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Abstract 
7KH�XVH�RI�ULJLG�VKHDWKLQJ�LV�LQFUHDVLQJ�LQ�1HZ�=HDODQG�FRQVWUXFWLRQ��2QH�SXUSRUWHG�EHQHILW�
RI� ULJLG� VKHDWKLQJ� LV� WKDW� LW� LQFUHDVHV� WKH� SUHVVXUH� HTXDOLVDWLRQ� SHUIRUPDQFH� RI� WKH� ZDOO��
WKHUHE\�PDNLQJ�WKH�ZDOO�PRUH�ZHDWKHUWLJKW��
3RWHQWLDO�XUEDQ�GHQVLILFDWLRQ�LQ�$XFNODQG�PD\�PHDQ�W\SLFDO�UHVLGHQWLDO�GHWDLOV�ZLOO�EH�XVHG�LQ�
WDOOHU� EXLOGLQJV� RXWVLGH� RI� WKH� FXUUHQW� VFRSH� RI� 1=6� ����� DQG� (��$6��� 7KH� KLJKHU� ZLQG�
SUHVVXUHV� DVVRFLDWHG�ZLWK� WDOOHU� EXLOGLQJV�PD\�PHDQ�SUHVVXUH� HTXDOLVDWLRQ� GHWHUPLQHV� WKH�
SHUIRUPDQFH�OLPLW�RI�UHVLGHQWLDO�FRQVWUXFWLRQ�GHWDLOV��
7KLV�VWXG\�UHYLHZV�VRPH�RI�WKH�UHVHDUFK�RQ�SUHVVXUH�HTXDOLVHG�ZDOO�V\VWHPV�DQG�FRQFOXGHV�
WKDW� DOWKRXJK� WKHUH� LV� WKHRUHWLFDO� VXSSRUW� WKDW� ULJLG� VKHDWKLQJ� ZLOO� LPSURYH� SUHVVXUH�
PRGHUDWLRQ�� WKLV� LPSURYHPHQW� ZLOO� RQO\� EH� PDUJLQDO� LQ� W\SLFDO� 1HZ� =HDODQG� UHVLGHQWLDO�
FRQVWUXFWLRQ��
6LQFH�SUHVVXUH�GLIIHUHQFHV�ZLOO�H[LVW�DFURVV�WKH�FODGGLQJ�LQ�UHDO�VLWXDWLRQV��NQRZOHGJH�RI�MRLQW�
OHDNDJH�DV�D�IXQFWLRQ�RI�SUHVVXUH�DQG�UDLQIDOO�FKDUDFWHULVWLFV�ZRXOG�EH�GHVLUDEOH��7KLV�FRXOG�
GHILQH� WKH� SHUIRUPDQFH� OLPLW� RI� UHVLGHQWLDO� FRQVWUXFWLRQ� GHWDLOV� DQG� DOORZ� GHFLVLRQV� WR� EH�
PDGH�DV�WR�ZKHWKHU�WR�LQFOXGH�ULJLG�VKHDWKLQJ��IURP�D�GXUDELOLW\�SHUVSHFWLYH�DV�RSSRVHG�WR�D�
LPSURYHG�SUHVVXUH�PRGHUDWLRQ��RU�WR�FKDQJH�WR�D�GLIIHUHQW�VW\OH�RI�FRQVWUXFWLRQ��H�J��D�FXUWDLQ�
ZDOO��
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NOMENCLATURE 
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1.� INTRODUCTION 
1.1� Does Rigid Sheathing Improve Pressure Equalisation? 

7KH�1HZ�=HDODQG�VWDQGDUG�IRU�WLPEHU�IUDPHG�FRQVWUXFWLRQ��1=6�������ZDV�XSGDWHG�LQ�
�����DQG�QRZ� LQFOXGHV�DQ�H[WUD�KLJK�ZLQG�]RQH� �6WDQGDUGV�1HZ�=HDODQG���������7R�
DFFRPPRGDWH�WKLV��WKH�'HSDUWPHQW�RI�%XLOGLQJ�DQG�+RXVLQJ¶V�FRPSOLDQFH�GRFXPHQW�IRU�
ZHDWKHUWLJKWQHVV��(��$6���VWDWHV�D�ULJLG�XQGHUOD\��RU�ULJLG�VKHDWKLQJ��PXVW�EH�XVHG�LQ�
WKH�QHZ�ZLQG�]RQH��'HSDUWPHQW�RI�%XLOGLQJ�DQG�+RXVLQJ���������
7KHUH�LV�DOVR�DQHFGRWDO�HYLGHQFH�WKDW�WKH�XVH�RI�ULJLG�VKHDWKLQJ�LV�LQFUHDVLQJ��7KLV�PD\�
EH�SDUWO\�GXH� WR� WKH�FKDQJHV� LQ�(��$6��EXW�DOVR�EHFDXVH� WKHUH�DUH�VHYHUDO�SUDFWLFDO�
EHQHILWV�WR�ULJLG�VKHDWKLQJ�LQFOXGLQJ��

x� HDVH�RI�XVH��HVSHFLDOO\�ZKHQ�GHDOLQJ�ZLWK�SHQHWUDWLRQV�

x� LQFUHDVHG�GXUDELOLW\�IURP�³UHGXQGDQF\´�LQ�WKH�ZDOO�V\VWHP�

x� LQFUHDVHG�UREXVWQHVV�RI�WKH�UHVXOWDQW�FDYLW\�±�OHVV�ULVN�RI�LQVXODWLRQ�EXOJLQJ�DQG�
UHGXFLQJ�FDYLW\�GHSWK�

x� WKH�SRWHQWLDO�WR�³FORVH�LQ´�WKH�IUDPLQJ�HDUOLHU�

x� WKH�SRWHQWLDO�WR�UHPRYH�WKH�DLU�EDUULHU�IXQFWLRQ�IURP�WKH�LQWHUQDO�OLQLQJ�
$QRWKHU� SXUSRUWHG� EHQHILW� RI� ULJLG� VKHDWKLQJ� LV� WKDW� LW� DOVR� LQFUHDVHV� WKH� SUHVVXUH�
HTXDOLVDWLRQ�SHUIRUPDQFH�RI�WKH�ZDOO��WKHUHE\�PDNLQJ�WKH�ZDOO�PRUH�ZHDWKHUWLJKW��7KLV�
UHSRUW� UHYLHZV� SUHYLRXV� UHVHDUFK� RQ� SUHVVXUH� HTXDOLVDWLRQ� WR� GHWHUPLQH� LI� WKHUH� LV�
HYLGHQFH�WR�VXSSRUW�WKH�K\SRWKHVLV��
7KH� 5R\DO� &RPPLVVLRQ� RQ� $XFNODQG� *RYHUQDQFH� VXJJHVWV� WKHUH� ZLOO� EH� D� WUHQG�
WRZDUGV� GHQVLILFDWLRQ� RI� KRXVLQJ� �6DOPRQ� HW� DO�� ������� 0HGLXP�ULVH� EXLOGLQJV� DUH�
FXUUHQWO\�RXWVLGH�RI�WKH�VFRSH�RI�1=6������DQG�(��$6���,Q�WKH�DEVHQFH�RI�RWKHU�GHVLJQ�
JXLGDQFH��WKHUH�LV�D�SRVVLELOLW\�WKDW�FRQVWUXFWLRQ�GHWDLOV�IURP�(��$6��ZLOO�EH�XVHG�ZKHUH�
WKH\�DUH�QRW�QHFHVVDULO\�VXLWDEOH��
7KH� KLJKHU� ZLQG� SUHVVXUHV� DVVRFLDWHG� ZLWK� WDOOHU� EXLOGLQJV� PD\� PHDQ� SUHVVXUH�
HTXDOLVDWLRQ��RU�WKH�ODFN�RI�LW��GHWHUPLQHV�WKH�OLPLWV�RI�UHVLGHQWLDO�FRQVWUXFWLRQ�GHWDLOV��,I�
WKHVH�OLPLWV�DUH�H[FHHGHG�WKHQ�D�GLIIHUHQW�W\SH�RI�FRQVWUXFWLRQ��H�J��FXUWDLQ�ZDOO��PD\�EH�
UHTXLUHG�WR�PHHW�(��PRLVWXUH�UHTXLUHPHQWV��
5LJLG�VKHDWKLQJ�LV�RIWHQ�UHIHUUHG�WR�DV�D�³ULJLG�DLU�EDUULHU´�LQ�1HZ�=HDODQG��7KLV�FUHDWHV�
D�GHJUHH�RI�FRQIXVLRQ�VLQFH� WKHUH� LV�QR�DLUWLJKWQHVV� UHTXLUHPHQW� LQ� WKH�1HZ�=HDODQG�
%XLOGLQJ�&RGH��$OVR��RYHUVHDV��ZKHUH�VKHDWKLQJ�LV�ZLGHO\�XVHG�DQG�DLUWLJKWQHVV�LV�RIWHQ�
D�UHTXLUHPHQW��WKH�VKHDWKLQJ�LV�XVXDOO\�QRW�WKH�GHVLJQDWHG�DLU�EDUULHU��
,I� ULJLG�VKHDWKLQJ� LV� UXQ�YHUWLFDOO\�DQG�EDWWHQHG�RYHU� WKH� MRLQWV�� LW� FDQ�SRWHQWLDOO\� IRUP�
SDUW�RI�DQ�DLU�EDUULHU�V\VWHP�DQG�WKLV�LV�WKH�IRFXV�RI�WKLV�VWXG\��6SHFLILFDOO\�KRZ�LV�WKH�
SUHVVXUH�HTXDOLVDWLRQ�SHUIRUPDQFH�DIIHFWHG�ZKHQ�EDWWHQHG�ULJLG�VKHDWKLQJ�LV�XVHG"�

1.2� Pressure Equalisation Eliminates a Means of Water Entry 
$�SUHVVXUH�HTXDOLVHG�ZDOO�LV�RQH�ZKHUH�WKHUH�LV�D�FDYLW\�EHKLQG�WKH�FODGGLQJ�DQG�WKH�DLU�
SUHVVXUH�LQ�WKH�FDYLW\�LV�WKH�VDPH�DV�LW�LV�RQ�WKH�RXWVLGH�RI�WKH�FDYLW\��*DUGHQ���������
7KLV� PHDQV� WKHUH� LV� QR� SUHVVXUH� GLIIHUHQFH� DFWLQJ� DFURVV� WKH� FODGGLQJ� ZKLFK� FRXOG�
RWKHUZLVH�GULYH�ZDWHU�WKURXJK�RSHQLQJV��
,W�LV�FRPPRQ�WR�GHVLJQ�ERWK�WKH�FODGGLQJ�DQG�WKH�DLU�EDUULHU�WR�UHVLVW�WKH�IXOO�ZLQG�ORDG��
$�SUHVVXUH�HTXDOLVHG�ZDOO�ZRXOG� WKHRUHWLFDOO\�UHGXFH�WKH� ORDG�RQ�WKH�FODGGLQJ�VR�WKDW�
FODGGLQJ�IL[WXUHV�FRXOG�EH�RSWLPLVHG�UHVXOWLQJ�LQ�FRVW�VDYLQJV��7KLV�VWUXFWXUDO�DVSHFW�RI�
SUHVVXUH�HTXDOLVDWLRQ�LV�RXWVLGH�WKH�VFRSH�RI�WKLV�UHSRUW��
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,Q�1HZ�=HDODQG��ZDOOV�DUH�W\SLFDOO\�FODVVLILHG�LQWR�WZR�FDWHJRULHV��WKRVH�ZLWK�GLUHFW�IL[HG�
FODGGLQJV�DQG�WKRVH�ZLWK�D�FDYLW\��+RZHYHU��RWKHU�FRXQWULHV�RIWHQ�GLIIHUHQWLDWH�EHWZHHQ�
GLIIHUHQW� W\SHV� RI� FDYLW\�� 7KH� IROORZLQJ� LV� DGDSWHG� IURP�&DQDGD¶V� 1DWLRQDO� 5HVHDUFK�
&RXQFLO��%DVNDUDQ���������
�
7DEOH�����'LIIHUHQW�$SSURDFKHV�WR�:DWHU�0DQDJHPHQW�$GDSWHG�IURP�%DVNDUDQ��������

&DQDGLDQ�
7HUPLQRORJ\�

'HVFULSWLRQ� 1HZ�=HDODQG�
7HUPLQRORJ\�

)DFH�VHDOHG� $�ZDOO�V\VWHP�LQ�ZKLFK�UDLQ�SHQHWUDWLRQ�LV�SUHYHQWHG�E\�
VHDOLQJ�WKH�MRLQWV�DQG�RSHQLQJV��UDWKHU�WKDQ�HOLPLQDWLQJ�
WKH�IRUFHV�WKDW�GULYH�WKH�ZDWHU�LQZDUGV�

0RQROLWKLF��
GLUHFW�IL[�
�H[FOXGLQJ�

ZHDWKHUERDUGV�

&DYLW\�ZDOO� :DWHU�PLJUDWLRQ�IURP�WKH�EXLOGLQJ�H[WHULRU�WR�WKH�LQWHULRU�
LV� GLYHUWHG�E\� LQWURGXFLQJ�D� FDYLW\� EHWZHHQ� WKH� OD\HUV��
7KH� ZDWHU� HQWHULQJ� WKURXJK� WKH� FODGGLQJ� LV� FROOHFWHG�
DQG�GUDLQHG�DW�WKH�ERWWRP�RI�WKH�FDYLW\�

&DYLW\�ZDOO�

%DFN�
YHQWLODWHG�

ZDOO�

,Q� WKLV� DSSURDFK�� UDLQZDWHU� LV� DOORZHG� WKURXJK� WKH�
FODGGLQJ�DQG�QR�DWWHPSW�PDGH�WR�PLQLPLVH�WKH�HIIHFW�RI�
ZLQG� SUHVVXUH� GLIIHUHQWLDOV�� ,QVWHDG�� WKH� FDYLW\� EHKLQG�
WKH� FODGGLQJ� LV� GUDLQHG�� 0RUHRYHU�� FLUFXODWLQJ� DLU� IURP�
WKH� ERWWRP� WR� WKH� WRS� RI� WKH� ZDOO� KHOSV� WKH� UDSLG�
HYDSRUDWLRQ�RI�DQ\�UDLQZDWHU�GHSRVLWHG�RQ�WKH�LQQHU�OHDI�

&DYLW\�ZDOO�

2SHQ�
UDLQVFUHHQ��
SUHVVXUH�
HTXDOLVHG�

ZDOO�

$Q�RSHQ�UDLQVFUHHQ�ZDOO� LV�D�V\VWHP�FRPSRVHG�RI� WZR�
OD\HUV�� VHSDUDWHG� E\� DQ� DLU� VSDFH�� 7KH� DLU� VSDFH� LV�
GHOLEHUDWHO\�YHQWHG�WR�WKH�RXWVLGH�WR�DWWHQXDWH�WKH�ZLQG�
LQGXFHG� SUHVVXUH� GLIIHUHQWLDO�� RQH� RI� WKH�PDMRU� GULYLQJ�
IRUFHV� FDXVLQJ� WKH� UDLQ� SHQHWUDWLRQ�� ZKLOH� NHHSLQJ� WKH�
LQQHU�SDUW�RI�WKH�ZDOO�DLUWLJKW��7KXV�WKH�FDYLW\�SUHVVXUH�LV�
HTXDOLVHG�ZLWK�WKH�H[WHUQDO�DLU�SUHVVXUH�WKURXJK�YHQWLQJ�

&DYLW\�ZDOO�

�
8VLQJ�WKH�&DQDGLDQ�WHUPLQRORJ\��WKH�PDLQ�GLIIHUHQFH�EHWZHHQ�D�FDYLW\�ZDOO�DQG�D�EDFN�
YHQWLODWHG�ZDOO�LV�WKH�SUHVHQFH��RU�RWKHUZLVH��RI�YHQWV�DW�WKH�WRS�RI�WKH�ZDOO��$W�%5$1=�
ZH� KDYH� IRXQG� WKDW� ZLWK� W\SLFDO� 1HZ� =HDODQG� UHVLGHQWLDO� FRQVWUXFWLRQ�� WKHUH� ZLOO� EH�
DLUIORZ�EHKLQG�WKH�FODGGLQJ�HYHQ�LI�WKHUH�DUH�QR�VSHFLILF�YHQWV�DW�WKH�WRS�RI�WKH�ZDOO�DQG�
WKH�FDYLW\� LV� FORVHG�RII� �W\SLFDOO\�ZLWK�D�KRUL]RQWDO� FDYLW\�EDWWHQ�� �0F1HLO�HW�DO���������
7KHUHIRUH� WKHUH� LV� OLWWOH� GLIIHUHQFH� EHWZHHQ� D� FDYLW\� ZDOO� DQG� D� EDFN�YHQWLODWHG� ZDOO��
(��$6�� �'HSDUWPHQW� RI� %XLOGLQJ� DQG� +RXVLQJ�� ������ DFWXDOO\� UHIHUV� WR� WKLV� W\SH� RI�
FRQVWUXFWLRQ�DV�D�GUDLQHG�DQG�YHQWHG�FDYLW\��HYHQ�WKRXJK�WKHUH� LV�QR�VSHFLILF�YHQWLQJ�
RWKHU�WKDQ�WKDW�DW�WKH�ERWWRP�RI�WKH�ZDOO��
,Q�W\SLFDO�1HZ�=HDODQG�ORZ�ULVH�FRQVWUXFWLRQ��WKHUH�LV�QR�DWWHPSW�WR�SUHVVXUH�HTXDOLVH�
WKH� FDYLW\� DQG� WKH� DLUIORZ� EHKLQG� WKH� FODGGLQJ� SURYLGHV� XVHIXO� YHQWLODWLRQ� GU\LQJ�
�%DVVHWW� HW� DO�� ������� $� SHUIHFWO\� SUHVVXUH�HTXDOLVHG� ZDOO� LV� OLNHO\� WR� KDYH� PLQLPDO�
DLUIORZ�EHKLQG�WKH�FODGGLQJ��WKHUHE\�UHGXFLQJ�WKH�SRWHQWLDO�IRU�YHQWLODWLRQ�GU\LQJ��

1.3� Other Water Entry Mechanisms Exist 
$�SHUIHFWO\�SUHVVXUH�HTXDOLVHG�ZDOO�UHPRYHV�RQH�RI�WKH�GULYLQJ�IRUFHV�WKDW�FDXVHV�UDLQ�
SHQHWUDWLRQ� ±� WKH� SUHVVXUH� GLIIHUHQFH� DFURVV� WKH� FODGGLQJ�� +RZHYHU� WKHUH� DUH� RWKHU�
IRUFHV�ZKLFK�FDQ�GULYH�ZDWHU�LQWR�D�ZDOO�V\VWHP��*DUGHQ���������

x� JUDYLW\�
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x� NLQHWLF�HQHUJ\�PRPHQWXP�

x� FDSLOODU\�DQG�VXUIDFH�WHQVLRQ�HIIHFWV�
6WUDXEH� ������� PDNHV� WKH� SRLQW� WKDW� LI� DQ\� RI� WKHVH� PHFKDQLVPV� DUH� DFWLYH� WKH\�
GHFUHDVH�WKH�UHODWLYH�FRQWULEXWLRQ�WR�UDLQ�FRQWURO�WKDW�SUHVVXUH�HTXDOLVDWLRQ�FDQ�PDNH��
,Q�EULFN�YHQHHUV�� IRU�H[DPSOH�� WKH�GLIIXVLRQ�RI�ZDWHU� WKURXJK�FUDFNV�DQG�SRUHV� LQ� WKH�
PDWHULDO� LV� ODUJHO\� LQVHQVLWLYH� WR� DLU� SUHVVXUH�� VR� SUHVVXUH� HTXDOLVDWLRQ� LV� RI�
TXHVWLRQDEOH�EHQHILW��
3UHVVXUH� HTXDOLVDWLRQ� LV� QHYHU� SHUIHFW� DQG� VKRXOG� WKHUHIRUH� EH�PRUH� FRUUHFWO\� FDOOHG�
SUHVVXUH�PRGHUDWLRQ��7KLV�ODFN�RI�SHUIHFW�SUHVVXUH�HTXDOLVDWLRQ�DQG�WKH�IDFW�WKDW�RWKHU�
ZDWHU�HQWU\�PHFKDQLVPV�DUH�SRVVLEOH�PHDQV�YLUWXDOO\�DOO�ZDOO�V\VWHPV�QHHG�WR�EH�DEOH�
WR�GUDLQ�ZDWHU�RXW�RI�WKH�FDYLW\��
3UHVVXUH�HTXDOLVDWLRQ�RQO\�LPSURYHV�SHUIRUPDQFH�LQ�ZDOOV�GLVSOD\LQJ��

x� DSSUR[LPDWHO\�]HUR�ZDWHU�OHDNDJH�XQGHU�]HUR�DLU�SUHVVXUH�GLIIHUHQFH�

x� PXFK�KLJKHU�ZDWHU�OHDNDJH�ZKHQ�WKHUH�LV�D�KLJKHU�DLU�SUHVVXUH�GLIIHUHQFH�

x� OLPLWHG�FDSDFLW\�IRU�GUDLQDJH�
6WUDXEH��������VXPPDULVHG�WKLV�LQ�WKH�IRUP�RI�WZR�FRQFOXVLRQV��

x� VFUHHQHG�ZDOO�V\VWHPV�ZLWK�D�ZDWHU�SHUPHDEOH�VFUHHQ�VKRXOG�EH�GHVLJQHG�ZLWK�
GUDLQDJH�DQG�RU�VWRUDJH��7KHLU�SHUIRUPDQFH�ZLOO�QRW�EH�PXFK�LPSURYHG�E\�
G\QDPLF�SUHVVXUH�PRGHUDWLRQ�

x� WKH�UDLQ�SHQHWUDWLRQ�FRQWURO�RI�HQFORVXUH�V\VWHPV�IRU�ZKLFK�ERWK�DLU�SUHVVXUH�
GLIIHUHQFHV�DUH�LPSRUWDQW�UDLQ�SHQHWUDWLRQ�IRUFHV�DQG�ZKLFK�KDYH�OLWWOH�VWRUDJH�
FDSDFLW\��H�J��(,)6��PHWDO�SDQHOV��ZLQGRZV��YLQ\O�VLGLQJ��FDQ�SRWHQWLDOO\�EHQHILW�
IURP�SUHVVXUH�PRGHUDWLRQ�

2.� MODELLING OF PRESSURE EQUALISATION 
6HYHUDO� PDWKHPDWLFDO� PRGHOV� KDYH� EHHQ� GHYHORSHG� WR� GHVFULEH� WKH� SUHVVXUH�
HTXDOLVDWLRQ� SURFHVV�� ,Q� WKLV� VHFWLRQ�� VRPH�RI� WKH�PRGHOV� WKDW� KDYH� EHHQ� GHYHORSHG�
RYHU� WKH�\HDUV�DUH�UHYLHZHG�DQG�XVHG�WR�VHH�ZKDW� LPSDFW� WKH� LQFRUSRUDWLRQ�RI�D�ULJLG�
VKHDWKLQJ�PLJKW�KDYH�RQ�WKH�HIIHFWLYHQHVV�RI�SUHVVXUH�HTXDOLVDWLRQ��
$�PRUH�FRPSUHKHQVLYH� UHYLHZ�E\�6XUHVK�.XPDU� �������FDQ�EH�FRQVXOWHG� IRU�JUHDWHU�
GHWDLO��

2.1� Steady State Performance Determined by Area Ratio 
/DWWD��������SURSRVHG�WKDW�XQGHU�VWHDG\�VWDWH�FRQGLWLRQV��L�H��D�FRQVWDQW�H[WHUQDO�
SUHVVXUH��WKH�LQFRPSUHVVLEOH�FRQWLQXLW\�HTXDWLRQ�FRXOG�EH�XVHG�WR�GHVFULEH�WKH�
SUHVVXUH�GURS�WKURXJK�D�ZDOO�V\VWHP��
7KH�PRGHO�DVVXPHG�WKH�ZDOO�LV�VLPSOLILHG�WR�D�FKDPEHU�ZLWK�DOO�FODGGLQJ�RSHQLQJV�
OXPSHG�WRJHWKHU�LQWR�D�VLQJOH�VKDUS�HGJHG�RULILFH��YHQW�DUHD��$Y��ZLWK�D�VLPLODU�
DSSURDFK�RQ�WKH�DLU�EDUULHU�VLGH��OHDNDJH�DUHD��$DE���6HH�)LJXUH������
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)LJXUH�����6LPSOLILHG�:DOO�&DYLW\�

�
7KH�LQFRPSUHVVLEOH�FRQWLQXLW\�HTXDWLRQ�VWDWHV�WKDW�WKH�YROXPH�IORZ�UDWH�RI�DLU� WKURXJK�
WKH�YHQW�PXVW�HTXDO�WKH�YROXPH�IORZ�UDWH�OHDNLQJ�WKURXJK�WKH�DLU�EDUULHU��

)RU�IORZ�WKURXJK�D�VKDUS�HGJHG�RULILFH��
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(TXDWLRQ���VWDWHV�WKDW�VWHDG\�VWDWH�SUHVVXUH�HTXDOLVDWLRQ�SHUIRUPDQFH�LV�FRQWUROOHG�E\�
WKH�UDWLR�RI�WKH�YHQWLQJ�DUHD�WR�WKH�OHDNDJH�DUHD��7R�PLQLPLVH�WKH�SUHVVXUH�GLIIHUHQFH�
DFURVV�WKH�FODGGLQJ��WKH�OHDNDJH�LQ�WKH�DLU�EDUULHU�VKRXOG�EH�VPDOO�FRPSDUHG�WR�WKH�IORZ�
WKURXJK�WKH�FODGGLQJ��
7KH�LQFRPSUHVVLEOH�FRQWLQXLW\�HTXDWLRQ�FDQ�DOVR�EH�XVHG�IRU�WKH�FDVH�ZKHUH�WKHUH�DUH�
PRUH�WKDQ�WZR�RSHQLQJV�EXW�LW�LV�XVXDOO\�QHFHVVDU\�WR�HPSOR\�DQ�LWHUDWLYH�DSSURDFK�WR�
GHWHUPLQH�LQWHUQDO�SUHVVXUH��

� �
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.H\�,QIRUPDWLRQ�
5LJLG� VKHDWKLQJ� FDQ� WKHRUHWLFDOO\� LPSURYH� steady state� SUHVVXUH� PRGHUDWLRQ�
SHUIRUPDQFH�LI�LW�LV�PRUH�DLUWLJKW�WKDQ�WKH�FXUUHQW�DLU�EDUULHU�LQ�1HZ�=HDODQG�ZDOOV�
�W\SLFDOO\�WKH�LQWHULRU�OLQLQJ���WKHUHE\�UHGXFLQJ�$DE��

2.2� Developing the Model – Changes in External Pressure 
(TXDWLRQ� �� KLJKOLJKWV� WKH� LPSRUWDQFH� RI� D� KLJKHU� YHQWLQJ�WR�OHDNDJH�DUHD� UDWLR��
+RZHYHU�� LW� GRHV� QRW� SURYLGH� LQIRUPDWLRQ� DERXW� KRZ� TXLFNO\� SUHVVXUH� HTXDOLVDWLRQ�
RFFXUV��
7R�JDLQ�VRPH�LQIRUPDWLRQ�DERXW� WKH�WLPH�UHVSRQVH�RI�ZDOO�FDYLWLHV��FRQVLGHU�WKH�FDVH�
ZKHUH�WKHUH�LV�]HUR�OHDNDJH�WR�WKH�LQVLGH��+ROPHV���������
,I�LQHUWLD�HIIHFWV�DUH�QHJOHFWHG��L�H��LJQRULQJ�WKH�IDFW�WKDW�WKH�DLU�HQWHULQJ�WKH�ZDOO�FDYLW\�
LV�DFFHOHUDWLQJ��ZH�FDQ�VD\�WKDW�WKH�PDVV�RI�DLU�IORZLQJ�LQWR�D�IL[HG�YROXPH��WKH�FDYLW\��
LV�HTXDO�WR�WKH�LQFUHDVH�LQ�GHQVLW\��
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)RU�DQ�DGLDEDWLF�SURFHVV�� L�H�� WKH�SUHVVXUH�FKDQJHV�DUH� WRR�TXLFN� IRU�KHDW� WUDQVIHU� WR�
WKH�VXUURXQGLQJV��WKH�SUHVVXUH�DQG�GHQVLW\�DUH�UHODWHG�DV�IROORZV��
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8VLQJ� WKH� HTXDWLRQ� IRU� IORZ� WKURXJK� D� VKDUS�HGJHG� RULILFH� DQG� FROOHFWLQJ� DOO� RI� WKH�
RXWSXW��3F��WHUPV�RQ�RQH�VLGH�DQG�LQSXW��3H��WHUPV�RQ�WKH�RWKHU�JLYHV��
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(TXDWLRQ� �� FDQ� EH� GLUHFWO\� LQWHJUDWHG� WR� ILQG� WKH� WLPH�� 7�� IRU� WKH� FDYLW\� SUHVVXUH� WR�
HTXDOLVH�ZLWK�D�VXGGHQ�LQFUHDVH�LQ�H[WHUQDO�SUHVVXUH��
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7KLV� VWDWHV� WKDW� VPDOOHU� YROXPHV� ZLWK� ODUJH� RSHQLQJV� HTXDOLVH� TXLFNHU� WKDQ� ODUJH�
YROXPHV�ZLWK�VPDOO�RSHQLQJV��
$VVXPH� WKDW� ZLWKRXW� ULJLG� VKHDWKLQJ� WKH� LQWHUQDO� OLQLQJ� DFWV� DV� WKH� RQO\� DLU� EDUULHU�
�QHJOHFW�WKH�SUHVHQFH�RI� LQVXODWLRQ�DQG�EXLOGLQJ�ZUDS���7KHUHIRUH�ZLWK�ULJLG�VKHDWKLQJ��
WKH�YROXPH�WR�EH�HTXDOLVHG�LV����PP�GHHS�DQG�WKH�DLUVSDFH�ZLWKRXW�VKHDWKLQJ�LV�����
PP�GHHS� �DVVXPLQJ����PP� IUDPLQJ���$OVR�DVVXPH� WKDW� WKH�FDYLW\�ZLGWK� LV�����PP��
FDYLW\�KHLJKW�LV������PP�DQG�WKDW�WKH�YHQW�DUHD�LV������PP��P��L�H������PP���
8VLQJ�(TXDWLRQ���� IRU�D�VXGGHQ� LQFUHDVH� LQ� WKH�H[WHUQDO�SUHVVXUH�RI�����3D� WKH�ZDOO�
ZLWK� ULJLG� VKHDWKLQJ� ZRXOG� WDNH� ����� VHFRQGV� WR� HTXDOLVH�� HVVHQWLDOO\� LQVWDQWDQHRXV��
7KH� ZDOO� ZLWKRXW� VKHDWKLQJ� WDNHV� ����� VHFRQGV� WR� HTXDOLVH�� 7KLV� LV� VORZHU� EXW� LW� LV�
XQOLNHO\�WR�EH�VLJQLILFDQW�LQ�WHUPV�RI�ZDWHU�HQWU\��



�

��

+DUULV� ������� IXUWKHU� GHYHORSHG� D� PRGHO� VLPLODU� WR� (TXDWLRQ� �� �DJDLQ� DVVXPLQJ� QR�
LQHUWLD�� WR� LQFOXGH� OHDNDJH� DQG� IOXFWXDWLRQV� LQ� WKH� ZLQGZDUG� DQG� OHHZDUG� SUHVVXUHV��
(TXDWLRQ� ��� ZDV� GHYHORSHG� IRU� WKH� FKDUDFWHULVWLF� UHVSRQVH� WLPH� �VLPLODU� WR� D� WLPH�
FRQVWDQW�� IRU� D� YROXPH� ZLWK� OXPSHG� ZLQGZDUG� DQG� OHHZDUG� RSHQLQJV� DQG� PHDQ�
SUHVVXUHV� wp DQG� Lp ��LQ�WKH�FDVH�RI�D�ZDOO�FDYLW\�WKH�ZLQGZDUG�VLGH�LV�WKH�H[WHULRU�DQG�
WKH�OHHZDUG�VLGH�LV�WKH�LQWHULRU�RI�WKH�EXLOGLQJ���
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$Q\� IOXFWXDWLRQV� �VXSHULPSRVHG� RQWR� wp � DQG� Lp ��ZLOO� EH� WUDQVPLWWHG� WR� WKH� FDYLW\� LI�
WKH\�DUH�RI�D�SHULRG�PXFK�JUHDWHU�WKDQ�W��)OXFWXDWLRQV�RI�WKH�VDPH�RUGHU�RI�PDJQLWXGH�
DV�W�ZLOO�EH�DWWHQXDWHG�DQG�WKRVH�RI�VPDOOHU�SHULRGV�ZLOO�QRW�FDXVH�WKH�LQWHUQDO�SUHVVXUH�
WR�UHVSRQG��+ROPHV���������
.H\�,QIRUPDWLRQ�
5LJLG� VKHDWKLQJ� FDQ� WKHRUHWLFDOO\� LPSURYH� dynamic� SUHVVXUH� PRGHUDWLRQ�
SHUIRUPDQFH�E\�UHGXFLQJ�$DE�DQG�9��

2.3� General Behaviour of the Model 
(TXDWLRQ� �� FDQ� EH� VROYHG� QXPHULFDOO\� IRU� DQ\� DUELWUDU\� LQSXW�� L�H�� H[WHUQDO� SUHVVXUH��
:KHQ�LQYHVWLJDWLQJ�WKH�EHKDYLRXU�RI�D�V\VWHP��LW�LV�RIWHQ�XVHIXO�WR�ORRN�DW�WKH�UHVSRQVH�
WR� D� VLQXVRLGDO� LQSXW� EHFDXVH� DOO� ³UHDO´� VLJQDOV� �ZLQG� SUHVVXUHV� LQ� WKLV� FDVH�� FDQ� EH�
DSSUR[LPDWHG�XVLQJ�D�)RXULHU�VHULHV�RI�VLQXVRLGV��
:KHQ� VXEMHFWHG� WR� D� VLQXVRLGDO� H[WHUQDO� SUHVVXUH� WKH� FDYLW\� SUHVVXUH� ZLOO� DOVR� YDU\�
VLQXVRLGDOO\�EXW�ZLWK�GLIIHUHQW�DPSOLWXGH�DQG�D�GLIIHUHQW�SKDVH�WR�WKH�GULYLQJ�SUHVVXUH��
,Q�OLQHDU�V\VWHPV�WKH�DPSOLWXGH�UDWLR�DQG�SKDVH�ODJ�ZLOO�EH�GHSHQGHQW�RQ�WKH�IUHTXHQF\�
DORQH��(TXDWLRQ��� LV�QRQ�OLQHDU�DQG�VR� WKH� IUHTXHQF\� UHVSRQVH� LV�DOVR�GHSHQGHQW�RQ�
WKH�PDJQLWXGH�RI�WKH�H[WHUQDO�SUHVVXUH��
)LJXUH�����VKRZV�VRPH� IUHTXHQF\� UHVSRQVHV�XVLQJ� WKH�SDUDPHWHUV� IRU�1HZ�=HDODQG�
UHVLGHQWLDO�ZDOOV�RXWOLQHG�LQ�6HFWLRQ������

�
)LJXUH�����)UHTXHQF\�5HVSRQVH�8VLQJ�(TXDWLRQ���
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:LWKRXW� VKHDWKLQJ� �D� ODUJHU� FDYLW\� YROXPH��� WKH� DPSOLWXGH� UDWLR� LV� VWLOO� ���� ZKHQ� WKH�
IUHTXHQF\� LV���+]�DQG�WKH�DPSOLWXGH�RI� WKH� LQSXW�SUHVVXUH�LV�����3D��7KLV�UHSUHVHQWV�
JRRG�SUHVVXUH�PRGHUDWLRQ�SHUIRUPDQFH�XQGHU�H[WUHPH�FRQGLWLRQV��
+RZHYHU��LW�LV�QRW�HQRXJK�WR�FRQVLGHU�WKH�DPSOLWXGH�UDWLR�DORQH��WKH�SKDVH�ODJ��DERXW��R�
LQ�WKLV�FDVH��PHDQV�WKDW�WKH�SUHVVXUH�difference�DFURVV�WKH�FODGGLQJ�YDULHV�VLQXVRLGDOO\�
ZLWK�DQ�DPSOLWXGH�RI�DERXW����3D��)LJXUH�������
�

�

)LJXUH�����3UHVVXUH�'LIIHUHQFH�$FURVV�WKH�&ODGGLQJ�8VLQJ�(TXDWLRQ����([WHUQDO�3UHVVXUH�
 �������3D�DW���+]��9� ��������P�

�

�
�

:LWK� WKH�VPDOOHU� FDYLW\�DVVRFLDWHG�ZLWK� ULJLG�VKHDWKLQJ� WKH�SUHVVXUH�GLIIHUHQFH�XQGHU�
WKH�VDPH�ORDGLQJ�LV�RQO\�DERXW���3D��VHH�)LJXUH�������

�
)LJXUH�����3UHVVXUH�'LIIHUHQFH�$FURVV�WKH�&ODGGLQJ�8VLQJ�(TXDWLRQ����([WHUQDO�3UHVVXUH�
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1RWH�WKDW�WKLV�LV�WKH�EHKDYLRXU�RI�DQ�H[WUHPHO\�VLPSOLILHG�V\VWHP��EXW�LW�DJDLQ�KLJKOLJKWV�
WKH�EHQHILWV�RI�KDYLQJ�D�VPDOOHU�YROXPH�WR�HTXDOLVH��

2.4� More Complex Models – Including Inertia and Stiffness 
$�PRUH�WKRURXJK�PRGHO�WKDQ�(TXDWLRQ���ZRXOG�LQFOXGH�WKH�IDFW�WKDW�WKH�FODGGLQJ�DQG�DLU�
EDUULHU�DUH�QRW�LQILQLWHO\�VWLII�DQG�ZLOO�GHIOHFW�XQGHU�SUHVVXUH��,W�ZRXOG�DOVR�LQFOXGH�LQHUWLD�
IRU�WKH�DLU�PRYLQJ�WKURXJK�WKH�YHQWV�DQG�LQHUWLD�RI�WKH�FODGGLQJ�DQG�DLU�EDUULHU��
,Q� JHQHUDO�� DQ\� IOH[LELOLW\� RI� WKH� FODGGLQJ� RU� DLU� EDUULHU� VORZV� GRZQ� WKH� UHVSRQVH� WR�
FKDQJHV� LQ� H[WHUQDO� SUHVVXUH�� L�H�� FKDQJHV� LQ� FDYLW\� SUHVVXUH� ZLOO� ODJ� IXUWKHU� EHKLQG�
FKDQJHV�LQ�WKH�GULYLQJ�SUHVVXUH��
7KH� SUHVHQFH� RI� LQHUWLD� WHUPV� LQ� WKH� PRGHO� PHDQV� WKDW� WKH� V\VWHP� PD\� EHFRPH�
UHVRQDQW�DW�FHUWDLQ�IUHTXHQFLHV��

x� WKH�QDWXUDO�IUHTXHQF\�RI�WKH�FODGGLQJ�

x� WKH�QDWXUDO�IUHTXHQF\�RI�WKH�FDYLW\�

x� WKH�QDWXUDO�IUHTXHQF\�RI�WKH�DLU�EDUULHU�
7\SLFDOO\�� WKH�QDWXUDO� IUHTXHQFLHV�RI� WKHVH�FRPSRQHQWV�DUH�KLJKHU� WKDQ�DQ\�SUHYDOHQW�
IUHTXHQFLHV�LQ�WKH�QDWXUDO�ZLQG��9RQ�.DUPDQ���������
5RXVVHDX�DQG�4XLURXHWWH� �������GHYHORSHG�D�PRGHO�EDVHG�RQ� WKH� LGHDO�JDV� ODZ�DQG�
LQFOXGHG� YROXPH� FKDQJH� IURP� FODGGLQJ� DQG� DLU� EDUULHU� GHIOHFWLRQ�� 7KH�PRGHO� GLG� QRW�
LQFOXGH�LQHUWLD�HIIHFWV�IRU�WKH�DLU��FODGGLQJ�RU�DLU�EDUULHU��7KH�PRGHO�ZDV�DOVR�EDVHG�RQ�
WKH� DVVXPSWLRQ� WKDW� WKH� SUHVVXUH� HTXDOLVDWLRQ� SURFHVV� ZDV� LVRWKHUPDO� LQVWHDG� RI�
DGLDEDWLF��
6WDUWLQJ�ZLWK�WKH�JDV�HTXDWLRQ��

�
TRmPV
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 �
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$VVXPLQJ� WKH� DLU� WHPSHUDWXUH� LV� FRQVWDQW� DW� ���� .� WKHQ� WKH� SUHVVXUH� LQVLGH� D� ZDOO�
FDYLW\�FDQ�EH�FDOFXODWHG�DV�IROORZV��

> @
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%XUJHVV� �������XVHG�D� VLPLODU�PRGHO�� EXW�ZLWK�HTXDWLRQV� IRU� FUDFN� IORZ� WR�GHYHORS�D�
3(3� �SUHVVXUH�HTXDOLVHG�SHUFHQWDJH�� IRU� MRLQWV��%XUJHVV¶V�PRGHO�DVVXPHG� WKH�FDYLW\�
YROXPH�ZDV�FRQVWDQW��
&DQDGD¶V�,QVWLWXWH�IRU�5HVHDUFK�LQ�&RQVWUXFWLRQ��,5&��GHYHORSHG�D�FRPSXWHU�SURJUDP�
03(5� �QRZ� XQDYDLODEOH�� ZKLFK� DOVR� LQFOXGHG� LQHUWLD� HIIHFWV�� 7KH� PRGHO� ZDV� DOVR�
³WXQHG´�XVLQJ�IDFWRUV�GHULYHG�IURP�ODERUDWRU\�WHVWV�RQ�IXOO�VFDOH�ZDOO�V\VWHPV�WR�DFFRXQW�
IRU�YDU\LQJ�GLVFKDUJH�FRHIILFLHQWV��
'HWDLOHG�DQDO\VLV�RI�WKH�DERYH�PRGHOV�LV�RXWVLGH�WKH�VFRSH�RI�WKLV�UHSRUW��+RZHYHU��WKH�
PRGHOV� JHQHUDOO\� DJUHH� ZHOO� ZLWK� ODERUDWRU\� PHDVXUHPHQWV� ZKHUH� WKH� SUHVVXUH� LV�
XQLIRUP�DFURVV�WKH�VXUIDFH�RI�WKH�ZDOO��
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3.� MEASURING PRESSURE EQUALISATION – IN THE LAB AND IN THE FIELD 
6HYHUDO�VWXGLHV�KDYH�PHDVXUHG�KRZ�WKH�SUHVVXUH�LQVLGH�D�UHDO�ZDOO�FDYLW\�FRPSDUHV�WR�
WKH� H[WHUQDO� ZLQG� SUHVVXUH�� ,Q� JHQHUDO�� WKH� ILQGLQJV� VKRZ� WKDW� LI� D� ZDOO� KDV� EHHQ�
GHVLJQHG�ZLWK�ODUJH�YHQWV�DQG�ORZ�OHDNDJH��WKH�VWHDG\�VWDWH�SHUIRUPDQFH�LV�JRRG��LI�QRW�
TXLWH�DV�JRRG�DV�WKH�WKHRU\�VXJJHVWV��EXW�WKH�G\QDPLF�SHUIRUPDQFH�LV�IDU�ZRUVH�WKDQ�
WKHRU\� RU� ODE� WHVWV� ZRXOG� VXJJHVW�� +HUH� ZH� ORRN� DW� VHOHFWLYH� VWXGLHV� RQ� SUHVVXUH�
PRGHUDWLRQ�PHDVXUHPHQW��

3.1� Lab Measurements 
3.1.1� Steady State Pressure Differences 

.LOOLS� DQG� &KHHWKDP� ������� FRPSDUHG� H[SHULPHQWDO� GDWD� IURP� VPDOO�VFDOH� V\VWHPV�
VXEMHFWHG� WR� VWHDG\� WXUEXOHQW� IORZ� ZLWK� /DWWD¶V� PRGHO� RI� VWHDG\� VWDWH� SUHVVXUH�
HTXDOLVDWLRQ��VHH�)LJXUH������
�

�
)LJXUH�����&RPSDULVRQ�RI�0HDVXUHPHQWV�ZLWK�6WHDG\�6WDWH�7KHRU\��%DVNDUDQ��������

�
7KH� H[SHULPHQWDO� UHVXOWV� VXJJHVWHG� WKDW� DQ� HYHQ� KLJKHU� DUHD� UDWLR� ZDV� UHTXLUHG� WR�
DFKLHYH� WKH� VDPH� OHYHO� RI� SUHVVXUH� HTXDOLVDWLRQ� DV� WKH� VLPSOH� VWHDG\� VWDWH� PRGHO�
SUHGLFWHG�� ,W� ZDV� SURSRVHG� WKDW� WKH� GLIIHUHQFH� ZDV� EHFDXVH� WKH� RSHQLQJ� LQ� WKH� DLU�
EDUULHU�ZDV�FORVHU� WR�D�VHULHV�RI� FUDFNV� WKDQ�D� VLQJOH� VKDUS�HGJHG�RULILFH��7KH� UHVXOW�
KLJKOLJKWHG� WKH� LPSRUWDQFH� RI� NQRZOHGJH� DERXW� WKH� IORZ� FRHIILFLHQWV� RI� WKH� YDULRXV�
RSHQLQJV��

3.1.2�Dynamic Pressure Differences 
$V� PHQWLRQHG� LQ� 6HFWLRQ� ����� WKH� ,5&� SHUIRUPHG� D� VLJQLILFDQW� QXPEHU� RI� ODERUDWRU\�
WHVWV�WR�PHDVXUH�WKH�SUHVVXUH�HTXDOLVDWLRQ�SHUIRUPDQFH�RI�ZDOOV�XQGHU�VLPXODWHG�F\FOLF�
ZLQG�ORDGLQJ�XVLQJ�LWV�'\QDPLF�/RDGLQJ�)DFLOLW\��'/)���%DVNDUDQ�	�%URZQ���������7KLV�
GDWD� ZDV� XVHG� WR� YDOLGDWH� LWV�PDWKHPDWLFDO�PRGHO� RI� SUHVVXUH�PRGHUDWLRQ�� $� W\SLFDO�
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UHVXOW� LV� VKRZQ� LQ� )LJXUH� ����� VKRZLQJ� WKDW� D� ODUJHU� YHQW� DUHD� �H[SUHVVHG� DV� D�
SHUFHQWDJH�RI�WKH�ZDOO�DUHD��OHDGV�WR�EHWWHU�SUHVVXUH�HTXDOLVDWLRQ��
�

)LJXUH�����7\SLFDO�5HVXOWV�IURP�WKH�,5&¶V�'\QDPLF�/RDGLQJ�)DFLOLW\��%DVNDUDQ��������

�

3.2� Field Measurements 
)LHOG� PHDVXUHPHQWV� RI� SUHVVXUH� PRGHUDWLRQ� WHQG� WR� EH� SUHVHQWHG� LQ� WKH� IUHTXHQF\�
GRPDLQ� �DV� RSSRVHG� WR� WKH� WLPH� GRPDLQ�� WKHUHE\� DOORZLQJ� FRPSDULVRQV� EHWZHHQ�
GLIIHUHQW� GDWDVHWV� FROOHFWHG� DW� GLIIHUHQW� SODFHV� RU� DW� GLIIHUHQW� WLPHV�� 7KLV� DSSURDFK�
UHTXLUHV� WKH� PHDVXUHG� GDWD� WR� EH� VWDWLRQDU\� L�H��� D� VWHDG\� PHDQ�� YDULDQFH� DQG�
GLUHFWLRQ�� ,W� LV�TXLWH�D�GLIILFXOW� UHTXLUHPHQW� WR�PHHW� LQ�D�QDWXUDOO\�YDULDEOH�SURFHVV� OLNH�
WKH�ZLQG��1XPHURXV�PHDVXUHPHQWV�PD\�EH�WDNHQ�EXW�RQO\�D�VPDOO�VXEVHW�RI�WKHVH�PD\�
PHHW�WKH�UHTXLUHPHQW��
7KH� IUHTXHQF\� GRPDLQ� DSSURDFK� DOVR� DVVXPHV� WKDW� WKH� SUHVVXUH� LQ� WKH� ZDOO� FDYLW\�
IROORZV� WKH�H[WHUQDO� SUHVVXUH� LQ�D� OLQHDU�PDQQHU��$V�FDQ�EH�VHHQ� LQ�(TXDWLRQ���� WKLV�
PD\�QRW�EH�VWULFWO\�YDOLG��

3.2.1�Place Air Canada and Lethbridge Courthouse 
�Q������������ WKH�,5&�PHDVXUHG�WKH�SUHVVXUH�HTXDOLVDWLRQ�SHUIRUPDQFH�RI�3ODFH�$LU�
&DQDGD��D�KLJK�ULVH�RIILFH�WRZHU�FODG�ZLWK�SUHFDVW�FRQFUHWH�SDQHO��LQ�0RQWUHDO��&DQDGD�
�*DQJXOL�	�'DOJOLHVK���������
7KH� ,5&� DOVR� PRQLWRUHG� D� ORZ�ULVH� EULFN� YHQHHU� FRXUWKRXVH� LQ� /HWKEULGJH� �&DQDGD��
EHWZHHQ������DQG�������%URZQ�HW�DO���������
$�FRPSDULVRQ�RI�WKH�GDWD�IURP�/HWKEULGJH�&RXUWKRXVH�DQG�3ODFH�$LU�&DQDGD�LV�VKRZQ�
LQ� )LJXUH� ����� 5HVXOWV� DUH� SUHVHQWHG� LQ� WKH� IUHTXHQF\� GRPDLQ� WR� DOORZ� FRPSDULVRQ�
EHWZHHQ� WKH� WZR� VHWV� RI� GDWD�� 7KH� SUHVVXUHV� KDYH� EHHQ� QRUPDOLVHG� VR� WKDW� WKH�
PD[LPXP�YDOXH�RQ�WKH�YHUWLFDO�D[LV�LV�LQ�XQLW\��9DOXHV�IRU�PHDQ�SUHVVXUH�DUH�VWDWHG�LQ�
HDFK�JUDSK��
�
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�
)LJXUH�����&RPSDULVRQ�RI�3UHVVXUH�0RGHUDWLRQ�IURP�&DQDGLDQ�)LHOG�0HDVXUHPHQWV�

�%DVNDUDQ��������

�
3UHVVXUH�PRGHUDWLRQ� DW� WKH� /HWKEULGJH� FRXUWKRXVH� ZDV� SRRU�� 6WHDG\� VWDWH� SUHVVXUH�
PRGHUDWLRQ�ZDV�RQO\�DERXW�����ZLWK�VKRUW�WHUP�JXVWV�RQO\�EHLQJ�PRGHUDWHG�E\�DV�OLWWOH�
DV� ����� 7KLV� SRRU� SHUIRUPDQFH� ZDV� ODUJHO\� GXH� WR� OHDNDJH� WKURXJK� WKH� DLU� EDUULHU��
8VLQJ�WKH�PHDQ�SUHVVXUHV��ZH�FDQ�GHGXFH�WKDW� WKLV� OHDNDJH�ZDV�DFWXDOO\�RI�D�VLPLODU�
PDJQLWXGH�WR�WKH�IORZ�WKURXJK�WKH�FODGGLQJ��
3ODFH�$LU�&DQDGD�VKRZHG�PXFK�EHWWHU�SUHVVXUH�PRGHUDWLRQ��7KLV�ZDV�GXH� WR�D�KLJK�
YHQWLQJ�WR�OHDNDJH� UDWLR� DQG� D� UHODWLYHO\� VPDOO� FDYLW\� YROXPH��2YHU� WKH� FRXUVH� RI� WKH�
PHDVXUHPHQWV� DW� 3ODFH� $LU� &DQDGD� WKH� KLJKHVW� SUHVVXUH� GLIIHUHQFH� DFURVV� WKH�
FODGGLQJ� ODVWLQJ� VHYHUDO� VHFRQGV� RU�PRUH�ZDV� RQO\� DERXW� ������3D� FRPSDUHG� WR� DQ�
H[WHUQDO� SUHVVXUH� RI� �������� 3D�� 7KH� PD[LPXP� SUHVVXUH� GLIIHUHQFH� DFURVV� WKH�
FODGGLQJ� ZDV� ���� 3D� EXW� WKLV� ZDV� RQO\� VXVWDLQHG� IRU� D� IUDFWLRQ� RI� D� VHFRQG�� 7KHVH�
WUDQVLHQW� ORDGV�ZHUH�VWDWHG�DV�EHLQJ�PRUH�VLJQLILFDQW� IURP�D�VWUXFWXUDO�SHUVSHFWLYH�DV�
RSSRVHG� WR� D� UDLQ� SHQHWUDWLRQ� SHUVSHFWLYH�� 7KH� H[SODQDWLRQ� IRU� WKHVH� ODUJH� WUDQVLHQW�
SUHVVXUHV�ZDV�WKH�VSDWLDO�YDULDWLRQ�RYHU�WKH�VXUIDFH�RI�WKH�FODGGLQJ��

3.2.2�University of Waterloo 
6WUDXEH� �������PHDVXUHG� WKH� SUHVVXUH�PRGHUDWLRQ� SHUIRUPDQFH� RI� D� VHULHV� RI� ZDOOV�
�EULFN� YHQHHU�� ILOOHG�FDYLW\� EULFN� YHQHHU� DQG� (,)6� SDQHOV�� LQVWDOOHG� LQ� DQ� RXWGRRU�
ODERUDWRU\��)LJXUH���VKRZV�D�W\SLFDO�UHVXOW��
�



�

���

�
�

)LJXUH�����3UHVVXUH�0RGHUDWLRQ�RI�D�%ULFN�9HQHHU�:DOO �6WUDXEH��������

�
,W�ZDV�IRXQG�WKDW� WKH�SUHVVXUH�PRGHUDWLRQ�SHUIRUPDQFH�GURSSHG�RII�PRUH�UDSLGO\�ZLWK�
IUHTXHQF\� WKDQ� LQGRRU� ODE� WHVWV� DQG� QXPHULFDO� PRGHOV� ZRXOG� VXJJHVW�� 7KH� ZDOO�
VSHFLPHQ�FRUUHVSRQGLQJ�WR�)LJXUH�����KDG�D�SHUIHFW�DLU�EDUULHU�DQG�ODUJH�YHQWV�EXW�WKH�
SUHVVXUH�PRGHUDWLRQ�IRU���VHFRQG�JXVWV�ZDV�VWLOO�OHVV�WKDQ������7KH�DERYH�PHQWLRQHG�
UHVXOWV� ZHUH� DJDLQ� H[SODLQHG� DV� EHLQJ� GXH� WR� WKH� SUHVHQFH� RI� SUHVVXUH� JUDGLHQWV�
DFURVV� WKH�ZDOO� VSHFLPHQ��7KHUHIRUH�SUHVVXUH�PRGHUDWLRQ� LV�H[SHFWHG� WR�EH�ZRUVW�DW�
XSSHU�DQG�VLGH�HGJHV�RI�EXLOGLQJV�� WKH�VDPH�DUHDV�RI�FODGGLQJ� WKDW� UHFHLYH� WKH�PRVW�
GULYLQJ�UDLQ��6WUDXEH�DQG�%XUQHWW���������
.H\�,QIRUPDWLRQ�
3UHVVXUH�PRGHUDWLRQ�SHUIRUPDQFH�LV�JHQHUDOO\�QRW�DV�JRRG�DV�WKHRU\�VXJJHVWV��
7KH�ELJJHVW�GLIIHUHQFH�EHWZHHQ�WKHRU\�DQG�SUDFWLFH�LV�WKH�G\QDPLF�SHUIRUPDQFH�
ZKHQ�ODUJH�SUHVVXUH�JUDGLHQWV�H[LVW�DFURVV�WKH�VXUIDFH�RI�WKH�FODGGLQJ��VXFK�DV�
WKH�HGJHV�RI�EXLOGLQJV��

4.� DISCUSSION 
4.1� Implications of Models and Measurements 

,W� LV� SRVVLEOH� WR� GHYHORS� D� UHDVRQDEO\� VRSKLVWLFDWHG� PRGHO� WKDW� GHVFULEHV� SUHVVXUH�
HTXDOLVDWLRQ�WKDW�LV�LQ�JRRG�DJUHHPHQW�ZLWK�ODERUDWRU\�PHDVXUHPHQWV�ZKHUH�D�VSDWLDOO\�
XQLIRUP�EXW�WLPH�YDU\LQJ�SUHVVXUH�LV�DSSOLHG�WR�WKH�ZDOO���
+RZHYHU�� WR� SUHGLFW� WKH� SHUIRUPDQFH� RI� ³UHDO´� ZDOOV� WKHVH�PRGHOV� RIWHQ� UHTXLUH� GDWD�
WKDW�LV�GLIILFXOW�WR�REWDLQ��

x� WKH�VWLIIQHVV�RI�WKH�FODGGLQJ�DQG�DLU�EDUULHU�
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x� WKH�³UHDO´�OHDNDJH�DUHD�LQ�WKH�DLU�EDUULHU�

x� WKH�³UHDO´�YHQW�DUHD�LQ�WKH�FODGGLQJ�

x� NQRZOHGJH�RI�WKH�GLVFKDUJH�FRHIILFLHQW�IRU�IORZ�WKURXJK�WKH�YHQWV�DQG�WKH�DLU�
EDUULHU�

,Q�DGGLWLRQ��HYHQ�LI�DOO�RI�WKH�DERYH�OLVWHG�LV�NQRZQ��WKH�PDWKHPDWLFDO�PRGHOV�JHQHUDOO\�
FDQQRW�DFFRXQW� IRU� WKH� IDFW� WKDW� WKH�SUHVVXUH�YDULHV�RYHU� WKH� IDFH�RI� WKH�FODGGLQJ�� ,Q�
SDUWLFXODU�DW� WKH�FRUQHUV�DQG�HGJHV�RI�EXLOGLQJV� WKH�SUHVVXUH�JUDGLHQWV�DUH� ODUJH�DQG�
WKHVH�UHJLRQV�KDSSHQ�WR�EH�ZKHUH�PRVW�UDLQ�ZLOO�VWULNH�D�EXLOGLQJ��
$GGLWLRQDOO\��LQ�WHUPV�RI�UDLQ�SHQHWUDWLRQ�WKHUH�LV�OLWWOH�JXLGDQFH�RQ�ZKDW�LV�DFFHSWDEOH�RU�
QRW�� ,V� D� ODUJH� SUHVVXUH� GLIIHUHQFH�RI� RQH�VHFRQG�GXUDWLRQ�� IRU� H[DPSOH�� LPSRUWDQW� LQ�
WHUPV�RI�UDLQ�FRQWURO"�
'HVSLWH�WKHVH�OLPLWDWLRQV�LW�LV�JHQHUDOO\�NQRZQ�ZKDW�LV�UHTXLUHG�WR�improve�WKH�SUHVVXUH�
PRGHUDWLRQ� SHUIRUPDQFH� RI� D� ZDOO�� 7KH� IROORZLQJ� UHTXLUHPHQWV� FDQ� EH� H[SDQGHG� WR�
GHYHORS�JHQHUDO�JXLGHOLQHV�DERXW�FRPSDUWPHQW�VL]H��VHDO�UHTXLUHPHQWV�HWF��

x� KDYH�D�VPDOO�YROXPH�WR�HTXDOLVH�

x� PD[LPLVH�YHQWLQJ�EXW�PLQLPLVH�OHDNDJH�

x� XVH�VWLII�FRPSRQHQWV�
8VH�RI�ULJLG�VKHDWKLQJ�FDQ�WKHRUHWLFDOO\�LPSURYH�DOO�RI�WKHVH�WKLQJV��EXW�WKH�UHVHDUFK�WR�
GDWH�VXJJHVWV�DQ\�LPSURYHPHQWV�ZLOO�EH�VPDOO��HVSHFLDOO\�LQ�WKH�UHJLRQ�QHDU�WKH�HGJHV�
RI�EXLOGLQJV��
,Q�DGGLWLRQ�WR�DOO�RI�WKLV�LV�WKH�IDFW�WKDW�SUHVVXUH�GLIIHUHQWLDOV�DUH�MXVW�RQH�GULYLQJ�IRUFH�
IRU�ZDWHU�HQWU\��,Q�UHVLGHQWLDO�FRQVWUXFWLRQ�WKHVH�RWKHU�GULYLQJ�IRUFHV�DUH�OLNHO\�WR�EH�RI�
HTXDO�RU�JUHDWHU�LPSRUWDQFH�WKDQ�ZLQG�SUHVVXUH��

4.2� Rigid Sheathing in Taller Buildings 
3UHVVXUH�HTXDOLVDWLRQ�ZLOO�EHFRPH�PRUH�LPSRUWDQW�ZKHQ�ZLQG�GULYHQ�UDLQ�EHFRPHV�WKH�
GRPLQDQW�ZDWHU�HQWU\�PHFKDQLVP��7KLV�PD\�KDSSHQ� LI� W\SLFDO� UHVLGHQWLDO� FRQVWUXFWLRQ�
WHFKQLTXHV�DUH�XVHG�IRU�WDOOHU��!���P��EXLOGLQJV�EHFDXVH�RI� LQFUHDVHG�ZLQG�SUHVVXUHV�
DQG�WXUEXOHQFH��
7KH� SULPDU\� EHQHILW� RI� ULJLG� VKHDWKLQJ� LV� OLNHO\� WR� EH� IURP� LQFUHDVHG� GXUDELOLW\� UDWKHU�
WKDQ�LPSURYHG�SUHVVXUH�PRGHUDWLRQ��7KH�LQFUHDVHG�GXUDELOLW\�ODUJHO\�VWHPV�IURP�KDYLQJ�
D�PRUH�UREXVW�FDYLW\�DV�ZHOO�DV�DQRWKHU�³OD\HU�RI�GHIHQFH´��
,I� WKH�SUHVVXUH�GLIIHUHQFH� LQFUHDVHV� WR� WKH�SRLQW�ZKHUH� WKH�DPRXQW�RI�ZDWHU� UHDFKLQJ�
WKH�EXLOGLQJ�ZUDS�LV�XQDFFHSWDEOH��WKHQ�D�GLIIHUHQW�W\SH�RI�FRQVWUXFWLRQ�VKRXOG�EH�XVHG�
WKDW�FDQ�PDQDJH�WKH�ZLQG�GULYHQ�UDLQ�PRUH�HIIHFWLYHO\��
)RU�H[DPSOH�� LI� H[HFXWHG�SURSHUO\�� FRPPHUFLDO� FXUWDLQ�ZDOO� GHWDLOV� FRPH�FORVH� WR� WKH�
³LGHDO´� LQ� WHUPV� RI� SUHVVXUH� PRGHUDWLRQ�� 7KH� HPSKDVLV� QRZ� EHFRPHV� WKH� SUHVVXUH�
HTXDOLVDWLRQ�RI� MRLQWV�EHWZHHQ� LPSHUYLRXV�SDQHOV�� UDWKHU� WKDQ�SUHVVXUH�HTXDOLVLQJ� WKH�
SDQHOV�WKHPVHOYHV��)LJXUH���VKRZV�WKH�SUHVVXUH�HTXDOLVHG�GUDLQHG�MRLQW�SULQFLSOH�IRU�D�
FHQWUH�SLYRW�ZLQGRZ� �%URZQ�	�%DOODQW\QH�� ������� 7KH� VLOO�PHPEHU� �DVVXPLQJ� LW� GRHV�
QRW�H[WHQG�WRR�IDU�LQWR�WKH�SDJH��ZLOO�EH�D�VPDOO��VWLII�YROXPH�WKDW�LV�ZHOO�YHQWHG�WR�WKH�
H[WHULRU�� ZHOO� VHDOHG� WR� WKH� LQVLGH� DQG� VXEMHFWHG� WR� D� UHDVRQDEO\� VSDWLDOO\�XQLIRUP�
SUHVVXUH��
�
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�
)LJXUH�����'UDLQHG�-RLQW�3ULQFLSOH�$SSOLHG�WR�D��
&HQWUH�3LYRW�:LQGRZ��%URZQ�	�%DOODQW\QH��������

�
&RPPHUFLDO�VW\OH� FXUWDLQ� ZDOOV� DUH� IDU� UHPRYHG� IURP� (��$6�� FRQVWUXFWLRQ�� $Q�
LQWHUPHGLDWH�DSSURDFK�LV�WR�XVH�UHVLGHQWLDO�VW\OH�FRQVWUXFWLRQ�PHWKRGV�EXW�ZLWK�DQ�HIIRUW�
WR� FRPSDUWPHQWDOLVH� WKH� ZDOO� FDYLW\� QHDU� WKH� EXLOGLQJ� HGJHV�� 7KH� &DQDGD�0RUWJDJH�
DQG� +RXVLQJ� &RUSRUDWLRQ� SUHVHQWV� DQ� DQDO\WLFDO� PHDQV� RI� GHWHUPLQLQJ� FRPSDUWPHQW�
VL]HV� EXW� HPSKDVLVHV� WKDW� WKLV� VWLOO� UHOLHV� RQ� VRPH� ³MXGJHPHQW� FDOOV´����
&RPSDUWPHQWDOLVLQJ� WKH� ZDOO� FDYLW\� ZRXOG� VWLOO� UHSUHVHQW� D� VWHS� FKDQJH� IURP� FXUUHQW�
SUDFWLFH�HVSHFLDOO\�EHFDXVH�RI�WKH�UHTXLUHPHQWV�IRU�WLJKW�VHDOV�EHWZHHQ�FRPSDUWPHQWV��

4.3� Research Needs 
:H�KDYH�VHHQ� WKDW�SUHVVXUH�GLIIHUHQFHV�DUH� OLNHO\� WR�H[LVW�DFURVV� WKH�FODGGLQJ�XQGHU�
G\QDPLF� FRQGLWLRQV�� :H� DUH� DOVR� LQ� D� VLWXDWLRQ� ZKHUH� WDOOHU� EXLOGLQJV� DUH� RQ� WKH�
LQFUHDVH� DQG� UHVLGHQWLDO� GHVLJQ� VROXWLRQV� DUH� SRWHQWLDOO\� EHLQJ� XVHG� RXWVLGH� RI� WKHLU�
LQWHQGHG�VFRSH��
7KHUHIRUH� LW� LV� GHVLUDEOH� WR� XQGHUVWDQG� WKH� OLPLWV� RI� W\SLFDO� UHVLGHQWLDO� FRQVWUXFWLRQ��
.QRZOHGJH� RI� KRZ� ZDWHU� HQWU\� YDULHV� DV� D� IXQFWLRQ� RI� SUHVVXUH� GLIIHUHQFH�� UDLQIDOO�
FKDUDFWHULVWLFV�DQG�MRLQW�JHRPHWU\�ZRXOG�DOORZ�WKH�GHVLJQ�RI�MRLQWV�WR�EH�XQGHUSLQQHG�E\�
VFLHQFH��
)XUWKHU�ZRUN�DW�%5$1=�LV�SODQQHG�WR�LQYHVWLJDWH�WKH�OHDNDJH�FKDUDFWHULVWLFV�RI�W\SLFDO�
UHVLGHQWLDO� MRLQW� GHWDLOV� LQ� DQ� DWWHPSW� WR� XQGHUVWDQG� WKHVH� SHUIRUPDQFH� OLPLWV� DQG� WR�
GHYHORS�ZD\V�WR�LPSURYH�KLJKHU�ULVH�IUDPHG�ZDOOV��

� �
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