH� GHVLJQ� VWUHQJWK� OHYHOV� XQWLO� WKH� GHVLUHG� SHUIRUPDQFH� WDUJHWV� ZHUH� PHW�
�)OHLVFKPDQ� DQG� )DUURZ� ������� 6XFK� DQ� DSSURDFK� LV� QRW� IHDVLEOH� KHUH�� ZKHUH�� HYHQ� IRU� WKH� VLPSOHU�
HYDOXDWLRQ� VWUXFWXUH�� WLPH� LQWHQVLYH�1/7'$�RI� ODUJH�'2)� ILQLWH� HOHPHQW�PRGHOV� DUH� EHLQJ� SHUIRUPHG��
+HQFH�� WKH� IROORZLQJ� DQDO\VLV� VHTXHQFH� ZDV� LQWURGXFHG� IRU� HDFK� SDUDPHWHU� VHW� LQ� WKH� GHVLJQ� VSDFH� WR�
PLQLPL]H�WKH�RYHUDOO�WLPH�RI�WKH�DQDO\WLFDO�VWXG\��

��� 'HWHUPLQH�<'�IRU�%'2�
,Q�WKH�ILUVW�VWHS�RI�WKH�VHTXHQFH�� WKH�IDFWRU�<'�LV�VRXJKW��*LYHQ�WKH�%'2�SHUIRUPDQFH�WDUJHW�RI�

HODVWLF�'%(�UHVSRQVH��WKLV�VWHS�FDQ�EH�SHUIRUPHG�XVLQJ�DQ�DQDO\WLFDO�PRGHO�ZLWK�HODVWLF�GLDSKUDJPV��7KLV�
PRGHO� LV� VXEMHFWHG� WR� '%(�OHYHO� KD]DUG� DQG� WKH� PD[LPXP� HODVWLF� IRUFH� UHJLVWHUHG� E\� WKH� GLDSKUDJP�
GXULQJ� WKH� DQDO\VLV� LV� XVHG� WR� GHWHUPLQH� WKH� WULDO� IDFWRU� IRU� <'�� 1RWH� WKDW� WKH� /)56� PXVW� VWLOO� EH�
UHSUHVHQWHG�E\�DQ�LQHODVWLF�PRGHO��DQG�GHVLJQHG�DFFXUDWHO\�LQ�WHUPV�RI�DQ�DSSURSULDWH�5�IDFWRU��LQ�RUGHU�WR�
DUULYH�DW� WKH�SURSHU�<'� IDFWRU��)XUWKHUPRUH��DV�SUHFDVW�GLDSKUDJP�UHLQIRUFLQJ�VWUHQJWK�DQG�VWLIIQHVV�DUH�
QRW�XQUHODWHG��1DLWR�HW�DO���������&DR�HW�DO���������DQG�GLDSKUDJP�VHLVPLF�IRUFH�GHPDQGV�DUH�VHQVLWLYH�WR�



�&�$���

GLDSKUDJP�IOH[LELOLW\��)OHLVFKPDQ�DQG�)DUURZ��������DQ�HVWLPDWH�RI�<'�PXVW�EH�PDGH�D�SULRUL�LQ�RUGHU�WR�
SURYLGH� WKH� HODVWLF� GLDSKUDJP�PRGHO�ZLWK� UHDVRQDEOH�GLDSKUDJP�VWLIIQHVV��$FFRUGLQJO\�� LI� WKH� UHVXOWLQJ�
DQDO\WLFDOO\�PHDVXUHG�<'�LV�QRW�ZLWKLQ�D�WROHUDQFH�������RI�WKH�D�SULRUL�HVWLPDWH��WKH�DQDO\VLV�LV�UHSHDWHG�
ZLWK�DQ�LPSURYHG�VWLIIQHVV�HVWLPDWH����

��� 'HWHUPLQH�<(��IRU�('2�
7KH� VDPH� SURFHVV� LV� UHSHDWHG� WR� GHWHUPLQH� WKH�<(� IDFWRU� IRU� WKH� ('2�� 7KH� HODVWLF� GLDSKUDJP�

PRGHO�LV�DJDLQ�XVHG�VLQFH�<(�LV�DOVR�DVVRFLDWHG�ZLWK�HODVWLF�GLDSKUDJP�UHVSRQVH��+RZHYHU������WKH�PRGHO�
LV�VXEMHFWHG�WR�0&(�OHYHO�KD]DUG�WR�DOLJQ�<(�ZLWK�WKH�DSSURSULDWH�SHUIRUPDQFH�WDUJHW��6HH�7DEOH�$������
DQG� ���� WKH�PRGHO�SRVVHVVHV� D�KLJKHU� LQLWLDO�GLDSKUDJP�VWLIIQHVV�EDVHG�RQ� WKH�GLDSKUDJP�UHLQIRUFHPHQW�
UHTXLUHG�IRU�WKH�HVWLPDWHG�<(��7KH�PD[LPXP�JUDYLW\�FROXPQ�GULIW�LV�PHDVXUHG��See Step 3c below���

��� 'HWHUPLQH�:Y�DQG�'LDSKUDJP�5HLQIRUFHPHQW�&ODVVLILFDWLRQ�IRU�%'2�
2QFH�<'�LV�HVWDEOLVKHG�IURP�WKH�'%(�OHYHO�DQDO\VHV� LQ�VWHS���� WKH�H[SHFWHG�0&(�SHUIRUPDQFH�

IRU� WKLV� VDPH� GHVLJQ� FDQ� EH� GHWHUPLQHG�� )RU� WKLV� VWHS�� WKH� GLDSKUDJP� PRGHO� LV� H[WHQGHG� WR� LQHODVWLF�
UHVSRQVH�� EDVHG�RQ� D� GLDSKUDJP�GHVLJQHG�ZLWK� WKH�<'� LGHQWLILHG� LQ�6WHS����7KLV�PRGHO� LV� VXEMHFWHG� WR�
0&(�OHYHO�KD]DUG� WR�GHWHUPLQH�� �D�� WKH� LQHODVWLF�GHIRUPDWLRQ�GHPDQG�RQ�NH\�GLDSKUDJP�UHLQIRUFHPHQW�
HOHPHQWV�� �E�� WKH�UHTXLUHG�RYHUVWUHQJWK�RI�GLDSKUDJP�WR�/)56�FRQQHFWLRQ�DQG�VKHDU�UHLQIRUFHPHQW��:Y��
WR�NHHS�WKHVH�HOHPHQWV�HODVWLF��DQG���F��WKH�GLDSKUDJP�LQGXFHG�JUDYLW\�FROXPQ�GULIW�GHPDQGV���

�D��7KH�%'2� LV� WR� EH�SDLUHG�ZLWK�PRGHUDWH� GHIRUPDELOLW\� HOHPHQWV� �0'(���7KXV� WKH�PD[LPXP�
GLDSKUDJP�UHLQIRUFHPHQW�GHIRUPDWLRQ�GHPDQGV�LQ�WKH�0&(��PHDVXUHG�LQ�WHUPV�RI�RSHQLQJ�DFURVV�
WKH�MRLQW�EHWZHHQ�SUHFDVW�XQLWV��DUH�WR�EH�PDLQWDLQHG�ZLWKLQ�WKH�DOORZDEOH�GHIRUPDWLRQ�RI�WKH�0'(�
UHLQIRUFHPHQW��$W� WKH�RXWVHW�RI� WKH� WULDO� IDFWRU�SDUDPHWHU� VWXG\�� WKH�DOORZDEOH�GHIRUPDWLRQ� OLPLWV�
IRU�WKH�GLDSKUDJP�UHLQIRUFHPHQW�FODVVLILFDWLRQ�V\VWHP�ZDV�QRW�\HW�HVWDEOLVKHG��7KXV��WKH�UHVXOWV�RI�
WKLV�VWHS�� LQWHUSUHWHG�ZLWK�UHVSHFW� WR� WKH�UDQJH�RI� IHDVLEOH�GHIRUPDWLRQ�FDSDFLWLHV�H[KLELWHG� LQ� WKH�
WHVWLQJ� RI� FRPPRQ� GLDSKUDJP� FRQQHFWRUV� �5HQ� DQG� 1DLWR� ������� HVWDEOLVKHG� WKH� DOORZDEOH�
GHIRUPDWLRQ�OLPLWV�IRU�0'(�UHLQIRUFHPHQW�DV����”��
��E��7R� REWDLQ�:Y�� WKH� GLDSKUDJP�WR�/)56� FRQQHFWLRQ� UHLQIRUFHPHQW� DQG� WKH� VKHDU� UHVLVWDQFH� RI�
VKHDU� UHLQIRUFHPHQW� LQ� FULWLFDO� VKHDU� UHJLRQV� DUH� PRGHOHG� HODVWLFDOO\�� 7KH� tension� UHVLVWDQFH� RI�
VKHDU�UHLQIRUFHPHQW�LQ�FULWLFDO�IOH[XUH�UHJLRQV�LV�PRGHOHG�LQHODVWLFDOO\�WR�SURGXFH�DFFXUDWH�IOH[XUDO�
VWUHQJWK�� ,W� VKRXOG� EH� QRWHG� WKDW� WKLV� VLPSOLILFDWLRQ� IRU� WKH� VKHDU� UHLQIRUFHPHQW� PRGHO� LV� RQO\�
SRVVLEOH�IRU�WKH�VLPSOH�HYDOXDWLRQ�VWUXFWXUH��ZKLFK�SRVVHVVHV�ZHOO�GHILQHG�FULWLFDO�VKHDU�DQG�IOH[XUH�
UHJLRQV��7KXV��D�PDMRU�REMHFWLYH�RI� WKH�YHULILFDWLRQ�VWXGLHV�RQ� UHDOLVWLF�GLDSKUDJPV� WKDW� IROORZHG�
�$SSHQGL[� $��� ZDV� WR� YHULI\� RU� IXUWKHU� FDOLEUDWH� WR�:Y� IDFWRUV� IRU� FDVHV� ZKHUH� WKH� HIIHFWV� RI�
FRPELQHG�VKHDU�DQG�WHQVLRQ�SOD\�DQ�LPSRUWDQW�UROH�RQ�WKH�VKHDU�UHLQIRUFHPHQW�UHVSRQVH���

��F��,Q�WKLV�VWHS��DV�ZLWK�DOO�0&(�DQDO\VHV��WKH�PD[LPXP�JUDYLW\�FROXPQ�GULIW�GHPDQG�LV�PHDVXUHG�
DQG�FRPSDUHG�WR� WKH�PD[LPXP�/)56�GULIW� WR�GHWHUPLQH�WKH�DPSOLILFDWLRQ�RI�JUDYLW\�V\VWHP�GULIW�
�TGLD��GXH�WR�GLDSKUDJP�IOH[LELOLW\��7KH�YDOXH�LV�FRPSDUHG�WR�WKH�GULIW�LQFUHPHQW�EDVHG�RQ�DQ�HODVWLF�
GLDSKUDJP� FDOFXODWLRQ� LQ� RUGHU� WR� FDOLEUDWH�� �L�� D� UHGXFWLRQ� IDFWRU� Cr� WR� FRQYHUW� PD[LPXP�
GLDSKUDJP�GHIRUPDWLRQ�WR�WKH�GLDSKUDJP�LQGXFHG�JUDYLW\�FROXPQ�GULIW���LL��DQ�LQHODVWLF�GLDSKUDJP���
GHIRUPDWLRQ�IDFWRU��Cdia�QHHGHG�WR�FRQYHUW�WKH�HODVWLF�GHVLJQ�FDOFXODWLRQ�WR�DQ�DFFXUDWH�HVWLPDWH�RI�
WKH� LQHODVWLF�GLDSKUDJP�GHIRUPDWLRQ�� VLPLODU� LQ� FRQFHSW� WR� WKH Gs� IDFWRU�XVHG� IRU� WKH�/)56� �$&,�
�����������DQG��LLL��D�C'�IDFWRU�WR�DFFRXQW�IRU�3�'�HIIHFWV�RQ�WKH�JUDYLW\�V\VWHP�FROXPQ�IRU�IOH[LEOH�
GLDSKUDJPV��WKLV�IDFWRU�LV�EDVHG�RQ�WKH�FRPSDULVRQ�RI�D�VPDOOHU�VXEVHW�RI�UXQV�ZLWK�VHFRQG�RUGHU�
HIIHFWV�LQFOXGHG����

�
��� 'HWHUPLQH�<5��:Y�DQG�'LDSKUDJP�5HLQIRUFHPHQW�&ODVVLILFDWLRQ�IRU�5'2��

7KH�5'2�SHUIRUPDQFH�WDUJHW�LQYROYHV�OLPLWLQJ�WKH�PD[LPXP�GLDSKUDJP�MRLQW�RSHQLQJ�GHPDQGV�
LQ�WKH�0&(�WR�ZLWKLQ�WKH�+'(�DOORZDEOH�GHIRUPDWLRQ��7KXV��WKH�GHWHUPLQDWLRQ�RI�<5�UHTXLUHV�FDOLEUDWLRQ�



�&�$���

XVLQJ� VWUXFWXUDO�PRGHOV�ZLWK� LQHODVWLF�GLDSKUDJPV� VXEMHFWHG� WR�0&(� OHYHO� KD]DUG��7KH�+'(�DOORZDEOH�
GHIRUPDWLRQ�ZDV�HVWDEOLVKHG� UHODWLYH� WR� WKH�PD[LPXP�UHOLDEOH� F\FOLF�RSHQLQJ�FDSDFLW\�SURGXFHG�E\� WKH�
EHVW�SHUIRUPLQJ�H[LVWLQJ�GLDSKUDJP�UHLQIRUFHPHQW��%DVHG�RQ�WKH�WHVWLQJ��WKH�+'(�TXDOLILFDWLRQ�RSHQLQJ�
GHIRUPDWLRQ�ZDV�HVWDEOLVKHG�DV����”��1DLWR�HW�DO���������DQG�E\�DSSO\LQJ�D�����IDFWRU�RI�VDIHW\�VXJJHVWHG�
E\�WKH�'6'0�7*��SURGXFHG�WKH�DOORZDEOH�GHIRUPDWLRQ�RI����”�IRU�+'(�UHLQIRUFHPHQW��

$Q�HVWLPDWH�IRU�<5�PXVW�EH�PDGH�LQ�RUGHU�WR�JHQHUDWH�D�WULDO�GHVLJQ��7KH�LQLWLDO�HVWLPDWH�IRU�<5�
ZDV�REWDLQHG�E\�LQWHUSRODWLQJ�EHWZHHQ�<'�DQG�XQLW\��ZKLFK�LQ�WKH�DQDO\VHV�WHQGV�WR�SURGXFHV�D�PD[LPXP�
RSHQLQJ� GHIRUPDWLRQ� JUHDWHU� WKDQ� WKH�+'(� DOORZDEOH� OLPLW��$� VHFRQG� DQDO\WLFDO� LWHUDWLRQ� LV� SHUIRUPHG�
ZLWK� D� VXIILFLHQWO\� KLJKHU�<5� �EDVHG� RQ� WKH� PD[LPXP� RSHQLQJ� RI� WKH� LQLWLDO� DQDO\VLV�� WR� SURGXFH� D�
PD[LPXP�RSHQLQJ�GHIRUPDWLRQ�ORZHU�WKDQ�WKH�+'(�DOORZDEOH�OLPLW���7R�OLPLW�WKH�QXPEHU�RI�LWHUDWLRQV�LQ�
WKLV�VWHS��WKH�GHVLJQ�IDFWRU�<5�LV�HVWDEOLVKHG�DIWHU�WKH�VHFRQG�DQDO\VHV�E\�LQWHUSRODWLQJ��RU�H[WUDSRODWLQJ��
EHWZHHQ�WKH�UHVXOWV�RI�WKH�GHIRUPDWLRQ�UDWLR�GPD[�G$//�IRU�WKH�WZR�HVWLPDWHV���

1RWH�ILQDOO\�WKDW�WKH�GXH�WR�WKH�KLJKHU�GLDSKUDJP�RYHUVWUHQJWK�SRWHQWLDO�LQ�WKH�0&(�IRU�WKH�5'2��
D�KLJKHU�:Y�LV�W\SLFDOO\�REWDLQHG�IRU�WKH�5'2�WKDQ�IRU�WKH�%'2��)RU�D�FRPSUHKHQVLYH�GHVFULSWLRQ�RI�5'2�
GLDSKUDJP�SHUIRUPDQFH��WKH�'%(�UHVSRQVH�LV�DOVR�HYDOXDWHG�DQDO\WLFDOO\�XVLQJ�WKH�<5�YDOXH�REWDLQHG��

�8VLQJ� WKLV� VHTXHQFH�� D� PLQLPXP� RI� VL[� 1/'7$� �'�)(� DQDO\VHV� DUH� SHUIRUPHG� SHU� JURXQG�
PRWLRQ� IRU� HDFK� XQLTXH� SDUDPHWHU� VHW� LQ� WKH� GHVLJQ� VSDFH� WR� FRPSOHWHO\� FKDUDFWHUL]H� LWV� GHVLJQ� IDFWRUV�
�6HH�7DEOH�$������(DFK����DQDO\VHV�WDNH�DERXW�RQH�ZHHN�LQFOXGLQJ�SUH�SURFHVV��UXQ�WLPH�DQG�SRVW�SURFHVV���
�
7DEOH�$�����3DUDPHWULF�VWXG\�VHTXHQFH�

(4� ��� 'LDSKUDJP 2EMHFWLYH 3DUDPHWHU� 1XPEHU�
6WXG\�� OHYHO� RI�(4� GHVLJQ� GHWHUPLQH FRPELQDWLRQV RI�UXQV�
�� '%(� �� (VW�<'� <'� ��� ����
�� 0&(� �� (VW�<(� <(� ��� ����
�� 0&(� �� <'� GPD[��:Y% ��� ���
�� 0&(�����	�'%(�� �� (VW�<5� <U��:Y5� ��� ����

7RWDO�QXPEHU�RI�5XQV� ����
�
$����$1$/<7,&$/�02'(/,1*�

7KH�DQDO\WLFDO�ZRUN�LV�SHUIRUPHG�XVLQJ�D�WKUHH�GLPHQVLRQDO�ILQLWH�HOHPHQW���'�)(��PRGHO�RI�WKH�
SUHFDVW� HYDOXDWLRQ� VWUXFWXUH�� 7KH� �'�)(� PRGHOV� XVHV� ³GLVFUHWH´� GLDSKUDJP� PRGHOV� LQ� ZKLFK� WKH�
GLDSKUDJP� UHLQIRUFHPHQW� LV� PRGHOHG� GLUHFWO\� WKURXJK� FRQQHFWRU� HOHPHQWV� SODFHG� DW� GLVFUHWH� ORFDWLRQV�
DORQJ� WKH� GLDSKUDJP� MRLQW�� 7KH� FRQQHFWRU� HOHPHQWV� DUH� GHYHORSHG� EDVHG� RQ� WHVW� GDWD� IURP� WKH� /HKLJK�
WHVWLQJ� SURJUDP�� 7KH� GHWDLOHG� GHVFULSWLRQ� RI� WKH� GLDSKUDJP� PRGHO� XVHG� LQ� WKLV� VWXG\� LV� GLVFXVVHG� LQ�
$SSHQGL[�%��DQG�%��&DOLEUDWLRQ�RI�WKH�PRGHOV�DSSHDUV�LQ�$SSHQGL[�%��DQG�%���
�
$������(YDOXDWLRQ�6WUXFWXUH�0RGHO�

7KH�WKUHH�GLPHQVLRQDO�ILQLWH�HOHPHQW���'�)(��PRGHO�RI�WKH�HYDOXDWLRQ�VWUXFWXUH�LV�VKRZQ�LQ�)LJ��
$�����7KH�PRGHO�� FUHDWHG�XVLQJ� WKH�JHQHUDO�SXUSRVH�)(�SURJUDP�$16<6��� HPSOR\V�GLVFUHWH� FRQQHFWRU�
HOHPHQWV� WR� UHSUHVHQW� WKH� GLDSKUDJP� �:DQ� HW� DO�� ����D��� 7KLV� DSSURDFK� SHUPLWV� H[DPLQDWLRQ� RI� ORFDO�
GHPDQGV�E\�H[SOLFLWO\�PRGHOLQJ�WKH�GLDSKUDJP�UHLQIRUFHPHQW�HOHPHQWV��7KH�PRGHO�LV�EDVHG�RQ�D�SODQDU�
GLDSKUDJP� PRGHO� GHYHORSHG� IRU� QRQOLQHDU� VWDWLF� ³SXVKRYHU´� DQDO\VLV� �)OHLVFKPDQ� DQG� :DQ� �������
PRGLILHG�WR�LQFOXGH�JUDYLW\�V\VWHP�HOHPHQWV�SUHVHQW�LQ�WKH�IORRU�V\VWHP�VXFK�DV�SUHFDVW�VSDQGUHO�EHDPV�
�:DQ�HW�DO������E���DQG�H[WHQGHG�IRU�1/7'$��=KDQJ�HW�DO����������7KH�HYDOXDWLRQ�VWUXFWXUH�LV�PRGHOHG�LQ�
KDOI�V\PPHWU\�IRU�UXQ�WLPH�DQG�GLVN�VSDFH�HIILFLHQF\��

�������������������������������������������������
��$16<6�YHUVLRQ�����,QF���&DQRQVEXUJ��3$�
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)LJ��$������'�)(�KDOI�V\PPHWU\�PRGHO�RI�HYDOXDWLRQ�VWUXFWXUH��

3UHFDVW�XQLWV��
3ODQH�VWUHVV�HOHPHQWV

&KRUG�FRQQHFWRU��
1RQOLQHDU�VSULQJV�

6KHDU FRQQHFWRU��
1RQOLQHDU�VSULQJV�

6\PPHWU\�
ERXQGDU\�

&ROXPQ���'� �
EHDP�HOHPHQWV�

6SDQGUHO�� �'�
EHDP�HOHPHQW�

5HIHU�WR�)LJ�$����

0RPHQW�IUDPH�� �
�'�EHDP�HOHPHQWV�

6KHDU�ZDOO�
�'�VKHOO�HOHPHQWV

�
�

7KH�VKHDU�ZDOO� LV�PRGHOHG�ZLWK��'�HODVWLF�VKHOO�HOHPHQWV�ZLWK�QRQOLQHDU�FRXSOHG�VSULQJV�DW� WKH�
JURXQG�WR�FDSWXUH�ZDOO�EDVH�ELD[LDO�KLQJH�UHVSRQVH�DV�GHVFULEHG�LQ��=KDQJ��������7KH�PRPHQW�IUDPH�LV�
PRGHOHG�DV��'�HODVWLF�EHDP�HOHPHQWV�ZLWK�FRQFHQWUDWHG�SODVWLF�KLQJH�VSULQJ�HOHPHQWV�DW� WKH�EHDP�HQGV�
DQG� WKH�FROXPQ�EDVH��=KDQJ��������7KH�KLQJH�SURSHUWLHV� IRU�VKHDU�ZDOO�DQG�IUDPH�DUH�GHYHORSHG�XVLQJ�
VHFWLRQ�DQDO\VLV�VRIWZDUH�;75$&7��ZLWK�D�ELOLQHDU�VWHHO�PRGHO������VWUDLQ�KDUGHQLQJ�UDWLR��DQG�D�0DQGHU�
PRGHO�IRU�FRQFUHWH��7KH�SODVWLF�KLQJH�OHQJWK�IRU�VKHDU�ZDOO�LV�VHW�DV�PLQLPXP�RI�KDOI�RI�VKHDU�ZDOO�GHSWK�
DQG�VWRU\�KHLJKW��7KH�SODVWLF�KLQJH�OHQJWK�IRU�IUDPH�PHPEHU�LV�VHW�DV�WKH�IUDPH�PHPEHU�GHSWK���

7KH�SUHFDVW�IORRU�XQLWV�DUH�PRGHOHG�DV�HODVWLF�SODQH�VWUHVV�HOHPHQWV�ZLWK�DQ�LQSXW�IODQJH�WKLFNQHVV�
DQG�DQ�HIIHFWLYH� VPHDUHG�PDVV� WR� LQFOXGLQJ� WKH�ZHLJKW�RI�'7�VWHP��7KH�SHULPHWHU� VSDQGUHO�EHDPV�DQG�
FROXPQV�DUH�PRGHOHG�DV�HODVWLF�EHDP�HOHPHQWV���
�

�

)LJ��$����'LDSKUDJP�MRLQW�PRGHO�GHWDLO��

6SDQGUHO�EHDP��63�

'7�XQLW

&KRUG

6KHDU�FRQQHFWRU

63�'7�FRQQHFWRU

/LQN

&RQWDFW

6SULQJ

UP FOR

UP FO
R

UP FO
R

UP FOR

UP FO
R

�
7KH�SUHFDVW�GLDSKUDJP�FRQQHFWLRQV�DUH�UHSUHVHQWHG�E\�DVVHPEODJHV�RI�FRXSOHG�QRQOLQHDU�F\FOH�

GHJUDGLQJ�VSULQJV�DQG�FRQWDFW�HOHPHQWV��VHH�)LJ��$������DV�GHVFULEHG�LQ�3$57�%��DQG�%���7KH�SURSHUWLHV�
IRU�WKH�VSULQJV�DUH�GHULYHG�IURP�WHVWV�RI�LVRODWHG�UHLQIRUFHPHQW�XQGHU�GLIIHUHQW�FRPELQDWLRQV�RI�VKHDU�DQG�
WHQVLRQ� ORDG� �1DLWR� HW� DO�� ������ �&DR� HW� DO�� ������� 7KH� WHQVLRQ� UHVSRQVH� IRU� FKRUG� PRGHO� DQG� VKHDU�
FRQQHFWRU�PRGHO� LQFOXGHV� WKH�SLQFKLQJ�DQG�VWLIIQHVV�GHJUDGDWLRQ�HIIHFWV�REVHUYHG� LQ� WKH� WHVW��7KH�VKHDU�
UHVSRQVH�RI�FKRUG�PRGHO�DQG�VKHDU�FRQQHFWRU�PRGHO�LV�PRGHOHG�HODVWLFDOO\�LQ�RUGHU�WR�GLUHFWO\�GHWHUPLQH�

�������������������������������������������������
��;75$&7��,PEVHQ�FRPPHUFLDO�VRIWZDUH��,QF��5DQFKR�&RUGRYD��&$��
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WKH� UHTXLUHG� VKHDU� RYHUVWUHQJWK�� 7KH� WHQVLRQ�VKHDU� FRXSOLQJ� HIIHFW� LV� QRW� LQFOXGHG� LQ� WKH� FKRUG�
UHLQIRUFHPHQW� DQG� VKHDU� FRQQHFWRU�PRGHOV� EHFDXVH� WKH� HYDOXDWLRQ� VWUXFWXUH� KDV� D�ZHOO� GHILQHG� FULWLFDO�
VKHDU� GHPDQG� UHJLRQ� �ERWK� HQGV� RI� GLDSKUDJP�� DQG� FULWLFDO� IOH[XUDO� GHPDQG� UHJLRQ� �PLGVSDQ��� 7KH�
K\VWHUHWLF� PRGHO� IRU� WKH� 63�'7� FRQQHFWRU� LQFOXGHV� SLQFKLQJ� DQG� WHQVLRQ�VKHDU� FRXSOLQJ�� EXW� ZLWKRXW�
F\FOLF�VWLIIQHVV�RU�VWUHQJWK�GHJUDGDWLRQ��

.H\� DVSHFWV� RI� WKH� PRGHO� DV� WKH\� SHUWDLQ� WR� WKLV� VWXG\� LQFOXGH�� ��� 6KHDU� FRQQHFWRUV� LQ� KLJK�
IOH[XUDO� UHJLRQV�RI� WKH�IORRU�GLDSKUDJP�SDUWLFLSDWH� LQ�FDUU\LQJ�D�SRUWLRQ�RI� LQ�SODQH�PRPHQW�� ����&KRUG�
FRQQHFWRUV� LQ�KLJK�VKHDU� UHJLRQV�RI� WKH�IORRU�GLDSKUDJP�SDUWLFLSDWH� LQ� WUDQVIHUULQJ�D�SRUWLRQ�RI� LQ�SODQH�
VKHDU�WKURXJK�GRZHO�DFWLRQ������7KH�FRQWULEXWLRQ�RI�WKH�VSDQGUHO�EHDPV��DV�OLPLWHG�E\�WKHLU�FRQQHFWLRQV�WR�
WKH�SUHFDVW�GRXEOH�WHHV��DUH�LQFOXGHG�DQG�SURYLGH�D�VHFRQGDU\�SDWK�IRU�D�VPDOO�SRUWLRQ�RI�GLDSKUDJP�VKHDU�
DQG�IOH[XUH������7KH�GLDSKUDJP�WR�/)56�FRQQHFWLRQ�LV�PRGHOHG�DV�D�ULJLG�FRQQHFWLRQ��YLD�FRXSOLQJ�RI�WKH�
DSSURSULDWH�'2)V�RI�/)56�HOHPHQWV� WR�GLDSKUDJP�SODQH�VWUHVV� HOHPHQWV��� ����7KH�JUDYLW\�FROXPQV�DUH�
PRGHOHG�DV��'�EHDP�HOHPHQWV�ZLWK�D�SLQQHG�EDVH�DQG�SLQQHG�FRQQHFWLRQV�WR�WKH�GLDSKUDJP�DW�HDFK�OHYHO��
DQG� WKHUHIRUH� SDUWLFLSDWH� LQ� WUDQVIHUULQJ� D� VPDOO� SRUWLRQ� RI� EDVH� VKHDU� DQG� WKXV� UHGXFH� GLDSKUDJP�
IOH[LELOLW\��:DUH�HW�DO����������
�
$������'\QDPLF�$QDO\VLV�3DUDPHWHUV�

,Q�WKH�WULDO�IDFWRU�VWXG\��DQ�HTXLYDOHQW�GDPSLQJ�YDOXH�RI����DOLJQHG�ZLWK�WKH�ILUVW��IXQGDPHQWDO��
DQG�ODVW�VLJQLILFDQW� WUDQVYHUVH�YLEUDWLRQDO�PRGHV��FXPXODWLYH�PDVV�SDUWLFLSDWLRQ�UDWLR��������ZDV�XVHG��
EDVHG�RQ�UHFHQW�ILQGLQJV�RQ�WKH�DPRXQW�RI�YLVFRXV�GDPSLQJ�SUHVHQW�LQ�QRQOLQHDU�V\VWHPV��3DQDJLRWRX�HW�DO��
�������,W�LV�QRWHG�WKDW�WKLV�YDOXH�LV�FRQVHUYDWLYH�UHODWLYH�WR�WKDW�XVHG�WR�SURGXFH�WKH�GHVLJQ�VSHFWUD��$6&(�
���������7KH�GLVFUHWH�GLDSKUDJP�PRGHO�FDQQRW�EH�XVHG�HIIHFWLYHO\�IRU�PRGDO�DQDO\VLV�GXH�WR�WKH�XQFHUWDLQ�
LQLWLDO� VWDWXV�RI� WKH�FRQWDFW�HOHPHQWV� �RSHQ�� VOLGLQJ�� VWXFN���7KXV�� WKH�5D\OHLJK�GDPSLQJ�SDUDPHWHUV� DUH�
GHWHUPLQHG� WKURXJK�PRGDO� DQDO\VHV� SHUIRUPHG� RQ� �'� HODVWLF�PRGHOV�ZLWK�PRQROLWKLF� GLDSKUDJPV��7KH�
GLDSKUDJP�VWLIIQHVV�LV�HVWLPDWHG�WKURXJK�HIIHFWLYH�PRGXOL��:DQ�DQG�)OHLVFKPDQ���������
�
$����*(1(5$/�$1$/<7,&$/�5(68/76�

6HOHFWHG�UHVXOWV�IURP�WKH�HYDOXDWLRQ�VWUXFWXUH�VWXG\�DUH�ILUVW�SUHVHQWHG�WR�SURYLGH�DQ�RYHUYLHZ�RI�
WKH� JHQHUDO� VHLVPLF� UHVSRQVH� RI� WKH� HYDOXDWLRQ� VWUXFWXUH�� LQFOXGLQJ� WKH� GLDSKUDJP� EHKDYLRU�� SULRU� WR�
SUHVHQWLQJ�SDUDPHWULF�UHVXOWV�IRU�WKH�WULDO�GHVLJQ�IDFWRUV��

$������*HQHUDO�6HLVPLF�5HVSRQVH�
,W� ZLOO� EH� XVHIXO� WR� VKRZ� WKH� VHLVPLF� GHPDQGV� RQ� WKH� HYDOXDWLRQ� VWUXFWXUH� /)56� LQ� RUGHU� WR�

EHQFKPDUN�WKH�GLDSKUDJP�GHPDQGV�WR�IROORZ��)XUWKHU��LW�LV�LPSRUWDQW�WR�UHFRJQL]H�WKH�WULDO�GHVLJQ�IDFWRUV�
DUH�GHYHORSHG�ZLWK�DQDO\VHV�HPSOR\LQJ����FULWLFDO�GDPSLQJ��DQG�LQFOXGH�0&(�OHYHO�KD]DUG��ZKHUHDV�WKH�
GHVLJQ�FRGHV�DUH�EDVHG�RQ�D����GDPSHG� VSHFWUXP�DW� WKH�GHVLJQ�EDVLV� HDUWKTXDNH� �'%(���$FFRUGLQJO\��
)LJXUH� $���D� VKRZV� WKH� VKHDU� ZDOO� PD[LPXP� EDVH� URWDWLRQ� �VFDOH� VKRZQ� RQ� OHIW�KDQG� D[LV�� DQG� WKH�
GLDSKUDJP� PD[LPXP� FKRUG� RSHQLQJ� GHIRUPDWLRQ� �VFDOH� VKRZQ� RQ� ULJKW�KDQG� D[LV�� IRU� WKH� HYDOXDWLRQ�
VWUXFWXUH� GHVLJQ� FDVH� �$5��1��6'&� (�%'2�� DW� GLIIHUHQW� OHYHOV� RI� GDPSLQJ�� $QDO\VHV� DUH� SHUIRUPHG�
XQGHU�'%(�DQG�0&(�OHYHO�KD]DUG�0RWLRQ�%.���VHH�7DEOH�$������IRU�FULWLFDO�GDPSLQJ�UDWLRV�UDQJLQJ�IURP�
���WR�����$V�VHHQ�IRU�WKH����GDPSLQJ�'%(�FDVH��ZKLFK�DOORZV�GLUHFW�FRPSDULVRQ�WR�DQWLFLSDWHG�FRGH�
GHPDQGV�� WKH� PD[LPXP� /)56� EDVH� URWDWLRQ� LV� ZLWKLQ� ���� DV� ZRXOG� EH� H[SHFWHG� LQ� WKH� GHVLJQ� EDVLV�
HDUWKTXDNH��7KH�LQIOXHQFH�RI�ORZHU�FULWLFDO�GDPSLQJ�RQ�WKH�/)56�DQG�GLDSKUDJP�GHPDQGV�FDQ�EH�VHHQ�LQ�
)LJ��$���D��)LJXUH�$���E�VKRZV�D�VFDWWHU�SORW�RI�PD[LPXP�/)56�GHPDQGV�IRU�HDFK�FDVH�LQ�WKH�SDUDPHWHU�
VWXG\��ZLWK�'%(�OHYHO�VKRZQ�DV�VROLG�PDUNHUV�DQG�0&(�OHYHO�DV�KROORZ�PDUNHUV��IUDPHV�DUH�LQGLFDWHG�LQ�
JUD\���$V�VHHQ�� WKH�FRPELQDWLRQ�RI�0&(�OHYHO�KD]DUG�DQG�D�FRQVHUYDWLYH�YDOXH�RI����FULWLFDO�GDPSLQJ�
XVHG�LQ�WKH�DQDO\VHV�OHDGV�WR�KLJKHU�GHPDQGV��+RZHYHU��DOO�FDVHV�DUH�ZLWKLQ�DQWLFLSDWHG�'%(�GULIWV�����
DFFRUGLQJ�WR�$6&(����������H[FHSW� WKRVH�IRU� WKH���VWRU\�VKHDU�ZDOO�VWUXFWXUHV��1RWH��KRZHYHU�� WKDW� WKLV�
FDVH�ZDV�VKRZQ�WR�EH�FRGH�FRPSOLDQW�IRU�WKH����GHVLJQ�VSHFWUXP�LQ�)LJXUH�$���D��
�
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)LJ��$�����(YDOXDWLRQ�/)56�UHVSRQVH���D��6:�EDVH�URWDWLRQ���E��0D[LPXP�LQWHU�VWRU\�GULIW�
�D�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �E��
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)LJXUH� $���� VKRZV� WKH� GLDSKUDJP� UHVSRQVH� LQ� D� 0&(� HYHQW� �%.�� LQ� 7DEOH� $����� IRU� WKH�
HYDOXDWLRQ�VWUXFWXUH�FDVH��Q ���$5 ����6:��6'(�(��IRU�WULDO�GHVLJQ�IDFWRUV�HTXLYDOHQW�WR�WKH�HDFK�RI�WKH�
WKUHH�GLDSKUDJP�GHVLJQ�FDVHV��('2��%'2��5'2���)LJXUH�$���D�VKRZV�WKH�JOREDO�GLDSKUDJP�GHPDQGV��
H[SUHVVHG�DV�WKH�WRS�IORRU�LQHUWLDO�IRUFHV�YV��GLDSKUDJP�PLGVSDQ�GHIRUPDWLRQ��5HIHU�WR�LQVHUW�LQ�)LJ��$��
�E���$V�VHHQ�� WKRXJK�GLVVLSDWLQJ�PRUH�HQHUJ\�� WKH�GLIIHUHQFH�EHWZHHQ� WKH�JOREDO�K\VWHUHVLV�EHWZHHQ� WKH�
WKUHH�FXUYHV�LV�QRW�VWDUN��XQGHUOLQLQJ�WKH�LQWHQW�WKDW�WKH�GLDSKUDJP�LV�QRW�LQWHQGHG�WR�VHUYH�DV�WKH�SULPDU\�
HQHUJ\�GLVVLSDWLRQ�PHFKDQLVP��HYHQ�LQ�WKH�5'2��UDWKHU� WKLV� LV� UHVHUYHG�IRU� WKH�/)56��H�J��DV�VKRZQ�LQ�
)LJ�� $���D��� +RZHYHU�� WKH� PDUNHG� GLIIHUHQFH� LQ� local� GLDSKUDJP� GHPDQG� IRU� WKH� GLIIHUHQW� GHVLJQV� LV�
REVHUYHG�LQ�)LJXUH�$���E��ZKLFK�VKRZV�WKH�FKRUG�IRUFH�YV��MRLQW�RSHQLQJ��5HIHU�WR�LQVHUW�LQ�)LJ��$���E��DW�
PLGVSDQ� RI� WKH� WRS� IORRU�� $V� VHHQ�� WKH� ('2� FKRUG� UHPDLQV� HODVWLF� ZKLOH� WKH� %'2� DQG� 5'2� GHVLJQV�
HQGXUH� LQHODVWLF�FKRUG�RSHQLQJ�F\FOHV��1RWH� WKDW�DOVR� LQGLFDWHG� LQ� WKH�SORW� LV� WKH�DOORZDEOH�GHIRUPDWLRQ�
OLPLW�IRU�WKH�/'(��0'(�DQG�+'(�UHLQIRUFHPHQW��VKRZLQJ�WKH�DGHTXDF\�RI�WKHVH�GHVLJQV�ZLWK�UHVSHFW�WR�
WKH�GLDSKUDJP�UHLQIRUFHPHQW�FODVVLILFDWLRQV��
�

�

)LJ��$�����'LDSKUDJP�GHPDQGV�IRU�$5��1��XQGHU�0&(���D��*OREDO�DQG��E��/RFDO��
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$������'LDSKUDJP�6HLVPLF�'HPDQG�3URILOHV��
7KH�PDMRULW\�RI�SDUDPHWULF�UHVXOWV�XVHG�WR�GHWHUPLQH�WULDO�GHVLJQ�IDFWRUV�DUH�VKRZQ�DV�PD[LPXPV�

IRU� WKH�GLDSKUDJP�DQ\ZKHUH� LQ� WKH�EXLOGLQJ�� ,W�ZLOO�EH�XVHIXO��KRZHYHU�� WR�H[DPLQH�GLDSKUDJP�GHPDQG�
SURILOHV�DORQJ�WKH�KHLJKW�RI�WKH�VWUXFWXUH��DQG�DORQJ�WKH�OHQJWK�RI�WKH�GLDSKUDJP��)LJXUH�$����VKRZV�WZR�
SURILOHV� DORQJ� WKH� KHLJKW� RI� WKH� EXLOGLQJ�� �D�� GLDSKUDJP� PD[LPXP� LQHUWLDO� IRUFH�� QRUPDOL]HG� E\� WKH�
PD[LPXP� YDOXH� RQ� DQ\� IORRU�� DQG� �E��PD[LPXP� FKRUG� RSHQLQJ� �DW�PLGVSDQ�� DW� HDFK� IORRU� OHYHO�� 7KH�
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UHVXOWV�DUH� IRU�0&(�KD]DUG� IRU�6'&�(�VKHDU�ZDOO� VWUXFWXUH�� WKH� IRUPHU� IRU�DQ�HODVWLF�GLDSKUDJP�PRGHO�
�('2�GHVLJQ����WKH�ODWWHU�IRU�DQ�LQHODVWLF�GLDSKUDJP�PRGHO��5'2�OHYHO�GHVLJQ���1RWH�WKDW�LQ�HLWKHU�FDVH��
WKH�PD[LPXP�YDOXHV�XVHG�WR�GHWHUPLQH�GHVLJQ�IDFWRUV�RFFXUV�RQO\�DW�RQH�IORRU�OHYHO��ZLWK�RWKHUV�ORZHU��

7KH�IRUFH�SURILOHV�VKRZQ�LQ�)LJXUH�$���D�DUH�W\SLFDO�RI�WDOOHU�VWUXFWXUHV�LQ�WKDW���D��WKH�PD[LPXP�
GLDSKUDJP�GHPDQG�XVXDOO\�RFFXUV�DW�WKH�WRS�IORRU���E��XSSHU�UHJLRQV�RI�WKH�VWUXFWXUH�KDYH�ORZHU�IRUFHV���F��
ORZHU�VWRULHV�KDYH�LQFUHDVHG�IRUFHV�UHODWLYH�WR�XSSHU�VWRULHV�EXW�W\SLFDOO\�QRW�DV�ODUJH�DV�WKH�WRS�OHYHO�IRUFH��
,Q� VKRUWHU� VWUXFWXUHV�� WKH� LQFUHDVH� LQ� ORZHU� VWRULHV� LV� QRW� DV� SURQRXQFHG��7KH�GLVWULEXWLRQ�RI� GLDSKUDJP�
IRUFH� DORQJ� EXLOGLQJ� KHLJKW� LV� VHHQ� WR� EH� GLVVLPLODU� WKDQ� WKH� LQYHUWHG� WULDQJXODU� IRUP� XVHG� LQ� FXUUHQW�
GHVLJQ��$V� VHHQ� LQ�)LJXUH�$���E�� WKH� IRUFH�GHPDQGV�DUH� WUDQVIRUPHG� LQWR�FKRUG�RSHQLQJ�GHPDQGV�RI� D�
VLPLODU�SURILOH�ZKHQ�WKH�GLDSKUDJP�GHVLJQ�GRHV�QRW�UHPDLQ�HODVWLF���
�

�

)LJ��$�����1RUPDOL]HG�GLDSKUDJP�UHVSRQVH�SURILOH�XQGHU�0&(���D��)RUFH���E��&KRUG�RSHQLQJ��
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,W�LV�LPSRUWDQW�WR�QRWH�WKDW�WKHVH�PRGHOV�LQFOXGHG�WKH�JUDYLW\�V\VWHP�FROXPQV��5HIHU�WR�)LJ��$������

DQG�WKXV�PD[LPXP�GHPDQGV�DW�WKH�ORZHVW�OHYHO�RI�WKH�VWUXFWXUH��DV�ZDV�REVHUYHG�LQ�SUHYLRXV�ZRUN�XVLQJ�
PRGHOV�WKDW�GR�QRW�LQFOXGH�WKH�JUDYLW\�V\VWHP��)OHLVFKPDQ�HW�DO���������GLG�QRW�RFFXU�ZLWK�JUDYLW\�V\VWHP�
LQFOXGHG��:DUH�HW�DO���������)RU�WKLV�UHDVRQ��UDWKHU�WKDQ�DGYRFDWLQJ�D�FRQVWDQW�GLDSKUDJP�IRUFH�SURILOH��D�
YHUWLFDO�IRUFH�GLVWULEXWLRQ�IDFWRU��D[��LV�LQFOXGHG�LQ�WKH�FXUUHQW�GLDSKUDJP�GHVLJQ��6HH�3$57����$SSHQGL[�
,���7KH�DQDO\WLFDO�UHVXOWV�WKDW�SURGXFH�WKH�D[�IDFWRU�DUH�GHVFULEHG�ODWHU�LQ�6HFWLRQ�$��������
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)LJ��$�����&KRUG�PD[�RSHQLQJ�GHPDQG�DORQJ�GLDSKUDJP�OHQJWK�XQGHU�0&(��
�D��$5��VWUXFWXUH� �E��$5��VWUXFWXUH�

�
�

)LJXUH�$���� VKRZV� WKH�GLDSKUDJP�PD[LPXP�FKRUG�RSHQLQJ�SURILOH� DW� WRS� IORRU� IRU� WKH�6'&�(�
VKHDU�ZDOO�VWUXFWXUH�GHVLJQHG�ZLWK�WKH�WULDO�5'2��&ROXPQ�OLQH�MRLQWV��ZKHUH�WKH�VSDQGUHO�WHUPLQDWHV��DUH�
LQGLFDWHG�DV� UHG�GDVKHG� OLQH��7KH�FKRUG�\LHOG�RSHQLQJ� LV� LQGLFDWHG�RQ� WKH�SORW��$V� VHHQ�� FKRUG�RSHQLQJ�
GHPDQGV� FRQFHQWUDWH� DW� WKH� FROXPQ� MRLQWV� EHFDXVH� DGMDFHQW� MRLQWV� DUH� SURWHFWHG� E\� WKH� VSDQGUHO� EHDPV�
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�:DQ� HW� DO�� ������� 7KH� ORQJHU� VSDQ� GLDSKUDJP� �$5��� KDV�PRUH� GLVWULEXWHG� LQHODVWLF� RSHQLQJ� WKDQ� WKH�
VKRUWHU� VSDQ� GLDSKUDJP� �$5���� GXH� WR�PRUH� MRLQWV� XQGHU� KLJK� IOH[XUH�� 7KXV�� D� ODUJHU� FRQFHQWUDWLRQ� RI�
LQHODVWLF�RSHQLQJ�GHPDQG�RFFXUV�DW�FULWLFDO�IOH[XUDO�MRLQW�IRU�WKH�VKRUWHU�VSDQ����
�
$����3$5$0(7(7,&�5(68/76�

7KH�WULDO�GHVLJQ�IDFWRUV�DQG�SDUDPHWULF�UHVXOWV�UHSRUWHG�LQ�WKLV�SDSHU�DUH�EDVHG�RQ�PHDQ�UHVXOWV��RI�
PD[LPXP� YDOXHV�� IURP� WKH� VXLWH� RI� ILYH� HDUWKTXDNH� VLPXODWLRQV�� LQVWHDG� RI� VXLWH� RI� VHYHQ� HDUWKTXDNH�
VLPXODWLRQV� DV� UHTXLUHG� E\� $6&(� �� SURFHGXUH� �$6&(� �� ������� 7KLV� GHFLVLRQ� ZDV� EDVHG� RQ� WLPH�
FRQVLGHUDWLRQV� IRU� WKH� DQDO\WLFDO� SURJUDP� �VHH� 7DEOH�$������ DQG� FRQVLGHUHG� DSSURSULDWH� JLYHQ� WKH� WULDO�
QDWXUH�RI�WKH�IDFWRUV��VHH�EHORZ���7KH�PD[LPXP�YDOXHV��GLDSKUDJP�IRUFH��VKHDU�IRUFH��FKRUG�GHIRUPDWLRQ�
GHPDQG�� HWF��� IRU� D� JLYHQ�PRWLRQ� FDQ� RFFXU� DQ\ZKHUH� LQ� WKH� VWUXFWXUH� EXW� WKH� VWDWLVWLFDO�PHDQ� XVHG� WR�
GHWHUPLQH� GHVLJQ� IDFWRUV� LV� EDVHG� RQ� FRPELQDWLRQV� DW� coincident locations� IRU� UHVSRQVH� DFURVV� WKH�
LQGLYLGXDO�JURXQG�PRWLRQV���

7KH�YDOXHV�UHSRUWHG�KHUH�DUH�UHIHUUHG�WR�DV�³WULDO´�GHVLJQ�IDFWRUV�EHFDXVH�D�VXEVHTXHQW�VWHS�H[LVWV�
SULRU� WR� WKHLU� LQFRUSRUDWLRQ� LQ� WKH� GHVLJQ�PHWKRGRORJ\�� ,Q� WKLV� VWHS�� D� VHW� RI� UHDOLVWLF� SUHFDVW� VWUXFWXUHV�
IURP�D�SRUWIROLR�RI�SURWRW\SH�VWUXFWXUHV�GHYHORSHG�IRU�WKH�SURMHFW��)OHLVFKPDQ�HW�DO��������ZHUH�GHVLJQHG�
XVLQJ�WKH�WULDO�YDOXHV�GHYHORSHG�KHUH�DQG�HYDOXDWHG�IRU�WKH�SXUSRVHV�RI�FDOLEUDWLQJ�WKH�GHVLJQ�IDFWRUV��7KH�
UHDOLVWLF�VWUXFWXUHV�SRVVHVV�PRUH�FRPSOLFDWHG�FRQILJXUDWLRQV�WKDQ�WKH�HYDOXDWLRQ�VWUXFWXUH��LQFOXGLQJ�IORRU�
V\VWHPV�ZLWK�PXOWLSOH�IORRU�ED\V��SODQ�LUUHJXODULW\��DQG�RSHQLQJV��VXFK�DV�SDUNLQJ�VWUXFWXUHV���DQG��ZHUH�
VXEMHFWHG�WR�RUWKRJRQDO�FRPSRQHQWV�RI�JURXQG�PRWLRQV��=KDQJ�DQG�)OHLVFKPDQ��������6XFK�HYDOXDWLRQV�
ZRXOG�QRW�EH�DSSURSULDWH�IRU�GHYHORSLQJ�WKH�EDVLF�UHODWLRQVKLSV�IRU�WKH�GHVLJQ�IDFWRUV��QRU�ZRXOG�WKH\�EH�
PDQDJHDEOH� IRU� WKH� WULDO�DQG�HUURU� SURFHVV� GHVFULEHG�� EXW� DUH� VXLWDEOH� IRU� YHULILFDWLRQ� SXUSRVHV�� 7KH�
maximum response�RI� WKUHH�HDUWKTXDNH�VLPXODWLRQV�LV�XVHG�LQ�WKH�YHULILFDWLRQ�VWXG\�� LQ�DFFRUGDQFH�ZLWK�
$6&(���SURFHGXUHV���������
�

$������'LDSKUDJP�3XVKRYHU�&XUYH�
7KH�UHVXOWV�SUHVHQWHG�LQ�WKLV�VWXG\�DUH�PD[LPXP�dynamic�GHPDQGV��+RZHYHU��LW�ZRXOG�EH�XVHIXO�

WR�YLHZ�WKHVH�GHPDQGV�LQ�WHUPV�RI�WKH�GLDSKUDJP�capacity��$FFRUGLQJO\��WKH�SDUDPHWULF�UHVXOWV�SURGXFHG�
E\� 1/'7$� ZLOO� EH� SUHVHQWHG� RQ� GLDSKUDJP� FDSDFLW\� FXUYHV�� FUHDWHG� E\� QRQOLQHDU� VWDWLF� ³SXVKRYHU´�
DQDO\VHV���7KH�SXVKRYHU�FXUYHV�ZHUH�FRQVWUXFWHG�XVLQJ�QRQOLQHDU�VWDWLF�DQDO\VLV�E\�DSSO\LQJ�DQ�LQFUHDVLQJ�
ERG\� IRUFH� WR� WKH� GLVFUHWH�PRGHO� RI� WKH� LVRODWHG� GLDSKUDJP� �UHPRYHG� IURP� WKH� VWUXFWXUH���7KH� LVRODWHG�
GLDSKUDJP�PRGHO�XVHV�VLPSOH�VXSSRUW�FRQGLWLRQV�IRU�WKH�SHULPHWHU�/)56�DQG�LJQRUHV�WKH�FRQWULEXWLRQ�RI�
FROXPQV��)LJXUH�$����VKRZV�WKH�SXVKRYHU�FXUYHV�IRU�WZR�GHVLJQ�FDVHV��HDFK�ZLWK�WKH�K\VWHUHWLF�UHVSRQVH�
DW�WRS�IORRU�RI�WKUHH�VHOHFWHG�HDUWKTXDNHV�VXSHULPSRVHG��7KH�PHDQ�UHVSRQVHV�RI�ILYH�JURXQG�PRWLRQV�DUH�
VKRZQ�DV�PDUNHUV�RQ�WKH�SXVKRYHU�FXUYH��)RU�FODULW\��VXEVHTXHQW�SORWV�OHDYH�RII�WKH�K\VWHUHWLF�FXUYH�EXW�
LQFOXGH�WKH�PDUNHUV��

�

�D�� �E��
)LJ��$������'LDSKUDJP�IRUFH�YV��GHIRUPDWLRQ�UHVSRQVH���D��$5��1����E��$5��1��
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)LJXUH� $����� VKRZV� GLDSKUDJP� VHLVPLF� UHVSRQVH� IURP� WKH� G\QDPLF� DQDO\VHV�� 7KH� OHIW� KDQG�
FROXPQ� VKRZV� GLDSKUDJP� JOREDO� GHPDQGV� �GLDSKUDJP� IRUFH� YV�� PD[LPXP� GHIRUPDWLRQ�� LQGLFDWHG� DV�
SRLQWV�RQ�GLDSKUDJP�SXVKRYHU�FXUYH�VFKHPDWLFV��7KH�ULJKW�KDQG�FROXPQ�VKRZV� WKH�FRUUHVSRQGLQJ� ORFDO�
GHPDQGV�� H[SUHVVHG� DV� PD[LPXP� FKRUG� D[LDO� IRUFH� YV�� MRLQW� RSHQLQJ� DW� PLGVSDQ�� VXSHULPSRVHG� RQ�
FRQQHFWRU�ORDG�YV��GHIRUPDWLRQ�EDFNERQH�FXUYHV�HVWDEOLVKHG�LQ�WKH�WHVWLQJ�SURWRFROV��5()���1RWH�WKDW�WKH�
G\QDPLF��HDUWKTXDNH��DQG�VWDWLF��SXVKRYHU��UHVXOWV�GR�QRW�H[DFWO\�FRLQFLGH��UHIHU� WR�)LJ��$�������GXH�WR�
G\QDPLF�ORDGLQJ�SDWWHUQV��7KXV��SRLQWV�RQ�WKH�SXVKRYHU�FXUYHV��OHIW�KDQG�SORWV��DUH�DSSUR[LPDWH��G\QDPLF�
PD[LPD��UHIHUHQFHG�GLUHFWO\�WR�WKH�ORFDO�GHVLJQ�WDUJHW��ULJKW�KDQG�SORWV��DFKLHYHG�LQ�WKH�G\QDPLF�DQDO\VLV���
�

� �D��*/2%$/�5(63216(� �E��/2&$/�5(63216(�

)LJ��$������0D[LPXP�VHLVPLF�GHPDQGV�VKRZQ�RQ�SXVKRYHU�FXUYHV�IRU�VHOHFWHG�UXQV��
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7\�EDVH

7\�EDVH

7\�EDVH

7\L

7PD[��)(

(ODVWLF�PRGHO

G5�PD[��)( G5�PD[�)(

�
(DFK�URZ�VKRZV�WKH�UHVXOWV�IURP�WKUHH�GLVWLQFW�6'&�(�VKHDU�ZDOO�GHVLJQV������$5��1�������$5��

1���DQG������$5��1���(DFK�SORW�VKRZV�WKH�FKDUDFWHULVWLF�FXUYH�RI��IURP�WRS�WR�ERWWRP��WKH�('2��WKH�%'2��
DQG� WKH� WZR� WULDO� 5'2� GHVLJQV�� 7KH� �JUHHQ�� VTXDUH� LV� '%(� GHPDQG� DQG� WKH� �EOXH�� GLDPRQG� LV�0&(�
GHPDQG��7KHVH�PDUNHUV�UHSUHVHQW�WKH�PHDQ�RI�PD[LPXP�UHVXOWV�IURP�WKH�1/7'$��7KH��UHG��FLUFOH�LQ�WKH�
SORWV� UHSUHVHQWV� WKH� \LHOGLQJ� RI� WKH� FKRUG� LQ� WKH� SXVKRYHU�� DQG� WKH� �KROORZ�� WULDQJOH� UHSUHVHQWV� WKH�
DFKLHYLQJ� RI� WKH� +'(� TXDOLILFDWLRQ� GHIRUPDWLRQ� ����”��� 7KHVH� PDUNHUV� UHSUHVHQW� WDUJHW� GHPDQGV�
�PD[LPXP�+'(�GHIRUPDWLRQ�FDSDFLW\��REWDLQHG�LQ�WKH�SXVKRYHU�DQDO\VLV��

7KH�DPSOLILFDWLRQ�IDFWRU�IRU�HDFK�FXUYH�LV�OLVWHG�LQ�WKH�OHJHQG��$V�WKHVH�DUH�QRW�NQRZQ�D�SULRUL��WKH�
SXVKRYHU� FXUYHV� DUH� FRQVWUXFWHG� DIWHU� WKH� VHTXHQFH� RI� DQDO\VHV� GHVFULEHG� LQ� 6HFWLRQ� $������� 7KH�
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SHUIRUPDQFH� WDUJHWV� IRU�HDFK�GHVLJQ�RSWLRQ�DUH� LGHQWLILDEOH�� ����('2��HODVWLF�0&(�UHVSRQVH�� ����%'2��
HODVWLF� '%(� UHVSRQVH� DQG� 0'(� DOORZDEOH� GHIRUPDWLRQ� LQ� WKH� 0&(�� DQG� ���� 5'2�� +'(� DOORZDEOH�
GHIRUPDWLRQ�LQ�WKH�0&(��)LJXUH�$�����DOVR�VKRZV�WKDW�GLDSKUDJP�VWLIIQHVV�FKDQJHV�ZLWK�GHVLJQ�VWUHQJWK��
�
$������'HVLJQ�)DFWRU�'HWHUPLQDWLRQ��

7KH�0&(� SHUIRUPDQFH� WDUJHW� IRU� WKH� ('2� DQG� WKH� '%(� SHUIRUPDQFH� WDUJHW� IRU� WKH� %'2� DUH�
HODVWLF� GLDSKUDJP� UHVSRQVH�� $V� LQGLFDWHG� LQ� 7DEOH� $����� WKH� GLDSKUDJP� IRUFH� DPSOLILFDWLRQ� IDFWRUV� LQ�
WKHVH� FDVHV��<(� DQG�<'� UHVSHFWLYHO\�� DUH� REWDLQHG� XVLQJ� D� VWULFW� GHILQLWLRQ� RI� HODVWLF� UHVSRQVH�� L�H��� WKH�
GLDSKUDJP�IRUFH�DW�ZKLFK�WKH�FKRUG�VWHHO�UHDFKHV�LWV�H[SHFWHG�\LHOG�IRUFH��1DLWR�HW�DO���������7KH�UHDVRQ�
IRU�GHILQLQJ�WKLV�WDUJHW�ORFDOO\��UDWKHU�WKDQ�XVLQJ�WKH�DFKLHYHPHQW�RI�WKH�\LHOG�PRPHQW�0\��LQ�DFFRUGDQFH�
ZLWK�WKH�PRPHQW�GLDJUDP�LQ�)LJXUH�$������LV�WKDW�LQ�PRUH�UHDOLVWLF�IORRU�GLDSKUDJPV��D[LDO�DQG�VKHDU�IRUFH�
FRPELQDWLRQV��DV�ZHOO�DV�ORQJLWXGLQDO�LQHUWLDO�HIIHFWV��OLPLW�WKH�XVHIXOQHVV�RI�WKH�VLPSOH�EHDP�FDOFXODWLRQV��

7KH�H[SUHVVLRQ�XVHG�WR�GHWHUPLQH�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRUV�IRU�WKH�('2�DQG�%'2�LV��

baseyFE TT ���PD[ < �

ZKHUH�TPD[�)(� LV� WKH�PD[LPXP�FKRUG�IRUFH�GHPDQG�PHDVXUHG�LQ�WKH��HODVWLF�GLDSKUDJP��DQDO\VHV��7KHVH�
SRLQWV�DUH�VKRZQ�LQ�)LJ��$����E�DV�EOXH�GLDPRQGV��('2��DQG�JUHHQ�VTXDUHV��%'2���Ty�EDVH��LV�WKH�FKRUG�
\LHOG�VWUHQJWK�FDOFXODWHG�XVLQJ�WKH�GLDSKUDJP�EDVHOLQH�GHVLJQ�IRUFH��FDx���

� � � � � chordDxbasey dLFT ���  �

ZKHUH�dchord�LV�WKH�HTXLYDOHQW�PRPHQW�DUP�GHWHUPLQHG�XVLQJ�VWUDLQ�FRPSDWLELOLW\�SURFHGXUHV�GHYHORSHG�LQ�
WKH�SURMHFW��%66&�76���������WR�LQFOXGH�WKH�VKHDU�UHLQIRUFHPHQW�FRQWULEXWLRQ�WR�IOH[XUH��$&,������������
Ty�EDVH��LV�VKRZQ�DV�D�GRWWHG�OLQH�LQ�)LJ��$����E��
� 7KH�5'2�SHUIRUPDQFH�WDUJHW�LV�VDWLVILHG�ZKHQ�WKH�PD[LPXP�FKRUG�RSHQLQJ�GHPDQG�PHDVXUHG�LQ�
D�0&(�OHYHO�DQDO\VLV��GPD[�)(��LV�ZLWKLQ�WKH�DOORZDEOH�+'(�RSHQLQJ��G+'($//���DV�LQGLFDWHG�LQ�7DEOH�$�����
7KH�FRUUHVSRQGLQJ�VWUHQJWK�RI�WKH�GLDSKUDJP�LV�XVHG�WR�GHWHUPLQH�WKH�UHTXLUHG�IRUFH�DPSOLILFDWLRQ�IDFWRU��
<5��$V�WKH�GLDSKUDJP�VWUHQJWK�LV�WKHUHIRUH�QRW�NQRZ�D�SULRUL��WKH�PHWKRG�GHVFULEHG�LQ�$������LV�XVHG�WR�
LQWHUSRODWH�D�VROXWLRQ�WKURXJK�WZR�WULDO�5'2�DQDO\VHV��QRWHG�DV�5��DQG�5���GDVKHG�DQG�VROLG�SLQN�OLQHV�
UHVSHFWLYHO\� LQ� )LJ�� $������� 7KH� PD[LPXP� FKRUG� RSHQLQJ� GHPDQGV� �G5�PD[� DQG� G5�PD[� VKRZQ� DV� EOXH�
GLDPRQGV�LQ�)LJ��$����E��REWDLQHG�IURP�WKH�0&(�VLPXODWLRQV�IRU�HDFK�FDVH�DUH�PHDVXUHG�DQG�XVHG�IRU�
LQWHUSRODWLRQ��RU�UDUHO\�H[WUDSRODWLRQ��RI�WKH�<5�IDFWRU�DV�IROORZV��
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ZKHUH�<5��DQG�<5��DUH�WKH�WULDO�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRU�IRU�5'2�GHVLJQ�GHWHUPLQHG��XVLQJ�
WKH�IROORZLQJ�H[SUHVVLRQ��

��������������������������������������� baseyyiRi TT �� < ��L ���RU����

ZKHUH�TyL�LV�WKH�FKRUG�\LHOG�VWUHQJWK�RI�WKH�DQDO\WLFDO�PRGHO��DV�LQGLFDWHG�DV�UHG�FLUFOH�LQ�)LJ��$����E��
$OVR� LQGLFDWHG� LQ� 7DEOH� $����� WKH� VKHDU� RYHUVWUHQJWK� IDFWRU�:Y� LV� GHWHUPLQHG� XVLQJ� WKH� UDWLR�

EHWZHHQ�WKH�PD[LPXP�GLDSKUDJP�VKHDU�IRUFH�GHPDQG�PHDVXUHG�LQ�WKH�0&(�DQDO\VLV��9PD[��)(���ORFDWHG�DW�
WKH� GLDSKUDJP� HQGV� IRU� WKH� VLPSOH� HYDOXDWLRQ� VWUXFWXUH� OD\RXW� �VHH�)LJ��$������� DQG� GLDSKUDJP�GHVLJQ�
VKHDU�IRUFH�FDOFXODWHG�ZLWK�WKH�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRU��9X� �<)'[�����

DxFEV FV < : ��� PD[ �

ZKHUH�<�LV� WKH�FRUUHVSRQGLQJ�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ� WULDO�GHVLJQ� IDFWRU�� �<'�RU�<5� ��DV�
FDOFXODWHG�XVLQJ�WKH�PHWKRG�GHVFULEHG�DERYH��QRWH�IRU�WKH�('2�WKDW�:Y� �������1RWH�WKDW�WKH�PD[LPXP�
GHPDQG�PHDVXUHG�LQ�WKH�DQDO\VLV�LV�EDVHG�RQ�WKH�DEVROXWH�YDOXH�RI�VKHDU�IRUFH��UHIHU�WR�)LJ��$��������



�&�$���

�

)LJ��$������'LDSKUDJP�VKHDU�WLPH�KLVWRU\��6'&�(�$5��1��0&(�%.����

����

����

����

����

���

���

���

� � �� �� �� ��

7LPH��V�

9
��N
LS
V�

9PD[��)(

�

9� 9�

�
�
$������'LDSKUDJP�'HVLJQ�)RUFH�$PSOLILFDWLRQ�)DFWRU�

7KLV� WULDO� IDFWRUV� SURGXFHG� IRU� WKH� GLIIHUHQW� GHVLJQ� RSWLRQV� �('2��%'2� DQG�5'2��� VKRZQ� IRU�
VHOHFWHG�GHVLJQV�LQ�)LJ��$������DUH�JDWKHUHG�IRU�DOO�DQDO\VHV�LQ�SDUDPHWULF�SORWV�LQ�)LJXUH�$�����WR������

)LJ��$������'LDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRUV�IRU�GLIIHUHQW�EXLOGLQJ�JHRPHWULHV�
�D��1XPEHU�RI�VWRU\�SDUDPHWHUV�� � � � � � � � � �E��'LDSKUDJP�$5�SDUDPHWHUV��
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)LJXUH�$�����VKRZV�6'&�(�VKHDU�ZDOO�GHVLJQV�DQG�WKH�VDPH�UHVXOWV�DUH�VKRZQ�YHUVXV���D��QXPEHU�

RI�VWRULHV��DQG��E��GLDSKUDJP�DVSHFW�UDWLR���1RWH�WKDW��DV�H[SHFWHG��<�YDOXHV�GHFUHDVH�ZKHQ�PRYLQJ�IURP�
<E�WR�<D�WR�<R��7KH�IROORZLQJ�WUHQGV�DUH�IXUWKHU�LGHQWLILHG�IRU�WKH�GLIIHUHQW�EXLOGLQJ�JHRPHWULHV�LQ�)LJ��
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$������ ����PD[LPXP�GLDSKUDJP� IRUFH� W\SLFDOO\� LQFUHDVHV�ZLWK� QXPEHU� RI� VWRULHV�� ���� GLDSKUDJP� IRUFH�
ZLOO� LQFUHDVH�ZLWK�DVSHFW� UDWLR� WR�D�SRLQW�DIWHU�ZKLFK� WKH�HIIHFWV�RI�GLDSKUDJP�IOH[LELOLW\�DFWXDOO\� ORZHU�
GLDSKUDJP�IRUFH��7KLV�HIIHFW�LV�PRUH�QRWLFHDEOH�LQ�WDOOHU�VWUXFWXUHV��DQG������WKH�HIIHFW�RI�QXPEHU�RI�VWRULHV�
LV�PRUH�VLJQLILFDQW�WKDQ�WKH�HIIHFW�RI�GLDSKUDJP�DVSHFW�UDWLR��7KLV�ODWWHU�SRLQW�LQGLFDWHV�WKDW�KLJKHU�PRGH�
HIIHFWV��VHH�6HF��������DUH�PRUH�VLJQLILFDQW�WKDQ�WKH�HIIHFW�RI�GLDSKUDJP�IOH[LELOLW\���

)LJ�� $����� SORWV� WKH� HIIHFW� RI� GLDSKUDJP� OHQJWK� RQ� WKH� GLDSKUDJP� IRUFH� DPSOLILFDWLRQ� IRU� WKH�
VWUXFWXUH�ZLWK� WKH� VDPH�$5�� 7KH� VROLG� OLQHV� LQ� )LJ�$����� UHSUHVHQW� WKH� VWUXFWXUHV�ZLWK�$5 �� DQG� WKH�
GDVKHG�OLQHV�LQ�)LJ��$�����UHSUHVHQW�WKH�VWUXFWXUHV�ZLWK�$5 ���7KH�WULDQJOH��VTXDUH�DQG�GLDPRQG�PDUNHUV�
LQ� )LJ�� $����� UHSUHVHQW� ��VWRU\�� ��VWRU\� DQG� ��VWRU\� VWUXFWXUHV� UHVSHFWLYHO\�� *HQHUDOO\� WKH� UHTXLUHG�
GLDSKUDJP� IRUFH� DPSOLILFDWLRQ� IDFWRU� LQFUHDVHV� ZLWK� LQFUHDVH� LQ� GLDSKUDJP� OHQJWK� GXH� WR� GLDSKUDJP�
IOH[LELOLW\���
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)LJ��$������'LDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRUV�IRU�GLIIHUHQW�GLDSKUDJP�OHQJWK��
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1H[W��WKH�UHTXLUHG�GLDSKUDJP�GHVLJQ�IRUFHV�DPRQJ�GLIIHUHQW�/)56�W\SHV�DUH�FRPSDUHG�IRU�6'&�(��

%HFDXVH�WKH�VKHDU�ZDOO��6:��DQG�PRPHQW�IUDPH��0)��VWUXFWXUH�GHVLJQV�XWLOL]H�GLIIHUHQW�R�IDFWRUV��UHIHU�WR�
7DEOH�$������ )LJXUH�$����� ILUVW� VKRZV� UHTXLUHG� GLDSKUDJP�GHVLJQ� IRUFHV� WUDQVODWHG� LQWR� UHTXLUHG� IORRU�
DFFHOHUDWLRQ��(DFK�SORW�LQ�)LJXUH�$�����VKRZV�WKH�IORRU�DFFHOHUDWLRQ�UHTXLUHG�WR�PHHW�WKH�GHVLJQ�WDUJHW�IRU�
HDFK�GLDSKUDJP�GHVLJQ�RSWLRQ�� �D��('2���E��%'2���F��5'2��$V�VHHQ�� WKH�VKHDU�ZDOO�VWUXFWXUH�UHTXLUHV�
KLJKHU�GLDSKUDJP�GHVLJQ�DFFHOHUDWLRQ�WKDQ�WKH�PRPHQW�IUDPH�VWUXFWXUH��DQG�WKH�GLIIHUHQFH�JURZV�DV�WKH�
VWUXFWXUH� EHFRPHV� WDOOHU�� 7KHVH� UHVXOWV� LPSO\� WKDW� KLJKHU�PRGH� HIIHFWV�PD\� KDYH� D� ODUJHU� HIIHFW� RQ� WKH�
VKHDU�ZDOO�VWUXFWXUH�WKDQ�WKH�PRPHQW�IUDPH�VWUXFWXUH���

�

)LJ��$������)ORRU�DFFHOHUDWLRQ�IRU�GLIIHUHQW�/)56�W\SHV�UHTXLUHG�WR�PHHW�WKH�GHVLJQ�WDUJHWV�� �
�D��('2� � � � � � � � � � � � � � � � � � � � � � � �E��%'2� � � � � � � � � � � � � � � � � � � � � � � � �F��5'2�
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$FFHOHUDWLRQ��J�

�
$V� PHQWLRQHG� DERYH�� WKH� FRGH� SUHVFULEHG� 5� IDFWRU� IRU� WKH� VKHDU� ZDOO� VWUXFWXUH� �5 ��� DQG� WKH�

PRPHQW�IUDPH�VWUXFWXUH��5 ���DUH�GLIIHUHQW��ZKLFK�UHVXOWV�LQ�D�ORZHU�GLDSKUDJP�EDVHOLQH�GHVLJQ�IRUFH�IRU�
WKH�PRPHQW�IUDPH�VWUXFWXUH��7KXV��WKH�FRPSDULVRQ�RI�WULDO�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRUV�VKRZQ�LQ��
)LJ�� $����� LV� GLIIHUHQW� WKDQ� WKH� IORRU� DFFHOHUDWLRQ� SORWV� LQ� )LJ�� $������ $V� VHHQ�� H[FHSW� IRU� WKH� WDOOHVW�
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VWUXFWXUH� HYDOXDWHG� �1 ���� WKH� WULDO� DPSOLILFDWLRQ� IDFWRUV� LPSOLHG� LQ� WKH� DQDO\VHV� IRU� WKH� VKHDU� ZDOO�
VWUXFWXUH�DUH�VOLJKWO\�ORZHU�WKDQ�WKH�PRPHQW�IUDPH�VWUXFWXUH��)RU�WKH���VWRU\�VWUXFWXUH��ZKHUH�KLJKHU�PRGH�
HIIHFWV�DUH�PRUH�SURPLQHQW�� WKH�VKHDU�ZDOO�<� IDFWRUV�DUH�FRQVLGHUDEO\� ODUJHU� WKDQ� WKH�PRPHQW� IUDPH�<�
IDFWRUV��*LYHQ�WKH�VLPLODULW\�RI�ORZ�ULVH�VWUXFWXUHV��DQG�WKH�FRQVHUYDWLYH�QDWXUH�IRU�WDOOHU�VWUXFWXUHV��WKH�<�
IDFWRU�GHVLJQ�HTXDWLRQV��6HH�6HFWLRQ�$�������SURSRVHG�LQ�WKH�GHVLJQ�SURFHGXUH�GR�QRW�GLUHFWO\�LQFOXGH�D�
SDUDPHWHU�FRQVLGHULQJ�GLIIHUHQW� W\SHV�RI�/)56��+RZHYHU�� WKH�SURSRVHG�HTXDWLRQV�ERXQG�WKH�GDWD�SRLQWV�
VKRZQ�LQ�)LJ��$������LQFOXGLQJ�ERWK�VKHDU�ZDOO�DQG�PRPHQW�IUDPH�VWUXFWXUHV��

�

)LJ��$������'LDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRUV�IRU�GLIIHUHQW�/)56�W\SHV��
�D��('2� � � � � � � � � � � � � � � � � � � � � � �E��%'2� � � � � � � � � � � � � � � � � � � � � � � � � �F��5'2�
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)LJXUH�$�����FRPSDUHV�WKH�GLDSKUDJP�GHVLJQ�IRUFH�DPSOLILFDWLRQ�IDFWRUV�IRU�6'&�(�DQG�6'&�&��

7KH�FRPSDULVRQ�LV�PDGH�XVLQJ�VKHDU�ZDOO�VWUXFWXUHV�ZLWK�$5 ��DQG�$5 ��IRU�('2�DQG�%'2�GLDSKUDJP�
GHVLJQV��$V�VHHQ��WULDO�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRUV�LPSOLHG�E\�WKH�DQDO\WLFDO�UHVXOWV�DUH�W\SLFDOO\�
ORZHU�IRU�6'&�&�GHVLJQV�ZKHQ�FRPSDUHG�WR�WKH�DQDORJRXV�6'&�(�GHVLJQ�FDVH��7KH�GLIIHUHQFHV�EHFRPH�
PRUH�VLJQLILFDQW�LQ�VKRUWHU�VWUXFWXUHV��7KLV�GLIIHUHQFH�FDQ�EH�DWWULEXWHG�WR�WZR�UHDVRQV������RQH�LV�WKDW�WKH�
FRGH�SUHVFULEHG�5�IDFWRU�IRU�WKH�6'&�&�VWUXFWXUH��5 ���DQG�WKH�6'&�(�VWUXFWXUH��5 ���DUH�GLIIHUHQW��VHH�
7DEOH�$����������WKH�RWKHU�LV�WKH�UHODWLRQVKLS�EHWZHHQ�WKH�GHVLJQ�VWUXFWXUDO�SHULRG��FDOFXODWHG�DV�PD[LPXP�
DOORZDEOH� GHVLJQ� SHULRG� DFFRUGLQJ� WR� 6HFWLRQ� ������� LQ� $6&(��� �������� DQG� WKH� �HVWLPDWHG� DFWXDO��
IXQGDPHQWDO�SHULRG�SURYLGHG�E\�WKH�DQDO\WLFDO�PRGHO��)LJXUH�$����F�VKRZV�WKH�GHVLJQ�UHVSRQVH�VSHFWUXP�
ZLWK� WKH� GHVLJQ� VWUXFWXUDO� SHULRGV� DQG� HVWLPDWHG� DFWXDO� IXQGDPHQWDO� SHULRGV� IRU� WKH�$5 �VWUXFWXUH��$V�
VHHQ� LQ� )LJ�� $����F�� IRU� D� VKRUWHU� VWUXFWXUH� �1 ���� WKH� GLIIHUHQFH� LQ� WKH� GHVLJQ� VSHFWUXP� DFFHOHUDWLRQ�
FRUUHVSRQGLQJ�WR�WKH�GHVLJQ�DQG�HVWLPDWHG�DFWXDO�VWUXFWXUDO�SHULRGV�LV�PXFK�ODUJHU�IRU�WKH�6'&�&�VWUXFWXUH�
WKDQ�IRU�WKH�6'&�(�VWUXFWXUH��)RU�WDOOHU�VWUXFWXUHV��H�J���1 ����WKLV�GLIIHUHQFH�LV�OHVV�SURQRXQFHG�EHWZHHQ�
WKH�6'&�&�DQG�6'&�(�VWUXFWXUHV���

*LYHQ�WKH�VLPLODULW\�RI� WKH�UHVSRQVH�IRU� WKH�KLJK�ULVH�VWUXFWXUHV��DQG�WKH�FRQVHUYDWLVP�EXLOW� LQWR�
WKH�H[SUHVVLRQ�IRU�VKRUWHU�VWUXFWXUHV��WKH�<�IDFWRU�GHVLJQ�HTXDWLRQV��6HH�6HFWLRQ�$�������SURSRVHG�LQ�WKH�
GHVLJQ� SURFHGXUH� GR� QRW� GLUHFWO\� LQFOXGH� D� SDUDPHWHU� FRQVLGHULQJ� GLIIHUHQW� 6'&�� $V� ZLWK� /)56�� WKH�
SURSRVHG�GHVLJQ�HTXDWLRQV�LQFOXGH�DOO�GDWD�SRLQWV�LQ�)LJ��$������LQFOXGLQJ�WKRVH�IURP�6'&�&�DQG�6'&�(��
�
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)LJ��$������'LDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRUV�IRU�GLIIHUHQW�6'&��
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$������'LDSKUDJP�6KHDU�2YHUVWUHQJWK�)DFWRU�
)LJXUH� $����� VKRZV� WKH� GLDSKUDJP� VKHDU� RYHUVWUHQJWK� IDFWRU� �:9�� SDUDPHWULF� SORWV�� $V�

PHQWLRQHG�SUHYLRXVO\��WKH�GLDSKUDJP�RYHUVWUHQJWK�IDFWRU�LV�PHDVXUHG�UHODWLYH�WR�WKH�DPSOLILHG�GLDSKUDJP�
IRUFH��L�H��:�LV�VWDFNHG�RQWR�<���8VLQJ�WKLV�DSSURDFK��WKH�:Y� �IDFWRUV�IRU�%'2�DQG�5'2�GHVLJQ�RSWLRQV�
DUH�SORWWHG�ZLWK�GLDSKUDJP�DVSHFW�UDWLR�LQ�)LJ�$������7KHVH�IDFWRUV�ZHUH�FDOFXODWHG�XVLQJ�WKH�H[SUHVVLRQ�
SURYLGHG�LQ�6HFWLRQ�$�������$FFRUGLQJ�WR� WKH�HODVWLF�GHVLJQ�WDUJHW� IRU�('2��QR�GLDSKUDJP�RYHUVWUHQJWK�
IDFWRU�LV�UHTXLUHG��:Y( �������

,W�LV�QRWLFHG�LQ�)LJ��$�����WKDW��D��WKH�%'2�GHVLJQ�UHTXLUHV�OHVV�VKHDU�RYHUVWUHQJWK�WKDQ�WKH�5'2�
GHVLJQ� EHFDXVH� LW� LQFXUV� OHVV� LQHODVWLF� IOH[XUDO� GHPDQG� DQG� VWUDLQ� KDUGHQLQJ� WKDQ� WKH� 5'2�� ���� 7KH�
UHTXLUHG� GLDSKUDJP� VKHDU� RYHUVWUHQJWK� W\SLFDOO\� LQFUHDVHV�ZLWK� WKH� GHFHDVH� RI� GLDSKUDJP�$5�� ���� 7KH�
UHTXLUHG�GLDSKUDJP�VKHDU�RYHUVWUHQJWK�LV�VLPLODU�LQ�VKHDU�ZDOO�DQG�IUDPH�VWUXFWXUHV��

�

)LJ��$������'LDSKUDJP�VKHDU�RYHUVWUHQJWK�IDFWRUV�
�D��%'2� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �E��5'2�
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$����'(6,*1�(48$7,216�

%DVHG�RQ�WKH�SDUDPHWULF�UHVXOWV�VKRZQ�LQ�VHFWLRQ�$�����D�VHW�RI�GHVLJQ�HTXDWLRQV�DUH�GHYHORSHG�
IRU�WKH�GLDSKUDJP�GHVLJQ�IDFWRUV���

$������'HVLJQ�(TXDWLRQV�IRU�'LDSKUDJP�)RUFH�$PSOLILFDWLRQ�)DFWRU��<��
� 7KH� GLDSKUDJP� IRUFH� DPSOLILFDWLRQ� IDFWRU� LV� LQIOXHQFHG� E\� WKH� IROORZLQJ� GHVLJQ� SDUDPHWHUV��
VWUXFWXUH� JHRPHWU\� �GLDSKUDJP� OHQJWK�� GLDSKUDJP�$5� DQG� QXPEHU� RI� VWRU\��� /)56� W\SHV� DQG� 6'&� DV�
GLVFXVVHG�LQ�VHFWLRQ�$�������$PRQJ�WKHVH�SDUDPHWHUV��VWUXFWXUH�JHRPHWU\�KDV�WKH�PRVW�VLJQLILFDQW�HIIHFW�
RQ�WKH�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRU��7KHUHIRUH�WKH�GLDSKUDJP�GHVLJQ�IDFWRU�HTXDWLRQV�DUH�VHW�DV�
WKH� IXQFWLRQ� RI� GLDSKUDJP� DVSHFW� UDWLR� �$5��� QXPEHU� RI� VWRU\� �Q�� DQG� GLDSKUDJP� VSDQ� �/��� 7KHVH�
HTXDWLRQV� DUH� GHYHORSHG� XVLQJ� FXUYH�ILWV� IRU� WKH� UHVXOWV� GDWD� SUHVHQWHG� LQ� VHFWLRQ� $� ������ ZLWK� D�
FRQILGHQFH� LQWHUYDO� RI� ���� �L�H�� ���� RI� GDWD� SRLQW� LV� EHORZ� WKH� GHVLJQ� HTXDWLRQV��� 7KH� FXUYH�ILWV� DUH�
FRPELQDWLRQV�RI�SRZHU�HTXDWLRQ�IRU�Q��SRO\QRPLDO�HTXDWLRQ�IRU�$5�DQG�H[SRQHQWLDO�HTXDWLRQ�IRU�/��ZKLFK�
DUH�VKRZQ�DV�VROLG�OLQH�LQ�)LJ��$������
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� 7KH�GHVLJQ�HTXDWLRQV�VKRZQ�LQ�)LJ��$�����DUH�H[SUHVVHG�DV�EHORZ��
('2�� �������@��������>������ ���������� d�� <d �ARL

E ARn � � (TQ��$���D�
%'2�� �������@��������>������� ���������� d�� <d �ARL

D ARn �� (TQ��$���E�
5'2�� �������@����������>������� ��������� d�� <d �ARL

R ARn � (TQ��$���F�

� ,Q�HDFK�FDVH��$5�LV�OLPLWHG�EHWZHHQ������WR���DQG��/�����$5��LV�OLPLWHG�EHWZHHQ����WR�����
�
� $OWHUQDWLYHO\��VLPSOHU�H[SUHVVLRQV�FDQ�EH�XVHG��7KHVH�LQFOXGH�OLQHDU��EOXH�VROLG�OLQH�LQ�)LJ��$������
RU�SRZHU� FXUYH� ILWV� �EODFN� VROLG� OLQH� LQ�)LJ��$�������7KHVH� H[SUHVVLRQV� DUH� IXQFWLRQV�RI� WKH�QXPEHU�RI�
VWRULHV� RQO\��7KHVH� VLPSOHU� DQG�PRUH� FRQVHUYDWLYH� YDOXHV� FDQ�EH� XVHG� LQ� OLHX� RI� WKH� H[SUHVVLRQV� JLYHQ�
HDUOLHU�LQ�HTXDWLRQV�$���D�F��
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������� nE  <

���������� d� < nE ������� nD  < ������� nR  <

����������� d� < nR

����������� d� < nD

�
)LJ��$������6LPSOLILHG�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRU�HTXDWLRQV���D��('2���E��%'2���F��5'2��

�
�

$������'LDSKUDJP�6KHDU�2YHUVWUHQJWK�)DFWRU��:Y��
� 7KH�GLDSKUDJP�VKHDU�RYHUVWUHQJWK�HTXDWLRQV�DUH�FUHDWHG�DV�D�IXQFWLRQ�RI�GLDSKUDJP�DVSHFW�UDWLR�
�$5���7KH�DQDO\WLFDO�UHVXOWV�RI�)LJXUH�$�����DUH�VKRZQ�DV�PDUNHUV�LQ�)LJ��$������SORWWHG�ZLWK�UHVSHFW�WR�
DVSHFW�UDWLR��$5���7KH�:Y�GHVLJQ�HTXDWLRQV�DUH�LQGLFDWHG�DV�EODFN�OLQH�LQ�)LJ��$������:Y(�IRU�WKH�('2�LQ�
)LJ�� $����D�� :Y5� IRU� WKH� 5'2� LQ� )LJ�� $����E�� 7KH� GHVLJQ� HTXDWLRQV� DUH� SRZHU� FXUYH�ILWV� ZLWK� D�
FRQILGHQFH�LQWHUYDO�RI������L�H������RI�GDWD�SRLQWV�DUH�EHORZ�WKH�GHVLJQ�HTXDWLRQ���DV�IROORZV��

('2�� ��� :vE � � � � � � � � (TQ��$���D�

%'2�� ������� ���� d : �ARvB ��ZKHUH�WKH�$5�LV�OLPLWHG�EHWZHHQ������WR���� (TQ��$���E�

5'2�� �������� ���� d : �ARvR �ZKHUH�WKH�$5�LV�OLPLWHG�EHWZHHQ������WR��� (TQ��$���F�
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$������'LDSKUDJP�'HVLJQ�)RUFH�9HUWLFDO�'LVWULEXWLRQ��D�IDFWRU��
� ,Q�SDVW�UHVHDUFK��)OHLVFKPDQ�DQG�)DUURZ��������D�FRQVWDQW�GLDSKUDJP�IRUFH�SDWWHUQ�ZDV�SURSRVHG�
IRU� DORQJ� WKH� KHLJKW� RI� WKH� EXLOGLQJ��+RZHYHU�� WKH� GLDSKUDJP�YHUWLFDO� IRUFH� SURILOHV� KDV� EHFRPH�PRUH�
FODULILHG� DV� DQDO\WLFDO�PRGHOV� IRU� SUHFDVW� VWUXFWXUHV� KDYH� DGYDQFHG�� LQFOXGLQJ�PRGHOV� GHYHORSHG� LQ� WKH�
'6'0�UHVHDUFK�WKDW�LQFOXGH�WKH�HIIHFW�RI�WKH�JUDYLW\�V\VWHP�FROXPQV��:DUH�HW�DO���������7KH�PRUH�UHFHQW�
DQDO\VHV�LQGLFDWH�D�WHQGHQF\�IRU�WKH�PD[LPXPV�WR�RFFXU�RQO\�DW�D�VLQJOH�OHYHO�RI�D�JLYHQ�VWUXFWXUH��)RU�WKLV�
UHDVRQ�� WKH�GLDSKUDJP�GHVLJQ� IRUFH�PDJQLWXGHV�FDQ�EH�SURYLGHG�D�GLVWULEXWLRQ�DORQJ�EXLOGLQJ�KHLJKW� WR�
FUHDWH�D�PRUH�HFRQRPLFDO�GHVLJQ���

$FFRUGLQJO\�� D� GLDSKUDJP� GHVLJQ� IRUFH� YHUWLFDO� GLVWULEXWLRQ� IDFWRU� �D[�� LV� LQWURGXFHG� LQWR� WKH�
GHVLJQ�PHWKRGRORJ\��7KH�D[�IDFWRUV�DUH�GHYHORSHG�EDVHG�RQ�WKH�PHDQ�RI�PD[LPXP�DQDO\WLFDO�UHVXOWV�IURP�
WKH�VXLWH�RI�JURXQG�PRWLRQV�LQ�WKH�SDUDPHWULF�VWXG\��)LJXUH�$�����VKRZV�WKHVH�UHVXOWV�DQG�WKH�SURSRVHG�
D[�GLVWULEXWLRQV��VKRZQ�DV�D�UHG�GDVKHG�OLQH��$OVR�VKRZQ�LV� WKH�FRQVWDQW�GLVWULEXWLRQ��EODFN�GRWWHG� OLQH��
ZKLFK�FDQ�EH�XVHG�DV�D�VLPSOHU�EXW�PRUH�FRQVHUYDWLYH�DOWHUQDWLYH��1RWH�WKDW�QHLWKHU�RI�WKH�YHUWLFDO�IRUFH�
GLVWULEXWLRQV�SURSRVHG�PDWFK�WKH�LQYHUWHG�SDWWHUQ�Fpx�SURYLGHG�LQ�FXUUHQW�VHLVPLF�FRGH�SURYLVLRQV���
�
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�
7KH� GLDSKUDJP� GHVLJQ� IRUFH� YHUWLFDO� GLVWULEXWLRQ� IDFWRU� �D[�� FDQ� EH� GHWHUPLQHG� XVLQJ� WKH�

IROORZLQJ� HTXDWLRQV�� GHVFULEHG� EHORZ� IRU� VKHDU� ZDOO� DQG� PRPHQW� IUDPH� VWUXFWXUHV�� DQG� FDOFXODWHG� IRU�
GLIIHUHQW� QXPEHU� RI� VWRULHV� LQ�7DEOH�$���D� DQG�$���E��1RWH� WKDW� WKH�D[� IDFWRU� LV� GLIIHUHQW� IRU� SDUNLQJ�
VWUXFWXUHV��6HH�)LJ��&���LQ�3$57�����

�
�dn ��� � ��� xD �IRU�DOO�IORRUV�

�� d� n ��
� � )RU�VKHDU�ZDOO�VWUXFWXUH��

��� xD �IRU�WRS�DQG��VW�IORRU�
������������� ���� nxnxD �IRU�RWKHU�IORRUV��L�H��x n����n����«�����

)RU�PRPHQW�IUDPH�VWUXFWXUH��
��� xD �IRU�WRS�IORRU�
��� xD �IRU��VW�IORRU�

������������� ���� nxnxD �IRU�RWKHU�IORRUV��L�H��x n����n����«�����
n�� ��

� � )RU�VKHDU�ZDOO�VWUXFWXUH��
��� xD �IRU�WRS�DQG��VW�IORRU�

������ xnx �� D �IRU�WZR�ORZHU�IORRUV�QH[W�WR�WKH�WRS�IORRU��L�H��x n���DQG�n����
������������� ���� nxnxD �IRU�RWKHU�IORRUV��L�H��x n����n����«�����

)RU�PRPHQW�IUDPH�VWUXFWXUH��
��� xD �IRU�WRS�IORRU�
��� xD �IRU��VW�IORRU�

������� xnx �� D �IRU�WZR�ORZHU�IORRUV�EHORZ�WKH�WRS�IORRU��L�H��x n���DQG�n����
������������� ���� nxnxD �IRU�RWKHU�IORRUV��L�H��x n����n����«�����

ZKHUH�LV�n�WKH�WRWDO�QXPEHU�RI�VWRU\��x�LV�WKH�VWRU\�QXPEHU�DQG�Dx�LV�WKH�GHVLJQ�IRUFH�GLVWULEXWLRQ�IDFWRU��
��

7DEOH�$���D��'LDSKUDJP�GHVLJQ�IRUFH�YHUWLFDO�GLVWULEXWLRQ�IDFWRU��Dx��IRU�VKHDU�ZDOO�VWUXFWXUH�
7RWDO�1XPEHU�RI�6WRU\�6WRU\�

1XPEHU� �� �� �� �� �� �� �� �� �� ���
�� ������ ������ ������ ����� ����� ����� ����� ����� ����� ������
�� � � ������ ������ ����� ����� ����� ����� ����� ����� ������
�� � � � � ������ ����� ����� ����� ����� ����� ����� ������
�� � � � � � � ����� ����� ����� ����� ����� ����� ������
�� � � � � � � � ����� ����� ����� ����� ����� ������
�� � � � � � � � � ����� ����� ����� ����� ������
�� � � � � � � � � � ����� ����� ����� ������
�� � � � � � � � � � � ����� ����� ������
�� � � � � � � � � � � � ����� ������
��� � � � � � � � � � � � � ������

�
�
�
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7DEOH�$���E��'LDSKUDJP�GHVLJQ�IRUFH�YHUWLFDO�GLVWULEXWLRQ�IDFWRU��Dx��IRU�PRPHQW�IUDPH�VWUXFWXUH�
7RWDO�1XPEHU�RI�6WRU\�6WRU\�

1XPEHU� �� �� �� �� �� �� �� �� �� ���
�� ������ ������ ������ ����� ����� ����� ����� ����� ����� ������
�� � � ������ ������ ����� ����� ����� ����� ����� ����� ������
�� � � � � ������ ����� ����� ����� ����� ����� ����� ������
�� � � � � � � ����� ����� ����� ����� ����� ����� ������
�� � � � � � � � ����� ����� ����� ����� ����� ������
�� � � � � � � � � ����� ����� ����� ����� ������
�� � � � � � � � � � ����� ����� ����� ������
�� � � � � � � � � � � ����� ����� ������
�� � � � � � � � � � � � ����� ������
��� � � � � � � � � � � � � ������

�
�
$������'LDSKUDJP�5HLQIRUFHPHQW�&ODVVLILFDWLRQ��

,Q� WKH� SURSRVHG� SURFHGXUH�� GLDSKUDJP� UHLQIRUFHPHQW� FODVVLILFDWLRQ� LV� GLYLGHG� LQWR� ORZ�
GHIRUPDELOLW\��/'(���PRGHUDWH�GHIRUPDELOLW\��0'(��DQG�KLJK�GHIRUPDELOLW\��+'(��HOHPHQWV�DFFRUGLQJ�
WR� WKH� UHOLDEOH� GHIRUPDWLRQ� FDSDFLW\� H[KLELWHG� LQ� IXOO�VFDOH� LVRODWHG� FRQQHFWRU� WHVWV� IROORZLQJ� D�
TXDOLILFDWLRQ�SURWRFRO��IRXQG�LQ�3$57���RI�WKH�'HVLJQ�0HWKRGRORJ\���7KH�UHTXLUHG�GHIRUPDWLRQ�FDSDFLW\�
LQ�WKH�WHVWV�IRU�HDFK�GLDSKUDJP�UHLQIRUFHPHQW�FODVVLILFDWLRQ��QDPHO\�JUHDWHU�WKDQ����”�IRU�+'(��EHWZHHQ�
���”� DQG����”� IRU�0'(��DQG� OHVV� WKDQ����”� IRU�/'(��ZHUH�VHOHFWHG�E\�FRQVLGHULQJ�� ���� WKH� UDQJH�RI� WKH�
WHQVLRQ�GHIRUPDWLRQ�FDSDFLWLHV�H[KLELWHG�E\�WKH�YDULRXV�SUHFDVW�GLDSKUDJP�FRQQHFWRUV�LQ�F\FOLF�WHVWV�LQ�WKH�
H[SHULPHQWDO�SURJUDP��1DLWR�HW�DO���������1DLWR�HW�DO���������DQG�����ZLWK�DQ�DSSUR[LPDWH�XQGHUVWDQGLQJ�
RI� WKH� UDQJHV� RI�PD[LPXP� MRLQW� RSHQLQJ� UHTXLUHG� LQ� WKH� VHLVPLF� UHVSRQVH� RI� SUHFDVW� IORRU� GLDSKUDJPV�
UHODWLYH�WR�WKH�GHVLJQ�SDUDPHWHUV�DQG�WKH�GHVLJQ�IRUFH�OHYHOV���

$V� WKH� DQDO\VHV� LQ� WKLV� VWXG\� ZHUH� SHUIRUPHG�� WKH� UHODWLRQVKLS� EHWZHHQ� GLDSKUDJP� GHVLJQ�
SDUDPHWHUV��GHVLJQ�IRUFH�DQG�WKH�UHTXLUHG�PD[LPXP�MRLQW�RSHQLQJ�ZHUH�TXDQWLILHG��2Q�WKH�EDVLV�RI�WKHVH�
DQDO\VHV�� LW� ZDV� FRQILUPHG� WKDW� DOORZDEOH� GHIRUPDWLRQV� RI� ���”� IRU� 0'(� DQG� ���”� IRU� +'(� SURYLGH�
IHDVLEOH�UDQJHV�RI�GHIRUPDWLRQ�FDSDFLW\�WR�EH�XVHG�ZLWK�WKH�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRUV��1RWH�
WKDW�WKLV�GLDSKUDJP�UHLQIRUFHPHQW�DOORZDEOH�GHIRUPDWLRQ�LPSOLFLWO\�FUHDWHV�D�GHVLJQ�IDFWRU�RI�VDIHW\�RI�����
DJDLQVW�FRQQHFWLRQ�GHIRUPDWLRQ�FDSDFLW\���

7KH�UHFRPPHQGHG�UHLQIRUFHPHQW�FODVVLILFDWLRQ�IRU�WKH�%'2�LV�0'(��+RZHYHU��DV�WKH�FDOLEUDWLRQ�
RI�<'� IRU� WKH�%'2� LV� EDVHG� RQ� D� GHVLJQ� WDUJHW� RI� HODVWLF� GLDSKUDJP� UHVSRQVH� LQ� WKH�'%(�� QR� D� SULRUL�
DVVXUDQFH� IRU� WKH� DGHTXDF\�RI�0'(� UHLQIRUFHPHQW� LV� REWDLQHG� LQ� WKH� VHOHFWLRQ�RI�<'��$FFRUGLQJO\� WKH�
LQHODVWLF� GHPDQGV� �MRLQW� RSHQLQJ�� LQ� WKH� 0&(� OHYHO� DQDO\VHV� IRU� WKH� %'2� GLDSKUDJP� GHVLJQV� ZHUH�
HYDOXDWHG�ZLWK�UHVSHFW�WR�WKH�0'(�UHLQIRUFHPHQW�DOORZDEOH�GHIRUPDWLRQ��6HH�)LJ��$����D���7KH�UHVXOWV�RI�
WKHVH� DQDO\VHV� OHG� WR� WKH� UHFRJQLWLRQ� WKDW� %'2� GLDSKUDJP� GHVLJQV� DUH� PDLQWDLQHG� ZLWKLQ� � WKH� 0'(�
DOORZDEOH� GHIRUPDWLRQ� OLPLW� RI� ���”� H[FHSW� IRU� GHVLJQ� FDVHV� LQYROYLQJ� WKH� FRPELQDWLRQ� RI� ORQJ� VSDQ�
GLDSKUDJPV� DQG� WDOOHU� VWUXFWXUHV�� 7KLV� REVHUYDWLRQ� OHG� WR� WKH� HVWDEOLVKPHQW� RI� 'LDSKUDJP� 6HLVPLF�
'HPDQG�/HYHOV��EDVHG�RQ�GLDSKUDJP�JHRPHWU\��EXLOGLQJ�KHLJKW�DQG�6'&��6HH�6WHS���LQ�3$57�����7KH�
ERXQGDU\� EHWZHHQ�PRGHUDWH� DQG� KLJK�'LDSKUDJP� 6HLVPLF� 'HPDQG� /HYHOV� ZDV� VHOHFWHG� DV� WKH� GHVLJQ�
JHRPHWULHV� WKDW� SURGXFH� GHPDQGV� RQ� HLWKHU� VLGH� RI� WKH� DOORZDEOH� 0'(� GHIRUPDWLRQ�� 6XEVHTXHQW�
DGGLWLRQDO�DQDO\VHV�DW� LQFUHPHQWDO�GLDSKUDJP�VWUHQJWK� LQFUHDVHV� LQGLFDWHG� WKDW� LQFUHDVLQJ�WKH�GLDSKUDJP�
GHVLJQ� IRUFH�E\�����IRU� WKH�KLJK�VHLVPLF�GHPDQG�FDVHV�DGHTXDWHO\� ORZHU� WKH�PD[LPXP�0&(�RSHQLQJ�
GHPDQGV�WR�OHVV�WKDQ�WKH�DOORZDEOH�GHIRUPDWLRQ�OLPLW�RI����”��6HH�RSHQ�PDUNHUV�LQ�)LJXUH�$����D����
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� 7KH�5'2�GHVLJQ� WDUJHW� LV� WKH�+'(�DOORZDEOH�GHIRUPDWLRQ� LQ� WKH�0&(�� L�H�� D�PD[LPXP�FKRUG�

RSHQLQJ�RI����”��6LQFH�WKLV�WDUJHW�LV�HQIRUFHG�LQ�WKH�DQDO\WLFDO�SURJUDP��6HH�6HF��$��������WKLV�WDUJHW�LV�PHW�
IRU�DOO�GHVLJQ�SDUDPHWHU�FRPELQDWLRQV�VLQFH�WKH�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRUV�IRU�5'2�WDUJHWV�DW�
���”�PD[LPXP�FKRUG�RSHQLQJ��6HH�)LJ��$����E����

)RU�FRQQHFWRUV�ZKLFK�PHHW�WKH�UHTXLUHG�PD[LPXP�GHIRUPDWLRQ�FDSDFLW\��WKH�UHTXLUHG�FXPXODWLYH�
LQHODVWLF�GHIRUPDWLRQ�FDSDFLW\�LV�DOVR�PHW��7KLV�LV�HYLGHQFHG�LQ�)LJ��$������ZKLFK�VKRZV�WKH�GLDSKUDJP�
cumulative�MRLQW�RSHQLQJ�GHPDQG�XQGHU�0&(�DQDO\VLV�FRUUHVSRQGLQJ�WR�WKH�GHVLJQ�IDFWRUV�WKDW�SURGXFHG�
WKH�maximum�DOORZDEOH�MRLQW�RSHQLQJ�GHPDQG�VKRZQ�LQ�)LJ��$������$V�VHHQ��WKH�FXPXODWLYH�GHPDQGV�DUH�
VLJQLILFDQWO\�ORZHU�WKDQ�WKH�FXPXODWLYH�GHIRUPDWLRQ�FDSDFLW\�DFKLHYHG�LQ�WKH�F\FOLF�WHQVLRQ�WHVWV�LQGLFDWHG�
E\�WKH�KRUL]RQWDO�WUHQG�OLQH��1DLWR�HW�DO��������IRU�ERWK�WKH�%'2�DQG�5'2��
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�
)LJXUH�$������'LDSKUDJP�FXPXODWLYH�MRLQW�RSHQLQJ�GHPDQG��0&(�DQDO\VLV���D��%'2�GHVLJQ���E��5'2�GHVLJQ��

�
�

$������'HVLJQ�)DFWRUV�IRU�'LDSKUDJP�,QGXFHG�*UDYLW\�&ROXPQ�,QWHU�VWRU\�'ULIW�&DOFXODWLRQ��

)LJXUH�$����D�VKRZV�WKH�SODQ�RI�WKH�VWUXFWXUH�DW�OHYHO�i��DQG�GHILQHV�/)56�'�/)56��L�DQG�GLDSKUDJP�
GLVSODFHPHQW�'�GLD��L� ��DV�ZHOO�DV�GLDSKUDJP�GHIRUPDWLRQ�G�GLD��L���)LJXUH�$����E�VKRZV�DQ�HOHYDWLRQ�RI� WKH�
VWUXFWXUH�VKRZLQJ�WKH�/)56�LQWHU�VWRU\�GULIW�T/)56��L�DW� OHYHO�i��DV�ZHOO�DV�WKH�LQWHU�VWRU\�GULIW�RI�D�JUDYLW\�
V\VWHP�FROXPQ�DWWDFKHG�WR�WKH�GLDSKUDJP�DW�OHYHO�i��TFRO��L��7KH�GLDSKUDJP�LQGXFHG�JUDYLW\�FROXPQ�LQWHU�
VWRU\�GULIW�LV�H[SUHVVHG�DV�WKH�GLIIHUHQFH�EHWZHHQ�WKH�JUDYLW\�FROXPQ�LQWHU�VWRU\�GULIW�DQG�/)56�LQWHU�VWRU\�
GULIW���TGLD��L� ��TFRO��L����T/)56��L�DW�HDFK�OHYHO�i���
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)LJ��$������'LDSKUDJP�LQGXFHG�JUDYLW\�FROXPQ�LQWHU�VWRU\�GULIW��

'/)56�L

GGLD�L

'GLD�L

/)56
'LDSKUDJP

TFRO�L
T/)56��L

/)56

*UDYLW\�FROXPQ

'LDSKUDJP

�
7KH�PD[LPXP�GLDSKUDJP�LQGXFHG�JUDYLW\�FROXPQ�GULIW��TGLD��0D[��XQGHU�0&(�RI�6'&�(�VKHDU�ZDOO�

VWUXFWXUH�LV�VKRZQ�LQ�)LJ��$����D��E��DQG�F�IRU�('2��%'2�DQG�5'2�GHVLJQ�UHVSHFWLYHO\��,W�FDQ�EH�QRWLFHG�
WKDW�WKH�GLDSKUDJP�LQGXFHG�JUDYLW\�FROXPQ�GULIW�LQFUHDVHV��D��ZLWK�WKH�GLDSKUDJP�OHQJWK���E��ZLWK�QXPEHU�
RI�VWRU\�DQG��F��IURP�('2�WR�5'2�DV�GLDSKUDJP�\LHOGV�PRUH���
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)LJ��$������0D[�GLDSKUDJP�LQGXFHG�JUDYLW\�FROXPQ�GULIW�GHPDQG�XQGHU�0&(�

� �D�� � �E�� � �F��

�
�

'LDSKUDJP�LQGXFHG�JUDYLW\�FROXPQ�LQWHU�VWRU\�GULIW�GLVFXVVHG� LV� WR�EH�FDOFXODWHG�IRU�GLDSKUDJP�
GHVLJQ�SXUSRVH�EDVHG�RQ� WKH� HODVWLF�GLDSKUDJP�GHIRUPDWLRQ�XVLQJ� WZR� VXEVHTXHQW�SURFHGXUHV�ZLWK� WZR�
GHVLJQ� IDFWRUV�� ���� GLDSKUDJP� LQHODVWLF� GHIRUPDWLRQ� DPSOLILFDWLRQ� IDFWRU� &G�GLD� � DQG� ���� GLDSKUDJP� GULIW�
UHGXFWLRQ�IDFWRU�&U�GLD���

7KH�ILUVW�SURFHGXUH�LV�WR�WUDQVIRUP�WKH�HODVWLF�GLDSKUDJP�GHIRUPDWLRQ�LQWR�LQHODVWLF�GHIRUPDWLRQ��
7KH�IROORZLQJ�HTXDWLRQ�LV�XVHG�WR�WUDQVIRUP�WKH�HODVWLF�GLDSKUDJP�GHIRUPDWLRQ�LQWR�LQHODVWLF�GHIRUPDWLRQ��
� � � � G�GLD� �&G�GLD�G�GLD��HO�
ZKHUH�GLDSKUDJP�LQHODVWLF�GHIRUPDWLRQ�DPSOLILFDWLRQ�IDFWRU�&G�GLD�KDV�WZR�SDUWV���2QH�LV�WKH�UDWLR�EHWZHHQ�
WKH�PD[LPXP�GLDSKUDJP�0&(�GHIRUPDWLRQ�GHPDQG�GLYLGHG�E\�WKH�HODVWLF�GLDSKUDJP�GHIRUPDWLRQ��6HH�
)LJ�$�������)LJXUH�$�����VKRZV� WKH�SDUDPHWULF�GDWD� IRU� WKH��VW�SDUW�RI�&G�GLD� IDFWRU�XVLQJ� WKH�DQDO\WLFDO�
UHVXOWV�IURP�WKLV�SDUDPHWULF�VWXG\��
�
�
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)LJ��$������'LDSKUDJP�GHIRUPDWLRQ�GHPDQGV�RQ�SXVK�RYHU�FXUYH��

�
7KH�&G�GLD�DOVR�LQYROYHV�DQRWKHU�SDUW��D�&'�IDFWRU��ZKLFK�LV�D�3�'�PXOWLSOLHU�IRU�WKH�JUDYLW\�FROXPQV�

GXH� WR� GLDSKUDJP�DPSOLILHG� GULIW�� ����������� � ARLCC � ' �ZKHUH� &�� LV� ����� IRU� ('2�� ����� IRU�
%'2�DQG�����IRU�5'2��5DZ�GDWD�IRU�WKH�&'�PXOWLSOLHU�LV�VKRZQ�LQ�)LJ��$������
� %DVHG�RQ�)LJXUH�$�����DQG�$������&G�GLD�IDFWRU�LV�SURSRVHG�IRU�WKH�('2��%'2�DQG�5'2�GHVLJQ�
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)LJ��$������'LDSKUDJP�GULIW�UHGXFWLRQ�IDFWRU��

�
7KH�VHFRQG�SURFHGXUH�LV�WR�UHODWHG�WKH�GLDSKUDJP�GHIRUPDWLRQ�WR�GLDSKUDJP�LQGXFHG�JUDYLW\�FROXPQ�

LQGXFHG�GULIW��7KH�IROORZLQJ�HTXDWLRQ�LV�XVHG�WR�UHODWLQJ�WKH�GLDSKUDJP�GHIRUPDWLRQ�WR�GLDSKUDJP�LQGXFHG�
GULIW��

T�GLD� �G�GLD&U�GLD��h�
ZKHUH�&U�GLD�LV�WKH�GLDSKUDJP�GULIW�UHGXFWLRQ�IDFWRU�ZKLFK�LV�HVWDEOLVKHG�EDVHG�RQ�WKH�PD[LPXP�GLDSKUDJP�
GHIRUPDWLRQ��G�GLD��PD[��DQG�PD[LPXP�GLDSKUDJP�LQGXFHG�GULIW�>T�GLD�PD[� �G�GLD��L���G�GLD��L����h@��6HH�)LJ��$������
XQGHU�0&(�HDUWKTXDNH�ZLWK�IROORZLQJ�HTXDWLRQ���

&U�GLD� �T�GLD�PD[�h�G�GLD�PD[�
)LJXUH�$�����VKRZV�WKH�SDUDPHWULF�GDWD�IRU�&U�GLD�IDFWRU�XVLQJ�WKH�DQDO\WLFDO�UHVXOWV�IURP�WKLV�VWXG\��

7KH�OLQHDU�FXUH�ILW�HTXDWLRQ�LV�VKRZQ�DV�EODFN�VROLG�OLQH�LQ�WKH�)LJ��$�����DV�ZHOO���
%DVHG�RQ� WKH� OLQHDU� FXUYH�ILW� LQ�)LJ��$������ GHVLJQ� HTXDWLRQ� IRU� GLDSKUDJP�GULIW� UHGXFWLRQ�

IDFWRU�LV�SURSRVHG�DV��
)RU�('2�� �������������� � d� d ARC diar �

)RU�%'2�� �������������� � d� d ARC diar �
)RU�5'2�� �������������� � d� d ARC diar �

�
$����&21&/86,216�

7KH�SDUDPHWULF�VWXG\�RI�FDOLEUDWLQJ� WULDO�GHVLJQ�IDFWRUV�IRU� WKH�HPHUJLQJ�GLDSKUDJP�VHLVPLF�GHVLJQ�
PHWKRGRORJ\�WKURXJK�1/7'$�LV�SUHVHQWHG�LQ�WKLV�FKDSWHU��$�UDQJH�RI�NH\�GLDSKUDJP�GHVLJQ�SDUDPHWHUV�
ZHUH�H[DPLQHG��7KH�IROORZLQJ�GHVLJQ�TXDQWLWLHV�DUH�LGHQWLILHG�LQ�WKH�SDUDPHWULF�VWXG\��

���� 7ULDO�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRUV�DUH�SURSRVHG�ZLWK�HTXDWLRQV���
���� 7KH�YDOXHV�IRU�WKH�('2��<e��DUH�GHWHUPLQHG�XVLQJ�(T���D��
���� 7KH�YDOXHV�IRU�WKH�%'2��<d��DUH�GHWHUPLQHG�XVLQJ�(T���E��
���� 7KH�YDOXHV�IRU�WKH�5'2��<r��DUH�GHWHUPLQHG�XVLQJ�(T���F��

���� 7ULDO�GLDSKUDJP�UHLQIRUFHPHQW�RYHUVWUHQJWK�IDFWRUV�DUH�SURSRVHG���
���� 7KH�YDOXHV�IRU�VKHDU�DQFKRUDJH�UHLQIRUFHPHQW�DUH�GHWHUPLQHG�XVLQJ�(T�����

���� 7KH� UDQJHV� RI� GHIRUPDWLRQ� FDSDFLW\� DVVRFLDWHG� ZLWK� GLIIHUHQW� 'LDSKUDJP� 5HLQIRUFHPHQW�
&ODVVLILFDWLRQV��'5&V��DUH�SURSRVHG���
���� 7KH�YDOXHV�IRU�0'(�DUH�VKRZQ�LQ�)LJXUH�$����D��
���� 7KH�YDOXHV�IRU�+'(�DUH�VKRZQ�LQ�)LJXUH�$����E��

7KH�DERYH�OLVWHG�IDFWRUV�UHIOHFW�WKH�IROORZLQJ�ILQGLQJV�EDVHG�RQ�WKH�SDUDPHWULF�UHVXOWV���
����� 7KH� UHTXLUHG� GLDSKUDJP� GHVLJQ� IRUFH� ZLOO� LQFUHDVH� ZLWK� WKH� LQFUHDVH� RI� QXPEHU� RI�

VWUXFWXUH�VWRU\��'LDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRUV�W\SLFDOO\�LQFUHDVH�ZLWK�$5�WR�D�SRLQW�DIWHU�
ZKLFK�WKH�HIIHFWV�RI�GLDSKUDJP�IOH[LELOLW\�DFWXDOO\�ORZHU�UHTXLUHG�GLDSKUDJP�IRUFHV��

����7KH�IUDPH�VWUXFWXUH�W\SLFDOO\�UHTXLUHV�OHVV�GLDSKUDJP�DPSOLILFDWLRQ�IDFWRUV�FRPSDUHG�WR�
VKHDU� ZDOO� VWUXFWXUH�� 7KH� VWUXFWXUH� GHVLJQ� LQ� 6'&� &� W\SLFDOO\� UHTXLUHV� OHVV� GLDSKUDJP�
DPSOLILFDWLRQ�IDFWRUV�WKDQ�WKDW�GHVLJQ�LQ�6'&�(��
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����'LDSKUDJP� VKHDU�DQFKRUDJH�RYHUVWUHQJWK� IDFWRU� W\SLFDOO\� LQFUHDVH�ZLWK� WKH� GHFUHDVH� RI�
GLDSKUDJP�$5��7KH�IUDPH�VWUXFWXUH�UHTXLUHV�KLJKHU�GLDSKUDJP�VKHDU�DQFKRUDJH�RYHUVWUHQJWK�WKDQ�
WKH�VKHDU�ZDOO�VWUXFWXUH��

7KH�IROORZLQJ�FRQFOXVLRQV�RQ�GLDSKUDJP�EHKDYLRU�DUH�PDGH�EDVHG�RQ�WKH�SDUDPHWULF�VWXG\�XVLQJ�
WKH��'�1/7'$�PRGHO��

�����$�FRQVWDQW�GLVWULEXWLRQ�RI�GLDSKUDJP�GHVLJQ�IRUFH�DORQJ�EXLOGLQJ�KHLJKW� LV� UHDVRQDEOH��
3HDN�GLDSKUDJP�LQHODVWLF�GHPDQG�W\SLFDOO\�RFFXUV�LQ�WRS�IORRU�DQG�WKH��QG�IORRU�XVXDOO\�KDV�ODUJH�
LQHODVWLF�GHPDQG�LQ�PXOWL�VWRU\�EXLOGLQJ��

����7KH�LQHODVWLF�GLDSKUDJP�MRLQW�RSHQLQJ�GHPDQG�W\SLFDOO\�FRQFHQWUDWHV�DW�WKH�MRLQW�ZKHUH�
WKH�VSDQGUHO�EHDP�GLVFRQWLQXHV��7KH�FRQFHQWUDWLRQ�LV�KLJKHU�LQ�ORZHU�DVSHFW�UDWLR�GLDSKUDJPV�DQG�
LV�KLJKHU�IRU�GLDSKUDJPV�GHVLJQHG�IRU�ORZ�VHLVPLF�KD]DUG��

�

$����5()(5(1&(6�
�
$&,���������%XLOGLQJ�&RGH�5HTXLUHPHQWV�IRU�6WUXFWXUDO�&RQFUHWH��$&,���������DQG�&RPPHQWDU\��$&,�
���������ACI committee 318�������
�
$6&(�������0LQLPXP�'HVLJQ�/RDGV�IRU�%XLOGLQJV�DQG�2WKHU�6WUXFWXUHV��ASCE�������
�
%XLOGLQJ� 6HLVPLF� 6DIHW\� &RXQFLO�� &RPPLWWHH� 76���� 6HLVPLF� GHVLJQ� PHWKRGRORJ\� IRU� SUHFDVW� FRQFUHWH�
IORRU� GLDSKUDJPV�� 3DUW� ,,,�� NEHRP Recommended Seismic Provisions ����� )HGHUDO� (PHUJHQF\�
0DQDJHPHQW�$JHQF\��:DVKLQJWRQ��'�&��
�
&DR�/���1DLWR�&��3UHFDVW�GRXEOH�WHH�IORRU�FRQQHFWRUV�SDUW�,,��VKHDU�SHUIRUPDQFH��PCI Journal �������������
��������
�
)OHLVFKPDQ�5��%���)DUURZ�.��7��'\QDPLF�5HVSRQVH�RI�3HULPHWHU�/DWHUDO�6\VWHP�6WUXFWXUHV��ZLWK�)OH[LEOH�
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VKHDU�MRLQW�XQGHU�VHLVPLF�GHPDQGV��8QGHU�SUHSDUDWLRQ�������
�
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�
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$SSHQGL[�$���� 'HVLJQ�3URFHGXUH�(YDOXDWLRQ��3URWRW\SH�6WUXFWXUHV�
�

,Q�WKH�VHFRQG�DQDO\WLFDO�VWDJH�RI�WKH�Design Procedure Development Phase��WKH�GHVLJQ�SURFHGXUH��
LQFOXGLQJ� WKH� WULDO� GHVLJQ� IDFWRUV� GHWHUPLQHG� LQ� WKH� ILUVW� VWDJH� �6HH�$SSHQGL[�$����� LV� HYDOXDWHG� XVLQJ�
UHDOLVWLF� VWUXFWXUH� FRQILJXUDWLRQV�� 7KH� UHDOLVWLF� VWUXFWXUHV� DUH� VHOHFWHG� IURP� D� SRUWIROLR� RI� SURWRW\SH�
VWUXFWXUHV�GHYHORSHG�IRU�WKH�SURMHFW��)OHLVFKPDQ�HW�DO���������DQG�DOVR�VHUYH�DV�WKH�SUHFDVW�VWUXFWXUHV�XVHG�
LQ� WKH� H[DPSOHV� SURYLGH� LQ� 3$57��� RI� WKH�Design Methodology�� 7KH� HYDOXDWLRQ� LV� SHUIRUPHG� WKURXJK�
QRQOLQHDU� WUDQVLHQW� G\QDPLF� DQDO\VLV� RI� �'� )(� PRGHOV� RI� WKH� SURWRW\SH� VWUXFWXUHV�� XVLQJ� GLVFUHWH�
GLDSKUDJP�PRGHOV�HQKDQFHG�IURP�VWDJH����$SSHQGL[��$��WKURXJK�IXUWKHU�FDOLEUDWLRQ�WR�WHVW�GDWD��,Q�WKLV�
DSSHQGL[��WKH�SURWRW\SH�VWUXFWXUH�DQDO\WLFDO�UHVXOWV�DUH�FRPSDUHG�WR�WKH�LQWHQGHG�GHVLJQ�RXWFRPHV�LQ�RUGHU�
WR�HYDOXDWH�WKH�HIILFDF\�RI�WKH�GHVLJQ�PHWKRGRORJ\���
�
7$%/(�2)�&217(176�
�
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$����$668037,216�$1'�/,0,7$7,216�2)�352727<3(�6758&785(�$1$/<6(6�
7KH� IROORZLQJ� RYHUDOO� DVVXPSWLRQV� DQG� OLPLWDWLRQV� DUH� DSSOLHG� WR� WKH� GHVLJQ� SURFHGXUH� HYDOXDWLRQ�WULDO�
GHVLJQ�IDFWRU�FDOLEUDWLRQ�VWXGLHV��

��� 7KH�VWXG\�ZDV�OLPLWHG�WR�D�VPDOO�QXPEHU�RI�DQDO\VHV�RI�UHDOLVWLF�VWUXFWXUH�OD\RXWV�DV�IROORZV���
D�� 7ZR�SULPDU\�VWUXFWXUH�W\SHV�ZHUH�HYDOXDWHG���

L�� D���VWRU\�FHQWUDO�UDPS�SDUNLQJ�JDUDJH�ZLWK�D����’[���’�IRRWSULQW���
LL�� DQ���VWRU\�RIILFH�EXLOGLQJ�ZLWK�D����’[���’�IRRWSULQW��

E�� 7ZR�/)56�OD\RXWV�ZHUH�HYDOXDWHG�IRU�HDFK�VWUXFWXUH���
L�� 3DUNLQJ�JDUDJH��3HULPHWHU�DQG�LQWHULRU�WUDQVYHUVH�VKHDU�ZDOO�OD\RXW�ZDV�HYDOXDWHG��

ERWK�SRVVHVVLQJ�OLWHZDOOV�DORQJ�WKH�UDPS��
LL�� 2IILFH�EXLOGLQJ��/)56�OD\RXW�ZDV�OLPLWHG�WR�WZR�FDVHV��3HULPHWHU�VKHDU�ZDOO�DQG�

LQWHULRU�PRPHQW�IUDPH�/)56�ZHUH�HYDOXDWHG��ERWK�GLUHFWLRQV���
F�� 7KHVH�VWUXFWXUHV�ZHUH�VHOHFWHG�IURP�D�SRUWIROLR�RI�SURWRW\SH�VWUXFWXUHV�GHYHORSHG�IRU�WKH�

SURMHFW�E\�WKH�'6'0�,QGXVWU\�7*��
��� )ORRU�6\VWHPV��

(DFK�VWUXFWXUH�W\SH�HPSOR\HG�GLVWLQFW�IORRU�V\VWHP�FRQVWUXFWLRQ��
D�� 3DUNLQJ� JDUDJH�� SUHWRSSHG� GRXEOH� WHH� GLDSKUDJPV� XVLQJ� WKH� -9,� 9HFWRU� FRQQHFWRU� IRU�

VKHDU� UHLQIRUFHPHQW�� DQG� YDULRXV� FKRUG� UHLQIRUFHPHQW� GHSHQGLQJ� RQ� WKH� GLDSKUDJP�
GHVLJQ�RSWLRQ�VHOHFWHG��GU\�FKRUG�FRQQHFWRU�IRU�('2��IODW�SODWH�FRQQHFWRU�IRU�%'2�DQG�
FRQWLQXRXV�EDUV�LQ�D�SRXU�VWULS�IRU�WKH�5'2���

E�� 2IILFH�EXLOGLQJ��WRSSHG�GRXEOH�WHH�GLDSKUDJPV�LQYROYLQJ�KDLUSLQ�FRQQHFWLRQV�EHWZHHQ�WKH�
SUHFDVW�XQLWV�DFWLQJ�FRPSRVLWHO\�ZLWK�D�GXFWLOH�ODGGHU�PHVK�LQ�WKH�WRSSLQJ�VODE�IRU�VKHDU�
UHLQIRUFHPHQW��DQG�FRQWLQXRXV�EDUV�LQ�WKH�WRSSLQJ�VODE�IRU�FKRUG�UHLQIRUFHPHQW����

��� 7ZR�6HLVPLF�'HVLJQ�&DWHJRULHV� �6'&V��ZHUH�HYDOXDWHG�� VHOHFWHG� IURP�D� VHW�RI�JHRJUDSKLFDOO\�
EDVHG�KD]DUG�VLWHV�HVWDEOLVKHG�E\�WKH�'6'0�,QGXVWU\�7*�DW�WKH�RXWVHW�RI�WKH�SURMHFW���

D�� 6'&�&��&KDUOHVWRQ��6&���
E�� 6'&�'��6HDWWOH��:$���

��� 7KH�SURWRW\SH�VWUXFWXUHV�ZHUH�GHVLJQHG�XVLQJ�,%&�������ZKLFK�UHIHUHQFHV�$&,������������DQG�
$6&(��� ��������7KH�GLDSKUDJPV� LQ� WKH� VWUXFWXUHV�ZHUH�GHVLJQHG�XVLQJ� WKH�QHZ�VHLVPLF�GHVLJQ�
PHWKRGRORJ\��

��� 7KH� HYDOXDWLRQ� ZDV� EDVHG� RQ� WKH� UHVSRQVH� WR� WKUHH� ���� VSHFWUXP� FRPSDWLEOH� KLVWRULF� JURXQG�
PRWLRQV��'XH� WR� WLPH� FRQVLGHUDWLRQV�� FHUWDLQ� VWUXFWXUHV�ZHUH� HYDOXDWHG�XVLQJ�RQO\�RQH�RI� WKH� ��
JURXQG�PRWLRQV��7KH�JURXQG�PRWLRQ�VHOHFWHG�IRU�WKHVH�FDVHV�ZDV�WKH�RQH�ZLWK�WKH�KLJKHVW�VSHFWUDO�
UHVSRQVH�DW�WKH�VWUXFWXUH�IXQGDPHQWDO�SHULRG��

��� 7KH� DQDO\VHV� HPSOR\HG� ����� 5D\OHLJK� GDPSLQJ� DOLJQHG� ZLWK� WKH� ILUVW� �IXQGDPHQWDO�� DQG� ODVW�
VLJQLILFDQW� WUDQVYHUVH� YLEUDWLRQDO� PRGHV� �FXPXODWLYH� PDVV� SDUWLFLSDWLRQ� UDWLR� �� ������ 7KH�
VWUXFWXUH�SHULRGV�DUH�GHWHUPLQHG�EDVHG�RQ�PRGDO�DQDO\VLV� IRU�D��'�HODVWLF� VWUXFWXUH�PRGHO�ZLWK�
PRQROLWKLF�GLDSKUDJP�XVLQJ�HIIHFWLYH�PRGXOL���

��� ,Q�DFFRUGDQFH�ZLWK�$6&(���JXLGHOLQHV�LQ�&KDSWHU����IRU�DVVHVVPHQWV�XVLQJ���JURXQG�PRWLRQV��WKH�
GHVLJQV�DUH�HYDOXDWHG�XVLQJ�WKH�PD[LPXP�UHVSRQVH�YDOXHV�RYHU�WKH�HDUWKTXDNH�VLPXODWLRQV���

�
7KH�IROORZLQJ�DUH�WKH�DVVXPSWLRQV�DQG�OLPLWDWLRQV�DSSOLHG�LQ�WKH�PRGHOLQJ�RI�WKH�SURWRW\SH�VWUXFWXUHV��

��� 7KH�VKHDU�ZDOO�QRQOLQHDU�UHVSRQVH�LV�DVVXPHG�WR�RFFXU�HQWLUHO\�LQ�D�EDVH�SODVWLF�KLQJH�RI�OHQJWK�
FRUUHVSRQGLQJ�WR�KDOI�WKH�VKHDU�ZDOO�KRUL]RQWDO�GLPHQVLRQ��

��� 7KH� VKHDU� ZDOO� K\VWHUHWLF� PRGHO� HPSOR\V� D� VWLIIQHVV� GHJUDGLQJ� K\VWHUHVLV� FKDUDFWHULVWLF� RI�
UHLQIRUFHG�FRQFUHWH�ZDOOV��

��� 7KH�VKHDU�ZDOO�EDVH�SODVWLF�KLQJH�QRQOLQHDU�PRPHQW�FXUYDWXUH�EDFNERQH�LV�GHWHUPLQHG�WKURXJK�D�
ILEHU� DQDO\VLV� RI� WKH� GHVLJQHG� VKHDU� ZDOO� FURVV�VHFWLRQ� XVLQJ� QRPLQDO� PDWHULDO� SURSHUWLHV��
LQFOXGLQJ�D[LDO�ORDG�GXH�WR�VHOI�ZHLJKW��
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��� 7KH�VKHDU�ZDOO�KLQJH�IOH[XUDO�VWUHQJWK�LQFOXGHV�ELD[LDO�PRPHQW�WR�LQFOXGH�RXW�RI�SODQH�UHVSRQVH��
1R�IRXQGDWLRQ�URWDWLRQ�LQ�WKH�RXW�RI�SODQH�GLUHFWLRQ�RI�WKH�VKHDU�ZDOO�LV�LQFOXGHG��

��� 7KH�PRPHQW� IUDPH�VZD\�PHFKDQLVP� LV�EDVHG�RQ�D� VWURQJ�FROXPQ�ZHDN�EHDP�DVVXPSWLRQ��7KH�
EHDP�SODVWLF�KLQJH�QRQOLQHDU�PRPHQW�FXUYDWXUH�EDFNERQH�LV�GHWHUPLQHG�WKURXJK�D�ILEHU�DQDO\VLV�
RI�WKH�GHVLJQHG�EHDP�FURVV�VHFWLRQ�XVLQJ�QRPLQDO�PDWHULDO�SURSHUWLHV���

��� 7KH�RXW�RI�SODQH�VWLIIQHVV�RI�YHUWLFDO�HOHPHQWV��VKHDU�ZDOOV��OLWHZDOOV��PRPHQW�IUDPHV��LV�LQFOXGHG�
LQ�WKH�PRGHO��LQ�RUGHU�WR�FDSWXUH�UHVWUDLQLQJ�HIIHFWV�RQ�WKH�GLDSKUDJP�GHIRUPDWLRQ���

��� 7KH�IORRU�V\VWHP�LV�PRGHOHG�DV�D�WZR�GLPHQVLRQDO��LQ�WKH�KRUL]RQWDO�SODQH��V\VWHP�H[FHSW�IORRU�
XQLWV�RQ�UDPS�ZKLFK�LV�PRGHOHG�DV�HODVWLF�VKHOO�HOHPHQWV��

��� 7KH� SUHFDVW� IORRU� XQLWV� DUH�PRGHOHG� DV� HODVWLF� SODQH� VWUHVV� HOHPHQWV�ZLWK� DSSURSULDWH�PDVV� EXW�
VWLIIQHVV�EDVHG�RQO\�RQ�WKH�IODQJH�WKLFNQHVV��

��� 6SDQGUHOV�DQG�LQWHUQDO�EHDPV�DUH�PRGHOHG�DV��'�HODVWLF�EHDP�HOHPHQWV��LQ�WKH�IORRU�SODQH���
����*UDYLW\�FROXPQV�DUH�PRGHOHG�DV��'�HODVWLF�EHDP�HOHPHQWV�ZLWK�SLQQHG�EDVH�DW�WKH�IRXQGDWLRQ�DQG�

SLQQHG�FRQQHFWLRQV�DW�HDFK�IORRU�OHYHO��
����*UDYLW\� ORDGV� DUH� QRW� LQFOXGHG� GLUHFWO\� LQ� WKH� DQDO\VHV� H[FHSW� IRU�PRPHQW� IUDPH� VWUXFWXUHV� LQ�

RUGHU�WR�REWDLQ�WKH�SURSHU�HQG�PRPHQWV��0J���0(��LQ�WKH�IUDPH��*UDYLW\�ORDG�HIIHFWV�DUH�LQFOXGHG�
LQGLUHFWO\�LQ�VKHDU�ZDOO�VWUXFWXUHV�LQ�WKH�PRPHQW�FXUYDWXUH�UHVSRQVH�RI�WKH�VKHDU�ZDOO�EDVH�KLQJH��

����7KH�HIIHFW�RI�JUDYLW\�ORDG�DQG�YHUWLFDO�DFWLRQV�RQ�WKH�GLDSKUDJP�FRQQHFWLRQ�UHVSRQVH�LV�LJQRUHG�
����7KH�FRQQHFWLRQV�DUH�DVVXPHG�WR�EH�SULVWLQH�SULRU�WR�WKH�VHLVPLF�ORDGLQJ���
����3�'�HIIHFWV�DUH�LQFOXGHG�IRU�WKH�DQDO\VHV�RI�WKH�HLJKW�VWRU\�RIILFH�EXLOGLQJ��EXW�DUH�LJQRUHG�LQ�WKH�

DQDO\VHV�RI�WKH�IRXU�VWRU\�SDUNLQJ�VWUXFWXUH��
�
7KH�IROORZLQJ�DVVXPSWLRQV�DQG�OLPLWDWLRQV�DUH�LQYROYHG�LQ�WKH�PRGHOLQJ�RI�WKH�GLDSKUDJP�FRQQHFWRUV��

��� 7KH�PRGHOLQJ�SDUDPHWHUV� �VWUHQJWK�� VWLIIQHVV� DQG�SRVW�\LHOG�EHKDYLRU�� IRU� DOO� WKH� UHLQIRUFHPHQW�
DUH� FDOLEUDWHG� EDVHG� RQ� WKH� F\FOLF� WHVWV� RQ� WKH� LQGLYLGXDO� GLDSKUDJP� FRQQHFWLRQ� EHWZHHQ� WZR�
SUHFDVW�IORRU�XQLWV��

��� $�K\VWHUHWLF�PRGHO�GHYHORSHG� IURP�D�SRXU� VWULS�FKRUG�F\FOLF� WHVW� LV�XVHG� IRU�DOO� W\SHV�RI�FKRUG�
PRGHOLQJ�LQFOXGLQJ��GU\�FKRUG��GU\�FKRUG�ZLWK�IODW�SODWH�DQG�SRXU�VWULS�FKRUG��

��� 7KH� K\VWHUHWLF� PRGHO� IRU� FKRUG� DQG� VKHDU� UHLQIRUFHPHQW� LQFOXGHV� HIIHFWV� RI� SLQFKLQJ�� F\FOLF�
VWLIIQHVV�GHJUDGDWLRQ�LQ�WHQVLRQ��F\FOLF�VWUHQJWK�GHJUDGDWLRQ�LQ�VKHDU��DQG�WHQVLRQ�VKHDU�FRXSOLQJ��

��� 2QH�VLGH� FRQQHFWLRQV�� H�J�� GLDSKUDJP� WR� /)56� FRQQHFWLRQV�� GLDSKUDJP� WR� LQWHUQDO� EHDP�
FRQQHFWLRQV��GLDSKUDJP�WR�VSDQGUHO�FRQQHFWLRQV�HWF��DUH�PRGHOHG�ZLWK�WKH�VDPH�VWUHQJWK��GRXEOHG�
VWLIIQHVV�DQG�KDOI�RI�GHIRUPDWLRQ�FDSDFLW\�DV�WKH�WZR�VLGH�FRQQHFWLRQV��H�J��FRQQHFWLRQV�EHWZHHQ�
WZR� SUHFDVW� IORRU� XQLWV��� 7KHVH� FRQQHFWLRQV� DUH� JLYHQ� XOWLPDWHO\� GHIRUPDWLRQ� FDSDFLW\� ZLWKRXW�
VWUDLQ�KDUGHQLQJ���

��� 7KH�K\VWHUHWLF�PRGHO�IRU� WKH�RQH�VLGH�FRQQHFWLRQ�LQFOXGHV�HIIHFWV�RI�SLQFKLQJ�DQG�WHQVLRQ�VKHDU�
FRXSOLQJ�ZLWKRXW�F\FOLF�VWLIIQHVV�RU�VWUHQJWK�GHJUDGDWLRQ��

��� 7KH� VSDQGUHO� WR� FROXPQ� FRQQHFWLRQ� LV�PRGHOHG� WR� DOORZ� IUHH� VHSDUDWLRQ� EHWZHHQ� VSDQGUHO� DQG�
FROXPQ�LQ�WKH�GLUHFWLRQ�SHUSHQGLFXODU� WR�WKH�SUHFDVW�IORRU�XQLW� MRLQWV��,Q�WKH�GLUHFWLRQ�SDUDOOHO� WR�
WKH� SUHFDVW� IORRU� XQLW� MRLQWV�� WKH� FRQQHFWLRQ� RI� VSDQGUHO� DQG� FROXPQ� DUH� PRGHOHG� DV� GXFWLOH�
QRQOLQHDU�VSULQJV�UHSUHVHQWLQJ�WKH�WHQVLRQ�VWUHQJWK�DQG�VWLIIQHVV�RI�W\SLFDO�FRLO�URG�FRQQHFWLRQ���

6RPH� FRPPHQW� LV� UHTXLUHG� RQ� WKH� WUDQVLWLRQ� IURP� WKH� DQDO\VLV� RI� WKH� HYDOXDWLRQ� VWUXFWXUH� IRU�
GHWHUPLQLQJ�WKH�WULDO�GHVLJQ�IDFWRUV�WR�WKH�DQDO\VHV�RI�SURWRW\SH�VWUXFWXUHV�XVHG�KHUH�LQ�WKH�HYDOXDWLRQ�RI�
WKH�GHVLJQ�SURFHGXUH���

)LUVW�� WKH� �'�)(� GLVFUHWH� GLDSKUDJP�PRGHO� KDG� DGYDQFHG� EHWZHHQ� WKH� DQDO\WLFDO� VWDJHV� GXH� WR�
IXUWKHU� FDOLEUDWLRQ� RI� WKH� FRQQHFWRU� PRGHOV� EDVHG� RQ� WKH� ODUJH� VFDOH� GLDSKUDJP� MRLQW� WHVWV� DW� /HKLJK�
8QLYHUVLW\� �=KDQJ� HW� DO�� ������� DQG� FDOLEUDWLRQ� RI� WKH� RYHUDOO�PRGHO�ZLWK� WKH�8&6'� VKDNH� WDEOH� WHVWV�
�:DUH�HW�DO����������

6HFRQGO\��FHUWDLQ�DVSHFWV�RI�WKH�DQDO\VHV�ZHUH�GLIIHUHQW��PRVW�QRWDEO\�GDPSLQJ�DQG�WKH�VKHDU�ZDOO�
/)56�PRGHO��,Q�WKH�WULDO�GHVLJQ�IDFWRU�VWXGLHV��D�GDPSLQJ�YDOXH�RI����KDG�EHHQ�VHOHFWHG�LQ�DQ�DWWHPSW�WR�
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SURYLGH�FRQVHUYDWLYH�YDOXHV��7KLV�YDOXH�ZDV�XSZDUGO\�DGMXVWHG�WR������LQ�WKH�YHULILFDWLRQ�VWXGLHV��LQ�DQ�
DWWHPSW� WR�PRUH� DFFXUDWHO\� UHSUHVHQW� WKH� DPRXQW�RI�GDPSLQJ�SUHVHQW��7KH� HVWDEOLVKPHQW�RI� WULDO� GHVLJQ�
IDFWRUV�XVLQJ�ORZ�GDPSLQJ�LQ�WKH�HYDOXDWLRQ�VWUXFWXUH�FDQ�EH�MXVWLILHG�E\�WKH�IDFW�WKDW�WKHVH�FRQVHUYDWLYH�
YDOXHV� ZLOO� VRPHZKDW� RIIVHW� WKH� HIIHFWV� RI� IRUFH� LQWHUDFWLRQV� LQ� WKH� PRUH� FRPSOH[� GLDSKUDJPV� RI� WKH�
SURWRW\SH�VWUXFWXUHV��6LPLODUO\��WKH�RULJLQDO�PRGHO��ZKLFK�KDG�EHHQ�GHYHORSHG�DQG�FDOLEUDWHG�WR�WKH�VKDNH�
WDEOH� VSHFLPHQ�� D� WRWDO� SUHFDVW� VWUXFWXUH� ZLWK� XQERQGHG� SRVW�WHQVLRQHG� URFNLQJ� ZDOOV�� ZDV� DGMXVWHG� WR�
UHLQIRUFHPHQW�FRQFUHWH�VKHDU�ZDOO�EHKDYLRU�WR�EHWWHU�PDWFK�W\SLFDO�FRQVWUXFWLRQ�SUDFWLFHV��7KH�GLIIHUHQFH�
LQ�UHVSRQVH�EHWZHHQ�WKHVH�/)56�V\VWHPV�DV�LW�LPSDFWV�GLDSKUDJP�UHVSRQVH�LV�QRW�RYHUO\�VLJQLILFDQW����

7KLUGO\�� WKH� WULDO�GHVLJQ� IDFWRUV�ZHUH�GHYHORSHG�XVLQJ�D�JHQHULF�SUHWRSSHG�GLDSKUDJP�ZLWK� -9,�
9HFWRU�VKHDU�FRQQHFWRUV��6XFK�GLDSKUDJPV�KDYH�OLPLWHG�RYHUVWUHQJWK��L�H���D�0S��0\�UDWLR�QHDU�XQLW\��,Q�WKH�
SURWRW\SH� VWUXFWXUH� DQDO\VHV�� WKH� GHVLUH� H[LVWHG� WR� HYDOXDWH� SUHFDVW� IORRU� GLDSKUDJPV� ZLWK� GLIIHUHQW�
SURSHUWLHV�� $V� VXFK�� DQ� RIILFH� EXLOGLQJ� SURWRW\SH� VWUXFWXUH� ZDV� LQFOXGHG�� ZKRVH� W\SLFDO� FRQVWUXFWLRQ�
LQYROYHV�D�WRSSHG�GLDSKUDJP��)RU�WKHVH�VWUXFWXUHV��D�WRSSHG�FRPSRVLWH�GLDSKUDJP�ZLWK�D�WKLQ�WRSSLQJ�DQG�
WKH�GXFWLOH�ODGGHU�PHVK�FRQQHFWRU�ZDV�XVHG��7KLV�V\VWHP�SRVVHVVHV�GLIIHUHQW�VWLIIQHVV�DQG�SURSHUWLHV�WKDQ�
WKH�SUHWRSSHG�GRXEOH�WHH��LQFOXGLQJ�PRVW�VLJQLILFDQWO\�D�IOH[XUDO�VWUHQJWK�FRQWULEXWLRQ�IURP�WKH�VKHDU��ZHE��
UHLQIRUFHPHQW� WKDW� SURGXFHV� DQ� XOWLPDWH� VWUHQJWK�0S� WKDW� LV� DSSUR[LPDWHO\� ���� JUHDWHU� WKDQ� LWV� \LHOG�
VWUHQJWK�0\�� 7KLV� VLJQLILFDQW� GLDSKUDJP� RYHUVWUHQJWK� KDV� WR� EH� DFFRXQWHG� LQ� GHVLJQ�� LQ� SDUWLFXODU�ZLWK�
UHJDUG� WR�SUHVHUYLQJ� WKH� LQWHQGHG� FDSDFLW\�GHVLJQ��2Q� WKH�EDVLV�RI� WKH� DQDO\VHV�� LW�ZDV�GHWHUPLQHG� WKDW�
GLDSKUDJP�GHVLJQ� IDFWRUV� FDOLEUDWHG� RQ� WKH� EDVLV� RI� WKH� SUHWRSSHG� GLDSKUDJP� DUH� VWLOO� YDOLG� IRU� WRSSHG�
GLDSKUDJPV�SURYLGHG�WKH�UHODWLRQVKLS�EHWZHHQ�\LHOG�DQG�XOWLPDWH�PRPHQW�VWUHQJWK��0S��0\��LV�DFFRXQWHG�
ZKHQ�GHWHUPLQLQJ�WKH�QRPLQDO�PRPHQW�VWUHQJWK�0Q��7KHVH�QRPLQDO�VWUHQJWK�YDOXHV�KDYH�WR�EH�FRQVLGHUHG�
GLIIHUHQWO\�IRU�WKH�('2��IRU�LQVWDQFH��ZKHUH�WKH�SHUIRUPDQFH�WDUJHW�VKRXOG�EH�DOLJQHG�ZLWK�ILUVW�\LHOG��WKDQ�
IRU�WKH�5'2��ZKHUH�WKH�GLDSKUDJP�SHUIRUPDQFH�WDUJHW�LV�DOLJQHG�ZLWK�XOWLPDWH�VWUHQJWK��$FFRUGLQJO\��0Q�
GHVLJQ� H[SUHVVLRQV� WKDW� ERWK� UHFRJQL]H� WKH� GLIIHUHQW� SHUIRUPDQFH� WDUJHW� DQG� LQFOXGHG� WKH� HIIHFW� RI�
GLIIHUHQW�GLDSKUDJP�RYHUVWUHQJWK��0S��0\��DUH�SURYLGHG�LQ�WKH�FRPPHQWDU\��(TQV�����LQ�3$57�����7KHVH�
H[SUHVVLRQV�ZHUH�YHULILHG�WKURXJK�WKH�SURWRW\SH�VWUXFWXUH�DQDO\VHV�DV�GHVFULEHG�LQ�6HFWLRQ�$��������

)LQDOO\�� LW� VKRXOG�EH�QRWHG� WKDW�ZKLOH� WKH�SURWRW\SH�VWUXFWXUHV�SRVVHVVHG� UHDOLVWLF� IORRU� V\VWHPV��
QRQH� RI� WKH� VWUXFWXUHV� HYDOXDWHG� SRVVHVVHG� UHGXQGDQW� /)56� LQ� ZKLFK� WKH� IOH[LELOLW\� RI� WKH� GLDSKUDJP�
LPSDFWV�WKH�GLVWULEXWLRQ�WR�WKH�/)56�HOHPHQWV��7KHVH�VWUXFWXUHV�FRXOG�EHQHILW�IURP�IXUWKHU�HYDOXDWLRQ��
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$�����'(6&5,37,21�2)�678'<�
7KLV� DQDO\WLFDO� VWDJH� LV� XVHG� WR� HYDOXDWH� WKH�GHVLJQ�SURFHGXUH�� LQFOXGLQJ� FDOLEUDWLRQ�RI� WKH� WULDO�

GHVLJQ�IDFWRUV�HVWDEOLVKHG�LQ�WKH�HDUOLHU�DQDO\WLF�VWDJH��7KLV�REMHFWLYH�LV�DFFRPSOLVKHG�E\�FRPSDULQJ�WKH�
VHLVPLF�UHVSRQVH�RI�UHDOLVWLF�VWUXFWXUHV�GHVLJQHG�XVLQJ�WKH�GHVLJQ�PHWKRGRORJ\�WR�WKHLU�LQWHQGHG�VHLVPLF�
SHUIRUPDQFH��1RWH�WKDW�WKLV�SURFHGXUH�LQYROYHV�WKH�HYDOXDWLRQ�RI�PD[LPXP�FRQVLGHUHG�HDUWKTXDNH��0&(��
OHYHO�KD]DUG��VLQFH�WKH�VXFFHVV�RI�HDFK�GHVLJQ�RSWLRQ�LV�GHWHUPLQHG�WKURXJK�SHUIRUPDQFH�UHTXLUHPHQWV�DW�
WKH�0&(�OHYHO��HODVWLF�GLDSKUDJP�UHVSRQVH�LQ�WKH�('2��ZLWKLQ�0'(�DOORZDEOH�GHIRUPDWLRQ�LQ�WKH�%'2��
ZLWKLQ�+'(�DOORZDEOH�GHIRUPDWLRQ�LQ�WKH�5'2���7KLV�VHFWLRQ�SURYLGHV�WKH�GHWDLOV�RI�WKH�VWXG\��
�
$������(YDOXDWLRQ�6WUXFWXUH�
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1RUWK

6RXWK
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/DQGLQJ

'7�,7�-RLQW

&,3�VODE

([SDQVLRQ�MRLQW

�
�D����VWRU\�H[WHULRU�ZDOO�SDUNLQJ�JDUDJH�DW��VW�IORRU��6'&�&��([DPSOH���LQ�3$57���
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�H����VWRU\�SHULPHWHU�ZDOO�RIILFH��6'&�&��([���$�����������I����VWRU\�SHULPHWHU�ZDOO�RIILFH��6'&�'��([���%��

)LJ��$�����3ODQV�IRU�SURWRW\SH�VWUXFWXUHV�HYDOXDWHG�LQ�WKH�VWXG\��
�

7ZR�SUHFDVW�VWUXFWXUHV�DUH�XVHG�LQ�WKH�HYDOXDWLRQV��D���VWRU\�SDUNLQJ�JDUDJH�DQG�DQ���VWRU\�RIILFH�
EXLOGLQJ��7ZR�/)56�OD\RXWV�DUH�FRQVLGHUHG�IRU�WKH���VWRU\�SDUNLQJ�JDUDJH���D��H[WHULRU�VKHDU�ZDOOV�ZLWK�
OLWHZDOOV�DORQJ�WKH�UDPS��6HH�)LJ��$���D���DQG���E��LQWHULRU�VKHDU�ZDOOV�ZLWK�OLWHZDOOV�DORQJ�WKH�UDPS��6HH�
)LJ��$���E���$��”�FRQVWUXFWLRQ�H[SDQVLRQ�MRLQW�LV�SODFHG�EHWZHHQ�WKH��VW�IORRU�UDPS�DQG�&,3�VODE���VHH�)LJ��
$���D��� 7ZR� EDVLF� /)56� OD\RXWV� DUH� DOVR� FRQVLGHUHG� IRU� WKH� ��VWRU\� RIILFH� EXLOGLQJ�� KRZHYHU� HDFK�
LQYROYLQJ� VOLJKW� PRGLILFDWLRQV� LQ� WKH� OD\RXW� GHSHQGLQJ� RQ� WKH� 6'&�� �D�� LQWHULRU� PRPHQW� IUDPHV�� ZLWK�
GLIIHUHQW� OD\RXWV� IRU� 6'&� &� DQG� '� �6HH� )LJ�� $���F�G��� DQG�� �E�� SHULPHWHU� VKHDU� ZDOOV�� ZLWK� GLIIHUHQW�
OD\RXWV�IRU�6'&�&�DQG�'��6HH�)LJ��$���H�I���

7KH� SURWRW\SH� VWUXFWXUHV� VKRZQ� LQ� SODQ� YLHZV� RI� )LJXUH� $���� DUH� HDFK� UHSUHVHQWDWLYH� RI� D�
GLIIHUHQW�6'&�DV�LQGLFDWHG�LQ�WKH�ILJXUH�FDSWLRQV��(DFK�SURWRW\SH�VWUXFWXUH�LV�GHVLJQHG�XVLQJ�,%&�������
DQG�LV�HYDOXDWHG�IRU�GLIIHUHQW�GLDSKUDJP�GHVLJQ�RSWLRQV�DV�OLVWHG�LQ�WKH�QH[W�VHFWLRQ��7KH�IXOO�GHWDLOV�RI�WKH�
SURWRW\SH�VWUXFWXUH�GHVLJQV�HDFK�DSSHDU�DV�D�GHVLJQ�H[DPSOH�LQ�3$57����DV�DOVR�LQGLFDWHG�LQ�WKH�FDSWLRQ���
�
$������6WXG\�0DWUL[�

7KH�GHVLJQ�PHWKRGRORJ\�HYDOXDWLRQ�FRYHUV�WKH�IROORZLQJ�SDUDPHWHUV������VWUXFWXUH�FRQILJXUDWLRQ�
�SDUNLQJ�JDUDJH�DQG�RIILFH�EXLOGLQJ�������/)56�OD\RXW��LQWHULRU�DQG�H[WHULRU�������/)56�W\SH��VKHDU�ZDOO�
DQG�PRPHQW�IUDPH�������6'&V�&��.QR[YLOOH�71��DQG�'��6HDWWOH�:$���DQG������GLDSKUDJP�GHVLJQ�RSWLRQ�
�('2��%'2�DQG�5'2���7KH�GHWDLOHG�VWXG\�PDWUL[�LV�VKRZQ�LQ�7DEOH�$�����
�
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7DEOH�$�����6WXG\�0DWUL[�

5XQ��� 6WUXFWXUH� /)56�OD\RXW� 6LWH� 6'&� 'HVLJQ�RSWLRQ (4�
'HVLJQ�
([DPSOH��

�� .QR[YLOOH &� ('2� $OO�WKUHH� �$�
�� .QR[YLOOH &� %'2� .1�� �%�
��

3DUNLQJ�JDUDJH� ([WHULRU�ZDOO�
.QR[YLOOH &� 5'2� .1�� �&�

�� .QR[YLOOH &� ('2� 6(�� �$�
��

3DUNLQJ�JDUDJH� ,QWHULRU�ZDOO�
6HDWWOH� '� 5'2� $OO�WKUHH� �%�

�� .QR[YLOOH &� ('2� .1�� �$�
��

2IILFH�EXLOGLQJ� 0RPHQW�IUDPH
6HDWWOH� '� 5'2� 6(�� �%�

�� .QR[YLOOH &� ('2� .1�� �$�
��

2IILFH�EXLOGLQJ� 3HULPHWHU�ZDOO
6HDWWOH� '� 5'2� 6(��� �%�

�'HVLJQ�([DPSOHV�DUH�IRXQG�LQ�3$57���RI�WKH�'LDSKUDJP�6HLVPLF�'HVLJQ�0HWKRGRORJ\��
�
�
$������(YDOXDWLRQ�0HWKRGRORJ\�
� 7KH�SURWRW\SH�VWUXFWXUH�DQDO\WLFDO�PRGHOV�DUH�VXEMHFWHG�WR�EL�GLUHFWLRQDO�HDUWKTXDNH�LQSXWV��7KUHH�
KLVWRULFDO� JURXQG�PRWLRQ� SDLUV� DUH� VHOHFWHG� IRU� HDFK� VLWH� DV� VKRZQ� LQ� 7DEOH� $����� 7KH� VFDOLQJ� RI� WKH�
JURXQG�PRWLRQ� SDLUV� IROORZV� WKH� $6&(� �� �6HFWLRQ� ���������� SURFHGXUH�� The average of the SRSS 5% 
damping spectra does not fall below 1.3 times the corresponding ordinate of the design response 
spectrum by more than 10% for each period between 0.2T and 1.5T, where T is the fundamental period of 
structure. 7KH�6566�UHVSRQVH�VSHFWUD�RI�VFDOHG�JURXQG�PRWLRQ�SDLUV�DUH�VKRZQ�LQ�)LJ��$�����$V�VHHQ��WKH�
DYHUDJH�RI�WKH�6566�UHVSRQVH�VSHFWUD�PHHWV�WKH�$6&(��UHTXLUHPHQW�ZLWKLQ�WKH�SHULRG�UDQJH���������VHF��
UHSUHVHQWLQJ� WKH� PLQLPXP� DQG� PD[LPXP� IXQGDPHQWDO� SHULRG� DPRQJ� WKH� SURWRW\SH� VWUXFWXUH� GHVLJQV��
%HWZHHQ� WKH� WZR� JURXQG� PRWLRQ� SDLUV�� WKH� VWURQJHU� FRPSRQHQW� LV� DSSOLHG� LQ� WKH� VWUXFWXUH� WUDQVYHUVH�
GLUHFWLRQ�DQG�WKH�RWKHU�FRPSRQHQW�LV�DSSOLHG�LQ�ORQJLWXGLQDO�GLUHFWLRQ���
�

7DEOH�$���D��(4�LQIRUPDWLRQ�IRU�6'&�&��.QR[YLOOH�
6FDOHG�3*$�DW�'%(�OHYHO��J��(4���
� (DUWKTXDNH� 0DJQLWXGH� 6FDOH�IDFWRU�
7UDQV���\�� /RQJ���[��

.1�� /DQGHUV� ���� ���� ������� �������

.1�� 1DKDQQL��&DQDGD� ���� ����� ������� �������

.1�� 7DEDV��,UDQ� ���� ������ ������� �������
�
7DEOH�$���E��(4�LQIRUPDWLRQ�IRU�6'&�'��6HDWWOH�

3*$��J��(4��
� (DUWKTXDNH� 0DJQLWXGH� 6FDOH�IDFWRU�
7UDQV���\�� /RQJ���[��

6(�� &DSH�0HQGRFLQR� ���� ����� ������� �������
6(�� 1RUWKULGJH� ���� ���� ������� �������
6(��� :HVWHUQ�:DVKLQJWRQ� ���� ���� ������� �������


�6HOHFWHG�IURP�WKH�VXLWH�RI�(4V�GHYHORSHG�E\�6FKRHWWOHU��������IRU�WKH�'6'0�SURMHFW�DQG�UHVFDOHG��VFDOH�IDFWRU�LQGLFDWHG�
UHODWLYH�WR�RULJLQDO�PRWLRQ���
�
� $FFRUGLQJ� WR� $6&(� �� DQDO\VLV� SURFHGXUHV�� WKH�maximum� GHPDQG� IURP� WKH� WKUHH� HDUWKTXDNH�
DQDO\VHV� LV� XVHG� WR� HYDOXDWH� WKH� VWUXFWXUH� SHUIRUPDQFH�� +RZHYHU� EHFDXVH� HDFK� HDUWKTXDNH� VLPXODWLRQ�
UHTXLUHV� H[WHQVLYH� FRPSXWHU� VSDFH� DQG� UXQ� WLPH�� RQO\� WZR� GHVLJQ� FDVHV� DUH� HYDOXDWHG� XVLQJ� DOO� WKUHH�
HDUWKTXDNH� �6HH� 7DEOH�$������ 7KH� RWKHU� FDVHV�ZHUH� HYDOXDWHG� XVLQJ� VLPXODWLRQ� RI� D� VLQJOH� HDUWKTXDNH�
UHFRUG�SDLU��7KH�UHFRUG�FKRVHQ�IRU�WKH�VLQJOH�UHFRUG�DQDO\VLV�LV�WKH�RQH�WKDW�SURGXFHV�WKH�KLJKHVW�VSHFWUDO�
UHVSRQVH� LQ� WKH�SHULRG� UDQJH� ������ WR������VHF��RI� WKH�SURWRW\SH�VWUXFWXUHV�HYDOXDWHG� �6HH�EODFN�GDVKHG�
OLQH� LQ�)LJ��$������7KXV�� WKRXJK� WKH�DQDO\VHV�ZLWK� WKH�RWKHU�JURXQG�PRWLRQV�FRXOG�EH�SHUIRUPHG� LQ� WKH�
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IXWXUH�� JLYHQ� WKH�$6&(��� SURFHGXUH�PD[LPXP� GHPDQG� UHTXLUHPHQW�� LW� LV� OLNHO\� WKDW� WKH� UHVXOWV� RI� WKH�
VLQJOH�HDUWKTXDNH�DQDO\VLV�DOVR�UHSUHVHQW�WKH�ILQDO�VWDWLVWLFDO�UHVXOW��5HFDOO�DJDLQ�WKDW�GXH�WR�WKH�FRQWUROOLQJ�
SHUIRUPDQFH� WDUJHWV�� WKH�JURXQG�PRWLRQV� VKRZQ� LQ�7DEOH�$���� DQG�)LJ��$����ZHUH� VFDOHG� WR� WKH�0&(�
OHYHO�ZLWK�D�VFDOLQJ�IDFWRU�RI�����EHIRUH�XVLQJ�IRU�WKH�HDUWKTXDNH�VLPXODWLRQV��
�
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$����$1$/<7,&$/�02'(/�
7KH� SURWRW\SH� VWUXFWXUHV� DUH� HYDOXDWHG� XVLQJ� QRQOLQHDU� WUDQVLHQW� G\QDPLF� DQDO\VLV� RI� WKUHH�

GLPHQVLRQDO� ILQLWH� HOHPHQW� ��'�)(�� PRGHOV�� 7KH� DQDO\WLFDO� PRGHO� XVHG� LQ� WKLV� VWDJH� LV� DQ� LPSURYHG�
YHUVLRQ� RI� WKH� PRGHO� XVHG� LQ� WKH� WULDO� GHVLJQ� IDFWRU� VWDJH� �6WDJH� ���� DV� IXUWKHU� FDOLEUDWLRQ� WR� WKH�
H[SHULPHQWDO�ZRUN�SHUIRUPHG�LQ�WKH�PDLQ�UHVHDUFK�SKDVH�RFFXUUHG�LQ�SDUDOOHO��

�'�)(�PRGHOV�IRU�WKH���VWRU\�SUHFDVW�SDUNLQJ�JDUDJH�DQG�WKH���VWRU\�RIILFH�EXLOGLQJ�DUH�VKRZQ�LQ�
)LJ�$�����7KH�PRGHO�LV�FUHDWHG�XVLQJ�WKH�FRPPHUFLDO�JHQHUDO�SXUSRVH�ILQLWH�HOHPHQW�VRIWZDUH�$16<6���
7KH�GHWDLO�RI�PRGHOLQJ�WHFKQLTXH�LV�VXPPDUL]HG�DV�IROORZLQJ��

��� 7KH�PRGHO�LQFOXGHV�WKH�IROORZLQJ�HODVWLF�HOHPHQWV��
�D�� �'�GLVFUHWH�SODQH�VWUHVV�HOHPHQWV�IRU�SUHFDVW�IORRU�XQLWV�
�E�� �'�GLVFUHWH�VKHOO�HOHPHQWV�IRU�SUHFDVW�XQLWV�LQ�WKH�UDPSV�
�F�� �'�EHDP�HOHPHQWV�IRU�WKH�VSDQGUHOV�DQG�,7�EHDPV�
�G�� �'�VKHOO�HOHPHQWV�IRU�VKHDU�ZDOOV�DQG�OLWHZDOOV�
�H�� �'�EHDP�HOHPHQWV�IRU�WKH�PRPHQW�IUDPH�PHPEHUV�DQG�JUDYLW\�FROXPQV�

��� 7KH�QRQOLQHDULW\�RI�/)56�LV�PRGHOHG�DV��
�D��%DVH� SODVWLF� KLQJHV� IRU� WKH� VKHDU� ZDOO� �ELD[LDO� VKRRW�WKURXJK� PRGHO� UHSUHVHQWLQJ� D�

UHJXODU� UHLQIRUFHG� FRQFUHWH�ZDOO� UHVSRQVH�� DQG� WKH� OLWHZDOO� �XQLD[LDO� VOLS�FDWFK�PRGHO�
UHSUHVHQWLQJ� D� W\SLFDO� OLWHZDOO� UHVSRQVH�� XVLQJ� D� VHW� RI� QRQOLQHDU� VSULQJV� DQG� FRQWDFW�
HOHPHQWV��

�E��3ODVWLF� KLQJHV� DW� EHDP� PHPEHU� HQGV� IRU� WKH� PRPHQW� IUDPH� �XQLD[LDO� VKRRW�WKURXJK�
PRGHO� UHSUHVHQWLQJ� D� UHJXODU� UHLQIRUFHG� FRQFUHWH� EHDP� UHVSRQVH�� XVLQJ� D� VHW� RI�
QRQOLQHDU�VSULQJV�DQG�FRQWDFW�HOHPHQWV��

�F��7KH� KLQJH� SURSHUWLHV� IRU� VKHDU� ZDOO�� OLWHZDOO� DQG� IUDPH� EHDP� DUH� GHYHORSHG� XVLQJ�
VHFWLRQ� DQDO\VLV� VRIWZDUH�;75$&7��ZLWK� D�ELOLQHDU� VWHHO�PRGHO� ����� VWUDLQ�KDUGHQLQJ�
UDWLR�� DQG� 0DQGHU� PRGHO� IRU� FRQFUHWH�� 7KH� SODVWLF� KLQJH� OHQJWK� IRU� VKHDU� ZDOO� DQG�
OLWHZDOO� LV� VHW� DV�PLQLPXP� RI� KDOI� RI� VKHDU�ZDOO� GHSWK� DQG� VWRU\� KHLJKW�� 7KH� SODVWLF�
KLQJH�OHQJWK�IRU�IUDPH�PHPEHU�LV�VHW�DV�WKH�IUDPH�PHPEHU�GHSWK��

�G��*UDYLW\� ORDGV� DUH� QRW� LQFOXGHG� GLUHFWO\� LQ� WKH� DQDO\VHV� H[FHSW� IRU� PRPHQW� IUDPH�
VWUXFWXUHV�LQ�RUGHU�WR�REWDLQ�WKH�SURSHU�HQG�PRPHQWV��0J���0(��LQ�WKH�IUDPH��*UDYLW\�
ORDG� HIIHFWV� DUH� LQFOXGHG� LQGLUHFWO\� LQ� VKHDU�ZDOO� VWUXFWXUHV� LQ� WKH�PRPHQW�FXUYDWXUH�
UHVSRQVH�RI�WKH�VKHDU�ZDOO�EDVH�KLQJH��

��� 7KH�GLDSKUDJP�UHLQIRUFHPHQW�LV�PRGHOHG�DV�DVVHPEODJHV�RI�QRQOLQHDU�OLQN��VSULQJ�DQG�FRQWDFW�
HOHPHQWV��VHH�3$57�%��DQG�%���ZLWK�WKH�IROORZLQJ�FKDUDFWHULVWLFV��
�D�� &KRUG� UHLQIRUFHPHQW�PRGHO� LQFOXGHV� SLQFKLQJ� HIIHFW�� F\FOLF� VWLIIQHVV� GHJUDGDWLRQ� IRU�

WHQVLRQ�� F\FOLF� VOLS�FDWFK� IRU� VKHDU�� VWUHQJWK� GHJUDGDWLRQ� IRU� VKHDU� DQG� WHQVLRQ�VKHDU�
FRXSOLQJ�HIIHFW��

�E�� 6KHDU� UHLQIRUFHPHQW� PRGHO� LQFOXGHV� SLQFKLQJ� HIIHFW�� F\FOLF� VWLIIQHVV� GHJUDGDWLRQ� IRU�
WHQVLRQ��F\FOLF�VWUHQJWK�GHJUDGDWLRQ�IRU�VKHDU�DQG�WHQVLRQ�VKHDU�FRXSOLQJ�HIIHFW��

�F�� 6HFRQGDU\�UHLQIRUFHPHQW�PRGHO��LQFOXGLQJ�/)56�GLDSKUDJP�FRQQHFWRU��LQWHUQDO�EHDP�
WR�GLDSKUDJP�FRQQHFWRU�DQG�VSDQGUHO�WR�GLDSKUDJP�FRQQHFWRU��LQFOXGHV�SLQFKLQJ�HIIHFW�
DQG�WHQVLRQ�VKHDU�FRXSOLQJ�HIIHFW�ZLWKRXW�F\FOLF�VWUHQJWK�GHJUDGDWLRQ��

��� 7KH� JUDYLW\� FROXPQ� LV� PRGHOHG� ZLWK� SLQQHG� FRQQHFWLRQ� DW� EDVH�� $W� HDFK� IORRU� OHYHO�� WKH�
FRQQHFWLRQ�EHWZHHQ�FROXPQ�DQG�VSDQGUHO�LQWHUQDO�EHDP�LV�PRGHOHG�DV��
�D�� 7KH�VSDQGUHO�LQWHUQDO�EHDP�WR�FROXPQ�FRQQHFWLRQ�DUH�PRGHOHG�WR�DOORZ�IUHH�VHSDUDWLRQ�

EHWZHHQ� VSDQGUHO�LQWHUQDO� EHDP� DQG� FROXPQ� LQ� WKH� GLUHFWLRQ� SHUSHQGLFXODU� WR� WKH�
SUHFDVW�IORRU�XQLW�MRLQWV���

�E�� ,Q� WKH� GLUHFWLRQ� SDUDOOHO� WR� WKH� SUHFDVW� IORRU� XQLW� MRLQWV�� WKH� FRQQHFWLRQ� RI�
VSDQGUHO�LQWHUQDO� EHDP� DQG� FROXPQ� DUH� PRGHOHG� DV� GXFWLOH� QRQOLQHDU� VSULQJV�

�������������������������������������������������
��$16<6��,QF���YHUVLRQ������&DQRQVEXUJ��3$�
��;75$&7��,PEVHQ�FRPPHUFLDO�VRIWZDUH��,QF��5DQFKR�&RUGRYD��&$��
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UHSUHVHQWLQJ�WKH�WHQVLRQ�VWUHQJWK�DQG�VWLIIQHVV�RI�W\SLFDO�FRLO�URG�FRQQHFWLRQ���
��� 7KH� LQWHUIDFH�RI� FRQVWUXFWLRQ�H[SDQVLRQ� MRLQW� LQ�SDUNLQJ� VWUXFWXUH� LV�PRGHOHG�DV� D� VHULHV�RI�

SRLQW�WR�SRLQW�FRQWDFW�HOHPHQWV�DORQJ�WKH�GLDSKUDJP�MRLQW��
�
�

:HVW� 6RXWK�

1RUWK� (DVW�

����� �
�D����VWRU\�SDUNLQJ�JDUDJH���������������������������������������������E����VWRU\�RIILFH�EXLOGLQJ�

)LJ��$������'�)(�PRGHOV�RI�WKH�SURWRW\SH�VWUXFWXUHV�
�

$Q� HTXLYDOHQW� GDPSLQJ� YDOXH� RI� ����� DOLJQHG�ZLWK� WKH� ILUVW� �IXQGDPHQWDO�� DQG� ODVW� VLJQLILFDQW�
WUDQVYHUVH� YLEUDWLRQDO� PRGHV� �FXPXODWLYH� PDVV� SDUWLFLSDWLRQ� UDWLR� �� ����� ZDV� XVHG�� 7KH� GLVFUHWH�
GLDSKUDJP�PRGHO�FDQQRW�EH�XVHG�HIIHFWLYHO\�IRU�PRGDO�DQDO\VLV�GXH�WR�WKH�XQFHUWDLQ�LQLWLDO�VWDWXV�RI�WKH�
FRQWDFW�HOHPHQWV��RSHQ��VOLGLQJ��VWXFN���7KXV�� WKH�5D\OHLJK�GDPSLQJ�SDUDPHWHUV�DUH�GHWHUPLQHG�WKURXJK�
PRGDO�DQDO\VHV�SHUIRUPHG�RQ��'�HODVWLF�PRGHOV�ZLWK�PRQROLWKLF�GLDSKUDJPV��7KH�GLDSKUDJP�VWLIIQHVV�LV�
HVWLPDWHG�WKURXJK�HIIHFWLYH�PRGXOL��:DQ�DQG�)OHLVFKPDQ���������
�
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$�����3(5)250$1&(�(9$/8$7,21�2)�352727<3(�6758&785(�'(6,*16�
� 7KH� HIILFDF\� RI� WKH� GHVLJQ� SURFHGXUH� DQG� WKH� VXLWDELOLW\� RI� WKH� RI� WKH� WULDO� GHVLJQ� IDFWRUV� DUH�
HYDOXDWHG� WKURXJK� FRPSDULVRQV� RI� H[SHFWHG� SHUIRUPDQFH� DQG� DQWLFLSDWHG� GHVLJQ� OHYHOV� WR� WKH� GHPDQGV�
LQFXUUHG� LQ� WKH� HDUWKTXDNH� VLPXODWLRQV�� 7DEOH� $���� VKRZV� WKH� FRPSDULVRQV� SHUIRUPHG� WR� HYDOXDWH� WKH�
GHVLJQ�PHWKRGRORJ\��7KH�VWUXFWXUHV�DUH�GHVLJQHG�XVLQJ�WKH�GLIIHUHQW�GHVLJQ�RSWLRQV�DV�LQGLFDWHG�LQ�7DEOH�
$�����7KH� UHVXOWV�SUHVHQWHG�DUH�JURXSHG�E\�SURWRW\SH� VWUXFWXUH�GHVLJQ��5HVXOWV� DUH� VKRZQ� IRU� WKH�PRVW�
FULWLFDO�HDUWKTXDNH�IRU�HDFK�GHVLJQ�VLWH��5HFDOO�WKDW�DOO�WKH�HDUWKTXDNHV�DUH�VFDOHG�WR�WKH�0&(�OHYHO��
� 6HFWLRQ�$����KDV�QLQH�VXEVHFWLRQV��RQH�WR�SUHVHQW�WKH�HDUWKTXDNH�VLPXODWLRQ�UHVXOWV�IRU�HDFK�RI�WKH�
GHVLJQV�OLVWHG�LQ�7DEOH�$�����,W�LV�QRWHG�WKDW�WKH�DQDO\WLFDO�UHVXOWV�DUH�SUHVHQWHG�LQ�JUHDW�GHWDLO�IRU�WKH�ILUVW�
SURWRW\SH� VWUXFWXUH� GHVLJQ� LQ� 6HFWLRQ� $������� D� ��VWRU\� 6'&� &� ('2� SDUNLQJ� VWUXFWXUH�� ,Q� VXEVHTXHQW�
VHFWLRQV�� WKH� UHVXOWV� DUH� SUHVHQWHG� LQ� OHVV� GHWDLO�� IRFXVLQJ� RQ� UHVXOWV�ZLWK�PDMRU� GHVLJQ� LPSOLFDWLRQV� RU�
UHVXOWV� WKDW� DUH� GLIIHUHQW� IURP� WKH� SUHYLRXV� VWUXFWXUHV� SUHVHQWHG�� 6LJQLILFDQW� GHVLJQ� LVVXHV� UDLVHG� LQ� WKH�
DQDO\VHV�RI�WKH�SURWRW\SH�VWUXFWXUHV�DUH�GLVFXVVHG�LQ�6HFWLRQ�$�����
�
�
�
7DEOH�$�����(YDOXDWLRQ�RI�WKH�GHVLJQ�PHWKRGRORJ\��

'HVLJQ�2SWLRQ� ('2� %'2� 5'2�

$QDO\VLV�
'LDSKUDJP�GHVLJQHG�
ZLWK�WULDO�<(��:Y(��DQG�
/'(�UHLQIRUFHPHQW�

'LDSKUDJP�GHVLJQHG�
ZLWK�WULDO�<'��:Y%��DQG�
0'(�UHLQIRUFHPHQW�

'LDSKUDJP�GHVLJQHG�
ZLWK�WULDO�<5��:Y5��DQG�
+'(�UHLQIRUFHPHQW�

6HLVPLF�+D]DUG�/HYHO� 0&(� 0&(� 0&(�

0&(�'HVLJQ�7DUJHW� (ODVWLF�5HVSRQVH� :LWKLQ�0'(�DOORZDEOH�
GHIRUPDWLRQ�

:LWKLQ�+'(�DOORZDEOH�
GHIRUPDWLRQ�

'LDSKUDJP�'HVLJQ�
2SWLRQ�6SHFLILF�'HVLJQ�

(YDOXDWLRQ�
$UH�GLDSKUDJPV�HODVWLF"

$UH�PD[LPXP�0'(�
DOORZDEOH�RSHQLQJ�

GHIRUPDWLRQV�H[FHHGHG"

$UH�PD[LPXP�+'(�
DOORZDEOH�RSHQLQJ�

GHIRUPDWLRQV�H[FHHGHG"

*HQHUDO�'HVLJQ�
(YDOXDWLRQ�

$UH�WKH�GLDSKUDJPV�XQGHU�GHVLJQHG�E\�D�VPDOO�RU�ODUJH�DPRXQW"�
$UH�WKH�GLDSKUDJPV�RYHUGHVLJQHG�E\�D�VPDOO�RU�ODUJH�DPRXQW"�
'R�GLDSKUDJPV�UHVSRQG�VLPLODUO\�DW�DOO�OHYHOV"�
'R�GLDSKUDJPV�UHVSRQG�VLPLODUO\�UHODWLYH�WR�GHVLJQ�DW�DOO�ORFDWLRQV"�
$UH�QRQ�FRQIRUPLQJ�UHJLRQV�ORFDOL]HG�RU�ZLGHVSUHDG"�
:KDW�DUH�WKH�NH\�EHKDYLRUV�WKDW�LPSDFW�WKH�GHVLJQ"�
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�
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$��������)RXU�VWRU\�SDUNLQJ�JDUDJH�Z�H[WHULRU�VKHDU�ZDOO��6'&�&�('2��([DPSOH��$��
7KH� ILUVW� SURWRW\SH� VWUXFWXUH� GLDSKUDJP� GHVLJQ� HYDOXDWLRQ� LQYROYHV� D� 6'&�&� ('2� GLDSKUDJP�

GHVLJQ� RSWLRQ� IRU� D� ��VWRU\� SDUNLQJ� JDUDJH� ZLWK� H[WHULRU� VKHDU� ZDOOV�� 7KH� HDUWKTXDNH� VLPXODWLRQ� LV�
SHUIRUPHG�WKURXJK�QRQOLQHDU�WUDQVLHQW�G\QDPLF�DQDO\VLV��1/7'$��XQGHU�EL�GLUHFWLRQDO�FRPSRQHQWV�RI�D�
0&(�OHYHO� JURXQG� PRWLRQ�� 7KH� GLDSKUDJP� GHVLJQ� RI� WKH� SURWRW\SH� VWUXFWXUH� LV� EDVHG� RQ� WKH� GHVLJQ�
SURFHGXUH�LQ�3$57����7KH�GHVLJQ�RI�WKLV�SDUWLFXODU�VWUXFWXUH�LV�GHVFULEHG�LQ�([DPSOH��$��3$57������

7KH� ILQDO� GLDSKUDJP� GHVLJQ� SURGXFHG� LQ� ([DPSOH� �$�� 3$57� �� LV� VKRZQ� LQ� )LJXUH�$����� 7KH�
FKRUG�UHLQIRUFHPHQW�VKRZQ�LQ�ULJKW�SDUW�DQG�VKHDU�UHLQIRUFHPHQW�VKRZQ�LQ�OHIW�SDUW��VLQFH�WKH�GLDSKUDJP�
GHVLJQ�LV�V\PPHWULF�DFURVV�WKH�GLDSKUDJP�VSDQ���7KH�GLDSKUDJP�UHLQIRUFHPHQW�LQGLFDWHG�LQ�)LJ��$����LV�
IRU�WKH�WRS�IORRU��WKH�GHVLJQ�IRU�WKH�RWKHU�IORRUV�LV�LQGLFDWHG�LQ�SDUHQWKHVHV�LI�GLIIHUHQW�IURP�WKH�WRS�IORRU��
7KH�SUHWRSSHG�GLDSKUDJP� LV�GHWDLOHG�ZLWK� ORZ�GHIRUPDELOLW\�HOHPHQW�RU�/'(�UHLQIRUFHPHQW� �GU\�FKRUG�
FRQQHFWRUV�DQG�-9,�9HFWRU�IODQJH�WR�IODQJH�FRQQHFWRUV�UHVSHFWLYHO\�IRU�IOH[XUH�DQG�VKHDU�UHLQIRUFHPHQW���
7KH� GLDSKUDJP� GHVLJQ� IDFWRUV� DUH�<(�  � � ���� DQG�:Y(�  � ����� 7KH� GLDSKUDJP� GHVLJQ� IRUFH� SURILOH� LV�
GHWHUPLQHG�XVLQJ�WKH�GLDSKUDJP�IRUFH�YHUWLFDO�GLVWULEXWLRQ�IDFWRU�D[��

7KH� GLDSKUDJP�WR�/)56� FRQQHFWLRQ� LV� DQJOH� EDU� FRQQHFWRUV� GHVLJQHG� IRU� WKH� WULEXWDU\� VKHDU� DW�
HDFK� VKHDU�ZDOO�� �7KH�GLDSKUDJP� WR� OLWHZDOO� FRQQHFWLRQ�RQ� WKH� SDUNLQJ� IODWV� LV� WKH� DQJOH� EDU� FRQQHFWRU�
GHVLJQHG� IRU� WULEXWDU\� VKHDU� DQG� D[LDO� IRUFH�� � 7KH� OLWHZDOO�WR�UDPS� FRQQHFWLRQ� LV� ò´� VWHHO� DQJOHV� ZLWK�
VORWWHG�KROHV�IRU�FRPSOLDQFH��7KH�VSDQGUHO�WR�'7�FRQQHFWLRQ�DQG�,7�WR�'7�FRQQHFWLRQ�LV�DOVR�DQJOH�EDU�
FRQQHFWRUV�� ��7KH�,7�WR�'7�FRQQHFWLRQV�DUH�GHVLJQHG�IRU� WKH�WULEXWDU\�VKHDU�DQG�D�SRUWLRQ�RI�GLDSKUDJP�
LQHUWLD�IRUFH�IURP�WKH�RXWHU��IODW��VXE�GLDSKUDJPV�WR�WKH�VKHDU�ZDOO��7KHVH�UHLQIRUFHPHQW�GHWDLOV�DUH�DOVR�
VKRZQ�LQ�)LJ��$����DQG�GLVFXVVHG�LQ�GHWDLO�LQ�GHVLJQ�H[DPSOH��$�RI�3$57����

�
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�������� ��������

��������-9,�������-9, ��-9,

��������-9,

&XW�RII���� &XW�RII���������

��-9,���-9,

��������

1RUWK�6RXWK

5DPS

&XW�RII����

�����������-9,

���-9, ��������

&XW�RII����

��������

���DQJOHG�EDU
������SHU�SDQHO

6KHDU�UHLQIRUFHPQW &KRUG�UHLQIRUFHPQW

����������
DQJOHG�EDU
FRQQHFWRU

����DQJOHG�EDU�WR�IODW
�
���$QJOH�WR�UDPS

����DQJOHG�EDU

�
)LJ��$�����'LDSKUDJP�UHLQIRUFHPHQW�GHVLJQ�IRU�GHVLJQ�H[DPSOH��$��

�
)LJXUH�$����DQG�$���� VKRZV� WKH�PD[LPXP�GLDSKUDJP� LQHUWLDO� IRUFH�SURILOH� DORQJ� WKH�EXLOGLQJ�

KHLJKW� LQ� WKH� VWUXFWXUH� WUDQVYHUVH� �1�6�� GLUHFWLRQ� DQG� WKH� VWUXFWXUH� ORQJLWXGLQDO� GLUHFWLRQ� UHVSHFWLYHO\��
)LJXUH�$���D�DQG�$���D�VKRZV�WKH�IRUFH�SURILOHV�IRU�WRWDO�LQHUWLDO�IRUFHV�DW�D�IORRU�OHYHO�DQG�WKUHH�GLIIHUHQW�
SURILOHV� DUH� LQGLFDWHG�� ���� WKH� GHVLJQ� SURILOH�� D[<()S[�� ZKHUH� D[� LV� WKH� GLDSKUDJP� IRUFH� YHUWLFDO�
GLVWULEXWLRQ� IDFWRU� �D[ ���� DW� WRS� IORRU� DQG�D[� ����� DW� RWKHU� IORRUV�� VHH�3$57����� ���� WKH� HQYHORSH�RI�
PD[LPXPV�RFFXUULQJ�DW�DQ\�WLPH�GXULQJ�WKH�HDUWKTXDNH��DQG�����WKH�LQVWDQWDQHRXV�SURILOH�DW�WKH�WLPH�RI�
WKH�PD[LPXP�GLDSKUDJP�IRUFH�RFFXUULQJ�DQ\ZKHUH�LQ�WKH�VWUXFWXUH��)LJXUH�$���E�DQG�$���E�VKRZV�WKH�
PD[LPXP�HQYHORSH�IRUFH�SURILOH�IRU�HDFK�VXE�GLDSKUDJP�ZLWK� WKH�GHVLJQ�IRUFH�SURILOH� WULEXWDU\� WR�HDFK�
VXE�GLDSKUDJP�VKRZQ�DV�JUHHQ�GDVKHG�OLQH���
� $V� VHHQ� LQ� )LJ��$���� DQG� )LJ��$����� WKH� GLDSKUDJP� GHVLJQ� IRUFH� RYHUHVWLPDWHV� WKH� GLDSKUDJP�
WRWDO�LQHUWLD�IRUFH�GHPDQG�DW�HDFK�IORRU�OHYHO�LQ�ERWK�WUDQVYHUVH�DQG�ORQJLWXGLQDO�GLUHFWLRQV��+RZHYHU��WKH�
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PD[LPXP� QRUWK� DQG� VRXWK� VXE�GLDSKUDJP� IRUFH� GHPDQG� LV� ZHOO� UHSUHVHQWHG� E\� WKH� GLDSKUDJP� GHVLJQ�
IRUFH� WULEXWDU\� WR� HDFK� VXE�GLDSKUDJP� EHFDXVH� RI� WKH� XQHYHQ� GLVWULEXWLRQ� RI� GLDSKUDJP� LQHUWLD� IRUFH�
GHPDQG�DPRQJ�HDFK�VXE�GLDSKUDJP��$V�VHHQ�LQ�)LJ��$���E�DQG����E��W\SLFDOO\�UDPS�KDV�OHVV�LQHUWLD�IRUFH�
GHPDQG�WKDQ�WKH�QRUWK�DQG�VRXWK�IODWV��
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)LJ��$�����'LDSKUDJP�LQHUWLD�IRUFH�LQ�ORQJLWXGLQDO�GLUHFWLRQ���D��IORRU�WRWDO���E��VXE�GLDSKUDJP��

�
� )LJXUH�$����VKRZV�WKH�GLDSKUDJP�LQWHUQDO�IRUFHV�WLPH�KLVWRU\�DW�D�FULWLFDO�MRLQW�ZKLFK�LV�GHILQHG�
DV�WKH�MRLQW�ZLWK�PD[LPXP�IRUFH�LQWHUDFWLRQ�GHPDQG��0�1�9���7KLV�MRLQW�LV�ORFDWHG�FORVH�WR�WKH�PLGVSDQ�
RI�WRS�IORRU�QRUWK�VXE�GLDSKUDJP��6HH�VFKHPDWLF�LQ�)LJ��$������7KH�IRUFH�LQWHUDFWLRQ�GHPDQG�LV�FDOFXODWHG�
ZLWK�DQ�H[SUHVVLRQ�FRQVLVWHQW�ZLWK�WKH�GHVLJQ�LQWHUDFWLRQ�HTXDWLRQ�LQ�3$57����DV�IROORZV��
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ZKHUH� 0)(�� 1)(� DQG� 9)(� DUH� WKH� PRPHQW�� D[LDO� DQG� VKHDU� IRUFH� GHPDQG� REWDLQHG� LQ� WKH� HDUWKTXDNH�
VLPXODWLRQ��0Q��1Q�DQG�9Q�DUH� WKH� MRLQW�QRPLQDO�PRPHQW��D[LDO�DQG�VKHDU�VWUHQJWK��6HH�6HFWLRQ����%�LQ�
3$57�����7KH�LQGLYLGXDO�GLDSKUDJP�LQWHUQDO�IRUFH�FRPSRQHQWV�DUH�DOVR�VKRZQ�LQ�)LJ��$�����QRUPDOL]HG�
E\� WKH�QRPLQDO� VWUHQJWK��0D[LPXP�DQG�PLQLPXP�IRUFHV� LQ� WKH� WLPH�KLVWRU\�DUH� LQGLFDWHG�ZLWK�FLUFXODU�
PDUNHUV�LQ�)LJ��$������
� $V�VHHQ�LQ�)LJ��$�����DOWKRXJK�WKH�GLDSKUDJP�LQGLYLGXDO�LQWHUQDO�IRUFH�GHPDQGV�DUH�FRQVLGHUDEO\�
ORZHU� WKDQ� WKH� QRPLQDO� VWUHQJWK�� WKH� FRPELQHG� HIIHFW� RI� WKH� GLDSKUDJP� LQWHUQDO� IRUFHV� EULQJV� WKH� MRLQW�
FORVH�WR�LWV�GHVLJQ�VWUHQJWK��0�1�9�UHDFKLQJ�XQLW\���WKRXJK�QRW�UHSHDWHGO\��GXULQJ�WKH�HDUWKTXDNH���
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)LJ��$�����'LDSKUDJP�MRLQW�LQWHUQDO�IRUFH�WLPH�KLVWRU\�DW�FULWLFDO�MRLQW�RI�WRS�IORRU��

�
)LJXUH�$����VKRZV�WKH�GLDSKUDJP�LQWHUQDO�IRUFH�GLDJUDPV��PRPHQW��D[LDO�DQG�VKHDU��IRU�WKH�WRS�

IORRU�QRUWK�VXE�GLDSKUDJP�XQGHU�WKH�JURXQG�PRWLRQ��WUDQVYHUVH�FRPSRQHQW�RQO\��ORQJLWXGLQDO�FRPSRQHQW�
RQO\��DQG��EL�GLUHFWLRQDO�FRPSRQHQWV��7KH�VRXWK�VXE�GLDSKUDJP�KDV�VLPLODU��ORZHU�IRUFH�GHPDQG�DQG�WKXV�
LV�QRW�VKRZQ�KHUH��WKH�UDPS�LV�GLVFXVVHG�ODWHU��(DFK�SORW�VKRZV���D��WKH�HQYHORSHV�RI�PD[LPXP�SRVLWLYH�
DQG� QHJDWLYH� IRUFH� UHVSRQVH� DW� DQ\� WLPH� GXULQJ� WKH� HDUWKTXDNH�� �E�� WKH� IRUFH� SURILOHV� DW� W �����V�� WKH�
LQVWDQW�RI�PD[LPXP�IRUFH�XQGHU�WKH�WUDQVYHUVH�HDUWKTXDNH�FRPSRQHQW���F��WKH�IRUFH�SURILOHV�DW�W �����V��
WKH� LQVWDQW� RI�PD[LPXP� D[LDO� IRUFH� XQGHU� WKH� ORQJLWXGLQDO� HDUWKTXDNH� FRPSRQHQW�� DQG�� �G�� WKH� GHVLJQ�
GLDJUDPV� IRU� UHTXLUHG� GLDSKUDJP� VWUHQJWK� XVLQJ� WKH� )%'� PHWKRG� IURP� WKH� GHVLJQ� PHWKRGRORJ\�� 7KH�
GHVLJQ�GLDJUDPV�DUH�FDOFXODWHG�LQ�'HVLJQ�([DPSOH���RI�3$57����7KH�EL�D[LDO�SORW�GHVLJQ�FXUYHV�DUH�WKH�
PRVW� FULWLFDO� GLDJUDP� IURP� WUDQVYHUVH� DQG� ORQJLWXGLQDO� ORDGLQJ� LQ� DFFRUGDQFH� ZLWK� WKH� GHVLJQ�
PHWKRGRORJ\��$Q� DGHTXDWH� GHVLJQ� VKRXOG� EH� GHPRQVWUDWHG� XQGHU� WKH� EL�D[LDO� HDUWKTXDNH�� KRZHYHU� WKH�
GLVFXVVLRQ�EHJLQV�ZLWK�WKH�LQGLYLGXDO�FRPSRQHQWV�WR�EHWWHU�XQGHUVWDQG�EHKDYLRU�DV�LW�HIIHFWV�GHVLJQ�����

8QGHU�WUDQVYHUVH�HDUWKTXDNH�ORDGLQJ��WKH�PRPHQW��D[LDO�DQG�VKHDU�GHPDQGV�DW�WKH�WLPH�RI�FULWLFDO�
WUDQVYHUVH� ORDGLQJ� �W �����V�� DUH� UHDVRQDEO\� HVWLPDWHG� E\� WKH� GHVLJQ� GLDJUDPV�� 7KH� PRPHQW� GHPDQG�
GLDJUDP� LV� VNHZHG�VOLJKWO\� WR� WKH�XS�UDPS�VLGH�RI� WKH�SDUNLQJ� IODW��7KLV� VNHZ� LV�FDXVHG�E\� WKH� VKLIW�RI�
FHQWHU�RI�PDVV�WULEXWDU\�WR�WKH�WRS�OHYHO�WRZDUG�WKH�GRZQ�UDPS�VLGH�GXH�WR�WKH�SUHVHQFH�RI�D�VLQJOH�UDPS�DW�
WKH� WRS� OHYHO�� 7KH� VKLIW� FDXVHV�PRPHQW� GHPDQG� WR� EH� KLJKHU� WKDQ� WKH� GHVLJQ� GLDJUDP� LQ� WKH� KDOI� VSDQ�
�����[�/�������+RZHYHU�LQ�WKLV�VDPH�KDOI�VSDQ��WKH�GHVLJQ�D[LDO�IRUFH�GLDJUDP�overestimates�D[LDO�IRUFH�
GHPDQG��DOVR�GXH�WR�WKH�PDVV�FHQWHU�VKLIW��WKHUHE\�FRPSHQVDWLQJ�IRU�WKH�XQGHUHVWLPDWHG�GHVLJQ�PRPHQW���

1H[W�FRQVLGHULQJ�ORQJLWXGLQDO�HDUWKTXDNH�ORDGLQJ��WKH�PRPHQW��D[LDO�DQG�VKHDU�GHPDQG�GLDJUDPV�
DW� WKH� WLPH�RI� FULWLFDO� ORQJLWXGLQDO� ORDGLQJ� �W �����V�� DUH� UHDVRQDEO\�HVWLPDWHG�E\� WKH�GHVLJQ�GLDJUDPV��
7KH� D[LDO� IRUFH�GHPDQG� LV� VHHQ� WR�EH�XQGHUHVWLPDWHG�E\� WKH�GHVLJQ� D[LDO� IRUFH�GLDJUDP��GXH� WR� D�QRQ�
XQLIRUP� GLVWULEXWLRQ� RI� WKH� UHDFWLRQV� DW� WKH� OLWHZDOO� LQ� WKH� HDUWKTXDNH� VLPXODWLRQ�� DV� RSSRVHG� WR� WKH�
XQLIRUP� GLVWULEXWLRQ� DVVXPHG� LQ� WKH� )%'� PHWKRG� �6HH� 6HF�� ����%� LQ� 3$57� ���� 7KLV� FRQGLWLRQ� LV�
FRPSHQVDWHG�E\�D�ORZHU�PRPHQW�GHPDQG�WKDQ�WKH�GHVLJQ�PRPHQW�GLDJUDP��DOVR�GXH�WR�WKH�QRQ�XQLIRUP�
GLVWULEXWLRQ�RI�ZDOO�UHDFWLRQV���

)RU� WKH� EL�D[LDO� HDUWKTXDNH� ORDGLQJ�� WKH� FULWLFDO� GLDSKUDJP� LQWHUQDO� IRUFH� GHPDQG� RFFXUV� DW�
W �����V�ZKHQ� WKH� WUDQVYHUVH� ORDGLQJ�HIIHFW� LV�PD[LPXP��7KH�FRPELQHG�HIIHFWV� IURP� WKH�EL�GLUHFWLRQDO�
JURXQG�PRWLRQ� FRPSRQHQWV� LQFUHDVH� WKH� D[LDO� IRUFH� GHPDQG�� 7KH� GLDSKUDJP� GHVLJQ� SURFHGXUH�� RQ� WKH�
RWKHU�KDQG��GRHV�QRW�FRPELQH�WKH�HIIHFWV�RI�WKH�WZR�ORDGLQJ�GLUHFWLRQV��LQVWHDG�EDVLQJ�WKH�GHVLJQ�RQ�WKH�
PRVW�FULWLFDO�ORDGLQJ�FDVH��)RU�WKLV�UHDVRQ��WKH�GHVLJQ�GLDJUDP�XQGHUHVWLPDWHV�D[LDO�IRUFH�GHPDQG�LQ�WKH�
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GLDSKUDJP�VSDQ�����[�/������+RZHYHU��WKH�FRPELQHG�ORDGLQJ�WHQGV�DOVR�WR�GHFUHDVH�PRPHQW�GHPDQG�WR�
OHYHOV�EHORZ�WKH�GHVLJQ�PRPHQW�GLDJUDP�LQ� WKH�VSDQ�����[�/������ WKHUHE\�VRPHZKDW�FRPSHQVDWLQJ�IRU�
WKH�XQGHUHVWLPDWLRQ�RI�D[LDO�IRUFH��7KH�DFWXDO�GLDSKUDJP�VWUHQJWK�LQ�WKH�PRGHO�LV�VOLJKWO\�KLJKHU�WKDQ�WKH�
UHTXLUHG�VWUHQJWK�LQ�WKH�GHVLJQ�GLDJUDP�EHFDXVH�RI�WKH�XVH�RI�VWUHQJWK�UHGXFWLRQ�IDFWRUV��II �����IRU�D[LDO�
DQG�IOH[XUH�DQG�IY �����IRU�VKHDU��6HH�3$57�����7KHUHIRUH�WKH�GLDSKUDJP�GHVLJQ�LV�VXIILFLHQW�LQ�NHHSLQJ�
WKH�FKRUG�DQG�VKHDU�UHLQIRUFHPHQW�HODVWLF�XQGHU�WKH�EL�D[LDO�0&(�HDUWKTXDNH��H�J���)LJ��$�������
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)LJ��$�����'LDSKUDJP�MRLQW�LQWHUQDO�IRUFH�GLDJUDP�DW�QRUWK�VXE�GLDSKUDJP�RI�WRS�IORRU��
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7KHVH� FRPSHQVDWLQJ� DFWLRQV� VXJJHVW� D� FRPSDULVRQ� EHWZHHQ� WKH� PRUH� LQYROYHG� )%'� PHWKRG�
SURPRWHG�LQ�WKH�GHVLJQ�PHWKRGRORJ\�DQG�WKH�KRUL]RQWDO�EHDP�PHWKRG�XVHG�LQ�FXUUHQW�GHVLJQ��$FFRUGLQJO\��
)LJXUH�$�����FRPSDUHV�WKH�DQDO\WLFDO�UHVXOWV�IRU�GLDSKUDJP�LQWHUQDO�IRUFH�GHPDQG��0)(��1)(��9)(��SURILOH�
XQGHU� WUDQVYHUVH� ORDGLQJ�� VKRZQ� DV� EOXH� OLQHV� LQ� )LJ��$����� WR� WKUHH� GHVLJQ� DSSURDFKHV�� ���� WKH� GHVLJQ�
SURYLGHG� E\� WKH� GLDSKUDJP� VHLVPLF� GHVLJQ�PHWKRGRORJ\� XVLQJ� WKH� DPSOLILHG� GLDSKUDJP� IRUFHV� DQG� WKH�
LQWHUQDO�IRUFHV�SURYLGHG�E\�WKH�)%'�PHWKRG��JUHHQ�OLQH�)LJV��$�����$����������D�GHVLJQ�FRQVLGHULQJ�WKH�
DPSOLILHG�GLDSKUDJP�IRUFHV��EXW�XVLQJ�WKH�FXUUHQW�KRUL]RQWDO�EHDP�PHWKRG��UHG�OLQH�LQ�)LJ��$������DQG������
FXUUHQW� GHVLJQ�� LQ�ZKLFK� QR� DPSOLILFDWLRQ� IDFWRU� LV� DSSOLHG� DQG� WKH� KRUL]RQWDO� EHDP�PHWKRG� LV� XVHG� WR�
GHWHUPLQH�WKH�GLDSKUDJP�GHVLJQ��EODFN�OLQH�LQ�)LJ��$������$V�VHHQ�LQ�)LJ��$�����WKH�)%'�PHWKRG�XVLQJ�
WKH� SURSRVHG� DPSOLILHG� GLDSKUDJP� IRUFHV� LQ� WKH� GHVLJQ� PHWKRGRORJ\� SURYLGHV� WKH� PRVW� DFFXUDWH�
SUHGLFWLRQ� IRU� WKH� GLDSKUDJP� LQWHUQDO� IRUFH� GHPDQG� XQGHU� WKH� HDUWKTXDNH� VLPXODWLRQ��$� FRPSDULVRQ� RI�
GHVLJQV�XVLQJ�WKH�)%'�PHWKRG�DQG�WKH�KRUL]RQWDO�EHDP�LV�IRXQG�LQ�6HFWLRQ�$�����
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)LJ��$�����'LDSKUDJP�MRLQW�LQWHUQDO�IRUFH�FRPSDULVRQ���D��PRPHQW���E��D[LDO�DQG��F��VKHDU��

)LJXUH�$�����VKRZV� WKH�GLDSKUDJP�LQWHUQDO� IRUFH�GLDJUDPV��PRPHQW��D[LDO�DQG�VKHDU�� IRU� WKH� WRS� IORRU�
UDPS�VXE�GLDSKUDJP�XQGHU�WKH�EL�D[LDO�HDUWKTXDNH�ORDGLQJ��2Q�HDFK�SORW�LV�VKRZQ���D��WKH�HQYHORSHV�RI�
PD[LPXP�SRVLWLYH�DQG�QHJDWLYH�IRUFH�UHVSRQVH�DW�DQ\�WLPH�GXULQJ�WKH�HDUWKTXDNH���E��WKH�IRUFH�SURILOH�DW�
WKH� LQVWDQW� RI�PD[LPXP� D[LDO� IRUFH�� DQG�� �F�� WKH� GHVLJQ� GLDJUDPV� IRU� UHTXLUHG� VWUHQJWK� XVLQJ� WKH� )%'�
PHWKRG� IURP� WKH� GHVLJQ� PHWKRGRORJ\�� 7KH� UHTXLUHG� GLDSKUDJP� GHVLJQ� VWUHQJWKV� VKRZQ� LQ� WKH� GHVLJQ�
GLDJUDPV�DUH�FDOFXODWHG�LQ�'HVLJQ�([DPSOH����3$57���IRU�ERWK�WUDQVYHUVH��Tr��VHLVPLF�DQG�ORQJLWXGLQDO�
�Lg��VHLVPLF�ORDGLQJ��7KH�FDOFXODWHG�YDOXHV�DUH�OLVWHG�LQ�WDEOHV�LQ�3DJH���RI�3$57����7KHVH�WDEOHV�LQGLFDWH�
WKDW� WKH� GLDSKUDJP� GHVLJQ� LV� FRQWUROOHG� LQ� WKH� UDPS� ODQGLQJ� UHJLRQ� E\� WUDQVYHUVH� VHLVPLF� ORDGLQJ� DQG�
FRQWUROOHG�LQ�WKH�UDPS�VSDQ�E\�ORQJLWXGLQDO�VHLVPLF�ORDGLQJ��
�� $V�VHHQ�LQ�)LJ��$����E��D�KLJKHU�D[LDO�IRUFH�GHPDQG�IURP�ORQJLWXGLQDO�ORDGLQJ�RFFXUV�LQ�WKH�UDPS�
VSDQ�WKDQ�LQ�WKH�IODW�VSDQV��H�J��)LJ��$������7KH�)%'�PHWKRG�GHVLJQ�D[LDO�IRUFH�GLDJUDP�IRU�ORQJLWXGLQDO�
ORDGLQJ�LV�VHHQ�WR�PDWFK�WKLV�PD[LPXP�D[LDO�ORDG�GHPDQG�ZHOO��7KH�)%'�PHWKRG�GHVLJQ�VKHDU�IRUFH�DQG�
PRPHQW�GLDJUDPV��ERWK�EDVHG�RQ�WUDQVYHUVH�ORDGLQJ��DUH�VKRZQ�WR�PDWFK�WKH�ODUJH�VKHDU�IRUFH�GHPDQG�LQ�
WKH�UDPS�ODQGLQJ�UHJLRQ��)LJ��$����F��DQG�WKH�PRGHUDWH�PRPHQW�LQ�WKH�UDPS��)LJ��$����D����
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�&�$���

)LJXUH� $����� VKRZV� WKH� PD[LPXP� GLDSKUDJP� LQWHUQDO� IRUFH� LQWHUDFWLRQ� GHPDQG� �0�1�9��
FDOFXODWHG�XVLQJ�(TQ��$����DW� HDFK�GLDSKUDJP� MRLQW� LQ� WKH�HQWLUH�SDUNLQJ� VWUXFWXUH��7KH�GHVLJQ�0�1�9�
LQWHUDFWLRQ��UHIHU�WR�(TQ�����LQ�3$57����LV�VKRZQ�DV�EODFN�GDVKHG�OLQH�FDOFXODWHG�XVLQJ�(TQ��$������
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ZKHUH�0X��1X�DQG�9X�DUH�WKH��UHTXLUHG�GLDSKUDJP�GHVLJQ�PRPHQW��D[LDO�DQG�VKHDU�IRUFH�GHPDQG�REWDLQHG�
IURP�UHTXLUHG�GLDSKUDJP�GHVLJQ�VWUHQJWK�WDEOHV�LQ�3$57����0Q��1Q�DQG�9Q�DUH�WKH�MRLQW�QRPLQDO�PRPHQW��
D[LDO�DQG�VKHDU�VWUHQJWK��6HH�6HFWLRQ����%�LQ�3$57�����'HVLJQ�VWUHQJWK�UHGXFWLRQ�IDFWRUV�DUH�VSHFLILHG�LQ�
WKH�GHVLJQ�PHWKRGRORJ\�DV���II �����IRU�D[LDO�DQG�IOH[XUH�DQG�IY �����IRU�VKHDU���

7KH� LQWHUDFWLRQ�GHPDQG� DUH� VHHQ� WR� EH� EHORZ�XQLW\� IRU�PRVW� MRLQWV� DV�ZRXOG�EH� UHTXLUHG� LQ� DQ�
('2�GHVLJQ��LQGLFDWLQJ�DGHTXDF\�ZLWK�UHVSHFW�WR�WKH�GHVLJQ�LQWHUDFWLRQ�HTXDWLRQ��7KH�LQWHUDFWLRQ�GHPDQG�
VOLJKWO\�H[FHHGV�XQLW\��KRZHYHU��DW�D�KDQGIXO�RI�MRLQWV��7KH�KLJK�0�1�9�GHPDQGV�DUH�GULYHQ�E\�FRPELQHG�
PRPHQW� DQG� D[LDO� IRUFH� LQ� WKH�PLGVSDQ� UHJLRQ� RI� WKH� IODW� �QRUWK�VRXWK�� VXE�GLDSKUDJPV�� E\� FRPELQHG�
PRPHQW��D[LDO�DQG�VKHDU�LQ�WKH�UDPS�ODQGLQJ�UHJLRQ�RI�WKH�IODWV��DQG�E\�D[LDO�IRUFH�DORQH�LQ�WKH�UDPS�VSDQ���
6LQFH�WKH�0�1�9�LQWHUDFWLRQ�LV�DQ�DSSUR[LPDWH�H[SUHVVLRQ��IXUWKHU� LQYHVWLJDWLRQ�RQ�WKH�GLDSKUDJP�ORFDO�
UHLQIRUFHPHQW�GHPDQGV�LV�ZDUUDQWHG�WR�GHWHUPLQH�LI�WKH�GHVLJQ�PHHWV�WKH�('2�GHVLJQ�WDUJHW��
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)LJ��$������'LDSKUDJP�MRLQW�GHPDQG�UDWLR��0�1�9���

�
� ([DPLQDWLRQ�RI�WKH�LQWHUDFWLRQ�YDOXHV�UHODWLYH�WR�XQLW\�LV�XVHIXO�LQ�HYDOXDWLQJ�WKH�HIILFDF\�RI�WKH�
GHVLJQ�SURFHGXUH��+RZHYHU��VLQFH�WKH�0�1�9�LQWHUDFWLRQ�LV�DQ�DSSUR[LPDWH�H[SUHVVLRQ��LW�LV�LPSRUWDQW�WR�
DOVR� H[DPLQH� ORFDO� EHKDYLRU� �FKRUG� DQG� VKHDU� UHLQIRUFHPHQW� GHPDQGV�� WR� GHWHUPLQH� LI� WKH� GHVLJQ� LV�
SURGXFLQJ�WKH�GHVLUHG�HODVWLF�EHKDYLRU��7KH�PHDVXUH�XVHG�WR�HYDOXDWH�GLDSKUDJP�HODVWLF�EHKDYLRU�LV�\LHOG�
deformation��MRLQW�opening�DQG�MRLQW�sliding �UHODWLYH�WUDQVYHUVH�PRWLRQ�RI�XQLWV�IODQNLQJ�WKH�MRLQW���<LHOG�
GHIRUPDWLRQ�LV�FKRVHQ�IRU�VHYHUDO�UHDVRQV������ LW� LV� UDWKHU� LQVHQVLWLYH� WR�FRPELQHG�DFWLRQV��VLPXOWDQHRXV�
VKHDU�DQG�WHQVLRQ���DV�RSSRVHG�WR�\LHOG�VWUHQJWK�ZKLFK�FKDQJHV�VLJQLILFDQWO\�GHSHQGLQJ�RQ�WKH�FRPELQHG�
IRUFHV�� ���� LW� SURYLGHV� D� FOHDU� LQGLFDWLRQ� RI� E\� KRZ� PXFK� WKH� WDUJHW� LV� H[FHHGHG� IRU� QRQ�FRQIRUPLQJ�
UHJLRQV� �XQOLNH� SORWWLQJ� IRUFH� WKDW� ZLOO� UHPDLQ� ZLWK� D� VLPLODU� PDJQLWXGH� DIWHU� \LHOGLQJ��� DQG�� ���� LW�
SURYLGHV�HDVH�RI�FRPSDULVRQ�IRU�GHVLJQ�RSWLRQV��H�J��5'2��ZLWK�GHIRUPDWLRQ�EDVHG�SHUIRUPDQFH�WDUJHWV���

)LJXUH�$�����VKRZV�PD[LPXP�GHPDQGV�DW�HYHU\�MRLQW�IRU���D��FKRUG�RSHQLQJ�DW�WRS�DQG�ERWWRP�RI�
HDFK�VXE�GLDSKUDJP��DQG��E��VKHDU�FRQQHFWRU�VOLGLQJ�DW�FHQWHU�RI�HDFK�VXE�GLDSKUDJP��$V�VHHQ�LQ�)LJ��$��
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��D�� WKH�FKRUGV� UHPDLQ�HODVWLF�DW�QHDUO\�HYHU\� MRLQW��DV�GHVLUHG� LQ�DQ�('2�GHVLJQ��7KH�H[FHSWLRQ� LV� WKH�
SHULPHWHU�FKRUG�RQ�WKH��VW�IORRU�IODW�FR�OLQHDU�ZLWK�WKH��XS���UDPS�HQG��VHH�EOXH�GRWV�RQ�ULJKW�KDQG�VLGH�RI�
WKH�SORW���7KLV�PLQRU�H[FHHGLQJ�RI�FKRUG�\LHOG�GHIRUPDWLRQ��������”��ZDV�FRQVLGHUHG�DFFHSWDEOH���
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6KHDU�VOLGLQJ�
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)LJ��$������'LDSKUDJP�UHLQIRUFHPHQW�GHIRUPDWLRQ�GHPDQGV���D��FKRUG�RSHQLQJ���E��VKHDU�VOLGLQJ��

�
7KH�VKHDU�FRQQHFWRUV�H[KLELW�HODVWLF�VOLGLQJ�UHVSRQVH�H[FHSW�D�VLQJOH� MRLQW� LQ�WKH� WRS�IORRU�UDPS�

ODQGLQJ� UHJLRQ� ZLWK� PLQRU� LQHODVWLF� GHIRUPDWLRQ� ���” �OLJKW� EOXH� GRW� LQ )LJ�� $����E)�� 7KLV� LQHODVWLF�
GHPDQG�LV�FDXVHG�E\�D�QRQ�XQLIRUP�GLVWULEXWLRQ�RI�VOLGLQJ�GHPDQG�DORQJ�WKH�MRLQW�DV�VKRZQ�LQ�)LJ��$���D��
$V�VHHQ��IRXU�FRQQHFWRUV�QHDU�WKH�FHQWHU�RI�MRLQW�\LHOG�LQ�VKHDU��ZKLOH�WKH�RWKHU�FRQQHFWRUV�UHPDLQ�HODVWLF��
)LJXUH� $����E� VKRZV� WKH� VKHDU�VOLGLQJ� K\VWHUHWLF� UHVSRQVH� RI� WKH� KLJKHVW� ORDGHG� FRQQHFWRU�� 7KLV�
FRQQHFWRU�LV�PRGHOHG�ERWK�ZLWK�F\FOLF�GHJUDGDWLRQ�DQG�VKHDU�WHQVLRQ�FRXSOLQJ��UHIHU�WR�Sec. A2-2����

7KH�UHVXOWV� LQ�$����E�LQGLFDWH�RQO\�PLQRU�VWUHQJWK�GHJUDGDWLRQ��UDWKHU� WKDQ�FRPSOHWH�FRQQHFWRU�
IDLOXUH�� 7KXV�� WKH� LQHODVWLF� VKHDU� VOLGLQJ� UHVSRQVH� RI� WKH� -9,� 9HFWRU� FRQQHFWRUV� LV� VXIILFLHQWO\�
DFFRPPRGDWHG�� ,W� LV�QRWHG� WKDW�RWKHU� VKHDU�FRQQHFWRUV�PD\�QRW�KDYH� WKLV� OHYHO�RI�SODVWLF� UHGLVWULEXWLRQ��
DQG� FRXOG� LQVWHDG� ³XQ]LS´��*LYHQ� WKH� ORFDOL]HG� QDWXUH� DQG�PRGHVW� YDOXHV� RI� WKH� LQHODVWLF� GHPDQG�� WKLV�
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EHKDYLRU�ZDV�FRQVLGHUHG�DFFHSWDEOH��7KH�VKHDU�SHUIRUPDQFH�RI�FRQQHFWRUV�XQGHU�KLJK�WHQVLRQ��H�J��GXH�WR�
FROOHFWRU�DFWLRQV��LV�DQ�LPSRUWDQW�DVSHFW��DV�FRYHUHG�ODWHU�LQ�$SSHQGL[�$���6HH�6HFWLRQ�$�������
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)LJ��$������-RLQW�VOLGLQJ�GHPDQG���D��SURILOH�DW�UDPS�ODQGLQJ�RI��WK�IORRU���E��+\VWHUHVLV��
$Q�H[SDQVLRQ�MRLQW�EHWZHHQ�WKH��VW�IORRU�UDPS�DQG�IRXQGDWLRQ�SHUPLWV�UHODWLYH�GLVSODFHPHQW�RI�WKH�

SUHFDVW� XQLWV� WR� WKH� FDVW�LQ�SODFH� UDPS� VWXE�� )LJXUH� $����� VKRZV� GLVSODFHPHQW� WLPH� KLVWRULHV� DW� WKH�
H[SDQVLRQ� MRLQW��0D[LPXP�GLVSODFHPHQW� GHPDQGV� DW� WKH� H[SDQVLRQ� MRLQW� DUH� VLJQLILFDQW� ����”� RSHQLQJ��
���” VOLGLQJ���DQG�PXVW�EH�DFFRXQWHG�WR�DYRLG�IDLOXUH�HOVHZKHUH�LQ�WKH�GLDSKUDJP���
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IRXQGDWLRQ�

�VW�)ORRU�

3UHFDVW�XQLWV�
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6ODE�

([SDQVLRQ�MRLQW�

2SHQLQJ� 6OLGLQJ

2SHQLQJ�

6OLGLQJ�

�
)LJ��$������([SDQVLRQ�MRLQW�UHVSRQVH���D��RSHQLQJ���E��VOLGLQJ�

�
� 1H[W��WKH�FRQQHFWLRQ�GHPDQGV�RQ�WKH�LQWHULRU�EHDPV�OLQHV�DUH�FRQVLGHUHG��7KH�EHDP�OLQHV�LQFOXGH�
WKUHH� GLVWLQFW� FRQQHFWLRQV�� ���� GLDSKUDJP�WR�LQWHUQDO� EHDP� FRQQHFWLRQV� �DQJOHG� EDU�SODWH� FRQQHFWRUV�
EHWZHHQ�WKH�'7�XQLWV�DQG�WKH�,7�EHDP�IODQNLQJ�WKH�UDPS�ODQGLQJ�������GLDSKUDJP�WR�OLWHZDOO�FRQQHFWLRQV�
RQ�WKH�SDUNLQJ�IODW�VLGH��DQJOHG�EDU�SODWH�FRQQHFWRUV�EHWZHHQ�WKH�OLWHZDOO�DQG�'7���DQG������GLDSKUDJP�WR�
OLWHZDOO�FRQQHFWLRQV�RQ�WKH�SDUNLQJ�UDPS�VLGH��VORWWHG�KROH�VWHHO�DQJOH�FRQQHFWRUV����
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)LJ��$������,QWHUQDO�EHDP�OLWHZDOO�FRQQHFWRU�PD[LPXP�GHIRUPDWLRQ�GHPDQGV��

7KH� ILUVW� VHW� RI� FRQQHFWLRQV� DUH� GHVLJQHG� IRU� WULEXWDU\� VKHDU� 94�,� ZLWK� WKH�:9� IDFWRU� DQG� WKH�
D[LDO�PRPHQW�UHDFWLRQV��6HH�3$57����([DPSOH��$���7KH�VHFRQG�VHW�RI�FRQQHFWLRQV�DUH�GHVLJQHG�DV� WKH�
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GLDSKUDJP�WR�/)56� FRQQHFWLRQV� LQ� WKH� ORQJLWXGLQDO� GLUHFWLRQ�� DQG� DUH� WKHUHIRUH� GHVLJQHG� IRU� WKH�
GLDSKUDJP� VKHDU� UHDFWLRQ� LQFOXGLQJ� WKH� :9� IDFWRU� �6HH� 3$57� ��� ([DPSOH� �$��� 7KH� ILQDO� VHW� RI�
FRQQHFWLRQV�DUH�FRPSOLDQW�FRQQHFWRUV��VHH�6HF��$�������WKDW�SHUPLW�UHODWLYH�VOLGLQJ�GXH�WR�WKH�VORWWHG�KROHV�
DQG� RSHQLQJ� GHIRUPDWLRQ� GXH� WR� WKH� IOH[LEOH� DQJOH� FRQQHFWLRQ�� WKHUHE\� PLWLJDWLQJ� WKH� SRWHQWLDO� IRU�
LQFRPSDWLEOH�GLVSODFHPHQWV�RI�WKH�UDPSV�DQG�WKH�IODWV�VXEMHFWLQJ�WKH�OLWHZDOOV�WR�VHYHUH�LQWHUQDO�IRUFHV���

)LJXUH�$�����VKRZV�WKH�PD[LPXP�GHIRUPDWLRQ�GHPDQGV�IRU�FRQQHFWLRQV�DORQJ�WKH�LQWHULRU�EHDP�
OLQHV�RI�WKH�SDUNLQJ�VWUXFWXUH��7KH�SORWV�VKRZ��RSHQLQJ�RI�WKH�EHDP�OLQH�MRLQW��OHIW�KDQG�SORWV���DQG�VOLGLQJ�
DORQJ�WKH�EHDP�OLQH�MRLQW��ULJKW�KDQG�SORWV���IRU�ERWK�WKH�QRUWK��XSSHU�SORWV��DQG�VRXWK��ORZHU�SORWV��EHDP�
OLQHV��(DFK�SORW�JURXS�VKRZV�WKH�MRLQW�RSHQLQJ�RQ�HLWKHU�VLGH�RI� WKH�EHDP�OLQH��LQQHU�DQG�RXWHU�IDFHV��� ��
(DFK�SORW�VKRZV�WKH�UHVXOWV�IRU�IORRUV������7KH�FRQQHFWRU�GHPDQGV�DW�WKH�EHDP�OLQHV�RQ�WKH��VW�IORRU�DUH�
DPSOLILHG�EHFDXVH�RI�WKH�DIRUHPHQWLRQHG�H[SDQVLRQ�MRLQW��GLVFXVVHG�LQ�Section A2.4.5����

)LUVW�� WKH�FRQQHFWLRQV�RQ�HLWKHU�IDFH�RI�WKH�OLWHZDOOV�FDQ�EH�H[DPLQHG�E\�IRFXVLQJ�RQ�WKH�YDOXHV�
EHWZHHQ�x/L  ���� DQG����� LQ� WKH�)LJ��$����D�SORWV��$V� VHHQ�� WKH� FRPSOLDQFH� RI� WKH� FRQQHFWLRQV�RQ� WKH�
UDPS�VLGH��ORZHU�RI�WKH�WZR�SORWV�LQ�)LJ��$����D��SURYLGHV�WKH�LQWHQGHG�RXWFRPH�RI�UHGXFLQJ�WKH�GHPDQGV�
RQ� WKH� FRQQHFWLRQV� WR� WKH� SDUNLQJ� IODW� VLGH� �XSSHU� RI� WKH� WZR� SORWV� LQ� )LJ�� $����D��� 7KHVH� FRPSOLDQW�
FRQQHFWLRQV� DUH� VHHQ� WR� UHTXLUH� DSSUR[LPDWHO\�ó”� RI� ERWK� VOLGLQJ� DQG�RSHQLQJ�GHIRUPDWLRQ� FDSDFLW\� WR�
DFFRPPRGDWH�WKH�UHODWLYH�PRYHPHQW�DQWLFLSDWHG�LQ�D�0&(�HYHQW���

%\�H[DPLQLQJ�WKH�XSSHU�RI�WKH�WZR�SORWV�LQ�ERWK�)LJ��$����D�E��LW�LV�VHHQ�WKDW�DOPRVW�DOO�WKH�ORDG�
FDUU\LQJ� GLDSKUDJP�WR�OLWHZDOO� /)56� FRQQHFWLRQV� DUH� DOO� ZHOO� ZLWKLQ� WKHLU� HODVWLF� UDQJH�� VKRZLQJ� WKH�
JHQHUDO�HIILFDF\�RI�WKH�GLDSKUDJP�WR�/)56�GHVLJQ�DSSURDFK��6HH�6HF������%�LQ�3$57�����+RZHYHU��LW�LV�
QRWHG�WKDW�RQH�FRQQHFWRU�RQ�HDFK�OLWHZDOO�DW�WKH��QG�IORRU�XQGHUJRHV�ORFDOL]HG�\LHOGLQJ�GXH�WR�VOLGLQJ��7KLV�
UHVXOW�LV�GXH�WR�D�WZLVWLQJ�HIIHFW�XQGHU�ORQJLWXGLQDO�ORDGLQJ��+RZHYHU��JLYHQ�WKH�KLJKO\�ORFDOL]HG�QDWXUH�RI�
WKH� LQHODVWLF� DFWLRQ�� DQG� WKH� PRGHVW� LQHODVWLF� GHPDQGV�� LW� LV� DVVXPHG� WKDW� WKH� OLWHZDOO� FRQQHFWRUV� FDQ�
UHGLVWULEXWH�WKHVH�IRUFHV�DQG�WKH�RYHUDOO�GLDSKUDJP�WR�/)56�FRQQHFWLRQ�ZLOO�EH�DEOH�WR�WUDQVIHU�WKH�ORDGV���

1H[W��WKH�GLDSKUDJP�WR�,7�EHDP�FRQQHFWRUV�FDQ�EH�H[DPLQHG�E\�IRFXVLQJ�RQ�WKH�YDOXHV�RXWVLGH�RI�
x/L  ���� WR� ���� LQ� WKH� )LJ�� $����D�E� SORWV�� 7KHVH� UHVXOWV� LQGLFDWH� WKDW� ERWK� WKH� RSHQLQJ� DQG� VOLGLQJ�
GHPDQGV�JURZ�IRU�FRQQHFWRUV�DV�RQH�PRYHV�LQZDUG�DORQJ�WKH�,7�EHDP��VPDOO�GHPDQGV�DW�WKH�,7�EHDP�HQG�
DW�WKH�SHULPHWHU�VKHDU�ZDOO��ODUJH�GHPDQGV�DW�WKH�,7�EHDP�LQQHU�HQG�DW�WKH�UDPS�WHUPLQDWLRQ���7KH�UHDVRQ�
IRU�WKLV�WUHQG�LV�WKH�QDWXUH�RI�WKH�HQG�PRPHQW�DQG�VKHDU�IORZ�DFWLRQV�DFURVV�WKH�,7�MRLQW��WHUPHG�³VHDP´��
GXH�WR�WKH�EHQGLQJ�RI�WKH�QRUWK�IODW�VXE�GLDSKUDJP��DV�KDV�EHHQ�GHVFULEHG�SUHYLRXVO\�LQ��)OHLVFKPDQ�HW�DO��
�������$V�VHHQ�LQ�)LJ��$����D�E��ERWK�WKH�RSHQLQJ�DQG�VOLGLQJ�GHPDQGV�DW�WKH�EHDP�LQQHU�UHJLRQV�\LHOG��
VOLJKWO\�RQ�WKH�XS�UDPS��ULJKW�KDQG��VLGH��EXW�VLJQLILFDQWO\�RQ�WKH�GRZQ�UDPS��OHIW�KDQG��VLGH��

,W�LV�LPSRUWDQW�WR�FRQVLGHU�WKH�FDSDFLW\�RI�WKH�,7�EHDP�FRQQHFWRUV�WR�DFFRPPRGDWH�WKHVH�GHPDQGV�
ORFDOO\�� WKH� UDPLILFDWLRQV� RI� D� ORFDO� IDLOXUH�� LQFOXGLQJ� WKH� LPSDFW� RQ� WKH� JOREDO� SHUIRUPDQFH� RI� WKH�
GLDSKUDJP�DV�SUHVHQWHG�LQ�)LJV��$����WR�$������7KHVH�FRQQHFWRUV�ZHUH�SURYLGHG�WKH�FKDUDFWHULVWLFV�RI�WKH�
DQJOH� EDU�SODWH� FRQQHFWRU�� EXW� XQOLPLWHG� LQHODVWLF� GHIRUPDWLRQ� FDSDFLW\�� %DVHG� RQ� WKH� WHVWLQJ� RQ� WKLV�
FRQQHFWLRQ��3LQFKLHUD�HW�DO���������LW�LV�XQFOHDU�LI�WKH�FXUUHQW�DQJOH�EDU�SODWH�FRQQHFWRU�FDQ�DFFRPPRGDWH�
WKHVH�GHPDQGV� �PD[LPXP�RSHQLQJ�RI�����”� DQG� VOLGLQJ�RI�����”� DW� D� FRLQFLGHQW� ORFDWLRQ�� RFFXUULQJ�RQ�
HDFK�VLGH�RI� WKH� ,7�EHDP���$Q� LPSURYHG�FRQQHFWRU�RU�D�SRXU�VWULS�DORQJ� WKH� ,7�EHDP�ZLWK�GRZHOV�ZLOO�
SURYLGH�WKLV�SHUIRUPDQFH���'HVLJQ�UHFRPPHQGDWLRQV�IRU�WKHVH�FRQQHFWRUV�DUH�GLVFXVVHG�LQ�6HFWLRQ�$�������

,Q�FRPSDULQJ�WKH�QRUWK��SORWV�D�E��DQG�VRXWK�EHDP�OLQHV��SORWV�F�G���LW�LV�VHHQ�WKDW�ZKLOH�GHPDQGV�
DUH�VLPLODU��PD[LPXP�GHPDQGV�RFFXU�RQ�WKH�GRZQ�UDPS�VLGH�LQ�WKH�QRUWK�EXW�RQ�WKH�XS�UDPS�VLGH�IRU�WKH�
VRXWK��LQGLFDWLQJ�D�WRUVLRQDO�UHVSRQVH�PRGH��GXH�LQ�SDUW�WR�WKH�EL�GLUHFWLRQDO�JURXQG�PRWLRQ�FRPSRQHQWV��

1H[W�FRQVLGHU�WKH�GHPDQGV�RQ�WKH�GLDSKUDJP�WR�/)56�FRQQHFWLRQV�IRU�WKH�WUDQVYHUVH�VKHDU�ZDOOV��
)LJXUH�$�����VKRZV�WKH�PD[LPXP�GLDSKUDJP�WR�/)56�FRQQHFWRU�GHIRUPDWLRQ�GHPDQGV�IRU�DOO�IRXU�ZDOOV�
�UHIHU�WR�)LJ��$���D���7KH�YDOXH�SORWWHG�LV�WKH�ODUJHVW�RSHQLQJ�DQG�VOLGLQJ�GHPDQG�RQ�DQ\�VLQJOH�FRQQHFWRU�
RI�WKH�JURXS�RI����FRQQHFWRUV�WKDW�FRPSULVH�WKH�GLDSKUDJP�WR�/)56�FRQQHFWLRQ�DW�D�VLQJOH�ZDOO��)LUVW�QRWH�
LQ�)LJ��$����D�WKDW�WKH�RSHQLQJ�GHPDQGV�LQGLFDWH�DOO�FRQQHFWRUV�DUH�ZHOO�ZLWKLQ�WKH�HODVWLF�UDQJH�GXH�WR�
�ORQJLWXGLQDO��D[LDO�IRUFHV�LQ�WKH�GLDSKUDJP�DQG�WKH�LQ�SODQH�PRPHQW�DFWLQJ�RQ�WKH�ZDOO��7KLV�LPSOLHV�WKDW�
WKH� OLWHZDOOV� VXFFHVVIXOO\� OLPLW� WKH� RUWKRJRQDO� IRUFH� GHPDQGV� RQ� WKH� ZDOO�� DQG� WKDW� WKH� RXW�RI�SODQH�
IOH[LELOLW\�RI�WKH�VKHDU�ZDOO�LV�VXIILFLHQW�WR�OLPLW�WKH�RSHQLQJ�GHPDQGV�RQ�WKH�FRQQHFWRU��1RZ�PRYLQJ�WR�



�&�$���

)LJ��$����E��LW�LV�VHHQ�WKDW�WKH�VOLGLQJ�GHIRUPDWLRQ�GHPDQGV�DUH�ZLWKLQ�WKH�HODVWLF�UDQJH�DW�HYHU\�ORFDWLRQ�
H[FHSW� IRU� WKH� 6:� ZDOO� DW� WKH� �WK� IORRU� �DGMDFHQW� WR� WKH� URRI� OHYHO� GRZQ�UDPS� ODQGLQJ��� 7KLV� � VOLJKW�
\LHOGLQJ�LV�GXH�WR�D�QRQ�XQLIRUP�GLVWULEXWLRQ�LQ�VOLGLQJ��7KXV��WKH�HIILFDF\�RI�WKH�GHVLJQ�RI�WKH�GLDSKUDJP�
WR�/)56�FRQQHFWLRQV��LQFOXGLQJ�ERWK�<(�DQG�:��VHHPV�JLYHQ�WKH�ORFDOL]HG�DQG�OLPLWHG�PDJQLWXGH�RI�WKH�
LQHODVWLF� GHIRUPDWLRQ� GHPDQGV�� 7KH� GLDSKUDJP�WR�/)56� FRQQHFWRU� UHVSRQVHV� DUH� VKRZQ� DQG� GHVLJQ�
UHFRPPHQGDWLRQV�DUH�GLVFXVVHG�LQ�6HFWLRQ�$�������
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�
)LJ��$������'LDSKUDJP�WR�/)56�FRQQHFWRU�GHPDQG���D��RSHQLQJ���E��VOLGLQJ��

�
)LQDOO\��FRQVLGHU�WKH�VHFRQGDU\�GLDSKUDJP�FRQQHFWLRQV��L�H��WKH�FRQQHFWLRQV�EHWZHHQ�WKH�SUHFDVW�

IORRU�XQLWV�DQG�WKH�SHULPHWHU�VSDQGUHO�EHDPV��7KHVH�FRQQHFWLRQV�DUH�QRW�H[SOLFLWO\�SDUW�RI�WKH�GLDSKUDJP�
GHVLJQ�� EXW� WKHLU� SDUWLFLSDWLRQ� LQ� UHVSRQVH� KDV� DQ� HIIHFW� RQ� GLDSKUDJP� UHVSRQVH� �DQG� WKHUHIRUH� ZHUH�
LQFOXGHG� LQ� WKH� VKDNH� WDEOH� WHVWLQJ� DQG� WKH� DQDO\WLFDO� PRGHOLQJ��� DQG� WKH� UDPLILFDWLRQV� RI� WKHVH�
FRQQHFWLRQV�IDLOLQJ�GXULQJ�DQ�HDUWKTXDNH�PXVW�EH�FRQVLGHUHG���

)LJXUH�$����� VKRZV� WKH� VSDQGUHO� WR� GLDSKUDJP� FRQQHFWRU� GHIRUPDWLRQ� GHPDQG� DW� HYHU\� IORRU��
7KHVH�FRQQHFWRUV�DUH�DOVR�PRGHOHG�XVLQJ� WKH�SURSHUWLHV�RI� WKH�DQJOHG�EDU�SODWH�FRQQHFWRU��$V�VHHQ�� WKH�
ODUJH�PDMRULW\�RI�WKHVH�FRQQHFWRUV�UHPDLQ�ZHOO�ZLWKLQ�WKH�HODVWLF�UDQJH�LQ�WHUPV�RI�RSHQLQJ�GHIRUPDWLRQ�
�FRUUHVSRQGLQJ� WR� VOLGLQJ� RI� WKH� SUHFDVW�'7� MRLQWV���ZKLOH� KDYH�ZLGHVSUHDG� DQG� VLJQLILFDQW� \LHOGLQJ� LQ�
WHUPV� RI� VOLGLQJ� GHIRUPDWLRQ� �FRUUHVSRQGLQJ� WR� RSHQLQJ� RI� WKH� SUHFDVW� '7� MRLQWV��� 7KH� UHODWLRQVKLS�
EHWZHHQ�'7�63�GHIRUPDWLRQ�DQG�'7�'7�MRLQW�GHIRUPDWLRQ�LV�FOHDUO\�LOOXVWUDWHG�LQ�)LJ��&�����6HH�6HF������
LQ�3$57�����$V�H[SHFWHG�WKH�ODUJHVW�'7�63�FRQQHFWRU�RSHQLQJ�GHPDQGV�RFFXU�DW�WKH�VXE�GLDSKUDJP�HQGV��
ZKLOH�WKH�ODUJHVW�'7�63�FRQQHFWRU�VOLGLQJ�GHPDQGV�RFFXU�DW�WKH�VXE�GLDSKUDJP�PLG�VSDQ��$V�LQGLFDWHG�LQ�
WKH�SORW��PD[LPXP�'7�63�VOLGLQJ�GHPDQGV�RFFXU�DW�WKH�VSDQGUHO�HQGV��LQGLFDWHG�DV�FROXPQ�OLQHV�LQ�)LJ��
�������7KH�PD[LPXP�LQHODVWLF�GHIRUPDWLRQ�GHPDQGV�REVHUYHG�LQ�WKHVH�FRQQHFWRUV�DUH�DQ�RSHQLQJ�GHPDQG�
RI� �����”� DQG� VOLGLQJ� GHPDQG� RI� ����”�� )XUWKHU� GLVFXVVLRQ� RI� '7�63� FRQQHFWRU� UHVSRQVH� DQG� GHVLJQ�
UDPLILFDWLRQV�DSSHDUV�LQ�6HFWLRQ�$�������

7KH� GHVLJQ� UDPLILFDWLRQV� RI� WKHVH� LQHODVWLF� GHPDQGV� DUH� FRQVLGHUHG� VHFRQGDU\� VLQFH� WKH� GHVLJQ�
SURFHGXUH� GRHV� QRW� FRXQW� IRU� DQ\� IRUFH� WUDQVIHUULQJ� WKURXJK� WKH� VSDQGUHO�� +RZHYHU�� D� VXIILFLHQW�
GHIRUPDWLRQ�GXFWLOLW\�FDSDFLW\�RI�'7�63�FRQQHFWRU�KDV�WR�EH�SURYLGHG�WR�DYRLG�SRWHQWLDO�XQVHDWLQJ�DIWHU�
WKH�IUDFWXUH�RI�WKLV�FRQQHFWRU��7KH�UHFRPPHQGHG�GHIRUPDWLRQ�GXFWLOLW\�FDSDFLW\�KDV�EHHQ�PDGH�EDVHG�RQ�
WKH�DQDO\WLFDO�VWXG\�UHVXOWV�GLVFXVVHG�LQ�WKLV�VHFWLRQ��3$57���DSSHQGL[�$���DQG�LV�VKRZQ�LQ�6HF��$�������
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1RUWK�2SHQLQJ� 6OLGLQJ� &ROXPQ�OLQHV

�
)LJ��$������6SDQGUHO�WR�GLDSKUDJP�FRQQHFWRU�GHIRUPDWLRQ�GHPDQG���D��RSHQLQJ���E��VOLGLQJ�

�
7KH� IROORZLQJ� FRQFOXVLRQV� DUH�PDGH� EDVHG� RQ� WKH� DQDO\WLFDO� UHVXOWV� IRU� WKH� ��VWRU\� H[WHULRU�ZDOO�

SDUNLQJ� JDUDJH� 6'&�&� ('2� GHVLJQ� �'HVLJQ� IRXQG� LQ� ([DPSOH� �$� RI� 3$57��� XQGHU� D� EL�GLUHFWLRQDO�
0&(�KD]DUG�OHYHO�JURXQG�PRWLRQ��

�
���� 7KH�WRWDO�IORRU�LQHUWLDO�IRUFH�GHPDQGV�DW�HDFK�OHYHO�DUH�FRQVHUYDWLYHO\�SUHGLFWHG�E\�WKH�('2�GHVLJQ�

IRUFH�<()'[��:KHQ�WKHVH�IRUFHV�DUH�FRQVLGHUHG�RQ�WKH�LQGLYLGXDO�VXE�GLDSKUDJPV��WKH�LQHUWLDO�IRUFHV�
DUH�PRUH�FORVHO\�DQG�VWLOO�FRQVHUYDWLYHO\�SUHGLFWHG�E\�<()'[��7KHVH�FRQFOXVLRQV�DSSO\�WR�ERWK�WKH�
WUDQVYHUVH�DQG�ORQJLWXGLQDO�GLUHFWLRQ��

'(6,*1�&21&/86,21��7KH�('2�GHVLJQ�IRUFH�<()'[�LV�DSSURSULDWH�IRU�WKLV�GHVLJQ�FDVH���

����7KH� YHUWLFDO� SURILOH� RI� PD[LPXP� GLDSKUDJP� LQHUWLDO� IRUFHV� DUH� UHDVRQDEO\� SUHGLFWHG� E\� WKH� D[�
SDWWHUQ�IRU�ORZ�ULVH�SDUNLQJ�VWUXFWXUHV��L�H��PD[LPXP�DW�WKH�WRS�OHYHO�DQG�D�FRQVWDQW�ORZHU�YDOXH�DW�
WKH�UHPDLQLQJ�IORRUV��

'(6,*1�&21&/86,21��7KH�GLDSKUDJP�IRUFH�YHUWLFDO�GLVWULEXWLRQ�IDFWRU�D[��LV�DSSURSULDWH�IRU��
WKLV�GHVLJQ�FDVH���

���� 7KH�GLDSKUDJP�GHVLJQ�LQWHUQDO�IRUFHV�XVLQJ�WKH�)%'�PHWKRG��6HH�6HF�����%�LQ�3$57����VKRZ�JRRG�
DJUHHPHQW�ZLWK�WKH�G\QDPLF�DQDO\VLV�UHVXOWV��
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'(6,*1�&21&/86,21�� )RU� WKLV� GHVLJQ� H[DPSOH�� WKH� )%'�PHWKRG� SURYLGHV�PRUH� DFFXUDWH�
IRUFH�SDWWHUQV�DQG�PRUH�HFRQRPLFDO�GHVLJQV�WKDQ�WKH�KRUL]RQWDO�EHDP�
PHWKRG���

���� 7KH�PRPHQW��D[LDO�DQG�VKHDU�LQWHUDFWLRQ�GHPDQG�UHDVRQDEO\�IROORZV�WKH�H[SHFWHG�GHVLJQ�LQWHUDFWLRQ�
HTXDWLRQ��(TQ�����RI�3$57�����

���'(6,*1�&21&/86,21��7KH�LQWHUDFWLRQ�HTXDWLRQ�VHHPV�DGHTXDWH�IRU�GHVLJQ����

����'LDSKUDJP� UHLQIRUFHPHQW� GHPDQGV� DUH�ZLWKLQ� WKH� GHVLJQ� WDUJHW� �HODVWLF� EHKDYLRU� LQ� WKH�0&(�� DW�
PRVW� GLDSKUDJP� MRLQWV�� 7KH� ORFDOL]HG�� PLQRU� LQHODVWLF� GHPDQGV� DW� D� KDQGIXO� RI� MRLQWV� ZHUH�
FRQVLGHUHG�DFFHSWDEOH����

��'(6,*1�&21&/86,21��7KH�HODVWLF�GLDSKUDJP�GHVLJQ�WDUJHW�ZDV�PHW�IRU�WKLV�('2�GHVLJQ��
� � � �����XVLQJ�<(�DQG�:Y(����

���� /DUJH�GHIRUPDWLRQ�GHPDQGV�DUH�REVHUYHG�DW�WKH�H[SDQVLRQ�MRLQW�DQG�DW�WKH�IOH[LEOH�DQJOH�FRQQHFWRUV�
EHWZHHQ�WKH�OLWHZDOO�DQG�WKH�UDPS�GLDSKUDJP��

����6LJQLILFDQW�LQHODVWLF�GHIRUPDWLRQ�GHPDQG�LV�REVHUYHG�DW�WKH�GLDSKUDJP�WR�OLWHZDOO�FRQQHFWRUV�QHDU�
WKH�H[SDQVLRQ�MRLQW��

����'LDSKUDJP�WR�/)56�FRQQHFWLRQ�UHPDLQV�HODVWLF�DW�PRVW�ORFDWLRQV�H[FHSW�D�PLQRU�ORFDOL]HG�VOLGLQJ�
\LHOG�DW�RQH�ORFDWLRQ��VRXWK�ZHVW�ZDOO�DW�WRS�IORRU���

��'(6,*1�&21&/86,21��7KH�/)56�GHVLJQ�XVLQJ�<(�DQG�:Y(�LV�GHHPHG�DFFHSWDEOH����

����<LHOG� GHIRUPDWLRQ�RFFXUV� LQ� WKH� LQWHUQDO� EHDP�DQG� WKH� VSDQGUHO� EHDP� WR� GLDSKUDJP�FRQQHFWLRQV��
5HFRPPHQGDWLRQV�DUH�SURYLGHG�LQ�VHF��$�������
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$��������)RXU�VWRU\�SDUNLQJ�JDUDJH�Z�H[WHULRU�VKHDU�ZDOO��6'&�&�%'2��([DPSOH��%��
7KH�VHFRQG�SURWRW\SH�VWUXFWXUH�GLDSKUDJP�GHVLJQ�HYDOXDWLRQ�LQYROYHV�D�6'&�&�%'2�GLDSKUDJP�

GHVLJQ� RSWLRQ� IRU� WKH� VDPH� ��VWRU\� H[WHULRU� VKHDU� ZDOO� SDUNLQJ� JDUDJH� IURP� WKH� SUHYLRXV� VHFWLRQ�� 7KH�
HDUWKTXDNH�VLPXODWLRQ� LV�1/7'$�XQGHU�EL�GLUHFWLRQDO�FRPSRQHQWV�RI�D�0&(�OHYHO�JURXQG�PRWLRQ��7KH�
SURWRW\SH� VWUXFWXUH� GLDSKUDJPV� DUH� GHVLJQHG� XVLQJ� WKH� 3$57� �� GHVLJQ� SURFHGXUH�� DV� GHVFULEHG� LQ�
([DPSOH��%�RI�3$57�����

7KH�GLDSKUDJP�GHVLJQ�SURGXFHG�LQ�([DPSOH��%��3$57���LV�VKRZQ�LQ�)LJXUH�$������7KH�FKRUG�
UHLQIRUFHPHQW�VKRZQ�LQ�ULJKW�SDUW�DQG�VKHDU�UHLQIRUFHPHQW�VKRZQ�LQ�OHIW�SDUW��VLQFH�WKH�GLDSKUDJP�GHVLJQ�
LV�V\PPHWULF�DFURVV�WKH�GLDSKUDJP�VSDQ���7KH�GLDSKUDJP�UHLQIRUFHPHQW�LQGLFDWHG�LQ�)LJ��$�����LV�IRU�WKH�
WRS� IORRU�� WKH�GHVLJQ� IRU� WKH�RWKHU� IORRUV� LV� LQGLFDWHG� LQ�SDUHQWKHVHV� LI�GLIIHUHQW� IURP� WKH� WRS� IORRU��7KH�
SUHWRSSHG�GLDSKUDJP�LV�GHWDLOHG�ZLWK�PRGHUDWH�GHIRUPDELOLW\�HOHPHQW�RU�0'(�UHLQIRUFHPHQW��IODW�SODWH�
FKRUG� FRQQHFWRUV� DQG� -9,� 9HFWRU� IODQJH�WR�IODQJH� FRQQHFWRUV� UHVSHFWLYHO\� IRU� IOH[XUH� DQG� VKHDU�
UHLQIRUFHPHQW���7KH�GLDSKUDJP�GHVLJQ�IDFWRUV�DUH�<'� �����DQG�:Y%� ������7KH�GLDSKUDJP�GHVLJQ�IRUFH�
SURILOH�LV�GHWHUPLQHG�XVLQJ�WKH�GLDSKUDJP�IRUFH�YHUWLFDO�GLVWULEXWLRQ�IDFWRU�D[���

7KH� GLDSKUDJP�WR�/)56� FRQQHFWLRQ� LV� DQJOH� EDU� FRQQHFWRUV� GHVLJQHG� IRU� WKH� WULEXWDU\� VKHDU� DW�
HDFK� VKHDU�ZDOO�� �7KH�GLDSKUDJP� WR� OLWHZDOO� FRQQHFWLRQ�RQ� WKH� SDUNLQJ� IODWV� LV� WKH� DQJOH� EDU� FRQQHFWRU�
GHVLJQHG� IRU� WULEXWDU\� VKHDU� DQG� D[LDO� IRUFH�� � 7KH� OLWHZDOO�WR�UDPS� FRQQHFWLRQ� LV� ò´� VWHHO� DQJOHV� ZLWK�
VORWWHG�KROHV�IRU�FRPSOLDQFH��7KH�VSDQGUHO�WR�'7�FRQQHFWLRQ�DQG�,7�WR�'7�FRQQHFWLRQ�LV�DOVR�DQJOH�EDU�
FRQQHFWRUV�� ��7KH� ,7�WR'7�FRQQHFWLRQV�DUH�GHVLJQHG� IRU� WKH� WULEXWDU\� VKHDU�DQG�D�SRUWLRQ�RI�GLDSKUDJP�
LQHUWLD�IRUFH�IURP�WKH�RXWHU��IODW��VXE�GLDSKUDJPV�WR�WKH�VKHDU�ZDOO��7KHVH�UHLQIRUFHPHQW�GHWDLOV�DUH�DOVR�
VKRZQ�LQ�)LJ��$�����DQG�GLVFXVVHG�LQ�GHWDLO�LQ�GHVLJQ�H[DPSOH��%�RI�3$57����
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���-9,���-9,

��������-9,

&XW�RII���� &XW�RII���������

��-9,���-9,

��������

1RUWK�6RXWK

5DPS

&XW�RII����

����������-9,

���-9, ��������

&XW�RII����

��������

���DQJOHG�EDU
������SHU�SDQHO

6KHDU�UHLQIRUFHPQW &KRUG�UHLQIRUFHPQW

����������
DQJOHG�EDU
FRQQHFWRU

����DQJOHG�EDU�WR�IODW
�
���$QJOH�WR�UDPS

����DQJOHG�EDU

�
)LJ��$������'LDSKUDJP�UHLQIRUFHPHQW�GHVLJQ�IRU�GHVLJQ�H[DPSOH��%��

7KH�%'2�GHVLJQ�WDUJHW�LV�LQHODVWLF�GHIRUPDWLRQ�GHPDQGV�LQ�WKH�0&(�ZLWKLQ�WKH�0'(�DOORZDEOH�
GHIRUPDWLRQ�RI����”��$V�VXFK�� LW� LV�QRW�H[WUHPHO\�XVHIXO� WR�SORW� WKH�YHUWLFDO�IRUFH�SURILOHV�RU� WKH�0�9�1�
LQWHUQDO�IRUFH�LQWHUDFWLRQ�SORWV�LQ�WKH�0&(�IRU�WKH�%'2�GHVLJQ�VLQFH�WKH�GLDSKUDJPV�DUH�LQWHQGHG�WR�UHDFK�
WKHLU� LQHODVWLF� UHJLPH�� DQG� WKXV� WKHVH� IRUFHV� DUH� OLPLWHG� E\� WKH� GLDSKUDJP�GHVLJQ� VWUHQJWK�� ,QVWHDG�� WKH�
SHUWLQHQW� PHDVXUH� IRU� GHWHUPLQLQJ� WKH� DGHTXDF\� RI� WKH� GHVLJQ� DUH� GHIRUPDWLRQ� GHPDQGV�� ���� FKRUG�
RSHQLQJ� GHPDQGV�� ZKLFK� FDQ� EH� FRPSDUHG� WR� WKH� 0'(� DOORZDEOH� YDOXHV�� DQG� ���� MRLQW� VOLGLQJ�
GHIRUPDWLRQV� �UHODWLYH� WUDQVYHUVH�PRWLRQ� RI� XQLWV� IODQNLQJ� WKH� MRLQW��� WKDW� FDQ� EH� FRPSDUHG� WR� WKH� MRLQW�
sliding \LHOG�deformation���

�
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<LHOG�RSHQLQJ� �

0'(�DOORZDEOH� �

1RUWK�

�
)LJ��$������'LDSKUDJP�UHLQIRUFHPHQW�GHIRUPDWLRQ�GHPDQGV���D��FKRUG�RSHQLQJ���E��VKHDU�VOLGLQJ��

�
)LJXUH�$�����VKRZV�WKH�PD[LPXP�GHPDQGV�DW�HYHU\�GLDSKUDJP�MRLQW�LQ�WKH�VWUXFWXUH�IRU���D��WKH�

FKRUG�RSHQLQJ�DW� WKH� WRS�DQG�ERWWRP�RI�HDFK�VXE�GLDSKUDJP��DQG� �E�� WKH� VKHDU�FRQQHFWRU� VOLGLQJ�DW� WKH�
FHQWHU�RI�HDFK�MRLQW��,QGLFDWHG�LQ�SORW��D��LV�WKH�\LHOG�RSHQLQJ�GHIRUPDWLRQ��SXUSOH�ODUJH�GDVKHG�OLQH��IRU�
WKH� IODW� SODWH� FKRUG� FRQQHFWRU� DQG� WKH� 0'(� DOORZDEOH� GHIRUPDWLRQ� �UHG� VPDOO� GDVKHG� OLQH�� XVHG� WR�
HYDOXDWH� WKH�DGHTXDF\�RI� WKH� WULDO�<'�YDOXH�XVHG� LQ� WKH�GHVLJQ�� ,QGLFDWHG� LQ�SORW� �E�� LV� WKH�\LHOG�VOLGLQJ�
GHIRUPDWLRQ�IRU�WKH�-9,�9HFWRU�FRQQHFWRU�XVHG�WR�HYDOXDWH�WKH�DGHTXDF\�RI�WKH�WULDO�:Y%�IDFWRU���

$V�VHHQ�LQ�)LJ��$����D��WKH�IODW�SODWH�FKRUG�FRQQHFWRUV�\LHOG�DW�PXOWLSOH�MRLQWV�LQ�WKH�GLDSKUDJP��
DOO� DW� FROXPQ� OLQHV�ZKHUH� WKH� VSDQGUHOV� WHUPLQDWH�� LQFOXGLQJ�� ���� WKH� WRS� IORRU�QRUWK� IODW� VXE�GLDSKUDJP�
SHULPHWHU�FKRUG�DW�MRLQWV�SDVW�PLG�VSDQ�RQ�WKH�XS�UDPS�VLGH��VHH�OLJKW�EOXH�GRWV�������DW�WKH�XSSHU�IORRUV�RI�
WKH�QRUWK�IODW�DW�WKH�MRLQW�FROOLQHDU�ZLWK�WKH�HQG�RI�WKH�UDPS�RU�UDPS�FDYLW\�RQ�WKH�XS�UDPS�VLGH��VHH�JUHHQ�
GRWV�������WKH�ORZHU�IORRUV�RI�WKH�QRUWK�IODW�DW�WKH�MRLQW�FROOLQHDU�ZLWK�WKH�HQG�RI�WKH�UDPS�RQ�WKH�XS�UDPS�
VLGH��VHH�UHG�DQG�GDUN�EOXH�GRW���DQG�����DOO�IORRUV�RI�WKH�VRXWK�IODW�DW�WKH�MRLQW�FROOLQHDU�ZLWK�WKH�HQG�RI�WKH�
UDPS�RQ� WKH�XS�UDPS�VLGH� �VHH�EODFN�GRW��$GGLWLRQDOO\��PDQ\� MRLQWV�SRVVHVV�FRQQHFWRUV�DW�RU�QHDU� WKHLU�
\LHOG� SRLQW� DV� HYLGHQFHG� IURP� UHVSRQVH� FXUYHV� QHDU� WKH� SXUSOH� GDVKHG� OLQH�� 7KH� VNHZLQJ� RI� KLJKHU�
GHPDQGV�WR�WKH�XS�UDPS�VLWH�DW�WKH�WRS�IORRU�LV�GXH�WR�&�2�0��RIIVHW�DV�GHVFULEHG�LQ�WKH�SUHYLRXV�VHFWLRQ��
2I�DOO�\LHOGHG�MRLQWV��RQO\�FDVH���DERYH�LV�QHDU�WKH�0'(�DOORZDEOH�GHIRUPDWLRQ��DQG�LQ�DOO�SODFHV�EHORZ�
WKLV�YDOXH��7KHVH�UHVXOWV�VKRZ�WKH�DGHTXDF\�RI�WKH�WULDO�<'�IDFWRU�LQ�PHHWLQJ�WKH�%'2�GHVLJQ�WDUJHW����
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� 1RZ� H[DPLQLQJ� )LJ�� $����E�� WKH� VKHDU� FRQQHFWRUV� DUH� ZLWKLQ� WKHLU� HODVWLF� UDQJH� IRU� VOLGLQJ�
GHIRUPDWLRQ� GHPDQGV� DW� DOO� MRLQWV� H[FHSW� D� VLQJOH� ORFDWLRQ�� 7KLV� ORFDWLRQ� LV� WKH� HQG� MRLQW� RI� WKH� UDPS�
ODQGLQJ�DUHD�DW�WKH�WRS�IORRU��7KLV�MRLQW�LV�VXEMHFWHG�WR�DQ�LQHODVWLF�VOLGLQJ�GHIRUPDWLRQ�RI�DSSUR[LPDWHO\�
���”��7KLV�\LHOGLQJ�LV�FDXVHG�E\�D�QRQ�XQLIRUP�GLVWULEXWLRQ�RI�WKH�VOLGLQJ�GHPDQG�DORQJ�WKH�MRLQW��VLPLODU�
WR�WKDW�VKRZQ�SUHYLRXVO\�LQ�)LJ��$����D�IRU�([DPSOH��$���

)LJXUH�$����� VKRZV� WKH� IRUFH�YV�� GHIRUPDWLRQ� IRU� WKH�PRVW� FULWLFDO� ORDGHG�� �D�� IODW� SODWH� FKRUG�
FRQQHFWRU�DQG��E��-9,�9HFWRU�VKHDU�FRQQHFWRU��7KH�LQHODVWLF�VKHDU�VOLGLQJ�UHVSRQVH�H[KLELWHG�LV�FRQVLGHUHG�
VXIILFLHQWO\� ORFDOL]HG� DQG� VPDOO� LQ� PDJQLWXGH� WR� EH� DFFRPPRGDWHG� E\� WKH� OLPLWHG� VKHDU� SODVWLF�
UHGLVWULEXWLRQ�TXDOLWLHV�RI� WKH�-9,�9HFWRU�FRQQHFWRU�RU� VLPLODU��7KXV� WKH�DGHTXDF\�RI�:9%� LV�FRQVLGHUHG�
GHPRQVWUDWHG�E\�WKH�UHVXOWV��
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�
)LJ��$������)RUFH�YV��GHIRUPDWLRQ�UHVSRQVH�IRU���D��FKRUG�FRQQHFWRU�LQ�WHQVLRQ���E��-9,�LQ�VKHDU��

�
6LPLODU� GHPDQGV� WR� WKDW� SUHVHQWHG� IRU� ([DPSOH� �$� LQ� 6HFWLRQ� ������ DUH� REVHUYHG� IRU� WKH�

GLDSKUDJP�WR�/)56�FRQQHFWLRQ��6HH�6HF�$���������WKH�GLDSKUDJP�VHFRQGDU\�FRQQHFWLRQ�LQFOXGLQJ�LQWHUQDO�
EHDP� FRQQHFWLRQ� DQG� VSDQGUHO� EHDP� FRQQHFWLRQ� �6HH� 6HF� $�������� DQG� WKH� H[SDQVLRQ� MRLQW� �6HH� 6HF�
$���������7KHVH�GHPDQGV�DUH�GLVFXVVHG�LQ�6HFWLRQ�����LQ�WKH�VHFWLRQ�QRWHG�DERYH��

%DVHG�RQ�WKH�DQDO\WLFDO�UHVXOWV�IRU� WKH�%'2�GLDSKUDJP�GHVLJQ���VWRU\�H[WHULRU�VKHDU�ZDOO�SDUNLQJ�
VWUXFWXUH� �'HVLJQ� IRXQG� LQ� ([DPSOH� �%� LQ� 3$57��� XQGHU� D� EL�GLUHFWLRQDO� 0&(� KD]DUG� OHYHO� JURXQG�
PRWLRQ��WKH�IROORZLQJ�FRQFOXVLRQV�DUH�PDGH��
���� 7KH�GLDSKUDJP�FKRUG�UHLQIRUFHPHQW�LQHODVWLF�GHIRUPDWLRQ�GHPDQGV�PHHW�WKH�GHVLJQ�WDUJHW�IRU�0&(�

OHYHO�KD]DUG��LQHODVWLF�RSHQLQJ�ZLWKLQ�WKH�0'(�DOORZDEOH�RI����”�IRU�WKH�IODW�SODWH�FKRUG�FRQQHFWRU���
� '(6,*1�&21&/86,21��7KH�%'2�GLDSKUDJP�GHVLJQ�IRUFH�<')'[�LV�DSSURSULDWH�IRU�WKLV��

� � � � GHVLJQ�FDVH���

���� 7KH�GLDSKUDJP�VKHDU�UHLQIRUFHPHQW�UHVSRQVH�PHHWV�WKH�GHVLJQ�WDUJHW�IRU�0&(�OHYHO�KD]DUG��HODVWLF�
VKHDU�UHVSRQVH���DW�DOO�GLDSKUDJP�MRLQWV�H[FHSW�RQH��7KH�\LHOG�VOLGLQJ�GHPDQG�LV�FDXVHG�E\�WKH�QRQ�
XQLIRUP�GLVWULEXWLRQ�RI�VOLGLQJ�DORQJ�GLDSKUDJP�MRLQW��

� �������'(6,*1�&21&/86,21��7KH�%'2�GLDSKUDJP�GHVLJQ�VKHDU�IRUFH�RYHUVWUHQJWK�IDFWRU��
� � � � :9%�LV�DSSURSULDWH�IRU�WKLV�GHVLJQ�FDVH���

6LPLODU�WR�WKH�FRQFOXVLRQV�IRU�([DPSOH��$��
���� 6LJQLILFDQW�RSHQLQJ�DQG�VOLGLQJ�GHIRUPDWLRQ�RFFXUV�DW�WKH�H[SDQVLRQ�MRLQW�DQG�DW�WKH�IOH[LEOH�DQJOH�

FRQQHFWRU�EHWZHHQ�WKH�OLWHZDOO�DQG�UDPS����
���� 6LJQLILFDQW�LQHODVWLF�GHIRUPDWLRQ�GHPDQG�LV�REVHUYHG�DW�WKH�GLDSKUDJP�WR�OLWHZDOO�FRQQHFWRUV�QHDU�

WKH�H[SDQVLRQ�MRLQW��
����'LDSKUDJP�WR�/)56�FRQQHFWLRQV�UHPDLQ�HODVWLF�DW�PRVW�ORFDWLRQV�H[FHSW�ORFDOL]HG�PLQRU�\LHOGLQJ�DW�

WZR�ORFDWLRQV��VRXWK�ZHVW�ZDOO�DQG�QRUWK�ZHVW�ZDOO�DW�WRS�IORRU���
����<LHOGLQJ�RFFXUV�LQ�WKH�LQWHUQDO�EHDP�DQG�VSDQGUHO�EHDP�WR�GLDSKUDJP�FRQQHFWRUV��
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$��������)RXU�VWRU\�SDUNLQJ�JDUDJH�Z�H[WHULRU�VKHDU�ZDOO��6'&�&�5'2��([DPSOH��&��
7KH� WKLUG� SURWRW\SH� VWUXFWXUH� GLDSKUDJP�GHVLJQ� HYDOXDWLRQ� LQYROYHV� D� 6'&�&�5'2�GLDSKUDJP�

GHVLJQ�RSWLRQ�IRU�WKH�VDPH���VWRU\�H[WHULRU�VKHDU�ZDOO�SDUNLQJ�JDUDJH�IURP�WKH�SUHYLRXV�WZR�VHFWLRQV��7KH�
HDUWKTXDNH�VLPXODWLRQ� LV�1/7'$�XQGHU�EL�GLUHFWLRQDO�FRPSRQHQWV�RI�D�0&(�OHYHO�JURXQG�PRWLRQ��7KH�
SURWRW\SH� VWUXFWXUH� GLDSKUDJPV� DUH� GHVLJQHG� XVLQJ� WKH� 3$57� �� GHVLJQ� SURFHGXUH�� DV� GHVFULEHG� LQ�
([DPSOH��&�RI�3$57�����

7KH�GLDSKUDJP�GHVLJQ�SURGXFHG�LQ�([DPSOH��&��3$57���LV�VKRZQ�LQ�)LJXUH�$������7KH�FKRUG�
UHLQIRUFHPHQW�VKRZQ�LQ�ULJKW�SDUW�DQG�VKHDU�UHLQIRUFHPHQW�VKRZQ�LQ�OHIW�SDUW��VLQFH�WKH�GLDSKUDJP�GHVLJQ�
LV�V\PPHWULF�DFURVV�WKH�GLDSKUDJP�VSDQ���7KH�GLDSKUDJP�UHLQIRUFHPHQW�LQGLFDWHG�LQ�)LJ��$�����LV�IRU�WKH�
WRS� IORRU�� WKH�GHVLJQ� IRU� WKH�RWKHU� IORRUV� LV� LQGLFDWHG� LQ�SDUHQWKHVHV� LI�GLIIHUHQW� IURP� WKH� WRS� IORRU��7KH�
SUHWRSSHG� GLDSKUDJP� LV� GHWDLOHG� ZLWK� KLJK� GHIRUPDELOLW\� HOHPHQW� RU� +'(� UHLQIRUFHPHQW� �FRQWLQXRXV�
FKRUG� UHLQIRUFHPHQW� LQ�D�SRXU�VWULS�DQG�-9,�9HFWRU� IODQJH�WR�IODQJH�FRQQHFWRUV� UHVSHFWLYHO\� IRU� IOH[XUH�
DQG� VKHDU� UHLQIRUFHPHQW���7KH�GLDSKUDJP�GHVLJQ� IDFWRUV� DUH�<5� ������ DQG�:Y5� � �����7KH�GLDSKUDJP�
GHVLJQ�IRUFH�SURILOH�LV�GHWHUPLQHG�XVLQJ�WKH�GLDSKUDJP�IRUFH�YHUWLFDO�GLVWULEXWLRQ�IDFWRU�D[���

7KH�GLDSKUDJP�WR�/)56�FRQQHFWLRQ� LV� VWHHO� UHLQIRUFLQJ�GRZHO�EDUV� H[WHQGLQJ� LQWR�D�SRXU� VWULS��
DQG� GHVLJQHG� IRU� WKH� WULEXWDU\� VKHDU� DW� HDFK� VKHDU�ZDOO�� � 7KH� GLDSKUDJP� WR� OLWHZDOO� FRQQHFWLRQ� RQ� WKH�
SDUNLQJ�IODWV� LV�VWHHO� UHLQIRUFLQJ�GRZHO�EDUV�H[WHQGLQJ�LQWR�D�SRXU�VWULS�GHVLJQHG�IRU� WULEXWDU\�VKHDU�DQG�
D[LDO� IRUFH�� �7KH� OLWHZDOO�WR�UDPS�FRQQHFWLRQ� LV�ò´� VWHHO� DQJOHV�ZLWK� VORWWHG�KROHV� IRU� FRPSOLDQFH��7KH�
VSDQGUHO�WR�'7� FRQQHFWLRQ� LV� WKH� DQJOH� EDU� FRQQHFWRUV�� 7KH� ,7� WR�'7� FRQQHFWLRQ� LV� VWHHO� UHLQIRUFLQJ�
GRZHO� EDUV� H[WHQGLQJ� LQWR� D� SRXU� VWULS� GHVLJQHG� IRU� WKH� WULEXWDU\� VKHDU� DQG� WKH� D[LDO�PRPHQW� VXE�
GLDSKUDJP�UHDFWLRQV�DW�WKH�,7�EHDP��7KH�,7�WR�'7�FRQQHFWLRQV�DUH�GHVLJQHG�IRU�WKH�WULEXWDU\�VKHDU�DQG�D�
SRUWLRQ� RI� GLDSKUDJP� LQHUWLD� IRUFH� IURP� WKH� RXWHU� �IODW�� VXE�GLDSKUDJPV� WR� WKH� VKHDU� ZDOO�� 7KHVH�
UHLQIRUFHPHQW�GHWDLOV�DUH�DOVR�VKRZQ�LQ�)LJ��$�����DQG�GLVFXVVHG�LQ�GHWDLO�LQ�GHVLJQ�H[DPSOH��&�RI�3$57�
���
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&XW�RII����

��������

���������EDUV
SHU�SDQHO

6KHDU�UHLQIRUFHPQW &KRUG�UHLQIRUFHPQW

�������
���EDUV

����EDUV�WR�IODW
�
���$QJOH�WR�UDPS

����EDUV

��-9,

�
)LJ��$������'LDSKUDJP�UHLQIRUFHPHQW�GHVLJQ�IRU�GHVLJQ�H[DPSOH��&��

�
7KH�5'2�GHVLJQ�WDUJHW�LV�LQHODVWLF�GHIRUPDWLRQ�GHPDQGV�LQ�WKH�0&(�ZLWKLQ�WKH�+'(�DOORZDEOH�

GHIRUPDWLRQ� RI� ���”�� $V� VXFK�� WKH� SHUWLQHQW� PHDVXUH� IRU� GHWHUPLQLQJ� WKH� DGHTXDF\� RI� WKH� GHVLJQ� DUH�
GHIRUPDWLRQ�GHPDQGV������FKRUG�RSHQLQJ�GHPDQGV��ZKLFK�FDQ�EH�FRPSDUHG�WR�WKH�+'(�DOORZDEOH�YDOXHV��
DQG� ���� MRLQW� VOLGLQJ� GHIRUPDWLRQV� �UHODWLYH� WUDQVYHUVH� PRWLRQ� RI� XQLWV� IODQNLQJ� WKH� MRLQW��� WKDW� FDQ� EH�
FRPSDUHG�WR�WKH�MRLQW�sliding \LHOG�deformation��

�
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6KHDU�VOLGLQJ�

�
)LJ��$������'LDSKUDJP�UHLQIRUFHPHQW�GHIRUPDWLRQ�GHPDQGV���D��FKRUG�RSHQLQJ���E��VKHDU�VOLGLQJ��

�
)LJXUH�$�����VKRZV�WKH�PD[LPXP�GLDSKUDJP�UHLQIRUFHPHQW�GHPDQG�DW�HYHU\�GLDSKUDJP�MRLQW�LQ�

WKH�VWUXFWXUH� IRU�� �D�� WKH�FKRUG�RSHQLQJ�DW� WKH� WRS�DQG�ERWWRP�RI�HDFK�VXE�GLDSKUDJP��DQG��E�� WKH�VKHDU�
FRQQHFWRU�VOLGLQJ�DW�WKH�FHQWHU�RI�HDFK�MRLQW��,QGLFDWHG�LQ�SORW��D��LV�WKH�\LHOG�RSHQLQJ�GHIRUPDWLRQ��SXUSOH�
ODUJH�GDVKHG�OLQH��IRU�WKH�FKRUG�UHLQIRUFHPHQW�DQG�WKH�+'(�DOORZDEOH�GHIRUPDWLRQ��UHG�VPDOO�GDVKHG�OLQH��
XVHG�WR�HYDOXDWH�WKH�DGHTXDF\�RI� WKH�WULDO�<5�YDOXH�XVHG�LQ�WKH�GHVLJQ��,QGLFDWHG�LQ�SORW��E�� LV� WKH�\LHOG�
VOLGLQJ�GHIRUPDWLRQ��SXUSOH�ODUJH�GDVKHG�OLQH��IRU�WKH�-9,�9HFWRU�FRQQHFWRU�XVHG�WR�HYDOXDWH�WKH�DGHTXDF\�
RI�WKH�WULDO�:Y5�IDFWRU��

$V�VHHQ�LQ�)LJ��$����D��WKH�FKRUG�UHLQIRUFHPHQW�\LHOGV�DW�PXOWLSOH�MRLQWV�LQ�WKH�GLDSKUDJP��DOO�DW�
FROXPQ�OLQHV�ZKHUH�WKH�VSDQGUHOV� WHUPLQDWH��LQFOXGLQJ������RQ�PXOWLSOH�IORRUV�DW�WKH�QRUWK�DQG�VRXWK�IODW�
VXE�GLDSKUDJPV�SHULPHWHU�FKRUGV�DW�MRLQWV�SDVW�PLG�VSDQ�RQ�WKH�XS�UDPS�VLGH��VHH�OLJKW�EOXH�GRWV�������RQ�
PXOWLSOH�IORRUV�RI�WKH�QRUWK�DQG�VRXWK�IODW�DW�WKH�MRLQW�FROOLQHDU�ZLWK�WKH�HQG�RI�WKH�UDPS�RQ�ERWK�WKH�XS�
UDPS�DQG�GRZQ�UDPS�VLGH��VHH�GDUN�EOXH�GRWV���DQG����� WKH� WRS�IORRU� UDPS�HQG� MRLQW�RQ� WKH�GRZQ�UDPS�
VLGH��VHH�UHG�GRWV���$GGLWLRQDOO\��PDQ\�MRLQWV�SRVVHVV�FRQQHFWRUV�DW�RU�QHDU�WKHLU�\LHOG�SRLQW�DV�HYLGHQFHG�
IURP�UHVSRQVH�FXUYHV�QHDU�WKH�SXUSOH�GDVKHG�OLQH��7KH�VNHZLQJ�RI�KLJKHU�GHPDQGV�WR�WKH�XS�UDPS�VLWH�DW�
WKH� WRS�IORRU�LV�GXH�WR� WKH�&�2�0��RIIVHW�DV�GHVFULEHG�SUHYLRXVO\��2I�DOO�\LHOGHG�MRLQWV��QRQH�H[FHHG�WKH�
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+'(�DOORZDEOH�GHIRUPDWLRQ��7KHVH�UHVXOWV�VKRZ�WKH�DGHTXDF\�RI�WKH�WULDO�<5�IDFWRU�LQ�PHHWLQJ�WKH�5'2�
GHVLJQ�WDUJHW����

1RZ� H[DPLQLQJ� )LJ�� $����E�� WKH� VKHDU� FRQQHFWRUV� DUH� ZLWKLQ� WKHLU� HODVWLF� UDQJH� IRU� VOLGLQJ�
GHIRUPDWLRQ�GHPDQGV�DW�DOO�MRLQWV�H[FHSW�WKH�VDPH�VLQJOH�ORFDWLRQ�LGHQWLILHG�LQ�([DPSOH��%��

)LJXUH� $����� VKRZV� WKH� IRUFH� YV�� GHIRUPDWLRQ� IRU� WKH� PRVW� FULWLFDO� ORDGHG�� �D�� FKRUG�
UHLQIRUFHPHQW� DQG� �E�� -9,� 9HFWRU� VKHDU� FRQQHFWRU�� 7KH� LQHODVWLF� VKHDU� VOLGLQJ� UHVSRQVH� H[KLELWHG� LV�
FRQVLGHUHG�VXIILFLHQWO\�ORFDOL]HG�DQG�VPDOO�LQ�PDJQLWXGH�WR�EH�DFFRPPRGDWHG�E\�WKH�OLPLWHG�VKHDU�SODVWLF�
UHGLVWULEXWLRQ�TXDOLWLHV�RI� WKH�-9,�9HFWRU�FRQQHFWRU�RU� VLPLODU��7KXV� WKH�DGHTXDF\�RI�:95� LV�FRQVLGHUHG�
GHPRQVWUDWHG�E\�WKH�UHVXOWV��
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�
)LJ��$������)RUFH�YV��GHIRUPDWLRQ�UHVSRQVH�IRU���D��FKRUG�FRQQHFWRU�LQ�WHQVLRQ���E��-9,�LQ�VKHDU��

�
� )LJXUH� $����� VKRZV� WKH� PD[LPXP� LQWHU�VWRU\� GULIW� SURILOH� DW� WKH� PRVW� FULWLFDO� VXE�GLDSKUDJP�
�QRUWK�RI�WRS�IORRU��LQFOXGLQJ������JUDYLW\�FROXPQ�GULIW�DW�PLGVSDQ��VROLG�EOXH�OLQH�������/)56�GULIW��VROLG�
SLQN�OLQH���DQG�����GULIW�LQGXFHG�E\�GLDSKUDJP�GHIRUPDWLRQ��VROLG�JUHHQ���$OVR�SORWWHG�LQ�WKH�)LJ��$�����LV�
WKH�FXUUHQW�FRGH�JUDYLW\�FROXPQ�0&(�OLPLW��$6&(���������DQG�WKH�GLDSKUDJP�LQGXFHG�GULIW�OLPLW�EDVHG�
RQ�WKH�GHVLJQ�SURFHGXUH��6HH�VWHS����LQ�3$57�����$V�VHHQ��WKH�JUDYLW\�FROXPQ�GULIW�LV�OHVV�WKDQ�WKH�FXUUHQW�
FRGH�OLPLW�DQG�WKH�GLDSKUDJP�LQGXFHG�GULIW�LV�OHVV�WKDQ�WKH�OLPLW�VSHFLILHG�LQ�WKH�GHVLJQ�SURFHGXUH����

�

�

�

�

�

� � � �
'ULIW����

6W
RU
\

&ROXPQ
/)56
'LDSKUDJP

0&(
OLPLW�IRU
JUDYLW\
FROXPQ
GULIW

0&(�OLPLW�IRU
GLDSKUDJP
LQGXFHG�GULIW

�
)LJ��$������0D[LPXP�LQWHU�VWRU\�GULIW�SURILOH�DW�QRUWK�VXE�GLDSKUDJP�RI�WRS�IORRU��

�
6LPLODU�GHPDQGV�WR�WKDW�SUHVHQWHG�IRU�([DPSOHV��$�%�LQ�6HFWLRQV�������DQG��������DUH�REVHUYHG�LQ�

WKH�GLDSKUDJP�WR�/)56�FRQQHFWLRQ��6HH�6HF�$���������GLDSKUDJP�VHFRQGDU\�FRQQHFWLRQ�LQFOXGLQJ�LQWHUQDO�
EHDP�FRQQHFWLRQ�DQG�VSDQGUHO�EHDP�FRQQHFWLRQ��6HH�6HF�$��������DQG�H[SDQVLRQ�MRLQW��6HH�6HF�$��������
DV�REVHUYHG�LQ�([DPSOH��$��7KHVH�GHPDQGV�DUH�GLVFXVVHG�LQ�6HFWLRQ�����LQ�WKH�VHFWLRQ�QRWHG�DERYH��
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%DVHG�RQ�WKH�DQDO\WLFDO�UHVXOWV�IRU� WKH�5'2�GLDSKUDJP�GHVLJQ���VWRU\�H[WHULRU�VKHDU�ZDOO�SDUNLQJ�
VWUXFWXUH� �'HVLJQ� IRXQG� LQ� ([DPSOH� �&� LQ� 3$57��� XQGHU� D� EL�GLUHFWLRQDO� 0&(� KD]DUG� OHYHO� JURXQG�
PRWLRQ��WKH�IROORZLQJ�FRQFOXVLRQV�DUH�PDGH��
���� 7KH� GLDSKUDJP� FKRUG� UHLQIRUFHPHQW� LQHODVWLF� GHIRUPDWLRQ� GHPDQGV�PHHW� WKH� GHVLJQ� WDUJHW� IRU�

0&(�OHYHO�KD]DUG��LQHODVWLF�RSHQLQJ�ZLWKLQ�WKH�+'(�DOORZDEOH�RI����”�IRU�WKH�FKRUG�UHLQIRUFHPHQW���
� ���������'(6,*1�&21&/86,21��7KH�5'2�GLDSKUDJP�GHVLJQ�IRUFH�<5)'[�LV�DSSURSULDWH�IRU�WKLV���
� � � � � GHVLJQ�FDVH���

���� 7KH� GLDSKUDJP� VKHDU� UHLQIRUFHPHQW� UHVSRQVH� PHHWV� WKH� GHVLJQ� WDUJHW� IRU� 0&(� OHYHO� KD]DUG�
�HODVWLF�VKHDU�UHVSRQVH���DW�DOO�GLDSKUDJP�MRLQWV�H[FHSW�RQH��7KH�\LHOG�VOLGLQJ�GHPDQG�LV�FDXVHG�E\�
WKH�QRQ�XQLIRUP�GLVWULEXWLRQ�RI�VOLGLQJ�DORQJ�GLDSKUDJP�MRLQW��
� ��������'(6,*1�&21&/86,21��7KH�5'2�GLDSKUDJP�GHVLJQ�VKHDU�IRUFH�RYHUVWUHQJWK�IDFWRU�:95��

� � � � LV�DSSURSULDWH�IRU�WKLV�GHVLJQ�FDVH���

���� 7KH�GLDSKUDJP�LQGXFHG�JUDYLW\�FROXPQ�GULIW�PHHWV�WKH�GHVLJQ�OLPLW��
� ��������'(6,*1�&21&/86,21��7KH�GLDSKUDJP�LQGXFHG�JUDYLW\�FROXPQ�GULIW�FKHFN�LQ�WKH�GHVLJQ�
� � � � SURFHGXUH�LV�VXIILFLHQW��

�
6LPLODU�WR�WKH�FRQFOXVLRQV�IRU�([DPSOH��$��
���� 6LJQLILFDQW� RSHQLQJ� DQG� VOLGLQJ� GHIRUPDWLRQ� RFFXUV� DW� WKH� H[SDQVLRQ� MRLQW� DQG� DW� WKH� IOH[LEOH�

DQJOH�FRQQHFWRU�EHWZHHQ�WKH�OLWHZDOO�DQG�UDPS���
���� 6LJQLILFDQW� LQHODVWLF� GHIRUPDWLRQ� GHPDQG� LV� REVHUYHG� DW� WKH� GLDSKUDJP� WR� OLWHZDOO� FRQQHFWRUV�

QHDU�WKH�H[SDQVLRQ�MRLQW��
���� 'LDSKUDJP�WR�/)56� FRQQHFWLRQV� UHPDLQ� HODVWLF� DW� PRVW� ORFDWLRQV� H[FHSW� ORFDOL]HG� PLQRU�

\LHOGLQJ�DW�WZR�ORFDWLRQV��VRXWK�ZHVW�ZDOO�DQG�QRUWK�ZHVW�ZDOO�DW�WRS�IORRU���
���� <LHOGLQJ�RFFXUV�LQ�WKH�LQWHUQDO�EHDP�DQG�VSDQGUHO�EHDP�WR�GLDSKUDJP�FRQQHFWRUV��
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$��������)RXU�VWRU\�SDUNLQJ�JDUDJH�Z�LQWHULRU�VKHDU�ZDOO��6'&�&�('2��([DPSOH��$��
7KH�IRXUWK�SURWRW\SH�VWUXFWXUH�GLDSKUDJP�GHVLJQ�HYDOXDWLRQ�LQYROYHV�D�6'&�&�('2�GLDSKUDJP�

GHVLJQ� RSWLRQ� IRU� D� ��VWRU\� interior� VKHDU� ZDOO� SDUNLQJ� JDUDJH�� 7KH� HDUWKTXDNH� VLPXODWLRQ� LV� 1/7'$�
XQGHU�EL�GLUHFWLRQDO�FRPSRQHQWV�RI�D�0&(�OHYHO�JURXQG�PRWLRQ��7KH�SURWRW\SH�VWUXFWXUH�GLDSKUDJPV�DUH�
GHVLJQHG�XVLQJ�WKH�3$57���GHVLJQ�SURFHGXUH��DV�GHVFULEHG�LQ�([DPSOH��$�RI�3$57�����

7KH�GLDSKUDJP�GHVLJQ�SURGXFHG�LQ�([DPSOH��$��3$57���LV�VKRZQ�LQ�)LJXUH�$������7KH�FKRUG�
UHLQIRUFHPHQW�VKRZQ�LQ�ULJKW�SDUW�DQG�VKHDU�UHLQIRUFHPHQW�VKRZQ�LQ�OHIW�SDUW��VLQFH�WKH�GLDSKUDJP�GHVLJQ�
LV�V\PPHWULF�DFURVV�WKH�GLDSKUDJP�VSDQ���7KH�GLDSKUDJP�UHLQIRUFHPHQW�LQGLFDWHG�LQ�)LJ��$�����LV�IRU�WKH�
WRS� IORRU�� WKH�GHVLJQ� IRU� WKH�RWKHU� IORRUV� LV� LQGLFDWHG� LQ�SDUHQWKHVHV� LI�GLIIHUHQW� IURP� WKH� WRS� IORRU��7KH�
SUHWRSSHG� GLDSKUDJP� LV� GHWDLOHG� ZLWK� ORZ� GHIRUPDELOLW\� HOHPHQW� RU� /'(� UHLQIRUFHPHQW� �GU\� FKRUG�
FRQQHFWRU�DQG�-9,�9HFWRU�IODQJH�WR�IODQJH�FRQQHFWRUV�UHVSHFWLYHO\�IRU�IOH[XUH�DQG�VKHDU�UHLQIRUFHPHQW���
7KH� GLDSKUDJP� GHVLJQ� IDFWRUV� DUH�<(�  � ����� DQG�:Y(�  � ����� 7KH� GLDSKUDJP� GHVLJQ� IRUFH� SURILOH� LV�
GHWHUPLQHG�XVLQJ�WKH�GLDSKUDJP�IRUFH�YHUWLFDO�GLVWULEXWLRQ�IDFWRU�D[���

7KH�GLDSKUDJP�WR�/)56�FRQQHFWLRQ�LV�DQJOH�EDU�FRQQHFWRUV�GHVLJQHG�IRU�WKH�WULEXWDU\�VKHDU�DQG�
QHJDWLYH�PRPHQW� DW� HDFK� VKHDU�ZDOO�� 7KH� GLDSKUDJP� WR� OLWHZDOO� FRQQHFWLRQ� RQ� WKH� SDUNLQJ� IODWV� LV� WKH�
DQJOH�EDU�FRQQHFWRU�GHVLJQHG�IRU�WULEXWDU\�VKHDU�DQG�D[LDO�IRUFH���7KH�OLWHZDOO�WR�UDPS�FRQQHFWLRQ�LV�ò´�
VWHHO�DQJOHV�ZLWK�&�VKDSH�ZHOGLQJ�IRU�WHQVLRQ�FRPSOLDQFH��7KH�VSDQGUHO�WR�'7�FRQQHFWLRQ�DQG�,7�WR�'7�
FRQQHFWLRQ� LV�DOVR�DQJOH�EDU�FRQQHFWRUV��7KH� ,7�WR�'7�FRQQHFWLRQV�DUH�GHVLJQHG� IRU� WKH� WULEXWDU\� VKHDU�
DQG� D� SRUWLRQ�RI�GLDSKUDJP� LQHUWLD� IRUFH� IURP� WKH�RXWHU� �IODW�� VXE�GLDSKUDJPV� WR� WKH� VKHDU�ZDOO��7KHVH�
UHLQIRUFHPHQW�GHWDLOV�DUH�DOVR�VKRZQ�LQ�)LJ��$�����DQG�GLVFXVVHG�LQ�GHWDLO�LQ�GHVLJQ�H[DPSOH��$�RI�3$57�
���

���-9, ���������
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����DQJOHG�EDU

6KHDU�UHLQIRUFHPQW &KRUG�UHLQIRUFHPQW

����������
DQJOHG�EDU
FRQQHFWRU

�
)LJ��$������'LDSKUDJP�UHLQIRUFHPHQW�GHVLJQ�IRU�GHVLJQ�H[DPSOH��$��
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�
)LJ��$������'LDSKUDJP�LQHUWLD�IRUFH�LQ�WUDQVYHUVH�GLUHFWLRQ���D��IORRU�WRWDO���E��QRUWK�VXE�GLDSKUDJP�
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)LJXUH�$�����VKRZV�WKH�PD[LPXP�GLDSKUDJP�LQHUWLDO� IRUFH�SURILOH�DORQJ�WKH�EXLOGLQJ�KHLJKW� LQ�
WKH�VWUXFWXUH�WUDQVYHUVH��1�6��GLUHFWLRQ�IRU���D��WRWDO�LQHUWLDO�IRUFH�DW�D�IORRU�OHYHO�DQG��E��WULEXWDU\�LQHUWLD�
IRUFH� DW� QRUWK� VXE�GLDSKUDJP�� 7KUHH� GLIIHUHQW� SURILOHV� DUH� LQGLFDWHG�� ���� WKH� GHVLJQ� SURILOH��D[<()'[��
ZKHUH�D[� LV� WKH� GLDSKUDJP� IRUFH� YHUWLFDO� GLVWULEXWLRQ� IDFWRU� �D[ ���� DW� WRS� IORRU� DQG�D[� ����� DW� RWKHU�
IORRUV��VHH�3$57���������WKH�HQYHORSH�RI�PD[LPXPV�RFFXUULQJ�DW�DQ\�WLPH�GXULQJ�WKH�HDUWKTXDNH��DQG�����
WKH�LQVWDQWDQHRXV�SURILOH�DW�WKH�WLPH�RI�WKH�PD[LPXP�GLDSKUDJP�IRUFH�RFFXUULQJ�DQ\ZKHUH�LQ�WKH�VWUXFWXUH���
� $V�VHHQ�LQ�)LJ��$������WKH�GLDSKUDJP�GHVLJQ�IRUFH�RYHUHVWLPDWHV�WKH�GLDSKUDJP�WRWDO�LQHUWLD�IRUFH�
GHPDQG�DW�HDFK�IORRU�OHYHO��+RZHYHU��WKH�QRUWK�VXE�GLDSKUDJP�IRUFH�GHPDQG�LV�ZHOO�UHSUHVHQWHG�E\�WKH�
GLDSKUDJP�GHVLJQ�IRUFH�WULEXWDU\�WR�HDFK�VXE�GLDSKUDJP�EHFDXVH�RI�WKH�XQHYHQ�GLVWULEXWLRQ�RI�GLDSKUDJP�
LQHUWLD�IRUFH�GHPDQG�DPRQJ�HDFK�VXE�GLDSKUDJP�VLPLODU�DV�WKH�([DPSOH��$���

)LJXUH�$�����VKRZV�PD[LPXP�GHPDQGV�DW�HYHU\�MRLQW�IRU���D��FKRUG�RSHQLQJ�DW�WRS�DQG�ERWWRP�RI�
HDFK�VXE�GLDSKUDJP��DQG��E��VKHDU�FRQQHFWRU�VOLGLQJ�DW�FHQWHU�RI�HDFK�VXE�GLDSKUDJP��$V�VHHQ�LQ�)LJ��$��
��D�� WKH�FKRUGV� UHPDLQ�HODVWLF�DW�QHDUO\�HYHU\� MRLQW��DV�GHVLUHG� LQ�DQ�('2�GHVLJQ��7KH�H[FHSWLRQ� LV� WKH�
FKRUG� RQ� WKH� �VW� IORRU� UDPS� VSDQ� �VHH� EOXH� GRWV��� 7KLV� PLQRU� H[FHHGLQJ� RI� FKRUG� \LHOG� GHIRUPDWLRQ�
�������”��ZDV�FRQVLGHUHG�DFFHSWDEOH��

�
�

[�

/�

7RS�FKRUG�

�

7RS�FKRUG�

%RWWRP�FKRUG�

7RS�FKRUG�
%RWWRP�FKRUG�

&KRUG�
RSHQLQJ�

�

�

����

���

�

�

�

����

���

�

����

���

2
SH
QL
QJ
��L
Q�

�

�

�

����

���

�

����

���

�

�

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

����

���

[�/

1RUWK�

5DPS

6RXWK�

7RS�

%RWWRP�

7RS�

%RWWRP�

7RS�

%RWWRP�

�VW
�QG
�UG
�WK

<LHOG�RSHQLQJ� �

[�

/�

0HDVXUHG�IRU�&HQWHU�-9,�

6KHDU�VOLGLQJ�

�

����

�����

�

����

���

�

�����

����

�����

�

����

���

����

6
OLG
LQ
J�
�LQ
�

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

�����

�

����

���

[�/

1RUWK�

5DPS

6RXWK�

�VW
�QG
�UG
�WK

<LHOG�VOLGLQJ� �

�
)LJ��$������'LDSKUDJP�UHLQIRUFHPHQW�GHIRUPDWLRQ�GHPDQGV���D��FKRUG�RSHQLQJ���E��VKHDU�VOLGLQJ��
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� 1RZ� H[DPLQLQJ� )LJ�� $����E�� WKH� VKHDU� FRQQHFWRUV� DUH� ZLWKLQ� WKHLU� HODVWLF� UDQJH� IRU� VOLGLQJ�
GHIRUPDWLRQ�GHPDQGV�DW�DOO�MRLQWV�H[FHSW�VHYHUDO�MRLQWV�DW��VW�IORRU�UDPS�VSDQ��7KLV�MRLQW�LV�VXEMHFWHG�WR�DQ�
LQHODVWLF� VOLGLQJ� GHIRUPDWLRQ� RI� DSSUR[LPDWHO\� ����”�� 7KLV� \LHOGLQJ� LV� FDXVHG� E\� D� QRQ�XQLIRUP�
GLVWULEXWLRQ�RI� WKH� VOLGLQJ�GHPDQG� DORQJ� WKH� MRLQW� �VLPLODU� WR� WKDW� VKRZQ�SUHYLRXVO\� LQ�)LJ��$����D� IRU�
([DPSOH��$���

1H[W�FRQVLGHU�WKH�GHPDQGV�RQ�WKH�GLDSKUDJP�WR�/)56�FRQQHFWLRQV�IRU�WKH�WUDQVYHUVH�VKHDU�ZDOOV��
)LJXUH�$�����VKRZV�WKH�PD[LPXP�GLDSKUDJP�WR�/)56�FRQQHFWRU�GHIRUPDWLRQ�GHPDQGV�IRU�DOO�IRXU�ZDOOV�
�UHIHU�WR�)LJ��$���E���7KH�YDOXH�SORWWHG�LV�WKH�ODUJHVW�RSHQLQJ�DQG�VOLGLQJ�GHPDQG�RQ�DQ\�VLQJOH�FRQQHFWRU�
RI�WKH�JURXS�RI����FRQQHFWRUV�WKDW�FRPSULVH�WKH�GLDSKUDJP�WR�/)56�FRQQHFWLRQ�DW�D�VLQJOH�ZDOO��)LUVW�QRWH�
LQ�)LJ��$����D� WKDW� WKH�RSHQLQJ�GHPDQGV� LQGLFDWH�VRPH�FRQQHFWRUV�DUH�VOLJKWO\�\LHOG� LQ�6RXWK�(DVW�DQG�
1RUWK�:HVW�ZDOO�GXH�WR��ORQJLWXGLQDO��D[LDO�IRUFHV�LQ�WKH�GLDSKUDJP�DQG�WKH�LQ�SODQH�PRPHQW�DFWLQJ�RQ�
WKH�ZDOO�� 1RZ�PRYLQJ� WR� )LJ�� $����E�� LW� LV� VHHQ� WKDW� WKH� VOLGLQJ� GHIRUPDWLRQ� GHPDQGV� DUH�ZLWKLQ� WKH�
HODVWLF� UDQJH�DW�HYHU\� ORFDWLRQ��7KXV�� WKH�HIILFDF\�RI� WKH�GHVLJQ�RI� WKH�GLDSKUDJP�WR�/)56�FRQQHFWLRQV�
�LQFOXGLQJ�ERWK�<(�DQG�:��VHHPV�JLYHQ�WKH�ORFDOL]HG�DQG�OLPLWHG�PDJQLWXGH�RI�WKH�LQHODVWLF�GHIRUPDWLRQ�
GHPDQGV�� 7KH� GHVLJQ� UDPLILFDWLRQV� RI� GLDSKUDJP�WR�/)56� FRQQHFWRU� UHVSRQVHV� DQG� GHVLJQ�
UHFRPPHQGDWLRQV�DUH�GLVFXVVHG�LQ�6HFWLRQ�$�������
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2SHQLQJ�

6OLGLQJ�

�
)LJ��$������'LDSKUDJP�WR�/)56�FRQQHFWLRQ�GHPDQG���D��RSHQLQJ���E��VOLGLQJ��

�
� 1H[W��WKH�FRQQHFWLRQ�GHPDQGV�RQ�WKH�LQWHULRU�EHDPV�OLQHV�DUH�FRQVLGHUHG��7KH�EHDP�OLQHV�LQFOXGH�
WKUHH� GLVWLQFW� FRQQHFWLRQV�� ���� GLDSKUDJP�WR�LQWHUQDO� EHDP� FRQQHFWLRQV� �DQJOHG� EDU�SODWH� FRQQHFWRUV�
EHWZHHQ�WKH�'7�XQLWV�DQG�WKH�,7�EHDP�IODQNLQJ�WKH�UDPS�ODQGLQJ�������GLDSKUDJP�WR�OLWHZDOO�FRQQHFWLRQV�
RQ�WKH�SDUNLQJ�IODW�VLGH��DQJOHG�EDU�SODWH�FRQQHFWRUV�EHWZHHQ�WKH�OLWHZDOO�DQG�'7���DQG������GLDSKUDJP�WR�
OLWHZDOO�FRQQHFWLRQV�RQ�WKH�SDUNLQJ�UDPS�VLGH��VWHHO�DQJOH�FRQQHFWRUV�ZLWK�&�VKDSH�ZHOGLQJ����

7KH�ILUVW�VHW�RI�FRQQHFWLRQV�LV�GHVLJQHG�IRU�WULEXWDU\�VKHDU�94�,�ZLWK�WKH�:9�IDFWRU��6HH�3$57����
([DPSOH��$���7KH�VHFRQG�VHW�RI�FRQQHFWLRQV� LV�GHVLJQHG�DV� WKH�GLDSKUDJP�WR�/)56�FRQQHFWLRQV� LQ� WKH�
ORQJLWXGLQDO�GLUHFWLRQ��DQG�DUH�WKHUHIRUH�GHVLJQHG�IRU�WKH�GLDSKUDJP�VKHDU�UHDFWLRQ�LQFOXGLQJ�WKH�:9�IDFWRU�
�6HH� 3$57� ��� ([DPSOH� �$��� 7KH� ILQDO� VHW� RI� FRQQHFWLRQV� DUH� WHQVLRQ� FRPSOLDQW� FRQQHFWRUV� �VHH� 6HF��
$�������WKDW�SHUPLW�UHODWLYH�RSHQLQJ�GHIRUPDWLRQ�GXH�WR�WKH�IOH[LEOH�DQJOH�FRQQHFWLRQ��WKHUHE\�PLWLJDWLQJ�
WKH�SRWHQWLDO�IRU�LQFRPSDWLEOH�GLVSODFHPHQWV�RI�WKH�UDPSV�DQG�WKH�IODWV�VXEMHFWLQJ�WKH�OLWHZDOOV�WR�VHYHUH�
LQWHUQDO�IRUFHV���

)LJXUH�$�����VKRZV�WKH�PD[LPXP�GHIRUPDWLRQ�GHPDQGV�IRU�FRQQHFWLRQV�DORQJ�WKH�LQWHULRU�EHDP�
OLQHV�RI�WKH�SDUNLQJ�VWUXFWXUH��7KH�SORWV�VKRZ��RSHQLQJ�RI�WKH�EHDP�OLQH�MRLQW��OHIW�KDQG�SORWV���DQG�VOLGLQJ�
DORQJ�WKH�EHDP�OLQH�MRLQW��ULJKW�KDQG�SORWV���IRU�ERWK�WKH�QRUWK��XSSHU�SORWV��DQG�VRXWK��ORZHU�SORWV��EHDP�
OLQHV��(DFK�SORW� JURXS� VKRZV� WKH� MRLQW�RSHQLQJ�RQ� HLWKHU� VLGH�RI� WKH�EHDP� OLQH� �LQQHU� DQG�RXWHU� IDFHV����
(DFK�SORW�VKRZV�WKH�UHVXOWV�IRU�IORRUV������7KH�FRQQHFWRU�GHPDQGV�DW�WKH�EHDP�OLQHV�RQ�WKH��VW�IORRU�DUH�
DPSOLILHG�EHFDXVH�RI�WKH�DIRUHPHQWLRQHG�H[SDQVLRQ�MRLQW��GLVFXVVHG�LQ�Section A2.4.5����



�&�$���

�

� ��� ��� ��� ��� �
�

����

����

����

2
SH
QL
QJ
��L
Q�

�

�

� ��� ��� ��� ��� �
�

����

����

����

6
OLG
LQ
J�
�LQ
�

�

�

� ��� ��� ��� ��� �
�

����
���
����
���

2
SH
QL
QJ
��L
Q�

[�/
� ��� ��� ��� ��� �
�

����

����

����

6
OLG
LQ
J�
�LQ
�

[�/

2XWHU�)DFH

,QQHU�)DFH�

�D��1RUWK�RSHQLQJ� �E��1RUWK�VOLGLQJ�

�QG
�UG
�WK
<LHOG

�QG
�UG
�WK
<LHOG

� ��� ��� ��� ��� �
�

����
���
����
���

2
SH
QL
QJ
��L
Q�

� ��� ��� ��� ��� �
�

����

����

����

6
OLG
LQ
J�
�LQ
�

� ��� ��� ��� ��� �
�

����

���

����

���

2
SH
QL
QJ
��L
Q�

[�/

�

�

� ��� ��� ��� ��� �
�

����

����

����

6
OLG
LQ
J�
�LQ
�

[�/

�

�

,QQHU )DFH

2XWHU�)DFH�

�F��6RXWK�RSHQLQJ� �G��6RXWK�VOLGLQJ�

�QG
�UG
�WK
<LHOG

�QG
�UG
�WK
<LHOG

)OH[LEOH�DQJOH�
1RUWK�

,7�EHDP�

$QJOHG�EDU�
FRQQHFWRU�

%HDP�/:�-RLQW�2XWHU�)DFH�

6RXWK�
[� /�

�

6OLGLQJ�

%HDP�/:�-RLQW�,QQHU�)DFH�

%HDP�/:�-RLQW�2XWHU�)DFH� /LWH�ZDOO�

�
)LJ��$������,QWHUQDO�EHDP�OLWHZDOO�FRQQHFWRU�PD[�GHPDQG���D��RSHQLQJ���E��VOLGLQJ��

�
)LUVW�� WKH�FRQQHFWLRQV�RQ�HLWKHU�IDFH�RI�WKH�OLWHZDOOV�FDQ�EH�H[DPLQHG�E\�IRFXVLQJ�RQ�WKH�YDOXHV�

EHWZHHQ�x/L  ���� DQG����� LQ� WKH�)LJ��$����D�SORWV��$V� VHHQ�� WKH� FRPSOLDQFH� RI� WKH� FRQQHFWLRQV�RQ� WKH�
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UDPS�VLGH��ORZHU�RI�WKH�WZR�SORWV�LQ�)LJ��$����D��SURYLGHV�WKH�LQWHQGHG�RXWFRPH�RI�UHGXFLQJ�WKH�GHPDQGV�
RQ� WKH� FRQQHFWLRQV� WR� WKH� SDUNLQJ� IODW� VLGH� �XSSHU� RI� WKH� WZR� SORWV� LQ� )LJ�� $����D��� 7KHVH� FRPSOLDQW�
FRQQHFWLRQV�DUH�VHHQ�WR�UHTXLUH�DSSUR[LPDWHO\�ó”�RI�RSHQLQJ�GHIRUPDWLRQ�FDSDFLW\�WR�DFFRPPRGDWH�WKH�
UHODWLYH�PRYHPHQW�DQWLFLSDWHG�LQ�D�0&(�HYHQW���

%\�H[DPLQLQJ�WKH�XSSHU�RI�WKH�WZR�SORWV�LQ�ERWK�)LJ��$����D�E��LW�LV�VHHQ�WKDW�DOO�WKH�ORDG�FDUU\LQJ�
GLDSKUDJP�WR�OLWHZDOO� /)56� FRQQHFWLRQV� DUH� DOO� ZHOO� ZLWKLQ� WKHLU� HODVWLF� UDQJH�� VKRZLQJ� WKH� JHQHUDO�
HIILFDF\�RI�WKH�GLDSKUDJP�WR�/)56�GHVLJQ�DSSURDFK��6HH�6HF������%�LQ�3$57������

1H[W��WKH�GLDSKUDJP�WR�,7�EHDP�FRQQHFWRUV�FDQ�EH�H[DPLQHG�E\�IRFXVLQJ�RQ�WKH�YDOXHV�RXWVLGH�RI�
x/L  ���� WR� ���� LQ� WKH� )LJ��$����D�� E� SORWV�� 7KHVH� UHVXOWV� LQGLFDWH� WKDW� WKH� VOLGLQJ� GHPDQGV� DUH�ZLWKLQ�
HODVWLF�UDQJH�ZKLOH�WKH�RSHQLQJ�GHPDQGV�JURZ�IRU�FRQQHFWRUV�DV�RQH�PRYHV�RXWZDUG�DORQJ�WKH�,7�EHDP�
�VPDOO�GHPDQGV�DW�WKH�,7�EHDP�HQG�DW� WKH�LQWHULRU�VKHDU�ZDOO��ODUJH�GHPDQGV�DW�WKH�,7�EHDP�RXWHU�HQG���
7KH�UHDVRQ�IRU�WKLV�WUHQG�LV�WKH�QDWXUH�RI�WKH�HQG�PRPHQW�DFWLRQV�DFURVV�WKH�,7�MRLQW��WHUPHG�³VHDP´��GXH�
WR�WKH�EHQGLQJ�RI�WKH�IODW�VXE�GLDSKUDJP��DV�KDV�EHHQ�GHVFULEHG�SUHYLRXVO\�LQ��)OHLVFKPDQ�HW�DO���������,W�
LV� QHFHVVDU\� WR� FRQVLGHU� WKH� GHIRUPDWLRQ� FDSDFLW\� RI� WKH� ,7� EHDP� FRQQHFWRUV� WR� DFFRPPRGDWH� WKHVH�
LQHODVWLF�GHPDQGV�ORFDOO\��7KH�UHFRPPHQGDWLRQ�RI�WKH�GHIRUPDWLRQ�FDSDFLW\�LV�GLVFXVVHG�LQ�6HF��$������

6LPLODU� GHPDQG� DQG� UHVSRQVH� DUH� REVHUYHG� LQ� WKH� VSDQGUHO� EHDP� FRQQHFWLRQ� �6HH�6HF�$��������
DQG�H[SDQVLRQ�MRLQW��6HH�6HF�$��������DV�REVHUYHG�LQ�([DPSOH����7KH�GHPDQG�OHYHOV�RI� WKHVH�MRLQWV�DUH�
VXPPDUL]HG�LQ�6HF��$������

7KH� IROORZLQJ� FRQFOXVLRQV� DUH�PDGH� EDVHG� RQ� WKH� DQDO\WLFDO� UHVXOWV� IRU� WKH� ��VWRU\� LQWHULRU�ZDOO�
SDUNLQJ� JDUDJH� 6'&�&� ('2� GHVLJQ� �'HVLJQ� IRXQG� LQ� ([DPSOH� �$� RI� 3$57��� XQGHU� D� EL�GLUHFWLRQDO�
0&(�KD]DUG�OHYHO�JURXQG�PRWLRQ��

�
���� 7KH�WRWDO�IORRU�LQHUWLDO�IRUFH�GHPDQGV�DW�HDFK�OHYHO�DUH�FRQVHUYDWLYHO\�SUHGLFWHG�E\�WKH�('2�GHVLJQ�

IRUFH�<()'[��:KHQ�WKHVH�IRUFHV�DUH�FRQVLGHUHG�RQ�WKH�LQGLYLGXDO�VXE�GLDSKUDJPV��WKH�LQHUWLDO�IRUFHV�
DUH�PRUH� FORVHO\� DQG� VWLOO� FRQVHUYDWLYHO\� SUHGLFWHG�E\�<()'[�� 7KHVH� FRQFOXVLRQV� DSSO\� WR� ERWK� WKH�
WUDQVYHUVH�DQG�ORQJLWXGLQDO�GLUHFWLRQ��

'(6,*1�&21&/86,21��7KH�('2�GHVLJQ�IRUFH�<()'[�LV�DSSURSULDWH�IRU�WKLV�GHVLJQ�FDVH���

���� 7KH�YHUWLFDO�SURILOH�RI�PD[LPXP�GLDSKUDJP�LQHUWLDO�IRUFHV�DUH�UHDVRQDEO\�SUHGLFWHG�E\�WKH�D[�SDWWHUQ�
IRU� ORZ�ULVH� SDUNLQJ� VWUXFWXUHV�� L�H�� PD[LPXP� DW� WKH� WRS� OHYHO� DQG� D� FRQVWDQW� ORZHU� YDOXH� DW� WKH�
UHPDLQLQJ�IORRUV��

'(6,*1�&21&/86,21��7KH�GLDSKUDJP�IRUFH�YHUWLFDO�GLVWULEXWLRQ�IDFWRU�D[��LV�DSSURSULDWH�IRU��
WKLV�GHVLJQ�FDVH���

����'LDSKUDJP�UHLQIRUFHPHQW�GHPDQGV�DUH�ZLWKLQ�WKH�GHVLJQ�WDUJHW��HODVWLF�EHKDYLRU�LQ�WKH�0&(��DW�PRVW�
GLDSKUDJP� MRLQWV�� 7KH� ORFDOL]HG�� PLQRU� LQHODVWLF� GHPDQGV� DW� D� KDQGIXO� RI� MRLQWV� ZHUH� FRQVLGHUHG�
DFFHSWDEOH����
� '(6,*1�&21&/86,21��7KH�HODVWLF�GLDSKUDJP�GHVLJQ�WDUJHW�ZDV�PHW�IRU�WKLV�('2�GHVLJQ��
� � ������������������XVLQJ�<(�DQG�:Y(����

����'LDSKUDJP�WR�/)56�FRQQHFWLRQ� UHPDLQV�HODVWLF�DW�PRVW� ORFDWLRQV�H[FHSW�D�PLQRU� ORFDOL]HG�RSHQLQJ�
\LHOG�DW�VHYHUDO�ORFDWLRQV��LQ�VRXWK�HDVW�DQG�QRUWK�ZHVW�ZDOO���
'(6,*1�&21&/86,21��7KH�/)56�GHVLJQ�XVLQJ�<(�DQG�:Y(�LV�GHHPHG�DFFHSWDEOH����

���� /DUJH�GHIRUPDWLRQ�GHPDQGV�DUH�REVHUYHG�DW�WKH�H[SDQVLRQ�MRLQW�DQG�DW�WKH�IOH[LEOH�DQJOH�FRQQHFWRUV�
EHWZHHQ�WKH�OLWHZDOO�DQG�WKH�UDPS�GLDSKUDJP��

���� 6LJQLILFDQW�LQHODVWLF�GHIRUPDWLRQ�GHPDQG�LV�REVHUYHG�DW�WKH�GLDSKUDJP�WR�OLWHZDOO�FRQQHFWRUV�QHDU�WKH�
H[SDQVLRQ�MRLQW��

����<LHOG� GHIRUPDWLRQ� RFFXUV� LQ� WKH� LQWHUQDO� EHDP� DQG� WKH� VSDQGUHO� EHDP� WR� GLDSKUDJP� FRQQHFWLRQV��
5HFRPPHQGDWLRQV�DUH�SURYLGHG�LQ�VHF��$�������

�
�
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$��������)RXU�VWRU\�SDUNLQJ�JDUDJH�Z�LQWHULRU�VKHDU�ZDOO��6'&�'�5'2��([DPSOH��%��
�
7KH� ILIWK� SURWRW\SH� VWUXFWXUH� GLDSKUDJP� GHVLJQ� HYDOXDWLRQ� LQYROYHV� D� 6'&�'�5'2�GLDSKUDJP�

GHVLJQ� RSWLRQ� IRU� WKH� VDPH� ��VWRU\� LQWHULRU� VKHDU� ZDOO� SDUNLQJ� JDUDJH� IURP� WKH� SUHYLRXV� VHFWLRQ�� 7KH�
HDUWKTXDNH�VLPXODWLRQ� LV�1/7'$�XQGHU�EL�GLUHFWLRQDO�FRPSRQHQWV�RI�D�0&(�OHYHO�JURXQG�PRWLRQ��7KH�
SURWRW\SH� VWUXFWXUH� GLDSKUDJPV� DUH� GHVLJQHG� XVLQJ� WKH� 3$57� �� GHVLJQ� SURFHGXUH�� DV� GHVFULEHG� LQ�
([DPSOH��%�RI�3$57�����

7KH�GLDSKUDJP�GHVLJQ�SURGXFHG�LQ�([DPSOH��$��3$57���LV�VKRZQ�LQ�)LJXUH�$������7KH�FKRUG�
UHLQIRUFHPHQW�VKRZQ�LQ�ULJKW�SDUW�DQG�VKHDU�UHLQIRUFHPHQW�VKRZQ�LQ�OHIW�SDUW��VLQFH�WKH�GLDSKUDJP�GHVLJQ�
LV�V\PPHWULF�DFURVV�WKH�GLDSKUDJP�VSDQ���7KH�GLDSKUDJP�UHLQIRUFHPHQW�LQGLFDWHG�LQ�)LJ��$�����LV�IRU�WKH�
WRS� IORRU�� WKH�GHVLJQ� IRU� WKH�RWKHU� IORRUV� LV� LQGLFDWHG� LQ�SDUHQWKHVHV� LI�GLIIHUHQW� IURP� WKH� WRS� IORRU��7KH�
SUHWRSSHG� GLDSKUDJP� LV� GHWDLOHG� ZLWK� KLJK� GHIRUPDELOLW\� HOHPHQW� RU� +'(� UHLQIRUFHPHQW� �FRQWLQXRXV�
FKRUG� UHLQIRUFHPHQW� LQ�D�SRXU�VWULS�DQG�-9,�9HFWRU� IODQJH�WR�IODQJH�FRQQHFWRUV� UHVSHFWLYHO\� IRU� IOH[XUH�
DQG�VKHDU� UHLQIRUFHPHQW���7KH�GLDSKUDJP�GHVLJQ�IDFWRUV�DUH�<5� ������DQG�:Y5� �������7KH�GLDSKUDJP�
GHVLJQ�IRUFH�SURILOH�LV�GHWHUPLQHG�XVLQJ�WKH�GLDSKUDJP�IRUFH�YHUWLFDO�GLVWULEXWLRQ�IDFWRU�D[���

7KH�GLDSKUDJP�WR�/)56�FRQQHFWLRQ� LV� VWHHO� UHLQIRUFLQJ�GRZHO�EDUV� H[WHQGLQJ� LQWR�D�SRXU� VWULS��
DQG�GHVLJQHG�IRU�WKH�WULEXWDU\�VKHDU�DQG�QHJDWLYH�PRPHQW�DW�HDFK�VKHDU�ZDOO���7KH�GLDSKUDJP�WR�OLWHZDOO�
FRQQHFWLRQ�RQ� WKH�SDUNLQJ� IODWV� LV� VWHHO� UHLQIRUFLQJ�GRZHO�EDUV� H[WHQGLQJ� LQWR�D�SRXU� VWULS�GHVLJQHG� IRU�
WULEXWDU\�VKHDU�DQG�D[LDO�IRUFH���7KH�OLWHZDOO�WR�UDPS�FRQQHFWLRQ�LV�ò´�VWHHO�DQJOHV�ZLWK�&�VKDSH�ZHOGLQJ�
IRU�WHQVLRQ�FRPSOLDQFH��7KH�VSDQGUHO�WR�'7�FRQQHFWLRQ�DQG�,7�WR�'7�FRQQHFWLRQ�LV�DOVR�VWHHO�UHLQIRUFLQJ�
GRZHO�EDUV�H[WHQGLQJ�LQWR�D�SRXU�VWULS��7KH�,7�WR�'7�FRQQHFWLRQV�DUH�GHVLJQHG�IRU�WKH�WULEXWDU\�VKHDU�DQG�
D� SRUWLRQ� RI� GLDSKUDJP� LQHUWLD� IRUFH� IURP� WKH� RXWHU� �IODW�� VXE�GLDSKUDJPV� WR� WKH� VKHDU� ZDOO�� 7KHVH�
UHLQIRUFHPHQW�GHWDLOV�DUH�DOVR�VKRZQ�LQ�)LJ��$�����DQG�GLVFXVVHG�LQ�GHWDLO�LQ�GHVLJQ�H[DPSOH��%�RI�3$57�
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�
)LJ��$������'LDSKUDJP�UHLQIRUFHPHQW�GHVLJQ�IRU�GHVLJQ�H[DPSOH��%��

�
7KH�5'2�GHVLJQ�WDUJHW�LV�LQHODVWLF�GHIRUPDWLRQ�GHPDQGV�LQ�WKH�0&(�ZLWKLQ�WKH�+'(�DOORZDEOH�

GHIRUPDWLRQ� RI� ���”�� $V� VXFK�� WKH� SHUWLQHQW� PHDVXUH� IRU� GHWHUPLQLQJ� WKH� DGHTXDF\� RI� WKH� GHVLJQ� DUH�
GHIRUPDWLRQ�GHPDQGV������FKRUG�RSHQLQJ�GHPDQGV��ZKLFK�FDQ�EH�FRPSDUHG�WR�WKH�+'(�DOORZDEOH�YDOXHV��
DQG� ���� MRLQW� VOLGLQJ� GHIRUPDWLRQV� �UHODWLYH� WUDQVYHUVH� PRWLRQ� RI� XQLWV� IODQNLQJ� WKH� MRLQW��� WKDW� FDQ� EH�
FRPSDUHG�WR�WKH�MRLQW�sliding \LHOG�deformation��

)LJXUH�$�����VKRZV�WKH�PD[LPXP�GLDSKUDJP�UHLQIRUFHPHQW�GHPDQG�DW�HYHU\�GLDSKUDJP�MRLQW�LQ�
WKH�VWUXFWXUH� IRU�� �D�� WKH�FKRUG�RSHQLQJ�DW� WKH� WRS�DQG�ERWWRP�RI�HDFK�VXE�GLDSKUDJP��DQG��E�� WKH�VKHDU�
FRQQHFWRU�VOLGLQJ�DW�WKH�FHQWHU�RI�HDFK�MRLQW��,QGLFDWHG�LQ�SORW��D��LV�WKH�\LHOG�RSHQLQJ�GHIRUPDWLRQ��SXUSOH�
ODUJH�GDVKHG�OLQH��IRU�WKH�FKRUG�UHLQIRUFHPHQW�DQG�WKH�+'(�DOORZDEOH�GHIRUPDWLRQ��UHG�VPDOO�GDVKHG�OLQH��
XVHG�WR�HYDOXDWH�WKH�DGHTXDF\�RI� WKH�WULDO�<5�YDOXH�XVHG�LQ�WKH�GHVLJQ��,QGLFDWHG�LQ�SORW��E�� LV� WKH�\LHOG�
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VOLGLQJ�GHIRUPDWLRQ��SXUSOH�ODUJH�GDVKHG�OLQH��IRU�WKH�-9,�9HFWRU�FRQQHFWRU�XVHG�WR�HYDOXDWH�WKH�DGHTXDF\�
RI�WKH�WULDO�:Y5�IDFWRU��
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<LHOG�VOLGLQJ� �

�
)LJ��$������'LDSKUDJP�UHLQIRUFHPHQW�GHIRUPDWLRQ�GHPDQGV���D��FKRUG�RSHQLQJ���E��-9,�VOLGLQJ��

�
$V�VHHQ�LQ�)LJ��$����D��WKH�FKRUG�UHLQIRUFHPHQW�\LHOGV�DW�PXOWLSOH�MRLQWV�LQ�WKH�GLDSKUDJP��DOO�DW�

FROXPQ�OLQHV�ZKHUH�WKH�VSDQGUHOV� WHUPLQDWH��LQFOXGLQJ������RQ�PXOWLSOH�IORRUV�DW�WKH�QRUWK�DQG�VRXWK�IODW�
VXE�GLDSKUDJPV�SHULPHWHU�FKRUGV�DW�MRLQWV�SDVW�PLG�VSDQ�RQ�WKH�XS�UDPS�VLGH��VHH�OLJKW�EOXH�GRWV�������RQ�
PXOWLSOH� IORRUV�RI� WKH� MRLQWV�QHDU� WKH� LQWHULRU�ZDOO��DQG�����-RLQW�QHDU� WKH�PLG�VSDQ�RI� UDPS�RQ�PXOWLSOH�
IORRUV� �VHH� UHG� GRWV��� $GGLWLRQDOO\�� PDQ\� MRLQWV� SRVVHVV� FRQQHFWRUV� DW� RU� QHDU� WKHLU� \LHOG� SRLQW� DV�
HYLGHQFHG�IURP�UHVSRQVH�FXUYHV�QHDU�WKH�SXUSOH�GDVKHG�OLQH��2I�DOO�\LHOGHG�MRLQWV��QRQH�H[FHHG�WKH�+'(�
DOORZDEOH�GHIRUPDWLRQ��7KHVH�UHVXOWV�VKRZ�WKH�DGHTXDF\�RI�WKH�WULDO�<5�IDFWRU�LQ�PHHWLQJ�WKH�5'2�GHVLJQ�
WDUJHW����

1RZ� H[DPLQLQJ� )LJ�� $����E�� WKH� VKHDU� FRQQHFWRUV� DUH� ZLWKLQ� WKHLU� HODVWLF� UDQJH� IRU� VOLGLQJ�
GHIRUPDWLRQ�GHPDQGV�DW�DOO�MRLQWV�H[FHSW�WKH�MRLQWV�QHDU�LQWHULRU�ZDOOV��VHH�GDUN�GRWV���7KHVH�MRLQWV�KDYH�
PRGHUDWH�LQHODVWLF�VOLGLQJ�GHPDQG��PD[LPXP�DW�a���”��IRU�WZR�UHDVRQV������WKH�QRQ�XQLIRUP�GLVWULEXWLRQ�
DFURVV�WKH�MRLQW�VLPLODU�DV�WKH�([DPSOH����DQG�����WKH�IOH[XUDO�RYHUVWUHQJWK�DV�GLVFXVVHG�LQ�6HF��$���������
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7KH�UHVXOWV� LQ�$����E�LQGLFDWH�RQO\�PLQRU�VWUHQJWK�GHJUDGDWLRQ��UDWKHU� WKDQ�FRPSOHWH�FRQQHFWRU�
IDLOXUH�� 7KXV�� WKH� LQHODVWLF� VKHDU� VOLGLQJ� UHVSRQVH� RI� WKH� -9,� 9HFWRU� FRQQHFWRUV� LV� VXIILFLHQWO\�
DFFRPPRGDWHG�� ,W� LV�QRWHG� WKDW�RWKHU� VKHDU�FRQQHFWRUV�PD\�QRW�KDYH� WKLV� OHYHO�RI�SODVWLF� UHGLVWULEXWLRQ��
DQG� FRXOG� LQVWHDG� ³XQ]LS´��*LYHQ� WKH� ORFDOL]HG� QDWXUH� DQG�PRGHVW� YDOXHV� RI� WKH� LQHODVWLF� GHPDQG�� WKLV�
EHKDYLRU�ZDV�FRQVLGHUHG�DFFHSWDEOH��7KH�VKHDU�SHUIRUPDQFH�RI�FRQQHFWRUV�XQGHU�KLJK�WHQVLRQ��H�J��GXH�WR�
FROOHFWRU�DFWLRQV��LV�DQ�LPSRUWDQW�DVSHFW��DV�FRYHUHG�ODWHU�LQ�$SSHQGL[�$���6HH�6HFWLRQ�$�������

)LJXUH� $����� VKRZV� WKH� IRUFH� YV�� GHIRUPDWLRQ� IRU� WKH� PRVW� FULWLFDO� ORDGHG�� �D�� FKRUG�
UHLQIRUFHPHQW� DQG� �E�� -9,� 9HFWRU� VKHDU� FRQQHFWRU�� 7KH� LQHODVWLF� VKHDU� VOLGLQJ� UHVSRQVH� H[KLELWHG� LV�
FRQVLGHUHG�VXIILFLHQWO\�ORFDOL]HG�DQG�VPDOO�LQ�PDJQLWXGH�WR�EH�DFFRPPRGDWHG�E\�WKH�OLPLWHG�VKHDU�SODVWLF�
UHGLVWULEXWLRQ�TXDOLWLHV�RI� WKH�-9,�9HFWRU�FRQQHFWRU�RU� VLPLODU��7KXV� WKH�DGHTXDF\�RI�:95� LV�FRQVLGHUHG�
GHPRQVWUDWHG�E\�WKH�UHVXOWV��
�
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)LJ��$������)RUFH�YV��GHIRUPDWLRQ�UHVSRQVH�IRU���D��FKRUG�FRQQHFWRU�LQ�WHQVLRQ���E��-9,�LQ�VKHDU��

�
6LPLODU� GHPDQGV� WR� WKDW� SUHVHQWHG� IRU� ([DPSOH� �$� LQ� 6HFWLRQV� ������ DUH� REVHUYHG� LQ� WKH�

GLDSKUDJP�WR�/)56� FRQQHFWLRQ� �6HH� 6HF� $��������� GLDSKUDJP� VHFRQGDU\� FRQQHFWLRQ� LQFOXGLQJ� LQWHUQDO�
EHDP�FRQQHFWLRQ�DQG�VSDQGUHO�EHDP�FRQQHFWLRQ��6HH�6HF�$��������DQG�H[SDQVLRQ�MRLQW��6HH�6HF�$��������
DV�REVHUYHG�LQ�([DPSOH��$��7KHVH�GHPDQGV�DUH�GLVFXVVHG�LQ�6HFWLRQ�����LQ�WKH�VHFWLRQ�QRWHG�DERYH��

%DVHG�RQ� WKH�DQDO\WLFDO� UHVXOWV� IRU� WKH�5'2�GLDSKUDJP�GHVLJQ���VWRU\� LQWHULRU�VKHDU�ZDOO�SDUNLQJ�
VWUXFWXUH� �'HVLJQ� IRXQG� LQ� ([DPSOH� �%� LQ� 3$57��� XQGHU� D� EL�GLUHFWLRQDO� 0&(� KD]DUG� OHYHO� JURXQG�
PRWLRQ��WKH�IROORZLQJ�FRQFOXVLRQV�DUH�PDGH��

���� 7KH� GLDSKUDJP� FKRUG� UHLQIRUFHPHQW� LQHODVWLF� GHIRUPDWLRQ� GHPDQGV�PHHW� WKH� GHVLJQ� WDUJHW� IRU�
0&(� OHYHO� KD]DUG�� LQHODVWLF� RSHQLQJ� ZLWKLQ� WKH� +'(� DOORZDEOH� RI� ���”� IRU� WKH� FKRUG�
UHLQIRUFHPHQW���

� ���������'(6,*1�&21&/86,21��7KH�5'2�GLDSKUDJP�GHVLJQ�IRUFH�<5)'[�LV�DSSURSULDWH�IRU�WKLV���
� � � � � GHVLJQ�FDVH���

���� 7KH� GLDSKUDJP� VKHDU� UHLQIRUFHPHQW� UHVSRQVH� PHHWV� WKH� GHVLJQ� WDUJHW� IRU� 0&(� OHYHO� KD]DUG�
�HODVWLF� VKHDU� UHVSRQVH��� DW� DOO� GLDSKUDJP� MRLQWV� H[FHSW� MRLQWV� QHDU� WKH� LQWHULRU�ZDOO�� 7KH� \LHOG�
VOLGLQJ�GHPDQG� LV�FDXVHG�E\� WKH�QRQ�XQLIRUP�GLVWULEXWLRQ�RI�VOLGLQJ�DORQJ�GLDSKUDJP�MRLQW�DQG�
WKH�IOH[XUDO�RYHUVWUHQJWK��

� ��������'(6,*1�&21&/86,21��7KH�5'2�GLDSKUDJP�GHVLJQ�VKHDU�IRUFH�RYHUVWUHQJWK�IDFWRU�:95��

� � � � LV�DSSURSULDWH�IRU�WKLV�GHVLJQ�FDVH���

� 6LPLODU�WR�WKH�FRQFOXVLRQV�IRU�([DPSOH��$��
���� 6LJQLILFDQW� RSHQLQJ� DQG� VOLGLQJ� GHIRUPDWLRQ� RFFXUV� DW� WKH� H[SDQVLRQ� MRLQW� DQG� DW� WKH� IOH[LEOH�

DQJOH�FRQQHFWRU�EHWZHHQ�WKH�OLWHZDOO�DQG�UDPS���
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���� 6LJQLILFDQW� LQHODVWLF� GHIRUPDWLRQ� GHPDQG� LV� REVHUYHG� DW� WKH� GLDSKUDJP� WR� OLWHZDOO� FRQQHFWRUV�
QHDU�WKH�H[SDQVLRQ�MRLQW��

����'LDSKUDJP�WR�/)56� FRQQHFWLRQV� UHPDLQ� HODVWLF� DW� PRVW� ORFDWLRQV� H[FHSW� D� PLQRU� ORFDOL]HG�
RSHQLQJ�\LHOG�DW�VHYHUDO�ORFDWLRQV��LQ�VRXWK�HDVW�DQG�QRUWK�ZHVW�ZDOO���

����<LHOGLQJ�RFFXUV�LQ�WKH�LQWHUQDO�EHDP�DQG�VSDQGUHO�EHDP�WR�GLDSKUDJP�FRQQHFWRUV��
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$��������(LJKW�VWRU\�RIILFH�EXLOGLQJ�Z�PRPHQW�IUDPH��6'&�&�('2��([DPSOH��$��
7KH� VL[WK� SURWRW\SH� VWUXFWXUH� GLDSKUDJP�GHVLJQ� HYDOXDWLRQ� LQYROYHV� D� 6'&�&�('2�GLDSKUDJP�

GHVLJQ�RSWLRQ�IRU�DQ���VWRU\�RIILFH�EXLOGLQJ�ZLWK�PRPHQW�IUDPHV��7KH�HDUWKTXDNH�VLPXODWLRQ�LV�SHUIRUPHG�
WKURXJK�QRQOLQHDU�WUDQVLHQW�G\QDPLF�DQDO\VLV��1/7'$��XQGHU�EL�GLUHFWLRQDO�FRPSRQHQWV�RI�D�0&(�OHYHO�
JURXQG�PRWLRQ�� 7KH� GLDSKUDJP� GHVLJQ� RI� WKH� SURWRW\SH� VWUXFWXUH� LV� EDVHG� RQ� WKH� GHVLJQ� SURFHGXUH� LQ�
3$57����7KH�GHVLJQ�RI�WKLV�SDUWLFXODU�VWUXFWXUH�LV�GHVFULEHG�LQ�([DPSOH��$��3$57������

7KH� ILQDO�GLDSKUDJP�GHVLJQ�SURGXFHG� LQ�([DPSOH��$��3$57��� LV� VKRZQ� LQ�)LJXUH�$������7KH�
GLDSKUDJP�UHLQIRUFHPHQW�LQGLFDWHG�LQ�)LJ��$�����LV�IRU�DOO�IORRUV��7KH�WRSSHG�GLDSKUDJP�LV�GHWDLOHG�ZLWK�
/'(�RU�DERYH� UHLQIRUFHPHQW� �WRSSHG�FKRUG�FRQQHFWRUV�DQG�EULWWOH�PHVK�WRSSHG�KDLUSLQ� IODQJH�WR�IODQJH�
FRQQHFWRUV�UHVSHFWLYHO\�IRU�IOH[XUH�DQG�VKHDU�UHLQIRUFHPHQW���7KH�GLDSKUDJP�GHVLJQ�IDFWRUV�DUH�<(� ������
DQG�:Y(�  � ����� $� FRQVHUYDWLYH� FRQVWDQW� SURILOH� LV� XVHG� IRU� WKH� GLDSKUDJP� GHVLJQ� IRUFH� DORQJ� EXLOGLQJ�
KHLJKW���

7KH�GLDSKUDJP�WR�/)56�FRQQHFWLRQ�LQ�WUDQVYHUVH�DQG�ORQJLWXGLQDO�GLUHFWLRQV�LV�VWHHO�UHLQIRUFLQJ�
GRZHO�EDUV�H[WHQGLQJ�LQWR�WKH�WRSSLQJ�VODE��DQG�GHVLJQHG�IRU�WKH�WULEXWDU\�VKHDU�DQG�QHJDWLYH�PRPHQW�DW�
HDFK�PRPHQW� IUDPH�� �7KH�VSDQGUHO�WR�'7�FRQQHFWLRQ�DQG� ,7� WR�'7�FRQQHFWLRQ� LV�DOVR�VWHHO� UHLQIRUFLQJ�
GRZHO�EDUV�H[WHQGLQJ�LQWR�WKH�WRSSLQJ�VODE��7KH�,7�WR�'7�FRQQHFWLRQV�DUH�GHVLJQHG�IRU�WKH�WULEXWDU\�VKHDU�
94�,��7KHVH�UHLQIRUFHPHQW�GHWDLOV�DUH�DOVR�VKRZQ�LQ�)LJ��$�����DQG�GLVFXVVHG�LQ�GHWDLO�LQ�GHVLJQ�H[DPSOH�
�$�RI�3$57����

�

������SHU�SDQHO

����FKRUG

:���[:���
EULWWOH�PHVK�#�IW

���+DLUSLQ

���#��


����FKRUG

���
FROOHFWRU

�����
SHU�SDQHO

�
)LJ��$������'LDSKUDJP�UHLQIRUFHPHQW�GHVLJQ�IRU�GHVLJQ�H[DPSOH��$��

�
)LJXUH�$�����VKRZV�WKH�PD[LPXP�GLDSKUDJP�LQHUWLDO� IRUFH�SURILOH�DORQJ�WKH�EXLOGLQJ�KHLJKW� LQ�

WKH� VWUXFWXUH� WUDQVYHUVH� �1�6��GLUHFWLRQ�DQG� WKH� VWUXFWXUH� ORQJLWXGLQDO�GLUHFWLRQ��7KUHH�GLIIHUHQW�SURILOHV�
DUH�LQGLFDWHG������WKH�GHVLJQ�SURILOH��<()'[������WKH�HQYHORSH�RI�PD[LPXPV�RFFXUULQJ�DW�DQ\�WLPH�GXULQJ�
WKH�HDUWKTXDNH��DQG�����WKH�LQVWDQWDQHRXV�SURILOH�DW�WKH�WLPH�RI�WKH�PD[LPXP�GLDSKUDJP�IRUFH�RFFXUULQJ�
DQ\ZKHUH�LQ�WKH�VWUXFWXUH���
� $V� VHHQ� LQ�)LJ��$������ WKH� GLDSKUDJP�GHVLJQ� IRUFH� UHSUHVHQWV� WKH�PD[LPXP�GLDSKUDJP� LQHUWLD�
IRUFH� GHPDQG� DW� WRS� IORRU� LQ� ERWK� WUDQVYHUVH� DQG� ORQJLWXGLQDO� GLUHFWLRQV��+RZHYHU�� LQ� RWKHU� IORRUV�� WKH�
GLDSKUDJP� GHVLJQ� IRUFH� RYHUHVWLPDWHV� WKH� GLDSKUDJP� LQHUWLD� IRUFH� GHPDQG� EHFDXVH� D� FRQVHUYDWLYHO\�
FRQVWDQW� GHVLJQ� SURILOH� LV� XVHG�� %DVHG� RQ� WKH� UHVXOWV� VKRZQ� LQ� )LJ�� $������ D�PRUH� HFRQRPLFDO� GHVLJQ�
SURILOH�KDV�EHHQ�GHYHORSHG�IRU�WKH�GHVLJQ�SURFHGXUH��6HH�$SSHQGL[���LQ�3$57�����
�
�
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'HVLJQ�

3URILOH�

�
)LJ��$������'LDSKUDJP�LQHUWLD�IRUFH���D��WUDQVYHUVH���E��ORQJLWXGLQDO�

�
)LJXUH�$�����VKRZV�WKH�GLDSKUDJP�LQWHUQDO�IRUFH�GLDJUDPV��PRPHQW��D[LDO�DQG�VKHDU��IRU�WKH�WRS�

IORRU�XQGHU�WKH�EL�GLUHFWLRQDO�JURXQG�PRWLRQV��(DFK�SORW�VKRZV���D�� WKH�HQYHORSHV�RI�PD[LPXP�SRVLWLYH�
DQG� QHJDWLYH� IRUFH� UHVSRQVH� DW� DQ\� WLPH� GXULQJ� WKH� HDUWKTXDNH�� �E�� WKH� IRUFH� SURILOHV� RI� WKH� LQVWDQW� RI�
PD[LPXP�PRPHQW��DQG���F��WKH�GHVLJQ�GLDJUDPV�IRU�UHTXLUHG�GLDSKUDJP�VWUHQJWK�XVLQJ�WKH�)%'�PHWKRG�
IURP�WKH�GHVLJQ�PHWKRGRORJ\��7KH�GHVLJQ�GLDJUDPV�DUH�FDOFXODWHG�LQ�'HVLJQ�([DPSOH���RI�3$57�����

$V� VHHQ�� WKH� GLDSKUDJP� LQWHUQDO� IRUFH� GHVLJQ� GLDJUDPV� �LQGLFDWHG� DV� JUHHQ� OLQH� LQ� )LJ��$������
XVLQJ� )%'� PHWKRG� LQ� 3$57�� ZHOO� UHSUHVHQW� WKH� GLDSKUDJP� LQWHUQDO� IRUFH� GHPDQG� REWDLQHG� IURP�
HDUWKTXDNH�VLPXODWLRQ��
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)LJ��$������'LDSKUDJP�LQWHUQDO�IRUFH�DW�WRS�IORRU���D��PRPHQW���E��D[LDO���F��VKHDU��
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�
)LJ��$������'LDSKUDJP�UHLQIRUFHPHQW�GHIRUPDWLRQ�GHPDQGV���D��2SHQLQJ���E��6OLGLQJ��
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)LJXUH�$�����VKRZV�WKH�GLDSKUDJP�PD[LPXP�MRLQW�GHIRUPDWLRQ�GHPDQG�DORQJ�EXLOGLQJ�KHLJKW�LQ�
HDFK�VXE�GLDSKUDJP�IRU���D��RSHQLQJ�DQG��E��VOLGLQJ��$V�VHHQ��DOO�WKH�GLDSKUDJP�MRLQWV�UHPDLQ�HODVWLF�DQG�
WKH�GHIRUPDWLRQ�GHPDQG� LV� VLJQLILFDQWO\� OHVV� WKDQ� WKH�\LHOG�GHIRUPDWLRQ��7KLV� LV�EHFDXVH� WKH�GLDSKUDJP�
UHLQIRUFHPHQW�LV�VL]HG�XVLQJ�D�FRPPRQO\�XVHG�PLQLPXP�UHLQIRUFHPHQW�UDWKHU�WKDQ�WKH�FDOFXODWHG�UHTXLUHG�
GLDSKUDJP�LQWHUQDO�IRUFH�GHPDQG��6HH�([DPSOH��$�LQ�3$57�����

1H[W� FRQVLGHU� WKH� GHPDQGV� RQ� WKH� GLDSKUDJP�WR�/)56� FRQQHFWLRQV� IRU� WKH� WUDQVYHUVH�PRPHQW�
IUDPH�� )LJXUH� $����� VKRZV� WKH� PD[LPXP� GLDSKUDJP�WR�/)56� FRQQHFWRU� GHIRUPDWLRQ� GHPDQGV�� 7KH�
YDOXH� SORWWHG� LV� WKH� ODUJHVW� RSHQLQJ� DQG� VOLGLQJ� GHPDQG� RQ� DQ\� VLQJOH� FRQQHFWRU� RI� WKH� JURXS� DOO� WKH�
FRQQHFWRU� DFURVV� WKH� MRLQW�EHWZHHQ� WUDQVYHUVH�PRPHQW� IUDPH�DQG�GLDSKUDJP��)LUVW� QRWH� LQ�)LJ��$����D�
WKDW� VOLJKWO\� RSHQLQJ� \LHOG� GHPDQG� LV� REVHUYHG� DW� WRS� DQG� ERWWRP� IORRU� GXH� WR� WKH� QHJDWLYH� EHQGLQJ�
PRPHQW��$OVR�QRWH�LQ�)LJ��$����E�WKDW�PLQRU�LQHODVWLF�RSHQLQJ�GHPDQG�RFFXUV�DW�WRS�DQG�ERWWRP�IORRU��
7KLV�\LHOGLQJ�LQ�VKHDU�UHVSRQVH�LV�GXH�WR�QRQ�XQLIRUP�GLVWULEXWLRQ��7KXV��WKH�HIILFDF\�RI�WKH�GHVLJQ�RI�WKH�
GLDSKUDJP�WR�/)56� FRQQHFWLRQV� �LQFOXGLQJ� ERWK� <(� DQG� :�� VHHPV� JLYHQ� WKH� ORFDOL]HG� DQG� OLPLWHG�
PDJQLWXGH�RI�WKH�LQHODVWLF�GHIRUPDWLRQ�GHPDQGV��7KH�GLDSKUDJP�WR�/)56�FRQQHFWRU�UHVSRQVHV�DUH�VKRZQ�
DQG�GHVLJQ�UHFRPPHQGDWLRQV�DUH�GLVFXVVHG�LQ�6HFWLRQ�$�������
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�
)LJ��$������'LDSKUDJP�WR�/)56�FRQQHFWLRQ�GHPDQG���D��RSHQLQJ���E��VOLGLQJ��

�
1H[W��WKH�FRQQHFWLRQ�GHPDQGV�RQ�WKH�LQWHULRU�EHDPV�OLQHV�DUH�FRQVLGHUHG��)LJXUH�$�����VKRZV�WKH�

PD[LPXP�GHIRUPDWLRQ�GHPDQG�RI�GLDSKUDJP�WR�LQWHUQDO�EHDP�ORQJLWXGLQDO�IUDPH�EHDP�FRQQHFWRUV�RQ�WKH�
ERWK�QRUWK�DQG�VRXWK�VLGHV�DW�HDFK�IORRU���

$V�VHHQ�LQ�)LJ��$������WKHVH�FRQQHFWRUV�UHPDLQ�HODVWLF�LQ�ERWK�RSHQLQJ�DQG�VOLGLQJ��7KLV�HODVWLF�
UHVSRQVH�LPSOLHV�WKDW�WKH�FRQQHFWRUV�LQ�WKH�LQWHULRU�EHDP�OLQHV�GHVLJQHG�ZLWK�WKH�WULEXWDU\�VKHDU�IRUFH�FDQ�
VXIILFLHQWO\�WUDQVIHU�WKH�VHLVPLF�ORDG��

)LQDOO\��FRQVLGHU�WKH�VHFRQGDU\�GLDSKUDJP�FRQQHFWLRQV��L�H��WKH�FRQQHFWLRQV�EHWZHHQ�WKH�SUHFDVW�
IORRU�XQLWV�DQG�WKH�SHULPHWHU�VSDQGUHO�EHDPV��)LJXUH�$�����VKRZV�WKH�PD[LPXP�GHIRUPDWLRQ�GHPDQG�RI�
GLDSKUDJP�WR�VSDQGUHO�EHDP�FRQQHFWRUV�RQ� WKH�ERWK�QRUWK�DQG�VRXWK�VLGHV�DW�HDFK�IORRU��$V�VHHQ�� WKHVH�
FRQQHFWRUV�UHPDLQ�HODVWLF�LQ�VKHDU�VOLGLQJ��+RZHYHU�VOLJKWO\�LQHODVWLF�RSHQLQJ�GHPDQG�LV�REVHUYHG�LQ�WKHVH�
FRQQHFWRU��
�
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<LHOG�2SHQLQJ� <LHOG�6OLGLQJ�

�
)LJ��$������'LDSKUDJP�LQWHUQDO�EHDP�MRLQW�GHIRUPDWLRQ�GHPDQG��

�
7KH�IROORZLQJ�FRQFOXVLRQV�DUH�PDGH�EDVHG�RQ�WKH�DQDO\WLFDO�UHVXOWV�IRU� WKH���VWRU\�PRPHQW�IUDPH�

RIILFH�EXLOGLQJ�6'&�&�('2�GHVLJQ��'HVLJQ�IRXQG�LQ�([DPSOH��$�RI�3$57���XQGHU�D�EL�GLUHFWLRQDO�0&(�
KD]DUG�OHYHO�JURXQG�PRWLRQ��
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���� 7KH�WRWDO�IORRU�LQHUWLDO�IRUFH�GHPDQGV�DW�HDFK�OHYHO�DUH�FRQVHUYDWLYHO\�SUHGLFWHG�E\�WKH�('2�GHVLJQ�
IRUFH� <()'[�� 7KH� PD[LPXP� LQHUWLDO� IRUFHV� DUH� FORVHO\� SUHGLFWHG� E\� <()'[� DW� WRS� IORRU�� 7KHVH�
FRQFOXVLRQV�DSSO\�WR�ERWK�WKH�WUDQVYHUVH�DQG�ORQJLWXGLQDO�GLUHFWLRQ��

'(6,*1�&21&/86,21��7KH�('2�GHVLJQ�IRUFH�<()'[�LV�DSSURSULDWH�IRU�WKLV�GHVLJQ�FDVH���

���� 7KH�GLDSKUDJP�GHVLJQ�LQWHUQDO�IRUFHV�XVLQJ�WKH�)%'�PHWKRG��6HH�6HF�����%�LQ�3$57����VKRZ�JRRG�
DJUHHPHQW�ZLWK�WKH�G\QDPLF�DQDO\VLV�UHVXOWV��

'(6,*1�&21&/86,21�� )RU� WKLV� GHVLJQ� H[DPSOH�� WKH� )%'�PHWKRG� SURYLGHV� DFFXUDWH� IRUFH�
SDWWHUQV���

����'LDSKUDJP�UHLQIRUFHPHQW�GHPDQGV�DUH�ZLWKLQ�WKH�GHVLJQ�WDUJHW��HODVWLF�EHKDYLRU�LQ�WKH�0&(��DW�PRVW�
GLDSKUDJP�MRLQWV����

��'(6,*1�&21&/86,21��7KH�HODVWLF�GLDSKUDJP�GHVLJQ�WDUJHW�ZDV�PHW�IRU�WKLV�('2�GHVLJQ��
� � � �����XVLQJ�<(�DQG�:Y(����

����'LDSKUDJP�WR�/)56� FRQQHFWLRQ� UHPDLQV� HODVWLF� DW�PRVW� ORFDWLRQV� H[FHSW� D�PLQRU� ORFDOL]HG� VOLGLQJ�
DQG�RSHQLQJ�\LHOG�DW�WRS�DQG�ERWWRP�IORRU��

��'(6,*1�&21&/86,21��7KH�/)56�GHVLJQ�XVLQJ�<(�DQG�:Y(�LV�GHHPHG�DFFHSWDEOH����

����<LHOG� GHIRUPDWLRQ� RFFXUV� LQ� WKH� VSDQGUHO� EHDP� WR� GLDSKUDJP� FRQQHFWLRQV�� 5HFRPPHQGDWLRQV� DUH�
SURYLGHG�LQ�VHF��$�������
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FRQQHFWRU�

6OLGLQJ�2SHQLQJ�

<LHOG�

<LHOG�

<LHOG�
<LHOG�

�
)LJ��$������6SDQGUHO�WR�GLDSKUDJP�FRQQHFWRU�GHIRUPDWLRQ�GHPDQG���D��RSHQLQJ���E��VOLGLQJ��



�&�$���

$��������(LJKW�VWRU\�RIILFH�EXLOGLQJ�Z�PRPHQW�IUDPH��6'&�'�5'2��([DPSOH��$��
7KH�VHYHQWK�SURWRW\SH�VWUXFWXUH�GLDSKUDJP�GHVLJQ�HYDOXDWLRQ�LQYROYHV�D�6'&�'�5'2�GLDSKUDJP�

GHVLJQ�RSWLRQ�IRU�DQ���VWRU\�RIILFH�EXLOGLQJ�ZLWK�PRPHQW�IUDPHV��7KH�HDUWKTXDNH�VLPXODWLRQ�LV�SHUIRUPHG�
WKURXJK�QRQOLQHDU�WUDQVLHQW�G\QDPLF�DQDO\VLV��1/7'$��XQGHU�EL�GLUHFWLRQDO�FRPSRQHQWV�RI�D�0&(�OHYHO�
JURXQG�PRWLRQ�� 7KH� GLDSKUDJP� GHVLJQ� RI� WKH� SURWRW\SH� VWUXFWXUH� LV� EDVHG� RQ� WKH� GHVLJQ� SURFHGXUH� LQ�
3$57����7KH�GHVLJQ�RI�WKLV�SDUWLFXODU�VWUXFWXUH�LV�GHVFULEHG�LQ�([DPSOH��%��3$57������

7KH� ILQDO�GLDSKUDJP�GHVLJQ�SURGXFHG� LQ�([DPSOH��%��3$57��� LV� VKRZQ� LQ�)LJXUH�$������7KH�
WRSSHG�KDLUSLQ�FRQQHFWRU�VKRZQ�LQ�OHIW�SDUW�DQG�GXFWLOH�PHVK�UHLQIRUFHPHQW�VKRZQ�LQ�OHIW�SDUW��VLQFH�WKH�
GLDSKUDJP�GHVLJQ� LV� V\PPHWULF� DFURVV� WKH�GLDSKUDJP� VSDQ���7KH�GLDSKUDJP� UHLQIRUFHPHQW� LQGLFDWHG� LQ�
)LJ��$����� LV� IRU� DOO� IORRUV�� 7KH� WRSSHG� GLDSKUDJP� LV� GHWDLOHG�ZLWK�+'(� UHLQIRUFHPHQW� �WRSSHG� FKRUG�
FRQQHFWRUV�DQG�GXFWLOH�PHVK�WRSSHG�KDLUSLQ�IODQJH�WR�IODQJH�FRQQHFWRUV�UHVSHFWLYHO\�IRU�IOH[XUH�DQG�VKHDU�
UHLQIRUFHPHQW���7KH�GLDSKUDJP�GHVLJQ� IDFWRUV� DUH�<(� � � ����� DQG�:Y(� �������$�FRQVHUYDWLYH� FRQVWDQW�
SURILOH�LV�XVHG�IRU�WKH�GLDSKUDJP�GHVLJQ�IRUFH�DORQJ�EXLOGLQJ�KHLJKW���

7KH�GLDSKUDJP�WR�/)56�FRQQHFWLRQ�LQ�WUDQVYHUVH�DQG�ORQJLWXGLQDO�GLUHFWLRQV�LV�VWHHO�UHLQIRUFLQJ�
GRZHO�EDUV�H[WHQGLQJ�LQWR�WKH�WRSSLQJ�VODE��DQG�GHVLJQHG�IRU�WKH�WULEXWDU\�VKHDU�DQG�QHJDWLYH�PRPHQW�DW�
HDFK�PRPHQW� IUDPH�� �7KH�VSDQGUHO�WR�'7�FRQQHFWLRQ�DQG� ,7� WR�'7�FRQQHFWLRQ� LV�DOVR�VWHHO� UHLQIRUFLQJ�
GRZHO�EDUV�H[WHQGLQJ�LQWR�WKH�WRSSLQJ�VODE��7KH�,7�WR�'7�FRQQHFWLRQV�DUH�GHVLJQHG�IRU�WKH�WULEXWDU\�VKHDU�
94�,��7KHVH�UHLQIRUFHPHQW�GHWDLOV�DUH�DOVR�VKRZQ�LQ�)LJ��$�����DQG�GLVFXVVHG�LQ�GHWDLO�LQ�GHVLJQ�H[DPSOH�
�%�RI�3$57����

$OVR� QRWH� LQ�)LJ��$����� WKDW� WKH� FKRUG� UHLQIRUFHPHQW� LV� VHOHFWHG� DV� �� ����7KLV� GHVLJQ� YDOXH� LV�
VOLJKWO\�ODUJHU�WKDQ�WKH�GHVLJQ�SUHVHQWHG�LQ�3$57���IRU�([DPSOH��%������LV�XVHG���7KLV�GLIIHUHQFH�LV�GXH�
WR� WKH� GLIIHUHQW� FRQVLGHUDWLRQ� IRU� WKH� GHVLJQ�PRPHQW� VWUHQJWK� �0Q��� ,Q� WKLV� VHFWLRQ�� WKH� GHVLJQ�PRPHQW�
VWUHQJWK�LV�WDNHQ�DV����0\�����0S��ZKHUH�0\�DQG�0S�LV�WKH�\LHOG�DQG�SODVWLF�PRPHQW��6HH�6HF������%�LQ�
3$57� ���� +RZHYHU� LQ� WKH� GHVLJQ� H[DPSOH� VKRZQ� LQ� 3$57� ��� WKH� GHVLJQ� PRPHQW� VWUHQJWK� KDV� EHHQ�
PRGLILHG�WR�����0S�EDVHG�RQ�WKH�ILQGLQJV�GLVFXVVHG�LQ�WKLV�VHFWLRQ��

����FROOHFWRU

+DLUSLQ�&RQQHFWRU 'XFWLOH�PHVK
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����SHU�SDQHO
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�����
SHU�SDQHO

�
)LJ��$������'LDSKUDJP�UHLQIRUFHPHQW�GHVLJQ�IRU�GHVLJQ�H[DPSOH��%��

�
7KH�5'2�GHVLJQ�WDUJHW�LV�LQHODVWLF�GHIRUPDWLRQ�GHPDQGV�LQ�WKH�0&(�ZLWKLQ�WKH�+'(�DOORZDEOH�

GHIRUPDWLRQ� RI� ���”�� $V� VXFK�� WKH� SHUWLQHQW� PHDVXUH� IRU� GHWHUPLQLQJ� WKH� DGHTXDF\� RI� WKH� GHVLJQ� DUH�
GHIRUPDWLRQ�GHPDQGV������FKRUG�RSHQLQJ�GHPDQGV��ZKLFK�FDQ�EH�FRPSDUHG�WR�WKH�+'(�DOORZDEOH�YDOXHV��
DQG� ���� MRLQW� VOLGLQJ� GHIRUPDWLRQV� �UHODWLYH� WUDQVYHUVH� PRWLRQ� RI� XQLWV� IODQNLQJ� WKH� MRLQW��� WKDW� FDQ� EH�
FRPSDUHG�WR�WKH�MRLQW�sliding \LHOG�deformation��
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)LJXUH�$�����VKRZV�WKH�GLDSKUDJP�PD[LPXP�MRLQW�GHIRUPDWLRQ�GHPDQG�DORQJ�EXLOGLQJ�KHLJKW�LQ�
HDFK� VXE�GLDSKUDJP� IRU�� �D�� RSHQLQJ� DQG� �E�� VOLGLQJ��$V� VHHQ� LQ�)LJ��$����E�� DOO� WKH� GLDSKUDJP� MRLQWV�
UHPDLQ� HODVWLF� LQ� VKHDU� VOLGLQJ�ZKLFK�PHHW� WKH� HODVWLF� VKHDU� GHVLJQ� WDUWHU�� ,QHODVWLF� RSHQLQJ� GHPDQG� LV�
REVHUYHG�LQ�WKH�GLDSKUDJP�MRLQWV�DW�WRS�DQG�ERWWRP�IORRUV�EXW�WKH�PDJQLWXGH�LV�FRQVHUYDWLYHO\�ORZHU�WKDQ�
WKH�+'(�DOORZDEOH�RSHQLQJ�GHPDQG�����”���7KLV�FRQVHUYDWLYHO\�LQHODVWLF�MRLQW�RSHQLQJ�GHPDQG�LV�FDXVHG�
E\�D� ODUJH�VWUDLQ�KDUGHQLQJ�LQ� WKH�GLDSKUDJP�PRPHQW�UHVSRQVH�DIWHU� WKH�SHULPHWHU�FKRUG�UHLQIRUFHPHQW��
7KLV� ODUJH�VWUDLQ�KDUGHQLQJ� LV�GXH� WR�D�VLJQLILFDQW�FRQWULEXWLRQ�RI�VWLII�ZHE�UHLQIRUFHPHQW� �GXFWLOH�PHVK�
DQG� WRSSHG� KDLUSLQ��� 7KXV� IRU� WKH� GHVLJQ� H[DPSOH� VKRZQ� LQ� 3$57���� WKH� GLDSKUDJP�PRPHQW� QRPLQDO�
VWUHQJWK�KDV�EHHQ�UHGXFHG�WR�WKH�0S�UDWKHU�WKDQ�����0\�0S��XVHG�LQ�WKLV�HYDOXDWLRQ��
�
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�
)LJ��$������'LDSKUDJP�UHLQIRUFHPHQW�GHIRUPDWLRQ�GHPDQGV���D��RSHQLQJ���E��VOLGLQJ��

�
1H[W��WKH�FRQQHFWLRQ�GHPDQGV�RQ�WKH�LQWHULRU�EHDPV�OLQHV�DUH�FRQVLGHUHG��)LJXUH�$�����VKRZV�WKH�

PD[LPXP� GHIRUPDWLRQ� GHPDQG� RI� GLDSKUDJP� WR� LQWHUQDO�PRPHQW� IUDPH� EHDP� FRQQHFWRUV� RQ� WKH� ERWK�
QRUWK�DQG�VRXWK�VLGHV�DW�HDFK�IORRU��$V�VHHQ�LQ�)LJ��$������WKHVH�FRQQHFWRUV�UHPDLQ�HODVWLF�LQ�VKHDU�VOLGLQJ��
6OLJKWO\� LQHODVWLF�RSHQLQJ�GHPDQG� LV�REVHUYHG� LQ� WKH�GLDSKUDJP�WR� LQWHUQDO�EHDP�FRQQHFWRUV�DW� WRS�DQG�
ERWWRP�IORRUV��

6LPLODU� GHPDQGV� WR� WKDW� SUHVHQWHG� IRU� ([DPSOH� �$� LQ� 6HFWLRQV� ������ DUH� REVHUYHG� LQ� WKH�
GLDSKUDJP�WR�/)56� FRQQHFWLRQ� �6HH� 6HF� $�������� DQG� GLDSKUDJP� VHFRQGDU\� FRQQHFWLRQ� LQFOXGLQJ�
VSDQGUHO�EHDP�FRQQHFWLRQ��6HH�6HF�$��������7KHVH�GHPDQGV�DUH�GLVFXVVHG� LQ�6HFWLRQ����� LQ� WKH�VHFWLRQ�
QRWHG�DERYH��

� 7KH�IROORZLQJ�FRQFOXVLRQV�DUH�PDGH�EDVHG�RQ�WKH�DQDO\WLFDO�UHVXOWV�IRU�WKH���VWRU\�PRPHQW�IUDPH�
RIILFH� EXLOGLQJ� 6'&�'�5'2� GHVLJQ� �'HVLJQ� IRXQG� LQ� ([DPSOH� �%� RI� 3$57��� XQGHU� D� EL�GLUHFWLRQDO�
0&(�KD]DUG�OHYHO�JURXQG�PRWLRQ��

�
���� 7KH� GLDSKUDJP� FKRUG� UHLQIRUFHPHQW� LQHODVWLF� GHIRUPDWLRQ� GHPDQGV� FRQVHUYDWLYHO\� ORZHU� WKDQ�

WKH�GHVLJQ�WDUJHW�IRU�0&(�OHYHO�KD]DUG��LQHODVWLF�RSHQLQJ�ZLWKLQ�WKH�+'(�DOORZDEOH�RI����”�IRU�
WKH�FKRUG�UHLQIRUFHPHQW���

� ���������'(6,*1�&21&/86,21��7KH�5'2�GLDSKUDJP�GHVLJQ�IRUFH�<5)'[�LV�DSSURSULDWH�IRU�WKLV���
� � � � � GHVLJQ�FDVH���

���� 7KH� GLDSKUDJP� VKHDU� UHLQIRUFHPHQW� UHVSRQVH� PHHWV� WKH� GHVLJQ� WDUJHW� IRU� 0&(� OHYHO� KD]DUG�
�HODVWLF�VKHDU�UHVSRQVH���

� ��������'(6,*1�&21&/86,21��7KH�5'2�GLDSKUDJP�GHVLJQ�VKHDU�IRUFH�RYHUVWUHQJWK�IDFWRU�:95��

� � � � LV�DSSURSULDWH�IRU�WKLV�GHVLJQ�FDVH���

���� 7KH� FRQQHFWRUV� EHWZHHQ� GLDSKUDJP� LQWHUQDO� EHDP� MRLQW� UHPDLQ� HODVWLF� DW�PRVW� ORFDWLRQ� H[FHSW�
VOLJKWO\�VOLGLQJ�\LHOG�DW��VW�IORRU�DQG�WRS�IORRUV�

�
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6LPLODU�WR�WKH�FRQFOXVLRQV�IRU�([DPSOH��$��
����'LDSKUDJP�WR�/)56� FRQQHFWLRQ� UHPDLQV� HODVWLF� DW�PRVW� ORFDWLRQV� H[FHSW� D�PLQRU� ORFDOL]HG� VOLGLQJ�

DQG�RSHQLQJ�\LHOG�DW�WRS�DQG�ERWWRP�IORRU��

��'(6,*1�&21&/86,21��7KH�/)56�GHVLJQ�XVLQJ�<(�DQG�:Y(�LV�GHHPHG�DFFHSWDEOH����

����<LHOG� GHIRUPDWLRQ� RFFXUV� LQ� WKH� VSDQGUHO� EHDP� WR� GLDSKUDJP� FRQQHFWLRQV�� 5HFRPPHQGDWLRQV� DUH�
SURYLGHG�LQ�VHF��$�������
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1RUWK�

,7�EHDP�

���EDU�

%HDP�-RLQW�2XWHU�)DFH�

6RXWK�
[� /�

2SHQLQJ�

6OLGLQJ�

%HDP�-RLQW�,QQHU�)DFH�

%HDP�-RLQW�2XWHU�)DFH�

)UDPH�EHDP�

�
)LJ��$������'LDSKUDJP�LQWHUQDO�IUDPH�EHDP�MRLQW�GHPDQG��

�
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$��������(LJKW�VWRU\�RIILFH�EXLOGLQJ�Z��SHULPHWHU�VKHDU�ZDOOV��6'&�&�('2��([DPSOH��$��
7KH�HLJKWK�SURWRW\SH�VWUXFWXUH�GLDSKUDJP�GHVLJQ�HYDOXDWLRQ�LQYROYHV�D�6'&�&�('2�GLDSKUDJP�

GHVLJQ� RSWLRQ� IRU� DQ� ��VWRU\� RIILFH� EXLOGLQJ� ZLWK� SHULPHWHU� VKHDU� ZDOOV�� 7KH� HDUWKTXDNH� VLPXODWLRQ� LV�
SHUIRUPHG�WKURXJK�QRQOLQHDU�WUDQVLHQW�G\QDPLF�DQDO\VLV��1/7'$��XQGHU�EL�GLUHFWLRQDO�FRPSRQHQWV�RI�D�
0&(�OHYHO� JURXQG� PRWLRQ�� 7KH� GLDSKUDJP� GHVLJQ� RI� WKH� SURWRW\SH� VWUXFWXUH� LV� EDVHG� RQ� WKH� GHVLJQ�
SURFHGXUH�LQ�3$57����7KH�GHVLJQ�RI�WKLV�SDUWLFXODU�VWUXFWXUH�LV�GHVFULEHG�LQ�([DPSOH��$��3$57������

7KH� ILQDO�GLDSKUDJP�GHVLJQ�SURGXFHG� LQ�([DPSOH��$��3$57��� LV� VKRZQ� LQ�)LJXUH�$������7KH�
GLDSKUDJP�UHLQIRUFHPHQW�LQGLFDWHG�LQ�)LJ��$�����LV�IRU�DOO�IORRUV��7KH�WRSSHG�GLDSKUDJP�LV�GHWDLOHG�ZLWK�
/'(�RU�DERYH� UHLQIRUFHPHQW� �WRSSHG�FKRUG�FRQQHFWRUV�DQG�EULWWOH�PHVK�WRSSHG�KDLUSLQ� IODQJH�WR�IODQJH�
FRQQHFWRUV�UHVSHFWLYHO\�IRU�IOH[XUH�DQG�VKHDU�UHLQIRUFHPHQW���7KH�GLDSKUDJP�GHVLJQ�IDFWRUV�DUH�<(� �������
DQG�:Y(�  � ����� $� FRQVHUYDWLYH� FRQVWDQW� SURILOH� LV� XVHG� IRU� WKH� GLDSKUDJP� GHVLJQ� IRUFH� DORQJ� EXLOGLQJ�
KHLJKW���

7KH�GLDSKUDJP�WR�/)56�FRQQHFWLRQ�LQ�WUDQVYHUVH�DQG�ORQJLWXGLQDO�GLUHFWLRQV�LV�VWHHO�UHLQIRUFLQJ�
GRZHO� EDUV� H[WHQGLQJ� LQWR� WKH� WRSSLQJ� VODE�� DQG� GHVLJQHG� IRU� WKH� WULEXWDU\� VKHDU� DW� HDFK� ZDOO�� 7KH�
VSDQGUHO�WR�'7�FRQQHFWLRQ�DQG� ,7� WR�'7�FRQQHFWLRQ� LV�DOVR�VWHHO� UHLQIRUFLQJ�GRZHO�EDUV�H[WHQGLQJ� LQWR�
WKH� WRSSLQJ� VODE�� 7KH� ,7�WR� '7� FRQQHFWLRQV� DUH� GHVLJQHG� IRU� WKH� WULEXWDU\� VKHDU� 94�,�� 7KHVH�
UHLQIRUFHPHQW�GHWDLOV�DUH�DOVR�VKRZQ�LQ�)LJ��$�����DQG�GLVFXVVHG�LQ�GHWDLO�LQ�GHVLJQ�H[DPSOH��$�RI�3$57�
���
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SHU�SDQHO

�
)LJ��$������'LDSKUDJP�UHLQIRUFHPHQW�GHVLJQ�IRU�GHVLJQ�H[DPSOH��$��

�
)LJXUH�$�����VKRZV�WKH�PD[LPXP�GLDSKUDJP�LQHUWLDO� IRUFH�SURILOH�DORQJ�WKH�EXLOGLQJ�KHLJKW� LQ�

WKH� VWUXFWXUH� WUDQVYHUVH� �1�6��GLUHFWLRQ�DQG� WKH� VWUXFWXUH� ORQJLWXGLQDO�GLUHFWLRQ��7KUHH�GLIIHUHQW�SURILOHV�
DUH�LQGLFDWHG������WKH�GHVLJQ�SURILOH��<()'[������WKH�HQYHORSH�RI�PD[LPXPV�RFFXUULQJ�DW�DQ\�WLPH�GXULQJ�
WKH�HDUWKTXDNH��DQG�����WKH�LQVWDQWDQHRXV�SURILOH�DW�WKH�WLPH�RI�WKH�PD[LPXP�GLDSKUDJP�IRUFH�RFFXUULQJ�
DQ\ZKHUH�LQ�WKH�VWUXFWXUH���
� $V�VHHQ�LQ�)LJ��$����D�� WKH�GLDSKUDJP�GHVLJQ�IRUFH�UHSUHVHQWV�WKH�PD[LPXP�GLDSKUDJP�LQHUWLD�
IRUFH�GHPDQG�DW�WRS�DQG��VW�IORRUV�LQ�WUDQVYHUVH�GLUHFWLRQ��+RZHYHU��LQ�RWKHU�IORRUV��WKH�GLDSKUDJP�GHVLJQ�
IRUFH�RYHUHVWLPDWHV�WKH�GLDSKUDJP�LQHUWLD�IRUFH�GHPDQG�EHFDXVH�D�FRQVHUYDWLYHO\�FRQVWDQW�GHVLJQ�SURILOH�
LV�XVHG��%DVHG�RQ�WKH�UHVXOWV�VKRZQ�LQ�)LJ��$����D��D�PRUH�HFRQRPLFDO�GHVLJQ�SURILOH�KDV�EHHQ�GHYHORSHG�
IRU� WKH�GHVLJQ�SURFHGXUH� �6HH�$SSHQGL[��� LQ�3$57�����$V� VHHQ� LQ�)LJ��$����E�� WKH�GLDSKUDJP�GHVLJQ�
IRUFH� VOLJKWO\� RYHUHVWLPDWHV� WKH�PD[LPXP�GLDSKUDJP� LQHUWLD� IRUFH� GHPDQG� DW� DOO� IORRUV� LQ� ORQJLWXGLQDO�
GLUHFWLRQ��
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'HVLJQ�

0D[�
HQYHORSH�3URILOH�

�
)LJ��$������'LDSKUDJP�LQHUWLD�IRUFH���D��WUDQVYHUVH���E��ORQJLWXGLQDO�

� �
� )LJXUH�$�����VKRZV�WKH�GLDSKUDJP�LQWHUQDO�IRUFH�GLDJUDPV��PRPHQW��D[LDO�DQG�VKHDU��IRU�WKH�WRS�
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1H[W� FRQVLGHU� WKH� GHPDQGV� RQ� WKH� GLDSKUDJP�WR�/)56� FRQQHFWLRQV� IRU� WKH� WUDQVYHUVH� DQG�
ORQJLWXGLQDO� ZDOOV�� )LJXUH� $����� VKRZV� WKH� PD[LPXP� GLDSKUDJP�WR�/)56� FRQQHFWRU� GHIRUPDWLRQ�
GHPDQGV�� 7KH� YDOXH� SORWWHG� LV� WKH� ODUJHVW� RSHQLQJ� DQG� VOLGLQJ� GHPDQG� RQ� DQ\� VLQJOH� FRQQHFWRU� RI� WKH�
JURXS� DOO� WKH� FRQQHFWRU� DFURVV� WKH� MRLQW� EHWZHHQ� /)56�WR�GLDSKUDJP�� $V� VHHQ� LQ� )LJ�� $����D�G�� WKH�
FRQQHFWRUV� LQ� WUDQVYHUVH�ZDOOV�UHPDLQ�HODVWLF� LQ�RSHQLQJ�DQG�WKH�FRQQHFWRU� LQ� ORQJLWXGLQDO�ZDOOV�UHPDLQ�
HODVWLF�LQ�VKHDU�VOLGLQJ��$V�VHHQ�LQ�)LJ��$����E�F��LQHODVWLF�VOLGLQJ�GHPDQG�LV�REVHUYHG�LQ�WKH�FRQQHFWRU�RI�
WUDQVYHUVH�ZDOOV�DW�ORZHU�IORRUV�DQG�LQHODVWLF�RSHQLQJ�GHPDQG�LV�REVHUYHG�LQ�WKH�FRQQHFWRU�RI�ORQJLWXGLQDO�
ZDOOV�DW�ORZHU�IORRUV��7KH�HIILFDF\�RI�WKH�GHVLJQ�RI�WKH�GLDSKUDJP�WR�/)56�FRQQHFWLRQV��LQFOXGLQJ�ERWK�
<(�DQG�:��VHHPV�JLYHQ� WKH� ORFDOL]HG�DQG� OLPLWHG�PDJQLWXGH�RI� WKH� LQHODVWLF�GHIRUPDWLRQ�GHPDQGV��7KH�
GLDSKUDJP�WR�/)56�FRQQHFWRU�UHVSRQVHV�DUH�VKRZQ�DQG�GHVLJQ�UHFRPPHQGDWLRQV�DUH�GLVFXVVHG�LQ�6HFWLRQ�
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�
� 1H[W��WKH�FRQQHFWLRQ�GHPDQGV�RQ�WKH�LQWHULRU�EHDPV�OLQHV�DUH�FRQVLGHUHG��7KLV�VHW�RI�FRQQHFWLRQV�
LV�GHVLJQHG�IRU�WULEXWDU\�VKHDU�94�,�ZLWK�WKH�:9�IDFWRU��6HH�3$57����([DPSOH��$���)LJXUH�$�����VKRZV�
WKH� PD[LPXP� GHIRUPDWLRQ� GHPDQGV� IRU� FRQQHFWLRQV� DORQJ� WKH� LQWHULRU� EHDP� OLQHV�� 7KH� SORWV� VKRZ��
RSHQLQJ�RI�WKH�EHDP�OLQH�MRLQW��OHIW�KDQG�SORWV���DQG�VOLGLQJ�DORQJ�WKH�EHDP�OLQH�MRLQW��ULJKW�KDQG�SORWV���
IRU� ERWK� WKH� QRUWK� �XSSHU� SORWV�� DQG� VRXWK� �ORZHU� SORWV�� EHDP� OLQHV�� (DFK� SORW� JURXS� VKRZV� WKH� MRLQW�
RSHQLQJ�RQ�HLWKHU�VLGH�RI�WKH�EHDP�OLQH��LQQHU�DQG�RXWHU�IDFHV�����
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$V� VHHQ� LQ�)LJ��$������ WKHVH� FRQQHFWRUV� KDYH� VOLJKWO\� LQHODVWLF� VKHDU� VOLGLQJ�GHPDQG� DW� FRXSOH�
ORFDWLRQV��)DLUO\�ODUJH��a����”��LQHODVWLF�RSHQLQJ�GHPDQG�LV�REVHUYHG�LQ�WKHVH�FRQQHFWRUV�QHDU�WKH�HQG�RI�
GLDSKUDJP� VSDQ�� 7KLV� LQHODVWLF� RSHQLQJ� GHPDQG� LV� FDXVHG� E\� WKH� IDFW� WKDW� WKH� WUDQVYHUVH� VKHDU� ZDOOV�
SODFHG�DW�WKH�PLGGOH�VXE�GLDSKUDJP�GR�QRW�FRYHU�DQG�SURWHFW�WKH�LQWHUQDO�EHDP�MRLQW��6LJQLILFDQW�RSHQLQJ�
GHIRUPDWLRQ�UHGXFWLRQ�PLJKW�EH�H[SHFWHG�LI�WKH�WUDQVYHUVH�ZDOOV�DUH�SODFHG�DFURVV�WKH�LQWHUQDO�EHDP�MRLQWV��
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6LPLODU�GHPDQGV�WR�WKDW�SUHVHQWHG�IRU�([DPSOH��%�LQ�6HFWLRQV�������DUH�REVHUYHG�LQ�GLDSKUDJP�
VHFRQGDU\� FRQQHFWLRQ� LQFOXGLQJ� VSDQGUHO� EHDP� FRQQHFWLRQ� �6HH� 6HF� $�������� 7KHVH� GHPDQGV� DUH�
GLVFXVVHG�LQ�6HFWLRQ�����LQ�WKH�VHFWLRQ�QRWHG�DERYH��

� 7KH�IROORZLQJ�FRQFOXVLRQV�DUH�PDGH�EDVHG�RQ�WKH�DQDO\WLFDO�UHVXOWV�IRU�WKH���VWRU\�SHULPHWHU�ZDOO�
RIILFH�EXLOGLQJ�6'&�&�('2�GHVLJQ��'HVLJQ�IRXQG�LQ�([DPSOH��$�RI�3$57���XQGHU�D�EL�GLUHFWLRQDO�0&(�
KD]DUG�OHYHO�JURXQG�PRWLRQ��
���� 7KH�WRWDO�IORRU�LQHUWLDO�IRUFH�GHPDQGV�DW�HDFK�OHYHO�DUH�FRQVHUYDWLYHO\�SUHGLFWHG�E\�WKH�('2�GHVLJQ�

IRUFH� <()'[�� 7KH� PD[LPXP� LQHUWLDO� IRUFHV� DUH� FORVHO\� SUHGLFWHG� E\� <()'[� DW� WRS� IORRU�� 7KHVH�
FRQFOXVLRQV�DSSO\�WR�ERWK�WKH�WUDQVYHUVH�DQG�ORQJLWXGLQDO�GLUHFWLRQ��

'(6,*1�&21&/86,21��7KH�('2�GHVLJQ�IRUFH�<()'[�LV�DSSURSULDWH�IRU�WKLV�GHVLJQ�FDVH���

���� 7KH�GLDSKUDJP�GHVLJQ�LQWHUQDO�IRUFHV�XVLQJ�WKH�)%'�PHWKRG��6HH�6HF�����%�LQ�3$57����VKRZ�JRRG�
DJUHHPHQW�ZLWK�WKH�G\QDPLF�DQDO\VLV�UHVXOWV��

'(6,*1�&21&/86,21�� )RU� WKLV� GHVLJQ� H[DPSOH�� WKH� )%'�PHWKRG� SURYLGHV� DFFXUDWH� IRUFH�
SDWWHUQV���

����'LDSKUDJP�UHLQIRUFHPHQW�GHPDQGV�DUH�ZLWKLQ�WKH�GHVLJQ�WDUJHW��HODVWLF�EHKDYLRU�LQ�WKH�0&(��DW�PRVW�
GLDSKUDJP�MRLQWV���

��'(6,*1�&21&/86,21��7KH�HODVWLF�GLDSKUDJP�GHVLJQ�WDUJHW�ZDV�PHW�IRU�WKLV�('2�GHVLJQ��
� � � �����XVLQJ�<(�DQG�:Y(����

����'LDSKUDJP�WR�/)56� FRQQHFWLRQ� UHPDLQV� HODVWLF� DW�PRVW� ORFDWLRQV� H[FHSW� D�PLQRU� ORFDOL]HG� VOLGLQJ�
DQG�RSHQLQJ�\LHOG�DW�WRS�DQG�ERWWRP�IORRU��

��'(6,*1�&21&/86,21��7KH�/)56�GHVLJQ�XVLQJ�<(�DQG�:Y(�LV�GHHPHG�DFFHSWDEOH����

����<LHOG� GHIRUPDWLRQ� RFFXUV� LQ� WKH� VHFRQGDU\� FRQQHFWRUV� LQFOXGLQJ� LQWHUQDO� EHDP� WR� GLDSKUDJP� DQG�
VSDQGUHO�EHDP�WR�GLDSKUDJP�FRQQHFWLRQV��5HFRPPHQGDWLRQV�DUH�SURYLGHG�LQ�VHF��$�������
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$��������(LJKW�VWRU\�RIILFH�EXLOGLQJ�Z��SHULPHWHU�VKHDU�ZDOOV��6'&�'�5'2��([DPSOH��%��
7KH�QLQWK�SURWRW\SH� VWUXFWXUH�GLDSKUDJP�GHVLJQ�HYDOXDWLRQ� LQYROYHV�D�6'&�'�5'2�GLDSKUDJP�

GHVLJQ� RSWLRQ� IRU� DQ� ��VWRU\� RIILFH� EXLOGLQJ� ZLWK� SHULPHWHU� VKHDU� ZDOOV�� 7KH� HDUWKTXDNH� VLPXODWLRQ� LV�
SHUIRUPHG�WKURXJK�QRQOLQHDU�WUDQVLHQW�G\QDPLF�DQDO\VLV��1/7'$��XQGHU�EL�GLUHFWLRQDO�FRPSRQHQWV�RI�D�
0&(�OHYHO� JURXQG� PRWLRQ�� 7KH� GLDSKUDJP� GHVLJQ� RI� WKH� SURWRW\SH� VWUXFWXUH� LV� EDVHG� RQ� WKH� GHVLJQ�
SURFHGXUH�LQ�3$57����7KH�GHVLJQ�RI�WKLV�SDUWLFXODU�VWUXFWXUH�LV�GHVFULEHG�LQ�([DPSOH��%��3$57������

7KH� ILQDO�GLDSKUDJP�GHVLJQ�SURGXFHG� LQ�([DPSOH��%��3$57��� LV� VKRZQ� LQ�)LJXUH�$������7KH�
GLDSKUDJP�UHLQIRUFHPHQW�LQGLFDWHG�LQ�)LJ��$�����LV�IRU�DOO�IORRUV��7KH�WRSSHG�GLDSKUDJP�LV�GHWDLOHG�ZLWK�
+'(� UHLQIRUFHPHQW� �WRSSHG� FKRUG� FRQQHFWRUV� DQG� GXFWLOH� PHVK�WRSSHG� KDLUSLQ� IODQJH�WR�IODQJH�
FRQQHFWRUV�UHVSHFWLYHO\�IRU�IOH[XUH�DQG�VKHDU�UHLQIRUFHPHQW���7KH�GLDSKUDJP�GHVLJQ�IDFWRUV�DUH�<(� ������
DQG�:Y(� �������$�FRQVHUYDWLYH� FRQVWDQW� SURILOH� LV�XVHG� IRU� WKH�GLDSKUDJP�GHVLJQ� IRUFH� DORQJ�EXLOGLQJ�
KHLJKW���

7KH�GLDSKUDJP�WR�/)56�FRQQHFWLRQ�LQ�WUDQVYHUVH�DQG�ORQJLWXGLQDO�GLUHFWLRQV�LV�VWHHO�UHLQIRUFLQJ�
GRZHO� EDUV� H[WHQGLQJ� LQWR� WKH� WRSSLQJ� VODE�� DQG� GHVLJQHG� IRU� WKH� WULEXWDU\� VKHDU� DW� HDFK� ZDOO�� 7KH�
VSDQGUHO�WR�'7�FRQQHFWLRQ�DQG� ,7� WR�'7�FRQQHFWLRQ� LV�DOVR�VWHHO� UHLQIRUFLQJ�GRZHO�EDUV�H[WHQGLQJ� LQWR�
WKH� WRSSLQJ� VODE�� 7KH� ,7�WR� '7� FRQQHFWLRQV� DUH� GHVLJQHG� IRU� WKH� WULEXWDU\� VKHDU� 94�,�� 7KHVH�
UHLQIRUFHPHQW�GHWDLOV�DUH�DOVR�VKRZQ�LQ�)LJ��$�����DQG�GLVFXVVHG�LQ�GHWDLO�LQ�GHVLJQ�H[DPSOH��%�RI�3$57�
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�
7KH� G\QDPLF� DQDO\VLV� IRU� WKLV� VWUXFWXUH� GRHV�127� VXFFHVV� GXH� WR� WKH� QRQ�FRQYHUJHQFH� UHVXOWV�

IURP�(4�VLPXODWLRQ�DIWHU�H[FHVVLYH� LQHODVWLF� VKHDU� VOLGLQJ�GHPDQG� �VHH�)LJ�$����E��DQG�FRUUHVSRQGLQJ�
VWUHQJWK�VKHDU�VWUHQJWK�UHGXFWLRQ�XQGHU�F\FOLF�ORDG��7KLV�ODUJH�LQHODVWLF�VKHDU�VOLGLQJ�GHPDQG�DW�PXOWLSOH�
GLDSKUDJP�MRLQWV�LV�REVHUYHG�EHFDXVH�WKH�OD\RXW�RI�WKLV�VWUXFWXUH�KDV�SRWHQWLDO�EULWWOH�VKHDU�IDLOXUH�LVVXH�DV�
GHVFULEHG�LQ�6HF��$�������7KHUHIRUH�DQ�LQHODVWLF�GHVLJQ�LV�QRW�UHFRPPHQGHG�IRU�D�SHULPHWHU�ZDOO�VWUXFWXUH��
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$����)857+(5�.(<�5(68/76�,03$&7,1*�'(6,*1�
� ,Q�6HFWLRQ������WKH�NH\�JHQHUDO�UHVXOWV�DQG�ILQGLQJV�ZLWK�GHVLJQ�LPSOLFDWLRQV�DUH�VXPPDUL]HG�IURP�
WKH�UHVXOWV�REVHUYHG�LQ�WKH�DQDO\VHV�RI�WKH�SURWRW\SH�VWUXFWXUHV�GHVFULEHG�LQ�6HFWLRQ�������
�
$������'HIRUPDWLRQ�'HPDQG��'LDSKUDJP�WR�/)56�FRQQHFWLRQ�

,Q�WKH�GHVLJQ�PHWKRGRORJ\��WKH�GLDSKUDJP�WR�/)56�FRQQHFWLRQ�VWUHQJWK�LV�HVWDEOLVKHG�XVLQJ�ERWK�
WKH� GLDSKUDJP� IRUFH� DPSOLILFDWLRQ� IDFWRU� <� DQG� WKH� VKHDU� RYHUVWUHQJWK� IDFWRU� :Y�� WKH� ODWWHU� EHLQJ�
VLJQLILFDQW�VLQFH�WKH�GLDSKUDJP�UHDFWLRQ�DW�WKH�/)56�LV�GRPLQDWHG�E\�VKHDU��7KLV�DSSURDFK��DV�DOVR�ORZHU�
ERXQGHG�E\�WKH�V\VWHP�RYHUVWUHQJWK�IDFWRU�:R��ZDV�IRXQG�WR�SURYLGH�VXIILFLHQW�VWUHQJWK�WR�QRPLQDOO\�PHHW�
WKH�/)56�IRUFH�GHPDQGV��+RZHYHU��DV�LQGLFDWHG�LQ�6HFWLRQ�$�����FHUWDLQ�FRQQHFWRUV�RI�WKH�GLDSKUDJP�WR�
/)56� FRQQHFWLRQ� XQGHUJR� \LHOGLQJ� GXH� WR� ORFDOL]HG� GHIRUPDWLRQ� GHPDQGV� GXH� WR� XQHYHQ� IRUFH�
GLVWULEXWLRQV��UHVWUDLQW�RU�ORFDO�VHFRQGDU\�DFWLRQV�VXFK�DV�WZLVWLQJ�RI�WKH�/)56��7KH�ORFDOL]HG�\LHOGLQJ�RI�
WKH�FRQQHFWRU�FDQ�EH�PDQLIHVWHG�LQ�WHQVLRQ��RSHQLQJ�GHIRUPDWLRQ�GHPDQGV��RU�VKHDU��VOLGLQJ�GHIRUPDWLRQ�
GHPDQGV���DQG�FDQ�RFFXU�DW�VHYHUDO�ORFDWLRQV�DORQJ�WKH�ZDOOV�DW�GLIIHUHQW�IORRU�OHYHOV�LQ�WKH�VWUXFWXUH��,Q�
WKLV� VHFWLRQ� SURYLGHV�� �D�� WKH� LQHODVWLF� GHIRUPDWLRQ� GHPDQG� IRU� WKH� GLDSKUDJP�WR�/)56� FRQQHFWRUV� IRU�
GLIIHUHQW� OD\RXWV� DQG� GHVLJQV�� DQG�� �E�� SURYLGHV� GHVLJQ� UHFRPPHQGDWLRQV� RQ� WKH� UHTXLUHG� GHIRUPDWLRQ�
FDSDFLW\�IRU�WKHVH�FRQQHFWRUV��

)LJXUH�$�����VKRZV�WKH�IRUFH�GHIRUPDWLRQ�UHVSRQVH�IRU�WKH�GLDSKUDJP�WR�/)56�FRQQHFWRUV�XQGHU�
WKH� ODUJHVW� GHIRUPDWLRQ� GHPDQGV�� LQFOXGLQJ� WKH� PRVW� FULWLFDO�� �D�� WHQVLRQ� UHVSRQVH� �IURP� LQWHULRU� ZDOO�
FRQQHFWRU� DW� WRS� IORRU��� �E�� VKHDU� UHVSRQVH� �IURP� OLWH�ZDOO� FRQQHFWRU� DW� WRS� IORRU��� 7KHVH� FULWLFDO� FDVHV�
�([DPSOH� �%� ��VWRU\� LQWHULRU� ZDOO� SDUNLQJ� JDUDJH�� 6'&� '� 5'2�� DUH� LGHQWLILHG� IURP� DPRQJ� DOO� WKH�
FRQQHFWRUV�DW�HDFK�/)56�FRQQHFWLRQ�LQ�DOO�SURWRW\SH�VWUXFWXUHV�DQDO\]HG��5HFDOO�WKDW�LQ�WKH�DQDO\VHV��WKHVH�
FRQQHFWRUV�DUH�JLYHQ�WKH�FKDUDFWHULVWLFV�RI�DQ�DQJOHG�EDU�FRQQHFWRU��3LQFKHLUD�HW�DO���������EXW�SURYLGHG�
ZLWK�XQOLPLWHG�GHIRUPDWLRQ�FDSDFLW\�LQ�RUGHU�WR�GHWHUPLQH�GHIRUPDWLRQ�FDSDFLW\�UHTXLUHPHQWV��7KH�DQJOHG�
EDU�FRQQHFWRU�WHVW�F\FOLF�EDFNERQHV��3LQFKHLUD�HW�DO��������DUH�LQGLFDWHG�DV�GDVKHG�SLQN�OLQHV�LQ�WKH�SORWV��
DQG�DUH�XVHG�WR�HYDOXDWH�WKH�SHUIRUPDQFH���

$V�QRWHG�LQ�WKH�ILJXUH��WKH�PRVW�FULWLFDO�GLDSKUDJP�WR�/)56�FRQQHFWRU�LQ�WHQVLRQ�DSSURDFKHV�WKH�
IDLOXUH� WHQVLRQ� GHIRUPDWLRQ� RI� WKH� FRPPRQ� ZHOGHG� EDU� FRQQHFWRU� �6HH� )LJ�� $����D��� ZKLOH� WKH� PRVW�
FULWLFDO� GLDSKUDJP�WR�/)56� FRQQHFWRU� LQ� VKHDU� H[FHHGV� WKH� IDLOXUH� VKHDU� GHIRUPDWLRQ� RI� WKH� FRPPRQ�
ZHOGHG�EDU�FRQQHFWRU��6HH�)LJ��$����E���7KRXJK�RQO\�UHSUHVHQWLQJ�WKH�UHVSRQVH�WR�RQH�JURXQG�PRWLRQ��
WKH�FRQQHFWRUV�DUH�VHHQ�WR�EH�VXEMHFWHG�WR�DSSUR[LPDWHO\�WKUHH�PDMRU�F\FOHV�RI�LQHODVWLF�DFWLRQ��%DVHG�RQ��
WKLV�UHVXOW�LW�LV�DVVXPHG�WKDW�PD[LPXP��DQG�QRW�FXPXODWLYH�GHIRUPDWLRQ�GHPDQG��LV�WKH�NH\�PHDVXUH��,W�LV�
LPSRUWDQW�� WKHUHIRUH�� WR� WUDFN� WKH� LQHODVWLF� GHIRUPDWLRQ� GHPDQG� RQ� WKH� LQGLYLGXDO� GLDSKUDJP�WR�/)56�
FRQQHFWRUV�LQ�WKH�DQDO\VHV�RI�GLIIHUHQW�VWUXFWXUHV���
�
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)LJ��$������'LDSKUDJP�WR�/)56�FRQQHFWRU�K\VWHUHVLV�UHVSRQVH���D��2SHQLQJ���E��6OLGLQJ��
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)LJXUH�$�����VXPPDUL]HV�WKH�PD[LPXP�RSHQLQJ�DQG�VOLGLQJ�GHPDQG�LQFXUUHG�E\�DQ\�GLDSKUDJP�
WR�/)56� FRQQHFWRU� LQ� WKH� ��VWRU\� SDUNLQJ� VWUXFWXUH� HDUWKTXDNH� VLPXODWLRQV� IRU� HDFK� GLDSKUDJP� GHVLJQ�
FDVH��5HIHU�WR�)LJV��$���D��E����

&RQVLGHULQJ� ILUVW� WKH� H[WHULRU�ZDOO� OD\RXW�� WKH� ORFDOL]HG�PD[LPXP�RSHQLQJ� GHPDQGV� DUH� LQ� WKH�
HODVWLF�UDQJH�IRU�DOO�GHVLJQV��6HH�)LJ��$����D���WKH�ORFDOL]HG�PD[LPXP�VKHDU�VOLGLQJ�GHPDQGV�DUH�LQ�WKH�
LQHODVWLF�UDQJH�IRU�DOO�GHVLJQ�FDVHV��EXW�DUH�EHORZ�WKH�IDLOXUH�GHIRUPDWLRQ��6HH�)LJ��$����E����

1H[W�FRQVLGHU�WKH�GLDSKUDJP�WR�/)56�FRQQHFWRU�GHPDQGV�IRU�WKH�LQWHULRU�ZDOO�OD\RXW��,Q�WKLV�FDVH��
RSSRVLWH�WR�ZKDW�ZDV�REVHUYHG�IRU�WKH�H[WHULRU�ZDOO��WKH�ORFDOL]HG�PD[LPXP�VOLGLQJ�GHIRUPDWLRQ�GHPDQGV�
DUH�ZLWKLQ� WKH�HODVWLF� UDQJH��6HH�)LJ��$����E���EXW� WKH� ORFDOL]HG�PD[LPXP�RSHQLQJ�GHPDQGV�DUH� LQ� WKH�
LQHODVWLF�UDQJH��DQG�DUH�EHORZ�WKH�IDLOXUH�GHIRUPDWLRQ��6HH�)LJ��$����D����

)LQDOO\� IRU� GLDSKUDJP�WR�/)56� FRQQHFWRU� GHPDQGV� RQ� WKH� OLWHZDOO�� WKH� PD[LPXP� RSHQLQJ�
GHPDQG�LV�LQ�WKH�HODVWLF�UDQJH�IRU�('2�DQG�%'2�GHVLJQV��DQG�VOLJKWO\�H[FHHGV�WKH�\LHOG�RSHQLQJ�IRU�5'2�
GHVLJQ� �6HH�)LJ��$����D���7KH�PD[LPXP� VOLGLQJ� GHPDQG� H[FHHGV� WKH� \LHOG� VOLGLQJ� GHIRUPDWLRQ� IRU� DOO�
FDVHV�� DQG� LQFUHDVHV� DV� WKH� GHVLJQ�PRYHV� IURP�('2� WR�5'2�GHVLJQV��ZLWK� WKH� GHPDQG� H[FHHGLQJ� WKH�
FRQQHFWRU�VOLGLQJ�IDLOXUH�GHIRUPDWLRQ�IRU�WKH�ODWWHU���6HH�)LJ��$����E����

,W�FDQ�EH�LQIHUUHG�IURP�WKHVH�ILQGLQJV�WKDW������H[WHULRU�ZDOOV�LQFXU�ORFDOL]HG�VKHDU�\LHOGLQJ�GXH�WR�
WKHLU�SRVLWLRQ�RQ�WKH�VWUXFWXUH�SHULPHWHU��ZKHUH�VKHDU�DQG�IOH[XUH�DFWLRQV�WHQG�WR�WUDQVODWH�WKH�SUHFDVW�XQLWV�
DORQJ� WKH� ZDOO�� ���� LQWHULRU� ZDOOV� DUH� VXEMHFWHG� WR� ORFDOL]HG� WHQVLRQ� \LHOGLQJ� GXH� WR� LQ�SODQH� IOH[XUH��
DQDORJRXV� WR� QHJDWLYH� PRPHQWV� DW� LQWHULRU� VXSSRUWV� LQ� FRQWLQXRXV� EHDPV�� DQG� ���� WKH� OLWH� ZDOOV� LQFXU�
ORFDOL]HG�VKHDU�\LHOGLQJ�GXH� WR�GLVSODFHPHQW�FRPSDWLELOLW\�ZLWK�IOH[XUDO�RSHQLQJ�DFWLRQV�RI� WKH�SULPDU\�
MRLQWV�DFWLQJ�LQ�WKH�SUHFDVW�GLDSKUDJP�
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<LHOG�RSHQLQJ

)DLOXUH�RSHQLQJ

<LHOG�VOLGLQJ

)DLOXUH�VOLGLQJ

�
)LJ��$������'LDSKUDJP�WR�/)56�GHIRUPDWLRQ�GHPDQG�LQ�WKH�SDUNLQJ�JDUDJH���D��2SHQLQJ���E��6OLGLQJ��

�
&RQVLGHU� QRZ� WKH� GLVWULEXWLRQV� RI� WKH� GLDSKUDJP�WR�/)56� PD[LPXP� ORFDOL]HG� FRQQHFWRU�

GHPDQGV�DORQJ�WKH�KHLJKW�RI�WKH�EXLOGLQJ��DV�VKRZQ�LQ�)LJ��$����D�DQG�)LJ��$��D��)LJXUH�$����D�VKRZV�
WKH�PD[LPXP�ORFDOL]HG�opening�GHIRUPDWLRQ�GHPDQG�IRU�GLDSKUDJP�WR�/)56�FRQQHFWRUV�DORQJ�WKH�KHLJKW�
RI�WKH�SDUNLQJ�VWUXFWXUH��)LJXUH�$����D�VKRZV�WKH�PD[LPXP�ORFDOL]HG�sliding�GHIRUPDWLRQ�GHPDQG��7KH�
IRUPHU�LV�IRU�WKH� interior�VKHDU�ZDOO�FDVH��WKH�ODWWHU�LV�IRU�WKH�exterior�VKHDU�ZDOO�FDVH��DV�ZDV�H[SODLQHG�
SUHYLRXVO\���

$V� VHHQ� LQ� )LJXUH� $����D� IRU� opening� GHPDQG�� ���� GLDSKUDJP�WR�/)56� FRQQHFWRU� \LHOGLQJ� LV�
REVHUYHG�DW�HYHU\�IORRU�OHYHO������WKH�PD[LPXP�RSHQLQJ�GHPDQG�LV�DW�WKH�WRS�OHYHO���DQG�����WKH�PD[LPXP�
RSHQLQJ�GHPDQG�LV�ODUJHU�LQ�D�5'2�GHVLJQ�WKDQ�IRU�WKH�('2�GHVLJQ��

$V� VHHQ� LQ� )LJXUH� $����D� IRU� sliding� GHPDQG�� ���� GLDSKUDJP�WR�/)56� FRQQHFWRU� \LHOGLQJ� LV�
REVHUYHG�DW�XSSHU�IORRU�OHYHOV������WKH�PD[LPXP�VOLGLQJ�GHPDQG�LV�DW�WKH�WRS�OHYHO���DQG�����WKH�PD[LPXP�
RSHQLQJ�GHPDQG�LV�ODUJHVW�LQ�WKH�%'2�GHVLJQ��

�



�&�$���

�

�

����

����

����

����

����

� � � � � � � � �
&RQQHFWRU

('2
5'2

2SHQLQJ��LQ�

<LHOG�RSHQLQJ

)DLOXUH�RSHQLQJ

�

�

�

�

�

� ���� ��� ����
2SHQLQJ��LQ�

6W
RU
\

('2
5'2

)DLOXUH�RSHQLQJ

<LHOG�RSHQLQJ

�
)LJ��$������'LDSKUDJP�WR�/)56�RSHQLQJ�SURILOHV�IRU�LQWHULRU�ZDOO���D��DORQJ�IORRU���E��DORQJ�WKH�MRLQW�DW�

WRS�IORRU��
�

&RQVLGHULQJ�QH[W�WKH�GLVWULEXWLRQ�along�WKH�MRLQW��)LJXUH�$����E�DQG�$����E�VKRZV�WKH�PD[LPXP�
ORFDOL]HG�GLDSKUDJP�WR�/)56�FRQQHFWRU�GHPDQGV�DORQJ�WKH�IDFH�RI�WKH�VKHDU�ZDOO���D��RSHQLQJ�IRU�WKH�WRS�
IORRU�LQWHULRU�ZDOO��L�H���VWRU\���LQ�)LJ��$����D���DQG���E��VOLGLQJ�IRU�WKH�WRS�IORRU�H[WHULRU�VKHDU�ZDOO��L�H���
VWRU\� �� LQ� )LJ�� $����E��� $V� VHHQ�� WKH� ODUJH� GHPDQGV� RQ� WKH� WRS� IORRU� DUH� FDXVHG� E\� D� QRQ�XQLIRUP�
GLVWULEXWLRQ�RI�GHPDQGV�DFURVV�WKH�MRLQW��6HH�)LJ��$����E���
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)DLOXUH�VOLGLQJ<LHOG�VOLGLQJ

�
)LJ��$������'LDSKUDJP�WR�/)56�VOLGLQJ�SURILOHV�IRU�H[WHULRU�ZDOO���D��DORQJ�IORRU���E��DORQJ�WKH�MRLQW�DW�

WRS�IORRU��
�

1RZ� FRQVLGHULQJ� GLDSKUDJPV� LQ� SUHFDVW� RIILFH� EXLOGLQJV�� )LJXUH� $����� VKRZV� WKH� PD[LPXP�
ORFDOL]HG�RSHQLQJ�DQG�VOLGLQJ�GHPDQG�RI�WKH�GLDSKUDJP�WR�/)56�FRQQHFWRU�LQ�WKH���VWRU\�RIILFH�EXLOGLQJ�
IRU�GLIIHUHQW�GHVLJQ�FDVHV��7KH�GHVLJQ�FDVHV�LQFOXGH�GLIIHUHQW�GLDSKUDJP�GHVLJQ�RSWLRQV��('2�DQG�5'2���
DQG�GLIIHUHQW�/)56�W\SHV��1RWH�WKDW�WKH�VKHDU�ZDOO��6:��RIILFH�EXLOGLQJV�HPSOR\�D�SHULPHWHU�ZDOO�/)56�
OD\RXW��5HIHU�WR�)LJV��$���H�I���ZKLOH�WKH�PRPHQW�IUDPH��0)��RIILFH�EXLOGLQJV�HPSOR\�DQ�LQWHULRU�IUDPH�
/)56�OD\RXWV��5HIHU�WR�)LJV��$���F�G��

&RQVLVWHQW� ZLWK� WKH� UHVXOWV� RI� WKH� SDUNLQJ� VWUXFWXUH� DQDO\VHV�� )LJ�� $����� LQGLFDWHV� WKDW� WKH�
GLDSKUDJP�WR�/)56� FRQQHFWRUV� IRU� /)56� HOHPHQWV� DW� WKH� SHULPHWHU� RI� WKH� IORRU� SODQ� �LQ� WKLV� FDVH�
SHULPHWHU� VKHDU� ZDOOV� IRU� WKH� RIILFH� EXLOGLQJ�� XQGHUJR�PRUH� FULWLFDO� VOLGLQJ� GHIRUPDWLRQ� WKDQ� RSHQLQJ�
GHIRUPDWLRQ��/LNHZLVH��WKH�GLDSKUDJP�WR�/)56�FRQQHFWRUV�IRU�/)56�HOHPHQWV�DW�WKH�LQWHULRU�RI�WKH�IORRU�
SODQ� �LQ� WKLV� FDVH� LQWHUQDO� PRPHQW� IUDPHV� IRU� WKH� RIILFH� EXLOGLQJ�� XQGHUJR� PRUH� FULWLFDO� RSHQLQJ�
GHIRUPDWLRQ�WKDQ�VOLGLQJ�GHIRUPDWLRQ���
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$V�DOVR�VHHQ�LQ�)LJ��$������WKH�WUDQVYHUVH�SHULPHWHU�ZDOOV��UHIHU�WR�)LJ��$���H�I��XQGHUJR�ODUJHU�
VOLGLQJ�GHPDQGV�WKDQ�WKH�ORQJLWXGLQDO�SHULPHWHU�ZDOOV��7KH�VOLGLQJ�GHPDQGV�H[FHHG�WKH�IDLOXUH�RSHQLQJ��
HYHQ� IRU� WKH� ('2� GLDSKUDJP� GHVLJQ� RSWLRQ�� &RQYHUVHO\�� WKH� ORQJLWXGLQDO� VKHDU� ZDOO� SRVVHVVHV� ODUJHU�
PD[LPXP�RSHQLQJ� GHPDQG� WKDQ� VOLGLQJ� GHPDQG�� 6LPLODUO\�� WKH� GLDSKUDJP�WR�/)56� FRQQHFWRUV� IRU� WKH�
WUDQVYHUVH�PRPHQW� IUDPHV� DUH� LQ� WKH� LQHODVWLF� UDQJH� IRU� ERWK� RSHQLQJ� DQG� VOLGLQJ��ZKLOH� WKRVH� IRU� WKH�
ORQJLWXGLQDO� PRPHQW� IUDPHV� DUH� ZLWKLQ� WKH� HODVWLF� UDQJH� IRU� ERWK� RSHQLQJ� DQG� VOLGLQJ� RU� WKH� LQWHULRU�
PRPHQW�IUDPH�VWUXFWXUH��H[FHSW�IRU�RSHQLQJ�LQ�WKH�5'2�GLDSKUDJP�GHVLJQ����
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<LHOG�VOLGLQJ

)DLOXUH�VOLGLQJ

<LHOG�RSHQLQJ

)DLOXUH�RSHQLQJ

�
)LJ��$������'LDSKUDJP�WR�/)56�GHIRUPDWLRQ�GHPDQG�LQ�WKH�RIILFH�EXLOGLQJ���D��2SHQLQJ���E��6OLGLQJ��

�
� %DVHG� RQ� WKH� GHIRUPDWLRQ� GHPDQGV� REVHUYHG� LQ� WKH� SURWRW\SH� VWUXFWXUH� DQDO\VHV� IRU� WKH�
GLDSKUDJP�WR�/)56� FRQQHFWLRQ�� WKH� � IROORZLQJ� FRQFOXVLRQV� DQG� UHFRPPHQGDWLRQV� DUH� PDGH�� ���� WKH�
VWUHQJWK�SURYLGHG�WR�WKH�GLDSKUDJP�WR�/)56�FRQQHFWLRQ�E\�WKH�GLDSKUDJP�IDFWRUV�<�DQG�:Y��DQG�ORZHU�
ERXQGHG� E\�:R�� VHHPV� DSSURSULDWH� DV� DOO� GLDSKUDJP�WR�/)56� FRQQHFWLRQV� DQDO\]HG� ZHUH� VXEMHFWHG� WR�
QRPLQDO� IRUFHV� OHVV� WKDQ� WKH� VWUHQJWK� SURYLGHG�� ���� LW� LV� GLIILFXOW�� KRZHYHU�� WR� NHHS� DOO� WKH� FRQQHFWRUV�
HODVWLF�LQ�D�GLDSKUDJP�WR�/)56�FRQQHFWLRQ�GXH�WR�ORFDOL]HG�DFWLRQV��,W�LV�LPSRUWDQW�WR�QRWH�WKDW�WKH��'�)(�
GLVFUHWH�DQDO\WLFDO�PRGHOV�GHYHORSHG�LQ�WKH�'6'0�SURMHFW��6HH�$SSHQGL[�%��SURYLGH�RQH�RI�WKH�ILUVW�UHDO�
RSSRUWXQLWLHV�WR�H[DPLQH�WKHVH�ORFDOL]HG�GHPDQGV������SHULPHWHU�HOHPHQWV�DQG�OLWHZDOOV�DUH�GRPLQDWHG�E\�
VKHDU� VOLGLQJ� GHPDQGV�� ���� LQWHULRU� HOHPHQWV� DUH� GRPLQDWHG� E\� WHQVLRQ� RSHQLQJ� GHIRUPDWLRQV�� DQG�� ����
WKRXJK� WKHUH� LV� QRW� D� VWURQJ�GLUHFW� SURSRUWLRQDOLW\�EHWZHHQ� WKH�GLDSKUDJP�WR�/)56�FRQQHFWRU�GHPDQGV�
DQG�WKH�GLDSKUDJP�GHVLJQ�RSWLRQ��DV�H[LVWV�IRU�WKH�GLDSKUDJP�SULPDU\�UHLQIRUFHPHQW��WKH�GHPDQGV�GR�WHQG�
WR�LQFUHDVH�DV�WKH�GHVLJQ�PRYHV�IURP�('2�WR�%'2�WR�5'2���

$V� D� UHVXOW� RI� WKHVH� ILQGLQJV�� LQ� DGGLWLRQ� WR� WKH� GLDSKUDJP�GHVLJQ� IDFWRUV� LQWHQGHG� WR� NHHS� WKH�
GLDSKUDJP�WR�/)56� FRQQHFWLRQ� QRPLQDOO\� HODVWLF�� D� GHIRUPDWLRQ� UHTXLUHPHQW� LV� DGGHG� WR� WKH� GHVLJQ�
PHWKRGRORJ\�IRU�FRQQHFWRUV�XVHG�LQ�WKH�GLDSKUDJP�WR�/)56�FRQQHFWLRQ��7KLV�GHIRUPDWLRQ�UHTXLUHPHQW�LV�
QRW�WKH�VDPH�DV�WKH�GLDSKUDJP�UHLQIRUFHPHQW�FODVVLILFDWLRQ�XVHG�IRU�WKH�SULPDU\�GLDSKUDJP�UHLQIRUFHPHQW��
EXW� LQVWHDG� LV� LQWHQGHG� WR� SHUPLW� WKH� GLDSKUDJP�WR�/)56� FRQQHFWLRQ� VXIILFLHQW� SODVWLF� UHGLVWULEXWLRQ�
FDSDELOLWLHV�WR�SUHYHQW�³XQ]LSSLQJ´�RI�WKH�GLDSKUDJP�WR�/)56�FRQQHFWLRQ���

'LDSKUDJP�WR�/)56� GHIRUPDWLRQ� UHTXLUHPHQWV� DUH� VKRZQ� LQ� 7DEOH� $����� 7KH� GHIRUPDWLRQ�
FDSDFLW\�UHTXLUHPHQWV�DUH�GHYHORSHG�EDVHG�RQ�WKH�HVWLPDWHG�PD[LPXP�ORFDOL]HG�WKH�GHIRUPDWLRQ�GHPDQGV�
REVHUYHG�LQ�WKH�SURWRW\SH�VWUXFWXUH�DQDO\VHV���$GGLWLRQDO�UHILQHPHQW�RI�WKHVH�UHTXLUHPHQWV�KDV�EHHQ�PDGH�
WR� LQFOXGH� LQIOXHQFH� RI� WKH� GLDSKUDJP� GHVLJQ� RSWLRQ� RQ� WKH� GHIRUPDWLRQ� GHPDQGV� �6HH�$SSHQGL[� �� RI�
3$57����
�
7DEOH�$�����'HIRUPDWLRQ�UHTXLUHPHQWV�IRU�WKH�GLDSKUDJP�WR�/)56�FRQQHFWRUV��

� ([WHULRU�ZDOO� ,QWHULRU�ZDOO� /LWHZDOO 0RPHQW�IUDPH
2SHQLQJ� ������ ������ ������ �����
6OLGLQJ� ����� ������ ������ �����



�&�$���

$������'HIRUPDWLRQ�'HPDQGV��'LDSKUDJP�WR�%HDP�&RQQHFWLRQV�
� 7KHUH� DUH� WZR� SULPDU\� GLDSKUDJP� WR� EHDP� FRQQHFWLRQV� LQ� WKH� SUHFDVW� IORRU� V\VWHP�� ����
&RQQHFWLRQV�EHWZHHQ�SUHFDVW� IORRU�XQLWV�DQG� LQWHUQDO�EHDPV� LQ� WKH� IORRU� LQWHULRU�� W\SLFDOO\� ,QYHUWHG�7HH�
�,7�� EHDPV�� DQG� ���� &RQQHFWLRQV� EHWZHHQ� SUHFDVW� IORRU� XQLWV� DQG� VSDQGUHO� EHDPV� �63�� DW� WKH� IORRU�
SHULPHWHU��7KH�WHUP�GLDSKUDJP�VHFRQGDU\�FRQQHFWLRQ�KDV�EHHQ�FRLQHG�WR�UHIHU�WR�FRQQHFWLRQV�LQ�WKH�IORRU�
V\VWHP�WKDW�DUH�QRW�H[SOLFLWO\�SDUW�RI�WKH�GLDSKUDJP�GHVLJQ��'LDSKUDJP�WR�VSDQGUHO�FRQQHFWLRQV�W\SLFDOO\�
IDOO� LQWR� WKLV� FDWHJRU\�� UHJDUGOHVV� RI� ZKHWKHU� WKH� VSDQGUHOV� DUH� ORDG� EHDULQJ� RU� QRQ�ORDG�EHDULQJ���
'LDSKUDJP�WR�LQWHUQDO�EHDP�FRQQHFWLRQV��RQ�WKH�RWKHU�KDQG��PD\�EH�LQFOXGHG�H[SOLFLWO\�LQ�WKH�GLDSKUDJP�
GHVLJQ�XVLQJ�WULEXWDU\�VKHDU��94�,��FDOFXODWLRQV��,Q�RWKHU�FDVHV��WKHVH�FRQQHFWLRQV�DUH�VLPSO\�SURYLGHG�E\�
VWDQGDUG� LQGXVWU\�KDUGZDUH�DQG�WKH�IORRU�SRUWLRQV�RQ�HLWKHU�VLGH�RI� WKH�EHDP�DUH� WUHDWHG�DV� LQGHSHQGHQW�
VXE�GLDSKUDJPV���

)LJXUH�$�����VKRZV�WKH�ORDG�GHIRUPDWLRQ�UHVSRQVH�IRU�WKH�GLDSKUDJP�WR�/)56�FRQQHFWRUV�XQGHU�
WKH� ODUJHVW� GHIRUPDWLRQ� GHPDQGV�� LQFOXGLQJ� WKH�PRVW� FULWLFDO�� �D�� WHQVLRQ� UHVSRQVH�� �E�� VKHDU� UHVSRQVH��
7KHVH� FULWLFDO� FDVHV� �H[WHULRU� ZDOO� SDUNLQJ� VWUXFWXUH� IRU� WHQVLRQ� FULWLFDO� FDVH� DQG� LQWHULRU� ZDOO� SDUNLQJ�
VWUXFWXUH�IRU�VKHDU�FULWLFDO�FDVH��DUH�LGHQWLILHG�IURP�DPRQJ�DOO�WKH�FRQQHFWRUV�DW�HDFK�/)56�FRQQHFWLRQ�LQ�
DOO�SURWRW\SH�VWUXFWXUHV�DQDO\]HG��5HFDOO�WKDW�LQ�WKH�DQDO\VHV��WKHVH�FRQQHFWRUV�DUH�JLYHQ�WKH�FKDUDFWHULVWLFV�
RI�DQ�DQJOHG�EDU�FRQQHFWRU��3LQFKHLUD�HW�DO���������EXW�SURYLGHG�ZLWK�XQOLPLWHG�GHIRUPDWLRQ�FDSDFLW\�LQ�
RUGHU� WR� GHWHUPLQH�GHIRUPDWLRQ� FDSDFLW\� UHTXLUHPHQWV��7KH� DQJOHG�EDU� FRQQHFWRU� WHVW� F\FOLF� EDFNERQHV�
�3LQFKHLUD� HW� DO�� ������ DUH� LQGLFDWHG� DV� GDVKHG� SLQN� OLQHV� LQ� WKH� SORWV�� DQG� DUH� XVHG� WR� HYDOXDWH� WKH�
SHUIRUPDQFH���

)LJXUH� $����� VKRZV� WKDW� WKH� PRVW� KLJKO\� ORDGHG� GLDSKUDJP�WR�EHDP� FRQQHFWRUV� XQGHUJR�
VLJQLILFDQW� LQHODVWLF�GHIRUPDWLRQ�GHPDQGV�� LQFOXGLQJ�PXOWLSOH� F\FOHV�RI� VLJQLILFDQW� LQHODVWLF� DFWLRQ��7KH�
PD[LPXP�GHPDQGV� VKRZQ� LQ�)LJXUH�$����D� LQGLFDWH� WKDW� WKH�PRVW� FULWLFDO� FDVH� LQ� WHQVLRQ� H[FHHGV� WKH�
DQJOHG�EDU�IDLOXUH�RSHQLQJ�GHIRUPDWLRQ��/LNHZLVH��)LJXUH�$����E�LQGLFDWHV�WKDW�WKH�PRVW�FULWLFDO�FDVH�LQ�
VKHDU�H[FHHGV�WKH�DQJOHG�EDU�IDLOXUH�VOLGLQJ�GHIRUPDWLRQ���LV�PRGHOHG�ZLWK�XOWLPDWH�GHIRUPDWLRQ�FDSDFLW\��
WKH�VKHDU�DQG�WHQVLRQ�IDLOXUH�ZRXOG�EH�H[SHFWHG�LI� WKH�DQJOH�EDU�FRQQHFWRU� LV�XVHG�LQ� WKH�VWUXFWXUH�� ,W� LV�
LPSRUWDQW�� WKHUHIRUH�� WR� WUDFN� WKH� LQHODVWLF� GHIRUPDWLRQ� GHPDQG� RQ� WKH� LQGLYLGXDO� GLDSKUDJP�WR�EHDP�
FRQQHFWRUV�� ERWK� LQ� ,7� WULEXWDU\� VKHDU� FRQQHFWLRQV� DQG� 63� VHFRQGDU\� FRQQHFWLRQV�� LQ� WKH� DQDO\VHV� RI�
GLIIHUHQW�VWUXFWXUHV���
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)DLOXUH�RSHQLQJ

)DLOXUH�VOLGLQJ

�
)LJ��$������'LDSKUDJP�WR�EHDP�FRQQHFWRU�UHVSRQVH���D��2SHQLQJ���E��6OLGLQJ��

�
)LJXUH�$�����VXPPDUL]HV� WKH�PD[LPXP�ORFDOL]HG�GHIRUPDWLRQ�GHPDQG�IRU�FRQQHFWRUV�EHWZHHQ�

WKH�LQWHUQDO�EHDP��,7��DQG�WKH�SUHFDVW�IORRUV�XQLW�IRU�GLIIHUHQW�SURWRW\SH�VWUXFWXUHV�DQG�GHVLJQ�RSWLRQV��$V�
VHHQ�LQ�)LJ��$����D��WKH�,7�FRQQHFWRU�RSHQLQJ�PD[LPXP�ORFDOL]HG�GHPDQG�H[FHHGV�WKH�\LHOG�RSHQLQJ�IRU�
DOO� GHVLJQ� RSWLRQV�� ZLWK� D� PD[LPXP� YDOXH� RI� DSSUR[LPDWHO\� ����”�� $V� VHHQ� LQ� )LJ�� $����E�� WKH� ,7�
FRQQHFWRU� PD[LPXP� ORFDOL]HG� VOLGLQJ� GHPDQG� H[FHHGV� WKH� \LHOG� VOLGLQJ� IRU� DOO� GHVLJQ� RSWLRQV�� ZLWK� D�
PD[LPXP�YDOXH�RI�DSSUR[LPDWHO\�����”��
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<LHOG�VOLGLQJ

)DLOXUH�VOLGLQJ

('2 %'2 5'2 �
)LJ��$������0D[LPXP�GHPDQG�LQ�WKH�LQWHUQDO�EHDP�WR�SUHFDVW�XQLW�FRQQHFWRU���D��RSHQLQJ���E��6OLGLQJ��

�
)LJXUH�$�����VKRZV�WKH�PD[LPXP�GHIRUPDWLRQ�GHPDQG�LQ�WKH�FRQQHFWRUV�EHWZHHQ�WKH�VSDQGUHO�

EHDP��63��DQG�SUHFDVW�IORRU�XQLW�IRU�GLIIHUHQW�VWUXFWXUHV�DQG�GHVLJQ�RSWLRQV��$V�VHHQ�LQ�)LJ��$����D��WKH�
63�FRQQHFWRU�RSHQLQJ�PD[LPXP�ORFDOL]HG�GHPDQG�H[FHHGV�WKH�\LHOG�RSHQLQJ�IRU�DOO�GHVLJQ�RSWLRQV��ZLWK�
D�PD[LPXP�YDOXH�RI�DSSUR[LPDWHO\�����”��$V�VHHQ� LQ�)LJ��$����E�� WKH�63�FRQQHFWRU�VOLGLQJ�PD[LPXP�
ORFDOL]HG� GHPDQG� H[FHHGV� WKH� \LHOG� VOLGLQJ� IRU� DOO� GHVLJQ� RSWLRQV�� ZLWK� D� PD[LPXP� YDOXH� RI�
DSSUR[LPDWHO\����”��
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)LJ��$������0D[LPXP�GHPDQG�LQ�FRQQHFWRU�EHWZHHQ�VSDQGUHO�DQG�SUHFDVW�XQLW���D��RSHQLQJ���E��VOLGLQJ��

�
7DEOH�$���� SURYLGHV� WKH� GHIRUPDWLRQ� FDSDFLW\� UHTXLUHPHQW� IRU� GLDSKUDJP� WR� EHDP� FRQQHFWRUV��

7KH�YDOXHV�DUH�EDVHG�RQ�WKH�GHIRUPDWLRQ�GHPDQG�REVHUYHG�LQ�WKH�SURWRW\SH�VWUXFWXUH�DQDO\VHV��
�

7DEOH�$�����'HIRUPDWLRQ�UHTXLUHPHQW�IRU�WKH�GLDSKUDJP�VHFRQGDU\�FRQQHFWLRQ��
3DUNLQJ�6WUXFWXUH� 5HJXODU�EXLOGLQJ�'HIRUPDWLRQ�

,QWHUQDO�EHDP� 6SDQGUHO ,QWHUQDO�EHDP 6SDQGUHO
2SHQLQJ� ������ ����� ������ ������
6OLGLQJ� ������ ������ ����� �����

�
�
�
�
�
�
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$������'LDSKUDJP�/D\RXWV�ZLWK�3RWHQWLDO�)DLOXUH�,VVXHV�
� 7KLV�VHFWLRQ�VXPPDUL]HV�WZR�SURWRW\SH�VWUXFWXUH�OD\RXWV�DQDO\]HG�WKDW� LQGLFDWH�WKH�SRWHQWLDO�IRU�
GLDSKUDJP� IDLOXUH� ZKHQ� WKH� VWUXFWXUH� LV� GHVLJQHG� XVLQJ� LQHODVWLF� GLDSKUDJP� GHVLJQ� RSWLRQV� WKDW� WDUJHW�
LQHODVWLF�GLDSKUDJP�UHVSRQVH�XQGHU�WKH�0&(�KD]DUG��H�J��WKH�%'2�DQG�5'2���
�
����6WUXFWXUHV�ZLWK�3HULPHWHU�/RQJLWXGLQDO�:DOOV�DW�'LDSKUDJP�0LGVSDQ�

)LJXUH�$����� VKRZV� D� W\SLFDO� IORRU� SODQ� IRU� D���VWRU\� SDUNLQJ�JDUDJH� VWUXFWXUH�� ,Q� WKH� ORQJLWXGLQDO�
GLUHFWLRQ��WZR�SHULPHWHU�VKHDU�ZDOOV�DUH�SODFHG�DW�WKH�PLG�OHQJWK�RI�WKH�IORRU�SODQ��7KH�ORQJLWXGLQDO�VKHDU�
ZDOOV�DUH�QRW�FRQVLGHUHG�LQ�WKH�GHVLJQ�RI�WKH�WUDQVYHUVH�/)56�EHFDXVH�RI�WKHLU�VPDOO�RXW�RI�SODQH�VWLIIQHVV�
LQ�WKH�GLUHFWLRQ�SHUSHQGLFXODU�WR�WKH�ZDOO�D[LV��+RZHYHU��WKHVH�ZDOOV�³FRYHU´�VHYHUDO�IORRU�MRLQWV�FORVH�WR�
WKH�GLDSKUDJP�PLGVSDQ��WKHUHE\�UHVWUDLQLQJ�RSHQLQJ�LQ�WKHVH�GLDSKUDJP�MRLQWV���

,Q�DQ�('2�GLDSKUDJP�GHVLJQ�� WKLV�FRQGLWLRQ� VLPSO\� WUDQVODWHV� LQWR�DGGHG�VWUHQJWK��+RZHYHU� IRU�DQ�
5'2�GHVLJQ��WKLV�UHVWUDLQW�FDQ������FDXVH�D�UHGLVWULEXWLRQ�LQ�WKH�SDWWHUQV�RI�LQHODVWLF�GHIRUPDWLRQ�GHPDQGV��
LQFOXGLQJ� WKH� SRWHQWLDO� IRU� FRQFHQWUDWHG� LQHODVWLF� GHPDQGV�� DQG� ���� FKDQJH� WKH� UHODWLRQVKLS� EHWZHHQ�
PD[LPXP�PRPHQW�DQG�VKHDU�LQ�WKH�GLDSKUDJP�E\�FKDQJLQJ�WKH�EHQGLQJ�VSDQ��LQ�WKLV�FDVH�VKRUWHQLQJ�WKH�
VSDQ�E\�WKH�OHQJWK�RI�WKH�ZDOO��7KH�IRUPHU�FDQ�OHDG�WR�UHGXFHG�GXFWLOLW\�LQ�WKH�GLDSKUDJP��WKH�ODWWHU�FDQ�
FRPSURPLVH�WKH�LQWHQGHG�FDSDFLW\�GHVLJQ�RI�WKH�GLDSKUDJP�SURYLGHG�E\�WKH�VKHDU�RYHUVWUHQJWK�IDFWRU�:Y�
VLQFH�Vmax = 2Mmax/L�� DQDORJRXV� WR� WKH� IDLOXUH�ZLWQHVVHG� LQ� VKRUW� FROXPQV��(LWKHU� RU� D� FRPELQDWLRQ�RI�
WKHVH�FRQGLWLRQV�FRXOG�OHDG�WR�D�QRQ�GXFWLOH�GLDSKUDJP�IDLOXUH��7KHVH�LGHDV�DUH�SXUVXHG�XVLQJ�WKH�ILQGLQJV�
IURP� VRPH�SURWRW\SH� VWUXFWXUH� DQDO\VLV� UHVXOWV�� ,W� LV� QRWHG� WKDW� DQDO\VHV� WKDW� LQGLFDWHG� D� SURSHQVLW\� IRU�
IDLOXUH�ZHUH�QRW�LQFOXGHG�LQ�WKH�UHVXOWV�VHFWLRQ��$�����DQG�WKH�GHVLJQ�H[DPSOHV�RI�3$57����(QKDQFHPHQWV�
WR�WKH�GHVLJQ�PHWKRGRORJ\�ZHUH�PDGH�RQ�WKH�EDVLV�RI�WKHVH�ILQGLQJV��
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7UDQVYHUVH
6KHDU�ZDOO��


��


/RQLWXGLQDO
6KHDU�ZDOO

��


5DPS 7UDQVYHUVH

/RQJLWXGLQDO

1RUWK

6RXWK

&RYHUHG�-RLQWV

6KRUW�6SDQ

�
)LJ��$������3ODQ�IRU�D���VWRU\�SDUNLQJ�JDUDJH�ZLWK�SHULPHWHU�VKHDU�ZDOOV��

�
� )LJXUH�$�����VKRZV� WKH�PD[LPXP�GLDSKUDJP�RSHQLQJ�DQG�VOLGLQJ�GHPDQG�XQGHU� WKH�0&(�IRU�
WKH���VWRU\�SHULPHWHU�VKHDU�ZDOOV�SDUNLQJ�VWUXFWXUH�ZLWK�DQ�5'2�GLDSKUDJP�GHVLJQ��$V�VHHQ�LQ�)LJ��$��
��D��GLDSKUDJP�MRLQW�RSHQLQJ�GHPDQGV�DW�WKH�MRLQWV�FRYHUHG�E\�WKH�ORQJLWXGLQDO�VKHDU�ZDOOV�LV�YHU\�VPDOO�
GXH� WKH� UHVWUDLQW�SURYLGHG�E\� WKH�ZDOO��6LJQLILFDQW� LQHODVWLF�RSHQLQJ� LV�FRQFHQWUDWHG�DW� WKH� ILUVW� MRLQW�RQ�
HLWKHU�VLGH�RI�WKH�ORQJLWXGLQDO�VKHDU�ZDOO��ZLWK�D�PD[LPXP�YDOXH�RI��”��7KLV�GHPDQG�LV�VLJQLILFDQWO\�ODUJHU�
WKDQ�WKH�DOORZDEOH�+'(�GHIRUPDWLRQ�����”��DQG�HYHQ�WKH�GHPRQVWUDWHG�+'(�FDSDFLW\�����”���)XUWKHUPRUH��
DV� REVHUYHG� LQ� )LJ�� $����E�� WKH� GLDSKUDJP� VOLGLQJ� GHIRUPDWLRQ� GHPDQGV� H[FHHG� WKH� \LHOG� VOLGLQJ�
GHIRUPDWLRQ�DW�PXOWLSOH�MRLQWV�LQ�WKH�GLDSKUDJP��7KLV�RXWFRPH�LV�GXH�WR�DQ�LQFUHDVHG�GLDSKUDJP�IOH[XUDO�
RYHUVWUHQJWK�UHODWLYH�WR�WKH�GLDSKUDJP�VKHDU�VWUHQJWK�SURYLGHG�E\�:Y��FUHDWHG�E\�WKH�VKRUWHU�DFWXDO�VKHDU�
VSDQ�FDXVHG�E\� WKH�SUHVHQFH�RI� WKH� ORQJLWXGLQDO�ZDOO��7KXV� WKH�FDSDFLW\�GHVLJQ� LQWHQW�RI� WKH�GLDSKUDJP�
GHVLJQ�SURYLGHG�E\�WKH�VKHDU�RYHUVWUHQJWK�IDFWRU�:Y�LV�QRW�VXIILFLHQW��7KXV��WKH�DQDO\WLFDO�UHVXOWV�LQGLFDWH�
WKDW�WKLV�GHVLJQ�ZRXOG�XQGHUJR�ERWK�GLDSKUDJP�VKHDU�IDLOXUH�DQG�IOH[XUDO�IDLOXUH���
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7RS�

%RWWRP�

%RWWRP�

%RWWRP�

1RUWK�

5DPS

6RXWK�

2SHQLQJ��LQ�� 6OLGLQJ��LQ��
<LHOG�VOLGLQJ�

<LHOG�RSHQLQJ�

�
)LJ��$������'LDSKUDJP�MRLQW�PD[�GHIRUPDWLRQ�GHPDQG�XQGHU�0&(���D��2SHQLQJ���E��6OLGLQJ��

�

����6WUXFWXUHV�ZLWK�3HULPHWHU�/RQJLWXGLQDO�:DOOV�DW�'LDSKUDJP�4XDUWHU�6SDQ�
)LJXUH�$����D�VKRZV�D�W\SLFDO�IORRU�SODQ�IRU�WKH���VWRU\�RIILFH�EXLOGLQJ�ZLWK�SHULPHWHU�VKHDU�ZDOOV��

7KH� FDVH� FRQVLGHUHG� LV� IRU� WKH� VWUXFWXUH� ZLWK� GLDSKUDJPV� GHVLJQHG� ZLWK� WKH� 5'2� RSWLRQ� �([DPSOH�
$QDO\VLV��%�LQ�6HF��$��������,Q�WKH�ORQJLWXGLQDO�GLUHFWLRQ��IRXU�SHULPHWHU�VKHDU�ZDOOV�DUH�SODFHG��RQH�HDFK�
DW�WKH�GLDSKUDJP�TXDUWHU�VSDQ�DW�WKH�QRUWK�DQG�VRXWK�IDFH�RI�WKH�VWUXFWXUH��7KHVH�VKHDU�ZDOOV�ZLOO�UHVWUDLQ�
WKH� GLDSKUDJP� DV� LW� DWWHPSWV� WR� GHIRUP� XQGHU� WUDQVYHUVH� ORDG�� ,Q� UHVSRQVH� WR� WKH� GLDSKUDJPV� IOH[XUH�
UHVSRQVH��WKHVH�ZDOOV�ZLOO�GHYHORS�VKHDU�UHDFWLRQ�IRUFHV�qsw��6HH�)LJ��$����E���7KHVH�VKHDU�UHDFWLRQ�IRUFHV�
ZLOO� WHQG� WR� UHGXFH� WKH� GLDSKUDJP� PRPHQW� GHPDQG� IURP� WKH� TXDUWHU� VSDQ� WR� PLGVSDQ� �6HH� PRPHQW�
GLDJUDP�LQ�)LJ��$����E���7KLV�FRQGLWLRQ�SURGXFHV� WKUHH�FULWLFDO� IOH[XUDO� MRLQWV� LQ� WKH�GLDSKUDJP��RQH�DW�
PLGVSDQ�� DQG� WKH�RWKHUV� DW� WKH� MRLQWV� DGMDFHQW� WR� WKH�RXWHU� HQG�RI� WKH� ORQJLWXGLQDO�SHULPHWHU�ZDOOV� �6HH�
FLUFOHV� RQ� PRPHQW� GLDJUDP� LQ� )LJ�� $����E��� 7KLV� FRQFHSW� LV� SXUVXHG� IXUWKHU� XVLQJ� WKH� ILQGLQJV� IURP�
UHVXOWV�IURP�VRPH�RI�WKH�SURWRW\SH�VWUXFWXUH�DQDO\VHV��

���


���


��


6RXWK

1RUWK

:HVW (DVW

��
 RLFRS RLFRS 

qsw 

qsw 0RPHQW
0RPHQW�UHGXFHG�

�
)LJ��$��������VWRU\�SDUNLQJ�JDUDJH�ZLWK�SHULPHWHU�VKHDU�ZDOOV���D��3ODQ���E��)%'��

�
)LJXUH� $����� VKRZV� WKH� GLDSKUDJP� LQWHUQDO� IRUFH� GLDJUDP� IRU� WKH� �QG� IORRU� RI� WKH� ��VWRU\� RIILFH�

EXLOGLQJ�ZLWK�WKH�5'2�GLDSKUDJP�GHVLJQ�XQGHU�0&(�OHYHO�KD]DUG��7KH�UHG�OLQH��ZLWK�FURVVHV��UHSUHVHQWV�
WKH� UHTXLUHG� VWUHQJWK� SURYLGHG� E\� WKH� GLDSKUDJP� GHVLJQ� IRUFHV� XVLQJ� WKH� IDFWRUV� IURP� WKH� GHVLJQ�
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PHWKRGRORJ\� DQG� WKH� )%'� PHWKRG� �6HH� ([DPSOH� �%� LQ� 3$57� ���� 7KH� OLJKW� EOXH� OLQH� �ZLWK� FLUFOHV��
UHSUHVHQWV�WKH�DFWXDO�VWUHQJWK�SURYLGHG�LQ�WKH�GHVLJQ��7KH�UHDVRQ�IRU�WKH�VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ�WKH�
UHTXLUHG�DQG�DFWXDO�VWUHQJWK�LV�GXH�WR�SODFLQJ�RI�H[FHVVLYH��LQ�WHUPV�RI�UHTXLUHG�IOH[XUDO�VWUHQJWK��FKRUG�
UHLQIRUFHPHQW� LQ� WKH� MRLQWV� LQ� RUGHU� WR� VDWLVI\� KLJK� VKHDU� GHPDQG�� 7KH� GDUN� EOXH� OLQH� �ZLWK� VTXDUHV��
UHSUHVHQWV�WKH�VHLVPLF�GHPDQGV�SURILOH�ZKHQ�WKH�VKHDU�IRUFH�GHPDQG�DW�HQG�GLDSKUDJP�UHDFKHV�PD[LPXP�
REVHUYHG�LQ�WKH�0&(�DQDO\VLV��

$V�VHHQ�LQ�)LJ��$����D��WKH�MRLQWV�FORVH�WR�WKH�ORQJLWXGLQDO�SHULPHWHU�ZDOOV�KDYH�D�VLJQLILFDQW�IOH[XUDO�
RYHUVWHQJWK�LQ�RUGHU�WR�VDWLVI\�KLJK�VKHDU�GHPDQG�DW�WKHVH�MRLQWV��,Q�WKH�HDUWKTXDNH�VLPXODWLRQ��DIWHU�WKH�
GLDSKUDJPV�\LHOG�LQ�IOH[XUH�DW�PLGVSDQ��DV�LPSOLHG�E\�WKH�GDUN�EOXH�VTXDUH�OLQH�H[FHHGLQJ�WKH�OLJKW�EOXH�
FLUFOH� OLQH�DW�x/L ������ WKH�PRPHQW�GHPDQG�RI� WKHVH� MRLQWV�FDQ�VLJQLILFDQWO\� LQFUHDVH�GXH� WR� LWV� IOH[XUDO�
RYHUVWUHQJWK�ZLWKRXW�VLJQLILFDQW�LQFUHDVH�RI�PLGVSDQ�PRPHQW�GXH�WR�WKH�UHVWUDLQW�RI�WKH�ORQJLWXGLQDO�ZDOO�
VKHDU� �� 7KH� LQFUHDVH� RI�PRPHQW� DW� WKH� MRLQWV� DGMDFHQW� WR� RXWHU� HGJH� RI� WKH� ORQJLXGLQDO� VKHDU�ZDOOV� �DV�
LQGLFDWHG� E\� WKH� SHDNV� LQ� WKH� GDUN� EOXH� OLQH� WKH� )LJ��$����D��� WUDQVODWHV� LQWR� VLJQLILFDQWO\� ODUJHU� VKHDU�
IRUFH� GHPDQGV� FRPSDUHG� WR� WKH� YDOXHV� DQWLFLSDWHG� LQ� WKH� GHVLJQ� �VHH� )LJ�� $����E��� 7KHVH� KLJK� VKHDU�
IRUFHV�GXH�WR�WKH�IOH[XUDO�RYHUVWUHQJWK�FDXVHV�\LHOGLQJ�RI�VKHDU�FRQQHFWRU�DW�PXOWLSOH�GLDSKUDJP�MRLQWV��DV�
VKRZQ�LQ�)LJ��$�������
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$FWXDO�6WUHQJWK�

'HVLJQ�

'HPDQG�

'HPDQG�

'HVLJQ�

�
)LJ��$������'LDSKUDJP�LQWHUQDO�IRUFH�GLDJUDP�DW��QG�IORRU���D��0RPHQW���E��6KHDU��
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1RUWK
0LGGOH
6RXWK

<LHOG�6OLGLQJ

�
)LJ��$������'LDSKUDJP�PD[LPXP�VOLGLQJ�SURILOH�DW��QG�IORRU�

�
� %DVHG� RQ� DQDO\WLFDO� UHVXOWV� IRU� WKH� WZR� VWUXFWXUHV� ZLWK� SRWHQWLDO� IDLOXUH�� LW� LV� UHDOL]HG� WKDW�
RYHUVWUHQJWK�IDFWRUV�SURSRVHG�LQ�WKH�GHVLJQ�SURFHGXUH�DUH�QRW�FDSDFLW\�GHVLJQ�IDFWRUV�SXUSRVH��JLYHQ�WKDW�
WKH�PRPHQW�DQG�VKHDU�GLDJUDPV�LQ�GLDSKUDJPV�DUH�QRW�DOZD\V�FOHDUO\�GHILQHG��7KXV�FDUH�PXVW�EH�WDNHQ�LQ�
DSSO\LQJ�WKH�IDFWRUV�LQ�GHVLJQ�IRU�FRPSOLFDWHG�IORRU�V\VWHPV��
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$������$VVXULQJ�&DSDFLW\�'HVLJQ�,QWHQW�
7KH�FDSDFLW\�GHVLJQ�LQWHQW�HPERGLHG�LQ�WKH�GLDSKUDJP�GHVLJQ�PHWKRGRORJ\�LV�WR�DYRLG�WKH�SRWHQWLDO�

IRU�QRQ�GXFWLOH�VKHDU�IDLOXUH�E\�SURPRWLQJ�D�GXFWLOH�IOH[XUDO�PHFKDQLVP�LQ�WKH�GLDSKUDJP��7KLV�LQWHQW�LV�
UHDOL]HG�WKURXJK�WKH�XVH�RI�WKH�VKHDU�RYHUVWUHQJWK�IDFWRU�:Y��,Q�WKH�SUHYLRXV�VHFWLRQ��D�OD\RXW�ZDV�VKRZQ�
WKDW�FRPSURPLVHG�WKLV�FDSDFLW\�GHVLJQ�LQWHQW��7KLV�FRQFHSW�LV�SXUVXHG�IXUWKHU�LQ�WKLV�VHFWLRQ��

)RU� D� VWUXFWXUH� ZLWK� LQWHULRU� VKHDU� ZDOOV�� WKH� GLDSKUDJP� VKHDU� IRUFH� GHPDQG� DIWHU� WKH� GLDSKUDJP�
\LHOGV�DW�FULWLFDO�IOH[XUDO�MRLQWV�DW�PLGVSDQ�DQG�WKH�LQWHULRU�ZDOOV��VKRZQ�DV�VXSSRUWV�LQ�)LJ�$������FDQ�EH�
FDOFXODWHG�DV�9 ���0Q

��0�Q
���/’ ��DV�LOOXVWUDWHG�LQ�WKH�)%'�RI�)LJ��$������7KHUHIRUH��DQ\�FRQGLWLRQ�WKDW�

OHDGV� WR� GLDSKUDJP� IOH[XUDO� RYHUVWUHQJWK� DW� HLWKHU� PLGVSDQ� RU� DW� WKH� ZDOO� ZLOO� WHQG� WR� LQFUHDVH� WKH�
GLDSKUDJP�VKHDU�GHPDQG�LQ�WKH�GLDSKUDJP�SRVW�\LHOG�UHJLPH��

/’
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�
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�
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w
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0Q
�

0Q
�

$ % $ %

�
)LJ��$������)%'�IRU�D�GLDSKUDJP�ZLWK�LQWHULRU�VXSSRUW��

�
)LJXUH� $����� VKRZV� WKH� GLDSKUDJP� LQWHUQDO� IRUFH� GLDJUDPV� IRU� WKH� ��VWRU\� LQWHULRU� ZDOO� SDUNLQJ�

VWUXFWXUH�ZLWK�DQ�5'2�GLDSKUDJP�GHVLJQ�� �7KH� UHVXOWV�DUH� IRU� WKH� WRS� IORRU�GLDSKUDJP�XQGHU� WKH�0&(�
OHYHO� DQDO\VLV� �([DPSOH� �%� LQ�6HF��$��������7KH� UHG� OLQH� �ZLWK� FURVVHV�� UHSUHVHQWV� WKH� UHTXLUHG�GHVLJQ�
VWUHQJWK�SURYLGHG�E\�WKH�GHVLJQ�PHWKRGRORJ\�XVLQJ�WKH�GHVLJQ�IDFWRUV�DQG�WKH�)%'�PHWKRG��6HH�([DPSOH�
�%� LQ� 3$57��� 7KH� OLJKW� EOXH� OLQH� �ZLWK� GLDPRQGV�� UHSUHVHQWV� WKH� DFWXDO� VWUHQJWK� SURYLGHG� LQ� WKH�
GLDSKUDJP�GHVLJQ�DQG�LQFOXGHG�LQ�WKH�DQDO\WLFDO�PRGHO��7KH�GDUN�EOXH�OLQH��ZLWK�VTXDUHV��UHSUHVHQWV�WKH�
VHLVPLF�GHPDQG�IURP�DQDO\VLV�UHVXOWV�ZKHQ�WKH�VKHDU�IRUFH�GHPDQG�DW�VXSSRUWV�UHDFKHV�PD[LPXP����

7KH�GHVLJQ�SURYLGHG�E\�WKH�GHVLJQ�PHWKRGRORJ\�GRHV�QRW�SURYLGH�VLJQLILFDQW�IOH[XUDO�RYHUVWUHQJWK�DW�
GLDSKUDJP�PLGVSDQ� �DV� LPSOLHG�E\� WKH�FORVH�SUR[LPLW\�RI� WKH� OLQHV� DW�x/L ���� LQ�$����D��+RZHYHU�� DV�
VHHQ� LQ� $����D�� DW� WKH� LQWHULRU� ZDOO� VXSSRUWV�� VLJQLILFDQW� IOH[XUDO� RYHUVWUHQJWK� LV� VHHQ�� 7KLV� FRQGLWLRQ�
RFFXUV�EHFDXVH�LQ�RUGHU�WR�GHYHORS�WKH�UHTXLUHG�GLDSKUDJP�VKHDU�VWUHQJWK��FKRUG�UHLQIRUFHPHQW�ZDV�DGGHG�
LQ� WKHVH� ORFDWLRQV� WR� SURYLGH� GRZHO� DFWLRQ� �DGGLQJ� PRUH� VKHDU� FRQQHFWRUV� ZDV� QRW� SUDFWLFDO� GXH� WR�
PLQLPXP�VSDFLQJ�UHTXLUHPHQWV���7KH�VLJQLILFDQW�IOH[XUDO�RYHUVWUHQJWK�UHVXOWLQJ�IURP�WKHVH�DGGHG�FKRUG�
EDUV�LQ�WXUQ�OHDGV�WR�KLJKHU�GLDSKUDJP�VKHDU�GHPDQG�WKDQ�DQWLFLSDWHG�LQ�WKH�GHVLJQ��DV�VHHQ�LQ�$����E����
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)LJ��$������'LDSKUDJP�LQWHUQDO�IRUFH�GLDJUDP���D��0RPHQW���E��6KHDU��
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7KXV�� WKHVH� FRQGLWLRQV� FRXOG� OHDG� WR� QRQ�GXFWLOH� VKHDU� IDLOXUHV� LQ� D� 0&(� HYHQW�� 7R� DYRLG� VXFK�
IDLOXUHV��LW�LV�UHFRPPHQGHG�LQ�WKH�GHVLJQ�PHWKRGRORJ\�WKDW�WKH�GLDSKUDJP�IOH[XUDO�RYHUVWUHQJWK�EH�OLPLWHG��
7KH�GLDSKUDJP�VKHDU�VWUHQJWK��9Q��VKRXOG�QRW�EH�OHVV�WKDQ��E�0Q

��0�Q
���/’��ZKHUH�E�LV�D�VWUDLQ�KDUGHQLQJ�

FRHIILFLHQW��WR�EH�VHW�HTXDO�WR������'LDSKUDJP�IOH[XUDO�RYHUVWUHQJWK�PD\�QRW�EH�DEOH�WR�EH�DYRLGHG�XVLQJ�
W\SLFDO�GHWDLOV��2QH�FRQFHSW�LV�WR�SURYLGH�WKH�QHHGHG�VKHDU�UHVSRQVH�WKURXJK�D�QHZ�WHQVLRQ�FRPSOLDQW�KLJK�
VKHDU� VWUHQJWK� FRQQHFWRU�� RU� E\� SURYLGLQJ� GRZHO� DFWLRQ� ZLWK� D� FKRUG� FRQQHFWRU� DW� WKH� FHQURLG� RI� WKH�
GLDSKUDJP�MRLQW��VHH�)LJ��$�������
�

&KRUG�IRU�
UHVLVWLQJ�IOH[XUH

&KRUG�IRU�
UHVLVWLQJ�VKHDU

�
)LJ��$������,OOXVWUDWLRQ�IRU�PRYLQJ�VKHDU�UHVLVWDQW�FKRUG�LQWR�FHQWHU�RI�GLDSKUDJP��

�
$������&RQVLGHUDWLRQV�IRU�3DUNLQJ�6WUXFWXUHV�

7KH� DQDO\VHV� RI� SDUNLQJ� VWUXFWXUHV� LQGLFDWHG� VHQVLWLYLW\� RI� GLDSKUDJP� UHVSRQVH� WR� D� QXPEHU� RI�
GHWDLOV�� $V� DQ� H[DPSOH�� )LJXUH� $����� VKRZV� D� SDUNLQJ� VWUXFWXUH� SODQ�� LQGLFDWLQJ� DQ� H[SDQVLRQ� MRLQW��
W\SLFDOO\�SODFHG�EHWZHHQ� WKH��VW� IORRU� UDPS�SUHFDVW�XQLWV�DQG� WKH�F�L�S�VODE� LQWHJUDO�ZLWK� WKH�IRXQGDWLRQ��
7KH�H[SDQVLRQ� MRLQW�DOORZV� IUHH�PRYHPHQW�RI� WKH��VW� IORRU� UDPS� UHODWLYH� WR� WKH� IRXQGDWLRQ��7KH�SUHFDVW�
GLDSKUDJP�VHLVPLF�GHPDQGV�LQ�WKH�ORZHU�OHYHOV�RI�WKH�VWUXFWXUH�ZHUH�IRXQG�WR�EH�VHQVLWLYH�WR�WKLV�GHWDLO��

�

5DPS� XS� IURP�
IRXQGDWLRQ�

�VW�)ORRU�

3UHFDVW�XQLWV�

&�,�3��
6ODE�

([SDQVLRQ�MRLQW�
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)LJXUH�$����� VKRZV� WKH�PD[LPXP�GLDSKUDJP�GHIRUPDWLRQ� GHPDQGV�ZLWKLQ� WKH� �VW� IORRU� UDPS��
7KH�SORWV�FRPSDUH�WKH�UHVSRQVH�RI�D�SDUNLQJ�VWUXFWXUH�ZLWK�DQG�ZLWKRXW�WKH�H[SDQVLRQ�MRLQW��$V�VHHQ��WKH�
H[SDQVLRQ�MRLQW�VLJQLILFDQWO\�UHGXFHV� WKH� MRLQW�GHIRUPDWLRQ�GHPDQGV� LQ� WKH��VW� IORRU�UDPS��ERWK�IRU� MRLQW�
RSHQLQJ�DQG�VOLGLQJ��7KLV�UHGXFWLRQ�RFFXUV�EHFDXVH�WKH�RSHQLQJ�DQG�VOLGLQJ�GHIRUPDWLRQV�DUH�UHORFDWHG�WR�
WKH�H[SDQVLRQ�MRLQW��:LWKRXW�WKH�H[SDQVLRQ�MRLQW��WKH�GLDSKUDJP�UDPS�DW�WKH�ORZHU�OHYHO�\LHOGV�DW�PXOWLSOH�
MRLQWV�LQ�WHQVLRQ�DQG�VKHDU��DQG�KDV�GHPDQGV�WKDW�DUH�TXLWH�VLJQLILFDQW��DSSURDFKLQJ�WKH�0'(�DOORZDEOH�
OLPLW�IRU�RSHQLQJ�GHIRUPDWLRQ��DQG�LQ�WKH�GHJUDGLQJ�UHJLPH�RI�GLDSKUDJP�VOLGLQJ�GHPDQGV�����
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�
)LJ��$�����0D[LPXP�GHIRUPDWLRQ�GHPDQG�LQ�UDPS�MRLQW�DW��VW�IORRU���D��RSHQLQJ���E��VOLGLQJ��

�
&RQYHUVHO\��WKH�H[SDQVLRQ�MRLQW�VLJQLILFDQWO\�LQFUHDVHV�WKH�OLWHZDOO�WR�'7�FRQQHFWRU�GHIRUPDWLRQ�

GHPDQG�DW�FRQQHFWLRQ�GLUHFWO\�DERYH�WKH�H[SDQVLRQ�MRLQW��6HH�)LJXUH�$��������
�

1RUWK�-RLQW�3ORWWHG�LQ�)LJXUH�
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[� /�
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KRUL]RQWDO�SURMHFWLRQ�

([SDQVLRQ�MRLQW� �
KRUL]RQWDO�SURMHFWLRQ�

�
)LJ��$�����0D[�GHPDQG�SURILOH�LQ�OLWHZDOO�WR�'7�FRQQHFWRU�DW��VW�IORRU���D��RSHQLQJ���E��VOLGLQJ��

�
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7KH�PD[LPXP�OLWHZDOO�WR�'7�FRQQHFWRU�GHIRUPDWLRQ�GHPDQG�GLUHFWO\�DERYH�WKH�H[SDQVLRQ�MRLQW�
LV�VKRZQ�LQ�)LJ��$������$V�VHHQ��ODUJH�LQHODVWLF�GHIRUPDWLRQ�GHPDQGV�LQ�RSHQLQJ�DQG�VOLGLQJ�DUH�REVHUYHG�
IRU� DOO� GHVLJQ� FDVHV�� HVSHFLDOO\� IRU� WKH� H[WHULRU� ZDOO� VWUXFWXUHV�� 7KHUHIRUH� VSHFLDO� GHWDLOLQJ� KDV� WR� EH�
DSSOLHG�WR�WKHVH�FRQQHFWRUV�WR�SURYLGH�ODUJH�GHIRUPDWLRQ�FDSDFLW\�����”�LQ�RSHQLQJ�DQG����”�LQ�VOLGLQJ���
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�
)LJ��$�����0D[�GHPDQG�LQ�OLWHZDOO�WR�'7�FRQQHFWRU�DW��VW�IORRU���D��RSHQLQJ���E��VOLGLQJ��

�
7R� DYRLG� D� ³FDSXUHG� FROXPQ´� HIIHFW� IRU� WKH� OLWHZDOO�� IOH[LEOH� DQJOH� FRQQHFWRUV� DUH� XVHG� RQ� WKH�

OLWHZDOO�RQ�WKH�UDPS�VLGH��7ZR�IOH[LEOH�DQJOHV�FRQILJXUDWLRQV�DUH�XVHG�LQ�WKH�DQDO\VHV������DQ�DQJOH�ZLWK�D�
VORWWHG�KROH�LQ�WKH�YHUWLFDO�OHJ�DQG�&�VKDSHG�ILOOHW�ZHOG�LQ�WKH�KRUL]RQWDO�OHJ��6HH�)LJ��$��������DQG������DQ�
DQJOH�ZLWK�D�&�VKDSHG�ILOOHW�ZHOG��6HH�)LJ��$��������
�

����I�[��
����%ROW

��[��[��������$QJOH
Z����I�[����6ORW

/LWHZDOO
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/LWHZDOO

'7

&�VKDSH�ILOOHW�ZHOGG
 &�VKDSH�ILOOHW�ZHOG

�
)LJ��$�����)OH[LEOH�DQJOH�ZLWK�VORWWHG�KROH��

�
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G
��[��[��������$QJOH

/LWHZDOO

'7

G
 &�VKDSH�ILOOHW�ZHOG

&�VKDSH�ILOOHW�ZHOG

�
)LJ��$�����)OH[LEOH�DQJOH�ZLWK�&�VKDSH�ZHOGLQJ��

�
7KH� ILUVW� IOH[LEOH� DQJOH� FRQILJXUDWLRQ� �ZLWK� WKH� VORWWHG� KROH�� LV� GHVLJQHG� WR� EH� IOH[LEOH� LQ� ERWK�

WHQVLRQ�DQG�VKHDU��DQG�ZDV�XVHG�LQ�DQDO\VHV�RI� WKH�H[WHULRU�ZDOO�SDUNLQJ�VWUXFWXUHV��7KH�VHFRQG�IOH[LEOH�
DQJOH�FRQILJXUDWLRQ�ZLWK�WKH�&�VKDSHG�ZHOG�LV�GHVLJQHG�WR�EH�IOH[LEOH�LQ�WHQVLRQ�RQO\��DQG�VWLII�LQ�VKHDU��
7KLV� FRQILJXUDWLRQ� ZDV� XVHG� LQ� DQDO\VHV� RI� WKH� LQWHULRU� ZDOO� SDUNLQJ� VWUXFWXUHV�� 7KH� PD[LPXP�
GHIRUPDWLRQ�GHPDQGV�RQ�WKH�IOH[LEOH�FRQQHFWRUV�DUH�VKRZQ�LQ�)LJ��$������
�
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$������6HQVLWLYLW\�WR�'LDSKUDJP�(IIHFWLYH�6WLIIQHVV�
�
7KH�GHVLJQ�SURFHGXUH�LQ�3DUW���LQYROYHV�WKH�FDOFXODWLRQ�RI�HIIHFWLYH�VWLIIQHVV����$�GLDSKUDJP�HIIHFWLYH�

VWLIIQHVV�FDOFXODWLRQ�LV�SURYLGHG�EDVHG�RQ�WKH�GLDSKUDJP�UHLQIRUFHPHQW�SURYLGHG��$V�GLDSKUDJPV�PD\�EH�
GHVLJQHG�ZLWK�GLIIHUHQW�UHLQIRUFHPHQW�DW�GLIIHUHQW�MRLQWV��WKH�YDOXHV�RI�(HII�DQG�*HII�FDQ�YDU\�DORQJ�SUHFDVW�
IORRU���

�
7KHUH�DUH�WKUHH�RSWLRQV�IRU�FDOFXODWLQJ�WKH�(HII�DQG�*HII�LQ�GLDSKUDJP�GHVLJQ��

D�� 8VH�YDU\LQJ��GLVFUHWH��YDOXHV�IRU�HDFK�SUHFDVW�IORRU�MRLQW�SDQHO�
E�� 8VH�WKH�PLQLPXP�YDOXHV�FDOFXODWHG�DPRQJ�DOO�WKH�SUHFDVW�IORRU�MRLQW�SDQHOV�
F�� 8VH�WKH�DYHUDJH�YDOXH�FDOFXODWHG�IURP�DOO�WKH�SUHFDVW�IORRU�MRLQW�SDQHOV�

�
7KLV�VHFWLRQ�LQYHVWLJDWHV�WKH�VHQVLWLYLW\�RQ�WKH�GLDSKUDJP�GHVLJQ�RI�FDOFXODWLQJ�(HII�DQG�*HII�LQ�WKHVH�

GLIIHUHQW�ZD\V��
�
�

��� 'LDSKUDJP�,QWHUQDO�)RUFH�&DOFXODWLRQ��
7KH�GLDSKUDJP�LQWHUQDO�IRUFH�FDOFXODWLRQ�LQYROYHV�LQSXW�RI�WKH�(HII�DQG�*HII�LQ�D�PRQROLWKLF�GLDSKUDJP�

FRPSXWHU�DQDO\VLV�LI�WKH�FRPSXWHU�VWUXFWXUDO�DQDO\VLV�RSWLRQ�LV�XVHG��7R�VWXG\�WKH�HIIHFW�RI�(HII�DQG�*HII��D�
�'� PRQROLWKLF� GLDSKUDJP� PRGHO� IRU� D� SDUNLQJ� VWUXFWXUH� �VHH� )LJ�� $������ LV� FUHDWHG� ZLWK� WKH� WKUHH�
DIRUHPHQWLRQHG�ZD\V�RI�FDOFXODWLQJ�(HII� DQG�*HII��$V�D�FRQWURO�FDVH�� D�DQDO\VLV� LV�SHUIRUPHG� IRU� WKH��'�
PRGHO�ZLWK�WKH�JURVV�VHFWLRQ�SURSHUWLHV��7KHVH�VWDWLF�DQDO\VHV�DUH�SHUIRUPHG�ZLWK�WKH�GLDSKUDJP�GHVLJQ�
IRUFH�DSSOLHG�DV�D�XQLIRUP�ERG\�IRUFH��

�

�
)LJ��$�������'�PRQROLWKLF�GLDSKUDJP�PRGHO��

�
�

7KH�GLDSKUDJP� LQWHUQDO� IRUFH�GLDJUDPV� IRU� WKH� VRXWK� VXE�GLDSKUDJP�DUH� VKRZQ� LQ�)LJ��$������)RU�
FRPSDULVRQ� SXUSRVHV�� WKH� GLDJUDPV� FUHDWHG� XVLQJ� WKH� )%'�PHWKRG� �6HH� 6HF�� ����%� LQ� 3DUW� ��� LV� DOVR�
VKRZQ� LQ� WKH� )LJ�� $������ $V� VHHQ�� FDOFXODWLQJ� (HII� DQG� *HII� LQ� GLIIHUHQW� ZD\V� KDV� OLWWOH� HIIHFW� RQ� WKH�
GLDSKUDJP� LQWHUQDO� IRUFH� GLDJUDPV��%RWK� WKH�)%'�PHWKRG� DQG� WKH� FRPSXWHU� DQDO\VLV�PHWKRGV� SURGXFH�
VLPLODU�GLDSKUDJP�LQWHUQDO�IRUFHV��
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)LJ��$������'LDSKUDJP�LQWHUQDO�IRUFH�GLDJUDPV�IRU�WKH�VRXWK�VXE�GLDSKUDJP��
�
�

��� 'LDSKUDJP�0D[LPXP��0LGVSDQ��'HIRUPDWLRQ�
�
7KH�GLDSKUDJP�GHIRUPDWLRQ�FDOFXODWLRQ� LQ� WKH�GHVLJQ�PHWKRGRORJ\�XVHV�(HII� DQG�*HII��)LJXUH�$�����

VKRZV� WKH�FDOFXODWHG�GLDSKUDJP�PLGVSDQ�GHIRUPDWLRQ�XVLQJ� WKH� LQWHJUDWLRQ�PHWKRG�DQG�VWDWLF�FRPSXWHU�
DQDO\VLV�PHWKRG��6HH�6HF������&�LQ�3DUW����ZLWK�(HII�DQG�*HII�FDOFXODWHG�LQ�WKUHH�DIRUHPHQWLRQHG�ZD\V��$V�
VHHQ��FDOFXODWLQJ�(HII�DQG�*HII�LQ�WKH�GLIIHUHQW�ZD\V�KDV�D�QRWLFHDEOH�HIIHFW�RQ�WKH�GLDSKUDJP�GHIRUPDWLRQ��
$V�VHHQ�� WKH�GLDSKUDJP�GHIRUPDWLRQ�XVLQJ� WKH�DYHUDJH�YDOXH�RI�(HII� DQG�*HII�LV� VLPLODU� WR� WKDW�XVLQJ� WKH�
GLVFUHWH� YDOXH� RI� (HII� DQG� *HII�� 7KH� LQWHJUDWLRQ� PHWKRG� SURGXFHV� VLPLODU� EXW� VOLJKWO\� FRQVHUYDWLYH�
GLDSKUDJP�GHIRUPDWLRQ�YDOXHV�LQ�FRPSDULVRQ�WR�WKH�VWDWLF�FRPSXWHU�DQDO\VLV�PHWKRG��
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,QWHJUDWLRQ�0HWKRG
6WDWLF�$QDO\VLV

(	*��*URVV�����������������9DULQJ���������������$YJ�������������������0LQ
�

)LJ��$������'LDSKUDJP�PLGVSDQ�GHIRUPDWLRQ��
�
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$������7HQVLRQ�VKHDU�&RXSOLQJ�(IIHFW�
,W�KDV�EHHQ�REVHUYHG�IURP�WKH�LQGLYLGXDO�GLDSKUDJP�UHLQIRUFHPHQW�WHVWV�WKDW�WKH�WHQVLRQ�DQG�VKHDU�

VWUHQJWK�RI�WKH�GLDSKUDJP�UHLQIRUFHPHQW�ZLOO�EH�UHGXFHG�XQGHU�FRPELQHG�WHQVLRQ�DQG�VKHDU�ORDGLQJ��7KH�
DQDO\WLFDO�PRGHO�XVHG�IRU�WKH�HYDOXDWLRQ�LQFOXGHV�D�WHQVLRQ�VKHDU�FRXSOLQJ�IHDWXUH��6HH�$SSHQGL[�%��DQG�
%���WR�FDSWXUH�WKH�SRVVLEOH�VKHDU�\LHOGLQJ�LQ�SUHVHQFH�RI�WHQVLRQ�ORDG�RU�WHQVLRQ�\LHOGLQJ�LQ�SUHVHQFH�RI�
VKHDU�ORDG��,Q�WKLV�VHFWLRQ��WKLV�DSSURDFK�LV�H[DPLQHG��

)LJXUH� $����� VKRZV� WKH� IRUFH�GHIRUPDWLRQ� UHVSRQVH� IRU� GLDSKUDJP� UHLQIRUFHPHQW� �FKRUG� DQG�
VKHDU� UHLQIRUFHPHQW��DW� WKH� MRLQW�QHDU� WKH� LQWHULRU�VKHDU�ZDOO�DW� WKH� WRS�IORRU�RI� WKH���VWRU\� LQWHULRU�ZDOO�
SDUNLQJ�JDUDJH�GHVLJQHG�ZLWK�6'&�'�5'2�GLDSKUDJPV��UHIHU� WR�([DPSOH��%���7KH�SXVKRYHU�EDFNERQH�
XQGHU�WHQVLRQ�ORDGLQJ�RQO\�DQG�VKHDU�ORDGLQJ�RQO\�LV�VKRZQ�DV�WKH�UHG�GRWWHG�OLQH�LQ�)LJ��$������$V�VHHQ��
IRU� WKH�FKRUG�DQG� VKHDU� UHLQIRUFHPHQW�� WKH� WHQVLRQ�DQG� VKHDU�\LHOG� VWUHQJWK� UHGXFHV�GXH� WR� WKH� WHQVLRQ�
VKHDU�FRXSOLQJ�HIIHFW��7KH�VKHDU�\LHOG�VWUHQJWK�UHGXFWLRQ�LQ�WKH�SUHVHQFH�RI�WHQVLRQ�IRUFHV�OHDGV�WR�ODUJH�
LQHODVWLF� VKHDU� VOLGLQJ�GHIRUPDWLRQ� DW� D� VKHDU� ORDGLQJ� OHYHO�ZKLFK� LV� OHVV� WKDQ� LWV� GHVLJQ�\LHOG� VWUHQJWK��
7KLV� UHVXOW� LQGLFDWHV� WKDW� WKH�DQDO\VHV�DUH�VXFFHVVIXO�RI� LQGHQWLI\LQJ�VKHDU�FULWLFDO�FRQGLWLRQV�GXH� WR� WKH�
SUHVHQFH�RI�WHQVLRQ��IRU�VKHDU�ORDGLQJ�OHYHOV�ORZHU�WKDQ�VKHDU�IDLOXUH�OHYHOV��
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6KHDU�UHLQIRUFHPHQW��-9,�9HFWRU� &KRUG�UHLQIRUFHPHQW�

7HQVLRQ� 7HQVLRQ�

6KHDU� 6KHDU�

�
)LJ��$������'LDSKUDJP�UHLQIRUFHPHQW�K\VWHUHVLV�UHVSRQVH��
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$������'HVLJQ�&RPSDULVRQ��)%'�0HWKRG�YV��+RUL]RQWDO�%HDP�0HWKRG�
�
� )LJXUH� $���D� DQG� $���F� LQGLFDWH� WKDW� WKH� GLDSKUDJP� LQWHUQDO� PRPHQW� DQG� VKHDU� XVLQJ� WKH�
KRUL]RQWDO�EHDP�PHWKRG�DUH�FRQVLGHUDEO\�ODUJHU�WKDQ�WKDW�IURP�WKH�)%'�PHWKRG�SURSRVHG�LQ�WKH�GHVLJQ�
PHWKRGRORJ\��+RZHYHU�DOVR�QRWH� LQ�)LJXUH�$���E�WKDW� WKH�VLPSOH�EHDP�PHWKRG�KDV�]HUR�UHTXLUHG�D[LDO�
IRUFH�ZKLOH�WKH�)%'�PHWKRG�SURGXFHV�D�VLJQLILFDQW�GHVLJQ�D[LDO�IRUFH��7KXV�LW� LV�XQFOHDU�ZKLFK�PHWKRG�
ZLOO�SURGXFH�D�PRUH�HFRQRPLFDO�GHVLJQ�XQGHU�WKH�FRPELQDWLRQ�RI�PRPHQW��D[LDO�DQG�VKHDU�ORDGLQJ�HIIHFWV���

,Q�WKLV�VHFWLRQ��WKH�WZR�PHWKRGV�DUH�FRPSDUHG�LQ�WHUPV�RI�GHVLJQ�HFRQRP\�IRU�D�VHOHFWHG�VWUXFWXUH��
WKH� ��VWRU\� SDUNLQJ� JDUDJH� VWUXFWXUH�ZLWK� H[WHULRU� VKHDU�ZDOOV� �([DPSOH� �$���7R� GR� VR�� WKH� GLDSKUDJP�
MRLQW�GHVLJQ�IRUFH��PRPHQW��D[LDO�DQG�VKHDU��REWDLQHG�IURP�WKH� WZR�PHWKRGV� LV�FRQYHUWHG� WR�DQ�0�1�9�
LQWHUDFWLRQ�UDWLR�XVLQJ�WKH�IROORZLQJ�HTXDWLRQ��
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ZKHUH�0X��1X�DQG�9X�DUH�WKH�UHTXLUHG�GLDSKUDJP�MRLQW�VWUHQJWK�FDOFXODWHG�XVLQJ������WKH�)%'�PHWKRG��DQG�
���� WKH� KRUL]RQWDO� EHDP� PHWKRG�� 0Q�� 1Q� DQG� 9Q� DUH� WKH� QRPLQDO� GLDSKUDJP� MRLQW� VWUHQJWK� IRU� GHVLJQ�
H[DPSOH��$��6HH�'HVLJQ�([DPSOH��$�LQ�3$57�����7KHVH�YDOXHV�DUH�IL[HG�IRU�WKH�WZR�PHWKRGV��7KXV�WKH�
PHWKRG�ZKLFK� SURGXFHV� D� VPDOOHU�0�1�9� LQWHUDFWLRQ� UDWLR� ZLOO� SURGXFH� D�PRUH� HFRQRPLFDO� GHVLJQ� LQ�
FRPSDULVRQ�WR�WKH�RWKHU�PHWKRG��
� )LJXUH�$�����VKRZV�WKH�0�1�9�UDWLR�DW�HYHU\�MRLQW� LQ�WKH�QRUWK�VXE�GLDSKUDJP�RI�WKH�WRS�IORRU�
IRU�KRUL]RQWDO�EHDP�PHWKRG�DQG� WKH�)%'�PHWKRG��$V�VHHQ��DW�HYHU\� MRLQW�� WKH�KRUL]RQWDO�EHDP�PHWKRG�
UHTXLUHV� D� KLJKHU�0�1�9� UDWLR� WKDQ� WKH�)%'�PHWKRG��7KLV� KLJKHU�0�1�9� UDWLR� LQ� WKH�KRUL]RQWDO� EHDP�
PHWKRG� LPSOLHV� WKDW� LW�ZLOO�SURGXFH�D� OHVV� HFRQRPLFDO�GHVLJQ�FRPSDUHG� WR� WKH�)%'�PHWKRG��*LYHQ� WKH�
IDLUO\�ODUJH�DPSOLILHG�GLDSKUDJP�GHVLJQ�IRUFH�SURSRVHG�LQ�WKH�GHVLJQ�PHWKRGRORJ\��LW�PD\�EH�GHVLUDEOH�WR�
XVH� WKH� )%'�PHWKRG� LQ� GHWHUPLQLQJ� WKH� GLDSKUDJP� GHVLJQ� LQWHUQDO� IRUFHV� LQ� RUGHU� WR� NHHS� WKH� GHVLJQ�
HFRQRPLFDO�DQG�FRPSHWLWLYH���
�
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$����5()(5(1&(6�
�
$&,�����������������%XLOGLQJ�&RGH�5HTXLUHPHQWV�IRU�6WUXFWXUDO�&RQFUHWH��$&,���������DQG�&RPPHQWDU\��$&,�
���������$PHULFDQ�&RQFUHWH�,QVLWXWLRQ�FRPPLWWHH������
�
$6&(�������³0LQLPXP�'HVLJQ�/RDGV�IRU�%XLOGLQJV�DQG�2WKHU�6WUXFWXUHV´��$PHULFDQ�6RFLHW\�RI�&LYLO�(QJLQHHULQJ�
������
�
)OHLVFKPDQ��5�%���1DLWR�&�-���5HVWUHSR�-���6DXVH�5���*KRVK�6�.���:DQ�*���6FKRHWWOHU�0���DQG�&DR�/����������
�6HLVPLF�GHVLJQ�PHWKRGRORJ\�IRU�SUHFDVW�FRQFUHWH�GLDSKUDJPV��3DUW����UHVHDUFK�SURJUDP���3&,�-RXUQDO����������������
�
)OHLVFKPDQ��5�%���6DXVH��5���3HVVLNL��6���DQG�5KRGHV��$�%����������³6HLVPLF�EHKDYLRU�RI�SUHFDVW�SDUNLQJ�VWUXFWXUH�
GLDSKUDJPV�´�3&,�-RXUQDO����������-DQ�)HE���������
�
3LQFKHLUD��-��$���2OLYD��0��*���DQG�.XVXPR�UDKDUGMR��)��,����������³7HVWV�RQ�GRXEOH�WHH�IODQJH�FRQQHFWRUV�VXEMHFWHG�
WR�PRQRWRQLF�DQG�F\FOLF�ORDGLQJ�´�3&,�-RXUQDO�����������������
�
:DUH�$���)OHLVFKPDQ�5�%���DQG�=KDQJ��'��³&DOLEUDWLRQ�RI��'�ILQLWH�HOHPHQW�PRGHO�XVLQJ�VKDNH�WDEOH�WHVW�UHVXOWV´��
8QGHU�SUHSDUDWLRQ��������
�
=KDQJ��'���)OHLVFKPDQ��5�%���1DLWR��&���DQG�5HQ��5����������³([SHULPHQWDO�HYDOXDWLRQ�RI�SUHWRSSHG�SUHFDVW�
GLDSKUDJP�FULWLFDO�IOH[XUH�MRLQW�XQGHU�VHLVPLF�GHPDQGV�´�-��6WUXFW��(QJ��$6&(��9���������
�
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$SSHQGL[�%��'HYHORSPHQW�DQG�&DOLEUDWLRQ�RI�$QDO\WLFDO�0RGHOV�
�

7KH�DQDO\WLFDO�UHVHDUFK�SHUIRUPHG�WR�GHYHORS�WKH�3$57���GHVLJQ�SURFHGXUH�ZDV�FRQGXFWHG�XVLQJ�
PRGHOV� GHYHORSHG�� YHULILHG� DQG� FDOLEUDWHG� RQ� WKH� EDVLV� RI� H[WHQVLYH� SDUDOOHO� H[SHULPHQWDO�ZRUN�� 7KHVH�
DQDO\WLFDO�PRGHOV��LQWHQGHG�IRU�SUHFDVW�GLDSKUDJP�research�DQG�QRW�GHVLJQ��DUH�ILQLWH�HOHPHQW��)(��EDVHG���
DQG� LQYROYH�ERWK� WZR�GLPHQVLRQDO� ��'�� DQG� WKUHH�GLPHQVLRQDO� ��'�� UHSUHVHQWDWLRQV��7KH�NH\� DVSHFW� RI�
WKHVH� PRGHOV� LV� WKDW� WKH� SUHFDVW� GLDSKUDJP� FRQQHFWRUV� DUH� GLVFUHWHO\� PRGHOHG� GLUHFWO\� DV� QRQOLQHDU�
HOHPHQWV�ZKRVH�SURSHUWLHV�DQG�FKDUDFWHULVWLFV�DUH�GHYHORSHG�EDVHG�RQ�WKH�PRQRWRQLF�DQG�F\FOLF�WHVWV�RI�
LQGLYLGXDO� SUHFDVW� GLDSKUDJP� FRQQHFWRU�� 6XFK� PRGHOV� KDYH� EHHQ� WHUPHG� ³GLVFUHWH´� SUHFDVW� GLDSKUDJP�
PRGHOV��7KXV��WKH�DQDO\WLFDO�PRGHOV�ZLOO�EH�LGHQWLILHG�DV�2D-FE�DQG�3D-FE discrete models��

7KH�DQDO\WLFDO�PRGHO�GHYHORSPHQW�LQYROYHG�WZR�SULPDU\�DFWLYLWLHV������GHYHORSPHQW�RI�FRQQHFWRU�
HOHPHQWV�XVLQJ�WKH�UHVXOWV�RI�WHVWV�RQ�LVRODWHG�SUHFDVW�GLDSKUDJP�FRQQHFWRUV��DQG������SUHFDVW�GLDSKUDJP�
DQG�VWUXFWXUH�PRGHO�FDOLEUDWLRQ�XVLQJ�WKH�UHVXOWV�IURP�WHVWV�RI�FULWLFDO�SUHFDVW�GLDSKUDJP�MRLQWV�DQG�D�KDOI�
VFDOH�VKDNH�WDEOH�WHVW�RI�D�GLDSKUDJP�VHQVLWLYH�SUHFDVW�VWUXFWXUH���

,Q�WKH�FRQQHFWRU�GHYHORSPHQW�VWDJH��WZR�OHYHOV�RI�PRGHOV�ZHUH�GHYHORSHG���D��D��'�)(�GLVFUHWH�
SUHFDVW� diaphragm� PRGHO� HPSOR\LQJ� PRQRWRQLF� VKHDU�WHQVLRQ� FRXSOHG� FRQQHFWRU� HOHPHQWV� XVHG� IRU�
QRQOLQHDU� SXVKRYHU� DQDO\VHV� RI� LVRODWHG� GLDSKUDJPV�� DQG� �E�� D� �'�)(� GLVFUHWH� GLDSKUDJP� SUHFDVW�
structure� PRGHO� HPSOR\LQJ� F\FOLF� GHJUDGLQJ� FRQQHFWRU� HOHPHQWV� XVHG� IRU� QRQOLQHDU� WUDQVLHQW� G\QDPLF�
DQDO\VHV�� 7KH� IRUPHU� GHWHUPLQHG� WKH� FDSDFLW\� DQG� OLPLW� VWDWH� VHTXHQFH� RI� WKH� SUHFDVW� GLDSKUDJPV��7KH�
ODWWHU� SURYLGHV� WKH� VHLVPLF� GHPDQGV� RQ� SUHFDVW� GLDSKUDJPV� DQG� LWV� UHLQIRUFHPHQW� XQGHU� VLPXODWHG�
HDUWKTXDNHV��$SSHQGL[�%���GHVFULEHV�WKH�FUHDWLRQ�RI�WKH�FRQQHFWRU�HOHPHQWV�IRU�WKH��'�)(�GLVFUHWH�PRGHO��
$SSHQGL[�%���GHVFULEHV�WKH�FUHDWLRQ�RI�WKH�FRQQHFWRU�HOHPHQWV�IRU�WKH��'�)(�GLVFUHWH�PRGHO��

,Q� WKH� PRGHO� FDOLEUDWLRQ� VWDJH�� WKH� �'�)(� GLVFUHWH� SUHFDVW� GLDSKUDJP� VWUXFWXUH� PRGHO� ZDV�
FDOLEUDWHG�WKURXJK�ODUJH�VFDOH�WHVWLQJ��)LUVW��KDOI�VFDOH�WHVWV�RI�SUHFDVW�GLDSKUDJP�MRLQWV�LQ�FULWLFDO�IOH[XUH�
DQG�VKHDU�UHJLRQV�ZHUH�SHUIRUPHG�WR�HYDOXDWH�WKH�DFFXUDF\�RI�PRGHOLQJ�SUHFDVW�GLDSKUDJP�ORFDO�EHKDYLRU��
7KHVH� WHVWV�ZHUH� DOVR� XVHG� WR� GHPRQVWUDWH� SHUIRUPDQFH� DQG�PDS�GLDSKUDJP�GDPDJH� WR� VHLVPLF� KD]DUG�
OHYHOV��7KHVH�WHVWV�LQGLFDWHG�WKDW�WKH�F\FOLF�PRGHO�IRU�SUHFDVW�GLDSKUDJP�UHLQIRUFHPHQW�GHYHORSHG�EDVHG�
RQ�LVORDWHG�FRQQHFWRU�WHVWV��ZDV�DEOH�WR�UHDVRQDEO\�UHSURGXFH�WKH�UHVSRQVH�RI�JURXSV�RI�SUHFDVW�GLDSKUDJP�
FRQQHFWRUV�WKDW�FRPSULVH�WKH�IOH[XUH�FULWLFDO�DQG�VKHDU�FULWLFDO�MRLQWV�OHYHO�ZLWKLQ�WKH�SUHFDVW�GLDSKUDJP��
7KH�VHFRQG� WHVW� LV�D�KDOI�VFDOH�VKDNH� WDEOH� WHVW�RI�D���VWRU\�SUHFDVW�VWUXFWXUH��8VLQJ� WKH�VKDNH� WDEOH� WHVW�
UHVXOWV�� WKH��'�SUHFDVW�GLDSKUDJP�PRGHO�KDV�EHHQ�YHULILHG�DQG�FDOLEUDWHG��$SSHQGL[�%��� GHVFULEHV� WKH�
PRGHO� FDOLEUDWLRQ� DVVRFLDWHG� ZLWK� WKH� GLDSKUDJP� MRLQW� WHVWLQJ�� $SSHQGL[� %��� GHVFULEHV� WKH� PRGHO�
FDOLEUDWLRQ�DVVRFLDWHG�ZLWK�WKH�GLDSKUDJP�VKDNH�WDEOH�WHVWLQJ���
�
%$&.*5281'�

3UHFDVW�GLDSKUDJP�VHLVPLF�EHKDYLRU� LV�GLIILFXOW� WR�FDSWXUH�XVLQJ� WKH�FRPPRQO\�XVHG�PRQROLWKLF�
GLDSKUDJP�PRGHOV�DYDLODEOH� LQ� W\SLFDO�GHVLJQ�RIILFH�VWUXFWXUDO�DQDO\VLV�SDFNDJHV��7KXV��ZKLOH�VWUXFWXUDO�
DQDO\VLV�VRIWZDUH�FDQ�EH�XVHG�LQ�WKH�design�SURFHGXUH��6HH�6HF������3$57�����ILQLWH�HOHPHQW�PRGHOV�RI�
SUHFDVW� IORRU� V\VWHPV� ZLWK� discrete� UHSUHVHQWDWLRQV� RI� WKH� FRQQHFWRU� HOHPHQWV� ZHUH� GHYHORSHG� IRU� WKH�
research�XQGHUO\LQJ�WKH�GHVLJQ�PHWKRGRORJ\��%66&�76���������

)ORRU�GLDSKUDJPV�DUH�RIWHQ� WUHDWHG�DV�ULJLG�DQG�VXIILFLHQWO\�VWURQJ�LQ� WKH�DQDO\VLV�DQG�GHVLJQ�RI�
EXLOGLQJ�VWUXFWXUHV�LQ�UHVSRQVH�WR�VHLVPLF�H[FLWDWLRQ��7KLV�DVVXPSWLRQ�FDQQRW�DOZD\V�EH�PDGH�IRU�SUHFDVW�
FRQFUHWH� FRQVWUXFWLRQ� LQ� ZKLFK� WKH� IORRU� V\VWHP� LV� FRPSRVHG� RI� VHULHV� RI� LQGLYLGXDO� IORRULQJ� XQLWV�� $�
FULWLFDO� IHDWXUH� RI� WKHVH� GLDSKUDJPV� LV� WKH� QDWXUH� RI� WKH� IRUFH� WUDQVIHU� DFURVV� WKH� MRLQWV� EHWZHHQ� WKH�
IORRULQJ�XQLWV��7KH�XQLWV�DUH�MRLQHG�E\�FRQQHFWRUV�DORQH�RU�LQ�FRQFHUW�ZLWK�D�WKLQ�UHLQIRUFHG�WRSSLQJ�VODE��
7KXV�� XQOLNH� WKH� GLVWULEXWHG� IRUFH� WUDQVIHU� LQ� PRQROLWKLF� IORRU� VODEV� WKDW� VHUYH� DV� GLDSKUDJPV� LQ� VWHHO�
FRPSRVLWH� DQG� UHLQIRUFHG� FRQFUHWH� VWUXFWXUHV�� IRUFHV� LQ� SUHFDVW� GLDSKUDJPV� DUH� WUDQVIHUUHG� DW� GLVFUHWH�
FRQQHFWRU�ORFDWLRQV��7KH�IORRU�MRLQWV�VHUYH�DV�FULWLFDO�VHFWLRQV�LQ�WKH�SUHFDVW�GLDSKUDJP��DQG�WKXV�SUHFDVW�
GLDSKUDJP�EHKDYLRU�LV�KLJKO\�GHSHQGHQW�RQ�WKH�FKDUDFWHULVWLFV�RI�WKH�FRQQHFWRUV��
�������������������������������������������������
��8VLQJ�WKH�JHQHUDO�SXUSRVH�ILQLWH�HOHPHQW�VRIWZDUH�SURJUDP�$16<6��
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6LQFH�WKH�FROODSVHV�RI�VHYHUDO�SUHFDVW�FRQFUHWH�VWUXFWXUHV�GXH�WR�IDLOXUHV�RI�WKH�IORRU�V\VWHPV�LQ�WKH�
����� 1RUWKULGJH� HDUWKTXDNH� �,YHUVRQ� DQG� +DZNLQV� ������� VWHDG\� SURJUHVV� KDV� EHHQ� PDGH� RQ�
XQGHUVWDQGLQJ�WKH�EHKDYLRU�RI�SUHFDVW�IORRU�GLDSKUDJPV�IRU�WKH�SXUSRVHV�RI�LPSURYLQJ�WKHLU�VHLVPLF�GHVLJQ��
7KHVH�DGYDQFHV�LQ�NQRZOHGJH�KDYH�EHHQ�GULYHQ�ODUJHO\�WKURXJK�DQDO\WLFDO�UHVHDUFK���

'LDSKUDJP�DQDO\WLFDO�PRGHOV�XVHG�LQ�UHVHDUFK�� OLNH� WKRVH�XVHG�LQ�WKH�GHVLJQ�SUDFWLFH��RULJLQDOO\�
LQYROYHG�PRQROLWKLF�PRGHOV�� LQFOXGLQJ� %HUQRXOOL� EHDP� IRUPXODWLRQV� �1DNDNL� ������� ILEHU� HOHPHQW� DQG�
VPHDUHG� FUDFN�PRGHOV� �)OHLVFKPDQ�HW� DO�� ������� DQG� HODVWLF�SODQH� VWUHVV� ILQLWH� HOHPHQWV� �7HQD�&ROXQJD�
DQG� $EUDPV� ������ �-X� DQG� /LQ� ������ �/HH� DQG� .XFKPD� ������� +RZHYHU�� UHFRJQL]LQJ� WKH� OLPLWDWLRQV�
DVVRFLDWHG�ZLWK�PRGHOLQJ�SUHFDVW�GLDSKUDJPV�XVLQJ�PRQROLWKLF�PRGHOV��SUHFDVW�GLDSKUDJP�PRGHOV�ZLWK�
discrete�UHSUHVHQWDWLRQV�RI�WKH�FRQQHFWRUV�ZHUH�GHYHORSHG���

7KH�GLVFUHWH�GLDSKUDJP�PRGHOV�KDYH�EHHQ�XVHG�H[WHQVLYHO\�LQ�UHVHDUFK�RQ�SUHFDVW�FRQFUHWH�IORRU�
GLDSKUDJPV� LQ� WKH�'6'0� UHVHDUFK��7KHVH�PRGHOV� HPSOR\�GLDSKUDJP�FRQQHFWRU� HOHPHQWV� EDVHG�RQ� WKH�
H[WHQVLYH�FRQQHFWRU�WHVWV�SHUIRUPHG�LQ�WKH�'6'0�UHVHDUFK��$PRQJ�RWKHU�DGYDQWDJHV��WKHVH�PRGHOV�RIIHU�
WKH�DELOLW\� WR�PDS� LQGLYLGXDO�FRQQHFWRU�GHPDQG�GLUHFWO\� WR�JOREDO�GLDSKUDJP�UHVSRQVH�DQG�VLPXODWH� WKH�
ORFDOL]HG�PHFKDQLVPV�WKDW�FDQ�OHDG�WR�JOREDO�QRQ�GXFWLOH�IDLOXUH�PRGHV��

,Q�WKHVH�PRGHOV��VHH�VFKHPDWLF�LQ�)LJ��%����� WKH�SUHFDVW�FRQFUHWH�IORRU�XQLWV�DUH�PRGHOHG�DV�HODVWLF�
SODQH� VWUHVV� HOHPHQWV�� ,Q� WKH� MRLQWV� EHWZHHQ� WKH� SUHFDVW� XQLWV�� WKH� SUHFDVW� FRQQHFWRUV� DUH� PRGHOHG� DV�
DVVHPEODJHV�RI�QRQOLQHDU�VSULQJV�� OLQNV�DQG�FRQWDFW�HOHPHQWV� WR�FDSWXUH� WKH�DFWLRQV�EHWZHHQ�WKH�SUHFDVW�
XQLWV�� ,QLWLDO� YHUVLRQV� RI� WKH� GLVFUHWH� PRGHOV� ZHUH� XVHG� IRU� WZR�GLPHQVLRQDO� ��'�� QRQOLQHDU� VWDWLF�
PRQRWRQLF�³SXVKRYHU´�DQDO\VHV�RI� LVRODWHG�GLDSKUDJPV��)DUURZ�DQG�)OHLVFKPDQ��������)OHLVFKPDQ�DQG�
:DQ��������7KH�IRUPXODWLRQ�RI�WKHVH�HOHPHQWV�LV�FRYHUHG�LQ�Appendix B1��7KH�WZR�GLPHQVLRQDO�PRGHOV�
ZHUH� H[WHQGHG� WR� WKUHH�GLPHQVLRQDO� SUHFDVW� VWUXFWXUH� PRGHOV� IRU� G\QDPLF� DQDO\VHV� �HDUWKTXDNH�
VLPXODWLRQV��� 7KH� FRQQHFWRU� HOHPHQWV� IRU� WKH� WKUHH�GLPHQVLRQDO� SUHFDVW� VWUXFWXUH� PRGHOV� SRVVHVV� WKH�
F\FOLF�FKDUDFWHULVWLFV�RI�GLDSKUDJP�UHLQIRUFHPHQW��7KHVH�PRGHOV�ZHUH�XVHG�WR�GHYHORS�DQG�FDOLEUDWH�WKH�
GHVLJQ�IDFWRUV�IRU�WKH�SUHFDVW�FRQFUHWH�GHVLJQ�PHWKRGRORJ\��7KH�GHYHORSPHQW�RI�WKH�FRQQHFWRU�HOHPHQWV�
IRU�WKH�WKUHH�GLPHQVLRQDO�DQDO\VLV�LV�FRYHUHG�LQ�Appendix B2.�
�

3UHFDVW�XQLW�
(ODVWLF�SODQH�VWUHVV�HOHPHQW

&RQWDFW�HOHPHQW

1RQOLQHDU�D[LDO�VSULQJ�HOHPHQW

1RQOLQHDU�VSULQJ�HOHPHQW 1RQOLQHDU�VKHDU�VSULQJ�HOHPHQW

1RQOLQHDU�OLQN�HOHPHQWV

��&KRUG
FRQQHFWRU

���6KHDU
FRQQHFWRU

F px

6SDQGUHO�EHDP�
(ODVWLF�EHDP�HOHPHQW

'7�WR�VSDQGUHO
FRQQHFWRU

6KHDU
UHLQIRUFHPHQW

&KRUG
UHLQIRUFHPHQW

�
)LJ��%����'LVFUHWH�GLDSKUDJP�PRGHO�

�
�
�
�
�
�
�
�
�
�
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$SSHQGL[�%���&RQQHFWRU�(OHPHQWV�IRU��'�'LDSKUDJP�3XVKRYHU�0RGHOV��
� $SSHQGL[�%���GHVFULEHV�WKH�IRUPXODWLRQ�RI�WKH�JHQHUDO�FRQQHFWRU�HOHPHQW�GHYHORSHG�IRU�XVH�LQ�WKH�
�'�)(�GLVFUHWH�PRGHO�IRU�SXVKRYHU�DQDO\VHV�RI�SUHFDVW�FRQFUHWH�GLDSKUDJPV��7KH�FRQQHFWRU�HOHPHQWV�DUH�
QRQOLQHDU��FRXSOHG�IRU�VKHDU�DQG�WHQVLRQ�LQWHUDFWLRQ��HQDEOH�IULFWLRQ�PHFKDQLVPV��DQG�SRVVHVV�GHVFHQGLQJ�
EUDQFK� EHKDYLRU�� 7KH� SURSHUWLHV� RI� WKH� FRQQHFWRU� HOHPHQWV� DUH� DOLJQHG� WR� PDWFK� UHVXOWV� IURP� WHVWV� RI�
LVRODWHG�SUHFDVW�FRQQHFWRUV��7KHVH�HOHPHQWV�ZHUH�XVHG�IRU�GLDSKUDJP�SXVKRYHU�DQDO\VHV��)OHLVFKPDQ�DQG�
:DQ��������DQG�DUH�WKH�EDVLV�IRU�WKH�FRQQHFWRU�HOHPHQWV�LQ��'�)(�G\QDPLF�PRGHOV��See Appendix B.2���

7KH� �'�)(� GLVFUHWH� GLDSKUDJP� PRGHO� LQFOXGHV� PRQROLWKLF� GLDSKUDJP� FRQQHFWRU� HOHPHQWV�
GLVFUHWHO\�PRGHOHG�ZLWKLQ�WZR�GLPHQVLRQDO�ILQLWH�HOHPHQW�UHSUHVHQWDWLRQV�RI�DQ�LVRODWHG�IORRU�GLDSKUDJP��
7KH� FDSDELOLWLHV� RI� WKH� �'�)(� GLVFUHWH� PRGHOV� KDYH� HYROYHG� IURP� GLDSKUDJP� IOH[XUH� UHVSRQVH� RQO\�
�)OHLVFKPDQ� HW� DO�� ������� WR� XQFRXSOHG� IOH[XUH� DQG� VKHDU� UHVSRQVH� �)DUURZ� DQG� )OHLVFKPDQ� ������� WR�
FRXSOHG�IOH[XUH�DQG�VKHDU�UHVSRQVH��)OHLVFKPDQ�DQG�:DQ�������GXULQJ�WKH�'6'0�UHVHDUFK�SURMHFW���

7KH� �'�)(� GLVFUHWH� PRGHOV� KDYH� EHHQ� SULPDULO\� XVHG� LQ� QRQOLQHDU� VWDWLF� DQDO\VHV� RI� LVRODWHG�
GLDSKUDJPV� XQGHU� LQFUHDVLQJ� PRQRWRQLF� LQ�SODQH� LQHUWLDO� IRUFHV�� WR� GHWHUPLQH� WKH� SUHFDVW� GLDSKUDJP�
FKDUDFWHULVWLFV�� OLPLW� VWDWHV� DQG� FDSDFLW\�� 6XFK� DQDO\VHV� DUH� VLPLODU� WR� VR�FDOOHG� ³SXVKRYHU´� DQDO\VLV�
�)(0$�����������XVHG� WR�HYDOXDWH� WKH�FDSDFLW\�RI� WKH� ODWHUDO� IRUFH� UHVLVWLQJ�V\VWHP��/)56��H�J�� VKHDU�
ZDOOV��PRPHQW�IUDPHV��DQG�WKLV�VDPH�WHUPLQRORJ\�LV�DGRSWHG�KHUH���

&RQQHFWRU�FKDUDFWHULVWLFV�LPSDFW�WKH�JOREDO�FKDUDFWHULVWLFV��5HQ�DQG�1DLWR�������DQG�ORFDO�IDLOXUH�
PRGHV� �:RRG� HW� DO�� ������ �)DUURZ�DQG�)OHLVFKPDQ������� LQ� WKH� IORRU� GLDSKUDJP��7KXV�� WKH� FRQQHFWRU�
HOHPHQWV� LQ� WKH� �'�)(� GLVFUHWH�PRGHO�PXVW� SRVVHVV� DFFXUDWH� UHSUHVHQWDWLRQ� RI� WKH� FRQQHFWRU� VWLIIQHVV��
VWUHQJWK�DQG�GHIRUPDWLRQ�FDSDFLW\��7KHVH�YDOXHV�DUH�QHHGHG�IRU�ERWK�VKHDU�DQG�D[LDO�UHVSRQVH��DQG�PXVW�
EH�FRXSOHG�DV�GLDSKUDJP�FRQQHFWRUV�DUH�RIWHQ�VXEMHFWHG�WR�VLPXOWDQHRXV�DFWLRQV��1DLWR�DQG�5HQ��������

�
7$%/(�2)�&217(176�
�
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�
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�
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�
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�
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�
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%����,1752'8&7,21�

3UHFDVW�'LDSKUDJP�&RQQHFWRUV�
$� YDULHW\� RI� FRQQHFWRUV� DUH� XVHG� LQ� SUDFWLFH� WR� SURYLGH� SUHFDVW� GLDSKUDJP� UHLQIRUFHPHQW��

LQFOXGLQJ�LQGXVWU\�VWDQGDUG�KDUGZDUH�DQG�SURSULHWDU\�FRQQHFWLRQV��1DLWR�HW�DO���������7KH�FUHDWLRQ�RI�WKH�
�'�)(�FRQQHFWRU�PRGHOV�FHQWHUHG�DURXQG�D�VHW�RI�FRPPRQO\�XVHG�IODQJH�WR�IODQJH�FRQQHFWRUV�WKDW�FDQ�EH�
XVHG�DV� WKH�FRPSOHWH�VHW�RI� UHLQIRUFHPHQW� IRU�D�SUHFDVW� IORRU�GLDSKUDJP��6HH�)LJXUH�%������ �D�� WKH�-9,�
9HFWRU���IRU�VKHDU�UHLQIRUFHPHQW���E��D�GU\�FKRUG�FRQQHFWRU�IRU�IOH[XUH�UHLQIRUFHPHQW��DQG��F��DQ�DQJOHG�
EDU�SODWH�FRQQHFWRU��RIWHQ�XVHG�WR�FRQQHFW�SUHFDVW�IORRU�XQLWV�WR�EHDPV�DQG�ZDOOV��7KHVH�FRQQHFWRUV��OLNH�
RWKHUV��WUDQVIHU�IRUFH�WKURXJK�DQFKRUDJH�PHFKDQLVPV�FUHDWHG�E\�EDUV�H[WHQGLQJ�LQWR�WKH�SUHFDVW�XQLW��DQG�
HPSOR\� ILHOG�ZHOGV� WR� FRPSOHWH� WKH� FRQQHFWLRQ�EHWZHHQ�SDQHOV��7KHVH� SDUWLFXODU� FRQQHFWRUV� KDYH�EHHQ�
H[WHQVLYHO\�WHVWHG��DQG�DUH�XVHG�KHUH�WR�GHPRQVWUDWH�WKH�FRQQHFWRU�HOHPHQW�FRQVWUXFWLRQ���

UP FOR

%HDP
RU�ZDOO

3UHFDVW
XQLWV

)DFH�SODWHV

�D��-9,�9HFWRU �E��'U\�FKRUG �F��$QJOHG�EDU�SODWH �
)LJ��%�����3UHFDVW�GLDSKUDJP�FRQQHFWRUV��

�
'LDSKUDJP�&RQQHFWRU�)RUFH�'HPDQGV�

&RQVLGHU�)LJXUH�%����D���D�VFKHPDWLF�RI�D�VLPSOH�SUHFDVW�GLDSKUDJP�XQGHU�ODWHUDO�ORDG��1RWH�WKDW�
WKH� QHXWUDO� D[LV� LV� QRW� DW� WKH� FHQWURLG� �=KDQJ� HW� DO�� ������� ,QGLFDWHG�RQ� WKH� VFKHPDWLF� DUH� WKH� GLIIHUHQW�
LQWHUQDO� IRUFH�FRQGLWLRQV� WKDW� FDQ�GHYHORS�DW�YDULRXV�GLVFUHWH� WUDQVIHU�SRLQWV�ZLWKLQ� WKH�GLDSKUDJP��7KH�
IROORZLQJ� FRQGLWLRQV� DSSUR[LPDWH� WKH� IRUFHV� WR�ZKLFK� FRQQHFWRUV� DUH� VXEMHFWHG� DW� DQ\� RQH� LQVWDQW�� ����
WHQVLRQ�DORQH�� ���� FRPSUHVVLRQ�DORQH�� ���� VKHDU� LQ� WKH�SUHVHQFH�RI� WHQVLRQ�� ���� VKHDU� LQ� WKH�SUHVHQFH�RI�
FRPSUHVVLRQ��DQG�����SXUH�VKHDU���

�

1HXWUDO�
D[LV�

����7HQVLRQ�����6KHDU�ZLWK� �
WHQVLRQ�

����6KHDU� �

����&RPSUHVVLRQ�����6KHDU�ZLWK�FRPSUHVVLRQ�

�D��,QWHUQDO�)RUFH�&RQGLWLRQV �E���'�)(�'LVFUHWH�0RGHO�

'LDSKUDJP�FRQQHFWRU��
*URXS�RI�QRQOLQHDU�VSULQJV

3UHFDVW�XQLWV��(ODVWLF�
SODQ�VWUHVV�HOHPHQW�

3LQ�

�
)LJ��%�����3UHFDVW�GLDSKUDJP�VFKHPDWLF�VKRZLQJ���D��FRQQHFWRU�ORDGLQJ�FDVHV���E���'�)(�GLVFUHWH�PRGHO��
�������������������������������������������������
���-9,��,QF��/LQFROQZRRG��,/�������
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&RQQHFWRU�5HVSRQVH�WR�)RUFH�&RPELQDWLRQV��
7KH� )LJXUH� %����D�� VFKHPDWLF� LPSOLHV� WZR� FRQGLWLRQV� PXVW� EH� FRQVLGHUHG� LQ� PRGHOLQJ�� ����

&RQQHFWRU�UHVSRQVH�XQGHU�FRPELQHG�WHQVLRQ�DQG�VKHDU��DQG������&RQQHFWRU�VKHDU�UHVSRQVH�LQ�WKH�SUHVHQFH�
RI�D[LDO�FRPSUHVVLRQ��&RQVLGHU�ILUVW�FRQQHFWRU�UHVSRQVH�XQGHU�FRPELQHG�WHQVLRQ�DQG�VKHDU��$V�VHHQ�LQ�WKH�
PRQRWRQLF� FRQQHFWRU� WHVWV� UHVXOWV� �3LQFKLHUD� HW� DO�� ������ RI� )LJXUH�%����D��� SUHFDVW� FRQQHFWRUV� H[KLELW�
VWUHQJWK�DQG�GHIRUPDWLRQ�UHGXFWLRQV�XQGHU�FRPELQHG�WHQVLRQ�DQG�VKHDU�ORDGLQJ�UHODWLYH�WR�WKH�FRQQHFWRU�
VXEMHFWHG�WR�RQO\�WHQVLRQ�RU�RQO\�VKHDU�ORDG���
�

�

�

�

�

��

��

��

� ��� ��� ���
'HIRUPDWLRQ��LQ�

)R
UF
H�
�N
LS
V�

7HQVLRQ�RQO\�WHVW
6KHDU�RQO\�WHVW

7HQVLRQ�VKHDU�WHVW

7HQVLRQ

6KHDU

�

�

��

��

��

��

� ��� ��� ��� ���
6OLGLQJ��LQ�

6K
HD
U��
NL
SV
�

3XUH�VKHDU

6KHDU�XQGHU���N
FRPSUHVVLRQ

�D��7HQVLRQ�VKHDU��>PRGLILHG�IURP�3LQFKLHUD�HW�DO�������@ �E��7HQVLRQ�FRPSUHVVLRQ��>PRGLILHG�IURP�1DLWR�HW�DO�������@ �
)LJ��%�����&RXSOHG�FRQQHFWRU�UHVSRQVH��

�
1H[W�FRQVLGHU�WKH�VKHDU�UHVSRQVH�XQGHU�D[LDO�FRPSUHVVLRQ��1DLWR�HW�DO��������VKRZQ�LQ�)LJ��%��

��E���$V�VHHQ��SUHFDVW�FRQQHFWRUV�H[KLELW�VKHDU�VWLIIQHVV�DQG�VWUHQJWK�LQFUHDVHV�ZKHQ�D[LDO�FRPSUHVVLRQ�LV�
SUHVHQW��1RWH�WKDW�WKLV�FDQ�EH�VKHDU�IULFWLRQ��0DWWRFN�DQG�+DZNLQV�������LQ�D�WRSSHG�SUHFDVW�GLDSKUDJP��
RU�VLPSO\�GLUHFW�IULFWLRQ�EHKLQG�WKH�IDFH�SODWH��UHIHU�WR�)LJ��%�����LQ�DQ�XQWRSSHG�GLDSKUDJP��1DLWR�HW�DO��
��������

�
%�����'�)(�',6&5(7(�02'(/�

,Q� WKH� �'�)(�GLVFUHWH�PRGHO� �6HH�)LJ��%���E��� GLDSKUDJP�SUHFDVW� XQLWV� DUH�PRGHOHG� DV� HODVWLF�
SODQH� VWUHVV� HOHPHQWV�� 7KH� FRQQHFWRUV� EHWZHHQ� SUHFDVW� XQLWV� DUH�PRGHOHG� DV� DVVHPEODJHV� RI� QRQOLQHDU�
VSULQJV�DQG�FRQWDFW�HOHPHQWV���

&RQQHFWRUV� LQ� D� UHDOLVWLF� IORRU� GLDSKUDJP�� ZLWK� PRUH� FRPSOH[LW\�LUUHJXODULW\� LQ� ERWK� WKH� IORRU�
V\VWHP�DQG�/)56�OD\RXW��IUDPHV�RU�ZDOOV���DQG�VXEMHFWHG�WR�D�JURXQG�PRWLRQ�RI�XQFHUWDLQ�DWWDFN�DQJOH��
SURGXFLQJ� EL�GLUHFWLRQDO� FRPSRQHQWV�� ZLOO� EH� XQGHU� VLPXOWDQHRXV� DQG� YDU\LQJ� QRQ�SURSRUWLRQDO�
FRPELQDWLRQV� RI� WHQVLRQ�FRPSUHVVLRQ� DQG� VKHDU� �=KDQJ� HW� DO�� ������7KH� �'�)(�GLVFUHWH�PRGHO� KDV� WKH�
DELOLW\�WR�SURYLGH�D�UHDOLVWLF�UHSUHVHQWDWLRQ�RI�WKH�SUHFDVW�IORRU�JOREDO�ERXQGDU\�FRQGLWLRQV��FRQILQHPHQW�
SHUSHQGLFXODU�WR�WKH�MRLQW�GXH�WR�WKH�RWKHU�VWUXFWXUDO�HOHPHQWV��DQG�ORFDO�GHIRUPDWLRQ�SDWWHUQV��H�J��MRLQW�
RSHQLQJ�QRW�FRQIRUPLQJ�WR�%HUQRXOOL�EHDP�DVVXPSWLRQV��DV�WKH�GLDSKUDJP�UHVSRQGV�WR�VHLVPLF�ORDGLQJ���

7KXV�� WKLV�PRGHOLQJ� WHFKQLTXH�KDV� WKH� DELOLW\� WR�PRUH� DFFXUDWHO\� FDSWXUH� WKH� ORFDO� GHPDQGV�RQ�
LQGLYLGXDO�SUHFDVW�FRQQHFWRUV�RU�NH\�GLDSKUDJP�MRLQWV�LQ�DQ�HDUWKTXDNH��SURYLGHG�WKH�FRQQHFWRU�HOHPHQW�
PRGHO�FDQ�UHSOLFDWH�NH\�EHKDYLRUV���

7KH�SUHVHQFH�RI�VLPXOWDQHRXV�VKHDU�DQG�D[LDO�IRUFH�LQ�WKH�GLDSKUDJP�FRQQHFWRU�ORDGLQJ��)LJ��%��
�D��� LQFOXGLQJ� LQ� NH\� UHJLRQV� RI� WKH� GLDSKUDJP� XQGHU� HDUWKTXDNH� ORDGLQJ� �=KDQJ� HW� DO�� ������� LQ�
FRQMXQFWLRQ�ZLWK� WKH� UHGXFHG� VWUHQJWK� H[KLELWHG� LQ� SUHFDVW� FRQQHFWRUV� LQ� WHQVLRQ� �)LJ��%���D��� DQG� WKH�
LQFUHDVHG� VWUHQJWK� DQG� VWLIIQHVV� LQ� FRPSUHVVLRQ� �)LJ�� %���E��� XQGHUVFRUHV� WKH� LPSRUWDQFH� RI� FDSWXULQJ�
ERWK� WKH� WHQVLRQ�VKHDU� FRXSOLQJ� HIIHFW� DQG� WKH� IULFWLRQ�PHFKDQLVP� DVVRFLDWHG�ZLWK� FRPSUHVVLRQ� LQ� WKH�
SUHFDVW�GLDSKUDJP�FRQQHFWRU�HOHPHQW�PRGHO���

7KUHH�VWHSV�DUH�QHHGHG�WR�DFFRPSOLVK�WKLV�JRDO������$Q�H[SHULPHQWDO�SURJUDP�WKDW�HVWDEOLVKHV�WKH�
QHHGHG� FKDUDFWHULVWLFV� RI� D� JLYHQ� FRQQHFWRU�� ���� 7KH� FUHDWLRQ� RI� DQ� HOHPHQW� WKDW� FDQ� GLVWLQJXLVK� DQG�
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UHVSRQG�WR�WKH�FRQGLWLRQV�GHVFULEHG�DERYH��DQG�����7KH�GHULYDWLRQ�RI�DOJRULWKPV�WKDW�FRQYHUW�WKH�WHVW�GDWD�
LQWR�PRGHO�LQSXW���7KHVH�VWHSV�DUH�GHVFULEHG�LQ�WKLV�SDSHU��
��
%����&211(&725�7(67,1*�352*5$0�

7KH�FRQQHFWRU�HOHPHQWV�ZHUH�GHYHORSHG�LQ�FRQMXQFWLRQ�ZLWK�D�FRPSUHKHQVLYH�WHVWLQJ�SURJUDP�RQ�
FRPPRQ� SUHFDVW� GLDSKUDJP� FRQQHFWRUV� �1DLWR� HW� DO�� ������ �1DLWR� HW� DO�� ������� DQG� DOVR� PDNH� XVH� RI�
UHVXOWV�IURP�SUHYLRXV�WHVWLQJ��3LQFKLHUD�HW�DO���������2OLYD��������6KDLNK�DQG�)HLOH��������$�GLVWLQFWLRQ�LV�
GUDZQ�EHWZHHQ�WKRVH�WHVW�UHTXLUHG�IRU�FRQQHFWRU�TXDOLILFDWLRQ�LQ�D�QHZ�GHVLJQ�PHWKRGRORJ\��%66&�76��
�������DQG�VXSSOHPHQWDO�WHVWV�SHUIRUPHG�WR�LPSURYH�DQDO\WLFDO�PRGHOV��
�
&RQQHFWRU�4XDOLILFDWLRQ�7HVWLQJ��

7KH�WHVWLQJ�SURJUDP��5HIHU�WR�)LJ��%�����Section B2.1��SURGXFHG�D�VHW�RI�TXDOLILFDWLRQ�SURWRFROV�
IRU�SUHFDVW�FRQQHFWRUV��1DLWR�DQG�5HQ��������)LJXUH�%����VKRZV�WKH�FRQQHFWRU�TXDOLILFDWLRQ�EDFNERQH�IRU�
WHQVLRQ�DQG�VKHDU�UHVSRQVH�EDVHG�RQ�)(0$������������FXUYH�W\SRORJ\��7KH�FXUYHV�DUH�FRQVWUXFWHG�IURP�
WKH�F\FOLF�WHVW�HQYHORSH�DQG�H[SUHVV�WKH�NH\�FKDUDFWHULVWLFV�RI�WKH�FRQQHFWRU�LQ�WHQVLRQ�DQG�VKHDU��LQLWLDO�
VWLIIQHVV��KiT��KiV���\LHOG�VWUHQJWK��TY��VY���VHFRQGDU\�VWLIIQHVV��K2T��K2V���DQG�GHIRUPDWLRQ�FDSDFLW\��'uT��
'uV��� � ,W� LV� QRWHG� WKDW� IRU� SUHFDVW� FRQQHFWRUV�� VKHDU� UHVSRQVH� LV� W\SLFDOO\� DVVRFLDWHG�ZLWK� 7\SH� �� FXUYH�
�IRUFH�FRQWUROOHG�QRQ�GXFWLOH�EHKDYLRU���ZKLOH� WHQVLRQ� UHVSRQVH� LV� W\SLFDOO\�DVVRFLDWHG�ZLWK�7\SH���RU���
FXUYH��GHIRUPDWLRQ�FRQWUROOHG�GXFWLOH�EHKDYLRU���1RWH�DOVR�WKDW�WKH�GHIRUPDWLRQ�FDSDFLW\�GHILQLWLRQ�IRU�WKH�
7\SH���DQG�7\SH���FXUYHV�LV�VOLJKWO\�GLIIHUHQW��7KH�GDVKHG�OLQH�UHSUHVHQWV�UHVSRQVH�EH\RQG�WKH�UDQJH�RI�
H[SHFWHG�GHPDQG�LQ�SUHFDVW�GLDSKUDJPV��
�

)RUFH

'HIRUPDWLRQ

.L7 .L9

7\

9\

.�7

.�9

'X7'X9

6KHDU�EHKDYLRU
�7\SH���

7HQVLRQ�EHKDYLRU

7\SH��
7\SH��

�
)LJ��%�����&RQQHFWRU�TXDOLILFDWLRQ�EDFNERQH�>PRGLILHG�IURP�1DLWR�DQG�5HQ�������@��

�
7DEOH�%�����&KDUDFWHULVWLFV�PHDVXUHG�LQ�LVRODWHG�FRQQHFWRU�WHVWV��

&KDUDFWHULVWLF�
7HVW�6HULHV� /RDG�3URWRFRO ,QLWLDO�

6WLIIQHVV�
<LHOG�
6WUHQJWK�

6HFRQGDU\�
6WLIIQHVV�

'HIRUPDWLRQ�
&DSDFLW\�

7HQVLRQ�
/RDG�2QO\� KiT TY K2T 'uT�4XDOLILFDWLRQ�

3URWRFRO� 6KHDU�
/RDG�2QO\� KiV VY K2V 'uV�

6KHDU�
Z�FRPSUHVVLRQ �� VY

C �� ��&RQQHFWRU�
(OHPHQW�0RGHO� 6KHDU�

Z�WHQVLRQ� �� VY
VT, TY

VT �� ��

�
7KH� XSSHU� SDUW� RI� 7DEOH� %���� OLVWV� WKH� WHVWV� XVHG� WR� SRSXODWH� WKH� FKDUDFWHULVWLFV� RI� WKH�

TXDOLILFDWLRQ�EDFNERQH�FXUYHV���7KHVH�WHVWV�DUH�SHUIRUPHG�RQ�LVRODWHG�FRQQHFWRUV������D�F\FOLF�WHQVLRQ�WHVW�
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ZLWK�]HUR�DSSOLHG�VKHDU�IRUFH��DQG�����D�F\FOLF�VKHDU�WHVW�ZLWK�]HUR�DSSOLHG�WHQVLRQ�IRUFH��7KHVH�WHVWV�DUH�
SHUIRUPHG�WR�TXDOLI\�FRQQHFWRUV�ZLWKLQ�WKH�IUDPHZRUN�RI�D�QHZ�GHVLJQ�PHWKRGRORJ\��%66&�76���������
+RZHYHU��WKH�GDWD�SURGXFHG�DOVR�VHUYHV�DV�WKH�EDVLF�GDWD�WR�FUHDWH�FRQQHFWRU�HOHPHQW�PRGHOV��
�

NWV

NYV
3UHFDVW
XQLWV

3UHFDVW
XQLWV

�
)LJ��%�����6LPSOH�XQFRXSOHG�VSULQJ�PRGHO��)DUURZ�DQG�)OHLVFKPDQ��������

�
)LJXUH� %���� VKRZV� DQ� XQFRXSOHG� FRQQHFWRU� HOHPHQW� WKDW� FRXOG� EH� FRQVWUXFWHG� ZLWK� WKH� HLJKW�

4XDOLILFDWLRQ�3URWRFRO� GDWD� HQWULHV� LQ�7DEOH�%�����6XFK� DQ� DSSURDFK�ZDV� XVHG� LQ� WKH�SDVW� �)DUURZ�DQG�
)OHLVFKPDQ��������7KH� IRXU�SDUDPHWHUV� WKDW�GHVFULEH� WKH�XQFRXSOHG� WHQVLRQ�FKDUDFWHULVWLF�^KiT  TY  K2T   
'uT`�DUH�REWDLQHG�GLUHFWO\�IURP�WKH�WHQVLRQ�ORDG�RQO\�WHVW��7KH�IRXU�SDUDPHWHUV�WKDW�GHVFULEH�WKH�XQFRXSOHG�
VKHDU�FKDUDFWHULVWLF�^KiV  VY  K2V   'uV`�DUH�REWDLQHG�IURP�WKH�VKHDU�ORDG�RQO\�WHVW��7KHVH�SDUDPHWHUV�FDQ�EH�
FRQVLGHUHG�DV�D�EDVLF�VHW�RI�FKDUDFWHULVWLF�YDOXHV�WKDW�FDQ�EH�XVHG�WR�EXLOG�D�PRUH�DGYDQFHG�PRGHO�IRU�WKH�
'6'0�UHVHDUFK��DV�GHVFULEHG�LQ�WKLV�$SSHQGL[��
�
6XSSOHPHQWDO�7HVWLQJ�

$�VHW�RI�VXSSOHPHQWDO� WHVWV�ZDV�SHUIRUPHG�LQ� WKH�UHVHDUFK�SURJUDP��7KHVH� WHVWV��H[WHUQDO� WR� WKH�
TXDOLILFDWLRQ�SURFHGXUH��ZHUH�XVHG� WR�GHYHORS�PRUH� UHOLDEOH� FRQQHFWRU� HOHPHQWV� IRU� WKH��'�)(�GLVFUHWH�
PRGHO��6HH�7DEOH����ORZHU�SRUWLRQ���7KHVH�WHVWV�VXEMHFWHG�LVRODWHG�FRQQHFWRUV�WR������VKHDU�LQ�WKH�SUHVHQFH�
RI�FRQVWDQW�D[LDO�FRPSUHVVLRQ��1DLWR�DQG�5HQ��������DQG�����D�FRPELQDWLRQ�RI�WHQVLRQ�DQG�VKHDU�ORDGLQJ��
7KH�IRUPHU�LV�XVHG�WR�GHWHUPLQH�FRHIILFLHQW�RI�IULFWLRQ�XVHG�LQ�WKH�FRQQHFWRU�PRGHO��WKH�ODWWHU�LV�XVHG�WR�
FDOLEUDWH�WKH�WHQVLRQ�VKHDU�FRXSOLQJ�ZLWKLQ�WKH�FRQQHFWRU�HOHPHQW���

7ZR�LPSRUWDQW�UDWLRV�DUH�LGHQWLILHG�IRU�FRQQHFWRU�UHVSRQVH�WR�FRPELQHG�VKHDU�DQG�WHQVLRQ������WKH�
WHQVLRQ�WR�VKHDU� IRUFH� UDWLR�D��D�  �7�9�� DQG� ���� WKH� WHQVLRQ�WR�VKHDU� GHIRUPDWLRQ� UDWLR�O� (O= 'T /'V���
7KHVH�YDOXHV�GR�QRW�W\SLFDOO\�FRLQFLGH�LQ�UHVSRQVH�GXH�WR�GLIIHUHQFHV�LQ�WHQVLRQ�DQG�VKHDU�VWLIIQHVV��7KXV��
RQH� RI� WKHVH� UDWLRV� LV� HQIRUFHG� LQ� WHVWLQJ�� HLWKHU�D� IRU� IRUFH� FRQWURO� �3LQFKLHUD� HW� DO�� ������� RU� O�� IRU�
GHIRUPDWLRQ�FRQWURO��1DLWR�HW�DO���������DQG�WKH�RWKHU�UDWLR�PHDVXUHG�WKURXJK�LQVWUXPHQWDWLRQ��
�
%����35(&$67�&211(&725�(/(0(17�02'(/�&216758&7,21�

7KH�SUHFDVW�FRQQHFWRU�HOHPHQW�IRU�WKH��'�)(�GLVFUHWH�PRGHO�LV�D�QRQOLQHDU�VKHDU�WHQVLRQ�FRXSOHG�
IULFWLRQ� HOHPHQW��7KH� FRQQHFWRU� HOHPHQW�PXVW� EH� IHDVLEOH� IRU� LQVHUWLRQ� LQWR� SUHFDVW� GLDSKUDJPV�PRGHOV�
ZLWK� GR]HQV� WR� KXQGUHGV� RI� WKHVH� FRQQHFWRUV��7KH� HOHPHQW� FRQILJXUDWLRQ� LV� VHOHFWHG� WR�PDWFK�REVHUYHG�
EHKDYLRU�LQ�WKHVH�WHVWV��DQG�WKH�SURSHUWLHV�DUH�VHOHFWHG�WR�PDWFK�WKH�FKDUDFWHULVWLF�YDOXHV�REWDLQHG�LQ�WKH�
WHVWLQJ��

)LJXUH� %����D�� VKRZV� WKH� EDVLF� FRPSRQHQWV� RI� WKH� SUHFDVW� GLDSKUDJP� FRQQHFWRU� HOHPHQW�� 7KH�
FRQQHFWRU�HOHPHQW�LV�FRQVWUXFWHG�IURP�DQ�DVVHPEODJH�RI�WKUHH�JURXSV�RI�ILQLWH�HOHPHQW�FRPSRQHQWV������
LQHODVWLF�³LQFOLQHG´�OLQNV�LQ�RUGHU�WR�FDSWXUH�WKH�FRXSOHG�WHQVLRQ�DQG�VKHDU�EHKDYLRU������LQHODVWLF�WHQVLRQ�
DQG�VKHDU�VSULQJV�LQ�SDUDOOHO�ZLWK�WKH�OLQN�HOHPHQWV�WR�SDUWLDOO\�XQFRXSOH�WKH�UHVSRQVH�DV�REVHUYHG�LQ�WKH�
WHVWLQJ��DQG������D�FRQWDFW�DQG�DQ�LQHODVWLF�FRPSUHVVLRQ�VSULQJ�LQ�VHULHV�IRU�PRGHOLQJ�WKH�FRPSUHVVLRQ�DQG�
IULFWLRQ�EHKDYLRU���



�&�$����

,QHODVWLF�OLQN

T

T

,QHODVWLF
FRPSUHVVLRQ�VSULQJ

&RQWDFW

,QHODVWLF
VKHDU�VSULQJ,QHODVWLF

D[LDO�VSULQJ

)RUFH

'HIRUPDWLRQ

N

Q\

Y\ N�/

GXGXY GXW

NLWV
W\

/LQN

6KHDU
VSULQJ

$[LDO
VSULQJ

&RPSUHVVLRQ

'HIRUPDWLRQ

NF
FX

���FX

&RQWDFW

&RPSUHVVLRQ�VSULQJ

NLYV

N�WV
N�YV

NLFV NXFV

NIFV

�
�D��0RGHO� � � � ��������E��&KDUDFWHULVWLF�EDFNERQH�

)LJ��%�����3UHFDVW�GLDSKUDJP�FRQQHFWRU�PRGHO��
�

.H\� IHDWXUHV� RI� WKH� HOHPHQW� LQFOXGH�� ���� FDSWXULQJ� RI� WKH� LQWHUDFWLRQ� RI� FRPSRQHQWV� RI� ORDG�
�WHQVLRQ�VKHDU�FRXSOLQJ�� WKURXJK�WKH� LQFOLQHG�OLQNV������PRELOL]LQJ�WKH�HIIHFW�RI�DSSOLHG�FRPSUHVVLRQ�RQ�
VKHDU� UHVLVWDQFH� WKURXJK�XVH�RI�D�FRQWDFW�ZLWK� IULFWLRQ�FDSDELOLWLHV�� DQG� ���� LQFOXGLQJ�FRPSUHVVLRQ� OLPLW�
VWDWHV� �VRIWHQLQJ�FUXVKLQJ�� RI� WKH� VXUURXQGLQJ� FRQFUHWH� WKURXJK� D� QRQOLQHDU� VSULQJ� LQ� VHULHV� ZLWK� WKH�
FRQWDFW��

7KH�FKDUDFWHULVWLF�EDFNERQH�IRU�HDFK�FRPSRQHQW�LV�VKRZQ�LQ�)LJ��%���E��7KH�UHTXLUHG�SURSHUWLHV�
IRU�WKHVH�FRPSRQHQWV�DUH�GHULYHG�LQ�WKLV�VHFWLRQ��7KH�GHULYDWLRQ�XVHV�WKH�IROORZLQJ�QRWDWLRQ��VPDOO�OHWWHUV�
LQGLFDWH�WKH�ORFDO�UHVSRQVH�RI�LQGLYLGXDO�FRPSRQHQWV�RI�WKH�FRQQHFWRU�HOHPHQW��FDSLWDO�OHWWHUV�LQGLFDWH�WKH�
JOREDO�GHJUHHV�RI�IUHHGRP��'2)V��RI�WKH�RYHUDOO�FRQQHFWRU�HOHPHQW��DQG��EROG�FDSLWDO�OHWWHUV�LQGLFDWH�WKH�
H[SHULPHQWDO�GDWD�GHULYHG�IURP�WHVWV�RQ�LVRODWHG�FRQQHFWRUV��H�J��7DEOH�%��������

7KH�PDWKHPDWLFDO� IRUPXODWLRQ� RI� WKH� FRXSOHG� OLQN� LV� GHVFULEHG� LQ� VXSSOHPHQWDO� VHFWLRQ� %�����
IRXQG� LQ� WKLV� DSSHQGL[�� ORFDWHG� DIWHU� WKH�5HIHUHQFH�6HFWLRQ�� DQG� VXPPDUL]HG� KHUH��$� SDUWLDOO\� FRXSOHG�
IRUPXODWLRQ�LV�VHOHFWHG��6HFWLRQ�%�����ILUVW�GHULYHV�UHODWLRQVKLSV�IRU�D�IXOO\�FRXSOHG�OLQN�DVVHPEODJH��6HH�
)LJ�� %������ 7KH� IXOO\� FRXSOHG� OLQN� LV� WKHQ� VKRZQ� WR� QRW� EH� IXOO\� DGHTXDWH� WR� GHVFULEH� PRVW� SUHFDVW�
GLDSKUDJP�FRQQHFWRUV�GXH�WR�GLIIHUHQFHV�LQ�VKHDU�DQG�WHQVLRQ�UHVSRQVH�TXDQWLWLHV��EXW�VHUYHV�DV�WKH�EDVLV�
IRU�WKH�SDUWLDOO\�FRXSOHG�IRUPXODWLRQ���

T� ,QHODVWLF� OLQN��
k , ny 

T�

T�

'V
G1= -'V FRVT�

G2= 'V FRVT�

n2= -n1= n= k'V FRVT�

V= 2nFRVT�= 2k'V FRV�T�

KiV= V/'V= 2kFRV�T�
T�

T�

'T 

G1= 'T VLQT�

G2= 'T VLQT�

n2= n1= n= k'T VLQT�

T= 2nVLQT�= 2k'T VLQ�T�
KiT= T/'T= 2kVLQ�T�

T�

�
�D��.LQHPDWLFV� ����������E��6KHDU�WUDQVIRUPDWLRQ������F��7HQVLRQ�WUDQVIRUPDWLRQ�

)LJ��%�����)XOO\�FRXSOHG�OLQN�IRUPXODWLRQ��
�
7KH�SDUWLDOO\�FRXSOHG�IRUPDWLRQ�LV�DFKLHYHG�WKURXJK�WKH�DGGLWLRQ�RI�XQFRXSOHG�LQHODVWLF�VKHDU�DQG�

D[LDO�WHQVLRQ�VSULQJV�WR�WKH�FRXSOHG�OLQN�HOHPHQWV��5HIHU�WR�)LJ��%������7KLV�SDUWLDOO\�FRXSOHG�IRUPXODWLRQ�
LV�HIIHFWLYH�LQ�GHVFULELQJ�PRVW�SUHFDVW�GLDSKUDJP�FRQQHFWRUV��DV�VKRZQ�ODWHU�LQ�6HFWLRQ�%������

7KH�NH\�DVSHFWV�RI�WKH�FRQQHFWRU�PRGHO�LQFOXGH��
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���� 1RQOLQHDU� FRQQHFWRU� HOHPHQWV� ZLWK� SURSHUWLHV� >LQLWLDO� VWLIIQHVV� �k��� \LHOG� VWUHQJWK� �ny���
VHFRQGDU\�VWLIIQHVV��k�/��DQG�GHIRUPDWLRQ�FDSDFLW\��GX�@�DQG�DQ�RULHQWDWLRQ�RI�DQJOH�T��

���� 1RQOLQHDU� VKHDU� DQG� WHQVLRQ� VSULQJV� ZLWK� SURSHUWLHV� >LQLWLDO� VWLIIQHVV� �ki
vs�� ki

ts��� \LHOG�
VWUHQJWK��vy��ty���VHFRQGDU\�VWLIIQHVV��k2

vs� k2
ts��DQG�GHIRUPDWLRQ�FDSDFLW\��GXY��GXW�@��

7KH�NH\�DVSHFWV�RI�WKH�FRQQHFWRU�IRUPXODWLRQ�GHVFULEHG�LQ�6HFWLRQ�%�����DUH�VXPPDUL]HG�KHUH��
����$� FRQQHFWRU� HOHPHQW� OLQN� RULHQWDWLRQ� DQJOH�T� DOLJQHG� WR� UDWLR� RI� WKH� WHQVLRQ� DQG� VKHDU�

\LHOGLQJ�GHIRUPDWLRQV�RI�WKH�XQFRXSOHG�VSULQJV�WR�WKDW�RI�WKH�OLQN�HOHPHQWV��7KLV�DQJOH�LV�
FDOFXODWHG�XVLQJ�(TXDWLRQ���IURP�WKH�VXSSOHPHQWDO�VHFWLRQ��UHSURGXFHG�KHUH��

T��� �WDQ���>�9<�.L�7���7<�.L�9�@� �    (Eqn. 5) 
����$Q�XQFRXSOHG�WHQVLRQ��ZW��DQG�VKHDU��ZY��VWUHQJWK�IDFWRU��GHILQHG�DV�WKH�UDWLR�RI�VWUHQJWK�

RI�WKH�FRXSOHG�YV��XQFRXSOHG�SRUWLRQV�RI�WKH�FRQQHFWRU�HOHPHQW�
Zt = ty  / TY        
Zv = vy  / VY        

7ULDO�ZW�DQG�ZY�IDFWRUV�FDQ�EH�IRXQG�XVLQJ�WKH�VWUHQJWK�UHGXFWLRQ�FKDUWV��)LJ��%������EDVHG�
RQ�GDWD�IURP�WHQVLRQ�VKHDU�SURSRUWLRQDO�ORDGLQJ�WHVW��6HH�6HFWLRQ�%�������

���� 7KH�ILQDO�IDFWRUV�ZW�DQG�ZY�DUH�VHOHFWHG�WR�PDWFK�WKH�VWUHQJWK�UHGXFWLRQV�XQGHU�FRPELQHG�
WHQVLRQ� DQG� VKHDU� ORDGLQJ� REVHUYHG� WHVWLQJ� �6HH� 6HF�� %����� RU� DQ� DVVXPHG� OHYHO� RI�
FRXSOLQJ� LQ� WKH� DEVHQFH� RI� VXSSOHPHQWDO� WHVWLQJ�� &RPSDUH� WKH� FRQQHFWRU� UHVSRQVH�
EHWZHHQ�PRGHO�DQG�WHVW�XQGHU�WHQVLRQ�VKHDU�SURSRUWLRQDO�ORDGLQJ�DQG�PRGLI\�WKH�VHOHFWHG�
WUDLO� XQFRXSOHG� WHQVLRQ� �ZW�� RU� VKHDU� �ZY�� VWUHQJWK� IDFWRU� LI� QHFHVVDU\�7R� SURGXFH� DQ�
DFFXUDWH� WRWDO� VWUHQJWK� EHWZHHQ� WKH� FRXSOHG� DQG�XQFRXSOHG� FRPSRQHQWV�� WKH� UDWLR� RI�ZW�
DQG�ZY�KDV�WR�PHHW�(TQ����IURP�WKH�VXSSOHPHQWDO�VHFWLRQ��UHSURGXFHG�EHORZ��

� � � ���ZY������ZW�� �7<�FRVT���9<�VLQT� � � � �(TQ���� 
���� )LQDOO\�� WKH� RWKHU� PRGHO� SURSHUWLHV� IRU� WKH� OLQN�� LQHODVWLF� VKHDU� VSULQJV� DQG� LQHODVWLF�

WHQVLRQ� VSULQJV� �LI� QHFHVVDU\�� DUH� FDOFXODWHG� XVLQJ� (TQ�� �� WR� �� IURP� WKH� VXSSOHPHQWDO�
VHFWLRQ��

�
%����5(63216(�81'(5�&2035(66,21��

7KH� UHVSRQVH� WR� D[LDO� IRUFH� SHUSHQGLFXODU� WR� WKH� MRLQW� LV� KLJKO\� DV\PPHWULF�� ,Q� WHQVLRQ�� WKH�
HOHPHQWV�RI�WKH�FRQQHFWRU�DUH�IUHH�WR�GHIRUP��DV�FRYHUHG�LQ�WKH�SUHYLRXV�VHFWLRQ���ZKLOH�LQ�FRPSUHVVLRQ�
WKHVH� HOHPHQWV� EHDU� GLUHFWO\� RQ� WKH� VXUURXQGLQJ� FRQFUHWH�� 7KLV� FKDUDFWHULVWLF�PXVW� EH� LQFOXGHG� IRU� WKH�
PRGHO�WR�SURYLGH�DQ�DFFXUDWH�QHXWUDO�D[LV��WKHUHE\�LPSDFWLQJ�ERWK�ORFDO��RSHQLQJ��GHIRUPDWLRQ�GHPDQG�DV�
ZHOO�DV�JOREDO�GLDSKUDJP�UHVSRQVH���

�
&RQWDFW�(OHPHQW�)RUPXODWLRQ��&RPSUHVVLRQ�

7KH� DV\PPHWULF� UHVSRQVH� LV� DFFRPSOLVKHG� LQ� WKH� PRGHO� WKURXJK� WKH� XVH� RI� FRQWDFW� SVHXGR�
HOHPHQWV��UHIHU� WR�)LJ��%���D���7KHVH�HOHPHQWV�XVH�D�SHQDOW\�IXQFWLRQ�IRUPXODWLRQ�WR� OLPLW� LQFRPSDWLEOH�
SHQHWUDWLRQ� RI� WKH� SUHFDVW� XQLWV� �$16<6� ������� 7KH� FRQWDFW� HOHPHQWV� DUH� OLQHDU� DQG� WKH� VXUURXQGLQJ�
SUHFDVW�SDQHOV�LQ�WKH��'�)(�GLVFUHWH�PRGHO�DUH�UHSUHVHQWHG�ZLWK�HODVWLF�SODQH�VWUHVV�HOHPHQWV��UHIHU�WR�)LJ��
%������7KXV��DQ�LQHODVWLF�FRPSUHVVLRQ�VSULQJ�LV�LQWURGXFHG�LQ�VHULHV�ZLWK�WKH�FRQWDFW�HOHPHQW��UHIHU�WR�)LJ��
%���D�� WR� FDSWXUH� WKH� VRIWHQLQJ� DQG� HYHQWXDO� OLPLWLQJ� FRPSUHVVLYH� VWUHQJWK� GXH� WR� FRQFUHWH� FUXVKLQJ��
WKHUHE\�SUHYHQWLQJ�DUWLILFLDOO\�KLJK�FRPSUHVVLRQ�IRUFHV�IURP�GHYHORSLQJ�LQ�WKH�IORRU�V\VWHP���

7KH�FRPSUHVVLRQ�VSULQJ�SURSHUWLHV�DUH�REWDLQHG� WKURXJK�D� WKHRU\�EDVHG�FDOFXODWLRQ�IRU� WZR�SUHFDVW�
FRQFUHWH� KDOI�SDQHOV� DFWLQJ� RYHU� D� WRWDO� JDJH� OHQJWK� b� � �FHQWHU�WR�FHQWHU� SDQHO� GLVWDQFH�� DQG� HIIHFWLYH�
FRPSUHVVLRQ�ZLGWK�deff��ZLGWK�RI�IDFH�SODWH�IRU�XQWRSSHG�FRQQHFWRU�RU�FHQWHU�WR�FHQWHU�VSDFLQJ�IRU�WRSSHG�
FRQQHFWRU���UHIHU�WR�)LJ��%���D���,QLWLDO�XQFUDFNHG�FRPSUHVVLRQ�VWLIIQHVV��Ki���VHFDQW�FRPSUHVVLRQ�VWLIIQHVV�
�Ku��DW�SHDN�FRQFUHWH�FRPSUHVVLYH�VWUHVV��DQG�FRPSUHVVLRQ�IRUFH��C u��DW�SHDN�FRQFUHWH�FRPSUHVVLYH�VWUHVV�
DUH�GHWHUPLQHG�XVLQJ�WKH�IROORZLQJ�H[SUHVVLRQV����

����������� � � Ki�  Ec�deff�t���b�����������������������������(TQ��%���D������ ��� �
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����������� � � Ku� �Ecu�deff�t���b����������������������� �(TQ��%���E���� � �
� � � �� � � C u� �fc’��deff�t   �(TQ��%���F�  
�
ZKHUH�Ec�LV�WKH�HODVWLF�PRGXOXV�RI�FRQFUHWH��Ecu�LV�WKH�VHFDQW�PRGXOXV�RI�FRQFUHWH�IRU�D�SHDN�FRPSUHVVLYH�
VWUHVV�fc’�DQG�VWUDLQ�H0��Ecu� �fc’����H0����DQG�t�LV�WKH�SUHFDVW�SDQHO�WKLFNQHVV��1RWH�IURP�)LJ��%���E�WKDW�Ku�LV�
FDOFXODWHG�E\�DVVXPLQJ�WKH�FRQFUHWH�VWDUWV�WR�VRIWHQ�DW����IF’. )RU�QXPHULF�VWDELOLW\�LQ�WKH�PRGHO��WKH�SRVW�
FUXVKLQJ�UHVSRQVH�LV�SURYLGHG�D�VOLJKW�SRVLWLYH�VORSH��ZLWK�WDQJHQW�FRPSUHVVLRQ�VWLIIQHVV��Kf��WDNHQ�DV����
RI�Ku��UDWKHU�WKDQ�WKH�DFWXDOO\�FRQFUHWH�GHJUDGLQJ�EHKDYLRU��UHIHU�WR�)LJ��%���E���7KLV�DVVXPSWLRQ�KDV�RQO\�
D�PLQRU�HIIHFW�RQ�WKH�UHVSRQVH�RI�WKH�SUHFDVW�GLDSKUDJP��VLQFH�IRU�D�W\SLFDO�SUHFDVW�GLDSKUDJP�ZLWK�ODUJH�
GHSWK��WKH�FRPSUHVVLRQ�IRUFH�WKDW�FDQ�EH�VXVWDLQHG�LV�OLPLWHG�E\�WKH�WHQVLOH�VWUHQJWK�RI�WKH�FRQQHFWRU�DW�WKH�
RWKHU�HQG�RI�WKH�MRLQW��)RU�KLJK�D[LDO�FROOHFWRU�FDVHV��HUURU�RFFXUV�LQ�D�KLJK�D[LDO�FRPSUHVVLYH�IRUFH��DQG�D�
OLPLW�RQ� WKDW�IRUFH� WKURXJK�³GXFWLOH´�FUXVKLQJ�HOLPLQDWHV� WKDW�DUWLIDFW��7KXV�� WKH�DSSUR[LPDWLRQ�IRU�SRVW�
SHDN�FRQFUHWH�FRPSUHVVLRQ�UHVSRQVH�ZDV�GHHPHG�DFFHSWDEOH��

7KH�VWLIIQHVV�RI�WKH�WKUHH�FRPSRQHQWV�LQ�VHULHV��HODVWLF�SDQHOV�DQG�FRQWDFW��DQG�LQHODVWLF�FRPSUHVVLRQ�
VSULQJ�� LQ� WKH�PRGHO� LV� DOLJQHG� WR�PDWFK� WKH� WKHRU\�EDVHG�YDOXHV� LQ� WKH� DERYH� H[SUHVVLRQV��7KH� HODVWLF�
SDQHO� VWLIIQHVV� LQ� WKH�PRGHO� �ke�� LV� HTXDO� WR� WKH� WKHRUHWLFDO� LQLWLDO� XQFUDFNHG� VWLIIQHVV� �(TQ�� %���D�� E\�
DVVLJQLQJ�WKH�HODVWLF�PRGXOXV�RI�FRQFUHWH��(F�� WR�WKH�SODQ�VWUHVV�HOHPHQWV��7KH�FRQWDFW�VWLIIQHVV��kc��DQG�
LQLWLDO�LQHODVWLF�FRPSUHVVLRQ�VSULQJ�VWLIIQHVV��ki

cs��DUH�VHW�DV�D�KLJK�RUGHU�YDOXHV��kc� ���ke�DQG�ki
cs� ����ke��

WR�PDNH�WKH�LQLWLDO�VWLIIQHVV�LQ�WKH�PRGHO�FORVH�WR�WKH�WKHRUHWLFDO�LQLWLDO�VWLIIQHVV��(TQ��%���E����
7KH�VHFDQW�VWLIIQHVV��ku

cs��DQG�WDQJHQW�VWLIIQHVV��kf
cs��RI�LQHODVWLF�FRPSUHVVLRQ�VSULQJ�DUH�VROYHG�XVLQJ�

(TQ�%���F� DQG�(TQ��%���G� E\� HTXDOLQJ� WKH� FRPELQHG� VWLIIQHVV� RI� WKUHH� FRPSRQHQWV� WR� WKH� WKHRUHWLFDO�
VWLIIQHVV��

ke�  Ki������������ �� � � ��� � ��(TQ��%���D���������
��� ke���� kc���� ki

cs���§ Ki���������������������������������� ���������������(TQ��%���E��
��� ke���� kc���� ku

cs���  Ku�������������������������� � � ��(TQ��%���F��
��� ke���� kc���� kf

cs���  Kf����������������������� � � ��(TQ��%���G��
�
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,QHODVWLF
FRPSUHVVLRQ
VSULQJ

�
)LJ��%�����0RGHOLQJ�RI�FRQWDFW�HIIHFW���D��PRGHO���E��WKHRUHWLFDO�VWLIIQHVV��

�
&RQWDFW�(OHPHQW�)RUPXODWLRQ��)ULFWLRQ�

&RPSUHVVLRQ� DFURVV� WKH� MRLQW� DOVR� DIIHFWV� WKH� VKHDU� UHVSRQVH� WKURXJK� IULFWLRQ� EHWZHHQ� SUHFDVW�
XQLWV� DQG� WKH� GLDSKUDJP� FRQQHFWRU� XQGHU� FRPSUHVVLRQ��$� FRHIILFLHQW� RI� IULFWLRQ� �Ps�� LV� DVVLJQHG� WR� WKH�
FRQWDFW�HOHPHQW� WR�DFFRXQW� IRU� WKLV� IULFWLRQ�HIIHFW��7KH�FRHIILFLHQW�RI� IULFWLRQ� �Ps�� LV�FDOLEUDWHG� IURP�WKH�
UHVXOWV� RI� LVRODWHG� FRQQHFWRU� VKHDU� WHVWV� �1DLWR� HW� DO�� ������ ZLWK� DQG� ZLWKRXW� WKH� SUHVHQFH� RI� D[LDO�
FRPSUHVVLRQ��

Ps� ��VY
C���VY����C� � � � � � � �(TQ��%�����

ZKHUH�VY
C� LV� WKH�SHDN�VKHDU�VWUHQJWK�XQGHU�FRQVWDQW�D[LDO�FRPSUHVVLRQ�IRUFH��C��REWDLQHG�IURP�D�F\FOLF�

VKHDU�WHVW�ZLWK�FRQVWDQW�D[LDO�FRPSUHVVLRQ�IRUFH��
�
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%����,03/(0(17$7,21�2)�&211(&725�(/(0(17�
0RGHO�&RQVWUXFWLRQ��

7KH� LPSOHPHQWDWLRQ�RI� WKH�GLDSKUDJP�FRQQHFWRU�HOHPHQW�XVHV� WKH�SDUWLDOO\�FRXSOHG�IRUPXODWLRQ�
DV�GHVFULEHG�LQ�VHFWLRQ�%����DQG�FRQWDFW�HOHPHQW�IRUPXODWLRQ�DV�GHVFULEHG�LQ�VHFWLRQ�%�����7KLV�VHFWLRQ�
ZLOO� IRFXV� RQ� WKH� SURFHGXUH� IRU� FRQVWUXFW� WHQVLRQ�VKHDU� FRXSOHG�PRGHO�ZKLOH� WKH� FRQWDFW�PRGHO� FDQ�EH�
VWUDLJKWO\�FRQVWUXFWHG�XVLQJ�(TQ��%����WR�%������7KH�VWHS�E\�VWHS�FRXSOHG�PRGHO�FRQVWUXFWLRQ�SURFHGXUH�
IRU�WKH�FRQQHFWRU�HOHPHQW�LV�VXPPDUL]HG�DV�IROORZV��

����&DOFXODWH�WKH�FRQQHFWRU�HOHPHQW�OLQN�RULHQWDWLRQ�DQJOH�T�XVLQJ�(TXDWLRQ���IURP�WKH�VXSSOHPHQWDO�
VHFWLRQ���

����5HDG� D� WULDO� XQFRXSOHG� WHQVLRQ� �ZW�� DQG� VKHDU� �ZY�� VWUHQJWK� IDFWRU� XVLQJ� WKH� VWUHQJWK� UHGXFWLRQ�
FKDUWV��)LJ��%������EDVHG�RQ�GDWD�IURP�WHQVLRQ�VKHDU�SURSRUWLRQDO�ORDGLQJ�WHVW��$YHUDJH�YDOXH�FDQ�
EH�XVHG�LI�PXOWLSOH�WHQVLRQ�VKHDU�SURSRUWLRQDO�ORDGLQJ�WHVWV�DUH�DYDLODEOH��

����$GMXVW�WKH�VWUHQJWK�IDFWRUV�WR�PHHW�(TQ����IURP�WKH�VXSSOHPHQWDO�VHFWLRQ��
����&DOFXODWH�WKH�PRGHO�SURSHUWLHV�IRU�OLQN��LQHODVWLF�VKHDU�DQG�WHQVLRQ�VSULQJV�XVLQJ�(TQ����WR���IURP�

WKH�VXSSOHPHQWDO�VHFWLRQ��
����&RPSDUH� WKH� FRQQHFWRU� UHVSRQVH� EHWZHHQ� PRGHO� DQG� WHVW� XQGHU� WHQVLRQ�VKHDU� SURSRUWLRQDO�

ORDGLQJ�DQG�PRGLI\�WKH�VHOHFWHG�WULDO�ZW�RU�ZY�IDFWRU�LI�QHFHVVDU\��
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�������������D��-9,�9HFWRU� ����������������������������E������FKRUG��������������������F�����$QJOHG�EDU�SODWH�

)LJ��%�����6WUHQJWK�UHGXFWLRQ�FKDUW�ZLWK�WHVW�GDWD�PDSSLQJ�
�
0RGHO�&RQVWUXFWLRQ�([DPSOH��

7DEOH�%����VKRZV� WKH�FRQQHFWRU�FKDUDFWHULVWLFV�EDVHG�RQ� WKH�TXDOLILFDWLRQ�EDFNERQH�RI� LVRODWHG�
WHQVLRQ�DQG�VKHDU�WHVWV�IRU�WKH�-9,�9HFWRU��1DLWR�HW�DO���������D�����FKRUG�FRQQHFWRU��1DLWR�HW�DO��������
DQG�D����DQJOHG�EDU�SODWH��3LQFKLHUD�HW�DO��������� �)ROORZLQJ� WKH�SURFHGXUH�GHVFULEHG�DERYH�� WKH�PRGHO�
SDUDPHWHUV��T��Zt�DQG�Zv��DUH�JLYHQ�LQ�7DEOH�%����DQG�FDOFXODWHG�DV�IROORZV���

���� 7KH�RULHQWDWLRQ�RI�OLQN�HOHPHQW�LV�FDOFXODWHG�XVLQJ�(TQ�����
���� 7KH�XQFRXSOHG�VWUHQJWK�SDUDPHWHUV�DUH�VHOHFWHG�EDVHG�RQ� WKH�VWUHQJWK�UHGXFWLRQ�FKDUWV�ZLWK�

WKH�WHQVLRQ�VKHDU�SURSRUWLRQDO� WHVWV�UHVXOWV�PDSSLQJ�RQ��VHH�WKH�EODFN�VTXDUH�DQG�WULDQJOH�LQ�
)LJ��%�������,W�LV�QRWHG�WKDW�WKH�VHOHFWHG�XQFRXSOHG�VWUHQJWK�SDUDPHWHUV�KDYH�WR�PHHW�(TQ�����

���� 7KH�PRGHO�SURSHUWLHV�IRU�WKH�OLQN�HOHPHQW��LQHODVWLF�WHQVLRQ�DQG�VKHDU�VSULQJV�DUH�FDOFXODWHG�
IURP�7DEOH�%����DQG�7DEOH�%����XVLQJ�(TQV����WR�����

���� 7KH�UHVXOWLQJ�FRQQHFWRU�HOHPHQW�SURSHUWLHV�DUH�VKRZQ�LQ�7DEOH�%�����
�
7DEOH�%�����&RQQHFWRU�FKDUDFWHULVWLFV�PHDVXUHG�LQ�TXDOLILFDWLRQ�WHVWV��

-9,�9HFWRU� ����&KRUG�FRQQHFWRU ���$QJOHG�EDU�SODWH�&KDUDFWHULVWLF�
7HQVLRQ� 6KHDU 7HQVLRQ� 6KHDU� 7HQVLRQ� 6KHDU�

,QLWLDO�VWLIIQHVV��N�LQ�� ��� ���� ���� ���� ���� ����
<LHOG�VWUHQJWK��N�� ���� ���� ��� ��� ������ �����
6HFRQGDU\�VWLIIQHVV��N�LQ�� ���� ���� ����� ���� ��� ����
'HIRUPDWLRQ�FDSDFLW\��LQ�� ������ ����� ������ ������ ������ ������
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7DEOH�%�����0RGHO�SDUDPHWHUV�IRU�SDUWLDOO\�FRXSOHG�IRUPXODWLRQ��

0RGHO�SDUDPHWHUV� T� ZW� ZY�

-9,�9HFWRU� ���� �� ���

�����&KRUG�FRQQHFWRU� ���� ����� ����

���$QJOHG�EDU�SODWH� ���� �� ���
�

7DEOH�%�����&RQQHFWRU�PRGHO�SURSHUWLHV��
(OHPHQW�3URSHUWLHV� -9,�9HFWRU ����&KRUG�FRQQHFWRU ���$QJOHG�EDU�SODWH�
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.L7�LQ�7DEOH�%���

NW�LQ�7DEOH��$��

WQ�LQ�7DEOH��$��

�
� � � �D������FKRUG�FRQQHFWRU�� � ������E��-9,�9HFWRU�

)LJ��%������%LOLQHDU�DSSUR[LPDWLRQ�IRU�WHQVLRQ�WHVW�EDFNERQH��
�

,W�VKRXOG�EH�QRWHG�DW�WKH�WLPH�RI�WKH�FRQQHFWRU�PRGHO�EHLQJ�GHYHORSHG��3$57���ZDV�QRW�FUHDWHG��
7KXV�WKHUH�DUH�VRPH�GLIIHUHQFHV�IRU� WKH�YDOXHV�LQ�7DEOH�%����DQG�WKH�YDOXHV�LQ�7DEOH��$���LQ�3$57����
7KHVH�GLIIHUHQFHV�DUH��
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���� 7KH�PRGHO�IRUPXODWLRQ�XVHV�D�ELOLQHDU�PRGHO��6R�WKH�LQLWLDO�VWLIIQHVV�OLVWHG�LQ�7DEOH�%����LV�
VHFDQW�VWLIIQHVV�DW�FRQQHFWRU�\LHOG��+RZHYHU�WKH�LQLWLDO�VWLIIQHVV�LQ�7DEOH��$���RI�3$57���LV�
WDNHQ�DV�WKH�VHFDQW�VWLIIQHVV�DW�����7\�RU�����9\��6HH�)LJ��%����D���

���� 7KH� FKRUG� WHQVLRQ� \LHOG� VWUHQJWK� OLVWHG� LQ� 7DEOH� �$��� RI� 3$57�� XVHV� QRPLQDO� VWUHQJWK�
���NVL��RI�*U����VWHHO��+RZHYHU�WKH�FKRUG�WHQVLRQ�\LHOG�VWUHQJWK�VKRZQ�LQ�7DEOH�%����LV�WKH�
DFWXDO�\LHOG�VWUHQJWK�REVHUYHG�LQ�WKH�WHVW��6HH�)LJ��%����D�����

���� 7KH�-9,�9HFWRU� WHQVLRQ�WHVW�GRHV�QRW�VKRZ�D�ZHOO�GHILQH�\LHOG�SRLQW��6HH�)LJ��%����E���,Q�
WKH�7DEOH��$���RI�3$57����D�FRQVHUYDWLYH�ORZ�YDOXH�LV�XVHG�IRU�-9,�\LHOG�WHQVLRQ�VWUHQJWK��
+RZHYHU�LQ�WKH�PRGHO�GHYHORSPHQW�D�ELOLQHDU�DSSUR[LPDWLRQ�LV�XVHG�IRU�WKH�WHVW�EDFNERQH�
DQG�WKHQ�WKH�-9,�\LHOG�VWUHQJWK�OLVWHG�LQ�7DEOH�%����LV�IURP�WKLV�ELOLQHDU�DSSUR[LPDWLRQ��

�
&RPSDULVRQ�WR�7HVWV��

)LJXUH� %����� WR� %����� VKRZ� WKH� FRPSDULVRQ� RI� FRQQHFWRU� UHVSRQVH� REWDLQHG� ZLWK� SXVK�RYHU�
DQDO\VLV�RI� WKH� LQGLYLGXDO�FRQQHFWRU�PRGHO�DQG� WKH� WHVW� UHVXOWV�XQGHU� WHQVLRQ� ORDG�RQO\��VKHDU� ORDG�RQO\�
DQG� WHQVLRQ�VKHDU�SURSRUWLRQDO� ORDG� IRU� WKH�FRQQHFWRUV�XVLQJ�D�GLVSODFHPHQW� UDWLR�O ���� IRU�-9,�9HFWRU�
DQG� ���� FKRUG� DQG� D� IRUFH� UDWLR� D ���� IRU� ��� DQJOHG� EDU�SODWHV�� $V� VHHQ� LQ� WKH� ILJXUHV�� WKH� FRQQHFWRU�
PRGHO�SURGXFHV�UHVSRQVH�FORVHO\�PDWFKHV�WKH�LQGLYLGXDO�FRPSRQHQW�ORDGLQJ��DQG�WKDW�UHDVRQDEO\�PDWFKHV�
WKH�UHVSRQVH�REWDLQHG�LQ�WKH�FRQQHFWRU�WHVWV�XQGHU�FRPELQHG�ORDGLQJ��LQFOXGLQJ�VLPLODU�VWUHQJWK�UHGXFWLRQ��
VWLIIQHVV�UHGXFWLRQ��DQG�GHVFHQGLQJ�EUDQFK�EHKDYLRU��7KLV�UHVXOW�LPSOLHV�WKDW�WKH�FRQQHFWRU�PRGHOV�FDQ�EH�
XVHG� HIIHFWLYHO\� LQ� WKH��'�)(�GLVFUHWH� DQDO\VHV��ZKHUH� FRPSOH[� ORDGLQJ�RQ� WKH� FRQQHFWRU� HOHPHQW�ZLOO�
WUDQVODWH�LQWR�VRIWHQHG�EHKDYLRU�UHODWLYH�WR�WKH�UHVSRQVH�XQGHU�VLPSOH�LQGLYLGXDO�IRUFH�FRPSRQHQWV��
�

�

�

�

�

�

�

�

� ��� ��� ���
2SHQLQJ��LQ�

7H
QV
LR
Q�
�N
LS
V�

�

�

�

�

��

��

��

� ��� ��� ��� ���
6OLGLQJ��LQ�

6K
HD
U��
NL
SV
�

7HQVLRQ�RQO\

7HQVLRQ�VKHDU
Z��O ���

6KHDU�RQO\

7HVW
0RGHO
7HVW
0RGHO

7HVW
0RGHO

7HQVLRQ�VKHDU
Z��O ���

7HVW
0RGHO

�
)LJ��%������&RPSDULVRQ�EHWZHHQ�PRGHO�DQG�WHVW�IRU�-9,�9HFWRU���D��WHQVLRQ���E��VKHDU��

�

�

��

��

��

��

��

� ��� ��� ���
2SHQLQJ��LQ�

7H
QV
LR
Q�
�N
LS
V�

7HVW
0RGHO
7HVW
0RGHO

�
�
�
�
�

��
��
��
��

� ��� ��� ��� ���
6OLGLQJ��LQ�

6K
HD
U��
NL
SV
�

7HQVLRQ�RQO\

7HQVLRQ�VKHDU
Z��O ���

6KHDU�RQO\7HVW
0RGHO

7HVW
0RGHO

7HQVLRQ�VKHDU
Z��O ���

�
)LJ��%������&RPSDULVRQ�EHWZHHQ�PRGHO�DQG�WHVW�IRU�����FKRUG���D��WHQVLRQ���E��VKHDU��

�



�&�$����

�
�
�

�
�
��
��

��
��

� ��� ��� ���
2SHQLQJ��LQ�

7H
QV
LR
Q�
�N
LS
V�

�
�
�
�
�
��
��
��
��
��

� ��� ��� ���
6OLGLQJ��LQ�

6K
HD
U��
NL
SV
�

7HQVLRQ�RQO\

7HQVLRQ�VKHDU
Z��D ���

7HVW
0RGHO
7HVW
0RGHO

6KHDU�RQO\

7HQVLRQ�VKHDU
Z��D ���

7HVW
0RGHO
7HVW
0RGHO

�
)LJ��%������&RPSDULVRQ�EHWZHHQ�PRGHO�DQG�WHVW�IRU����DQJOHG�EDU�SODWH���D��WHQVLRQ���E��VKHDU��

�
%����6800$5<�$1'�&21&/86,216�

'LVFUHWH� FRQQHFWRU� HOHPHQWV� KDYH� EHHQ� GHYHORSHG� IRU� XVH� LQ� WZR�GLPHQVLRQDO� ILQLWH� HOHPHQW�
PRGHOV� IRU�QRQOLQHDU�VWDWLF�PRQRWRQLF�³SXVKRYHU´�DQDO\VLV��7KHVH�FRQQHFWRU�HOHPHQWV�ZHUH�FRQVWUXFWHG�
RQ�WKH�EDVLV�RI�GDWD�IURP�F\FOLF�WHVWV�RI�LVRODWHG�FRQQHFWRU�HOHPHQWV�XQGHU�LQGLYLGXDO�ORDGLQJ�FRPSRQHQWV��
L�H�� WHQVLRQ�FRPSUHVVLRQ� DQG� UHYHUVLQJ� VKHDU�� 7HVWV� RI� LVRODWHG� FRQQHFWRUV� XQGHU� FRPELQHG� ORDGLQJ�
LQGLFDWHG� PRGLILHG� EHKDYLRU�� 6KHDU� DQG� WHQVLRQ� ORDGLQJ� WHVWV� LQGLFDWH� WHQVLRQ�VKHDU� FRXSOHG� UHVSRQVH�
�VWUHQJWK� DQG� VWLIIQHVV� UHGXFWLRQV��� VKHDU� LQ� WKH� SUHVHQFH� RI� FRPSUHVVLRQ� LQGLFDWHG� KLJKHU� VWLIIQHVV� DQG�
VWUHQJWK�� $� SDUWLDOO\�FRXSOHG� HOHPHQW� IRUPXODWLRQ�ZDV� VKRZQ� WR� EH� HIIHFWLYH� LQ� FDSWXULQJ� WKH� WHQVLRQ�
VKHDU�LQWHUDFWLRQV��FRQWDFW�SVHXGR�HOHPHQWV�ZHUH�DEOH�WR�SURGXFH�WKH�FRPSUHVVLRQ�HIIHFWV��$�SURFHGXUH�LV�
SUHVHQWHG�WKDW�SHUPLWV�FRQVWUXFWLRQ�RI�WKH�FRQQHFWRU�HOHPHQW�IURP�WHVW�GDWD�RI�LQGLYLGXDO�ORDG�FRPSRQHQW�
WHVWV��DQG�FDOLEUDWHG�RQ�WKH�EDVLV�RI�D�VPDOO�VHW�RI�FRPELQHG�ORDGLQJ�WHVWV��7KH�FRQQHFWRU�HOHPHQWV�SURGXFH�
UHVSRQVH�WKDW�FORVHO\�PDWFKHV�WKH�LQGLYLGXDO�FRPSRQHQW�ORDGLQJ��DQG�WKDW�UHDVRQDEO\�PDWFK�WKH�UHVSRQVH�
REWDLQHG�LQ�WKH�FRQQHFWRU�WHVWV�XQGHU�FRPELQHG�ORDGLQJ��7KH�FRQQHFWRU�HOHPHQWV�VXFFHVVIXOO\�UHSURGXFHV�
NH\� EHKDYLRUV� H[KLELWHG� LQ� WKH� WHVWV� LQFOXGLQJ� WHQVLRQ�VKHDU� FRXSOLQJ� EHKDYLRU�� KLJK� VWLIIQHVV� FRQWDFW��
FRQFUHWH� FRPSUHVVLRQ� VRIWHQLQJ� EHKDYLRU�� DQG� IULFWLRQ� XQGHU� FRPSUHVVLRQ�� 7KLV� UHVXOW� LPSOLHV� WKDW� WKH�
FRQQHFWRU�PRGHOV�FDQ�EH�XVHG�HIIHFWLYHO\�LQ�WKH��'�)(�GLVFUHWH�DQDO\VHV��ZKHUH�FRPSOH[�ORDGLQJ�RQ�WKH�
FRQQHFWRU�HOHPHQW�ZLOO� WUDQVODWH� LQWR�VRIWHQHG�EHKDYLRU� UHODWLYH� WR� WKH�UHVSRQVH�XQGHU�VLPSOH� LQGLYLGXDO�
IRUFH� FRPSRQHQWV�� 7KHVH� DQDO\VHV� KDYH� EHHQ� VXFFHVVIXOO\� SHUIRUPHG� LQ� VXSSRUW� RI� GHYHORSLQJ� WKH�
FDSDFLW\� RI� SUHFDVW� GLDSKUDJPV�� D� ILUVW� VWHS� LQ� GHYHORSLQJ� WKH� GHVLJQ� PHWKRGRORJ\� FRQWDLQHG� LQ� WKHVH�
GRFXPHQWV��
�
%����127$7,21�
k� k2L� ��� �LQLWLDO��VHFRQGDU\�VWLIIQHVV�RI�OLQN��
k����� �������� �VWLIIQHVV�LQ�WKH�OLQN�HOHPHQW��
k����� ������� �LQVWDQW�VWLIIQHVV�LQ�WKH�OLQN�HOHPHQW��
k2

ts� k2
vs

 �� �VHFRQGDU\�WHQVLRQ��VKHDU�VWLIIQHVV�RI�XQFRXSOHG�VSULQJ��
ki

ts� ki
vs� � �LQLWLDO�WHQVLRQ��VKHDU�VWLIIQHVV�RI�XQFRXSOHG�VSULQJ�� �

n����� ��� �IRUFH�LQ�RQH�RI�OLQN�HOHPHQW��
ny� ��� �\LHOG�VWUHQJWK�RI�OLQN�HOHPHQW��
T� ��� �WHQVLRQ�IRUFH��
TY� ��� �FRQQHFWRU�WHQVLRQ�\LHOG�VWUHQJWK��
ty� ��� �WHQVLRQ�\LHOG�VWUHQJWK�RI�XQFRXSOHG�VSULQJ��
V� ��� �VKHDU�IRUFH��
VY� ��� �FRQQHFWRU�VKHDU�\LHOG�VWUHQJWK��
VY

C
             �FRQQHFWRU�VKHDU�\LHOG�VWUHQJWK�XQGHU�FRPSUHVVLRQ��

vy� ��� �VKHDU�\LHOG�VWUHQJWK�RI�XQFRXSOHG�VSULQJ��
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'T��'V� ��� �WHQVLRQ��VKHDU�GHIRUPDWLRQ��
'uT��'uV ���� �FRQQHFWRU�XOWLPDWH�WHQVLRQ��VKHDU�GHIRUPDWLRQ��
'uT,red��'uV,red   �UHGXFHG�XOWLPDWH�WHQVLRQ��VKHDU�GHIRUPDWLRQ��
G����� ��� �GHIRUPDWLRQ�LQ�RQH�RI�OLQN��
Gu  �� �XOWLPDWH�GHIRUPDWLRQ�RI�OLQN��
Gut��Guv  �� �XOWLPDWH�WHQVLRQ��VKHDU�GHIRUPDWLRQ�RI�XQFRXSOHG�VSULQJ��
T� ��� �RULHQWDWLRQ�DQJOH�RI�OLQH�HOHPHQW��
�
%����5()(5(1&(6�
$16<6�YHUVLRQ�������������³(OHPHQWV���������DQG�WKHRU\�UHIHUHQFH��������´�6$6�,QF��
�
%XLOGLQJ� 6HLVPLF� 6DIHW\� &RXQFLO�� &RPPLWWHH� 76���� ³6HLVPLF� GHVLJQ� PHWKRGROJ\� IRU� SUHFDVW� FRQFUHWH� IORRU�
GLDSKUDJPV�´�3DUW�,,,��1(+53�5HFRPPHQGHG�6HVLPLF�3URYLVLRQV������)HGHUDO�(PHUJHQF\�0DQDJHPHQW�$JHQF\��
:DVKLQJWRQ��'�&��
�
)HGHUDO�(PHUJHQF\�0DQDJHPHQW�$JHQF\� �������� ³3UHVWDQGDUG�DQG�FRPPHQWDU\� IRU� WKH�6HLVPLF�5HKDELOLWDWLRQ�RI�
%XLOGLQJV´�)(0$������:DVKLQJWRQ��'&��
�
)DUURZ��.��7�� DQG�)OHLVFKPDQ��5��%�� �������� ³(IIHFW�RI�GLPHQVLRQ� DQG�GHWDLO� RQ� WKH� FDSDFLW\�RI�SUHFDVW� FRQFUHWH�
SDUNLQJ�VWUXFWXUH�GLDSKUDJPV´�3&,�-RXUQDO���������������
�
)OHLVFKPDQ��5�%���6DXVH��5���3HVVLNL��6��DQG�5KRGHV��$�%�� ��������³6HLVPLF�EHKDYLRU�RI�SUHFDVW�SDUNLQJ�VWUXFWXUH�
GLDSKUDJPV´�3&,�-RXUQDO���������-DQ�)HE���������
�
)OHLVFKPDQ�� 5�%�� DQG� :DQ�� *�� �������� ³$SSURSULDWH� RYHUVWUHQJWK� RI� VKHDU� UHLQIRUFHPHQW� LQ� SUHFDVW� FRQFUHWH�
GLDSKUDJPV´��$6&(�-RXUQDO�RI�6WUXFWXUH�(QJLQHHULQJ���������������������
�
,YHUVRQ�� -�.�� DQG�+DZNLQV��1�0�� �������� ³3HUIRUPDQFH�RI� SUHFDVW�SUHVWUHVVHG� FRQFUHWH� EXLOGLQJ� VWUXFWXUHV�GXULQJ�
QRUWKULGJH�HDUWKTXDNH´�PCI Journal�����������������
�
-X��6�+��DQG�/LQ��0�&����������³&RPSDULVRQ�RI�EXLOGLQJ�DQDO\VHV�DVVXPLQJ�ULJLG�RU�IOH[LEOH�IORRUV´�$6&(�-RXUQDO�RI�
6WUXFWXUDO�(QJLQHHULQJ���������������
�
/HH��+�-��DQG�.XFKPD��'�$����������³6HLVPLF�UHVSRQVH�RI�SDUNLQJ�VWUXFWXUHV�ZLWK�SUHFDVW�FRQFUHWH�GLDSKUDJPV´�3&,�
-RXUQDO���������������
�
0DWWRFN��$�+��DQG�+DZNLQV��1�0����������³5HVHDUFK�RQ�VKHDU� WUDQVIHU� LQ�UHLQIRUFHG�FRQFUHWH´�3&,�-RXUQDO��������
�������
�
1DNDNL�� 6�� '�� �������� ³'HVLJQ� JXLGHOLQHV� IRU� SUHFDVW� DQG� FDVW�LQ�SODFH� FRQFUHWH� GLDSKUDJPV´� 7HFKQLFDO� 5HSRUW��
EERI Professional Fellowship��(DUWKTXDNH�(QJLQHHULQJ�5HVHDUFK�,QVWLWXWH��
�
1DLWR�� &��� -RQHV�� &��� &XOOHQ� 7�� DQG� 5HQ�� 5�� �������� ³'HYHORSPHQW� RI� D� VHLVPLF� GHVLJQ�PHWKRGRORJ\� IRU� SUHFDVW�
GLDSKUDJPV���SKDVH��E�VXPPDU\�UHSRUW´��$7/66�5HSRUW��$7/66�&HQWHU��/HKLJK�8QLYHUVLW\��3$���
�
1DLWR��&���3HWHU��:��DQG�&DR��/����������³'HYHORSPHQW�RI�D�VHLVPLF�GHVLJQ�PHWKRGRORJ\�IRU�SUHFDVW�GLDSKUDJPV���
SKDVH���VXPPDU\�UHSRUW´��$7/66�5HSRUW�1R��������$7/66�&HQWHU��/HKLJK�8QLYHUVLW\��3$��
�
1DLWR�� &�-�� DQG� 5HQ�� 5�� �������� ³$Q� HYDOXDWLRQ� PHWKRG� IRU� SUHFDVW� FRQFUHWH� GLDSKUDJP� FRQQHFWRUV� EDVHG� RQ�
VWUXFWXUDO�WHVWLQJ´�3&,�-RXUQDO��6XEPLWWHG��
�
2OLYD��0�*�����������³7HVWLQJ�RI�WKH�-9,�IODQJH�FRQQHFWRU�IRU�SUHFDVW�FRQFUHWH�GRXEOH�7HH�V\VWHP´��6WUXFWXUHV�DQG�
0DWHULDOV�7HVW�/DERUDWRU\��&ROOHJH�RI�(QJLQHHULQJ��8QLYHUVLW\�RI�:LVFRQVLP��0DGLVRQ��:,��
�
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3LQFKHLUD��-��$���2OLYD��0��*���DQG�.XVXPR�UDKDUGMR��)��,����������³7HVWV�RQ�GRXEOH�WHH�IODQJH�FRQQHFWRUV�VXEMHFWHG�
WR�PRQRWRQLF�DQG�F\FOLF�ORDGLQJ�´�3&,�-RXUQDO�����������������
�
5HQ�� 5�� DQG� 1DLWR�� &�-�� �������� ³3UHFDVW� FRQFUHWH� GLDSKUDJP� FRQQHFWRU� SHUIRUPDQFH� GDWDEDVH� DQG� UHVSRQVH�
HVWLPDWLRQ�PRGHOLQJ�DSSURDFK´�$6&(�-RXUQDO�RI�6WUXFWXUDO�(QJLQHHULQJ��6XEPLWWHG��
�
6KDLNK�� $�)�� DQG� )HLOH�� (�3��� �������� ³/RDG� 7HVWLQJ� RI� D� 3UHFDVW� &RQFUHWH� 'RXEOH�7HH� )ODQJH� &RQQHFWRU´�� 3&,�
-RXUQDO��0D\�-XQH���������
�
7HQD�&ROXQJD��$�DQG�$EUDPV��'3����������³6HLVPLF�EHKDYLRU�RI�VWUXFWXUHV�ZLWK�IOH[LEOH�GLDSKUDJPV´�$6&(�-RXUQDO�
RI�6WUXFWXUDO�(QJLQHHULQJ�������������������
�
:RRG�6��/���6WDQWRQ�-��)��DQG�+DZNLQV�1��0�� ��������³1HZ�VHLVPLF�GHVLJQ�SURYLVLRQV� IRU�GLDSKUDJPV� LQ�SUHFDVW�
FRQFUHWH�SDUNLQJ�VWUXFWXUHV´��3&,�-RXUQDO�����������������
�
=KDQJ�� '��� )OHLVFKPDQ�� 5�%��� 1DLWR�� &��� DQG� 5HQ�� 5�� �������� ³([SHULPHQWDO� (YDOXDWLRQ� RI� 3UHWRSSHG� 3UHFDVW�
'LDSKUDJP�&ULWLFDO�)OH[XUH�-RLQW�XQGHU�6HLVPLF�'HPDQGV�´�-��6WUXFW��(QJ��$6&(��$FFHSWHG�LQ�'HF��
�
=KDQJ�� '��� )OHLVFKPDQ�� 5�%��� :DQ� *�� DQG� 1DLWR�� &�-�� ������� ³'HYHORSPHQW� RI� +\VWHUHWLF� 0RGHOV� IRU� 3UHFDVW�
&RQFUHWH�'LDSKUDJP�&RQQHFWRUV�IRU�8VH�LQ�7KUHH�'LPHQVLRQDO�1RQOLQHDU�'\QDPLF�$QDO\VLV´�8QGHU�SUHSDUDWLRQ��

B1.10 PRECAST CONNECTOR ELEMENT MODEL FORMULATION 

Coupled Link Formulation 
The coupled behavior is modeled through the inclined link components.  It will be instructive to 

consider first a pair of angled links acting alone, with geometry as shown in Fig B1-8(a). The 
relationships are derived here for single displacement components as would be applied in the 
Qualification Protocol tests listed in Table B1-1. 

The relationship between the connector global stiffness and strength characteristics {KiT  KiV TY 
VY } and the properties of the individual links (axial stiffness k, strength ny, and  deformation capacity G ) 
are obtained through contragradient laws [see Fig. B1-8(b) and B1-8(c)]: 

KiT  = 2k sin2T  TY =2 ny sinT��� � 'uT� �Gu��sinT������ � (Eqn. 1a,b,c) 
KiV  = 2k cos2T  VY =2 ny cosT� � 'uV� �Gu��cosT��� � � (Eqn. 2a,b,c) 

Note that symmetry dictates that k1=k2=k; etc. Parameters T��and k, needed to establish the 
elastic properties of the coupled link element, can be obtained by�combining Eqns. 1a and 2a, and setting 
the connector characteristics to the corresponding measured values in the Qualification Protocol tests 
described in Table 1: 

T���= tan-1 [(KiT / KiV)½]    � �������������� (Eqn. 3a) 
k = KiT /2sin2T� �   � � �������������� (Eqn. 3b) 

In this way, a single value of k in the links will produce the desired connector shear and tension 
stiffness via the parameter T, an approach that is adequate for elastic models. However an over-
constrained solution exists for nonlinear connector models regarding strength (Eqn. 1b, 2b) and ductility 
(Eqn. 1c, 2c), since there is no certainty that the�T��selected will also fulfill: 

T���= tan-1 [(TY / VY)]     ������������ � (Eqn. 4a) 
T���= tan-1 [('uV / 'uT)]       (Eqn. 4b) 

Many precast connectors resemble the two link assemblage shown in Fig. B1-8(a) (e.g refer to 
Fig. B1-1), and thus it might be first thought that the strength and deformation capacity of the connector 
may be well approximated by Eqn. 4. However, the precast connector tension and shear response can be 
quite different because the presence of the surrounding concrete creates boundary conditions due to 
bearing, local concrete crushing, debonding etc., that produces quite dissimilar gage lengths for tension 
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and shear, and these conditions can differ in the elastic, yielded and near ultimate state (Naito et al. 
2006). Thus, for a T�determined using Eqn. 3a, parameters ny and G can typically only accurately specify 
an element strength and deformation capacity for one of the two force components (e.g., tension), and 
will produce inaccurate measures for the other (e.g., shear). Alternately, T�can be determined using Eqn. 
4a instead of Eqn. 3a thereby enforcing an accurate connector strength, at the expense of accurate initial 
connector stiffness. These limitations render a directly proportional coupled precast connector element as 
not practical for the pushover analyses. A partially-coupled formulation is instead adopted. 
 
Partially-Coupled Formulation 

The partially coupled formation is achieved through the addition of uncoupled inelastic shear 
and axial tension springs to the coupled link elements as shown in Fig. B1-6. In this approach, three 
parameters are available to be adjusted to match the individual tension and shear test results: (1) the 
angle T; (2) a tension strength ratio for the uncoupled tension spring (Zt  = ty / TY); and (3) a shear 
strength ratio for the uncoupled shear spring (Zv  = vy / VY).  

The orientation of the links can be selected to match stiffness, strength or yield deformation 
capacity. For the precast elements, the latter was found to be most straightforward and produced 
sufficiently accurate results for use in the modeling (See Sec. B1.7).  The derivation that follows is for 
bilinear uncoupled springs with yield deformation aligned to the yield point of inclined links. Multi-linear 
springs have been used to improve the accuracy (Fleischman and Wan 2007) (Zhang et al. 2011). 

The angle T is determined by aligning the tension and shear yield deformation of the bilinear 
springs to that of the link element: 

T���= tan-1 [(VY Ki,T / TY Ki,V)]       (Eqn. 5) 

The parameters Zt and Zv are selected to match the strength reductions under tension-shear coupling 
load observed in the supplemental tests (See Sec. B1.7) or an assumed level of coupling in the absence of 
supplemental testing. To produce an accurate total strength between the coupled and uncoupled 
components, the ratio of Zt and Zv has to meet: 

 (1-Zv)/ (1-Zt) = TY cosT / VY sinT� � � � � � (Eqn. 6) 

Then the input properties of the coupled link element (yield strength ny and elastic stiffness k) can be 
determined: 
 ny =(1-Zt) TY / 2sinT�� = (1-Zv) VY / 2cosT� � � � � (Eqn. 7a) 

k = (1-Zt)KiT / 2sin2T� =(1-Zv) KiV / 2cos2T� � � � � (Eqn. 7b) 

The input properties of the uncoupled springs are straightforwardly calculated as: 

 ty = Zt TY  ki
ts

 = Zt KiT      (Eqn. 8a, b) 
vy = Zv VY  ki

vs
 = Zv KiV      (Eqn. 8c, d) 

For the typical diaphragm connector response (refer to Fig. B1-12), the post-yield tension 
response exhibits strain hardening behavior while the post-yield shear response typical involves strength 
degradation (negative stiffness). For this reason, the secondary stiffness and deformation capacity of link 
element was selected to mimic the tension response (Eqn. 9a and 9b), and the descending branch 
behavior was captured in the uncoupled shear spring (Eqn. 9d): 

k2L =(1-Zt) K2T / 2sin2T� � � � � � � � (Eqn. 9a) 
Gu ='uT /sinT� � � � � � � � � (Eqn. 9b) 
k2

ts
 = Zt K2T         (Eqn. 9c) 

k2
vs

 = K2V - 2k2L cos2T        (Eqn. 9d) 
Gut ='uT � � � � � � � � � (Eqn. 9e) 
Guv ='uV � � � � � � � � � (Eqn. 9f) 
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Note that for the condition shown in Fig. B1-4, K2V is negative and Eqn. 9a produces a positive k2L, thus 
Eqn. 9d returns negative stiffness. 
 
B1.11 COUPLED LINK RESPONSE TO GENERAL LOAD TRAJECTORIES  

�

T�

T�

T �'T��

V �'V��
'T �'V = O�

V

T
n1 

n2 

G2=Gy 

G1<Gy 

G2>Gy 

G1=Gy 

/LQN��

/LQN��

 
)LJ��%������&RPELQHG�WHQVLRQ�DQG�VKHDU���D��OD\RXW���E��\LHOG�RI�OLQN�����F��\LHOG�RI�ERWK�OLQNV� 

The connector element response to combined loading is derived. This response can be used to 
calibrate the model. Consider the mechanics of the inclined links alone subjected to a trajectory of 
combined shear and tension (see Fig. B1-14a).  

Equations 10-12 express the equilibrium, constitutive and kinematic transformation relationships 
under small deformation for the individual link elements with respect to the global connector DOFs. Note 
the forces in the link elements are no longer equal and are designated n1 and n2.  

Equilibrium: 
(-n1 + n2) cosT�= V       (Eqn. 10a) 
(n1 + n2) sinT = T        (Eqn. 10b) 

 Constitutive: 
n1 = k1 G1 = k G1        (Eqn. 11a) 
n2 = k2 G2 = k G2        (Eqn. 11b) 

 Kinematic: 
G1 = 'T sinT - 'V cosT       (Eqn. 12a) 
G2 = 'T sinT + 'V cosT�       (Eqn. 12b) 

 
Strength Reduction 

The derivation of response under combined loads first focuses on strength reduction. Note 
classical virtual work solutions imply no reduction in elastic stiffness due to combined loading, an 
assumption supported by experimental evidence (Naito et al. 2006). Considering first the force 
interaction, solving Eqn. 10a and 10b for n1 and n2 provides:  

 n1 = ½ T/sinT - ½ V/cosT       (Eqn. 13a) 
n2 = ½ T/sinT + ½ V/cosT       (Eqn. 13b) 

Equation 13 indicates that for positive values of both force components (V > 0, T > 0) link 2 will 
yield first. Accordingly, substituting the tension-to-shear force ratio D into Eqn. 13b and rearranging 
provides the relationship between global and local force:  

V = 2n2 [(sinT�cosT����D cosT ��sinT)@� � � � � � (Eqn. 14) 

Introducing the constant CD  = 1���D cosT ��sinT��, substituting n2 = ny (n1 < ny),  based on the yielding of 
link 2, and finally normalizing by the direct (unreduced) yield loads (Eqn. 1b and 2b) provides the 
reduced tension and shear strength ratios: 
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VY, red / VY     =    CD  sinT��� � � � � � � (Eqn. 15a) 
TY, red / TY     =����D CD  cosT�� � � � � � � (Eqn. 15b) 

 The resulting strength reduction is shown in Fig. B1-15(a) for different connector element link 
angles. Note that this plot indicates that a steeper angle can be used for connectors whose response 
exhibits a higher reduction in tension strength due to the presence of shear load and a shallower angle 
for those whose response exhibits a higher reduction in shear strength due to the presence of tension load.  
 The relationship in Fig. B1-15 can be adjusted relative to D by the introduction of the uncoupled 
shear and axial springs. For this case, Eqns. 15a and 15b become: 

VY, red / VY     =   (1-Zv) CD  sinT���Zv� � � � � � (Eqn. 15c) 
TY, red / TY     =����(1-Zt)D CD  cosT���Zt� � � � � � (Eqn. 15d) 
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Fig. B1-15. Strength reduction: (a) for T�with Zv=Zt =0; (b) for Zv and Zt with T=45º. 

 
Figure B1-15b shows these relationships for T = 45º with Zv and Zt� varying from 0 (fully coupled) 

to 1 (fully uncoupled). As seen, the relative strength reduction in shear and tension can be adjusted using 
Zv and Zt. 
 
Post Yield Behavior 

In the post-yield regime, where characteristics such as yield deformation and secondary stiffness 
are of interest, it is more useful to define the coupled response in terms of the displacement ratio O. Note 
that for any trajectory other than outside of the bounding cases of pure shear (O �) or tension (O f) 
where the link elements yield simultaneously, one link will yield prior to the other, thus a distinction is 
made between a “softening” state [one link yielded, refer to Fig. B1-14(b)] and the fully yielded state 
[both links yielded, refer to Fig. B1-14(c)]. For the fully coupled case shown in Fig. B1-14(a) with 
positive deformation component values ('V > 0, 'T > 0), Eqns. 11 and 12 indicate that link 2 will yield 
first. Inserting Eqn. 11b into Eqn. 12b, setting n2=nY, and substituting the trajectory parameter O, 
provides the following “softening” deformations which have been normalized by the unreduced yield 
deformations ('VY = VY  / KiV and 'TY = TY  / KiT): 

'VYs /'VY = cosT / (O sinT + cosT���     (Eqn. 16a) 
'TYs /'TY = O sinT / (O sinT + cosT���     (Eqn. 16b) 

The same process used to create Eqn. 16 can be repeated for link 1 by instead using Eqn. 11a and 12a, 
thereby providing the normalized “fully” yielded condition: 

'VYf /'VY = cosT�/ (O sinT - cosT��     (Eqn.17a) 
'TYf /'TY = O sinT / (O sinT - cosT��     (Eqn.17b) 
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The normalized softening and fully-yielded deformations of Eqn. 16 and 17 are shown in Fig. B1- 
16a for T=45º. It is seen that the shear softening deformation decreases and tension softening 
deformation increases with O, and both are less than the unreduced yield deformations. The total 

resultant yield deformation ��
� TVTOTy '�' '  is seen to be reduced slightly for trajectories with 

similar tension and shear components.  
The region between the softening and fully-yielded deformation is characterized by a secondary 

(reduced) stiffness, even for link elements provided with elastic-perfectly plastic material response. 
Relationships are written in incremental form to determine the secondary slope. Consider a positive 
increment of deformation components (�'V > 0, �'T > 0), with a perfectly plastic link 2 yielding first, 
producing the state (k1 = k;   k2 = 0):  

Equilibrium: 
(-�n1 + �n2) cosT�= �V       (Eqn. 18a) 
(�n1 + �n2) sinT = �T        (Eqn. 18b) 

 Constitutive: 
�n1 = k1 �G1  =  k  �G1       (Eqn. 19a) 
�n2 = k2 �G2  =  0       (Eqn. 19b) 

 Kinematic: 
�G1 = �'T sinT - �'V cosT      (Eqn. 20a) 
�G2 = �'T sinT + �'V cosT�      (Eqn. 20b) 

Substituting the values in Eqn. 19 into Eqn. 18, and in turn combining with Eqn. 20 provides the 
secondary stiffness of the connector element: 

K2V  = �V / �'V   = -k (OsinT cosT��- cos2T�)    (Eqn. 21a) 
K2T  =  �T / �'T  =  k (sin2T��- sinT cosT��O�)    (Eqn. 21b) 

Normalizing these values by the original elastic stiffness provided by the links (Eqn. 1a and 2a) 
provides the softening stiffness ratios Nv, Nt , as plotted in Fig. B1-16b: 

Nv = K2V / KiV  = - (OtanT �- 1�) / 2     (Eqn. 22a) 
Nt = K2T / KiT    =   (1��- cotT��O�) / 2     (Eqn. 22b) 

The ratio between the fully-yielded and softening deformations (P�='VYs /'VYf) is also shown in 
Fig. B1-16b. It is noted that deformation trajectory exists (O�=tanT ) in which a “fully” yielded condition 
is not reached (O�=1.0 in Fig. B1-16), but this coincides with the trajectory in which the secondary 
softening slope possesses a zero value, thus not creating a performance issue for the connector element. 
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Fig. B1-16. Staged yielding condition: (a) normalized yield deformation; (b) softening stiffness. 
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 For a trajectory with non-zero shear and tension deformation components, link 2 will reach 
ultimate deformation prior to the link 1 similar as the yield deformation discussed above. Defining the 
ultimate deformation state of the connector element as one of link reaches its ultimate deformation, the 
ultimate tension and shear deformation will be reduced following the same trend as the “softening” 
deformation. Replacing the Gy by Gu in Eqn. 16 obtain: 

'uV,red = Gu / (O sinT�+ cosT�      (Eqn. 23a)�
� ���������'uT,red = O�Gu / (O sinT�+ cosT�      (Eqn. 23b) 
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7KH�GHVLJQ�IDFWRUV�IRU�WKH�SUHFDVW�GLDSKUDJP�VHLVPLF�GHVLJQ�PHWKRGRORJ\�DUH�LQGH[HG�WR�GLDSKUDJP�

SHUIRUPDQFH� WDUJHWV� UHODWHG� WR� WKH�GHIRUPDWLRQ� FDSDFLW\� RI� WKH�SUHFDVW� GLDSKUDJP� UHLQIRUFHPHQW��7KHVH�
GHVLJQ� IDFWRUV� ZHUH� FDOLEUDWHG� WKURXJK� QRQOLQHDU� G\QDPLF� WUDQVLHQW� DQDO\VLV� �1/'7$�� RI� WKUHH�
GLPHQVLRQDO�ILQLWH�HOHPHQW�PRGHOV���'�)(��RI�GLDSKUDJP�VHQVLWLYH�SUHFDVW�FRQFUHWH�VWUXFWXUHV��=KDQJ�HW�
DO�� ������� DV� GHVFULEHG� LQ�Appendices A1� DQG�A2�� 7KH� GLDSKUDJP� UHVSRQVH� LV� KLJKO\� GHSHQGHQW� RQ� WKH�
FKDUDFWHULVWLFV�RI�WKH�GLDSKUDJP�FRQQHFWRUV��7KXV��D�NH\�IHDWXUH�RI�WKH�PRGHOLQJ�ZDV�DFFXUDWH�K\VWHUHWLF�
PRGHOV�RI�WKH�SUHFDVW�GLDSKUDJP�FRQQHFWRUV��7KHVH�FRQQHFWRU�PRGHOV�DUH�GHVFULEHG�LQ�WKLV�DSSHQGL[��

7KH��'�GLDSKUDJP�FRQQHFWRU�PRGHOV�DUH�GHYHORSHG�XVLQJ�WKH�UHVXOWV�RI�IXOO�VFDOH�SK\VLFDO�WHVWLQJ�RI�
LVRODWHG�SUHFDVW�GLDSKUDJP�FRQQHFWRUV��1DLWR�HW�DO���������&\FOLF�ORDGLQJ�SURWRFROV�ZHUH�LPSRVHG�WKDW�DUH�
LQWHQGHG� WR� UHVHPEOH� WKH� GHPDQGV� LQFXUUHG� GXULQJ� VHLVPLF� DFWLRQ�� LQFOXGLQJ� FRPELQDWLRQV� RI� UHYHUVLQJ�
FRPSUHVVLRQ� DQG� WHQVLRQ� LQ� WKH� SUHVHQFH� RI� F\FOLF� VKHDU� IRUFH��7KH� FRQQHFWRUV� WHVWHG� H[KLELWHG� VHYHUDO�
LPSRUWDQW�K\VWHUHWLF�UHVSRQVHV�LQFOXGLQJ�K\VWHUHWLF�SLQFKLQJ��VWLIIQHVV�GHJUDGDWLRQ��VWUHQJWK�GHJUDGDWLRQ��
DQG�VOLS�PHFKDQLVPV��

7KH� �'�)(� SUHFDVW� VWUXFWXUDO� PRGHOV� SRVVHVV� WKRXVDQGV� RI� GHJUHHV�RI�IUHHGRP� �'2)V�� DQG�
HDUWKTXDNH�WLPH�VWHSV��DQG�WKXV�UHO\�RQ�WKH�VWURQJ�XVHU�LQWHUIDFHV�IRU�SUHSURFHVVLQJ��JUDSKLFDO�LQWHUIDFHV��
DQG�SRVW�SURFHVVLQJ�DYDLODEOH�LQ�FRPPHUFLDO�ILQLWH�HOHPHQW��)(��VRIWZDUH����7KXV��LW�LV�SUHIHUDEOH�WR�XVH�
DVVHPEODJHV�RI�H[LVWLQJ�HOHPHQWV�LQ�WKH�VRIWZDUH�SDFNDJH��UDWKHU�WKDQ�ZULWLQJ�FXVWRP�PDGH�HOHPHQWV��

7KXV��DSSURSULDWH�FRQQHFWRU�PRGHOV�PXVW�EH������DEOH�WR�FDSWXUH�WKH�NH\�EHKDYLRUV�GHVFULEHG�DERYH��
���� FDSDEOH� RI� UHSUHVHQWLQJ� SUHFDVW� GLDSKUDJP� EHKDYLRU� ZLWK� VXIILFLHQW� DFFXUDF\� WR� SURGXFH� HIIHFWLYH�
GHVLJQ�SURFHGXUHV��DQG�����DSSURSULDWH�IRU�LQVHUWLRQ�LQWR�ODUJH�GHJUHH�RI�IUHHGRP��'�)(�1/'7$�PRGHOV��

7KH��'�GLDSKUDJP�FRQQHFWRU�PRGHO�XVHG�IRU��'�1/7'$�LV�H[WHQGHG�IURP�WKH��'�GLVFUHWH�FRQQHFWRU�
PRGHO��7KH� �'� FRQQHFWRU�PRGHO� LQFOXGHV� WKH� NH\� IHDWXUHV� RI� WKH� �'�GLVFUHWH�PRGHO� LQFOXGLQJ�� ���� WKH�
LQWHUDFWLRQ�RI�FRPSRQHQWV�RI� ORDG� �WHQVLRQ�VKHDU�FRXSOLQJ�� WKURXJK�XVH�RI�³LQFOLQHG´� OLQN�HOHPHQWV�� ����
KLJK�VWLIIQHVV�FRQWDFW�EHWZHHQ�SUHFDVW�SDQHO�ZLWK�WKH�FRPSUHVVLRQ�OLPLW�VWDWHV��VRIWHQLQJ�FUXVKLQJ��RI�WKH�
VXUURXQGLQJ� FRQFUHWH� WKURXJK� D� QRQOLQHDU� VSULQJ� HOHPHQW� LQ� VHULHV� ZLWK� WKH� FRQWDFW� HOHPHQW�� DQG� ����
PRELOL]LQJ� WKH�HIIHFW�RI�DSSOLHG�FRPSUHVVLRQ�RQ�VKHDU� UHVLVWDQFH� WKURXJK�XVH�RI�D�FRQWDFW�HOHPHQW�ZLWK�
IULFWLRQ� FDSDELOLWLHV� �DVVLJQLQJ� D� FRHIILFLHQW� RI� IULFWLRQ� P� WR� FRQWDFW� HOHPHQW��� 7KH� �'� GLDSKUDJP�
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GLDSKUDJP�FRQQHFWRUV��VKRZQ�VFKHPDWLFDOO\�LQ�)LJ��%������VRPHWLPHV�LQ�FRPELQDWLRQ��1DLWR�HW�DO����������
�
�

6SDOOLQJ

&UDFN

5RWDWH
5H�HQJDJHPHQW 6OLS�FDWFK

6KHDU

6OLGLQJ

�D��

3LQFKLQJ

6WLIIQHVV
GHJUDGDWLRQ

7HQVLRQ

2SHQLQJ

&ORVHG

5H�RSHQ

6OLS

RSHQ

&UDFN

&ORVLQJ
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83
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6SDOOLQJ

6WUHQJWK
GHJUDGDWLRQ

6KHDU

6OLGLQJ

�E��

�F��

�
)LJ��%�����%DVLF�K\VWHUHWLF�HIIHFW�RI�GLDSKUDJP�UHLQIRUFHPHQW���D��SLQFKLQJ�	�VWLIIQHVV�GHJUDGDWLRQ���E��

VWUHQJWK�GHJUDGDWLRQ���F��VOLS�FDWFK��
�
����$�SLQFKLQJ�HIIHFW�GXH�WR�ERQG�VOLS��7KLV�HIIHFW�LV�JHQHUDWHG�E\�WKH�ORVV�RI�ERQG�DQG�VXEVHTXHQW�

VOLS� RI� WKH� UHLQIRUFHPHQW� LQ� WKH� FRQFUHWH� GXULQJ� UHYHUVDO� ORDGLQJ�� 7KLV� HIIHFW� RFFXUV� DIWHU� ODUJH� MRLQW�
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LQHODVWLF� RSHQLQJ� WKDW� FDXVHV� FUDFNLQJ� LQ� WKH� VXUURXQGLQJ� FRQFUHWH�� EXW� SULRU� WR� FRPSUHVVLRQ� WUDQVIHU�
DVVRFLDWHG�ZLWK�MRLQW�FORVLQJ��1DLWR�HW�DO���������

����� $� VWLIIQHVV� GHJUDGDWLRQ� HIIHFW� GXH� WR� FUDFNLQJ� RI� WKH� VXUURXQGLQJ� FRQFUHWH�� 7KLV� HIIHFW� LV�
REVHUYHG�GXULQJ�WKH�UHORDGLQJ�F\FOH�IROORZLQJ�D�ODUJH�LQHODVWLF�WHQVLRQ�GHIRUPDWLRQ�F\FOH�WKDW�FDXVHG�WKH�
FRQFUHWH�VXUURXQGLQJ�WKH�VWHHO�HOHPHQWV�UHJLRQ�FUDFN��1DLWR�HW�DO���������,QVWHDG�RI�IROORZLQJ�WKH�LQLWLDO�
HODVWLF�ORDGLQJ�VWLIIQHVV��WKH�UHORDGLQJ�SDWK�LQ�WKLV�FDVH�ZLOO�³VKRRW�WKURXJK´�DW�D�ORZHU�VWLIIQHVV��XQWLO�WKH�
PD[LPXP� RSHQLQJ� SRLQW� RI� WKH� SUHYLRXV� F\FOH� LV� UHDFKHG�� 7KLV� HIIHFW� ZDV� DOVR� REVHUYHG� LQ� KDOI�VFDOH�
WHVWLQJ�RI�GLDSKUDJP�FULWLFDO�IOH[XUH�MRLQWV��6HH�6HFWLRQ�%������

�����$�VWUHQJWK�GHJUDGDWLRQ�HIIHFW�GXH�WR�ORVV�RI�VXUURXQGLQJ�FRQFUHWH��7KLV�HIIHFW�LV�REVHUYHG�GXULQJ�
WKH� UHORDGLQJ� F\FOH� IROORZLQJ� D� ODUJH� LQHODVWLF� VKHDU� GHIRUPDWLRQ� F\FOH� WKDW� FDXVHG� ORFDO� VSDOOLQJ� RI�
FRQFUHWH�VXUURXQGLQJ�WKH�FRQQHFWLRQ�UHJLRQ��1DLWR�HW�DO���������

���� $� VOLS�FDWFK� HIIHFW� GXH� WR� VOLS� DQG� UH�HQJDJHPHQW� RI� WKH� VWHHO� HOHPHQW� DQFKRUDJHV�� 7KLV�
SKHQRPHQRQ�LV�H[KLELWHG�GXULQJ�ODUJH�VKHDU�GHIRUPDWLRQ�DIWHU�D�PDMRU�F\FOLF�VKHDU�ORDG�HYHQW�VXIILFLHQW�WR�
IXOO\� GHJUDGH� WKH� GRZHO� DFWLRQ� WKURXJK� FUDFNLQJ� DQG� VSDOOLQJ� RI� WKH� FRQFUHWH� VXUURXQGLQJ� WKH� VWHHO�
HOHPHQW�V��� $� UHJLRQ� RI� QHDU�]HUR� VWLIIQHVV� �VOLS�� WKURXJK� WKH� ���� VOLGLQJ� GLVSODFHPHQW� UDQJH� RFFXUV� LQ�
VXEVHTXHQW� F\FOHV� ZKHUH� WKH� UHLQIRUFHPHQW� EDUV� FDQ� URWDWH� SULRU� WR� WKH� UH�HQJDJLQJ� GXH� WR� FDWHQDU\��
�³NLQNLQJ´��DFWLRQ��
�
%����+<67(5(7,&�02'(/�)25�',$3+5$*0�5(,1)25&(0(17�

7KH�FRQQHFWRU�PRGHO�XVHG� LQ� WKH��'�GLVFUHWH�GLDSKUDJP�PRGHO� �6HH�Appendix B1�� LV�PRGLILHG�IRU�
XVH�LQ�1/7'$�HDUWKTXDNH�VLPXODWLRQV�RI��'�SUHFDVW�VWUXFWXUHV��'XH�WR�WKH�F\FOLF�QDWXUH�RI�WKH�UHVSRQVH�
WR� HDUWKTXDNHV�� WKH� SURSHUWLHV� RI� WKH� QRQOLQHDU� FRQQHFWRU� VXE�DVVHPEODJH� HOHPHQWV� DUH� H[WHQGHG� WR�
LQFRUSRUDWH�K\VWHUHWLF�UXOHV���

7KH�K\VWHUHWLF�PRGHO�IRU�WKH�GLDSKUDJP�FRQQHFWRU�LV�FDOLEUDWHG�WR�PDWFK�F\FOLF�WHVWV�RI�WKH�LVRODWHG�
GLDSKUDJP�UHLQIRUFHPHQW� �1DLWR�HW� DO���������7KH� IRXU�EDVLF�K\VWHUHWLF�HIIHFWV�GLVFXVVHG� LQ�EDFNJURXQG�
VHFWLRQ� KDYH� EHHQ� PRGHOHG� XVLQJ� WKH� IROORZLQJ� PRGHOLQJ� WHFKQLTXHV� LQ� $16<6�� �� 7KH� XVH� RI� WKH�
FRPPHUFLDO� VRIWZDUH� SDFNDJH�$16<6� IDFLOLWDWHV� WKH� KDQGOLQJ� RI�PXOWL�VWHS� LWHUDWLYH� VROXWLRQV� RI� ODUJH�
GHJUHH�RI�IUHHGRP� VWUXFWXUDO�PRGHOV�� EXW� QHFHVVLWDWHV� WKH� XVH� RI� DYDLODEOH� HOHPHQWV�ZLWKLQ� WKH� HOHPHQW�
OLEUDU\�WR�FUHDWH�WKH�GHVLUHG�EHKDYLRU��7KH�EHKDYLRUV�H[KLELWHG�E\�WKH�FRQQHFWLRQV�DUH�GLIIHUHQW�IURP�WKDW�
SURGXFHG� E\� VWDQGDUG� HODVWLF�SODVWLF� NLQHPDWLF� RU� LVRWURSLF� KDUGHQLQJ�PRGHOV� DYDLODEOH� LQ� WKH� VRIWZDUH�
�$16<6��������7KXV�� WKH��'�1/'7$�FRQQHFWRU�HOHPHQWV�DUH�FUHDWHG�WKURXJK�DVVHPEODJHV�RI�PXOWLSOH�
HOHPHQWV� LQ� VHULHV� DQG�RU� SDUDOOHO� ZLWK� GLIIHUHQW� SURSHUWLHV� RU� XQORDGLQJ� UXOHV�� WR� FUHDWH� WKH� GHVLUHG�
VWUXFWXUDO�UHVSRQVH�IHDWXUHV��7KLV�DSSURDFK�LV�LQ�FRQWUDVW�WR�WKH�SURFHGXUH�DYDLODEOH�ZLWK�FHUWDLQ�UHVHDUFK�
VRIWZDUH�ZKHUH�XVHU�GHILQHG�HOHPHQWV�FDQ�EH�FUHDWHG�WR�PRGHO�FHUWDLQ�EHKDYLRUV�GLUHFWO\��2SHQ6HHV��������
6LQFH� WKH�HOHPHQWV�DUH�FDOLEUDWHG� WR�PDWFK� WHVW� UHVSRQVH��DQG�DUH�XVHG�FUHDWH�HQJLQHHULQJ�VROXWLRQV�� WKH�
DVVHPEODJH�DSSURDFK�ZDV�GHHPHG�DFFHSWDEOH��
�
0RGHOLQJ�RI�3LQFKLQJ�(IIHFW�

7R�FDSWXUH�WKH�SLQFKLQJ�HIIHFW��WKH�FRQQHFWRU�VXEDVVHPEODJH�LQFOXGHV�WZR�QRQOLQHDU�D[LDO�VSULQJV�LQ�
SDUDOOHO��6HH�)LJ��%���D��ZLWK�GLIIHUHQW�XQORDGLQJ�SURWRFROV�DYDLODEOH�LQ�WKH�VRIWZDUH��$16<6��������DQ�
HODVWLF�SODVWLF� VSULQJ� WKDW� XQORDGV� ZLWK� LWV� LQLWLDO� VWLIIQHVV�� DQG� D� QRQOLQHDU� HODVWLF� VSULQJ� WKDW� XQORDGV�
DORQJ�LWV�ORDGLQJ�SDWK��6HH�)LJ��%���E���

7KH� HIIHFW� RI� SLQFKLQJ� FDQ�EH� DGMXVWHG� E\� D� IDFWRU�D��ZKLFK� LV� GHILQHG� DV� WKH� SRUWLRQ�RI� WKH� WRWDO�
VWUHQJWK� DVVLJQHG� WR� HODVWLF�SODVWLF� VSULQJ��$V� VHHQ� LQ� )LJ��%����E���ZKHQ�D ����� QR� SLQFKLQJ� HIIHFW� LV�
REVHUYHG�LQ�WKH�PRGHO�XQGHU�XQORDGLQJ��:KHQ�D ���IXOO\�SLQFKLQJ�HIIHFW�LV�REVHUYHG�LQ�WKH�PRGHO�XQGHU�
XQORDGLQJ�� 7KH� VWUHQJWK� FKDUDFWHULVWLFV� IRU� WKH� VSULQJV� DUH� ELDVHG� WRZDUG� FRPSUHVVLRQ� �6HH�)LJ�%���E��
UDWKHU� WKDQ� SURYLGHG� ZLWK� V\PPHWULF� VWUHQJWK� VLQFH� WKH� SLQFKLQJ� HIIHFW� LV� PDQLIHVWHG� DIWHU� WHQVLRQ�
XQORDGLQJ� LQ� WKH�FRPSUHVVLRQ� UHJLRQ� �VHH�)LJ��%���D���7KH�ELDV� LV�DFKLHYHG�E\�DVVLJQLQJ�D� ORZ� WHQVLRQ�
VWUHQJWK�WR�WKH�VSULQJ�HOHPHQWV��
�������������������������������������������������
���$16<6��,QF���YHUVLRQ������&DQRQVEXUJ��3$�
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� $[LDO1RQOLQHDU�HODVWLF
(ODVWLF�SODVWLF
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1RQOLQHDU�D[LDO�VSULQJV D&\

D ���

D ���

D �

�D��3LQFKLQJ�PRGHO� �E��0DWHULDO�LQSXW�RI�VSULQJV� �
)LJ��%�����0RGHOLQJ�RI�SLQFKLQJ�HIIHFW��

�
0RGHOLQJ�RI�6WLIIQHVV�'HJUDGDWLRQ�

$�FRQQHFWRU�VXEDVVHPEODJH�FRQVLVWLQJ�D�JURXS�RI�QRQOLQHDU�OLQN�HOHPHQWV�LQ�SDUDOOHO�KDV�EHHQ�XVHG�
WR� PRGHO� WKH� VWLIIQHVV� GHJUDGDWLRQ� HIIHFW�� 7KH� FRQQHFWRU� VXEDVVHPEODJH� �6HH� )LJ�%���D�� LV� SURGXFHG�
WKURXJK�D�VHULHV�RI�1�OLQNV�ZLWK�DQ�LVRWURSLF�VWUDLQ�KDUGHQLQJ�UXOH�LQ�FRQMXQFWLRQ�ZLWK�RQH�OLQN�HOHPHQW�
ZLWK�D�NLQHPDWLF�VWUDLQ�KDUGHQLQJ�UXOH��$16<6��������7KH�VXP�RI�LQLWLDO�VWLIIQHVV�RI�WKH�1���OLQNV�LV�VHW�
WR� WKH�FRQQHFWRU� LQLWLDO�VWLIIQHVV��7KH�VWLIIQHVV�GHJUDGDWLRQ� LV�UHDOL]HG�E\�DVVLJQLQJ�HDFK�LVRWURSLF� OLQN�D�
VWUHQJWK��)WL��DQG�HODVWLF�OLPLW�GHIRUPDWLRQ��GWL���7KH�VWUHQJWK�RI�HDFK�LVRWURSLF�OLQN�ZLOO�GHJUDGH�WR�D�SUH�
DVVLJQHG�UHVLGXDO�VWUHQJWK�5�DW�GHIRUPDWLRQ�RI�GW�L����DIWHU�SDVVLQJ�LWV�HODVWLF�OLPLW�GHIRUPDWLRQ��1RWH�WKDW�
HDFK�OLQN�KDV�D�VXFFHVVLYHO\�LQFUHDVLQJ�HODVWLF�OLPLW�GHIRUPDWLRQ�DQG�GHFUHDVLQJ�VWUHQJWK��6HH�)LJ�%���E���
7KH�NLQHPDWLF�VWUDLQ�KDUGHQLQJ�QRQOLQHDU� OLQN�HOHPHQW�ZLWK�D�VWUHQJWK�RI�)1���DQG�\LHOG�GHIRUPDWLRQ�RI�
G1���LV�UHTXLUHG�LQ�WKH�VXEDVVHPEODJH�WR�NHHS�WKH�VWUHQJWK�IURP�GHJUDGDWLRQ�ZLWK�WKH�LQFUHDVLQJ�LQHODVWLF�
GHIRUPDWLRQ�DV�REVHUYHG�LQ�WKH�WHVW��6HH�)LJ�%���D���

7KH�PDWHULDO�PRGHO�LQSXWV�IRU�WKH�1���OLQN�HOHPHQWV�DUH�GHWHUPLQHG�EDVHG�RQ�1���FRQWURO�SRLQWV�RQ�D�
EDFNERQH� FXUYH� �6HH� )LJ�%���E�� IURP� WKH� F\FOLF� WHQVLRQ�FRPSUHVVLRQ� WHVW�� (DFK� FRQWURO� SRLQW� LV�
FRUUHVSRQGLQJ�WR�D�IRUFH�7L�DQG�D�GHIRUPDWLRQ�GWL��7KH�FRQWURO�SRLQWV�VKRXOG�DW�OHDVW�FRQVLVW�WKH�IROORZLQJ�
IRXU� SRLQWV�� ���� HODVWLF� GHIRUPDWLRQ� SRLQW� �H�J�� ����GW\��� ���� \LHOG� GHIRUPDWLRQ� SRLQW� �GW\��� ���� XOWLPDWH�
GHIRUPDWLRQ� SRLQW� �GWX��� ���� DIWHU� \LHOGLQJ� SRLQW� >H�J�� �GWX���GW\���@�� 7R� PDWFK� WKH� VWLIIQHVV� GHJUDGDWLRQ�
SDWWHUQ� LQ� WKH� WHVW�� PRUH� DIWHU� \LHOGLQJ� SRLQWV� FDQ� EH� XVHG�� 7KH� VWUHQJWK� �)WL�� RI� HDFK� OLQN� HOHPHQW� LV�
FDOFXODWHG�E\�VROYLQJ�WKH�IROORZLQJ�1���OLQHDU�HTXDWLRQV���ZKHUH�L�UDQJHV�IURP�1�WR�N+1���
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0RGHOLQJ�RI�6WUHQJWK�'HJUDGDWLRQ�
7KH�VWUHQJWK�GHJUDGDWLRQ�HIIHFW�KDV�EHHQ�PRGHOHG�XVLQJ�D�QRQOLQHDU�GHJUDGLQJ�OLQN�HOHPHQW�ZLWK�WKH�

PXOWLOLQHDU� LVRWURSLF�VWUDLQ�KDUGHQLQJ�UXOH�ZKLFK�FDQ�SURGXFH� WKH�\LHOG�VXUIDFH�VWUHQJWK�UHGXFWLRQ�EDVHG�
RQ�DFFXPXODWLYH�SODVWLF�VWUDLQ��$16<6��������7KH�PDWHULDO�LQSXWV�>IRUFH��)YL��DQG�GHIRUPDWLRQ��GYL�@�IRU�
WKH� OLQN� HOHPHQW� DUH� GHWHUPLQHG� EDVHG� RQ� FRQWURO� SRLQWV� RQ� WKH� F\FOLF� VKHDU� WHVW� EDFNERQH� FXUYH� �6HH�
)LJ�%���D���(DFK�FRQWURO�SRLQW�LV�FRUUHVSRQGLQJ�WR�DQ�DEVROXWH�VKHDU�GHIRUPDWLRQ��GYDL��DQG�D�VKHDU�IRUFH�
�9L���7KH�FRQWURO�SRLQWV�EHIRUH�WKH�SHDN�ORDG��9\��FDQ�EH�GLUHFWO\�DVVLJQHG�WR�WKH�PDWHULDO�LQSXWV�IRU�WKH�
OLQN�HOHPHQW��+RZHYHU�WKH�FRQWURO�SRLQWV�DIWHU�SHDN�ORDG��9\��FDQQRW�EH�GLUHFWO\�DVVLJQHG�WR�WKH�PDWHULDO�
LQSXWV�EHFDXVH�WKH�VWUHQJWK�GHJUDGDWLRQ�LV�EDVHG�RQ�WKH�FXPXODWLYH�SODVWLF�GHIRUPDWLRQ��GYFSL��UDWKHU�WKDQ�
DEVROXWH�SODVWLF� GHIRUPDWLRQ� �GYSL���7KHUHIRUH�� WKH� DEVROXWH�SODVWLF�GHIRUPDWLRQ� �GYSL�� KDV�EHHQ�PRGLILHG�
LQWR�WKH�FXPXODWLYH�SODVWLF�GHIRUPDWLRQ��GYFSL��ZLWK�WKH�IROORZLQJ�HTXDWLRQ��
�

�

�D��0DWHULDO�LQSXW� � � � � � � �E��3ODVWLF�GHIRUPDWLRQ�IRU�RQH�W\SLFDO�F\FOH�

6KHDU

'HIRUPDWLRQGYH

GYSL GYSL

�GYSL

0RGHO�LQSXW
&\FOLF�VKHDU�WHVW�EDFNERQH

GYDL��9L

GYH GYSL

GYL��)YL

6KHDU�IRUFH

6KHDU�GHIRUPDWLRQ
GYDL

9L

�
)LJ���%����0RGHOLQJ�RI�VWUHQJWK�GHJUDGDWLRQ�HIIHFW��
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YFSMYDS��YFSL �� GGG ������������������ �������(TQ�����

ZKHUH� QL� LV� WKH� QXPEHU� RI� UHSHDWHG� F\FOHV� DW� L�WK� ORDGLQJ� DPSOLWXGH�� )RU� HDFK� ORDGLQJ� F\FOH�� WKH�
FXPXODWLYH�SODVWLF�VWUDLQ�LV�FRQVLGHUHG�DV���WLPHV�RI�WKH�DEVROXWH�SODVWLF�VWUDLQ�H[FHSW���WLPHV�IRU�WKH��VW�
LQHODVWLF�F\FOH�DV�LQGLFDWHG�LQ�)LJ���%��E��7KHQ�WKH�PDWHULDO�LQSXWV�IRU�WKH�OLQN�HOHPHQW�FDQ�EH�FDOFXODWHG�
XVLQJ�WKH�IROORZLQJ�HTXDWLRQV��

ivi VF  ������������������������������������������ � � ������(TQ�����

vaivi GG  ������IRU�WKH�SRLQWV�EHIRUH�WKH�SHDN�ORDG���� ������(TQ�����

YFSLGGG � vevi �IRU�WKH�SRLQWV�DIWHU�WKH�SHDN�ORDG���������(TQ�����
ZKHUH�GYH�LV�WKH�DEVROXWH�HODVWLF�VKHDU�GHIRUPDWLRQ���

7KLV�DSSURDFK�SURGXFHV�D�K\VWHUHWLF�VWUHQJWK�GHJUDGDWLRQ�WKDW�ZLOO�PDWFK�WKH�ORDGLQJ�KLVWRU\�RI� WKH�
WHVW�� DQG� WKXV�ZLOO� SURGXFH� VOLJKW� GLIIHUHQFHV� IRU� RWKHU� ORDGLQJ� KLVWRULHV�� &RPSDULVRQ� RI� WKLV�PRGHO� WR�
ODUJH�VFDOH� WHVWLQJ� RI� SUHFDVW� GLDSKUDJP� MRLQWV� XQGHU� H[SHFWHG� VHLVPLF� KLVWRULHV� GHPRQVWUDWHG� WKH�
DGHTXDF\�RI�WKLV�DVVXPSWLRQ��
�
0RGHOLQJ�6OLS�FDWFK�5HVSRQVH�

$� ³KRRN´� PHFKDQLVP� �6HH� )LJ�%���D�� LV� XVHG� WR� FDSWXUH� WKH� VOLS�FDWFK� K\VWHUHWLF� HIIHFW�� 7KLV�
PRGHOLQJ� WHFKQLTXH� FRQQHFWV� WZR� SUHFDVW� SDQHOV�ZLWK� WZR� V\PPHWULFDO� JURXSV� RI� HOHPHQWV� LQFOXGLQJ� D�
QRQOLQHDU� VSULQJ� DQG� D� FRQWDFW� HOHPHQW� FRQQHFWLQJ� LQ� VHULHV�ZLWK� D� ULJLG� OLQN� HOHPHQW�� (DFK� QRQOLQHDU�
VKHDU�VSULQJ��ZKRVH�XQORDGLQJ�SDWK�LV�SDUDOOHO�WR�LWV�LQLWLDO�ORDGLQJ�SDWK��SURYLGHV�D�VWLIIQHVV�FRQWULEXWLRQ�
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RQO\�ZKHQ�LWV�DVVRFLDWHG�FRQWDFW�HOHPHQW�LV�FORVHG��7KHUHIRUH�RQO\�RQH�JURXS�RI�HOHPHQW�ZLOO�EH�DFWLYDWHG�
ZKHQ�WKH�VKHDU�ORDGLQJ�LV�DSSOLHG�LQ�RQH�GLUHFWLRQ�IRU�WKH�WZR�SDQHOV���

,Q�D�VKHDU�ORDGLQJ�F\FOH��DV�WKH�WZR�SUHFDVW�SDQHOV�VOLGH�UHODWLYH�WR�HDFK�RWKHU�LQ�RQH�GLUHFWLRQ��RQO\�
RQH�RI�QRQOLQHDU�VSULQJ�ZLOO�SURYLGH�VWLIIQHVV�FRQWULEXWLRQ�DQG�ZLOO�\LHOG�ZLWK�LQFUHDVLQJ�RI�VKHDU�ORDGLQJ��
:KHQ�WKLV�QRQOLQHDU�VSULQJ�XQORDGV�WR�D�ORDGLQJ�UHYHUVDO�SRLQW��LWV�DVVRFLDWHG�FRQWDFW�HOHPHQW�VHUYHV�DV�D�
³KRRN´��SRVVHVVLQJ�PHPRU\�RI�WKH�ORFDWLRQ�RI�WKLV�SRLQW��6HH�)LJ�%���E��DQG�VWDUWLQJ�WR�RSHQ��7KXV�WKH�
QRQOLQHDU�VSULQJ�KDV�QR�VWLIIQHVV�FRQWULEXWLRQ�DIWHU�SDVVLQJ� WKH� ORDGLQJ� UHYHUVDO�SRLQW�� ,Q� WKH�QH[W� VKHDU�
ORDGLQJ� F\FOH�� WKH� QRQOLQHDU� VSULQJ� FDQ� GHYHORS� VWLIIQHVV� DJDLQ� RQO\� DIWHU� WKH� UHORDGLQJ� GLVSODFHPHQW�
UHDFKHV�WKH�ORDGLQJ�UHYHUVDO�SRLQW�IURP�WKH�SUHYLRXV�F\FOH�DQG�WKH�FRQWDFW�HOHPHQW�FORVHV�>GRWWHG�OLQH�LQ�
)LJ���%��E@���
�

�

�D��0RGHO� � � � � � � � � � � � � � � �E��5HVSRQVH�RI�RQH�QRQOLQHDU�VSULQJ�

)RUFH

'HIRUPDWLRQ

/RDGLQJ�UHYHUVHG
SRLQW

1R�FRQWDFW

&RQWDFW

1RQOLQHDU
VSULQJV

&RQWDFW

5LJLG�OLQN

5LJLG�OLQN

3DQHO 3DQHO

�
)LJ���%����0RGHOLQJ�RI�VOLS�FDWFK�HIIHFW��

�
%����&203$5,621�2)�&211(&725�02'(/6�72�7(67�5(68/76�

7KH�UHVSRQVH�RI� WKH�FRQQHFWRU�HOHPHQWV�FRQVWUXFWHG�XVLQJ� WKH� UXOHV� LQ� WKH�SUHYLRXV�VHFWLRQ� LV�QRZ�
FRPSDUHG� WR�� ����F\FOLF� LQFUHDVLQJ�DPSOLWXGH� WHVWV�RI� IXOO�VFDOH� LVRODWHG�FRQQHFWRUV�� DQG� ���� VLPXODWLRQ�
GULYHQ�ODUJH�VFDOH�WHVWLQJ�RI�FULWLFDO�SUHFDVW�GLDSKUDJP�MRLQWV�XQGHU�H[SHFWHG�VHLVPLF�ORDGLQJ�KLVWRULHV��

7KH� F\FOLF� UHVSRQVH� RI� GLDSKUDJP� UHLQIRUFHPHQW� XVXDOO\� H[KLELWV� RQH� RU� PRUH� K\VWHUHWLF� HIIHFW�
GLVFXVVHG�LQ�DERYH�VHFWLRQV��,Q�WKLV�VHFWLRQ��WKH�F\FOLF�UHVSRQVH�RI�UHSUHVHQWDWLYH�GLDSKUDJP�UHLQIRUFHPHQW�
ZLOO�EH�SUHVHQWHG�E\�FRPSDULVRQ�EHWZHHQ�WHVW�UHVXOWV�DQG�DQDO\WLFDO�PRGHO�UHVSRQVH��
'LDSKUDJP�'U\�&KRUG�&RQQHFWRU�

$V�VHHQ�LQ�)LJ�%���D��WKH�F\FOLF�WHQVLRQ�FRPSUHVVLRQ�WHVW�UHVXOWV�IRU�����GU\�FKRUG�FRQQHFWRU�H[KLELW�
WKH�IROORZLQJ�HIIHFWV������SLQFKLQJ������VWLIIQHVV�GHJUDGDWLRQ�DQG�����KLJK�VWLIIQHVV�FRQWDFW�LQ�FRPSUHVVLRQ��
$V� VKRZQ� LQ� )LJ�� %���D�� WKH� FRQQHFWRU� PRGHO� IRU� ���� GU\� FKRUG� FRPELQHV� WKH� PRGHOLQJ� WHFKQLTXHV�
GLVFXVVHG�LQ�SUHYLRXV�VHFWLRQV�IRU�WKHVH�WKUHH�HIIHFWV��

�
7DEOH�%�����0DWHULDO�LQSXWV�RI�WKH�OLQN�HOHPHQWV�IRU�WKH�����GU\�FKRUG�FRQQHFWRU�PRGHO�
&RQWURO�IRUFH� 7�� 7� 7\� 7�� 7�� 7�� 7�� 7� 7X

�NLSV�� ���� ���� ���� ���� ���� ���� ����
&RQWURO�RSHQLQJ� GW�� GW� GW\� GW�� GW�� GW�� GW�� GW� GWX
�LQ�� ������� ����� ����� ����� ����� ����� �����
6ROYHG�IRUFH� )�� )�� )�� )�� )�� )�� )��
�NLSV�� ����� ������ ����� ����� ����� ����� ������



�&�$����

)RU�WKH�SLQFKLQJ�HIIHFW�PRGHO��GHVFULEHG�LQ�Sec B2.3.1���WKH�D�IDFWRU�DQG�&\�DUH�VHW�DV�����DQG�����
WHQVLOH�\LHOG�VWUHQJWK��7\��UHVSHFWLYHO\�ZKLFK�UHVXOWV�LQ�D�JRRG�PDWFK�IRU�WKH�XQORDGLQJ�UHVSRQVH�EHWZHHQ�
PRGHO�DQG�WHVW��6HH�)LJ�%���E���7KH�ORZ�WHQVLRQ�VWUHQJWK�LV�DVVLJQHG�DV��NLSV��

)RU� WKH� VWLIIQHVV� GHJUDGDWLRQ� HIIHFW�PRGHO� �GHVFULEHG� LQ� VHFWLRQ�Sec B2.3.2��� VHYHQ� FRQWURO� SRLQWV�
�1 ���RQ�WKH�WHVW�EDFNERQH�FXUYH�DUH�XVHG�WR�FDOFXODWH�WKH�PDWHULDO�LQSXWV�RI�WKH�OLQN�HOHPHQWV��VHH�7DEOH�
%������7KH�UHVLGXDO�VWUHQJWK�LV�VHW�DV��NLSV��8VLQJ�WKH�(TQ�����WKH�VWUHQJWK�RI�HDFK�OLQN�HOHPHQW�LV�VROYHG�
DQG�VKRZQ�LQ�WKH�ODVW�URZ�RI�7DEOH�%�����

)RU�WKH�KLJK�VWLIIQHVV�FRQWDFW�HIIHFW��WKH�PRGHO�LQSXW�IRU�FRQWDFW�DQG�QRQOLQHDU�VSULQJ�LV�EDVHG�RQ��WKH�
WKHRUHWLFDO�FRPSUHVVLRQ�VWLIIQHVV�RI�WZR�SUHFDVW�SDQHO�DQG�LV�GHVFULEHG�LQ��:DQ�HW�DO���������

$V� VKRZQ� LQ�)LJ��%���E�� WKH�GU\�FKRUG�FRQQHFWRU�PRGHO� UHVXOWV� H[KLELWV�JRRG�DJUHHPHQW�ZLWK� WKH�
F\FOLF�WHQVLRQ�FRPSUHVVLRQ�WHVW�UHVXOWV��7KH�VWLIIQHVV�GHJUDGDWLRQ�HIIHFW��SLQFKLQJ�HIIHFW�DQG�KLJK�VWLIIQHVV�
FRQWDFW�HIIHFW�REVHUYHG�LQ�WKH�WHVW�UHVXOWV�DUH�VXFFHVVIXO�FDSWXUHG�E\�WKH�GU\�FKRUG�FRQQHFWRU�PRGHO���
�
�

�D�� 0RGHO� � � � � � � � � � � � � � � � � �E�� &\FOLF� WHQVLRQ�FRPSUHVVLRQ�
���

���

���

���

�

��

��

��

���� � ��� ��� ��� ���

GW��LQ�

7��NLSV�

7HVW
0RGHO

6WLIIQHVV
GHJUDGDWLRQ

3LQFKLQJ

&RQWDFW

3DQHO
1RQOLQHDU�OLQN
HOHPHQWV�IRU�VWLIIQHVV
GHJUDGDWLRQ�HIIHFW

3DQHO

1RQOLQHDU�VSULQJV�IRU
SLQFKLQJ�HIIHFW

&RQWDFW�DQG�QRQOLQHDU
VSULQJV�IRU�KLJK�VWLIIQHVV
FRQWDFW�HIIHFW

�
)LJ��%�����&RPSDULVRQ�RI�WHVW�UHVXOWV�DQG�PRGHO�IRU�����GU\�FKRUG�FRQQHFWRU��

�
8QWRSSHG�'LDSKUDJP�6KHDU�&RQQHFWRU�

$V�VHHQ�LQ�)LJ��%���D�� WKH� W\SLFDO�XQWRSHG�IODQJH�WR�IODQJH�VKHDU�FRQQHFWRU��-9,��H[KLELWV�VWUHQJWK�
GHJUDGDWLRQ� HIIHFW� XQGHU� F\FOLF� VKHDU� ORDGLQJ� DV� ZHOO� DV� WKH� WHQVLRQ�VKHDU� FRXSOLQJ� HIIHFW� �:DQ� HW� DO��
������� 7KHVH� WZR� HIIHFWV� DUH� LVRODWHG� EHFDXVH� WKH� VWUHQJWK� GHJUDGDWLRQ� LV� GXH� WR� WKH� GDPDJH� RI�
VXUURXQGLQJ� FRQFUHWH� �VHH�Sec B2.2.3��ZKLOH� WKH� WHQVLRQ�VKHDU� FRXSOLQJ� HIIHFW� LV� GXH� WR� WKH�\LHOGLQJ�RI�
FRQQHFWRU��:DQ�HW�DO���������7R�DFFRPSOLVK�WKHVH�WZR�LVRODWHG�HIIHFW��WKH�FRQQHFWRU�VXEDVVHPEODJH�PRGHO�
LV� FRPSRVHG� RI� WZR� JURXSV� RI� HOHPHQWV� FRQQHFWHG� LQ� VHULHV� �VHH� )LJ�� %������� ���� RQH� JURXS� LV� IRU�
PRGHOLQJ� VWUHQJWK�GHJUDGDWLRQ� HIIHFW� �VHH�Sec B2.3.3�� DQG� ���� WKH�RWKHU�JURXS� LV� IRU�PRGHOLQJ� WHQVLRQ�
VKHDU�FRXSOLQJ�HIIHFW��:DQ�HW�DO���������,Q�DGGLWLRQ�D�JURXS�RI�FRQWDFW�HOHPHQWV�LV�SODFHG�LQ�SDUDOOHO��VHH�
)LJ��%������WR�PRGHO�WKH�IULFWLRQ�HIIHFW�XQGHU�FRPSUHVVLRQ��:DQ�HW�DO���������
�

<

;

3DQHO
3DQHO

*URXS�RI�HOHPHQWV
IRU�FRQWDFW�DQG
IULFWLRQ�HIIHFW*URXS�RI�HOHPHQWV

IRU�VWUHQJWK
GHJUDGDWLRQ�HIIHFW

*URXS�RI�HOHPHQWV
IRU�WHQVLRQ�VKHDU
FRXSOLQJ�HIIHFW

&RXSOHG�OLQN

8QRXSOHG�VKHDU�VSULQJ

'HJUDGDWLRQ�OLQN

1RQ�GHJUDGDWLRQ
VKHDU�VSULQJ

T $[LDO�VSULQJ

�
)LJ��%������0RGHO�IRU�-9,�FRQQHFWRU��



�&�$����

7DEOH�%�����0DWHULDO�LQSXWV�RI�WKH�VWUHQJWK�GHJUDGDWLRQ�JURXS�HOHPHQWV�IRU�WKH�-9,�FRQQHFWRU�PRGHO�
7HVW�EDFNERQH� &XPXODWLYH�GHIRUPDWLRQ� 'HJ��HOHPHQW 1RQ�'HJ��

GY� 9� GYDS� Q� GYFS� GYDS� 9GHJ� GY� 9QRQ�GHJ

�LQ�� �NLSV�� �LQ�� � � �LQ�� �LQ�� �NLSV� �LQ�� �NLSV��
������� ����� �� �� �� ������ ����� ������ ������
������� ������ �� �� �� ������ ������ ������ ������
������ ������ �� �� �� ����� ������ ������ ������
������ ��� ����� �� ����� ����� ������ ������ ������
����� ��� ������ �� ������ ����� ����� ����� ������
����� �� ������ �� ������ �� ����� ����� ������
����� �� ������ ���� ������ ����� ����� ����� ������
����� �� ������ ���� ������ ����� ����� ����� ������
�
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���� ���� ���� � ��� ��� ���

GY��LQ�

9
��N
LS
V�

7(67
0RGHO

�
)LJ��%������&RPSDULVRQ�RI�WHVW�DQG�PRGHO�IRU�-9,��

�
� 7KH�PRGHOLQJ�WHFKQLTXH�GLVFXVVHG�LQ�6HF�%������KDV�EHHQ�XVHG�IRU�WKH�VWUHQJWK�GHJUDGDWLRQ�JURXS�
RI�HOHPHQW�LQ�WKH�-9,�FRQQHFWRU�PRGHO��7KH�PDWHULDO�LQSXWV�IRU�WKH�QRQOLQHDU�GHJUDGDWLRQ�OLQN�HOHPHQW�DUH�
FDOFXODWHG�IURP�(TQ����WR���EDVHG�RQ�WKH�F\FOLF�VKHDU�WHVW�EDFNERQH��6HH�)LJ�%���E��DV�VKRZQ�LQ�7DEOH�
%�����$�QRQ�GHJUDGDWLRQ�VKHDU�VSULQJ�ZLWK�D�ORZ�VWUHQJWK�DQG�VWLIIQHVV�LV�DGGHG�IRU�PRGHOLQJ�VWDELOLW\�DQG�
DYRLGLQJ� ]HUR� VWLIIQHVV� DIWHU� WKH� GHJUDGDWLRQ� OLQN� HOHPHQW� ORVHV� LWV� VWUHQJWK� FRPSOHWHO\�� )LJ�%�����
FRPSDUHV�WKH�F\FOLF�VKHDU�WHVW�UHVXOWV�WR�WKH�PRGHO�SUHGLFWLRQ��$�JRRG�DJUHHPHQW�LV�REVHUYHG�EHWZHHQ�WHVW�
DQG�PRGHO�IRU�WKH�-9,�FRQQHFWRU��

� 7KH� PRGHOLQJ� WHFKQLTXH� GLVFXVVHG� LQ� �:DQ� HW� DO�� ������ KDV� EHHQ� XVHG� IRU� WKH� WHQVLRQ�VKHDU�
FRXSOLQJ� JURXS� RI� HOHPHQW� LQ� WKH� -9,� FRQQHFWRU� PRGHO�� )RU� WKH� -9,� FRQQHFWRU� PRGHO�� WKH� DQJOH� T� RI�
³LQFOLQHG´�OLQN�HOHPHQW�KDV�EHHQ�FDOLEUDWHG�DV����GHJUHHV���

7KH�G\QDPLF�UHVSRQVH��VKHDU�DQG�WHQVLRQ��RI�RQH�-9,�FRQQHFWRU�PRGHO�REWDLQHG�IURP�DQ�HDUWKTXDNH�
VLPXODWLRQ�RI�D�SUHFDVW� VWUXFWXUH�PRGHO� LV� VKRZQ� LQ�)LJ��%�����ZLWK� WKH�SXVKRYHU� UHVSRQVH� �SXUH�VKHDU�
DQG� SXUH� WHQVLRQ�� PDUNHG� DV� GDVK� OLQH�� 7KH� -9,� PRGHO� VHSDUDWHO\� VKRZV� WKH� VKHDU� VWUHQJWK� UHGXFWLRQ�
EHIRUH�\LHOGLQJ�GXH� WR� WHQVLRQ�VKHDU�FRXSOLQJ�HIIHFW�DQG�H[KLELWV�VKHDU�VWUHQJWK�GHJUDGDWLRQ�HIIHFW�DIWHU�
WKH�SHDN�ORDG��7KH�WHQVLRQ�VWUHQJWK�RI�-9,�PRGHO�UHGXFHV�DV�ZHOO�GXH�WR�WKH�FRXSOLQJ�HIIHFW��
�
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2SHQLQJ��LQ�

7H
QV
LR
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�

3XVKRYHU
UHVSRQVH�ZLWK
SXUH�WHQVLRQ

���
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6KHDU�GHIRUDWLRQ��LQ�

6K
HD
U��
N�

3XVKRYHU
UHVSRQVH�ZLWK
SXUH�VKHDU

�
)LJ���%�����'\QDPLF�UHVSRQVH�RI�-9,�FRQQHFWRU�PRGHO��

�
)RU� WKH�PRGHOLQJ�RI� FRQWDFW� IULFWLRQ� LQ� WKH� -9,� FRQQHFWRU�PRGHO�� WKH� IULFWLRQ� FRHIILFLHQW�P� IRU� WKH�

FRQWDFW� HOHPHQW� KDV� EHHQ� FDOLEUDWHG� IURP� D� F\FOLF� VKHDU� WHVW� XQGHU� FRQVWDQW� ��N� FRPSUHVVLRQ� ORDG�
SHUSHQGLFXODU� WR� WKH� MRLQW� �VHH� )LJ� %������� $V� VHHQ� LQ� )LJ�� %�����E��� WKH�PRGHO� ZLWK� D� FRHIILFLHQW� RI�
IULFWLRQ��P��RI������VKRZV�JRRG�PDWFK�EHWZHHQ�WHVW�UHVXOWV�DQG�PRGHO�SUHGLFWLRQ��
�

�

�D��&\FOLF�VKHDU�WHVW�XQGHU�FRPSUHVVLRQ� � � � � � � � � � � �E��&\FOLF�VKHDU�UHVSRQVH�

9��GY

��N
FRPSUHVVLRQ

���

���

���

�

��

��

��

���� ���� � ��� ���

GY�LQ�

9
�N
�

7HVW
0RGHO��0X ����P� ����

�
)LJ��%������&DOLEUDWLRQ�RI�IULFWLRQ�FRHIILFLHQW�IRU�-9,�PRGHO��

�
7RSSHG�'LDSKUDJP�6KHDU�&RQQHFWRU�

$V�VHHQ�LQ�)LJ��%���F��WKH�F\FOLF�VKHDU�WHVW�UHVXOWV�RI�WRSSHG�VKHDU�FRQQHFWRU��GXFWLOH�PHVK��VKRZV�
WKH�IROORZLQJ�HIIHFWV������VOLS�FDWFK�HIIHFW��DQG�����VWUHQJWK�GHJUDGDWLRQ�HIIHFW��7KH�PRGHOLQJ�WHFKQLTXHV�
GLVFXVVHG�LQ�Sec. B2.3.4�DQG�Sec. B2.3.3�KDYH�EHHQ�XVHG�WR�PRGHO�WKH�VOLS�FDWFK�DQG�VWUHQJWK�GHJUDGDWLRQ�
HIIHFW� UHVSHFWLYHO\�� 7KH� VWUHQJWK� GHJUDGDWLRQ� HIIHFW� KDV� EHHQ� EXLOW� LQWR� WKH� ³KRRN´� PHFKDQLVP� E\�
UHSODFLQJ�WKH�QRQOLQHDU�VSULQJV�VKRZQ�LQ�)LJ��%���D�ZLWK�WKH�QRQOLQHDU�OLQN�HOHPHQW�XVLQJ�LVRWURSLF�VWUDLQ�
KDUGHQLQJ� UXOH� DV� GLVFXVVHG� LQ� 6HF�%������� 7KH�PDWHULDO� LQSXW� IRU� WKH� QRQOLQHDU� OLQN� HOHPHQW� KDV� EHHQ�
GHWHUPLQHG�XVLQJ�(TQ����WR���EDVHG�RQ�WKH�F\FOLF�WHVW�EDFNERQH�FXUYH�6HH�)LJ�%���F��*RRG�DJUHHPHQW�LV�
REVHUYHG�EHWZHHQ�WKH�WHVW�DQG�PRGHO�SUHGLFWLRQ��VHH�)LJ��%�������



�&�$����

�

���

���

�

��

��

���� �� ���� � ��� � ���

GY�LQ�
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7HVW
0RGHO

6OLS�FDWFK

6WUHQJWK
GHJUDGDWLRQ

�
)LJ��%������&RPSDULVRQ�RI�WHVW�DQG�PRGHO�IRU�GXFWLOH�PHVK��

�
%����&21&/86,216�

7KH�K\VWHUHWLF�PRGHOV�IRU�SUHFDVW�FRQQHFWRU�GLDSKUDJP�FRQQHFWRU�KDYH�EHHQ�GHYHORSHG�LQ�WKLV�SDSHU�
ZKLFK�ZLOO� EH� XVHG� LQ� WKH� ODUJH�'2)� VWUXFWXUH�PRGHO� IRU� WKH� �'�1/7'$��7KHVH� K\VWHUHWLF� FRQQHFWRU�
PRGHOV�KDYH�EHHQ�FDOLEUDWHG�WR�PDWFK�WKH�LVRODWHG�FRQQHFWRU�F\FOLF�WHVWV��7KH�IROORZLQJ�FKDUDFWHULVWLFV�RI�
WKH�GLDSKUDJP�FRQQHFWRUV�REVHUYHG�LQ�WKH�WHVWV�KDYH�EHHQ�FDSWXUHG�E\�WKH�PRGHOV��

���� 3LQFKLQJ�HIIHFW�XQGHU�UHYHUVH�ORDGLQJ�LQ�WKH�F\FOLF�WHQVLRQ�WHVW��
���� 6WLIIQHVV�GHJUDGDWLRQ�ZLWK�LQFUHDVH�RI�LQHODVWLF�RSHQLQJ�LQ�WKH�F\FOLF�WHQVLRQ�WHVW��
���� 6WUHQJWK�GHJUDGDWLRQ�ZLWK�LQFUHDVH�RI�LQHODVWLF�VKHDU�GHIRUPDWLRQ�LQ�WKH�F\FOLF�VKHDU�WHVW�
���� 6OLS�FDWFK�HIIHFW�XQGHU�UHYHUVH�ORDGLQJ�LQ�WKH�F\FOLF�VKHDU�WHVW��
���� 7HQVLRQ�VKHDU�FRXSOLQJ�HIIHFW�XQGHU�FRPELQHG�ORDGLQJ��
���� +LJK�VWLIIQHVV�FRQWDFW�DQG�IULFWLRQ�HIIHFW�XQGHU�FRPSUHVVLRQ��

7KHVH�HOHPHQWV�DUH�XVHG�LQ�WKH�FDOLEUDWLRQ�RI�WKH�GHVLJQ�IDFWRUV��6HH�Appendix A2���
�
%����5()(5(1&(6�
$16<6�YHUVLRQ�������������³(OHPHQWV���������DQG�WKHRU\�UHIHUHQFH��������´�6$6�,3��,QF��
�
%XLOGLQJ� 6HLVPLF� 6DIHW\� &RXQFLO�� &RPPLWWHH� 76���� ³6HLVPLF� GHVLJQ� PHWKRGROJ\� IRU� SUHFDVW� FRQFUHWH� IORRU�
GLDSKUDJPV�´�3DUW� ,,,��NEHRP Recommended Sesimic Provisions �����)HGHUDO�(PHUJHQF\�0DQDJHPHQW�$JHQF\��
:DVKLQJWRQ��'�&��
�
)DUURZ��.��7�� DQG�)OHLVFKPDQ��5��%�� �������� ³(IIHFW�RI�GLPHQVLRQ� DQG�GHWDLO� RQ� WKH� FDSDFLW\�RI�SUHFDVW� FRQFUHWH�
SDUNLQJ�VWUXFWXUH�GLDSKUDJPV´�3&,�-RXUQDO���������������
�
)OHLVFKPDQ�� 5�%�� DQG� :DQ�� *�� �������� ³$SSURSULDWH� RYHUVWUHQJWK� RI� VKHDU� UHLQIRUFHPHQW� LQ� SUHFDVW� FRQFUHWH�
GLDSKUDJPV´��$6&(�-RXUQDO�RI�6WUXFWXUH�(QJLQHHULQJ���������������������
�
)OHLVFKPDQ��5�%���=KDQJ��'���5HQ��5��DQG�1DLWR��&������������³([SHULPHQWDO�HYDOXDWLRQ�RI�SUHFDVW�GLDSKUDJP�FULWLFDO�
VKHDU�MRLQW�XQGHU�VHLVPLF�GHPDQGV�´�XQGHU�SUHSDUDWLRQ��
�
1DLWR��&�-���3HWHU��:���DQG�&DR��/�����������³'HYHORSPHQW�RI�D�VHLVPLF�GHVLJQ�PHWKRGRORJ\�IRU�SUHFDVW�GLDSKUDJPV���
SKDVH���VXPPDU\�UHSRUW�´�$7/66�5HSRUW�1R��������$7/66�&HQWHU��/HKLJK�8QLYHUVLW\��3$��
�
1DLWR��&�-���5HQ��5��� -RQHV��&�� DQG�&XOOHQ�7�� �������� ³'HYHORSPHQW�RI�D� VHLVPLF�GHVLJQ�PHWKRGRORJ\� IRU�SUHFDVW�
GLDSKUDJPV���SKDVH��E�VXPPDU\�UHSRUW�´�$7/66�5HSRUW��������$7/66�&HQWHU��/HKLJK�8QLYHUVLW\��3$��
�
2SHQ6HHV�9HUVLRQ���������������³2SHQ6HHV�&RPDQG�/DQJXDJH�0DQXDO�´�8QLYHUVLW\�RI�&DOLIRUQLD�DW�%HUNHOH\��&$���
�
6FKRHWWOHU��0�-���%HOOHUL��$���=KDQJ��'���5HVWUHSR��-���DQG�)OHLVFKPDQ��5�%����������³3UHOLPLQDU\�UHVXOWV�RI�WKH�VKDNH�
WDEOH�WHVWLQJ�IRU�GHYHORSPHQW�RI�D�GLDSKUDJP�VHLVPLF�GHVLJQ�PHWKRGRORJ\�´�3&,�-RXUQDO�������������������



�&�$����

�
:DQ�� *��� )OHLVFKPDQ�� 5�%��� 1DLWR�� &�-��� =KDQJ�� '�� �������� ³'HYHORSPHQW� RI� &RQQHFWRU� 0RGHOV� IRU� 1RQOLQHDU�
3XVKRYHU�$QDO\VLV�RI�3UHFDVW�&RQFUHWH�'LDSKUDJPV´��8QGHU�SUHSDULQJ��
�
:DQ��*���)OHLVFKPDQ��5�%��DQG�=KDQJ��'����������³(IIHFW�RI�VSDQGUHO�EHDP�WR�GRXEOH�WHH�FRQQHFWLRQ�FKDUDFWHULVWLF�
RI�IOH[XUH�FRQWUROOHG�SUHFDVW�GLDSKUDJPV´��-��RI�6WUXFWXUDO�(QJ��$6&(��$FFHSWHG�LQ�$SU��������
�
:DQ��*����������³$QDO\WLFDO�'HYHORSPHQW�RI�&DSDFLW\�'HVLJQ�)DFWRUV�IRU�$�3UHFDVW�&RQFHWH�'LDSKUDJP�6HLVPLF�
'HVLJQ�0HWKRGRORJ\´��3K�'�GLVVHUWDWLRQ��WKH�8QLYHUVLW\�RI�$UL]RQD��7XFVRQ��$=��
�
=KDQJ�� '�� DQG� )OHLVFKPDQ�� 5�%�� �������� ³� (VWDEOLVKPHQW� RI� 6HLVPLF� 'HVLJQ� )RUFH� )DFWRUV� IRU� 3UHFDVW� &RQFUHWH�
'LDSKUDJPV´��8QGHU�SUHSDUDWLRQ��
�
=KDQJ�� '��� )OHLVFKPDQ�� 5�%��� 1DLWR�� &��� DQG� 5HQ�� 5�� �������� ³([SHULPHQWDO� (YDOXDWLRQ� RI� 3UHWRSSHG� 3UHFDVW�
'LDSKUDJP�&ULWLFDO�)OH[XUH�-RLQW�XQGHU�6HLVPLF�'HPDQGV�´�-��6WUXFW��(QJ��$6&(��$FFHSWHG�LQ�'HF�������
�
%����127$7,21�
Cy� ��� �FRPSUHVVLRQ�VWUHQJWK�RI�SLQFKLQJ�PRGHO��
F� ��� �WHQVLRQ�IRUFH�LQSXWV�RI�VWLIIQHVV�GHJUDGDWLRQ�PRGHO��
Fv� ��� �VKHDU�IRUFH�LQSXWV�RI�VWUHQJWK�GHJUDGDWLRQ�PRGHO��
M� ��� �0RPHQW��
N� ��� �QXPEHU�RI�FRQWURO�SRLQWV�IRU�VWLIIQHVV�GHJUDGDWLRQ�PRGHO��
n� ��� �QXPEHU�RI�UHSHDWHG�F\FOHV�DW�WKH�VDPH�ORDGLQJ�DPSOLWXGH��
R� ��� �UHVLGXDO�VWUHQJWK�RI�OLQN�HOHPHQW�LQ�VWLIIQHVV�GHJUDGDWLRQ�PRGHO��
T� ��� �FKRUG�WHQVLRQ�IRUFH��
Ty Tu� ��� �FKRUG�WHQVLRQ�\LHOG��XOWLPDWH�IRUFH��
t� ��� �WKH�WKLFNQHVV�RI�GLDSKUDJP��
V� ��� �VKHDU�IRUFH�RI�WKH�VKHDU�FRQQHFWRU��
Vy� ��� �SHDN�VKHDU�IRUFH�RI�WKH�VKHDU�FRQQHFWRU��
D� ��� �UDWLR�RI�HODVWLF�SODVWLF�VSULQJ�VWUHQJWK�RYHU�WRWDO�VWUHQJWK��
'���������� �GHIRUPDWLRQ�FRUUHVSRQGLQJ�WR�WKH�SHDN�ORDG��
GW� ��� �FKRUG�GHIRUPDWLRQ��RSHQLQJ���
GW\�GWX� ��� �FKRUG�\LHOG��XOWLPDWH�GHIRUPDWLRQ��RSHQLQJ���
GY� ��� �VKHDU�FRQQHFWRU�GHIRUPDWLRQ��VOLGLQJ���
GYD� ��� �DEVROXWH�VOLGLQJ�RI�VKHDU�FRQQHFWRU��
GvaS� ��� �DEVROXWH�SODVWLF�VOLGLQJ�RI�VKHDU�FRQQHFWRU��
GvcS� ��� �FXPXODWLYH�SODVWLF�VOLGLQJ�RI�VKHDU�FRQQHFWRU��
GvH� ��� �HODVWLF�VOLGLQJ�RI�VKHDU�FRQQHFWRU��
GvaS� ��� �DEVROXWH�SODVWLF�VOLGLQJ�RI�VKHDU�FRQQHFWRU��
H0� ��� �FRQFUHWH�VWDLQ�DW�SHDN�FRPSUHVVLRQ�VWUHQJWK��
P  �FRHIILFLHQW�IULFWLRQ��
T  �DQJOH�RI�LQFOLQHG�HOHPHQW�LQ�WKH�WHQVLRQ�VKHDU�FRXSOLQJ�PRGHO��
T’� ��� �MRLQW�URWDWLRQ��
�
�
�
�
�
�
�
�
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$SSHQGL[�%���'LDSKUDJP�0RGHO�&DOLEUDWLRQ�XVLQJ�3UHFDVW�-RLQW�7HVWV�
�

7KH��'�)(�GLVFUHWH�GLDSKUDJP�PRGHO�GHVFULEHG�LQ�$SSHQGL[�%��ZDV�XVHG�LQ�DQDO\VLV�GULYHQ�WHVWLQJ�
RI� FULWLFDO� UHJLRQV� RI� WKH� SUHFDVW� IORRU� GLDSKUDJP�� 7KHVH� WHVWV� DOORZHG�� ���� HYDOXDWLRQ� RI� WKH� VHLVPLF�
EHKDYLRU� RI� NH\� UHJLRQV� LQ� WKH� SUHFDVW� GLDSKUDJP�� DQG� ���� YHULILFDWLRQ� RU� IXUWKHU� FDOLEUDWLRQ� RI� WKH�
FRQQHFWLRQ�PRGHOV�XVHG�LQ�WKH��'�)(�GLVFUHWH�PRGHOV����

7KLV�SRUWLRQ�RI� WKH�UHVHDUFK��DQDO\VLV�GULYHQ� LQWHJUDWHG�SK\VLFDO� WHVWV��ZDV�D�FROODERUDWLRQ�EHWZHHQ�
'6'0�UHVHDUFKHUV�DW�WKH�8QLYHUVLW\�RI�$UL]RQD��8$��DQG�/HKLJK�8QLYHUVLW\��/8���DQG�ZDV�SHUIRUPHG�DW�
WKH�/8�WHVWLQJ�IDFLOLWLHV��7KH�WHVWLQJ�SURFHGXUH� LQWHJUDWHG�DQDO\WLFDO�FRPSRQHQWV��PRGHO�EDVHG�VWUXFWXUH�
VLPXODWLRQ�DW�8$��ZLWK�H[SHULPHQWDO�FRPSRQHQWV��SK\VLFDO�WHVW�VXEVWUXFWXUH�DW�/8���7KH�ORDG�DSSOLHG�WR�
WKH�/8�WHVW�VSHFLPHQV�ZDV�FRQWUROOHG�E\�RXWSXW�IURP�QRQOLQHDU�WUDQVLHQW�G\QDPLF�DQDO\VHV��1/7'$��RI�
WKH� WKUHH�GLPHQVLRQDO� ILQLWH� HOHPHQW� ��'�)(�� DQDO\WLFDO� PRGHOV� RI� SUHFDVW� VWUXFWXUHV�� 7KH� DQDO\WLFDO�
PRGHOV�XVH�GLVFUHWH�UHSUHVHQWDWLRQV�RI�WKH�UHLQIRUFHPHQW�LQ�WKH�SUHFDVW�GLDSKUDJP�WKURXJK�WKH�LQFOXVLRQ�RI�
F\FOLF�FRQQHFWRU�HOHPHQWV� LQ� WKH�PRGHO��6HH�$SSHQGLFHV�%���%����)RU�EUHYLW\�� WKHVH�PRGHOV�DUH�KHUHLQ�
WHUPHG�DV�3D NLTDA�PRGHOV�WKURXJKRXW�WKH�$SSHQGL[��

7ZR�VHSDUDWH�WHVWLQJ�SURJUDPV�DUH�SHUIRUPHG���D��7KH�HYDOXDWLRQ�RI�D�GLDSKUDJP�FULWLFDO�IOH[XUH�MRLQW�
XQGHU� SUHGHWHUPLQHG� GLVSODFHPHQW� KLVWRULHV� GHULYHG� IURP� 1/'7$�� DQG�� �E�� 7KH� HYDOXDWLRQ� RI� D�
GLDSKUDJP� FULWLFDO� VKHDU� MRLQW� XVLQJ� K\EULG� �DGDSWLYH�� WHVWLQJ� WHFKQLTXHV�� LQ� ZKLFK� WKH� 1/7'$� DQG�
H[SHULPHQW�DUH�SHUIRUPHG�VLPXOWDQHRXVO\��ZLWK�WKH�SK\VLFDO�WHVW�VSHFLPHQ�DFWLQJ�DV�D�VXEVWUXFWXUH�RI�WKH�
DQDO\WLFDO� PRGHO� VXSHUVWUXFWXUH�� %RWK� WHVWV� DUH� SHUIRUPHG� DW� KDOI�VFDOH� XVLQJ� D� VSHFLDO� WHVWLQJ� IL[WXUH�
GHYHORSHG�DW�/HKLJK�8QLYHUVLW\��7KH�WHVW�IL[WXUH�DFFHSWV�D�SDLU�RI�SUHFDVW�IORRU�SDQHOV�DQG�LV�FDSDEOH�RI�
VLPXOWDQHRXVO\�SURYLGLQJ�VKHDU��D[LDO�DQG�PRPHQW�WR�WKH�MRLQW�EHWZHHQ�WKH�SDQHOV��

6HFWLRQ�%����GHVFULEHV�WKH�SUHGHWHUPLQHG�GLVSODFHPHQW�KLVWRU\��3'+��WHVWLQJ�RI�D�GLDSKUDJP�FULWLFDO�
IOH[XUH�MRLQW��6HFWLRQ�%����GHVFULEHV�WKH�K\EULG�WHVWLQJ�RI�D�GLDSKUDJP�FULWLFDO�VKHDU�MRLQW��
�
7$%/(�2)�&217(176�
�
%����3'+�7(67�2)�',$3+5$*0�&5,7,&$/�)/(;85(�-2,17��««««««���«���S��&�$�����

�
%����+<%5,'�7(67,1*�2)�',$3+5$*0�&5,7,&$/�6+($5�-2,17«««««������S��&�$�����

�
%����5()(5(1&(6««««�««�«««««««««««««««««««�������«���S��&�$�����
�
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%����3'+�7(67�2)�',$3+5$*0�&5,7,&$/�)/(;85(�-2,17�
,Q� WKLV� WHVWLQJ� SURJUDP�� DQDO\VLV�GULYHQ� LQWHJUDWHG� SK\VLFDO� WHVWLQJ� LV� ILUVW� XVHG� WR� H[DPLQH� WKH�

VHLVPLF�SHUIRUPDQFH�RI�D�FULWLFDO�IOH[XUH�MRLQW�LQ�D�SUHWRSSHG�SUHFDVW�FRQFUHWH�GLDSKUDJP��&ULWLFDO�IOH[XUH�
MRLQW� UHIHUV� WR� WKH� IORRU� MRLQW� XQGHUJRLQJ� WKH� KLJKHVW� LQ�SODQH� IOH[XUDO� GHPDQGV� LQ� WKH� GLDSKUDJP��$���
VWRU\�SUHFDVW�SDUNLQJ�JDUDJH�LV�XVHG�DV�WKH�HYDOXDWLRQ�VWUXFWXUH��6HH�)LJ��%������$��'�1/7'$�PRGHO�RI�
WKLV�VWUXFWXUH�LV�FUHDWHG�DV�GHVFULEHG�LQ�$SSHQGL[�%���6LPXODWLRQ�RI�WKLV�VWUXFWXUH�LV�XVHG�WR�FRQWURO� WKH�
ORDGLQJ�RI�D�WHVW�VSHFLPHQ��ZKLFK�UHSUHVHQWV�WKH�GLDSKUDJP�KLJK�IOH[XUH�UHJLRQ�LQ�WKH�VWUXFWXUH��VKDGHG�
UHJLRQ�LQ�)LJ�%�������

�
7UDIILF�UDPS�

/RQJLWXGLQDO�ZDOO�7UDQVYHUVH�ZDOO�
6SDQGUHO�

3UHFDVW�IORRU�XQLWV�

,QYHUWHG�7HH�EHDP�

&KRUG�FRQQHFWRU
�

6KHDU�FRQQHFWRU
�

�
)LJ��%�����3'+�HYDOXDWLRQ�VWUXFWXUH����VWRU\�SDUNLQJ�VWUXFWXUH��

�
7KH� VHLVPLF� ORDGLQJ� LV� DSSOLHG� DV� SUHGHWHUPLQHG� GLVSODFHPHQW� KLVWRULHV� �3'+V��� UHSUHVHQWLQJ� WKH�

LQWHUIDFH�GHJUHHV�RI�IUHHGRP��'2)��EHWZHHQ�WKH�DQDO\WLFDO�VXSHUVWUXFWXUH�DQG�SK\VLFDO�VXEVWUXFWXUH��7KH�
3'+V�VXEMHFW�WKH�FULWLFDO�IOH[XUDO�MRLQW�WR�WKH�VOLGLQJ�DQG�RSHQLQJ�KLVWRULHV�H[SHULHQFHG�LQ�WKH�DQDO\WLFDO�
VXSHUVWUXFWXUH�GXULQJ�WKH�HDUWKTXDNH�VLPXODWLRQV���

7KH� HYDOXDWLRQ� VWUXFWXUH� LV� GHVLJQHG� ZLWK� WULDO� IDFWRUV� IURP� WKH� GHVLJQ� PHWKRGRORJ\�� 7KH�
GLDSKUDJP� MRLQW� LV�GHWDLOHG�ZLWK�+'(� UHLQIRUFHPHQW��7KXV�� WKH� WHVWLQJ�SURJUDP� LQWHQGV� WR� H[DPLQH� WKH�
MRLQW�XQGHU�DQWLFLSDWHG�VHLVPLF�GHPDQGV��LQFOXGLQJ�WKRVH�WKDW�H[WHQG�UHVSRQVH�LQWR�WKH�LQHODVWLF�UHJLPH���

7KH� DQDO\WLFDO� PRGHO� RI� WKH� HYDOXDWLRQ� VWUXFWXUH� LV� VKRZQ� LQ� )LJXUH� %���D�� 7KH� H[SHULPHQWDO�
VXEVWUXFWXUH�LV�D�SRUWLRQ�RI�WKH�IORRU�GLDSKUDJP�LQ�WKH�KLJK�IOH[XUH�UHJLRQ��VHH�VROLG�SDQHOV�)LJXUH�%���D���
7KH�WHVW�VSHFLPHQ�UHSOLFDWHV�WKLV�UHJLRQ��FRPSRVHG�RI�WKH�WZR�SUHWRSSHG�SUHFDVW�'7�XQLWV�VXUURXQGLQJ�WKH�
FULWLFDO�IOH[XUH�MRLQW��)LJXUH�%���E���7KH�XQLWV�DUH�FRQQHFWHG�E\�GLDSKUDJP�UHLQIRUFLQJ�HOHPHQWV�GHVLJQHG�
IRU�VHLVPLF�SHUIRUPDQFH��7KH�H[SHULPHQW�LV�FRQGXFWHG�DW�KDOI�VFDOH��6HLVPLF�GHPDQGV�DUH� LQWURGXFHG�WR�
WKH�VSHFLPHQ�WKURXJK�LQWHUIDFH�GLVSODFHPHQWV�EHWZHHQ�WKH�DQDO\WLFDO�VXSHUVWUXFWXUH�DQG�WKH�H[SHULPHQWDO�
VXEVWUXFWXUH��ZKLWH�DUURZV�LQ�)LJXUH�%���D��ZKLFK�DUH�JHQHUDWHG�IURP�1/7'$��7KLV�ORDGLQJ�FRQGLWLRQ�LV�
UHDOL]HG�WKURXJK�D�WHVW�IL[WXUH��)LJXUH�%���E��FDSDEOH�RI�VLPXOWDQHRXVO\�VWDWLFDOO\�SURYLGLQJ�VKHDU��D[LDO�
DQG�PRPHQW�WR�WKH�MRLQW��1DLWR�HW�DO���������

� �

7UDQVYHUVH�
'LUHFWLRQ�

/RQJLWXGLQDO�
'LUHFWLRQ

�
�D��$QDO\WLFDO�VXSHUVWUXFWXUH���������������E��([SHULPHQWDO�VXEVWUXFWXUH��

)LJ��%�����3'+�WHVW�SURJUDP��
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7KH�REMHFWLYHV�RI�WKH�3'+�WHVWLQJ�SURJUDP�DUH�WR���
����([DPLQH�WKH�VHLVPLF�SHUIRUPDQFH�RI�D�IOH[XUH�FULWLFDO�SUHWRSSHG�SUHFDVW�FRQFUHWH�GLDSKUDJP�MRLQW�

LQFOXGLQJ���D��WKH�IOH[XUDO�VWUHQJWK�DQG�VWLIIQHVV�XQGHU�SURJUHVVLYH�GDPDJH���E��WKH�URWDWLRQDO�GHIRUPDWLRQ�
FDSDFLW\� XQGHU� UHDOLVWLF� F\FOLF� ORDGLQJ�� DQG� �F�� WKH� IDLOXUH�PRGHV� LQFOXGLQJ�PDSSLQJ� GDPDJH� OHYHOV� WR�
VHLVPLF�KD]DUG��

����&DOLEUDWH�WKH��'�1/7'$�PRGHO��GHYHORSHG�XVLQJ�WHVW�UHVXOWV�RI�LVRODWHG�GLDSKUDJP�UHLQIRUFLQJ��
���� 'HWHUPLQH� WKH� V\VWHP� EHKDYLRU� RI� LQGLYLGXDO� UHLQIRUFLQJ� HOHPHQWV� DFWLQJ� WRJHWKHU� XQGHU�

FRPELQDWLRQV�RI�LQWHUQDO�VKHDU��D[LDO�IRUFH�DQG�IOH[XUH��
����'HPRQVWUDWH�WKH�SHUIRUPDQFH�RI�SUHWRSSHG�GLDSKUDJP�+'(�GHWDLOV�LQ�DFKLHYLQJ�H[SHFWHG�VHLVPLF�

GHPDQGV��
����3UHGLFW�WKH�FULWLFDO�IOH[XUH�MRLQW�SHUIRUPDQFH�RI�D�VKDNH�WDEOH�WHVW�VSHFLPHQ�RI�LGHQWLFDO�GHWDLO�LQ�D�

SDUDOOHO�WKUXVW�RI�WKH�UHVHDUFK��6HH�$SSHQGL[�%����
7KH�IROORZLQJ�DVSHFWV�RI�WKH�WHVWLQJ�SURJUDP�DUH�GHVFULEHG�LQ�WKH�VHFWLRQV�WKDW�IROORZ������(YDOXDWLRQ�

VWUXFWXUH������$QDO\WLFDO�SURJUDP������([SHULPHQWDO�SURJUDP��DQG�����([SHULPHQWDO�UHVXOWV�DQG�DQDO\WLFDO�
FRPSDULVRQ��DQG�����&RQFOXVLRQV��
�
%������3'+�3URWRW\SH�6WUXFWXUH�
6HOHFWLRQ�RI�3URWRW\SH�6WUXFWXUH�

7KH� VHOHFWLRQ� RI� WKH� 3'+� VWUXFWXUH� ZDV� GULYHQ� E\� WZR� FRPSHWLQJ� UHTXLUHPHQWV�� ���� WKH� QHHG� WR�
VXEMHFW� WKH� WHVW� VSHFLPHQ� WR� D� UHDOLVWLF� DQG� GHPDQGLQJ� VHW� RI� GLVSODFHPHQW� KLVWRULHV� H[SHFWHG� RI� D�
GLDSKUDJP�FULWLFDO�IOH[XUH�MRLQW��DQG�����WKH�GHVLUH�WR�XVH�WKLV�WHVW�WR�SUHGLFW�SHUIRUPDQFH�LQ�DQ�XSFRPLQJ�
VKDNH�WDEOH�WHVW��6FKRHWWOHU�HW�DO����������

7R�PHHW� WKH�ILUVW�FULWHULD�� WKH�3'+�VWUXFWXUH�FRQILJXUDWLRQ�ZDV�VHOHFWHG�IURP�D�SRUWIROLR�RI�SUHFDVW�
SURWRW\SH� VWUXFWXUHV� GHYHORSHG� IRU� WKH� SURMHFW� �)OHLVFKPDQ� HW� DO�� ����E��� 7KH� FRQILJXUDWLRQ� VHOHFWHG��
WHUPHG� 36���� LV� D� �� VWRU\� ��ED\� VLGH�E\�VLGH� SDUNLQJ� VWUXFWXUH� ZLWK� SHULPHWHU� VKHDU� ZDOOV�� 7KH� 3'+�
VWUXFWXUH� LV� WKHQ� FUHDWHG� E\�PRGLI\LQJ� WKH� 36��� GLPHQVLRQV� VXFK� WKDW� WKH� FULWLFDO� IOH[XUH� MRLQW� GHVLJQ�
PDWFKHV�WKDW�RI�WKH�VKDNH�WDEOH�VWUXFWXUH��676����

7DEOH�%����FRPSDUHV�WKH�36����676�DQG�3'+�VWUXFWXUHV��)ORRU�SODQ�GLPHQVLRQ�QRWDWLRQ�LV�LQGLFDWHG�
LQ�)LJXUH�%�����WKH�676�IORRU�SODQ�LV�UHFWDQJXODU��L�[�d���$V�VHHQ�LQ�WKH�WDEOH��WKH�IROORZLQJ�PRGLILFDWLRQV�
ZHUH�PDGH�WR�36���WR�PHHW�WKH�GHVLJQ�FRQVWUDLQWV��

����7KH�VKRUW�GLPHQVLRQ�LQ�SODQ��a��LV�PRGLILHG�WR�DOORZ�HDFK�VXEGLDSKUDJP��L�H��GLDSKUDJP�SDUNLQJ�
IODW��GLPHQVLRQ�d��WR�PDWFK�WKH�676�IORRU�GHSWK���IW��

����7KH�'7�ZLGWK��b��LV�PRGLILHG�WR�PDWFK�WKH�676�'7�ZLGWK��IW���
����7KH�ORQJ�GLPHQVLRQ��L���DVSHFW�UDWLR��L�d���QXPEHU�RI�VWRULHV��n���IORRU�WR�IORRU�KHLJKW��h���IORRU�

PDVV� �w�� DQG�6'&�DUH� DOO�PRGLILHG� VXFK� WKDW� WKH�3'+�DQG�676�PD[LPXP�GLDSKUDJP�GHVLJQ�PRPHQW�
HVVHQWLDOO\�PDWFK��a����N�IW���
�
7DEOH�%�����&RPSDULVRQ�RI�36����676�DQG�3'+�VWUXFWXUHV��

6HLVPLF� 6'& h L a d b w Fpx Ȍd Mu 6WUXFWXUH�
/RFDWLRQ� � � IW� IW� IW� IW� IW� SVI NLSV� � � N�IW�

36���� .QR[YLOOH� (� �� ��� ��� �� �� ��� ���� ����� �����
676�� %HUNHOH\� '� �� ��� ��� �� �� ��� ���� ���� �����
3'+�� &KDUOHVWRQ� &� �� ��� ��� �� �� ��� ���� ���� �����

�
7KH�UHVXOWLQJ�3'+�VWUXFWXUH�IORRU�SODQ�LV�VKRZQ�LQ�)LJXUH�%�����$OVR�LGHQWLILHG�LQ�)LJXUH�%����IRU�

ODWHU�GLVFXVVLRQ�DUH�WKH�3'+�VWUXFWXUH�GLDSKUDJP�UHLQIRUFHPHQW�DQG�NH\�GLDSKUDJP�MRLQWV��
7KH� VKHDU�ZDOOV� DUH� RQ� WKH� VWUXFWXUH� SHULPHWHU� �)LJXUH�%������ D� SDLU� RI� ��IW� WUDQVYHUVH�ZDOOV� DQG�

VLQJOH���IW�ORQJLWXGLQDO�ZDOO�DW�HDFK�HQG�RI�WKH�IORRU��7KH�V\PPHWULF�ORQJLWXGLQDO�ZDOOV�RI�36���DUH�RIIVHW�
DERXW� WKH� V\PPHWU\� OLQH� LQ� WKH� 3'+� VWUXFWXUH�� 7KLV� OD\RXW�� QRW� XQFRPPRQ� LQ� SDUNLQJ� VWUXFWXUHV�� LV�
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DGRSWHG�KHUH�WR�HOLPLQDWH�WKH�FRQILQLQJ�HIIHFW�RI�WKH�ORQJLWXGLQDO�ZDOO�RQ�WKH�FULWLFDO�IOH[XUH�MRLQW��ZKLOH�
DOVR� LQWURGXFLQJ� ORQJLWXGLQDO� ZDOO� FROOHFWRU� IRUFHV� WR� WKLV� MRLQW�� WKHUHE\� FUHDWLQJ� D� KLJKO\� GHPDQGLQJ�
FRQGLWLRQ��

���IW

d ���IW

���IW

a ���IW

���IW

���IW L
 ���IW

���IW
&ULWLFDO

�IOH[XUH�MRLQW
&ULWLFDO

VKHDU�MRLQW��

������W\S�

4XDUWHU�MRLQW��-9, ��-9,
L
 ���IW

L� �����IW

&ULWLFDO
VKHDU�MRLQW��
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EDUV

8S
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��ERQGHG
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b ��IW

x

�
)LJ��%�����3ODQ�RI�3'+�VWUXFWXUH��

�
3'+�6WUXFWXUH�/)56�'HVLJQ�

7KH�3'+�VWUXFWXUH�VHLVPLF�GHVLJQ�LV�EDVHG�RQ�H[LVWLQJ�FRGH��,%&��������ZLWK�WKH�DGRSWLRQ�RI�FHUWDLQ�
DVSHFWV� RI� WKH� HPHUJLQJ�PHWKRGRORJ\� IRU� GLDSKUDJP�GHVLJQ�� 7KH� VLWH� LV�&KDUOHVWRQ� �6&��� 6'&�'�� VRLO�
FODVV� )� �6V ������ 6� ������7KH� VHLVPLF�UHVLVWDQW� V\VWHP� LV� VSHFLDO� UHLQIRUFHG� FRQFUHWH� �5&�� VKHDU�ZDOO�
�5 ���ȍR �����&G ����7KH�(TXLYDOHQW�/DWHUDO�)RUFH��(/)��SURFHGXUH��&V �������7 �����VHF��DSSHDUV�LQ�
7DEOH�%�����
�
7DEOH�%�����(/)�GHVLJQ�IRU�3'+�VWUXFWXUH��

)ORRU� hx ��wx� wxhx
k cvx Fx 6KHDU� 0RPHQW

� � IW� NLSV� � � � � NLSV� NLSV� N�IW�
�� ��� ������ ������� ������ ����� ��� ���
�� ��� ������ ������� ������ ����� ����� ������
�� ��� ������ ������� ������ ����� ����� �������
6XP�� � � ������ ������� ������ ����� ����� �������

�
7DEOH�%�����6KHDU�ZDOO�GHVLJQ�IRU�3'+�VWUXFWXUH��

%DVH�6KHDU� 0RPHQW &KRUG� :HE� II0Q�6KHDU�:DOO��
�NLSV�� �N�IW�� EDUV� 5HLQIRUFLQJ� �N�IW��

7UDQVYHUVH�� ���� ����� ������� ������#���IW� �����
/RQJLWXGLQDO�� ���� ������ �������� ������#���IW� ������
�

7DEOH�%���� SURYLGHV� WKH� VKHDU�ZDOO� GHVLJQ�� ,QHODVWLF� DFWLRQ� LV� DVVXPHG� WR� EH� OLPLWHG� WR� WKH� EDVH��
)LJXUH� %���D� VKRZV� WKH� EDVH� GHWDLO� IRU� HDFK� VKHDU� ZDOO�� FKRUG� EDUV� LQ� ERXQGDU\� HOHPHQWV� DQG� ZHE�
UHLQIRUFHPHQW� DW� PD[LPXP� DOORZDEOH� VSDFLQJ� SURGXFH� WKH� UHTXLUHG� IOH[XUDO� FDSDFLW\� DV� SHU� $&,� ����
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�������� )LJXUH� %���E� VKRZV� WKH�PRPHQW�FXUYDWXUH� UHVSRQVH� DW� WKH� VKHDU�ZDOO� EDVHV�� 7KH� VROLG� OLQH� LV�
SURGXFHG�IURP�ILEHU�PRGHO�DQDO\VLV��WKH�GRWWHG�OLQH�LV�WKH�EDFNERQH�FXUYH�XVHG�LQ�WKH��'�1/7'$�PRGHO���

���IW

���� ����#����LQ

��IW

���IW
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����#����LQ���� ���#���LQ
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IW�

)LEHU�$QDO\VLV
%LOLQHDU�&XUYH�ILW

ĳI0Q��/RQJ�

ĳI0Q��7UDQ�

/RQJ��:DOO

7UDQ��:DOO

�
�D��'HWDLOLQJ���������������������������E��3XVKRYHU�UHVSRQVH�DW�EDVH��

)LJ��%�����6KHDU�ZDOO�LQ�3'+�VWUXFWXUH��
�
3'+�6WUXFWXUH�'LDSKUDJP�'HVLJQ�

7KH�GLDSKUDJP�GHVLJQ�RI�3'+�VWUXFWXUH�LV�EDVHG�RQ�WKH�GHVLJQ�PHWKRGRORJ\�LQ�3$57����$�FRQVWDQW�
GLDSKUDJP�GHVLJQ�IRUFH�SURILOH�DVVLJQHG�WKH�FXUUHQW�PD[LPXP�GLDSKUDJP�IRUFH�����N��IURP�7DEOH�%�����
LV�XVHG�LQ�DFFRUGDQFH�ZLWK�WKH�HPHUJLQJ�GHVLJQ�PHWKRGRORJ\��5HGXFHG�GHVLJQ�RSWLRQ��5'2��LV�DGRSWHG�
IRU�GHVLJQLQJ� WKH�3'+�VWUXFWXUH��$FFRUGLQJ� WR�5'2��D�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRU�<U�ZLOO�EH�
DSSOLHG�WR�WKH�GLDSKUDJP�GHVLJQ�IRUFH��7KH�YDOXH�RI�<U�LV�DVVLJQHG�DV�����EDVHG�RQ�WKH�1/7'$�DQDO\VHV�
IRU�GHVLJQLQJ�WKH�GLDSKUDJP�RI�VKDNH�WDEOH�WHVW�VSHFLPHQ��,W�LV�QRWLFHG�WKDW�WKH�3'+�VWUXFWXUH�LV�GHVLJQHG�
IRU� &KDUOHVWRQ� VLWH�� 7KLV� DPSOLILHG� GLDSKUDJP� GHVLJQ� IRUFH� LV� DSSUR[LPDWHO\� HTXDO� WR� WKH� FXUUHQW�
GLDSKUDJP�GHVLJQ�IRUFH�SHU��,%&�������IRU�%HUNHOH\�VLWH��7KHUHIRUH�LW�DOORZV�FKHFNLQJ�WKH�SHUIRUPDQFH�RI�
GLDSKUDJP� IOH[XUDO� MRLQW� XQGHU� ERWK� QHZ� GHVLJQ� DQG� FXUUHQW� GHVLJQ� PHWKRG� E\� LPSRVLQJ� HDUWKTXDNHV�
JURXQG�PRWLRQ�HTXLYDOHQW�WR�&KDUOHVWRQ�VLWH�DQG�%HUNHOH\�VLWH�UHVSHFWLYHO\��

.H\�GLDSKUDJP�MRLQWV�DUH�VKRZQ�LQ�)LJXUH�%����DQG�LQFOXGH������FULWLFDO�IOH[XUH��&)��MRLQWV��VKDGHG�
UHJLRQ�RQ�HDFK�VLGH�RI�WKH�IORRU�������FULWLFDO�VKHDU��&6��MRLQWV�DW�WKH�GLDSKUDJP�HQGV������WKH�LQWHUQDO�EHDP�
MRLQW� DW� WKH� UDPS� ODQGLQJ�� WHUPHG�³VHDP´�� DQG�� ���� WKH� MRLQW� DW�GLDSKUDJP�TXDUWHU� VSDQ� �47���1RWH� WKDW�
ZKLOH�WKH�&)�MRLQW�PXVW�EH�H[SOLFLWO\�GHVLJQHG�WR�FUHDWH�WKH�WHVW�VSHFLPHQ��RWKHU�UHJLRQV�RI�WKH�GLDSKUDJP�
PXVW�DOVR�EH�GHVLJQHG�DFFXUDWHO\�VR�WKDW�WKH�DQDO\WLFDO�PRGHO�SURGXFHV�WKH�SURSHU�1/'7$�UHVXOWV��

7KH� GHVLJQ� IRUFHV� DW� WKHVH� MRLQWV� DUH� JLYHQ� LQ� 7DEOH� %����� 6RPH� FRPPHQW� LV� UHTXLUHG� RQ� WKH�
SURFHGXUH� WR�FDOFXODWH� WKHVH� LQWHUQDO� IRUFHV��7KH�GLDSKUDJP�IRUFH�SDWK� LQ�SDUNLQJ�VWUXFWXUHV� LV�FRPSOH[�
�:RRG� HW� DO�� ������ DQG� WKH� IRUFH� GLVWULEXWLRQ� FKDQJHV� GHSHQGLQJ� RQ� WKH� FRQGLWLRQ� RI� WKH� VHDP�
�)OHLVFKPDQ�HW�DO���������DQDORJRXV�WR�D�IL[HG�HQGHG�EHDP�ZKLOH� WKH�VHDP�UHPDLQV�LQWDFW��DQG�D�VLPSOH�
EHDP� DIWHUZDUG�� )RU� FRQVHUYDWLVP�� WKH� VLPSOH� EHDP� DVVXPSWLRQ� LV� XVHG� WR� FDOFXODWH� WKH� PLGVSDQ�
GLDSKUDJP� PRPHQW�� 7KLV� DSSURDFK� UHVXOWV� LQ� WKH� IROORZLQJ� H[SUHVVLRQ� IRU� Mu�x��� EDVHG� RQ� WKH� ORDG�
WULEXWDU\�WR�RQH�VXEGLDSKUDJP��ȌrFpxd/a ���N��SHU�3&,�+DQGERRN����������

^ `LxLFadxLFadxM pxpxru ������������������������ ����< ������ ���(T�����

7KH�VKHDU�GHVLJQ�DFFRXQWV�IRU�ERWK�DQ�LQWDFW�VHDP��&6���DQG�D�³IDLOHG´�VHDP�FRQGLWLRQ��&6���FDVH��
7KH�H[SUHVVLRQ�IRU�WKH�UHTXLUHG�GHVLJQ�VKHDU�LV��
�

LxFadxV pxru �������� < ������������������������������������� � � ����(T�����
�

7KH�LQWDFW�VHDP�FRQGLWLRQ�LV�XVHG�WR�GHWHUPLQH�WKH�PD[LPXP��QHJDWLYH��PRPHQW�DW�&6���DQDORJRXV�
WR�D�IL[HG�HQG�PRPHQW����
�
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^ `����
������� LLFadM pxru �< ������������������������������ � � ����(T�����
�

7KH�VHDP�LV�GHVLJQHG�IRU�WULEXWDU\�VKHDU�IORZ��VrQ�I��DV�SHU�3&,�+DQGERRN�����������
� � �

 ������� addaVLdaIQVLV rru �  �������������������������� � ���(T�����

�
7DEOH�%�����'LDSKUDJP�GHVLJQ�IRUFHV�IRU�3'+�VWUXFWXUH��

x Vu   Mu   /RFDWLRQ�
IW� NLSV (T� N�IW� (T��

&ULWLFDO�IOH[XUH�MRLQW��&)�� �� �� ��� ���� ����
4XDUWHU�MRLQW��47�� ��� ��� ��� ���� ����
&ULWLFDO�VKHDU�MRLQW����&6�� ��� ��� ��� ���� ����
&ULWLFDO�VKHDU�MRLQW����&6�� ��� ��� ��� ���� ����
6HDP� 1$ ��� ��� ���� ����

�
7KH� VHDP� LV� DOVR� VXEMHFWHG� WR� D[LDO� IRUFH� DQG� IOH[XUH�� 6LQFH� WKHUH� LV� QR� DFFHSWHG� PHWKRG� IRU�

DFFRXQWLQJ� IRU� WKHVH� IRUFHV� LQ� FXUUHQW� SUDFWLFH�� WKH� VHDP� ZDV� GHVLJQHG� E\� HVWLPDWLQJ� WKH� IRUFHV� DV� D�
GHVLJQHU�PLJKW�ZLWK�DQ�HODVWLF� DQDO\VLV�RI� WKH� IORRU�SODWH��7KH� UHVXOWLQJ� IRUFHV� �N ��N��V ��N ����Vu��
M ���N�IW ����Mu���XQGHU�GLDSKUDJP�GHVLJQ�IRUFH��ȌrFpx��LV�XVHG�WR�VHW�D�GHVLJQ�PRPHQW�DW�WKH�VHDP�RI�
KDOI�WKH�YDOXH�LQ�(T�����LJQRULQJ�D[LDO�IRUFH��7KH�UHVXOWLQJ�VHDP�GHVLJQ�PRPHQW�LV��

^ `����
������� LLFadM pxru �< ������������������������������ � � ����(T������
7KH�XQERQGHG�GU\�FKRUG��ERQGHG�GU\�FKRUG�DQG�-9,�9HFWRU��)LJXUH�%�����DUH�VSHFLILHG�IRU�SULPDU\�

GLDSKUDJP� UHLQIRUFHPHQW� WKURXJKRXW� WKH� 3'+� VWUXFWXUH�� 7KH� XQERQGHG� FKRUG� GHWDLO� HOLPLQDWHV� VKHDU�
WUDQVIHU�ZLWKLQ�WKH�UDQJH�RI�H[SHFWHG�MRLQW�VOLGLQJ��1DLWR�HW�DO��������IRU�EHWWHU�FRQWUROOHG��+'(��IOH[XUH�
UHVSRQVH��6WDQGDUG�IODQJH�WR�IODQJH�DQJOHG�EDU�FRQQHFWRUV��WHUPHG�DV�'7�$�LQ�)LJXUH�%������3LQFKHLUD�HW�
DO��������SRVVHVVLQJ�KLJKHU�VWUHQJWK�WKDQ�WKH�-9,�9HFWRU��DQG�HQGRZHG�KHUH�ZLWK�+'(�FKDUDFWHULVWLFV��DUH�
SURYLGHG�IRU�WKH�VHDP�UHLQIRUFHPHQW��

�
7DEOH�%�����'LDSKUDJP�VKHDU�GHVLJQ�IRU�3'+�VWUXFWXUH��

6KHDU�FRQQHFWRU� %RQGHG�FKRUG�
Vu     

vn 
�� ��RI� Vn ,con vn 

� ��RI� Vn,ch 

Vn ȍY�
-RLQW�

NLSV� NLSV� FRQQ�� NLSV� NLSV� EDUV� NLSV� NLSV� Vu �Vn�

&)� ��� ���� ��� ���� ����� ��� ��� ���� ��
47� ���� ���� ��� ���� ����� ��� ���� ���� ����
&6�� ����� ���� ��� ����� ����� ���� ���� ����� ����
&6�� ���� ���� ��� ����� ����� ���� ���� ����� �����
6HDP� ���� ���� ��� ����� �� ��� �� ����� �����

� ��-9,�9HFWRU�VKHDU�VWUHQJWK�IURP��1DLWR�HW�DO���������DQJOHG�EDU�VKHDU�VWUHQJWK�IURP��3LQFKHLUD�HW�DO��������
�����������%RQGHG�GU\�FKRUG�VKHDU�VWUHQJWK�IURP��1DLWR�HW�DO��������
�
7DEOH�%����SURYLGHV�WKH�GLDSKUDJP�VKHDU�GHVLJQ��6KHDU�VWUHQJWKV�IRU�WKH�ERQGHG�FKRUG��-9,�9HFWRU��

DQG� DQJOHG� EDU� DUH� EDVHG� RQ� WKH� WHVWLQJ� LQGLFDWHG�� $� VKHDU� RYHUVWUHQJWK� IDFWRU�:v����� LV� HQIRUFHG� WR�
SUHYHQW� QRQ�GXFWLOH� VKHDU� OLPLW� VWDWHV� DFFRUGLQJ� WR� WKH� 5'2� GHVLJQ� SURFHGXUH� LQ� WKH� HPHUJLQJ� GHVLJQ�
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PHWKRGRORJ\� �VHFWLRQ�������7KH�VKHDU�RYHUVWUHQJWK� IDFWRU� LV�SUH�VHOHFWHG� WKURXJK�D�SXVKRYHU�SDUDPHWULF�
VWXG\�ILQGLQJ��)OHLVFKPDQ�DQG�:DQ�������DQG�LV�FKHFNHG�WKURXJK�D�VHULHV�RI�WULDO�G\QDPLF�DQDO\VHV��7KH�
QHHGHG� VKHDU� VWUHQJWK� LQ� GLDSKUDJP�KLJK� VKHDU� UHJLRQV� LV� DFKLHYHG� E\� DFWLYDWLQJ� GRZHO� DFWLRQ� LQ� IXOO\�
ERQGHG� FKRUG� UHLQIRUFHPHQW�� 7KLV� WUDQVLWLRQ� LV� SHUIRUPHG� LQ� VWDJHV� �ZLWKRXW� EDU� FXW�RIIV�� DV� VKRZQ� LQ�
)LJXUH�%�����

7DEOH� %���� SURYLGHV� WKH� GLDSKUDJP� IOH[XUH� GHVLJQ�� 7KH� IOH[XUDO� VWUHQJWK� LQFOXGHV� WKH� WHQVLRQ�
FRQWULEXWLRQ�RI�VKHDU�UHLQIRUFHPHQW�DV�SHU�$&,������������DQG�LV�FDOFXODWHG�XVLQJ�DQ�DQDO\WLFDOO\�EDVHG�
SURFHGXUH��:DQ��������7KH�SURFHGXUH�HVWLPDWHV�WKH�QHXWUDO�D[LV�E\�DVVXPLQJ������WKH�FKRUG�UHLQIRUFHPHQW�
KDV�\LHOGHG� LQ� WHQVLRQ�� ���� D� WULDQJXODU� VWUHVV�GLVWULEXWLRQ�H[LVWV� LQ� WKH�FRQFUHWH� LQ� FRPSUHVVLRQ�� ���� WKH�
FRQWULEXWLRQ�RI�WKH�FRPSUHVVLRQ�UHLQIRUFHPHQW�LV�LJQRUHG��
�
7DEOH�%�����'LDSKUDJP�IOH[XUH�GHVLJQ�IRU�3'+�VWUXFWXUH��

6KHDU�FRQQHFWRU� &KRUG����Mu     
tn 

� ��RI� Mn��FRQQ�� tn�� ��RI� Mn��FK��� 
ĳI�Mn�-RLQW�

N�IW� NLSV� FRQQ�� N�IW� NLSV� EDUV� N�IW� N�IW�
&)� ������ ����� �� ����� ����� �� ������ ������
47� ������ ����� �� ����� ����� �� ������ ������
&6�� ����� ����� �� ����� ����� �� ������ ������
&6�� ������ ����� �� ����� ����� �� ������ ������
6HDP��� ����� ������ �� ����� �� �� �� �����

��-9,�9HFWRU�WHQVLRQ�VWUHQJWK�DQG�VWLIIQHVV�IURP��1DLWR�HW�DO��������
��)OH[XUH�VWUHQJWK�IURP�DQDO\WLFDO�EDVHG�SURFHGXUH��:DQ�������
��'U\�FKRUG�WHQVLRQ�VWUHQJWK��WQ�FKRUG� �$VI\�
��$QJOHG�EDU�WHQVLRQ�VWUHQJWK�IURP��3LQFKHLUD�HW�DO���������
�
%������1/7'$�IRU�3'+�6WUXFWXUH�
'\QDPLF�$QDO\VLV�3URFHGXUH�
3D NLTDA Model Description�

7KH� WKUHH�GLPHQVLRQDO� ILQLWH� HOHPHQW� DQDO\WLFDO� PRGHO� ��'� 1/7'$�� XVLQJ� GLVFUHWH� GLDSKUDJP�
PRGHOV�� LQ�ZKLFK� WKH�GLDSKUDJP�FRQQHFWRUV�DUH�GLUHFWO\�PRGHOHG� �UHIHU� WR�Appendix B2�� LV�XVHG�IRU� WKH�
G\QDPLF�DQDO\VLV�RI�WKH�3'+�VWUXFWXUH��7R�VDYH�WKH�FRPSXWHU�WLPH�DQG�VWRUDJH��IXOO�GLVFUHWH�PRGHO�RQO\�
DSSOLHV� WR� FULWLFDO� VHLVPLF� GHPDQG� IORRU�ZKLFK� LGHQWLILHG� DV� WRS� IORRU� E\� WUDLO� G\QDPLF� DQDO\VHV��2WKHU�
QRQ�FULWLFDO� IORRUV� DUH�PRGHOHG�DV� UHGXFHG�GLVFUHWH�PRGHO� �)LJXUH�%������7KH� VKHDU�ZDOO� LV�PRGHOHG�DV�
HODVWLF� VKHOO�HOHPHQW�ZLWK�EDVH�SODVWLF�KLQJH�VSULQJV��7KH�FKRUG� UHLQIRUFHPHQW� LV�PRGHOHG�ZLWK�SLQFKHG�
K\VWHUHWLF�HIIHFW�DQG�WKH�VKHDU�UHLQIRUFHPHQW�LV�PRGHOHG�ZLWK�VWUHQJWK�GHJUDGDWLRQ�K\VWHUHWLF�HIIHFW��7KH�
³SXVKRYHU´�FXUYHV�IRU�WKH�PRGHOV�RI�FKRUG�DQG�VKHDU�UHLQIRUFHPHQW�DUH�VKRZQ�DV�GDVK�OLQH�LQ�)LJXUH�%��
����7KH�VHFRQGDU\�UHLQIRUFHPHQWV�VXFK�DV�'7�VSDQGUHO�DQG�'7�LQWHUQDO�EHDP�FRQQHFWLRQV�DUH�PRGHOHG�
ZLWK�SLQFKHG�K\VWHUHWLF�HIIHFW��
� 7KH� SK\VLFDO� WHVW� LV� SHUIRUPHG� DW� KDOI�VFDOH��7KRXJK� WKH� RSWLRQ� H[LVWV� WR� DQDO\]H� WKH� IXOO�VFDOH�
VWUXFWXUH�DQG�VFDOH�WKH�RXWSXWV�WR�FUHDWH�WKH�3'+��WKH�DSSURDFK�DGRSWHG�LV�WR�VFDOH�WKH�VWUXFWXUH�DQG�XVH�
WKH�RXWSXWV�GLUHFWO\���
���� 7KH�3'+�VWUXFWXUH�LV�UHGXFHG�WR�KDOI�VFDOH�LQ�WKH�DQDO\WLFDO�PRGHO�YLD�WKH�IROORZLQJ�VFDOH�UXOHV��
����6WUXFWXUDO�GLPHQVLRQV�DUH�UHGXFHG�E\�WKH�VFDOH�IDFWRU������'HIRUPDWLRQ�FDSDFLW\�LV�UHGXFHG�E\�WKH�VFDOH�
IDFWRU�� ���� )RUFH� DQG� PRPHQW� VWUHQJWKV� DUH� UHGXFHG� E\� WKH� VTXDUH� DQG� FXELF� RI� WKH� VFDOH� IDFWRU��
UHVSHFWLYHO\��7KH�VLPLOLWXGH�RI�WKH�VFDOHG�PRGHO�ZDV�YHULILHG�WKURXJK�FRPSDULVRQ�RI�VFDOHG�UHVXOWV�IURP�D�
IXOO�VFDOH�PRGHO��
�
�
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Selection of Ground Motion 
)LYH� JURXQG� PRWLRQV� DUH� VHOHFWHG� IRU� WKH� 3'+� WHVW� VHTXHQFH�� 7KH� ILUVW� WKUHH� PRWLRQV� UHSUHVHQW�

VHLVPLF�KD]DUG�IRU�&KDUOHVWRQ�6&�FRUUHVSRQGLQJ�WR�OHYHOV�RI�LQFUHDVLQJ�LQWHQVLW\��VHUYLFH��69&���'HVLJQ�
%DVLV� (DUWKTXDNH� �'%(��� DQG� 0D[LPXP� &RQVLGHUHG� (DUWKTXDNH� �0&(��� 7KH� IRXUWK� PRWLRQ� LV� D� EL�
GLUHFWLRQDO�PRWLRQ� FRUUHVSRQGLQJ� WR� WKH� &KDUOHVWRQ�'%(� OHYHO�� 7KLV�PRWLRQ� LV� LQWHQGHG� WR� VXEMHFW� WKH�
FULWLFDO�MRLQW�WR�WKH�FRPELQHG�HIIHFWV�RI�IOH[XUH�GXH�WR�WKH�WUDQVYHUVH�FRPSRQHQW�LQ�FRQMXQFWLRQ�ZLWK�LQ�
SODQH� WZLVWLQJ� DQG� FROOHFWRU� IRUFHV� GXH� WR� WKH� ORQJLWXGLQDO� FRPSRQHQW�� 7KH� ILQDO� JURXQG� PRWLRQ�
FRUUHVSRQGV�WR�D�%HUNHOH\�0&(�OHYHO��
�
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�
�D��7LPH�KLVWRU\����������������������������������E��5HVSRQVH�VSHFWUXP��

)LJ��%�����*URXQG�PRWLRQV�XVHG�IRU�1/7'$�RI�3'+�VWUXFWXUH��
�

,W� LV� QRWHG� WKDW� WKH� 3'+� VWUXFWXUH� &KDUOHVWRQ� GHVLJQ�� ZKLFK� LQFRUSRUDWHG� GHVLJQ� IDFWRUV� IURP� WKH�
HPHUJLQJ� GHVLJQ� PHWKRGRORJ\� �Ȍr�� ȍv��� FRUUHVSRQGV� URXJKO\� WR� D� FXUUHQW� GLDSKUDJP� GHVLJQ� IRU� WKH�
%HUNHOH\�6'&��7KXV�WKLV�ODVW�WHVW�LV�QRW�RQO\�LQWHQGHG�WR�H[DPLQH�³RYHUORDG´�FRQGLWLRQV��EXW�DOVR�WR�PDNH�
UHIHUHQFHV�RQ�FXUUHQW�GHVLJQ���

7KH� &KDUOHVWRQ� PRWLRQV� DUH� GHYHORSHG� IURP� WKH� ����� 7DLZDQ� HDUWKTXDNH�� VFDOHG� WR� PDWFK� WKH�
&KDUOHVWRQ� 6&� GHVLJQ� VSHFWUXP�� 7KH� %HUNHOH\� PRWLRQ� ZDV� GHYHORSHG� IURP� WKH� ����� 1RUWKULGJH�
HDUWKTXDNH�� VFDOHG� WR�PDWFK� WKH�%HUNHOH\�&$�GHVLJQ� VSHFWUXP� �6FKRHWWOHU� �������7KH� WLPH�KLVWRU\� DQG�
UHVSRQVH�VSHFWUD�RI�WKH�&KDUOHVWRQ�DQG�%HUNHOH\�0&(�DUH�VKRZQ�LQ�)LJXUH�%�����
�
Dynamic Analysis Parameters 

7KH� G\QDPLF� DQDO\VLV� LV� FRQGXFWHG� XVLQJ� WLPH� VWHSV� RI� ����� VHF� IRU�&KDUOHVWRQ� DQG� ������ VHF� IRU�
%HUNHOH\� �WLPH�FRPSUHVVHG� UHFRUGV��� 7KH� WLPH�VWHSSLQJ� WHFKQLTXH� LV� WKH� 1HZPDUN� LQWHJUDWLRQ�PHWKRG�
ZLWK� WZR� VXEVWHSV� SHU� WLPH� VWHS�� 7KH� FRQYHUJHQFH� WHFKQLTXH� LV� D� PRGLILHG� 1HZWRQ�5DSKVRQ� LWHUDWLRQ�
PHWKRG�ZLWK�IRUFH�WROHUDQFH�HUURU�RI�������$16<6��������

$� FRQVHUYDWLYH� YDOXH� RI� ��� HTXLYDOHQW� GDPSLQJ� LV� XVHG� H[FHSW� IRU� WZR� HDUWKTXDNH� UXQV�� WKH� EL�
GLUHFWLRQDO�&KDUOHVWRQ�'%(�DQG�%HUNHOH\�0&(��UHTXLULQJ����HTXLYDOHQW�GDPSLQJ�WR�FRQYHUJH��
�
Sequence of Loading 

7KH� 1/7'$� LV� SHUIRUPHG� IRU� WKH� 3'+� VWUXFWXUH�PRGHO� VXEMHFWLQJ� D� VHW� RI� LQFUHDVLQJ� DPSOLWXGH�
JURXQG�PRWLRQV� �7DEOH�%������(DFK�JURXQG�PRWLRQ� LV� DSSOLHG� WR� WKH�3'+�VWUXFWXUH�PRGHO� LQ� D�SULVWLQH�
VWDWXV��7KH�VHLVPLF�UHVSRQVH�RI�SUHFDVW�FRQFUHWH�GLDSKUDJPV�LQ�SDUNLQJ�VWUXFWXUHV�LV�VRPHZKDW�FRPSOH[�
�/HH�DQG�.XFKPD��������)OHLVFKPDQ�HW�DO���������,I� WKH�VHDPV�VXFFHVVIXOO\�WUDQVIHU� WKH�WULEXWDU\�VKHDU��
WKH� RXWHU� SDUNLQJ� IODWV� DUH� VXEMHFWHG� WR� IOH[XUH� FRPELQHG� ZLWK� D[LDO� IRUFH�� 7KH� OHDGLQJ� IODW� LV� XQGHU�
EHQGLQJ�DQG�WHQVLRQ��WKH�WUDLOLQJ�IODW�XQGHU�EHQGLQJ�DQG�FRPSUHVVLRQ��)LJXUH�%�������
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�D��1RUWK�FULWLFDO�����������������������������������������E��6RXWK�FULWLFDO��

)LJ��%�����'LDSKUDJP�GHIRUPDWLRQ�VKDSH��
�

7KLV� FUHDWHV� D� VLWXDWLRQ� LQ� ZKLFK� WKH� RXWHU� FKRUG� RI� HDFK� IODW� LV� FULWLFDO� �WHQVLRQ� FRPSRQHQW� RI�
EHQGLQJ�DGGLQJ�WR�D[LDO�WHQVLRQ��IRU�HLWKHU�GLUHFWLRQ�RI�YLEUDWLRQ��QRUWK�IODW�WRS�FKRUG�ZKHQ�WKH�GLDSKUDJP�
GHIRUPV�WR�WKH�QRUWK��)LJXUH�%���D��DQG�VRXWK�IODW�ERWWRP�FKRUG�ZKHQ�WKH�GLDSKUDJP�GHIRUPV�WR�WKH�VRXWK�
�)LJXUH�%���E���,I�DOO�3'+V�DUH�SURGXFHG�IURP�HLWKHU�QRUWK�&)�MRLQW�RU�VRXWK�&)�MRLQW��RQO\�WRS�FKRUG�RU�
ERWWRP�FKRUG�ZLOO�LQFXU�ODUJH�ORDGLQJ�GHPDQG��7KHUHIRUH��WKH�RSSRUWXQLW\�H[LVWV�WR�LPSRVH�ODUJH�RSHQLQJ�
GHPDQG� IRU� ERWK� HQGV� RI� FKRUG� LQ� D� VLQJOH� VSHFLPHQ� E\� VXFFHVVLYHO\� DOWHUQDWLQJ� WKH� H[SHULPHQWDO�
VXEVWUXFWXUH�IURP�QRUWK�WR�VRXWK�&)�MRLQW�IRU�GLIIHUHQW�HDUWKTXDNH�ORDGLQJ��HVVHQWLDOO\�IOLSSLQJ�WKH�FULWLFDO�
FKRUG�IURP�WRS�WR�ERWWRP�LQ�WKH�WHVW�ORDGLQJ�VHTXHQFH��7DEOH�%�������
�
7DEOH�%�����/RDGLQJ�VHTXHQFH��

$QDO\VLV� (DUWKTXDNH� ,QWHQVLW\ 'LUHFWLRQ� 3DQHO�XVHG�IRU�WHVW�
3'+��� &KDUOHVWRQ��&+�� 69&� 7UDQVYHUVH� 6RXWK�
3'+��� &KDUOHVWRQ��&+�� '%(� 7UDQVYHUVH� 1RUWK�
3'+��� &KDUOHVWRQ��&+�� 0&(� 7UDQVYHUVH� 6RXWK�
3'+��� &KDUOHVWRQ��&+�� '%(� %L�GLUHFWLRQ��%L�'LU� 1RUWK�
3'+��� %HUNHOH\��%.�� 0&(� 7UDQVYHUVH� 6RXWK�

�
'\QDPLF�$QDO\VLV�5HVXOWV�
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5HVXOWV� DUH� SUHVHQWHG� KHUH� LQ� KDOI�VFDOH� VLQFH� WKH�1/7'$� LV� SHUIRUPHG� DW� KDOI�VFDOH�� )RU� WKH� IXOO�
VFDOH�UHVSRQVH��WKH�IRUFH�DQG�PRPHQW�QHHG�WR�EH�VFDOHG�E\�IRXU�DQG�HLJKW�UHVSHFWLYHO\��GHIRUPDWLRQ�DQG�
WLPH�QHHG�WR�EH�GRXEOHG��
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)LJ��%�����6KHDU�ZDOO�EDVH�PRPHQW�URWDWLRQ�UHVSRQVH��
�
Global Response 
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7KH�JOREDO� UHVSRQVH�RI� WKH�3'+�6WUXFWXUH� LV� VKRZQ� LQ�)LJXUH�%����DQG�)LJXUH�%�����)LJXUH�%����
VKRZV� WKH� FULWLFDO� ��UG�� IORRU� GLDSKUDJP� GHIRUPDWLRQ� �ZKLFK� LV� GHILQHG� DV� WKH� GLIIHUHQFH� EHWZHHQ�
GLDSKUDJP�PLGVSDQ�GLVSODFHPHQW�DQG�WKH�DYHUDJH�RI�GLDSKUDJP�WZR�HQGV�GLVSODFHPHQW��DQG�LQHUWLDO�IRUFH�
WLPH�KLVWRULHV�DFURVV� WKH�HDUWKTXDNH�PRWLRQV��7KH�GHVLJQ�IRUFH�LV� LQGLFDWHG�RQ�WKH�IRUFH�SORW��7KH�VKHDU�
ZDOO�PRPHQW�URWDWLRQ� LV� VKRZQ� LQ� )LJXUH�%���� IRU� VHOHFWHG�PRWLRQV�� )LJXUH�%���D� LQGLFDWHV� &+�'%(�
�3'+���VKHDU�ZDOO�URWDWLRQDO�GHPDQGV�DUH�ZLWKLQ�'%(�GHVLJQ�WDUJHW�SHU�,%&���������)LJXUH�%���E�VKRZV�
WKDW�WKH�ORQJLWXGLQDO�ZDOO�SDUWLFLSDWHV�VLJQLILFDQWO\�LQ�WKH�EL�GLUHFWLRQDO�PRWLRQ��
 
Local Response: Critical Flexure Joint 

)LJXUH�%����VKRZV�WKH�LQWHUQDO�IRUFH�WLPH�KLVWRULHV�IRU�WKH�&)�MRLQW���D��D[LDO�IRUFH���E��VKHDU�IRUFH��
DQG� �F�� PRPHQW�� ,Q� HDFK� FDVH�� WKH� QRPLQDO� GHVLJQ� VWUHQJWKV� DUH� LQGLFDWHG�� 7KRXJK� LQGLYLGXDO� LQWHUQDO�
IRUFH� FRPSRQHQWV� UDUHO\� UHDFK� GHVLJQ� YDOXHV�� WKHLU� FRPELQHG� HIIHFWV� FRQVLVWHQWO\� \LHOG� WKH� GLDSKUDJP�
UHLQIRUFHPHQW�DV�VKRZQ�QH[W��
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)DLOXUH
GHIRUPDWLRQ �

�D��-9,�9HFWRU�VKHDU������E��7RS�FKRUG�WHQVLRQ����F��%RWWRP�FKRUG�WHQVLRQ��
)LJ��%������'LDSKUDJP�UHLQIRUFHPHQW�K\VWHUHWLF�UHVSRQVHV��

�
)RUFH�GHIRUPDWLRQ� UHVSRQVHV�DW� WKH�&)� MRLQW� DUH� VKRZQ� LQ�)LJXUH�%����� IRU� WKH�FHQWHU� -9,�9HFWRU�

FRQQHFWRU� �VKHDU�VOLGLQJ�� DQG� WKH� FKRUGV� �D[LDO� IRUFH�RSHQLQJ��� 7KH� GRWWHG� OLQHV� UHSUHVHQW� SXVKRYHU�
UHVSRQVH� IRU� LQGLYLGXDO� FRQQHFWRU�� 5HFDOO� WKDW� IRU� HDFK� HDUWKTXDNH� PRWLRQ�� WKH� FULWLFDO� FKRUG� VZLWFKHV�
IURP�WRS�WR�ERWWRP��7KH�IROORZLQJ�LV�REVHUYHG��WKH�FULWLFDO�MRLQW�IRUFH�GHIRUPDWLRQ�UHVSRQVH�IRU�&+�69&�
�3'+��� LV� HVVHQWLDOO\� HODVWLF�� )RU� &+� '%(� �3'+���� WKH� WRS� FKRUG� \LHOGV� ZKLOH� WKH� VKHDU� IRUFH�
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GHIRUPDWLRQ� UHVSRQVH� UHPDLQV�HODVWLF�� ,Q�&+�0&(��3'+���� WKH� VKHDU� UHVSRQVH�DOVR�HQWHUV� WKH� LQHODVWLF�
UHJLPH��7KH�PD[LPXP�LQHODVWLF�FKRUG�RSHQLQJ�GHIRUPDWLRQ�LQFUHDVHV�ZLWK�HDFK�VXFFHVVLYH�JURXQG�PRWLRQ�
ZLWK� D� PD[LPXP� RI� DSSUR[LPDWHO\� ����”� LQ� KDOI�VFDOH� IRU� WKH� %.� 0&(�� )RU� UHIHUHQFH�� WKH� FKRUG�
FRQQHFWRU� IDLOXUH� GHIRUPDWLRQ� FDSDFLW\� IURP� LVRODWHG� FRQQHFWRU� WHVW� �1DLWR� HW� DO�� ������ LV� VKRZQ��
LQGLFDWLQJ�WKH�OLNHOLKRRG�RI�IDLOXUH�GXULQJ�WKH�%.�0&(�PRWLRQ��,W�LV�QRWLFHG�WKDW�LQ�&+�0&(�WKH�FKRUG�
LQHODVWLF�RSHQLQJ�GHIRUPDWLRQ�GHPDQG�LV�OHVV�WKDQ�WKH�FKRUG�IDLOXUH�GHIRUPDWLRQ�ZKLOH�LW�LV�ODUJHU�WKDQ�WKH�
FKRUG� IDLOXUH�GHIRUPDWLRQ� LQ�%.�0&(��7KLV� LPSOLHV� WKH�SURSRVHG�GLDSKUDJP�GHVLJQ�ZLOO� VXUYLYH�0&(�
OHYHO�HDUWKTXDNH�ZKLOH�WKH�FXUUHQW�GLDSKUDJP�GHVLJQ�FDQ�QRW�VXUYLYH�0&(�OHYHO�HDUWKTXDNH��
�
 PDH Generation 

7KH� 3'+V� DUH� JHQHUDWHG� IURP� WKH�1/7'$� DV� WKUHH� FULWLFDO� IOH[XUH� MRLQW� LQWHUIDFH� GLVSODFHPHQWV��
MRLQW�VOLGLQJ��MRLQW�RSHQLQJ�DW�WRS�FKRUG�DQG�MRLQW�RSHQLQJ�DW�ERWWRP�FKRUG��$V�GLVFXVVHG�DERYH��WKH�3'+V�
ZLOO�VXFFHVVIXO�SXW� WKH�FULWLFDO�IOH[XUH�MRLQW�IURP�HODVWLF�IOH[XUDO�GHPDQG�LQWR�LQHODVWLF�IOH[XUDO�GHPDQG��
DQG�IXUWKHU�LQWR�FORVH�IDLOXUH�GHPDQG�XQGHU�RYHUORDG�JURXQG�PRWLRQ�ZLWK�QRQ�WULYLDO�MRLQW�VKHDU�GHPDQG��
7KH�3'+V�LV�VKRZQ�LQ�VHTXHQFH�LQ�)LJXUH�%������
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�D��2SHQLQJ�DW�WRS������������������E��2SHQLQJ�DW�ERWWRP����������������������������F��6OLGLQJ��

)LJ��%������3'+V�IURP�1/7'$��
�
%������([SHULPHQWDO�3URJUDP�

7KH�SK\VLFDO�SRUWLRQ�RI�WKH�3'+�WHVW�LV�FRQGXFWHG�DW�/8��7KH�/8�UHVHDUFKHUV�GHVLJQHG�DQG�SURGXFHG�
WKH� WHVW� VSHFLPHQ�� VHW� XS� WKH� WHVW� IL[WXUHV�� DQG� FRQGXFWHG� WKH� WHVW�ZLWK� WKH�3'+V� LQSXW� JHQHUDWHG� IURP�
1/7'$�DW�8$��7KH�H[SHULPHQWDO�SURJUDP�LV�EULHIO\�GLVFXVVHG�LQ�WKLV�VHFWLRQ��
�
6SHFLPHQ�'HWDLO�
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)LJ��%������6SHFLPHQ�GHWDLO���D��SODQ���E��VLGH�HOHYDWLRQ��RQH�SDQHO�RI�WZR���
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7KH� UHVXOWLQJ� VSHFLPHQ� UHLQIRUFHPHQW� OD\RXW� LV� VKRZQ� LQ� )LJXUH� %������ ,Q� DGGLWLRQ� WR� SULPDU\�
UHLQIRUFHPHQW�� HDFK� SUHFDVW� SDQHO� FRQWDLQV� ::5� IRU� WHPSHUDWXUH� DQG� VKULQNDJH� UHLQIRUFHPHQW� �$&,�
�������&RQYHQWLRQDO�UHLQIRUFLQJ�EDUV�������EDUV�#�����”��DUH�SODFHG�DW�WKH�ERWWRP�RI�WKH�VWHP�LQ�OLHX�RI�
SUHVWUHVVLQJ��)LJXUH�%����E���$QFKRU�KROHV��UHLQIRUFHG�ZLWK�/�VKDSHG����EDUV��DUH�SURYLGHG�DW�WKH�IL[WXUH�
VXSSRUWV��
�
7HVW�)L[WXUH�

7KH� WHVW� VSHFLPHQ� LV� SODFHG� LQ� D� PXOWL�GHJUHH�RI�IUHHGRP� �0'2)�� ORDGLQJ� IL[WXUH� GHYHORSHG�
VSHFLDOO\�IRU�WKH�WHVW�SURJUDP��)LJXUH�%�������7KH�IL[WXUH�SURYLGHV�VLPXOWDQHRXV�FRQWURO�RI�WKUHH�'2)V�LQ�
WKH�SODQH�RI�WKH�VSHFLPHQ�WKURXJK�WKUHH����N�DFWXDWRUV�DWWDFKHG�WR�D�PRYDEOH�VXSSRUW�EHDP��$FWXDWRUV���
�$&7��� DQG� �� �$&7��� FRQWURO� GLVSODFHPHQW� SHUSHQGLFXODU� WR� WKH� MRLQW� DW� WKH� VSHFLPHQ� WRS�QRUWK� DQG�
ERWWRP�VRXWK��SURGXFLQJ�RSHQLQJ�FORVLQJ�RI�WKH�MRLQW���$FWXDWRU����$&7���FRQWUROV�GLVSODFHPHQW�SDUDOOHO�
WR� WKH� MRLQW� �SURGXFLQJ� MRLQW� VOLGLQJ� GLVSODFHPHQW��� ,QGHSHQGHQW� FRQWURO� RI� WKHVH� DFWXDWRUV� DOORZV� IRU�
DSSOLFDWLRQ�RI�WKH�LQWHUIDFH�GLVSODFHPHQWV�GHWHUPLQHG�LQ�WKH�DQDO\WLFDO�VLPXODWLRQV��WKHUHE\�VXEMHFWLQJ�WKH�
VSHFLPHQ�WR�WKH�QRQ�SURSRUWLRQDO�FRPELQDWLRQV�RI�LQ�SODQH�VKHDU��D[LDO�DQG�EHQGLQJ�DFWLRQV�H[KLELWHG�DW�
WKH�SDQHO�MRLQW�GXULQJ�WKH�HDUWKTXDNH�VLPXODWLRQV��
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6HYHQWHHQ� UHODWLYH� GLVSODFHPHQWV� DUH�PHDVXUHG� RQ� WKH� VSHFLPHQ� �)LJXUH�%������ E\�/9'7V�� -RLQW�
RSHQLQJ�GLVSODFHPHQW�DFURVV�HDFK�FRQQHFWRU��'��'����VOLGLQJ�GLVSODFHPHQW�DORQJ�WKH�MRLQW�DW�WKUHH�HTXDO�
JDJHV�RI����’��'��'�����WRWDO�SDQHO�GHIRUPDWLRQ�EHWZHHQ�VXSSRUWV�DW�FKRUG��&���&���DQG�SDQHO�FHQWHUOLQH�
�&����PRYHPHQW�RI�WKH�SDQHO�UHODWLYH�WR�WKH�VXSSRUWV�DW�HDFK�FKRUG�EDFN�HQG��&���&���&���&����$FWXDWRU�
GLVSODFHPHQWV��'1��'2�� DQG�'3� DQG� UHVWRULQJ� IRUFHV� �F1��F2��F3�� DUH� PHDVXUHG� E\� LQWHUQDO� /9'7V� DQG�
H[WHUQDO�ORDG�FHOOV��UHVSHFWLYHO\��

7HVW�/RDGLQJ�3URWRFRO�
Control Algorithm 

7KH�LQWHUIDFH�3'+V�DUH�DSSOLHG�WR�WKH�VSHFLPHQ�XVLQJ�WKH�VDPH�WLPH�GLVFUHWL]DWLRQ�DV�WKH�1/7'$��
'XH�WR�WKH�WHVW�VSHFLPHQ�KLJK�HODVWLF�VWLIIQHVV��GLVSODFHPHQW�FRPPDQGV�DVVRFLDWHG�ZLWK�ORZ�IRUFH�OHYHOV�
DUH�RI�WKH�VDPH�RUGHU�RI�PDJQLWXGH�DV�SOD\�LQ�WKH�DFWXDWRU�FOHYLVH��)RU�WKLV�UHDVRQ��DFWXDWRU�GLVSODFHPHQW�
FRPPDQGV��'���'���'���ZHUH�FRQWUROOHG�WKURXJK�D�PXOWLSOH�ORRS�DUFKLWHFWXUH�XVLQJ�H[WHUQDO�/9'7V�&���&��
DQG�'��� (DFK� RXWHU� ORRS� GLVSODFHPHQW� VWHS� �RQH� 3'+� VWHS�� LV� GLYLGHG� LQWR� VPDOOHU� VXEVWHSV� �DFWXDWRU�
FRPPDQG�LQFUHPHQW�RI������”��FKDQJHG�WR������”�DIWHU�3'+���DW�DSSUR[LPDWHO\� WKH�DFWXDWRU�UHVROXWLRQ�
������”��� ,Q� WKH� LQQHU� ORRS�� HDFK� VXEVWHS� LV� DSSOLHG� WKURXJK� DFWXDWRU� GLVSODFHPHQW� FRQWURO� XQWLO�
GLVSODFHPHQW� WDUJHWV� DUH� DFKLHYHG� DW� &��� &�� DQG� '��� 7KH� VXEVWHSV� DUH� UHSHDWHG�� ZLWK� DFWXDWRUV� QRW�
DFKLHYLQJ� WKH� WDUJHW� ZLWKLQ� D� WROHUDQFH� �RULJLQDOO\� �����”�� FKDQJHG� WR� �����” DIWHU� 3'+��� VOLJKWO\�
H[WHQGHG�RU�UHWUDFWHG��XQWLO�WKH�RXWHU�ORRS�IXOO�VWHS�LV�DFKLHYHG�RQ�DOO�IHHGEDFN�FKDQQHOV���
Transformations of PDH 

)RUFH�DQG�GLVSODFHPHQW�FRPSRQHQWV�DUH�VKRZQ�LQ�)LJXUH�%�����IRU�� �D�� WKH�)(�PRGHO�� �E�� WKH� WHVW�
VSHFLPHQ��DQG���F��DW�WKH�MRLQW��7KH�)(�PRGHO�LQWHUIDFH�'2)V�DUH�WUDQVIRUPHG�WR�/9'7�WHVW�FRQWURO�'2)V�
XVLQJ�(T�����OLNHZLVH��WKH�/9'7�FRQWURO�'2)V�DUH�WUDQVIRUPHG�LQWR�DFWXDWRU�FRPPDQG�'2)V��(T�����DQG�
FDOFXODWHG�JOREDO�GLVSODFHPHQWV��(T������

��� xxxt UUPDHC �  ��������������������������������������������� � � � ��(T���D��

��� xxxb UUPDHC �  ��������������������������������������������� � � � ��(T���E��

��� yyy UUPDHD �  ����������������������������������������� � � ���������������(T���F��

� ��� � dcC ��� ' T �������������������������������������������������� � � �� �(T���D��
� ��� � dcC ��� ' T ��������������������������������������������� � � � ��������������(T���E��
� �ebD ��� ' T�� ��������������������������������������������������� � � � �(T���F��

dCC ����� � T ������������������������������������������������������ � � ��������������(T���D��
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6LPLODUO\��WKH�DFWXDWRU�IRUFHV�DUH�WUDQVIRUPHG�WR�SDQHO�IRUFHV��(T�����DQG�LQWHUQDO�IRUFHV��(T�����DQG�
(T�������EDVHG�RQ�IUHH�ERG\�GLDJUDP��)%'��VKRZQ�LQ�)LJXUH�%����G��

�������� ���� ebFddcFFM ����� ������������������������������� � � ���(T���D��

�� FFN � � � � � � � � � � ���(T���E���

�FV  � � � � � � � � � � ����(T���F�� ��
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�FVmid  ����������������������������������������������������������� � � � � ��(T����F��

bottopbtictji TyyT ������D � � � � � � � ��(T�������
ZKHUH�D�LV�WKH�FKRUG�WR�VKHDU�FRQQHFWRU�VWLIIQHVV�UDWLR�LQ�WHQVLRQ��DW ������RU�FRPSUHVVLRQ��DF �����

DV�GHWHUPLQHG�IURP�WHVWLQJ��1DWLR�DQG�5HQ��������
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/DUJH�VKHDU
H[FXUVLRQ

�VW�PDMRU�RSHQLQJ

&KRUG�ZHOG�IDLOXUH

�
�D��7RS�RSHQLQJ��������E��%RWWRP�RSHQLQJ������������F��6OLGLQJ��

)LJ��%������3'+�DQG�WHVW�FRQWURO�WLPH�KLVWRU\��
�

7KH�3'+�WHVW�LV�FRQGXFWHG�DV�D�TXDVL�VWDWLF�WHVW�ZLWK�D�GLVSODFHPHQW�FRPPDQG�VSHHG�RI�������LQ�VHF��
7KH� DFWXDO� WHVW� FRQWURO� KLVWRULHV� �(T�� ��� DUH� VKRZQ� LQ� )LJXUH�%����� VXSHULPSRVHG� RQ� WKH� DQDO\WLFDOO\�
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GHULYHG� 3'+V�� 7KUHH� GLIIHUHQFHV� DUH� QRWHG�� ���� GXH� WR� WKH� WLPH�LQWHQVLYH� QDWXUH� RI� WKH� WHVWLQJ� FRQWURO�
FRQYHUJHQFH� SURWRFRO�� WKH� WHVW� LQSXW� GDWD� �UHG� OLQHV�� LV� WUXQFDWHG� WR� LQFOXGH� RQO\� WKH� PDMRU� UHVSRQVH�
UHJLRQV�RI�HDFK�HDUWKTXDNH�PRWLRQ������FRQWURO�RI�VOLGLQJ�GLVSODFHPHQWV�LQ�HDUO\�WHVWV�ZDV�SRRU��UHVXOWLQJ�
LQ� VLJQDO� HUURU�� DQG� UHVROYHG� DV� GLVFXVVHG� LQ� Control Algorithm� �VHH� )LJXUH� %����F��� ���� GXULQJ� WKH�
&KDUOHVWRQ�0&(��URXJKO\�PLGSRLQW�RI�WHVWLQJ���D�ODUJH�VKHDU�H[FXUVLRQ�RFFXUUHG��)LJXUH�%����F��3'+����
7KRXJK�XQSODQQHG��LW�SHUPLWV�WKH�H[DPLQDWLRQ�RI�WKH�HIIHFW�RI�VKHDU�GHJUDGDWLRQ�RQ�IOH[XUDO�UHVSRQVH��
�
PDH Test Prediction 

7KH� 3'+V� DUH� GHULYHG� IURP� 1/7'$� ZKLFK� LV� SHUIRUPHG� LQGLYLGXDOO\� IRU� HDFK� JURXQG� PRWLRQ�
ORDGLQJ�ZLWK�SULVWLQH�PRGHO�VWDWXV��)XUWKHU��WKH�FULWLFDO�IOH[XUH�MRLQW�XVHG�IRU�WKH�WHVW�UHYHUVHV�IURP�QRUWK�
WR� VRXWK� IRU� HDFK� VXFFHVVLYH� HDUWKTXDNH� ORDGLQJ�� 6R� WKH� GHWHUPLQDWLRQ� RI� FXPXODWLYH� GDPDJH� DW� HDFK�
FKRUG�UHJLRQ�RYHU�WKH�HQWLUH�WHVW�VHTXHQFH�LV�QRW�SRVVLEOH�XVLQJ�WKH�VWUXFWXUH�PRGHO�ZLWK�1/7'$��7KXV��
WKH�3'+�WHVW�VHTXHQFH�LWVHOI�LV�VLPXODWHG�XVLQJ�D�VWDWLF�QRQOLQHDU�)(�PRGHO�UHSUHVHQWLQJ�WKH�WHVW�VSHFLPHQ�
DQG�ORDGLQJ�IUDPH��)LJXUH�%����E��WKURXJK�D�³UHVWDUW´�IHDWXUH��7KLV�DSSURDFK�DOVR�FUHDWHV�UHDVRQDEOH�ILOH�
VL]HV�DQG�UXQ�WLPHV�IRU�WKH�IXOO�VHTXHQFH��

7KH�SUHGLFWHG�MRLQW�K\VWHUHWLF�UHVSRQVH��)LJXUH�%����F��LV�VKRZQ�LQ�)LJXUH�%������1RPLQDO�GHVLJQ�
VWUHQJWKV�DUH�LQGLFDWHG�LQ�)LJXUH������DV�ZHOO��$Q�M�V�N�LQWHUDFWLRQ�H[SUHVVLRQ�XVHG�ODWHU�LV��
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�D��0RPHQW���������������������������E��$[LDO����������������������������������������F��6KHDU��

)LJ��%������-RLQW�UHVSRQVH�IURP�VWDWLF�DQDO\VHV��
�
%������([SHULPHQWDO�5HVXOWV�

([SHULPHQWDO� UHVXOWV� DUH� SURFHVVHG�� LQWHUSUHWHG� DQG� FRPSDUHG� WR� DQDO\WLFDO� SUHGLFWLRQV� LQ� WKH�
IROORZLQJ�FDWHJRULHV������MRLQW�IRUFH�UHVSRQVH������MRLQW�UHLQIRUFHPHQW�UHVSRQVH������MRLQW�RSHQLQJ�SURILOH��
DQG�����VWLIIQHVV�GHJUDGDWLRQ��
�
-RLQW�)RUFH�5HVSRQVH�

)LJXUH�%�����VKRZV�WKH�PHDVXUHG�IRUFH�UHVSRQVH�KLVWRULHV��(T�����DQG�LQWHUDFWLRQ�H[SUHVVLRQ��(T������
FRPSDUHG� WR� DQDO\WLFDO� SUHGLFWLRQV�� 7KH� DQDO\WLFDO� SUHGLFWLRQV� DUH� VHHQ� WR� EH� UHDVRQDEO\� DFFXUDWH�
WKURXJKRXW��)LJXUH�%����G�LQGLFDWHV�HODVWLF�GLDSKUDJP�UHVSRQVH�GXULQJ�&+�69&�DQG�LQHODVWLF�UHVSRQVH�LQ�
VXFFHHGLQJ�HDUWKTXDNHV��7KH�IDLOXUH�HYHQW��ZHOG�IUDFWXUH�RQ�WKH�FKRUG��LV�QRWHG�DV�WKH�DEUXSW�WHUPLQDWLRQ�
RI�WKH�WHVW�FXUYH�DW�D�ODUJH�FRPELQHG�IRUFH�HYHQW�GXULQJ�WKH�%.�0&(��$V�GLVFXVVHG�LQ�VHFWLRQ�%�������WKH�
GLDSKUDJP� RI� 3'+� VWUXFWXUH� LV� GHVLJQHG� IRU� &KDUOHVWRQ� VLWH� ZLWK� QHZ� GHVLJQ� PHWKRGRORJ\� DQG� LV�
HTXLYDOHQW� WR� WKH� FXUUHQW� GLDSKUDJP� GHVLJQ� IRU� %HUNHOH\� VLWH�� $V� VHHQ� LQ� )LJXUH� %������ WKH� VSHFLPHQ�
VXFFHVVIXOO\� VXUYLYHV� WKH�&+�0&(� EXW� IDLOV� LQ� WKH�%.�0&(�ZKLFK� LPSOLHV� WKDW� WKH� GLDSKUDJP� XQGHU�
SURSRVHG�GHVLJQ�ZLOO�VXUYLYH�WKH�0&(�OHYHO�HDUWKTXDNH�ZKLOH�WKH�GLDSKUDJP�XQGHU�FXUUHQW�GHVLJQ�FDQQRW��
�
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)LJ��%������&ORVH�XS�RI�MRLQW�D[LDO�UHVSRQVH��
�

$�FORVH�XS�RI�GDWD� IURP�)LJXUH�%����D� LQGLFDWHV� WKDW� WKH�)(�PRGHO�XQGHUHVWLPDWHV�D[LDO� IRUFHV� LQ�
HDUO\�WHVWV�)LJXUH�%����D�EXW�RYHUHVWLPDWHV�SHDN�FRPSUHVVLRQ�IRUFHV�LQ�ODWHU�WHVWV�)LJXUH�%����E��7KXV��
WKH�DFWXDO�WHVW�VSHFLPHQ�SRVVHVVHV�KLJKHU�LQLWLDO�VWLIIQHVV�DQG�PRUH�FRQFUHWH�FUXVKLQJ�GHJUDGDWLRQ�WKDQ�WKH�
DQDO\WLFDO�PRGHO��
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6OXJ�ZHOG�IUDFWXUH

0RGHUDWH�FUDFNLQJ

0DMRU
FUDFNLQJ�FUXVKLQJ

0DMRU�FUDFNLQJ

6OLSSDJH

6OLSSDJH

6OLSSDJH

�
�D��7RS�SKRWR��������E��7RS�UHVSRQVH�������F��%RWWRP�UHVSRQVH������G��%RWWRP�SKRWR��

)LJ��%������&KRUG�FRQQHFWLRQ�UHVSRQVHV��
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7KH�MRLQW�PRPHQW�URWDWLRQ�UHVSRQVH�LV�VKRZQ�LQ�)LJXUH�%������7KH�DQDO\WLFDO�PRGHO�VKRZV�H[FHOOHQW�
DJUHHPHQW�H[FHSW�WKDW�WKH�PRGHO�XQGHUHVWLPDWHV�WKH�HQHUJ\�GLVVLSDWLRQ�LQ�HDUO\�WHVW�GXH�WR�WKH�VOLSSDJH�RI�
DFWXDWRU�FOHYLVH�V\VWHP��,W�LV�QRWHG�WKDW�WKH�VOLJKW�GLIIHUHQFH�LQ�D[LDO�IRUFH�H[KLELWHG�LQ�)LJXUH�%�����KDV�
DQ� LPSDFW� RQ� PRPHQW� SUHGLFWLRQ� LQ� WKH� SUHVHQFH� RI� QRQ�QHJOLJLEOH� D[LDO� IRUFH� �)LJXUH� %����E���
XQGHUHVWLPDWHG� FRPSUHVVLRQ� IRUFH� OHDGV� WR� DQ�XQGHUHVWLPDWHG�PRPHQW�� XQGHUHVWLPDWHG� WHQVLRQ� IRUFH� WR�
RYHUHVWLPDWHG� PRPHQW�� )LJXUH� %����H� LQGLFDWHV� D� PD[LPXP� URWDWLRQ� FDSDFLW\� IRU� WKH� MRLQW� RI�
DSSUR[LPDWHO\��������UDG��
�
-RLQW�5HLQIRUFHPHQW�5HVSRQVH�
Chord Connector 

7KH�FKRUG�FRQQHFWRU�K\VWHUHWLF�UHVSRQVH��(T�����YV��(T�����LV�VKRZQ�LQ�)LJXUH�%�����DQG�FRPSDUHG�
WR�WKH�DQDO\WLFDO�SUHGLFWLRQV��7KH�SURJUHVVLRQ�RI�GDPDJH�LQ�WKH�FKRUGV�LV�DV�IROORZV��)LJXUH�%����D�DQG�
)LJXUH�%����G��������KDLUOLQH�FUDFNV�DSSHDU�LQ�WKH�FKRUG�UHJLRQ�GXULQJ�WKH�HVVHQWLDOO\�HODVWLF�UHVSRQVH�WR�
WKH� 69&� HDUWKTXDNH�� ���� WKH� WRS� FKRUG� IRUPV� PRGHUDWH� FUDFNV� LQ� WKH� '%(� HDUWKTXDNH�� ZKHUH� FKRUG�
VWUHQJWK�LV�UHDFKHG�EXW�QR�ODUJH�LQHODVWLF�GHIRUPDWLRQ�GHPDQG�LV�LQFXUUHG������PDMRU�FUDFNLQJ�LV�HYLGHQFHG�
LQ� WKH� ERWWRP� FKRUG� LQ� WKH�0&(�ZKHUH� WKH� FKRUG� LQFXUV� VLJQLILFDQW� LQHODVWLF� RSHQLQJ� GHIRUPDWLRQ�� ����
PDMRU� FUDFNLQJ�FUXVKLQJ� LV� H[KLELWHG� LQ� WKH� WRS� FKRUG� IRU� WKH� %L�'LU� '%(�� LQ� ZKLFK� LQHODVWLF� RSHQLQJ�
RFFXUV� LQ� FRPELQDWLRQ�ZLWK� VLJQLILFDQW� FRPSUHVVLRQ� F\FOHV�� DQG�� ILQDOO\�� ���� IUDFWXUH� RI� WKH� VOXJ� RI� WKH�
ERWWRP�FKRUG�FRQQHFWRU�DW�D�PD[LPXP�GHIRUPDWLRQ�FDSDFLW\�RI����”��

7KH� DQDO\WLFDO� UHVXOWV� VKRZ� JRRG� DJUHHPHQW� ZLWK� WKH� FKRUG� UHVSRQVH�� +RZHYHU� WKH� IROORZLQJ�
REVHUYHG�GLVFUHSDQFLHV�DUH�LGHQWLILHG��)LUVW��WKH�DQDO\WLFDO�UHVXOWV�VKRZ�ORZHU�HQHUJ\�GLVVLSDWLRQ�WKDQ�WKH�
WHVW�UHVXOWV�VKRZV�HVSHFLDOO\�GXULQJ�WKH�HDUO\�WHVW�EHFDXVH�WKH�VOLSSDJH�RI�DFWXDWRU�FOHYLVH�V\VWHP�PDNHV�
WKH�K\VWHUHVLV� UHVSRQVH�RI� WHVW�³VTXDULQJ´��7KH� LQIOXHQFH�RI�V\VWHP�VOLSSDJH� LV�REYLRXV� LQ� WKH�HDUO\� WHVW�
�)LJXUH�%����E�3'+���EXW�LV�WULYLDO�LQ�WKH�ODWHU�WHVW�ZLWK�ODUJH�LQHODVWLF�RSHQLQJ��)LJXUH�%����E�3'+����
7KH�RWKHU�GLIIHUHQFH�LV�WKDW�WKH�DQDO\WLFDO�SUHGLFWLRQV�IDLO� WR�FDSWXUH�WKH�VWLIIQHVV�GHJUDGDWLRQ�DIWHU�ODUJH�
LQHODVWLF�RSHQLQJ�LQ�WKH�WHVW��)LJXUH�%����F�3'+����7KLV�LV�EHFDXVH�WKH�DQDO\VLV�SUHGLFWLRQ�XVHV�WKH�VSULQJ�
PRGHO�ZLWK� SLQFKLQJ� K\VWHUHWLF� EHKDYLRU� �UHIHU� WR�$SSHQGL[�%��� IRU� FKRUG� FRQQHFWRU�ZLWKRXW� VWLIIQHVV�
GHJUDGLQJ� FDSDELOLW\�� 7KH� HQKDQFHG� FKRUG� PRGHO� ZLWK� FRPELQHG� VWLIIQHVV� GHJUDGDWLRQ� DQG� SLQFKLQJ�
K\VWHUHWLF�EHKDYLRU��UHIHU�WR�$SSHQGL[�%���LV�GHYHORSHG�EDVHG�RQ�WKH�VWLIIQHVV�GHJUDGLQJ�REVHUYHG�LQ�WKH�
WHVW��7KH�VWLIIQHVV�GHJUDGDWLRQ�SUHGLFWLRQ�RI� WKH�HQKDQFHG�FKRUG�PRGHO� LQ� WKH� WHVW�VHTXHQFH�LV�VKRZQ�DV�
GDVKHG�OLQH�LQ�)LJXUH�%����D��7KH�ODVW�GLIIHUHQFH�LV�WKDW�WKH�WHVW�UHVXOWV�KDYH�PRUH�VWUDLQ�KDUGHQLQJ�UDWLR�
WKDQ�WKH�DQDO\WLFDO�SUHGLFWLRQV�KDYH��
�
JVI Vector�

7KH�K\VWHUHWLF�UHVSRQVH��GDPDJH�GHYHORSPHQW�DQG�D[LDO�VKHDU�LQWHUDFWLRQ�UHVSRQVH�IRU�-9,�9HFWRU�M��
QHDU�WKH�ERWWRP�FKRUG��)LJXUH�%����G��LV�VKRZQ�LQ�)LJXUH�%������&UDFNLQJ�EHJLQV�GXULQJ�WKH�'%(��WKH�
VXUURXQGLQJ� FRQFUHWH� VWDUWV� VSDOOLQJ� GXULQJ� WKH� 0&(� DIWHU� ����”� VKHDU� GLVSODFHPHQW�� 7KH� FRQQHFWRU�
IUDFWXUHV�XQGHU�WHQVLRQ�ZLWK�VLJQLILFDQW�VKHDU�GXULQJ�WKH�%.�0&(�DW�DSSUR[LPDWHO\�����”�RSHQLQJ��

7KH� DQDO\WLFDO� UHVXOWV� JHQHUDOO\� VKRZ� JRRG� DJUHHPHQW� ZLWK� WKH� -9,� 9HFWRU� UHVSRQVH�� +RZHYHU��
VHYHUDO� GLIIHUHQFHV� EHWZHHQ� WKH� WHVW� DQG� DQDO\WLFDO�PRGHO� DUH� VHHQ� LQ� WKH�)LJXUH�%������ ���� WKH� VOLGLQJ�
ORDGLQJ�LQ�3'+��LV�PXFK�KLJKHU�LQ�WKH�WHVW�WKDQ�WKH�PRGHO�GXH�WR�WKH�SRRU�ORDGLQJ�FRQWURO�GHVFULEHG�LQ�
PDH test input�RI�VHFWLRQ�%�����������7KH�VKHDU�VWLIIQHVV�RI�WHVW�DIWHU�XQSODQQHG�RYHUORDGLQJ�LQ�3'+��LV�
ORZHU� WKDQ� WKH� PRGHO� SUHGLFWLRQ� GXH� WR� WKH� DQDO\WLFDO� PRGHO� GRHV� QRW� VXEMHFW� WR� XQSODQQHG� VKHDU�
RYHUORDGLQJ������7KH�VWUDLQ�KDUGHQLQJ�LQ�WHQVLRQ�LV�KLJKHU�LQ�WKH�WHVW�WKDQ�WKH�DQDO\WLFDO�SUHGLFWLRQ��
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'���LQ�

'���LQ�
8QGDPDJHG

&UDFNLQJ

&RQFUHWH�SRS�RXW

0DMRU�VSDOOLQJ

-9,�IUDFWXUH

-9,�\LHOG�LQ�VKHDU

�
�D��$[LDO�����������������������E��6KHDU����������������������F��N�V�������������������G��3KRWR��

)LJ��%������-9,�9HFWRU�UHVSRQVHV��
�
-RLQW�2SHQLQJ�3URILOH�

�
���
���
���
���
���
���
���

� ���� ����� ����� �����
6WHS

7RS�FKRUG
%RWWRP�FKRUG
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6WHS

7RWDO��&��
-RLQW��'��
/HIW�VOLS��&��
5LJKW�VOLS��&��

2SHQLQJ��LQ�

�VW�PDMRU
RSHQLQJ

2SHQLQJ��LQ�

�
�D��'LVWULEXWLRQ�IRU�&+�0&(�����������������������������������E��3ODVWLF�FXPXODWLYH��

)LJ��%������&KRUG�RSHQLQJ�UHVSRQVH��
�



�&�$����

)LJXUH� %����D� VKRZV� WKH� GLVWULEXWLRQ� RI� SDQHO� RSHQLQJ� DW� WKH� FKRUG� DORQJ� WKH� WRWDO� ZLGWK� RI� WKH�
VSHFLPHQ�GXULQJ�WKH�&+�0&(��7KH�UHVSRQVH�VKRZQ�RQ�HLWKHU�VLGH�RI� WKH�ILUVW�PDMRU�RSHQLQJ�H[FXUVLRQ�
�LQGLFDWHG��LV�W\SLFDO�IRU�UHVSRQVH�SULRU�WR�DQG�IROORZLQJ�WKDW�SRLQW�GXULQJ�WKH�HQWLUH�VHTXHQFH��)LUVW��QRWH�
WKDW� WKH� VOLS� RQ� WKH� EDFN�HQG� RQ� WKH� VSHFLPHQ� LV� QHJOLJLEOH�� 3ULRU� WR� WKH� H[FXUVLRQ�� WKH� H[SHULPHQWDO�
VXEVWUXFWXUH�RSHQLQJ� LV�DFFRPPRGDWHG�DOPRVW�HQWLUHO\�ZLWKLQ� WKH�SDQHO� �VWUDLQ�SHQHWUDWLRQ�GXH� WR�SDQHO�
FUDFNLQJ��DV�LQIHUUHG�E\�WKH�GLIIHUHQFH�EHWZHHQ�&��DQG�WKH�VXP�RI�'���&���&���)ROORZLQJ�WKH�H[FXUVLRQ��
RSHQLQJ�GRHV�FRQFHQWUDWH�DW�WKH�MRLQW�EXW�WKH�SDQHO�FRQWULEXWLRQ�LV�VWLOO�VLJQLILFDQW��)LQDOO\��WKH�MRLQW�GRHV�
QRW�FORVH�DW�WKH�FKRUG�IROORZLQJ�WKH�PDMRU�RSHQLQJ�H[FXUVLRQ��)LJXUH�%����E�VKRZV�WKH�FXPXODWLYH�FKRUG�
RSHQLQJ�WKURXJK�WKH�WHVW�VHTXHQFH��

)LJXUH� %����� VKRZV� WKH� SURILOH� DORQJ� WKH� VSHFLPHQ� �DW�PD[LPXP� RSHQLQJ�� IRU�� �D�� WRWDO� RSHQLQJ�
DFURVV�WKH�SDQHOV��DQG��E��MRLQW�RSHQLQJ��1RWH�WKDW�ZKLOH�SODQH�VHFWLRQV�DUH�HQIRUFHG�IRU�WKH�WRWDO�RSHQLQJ��
WKH� MRLQW� LWVHOI� IRUPV� D� ERZHG� VKDSH�� 7KLV� GLVWULEXWLRQ� RFFXUV� EHFDXVH� WKH� GHIRUPDWLRQ� GHPDQG� DW� WKH�
FKRUG� LV�GLVWULEXWHG��YLD�FUDFNLQJ��DORQJ� WKH�HQWLUH�SDQHO�ZLGWK��ZKLOH� WKH� LQKHUHQW� WHQVLRQ�IOH[LELOLW\�RI�
-9,�9HFWRU�DOORZV�UHOD[DWLRQ�RI�WKH�FRQFUHWH�SDQHOV��)LJXUH�%����F���
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)OH[�
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G
\F

7RS

%RW�

\F��G���

�
�D�7RWDO�����������������������������������������������E��-RLQW��������������������������F��'HIRUPHG�VKDSH��

)LJ��%������2SHQLQJ�SURILOH�DW�PD[LPXP�GHPDQG��
�

6WLIIQHVV�'HJUDGDWLRQ�
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�F�

3'+� 3'+�3'+� 3'+� 3'+�

�G�

RSHQLQJ
�VW�PDMRU 6KHDU

RYHUORDG

3'+� 3'+�3'+� 3'+� 3'+�

K W

K Y

K T

K F

6KHDU
RYHUORDGRSHQLQJ

�VW�PDMRU

8SGDWHG
PRGHO

�
)LJ��%������6WLIIQHVV���D��FKRUG�WHQVLRQ���E��FRPSUHVVLRQ���F��URWDWLRQ���G��VKHDU��

�
6WLIIQHVV� GHJUDGDWLRQ� WKURXJK� WKH� WHVW� VHTXHQFH� LV� VKRZQ� LQ� )LJXUH� %����� LQFOXGLQJ�� �D�� FKRUG�

WHQVLRQ� �Kt��� �E�� FKRUG� FRPSUHVVLRQ� �Kc��� �F�� URWDWLRQ� �KT�� DQG� �G�� VKHDU� �Kv��� $V� VHHQ�� WKH� WHQVLRQ��
FRPSUHVVLRQ� DQG� URWDWLRQ� VWLIIQHVV� GHJUDGHV� DV� WKH� VSHFLPHQ� DFFXPXODWHV� GDPDJH�� 7KH� PRGHO� GRHV� D�
UHDVRQDEOH�MRE�RI�SUHGLFWLQJ�GLDSKUDJP�MRLQW�VWLIIQHVV�EXW������GRHV�QRW�GHJUDGH�VXIILFLHQWO\�GXH�WR�D�ODFN�
RI�DGHTXDWH�VWLIIQHVV�GHJUDGDWLRQ�PRGHO�IRU�WKH�FKRUG�FRQQHFWRU�LQ�WKH�RULJLQDO�PRGHO��WKH�SUHGLFWLRQ�IRU�
WKH�HQKDQFHG�VWLIIQHVV�GHJUDGDWLRQ�PRGHO��UHIHU�WR�$SSHQGL[�%����LQGLFDWHG�E\�WKH�GDVKHG�OLQH�LQ�)LJXUH�
%����D��H[KLELWV�JRRG�DJUHHPHQW�ZLWK�WKH�WHVW�FKRUG�VWLIIQHVV�GHJUDGDWLRQ�UHVXOWV���DQG�����XQGHUHVWLPDWHV�
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WKH�VKHDU�VWLIIQHVV�EHFDXVH�D�FRQVHUYDWLYH�PRGHO� LV�XVHG�IRU�VKHDU�FRQQHFWRU�E\� LJQRULQJ�WKH�VWLII� LQLWLDO�
VKHDU�UHVSRQVH�SULRU�WR�³SRSSLQJ�RXW´�RI�VXUURXQGLQJ�FRQFUHWH��$�FORVH�XS�RI�KT�QHDU�WKH�VKHDU�RYHUORDG�
H[FXUVLRQ� LQGLFDWHV� WKDW� WKH� PDMRU� FKRUG� WHQVLRQ� VWLIIQHVV� UHGXFWLRQ� LV� GXH� WR� WKH� ILUVW� PDMRU� RSHQLQJ�
H[FXUVLRQ��)LJ��%����F���ZKLOH�WKH�VKHDU�RYHUORDG�HYHQW�RQO\�DIIHFWV�WKH�VKHDU�VWLIIQHVV��)LJ��%����G���

)LJXUH�%����� VKRZV� WKH�HIIHFW�RI� D[LDO� IRUFHV�RQ� VSHFLPHQ� VKHDU� VWLIIQHVV�� LQGLFDWLQJ� VLJQLILFDQWO\�
KLJKHU�YDOXHV�XQGHU�D[LDO�FRPSUHVVLRQ�DQG�VOLJKWO\�ORZHU�YDOXHV�XQGHU�D[LDO�WHQVLRQ��

���

���

���

�

��

��

��

� ��� ��� ��� ��� ����

1��N�

%HIRUH�VKHDU�RYHUORDG
$IWHU�VKHDU�RYHUORDG

.Y��N�LQ�

�
)LJ��%������6KHDU�VWLIIQHVV�XQGHU�D[LDO�IRUFH��

�
%������&RQFOXVLRQV�IURP�3'+�7HVW�

7KH� FULWLFDO� IOH[XUH� MRLQW� LQ� D� SUHWRSSHG� FRQFUHWH� GLDSKUDJP� ZDV� WHVWHG� DW� KDOI�VFDOH� XQGHU�
GLVSODFHPHQW�KLVWRULHV�IURP�1/'7$��7KH�IROORZLQJ�FRQFOXVLRQV�DUH�PDGH��

���� 8VLQJ� WKH� GHVLJQ� PHWKRGRORJ\� SURSRVHG� E\� '6'0� UHVHDUFK� JURXS�� WKH� FULWLFDO� IOH[XUDO� MRLQW�
VXUYLYHG� LWV� GHVLJQDWHG� 0&(� HDUWKTXDNH�� 8QGHU� FXUUHQW� GHVLJQ�� WKH� MRLQW� ZLOO� OLNHO\� IDLO� GXULQJ� LWV�
GHVLJQDWHG�0&(�HDUWKTXDNH��

���� 7KH� WHVW� GHPRQVWUDWHV� WKDW� WKH� XQERQGHG� GU\� FKRUG� FRQQHFWRU� H[KLELWHG� JRRG� LQHODVWLF� WHQVLOH�
GHIRUPDWLRQ� FDSDFLW\� FRUUHVSRQGLQJ� WR� D� MRLQW� URWDWLRQ� RI� ������� UDG� ����”� RSHQLQJ� LQ� KDOI�VFDOH��� ,W� LV�
QRWHG�KRZHYHU��WKDW�WKLV�VDPH�FRQQHFWRU�H[KLELWHG�EULWWOH�IDLOXUH�GXULQJ�D�VKDNH�WDEOH�WHVW��6FKRHWWOHU�HW�DO��
�������7KLV�HYHQW�LQGLFDWHV�WKH�LPSRUWDQFH�RI�FRQVWUXFWLRQ�WROHUDQFH�DQG�VHQVLWLYLW\�RI� WKLV�FRQQHFWRU�WR�
PLVDOLJQPHQW��DV�ZHOO�DV�WKH�SRWHQWLDO�IRU�IUDFWXUH�XQGHU�KLJK�VWUDLQ�UDWH��

����7KH�-9,�9HFWRU�FRQQHFWRU�H[KLELWHG�JRRG�LQHODVWLF�WHQVLRQ�FRPSOLDQFH��DFKLHYLQJ�����”�RSHQLQJ�
�KDOI�VFDOH��EHIRUH�SXOOLQJ�RXW�IURP�WKH�VXUURXQGLQJ�FRQFUHWH��

����7KH�MRLQW�URWDWLRQDO�VWLIIQHVV�GHJUDGHV�WR�DSSUR[LPDWHO\�KDOI�LWV�RULJLQDO�YDOXHV�DW�IOH[XUH�FULWLFDO�
MRLQW�XQGHU�H[SHFWHG�HDUWKTXDNH�ORDGLQJ��

���� 7KH� �'� 1/7'$� PRGHO� VKRZV� JRRG� DJUHHPHQW� ZLWK� WKH� MRLQW� IOH[XUH� UHVSRQVH�� LQFOXGLQJ�
UHDVRQDEOH�SUHGLFWLRQV�RI�ORFDO�UHVSRQVHV��+RZHYHU�WKH�VWLIIQHVV�GHJUDGDWLRQ�XQGHU�F\FOLF�WHQVLRQ�IRU�WKH�
FKRUG�FRQQHFWRU�REVHUYHG�LQ�WKH�WHVWLQJ�ZDV�QRW�FDSWXUHG�E\�WKH�FKRUG�FRQQHFWRU�PRGHO�XVHG�LQ�WKH�3'+�
DQDO\WLFDO�SUHGLFWLRQ��VHH�)LJ��%����D���%DVHG�RQ�WKLV�WHVW�ILQGLQJ��WKH�F\FOLF�VWLIIQHVV�GHJUDGDWLRQ�PRGHO�
IRU�WKH�FKRUG�UHLQIRUFHPHQW�LQWURGXFHG�LQ�6HF��%�����ZDV�GHYHORSHG����
�
�
�
�
�
�
�
�
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%����+<%5,'�7(67,1*�2)�',$3+5$*0�&5,7,&$/�6+($5�-2,17�
,Q� WKLV� WHVWLQJ� SURJUDP�� DQDO\VLV�GULYHQ� LQWHJUDWHG� SK\VLFDO� WHVWLQJ� LV� XVHG� WR� H[DPLQH� WKH� VHLVPLF�

SHUIRUPDQFH� RI� D� FULWLFDO� VKHDU� MRLQW� LQ� D� SUHWRSSHG� SUHFDVW� FRQFUHWH� GLDSKUDJP�� ,Q� WKLV� FDVH�� K\EULG�
�DGDSWLYH�� WHVWLQJ� WHFKQLTXHV� DUH� XVHG� WR� VLPXODWH� WKH� DQWLFLSDWHG� VHLVPLF� GHPDQGV� RQ� WKH� GLDSKUDJP�
FULWLFDO� VKHDU� MRLQW��7KH� H[SHULPHQW� LV� FRQGXFWHG� DW�KDOI�VFDOH��7KH� VLPXODWLRQ� VWUXFWXUH� LV� D� WKUHH�VWRU\�
SUHFDVW�FRQFUHWH�VKHDU�ZDOO�EXLOGLQJ�VWUXFWXUH�ZLWK�D�VLQJOH�GLDSKUDJP�ED\��7KH�H[SHULPHQWDO��SK\VLFDO��
VXEVWUXFWXUH� FRQVLVWV� RI� WKH� IORRU� XQLWV� VXUURXQGLQJ� WKH� VKHDU� FULWLFDO� MRLQW� �VLPLODU� LQ� GLPHQVLRQ� WR� WKH�
3'+�WHVW�VSHFLPHQ�GHVFULEHG�LQ�6HF��%������7KH�DQDO\WLFDO�VXSHUVWUXFWXUH�LV�WKH�HQWLUH�VWUXFWXUH��OHVV�WKH�
SRUWLRQ�ZKLFK� LV�SK\VLFDOO\�PRGHOHG�E\�WKH�H[SHULPHQWDO�VXEVWUXFWXUH��7KH� WHVW�XVHV�QRQOLQHDU� WUDQVLHQW�
G\QDPLF�DQDO\VHV��1/7'$���L�H���HDUWKTXDNH�VLPXODWLRQ�RI�WKH�VLPXODWLRQ�VWUXFWXUH��WR�GULYH�WKH�WHVW��7KH�
DQDO\WLFDO�VXSHUVWUXFWXUH�LV�PRGHOHG�E\�D�UHGXFHG�GHJUHH�RI�IUHHGRP��5'2)��PRGHO��7KH�5'2)�PRGHO�LV�
XVHG�LQVWHDG�RI�WKH�WKUHH�GLPHQVLRQDO�GLVFUHWH�GLDSKUDJP���'�1/7'$��PRGHO�GHVFULEHG�LQ�Section B3.1�
GXH�WR�WLPH�DQG�FRPSXWHU�PHPRU\�OLPLWDWLRQV�RI�WKH�0$7/$%�SURJUDP�XVHG�IRU�K\EULG�DOJRULWKP��6HH�
6HF��%��������7KH�UHGXFHG�0'2)�ZDV�YDOLGDWHG�XVLQJ�WKH��'�1/7'$�PRGHO�DV�GLVFXVVHG�LQ�6HF��%��������

7KH�REMHFWLYHV�RI�WKH�K\EULG�WHVWLQJ�SURJUDP�DUH�WR���
����([DPLQH�WKH�VKHDU�VWUHQJWK�DQG�VWLIIQHVV�RI�D�SUHWRSSHG�SUHFDVW�FRQFUHWH�GLDSKUDJP�MRLQW�XQGHU�

SURJUHVVLYH�F\FOLF�GDPDJH��
����([DPLQH�WKH�LQHODVWLF�VKHDU�GHIRUPDWLRQ�FDSDFLW\�RI�D�SUHWRSSHG�SUHFDVW�FRQFUHWH�GLDSKUDJP�MRLQW�

XQGHU�SURJUHVVLYH�F\FOLF�GDPDJH��)RU�WKLV�SXUSRVH��WKH�VKHDU�FULWLFDO�MRLQW�LV�LQWHQWLRQDOO\�GHVLJQHG�ZLWK�
VPDOOHU� VKHDU� RYHUVWUHQJWK� WKDQ�SUHVFULEHG� LQ� WKH� GHVLJQ�PHWKRGRORJ\�� WKHUHE\� DOORZLQJ� LQHODVWLF� VKHDU�
UHVSRQVH�WR�RFFXU�DW�WKH�MRLQW��

���� ([DPLQH� WKH� FRPELQHG� EHKDYLRU� RI� LQGLYLGXDO� UHLQIRUFLQJ� HOHPHQWV� DFWLQJ� WRJHWKHU� LQ� D� MRLQW�
XQGHU�IRUFH�FRPELQDWLRQV�RI�LQWHUQDO�VKHDU��D[LDO�DQG�IOH[XUH��

���� 9HULI\� RU� IXUWKHU� FDOLEUDWH� WKH� �'� 1/7'$� PRGHOV� DQG� WKH� GLDSKUDJP� FRQQHFWRU� HOHPHQWV�
GHYHORSHG�RQ�WKH�EDVLV�RI�WHVWV�RI�LVRODWHG�GLDSKUDJP�UHLQIRUFLQJ�GHWDLOV��

����3UHGLFW�WKH�FULWLFDO�VKHDU�MRLQW�SHUIRUPDQFH�RI�D�VKDNH�WDEOH�WHVW�VSHFLPHQ�RI�LGHQWLFDO�GHWDLO�LQ�D�
SDUDOOHO�WKUXVW�RI�WKH�UHVHDUFK��6HH�%����

7KH�VHFWLRQV�WKDW�IROORZ�GHVFULEH������WKH�VLPXODWLRQ�VWUXFWXUH������WKH�5'2)�PRGHO������WKH�K\EULG�
WHVWLQJ�SURFHGXUH������WKH�H[SHULPHQWDO�SURJUDP������H[SHULPHQWDO�UHVXOWV��DQG������FRQFOXVLRQV��
�
%������6LPXODWLRQ�6WUXFWXUH�

7KH� VWUXFWXUH� EHLQJ�PRGHOHG� LQ� WKH� K\EULG� H[SHULPHQW�� WHUPHG� WKH� VLPXODWLRQ� VWUXFWXUH�� LV� D� WKUHH�
VWRU\�SUHFDVW�EXLOGLQJ�PDWFKLQJ�WKH�SURWRW\SH�IRU�D�VKDNH�WDEOH�WHVW�VWUXFWXUH�IURP�D�SDUDOOHO�WKUXVW�LQ�WKH�
UHVHDUFK� �6FKRHWWOHU� HW� DO�� ������� ,Q� FRPSDULVRQ� WR� WKH� VKDNH� WDEOH� WHVW� SURWRW\SH� VWUXFWXUH� �UHIHU� WR�
$SSHQGL[�%����WKH�IROORZLQJ�GLIIHUHQFHV�DUH�QRWHG�LQ�WKH�K\EULG�VLPXODWLRQ�VWUXFWXUH������DOO�WKUHH�IORRUV�
LQ� WKH� VLPXODWLRQ� VWUXFWXUH� DUH� SUHWRSSHG� FRQVWUXFWLRQ�ZKLOH� WKH� VKDNH� WDEOH� WHVW� VWUXFWXUH� KDG�GLIIHUHQW�
FRQVWUXFWLRQ�DW�HDFK�IORRU������WKH�VKHDU�ZDOO�LQ�WKH�VLPXODWLRQ�VWUXFWXUH�ZDV�RULJLQDOO\�GHVLJQHG�DV�D�5&�
ZDOO���KRZHYHU�ZKHQ�DQ�XQERQGHG�SRVW�WHQVLRQHG�ZDOO�ZDV�VHOHFWHG�IRU�WKH�VKDNH�WDEOH�WHVW�VWUXFWXUH�IRU�
UHSHDWDELOLW\�SXUSRVHV��WKH�K\VWHUHVLV�UHVSRQVH�ZDV�PRGLILHG�WR�WKDW�W\SLFDO�RI�D�URFNLQJ�ZDOO��DQG������WKH�
FULWLFDO�VKHDU� MRLQW� LQ�WKH�VLPXODWLRQ�VWUXFWXUH�LV�SXUSRVHO\�JLYHQ�D�ORZHU�VKHDU�VWUHQJWK�WKDQ�UHTXLUHG�LQ�
WKH�GHVLJQ�PHWKRGRORJ\��DQG�SURYLGHG�LQ�WKH�VKDNH�WDEOH�WHVW�VWUXFWXUH��LQ�RUGHU�WR�VWXG\�IDLOXUH�PRGHV��

$V�VKRZQ�LQ�)LJXUH�%������WKH�VLPXODWLRQ�VWUXFWXUH�KDV�D����’�[���’�IRRWSULQW��7KH�SUHFDVW�GRXEOH�WHH�
�'7�� XQLWV� DUH� �’� ZLGH� DQG� ��’� GHHS�� 7KH� ODWHUDO� IRUFH� UHVLVWLQJ� V\VWHP� �/)56�� LV� ��’� [� �’� UHLQIRUFHG�
FRQFUHWH��5&��VKHDU�ZDOOV�RULHQWHG�LQ�WKH�WUDQVYHUVH�GLUHFWLRQ�DW�HDFK�HQG�RI�WKH�VWUXFWXUH��7KH�VLPXODWLRQ�
VWUXFWXUH�LV�DVVXPHG�WR�EH�VWDEOH�LQ�WKH�ORQJLWXGLQDO�GLUHFWLRQ��7KH�IORRU�WR�IORRU�KHLJKW�LV���’���

'LDSKUDJP� UHLQIRUFHPHQW� LV� DGRSWHG� DV� IROORZV�� ���� DQ�XQERQGHG�GU\� FKRUG� FRQQHFWRU� LV� XVHG� IRU�
GLDSKUDJP�IOH[XUH�UHLQIRUFHPHQW��7KH�XQERQGHG�GU\�FKRUG�FRQQHFWRU��VHH�7DEOH��$���LQ�3$57���IRU�WKH�
GHWDLO� GUDZLQJ�� SURYLGHV� ERWK� D� ORQJHU� JDJH� OHQJWK� IRU� LQHODVWLF� GHIRUPDWLRQ� FDSDFLW\�� DQG�PLWLJDWHV� D�
SRWHQWLDO� FRPSOH[� VWUHVV� VWDWH�GXH� WR� VKHDU�E\� HOLPLQDWLQJ�GRZHO� DFWLRQ��7KLV�GHWDLO� LV� XVHG� LQ� WKH�KLJK�
IOH[XUH�UHJLRQV�RI�WKH�GLDSKUDJP��5HIHU�WR�)LJ��%����D���DQG�FRQWULEXWHV�WR�WKH�GLDSKUDJP�IOH[XUDO�GHVLJQ�
VWUHQJWK�EXW�QRW�WR�WKH�GLDSKUDJP�VKHDU�VWUHQJWK������D�ERQGHG�GU\�FKRUG�FRQQHFWRU�LV�XVHG�IRU�WKH�IOH[XUH�
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UHLQIRUFHPHQW�LQ�KLJK�VKHDU�UHJLRQV��7KH�ERQGHG�GU\�FKRUG�FRQQHFWRU��VHH�7DEOH��$���LQ�3$57���IRU�WKH�
GHWDLO� GUDZLQJ�� SURYLGHV� GRZHO� DFWLRQ� WKDW� FRQWULEXWHV� WR� WKH� VKHDU� WUDQVIHU� DQG� LV� DFFRXQWHG� LQ� WKH�
GLDSKUDJP�VKHDU�GHVLJQ��$V�VHHQ�LQ�)LJ��%����D��WKH�WUDQVLWLRQ�EHWZHHQ�WKH�ERQGHG�DQG�XQERQGHG�FKRUG�
GHWDLO�LV�JUDGXDO��ZLWK�DQ�LQWHUPHGLDWH�UHJLRQ�EHWZHHQ�WKH�KLJK�IOH[XUH�DQG�KLJK�VKHDU�UHJLRQV�LQ�ZKLFK�WKH�
FKRUG� GHWDLO� LV� KDOI� XQERQGHG� DQG� KDOI� ERQGHG� GU\� FKRUG� FRQQHFWRUV�� ���� WKH� -9,� 9HFWRU� FRQQHFWRU�� D�
SRSXODU� IODQJH�WR�IODQJH� FRQQHFWRU� �VHH� 7DEOH� �$��� LQ� 3$57� �� IRU� GHWDLO� GUDZLQJ��� LV� XVHG� IRU� WKH�
GLDSKUDJP�VKHDU� UHLQIRUFHPHQW�� ����DQ�DQJOHG�EDU�SODWH�FRQQHFWRU� �6HH�)LJ��%���� IRU�GHWDLO�GUDZLQJ�� LV�
XVHG� IRU� VHFRQGDU\� FRQQHFWLRQV� LQ� WKH� IORRU� V\VWHP�� LQFOXGLQJ� WKH� FRQQHFWRUV� EHWZHHQ� WKH� VSDQGUHOV�/�
EHDPV�DQG�WKH�SUHFDVW�IORRU�XQLWV������WKH�FRQQHFWLRQ�EHWZHHQ�/)56�DQG�GLDSKUDJP�LV�DVVXPHG�WR�EH�ULJLG�
DQG�SRVVHVV�VXIILFLHQW�VWUHQJWK��
�

'U\�FKRUG
FRQQHFWRU

'7�/�EHDP
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 ��
��
 ��
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6KHDU�ZDOO

$QFKRUDJH

3UHFDVW�FROXPQ3UHFDVW�/�EHDP

3UHFDVW�VSDQGUHO
EHDP

&ULWLFDO�VKHDU��MRLQW
��ERQGHG�EDUV�DQG���-9,

,QWHUPHGLDWH�MRLQW��
��ERQGHG�����XQERQGHG�EDUV

��-9,

&ULWLFDO�IOH[XUH�MRLQW
��XQERQGHG�EDUV�DQG���-9,

,QWHUPHGLDWH�MRLQW��
��ERQGHG�����XQERQGHG�EDU

��-9,

XQERQGHG�EDU
ERQGHG�EDU
-9,

�
)LJ��%������6LPXODWLRQ�VWUXFWXUH�IRU�K\EULG�WHVW��

�
+\EULG�6LPXODWLRQ�6WUXFWXUH�/)56�'HVLJQ�

7KH�VHLVPLF�GHVLJQ�RI�/)56�LQ�WKH�VLPXODWLRQ�VWUXFWXUH�ZDV�EDVHG�RQ�WKH�FXUUHQW�FRGH��,%&�������DW�
WKH�WLPH�RI�WKH�WHVW��7KH�VWUXFWXUH�LV�GHVLJQHG�IRU�D�6'&�(�VLWH��%HUNHOH\�&$��Ss �������S1 �������IRU�VRLO�
FODVV�&��7KH�VHLVPLF� UHVLVWDQW�/)56� LV� VSHFLDO�5&�VKHDU�ZDOOV� �R ����:o �����Cd� �����7KH�(TXLYDOHQW�
/DWHUDO�)RUFH��(/)��SURFHGXUH�YDOXHV� �IRU�GHVLJQ�SDUDPHWHUV�Cs  ��������T  ������VHF��DSSHDU� LQ�7DEOH�
%�����7KH�VLPXODWLRQ�VWUXFWXUH�GHVLJQ�SURYLGHG�EHORZ�LV�IRU�D�IXOO�VFDOH�VWUXFWXUH��1RWH�KRZHYHU�WKDW�WKH�
K\EULG� WHVW� DQG� VKDNH� WDEOH� WHVW� DUH� SHUIRUPHG� DW� KDOI�VFDOH�� 7KXV�� DOO� DVSHFWV� RI� WKH� K\EULG� WHVWLQJ��
LQFOXGLQJ� WKH� SK\VLFDO� WHVW� VSHFLPHQ�� DQDO\WLFDO� VXSHUVWUXFWXUH� DQG� H[SHULPHQWDO� VXEVWUXFWXUH�� DQG� WKH�
VWDQG�DORQH�G\QDPLF�DQDO\VHV�WKDW�DUH�XVHG�IRU�FRPSDULVRQV�DUH�SUHVHQWHG�LQ�KDOI�VFDOH��6HH�6HF��%��������

7KH�GHVLJQ�IRUFHV�WULEXWDU\�WR�HDFK�VKHDU�ZDOO�LV�VKRZQ�LQ�7DEOH�%�����2QO\�WKH�EDVH�FURVV�VHFWLRQ�
GHWDLO�LV�FRQVLGHUHG�VLQFH�VKHDU�ZDOO�LQHODVWLF�DFWLRQ�LV�DVVXPHG�WR�EH�OLPLWHG�WR�WKLV�UHJLRQ��)LJXUH�%����D�
VKRZV�WKH�GHWDLO�DW�EDVH������FKRUG�UHLQIRUFLQJ�EDUV�LQ�ERXQGDU\�HOHPHQWV��DQG������ZHE�UHLQIRUFHPHQW�DW�
PD[LPXP� DOORZDEOH� VSDFLQJ�� 7KHVH� UHLQIRUFHPHQW� JURXSV� FRPELQH� WR� SURGXFH� WKH� UHTXLUHG� IOH[XUDO�
FDSDFLW\�DV�SHU�$&,�������������

�
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7DEOH�%�����/)56�GHVLJQ�IRU�VLPXODWLRQ�VWUXFWXUH��

)ORRU� hx ��wx� wxhx
k cvx Fx 6WRU\�6KHDU 0RPHQW

� � IW� NLSV� � � � � NLSV NLSV� N�IW�
�� ��� ����� ������� ������ ���� ��� ���
�� ��� ����� ������� ������ ���� ����� ������
�� ��� ����� ������ ������ ���� ����� ������
6XP�� � � ������ ������� ������ ���� ����� �������

�
)LJXUH� %����E� VKRZV� WKH� PRPHQW�FXUYDWXUH� UHVSRQVH� DW� WKH� VKHDU� ZDOO� EDVH� ZKLFK� LV� XVHG� IRU�

GHYHORS� WKH�VKHDU�EDVH�KLQJH�PRGHO�� WKH�VROLG� OLQH� LV�SURGXFHG�IURP�ILEHU�PRGHO�DQDO\VLV�XVLQJ�VHFWLRQ�
DQDO\VLV�VRIWZDUH�;75$&7���ZLWK�D�ELOLQHDU�VWHHO�PRGHO������VWUDLQ�KDUGHQLQJ�UDWLR��DQG�0DQGHU�PRGHO�
IRU�FRQFUHWH��WKH�GRWWHG�OLQH�LV�WKH�EDFNERQH�ELOLQHDU�FXUYH�XVHG�LQ�WKH��'�1/7'$�PRGHO��

�
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)LEHU�$QDO\VLV
%LOLQHDU�FXUYHILW
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�


�
�D��:DOO�%DVH�'HWDLOLQJ����������������������������������E��0RPHQW�FXUYDWXUH�UHVSRQVH��

)LJ��%������6LPXODWLRQ�6WUXFWXUH�6KHDU�ZDOO��
�
7DEOH�%�����6KHDU�ZDOO�GHVLJQ�IRU�VLPXODWLRQ�VWUXFWXUH��

%DVH�6KHDU� 0RPHQW &KRUG :HE� II0Q�
6KHDU�ZDOO�'HVLJQ� �NLSV�� �N�IW�� EDUV� 5HLQIRUFLQJ �N�IW�
5&�ZDOO� ����� ������ ������ ������#���� �����
�
6LPXODWLRQ�6WUXFWXUH�'LDSKUDJP�'HVLJQ�

7KH� VLPXODWLRQ� VWUXFWXUH� GLDSKUDJP� GHVLJQ� XVHV� WKH� VDPH� FRQFHSWV� DV� WKH� SURSRVHG� GHVLJQ�
PHWKRGRORJ\��$�FRQVWDQW�GLDSKUDJP�GHVLJQ�IRUFH�SURILOH�DVVLJQHG�WKH�FXUUHQW�PD[LPXP�GLDSKUDJP�IRUFH��
���N� �IURP� 7DEOH� %����� LV� XVHG� LQ� DFFRUGDQFH� ZLWK� WKH� HPHUJLQJ� GHVLJQ� PHWKRGRORJ\�� 7KH� UHGXFHG�
GHVLJQ�RSWLRQ��5'2��LV�DGRSWHG�IRU�GHVLJQLQJ�WKH�GLDSKUDJPV�LQ�WKH�VLPXODWLRQ�VWUXFWXUH��6HH�6HF������LQ�
3$57�����$FFRUGLQJ�WR�WKH�5'2��D�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRU�<5�LV�DSSOLHG�WR�WKH�GLDSKUDJP�
GHVLJQ� IRUFH�� 7KH� YDOXH� RI�<5� LV� DVVLJQHG� DV� ���� EDVHG� RQ� WKH�1/7'$� DQDO\VHV� XVHG� IRU� SUHOLPLQDU\�
GHVLJQV� RI� WKH� WKH� VKDNH� WDEOH� WHVW� VSHFLPHQ��$V� LW� WXUQHG� RXW�� WKH� ILQDO� GHVLJQ� RI� WKH� VKDNH� WDEOH� WHVW�
VSHFLPHQ�XVHG�<5� ������DV�WKH�VKDNH�WDEOH�VWUXFWXUH�SRVVHVV�PRUH�ZHLJKW�WKDQ�WKH�VLPXODWLRQ�VWUXFWXUH�
�UHIHU�WR�%�������DQG�WKH�FXUUHQW�GHVLJQ�SURFHGXUH�LQ�3$57���ZRXOG�SURGXFH�D�<5� ��������

.H\� GLDSKUDJP� MRLQWV� UHTXLULQJ� GHVLJQ� DUH� VKRZQ� LQ� )LJXUH�%����D�� 7KHVH� MRLQWV� LQFOXGH�� ���� WKH�
FULWLFDO� IOH[XUH� MRLQW� DW�PLGVSDQ�� ���� WKH� FULWLFDO� VKHDU� MRLQWV� DW� WKH�GLDSKUDJP�HQGV� �WKH� HQG�GLDSKUDJP�

�������������������������������������������������
���;75$&7��,PEVHQ�FRPPHUFLDO�VRIWZDUH��,QF��5DQFKR�&RUGRYD��&$��
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MRLQW�LV�RQH�SDQHO�LQ�IURP�WKH�VKHDU�ZDOO�DW�WKH�IORRU�SHULPHWHU�������LQWHUPHGLDWH�MRLQWV��DW�ORFDWLRQV���DQG�
��DV�LQGLFDWHG�LQ�WKH�ILJXUH��

7KH�GHVLJQ�IRUFHV�DW�WKHVH�MRLQWV�DUH�JLYHQ�LQ�7DEOH�%������'LDSKUDJP�GHVLJQ�PRPHQW�DQG�VKHDU�DUH�
GHWHUPLQHG� XVLQJ� D� VLPSO\�VXSSRUWHG� EHDP� PRGHO�� L�H�� WKH� KRUL]RQWDO� EHDP� PHWKRG� �3&,� 'HVLJQ�
+DQGERRN�������XQGHU�XQLIRUP�GLVWULEXWHG�IRUFH��(T�����DQG�(T��������

^ `LxLFxLFxM pxpxRu ������������������ ����< ���������� � ����(T������

LxFxV pxRu ��� < ������������������������������������� � � � �����������������(T������
,W� LV�QRWHG� WKDW� WKH�KRUL]RQWDO�EHDP�PHWKRG� LV�YLDEOH� IRU� WKH� VLPSOH� VLPXODWLRQ�VWUXFWXUH��GHWDLOHG�

IUHH�ERG\�PHWKRGV�DUH�SURSRVHG�IRU�PRUH�FRPSOLFDWHG�IORRU�SODQV��6HH�6HF�����LQ�3$57������
�
7DEOH�%������'LDSKUDJP�GHVLJQ�IRUFH�IRU�VLPXODWLRQ�VWUXFWXUH��

x Vu   Mu   
/RFDWLRQ� IW� NLSV� (T�� N�IW� (T��
&ULWLFDO�IOH[XUH�MRLQW��&)�� �� ��� ����� ������ �����
,QWHUPHGLDWH�MRLQW����,0��� ��� ���� ����� ������ �����
,QWHUPHGLDWH�MRLQW����,0��� ��� ���� ����� ������ �����
&ULWLFDO�VKHDU�MRLQW��&6�� ��� ����� ����� ������ �����

�
7DEOH�%����� SURYLGHV� WKH� GLDSKUDJP� VKHDU� GHVLJQ�� 6KHDU� VWUHQJWKV� IRU� WKH� ERQGHG� FKRUG� DQG� -9,�

9HFWRU� FRQQHFWRU� DUH�SURYLGHG�E\� WKH� WHVWLQJ� LQGLFDWHG� LQ� WKH� WDEOH�QRWHV��$� VPDOOHU� VKHDU�RYHUVWUHQJWK�
IDFWRU� �:Y�  ������ LV� DVVLJQHG� WR� WKH� VLPXODWLRQ� VWUXFWXUH� WKDQ� UHTXLUHG� IRU� WKH� 5'2� LQ� WKH� GHVLJQ�
SURFHGXUH��:Y5� �����IRU�WKLV�GLDSKUDJP�JHRPHWU\���,W�VKRXOG�DOVR�EH�QRWHG�WKDW�WKH�VKDNH�WDEOH�WHVW�ZDV�
GHVLJQHG�XVLQJ�D�FDOLEUDWHG�YDOXH�IRU� WKH�5'2�GLDSKUDJP�GHVLJQ�RI�VKDNH� WDEOH� WHVW�RI�������$�VPDOOHU�
VKHDU�RYHUVWUHQJWK�IDFWRU�WKDQ�UHTXLUHG�LQ�WKH�GHVLJQ�PHWKRGRORJ\�LV�LQWHQWLRQDOO\�XVHG�LQ�WKH�VLPXODWLRQ�
VWUXFWXUH�WR�SODFH�WKH�VKHDU�UHVSRQVH�RI�WHVW�MRLQW�LQWR�WKH�LQHODVWLF�UHJLRQ��ZKLFK�DOORZV�WKH�VWXG\�RI�WKH�
SRVW�\LHOG� EHKDYLRU� RI� WKH� FULWLFDO� VKHDU� MRLQW�� 7KLV� GHVLJQ� WUDQVODWHV� LQWR� DERXW� KDOI� WKH� ERQGHG� FKRUG�
UHLQIRUFHPHQW�DW�GLDSKUDJP�HQG�LQ�WKH�VLPXODWLRQ�VWUXFWXUH�DV�LQ�WKH�VKDNH�WDEOH�WHVW�VWUXFWXUH��
�
7DEOH�%������'LDSKUDJP�VKHDU�GHVLJQ�IRU�WKH�VLPXODWLRQ�VWUXFWXUH��

6KHDU�FRQQHFWRU� %RQGHG�FKRUG�
Vu     

vn 
� �� Vn ,con vn�� ��RI� Vn,ch 

Vn ȍY�
-RLQW�

NLSV� NLSV� � � NLSV� NLSV� EDUV� NLSV� NLSV� Vu �Vn�  
&)� ��� ���� ��� ���� ����� ��� ��� ���� ��
,0�� ���� ���� ��� ���� ����� ��� ���� ���� ������
,0�� ���� ���� ��� ����� ����� ��� ���� ����� ������
&6� ����� ���� ��� ����� ����� ��� ���� ����� �����

��-9,�9HFWRU�VKHDU�VWUHQJWK�IURP��1DLWR�HW�DO���������
��%RQGHG�GU\�FKRUG�VKHDU�VWUHQJWK�IURP��1DLWR�HW�DO���������
�

7DEOH� %����� SURYLGHV� WKH� GLDSKUDJP� IOH[XUH� GHVLJQ�� 7KH� IOH[XUDO� VWUHQJWK� LQFOXGHV� WKH� WHQVLRQ�
FRQWULEXWLRQ�RI�VKHDU�UHLQIRUFHPHQW�DV�SHU�$&,������������DQG�LV�FDOFXODWHG�XVLQJ�WKH�DQDO\WLFDOO\�EDVHG�
SURFHGXUH��:DQ�������FRQWDLQHG�LQ�6HF������3$57�����
�
�
�



�&�$����

7DEOH�%������'LDSKUDJP�IOH[XUH�GHVLJQ�IRU�WKH�VLPXODWLRQ�VWUXFWXUH��
6KHDU�FRQQHFWRU� &KRUG����Mu     
tn 

� ��RI� Mn��FRQQ�� tn�� ��RI� Mn��FK��� 
ĳI�Mn�-RLQW�

N�IW� NLSV� FRQQ�� N�IW� NLSV� EDUV� N�IW� N�IW�
&)� ������ ����� �� ����� ����� �� ������ ������
,0�� ������ ����� �� ����� ����� �� ������ ������
,0�� ������ ����� �� ����� ����� �� ������ ������
&6� ������ ����� �� ����� ����� �� ������ ������

��-9,�9HFWRU�WHQVLRQ�VWUHQJWK�DQG�VWLIIQHVV�IURP��1DLWR�HW�DO��������
��)OH[XUH�VWUHQJWK�IURP�DQDO\WLFDO�EDVHG�SURFHGXUH��:DQ�������
��'U\�FKRUG�WHQVLRQ�VWUHQJWK��WQ�FKRUG� �$VI\�

�
&RQQHFWRUV�EHWZHHQ�PDLQ�SUHFDVW�XQLWV�DQG�JUDYLW\�EHDPV��VHH�)LJXUH�%����D��DUH�VHOHFWHG�DV�WZR����

DQJOHG�EDU�SODWH�FRQQHFWRUV�SHU�SDQHO���
�
6KHDU�7UDQVIHU�0HFKDQLVP�

,W�ZLOO�EH�XVHIXO�WR�EULHIO\�GHVFULEH�WKH�VKHDU�WUDQVIHU�PHFKDQLVP�DFURVV�WKH�FULWLFDO�VKHDU�MRLQW��VHH�
)LJXUH�%�������7KH�VKHDU�WUDQVIHU�FDQ�EH�GLYLGHG�LQWR�SULPDU\�DQG�VHFRQGDU\�VKHDU�WUDQVIHU�PHFKDQLVPV��
7KH�SULPDU\�VKHDU�WUDQVIHU�PHFKDQLVP�LV�SURYLGHG�E\�HOHPHQWV�WKDW�DUH�H[SOLFLWO\�SDUW�RI�WKH�GLDSKUDJP�
VKHDU�GHVLJQ�� LQ� WKLV� FDVH�� ���� WKH� VKHDU� UHLQIRUFHPHQW� �9VK�� SURYLGHG�E\� WKH� -9,�9HFWRU� FRQQHFWRU�� WKH�
GRZHO�DFWLRQ�RI�WKH�ERQGHG�GU\�FKRUG��9FKG���LQFOXGHG�LQ�WKH�GLDSKUDJP�GHVLJQ�DV�ZDV�VKRZQ�LQ�7DEOH�%��
����7KH�VHFRQGDU\�VKHDU�WUDQVIHU�LV�SURYLGHG�WKURXJK�PHFKDQLVPV�DQG�HOHPHQWV�QRW�H[SOLFLWO\�LQFOXGHG�LQ�
WKH�GHVLJQ��EXW�QHYHUWKHOHVV�SUHVHQW� LQ� WKH� IORRU� V\VWHP�� WKH� IULFWLRQ� WKDW�GHYHORSV� LQ� MRLQW� FRPSUHVVLRQ�
]RQH��9I�����DQG�WKH�WUDQVYHUVH�UHVWUDLQW�SURYLGHG�DFURVV�WKH�MRLQW�E\�WKH�VSDQGUHO�EHDP��9VS���7KH�IRUPHU�LV�
GXH�WR�WKH�FRQILQLQJ�HIIHFWV�RI�WKH�WUDQVYHUVH�ZDOOV�DQG�WKH�SUHVHQFH�RI�D�VPDOO�GLDSKUDJP�PRPHQW�DW�WKH�
ORFDWLRQ�RI�WKH�ILUVW�MRLQW��7KH�ODWWHU�LV�OLPLWHG�E\�WKH�VWUHQJWK�DQG�VWLIIQHVV�RI�WKH�VSDQGUHO�WR�GRXEOH�WHH�
�63�'7��FRQQHFWLRQV��DV�GHVFULEHG�LQ�:DQ�HW�DO���������

9VS

9FKG

9VK

9I

9

0

9

0

GY

�
)LJ��%������6KHDU�WUDQVIHU�PHFKDQLVP�DFURVV�FULWLFDO�VKHDU�MRLQW��

�
%������0RGHOLQJ�RI�6LPXODWLRQ�6WUXFWXUH��

7KH�SULPDU\�DQDO\WLFDO�PRGHO�XVHG�LQ�WKH�'6'0�UHVHDUFK�LV�D��'�1/7'$�PRGHO��7KH��'�1/7'$�
�V\PPHWU\��PRGHO�RI� WKH�VLPXODWLRQ�VWUXFWXUH� LV� VKRZQ� LQ�)LJXUH�%����D�� �7KH� IXOO��'�1/7'$�PRGHO�
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FDQQRW�EH�XVHG�GLUHFWO\�LQ�WKH�K\EULG�WHVWLQJ�EHFDXVH�RI�WKH�PDWUL[�VL]H�OLPLWDWLRQV�LQ�WKH�0DWODE�SURJUDP�
XVHG� WR� SHUIRUP� WKH� K\EULG� DOJRULWKP�� 7KH� �'� 1/7'$� VLPXODWLRQ� VWUXFWXUH� V\PPHWU\� PRGHO� VKRZQ�
SRVVHVVHV�DSSUR[LPDWHO\������GHJUHHV�RI�IUHHGRP��'2)���UHVXOWLQJ�LQ�D������[������PDWUL[�UHTXLUHPHQW�
IRU�WKH�K\EULG�DOJRULWKP��ZKLFK�SURGXFHV�DQ�³RXW�RI�PHPRU\´�HUURU�LQ�0DWODE��7KH�VLPXODWLRQ�VWUXFWXUH�
PRGHO�XVHG�LQ�WKH�K\EULG�WHVWLQJ��WKHUHIRUH��ZDV�D�VLPSOLILHG�YHUVLRQ�RI�WKH��'�1/7'$�PRGHO�WHUPHG�D�
UHGXFHG� GHJUHH�RI�IUHHGRP� �5'2)�� PRGHO� �6HH� )LJXUH� %����E��� 1RWH� WKDW� ERWK� WKH� �'� 1/'7$� DQG�
5'2)�PRGHOV�DUH�KDOI�V\PPHWU\�PRGHOV�RI�WKH�IXOO�VLPXODWLRQ�VWUXFWXUH��DQG�DUH�FUHDWHG�ZLWK�WKH�JHQHUDO�
SXUSRVH�ILQLWH�HOHPHQW�SURJUDP�$16<6����

7KH�SURFHVV�RI�LQYHUWLQJ�D�ODUJH�PDWUL[�LQ�0DWODE�LV�KLJKO\�WLPH�FRQVXPLQJ��HYHQ�IRU�'2)�QXPEHUV�
ZLWKLQ� WKH� 0DWODE� VL]H� OLPLWDWLRQV� RI� D� �����[������ PDWUL[�� 7KXV�� LQ� RUGHU� WR� NHHS� WKH� K\EULG� WHVW�
GXUDWLRQ��LQYROYLQJ������WLPH�VWHSV��ZLWKLQ�D�UHDVRQDEOH�WLPH��WKH�VLPXODWLRQ�VWUXFWXUH�PRGHO�'2)V�ZHUH�
PLQLPL]HG�� $� UHGXFWLRQ� LQ� '2)V� IURP� WKH� �'� 1/7'$� PRGHO� LV� SRVVLEOH� KHUH� EHFDXVH� WKH� IRFXV� RI�
QRQOLQHDU� EHKDYLRU� RFFXUV� DW� RQH� ORFDWLRQ� �WKH� FULWLFDO� VKHDU� MRLQW� RQ� RQH� IORRU��� DQG� D� SURSHUO\�
FKDUDFWHUL]HG� VLPSOHU� PRGHO� FDQ� DSSUR[LPDWH� JOREDO� GHPDQGV� UHDVRQDEO\�� ,Q� RUGHU� WR� GHWHUPLQH� WKH�
PLQLPXP� QXPEHU� RI� '2)V� IRU� DQ� DFFHSWDEOH� PRGHO�� D� VHQVLWLYLW\� VWXG\� ZDV� SHUIRUPHG� EHWZHHQ� WKH�
5'2)�PRGHO�DQG� WKH��'�1/'7$�PRGHO��7KH�VHQVLWLYLW\�VWXG\�SURGXFHG�D�5'2)�PRGHO�FRQVLVWLQJ�RI�
����'2)�IRU�WKH�K\EULG�WHVWLQJ���
�

�

1RQOLQHDU
VSULQJ
	�FRQWDFW

1RQOLQHDU
URWDWLRQDO
VSULQJ

)ORRU���'�EHDP

1RQOLQHDU
VKHDU�VSULQJ

6KHDU�ZDOO
�'�EHDP

1RQOLQHDU
VSULQJV�	
FRQWDFW

1RQOLQHDU
VKHDU�VSULQJV

1RQOLQHDU
VSULQJV�	
FRQWDFW

3ODQH�VWUHVV
HOHPHQW

3DQHOV�UHSUHVHQWHG
LQ�WHVW�VSHFLPHQ

�
�D���'�1/7'$�PRGHO�����������������������������������������E��5'2)�IXOO�VWUXFWXUH�PRGHO��

)LJ��%������0RGHOLQJ�RI�VLPXODWLRQ�VWUXFWXUH��
�

$�GLVWLQFWLRQ�LV�PDGH�EHWZHHQ�5'2)� full structure�DQG�5'2)�superstructure�PRGHOV��7KH�IRUPHU��
VKRZQ�LQ�)LJXUH�%����E��LV�XVHG�LQ�VWDQG�DORQH�FRPSXWHU�HDUWKTXDNH�VLPXODWLRQV�WR�FDOLEUDWH�WKH�5'2)�
PRGHO�ZLWK� WKH��'�1/'7$��7KH� ODWWHU�� VKRZQ� LQ�)LJXUH�%����D�� LV�XVHG� LQ� WKH�DFWXDO�K\EULG� WHVW��7KH�
GLIIHUHQFH�LQ�WKHVH�PRGHOV�LV� WKDW� WKH��VW� IORRU�FULWLFDO�VKHDU�MRLQW� LV� LQFOXGHG�LQ�WKH�5'2)� full structure�
PRGHO�� LW� LV� UHPRYHG� IURP� WKH� 5'2)� superstructure� PRGHO�� DQG� LV� LQVWHDG� GLUHFWO\� UHSUHVHQWHG� DV� D�
physical substructure�LQ�WKH�/8�WHVWLQJ�ODERUDWRU\��

$V�PHQWLRQHG� LQ� DERYH� VHFWLRQ�� WKH� K\EULG� WHVW� LV� FRQGXFWHG�RQ� D� KDOI�VFDOH� WHVW� VSHFLPHQ��ZKRVH�
SUHFDVW�XQLWV�DUH�LGHQWLFDO� LQ�GLPHQVLRQ�WR�WKH�KDOI�VFDOH�VKDNH�WDEOH�WHVW��6HH�$SSHQGL[�%����7KXV�ERWK�
WKH� �'� 1/7'$� PRGHO� DQG� WKH� 5'2)� PRGHOV� DUH� FUHDWHG� LQ� KDOI�VFDOH� �UHODWLYH� WR� WKH� IXOO�VFDOH�
VLPXODWLRQ�VWUXFWXUH�GHVLJQ�GHVFULEHG�LQ�Section B3.2.1���7KH�VFDOLQJ�UXOHV�DUH�WKH�VDPH�DV�GHVFULEHG�IRU�
WKH�3'+�WHVW��See Section B3.1.2���
�
�
�������������������������������������������������
���$16<6�YHUVLRQ�����,QF���&DQRQVEXUJ��3$�
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�'�1/7'$�0RGHO�
� 7KH��'�1/7'$�PRGHO�RI�WKH�VLPXODWLRQ�VWUXFWXUH�XVHG�WR�YDOLGDWH�WKH�5'2)�PRGHO�LV�GHVFULEHG�
KHUH��)XOO�GHWDLOV�RI�WKLV�PRGHO�DSSHDU�LQ��=KDQJ��������7KH�VKHDU�ZDOO�LV�PRGHOHG�ZLWK��'�HODVWLF�VKHOO�
HOHPHQWV�ZLWK�QRQOLQHDU�FRXSOHG�VSULQJV�DW� WKH�JURXQG�WR�FDSWXUH�ZDOO�EDVH�ELD[LDO�KLQJH�UHVSRQVH��7KH�
KLQJH�SURSHUWLHV�IRU�VKHDU�ZDOO�DUH�GHYHORSHG�XVLQJ�VHFWLRQ�DQDO\VLV�VRIWZDUH�;75$&7���ZLWK�D�ELOLQHDU�
VWHHO�PRGHO������VWUDLQ�KDUGHQLQJ�UDWLR��DQG�0DQGHU�PRGHO�IRU�FRQFUHWH��7KH�SODVWLF�KLQJH�OHQJWK�IRU�VKHDU�
ZDOO�LV�VHW�DV�PLQLPXP�RI�KDOI�RI�VKHDU�ZDOO�GHSWK�DQG�VWRU\�KHLJKW��ZKLFK�LV��’�LQ�KDOI�VFDOH���

�

�

�

�

�

�

��

��

� ��� ��� ��� ���
2SHQLQJ��LQ�

7H
QV
LR
Q�
�N
LS
V�

'U\�FKRUG������

-9,�9HFWRU

$QJOHG�EDU�SODWH

�

�

�

�

�

�

�

� ��� ��� ��� ���
6OLGLQJ��LQ�

6K
HD
U��
NL
SV
�

'U\�FKRUG������
-9,�9HFWRU
$QJOHG�EDU�SODWH

�
�D��7HQVLRQ����������������������������������������E��6KHDU��

)LJ�%������5HVSRQVH�EDFNERQH�IRU�GLDSKUDJP�UHLQIRUFHPHQW�PRGHO��
�

7KH� GLDSKUDJP� LQ� WKH� �'� 1/7'$�PRGHO� LV� PRGHOHG� DV� JURXS� RI� QRQOLQHDU� VSULQJ�� /LQN� DQG�
FRQWDFW�HOHPHQW�XVLQJ�WKH�GLVFUHWH�PRGHOLQJ�DSSURDFK�GHVFULEHG�LQ�$SSHQGL[�%����7KH�WHQVLRQ�DQG�VKHDU�
UHVSRQVH�RI�GU\�FKRUG�FRQQHFWRU�DQG�DQJOHG�EDU�SODWH�FRQQHFWRU�DQG�WHQVLRQ�UHVSRQVH�RI�-9,�9HFWRU�DUH�
PRGHOHG�ZLWK�D�SLQFKHG�K\VWHUHWLF�HIIHFW� �6HH�6HF��%�������ZLWK�XQOLPLWHG�GXFWLOLW\�FDSDFLW\��7KH�VKHDU�
UHVSRQVH�RI�WKH�-9,�9HFWRU�LV�PRGHOHG�ZLWK�D�VWUHQJWK�GHJUDGLQJ�K\VWHUHWLF�HIIHFW��6HH�6HF��%��������7KH�
KLJK�VWLIIQHVV�FRQWDFW�DQG�LWV�DVVRFLDWHG�IULFWLRQ�EHWZHHQ�WKH�SUHFDVW�XQLWV�DUH�PRGHOHG�DV�FRQWDFW�HOHPHQW�
ZLWK�FRHIILFLHQW�RI�IULFWLRQ�LQ�VHULHV�ZLWK�D�QRQOLQHDU�FRPSUHVVLRQ�VSULQJ��6HH�6HF��%������7KH�UHVSRQVH�
EDFNERQHV�RI�WKH�GLDSKUDJP�UHLQIRUFHPHQW�PRGHOV�XVHG�LQ�WKH��'�1/7'$�PRGHO�DUH�VKRZQ�)LJXUH�%��
�����

7KH�WHVW�VSHFLPHQ�RFFXSLHV�WKH�UHJLRQ�VXUURXQGLQJ�WKH�FULWLFDO�VKHDU�MRLQW�LQ�WKH�VLPXODWLRQ�VWUXFWXUH��
7KLV� MRLQW� LV� VHOHFWHG� DV� WKH� RQH� ZLWK� WKH� PD[LPXP� VOLGLQJ� GHPDQG� PHDVXUHG� LQ� WKH� �'� 1/'7$�
VLPXODWLRQ��7KH�FULWLFDO�VKHDU�MRLQW�ZDV�LGHQWLILHG�DV�WKH�HQG�MRLQW�RQ�WKH��VW� IORRU��,W� LV�QRWHG�WKDW�DW� WKH�
WLPH� RI� WKH� WHVWLQJ�� WKH� FRQWULEXWLRQV� RI� WKH� JUDYLW\� V\VWHP� WR� GLDSKUDJP� UHVSRQVH� ZDV� QRW� IXOO\�
XQGHUVWRRG�� ,Q� ODWHU� VLPXODWLRQV� WKDW� LQFOXGHG� WKH� JUDYLW\� V\VWHP� FROXPQV�� WKH� FULWLFDO� VKHDU� MRLQW� ZDV�
IRXQG� WR�EH� WKH� HQG� MRLQW�RQ� WKH� WRS� �WKLUG�� IORRU��%DVHG�RQ� WKLV� ILQGLQJ�� WKH�SUHWRSSHG�GLDSKUDJP�ZDV�
SODFHG� RQ� WKH� WRS� IORRU� RI� WKH� VKDNH� WDEOH� WHVW� VWUXFWXUH�� WKH� �VW� IORRU� RI� WKH� VKDNH� WDEOH� VSHFLPHQ�ZDV�
LQVWHDG� D� WRSSHG� GLDSKUDJP� �6HH� Appendix B4��� $FFRUGLQJO\�� ZKLOH� WKH� K\EULG� WHVW� HQGHG� XS� QRW� WR�
GLUHFWO\�UHSUHVHQW�WKH�VKDNH�WDEOH�WHVW��VW�IORRU�MRLQW�� LW�GLG�UHDVRQDEO\�UHSURGXFH�WKH�GHPDQGV�RQ�WKH�WRS�
IORRU��SUHWRSSHG��GLDSKUDJP�HQG�MRLQW��

�
&UHDWLRQ�RI�5HGXFHG�0'2)�0RGHO�

7KH�5'2)�PRGHO�LV�FUHDWHG�E\�LQWURGXFLQJ�WKH�IROORZLQJ�VLPSOLILFDWLRQV�LQWR�WKH��'�1/7'$�PRGHO���
����7KH�QXPEHU�RI�GLDSKUDJP�MRLQWV�H[SOLFLWO\�PRGHOHG�LV�UHGXFHG��IURP�HYHU\�SDQHO�MRLQW�LQ�WKH��'�

1/7'$�PRGHO��WR�WZR�MRLQWV�SHU�IORRU��WKH�FULWLFDO�VKHDU�MRLQW�DW�IORRU�HQG�DQG�WKH�FULWLFDO�IOH[XUDO�MRLQW�DW�
PLGVSDQ�� 7KH� GLDSKUDJP� UHJLRQ� EHWZHHQ� WKHVH� MRLQWV� LV�PRGHOHG�PRQROLWKLFDOO\� �XVLQJ� FRQWLQXRXV� �'�
�������������������������������������������������
���;75$&7��,PEVHQ�FRPPHUFLDO�VRIWZDUH��,QF��5DQFKR�&RUGRYD��&$��
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EHDP�HOHPHQWV��DQG� LV�SURYLGHG�ZLWK�HIIHFWLYH�HODVWLF�PRGXOL� �(HII� DQG�*HII�� LQ�RUGHU� WR�DFFRXQW� IRU� WKH�
DGGHG� IOH[LELOLW\� PLVVLQJ� LQ� WKH� 5'2)� PRGHO� GXH� WR� WKH� UHPRYHG� MRLQWV�� 7KH� HIIHFWLYH� PRGXOL� DUH�
GHWHUPLQHG�XVLQJ�SURFHGXUHV�IURP�3$57���RI�WKH�GHVLJQ�PHWKRGRORJ\��6HH�6HF������$�LQ�3$57������

�����7KH�FULWLFDO�IOH[XUH�MRLQW�PRGHO�DW�DOO�IORRUV�LV�FKDQJHG�IURP�HODVWLF�SODQH�VWUHVV�HOHPHQWV�ZLWK�
GLVFUHWH�QRQOLQHDU�JURXS�RI�VSULQJV��OLQNV�DQG�FRQWDFWV��6HH�)LJ��%����D��LQWR�D�ULJLG�EHDP�ZLWK�QRQOLQHDU�
D[LDO�VSULQJV�DQG�FRQWDFW�HOHPHQW�SDLUV�DW�WKH�WRS�DQG�ERWWRP�FKRUG�UHJLRQV��VHH�)LJ��%����E���7KH�FKRUG�
UHJLRQ� VSULQJV� LQFOXGH� WKH� FRPELQHG� FRQWULEXWLRQV� WR� IOH[XUDO� UHVLVWDQFH� RI� WKH� FKRUG� DQG� VKHDU�
UHLQIRUFHPHQW��XVLQJ�D�SODQH�VHFWLRQ�WUDQVIRUPDWLRQ�IRU�WKH�WHQVLRQ�FKDUDFWHULVWLFV�EDVHG�RQ�DQ�DVVXPSWLRQ�
WKDW� WKH� FRPSUHVVLRQ� FHQWULRG� LV� DW� FHQWHU� RI� FKRUG� UHJLRQ�� 7KH� HIIHFWLYH� WHQVLRQ� VWUHQJWK� LQ� WKH� D[LDO�
VSULQJ��7HII��FDQ�EH�FDOFXODWHG�DV� chd
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i
JVIchdchordeff ddTdTT ��� ¦� ��7KXV��WKH�5'2)�PRGHO�FULWLFDO�

IOH[XUH�MRLQWV�DUH�VLPSOLILHG�YHUVLRQV�RI�WKH��'�1/'7$�GLVFUHWH�UHLQIRUFHPHQW�MRLQW�PRGHOV��
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5HSUHVHQWLQJ�VSULQJ

�
)LJ��%������3URSHUW\�FDOLEUDWLRQ�IRU�UHSUHVHQWLQJ�QRQOLQHDU�VSULQJ�IRU�VSDQGUHO�EHDP��

�
����7KH�FULWLFDO�VKHDU�MRLQW�DW�WKH�IORRUV��QG��DQG��UG��IORRU�LV�PRGHOHG�DV�WKUHH�QRQOLQHDU�VKHDU�VSULQJV�

LQ�SDUDOOHO�WR�LQFOXGH�WKH�VKHDU�VWUHQJWK�FRQWULEXWLRQV�IURP���D��VXP�RI�DOO�-9,�9HFWRU���E��VXP�RI�DOO�FKRUG�
GRZHO� DFWLRQ�� DQG� �F�� VSDQGUHO� EHDP� VKHDU� UHVLVWDQFH�� 7KH� UHSUHVHQWLQJ� VKHDU� VSULQJ� SURSHUW\� IRU� WKH�
VSDQGUHO�EHDP�FRQWULEXWLRQ�LV�DSSUR[LPDWHO\�GHWHUPLQHG�EDVHG�RQ�DQDO\VLV�XVLQJ�WKH��'�1/7'$�PRGHO�
�VHH� )LJ�� %������� 7KH� VWLIIQHVV� DQG� VWUHQJWK� RI� DOO� WKH� -9,� 9HFWRU� KDV� EHHQ� LQFUHDVHG� E\� ���� LQ� WKH�
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UHSUHVHQWLQJ�QRQOLQHDU�VKHDU�VSULQJ�WR�DFFRXQW�IRU�WKH�FRQWULEXWLRQ�IURP�IULFWLRQ��7KH�1/7'$�UHVXOWV�WR�
IROORZ�VKRZ�WKHVH�HVWLPDWLRQV�DUH�UHDVRQDEOH��H�J��)LJXUH�%����E���

���� 7KH� FULWLFDO� VKHDU� MRLQW� DW� WKH� �VW� IORRU� LQ� WKH� 5'2)� PRGHO� LV� VWLOO� PRGHOHG� DV� SODQH� VWUHVV�
HOHPHQWV� UHSUHVHQWLQJ� WZR� IXOO� SUHFDVW� SDQHOV� DGMDFHQW� WR� WKH� MRLQW� �VHH� )LJ��%������� ,Q� WKH�5'2)� full 
structure�PRGHO��LQVWHDG�RI�XVLQJ�IXOO�GLVFUHWH�JURXS�RI�HOHPHQWV�DFURVV�WKH�MRLQW�DV�WKH��'�1/7'$�PRGHO�
�6HH�)LJ��%����D���WKH�MRLQW�UHLQIRUFHPHQW�LV�PRGHOHG�DV�IRXU�JURXSV�RI�QRQOLQHDU�HOHPHQWV��VHH�)LJ��%��
��E��� �D�� QRQOLQHDU� WHQVLRQ� VSULQJ� DQG� FRQWDFW� HOHPHQW� LQ� SDUDOOHO� DW� WRS� DQG� ERWWRP� FKRUG� ORFDWLRQ� WR�
PRGHO� WKH� WHQVLRQ�FRPSUHVVLRQ�DQG� IULFWLRQ� UHVSRQVH�� �E��QRQOLQHDU� VKHDU� VSULQJ�DQG� OLQNV� LQ�SDUDOOHO� DW�
PLG�GHSWK� WR�PRGHO� WKH� VKHDU� UHVSRQVH� RI� DOO� -9,� 9HFWRUV�� �F�� QRQOLQHDU� VKHDU� VSULQJ� DW�PLG�GHSWK� WR�
PRGHO� WKH�VKHDU�UHVSRQVH�RI�DOO�ERQGHG�FKRUG�UHLQIRUFHPHQW�� �G��QRQOLQHDU�VKHDU�VSULQJ�DW�PLG�GHSWK� WR�
PRGHO�WKH�VKHDU�UHVSRQVH�IURP�WKH�VSDQGUHO�EHDP�FRQWULEXWLRQ��,Q�WKH�5'2)�VXSHUVWUXFWXUH�PRGHO��DOO�WKH�
QRQOLQHDU�HOHPHQWV�DUH�UHPRYHG�H[FHSW�IRU�WKH�QRQOLQHDU�VKHDU�VSULQJ�UHSUHVHQWLQJ�WKH�FRQWULEXWLRQ�IURP�
WKH�VSDQGUHO�EHDP��6HH�)LJ����F���
�

&KRUG

6XP�RI
DOO�-9,V

6SDQGUHO
FRQWULEXWLRQ

5LJLG
EHDP 6SDQGUHO

FRQWULEXWLRQ

,QWHUIDFH
'2)V'RZHO

DFWLRQ

&KRUG

6SDQGUHO�EHDP��63�

63�'7�FRQQHFWRU

&KRUG

-9,

&KRUG

�
�D���'�1/7'$�PRGHO����E��5'2)�IXOO�VWUXFWXUH�PRGHO���F��5'2)�VXSHUVWUXFWXUH�PRGHO��

)LJ��%������0RGHOLQJ�RI�VKHDU�FULWLFDO�MRLQW�DW��VW�IORRU��
�

�����7KH�VKHDU�ZDOO�LV�PRGHOHG�DV�D��'�EHDP�HOHPHQW�ZLWK�DQ�LQHODVWLF�URWDWLRQDO�VSULQJ�DW�WKH�EDVH�
�DV�RSSRVHG�WR��'�VKHOO�HOHPHQW�ZLWK�RIIVHW�LQHODVWLF�D[LDO�VSULQJV�IRU�WKH��'�1/'7$�PRGHO���7KH�5'2)�
VKHDU�ZDOO�URWDWLRQDO�VSULQJV�SURYLGH�WKH�VDPH�SLQFKHG�K\VWHUHWLF�UHVSRQVH��EDVHG�RQ�WKH�SUHFDVW�URFNLQJ�
ZDOO�XVHG�LQ�WKH�VKDNH�WDEOH�WHVW�VWUXFWXUH��DV�SURGXFHG�E\�WKH�EDVH�D[LDO�VSULQJV��
�
'\QDPLF�$QDO\VLV�3URFHGXUH�IRU�$QDO\WLFDO�6LPXODWLRQV��
� 7KH� WLPH�VWHSSLQJ� WHFKQLTXH� RI� QRQOLQHDU� G\QDPLF� DQDO\VLV� RI� VLPXODWLRQ� VWUXFWXUH� LV� WKH�
1HZPDUN� LQWHJUDWLRQ� PHWKRG�� 7KH� QRQOLQHDU� FRQYHUJHQFH� WHFKQLTXH� LV� D� PRGLILHG� 1HZWRQ�5DSKVRQ�
LWHUDWLRQ�PHWKRG�ZLWK�IRUFH�WROHUDQFH�HUURU�RI�������$16<6��������%DVHG�RQ�VLPXODWLRQV�RI�WKH�5'2)�
PRGHO��DQ�XQGDPSHG�DQDO\VLV������HTXLYDOHQW�GDPSLQJ��LV�VHOHFWHG��/RZ�YDOXHV�RI�GDPSLQJ��UHODWLYH�WR�
WKH�GHVLJQ�VSHFWUXP�GDPSLQJ�YDOXH�RI�����ZHUH�XVHG�LQ�G\QDPLF�DQDO\VHV�WKURXJKRXW�WKH�'6'0�SURMHFW�
EDVHG� RQ� UHVHDUFK� ILQGLQJV� �3DQDJLRWRX� HW� DO�� ������� 7KLV� FRQVHUYDWLYH� DSSURDFK� LV� DGRSWHG� WR� DVVXUH�
HYDOXDWLRQ�RI�WKH�VKHDU�FULWLFDO�MRLQW�XQGHU�VXEVWDQWLDO�GDPDJH��DV�LQYHVWLJDWLQJ�WKH�GHJUDGLQJ�QDWXUH�RI�WKH�
MRLQW�LV�D�SULPDU\�REMHFWLYH��

7KH� JURXQG� PRWLRQ� XVHG� LQ� WKH� K\EULG� WHVW� DQG� WKH� DVVRFLDWHG� VLPXODWLRQV� LV� D� KLVWRULFDO� JURXQG�
PRWLRQ� IURP� WKH� ����� 1RUWKULGJH� HDUWKTXDNH�� VFDOHG� WR� PDWFK� WKH� 6'&� (� WKH� GHVLJQ� VSHFWUXP� IRU�
%HUNHOH\�&$�IRU�WKH�'6'0�SURMHFW��6FKRHWWOHU��������7KH�JURXQG�PRWLRQ�LV�VFDOHG�WR�0&(�KD]DUG�IRU�
WKH�K\EULG�WHVW��7KH�0&(�WLPH�KLVWRU\�DQG�UHVSRQVH�VSHFWUD�DW�IXOO�VFDOH�DUH�VKRZQ�LQ�)LJXUH�%�����7KH�
JURXQG�PRWLRQ� LV� VFDOHG� WR�KDOI�VFDOH� IRU� WKH�HDUWKTXDNH�VLPXODWLRQV�XVLQJ� WKH� IROORZLQJ�SURFHGXUH�� ����
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WKH�DPSOLWXGH�RI�JURXQG�DFFHOHUDWLRQ�LV�DPSOLILHG�E\�WKH�VFDOH�IDFWRU��DQG�����WKH�WLPH�LV�FRPSUHVVHG�E\�
WKH�VFDOH�IDFWRU��VHH�)LJ��%��������
�
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7LPH�V�

$
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�

+DOI�VFDOH
)XOO�VFDOH

�
)LJ��%������*URXQG�PRWLRQ�XVHG�IRU�K\EULG�WHVW��

�
�
5'2)�0RGHO�&DOLEUDWLRQ�

7KH�5'2)�PRGHO�QHHGHG� IRU� WKH�K\EULG� WHVWLQJ� LV�FDOLEUDWHG�E\�DOLJQLQJ� LWV� UHVSRQVH�ZLWK� WKH��'�
1/7'$� PRGHO�� 7KH� 1/7'$� UHVXOWV� DUH� SUHVHQWHG� LQ� KDOI�VFDOH�� %RWK� JOREDO� DQG� ORFDO� UHVSRQVH� LV�
FRPSDUHG��
�
Global Response 

7KH�JOREDO�UHVSRQVHV�RI�WKH�5'2)��full structure��DQG��'�1/'7$�DQDO\WLFDO�PRGHOV�DUH�FRPSDUHG�
LQ�)LJXUH�%������7KH�VKHDU�ZDOO�EDVH�PRPHQW�YV��URWDWLRQ�LV�VKRZQ�LQ�)LJXUH�%����D��7KLV�SORW�LQGLFDWHV�D�
PD[LPXP� URWDWLRQDO� GHPDQG� LQ� WKH�0&(� RI� ����UDG�� )LJXUHV� %����E�G� VKRZV� WKH� GLDSKUDJP� LQHUWLDO�
IRUFH��Fi��YV��GLDSKUDJP�PLGVSDQ�GHIRUPDWLRQ�IRU�HDFK�IORRU�OHYHO�RI�WKH�VLPXODWLRQ�VWUXFWXUH��7KH�JOREDO�
UHVSRQVHV� RI� WKH�5'2)�PRGHO� �����'2)V�� LV� VHHQ� WR� UHDVRQDEOH�PDWFK� WKH� �'�1/'7$�PRGHO� ������
'2)V��JOREDO�UHVSRQVH��WKRXJK�LQ�JHQHUDO�WKH�5'2)�KDV�OHVV�JOREDO�GHPDQG�WKDQ�WKH��'�1/7'$�PRGHO��
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�F���QG�IORRU���������������������������������������������������������������G���UG�IORRU��

)LJ��%������5'2)�DQG��'�1/7'$�&RPSDULVRQ��*OREDO�UHVSRQVH��
�
Local Response 

)LJXUH� %����� FRPSDUHV� WKH� 5'2)� DQG� �'�1/'7$�PRGHO� GLDSKUDJP� FULWLFDO� IOH[XUDO� �PLGVSDQ��
MRLQW� UHVSRQVH��0RPHQW�URWDWLRQ� LV� SORWWHG� IRU� WKHVH� MRLQWV� IRU� WKH� �VW� DQG� �UG� IORRUV�� WKH� �QG� IORRU�ZLWK�
ORZHU�UHVSRQVH�LV�RPLWWHG�IURP�WKH�SORW��7KH�VLPXODWLRQ�VWUXFWXUH�GLDSKUDJP�LV�VHHQ�WR�XQGHUJR�VLJQLILFDQW�
LQHODVWLF�IOH[XUDO�UHVSRQVH�������UDG��XQGHU�0&(���
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)LJ��%������5'2)�DQG��'�1/7'$�&RPSDULVRQ��&ULWLFDO�)OH[XUH�-RLQW��
�

7KH�5'2)�DQG��'�1/'7$�PRGHO�GLDSKUDJP�VKHDU�MRLQW�UHVSRQVH�DUH�QRZ�FRPSDUHG�LQ�)LJXUH�
%������ 6KHDU�IRUFH� YV�� VOLGLQJ� GHIRUPDWLRQ� UHVSRQVH� LV� SORWWHG� IRU� WKH� �VW� DQG� �UG� IORRU� GLDSKUDJP� HQG�
�FULWLFDO�VKHDU�� MRLQW�� ,W� LV�QRWHG� WKDW� WKH�PD[LPXP�VKHDU�VOLGLQJ�GHIRUPDWLRQ�RFFXUV�DW� WKH��VW�IORRU��7KH�
MRLQW� LV� VHHQ� WR� XQGHUJR� LQHODVWLF� VKHDU� GHIRUPDWLRQ�� 7KH� PD[LPXP� VKHDU� IRUFH� DQG� VKHDU� VOLGLQJ�
GHIRUPDWLRQ�IRU�WKH�5'2)�PRGHO������'2)��LV�VHHQ�WR�UHDVRQDEO\�DSSUR[LPDWH�WKH�FULWLFDO�VKHDU�UHVSRQVH�
RI�WKH��'�1/'7$�PRGHO�������'2)����7KXV��WKH�5'2)�PRGHO�DW�;�'2)�LV�VHOHFWHG�IRU�WKH�K\EULG�WHVW��
DQG�WKH�DV�WKH��VW�IORRU�HQG��FULWLFDO�VKHDU��MRLQW�LV�VHOHFWHG�DV�WKH�SK\VLFDO�VXEVWUXFWXUH�IRU�WKH�K\EULG�WHVW���
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�D���VW�IORRU��VROLG�SDQHOV�LQ�)LJXUH�%����D�������������������������������������E���UG�IORRU��

)LJ��%������5'2)�DQG��'�1/7'$�&RPSDULVRQ��&ULWLFDO�6KHDU�-RLQW��
�

7LPH�KLVWRU\�UHVSRQVHV�RI� WKH� LQWHUQDO�IRUFH�FRPSRQHQWV� �LQ�SODQH�D[LDO�� VKHDU�DQG�PRPHQW��DW� WKH�
GLDSKUDJP���VW�IORRU��FULWLFDO�VKHDU�MRLQW�DW�DUH�SUHVHQWHG�LQ�)LJXUH�%������,Q�HDFK�SORW��WKH��QRPLQDO�GHVLJQ�
VWUHQJWKV� DUH� LQGLFDWHG� DV� GDVKHG� OLQHV�� $V� H[SHFWHG�� WKH� VKHDU� IRUFH� GHPDQG� LQ� VHHQ� WR� H[FHHG� WKH�
QRPLQDO�GHVLJQ�VKHDU�VWUHQJWK��7KH�RYHUVWUHQJWK�LQ�WKH�VKHDU�IRUFH�UHODWLYH�WR�WKH�QRPLQDO�VWUHQJWK�LV�GXH�
WR�WKH�VHFRQGDU\�VKHDU�WUDQVIHU�PHFKDQLVPV��$OWKRXJK�WKH�FULWLFDO�VKHDU�MRLQW�D[LDO�IRUFH�DQG�PRPHQW�GR�
QRW�UHDFK�WKHLU�QRPLQDO�VWUHQJWK�YDOXHV��WKHVH�IRUFH�FRPSRQHQWV�DUH�QRW�QHJOLJLEOH��7KH�5'2)�PRGHO�DQG�
WKH��'�1/7'$�PRGHOV�SURGXFH�VLPLODU�IRUFH�UHVSRQVHV��

�

�����
)LJ��%������5'2)�&ULWLFDO�VKHDU�MRLQW�)RUFH�&RPSDULVRQ���D��$[LDO���E��6KHDU���F��0RPHQW��
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%������+\EULG�7HVWLQJ�3URFHGXUH�
+\EULG�$OJRULWKP�
��������7KH� 1HZPDUN� LPSOLFLW� WLPH� LQWHJUDWLRQ� PHWKRG� XVHG� LQ� WKH� IXOO\�VLPXODWHG� HDUWKTXDNH� DQDO\VHV�
UHTXLUHV�LWHUDWLRQV�WR�GHWHUPLQH�XQNQRZQV��GLVSODFHPHQW��YHORFLW\�DQG�DFFHOHUDWLRQ��DW�WKH�FXUUHQW�VWHS��,Q�
RUGHU� WR�SHUIRUP�WKH� LWHUDWLRQV� LQ�K\EULG�VLPXODWLRQ�XVLQJ�DQDO\WLFDO�VXSHUVWUXFWXUH�DQG�SK\VLFDO� WHVWLQJ��
GDWD� H[FKDQJHV� EHWZHHQ� VXSHUVWUXFWXUH� G\QDPLF� DQDO\VLV� DQG� SK\VLFDO� WHVWLQJ� LV� UHTXLUHG� GXULQJ� WKHVH�
LWHUDWLRQV��7KLV�SURFHVV�FDQQRW�EH�UHDOL]HG�WKURXJK�WKH�FRPPHUFLDO�ILQLWH�HOHPHQW�SURJUDP�$16<6�XVHG�
IRU�WKH�IXOO\�VLPXODWHG�HDUWKTXDNH�DQDO\VHV�VLQFH�LW�LV�QRW�SRVVLEOH�WR�XSGDWH�WKH�IHHGEDFN�IURP�SK\VLFDO�
WHVWLQJ� ZKLOH� WKH� $16<6� SURJUDP� LV� LQ� SURFHVVLQJ� RI� LWHUDWLRQV�� )RU� WKLV� UHDVRQ�� DQ� LQGHSHQGHQW�
XQFRQGLWLRQDOO\�VWDEOH�LQWHJUDWLRQ�DOJRULWKP��$OSKD�PHWKRG�ZLWK�D�IL[HG�QXPEHU�RI�LWHUDWLRQV��0HUFDQ�DQG�
5LFKOH��������LV�XVHG�IRU�WKH�K\EULG�WHVWLQJ��7KLV�DOJRULWKP�LV�ZULWWHQ�EDVHG�RQ�0$7/$%�VFULSW�FRPSXWHU�
ODQJXDJH�DQG�LV�LQ�FKDUJH�RI�G\QDPLF�WLPH�VWHS�LQWHJUDWLRQ�ZKLOH�WKH�5'2)�VXSHUVWUXFWXUH�PRGHO�FUHDWHG�
LQ�$16<6�LV�VHUYHG�DV�D�VWDWLF�UHVWRULQJ�IRUFH�GHWHUPLQDWRU�DV�LOOXVWUDWHG�LQ�)LJ��%�������
�
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�D�$16<6�SURJUDP���������������������������E��0$7/$%�SURJUDP�������������������F��3K\VLFDO�WHVW��

)LJ��%������+\EULG�WHVW��
�

$V� VHHQ� LQ� )LJ�� %������ WKH� 0$7/$%� EDVHG� WLPH� LQWHJUDWLRQ� SURJUDP� XVLQJ� WKH� $OSKD� WLPH�
LQWHJUDWLRQ� PHWKRG� �VHH� 0HUFDQ� DQG� 5LFKOH� ����� IRU� WKH� IXOO� GHVFULSWLRQ� RI� LQWHJUDWLRQ� DOJRULWKP��
JHQHUDWHV�D�GLVSODFHPHQW�YHFWRU�DW�D�JLYHQ�LWHUDWLRQ�RI�D�JLYHQ�WLPH�VWHS��7KHVH�GLVSODFHPHQWV�DUH�DSSOLHG�
WR� WKH�5'2)�superstructure�PRGHO�DQG� WR� WKH�SK\VLFDO� WHVW��7KH�static� UHVWRULQJ�IRUFHV� IURP�WKH�5'2)�
PRGHO�DQG� WKH�SK\VLFDO� WHVW�DUH� UHWXUQHG� WR� WKH�0$7/$%�SURJUDP�WR�FKHFN� WKH�HUURU�DQG�FDOFXODWH� WKH�
GLVSODFHPHQW� YHFWRUV� IRU� WKH� QH[W� LWHUDWLRQ��$IWHU� WKH� UHTXLUHG� LWHUDWLRQV� KDYH� EHHQ� UHDFKHG� �WZR� IL[HG�
LWHUDWLRQV�DUH�XVHG�LQ�HDFK�VWHS�IRU�K\EULG�VLPXODWLRQ���WKH�0$7/%$�SURJUDP�ZLOO�VDYH�WKH�GLVSODFHPHQW��
YHORFLW\�DQG�DFFHOHUDWLRQ�DW�FXUUHQW�VWHS�DQG�PRYH�RQ�WR�WKH�QH[W�VWHS���

7KH�5'2)� superstructure�PRGHO� XVHG� IRU� WKH� K\EULG� WHVW� KDV� LQWHUIDFH�'2)V�Uxi� DQG�Uyi�� i=1-6��
ZKRVH� UHODWLYH� GLVSODFHPHQWV� DUH� DSSOLHG� WR� WKH� SK\VLFDO� WHVW� VXEVWUXFWXUH� �)LJXUH� %����F�� DV� WKUHH�
DEVROXWH� GLVSODFHPHQWV� LPSRVHG� LQ� WKH� SK\VLFDO� WHVWLQJ�� RSHQLQJ� DW� WKH� WRS� RI� WKH� MRLQW� � �� xx UU � ���
RSHQLQJ� DW� WKH� ERWWRP� RI� WKH� MRLQW� � �� xx UU � �� DQG� VOLGLQJ� DORQJ� WKH� MRLQW� � �� yy UU � ���� 7KHVH�
GLVSODFHPHQWV� DUH� FRQWUROOHG� E\� OLQHDU� YDULDEOH� GLVSODFHPHQW� WUDQVGXFHUV� �/9'7V�� &��� &��� DQG� '���
UHVSHFWLYHO\��7KH�LQVWUXPHQWDWLRQ�LV�VKRZQ�LQ�)LJXUH�%����F��ZKHUH�HDFK�/9'7�DFWV�EHWZHHQ�WKH�EODFN�
GRWV� LQ� WKH� VFKHPDWLF��6LPLODU�DV� WKH�3'+� WHVW�� WKH� ORDGLQJ�FRQWURO�DOJRULWKP� LQYROYHV� WZR� ORRSV��(DFK�
RXWHU�ORRS�GLVSODFHPHQW�REWDLQHG�IURP�WKH�0$7/$%�SURJUDP�LV�GLYLGHG�LQWR�VPDOOHU�VXEVWHSV��DFWXDWRU�
FRPPDQG�LQFUHPHQW�RI��������DW�DSSUR[LPDWHO\�WKH�DFWXDWRU�UHVROXWLRQ�������”���,Q�WKH�LQQHU�ORRS��HDFK�
VXEVWHS�LV�DSSOLHG�WKURXJK�DFWXDWRU�GLVSODFHPHQW�FRQWURO�XQWLO�GLVSODFHPHQW�WDUJHWV�DUH�DFKLHYHG�DW�&���&��
DQG�'���7KH� VXEVWHSV� DUH� UHSHDWHG��ZLWK� DFWXDWRUV� QRW� DFKLHYLQJ� WKH� WDUJHW�ZLWKLQ� D� WROHUDQFH� ������”��



�&�$����

VOLJKWO\�H[WHQGHG�RU�UHWUDFWHG��XQWLO� WKH�RXWHU�ORRS�IXOO�VWHS�LV�DFKLHYHG�RQ�DOO�IHHGEDFN�FKDQQHOV���7KUHH�
UHVWRULQJ�IRUFHV�RI�SK\VLFDO�WHVW�>D[LDO�IRUFH�DW�WRS�� topT ���D[LDO�IRUFH�DW�ERWWRP�� botT ��DQG�VKHDU�IRUFH�RI�
WKH�MRLQW��V �@�DUH�FDOFXODWHG�IURP�WKH�DFWXDWRU�FHOOV�IRUFHV�ZLWK�IROORZLQJ�HTXDWLRQV��

> @ ��������� ������ ddebFdcFddcFTtop ������� �������������������(T����D��

> @ ��������� ������ ddebFdcFddcFTbot ������� ������������� ����(T����E��

�FV  � � � � � � � � ����(T����F��
�
+\EULG�7HVW�6LPXODWLRQ�

3ULRU�WR�WKH�DFWXDO�SK\VLFDO�WHVW��WKH�K\EULG�WHVW�LV�ILUVW�VLPXODWHG��7KLV�VLPXODWLRQ�LV�DFFRPSOLVKHG�E\�
UHSUHVHQWLQJ� WKH� SK\VLFDO� VXEVWUXFWXUH� �)LJ�� %����F�� DV� D� WZR�GLPHQVLRQDO� ��'�� QRQOLQHDU� VWDWLF� ILQLWH�
HOHPHQW�PRGHO��7KH�WHVW�VXEVWUXFWXUH�PRGHO��OLNH�DQDO\WLFDO�VXSHUVWUXFWXUH��LV�PRGHO�XVLQJ�$16<6��7KH�
SUHFDVW�SDQHO� LV�PRGHOHG�DV�HODVWLF�SODQH�VWUHVV�HOHPHQWV�ZLWK�IL[HG�ERXQGDU\�FRQGLWLRQ�DW�RXWHU�VLGH�RI�
OHIW� SDQHO� � DQG� D� ULJLG� EHDP� LV� DWWDFKHG� WR� WKH� RXWHU� VLGH� RI� ULJKW� SDQHO� �UHIHU� WR� )LJ�� %����F��� 7KH�
GLDSKUDJP�UHLQIRUFHPHQW�DFURVV�WKH�MRLQW�LV�PRGHOHG�DV�IXOO�GLVFUHWH�QRQOLQHDU�JURXS�RI�VSULQJ��OLQN�DQG�
FRQWDFW�HOHPHQWV��7KH�WLPH�LQWHJUDWLRQ�DOVR�LV�FRQGXFWHG�LQ�0$7/$%�XVLQJ�WKH�$OSKD�PHWKRG��UHIHU�WR�
)LJ��%����D��DQG�WKH�UHVWRULQJ�IRUFHV�RI�RWKHU�'2)V�DUH�DOVR�GHWHUPLQHG�XVLQJ�WKH�5'2)�VXSHUVWUXFWXUH�
PRGHO� �UHIHU� WR� )LJ��%����E��� 7KH� VLPXODWLRQ� RI� WKH� SK\VLFDO� K\EULG� H[SHULPHQW� �� LQGLFDWHG� DV� ³K\EULG�
VLPXODWLRQ´�LQ�SORW�OHJHQGV�IRU�EUHYLW\��SHUPLWWHG�WURXEOHVKRRWLQJ�DQG�ILQH�WXQLQJ�RI�WKH�K\EULG�DOJRULWKPV��
DFWXDWRU� FRQYHUJHQFH� VFKHPHV�� IRUFH� DQG� GLVSODFHPHQW� WUDQVIRUPDWLRQV�� LQWHUIDFH� FRPSDWLELOLW\� DQG�
FRPPXQLFDWLRQ�SURWRFROV�ZLWKRXW� WKH� SRVVLELOLW\� RI� SUHPDWXUH� GDPDJH� WR� WKH� WHVW� VSHFLPHQ�� IL[WXUHV� RU�
HTXLSPHQW��7KH�JOREDO�DQG�ORFDO�UHVSRQVHV�RI�WKH�K\EULG�WHVW�VLPXODWLRQ�DUH�FRPSDUHG�WR�WKH�5'2)�full 
structure�VLPXODWLRQV�DV�GLVFXVVHG�QH[W��
�
Global Response 

)LJXUH�%����� FRPSDUHV� WKH� JOREDO� UHVSRQVH� RI� WKH� K\EULG� WHVW� VLPXODWLRQ� DQG� WKH�5'2)� DQDO\VLV�
LQFOXGLQJ�� �D�� VKHDU� ZDOO� EDVH� PRPHQW� YV�� URWDWLRQ�� �E�G�� GLDSKUDJP� LQHUWLDO� IRUFH� YV�� PLGVSDQ�
GHIRUPDWLRQ� DW� WKH� �VW�� �QG� DQG� �UG� IORRU� UHVSHFWLYHO\�� *RRG� JOREDO� DJUHHPHQW� LV� REVHUYHG� EHWZHHQ� WKH�
K\EULG�WHVW�VLPXODWLRQ�DQG�WKH�5'2)�DQDO\VLV��
�
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5'2)�DQDO\VLV
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5'2)�DQDO\VLV
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+\EULG�VLPXODWLRQ
5'2)�DQDO\VLV

�
�F���QG�IORRU�������������������������������������������������������G���UG�IORRU��

)LJ��%������+\EULG�WHVW�VLPXODWLRQ�YV��5'2)�$QDO\VLV��*OREDO�UHVSRQVHV��
�
Local Response 
7KH� UHVSRQVH� RI� WKH� GLDSKUDJP�FULWLFDO� MRLQWV� DUH� QRZ�FRPSDUHG� IRU� WKH� K\EULG� WHVW� VLPXODWLRQ� DQG� WKH�
5'2)� DQDO\VLV�� 5HVXOWV� DUH� VKRZQ� IRU� WKH� �VW� DQG� �UG� IORRUV�� )LJXUH� %����� VKRZV� WKH� FULWLFDO� IOH[XUH�
�PLGVSDQ�� MRLQW�PRPHQW�URWDWLRQ� UHVSRQVH�� ��)LJXUH�%����� VKRZV� WKH�FULWLFDO� VKHDU� MRLQW� VKHDU� IRUFH�YV��
VOLGLQJ�GHIRUPDWLRQ��7KH�IROORZLQJ�LV�QRWHG������H[FHOOHQW�DJUHHPHQW�LV�REVHUYHG�EHWZHHQ�WKH�K\EULG�WHVW�
VLPXODWLRQ� DQG� WKH�5'2)�DQDO\VLV� UHVXOWV� IRU� FULWLFDO� MRLQWV� RQ� WKH��UG� IORRU� �� ���� WKH�K\EULG� VLPXODWLRQ�
H[KLELWV� ORZHU�PRPHQW� DQG� URWDWLRQ� GHPDQG� DW� WKH� �VW� IORRU� FULWLFDO� IOH[XUH� MRLQW� UHODWLYH� WR� WKH�5'2)�
DQDO\VLV�UHVXOWV��DQG������WKH�K\EULG�VLPXODWLRQ�H[KLELWV�KLJKHU�VKHDU�VOLGLQJ�GHIRUPDWLRQ�GHPDQG�DW�WKH��VW�
IORRU� FULWLFDO� IOH[XUH� MRLQW� UHODWLYH� WR� WKH� 5'2)� DQDO\VLV� UHVXOWV�� LQFOXGLQJ� VLJQLILFDQW� VKHDU� VWUHQJWK�
GHJUDGDWLRQ��HYHQ�WKRXJK�WKH�MRLQW�GLG�QRW�XQGHUJR�D�ODUJHU�VKHDU�IRUFH��,W�PD\�EH�LQIHUUHG�IURP�WKH�UHVXOWV�
WKDW� WKH� ORZHU�GHPDQG�DW� WKH��VW� IORRU�FULWLFDO� IOH[XUH� MRLQW� IRU� WKH�K\EULG�VLPXODWLRQ� LV�GXH� WR� WKH�PRUH�
H[WHQVLYH�\LHOGLQJ�RI�WKH��VW�IORRU�FULWLFDO�VKHDU�MRLQW�LQ�WKLV�DQDO\VLV��7KLV�DFWLRQ�ERWK�OLPLWV�WKH�PDJQLWXGH�
RI�WKH�PRPHQW�SRVVLEOH�DW�PLGVSDQ��GXH�WR�OLPLWLQJ�WKH�VKHDU�WUDQVIHU�WR�WKH�VKHDU�ZDOO���DQG�UHGXFHV�WKH�
UHTXLUHG�LQHODVWLF�URWDWLRQV�DW�PLGVSDQ�WR�DFKLHYH�DQ�RYHUDOO�GLDSKUDJP�LQHODVWLF�GHIRUPDWLRQ�GHPDQG�GXH�
WR�JUHDWHU�LQHODVWLF�VOLGLQJ�GHIRUPDWLRQ�DW�WKH�GLDSKUDJP�HQGV��7KXV��WKH�IRFXV�RQ�WKH�GLVFUHSDQF\�EHWZHHQ�
WKH�K\EULG�WHVW�VLPXODWLRQ�DQG�WKH�IXOO�G\QDPLF�DQDO\VHV�IRFXVHG�RQ�WKH�UHVSRQVH�RI�WKH�FULWLFDO�VKHDU�MRLQW��
�
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�D���VW�IORRU�������������������������������������������������������������E���UG�IORRU��

)LJ��%������+\EULG�WHVW�VLPXODWLRQ�YV��5'2)�$QDO\VLV��FULWLFDO�IOH[XUH�MRLQW��
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5'2)�DQDO\VLV
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�D���VW�IORRU�������������������������������������������������E���UG�IORRU��

)LJ��%������+\EULG�WHVW�VLPXODWLRQ�YV��5'2)�$QDO\VLV��FULWLFDO�VKHDU�MRLQW��
�
Troubleshooting 

7KH�K\EULG� WHVW� VLPXODWLRQ�SHUPLWWHG� WURXEOHVKRRWLQJ�RI� WKH� LQWHUIDFH�EHWZHHQ� WKH�$16<6�PRGHOV�
DQG� WKH� 0DWODE� K\EULG� DOJRULWKP�� +RZHYHU�� WKH� GLIIHUHQFH� LQ� WKH� �VW� IORRU� FULWLFDO� VKHDU� MRLQW� VKHDU�
UHVSRQVH� EHWZHHQ� WKH� K\EULG� WHVW� VLPXODWLRQ� DQG� WKH� G\QDPLF� DQDO\VLV� 1/7'$� UHTXLUHG� D� FORVHU�
H[DPLQDWLRQ�RI�WKH�DOJRULWKP�DQG�DQDO\WLFDO�FRPSRQHQWV�RI�WKH�K\EULG�WHVW�WR�GHWHUPLQH�WKH�VRXUFH�RI�WKH�
GLVFUHSDQF\��$IWHU� D� GHWDLOHG� H[DPLQDWLRQ�RI� WKH�GLIIHUHQW� FRPSRQHQWV� WKDW� FRPSULVH� WKH� K\EULG� WHVWLQJ�
HOHPHQWV�� LW� ZDV� K\SRWKHVL]HG� WKDW� WKH� GLIIHUHQFH� LQ� WKH� K\EULG� VLPXODWLRQ� DQG� WKH� G\QDPLF� DQDO\VLV�
VWHPPHG� IURP� WKH� LQDELOLW\� IRU� WKH� K\EULG� DOJRULWKP� WR� DGHTXDWHO\� WUHDW� WKH� FRQWDFW� FRQGLWLRQ�� 7KLV�
SKHQRPHQRQ�KDV�UHFHQWO\�EHHQ�LGHQWLILHG�DV�DQ�LPSRUWDQW�XQUHVROYHG�LVVXH�LQ�K\EULG�WHVWLQJ��SDUWLFXODUO\�
LQ�KRZ�LW�DSSOLHV�WR�G\QDPLF�LPSDFW��
�
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+\EULG�VLPXODWLRQ
5HGXFHG�1/7'$

�
�D��2SHQLQJ�FORVLQJ�DW�WRS�RI�MRLQW�����������������������������E��$[LDO�IRUFH��
)LJ��%������7LPH�KLVWR\�UHVSRQVH�DW�FULWLFDO�VKHDU�MRLQW�

�
7KH�5'2)� IXOO� VWUXFWXUH�PRGHOV�� OLNH� WKH� �'�1/7'$�� XVHV� FRQWDFW� SVHXGR�HOHPHQWV� DYDLODEOH� LQ�

$16<6�WR�PRGHO� WKH� MRLQW�FRPLQJ� LQWR�FRQWDFW�XQGHU�D[LDO�FRPSUHVVLRQ�RU� LQ� WKH�FRPSUHVVLRQ�]RQH� LQ�
IOH[XUH�� 7KH� FRQWDFW� HOHPHQWV� HPSOR\� D� SHQDOW\� IXQFWLRQ� IRUPXODWLRQ� �$16<6� ������� 7KH� K\EULG�
LQWHJUDWLRQ� DOJRULWKP��RQ� WKH�RWKHU�KDQG�� KDV�QR� FDSDELOLW\�RI� FRQVLGHULQJ� WKH�FRQWDFW� DOJRULWKP�� ,Q� WKH�
K\EULG� VLPXODWLRQ�� QR� FRQWDFW� DOJRULWKP�PHDQV� KLJK� SDQHO� SHQHWUDWLRQ�PLJKW� RFFXU� DQG� LQWURGXFH� KLJK�



�&�$����

SDQHO�RSHQLQJ�FORVLQJ�DQG�KLJK�MRLQW�D[LDO�IRUFHV��)LJXUH�%�������7KHVH�KLJK�MRLQW�D[LDO�IRUFHV�ZLOO�KDYH�D�
VLJQLILFDQW�LQIOXHQFH�RQ�WKH�MRLQW�VKHDU�UHVSRQVH�VLQFH�LW�FDQ�FKDQJH�WKH�FRQWULEXWLRQ�RI�IULFWLRQ�DQG�UHGXFH�
WKH�FRQQHFWRU�VKHDU�VWUHQJWK�� �)LJXUH�%�����VKRZV�WKH�WLPH�KLVWRU\�UHVSRQVHV�FORVH�XS�IURP�VWHS�����WR�
����ZKHUH�WKH�GLIIHUHQFH�LQ�WKH�MRLQW�VOLGLQJ�GHPDQG�VWDUW�WR�RFFXUV�EHWZHHQ�5'2)�DQDO\VLV�DQG�K\EULG�
VLPXODWLRQ�� $V� VHHQ�� GXULQJ� WKHVH� VWHSV�� WKH� WRS� RI� MRLQW� LV� RSHQ� IRU� ERWK� 5'2)� DQDO\VLV� DQG� K\EULG�
VLPXODWLRQ�ZKLOH�WKH�ERWWRP�RI�MRLQW�LV�FORVH�IRU�WKH�5'2)�DQDO\VLV�EXW�XQGHUJRHV�D�RSHQ�FORVLQJ�F\FOH�
IRU�WKH�K\EULG�VLPXODWLRQ�GXH�WR�ODFN�RI�FRQWDFW�DOJRULWKP��$V�D�FRQVHTXHQFH�RI�WKLV�REVHUYDWLRQ��WKH�MRLQW�
LV�LQ�FRPSUHVVLRQ�IRU�5'2)�DQDO\VLV�EXW�XQGHUJRHV�D�WHQVLRQ�FRPSUHVVLRQ�F\FOH�IRU�WKH�K\EULG�VLPXODWLRQ�
GXULQJ�WKHVH�VWHSV��,Q�WKH�VWHSV������DQG������ZKHQ�WKH�MRLQW�LV�LQ�WHQVLRQ�LQ�K\EULG�VLPXODWLRQ��WKH�VKHDU�
VOLGLQJ� GHPDQG� VWDUWV� H[FHHG� WKH� GHPDQG� REWDLQHG� LQ� 5'2)� DQDO\VLV� DQG� HQWHULQJ� LQHODVWLF� UHVSRQVH�
GRPDLQ�EHFDXVH�WKH�VKHDU�VWUHQJWK�RI�D�MRLQW�ZLWK�FRPSUHVVLRQ�IRUFH�LV�ODUJHU�WKDQ�WKDW�ZLWK�WHQVLRQ�IRUFH��
,Q�K\EULG�VLPXODWLRQ��DV�WKH�MRLQW�\LHOG�LQ�VOLGLQJ��WKH�MRLQW�VKHDU�VWUHQJWK�ZLOO�VWDUW�WR�GHJUDGH�DQG�WKXV�WKH�
VOLGLQJ�GHPDQG�NHHS�LQFUHDVLQJ�HYHQ�LQ�D�ODWHU�VWHS��VWHS������ZKHUH�D�FRPSUHVVLRQ�IRUFH�LV�REVHUYHG���
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6WHS

2SHQLQJ�DW�WRS

2SHQLQJ�DW�ERWWRP

6OLGLQJ

$[LDO�IRUFH

<LHOG

�
)LJ��%������7LPH�KLVWRU\�UHVSRQVH�FORVH�XS�DW�FULWLFDO�VKHDU�MRLQW��

�
7R�YHULI\�WKH�GLIIHUHQFH�LV�FDXVHG�E\�WKH�IDFW�WKDW�K\EULG�LQWHJUDWLRQ�DOJRULWKP�IDLOV�WR�FDSWXUH�FRQWDFW�

DOJRULWKP�� WKH� FRQWDFW� HOHPHQWV� DW� FULWLFDO� VKHDU� MRLQW� DUH� UHPRYHG� IURP� ERWK� WKH� 5'2)� IXOO� VWUXFWXUH�
PRGHO�LQ�5'2)�DQDO\VLV�DQG�WKH��'�WHVW�VXEVWUXFWXUH�PRGHO�LQ�K\EULG�VLPXODWLRQ��7KH�FRPSDULVRQ�IRU�WKH�
PRGHOV�ZLWKRXW�FRQWDFW�HOHPHQWV�EHWZHHQ�K\EULG�VLPXODWLRQ�DQG�1/7'$�LV�VKRZQ�LQ�)LJXUH�%������7KH�
JRRG�DJUHHPHQW�IRU�WKH�VKHDU�VOLGLQJ�UHVSRQVH�DW�FULWLFDO�VKHDU�MRLQW�LV�IRXQG��
�
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9
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�

+\EULG�VLPXODWLRQ
Z�R�FRQWDFW
5'2)�DQDO\VLV
Z�R�FRQWDFW

�
)LJ��%������&ULWLFDO�VKHDU�VOLGLQJ�UHVSRQVH�RI�K\EULG�VLPXODWLRQ�ZLWKRXW�FRQWDFW��

�
$OWKRXJK�WKH�K\EULG�DOJRULWKP�GRHV�QRW�FDSWXUH�WKH�VKHDU�UHVSRQVH�DW�FULWLFDO�VKHDU�MRLQW�REVHUYHG�LQ�

5'2)�DQDO\VLV�� LW� LQWURGXFHV�PRUH� LQHODVWLF� VKHDU� GHPDQG� WR� WKH� MRLQW�ZKLFK� FDQ� VHUYH� WKH� SXUSRVH� RI�
WHVWLQJ�WKH�SRVW�\LHOG�EHKDYLRU�RI�GLDSKUDJP�VKHDU�FULWLFDO�MRLQW��$W�WKH�VDPH�WLPH��LW�LV�GLIILFXOW�WR�GHYHORS�
D� QHZ�K\EULG� DOJRULWKP� FRQVLGHULQJ� WKH� WLPH� FRQVWUDLQW� RQ� WKH� VFKHGXOH� RI� WHVW� XWLOLWLHV��7KHUHIRUH�� WKH�
K\EULG�DOJRULWKP�GLVFXVVHG�DERYH�LV�VWLOO�XVHG�IRU�WKH�WHVW��
�
%������([SHULPHQWDO�3URJUDP�

7KH�SK\VLFDO� WHVW�SDUW�RI�K\EULG�WHVW� LV�FRQGXFWHG�DW�/8��7KH�/8�UHVHDUFK�JURXS�RI�'6'0�SURMHFW�
GHVLJQV� WKH� WHVW�VSHFLPHQ��SURGXFHV� WKH� WHVW�VSHFLPHQ��VHW�XS� WKH� WHVW� IL[WXUH�DQG�FRQGXFWV� WKH� WHVW��7KH�
H[SHULPHQWDO�SURJUDP�LV�VLPLODU�DV�WKH�3'+�WHVW�GLVFXVVHG�LQ�VHFWLRQ�%�������7KH�VDPH�WHVW�IL[WXUHV�DQG�
LQVWUXPHQWDWLRQV�DUH�XVHG�IRU�ERWK�3'+�DQG�K\EULG�WHVW��7KH�RQO\�GLIIHUHQFH�LV�WKDW�WKH�K\EULG�VSHFLPHQ�
HPSOR\V�GLDSKUDJP�UHLQIRUFLQJ�GHWDLOV�VKRZQ�LQ�)LJXUH�%����D�DW�WKH�FULWLFDO�VKHDU�MRLQW��
�
%������([SHULPHQWDO�5HVXOWV�'LVFXVVLRQ�

+\EULG� WHVW� UHVXOWV�DUH�SURFHVVHG�� LQWHUSUHWHG�DQG�FRPSDUHG� WR�K\EULG�VLPXODWLRQ�SUHGLFWLRQV� LQ� WKH�
IROORZLQJ�FDWHJRULHV������MRLQW�GLVSODFHPHQW�WLPH�KLVWRU\������MRLQW�IRUFH�WLPH�KLVWRU\������MRLQW�K\VWHUHVLV�
UHVSRQVH��DQG�����MRLQW�VKHDU�VWLIIQHVV��

�
-RLQW�'LVSODFHPHQW�7LPH�+LVWRU\�

7KUHH�LQWHUIDFH�GLVSODFHPHQWV��RSHQLQJ�DW�WRS�FKRUG��&����RSHQLQJ�DW�ERWWRP�FKRUG��&���DQG�VOLGLQJ�
DW�FHQWHU��'���DUH�VKRZQ�LQ�)LJXUH�%������7KH�JURXQG�PRWLRQ�LV�GLVFUHWL]HG�LQWR������WLPH�VWHSV�EXW�WKH�
WHVW�VWRSV�DW�VWHS������GXH�WR�D�VKHDU�IDLOXUH��)LJXUH�����F���$�JRRG�DJUHHPHQW�LV�IRXQG�EHWZHHQ�K\EULG�
WHVW�DQG�K\EULG�VLPXODWLRQ�LQ�WKH�HDUO\�VWDJH�RI�WHVW����WR������VWHSV���+RZHYHU�WKH�VOLGLQJ�GHPDQG�LQ�WKH�
ODWHU�VWDJH�RI�K\EULG�WHVW� LV�PXFK�ODUJHU�WKDQ�WKDW�RI�K\EULG�VLPXODWLRQ��7KLV�ODJHU�VKHDU�VOLGLQJ�GHPDQG�
FDXVHV� FRQFUHWH� DGMDFHQW� WR� WKH� MRLQW� WR� FUXVK�ZKLFK� LQ� WXUQ� UHVXOWV� LQ� D� KLJK�SDQHO� SHQHWUDWLRQ� �)LJXUH�
����E����
�
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����

����

����

�

���

���

���

���

�

� ��� ���� ����

6WHS

6O
LG
LQ
J�
�LQ
�

+\EULG�WHVW
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�
�F��6OLGLQJ��

)LJ��%������-RLQW�GLVSODFHPHQW�WLPH�KLVWRU\�RI�K\EULG�WHVW��
�

7KH� KLJKHU� VKHDU� VOLGLQJ� GHPDQG� RI� K\EULG� WHVW� FRPSDUHG� WR� K\EULG� VLPXODWLRQ� LV� GXH� WR� WKH�
RYHUORDGLQJ� FDXVHG� E\� WKH� ORDGLQJ� FRQWURO� LWHUDWLRQ� DOJRULWKP� LQ� K\EULG� WHVW�� $V� GHVFULEHG� LQ� VHFWLRQ�
%������� WKH� WKUHH� LQWHUIDFH� GLVSODFHPHQWV� DUH� FRXSOHG� LQ� WKH� WHVW� V\VWHP� DQG� KDYH� WR� IROORZ� WKH�
GLVSODFHPHQW�FRPSDWLELOLW\��6R�DQ�LWHUDWLRQ�DOJRULWKP�LV�XVHG�WR�PDNH�WKH�WKUHH�GLVSODFHPHQWV�FRQYHUJHG�
DW�WDUJHW�YDOXH�WKURXJK�DQ�LQQHU�ORRS�ZKLFK�GLYLGHV�WKH�GLVSODFHPHQW�LQSXWV�LQWR�VXEVWHSV�DV�GHVFULEHG�LQ�
%������� 7KLV� LWHUDWLRQ� SURFHVV� PHDQV� EHIRUH� WKH� GLVSODFHPHQWV� PHHW� WKH� WDUJHW� GLVSODFHPHQW� YDOXHV�
�WHUPHG�DFWXDWRU�FRPPDQG�LQ�)LJXUH�%������JHQHUDWHG�IURP�WKH�0$7/$%�WLPH�LQWHJUDWLRQ�SURJUDP��WKH�
MRLQWV�ZLOO�XQGHUJR�D�VHW�RI�WULDO�GLVSODFHPHQWV��WHUPHG�DFWXDWRU�LQSXW�LQ�)LJXUH�%�������7KH�RYHUORDGLQJ�
LV�RULJLQDWHG�IURP�WKLV� LWHUDWLRQ�SURFHVV��)LJXUH�%�����VKRZV�D�FORVH�XS�RI�MRLQW�VOLGLQJ�DQG�VKHDU�IRUFH�
WLPH�KLVWRU\��$W�VWHS������WKH�DFWXDWRU�FRPPDQG�UHTXLUHV�D�����”�VOLGLQJ�IRU�WKH�WHVW�MRLQW��)LJXUH�%����D���
+RZHYHU�GXULQJ�WKH�DFWXDO�WHVW��WKH�MRLQW�XQGHUJRHV�D�VHW�RI�WULDO�GLVSODFHPHQWV��%OXH�OLQH�LQ�)LJXUH�%��
��D��EHIRUH�UHDFKLQJ�WKH�WDUJHW�GLVSODFHPHQW�YDOXHV��$�VKHDU�VOLGLQJ�RYHUORDGLQJ�LV�VHHQ�LQ� WKH�LWHUDWLRQ�
SURFHVV� DQG� LQ� WXUQ� D� VKHDU� IRUFH� RYHUORDGLQJ� LV� JHQHUDWHG� �)LJXUH�%����E���%HFDXVH� WKH� VKHDU� VOLGLQJ�
GHPDQG�DW�WKLV�VWHS�LV�ODUJHU�WKDQ�WKH�-9,�9HFWRU�\LHOG�VWUHQJWK��VWUHQJWK�GHJUDGDWLRQ�LV�REVHUYHG�DW�HQG�RI�
VWHS�����ZKLFK�LQ�WXUQ�FDXVHV�WKH�KLJK�VOLGLQJ�GHPDQG�REWDLQHG�IURP�0$7/$%�WLPH�LQWHJUDWLRQ�DW�QH[W�
VWHS�����FRPSDUHG�WR�WKH�K\EULG�VLPXODWLRQ��7KLV�VKHDU�VOLGLQJ�RYHUORDGLQJ�DFFXPXODWHV�LQ�WKH�ZKROH�WHVW�
DQG�UHVXOWV�LQ�WKH�KLJK�VKHDU�VOLGLQJ�GHPDQG�DQG�FRQVHTXHQWO\�ODUJH�VKHDU�VWUHQJWK�GHJUDGDWLRQ�LQ�WKH�UHVW�
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RI�WHVW��7KXV�D�EHWWHU�ORDGLQJ�DOJRULWKP�IRU�WKH�SUHFDVW�GLDSKUDJP�MRLQW�WHVW�LV�UHTXLUHG�ZKHQ�FRQVLGHULQJ�
WKH�IOH[XUH�DQG�VKHDU�FRXSOHG�ORDGLQJ��
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GHJUDGLQJ

9��NLSV�

�
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+\EULG�WHVW
+\EULG�VLPXODWLRQ

�
�F��0RPHQW������������������������������������������������������G��M�N�V��
)LJ��%������-RLQW�IRUFH�WLPH�KLVWRU\�RI�K\EULG�WHVW��
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-RLQW�)RUFH�7LPH�+LVWRU\�
)LJXUH�%�����VKRZV�MRLQW�IRUFHV�WLPH�KLVWRU\�UHVSRQVHV���D��MRLQW�D[LDO�IRUFH���E��MRLQW�VKHDU�IRUFH���F��

MRLQW�PRPHQW��DQG��G��0�1�9�LWHUDWLRQ�IURP�(T������7KH�QRPLQDO�GHVLJQ�VWUHQJWKV�DUH�LQGLFDWHG�DV�ZHOO��
$�JRRG�DJUHHPHQW�EHWZHHQ�K\EULG�WHVW�DQG�K\EULG�VLPXODWLRQ�LV�IRXQG�H[FHSW�WKDW������LQ�WKH�ODWH�VWDJH�RI�
WHVW�PRUH�VKHDU�VWUHQJWK�GHJUDGDWLRQ�LV�VKRZQ�LQ�WKH�K\EULG�WHVW��)LJXUH�%����E��IRU�WKH�UHDVRQ�GHVFULEHG�
LQ� DERYH� VHFWLRQ�� ���� LQ� WKH�EHJLQQLQJ�RI� WHVW�� WKH� IRUFHV� UHVSRQVHV�RI�K\EULG� WHVW� KDV� D�KLJK� IUHTXHQF\�
RVFLOODWLRQ�ZLWK�QRQ�WULYLDO�PDJQLWXGH�WKRXJK�QRW�\LHOG�EHFDXVH�WKH�GLVSODFHPHQWV�FRPPDQG�LV�YHU\�VPDOO�
DQG�IDOOV�LQWR�WKH�DFWXDWRU�UHVROXWLRQ��
�
-RLQW�+\VWHUHVLV�5HVSRQVH�
�
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0LFUR
FUDFN

&RQFUHWH
FUXVKLQJ

)UDFWXUH

6WDJH��

6WDJH��

6WDJH��

�
�D��$[LDO������������E��6KHDU����������������������F��0RPHQW����������G��3KRWR��

)LJ��%������-RLQW�K\VWHUHWLF�UHVSRQVHV�RI�K\EULG�WHVW��
�

-RLQW�K\VWHUHVLV� UHVSRQVH� LV� VKRZQ� LQ�)LJXUH�%�����ZKLFK�GLYLGHV� WKH�ZKROH� WHVW� LQWR� WKUHH�VWDJHV��
VWDJH������WR�����VWHSV���VWDJH��������WR�����VWHSV��DQG�VWDJH��������WR������VWHSV����

,Q�VWDJH���� WKH�MRLQW� LV� LQ�HODVWLF�FRQGLWLRQ�DQG�RQO\�PLFUR�FUDFNV�DUH�REVHUYHG��)LJXUH�%����G���,Q�
VWDJH����WKH�VKHDU�UHLQIRUFHPHQWV�VWDUW�WR�\LHOG��/DUJH�VKHDU�VOLGLQJ�GHPDQG�DQG�VKHDU�VWUHQJWK�GHJUDGDWLRQ�
RFFXU�IROORZHG�ZLWK�WKH�ORFDO�FRQFUHWH�FUXVKLQJ��)LJXUH�%����G���*RRG�DJUHHPHQW�EHWZHHQ�WKH�WHVW�DQG�
VLPXODWLRQ�LV�VHHQ�LQ�WKH�ILUVW�WZR�VWDJHV��,Q�VWDJH����WKH�VKHDU�RYHUORDGLQJ�UHVXOWV�LQ�KLJK�VOLGLQJ�GHPDQG�
DQG�ODUJH�VKHDU�VWUHQJWK�GHJUDGDWLRQ�LQ�WKH�WHVW��)LJXUH�%����G�VKRZV�WKH�IUDFWXUH�RI�VKHDU�UHLQIRUFHPHQWV�
DQG� FUXVKLQJ� RI� VXUURXQGLQJ� FRQFUHWH�ZKLFK� LQ� WXUQ� FDXVHV� WKH� VRIWHQLQJ� RI� D[LDO� DQG� IOH[XUH� VWUHQJWK�
�)LJXUH�%����D�DQG�%����F����
�
6KHDU�6WLIIQHVV�

)LJXUH�%�����VKRZV�WKH�VKHDU�VWLIIQHVV�RI�WKH�MRLQW��7KH�GHJUDGDWLRQ�RI�WKH�VKHDU�VWLIIQHVV�GXULQJ�WKH�
WHVW� LV�PRUH�WKDQ�WKDW� LQ�K\EULG�VLPXODWLRQ��)LJXUH�%����D��GXH�WR�WKH�RYHUORDGLQJ�LQ�WKH�WHVW��7KH�D[LDO�
FRPSUHVVLRQ� IRUFH� LQFUHDVHV� WKH� VKHDU� VWLIIQHVV� ZKLOH� WHQVLRQ� IRUFH� GHFUHDVHV� WKH� VKHDU� VWLIIQHVV� DV�
H[SHFWHG��)LJXUH�%����E���
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������������������������������������������D��'HJUDGDWLRQ���������������������������������������������E��$[LDO�IRUFH�HIIHFW��

)LJ��%������-RLQW�VKHDU�VWLIIQHVV�RI�K\EULG�WHVW��
�
%������&RQFOXVLRQV�IURP�+\EULG�7HVW�

7KH� FULWLFDO� VKHDU� MRLQW� LQ� D� SUHWRSSHG� FRQFUHWH� GLDSKUDJP� ZDV� WHVWHG� DW� KDOI�VFDOH� XQGHU� K\EULG�
³DGDSWLYH´�DOJRULWKP��7KH�IROORZLQJ�FRQFOXVLRQV�DUH�PDGH��

����7KH�VKHDU� UHLQIRUFHPHQW� �-9,�9HFWRU��VKRZV�VWUHQJWK�DQG�VWLIIQHVV�GHJUDGDWLRQ�ZLWK� LQFUHDVLQJ�
LQHODVWLF�VKHDU�VOLGLQJ�ORDGLQJ���

���� 7KH� FULWLFDO� VKHDU� MRLQW� GHVLJQHG� ZLWK� VKHDU� RYHUVWUHQJWK� IDFWRU� RI� ���� ZLOO� OLNHO\� IDLO� LQ� WKH�
H[SHFWHG� HDUWKTXDNH� DIWHU� WKH� VLJQLILFDQW� VKHDU� VWUHQJWK� ORVV�� 7KXV� KLJKHU� VKHDU� RYHUVWUHQJWK� IDFWRU� LV�
UHTXLUHG�IRU�WKH�GLDSKUDJP�VKHDU�GHVLJQ�WR�SUHYHQW�QRQ�GXFWLOH�VKHDU�IDLOXUH��

���� 7KH� DQDO\WLFDO� PRGHO� VKRZV� JRRG� DJUHHPHQW� ZLWK� MRLQW� VKHDU� UHVSRQVH�� LQFOXGLQJ� UHDVRQDEOH�
SUHGLFWLRQV�RI�ORFDO�UHVSRQVHV��7KH�VWUHQJWK�GHJUDGDWLRQ�PRGHO�RI�-9,�9HFWRU�FDQ�FDSWXUH�WKH�VWLIIQHVV�DQG�
VWUHQJWK�GHJUDGLQJ�HIIHFW�REVHUYHG�LQ�WKH�WHVW��

����7KH�VKHDU�VWLIIQHVV�LV�LQIOXHQFHG�E\�MRLQW�D[LDO�IRUFH��7KH�FRPSUHVVLRQ�IRUFH�JHQHUDOO\�LQFUHDVHV�
WKH�MRLQW�VKHDU�VWLIIQHVV��2Q�WKH�RWKHU�KDQG�WHQVLRQ�IRUFH�GHFUHDVHV�WKH�MRLQW�VKHDU�VWLIIQHVV��

���� $Q� LPSURYHG� K\EULG� WLPH� LQWHJUDWLRQ� PHWKRG� LV� QHHGHG� WR� LQFOXGH� WKH� FRQWDFW� HIIHFW� IRU� WKH�
SUHFDVW�FRQFUHWH�GLDSKUDJP�WHVW���

$�EHWWHU�ORDGLQJ�FRQWURO�DOJRULWKP�LV�QHHGHG�IRU�DSSO\LQJ�WHQVLRQ��VKHDU�DQG�PRPHQW�FRXSOLQJ�ORDGV�
WR�SUHFDVW�FRQFUHWH�SDQHO�MRLQW�WR�DYRLG�RYHUORDGLQJ��
�
�
�
�
�
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�
�
�
�
�
�
�
�
�
�
�
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�
$&,� �������� �������� %XLOGLQJ� &RGH� 5HTXLUHPHQWV� IRU� 6WUXFWXUDO� &RQFUHWH� �$&,� �������� DQG� &RPPHQWDU\� �$&,�
���������$&,�FRPPLWWHH�������
�
$16<6�YHUVLRQ�������������³(OHPHQWV���������DQG�WKHRU\�UHIHUHQFH��������´�6$6�,3��,QF��
�
)OHLVFKPDQ�� 5�%��� 1DLWR� &�-��� 5HVWUHSR� -��� 6DXVH� 5��� *KRVK� 6�.��� :DQ� *��� 6FKRHWWOHU� 0��� DQG� &DR� /�� ��������
�6HLVPLF�GHVLJQ�PHWKRGRORJ\�IRU�SUHFDVW�FRQFUHWH�GLDSKUDJPV��3DUW����UHVHDUFK�SURJUDP���3&,�-RXUQDO����������������
�
)OHLVFKPDQ��5�%���6DXVH��5���3HVVLNL��6���DQG�5KRGHV��$�%����������³6HLVPLF�EHKDYLRU�RI�SUHFDVW�SDUNLQJ�VWUXFWXUH�
GLDSKUDJPV�´�3&,�-RXUQDO����������-DQ�)HE���������
�
)OHLVFKPDQ�� 5�%�� DQG� :DQ�� *�� �������� ³$SSURSULDWH� RYHUVWUHQJWK� RI� VKHDU� UHLQIRUFHPHQW� LQ� SUHFDVW� FRQFUHWH�
GLDSKUDJPV´��$6&(�-RXUQDO�RI�6WUXFWXUH�(QJLQHHULQJ���������������������
�
,%&���������,QWHUQDWLRQDO�%XLOGLQJ�&RGH�������(GLWLRQ��,QWHUQDWLRQDO�&RGH�&RXQFLO��,QF���)DOOV�&KXUFK��9$��
�
/HH��+�-��� DQG�.XFKPD��'�$�� ��������³6HLVPLF� UHVSRQVH�RI�SDUNLQJ�VWUXFWXUHV�ZLWK�SUHFDVW�FRQFUHWH�GLDSKUDJPV�´�
3&,�-RXUQDO����������������
�
0HUFDQ��2��DQG�5LFOHV��-�0����������³(YDOXDWLRQ�RI�UHDO�WLPH�SVHXGRG\QDPLF�WHVWLQJ�DOJRULWKPV�IRU�VHLVPLF�WHVWLQJ�
RI�VWUXFWXUDO�DVVHPEODJHV�´�$7/66�5HSRUW�1R���������%HWKOHKHP��3$�
�
1DLWR�� &��� -RQHV�� &��� &XOOHQ� 7�� DQG� 5HQ�� 5�� �������� ³'HYHORSPHQW� RI� D� VHLVPLF� GHVLJQ�PHWKRGRORJ\� IRU� SUHFDVW�
GLDSKUDJPV���SKDVH��E�VXPPDU\�UHSRUW´��$7/66�5HSRUW��$7/66�&HQWHU��/HKLJK�8QLYHUVLW\��3$��
�
1DLWR��&���3HWHU��:��DQG�&DR��/����������³'HYHORSPHQW�RI�D�VHLVPLF�GHVLJQ�PHWKRGRORJ\�IRU�SUHFDVW�GLDSKUDJPV���
SKDVH���VXPPDU�UHSRUW´��$7/66�5HSRUW�1R��������$7/66�&HQWHU��/HKLJK�8QLYHUVLW\��3$���
�
1DLWR��&��DQG�5HQ��5�����������³'HYHORSPHQW�RI�D�VHLVPLF�GHVLJQ�PHWKRGRORJ\�IRU�SUHFDVW�GLDSKUDJPV���SKDVH��F�
KDOI�VFDOH´��$7/66�5HSRUW���������$7/66�&HQWHU��/HKLJK�8QLYHUVLW\��3$���
�
3UHFDVW�3UHVWUHVVHG� &RQFUHWH� ,QVWLWXWLRQ�� �������� ³3&,� GHVLJQ� KDQGERRN�� SUHFDVW� DQG� SUHVWUHVVHG� FRQFUHWH�´� 6L[WK�
(GLWLRQ��&KLFDJR�,/��
�
3LQFKHLUD��-��$���2OLYD��0��*���DQG�.XVXPR�UDKDUGMR��)��,����������³7HVWV�RQ�GRXEOH�WHH�IODQJH�FRQQHFWRUV�VXEMHFWHG�
WR�PRQRWRQLF�DQG�F\FOLF�ORDGLQJ�´�3&,�-RXUQDO�����������������
�
6FKRHWWOHU��0�-����������³6HOHFWLRQ�RI�JURXQG�PRWLRQ�´�'6'0�SURMHFW�LQWHUQDO�GRFXPHQW��
�
6FKRHWWOHU��0�-���%HOOHUL��$���=KDQJ��'���5HVWUHSR��-���DQG�)OHLVFKPDQ��5�%����������³3UHOLPLQDU\�UHVXOWV�RI�WKH�VKDNH�
WDEOH�WHVWLQJ�IRU�GHYHORSPHQW�RI�D�GLDSKUDJP�VHLVPLF�GHVLJQ�PHWKRORJ\�´�3&,�-RXUQDO�������������������
�
:RRG�6�� /��� 6WDQWRQ�-�� )��� +DZNLQV�1�� 0�� �������� ³1HZ� VHLVPLF� GHVLJQ� SURYLVLRQV� IRU� GLDSKUDJPV� LQ� SUHFDVW�
FRQFUHWH�SDUNLQJ�VWUXFWXUHV´��3&,�-RXUQDO�����������������
�
:DQ��*����������³$QDO\WLFDO�'HYHORSPHQW�RI�&DSDFLW\�'HVLJQ�)DFWRUV�IRU�$�3UHFDVW�&RQFHWH�'LDSKUDJP�6HLVPLF�
'HVLJQ�0HWKRGRORJ\´��3K�'�GLVVHUWDWLRQ��WKH�8QLYHUVLW\�RI�$UL]RQD��7XFVRQ��$=��
�
�
�
�
�
�
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$SSHQGL[�%���0RGHO�9HULILFDWLRQ�8VLQJ�6KDNH�7DEOH�7HVW�
�

$� WKUHH�VWRU\� GLDSKUDJP� VHQVLWLYH� VWUXFWXUH� ZDV� WHVWHG� RQ� WKH� 1((6#8&6'� VKDNH� WDEOH�
�6FKRHWWOHU�HW�DO���������6FKRHWWOHU��������7KH�SULPDU\�REMHFWLYHV�RI�WKH�VKDNH�WDEOH�WHVW�SURJUDP�ZHUH�WR��
���� GHPRQVWUDWH� WKH� VHLVPLF� SHUIRUPDQFH� RI� GLIIHUHQW� XQWRSSHG� DQG� WRSSHG� SUHFDVW� GLDSKUDJP� GHVLJQV��
DQG������YHULI\�RU�IXUWKHU�FDOLEUDWH�WKH��'�)(�GLVFUHWH�1/'7$�PRGHO�GHVFULEHG�LQ�$SSHQGL[�%��DQG�%����
�
7$%/(�2)�&217(176�
�
%����6+$.(�7$%/(�7(67�352*5$0�'(6&5,37,21��««««««««««���«���S��&�$�����

�
%����7(67�6758&785(�'(6,*1«««««�����������������������������������������������������������������������S��&�$�����

�
%����7(67,1*�6(48(1&(«««««����������������������������������������������������������������������������������S��&�$�����

�
%����6+$.(�7$%/(�7(67�5(68/76«««««����������������������������������������������������������������S��&�$�����

�
%����$1$/<7,&$/�02'(/«««««��������������������������������������������������������������������������������S��&�$�����

�
%����02'(/�&$/,%5$7,21«««««������������������������������������������������������������������������������S��&�$�����

�
%����&2/801�())(&76«««««««««««««««««««««««««������S��&�$�����

�
%����&21&/86,216«««««««««««««««««««««««««««�����S��&�$�����

�
%����5()(5(1&(6««««�««�«««««««««««««««««««�������«���S��&�$�����
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%����6+$.(�7$%/(�7(67�352*5$0�'(6&5,37,21�
7KH� VSHFLILF� REMHFWLYHV� RI� WKH� VKDNH� WDEOH� WHVW� SURJUDP� LQFOXGH� WR�� ���� GHPRQVWUDWH� WKH�

SHUIRUPDQFH� RI� SUHFDVW� GLDSKUDJPV� DQG� WKH� HIILFDF\� RI� WKH� GHVLJQ�PHWKRGRORJ\�� ���� SUHTXDOLI\� FHUWDLQ�
GLDSKUDJP� GHVLJQV� DW� D� JLYHQ� OHYHO� RI� SHUIRUPDQFH�� ���� SURYLGH� LQIRUPDWLRQ� IRU� XVH� LQ� FDOLEUDWLQJ�
DQDO\WLFDO�PRGHOV��DQG�����SURYLGH�QHZ�NQRZOHGJH�RQ�WKH�EHKDYLRU�RI�SUHFDVW�GLDSKUDJPV��

�
%������6KDNH�7DEOH�7HVW�6SHFLPHQ�

)LJXUH�%����VKRZV�D�SKRWRJUDSK�RI�WKH�KDOI�VFDOH�VKDNH�WDEOH�WHVW�VSHFLPHQ��7KLV�WKUHH�VWRU\�WHVW�
VSHFLPHQ�FRQVLVWHG�RI�SUHFDVW�FRQFUHWH�HOHPHQWV�ZLWK�WKH�FRPSOHWHG�VWUXFWXUH�ZHLJKLQJ�����NLS���$�VLQJOH�
���IW� E\� ���IW� ED\� FUHDWHG� D� UHFWDQJXODU� IORRU� SODQ� ZLWK� DQ� DVSHFW� UDWLR� RI� ����� VHH� )LJXUH� %����� 7KH�
VLPSOLILHG�EXLOGLQJ�ZLWK�DQ�RSHQ�FRQILJXUDWLRQ� UHVHPEOHG�D�SDUNLQJ�JDUDJH��\HW� FRQWDLQHG� WKUHH�XQLTXH�
IORRU� V\VWHPV�� � )ORRU�WR�IORRU� KHLJKWV� ZHUH� ����IW� ZLWK� ZDOOV� DQG� FROXPQV� H[WHQGLQJ� ���IW� DERYH� WKH�
IRXQGDWLRQ�OHYHO���
�

�

2XWULJJHU�)RXQGDWLRQ�

3RVW�WHQVLRQHG�6KHDU�:DOO�
&ROXPQ�

6SDQGUHO�

'LUHFWLRQ�RI�6KDNLQJ�

6KDNH�WDEOH�SODWH�

/�EHDP�

�
)LJ��%�����6KDNH�WDEOH�WHVWLQJ�VSHFLPHQ��0RGLILHG�IURP�6FKRHWWOHU�HW�DO���������

�
$V� VKRZQ� LQ� )LJ�� %����� WKH� VWUXFWXUH� KDV� WKUHH� IORRU� OHYHOV�ZLWK� D� GLIIHUHQW� IORRU� FRQVWUXFWLRQ�

WHFKQLTXH�XVHG�IRU�HDFK�OHYHO������D�FRPSRVLWH�WRSSHG�GRXEOH�WHH�V\VWHP�RQ�WKH��VW�IORRU�ZLWK�WRSSHG�FKRUG�
UHLQIRUFHPHQW� DQG�GXFWLOH�PHVK�SOXV� WRSSHG�KDLUSLQ� FRQQHFWRU� LQ� WKH�ZHE�� ���� D� QRQ�FRPSRVLWH� WRSSHG�
KROORZ�FRUH�V\VWHP�RQ�WKH��QG�IORRU�ZLWK�WRSSHG�FKRUG�UHLQIRUFHPHQW�DQG�GXFWLOH�PHVK�LQ�WKH�ZHE��DQG�����
DQ�XQWRSSHG�GRXEOH�WHH�V\VWHP�RQ�WKH��UG�IORRU�ZLWK�GU\�FKRUG�UHLQIRUFHPHQW�DQG�KDOI�VFDOH�-9,�9HFWRU�LQ�
WKH�ZHE��7KH�GLDSKUDJP�UHLQIRUFHPHQW�GHWDLOLQJ�LV�VKRZQ�LQ�)LJ��%�����(DFK�RI�WKH�IORRU�GLDSKUDJPV�ZDV�
GHVLJQHG�ZLWK�FRQFHSWV�IURP�WKH�GHVLJQ�PHWKRGRORJ\���
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�
)LJ��%�����)ORRU�GLDSKUDJP�SODQ�IRU�VKDNH�WDEOH�WHVWLQJ�VSHFLPHQ��DIWHU�6FKRHWWOHU�HW�DO���������

�
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�
)LJ��%�����'LDSKUDJP�UHLQIRUFHPHQW�GHWDLOLQJ��DIWHU�6FKRHWWOHU�HW�DO���������

�

�
)LJ��%�����8QERQGHG�SRVW�WHQVLRQHG�SUHFDVW�URFNLQJ�ZDOO��

�
7KH� VWUXFWXUH� ODWHUDO� IRUFH� UHVLVWLQJ� V\VWHP� �/)56��ZDV� XQERQGHG� SRVW�WHQVLRQHG� �37�� SUHFDVW�

URFNLQJ�ZDOOV��RULHQWHG�LQ�WKH�WUDQVYHUVH��ORDGLQJ��GLUHFWLRQ��ORFDWHG�DW�HDFK�HQG�RI�WKH�VWUXFWXUH���7KH�XVH�
RI�WKH�37�URFNLQJ�ZDOOV�SHUPLWWHG�UHSHDWDELOLW\�LQ�WKH�HDUWKTXDNH�WHVWLQJ�RI�WKH�VWUXFWXUH�ZLWKRXW�LQFXUULQJ�
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VLJQLILFDQW�GDPDJH�RU�GHJUDGDWLRQ� WR� WKH�VKHDU�ZDOOV��7KH�37�URFNLQJ�ZDOO�GHWDLO� LV�VKRZQ�LQ�)LJ��%����
DQG�LQFOXGHV������D�SDLU�RI�XQERQGHG�SRVW�WHQVLRQLQJ�WHQGRQV�������”�*�����RIIVHW�IURP�WKH�FHQWHU�ZKLFK�
LV�SDVVHG� WKURXJK� WKH�ZDOO� DQG�GXFWV� LQ� WKH�RXWULJJHU�EHDP�DQG�ZHUH�DQFKRUHG�E\�ZHGJH�DQFKRU�SODWHV�
EHQHDWK�WKH�EHDPV�DQG�ZHUH�PRXQWHG�RQ�����WRQ�KROORZ�FRUH�SOXQJHU�MDFNV�WKDW�ZHUH�SRVLWLRQHG�DERYH�
WKH�ZDOO�GXFWV�������D�SDLU�RI�PLOG�UHLQIRUFHPHQW�HQHUJ\�GLVVLSDWLRQ��('�����EDUV�LQ�WKH�JURXW�GXFW�ZKLFK�LV�
H[WHQGHG� �’� IURP� WKH�ZDOO� EDVH� LQWR� WKH�ZDOO� IRU� GHYHORSPHQW� OHQJWK� SXUSRVH� �$OWKRXJK� ILYH� GXFWV� DUH�
VKRZQ�DW�ERWWRP��RQO\� WZR�RI� WKHP�ZLOO�EH�JURXW�IRU�HDFK�WHVW��2WKHU�EDUV� LQ�RWKHU�GXFWV�DUH� OHDYLQJ�DV�
XQJURXWHG� DQG� VHUYHG� DV� UHSODFHPHQW� ZKHQ� WKH� FXUUHQW� JURXWHG� EDUV� IDWLJXH� DIWHU� PXOWLSOH� F\FOH� RI�
ORDGLQJ���7KH�GLDSKUDJP�WR�/)56�FRQQHFWLRQ� LV�SURYLGHG�E\�-9,�36$�FRQQHFWRUV� �6HH�)LJ��%������ WKDW�
SURYLGH� LQ�SODQH�VKHDU� WUDQVIHU��EXW�DOORZ�WKH�YHUWLFDO�PRWLRQ�DVVRFLDWHG�ZLWK� WKH�SUHFDVW�ZDOOV� URFNLQJ��
7KH�VWUXFWXUH�ZDV�EUDFHG�ZLWK�FDEOHV�LQ�WKH�ORQJLWXGLQDO��QRQ�ORDGLQJ��GLUHFWLRQ��
�

�
)LJ��%�����6KDNH�WDEOH�WHVW�VHWXS�±�ZDOO�WR�IORRU�FRQQHFWLRQ��DIWHU�6FKRHWWOHU���������D��YHUWLFDO�VORW�LQ�

ZDOO���E��LQVHUW�WDE�ZHOGHG�WR�IORRU�HPEHG�SODWH��DQG��F��XQGHUVLGH�YLHZ�RI�VORWWHG�FRQQHFWLRQ��
�

7KH�VWUXFWXUH� LQFOXGHV� WKH�SUHFDVW�JUDYLW\�V\VWHP�FROXPQV�� VSDFHG�DW����IHHW� LQ� WKH� ORQJHU�VSDQ�
DQG����IHHW�LQ�VKRUWHU�VSDQ��6HH�)LJ��%������7KHVH�FROXPQV�VXSSRUW�VSDQGUHO�EHDPV�RQ�RQH�IDFH��6HH�)LJ��
%������UHSUHVHQWLQJ�D�SHULPHWHU�VWUXFWXUH�IDFH��DQG�/�EHDPV�RQ�WKH�RWKHU�IDFH��6HH�)LJ��%������WR�UHSUHVHQW�
DQ�LQWHULRU�EHDP�OLQH��7KH�FROXPQV�DUH�FRQQHFWHG�WR�WKH�IRXQGDWLRQ�EHDP�XVLQJ������”�QXWV��6HH�)LJ��%�����
DQG�XVH�D�IHUUXOH�URG�FRQQHFWLRQ�EHWZHHQ�WKH�FROXPQ�DQG�EHDPV��6HH�LQVHUWV�LQ�)LJ��%����DQG�)LJ��%������
7KHVH� ODWWHU�FRQQHFWLRQV�SURYLGH� WKH�DELOLW\� IRU� IUHH�UHODWLYH� �VOLGLQJ��GLVSODFHPHQWV�RI� WKH�EHDPV�DORQJ�
WKH�FROXPQ�IDFH���
�

�

�
)LJ��%�����(OHYDWLRQ�LQ�VSDQGUHO�VLGH��

�
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�

�
)LJ��%�����(OHYDWLRQ�LQ�/�EHDP�VLGH��

�

�
)LJ��%�����&ROXPQ�EDVH�GHWDLO��

�
%������1((6#8&6'�6KDNH�7DEOH��

7KH�XVH�RI�WKH�1((6#8&6'�VKDNH�WDEOH�ZDV�DQ�LPSRUWDQW�DVSHFW�RI�WKH�WHVWLQJ�SURJUDP�GXH�WR�
WKH�VL]H�RI�LWV�SODWHQ����’�[���’���7KH�ODUJH�VL]H�RI�WKH�VKDNH�WDEOH�SHUPLWV�WKH�WHVWLQJ�RI�D�VWUXFWXUH�ZLWK�
UHDVRQDEO\� VL]HG� DQG� UHDOLVWLFDOO\� FRQILJXUHG� SUHFDVW� XQLWV� DQG� SUHFDVW� FRQQHFWRUV�� 7KLV� VLWXDWLRQ� LV�
GHVLUDEOH�IRU�DGHTXDWHO\�GHPRQVWUDWLQJ�WKH�SHUIRUPDQFH�RI�WKH�SUHFDVW�GLDSKUDJP�V\VWHPV��DV�RSSRVHG�WR�
D�VPDOO�VFDOH�WHVW�VWUXFWXUH�ZLWK�VLPSOH�SUHFDVW�XQLWV�DQG�LGHDOL]HG�FRQQHFWRUV�WKDW�ZRXOG�EH�UHTXLUHG�RQ�
PRVW� RWKHU� H[LVWLQJ� VKDNH� WDEOH� WHVWV�� 6XFK� ³WR\´� VWUXFWXUHV� ZRXOG� QRW� GLUHFWO\� UHSURGXFH� WKH�
FRQILJXUDWLRQV�� DQFKRUDJHV�� RU� FRQVWUXFWLRQ� WROHUDQFHV� RI� DFWXDO� SUHFDVW� FRQFUHWH� VWUXFWXUHV�� 7KH�
1((6#8&6'�VKDNH�WDEOH� LV� WKH� ODUJHVW�VKDNH�WDEOH� LQ� WKH�8�6��1HYHUWKHOHVV�� ���� WKH� WHVW�VWUXFWXUH�VWLOO�
KDG�WR�EH�VFDOHG��WR�KDOI�VFDOH���DQG�����WKH�KDOI�VFDOH�WHVW�VWUXFWXUH�VWLOO�GLG�QRW�ILW�RQ�WKH�WDEOH��7KH�UHDVRQ�
WKH�VWUXFWXUH�GLG�QRW�ILW�LV�WKDW�WR�VWXG\�GLDSKUDJP�DFWLRQ��D�ODUJH�GLPHQVLRQ�LV�UHTXLUHG�transverse�WR�WKH�
GLUHFWLRQ�RI�ORDGLQJ��0RVW�VKDNH�WDEOH�WHVWLQJ�UHTXLUHV�D�VLJQLILFDQW�GLPHQVLRQ�LQ�WKH�GLUHFWLRQ�RI�ORDGLQJ�
�H�J��D�PRPHQW� IUDPH��� DQG� WKXV� WKH� ODUJHU�SODWHQ�GLPHQVLRQ� LV� LQ� WKLV�GLUHFWLRQ��$FFRUGLQJO\��D� VSHFLDO�
WZR�ZD\�SRVW�WHQVLRQHG�RXWULJJHU� IRXQGDWLRQ�RQ�VSHFLDO� VOLGHUV�ZDV�GHVLJQHG�DQG�FRQVWUXFWHG� �6HH�)LJ��
%������7KH�IRXQGDWLRQ�FRPSRQHQWV�WRWDOHG�����NLS�DQG�LQFOXGHG�SUHFDVW�RXWULJJHU�EHDPV��VXSSRUW�EHDPV�
XSRQ�ZKLFK�D���LQ��WKLFN�FDVW�LQ�SODFH�WRSSLQJ�ZDV�SODFHG��DQG�VSDFHU�EORFNV�WKDW�VDW�GLUHFWO\�RQ�WKH�VKDNH�
WDEOH��3RVW�WHQVLRQLQJ�EDUV�SURYLGHG�PXFK�RI�WKH�LQWHUFRQQHFWLRQ�EHWZHHQ�SUHFDVW�FRPSRQHQWV�DQG�ORFNHG�
WKH�IRXQGDWLRQ�WR�WKH�WDEOH�E\�FODPSLQJ�WKH�IRXQGDWLRQ�VWUXFWXUH�WR�WKH�WDEOH�ZLWK�����PLOOLRQ�SRXQGV�RI�
LQLWLDO�SRVW�WHQVLRQLQJ�IRUFH��7KH���LQ��FDVW�LQ�SODFH�WRSSLQJ�FUHDWHG�D�YHU\�VWLII�DQG�VWURQJ�GLDSKUDJP�WKDW�
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ZDV� GHVLJQHG� WR� UHPDLQ� XQFUDFNHG� XQGHU� WKH� ODUJH� LQ�SODQH� LQHUWLD� IRUFHV�� WKXV� HQVXULQJ� FRQVLVWHQW�
ERXQGDU\� FRQGLWLRQV� IRU� WKH� EXLOGLQJ� WKURXJKRXW� WHVWLQJ�� +\GURVWDWLF� VOLGHU� EHDULQJV�� ZLWK� D� IULFWLRQ�
FRHIILFLHQW�EHORZ����ZHUH�HPSOR\HG�WR�LVRODWH�WKH�RXWULJJHU�EHDP�IURP�WKH�JURXQG�VXUURXQGLQJ�WKH�VKDNH�
WDEOH��7KH�EHDULQJV�VOLG�RQ�PLUURUHG�ILQLVK�VWDLQOHVV�VWHHO�SODWHV��VHH�)LJXUH�LQVHUW�LQ�)LJ��%�����7KH�ORZ�
IULFWLRQ�PLQLPL]HG�WKH�HIIHFW�RI�SHUWXUELQJ�WKH�LQSXW�HQHUJ\�E\�LQWURGXFLQJ�XQGHVLUDEOH�UHFWDQJXODU�ODWHUDO�
IRUFH�GLVSODFHPHQW�K\VWHUHVLV��'HFRPSUHVVLRQ�RI�WKH�VOLGHU�EHDULQJ�ZDV�XQGHVLUDEOH�EHFDXVH�WKH�SUHVVXUH�
RI� WKH� RLO� ILOP� EHWZHHQ� WKH� VOLGHU� DQG� VWDLQOHVV� VWHHO� VOLGLQJ� VXUIDFH�ZRXOG� EH� ORVW� DQG� WKH� GHWULPHQWDO�
HIIHFWV�RI�LPSDFW�DIWHU�XSOLIW��7KHUHIRUH��D�PLQLPXP�RSHUDWLQJ�SUHVVXUH�ZDV�LGHQWLILHG�DQG�HQVXUHG�EHIRUH�
WHVWLQJ�YLD�ORZ�SURILOH�����NLS��FDSDFLW\�K\GUDXOLF�MDFNV�WKDW�ZHUH�VDQGZLFKHG�EHWZHHQ�WKH�VOLGHU�DQG�WKH�
XQGHUVLGH� RI� WKH� EHDP�� 7KH� SUHVVXUH� RI� HDFK� MDFN� DQG�� IRU� UHGXQGDQF\�� HDFK� EHDULQJ� ZDV� PRQLWRUHG�
VHSDUDWHO\��
�

�

6OLGHU�

�
)LJ��%�����)RXQGDWLRQ�GHWDLO��PRGLILHG�IURP�6FKRHWWOHU��������

�

%������*URXQG�0RWLRQV�
*URXQG� PRWLRQV� ZHUH� VHOHFWHG� IRU� WKUHH� VLWHV� ZLWK� ORZ�� PRGHUDWH�� DQG� KLJK� VHLVPLF� KD]DUG���

.QR[YLOOH��71��6HDWWOH��:$��DQG�%HUNHOH\��&$�ZHUH�GHHPHG�UHSUHVHQWDWLYH�RI� ORZ��PRGHUDWH��DQG�KLJK�
KD]DUGV�� UHVSHFWLYHO\�� �7KH�%HUNHOH\� VLWH¶V� VHLVPLF� VHWWLQJ� LQFOXGHG� D� SRVVLEOH� UXSWXUH� RQ� WKH�+D\ZDUG�
IDXOW� UHVXOWLQJ� LQ� QHDU�IDXOW� JURXQG�PRWLRQV�� � $� WHVW� SURWRFRO� RI� LQFUHDVLQJO\�PRUH� GHPDQGLQJ� JURXQG�
PRWLRQV�ZDV�XVHG���,QFUHDVLQJ�GHPDQGV�DV�WHVWLQJ�SURJUHVVHG�HQVXUHG�WKDW�D�ODUJH�QXPEHU�RI�WHVWV�FRXOG�EH�
FRPSOHWHG��DOORZLQJ�VXIILFLHQW�GDWD�VHWV�WR�EH�JDWKHUHG�IRU�FRPSXWHU�PRGHO�YDOLGDWLRQ���'LIIHUHQW�JURXQG�
LQWHQVLWLHV� ZHUH� DSSOLHG� E\� RUGHULQJ� WKH� JURXQG� PRWLRQV� IRU� WKH� VLWHV� DFFRUGLQJ� WR� LQFUHDVLQJ� VHLVPLF�
KD]DUG��

7KH�WHVW�VHTXHQFH�FDOOHG�IRU�D�GHVLJQ�EDVLV�HDUWKTXDNH��'%(��IRU�WKH�.QR[YLOOH�VLWH��IROORZHG�E\�
D�'%(�IRU�6HDWWOH��D�'%(�IRU�%HUNHOH\��DQG�D�PD[LPXP�FRQVLGHUHG�HDUWKTXDNH��0&(��IRU�WKH�%HUNHOH\�
VLWH�� �7KH� UHSUHVHQWDWLYH�JURXQG�PRWLRQV�VHOHFWHG� IRU� WKRVH�HYHQWV�FDPH�IURP�WKH������,PSHULDO�9DOOH\�
DQG������/RPD�3ULHWD�HDUWKTXDNHV����7KH�DFFHOHUDWLRQ�WLPH�KLVWRULHV�ZHUH�VFDOHG�WR�PDWFK�WDUJHW�UHVSRQVH�
VSHFWUD� DW� ��� GDPSLQJ� IRU� WKH� UHSUHVHQWDWLYH� VLWH� �6HH� )LJ�%������� 7DEOH� %���� LGHQWLILHV� WKH� KLVWRULF�
JURXQG�PRWLRQV�XVHG�DQG�DSSOLFDEOH�VFDOLQJ�IDFWRU���

�
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�
)LJ��%������$FFHOHUDWLRQ�UHVSRQVH�VSHWUXP��DIWHU�6FKRHWWOHU�HW�DO���������

�

7DEOH�%�����7HVW�SURJUDP�PDWUL[�
7HVW��� 6'&� 6LWH� 7DUJHW�/HYHO +LVWRULF�HDUWKTXDNH� 6FDOHG�3*$��J��
�� &� .QR[YLOOH��.1�� '%(� �����,PSHULDO�9DOOH\ ������
�� '� 6HDWWOH��6(�� '%(� �����,PSHULDO�9DOOH\ �����
�� (� %HUNHOH\��%.�� '%(� �����/RPD�3ULHWD� �����
�� (� %HUNHOH\��%.�� 0&(� �����/RPD�3ULHWD� �����

�
%������,QVWUXPHQWDWLRQ�

6L[�KXQGUHG�DQG�ILIW\�RQH�VHQVRUV�ZHUH�LQVWDOOHG�RQ�WKH�EXLOGLQJ�WR�FDSWXUH�LWV�UHVSRQVH��6L[�W\SHV�
RI�VHQVRUV�ZHUH�PRXQWHG�RQ�WKH�VWUXFWXUH�WR�PRQLWRU�DFFHOHUDWLRQV��GLVSODFHPHQWV�RU�GHIRUPDWLRQV��VWUDLQV��
DQG�SUHVVXUHV��7KHVH����� VHQVRUV� DUH� VHSDUDWH� IURP� WKH� FRQWURO�GDWD� WKDW� DGGHG� DQRWKHU���� FKDQQHOV�RI�
FRPSDULVRQ�GDWD���$�FRPSOHWH�OLVW�RI�DOO�W\SHV�RI�VHQVRUV�LV�VKRZQ�LQ�7DEOH�%�����
�
7DEOH�%�����,QVWUXPHQWDWLRQ�OLVW�
6HQVRU�
7\SHV� $FFHOHURPHWHU� 3UHVVXUH�

7UDQVGXFHU /9'7� 6WULQJ�
SRWHQWLRPHWHUV

6WUDLQ�
*DXJH *36�

1XPEHU� ���� ��� ���� ��� ���� ��
�

)LYH�VHSDUDWH�GDWD�DFTXLVLWLRQ��'$4��V\VWHPV�ZHUH�XVHG�WR�UHFRUG�WKH�GDWD�LQFOXGLQJ����FKDQQHOV�
LQ�D�PRELOH�'$4�V\VWHP�IURP�1((6�DW�8&/$��6DPSOLQJ�UDWHV�IRU�WKH�ILYH�V\VWHPV�YDULHG��EXW�WKH�UHVXOWV�
ZHUH�SRVW� SURFHVVHG� DQG� UHVDPSOHG� WR� D� FRPPRQ����� VDPSOHV�SHU� VHFRQG��7HQ� VHQVRUV� FDPH� IURP� WKH�
&DOLIRUQLD� 6WURQJ�0RWLRQ� ,PSOHPHQWDWLRQ� 3URJUDP� �&60,3�� DQG� UHFRUGHG� WKHLU� UHVSRQVH� RQ� WKHLU� RZQ�
DXWRPDWLFDOO\� WULJJHULQJ� '$4� V\VWHP�� $� ���� FKDQQHO� VWUDLQ� JDXJH� V\VWHP� IURP� ��� 8&6'¶V� 3RZHOO¶V�
6WUXFWXUDO� (QJLQHHULQJ� /DERUDWRU\�ZDV� XWLOL]HG� WR�PRQLWRU� FULWLFDO� UHJLRQV� RI� WKH� VWUXFWXUH� H[SHFWHG� WR�
XQGHUJR� SODVWLF� GHIRUPDWLRQ�� )RXU� FKDQQHOV� RI�*36� GDWD�ZHUH� UHFRUGHG� RQ� D� VHSDUDWH� GHGLFDWHG�'$4�
V\VWHP��DQG� WKH� UHPDLQLQJ� VHQVRUV�ZHUH� URXWHG� WR� WKH� VKDNH� WDEOH¶V�'$4�V\VWHP�RSHUDWHG�E\�1((6�DW�
8&6'���

$� PDMRULW\� RI� DFFHOHURPHWHUV� ZHUH� PRXQWHG� LQ� WKH� GLUHFWLRQ� RI� VKDNLQJ�� EXW� VRPH� ZHUH� DOVR�
RULHQWHG�WUDQVYHUVH�WR�WKH�GLUHFWLRQ�RI�H[FLWDWLRQ�RU�YHUWLFDOO\��*OREDO�GLVSODFHPHQWV�ZHUH�PHDVXUHG�IURP�
IRXU�*36�DQWHQQDV�PRXQWHG�RQ�WKH�VWUXFWXUH�ZLWK�WZR�DGGLWLRQDO�DQWHQQDV�DFWLQJ�DV�UHIHUHQFH�UHFHLYHUV��



�&�$����

5HODWLYH� GHIRUPDWLRQV�ZHUH� FDSWXUHG� E\� VWULQJ� SRWHQWLRPHWHUV�� OLQHDU� YROWDJH� GLVSODFHPHQW� WUDQVGXFHUV�
�/9'7�� �� VHH�)LJXUH�%����D��DQG� OLQHDU�SRWHQWLRPHWHUV��&ULWLFDO� UHLQIRUFLQJ�EDUV�ZHUH� VWUDLQ�JDXJHG� WR�
PRQLWRU� WKHLU� GHIRUPDWLRQ�KLVWRU\� WKURXJK� WHVWV��7KHVH� LQFOXGHG� WKH� FKRUG� UHLQIRUFHPHQW�� GXFWLOH�PHVK��
DQG�ZDOO�HQHUJ\�GLVVLSDWLRQ�EDUV��&RQFUHWH�VWUDLQ�JDXJHV�ZHUH�GHSOR\HG�RQ�WKH�WRHV�RI�RQH�ZDOO�WR�FDSWXUH�
FRPSUHVVLYH� VWUDLQV� DV� WKH�ZDOOV� URFNHG��6WUDLQ� JDXJH�'$4�VHWWLQJV� FRUUHVSRQGHG� WR� VDWXUDWLRQ� DW� �����
VWUDLQ��
�

�
)LJ��%������6KDNH�WDEOH�WHVW�LQVWUXPHQWDWLRQ�H[DPSOHV��DIWHU�6FKRHWWOHU��������

�
3UHVVXUH�WUDQVGXFHUV�ZHUH�LQVWDOOHG�RQ�WKH�IRXU�VOLGHU�EHDULQJV�DQG�IRXU�����WRQ�MDFNV�XQGHU�WKH�

RXWULJJHU� EHDPV�� 7KHVH� SURYLGHG� WKH� G\QDPLF� UHVSRQVH� RI� WKH� SUHVVXUH� FKDQJH� LQ� WKH� EHDULQJV� GXULQJ�
WHVWLQJ�DQG�DOORZHG�WKH�FRPSXWDWLRQ�RI�RYHUWXUQLQJ�PRPHQW��$Q�DGGLWLRQDO�IRXU�SUHVVXUH�WUDQVGXFHUV�ZHUH�
LQVWDOOHG�RQ�WKH� MDFNV�RQ�WKH�ZDOOV��VHH�)LJXUH�%����E��7KHVH�PHDVXUHG�WKH�IRUFH� LQ� WKH�SRVW�WHQVLRQLQJ�
WHQGRQV�GXULQJ�WKH�WHVWV���

)RXUWHHQ� FDPHUDV� UHFRUGHG� VKDNLQJ� GXULQJ� WKH� HDUWKTXDNH� VLPXODWLRQV�� (OHYHQ� FDPHUDV� ZHUH�
PRXQWHG� RQ� WKH� VWUXFWXUH� WR� KHOS� ZLWK� YLVXDOL]DWLRQ� DQG� LQWHUSUHWDWLRQ� RI� GDWD�� 7KH\� FDSWXUHG� FUDFN�
RSHQLQJ� DQG� PRYHPHQW� LQ� WKH� VWUXFWXUH�� 7KUHH� DGGLWLRQDO� ��� FDPHUDV� UHFRUGHG� WKH� RYHUDOO� VWUXFWXUDO�
UHVSRQVH�� ([WHQVLYH� SKRWR� GRFXPHQWDWLRQ� SURYLGHG� DV�EXLOW� FRQVWUXFWLRQ� GHWDLOV� �� VHH� )LJXUH� %����F��
LQVWUXPHQWDWLRQ�RULHQWDWLRQ��FUDFN�SURSDJDWLRQ��DQG�GDPDJH���

7KUHH� GLPHQVLRQDO� VHQVRU� FRRUGLQDWHV� ZHUH� HVVHQWLDO� IRU� UHVXOWV� DQDO\VLV�� 3ULRU� WR� WHVWLQJ�� WKH�
VHQVRUV¶� ORFDWLRQV� ZHUH� PHDVXUHG� DQG� PDSSHG� LQ� SDLQVWDNLQJ� GHWDLO�� 7KHVH� ZHUH� WUDQVIRUPHG� LQWR�
WDEXODWHG�GDWD�DQG�WKH�JUDSKLFDO�UHSUHVHQWDWLRQ�IRU�HDFK�WHVW��$�VDPSOH�RI�PDSSHG�ORFDWLRQV�IRU�WKH�VHQVRUV�
RQ�WRS�IORRU�LV�VKRZQ�LQ�)LJ��%������
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�
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/HYHO�

6HQVRU�W\SH��/��/9'7��$��$FFHOHURPHWHU��

1XPEHU�

�
)LJ��%������,QVWUXPHQWDWLRQ�PDS�IRU�WRS�IORRU��PRGLILHG�IURP�6FKRHWWOHU��������

�
%����7(67�6758&785(�'(6,*1�
� 7KH� GHVLJQ� SURFHGXUH� LQYROYHG� DQ� DVVXPHG� SURWRW\SH� VWUXFWXUH� ZLWK� W\SLFDO� SUHFDVW� XQLWV� DQG�
VWDQGDUG� FRQQHFWLRQ� GHWDLOV�ZKRVH� GLPHQVLRQV� GHSHQGHG� RQ� OLPLWDWLRQV� VHW� E\� WKH� VFDOH� IDFWRU� DQG� WHVW�
VHWXS��%DVHG�RQ�WHVW�VLWH�UHVWULFWLRQV��WKH�ORQJLWXGLQDO�GLDSKUDJP�GLPHQVLRQ�RI�WKH�WHVW�VWUXFWXUH�ZDV�VHW�WR�
���IW�� :LWK� D� GLDSKUDJP� DVSHFW� UDWLR� RI� ����� WKH� WHVW� VWUXFWXUH� ZDV� GHYHORSHG� ZLWK� D� VFDOH� IDFWRU� ����
VWDQGDUG�SUHFDVW�JHRPHWULHV�ZHUH�XVHG�LQ�WKH�GHVLJQ�RI�WKLV�WHVW�VWUXFWXUH��7KH�WHVW�VWUXFWXUH�LV�GHVLJQHG�IRU�
D�6'&�(�VLWH��%HUNHOH\�&$��Ss �������S1 �������IRU�VRLO�FODVV�&��7KH�VHLVPLF�GHVLJQ�SDUDPHWHUV�IRU�SRVW�
WHQVLRQLQJ�ZDOO� DGRSW� WKH�YDOXHV� �R ����:o �����Cd� � ��� IRU� WKH� VSHFLDO�5&� VKHDU�ZDOOV��7KH� VWUXFWXUH�
GHVLJQ� SHULRG� �7 ����V�� LV� GHWHUPLQHG� DV� WKH� XSSHU� OLPLW� SHULRG� DFFRUGLQJ� WR� 6HF�� ������� RI� $6&(���
���������
�
%������/)56�'HVLJQ�

7KH� GLVSODFHPHQW� EDVHG� GHVLJQ� SURFHGXUH� IRU� WKH� K\EULG� URFNLQJ�ZDOO�ZDV� UHSRUWHG� E\�%HOOHUL�
�������� 6\VWHP� GHVLJQ� VWUHQJWKV� EDVHG� RQ� $6&(��� ������� UHTXLUHPHQWV� ZHUH� PHW� LQ� WKLV� SURFHGXUH��
2YHUWXUQLQJ�PRPHQW�FDSDFLW\�DFFRXQWHG�IRU�FRQWULEXWLRQV�IURP�WKH�ZDOOV�RQO\�DV�WKH�FROXPQ�EDVHV�ZHUH�
PRGHOHG�DV�SLQQHG��'HVLJQ�VKHDU�IRUFHV�ZHUH�FKHFNHG�DQG�DGMXVWHG�DFFRUGLQJ�WR�QRQOLQHDU�G\QDPLF�WLPH�
KLVWRU\�DQDO\VHV���
�
7DEOH�%�����$YHUDJH�LQLWLDO�SRVW�WHQVLQJ�IRUFH�LQ�WKH�ZDOO��DIWHU�6FKRHWWOHU��������

$[LDO�IRUFH�RQ�WKH�ZDOO $[LDO�VWUHVV�RQ�WKH�ZDOO 7HQGRQ�VWUHVV�
7HVW� >NLSV@� >NVL@� IVL��ISX�

.QR[YLOOH��.1��'%(� ��� ����� ����
6HDWWOH��6(��'%(� ��� ���� ����
%HUNHOH\��%.��'%(� ��� ����� ����
�

7KH� SULPDU\� SHUIRUPDQFH� EDVHG� REMHFWLYHV� ZHUH� WR� DFKLHYH� D� PD[LPXP� EDVH� URWDWLRQ� DW� WZR�
SHUIRUPDQFH� OHYHOV� DQG� HQVXUH� JDS� FORVXUH�� 0D[LPXP� EDVH� URWDWLRQ� DW� WKH� %HUNHOH\�0&(� HYHQW� ZDV�
HVWDEOLVKHG� DV�������� UDG��$�PD[LPXP�EDVH� URWDWLRQ�RI������� UDG�ZDV� WDUJHWHG� IRU� WKH�%HUNHOH\�'%(��
:LWK�PLOG�VWHHO�UHLQIRUFHPHQW�XVHG�WR�LQFUHDVH�HQHUJ\�GLVVLSDWLRQ��JDS�FORVXUH�FDQ�RQO\�EH�DVVXUHG�LI�WKH�
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LQLWLDO�SRVWWHQVLRQLQJ�IRUFH�FDQ�RYHUFRPH�WKH�PLOG�VWHHO�UHLQIRUFHPHQW¶V�XOWLPDWH�VWUHQJWK��7KLV�HQVXUHV�QR�
UHVLGXDO�GHIRUPDWLRQ�DW�WKH�EDVH�RI�WKH�ZDOO��7KHVH�LQWHUWZLQHG�GHVLJQ�FRQVLGHUDWLRQV�LQFOXGH�WKH�DPRXQW�
RI�PLOG�VWHHO�UHLQIRUFHPHQW��WKH�GHERQGHG�OHQJWK�RI�WKLV�UHLQIRUFHPHQW�IRU�VWUDLQ�GLVWULEXWLRQ��DQG�TXDQWLW\�
RI�SRVW�WHQVLRQLQJ�VWHHO�IRU�WKH�ZDOO�VHOHFWHG�ZDOO�FRQILJXUDWLRQ���

)RU�WKH�.QR[YLOOH� WHVW�� WKH�HQHUJ\�GLVVLSDWLQJ�PLOG�UHLQIRUFLQJ�EDUV�DW� WKH�EDVH�RI� WKH�ZDOO�ZHUH�
RPLWWHG��$�SDUWLDO�JURXWLQJ�RI�RQH�EDU�LQ�WKH�6RXWK�ZDOO�ZDV�SHUIRUPHG��EXW� WKH�JURXW�ZDV�IOXVKHG�ZLWK�
ZDWHU� EHIRUH� VHWWLQJ��7KH� OHYHOV�RI� LQLWLDO� SRVW�WHQVLRQLQJ� LQ� WKH�ZDOOV� DUH�SURYLGHG� LQ�7DEOH�%�����7KH�
LQLWLDO� D[LDO� IRUFH� LQ� WKH�.QR[YLOOH�'%(� WHVW�ZDV� ORZHU� WKDQ� WKDW� IRU� WKH� RWKHU� WHVWV� WR� DFFRXQW� IRU� WKH�
UHGXFHG�GHPDQGV�DW�WKLV�VLWH��
�
%������'LDSKUDJP�'HVLJQ�
� 7KH�GLDSKUDJP�GHVLJQ�IROORZV�WKH�FRQFHSW�RI�WKH�GHVLJQ�PHWKRGRORJ\��$�5'2�GHVLJQ�RSWLRQ�LV�
VHOHFWHG�IRU�WKH�GLDSKUDJP�GHVLJQ��7KH�FXUUHQW�FRGH�GLDSKUDJP�GHVLJQ�IRUFH��)S[��LV�GHWHUPLQHG�EDVHG�RQ�
$6&(��������DV� LQGLFDWHG� LQ�7DEOH�%�����7KH�GLDSKUDJP�EDVHOLQH�GHVLJQ� IRUFH� �)'[�� LV� DGRSWHG�DV� WKH�
PD[LPXP�)S[�DW�WRS�IORRU�DQG�LV�DSSOLHG�WR�DOO�WKH�IORRUV��)'[� �PD[��)S[�� ����NLSV���
�
7DEOH�%�����'LDSKUDJP�GHVLJQ�IRUFH�DFFRUGLQJ�WR�$6&(���������

K[� Z[� Z[K[N� FY[� )[� )S[�)ORRU�
>IW@� >NLSV@� � � � � >NLSV@� >NLSV@�

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

6XP�� � � ���� ������ ����� ����� � �
�
� 'LDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRU�<5 �����LV�XVHG�IRU�WKH�GLDSKUDJP�GHVLJQ��$W�WKH�WLPH�RI�
WKH�VKDNH�WDEOH�WHVW�GHVLJQ��YDOXHV�IRU�WKHVH�IDFWRUV�GLG�QRW�H[LVW�DQG�WKXV��'�QRQOLQHDU�WUDQVLHQW�G\QDPLF�
DQDO\VLV�ZDV�XVHG� WR�FDOLEUDWH� WKLV�GHVLJQ�IDFWRU�VSHFLILFDOO\�IRU� WKH�VKDNH� WDEOH� WHVW�VWUXFWXUH��6LQFH� WKH�
GHVLJQ�IDFWRUV�FDOLEUDWHG�XQLTXH�IRU�VKDNH�WDEOH�WHVW�VWUXFWXUH��D�ODUJHU�FKRUG�GHIRUPDWLRQ�GHPDQG�����”��LV�
VHOHFWHG�DV�WKH�5'2�IOH[XUH�GHVLJQ�WDUJHW��6HH�)LJ��%�����IRU�PD[LPXP�FKRUG�GHPDQG�LQ�'%(�RFFXUV�DW�
WRS� IORRU� DQG� 0&(� RFFXUV� DW� �VW� IORRU�� LQVWHDG� RI� ���”� XVHG� LQ� WKH� GHVLJQ� SURFHGXUH� �VHH� 3$57� ����
)XUWKHUPRUH�� WKLV� ZRXOG� DOORZ� WKH� H[DPLQDWLRQ� RI� WKH� IOH[XUH� OLPLW� VWDWH� RI� GLDSKUDJP� UHLQIRUFHPHQW�
XQGHU�HDUWKTXDNH���
�
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�D��&KRUG�UHVSRQVH�DW�PLGVSDQ�RI��UG�IORRU�����E��&KRUG�UHVSRQVH�DW�PLGVSDQ�RI��VW�IORRU��

)LJ��%������'LDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRU�FDOLEUDWLRQ�IRU�VKDNH�WDEOH�WHVW�VWUXFWXUH��
�
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'LDSKUDJP� VKHDU� RYHUVWUHQJWK� IDFWRU� :Y ����� LV� XVHG� IRU� WKH� GLDSKUDJP� GHVLJQ�� ZKLFK� LV�
FDOLEUDWHG� WR� NHHS� WKH� GLDSKUDJP� VKHDU� UHVSRQVH� UHPDLQ� HODVWLF� XQGHU� 0&(� XVLQJ� WKH� �'� QRQOLQHDU�
WUDQVLHQW�G\QDPLF�DQDO\VLV�DV�ZHOO��)LJXUH�%�����VKRZV�D�SDUDPHWULF�SORW� IRU� WKH�PD[LPXP�GLDSKUDJP�
VKHDU�VOLGLQJ�GHPDQG�ZLWK�GLIIHUHQW�GHVLJQ�VKHDU�VWUHQJWK��FRPELQDWLRQ�RI�GLDSKUDJP�IRUFH�DPSOLILFDWLRQ�
IDFWRU� DQG� VKHDU� RYHUVWUHQJWK� IDFWRU���$V� VHHQ� LQ�)LJ��%������ LQ� RUGHU� WR� NHHS� WKH� GLDSKUDJP� LQ� HODVWLF�
XQGHU�0&(��WKH�PXWLODWLRQ�RI��<5�DQG��:Y�QHHG�WR�EH�DURXQG����a�����$V�WKH�<5�KDV�EHHQ�GHWHUPLQHG�DV�
������WKH�VKHDU�RYHUVWUHQJWK�IDFWRU�LV�VHOHFWHG�DV������WR�SURGXFH�<5�
�:Y� ������
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�
)LJ��%������'LDSKUDJP�VKHDU�RYHUVWUHQJWK�IDFWRU�FDOLEUDWLRQ�IRU�VKDNH�WDEOH�WHVW�VWUXFWXUH��

�
� 7KH� VHOHFWHG� GLDSKUDJP� IRUFH� DPSOLILFDWLRQ� IDFWRU� DQG� VKHDU� RYHUVWUHQJWK� IDFWRU� IRU� WKH� VKDNH�
WDEOH�WHVW�VWUXFWXUH�GHVLJQ�DUH�QRW�LGHQWLFDO�WR�WKH�YDOXHV�FDOFXODWHG�IURP�WKH�GHVLJQ�HTXDWLRQV��(TQ����DQG�
��LQ�3$57����SURSRVHG�LQ�WKH�GHVLJQ�SURFHGXUH��6HH�7DEOH�%������
�
7DEOH�%�����'LDSKUDJP�GHVLJQ�IDFWRUV��

&DVH� <5� :Y�
6KDNH�WDEOH�WHVW�VWUXFWXUH� ����� ����

'HVLJQ�SURFHGXUH� ����� ����
�
� $IWHU�DPSOLILHG�WKH�GLDSKUDJP�EDVHOLQH�GHVLJQ�IRUFH�E\�<5��WKH�GLDSKUDJP�LQWHUQDO�IRUFHV��VKHDU�
DQG�PRPHQW��DUH�FDOFXODWHG�EDVHG�RQ�WKH�VLPSOH�VXSSRUWHG�EHDP�JLYHQ�WKH�VLPSOH�OD\RXW�QDWXUH�RI�VKDNH�
WDEOH�WHVW�VWUXFWXUH��7DEOH�%����VKRZV�WKH�GLDSKUDJP�GHVLJQ�IRUFHV�IRU�VKHDU�FULWLFDO�MRLQW���VW�GLDSKUDJP�
MRLQW�IURP�WKH�VKHDU�ZDOO��DQG�WKH�IOH[XUDO�FULWLFDO�MRLQW�DW�PLGVSDQ��
�
7DEOH�%�����'LDSKUDJP�GHVLJQ�IRUFHV��

6KHDU�FULWLFDO�MRLQW )OH[XUDO�FULWLFDO�MRLQW
)'[� <5)'[� 9X� 0X� 9X� 0X�)ORRU��
>NLSV@� >NLSV@� >NLSV@� >NLS�IW@� >NLSV@� >NLS�IW@�

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

�
� 7DEOH�%���� VKRZV� WKH� GLDSKUDJP� UHLQIRUFHPHQW� GHVLJQ� IRU� WKH� VKHDU� FULWLFDO� MRLQW�� 7DEOH�%����
VKRZV�WKH�GLDSKUDJP�UHLQIRUFHPHQW�GHVLJQ�IRU�IOH[XUDO�FULWLFDO�MRLQW��$OVR�QRWLFHG��WKH�GLDSKUDJP�GHVLJQ�
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XVHG�IRU�WKH�VKDNH�WDEOH�WHVW�VWUXFWXUH�GRHV�QRW�XVH�WKH�LQWHUDFWLRQ�HTXDWLRQ��(TQ�����LQ�3$57����UDWKHU�LW�
GHVLJQV�WKH�GLDSKUDJP�MRLQW�WR�UHVLVW�WKH�PRPHQW�DQG�VKHDU�LQGHSHQGHQWO\��&KRUG�UHLQIRUFHPHQW�FXW�RII�RU�
WKH� VSDFLQJ� YDU\LQJ� RI� GXFWLOH� PHVK� VWHHO� LV� QRW� DSSOLHG� WR� WKH� VKDNH� WDEOH� WHVW� VWUXFWXUH�� 7KH� VKHDU�
FRQQHFWRU�DW�WRS�DQG��VW�IORRU�YDULHV�WKH�VSDFLQJ�RQFH�DW��WK�MRLQW��UHIHU�WR�)LJ��%�������
�
7DEOH�%�����'LDSKUDJP�UHLQIRUFHPHQW�GHVLJQ�IRU�WKH�VKHDU�FULWLFDO�MRLQW��

)ORRU� ���FKRUG�
� 'XFWLOH�PHVK�:���[:����

 6KHDU�FRQQHFWRU�


 9Q� :Y� I0Q�

� � WQ�$��NVL�� YQ�$��NVL�� �� WQ�$��NVL� YQ�$��NVL� V��LQ� WQ��N� YQ��N� � >NLSV@� � � >NLS�IW@
�� ��� ��� �� 1RW�XVHG� ���� ����� � ������ ������ ����
�� ��� ��� �� ��� ��� �� 1RW�XVHG� ������ ������ ����
�� ��� ��� �� ��� ��� ��� ���� ����� � ������ ������ ����


%RQGHG�FKRUG�LV�XVHG�IRU�DOO�WKUHH�IORRUV��


�'HVLJQ�VWUHQJWK�LV�GHWHUPLQHG�EDVHG�RQ�WHVWLQJ��1DLWR�DQG�5HQ��������



�+DOI�VFDOH�-9,�9HFWRU�IRU�WRS�IORRU�DQG����WRSSHG�+DLUSLQ�IRU��VW�IORRU��'HVLJQ�VWUHQJWK�LV�GHWHUPLQHG�EDVHG�RQ�
WHVWLQJ��1DLWR�DQG�5HQ��������
�
7DEOH�%�����'LDSKUDJP�UHLQIRUFHPHQW�GHVLJQ�IRU�WKH�IOH[XUDO�FULWLFDO�MRLQW��

)ORRU� ����FKRUG�
� 'XFWLOH�PHVK�:���[:����

 6KHDU�FRQQHFWRU�


 9Q� :Y� I0Q�

� � WQ�$��NVL�� YQ�$��NVL�� �� WQ�$��NVL� YQ�$��NVL� V��LQ� WQ��N� YQ��N� � >NLSV@� � � >NLS�IW@
�� ��� �� �� 1RW�XVHG� ���� ��� � ������ ������ ����
�� ��� ��� �� ��� ��� �� 1RW�XVHG� ������ ������ ����
�� ��� ��� �� ��� ��� ��� �� ��� � ������ ������ ����


�8QERQGHG�FKRUG�LV�XVHG�IRU�WRS�IORRU�DQG�ERQGHG�FKRUG�LV�XVHG�IRU�RWKHU�IORRUV��


�'HVLJQ�VWUHQJWK�LV�GHWHUPLQHG�EDVHG�RQ�WHVWLQJ��1DLWR�DQG�5HQ��������


�+DOI�VFDOH�-9,�9HFWRU�IRU�WRS�IORRU�DQG����WRSSHG�+DLUSLQ�IRU��VW�IORRU��'HVLJQ�VWUHQJWK�LV�GHWHUPLQHG�EDVHG�RQ�
WHVWLQJ��1DLWR�DQG�5HQ��������
�
� 'LDSKUDJP�WR�/)56� FRQQHFWRU� �36$� FRQQHFWRU� UHIHU� WR� )LJ�� %����� LV� GHVLJQHG� WR� UHVLVW� WKH�
DPSOLILHG�VKHDU�GHVLJQ�IRUFH��9X� �<5)'[��� �����NLVS��XVLQJ�WKH�IROORZLQJ�HTXDWLRQ��
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ZKHUH�YQ�LV�WKH�VKHDU�VWUHQJWK�RI�36$�LV�GHWHUPLQHG�IURP�WHVWV��6KDLNK�DQG�*HKOKRII��������
� ,QGXVWU\�VWDQGDUG�FRQQHFWRU�����+DLUSLQ��LV�SODFHG�DW�RQH�SHU�YHU\�SDQHO�WR�FRQQHFW�WKH�GLDSKUDJP�
DQG�VSDQGUHO�/�EHDP��UHIHU�WR�)LJ��%������
� 7KH� ILQDO� VHOHFWHG� GLDSKUDJP� UHLQIRUFHPHQW� LV� VKRZQ� LQ� )LJ� �%���� DQG� WKH� GLDSKUDJP�
UHLQIRUPFHQW�GHWDLOLQJ�LV�VKRZQ�LQ�)LJ��%�����
�
%������*UDYLW\�6\VWHP�'HVLJQ�

)LYH�FROXPQV�RQ�HDFK�VLGH�RI�WKH�VWUXFWXUH�FUHDWHG�IRXU�ED\V�RI�SUHFDVW�FRQFUHWH�EHDPV��6SDQGUHO�
EHDPV�ZHUH��
�KLJK�DQG����WKLFN�ZLWK�D���Q��OHGJH�IRU�WKH�IORRU�HOHPHQWV��$�VLPLODU�VL]H�OHGJH�ZDV�SUHVHQW�
LQ�WKH�OHGJHU�EHDPV�ZKLFK�ZHUH����WKLFN�DQG�������WDOO���

7KH� SRFNHW� FROXPQV� �)LJ�� �%���� LQ� WKH� VLGH� RI� VSDQGUHO� EHDP�PHDVXUHG� ������ E\� ���� DQG� WKH�
FRUEHO� FROXPQ� �)LJ���%���� LQ� WKH� VLGH�RI�/�EHDP�GLPHQVLRQV�ZHUH�����E\������:HOO� FRQILQHG�FROXPQV�
ZLWK� ��� WUDQVYHUVH� KRRSV� DW� ����� HQVXUHG� WKH� VHLVPLF� LQWHJULW\� RI� WKH� JUDYLW\� V\VWHP� DQG� HOLPLQDWHG� D�
SRVVLEOH� VKHDU� IDLOXUH�� $� SUHVWUHVV� IRUFH� RI� ���NLS� FRXSOHG� ZLWK� HLJKW� ��� EDUV� IRU� WKH� ORQJLWXGLQDO�
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UHLQIRUFHPHQW�LQ�WKH�FROXPQV��7KH���������NVL�SUHVWUHVVLQJ�VWUDQG�ZDV�VWUHVVHG�WR�����ISX�ZKLFK�DSSOLHG�
DQ�DYHUDJH�VWUHVV�RI����SVL�RQ�WKH�����VTXDUH�FRQFUHWH�FROXPQ��&ROXPQ�DQFKRU�EROWV�RQ�WKH�WHQ�FROXPQV�
ZHUH� VSHFLILHG� DV� ����GLDPHWHU�$��� WKUHDGHG� URG� LQ� DQ� DWWHPSW� WR�PLQLPL]H� WKH� VKHDU� FDSDFLW\� RI� WKH�
JUDYLW\�ORDG�V\VWHP�DQG�PD[LPL]H�WKH�IORRU�IOH[LELOLW\��VHH�)LJ���%�����
�
%����7(67,1*�6(48(1&(��

7KH� VKDNH� WDEOH� WHVW� VSHFLPHQ�KDV� VXEMHFWHG� WR���� VWURQJ�PRWLRQV� LQ� D� VHTXHQFH�RI� LQFUHDVH�RI�
HDUWKTXDNH�LQWHQVLW\��7KLV�WHVW�VHTXHQFH�LV�VXPPDUL]HG�LQ�7DEOH�%�����$OVR�QRWLFHG��WZR�ZKLWH�QRLVH�DQG�
WZR�VPDOO�DPSOLWXGH�HDUWKTXDNH�LQSXW�WHVWV�KDYH�EHHQ�SHUIRUPHG�EHIRUH�DQG�DIWHU�HDFK�WHVW�VKRZQ�LQ�7DEOH�
%����LQ�RUGHU�WR�WUDFN�WKH�VWUXFWXUH�FKDUDFWHULVWLFV�EHIRUH�DQG�DIWHU�PDMRU�WHVWV���

$V� OLVWHG� LQ� WKH� ODVW� FROXPQ� RI� 7DEOH�%����� QRW� DOO� WKH� WHVW� XQGHU� VWURQJ�PRWLRQ� LV� VXFFHVVIXO��
6HYHUDO�IDLOXUHV�DUH�REVHUYHG�LQ�WKH�WHVWV�LQ�ZKLFK�WKH�IROORZLQJ�WZR�IDLOXUHV�KDYH�WKH�PRVW�LPSDFWV�WR�WKH�
VKDNH�WDEOH�WHVW������GU\�FKRUG�IUDFWXUH�DW��UG�IORRU�PLGVSDQ�XQGHU�6(�'%(�JURXQG�PRWLRQ�IRU�WHVW����������
SRVW�WHQVLRQLQJ��37��VWUDQG�UXSWXUH�XQGHU�%.�0&(�JURXQG�PRWLRQ��IRU�WHVW����
�
7DEOH�%�����6KDNH�7DEOH�WHVW�VHTXHQFH�DQG�PDMRU�HYHQW��

7HVW�
�� 7HVW�,'� (4�,QWHQVLW\� 37�6WUHVV��NVL� 0DMRU�(YHQW�)DLOXUH�

�� .1�'%(��� .1�'%(� ����� ��
�� .1�'%(��� .1�'%(� ����� ��
�� .1�'%(��� .1�'%(� ����� ��
�� 6(�'%(��� 6(�'%(� ����� &KRUG�IUDFWXUH�DW��UG�IORRU�
�� 6(�'%(��� 6(�'%(� ����� &KRUG�IUDFWXUH�DW��UG�IORRU�

�� 6(�'%(��� 6(�'%(� ����� &KRUG�IUDFWXUH�DW��UG�IORRU�DQG�
FKRUG�EXFNOLQJ�DW��QG�IORRU�

�� 6(�'%(��� 6(�'%(� ����� ��
�� %.�'%(��� %.�'%(� ����� 3DUWLDO�37�IDLOXUH�LQ�VRXWK�ZDOO�

�� %.�0&(��� %.�0&(� �����
5XSWXUH�RI�37�VWUDQG�LQ�VRXWK�
ZDOO��UHVXOWLQJ�LQ�IUDFWXUH�RI�
JUDYLW\�V\VWHP�FRQQHFWLRQV�

��� %.�'%(��� ����%.�'%(� ���� $QFKRUDJH�IDLOXUH�DW��UG�IORRU�
��� %.�'%(��� ����%.�'%(� ���� ��

��� %.�0&(��� %.�'%(� ���� &UDFN�LQ�'7�DW��UG�IORRU�ZDOO�
FRQQHFWLRQ�

��� %.�0&(��� %.�'%(� ���� ��
��� %.�'%(��� ����%.�'%(� ���� $QFKRUDJH�IDLOXUH�DW��QG�IORRU�
��� %.�0&(��� %.�'%(� ���� ��

��� %.�0&
� %.�0&(� ���� )ORRU�XQVHDWLQJ�OHDGLQJ�WR�
SDUWLDO�FROODSVH�RI��UG�IORRU�

,QGLFDWHV�VXFFHVVIXO�WHVW�

$IWHU�WKH�GU\�FKRUG�IDLOXUH�DW�WRS�IORRU�LQ�WKUHH�WHVWV��WHVW���WR�WHVW�����WZR�FXUEV�DUH�SODFLQJ�DW�WRS�
DQG�ERWWRP�RI�GLDSKUDJP��7KLV�FKDQJHV�WKH�WRS�IORRU�FKRUG�UHLQIRUFHPHQW�GHWDLOLQJ�IURP�WKH�GU\�FKRUG�WR�
WKH�SRXU�VWULS�FKRUG��6HH�)LJ��%��������
� $IWHU�WKH�37�VWUDQG�UXSWXUH�XQGHU�%.�0&(�JURXQG�PRWLRQ�LQ�WHVW����WKH�37�VWUDQG�LQLWLDO�VWUHVV�
KDV� LQFUHDVHG� IURP�����NVL� WR���NVL��7KLV� LQFUHDVH�RI�37� LQLWLDO� VWUHVV� UHVXOWV� LQ�D� VWLIIHU�ZDOO�ZKLFK� LQ�
WXUQ�W\SLFDOO\�ZLOO�LQFUHDVH�WKH�GHPDQG�LQ�GLDSKUDJP��7KXV�IRU�WKH�UHVW�RI�WHVWV��WHVW����WR�WHVW������VFDOHG�
HTXLYDOHQW�JURXQG�PRWLRQV�DUH�XVHG�WR�DFKLHYH�HTXLYDOHQW�'%(�DQG�0&(�OHYHO�GLDSKUDJP�GHPDQG��7KH�
VFDOH�IDFWRU�LV�GHWHUPLQHG�IURP�WKH�DQDO\WLFDO�HDUWKTXDNH�VLPXODWLRQV��=KDQJ�������DQG�LV�DSSOLHG�WR�WKH�
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RULJLQDO� %.� '%(� JURXQG� PRWLRQ�� ���� IRU� REWDLQLQJ� HTXLYDOHQW� '%(� GLDSKUDJP� GHPDQG� DQG� ���� IRU�
REWDLQLQJ�HTXLYDOHQW�0&(�GLDSKUDJP�GHPDQG��$�IDFWRU�RI�����RQ�WRS�RI�WKH�RULJLQDO�%.�'%(������RQ�WRS�
RI�WKH�RULJLQDO�0&(��JURXQG�PRWLRQ�LV�XVHG�LQ�WKH�ODVW�WHVW��WHVW�����LQ�RUGHU�WR�WHVW�WKH�GLDSKUDJP�LQ�DQ�
RYHUORDG�FRQGLWLRQ��
� $PRQJ�DOO�WKH�VXFFHVVIXO�WHVWV��IRXU�UHSUHVHQWDWLYH�WHVW��VHH�URZV�LQ�7DEOH�%����ZLWK�ERQG�IRQW��
UHVXOWV�XQGHU�DQ�LQFUHDVLQJ�VHTXHQFH�RI�HDUWKTXDNH�LQWHQVLW\��.1�'%(��6(�'%(��%.�'%(�DQG�%.�0&(��
DUH�VHOHFWHG�WR�UHSRUW�LQ�WKH�QH[W�VHFWLRQ��
�

�
)LJ��%������3ODQ�IRU�WRS�IORRU�UHSDLULQJ�DIWHU�GU\�FKRUG�IUDFWXUH�LQ�WHVW����

�
�
%����6+$.(�7$%/(�7(67�5(68/76�
%������'HVLJQ�7DUJHWV�&KHFN��
�
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�VW�IORRU
�QG�IORRU
�UG�IORRU

<LHOG�VOLGLQJ

.1�'%( 6(�'%( %.�'%( %.�0&(
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.1�'%( 6(�'%( %.�'%( %.�0&(
(DUWKTXDNH�ORDGLQJ
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)LJ��%������'LDSKUDJP�MRLQW�PD[LPXP�GHIRUPDWLRQ�GHPDQG���D��RSHQLQJ��E��VOLGLQJ��

�
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)LJXUH�%����� VKRZ� WKH�PD[LPXP�GLDSKUDJP� MRLQW�GHIRUPDWLRQ�GHPDQG� IRU� DOO� WKUHH� IORRUV�� �D��
RSHQLQJ�DQG��E��VOLGLQJ��7KLV�LV�WR�FKHFN�LI�WKH�VKDNH�WDEOH�WHVW�VSHFLPHQ�PHHWV�WKH�GHVLJQ�WDUJHWV���$V�VHHQ�
LQ� )LJ�� %����D�� ZLWK� WKH� LQFUHDVH� LQ� HDUWKTXDNH� ORDGLQJ�� WKH� GLDSKUDJP� MRLQW� RSHQLQJ� LQFUHDVHV�
SURJUHVVLYHO\� IURP� HODVWLF� WR� LQHODVWLF� EXW� UHPDLQHG� EHORZ� WKH� +'(� GHIRUPDWLRQ� FDSDFLW\� RI� FKRUG�
UHLQIRUFHPHQW��$OVR�QRWLFHG� LQ�)LJ��%����E�� WKH�PD[LPXP�GLDSKUDJP�MRLQW� VOLGLQJ�GHPDQG�DW�DOO� IORRUV�
IRU� DOO� IRXU� OHYHO� HDUWKTXDNH� ORDGLQJV� VDIHO\� UHPDLQ� HODVWLF�� 7KHVH� UHVXOWV� LQGLFDWH� WKDW� WKH� GLDSKUDJP�
GHVLJQ� IRU� VKDNH� WDEOH� WHVW� VWUXFWXUH� PHHW� WKH� 5'2� GHVLJQ� WDUJHWV� XQGHU� 0&(�� ���� LQHODVWLF� IOH[XUDO�
UHVSRQVH�ZLWK� � WKH�PD[LPXP�MRLQW�RSHQLQJ�GHPDQG� OHVV� WKDQ� WKH�+'(�FDSDFLW\�RI�FKRUG�UHLQIRUFHPHQW�
DQG�����HODVWLF�VKHDU�UHVSRQVH�ZLWK�WKH�PD[LPXP�MRLQW�VOLGLQJ�GHPDQG�OHVV�WKDQ�WKH�VKHDU�UHLQIRUFHPHQW�
\LHOG�VOLGLQJ��
�
%������3RVW�WHQVLRQLQJ�:DOO�5HVSRQVH�
� ,Q�WKH�37�ZDOOV��WKH�PRVW�LPSRUWDQW�PHDVXUHDEOH�SDUDPHWHUV�DUH�WKH�LQ�SODQH�URWDWLRQ�DQG�WKH�
RYHUWXUQLQJ�PRPHQW�DW�WKH�EDVH���7KH�URWDWLRQ�RI�WKH�ZDOO�LV�VLPSO\�PHDVXUHG�DV�WKH�GLIIHUHQFH�LQ�YHUWLFDO�
GLVSODFHPHQW�DW�WKH�WZR�HQGV�RI�WKH�ZDOO�GLYLGHG�E\�WKH�ZLGWK�RI�WKH�ZDOO��

wallendend L��� �� GGT � ����������������������������������������������(T�����
7KH�PRPHQW��KRZHYHU��LV�OHVV�VLPSOH�WR�FDOFXODWH���7KHUH�DUH�WZR�PHWKRGV�WKDW�ZHUH�FRQVLGHUHG���7KH�ILUVW�
LQYROYHV� WDNLQJ� WKH� WRWDO� GLDSKUDJP� IRUFH� DW� HDFK� OHYHO� DQG� PXOWLSO\LQJ� LW� E\� WKH� UHVSHFWLYH� KHLJKW���
+RZHYHU�� LW�ZDV�GHFLGHG� WKDW� WKLV� LV�QRW�DFFXUDWH�EHFDXVH� LW�\LHOGV� WKH� WRWDO�RYHUWXUQLQJ�PRPHQW�RI� WKH�
HQWLUH�VWUXFWXUH��RI�ZKLFK� WKH�FROXPQV�KDYH�VRPH�RYHUWXUQLQJ� UHVLVWDQFH� �HYHQ� WKRXJK� WKDW� UHVLVWDQFH� LV�
QHJOHFWHG�LQ�GHVLJQ����7R�JHW�WKH�RYHUWXUQLQJ�PRPHQW�LQ�WKH�ZDOO�DORQH��D�IUHH�ERG\�GLDJUDP��6HH�)LJ��%��
����RI�WKH�ZDOO�ZDV�FXW�DQG�WKH�IRUFHV�LQ�WKH�('�EDUV��)('��DQG�37�VWUDQGV��)37�FDOFXODWHG�XVLQJ�WKH�VWUDLQ�
JDXJH�DQG�37�GDWD���DORQJ�ZLWK�WKH�ZHLJKW�RI�WKH�ZDOO��ZHUH�XVHG�WR�FDOFXODWH�WKH�RYHUWXUQLQJ�PRPHQW��
�
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'HIRUPHG�
VKDSH

8QGHIRUPHG�
VKDSH

�
)LJ��%������)UHH�ERG\�GLDJUDP�RI�WKH�37�ZDOO�

�
7KH�PRPHQW�ZDV�WDNHQ�DERXW�WKH�SRLQW�LQ�ZKLFK�WKH�FRPSUHVVLRQ�IRUFH�DFWHG�LQ�WKH�WRH�RI�WKH�ZDOO��

JLYLQJ�WKH�QHHG�WR�ILQG�WKH�QHXWUDO�D[LV�RI�WKH�ZDOO�ZKHQ�WKH�URWDWLRQ�ZDV�DW�RU�QHDU�D�SHDN�YDOXH���7R�GR�
WKLV��GLVSODFHPHQWV�WDNHQ�IURP�/9'7�GDWD��DW�WKH�HQGV�DQG�DW�WKH�FHQWHUOLQH�RI�WKH�ZDOO�ZHUH�XVHG���,W�ZDV�
DVVXPHG�WKDW�WKH�ZDOO�ZDV�ULJLG�DQG�PDGH�D�VWUDLJKW�OLQH�IURP�WKH�SRLQW�RI�FRQWDFW�DW�WKH�IRXQGDWLRQ�WR�WKH�
HQG� WKDW� ZDV� URFNLQJ�� 7KHUHIRUH�� WKH� GLVSODFHPHQWV� DW� WKH� OLIWHG� HGJH� DQG� WKH� FHQWHUOLQH� /9'7V�ZHUH�
H[WUDSRODWHG� WR� WKH�SRLQW� LQ�ZKLFK� WKH�ZDOO�ZDV� WRXFKLQJ� WKH�IRXQGDWLRQ��7KLV�SRLQW�ZDV�FRQVLGHUHG� WKH�
QHXWUDO� D[LV�� ,W� ZDV� DVVXPHG� WKDW� WKH� QHJDWLYH� GLVSODFHPHQW� RI� WKH� ZDOO� LQ� WKH� FRPSUHVVLRQ� ]RQH� ZDV�
QHJOLJLEOH�DQG�ZDV�FRQVLGHUHG�]HUR���)XUWKHUPRUH��WKH�FRPSUHVVLRQ�]RQH�RI�WKH�FRQFUHWH�ZDV�DVVXPHG�WR�
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EH�EHWZHHQ�DQ�LQFUHDVLQJ�OLQHDU�GLVWULEXWLRQ�DQG�D�SDUDEROLF�GLVWULEXWLRQ��7KXV��XVLQJ�WKH�DYHUDJH�RI�WKH�
FHQWURLG�ORFDWLRQ�RI�WKHVH�WZR�GLVWULEXWLRQV��D�ORFDWLRQ�RI������RI�WKH�FRPSUHVVLRQ�]RQH�OHQJWK�ZDV�XVHG�
IRU�WKH�FRPSUHVVLRQ�IRUFH��6HH�)LJ��%�������

$�SUREOHP�WKDW�DURVH�ZKHQ�XVLQJ�WKLV�PHWKRG�WR�FDOFXODWH�WKH�RYHUWXUQLQJ�PRPHQW�ZDV�WKDW� WKH�
GDWD�WDNHQ�IURP�WKH�VWUDLQ�JDJHV�RQ�WKH�('�EDUV�ZDV�RIWHQ�XQXVDEOH��7R�DOOHYLDWH�WKLV�SUREOHP��WKH�VWUDLJKW�
OLQH�DVVXPSWLRQ� WKDW�ZDV�XVHG� WR� ILQG� WKH�QHXWUDO�D[LV� ORFDWLRQ�ZDV�DOVR�XVHG� WR�H[WUDSRODWH� WKH�YHUWLFDO�
GLVSODFHPHQW� DW� DQ\� ORFDWLRQ� DORQJ� WKH� ZDOO�� VSHFLILFDOO\�� LW� ZDV� XVHG� WR� ILQG� WKH� GLVSODFHPHQW� DW� WKH�
ORFDWLRQ�RI�WKH�('�EDUV���7KLV�GLVSODFHPHQW�ZDV�WKHQ�FRQYHUWHG�WR�VWUDLQ�EDVHG�RQ�WKH�XQERQGHG�OHQJWK�RI�
WKH�EDUV�����LQ���ZKLFK�FRXOG�WKHQ�EH�FRQYHUWHG�WR�D�IRUFH�XVLQJ�VWUHVV�VWUDLQ�FRQVWLWXWLYH�UHODWLRQVKLS�RI�
WKH�EDUV�WRJHWKHU�ZLWK�WKH�EDU�DUHD������LQ��IRU����EDU�����

)LJXUH�%�����VKRZV�WKH�ZDOO�EDVH�K\VWHUHVLV�UHVSRQVH��,W�FDQ�EH�VHHQ�WKDW�WKH�ZDOO�EDVH�URWDWLRQ�
GHPDQG� LQFUHDVHV�ZLWK� WKH� LQFUHDVH� LQ� HDUWKTXDNH� LQWHQVLW\� H[FHSW� WKDW� WKH� URWDWLRQ�GHPDQG�RI� WKH�%.�
0&(�HDUWKTXDNH�LV�ORZHU�WKDQ�WKDW�RI�WKH�%.�'%(�EHFDXVH�WKH�ZDOO�KDV�D�KLJKHU�LQLWLDO�37�VWUHVV�LQ�WKH�
%.�0&(�WKDQ�WKH�%.�'%(�DV�GLVFXVVHG�LQ�6HF��%�����
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)LJ��%������0RPHQW�YV��URWDWLRQ�RI�37�ZDOO��
�

%������'LDSKUDJP�5HVSRQVH�
$V�D�PDLQ�IRFXV�RI�WKH�VKDNH�WDEOH�WHVW�� WKLV�VHFWLRQ�ZLOO�SUHVHQW�WKH�GLDSKUDJP�UHVSRQVH�UHVXOWV�

LQFOXGLQJ�LQHUWLD�IRUFH��LQWHUQDO�VKHDU�DQG�PRPHQW�DFURVV�WKH�GLDSKUDJP�OHQJWK��GHIRUPDWLRQ��LQWHU�VWRU\�
GULIW��DQG�MRLQW�RSHQLQJ���
�
%��������'LDSKUDJP�,QHUWLD�)RUFH�

'LDSKUDJP� LQHUWLD� IRUFH� KDV� EHHQ� FDOFXODWHG� DV� WKH�PXWLODWLRQ� RI� DFFHOHUDWLRQV� WDNHQ� IURP� WKH�
DFFHOHURPHWHUV�ORFDWHG�DW�HDFK�SDQHO�LQ�WKH�IORRUV��6HH�)LJ��%������DQG�WKH�FRUUHVSRQGLQJ�SDQHO�WULEXWDU\�
PDVV�LQFOXGLQJ�WKH�SDQHO��WKH�SRUWLRQ�RI�WKH�VSDQGUHO�/�EHDP�ZLWKLQ�WKH�SDQHO�SURMHFWLRQ��DQG�IRU�SDQHOV�DW�
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FROXPQ�OLQHV��WKH�JUDYLW\�FROXPQ�WULEXWDU\�WR�HDFK�IORRU�OHYHO���7KH�WRWDO�LQHUWLD�IRUFH�IRU�HDFK�OHYHO�ZDV�
WDNHQ�DV� WKH�VXPPDWLRQ�RI� WKH� LQHUWLD�IRUFH� LQ�HDFK�SDQHO��)LJXUH�%�����VKRZV�WKH� WLPH�KLVWRULHV�RI� WKH�
GLDSKUDJP�LQHUWLD�IRUFH�DW�HDFK�OHYHO�WUXQFDWHG�WR�LQFOXGH�RQO\�WKH�PDMRU�VKDNLQJ��
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)LJ��%������'LDSKUDJP�LQHUWLD�IRUFH�WLPH�KLVWRULHV��
�

7KH�PD[LPXP�GLDSKUDJP�LQHUWLD� IRUFHV�DW�HDFK� IORRU� WKURXJKRXW� WKH�PDMRU�HDUWKTXDNH� WHVWV�DUH�
VKRZQ�LQ�7DEOH�%�������*HQHUDOO\��WKH�IRUFH�LQFUHDVHV�ZLWK�IORRU�KHLJKW��ZLWK�WKH�H[FHSWLRQ�EHLQJ�WKH�6(�
'%(��ZKHUH�WKH�VHFRQG�IORRU�KDV�WKH�ORZHVW�LQHUWLD�IRUFH��$OVR��LW�VKRXOG�EH�QRWHG�WKDW�WKH�IRUFHV�VHHQ�LQ�
WKH�6(�'%(�DUH�YHU\�VLPLODU�WR�WKRVH�RI�WKH�%.�'%(���
�
7DEOH�%������0D[LPXP�LQHUWLD�IRUFH�LQ�HDFK�IORRU�WKURXJKRXW�WHVWV�

)ORRU� .1�'%(��N� 6(�'%(��N� %.�'%(��N�� %.�0&(��N��
�� ����� ����� ����� �����
�� ����� ����� ����� �����
�� ����� ����� ����� ������

�
7KH�GLDSKUDJP�LQHUWLD�IRUFH�SURILOH�DORQJ�WKH�GLDSKUDJP�VSDQ�DW�WKH�WLPH�RI�WKH�PD[LPXP�LQHUWLD�

IRUFH�LV�VKRZQ�LQ�)LJ��%������,W�FDQ�EH�VHHQ�WKDW�WKH�IRUFH�SURILOHV�ZHUH�QRW�FRQVWDQWO\�GLVWULEXWHG��DV�WKH�
GHVLJQ� DVVXPHV�� � ,Q� IDFW�� WKH� IRUFH� LV� FRQVLGHUDEO\� KLJKHU� DW� WKH�PLGVSDQ� WKDQ� WKDW� DW� WKH� HQGV� GXH� WKH�
GLDSKUDJP� IOH[LELOLW\��7KLV� QRQOLQHDU� LQHUWLD� IRUFH� GLVWULEXWLRQ� LV�PRUH� VLJQLILFDQW� LQ� WKH� KLJKHU� GHQVLW\�
HDUWKTXDNH��H�J��%.�0&(��LQ�ZKLFK�WKH�GLDSKUDJP�GHIRUPDWLRQ�LV�VLJQLILFDQW�DV�ZHOO��
�
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)LJ��%������,QHUWLD�IRUFH�IORRU�SURILOHV�IRU�HDFK�IORRU��
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)LJ��%������'LDSKUDP�PLGVSDQ�GHIRUPDWLRQ�WLPH�KLVWRULHV��
�
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%��������'LDSKUDJP�'HIRUPDWLRQ�
'LDSKUDJP� GLVSODFHPHQWV� LQ� HDFK� SDQHO� DORQJ� WKH� GLDSKUDJP� VSDQ� DW� HDFK� IORRU� OHYHO� LV�

GHWHUPLQHG�E\�WKH�GRXEOH�LQWHJUDWLRQ�RI� WKH�DFFHOHUDWLRQV� WDNHQ�IURP�WKH�DFFHOHURPHWHUV�ZLWK�UHVSHFW� WR�
WLPH� XVLQJ� D� FRQVWDQW� EDVHOLQH� FRUUHFWLRQ�� 7KH� GLDSKUDJP� PLGVSDQ� GHIRUPDWLRQ� LV� GHILQHG� DV� WKH�
GLIIHUHQFH�EHWZHHQ�WKH�GLVSODFHPHQW�DW�GLDSKUDJP�PLGVSDQ�DQG�WKH�DYHUDJH�GLVSODFHPHQW�RI�WZR�37�ZDOOV�
DW�WKH�VDPH�IORRU�OHYHO��)LJXUH�%�����VKRZ�WKH�GLDSKUDJP�PLGVSDQ�GHIRUPDLWRQ�WLPH�KLVWRULHV�WUXQFDWHG�WR�
LQFOXGH�RQO\�WKH�PDMRU�VKDNLQJ��$V�VHHQ��WKH�GLDSKUDJP�PLGVSDQ�GHIRUPDWLRQ�LQFUHDVHV�ZLWK�WKH�LQFUHDVH�
RI� WKH� HDUWKTXDNH� LQWHQVLW\�� 7\SLFDOO\� WKH� WRS� IORRU� KDV� WKH� ODUJHVW� GLDSKUDJP� PLGVSDQ� GHIRUPDWLRQ�
GHPDQG���
�
%��������,QWHU�VWRU\�'ULIW�DW�'LDSKUDJP�0LGVSDQ�

7KH�LQWHU�VWRU\�GULIW�DW�GLDSKUDJP�PLGVSDQ�LV�FDOFXODWHG�DV�WKH�GLIIHUHQFH�LQ�GLDSKUDJP�PLGVSDQ�
GLVSODFHPHQW�EHWZHHQ�WZR�DGMDFHQW�IORRUV�QRUPDOL]HG�E\�WKH�VWRU\�KHLJKW���)LJXUH�%����VKRZV�WKH�LQWHU�
VWRU\�GULIW�DW�GLDSKUDJP�PLGVSDQ�WUXQFDWHG�WR�LQFOXGH�RQO\�WKH�PDMRU�VKDNLQJ���
�

�� �� �� �� ����

��

�

�

�[���
��

7LPH��VHF�

'
ULI
W��
LQ
�LQ
�

�

�

7KLUG
6HFRQG
)LUVW

�� �� �� �������

�����

�

����

����

7LPH��VHF�

'
ULI
W��
LQ
�LQ
�

�

�

7KLUG
6HFRQG
)LUVW

�
�D��.1�'%(� � � � � �����E��6(�'%(�

�� �� �� �� �������

�����

�����

�

����

����

7LPH��VHF�

'
ULI
W��
LQ
�LQ
�

�

�

7KLUG
6HFRQG
)LUVW

�
�� �� �� �� �������

�����

�

����

����

7LPH��VHF�

'
ULI
W��
LQ
�LQ
�

�

�

7KLUG
6HFRQG
)LUVW

�
�F��%.�'%(� � � � � ��G��%.�0&(�
)LJ��%������'LDSKUDP�0PGVSDQ�LQWHU�VWRU\�GULIW�WLPH�KLVWRULHV��

�
%��������'LDSKUDP�,QWHUQDO�)RUFHV�

7KH�GLDSKUDJP�LQWHUQDO�IRUFHV��VKHDU�DQG�PRPHQW��ZHUH�IRXQG�XVLQJ�WKH�LQHUWLD�IRUFHV�RXWOLQHG�LQ�
VHFWLRQ�%����������7KH�IRUFH�DW�HDFK�SDQHO�ZDV�GLYLGHG�E\�WKH�SDQHO�WULEXWDU\�ZLGWK�WR�JHW�D�QRQ�XQLIRUP�
GLVWULEXWHG�IRUFH�DORQJ�WKH�HQWLUH�GLDSKUDJP���7KLV�GLVWULEXWHG�IRUFH�ZDV�WKHQ�LQWHJUDWHG�WR�JHW�WKH�VKHDU�
DQG�PRPHQW� GLDJUDP� DW� D� JLYHQ� WLPH� GXULQJ� WKH� HDUWKTXDNH� KLVWRU\�� � )LJXUH�%����� DQG� )LJXUH� %�����
VKRZV� WKH� GLDSKUDJP� VKHDU� IRUFH� DQG� PRPHQW� GLDJUDP� IRU� HDFK� IORRU� DW� WLPH� RI� WKH� VKHDU� IRUFH� DW�
GLDSKUDJP�HQG�UHDFKLQJ�PD[LPXP�DQG�DW�WLPH�RI�WKH�PRPHQW�DW�PLGVSDQ�UHDFKLQJ�PD[LPXP�UHVSHFWLYHO\��
$V� VHHQ�� GLDSKUDJP� LQWHUQDO� IRUFH� LQFUHDVHV� ZLWK� WKH� LQFUHDVH� RI� HDUWKTXDNH� LQWHQVLW\�� +RZHYHU� WKH�
LQFUHDVH�UDWH�LV�ORZHU�EHWZHHQ�KLJKHU�LQWHQVLW\�HDUWKTXDNHV��IURP�%.�'%(�WR�%.�0&(��ZKLOH�WKLV�UDWH�LV�
KLJKHU�EHWZHHQ�ORZHU�LQWHQVLW\�HDUWKTXDNHV��IURP�.1�'%(�WR�6(�'%(��GXH�WR�WKH�\LHOGLQJ�RI�GLDSKUDJP�
LQ�WKH�KLJKHU�LQWHQVLW\�HDUWKTXDNHV��
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)LJ��%������'LDSKUDJP�VKHDU�GLDJUDPV�IRU�HDFK�IORRU��
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)LJ��%������'LDSKUDJP�PRPHQW�GLDJUDPV�IRU�HDFK�IORRU��
�
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%��������'LDSKUDJP�-RLQW�2SHQLQJ�
7KH� GLDSUKDJQ� MRLQW� RSHQLQJ� DW� WRS� DQG� ERWWRP� RI� FKRUG� UHLQIRUFHPHQW� LV� WDNHQ� IURP� D�

PHDVXUHPHQW�RI�WKH�UHODWLYH�GLVSODFHPHQW�EHWZHHQ�WZR�DGMDFHQW�SDQHOV���7KLV�UHODWLYH�GLVSODFHPHQW��ZDV�
PHDVXUHG� GLUHFWO\� XVLQJ� /9'7V� �UHIHU� WR� )LJ�� %������� 7KH� MRLQW� RSHQLQJ� DW� WRS� DQG� ERWWRP� FKRUG�
UHLQIRUFHPHQW� LV� DOVR� XVHG� WR� ILQG� WKH� SUHFDVW� SDQHO� MRLQW� URWDWLRQ�ZKLFK� LV� WDNLQJ� DV� WKH� GLIIHUHQFH� LQ�
RSHQLQJ�DW�WRS�DQG�ERWWRP�FKRUG�UHLQIRUFHPHQW�DQG�GLYLGLQJ�E\�WKH�GLVWDQFH�EHWZHHQ�WKH�FHQWULRG�RI�WRS�
DQG� ERWWRP� FKRUG�� )LJXUH� %����� VKRZV� WKH� MRLQW� RSHQLQJ� WLPH� KLVWRU\� DW� WRS� FKRUG� RI� WKH� GLDSKUDJP�
PLGVSDQ��7KH�\LHOG�RSHQLQJ�RI��������LV�VKRZQ�DV�WKH�GDVKHG�SLQN�OLQH�LQ�)LJ��%������$V�VHHQ��GLDSKUDJP�
MRLQW�RSHQLQJ�GHPDQG�LQFUHDVHV�ZLWK�WKH�LQFUHDVH�RI�WKH�HDUWKTXDNH�LQWHQVLW\�ZKLFK�EULQJ�WKH�GLDSKUDJP�
IURP�HODVWLF�UHVSRQVH�UHJLRQ�LQWR�LQHODVWLF�UHVSRQVH�UHJLRQ���
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)LJ��%�������'LDSKUDJP�MRLQW�RSHQLQJ�WLPH�KLVWRULHV�IRU�HDFK�IORRU��
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)LJ��%������0D[LPXP�MRLQW�RSHQLQJ�SURILOHV�IRU�HDFK�IORRU��
�
� )LJXUH� %����� VKRZV� WKH� GLDSKUDJP�PD[LPXP� MRLQW� RSHQLQJ� SURILOH� DW� WRS� �VKRZQ� DV� SRVLWLYH�
YDOXH��DQG�ERWWRP��VKRZQ�DW�QHJDWLYH�YDOXH��FKRUG�UHLQIRUFHPHQW�ZLWK�FROXPQ�OLQH� LQGLFDWHG�DV�GDVKHG�
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SLQN� OLQH�� $V� VHHQ�� GXH� WR� WKH� SURWHFWLRQ� RI� VSDQGUHO�/� EHDP�� WKH� GLDSKUDJP� MRLQW� GHIRUPDWLRQ� LV�
FRQFHQWUDWHG�DW�WKH�FROXPQ�OLQHV�ZKHUH�WKH�VSDQGUHO�/�EHDP�GLVFRQWLQXHV���
�
%��������'LDSKUDJP�+\VWHUHVLV�5HVSRQVH�
� )LJXUH� %����� VKRZV� WKH� WRWDO� GLDSKUDJP� LQHUWLD� IRUFH� YV�� PLGVSDQ� GHIRUPDWLRQ� K\VWHUHWLF�
UHVSRQVH�� � $V� VHHQ�� WKH� SUHWRSSHG� GLDSKUDJP� �WRS� IORRU�� KDV� WKH� ORZHVW� VWLIIQHVV� ZKLOH� WKH� FRPSRVLWH�
WRSSHG� GLDSKUDJP� ��VW� IORRU�� KDV� KLJKHVW� VWLIIQHVV� DPRQJ� WKH� WKUHH� IORRUV�� 7KH� VWLIIQHVV� RI� WKH� QRQ�
FRPSRVLWH�WRSSHG�GLDSKUDJP�LV�OHVV�WKDQ�WKH�FRPSRVLWH�WRSSHG�GLDSKUDJP�EXW�KLJKHU�WKDQ�WKH�SUHWRSSHG�
GLDSKUDJP��
�
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� )LJXUH� %����� VKRZV� WKH� GLDSKUDJP� VWLIIQHVV� GHJUDGDWLRQ� WKURXJKRXW� WHVW� VHTXHQFH�� ,W� LV�
GHWHPLQHG�XVLQJ�WKH�GLDSKUDJP�K\VWHUHVLV�UHVSRQVH�VKRZQ�LQ�)LJ��%�����DV�LOOXVWUDWHG�LQ�LQVHUW�RI�)LJ��%��
����7KH�VLJQLILFDQW�GLDSKUDJP�VWLIIQHVV�LQ�.1�'%(�DW��VW�DQG��QG�IORRU�FDQ�EH�DWWULEXWHG�WR�WKH�FUDFNLQJ�RI�
WKH�WRSSLQJ�VODE�WKDW�RFFXUUHG�GXULQJ�WKH�.1�'%(�WHVW���7KH�JUDGXDOO\�VWLIIQHVV�GHJUDGDWLRQ�DW�WRS�IORRU�
WKURXJK�WKH�WHVW�VHTXHQFH�DQG�DW��QG�IORRU�IURP�6(�'%(�WR�%.�0&(�FDQ�EH�DWWULEXWHG�WR�WKH�\LHOGLQJ�RI�
GLDSKUDJP� UHLQIRUFHPHQW� DQG� ORFDO� FRQFUHWH� FUDFNLQJ� LQ� WKH� SUHFDVW� SDQHO�� $IWHU� WKH� ILUVW� VLJQLILFDQW�
VWLIIQHVV�GHJUDGDWLRQ��WKH�GLDSKUDJP�VWLIIQHVV�DW��VW�IORRU�DOPRVW�UHPDLQ�XQFKDQJHG�ZKLFK�LPSOLHV�WKHUH�LV�
OLWWOH�GDPDJH�DQG�\LHOGLQJ�LQ�WKH��VW�IORRU��
� )LJXUH� %����� VKRZV� WKH� GLDSKUDJP� PRPHQW� YV�� MRLQW� URWDWLRQ� DW� WKH� IOH[XUDO� FULWLFDO� MRLQW�
�PLGVSDQ���,W�LV�REVHUYHG�WKDW�D�VLJQLILFDQW�VWUHQJWK�DQG�VWLIIQHVV�GHJUDGDWLRQ�RFFXUV�DW�WKH��QG�IORRU�DIWHU�
.1�'%(�� 7KLV� GHJUDGDWLRQ� LV� LQLWLDWHG� LQ� WKUHH� WHVWV� ZLWK� GU\� FKRUG� IDLOXUH� DW� WRS� IORRU� EHWZHHQ� WKH�
VXFFHVVIXO�.1�'%(� DQG�6(�'%(� WHVWV��7KH� IDLOXUH� RI� GU\� FKRUG� DW� WRS� IORRU� FKDQJHV� WKH� ODWHUDO� IRUFH�
WUDQVIHU�SDWK�DQG�LPSRVHV�PRUH�GHPDQG�LQ�WKH��QG�IORRU�ZKLFK�FDXVHV�WKH�VLJQLILFDQW�\LHOGLQJ�IUDFWXUH�LQ�
WKH�FKRUG�DQG�GXFWLOH�PHVK�UHLQIRUFHPHQW�LQ�WKH��QG�IORRU�DW�GLDSKUDJP�PLGVSDQ�MRLQW��7KLV�\LHOGLQJ�DQG�
IUDFWXUH� RI� GLDSKUDJP� UHLQIRUFHPHQW� DW� �QG� IORRU� PLGVSDQ� UHVXOWV� LQ� WKH� IOH[XUDO� VWUHQJWK� DQG� VWLIIQHVV�
GHJUDGDWLRQ�DW�WKLV�MRLQW���
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������)LJ��%�������0RPHQW�YV��URWDWLRQ�K\VWHUHVLV�DW�PLGVSDQ�IRU�HDFK�IORRU��
�
%����$1$/<7,&$/�02'(/��

7ZR��'�PRGHOV�RI�WKH�KDOI�VFDOH�SUHFDVW�VKDNH�WDEOH�WHVW�VSHFLPHQ�ZHUH�FUHDWHG�IRU�VKDNH�WDEOH�
WHVW� DQDO\WLFDO� VLPXODWLRQV�� 7KH� ILUVW� PRGHO� LV� WKH� �'� 1/7'$� PRGHO� ZKLFK� KDV� EHHQ� XVHG� IRU� WKH�
DQDO\WLFDO� VLPXODWLRQ�RI�K\EULG� WHVW� �UHIHU� WR�%����7KH�RWKHU�PRGH� LV�D��'�IORRU�SURILOH�PRGHO�ZKLFK� LV�
H[WHQGHG�IURP��'�1/7'$�PRGHO�ZLWK�WKH�PRGHOLQJ�RI�UHDOLVWLF��'�IORRU�SURILOH�DQG�JUDYLW\�WDNH�GRZQ��
7KH��'�IORRU�SURILOH�PRGHO�FRQWDLQV�PRUH�'2)V�WKDQ�WKH��'�1/7'$�DQG�UHTXLUHV�PRUH�H[WHQVLYH�UXQ�
WLPH� DQG�SRVW�SURFHVVLQJ� WLPH��7KXV��'� IORRU�SURILOH�PRGHO� LV� XVHG�RQO\� IRU� WKH� SXUSRVH�RI� SUHGLFWLQJ�
VKDNH�WDEOH�WHVWV�UHVXOWV�DQG��'�1/7'$�PRGHO�LV�FDOLEUDWHG�XVLQJ�WKH�VKDNH�WDEOH�WHVW�UHVXOWV�DQG�LV�XVHG�
IRU�SDUDPHWULF�VWXGLHV�WR�GHWHUPLQH�YHULI\�GLDSKUDJP�GHVLJQ�IDFWRUV��6HH�$��DQG�$����
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%�������'�1/7'$�0RGHO�
$V� VHHQ� LQ� )LJ�� %������ WKH� �'� 1/7'$� PRGHO� LV� D� KDOI� V\PPHWULF� PRGHO� DQG� UHSOLFDWHV�

GLPHQVLRQV�RI� WKH�VKDNH� WDEOH� WHVW�VSHFLPHQ��7KH�SUHFDVW� IORRU�XQLWV�DUH�PRGHOHG�DV�HODVWLF�SODQH�VWUHVV�
HOHPHQW� ZLWK� LQSXW� RI� IODQJH� WKLFNQHVV�� 7KRXJK� WKH� GRXEOH� 7HH� VWHP� VWLIIQHVV� LV� LJQRUHG�� LWV� PDVV� LV�
VPHDUHG� LQWR� WKH� SODQH� VWUHVV� HOHPHQW�� 7KH� SUHFDVW� EHDPV� DUH�PRGHO� DV� �'� HODVWLF� EHDP� HOHPHQW�� 7KH�
SUHFDVW�FROXPQV�DUH�PRGHOHG�DV��'�HODVWLF�EHDP�HOHPHQW�ZLWK�SLQ�FRQQHFWLRQ�DW�EDVH�DQG�HDFK�IORRU�OHYHO���

'LDSKUDJP� DW� DOO� WKUHH� OHYHOV� LV� PRGHOHG� DV� IXOO� GLVFUHWH� SDQHOV� ZKLFK� UHSUHVHQWV� D� SUH�FUDFN�
FRQGLWLRQ�DW�SUHFDVW�GLDSKUDJP�MRLQWV� IRU��VW�DQG��QG� IORRU� WRSSLQJ�VODE��$OO� WKH�GLDSKUDJP�UHLQIRUFPHQW�
DFURVV� WKH� SUHFDVW� MRLQWV� EHWZHHQ� SUHFDVW� XQLWV� DQG� GLDSKUDJP�WR�VSDQGUHO� LQ� WKH� WHVW� VSHFLPHQ� DUH�
PRGHOHG�DV�JURXS�RI�QRQOLQHDU�VSULQJ��OLQN�DQG�FRQWDFW�HOHPHQWV�ZKLFK�UHSUHVHQWV�WKHLU�K\VWHUHWLF�HIIHFWV�
LQFOXGLQJ� SLQFKLQJ�� VWLIIQHVV� GHJUDGDWLRQ�� VWUHQJWK� GHJUDGDWLRQ�� VOLS�FDWFK� DQG� WHQVLRQ�VKHDU� FRXSOLQJ�
REVHUYHG� LQ� WKH� LVRODWHG� FRQQHFWRU� WHVWV� �UHIHU� WR� $SSHQGL[� %�� DQG� %���� 7KH� FRQQHFWLRQ� EHWZHHQ�
GLDSKUDJP�DQG�37�ZDOO� LV�PRGHOHG�DV� ULJLG� WKURXJK� WKH�FRQWLQXLW\�EHWZHHQ� WKH�GLDSKUDJP�SODQH� VWUHVV�
HOHPHQWV�DQG�37�ZDOO�VKHOO�HOHPHQWV��

7KH�XQERQGHG�SRVW�WHQVLRQ� �37��ZDOO� LV�PRGHOHG�DV��'�HODVWLF� VKHOO�HOHPHQW�DQG� WKH�XQERQGHG�
SRVW�WHQVLRQ�VWUDQG�LV�PRGHOHG�DV�QRQOLQHDU�OLQN�HOHPHQW�ZLWK�LQLWLDO�VWUHVV��7KH�HQHUJ\�GLVVLSDWLRQ�EDUV�DW�
ZDOO�EDVH�LV�PRGHOHG�DV�QRQOLQHDU�VSULQJ��7KH�LQWHUIDFH�EHWZHHQ�WKH�ZDOO�DQG�IRXQGDWLRQ�LV�PRGHOHG�ZLWK�
FRQWDFW�HOHPHQWV��
�

�

37� ZDOO�� �'�
VKHOO�HOHPHQW�

*URXS� RI� QRQOLQHDU�
VSULQJ��OLQN�DQG�FRQWDFW�
HOHPHQWV�

3UHFDVW�XQLWV��
(ODVWLF�SODQH� �
6WUHVV�HOHPHQW�

*UDYLW\�FROXPQ�
(ODVWLF��'�EHDP

6\PPHWU\�
ERXQGDU\�

37�VWUDQG�� �
1RQOLQHDU�OLQNV�

6SDQGUHO�EHDP��
(ODVWLF��'�EHDP

&RQWDFWV�

(QHUJ\� GLVVLSDWLRQ� EDU��
1RQOLQHDU�VSULQJ �
)LJ��%������6KDNH�WDEOH�WHVW�PRGHO��

�
%�������'�)ORRU�3URILOH�0RGHO�

7KH��'�IORRU�SURILOH�PRGHO�LV�H[WHQGHG�IURP�WKH��'�1/7'$�PRGHO��7KH�PRGHOLQJ�RI�GLDSKUDJP�
UHLQIRUFHPHQW�LQ�WKH�GLDSKUDJP�MRLQW�UHPDLQ�XQFKDQJHG�LQ�WKH��'�IORRU�SURILOH�PRGHO��$V�VHHQ�LQ�)LJXUH�
%�������'�IORRU�SURILOH�PRGHO�KDV�UHDOLVWLF�SURILOHV�RI�GLDSKUDJP�SUHFDVW�XQLWV��GRXEOH�7HH�RU�KROORZ�FRUH��
DQG�VHFRQGDU\�HOHPHQWV��VSDQGUHO��/�EHDP�DQG�FROXPQ��E\�PRGHOLQJ�WKHP�DV�HODVWLF�VKHOO�HOHPHQW�ZKLFK�
LV�FDSDEOH�RI�PRGHOLQJ�WKH�JUDYLW\�ORDG�LQ�DGGLWLRQ�WR�VHLVPLF�ORDG��7KLV��'�IORRU�SURILOH�PRGHO�LV��DEOH�WR�
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FKHFN� WKH�GHPDQG� LQ� WKH�VHFRQGDU\�HOHPHQWV� �VSDQGUHO��/�EHDP�DQG�FROXPQ��DQG�DQG��'�GLVSODFHPHQW�
FRPSDWLELOLW\�DPRQJ�WKH�GLDSKUDJP��VSDQGUHO�/�EHDP�DQG�FROXPQ���
��

�
)LJ��%������(QKDQFHG��'�1/7'$�PRGHO�IRU�VKDNH�WDEOH�WHVW�SUHGLFWLRQ��

� �
� 7KH� �'� IORRU� SURILOH�PRGHO� KDV� EHHQ� XVHG� WR� ���� VWXG\� WKH� HIIHFW� RI� 37� LQLWLDO� VWUHVV� OHYHO� RQ�
GLDSKUDJP�GHPDQG������FKHFN�WKH�GHPDQG�LQ�VHFRQGDU\�HOHPHQWV�DQG�WKHLU�FRQQHFWLRQV��H�J��VSDQGUHO��/�
EHDP�DQG�FROXPQ���DQG� ����FDOLEUDWH� WKH�VFDOH� IDFWRU�RI�JURXQG�PRWLRQ� IRU� WKH� WHVWV�DIWHU�37�UXSWXUH�DV�
GLVFXVVHG�LQ�6HF��%�����7KHVH�VWXGLHV�DUH�IXOO\�GHVFULEHG�LQ�=KDQJ����������
�
%����02'(/�&$/,%5$7,21��
� $V�RQH�RI�PDMRU�REMHFWLYH�RI�WKH�VKDNH�WDEOH�WHVW��WKH��'�1/7'$�PRGHO�GHVFULEHG�LQ�6HF��%������
LV� YHULILHG� DQG� FDOLEUDWHG� XVLQJ� WKH� VKDNH� WDEOH� WHVW� UHVXOWV�� 7KH� PRGHO� YHULILFDWLRQ� DQG� FDOLEUDWLRQ� LV�
FDUULHG�RXW�E\�D�GLUHFW�FRPSDULVRQ�EHWZHHQ�WKH�WHVW�UHVXOWV�DQG�WKH�DQDO\WLFDO�HDUWKTXDNH�VLPXODWLRQ�UHVXOWV��
7KH� FRPSDULVRQ� LV� SHUIRUPHG� DW� WZR� OHYHOV�� VKHDU�ZDOO� UHVSRQVH� DQG� GLDSKUDJP� UHVSRQVH� DQG� DW� WKUHH�
HDUWKTXDNH�LQWHQVLWLHV��.QR[YLOOH��.1��'%(��6HDWWOH��6(��'%(�DQG�%HUNHOH\��%.��0&(��
�
%������&DOLEUDWLRQ�RI�37�:DOO�0RGHO�
� 7KH�FDOLEUDWLRQ�RI�WKH�37�ZDOO�PRGHO�ZDV�DQ�LPSRUWDQW�ILUVW�VWHS�LQ�WKH�FDOLEUDWLRQ�SURFHVV�GXH�WR�
WKH�GHSHQGHQFH�RI�WKH�GLDSKUDJP�UHVSRQVH�RQ�WKH�ZDOO�UHVSRQVH���,I�WKH�ZDOO�ZDV�QRW�FDOLEUDWHG�SURSHUO\��LW�
ZRXOG�EH�LPSRVVLEOH�WR�WHOO�LI�DQ\�XQPDWFKHG�GLDSKUDJP�UHVSRQVH�IURP�WKH�DQDO\WLFDO�PRGHO�ZHUH�D�UHVXOW�
RI� WKH�GLDSKUDJP�PRGHO� LWVHOI�RU� WKH�ZDOO�PRGHO�� �7KXV��D�JUHDW�GHDO�RI� WLPH�ZHQW� LQWR�JHWWLQJ� WKH�ZDOO�
PRGHOHG�FRUUHFWO\�EHIRUH� WKH�GLDSKUDJP�PRGHO�ZDV�HYHQ� ORRNHG�DW�� �7KHUH�ZHUH�VHYHUDO�FKDQJHV� WR� WKH�
ZDOO�PRGHO�WKDW�GLG�QRW�\LHOG�SRVLWLYH�UHVXOWV�DQG�VXEVHTXHQWO\�ZHUH�QRW�XVHG�IXUWKHU���7KHVH�UHVXOWV�DUH�
QRW� VKRZQ� LQ� WKLV� VHFWLRQ�� ZKLFK� LQVWHDG� IRFXVHV� RQ� WKH� FKDQJHV� WR� WKH� ZDOO� PRGHO� WKDW� VKRZHG�
LPSURYHPHQW��
� 6LQFH� WKH� WHVW� VWUXFWXUH�DFFXPXODWHG�GDPDJH�DQG� UHTXLUHG� UHSDLUV� WKURXJKRXW� WKH� WHVW� VHTXHQFH��
HVSHFLDOO\�LQ�WKH�ZDOO��LW�EHFDPH�PRUH�DQG�PRUH�GLVVLPLODU�WR�WKH�VWUXFWXUH�WKDW�ZDV�PRGHOHG���%HFDXVH�RI�
WKLV��WKH�ZDOO�ZDV�FDOLEUDWHG�XVLQJ�RQO\�WKH�.1�'%(�DQG�6(�'%(�HDUWKTXDNHV��ZKLFK�VWLOO�UHSUHVHQW�WKH�
VWUXFWXUH�LQ�ERWK�DQ�HODVWLF�DQG�LQHODVWLF�VWDWH�EHIRUH�LW�DFFUXHG�PXFK�GDPDJH�EH\RQG�WKH�FKRUG�IDLOXUH����
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� 7KH�ILUVW�VWHS�ZDV�WR�LQYHVWLJDWH�WKH�RULJLQDO�PRGHO�DQG�LGHQWLI\�ZKDW�ZRUNHG�DQG�ZKDW�GLG�QRW���
)URP� WKHUH�� LW� FRXOG� EH� GHFLGHG� KRZ� WR� DOWHU� WKH� PRGHO� LQ� D� ZD\� WKDW� ZRXOG� LPSURYH� WKH� LQDFFXUDWH�
UHVSRQVH� FKDUDFWHULVWLFV�� � )LJXUH�%����� VKRZV� WKH�0RPHQW� YV��5RWDWLRQ�K\VWHUHWLF� SORWV� RI� WKH� RULJLQDO�
PRGHO�DQG� WKH�QRUWK�ZDOO� LQ� WKH� WHVW�� �7KH�K\VWHUHWLF�SORW� IRU� WKH�VRXWK�ZDOO�FRXOG�QRW�EH�VKRZQ�GXH� WR�
XQUHOLDEOH�37�VWUDQG�GDWD��
�

�� �� � � �
[�����

��

����

�

���

�[���
�

5RWDWLRQ��LQ�LQ�

0
RP

HQ
W��
N�
LQ
�

�

�

7HVW
0RGHO

����� ������ � ����� ������

��

�

�

�[���
�

5RWDWLRQ��LQ�LQ�

0
RP

HQ
W��
N�
LQ
�

�

�

7HVW
0RGHO

�
� � �D��.1�'%(� � � � � � �E��6(�'%(�

)LJ��%������0RGHO�FRPSDULVRQ�RI�PRPHQW�YV��URWDWLRQ�RI�37�ZDOO��
�
� ,W�FDQ�EH�VHHQ�WKDW�LQ�ERWK�HDUWKTXDNH�VLPXODWLRQV�WKH�37�ZDOO�PRGHO�VKRZV�D�KLJKHU�VWLIIQHVV�DQG�
VWUHQJWK� WKDQ� WKH� WHVW� UHVXOWV�� 7KLV� LQ� WXUQ� UHVXOWV� LQ� XQGHUHVWLPDWLRQ� RI� WKH� VHLVPLF� GHPDQG� LQ� WKH�
DQDO\WLFDO�PRGHO�� ,W�KDV�EHHQ� IRXQG�RXW� WKDW� WKH�KLJKHU� VWLIIQHVV�DQG�VWUHQJWK� LQ� WKH�DQDO\WLFDO�PRGHO� LV�
FDXVHG� E\� WKH� XQGHUHVWLPDWLRQ� RI� WKH� KHLJKW� RI� FRPSUHVVLRQ� ]RQH�� 7R� IL[� WKLV�� WKH� FRQWDFW� HOHPHQW�
DUUDQJHPHQW�DQG�VWLIIQHVV�DW�WKH�ERWWRP�RI�WKH�ZDOO�ZHUH�FKDQJHG��VHH�)LJ�%�������7KH�FRQWDFW�HOHPHQW�
VSDFLQJ�ZDV�LQFUHDVHG�DQG�FRQWDFW�VWLIIQHVV�ZDV�UHGXFHG�LQ�RUGHU�WR�LQFUHDVH�WKH�FRPSUHVVLRQ�]RQH�RI�WKH�
ZDOO�PRGHO���
�

�
� �D��RULJLQDO�PRGHO� � � � � � �E��XSGDWHG�PRGHO�

)LJ��%������$UUDQJHPHQW�RI�FRQWDFW�HOHPHQWV��
�
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)LJ��%������8SGDWHG�PRGHO�FRPSDULVRQ�RI�PRPHQW�YV��URWDWLRQ�RI�37�ZDOO�IRU��D��.1�'%(���E��6(�'%(��
�

&RQWDFW�HOHPHQWV� &RQWDFW�HOHPHQWV�
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� 7KHUH�ZDV�D�PDUNHG�LPSURYHPHQW�LQ�ERWK�WHVWV�LQ�ERWK�VWUHQJWK�DQG�VWLIIQHVV�RI�37�ZDOO��VHH�)LJ��
%�������)RU�WKH�.1�'%(�WHVW�� WKH�37�ZDOO�VWUHQJWK�DQG�VWLIIQHVV�DUH�PDWFKHG�EHWZHHQ�DQDO\WLFDO�PRGHO�
DQG�WHVW�DOWKRXJK�WKH�URWDWLRQ�GHPDQG�LQ�WKH�PRGHO�LV�ORZHU�WKDQ�WKH�WHVW�UHVXOWV��7KLV�XQPDWFKHG�URWDWLRQ�
GHPDQG�LV�FDXVHG�E\�WKH�DV\PPHWU\�ZDOO�UHVSRQVHV�LQ�WKH�WHVW��)LJXUH�%�����VKRZV�WKH�EDVH�URWDWLRQ�WLPH�
KLVWRU\�FRPSDULVRQ�IRU�.1�'%(��$V�VHHQ��WKH�QRUWK�ZDOO�LQFXUV�ODUJHU�GHPDQG�WKDQ�WKH�VRXWK�ZDOO��7KLV�
DV\PPHWU\�ZDOO�UHVSRQVH�LQ�WKH�WHVW� LV�GXH�WR�XQHYHQ�JURXWLQJ�RI�WKH�HQHUJ\�GLVVLSDWLRQ�EDUV�LQ�WKH�WZR�
ZDOOV��:KHQ�FRPSDULQJ�WKH�WHVWV�UHVXOWV�WR�WKH�PRGHO�ZKLFK�KDV�DQ�DVVXPHG�V\PPHWU\�DW�SHDN�UHVSRQVH��LW�
FDQ�EH�VHHQ�WKDW�WKH�37�ZDOO�UHVSRQVH�SUHGLFWHG�E\�WKH�PRGHO�ZDV�LQ�EHWZHHQ�WKH�WZR�ZDOOV�IURP�WKH�WHVW��
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)LJ��%������5RWDWLRQ�WLPH�KLVWRU\�LQ�.1�'%(��

� �
� )RU�WKH�6(�'%(�WHVW��WKH�37�ZDOO�VWUHQJWK�DQG�VWLIIQHVV�LQ�WKH�PRGHO�LV�VWLOO�VOLJKWO\�KLJKHU�WKDQ�
WKH� WHVW� UHVXOWV�� 7KLV� GLVFUHSDQF\� KDV� EHHQ� IRXQG� LV� EHFDXVH� WKH� DQDO\WLFDO� PRGHO� GLG� QRW� LQFOXGH� WKH�
FRQFUHWH� VRIWHQLQJ� DW� ERWWRP� RI� WKH� ZDOO� DV� D� JURXS� RI� FRQWDFW� HOHPHQWV� ZDV� XVHG� ZKLOH� IRU� D� ODUJHU�
LQWHQVLW\�WHVW��6(�'%(���WKH�FRQFUHWH�DW�ERWWRP�RI�ZDOO�PLJKW�LQFXU�VRIWHQLQJ�DQG�ORFDOL]HG�FUXVKLQJ��7R�
FRQVLGHULQJ�WKH�FRQFUHWH�VRIWHQLQJ��D�QRQOLQHDU�VSULQJ�LV�DGGHG�LQ�VHULHV�EHWZHHQ�WKH�FRQWDFW�HOHPHQW�DQG�
WKH�ZDOO�VKHOO�HOHPHQW�VLPLODUO\�DV�WKH�VRIWHQLQJ�VSULQJ�DGGHG�EHWZHHQ�WKH�SUHFDVW�GLDSKUDJP�XQLWV�LQ�WKH�
SUHFDVW�GLDSKUDJP�PRGHO��UHIHU�WR�$SSHQGL[�%�����
� )LJXUH� %����� VKRZV� WKH� 37� ZDOO� UHVSRQVH� UHVXOWV� FRPSDULVRQ� ZLWK� VRIWHQLQJ� VSULQJ� LQ� WKH�
DQDO\WLFDO� PRGHO�� *RRG� DJUHHPHQW� LV� REVHUYHG� IRU� WKH� 37� ZDOO� UHVSRQVH� LQ� ERWK� WHVWV� EHWZHHQ� WKH�
DQDO\WLFDO�PRGHO�DQG�WHVW�UHVXOWV�DV�VHHQ�LQ�)LJ��%������
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)LJ��%������&RPSDULVRQ�RI�37�ZDOO�UHVSRQVH�ZLWK�VRIWHQLQJ�VSULQJ�IRU��D��.1�'%(���E��6(�'%(��
�
%������&DOLEUDWLRQ�RI�3UHFDVW�'LDSKUDJP�0RGHO�
� 7KH�FDOLEUDWLRQ�RI�SUHFDVW�GLDSKUDJP�PRGHO�LV�FDUULHG�RXW�DW�WZR�HDUWKTXDNH�LQWHQVLWLHV������.1�
'%(�ZKLFK�UHSUHVHQWV�D�ORZ�LQWHQVLW\�FRPSDUHG�WR�WKH�VWUHQJWK�RI�VKDNH�WDEOH�VSHFLPHQ��DQG�����6(�'%(�
ZKLFK�UHSUHVHQWV�D�PRGHUDWH�LQWHQVLW\��,W�LV�YHU\�GLIILFXOW�WR�FDOLEUDWH�WKH�PRGHO�XVLQJ�WKH�KLJK�HDUWKTXDNH�
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LQWHQVLW\� WHVWV� �H�J��%HUNHOH\�'%(� DQG�0&(�� EHFDXVH� WKH� VSHFLPHQ� KDV� XQGHUJR� VHYHUDO� GDPDJHV� DQG�
UHSDLUV��H�J��GU\�FKRUG�DQG�37�ZDOO�VWUDQGV�HWF���EHIRUH�WKH�WHVWV��7KHUHIRUH�WKH�FDOLEUDWLRQ�RI�WKH�PRGHO�IRU�
%HUNHOH\�JURXQG�PRWLRQ�LV�OLPLWHG�DQG�ZLOO�EH�GLVFXVVHG�LQ�6HF��%�������
�
%��������0RGHO�&DOLEUDWLRQ�IRU�.1�'%(�(DUWKTXDNH�

7KH� ILUVW� VKDNH� WDEOH� WHVW� DW� .1�'%(� OHYHO�ZDV� VHOHFWHG� IRU� FDOLEUDWLRQ� GXH� WR� WKH� IDFW� WKDW� LW�
DOORZHG�WKH�PRGHO�WR�EH�FRPSDUHG�WR�D�SULVWLQH�WHVW�VWUXFWXUH�ZLWK�QR�PDMRU�GDPDJH�WR�WKH�VWUXFWXUH�GXULQJ�
WKH� JURXQG�PRWLRQ� WHVW�� 7KH� SULPDU\� IRFXV� RI� WKLV� VHFWLRQ� LV� WKH� FDOLEUDWLRQ� RI� WRSSHG� SUHFDVW� FRQFUHWH�
GLDSKUDJPV��GXH�WR�WKH�IDFW�WKDW�WKH�WRSSLQJ�VODE�UHPDLQHG�XQFUDFNHG�DW�VHYHUDO�MRLQWV�DQG�RQO\�SDUWLDOO\�
FUDFNHG�DW�RWKHUV�ZKLOH�WKH��'�SUHFDVW�GLDSKUDJP�VWUXFWXUH�PRGHO�DVVXPH�D�IXOO\�FUDFNHG�FRQGLWLRQ�DW�WKH�
MRLQWV�� DWWULEXWDEOH� WR� WKH� ORZ� LQWHQVLW\� RI� WKH� JURXQG� PRWLRQ�� &RQVHTXHQWO\�� PRVW� RI� WKH� UHVHDUFK�
FDOLEUDWLRQV�SUHVHQWHG�ZLOO� IRFXV�RQ� WKH� WRSSHG�SUHFDVW� FRQFUHWH� IORRU�GLDSKUDJPV� �WKH� ILUVW� DQG� VHFRQG�
OHYHOV���7KH�WKLUG�IORRU��EHLQJ�DQ�XQWRSSHG�SUHFDVW�FRQFUHWH�GLDSKUDJP��ZLOO�EH�GLVFXVVHG�VHSDUDWHO\�DW�WKH�
HQG�RI�WKLV�VHFWLRQ��
�
7RSSHG�'LDSKUDJP�&DOLEUDWLRQ���VW�DQG��QG�IORRU��

$V� GHVFULEHG� LQ� WKH� EHJLQQLQJ� RI� VHFWLRQ� %������� WKH� GLVFUHWH� PRGHO� ZKLFK� DVVXPHV� D� IXOO\�
FUDFNHG�FRQGLWLRQ�RI�WRSSLQJ�VODE�DW�GLDSKUDJP�MRLQWV��VHH�)LJ��%����D��KDV�EHHQ�XVHG�IRU�WKH�VKDNH�WDEOH�
WHVW� VSHFLPHQ� HDUWKTXDNH� VLPXODWLRQ�� 7KLV� IXOO\� FUDFNHG� GLVFUHWH� PRGHO� LV� DSSURSULDWH� IRU� WKH� KLJK�
LQWHQVLW\�HDUWKTXDNH�ORDGLQJ�XQGHU�ZKLFK�WKH�WRSSLQJ�VODE�ZLOO�FUDFN�LQ�WKH�HDUO\�F\FOHV��+RZHYHU�IRU�WKH�
ORZ�LQWHQVLW\�JURXQG�PRWLRQ��H�J��.1�'%(��PLJKW�QRW�VWURQJ�HQRXJK�WR�FUDFN�WKH�WRSSLQJ�VODE�RQ�WKH�ILUVW�
DQG�VHFRQG�IORRUV�FRPSOHWHO\��)RU�WKLV�UHDVRQ��RWKHU�WZR�SUHFDVW�GLDSKUDJP�PRGHOV�KDYH�EHHQ�GHYHORSHG�
IRU� FDOLEUDWLQJ� D� SURSHU� PRGHO� RI� WRSSLQJ� VODE� XQGHU� ORZ� LQWHQVLW\� HDUWKTXDNH�� 7KH� ILUVW� PRGHO� LV� D�
FRPSOHWHO\�XQFUDFNHG�PRGHO� �VHH�)LJ��%����E��ZKHUH� LW�ZDV�DVVXPHG� WKDW� WKH�VODE�ZLOO�QRW�FUDFN�DW�DOO�
EHIRUH� DQG� DIWHU� WKH� ORZ� LQWHQVLW\�.1�'%(�HDUWKTXDNH� DQG� WKH� VHFRQG�PRGHO� LV� D� VHOI� FUDFNLQJ�PRGHO�
ZKHUH� WKH� FRQFUHWH� LV� LQLWLDOO\� XQFUDFNHG� DQG� LV� DOORZHG� WR� FUDFN� DORQJ� WKH� MRLQW� ZKHQ� WKH� FRQFUHWH�
FUDFNLQJ�IRUFH�LV�UHDFKHG�GXULQJ�WKH�HDUWKTXDNH�VLPXODWLRQ��VHH�)LJ��%����E����
�

��������������������� �
�D��)XOO\�&UDFNHG�0RGHO� � ��������������������������������E��8QFUDFNHG�0RGHO�

�
�F��6HOI�&UDFNLQJ�0RGHO�

)LJ��%������3UHFDVW�GLDSKUDJP�PRGHOV�XVHG�IRU�&DOLEUDWLRQ�RI�.1�'%(�HDUWKTXDNH��
�

)LJXUH�%�����VKRZV�WKH�GLDSKUDJP�LQHUWLD�IRUFH�YV��PLGVSDQ�GHIRUPDWLRQ�K\VWHUHVLV�UHVSRQVH�DW�
�VW� DQG��QG� IORRU� IRU� WKH� IXOO\� FUDFNHG�GLVFUHWH�PRGHO� DQG� WHVW� UHVXOWV��$V� VHHQ�� WKH� IXOO\� FUDFNHG�PRGHO�
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XQGHUHVWLPDWHV� WKH� GLDSKUDJP� VWLIIQHVV� DQG� LQ� WXUQ� RYHUHVWLPDWHV� WKH� GLDSKUDJP� GHIRUPDWLRQ� GHPDQG��
)LJXUH�%�����VKRZV�WKH�PD[LPXP�GLDSKUDJP�MRLQW�RSHQLQJ�SURILOH�FRPSDULVRQ�EHWZHHQ�WKH�IXOO\�FUDFNHG�
GLVFUHWH�PRGHO�DQG�WHVW�UHVXOWV��$V�VHHQ��WKH�PRGHO�KDV�D�VLJQLILFDQW�ODUJHU�MRLQW�RSHQLQJ�GHPDQG�WKDQ�WKH�
WHVW� UHVXOWV��7KHUHIRUH� WKH�IXOO\�FUDFNHG�GLDSKUDJP�PRGHO�FDQQRW�UHSUHVHQW� WKH�EHKDYLRU�RI� WRSSLQJ�VODE�
XQGHU�D�ORZ�OHYHO�HDUWKTXDNH�ORDGLQJ��
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�D��)LUVW�)ORRU��������������������������������������������������������E��6HFRQG�)ORRU�

)LJ��%������8QFUDFNHG�PRGHO���0D[LPXP�MRLQW�RSHQLQJ�DORQJ�WKH�GLDSKUDJP��
�

$V�D�ILUVW�VWHS�RI�PRGHO�FDOLEUDWLRQ��DQ�XQFUDFNHG�SUHFDVW�GLDSKUDJP�PRGHO�LV�FUHDWHG��7KH�SUHFDVW�
SDQHO�DQG�WRSSLQJ�VODE�LV�PRGHOHG�DV��'�PRQROLWKLF�HODVWLF�HOHPHQWV�ZLWK�JURVV�VHFWLRQ�SURSHUWLHV�DQG�WKH�
GLDSKUDJP�UHLQIRUFHPHQW�VWLIIQHVV�LV�LJQRUHG�LQ�WKLV�PRGHO��UHIHU�WR�)LJ��%�������)LJXUH��%����VKRZV�WKH�
GLDSKUDJP�LQHUWLD�IRUFH�YV��PLGVSDQ�GHIRUPDWLRQ�K\VWHUHVLV�UHVSRQVH�DW��VW�DQG��QG�IORRU�IRU�WKH�XQFUDFNHG�
PRGHO�DQG� WHVW� UHVXOWV��$V�VHHQ�� WKH�XQFUDFNHG�PRGHO�RYHUHVWLPDWHV� WKH�GLDSKUDJP�VWLIIQHVV�DQG� LQ� WXUQ�
XQGHUHVWLPDWHV� WKH�GLDSKUDJP�GHIRUPDWLRQ�GHPDQG��)LJXUH�%�����VKRZV�WKH�PD[LPXP�GLDSKUDJP�MRLQW�
RSHQLQJ�SURILOH�FRPSDULVRQ�EHWZHHQ�WKH�XQFUDFNHG�PRGHO�DQG�WHVW�UHVXOWV��$V�VHHQ��WKH�XQFUDFNHG�PRGHO�
KDV� D� VLJQLILFDQW� ORZHU� MRLQW� RSHQLQJ�GHPDQG�DW�PLGVSDQ� WKDQ� WKH� WHVW� UHVXOWV��+RZHYHU� WKH�GLDSKUDJP�
MRLQW�RSHQLQJ�LQ�VRPH�RWKHU�MRLQWV�VKRZV�JRRG�DJUHHPHQW�EHWZHHQ�XQFUDFNHG�PRGHO�DQG�WHVW�UHVXOWV�ZKLFK�
LQGLFDWHV�GXULQJ� WKH� WHVW� WKH�GLDSKUDJP�RQO\�FUDFNHG� LQ�VRPH� MRLQWV��7KHUHIRUH� LW�ZLOO�EH�DSSURSULDWH� WR�
PRGHO�WKH�FUDFNLQJ�RI�FRQFUHWH�LQ�WKLV�ORZHU�OHYHO�HDUWKTXDNH�ORDGLQJ��

7KH�VHOI�FUDFNLQJ�IORRU�VODE�PRGHO�LV�GHYHORSHG�XVLQJ�WHQVLRQ�RQO\�OLQN�HOHPHQWV�DFURVV�WKH�MRLQWV�
LQVWHDG�RI� VPHDU�FUDFN�PRGHO�ZKLFK�PLJKW�FDXVH�FRQYHUJHQFH� LVVXH�DIWHU�FUDFNLQJ��7KH� OLQN�HOHPHQW� LV�
SODFHG� EHWZHHQ� HODVWLF� SUHFDVW� SDQHOV� LQ� SDUDOOHO� ZLWK� WKH� JURXS� RI� QRQOLQHDU� HOHPHQWV� IRU� GLDSKUDJP�
FRQQHFWRU� �VHH� )LJ�� %������� 7KLV� OLQN� HOHPHQW� LV� LQLWLDOO\� ULJLG�ZLWK� D� ��� WLPHV� RI� HODVWLF� WRSSLQJ� VODE�
VWLIIQHVV�RYHU�D�SDQHO�FHQWHU�WR�FHQWHU�JDXJH�OHQJWK�DQG�LV�³NLOOHG´��WKH�VWLIIQHVV�FRQWULEXWLRQ�RI�WKH�OLQN�
HOHPHQW�ZLOO�EH�VHW�DV�]HUR��GXULQJ�WKH�DQDO\VLV�RQFH�WKH�IRUFH�GHPDQG�LQ�WKH�HOHPHQW�UHDFKHG�WKH�FRQFUHWH�
FUDFNLQJ�IRUFH���
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)LJ��%������/LQN�OD\RXW�DQG�GHWDLO�RI�OLQN�DURXQG�WRS�FKRUG�DUHD��
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7KH�FRQFUHWH�FUDFNLQJ�IRUFH�FDOFXODWHG�IRU�WKH�OLQN�HOHPHQWV�LV�EDVHG�RQ�WKH�GHWDLOV��VHH�)LJ���%�
���� DQG� FRQFUHWH� FRPSUHVVLYH� VWUHVV� RI� ILUVW� DQG� VHFRQG� IORRU� WRSSLQJ� VODE�� 7KH� FRQFUHWH� FRPSUHVVLYH�
VWUHVV�RI�WRSSLQJ�VODE�DV�ZHOO�DV�WKH�JURXW�LQ�WKH��QG�IORRU�KROORZ�NH\��VHH�)LJ���%�����LV�REWDLQHG�IURP�WKH�
PDWHULDO� WHVWV� �VHH� 7DEOH� �%������ 7KH� FRQFUHWH� FUDFNLQJ� IRUFH� FDOFXODWLRQ� LV� FDOFXODWHG� EDVHG� RQ� WKH�
FRQFUHWH�IUDFWXUH�VWUHVV��IU��DQG�WKH�WULEXWDU\�FRQFUHWH�DUHD��$WULE��RI�WKH�OLQN�HOHPHQW�UHSUHVHQWLQJ��UHIHU�WR�
)LJ��%������XVLQJ�WKH�IROORZLQJ�HTXDWLRQV��

�

� � � � ���

��� cr ff  � � ����������������������������������(T�����

� � � � ��� tribrcrack Aff  � � ����������������������������������(T�����
�

7KH�FRQFUHWH�WULEXWDU\�DUHD��$WULE�� LV�FDOFXODWHG�DV�SURGXFW�RI� WKH�HIIHFWLYH�WKLFNQHVV��WVODE��RI� WKH�
WRSSLQJ�VODE�DQG�WKH�HIIHFWLYH�GLVWDQFH��GHII��EHWZHHQ�HDFK�OLQN�H[FOXGLQJ�WKH�DUHD�RI�WKH�GXFWLOH�PHVK�VWHHO�
�$PHVK��DQG�WKH�FKRUG�VWHHO��$FKRUG�VWHHO�����

�
������������������������� � � �� meshchordsteeleffslabtrib AAdtA �� ��������������������������(T�����
�

)RU� WKH� VHFRQG� IORRU�� WKH� WHQVLRQ� VWUHQJWK�RI� WKH�JURXW� �WDNHQ�DV������RI� WKH�JURXW� FRPSUHVVLYH�
VWUHQJWK��EHWZHHQ�HDFK�MRLQW�LV�DOVR�FRQVLGHUHG�DQG�WKH�HIIHFWLYH�JURXWLQJ�WKLFNQHVV�LV�WDNHQ�DV����”��
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�D��)LUVW�)ORRU������������������������������������������������E��6HFRQG�)ORRU��

)LJ��%������7RSSLQJ�GHWDLO�DW�SUHFDVW�GLDSKUDJP�MRLQWV��
�
7DEOH�%������0DWHULDO�SURSHUWLHV�IRU�WRSSLQJ�VODE��

)ORRU� IF’��NVL�� IJURXW��NVL��
�VW� ���� ��
�QG� ���� ����

�
� 7KH�WRSSLQJ�VODE�WKLFNQHVV�LV����”�DV�LQGLFDWHG�LQ�)LJ��%������$OVR�QRWLFHG��RQ�WKH�ILUVW�IORRU��D�����
LQFK� WRROHG� �Y�� QRWFK�ZDV�PDGH� DW� HDFK� MRLQW� DORQJ� WKH� GLDSKUDJP� LQ� RUGHU� WR� FRQWURO� WKH� ORFDWLRQ� RI�
FUDFNLQJ� GXH� WR� VKULQNDJH� DQG� WHPSHUDWXUH� LQ� WKH� FRQFUHWH� WRSSLQJ� DW� WKH� MRLQWV��7KH� VHFRQG� IORRU�ZDV�
QRWFKHG� ZLWK� D� ���� LQFK� �Y�� QRWFK� DW� HYHU\� WKUHH� MRLQWV� GXH� WR� WKH� VPDOOHU� ZLGWK� RI� WKH� +&� SDQHOV��
7KHUHIRUH� D� UHGXFHG� HIIHFW� WKLFNQHVV� LV� XVHG� DQG� DGMXVWHG� E\� FRPSDULQJ� WKH� DQDO\WLFDO� UHVXOWV� WR� WHVW�
UHVXOWV��7KH�ILQDO�FDOLEUDWHG�HIIHFW�WKLFNQHVV�DQG�OLQN�FUDFNLQJ�IRUFHV�DUH�OLVWHG�LQ�7DEOH�%�������
�
�



�&�$����

7DEOH�%������&RQFUHWH�FUDFNLQJ�IRUFH�VXPPDWLRQ�
�VW�)ORRU� �QG�)ORRU�

/RFDWLRQ�RI�/LQN� (IIHFWLYH�
KHLJKW� �Y��QRWFK� �Y��QRWFK� QR��Y��QRWFK

/LQN��(OHPHQWV� GHII��LQ�� WVODE��LQ�� )FUDFN��N� WVODE��LQ�� )FUDFN��N�� )FUDFN��N��
7RS�/LQN� ���� ����� ����� ����� ����� �����

7RS�&KRUG�/LQN� ��� ����� ����� ����� ������ ������
�UG�/LQN�IURP�7RS� ����� ����� ����� ����� ������ ������
0LGGOH�/LQNV� ��� ����� ����� ����� ������ ������

�UG�/LQN�IURP�%RW�� ����� ����� ����� ����� ������ ������
%RWWRP�&KRUG�/LQN� ��� ����� ����� ����� ������ ������

%RWWRP�/LQN� ���� ����� ����� ����� ����� ������
�
� )LJXUH��%����VKRZV�WKH�GLDSKUDJP�LQHUWLD�IRUFH�YV��PLGVSDQ�GHIRUPDWLRQ�K\VWHUHVLV�UHVSRQVH�DW�
�VW� DQG� �QG� IORRU� IRU� WKH� ILQDO� FDOLEUDWHG� VHOI�FUDFNLQJ� PRGHO� DQG� WHVW� UHVXOWV�� )LJXUH� �%���� VKRZV� WKH�
PD[LPXP�GLDSKUDJP�MRLQW�RSHQLQJ�SURILOH�FRPSDULVRQ�EHWZHHQ�WKH�ILQDO�FDOLEUDWHG�VHOI�FUDFNLQJ�PRGHO�
DQG�WHVW�UHVXOWV��$V�VHHQ��JRRG�DJUHHPHQW�EHWZHHQ�DQDO\WLFDO�PRGHO�DQG�WHVW�UHVXOWV�LV�REVHUYHG���
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)LJ��%������6HOI�FUDFNLQJ�PRGHO���0D[LPXP�MRLQW�RSHQLQJ�DORQJ�WKH�GLDSKUDJP��
�
)LJXUH�%�����VKRZV�WKH�FUDFN�SDWWHUQ��OLQN�VWDWXV��DIWHU�WKH�HDUWKTXDNH�VLPXODWLRQ��7KLV�DQDO\WLFDO�

FUDFN�SDWWHUQ�LV�DOVR�YHULILHG�E\�WKH�SKRWR�HYLGHQFH�DIWHU�WHVW�DV�LQGLFDWHG�LQ�WKH�)LJ��%������
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)LJ��%������/LQN�HOHPHQW�VWDWXV�DIWHU�VLPXODWLRQ�DQG�WHVW�SKRWR�HYLGHQFH��

�
8QWRSSHG�'LDSKUDJP�0RGHO�9HULILFDWLRQ���UG�IORRU��

)XOO\� GLVFUHWH�PRGHO� LV� XVHG� DW� WRS� IORRU�� )LJXUH� �%���� VKRZV� WKH� GLDSKUDJP� LQHUWLD� IRUFH� YV��
PLGSVDQ�GHIRUPDWLRQ�K\VWHUHVLV�UHVSRQVH�DQG�PD[LPXP�GLDSKUDJP�MRLQW�RSHQLQJ�GHPDQG�IRU�DQDO\WLFDO�
PRGHO� DQG� WHVW� UHVXOWV�� $V� VHHQ�� JRRG� DJUHHPHQW� EHWZHHQ� WKH� DQDO\WLFDO� PRGHO� DQG� WKH� WHVW� UHVXOWV� LV�
REVHUYHG�LQ�WKH�XSWRSSHG�GLDSKUDJP�UHVSRQVH�DW��UG�IORRU��
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�D��'LDSKUDJP�K\VWHUHVLV�����������������������������E��'LDSKUDJP�MRLQW�RSHQLQJ��

)LJ��%������)XOO\�GLVFUHWH�PRGHO�DW��UG�IORRU�IRU�.1�'%(��
�
%��������0RGHO�&DOLEUDWLRQ�IRU�6(�'%(�(DUWKTXDNH�

7KH�ODVW�6(�'%(�VKDNH�WDEOH�WHVW��6(�'%(����ZDV�VHOHFWHG�IRU�FDOLEUDWLRQ�EHFDXVH�LW�ZDV�WKH�RQO\�
6(�'%(�WHVW�UXQ�ZLWKRXW�D�PDMRU�IDLOXUH��7KH�VHOHFWLRQ�RI�WKLV�WHVW�DOVR�DOORZHG�IRU�WKH�PRGHO�FDOLEUDWLRQ�
RI�GDPDJH�LQ�WKH�VWUXFWXUH�ZKLFK�RFFXUUHG�GXULQJ�WKH�ILUVW�WKUHH�6(�'%(�WHVWV�ZKHQ�WKH�WKLUG�IORRU�FKRUG�
IDLOXUH� FDXVHG� GDPDJH� RQ� WKH� WKLUG� DQG� VHFRQG� IORRU�� 7ZR� VLJQLILFDQW� PRGLILFDWLRQV� DUH� PDGH� WR� WKH�
FDOLEUDWHG�PRGHO� IURP�.1�'%(� HDUWKTXDNH� VLPXODWLRQ�� 7KH� ILUVW�PRGHO�PRGLILFDWLRQ� LV� WKDW� WKH� FUDFN�
SDWWHUQ� LV� PRGLILHG� IURP� WKH� .1�'%(� VHOI�FUDFNLQJ� PRGHO� WR� UHSUHVHQW� WKH� LQLWLDO� FUDFNLQJ� VWDWXV� RI�
WRSSLQJ�VODE�EHIRUH�6(�'%(���WHVW��7KH�VHFRQG�PRGHO�PRGLILFDWLRQ�LV�WR�DGMXVW�WKH��QG�IORRU�GLDSKUDJP�
FRQQHFWRU�PRGHO� WR�PDWFK� GDPDJH� DW� WKH� VHFRQG� IORRU� V\PPHWU\� OLQH��$OVR� WKH� GLDSKUDJP� UHVSRQVH� DW�
XQWRSSHG��UG�IORRU�IURP�DQDO\WLFDO�PRGHO�LV�YHULILHG��
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�
)LJ��%������6(�'%(�LQLWLDO�FUDFNHG�VWDWXV�DQG�OLQN�HOHPHQW�ORFDWLRQV�LQ�DQDO\WLFDO�PRGHO��
�
7KH�VHOI�FUDFNLQJ�PRGHO�FDOLEUDWHG�IURP�WKH�.1�'%(�LV�XVHG�LQ�WKH�FDOLEUDWLRQ�RI�WKH�6(�'%(���

VKDNH�WDEOH�WHVW��7KH�PRGHO�LV�PRGLILHG�O�WR�UHSUHVHQW�WKH�LQLWLDO�VWDWXV�RI�WKH�WHVW�VWUXFWXUH�EHIRUH�WKH�6(�
'%(���WHVW��7KH�FUDFNHG�VWDWXV�RI�WKH�VWUXFWXUH�LV�EDVHG�RQ�SKRWR�HYLGHQFH�DW�WKH�HQG�RI�6(�'%(����7KH�
VHOI�FUDFNLQJ�OLQN�HOHPHQWV�DUH�DGMXVWHG�WR�PDWFK�WKH�GDPDJHG�VWUXFWXUH�E\�SODFLQJ�OLQN�HOHPHQWV�RQO\�DW�
MRLQWV�WKDW�KDYH�QRW�FUDFNHG��)LJXUH�%�����VKRZV�WKH�ORFDWLRQ�RI�WKH�OLQNV�IRU�WKH�6(�'%(���PRGHO���
� )LJXUH� %����� VKRZV� WKH� PD[LPXP� GLDSKUDJP� MRLQW� RSHQLQJ� SURILOH� DW� �VW� DQG� �QG� IORRU� IRU�
DQDO\WLFDO� PRGHO� DQG� WHVW� UHVXOWV�� $V� VHHQ� LQ� )LJ�� )LJ�%����D�� WKH� GLDSKUDJP� MRLQW� RSHQLQJ� GHPDQG�
REWDLQHG�LQ�DQDO\WLFDO�PRGHO�UHDVRQDEO\�PDWFKHV�WKH�GHPDQG�REVHUYHG�LQ�WKH�WHVW�DW��VW�IORRU��+RZHYHU�DV�
VHHQ�LQ�)LJ��%����E��WKH�DQDO\WLFDO�PRGHO�KLJKO\�XQGHUHVWLPDWHV�WKH�GLDSKUDJP�MRLQW�RSHQLQJ�GHPDQG�DW�
PLGVSDQ�MRLQW�RI��QG�IORRU��7KLV�VLJQLILFDQW�GLVFUHSDQF\�LV�FDXVHG�E\�WKH�IDFW�WKDW�WKH��QG�IORRU�GXFWLOH�PHVK�
UHLQIRUFHPHQW�DORQJ�WKH�PLGVSDQ�MRLQW�KDV�EHHQ�KHDY\�GDPDJHG�GXULQJ�WKH�SUHYLRXV�WKUHH�6(�'%(�WHVWV�
DV�PHQWLRQHG�DERYH��7KH�GDPDJH�RI�GXFWLOH�PHVK�UHLQIRUFHPHQW�UHVXOWV�LQ�D�ZHDNHU�GLDSKUDJP�PLGVSDQ�
MRLQW�DW��QG�IORRU�WKDQ�WKH�DQDO\WLFDO�PRGHO���
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)LJ��%������6HOI�FUDFNLQJ�PRGHO���0D[LPXP�MRLQW�RSHQLQJ�DORQJ�WKH�GLDSKUDJP�XQGHU�6(�'%(��
�
� 7KH�GDPDJH�RI�GXFWLOH�PHVK�UHLQIRUFHPHQW�LV�VKRZQ�LQ�WKH�VWUDLQ�JDXJH�GDWD�IURP�WKH�6(�'%(���
WHVW��VHH�)LJ��%�������$V�VHHQ��WKH�GXFWLOH�PHVK�RQ�RQH�VLGH��/�EHDP�VLGH��RI�WKH�VWUXFWXUH�KDV�VKRZQ�D�
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ODUJHU�VWUDLQ�DW����VHF�ZKLFK�PLJKW�EH�EXFNOHG�DIWHU�WKH�VXFFHHG�FRPSUHVVLRQ�F\FOH�ZKLOH�RQ�WKH�RWKHU�VLGH�
�VSDQGUHO�EHDP�VLGH�� WKH�IDLUO\�VPDOO�GXFWLOH�PHVK�VWUDLQ�GHPDQG�LV�REVHUYHG��$OWKRXJK�FXUEV�KDG�EHHQ�
DGGHG�IRU�UHSDLULQJ�WKH�FKRUG��WKH�GXFWLOH�PHVK�UHLQIRUFHPHQW�ZDV�XQDEOH�WR�EH�UHSDLUHG��7KHUHIRUH��LW�LV�
DSSURSULDWH�WR�PRGLI\�WKH�DQDO\WLFDO�PRGHO�DW��QG�IORRU�PLGSVDQ�WR�UHPRYH�WKH�IDLOHG�GXFWLOH�PHVK�IURP�WKH�
PRGHO��
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)LJ��%������'XFWLOH�PHVK�VWUDLQ�JDXJH�WLPH�KLVWRU\�6(�'%(���6KDNH�7DEOH�7HVW��
�
$FFRUGLQJ�WR�WKH�SUHYLRXV�WHVW�GDWD�HYLGHQFH��GXFWLOH�PHVK�UHLQIRUFHPHQW�LQ�WKH�PRGHO�LV�UHPRYHG�

IURP� WKH� WRS�KDOI� RI� WKH� VWUXFWXUH��2QO\�RQH�GXFWLOH�PHVK� UHLQIRUFHPHQW� HOHPHQW� LV� OHIW� DW� WKH�PLGVSDQ�
ZKLFK�LV�VKRZQ�LQ�)LJ��%�������
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)LJXUH� %����� VKRZV� WKH� PD[LPXP� GLDSKUDJP� MRLQW� RSHQLQJ� SURILOH� EHWZHHQ� WKH� PRGLILHG�
DQDO\WLFDO�PRGHO�DQG� WKH� WHVW� UHVXOWV��$V�VHHQ�� WKH�PD[LPXP�GLDSKUDJP�MRLQW�RSHQLQJ�GHPDQG�REWDLQHG�
IURP� WKH� DQDO\WLFDO�PRGHO� UHDVRQDEO\�PDWFKHV� WKH� GHPDQG� REVHUYHG� LQ� WKH� WHVW�� $OVR� JRRG� DJUHHPHQW�
EHWZHHQ�WKH�DQDO\WLFDO�PRGHO�DQG�WHVW�LV�REVHUYHG�LQ�WKH�GLDSKUDJP�IRUFH�GHIRUPDWLRQ�K\VWHUHVLV�UHVSRQVH�
DV�VKRZQ�LQ�)LJXUH�%������
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)LJ��%������6(�'%(�PRGLILHG�PRGHO���,QHUWLD�IRUFH�YV��PLGVSDQ�GHIRUPDWLRQ��
�
)LJXUH��%����VKRZV�WKH�GLDSKUDJP�LQHUWLD�IRUFH�YV��PLGSVDQ�GHIRUPDWLRQ�K\VWHUHVLV�UHVSRQVH�DQG�

PD[LPXP�GLDSKUDJP�MRLQW�RSHQLQJ�GHPDQG�IRU�DQDO\WLFDO�PRGHO�DQG�WHVW�UHVXOWV�DW�WRS�IORRU�LQ�6(�'%(����
$V�VHHQ��JRRG�DJUHHPHQW�EHWZHHQ� WKH�DQDO\WLFDO�PRGHO�DQG� WKH� WHVW� UHVXOWV� LV�REVHUYHG� LQ� WKH�XSWRSSHG�
GLDSKUDJP�UHVSRQVH�DW��UG�IORRU��
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)LJ��%������)XOO\�GLVFUHWH�PRGHO�DW��UG�IORRU�IRU�6(�'%(��
�
%������0RGHO�&DOLEUDWLRQ�IRU�%.�0&(�(DUWKTXDNH�
� 7KH� VKDNH� WDEOH� WHVW� VSHFLPHQ� KDV� VXEMHFWHG� WR� D� ORW� RI� UHSDLULQJ� DQG� PRGLILFDWLRQ� EHIRUH� D�
VXFFHVVIXO�%.�0&(�WHVW��WHVW�����GXH�WR�WKH�XQH[SHFWHG�ORFDO�IDLOXUHV�DV�GLVFXVVHG�LQ�6HF��%�����,W�LV�YHU\�
GLIILFXOW�WR�FDOLEUDWH�WKH��'�1/7'$�PRGHO�VLQFH�FKDUDFWHULVWLF�RI�VKDNH�WDEOH�WHVW�KDV�EHHQ�FKDQJHG�GXH�
WR�WKH�UHSDLULQJ�DQG�PRGLILFDWLRQV��7KXV�WKH�FDOLEUDWLRQ�RI�WKH��'�1/7'$�PRGHO�LV�OLPLWHG�WR�WKH�PRVW�
LPSRUWDQW�GLDSKUDJP�ORFDO�UHVSRQVH��PD[LPXP�MRLQW�RSHQLQJ�DW�FKRUG�UHLQIRUFHPHQW�ORFDWLRQV�����
� $�SULVWLQH�PRGHO�IXOO\�FUDFNHG�KDOI�V\PPHWU\�PRGHO�ZKLFK�KDV�EHHQ�FDOLEUDWHG�IRU�6(�'%(���LV�
XVHG�IRU�VLPXODWLRQV�XQGHU�%.�0&(�JURXQG�PRWLRQ��)LJXUH�%�����VKRZV�WKH�GLDSKUDJP�PD[LPXP�MRLQW�
RSHQLQJ� FRPSDULVRQ� IRU� DOO� WKUHH� IORRUV�� $V� VHHQ�� LQ� JHQHUDO�� WKH� �'� 1/7'$� PRGHO� VLJQLILFDQWO\�
RYHUHVWLPDWHV�WKH�GLDSKUDJP�MRLQW�RSHQLQJ�GHPDQG�DV�FRPSDUHG�WR�WKH�WHVW�UHVXOWV���
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)LJ��%������%.�0&(�KDOI�V\PPHWU\�PRGHO���PD[LPXP�MRLQW�RSHQLQJ�DORQJ�WKH�GLDSKUDJP��
�
� $IWHU� LQYHVWLJDWLQJ� WKH�JOREDO�UHVSRQVH�RI� WKH�VWUXFWXUH� LW�ZDV�IRXQG�WKDW� WKH�VKHDU�ZDOOV�KDG�DQ�
XQV\PPHWULFDO�UHVSRQVH�LQ�WKH�WHVW�UHVXOWV�ZKLFK�FDQQRW�EH�FDSWXUHG�E\�WKH�KDOI�V\PPHWU\�PRGHO��)LJXUH�
%�����VKRZV�WKH�EDVH�K\VWHUHVLV�UHVSRQVH�RI�WKH�QRUWK�DQG�VRXWK�ZDOO�RI�WKH�VKDNH�WDEOH�WHVW�FRPSDUHG�WR�
UHVSRQVH� REWDLQHG� LQ� WKH� DQDO\WLFDO� VLPXODWLRQ� XVLQJ� KDOI� V\PPHWU\� PRGHO�� $V� VHHQ�� DQ� DV\PPHWULF�
UHVSRQVH�RI�WKH�WZR�ZDOOV�LQ�WKH�WHVW�LV�REVHUYHG�DV�WKH�VRXWK�ZDOO�KDV�D�PXFK�ODUJHU�EDVH�URWDWLRQ�GHPDQG�
WKDQ�WKH�QRUWK�ZDOO��$OVR�QRWLFHG��WKH�37�ZDOO�LQ�WKH�PRGHO�KDV�D�VLPLODU�VWUHQJWK�DV�WKH�QRUWK�ZDOO�EXW�KDV�
D�IDLUO\�KLJKHU�VWUHQJWK�WKDQ�WKH�VRXWK�ZDOO��7KH�KLJKHU�EDVH�PRPHQW�VWUHQJWK�RI�WKH�37�ZDOO�LQ�WKH�PRGHO�
FRPSDUHG� WR� WKH� VRXWK�ZDOO� LQ� WKH� WHVW� FDQ� FDXVH� D� KLJKHU� GLDSKUDJP� LQHUWLD� IRUFH� LQ� WKH�PRGHO� DQG� D�
KLJKHU�GLDSKUDJP�MRLQW�RSHQLQJ�GHPDQG�LQ�WKH�PRGHO�DV�REVHUYHG�LQ�)LJ��%������7KXV�WKH�KDOI�V\PPHWU\�
FDOLEUDWHG�ZDOO�PRGHO�ZRXOG�QRW�EH�VXIILFLHQW�IRU�SUHGLFWLQJ�WKH�GLDSKUDJP�UHVSRQVH�UHVXOWV�LQ�%.�0&(�
WHVW��$�IXOO�PRGHO�ZLWK�WZR�GLIIHUHQW�VWUHQJWK�RI�ZDOOV�LV�QHFHVVDU\��
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)LJ��%������%.�0&(�KDOI�V\PPHWU\�PRGHO�ZDOO�UHVSRQVH�±�%DVH�PRPHQW�YV��5RWDWLRQ��
�
� 7KH�IXOO�PRGHO�LV�H[WHQGHG�IURP�WKH�KDOI�V\PPHWU\��'�1/7'$�PRGHO�E\�ZHDNHQLQJ�WKH�VRXWK�
ZDOO� WR�PDWFK�WKH� WHVW� UHVXOWV��)LJXUH�%�����VKRZV�WKH�ZDOO�EDVH�UHVSRQVH�FRPSDULVRQ��$V�VHHQ��D�JRRG�
DJUHHPHQW�LQ�WKH�37�ZDOO�EDVH�UHVSRQVHV��LQ�WHUPV�RI�VWLIIQHVV��VWUHQJWK�DQG�EDVH�URWDWLRQ�GHPDQG��LQ�ERWK�
VRXWK�DQG�QRUWK�ZDOOV�EHWZHHQ�WKH��'�1/7'$�IXOO�PRGHO�DQG�VKDNH�WDEOH�WHVW�UHVXOWV���
� )LJXUH� %����� VKRZV� WKH� GLDSKUDJP� PD[LPXP� RSHQLQJ� GHPDQG� FRPSDULVRQ� EHWZHHQ� WKH� �'�
1/7'$�IXOO�PRGHO�DQG�VKDNH�WDEOH�WHVW�UHVXOWV��$V�VHHQ��WKH�GLDSKUDJP�RSHQLQJ�GHPDQG�DW��VW�IORRU�LQ�WKH�
PRGHO�PDWFKHV�ZHOO� WKH� WHVW� UHVXOWV��$OVR� WKH� GLDSKUDJP�RSHQLQJ� GHPDQG� DW� �QG� DQG� �UG� IORRU� REWDLQHG�
IURP�WKH��'�1/7'�IXOO�PRGHO�UHDVRQDEO\�DQG�FRQVHUYDWLYHO\�UHSUHVHQWV�WKH�WHVW�UHVXOWV��
�
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)LJ��%������%.�0&(�IXOO�V\PPHWU\�PRGHO���PD[LPXP�MRLQW�RSHQLQJ�DORQJ�WKH�GLDSKUDJP��
�
%����&2/801�())(&76��
� $V�REVHUYHG�LQ�WKH�HDUO\�DQDO\WLFDO�VWXG\��=KDQJ��������WKH�JUDYLW\�FROXPQ�FDQ�JHQHUDWH�QRQ�
QHJOLJLEOH�ODWHUDO�UHVWUDLQW�IRUFHV��7KLV�ODWHUDO�UHVWUDLQW�IRUFHV�SURYLGHG�E\�WKH�JUDYLW\�FROXPQ�PD\���

��� FKDQJH� WKH� IRUFH� SDWWHUQV� DORQJ� WKH� GLDSKUDJP�� WKHUHE\� HIIHFWLQJ� WKH� VKHDU� DQG� PRPHQW�
GLDJUDPV��

��� FKDQJH�WKH�GLDSKUDJP�IRUFH�DQG�GHIRUPDWLRQ�SDWWHUQV�DORQJ�WKH�KHLJKW�RI�WKH�EXLOGLQJ��
��� FKDQJH� WKH� PDJQLWXGH� RI� GHIRUPDWLRQ� GHPDQGV� LQ� WKH� GLDSKUDJP�� SDUWLFXODUO\� IRU� SUHFDVW�

GLDSKUDJPV� XQGHU� VWURQJ� PRWLRQV� WKDW� PD\� FRQFHQWUDWH� LQHODVWLFLW\� LQ� WKH� MRLQWV� EHWZHHQ�
SUHFDVW�XQLWV��

��� FKDQJH�WKH�GLDSKUDJP�VWLIIQHVV��
7KHVH�HIIHFWV�FDXVHG�E\�WKH�JUDYLW\�FROXPQ�DUH�YHULILHG�E\�FRPSDULQJ�WKH��'�1/7'�PRGHO�ZLWK�DQG�

ZLWKRXW� JUDYLW\� FROXPQ� WR� WKH� VKDNH� WDEOH� WHVW� UHVXOWV�� 7KH� VXFFHVVIXO� 6(� '%(� WHVW� �WHVW� ��� LV� VHOHFWHG� WR�
GHPRQVWUDWH�WKH�FROXPQ�HIIHFW���
�
%������)RUFH�3DWWHUQV�DORQJ�WKH�'LDSKUDJP�

)LJXUH�%�����VKRZV�WKH�IUHH�ERG\�GLDJUDPV�RI�GLDSKUDJP�LQ�ILUVW�IORRU�IRU�WKH�WZR�PRGHOV�ZLWK�
DQG�ZLWKRXW�FROXPQV�DW�WKH�VLPLODU�SHDN�UHVSRQVHV�RI�GLDSKUDJP�WRWDO�LQHUWLD�IURFH��)RU�WKH�PRGHO�ZLWKRXW�
FROXPQ��DOO�WKH�LQHUWLD�IRUFHV�ZLOO�WUDQVIHU�WR�WKH�VKHDU�ZDOO�ZKLOH�IRU�WKH�PRGHO�ZLWK�FROXPQ��SDUW�RI�WKH�
LQHUWLD�IRUFHV�ZLOO�EH�EDODQFHG�E\�WKH�FROXPQV�UHVWUDLQW�IRUFHV�ZKLFK�LV�KLJKHU�DW�WKH�PLGGOH�RI�VSDQ��
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)LJ��%�������VW�)ORRU�'LDSKUDJP�,QWHUQDO�)RUFHV�6QDSVKRW��D��0RPHQW��E��VKHDU�
�
%������'LDSKUDJP�,QHUWLD�)RUFH�'HPDQG�3DWWHUQ�DORQJ�WKH�%XLOGLQJ�+HLJKW�

)LJXUH�%�����VKRZV�WKH�GLDSKUDJP�PD[LPXP�LQHUWLD�IRUFH�GLVWULEXWLRQ�DORQJ�WKH�EXLOGLQJ�KHLJKW��
$V� VHHQ�� GXH� WR� WKH� FROXPQ� UHVWUDLQ� HIIHFW�� WKH�GLDSKUDJP� WRWDO� LQHUWLD� IURFH� GLVWULEXWLRQ�KDV�GLIIHUHQFH�
EHWZHHQ� WKH� PRGHO� ZLWK� DQG� ZLWKRXW� FROXPQ�� $OVR� QRWLFHG�� WKH� PRGHO� ZLWK� FROXPQ� PDWFKHV� WKH� WHVW�
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UHVXOWV� EHWWHU� WKDQ� WKH�PRGHO�ZLWKRXW� FROXPQ��7KH�PRGHO�ZLWKRXW� FROXPQ�RYHUHVWLPDWHV� WKH�GLSDUKJDP�
LQHUWLD�IRUFH�DW�ERWWRP�IORRU�EXW�XQGHUHVWLPDWHV��WKH�GLDSKUDJP�LQHUWLD�IRUFH�DW�WRS�IORRU�DV�FRPSDUHG�WR�
VKDNH� WDEOH� WHVW� UHVXOWV�� 7KH� FROXPQ� UHVWDLQW� IRUFHV� LV� KLJKHU� LQ� ORZHU� IORRU� WKDQ� WKDW� LQ� WRS� IORRU� DV�
REVHUYHG�IURP�WKH�DQDO\VLV�XVLQJ�WKH�PRGHO�ZLWK�FROXPQ��
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)LJ��%������'LDSKUDJP�0D[�,QHUWLD�)RUFHV�DORQJ�WKH�%XLOGLQJ�+HLJKW�

�
%������'LDSKUDJP�'HIRUPDWLRQ�'HPDQG�3DWWHUQ�DORQJ�WKH�%XLOGLQJ�+HLJKW�

)LJXUH� %����� VKRZV� WKH� GLDSKUDJP� PD[LPXP� GHIRUPDWLRQ� GHPDQG� GLVWULEXWLRQ� DORQJ� WKH�
EXLOGLQJ� KHLJKW�� � $V� VKRZQ� LQ� )LJ�� %������ WKH� GLDSKUDJP� PD[LPXP� GHIRUPDWLRQ� LQ� WKH� PRGHO� ZLWK�
FROXPQ�PDWFKHV�WKH�WHVW�UHVXOWV�EHWWHU�WKDQW�WKDW�LQ�WKH�PRGHO�ZLWKRXW�FROXPQ��7KH�PRGHO�ZLWKRXW�FROXPQ�
VLJLILQFDWO\�RYHUHVWLPDWH�WKH�GDLSKDJP�PD[LPXP�GHIRUPDWLRQ�GHPDQG�LQ�WKH�ORZHU�IORRU�DV�FRPSDUHG�WR�
WKH�WHVW�UHVXOWV���
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�
%������'LDSKUDJP�-RLQW�2SHQLQJ�3URILOH�$ORQJ�'LDSKUDJP�6SDQ�

)LJXUH�%�����VKRZV�WKH�PD[LPXP�GLSDKUDJP�MRLQW�RSHQLQJ�SURILOH�DORQJ�WKH�GLDSKUDJP�VSDQ��$V�
VHHQ��WKH�GLDSKUJDP�MRLQW�RSHQLQJ�GHPDQG�REWDLQHG�IURP�WKH�PRGHO�ZLWK�FROXPQ�PDWKHV�WKH�VKDNH�WDEOH�
WHVW� UHVXOWV� ZHOO�� 7KH� PRGHO� ZLWKRXW� FROXPQ� RYHUHVWLPDWHV� WKH� GLDSKUDJP� MRLQW� RSHQLQJ� GHPDQG� DV�
FRPSDUHG�WR�WKH� WHVW� UHVXOWV��7KLV�KLJKHU�GHPDQG�LQ� WKH�PRGHO�ZLWKRXW�FROXPQ�LV�VLJQLILFDQW� LQ� WKH�ILUVW�
IORRU��
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)LJ��%������0D[�-RLQW�2SHQLQJ���D���VW�)ORRU��E���QG�)ORRU��F���UG�)ORRU�
�
%������'LDSKUDJP�6WLIIQHVV�

)LJXUH�%�����VKRZV�WKH�GLDSKUDJP�PK\VWHUHVLV�UHVSRQVH��GLDSKUDJP�LQHUWLD�IRUFH�YV��GLDSKUDJP�
PLGVSDQ�GHIRUPDWLRQ��DW� DOO� WKUHH� IORRU��$V� VHHQ�� WKH�PRGHO�ZLWK�FROXPQ�KDV�D�EHWWHU�PDWFK� WR� WKH� WHVW�
UHVXOWV�WKDQ�WKH�PRGHO�ZLWKRXW�FROXPQ��7KH�PRGHO�ZLWKRXW�FROXPQ�KDV�ORZHU�GLDSKUDJP�VWLIIQHVV�WKDQ�WKH�
PRGHO�ZLWK�FROXPQ�DQG�WHVW�UHVXOWV��HVSHFLDOO\�LQ�WKH�ORZHU�IORRU���

���� ���� � ��� ��� ���
����

���

�

��

���

'HI��LQ�

)R
UF
H�
�N
�

�

�

:LWK�&RO
:LWKRXW�&RO
7HVW

���� � ��� �
����

���

�

��

���

'HI��LQ�

)R
UF
H�
�N
�

�

�

:LWKRXW�&RO
:LWK�&RO
7HVW

�
�D����������������������������������������������������������������E��

�7HVW
:LWK�&RO
:LWKRXW�&RO
\LHOG
XOWLPDWH



�&�$����

���� � ��� �
����

����

���

�

��

���

'HI��LQ�

)R
UF
H�
�N
�

�

�

7HVW
:LWK�&RO
:LWKRXW�&RO

�
�F��

)LJ��%������'LDSKUDJP�)RUFH�YV��'HIRUPDWLRQ���D���VW�)ORRU��E���QG�)ORRU��F���UG�)ORRU�
�
%����&21&/86,216�

7KH�VKDNH�WDEOH�WHVW�VSHFLPHQ�ZKLFK�UHSUHVHQWV�D�KDOI�VFDOH�WKUHH�VWRU\�SUHFDVW�FRQFUHWH�VWUXFWXUH�
KDV�EHHQ�VXEMHFWHG�D�VHTXHQFH�RI����VWURQJ�PRWLRQV�ZLWK�LQFUHDVLQJ�HDUWKTXDNH�LQWHQVLW\��7KH�GLDSKUDJP�
GHVLJQ�RI�WKH�VKDNH�WDEOH�WHVW�VSHFLPHQ�IROORZV�WKH�FRQFHSWV�LQ�WKH�GHVLJQ�PHWKRGRORJ\�DQG�XVHV�D�5'2�
GHVLJQ� RSWLRQ�� 7KH� WHVW� UHVXOWV� KDV� LQGLFDWHG� WKH� VKDNH� WDEOH� WHVW� VSHFLPHQ�PHHW� WKH� GLDSKUDJP� GHVLJQ�
WDUJHWV�XQGHU�0&(�LQFOXGLQJ������WKH�PD[LPXP�FKRUG�RSHQLQJ�GHPDQG�LV�OHVV�WKDQ�WKH�+'(�FDSDFLW\�DQG�
����WKH�PD[LPXP�MRLQW�VOLGLQJ�GHPDQG�LV�OHVV�WKDQ�WKH�\LHOG�VOLGLQJ�RI�VKHDU�UHLQIRUFHPHQW����

)XUWKHU��WKH�VKDNH�WDEOH�WHVW�UHVXOWV�KDYH�EHHQ�XVHG�WR�FDOLEUDWH�YHULI\�WKH��'�1/7'$�PRGHO��7KLV�
FDOLEUDWHG�PRGHO� LV� XVHG� IRU� WKH� SDUDPHWULF� VWXGLHV� LQ� GHYHORSLQJ� WKH� GLDSKUDJP� GHVLJQ� IDFWRUV� LQ� WKH�
GHVLJQ�PHWKRGRORJ\�� 7KH� IROORZLQJ� FRQFOXVLRQV� DUH�PDGH� EDVHG� RQ� WKH� FDOLEUDWLRQ� RI� WKH� �'�1/7'$�
PRGHO�XVLQJ�VKDNH�WDEOH�WHVWV��

���� 7KH�UHVSRQVH�REWDLQHG�IURP�WKH�PRGLILHG�37�ZDOO�PRGHO�UHDVRQDEO\�PDWFKHV�WKH�REVHUYHG�
ZDOO� UHVSRQVH� FKDUDFWHULVWLFV� DQG� VHLVPLF� GHPDQG� LQ� ORZ� DQG� PRGHUDWH� VHLVPLF� GHPDQG�
IURP�WKH�VKDNH�WDEOH�WHVW��

���� 7KH� �'� 1/7'$� PRGHO� XVHG� IRU� WKH� XQWRSSHG� IORRU� UHDVRQDEO\� SUHGLFWV� WKH� GLDSKUDJP�
JOREDO� �IRUFH� YV�� GHIRUPDWLRQ�� DQG� ORFDO� �MRLQW� RSHQLQJ��GHPDQG� DV� REVHUYHG� LQ� WKH� VKDNH�
WDEOH�WHVWV�DW�ORZ�DQG�PRGHUDWH�HDUWKTXDNH�LQWHQVLW\�OHYHO��

���� )RU�ORZ�OHYHO�HDUWKTXDNH�LQWHQVLW\��WKH�LQLWLDO�XQFUDFNHG�VWDWXV�DQG�SRVVLEOH�FUDFNLQJ�LQ�WKH�
WRSSLQJ� VODE� GXULQJ� WKH� HDUWKTXDNH� LQIOXHQFH� WKH� GLDSKUDJP� UHVSRQVH� DQG� DUH� QHFHVVDULO\�
LQFOXGHG�LQ�WKH�DQDO\WLFDO�PRGHO��

���� 7KH� VHOI�FUDFNLQJ�PRGHO�ZLWK� DGGHG� WHQVLRQ� RQO\� OLQN� HOHPHQW� WR� WKH� �'�1/7'$�PRGHO�
UHDVRQDEO\�FDWFKHV�WKH�FRQFUHWH�WRSSLQJ�FUDFNLQJ�SDWWHUQ�REVHUYHG�LQ�WKH�VKDNH�WDEOH�WHVW�DQG�
UHDVRQDEO\�SUHGLFWV�WKH�GLDSKUDJP�GHPDQG�REVHUYHG�LQ�WKH�VKDNH�WDEOH�WHVW��

����'XH� WR� VXEVWDQWLDO� GDPDJH� DQG�PRGLILFDWLRQ� RI� WKH� VKDNH� WDEOH� VSHFLPHQ� EHIRUH� WKH� KLJK�
LQWHQVLW\�HDUWKTXDNH�WHVWV��%HUNHOH\�'%(�DQG�0&(���LW�LV�QRW�IHDVLEOH�WR�IXOO\�FDOLEUDWH�WKH�
DQDO\WLFDO� PRGHO� EDVHG� RQ� WKHVH� WHVWV�� %DVHG� RQ� WKH� OLPLWHG� FDOLEUDWLRQ�� WKH� �'� 1/7'$�
PRGHO� UHDVRQDEO\� DQG� FRQVHUYDWLYHO\� UHSURGXFHV� WKH� GLDSKUDJP� ORFDO� IOH[XUDO� GHPDQG�
REVHUYHG�LQ�WKH�WHVW��

���� 7KH� JUDYLW\� FROXPQ� KDV� QRQ�QHJOLJLEOH� HIIHFWV� RQ� WKH� GLDSKUDJP� VHLVPLF� UHVSRQVH�� 7KLV�
HIIHFW� LV� PRUH� VLJQLILFDQW� LQ� WKH� ORZHU� IORRU� ZKHUH� WKH� FROXPQ� UHVWUDLQ� IRUFHV� DUH� PRUH�
VLJQLILFDQW�WKDQ�WKH�KLJKHU�IORRU���
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$6&(�������0LQLPXP�'HVLJQ�/RDGV�IRU�%XLOGLQJV�DQG�2WKHU�6WUXFWXUHV��ASCE�������
�
%HOOHUL�� $�� �������� ³'LVSODFHPHQW� EDVHG� GHVLJQ� IRU� SUHFDVW� FRQFUHWH� VWUXFWXUHV´�� 3K�'�� 'LVVHUWDWLRQ��
6WDUU\OLQN�(GLWULFH�%UHVFLD��,WDO\��
�
1DLWR��&��DQG�5HQ��5�����������³'HYHORSPHQW�RI�D�VHLVPLF�GHVLJQ�PHWKRGRORJ\�IRU�SUHFDVW�GLDSKUDJPV���
SKDVH��F�KDOI�VFDOH´��$7/66�5HSRUW���������$7/66�&HQWHU��/HKLJK�8QLYHUVLW\��3$���
�
6FKRHWWOHU��0�-���������³6HLVPLF�GHPDQGV�LQ�SUHFDVW�FRQFUHWH�GLDSKUDJPV´�3K�'��'LVVHUWDWLRQ��8QLYHUVLW\�
RI�&DOLIRUQLD��6DQ�'LHJR��&$��
�
6FKRHWWOHU��0�-���%HOOHUL��$���=KDQJ��'���5HVWUHSR��-���DQG�)OHLVFKPDQ��5�%����������³3UHOLPLQDU\�UHVXOWV�RI�
WKH�VKDNH�WDEOH�WHVWLQJ�IRU�GHYHORSPHQW�RI�D�GLDSKUDJP�VHLVPLF�GHVLJQ�PHWKRORJ\�´�3&,�-RXUQDO����������
���������
�
6KDLNK��$�)��DQG�*HKOKRII��-�� ��������³/RDG� WHVWV�RQ�QHZ�-9,�36$�VORWWHG� LQVHUWV�DQFKRUHG� LQ�FRQFUHWH�
VODEV´�� � 5HSRUW� RQ� 7HVW� 5HVXOWV�� 6WUXFWXUDO� (QJLQHHULQJ� /DERUDWRULHV� DW� &ROOHJH� RI� (QJLQHHULQJ� DQG�
$SSOLHG�6FLHQFH��8QLYHUVLW\�RI�:LVFRQVLQ�0LOZDXNHH���
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$SSHQGL[�&��6XPPDU\�RI�'6'0�0DLQ�5HVHDUFK�3KDVHV�
�
�

7$%/(�2)�&217(176�
�
&��,1752'8&7,21��««««««««««««««««««««««��«««���«���S��&�$�����

�
&��35(&$67�',$3+5$*06«««««������������������������������������������������������������������������������S��&�$�����

�
&��5(6($5&+�$3352$&+«««««��������������������������������������������������������������������������������S��&�$�����

�
&��3+$6(6�,��,,��1((6�5(6($5&+�$&7,9,7,(6«««««������������������������������������������S��&�$�����

�
&��3+$6(�,,,��'(6,*1�0(7+2'2/2*<�'(9(/230(17«««««����������������������S��&�$�����

�
&��&21&/86,216«««««������������������������������������������������������������������������������������������������S��&�$�����

�
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�
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$SSHQGL[�&��6XPPDU\�RI�'6'0�0DLQ�5HVHDUFK�3KDVHV��
�
&���,1752'8&7,21�

,Q�������WKH�3UHVWUHVVHG�3UHFDVW�&RQFUHWH�,QVWLWXWH��3&,��LVVXHG�D�5HTXHVW�IRU�3URSRVDO��5)3��IRU�
D�XQLYHUVLW\�FRQVRUWLXP�WR�GHYHORS�DQ�LQGXVWU\�HQGRUVHG�VHLVPLF�GHVLJQ�PHWKRGRORJ\�IRU�SUHFDVW�FRQFUHWH�
IORRU� GLDSKUDJPV�� 7KH� LPSHWXV� IRU� WKH� 5)3� ZDV� WKH� IDLOXUH� RI� SUHFDVW� FRQFUHWH� GLDSKUDJPV� LQ� UHFHQW�
HDUWKTXDNHV��PRVW� QRWDEO\� WKH� �����1RUWKULGJH� HDUWKTXDNH� �,YHUVRQ� DQG�+DZNLQV� ������� 6HYHUDO� FRGH�
FKDQJHV� �$&,� ���� ������ DQG� VXEVHTXHQW� UHVHDUFK� �:RRG� HW� DO�� ������ZHUH� HQDFWHG� LQ� UHDFWLRQ� WR� WKH�
HDUWKTXDNH�� +RZHYHU�� WKHUH�ZDV� FRQVHQVXV� WKDW� D� FRPSUHKHQVLYH� GHVLJQ�PHWKRGRORJ\�ZDV� UHTXLUHG� WR�
FUHDWH�UHOLDEOH�SUHFDVW�GLDSKUDJP�GHVLJQV��7KLV�LQ�WXUQ�ZRXOG�RSHQ�XS�PDUNHWV�IRU�SUHFDVW�FRQVWUXFWLRQ�LQ�
UHJLRQV�RI�VLJQLILFDQW�VHLVPLF�KD]DUG��7KH�FRQVRUWLXP�WHDP�WKDW�ZDV�DZDUGHG�WKH�5)3��DQG�D�VXEVHTXHQW�
1DWLRQDO� 6FLHQFH� )RXQGDWLRQ� �16)�� DZDUG� XQGHU� WKH� *UDQW� 2SSRUWXQLWLHV� IRU� $FDGHPLD� /LDLVRQ� ZLWK�
,QGXVWU\� �*2$/,�� SURJUDP�� UHFRJQL]HG� WKDW� NQRZOHGJH� UHTXLUHG� WR� FUHDWH� DQ� HIIHFWLYH� GHVLJQ�
PHWKRGRORJ\�GLG�QRW�FXUUHQWO\�H[LVW��LQ�ODUJH�SDUW�GXH�WR�WKH�LQDELOLW\�RI�SDVW�UHVHDUFK�WR�IXOO\�GHVFULEH�WKH�
FRPSOH[� EHKDYLRU� RI� SUHFDVW� FRQFUHWH� GLDSKUDJPV�� 7KXV�� WKH� LPPLQHQW� FRPPLVVLRQLQJ� E\�16)� RI� WKH�
*HRUJH� (�� %URZQ� 1HWZRUN� IRU� (DUWKTXDNH� (QJLQHHULQJ� 6LPXODWLRQ� �1((6�� ZDV� YLHZHG� DV� D� XQLTXH�
RSSRUWXQLW\�WR�FUHDWH�WKLV�NQRZOHGJH��$FFRUGLQJO\��D�VXSSOHPHQW�ZDV�DZDUGHG�WR�XSJUDGH�WKH�SURMHFW�WR�
XVH�1((6�HTXLSPHQW�VLWHV�DW�/HKLJK�8QLYHUVLW\�DQG�WKH�8QLYHUVLW\�RI�&DOLIRUQLD�6DQ�'LHJR��8&6'���7KLV�
SDSHU� SURYLGHV� D� FRPSUHKHQVLYH� VXPPDU\�RI� WKLV�1((6�SURMHFW�� LQFOXGLQJ�GHVFULSWLRQV� RI� WKH� UHVHDUFK�
DSSURDFK�� DFWLYLWLHV� DQG� RXWFRPHV��'HWDLOHG� LQIRUPDWLRQ� RQ� WKH� VSHFLILF� DFWLYLWLHV� DQG� ILQGLQJV� RI� HDFK�
UHVHDUFK�FRPSRQHQW�DSSHDUV�LQ�VHYHUDO�SXEOLFDWLRQV�SURGXFHG�E\�WKH�SURMHFW��
�
&���35(&$67�',$3+5$*06�

3UHFDVW� SUHVWUHVVHG� FRQFUHWH� LV� DQ� HFRQRPLFDO� DQG� GXUDEOH� FRQVWUXFWLRQ� V\VWHP�� +RZHYHU�� WKH�
YXOQHUDELOLW\�RI�SUHFDVW�IORRU�V\VWHPV�GXULQJ�GLDSKUDJP�DFWLRQ�XQGHU�HDUWKTXDNH�ORDGLQJ�OLPLWV�HIILFLHQW�
XVH�RI�WKHVH�V\VWHPV�LQ�UHJLRQV�RI�KLJK�VHLVPLFLW\���
�
3UHFDVW�'LDSKUDJP�'HVLJQ�

'LDSKUDJPV�DUH� UHLQIRUFHG� WR�FDUU\� LQ�SODQH�VKHDU�� IOH[XUH�DQG�DQFKRUDJH� IRUFHV� �0RHKOH�HW�DO��
�������,Q�SUHFDVW�GLDSKUDJPV��WKHVH�IRUFHV�PXVW�EH�FDUULHG�DFURVV�MRLQWV�EHWZHHQ�WKH�SUHFDVW�IORRU�XQLWV��
0HFKDQLFDO�FRQQHFWRUV�LQ�DQ�XQWRSSHG�SUHFDVW�GLDSKUDJP�RU�UHLQIRUFLQJ�VWHHO�LQ�WKH�FDVW�LQ�SODFH�WRSSLQJ�
VODE� LQ� D� WRSSHG� SUHFDVW� GLDSKUDJP� DUH� GHVLJQHG� WR� FDUU\� WKHVH� IRUFHV�� )LJXUH� &��D� VKRZV� D� VLPSOH�
GLDSKUDJP�VFKHPDWLF�� LQGLFDWLQJ�LQWHUQDO�IRUFH�GLDJUDPV�DQG�WKH�FRQQHFWRUV� LQWHQGHG�WR� WUDQVIHU�� �D�� LQ�
SODQH� VKHDU� IRUFH� EHWZHHQ� WKH� XQLWV�� �E�� FKRUG� IRUFHV� DVVRFLDWHG� ZLWK� LQ�SODQH� IOH[XUH�� DQG� �F��
FROOHFWRU�DQFKRUDJH�IRUFHV�WR�ZDOOV�DQG�IUDPHV��)LJXUH��E�VKRZV�W\SLFDO�ZHOGHG�FRQQHFWRU�GHWDLOV�XVHG�IRU�
SUHFDVW�GLDSKUDJP�UHLQIRUFHPHQW��

� �

�

� 6KHDU�FRQQHFWRU�

&KRUG�FRQQHFWRU�

L

�0�

�9�

Vu=Fpx /2

Mu=FpxL/8

Fpx=wL

&KRUG�FRQQHFWRU

6KHDU�FRQQHFWRU

&ROOHFWRU

$QFKRUDJH�FRQQHFWRU

�D�� �E��

UP FOR

3UHFDVW
XQLWV

)DFH�SODWHV

6KHDU�FRQQHFWRU �&KRUG

�
)LJ��&����3UHFDVW�GLDSKUDJP�GHVLJQ���D��3ODQ�ZLWK�LQWHUQDO�IRUFHV��PRGLILHG�IURP�)OHLVFKPDQ�DQG�:DQ�

��������E��7\SLFDO�UHLQIRUFHPHQW�GHWDLOV��
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3UHFDVW�'LDSKUDJP�(DUWKTXDNH�3HUIRUPDQFH�
3UHFDVW� FRQFUHWH� IORRU� GLDSKUDJPV� KDYH� H[KLELWHG� SRRU� SHUIRUPDQFH� GXULQJ�PDMRU� HDUWKTXDNHV��

)LJXUH�&���VKRZV�RQH�RI�WKH�QLQH�SUHFDVW�SDUNLQJ�JDUDJH�WKDW�FROODSVHG�LQ�WKH������1RUWKULGJH�HDUWKTXDNH�
�,YHUVRQ�DQG�+DZNLQV��������$V�DQ�RXWFRPH�RI�WKHVH�IDLOXUHV�DQG�VXEVHTXHQW�UHVHDUFK��:RRG�HW�DO���������
VHYHUDO� FRGH� FKDQJHV�ZHUH� HQDFWHG� �$&,� ���� �������$V� D� UHVXOW�� QHLWKHU� XQWRSSHG� SUHFDVW� GLDSKUDJPV�
�XVLQJ�PHFKDQLFDO� FRQQHFWRUV�RQO\��QRU� WRSSHG�FRPSRVLWH�GLDSKUDJPV� �XVLQJ�PHFKDQLFDO� FRQQHFWRUV� LQ�
FRQMXQFWLRQ�ZLWK�D�WKLQ�WRSSLQJ�ZLWK�PHVK�RU�OLJKW�EDUV��DUH�SHUPLWWHG�LQ�UHJLRQV�RI�KLJK�VHLVPLF�KD]DUG��
,QVWHDG� D� QRQ�FRPSRVLWH� WRSSLQJ� VODE� �W\SLFDOO\� D� WKLFN� WRSSLQJ�ZLWK� KHDY\� WZR�ZD\� UHLQIRUFHPHQW�� LV�
UHTXLUHG�� DQG� WKH� SUHFDVW� IORRU� XQLWV� VHUYH� RQO\� DV� JUDYLW\� ORDG�UHVLVWLQJ� HOHPHQWV�� WKHUHE\� OLPLWLQJ� WKH�
HFRQRPLF�HIIHFWLYHQHVV�RI�WKH�SUHFDVW�FRQVWUXFWLRQ��6KRXOG�WKHVH�V\VWHPV�EH�SURYHQ�UHOLDEOH�XQGHU�VHLVPLF�
ORDGLQJ�ZKHQ�SURSHUO\�GHVLJQHG�DQG�GHWDLOHG��WKH�VWULQJHQW�UHVWULFWLRQV�FRXOG�EH�UHDVVHVVHG��7KXV��D�YLDEOH�
SUHFDVW�GLDSKUDJP�VHLVPLF�GHVLJQ�PHWKRGRORJ\�ZRXOG�QRW�RQO\�PDNH�SUHFDVW�VWUXFWXUHV�VDIHU��EXW�ZRXOG�
DOVR�HQDEOH�FRVW�HIIHFWLYH�SUHFDVW�FRQVWUXFWLRQ�VROXWLRQV�LQ�UHJLRQV�RI�KLJK�VHLVPLF�KD]DUG��

�
)LJ��&����3UHFDVW�SDUNLQJ�VWUXFWXUH�FROODSVH�������1RUWKULGJH�(DUWKTXDNH��&RXUWHV\��Los Angeles Times���
�
3UHFDVW�'LDSKUDJP�%HKDYLRU�

7KH� EHKDYLRU� RI� SUHFDVW� FRQFUHWH� GLDSKUDJPV� LV� FRPSOH[�� ���� IORRU� GLDSKUDJPV� LQ� JHQHUDO� FDQ�
XQGHUJR�ODUJH�LQVWDQWDQHRXV�LQHUWLDO�IRUFHV��5RGULJXH]�HW�DO���������HYHQ�DIWHU�\LHOGLQJ�RI�WKH�ODWHUDO�IRUFH�
UHVLVWLQJ� V\VWHP� �/)56�� �)OHLVFKPDQ� HW� DO�� ������� ���� IRUFH� SDWKV� ZLWKLQ� WKH� GLDSKUDJP� FDQ� EH�
FRPSOLFDWHG� �:RRG� HW� DO�� ������� ���� PRVW� SUHFDVW� GLDSKUDJP� UHLQIRUFHPHQW� LV� XQGHU� QRQ�SURSRUWLRQDO�
FRPELQDWLRQV�RI�F\FOLQJ�D[LDO�DQG�VKHDU� IRUFH� �/HH�DQG�.XFKPD������� �)DUURZ�DQG�)OHLVFKPDQ��������
DQG�����SUHFDVW�FRQFUHWH�LV�RIWHQ�XVHG�LQ�ORQJ�IORRU�V\VWHPV�ZKHUH�GLDSKUDJP�IOH[LELOLW\�FDQ�DPSOLI\�LQWHU�
VWRU\�GULIWV� �)OHLVFKPDQ�HW�DO�������� �)OHLVFKPDQ�DQG�)DUURZ��������7KH�FRPELQDWLRQV�RI� WKHVH� IDFWRUV�
OHDG�WR�FRQGLWLRQV�ZKHUH�FXUUHQW�GHVLJQ�SUDFWLFH�FDQQRW�DVVXUH�HODVWLF�GLDSKUDJP�DFWLRQ��)RU�SUHFDVW�IORRU�
V\VWHPV�� LQHODVWLF� GLDSKUDJP� GHIRUPDWLRQV� ZLOO� FRQFHQWUDWH� LQ� FULWLFDO� MRLQWV� EHWZHHQ� WKH� SUHFDVW� XQLWV�
�)OHLVFKPDQ�DQG�:DQ��������3UHFDVW�GLDSKUDJP�UHLQIRUFHPHQW�LV�RI�YDULRXV�W\SHV��LQFOXGLQJ�SURSULHWDU\�
FRQQHFWRUV�DQG�VWDQGDUG�LQGXVWU\�FRQQHFWLRQV��ZKLFK�GR�QRW�QHFHVVDULO\�SURYLGH�VLJQLILFDQW�GHIRUPDWLRQ�
FDSDFLW\��

,Q�VXPPDU\��WKH�GHYHORSPHQW�RI�DQ�HIIHFWLYH�SUHFDVW�FRQFUHWH�GLDSKUDJP�GHVLJQ�PHWKRGRORJ\�LV�
FKDOOHQJLQJ�� LQ� WKDW� FRPSOH[� QRQOLQHDU� GLDSKUDJP� EHKDYLRU� DQG� VWUXFWXUDO� V\VWHP� G\QDPLFV� PXVW� EH�
XQGHUVWRRG� DQG� DFFXUDWHO\� GHVFULEHG� IRU� YDULRXV� SUHFDVW� GLDSKUDJP� FRQILJXUDWLRQV�� 3UHFDVW� GLDSKUDJPV�
PXVW� VDWLVI\� WLJKW� HFRQRPLF�� FRQVWUXFWDELOLW\� DQG� VHUYLFHDELOLW\� FRQVWUDLQWV�� XQGHU� FRQGLWLRQV� ZKHUH�
LQDFFXUDF\�LQ�XQGHUVWDQGLQJ�WKH�EHKDYLRU�FDQ�OHDG�WR�VWUXFWXUDO�IDLOXUH��
�
&���5(6($5&+�$3352$&+�

7KH� IHDWXUHV� RI� WKH� LQGXVWU\�HQGRUVHG� VHLVPLF� GHVLJQ� PHWKRGRORJ\� DV� GHVFULEHG� LQ� WKH� 5)3�
LQFOXGHG������WKH�IRUFHV�WR�ZKLFK�WKH�SUHFDVW�GLDSKUDJP�LV�WR�EH�GHVLJQHG������WKH�GHIRUPDWLRQV�WR�ZKLFK�



�&�$����

WKH�SUHFDVW�GLDSKUDJP�VKRXOG�EH�GHVLJQHG��DQG�����WKH�SUHFDVW�FRQFUHWH�GLDSKUDJP�UHLQIRUFHPHQW�GHWDLOV�
WKDW�FDQ�SURYLGH�WKLV�SHUIRUPDQFH��7KH�FKDOOHQJHV�LQ�GHYHORSLQJ�VXFK�D�PHWKRGRORJ\��DV�GHVFULEHG�LQ�WKH�
SUHYLRXV� VHFWLRQ��QHFHVVLWDWHV� D� UHVHDUFK�SURJUDP�ZLWK� WKH� IROORZLQJ� IHDWXUHV�� ���� D� FOHDU� DQG� HIIHFWLYH�
GHVLJQ� IUDPHZRUN� WR� JXLGH� WKH� UHVHDUFK�� ���� LQWHJUDWHG� DQDO\WLFDO� DQG� H[SHULPHQWDO� UHVHDUFK� WR� HQDEOH�
QXPHURXV�GHVLJQ�SDUDPHWHUV� DQG� ODUJH� FRPSOH[� V\VWHPV� WR�EH� HYDOXDWHG�E\� FRPSXWHU� VLPXODWLRQV�ZLWK�
FRQILGHQFH� WKDW� WKHVH� VLPXODWLRQ� PRGHOV� DUH� EDVHG� RQ� SK\VLFDO� UHDOLW\� WKURXJK� H[SHULPHQWDO�
YHULILFDWLRQ�FDOLEUDWLRQ�� DQG�� ���� VWURQJ� LQGXVWU\� RYHUVLJKW� WR� HQVXUH� WKDW� WKH� UHVHDUFK� LQYROYHV� SUDFWLFDO�
DSSOLFDWLRQV�DQG�SURGXFHV�PHDQLQJIXO�DQG�XVHIXO�UHVXOWV��

�
'HVLJQ�3KLORVRSK\�

7KH�SUHFDVW�GLDSKUDJP�VHLVPLF�GHVLJQ�PHWKRGRORJ\��%66&�76���������GHYHORSHG�IRU�WKH�SURMHFW�
DGRSWV� DQ� DSSURDFK�ZKHUH� GLDSKUDJP� IRUFH� IDFWRUV� DQG� GLDSKUDJP� UHLQIRUFLQJ� GHWDLOV� DUH� DOLJQHG�ZLWK�
SHUIRUPDQFH�WDUJHWV��7KLV�DSSURDFK�LV�WDNHQ�LQ�UHFRJQLWLRQ�RI�WKH�EHKDYLRU�DQWLFLSDWHG�IRU�SUHFDVW�FRQFUHWH�
GLDSKUDJPV�UHODWLYH�WR�WKH�HFRQRPLF�FRQVWUDLQWV��

7KH�GHVLJQ�PHWKRGRORJ\�KDV�WKH�IROORZLQJ�SULPDU\�IHDWXUHV��
��� 'LDSKUDJP�IRUFH�DPSOLILFDWLRQ�IDFWRUV��<��FDOLEUDWHG�WR�SHUIRUPDQFH�WDUJHWV��
��� 'LDSKUDJP� UHLQIRUFHPHQW� RYHUVWUHQJWK� IDFWRUV� �:�� WKDW� SURYLGH� D� FDSDFLW\� GHVLJQ� E\�

HQIRUFLQJ�D�KLJKHU�GHVLJQ�IRUFH�IRU�FULWLFDO�DQG�SRWHQWLDOO\�QRQ�GXFWLOH�UHLQIRUFHPHQW�JURXSV�
�VKHDU�UHLQIRUFHPHQW��FROOHFWRUV��DQFKRUDJHV����

��� $� GLDSKUDJP� UHLQIRUFHPHQW� FODVVLILFDWLRQ� V\VWHP� EDVHG� RQ� GHIRUPDWLRQ� FDSDFLW\� �/RZ��
0RGHUDWH� DQG� +LJK� 'HIRUPDELOLW\� (OHPHQWV� RU� /'(�� 0'(� DQG� +'(�� WKDW� DOLJQ� WR� WKH�
SHUIRUPDQFH�WDUJHWV��

��� 'LDSKUDJP�IOH[LELOLW\�OLPLWV�WR�DYRLG�ODUJH�GLDSKUDJP�LQGXFHG�LQWHU�VWRU\�GULIWV�
)LJXUH�&���VKRZV�VFKHPDWLF�GLDSKUDJP�SXVKRYHU�FXUYHV�XVHG� WR� LOOXVWUDWH� WKH�GHVLJQ�DSSURDFK��

7KH�GHVLJQHU�KDV�WKH�IROORZLQJ�RSWLRQV������D�%DVLF�'HVLJQ��LQ�ZKLFK�WKH�GLDSKUDJP�DPSOLILFDWLRQ�IDFWRU�
�<'�� WDUJHWV� HODVWLF� EHKDYLRU� IRU� WKH� GHVLJQ� EDVLV� HDUWKTXDNH� �'%(��� DQG� UHTXLUHV� 0'(� GLDSKUDJP�
UHLQIRUFHPHQW�� ZKLFK� SRVVHVVHV� VXIILFLHQW� LQHODVWLF� GHIRUPDWLRQ� FDSDFLW\� IRU� WKH� PD[LPXP� FRQVLGHUHG�
HDUWKTXDNH� �0&(��� ���� DQ� (ODVWLF� 'HVLJQ�� LQ� ZKLFK� D� ODUJHU� GLDSKUDJP� DPSOLILFDWLRQ� IDFWRU� �<(�� LV�
HQIRUFHG�WR� WDUJHW�HODVWLF�EHKDYLRU�IRU� WKH�0&(��DOORZLQJ�GLDSKUDJP�UHLQIRUFHPHQW�ZLWKRXW�DQ\�VSHFLDO�
GHWDLOLQJ� UHTXLUHPHQWV� �/'(��� DQG� ���� D� 5HGXFHG� 'HVLJQ�� LQ� ZKLFK� D� ORZHU� GLDSKUDJP� DPSOLILFDWLRQ�
IDFWRU� �<5�� LV� XVHG� VR� WKDW� \LHOGLQJ� XQGHU� WKH� '%(� LV� SHUPLWWHG�� DQG� SURYLGHV� VXIILFLHQW� LQHODVWLF�
GHIRUPDWLRQ�FDSDFLW\�WR�WKH�GLDSKUDJP�IRU�WKH�0&(�E\�VSHFLI\LQJ�+'(�GLDSKUDJP�UHLQIRUFHPHQW��
�

<')S[

'LDSKUDJP�IRUFH

'LDSKUDJP�
'HIRUPDWLRQ

)S[

/'(

<5)S[

<()S[

&XUUHQW

%DVLF�'HVLJQ�
2SWLRQ

5HGXFHG�
'HVLJQ�2SWLRQ

(ODVWLF�'HVLJQ�
2SWLRQ

0'(
+'(

0&(�GHPDQG

'%(�GHPDQG

0&(�GHPDQG

'%(�GHPDQG

:Y<')S[

�
�)LJ��&����'LDSKUDJP�SXVKRYHU�VFKHPDWLF��SUHFDVW�GLDSKUDJP�GHVLJQ�DSSURDFK��

�
5HVHDUFK�3ODQ�

6LJQLILFDQW� NQRZOHGJH� RI� WKH� FKDUDFWHULVWLFV� DQG� EHKDYLRU� RI� SUHFDVW� GLDSKUDJPV� LV� UHTXLUHG� WR�
GHWHUPLQH� WKH� GLDSKUDJP� GHVLJQ� IDFWRUV� DQG� UHLQIRUFHPHQW� FODVVLILFDWLRQV� GHVFULEHG� LQ� WKH� SUHYLRXV�



�&�$����

VHFWLRQ�� 7KLV� NQRZOHGJH� LQFOXGHV� LQIRUPDWLRQ� DW� WKUHH� GLVWLQFW� OHYHOV�� ���� WKH� UHLQIRUFLQJ� GHWDLO� OHYHO�
�FRQQHFWRU� FKDUDFWHULVWLFV��� ���� WKH� GLDSKUDJP� OHYHO� �IRUFH� SDWKV�� GHIRUPDWLRQ� GHPDQGV��� DQG�� ���� WKH�
VWUXFWXUDO� V\VWHP� OHYHO� �GLDSKUDJP� LQHUWLDO� IRUFHV�� GLDSKUDJP� GHIRUPDWLRQ� LQGXFHG� LQWHU�VWRU\� GULIWV���
)XUWKHU��LQIRUPDWLRQ�JDWKHUHG�DW�RQH�OHYHO�LV�QHHGHG�WR�GHWHUPLQH�EHKDYLRU�DW�RWKHU�OHYHOV��

5HVHDUFK�E\�HDFK�XQLYHUVLW\�WHDP�IRFXVHG�RQ�RQH�OHYHO������H[SHULPHQWDO�DQG�DQDO\WLFDO�UHVHDUFK�
RQ� UHLQIRUFHPHQW� GHWDLOV� DQG� FULWLFDO� GLDSKUDJP� MRLQW� UHVSRQVH� XVLQJ� WKH� 1((6#/HKLJK� IDFLOLW\�� ����
H[SHULPHQWDO� DQG� DQDO\WLFDO� UHVHDUFK� RQ� V\VWHP� UHVSRQVH� XVLQJ� WKH� 1((6#8&6'� IDFLOLW\�� DQG� ����
DQDO\WLFDO�UHVHDUFK�DW�WKH�8QLYHUVLW\�RI�$UL]RQD�WR�EULGJH�WKH�H[SHULPHQWDO�ZRUN�DW�WKH�1((6�6LWHV��7KH�
UHVHDUFK� ZDV� SHUIRUPHG� LQ� WKUHH� SKDVHV� ZLWK� WKH� VHFRQG� SKDVH� UHO\LQJ� PRVW� KHDYLO\� RQ� WKH� 1((6�
(TXLSPHQW� 6LWHV��$� NH\� DVSHFW� RI� WKLV� UHVHDUFK� DSSURDFK�ZDV� WKH� DYDLODELOLW\� RI� WHOHSUHVHQFH� WRROV� IRU�
1((6�UHVHDUFK��ZKLFK�IDFLOLWDWHG�LQWHJUDWLRQ�RI�WKH�DFWLYLWLHV�DW�HDFK�XQLYHUVLW\����
�

Ĺ0'2)�'\QDPLF�$QDO\VLV

)S[)S[)S[

ĸ )(�3XVKRYHU�$QDO\VLV ĺ �'�1/7'$

ķ )XOO�6FDOH�'HWDLO�7HVWV Ļ +\EULG�7HVWLQJ�RI�-RLQWV

3KDVH�, 3KDVH�,,

ļ 6FDOHG�6KDNH�7DEOH�7HVW

8&6'

$UL]RQD

/HKLJK

3KDVH�,,,

Ľ0RGHO�&DOLEUDWLRQ

ľ 7ULDO�)DFWRU�(YDOXDWLRQ

Ŀ 3URWRW\SH�6WUXFWXUH�
'HVLJQ�9HULILFDWLRQ
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5DPS�6SDQ 7UDQVYHUVH

/RQJLWXGLQDO

1RUWK

6RXWK

5DPS
/DQGLQJ

�
�)LJ��&����3URMHFW�UHVHDUFK�IORZ��

�
)LJXUH�&���VKRZV�WKH�UHVHDUFK�IORZ�IRU�WKH�SURMHFW��(DFK�URZ�UHIHUV�WR�WKH�DFWLYLWLHV�DW�D�XQLYHUVLW\�

VLWH��(DFK�FROXPQ�UHSUHVHQWV�WKH�DFWLYLWLHV�RI�RQH�RI�WKH�UHVHDUFK�SKDVHV��(DFK�ER[�UHSUHVHQWV�D�UHVHDUFK�
VWHS� IRFXVHG� RQ� GHYHORSLQJ� NQRZOHGJH� DERXW� GLDSKUDJP� FDSDFLW\� ���������� RU� GLDSKUDJP� GHPDQGV�
�������������7KH�UHVHDUFK�VWHSV�DUH�DV�IROORZV��

,Q�6WHS����GLDSKUDJP�FRQQHFWRUV�ZHUH� WHVWHG� LQ� LVRODWHG�IDVKLRQ�XQGHU�F\FOLF� ORDGLQJ�SURWRFROV��
&RQQHFWRU�SURSHUWLHV�DQG�FODVVLILFDWLRQV�ZHUH�GHWHUPLQHG��

,Q�6WHS����WKH�WHVW�UHVXOWV�IURP�6WHS���ZHUH�XVHG�WR�EXLOG�FRQQHFWRU�HOHPHQWV�IRU�WZR�GLPHQVLRQDO�
��'�� DQDO\WLFDO�PRGHOV� RI� SUHFDVW� GLDSKUDJPV��7KHVH�PRGHOV�ZHUH� XVHG� LQ� QRQOLQHDU� VWDWLF� ³SXVKRYHU´�
DQDO\VHV�RI�LVRODWHG�GLDSKUDJPV��

,Q�6WHS����WKH�GLDSKUDJP�SURSHUWLHV�GHWHUPLQHG�LQ�6WHS���ZHUH�XVHG�WR�FUHDWH�VLPSOH�PXOWL�GHJUHH�
RI�IUHHGRP� �0'2)��PRGHOV�� 7KHVH�PRGHOV�ZHUH� XVHG� WR� SHUIRUP� H[WHQVLYH� SDUDPHWULF� VWXGLHV� RQ� WKH�
HIIHFW�RI�VWUXFWXUH�FRQILJXUDWLRQ��GLDSKUDJP�IOH[LELOLW\�DQG�VHLVPLF�KD]DUG�LQWHQVLW\�RQ�IORRU�LQHUWLDO�IRUFHV��

,Q�6WHS���� WKH�LQIRUPDWLRQ�JDWKHUHG�LQ�WRWDO�IURP�3KDVH���ZHUH�XVHG�WR�FUHDWH�WKUHH�GLPHQVLRQDO�
��'�� DQDO\WLFDO� PRGHOV� RI� SUHFDVW� FRQFUHWH� VWUXFWXUHV� IRU� XVH� LQ� QRQOLQHDU� WUDQVLHQW� G\QDPLF� DQDO\VLV�
�1/'7$���

,Q� 6WHS� ��� WKH� �'�1/'7$�PRGHOV�ZHUH� XVHG� WR� SHUIRUP� VLPXODWLRQ�GULYHQ� SK\VLFDO� WHVWLQJ� DW�
1((6#/HKLJK�LQFOXGLQJ�K\EULG�VLPXODWLRQ�RI�HDUWKTXDNH�UHVSRQVH��

,Q�6WHS����WKH�SHUIRUPDQFH�RI�GLDSKUDJPV�XQGHU�HDUWKTXDNH�H[FLWDWLRQ�ZDV�H[DPLQHG��WKURXJK�D�
KDOI�VFDOH�VKDNH�WDEOH�WHVW�DW�1((6#8&6'���

,Q�6WHS����WKH�WHVW�UHVXOWV�RI�6WHSV���DQG���ZHUH�XVHG�WR�FDOLEUDWH�WKH��'�1/'7$�PRGHO��
,Q� 6WHS� ��� WKH� FDOLEUDWHG� DQDO\WLFDO� PRGHO� ZDV� XVHG� WR� GHWHUPLQH� WULDO� GHVLJQ� IDFWRUV� IRU� WKH�

GLDSKUDJP�EDVHG�RQ�1/'7$�RI�D�VLPSOH�HYDOXDWLRQ�VWUXFWXUH��



�&�$����

,Q� 6WHS� ��� UHDOLVWLF� SURWRW\SH� VWUXFWXUHV� GHVLJQHG� ZLWK� WKH� WULDO� IDFWRUV� ZDV� HYDOXDWHG� WKURXJK�
1/'7$�WR�FDOLEUDWH�ILQDO�GHVLJQ�IDFWRUV��7KLV�VWHS�ZDV�DOVR�XVHG�WR�LPSURYH�WKH�XVDELOLW\�RI�WKH�GHVLJQ�
SURFHGXUH��HYDOXDWH�WKH�HFRQRPLF�FRPSHWLWLYHQHVV�RI�WKH�QHZ�GHVLJQV��DQG�WR�FUHDWH�GHVLJQ�H[DPSOHV�IRU�
GLVVHPLQDWLRQ�RI�WKH�UHVHDUFK��
�
,QGXVWU\�3DUWLFLSDWLRQ�

$�NH\�DVSHFW�RI�WKH�UHVHDUFK�ZDV�WKH�FORVH�LQGXVWU\�RYHUVLJKW�LQ�HDFK�VWDJH�RI�WKH�SURMHFW��$W�WKH�
RXWVHW�� WKH� LQGXVWU\� JURXS� ZRUNHG� ZLWK� WKH� UHVHDUFKHUV� WR� HVWDEOLVK� WKH� SK\VLFDO� VFRSH� RI� WKH� SURMHFW�
LQFOXGLQJ�� ���� D� SRUWIROLR� RI� SURWRW\SH� VWUXFWXUHV� IRU� XVH� LQ� WKH� UHVHDUFK� DQG� LQ� GHYHORSLQJ� GHVLJQ�
H[DPSOHV�� ���� D� VHW� RI� VHLVPLF� GHVLJQ� VLWHV� UDQJLQJ� IURP� ORZ� WR� KLJK� VHLVPLF� KD]DUG� IRU� GHYHORSLQJ�
EDVHOLQH� GHVLJQV� RI� WKH� SURWRW\SH� VWUXFWXUHV� DQG� VXLWHV� RI� VSHFWUXP�FRPSDWLEOH� JURXQG�PRWLRQV� IRU� WKH�
UHVHDUFK�� DQG�� ���� UHSUHVHQWDWLYH� GLDSKUDJP� UHLQIRUFHPHQW� GHWDLOV� IRU� XVH� LQ� WHVW� VSHFLPHQV� IRU� WKH�
H[SHULPHQWDO�SURJUDP��'XULQJ�WKH�UHVHDUFK�VWDJHV��WKH�LQGXVWU\�WHDP�KDG�UHJXODU�IDFH�WR�IDFH�PHHWLQJ�RU�
WHOHFRQIHUHQFLQJ�ZLWK�WKH�UHVHDUFK�WHDP��
�
&���3+$6(6�,��,,��1((6�5(6($5&+�$&7,9,7,(6�

7KLV�VHFWLRQ�VXPPDUL]HV�WKH�H[SHULPHQWDO�DQG�DQDO\WLFDO�UHVHDUFK�DFWLYLWLHV�RI�WKH�SURMHFW�GXULQJ�
3KDVH�,�DQG�3KDVH�,,��KLJKOLJKWLQJ�NH\�NQRZOHGJH�REWDLQHG�LQ�HDFK�VWHS���
�
6WHS����'LDSKUDJP�&RQQHFWRU�7HVWLQJ�

,VRODWHG�FRQQHFWRU�WHVWV��1DLWR�HW�DO���������&DR�DQG�1DLWR�������ZHUH�SHUIRUPHG�RQ�WKH�H[LVWLQJ�
GLDSKUDJP� FRQQHFWRUV� VHOHFWHG� DV� UHSUHVHQWDWLYH� GHWDLOV� XVLQJ� D� WHVW� IL[WXUH� VSHFLDOO\� GHYHORSHG� IRU� WKH�
SURMHFW��7KH�WHVW�IL[WXUH��6HH�)LJ��&����FDQ�VLPXOWDQHRXVO\�DSSO\�QRQSURSRUWLRQDO�FRPSRQHQWV�RI�D[LDO�DQG�
VKHDU�IRUFH�RU�GLVSODFHPHQW��1DLWR�HW�DO���������

$� WHVWLQJ� SURWRFRO� �1DLWR� DQG� 5HQ� ������ ZDV� HVWDEOLVKHG� WR� GHWHUPLQH� WKH� FRQQHFWRU�
FKDUDFWHULVWLFV�XQGHU�F\FOLF�WHQVLRQ�DQG�VKHDU��8VLQJ�WKH�SURWRFRO��HDFK�FRQQHFWRU� W\SH�ZDV�SUHTXDOLILHG�
IRU�WKH�GHVLJQ�SURFHGXUH�DV�IROORZV������WKH�FRQQHFWRU�LV�DVVLJQHG�D�FODVVLILFDWLRQ��L�H��/'(��0'(�RU�+'(��
EDVHG� RQ� WKH� GHIRUPDWLRQ� FDSDFLW\� H[KLELWHG� LQ� WKH� WHVWLQJ�� DQG�� ���� WKH� FRQQHFWRU� FKDUDFWHULVWLFV� �H�J��
HODVWLF� VWLIIQHVV�� \LHOG� VWUHQJWK�� VHFRQGDU\� VWLIIQHVV�� LQ� VKHDU� DQG� WHQVLRQ� DUH� GHWHUPLQHG� XVLQJ� D�
TXDOLILFDWLRQ�EDFNERQH�EDVHG�RQ�)(0$������������DQG�HQWHUHG�LQWR�D�FRQQHFWRU�SURSHUW\�GDWDEDVH�IRU�XVH�
LQ�WKH�GHVLJQ�SURFHGXUH��5HQ�DQG�1DLWR��������
�

�
�)LJ��&����,VRODWHG�FRQQHFWRU�WHVWLQJ�VHWXS��DIWHU�1DLWR�DQG�5HQ��������

�
7KH�WHVW�UHVXOWV�IRU�WKH�UHSUHVHQWDWLYH�GHWDLOV��VHH��IRU�H[DPSOH��WHVW�UHVXOWV�VKRZQ�VXEVHTXHQWO\�LQ�

)LJXUH� &��E�� VKRZHG� WKDW� IHZ� H[LVWLQJ� SUHFDVW� GLDSKUDJP� FRQQHFWRUV� DUH� LQ� WKH� +'(� FODVVLILFDWLRQ��
$FFRUGLQJO\�� QHZ� FRQQHFWRU� GHWDLOV�ZHUH� GHYHORSHG� LQFOXGLQJ� D� GXFWLOH� GU\� FKRUG� FRQQHFWRU� �&DR� DQG�
1DLWR� ������ DQG� D� GXFWLOH� ODGGHU�PHVK� �1DLWR� HW� DO�� ������ IRU� VKHDU� UHLQIRUFHPHQW�� )LJXUH� &��� VKRZV�
KLJKOLJKWV�IURP�WKHVH�DFWLYLWLHV�LQFOXGLQJ���D��DQDO\WLFDO�PRGHOLQJ�FUHDWHG�LQ�',$1$���XVHG�WR�GHYHORS�WKH�

�������������������������������������������������
��',$1$��'HOIW��1HWKHUODQGV��
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GXFWLOH�GU\�FKRUG���E�� WKH�GXFWLOH� ODGGHU�PHVK�GHWDLO��DQG��F��GXFWLOH� ODGGHU�F\FOLF�VKHDU�UHVXOWV�VKRZLQJ�
KLJK�LQHODVWLF�VKHDU�GHIRUPDWLRQ�FDSDFLW\����
�
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�)LJ�����&RQQHFWRU�5HVHDUFK���D��'U\�FKRUG�PRGHOLQJ��DIWHU�&DR�DQG�1DLWR���������E��'XFWLOH�ODGGHU�GHWDLO�

�DIWHU�1DLWR�HW�DO����������F��5HVSRQVH��
�
6WHS����'LDSKUDJP�$QDO\WLFDO�0RGHOLQJ�DQG�$QDO\VLV�
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6KHDU�IDLOXUH�DW��VW�MRLQW

&KRUG�IDLOXUH�DW�PLG�VSDQ

�D��
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3UHFDVW�GRXEOH�7HH��'7��XQLW�
(ODVWLF�SODQH�VWUHVV�HOHPHQW

&RQWDFW�HOHPHQW

1RQOLQHDU�D[LDO�VSULQJ�HOHPHQW

1RQOLQHDU�VSULQJ�HOHPHQW
1RQOLQHDU�VKHDU
VSULQJ�HOHPHQW

1RQOLQHDU�OLQN�HOHPHQWV

��&KRUG
FRQQHFWRU

���6KHDU
FRQQHFWRU

6SDQGUHO�EHDP�
(ODVWLF�EHDP�HOHPHQW

'7�WR�VSDQGUHO
FRQQHFWRU
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)LJ��&����'LDSKUDJP�$QDO\VLV���D���'�)(�PRGHO���E��3XVKRYHU�FXUYH��DIWHU�)OHLVFKPDQ�DQG�:DQ��������

�F��'HIRUPDWLRQ�SURILOH��
�
7ZR�GLPHQVLRQDO� ��'��ILQLWH�HOHPHQW� �)(��PRGHOV�RI� WKH�SUHFDVW�GLDSKUDJP�ZHUH�GHYHORSHG��$�

NH\� IHDWXUH� RI� WKHVH� PRGHOV� LV� WKH� H[SOLFLW� PRGHOLQJ� RI� WKH� SUHFDVW� GLDSKUDJP� FRQQHFWRUV�� 6XFK� DQ�
DSSURDFK�SHUPLWV�GLUHFW�HYDOXDWLRQ�RI������WKH�IRUFH�SDWKV�LQ�WKH�GLDSKUDJP��ZKLFK�LQYROYHV�GLVFUHWH�IRUFH�
WUDQVIHUV� DFURVV� WKH� MRLQWV� EHWZHHQ� WKH� SUHFDVW� IORRU� XQLWV�� ���� QRQ�%HUQRXOOL� GHIRUPDWLRQ� SDWWHUQV� WKDW�
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RFFXU�LQ�WKH�IORRU�V\VWHP��DQG�����WKH�ORFDO�GHPDQGV�DFWLQJ�RQ�FRQQHFWRUV�LQFOXGLQJ�FRPELQHG�IRUFHV�DQG�
LQHODVWLF�GHIRUPDWLRQ�GHPDQGV���

7HVW� UHVXOWV� IURP� 6WHS� �� ZHUH� XVHG� WR� EXLOG� WKH� FRQQHFWRU� HOHPHQW�PRGHOV� IRU� WKH� )(�PRGHOV�
�:DQ��������$�FULWLFDO�UHTXLUHPHQW�IRU�WKHVH�HOHPHQWV�LV�WKH�QHHG�WR�SURGXFH�DFFXUDWH�VKHDU�UHVSRQVH�LQ�
WKH�SUHVHQFH�RI�D[LDO�WHQVLRQ��ZKHUH�FRXSOHG�UHVSRQVH�RFFXUV��3LQFKLHUD�HW�DO���������DQG�LQ�WKH�SUHVHQFH�
RI�D[LDO�FRPSUHVVLRQ��ZKHUH�IULFWLRQ�PHFKDQLVPV�DUH�PRELOL]HG��1DLWR�HW�DO���������7KXV�LQ�DGGLWLRQ�WR�WKH�
DIRUHPHQWLRQHG�FRQQHFWRU�TXDOLILFDWLRQ� WHVWLQJ� LQ�6WHS���� VXSSOHPHQWDO� WHVWV� RI� FRQQHFWRUV�XQGHU� F\FOLF�
VKHDU�LQ�WKH�SUHVHQFH�RI�WHQVLRQ�DQG�FRPSUHVVLRQ�ZHUH�SHUIRUPHG��

7KH��'�)(�PRGHO��6HH�)LJ��&��D��ZDV�XVHG�IRU�QRQOLQHDU�VWDWLF�³SXVKRYHU´�DQDO\VHV�RI�LVRODWHG�
GLDSKUDJPV� �)OHLVFKPDQ� DQG� :DQ� ������� 7KHVH� DQDO\VHV� ZHUH� XVHG� WR� GHWHUPLQH� GLDSKUDJP�
FKDUDFWHULVWLFV�� VXFK� DV� JOREDO� VWLIIQHVV�� VWUHQJWK�� GHIRUPDWLRQ� FDSDFLW\�� DQG� WR� H[DPLQH� ORDG� SDWKV� DQG�
GHIRUPDWLRQ�SDWWHUQV��LQFOXGLQJ�FRQFHQWUDWHG�GHIRUPDWLRQ�GHPDQGV�FUHDWHG�E\�WKH�YDULDWLRQ�RI�GLDSKUDJP�
UHLQIRUFHPHQW�FKDUDFWHULVWLFV�EHWZHHQ�MRLQWV��E\�QRQ�GXFWLOH�VKHDU�UHLQIRUFHPHQW��RU�E\�WKH�SURWHFWLRQ�RI�
FHUWDLQ�MRLQWV�E\�JUDYLW\�EHDPV�LQ�WKH�IORRU�V\VWHP��:DQ�HW�DO���������$V�DQ�H[DPSOH��)LJ��&��E�VKRZV�WKH�
VHQVLWLYLW\�RI�GLDSKUDJP�VWUHQJWK�DQG�GHIRUPDWLRQ�FDSDFLW\�WR�WKH�VKHDU�UHLQIRUFHPHQW�RYHUVWUHQJWK�IDFWRU�
:Y�� ZKLOH� )LJ�� �F� VKRZV� WKH� MRLQW� RSHQLQJ� SURILOH�� LQGLFDWLQJ� D� FRQFHQWUDWLRQ� RI� LQHODVWLF� GHIRUPDWLRQ�
GHPDQG�IRU�MRLQWV�DW�WKH�FROXPQ�OLQHV�ZKHUH�WKH�SUHFDVW�VSDQGUHO�EHDPV�DUH�GLVFRQWLQXRXV��7KXV�WKH�PDMRU�
ILQGLQJV�IURP�WKLV�VWHS�SHUWDLQ�WR�WKH�JOREDO�FKDUDFWHULVWLFV�RI�WKH�GLDSKUDJP�DQG�WKH�UHODWLRQVKLS�EHWZHHQ�
GLDSKUDJP�JOREDO�DQG�ORFDO�GHIRUPDWLRQ�GHPDQGV��
�
6WHS����6WUXFWXUH�0'2)�0RGHOLQJ�

�
�

�
)LJ��&����0'2)�VWXG\���D��0RGHO��DIWHU�6FKRHWWOHU���������E��)ORRU�DFFHOHUDWLRQV���F��7ULDO�GHVLJQ�IRUFHV�

IRU�HODVWLF�UHVSRQVH��
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%HDP�FROXPQ�HOHPHQW
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&XUUHQW�FRGH 5LJLG�GLDSKUDJP

)OH[LEOH�GLDSKUDJP
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7KH� GLDSKUDJP� SURSHUWLHV� GHWHUPLQHG� LQ� 6WHS� �� ZHUH� XVHG� WR� FUHDWH� VLPSOH� PXOWL�GHJUHH�RI�
IUHHGRP��0'2)��PRGHOV�RI�GLDSKUDJP�VHQVLWLYH�VWUXFWXUHV� �6HH�)LJ��&��D���7KHVH�VLPSOH�PRGHOV�ZHUH�
XVHG� WR� SHUIRUP� H[WHQVLYH� SDUDPHWULF� VWXGLHV� �6FKRHWWOHU� ������ RQ� WKH� UHODWLRQVKLS� EHWZHHQ� VWUXFWXUH�
FRQILJXUDWLRQ�� GLDSKUDJP� IOH[LELOLW\� DQG� VHLVPLF� KD]DUG� LQWHQVLW\�� )LJXUH� �D� VKRZV� WKH�0'2)�PRGHO��
ZKHUH�WKH�GLDSKUDJP�LV�PRGHOHG�XVLQJ�EHDP�HOHPHQWV�ZLWK�HIIHFWLYH�VKHDU�DQG�IOH[XUDO�SURSHUWLHV�EDVHG�
RQ� WKH� SXVKRYHU� DQDO\VHV� IURP�6WHS� ��� 7KH�PRGHOV� DUH� VXEMHFWHG� WR� WKH� VXLWHV� RI� VSHFWUXP�FRPSDWLEOH�
JURXQG�PRWLRQV�GHYHORSHG�IRU�GLIIHUHQW�VLWHV��DV�GHVFULEHG�HDUOLHU��$V�DQ�H[DPSOH�RI�UHVXOWV�SURGXFHG�LQ�
WKLV� VWHS�� )LJXUH�&��� VKRZV�PD[LPXP� IORRU� LQHUWLDO� IRUFH� UHVXOWV� IRU� VHLVPLF� GHVLJQ� FDWHJRU\� �6'&��(�
XQGHU�WKH�'%(��LQFOXGLQJ��KRUL]RQWDO�SURILOHV�DFURVV�WKH�GLDSKUDJP�VKRZLQJ�D�QRQ�XQLIRUP�GLVWULEXWLRQ�LQ�
FRQWUDVW� WR� WKH� XQLIRUP� GLDSKUDJP� IRUFH� GHVLJQ� GLVWULEXWLRQ� XVHG� LQ� FRGHV� �)LJ� &��E��� DQG�� YHUWLFDO�
SURILOHV�VKRZLQJ�WKH�WULDO�GHVLJQ�IRUFHV�GHWHUPLQHG�IRU�HODVWLF�UHVSRQVH��)LJ��&��F���
�
6WHS����6WUXFWXUH�1/'7$�0RGHOLQJ�

0RUH� GHWDLOHG� PRGHOV� RI� WKH� SUHFDVW� FRQFUHWH� VWUXFWXUHV� ZHUH� GHYHORSHG� IRU� XVH� LQ� QRQOLQHDU�
WUDQVLHQW�G\QDPLF�DQDO\VLV��1/7'$���7KHVH�WKUHH�GLPHQVLRQDO�ILQLWH�HOHPHQW���'�)(��PRGHOV��6HH�)LJ��
&��D��LQFRUSRUDWH�WKH�GLVFUHWH�GLDSKUDJP�FRQQHFWRU�PRGHOV�XVHG�LQ�WKH��'�)(�PRGHO�GHVFULEHG�LQ�6WHS����
H[WHQGHG�IRU�F\FOLF�ORDGLQJ��7KH�NH\�VWHS�LQ�H[WHQGLQJ�WKH�PRGHO�LV�PRGLI\LQJ�WKH�FRQQHFWRU�HOHPHQWV�WR�
FDSWXUH�WKH�FKDUDFWHULVWLFV�REVHUYHG�LQ�WKH�LVRODWHG�FRQQHFWRU�F\FOLF�ORDGLQJ�WHVWV��LQFOXGLQJ�WKH�K\VWHUHWLF�
EHKDYLRU��VWUHQJWK�GHJUDGDWLRQ��VWLIIQHVV�GHJUDGDWLRQ��VOLS��DQG�F\FOLF�GXFWLOLW\��=KDQJ��������)LJXUH�&��E�
FRPSDUHV� D� F\FOLF� VKHDU� WHVW� UHVXOW� IURP� 6WHS� �� ZLWK� WKH� UHVXOWV� IURP� FRQQHFWRU� HOHPHQW� XQGHU� F\FOLF�
ORDGLQJ���

7KH� ILQLWH� HOHPHQW� PRGHO� WUHDWV� WKH� WKUHH�GLPHQVLRQDO� EHKDYLRU� RI� WKH� VWUXFWXUH�� LQFOXGLQJ� WKH�
QRQOLQHDU�EHKDYLRU�RI�WKH�SULPDU\�YHUWLFDO�HOHPHQWV�RI�WKH�/)56��FRQILQHPHQW�RI�WKH�IORRU�MRLQW�RSHQLQJ�
E\�WKH�RXW�RI�SODQH�VWLIIQHVV�RI�VKHDU�ZDOOV�DQG�PRPHQW�IUDPHV��DQG�WKH�UHVWUDLQW�SURYLGHG�E\�WKH�JUDYLW\�
FROXPQV�� 5HDOLVWLF� WUHDWPHQW� RI� WKH� FRQILQHPHQW� SHUSHQGLFXODU� WR� WKH� GLDSKUDJP� MRLQWV� DQG� WKH�
VXSSOHPHQWDO�LQWHUVWRU\�VWLIIQHVV�SURYLGHG�E\�JUDYLW\�FROXPQV�ZDV�VKRZQ�WR�KDYH�D�VLJQLILFDQW�HIIHFW�RQ�
SUHFDVW�GLDSKUDJP�UHVSRQVH��=KDQJ��������
�
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7HVW
0RGHO

�D�� �E��
�

�)LJ��&����1/'7$�PRGHOLQJ���D���'�PRGHO�RI�SDUNLQJ�VWUXFWXUH���E��&RQQHFWRU�F\FOLF�UHVSRQVH��
�

7KH� �'�)(�PRGHO�ZDV� WKH� SURGXFWLRQ�PRGHO� IRU� WKH� VXEVHTXHQW� UHVHDUFK� VWHSV� LQFOXGLQJ�� � ����
DQDO\VHV� WR� GHWHUPLQH� GLDSKUDJP�VHQVLWLYH� SUHFDVW� VWUXFWXUH� VHLVPLF� EHKDYLRU�� ���� VHUYLQJ� DV� DQDO\WLFDO�
VXSHUVWUXFWXUH�IRU�WKH�K\EULG�VLPXODWLRQV��DQG�����IRU�FDOLEUDWLQJ�GLDSKUDJP�GHVLJQ�IDFWRUV�IRU�WKH�GHVLJQ�
PHWKRGRORJ\��=KDQJ��������
�
6WHS����6LPXODWLRQ�GULYHQ�3K\VLFDO�7HVWLQJ�

.H\�GLDSKUDJP� MRLQWV�ZHUH�H[DPLQHG� WKURXJK�VLPXODWLRQ�GULYHQ�SK\VLFDO� WHVWV�SHUIRUPHG�XVLQJ�
WKH��'�)(�1/7'$�PRGHOV������D�FULWLFDO�IOH[XUH�MRLQW�IURP�D�SUHFDVW�SDUNLQJ�VWUXFWXUH�GLDSKUDJP��=KDQJ�



�&�$����

HW�DO���������DQG� ����D�FULWLFDO� VKHDU� MRLQW� WDNHQ� IURP�D�GLDSKUDJP�RI� WKH� WHVW� VWUXFWXUH�GHVLJQHG� IRU� WKH�
VXEVHTXHQW�VKDNH�WDEOH�WHVW��=KDQJ��������
�
�

�

�D�� �E��
�

)LJ��&�����6LPXODWLRQ�GULYHQ�WHVW��FULWLFDO�IOH[XUH�MRLQW���D��DQDO\WLFDO�VXSHUVWUXFWXUH��PRGLILHG�IURP�
=KDQJ�HW�DO����������E��H[SHULPHQWDO�VXEVWUXFWXUH��

�
,Q� WKH� ILUVW� VHW� RI� WHVWV��1/'7$�RI� WKH� SDUNLQJ� VWUXFWXUH�PRGHO� XQGHU� VLQJOH� DQG�EL�GLUHFWLRQDO�

JURXQG� PRWLRQV� �6HH� )LJ�� &���D�� ZDV� XVHG� WR� FUHDWH� D� SUHGHWHUPLQHG� GLVSODFHPHQW� KLVWRU\� IRU� WKH� ��
GHJUHHV�RI�IUHHGRP��'2)V��RI�D�KDOI�VFDOH�H[SHULPHQWDO�VXEVWUXFWXUH��6HH�)LJ��&���E���7KH�VXEVWUXFWXUH�
FRQWDLQV� D� MRLQW� WKDW� LV�XQGHU� VLPXOWDQHRXV� IOH[XUH�� VKHDU� DQG�D[LDO� F\FOLF� ORDGLQJ�GXH� WR� WKH�FRPELQHG�
HIIHFWV� RI� WUDQVYHUVH� GLDSKUDJP�EHQGLQJ�� LQ�SODQH� WZLVWLQJ� GXH� WR� WKH� UDPS� FDYLW\� DQG� FROOHFWRU� IRUFHV�
WUDQVIHUUHG�WR�WKH�ORQJLWXGLQDO�VKHDU�ZDOO���
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2SHQLQJ��PP�

7�N1�

&KDUOHVWRQ
6HUYLFH

+DLUOLQH�FUDFNLQJ

0RGHUDWH�FUDFNLQJ

6OXJ�ZHOG�IUDFWXUH

0DMRU
FUDFNLQJ�FUXVKLQJ

&KDUOHVWRQ
'%(

&KDUOHVWRQ
0&(

%HUNHOH\
0&(

�
)LJ��&�����&KRUG�UHVSRQVHV�RI�6LPXODWLRQ�GULYHQ�WHVW��0RGLILHG�IURP�=KDQJ�HW�DO���������

�
7KH� IOH[XUDO� VWUHQJWK�� VWLIIQHVV�� URWDWLRQDO� GHIRUPDWLRQ� FDSDFLW\� DQG� SURJUHVVLYH� GDPDJH� RI� WKH�

FULWLFDO� IOH[XUDO� MRLQW�ZHUH�H[DPLQHG�XQGHU�D�VHTXHQFH�RI� LQFUHDVLQJ� LQWHQVLW\�HDUWKTXDNHV��)LJXUH�&����
VKRZV� WKH� FULWLFDO� FKRUG� WHQVLRQ� UHVSRQVH� LQ� DQG� GDPDJH�PDSSLQJ�ZLWK� LQFUHDVLQJ� HDUWKTXDNH� ORDGLQJ�
LQWHQVLW\��7KH�SUHGLFWLRQ�IURP�WKH�1/7'$�LV�VKRZQ�RQ�WRS�RI�WKH�WHVW�UHVXOWV��7KH�PDMRU�ILQGLQJV�IURP�
WKLV�WHVW�DUH������XVLQJ�WKH�QHZ�GHVLJQ�PHWKRGRORJ\��WKH�FULWLFDO�IOH[XUDO�MRLQW�VXUYLYHG�LWV�GHVLJQDWHG�0&(�
HDUWKTXDNH�� ���� WKH� XQERQGHG� GU\� FKRUG� FRQQHFWRU� DQG� VKHDU� �-9,� 9HFWRU�� FRQQHFWRU� H[KLELWHG� JRRG�
LQHODVWLF� GHIRUPDWLRQ� FDSDFLW\�� DQG� ���� WKH� DQDO\WLFDO� PRGHO� VKRZV� JRRG� DJUHHPHQW� ZLWK� WKH� MRLQW�
GHIRUPDWLRQ�UHVSRQVH��LQFOXGLQJ�UHDVRQDEOH�SUHGLFWLRQV�RI�ORFDO�UHVSRQVH��
�



�&�$����

� 6\PPHWU\
ERXQGDU\

1RQOLQHDU
URWDWLRQDO
VSULQJ

)ORRU���'�EHDP

1RQOLQHDU
VKHDU�VSULQJ

6KHDU�ZDOO
�'�EHDP

6KHDU
FULWLFDO�MRLQW

3ODQH�VWUHVV
HOHPHQW

�D�� �E��
�

�)LJ��&�����+\EULG�WHVW��VKHDU�MRLQW���D��DQDO\WLFDO�VXSHUVWUXFWXUH��PRGLILHG�IURP�=KDQJ���������E��
H[SHULPHQWDO�VXEVWUXFWXUH��

�
,Q�WKH�VHFRQG�VHW�RI�WHVWV��WKH�FULWLFDO�VKHDU�MRLQW�IURP�D�GLDSKUDJP�RI�WKH�VKDNH�WDEOH�WHVW�VWUXFWXUH�

ZDV�HYDOXDWHG�XVLQJ�K\EULG�VLPXODWLRQ��$�KDOI�VFDOH�VSHFLPHQ�RI�WKH�FULWLFDO�VKHDU�MRLQW��6HH�)LJ��&�����
ZDV� WKH�H[SHULPHQWDO� VXEVWUXFWXUH��7KH�XVH�RI�K\EULG� VLPXODWLRQ� IRU� WKLV�HYDOXDWLRQ� LV�FUXFLDO� VLQFH� WKH�
VKHDU�UHVSRQVH�RI�D�SUHFDVW�GLDSKUDJP�MRLQW�FDQ�EH�H[WUHPHO\�VHQVLWLYH�WR�D[LDO�IRUFH�SHUSHQGLFXODU�WR�WKH�
MRLQW�� HLWKHU� WHQVLRQ� RU� FRPSUHVVLRQ�� DQG� WKH� PRPHQW� DFWLQJ� RQ� WKH� MRLQW�� ,Q� LVRODWHG� FRQQHFWRU� WHVWV��
VLPSOLILHG�DVVXPSWLRQV�RI� UHVWUDLQW�SHUSHQGLFXODU� WR� WKH� MRLQW� DUH� W\SLFDOO\�PDGH�� ,Q� WKLV� WHVW�� WKH�F\FOLF�
D[LDO� DQG� IOH[XUDO� DFWLRQV� WKDW� RFFXU� VLPXOWDQHRXVO\� ZLWK� WKH� F\FOLF� VKHDU�� LQFOXGLQJ� QRQ�SURSRUWLRQDO�
ORDGLQJ�GXH�WR�WKH�LQWHUDFWLRQ�RI�WKH�VRIWHQLQJ�H[SHULPHQWDO�VXEVWUXFWXUH�ZLWK�WKH�DQDO\WLFDO�VXSHUVWUXFWXUH�
DUH�FDSWXUHG���

7KH� K\EULG� VLPXODWLRQ� DSSOLHG� WKH� DQWLFLSDWHG� VHLVPLF� GHPDQGV� WR� WKH� FULWLFDO� VKHDU� MRLQW�� 7KH�
VKHDU� VWUHQJWK� DQG� VWLIIQHVV� RI� D� SUHWRSSHG� SUHFDVW� FRQFUHWH� GLDSKUDJP� MRLQW� ZHUH� H[DPLQHG� XQGHU�
SURJUHVVLYH� F\FOLF� ORDGLQJ� GDPDJH�� )LJXUH�&���D� VKRZV� WKH� K\VWHUHWLF� UHVSRQVH� �DW� KDOI� VFDOH�� RI� MRLQW�
VKHDU�YV��MRLQW�VOLGLQJ�IURP�WKH�K\EULG�VLPXODWLRQ�ZLWK�WKH�1/7'$�PRGHO�SUHGLFWLRQ�RQ�WRS��)LJXUH�&���E�
VKRZV� WKH� VKHDU� VWLIIQHVV� �DW� KDOI� VFDOH�� GHJUDGDWLRQ� XQGHU� WKH� SURJUHVVLYH� F\FOLF� ORDGLQJ� GDPDJH��7KH�
PDMRU� ILQGLQJV� IURP� WKLV� WHVW� DUH�� ���� WKH� VKHDU� �-9,� 9HFWRU�� FRQQHFWRUV� � VKRZ� VWUHQJWK� DQG� VWLIIQHVV�
GHJUDGDWLRQ�ZLWK�LQFUHDVLQJ�VOLGLQJ�GHIRUPDWLRQ������D�VKHDU�RYHUVWUHQJWK�IDFWRU�LV�UHTXLUHG�IRU�WKH�VHLVPLF�
GHVLJQ�WR�SUHYHQW�D�QRQ�GXFWLOH�VKHDU�IDLOXUH��DQG������WKH�DQDO\WLFDO�UHVXOWV�DQG�K\EULG�VLPXODWLRQ�UHVXOWV�
DUH�LQ�JRRG�DJUHHPHQW��
�
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)LJ��&�����6KHDU�UHVSRQVHV�RI�K\EULG�WHVW���D��+\VWHUHVLV��E��6WLIIQHVV�GHJUDGDWLRQ��
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6WHS����6KDNH�7DEOH�7HVWLQJ�
$� WKUHH�VWRU\� GLDSKUDJP� VHQVLWLYH� VWUXFWXUH� ZDV� WHVWHG� RQ� WKH� 1((6#8&6'� VKDNH� WDEOH�

�6FKRHWWOHU�HW�DO���������)LJXUH�&���D�VKRZV� WKH�KDOI�VFDOH�VKDNH� WDEOH� WHVW�VSHFLPHQ��7KH�VWUXFWXUH�KDV�
WKUHH� IORRU� OHYHOV� ZLWK� D� GLIIHUHQW� FRQVWUXFWLRQ� WHFKQLTXH� XVHG� IRU� HDFK� OHYHO�� ���� D� WRSSHG� GRXEOH� WHH�
V\VWHP������D�WRSSHG�KROORZ�FRUH�V\VWHP��DQG�����DQ�XQWRSSHG�GRXEOH�WHH�V\VWHP��6HH�)LJ��&���E���(DFK�
RI�WKH�IORRUV�ZDV�GHVLJQHG�ZLWK�FRQFHSWV�IURP�WKH�GHVLJQ�PHWKRGRORJ\��7KH�VWUXFWXUH�SRVVHVVHG�XQERQGHG�
SRVW�WHQVLRQHG�SUHFDVW�URFNLQJ�ZDOOV�ZKLFK�SHUPLWWHG�UHSHDWHG�WHVWLQJ�RI�WKH�VWUXFWXUH�ZLWKRXW�VLJQLILFDQW�
GDPDJH�WR�WKH�ZDOOV��
�

�

2XWULJJHU�)RXQGDWLRQ�

3RVW�WHQVLRQHG�6KHDU�:DOO�

�D�� �E��

����P ����P

3UHFDVW�FROXPQ

3UHFDVW�/�EHDP

3UHFDVW
VSDQGUHO�EHDP

3RVW�WHQVLRQHG
�VKHDU�ZDOO

�����P

3UHFDVW�IORRU
XQLW

�
)LJ��&�����6KDNH�WDEOH�WHVWLQJ�VSHFLPHQ��PRGLILHG�IURP�6FKRHWWOHU�HW�DO����������D��6SHFLPHQ�SKRWR���E��

3ODQ�RI��UG�IORRU�
�

7KH�XVH�RI� WKH�1((6#8&6'�VKDNH� WDEOH�ZDV�HVVHQWLDO� WR�GHPRQVWUDWH� WKH�SHUIRUPDQFH�RI� WKH�
GLDSKUDJP� GHVLJQ� FRQFHSWV� DW� ODUJH� VFDOH� DV� LW� LV� GLIILFXOW� WR� SURGXFH� VPDOO� VFDOH� SUHFDVW� XQLWV� DQG�
FRQQHFWRUV��0RVW�RWKHU�H[LVWLQJ�VKDNH�WDEOH�WHVWV�ZRXOG�UHTXLUH�DQ�LGHDOL]HG�³WR\´�WHVW�VWUXFWXUH�WKDW�ZRXOG�
QRW� GLUHFWO\� UHSURGXFH� WKH� FRQILJXUDWLRQV�� DQFKRUDJHV�� RU� FRQVWUXFWLRQ� WROHUDQFHV� RI� DFWXDO� SUHFDVW�
FRQFUHWH�VWUXFWXUHV��(YHQ�WKRXJK�WKH�1((6#8&6'�VKDNH�WDEOH�LV�ODUJH��WKH�KDOI�VFDOH�WHVW�VWUXFWXUH�GLG�
QRW�ILW�RQ�WKH�WDEOH��DQG�D�VSHFLDO�RXWULJJHU�IRXQGDWLRQ�RQ�VSHFLDO�VOLGHUV��VKRZQ�LQ�)LJ����D��ZDV�QHHGHG��

7KH� REMHFWLYHV� RI� WKH� VKDNH� WDEOH� WHVW� SURJUDP� LQFOXGH�� ���� WR� GHPRQVWUDWH� WKH� SHUIRUPDQFH� RI�
SUHFDVW� GLDSKUDJPV� DQG� WKH� HIILFDF\� RI� WKH� GHVLJQ� PHWKRGRORJ\�� ���� WR� SUHTXDOLI\� FHUWDLQ� GLDSKUDJP�
GHVLJQV�DW�D�JLYHQ� OHYHO�RI�SHUIRUPDQFH�� ���� WR�SURYLGH� LQIRUPDWLRQ� IRU�XVH� LQ�FDOLEUDWLQJ� WKH�DQDO\WLFDO�
PRGHOV��DQG�����WR�SURYLGH�QHZ�NQRZOHGJH�RI�WKH�EHKDYLRU�RI�GLDSKUDJP�VHQVLWLYH�SUHFDVW�VWUXFWXUHV��7R�
GR�VR��WKH�WHVW�VWUXFWXUH�ZDV�GHVLJQHG�IRU�%HUNHOH\��6'&�(��XVLQJ�WKH�5'2�GHVLJQ�RSWLRQ�DQG�LW�ZDV�SXW�
WKURXJK�D�VXLWH�RI�LQFUHDVLQJ�LQWHQVLW\�HDUWKTXDNHV��IURP�D�6'&�&�'%(�WR�D�6'&�(�0&(��VHH�7DEOH�&�����
7KH�GDWD�DFTXLVLWLRQ�DW�1((6#8&6'�ZDV�VXSSOHPHQWHG�E\�WKH�1((6#8&/$�PRELOH�WUXFN�WR�LQFOXGH�
RYHU�����FKDQQHOV�RI�GDWD��$�1((6�SD\ORDG�SURMHFW�RQ�HTXLSPHQW�LVRODWLRQ�ZDV�FRQGXFWHG�RQ�WKH�VKDNH�
WDEOH�VSHFLPHQ��&DVVLG\�DQG�*DYLQ���������

�

7DEOH�&����7HVW�SURJUDP�PDWUL[�
7HVW��� 6'&� 6LWH� 7DUJHW�/HYHO +LVWRULF�HDUWKTXDNH� 6FDOHG�3*$��J��
�� &� .QR[YLOOH��.1�� '%(� �����,PSHULDO�9DOOH\ ������
�� '� 6HDWWOH��6(�� '%(� �����,PSHULDO�9DOOH\ �����
�� (� %HUNHOH\��%.�� '%(� �����/RPD�3ULHWD� �����
�� (� %HUNHOH\��%.�� 0&(� �����/RPD�3ULHWD� �����
�
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� )LJXUH� &���� KLJKOLJKWV� UHVXOWV� IURP� WKH� VKDNH� WDEOH� WHVW� SURJUDP�� )LJXUH� &���D� VKRZV� WKH�
GLDSKUDJP�LQHUWLD�IRUFH�SURILOH�DORQJ�WKH�IORRU�VSDQ�DW� WKH��UG� IORRU��$V�H[SHFWHG�IRU�D�5'2�GHVLJQ�� WKH�
GLDSKUDJP�\LHOGV�XQGHU�ERWK�'%(�DQG�0&(��1RWH�WKDW�WKH�IRUFH�SURILOHV�ZHUH�QRW�XQLIRUPO\�GLVWULEXWHG�
DORQJ�WKH�GLDSKUDJP��DV�FXUUHQW�GHVLJQ�SUDFWLFH�DVVXPHV��)LJXUH�&���E�VKRZV�WKH�PD[LPXP�GLDSKUDJP�
MRLQW� RSHQLQJ� GHPDQG�� $V� VHHQ�� ZLWK� WKH� LQFUHDVH� LQ� HDUWKTXDNH� ORDGLQJ�� WKH� GLDSKUDJP� MRLQW� RSHQLQJ�
LQFUHDVHV�SURJUHVVLYHO\�IURP�HODVWLF�WR�LQHODVWLF�EXW�UHPDLQHG�EHORZ�WKH�WDUJHW�IDLOXUH�RSHQLQJ��7KLV�UHVXOW�
LQGLFDWHV�WKDW�WKH�GLDSKUDJP�MRLQW�LQHODVWLF�GHIRUPDWLRQ�GHPDQG�PHW�WKH�5'2�GHVLJQ�WDUJHW��
�
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&XUUHQW�&RGH�'HVLJQ

6KDNH�WDEOH
VSHFLPHQ�GHVLJQ

1RUPDOL]HG�VSDQ��[�/� �
)LJ��&�����6KDNH�WDEOH�WHVW�UHVXOWV���D��'LDSKUDJP�IRUFH�SURILOH���UG�IORRU��E��0D[LPXP�MRLQW�RSHQLQJ��

�
&���3+$6(�,,,��'(6,*1�0(7+2'2/2*<�'(9(/230(17��

7KH�1((6�UHVHDUFK�DFWLYLWLHV�GHVFULEHG�LQ�WKH�SUHYLRXV�VHFWLRQ�SURYLGHG�QHZ�NQRZOHGJH�RQ�WKH�
FKDUDFWHULVWLFV�RI�SUHFDVW�GLDSKUDJP�UHLQIRUFHPHQW�� WKH�EHKDYLRU�RI�SUHFDVW�GLDSKUDJPV�DQG� WKH� VHLVPLF�
GHPDQGV�RQ�GLDSKUDJP�VHQVLWLYH�SUHFDVW�VWUXFWXUHV��$�PDMRU�REMHFWLYH�RI�WKHVH�UHVHDUFK�DFWLYLWLHV�ZDV�WR�
GHYHORS� DQDO\WLFDO�PRGHOV� IRU� FDOLEUDWLRQ� RI� GLDSKUDJP� GHVLJQ� IDFWRUV� RYHU� D� ZLGH� UDQJH� RI� VWUXFWXUDO�
FRQGLWLRQV��7KLV�VWHS�RFFXUV�LQ�3KDVH�,,,��
�
6WHS����$QDO\WLFDO�0RGHO�&DOLEUDWLRQ�

0RGHO�FDOLEUDWLRQ�LQYROYHG�FRPSDULQJ�DQDO\WLFDO�UHVSRQVH�WR�WKH�JOREDO�DQG�ORFDO�UHVSRQVH�IURP�
WKH� VKDNH� WDEOH� WHVWV� �=KDQJ� ������ DQG� WKH� VLPXODWLRQ�GULYHQ� WHVWV� �=KDQJ� HW� DO�� ������� *OREDO�
H[SHULPHQWDO�UHVSRQVHV�LQFOXGH������GLDSKUDJP�IRUFH������GLDSKUDJP�GHIRUPDWLRQ������/)56�GULIW�GHPDQG��
����LQWHUVWRU\�GULIW��DQG�����VWUXFWXUH�SHULRG��/RFDO�UHVSRQVHV�LQFOXGH������GHIRUPDWLRQ�SURILOHV�DORQJ�WKH�
OHQJWK�RI�WKH�GLDSKUDJP������LQGLYLGXDO�GLDSKUDJP�FRQQHFWRU�GHIRUPDWLRQ�GHPDQGV��DQG�����IDLOXUH�PRGHV��
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)LJ��&�����'LDSKUDJP�UHVSRQVH�PRGHO�WHVW�FRPSDULVRQ���D��,QHUWLD�IRUFH��E��0D[LPXP�RSHQLQJ��
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� )LJXUH� &���� FRPSDUHV� WKH� GLDSKUDJP� UHVSRQVH� IURP� D� VKDNH� WDEOH� WHVW� DQG� WKH� FDOLEUDWHG�
DQDO\WLFDO�PRGHO��5HVXOWV�DUH�VKRZQ�IRU�GLDSKUDJP�LQHUWLD�IRUFH�DQG�PD[LPXP�GLDSKUDJP�MRLQW�RSHQLQJ�
XQGHU� WKH� 6HDWWOH�'%(� HDUWKTXDNH��*RRG� DJUHHPHQW� LV� VHHQ� EHWZHHQ� WHVW� DQG� FDOLEUDWHG�PRGHO� UHVXOWV��
6XFK�DJUHHPHQW�SHUPLWV�WKH�XVH�RI�WKH��'�)(�PRGHO�IRU�GHYHORSLQJ�GLDSKUDJP�GHVLJQ�IDFWRUV��
�
6WHS����7ULDO�'HVLJQ�)DFWRU�3DUDPHWHU�6WXG\�

7KH�FDOLEUDWHG�DQDO\WLFDO�PRGHO�ZDV�XVHG�WR�SHUIRUP�D�SDUDPHWHU�VWXG\�WR�GHWHUPLQH�WULDO�GHVLJQ�
IDFWRUV��=KDQJ��������$�VLPSOH�HYDOXDWLRQ�VWUXFWXUH��VHH�)LJ��&���D��ZDV�XVHG�IRU� WKLV�VWXG\�� WR�SHUPLW�
HDVLO\�YDU\LQJ�WKH�GLDSKUDJP�JHRPHWU\��OHQJWK�DQG�DVSHFW�UDWLR���QXPEHU�RI�VWRULHV��6'&��&��'�DQG�(���
DQG� OD\RXW� DQG� W\SH� RI� /)56� �VKHDU� ZDOOV� DQG� PRPHQW� IUDPHV��� 7KH� REMHFWLYH� RI� WKLV� VWXG\� ZDV� WR�
GHWHUPLQH� WULDO� YDOXHV� RI� WKH� GLDSKUDJP� GHVLJQ� IDFWRUV� �<��:�� GHVFULEHG� HDUOLHU�� 7R� DFFRPSOLVK� WKLV�
REMHFWLYH�� WKH� GLDSKUDJP� GHVLJQ� VWUHQJWK� LV� LQFUHDVHG� LQ� WKH� DQDO\VLV� XQWLO� WKH� DVVRFLDWHG� GLDSKUDJP�
SHUIRUPDQFH�WDUJHW��6HH�)LJ��&����LV�PHW��7KLV�SURFHVV�ZDV�JXLGHG�E\�SUHOLPLQDU\�ILQGLQJV�RQ�GLDSKUDJP�
LQHUWLDO�IRUFH�REWDLQHG�LQ�6WHS�����
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6\PPHWU\�
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&ROXPQ���'� �
EHDP�HOHPHQWV�

6SDQGUHO�� �'�
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0RPHQW�IUDPH�� �
�'�EHDP�HOHPHQWV�

6KHDU�ZDOO�
�'�VKHOO�HOHPHQWV

�D��

�
)LJ��&�����3DUDPHWULF�VWXG\���D��(YDOXDWLRQ�VWUXFWXUH��E��<�IDFWRUV���F��:�IDFWRUV���G��'LDSKUDJP�IRUFH�

SURILOH��
�

)LJXUH� &���E� VKRZV� WKH� GLDSKUDJP� IRUFH� DPSOLILFDWLRQ� IDFWRUV� PHHWLQJ� WKH� GHVLJQ� WDUJHWV� IRU�
VWUXFWXUHV� ZLWK� D� GLDSKUDJP� DVSHFW� UDWLR� RI� ��� )LJXUH� &���F� VKRZV� WKH� GLDSKUDJP� VKHDU� RYHUVWUHQJWK�
IDFWRUV�GHWHUPLQHG�IRU���VWRU\�VWUXFWXUHV��,W�LV�VHHQ�WKDW�<�W\SLFDOO\�LQFUHDVHV�ZLWK�QXPEHU�RI�VWRULHV�DQG�
:�W\SLFDOO\� GHFUHDVHV�ZLWK� WKH� GLDSKUDJP� DVSHFW� UDWLR�� )LJXUH�&���G� VKRZV� WKH� QRUPDOL]HG� GLDSKUDJP�
LQHUWLD� IRUFH� XQGHU� WKH�0&(� LQGLFDWLQJ� WKDW� WKH�PD[LPXP�GLDSKUDJP� IRUFH� W\SLFDOO\� RFFXUV� DW� WKH� WRS�
IORRU��

7KLV�VWHS�HVWDEOLVKHG�WKH�WULDO�YDOXHV�RI�WKH�GLDSKUDJP�GHVLJQ�IDFWRUV��<��:���7KHVH�IDFWRUV�KDYH�
EHHQ�XVHG�LQ�WKH�SURSRVHG�GLDSKUDJP�GHVLJQ�PHWKRGRORJ\��7KH�SURWRW\SH�VWUXFWXUHV�GHVLJQHG�ZLWK�WKHVH�
IDFWRUV�DUH�HYDOXDWHG�LQ�VWHS���
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6WHS����)LQDO�'HVLJQ�)DFWRU�&DOLEUDWLRQ�
7KH� ILQDO� UHVHDUFK� VWHS� LV� WKH� FDOLEUDWLRQ� RI� WKH� GHVLJQ� IDFWRUV� �=KDQJ� ������� ,Q� WKLV� VWHS�� WKH�

SURWRW\SH�VWUXFWXUHV�VHOHFWHG�DW�WKH�RXWVHW�RI�WKH�SURMHFW�DUH�GHVLJQHG�XVLQJ�WKH�GHVLJQ�PHWKRGRORJ\�ZLWK�
WKH�WULDO�GHVLJQ�IDFWRUV�GHWHUPLQHG�LQ�WKH�SUHYLRXV�VWHS��'XULQJ�WKLV�SURFHVV��DQDO\WLFDO�PRGHOV�FUHDWHG�WR�
GHVLJQ� WKH� SURWRW\SH� VWUXFWXUHV� ZHUH� XVHG� E\� UHVHDUFK� WHDP�� LQ� FORVH� FROODERUDWLRQ� ZLWK� WKH� LQGXVWU\�
DGYLVRU\� WHDP�� WR�� ���� HYDOXDWH� WKH� ³XVDELOLW\´� RI� WKH� GHVLJQ� SURFHGXUH� DQG� LPSURYH� LW� DV� QHHGHG�� ����
H[DPLQH�WKH�HFRQRPLFV�RI�WKH�QHZ�GHVLJQV�UHODWLYH�WR�FXUUHQW�GHVLJQV�DQG�VXJJHVW�PRGLILFDWLRQV��DQG�����
FUHDWH�GHVLJQ�H[DPSOHV�IRU�XVH�LQ�KDQGERRNV��
� $V� DQ� H[DPSOH� RI� WKLV� ILQDO� FDOLEUDWLRQ�� )LJXUH� &���� VKRZV� WKH� UHVXOWV� RI� SURWRW\SH� SDUNLQJ�
VWUXFWXUH�GHVLJQHG�IRU�6'&�&�XQGHU�EL�GLUHFWLRQDO�0&(�ORDGLQJ��)LJXUH���D�VKRZV�D� W\SLFDO� IORRU�SODQ�
DQG�SKRWR�RI�WKH�VWUXFWXUH��)LJXUH�&���E�VKRZV�WKH�GLDSKUDJP�LQHUWLD�IRUFH�SURILOH�YV��VWRU\��)LJXUH�&���F�
VKRZV�WKH�GLDSKUDJP�PRPHQW�GLDJUDP��,Q�HDFK�FDVH��WKH�SURSRVHG�GHVLJQ�IRUFH�YDOXHV�DUH�LQFOXGHG�LQ�WKH�
SORW�� ,W� LV� VHHQ� WKDW� WKH�GHVLJQ�YDOXHV�HVWLPDWH�ZHOO� DQG�ERXQG� WKH�GLDSKUDJP� IRUFH�GHPDQGV�XQGHU� WKH�
HDUWKTXDNH�ORDGLQJ�LQ�PRVW�FDVHV��)LJXUH�&���G�VKRZV�WKH�GLDSKUDJP�PD[LPXP�MRLQW�RSHQLQJ�SURILOH�IRU�
GLIIHUHQW�GHVLJQ�RSWLRQV��7KLV�ILJXUH�LQGLFDWHV�WKDW�WKH�GLDSKUDJP�RSHQLQJ�GHPDQG�IRU�HDFK�GHVLJQ�RSWLRQ�
KDV�PHW�WKH�GHVLJQ�SHUIRUPDQFH�WDUJHWV��HODVWLF�EHKDYLRU�IRU�WKH�('2��GHIRUPDWLRQ�ZLWKLQ�0'(�DOORZDEOH�
GHIRUPDWLRQ�IRU�WKH�%'2��DQG�GHIRUPDWLRQ�ZLWKLQ�+'(�DOORZDEOH�GHIRUPDWLRQ�IRU�WKH�5'2����
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)LJ��&�����3URWRW\SH�SDUNLQJ�VWUXFWXUH���D��)ORRU�SODQ�DQG�LVRWURSLF�YLHZ��E��'LDSKUDJP�LQHUWLD��

�E��1RUWK�VXE�GLDSKUDJP�PRPHQW���F��'LDSKUDJP�MRLQW�RSHQLQJ��
�
&RGLILFDWLRQ�$FWLYLWLHV�

,Q� SDUDOOHO� ZLWK� WKH� UHVHDUFK� DFWLYLWLHV� VXPPDUL]HG� KHUHLQ�� WKH� LQGXVWU\� DGYLVRU\� WHDP�ZRUNHG�
FORVHO\�ZLWK�WKH�UHVHDUFKHUV�WR�FUHDWH�D�XVDEOH�GHVLJQ�PHWKRGRORJ\�DQG�WR�LQLWLDWH�PHFKDQLVPV�WR�WUDQVIHU�
WKH� SURGXFWV� RI� WKH� UHVHDUFK� LQWR� SUDFWLFH�� 7KHVH� RQJRLQJ� DFWLYLWLHV� LQFOXGH�� ���� D� GUDIW� GHVLJQ�
PHWKRGRORJ\��)OHLVFKPDQ������������D�ZKLWH�SDSHU�DFFHSWHG�WR�3DUW���RI�WKH������1(+53�5HFRPPHQGHG�
3URYLVLRQV� IRU� 6HLVPLF� 'HVLJQ� IRU� 1HZ� %XLOGLQJV� �%66&� 76�� ������� DQG� ���� DFWLYH� SDUWLFLSDWLRQ� RI�
LQGXVWU\�DGYLVRU\�WHDP�PHPEHUV�RQ�$&,�����VXE�FRPPLWWHHV�DQG�%66&�38&�,7�WDVN�JURXSV�SHUWDLQLQJ�
WR�GLDSKUDJP�GHVLJQ��
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&���&21&/86,216�
$�PXOWL�XQLYHUVLW\�WHDP�KDV�VXFFHVVIXOO\�XVHG�WKH�HTXLSPHQW��PHWKRGV�DQG�FROODERUDWLYH�UHVHDUFK�

WRROV� SURYLGHG� E\�1((6� WR� GHYHORS� D� QHZ� GHVLJQ�PHWKRGRORJ\� IRU� SUHFDVW� FRQFUHWH� GLDSKUDJPV�� 7KH�
SURMHFW� XVHG� UHVHDUFK� IDFLOLWLHV� DW� WKH�1((6�(TXLSPHQW� 6LWHV� WR� GHYHORS� QHZ� NQRZOHGJH� DQG� FDOLEUDWH�
DQDO\WLFDO�PRGHOV�SHUWDLQLQJ� WR�SUHFDVW�FRQFUHWH� IORRU�GLDSKUDJPV��7KLV�NQRZOHGJH�KDV� LQIRUPHG�D�QHZ�
GHVLJQ� PHWKRGRORJ\�� DQG� WKH� FDOLEUDWHG� DQDO\WLFDO� PRGHOV� KDYH� EHHQ� XVHG� WR� TXDQWLI\� GHVLJQ� IDFWRUV�
UHTXLUHG� LQ� WKH�GLDSKUDJP�GHVLJQ�SURFHGXUH��7KH�SURMHFW¶V� LQGXVWU\�DGYLVRU\� WHDP� LV� FXUUHQWO\�ZRUNLQJ�
ZLWK�FRGH�ZULWLQJ�ERGLHV�WR�PRYH�WKH�UHVXOWV�RI�WKH�SURMHFW�LQWR�WKH�GHVLJQ�FRGHV���
�
&���5()(5(1&(6�
$&,����������������%XLOGLQJ�&RGH�5HTXLUHPHQWV�IRU�6WUXFWXUDO�&RQFUHWH��$&,���������DQG�&RPPHQWDU\�
�$&,����������$&,�FRPPLWWHH������
%XLOGLQJ� 6HLVPLF� 6DIHW\� &RXQFLO�� &RPPLWWHH� 76���� ������� ³6HLVPLF� GHVLJQ� PHWKRGRORJ\� IRU� SUHFDVW�
FRQFUHWH� IORRU� GLDSKUDJPV�´� 3DUW� ,,,�� 1(+53� 5HFRPPHQGHG� 6HLVPLF� 3URYLVLRQV� � )HGHUDO� (PHUJHQF\�
0DQDJHPHQW�$JHQF\��:DVKLQJWRQ��'�&��
�
&DVVLG\� ,�� DQG� *DYLQ� +�3�� ������� ³0RGHOLQJ� RI� D� KDOI�VFDOH� SUH�FDVW� SUH�VWUHVVHG� UHLQIRUFHG� FRQFUHWH�
EXLOGLQJ´�,QWHUQDO�UHSRUW��'HSDUWPHQW�RI�&LYLO�DQG�(QYLURQPHQWDO�(QJLQHHULQJ��'XNH�8QLYHUVLW\��
�
&DR� /��� DQG� 1DLWR� &�� ������� ³'HVLJQ� RI� SUHFDVW� GLDSKUDJP� FKRUG� FRQQHFWLRQV� IRU� LQ�SODQH� WHQVLRQ�
GHPDQGV�´�$6&(�-RXUQDO�RI�6WUXFWXUH�(QJLQHHULQJ���������������������
�
&DR�/���DQG�1DLWR�&���������³3UHFDVW�GRXEOH�WHH�IORRU�FRQQHFWRUV�SDUW�,,��VKHDU�SHUIRUPDQFH�´�3&,�-RXUQDO��
���������������
�
)HGHUDO� (PHUJHQF\� 0DQDJHPHQW� $JHQF\� �������� ³3UHVWDQGDUG� DQG� FRPPHQWDU\� IRU� WKH� VHLVPLF�
UHKDELOLWDWLRQ�RI�EXLOGLQJV´�)(0$������:DVKLQJWRQ��'&��
�
)OHLVFKPDQ�5�%�� ��������³'HYHORSPHQW�DQG�GHVLJQ�RI�XQWRSSHG�SUHFDVW�FRQFUHWH�GLDSKUDJP�V\VWHP�IRU�
KLJK� VHLVPLF� ]RQHV´� &KDUOHV� 3DQNRZ� )RXQGDWLRQ��
�KWWS���ZZZ�SDQNRZIRXQGDWLRQ�RUJ�JUDQWV�FIP"UHVHDUFK �!�
�
)DUURZ��.��7��DQG�)OHLVFKPDQ��5��%����������³(IIHFW�RI�GLPHQVLRQ�DQG�GHWDLO�RQ�WKH�FDSDFLW\�RI�SUHFDVW�
FRQFUHWH�SDUNLQJ�VWUXFWXUH�GLDSKUDJPV´�3&,�-RXUQDO���������������
)OHLVFKPDQ��5��%��� DQG�)DUURZ��.��7�� �������³'\QDPLF� UHVSRQVH�RI�SHULPHWHU� ODWHUDO�V\VWHP�VWUXFWXUHV�
ZLWK�IOH[LEOH�GLDSKUDJPV´��-RXUQDO�RI�(DUWKTXDNH�(QJLQHHULQJ�	�6WUXFWXUDO�'\QDPLFV��9�����1R�����0D\��
SS�����������
�
)OHLVFKPDQ�� 5�%�� )DUURZ�� .�7�� (DVWPDQ�� .�� ������� ³6HLVPLF� UHVSRQVH� RI� SHULPHWHU� ODWHUDO�V\VWHP�
VWUXFWXUHV�ZLWK�KLJKO\�IOH[LEOH�GLDSKUDJPV�´�(DUWKTXDNH�6SHFWUD���������0D\�����������
�
)OHLVFKPDQ�� 5�%��� 6DXVH�� 5��� 3HVVLNL�� 6��� DQG� 5KRGHV�� $�%��� �6HLVPLF� %HKDYLRU� RI� 3UHFDVW� 3DUNLQJ�
6WUXFWXUH�'LDSKUDJPV��3&,�-RXUQDO����������-DQXDU\�)HEUXDU\��SS���������������
�
)OHLVFKPDQ�� 5�%�� DQG� :DQ�� *�� �������� ³$SSURSULDWH� RYHUVWUHQJWK� RI� VKHDU� UHLQIRUFHPHQW� LQ� SUHFDVW�
FRQFUHWH�GLDSKUDJPV´��$6&(�-RXUQDO�RI�6WUXFWXUH�(QJLQHHULQJ���������������������
�
,YHUVRQ��-�.��DQG�+DZNLQV��1�0����������³3HUIRUPDQFH�RI�SUHFDVW�SUHVWUHVVHG�FRQFUHWH�EXLOGLQJ�VWUXFWXUHV�
GXULQJ�1RUWKULGJH�HDUWKTXDNH´�PCI Journal�����������������
�
/HH�� +�-�� DQG� .XFKPD�� '�$�� �������� ³6HLVPLF� UHVSRQVH� RI� SDUNLQJ� VWUXFWXUHV� ZLWK� SUHFDVW� FRQFUHWH�
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GLDSKUDJPV´�3&,�-RXUQDO���������������
�
0RHKOH�� -�3��� +RRSHU�� -�'��� .HOO\�� '�-�� DQG� 0H\HU�� 7�5�� ������� ³6HLVPLF� 'HVLJQ� RI� &DVW�LQ�3ODFH�
&RQFUHWH�'LDSKUDJPV��&KRUGV��DQG�&ROOHFWLRQV´�1(+53�6HLVPLF�'HVLJQ�7HFKQLFDO�%ULHI�1R����
�
1DLWR�� &�-��� &DR�� /��� DQG� 3HWHU�� :�� �������� ³3UHFDVW� GRXEOH�WHH� IORRU� FRQQHFWRUV� SDUW� ,�� WHQVLRQ�
SHUIRUPDQFH�´�3&,�-RXUQDO����������������
�
1DLWR�� &��� 3HWHU��:�� DQG� &DR�� /�� �������� ³'HYHORSPHQW� RI� D� VHLVPLF� GHVLJQ� PHWKRGRORJ\� IRU� SUHFDVW�
GLDSKUDJPV���SKDVH���VXPPDU\�UHSRUW´��$7/66�5HSRUW�1R��������$7/66�&HQWHU��/HKLJK�8QLYHUVLW\��3$��
�
1DLWR��&���5HQ��5���-RQHV��&���DQG�&XOOHQ�7����������³'HYHORSPHQW�RI�D�VHLVPLF�GHVLJQ�PHWKRGRORJ\�IRU�
SUHFDVW� GLDSKUDJPV� �� SKDVH� �E� VXPPDU\� UHSRUW´�� $7/66� 5HSRUW� ������� $7/66� &HQWHU�� /HKLJK�
8QLYHUVLW\��3$���
�
1DLWR��&�-��DQG�5HQ��5����������³$Q�HYDOXDWLRQ�PHWKRG�IRU�SUHFDVW�FRQFUHWH�GLDSKUDJP�FRQQHFWRUV�EDVHG�
RQ�VWUXFWXUDO�WHVWLQJ´�3&,�-RXUQDO��6XEPLWWHG��
�
5HQ�� 5�� DQG� 1DLWR�� &�-�� �������� ³3UHFDVW� FRQFUHWH� GLDSKUDJP� FRQQHFWRU� SHUIRUPDQFH� GDWDEDVH� DQG�
UHVSRQVH�HVWLPDWLRQ�PRGHOLQJ�DSSURDFK´�$6&(�-RXUQDO��6XEPLWWHG��
�
5RGULJXH]��0���5HVWUHSR��-,��DQG�&DUU��$�-���������³(DUWKTXDNH�LQGXFHG�IORRU�KRUL]RQWDO�DFFHOHUDWLRQV�LQ�
EXLOGLQJV´��-RXUQDO�RI�(DUWKTXDNH�(QJLQHHULQJ�	�6WUXFWXUDO�'\QDPLFV��Y�����Q����0DUFK�����������
�
6FKRHWWOHU��0�-���������³6HLVPLF�GHPDQGV�LQ�SUHFDVW�FRQFUHWH�GLDSKUDJPV´�3K�'��'LVVHUWDWLRQ��8QLYHUVLW\�
RI�&DOLIRUQLD��6DQ�'LHJR��&$��
�
6FKRHWWOHU��0�-���%HOOHUL��$���=KDQJ��'���5HVWUHSR��-���DQG�)OHLVFKPDQ��5�%�����������³3UHOLPLQDU\�UHVXOWV�
RI�WKH�VKDNH�WDEOH�WHVWLQJ�IRU�GHYHORSPHQW�RI�D�GLDSKUDJP�VHLVPLF�GHVLJQ�PHWKRGRORJ\�´�3&,�-RXUQDO�����
��������������
�
:DQ�� *�� �������� ³$QDO\WLFDO� GHYHORSPHQW� RI� FDSDFLW\� GHVLJQ� IDFWRUV� IRU� D� SUHFDVW� FRQFHWH� GLDSKUDJP�
VHLVPLF�GHVLJQ�PHWKRGRORJ\´��3K�'�GLVVHUWDWLRQ��WKH�8QLYHUVLW\�RI�$UL]RQD��7XFVRQ��$=��
�
:DQ��*��� )OHLVFKPDQ�� 5�%�� DQG� =KDQJ��'�� �������� ³(IIHFW� RI� VSDQGUHO� EHDP� WR� GRXEOH� WHH� FRQQHFWLRQ�
FKDUDFWHULVWLF�RI�IOH[XUH�FRQWUROOHG�SUHFDVW�GLDSKUDJPV´��-��RI�6WUXFWXUDO�(QJ��$6&(��6FKHGXOHG�SXEOLVKHG�
LQ�)HE��������
�
:RRG�6��/���6WDQWRQ�-��)��DQG�+DZNLQV�1��0����������³1HZ�VHLVPLF�GHVLJQ�SURYLVLRQV�IRU�GLDSKUDJPV�LQ�
SUHFDVW�FRQFUHWH�SDUNLQJ�VWUXFWXUHV´��3&,�-RXUQDO�����������������
�
=KDQJ�� '�� ������� ³([DPLQDWLRQ� RI� SUHFDVW� FRQFUHWH� GLDSKUDJP� VHLVPLF� UHVSRQVH� E\� WKUHH�GLPHQVLRQDO�
QRQOLQHDU�WUDQVLHQW�G\QDPLF�DQDO\VHV�´�3K�'��'LVVHUWDWLRQ��8QLYHUVLW\�RI�$UL]RQD��7XFVRQ��$=��
�
=KDQJ�� '��� )OHLVFKPDQ�� 5�%��� 1DLWR�� &��� DQG� 5HQ�� 5�� �������� ³([SHULPHQWDO� HYDOXDWLRQ� RI� SUHWRSSHG�
SUHFDVW�GLDSKUDJP�FULWLFDO�IOH[XUH�MRLQW�XQGHU�VHLVPLF�GHPDQGV�´�-��6WUXFW��(QJ��$6&(��9���������
�
&���127$7,21�
Fpx� ��������� �GLDSKUDJP�GHVLJQ�IRUFH�LQ�FXUUHQW�FRGH��
KV           �GLDSKUDJP�MRLQW�VKHDU�VWLIIQHVV��
L       �������������� �GLDSKUDJP�VSDQ��
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Mu, Vu�  ���������� �GLDSKUDJP�GHVLJQ�PRPHQW�DQG�VKHDU��
V� ��������� �GLDSKUDJP�MRLQW�VKHDU�IRUFH��
T� ��������� �GLDSKUDJP�FRQQHFWRU�WHQVLRQ�IRUFH��
[� ��������� �GLVWDQFH�WR�GLDSKUDJP�HQG��
GY������������������ �FRQQHFWRU�VKHDU�GHIRUPDWLRQ��
�
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$SSHQGL[�'��'6'0�3URMHFW�3XEOLFDWLRQV�DQG�5HSRUWV�
�
�
7$%/(�2)�&217(176�
�
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�
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�
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$SSHQGL[�'��'6'0�3URMHFW�3XEOLFDWLRQV�DQG�5HSRUWV�
�
�
'���-2851$/�$57,&/(6�
�
3XEOLVKHG�
&DR� /��� DQG� 1DLWR� &�� ������� ³'HVLJQ� RI� SUHFDVW� GLDSKUDJP� FKRUG� FRQQHFWLRQV� IRU� LQ�SODQH� WHQVLRQ�
GHPDQGV�´�-��RI�6WUXFWXUDO�(QJ��$6&(����������������������
�
&DR�/���DQG�1DLWR�&���������³3UHFDVW�GRXEOH�WHH�IORRU�FRQQHFWRUV�SDUW�,,��VKHDU�SHUIRUPDQFH�´�3&,�-RXUQDO��
���������������
�
)OHLVFKPDQ�� 5�� %��� 1DLWR� &�-��� 5HVWUHSR� -��� 6DXVH� 5�� DQG� *KRVK� 6�.�� �����D��� ³6HLVPLF� GHVLJQ�
PHWKRGRORJ\�IRU�SUHFDVW�FRQFUHWH�GLDSKUDJPV��3DUW����GHVLJQ�IUDPHZRUN´��3&,�-RXUQDO����������������
�
)OHLVFKPDQ�� 5�%��� 1DLWR� &�-��� 5HVWUHSR� -��� 6DXVH� 5��� *KRVK� 6�.���:DQ�*��� 6FKRHWWOHU�0��� DQG� &DR� /��
�����E����6HLVPLF�GHVLJQ�PHWKRGRORJ\�IRU�SUHFDVW�FRQFUHWH�GLDSKUDJPV��3DUW����UHVHDUFK�SURJUDP���3&,�
-RXUQDO���������������
�
)OHLVFKPDQ�� 5�%�� DQG� :DQ�� *�� �������� ³$SSURSULDWH� RYHUVWUHQJWK� RI� VKHDU� UHLQIRUFHPHQW� LQ� SUHFDVW�
FRQFUHWH�GLDSKUDJPV´��$6&(�-��6WUXFWXUH�(QJ����������������������
�
1DLWR�� &�-��� &DR�� /��� DQG� 3HWHU�� :�� �������� ³3UHFDVW� GRXEOH�WHH� IORRU� FRQQHFWRUV� SDUW� ,�� WHQVLRQ�
SHUIRUPDQFH�´�3&,�-RXUQDO����������������
�
6FKRHWWOHU��0�-���%HOOHUL��$���=KDQJ��'���5HVWUHSR��-���DQG�)OHLVFKPDQ��5�%�����������³3UHOLPLQDU\�UHVXOWV�
RI�WKH�VKDNH�WDEOH�WHVWLQJ�IRU�GHYHORSPHQW�RI�D�GLDSKUDJP�VHLVPLF�GHVLJQ�PHWKRGRORJ\�´�3&,�-RXUQDO�����
��������������
�
:DQ��*��� )OHLVFKPDQ�� 5�%�� DQG� =KDQJ��'�� �������� ³(IIHFW� RI� VSDQGUHO� EHDP� WR� GRXEOH� WHH� FRQQHFWLRQ�
FKDUDFWHULVWLF�RI�IOH[XUH�FRQWUROOHG�SUHFDVW�GLDSKUDJPV´��-��RI�6WUXFWXUDO�(QJ��$6&(��������������������
�
=KDQJ�� '��� )OHLVFKPDQ�� 5�%��� 1DLWR�� &��� DQG� 5HQ�� 5�� �������� ³([SHULPHQWDO� HYDOXDWLRQ� RI� SUHWRSSHG�
SUHFDVW�GLDSKUDJP�FULWLFDO�IOH[XUH�MRLQW�XQGHU�VHLVPLF�GHPDQGV�´�-��RI�6WUXFWXUDO�(QJ��$6&(��9���������
�����������
�
6XEPLWWHG��
)OHLVFKPDQ� 5�%��� 5HVWUHSR� -�,�� 1DLWR� &�-��� 6DXVH� 5��� =KDQJ� '�� DQG� 6FKRHWWOHU�0�� �������� ³,QWHJUDWHG�
$QDO\WLFDO� DQG� ([SHULPHQWDO� 5HVHDUFK� WR� 'HYHORS� D� 1HZ� 6HLVPLF� 'HVLJQ� 0HWKRGRORJ\� IRU� 3UHFDVW�
&RQFUHWH�'LDSKUDJPV´�6SHFLDO�,VVXH�RI�WKH�$6&(�-RXUQDO�RI�6WUXFWXUDO�(QJLQHHULQJ�RQ�1((6��$GYDQFHV�
LQ�(DUWKTXDNH�(QJLQHHULQJ��6XEPLWWHG��
�
1DLWR��&�-��DQG�5HQ��5����������³$Q�HYDOXDWLRQ�PHWKRG�IRU�SUHFDVW�FRQFUHWH�GLDSKUDJP�FRQQHFWRUV�EDVHG�
RQ�VWUXFWXUDO�WHVWLQJ´�3&,�-RXUQDO��6XEPLWWHG��
�
5HQ�� 5�� DQG� 1DLWR�� &�-�� �������� ³3UHFDVW� FRQFUHWH� GLDSKUDJP� FRQQHFWRU� SHUIRUPDQFH� GDWDEDVH� DQG�
UHVSRQVH�HVWLPDWLRQ�PRGHOLQJ�DSSURDFK´�-��RI�6WUXFWXUDO�(QJ��$6&(��6XEPLWWHG��
�
,Q�3UHSDUDWLRQ�
)OHLVFKPDQ� 5�%��� =KDQJ� '��� 1DLWR� &�-�� DQG� 5HQ�� 5�� �������� ³([SHULPHQWDO� (YDOXDWLRQ� RI� 3UHFDVW�
'LDSKUDJP�&ULWLFDO�6KHDU�-RLQW�XQGHU�6HLVPLF�'HPDQGV´�,Q�SUHSDUDWLRQ�IRU�VXEPLVVLRQ�WR�3&,�-RXUQDO���
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:DQ��*��� DQG�5��%��)OHLVFKPDQ�� �������� ³$�5DWLRQDO�0HWKRG� IRU�&DOFXODWLQJ� WKH�6HUYLFH�6WLIIQHVV� DQG�
<LHOG�6WUHQJWK�RI�3UHFDVW�)ORRU�'LDSKUDJPV�´�,Q�SUHSDUDWLRQ�IRU�VXEPLVVLRQ�WR�3&,�-RXUQDO��
�
:DQ� *��� )OHLVFKPDQ� 5�%��� =KDQJ� '�� DQG� 1DLWR� &�-�� �������� ³'HYHORSPHQW� RI� &RQQHFWRU� 0RGHOV� IRU�
1RQOLQHDU� 3XVKRYHU� $QDO\VLV� RI� 3UHFDVW� 'LDSKUDJPV´� ,Q� SUHSDUDWLRQ� IRU� VXEPLVVLRQ� WR� &RPSXWHU� DQG�
6WUXFWXUHV��
�
:DUH�� $�5��� =KDQJ�� '��� )OHLVFKPDQ�� 5�%�� DQG�0LHONH�0�� �������� ³&DOLEUDWLRQ� RI�0RGHOV� IRU� 7RSSHG�
3UHFDVW�'LDSKUDJP´��,Q�SUHSDUDWLRQ��
�
=KDQJ� '�� DQG� )OHLVFKPDQ� 5�%�� �����D��� ³(VWDEOLVKPHQW� RI� 6HLVPLF� 'HVLJQ� )RUFH� )DFWRUV� IRU� 3UHFDVW�
&RQFUHWH�'LDSKUDJPV´�,Q�SUHSDUDWLRQ�IRU�VXEPLVVLRQ�WR�(DUWKTXDNH�(QJLQHHULQJ�DQG�6WUXFWXUDO�'\QDPLFV���
�
=KDQJ��'��DQG�)OHLVFKPDQ��5�%�� �����E���³'\QDPLF�UHVSRQVH�RI�SUHFDVW�FRQFUHWH�SDUNLQJ�JDUDJH�XQGHU�
VHLVPLF�ORDGLQJ´��,Q�SUHSDUDWLRQ��
�
=KDQJ� '��� )OHLVFKPDQ� 5�%��� :DQ� *�� DQG� 1DLWR� &�-�� �������� ³'HYHORSPHQW� RI� +\VWHUHWLF� 0RGHOV� IRU�
3UHFDVW�&RQFUHWH�'LDSKUDJP�&RQQHFWRUV�IRU�8VH�LQ�7KUHH�'LPHQVLRQDO�1RQOLQHDU�'\QDPLF�$QDO\VLV´�,Q�
SUHSDUDWLRQ�IRU�VXEPLVVLRQ�WR�$&,�6WUXFWXUDO�-RXUQDO��
�
�
'���5(32576�
�
%XLOGLQJ� 6HLVPLF� 6DIHW\� &RXQFLO�� &RPPLWWHH� 76���� �������� ³6HLVPLF� GHVLJQ� PHWKRGROJ\� IRU� SUHFDVW�
FRQFUHWH� IORRU� GLDSKUDJPV�´� 3DUW� ,,,�� ����� 1(+53� 5HFRPPHQGHG� 6HVLPLF� 3URYLVLRQV�� )HGHUDO�
(PHUJHQF\�0DQDJHPHQW�$JHQF\��:DVKLQJWRQ��'�&��
�
1DLWR�� &��� 3HWHU�� :��� &DR�� /�� �������� ³'HYHORSPHQW� RI� D� 6HLVPLF� 'HVLJQ� 0HWKRGRORJ\� IRU� 3UHFDVW�
'LDSKUDJPV� �� 3+$6(� �� 6800$5<� 5(3257�´� $7/66� 5HSRUW� 1R�� ������� $7/66� &HQWHU�� /HKLJK�
8QLYHUVLW\��
�
1DLWR��&��� 5HQ��5��� -RQHV��&��� &XOOHQ�� 7�� �������� ³'HYHORSPHQW� RI� D� 6HLVPLF�'HVLJQ�0HWKRGRORJ\� IRU�
3UHFDVW� 'LDSKUDJPV� �� 3+$6(� �%� 6800$5<�5(3257´�� $7/66� 5HSRUW� 1R�������� $7/66� &HQWHU��
/HKLJK�8QLYHUVLW\��
�
1DLWR��&���5HQ��5�� �������� ³'HYHORSPHQW� RI� D�6HLVPLF�'HVLJQ�0HWKRGRORJ\� IRU�3UHFDVW�'LDSKUDJPV� ±�
3+$6(��&�6800$5<�5(3257´��$7/66�5HSRUW�1R��������$7/66�&HQWHU��/HKLJK�8QLYHUVLW\��
�
)OHLVFKPDQ�5�%�� ��������³'HYHORSPHQW�DQG�GHVLJQ�RI�XQWRSSHG�SUHFDVW�FRQFUHWH�GLDSKUDJP�V\VWHP�IRU�
KLJK�VHLVPLF�]RQHV´�&KDUOHV�3DQNRZ�)RXQGDWLRQ���KWWS���ZZZ�SDQNRZIRXQGDWLRQ�RUJ�JUDQWV�FIP"UHVHDUFK �!�
�
1DLWR��&���3HWHU�:���&UHHN�-�� �����D���³7�&�6��7ZLVWHU�&RQQHFWRU�8QLYHUVDO�)RUP�&ODPS�&RPSDQ\� ,Q�
SODQH�3HUIRUPDQFH´��ATLSS Report 1R���������$7/66�&HQWHU��/HKLJK�8QLYHUVLW\��
�
1DLWR��&���3HWHU�:���&UHHN�-�������E���³7�&�+�'��7ZLVWHU�&RQQHFWRU�8QLYHUVDO�)RUP�&ODPS�&RPSDQ\�,Q�
SODQH�3HUIRUPDQFH´��ATLSS Report 1R���������$7/66�&HQWHU��/HKLJK�8QLYHUVLW\��
�
1DLWR��&����������³(UHFWRU�&RQQHFWRU�0HDGRZ�%XUNH�&RPSDQ\�,Q�SODQH�3HUIRUPDQFH´��ATLSS Report 1R��
�������$7/66�&HQWHU��/HKLJK�8QLYHUVLW\��
�
+RGJVRQ� ,��1DLWR��&���6WRNHV�)���%RZPDQ�&�� �������� ³(UHFWRU�&RQQHFWRU�0HDGRZ�%XUNH�&RPSDQ\� ,Q�
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SODQH�DQG�RXW�RI�SODQH�3HUIRUPDQFH´��ATLSS Report 1R���������$7/66�&HQWHU��/HKLJK�8QLYHUVLW\��
�
1DLWR��&���+HQGULFNV�5����������³,Q�SODQH�DQG�2XW�RI�SODQH�3HUIRUPDQFH�RI�WKH�0&�)ODQJH�&RQQHFWRU´��
ATLSSReport 1R���������$7/66�&HQWHU��/HKLJK�8QLYHUVLW\� 
�
1DLWR��&����������³8QLYHUVDO�)RUP�&ODPS�&RPSDQ\�1H[W�*HQHUDWLRQ�7ZLVWHU�&RQQHFWRU�3HUIRUPDQFH´��
ATLSS,Report 1R���������$7/66�&HQWHU��/HKLJK�8QLYHUVLW\� 
�
1DLWR�� &��� 5HQ�� 5�� �����D��� ³,Q�SODQH� DQG� 2XW�RI�SODQH� 3HUIRUPDQFH� RI� %XLOGLQJ� 3URGXFWV� (GJH�
&RQQHFWRU�6\VWHP�´�ATLSS Report 1R���������$7/66�&HQWHU��/HKLJK�8QLYHUVLW\��
�
1DLWR��&���5HQ��5�������E���³,Q�SODQH�DQG�2XW�RI�SODQH�3HUIRUPDQFH�RI�WKH�0LQL�0&�)ODQJH�&RQQHFWRU´��
ATLSS Report 1R���������$7/66�&HQWHU��/HKLJK�8QLYHUVLW\��
�
5HQ��5���1DLWR��&�� �������� ³,Q�SODQH� DQG�2XW�RI�SODQH� 3HUIRUPDQFH� RI�0&�)ODQJH�&RQQHFWRU�´�ATLSS 
Report 1R���������$7/66�&HQWHU��/HKLJK�8QLYHUVLW\��
�
�
'���3+'�',66(57$7,21�$1'�06�7+(6,6�
�
3K'�'LVVHUWDWLRQ�
&DR� /�� �������� ³(IIHFWLYH� GHVLJQ� RI� SUHFDVW� FRQFUHWH� GLDSKUDJP� FRQQHFWLRQV� VXEMHFWHG� WR� LQ�SODQH�
GHPDQGV�´�3K�'��'LVVHUWDWLRQ��/HKLJK�8QLYHUVLW\��%HWKOHKHP��3$��
�
5HQ��5����������³6HLVPLF�3HUIRUPDQFH�(YDOXDWLRQ�DQG�(IIHFWLYH�'HVLJQ�RI�3UHFDVW�&RQFUHWH�'LDSKUDJP�´�
3K�'��'LVVHUWDWLRQ��/HKLJK�8QLYHUVLW\��%HWKOHKHP��3$��
�
6FKRHWWOHU��0�-���������³6HLVPLF�GHPDQGV�LQ�SUHFDVW�FRQFUHWH�GLDSKUDJPV´�3K�'��'LVVHUWDWLRQ��8QLYHUVLW\�
RI�&DOLIRUQLD��6DQ�'LHJR��&$��
�
:DQ�� *�� �������� ³$QDO\WLFDO� GHYHORSPHQW� RI� FDSDFLW\� GHVLJQ� IDFWRUV� IRU� D� SUHFDVW� FRQFHWH� GLDSKUDJP�
VHLVPLF�GHVLJQ�PHWKRGRORJ\´��3K�'�'LVVHUWDWLRQ��8QLYHUVLW\�RI�$UL]RQD��7XFVRQ��$=��
�
=KDQJ�� '�� ������� ³([DPLQDWLRQ� RI� SUHFDVW� FRQFUHWH� GLDSKUDJP� VHLVPLF� UHVSRQVH� E\� WKUHH�GLPHQVLRQDO�
QRQOLQHDU�WUDQVLHQW�G\QDPLF�DQDO\VHV�´�3K�'��'LVVHUWDWLRQ��8QLYHUVLW\�RI�$UL]RQD��7XFVRQ��$=��
�
06�7KHVLV�
0LHONH��0�� ������� ³'DWD� DQDO\VLV� DQG�PRGHO� FDOLEUDWLRQ� IRU� VKDNH� WDEOH� WHVW� RI� WKUHH�VWRU\� GLDSKUDJP�
VHQVLWLYH�SUHFDVW�FRQFUHWH�VWUXFWXUH�´�06��7KHVLV��8QLYHUVLW\�RI�$UL]RQD��7XFVRQ��$=��
�
:DUH��$�5���������³3UHFDVW�VHQVLWLYH�GLDSKUDJP�FDOLEUDWLRQ�DQG�FROXPQ�SDUWLFLSDWLRQ�VWXG\�XVLQJ�VKDNH�
WDEOH�WHVW�GDWD�´�06��7KHVLV��8QLYHUVLW\�RI�$UL]RQD��7XFVRQ��$=��
�


