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7KH�,5&�$FRXVWLFV�/DERUDWRU\�KDV�FRPSOHWHG�WKH�PHDVXUHPHQW�SKDVH�RI
D�VWXG\�RI�VRXQG�WUDQVPLVVLRQ�WKURXJK�J\SVXP�ERDUG�ZDOOV�

7KH�SURMHFW�ZDV�VXSSRUWHG�E\�D�FRQVRUWLXP�LQFOXGLQJ�&DQDGD�0RUWJDJH
DQG�+RXVLQJ�&RUSRUDWLRQ��&0+&���&DQDGLDQ�6KHHW�6WHHO�%XLOGLQJ
,QVWLWXWH��&66%,���&HOOXORVH�,QVXODWLRQ�0DQXIDFWXUHUV�$VVRFLDWLRQ�RI
&DQDGD��&,0$&���)RULQWHN�&DQDGD��)25,17(.���*\SVXP
0DQXIDFWXUHUV�RI�&DQDGD��*0&���WKH�,QVWLWXWH�IRU�5HVHDUFK�LQ
&RQVWUXFWLRQ�RI�WKH�1DWLRQDO�5HVHDUFK�&RXQFLO�&DQDGD��,5&�15&&��
2ZHQV�&RUQLQJ�)LEHUJODV�&DQDGD�,QF���2&)&,���DQG�5R[XO�,QF�
�52;8/����$�FORVHO\�UHODWHG�VWXG\�RI�ILUH�UHVLVWDQFH�RI�J\SVXP�ERDUG
ZDOO�DVVHPEOLHV�LV�DOVR�XQGHUZD\�

7KH�VWXG\�ZDV�QHHGHG�EHFDXVH�EXLOGLQJ�SURGXFWV�DQG�WHVW�PHWKRGV�KDYH
FKDQJHG��VR�ROG�WHVWV�DQG�HVWLPDWHV�DUH�SRWHQWLDOO\�PLVOHDGLQJ���)XUWKHU�
PDQ\�RI�WKH�ROGHU�SXEOLVKHG�UHVXOWV�GR�QRW�FOHDUO\�LGHQWLI\�UHOHYDQW
FRQVWUXFWLRQ�GHWDLOV�VXFK�DV�VFUHZ�VSDFLQJ��RU�GR�QRW�PDWFK�QRUPDO
SUDFWLFH�IRU�ILUH�UHVLVWDQFH�RU�RWKHU�FRQFHUQV�

7KLV�UHSRUW�SUHVHQWV�WKH�VRXQG�WUDQVPLVVLRQ�FODVV��67&��GDWD�IRU�D�ODUJH
VHULHV�RI�ZDOOV�FRQVWUXFWHG�ZLWK�LQGXVWU\�VWDQGDUG�GHWDLOV�XVLQJ�D
FDUHIXOO\�FKDUDFWHUL]HG�VHW�RI�PDWHULDOV���$OWKRXJK�VRPH�RI�WKH
VSHFLPHQV�ZHUH�FKRVHQ�E\�LQGLYLGXDO�FOLHQWV�WR�GHPRQVWUDWH
SHUIRUPDQFH�RI�VSHFLILF�SURGXFWV��WKHVH�ZHUH�FRPELQHG�ZLWK�D�VWUXFWXUHG
VHULHV�HVWDEOLVKHG�FROOHFWLYHO\�E\�WKH�FRQVRUWLXP�

7KH�FRPELQHG�VHW�RI�RYHU�����VSHFLPHQV�SURYLGH�WKH�EDVLV�IRU�V\VWHPDWLF
HYDOXDWLRQ�RI�VRXQG�WUDQVPLVVLRQ�WKURXJK�J\SVXP�ERDUG�ZDOO�V\VWHPV�
DV�D�EDVLV�IRU�SUHGLFWLRQ�PHWKRGV�DQG�GHYHORSPHQW�RI�LPSURYHG
FRQVWUXFWLRQV���0RUH�LPPHGLDWHO\��WKH\�SURYLGH�WKH�DXWKRULWDWLYH
DVVHPEO\�RI�67&�GDWD�QHHGHG�E\�EXLOGHUV�DQG�UHJXODWRUV�WR�VHOHFW
FRQVWUXFWLRQV�VXLWDEOH�IRU�SDUW\�ZDOOV�LQ�PXOWL�IDPLO\�GZHOOLQJV�
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,QWURGXFWLRQ ����������������������������������������������������������������������������������� �

0HDVXUHPHQW�RI�6RXQG�7UDQVPLVVLRQ
0HDVXUHPHQW�3URFHVV��������������������������������������������������������� �
3UHFLVLRQ�DQG�5HSURGXFLELOLW\ �������������������������������������������� �
([SHULPHQW�'HVLJQ ������������������������������������������������������������� �

6SHFLPHQ�'HVFULSWLRQ
6SHFLPHQ�,QVWDOODWLRQ�'HWDLOV �������������������������������������������� �
&KDUDFWHULVWLFV�RI�0DWHULDOV ��������������������������������������������� ��

7DEOHV�RI�6RXQG�7UDQVPLVVLRQ�'DWD
6LQJOH�5RZ�RI�:RRG�6WXGV ������������������������������������������������ ��
6WDJJHUHG�:RRG�6WXGV������������������������������������������������������ ��
'RXEOH�:RRG�6WXGV����������������������������������������������������������� ��
1RQ�ORDGEHDULQJ�6WHHO�6WXGV�������������������������������������������� ��
/RDGEHDULQJ�6WHHO�6WXGV �������������������������������������������������� ��

$SSHQGL[�$���6SHFLPHQ�'HWDLOV��������������������������������������������������� ��

$SSHQGL[�%���0DWHULDO�3URSHUWLHV ����������������������������������������������� ��

$SSHQGL[�&���3UHOLPLQDU\�6\VWHPDWLF�6WXG\������������������������������ ��
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7KH�,5&�$FRXVWLFV�/DERUDWRU\�KDV�FRPSOHWHG�WKH�PHDVXUHPHQW�SKDVH�RI
D�VWXG\�RI�VRXQG�WUDQVPLVVLRQ�WKURXJK�J\SVXP�ERDUG�ZDOOV�

7KH�SURMHFW�ZDV�VXSSRUWHG�E\�D�FRQVRUWLXP�LQFOXGLQJ�&DQDGD�0RUWJDJH
DQG�+RXVLQJ�&RUSRUDWLRQ��&0+&���&DQDGLDQ�6KHHW�6WHHO�%XLOGLQJ
,QVWLWXWH��&66%,���&HOOXORVH�,QVXODWLRQ�0DQXIDFWXUHUV�$VVRFLDWLRQ�RI
&DQDGD��&,0$&���)RULQWHN�&DQDGD��)25,17(.���*\SVXP
0DQXIDFWXUHUV�RI�&DQDGD��*0&���WKH�,QVWLWXWH�IRU�5HVHDUFK�LQ
&RQVWUXFWLRQ�RI�WKH�1DWLRQDO�5HVHDUFK�&RXQFLO�&DQDGD��,5&�15&&��
2ZHQV�&RUQLQJ�)LEHUJODV�&DQDGD�,QF���2&)&,���DQG�5R[XO
,QF��52;8/����$�FORVHO\�UHODWHG�VWXG\�RI�ILUH�UHVLVWDQFH�RI�J\SVXP�ERDUG
ZDOO�DVVHPEOLHV�LV�DOVR�XQGHUZD\�

7KLV�UHSRUW�SUHVHQWV�WKH�VRXQG�WUDQVPLVVLRQ�FODVV��67&��GDWD�IRU�D�ODUJH
VHULHV�RI�ZDOOV�FRQVWUXFWHG�ZLWK�LQGXVWU\�VWDQGDUG�GHWDLOV��DQG�D
FDUHIXOO\�FKDUDFWHUL]HG�VHW�RI�PDWHULDOV���7KH�VWXG\�UHVSRQGV�WR�VHULRXV
LQGXVWU\�SUREOHPV�

• $Q�DXWKRULWDWLYH�DVVHPEO\�RI�67&�GDWD�LV�QHHGHG�IRU�EXLOGHUV�DQG
UHJXODWRUV���7KH�LQFUHDVHG�VRXQG�LQVXODWLRQ�UHTXLUHG�LQ�WKH�����
1DWLRQDO�%XLOGLQJ�&RGH�KDV�KLJKOLJKWHG�WKH�VKRUWDJH�RI�UHOLDEOH
DFRXVWLFDO�GDWD�IRU�ZDOOV�ZLWK�67&�RYHU����

• 6RPH�SXEOLVKHG�67&�GDWD�DUH�REVROHWH�RU�VXVSHFW���%XLOGLQJ
SURGXFWV�DQG�WHVW�PHWKRGV�KDYH�FKDQJHG��VR�ROG�WHVWV�DQG
HVWLPDWHV�DUH�SRWHQWLDOO\�PLVOHDGLQJ�

• 0RVW�SXEOLVKHG�GDWD�GR�QRW�FOHDUO\�LGHQWLI\�UHOHYDQW�FRQVWUXFWLRQ
GHWDLOV�VXFK�DV�VFUHZ�VSDFLQJ��RU�GR�QRW�PDWFK�QRUPDO�SUDFWLFH�IRU
ILUH�UHVLVWDQFH�RU�RWKHU�FRQFHUQV�

• 3UREOHPV�ZLWK�LQWHU�ODERUDWRU\�UHSURGXFLELOLW\�DQG�YDULDWLRQ�LQ
VSHFLPHQ�FRQVWUXFWLRQ�GHWDLOV�LQKLELW�V\VWHPDWLF�FRPSDULVRQ�RI
WKH�VRXQG�LQVXODWLRQ�RI�ZDOOV�WHVWHG�DW�GLIIHUHQW�ODERUDWRULHV�RYHU
WKH�\HDUV���%\�SURYLGLQJ�D�ODUJH��FDUHIXOO\�FRQWUROOHG�VHW�RI�GDWD�WR
HVWDEOLVK�V\VWHPDWLF�WUHQGV��WKLV�VWXG\�SURYLGHV�WKH�EDVLV�IRU
GHYHORSLQJ�LPSURYHG�FRQVWUXFWLRQV�

• 0RVW�SXEOLVKHG�VRXQG�WUDQVPLVVLRQ�UHVXOWV�GR�QRW�LQFOXGH�WKH�ORZ
IUHTXHQFLHV�WKDW�GRPLQDWH�QRLVH�SUREOHPV�LQ�PRGHUQ�EXLOGLQJV�
$OWKRXJK�WKLV�UHSRUW�GRHV�QRW�UHVROYH�WKDW�QHHG��WKH�VWXG\�KDV
SURYLGHG�WKH�QHFHVVDU\�GDWD��ZKLFK�ZLOO�EH�SUHVHQWHG�LQ
VXEVHTXHQW�,5&�SXEOLFDWLRQV�
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$OWKRXJK�VRPH�RI�WKH�VSHFLPHQV�ZHUH�FKRVHQ�E\�LQGLYLGXDO�FOLHQWV�WR
GHPRQVWUDWH�SHUIRUPDQFH�RI�VSHFLILF�SURGXFWV��WKHVH�ZHUH�FRPELQHG�ZLWK
D�VWUXFWXUHG�VHULHV�HVWDEOLVKHG�FROOHFWLYHO\�E\�WKH�FRQVRUWLXP���7KH
FRPELQHG�VHW�RI�RYHU�����VSHFLPHQV�SURYLGH�WKH�EDVLV�IRU�D�EURDG�JHQHUDO
HYDOXDWLRQ�RI�VRXQG�WUDQVPLVVLRQ�WKURXJK�J\SVXP�ERDUG�ZDOO�V\VWHPV�

7KHVH�DUH�IXUWKHU�VXSSOHPHQWHG�E\�WKH�SUHFHGLQJ�V\VWHPDWLF�VWXG\�RI
VRXQG�WUDQVPLVVLRQ�FKDQJHV�GXH�WR�VSHFLILF�YDULDEOHV��ZKRVH�UHVXOWV
ZHUH�VXPPDUL]HG�LQ�5HSRUW�$��������DQG�LQ�VXEVHTXHQW�WHFKQLFDO
SXEOLFDWLRQV���$�UHYLVHG�YHUVLRQ�RI�5HSRUW�$��������LV�SUHVHQWHG�LQ
$SSHQGL[�&���7KRVH�VSHFLPHQV�ZHUH�FKRVHQ�WR�H[DPLQH�WKH�SDUDPHWULF
GHSHQGHQFH�RI�VRXQG�WUDQVPLVVLRQ�RQ�PDWHULDO�SURSHUWLHV�DQG
FRQVWUXFWLRQ�GHWDLOV�LQFOXGLQJ��GHQVLW\�DQG�DLUIORZ�UHVLVWDQFH�RI�FDYLW\
DEVRUSWLRQ��DPRXQW�DQG�ORFDWLRQ�RI�DEVRUSWLYH�PDWHULDO��VSDFLQJ�DQG
W\SH�RI�IUDPLQJ��DQG�KRZ�WKH�J\SVXP�ERDUG�LV�DWWDFKHG�WR�WKH�IUDPLQJ�
2WKHU�IDFWRUV�VXFK�DV�J\SVXP�ERDUG�SURSHUWLHV�DQG�WKH�HIIHFW�RI
LQVXODWLRQ�VWLIIQHVV�ZHUH�RPLWWHG�IURP�WKH�V\VWHPDWLF�VWXG\�EHFDXVH�WKH
PDLQ�VHULHV��UHSRUWHG�KHUH��ZRXOG�SURYLGH�PRUH�FRPSUHKHQVLYH
HYDOXDWLRQ�

6RPH�DGGLWLRQDO�UHVHDUFK�LV�SODQQHG��WR�FODULI\�WUHQGV�VXJJHVWHG�E\�WKH
GDWD�UHSRUWHG�KHUH���,W�LV�DQWLFLSDWHG�WKDW�WKH�DVVHPEOHG�GDWDEDVH�ZLOO
ERWK�PHHW�UHJXODWRU\�QHHGV�DQG�SURYLGH�WKH�EDVLV�IRU�YDOLGDWLRQ�DQG
UHILQHPHQW�RI�D�SUHGLFWLRQ�PRGHO�

6XEVHTXHQW�,5&�15&&�UHSRUWV�ZLOO�DQDO\]H�WUHQGV�LQ�WKH�VRXQG
WUDQVPLVVLRQ�UHVXOWV��SUHVHQW�IXOO�WDEXODWLRQ�RI�WKH�GDWD��DQG�LQFRUSRUDWH
WKHVH�UHVXOWV�ZLWK�WKRVH�RI�WKH�FRPSDQLRQ�VWXG\�RI�ILUH�UHVLVWDQFH�

0($685(0(17�352&(66

7KH�DFRXVWLFDO�PHDVXUHPHQWV�ZHUH�PDGH�LQ�WKH�VXLWH�RI�UHYHUEHUDWLRQ
FKDPEHUV�LQ�EXLOGLQJ�0����RI�,5&�15&&���:DOO�VSHFLPHQV�DUH�PRXQWHG
LQ�D�UHPRYDEOH�WHVW�IUDPH�EHWZHHQ�WZR�FKDPEHUV��ZLWKRXW�ULJLG�FRQWDFW
WR�HLWKHU�UHYHUEHUDWLRQ�FKDPEHU���7KH�ZDOO�WHVW�RSHQLQJ�PHDVXUHV
�����P�[������P���7KH�YROXPH�RI�WKH�VRXUFH�URRP�LV����P����7KH�YROXPH
RI�WKH�DGMDFHQW�UHFHLYLQJ�URRP�LV�����P����%RWK�UHYHUEHUDWLRQ�FKDPEHUV
DUH�VXSSRUWHG�RQ�VSULQJ�YLEUDWLRQ�LVRODWRUV���,Q�DGGLWLRQ�WR�IL[HG�GLIIXVHU
SDQHOV�LQ�ERWK�URRPV��WKH�ODUJH�URRP�DOVR�KDV�D�URWDWLQJ�GLIIXVHU�SDQHO�
7HVW�VLJQDOV�DUH�VXSSOLHG�WR�HDFK�URRP�E\�IRXU�ORXGVSHDNHUV�ZLWK
LQGHSHQGHQW�VRXQG�VRXUFHV���(DFK�URRP�KDV�D�FDOLEUDWHG�FRQGHQVHU
PLFURSKRQH��%	.�7\SH������������PP�GLDPHWHU��SRVLWLRQHG�E\�D
FRPSXWHU�FRQWUROOHG�URERW�DUP�
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7HVWV�DUH�FRQGXFWHG�LQ�DFFRUGDQFH�ZLWK�WKH�UHTXLUHPHQWV�RI�$670�(���
������6WDQGDUG�0HWKRG�IRU�/DERUDWRU\�0HDVXUHPHQW�RI�$LUERUQH�6RXQG
7UDQVPLVVLRQ�/RVV�RI�%XLOGLQJ�3DUWLWLRQV��DQG�RI�,62�����,,,������(��
/DERUDWRU\�0HDVXUHPHQW�RI�$LUERUQH�6RXQG�,QVXODWLRQ�RI�%XLOGLQJ
(OHPHQWV���0HDVXUHPHQWV�DUH�FRQWUROOHG�E\�D�GHVNWRS�3&�W\SH�FRPSXWHU
LQWHUIDFHG�WR�D�1RUZHJLDQ�(OHFWURQLFV�W\SH�����UHDO�WLPH�DQDO\]HU�
8QGHU�FRPSXWHU�FRQWURO��WKH�PLFURSKRQHV�DUH�PRYHG�WR�QLQH�SRVLWLRQV�WR
VDPSOH�WKH�VRXQG�ILHOG�LQ�HDFK�FKDPEHU���6RXQG�SUHVVXUH�OHYHOV�DUH
PHDVXUHG�DW�HDFK�RI�WKH�QLQH�PLFURSKRQH�SRVLWLRQV��DQG�FRPELQHG�WR�JHW
WKH�DYHUDJH�VRXQG�SUHVVXUH�OHYHO�LQ�HDFK�URRP����)LYH�VRXQG�GHFD\V�DUH
DYHUDJHG�WR�JHW�WKH�UHYHUEHUDWLRQ�WLPH�DW�HDFK�PLFURSKRQH�SRVLWLRQ�LQ
WKH�UHFHLYLQJ�URRP��WKHVH�WLPHV�DUH�WKHQ�DYHUDJHG�WR�JHW�PHDQ
UHYHUEHUDWLRQ�WLPHV�IRU�WKH�URRP���7KH�VRXQG�SUHVVXUH�OHYHO�DQG
UHYHUEHUDWLRQ�WLPH�PHDVXUHPHQWV�DUH�PDGH�IRU�DOO�VWDQGDUG�RQH�WKLUG�
RFWDYH�EDQGV�IURP����+]�WR�����N+]���7KHVH�GDWD�DUH�WKHQ�XVHG�WR
FDOFXODWH�6RXQG�7UDQVPLVVLRQ�/RVV�IRU�HDFK�IUHTXHQF\�EDQG�DV�VSHFLILHG
LQ�$670�(���

7KH�6RXQG�7UDQVPLVVLRQ�&ODVV�ZDV�GHWHUPLQHG�LQ�DFFRUGDQFH�ZLWK
$670�6WDQGDUG�&ODVVLILFDWLRQ�(������7KH�:HLJKWHG�6RXQG�5HGXFWLRQ
,QGH[�ZDV�GHWHUPLQHG�LQ�DFFRUGDQFH�ZLWK�,62������5DWLQJ�RI�6RXQG
,QVXODWLRQ�LQ�%XLOGLQJV�DQG�RI�%XLOGLQJ�(OHPHQWV��3DUW�����$LUERUQH
6RXQG�,QVXODWLRQ�LQ�%XLOGLQJV�DQG�RI�,QWHULRU�%XLOGLQJ�(OHPHQWV���7KH
6RXQG�7UDQVPLVVLRQ�&ODVV��67&��DQG�:HLJKWHG�6RXQG�5HGXFWLRQ�,QGH[
�5

Z
��DUH�VLQJOH�ILJXUH�UDWLQJV�RI�WKH�DFRXVWLFDO�SHUIRUPDQFH�IRU�D

SDUWLWLRQ�HOHPHQW�XQGHU�W\SLFDO�FRQGLWLRQV�LQYROYLQJ�RIILFH�RU�GZHOOLQJ
VHSDUDWLRQ���7KH�KLJKHU�WKH�YDOXH�RI�HLWKHU�UDWLQJ��WKH�EHWWHU�WKH�ZDOO
SHUIRUPDQFH���7KHVH�UDWLQJV�DUH�LQWHQGHG�WR�FRUUHODWH�ZLWK�VXEMHFWLYH
LPSUHVVLRQV�RI�WKH�VRXQG�LQVXODWLRQ�SURYLGHG�DJDLQVW�WKH�VRXQGV�RI
VSHHFK��UDGLR��WHOHYLVLRQ��RIILFH�PDFKLQHV�DQG�VLPLODU�VRXUFHV�RI�QRLVH
FKDUDFWHULVWLF�RI�RIILFHV�DQG�GZHOOLQJV���,Q�DSSOLFDWLRQV�LQYROYLQJ�QRLVH
VSHFWUD�WKDW�GLIIHU�PDUNHGO\�IURP�WKRVH�UHIHUUHG�WR�DERYH��IRU�H[DPSOH�
KHDY\�PDFKLQHU\��SRZHU�WUDQVIRUPHUV��DLUFUDIW�QRLVH��PRWRU�YHKLFOH
QRLVH���WKH�67&�DQG�5

Z
�DUH�RI�OLPLWHG�XVH�

35(&,6,21�$1'�5(352'8&,%,/,7<

$FRXVWLFDO�PHDVXUHPHQW�LQ�URRPV�LQYROYHV�VDPSOLQJ�QRQ�XQLIRUP�VRXQG
ILHOGV��DQG�DV�VXFK�KDV�DVVRFLDWHG�ZLWK�LW�D�GHJUHH�RI�XQFHUWDLQW\���%\
FRUUHFWO\�SHUIRUPLQJ�D�QXPEHU�RI�PHDVXUHPHQWV�WR�GHWHUPLQH�D�VSDWLDO
DYHUDJH��WKH�XQFHUWDLQWLHV�FDQ�EH�UHGXFHG���8SSHU�DQG�ORZHU�OLPLWV�FDQ
WKHQ�EH�DVVLJQHG�WR�WKH�SUREDEOH�HUURU�LQ�WKH�PHDVXUHPHQW���7KHVH
SUHFLVLRQ�OLPLWV�FDQ�EH�GHVFULEHG�LQ�WHUPV�RI�WKH�FRQFHSWV�RI�UHSHDWDELOLW\
DQG�UHSURGXFLELOLW\�
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5HSHDWDELOLW\�LV�GHILQHG�DV�WKH�FORVHQHVV�RI�DJUHHPHQW�EHWZHHQ
LQGHSHQGHQW�UHVXOWV�REWDLQHG�ZLWK�WKH�LGHQWLFDO�WHVW�VSHFLPHQ�LQ�WKH
VDPH�ODERUDWRU\�ZLWK�WKH�VDPH�HTXLSPHQW�DQG�WHVW�PHWKRG�E\�WKH�VDPH
RSHUDWRU�ZLWKLQ�D�VKRUW�WLPH�SHULRG�

5HSURGXFLELOLW\�LV�GHILQHG�DV�WKH�FORVHQHVV�RI�DJUHHPHQW�EHWZHHQ�UHVXOWV
REWDLQHG�RQ�QRPLQDOO\�LGHQWLFDO�WHVW�VSHFLPHQV�ZLWK�WKH�VDPH�WHVW
PHWKRG�LQ�GLIIHUHQW�ODERUDWRULHV����2EYLRXVO\�WKLV�LQFOXGHV�WKH�GHYLDWLRQV
GXH�WR�V\VWHPDWLF�GLIIHUHQFHV�EHWZHHQ�IDFLOLWLHV�DQG�HTXLSPHQW��DQ\
YDULDWLRQV�LQ�LPSOHPHQWDWLRQ�RI�WKH�WHVW�SURFHGXUHV��DQG�DOVR�DQ\
XQFRQWUROOHG�GLIIHUHQFHV�LQ�WKH�VSHFLPHQ�DQG�LWV�LQVWDOODWLRQ����7KH
UHSURGXFLELOLW\�LV�D�FKDUDFWHULVWLF�RI�WKH�WHVW�PHWKRG��ZKLFK�PXVW�EH
GHWHUPLQHG�E\�DQ�LQWHU�ODERUDWRU\�FRPSDULVRQ�VWXG\���)RU�,62�����
UHSURGXFLELOLW\�KDV�EHHQ�VKRZQ�WR�UDQJH�IURP���G%�DW�PLG�IUHTXHQFLHV�WR
��G%�DW�ORZ�IUHTXHQFLHV���9DOXHV�VKRXOG�DJUHH�ZLWKLQ�WKLV�UDQJH����WLPHV
RXW�RI�����DQG�ZLOO�DJUHH�PRUH�FORVHO\�PRVW�RI�WKH�WLPH���,W�LV�EHFDXVH�RI
WKLV�ODUJH�XQFHUWDLQW\�WKDW�V\VWHPDWLF�VWXGLHV�LQ�RQH�ODERUDWRU\��OLNH
WKDW�UHSRUWHG�KHUH��DUH�QHHGHG�IRU�FOHDU�FRPSDULVRQV�

9DULDELOLW\�H[SHFWHG�DPRQJ�PHDVXUHG�UHVXOWV�IRU�QRPLQDOO\�HTXLYDOHQW
VSHFLPHQV�LQ�WKLV�VWXG\�VKRXOG�EH�EHWZHHQ�WKHVH�H[WUHPHV�RI
UHSURGXFLELOLW\�DQG�UHSHDWDELOLW\��EHFDXVH�DOO�PHDVXUHPHQWV�ZHUH�PDGH
ZLWK�D�FRQVLVWHQW�WHVW�PHWKRG�XVLQJ�WKH�VDPH�IDFLOLW\�DQG�HTXLSPHQW

$�ZRUNLQJ�HVWLPDWH�RI�WKLV�ZDV�JHQHUDWHG�E\�UHSHDWHG�PHDVXUHPHQWV
ZLWK�WKH�VDPH�ZDOO�VSHFLPHQ�RYHU�D�SHULRG�RI�WZR�GD\V��DV�VKRZQ�LQ
)LJXUH�����&OHDUO\��WKH�UHVXOWV�LQ�)LJ�����DUH�DOO�YHU\�VLPLODU���7KH
UHSHDWDELOLW\�HVWLPDWHV�IRU�HDFK�IUHTXHQF\�EDQG��FDOFXODWHG�DV�VSHFLILHG
LQ�,62������DUH�JLYHQ�EHVLGH�WKH�JUDSK�LQ�)LJ������7KH�PHDQ�RI�WKHVH
YDOXHV������G%��LV�D�UHDVRQDEOH�ZRUNLQJ�HVWLPDWH�IRU�UHSHDWDELOLW\���$
SDLU�RI�UHVXOWV�REWDLQHG�XQGHU�UHSHDWDELOLW\�FRQGLWLRQV�DUH�H[SHFWHG�WR
DJUHH�ZLWKLQ�WKLV�OLPLW�����WLPHV�RXW�RI������7KH�YDULDWLRQ�RI���LQ�WKH�67&
YDOXH��LW�ZDV�HLWKHU����RU����IRU�DOO�WKHVH�WHVWV��LV�FRQVLVWHQW�ZLWK�WKLV
HVWLPDWH�

,I�REVHUYHG�GLIIHUHQFHV�EHWZHHQ�UHVXOWV�LQ�RXU�ODERUDWRU\�H[FHHG�WKLV
UHSHDWDELOLW\�HVWLPDWH��WKH�FKDQJH�LQ�VRXQG�WUDQVPLVVLRQ�FDQ�EH
DWWULEXWHG�WR�D�FKDQJH�LQ�WKH�VSHFLPHQ�
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)LJ������5HVXOWV�RI
VRXQG�WUDQVPLVVLRQ
PHDVXUHPHQWV�ZLWK
RQH�ZDOO�VSHFLPHQ��WR
HYDOXDWH
UHSHDWDELOLW\�RYHU�D
WZR�GD\�SHULRG�
�6ROLG�FXUYH�LV�PHDQ�
GRWWHG�FXUYHV�DUH
PLQLPXP�DQG
PD[LPXP��

Frequency
(Hz)

100
125
160
200
250
315
400
500
630
800

1000
1250
1600
2000

3150
4000
5000
6300

Repeatability
Estimate

(dB)

0.61
0.41
0.85
0.24
0.16
0.37
0.19
0.49
0.26
0.42
0.29
0.67
0.72
0.46
0.18
0.15
0.17
0.25
0.32

2500

Mean = 0.4
63 125 250 500 1k 2k 4k

10

20

30

40

50

60

70

Frequency (Hz)

T
ra

ns
m

is
si

on
 L

os
s 

(d
B

)

Repeatability

Mean, min, max
10 tests

$V�GLVFXVVHG�LQ�WKH�IROORZLQJ�VHFWLRQ��WKH�H[SHULPHQW�GHVLJQ�ZDV
VWUXFWXUHG�WR�SHUPLW�WKH�PRVW�SUHFLVH�FRPSDULVRQV�IHDVLEOH���+RZHYHU��LW
VKRXOG�EH�UHFRJQL]HG�WKDW�UHVXOWV�IURP�DQRWKHU�ODERUDWRU\��RU�HYHQ
UHVXOWV�IURP�WKLV�ODERUDWRU\�ZLWK�D�QRPLQDOO\�HTXLYDOHQW�VSHFLPHQ�DW
DQRWKHU�WLPH��ZRXOG�EH�XQOLNHO\�WR�DJUHH�ZLWKLQ�WKLV�SUHFLVLRQ�HVWLPDWH�
+HQFH��WKH�FKDQJHV�REVHUYHG�EHWZHHQ�QRPLQDOO\�LGHQWLFDO�VSHFLPHQV
ZHUH�VRPHWLPHV���RU���WLPHV�JUHDWHU�WKDQ�WKH�UHSHDWDELOLW\�HVWLPDWH�LQ
)LJ�����SUHVXPDEO\�GXH�WR�GLIIHUHQFHV�LQ�KRZ�WKH�VSHFLPHQ�ZDV
DVVHPEOHG�

7KH�67&�UHVXOWV�ZHUH�SDUWLFXODUO\�VHQVLWLYH�WR�VRXQG�WUDQVPLVVLRQ�LQ
WKH�����+]�EDQG��DQG�VPDOO�FKDQJHV�LQ�WUDQVPLVVLRQ�IRU�WKDW�RQH�EDQG
IUHTXHQWO\�DOWHUHG�WKH�67&���7KH�,62�UDWLQJ��5

Z
��ZDV�DOVR�VWURQJO\

DIIHFWHG�E\�WKH�ORZ�IUHTXHQF\�VRXQG�WUDQVPLVVLRQ��LW�ZDV�RIWHQ�FRQWUROOHG
E\�WKH�����+]�WR�����+]�EDQGV�EXW�ZDV�QRW�VR�DIIHFWHG�E\�PLQRU
IOXFWXDWLRQV�LQ�LQGLYLGXDO�EDQGV���+RZHYHU��IRU�J\SVXP�ERDUG�ZDOOV�ERWK
RYHUDOO�UDWLQJV�WHQG�WR�EH�FRQWUROOHG�E\�VRXQG�WUDQVPLVVLRQ�SHUIRUPDQFH
DW�ORZ�IUHTXHQFLHV�

$OORZLQJ�IRU�WKHVH�IDFWRUV���D�GLIIHUHQFH�RI���EHWZHHQ�67&�UDWLQJV�IRU�WZR
VSHFLPHQV�VKRXOG�QRW�EH�FRQVLGHUHG�VLJQLILFDQW���$�FKDQJH�RI���LQ�67&
�RU�FRQVLVWHQW�FKDQJH�RI���EHWZHHQ�WZR�JURXSV�RI�VSHFLPHQV��LQGLFDWHV�D
UHDO�GLIIHUHQFH�
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7R�PLQLPL]H�WKH�HIIHFW�RI�FRQVWUXFWLRQ�YDULDWLRQV�DPRQJ�VSHFLPHQV��WKH
VHULHV�XVHG�kVPDOO�FKDQJH�FRPSDULVRQVy�DV�PXFK�DV�SRVVLEOH���7KLV
DSSURDFK�ZDV�EDVHG�RQ�FRQVWUXFWLQJ�IUDPLQJ�DQG�WKHQ�XVLQJ�WKDW
IUDPLQJ�IRU�D�JURXS�RI�WHVWV��WR�SHUPLW�FRPSDULVRQV�ZLWK�D�VHTXHQFH�RI
VPDOO�FKDQJHV�IURP�VSHFLPHQ�WR�VSHFLPHQ���(DFK�JURXS�RI�VSHFLPHQV
LQFOXGHG�D�FDVH�ZLWK������PP�7\SH�;�J\SVXP�ERDUG�DQG�7\SH��*���JODVV
ILEHU�EDWWV��WKHVH�FRXOG�EH�FRPSDUHG�WR�HQVXUH�FRQVLVWHQF\�DPRQJ
JURXSV���:LWK�WKLV�DSSURDFK��WKH�SUHFLVLRQ�FRXOG�EH�TXDOLWDWLYHO\
FKDUDFWHUL]HG�IRU�VHYHUDO�W\SHV�RI�FRPSDULVRQV�

�� 6FUHZ�SDWWHUQ�FKDQJHV�LQYROYHG�UHPRYLQJ�DQG�RU�DGGLQJ�VRPH
VFUHZV��VXFK�DV�WKH�FRPSDULVRQV�RI�GLIIHUHQW�DWWDFKPHQW�WR�WKH�WRS
SODWH�RU�WUDFN�GLVFXVVHG�ODWHU�LQ�WKH�VXE�VHFWLRQ�RQ�J\SVXP�ERDUG
DWWDFKPHQW���)RU�VRPH�PRGLILFDWLRQV��WKH�VRXQG�WUDQVPLVVLRQ�ZDV
DOWHUHG�E\�OHVV�WKDQ�����G%�LQ�DOO�EDQGV���)RU�RWKHUV��WKHUH�ZHUH
V\VWHPDWLF�FKDQJHV�RI�VHYHUDO�GHFLEHOV�LQ�PRVW�IUHTXHQF\�EDQGV�
+RZHYHU��LQ�DOO�WKHVH�FDVHV�WKH�FKDQJHV�ZHUH�UHSHDWDEOH�ZLWKLQ
WKH�UHSHDWDELOLW\�HVWLPDWH��DQG�FKDQJHV�YDULHG�VPRRWKO\�EHWZHHQ
DGMDFHQW�IUHTXHQF\�EDQGV�ZLWK�IOXFWXDWLRQV�OHVV�WKDQ�WKH
UHSHDWDELOLW\�HVWLPDWH���+HQFH�V\VWHPDWLF�FKDQJHV��RU�WKH�DEVHQFH
RI�FKDQJHV��FRXOG�EH�FOHDUO\�REVHUYHG��

�� *\SVXP�ERDUG�OD\HU�FKDQJHV�WR�DGG�RU�UHPRYH�D�VHFRQG�OD\HU
RI�J\SVXP�ERDUG�RQ�HLWKHU�IDFH�RI�WKH�VSHFLPHQ�DOVR�VKRZHG�FOHDU
WUHQGV��ZLWK�IOXFWXDWLRQV�LQ�LQGLYLGXDO�IUHTXHQF\�EDQGV�DERXW�WKH
VDPH�DV�WKH�UHSHDWDELOLW\�HVWLPDWH�

�� ,QVXODWLRQ�FKDQJHV�UHTXLUHG�UHPRYDO�RI�J\SVXP�ERDUG�IURP�RQH
IDFH��H[FKDQJH�RI�WKH�LQVXODWLRQ�DQG�LQVWDOODWLRQ�RI�QHZ�VKHHWV�RI
WKH�VDPH�W\SH�RI�J\SVXP�ERDUG���6XFK�FKDQJHV�LQWURGXFHG
YDULDELOLW\�XS�WR�WZLFH�WKH�UHSHDWDELOLW\�HVWLPDWH�

�� &RPSOHWH�UHFRQVWUXFWLRQ�LQWURGXFHG�HYHQ�ODUJHU�YDULDWLRQ�
HVSHFLDOO\�IRU�IUHTXHQF\�EDQGV�IURP�����+]�WR���N+]���(YHQ�LQ
WKHVH�FDVHV��WKH�FKDQJH�LQ�67&�YDOXHV�ZDV�XVXDOO\�OHVV�WKDQ���

&RPSDULVRQ�RI�QRPLQDOO\�LGHQWLFDO�VSHFLPHQV�ZDV�XVHG�DV�DQ�LQGLFDWRU
RI�FRQVWUXFWLRQ�FRQVLVWHQF\�DPRQJ�JURXSV�RI�VSHFLPHQV���,Q�FDVHV�ZKHUH
67&�UHVXOWV�IRU�WKHVH�UHIHUHQFH�VSHFLPHQV�GLIIHUHG�E\���RU�PRUH��JURXSV
RI�WHVWV�ZHUH�UHSHDWHG�DQG�WKH�DQRPDORXV�VHW�RI�UHVXOWV�ZHUH�GLVFDUGHG�
LQ�HDFK�VXFK�FDVH�WKHUH�ZDV�VXSSOHPHQWDU\�HYLGHQFH�VXJJHVWLQJ�WKH
SRVVLELOLW\�RI�LQVWDOODWLRQ�HUURUV���*RRG�FRQVLVWHQF\��67&�FKDQJH�RI���RU
���ZDV�REVHUYHG�LQ�PRVW�VXFK�FRPSDULVRQV�
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0HWULF�'LPHQVLRQV���7KLV�UHSRUW�XVHV�PHWULF�GLPHQVLRQV�RQO\���7KH
GLPHQVLRQV�DUH�FRQYHUWHG�WR�SUHFLVH�PHWULF�VL]HV�ZKHUH�WKDW�FRQIRUPV�WR
QRUPDO�LQGXVWU\�SUDFWLFH��VXFK�DV�WKLFNQHVV�RI�J\SVXP�ERDUG�RU
GLPHQVLRQV�RI�VWXGV���6RPH�GLPHQVLRQV�VXFK�DV�VSDFLQJ�EHWZHHQ�VWXGV
�ZKLFK�ZDV�SUHYLRXVO\�VSHFLILHG�DV����RU����LQ���KDYH�EHHQ�FRQYHUWHG�WR
DSSUR[LPDWH�HTXLYDOHQWV������DQG�����PP�UHVSHFWLYHO\��WR�PDWFK
QRUPDO�SUDFWLFH��DV�LQ�WKH�1DWLRQDO�%XLOGLQJ�&RGH�RI�&DQDGD�

6SHFLPHQ�VL]H���:DOO�VSHFLPHQV�ZHUH�PRXQWHG�LQ�UHPRYDEOH�WHVW
IUDPHV�ZKRVH�RSHQLQJ�PHDVXUHV������P�[������P���7KH�IDFHV�RI�WKHVH
IUDPHV�DUH�OLQHG�ZLWK�ZRRG��DQG�WKH�VSHFLPHQ�IUDPLQJ�ZDV�VFUHZHG�WR
WKHVH�VXUIDFHV���2QH�IUDPH�KDV�WKLV�OLQLQJ�VSOLW�DQG�UHVLOLHQWO\�PRXQWHG�
WKLV�ZDV�XVHG�IRU�GRXEOH�VWXG�VSHFLPHQV���&RXSOLQJ�EHWZHHQ�WKH�WHVW
IUDPH�DQG�WKH�VRXQG�ILHOG�LQ�WKH�FKDPEHUV�ZDV�UHGXFHG�E\�LQVWDOOLQJ
VKLHOGV�RYHU�WKH�H[SRVHG�SDUWV�RI�WKH�WHVW�IUDPH���7KH�VKLHOGV�PDVN�DERXW
��FP�DW�WKH�SHULPHWHU�RI�WKH�VSHFLPHQV��WKH�DFWXDO�H[SRVHG�VSHFLPHQ
DUHD�ZDV�XVHG�IRU�FDOFXODWLRQ�RI�6RXQG�7UDQVPLVVLRQ�/RVV�

)RU�VSHFLPHQV�ZLWK�VWXGV�VSDFHG�����PP�R�F��DSDUW��D�VPDOOHU������PP�
LQWHU�VWXG�FDYLW\�RFFXUV�DW�RQH�VLGH�RI�WKH�VSHFLPHQ���7KLV�ZDV�PDVNHG
RII��EHFDXVH�WHVWV�DW�,5&�15&&�DQG�HOVHZKHUH�KDYH�VKRZQ�VOLJKWO\
GLIIHUHQW�6RXQG�7UDQVPLVVLRQ�/RVV�ZKHQ�WKHVH�VPDOO�VXE�SDQHOV�DUH
LQFOXGHG�DV�SDUW�RI�WKH�VSHFLPHQ���+HQFH��VSHFLPHQV�ZLWK�VWXGV�DW
����PP�R�F��KDG�DQ�H[SRVHG�ZLGWK�RI�DSSUR[LPDWHO\�����P��VHYHQ�LQWHU�
VWXG�FDYLWLHV��

*\SVXP�%RDUG�$WWDFKPHQW���7KH�SUHFHGLQJ�V\VWHPDWLF�VWXG\��5HSRUW
$��������VKRZHG�VLJQLILFDQW�GHSHQGHQFH�RI�WKH�VRXQG�WUDQVPLVVLRQ�RQ
IDVWHQHU�VSDFLQJ�DQG�WKH�W\SH�RI�IUDPLQJ���7R�HQVXUH�UHVXOWV�ZHUH
UHSUHVHQWDWLYH�RI�SUDFWLFDO�ZDOOV��WKH�VSHFLPHQV�UHSRUWHG�KHUH�ZHUH
FRQVWUXFWHG�ZLWK�VFUHZ�W\SH�DQG�SODFHPHQW�FRQIRUPLQJ�WR�WKH�SHUWLQHQW
UHTXLUHPHQWV�RI�WKH�1DWLRQDO�%XLOGLQJ�&RGH�RI�&DQDGD�DQG�WKH
DSSOLFDEOH�&DQDGLDQ�VWDQGDUG�&$1�&6$�$������0���k*\SVXP�%RDUG
$SSOLFDWLRQy���7KH�VDPH�VFUHZ�SDWWHUQV�DUH�EHLQJ�XVHG�LQ�WKH�FRPSDQLRQ
VWXG\�RI�ILUH�UHVLVWDQFH���7KH�VFUHZ�SODFHPHQW�IRU�D�JLYHQ�VKHHW�RI
J\SVXP�ERDUG�GHSHQGV�RQ�WKH�W\SH�RI�IUDPLQJ��VSDFLQJ�RI�VXSSRUWLQJ
IUDPLQJ��DQG�ZKLFK�OD\HU�RI�J\SVXP�ERDUG�LV�LQYROYHG���$WWHQWLRQ�ZDV
JLYHQ�WR�WKH�ORFDWLRQ�RI�MRLQWV��WR�HQVXUH�WKH\�ZHUH�VWDJJHUHG�DV�UHTXLUHG�
'LDJUDPV�VKRZLQJ�VFUHZ�SDWWHUQV�DQG�MRLQW�ORFDWLRQV�IRU�HDFK�FDVH�DUH
JLYHQ�LQ�$SSHQGL[�$�

7R�PLQLPL]H�LQVWDOODWLRQ�YDULDELOLW\��VWDQGDUG�J\SVXP�ERDUG�VFUHZV
ZHUH�XVHG�LQ�DOO�FDVHV��DQG�ZHUH�LQVWDOOHG��XVLQJ�DQ�HOHFWULF�VFUHZ�JXQ�
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VR�KHDGV�ZHUH�MXVW�EHORZ�WKH�VXUIDFH�RI�WKH�J\SVXP�ERDUG��EXW�QRW
EUHDNLQJ�WKH�VXUIDFH�SDSHU�

$V�LQGLFDWHG�DERYH�LQ�WKH�GLVFXVVLRQ�RI�SUHFLVLRQ��WKH�FRPSDULVRQ
VWUDWHJ\�XVHG�WR�PLQLPL]H�DQG�DVVHVV�VSHFLPHQ�FRQVWUXFWLRQ�YDULDELOLW\
UHTXLUHG�UHSHDWHG�XVH�RI�HDFK�VHW�RI�VWXGV���([FHSW�LQ�FDVHV�ZKHUH
J\SVXP�ERDUG�ZDV�DWWDFKHG�WR�UHVLOLHQW�FKDQQHOV��ZKLFK�FRXOG�HDVLO\�EH
UHSODFHG���RQO\�QLQH�RU�IHZHU�FKDQJHV�RI�VFUHZV�ZHUH�XVHG�RQ�HLWKHU�VLGH
RI�D�VHW�RI�VWXGV��7KH�VFUHZ�SRVLWLRQV�ZHUH�VKLIWHG��E\�DERXW���FP��IURP
RQH�FDVH�WR�WKH�QH[W�WR�DYRLG�SUHYLRXV�VFUHZ�KROHV���7HVWLQJ�ZLWKRXW
FKDQJHV�RWKHU�WKDQ�VFUHZ�UHORFDWLRQV�VKRZHG�QHJOLJLEOH�YDULDWLRQV�LQ
VRXQG�WUDQVPLVVLRQ�GXH�WR�VXFK�FKDQJHV�

7KH�HIIHFW�RI�VRPH�SRVVLEOH�YDULDQWV�IURP�VWDQGDUG�LQVWDOODWLRQ�ZHUH
H[DPLQHG�IRU�VSHFLPHQV�ZLWK����JDXJH�������PP��VWHHO�IUDPLQJ���)RU�ILUH
UHVLVWDQFH��WKH������1DWLRQDO�%XLOGLQJ�&RGH�UHTXLUHV�WKDW�QRQ�
ORDGEHDULQJ�����JDXJH�RU����JDXJH��VWHHO�VWXGV�QRW�EH�VFUHZHG�WR�WKH
XSSHU�WUDFN��WKDW�LV��LQVWDOODWLRQ�VKRXOG�FRQIRUP�WR��SDWWHUQ��E��LQ
)LJXUHV�$����WR�$������&DUHIXO�FRPSDULVRQV�ZHUH�PDGH��DOWHULQJ
VSHFLPHQV�DPRQJ��VFUHZ�SDWWHUQV��D��WR��G��VKRZQ�LQ�WKRVH�ILJXUHV���7KH
UHVXOWLQJ�HIIHFW�RQ�VRXQG�WUDQVPLVVLRQ�ZDV�QHJOLJLEOH���&KDQJHV�DPRQJ
SDWWHUQV��D��WR��F��FDXVHG�QR�FKDQJH�LQ�67&���,Q�FDVH��G��ZLWK�QR�VFUHZV
LQ�WKH�WRS�WUDFN��VRPH�VSHFLPHQV�H[KLELWHG�DQ�LQFUHDVH�RI���LQ�67&�
2QO\�WKH�67&�UHVXOWV�IRU�SDWWHUQV��D��WR��F��ZHUH�OLVWHG��WKHVH�PD\
UHDVRQDEO\�EH�XVHG�IRU�ZDOOV�ZLWK�DQ\�RI�WKH�VFUHZ�SDWWHUQV�VKRZQ�

2PLWWLQJ�VFUHZV�DW�WKH�XSSHU�HGJH�RI�WKH�J\SVXP�ERDUG�LV�DOVR
UHFRPPHQGHG�IRU�VLPSOH�ZRRG�VWXG�DQG�VWDJJHUHG�ZRRG�VWXG�ZDOOV
ZKHUH�SRWHQWLDO�XSOLIW�E\�URRI�WUXVVHV�LV�RI�FRQFHUQ���7KH�VRXQG
WUDQVPLVVLRQ�UDWLQJV�SUHVHQWHG�LQ�WKH�WDEOHV�DUH�IRU�WKH�FDVH�ZLWK�VFUHZV
LQWR�WKH�WRS�SODWH���2PLWWLQJ�WKRVH�VFUHZV�FRQVLVWHQWO\�LQFUHDVHG�WKH
6RXQG�7UDQVPLVVLRQ�/RVV�DW�PLG�IUHTXHQFLHV��DQG�LQFUHDVHG�WKH�67&�E\
��LQ�PRVW�FDVHV�WHVWHG�

)LQLVKLQJ�DW�-RLQWV�DQG�(GJHV���,Q�QRUPDO�FRQVWUXFWLRQ�SUDFWLFH�
MRLQWV�DQG�HGJHV�RI�J\SVXP�ERDUG�ZDOOV�DUH�ILQLVKHG�ZLWK�MRLQW�FRPSRXQG
DQG�WDSH���+RZHYHU��UHSHDWHG�VRXQG�WUDQVPLVVLRQ�WHVWLQJ�RI�VHYHUDO�ZDOO
VSHFLPHQV�ZKLOH�WKH�MRLQW�FRPSRXQG�ZDV�GU\LQJ�FRQILUPHG�WKDW�ZDOOV
ILQLVKHG�LQ�WKLV�PDQQHU�UHTXLUH�DERXW�WZR�GD\V�FXULQJ�EHIRUH�DFKLHYLQJ
VWDEOH�VRXQG�WUDQVPLVVLRQ�SHUIRUPDQFH���6LQFH�D�VHULHV�RI�RYHU�����ZDOOV
ZDV�SODQQHG��D�PRUH�UDSLG�MRLQW�ILQLVKLQJ�WHFKQLTXH�ZDV�FOHDUO\
GHVLUDEOH���&RPSDULVRQV�IRU�IRXU�WULDO�VSHFLPHQV�VKRZHG�WKDW�FDXONLQJ
MRLQWV�DQG�FRYHULQJ�WKHP�ZLWK�PHWDOL]HG�GXFW�WDSH�JDYH�VRXQG
WUDQVPLVVLRQ�SHUIRUPDQFH�DW�DOO�IUHTXHQFLHV�ZLWKLQ�D�IUDFWLRQ�RI�D
GHFLEHO�RI�WKDW�IRU�VWDQGDUG�ILQLVK�ZLWK�MRLQW�FRPSRXQG��WKH�67&�ZDV�WKH
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VDPH�LQ�DOO�FDVHV���,I�WKH�MRLQWV�ZHUH�VLPSO\�WDSHG��WKH�67&�YDOXHV
WHQGHG�WR�EH��ORZHU���,I�MRLQWV�ZHUH�ILOOHG�ZLWK�D�SODVWLFLQH�OLNH�FRPSRXQG
�XVHG�E\�VRPH�DFRXVWLFDO�WHVWLQJ�ODERUDWRULHV�WR�ILOO�MRLQWV���KLJK
IUHTXHQF\�VRXQG�WUDQVPLVVLRQ�ORVV�DQG�67&�YDOXHV�WHQGHG�WR�EH�KLJKHU
WKDQ�WKRVH�IRU�WKH�VWDQGDUG�ILQLVK���+HQFH��WKH�FDXONLQJ�DQG�WDSH�ILQLVK
ZHUH�XVHG�WR�VHDO�MRLQWV�IRU�DOO�VSHFLPHQV�UHSRUWHG�KHUH�

&+$5$&7(5,67,&6�2)�0$7(5,$/6

3URSHUWLHV�RI�WKH�PDWHULDOV�DUH�EHLQJ�FKDUDFWHUL]HG�DV�IXOO\�DV�SRVVLEOH�
7KH�VSHFLILF�SURSHUWLHV�PHDVXUHG�DQG�RU�UHFRUGHG�LQFOXGHG�

• 'LPHQVLRQV�DQG�ZHLJKW�ZHUH�UHFRUGHG�IRU�HYHU\�FRPSRQHQW
�IUDPLQJ��LQVXODWLRQ��J\SVXP�ERDUG��HWF���RI�HDFK�ZDOO�VSHFLPHQ�
WRJHWKHU�ZLWK�DQ\�VSHFLDO�IHDWXUHV�RI�WKH�PDWHULDOV�RU�LQVWDOODWLRQ�

• 6WLIIQHVV�RI�J\SVXP�ERDUG�ZDV�PHDVXUHG�LQ�WKH�)25,17(.
ODERUDWRULHV�IRU�PDQ\�VDPSOHV�RI�WKH�PDLQ�W\SHV�RI�J\SVXP�ERDUG�

• :RRG�VWXGV�ZHUH�FRQGLWLRQHG�LQ�WKH�)25,17(.�ODERUDWRULHV�DW
����UHODWLYH�KXPLGLW\��WR�HVWDEOLVK�FRQVLVWHQW�PRLVWXUH�FRQWHQW�
7KH�ZDWHU�FRQWHQW�ZDV�LQWHQGHG�WR�EH�UHSUHVHQWDWLYH�RI�WKDW�IRU
ZDOO�DVVHPEOLHV�VHYHUDO�\HDUV�DIWHU�FRQVWUXFWLRQ���0RLVWXUH�IRU
HDFK�ZRRG�VWXG�ZDV�PHDVXUHG�DW�)25,17(.��DQG�VXEVHTXHQWO\
FKHFNHG�LQ�WKH�,5&�15&&�ODERUDWRU\�GXULQJ�WKH�WHVWLQJ�ZLWK�HDFK
ZRRG�IUDPH�DVVHPEO\�

• 6WLIIQHVV�RI�ZRRG�VWXGV�ZDV�PHDVXUHG�LQ�WKH�)RULQWHN�ODERUDWRULHV
IRU�HDFK�ZRRG�VWXG���6WLIIQHVV�RI�VWHHO�VWXGV�DQG�UHVLOLHQW�IXUULQJ
FKDQQHOV�DUH�EHLQJ�PHDVXUHG�DW�,5&�15&&�

• $LUIORZ�UHVLVWLYLW\�IRU�VDPSOHV�RI�HDFK�W\SH�RI�DEVRUSWLYH�PDWHULDO
ZDV�PHDVXUHG�DW�,5&�15&&�DFFRUGLQJ�WR�$670�PHWKRG�&�������

7DEOHV�RI�PDWHULDO�SURSHUWLHV�DUH�SUHVHQWHG�LQ�$SSHQGL[�%��VRPH�IXUWKHU
GHWDLOV�ZLOO�DFFRPSDQ\�WDEXODWLRQ�RI�WKH�VRXQG�WUDQVPLVVLRQ�UHVXOWV�LQ
����RFWDYH�EDQGV��LQ�ODWHU�,5&�15&&�UHSRUWV�

0RVW�RI�WKH�PDWHULDOV�XVHG�LQ�WKHVH�DVVHPEOLHV�DUH�PDQXIDFWXUHG
SURGXFWV�ZLWK�FOHDUO\�GHILQHG�GLPHQVLRQV�DQG�RWKHU�SURSHUWLHV���7KH
H[FHSWLRQ�WR�WKLV�UXOH�LV�FHOOXORVH�ILEHU��IRU�ZKLFK�WKH�EDVH�PDWHULDO�KDV
FRQWUROOHG�SURSHUWLHV��EXW�WKH�LQVWDOODWLRQ�SHUPLWV�VRPH�YDULDWLRQ��DV�LW
LV�EORZQ�LQWR�RU�VSUD\HG�LQWR�WKH�ZDOO�FDYLWLHV�RQ�VLWH���7KLV�SHUPLWV
YDULDWLRQ�LQ�GHQVLW\��ZKLFK�DIIHFWV�ERWK�DLU�IORZ�UHVLVWDQFH�DQG�VWLIIQHVV
RI�WKH�UHVXOWLQJ�FDYLW\�ILOO���7KH�GHQVLW\�ZDV�PHDVXUHG�ZKHQ�HDFK�ZDOO
VSHFLPHQ�ZLWK�FHOOXORVH�ILEHU�ZDV�WDNHQ�DSDUW��DQG�LV�SUHVHQWHG�LQ�WKH
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WDEOHV���+RZHYHU��WKH�HIIHFW�RI�FKDQJLQJ�GHQVLW\�ZDV�QRW�V\VWHPDWLFDOO\
HYDOXDWHG�

6WLIIQHVV�RI�DEVRUSWLYH�PDWHULDO�LQ�WKH�LQWHU�VWXG�FDYLWLHV�FRXOG�EHFRPH
DQ�LVVXH�LI�WKLV�PDWHULDO�SURYLGHV�D�SDWK�IRU�YLEUDWLRQ�WUDQVPLVVLRQ�IURP
RQH�IDFH�RI�WKH�ZDOO�WR�WKH�RWKHU��WKURXJK�FRQWDFW�ZLWK�WKH�J\SVXP�ERDUG
IDFHV�DQG�RU�WKH�IUDPLQJ���,Q�VRPH�FDVHV��WKH�ORZ�IUHTXHQF\�VRXQG
WUDQVPLVVLRQ�ZDV�GHFUHDVHG�LQ�D�PDQQHU�FRQVLVWHQW�ZLWK�WKH�H[SHFWHG
HIIHFW�RI�LQFUHDVHG�FDYLW\�VWLIIQHVV���7KLV�ZDV�REVHUYHG�IRU�VSHFLPHQV
ZKHUH�WKH�FDYLW\�ZDV�FRPSOHWHO\�ILOOHG�ZLWK�D�KLJK�GHQVLW\�RI�FHOOXORVH
ILEHU���6LPLODU�UHGXFWLRQ�LQ�VRXQG�WUDQVPLVVLRQ�DW�ORZ�IUHTXHQFLHV�ZDV
HYLGHQW�ZLWK�YHU\�VWLII�PLQHUDO�ILEHU�PDWHULDO��VXFK�DV�7\SH�0��LQ�7DEOH
66����DQG�ZLWK�DQ\�FDYLW\�ILOO��WKDW�KDG�WR�EH�FRPSUHVVHG�VLJQLILFDQWO\�WR
DWWDFK�WKH�J\SVXP�ERDUG���4XDOLWDWLYHO\��WKH�VWLIIHU�WKH�DEVRUSWLYH
PDWHULDO�DQG�WKH�PRUH�LW�LV�FRPSUHVVHG��WKH�JUHDWHU�WKH�HIIHFW�RQ�VRXQG
WUDQVPLVVLRQ�

)XUWKHU�ZRUN�LV�SODQQHG�WR�H[DPLQH�WKH�G\QDPLF�VWLIIQHVV�RI�HDFK�W\SH
RI�DEVRUSWLYH�PDWHULDO��DQG�RI�VWHHO�VWXGV�DQG�UHVLOLHQW�FKDQQHOV���7KH
UHVXOWV�RI�WKLV�VWXG\�VWURQJO\�VXJJHVW�WKDW�VWLIIQHVV�RI�WKH�DEVRUSWLYH
PDWHULDO�RU�WKH�IUDPLQJ�FDQ�VLJQLILFDQWO\�DOWHU�WKH�ORZ�IUHTXHQF\�VRXQG
WUDQVPLVVLRQ��DQG�KHQFH�WKH�67&���7KHUH�LV�QR�HVWDEOLVKHG�VWDQGDUG
PHWKRG�IRU�PHDVXULQJ�VWLIIQHVV�RI�VXFK�SURGXFWV�RU�HYDOXDWLQJ�ZKHWKHU
WKHLU�VWLIIQHVV�LV�VXLWDEOH��EXW�WKH�SUHVHQW�ZRUN�LOOXVWUDWHV�WKH�HIIHFW�RQ
VRXQG�WUDQVPLVVLRQ��HVSHFLDOO\�IRU�WKH�DEVRUSWLYH�PDWHULDOV���(IIRUWV�ZLOO
EH�PDGH�WR�HVWDEOLVK�D�VXLWDEOH�HYDOXDWLRQ�SURWRFRO�IRU�WKHVH�SURGXFWV�

,Q�WKH�PHDQZKLOH��WKLV�VWXG\�SURYLGHV�D�UHDVRQDEOH�DVVHVVPHQW�RI�WKH
SHUIRUPDQFH�RI�QRUPDOO\�DVVHPEOHG�ZDOOV�ZLWK�W\SLFDO�PDWHULDOV�
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Table WS-1: Wood studs at 400 mm o.c., with one or two layers gypsum board on each side

(a) (b) (c) one or two layers of gypsum board
38x89 mm wood studs at
   400 mm o.c., with absorptive
   material (as noted) in stud cavity
one or two layers of gypsum board

a)  One layer of gypsum board on each side:

Gypsum board Absorptive Material Test Number STC Rw

15.9 mm Type X (C) mineral fibre (M1) 90 mm batt TL-93-157 34 37

12.7 mm Type X (A) mineral fibre (M1) 90 mm batt TL-93-188 34 39

cellulose (C2) 90 mm blown (54 kg/m3) TL-93-176 32 38

12.7  mm (B) mineral fibre (M1) 90 mm batt TL-93-166 33 38

b)  One layer of gypsum board on one side, two layers of gypsum board on other side:

15.9 mm Type X (C) mineral fibre (M1) 90 mm batt TL-93-158 36 40

12.7 mm Type X (A) cellulose (C2) 90 mm blown (54 kg/m3) TL-93-175 37 41

12.7 mm (B) mineral fibre (M1) 90 mm batt TL-93-167 35 41

c)  Two layers of gypsum board on each side:

12.7 mm Type X (A) cellulose (C2) 90 mm blown (54 kg/m3) TL-93-174 38 43
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Table WS-2: Wood studs plus resilient furring channels one side with one layer gypsum board each
side

400 mm or 600 mm
one layer of gypsum board
38x89 mm wood studs at 400 mm o.c.
   or 600 mm o.c., with absorptive material
(as noted) in stud cavity
13 mm resilient furring channels at 600 mm
   or 400 mm o.c.
one layer of gypsum board

a)  Wood studs at 400 mm o.c., resilient furring channels at 600 mm o.c.:

Gypsum Board Absorptive Material Test Number STC Rw

15.9 mm Type X (C) none TL-93-122 40 39

glass fibre (G1) 89 mm batt TL-93-110 46 47
glass fibre (G2) 89 mm batt TL-93-123 46 48

mineral fibre (M1) 65 mm batt TL-93-152 45 47
mineral fibre (M1) 90 mm batt TL-93-156 46 48

cellulose (C1) 45 mm spray (69 kg/m3) TL-93-144 48 49
cellulose (C2) 100 mm blown (54 kg/m3) TL-93-105 45 48

12.7 mm Type X (A) glass fibre (G1) 89 mm batt TL-93-125 46 48
glass fibre (G2) 89 mm batt TL-93-179 46 48

mineral fibre (M1) 65 mm batt TL-93-184 42 46
mineral fibre (M1) 90 mm batt TL-93-185 45 48

cellulose (C2) 100 mm blown (48 kg/m3) TL-93-171 41 44

12.7 mm Type X (B) glass fibre (G1) 89 mm batt TL-93-148 43 46

12.7 mm (B) glass fibre (G1) 89 mm batt TL-93-128 42 45

mineral fibre (M1) 65 mm batt TL-93-162 40 44
mineral fibre (M1) 90 mm batt TL-93-165 41 45

12.7 mm (B-light) glass fibre (G1) 89 mm batt TL-94-001 42 44

b)  Wood studs at 400 mm o.c., resilient furring channels at 400 mm o.c.:

15.9 mm Type X (C) glass fibre (G1) 89 mm batt TL-93-117 43 45

c)  Wood studs at 600 mm o.c., resilient furring channels at 600 mm o.c.:

15.9 mm Type X (C) none TL-93-089 40 39

glass fibre (G1) 65 mm batt TL-93-087 48 48
glass fibre (G1) 89 mm batt TL-93-083 49 49
glass fibre (G2) 89 mm batt TL-93-088 49 48

mineral fibre (M1) 90 mm batt TL-93-090 48 49

12.7 mm Type X (A) glass fibre (G1) 65 mm batt TL-93-093 47 48

d)  Wood studs at 600 mm o.c., resilient furring channels at 400 mm o.c.:

15.9 mm Type X (C) glass fibre (G1) 89 mm batt TL-93-098 50 49
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Table WS-3: Wood studs with resilient furring channels and two layers of gypsum board on one side
and one layer of gypsum board on the other side

400 mm or 600 mm
one layer of gypsum board
38x89 mm wood studs at 400 mm o.c. or
   600 mm o.c., with absorptive material
   (as noted) in stud cavity
13 mm resilient furring channels at 600 mm
   or 400 mm o.c.
two layers of gypsum board

a)  Wood studs at 400 mm o.c., resilient furring channels at 600 mm o.c.:

Gypsum Board Absorptive Material Test Number STC Rw

15.9 mm Type X (C) glass fibre (G1) 89 mm batt TL-93-114 53 52
glass fibre (G2) 89 mm batt TL-93-124 52 53

mineral fibre (M1) 65 mm batt TL-93-153 49 52
mineral fibre (M1) 90 mm batt TL-93-155 50 53

cellulose (C1) 45 mm spray (69 kg/m3) TL-93-145 51 53
cellulose (C2) 100 mm blown (54 kg/m3) TL-93-107 50 52

12.7 mm Type X (A) glass fibre (G1) 89 mm batt TL-93-126 51 52
glass fibre (G2) 89 mm batt TL-93-180 51 52

mineral fibre (M1) 65 mm batt TL-93-183 49 51
mineral fibre (M1) 90 mm batt TL-93-186 50 52

cellulose (C2) 100 mm blown (48 kg/m3) TL-93-172 48 49

12.7 mm Type X (B) glass fibre (G1) 89 mm batt TL-93-150 48 50

12.7 mm (B) glass fibre (G1) 89 mm batt TL-93-129 48 50
mineral fibre (M1) 65 mm batt TL-93-163 44 48
mineral fibre (M1) 90 mm batt TL-93-164 46 49

b)  Wood studs at 400 mm o.c., resilient furring channels at 400 mm o.c.:

15.9 mm Type X (C) glass fibre (G1) 89 mm batt TL-93-118 50 50

c)  Wood studs at 600 mm o.c., resilient furring channels at 600 mm o.c.:

15.9 mm Type X (C) glass fibre (G1) 89 mm batt TL-93-085 54 54
mineral fibre (M1) 90 mm batt TL-93-091 54 54

12.7 mm Type X (A) glass fibre (G1) 65 mm batt TL-93-094 54 53
glass fibre (G1) 89 mm batt TL-93-097 54 54

d)  Wood studs at 600 mm o.c., resilient furring channels at 400 mm o.c.:

15.9 mm Type X (C) glass fibre (G1) 89 mm batt TL-93-099 54 53
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Table WS-4: Wood studs with resilient furring channels and one layer of gypsum board on one side and
two layers of gypsum board on the other side

400 mm or 600 mm
two layers of gypsum board
38x89 mm wood studs at 400 mm o.c. or
   600 mm o.c., with absorptive material
   (as noted) in stud cavity
13 mm resilient furring channels at 600
mm
   or 400 mm o.c.
one layer of gypsum board

a)  Wood studs at 400 mm o.c., resilient furring channels at 600 mm o.c.:

Gypsum Board Absorptive Material Test Number STC Rw

15.9 mm Type X (C) glass fibre (G1) 89 mm batt TL-93-116 53 53

12.7 mm (B-light) glass fibre (G1) 89 mm batt TL-94-002 48 49

b)  Wood studs at 400 mm o.c., resilient furring channels at 400 mm o.c.:

15.9 mm Type X (C) glass fibre (G1) 89 mm batt TL-93-120 50 51

c)  Wood studs at 600 mm o.c., resilient furring channels at 400 mm o.c.:

15.9 mm Type X (C) glass fibre (G1) 89 mm batt TL-93-101 55 54
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Table WS-5: Wood studs plus resilient furring channels one side with two layers gypsum board each
side

400 mm or 600 mm
two layers of gypsum board
38x89 mm wood studs at 400 mm o.c. or
   600 mm o.c., with absorptive material
   (as noted) in stud cavity
13 mm resilient furring channels at
   600 mm or 400 mm o.c.
two layers of gypsum board

a)  Wood studs at 400 mm o.c., resilient furring channels at 600 mm o.c.:

Gypsum Board Absorptive Material Test Number STC Rw

15.9 mm Type X (C) glass fibre (G1) 89 mm batt TL-93-115 59 57

cellulose (C1) 45 mm spray (69 kg/m3) TL-93-146 55 57
cellulose (C2) 100 mm blown (54 kg/m3) TL-93-108 57 57

12.7 mm Type X (A) glass fibre (G1) 89 mm batt TL-93-127 57 57
glass fibre (G2) 89 mm batt TL-93-181 58 57

mineral fibre (M1) 90 mm batt TL-93-187 55 57

cellulose (C2) 100 mm blown (48 kg/m3) TL-93-173 54 55

12.7 mm Type X (B) glass fibre (G1) 89 mm batt TL-93-151 53 55

12.7 mm (B) glass fibre (G1) 89 mm batt TL-93-130 54 55

12.7 mm (B-light) glass fibre (G1) 89 mm batt TL-94-004 53 54

b)  Wood studs at 400 mm o.c., resilient furring channels at 400 mm o.c.:

15.9 mm Type X (C) glass fibre (G1) 89 mm batt TL-93-119 55 55

c)  Wood studs at 600 mm o.c, resilient furring channels at 600 mm o.c.:

15.9 mm Type X (C) glass fibre (G1) 89 mm batt TL-93-086 59 58

mineral fibre (M1) 90 mm batt TL-93-092 59 59

12.7 mm Type X (A) glass fibre (G1) 65 mm batt TL-93-095 58 57
glass fibre (G1) 89 mm batt TL-93-096 60 58

d)  Wood studs at 600 mm o.c., resilient furring channels at 400 mm o.c.:

15.9 mm Type X (C) glass fibre (G1) 89 mm batt TL-93-100 57 57
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Table WS-6: Wood studs at 600 mm o.c. with one layer wood fibreboard each side and one or two
layers gypsum board each side

(a) (b) (c) one or two layers of gypsum board
19 mm wood fibreboard
38x89 mm wood studs at 600 mm o.c.,
   with absorptive material (as noted) in
   stud cavity
19 mm wood fibreboard
one or two layers of gypsum board

a)  One layer of gypsum board on each side:

Gypsum Board Absorptive Material Test Number STC Rw

15.9 mm Type X (C) glass fibre (G1) 89 mm batt TL-93-190 49 48

b)  One layer of gypsum board on one side, two layers of gypsum board on other side:

15.9 mm Type X (C) glass fibre (G1) 89 mm batt TL-93-191 51 50

c)  Two layers of gypsum board on each side:

15.9 mm Type X (C) glass fibre (G1) 89 mm batt TL-93-193 52 50
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Table SWS-1: Staggered wood studs at 400 mm o.c. on 140 mm plate with one layer gypsum board
each side

400 mm one layer of gypsum board
38x89 mm staggered wood studs at
   400 mm o.c. on 140 mm plate, with
   absorptive material (as noted) in inter-
   stud cavity
one layer of gypsum board

Gypsum Board Absorptive Material Test Number STC Rw

15.9 mm Type X (C) none TL-93-254 41 41

glass fibre (G2) 89 mm batt TL-93-248 49 48
glass fibre (G1) 89 mm batt, woven* TL-93-225 47 47
glass fibre (G1) both sides 65 mm batt TL-93-249 50 49

mineral fibre (M1) 65 mm batt TL-93-253 46 47

cellulose (C1) 50 mm spray (62 kg/m3) TL-93-242 47 49
cellulose (C2) 140 mm blown (55 kg/m3) TL-93-231 48 48

12.7 mm Type X (A) glass fibre (G2) 89 mm batt TL-93-247 47 49
glass fibre (G1) 89 mm batt, woven* TL-93-208 45 47
glass fibre (G1) both sides 65 mm batt TL-93-198 46 47

cellulose (C1) 50 mm spray (60 kg/m3) TL-93-258 43 47
cellulose (C2) 140 mm blown (55 kg/m3) TL-93-241 45 47

12.7 mm (B) glass fibre (G1) 89 mm batt, woven* TL-93-228 43 46

mineral fibre (M1) 90 mm batt TL-93-245 43 46

12.7 mm (B-light) glass fibre (G1) 89 mm batt TL-93-434 42 45

*  "Woven" indicates normal batts of the indicated
type, installed so they weave around the studs.
Near the studs, they are compressed between the
stud and the adjacent gypsum board, as shown in
the figure at right.

Batts of insulation not described as "woven" were
installed in the inter-stud cavities as shown here.
Note that most batts are compressed to some
degree between studs and the gypsum board on
the opposite face.
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Table SWS-2: Staggered wood studs at 400 mm o.c. on 140 mm plate with one or two layers gypsum
board one side and two layers gypsum board other side

(a) (b) one or two layers of gypsum board
38x89 mm staggered wood studs at
    400 mm o.c. on 140 mm plate, with
   absorptive material (as noted) in inter-
   stud cavity
two layers of gypsum board

a)  One layer of gypsum board on one side, two layers of gypsum board on other side:

Gypsum Board Absorptive Material Test Number STC Rw

15.9 mm Type X (C) glass fibre (G1) 89 mm batt, woven* TL-93-226 52 52
glass fibre (G1) both sides 65 mm batt TL-93-250 54 53

mineral fibre (M1) 65 mm batt TL-93-252 50 51

cellulose (C1) 50 mm spray (62 kg/m3) TL-93-243 53 54
cellulose (C2) 140 mm blown (55 kg/m3) TL-93-232 54 53

12.7 mm Type X (A) glass fibre (G1) 89 mm batt, woven* TL-93-209 50 52
glass fibre (G1) both sides 65 mm batt TL-93-201 51 52
glass fibre (G1) 65 mm batt TL-93-440 52 51

12.7 mm (B) glass fibre (G1) 89 mm batt, woven* TL-93-229 49 51

12.7 mm (B-light) glass fibre (G1) 89 mm batt TL-93-435 48 50

b)  Two layers of gypsum board on each side:

15.9 mm Type X (C) glass fibre (G1) 89 mm batt, woven* TL-93-227 56 56
glass fibre (G1) both sides 65 mm batt TL-93-251 57 56

cellulose (C2) 140 mm blown (55 kg/m3) TL-93-233 57 56

12.7 mm Type X (A) glass fibre (G1) 89 mm batt, woven* TL-93-210 55 56
glass fibre (G1) both sides 65 mm batt TL-93-202 56 56

12.7 mm (B) none TL-93-246 47 48

glass fibre (G1) 89 mm batt, woven* TL-93-230 54 55
glass fibre (G1) 89 mm batt TL-93-421 55 54

12.7 mm (B-light) glass fibre (G1) 89 mm batt TL-93-436 53 54

* Note:  See Figure below Table SWS-1.
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Table SWS-3: Staggered wood studs at 400 mm o.c. on 140 mm plate plus resilient furring channels one
side with one or two layers gypsum board each side

(a) (b) (c) (d) one or two layers of gypsum board
38x89 mm staggered wood studs at
   400 mm o.c. on 140 mm plate, with
   absorptive material (as noted) in inter-
   stud cavity
13 mm resilient furring channels at
   600 mm o.c.
one or two layers of gypsum board

a)  One layer of gypsum board on each side plus resilient furring channels on one side:

Gypsum Board Absorptive Material Test Number STC Rw

15.9 mm Type X (C) glass fibre (G1) 89 mm batt, woven* TL-93-214 51 52

cellulose (C1) 50 mm spray (62 kg/m3) TL-93-244 52 53
cellulose (C2) 140 mm blown (55 kg/m3) TL-93-238 53 54

12.7 mm Type X (A) glass fibre (G1) 89 mm batt, woven* TL-93-213 49 52

cellulose (C1) 50 mm spray (60 kg/m3) TL-93-259 48 51
cellulose (C2) 140 mm blown (55 kg/m3) TL-93-239 49 51

b) One layer of gypsum board one side, two layers of gypsum board plus resilient furring
channels other side:

15.9 mm Type X (C) glass fibre (G1) 89 mm batt, woven* TL-93-215 56 57

cellulose (C2) 140 mm blown (55 kg/m3) TL-93-237 57 59

12.7 mm Type X (A) glass fibre (G1) 89 mm batt, woven* TL-93-212 54 57

cellulose (C2) 140 mm blown (55 kg/m3) TL-93-240 54 56

c) Two layers of gypsum board on one side, one layer gypsum board plus resilient furring
channels other side:

15.9 mm Type X (C) cellulose (C2) 140 mm blown (55 kg/m3) TL-93-235 57 58

d)  Two layers of gypsum board on each side plus resilient furring channels on one side:

15.9 mm Type X (C) cellulose (C2) 140 mm blown (55 kg/m3) TL-93-236 62 64

glass fibre (G1) 89 mm batt, woven* TL-93-216 62 62

12.7 mm Type X (A) glass fibre (G1) 89 mm batt, woven* TL-93-211 60 62

*  Note:  See Figure below Table SWS-1.
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Table SWS-4: Staggered wood studs at 600 mm o.c. on 140 mm plate with one layer gypsum board
each side

600 mm one layer of gypsum board
38x89 mm staggered wood studs at
   600 mm o.c. on 140 mm plate, with
   absorptive material (as noted) in inter-
   stud cavity
one layer of gypsum board

Gypsum Board Absorptive Material Test Number STC Rw

15.9 mm Type X (C) glass fibre (G1) 89 mm batt, woven* TL-93-256 48 48
glass fibre (G1) 65 mm batt both sides TL-93-255 48 48

12.7 mm Type X (A) glass fibre (G1) 89 mm batt, woven* TL-93-257 49 48

*  Note:  See Figure below Table SWS-1.
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Table DWS-1: Double wood studs at 400 mm o.c. with one or two layers gypsum board each side

(a) (b) (c) one or two layers of gypsum board
38x89 mm wood studs at 400 mm o.c.,
   with absorptive material (as noted) in
   inter-stud cavity
25 mm air space
38x89 mm wood studs at 400 mm o.c.,
   with absorptive material (as noted) in
   inter-stud cavity
one or two layers of gypsum board

a)  One layer of gypsum board on each side:

Gypsum Board Absorptive Material Test Number STC Rw

15.9 mm Type X (C) none TL-93-261 45 46

glass fibre (G1) 89 mm batt TL-93-265 55 55
glass fibre (G1) both sides 65 mm batt TL-93-262 58 59
glass fibre (G1) both sides 89 mm batt TL-93-266 56 58
glass fibre (G2) both sides 89 mm batt TL-93-263 58 59

mineral fibre (M1) both sides 89 mm batt TL-93-264 57 59

12.7 mm Type X (A) glass fibre (G1) 89 mm batt TL-93-279 53 54
glass fibre (G1) both sides 65 mm batt TL-93-277 56 57
glass fibre (G1) both sides 89 mm batt TL-93-270 58 58
glass fibre (G2) both sides 89 mm batt TL-93-278 57 57

12.7 mm (B) glass fibre (G1) both sides 89 mm batt TL-93-273 54 55

b)  One layer of gypsum board on one side, two layers of gypsum board on other side:

15.9 mm Type X (C) glass fibre (G1) both sides 89 mm batt TL-93-267 62 64

12.7 mm Type X (A) glass fibre (G1) both sides 89 mm batt TL-93-271 62 63

12.7 mm (B) glass fibre (G1) both sides 89 mm batt TL-93-274 59 60

c)  Two layers of gypsum board on each side:

15.9 mm Type X (C) glass fibre (G1) both sides 89 mm batt TL-93-269 67 69

12.7 mm Type X (A) glass fibre (G1) both sides 89 mm batt TL-93-272 66 68

12.7 mm (B) none TL-93-276 55 54

glass fibre (G1) both sides 89 mm batt TL-93-275 64 65
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Table DWS-2: Double wood studs at 600 mm o.c. with one or two layer gypsum board each side

(a) (b) (c) one or two layers of gypsum board
38x89 mm wood studs at 600 mm o.c.,
   with absorptive material (as noted) in
   inter-stud cavity
25 mm air space
38x89 mm wood studs at 600 mm o.c.,
   with absorptive material (as noted) in
   inter-stud cavity
one or two layers of gypsum board

a)  One layer of gypsum board on each side:

Gypsum Board Absorptive Material Test Number STC Rw

15.9 mm Type X (C) glass fibre (G1) both sides 89 mm batt TL-93-281 59 60

cellulose (C1) 60 mm spray (65 kg/m3) TL-93-311 58 57
cellulose (C2) 110 mm blown (55 kg/m3) TL-93-295 57 58

15.9 mm Type X (B) glass fibre (G1) both sides 89 mm batt TL-93-293 59 60

15.9 mm Type X (A) glass fibre (G1) both sides 89 mm batt TL-93-292 59 60

12.7 mm Type X (A) glass fibre (G1) both sides 89 mm batt TL-93-288 57 58

cellulose (C1) 55 mm spray (46 kg/m3) TL-93-356 56 55
cellulose (C2) 110 mm blown (55 kg/m3) TL-93-296 55 57

12.7 mm Type X (B) glass fibre (G1) both sides 89 mm batt TL-93-290 57 58

12.7 mm Type X (C) glass fibre (G1) both sides 89 mm batt TL-93-289 55 56

12.7 mm (B) glass fibre (G1) both sides 89 mm batt TL-93-284 54 55

12.7 mm (A) glass fibre (G1) both sides 89 mm batt TL-93-291 53 54

12.7 mm (C) glass fibre (G1) both sides 89 mm batt TL-93-294 54 55

b)  One layer of gypsum board on one side, two layers of gypsum board on other side:

15.9 mm Type X (C) glass fibre (G1) both sides 89 mm batt TL-93-282 64 65

cellulose (C1) 60 mm spray (65 kg/m3) TL-93-312 62 61

12.7 mm (B) glass fibre (G1) both sides 89 mm batt TL-93-285 59 60

c)  Two layers of gypsum board on each side:

15.9 mm Type X (C) glass fibre (G1) both sides 89 mm batt TL-93-283 69 69

cellulose (C1) 60 mm spray (65 kg/m3) TL-93-313 66 65

12.7 mm (B) none TL-93-287 55 54

glass fibre (G1) both sides 89 mm batt TL-93-286 65 65
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Table DWS-3: Double wood studs at 400 mm o.c. with one layer fibreboard between studs and one layer
gypsum board each side

400 mm
one layer of gypsum board
38x89 mm wood studs at 400 mm o.c.,
   with absorptive material (as noted) in
   inter-stud cavity
25 mm air space
19 mm fibreboard
38x89 mm wood studs at 400 mm o.c.,
   with absorptive material (as noted) in
   inter-stud cavity
one layer of gypsum board

Gypsum Board Absorptive Material Test Number STC Rw

15.9 mm Type X (C) glass fibre (G1) both sides 65 mm batt TL-93-280 54 56

Table DWS-4: Double wood studs at 400 mm o.c. with one layer gypsum board between studs and one
layer gypsum board each side

400 mm
one layer of gypsum board
38x89 mm wood studs at 400 mm o.c.,
   with absorptive material (as noted) in
   inter-stud cavity
25 mm air space
15.9 mm gypsum board, Type X
38x89 mm wood studs at 400 mm o.c.,
   with absorptive material (as noted) in
   inter-stud cavity
one layer of gypsum board

Gypsum Board Absorptive Material Test Number STC Rw

15.9 mm Type X (C) glass fibre (G1) both sides 65 mm batt TL-93-297 55 57
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Table SS-1: 31x92 mm, 25 gauge (0.50 mm) non-loadbearing steel studs at 400 mm o.c. with one or
two layers gypsum board each side

(a) (b) (c) one or two layers of gypsum board
31x92 mm 25 gauge (0.50 mm)
   non-loadbearing steel studs at
   400 mm o.c., with absorptive material
   (as noted) in stud cavity
one or two layers of gypsum board

a)  One layer of gypsum board on each side:

Gypsum Board Absorptive Material Test Number STC Rw

15.9 mm Type X (C) none TL-92-418 38 39

glass fibre (G1) 89 mm batt TL-93-325 49 47

mineral fibre (M1) 90 mm batt TL-93-327 47 47
mineral fibre (M2) 40 mm batt TL-93-340 41 44
mineral fibre (M2) 75 mm batt TL-93-335 45 46
mineral fibre (M3) 83 mm batt TL-93-338 41 44

cellulose (C1) 45 mm spray (46 kg/m3) TL-92-439 45 46
cellulose (C1) 90 mm spray (46 kg/m3) TL-93-049 45 46

12.7 mm Type X (A) glass fibre (G1) 89 mm batt TL-93-344 46 45

mineral fibre (M2) 40 mm batt TL-93-343 40 43
mineral fibre (M3) 83 mm batt TL-93-339 40 44

12.7 mm Type X (B) glass fibre (G1) 89 mm batt TL-92-425 45 44

12.7 mm (A) glass fibre (G1) 89 mm batt TL-93-365 40 42

12.7 mm (B) glass fibre (G1) 89 mm batt TL-92-428 42 43

12.7 mm (B-lite) glass fibre (G1) 89 mm batt TL-93-361 39 41
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Table SS-1:(Continued)

(a) (b) (c) one or two layers of gypsum board
31x92 mm, 25 gauge (0.50 mm)
   non-loadbearing steel studs at
   400 mm o.c., with absorptive material
   (as noted) in stud cavity
one or two layers of gypsum board

b)  One layer of gypsum board on one side, two layers of gypsum board on other side:

Gypsum Board Absorptive Material Test Number STC Rw

15.9 mm Type X (C) glass fibre (G1) 89 mm batt TL-92-420 52 50

mineral fibre (M1) 90 mm batt TL-93-329 53 52
mineral fibre (M2) 40 mm batt TL-93-341 47 49
mineral fibre (M2) 75 mm batt TL-93-333 50 50
mineral fibre (M3) 83 mm batt TL-93-337 46 48

cellulose (C1) 45 mm spray (46 kg/m3) TL-92-440 51 50
cellulose (C1) 90 mm spray (46 kg/m3) TL-93-050 49 49

cellulose (C2) 90 mm blown (46 kg/m3) TL-92-437 49 50

12.7 mm Type X (A) glass fibre (G1) 89 mm batt TL-93-345 51 50

12.7 mm Type X (B) glass fibre (G1) 89 mm batt TL-92-426 50 49

12.7 mm (A) glass fibre (G1) 89 mm batt TL-93-366 46 47

12.7 mm (B) glass fibre (G1) 89 mm batt TL-92-429 48 48

12.7 mm (B-lite) glass fibre (G1) 89 mm batt TL-93-364 44 46

c)  Two layers of gypsum board on each side:

15.9 mm Type X (C) glass fibre (G1) 89 mm batt TL-93-351 56 55

mineral fibre (M1) 90 mm batt TL-93-332 55 55
mineral fibre (M2) 40 mm batt TL-93-342 52 53
mineral fibre (M2) 75 mm batt TL-93-334 54 54

cellulose (C1) 45 mm spray (46 kg/m3) TL-92-441 53 53
cellulose (C1) 90 mm spray (46 kg/m3) TL-93-051 52 53

cellulose (C2) 90 mm blown (46 kg/m3) TL-92-435 54 53

12.7 mm Type X (A) glass fibre (G1) 89 mm batt TL-92-424 55 53

12.7 mm Type X (B) glass fibre (G1) 89 mm batt TL-92-427 55 53

12.7 mm (A) glass fibre (G1) 89 mm batt TL-93-367 53 52

12.7 mm (B) glass fibre (G1) 89 mm batt TL-92-430 53 52

12.7 mm (B-lite) glass fibre (G1) 89 mm batt TL-93-363 48 49
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Table SS-2: 31x92 mm, 25 gauge (0.50 mm) non-loadbearing steel studs at 600 mm o.c. with one or
two layers gypsum board each side

(a) (b) (c) one or two layers of gypsum board
31x92 mm, 25 gauge (0.50 mm)
   non-loadbearing steel studs at
   600 mm o.c., with absorptive material
   (as noted) in stud cavity
one or two layers of gypsum board

a)  One layer of gypsum board on each side:

Gypsum Board Absorptive Material Test Number STC Rw

15.9 mm Type X (C) none TL-92-376 38 39

glass fibre (G1) 89 mm batt TL-92-349 49 48

mineral fibre (M2) 40 mm batt TL-92-396 45 45

12.7 mm Type X (A) glass fibre (G1) 89 mm batt TL-92-410 48 47

cellulose (C2) 90 mm blown (38 kg/m3) TL-93-026 48 47

12.7 mm (B) glass fibre (G1) 89 mm batt TL-92-413 47 45

b)  One layer of gypsum board on one side, two layers of gypsum board on other side:

15.9 mm Type X (C) glass fibre (G1) 89 mm batt TL-92-368 54 53

mineral fibre (M2) 40 mm batt TL-92-397 51 50

12.7 mm Type X (A) glass fibre (G1) 89 mm batt TL-92-411 52 52

cellulose (C2) 90 mm blown (38 kg/m3) TL-93-027 53 52

12.7 mm (B) glass fibre (G1) 89 mm batt TL-92-415 51 50

c)  Two layers of gypsum board on each side:

15.9 mm Type X (C) glass fibre (G1) 89 mm batt TL-92-369 57 55

mineral fibre (M2) 40 mm batt TL-92-398 55 53

12.7 mm Type X (A) glass fibre (G1) 89 mm batt TL-92-412 55 54

cellulose (C2) 90 mm blown (38 kg/m3) TL-93-028 56 55

12.7 mm (B) glass fibre (G1) 89 mm batt TL-92-416 53 52



National Research
Council Canada Page 29

Table SS-3: 31x92 mm, 25 gauge (0.50 mm) non-loadbearing steel studs at 600 mm o.c. with one or
two layers of Type X gypsum board each side plus an additional layer of regular gypsum
board on one side

(a) (b)
one or two layers of Type X gypsum board
31x92 mm, 25 gauge (0.50 mm)
   non-loadbearing steel studs at
   600 mm o.c., with absorptive material
   (as noted) in stud cavity
one or two layers of Type X gypsum board
one layer of regular gypsum board

a) One layer of 15.9 mm Type X gypsum board (C) on each side plus an additional layer of
12.7 mm gypsum board (B) on one side:

Gypsum Board Absorptive Material Test Number STC Rw

Two types glass fibre (G1) 89 mm batt TL-92-370 55 53

b) Two layers of 15.9 mm Type X gypsum board (C) on each side plus an additional layer of
12.7 mm gypsum board (B) on one side:

Two types none TL-92-371 54 53

NOTE: These walls were included to show the effect of retrofitting an existing wall with the addition of a
single layer of regular gypsum board.
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Table SS-4: 31x64 mm, 25 gauge (0.50 mm) non-loadbearing steel studs at 400 mm o.c. with one or
two layers gypsum board each side

(a) (b) (c) one or two layers of gypsum board
31x64 mm, 25 gauge (0.50 mm)
   non-loadbearing steel studs at
   400 mm o.c., with absorptive material
   (as noted) in stud cavity
one or two layers of gypsum board

a)  One layer of gypsum board on each side:

Gypsum Board Absorptive Material Test Number STC Rw

15.9 mm Type X (C) none TL-93-057 35 36

glass fibre (G1) 65 mm batt TL-93-058 39 42

mineral fibre (M1) 65 mm batt TL-93-061 38 43
mineral fibre (M2) 65 mm batt TL-93-059 36 42
mineral fibre (M3) 57 mm batt TL-93-060 36 41

12.7 mm Type X (A) mineral fibre (M1) 65 mm batt TL-93-064 36 41
mineral fibre (M2) 65 mm batt TL-93-067 35 41
mineral fibre (M3) 57 mm batt TL-93-068 36 41

12.7 mm (B) mineral fibre (M1) 65 mm batt TL-93-070 34 40

b)  One layer of gypsum board on one side, two layers of gypsum board on other side:

15.9 mm Type X (C) mineral fibre (M1) 65 mm batt TL-93-062 45 47

12.7 mm Type X (A) mineral fibre (M1) 65 mm batt TL-93-065 42 46

12.7 mm (B) mineral fibre (M1) 65 mm batt TL-93-071 38 44

c)  Two layers of gypsum board on each side:

15.9 mm Type X (C) mineral fibre (M1) 65 mm batt TL-93-063 52 52

12.7 mm Type X (A) mineral fibre (M1) 65 mm batt TL-93-066 48 50

12.7 mm (B) mineral fibre (M1) 65 mm batt TL-93-072 44 48
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Table SS-5: 31x64 mm, 25 gauge (0.50 mm) non-loadbearing steel studs at 600 mm o.c. with one or
two layers gypsum board each side

(a) (b) (c) one or two layers of gypsum board
31x64 mm, 25 gauge (0.50 mm)
   non-loadbearing steel studs at
   600 mm o.c., with absorptive material
   (as noted) in stud cavity
one or two layers of gypsum board

a)  One layer of gypsum board on each side:

Gypsum Board Absorptive Material Test Number STC Rw

15.9 mm Type X (C) none TL-93-032 35 37

glass fibre (G1) 65 mm batt TL-93-033 44 44

mineral fibre (M1) 65 mm batt TL-93-034 42 44

12.7 mm Type X (A) glass fibre (G1) 65 mm batt TL-93-038 45 44

mineral fibre (M1) 65 mm batt TL-93-047 43 45

12.7 mm (B) glass fibre (G1) 65 mm batt TL-93-043 43 43

b)  One layer of gypsum board on one side, two layers of gypsum board on other side:

15.9 mm Type X (C) glass fibre (G1) 65 mm batt TL-93-036 51 49

12.7 mm Type X (A) glass fibre (G1) 65 mm batt TL-93-039 51 49

mineral fibre (M1) 65 mm batt TL-93-055 49 49

12.7 mm (B) glass fibre (G1) 65 mm batt TL-93-045 49 47

c)  Two layers of gypsum board on each side:

15.9 mm Type X (C) glass fibre (G1) 65 mm batt TL-93-037 55 53

12.7 mm Type X (A) glass fibre (G1) 65 mm batt TL-93-040 55 54

mineral fibre (M1) 65 mm batt TL-93-056 54 53

12.7 mm (B) glass fibre (G1) 65 mm batt TL-93-046 52 50
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Table SS-6: 31x64 mm, 25 gauge (0.50 mm) non-loadbearing steel studs at 600 mm o.c. with one
layer of Type X gypsum board each side with an additional layer of regular gypsum board
on one side

600 mm
one layer of Type X gypsum board
31x64 mm, 25 gauge (0.50 mm)
   non-loadbearing steel studs at
   600 mm o.c., with absorptive material
   (as noted) in stud cavity
one layer of Type X gypsum board
one layer of regular gypsum board

a) One layer of 15.9 mm Type X gypsum board (C) on each side plus an additional layer of
12.7 mm gypsum board (B) on one side:

Gypsum Board Absorptive Material Test Number STC Rw

Two types glass fibre (G1) 65 mm batt TL-93-035 49 49

b) One layer of 12.7 mm Type X gypsum board (A) on each side plus an additional layer of
12.7 mm gypsum board (B) on one side:

Two types mineral fibre (M1) 65 mm batt TL-93-048 48 49

NOTE: These walls were included to show the effect of retrofitting an existing wall with the addition of a
single layer of regular gypsum board.
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Table SS-7: 31x152 mm, 25 gauge (0.50 mm) non-loadbearing steel studs at 600 mm o.c. with one
layer gypsum board each side

600 mm one layer of gypsum board
31x152 mm, 25 gauge (0.50 mm)
   non-loadbearing steel studs at
   600 mm o.c., with absorptive material
   (as noted) in stud cavity
one layer of gypsum board

Gypsum Board Absorptive Material Test Number STC Rw

15.9 mm Type X (C) glass fibre (G1) 150 mm batt TL-93-298 51 51

12.7 mm Type X (A) glass fibre (G1) 150 mm batt TL-93-299 52 52
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Table SS-8: Chase wall - two rows of 31x64 mm, 25 gauge (0.50 mm) non-loadbearing steel studs at
600 mm o.c. with one or two layers gypsum board one side and one or two layers gypsum
board other side, studs bridged at midpoint by 12.7 mm x 300 mm gypsum board gussets

(a) (b) (c)
one or two layers of gypsum board
31x64 mm, 25 gauge (0.50 mm)
   non-loadbearing steel studs at
   600 mm o.c., with absorptive material
   (as noted) in stud cavity
20 mm airspace
12.7 mm x 300 mm gypsum board gussets
31x64 mm, 25 gauge (0.50 mm)
   non-loadbearing steel studs at
   600 mm o.c., with absorptive material
   (as noted) in stud cavity
one or two layers of gypsum board

a)  One layer of gypsum board on each side:

Gypsum Board Absorptive Material Test Number STC Rw

15.9 mm Type X (C) glass fibre (G1) both sides 65 mm batt TL-93-300 55 55

12.7 mm Type X (A) glass fibre (G1) both sides 65 mm batt TL-93-303 54 54

b)  One layer of gypsum board on one side, two layers of gypsum board on other side:

15.9 mm Type X (C) glass fibre (G1) both sides 65 mm batt TL-93-301 61 60

12.7 mm Type X (A) glass fibre (G1) both sides 65 mm batt TL-93-304 60 59

c)  Two layers of gypsum board on each side:

15.9 mm Type X (C) glass fibre (G1) both sides 65 mm batt TL-93-302 64 63

12.7 mm Type X (A) glass fibre (G1) both sides 65 mm batt TL-93-305 62 62
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Table SS-9: Chase wall - two rows of 31x41 mm, 25 gauge (0.50 mm) non-loadbearing steel studs at
600 mm o.c. with one or two layers gypsum board one side and one or two layers gypsum
board other side, studs bridged at midpoint by 12.7 mm x 300 mm gypsum board gussets

(a) (b) (c)

one or two layers of gypsum board
31x41 mm, 25 gauge (0.50 mm)
   non-loadbearing steel studs at
   600 mm o.c., with absorptive material
   (as noted) in stud cavity
65 mm airspace
12.7 mm x 300 mm gypsum board gussets
31x41 mm, 25 gauge (0.50 mm)
   non-loadbearing steel studs at
   600 mm o.c., with absorptive material
   (as noted) in stud cavity
one or two layers of gypsum board

a)  One layer of gypsum board on each side:

Gypsum Board Absorptive Material Test Number STC Rw

15.9 mm Type X (C) mineral fibre (M2) both sides 40 mm batt TL-93-309 54 55

12.7 mm Type X (A) mineral fibre (M2) both sides 40 mm batt TL-93-306 53 54

b)  One layer of gypsum board on one side, two layers of gypsum board on other side:

12.7 mm Type X (A) mineral fibre (M2) both sides 40 mm batt TL-93-307 59 59

c)  Two layers of gypsum board on each side:

15.9 mm Type X (C) mineral fibre (M2) both sides 40 mm batt TL-93-321 65 64

12.7 mm Type X (A) mineral fibre (M2) both sides 40 mm batt TL-93-308 63 62
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Table SS-10: 41x152 mm, 18 gauge (1.22 mm) loadbearing steel studs at 400 mm o.c. plus resilient
furring channels one side with one layer gypsum board each side

400 mm one layer of gypsum board
41x152 mm, 18 gauge (1.22 mm) load-
   bearing steel studs at 400 mm o.c., with
   absorptive material (as noted) in stud
   cavity
13 mm resilient furring channels at
   600 mm o.c.
one layer of gypsum board

Gypsum Board Absorptive Material Test Number STC Rw

15.9 mm Type X (C) glass fibre (G1) 89 mm batt TL-93-353 50 49

Table SS-11: 41x92 mm 16 gauge (1.52 mm), 18 gauge (1.22 mm) or 20 gauge (0.91 mm) loadbearing
steel studs at 400 mm o.c. plus resilient furring channels one side with one layer gypsum
board each side

400 mm
one layer of gypsum board
41x92 mm, 16 gauge (1.52),
   18 gauge (1.22 mm) or
   20 gauge (0.91 mm) loadbearing steel
   studs at 400 mm o.c., with absorptive
   material (as noted) in stud cavity
13 mm resilient furring channels at
   600 mm o.c.
one layer of gypsum board

a)  16 gauge (1.52 mm) steel studs

Gypsum Board Absorptive Material Test Number STC Rw

15.9 mm Type X (C) glass fibre (G1) 89 mm batt TL-93-355 49 48

b)  18 gauge (1.22 mm) steel studs

15.9 mm Type X (C) glass fibre (G1) 89 mm batt TL-93-354 50 49

Note:  This is a valid test result for this specific specimen, but comparison with results for other entries in
the tables suggests repeated testing might give a lower STC.

c)  20 gauge (0.91 mm) steel studs

15.9 mm Type X (C) glass fibre (G1) 89 mm batt TL-94-025 49 49

12.7 mm Type X (A) glass fibre (G1) 89 mm batt TL-94-022 48 49
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Table SS-12: 41x92 mm 16 gauge (1.52 mm) or 20 gauge (0.91 mm) loadbearing steel studs at
400 mm o.c. plus resilient furring channels one side with one or two layers gypsum board
each side

(a, b) (c, d)
one or two layers of gypsum board
41x92 mm, 16 gauge (1.52 mm) or
   20 gauge (0.91 mm) loadbearing steel
   studs at 400 mm o.c., with absorptive
   material (as noted) in stud cavity
13 mm resilient furring channels at
   600 mm o.c.
one or two layers of gypsum board

a) 16 gauge (1.52 mm) steel studs, two layers of gypsum board one side, one layer of gypsum
board plus resilient furring channels other side:

Gypsum Board Absorptive Material Test Number STC Rw

12.7 mm Type X (A) glass fibre (G1) 89 mm batt TL-94-016 53 52

mineral fibre (M1) 90 mm batt TL-94-013 53 53

b) 20 gauge (0.91 mm) steel studs, two layers of gypsum board one side, one layer of gypsum
board plus resilient furring channels other side:

12.7 mm Type X (A) glass fibre (G1) 89 mm batt TL-94-019 54 54

mineral fibre (M1) 90 mm batt TL-94-023 54 55

c) 16 gauge (1.52 mm) steel studs, one layer of gypsum board one side, two layers of gypsum
board plus resilient furring channels other side:

12.7 mm Type X (A) glass fibre (G1) 89 mm batt TL-94-018 53 53

d) 20 gauge (0.91 mm) steel studs, one layer of gypsum board one side, two layers of gypsum
board plus resilient furring channels other side:

12.7 mm Type X (A) glass fibre (G1) 89 mm batt TL-94-021 54 55
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Table SS-13: 41x92 mm, 16 gauge (1.52 mm) or 20 gauge (0.91 mm) loadbearing steel studs at
400 mm o.c. plus resilient furring channels one side with two layers gypsum board each
side

two layers of gypsum board
41x92 mm, 16 gauge (1.52 mm) or
   20 gauge (0.91 mm) loadbearing steel
   studs at 400 mm o.c., with absorptive
   material (as noted) in stud cavity
13 mm resilient furring channels at
   600 mm o.c.
two layers of gypsum board

a) 16 gauge (1.52 mm) steel studs:

Gypsum Board Absorptive Material Test Number STC Rw

12.7 mm Type X (A) glass fibre (G1) 89 mm batt TL-94-017 59 57

mineral fibre (M1) 90 mm batt TL-94-014 59 58

b) 20 gauge (0.91 mm) steel studs:

12.7 mm Type X (A) glass fibre (G1) 89 mm batt TL-94-020 60 59

mineral fibre (M1) 90 mm batt TL-94-024 60 60
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Figure A-1: Single-ply gypsum board attached parallel to wood studs at 600 mm o.c., single plates at
top and bottom.  Meets requirements of CAN/CSA-A82.31-M91, Clause 7.3.4, and
National Building Code of Canada Section 9.29.5.9.  Drawing not to scale.
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Figure A-2: Base-ply of two-ply gypsum board attached parallel to wood studs at 600 mm o.c., single
plates at top and bottom.  Meets requirements of CAN/CSA-A82.31-M91, Clause 7.4.3.
Drawing not to scale.
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Figure A-3: Face-ply of two-ply gypsum board attached parallel to wood studs at 600 mm o.c., single
plates at top and bottom.  Meets requirements of CAN/CSA-A82.31-M91, Clause 7.3.4.
Drawing not to scale.
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Figure A-4: Single-ply gypsum board attached parallel to wood studs at 400 mm o.c., double plate at
top, single plate at bottom.  Meets requirements of CAN/CSA-A82.31-M91, Clause 7.3.4,
and National Building Code of Canada, Section 9.29.5.9.  Drawing not to scale.
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Figure A-5: Base-ply of two-ply gypsum board attached parallel to wood studs at 400 mm o.c., double
plate at top, single plate at bottom.  Meets requirements of CAN/CSA-A82.31-M91,
Clause 7.3.4.  Drawing not to scale.
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Figure A-6: Face-ply of two-ply gypsum board attached parallel to wood studs at 400 mm o.c., double
plate at top, single plate at bottom.  Meets requirements of CAN/CSA-A82.31-M91,
Clause 7.3.4.  Drawing not to scale.
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Figure A-7: Single-ply gypsum board attached parallel to resilient furring channels.  Resilient channels
attached perpendicular to studs at 600 mm o.c..  Wood studs spaced 600 mm o.c., with
single plates at top and bottom.  Meets requirements of CAN/CSA-A82.31-M91, Clause
12.2.3.1, and National Building Code of Canada, Section 9.29.5.9.  Note that screw
spacing was shifted from ideal locations to avoid contact with studs.  Drawing not to scale.
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Figure A-8: Base-ply of two-ply gypsum board attached parallel to resilient furring channels.  Resilient
channels attached perpendicular to studs at 600 mm o.c.  Wood studs at 600 mm o.c.,
with single plates at top and bottom.  Meets requirements of CAN/CSA-A82.31-M91,
Clause 12.2.3.2.  Note that the screw spacing was shifted from ideal locations to avoid
contact with studs.  Drawing not to scale.
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Figure A-9: Face-ply of two-ply gypsum board attached perpendicular to resilient furring channels.
Resilient channels attached perpendicular to studs at 600 mm o.c.  Wood studs at
600 mm o.c., with single plates at top and bottom.  Meets requirements of CAN/CSA-
82.31-M91, Clause 12.2.3.1.  Note that screw spacing was shifted from ideal locations to
avoid contact with studs.  Drawing not to scale.
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Figure A-10: Single-ply gypsum board attached parallel to resilient furring channels.  Studs at 400 mm
o.c.  Resilient furring channels attached perpendicular to studs at 600 mm o.c..  Note that
screw spacing was shifted from ideal locations to avoid contact with studs.  Meets
requirements of CAN/CSA-A82.31-M91, Clause 12.2.3.1.  Drawing not to scale.

Drawing shows wood studs at 400 mm o.c., with double plate at top, single plate at
bottom.  Same location of resilient channels and screws was used with load-bearing steel
studs, except that single track is used at the top, and dimension from top to first row of
screws is 70 mm.
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Figure A-11: Base-ply of two-ply gypsum board attached parallel to resilient furring channels.  Resilient
channels attached perpendicular to studs at 600 mm o.c..  Studs at 400 mm o.c.  Meets
requirements of CAN/CSA-A82.31-M91, Clause 12.2.3.2.  Note that screw spacing was
shifted from ideal locations to avoid contact with studs.  Drawing not to scale.

Drawing shows wood studs at 400 mm o.c., with double plate at top, single plate at
bottom.  Same location of resilient furring channels and screws is used with load-bearing
steel studs, except that single track is used at the top, and dimension from top to first row
of screws is 70 mm.
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Figure A-12: Face-ply of two-ply gypsum board attached perpendicular to resilient furring channels.
Resilient channels attached perpendicular to studs at 600 mm o.c..  Studs at 400 mm o.c..
Meets requirements of CAN/CSA-A82.31-M91, Clause 12.2.3.1.  Note that screw spacing
was shifted from ideal locations to avoid contact with studs.  Drawing not to scale.

Drawing shows wood studs at 400 mm o.c., with double plate at top, and single plate at
bottom.  Same location of resilient furring channels and screws was used with load-
bearing steel studs, except that single track is used at the top, and dimension from top to
first row of screws is 70 mm.
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Figure A-13: Single-ply gypsum board attached parallel to resilient furring channels.  Resilient channels
attached perpendicular to studs at 400 mm o.c..  Studs at 600 mm o.c., single plates at
top and bottom.  Meets requirements of CAN/CSA-82.31-M91, Clause 12.2.3.1, and
National Building Code of Canada, Section 9.29.5.9.  Note that screw spacing was shifted
from ideal locations to avoid contact with studs.  Drawing not to scale.
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Figure A-14: Base-ply of two-ply gypsum board attached parallel to resilient furring channels.  Resilient
channels attached perpendicular to studs at 400 mm o.c..  Studs at 600 mm o.c., single
plates at top and bottom.  Meets requirements of CAN/CSA-A82.31-M91, Clause 12.2.3.2.
Note that screw spacing was shifted from ideal locations to avoid contact with studs.
Drawing not to scale.
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Figure A-15: Face-ply of two-ply gypsum board attached perpendicular to resilient furring channels.
Resilient channels attached perpendicular to studs at 400 mm o.c..  Studs at 600 mm o.c.,
single plates at top and bottom.  Meets requirements of CAN/CSA-A82.31-M91,
Clause 12.2.3.1.  Note that screw spacing was shifted from ideal locations to avoid
contact with studs.  Drawing not to scale.
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Figure A-16: Single-ply gypsum board attached parallel to resilient furring channels.  Resilient channels
attached perpendicular to studs at 400 mm o.c..  Studs at 400 mm o.c., double plate at
top, single plate at bottom.  Meets requirements of CAN/CSA-A82.31-M91,
Clause 12.2.3.1.  Note that screw spacing was shifted from ideal locations to avoid
contact with studs.  Drawing not to scale.
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Figure A-17: Base-ply of two-ply gypsum board attached parallel to resilient furring channels.  Resilient
channels attached perpendicular to studs at 400 mm o.c..  Studs at 400 mm o.c., double
plate at top, single plate at bottom.  Meets requirements of CAN/CSA-A82.31-M91,
Clause 12.2.3.2.  Note that screw spacing was shifted from ideal locations to avoid
contact with studs.  Drawing not to scale.
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Figure A-18: Face-ply of two-ply gypsum board attached perpendicular to resilient furring channels.
Resilient channels attached perpendicular to studs at 400 mm o.c..  Studs at 400 mm o.c.,
double plate at top, single plate at bottom.  Meets requirements of CAN/CSA-A82.31-M91,
Clause 12.2.3.1.  Note that screw spacing was shifted from ideal locations to avoid
contact with studs.  Drawing not to scale.
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Figure A-19: Single-ply gypsum board attached parallel to non-loadbearing steel studs at 600 mm o.c.,
single tracks at top and bottom.  Pattern (a) and (b) meet requirements of CAN/CSA-
A82.31-M91, Clause 12.2.3.1, and National Building Code of Canada, Section 9.29.5.9.
Pattern (b) is required for fire resistance (Clause 18.2.6 of CAN/CSA-A82.31-M91 and
National Building Code of Canada, Section 9.24.3.2).

As discussed in text, sound transmission did not change significantly between pattern (a)
and (b) in controlled comparisons.  Drawing not to scale.
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Figure A-20: Base-ply of two-ply gypsum board attached parallel to steel studs at 600 mm o.c., single
tracks at top and bottom.  Meets requirements of CAN/CSA-A82.31-M91, Clause 12.2.3.2.
Pattern (b) is required for fire resistance (Clause 18.2.6 of CAN/CSA-A82.31-M91 and
National Building Code of Canada, Section 9.24.3.2).

As discussed in text, sound transmission did not change significantly between pattern (a)
and (b) in controlled comparisons.  Drawing not to scale.
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Figure A-21: Face-ply of two-ply gypsum board attached parallel to steel studs at 600 mm o.c., single
tracks at top and bottom.  Meets requirements of CAN/CSA-A82.31-M91, Clause 12.2.3.1.
Pattern (b) is required for fire resistance (Clause 18.2.6 of CAN/CSA-A82.31-M91 and
National Building Code of Canada, Section 9.24.3.2).

As discussed in text, sound transmission did not change significantly between pattern (a)
and (b) in controlled comparisons.  Drawing not to scale.
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Figure A-22: Single-ply gypsum board attached parallel to steel studs at 400 mm o.c., single tracks at
top and bottom.  Pattern (a) and (b) meet requirements of CAN/CSA-A82.31-M91,
Clause 12.2.3.1, and National Building Code of Canada, Section 9.29.5.9.  Drawing not to
scale.

For load-bearing steel studs, pattern (a) was used.

For non-loadbearing steel studs, pattern (b) is required for fire resistance (Clause 18.2.6
of CAN/CSA-A82.31-M91 and National Building Code of Canada, Section 9.24.3.2) and
studs are not attached to top track.  Some specimens were also tested with patterns (c)
and (d) as discussed in text.
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Figure A-23: Base-ply of two-ply gypsum board attached parallel to steel studs at 400 mm o.c., single
tracks at top and bottom..  Pattern (a) and (b) meet requirements of CAN/CSA-A82.31-
M91, Clause 12.2.3.1, and National Building Code of Canada, Section 9.29.5.9.  Drawing
not to scale.

For load-bearing steel studs, pattern (a) was used.

For non-loadbearing steel studs, pattern (b) is required for fire resistance (Clause 18.2.6
of CAN/CSA-A82.31-M91 and National Building Code of Canada, Section 9.24.3.2) and
studs are not attached to top track.  Some specimens were also tested with patterns (c)
and (d) as discussed in text.
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Figure A-24: Face-ply of two-ply gypsum board attached parallel to steel studs at 400 mm o.c., single
tracks at top and bottom.  Meets requirements of CAN/CSA-A82.31, Clause 12.2.3.1.
Drawing not to scale.

For load-bearing steel studs, pattern (a) was used.

For non-loadbearing steel studs, pattern (b) is required for fire resistance (Clause 18.2.6
of CAN/CSA-A82.31-M91 and National Building Code of Canada, Section 9.24.3.2) and
studs are not attached to top track.  Some specimens were also tested with patterns (c)
and (d) as discussed in text.
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This Appendix combines results from the IRC/NRCC laboratory with material
evaluations performed by D.M. Onysko and J.C. Garrant of the FORINTEK laboratory.
(The evaluation of the gypsum board and the wood framing were the responsibility of
FORINTEK.)

ABSORPTIVE MATERIAL

The weight of absorptive material was recorded for each specimen tested.  These values
were used to calculate the average weight per unit area, and dividing this by nominal
absorption thickness gave the density.  For wet-sprayed cellulose fibre, the actual
thickness was sampled at many positions to determine the effective thickness.  For
blown-in cellulose fibre, the thickness was taken to be the distance across the cavity.

Airflow resistance was measured according to ASTM C522-87 for samples of each type
of absorptive material (square samples 150 x 150 mm).  For airflow measurement of
loose fill cellulose fibre material, the material was compressed in the specimen holder to
approximately the same density obtained when it was blown into the wall cavities.
Several tests with different compression showed the airflow resistivity was quite
sensitive to density of the sample.  This value should therefore be recognized as rather
uncertain; significant changes might occur for the range of densities observed in wall
specimens.  Specimens of wet-spray cellulose fibre material gave quite similar results.
Data are listed in Table B-1.

Table B-1:  Density and airflow resistivity for samples of absorptive material.

Density (kg/m3)
Airflow Resistivity

(mks rayls/m)

Average
Value

Standard
Deviation

Average
Value

Standard
Deviation

glass fibre (G1) 89 mm batt 12.2 0.4 4800 400
glass fibre (G1) 65 mm batt 11.7 1.0 3600 200
glass fibre (G1) 150 mm batt 11.2 0.0 4300 700
glass fibre (G2) 89 mm batt 16.4 0.6 7900 400

mineral fibre (M1) 89 mm batt 32.6 2.1 12700 2300
mineral fibre (M1) 65 mm batt 36.7 2.1 11400 1700

mineral fibre (M2) 75 mm batt 44.2 1.7 16600 900
mineral fibre (M2) 40 mm batt 51.9 2.2 15000 500

mineral fibre (M3) 83 mm batt 98.1 1.3 58800 5200

cellulose (C1) wet spray 56.3 10.2 N/A N/A

cellulose (C2) 90 mm blown 49.3 6.0 33000

Vibration transfer through the cavity absorption material - which depends on its
compressive stiffness - is also an issue of concern.  Although a dynamic stiffness test has
been developed for materials used under floating floors (ISO 9052-1), this method
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applies to specimens compressed under a standard weight.  Unfortunately, the stiffness
for fibrous absorptive material is expected to depend on compression, and ISO 9052-1
will tend to provide different compression from that occurring when material is placed in
a cavity of specific depth.  A static test for measuring compressive properties of thermal
insulations (ASTM C165) does exist, and in principle the slope of the load/deformation
curve should give the dynamic stiffness.  A modification of this method with the
specimen restrained in a cavity is being used; this modification is needed to deal with the
blown-in cellulose material.  Results will be given in a subsequent IRC/NRCC report.

WOOD STUDS

Weights were recorded for the studs in each wall specimen.  The weight per metre varied
only slightly, as shown by the statistics in Table B-2.  Moisture content was measured by
FORINTEK for each stud; statistics on these values for each wood-frame assembly are
also given in Table B-2.  The moisture content was also monitored periodically over the
time each specimen was in place in the acoustics test chambers; variations were less than
1% moisture content in all cases.

The instrument used for measurement of moisture content of wood was a resistance type
Delmhorst RMD-1 meter.  The meter used at the IRC/NRCC laboratory (borrowed from
FORINTEK) is from the same family.  All have been calibrated in the factory for use on
Douglas-fir material.  The RMD-1 meter is digital and had the species correction factors
built into it.  The species correction factors are those determined at the Eastern and
Western Laboratories of FORINTEK, from research on this topic over the last 30 years.

The ASTM standard on use of hand-held moisture meters forms the basis for most of this
work except that some latitude was taken.  The wood studs were conditioned in the
FORINTEK laboratories over a relatively long time and the gradients in moisture were
low.  Consequently, in these circumstances, an estimate of bulk moisture content based
on moisture meter readings can be obtained using a relatively small number of readings
per specimen.  However, a full complement of readings was taken (numbering six per
specimen) just prior to transfer of the material to IRC/NRCC for assembly as a wall.
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Table B-2:  Mass and moisture content of 38x89 mm wood studs.

Mass per Unit Length
(kg/m) Moisture Content (%)

Test Number
Average

Value
Standard
Deviation

Average
Value

Standard
Deviation

TL-93-082 to TL-93-104
(inclusive)

1.39 0.19 7.5 0.8

TL-93-144 to TL-93-167
(inclusive)

1.44 0.18 9.6 0.7

TL-93-105 to TL-93-130
(inclusive)

1.29 0.14 9.9 0.7

TL-93-190 to TL-93-193
(inclusive)

1.31 0.15 9.4 0.7

TL-93-196 to TL-93-197
(inclusive)

1.31 0.15 9.4 0.7

TL-93-171 to TL-93-188
(inclusive)

1.31 0.15 9.4 0.7

TL-93-198 to TL-93-216
(inclusive)

1.37 0.20 9.4 0.6

TL-93-220 to TL-93-241
(inclusive)

1.37 0.20 9.4 0.6

TL-93-258 to TL-93-260
(inclusive)

1.37 0.20 9.4 0.6

TL-93-242 to TL-93-254
(inclusive)

1.43 0.33 9.7 0.7

TL-93-255 to TL-93-257
(inclusive)

1.43 0.33 9.7 0.7

TL-93-261 to TL-93-280
(inclusive)

1.34 0.12 9.6 0.7

TL-93-297 1.34 0.12 9.6 0.7
TL-93-281 to TL-93-296
(inclusive)

1.34 0.12 9.6 0.7

TL-93-311 to TL-93-314
(inclusive)

1.38 0.16 9.6 0.6

TL-93-356 1.38 0.16 9.7 0.6

Both kiln dried lumber and S-GRN lumber were used in this test series.  However, all
pieces were conditioned to near final conditions approximating 10% moisture content
(dry weight basis).  In conditioning from the higher moisture levels, differential
shrinkage led to some warping or bowing.  The pieces were selected to include only
relatively straight pieces and to exclude wane, except in a minor degree.  The lumber
grading rules permit a larger degree of wane than was provided for this study.  The
species marketing group involved was Spruce-Pine-Fir (SPF) which may include up to
six different species.  From the source of this material (Quebec), it can be said that three
species predominated:  balsam fir, spruce and jack pine.  The grades ordered were #2 and
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better, and stud grade.  Stud grade material is cut to length at the mill to specific lengths
suitable for wall construction without further trimming.  The light framing grades (select
structural (SS), No. 1, No. 2, and No. 3) are provided in two-foot length increments.
Some of these pieces were used for the top and bottom plates, while others were cut to
approximately 8 feet for the studs, paying attention to wane and warp in deciding where
the length was to be cut to minimize wastage.

The final lumber conditioning took place at 50% relative humidity and 20°C conditions.
At these conditions, all species of wood typically condition to 10% moisture content.
Differences in resin, depositions and extractive content lead to some differences between
species.  In this case, the species are quite similar in this respect.  The selected studs were
sorted by stiffness and assigned to each wall in the test series so that similar mean and
distributional properties were provided to permit comparative analysis.

The flexural stiffness or bending stiffness (EI) of wood studs was measured at
FORINTEK using both static and dynamic methods.  For the dynamic method, the
equipment used was produced by Metriguard.  The piece of lumber is set on a point
support at one end, and a flat knife edge support at the other (which also includes a load
cell).  When placed on the supports, the end resting on the load cell is weighed under the
control of the data acquisition system.  A light tap with either a hammer, or by hand,
causes the piece of lumber to vibrate.  The signal from the load cell is digitized and the
fundamental frequency is calculated from the information.  The lumber dimensions
(average of four readings on both width and depth), the mass of the piece, and the
computed frequency were output to a data file.  Since the mass was only measured from
one end, and since density variation may lead to one end being lighter than the other, the
piece was turned end for end and the test was repeated.  The average of the flexural
stiffness measures was taken as representing the mean for the piece.

Most pieces were also tested in a universal testing machine on approximately the same
span under centre point loading to obtain the load/deflection curve from which the static
flexural stiffness could be obtained.  This enabled comparison between the flexural
stiffness values obtained using the dynamic and static test methods.  The results were
very similar, and the static measurements are listed in Table B-3.
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Table B-3:  Flexural Stiffness (EI) of 38x90 mm wood studs.

Flexural Stiffness (EI)
N•mm2

Test Number Average Value Standard Deviation

TL-93-082 to TL-93-104 (inclusive) 3952213 533885
TL-93-144 to TL-93-167 (inclusive)
TL-93-105 to TL-93-130 (inclusive)

TL-93-190 to TL-93-193 (inclusive) 3872352 361544
TL-93-196 to TL-93-197 (inclusive)
TL-93-171 to TL-93-188 (inclusive)

TL-93-198 to TL-93-216 (inclusive) 4044259 727880
TL-93-220 to TL-93-241 (inclusive)
TL-93-258 to TL-93-260 (inclusive)

TL-93-242 to TL-93-254 (inclusive) 3977602 482797
TL-93-255 to TL-93-257 (inclusive)

TL-93-261 to TL-93-280 (inclusive) 4145340 816947
TL-93-297
TL-93-281 to TL-93-296 (inclusive)

TL-93-311 to TL-93-314 (inclusive) 3844464 721583
TL-93-356

STEEL FRAMING

Weights and dimensions were recorded for all studs and/or resilient furring channels in
each wall specimen.  The weight per metre for each type varied only slightly, as shown
by the statistics in Table B-4.

The stiffness of the steel framing is also relevant to sound transmission through wall
assemblies, and data to characterize each type of framing will be assembled.  The
load/deformation measurement of compressive stiffness provides one useful value, which
would apply if the stud is viewed as a spring joining the gypsum board of the wall's two
faces.  Bending stiffness of the stud (both longitudinal and torsional) is also potentially
relevant, for transmission of bending waves from one face to the other.  These will be
measured for samples of steel studs and resilient channels, and reported in a subsequent
IRC/NRCC analysis of the results.
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Table B-4:  Dimensions and weight of steel framing.

Mass per Unit Length
(kg/m)

Nominal Type
Average

Value
Standard
Deviation

Measured
Cross Section

(mm x mm)

31x92 mm 25 gauge (0.53 mm) steel studs 0.55 0.03 30 x 91
31x92 mm 25 gauge (0.53 mm) steel stud track 0.59 0.06 30 x 91

31x64 mm 25 gauge (0.53 mm) steel studs 0.47 0.01 32 x 65
31x64 mm 25 gauge (0.53 mm) steel stud track 0.42 0.01 32 x 65

31x152 mm 25 gauge (0.53 mm) steel studs 0.78 0.01 30 x 150
31x152 mm 25 gauge (0.53 mm) steel stud track 0.94 0.01 30 x 150

31x41 mm 25 gauge (0.53 mm) steel studs 0.39 0.01 32 x 40
31x41 mm 25 gauge (0.53 mm) steel stud track 0.36 0.04 32 x 40

31x152 mm 18 gauge (1.22 mm) steel studs 2.41 0.01 40 x 150
31x152 mm 18 gauge (1.22 mm) steel stud track 1.97 0.01 30 x 150

31x92 mm 18 gauge (1.22 mm) steel studs 1.79 0.04 40 x 91
31x92 mm 18 gauge (1.22 mm) steel stud track 1.48 0.01 30 x 91

31x92 mm 16 gauge (1.52 mm) steel studs 2.24 0.01 40 x 91
31x92 mm 16 gauge (1.52 mm) steel stud track 1.89 0.01 30 x 91

13 mm 26 gauge (0.45 mm) galvanized steel
resilient channel

0.25 0.01 61 x 13

GYPSUM BOARD

The weight of each sheet of gypsum board was recorded.  The weights and the total wall
area were used to calculate the weight statistics given in Table B-5.  The variability in
these values was small.

Table B-5:  Surface weight for each gypsum board type.

Surface Weight (kg/m2)

Nominal Type Average Value Standard Deviation

15.9 mm Type X (A) 11.5 0.1
15.9 mm Type X (B) 10.9 0.1
15.9 mm Type X (C) 11.2 0.3

12.7 mm Type X (A) 10.0 0.2
12.7 mm Type X (B) 9.7 0.2
12.7 mm Type X (C) 8.7 0.1

12.7 mm (A) 7.6 0.2
12.7 mm (B) 8.2 0.1
12.7 mm (B) light weight 7.3 0.1
12.7 mm (C) 8.0 0.2
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Dynamic properties of many gypsum board samples have been measured by FORINTEK.
All pieces delivered were initially conditioned horizontally on flat pallets.  When the
gypsum board sheets were required, sheets were machined to test size, and placed in the
conditioning laboratory in piles with 3 mm veneer spacers between each sheet to expose
all surfaces to the conditioned atmosphere.  The gypsum board was held in this way for at
least two months even though steady state conditions were attained in a much shorter
period of time.  The weight of select panels was measured on a daily basis to determine
the rate of conditioning.  The gypsum board was conditioned using the same
environmental conditions (50% relative humidity and 20°C) that were used for the wood
studs.  The moisture content of the face paper reached 10% relatively quickly.  The
moisture content of the gypsum (as measured with the same moisture meter which is not
calibrated for gypsum board) was found to be approximately 4-5 % higher than for wood
under the same environmental conditions.  Equilibrium was attained fairly quickly.

The different sizes of gypsum board sheets led to selection of different trimmed widths.
The aspect ratio, i.e. ratio of span to width, varied from one subsample to another.
However, the influence of this on the results is not believed to be important.  The
specimen was supported on pipe supports, with approximately a 2.5 cm overhang at both
ends.  The span was measured to the nearest millimetre.  A B&K type 4343
accelerometer was positioned at the centre of the specimen in the centre of the span.  The
signal was amplified by a B&K type 2644 preamplifier before being directed to a B&K
Signal Analyzer type 2034.  A B&K type 8202 impact hammer was used to lightly tap
each specimen to set it into vibration.  The resulting signal in the gypsum board vibration
was analyzed to determine the fundamental frequency and the half power points (i.e.
frequencies at which the resonance amplitude has dropped by 3 dB with respect to the
peak rms spectral level).  From this information, the viscoelastic damping was calculated.
The transient signal was weighted with an exponential weighting curve which required
correction to the computed damping.

The quality factor is defined as,

Q
fk

fu fl
=

−

where,

fk = fundamental frequency;

fu = frequency of the upper half power point and;

fl = frequency of the lower half power point.

The damping factor is defined as,

ζk Q
=

1
2

,
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and the damping coefficient is defined as,

δ π ζk k kf= 2 .

If the damping properties were measured using a time window then a correction term
must be included.  The time window used was exponential and wl seconds in length.  The
true measure of the damping coefficient, δk, can be expressed in terms of the measured
quality factor, Q, by,

δ π
k

k

l

f
Q w

= −
1 .

Thus, the damping factor expressed in terms of the measured quantities is,
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The effective flexural stiffness of the specimen was calculated from the following
equation,
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where,

fk = fundamental frequency (Hz);

EI = flexural stiffness of the specimen, per unit width
of material (N•mm2/mm);

wu = specimen weight per unit area (N/m2);

L  = span (mm); and

g = gravitational acceleration (m/s2).

Accounting for acceleration due to gravity, and solving for flexural stiffness, EI, results
in,

EI f L wk u=
−4 10

9 8

2 4 9

2. π
.

After testing on the long span, specimens were cut perpendicular to the main axis of the
panels as supplied (which was the short axis of the original full sheet of gypsum board)
and were trimmed.  They were retested to evaluate the flexural stiffness in a
perpendicular direction to that obtained previously.  In these cases, the shorter specimens
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had significantly higher natural frequencies and the method of excitation had to be
changed.  A light finger tap was used to excite the panels and triggering was set on the
output signal from the accelerometer.  The time of physical contact between the hammer
at impact and the gypsum board was found to be too long causing interference with the
free response of the panel.

Table B-6: Flexural Stiffness and Damping Coefficient for each gypsum board type.

Number EI (N•mm2/mm)
Percent Damping

(%)

Nominal Type
of

Sample Orientation
Average

Value
Standard
Deviation

Average
Value

Standard
Deviation

15.9 mm Type X (A) - - - - - -
15.9 mm Type X (B) - - - - - -
15.9 mm Type X (C) 183 perpendicular 808700 139800 0.91 0.69

38 parallel 708600 116300 - -

12.7 mm Type X (A) 82 perpendicular 385000 98000 - -
25 parallel 434800 64700 - -

12.7 mm Type X (B) 3 perpendicular 372400 13100 0.68 0.08
12.7 mm Type X (C) - - - - - -

12.7 mm (A) 12 perpendicular 316600 76400 0.90 0.22
24 parallel 262600 74900 - -

12.7 mm (B) 20 perpendicular 309700 89900 1.15 0.76
17 parallel 319500 30600 - -

12.7 mm (B) light
weight

11 perpendicular 234900 5800 0.46 0.08

21 parallel 312000 24000 - -

12.7 mm (C) - - - - - -

Orientation: Perpendicular - span tested was perpendicular to the long axis of a sheet
of gypsum board.
Parallel - span tested was parallel to the long axis of a sheet of gypsum
board.
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6800$5<

7KLV�$SSHQGL[�SUHVHQWV�DQ�RYHUYLHZ�RI�SUHOLPLQDU\�UHVXOWV�IURP�DQ
LQLWLDO�V\VWHPDWLF�VWXG\�LQFOXGLQJ�VSHFLPHQ�GHWDLOV�WKDW�GHYLDWH
VLJQLILFDQWO\�IURP�QRUPDO�SUDFWLFH���7KH�VSHFLPHQV�ZHUH�FKRVHQ�WR
H[DPLQH�EDVLF�GHSHQGHQFH�RI�WKH�VRXQG�WUDQVPLVVLRQ�RQ�PDWHULDO
SURSHUWLHV�DQG�FRQVWUXFWLRQ�GHWDLOV���7KH�ZRUN�IRFXVHG�RQ�WKH�HIIHFW�RI
IRXU�PDLQ�VSHFLPHQ�FKDUDFWHULVWLFV�

• SURSHUWLHV�RI�FDYLW\�DEVRUSWLRQ��GHQVLW\��DLUIORZ�UHVLVWDQFH��
• DPRXQW�DQG�ORFDWLRQ�RI�DEVRUSWLYH�PDWHULDO�
• VSDFLQJ�DQG�W\SH�RI�IUDPLQJ�
• KRZ�J\SVXP�ERDUG�LV�DWWDFKHG�WR�IUDPLQJ�

7KH�UHVXOWV�DUH�GLVFXVVHG�EHORZ�XQGHU�WKHVH�IRXU�PDLQ�WRSLF�KHDGLQJV�
1RWH�WKDW�ZH�KDYH�QRW�H[DPLQHG�DOO�LVVXHV�LPSRUWDQW�IRU�WKH
V\VWHPDWLF�VWXG\��RWKHU�DVSHFWV��VXFK�DV�GHSHQGHQFH�RQ�W\SH�DQG
WKLFNQHVV�RI�J\SVXP�ERDUG��ZHUH�H[DPLQHG�LQ�WKH�FRXUVH�RI�WKH�PDLQ
VHULHV�

7KLV�ILUVW�VHW�RI�PHDVXUHPHQWV�ZDV�LQWHQGHG�ERWK�WR�HVWDEOLVK�WKH�EDVLV
IRU�D�PRGHO�WR�FDOFXODWH�VRXQG�WUDQVPLVVLRQ�WKURXJK�VLPLODU
FRQVWUXFWLRQV��DQG�WR�HVWDEOLVK�D�WHFKQLFDO�EDVLV�IRU�VHOHFWLQJ�VSHFLPHQ
GHWDLOV�IRU�WKH�VXEVHTXHQW�VWXG\�RI�FRQVWUXFWLRQV�ZLWK�VWDQGDUG�GHWDLOV�
7KH�UHVXOWV�FOHDUO\�LOOXVWUDWH�VHYHUDO�LPSRUWDQW�LVVXHV�

�� 7KLFNQHVV�RI�FDYLW\�DEVRUSWLRQ�FOHDUO\�SOD\V�D�VLJQLILFDQW�UROH���7KH
KLJKHVW�67&�YDOXHV�ZLOO�EH�REWDLQHG�ZLWK�DEVRUSWLRQ�HVVHQWLDOO\
ILOOLQJ�WKH�FDYLW\��EXW�LW�ZRXOG�EH�XVHIXO�WR�HVWDEOLVK�SHUIRUPDQFH
HTXLYDOHQFHV�IRU�YDULRXV�WKLFNQHVVHV�RI�PDWHULDOV�ZLWK�GLIIHUHQW�IORZ
UHVLVWDQFH�

�� 6FUHZ�VSDFLQJ�KDV�D�VLJQLILFDQW�HIIHFW�HYHQ�ZLWK�VWHHO�VWXGV���7KH
VSHFLILF�VFUHZ�VSDFLQJV�IRU�DOO�ZDOOV�LQ�WKH�PDLQ�VHULHV�ZLWK�HDFK
VWXG�DQG�UHVLOLHQW�FKDQQHO�FDVH��IRU�ERWK�VLQJOH�DQG�GRXEOH�OD\HUV�RI
J\SVXP�ERDUG��PXVW�SURYLGH�WKH�EDVLV�WR�HYDOXDWH�WKH�IXOO�UDQJH�RI
FRPPRQ�FDVHV�RI�VWXG�DQG�VFUHZ�VSDFLQJ�

�� 2ULHQWDWLRQ�RI�WKH�J\SVXP�ERDUG�DIIHFWV�WKH�UHVXOWV���7KH�SDQHO
OD\RXW��IRU�ERWK�VLQJOH�DQG�GRXEOH�OD\HUV�RI�J\SVXP�ERDUG�ZLWK�HDFK
VWXG�DQG�UHVLOLHQW�FKDQQHO�FDVH��PXVW�EH�HYDOXDWHG�

7KH�GHWDLOHG�VRXQG�WUDQVPLVVLRQ�UHVXOWV�DUH�SUHVHQWHG�DQG�GLVFXVVHG
LQ�IROORZLQJ�VHFWLRQV���$�VXPPDU\�RI�PDLQ�WUHQGV�LV�JLYHQ�LQ�WKH�ILQDO
VHFWLRQ�
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3523(57,(6�2)�&$9,7<�$%62537,21

6RPH�UHVHDUFKHUV�KDYH�DUJXHG�WKDW�VRXQG�WUDQVPLVVLRQ�GRHV�QRW
GHSHQG�RQ�GHQVLW\�RI�WKH�FDYLW\�DEVRUSWLRQ���2Q�WKH�RWKHU�KDQG��VRPH
VWXGLHV�KDYH�VKRZQ�WKDW�GLIIHUHQW�SURGXFWV�GR�JLYH�GLIIHUHQW�VRXQG
WUDQVPLVVLRQ�SHUIRUPDQFH���2QH�FRQFHUQ�RI�WKLV�VWXG\�ZDV�WR�HVWDEOLVK
ZKHWKHU�DQ\�REYLRXV�SK\VLFDO�FKDUDFWHULVWLF�RI�WKH�DEVRUSWLYH�PDWHULDO
FDQ�EH�XVHG�WR�JDXJH�LWV�HIIHFWLYHQHVV�

7R�IRFXV�RQ�WKH�HIIHFW�RI�DEVRUSWLRQ�SURSHUWLHV��ZH�XVHG�D�VSHFLPHQ
ZLWK�UDWKHU�OLJKW�DQG�IOH[LEOH�SDQHOV��WR�DYRLG�SDQHO�UHVRQDQFHV�LQ�WKH
IUHTXHQF\�UDQJH�RI�FRQFHUQ���7KH�VSHFLPHQ�KDG�VXUIDFHV�RI���PP�WKLFN
/(;$1�SODVWLF��ZLWK�DQ�DLUVSDFH�EHWZHHQ�WKH�WZR�VXUIDFHV�ZKLFK�FRXOG
EH�SDUWLDOO\�ILOOHG�ZLWK�DEVRUSWLYH�PDWHULDO���7KH�/(;$1�VXUIDFHV�ZHUH
VXSSRUWHG�LQ�D�PDQQHU�FKRVHQ�WR�PLQLPL]H�VWUXFWXUDO�FRQQHFWLRQ
EHWZHHQ�WKH�WZR�IDFHV���:LUHV�ZHUH�XVHG�WR�KROG�WKH�DEVRUSWLYH
PDWHULDO�LQ�SODFH��SUHYHQWLQJ�FRQWDFW�ZLWK�WKH�/(;$1�VXUIDFHV�

)LJ������6RXQG
WUDQVPLVVLRQ�ORVV�ZLWK
����PP�RI�GLIIHUHQW
PDWHULDOV�LQ�WKH�����PP
FDYLW\�EHWZHHQ�WZR�VKHHWV
RI���PP�/(;$1�SODVWLF�
6SHFLPHQV�DUH�FRGHG�DV
IROORZV���*)%�LV�JODVV
ILEUH�EDWW��*)5�LV�JODVV
ILEUH�ULJLG�ERDUG��0)%�LV
PLQHUDO�ILEUH�EDWW�
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WKDW�IRU�ILEURXV�LQVXODWLRQV���)LJXUH���VKRZV�WKH�UDQJH�RI�VRXQG
WUDQVPLVVLRQ�UHVXOWV�ZLWK�D�YDULHW\�RI�PLQHUDO�ILEUH�DQG�JODVV�ILEUH�EDWW
DQG�ERDUG�PDWHULDOV�
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7KH�PRVW�REYLRXV�IHDWXUH�LV�WKH�VLPLODULW\�RI�UHVXOWV�IRU�GLIIHUHQW
PDWHULDOV��EXW�VRPH�PDWHULDOV�SURYLGHG�FRQVLVWHQWO\�KLJKHU
SHUIRUPDQFH�

)LJV����D��DQG���E��
6RXQG�WUDQVPLVVLRQ
ORVV�LQ�WKH���N+]�EDQG
YHUVXV�GHQVLW\�DQG
DLUIORZ�UHVLVWDQFH�RI
WKH�PDWHULDOV�
6SHFLPHQV�DUH�FRGHG
DV�IROORZV���*)%�LV
JODVV�ILEUH�EDWW��*)5
LV�JODVV�ILEUH�ULJLG
ERDUG��0)%�LV
PLQHUDO�ILEUH�EDWW�
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7KHVH�GLIIHUHQFHV�ZHUH�PRVW�REYLRXV�IRU�WKH�IUHTXHQF\�UDQJH�DURXQG
��N+]���)LJXUHV���D��DQG���E��VKRZ�WKH���N+]�VRXQG�WUDQVPLVVLRQ�GDWD
YHUVXV�WKH�PDWHULDOVj�GHQVLW\�DQG�DLUIORZ�UHVLVWDQFH��UHVSHFWLYHO\�
:KHQ�VRXQG�WUDQVPLVVLRQ�ORVV�LV�SORWWHG�DJDLQVW�DLUIORZ�UHVLVWDQFH�
WKHUH�VHHPV�WR�EH�D�FOHDU�WUHQG���DQ�LQFUHDVH�ZLWK�LQFUHDVLQJ�DLUIORZ
UHVLVWDQFH���:KHQ�SORWWHG�DJDLQVW�GHQVLW\��WKH�WUHQG�LV�TXHVWLRQDEOH�
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)LJV����D��DQG���E��
6RXQG�WUDQVPLVVLRQ
FODVV��67&��YHUVXV
GHQVLW\�DQG�DLUIORZ
UHVLVWDQFH�RI�WKH
PDWHULDOV���6SHFLPHQV
DUH�FRGHG�DV�IROORZV�
*)%�LV�JODVV�ILEUH
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ILEUH�ULJLG�ERDUG�
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TXLWH�FORVHO\�FRUUHODWHG�IRU�PRVW�VDPSOHV�XVHG�LQ�WKLV�VWXG\���)RU�D
JLYHQ�ILEUH�VL]H��ERWK�GHQVLW\�DQG�DLUIORZ�UHVLVWDQFH�LQFUHDVH�DV�WKH
ILEUHV�DUH�SDFNHG�PRUH�WLJKWO\�WRJHWKHU���7KH�EHVW�WHVW�RI�WKH�SULQFLSOH
LV�JLYHQ�E\�WKH�UHVXOWV�IRU�VSHFLPHQV�*)5���DOWKRXJK�LW�KDV�WKH�KLJKHVW
GHQVLW\��LWV�DFRXVWLFDO�SHUIRUPDQFH�LV�LQ�WKH�PLGGOH�RI�WKH�SDFN��OLNH�LWV
DLUIORZ�UHVLVWDQFH���2YHUDOO��WKH�UHVXOWV�VXSSRUW�WKH�WKHRU\�WKDW�DLUIORZ
UHVLVWDQFH�LV�WKH�VLJQLILFDQW�SK\VLFDO�YDULDEOH�

)RU�VRXQG�WUDQVPLVVLRQ�FODVV��67&��UHVXOWV��WKH�HIIHFW�LV�PXFK�VPDOOHU�
EXW�WKH�WUHQG�LV�EDVLFDOO\�WKH�VDPH���7KH�67&�IRU�WKHVH�VSHFLPHQV�LV
GHWHUPLQHG�E\�WKH�ORZ�IUHTXHQF\�EDQGV��HVSHFLDOO\�����+]��EHFDXVH�RI
WKH�VKDSH�RI�WKH�67&�FRQWRXU�DQG�WKH�UXOHV�IRU�ILWWLQJ�LW�WR�WKH�GDWD�
$URXQG�����+]�WKH�HIIHFW�RI�DEVRUSWLRQ�W\SH�LV�UHGXFHG��EXW�HVVHQWLDOO\
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WKH�VDPH�WUHQG�LV�REVHUYHG���WKH�PDWHULDO�ZLWK�KLJKHVW�DLUIORZ
UHVLVWDQFH�JLYHV�WKH�KLJKHVW�67&�

$PRXQW�DQG�/RFDWLRQ�RI�$EVRUSWLYH�0DWHULDO

7KH�DPRXQW�RI�DEVRUSWLRQ�LQ�WKH�FDYLW\�KDV�D�VLJQLILFDQW�HIIHFW�RQ�WKH
VRXQG�WUDQVPLVVLRQ���WKH�JUHDWHU�WKH�IUDFWLRQ�RI�WKH�FDYLW\�ILOOHG�ZLWK
DEVRUSWLRQ��WKH�KLJKHU�WKH�VRXQG�WUDQVPLVVLRQ�ORVV�

7KH�ORFDWLRQ�RI�WKH�DEVRUSWLRQ�DSSHDUV�WR�KDYH�D�VPDOO�VHFRQGDU\�HIIHFW�
7KDW�ZLOO�UHTXLUH�IXUWKHU�VWXG\�WR�FOHDUO\�HVWDEOLVK�WKH�EHVW�ORFDWLRQV�
EHFDXVH�WKH�PRVW�HIIHFWLYH�LQVWDOODWLRQ�PD\�DOVR�GHSHQG�RQ�FRQWDFW�ZLWK
WKH�J\SVXP�ERDUG���7KRVH�DVSHFWV�ZLOO�EH�SXUVXHG�IXUWKHU�LQ�WKH�PDLQ
VHULHV�ZLWK�PRUH�FRQYHQWLRQDO�ZDOO�FRQVWUXFWLRQV�

)LJXUH���VKRZV�VRXQG�WUDQVPLVVLRQ�ORVV�IRU�D�ZDOO�ZLWK�QHJOLJLEOH
VWUXFWXUDO�FRQQHFWLRQ�EHWZHHQ�WZR�/(;$1�VXUIDFHV�����PP�DSDUW�
ZKHQ�DQ�DEVRUSWLYH�OD\HU�RI����PP������PP�RU�����PP�WKLFNQHVV�LV
DGGHG�WR�WKH�FDYLW\���7KH�DEVRUSWLYH�PDWHULDO�XVHG�LQ�WKLV�FDVH�ZDV
ODEHOHG�*)5��LQ�SUHYLRXV�ILJXUHV��DQG�KDV�DLU�IORZ�UHVLVWDQFH�VLPLODU�WR
WKH�EHVW�EDWW�PDWHULDOV���7KH�VRXQG�WUDQVPLVVLRQ�ORVV�FRQWLQXHG�WR
LQFUHDVH�ZLWK�LQFUHDVLQJ�WKLFNQHVV�RI�WKH�DEVRUSWLYH�PDWHULDO���:LWK
WKH�FDYLW\�KDOI�ILOOHG�ZLWK�DEVRUSWLYH�PDWHULDO��WKH�VRXQG�WUDQVPLVVLRQ
ORVV�ZDV�DERXW���G%�OHVV�WKDQ�WKDW�REWDLQHG�E\�ILOOLQJ�WKH�FDYLW\
FRPSOHWHO\�
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7KH�VHFRQG�FDVH�VWXGLHG�KDG�DQ�LQFUHDVLQJ�IUDFWLRQ�RI�WKH�FDYLW\
EORFNHG�E\�DEVRUSWLRQ���7KH�DGGHG�DEVRUSWLRQ�ILOOHG�WKH��ERWWRP������
���������RI�WKH�RSHQLQJ�ZLWK�JODVV�ILEUH�EDWW�PDWHULDO���$JDLQ��WKH�DPRXQW
RI�DEVRUSWLRQ�LQ�WKH�FDYLW\�KDG�D�VLJQLILFDQW�HIIHFW�RQ�WKH�VRXQG
WUDQVPLVVLRQ���WKH�JUHDWHU�WKH�IUDFWLRQ�RI�WKH�FDYLW\�ILOOHG�ZLWK
DEVRUSWLRQ��WKH�KLJKHU�WKH�VRXQG�WUDQVPLVVLRQ�ORVV�

,Q�WKLV�FDVH��WKH�VRXQG�WUDQVPLVVLRQ�ORVV�DSSURDFKHG�WKH�OLPLWLQJ
������FRYHUDJH��FDVH�PRUH�VORZO\��IRU�H[DPSOH��OHDYLQJ�WKH�WRS�TXDUWHU
RI�WKH�FDYLW\�HPSW\�UHGXFHG�WKH�WUDQVPLVVLRQ�ORVV�E\�PRUH�WKDQ���G%�DW
WKH�KLJKHU�IUHTXHQFLHV��DOWKRXJK�WKH�67&�ZDV�UHGXFHG�RQO\�E\����
7KXV��LW�LV�VHHPV�GHVLUDEOH�WR�KDYH�DEVRUSWLYH�PDWHULDO�QHDUO\�ILOO�WKH
FDYLW\�IURP�WRS�WR�ERWWRP�DQG�VLGH�WR�VLGH�
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6SDFLQJ�DQG�7\SH�RI�)UDPLQJ

6RXQG�WUDQVPLVVLRQ�WKURXJK�SUDFWLFDO�ZDOOV�GHSHQGV�RQ�KRZ�WKH
J\SVXP�ERDUG�LV�DWWDFKHG�WR�WKH�VXSSRUWLQJ�VWXGV��DQG�RQ�WKH�VWXG
V\VWHP�LWVHOI���0RUH�GHWDLOHG�LQYHVWLJDWLRQ�RI�WKH�PHFKDQLVPV�ZLOO
FRQWLQXH��EXW�WKH�SUHOLPLQDU\�VWXG\�KDV�HVWDEOLVKHG�WKH�JHQHUDO�WUHQGV�
7KH�VRXQG�WUDQVPLVVLRQ�GHSHQGV�RQ�DW�OHDVW�WKUHH�PDLQ�YDULDEOHV�

• W\SH�RI�VWXGV��ZRRG�RU�OLJKWZHLJKW�VWHHO��

• VSDFLQJ�EHWZHHQ�VWXGV�

• VSDFLQJ�EHWZHHQ�VFUHZV�

)LJ����VKRZV�VRXQG�WUDQVPLVVLRQ�WKURXJK�VL[�ZDOOV�ZLWK�J\SVXP�ERDUG
RQ�HDFK�IDFH�DQG�VWXGV�VSDFHG�����PP�DSDUW���7KH�WKUHH�ZDOOV�ZLWK
ZRRG�VWXGV�KDYH�ORZHU�WUDQVPLVVLRQ�ORVV�WKDQ�WKH�WKUHH�ZLWK�VWHHO
VWXGV���7KH�GLIIHUHQFHV�ZLWKLQ�HDFK�JURXS�RI�WKUHH�ZDOOV�DUH�GXH�WR
VSDFLQJ�RI�WKH�VFUHZV�DWWDFKLQJ�WKH�J\SVXP�ERDUG�WR�WKH�VWXGV�

)LJ������6RXQG
WUDQVPLVVLRQ�ORVV
WKURXJK�ZDOOV�ZLWK
�����PP�7\SH�;�J\SVXP
ERDUG�RQ�HDFK�IDFH�RI�WKH
VWXGV���7KUHH�ZDOOV�KDYH
���[����PP�ZRRG�VWXGV�
WKH�RWKHU�WKUHH�KDYH
���PP�OLJKWZHLJKW�VWHHO
VWXGV��DOO�VWXGV�DUH
VSDFHG�DW�����PP�RQ
FHQWHU�DQG�KDYH�JODVV
ILEUH�EDWWV�ILOOLQJ�WKH
LQWHU�VWXG�FDYLWLHV���7KH
OHJHQG�LQGLFDWHV�WKH�W\SH
RI�VWXG��DQG�WKH�VSDFLQJ
EHWZHHQ�WKH�VFUHZV
IDVWHQLQJ�WKH�J\SVXP
ERDUG�WR�WKH�VWXGV�
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$W�IUHTXHQFLHV�DERYH�����+]��ERWK�VWXG�W\SHV�H[KLELW�KLJKHU
WUDQVPLVVLRQ�ORVV�LI�WKH�VFUHZV�DUH�IDUWKHU�DSDUW���)RU�WKH�WKUHH�ZDOOV
ZLWK�VWHHO�VWXGV��WKH�WUDQVPLVVLRQ�ORVV�LV�KLJKHU�DQG�WKH�HIIHFW�RI�VFUHZ
VSDFLQJ�PXFK�OHVV��SUHVXPDEO\�EHFDXVH�WUDQVPLVVLRQ�WKURXJK�WKH
VWXGV�LV�OHVV�LPSRUWDQW�ZLWK�VWHHO�VWXGV�

$W�IUHTXHQFLHV�EHORZ�����+]��HDFK�RI�WKH�FXUYHV�H[KLELWV�D�PLQLPXP�
WKH�IUHTXHQF\�DW�ZKLFK�WKLV�RFFXUV�GHSHQGV�RQ�WKH�VWXG�W\SH�DQG�VFUHZ
VSDFLQJ���,W�LV�ZRUWK�GLVFXVVLQJ�EHFDXVH�WKLV�GLS�WHQGV�WR�OLPLW�WKH�67&
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UDWLQJ�IRU�WKHVH�FRQVWUXFWLRQV���7KH�UHVRQDQFH�VKLIWV�WR�KLJKHU
IUHTXHQF\��DQG�WKH�67&�LV�UHGXFHG�PRUH���WKH�PRUH�ULJLGO\�WKH�VWXG�DQG
VFUHZV�FRQVWUDLQ�WKH�J\SVXP�ERDUG���7KH�UHVRQDQFH�LV�DW�LWV�KLJKHVW
IUHTXHQF\�IRU�ZRRG�VWXGV�ZLWK�WKH�VFUHZV�FORVH�WRJHWKHU��DQG�DW�LWV
ORZHVW�IUHTXHQF\�IRU�WKH�PRUH�IOH[LEOH�VWHHO�VWXGV�ZLWK�WKH�ODUJHVW
VFUHZ�VSDFLQJ�

7KH�VRXQG�WUDQVPLVVLRQ��HVSHFLDOO\�WKH�ORZ�IUHTXHQF\�UHVRQDQFH��LV
DOVR�DIIHFWHG�E\�VWXG�VSDFLQJ��DV�VKRZQ�LQ�)LJ����IRU�IRXU�ZDOOV�ZLWK
ZRRG�VWXGV�DW�GLIIHUHQW�VHSDUDWLRQV�

)LJ������6RXQG
WUDQVPLVVLRQ�ORVV
WKURXJK�ZDOOV�ZLWK
�����PP�7\SH�;�J\SVXP
ERDUG�RQ�HDFK�IDFH�RI
���[����PP�ZRRG�VWXGV�
,Q�DOO�FDVHV��WKH�J\SVXP
ERDUG�LV�DWWDFKHG�WR�WKH
VWXGV�E\�VFUHZV�VSDFHG
����PP�RQ�FHQWHU���7KH
OHJHQG�LQGLFDWHV�WKH
VSDFLQJ�EHWZHHQ�WKH
VWXGV�LQ�HDFK�FDVH�
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7KH�IUHTXHQF\�DW�ZKLFK�WKH�PLQLPXP�RFFXUV�GHSHQGV�VWURQJO\�RQ�WKH
VWXG�VSDFLQJ���WKH�VPDOOHU�WKH�VSDFLQJ��WKH�KLJKHU�WKH�IUHTXHQF\�DW
ZKLFK�WKH�GLS�RFFXUV���$OWKRXJK�WKH�HIIHFW�LV�VWURQJHU�ZLWK�ZRRG�VWXGV�
GHSHQGHQFH�RQ�VWXG�VSDFLQJ�DOVR�DIIHFWV�ORZ�IUHTXHQF\�SHUIRUPDQFH
ZLWK�VWHHO�VWXGV�

7KLV�ORZ�IUHTXHQF\�GLS�FRQWUROV�WKH�67&�IRU�PRVW�VWHHO�VWXG�ZDOOV�
XQGHUVWDQGLQJ�DQG�UHGXFLQJ�WKLV�HIIHFW�ZRXOG�SURYLGH�KLJKHU�67&�IRU
DOO�VXFK�FRQVWUXFWLRQV�

0XFK�ZHDNHU�GLSV�DUH�REVHUYHG�LQ�WKH�VRXQG�WUDQVPLVVLRQ�GDWD�ZLWK
J\SVXP�ERDUG�RQ�RQO\�RQH�VLGH�RI�WKH�ZDOO��SUHVXPDEO\�WKH�VWXGV�GLYLGH
WKH�J\SVXP�ERDUG�SDQHO�LQWR�VXESDQHOV�ZKRVH�PRGDO�UHVRQDQFHV�DUH�DW
KLJKHU�IUHTXHQFLHV�IRU�VPDOOHU�VXESDQHOV��L�H��IRU�VPDOOHU�VWXG�VSDFLQJ�
%XW�WUDQVPLVVLRQ�IURP�RQH�VXUIDFH�WR�WKH�RWKHU�WKURXJK�WKH�VWXGV�LV
DOVR�DSSDUHQWO\�SDUW�RI�WKH�FDXVH�RI�WKH�VWURQJ�GLSV�LQ�WKH�WUDQVPLVVLRQ
ORVV�
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+RZ�*\SVXP�%RDUG�LV�$WWDFKHG

$V�GLVFXVVHG�SUHYLRXVO\��LQFUHDVLQJ�WKH�VSDFLQJ�EHWZHHQ�VFUHZV
VLJQLILFDQWO\�LQFUHDVHV�WKH�VRXQG�WUDQVPLVVLRQ�ORVV���2WKHU�PRUH
H[WUHPH�FKDQJHV�LQ�KRZ�WKH�GU\ZDOO�LV�DWWDFKHG�WR�WKH�VWXGV�FDQ�JLYH
FRPSDUDEOH�HIIHFWV���7KH�JRDO�LV�WR�ILQG�PHWKRGV�WKDW�ZLOO�SURYLGH
DFFHSWDEOH�QRLVH�FRQWURO�ZLWK�FRQYHQWLRQDO�ZRRG�VWXG�FRQVWUXFWLRQ�

)LJXUH���VKRZV�WKH�LPSURYHPHQW�LQ�VRXQG�WUDQVPLVVLRQ�ORVV�ZKHQ�WKH
J\SVXP�ERDUG�LV�DWWDFKHG�WR�WKH�VWXGV�ZLWK�D�YDULHW\�RI�FRQQHFWLQJ
HOHPHQWV���SDGV�DW�WKH�VFUHZ�SRLQWV��ERWK�KDUG�DQG�VRIW���DQG�UHVLOLHQW
FKDQQHOV��ERWK�SDUDOOHO�WKH�VWXGV�DQG�DW�ULJKW�DQJOHV����7KHVH�PHWKRGV
RI�DWWDFKPHQW�REYLRXVO\�LPSURYH�WKH�VRXQG�WUDQVPLVVLRQ�ORVV�
SUHVXPDEO\�E\�UHGXFLQJ�YLEUDWLRQ�WUDQVIHU�WKURXJK�WKH�VWXGV�IURP�RQH
VXUIDFH�WR�WKH�RWKHU�

)LJ������6RXQG
WUDQVPLVVLRQ�ORVV
WKURXJK�ZDOOV�ZLWK
�����PP�7\SH�;�J\SVXP
ERDUG�RQ�HDFK�IDFH�RI
���[����PP�ZRRG�VWXGV�
,Q�DOO�FDVHV��WKH�VWXGV
ZHUH�VSDFHG�����PP�RQ
FHQWHU��WKH�LQWHU�VWXG
FDYLWLHV�ZHUH�ILOOHG�ZLWK
JODVV�ILEUH�EDWWV��DQG
J\SVXP�ERDUG�ZDV
DWWDFKHG�E\�VFUHZV
VSDFHG�����PP�RQ
FHQWHU���7KH�ZRRG�DQG
UXEEHU�SDGV�KDG
VXUIDFHV����[����PP�
DQG�ZHUH�SRVLWLRQHG�ZLWK
GRXEOH�VLGHG�WDSH�WR�KROG
WKHP�LQ�SODFH��VFUHZV
ZHUH�WKHQ�GULYHQ�WKURXJK
WKH�J\SVXP�ERDUG�DQG
SDGV��LQWR�WKH�VWXGV���7KH
UHVLOLHQW�FKDQQHOV��5&�LQ
WKH�OHJHQG��ZHUH
DWWDFKHG�WR�WKH�VWXGV
ZLWK�VFUHZV�DW�����PP
FHQWHUV�
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7KH�JUHDWHVW�LPSURYHPHQW�ZDV�ZLWK�WKH�UHVLOLHQW�FKDQQHOV��ZKLFK�JDYH
VRXQG�WUDQVPLVVLRQ�UHVXOWV�FRPSDUDEOH�WR�WKRVH�ZLWK�VWHHO�VWXGV�VSDFHG
����PP�DSDUW���$OLJQLQJ�WKH�UHVLOLHQW�FKDQQHOV�SDUDOOHO�WR�WKH�VWXGV
�UDWKHU�WKDQ�WKH�FRQYHQWLRQDO�KRUL]RQWDO�DOLJQPHQW��JDYH�IXUWKHU
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LPSURYHPHQW�DW�WKH�HVSHFLDOO\�LPSRUWDQW�ORZ�IUHTXHQFLHV���7KHVH
ILQGLQJV�ZLOO�EH�LQYHVWLJDWHG�IXUWKHU��LQ�WKH�KRSH�RI�GHYHORSLQJ�DQ
LPSURYHG�DWWDFKPHQW�PHWKRG�

2ULHQWDWLRQ�RI�WKH�J\SVXP�ERDUG�DOVR�KDV�VRPH�HIIHFW�RQ�WKH�UHVXOWV�
HVSHFLDOO\�RQ�WKH�VLPSOH�ZRRG�VWXGV���)LJXUH���SUHVHQWV�UHVXOWV�IRU
ZDOOV�ZLWK�ZRRG�RU�VWHHO�VWXGV�VSDFHG�����PP�RQ�FHQWHU��ZLWK�WKH
J\SVXP�ERDUG�DSSOLHG�HLWKHU�YHUWLFDOO\��ORQJ�GLPHQVLRQ�RI�WKH�VKHHW
YHUWLFDO��RU�KRUL]RQWDOO\��ORQJ�GLPHQVLRQ�RI�WKH�VKHHW�KRUL]RQWDO��

:LWK�VWHHO�VWXGV�WKHUH�ZDV�RQO\�D�VPDOO�HIIHFW�GXH�WR�J\SVXP�ERDUG
RULHQWDWLRQ���D�VOLJKW�LQFUHDVH�IRU�KRUL]RQWDO�GU\ZDOO��DW�IUHTXHQFLHV
DERYH�����+]���:LWK�ZRRG�VWXGV��WKH�KRUL]RQWDO�RULHQWDWLRQ�ZDV
VOLJKWO\�VXSHULRU�DW�KLJK�IUHTXHQFLHV��EXW�DW�ORZHU�IUHTXHQFLHV�WKHUH
ZHUH�ODUJH�FKDQJHV�ZKHQ�WKH�GU\ZDOO�ZDV�DWWDFKHG�YHUWLFDOO\���7KLV
HIIHFW�LV�SX]]OLQJ��DQG�ZLOO�EH�LQYHVWLJDWHG�IXUWKHU�

)LJ������6RXQG
WUDQVPLVVLRQ�ORVV
WKURXJK�ZDOOV�ZLWK
�����PP�7\SH�;�J\SVXP
ERDUG�RQ�HDFK�IDFH�RI
VWXGV�����[����PP�ZRRG
VWXGV��RU����PP�VWHHO
VWXGV����,Q�DOO�FDVHV��WKH
VWXGV�ZHUH�VSDFHG
����PP�RQ�FHQWHU��WKH
LQWHU�VWXG�FDYLWLHV�ZHUH
ILOOHG�ZLWK�JODVV�ILEUH
EDWWV��DQG�J\SVXP�ERDUG
ZDV�DWWDFKHG�E\�VFUHZV
VSDFHG�����PP�RQ
FHQWHU��k+RUL]RQWDOy�LQ
WKH�OHJHQG�LQGLFDWHV
J\SVXP�ERDUG�LQVWDOOHG
ZLWK�LWV�ORQJ�GLPHQVLRQ
KRUL]RQWDO���k9HUWLFDOy�LQ
WKH�OHJHQG�LQGLFDWHV
J\SVXP�ERDUG�LQVWDOOHG
ZLWK�LWV�ORQJ�GLPHQVLRQ
YHUWLFDO�
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%DVLF�7UHQGV�DQG�,VVXHV�IRU�)XUWKHU�6WXG\�

6HYHUDO�EDVLF�WUHQGV�ZHUH�LGHQWLILHG�

• (IIHFWLYHQHVV�RI�DEVRUSWLYH�PDWHULDO�LQFUHDVHG�ZLWK�LQFUHDVLQJ�DLU�IORZ
UHVLVWDQFH��EXW�GLIIHUHQFHV�DPRQJ�SURGXFWV�ZHUH�QRW�ODUJH��HVSHFLDOO\�DW
WKH�ORZ�IUHTXHQFLHV�ZKLFK�DUH�LPSRUWDQW�IRU�WKH�67&�UDWLQJ�

• ,QFUHDVLQJ�WKH�IUDFWLRQ�RI�WKH�FDYLW\�ILOOHG�ZLWK�DEVRUSWLYH�PDWHULDO
LPSURYHG�WKH�VRXQG�WUDQVPLVVLRQ�ORVV�VWHDGLO\��LQ�D�SDUWLWLRQ�ZLWK
QHJOLJLEOH�VWUXFWXUDO�FRQQHFWLRQ�EHWZHHQ�WKH�VXUIDFHV���:LWK�D�KDOI�ILOOHG
FDYLW\�WKH�67&�ZDV���G%�ORZHU�WKDQ�ZLWK�D�IXOO�FDYLW\�

• 6WUXFWXUDO�FRQQHFWLRQV�JUHDWO\�UHGXFH�WKH�VRXQG�WUDQVPLVVLRQ�ORVV��WKLV
HIIHFW�LV�OHVV�IRU�OLJKWZHLJKW�VWHHO�VWXGV�WKDQ�IRU�ZRRG�VWXGV��DQG�DSSHDUV
WR�LQYROYH�GLIIHUHQW�PHFKDQLVPV�LQ�WKH�IUHTXHQF\�UDQJHV�EHORZ�DQG�DERYH
DERXW�����+]�

• $W�WKH�KLJKHU�IUHTXHQFLHV��WKH�HIIHFWLYH�WUDQVPLVVLRQ�ORVV�LV�ORZHUHG�LI
VFUHZ�VSDFLQJ�RU�VWXG�VSDFLQJ�LV�UHGXFHG��EXW�DJUHHPHQW�ZLWK�H[LVWLQJ
SUHGLFWLRQ�PRGHOV�LV�TXDOLWDWLYH�DW�EHVW�

• $W�ORZHU�IUHTXHQFLHV��WKH�VWURQJ�PLQLPD�REVHUYHG�LQ�WKH�WUDQVPLVVLRQ
ORVV�FOHDUO\�GHSHQG�RQ�VWXG�VSDFLQJ���7KHVH�DUH�WHQWDWLYHO\�DVFULEHG�WR�WKH
PRGDO�UHVSRQVH�RI�WKH�VWLIIHQHG�SDQHOV��FRXSOHG�E\�YLEUDWLRQ�WUDQVPLVVLRQ
WKURXJK�WKH�VWXGV�

• 6HYHUDO�DWWDFKPHQW�GHWDLOV�LQWHQGHG�WR�UHGXFH�FRXSOLQJ�EHWZHHQ�WKH
VWXGV�DQG�WKH�J\SVXP�ERDUG�ZHUH�WHVWHG��EXW�QRQH�RIIHUHG�D�ODUJH
LPSURYHPHQW�UHODWLYH�WR�FRQYHQWLRQDO�FRQVWUXFWLRQV�VXFK�DV�QRQ�
ORDGEHDULQJ�VWHHO�VWXGV�RU�ZRRG�VWXGV�ZLWK�UHVLOLHQW�FKDQQHOV�

6HYHUDO�LVVXHV�ZHUH�QRW�DGGUHVVHG�LQ�WKLV�SDUW�RI�WKH�VWXG\�EHFDXVH
WKH\�FDQ�EH�H[DPLQHG�PRUH�DSSURSULDWHO\�DV�SDUW�RI�WKH�PDLQ�VHULHV�RI
WHVWV���7KHVH�LQFOXGH�

• 7KH�FKDQJH�LQ�VRXQG�WUDQVPLVVLRQ�GXH�WR�WKLFNQHVV��ZHLJKW��RU�VWLIIQHVV�RI
J\SVXP�ERDUG�DUH�H[SHFWHG�WR�GHSHQG�RQ�WKH�VXSSRUWLQJ�VWUXFWXUH���$
UDQJH�RI�J\SVXP�ERDUG�SURGXFWV�ZHUH�WKHUHIRUH�EH�WHVWHG�IRU�VHYHUDO
FRPPRQ�ZDOO�FRQVWUXFWLRQV�

• &RQWDFW�EHWZHHQ�DEVRUSWLYH�PDWHULDO�DQG�WKH�J\SVXP�ERDUG�PD\�DOWHU
GDPSLQJ�RU�HIIHFWLYH�ZHLJKW�RI�WKH�J\SVXP�ERDUG�SDQHOV���7KLV�ZDV�WHVWHG
ZLWK�VSUD\�RQ�PDWHULDOV��DQG�ZLWK�LQVXODWLRQ�SUHVVHG�DJDLQVW�RQH�RU�ERWK
RI�WKH�VXUIDFHV�

• ,I�DEVRUSWLYH�PDWHULDO�LV�FRPSUHVVHG�EHWZHHQ�WKH�J\SVXP�ERDUG�VXUIDFHV�
LW�FDQ�WUDQVPLW�YLEUDWLRQ�GLUHFWO\�IURP�RQH�VXUIDFH�WR�WKH�RWKHU���7KLV�ZDV
WHVWHG�WR�HVWDEOLVK�SUDFWLFDO�OLPLWV�RI�FRPSUHVVLELOLW\�DQG�VWLIIQHVV�LQ�WKH
PDLQ�VHULHV��EXW�QHHGV�IXUWKHU�VWXG\�




