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([HFXWLYH�6XPPDU\

7KH +HDYL/LIW FUDQH LV D VWUXFWXUH VSHFLILHG WR OLIW D ���� SRXQG ORDG WR D KHLJKW RI � IHHW LQ
DSSUR[LPDWHO\ ��� VHFRQGV� KRZHYHU� WKH VWUXFWXUH PXVW EH FRQVWUXFWHG IURP RQO\ �� FXELF LQFKHV RI
DOXPLQXP DQG �� FXELF LQFKHV RI SODVWLF� &UDQH SHUIRUPDQFH LV HYDOXDWHG XVLQJ DQ HTXDWLRQ EDVHG RQ WKH OLIW

KHLJKW� ZHLJKW OLIWHG� OLIW WLPH� YROXPH RI DOXPLQXP XVHG� DQG DVVHPEO\ WLPH� 6LQFH WKHUH DUH VHYHUDO
SHUIRUPDQFH IDFWRUV� YDULRXV DSSURDFKHV WR SHUIRUPDQFH RSWLPL]DWLRQ DUH SRVVLEOH� 7KH XOWLPDWH JRDO LV WR
GHVLJQ D FUDQH ZLWK WKH KLJKHVW SHUIRUPDQFH VFRUH ZLWKLQ WKH DOORWWHG WLPH DQG UHVRXUFHV�

6LQFH KHLJKW DQG OLIWLQJ WLPH DUH LQYHUVHO\ SURSRUWLRQDO DQG FRXSOHG� WKH ORDG FRXOG EH OLIWHG WR D JUHDW
KHLJKW DW WKH H[SHQVH RI D ORQJ OLIWLQJ WLPH DQG YLFH�YHUVD� WKHUHIRUH� QHLWKHU IDFWRU VKRXOG EH WKH IRFXV RI
RSWLPL]DWLRQ� ,QVWHDG� GHVLJQ SKLORVRSK\ VKRXOG HPSKDVL]H VWUXFWXUDO LQWHJULW\ DQG VLPSOLFLW\� $ PD[LPXP
SHUIRUPDQFH VFRUH FDQ WKHQ EH DFKLHYHG E\ GHVLJQLQJ D FUDQH WKDW LV ERWK HDVLO\ DVVHPEOHG DQG OLIWV D ODUJH
DPRXQW RI ZHLJKW�

7KH FUDQH·V GHVLJQ LV HVVHQWLDOO\ D VXSSRUWHG FDQWLOHYHU EHDP� $ SDLU RI SDUDOOHO DOXPLQXP FDQWLOHYHUV
SURMHFW KRUL]RQWDOO\ IURP WKH YHUWLFDO ,�EHDP VXSSRUW� 7KLV VLPSOH GHVLJQ LV HIILFLHQW VLQFH OHVV PDWHULDO LV
XVHG WKDQ LQ VRPH RWKHU GHVLJQV LQ ZKLFK WKH PDLQ EHDPV SURMHFW XSZDUGV DW DQ DQJOH� 7KH UHGXFHG OHQJWK
DOVR GHFUHDVHV WKH SRVVLELOLW\ RI EXFNOLQJ GXH WR FRPSUHVVLYH ORDGV DV ZHOO DV LQFUHDVLQJ WKH VWLIIQHVV�

'HIOHFWLYH DQG WRUVLRQDO ULJLGLW\ DUH SURYLGHG E\ � GLDJRQDO PHPEHUV� ZKLFK DUH VHFXUHG WR WKH ,�EHDP
DERYH WKH PDLQ FDQWLOHYHU EHDPV� 3XOOH\V DORQJ WKH FHQWUDO D[LV JXLGH WKH VWHHO FDEOH IURP WKH UHHO� RYHU WKH ,�
EHDP� DQG GRZQ WKH IURQW RI WKH FDQWLOHYHU EHDP� 3ODVWLF EUDFNHWV DQG VSDFHUV� SUHIDEULFDWHG WR WKH H[DFW
UHTXLUHG OHQJWKV� LQFUHDVH WKH VWUXFWXUDO ULJLGLW\ DQG UHGXFH WKH OLNHOLKRRG RI EXFNOLQJ� 7KH FUDQH DOVR XVHV D

XQLTXH FRPSRVLWH PHPEHU IRU ODWHUDO VXSSRUW� 7KLV PHPEHU LV FRPSRVHG RI WZR RI WKH VXSSOLHG VWHHO SLQV� DV
ZHOO DV �� LQFKHV RI VWHHO FDEOH� DQG LV FRQQHFWHG XVLQJ FRWWHU SLQV� ,W UXQV GLDJRQDOO\ IURP WKH WRS SLQ RQ WKH
,�EHDP WR WKH RSSRVLWH FDQWLOHYHU EHDP� ZKHUH LW LV VHFXUHG DW D GLVWDQFH RI ����� LQFKHV IURP WKH ,�EHDP� ,Q
DGGLWLRQ WR VLJQLILFDQWO\ LQFUHDVLQJ WKH WRUVLRQDO ULJLGLW\ RI WKH VWUXFWXUH� WKLV PHPEHU UHGXFHV WKH ORDG RQ WKH
GLDJRQDO DOXPLQXP PHPEHUV�

7KH DOXPLQXP LQ WKH ILQDO GHVLJQ ZHLJKV DSSUR[LPDWHO\ ������ SRXQGV� 7KH ILQDO FUDQH ZLWKVWRRG ������
SRXQGV ZLWK PLQLPDO GHIOHFWLRQ DQG QR VLJQ RI IDLOXUH� ,Q DQ DWWHPSW WR OLIW ������ SRXQGV� IDLOXUH RFFXUUHG
EHFDXVH D SODVWLF VSDFHU XQH[SHFWHGO\ GHWDFKHG� FDXVLQJ DQ DV\PPHWULF ORDG ZKLFK UHVXOWHG LQ RXW RI SODQH

EXFNOLQJ� $QDO\VHV KDG SUHGLFWHG WKDW WKH VWUXFWXUH ZRXOG EXFNOH RXW RI SODQH DW ��� SRXQGV� EXW WKLV IDLOXUH
ZHLJKW ZDV EDVHG RQ FRPSOHWHO\ V\PPHWULF ORDGLQJ�
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,QWURGXFWLRQ

2EMHFWLYHV��6SHFLILFDWLRQV�	�&RQVWUDLQWV

7KH XOWLPDWH +HDYL/LIW &UDQH LV D OLJKWZHLJKW VWUXFWXUH FDSDEOH RI OLIWLQJ DSSUR[LPDWHO\ ���� SRXQGV RI
ZHLJKW� 6SHFLILFDWLRQV UHTXLUH WKH FUDQH OLIW WKH ORDG YHUWLFDOO\ � IHHW ZKLOH PDLQWDLQLQJ D KRUL]RQWDO GLVWDQFH RI
� IHHW IURP WKH QHDUHVW HGJH RI WKH ,�EHDP VXSSRUW� $GGLWLRQDOO\� WKLV YHUWLFDO GLVSODFHPHQW PXVW EH
FRPSOHWHG ZLWKLQ ��� VHFRQGV� 8QIRUWXQDWHO\� UDSLG DFFHOHUDWLRQ PHDQV WKHUH DUH DGGLWLRQDO �'·$ODPEHUW�
IRUFHV� 7KHUHIRUH� WKH FUDQH PXVW VXSSRUW PRUH ZHLJKW WKDQ D VWDWLFDOO\ FDOFXODWHG QXPEHU WR ZLWKVWDQG LQLWLDO
MHUNV�

7KH HQWLUH VWUXFWXUH PXVW EH IDEULFDWHG IURP �� FXELF LQFKHV RI �����7� DOXPLQXP� 4XDUWHU LQFK WKLFN

VWRFN LV XVHG IRU DOO RI WKH PHPEHUV� �� FXELF LQFKHV RI 7,9$5 8+0: SODVWLF SLHFHV �IURP KDOI LQFK VWRFN
ZLWK D PD[LPXP GLPHQVLRQ RI �� LQFKHV� DUH XVHG IRU WKH SODVWLF EUDFNHWV DQG VSDFHUV� +DOI LQFK GLDPHWHU
VWHHO SLQV �PD[LPXP RI � ZLWK �� ZDVKHUV� DUH WKH RQO\ PHDQV RI VHFXULQJ HDFK PHPEHU� 7KLV PHDQV QRQH RI
WKHVH SLQQHG MRLQWV SURYLGH DQ\ UHVWRULQJ PRPHQW LQ WKHRU\� 7KH HQWLUH VWUXFWXUH LV VHFXUHG WR D ULJLG VWHHO ,�
EHDP ZLWK DQ � LQFK IODQJH GRXEOHU DQG H[WHQGHU� 7KLV ,�EHDP DFWV DV D YHUWLFDO VXSSRUW IRU WKH FUDQH�

/LIWLQJ IRUFH LV SURYLGHG E\ D PRWRU ZLWK D PD[LPXP SRZHU RI � KS DW ���� USP� 7KH PRWRU LV JHDUHG
GRZQ �� WR �� SURYLGLQJ HQRXJK VSHHG UHGXFWLRQ DQG WRUTXH PXOWLSOLFDWLRQ VR WKDW WKH ILQDO RXWSXW VKDIW LV
GULYHQ DW DSSUR[LPDWHO\ � UHYROXWLRQ SHU VHFRQG� �� IHHW RI VWHHO FDEOH FDSDEOH RI ZLWKVWDQGLQJ ���� SRXQG RI

VWDWLF WHQVLOH ORDG LV UXQ WKURXJK D � LQFK GLDPHWHU 7,9$5 8+0: WDNH XS UHHO� DQG � VWHHO SXOOH\V �� HDFK RI
� LQFK� � LQFK DQG � LQFK GLDPHWHUV� DUH SURYLGHG IRU JXLGLQJ WKLV FDEOH DERXW WKH FUDQH VWUXFWXUH�

%DVLF�'HVLJQ�&RQFHSW

+HDYL/LIW FUDQH SHUIRUPDQFH LV HYDOXDWHG E\ WKH IRUPXOD VKRZQ LQ (TXDWLRQ �� 7KHUHIRUH� WKH LGHDO FUDQH

LV RQH WKDW LV HDVLO\ DVVHPEOHG� TXLFNO\ OLIWV WKH PRVW ZHLJKW WR WKH JUHDWHVW KHLJKW� DQG XVHV WKH OHDVW DPRXQW
RI DOXPLQXP� %DVHG RQ WKLV HTXDWLRQ� DVVHPEO\ WLPH DSSHDUV WR EH WKH PRVW VLJQLILFDQW IDFWRU� VR EXLOGLQJ DQ
HDVLO\ DVVHPEOHG FUDQH ZDV DQ LPSRUWDQW JRDO� $OVR� WKH VWUXFWXUH ZDV GHVLJQHG IRU PD[LPXP VWUHQJWK LQ
RUGHU WR DFKLHYH D KLJK ZHLJKW FUHGLW IDFWRU�

3UHOLPLQDU\ FUDQH GHVLJQV LQYROYHG PXOWL�EHDP WUXVV VWUXFWXUHV� 8QIRUWXQDWHO\� WKH OLPLWHG DPRXQW RI
PDWHULDOV PDGH WKHVH FUDQHV LQIHDVLEOH� 6XEVHTXHQW FRQILJXUDWLRQV IRFXVHG RQ VLPSOHU FDQWLOHYHUV ZLWK VRPH
VRUW RI VXSSRUW WR SUHYHQW WKH FDQWLOHYHU IURP URWDWLQJ� $ SXUHO\ KRUL]RQWDO EHDP ZDV FKRVHQ DV WKH FDQWLOHYHU

EHFDXVH WKH LQFUHDVHG ULJLGLW\ RI DQ DQJOHG EHDP GLG QRW MXVWLI\ WKH H[WUD UHTXLUHG PDWHULDO� )XUWKHUPRUH�
FRPSUHVVLRQ UHODWHG EXFNOLQJ ZDV GHHPHG PRUH VHYHUH ZLWK DQ DQJOHG EHDP� 7KLV OHG WR WKH JRDO RI KDYLQJ
WKH GLDJRQDO PHPEHUV FDUU\ WHQVLOH ORDGV UDWKHU WKDQ FRPSUHVVLYH ORDGV� ,Q RUGHU WR PLQLPL]H FRPSUHVVLYH
ORDGV IXUWKHU� 7HDP $ GHFLGHG RQ XVLQJ WZR WKLQQHU FDQWLOHYHUV ZLWK WKH SXOOH\ SODFHG EHWZHHQ WKHP� 3ODVWLF
EUDFNHWV ZHUH DGGHG WR WKH WZR ORZHU FDQWLOHYHUV WR UHGXFH WKHLU HIIHFWLYH OHQJWK DQG WKHUHE\ UHGXFH WKHLU
FKDQFH RI EXFNOLQJ� 7KH GLVWULEXWLRQ RI ORDGV RYHU WZR LQGHSHQGHQW FDQWLOHYHU PHPEHUV LV H[SHFWHG WR UHGXFH
WKH FKDQFH RI EXFNOLQJ DQG RIIHU VRPH FRXQWHUEDODQFH ZKHQ VXEMHFWHG WR WRUVLRQDO ORDGV�

6LQFH WKH DPRXQW RI DOXPLQXP SRVHG D VLJQLILFDQW FRQVWUDLQW� WKH FURVV�VHFWLRQDO DUHDV RI WKH GLDJRQDO

VXSSRUWV ZHUH UHGXFHG LQ WKH ILQDO GHVLJQ� )URP WKH LQLWLDO WHVW� LW ZDV HYLGHQW WKDW WKHVH PHPEHUV GLG QRW
UHTXLUH WKH HQWLUH ô LQFK E\ � LQFK FURVV�VHFWLRQ XVHG LQ WKH FDQWLOHYHUV� ,Q WKH ILQDO GHVLJQ� WKH\ ZHUH
FRQVWUXFWHG XVLQJ ô LQFK E\ õ DOXPLQXP�
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Equation 1. Performance evaluation formula.
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$VVHPEOHG�&UDQH

7KH IROORZLQJ LV D SLFWXUH RI WKH SURSRVHG DVVHPEOHG FUDQH� 1RWLFH WKH SODVWLF +�EUDFNHW DQG WKH
FRPSRVLWH GLDJRQDO WHQVLOH PHPEHU GHVLJQHG WR LQFUHDVH ODWHUDO DQG WRUVLRQDO ULJLGLW\�

Figure 1a. Assembled crane.

Figure 1b. Detail of diagonal composite tensile member.

See Figure
1b for detail.
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0DMRU�'HVLJQ�3URFHVVHV��)ORZFKDUW�DQG�3UHFHGHQFH�0DWUL[

Figure 2. Flowchart of major processes.

Figure 3. Precedence matrix based on flowchart.
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'HWDLOHG�'HVLJQ�DQG�$QDO\VLV

'HVLJQ�3KLORVRSK\

7KH GHVLJQ SKLORVRSK\ LV WR PD[LPL]H WKH VWUXFWXUDO LQWHJULW\ RI WKH FUDQH DW WKH H[SHQVH RI XVLQJ PRUH

DOXPLQXP� $VVHPEO\ WLPH LV DOVR DQ LPSRUWDQW IDFWRU� UHTXLULQJ D VLPSOH DQG HDVLO\ DVVHPEOHG FUDQH� 7KH XVH
RI KRUL]RQWDO FDQWLOHYHUV LV MXVWLILHG VLQFH LW RIIHUV WKH PRVW HIILFLHQW XVH RI DOXPLQXP� 0XFK OHVV DOXPLQXP LV
QHFHVVDU\ IRU D KRUL]RQWDO EHDP WKDQ IRU DQ DQJOHG PHPEHU�

0DWKHPDWLFD JUDSKV �SOHDVH VHH $SSHQGL[ &� ZHUH XVHG DV DLGV LQ WKH RSWLPL]DWLRQ SURFHVV� 1RUPDO
VWUHVVHV� FULWLFDO EXFNOLQJ FULWLFDO ORDGV� DQG GHIOHFWLRQ ZHUH SORWWHG DJDLQVW /�� �WKH GLVWDQFH IURP WKH ,�EHDP
WR WKH DWWDFKPHQW RI WKH GLDJRQDO VXSSRUW�� 7KHVH RSWLPL]DWLRQ SORWV VKRZHG D /� OHQJWK RI DERXW ���� LQFKHV
ZRXOG RIIHU JRRG GHIOHFWLYH UHVLVWDQFH ZKLOH UHWDLQLQJ VXIILFLHQW ODWHUDO VWDELOLW\� ,QLWLDOO\� WKHUH ZHUH VRPH
GRXEWV UHJDUGLQJ WKH LPPLQHQW EXFNOLQJ RI /�� +RZHYHU� ZKHQ WKH SURWRW\SH WHVW UDQ ZLWK DQ /� RI ��� LW ZDV

FOHDU WKDW WKH �� LQFKHV RI FDQWLOHYHU GLG QRW RIIHU VXIILFLHQW WRUVLRQDO RU GHIOHFWLYH UHVLVWDQFH� DQG EXFNOLQJ
ZDV QRW D SUREOHP� 7KHUHIRUH� /� ZDV LQFUHDVHG WR ���� LQFKHV IRU WKH ILQDO GHVLJQ� 7KH ���� LQFKHV IRU /�
OHIW ��� LQFKHV RI DQ HIIHFWLYH FDQWLOHYHU DW WKH HQG RI WKH FUDQH� ([WHQGLQJ WKH VXSSRUW PHPEHUV WR WKH HQG RI
WKH FUDQH DQG WKHUHE\ FUHDWLQJ D WUXVV VWUXFWXUH ZRXOG KDYH EHHQ WKH RSWLPDO GHVLJQ� 8QIRUWXQDWHO\� WKHUH ZDV
QRW HQRXJK DOXPLQXP WR EXLOG WKLV WUXVV GHVLJQ�

,Q RUGHU WR PD[LPL]H PDWHULDO XVDJH HIILFLHQF\� WZR XQXVHG VWHHO SLQV DQG WKH �� LQFKHV RI H[FHVV FDEOH
ZHUH XWLOL]HG DV VXSSRUWV� 7KH SURWRW\SH WHVWLQJ VKRZHG WKH FUDQH KDG D WHQGHQF\ WR WLOW WR WKH OHIW ZKHQ
YLHZHG IURP WKH IURQW GHVSLWH LWV V\PPHWULFDO FRQVWUXFWLRQ� $ EXEEOH OHYHO VKRZHG WKDW WKH ,�EHDP ZDV

LQGHHG VOLJKWO\ WLOWHG� )XUWKHUPRUH� WKH ILQDO FUDQH FRQWLQXHG WR WLOW OHIW HYHQ ZKHQ QR ORDG ZDV DSSOLHG�
7KHUHIRUH� WKH ODVW DGGLWLRQ WR WKH ILQDO GHVLJQ ZDV WR OLQN WKH VWHHO SLQV DQG FDEOH ZLWK FRWWHU SLQV GLDJRQDOO\
DFURVV WKH ,�EHDP WR FUHDWH D ODWHUDO UHVWRULQJ IRUFH ZKHQ QHHGHG�
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'HVLJQ�/RDGV�	�6WUXFWXUDO�$QDO\VLV

8.000” = h

Figures 4a, b, c, d. Free body diagrams.
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Equations 2. Reaction forces.
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$[LDO�6WUHVVHV

,QWHUQDO IRUFHV LQ WKH PHPEHUV �DV VKRZQ LQ )LJXUHV �F� �G� DUH XVHG WR GHWHUPLQH WKH WHQVLOH DQG
FRPSUHVVLYH VWUHVVHV� )RU WKH GLDJRQDO VXSSRUW EHDPV� WKH N VWUHVV FRQFHQWUDWLRQ IDFWRU LV DSSUR[LPDWHO\ ����
7KH PDLQ FDQWLOHYHUV DUH XQGHU FRPSUHVVLRQ� %HFDXVH RI LWV ODUJHU FURVV�VHFWLRQDO DUHD� WKH N VWUHVV
FRQFHQWUDWLRQ IDFWRU LV �����

,W VKRXOG EH QRWHG WKDW SRLQW &� WKH SRLQW FRPPRQ WR ERWK WKH GLDJRQDO PHPEHUV DQG WKH FDQWLOHYHUV�
XQGHUJRHV WZR VWUHVVHV� ����� SVL IURP WKH GLDJRQDO PHPEHUV DQG ������ SVL IURP WKH FDQWLOHYHUV� 3RLQW %
�ZKHUH WKH FDQWLOHYHUV MRLQ WKH ,�EHDP� KDV D FRPSUHVVLYH VWUHVV RI ������ SVL� ZKLOH SRLQW ' �WKH ORDGHG HQG�

KDV D VWUHVV RI ���� SVL� 7KH 0DWKHPDWLFD JUDSKV VKRZ KRZ HDFK RI WKHVH YDULHV ZLWK /�� +RZHYHU� RQO\ WKH
VWUHVV LQ WKH GLDJRQDO PHPEHUV �$&� LV GHSHQGHQW RQ /��

Equations 3. Axial stress calculations.
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'HIOHFWLRQ

,Q WKLV DQDO\VLV� VHFWLRQ &�' RI WKH VWUXFWXUH LV PRGHOHG DV D FDQWLOHYHU VHFWLRQ ZLWK D ULJLG SRLQW &� 7KH
GLDJRQDO FDEOH DGGHG VRPH GHIOHFWLRQ UHVLVWDQFH DV ZHOO� )RU D FDQWLOHYHU EHDP� (TXDWLRQV � JRYHUQ WKH
PD[LPXP YHUWLFDO GHIOHFWLRQ� 7KH LQHUWLD WHUP LV WDNHQ DV WZLFH WKDW RI HDFK FDQWLOHYHU EHDP� DVVXPLQJ WKH
WZR EHDPV FDQ EH DSSUR[LPDWHG E\ GRXEOLQJ ,� 7KLV PHDQV GHIOHFWLRQ VKRXOG EH KDOYHG� 1RWH WKDW WKH
3UR�0HFKDQLFD DQDO\VLV XVHV RQO\ RQH EHDP VXEMHFW WR WKH ��� SRXQG ORDG� VR (TXDWLRQV � ZLOO KDYH RQO\ KDOI
WKH GHIOHFWLRQ� 7KH 0DWKHPDWLFD SORWV DOVR VKRZ KRZ WKH GHIOHFWLRQ YDULHV LQYHUVHO\ ZLWK /��

(ORQJDWLRQ

'HIOHFWLRQ RI PHPEHUV FDXVH
HORQJDWLRQ� ZKLFK LV URXJKO\
DSSUR[LPDWHG E\ (TXDWLRQV �� 7KH
FURVV�VHFWLRQDO DUHDV RI WZR EHDPV LV
WDNHQ LQWR FRQVLGHUDWLRQ� ,W DSSHDUV WKDW
WKH GLDJRQDO VXSSRUW PHPEHU ZLOO
XQGHUJR WKH PD[LPXP DPRXQW RI
HORQJDWLRQ RI ����� LQFKHV ZLWK D ���

SRXQG ORDG� 7KH RWKHU PHPEHUV DUH
XQGHU FRPSUHVVLRQ DQG WKXV XQGHUJR D
GHFUHDVH LQ OHQJWK�
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%XFNOLQJ

%XFNOLQJ LV DQRWKHU SRVVLEOH PRGH RI IDLOXUH� HVSHFLDOO\ LQ WKH
FDQWLOHYHU IURP WKH ,�EHDP WR WKH DWWDFKPHQW SRLQW RI WKH GLDJRQDO
VXSSRUWV� 7KLV OHQJWK� /�� LV ���� LQFKHV� 7KH SODVWLF +�EUDFNHW ZDV
SODFHG LQ WKH PLGGOH RI /�� WKHUHE\ UHGXFLQJ WKH HIIHFWLYH OHQJWK E\
KDOI� %XFNOLQJ LQ WKH SODQH LQ WKH FODPSHG�FODPSHG PRGH LV DQRWKHU
SRVVLELOLW\ VLQFH WKH GLDJRQDO VXSSRUWV DQG +�EUDFNHW OLPLWV WKH
DQJXODU PRWLRQ RI WKH FDQWLOHYHU EHDPV� 6LPLODUO\� WKH RXW RI SODQH

PRGH LV DOVR FODPSHG�FODPSHG� 7KXV� WKH HIIHFWLYH OHQJWK IRU ERWK
PRGHV LV /����

8QGHU WKHVH FRQGLWLRQV� WKH FULWLFDO IRUFH LQ WKH FDQWLOHYHU IRU
EXFNOLQJ RXW RI SODQH LV ���� SRXQGV� 7KH UHDFWLRQ IRUFH DW WKH ,�
EHDP HQG RI WKH FDQWLOHYHU �%[� LV DERXW ���� SRXQGV� VR EXFNOLQJ LV
SRVVLEOH� +RZHYHU� WKH EXFNOLQJ UHVLVWDQFH LV DFWXDOO\ VWURQJHU
EHFDXVH WKHUH DUH WZR FDQWLOHYHUV DV ZHOO DV WKH GLDJRQDO VXSSRUWV WR
LQFUHDVH ULJLGLW\�

0DWKHPDWLFD SORWV RI EXFNOLQJ FULWLFDO ORDGV DV D IXQFWLRQ RI /�
FDQ EH IRXQG LQ $SSHQGL[ &�

lbE
L
EI

F

inL

psiE

inh

inb

bhI

lbE
L
EI

F

inL

psiE

inh

inb

bhI

necroutofpla

outofplane

crinplane

inplane

352.2
)2

25.0(

6.282

10

25.0

1
12

1

33.40
)2

25.0(

6.282

10

1

25.0
12

1

2

2

7

3

2

2

7

3

⋅
=

=
=
=
=

=

=
⋅

=

=
=

=
=

=

π

π

Equations 6. Buckling calculations.
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7RUVLRQ

7KHUH DUH WKUHH
PDQQHUV LQ ZKLFK
WRUVLRQ FDQ EH
DSSOLHG WR WKH
FUDQH� 7KH ILUVW
ILJXUH �WRS YLHZ�
VKRZV D URWDWLRQ RI

WKH SLQ DERXW WKH ]
D[LV� 7KLV
FRPSUHVVHV RQH
FDQWLOHYHU EHDP
ZKLOH VWUHWFKLQJ WKH
RWKHU� 7KH VHFRQG
ILJXUH �IURQW YLHZ�
VKRZV D URWDWLRQ

DERXW WKH \ D[LV
ZKLFK VXEMHFWV WKH
HQWLUH VWUXFWXUH WR
WRUVLRQ�

&DOFXODWLRQV
DUH EDVHG RQ D �
GHJUHH PD[LPXP
URWDWLRQ RI WKH

V\VWHP ZLWK D ���
SRXQG ZHLJKW� 7KH
ODVW ILJXUH VKRZV D
IURQWDO YLHZ RI WKH
SXOOH\ VKLIWLQJ
VLGHZD\V LQ WKH [
GLUHFWLRQ� 7KLV ZLOO
FUHDWH D PRPHQW

DERXW WKH \ D[LV
DQG WLOW WKH FUDQH�

(TXDWLRQ �D
DVVXPHV WKDW WKH
GLVSODFHPHQW GXH
WR WKH EHQGLQJ
FDXVHV SXUHO\ D[LDO
ORDGV RQ WKH

KRUL]RQWDO
PHPEHUV� 7KH
VWUHVVHV JHQHUDWHG
LQ WKLV PDQQHU DUH
QHJOLJLEOH �����
SVL�� (TXDWLRQ �E
DVVXPHV WKDW WKH
XQVWDEOH ZHLJKWV

FDXVH D � GHJUHH
URWDWLRQ� 7KH

r

W

5º

W

T

⊗

T

x

y

x

z

x

z

z�

y�

y�

Figures 6. Three types of possible torsion. (a) Top view of rotation about the z axis. (b) Front view of
rotation about the y axis. (c) Front view of displacement in the y direction.
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SRODU PRPHQW RI LQHUWLD
IRU D UHFWDQJXODU FURVV
VHFWLRQ LV XVHG� EXW WKH

WRUTXH LV GLYLGHG E\ �
VLQFH WKHUH DUH �
PHPEHUV� %HFDXVH WKH
EHDPV KDYH D VPDOO FURVV�
VHFWLRQDO DUHD� WRUVLRQ FDQ
FDXVH VKHDULQJ VWUHVVHV RQ
WKH PDJQLWXGH RI ����
SVL� (TXDWLRQ �F VKRZV

WKH UHVXOW LI WKH SXOOH\
GLVSODFHV KRUL]RQWDOO\�
7KLV W\SH RI VKHDU FDQ
DOVR EH TXLWH VLJQLILFDQW
����� SVL��

7KHVH HTXDWLRQV DUH
EDVHG RQ KDYLQJ RQH
FDQWLOHYHU LQVWHDG RI WZR�

7KH EHDP LV DOVR
LQGHSHQGHQW IURP WKH
DGGLWLRQDO ULJLGLW\
SURYLGHG E\ WKH GLDJRQDO
VXSSRUWV� 7KHUHIRUH� WKH
DFWXDO VWUHVVHV DUH
H[SHFWHG WR EH ORZHU�

Equations 7. (a) Rotation about the z axis. (b) Rotation about the y axis. (c) Translation
in the y direction.
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9LEUDWLRQ�$QDO\VLV�5HVRQDQFH

7KH FUDQH LV PRGHOHG DV D
FDQWLOHYHU ZLWK DQ H[WHUQDO SRLQW ORDG
DW LWV HQG� 7KH H[WHUQDO IRUFH LV ORZHU
WKDQ WKH JURVV ZHLJKW VLQFH WKHUH
H[LVWV DQ XSZDUG WHQVLRQ LQ WKH FDEOH�
7KH QHW GRZQZDUG ORDG LV �����
SRXQGV ZLWK D ��� SRXQG ORDG

�(TXDWLRQ ��� $Q HIIHFWLYH VSULQJ
FRQVWDQW� N� LV XVHG IRU D FDQWLOHYHU�
DQG DQ HTXLYDOHQW PDVV LV GHWHUPLQHG
WR HYDOXDWH WKH QDWXUDO IUHTXHQF\ RI
WKH FUDQH� 7KH EDVH RI WKH FDQWLOHYHU LV
GRXEOHG WR DFFRXQW IRU WKH WZR
SDUDOOHO EHDPV� 7KH FDOFXODWHG QDWXUDO
IUHTXHQF\ RI WKH FUDQH XQGHU WKHVH

FRQGLWLRQV LV ����+]�

7KLV VKRXOG EH FRPSDUHG WR WKH
IUHTXHQF\ RI WKH PRWRU ����� +]��
7KHUHIRUH� LW LV SRVVLEOH WKDW WKH
IUHTXHQF\ RI WKH PRWRU ZLOO SDVV
WKURXJK WKH ���� +] QDWXUDO IUHTXHQF\
RI WKH FUDQH GXULQJ WKH LQLWLDO IHZ
LQFKHV�

2XW�RI�3ODQH�$QDO\VLV

)LJXUHV � VKRZV D WRS RI WKH FUDQH XQGHU D SXUHO\ ODWHUDO �RXW RI SODQH� ORDG RI ��� OE� +HUH� WKH
FRPSRVLWH GLDJRQDO FDEOH LV DVVXPHG WR SURYLGH DOO RI WKH UHVWRULQJ IRUFH� $ IRUFH EDODQFH LQ WKH GLUHFWLRQV
SDUDOOHO WR WKH ZHLJKW VKRZV WKDW WKH FDEOH PXVW VXSSRUW D WHQVLRQ RI ���� OE� 6LQFH WKH VWHHO FDEOH FDQ
ZLWKVWDQG ���� SRXQGV RI WHQVLRQ DQG WKH VWHHO SLQV DUH HYHQ VWURQJHU� WKH PRVW OLNHO\ IRUP RI IDLOXUH ZRXOG

EH WKH FRWWHU SLQV EHQGLQJ RU VOLSSLQJ�

( )( )
( )
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Equations 8. Vibration analysis
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Figure 7. Out of plane schematic.
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3UR�0HFKDQLFD�6LPXODWLRQV

3UR�0HFKDQLFD ZDV XWLOL]HG WR VLPXODWH WKH EHKDYLRU RI RQH KRUL]RQWDO PHPEHU XQGHU D YHUWLFDO ORDG RI
��� OEV� 6SHFLILFDOO\� PHPEHU %�' �)LJXUH �E� ZDV PRGHOHG LQ WKH VRIWZDUH� (YHU\ HIIRUW ZDV PDGH WR
DSSUR[LPDWH WKH DFWXDO ORDG DQG VWUXFWXUDO FRQVWUDLQWV LQ WKH PRGHO� (VVHQWLDOO\� WKH DQDO\VLV RI WKH PHPEHU
FDQ EH VLPSOLILHG DV D FDQWLOHYHU� 3RLQWV % DQG & DUH ULJLGO\ FRQVWUDLQHG LQ WKH [� \� DQG ] GLUHFWLRQV� 7KLV ZDV

GRQH ZLWK WKH GLDJRQDO VXSSRUWV� D VHULHV RI SODVWLF VSDFHUV DQG SXOOH\V� DQG D FRPSRVLWH� GLDJRQDO WHQVLOH
PHPEHU� 7KHUHIRUH� WKH VLPXODWLRQ UHGXFHV WR FDQWLOHYHU &�' ZLWK HQG & EHLQJ IL[HG DQG D ORDG RI ���OEV DW
'� 7KH VLPXODWLRQ PRGHO GHYLDWHV IURP DFWXDOLW\ LQ WKDW UHDO�OLIH SK\VLFDO FRQVWUDLQWV JLYH ZD\ XQGHU
GHIRUPDWLRQV UHVXOWLQJ IURP WKH VXEMHFWHG ORDGLQJ FRQGLWLRQV� WKXV DOORZLQJ VRPH PRWLRQ DORQJ DOO WKUHH
GLUHFWLRQV�

'HIOHFWLRQ

7KH FRPSXWHU PRGHO DVVXPHG D
YHUWLFDO ORDG HTXDO WR ��� OEV�� WKH QHW
YHUWLFDO ORDG DSSOLHG WR SRLQW ' YLD WKH
SXOOH\ �(TXDWLRQ ��� 7KH QHW ORDG LV
XQLIRUPO\ DSSOLHG DFURVV WKH ERWWRP
FXUYDWXUH RI WKH KROH� DV VKRZQ EHORZ�

$SSHQGL[ % )LJXUH � VKRZV WKH

UHVXOWV RI WKH LWHUDWLYH FRQYHUJHQFH
DQDO\VLV SHUIRUPHG E\ 3UR�0HFKDQLFD�
8QGHU WKH VSHFLILHG FRQGLWLRQV DQG
FRQVWUDLQWV� WKH VLPXODWLRQ VKRZV D
GHIOHFWLRQ RI VHFWLRQ &�' RFFXUULQJ DERXW SRLQW &� 7KH YHUWLFDO GHIOHFWLRQ LV UHSRUWHG DV ������ LQFKHV� 7KH
VLPXODWLRQ DOVR VKRZV D GLODWLRQ RI WKH KROH DW SRLQW '� DOWKRXJK QR QXPEHUV ZHUH UHSRUWHG E\ WKH VRIWZDUH
WR TXDQWLI\ WKLV REVHUYDWLRQ� 7KH WKHRUHWLFDO GHIOHFWLRQ DQDO\VLV SHUIRUPHG ZLWK (TXDWLRQV � \LHOGV D
WKHRUHWLFDOO\ FRPSXWHG GHIOHFWLRQ YDOXH RI ����� LQFKHV �IRU RQH KRUL]RQWDO EHDP� DORQH�� 7KH GLVFUHSDQF\

EHWZHHQ WKH WZR QXPEHUV UHVXOWV IURP WKH DSSUR[LPDWLRQ IRU WKH DSSOLHG ORDG DW WKH HQG RI WKH EHDP� )RU
WKH WKHRUHWLFDO DQDO\VLV� WKH QHW DSSOLHG ORDG ZDV DVVXPHG WR EH DW WKH HQG RI WKH EHDP� DFWLQJ HIIHFWLYHO\ DV D
SRLQW ORDG DW WKLV JHRPHWULF SRLQW� ,Q WKH FRPSXWHU VLPXODWLRQ� KRZHYHU� WKH ORDG ZDV XQLIRUPO\ GLVWULEXWHG
DERXW WKH ERWWRP VXUIDFH RI WKH KROH� (YHQ ZLWK WKH VLPSOLI\LQJ DVVXPSWLRQV LQ WKH WKHRUHWLFDO DQDO\VLV� WKH
FDOFXODWHG YDOXH LV ZLWKLQ ��� RI WKH 352�0(&+ VLPXODWLRQ� 1HLWKHU YDOXH LV WUXO\ UHSUHVHQWDWLYH RI WKH
DFWXDO GHIOHFWLRQ� KRZHYHU� $V PHQWLRQHG EHIRUH� WKH EHDP GRHV QRW EHKDYH OLNH DQ DFWXDO FDQWLOHYHU� VLQFH
SK\VLFDO FRQVWUDLQWV DUH QRW ULJLG�

(GJH�5HDFWLRQ�)RUFH��<�GLUHFWLRQ�

7KH HGJH UHDFWLRQ IRUFH DORQJ WKH FXUYH RI WKH KROH DW
3RLQW & ZDV VLPXODWHG� 5HIHU WR $SSHQGL[ % )LJXUH � IRU D
UHSUHVHQWDWLRQ RI WKH YHUWLFDO UHDFWLRQ IRUFH DV D IXQFWLRQ RI
WKH FXUYH DUF OHQJWK GHILQHG E\ )LJXUH ��

$V H[SHFWHG� WKH SORW UHYHDOV WKDW WKH PD[LPXP YHUWLFDO

UHDFWLRQ IRUFH LV IRXQG DW WKH ERWWRP�PRVW SRLQW RI WKH
KROH� 3URJUHVVLRQ WKURXJK WKH FXUYDWXUH UHYHDOV WKDW WKHUH LV
D SRLQW DW ZKLFK WKHUH LV QR YHUWLFDO UHDFWLRQ IRUFH� ZKLFK LV
ODEHOHG DERYH� 7KH WKHRUHWLFDOO\ GHWHUPLQHG YHUWLFDO
UHDFWLRQ IRUFH DW SRLQW & �UHIHU (TXDWLRQV �� LV DQ DYHUDJH
SRLQW ORDG YDOXH ZKLFK GRHV QRW WDNH LQWR DFFRXQW ORFDO
VWUHVV FRQFHQWUDWLRQV DURXQG WKH KROH� 7KH FRPSXWHG YDOXH
IRU WKH UHDFWLRQ IRUFH DW SRLQW & LV DERXW ��� OEV�� ZKLFK LV OHVV WKDQ PRVW UHDFWLRQ YDOXHV IRXQG DERXW WKH

FXUYDWXUH RI WKH KROH� 7KH GLVFUHSDQF\ EHWZHHQ WKH WKHRUHWLFDO DQDO\VLV DQG WKH FRPSXWHU VLPXODWLRQ LV D
UHVXOW RI WKH PHWKRG RI DQDO\VLV� 7KH WKHRUHWLFDO DQDO\VLV ZDV D ´PDFUR�DQDO\VLV�µ ZKLFK WUHDWHG WKH EHDP

Uniform Vertical Load

Point D
ÅTo end of beam

Begin Curve Arc Length

End Curve Arc Length

Hole C No vertical
reaction force

Figure 8. Stress concentration at hole C.
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VXUIDFH DV HVVHQWLDOO\ D IODW FRQWDFW VXUIDFH ZLWK XQLIRUP UHDFWLRQ IRUFHV� $SSHQGL[ % )LJXUH � VKRZV ORFDO
UHDFWLRQ IRUFHV DURXQG WKH KROH� DQG WKHVH GDWD DUH QRW LQIRUPDWLYH RQ WKH RYHUDOO VWUXFWXUDO ULJLGLW\� 5DWKHU�
WKHVH ORFDO IRUFHV KHOS WR SRLQW RXW VHFWLRQV ZKHUH WKH DSSOLHG IRUFHV PD\ \LHOG VWUHVVHV FORVH WR \LHOG VWUHVV

YDOXHV IRU WKH FKRVHQ PDWHULDO� $JDLQ� WKH VLPXODWHG YDOXHV DUH QRW WUXO\ LQGLFDWLYH RI WKH DFWXDO VLWXDWLRQ
EHFDXVH SRLQW & LV DFWXDOO\ UHLQIRUFHG E\ WKH DGGLWLRQ RI WZR WHQVLOH PHPEHUV DORQJVLGH RI WKH PDLQ PHPEHU
XQGHU DQDO\VLV� HIIHFWLYHO\ LQFUHDVLQJ WKH FURVV�VHFWLRQDO DUHD RI WKH KROH� $OVR� WKHVH UHSRUWHG UHDFWLRQ IRUFHV
DUH IRU RQH PHPEHU RQO\� EXW LQ WKH DFWXDO FUDQH FRQILJXUDWLRQ �� LGHQWLFDO PHPEHUV�� WKH UHDFWLRQ IRUFHV DUH
DERXW KDOI RI WKH VLPXODWHG YDOXHV�

0D[LPXP 3ULQFLSDO 6WUHVVHV

$SSHQGL[ % )LJXUHV � DQG � GHSLFW D IULQJH SORW RI WKH VWUHVV GLVWULEXWLRQ DORQJ WKH VWUXFWXUDO PHPEHU�
)URP WKH FRORU�FRGH� WKH RUGHU RI PDJQLWXGH RI WKH VWUHVVHV FDQ TXLFNO\ EH JUDVSHG� 7KH IULQJH SORW LV QRW D

WUXH UHSUHVHQWDWLRQ RI WKH VWUHVV GLVWULEXWLRQV LQ WKLV PHPEHU� DV WKLV PHPEHU LV DFWXDOO\ QRW VXEMHFWHG WR WKH
DSSOLHG YHUWLFDO ORDG ZLWKRXW DQ\ RWKHU PHPEHUV DLGLQJ LQ WHQVLRQ DQG FRPSUHVVLRQ� $ WUXH IULQJH SORW VKRXOG
LQFOXGH WKH HQWLUH FUDQH VWUXFWXUH�

)DLOXUH�/RDG�	�0RGH�3UHGLFWLRQ

$QDO\VHV VKRZV WKDW� IRU D ��� SRXQG ORDG SODFHG

V\PPHWULFDOO\ EHWZHHQ WKH WZR KRUL]RQWDO PHPEHUV�
PHPEHU %& �VHH )LJXUH �E� ZLOO EXFNOH RXW RI SODQH DW LWV
FULWLFDO EXFNOLQJ IRUFH RI ���� SRXQGV� $OVR DW WKLV ORDG�
WKH PHPEHU $& �VHH )LJXUH �E� LV ZLWKLQ ���� SVL RI WKH
DOXPLQXP·V \LHOG VWUHVV� VR WHQVLOH IDLOXUH LV DOVR D FRQFHUQ�
2WKHU PHPEHUV VKRXOG QRW EH QHDU IDLOXUH ZLWK WKLV ORDG�
$Q\ ORDG SODFHG DV\PPHWULFDOO\ ZRXOG UHVXOW LQ EXFNOLQJ
RXW RI SODQH DW OHVV WKDQ ��� SRXQGV�

6WUXFWXUDO�:HLJKW�$QDO\VLV

7KH ILUVW FUDQH� ZLWK D FRQVWDQW ô LQFK E\ � LQFK
FURVV�VHFWLRQ WKURXJKRXW� ZHLJKHG LQ DW ������ SRXQGV�
ZKLFK LV HTXLYDOHQW WR ������ LQ� RI DOXPLQXP� 7KLV FUDQH

OLIWHG ��� SRXQGV� JLYLQJ WKH SURWRW\SH D VWUHQJWK WR
ZHLJKW UDWLR RI ����� SRXQGV SHU SRXQG RI DOXPLQXP�

7KH ILQDO FUDQH OLIWHG ������ SRXQGV ZLWK D VWUXFWXUDO
ZHLJKW RI ������ SRXQGV ������� LQ� RI DOXPLQXP��
7KHUHIRUH� WKH VWUHQJWK WR ZHLJKW UDWLR ZDV ����� SRXQGV
SHU SRXQG RI DOXPLQXP� ,W LV H[SHFWHG WKDW LI WKH
XQH[SHFWHG PRGH RI IDLOXUH KDG QRW WDNHQ SODFH �VHH )LQDO
7HVW 5HVXOWV�� WKH FUDQH ZRXOG SUREDEO\ KDYH KHOG DW OHDVW

��� SRXQGV� JLYLQJ D PXFK JUHDWHU VWUHQJWK WR ZHLJKW UDWLR
RI ��� SRXQGV SHU SRXQG RI DOXPLQXP�

Parameter Value Units
W 500 lb
L1 36.000 in
L2 28.568 in
L3 29.667 in
φ 14
k diagonal 3
k cantilever 2.19
x-area diagonal with hole 0.0625 in̂ 2
x-area cantilever with hole 0.125 in̂ 2
Ax -1704.29 lb
Ay 477.26 lb
Bx 2189.37 lb
By -98.5276 lb
Cx 1704.29 lb
Cy -477.26 lb
Fac 1769.86 lb
σacmax 42476.6 psi
σbmax -18167.8 psi
σcmax -14929.6 psi
sdmax -4249.22 psi
δ -0.124 in
Fcr in plane 20566.6 lb
Fcr out of plane 2519.42 lb
Natural frequency 0.98 Hz

Table 1. Summary of major parameters and
variables for a load of 500 pounds.
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)LQDO�'HVLJQ�'UDZLQJV

$VVHPEOHG�&UDQH�	�,QGLYLGXDO�0HPEHUV

3OHDVH VHH $SSHQGL[ $�

7HVW�5HVXOWV

,QLWLDO�'HVLJQ�5HVXOWV

7KH LQLWLDO GHVLJQ KDG GLDJRQDO VXSSRUW EHDPV DWWDFKHG WR WKH PDLQ FDQWLOHYHUV DW D GLVWDQFH RI �� LQFKHV
IURP WKH ,�EHDP SLQKROHV� 7KH ,�EHDP·V VFKHPDWLFV VKRZHG D GLVWDQFH RI ���� LQFKHV EHWZHHQ WKH IORRU DQG
WKH WRS RI WKH ,�EHDP� 7DNLQJ LQWR DFFRXQW WKH PLQLPXP �� LQFK YHUWLFDO GLVSODFHPHQW LQ WKH UHTXLUHG FUDQH·V
VSHFLILFDWLRQV� LW OHDYHV D PD[LPXP RI � LQFKHV EHWZHHQ WKH WRS RI WKH FUDQH DQG WKH �� LQFK PDUN� 7KLV
UHVXOWHG LQ D OHQJWK RI �� LQFKHV IRU WKH GLDJRQDO VXSSRUW� &URVV�VHFWLRQDO GLPHQVLRQV ZHUH FRQVWDQW LQ DOO WKH
PHPEHUV DW � LQFK E\ ô LQFK� 7KH WRWDO ZHLJKW RI WKH DOXPLQXP PHPEHUV ZDV ������ SRXQGV�

'XULQJ RXU RSWLPL]DWLRQ SURFHVV� LW ZDV FOHDU WKDW WKH FURVV�VHFWLRQDO DUHDV RI WKH GLDJRQDO VXSSRUWV FRXOG

EH UHGXFHG� 7KLV ZDV YHULILHG GXULQJ WKH SURWRW\SH WHVWLQJ� ZKHQ WKHVH VXSSRUWV VKRZHG DOPRVW QR VLJQ RI
GHIRUPDWLRQ� ZKLOH WKH FDQWLOHYHU EHDP GHIOHFWHG VLJQLILFDQWO\� ZKLFK HYHQWXDOO\ FDXVHG WKH ILQDO IDLOXUH�
8QGHU D ��� SRXQG ORDG� SHUPDQHQW GHIRUPDWLRQ IURP SUHYLRXV OLIWV FDXVHG DQ DV\PPHWULF ORDG WKDW UHVXOWHG
LQ RXW RI SODQH EXFNOLQJ�

7KH KLJKHVW VXFFHVVIXO OLIW IRU WKLV SURWRW\SH ZDV ��� SRXQGV DW D KHLJKW RI �� LQFKHV LQ ��� VHFRQGV� 7KH
FUDQH IDLOHG WR UHDFK WKH GHVLJQHG KHLJKW RI �� LQFKHV GXH WR GHIOHFWLRQ RI WKH FDQWLOHYHU VHFWLRQ� :KHQ
ORDGHG� WKH FDQWLOHYHU GHIOHFWHG PRUH WKDQ H[SHFWHG� )XUWKHUPRUH� WKH ,�EHDP VFKHPDWLFV GLG QRW LQFOXGH WKH
KHLJKWV RI WKH UDLVHG ZRRGHQ SODWIRUP DQG WKH QHZO\ LQFOXGHG SRO\XUHWKDQH SDGGLQJ� 7KHVH WZR

PRGLILFDWLRQV LQ WKH ,�EHDP GHFUHDVHG WKH GLVWDQFH EHWZHHQ WKH IORRU DQG WKH WRS RI WKH ,�EHDP E\ � LQFKHV�
:LWK WKLV UHGXFHG KHLJKW� WKH ERWWRP RI WKH XQORDGHG DQG XQGHIOHFWHG FUDQH ZDV DOUHDG\ DW �� LQFKHV�
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Figure 9. Strength to weight ratio vs. iteration number.

Weight Lifted vs. Iteration
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Figure 10. Weight lifted vs. iteration number.

Iteration Max Load Height Time Failure Mode
Weight 
Crane Strength / Weight

Assembly 
Time

1 350 lbs 44" 4.4 s Out of plane buckling 2.9375 lbs 119.1 lb/lb Al 1min 44 s
2 351.25 lbs 36" 3.44 s Out of plane buckling 2.8125 lbs 124.9 lb/lb Al 1 min 7 s

Table 2. Summary of results.
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)LQDO�'HVLJQ�5HVXOWV

7KH ILQDO FUDQH GHVLJQ ZDV VLJQLILFDQWO\ VWURQJHU LQ ERWK GHIOHFWLRQ DQG WRUVLRQDO UHVLVWDQFH WKDQ WKH
SURWRW\SH� $Q LQLWLDO ORDG RI �� SRXQGV FDXVHG YLUWXDOO\ QR GHIOHFWLRQ LQ WKH FUDQH� $V D UHVXOW� WKH ZHLJKW ZDV
LPPHGLDWHO\ LQFUHDVHG WR ������ SRXQGV� $W WKLV ZHLJKW� WKH FUDQH OLIWHG D YHUWLFDO GLVWDQFH RI �� LQFKHV LQ
���� VHFRQGV� ,W LV HVWLPDWHG WKDW WKH FUDQH ZRXOG KDYH FRQWLQXHG OLIWLQJ WR DW OHDVW �� LQFKHV KDG WKH PRWRU

QRW EHHQ VWRSSHG SUHPDWXUHO\� )XUWKHUPRUH� GHIOHFWLRQ ZDV PLQLPDO DQG QR VLJQ RI WRUVLRQ RU EXFNOLQJ ZDV
HYLGHQW� ,W ZDV FOHDU WKDW WKH GLDJRQDO FRPSRVLWH PHPEHU ZDV H[WUHPHO\ EHQHILFLDO VLQFH LW LPPHGLDWHO\ ZHQW
LQWR WHQVLRQ ZKHQ WKH FUDQH ZDV ORDGHG� WKHUHE\ UHPRYLQJ PXFK RI WKH ORDG IURP WKH FDQWLOHYHU EHDPV�

7KH ILQDO WHVW IRU WKH FUDQH ZDV DW ������ SRXQGV� 8QGHU WKLV ORDG� LW DSSHDUHG WKDW WKH SODVWLF VSDFHU RQ
WKH OHIW VLGH RI WKH IURQW SXOOH\ SRSSHG RXW XQGHU ODWHUDO ORDG� FDXVLQJ WKH SXOOH\ WR VOLGH WR RQH VLGH RI WKH
SLQ� DQG WKXV FDXVLQJ XQHYHQ ORDGLQJ� ZKLFK WZLVWHG WKH FUDQH DQG FDXVHG WKH FDQWLOHYHU WR EXFNOH RXW RI
SODQH� )XUWKHU VWXG\ RI WKLV IDLOXUH IURP YLGHR LV QHFHVVDU\ VLQFH LW LV DOVR SRVVLEOH WKDW WKH FDQWLOHYHU VHFWLRQ
EXFNOHG ILUVW� ZKLFK WKHQ FDXVHG WKH VSDFHU WR IDOO RXW�

7KH LPSURYHPHQW RI WKH ILQDO FUDQH LV HYHQ PRUH VXEVWDQWLDO FRQVLGHULQJ WKDW WKH ILQDO FUDQH ZDV OLJKWHU
������� SRXQGV� E\ �����

&RQFOXVLRQ

7KH PDLQ REMHFWLYH LQ RXU ILQDO FUDQH GHVLJQ ZDV WR PD[LPL]H WKH SHUIRUPDQFH VFRUH E\ GHVLJQLQJ D FUDQH
ZKLFK LV HDVLO\ DVVHPEOHG ZKLOH OLIWLQJ D ODUJH DPRXQW RI ZHLJKW� $GGLWLRQDOO\� IURP REVHUYDWLRQV RI WKH
WHVWLQJV RI WKH ILUVW SURWRW\SH DQG WKH FUDQHV IURP WKH RWKHU JURXSV� ODWHUDO EHQGLQJ RI WKH HQWLUH FUDQH
VWUXFWXUHV WR WKH OHIW �ZKHQ IDFLQJ WKH ,�EHDP KHDG RQ� ZDV REVHUYHG� 7KXV� DQRWKHU REMHFWLYH LQ UHGHVLJQLQJ
RXU FUDQH ZDV WR FRXQWHU�EDODQFH WKLV ODWHUDO EHQGLQJ� 7KLV ZDV DFKLHYHG E\ DGGLQJ WKH GLDJRQDO FRPSRVLWH
PHPEHU� )LQDOO\� D VLJQLILFDQW DPRXQW RI GHIOHFWLRQ ZDV REVHUYHG LQ WKH FDQWLOHYHU VHFWLRQ RI WKH ILUVW

SURWRW\SH� 7KLV ZDV D OLPLWLQJ IDFWRU LQ WKH PD[LPXP KHLJKW WKH ZHLJKW FRXOG EH OLIWHG� ,Q WKH ILQDO GHVLJQ�
WKLV GHIOHFWLRQ ZDV PLQLPL]HG E\ VKRUWHQLQJ WKH OHQJWK RI WKH FDQWLOHYHU VHFWLRQ WKURXJK WKH OHQJWKHQLQJ RI
WKH GLDJRQDO VXSSRUW�

7KH ILQDO FUDQH OLIWHG ������ SRXQGV LQ ���� VHFRQGV� WR D KHLJKW RI �� LQFKHV� ZLWK DQ DVVHPEO\ WLPH
RI � PLQXWH DQG � VHFRQGV�

6XJJHVWLRQV�IRU�)XUWKHU�,PSURYHPHQW

,W LV FOHDU IURP WKH ILQDO WHVWLQJ WKDW WKH VWUXFWXUH QHHGV WR EH VWUHQJWKHQHG HYHQ IXUWKHU WR UHVLVW RXW RI
SODQH EXFNOLQJ� 7KH EXFNOLQJ PRGH FDQ EH LQFUHDVHG E\ LQVHUWLQJ PRUH SLQV LQWR WKH PDLQ FDQWLOHYHU�
+RZHYHU� WKLV RSWLRQ PD\ QRW EH IHDVLEOH VLQFH DOO WKH H[WUD SLQV DUH XVHG LQ WKH FRPSRVLWH WRUVLRQDO PHPEHU�
$GGLWLRQDOO\� WKH SODVWLF VSDFHUV QHHG WR EH PRUH UHVLVWDQW WR GLVORGJLQJ XQGHU ODWHUDO ORDG� 7KLV FDQ EH
DFKLHYHG E\ GULOOLQJ WKH SLQKROH IXUWKHU XSZDUG LQ WKH FURVV�VHFWLRQ RU E\ UHGXFLQJ WKH DPRXQW RI VDQGLQJ
DURXQG WKH VSDFHUV· HGJHV� +RZHYHU� WKHVH PRGLILFDWLRQV DUH H[SHFWHG WR LQFUHDVH DVVHPEO\ WLPH PDUJLQDOO\�

)XUWKHU ZRUN RQ WKH RSWLPL]DWLRQ RI PDWHULDO XVDJH PD\ DOVR SURYH EHQHILFLDO� 6LQFH WKH GLDJRQDO
VXSSRUWV VWLOO DSSHDU WR EH VWURQJHU WKDQ WKH FDQWLOHYHUV� PRUH PDWHULDO VKRXOG EH DSSRUWLRQHG WR WKH
FDQWLOHYHUV�


