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1.0 PURPOSE AND BACKGROUND OF FRACTURE 
ASSESSMENT 

1.1 PURPOSE AND OBJECTIVES 

7KLV�UHSRUW�VXPPDUL]HV�WKH�IUDFWXUH�DVVHVVPHQW�RI�WKH�IODQJH�SODWH�EXWW�ZHOGV�LQ�WKH�IRXU 
�����IRRW�ER[�JLUGHUV�RI�WKH�*HRUJH�$EHUQHWK\�%ULGJH��:HVW�/LQQ�%ULGJH��RQ�WKH�,�����FURVVLQJ 
RI�WKH�:LOODPHWWH�5LYHU�DW�:HVW�/LQQ��2UHJRQ���7KLV�VWXG\�ZDV�XQGHUWDNHQ�DW�WKH�UHTXHVW�RI�WKH 
)HGHUDO�+LJKZD\�$GPLQLVWUDWLRQ��)+:$���SHU�)+:$�1RWLFH�QXPEHUV�1��������GDWHG 
�����������1��������GDWHG�����������DQG�+1*����GDWHG�������������7KH�SXUSRVH�RI�WKLV�VWXG\ 
ZDV�WR�VDWLVI\�WKH�)+:$�UHTXHVW�DQG�LQVXUH�WKH�VDIHW\�DQG�VHUYLFHDELOLW\�RI�WKLV�VWUXFWXUH���7KH 
REMHFWLYHV�ZHUH�WR�TXDQWLI\�WKH�IUDFWXUH�SRWHQWLDO�RI�WKH�ZHOGV�LQ�TXHVWLRQ�DQG�DVVHVV�WKHLU 
VXLWDELOLW\�IRU�FRQWLQXHG�VHUYLFH���7KH�HQG�UHVXOW�RI�WKLV�ZRUN�LV�WR�SURYLGH�D�UHFRPPHQGDWLRQ�RQ 
ZKHWKHU�WR�OHDYH�WKH�ZHOGV�LQ�VHUYLFH�RU�WR�PDNH�UHSDLUV� 

1.2 BACKGROUND 

7KLV�VWXG\�ZDV�IRFXVHG�DURXQG�D�SDUWLFXODU�W\SH�RI�ZHOGLQJ�SURFHVV�NQRZQ�DV�(OHFWURVODJ 
:HOGLQJ��(6:��WKDW�ZDV�FRPPRQO\�XVHG�LQ�WKH�MRLQLQJ�RI�WKLFN�SODWHV�LQ�EULGJHV��EXLOGLQJV�DQG 
PDULQH�YHVVHOV�LQ�WKH�����¶V�DQG�HDUO\�����¶V��7KH�SURFHVV�ZDV�GHYHORSHG�LQ�5XVVLD�E\�%�(� 
3DWRQ�DQG�ZDV�SXUVXHG�LQ�WKLV�FRXQWU\�GXH�WR�WKH�HFRQRP\�UHDOL]HG�RQ�WKLFN�SODWH�EXWW�DQG�7� 
ZHOGV��Paton 1962����:HOGLQJ�RI�WKLFN�SODWHV��L�H���WZR�LQFKHV�DQG�WKLFNHU��XVLQJ�FRQYHQWLRQDO 
SURFHVVHV�VXFK�DV�6XEPHUJHG�$UF�DQG�6KLHOGHG�0HWDO�$UF�:HOGLQJ��UHTXLUHV�QXPHURXV�ZHOG 
SDVVHV�DQG�ORQJ�ZHOGLQJ�WLPHV���7KH�(6:�SURFHVV�LV�PRUH�OLNH�D�FDVWLQJ�SURFHVV�DQG�MRLQV�WKH 
SODWHV�LQ�D�VLQJOH��KLJK�KHDW�LQSXW�SDVV� 

8QIRUWXQDWHO\��GXH�WR�KLJK�SURGXFWLRQ�UDWHV��SRRU�TXDOLW\�FRQWURO��SRRU�TXDOLW\�DVVXUDQFH�DQG 
SRRU�ZHOGLQJ�SUDFWLFHV�LQ�VRPH�IDEULFDWLRQ�IDFLOLWLHV��D�IHZ�EULGJHV�ZHUH�SXW�LQWR�VHUYLFH�ZLWK 
IUDFWXUH�FULWLFDO�(6:�WKDW�KDG�SRRU�WRXJKQHVV�DQG�ZHOG�GHIHFWV���7KH\�ZHUH�DOVR�GLIILFXOW�WR 
LQVSHFW�XVLQJ�8OWUDVRQLF�7HVWLQJ��87��GXH�WR�WKH�PLFURVWUXFWXUH���7KLV�SUREOHP�ZDV�EURXJKW�WR 
SXEOLF�DWWHQWLRQ�ZLWK�WKH�IDLOXUH�RI�D�ER[�JLUGHU�LQ�3HQQV\OYDQLD�RQ�DQ�,QWHUVWDWH�URXWH�QHDU 
3LWWVEXUJK�LQ��������$IWHU�WKLV�LQFLGHQW��D�GHWDLOHG�LQYHVWLJDWLRQ�RI�RWKHU�EULGJHV�ZLWK�(6:�ZDV 
EHJXQ�E\�3HQVH��:RRG��DQG�)LVKHU��1981����,QIRUPDWLRQ�IURP�WKLV�VWXG\�ZDV�XVHG�E\�)+:$�WR 
UHVWULFW�WKH�XVH�RI�(6:�RQ�IUDFWXUH�FULWLFDO�PHPEHUV�DV�VWDWHG�LQ�1RWLFH�1���������VHH 
$SSHQGL[�$��([KLELW������7KLV�QRWLFH�DOVR�FDOOHG�IRU�WKH�HYDOXDWLRQ�RI�H[LVWLQJ�IUDFWXUH�FULWLFDO 
(6:� 

7R�HPSKDVL]H�WKH�LPSRUWDQFH�RI�WKHVH�HYDOXDWLRQV��)+:$�SXW�RXW�D�VHFRQG�QRWLFH��1������� 
�VHH�$SSHQGL[�$��([KLELW������,W�DXWKRUL]HV�WKH�XVH�RI�)HGHUDO�DLG�IXQGV�WR�SHUIRUP�WKH 
LQYHVWLJDWLRQ���$�IUDFWXUH�FRQWURO�SODQ�IRU�H[LVWLQJ�(6:�IUDFWXUH�FULWLFDO�PHPEHUV�ZDV�DOVR 
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GLVWULEXWHG�DV�SDUW�RI�)+:$�0HPRUDQGXP�+1*�����$SSHQGL[�$��([KLELW����WKH�IUDFWXUH�FRQWURO 
SODQ�GHWDLOV�DUH�QRW�VKRZQ�LQ�WKLV�H[KLELW��KRZHYHU�� 

)+:$¶V�SRVLWLRQ�ZDV�WKDW�DOO�IUDFWXUH�FULWLFDO�VWUXFWXUHV�WKDW�KDYH�(6:�PXVW�EH�HLWKHU�UHWURILWWHG 
RU�WKRURXJKO\�DQDO\]HG�DQG�SURYHQ�VDIH���$�VWUXFWXUH�LV�IUDFWXUH�FULWLFDO�LI�LW�KDV�QR�ORDG�SDWK 
UHGXQGDQF\�DQG�DQ\�RI�LWV�FULWLFDO�PHPEHUV�H[SHULHQFH�D�QHW�WHQVLOH�VWUHVV��FRPELQDWLRQ�RI�DOO 
GHVLJQ�VWUHVVHV����$�IUDFWXUH�FULWLFDO�PHPEHU�RI�VXFK�D�VWUXFWXUH�LV�D�WHQVLRQ�PHPEHU�RU�D�PHPEHU 
ZLWK�WHQVLRQ�FRPSRQHQWV�WKDW�ZRXOG�FDXVH�WKH�VWUXFWXUH�WR�FROODSVH�LI�WKH�PHPEHU�IDLOHG� 
7KHUHIRUH��RQO\�WKH�ZHOGV�WKDW�H[SHULHQFH�WHQVLRQ�XQGHU�WKH�FRPELQDWLRQ�RI�GHDG�DQG�OLYH�ORDGV 
DUH�DIIHFWHG�E\�)+:$¶V�SRVLWLRQ� 

7KH�IUDFWXUH�FRQWURO�SODQ�XWLOL]HG�WKH�FRQFHSWV�RI�IUDFWXUH�PHFKDQLFV��ZKLFK�ZHUH�RQO\�VWDUWLQJ�WR 
PDNH�WKHLU�ZD\�LQWR�WKH�EULGJH�HQJLQHHULQJ�FRPPXQLW\�DW�WKH�WLPH���%DVHG�RQ�D�UHYLHZ�RI�WKH 
QXPHURXV�GLVFXVVLRQV��PHPRUDQGXPV�DQG�FRUUHVSRQGHQFH�LQ�WKH�DUFKLYHG�ILOHV�IRU�WKLV�EULGJH��LW 
ZDV�HYLGHQW�WKDW�WKHUH�ZDV�PXFK�GLVFRXUVH�RYHU�WKH�GHWDLOV�DQG�FRQVHTXHQFHV�RI�WKLV�SODQ���)URP 
WKH�HQJLQHHULQJ�VLGH�WKHUH�ZDV�ERWK�FRQFHUQ�DQG�XQFHUWDLQW\�DV�WR�KRZ�WKLV�SODQ�ZRXOG�EH 
H[HFXWHG���)URP�WKH�PDQDJHULDO�VLGH�WKHUH�ZDV�VHULRXV�GRXEW�WKDW�WKHVH�FRQFHUQV�DSSOLHG�WR 
2'27�VWUXFWXUHV���1RQHWKHOHVV�)+:$�ZDV�SHUVLVWHQW�DQG�2'27�SURFHHGHG�ZLWK�WKH�VWXG\� 

7KH�HVVHQFH�RI�WKH�IUDFWXUH�FRQWURO�SODQ�ZDV�WR�TXDQWLI\�WKH�VWUHVVHV��GHIHFWV��DQG�WRXJKQHVV�RI 
WKH�ZHOGV�LQ�TXHVWLRQ���:LWK�WKLV�LQIRUPDWLRQ�D�VDIHW\�IDFWRU�ZLWK�UHVSHFW�WR�IDLOXUH�E\�IUDFWXUH 
ZDV�TXDQWLILHG�DQG�XVHG�LQ�WKH�GHFLVLRQ�RI�ZKHWKHU�RU�QRW�UHWURILWWLQJ�ZDV�UHTXLUHG� 

,Q������2'27�EHJDQ�WKH�LQYHVWLJDWLRQ�ZLWK�WKH�8OWUDVRQLF�7HVWLQJ��87��DQG�5DGLRJUDSKLF 
7HVWLQJ��57��H[DPLQDWLRQ�RI�VL[�ZHOGV�RQ�WKH�*HRUJH�$EHUQHWK\�%ULGJH�DQG�VRPH�ZHOGV�LQ�WKH 
DSSURDFK�UDPSV�RI�WKH�)UHPRQW�%ULGJH�RYHU�WKH�:LOODPHWWH�5LYHU�LQ�3RUWODQG��2UHJRQ���7KUHH 
FRUHV�ZHUH�WUHSDQQHG�IURP�WZR�FRPSUHVVLRQ�ZHOGV�DQG�VHQW�WR�D�WHVWLQJ�ODERUDWRU\�DW�WKH 
&DOLIRUQLD�'HSDUWPHQW�RI�7UDQVSRUWDWLRQ��&DOWUDQV���7KH�87�H[DPLQDWLRQV�SHUIRUPHG�RQ�WKH 
EULGJH�SURGXFHG�GHIHFW�LQGLFDWLRQV�WKDW�ZHUH�GLIILFXOW�WR�LQWHUSUHW���6RPH�RI�WKH�GHIHFW�LQGLFDWLRQV 
ZHUH�H[WUDFWHG�ZLWK�WKH�FRUHV�IRU�PDWHULDO�WHVWLQJ�DQG�XSRQ�VHFWLRQLQJ�ZHUH�IRXQG�WR�EH�D�IRUP�RI 
LQWHUJUDQXODU�FUDFNLQJ���7KH�PDWHULDO�WHVWLQJ�IRXQG�D�ZLGH�UDQJH�RI�WRXJKQHVV�DV�LQGLFDWHG�E\�WKH 
&KDUS\�9�1RWFK�WHVW���6HH�$SSHQGL[�%�IRU�WKH������UHSRUW���)+:$�GHFLGHG�WKDW�PRUH�LQ�GHSWK 
WHVWLQJ�DQG�DQDO\VLV�ZDV�UHTXLUHG�WR�GHWHUPLQH�ZKHWKHU�WKH�ZHOGV�ZHUH�DFFHSWDEOH���2WKHUZLVH� 
WKH�ZHOGV�ZRXOG�QHHG�WR�EH�UHWURILWWHG� 

$�VHFRQG�VHULHV�RI�87�DQG�57�LQVSHFWLRQV�EHJDQ�LQ������DQG�FRQWLQXHG�XQWLO��������7KLV�HIIRUW 
LQVSHFWHG����ZHOGV�DQG�IRXQG�QR�UHMHFWDEOH�GHIHFWV���$OWHUQDWLYHV�IRU�IXOO�LQVSHFWLRQ��UHSDLU�DQG 
SDUWLDO�LQVSHFWLRQ�SODQV�ZHUH�SUHVHQWHG� 

,Q������LW�ZDV�GHFLGHG�WR�SHUIRUP�WKH�IXOO�LQYHVWLJDWLRQ�RI�WKHVH�ZHOGV��DV�SUHVFULEHG�LQ�WKH 
IUDFWXUH�FRQWURO�SODQ�IURP�)+:$���7KLV�ZRXOG�LQYROYH�ERWK�IXOO�1RQ�'HVWUXFWLYH�7HVWLQJ��1'7� 
RI�DOO�����IUDFWXUH�FULWLFDO�ZHOGV��PDWHULDO�WHVWLQJ�DQG�LQ�VHUYLFH�VWUDLQ�PHDVXUHPHQWV���,Q����� 
FRQWUDFWV�ZHUH�DVVHPEOHG�WR�SHUIRUP�WKH�PDWHULDO�WHVWLQJ�DQG�1'7���,Q�VHUYLFH�VWUDLQ 
PHDVXUHPHQWV�ZHUH�DOVR�PDGH� 

7KH�VHFRQG�VHULHV�RI�PDWHULDO�WHVWLQJ�ZDV�PRUH�H[WHQVLYH�WKDQ�WKH������HIIRUW���7KH�DFWXDO 
WRXJKQHVV�RI�WKH�EDVH��ZHOG�PHWDO��DQG�KHDW�DIIHFWHG�]RQHV��+$=��ZHUH�TXDQWLILHG�ZLWK�IUDFWXUH 
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WRXJKQHVV�WHVWLQJ�DV�RSSRVHG�WR�EHLQJ�TXDOLILHG�E\�LPSDFW�WHVWLQJ��7KH�PDWHULDO�WHVWLQJ�ZDV 
GLYLGHG�LQWR�WZR�SKDVHV���3KDVH�,�UHPRYHG�IRXU�FRUHV�WR�FKDUDFWHUL]H�WKH�ZHOG�PRUSKRORJ\�DQG 
TXDOLI\�WKH�WRXJKQHVV���%DVHG�RQ�UHVXOWV�IURP�3KDVH����3KDVH���RI�WKH�WHVWLQJ�TXDQWLILHG�WKH 
WRXJKQHVV�DQG�FUDFN�JURZWK�FKDUDFWHULVWLFV�RI�WKH�EDVH��ZHOG��DQG�+$=�PDWHULDO� 

,Q������ZHOG��+$=��DQG�EDVH�PHWDO�FRUHV�ZHUH�H[WUDFWHG�IURP�WKH�FRPSUHVVLRQ�IODQJH�ZHOGV�LQ 
WKH�%��&��DQG�'�JLUGHUV�RI�WKH�*HRUJH�$EHUQHWK\�%ULGJH�IRU�WKH�VHFRQG�VHULHV�RI�PDWHULDO�WHVWLQJ� 
87�DQG�0DJQHWLF�3DUWLFOH�7HVWLQJ��07��ZHUH�SHUIRUPHG�RQ�DOO�����IUDFWXUH�FULWLFDO�ZHOGV�DV�ZHOO 
DV�3KDVH���PDWHULDO�WHVWLQJ���%HWZHHQ������DQG������3KDVH���PDWHULDO�WHVWLQJ�ZDV�SHUIRUPHG� 
7KH�ILQDO�DQDO\VLV�RI�DOO�WHVWLQJ��PDWHULDO��1'7��DQG�VWUXFWXUDO��ZDV�SHUIRUPHG�DQG�WKH�UHSRUW 
ZULWWHQ�DQG�VXEPLWWHG�WR�)+:$���,Q������D�FRPPLWWHH�RI�QDWLRQDO�H[SHUWV�LQ�WKH�ILHOGV�RI 
ZHOGLQJ��1'7��DQG�IUDFWXUH�PHFKDQLFV�UHYLHZHG�WKH�UHSRUW�DQG�VXJJHVWHG�UHWHVWLQJ�RQH�RI�WKH 
FUDFN�JURZWK�WHVW�VDPSOHV�DQG�SHUIRUPLQJ�D�YHU\�FORVH�87���57�H[DPLQDWLRQ�RQ�IRXU�RI�WKH�ZHOGV 
ZLWK�TXHVWLRQDEOH�87�GHIHFW�LQGLFDWLRQV��7KLV�ZRUN�ZDV�SHUIRUPHG�DQG�WKH�UHVXOWV�VXEPLWWHG�WR 
WKH�FRPPLWWHH�LQ��������,Q�-DQXDU\�RI������WKH�FRPPLWWHH�UHFRQYHQHG�DQG�DSSURYHG�WKH�UHSRUW� 

$IWHU�KXQGUHGV�RI�KRXUV�RI�WHVWLQJ�DQG�UHVHDUFK�LQWR�WKH�ILWQHVV�IRU�SXUSRVH�RI�WKH�HOHFWURVODJ 
ZHOGV�RQ�WKH�*HRUJH�$EHUQHWK\�%ULGJH��2'27�ZDV�DEOH�WR�FRQYLQFH�)+:$�WKDW�D�ULJRURXV 
LQVSHFWLRQ�SURJUDP�FRXOG�EH�LPSOHPHQWHG�LQ�OLHX�RI�UHWURILWWLQJ�WKH�ZHOGV�LQ�TXHVWLRQ���7KH 
DQDO\VLV�FRVW�WKH�WD[�SD\HUV�OHVV�WKDQ����������RYHU�WKH����\HDUV�RI�WKH�VWXG\�DQG�VDYHG�WKHP 
PRUH�WKDQ������������LQ�UHWURILWWLQJ�FRQVWUXFWLRQ�FRVWV��QRW�LQFOXGLQJ�WKH�GLVUXSWLRQV�WR�YHKLFXODU 
WUDIILF���2UHJRQ�LV�WKH�RQO\�VWDWH�WR�KDYH�FRPSOHWHG�WKLV�DQDO\VLV�RSWLRQ�DV�RSSRVHG�WR�UHWURILWWLQJ� 

1.3 STRUCTURE DESCRIPTION 

7KH�*HRUJH�$EHUQHWK\�%ULGJH�ZDV�FRQVWUXFWHG�LQ��������,W�FDUULHV�VL[�ODQHV�RI�KLJKZD\�WUDIILF� 
WKUHH�LQ�HDFK�GLUHFWLRQ��DORQJ�D�WRWDO�OHQJWK�RI������IW���(DFK�GLUHFWLRQ�RI�WUDIILF�LV�VXSSRUWHG�E\ 
WZR�������IW�ORQJ��FRQWLQXRXV�ER[�JLUGHUV�DFURVV�WKUHH�VSDQV���7KH�ER[�JLUGHUV�DUH���IHHW�ZLGH�DQG 
YDU\�LQ�GHSWK�IURP����WR����IHHW���7KH�FRQWLQXRXV�ER[�JLUGHUV�ZHUH�HUHFWHG�LQ���VHFWLRQV�WKDW�ZHUH 
ILHOG�VSOLFHG�ZLWK�EROWHG�FRQQHFWLRQV���(DFK�VHFWLRQ�FRQWDLQV�DQ�DYHUDJH�RI�HLJKW�(6:�LQ�WKH�WRS 
DQG�ERWWRP�IODQJH�SODWHV��ERWK�IODQJH�SODWHV�DQG�ZHOGV�UDQJH�LQ�WKLFNQHVV�IURP���WR��ò�LQFKHV� 
7KH�%ULGJH�KDV�DQ�$YHUDJH�'DLO\�7UDIILF��$'7��RI���������YHKLFOHV��ERWK�GLUHFWLRQV�FRPELQHG�� 
ZLWK�DSSUR[LPDWHO\����WUXFN�WUDIILF���1R�UHFRUGHG�GHILFLHQFLHV�KDG�EHHQ�UHFRUGHG�RWKHU�WKDQ�WKH 
ZHOGV�LQ�TXHVWLRQ� 

)LJXUH�����VKRZV�WKH�SODQ�DQG�HOHYDWLRQ�YLHZV�RI�WKH�RYHUDOO�VWUXFWXUH���)LJXUH�����VKRZV�WKH 
(6:�ORFDWLRQV�LQ�HDFK�ER[�JLUGHU���7KH�IUDFWXUH�FULWLFDO�ZHOGV�DUH�FLUFOHG���)LJXUHV�����WKURXJK 
����VKRZ�GHWDLOV�RI�WKH�ER[�JLUGHUV���)LJXUH������VKRZV�D�W\SLFDO�FURVV�VHFWLRQ�RI�D�ER[�JLUGHU� 

5HWURILWWLQJ�RI�WKH�(6:�ZLWK�VSOLFH�SODWHV�ZDV�FRQVLGHUHG���7KH�HVWLPDWHG�FRVW�RI�VXFK�DQ 
HQGHDYRU�ZDV�����PLOOLRQ�GROODUV�ZLWK�FRQVLGHUDEOH�LQFRQYHQLHQFH�WR�WKH�IORZ�RI�WUDIILF�RQ�WKLV 
EULGJH��VHH�$SSHQGL[�&�� 
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2.0 LOAD ANALYSIS 

7KH�IXQFWLRQ�RI�WKH�ORDG�DQDO\VLV�LV�WR�FKDUDFWHUL]H�WKH�IUDFWXUH�SRWHQWLDO�DQG�FUDFN�JURZWK 
GULYLQJ�IRUFHV���)RU�WKLV�DQDO\VLV�WKH�PD[LPXP�VWUHVV�LV�UHTXLUHG�WR�FDOFXODWH�FULWLFDO�FUDFN�VL]H� 
DQG�WKH�VWUHVV�UDQJH�IURP�F\FOLF�ORDGLQJ�LV�QHHGHG�WR�FDOFXODWH�IDWLJXH�FUDFN�JURZWK���7KH 
PD[LPXP�VWUHVV�LQ�WKH�IODQJH�ZHOGV�LV�D�FRPELQDWLRQ�RI�GHDG�ORDG��OLYH�ORDG��WHPSHUDWXUH 
LQGXFHG�ORDG��SRVVLEOH�VHLVPLF�ORDG�DQG�UHVLGXDO�ORDG�IURP�WKH�IDEULFDWLRQ�SURFHVV���7KH�GHDG�DQG 
OLYH�ORDGV�DUH�UHDVRQDEO\�HDV\�WR�FDOFXODWH�DQG�YDU\�RYHU�WKH�OHQJWK�RI�WKH�JLUGHUV�LQ�D�VPRRWK�RU 
JUDGXDO�PDQQHU���7HPSHUDWXUH�LQGXFHG�ORDG�LV�VLPLODU���)DEULFDWLRQ�LQGXFHG�ORDGV��HVSHFLDOO\ 
UHVLGXDO�VWUHVVHV�IURP�ZHOGLQJ��SRVH�D�PRUH�GLIILFXOW�SUREOHP�WR�TXDQWLI\��DQG�WKH\�W\SLFDOO\�KDYH 
ODUJH�PDJQLWXGHV�ZLWK�VWHHS�VSDWLDO�JUDGLHQWV� 

7KLV�DQDO\VLV�ORRNV�DW�WKH�ORDGV�DQG�VWUHVVHV�LQ�WKH�ER[�JLUGHU�IODQJH�SODWHV���7KH�FRQFOXVLRQ�RI 
WKLV�DQDO\VLV�VKRZV�WKDW�WKH�GHDG�ORDG�LV�WKH�ODUJHVW�SRUWLRQ�RI�VWUXFWXUDO�ORDGLQJ�DQG�WKDW�WKH 
FRPELQDWLRQ�RI�OLYH��WKHUPDO�DQG�VHLVPLF�ORDGV�LV�QHDUO\�WKH�VDPH�DV�WKH�GHDG�ORDG���7KH�WRWDO 
JURVV�VWUXFWXUDO�VWUHVV�LQ�DQ\�IODQJH�SODWH�GRHV�QRW�H[FHHG������NVL���,W�LV�DOVR�VKRZQ�WKDW�WKH 
IODQJH�EXWW�ZHOGV�KDYH�D�FRPSUHVVLYH�UHVLGXDO�VWUHVV�DW�WKH�VXUIDFH�DQG�D�WULD[LDO��WHQVLOH�UHVLGXDO 
VWUHVV�DW�WKH�FRUH�RI�WKH�ZHOGV���7KH�PDJQLWXGH�RI�ERWK�RI�WKHVH�UHJLRQV�LV�RQ�WKH�RUGHU�RI�WKH 
\LHOG�VWUHVV�RI�WKH�ZHOG�PHWDO� 

2.1 DESIGN LOADS 

7KH�LQIRUPDWLRQ�GHVFULEHG�EHORZ�LV�WKH�DXWKRU¶V�LQWHUSUHWDWLRQ�RI�WKH�GHVLJQ�FDOFXODWLRQ�ERRNV 
IURP�0RIIDWW��1LFKRO�DQG�%RQQH\��,QF���WKH�GHVLJQ�HQJLQHHUV�LQ�WKH�RIILFLDO�UHFRUG�IRU�WKLV����� 
VWUXFWXUH���7KHVH�UHFRUGV�DUH�NHSW�LQ�WKH�2'27�DUFKLYHV�XQGHU�&DOFXODWLRQ�%RRNV����DQG���$� 

7KH�VWHHO�ER[�JLUGHUV�ZHUH�GHVLJQHG�IRU�+6�������DQG�PLOLWDU\�ORDGLQJ���7KH�GHVLJQ�VWUHVV�VKHHW 
IRU�WKH�ER[�JLUGHUV�LV�VKRZQ�LQ�)LJXUH�������7KHVH�ORDGV�DSSO\�WR�WKH�VXSHUVWUXFWXUH�DV�D�ZKROH 
DQG�QRW�WR�DQ�LQGLYLGXDO�ER[�JLUGHU���1RWH�WKDW�WKH�GHDG�ORDG�PRPHQWV�DUH�PDQ\�WLPHV�ODUJHU�WKDQ 
WKH�OLYH�ORDG�PRPHQWV��DV�LV�W\SLFDO�IRU�ORQJ�VSDQ�VWUXFWXUHV���'HVLJQ�PRPHQWV�ZHUH�EDVHG�RQ�D 
PRGHO�WKDW�XVHG�WKH�VWHHO�VHFWLRQ�SURSHUWLHV�IRU�GHDG�ORDG�DQG�FRPSRVLWH�VHFWLRQV�IRU�OLYH�ORDG� 
,QIOHFWLRQ�SRLQWV�IRU�WKH�GHDG�ORDG�DQDO\VLV�ZHUH�XVHG�IRU�WKH�FRPSRVLWH�VHFWLRQ�OLYH�ORDG 
DQDO\VLV���1HJDWLYH�PRPHQW�UHJLRQV�ZHUH�DVVXPHG�WR�EH�FUDFNHG�DQG�GLG�QRW�LQFOXGH�DQ\ 
FRQWULEXWLRQ�IURP�WKH�FRQFUHWH�GHFN� 
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$V�SDUW�RI�WKH�RULJLQDO�GHVLJQ�D�ILQLWH�HOHPHQW��)(��PRGHO�ZDV�XVHG�WR�DQDO\]H�WKH�ER[�JLUGHUV� 
7DNLQJ�DGYDQWDJH�RI�V\PPHWU\��DQ�HGJH�DQG�LQQHU�JLUGHU�ZHUH�HDFK�GLVFUHWL]HG�LQWR����HOHPHQWV 
RYHU�KDOI�WKHLU�OHQJWK��KDOI�RI������IW����,Q�WKH�PRGHO��IORRU�EHDP�HOHPHQWV�FRQQHFWHG�WKH�WZR 
JLUGHUV��%RWK�VWHHO�RQO\�DQG�FRPSRVLWH�VHFWLRQV�ZHUH�FDOFXODWHG���(LJKW\�VHYHQ�LQFKHV�RI�WKH���� 
LQFK�WKLFN�FRQFUHWH�GHFN�ZHUH�DVVXPHG�WR�SDUWLFLSDWH�LQ�WKH�FRPSRVLWH�VHFWLRQ�RI�HDFK�JLUGHU� 
7RUVLRQDO�VWLIIQHVV�RI�WKH�ER[�JLUGHUV�ZDV�DOVR�TXDQWLILHG���3ODWH�DFWLRQ�IURP�WKH�FRQFUHWH�GHFN 
GRHV�QRW�DSSHDU�WR�EH�LQFRUSRUDWHG�LQWR�WKH�ILQLWH�HOHPHQW�PRGHO� 

)RU�WKH�GHDG�ORDG��WKH�VWUHVVHV�LQ�WKH�VWHHO�VHFWLRQ�ZHUH�FDOFXODWHG�DVVXPLQJ�QR�FRPSRVLWH�DFWLRQ 
ZLWK�WKH�GHFN���)LJXUH�����VKRZV�WKH�FDOFXODWHG�ERWWRP�IODQJH�VWUHVVHV�GXH�WR�GHDG�ORDG� 
&RQVLGHULQJ�WKH�WRS�DQG�ERWWRP�IODQJH�SODWHV�DUH�QHDUO\�LGHQWLFDO�RYHU�WKH�OHQJWK�RI�WKH�JLUGHU� 
WKH�QHXWUDO�D[LV�ZDV�DVVXPHG�WR�EH�DW�PLG�GHSWK���7KHUHIRUH�WKH�SUHGLFWHG�WRS�IODQJH�VWUHVVHV�DUH 
WKH�VDPH�PDJQLWXGH�EXW�RSSRVLWH�VLJQ�RI�WKH�ERWWRP�IODQJH�VWUHVVHV���7KH�PD[LPXP�GHDG�ORDG 
VWUHVVHV�DUH�RYHU�WKH�FDQWLOHYHU�SLHUV����DQG����ZLWK�D�PDJQLWXGH�RI�����NVL� 
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FDQWLOHYHU�SLHUV�LV�����NVL� 
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LQ�WKH�ERWWRP�IODQJH�UDQJHG�IURP�±����NVL��FRPSUHVVLRQ��WR�����NVL��WHQVLRQ����7KH�WRS�IODQJH 
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2.2 STRAIN GAUGE TESTING OF LIVE LOAD STRESSES 

2.2.1 Test description 

,Q�RUGHU�WR�EHWWHU�FKDUDFWHUL]H�WKH�OLYH�ORDG�VSHFWUXP��WZR�RI�WKH�IRXU�VWHHO�ER[�JLUGHUV�ZHUH�ILWWHG 
ZLWK�VWUDLQ�JDXJHV���8QLD[LDO�VWUDLQ�JDXJHV�ZHUH�LQVWDOOHG�FRLQFLGHQW�ZLWK�WKH�ORQJLWXGLQDO 
GLUHFWLRQ�RI�WKH�JLUGHU���7KH�ILUVW�ORFDWLRQ�ZDV�LQVLGH�WKH�JLUGHU�PLGZD\�DFURVV�VSDQ���RQ�WKH 
XSSHU�VXUIDFH�RI�WKH�ERWWRP�IODQJH���7KLV�JDXJH�LV�ODEHOHG�*$��DQG�*%��LQ�JLUGHUV�$�DQG�% 
UHVSHFWLYHO\�LQ�)LJXUH�������7KLV�ORFDWLRQ�ZDV�VXEMHFWHG�WR�SRVLWLYH�EHQGLQJ�DQG�ZDV�QHDU�WKH 
WKHRUHWLFDO�SRVLWLRQ�RI�PD[LPXP�PRPHQW�DW����/�� 

3LHU�� 
3LHU�� 3LHU�� 

3LHU��*$� 
	 
*%�� 

*$���	 
*%�� 

*$���	 
*%�� 

7UDIILF�'LUHFWLRQ 

)LJXUH������/RFDWLRQ�RI�VWUDLQ�JDXJHV�LQ�$�DQG�%�JLUGHUV 

7KH�VHFRQG�ORFDWLRQ�ZDV�RQ�WKH�XQGHUVLGH�RI�WKH�WRS�IODQJH�FHQWHUHG�RYHU�3LHU�����7KLV�ZDV�WKH 
SRVLWLRQ�RI�PD[LPXP�QHJDWLYH�EHQGLQJ�PRPHQW���7KH�JDXJHV�DW�WKLV�ORFDWLRQ�DUH�ODEHOHG�*$� 
DQG�*%��LQ�)LJXUH�����IRU�JLUGHUV�$�DQG�%�UHVSHFWLYHO\���7KH�WKLUG�JDXJH�LQVWDOODWLRQ�ZDV 
PLGZD\�DFURVV�VSDQ����WKH�QDYLJDWLRQ�FKDQQHO���7KLV�ZDV�D�UHJLRQ�RI�ODUJH�SRVLWLYH�EHQGLQJ 
PRPHQWV��*DXJHV�ODEHOHG�*$��DQG�*%��ZHUH�PRXQWHG�WR�WKH�WRS�VXUIDFH�RI�WKH�ERWWRP�IODQJH�LQ 
JLUGHUV�$�DQG�%�UHVSHFWLYHO\���)LJXUH�����VKRZV�WKH�JDXJH�ORFDWLRQV�LQ�HOHYDWLRQ�YLHZ� 

7ZR�IRUPV�RI�GDWD�FROOHFWLRQ�ZHUH�XVHG���6WUHVV�F\FOH�FRXQWLQJ�XVLQJ�WKH�UDLQIORZ�PHWKRG�ZDV 
UHFRUGHG�DW�HDFK�JDXJH�ORFDWLRQ��Watson and Dabell 1975����%XUVW�WLPH�KLVWRULHV�ZHUH�DOVR 
FROOHFWHG�GXULQJ�SHDN�VWUHVV�F\FOHV���*LUGHU�$�ZDV�ILWWHG�ZLWK�TXDUWHU�:KHDWVWRQH�EULGJH�FLUFXLWV 
DQG�DOO�JDXJHV�ZHUH�UHDG�VLPXOWDQHRXVO\���%XUVW�WLPH�KLVWRULHV�RI�VWUDLQ�DW�HDFK�ORFDWLRQ�ZHUH 
UHFRUGHG�VLPXOWDQHRXVO\�RQFH�JDXJH�*$��KDG�UHDFKHG�D�FULWLFDO�OHYHO�RI�VWUDLQ���2Q�WKH�$�% 
JLUGHU�VWUXFWXUH�WUDIILF�IORZV�IURP�VSDQ���WR���WR����WKXV�JDXJH�*$��LV�WKH�ILUVW�WR�VHQVH�D�OLYH 
ORDG���7KH�SUHFLVLRQ�RI�WKHVH�VWUDLQ�PHDVXUHPHQWV�ZDV�RQ�WKH�RUGHU�RI�����PLFURVWUDLQ���7KLV 
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VHULHV�RI�WHVWLQJ�VSDQQHG�FRQWLQXRXVO\�RYHU�D����GD\�SHULRG�LQ�WKH�HDUO\�VSULQJ�RI��������/RQJ� 
WHUP�WKHUPDO�GULIW�RI�WKH�LQVWUXPHQW�]HUR�ZDV�D�FKDOOHQJLQJ�\HW�QRW�LQVXUPRXQWDEOH�SUREOHP� 

,Q�*LUGHU�%�D�KDOI�:KHDWVWRQH�EULGJH�FLUFXLW�ZDV�XVHG�ZLWK�ERWK�JDXJHV�UHDGLQJ�WKH�VDPH�VWUDLQ� 
7KLV�ZDV�GRQH�WR�LPSURYH�WKH�VHQVLWLYLW\�RI�WKH�GDWD�FROOHFWLRQ�V\VWHP���'XH�WR�WKLV�SDUWLFXODU 
:KHDWVWRQH�EULGJH�FRQILJXUDWLRQ��ORQJ�OHDG�ZLUHV�FRXOG�QRW�EH�WROHUDWHG��WKXV�DOO�JDXJHV�ZHUH 
UHDG�LQGHSHQGHQWO\���7KH�SUHFLVLRQ�RI�WKHVH�VWUDLQ�PHDVXUHPHQWV�ZDV�RQ�WKH�RUGHU�RI��� 
PLFURVWUDLQ���7KLV�VHULHV�RI�WHVWV�ZDV�FRQGXFWHG�GLVFRQWLQXRXVO\�RYHU�D�IRXU�PRQWK�SHULRG�LQ�WKH 
ZLQWHU�RI�����������6LQFH�WKH�OHQJWK�RI�HDFK�WHVW�ZDV�VKRUWHU�LQ�WKLV�VHULHV��WKHUPDO�GULIW�ZDV�QRW�D 
VLJQLILFDQW�SUREOHP� 

7HVW�GDWD�ZHUH�FROOHFWHG�DW�VDPSOH�UDWHV�UDQJLQJ�IURP����WR�����+]��XVLQJ�D�IRXUWK�RUGHU 
%XWWHUZRUWK�ORZ�SDVV�ILOWHU�ZLWK�D����+]�FXW�RII���+\VWHUHVLV�RI�WKH�5DLQIORZ�FRXQWLQJ�ZDV�VHW�IRU 
���PLFURVWUDLQ�RQ�WKH�ó�EULGJH�WUDQVGXFHUV�DQG���PLFURVWUDLQ�IRU�WKH�ò�EULGJH�WUDQVGXFHUV� 
4XDUWHU�EULGJH�LQVWDOODWLRQV�XVHG�D�WKUHH�ZLUH�FRQILJXUDWLRQ�WR�DFFRXQW�IRU�OHDG�ZLUH�UHVLVWDQFH� 
6WUDLQ�JDXJHV�ZHUH�RI�ò�LQFK�JDXJH�OHQJWK�DQG�����RKP�UHVLVWDQFH���'DWD�FROOHFWLRQ�ZDV 
SHUIRUPHG�XVLQJ�D�6RPDW������ILHOG�FRPSXWHU� 

2.2.2 Results of Rainflow data collection 

*LUGHU�$�KDG�WKH�ORQJHVW�WHVW�GXUDWLRQ�DW����GD\V�RU�DSSUR[LPDWHO\�����KRXUV���)LJXUHV��������� 
VKRZ�WKH�KLVWRJUDPV�RI�WKH�VWUHVV�F\FOH�FRXQWLQJ�JDXJHV�*$���*$��DQG�*$��UHVSHFWLYHO\��7KH 
PD[LPXP�VWUHVV�F\FOHV�UHFRUGHG�ZHUH������SVL�������SVL�DQG������SVL���7KH�URRW�PHDQ�FXEH 
�U�P�F���HIIHFWLYH�VWUHVV�UDQJHV����UPF��IRU�WKHVH�GLVWULEXWLRQV�ZHUH�����SVL������SVL�DQG�����SVL� 
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Rainflow Gauge GA3 
Top Flange over Pier 4 A-Girder 

( 30 days of data ) 
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Rainflow Gauge GA5 

Bottom Flange Span 5 A-Girder 
(30 days of data) 
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7KH�HIIHFWLYH�VWUHVV�UDQJH�IRU�WKHVH�GLVWULEXWLRQV�ZDV�JUHDWO\�LQIOXHQFHG�E\�WKH�ODUJH�QXPEHU�RI 
ORZ�VWUHVV�F\FOHV�IURP�OLJKWHU�YHKLFOHV���,I�RQO\�VWUHVV�F\FOHV�ZLWK�PDJQLWXGHV�DERYH�����SVL�DUH 
FRXQWHG��WKHQ�WKH�HIIHFWLYH�VWUHVV�UDQJH�LQFUHDVHV�WR�����SVL�������SVL�DQG�����SVL�UHVSHFWLYHO\� 
7KHVH�FRXOG�EH�FRQVLGHUHG�WKH�U�P�F��VWUHVV�UDQJHV�IRU�WUXFN�WUDIILF���%RWK�RI�WKH�PLG�VSDQ 
SRVLWLYH�PRPHQW�ORFDWLRQV�VKRZHG�KLJKHU�VWUHVV�UDQJHV�WKDQ�GLG�WKH�QHJDWLYH�PRPHQW�ORFDWLRQ 
RYHU�SLHU�����$V�H[SHFWHG��WKH�SLHU���ORFDWLRQ�VKRZHG�D�PXFK�KLJKHU�QXPEHU�RI�PHDVXUDEOH 
F\FOHV��VLQFH�WUXFNV�RQ�VSDQV������DQG���FRXOG�FDXVH�ORDG�FKDQJHV�LQ�WKHVH�IODQJH�SODWHV� 

*LUGHU�%�KDG�WHVW�OHQJWKV�UDQJLQJ�IRUP����WR�����KRXUV���)LJXUHV������������VKRZ�WKH�KLVWRJUDPV 
RI�WKH�VWUHVV�F\FOH�FRXQWLQJ�IRU�JDXJHV�*%���*%��DQG�*%��UHVSHFWLYHO\���7KH�PD[LPXP�VWUHVV 
F\FOHV�UHFRUGHG�ZHUH������SVL�������SVL�DQG������SVL�IRU�*%���*%��DQG�*%��UHVSHFWLYHO\���7KH 
��UPF�IRU�WKHVH�GLVWULEXWLRQV�ZHUH�����SVL������SVL�DQG�����SVL���,I�RQO\�VWUHVV�F\FOHV�ZLWK�D 
PDJQLWXGH�JUHDWHU�WKDQ�����SVL�DUH�FRXQWHG�WKH�HIIHFWLYH�VWUHVV�UDQJHV�EHFRPH�����SVL������SVL 
DQG������SVL���7KHVH�GDWD�DUH�VXPPDUL]HG�LQ�7DEOH����� 
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Rainflow Gauge GB3 

Top Flange over Pier 4 B-Girder 

(96 hours of data) 
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Rainflow Gauge GB5 

Bottom Flange Span 5 B-Girder 

(169 hours of data) 
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Table 2.1: Summary of load histories 
Total Distribution Truck Distribution

Gauge 
I.D. Gauge Location 

Test 
duration 
(hours) 

��max (psi) ��rmc 

(psi) 
# of 

counts, N 
��rmc 

(psi) 
# of 

counts, N 

*$� 
%RWWRP�)ODQJH 
6SDQ���#����/ 

$�JLUGHU 
��� ���� ��� ������� ��� ������ 

*$� 
7RS�)ODQJH�2YHU 
3LHU���$�JLUGHU ��� ���� ��� ��������� ���� �� 

*$� 
%RWWRP�)ODQJH 
6SDQ���#����/ 

$�JLUGHU 
��� ���� ��� ������� ��� ������ 

*%� 
%RWWRP�)ODQJH 
6SDQ���#����/ 

%�JLUGHU 
�� ���� ��� ����� ��� ����� 

*%� 
7RS�)ODQJH�2YHU 
3LHU���%�JLUGHU �� ���� ��� �� ��� � 

*%� 
%RWWRP�)ODQJH 
6SDQ���#����/ 

%�JLUGHU 
��� ���� ��� ������ ���� ����� 

2.2.3 Results of time history strain collection 

6LQFH�WKH�VWUDLQ�UHFRUGLQJ�ZDV�SHUIRUPHG�LQVLGH�WKH�ER[�JLUGHUV�RYHU�D�ORQJ�SHULRG�RI�WLPH�LW�ZDV 
QRW�SUDFWLFDO�WR�FRUUHODWH�VSHFLILF�YHKLFOHV�RU�ORDGLQJ�FRQGLWLRQV�ZLWK�VSHFLILF�VWUDLQ�WLPH 
KLVWRULHV���%\�UHYLHZLQJ�WKH�PDQ\�WLPH�KLVWRULHV�UHFRUGHG�LW�ZDV�IDLUO\�HDV\�WR�ILQG�ZKDW�DSSHDUHG 
WR�EH�VLQJOH�WUXFN�SDVVLQJ���)LJXUH������VKRZV�WKH�VWUDLQ�EXUVW�KLVWRULHV�RI�WKH�WKUHH�JDXJHV 
LQVWDOOHG�LQ�JLUGHU�$�IRU�W\SLFDO�OHJDO�ZHLJKW�WUXFNV���)LJXUH������VKRZV�D�VLPLODU�UHVSRQVH�ZLWK 
ZKDW�DSSHDUV�WR�EH�WZR�KHDY\�WUXFNV��RQH�DIWHU�WKH�RWKHU���7KH�DFWXDO�WLPH�D[LV�KDV�EHHQ 
FRPSUHVVHG�DQG�LV�WKXV�RI�RQO\�TXDOLWDWLYH�VLJQLILFDQFH���7KHVH�VWUDLQ�UHVSRQVH�JUDSKV�ERWK�VKRZ 
WKDW�WKH�SRVLWLYH�EHQGLQJ�PRPHQWV�UHJLRQV�LQ�VSDQV������DQG�KHQFH����DUH�VLJQLILFDQWO\�JUHDWHU 
WKDQ�WKH�QHJDWLYH�EHQGLQJ�PRPHQW�UHJLRQ�RYHU�SLHU����DQG�KHQFH�����7KH�VHQVLWLYLW\�RI�WKHVH 
PHDVXUHPHQWV�LV�PRUH�WKDQ�DGHTXDWH�IRU�WKH�ORQJ�WHUP�UDLQIORZ�F\FOH�FRXQWLQJ�EXW�LV�PDUJLQDO 
IRU�H[DFWLQJ�DQDO\VLV�RI�WKH�VWUXFWXUDO�UHVSRQVH�WR�VSHFLILF�ORDGV���)RUWXQDWHO\�WKH�VWUDLQ�UDQJHV 
PHDVXUHG�DUH�RI�YHU\�ORZ�PDJQLWXGH��DQG�D�SUHFLVH�DQDO\VLV�RI�OLYH�ORDG�EHKDYLRU�LV�QRW 
QHFHVVDU\� 
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2.2.4 Summary of Strain Gauge Testing of Live Load on Box Girders 

%RWK�$�DQG�%�JLUGHUV�ZHUH�LQVWUXPHQWHG�ZLWK�VWUDLQ�JDXJHV�WR�TXDQWLI\�WKH�OLYH�ORDG�VWUDLQ 
VSHFWUXP�DW�WKUHH�FULWLFDO�ORFDWLRQV�LQ�WKH�WKUHH�VSDQ�FRQWLQXRV�ER[�JLUGHUV���5DLQIORZ�VWUDLQ�F\FOH 
FRXQWLQJ�ZDV�XVHG�WR�TXDQWLI\�WKH�VSHFWUXP��DQG�VWUDLQ�WLPH�KLVWRULHV�ZHUH�UHFRUGHG�WR�YHULI\�WKH 
VSHFWUXP�UHVSRQVHV���7HQVLRQ�IODQJH�VWUDLQ�UDQJHV�PHDVXUHG�ZHUH�YHU\�ORZ�ZKHQ�FRPSDUHG�WR 
GHVLJQ�VWUDLQV�VWUHVVHV���7KH�PD[LPXP�VWUHVV�UDQJHV�PHDVXUHG�RYHU�D�RQH�PRQWK�SHULRG�DUH�OHVV 
WKHQ������SVL��ZLWK�WKH�U�P�F��VWUHVV�UDQJHV�OHVV�WKDQ������SVL�IRU�WUXFN�WUDIILF�DQG�QHDU�����SVL 
IRU�DOO�WUDIILF�PHDVXUHG� 

2.3 THERMAL STRESSES IN BOX GIRDERS 

2.3.1 Temperatures measured inside box girder 

,W�LV�OLNHO\�WKH�PRVW�VLJQLILFDQW�WHPSHUDWXUH�GLIIHUHQWLDO�LQGXFHG�VWUHVVHV�LQ�WKH�ER[�JLUGHU�VHFWLRQV 
FRPH�IURP�GLUHFW�UDGLDWLRQ�KHDWLQJ�IURP�WKH�VXQ���7KH�'�JLUGHU�LV�PRVW�VWURQJO\�DIIHFWHG�E\�WKLV 
GLIIHUHQWLDO�KHDWLQJ���7KH�XSVWUHDP�ZHE�RI�WKLV�JLUGHU�UHFHLYHV�WKH�PRVW�GLUHFW�VXQOLJKW�H[SRVXUH� 
HVSHFLDOO\�GXULQJ�WKH�VXPPHU�PRQWKV���7KH�GRZQVWUHDP�ZHE�LV�FRPSOHWHO\�VKDGHG�DQG�W\SLFDOO\ 
����WR�����)�FRROHU�WKDQ�WKH�XSVWUHDP�ZHE���7KH�DLU�WHPSHUDWXUH�LQ�WKH�'�JLUGHU�DOVR�FKDQJHV 
VLJQLILFDQWO\�GXULQJ�WKH�VXPPHU��ZLWK�GDLO\�WHPSHUDWXUH�FKDQJHV�RI�����WR�����)�EHLQJ�FRPPRQ� 
7DEOH�����VKRZV�WKH�WHPSHUDWXUHV�PHDVXUHG�LQ�WKH�'�JLUGHU�RQ�D�W\SLFDO�ODWH�VXPPHU�RU�HDUO\�IDOO 
GD\� 

Table 2.2: Temperature (º F) in girder D on 10/9/96.  Weather: sunny; highs in the low 80’s. 
9:40 am 10:50 am 11:25 am 11:50 am 12:25 pm 4:30 pm 

Upstream web 
(inside surface) 

�� �� ��� ��� ��� ��� 

Downstream web 
( inside surface) 

�� �� �� �� �� �� 

Bottom Flange 14 
inches from 
downstream web 

�� �� �� �� �� 1�$ 

Inside air �� �� �� �� 1�$ 1�$ 
temperature 

2.3.2 Flange stresses from thermal gradients 

7KH�RULJLQDO�GHVLJQ�FDOFXODWLRQV�IRU�WKH�ER[�JLUGHUV��2'27�FDOFXODWLRQ�ERRNV����DQG���$��PDNH 
QR�UHIHUHQFH�WR�WKHUPDO�VWUHVV�DQDO\VLV���)URP�H[SHULHQFH�DQG�PHDVXUHPHQWV�LQVLGH�WKH�'�JLUGHU� 
WKH�XSVWUHDP�ZHE�SODWH�FKDQJHV�WHPSHUDWXUH�UDSLGO\�UHODWLYH�WR�WKH�IODQJH�DQG�GRZQVWUHDP�ZHE 
SODWH���$V�WKH�XSVWUHDP�ZHE�SODWH�LQFUHDVHV�LQ�WHPSHUDWXUH��LW�LV�UHVLVWHG�E\�WKH�WRS�DQG�ERWWRP 
IODQJH�SODWHV�WKDW�DUH�VORZHU�WR�KHDW���7KLV�DFWLRQ�ZRXOG�SXW�WKH�XSVWUHDP�ZHE�SODWH�LQ 
FRPSUHVVLRQ�DORQJ�WKH�ORQJLWXGLQDO�GLUHFWLRQ�RI�WKH�JLUGHU��7KH�IODQJH�SODWHV�ZLOO�WKHQ�H[SHULHQFH 
D�FRPELQDWLRQ�RI�WHQVLRQ�DORQJ�WKH�ORQJLWXGLQDO�GLUHFWLRQ�DQG�LQ�SODQH�EHQGLQJ�DERXW�DQ�D[LV 
QRUPDO�WR�WKH�VXUIDFH�RI�WKH�IODQJH�SODWH���7KH�EHQGLQJ�VWUHVV�JUDGLHQW�LV�VXFK�WKDW�WKH�PD[LPXP 
WHQVLRQ�IURP�EHQGLQJ�LV�RQ�WKH�KRW�VLGH�RI�WKH�JLUGHU� 

��




$Q�DWWHPSW�WR�TXDQWLW\�WKHUPDO�VWUHVVHV�ZDV�PDGH�XVLQJ�ILQLWH�HOHPHQW�DQDO\VLV��)($����)LJXUH 
�����VKRZV�WKH�PHVK�RI�D�WKHUPDO�VWUHVV�PRGHO�RI�D�VHFWLRQ�RI�ER[�JLUGHU���2QH�ZHE�SODWH�ZDV 
JLYHQ�DQ�LQFUHDVLQJ�WKHUPDO�ORDG�ZKLOH�WKH�RWKHU�ZDV�KHOG�DW�FRQVWDQW�WHPSHUDWXUH���7KH�IODQJH 
SODWHV�ZHUH�DOVR�KHOG�DW�WKH�VDPH�WHPSHUDWXUH�DV�WKH�FRROHU�ZHE�SODWH���$V�WKH�KHDWHG�ZHE�SODWH 
LQFUHDVHG�LQ�WHPSHUDWXUH��LQWHUQDO�IRUFHV�VKLIW�DQG�WKH�IODQJHV�ZHUH�SXW�LQWR�LQ�SODQH�EHQGLQJ�GXH 
WR�WKH�GLIIHUHQFH�LQ�WKHUPDO�VWUDLQ�LQ�WKH�ZHEV���/RQJLWXGLQDO�VWLIIHQHUV�ZHUH�DGGHG�WR�SUHYHQW 
EXFNOLQJ�RI�WKH�ZHE�SODWHV��ZKLFK�ZRXOG�PDQLIHVW�LWVHOI�DV�D�QXPHULFDO�LQVWDELOLW\�LQ�WKH�)($ 
PRGHO���7KH�VWLIIHQHUV�LQFRUSRUDWHG�LQWR�WKH�PRGHO�VXSSOLHG�VOLJKWO\�PRUH�VWLIIQHVV�WKDQ�WKRVH�LQ 
WKH�UHDO�JLUGHUV���7KLV�HUURU��WKRXJK�QHFHVVDU\�IRU�QXPHULFDO�VWDELOLW\��\LHOGHG�FRQVHUYDWLYH�UHVXOWV 
GXH�WR�WKH�H[WUD�VHFWLRQ�WKDW�LPSDUWHG�ODUJHU�WKHUPDO�ORDGV�LQWR�WKH�IODQJHV���%DVHG�RQ�WKH 
PHDVXUHG�WHPSHUDWXUH�GDWD��D�WHPSHUDWXUH�JUDGLHQW�EHWZHHQ�RSSRVLWH�ZHE�SODWHV�RI�OHVV�WKHQ 
����)�ZDV�W\SLFDO�IRU�D�VXQQ\�VXPPHU�GD\� 

)LJXUH�������(QG�YLHZ�RI�ILQLWH�HOHPHQW�PRGHO�XVHG�WR�HVWLPDWH�WKHUPDO�VWUHVVHV�LQ�IODQJH�RI�ER[�JLUGHUV 

7KH�UHVXOWLQJ�VWUHVV�JUDGLHQW�LQ�WKH�WRS�DQG�ERWWRP�IODQJH�SODWH�LV�VKRZQ�LQ�)LJXUH��������$W�D 
WHPSHUDWXUH�GLIIHUHQWLDO�RI�����)�WKH�PD[LPXP�LQ�SODQH�EHQGLQJ�VWUHVV�ZDV�������SVL���7KHUPDO 
VWUHVV�F\FOHV�VXFK�DV�WKRVH�GLVFXVVHG�DERYH�ZRXOG�KDYH�D�IUHTXHQF\�RI�RFFXUUHQFH�RQ�WKH�RUGHU�RI 
����F\FOHV�SHU�\HDU��VLQFH�WKH�PDMRULW\�RI�GD\V�LQ�WKLV�ORFDWLRQ�KDYH�PLOG�WHPSHUDWXUHV�LQ�WKH 
UDQJH�RI�����WR�����)��ZLWK�SDUWLDO�WR�IXOO�RYHUFDVW�VNLHV� 

��




Flange plate thermal stress from FEA 
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)LJXUH�������&DOFXODWHG�WKHUPDO�VWUHVV�LQ�IODQJH�SODWHV��LQ�SODQH�EHQGLQJ� 

2.4 SEISMIC LOADING 

$�VHLVPLF�DQDO\VLV�ZDV�SHUIRUPHG�RQ�WKH�ER[�JLUGHUV�DV�SDUW�RI�WKH������6HLVPLF�5HWURILW�SURMHFW 
RQ�WKH�VWUXFWXUH��ODOT 1999����$OO�IODQJH�VWUHVVHV�IURP�WKH�DVVXPHG�VHLVPLF�ORDGLQJ�ZHUH�OHVV 
WKDQ�����NVL� 

2.5 RESIDUAL STRESS ANALYSIS OF FLANGE PLATES 

7KH�IODQJH�SODWHV�LQ�WKHVH�ODUJH�ER[�JLUGHUV�DUH�YHU\�PXFK�WKUHH�GLPHQVLRQDO�ZKHQ�YLHZHG�IURP 
D�PDFUR�SHUVSHFWLYH���7KLFNQHVVHV�UDQJH�IURP���WR��ò�LQFKHV�LQ�ERWK�WRS�DQG�ERWWRP�IODQJHV�ZLWK 
����EXWW�ZHOGV���5HIHU�WR�&KDSWHU���IRU�D�VWUXFWXUDO�GHVFULSWLRQ���,Q�DGGLWLRQ�WR�WKH�GHDG��OLYH�DQG 
WKHUPDO�ORDGV��VWUHVVHV�LQ�WKH�IODQJH�SODWHV�DQG�ZHOGV�LQFOXGH�LQWHUQDO�DQG�H[WHUQDO�UHVLGXDO 
VWUHVVHV�IURP�IDEULFDWLRQ�RSHUDWLRQV���7KH�H[WHUQDO�VRXUFH�LV�IURP�ZHOGHG�DWWDFKPHQWV� 
VSHFLILFDOO\�WKH�ZHEV���7KH�LQWHUQDO�VRXUFHV�RI�UHVLGXDO�VWUHVVHV�FRPH�IURP�WKH�UROOLQJ�RI�WKH�VWHHO 
SODWH�IURP�D�FDVW�LQJRW�DQG�WKH�WKHUPDO�DQG�VKULQNDJH�VWUHVVHV�IURP�WKH�EXWW�ZHOGV� 

2I�WKHVH�VRXUFHV�RI�UHVLGXDO�VWUHVV�LQ�WKH�IODQJH�SODWHV��WKH�EXWW�ZHOGV�KDYH�WKH�ODUJHVW�PDJQLWXGH 
RYHU�WKH�JUHDWHVW�GHSWK�LQWR�WKH�SODWHV���5ROOLQJ�VWUHVVHV�DUH�DOVR�VLJQLILFDQW�EXW�RI�OLPLWHG�GHSWK� 
HVSHFLDOO\�LQ�WKH�WKLFNHU�SODWHV���7KH�VWUHVVHV�LPSDUWHG�E\�WKH�ZHOGLQJ�RI�WKH�ZHE�WR�WKH�IODQJH�DUH 
ODUJH�LQ�PDJQLWXGH�EXW�OLPLWHG�LQ�GHSWK�ZKHQ�FRPSDUHG�WR�WKH�EXWW�ZHOGV��DQG�WKH\�DUH�JHQHUDOO\ 
RUWKRJRQDO�WR�WKH�GLUHFWLRQ�RI�PDLQ�IRFXV�±�WKH�ORQJLWXGLQDO�GLUHFWLRQ�RI�WKH�JLUGHU� 

��




7KH�LQWHUQDO�UHVLGXDO�VWUHVVHV�IURP�WKH�EXWW�ZHOGV�DUH�RI�ODUJH�PDJQLWXGH�DQG�KDYH�YHU\�VWHHS 
VSDWLDO�JUDGLHQWV��HVSHFLDOO\�LQ�WKH�SODQH�RI�WKH�WKLFNQHVV�DQG�ORQJLWXGLQDO�GLUHFWLRQ�RI�WKH�JLUGHU� 
7KH�(6:�LV�PDGH�LQ�ZKDW�FDQ�EH�WKRXJKW�RI�DV�D�FRQWLQXRXV�FDVWLQJ�SURFHVV��ZKHUH�WKH�FDVWLQJ�LV 
MRLQLQJ�WKH�WZR�SODWHV�EHLQJ�ZHOGHG���)LJXUH������GHSLFWV�DQ�(6:�ZHOG�LQ�SODQ�DQG�VHFWLRQ 
HOHYDWLRQ�YLHZV���7KLV�ZHOGLQJ�SURFHVV�EDVLFDOO\�SRXUV�D�FDVWLQJ�LQWR�WKH�JDS�EHWZHHQ�WKH�HQGV�RI 
WKH�SODWHV�WR�EH�ZHOGHG���7KH�RXWHU�VXUIDFH�RI�WKH�JDS�LV�IDFHG�RII�ZLWK�D�SDLU�RI�ZDWHU�FRROHG 
FRSSHU�VKRHV� 

7KH�ZHOG�UHJLRQ�FRROV�IURP�WKH�RXWVLGH�LQ�DV�KHDW�LV�FRQGXFWHG�WKURXJK�WKH�SODWHV�DQG�FRSSHU 
VKRHV���$V�WKH�ZHOG�PHWDO�DQG�PHOWHG�EDVH�PHWDO�FRRO��D�VROLGLILHG�VKHOO�IRUPV�DURXQG�WKH�FRUH�RI 
WKH�ZHOG���7KH�VROLGLILFDWLRQ�IURQW�PRYHV�SURJUHVVLYHO\�WRZDUGV�WKH�FRUH�XQWLO�DOO�PHWDO�UHWXUQV�WR 
D�VROLG�SKDVH���7KH�OLTXLG�WR�VROLG�SKDVH�WUDQVIRUPDWLRQ�LV�DFFRPSDQLHG�E\�D�FKDQJH�LQ�GHQVLW\ 
DQG�D�FKDQJH�LQ�VKHDU�VWUHQJWK���7KH�VROLG�EHFRPHV�PRUH�GHQVH�DQG�GHYHORSV�WKH�DELOLW\�WR�UHVLVW 
VKHDU�GHIRUPDWLRQ��L�H���IORZ�RI�PDWHULDO���$V�WKLV�FRROLQJ�SURJUHVVHV�WKH�FRROHG�RXWHU�VKHOO 
GHYHORSV�FRPSUHVVLYH�VWUHVVHV�DV�WKH�FRUH�LQFUHDVHV�LQ�GHQVLW\�DQG�SXOOV�RQ�WKH�RXWHU�VKHOO���7KH 
LQQHU�FRUH�HQGV�XS�LQ�WULD[LDO�WHQVLRQ� 

7KLV�GHVFULSWLRQ�RI�WKH�GHYHORSPHQW�RI�WKHVH�VWUHVVHV�LV�TXLWH�ZHOO�NQRZQ�ERWK�IURP�D�TXDOLWDWLYH 
DQG�TXDQWLWDWLYH�SHUVSHFWLYH���$QDO\WLFDO�DQG�H[SHULPHQWDO�UHVHDUFK�KDYH�VKRZQ�WKHVH�VWUHVVHV�WR 
H[LVW�DV�VXFK�DQG�ZLWK�PDJQLWXGHV�RQ�WKH�RUGHU�RI�WKH�\LHOG�VWUHVV�RI�WKH�VWHHO��Ferrill, et al. 1966; 
Ruud, et al. 1981; Ruud, et al. 1993�� 

5ROOLQJ�VWUHVVHV�FDQ�DOVR�UHDFK�WKHVH�PDJQLWXGHV�EXW�JHQHUDOO\�IRUP�D�FRPSUHVVLYH�VWUHVV�LQ�WKH 
VXUIDFH�RU�[�\�SODQH�WKDW�GLPLQLVK�UDSLGO\�LQ�WKH�WKLFNQHVV�RU�]�GLUHFWLRQ���7KHVH�LQWHQVH�\HW�WKLQ 
FRPSUHVVLYH�OD\HUV�±�WRS�DQG�ERWWRP�±�DUH�EDODQFHG�E\�D�ORZ�PDJQLWXGH�WHQVLOH�ILHOG�RYHU�WKH 
PDMRULW\�RI�WKH�WKLFNQHVV� 

%HFDXVH�WKH�(6:�SURFHVV�LV�RI�VXFK�KLJK�KHDW�LQSXW�DQG�VORZ�FRROLQJ�UDWH��PXFK�RI�WKH�UROOLQJ 
VWUHVVHV�LQ�WKH�YLFLQLW\�RI�WKH�ZHOGV�DUH�ERWK�DQQHDOHG�IURP�WKH�WHPSHUDWXUH�WLPH�KLVWRU\�DQG 
GRPLQDWHG�E\�WKH�LQWURGXFWLRQ�RI�ZHOGLQJ�VWUHVVHV���7KXV�D�VWURQJ�FDVH�FDQ�EH�PDGH�WR�QRW�KDYH 
WR�FRQVLGHU�WKH�LQWHUDFWLRQ�RI�WKHVH�UHVLGXDO�VWUHVVHV�DQG�IRFXV�RQ�WKH�GRPLQDQW�ZHOGLQJ�LQGXFHG 
UHVLGXDO�VWUHVVHV� 

2.5.1 Experimental verification of residual stresses 

$FFXUDWHO\�TXDQWLI\LQJ�WKH�LQWHUQDO�VWUHVV�GLVWULEXWLRQ�IRU�WKH�ZHOGV�RQ�WKLV�VWUXFWXUH��WKRXJK�QRW 
LPSRVVLEOH��LV�D�GLIILFXOW�DQG�WLPH�FRQVXPLQJ�SUREOHP���$V�VKRZQ�LQ�WKH�FLWHG�UHIHUHQFHV��WKH 
VWUHVVHV�DUH�LQWHQVH�LQ�PDJQLWXGH�DQG�VSDWLDO�JUDGLHQWV���$Q�HIIRUW�ZDV�PDGH�WR�YHULI\�WKH�JHQHUDO 
FRQFOXVLRQV�GUDZQ�DERXW�WKH�VWUHVV�ILHOG�LQ�WKH�IODQJH�SODWHV���7ZR�W\SHV�RI�PHDVXUHPHQWV�ZHUH 
PDGH�IRU�WKLV�SXUSRVH� 
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7KH�ILUVW�PHDVXUHPHQW�ZDV�FRXSOHG�WR�WKH�ZHOG�DQG�EDVH�PHWDO�FRUH�H[WUDFWLRQV�IRU�WKH�PDWHULDO 
WHVWLQJ�SURJUDP���7KURXJK�WKLFNQHVV�FRUHV�RI���ô�LQFK�GLDPHWHU�ZHUH�H[WUDFWHG�IURP 
FRPSUHVVLRQ�IODQJHV�LQ�WKH�%��&�DQG�'�JLUGHUV���7KHVH�FRUHV�ZHUH�FHQWHUHG�RYHU�EDVH��+$=�DQG 
DOO�ZHOG�PHWDO�UHJLRQV���%LD[LDO�VWUDLQ�JDJHV�ZHUH�DWWDFKHG�WR�WKH�WRS�IDFH��WRS�VXUIDFH�RI�ERWWRP 
IODQJH��RI�WKH�FRUH���7KH�JDXJHV�ZHUH�OLQHG�XS�ZLWK�WKH�ORQJLWXGLQDO�DQG�ODWHUDO�GLUHFWLRQV�RI�WKH 
IODQJH���7KH�JDXJHV�ZHUH�UHDG�EHIRUH�DQG�DIWHU�WKH�WUHSDQQLQJ�RSHUDWLRQ� 

$V�WKH�FRUH�LV�UHPRYHG�IURP�WKH�IODQJH�SODWH�WKH�VWUHVVHV�DFWLQJ�RQ�WKH�FLUFXPIHUHQFH�RI�WKH�FRUH 
DUH�UHOLHYHG��DQG�WKH�FRUH�ZLOO�XQGHUJR�D�FKDQJH�LQ�VKDSH���7KH�JDXJHV�PHDVXUH�WKLV�FKDQJH�DQG 
SURYLGH�D�URXJK�HVWLPDWH�RI�WKH�VWUHVVHV�DFWLQJ�LQ�WKH�SODWH�SULRU�WR�UHPRYDO���7DEOH���� 
VXPPDUL]HV�WKH�UHVXOWV���7KH�GDWD�LQGLFDWH�WKDW�LQ�WKH�ORQJLWXGLQDO�GLUHFWLRQ��[��RI�WKH�SODWH�WKHUH 
LV�D�FRPSUHVVLYH�VWUDLQ�RQ�WKH�RUGHU�RI���������DQG�D�WHQVLOH�VWUDLQ�LQ�WKH�ODWHUDO�GLUHFWLRQ��\��RI 
WKH�VDPH�PDJQLWXGH��HTXLYDOHQW�WR�D�VWUHVV�RI��������SVL���2QO\�WZR�EDVH�PHWDO�FRUHV�ZHUH 
UHPRYHG��VR�OLWWOH�FDQ�EH�LQIHUUHG�IURP�WKHVH�GDWD�RWKHU�WKDQ�WKHUH�DSSHDUV�WR�EH�FRPSUHVVLYH 
VXUIDFH�VWUHVVHV�SUHVHQW� 

Table 2.3: Residual stress estimates from core removal strain measurements. All cores 3½ inch in 
diameter and 3½ inch thick. 

Estimated Stress Prior to Removal 
(ksi ) 

Core Location Metal Type Design Dead Load 
Stress in x-Direction 

( ksi )* x-Direction y-Direction 
'�%� :HOG�FHQWHU ����� ����� ����� 
%�%� :HOG�FHQWHU ����� ����� !������ 
&�%� :HOG�FHQWHU ����� ����� ����� 
'�%� +$= ����� ����� ����� 
'�%� +$= ����� ����� ����� 
'�%� +$= ����� ����� ����� 
%�%� +$= ����� ����� !������ 
%�%� +$= ����� ����� ����� 
%�%� +$= ����� ����� ����� 
&�%� +$= ����� ����� ����� 

'�%��� %DVH�PHWDO ����� ����� ���� 
%��� %DVH�PHWDO ���� ���� ����� 

��� �WHQVLRQ���� �FRPSUHVVLRQ ���LQFK�WKLFN�FRUH 

7KH�DERYH�PHDVXUH�LV�LQ�D�ZD\�WKH�LQYHUVH�RI�WKH�KROH�GULOOLQJ�PHWKRG�DV�GHILQHG�E\�$670 
(�����ZKLFK�ZDV�DOVR�SHUIRUPHG�RQ�D�IODQJH�EXWW�ZHOG���$�WRWDO�RI�VHYHQ�ORFDWLRQV�ZHUH 
LQVWUXPHQWHG�DQG�WHVWHG���7KH�SXUSRVH�ZDV�WR�TXDQWLI\�WKH�UHVLGXDO�VWUHVV�ILHOG�RQ�WKH�VXUIDFH�RI 
WKH�IODQJH�SODWH�DFURVV�D�EXWW�ZHOG���)LJXUH������VKRZV�WKH�PHDVXUHG�YDULDWLRQ�RI��[���\�DQG��[\�LQ 
WKH�ORQJLWXGLQDO�GLUHFWLRQ�RI�WKH�IODQJH�SODWH�DFURVV�ZHOG�&�%���ZKLFK�LV���LQFKHV�WKLFN���7KH 
DEVFLVVD��\�W��LV�WKH�SRVLWLRQ��\��UHODWLYH�WR�WKH�ZHOG�FHQWHUOLQH�QRUPDOL]HG�ZLWK�WKH�SODWH�WKLFNQHVV� 
W��7KH�UHVXOWV�LQGLFDWH�DJDLQ�D�ODUJH�PDJQLWXGH�FRPSUHVVLYH�VWUHVV�RQ�WKH�VXUIDFH�LQ�WKH 
ORQJLWXGLQDO�GLUHFWLRQ�RYHU�WKH�ZHOG���7KH�ODWHUDO�VWUHVV�DOVR�VKRZV�FRPSUHVVLRQ�RI�VLPLODU 
PDJQLWXGH���7KH�VWUHVVHV�UDQJHG�IURP����NVL�WHQVLRQ�WR����NVL�FRPSUHVVLRQ� 

1RQH�RI�WKH�WHVW�ORFDWLRQV�VKRZHG�D�XQLIRUP�VWUHVV�ILHOG�LQ�WKH�WKURXJK�WKLFNQHVV�RU�]�GLUHFWLRQ� 
&RQVHTXHQWO\�WKH�UHVLGXDO�VWUHVV�FDOFXODWLRQ�FRHIILFLHQWV�GR�QRW�KROG�H[DFWO\�WUXH��DQG�WKH 
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FDOFXODWHG�VWUHVVHV�XVLQJ�WKH�EOLQG�KROH�FDOFXODWLRQV��DV�SHU�$670�(�����ZLOO�EH�ORZHU�WKDQ 
DFWXDO�VWUHVVHV���1RQHWKHOHVV�WKLV�GLIILFXOW�WHVW�SURFHGXUH�ZDV�H[HFXWHG�ZLWK�JUHDW�FDUH��DQG�WKH 
UHVXOWV�DUH�YHU\�SODXVLEOH� 

)LJXUH�������5HVXOWV�RI�$670�(�����UHVLGXDO�VWUHVV�PHDVXUHPHQWV�LQ�(6: 

)LJXUH������VKRZV�FRUH�VWUDLQ�PHDVXUHPHQWV�EHIRUH�DQG�DIWHU�UHPRYDO�IURP�WKH�FRPSUHVVLRQ 
IODQJHV���)LJXUH������VKRZV�RQH�RI�WKH�VWUDLQ�URVHWWHV�EHLQJ�UHDG�GXULQJ�WKH�KROH�GULOOLQJ�PHWKRG 
�(�����RI�UHVLGXDO�VWUHVV�PHDVXUHPHQW� 

2.5.2 Summary of residual stress analysis 

9DULRXV�VRXUFHV�RI�UHVLGXDO�VWUHVVHV�ZHUH�GLVFXVVHG�LQFOXGLQJ�ZHOGHG�DWWDFKPHQWV��UROOLQJ 
VWUHVVHV�DQG�EXWW�ZHOGLQJ���$�FDVH�ZDV�GHYHORSHG�VKRZLQJ�WKDW�WKH�VWUHVV�ILHOG�GHYHORSHG�E\�WKH 
EXWW�ZHOGLQJ�RI�WKH�IODQJH�SODWHV�GRPLQDWHG���7KH�VWUHVV�ILHOG�LQ�WKLV�UHJLRQ�RI�WKH�IODQJH�SODWH� 
LQFOXGLQJ�WKH�ZHOG�PHWDO��+$=�DQG�ORFDO�EDVH�PHWDO��LV�VXEMHFWHG�WR�D�LQWHQVH�FRPSUHVVLYH�VKHOO 
ILOOHG�ZLWK�D�WULD[LDO�WHQVLRQ�]RQH�LQ�WKH�FRUH�RI�WKH�ZHOG���7KH�FRPSUHVVLYH�]RQH�ZDV 
H[SHULPHQWDOO\�YHULILHG��DQG�WKH�FRUUHVSRQGLQJ�WHQVLOH�FRUH�ZDV�LPSOLHG��ERWK�IURP�SULRU�DQDO\VLV 
DQG�H[SHULPHQWV�DQG�IURP�UHDVRQ���*LYHQ�WKH�PDJQLWXGH�RI�WKH�FRPSUHVVLYH�VWUHVVHV�PHDVXUHG 
DQG�WKH�LQVLJKW�JDLQHG�IURP�SULRU�ZRUN��LW�LV�SUXGHQW�WR�DVVXPH�WKH�WHQVLOH�VWUHVVHV�LQ�WKH�ZHOG 
PHWDO�FRUH�DUH�RI�D�ZHOG�PHWDO�\LHOG�VWUHVV�PDJQLWXGH� 
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)LJXUH�������:HOG�PHWDO�FRUH�VWUDLQ�PHDVXUHPHQWV���7RS�SKRWR�VKRZV�JDXJH�UHDGLQJ�SULRU�WR�FRUH�UHPRYDO�DQG 
ERWWRP�SKRWR�VKRZV�VWUDLQ�PHDVXUHPHQWV�DIWHU�FRUHV�ZHUH�UHPRYHG�IURP�IODQJH�(6:� 

�� 



)LJXUH�������5HVLGXDO�VWUHVV�PHDVXUHPHQWV�FRQGXFWHG�DFFRUGLQJ�WR�$670�(����� 
3KRWRJUDSKV�FRXUWHV\�RI�0(,�±�&KDUOWRQ��,QF���3RUWODQG��25 
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3.0 MATERIAL TESTING 

3.1 PURPOSE OF MATERIAL TESTING 

,Q�RUGHU�WR�DFFXUDWHO\�DVVHVV�WKH�ILWQHVV�IRU�SXUSRVH�RI�WKH�(6:�LQFRUSRUDWHG�LQWR�WKH�IODQJHV�RI 
WKH�ER[�JLUGHUV��WKH�ZHOG��EDVH�DQG�KHDW�DIIHFWHG�]RQH��+$=��PHWDOV�QHHGHG�WR�KDYH�SHUWLQHQW 
PDWHULDO�SURSHUWLHV�TXDQWLILHG���7KH�SULPDU\�FKDUDFWHULVWLFV�WR�EH�LQYHVWLJDWHG�ZHUH�WKH�IUDFWXUH 
WRXJKQHVV�DQG�IDWLJXH�FUDFN�JURZWK���2WKHU�SURSHUWLHV�VXFK�DV�KDUGQHVV��WHQVLOH��&KDUS\���9�QRWFK 
�&91���FKHPLVWU\�DQG�PLFURVWUXFWXUH�ZHUH�LQYHVWLJDWHG�DV�VXSSRUWLYH�GDWD���7KH�IUDFWXUH 
WRXJKQHVV�RI�D�PDWHULDO�LV�YHU\�PXFK�HIIHFWHG�E\�WKH�WKLFNQHVV��WHPSHUDWXUH�DQG�ORDG�UDWH�DQG 
WKXV�LV�QRW�DQ�LQWULQVLF�PDWHULDO�SURSHUW\���7KLV�WHVWLQJ�SURJUDP�ZDV�WDLORUHG�WR�WKH�VSHFLILF 
HQYLURQPHQW��WKLFNQHVV�DQG�ORDGLQJ�UHTXLUHPHQWV�RI�WKLV�EULGJH� 

3.1.1 Previous work 

,Q������WKUHH���ô�LQ�GLDPHWHU�E\�������LQ�ORQJ�FRUHV�ZHUH�UHPRYHG�IURP�D�FRPSUHVVLRQ�IODQJH�LQ 
WKH�$�JLUGHU�IRU�87�DQG�&91�WHVWLQJ���2QH�RI�WKH�FRUHV�FRQWDLQHG�87�GHIHFWV�IRXQG�GXULQJ�DQ 
LQ�VHUYLFH�LQVSHFWLRQ��DQG�WKH�RWKHU�WZR�ZHUH�XVHG�IRU�&91�WHVWLQJ�RI�WKH�ZHOG�PHWDO�DQG�+$=� 
7KH�FRUHV�ZHUH�VHQW�WR�WKH�&DOWUDQV�0DWHULDOV�ODERUDWRU\�DQG�WHVWHG�XQGHU�WKH�GLUHFWLRQ�RI�(ULF 
1RUGOLQ��Caltrans 1978����7KH�XOWUDVRQLF�WHVWLQJ�ZDV�UHSRUWHG�DV�VXFFHVVIXO��LQ�WKDW�87�GHIHFWV 
ZHUH�FRQILUPHG�E\�VHFWLRQLQJ��$OO�GHIHFWV�H[DPLQHG�ZHUH�IRXQG�WR�EH�JUDLQ�ERXQGDU\�FUDFNLQJ� 
7KH�&91�VWXG\�VKRZHG�WKDW�WKH�ILQH�JUDLQHG�ZHOG�PHWDO�DW�WKH�FHQWHU�RI�WKH�ZHOG�FRUH�KDG�DQ 
DYHUDJH�&91�YDOXH�RI����IW�OEV��WKH�FRXUVH�JUDLQHG�ZHOG�PHWDO�KDG�DQ�DYHUDJH�&91�YDOXH�RI��� 
IW�OEV��DQG�WKH�+$=�KDG�DQ�DYHUDJH�&91�YDOXH�RI����IW�OEV���$OO�WHVWLQJ�ZDV�FRQGXFWHG�DW����)� 
7KH������$,6,�$$6+72�$:6�UHTXLUHPHQW�IRU�ZHOGLQJ�SURFHVVHV�RWKHU�WKDQ�(6:�DQG�(*:�LV 
���IW�OEV�DW����)� 

7KHVH�HDUOLHU�FRUH�H[WUDFWLRQV�UHYHDOHG�WKDW�WKH�FRXUVH�JUDLQHG�ZHOG�PHWDO�KDG�JUDLQ�GLPHQVLRQV 
RQ�WKH�RUGHU�RI���PP���7KLV�LV�D�YHU\�FRXUVH�JUDLQ�VWUXFWXUH�WR�EH�WHVWHG�ZLWK�WKH����PP�E\��� 
PP�&91�VSHFLPHQ�DQG�WKXV�SURYLGHV�D�SODXVLEOH�H[SODQDWLRQ�WR�WKH�ODUJH�H[WUHPH�VSUHDG�RI�WKH 
UHSRUWHG�YDOXHV� 

3.2 INVESTIGATION REOPENED 

,Q�������D�VHFRQG�ORRN�LQWR�WKH�VXLWDELOLW\�RI�WKHVH�ZHOGV�ZDV�EHJXQ���:LWK�WKH�NQRZOHGJH�JDLQHG 
LQ�WKH�ILUVW�LQYHVWLJDWLRQ��LW�ZDV�FOHDU�WKDW�D�PRUH�GHWDLOHG�WHVWLQJ�SODQH�ZRXOG�EH�UHTXLUHG���7KH 
VHFRQG�DSSURDFK�ZDV�HVVHQWLDOO\�D�FRQWLQXDWLRQ�RI�WKH�RULJLQDO�)UDFWXUH�&RQWURO�3ODQ��)&3��IRU 
([LVWLQJ�(OHFWURVODJ�:HOGHG�)UDFWXUH�&ULWLFDO�0HPEHUV��SXEOLVKHG�E\�)+:$�LQ�������ZKLFK 
ZDV�VWDUWHG�ZLWK�WKH�&DOWUDQV�UHSRUW�VLWHG�DERYH���8VLQJ�WKH�SULQFLSDOV�RI�WKH�)&3�D�GHWDLOHG 
PDWHULDO�FRULQJ�SODQ�ZDV�GHYHORSHG� 
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3.3	 WELD, HAZ AND BASE METAL CORES REMOVED FOR BOX 
GIRDERS 

7KH�PDWHULDO�WHVWLQJ�SODQ�UHTXLUHG�FRPSDFW�WHQVLRQ�VSHFLPHQV�ZLWK�D�WKLFNQHVV�RQ�WKH�RUGHU�RI�� 
LQFK��ZKLFK�PHDQV�WKDW�WKH�VL]H�RI�WKH�FRUH�H[WUDFWHG�IURP�WKH�IODQJH�QHHGHG�WR�EH�DW�OHDVW�� 
LQFKHV�LQ�GLDPHWHU���7KH�ODUJHVW�WUHSDQQLQJ�W\SH�FRUH�GULOO�ORFDWHG�ZRXOG�UHPRYH�D��ò�LQFK 
GLDPHWHU�FRUH���)LQGLQJ�D�SRUWDEOH�PDFKLQH�WR�RSHUDWH�WKLV�FXWWHU�DW�LWV�UHFRPPHQGHG�VSHHG�ZDV 
YHU\�GLIILFXOW���7KH�FXWWHU�LV�GHVLJQHG�IRU�IDVW�DQG�HIILFLHQW�VWRFN�UHPRYDO�XVHG�LQ�SURGXFWLRQ 
ZRUN���&XWWLQJ�D���LQFK�GLDPHWHU�KROH��ò�LQFKHV�GHHS�LQ�OHVV�WKDQ����VHFRQGV�UHTXLUHV�ODUJH 
YDOXHV�RI�WRUTXH�DQG�KRUVHSRZHU�IRU�D�SRUWDEOH�PDFKLQH���$�FXVWRP�GULOO�ZDV�GHVLJQHG�DQG 
IDEULFDWHG��DV�VKRZQ�LQ�)LJXUH�������7KLV�XQLW�GHYHORSHG�RYHU�����IW�OEV�RI�WRUTXH�DW�WKH�FXWWHU�DQG 
UHTXLUHG�QHDUO\����KS�WR�UXQ�WKH�K\GUDXOLF�SXPS��ZKLFK�ZDV�UHPRWHO\�ORFDWHG�RQ�WKH�URDGZD\� 

$W�WKH�UHFRPPHQGDWLRQ�RI�)+:$��WKH�2UHJRQ�*UDGXDWH�,QVWLWXWH��2*,��ZDV�FRQWUDFWHG�WR 
SHUIRUP�WKH�WHVWLQJ�RI�WKH�FRUHV��RQFH�UHPRYHG�IURP�WKH�EULGJH��VHH�$SSHQGL[�'����2*,�KDV�EHHQ 
DQ�H[SHUW�LQ�WKH�ILHOG�RI�(6:�VLQFH�WKH�����¶V�DQG�SURYLGHG�JXLGDQFH�LQWR�WKH�VHOHFWLRQ�RI�FRULQJ 
RSHUDWLRQ�ORFDWLRQV�LQ�RUGHU�WR�PD[LPL]H�WKH�XVHIXOQHVV�RI�WKH�ZHOG�DQG�+$=�PHWDO� 

)RXUWHHQ�FRUHV�ZHUH�UHPRYHG�IURP�YDULRXV�FRPSUHVVLRQ�IODQJHV�LQ�WKH�%���&��DQG�'�JLUGHUV�IRU 
PDWHULDO�FKDUDFWHUL]DWLRQ���7KH�KROHV�ZHUH�ILWWHG�ZLWK�H[SDQGLQJ�SOXJV�WKDW�DFWHG�VWUXFWXUDOO\�WR 
ILOO�WKH�KROHV���2I�WKH�IRXUWHHQ�FRUHV�WKDW�ZHUH�UHPRYHG�IURP�WKH�EULGJH��WZR�ZHUH�EDVH�PHWDO 
VSHFLPHQV��ILYH�ZHUH�ZHOG�FHQWHUOLQH�VSHFLPHQV��DQG�WKH�UHPDLQLQJ�VHYHQ�ZHUH�KHDW�DIIHFWHG 
]RQH��+$=��VSHFLPHQV� 

7KH�ZHOG�FHQWHUOLQH�VSHFLPHQV�ZHUH�FHQWHUHG�EHWZHHQ�WKH�ZHOG�IXVLRQ�]RQH�HGJHV��YLVLEOH�DIWHU 
JULQGLQJ�DQG�HWFKLQJ�WKH�VXUIDFH�RI�WKH�ZHOG���7KH�FHQWHU�SRLQW�RI�WKH�+$=�VSHFLPHQV�ZDV�SODFHG 
ò�WR�����LQFK�RXW�IURP�WKH�IXVLRQ�OLQH�HGJH���7KLV�RIIVHW�ZDV�IRXQG�WR�RSWLPL]H�PDWHULDO�XVDJH�IRU 
+$=�WHVW�VSHFLPHQV���)LJXUH�����GHSLFWV�WKH�FRULQJ�UHODWLYH�WR�WKH�ZHOG�JHRPHWU\� 
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)LJXUH������&RULQJ�(6:�IRU�PDWHULDO�WHVWLQJ�����WRS�OHIW��FORVH�XS�YLHZ�RI���LQFK�GLDPHWHU�FXWWHU�����WRS�ULJKW� 
FXVWRP�EXLOW�GULOO�����ERWWRP�OHIW��GULOOLQJ�DQG�WDSSLQJ�PRXQWLQJ�KROHV�����GULOO�LQ�SODFH�UHDG\�WR�FRUH 
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)LJXUH������'HSLFWLRQ�RI�KRZ�FRUHV�ZHUH�FHQWHUHG�WR�PD[LPL]H�ZHOG�DQG�+$=�PDWHULDO�RI�WKH�(6: 
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3.4 PHASE 1 TESTING 

:KHQ�SHUIRUPLQJ�IUDFWXUH�WRXJKQHVV�WHVWV�LW�LV�YHU\�KHOSIXO�WR�NQRZ�DKHDG�RI�WLPH�WKH�YDOXHV�RI 
WKH�SDUDPHWHUV�\RX�DUH�WHVWLQJ�IRU���7KLV�NQRZOHGJH�FDQ�JUHDWO\�LPSURYH�WKH�YDOLGLW\�RI�WKH�WHVW� 
HVSHFLDOO\�ZKHQ�WHVWLQJ�VSHFLPHQV�ZLWK�D�WKLFNQHVV�GLPHQVLRQ�VLJQLILFDQWO\�VPDOOHU�WKDQ�WKH 
SODWHV�XVHG�LQ�VHUYLFH���)RU�WKLV�UHDVRQ�D�IHZ�RI�WKH�FRUHV�UHPRYHG�IURP�WKH�VWUXFWXUH�ZHUH 
VXEMHFWHG�WR�&91��KDUGQHVV��FRPSRVLWLRQ�DQG�PLFURVWUXFWXUDO�FKDUDFWHUL]DWLRQ�SULRU�WR�GHVLJQLQJ 
WKH�PRUH�LQ�GHSWK�IUDFWXUH�WRXJKQHVV�WHVWLQJ�SODQ��,QIRUPDWLRQ�IURP�3KDVH���ZRXOG�KHOS�TXDQWLI\ 
WKH�WHVWLQJ�UHTXLUHPHQWV�QHHGHG�IRU�PRUH�DFFXUDWH�IUDFWXUH�WRXJKQHVV�WHVWV�VXFK�DV�$670�(���� 
(�����(�����DQG�(����WKDW�ZHUH�EHLQJ�FRQVLGHUHG�IRU�3KDVH���WHVWLQJ���7KH�&91�WHVWLQJ 
SHUIRUPHG�LQ������WHVWHG�VHYHUDO�PHWDOOXUJLFDOO\�GLIIHUHQW�UHJLRQV��EXW�DOO�DW�WKH�VDPH 
WHPSHUDWXUH���,Q�RUGHU�WR�HVWLPDWH�UHDO�IUDFWXUH�SURSHUWLHV��D�&91�YHUVXV�WHPSHUDWXUH�UHODWLRQVKLS 
ZDV�UHTXLUHG� 

3.4.1 CVN testing 

&91�WRXJKQHVV�VSHFLPHQV�ZHUH�PDFKLQHG�IURP�WKH�ZHOG�FHQWHU�DW�PLG�WKLFNQHVV��TXDUWHU 
WKLFNQHVV�DQG�QHDU�WKH�VXUIDFH���,Q�DGGLWLRQ��&91�VSHFLPHQV�ZHUH�PDFKLQHG�DW�WKH�PLG�WKLFNQHVV 
+$=�ORFDWLRQ�ZLWKLQ���PP��������LQ��IURP�WKH�IXVLRQ�OLQH���7KHVH�VSHFLPHQV�ZHUH�WHVWHG�RYHU�D 
UDQJH�RI�WHPSHUDWXUHV�DV�UHSRUWHG�LQ�)LJXUH����� 

,W�FDQ�EH�VHHQ�WKDW�WKH�WUDQVLWLRQ�IURP�D�EULWWOH�WR�D�GXFWLOH�IDLOXUH�PRGH�RFFXUUHG�DURXQG�����)�DW 
G\QDPLF�VWUDLQ�UDWHV���7HQVLOH�WHVWV�ZHUH�DOVR�SHUIRUPHG�RQ�WKH�ZHOG�PHWDO��Koon-Hall-Adrian 
1997����7KH�UHVXOWV�RI�WUDQVYHUVH�DQG�ORQJLWXGLQDO��UHODWLYH�WR�ZHOGLQJ�GLUHFWLRQ��WHQVLOH�WHVWV�DUH 
VKRZQ�LQ�7DEOH����� 

Table 3.1: All weld metal tensile properties at mid thickness 
Orientation 
Relative to 

weld 
direction 

�ult (psi) 
0.2% offset 
�ys (psi) 

Elongation 
in 4D (%) 

Reduction 
of area (%) 

Temp I.D. 

3DUDOOHO 
\�GLU� ������ ������ ���� ���� 5RRP &�%���PLG�� 

7UDQVYHUVH ������ ������ ���� ���� 5RRP &�%���PLG��[�GLU� 

7KH�%DUVRP�5ROIH�WZR�VWDJH�FRUUHODWLRQ�ZDV�XVHG�WR�HVWLPDWH�SODQH�VWUDLQ�IUDFWXUH�WRXJKQHVV 
IURP�&91�DQG�WHQVLOH�GDWD��Barsom and Rolfe 1987����7KHQ�DQ�HVWLPDWH�RI�WKH�H[SHFWHG 
WRXJKQHVV�DW�WKH�ORZHVW�DQWLFLSDWHG�VHUYLFH�WHPSHUDWXUH��/$67��DQG�LQ�VHUYLFH�VWUDLQ�UDWH�RI�WKH 
VWUXFWXUH�RI����)�DQG������VHF���UHVSHFWLYHO\��ZDV�GHYHORSHG���$�WHPSHUDWXUH�VKLIW�RI�����)�ZDV 
FDOFXODWHG�DV�WKH�GLIIHUHQFH�EHWZHHQ�WKH�G\QDPLF�VWUDLQ�UDWH�RI�WKH�&91�WHVW�DQG�LQ�VHUYLFH�VWUDLQ 
UDWH���5HIHU�WR�(TXDWLRQ���IRU�WKH�WHPSHUDWXUH�VKLIW�DQG�(TXDWLRQ���IRU�&91�.,G�UHODWLRQVKLS� 

��




8VLQJ�WKLV�FRUUHODWLRQ��D�FULWLFDO�VWUHVV�LQWHQVLW\�HVWLPDWH�RI�����NVL�LQ����DW����)�ZDV�FDOFXODWHG�IRU 
WKH�DOO�ZHOG�PHWDO�UHJLRQ�DW�PLG�WKLFNQHVV���6HH�)LJXUH����� 

Tshift = 0.75(215 – 1.5�ys)º F (1) 

for 36 ksi < �ys < 140 ksi 

K2
Id / E = 5 (CVN) impact (psi-in., ft-lb)�������� (2) 

ESW Metal CVN Results 
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)LJXUH������7RXJKQHVV�GDWD�RI�(6:�PHWDO�IURP�&KDUS\�9�QRWFK�WHVWLQJ��'LDPRQGV�UHDG�RQ�WKH�&91�VFDOH�RQ�OHIW� 
VTXDUHV�FRUUHODWH�WR�WKH�SUHGLFWHG�IUDFWXUH�WRXJKQHVV�UHDG�RQ�ULJKW�VFDOH� 

3.4.2 Chemical Composition and Weldability 

5HSUHVHQWDWLYH�VDPSOHV�RI�ZHOG�PHWDO�DQG�$���EDVH�PHWDO�ZHUH�FKHPLFDOO\�DQDO\]HG�DV�VKRZQ�LQ 
7DEOH�������7KH�RQO\�GLIIHUHQFHV�EHWZHHQ�WKH�ZHOG�PHWDO�DQG�EDVH�PHWDO�FRPSRVLWLRQV�ZHUH 
ORZHU�FDUERQ�DQG�JUHDWHU�DOOR\�FRQWHQW�RI�WKH�ZHOG�PHWDO�UHVXOWLQJ�LQ�D�VLPLODU�3FP�EXW�KLJKHU 

��




&(,,:��RI�WKH�ZHOG�PHWDO���7KH�GLIIHUHQFHV�EHWZHHQ�ZHOG�PHWDO�DQG�EDVH�PHWDO�ZHUH�RQ�WKH�VDPH 
RUGHU�UHODWLYH�WR�WKH�YDULDWLRQV�IURP�ZHOG�WR�ZHOG� 

Table 3.2: Chemical composition of weld and base metals 
Element Weld Metal Core 

D7B2 (%) 
Weld Metal Core 

C7B2 (%) 
Base Metal (A36) 

(%) 
& ���� ��� ��� 
0Q ���� ��� ���� 
6L ��� 1�$ ��� 
&U ��� 1�$ ��� 
1L ��� 1�$ ��� 
0R ��� ����� � 
&X ��� ��� ��� 
6 ���� 1�$ ���� 
3 ���� 1�$ ���� 
$O ���� 1�$ ���� 
&E ���� 1�$ ���� 
Pcm �25 .25 
CIIW .44 .37 

3.4.3 Microstructure 

$�GHWDLOHG�GHVFULSWLRQ�RI�PHWDOOXUJLFDO�UHJLRQV�IRXQG�ZLWK�WKH�(6:�LV�LQFOXGHG�LQ�$SSHQGLFHV�& 
DQG�'���,Q�VXPPDU\��WKH�ZHOGV�H[DPLQHG�RQ�WKLV�VWUXFWXUH�ZHUH�W\SLFDO�RI�WKH�ROGHU�WHFKQRORJ\ 
VWDQGDUG�JDS�PHWKRG���:DWHU�FRROHG�VKRHV�ZHUH�XVHG�EXW�ODUJH�JUDLQHG�ZHOG�DQG�+$=�VWUXFWXUHV 
ZHUH�FRPPRQ�LQ�DOO�FRUHV���60$:�UHSDLU�ZHOGV�ZHUH�ORFDWHG�RQ�QHDUO\�DOO�RI�WKH�FRUHV 
H[WUDFWHG� 

3.5 PHASE II TESTING 

3KDVH�,,�WHVWLQJ�ZDV�FRPSULVHG�RI����XVLQJ�DQ�DSSURSULDWH�IUDFWXUH�WRXJKQHVV�WHVW�RQ�FRPSDFW 
WHQVLRQ�VSHFLPHQV�DW�WKH�/$67�DQG�LQ�VHUYLFH�VWUDLQ�UDWHV��DQG����TXDQWLI\LQJ�WKH�FUDFN�JURZWK 
WKUHVKROG�VWUHVV�LQWHQVLW\�UDQJH�IRU�WKH�ZHOG��+$=�DQG�EDVH�PHWDOV� 

3.5.1 Fracture toughness 

7KH�3KDVH�,�&91�GDWD�LQGLFDWHG�WKDW�DW�WKH�/$67�RI����)�DQG�LQ�VHUYLFH�VWUDLQ�UDWH�RI������VHF��� 
WKH�IDLOXUH�PRGH�ZRXOG�RFFXU�VRPHZKHUH�LQ�WKH�WUDQVLWLRQ�UHJLRQ�IURP�EULWWOH�WR�GXFWLOH�EHKDYLRU� 
7KLV�IDFW�FRPSOLFDWHG�VHOHFWLRQ�RI�DQ�DSSURSULDWH�PHWKRG�RI�TXDQWLI\LQJ�WRXJKQHVV���*LYHQ�WKH 
KLJKO\�UHVWULFWLYH�VSHFLPHQ�VL]H�UHTXLUHPHQWV�RI�$670�(����LW�ZDV�IRUHVHHQ�WKDW�PHDVXULQJ�D 
YDOLG�.,F�YDOXH�ZLWK�D�&7�VSHFLPHQ�WKLFNQHVV�RQ�WKH�RUGHU�RI���LQFK�ZDV�XQOLNHO\���,I�VWDEOH�FUDFN 
JURZWK�FRXOG�EH�DFKLHYHG�WKHQ�-,F�PD\�EH�DWWDLQDEOH�DV�GHILQHG�LQ�$670�(������8VLQJ�D�&72' 
DSSURDFK��DV�GHILQHG�LQ�$670�(������ZDV�QRW�SUDFWLFDO��EHFDXVH�LW�LV�JHQHUDOO\�UHFRPPHQGHG 
IRU�IXOO�WKLFNQHVV�WHVW�VSHFLPHQV���$QGHUVRQ�DQG�'RGGV�IRXQG�WKDW�ZKHQ�D�IUDFWXUH�WHVW�VSHFLPHQ 

������������������������������������������������ 
��3FP�DQG�&(,,:�DUH�GHILQHG�LQ�$QQH[�9,,,�RI�WKH�$:6�'����%ULGJH�:HOGLQJ�&RGH� 

��




SURYLGHG�LQDGHTXDWH�WULD[LDO�UHVWUDLQW�IRU�YDOLG�.,F�PHDVXUHPHQWV��\HW�GLG�QRW�DFKLHYH�VWDEOH�FUDFN 
JURZWK�LQ�RUGHU�WR�VDWLVI\�-,&��D�FRUUHFWLRQ�FRXOG�EH�PDGH��EDVHG�RQ�VPDOO�VFDOH�\LHOG�FULWHULD�WKDW 
FDQ�SUHGLFW�WKH�IXOO�WKLFNQHVV�WRXJKQHVV�RI�D�PDWHULDO�XVLQJ�D�SDUWLDO�WKLFNQHVV�VSHFLPHQ 
�Anderson and Dodds 1991�� 

7KLV�DSSURDFK�DSSHDUHG�ZHOO�VXLWHG�WR�WKLV�SDUWLFXODU�PDWHULDO��DQG�WKH�&7�VSHFLPHQV�ZHUH 
PDFKLQHG�LQWR�WKH�ODUJHVW�VTXDUH�VSHFLPHQ�DWWDLQDEOH�IURP�WKH�����LQ�GLDPHWHU�FRUHV���$670 
(����ZDV�FKRVHQ�DV�WKH�WHVWLQJ�SURFHGXUH���,I�WKH�GDWD�UHYHDOHG�WKDW�WKH�PDWHULDO�ZDV�H[WUHPHO\ 
EULWWOH�WKHQ�LW�FRXOG�EH�FRQYHUWHG�WR�.,F�DV�GHILQHG�LQ�(������8QGHU�OLQHDU�HODVWLF�IUDFWXUH 
PHFKDQLFV��/()0��DVVXPSWLRQV�LW�LV�QRW�XQUHDVRQDEOH�WR�FRQYHUW�WKH�ORDG�OLQH�GLVSODFHPHQWV�WR 
WKH�FUDFN�RSHQLQJ�GLVSODFHPHQWV��&2'��UHTXLUHG�LQ�(���� 

)LJXUH�����VKRZ�WKH�&7�VSHFLPHQ�JHRPHWU\���7KH�VSHFLPHQV�PDFKLQHG�KDG�D�:�GLPHQVLRQ�RI���� 
LQFKHV�DQG�D�WKLFNQHVV�%�RI�����LQFKHV���6LGH�QRWFKHV�ZHUH�XVHG�WR�KHOS�PDLQWDLQ�FUDFN�WLS�IURQW 
XQLIRUPLW\�XQGHU�WKH�LQWHQVH�UHVLGXDO�VWUHVV�VWDWH�RI�ZHOG�PHWDO�UHVXOWLQJ�LQ�DQ�HIIHFWLYH�% 
GLPHQVLRQ�RI������LQFKHV���6SHFLPHQV�ZHUH�WHVWHG�DW�URRP�WHPSHUDWXUH�DQG�DW����)�XQGHU�D�ORDG 
UDWH�RI���WR���VHFRQGV�WR�IXOO�ORDG� 

)LJXUH������&RPSDFW�WHQVLRQ�VSHFLPHQ�XVHG�IRU�-�LQWHJUDO�DQG�FUDFN�JURZWK�WHVWLQJ�RI�(6:�PHWDO 

7DEOH�����DQG�)LJXUH�����VXPPDUL]H�WKH�IUDFWXUH�WRXJKQHVV�UHVXOWV�XVLQJ�WKH�&7�VSHFLPHQV���7KH 
ILUVW�IRXU�V\PEROV�RI�WKH�,'�FRGH�ORFDWH�WKH�SRUWLRQ�RI�WKH�EULGJH�ZKHUH�WKH�PDWHULDO�RULJLQDWHG� 
7KH�UHPDLQLQJ�V\PEROV�LGHQWLI\�ZKHWKHU�WKH�VSHFLPHQ�ZDV�PDFKLQHG�IURP�WKH�WRS��7���FHQWHU 
�&���ERWWRP��%��RU�KHDW�DIIHFWHG�]RQH��+$=��RI�WKH�FRUH���$OO�+$=�VSHFLPHQV�ZHUH�PDFKLQHG 
IURP�WKH�FHQWUDO�VHFWLRQ�RI�WKH�FRUH�WKLFNQHVV�LQ�RUGHU�WR�VDPSOH�DV�PXFK�UHSUHVHQWDWLYH�PDWHULDO 
DV�SRVVLEOH���7KH�IDWLJXH�FUDFN�OHQJWK�UHSRUWHG�UDQJHG�IURP������WR������LQFKHV���7KH�VLGH�QRWFKHV 
SURYHG�WR�EH�HIIHFWLYH�LQ�PDLQWDLQLQJ�FUDFN�IURQW�VWUDLJKWQHVV���7KH�PD[LPXP�ORDG�SDWK 

��




GLVSODFHPHQW��/3'PD[��ZDV�IRXQG�WR�EH�DV�ORZ�DV�������LQFK�IRU�WKH�EULWWOH�ZHOG�DQG�+$=�PHWDO 
DQG�DV�ODUJH�DV�������LQFK�IRU�WKH�KLJKO\�GXFWLOH�EDVH�PHWDO���,W�LV�FOHDU�IURP�WKHVH�ORZHU�YDOXHV 
WKDW�VWDEOH�FUDFN�JURZWK�ZDV�H[WUHPHO\�GLIILFXOW�WR�DFKLHYH�ZLWK�PRVW�RI�WKH�VSHFLPHQV� 

Table 3.3: Results of fracture toughness testing 
Sample (ID) Temp 

(º F) 
B�y / Jmax KQ 

(ksi-in½ ) 
Kmax 

(ksi-in½) 
Kc from Jssy 

(ksi-in½) 
Jmax 

(in/lb) 
B3B1-T 57 �� ���� ���� ��� ��� 
B3B1-C ���) ��� ���� ���� ��� ��� 
B3B1-B ���) �� ���� ����� ��� ���� 
D3B1-T 57 �� ���� ����� ��� ���� 
D3B1-C 57 �� ���� ���� ��� ���� 
D3B1-B 57 �� ���� ���� ��� ���� 
B3B2-HAZ ���) ��� ���� ���� ��� ��� 
B7B1-HAZ ���) ��� ���� ���� �� ��� 
D3B1+8 ���) � ���� ���� ��� ���� 
C3B2-C ���& �� 1RW�UHSRUWHG 1RW�UHSRUWHG ��� ���� 
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)LJXUH������)UDFWXUH�WRXJKQHVV�RI�ZHOG�+$=�DQG�EDVH�PHWDO��$OO�GDWD�DUH�FDOFXODWHG�IURP�-�LQWHJUDO���$670�(����� 
WHVW�GDWD 

��




,Q�DOO�ORDG���GLVSODFHPHQW�UHFRUGV�WKH�UDWLR�3PD[���34�ZDV�VXEVWDQWLDOO\�JUHDWHU�WKDQ������ 
LQGLFDWLQJ�WKDW�SODQH�VWUDLQ�FRQGLWLRQV�ZHUH�QRW�DFKLHYHG�QHDU�WKH�FUDFN�WLS�DQG�WKDW�.4�ZDV�QRW 
OLNHO\�UHSUHVHQWDWLYH�RI�.,F���7KLV�FDQ�DOVR�EH�LQWHUSUHWHG�WKDW�LQ�RUGHU�WR�DFKLHYH�D�YDOLG�.,F�YDOXH 
IURP�WKHVH�PDWHULDOV��D�VSHFLPHQ�WKLFNQHVV�RI�PXFK�JUHDWHU�WKDQ���LQFK�ZRXOG�EH�UHTXLUHG� 
1RQHWKHOHVV��WKLV�PDWHULDO�FDQ�VWLOO�EH�FRQVLGHUHG�WR�EHKDYH�LQ�D�EULWWOH�PDQQHU�XQGHU�WKHVH�WHVW 
FRQGLWLRQV�DQG�.4�DV�ZHOO�DV�.PD[�PXVW�EH�FRQVLGHUHG�DV�UHDVRQDEOH�SDUDPHWHUV�WR�DVVHVV�WKH 
ILWQHVV�IRU�SXUSRVH�RI�WKHVH�ZHOGV�LQ�WKH��ò�LQFK�WKLFNQHVV�IRXQG�LQ�WKLV�EULGJH� 

-PD[�KDG�D�PXFK�ODUJHU�UDQJH�WKDQ�DQ\�RWKHU�SDUDPHWHUV�LQYHVWLJDWHG��ZLWK�UHFRUGHG�YDOXHV�DV�ORZ 
DV�����OEV�LQ�DQG�XS�WR������OEV�LQ��IRU�D�ZHOG�DQG�EDVH�PHWDO�VSHFLPHQ��UHVSHFWLYHO\���1RQH�RI 
WKH�ZHOG�RU�+$=�VSHFLPHQV�PHW�WKH�FULWHULD�RI�VWDEOH�FUDFN�H[WHQVLRQ�DV�GHILQHG�LQ�(���� 
1RQHWKHOHVV��D�PHDQLQJIXO�DSSUR[LPDWLRQ�RI�WKH�DFWXDO�WRXJKQHVV�RI�WKH�LQ�VHUYLFH�ZHOG�DQG 
+$=�PHWDO�FDQ�VWLOO�EH�PDGH� 

)LJXUH�����VKRZV�WKH�SDUDPHWHU�.F��IURP�-VV\��DV�ZHOO�DV�.4�DQG�.PD[���.F��IURP�-VV\��LV�WKH 
HVWLPDWHG�YDOXH�RI�.F�EDVHG�RQ�-PD[�GDWD�IURP�WKH�UHGXFHG�WKLFNQHVV�WHVW�VSHFLPHQV���7KH�WHVW 
VSHFLPHQV�ZHUH�WKLFN�HQRXJK�WR�DOORZ�RQO\�VPDOO�VFDOH�\LHOGLQJ�QHDU�WKH�FUDFN�WLS���$V�WKH 
GLPHQVLRQOHVV�SDUDPHWHU��%�\�-PD[��EHFRPHV�HTXDO�WR�DQG�JUHDWHU�WKDQ������WKH�PHDVXUHG�YDOXH 
RI�-PD[�VKRXOG�DSSURDFK�WKH�VPDOO�VFDOH�\LHOGLQJ�YDOXH�RI�-���)RU�YDOXHV�OHVV�WKDQ������FRUUHFWLRQV 
DUH�PDGH�EDVHG�RQ�WKH�KDUGHQLQJ�H[SRQHQW�RI�WKH�PDWHULDO��ZKLFK�ZDV�IRXQG�WR�EH�QHDU�������$V 
VWDWHG�DERYH��WKLV�SURFHGXUH�ZDV�GHYHORSHG�E\�$QGHUVRQ�DQG�'RGG�DQG�LV�DSSURSULDWH�IRU�-�GDWD 
WKDW�IDLOHG�WR�PHHW�WKH�FULWHULD�RI�(����GXH�WR�LQVXIILFLHQW�VWDEOH�FUDFN�H[WHQVLRQ���7KLV�DSSURDFK 
DFFRXQWV�IRU�WKH�OLPLWHG�SODVWLFLW\�QHDU�WKH�FUDFN�WLS�LQ�WKH�EULGJH�ZHOGV��\HW�VWLOO�DOORZV�WKH�HDV\� 
WR�FDOFXODWH�DQG�XQGHUVWDQG�/()0�DVVHVVPHQW�RI�FULWLFDO�FUDFN�VL]H� 

)LJXUH�����D��VKRZV�ORDG�GLVSODFHPHQW�FXUYHV�IURP�D�W\SLFDO�GXFWLOH��XSSHU�SORW��DQG�EULWWOH 
�ORZHU�SORW��UHVSRQVH�LQ�WKH�(����WHVWLQJ�SHUIRUPHG�E\�2*,���)LJXUH�����E��VKRZV�WKH�-�5�FXUYH 
IRU�VSHFLPHQ�&�%��&�WHVWHG�DW����&��DV�RSSRVHG�WR�WKH����)�WHVW�WHPSHUDWXUH�XVHG�RQ�WKH�RWKHU 
VSHFLPHQV����$SSHQGLFHV�(�DQG�)�FRQWDLQ�WKH�SKRWRJUDSKV�RI�WKH�IUDFWXUHG�FRPSDFW�WHQVLRQ�WHVW 
VSHFLPHQV���$SSHQGL[�(�FRQWDLQV�WKH�IDWLJXH�DQG�IUDFWXUH�WHVWLQJ�SHUIRUPHG�RQ�WKH�PLG�WKLFNQHVV 
$:0�VSHFLPHQ��&�%��&� 

��




)LJXUH������D���([DPSOH�GXFWLOH��XSSHU��DQG�EULWWOH��ORZHU��EHKDYLRU�LQ�WKH�ORDG�GLVSODFHPHQW��SORWV�RI�$670�(��� 
WHVW�GDWD��2*,�WHVW�UHVXOWV� 

��




)LJXUH������E���-�5�FXUYH�IURP�$:0�VSHFLPHQ�&��%��&�WHVWHG�DW����&�E\�&&�7HFKQRORJLHV�,QF� 

3.5.2 Crack growth threshold 

)DWLJXH�FUDFN�JURZWK�WKUHVKROG�WHVWLQJ�SHU�$670�(����ZDV�FRQGXFWHG�RQ�WKH�H[WUDFWHG�ZHOG� 
+$=�DQG�EDVH�PHWDO�DW�URRP�WHPSHUDWXUH���$OO�IDWLJXH�FUDFN�JURZWK�WHVWLQJ�ZDV�SHUIRUPHG�E\ 
2*,�ZLWK�WKH�H[FHSWLRQ�RI�VSHFLPHQ�&�%��&��ZKLFK�ZDV�WHVWHG�E\�&&�7HFKQRORJLHV�,QF� 

7KUHVKROG�FUDFN�JURZWK�GDWD�LV�LPSRUWDQW�EHFDXVH�LW�UHSUHVHQWV�WKH�ORZHVW�SRVVLEOH�VWUHVV 
LQWHQVLW\�UDQJH�WKDW�ZLOO�LQGXFH�DQ�H[LVWLQJ�FUDFN�WR�JURZ�XQGHU�F\FOLF�ORDGLQJ���7KXV�LW�FDQ�EH 
XVHG�WR�DVVHVV�WKH�ODUJHVW�FUDFN�WKDW�ZRXOG�EH�H[SHFWHG�WR�UHPDLQ�GRUPDQW�LQ�WKH�VWUXFWXUH�ZKHQ 
WKH�OLYH�ORDG�RU�DOWHUQDWLQJ�VWUHVV�ILHOG�LV�NQRZQ���7DEOH�����VXPPDUL]HV�WKH�UHVXOWV�RI�WKH�IDWLJXH 
WKUHVKROG�PHDVXUHPHQWV�RQ�WKH�ZHOG��+$=�DQG�EDVH�PHWDOV���9DOXHV�UDQJH�IURP������WR�RYHU��� 
NVL�LQò���)LJXUH�����VKRZV�WKH�WKUHVKROG�UHVSRQVHV�IRU�ERWK�WKH�+$=��XSSHU�WHVWHG�E\�2*,��DQG 
$:0��ORZHU�WHVWHG�E\�&&�7HFKQRORJLHV����)LJXUH�����VKRZV�WKH�FUDFN�WLS�SURJUHVVLRQ�GRZQ�D 
FRDUVH��SULRU�DXVWHQLWLF��JUDLQ�ERXQGDU\� 

��




Table 3.4: Fatigue crack growth threshold results 
Specimen ID Location �Kth (ksi-in½) 
&�%��% :HOG�0HWDO�VXUIDFH ���� 
&�%��& 

�MEI-Charlton 2001� :HOG�0HWDO�PLG�WKLFNQHVV ���� 

&�%��& +$=�PLG�WKLFNQHVV �� 
&�%��& +$=�PLG�WKLFNQHVV ���� 
'�%��� %DVH�0HWDO�PLG�WKLFNQHVV ���� 

)LJXUH������)DWLJXH�FUDFN�JURZWK�WKUHVKROG��$670�(�����GDWD��8SSHU�SORW�+$=�WKUHVKROG��/RZHU�SORW�$:0 
WKUHVKROG� 

�� 



)LJXUH������)LIW\�WLPHV��XSSHU��DQG����[���ORZHU��SKRWRPLFURJUDSKV�RI�FUDFN�WLS�RQ�VSHFLPHQ�&�%��&��1RWH�WKDW 
FUDFN�WLS�KDV�FRQQHFWHG�WR�DQG�LV�IROORZLQJ�D�IHUULWH�YHLQ�DW�D�SULRU�DXVWHQLWH�JUDLQ�ERXQGDU\� 

�� 



5HVLGXDO�VWUHVVHV�RQ�WKH�VXUIDFH�RI�WKH�$:0�FRPSDFW�WHQVLRQ�VSHFLPHQ�ZHUH�TXDQWLILHG�XVLQJ 
$670�(����SULRU�WR�FUDFN�JURZWK�WKUHVKROG�WHVWLQJ��7KH�SULQFLSDO�VWUHVVHV�RQ�ERWK�VLGHV�RI 
VSHFLPHQ�&�%��&�EHWZHHQ�WKH�EDFN�VXUIDFH�DQG�FUDFN�WLS�ZHUH�IRXQG�WR�EH�YHU\�ORZ�������DQG 
±����SVL����)LJXUH�����VKRZV�WKH�VSHFLPHQ�EHLQJ�WHVWHG�IRU�UHVLGXDO�VWUHVV� 

)LJXUH������(WFKHG�FRPSDFW�WHQVLRQ�VSHFLPHQ�&�%��&��XSSHU��DQG�UHVLGXDO�VWUHVV�PHDVXUHPHQW�RQ�VSHFLPHQ��ORZHU� 

��




3.6 FATIGUE CRACK GROWTH RATE 

7KH�FUDFN�JURZWK�UDWH�SDUDPHWHUV�$�DQG�P�DV�GHILQHG�XQGHU�$670�(����ZHUH�WR�EH�TXDQWLILHG 
IRU�WKH�ZHOG��+$=�DQG�EDVH�PHWDOV�DV�SDUW�RI�WKH�PDWHULDO�WHVWLQJ�FRQWUDFW���7KLV�LQIRUPDWLRQ� 
KRZHYHU��ZDV�QRW�PHDVXUHG���)RUWXQDWHO\��DV�ZLOO�EH�VKRZQ�LQ�&KDSWHU����IDWLJXH�FUDFN�JURZWK�LQ 
WKHVH�ZHOGV�XQGHU�VHUYLFH�ORDGV�LV�YHU\�XQOLNHO\�DQG�QRW�D�FULWLFDO�SLHFH�RI�GDWD�WR�WKH�RYHUDOO 
HYDOXDWLRQ� 

3.7 SUMMARY OF MATERIAL TESTING PROGRAM 

&91�LPSDFW��-�LQWHJUDO�DQG�WKUHVKROG�IDWLJXH�WHVWV�ZHUH�FRQGXFWHG�RQ��ò�LQ�GLDPHWHU�[��ò�LQ 
ORQJ�FRUHV�RI�HOHFWURVODJ�ZHOGV�H[WUDFWHG�IURP�ER[�JLUGHU�IODQJHV�RQ�WKH�,�����*HRUJH�$EHUQHWK\ 
%ULGJH�QHDU�2UHJRQ�&LW\��2UHJRQ���7KH�UHVXOWV�RI�WKRVH�WHVWV�PD\�EH�VXPPDUL]HG�DV�IROORZV� 

��	 7KH�ZHOGV�LQFRUSRUDWHG�LQWR�WKLV�EULGJH�DUH�W\SLFDO�VWDQGDUG�JDS�(6:�WKDW�DUH�FRPSULVHG�RI�D 
FRDUVH�FROXPQDU�JUDLQHG�ZHOG�PHWDO��ILQH�DQG�FRDUVH�JUDLQHG�+$=�DQG�60$:�UHSDLU�ZHOGV 
QHDU�WKH�(6:�±�EDVH�PHWDO�IXVLRQ�]RQH� 

��	 7KH�LQGLFDWHG�FULWLFDO�IUDFWXUH�WRXJKQHVV�EDVHG�RQ�&91�GDWD�IRU�$:0�PDWHULDO�DQG�WKH�WZR� 
VWDJH�%DUVRP�5ROIH�FRUUHODWLRQ�SUHGLFWHG�D�.F�YDOXH�RI�����NVL�LQò�DW�WKH�LQ�VHUYLFH 
WHPSHUDWXUH�DQG�VWUDLQ�UDWH�RI����)�DQG������VHF�±��UHVSHFWLYHO\� 

��	 $V�H[SHFWHG��QHLWKHU�WKH�$670�(����³3ODQH�6WUDLQ�)UDFWXUH�7RXJKQHVV´�QRU�WKH�(��� 
³(ODVWLF�3ODVWLF�)UDFWXUH�7RXJKQHVV´�VSHFLILFDWLRQ�ZHUH�SHUIHFWO\�VXLWHG�WR�WKLV�PDWHULDO�XQGHU 
WKH�VHUYLFH�VWUDLQ�UDWH�DQG�WHPSHUDWXUH���7KH�PDWHULDO�WHVWHG�ZDV�WRR�WRXJK�IRU�SDVVLQJ�.,F 
FULWHULD�\HW�WRR�EULWWOH�WR�SDVV�-,&�WHVWLQJ�FULWHULD�XVLQJ�WKH���LQFK�WKLFN�&7�VSHFLPHQV� 
7RXJKQHVV�EDVHG�RQ�WKH�(����DSSURDFK�KDG�D�.F�UDQJH�RI����WR����NVL�LQò�IRU�WKH�ZHOG�PHWDO 
DQG�+$=���.PD[�UDQJHG�IURP����WR�����NVL�LQò�IRU�WKH�ZHOG�PHWDO�DQG����WR����NVL�LQò�IRU�WKH 
+$=� 

��	 3UHYLRXV�ZRUN�IURP�$QGHUVRQ�DQG�'RGGV�DOORZV�DQ�HVWLPDWH�RI�WKH�WRXJKQHVV�LQ�WKH�IXOO 
WKLFNQHVV�SODWHV�LQ�WKH�EULGJH�WR�EH�PDGH�IURP�WKH�(����GDWD���&ULWLFDO�VWUHVV�LQWHQVLW\�YDOXHV 
EDVHG�RQ�WKH�VPDOO�VFDOH�\LHOGLQJ�YDOXHV�RI�WKH�-�LQWHJUDO�UDQJHG�IURP�����WR�����NVL�LQò�IRU 
WKH�ZHOG�PHWDO�DQG�QHDU�����NVL�LQò�IRU�WKH�+$=� 

��	 7KH�WKUHVKROG�IDWLJXH�YDOXH�ZDV�IRXQG�WR�KDYH�D�ORZ�RI������NVL�LQò�LQ�WKH�ZHOG�PHWDO�DW�PLG� 
WKLFNQHVV�DQG�D�KLJK�RI�RYHU����NVL�LQò�LQ�WKH�+$=���7KH�EDVH�PHWDO�KDG�D�VLPLODU�UHVLVWDQFH 
WR�FUDFN�JURZWK�RI������NVL�LQò� 

��




4.0 NONDESTRUCTIVE EVALUATION OF BOX GIRDER 
ESW 

4.1 PURPOSE OF NDT PROGRAM 

7KH�SXUSRVH�IRU�SHUIRUPLQJ�1'7��QRQGHVWUXFWLYH�WHVWLQJ��RQ�WKH�(6:�LV�WR�LGHQWLI\�VXE�FULWLFDO 
FUDFNV�RU�RWKHU�IODZV�WKDW�GHJUDGH�WKH�LQWHJULW\�RI�WKH�ZHOGV�DQG�RU�SUHVHQW�D�ULVN�RI�IDWLJXH�FUDFN 
JURZWK�XQGHU�VHUYLFH�FRQGLWLRQV���7KLV�FKDSWHU�VXPPDUL]HV�WKH�WHVWLQJ�SHUIRUPHG�RQ�WKH�IODQJH 
EXWW�ZHOGV� 

4.2 APPLICABLE METHODS OF NDT 

7KHUH�DUH�VHYHUDO�1'7�PHWKRGV�WKDW�DUH�XVHIXO�IRU�H[DPLQLQJ�WKH�IODQJH�EXWW�ZHOGV�LQ�TXHVWLRQ� 
7KH\�DUH�5DGLRJUDSK\��57���8OWUDVRQLF��87���0DJQHWLF�3DUWLFOH��07��DQG�$FRXVWLF�(PLVVLRQV 
�$(��WHVWLQJ���6WUDLQ�PHDVXUHPHQWV�FDQ�DOVR�EH�FRQVLGHUHG�D�IRUP�RI�1'7�EXW�LV�GLVFXVVHG�LQ�WKH 
&KDSWHU�����/RDG�$QDO\VLV���$�EULHI�GHVFULSWLRQ�DQG�GLVFXVVLRQ�RI�HDFK�IRUP�RI�1'7�LV�SUHVHQWHG 
EHORZ� 

4.2.1 Radiography 

$OVR�FDOOHG�;�UD\�WHVWLQJ��WKLV�IRUP�RI�WHVWLQJ�XVHV�D�SRLQW�VRXUFH�RI�HOHFWURPDJQHWLF�UDGLDWLRQ 
W\SLFDOO\�IURP�D�UDGLRDFWLYH�PHWDO���$�VKHHW�RI�ILOP�LV�XVHG�WR�SHUPDQHQWO\�UHFRUG�WKH�UHVXOWV� 
7KH�ZHOG�LV�SODFHG�EHWZHHQ�WKH�UDGLRDFWLYH�VRXUFH�DQG�WKH�ILOP��&KDQJHV�LQ�GHQVLW\�RI�WKH�ZHOG 
DUH�UHFRUGHG�RQ�WKH�ILOP���7KLV�PHWKRG�LV�PRVW�VHQVLWLYH�WR�IODZV�WKDW�DUH�RULHQWHG�LQ�WKH�GLUHFWLRQ 
RI�WKH�UDGLDWLRQ���%HFDXVH�RI�WKLV�DQLVRWURSLF�VHQVLWLYLW\��WKH�VXEMHFW�LV�XVXDOO\�;�UD\HG�IURP�WZR 
RU�PRUH�GLUHFWLRQV���7KLV�PHWKRG�FDQ�LGHQWLI\�WKUHH�GLPHQVLRQDO�IODZV�RU�GHIHFWV�ZLWK�H[FHOOHQW 
VHQVLWLYLW\��RQ�WKH�RUGHU�RI������RI�DQ�LQFK���3ODQDU���'��IODZV�FDQ�RIWHQ�FDXVH�VHQVLWLYLW\�WR�JR 
GRZQ�WR������RI�DQ�LQFK�RU�PRUH���&RPSHWHQW�WHFKQLFLDQV�FDQ�XVXDOO\�GHWHFW�SODQDU�IODZV�ODUJHU 
WKDW�����RI�DQ�LQFK�LQ�JHRPHWU\��VXFK�DV�WKH�ZHOGV�LQ�TXHVWLRQ� 

4.2.2 Ultrasonic Testing 

7KLV�PHWKRG�XVHV�VRXQG�ZDYHV�WR�GHWHFW�IODZV���$�WUDQVGXFHU�LV�DFRXVWLFDOO\�FRXSOHG�WR�WKH�ZHOG 
DQG�EDVH�PHWDOV�DQG�VRXQG�ZDYHV�DUH�LQWHUMHFWHG�LQWR�WKH�PDWHULDO�LQ�D�VSHFLILF�GLUHFWLRQ��DW 
YDULRXV�HQHUJ\�OHYHOV�DQG�IUHTXHQFLHV���7KLV�WUDQVGXFHU�DOVR�UHFHLYHV�DQ\�UHWXUQHG�ZDYHV�WKDW�DUH 
UHIOHFWHG�RII�RI�VXUIDFHV��LPSHGDQFH�PLVPDWFKHV��HQFRXQWHUHG�GXULQJ�SURSDJDWLRQ���7LPH 
GLIIHUHQFHV�EHWZHHQ�VHQW�DQG�UHWXUQHG�VLJQDO�DUH�PHDVXUHG���.QRZLQJ�WKH�VSHHG�DW�ZKLFK�YDULRXV 
W\SHV�RI�VRXQG�RU�VWUHVV�ZDYHV�SURSDJDWH�LQ�WKH�PDWHULDO�WKH�WLPH�GLIIHUHQFHV�FDQ�EH�FRQYHUWHG�WR 
GLVWDQFHV���$OVR�WKH�HQHUJ\�OHYHO�RI�WKH�UHWXUQHG�ZDYH�FDQ�EH�XVHG�WR�LQGLFDWH�VL]H�DQG�VHYHULW\�RI 
WKH�UHIOHFWRU�LQVLGH�WKH�PDWHULDO� 

��




87�LV�PRUH�VHQVLWLYH�WR�IODZV�RU�GHIHFWV�WKDW�DUH�RULHQWHG�SHUSHQGLFXODU�WR�WKH�GLUHFWLRQ�RI�ZDYH 
SURSDJDWLRQ���$V�ZLWK�57��PRUH�WKDQ�RQH�GLUHFWLRQ�RI�LQVSHFWLRQ�LV�XVHG���87�FDQ�UHOLDEO\�GHWHFW 
�'�DQG�SODQDU�IODZV�GRZQ�WR�YHU\�VPDOO�GLPHQVLRQV�LQ�JRRG�JHRPHWU\�DQG�D�FOHDQ�PDWHULDO���7KH 
(6:�KDYH�KLJKO\�YDULDEOH�JUDLQ�VWUXFWXUH�ZLWK�VRPH�JUDLQV�EHLQJ�YHU\�ODUJH�RU�FRDUVH���7KH 
LQWHUJUDQXODU�ERXQGDULHV�SUHVHQW�UHIOHFWRUV�DQG�DWWHQXDWLRQ�WR�WKH�87�ZDYH�DQG�WKXV�FDQ�JUHDWO\ 
UHGXFH�WKH�VLJQDO�WR�QRLVH�UDWLR�RI�WKH�LQVWUXPHQW���3URSHU�WHFKQLTXHV�H[HFXWHG�E\�DQ�H[SHULHQFHG 
WHFKQLFLDQ�FDQ�LGHQWLI\�IODZV�RQ�WKH�RUGHU�RI�����RI�DQ�LQFK�RU�ODUJHU���,Q�JHQHUDO��WKH�87�UHVXOWV 
IURP�D�WKLFN��FRDUVH�JUDLQHG�(6:�UHTXLUHV�PRUH�H[SHULHQFH�WR�LQWHUSUHW�WKDQ�WKH�UDGLRJUDSK� 

4.2.3 Magnetic Particle Testing 

7KLV�LV�D�VXUIDFH�LQVSHFWLRQ�WRRO���07�XVHV�PDJQHWLF�IOX[�OLQHV�WKDW�DUH�PDGH�YLVLEOH�ZLWK�LURQ 
SRZHU���)ODZV�DQG�GHIHFWV�RQ�RU�ZLWKLQ�DSSUR[LPDWHO\������RI�DQ�LQFK�EHORZ�WKH�VXUIDFH�ZLOO 
DSSHDU�DV�D�GLVFRQWLQXLW\�LQ�WKH�IOX[�OLQH���7KLV�PHWKRG�FDQ�UHOLDEO\�GHWHFW�IODZV�RQ�WKH�RUGHU�RI 
����RI�DQ�LQFK�RQ�RU�QHDU�WKH�VXUIDFH� 

4.2.4 Acoustic Emission Testing 

7KLV�PHWKRG�LV�XVHG�IRU�GHWHFWLQJ�IDWLJXH�FUDFN�JURZWK���:KHQ�FUDFNV�JURZ�WKH\�GR�VR�LQ�EXUVWV 
DQG�HPLW�D�VWUHVV�ZDYH�LQ�WKH�SDUHQW�PDWHULDO���8VLQJ�VHYHUDO�VHQVRUV�WKDW�OLVWHQ�IRU�VXFK�HYHQWV� 
WKH�ORFDWLRQ�RI�WKH�QRLVH�VRXUFH�FDQ�EH�LGHQWLILHG���8QIRUWXQDWHO\�WKHUH�DUH�PDQ\�RWKHU�QRLVH 
VRXUFHV�ZLWKLQ�LQ�VHUYLFH�EULGJHV��DQG�WKH�GLIILFXOW\�OD\V�LQ�VLJQDO�WR�QRLVH�GLVFULPLQDWLRQ� 
8QOLNH�WKH�RWKHU�PHWKRGV�GLVFXVVHG��WKLV�PHWKRG�LV�W\SLFDOO\�QRW�XVHG�WR�VL]H�D�IODZ�EXW�WR 
LGHQWLI\�DQ\�IODZ�DFWLYLW\�VXFK�DV�FUDFN�IDFH�UXEELQJ�DQG�FUDFN�WLS�H[WHQVLRQ���([SHULHQFH�DQG 
WHFKQLFDO�FRPSHWHQFH�DUH�SDUDPRXQW�WR�WKH�VXFFHVV�RI�WKLV�1'7�PHWKRG� 

4.3 PREVIOUS NDT 

4.3.1 Construction 

7KH�JLUGHUV�ZHUH�IDEULFDWHG�EHWZHHQ�$SULO�DQG�2FWREHU������DW�$PHULFDQ�3LSH�&RQVWUXFWLRQ�LQ 
3RUWODQG��2UHJRQ���7KH�FRQWUDFW�FDOOHG�IRU�57�DQG�07�H[DPLQDWLRQ�RI�HYHU\�(6:���/HVOLH 
+DUNDPD��D�UHWLUHG�2'27�HPSOR\HH��ZRUNHG�IRU�$PHULFDQ�3LSH�DW�WKH�WLPH�RI�FRQVWUXFWLRQ�DQG 
SHUIRUPHG�PXFK�RI�WKH�1'7�RQ�WKH�ZHOGV�DV�D�4XDOLW\�&RQWURO��4&��IXQFWLRQ���+DUNDPD�LV�DQ 
$PHULFDQ�6RFLHW\�IRU�1RQGHVWUXFWLYH�7HVWLQJ��$617��/HYHO�,,,�WHFKQLFLDQ�LQ�07��57��37�DQG 
87��7KLV�LV�WKH�KLJKHVW�OHYHO�DWWDLQDEOH�IURP�$617���+H�LV�ZHOO�NQRZQ�LQ�WKH�ORFDO�1'7 
FRPPXQLW\�DV�DQ�H[SHUW�ZLWK�RYHU����\HDUV�RI�GLUHFW�H[SHULHQFH� 

+H�ILUPO\�EHOLHYHV�WKDW�WKH�FRQWUDFWRU�GLG�D�YHU\�JRRG�MRE�RI�4&�DQG�WKDW�WKH�6WDWH�LQVSHFWRUV�GLG 
D�JRRG�MRE�RI�4XDOLW\�$VVXUDQFH��4$����$V�D�FRQVHTXHQFH�RI�WKLV�WKRURXJK�1'7��PDQ\�RI�WKH 
EXWW�ZHOGV�ZHUH�UHSDLUHG�ZLWK�VKLHOGHG�PHWDO�DUF�ZHOGLQJ��60$:��GXH�WR�IODZV�DQG�GHIHFWV 
IRXQG�WR�EH�UHMHFWDEOH�E\�WKH�'����ZHOGLQJ�FRGH���7KRXJK�QRW�UHTXLUHG�E\�FRQWUDFW��+DUNDPD 
SHUIRUPHG�87�RQ�PDQ\�RI�WKH�ZHOGV���$OO�RI�WKH�UDGLRJUDSKV�IURP�WKLV�FRQWUDFW�ZHUH�GHVWUR\HG 
VRPHWLPH�LQ�WKH�����¶V� 

��




1RWHV�IURP�WKH�6WDWH�LQVSHFWLRQ�ILOHV�VKRZ�WKDW�$�DQG�%�JLUGHUV�ZHUH�IDEULFDWHG�EHWZHHQ�$SULO 
DQG�-XQH��������7DEOH�����VXPPDUL]HV�WKH�IUDFWXUH�FULWLFDO�(6:�LQ�WKH�$��DQG�%��JLUGHUV�WKDW 
ZHUH�UHSDLUHG�GXH�WR�UHMHFWDEOH�GHIHFWV���6RPH�UHSDLUV�ZHUH�PDGH�E\�H[FDYDWLQJ�DQG�UHZHOGLQJ 
ZLWK�60$:��DQG�RWKHUV�ZHUH�FRPSOHWHO\�FXW�DSDUW�DQG�VWDUWHG�RYHU���(LJKW�RI�WKH����IUDFWXUH 
FULWLFDO�ZHOGV�KDYH�QRWHG�UHSDLUV��VRPH�VXFK�DV�$�%��DQG�%�7��KDYH�RYHU�IRXU�UHSDLUV�QRWHG� 
$OO�UHSDLUV�ZHUH�QRWHG�WR�KDYH�SDVVHG�57�EHIRUH�DFFHSWDQFH� 

Table 4.1: Repaired fracture critical butt welds 
Weld Identification Number of Recorded Repairs 

$�%� � 
$�%� � 
$�%� � 
$�7� � 
%�7� � 
%�%� � 
$�%� � 
$�%� � 

*LUGHUV�&�DQG�'�ZHUH�IDEULFDWHG�EHWZHHQ�$XJXVW�DQG�2FWREHU��������1R�GHIHFW�UHSDLUV�ZHUH 
GLUHFWO\�QRWHG�EXW�OLWWOH�RWKHU�LQIRUPDWLRQ�ZDV�UHFRUGHG�RWKHU�WKDQ�VHFWLRQ�ZRUNHG�RQ�DQG�GDWH� 
&RULQJ�IURP�WKLV�HYDOXDWLRQ�LQ�WKH�&�DQG�'�JLUGHUV�VKRZHG�QHDUO\�HYHU\�ZHOG�FRQWDLQHG�60$: 
ZHOG�UHSDLUV��PRVWO\�WR�UHSDLU�XQGHUFXW� 

4.3.2 First In-service inspection 

,Q�������DIWHU�)+:$�UHTXHVWHG�DOO�6WDWHV�WR�LQYHVWLJDWH�IUDFWXUH�FULWLFDO�(6:��2'27�KLUHG�D�87 
FRQVXOWDQW��$QGUHZ�6WUX]\N��WR�SHUIRUP�87�DQG�3LWWVEXUJK�7HVWLQJ�/DERUDWRU\�WR�SHUIRUP�57�RQ 
VHOHFWHG�ZHOGV�LQ�ERWK�WKH�)UHPRQW�EULGJH�DSSURDFK�UDPSV�DQG�WKH�ER[�JLUGHUV�RI�WKH�:HVW�/LQQ 
%ULGJH���7KH�57�UHYHDOHG�QR�UHMHFWDEOH�GHIHFWV�DQG�WKH�87�ZDV�LQFRQFOXVLYH���87�IODZ 
LQGLFDWLRQV�ZHUH�ORFDWHG�LQ�WKH�ERWWRP�FRPSUHVVLRQ�IODQJH�RYHU�3LHU���LQ�JLUGHU�$��&RUHV�ZHUH 
H[WUDFWHG�DQG�VHQW�GRZQ�WR�&DOWUDQV�IRU�HYDOXDWLRQ�RI�WKH�87�IODZ�LQGLFDWLRQV�DQG�PDWHULDO 
WHVWLQJ��Caltrans 1978����7KH�87�LQGLFDWLRQV�ZHUH�IRXQG�WR�EH�JUDLQ�ERXQGDULHV�ZLWK�VRPH 
LQWHUJUDQXODU�FUDFNLQJ� 

4.3.3 Second In-service inspection 

,Q������WKURXJK������3RRUH�DQG�+DUNDPD�SHUIRUPHG�WKH�VHFRQG�LQ�VHUYLFH�LQVSHFWLRQ�RI�WKH 
(6:���$�WRWDO�RI����(6:�ZHUH�UDQGRPO\�VHOHFWHG�DQG�WKHQ�LQVSHFWHG�ZLWK�87�DQG�07���)LYH 
(6:�ZHUH�LQVSHFWHG�ZLWK�57�DV�ZHOO���+DUNDPD�GHYHORSHG�WKH�87�SURFHGXUHV�ZLWK�3RRUH�XVLQJ 
VWUDLJKW�����������DQG����GHJUHH�DQJOH�EHDP�H[SORUDWLRQV���7KH�57�ZDV�FRQWUDFWHG�WR�3URIHVVLRQDO 
6HUYLFHV�,QGXVWULHV�,QF��XVLQJ�DQ�,ULGLXP�����VRXUFH���7ZR�ZHOGV�ZHUH�IRXQG�WR�KDYH�D�87 
UHMHFWDEOH�LQGLFDWLRQ���1R�UHMHFWDEOH�57�IODZ�LQGLFDWLRQV�ZHUH�QRWHG�LQFOXGLQJ�RQH�RI�WKH�87 
UHMHFWHG�GHIHFWV� 

��




4.3.4 Third In-service inspection 

,Q������/RQJYLHZ�,QVSHFWLRQ�ZDV�FRQWUDFWHG�WR�LQVSHFW�WKH�RXWHU�HGJHV�RI�WKH�����IUDFWXUH 
FULWLFDO�(6:��Longview Inspection, Inc. 1994����2QH�ZHOG�UHYHDOHG�FRGH�UHMHFWDEOH�GHIHFWV���,Q 
������DIWHU�D�OHQJWK\�FRQWUDFW�WR�FOHDQ�XS�WKH�LQWHULRU�RI�WKH�ER[�JLUGHUV�IURP�OHDG�SDLQW�GXVW�DQG 
LQVWDOO�OLJKWLQJ�DQG�HOHFWULFDO�SRZHU��D�WKLUG�1'7�SURJUDP�ZDV�ILQLVKHG�XQGHU�WKH�GLUHFWLRQ�RI�WKH 
DXWKRU���$�87�FRQWUDFW�ZDV�DZDUGHG�WR�3URIHVVLRQDO�6HUYLFHV�,QGXVWULHV��,QF��WR�LQVSHFW�DOO�RI�WKH 
����IUDFWXUH�FULWLFDO�(6:���-LP�6DEOH��&:,�DQG�$617�/HYHO�,�87��/HYHO�,,�07��RYHUVDZ�DOO 
WHVWLQJ�LQVLGH�WKH�IRXU�JLUGHUV���7KH�87�RSHUDWRUV�ZHUH�OHYHO�,,���6WUDLJKW����������DQG����GHJUHH 
DQJOH�EHDP�WUDQVGXFHUV�ZHUH�XVHG�WR�LQVSHFW�WKH�ZHOGV���07�ZDV�DOVR�XVHG���$OO�WHVWLQJ�ZDV 
SHUIRUPHG�LQVLGH�WKH�ER[�JLUGHUV�ZLWK�WKH�H[FHSWLRQ�RI�WKH�SRUWLRQ�RI�WKH�IODQJH�ZHOGV�RXWVLGH�RI 
WKH�ZHEV��ZKLFK�ZHUH�LQVSHFWHG�IURP�ERWK�WKH�WRS�DQG�ERWWRP���,QVLGH�WKH�ER[�JLUGHUV�DOO�SDLQW 
ZDV�UHPRYHG�ZLWKLQ����LQFKHV�RI�HDFK�ZHOG��Professional Services Industries, Inc. 1996�� 

)RXU�RI�WKH�����ZHOGV�LQVSHFWHG�VKRZHG�UHMHFWDEOH�87�LQGLFDWLRQV���5HMHFWLRQ�FULWHULD�ZHUH�EDVHG 
RQ�WKH������$:6�'����³%ULGJH�:HOGLQJ�&RGH´�FULWHULD�IRU�G\QDPLFDOO\�ORDGHG�PHPEHUV���7KH 
LQVSHFWLRQ�RI�WKHVH�IRXU�ZHOGV�LV�GLVFXVVHG�EHORZ� 

4.3.4.1 Weld C1B2 

5HMHFWHG�GXH�WR����GHJUHH�VFDQ�ZLWK�D����G%�LQGLFDWLRQ�OHYHO�DQG�D����G%�UHIHUHQFH�OHYHO� 
,QGLFDWLRQ�UDWLQJ�����OHQJWK���LQFKHV���)LHOG�QRWHV�LQGLFDWH�WKH�LQVSHFWRU�FRXOG�VHH�WKH 
EHJLQQLQJ�RI�WKLV�IODZ�LQGLFDWLRQ�ZLWK�ERWK�WKH�����DQG����GHJUHH�VFDQV���,QGLFDWLRQ�OLHV 
�LQFK�IURP�ZHOG�FHQWHUOLQH�DW�D�GHSWK�LQWR�WKH�SODWH�RI�����LQFKHV���6HH�)LJXUH�����IRU 

LQVSHFWLRQ�IRUP�DQG�����D��IRU�D�SORW�RI�WKH�LQGLFDWLRQ���)RU�WKH����GHJUHH�VFDQ�RQ��ò�WR 
�ò�LQFK�WKLFN�SODWHV��OLNH�&�%���D�&ODVV�$�IODZ�KDV�DQ�LQGLFDWLRQ�UDWLQJ����DQG�ORZHU� 
7KXV�WKH�87�LQGLFDWLRQ�LQ�WKLV�ZHOG�LV�ULJKW�RQ�WKH�ERUGHU�RI�EHLQJ�D�&ODVV�$�IODZ 
VHYHULW\� 

4.3.4.2 Weld A1B2 

5HMHFWHG�GXH�WR����GHJUHH�VFDQ�ZLWK�D����G%�LQGLFDWLRQ�OHYHO�DQG�D����G%�UHIHUHQFH�OHYHO� 
,QGLFDWLRQ�UDWLQJ�����OHQJWK�ò�LQFK���)LHOG�QRWHV�LQGLFDWH�WKH�LQVSHFWRU�FRXOG�GHWHFW�WKLV 
LQGLFDWLRQ�RYHU�DOO�RI�WKH�OHQJWK�RI�WKH�ZHOG�DQG�IHOW�LW�PLJKW�EH�UHODWHG�WR�WKH�WUDQVLWLRQ�LQ 
SODWH�WKLFNQHVV���7KH�LQGLFDWLRQ�DSSHDUHG�WR�IROORZ�JULQGLQJ�PDUNV�OHIW�IURP�IDEULFDWLRQ� 
6HH�)LJXUH�����IRU�LQVSHFWLRQ�IRUP�DQG������E��IRU�D�SORW�RI�WKH�LQGLFDWLRQ���)RU�WKH���� 
GHJUHH�VFDQ�RQ��ò�WR��ò�LQFK�WKLFN�SODWHV��OLNH�$�%���D�&ODVV�$�IODZ�KDV�DQ�LQGLFDWLRQ 
UDWLQJ����DQG�ORZHU� 

��




)LJXUH������87�UHSRUW�IRU������LQVSHFWLRQ�RI�(6:�&�%���7KH����GHJUHH�VFDQ�GRHV�QRW�PHHW�WKH�$:6�'������ 
DFFHSWDQFH�UHTXLUHPHQWV� 

��




)LJXUH������87�UHSRUW�IRU������LQVSHFWLRQ�RI�(6:�$�%���7KH����GHJUHH�VFDQ�GRHV�QRW�PHHW�WKH�$:6�'������ 
DFFHSWDQFH�UHTXLUHPHQWV� 

��




4.3.4.3 Weld A4B2 

5HMHFWHG�GXH�WR����GHJUHH�VFDQ�ZLWK�D����G%�LQGLFDWLRQ�OHYHO�DQG�D����G%�UHIHUHQFH�OHYHO� 
,QGLFDWLRQ�UDWLQJ�����OHQJWK�����LQFKHV���)LHOG�QRWHV�LQGLFDWH�WKDW�WKLV�LQGLFDWLRQ�DSSHDUV�WR 
H[WHQG�XQGHU�WKH�GRZQVWUHDP�ZHE�ZDOO���)ODQJH�LQVSHFWLRQ�RXWVLGH�WKH�ZHE�VKRZHG�QR 
LQGLFDWLRQ���6HH�)LJXUH�����IRU�LQVSHFWLRQ�IRUP�DQG�)LJXUH������F��IRU�D�SORW�RI�WKH 
LQGLFDWLRQ���)RU�WKH����GHJUHH�VFDQ�RQ��ò�WR���LQFK�WKLFN�SODWHV��OLNH�$�%���D�&ODVV�& 
IODZ�KDV�DQ�LQGLFDWLRQ�UDWLQJ����WR������7KXV�WKH�87�LQGLFDWLRQ�LQ�WKLV�ZHOG�LV�ULJKW�RQ�WKH 
ERUGHU�RI�EHLQJ�D�&ODVV�'�IODZ�VHYHULW\� 

4.3.4.4 Weld A8T1 

5HMHFWHG�GXH�WR����GHJUHH�VFDQ�ZLWK�D����G%�LQGLFDWLRQ�OHYHO�DQG�D����G%�UHIHUHQFH�OHYHO� 
,QGLFDWLRQ�UDWLQJ�����OHQJWK�DSSUR[LPDWHO\�����LQFKHV���)LHOG�QRWHV�LQGLFDWH�WKDW�WKLV 
LQGLFDWLRQ�DSSHDUV�WR�H[WHQG�XQGHU�WKH�GRZQVWUHDP�ZHE�ZDOO���6HH�)LJXUH�����IRU 
LQVSHFWLRQ�IRUP���7KLV�ZDV�ORFDWHG�RQ�WKH�RXWHU�OLS�RI�ZHOG� 

��




)LJXUH������87�UHSRUW�IRU������LQVSHFWLRQ�RI�(6:�$�%���7KH����GHJUHH�VFDQ�GRHV�QRW�PHHW�WKH�$:6�'������ 
DFFHSWDQFH�UHTXLUHPHQWV� 

��




)LJXUH������87�UHSRUW�IRU������LQVSHFWLRQ�RI�(6:�$�7��GRZQVWUHDP�RXWHU�HGJH��7KH����GHJUHH�VFDQ�GRHV�QRW�PHHW 
WKH�$:6�'�������DFFHSWDQFH�UHTXLUHPHQWV� 

��




)LJXUH������87�LQGLFDWLRQ�SORWV�IURP������LQVSHFWLRQ 

�� 



8OWUDVRQLF�LQVSHFWLRQ�RI�WKH�FRDUVH�JUDLQHG��VWDQGDUG�JDS�(6:�LV�IDU�PRUH�GLIILFXOW�WKDQ�ZHOGV 
ZLWK�ILQHU�JUDLQ�VWUXFWXUH���6RXQG�ZDYH�UHIOHFWLRQ�DQG�DWWHQXDWLRQ�IURP�WKH�JUDLQ�ERXQGDULHV�ZLWK 
LQ�WKH�PHWDOOXUJLFDO�VWUXFWXUH�RI�WKHVH�ZHOGV�FDQ�DGYHUVHO\�HIIHFW�WKH�VLJQDO�WR�QRLVH�UDWLR�RI�WKH 
WHVW���/DUJH�DPRXQWV�RI�HQHUJ\�PXVW�EH�LQSXW�WR�FRPSHQVDWH�IRU�WKH�DWWHQXDWLRQ�DQG�RIWHQ�WKH 
ODUJH�SULRU�DXVWHQLWH�JUDLQ�ERXQGDULHV�IRUP�PHDVXUDEOH�UHIOHFWRUV�WR�WKH�VRXQG�ZDYHV�JLYLQJ�IDOVH 
LQGLFDWLRQV���1RQHWKHOHVV��WKHVH�IRXU�ZHOGV�VKRZHG�VLJQLILFDQW�LQGLFDWLRQV��ZKHUHDV�WKH�RWKHU���� 
ZHOGV�LQVSHFWHG�GLG�QRW� 

4.3.5 Acoustic Emission testing 

,Q�WKH�:LQWHU�RI������OLPLWHG�$(�LQVSHFWLRQ�ZDV�SHUIRUPHG�RQ�ZHOG�&�%����7KLV�ZHOG�ZDV 
FKRVHQ�EHFDXVH�LW�ZDV�HDVLO\�DFFHVVLEOH�DQG�FRQWDLQHG�VRPH�LQWHUHVWLQJ�87�IODZ�LQGLFDWLRQV� 
7KLV�LQVSHFWLRQ�ZDV�PRUH�RI�DQ�)+:$�VSRQVRUHG�GHPRQVWUDWLRQ�WKDQ�DQ�DFWXDO�WHVW� 
1RQHWKHOHVV��D�UHSXWDEOH�$(�H[SHUW�OLVWHQHG�WR�WKH�ZHOG�LQ�TXHVWLRQ�XQGHU�DSSUR[LPDWHO\���KRXUV 
RI�KHDY\�WUDIILF���1R�HYLGHQFH�RI�FUDFN�JURZWK�ZDV�LQGLFDWHG��Physical Acoustics Corporation, 
1993�� 

4.3.6 Fourth In-service Inspection (Y2KS) 

'XULQJ�WKH�ZLQWHU�RI������D�IRXUWK�LQVSHFWLRQ�HIIRUW�ZDV�PDGH�WR�PRUH�FORVHO\�H[DPLQH�WKH�ZHOGV 
ZLWK�FRGH�UHMHFWDEOH�IODZ�LQGLFDWLRQV���:LVV��-DQQH\��(OVWQHU�$VVRFLDWHV��,QF��ZDV�FRQWUDFWHG�WR 
UHYLHZ�DOO�SUHYLRXV�1'7�RQ�WKH�VXEMHFW�ZHOGV�DQG�H[DPLQH�LQ�GHWDLO�ZHOGV�$�%���%�%���&�%�� 
$�%��DQG�$�7����(DFK�RI�WKHVH�ILYH�ZHOGV�ZDV�WKRURXJKO\�LQVSHFWHG�ZLWK�87��WKH�&�%��ZHOG 
ZDV�DOVR�LQVSHFWHG�ZLWK�57���)RXU�RI�WKH�ILYH�ZHOGV�LQVSHFWHG�VKRZHG�UHMHFW�OHYHO�LQGLFDWLRQV 
ZLWK�87��DV�SUHYLRXV�LQVSHFWLRQV�KDG�UHFRUGHG���$IWHU�D�WKRURXJK�UHYLHZ�RI�SUHYLRXV�ZRUN�DQG 
GHWDLOHG�WHVWLQJ�RI�WKHVH�ZHOGV��ERWK�WKH�DXWKRU�DQG�WKH�<�.6�LQVSHFWRU�GLG�QRW�EHOLHYH�WKHVH 
GHIHFW�LQGLFDWLRQV�WR�EH�FUDFN�OLNH�LQ�QDWXUH���7KLV�LV�EHVW�UHSUHVHQWHG�E\�TXRWLQJ�D�SRUWLRQ�RI�WKH 
UHSRUW���Wiss, Janney, Elstner Associates, Inc. 2001�� 

³A comprehensive review including data of Y2KS and prior nondestructive tests 
performed during the 1990’s to study electroslag welded joints for characterization of 
detected indications was not conclusive; however, an increased confidence may be 
established in the stability of the joints. Although reject level indications were produced 
in ultrasonic examinations, their nature was characteristically random, and of relatively 
short length. Radiographs, where available, did not provide corroborating data. No 
indications from nondestructive tests were interpreted to represent crack-like 
discontinuities�´��page 11� 

4.4 SUMMARY OF NDT ON FLANGE BUTT WELDS 

7KH�RULJLQDO�IDEULFDWLRQ�RI�WKH�ER[�JLUGHUV�XVHG�ERWK�57�DQG�07�DV�D�1'7�PHWKRG���$OWKRXJK 
WKH�RULJLQDO�UDGLRJUDSKV�KDYH�EHHQ�ORVW��WKHUH�LV�VWURQJ�HYLGHQFH�WKURXJK�SHUVRQDO�WHVWLPRQ\�DQG 
ILHOG�LQVSHFWLRQ�QRWHV�RI�ZHOO�TXDOLILHG�SHRSOH�LQYROYHG�ZLWK�WKH�IDEULFDWLRQ�WKDW�DOO�ZHOGV�SDVVHG 
WKH�UHTXLUHPHQWV�RI�$:6�'������� 

��




3RVW�FRQVWUXFWLRQ�87�UHYHDOHG�IRXU�RXW�RI�WKH�����IUDFWXUH�FULWLFDO�(6:�KDG�87�UHMHFWDEOH�IODZ 
LQGLFDWLRQV�EDVHG�RQ�WKH�$:6�'�������ZHOGLQJ�FRGH���7KHVH�UHMHFWLRQ�FULWHULD�ZHUH�EDVHG�RQ 
ZHOGLQJ�SURFHVVHV�RWKHU�WKDQ�WKH�VWDQGDUG�JDS�(6:�XVHG�IRU�WKH�IDEULFDWLRQ�RQ�WKLV�EULGJH���,Q�DOO 
IRXU�FDVHV�WKH�LQGLFDWLRQ�ZDV�IRXQG�WR�EH�UHMHFWDEOH�RQ�RQH�RI�WKH�IRXU�VFDQ�DQJOHV�XVHG���7KUHH�RI 
WKH�IRXU�ZHOGV�ZLWK�87�UHMHFWDEOH�GHIHFW�LQGLFDWLRQV�ZHUH�VXEMHFW�WR�UDGLRJUDSKLF�LQVSHFWLRQ�WKDW 
VKRZHG�QR�GHIHFW�LQGLFDWLRQV� 

7KHUH�LV�VXEVWDQWLDO�HYLGHQFH�WKDW�VXFK�FRDUVH�JUDLQHG�ZHOG�DQG�+$=�PHWDOV�PD\�UHTXLUH�PRUH 
VSHFLILF�87�SURFHGXUHV�DQG�UHMHFWLRQ�FULWHULD�WKDQ�WKRVH�XVHG�IRU�WKH�RWKHU�ZHOG�SURFHVVHV�IRXQG 
LQ�EULGJH�FRQVWUXFWLRQ���$W�WKLV�WLPH�LW�LV�WKH�DXWKRU¶V�RSLQLRQ�WKDW�WKH�IRXU�ZHOGV�WKDW�FRQWDLQ�87 
UHMHFWDEOH�GHIHFW�LQGLFDWLRQV�VKRXOG�QRW�EH�FRQVLGHUHG�DV�KDYLQJ�FUDFN�OLNH�GHIHFWV�ZLWKRXW 
FRQFXUUHQFH�ZLWK�57��WKXV�WKH�IRXU�ZHOGV�LQ�TXHVWLRQ�DUH�QRW�FRQVLGHUHG�WR�EH�FUDFN�OLNH� 

7DEOHV���������������DQG�����VXPPDUL]H�WKH�1'7�SHUIRUPHG�RQ�WKH�EXWW�ZHOGV�DIWHU�FRQVWUXFWLRQ� 

Table 4.2: Summary of 1990 – 92 NDT  of 30 Electroslag Welds 

Weld 
I.D. 

Flaw 
Severity 
Class 

Scan 
angle 
(deg.) 

D1.5-88 
Reject Comments 

$�%� $ �� 1 �����57�QR�LQGLFDWLRQV��WUDQVLWLRQ�UHIOHFWLRQ 
%�%� $ �� < ����57�QR�LQGLFDWLRQV��LQFRPSOHWH�IXVLRQ�LQ�ZHE�ILOOHW 
%�%� ' ������ 1 
&�%� % �� < 
&�%� ' ������ 1 3DUWLDO�57�QR�LQGLFDWLRQV 
&�%� ' �� 1 3RRU�VLJQDO�WR�QRLVH�UDWLR��3DUWLDO�57�QR�LQGLFDWLRQV 
'�%� ' �� 1 3RURVLW\�LQ�ZHE�ILOOHW��3DUWLDO�57�FRQILUPHG�87 
'�%� ' �� 1 3DUWLDO�57�QR�LQGLFDWLRQV 
'�%� ' �� 1 

Table 4.3: Summary of 1994 UT of all fracture critical Electroslag Welds  (outside of webs) 

Weld 
I.D. 

Flaw 
Severity 
Class 

Scan 
angle 
(deg.) 

D1.5-88 
Reject 

Comments 

$�7� $��&��' �� < 'RZQ�VWUHDP�HGJH 
%�%� %��& �� < 'RZQ�VWUHDP�HGJH 
$�%� ' �� 1 8S�VWUHDP�HGJH��FRQWLQXHV�LQVLGH��VHH������87� 
%�7� '��' ������ 1 'RZQ�VWUHDP�HGJH 
%�%� %��' �� 1 'RZQ�VWUHDP�HGJH 
%�%� & �� 1 'RZQ�VWUHDP�HGJH 

��




Table 4.4: Summary of 1996 NDT of all fracture critical welds (inside of webs) 
Weld 
I.D. 

Flaw 
Severity 
Class 

Scan 
angle 
(deg.) 

D1.5-88 
Reject 

Comments 

&�%� $ �� < �����87�QRWHG�VDPH�LQGLFDWLRQV��$(�WHVWHG�LQ����� 
$�%� $ �� < 3DVVHG�����������57 
$�%� & �� < 87�SLFNHG�XS�IURP�WRS�DQG�ERWWRP�VXUIDFHV��JRHV�XQGHU 

XSVWUHDP�ZHE� 
'�%� ' �� 1 3DVVHG�SDUWLDO�57�LQ����� 
'�%� %��% ������ 1 
'�%� & �� 1 
$�%� $ �� 1 ó�LQFK�OHQJWK��QRW�UHFRUGHG�LQ������87� 
$�%� & �� 1 
$�%� % �� 1 
$�%� & �� 1 
%�%� ' �� 1 3DVVHG������57�LQ�������FODVV�$�87�GHIHFW�UHSRUWHG�LQ 

���� 

Table 4.5: Summary of Y2KS NDT of selected welds 
Weld 
I.D. 

Flaw 
Severity 
Class 

Scan 
angle 
(deg) 

D1.5-
88 
Reject 

Comments 

$�%� $ �� < -RLQW�WKLFNQHVV�WUDQVLWLRQ�LV�VXVSHFWHG�RI�FDXVLQJ�LQGLFDWLRQ 
%�%� $ �� < 6NHZLQJ�WUDQVGXFHU����WR����GHJUHHV�ZDV�UHTXLUHG 
&�%� $ ������ < <�.6�UDGLRJUDSK�GLG�QRW�FRUURERUDWH�87�ILQGLQJV 
$�%� ' �� 1 3UHYLRXVO\�UHSRUWHG�87�LQGLFDWLRQ��������ZDV�QRW�IRXQG 
$�7� $ ������ < 0RVW�GLIILFXOW�87�LQGLFDWLRQV�WR�HYDOXDWH 

��




��




5.0 FITNESS FOR PURPOSE EVALUATION 

5.1 OVERVIEW OF EVALUATION 

,Q�������DV�D�UHVXOW�RI�DQ�HDUOLHU�EULGJH�JLUGHU�IDLOXUH��)+:$�LVVXHG�1RWLFH�1���������GLUHFWLQJ 
VWDWH�KLJKZD\�GHSDUWPHQWV�WR�H[DPLQH�LQ�GHWDLO�(6:�LQ�IUDFWXUH�FULWLFDO�EULGJH�PHPEHUV���$ 
GHWDLOHG�IUDFWXUH�FRQWURO�SODQ��GHYHORSHG�E\�'U��6WDQOH\�5ROIH�IRU�DVVHVVLQJ�WKH�VDIHW\�RI�WKHVH 
VWUXFWXUHV��ZDV�GLVWULEXWHG�E\�)+:$���$�SRUWLRQ�RI�WKLV�SODQ�ZDV�H[HFXWHG�LQ������DQG������ 
7KH�FRQFOXVLRQ�RI�WKLV�SODQ�LV�FRQWDLQHG�LQ�WKLV�UHSRUW� 

7KH�*HRUJH�$EHUQHWK\�%ULGJH�FRQWDLQV�IUDFWXUH�FULWLFDO�ZHOGPHQWV�WKDW�W\SLFDOO\�VKRZ 
VXEVWDQGDUG�WRXJKQHVV��RU�FUDFN�WROHUDQFH��ZKHQ�FRPSDUHG�WR�QHZHU�EULGJHV�GHVLJQHG�DQG 
IDEULFDWHG�DIWHU�H[HFXWLRQ�RI�WKH�)+:$�IUDFWXUH�FRQWURO�SODQ���7KH�)+:$�IUDFWXUH�FRQWURO 
UHTXLUHPHQWV�DGGUHVV�WKH�WRXJKQHVV�RI�EULGJH�VWHHOV�DQG�ZHOGV���,I�IROORZHG��WKH�UHTXLUHPHQWV 
DOPRVW�JXDUDQWHH�GXFWLOH�IDLOXUH�PRGHV�LQ�DOO�FULWLFDO�VWHHO�EULGJH�PHPEHUV���&ORXGLQJ�WKLV�LVVXH� 
KRZHYHU��LV�WKH�IDFW�WKDW�VWDQGDUG�JDS�(6:V�KDYH�D�YHU\�FRDUVH�JUDLQ�VWUXFWXUH�WKDW�FDQ�RIWHQ�OHDG 
WR�87�LQGLFDWLRQV�WKDW�57�GRHV�QRW�SLFN�XS� 

7KH�SXUSRVH�RI�WKH�*HRUJH�$EHUQHWK\�%ULGJH�HYDOXDWLRQ�ZDV�WR�GHYHORS�D�IUDFWXUH�FRQWURO�SODQ 
WKDW�FRQVLGHUHG�WKH�SRVVLEOH�FUDFN�OLNH�GHIHFWV�LQ�WKH�ZHOGV��WKH�ZHOG�PHWDO¶V�DELOLW\�WR�WROHUDWH 
FUDFNV��DQG�WKH�VHUYLFH�ORDGLQJ�WKDW�PD\�FDXVH�FUDFNV�WR�JURZ���7KH�IUDFWXUH�FRQWURO�SODQ�QHHGHG 
WR�LQVXUH�SXEOLF�VDIHW\��VWUXFWXUH�VHUYLFHDELOLW\��DQG�PDLQWDLQ�UHDVRQDEOH�PDLQWHQDQFH�FRVWV� 

5.2 FAILURE OF THE BOX GIRDERS 

$FFRUGLQJ�WR�1%,6�VWDQGDUGV��WKH�%ULGJH�GRHV�QRW�KDYH�UHGXQGDQW�ORDG�SDWKV�DQG�LV�WKHUHIRUH 
FRQVLGHUHG�IUDFWXUH�FULWLFDO���+RZHYHU��WKH�ER[�JLUGHUV�DUH�WKUHH�VSDQ�FRQWLQXRXV�DQG�WKXV�RIIHU 
WKH�SRWHQWLDO�RI�VWUXFWXUDO�UHGXQGDQF\�YLD�WKH�PRPHQW�FDUU\LQJ�FDSDFLW\�RI�WKH�KDXQFKHG�VHFWLRQ 
RYHU�WKH�LQWHULRU�SLHUV���&DOFXODWLRQV�SHUIRUPHG�LQ������LQGLFDWHG�WKDW�LI�VKHDU�FDSDFLW\�FRXOG�EH 
PDLQWDLQHG�LQ�WKH�HYHQW�RI�D�IUDFWXUHG�IODQJH�SODWH��WKH�VWUXFWXUH�FRXOG�OLNHO\�VXSSRUW�LWV�RZQ 
ZHLJKW�XQWLO�UHSDLUV�FRXOG�EH�PDGH��ODOT 1981����:LWK�WRGD\¶V�FRPSXWLQJ�SRZHU�DQG�WKH 
GHYHORSPHQW�RI�QRQ�OLQHDU�ILQLWH�HOHPHQW�SURJUDPV��D�PRUH�VRSKLVWLFDWHG�DQDO\VLV�FRXOG�EH�PDGH 
WR�LQYHVWLJDWH�YDULRXV�ORDG�SDWKV�XQGHU�D�IDLOHG�IODQJH�VFHQDULR��Morcos and Bjorhovde 1992�� 
7KHVH�W\SHV�RI�DQDO\VLV�DUH�YHU\�FRPSOLFDWHG�DQG�KDUG�WR�YHULI\���8QWLO�IXUWKHU�LQIRUPDWLRQ�LV 
DFTXLUHG�RQ�WKLV�VXEMHFW��DOO�RI�WKH�IUDFWXUH�FULWLFDO�ZHOGV�VKRXOG�EH�WUHDWHG�DV�IUDFWXUH�FULWLFDO� 
%DVHG�RQ�WKLV�SRVLWLRQ��IDLOXUH�RI�D�IUDFWXUH�FULWLFDO�ZHOG�LV�DQ�XQDFFHSWDEOH�HYHQW�WR�WKH�VDIHW\ 
DQG�VHUYLFHDELOLW\�RI�WKH�VWUXFWXUH� 

��




5.2.1 Failure Assessment 

7KH�PDLQ�FRQFHUQ�RI�WKH�VWDQGDUG�JDS�(6:�LV�WKH�SRRU�WRXJKQHVV�ZKHQ�FRPSDUHG�WR�PRGHUQ 
UHTXLUHPHQWV���3RRU�WRXJKQHVV�FDQ�UHVXOW�LQ�UDSLG�DQG�XQVWDEOH�FUDFN�JURZWK�DV�ZDV�IRXQG�LQ�WKH 
OLEHUW\�VKLS�IDLOXUHV�LQ�WKH�����¶V���6WHHOV�RI�KLJK�WRXJKQHVV�FDQ�WROHUDWH�PLVVHG�IDEULFDWLRQ�IODZV 
DQG�RWKHU�GHIHFWV�WKDW�PD\�GHYHORS�GXH�WR�SRRU�GHWDLOLQJ�RU�GLVWRUWLRQ�LQGXFHG�FUDFNLQJ�XQGHU 
VHUYLFH�FRQGLWLRQV���,GHDOO\��ODUJH�FUDFNV�FRXOG�H[LVW�LQ�D�PHPEHU�DQG�LW�ZRXOG�QRW�IDLO�E\�EULWWOH 
IUDFWXUH��EXW�E\�GXFWLOH�WHDULQJ�DQG�\LHOGLQJ�RI�WKH�UHPDLQLQJ�VHFWLRQ�RI�WKH�PHPEHU� 

6WHHOV�RI�ORZ�WRXJKQHVV�DUH�OHVV�WROHUDQW�WR�WKHVH�FRPPRQ�GHILFLHQFLHV�LQ�UHDO�VWUXFWXUHV�DQG� 
XQGHU�WKH�ULJKW�FRQGLWLRQV��WKH\�FDQ�IDLO�LQ�D�EULWWOH�PDQQHU�DW�D�ORDG�WKDW�LV�IDU�EHORZ�JHQHUDO 
\LHOGLQJ� 

)RU�WKLV�DQDO\VLV�D�)DLOXUH�$VVHVVPHQW�'LDJUDP��)$'��LV�DSSURSULDWH���7KLV�DSSURDFK�ORRNV�DW 
ERWK�HQGV�RI�WKH�IDLOXUH�PRGH�VSHFWUXP�DQG�WKH�LQWHUDFWLRQ�RI�ERWK�GXFWLOH�DQG�EULWWOH�IDLOXUH 
PRGHV���7KH�)$'�XVHG�LQ�WKLV�DQDO\VLV�LV�EDVHG�RQ�WKH�VWULS�\LHOG�DSSUR[LPDWLRQ���$�IDLOXUH 
HQYHORSH�LV�GHILQHG�LQ�WHUPV�RI�WKH�FULWLFDO�VWUHVV�DQG�IUDFWXUH�UDWLRV�6U�DQG�.U�UHVSHFWLYHO\���$OO 
SRLQWV�LQVLGH�WKH�HQYHORSH�DUH�H[SHFWHG�WR�QRW�IDLO�LQ�VHUYLFH� 

5.2.1.1 Ductile failure mode: 

7KH�GXFWLOH�IDLOXUH�PRGH�IRU�WKH�IODQJH�SODWHV�RQ�WKH�ER[�JLUGHUV�FRXOG�EH�E\�\LHOGLQJ�RI 
WKH�JURVV�VHFWLRQ�LI�QR�GHIHFWV�ZHUH�SUHVHQW���,Q�WKLV�IDLOXUH�PRGH�WKH�FULWLFDO�VWUHVV�IRU�WKH 
IODQJH�SODWHV���F��FDQ�EH�FRQVLGHUHG�WR�EH�WKH�IORZ�VWUHVV�RI�WKH�EDVH�PHWDO���2QFH�WKLV 
VWUHVV�OHYHO�KDV�EHHQ�UHDFKHG��WKH�SODWH�FDQ�QR�ORQJHU�FDUU\�PRUH�ORDG���)RU�WKH�$���EDVH 
PHWDO�WKLV�IORZ�VWUHVV�LV������NVL���7KH�IORZ�VWUHVV�RI�WKH�ZHOG�PHWDO�LV����NVL���5HIHU�WR 
&KDSWHU���IRU�PDWHULDO�WHVWLQJ���)RU�D�GXFWLOH�IDLOXUH�ZLWK�JURVV�VHFWLRQ�\LHOGLQJ��WKH�EDVH 
PHWDO�ZLOO�KDYH�WKH�OLPLWLQJ�FDSDFLW\���7KH�PD[LPXP�LQ�VHUYLFH�VWUHVV�WKDW�LV�SXW�RQ�DQ\ 
VHFWLRQ�RI�WKH�IODQJH�SODWHV�LV�WKH�VXP�RI�WKH�GHDG��WKHUPDO��OLYH�DQG�VHLVPLF�ORDGV��ZKLFK 
DUH�VXPPDUL]HG�LQ�7DEOH�������,I�DOO�RI�WKHVH�ORDGV�ZHUH�WR�RFFXU�DW�RQFH��WKH�PDJQLWXGH�RI 
WKH�VWUHVVHV�LQ�WKH�IODQJH�SODWHV�ZRXOG�YDU\�IURP���WR������NVL���7KXV�IRU�D�FRPSOHWHO\ 
GXFWLOH�IDLOXUH�RI�WKH�IODQJH�SODWHV�WKH�ZRUVW�FDVH�VWUHVV�UDWLR�6U�LV�������ZKHUH�6U�LV�WKH 
UDWLR�RI�WKH�PD[LPXP�VWUHVV�WR�WKH�GXFWLOH�IDLOXUH�VWUHVV� 

6U� �PD[LPXP�VHUYLFH�VWUHVV���GXFWLOH�IDLOXUH�VWUHVV��� ����� (5-1) 

Table 5.1: Summary of flange plate maximum service stresses 

Load Source Top Flange Stress 
(ksi) 

Bottom Flange Stress 
(ksi) 

Dead Load ���� ���� 
Live Load ���� ���� 
Thermal Load ���� ���� 
Seismic Load ��� ��� 
Total ���� ���� 

��




5.2.1.2 Brittle failure mode: 

7KH�EULWWOH�IDLOXUH�PRGH�IRU�WKH�IODQJH�SODWHV�ZRXOG�UHTXLUH�D�FULWLFDO�VL]HG�IODZ�WR�EH 
SUHVHQW�LQ�RQH�RI�WKH�(6:V��VLQFH�WKH\�KDYH�LQIHULRU�FUDFN�WROHUDQFH�ZKHQ�FRPSDUHG�WR 
WKH�EDVH�PHWDO���$V�GLVFXVVHG�LQ�&KDSWHU����WKH�UHVSRQVH�RI�WKH�ZHOG�PHWDO�WR�D�FUDFN�RU 
RWKHU�VHYHUH�GHIHFW�LV�EHVW�UHSUHVHQWHG�XVLQJ�WKH�/()0�DSSURDFK���7KLV�DSSURDFK 
DWWULEXWHV�FUDFN�JURZWK��ERWK�VWDEOH�DQG�XQVWDEOH��WR�WKH�VLQJOH�SDUDPHWHU�WHUP�±�WKH�VWUHVV 
LQWHQVLW\��.���.�LV�D�IXQFWLRQ�RI�DSSOLHG�VWUHVV�DURXQG�WKH�FUDFN�WLS�DQG�WKH�VL]H�DQG�VKDSH 
RI�WKH�FUDFN��,Q�D�FRQVWDQW�VWUHVV�ILHOG��DV�WKH�FUDFN�JHWV�ELJJHU��WKH�VWUHVV�LQWHQVLW\�UDLVHV 
XQWLO�LW�UHDFKHV�D�FULWLFDO�OHYHO��WKHQ�XQVWDEOH�FUDFN�JURZWK�RFFXUV��ZKLFK�LV�JHQHUDOO\ 
FRQVLGHUHG�XOWLPDWH�IDLOXUH�LQ�D�EULWWOH�PDWHULDO� 

7KH�FULWLFDO�OHYHO�RI�.�DW�ZKLFK�WKLV�RFFXUV�LV�RIWHQ�D�IXQFWLRQ�RI�SODWH�WKLFNQHVV� 
VXUURXQGLQJ�VWUHVV�ILHOG��VWUDLQ�UDWH�DQG�WHPSHUDWXUH��LW�LV�QRW�DQ�LQWULQVLF�PDWHULDO�SURSHUW\ 
OLNH�WKH�HODVWLF�PRGXOXV�RU�3RLVVRQ¶V�UDWLR���2QH�LQFK�WKLFN�E\�WKUHH�LQFK�GLDPHWHU�WHVW 
VSHFLPHQV�ZHUH�WHVWHG�IURP�YDULRXV�PHWDOOXUJLFDO�UHJLRQV�ZLWKLQ�WKH�(6:�WR�EHVW�SUHGLFW 
WKH�WRXJKQHVV�RI�WKH�IXOO�VHFWLRQ�IODQJH�SODWHV�DW�WKH�ORZHVW�DQWLFLSDWHG�VHUYLFH 
WHPSHUDWXUH�DQG�VWUDLQ�UDWHV���7KH�ORZHVW�WRXJKQHVV�ZDV�IRXQG�WR�EH�LQ�+$=�ZLWK�D 
FULWLFDO�VWUHVV�LQWHQVLW\�RI����NVL�LQò��DV�GHWHUPLQHG�IURP�EULWWOH�IDLOXUH�PRGHV�LQ�-� 
,QWHJUDO�WHVWLQJ��.-VV\� 

,Q�RUGHU�WR�TXDQWLI\�WKH�PD[LPXP�VWUHVV�LQWHQVLW\�LQ�VHUYLFH�FRQGLWLRQV��WZR�SDUDPHWHUV 
PXVW�EH�HYDOXDWHG�����WKH�IODZ�VL]H��VKDSH�DQG�ORFDWLRQ��DQG����WKH�PD[LPXP�VWUHVV�WKH 
IODZ�LV�VXEMHFWHG�WR���$V�IRXQG�LQ�WKH�GXFWLOH�IDLOXUH�PRGH�DQDO\VLV�DERYH��WKH�PD[LPXP 
IDU�ILHOG�VWUHVV�IURP�D�JOREDO�YLHZ�RI�WKH�VWUXFWXUHV�LV������NVL���$V�GLVFXVVHG�LQ�&KDSWHU��� 
WKH�ZHOG�UHVLGXDO�VWUHVVHV�DUH�PXFK�KLJKHU�WKDQ�WKLV�EXW�DUH�QHJOHFWHG�IRU�WKH�FXUUHQW 
IDLOXUH�VFHQDULR� 

)URP�&KDSWHU���WKH�SUHVHQW�87�FRGH�UHMHFWDEOH�GHIHFW�LQGLFDWLRQV�DUH�QRW�FRQVLGHUHG�WR�EH 
FUDFN�OLNH��EXW�FUDFN�OLNH�IODZV�VWDWLVWLFDOO\�PD\�H[LVW�LQ�WKH�VWUXFWXUH���7KH�PD[LPXP 
IODZ�VL]H�WR�HVFDSH�WKH�1'7�SHUIRUPHG�WR�GDWH�LV�OHVV�WKDQ�ò�LQFK�LQ�OHQJWK���$V 
SUHYLRXVO\�GLVFXVVHG��TXDOLW\�1'7�FDQ�GR�PXFK�EHWWHU�WKDQ�WKLV��EXW�WKLV�LV�D�FRQVHUYDWLYH 
HVWLPDWH���%DVHG�RQ�WKH�DELOLW\�WR�SHUIRUP�VXUIDFH�LQVSHFWLRQV�RQ�WKH�ZHOGV��97�DQG�07� 
ZLWK�H[FHOOHQW�UHOLDELOLW\�DQG�EDVHG�RQ�WKH�IDFW�WKDW�WKHUH�DUH�ODUJH�PDJQLWXGH�FRPSUHVVLYH 
VWUHVVHV�RQ�DQG�QHDU�WKH�VXUIDFH�RI�WKHVH�(6:V��WKH�PRVW�OLNHO\�IODZ�WR�HVFDSH�GHWHFWLRQ�LV 
LQ�WKH�FRUH�RI�WKH�ZHOG�DQG�RU�+$=� 

,I�RQH�DVVXPHV�D�FLUFXODU�RU�SHQQ\�VKDSHG�FUDFN�RI�UDGLXV�D��LQ�D�SODWH�RI�ILQLWH�ZLGWK�E� 
WKH�PD[LPXP�VWUHVV�LQWHQVLW\�.��FDQ�EH�H[SUHVVHG�DV�VKRZQ�LQ�)LJXUH�������:LWK�D�ò�LQFK 
GLDPHWHU�FUDFN�DQG�D�IDU�ILHOG�VWUHVV�RI������NVL��.� ������NVL�LQò���7KH�EULWWOH�IDLOXUH 
VWUHVV�LQWHQVLW\��.-VV\��LV����NVL�LQò��WKXV�WKH�6WUHVV�,QWHQVLW\�UDWLR�.U�LV�HTXDO�WR������ 

.U� ��VHUYLFH�VWUHVV�LQWHQVLW\�����FULWLFDO�VWUHVV�LQWHQVLW\��� (5-2) 

.U� ������DQG���6U� ��������PRVW�SUREDEOH�PD[LPXP�VHUYLFH�FRQGLWLRQ 

��




[ 

\ 

b 

(PEHGGHG 
FLUFXODU�FUDFN�� 
UDGLXV� �a 

8QLIRUP 
VWUHVV���� 

] 

[ 

KI = 1.13 � f(a/b) �a 

)LJXUH������6WUHVV�,QWHQVLW\�HTXDWLRQ�IRU�DQ�HPEHGGHG�FLUFXODU�FUDFN�LQ�D�SODWH�RI�ILQLWH�ZLGWK�DQG�XQLIRUP�VWUHVV�ILHOG 

,Q�WKH�FDVH�WKDW�VRPH�ZHOGV�H[KLELW�HYHQ�ORZHU�WRXJKQHVV�WKDQ�SUHGLFWHG�E\�.-VV\��DQG�.4 

LV�D�EHWWHU�UHSUHVHQWDWLRQ�RI�WKH�DFWXDO�WRXJKQHVV�WKDQ�WKH�.�UDWLR�DQG�ZRXOG�EH�.U� ������ 

.U� ������DQG���6U� ��������H[WUHPH��VHUYLFH�FRQGLWLRQ 

)LJXUH�����VKRZ�WKH�IDLOXUH�DVVHVVPHQW�GLDJUDP��)$'��IRU�WKH�VWULS�\LHOG�PRGHO�RI�D 
WKURXJK�WKLFNQHVV�FUDFN�DV�GHYHORSHG�E\�'RZOLQJ�DQG�7RZQOH\��DQG�+DUULVRQ��HW�DO� 
�Dowling and Townley 1975; Harrison, et al. 1976�� 
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7KH�YHUWLFDO�D[LV�GHILQHV�EULWWOH�IDLOXUH�PRGHV�DQG�WKH�KRUL]RQWDO�D[LV�GHILQHV�GXFWLOH 
IDLOXUH�PRGHV���7KH�SORW�VKRZV�WKH�ORFXV�RI�SUHGLFWHG�SRLQWV�RI�IDLOXUH���$OO�SRLQWV�LQVLGH 
WKH�OLQH�DUH�SUHGLFWHG�QRW�WR�IDLO��DQG�WKRVH�RXWVLGH�WKH�OLQH�DUH�WR�IDLO� 

7KH�IODQJH�SODWHV�RSHUDWH�LQ�WKH�UHJLRQ�VKRZQ�E\�WKH�VPDOOHU�WULDQJOH���7KLV�LV�WKH�EHVW 
HVWLPDWH�RI�PD[LPXP�VHUYLFH�FRQGLWLRQV�EDVHG�RQ�D�ò�LQFK�GLDPHWHU�FUDFN�HVFDSLQJ 
1'7��WKH�VXP�RI�DOO�GHVLJQ�ORDGV�RFFXUULQJ�VLPXOWDQHRXVO\��XVLQJ�WKH�ORZHVW�WRXJKQHVV 
PHDVXUHG�LQ�WKH�ZHOGV���7KH�VHFRQG�WULDQJOH�DUHD�LV�IRU�WKH�VDPH�FRQGLWLRQV�ZLWK�WKH 
H[FHSWLRQ�RI�H[WUHPHO\�EULWWOH�EHKDYLRU�LQ�WKH�ZHOGV�ZLWK�WKH�WRXJKQHVV�EHLQJ�RQ�WKH�RUGHU 
RI����NVL�LQò���1RQH�RI�WKH�WHVW�GDWD�LQGLFDWH�D�WRXJKQHVV�WKLV�ORZ��EXW�RQO\�QLQH�WRXJKQHVV 
WHVWV�ZHUH�XVHG�WR�TXDQWLI\�WKH�WRXJKQHVV�RI�DOO�����IUDFWXUH�FULWLFDO�ZHOGV���,W�LV 
LPSUREDEOH�EXW�QRW�LPSRVVLEOH�IRU�WKH�WRXJKQHVV�RI�D�IHZ�ZHOGV�WR�EH�WKLV�ORZ� 

5.3 DEFECTS AND HIGH RESIDUAL STRESSES 

$QRWKHU�IDLOXUH�VFHQDULR�WKDW�QHHGV�WR�EH�DGGUHVVHG�LV�WKH�IODZ�RU�GHIHFW�VXEMHFWHG�WR�WKH�UHVLGXDO 
VWUHVVHV�LQ�WKH�(6:���7KH�IDLOXUH�VFHQDULR�DERYH�LQFOXGHG�WKH�SRWHQWLDO�RI�D�VXE�FULWLFDO�GHIHFW 
EHLQJ�DIIHFWHG�E\�H[WUHPH�VHUYLFH�ORDGV�DQG�KLJK�UHVLGXDO�VWUHVVHV�EXW�QHJOHFWHG�WKH�UHVLGXDO 
VWUHVVHV�IRU�WKH�DFWXDO�FDOFXODWLRQ�RI�FULWLFDO�FUDFN�VL]H���)URP�WKH�ORDG�DQDO\VLV�LQ�&KDSWHU���LW 
ZDV�VKRZQ�WKDW�WKH�RXWHU�VKHOO�RU�IXVLRQ�]RQH�RI�WKH�VWDQGDUG�JDS�(6:�LV�VXEMHFWHG�WR�ODUJH 
FRPSUHVVLYH�UHVLGXDO�VWUHVVHV��WKXV�LW�ZDV�LQIHUUHG�WKDW�WKH�FRUH�RI�WKH�ZHOG�LV�VXEMHFW�WR�ODUJH 
PDJQLWXGH��WULD[LDO�WHQVLOH�VWUHVVHV� 

7KHVH�ZHOG�UHJLRQV�ZLWK�VWHHS�VWUHVV�JUDGLHQWV�DUH�W\SLFDOO\�QRW�DGGUHVVHG�LQ�VWUXFWXUDO�GHVLJQV 
DQG�DUH�DVVXPHG�WR�GHYHORS�DW�OHDVW�WKH�VDPH�VWUHQJWK�DV�WKH�EDVH�PHWDO���([SHULHQFH�KDV�VKRZQ 
WKLV�WR�EH�D�JHQHUDOO\�JRRG�DVVXPSWLRQ���+RZHYHU��JLYHQ�WKH�ORZHU�WRXJKQHVV�RI�WKH�ZHOG�PHWDO� 
WKH�FRXUVH�JUDLQ�VWUXFWXUH�ZKLFK�FRXOG�SUHVHQW�FUDFN�LQLWLDWLRQ�VLWHV��DQG�WKH�KLJK�WULD[LDOLW\�RI�WKH 
VWUHVV�ZKLFK�GHFUHDVH�GXFWLOLW\��LW�EHFRPHV�QHFHVVDU\�WR�DGGUHVV�WKH�SUREDELOLW\�RI�D�VXEFULWLFDO 
IODZ�LQ�WKH�FRUH�RI�D�ZHOG�JURZLQJ�LQWR�D�ODUJH�DQG�SRWHQWLDOO\�KD]DUGRXV�FUDFN� 

6WDQGDUG�JDS�(6:V�KDYH�VHYHUDO�GLIIHUHQW�FU\VWDOOLQH�JUDLQ�VWUXFWXUHV�GHSHQGLQJ�RQ�WKH�ZHOGLQJ 
SDUDPHWHUV�DQG�FRROLQJ�UDWHV��Culp 1979����$OO�RI�WKHVH�W\SHV�FDQ�W\SLFDOO\�KDYH�ORQJ�FROXPQDU 
JUDLQV�LQ�WKH�PLGGOH�RI�WKH�ZHOG�PHWDO��/HW�XV�DVVXPH�WKDW�D�IHZ�RI�WKHVH�JUDLQV�UHSUHVHQW�DQ 
HPEHGGHG�HOOLSWLFDO�FUDFN�LQ�WKH�ZHOG�PHWDO�ZLWK�D�OHQJWK�RI�����LQFKHV�DQG�D�ZLGWK�RI����� 
LQFKHV���7KH�VWUHVV�LQWHQVLW\�IRU�WKLV�FDVH�LV�FDOFXODWHG�WR�EH�QHDU����NVL�LQò�LI�ZHOG�PHWDO�\LHOG 
VWUHVVHV�DUH�DVVXPHG���:LWK�D�FULWLFDO�VWUHVV�LQWHQVLW\�RI����WR�����NVL�LQò��HYHQ�WKH�KLJK 
PDJQLWXGH�UHVLGXDO�VWUHVVHV�DUH�QRW�H[SHFWHG�WR�IDLO�WKH�DVVXPHG�GHIHFW���6HH�)LJXUH�����IRU 
DVVXPHG�JHRPHWU\� 
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[ 

\ 

b 

(PEHGGHG�HOOLSWLFDO��FUDFN���ZLGWK� �2a OHQJWK�  2c 

8QLIRUP 
VWUHVV���� 

] 

[ 

KI = � ��a/Q 

Q = f ( a/2c , �/�ys ) 

�)LJXUH������6WUHVV�LQWHQVLW\�HTXDWLRQ�IRU�DQ�HPEHGGHG�HOOLSWLFDO�FUDFN�LQ�D�ILQLWH�ZLGWK�SODWH�ZLWK�XQLIRUP�VWUHVV�ILHOG 

5.3.1 Fatigue Crack Growth 

)DWLJXH�FUDFN�JURZWK�FDQ�EH�VHSDUDWHG�LQWR�WKUHH�UHJLRQV�RI�EHKDYLRU��LQLWLDWLRQ��VWDEOH�JURZWK 
DQG�XQVWDEOH�JURZWK���,QLWLDWLRQ�LV�WKH�SURFHVV�RI�GHYHORSLQJ�D�YHU\�VPDOO�IODZ�LQWR�DQ�DFWLYHO\ 
JURZLQJ�IDWLJXH�FUDFN���,Q�ZHOGHG�VWUXFWXUHV�WKLV�SRUWLRQ�RI�WKH�IDWLJXH�OLIH�LV�RIWHQ�QHJOHFWHG 
XQGHU�WKH�DVVXPSWLRQ�WKDW�FUDFN�OLNH�IODZV�PD\�KDYH�HVFDSHG�1'7���2QFH�D�FUDFN�LV�ORFDWHG�LQ�D 
VWUXFWXUDO�FRPSRQHQW��LW�ZLOO�JURZ�LQ�D�VWDEOH�PDQQHU��SURYLGHG�WKDW�WKH�VWUHVV�LQWHQVLW\�UDQJH� 
�.��DW�WKH�FUDFN�WLS�V��LV�JUHDWHU�WKDQ�D�WKUHVKROG�YDOXH��.WK��DQG�WKDW�WKH�FRPELQDWLRQ�RI�DOO 
VWUHVVHV�DGGV�WR�D�WHQVLOH�YDOXH���7KH�GHDG�DQG�OLYH�ORDG�VWUHVVHV�RQ�DOO�IUDFWXUH�FULWLFDO�ZHOGV�DUH 
WHQVLOH�E\�GHILQLWLRQ�DQG�WKH�UHVLGXDO�VWUHVVHV�DUH�DVVXPHG�WR�EH�WHQVLOH�DW�WKH�FRUH�RI�WKH�ZHOG� 

��




7KXV�LI�WKH�OLYH�ORDG�UDQJH�DQG�IODZ�VL]HV�DUH�ODUJH�HQRXJK��D�VPDOO�GHIHFW�FRXOG�JURZ�LQWR�D�IXOO\ 
DFWLYH�IDWLJXH�FUDFN� 

$V�GLVFXVVHG�LQ�&KDSWHU����WKH�1'7�SHUIRUPHG�RQ�WKLV�VWUXFWXUH�ZLOO�YHU\�OLNHO\�GHWHFW�GHIHFWV 
DQG�IODZV�OHVV�WKDQ�����LQFKHV�LQ�GLPHQVLRQ���7KH�PD[LPXP�OLYH�ORDG�VWUHVV�UDQJH�ZDV�IRXQG�WR 
EH�OHVV�WKDQ���NVL�DW�DQ\�ZHOG�ORFDWLRQ���7KH�PD[LPXP�VWUHVV�LQWHQVLW\�UDQJH�IURP�WKLV 
FRPELQDWLRQ�RI�IODZ�VL]H�DQG�VWUHVV�UDQJH�LV�����NVL�LQò�RU�OHVV���7KH�ORZHVW�FUDFN�JURZWK 
WKUHVKROG�FDOFXODWHG�IURP�FRUH�GDWD�ZDV������NVL�LQò���7KXV�WKH�ODUJHVW�IODZ�H[SHFWHG�WR�HVFDSH 
1'7�ZRXOG�QRW�EH�H[SHFWHG�WR�JURZ�RU�SURSDJDWH�XQGHU�WKH�OLYH�ORDG�VWUHVV�UDQJH� 

)URP�DQRWKHU�SHUVSHFWLYH��EDVHG�RQ�WKH�PHDVXUHG���.WK��QHDUO\�DQ�HLJKW�LQFK�ORQJ�E\�WZR�LQFK 
ZLGH�HOOLSWLFDO�FUDFN�ZRXOG�EH�WKH�PD[LPXP�VL]HG�IODZ�H[SHFWHG�WR�UHPDLQ�GRUPDQW�XQGHU 
FXUUHQW�OLYH�ORDGV���7KXV�GHYHORSLQJ�DQG�SURSDJDWLQJ�DQ�DFWLYH�IDWLJXH�ZLWKLQ�WKH�(6:�LQ�WKH 
IODQJH�SODWHV�LV�D�YHU\�XQOLNHO\�HYHQW���3URSHU�1'7�FDQ�DVVXUH�WKLV�ZLWK�D�YHU\�KLJK�SUREDELOLW\�RI 
VXFFHVV� 

5.3.2 S-N Approach 

/RRNLQJ�DW�WKHVH�(6:V�IURP�D�GHVLJQ�SHUVSHFWLYH��WKH�IDWLJXH�OLIH�LV�W\SLFDOO\�FKDUDFWHUL]HG�E\ 
WKH�QXPEHU�RI�VWUHVV�F\FOHV�DW�D�SDUWLFXODU�VWUHVV�DPSOLWXGH���3ULRU�UHVHDUFK�KDV�VKRZQ�WKDW�QRQ� 
WDSHUHG�VWDQGDUG�JDS�(6:V�FDQ�EH�FKDUDFWHUL]HG�DV�KDYLQJ�DQ�$$6+72�IDWLJXH�VWUHQJWK�RI 
&DWHJRU\�%�DQG�&DWHJRU\�&�IRU�WDSHUHG�EXWW�MRLQWV��Schilling and Klippstein 1981����&DWHJRU\�& 
LV�DOVR�UHSUHVHQWDWLYH�RI�WKH�VWXG�ZHOGV�DWWDFKHG�WR�WKH�WRS�IODQJH�SODWHV�IRU�FRPSRVLWH�DFWLRQ�ZLWK 
WKH�FRQFUHWH�GHFN���7KH�FRQVWDQW�DPSOLWXGH�IDWLJXH�OLPLW��&$)/��IRU�WZR�PLOOLRQ�VWUHVV�F\FOHV�RU 
PRUH�IRU�&DWHJRULHV�%�DQG�&�DUH����DQG���NVL��UHVSHFWLYHO\� 

8VLQJ�WKH�HVWLPDWLRQ�RI�IDWLJXH�OLIH�SURFHGXUHV�VXJJHVWHG�E\�<HQ��HW�DO���WKH�PHDVXUHG�HIIHFWLYH 
VWUHVV�UDQJH�VKRXOG�EH�FRPSDUHG�ZLWK�WKH�&$)/��Yen, et al. 1990����7KH�ODUJHVW�HIIHFWLYH�VWUHVV 
UDQJHV�PHDVXUHG�DW�WKH�VL[�VWUDLQ�JDXJH�ORFDWLRQV�UDQJHG�IURP�����WR������SVL���7KH�PD[LPXP 
VWUHVV�F\FOH�PHDVXUHG�UDQJHG�IURP������WR������SVL���%RWK�RI�WKHVH�SDUDPHWHUV�DUH�VHHQ�WR�EH 
VXEVWDQWLDOO\�EHORZ�WKH�&$)/��DQG�WKXV�LQILQLWH�IDWLJXH�OLIH�LV�SUHGLFWHG�XQGHU�WKH�ORDGLQJ 
PHDVXUHG� 

,W�VKRXOG�EH�QRWHG�WKDW�WKHUH�LV�D�IDWLJXH�&DWHJRU\�( �GHWDLO�IDEULFDWHG�LQWR�WKH�ER[�JLUGHUV���$W�WKH 
DFFHVV�KROH�LQ�HDFK�GLDSKUDJP��D�ô�LQFK�WKLFN�SODWH�KDV�EHHQ�ZHOGHG�WR�WKH�ERWWRP�IODQJH� 
)LJXUH�����VKRZV�D�SLFWXUH�RI�RQH�RI�WKHVH�GHWDLOV���7KH�&$)/�IRU�&DWHJRU\�( �LV�����NVL��ZKLFK� 
XVLQJ�WKH�DERYH�SURFHGXUHV��LV�SUHGLFWHG�WR�KDYH�D�ILQLWH�IDWLJXH�OLIH�EHFDXVH�WKH�PD[LPXP�VWUHVV 
UDQJH�PHDVXUHG�H[FHHGV�WKH�&$)/���8VLQJ�DQ�HIIHFWLYH�VWUHVV�UDQJH�RI������SVL�DQG�DQ�$'77 
SHU�GLUHFWLRQ�RI�WUDIILF�RI�������WKH�HVWLPDWHG�UHPDLQLQJ�IDWLJXH�OLIH�RI�WKHVH�GHWDLOV�LV�����\HDUV� 
1RQH�RI�WKHVH�GHWDLOV�LV�DWWDFKHG�WR�DQ�(6:�LQ�WKLV�VWUXFWXUH�DQG�WKXV�GRHV�QRW�HIIHFW�WKH�IDWLJXH 
OLYHV�RI�WKH�ZHOGV�LQ�TXHVWLRQ� 

��




)LJXUH������)DWLJXH�&DWHJRU\�(¶�GHWDLO�IRXQG�LQ�ER[�JLUGHUV�DW�GLDSKUDP�FRQQHFWLRQ�WR�IODQJH��7KH�GHWDLO�GRHV�QRW

HIIHFW�WKH�EXWW�ZHOGV�
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6.0 SUMMARY AND CONCLUSIONS OF STUDY 

6.1 SUMMARY 

$�ILWQHVV�IRU�SXUSRVH�HYDOXDWLRQ�ZDV�SHUIRUPHG�RQ�WKH�IODQJH�EXWW�ZHOGV�RQ�WKH�,�����:HVW�/LQQ 
EULGJH�DV�SHU�WKH�UHTXHVW�RI�)+:$�QRWLFHV�1��������DQG����������GDWHG���������DQG��������� 
UHVSHFWLYHO\��DV�ZHOO�DV�0HPRUDQGXP�+1*�����GDWHG�����������7KLV�HYDOXDWLRQ�UHTXLUHV 
JDWKHULQJ�NQRZOHGJH�RI�WKH�PDWHULDO�SURSHUWLHV��IODZ�RU�GHIHFW�SRSXODWLRQ�IURP�IDEULFDWLRQ�DQG 
VHUYLFH�ORDGV�SHUWDLQLQJ�WR�WKH�ZHOGPHQWV���:LWK�WKHVH�GDWD�WKH�VHUYLFHDELOLW\�RI�WKH�ZHOGPHQWV 
FDQ�EH�DVVHVVHG�DQG�UHSDLU�RU�LQVSHFWLRQ�UHTXLUHPHQWV�FDQ�EH�GHYHORSHG�WR�DVVXUH�SXEOLF�VDIHW\ 
DQG�UHDVRQDEOH�RSHUDWLRQDO�FRVWV� 

Service Loads –�)URP�WKH�RULJLQDO�GHVLJQ�FDOFXODWLRQV�WKH�PD[LPXP�GHDG�ORDG�VWUHVV�ZDV���� 
NVL���7KH�PD[LPXP�OLYH�ORDG�VWUHVV�ZDV�����NVL���0HDVXUHG�OLYH�ORDG�VWUHVVHV�ZHUH�IRXQG�WR�KDYH 
DQ�HIIHFWLYH�VWUHVV�UDQJH�RI�OHVV�WKDQ�����SVL���2WKHU�DQDO\VHV�LQGLFDWHG�WKDW�WKH�PD[LPXP 
WKHUPDO�LQGXFHG�VWUHVV�ZDV�����NVL�DQG�WKH�PD[LPXP�VHLVPLF�VWUHVV�ZDV�����NVL���7KH�WRWDO 
PD[LPXP�FRPELQDWLRQ�RI�WKHVH�VWUXFWXUDO�ORDGV�ZDV������NVL� 

Fabrication Stresses –�5HVLGXDO�VWUHVVHV�IURP�WKH�ZHOGLQJ�SURFHVV�ZHUH�VKRZQ�WR�KDYH�D�FRUH�RI 
WULD[LDO�WHQVLRQ�DQG�D�FRPSUHVVLYH�RXWHU�VKHOO�VXUURXQGLQJ�WKH�ZHOG�UHJLRQ���7KH�PDJQLWXGH�RI 
WKHVH�VWUHVVHV�ZDV�RQ�WKH�RUGHU�RI�WKH�\LHOG�VWUHVV�RI�WKH�ZHOG�PHWDO� 

Material Properties –�7KH�WHQVLOH��WRXJKQHVV�DQG�FUDFN�JURZWK�WKUHVKROG�SURSHUWLHV�RI�WKH�EDVH� 
+$=�DQG�ZHOG�PHWDOV�ZHUH�TXDQWLILHG���7KH�ORZHVW�PHDVXUHG�WRXJKQHVV�DV�GHILQHG�E\�WKH�VPDOO 
VFDOH�\LHOGLQJ�FULWHULD�DSSOLHG�WR�$670�����WHVW�GDWD�ZDV�IRXQG�WR�EH����NVL�LQò�LQ�WKH�+$=�DW 
��)���7KH�PLQLPXP�IDWLJXH�FUDFN�JURZWK�WKUHVKROG�PHDVXUHG��DV�GHILQHG�E\�$670�(�����ZDV 
�����NVL�LQò� 

Non-destructive Testing –�%DVHG�RQ�WKH�RULJLQDO�IDEULFDWLRQ�LQVSHFWLRQ�GRFXPHQW��87���57 
WHVWLQJ�LQ�������DQG�87���07�WHVWLQJ�LQ������DQG�������WKH�PRVW�OLNHO\�VL]H�RI�FUDFN�OLNH�ZHOG 
GHIHFWV�WR�HVFDSH�LQVSHFWLRQ�ZDV�OHVV�WKDQ�ó�LQFK�LQ�PD[LPXP�GLPHQVLRQ���7KH�ODUJHVW�VL]HG�IODZ 
WR�SRVVLEO\�HVFDSH�GHWHFWLRQ�ZDV�ò�LQFK�LQ�PD[LPXP�GLPHQVLRQ���)RXU�RI�WKH�����IUDFWXUH 
FULWLFDO�(6:V�FRQWDLQHG�87�UHMHFWDEOH�GHIHFWV�EDVHG�RQ�WKH�$:6�'�������%ULGJH�:HOGLQJ�FRGH� 
7KHVH�GHIHFWV�ZHUH�RQO\�UHMHFWDEOH�RQ�RQH�RI�IRXU�VFDQ�DQJOHV�XVHG�DQG�ZHUH�ORFDWHG�LQ�ORZ�VWUHVV 
UDQJH�UHJLRQV�RI�WKH�JLUGHUV��%DVHG�RQ�UHSHDWHG�WHVWLQJ��WKHVH�GHIHFW�LQGLFDWLRQV�ZHUH�QRW 
FRQVLGHUHG�WR�EH�FUDFN�OLNH� 

Failure Analysis –�%DVHG�RQ�WKH�TXDQWLILHG�GDWD�DERYH��D�IDLOXUH�DVVHVVPHQW�ZDV�PDGH 
FRQVLGHULQJ�WZR�PRGHV�RI�IDLOXUH�±�EULWWOH�DQG�GXFWLOH��%DVHG�RQ�WKH�VWULS�\LHOG�WKHRU\�RI 
FRPELQHG�IDLOXUH�PRGHV��WKH�(6:V�ZHUH�IRXQG�WR�EH�YHU\�XQOLNHO\�WR�IDLO�XQGHU�HYHQ�WKH�PRVW 
H[WUHPH�FRPELQDWLRQ�RI�VHUYLFH�ORDGV�DQG�PLQLPDO�PDWHULDO�FUDFN�WROHUDQFH���&ULWLFDO�FUDFN 
GLPHQVLRQV�ZHUH�RQ�WKH�RUGHU�RI�IRXU�LQFKHV�IRU�DQ�DVVXPHG�WKURXJK�WKLFNQHVV�FUDFN�LQ�D�ILQLWH 
ZLGWK�SODWH���*LYHQ�WKH�PD[LPXP�FUDFN�VL]H�WR�HVFDSH�1'7��WKH�IDWLJXH�FUDFN�JURZWK�WKUHVKROG 

��




DQG�VHUYLFH�ORDGV��IDWLJXH�FUDFN�JURZWK�XQGHU�OLYH�ORDG�ZDV�QRW�DQWLFLSDWHG�IRU�WKH�VHUYLFH�OLIH�RI 
WKLV�VWUXFWXUH���)URP�D�WUDGLWLRQDO�6�1�DSSURDFK��LQILQLWH�IDWLJXH�OLIH�ZDV�SUHGLFWHG�EDVHG�RQ 
FRPSDULVRQ�ZLWK�IDWLJXH�WHVWLQJ�RI�VLPLODU�(6:�EHDPV� 

6.2 CONCLUSIONS 

��	 7KH�(6:�PHWDO�LV�VWURQJHU�\HW�OHVV�GXFWLOH�WKHQ�WKH�EDVH�PHWDO���7KH�WRXJKQHVV�LV 
VXEVWDQWLDOO\�ORZHU�WKDQ�WKH�EDVH�PHWDO��\HW�DGHTXDWH�WR�VXVWDLQ�DOO�DQWLFLSDWHG�VHUYLFH�ORDGV� 

��	 7KH�IDWLJXH�FUDFN�JURZWK�WKUHVKROG�LQGLFDWHV�WKDW�IDWLJXH�FUDFN�JURZWK�LV�YHU\�XQOLNHO\�XQGHU 
VHUYLFH�ORDGV� 

��	 7KH�IDEULFDWLRQ�DQG�LQVSHFWLRQ�TXDOLW\�RI�WKHVH�ZHOGV�LV�YHU\�JRRG���,W�LV�KLJKO\�XQOLNHO\�WKDW 
DQ\�FUDFN�OLNH�IODZ�ODUJHU�WKDQ�ò�LQFK�H[LVWV�LQ�DQ\�RI�WKH�(6:V��WKH\�DUH�PRUH�OLNHO\�OHVV 
WKDQ�ó�LQFK� 

�� )URP�D�FRQYHQWLRQDO�6�1�DSSURDFK�WKH�(6:V�DUH�H[SHFWHG�WR�KDYH�DQ�LQILQLWH�IDWLJXH�OLIH� 

�� 5HWURILWWLQJ�RI�WKH�(6:V�LV�QRW�QHFHVVDU\�QRU�LV�LW�UHFRPPHQGHG� 

��	 $�ULJRURXV�\HW�UHDVRQDEOH�1'7�SURJUDP�FDQ�LQVXUH�SXEOLF�VDIHW\�DQG�PDLQWDLQ�DFFHSWDEOH 
PDLQWHQDQFH�FRVWV� 

��




7.0 FRACTURE CONTROL PROGRAM FOR THE BOX 
GIRDERS 

7.1 OVERVIEW 

%HWZHHQ������DQG������2'27�FDUULHG�RXW�WKH�IUDFWXUH�FRQWURO�SURJUDP�IRU�WKH�IUDFWXUH�FULWLFDO 
(6:V�LQ�WKH�ER[�JLUGHUV�RI�WKH�*HRUJH�$EHUQHWK\�%ULGJH�DW�:HVW�/LQQ��2UHJRQ���7KLV�SODQ 
FKDUDFWHUL]HG�WKH�IUDFWXUH�SRWHQWLDO�RI�WKHVH�ZHOGV�E\�TXDQWLI\LQJ�WKH�VWUXFWXUDO�ORDGLQJ��PDWHULDO 
WRXJKQHVV�DQG�ZHOG�GHIHFWV�SUHVHQW���7KH�UHVXOWV�RI�WKLV�VWXG\�FRQFOXGHG�WKDW�WKH�(6:V�ZHUH�ILW 
IRU�FRQWLQXHG�VHUYLFH�ZLWKRXW�DQ\�PRGLILFDWLRQV�RU�UHSDLUV���8QGHU�WKH�1DWLRQDO�%ULGJH 
,QVSHFWLRQ�6WDQGDUGV��1%,6��DFW�RI������WKH�ER[�JLUGHUV�DUH�UHTXLUHG�WR�EH�YLVXDOO\�LQVSHFWHG�E\ 
D�OLFHQVHG�OHDG�EULGJH�LQVSHFWRU�HYHU\�WZR�\HDUV���'HWDLOV�RI�IUDFWXUH�FULWLFDO�LQVSHFWLRQV�FDQ�EH 
IRXQG�LQ�)+:$�UHSRUW�)+:$�,3��������FHWA 1986����2UHJRQ�KDV�EHHQ�JUDQWHG�DQ�H[FHSWLRQ 
WR�WKLV�VWDQGDUG��LQ�WKDW�HQJLQHHUHG�IUDFWXUH�FULWLFDO�LQVSHFWLRQ�SHULRGV�FDQ�EH�GHYHORSHG�IRU�RXU 
IUDFWXUH�FULWLFDO�VWUXFWXUHV�RQ�D�FDVH�E\�FDVH�EDVLV���7KHVH�LQVSHFWLRQ�SHULRGV�FDQ�EH�H[WHQGHG�RXW 
WR����\HDUV�EXW�UHO\�RQ�TXDOLW\�LQVSHFWLRQ���,W�VKRXOG�EH�QRWHG�WKDW�WKHVH�PRGLILHG�LQVSHFWLRQ 
SHULRGV�GR�QRW�DSSO\�WR�WKH�URXWLQH�ELHQQLDO�1%,6�LQVSHFWLRQ�GHILQHG�LQ�)+:$�UHSRUW�)+:$� 
3'���������FHWA 1991�� 

7.2	 FRACTURE CONTROL PLAN FOR REMAINING LIFE OF 
STRUCTURE 

,Q�DGGLWLRQ�WR�WKH�ELHQQLDO�1%,6�LQVSHFWLRQV��WKH�IRXU�ER[�JLUGHUV�VKDOO�UHFHLYH�WKH�IROORZLQJ 
LQVSHFWLRQV�DW�WKH�VSHFLILHG�SHULRGV� 

��	 Modified Biennial Inspection�±�,Q�DGGLWLRQ�WR�WKH�FXUUHQW�ELHQQLDO���1%,6��LQVSHFWLRQV��DOO 
IRXU�ER[�JLUGHUV�VKDOO�KDYH�YLVXDO�WHVWLQJ��97��SHUIRUPHG�RQ�WKH�IUDFWXUH�FULWLFDO�ZHOGV�DV 
GHILQHG�LQ�'UDZLQJ��������DQG�SHUIRUPHG�RQ�WKH�FRUHG�DQG�SOXJJHG�FRPSUHVVLRQ�ZHOGV�� 
7KLV�LQVSHFWLRQ�VKDOO�EH�SHUIRUPHG�IURP�LQVLGH�RI�WKH�ER[�JLUGHUV���$OO�RI�WKHVH�ZHOGV�KDYH 
KDG�WKH�SDLQW�UHPRYHG�IURP�WKH�LQVLGH�VXUIDFH���$V�SDUW�RI�WKLV�LQVSHFWLRQ��D�SURWHFWLYH 
FRDWLQJ�VXFK�DV�:'����ZLOO�EH�DSSOLHG�WR�WKHVH�VXUIDFHV���7KH�VXUIDFH�PXVW�EH�IUHH�RI�UXVW� 
GLUW��HWF��IRU�SURSHU�LQVSHFWLRQ� 

$OO�)DWLJXH�&DWHJRU\�( �GHWDLOV�VKDOO�DOVR�EH�JLYHQ�97���7KHVH�GHWDLOV�ZLOO�EH�SHUPDQHQWO\ 
PDUNHG�DQG�FRGHG�LQVLGH�WKH�ER[�JLUGHUV�IRU�HDVH�RI�LGHQWLILFDWLRQ�DQG�WUDFNLQJ���7KH�SDLQW 
V\VWHP�VKDOO�EH�UHPRYHG�LQ�WKH�YLFLQLW\�RI�WKHVH�GHWDLOV�WR�DVVLVW�LQVSHFWLRQ���7KH\�ZLOO�DOVR�EH 
FRDWHG�ZLWK�D�SURWHFWLYH�FRDWLQJ�VXFK�DV�:'������7KHVH�DGGLWLRQDO�LQVSHFWLRQV�VKDOO�EH 
SHUIRUPHG�ZLWK�HYHU\�ELHQQLDO�LQVSHFWLRQ� 

��	 Fracture Critical Inspection�±�,Q�DGGLWLRQ�WR�WKH�1%,6�ELHQQLDO�LQVSHFWLRQ�DV�PRGLILHG 
DERYH��D�IUDFWXUH�FULWLFDO�LQVSHFWLRQ�VKDOO�EH�SHUIRUPHG�RQ�DOO�IRXU�ER[�JLUGHUV�HYHU\����\HDUV� 

��




VWDUWLQJ�LQ��������7KLV�ZLOO�EH�FRQVLGHUHG�D�PDMRU�LQVSHFWLRQ�DQG�VKDOO��DW�D�PLQLPXP��LQFOXGH 
97�RI�������RI�WKH�H[SRVHG�VXUIDFH�DUHD�RI�WKH�ER[�JLUGHUV��LQVLGH�DQG�RXW� 

$OO�IUDFWXUH�FULWLFDO�(6:V�VKDOO�UHFHLYH������87�LQ�DFFRUGDQFH�ZLWK�$:6�'������7KLV 
LQVSHFWLRQ�ZLOO�EH�SHUIRUPHG�IURP�WKH�LQVLGH�RI�WKH�ER[�JLUGHUV�ZLWK�WKH�H[FHSWLRQ�RI�WKH 
RXWHU�HGJHV�RI�WKH�IODQJH�SODWHV��ZKLFK�PXVW�EH�VFDQQHG�IURP�RXWVLGH�WKH�ER[�JLUGHUV���7KH 
87�VKDOO�EH�RYHUVHHQ�DQG�DSSURYHG�E\�DQ�$617�OHYHO���87�LQVSHFWRU�ZLWK�DW�OHDVW���\HDUV 
H[SHULHQFH�ZLWK�(6:�LQVSHFWLRQ���$OO�WHVWLQJ�VKDOO�EH�SHUIRUPHG�E\�DQ�$617�OHYHO�� 
LQVSHFWRU�RU�KLJKHU���7HFKQLTXHV�DQG�GDWD�SUHVHQWDWLRQ�VKDOO�EH�VXEVWDQWLDOO\�VLPLODU�WR�WKH 
WHVWLQJ�SHUIRUPHG�LQ�������PSI 1996����$OO�FRGH�UHMHFWDEOH�87�LQGLFDWLRQV�VKDOO�EH�VFDQQHG 
IURP�ERWK�VXUIDFHV�RI�WKH�IODQJH�SODWH���,I�WKH�RXWVLGH�VFDQ�LV�LQFRQFOXVLYH��WKHQ�57�IURP�WZR 
RUWKRJRQDO�GLUHFWLRQV�ZLOO�EH�SHUIRUPHG���$OO�87�GHVFULEHG�DERYH�VKDOO�EH�SHUIRUPHG�LQ����� 
DQG�DJDLQ�LQ��������,I�QR�QHZ�FRGH�UHMHFWDEOH�87�LQGLFDWLRQV�DUH�UHFRUGHG�DIWHU�WKH����� 
LQVSHFWLRQ��RQO\�IUDFWXUH�FULWLFDO�(6:V�ZLWK�FRGH�UHMHFWDEOH�LQGLFDWLRQV�VKDOO�EH�UHTXLUHG�WR 
EH�87���$OO�RWKHU�LQVSHFWLRQV�VWLOO�DSSO\� 

$OO�)DWLJXH�&DWHJRU\�( �GHWDLOV�VKDOO�UHFHLYH�07���$Q\�07�LQGLFDWLRQV�VKDOO�UHFHLYH�87�WR 
HVWDEOLVK�GHSWK�RI�LQGLFDWLRQ���$OO�FRUHG�ZHOGV�VKDOO�KDYH�WKH�SOXJ�UHPRYHG�DQG�EH�VXEMHFW�WR 
07�RQ�ERWK�LQVLGH�DQG�RXWVLGH�VXUIDFHV���3OXJV�VKDOO�EH�UHLQVWDOOHG�DIWHU�LQVSHFWLRQ� 

�� 7KH�GRFXPHQWDWLRQ�IRU�HDFK�LQVSHFWLRQ�VKDOO�EH�SUHVHUYHG�IRU�WKH�OLIH�RI�WKH�VWUXFWXUH� 
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