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Abstract.  Steel  tubes  have  an  efficient  shape  with  large  second  moment  of   inertia  relative  to  their   light  
weight.  One  of  the  main  problems  of  these  members   is   their  low  buckling  resistance  caused  from  having  
thin  walls.   In   this   study,   steel   foams  with  high   strength  over  weight   ratio   is  used   to   fill   the   steel   tube   to  
beneficially  modify   the   response  of   steel   tubes.  The   linear   eigenvalue  and  plastic   collapse  FE  analysis   is  
done  on  steel  foam  filled  tube  under  pure  compression  and  three  point  bending  simulation.  It  is  shown  that  
steel   foam   improves   the   maximum   strength   and   the   ability   of   energy   absorption   of   the   steel   tubes  
significantly.   Different   configurations   with   different   volume   of   steel   foam   and   composite   behavior   is  
investigated.  It  is  demonstrated  that  there  are  some  optimum  configurations  with  more  efficient  behavior.  If  
composite  action  between  steel  foam  and  steel  increases,  the  strength  of  the  element  will  improve,  in  a  way  
that,  the  failure  mode  change  from  local  buckling  to  yielding. 
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1. Introduction 

 
Steel tube beams and columns are able to provide significant strength for structures. They have 

an efficient shape with large second moment of inertia which leads to light elements with high 
bending strength. Moreover, they can resist loading in multiple directions, and have large torsional 
strength. One of the drawbacks of tubular cross sections with thin walls is their susceptibility to 
local buckling. Having thin walls forces the element to buckle locally before the cross section can 
show its maximum capacity through full yielding. Moreover, this local buckling will cause low 
ductility in the element response. 

One method of increasing the ductility and capacity of tubular elements is filling them with 
another material. One of the classical materials which is used for this purpose is concrete. There 
are large numbers of studies on the behavior of concrete-filled columns and beam-columns such as 
the research done by Furlong (1967), Shakir-Khalil and Mouli (1990),  Prion and Boehme (1994), 
Schneider (1998), Varma et al. (2002), Han (2004),  Lu et al. (2007), Chitawadagi and 
Narasimhan (2009), Chen et al. (2012), Chacon et al. (2013) which show that there is a substantial 
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LQFUHDVH� LQ� WKH� D[LDO� VWUHQJWK�� PRPHQW� RI� LQHUWLD� DQG� WKH� FRUUHVSRQGLQJ� SHDN� FXUYDWXUH� RI� WKH�
KROORZ�VHFWLRQV�ZKHQ�WKH\�DUH�ILOOHG�ZLWK�FRQFUHWH��,Q�WKHVH�UHVHDUFKHV��WKH�VWUHQJWK�DQG�GXFWLOLW\�
RI�WKH�FRQFUHWH�ILOOHG�VWHHO�WXEH��WKH�FRQFUHWH�HIIHFWV�RQ�SRVW�\LHOGLQJ�GXFWLOLW\�RI�VWHHO�WXEHV�DQG�WKH�
FRQFUHWH�FRQILQHPHQW�E\�VWHHO�WXEHV�ZHUH�LQYHVWLJDWHG��

$OWKRXJK�FRQFUHWH� LV�FKHDS�DQG�HDV\� WR�XVH�� LW� LV�EULWWOH��7KHUHIRUH��VWHHO� IRDP�ZKLFK�PD\�EH�
DEOH�WR�SHUIRUP�ZLWK�JUHDWHU�GXFWLOLW\�DW�ORZHU�ZHLJKW�FDQ�EH�XVHG�WR�HQKDQFH�WKH�EXFNOLQJ�FDSDFLW\�
RI� WKLQ� ZDOOHG� VWUXFWXUHV� PRUH� HIILFLHQWO\�� 6]\QLV]HZVNL� et al�� ������� LQYHVWLJDWHG� WKH� ORFDO�
EXFNOLQJ� EHKDYLRU� RI� VWHHO� IRDP� VDQGZLFK� SDQHOV� DQG� WKH\� IRXQG� WKDW� VLJQLILFDQW� VWUHQJWK�
LPSURYHPHQWV�ZHUH�SRVVLEOH� IRU�VWHHO� IRDP�VDQGZLFK�SDQHO�FRPSDUHG� WR�VROLG�VWHHO��6PLWK�et al��
��������0RUDGL�et al���������DOVR�SURSRVHG�VRPH�VWUXFWXUDO�DSSOLFDWLRQ�IRU�VWHHO�IRDP�DQG�VKRZHG�
WKDW�E\�FRQWUROOLQJ�WKH�GHQVLW\��VWHHO�IRDP�FDQ�EH�XVHG�WR�LPSURYH�WKH�VWUXFWXUDO�EHKDYLRU���

,Q�WKLV�VWXG\�WKH�SRWHQWLDO�IRU�XVLQJ�GXFWLOH�VWHHO�IRDPV�WR�LPSURYH�ORFDO�EXFNOLQJ�UHVLVWDQFH�RI�
VWHHO�WXEH�LV�HYDOXDWHG��)LUVW��WKH�FKDUDFWHULVWLFV�RI�PHWDO�IRDPV�LQ�FRPSUHVVLRQ�DQG�WHQVLRQ�ZLOO�EH�
UHYLHZHG��&RQVLGHULQJ�WKDW�ORFDO�EXFNOLQJ�RI�WKH�WXEH�ZDOOV�LV�HVVHQWLDOO\�D�PDQLIHVWDWLRQ�RI�SODWH�
EXFNOLQJ��D�WKHRU\�RI�SODWH�EXFNOLQJ�ZLWK�GLIIHUHQW�NLQGV�RI�ERXQGDU\�FRQGLWLRQV�ZLOO�EH�SUHVHQWHG�
LQ� WKH�QH[W� VHFWLRQ��7KDW�ZLOO�EH� IROORZHG�E\� ILQLWH�HOHPHQW�PRGHOLQJ�RI�D� VWHHO� IRDP�ILOOHG� WKLQ�
ZDOOHG�VTXDUH�VWHHO�WXEH��ZKLFK�LV�FDOOHG�D�IRDP�ILOOHG�WXEH�IRU�WKH�UHVW�RI�WKH�SDSHU��7KLV�V\VWHP��D�
IRDP�ILOOHG�WXEH��SUHYLRXVO\�KDV�EHHQ�DQDO\]HG�LQ�RQH�H[SHULPHQWDO�VWXG\��)UDXQKRIHU��������,Q�WKH�
FXUUHQW�VWXG\�WKH�VWUHQJWK�RI�WKH�IRDP�ILOOHG�WXEH�XQGHU�EHQGLQJ�DQG�D[LDO�DFWLRQV�LV�HVWLPDWHG�E\�
HLJHQYDOXH�DQG�SODVWLF�FROODSVH�DQDO\VLV��7KH�HIIHFW�RI�GLIIHUHQW�JHRPHWULHV�RI�WKH�VWHHO�IRDP�ILOO�RQ�
WKH�UHVSRQVH�RI�WKH�HOHPHQW�LV�LQYHVWLJDWHG��7KH�HIIHFW�RI�WKH�GHJUHH�RI�FRPSRVLWH�DFWLRQ�EHWZHHQ�
WKH�IRDP�DQG�WXEH�RQ�VWUHQJWK�LV�DOVR�HYDOXDWHG��)LQDOO\�WKHUH�LV�D�GLVFXVVLRQ�RI�WKH�UHVXOWV�RI�WKH�
ILQLWH�HOHPHQW�PRGHOLQJ��

�
1.1 Steel foam characteristics 
�
6WHHO� IRDPV� DUH� D� UHODWLYHO\� QHZ� FODVV� RI� PDWHULDOV� ZLWK� ORZ� GHQVLWLHV� DQG� QRYHO� SK\VLFDO��

PHFKDQLFDO�� WKHUPDO�� HOHFWULFDO� DQG� DFRXVWLF� SURSHUWLHV�� 7KH\� KDYH� SRWHQWLDO� IRU� IRUPLQJ�
OLJKWZHLJKW�VWUXFWXUHV��IRU�HQHUJ\�DEVRUSWLRQ��DQG�IRU�WKHUPDO�PDQDJHPHQW��$VKE\�et al���������

,Q�WKH�FRPSUHVVLYH�VWUHVV�VWUDLQ�FXUYHV�IRU�W\SLFDO�VWHHO�IRDPV��WKH�UHVSRQVH�LV�OLQHDU�HODVWLF�DW�
ORZ�VWUHVVHV�IROORZHG�E\�D�ORQJ�FROODSVH�SODWHDX��WHUPLQDWLQJ�LQ�D�UHJLPH�RI�GHQVLILFDWLRQ�LQ�ZKLFK�
WKH� VWUHVV� ULVHV� VWHHSO\�� �/LQHDU� HODVWLFLW\� LV� FRQWUROOHG� E\� FHOO�ZDOO� EHQGLQJ� DQG�� LI� WKH� FHOOV� DUH�
FORVHG��E\�FHOO�IDFH�VWUHWFKLQJ��,Q�FRPSUHVVLRQ�WKH�SODWHDX�LV�DVVRFLDWHG�ZLWK�FROODSVH�RI�WKH�FHOOV�
E\� IRUPDWLRQ� RI� SODVWLF� KLQJHV� LQ� WKH� FHOO� ZDOOV� RI� OLJDPHQWV�� :KHQ� WKH� FHOOV� KDYH� DOPRVW�
FRPSOHWHO\� FROODSVHG�� LQWHUFHOOXODU� FRQWDFW� RFFXUV�� UDSLGO\� LQFUHDVLQJ� VWUHVV�� 7KHVH� SURSHUWLHV��
SDUWLFXODUO\� WKH� ORQJ�SODWHDX�DUH� LPSRUWDQW� LQ�HQHUJ\�DEVRUELQJ�DSSOLFDWLRQ�� WR�ZKLFK�VWHHO�IRDPV�
OHQG� WKHPVHOYHV� ZHOO�� ,Q� WHQVLRQ�� LQLWLDO� OLQHDU� HODVWLFLW\� LV� FDXVHG� E\� FHOO� ZDOO� EHQGLQJ�� SOXV�
VWUHWFKLQJ��LI�WKH�FHOOV�DUH�FORVHG��7KH�FHOO�ZDOOV�URWDWH�WRZDUGV�WKH�WHQVLOH�D[LV�E\�SODVWLF�EHQGLQJ��
JLYLQJ� D� \LHOG� SRLQW� IROORZHG� E\� D� ULVLQJ� VWUHVV�VWUDLQ� FXUYH�� ZKLFK� XOWLPDWHO\� HQGV� LQ� IUDFWXUH�
�*LEVRQ�DQG�$VKE\��������

�
�

���3ODWH�EXFNOLQJ�
�
/RFDO� EXFNOLQJ� RI� WKH� ZDOOV� RI� D� WKLQ� ZDOOHG� VWHHO� WXEH� LV� DFWXDOO\� D� PDQLIHVWDWLRQ� RI� WKH�

EXFNOLQJ�RI�WKH�SODWHV�IRUPLQJ�WKH�ZDOOV�RI�WKH�WXEH��7KH�DGGLWLRQ�RI�PHWDO�IRDP�ZLWKLQ�WKH�VWHHO�
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WXEH�SURYLGHV�D�VXSSRUW�IRU�WKH�SODWH�RU��LQ�DQRWKHU�LQWHUSUHWDWLRQ��WKLFNHQV�WKH�SODWH��7KLV�VHFWLRQ�RI�
WKH�VWXG\�UHYLHZV�SODWH�EXFNOLQJ�WKHRU\�ZLWK�GLIIHUHQW�W\SHV�RI�ERXQGDU\�FRQGLWLRQV��$Q�LPSRUWDQW�
IHDWXUH�RI�SODWH�EXFNOLQJ�LV�WKDW�WKH�SODWH�FDQ�FRQWLQXH�WR�UHVLVW�LQFUHDVLQJ�D[LDO�IRUFH�DIWHU�UHDFKLQJ�
WKH�FULWLFDO�ORDG��DQG�SODWHV�FDQ�H[KLELW�VXEVWDQWLDO�SRVW�EXFNOLQJ�UHVHUYH�VWUHQJWK��&KDMHV��������

�
2.1 Uniaxially compressed plate 
�
7KH� FULWLFDO� ORDG� RI� SODWHV�� OLNH� FROXPQV�� GHSHQGV� RQ� WKH� ERXQGDU\� FRQGLWLRQ� RI� WKH� SODWHV��

0RUHRYHU�� D� SODWH
V� EXFNOLQJ� ORDG� DQG� PRGH� VKDSH� GHSHQGV� RQ� WKH� DVSHFW� UDWLR� RI� WKH� SODWH��
*HQHUDOO\��WKH�FULWLFDO�ORDG�RI�WKH�SODWH�FDQ�EH�FDOFXODWHG�E\�

Nx  
kS 2Eh3

12���P� �b� �������������������������������������������������������������

LQ� ZKLFK�Nx� LV� WKH� FULWLFDO� ORDG� SHU� XQLW� OHQJWK�� E� LV� WKH� SODWH� HODVWLF� PRGXOXV�� h� LV� WKH� SODWH�
WKLFNQHVV��b� LV� WKH� SODWH�ZLGWK��ȝ� LV� 3RLVVRQ
V� UDWLR� DQG�k� LV� WKH� EXFNOLQJ� VWUHVV� FRHIILFLHQW� IRU� D�
XQLD[LDOO\�FRPSUHVVHG�SODWH��7KH�YDOXH�RI�k�LV�UHODWHG�WR�WKH�ERXQGDU\�FRQGLWLRQV�DQG�DVSHFW�UDWLR�
RI�WKH�SODWH��&KDMHV��������

)RU�WKH�WXEH�ZDOOV��LI�WKH�UDWLR�RI�E�W�LV�ODUJH��LW�FDQ�EH�DVVXPHG�WKDW�WKH�WXEH�ZDOOV�DFW�DV�VLPSO\�
VXSSRUWHG�SODWHV�VR�WKDW�(T������FDQ�EH�XVHG�WR�FDOFXODWH�WKH�FULWLFDO�ORDG�IRU�ORFDO�EXFNOLQJ�RI�WKH�
HPSW\� WXEHV�� 7KLV� DQDORJ\� FDQ� EH� H[WHQGHG� E\� WUHDWLQJ� WKH�ZDOOV� RI� D� WXEH� ILOOHG�ZLWK� IRDP� DV�
SODWHV�VXSSRUWHG�E\�HODVWLF�IRXQGDWLRQV����

�
2.2 Plate uniformly compressed in one direction on an elastic foundation 
�
7KH�EHKDYLRU�RI�WKH�ZDOOV�RI�D�PHWDO�IRDP�ILOOHG�VWHHO�WXEH�LV�VLPLODU�WR�WKH�EHKDYLRU�RI�SODWH�RQ�

DQ�HODVWLF�IRXQGDWLRQ��7KH�EXFNOLQJ�ORDG�RI�D�SODWH�WKDW�LV�ULJLGO\�DWWDFKHG�WR�LWV�HODVWLF�IRXQGDWLRQ�
ZLWK�LQWHJHU�RU�JUHDWHU�WKDQ���DVSHFW�UDWLR�LV��

Nx  
���� ��J �S 2Eh3

12���P � �b� �����������������������������������������������������������

LQ�ZKLFK�Ȗ�LV�HTXDO�WR�

J  
Ök�����P � �

Eh� � b
S
�� �������������������������������������������������������������

DQG�k� LV� WKH� IRXQGDWLRQ�VWLIIQHVV�SHU�XQLW�DUHD� �6HLGH���������)LJ����VKRZV� WKH�SDUDPHWHUV�RI� WKH�
SODWH�RQ�HODVWLF�IRXQGDWLRQ�SUREOHP��,I�WKH�Ȗ�YDOXH�LV�VXEVWLWXWHG�E\�WKH�HTXLYDOHQW�VWLIIQHVV�RI�WKH�
PHWDO�IRDP��(T������FDQ�EH�XVHG�WR�DSSUR[LPDWH�WKH�ORFDO�EXFNOLQJ�FDSDFLW\�RI�D�PHWDO�IRDP�ILOOHG�
VWHHO�WXEH��

,Q�RUGHU�WR�REWDLQ�DQ�HTXLYDOHQW�VWLIIQHVV�RI�WKH�PHWDO�IRDP�� k LQ�(T������FDQ�EH�VXEVWLWXWHG�E\�

Ök  
E f A

b � �u A
 
�E f

b
��������������������������������������������������������������

LQ�ZKLFK�Ef LV�WKH�PHWDO�IRDP�HODVWLF�PRGXOXV��)LJ������7KLV�DQDORJ\�ZLOO�EH�XVHG�ODWHU�WR�HVWDEOLVK��
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�

)LJ�����D��*HRPHWU\�RI�WKH�SODWH�RQ�DQ�HODVWLF�IRXQGDWLRQ��E��(TXLYDOHQW�PRGHO�IRU�PHWDO�IRDP�
ILOOHG�WXEH�

�

�

)LJ����*HRPHWU\�RI�IRDP�ILOOHG�VWHHO�WXEH�ZKLFK�LV�XVHG�LQ�WKH�FXUUHQW�VWXG\��)UDXQKRIHU�������
�

7DEOH���0DWHULDO�SURSHUWLHV�RI�WKH�IRDP�ILOOHG�VWHHO�WXEH�XVHG�LQ�WKH�FXUUHQW�VWXG\��)UDXQKRIHU�������

0DWHULDO� 7HQVLOH�6WU�� <LHOGLQJ�6WU�� (ORQJDWLRQ� (ODVWLF�0RGXOXV� 'HQVLW\�
03D��NVL�� 03D��NVL�� �� 03D��NVL�� �J�FP���

6WHHO� ���������� ��������� ��� ��������������� �����
6WHHO�)RDP� ��������� ���������� �� ������������� �����

�
�
D� ERXQG� RQ� WKH� ORFDO� EXFNOLQJ� FDSDFLW\� RI� D� IRDP� ILOOHG� WXEH� WKDW� GHSHQGV� RQ� WKH� PDWHULDO�
FKDUDFWHULVWLFV�RI�WKH�IRDP��,W�ZLOO�EH�VHHQ�ODWHU�LQ�WKLV�VWXG\�WKDW�WKHUH�LV�D�UHDVRQDEOH�DJUHHPHQW�
EHWZHHQ�WKLV�PHWKRG�DQG�ILQLWH�HOHPHQW�HLJHQYDOXH�VLPXODWLRQ��

�
�

���)LQLWH�HOHPHQW�PRGHOLQJ�
�

7KLV� VHFWLRQ� SUHVHQWV� WKH� SURFHGXUHV� DQG� DVVXPSWLRQV� ZKLFK� DUH� XVHG� IRU� ILQLWH� HOHPHQW�
PRGHOLQJ�RI�WKH�IRDP�ILOOHG�WXEH�VLPLODU�WR�WKDW�XVHG�LQ�WKH�H[SHULPHQWDO�VWXG\�RI�)UDXQKRIHU�86$��
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�

)LJ�����D��ORFDO�EXFNOLQJ�VKDSH�DQG��E��ORDG�IDFWRU�LQ�WHUPV�RI�KDOI�ZDYHOHQJWK�RI�WKH�HPSW\�VWHHO�WXEH�
�

)LJ����(PSW\�WXEH�JHRPHWU\�DIWHU�DSSO\LQJ�LPSHUIHFWLRQ��WKH�LPSHUIHFWLRQ
V�VFDOH�IDFWRU�LV����
WLPHV�ELJJHU�WKDQ�UHDOLW\��

�
�

�)UDXQKRIHU��������)LJ����VKRZV�WKH�GLPHQVLRQV�DQG�FRQILJXUDWLRQ�RI�WKH�HOHPHQW�ZKLFK�ZDV�WHVWHG�
LQ�WKH�H[SHULPHQWDO�VWXG\��7DEOH���VKRZV�WKH�SURSHUWLHV�RI�WKH�PDWHULDOV�WKDW�IRUP�WKH�WHVW�VSHFLPHQ�
�)UDXQKRIHU�������

1XPHULFDO�PRGHOLQJ�LV�SHUIRUPHG�ZLWKLQ�WKH�$',1$�IUDPHZRUN��7KH�VWHHO�IRDP�LV�PRGHOHG�E\�
��1RGHV�VROLG�HOHPHQWV�DQG�WKH�VWHHO�WXEH�LV�PRGHOHG�E\���1RGHV�VKHOO�HOHPHQWV�LQ�$',1$��

)LUVW��WKH�PHWKRG�IRU�FRQVLGHULQJ�JHRPHWULF�LPSHUIHFWLRQV�ZLOO�EH�GHVFULEHG��7KHQ��WKH�GLIIHUHQW�
VWHHO�IRDP�FRQILJXUDWLRQV�DQG�FRPSRVLWH�DFWLRQ�ZKLFK�DUH�XVHG�LQ�WKLV�VWXG\�ZLOO�EH�SUHVHQWHG��

�
3.1 Geometric imperfections 
�
*HRPHWULF�LPSHUIHFWLRQV�DUH�GHYLDWLRQV�IURP�WKH�QRPLQDO�JHRPHWU\�ZKLFK�H[LVW�LQ�WKLQ�ZDOOHG�

HOHPHQWV� EHFDXVH� RI� WKH� IDEULFDWLRQ� SURFHVV�� 3UHYLRXV� VWXGLHV� VKRZ� WKDW� WKLV� LPSHUIHFWLRQ� FDQ�
DIIHFW�WKH�EXFNOLQJ�EHKDYLRU�RI�WKH�HOHPHQW�VLJQLILFDQWO\��6FKDIHU�DQG�3HNR]�������*UDYHV��������
7KHUHIRUH��LPSHUIHFWLRQV�VKRXOG�EH�FRQVLGHUHG�LQ�WKH�ILQLWH�HOHPHQW�PRGHOLQJ��
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,Q� JHQHUDO�� LW� FDQ�EH� DVVXPHG� WKDW� WKH� JHRPHWU\� RI� WKH� ORFDO� SODWH� LPSHUIHFWLRQV� LQ� WKH� FURVV�
VHFWLRQ�LV�VLPLODU�WR�WKH�H[SHFWHG�ORFDO�EXFNOLQJ�VKDSH��7DR�et al���������7KHUHIRUH��WKH�ILUVW�VWHS�LQ�
DSSO\LQJ�LPSHUIHFWLRQV�WR�WKH�)(�PRGHO�LV�ILQGLQJ�WKH�ORFDO�EXFNOLQJ�VKDSH�RI�WKH�HPSW\�VWHHO�WXEH��
&8)60��D�VHPL�DQDO\WLFDO�ILQLWH�VWULS�EDVHG�FRGH��LV�XVHG�WR�GHWHUPLQH�WKH�HODVWLF�EXFNOLQJ�PRGHV�
RI�D�VTXDUH�VWHHO�WXEH��6FKDIHU�DQG�$GDQ\�������

)LJ����VKRZV�WKH�UHVXOWV�RI�WKH�HLJHQYDOXH�DQDO\VLV�RI�WKH�VTXDUH�VWHHO�WXEH�XQGHU�XQLIRUP�D[LDO�
VWUHVV��)RU�D�������PP�ORQJ�VWHHO� WXEH��)LJ������ WKH� ORFDO�EXFNOLQJ�VKDSH�ZLWK�D�KDOI�ZDYHOHQJWK�
HTXDO� WR� �����PP� KDV� WKH� ORZHVW� FRUUHVSRQGLQJ� FULWLFDO� ORDG�� )RU� WKLV�PHPEHU�� WKHUHIRUH�� ORFDO�
EXFNOLQJ�KDSSHQV�ZKHQ�WKH�WRWDO�DSSOLHG�D[LDO�IRUFH�EHFRPHV�HTXDO�WR������î�î����î���� ������
1�DQG�WKH�EXFNOLQJ�VKDSH�KDV�D�KDOI�ZDYHOHQJWK�HTXDO�WR������PP��

7KH� EXFNOLQJ� GHIRUPDWLRQ� DORQJ� WKH� ORQJLWXGLQDO� GLUHFWLRQ� RI� WKH� WXEH� LV� DVVXPHG� WR� EH�
VLQXVRLGDO�� 7KH� RQO\� UHPDLQLQJ� SDUDPHWHU� QHHGHG� WR� VSHFLI\� WKH� VWHHO� WXEH� LPSHUIHFWLRQ� LV� WKH�
DPSOLWXGH� RI� WKH� LPSHUIHFWLRQ�� 2QH� VXJJHVWLRQ� E\� SUHYLRXV� LQYHVWLJDWRUV� KDV� EHHQ� WR� OHW� WKH�
DPSOLWXGH� RI� WKH� LPSHUIHFWLRQ� EH� ����E� LQ� ZKLFK� E� LV� WKH� SODWH� ZLGWK� �*%������ ������� )LJ�� ��
VKRZV�WKH�JHRPHWU\�RI�WKH�HPSW\�WXEH�DIWHU�DSSO\LQJ�LPSHUIHFWLRQ��

�
3.2 Modeling considerations 
�
,Q� WKLV�SDUW�RI� WKH�SDSHU�� WKH�DVVXPSWLRQV�DQG� VLPSOLILFDWLRQV�PDGH� IRU�PRGHOLQJ�RI� WKH� VWHHO�

IRDP�PDWHULDO� DQG� WKH� IRDP�WXEH� FRQQHFWLRQ�ZLOO� EH� SUHVHQWHG��0RUHRYHU�� GLIIHUHQW� SRVVLEOH� ILOO�
FRQILJXUDWLRQV�RI�PHWDO�IRDP�ZLOO�EH�VKRZQ��

�
3.2.1 Material properties 
$� V\PPHWULF�� ELOLQHDU�� HODVWLF� SHUIHFWO\� SODVWLF� PDWHULDO� PRGHO� LV� XVHG� IRU� WKH� VWHHO� IRDP��

&RQVLGHULQJ� WKDW� WKH� VWHHO� IRDP� LV� XVHG� LQ� WKLV� VWXG\� DV� D� VWLIIHQHU� RU� WKLFNHQHU�� WKH� ODUJH� VWUDLQ�
EHKDYLRU� RI� WKH� VWHHO� IRDP�ZLOO� QRW� DIIHFW� WKH� UHVXOW� VLJQLILFDQWO\�� 7KHUHIRUH�� WKH� DVVXPSWLRQ� RI�
HODVWLF�SHUIHFWO\�SODVWLF�EHKDYLRU�LV�DFFHSWDEOH�IRU�WKH�SXUSRVH�RI�WKLV�VWXG\��

�
3.2.2 Composite behavior 
2QH� LPSRUWDQW� IDFWRU� WKDW� FDQ� LQIOXHQFH� WKH� EHKDYLRU� RI� IRDP� ILOOHG� WXEHV� LV� WKH� GHJUHH� RI�

FRPSRVLWH�DFWLRQ�EHWZHHQ�WKH�IRDP�DQG�WKH�WXEH���,I�WKH\�DUH�IXOO\�ERQGHG�WR�HDFK�RWKHU��WKHQ�WKH�
IRDP� ILOOHG� WXEH�ZLOO� VKRZ�FRPSOHWH� FRPSRVLWH�EHKDYLRU� VXEVWDQWLDOO\�EUDFLQJ� WKH� WXEH�ZDOOV�� ,I�
WKH\� DUH� XQERQGHG� WKHQ� WKH� IRDP� ZLOO� EUDFH� WKH� ZDOOV� DJDLQVW� LQZDUG� PRWLRQ� EXW� QRW� DJDLQVW�
RXWZDUG�PRWLRQ� RU� VKHDU� VOLSSDJH�� � ,Q� RUGHU� WR�PRGHO� WKH� GLIIHUHQW� GHJUHHV� RI� FRPSRVLWH� DFWLRQ�
VSULQJ� HOHPHQWV� FRQQHFWLQJ� WKH� WXEH�ZDOOV� DQG� IRDP� ILOO� DUH� � XVHG� LQ�$',1$�� ,W� FDQ�EH� VHHQ� LQ�
)LJ���WKDW�WKUHH�VSULQJ�HOHPHQWV�DUH�GHILQHG�FRQQHFWLQJ�HDFK�QRGH�RI�WKH�WXEH�WR�WKH�FRUUHVSRQGLQJ�
QRGH�RQ�WKH�VXUIDFH�RI�WKH�VROLG�HOHPHQW�PHVK�UHSUHVHQWLQJ�WKH�VWHHO�IRDP��7KHVH�VSULQJV�GHILQH�WKH�
GHJUHH�RI�ERQG�LQ�WHQVLRQ��FRPSUHVVLRQ�DQG�WZR�VKHDU�GLUHFWLRQV��

7KH� VSULQJV� DFWLYDWHG� E\� QRUPDO� GLVSODFHPHQW� EHWZHHQ� WKH� WXEH�ZDOOV� DQG� WKH� IRDP� VKRXOG�
DOZD\V�KDYH�D�YHU\�ODUJH�FRPSUHVVLRQ�VWLIIQHVV�WR�VLPXODWH�FRQWDFW�EHWZHHQ�WKH�WXEH�DQG�IRDP��2Q�
WKH�RWKHU�KDQG��WKH�WHQVLOH�VWLIIQHVV�RI�WKH�QRUPDO�VSULQJV�DQG�WKH�VKHDU�VSULQJV�FDQ�KDYH�D�UDQJH�RI�
VWLIIQHVV� IURP� ]HUR� WR� LQILQLW\�� GHSHQGLQJ� RQ� WKH� GHJUHH� RI� ERQG� WKDW� LV� WR� EH�PRGHOHG��7DEOH� ��
VKRZV�WKH�VSULQJ�FRQVWDQW�SHU�XQLW�DUHD�XVHG�IRU�PRGHOLQJ�GLIIHUHQW�NLQGV�RI�FRPSRVLWH�EHKDYLRU��
7KH�YDOXH�RI�WKH�VWLIIQHVV�FRQVWDQW�FRUUHVSRQGLQJ�WR�SDUWLDOO\�FRPSRVLWH�EHKDYLRU�LV�FKRVHQ�EDVHG�
RQ�QXPHULFDO�H[SHULPHQWV�VKRZLQJ�WKDW�LW�JLYHV�EHKDYLRU�WKDW�LV�LQWHUPHGLDWH�WR�WKH�IXOO\�FRPSRVLWH�
DQG�QRQ�FRPSRVLWH�FDVHV��,Q�WKLV�VWXG\�WKH�HIIHFW�RI�WKH�GHJUHH�RI�FRPSRVLWH�DFWLRQ�RQ�WKH�VWUHQJWK��
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�

)LJ����&RQILJXUDWLRQ�RI�WKH�VSULQJ�HOHPHQWV�LQ�WKH�FRQQHFWLRQ�RI�VWHHO�WXEH�WR�WKH�VWHHO�IRDP�
�

7DEOH���6SULQJ�FRQVWDQW�YDOXH�IRU�PRGHOLQJ�GLIIHUHQW�NLQGV�RI�FRPSRVLWH�EHKDYLRU�
&RPSRVLWH�%HKDYLRU� )XOO\� 3DUWLDOO\� 1RQ�

6WLIIQHVV�&RQVWDQW��1�PP�PP��� !�������� ������� ��
�
�

RI� WKH� VWHHO� IRDP� ILOOHG� WXEH� LV� LQYHVWLJDWHG�� � ,Q� D� SUDFWLFDO� FRQVWUXFWLRQ� GLIIHUHQW� GHJUHHV� RI�
FRPSRVLWH� DFWLRQ� PD\� EH� DWWDLQDEOH� GHSHQGLQJ� RQ� WKH� SURSHUWLHV� RI� WKH� WXEH� DQG� IRDP� DQG� WKH�
PHDQV�RI�FRQQHFWLQJ�WKHP��

�
3.2.3 Geometry 
'LIIHUHQW� SRVVLEOH� FRQILJXUDWLRQV� IRU� WKH� VWHHO� IRDP� DUH� VKRZQ� LQ� )LJ�� ��� &RQILJXUDWLRQV� DUH�

VRUWHG�LQWR�VHYHQ�JURXSV�E\�WKH�YROXPH�RI�IRDP�XVHG��,Q�RUGHU�WR�FRPSDUH�GLIIHUHQW�FRQILJXUDWLRQV�
IDLUO\��FRQILJXUDWLRQV�ZLWK�HTXDO�YROXPH�RI�VWHHO�IRDP�VKRXOG�EH�FRPSDUHG�ZLWK�HDFK�RWKHU��7KH�
YROXPH�RI�IRDP�XVHG�LQ�WKH�FRQILJXUDWLRQV�LQFUHDVHV�IURP�JURXS���WR�JURXS����$EEUHYLDWLRQV�DUH�
HVWDEOLVKHG�LQGLFDWLQJ�HDFK�FRQILJXUDWLRQ�WKURXJKRXW�WKH�UHPDLQGHU�RI�WKH�SDSHU��,Q�WKLV�VWXG\��WKH�
EHKDYLRU�RI�HDFK�FRQILJXUDWLRQ�LV�LQYHVWLJDWHG���$OWKRXJK�HDFK�FRQILJXUDWLRQ�PD\�SUHVHQW�GLIIHUHQW�
FKDOOHQJHV�LQ�PDQXIDFWXUH��WKH�PDQXIDFWXUDELOLW\�RI�WKH�FRQILJXUDWLRQV�LV�QRW�FRQVLGHUHG�WKLV�VWXG\���

�
3.3 Loading 
�
7ZR� ORDGLQJ� FRQGLWLRQV� DUH� DSSOLHG� WR� WKH� IRDP� ILOOHG� WXEH� LQ� WKLV� SDSHU�� )LUVW�� XQLIRUP�

FRPSUHVVLRQ� LV� DSSOLHG� WR� WKH� IRDP� ILOOHG� WXEH�� ,Q� WKLV� FDVH� ERWK� FROODSVH� DQDO\VLV� DQG�EXFNOLQJ�
HLJHQYDOXH�DQDO\VLV�DUH�SHUIRUPHG�RQ�WKH�HOHPHQW��6HFRQG��D�WKUHH�SRLQW�EHQGLQJ�WHVW�LV�VLPXODWHG�
WR�LQYHVWLJDWH�WKH�HIIHFWV�RI� WKH�VWHHO�IRDP�RQ�WKH�UHVSRQVH�RI� WKH�IRDP�ILOOHG�WXEH�XQGHU�IOH[XUDO�
DQG�VKHDU�ORDGLQJ��0RUHRYHU��ILQLWH�HOHPHQW�UHVXOWV�FDQ�EH�YHULILHG�E\�WKH�DYDLODEOH�H[SHULPHQWDO�
UHVXOW� �)UDXQKRIHU� ������� &ROODSVH� DQDO\VLV�� XVLQJ� GLVSODFHPHQW� FRQWURO�� LV� SHUIRUPHG� LQ� WKHVH�
VLPXODWLRQV��

�
�

���)LQLWH�HOHPHQW�UHVXOWV�
�
,Q�WKLV�VHFWLRQ�RI�WKH�SDSHU��WKH�UHVXOWV�RI�WKH�ILQLWH�HOHPHQW�VLPXODWLRQV�DUH�SUHVHQWHG�LQFOXGLQJ��
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�

)LJ����&RQILJXUDWLRQV�RI�WKH�IRDP�ILOO�WXEH��$OO�WKH�GLPHQVLRQV�DUH�LQ�PLOOLPHWHU�DQG�WKH�QXPEHUV�
LQ�WKH�SDUHQWKHVLV�DUH�VWHHO�IRDP�YROXPH�IUDFWLRQ��

�
�

WKH� UHVXOWV� RI� WKH� VLPXODWLRQV�ZLWK�GLIIHUHQW� VWHHO� IRDP�FRQILJXUDWLRQV� DQG�GHJUHHV� RI� FRPSRVLWH�
EHKDYLRU��

�
4.1 Uniform compression 
 
2QH�RI�WKH�ORDG�FRQGLWLRQV�LQ�ZKLFK�WXEXODU�FURVV�VHFWLRQV�DUH�RIWHQ�XVHG�LV�FRPSUHVVLRQ��7KH�

GRXEO\� V\PPHWULF� FURVV� VHFWLRQ� HIILFLHQWO\� UHVLVWV� D[LDO� IRUFHV� DQG� FRPELQHG� D[LDO� DQG� EHQGLQJ�
IRUFHV�� ,Q� WKLV� VHFWLRQ�RI� WKH�SDSHU� ILQLWH� HOHPHQW� UHVXOWV� IRU� WKH� IRDP� ILOOHG� WXEH�XQGHU�XQLIRUP��
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7DEOH���7KH�JOREDO�EXFNOLQJ�IRUFH�DQG�\LHOGLQJ�IRUFH�IRU�WKH�IRDP�ILOOHG�WXEH�
&RQILJXUDWLRQ� )XOO\�)LOOHG� (PSW\�
)DLOXUH�0RGH� *OREDO�EXFNOLQJ� <LHOGLQJ� *OREDO�EXFNOLQJ� <LHOGLQJ�
)RUFH��N1�� ������� ������� ������� ������

�

�

)LJ����3XUH�FRPSUHVVLRQ�VLPXODWLRQ� UHVXOW�RI� WKH�HPSW\�VWHHO� WXEH�DQG�IRDP�ILOOHG� WXEH�ZLWK�
QRQ�FRPSRVLWH�EHKDYLRU�

�
�

FRPSUHVVLRQ� DUH� GLVFXVVHG�� ,Q� WKH� SXUH� FRPSUHVVLRQ� FRQGLWLRQ� WKUHH� IDLOXUH� PRGHV� H[LVW�� FURVV�
VHFWLRQ�\LHOGLQJ��JOREDO�EXFNOLQJ�DQG�ORFDO�EXFNOLQJ��*OREDO�EXFNOLQJ�DQG�\LHOGLQJ�IRUFHV�DUH�JLYHQ�
LQ�7DEOH���IRU�IXOO\�ILOOHG�DQG�HPSW\�WXEHV��,W�FDQ�EH�VHHQ�WKDW�IRU�ERWK�WKH�HPSW\�WXEH�DQG�WKH�IRDP�
ILOOHG�WXEH�\LHOGLQJ�KDSSHQV�DW�D�ORZHU�ORDG�WKDQ�JOREDO�EXFNOLQJ��7KHUHIRUH��JOREDO�EXFNOLQJ�LV�QRW�
D�FRQWUROOLQJ�IDLOXUH�PRGH��

7KH� ORFDO� EXFNOLQJ� IRUFHV� RI� WKH� HPSW\� WXEH� DUH� ������� ������� ������ DQG� ������ N1� XVLQJ�
DQDO\WLFDO��&8)60��)(�HLJHQYDOXH�DQG�)(�FROODSVH�PHWKRG�UHVSHFWLYHO\��7KH�DQDO\WLFDO� UHVXOW� LV�
FDOFXODWHG�E\�DVVXPLQJ�VLPSO\�VXSSRUWHG�ERXQGDU\�FRQGLWLRQ�IRU�WKH�WXEH�ZDOOV��,W�FDQ�EH�VHHQ�WKDW�
IRU�WKH�DQDO\WLFDO��ILQLWH�VWULS��&8)60��DQG�)(�(LJHQYDOXH�PHWKRG��ZKLFK�XVH�WKH�DVVXPSWLRQ�RI�
OLQHDU�EHKDYLRU�IRU�WKH�PDWHULDOV��WKH�UHVXOWV�DUH�HVVHQWLDOO\�LGHQWLFDO��7KH�EXFNOLQJ�IRUFH�REWDLQHG�
E\�)(�FROODSVH�DQDO\VLV�LV�VPDOOHU�WKDQ�WKDW�REWDLQHG�IURP�RWKHU�PHWKRGV�GXH�WR�FRQVLGHUDWLRQ�RI�
PDWHULDO� QRQOLQHDULW\� DQG� JHRPHWULF� LPSHUIHFWLRQ��0RUHRYHU�� WKH� ORFDO� EXFNOLQJ� IRUFH� LV� VPDOOHU�
WKDQ�\LHOGLQJ�IRUFH�LQ�DOO�FDVHV��ZKLFK�VKRZV�WKDW�ZDOO�EXFNOLQJ�LV�WKH�GRPLQDQW�IDLOXUH�PRGH�IRU�
WKH�HOHPHQW���

)LJ�� �� VKRZV� WKDW� E\� VLPSO\� ILOOLQJ� D� VWHHO� WXEH�ZLWK� VWHHO� IRDP� WKH� EXFNOLQJ� IRUFH� LQFUHDVHV�
IURP�������N1�WR��������N1��,W�VKRZV�WKDW�VWHHO�IRDP�LPSURYHG�WKH�EXFNOLQJ�UHVLVWDQFH�RI�WKH�VWHHO�
WXEH�E\�����SHUFHQW��,W�DOVR�VKRZV�D�TXLWH�GLIIHUHQW�SRVW�EXFNOLQJ�EHKDYLRU�LQ�ZKLFK�WKH�IRDP�ILOOHG�
WXEH� FDQ� VXVWDLQ� ODUJH� GHIRUPDWLRQ� DW� FRQVWDQW� PRPHQW�� IRUPLQJ� D� VXLWDEOH� VWUXFWXUDO� KLQJH��
ZKHUHDV�WKH�PRPHQW�UHVLVWHG�E\�WKH�HPSW\�WXEH�UDSLGO\�GHJUDGHV�DIWHU�SHDN�PRPHQW�LV�UHDFKHG���

)LJ�� �� VKRZV� WKH� GHIRUPHG� VKDSH� RI� WKH� HPSW\� WXEH� XQGHU� WKH� SXUH� FRPSUHVVLRQ� DIWHU� WKH�
FROODSVH�DQG�WKH�HLJHQYDOXH�DQDO\VLV��,W�FDQ�EH�VHHQ�WKDW�GRPLQDQW�EXFNOLQJ�PRGH�IRU�ERWK�FROODSVH�
DQG�WKH�HLJHQYDOXH�DQDO\VLV�KDYH�DQ�DVSHFW�UDWLR�HTXDO�WR�RQH�ZKLFK�LV�SUHGLFWHG�E\�WKH�DQDO\WLFDO��

1025



 
 
 
 
 
 

Mohammadreza Moradi and Sanjay R. Arwade 

�

)LJ�� �� 'HIRUPHG� VKDSH� RI� WKH� HPSW\� WXEH� XQGHU� WKH� SXUH� FRPSUHVVLRQ� DIWHU� �D�� FROODSVH�
DQDO\VLV��E��HLJHQYDOXH�DQDO\VLV�

�

�

)LJ�� �� 'HIRUPHG� VKDSH� RI� WKH� IXOO\� ILOOHG� WXEH� XQGHU� WKH� SXUH� FRPSUHVVLRQ� DIWHU� FROODSVH�
DQDO\VLV�ZLWK��D��IXOO\�FRPSRVLWH�DQG��E��QRQ�FRPSRVLWH�EHKDYLRU�

�

�

)LJ�� ��� 7KH� HIIHFW� RI� WKH� FRPSRVLWH� EHKDYLRU� RQ� WKH� IRUFH�GLVSODFHPHQW� UHVXOW� IRU� GLIIHUHQW�
FRQILJXUDWLRQV�LQ�WKH�SXUH�FRPSUHVVLRQ�
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DQDO\VLV�� )RU� WKH� HLJHQYDOXH� DQDO\VLV�� GHIOHFWLRQ� LV� DPSOLILHG� QHDU� WKH� HQG� RI� WKH� WXEH� GXH� WR�
ERXQGDU\�HIIHFWV�WKDW�GR�QRW�VLJQLILFDQWO\�DIIHFW�WKH�FULWLFDO�ORDG���

7KH�GHIRUPHG�VKDSH�RI�WKH�IXOO\�ILOOHG�WXEH�XQGHU�SXUH�FRPSUHVVLRQ�ZLWK�IXOO\�FRPSRVLWH�DQG�
QRQ� FRPSRVLWH� EHKDYLRU� LV� GHSLFWHG� LQ� )LJ�� ��� ,W� FDQ� EH� VHHQ� WKDW� WKH� VWHHO� IRDP� UHGXFHG� WKH�
DPSOLWXGH�RI�WKH�GHIRUPDWLRQ�IRU�WKH�IRDP�ILOOHG�WXEH�ZLWK�QRQ�FRPSRVLWH�EHKDYLRU��)RU�WKH�IXOO\�
FRPSRVLWH� EHKDYLRU� LW� FDQ� EH� VHHQ� WKHUH� LV� QR� EXFNOLQJ�� )DLOXUH� KDSSHQV� EHFDXVH� RI� PDWHULDO�
\LHOGLQJ��
�

4.1.1 The effects of composite behavior 
)LJ����� LOOXVWUDWHV�KRZ� WKH�GHJUHH�RI�FRPSRVLWH�DFWLRQ�DIIHFWV� WKH� ORDG�GHIOHFWLRQ� UHVSRQVH�RI�

WKH�IRDP�ILOOHG�WXEH��,W�FDQ�EH�VHHQ�WKDW�LPSURYLQJ�ERQG�EHWZHHQ�WKH�VWHHO�IRDP�DQG�WKH�WXEH�ZDOOV�
ZLOO� LQFUHDVH� WKH� HOHPHQW
V� VWUHQJWK� DQG� WKDW� WKH� DPRXQW� RI� LPSURYHPHQW� GHSHQGV� RQ� WKH� IRDP�
FRQILJXUDWLRQ�� 7KH� EHVW� LPSURYHPHQW� FDQ� EH� VHHQ� LQ� WKH� &9� FRQILJXUDWLRQ�� ,Q� WKH� &9�
FRQILJXUDWLRQ��LQFUHDVLQJ�ERQG�VWLIIQHVV�DOWHUV�WKH�PRGH�VKDSH��OHDGLQJ�WKH�FURVV�VHFWLRQ�WR�WROHUDWH�
PRUH�IRUFH�EHIRUH�IDLOXUH��

�
4.1.2 The effects of steel-foam configuration 
$Q�HTXLWDEOH�ZD\�WR�FRPSDUH�GLIIHUHQW�FRQILJXUDWLRQV�RI�WKH�IRDP�ILOO�LV�WR�FDWHJRUL]H�WKHP�LQWR�

JURXSV�ZLWK� VDPH� IRDP�YROXPH� IUDFWLRQ�� )LJ�� ��� VKRZV� WKH� IRUFH�GLVSODFHPHQW� UHODWLRQV� IRU� WKH�
SXUH� FRPSUHVVLRQ� VLPXODWLRQ� IRU� WKH� WKUHH� JURXSV� RI� FRQILJXUDWLRQV� LQ� ZKLFK� WKH� IRDP� YROXPH�
IUDFWLRQ�YDULHV�IURP�����WR������,W�FDQ�EH�VHHQ�WKDW�SXWWLQJ�VWHHO�IRDP�RQ�WZR�VLGHV�RI�WKH�VWHHO�
WXEH� �6� FRQILJXUDWLRQ�� ZLOO� LPSURYH� WKH� EXFNOLQJ� EHKDYLRU� RI� WKH� IRDP� ILOOHG� WXEH� PRUH� WKDQ�
GLVWULEXWLQJ�LW�RQ�DOO�ZDOOV��+�FRQILJXUDWLRQ��RU�SODFLQJ�LW�DV�D�FHQWHU�EUDFH��&9�FRQILJXUDWLRQ���

)LJV����������VKRZ�WKH�HIIHFW�RI�WKH�VWHHO�IRDP�YROXPH�IUDFWLRQ�RQ�UHVSRQVH�RI�WKH�IRDP�ILOOHG�
WXEH� XQGHU� SXUH� FRPSUHVVLRQ�� ,W� FDQ� EH� VHHQ� WKDW� IRU� IRDP� YROXPH� IUDFWLRQ� RI� ��?�� DQG� ��?��
�JURXSV���DQG�����WKH�6�FRQILJXUDWLRQ�GHYHORSV�DGGLWLRQDO�SRVW�\LHOGLQJ�FDSDFLW\�ZKLOH�WKHUH�LV�QR��

�
�

�

)LJ�����7KH�IRUFH�GLVSODFHPHQW�UHVXOW�RI�WKH�SXUH�FRPSUHVVLRQ�VLPXODWLRQ�IRU�WKH�WKUHH�JURXSV�
RI�FRQILJXUDWLRQV�ZLWK�FRQVWDQW�YROXPH�IUDFWLRQ�DQG�SDUWLDOO\�FRPSRVLWH�EHKDYLRU�

�
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)LJ�� ��� 7KH� IRUFH�GLVSODFHPHQW� UHVXOW� RI� WKH� SXUH� FRPSUHVVLRQ� VLPXODWLRQ� IRU� 6� DQG� &9�
FRQILJXUDWLRQV�ZLWK�GLIIHUHQW�YROXPHV�RI�VWHHO�IRDP�

�

�

)LJ�����7KH�IRUFH�GLVSODFHPHQW�UHVXOW�RI�WKH�SXUH�FRPSUHVVLRQ�VLPXODWLRQ�IRU�+�FRQILJXUDWLRQV�
ZLWK�GLIIHUHQW�YROXPHV�RI�VWHHO�IRDP�

�
�
DGGLWLRQDO�SRVW�\LHOGLQJ�FDSDFLW\�LQ�WKH�&9�FRQILJXUDWLRQ��7KLV�FDQ�EH�LQWHUSUHWHG�WR�PHDQ�WKDW�WKH�
FROODSVH�PHFKDQLVP�LQ�WKH�6�FRQILJXUDWLRQ�LV�GRPLQDWHG�E\�FURVV�VHFWLRQ�\LHOGLQJ�ZKLOH�LQ�WKH�&9�
FRQILJXUDWLRQ��ORFDO�LQVWDELOLW\�SOD\V�D�JUHDWHU�UROH�LQ�GHILQLQJ�WKH�SRVW�\LHOG�UHVSRQVH�DQG�SUHYHQWV�
WKH�GHYHORSPHQW�RI� DGGLWLRQDO� SRVW�\LHOG� FDSDFLW\��)LJ�� ��� LOOXVWUDWHV� WKDW� LQ� WKH�+�FRQILJXUDWLRQ�
FKDQJLQJ�WKH�EHKDYLRU�IURP�QRQ�FRPSRVLWH� WR�SDUWLDOO\�FRPSRVLWH�ZLOO�FKDQJH�WKH�FROODSVH�PRGH�
IURP�RQH�GRPLQDQW�E\� ORFDO� LQVWDELOLW\� WR�RQH�GRPLQDQW�FURVV�VHFWLRQ�\LHOGLQJ��7KLV� LV�VKRZQ�E\�
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WKH� ODFN� RI� D� GHVFHQGLQJ� EUDQFK� LQ� WKH� ORDG� GLVSODFHPHQW� FXUYH� LQ� WKH� +� FRQILJXUDWLRQV� ZLWK�
SDUWLDOO\�FRPSRVLWH�EHKDYLRU�VKRZQ�LQ�)LJ������
�

4.1.3 The effects of metal-foam elastic modulus 
,Q�WKLV�SDUW�RI�WKH�SDSHU��WKH�HIIHFW�RI�PHWDO�IRDP�HODVWLF�PRGXOXV�RQ�WKH�EXFNOLQJ�ORDG�RI�WKH�

IXOO\� IRDP�ILOOHG� WXEH� LV� LQYHVWLJDWHG��7KH� UHVXOW� RI�)(� VLPXODWLRQ�RI� WKH�PHWDO�IRDP� ILOOHG� VWHHO�
WXEH�XQGHU�SXUH�FRPSUHVVLRQ�FDQ�EH�FRPSDUHG�WR�DQ�DSSUR[LPDWH�DQDO\VLV�WKDW�XVHV�WKH�VROXWLRQ�IRU�
WKH�FULWLFDO� ORDG�RI� D�SODWH�RQ�DQ�HODVWLF� IRXQGDWLRQ��&RQVLGHULQJ� WKDW� WKH� WKHRU\�RI� LQVWDELOLW\�RI�
SODWHV� RQ� HODVWLF� IRXQGDWLRQV��ZKLFK� LV� SUHVHQWHG� LQ� SUHYLRXV� SDUWV� RI� WKH� SDSHU�� DVVXPHV� HODVWLF�
PDWHULDO� EHKDYLRU�� WKH� DSSURSULDWH� FRPSDULVRQ� LV� EHWZHHQ� WKH� DSSUR[LPDWH� DQDO\VLV� DQG� OLQHDU�
HLJHQYDOXH�DQDO\VLV�RI�WKH�IRDP�ILOOHG�WXEH��

)LJ�����VKRZV�WKH�YDULDWLRQ�RI�EXFNOLQJ�ORDG�ZLWK�PHWDO�IRDP�HODVWLF�PRGXOXV�� ,W�FDQ�EH�VHHQ�
WKDW�WKHUH�LV�UHDVRQDEOH�DJUHHPHQW�EHWZHHQ�WKH�DSSUR[LPDWH�DQDO\WLFDO�UHVXOW�DQG�WKH�)(�HLJHQYDOXH�
VLPXODWLRQ��)RU� LQFUHDVLQJ� HODVWLF�PRGXOXV� RI� WKH�PHWDO� IRDP� WKH� DQDO\WLFDO� VROXWLRQ�JLYHV�PRUH�
FRQVHUYDWLYH�SUHGLFWLRQV�WKDQ�WKH�)(�VLPXODWLRQ�\HW�ERWK�SUHGLFW�VXEVWDQWLDOO\�KLJKHU�FDSDFLW\�WKDQ�
WKH�SODVWLF�FROODSVH�DQDO\VLV��7KH�GLVDJUHHPHQW�FRPHV�IURP�WKH�IDFW�WKDW�WKH�DSSUR[LPDWH�DQDO\WLFDO�
VROXWLRQ�QHJOHFWV�FKDQJHV�LQ�WKH�PRGH�VKDSH�WKDW�RFFXU�DW�KLJKHU�HODVWLF�PRGXOL���7KHUHIRUH�LW�FDQ�
EH�VHHQ�WKDW�WKH�WKHRU\�RI�WKH�EHKDYLRU�RI�SODWHV�RQ�HODVWLF�IRXQGDWLRQV�FDQ�SURYLGH�D�FRQVHUYDWLYH�
SUHGLFWLRQ�RI�WKH�HODVWLF�EXFNOLQJ�ORDG�RI�WKH�IRDP�ILOOHG�WXEH��)LJ�������,W�VKRXOG�EH�PHQWLRQHG�WKDW�
ZKHQ�WKH�HODVWLF�PRGXOXV�UHDFKHV�E ����0SD��WKH�EXFNOLQJ�PRGH�FKDQJHV�WR�D�JOREDO�PRGH�ZLWK�
FULWLFDO�ORDG�HTXDO�WR������N1��
�

4.2 Three point bending test 
�
7KH�DELOLW\�RI�D�IRDP�ILOOHG�WXEH�WR�DEVRUE�PRUH�HQHUJ\�WKHQ�DQG�LQFUHDVH�WKH�EHQGLQJ�VWUHQJWK�

RI� DQ� HPSW\� VWHHO� WXEH� ZLOO� EH� LQYHVWLJDWHG� LQ� WKLV� VHFWLRQ� RI� WKH� VWXG\�� 7KHVH� SURSHUWLHV� DUH�
LOOXVWUDWHG�WKURXJK�VLPXODWLRQV�RI�WKUHH�SRLQW�EHQGLQJ�WHVWV�RI�IRDP�ILOOHG�WXEH�ZLWK�GLIIHUHQW�VWHHO�
IRDP�ILOO�FRQILJXUDWLRQV�DQG�GHJUHHV�RI�FRPSRVLWH�DFWLRQ��

�
�

�

)LJ�����7KH�YDULDWLRQ�RI�EXFNOLQJ�ORDG�LQ�WHUPV�RI�PHWDO�IRDP�HODVWLF�PRGXOXV�
�
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�

)LJ�����7KUHH�SRLQW�EHQGLQJ�WHVW�UHVXOW�RI�WKH�HPSW\�VWHHO�WXEH�DQG�IRDP�ILOOHG�WXEH�ZLWK�QRQ�
FRPSRVLWH�EHKDYLRU�

�

)LJ�����'HIRUPHG� VKDSH�RI� WKH�HPSW\� VWHHO� WXEH�DIWHU� �D�� ILQLWH� HOHPHQW� VLPXODWLRQ� � DQG� �E��
H[SHULPHQWDO�WHVW��)UDXQKRIHU�������

�
�
4.2.1 Finite element model verification 
7KH�XVH�RI�SODVWLF�FROODSVH�DQDO\VLV�LV�ZHOO�YDOLGDWHG�DV�D�PHDQV�IRU�HYDOXDWLQJ�WKH�VWUHQJWK�RI�

WKLQ�ZDOOHG�VWUXFWXUDO�PHPEHUV��)LJ�����VKRZV�WKUHH�SRLQW�EHQGLQJ�WHVW�UHVXOWV�IRU�DQ�HPSW\�WXEH�
�H[SHULPHQW�DQG�VLPXODWLRQ��DQG�D�IRDP�ILOOHG�WXEH�ZLWK�QR�ERQG�EHWZHHQ�WKH�ILOO�DQG�WXEH�ZDOOV�
�VLPXODWLRQ�RQO\���,W�FDQ�EH�VHHQ�WKDW�WKH�H[SHULPHQWDO�DQG�VLPXODWHG�IRUFH�GLVSODFHPHQW�FXUYHV�DUH�
VLPLODU�IRU�WKH�HPSW\�WXEH��ZKLFK�FRQILUPV�WKDW�WKH�)(�PRGHO�LV�ZRUNLQJ�SURSHUO\���

0RUHRYHU�VWHHO�IRDP�LPSURYHG�WKH�EXFNOLQJ�UHVLVWDQFH�RI�WKH�VWHHO�WXEH�E\�����SHUFHQW��)LJ�����
DOVR�VKRZV�D�TXLWH�GLIIHUHQW�SRVW�EXFNOLQJ�EHKDYLRU�LQ�ZKLFK�WKH�IRDP�ILOOHG�WXEH�FDQ�VXVWDLQ�ODUJH�
GHIRUPDWLRQ�DW�FRQVWDQW�PRPHQW��IRUPLQJ�D�VXLWDEOH�VWUXFWXUDO�KLQJH��ZKHUHDV�WKH�PRPHQW�UHVLVWHG�
E\�WKH�HPSW\�WXEH�UDSLGO\�GHJUDGHV�DIWHU�SHDN�PRPHQW�LV�UHDFKHG��

)LJ�����VKRZV�WKH�GHIRUPHG�VKDSH�RI�WKH�HPSW\�WXEH�DIWHU� WKH�H[SHULPHQW�DQG�)(�VLPXODWLRQ��
5HDVRQDEOH�VLPLODULWLHV�FDQ�EH�VHHQ�LQ�WKH�GHIRUPHG�VKDSHV��,Q�ERWK�FDVHV��WKHUH�LV�DQ�LQZDUG�IROG�
RQ�WKH�FRPSUHVVLRQ�VXUIDFH��ZKLFK�DULVHV�DV�D�UHVXOW�RI�ORFDO�LQVWDELOLW\�LQ�WKH�FRPSUHVVLRQ�IODQJH��
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�

)LJ�����'HIRUPHG�VKDSH�RI�WKH�IRDP�ILOOHG�WXEH�ZLWK��D��IXOO\�FRPSRVLWH�DQG��E�QRQ�FRPSRVLWH�
EHKDYLRU�

�

�

)LJ�� ��� 7KH� HIIHFW� RI� WKH� FRPSRVLWH� EHKDYLRU� RQ� WKH� IRUFH�GLVSODFHPHQW� UHVXOW� IRU� GLIIHUHQW�
FRQILJXUDWLRQV�LQ�WKUHH�SRLQW�EHQGLQJ�WHVW�������QRQ�FRPSRVLWH�����SDUWLDOO\�FRPSRVLWH�������IXOO\�
FRPSRVLWH��

�
�

4.2.2 The effects of composite behavior 
7KH�GHJUHH�RI�FRPSRVLWH�DFWLRQ�EHWZHHQ�WKH�VWHHO�IRDP�ILOO�DQG�WKH�ZDOOV�RI�WKH�WXEH�LV�RQH�RI�

WKH�IDFWRUV�ZKLFK�FDQ�DIIHFW�WKH�UHVSRQVH�RI�WKH�FRPSRVLWH�HOHPHQW��
)LJ�����VKRZV�WKH�GHIRUPHG�VKDSH�RI�WKH�IRDP�ILOOHG�WXEH�DIWHU�FROODSVH�ZLWK�QRQ�FRPSRVLWH�DQG�

IXOO\�FRPSRVLWH�EHKDYLRU�� ,W� FDQ�EH� VHHQ� WKDW� LQ� WKH�EHDP�ZLWK� IXOO\�FRPSRVLWH�EHKDYLRU�� IDLOXUH�
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KDSSHQV�GXH�WR�IXOO�FURVV�VHFWLRQ�\LHOGLQJ�DQG�QR�ORFDO�EXFNOLQJ�RFFXUV��EXW�LQ�WKH�EHDP�ZLWK�QRQ�
FRPSRVLWH� EHKDYLRU� ORFDO� EXFNOLQJ� RI� WKH� FRPSUHVVLRQ� IODQJH� LV� WKH� SULPDU\� IDLOXUH�PRGH��1RWH�
WKDW�WKH�PRGH�VKDSH�GLIIHUV�IURP�WKDW�RI�)LJ����DQG�DJUHHV�ZHOO�ZLWK�WKDW�UHSRUWHG�LQ��)UDXQKRIHU�
������

)LJ�� ��� VKRZV� WKH� HIIHFWV� RI� FRPSRVLWH� EHKDYLRU� RQ� WKH� EHKDYLRU� RI� WXEHV�ZLWK� GLIIHUHQW� ILOO�
FRQILJXUDWLRQV��,W�FDQ�EH�VHHQ�WKDW� WKH�VWUHQJWK�RI�WKH�FRPSRVLWH�PHPEHU�LV�TXLWH�VHQVLWLYH�WR�WKH�
GHJUHH�RI�FRPSRVLWH�DFWLRQ�DQG�WKDW�RQO\�IRU�IXOO\�ILOOHG�WXEHV�LV�ORFDO�EXFNOLQJ�RI�WKH�WXEH�ZDOOV�
IXOO\�PLWLJDWHG��
�

4.2.3 The effects of steel-foam configuration 
$V�ZDV�GHVFULEHG�LQ�WKH�SUHYLRXV�VHFWLRQ��VL[WHHQ�FRQILJXUDWLRQV�RI�IRDP�ILOO�ZLWK�GLIIHUHQW�VWHHO�

IRDP�YROXPHV�DUH�FKRVHQ�WR�LQYHVWLJDWH�WKH�HIIHFW�RI�ILOO�FRQILJXUDWLRQ�RQ�UHVSRQVH��*URXSV�������
DQG���DUH�VHOHFWHG�WR�VWXG\�WKH�HIIHFW�RI�WKH�FRQILJXUDWLRQ�RQ�WKH�UHVSRQVH��)LJ�����VKRZV�WKH�IRUFH�
GLVSODFHPHQW�UHVXOWV�RI�WKH�WKUHH�SRLQW�EHQGLQJ�WHVW�VLPXODWLRQ�IRU�WKH�WKUHH�FRQILJXUDWLRQ�JURXSV��
0RUHRYHU��7DEOHV�������VKRZ�WKH�VWUHQJWK�DQG�DEVRUEHG�HQHUJ\�RI�WKH�IRDP�ILOOHG�WXEH�LQ�WKH�WKUHH�
SRLQW� EHQGLQJ� WHVW� VLPXODWLRQ� IRU� WKH� WKUHH� FRQILJXUDWLRQV�� UHVSHFWLYHO\�� 7KH� DEVRUEHG� HQHUJ\� LV�
FDOFXODWHG� DV� WKH� DUHD� XQGHU� WKH� IRUFH� GLVSODFHPHQW� FXUYH� XS� WR� WKH� SRLQW� RI� SHDN� ORDG��$OO� WKH�
UHVXOWV�LQ�WKLV�VHFWLRQ�DUH�FDOFXODWHG�IRU�SDUWLDOO\�FRPSRVLWH�EHKDYLRU��

,W�VKRXOG�EH�PHQWLRQHG�WKDW�WKH�PD[LPXP�VWUHQJWK�RI�WKH�GLIIHUHQW�FRQILJXUDWLRQV�LV�OLPLWHG�E\�
SODVWLF�PRPHQW�RI� WKH�IRDP�ILOOHG� WXEH�ZKLFK�FRUUHVSRQGV� WR�DQ�DSSOLHG�IRUFH�RI�������N1�IRU�D�
IXOO\�ILOOHG�WXEH��$OO�UHVXOWV�VKRZQ�LQ�)LJV��������UHSUHVHQW�WKH�RQVHW�RI�LQVWDELOLW\�H[FHSW�IRU�WKH�
UHVXOW�RI�WKH�IXOO\�ILOOHG�WXEH��

,W�FDQ�EH�VHHQ�WKDW�IRU�JURXS����ZKLFK�KDV�WKH�ORZHVW�IRDP�YROXPH�IUDFWLRQ��WKH�7�FRQILJXUDWLRQ�
VKRZV�WKH�KLJKHVW�VWUHQJWK�DQG�JUHDWHVW�DEVRUEHG�HQHUJ\���,Q�WKLV�JURXS��WKH�VWUHQJWK�RI�WKH�6��&9��

�
�

7DEOH� �� 6WUHQJWK� RI� WKH� IRDP� ILOOHG� WXEH� LQ� WKH� WKUHH�SRLQW� EHQGLQJ� VLPXODWLRQ� IRU� WKH� WKUHH� JURXSV� RI�
FRQILJXUDWLRQV�ZLWK�SDUWLDOO\�FRPSRVLWH�EHKDYLRU�

*URXS� 6WUHQJWK��N1��
�� 7�� 6�� 7%�� &9�� �

������ ������ ����� ����� ����� �
�� 7�� 6�� 7%�� &9�� +��

������ ������ ������ ������ ������ ������
�� � 6�� 7%�� &9�� �

������ � ������ ������ ������ �
�
7DEOH���$EVRUEHG�HQHUJ\�LQ�WKH�WKUHH�SRLQW�EHQGLQJ�VLPXODWLRQ�RI�WKH�IRDP�ILOOHG�WXEH�IRU�WKH�WKUHH�JURXSV�RI�
FRQILJXUDWLRQV�ZLWK�SDUWLDOO\�FRPSRVLWH�EHKDYLRU�

*URXS� (QHUJ\��N1�PP��
�� 7�� 6�� 7%�� &9�� �

������ ������ ������ ����� ������ �
�� 7�� 6�� 7%�� &9�� +��

������ ������ ������ ������ ������ ������
�� � 6�� 7%�� &9�� �

������ � ������ ������� ������� �
�
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�

)LJ�����7KH�IRUFH�GLVSODFHPHQW�UHVXOW�RI� WKH� WKUHH�SRLQW�EHQGLQJ� WHVW� IRU� WKH� WKUHH�JURXSV�RI�
FRQILJXUDWLRQV�ZKLFK�KDYH�SDUWLDOO\�FRPSRVLWH�EHKDYLRU�

�
�
DQG�7%�FRQILJXUDWLRQV�DUH�YHU\�VLPLODU��EXW��WKH�&9�DQG�6�FRQILJXUDWLRQ�DUH�PRUH�GXFWLOH�WKDQ�WKH�
7%�FRQILJXUDWLRQ�DEVRUELQJ�PRUH�HQHUJ\�DQG�UHDFKLQJ�SHDN�ORDG�DW�D�ODUJHU�GLVSODFHPHQW��7KH�7%�
FRQILJXUDWLRQ�LV�VWLIIHU�EHFDXVH�LW�KDV�KLJKHU�PRPHQW�RI�LQHUWLD�WKDQ�WKH�RWKHU�FRQILJXUDWLRQV��7KHUH�
DUH� ILYH� FRQILJXUDWLRQV� LQ� JURXS� ��� ,W� FDQ� EH� VHHQ� WKDW� WKH� 7� FRQILJXUDWLRQ� LV� QRW� WKH� RSWLPXP�
FRQILJXUDWLRQ� LQ� WKLV� JURXS�� 7KH� 7%�� DQG� 6�� FRQILJXUDWLRQV� KDYH� WKH� KLJKHVW� VWUHQJWK�� 7KH�+��
FRQILJXUDWLRQ�KDV�WKH�ORZHVW�VWUHQJWK�DQG�WKH�OHDVW�DELOLW\�WR�DEVRUE�HQHUJ\��7KH�6��FRQILJXUDWLRQ�LV�
WKH� PRVW� GXFWLOH� FRQILJXUDWLRQ� LQ� WKLV� JURXS�� 7KH� DPRXQW� RI� DEVRUEHG� HQHUJ\� LQ� WKH� 6��
FRQILJXUDWLRQ�LV�FORVH�WR�WZLFH�DV�PXFK�DV�LQ�RWKHU�FRQILJXUDWLRQV��7KHUH�DUH�WKUHH�FRQILJXUDWLRQV�LQ�
JURXS����6���7%��DQG�&9���$OWKRXJK��WKH�6�FRQILJXUDWLRQ�SHUIRUPV�ZHOO�LQ�JURXSV���DQG����LW�KDV�
WKH�ORZHVW�VWUHQJWK�DQG�HQHUJ\�DEVRUSWLRQ�DELOLW\�LQ�JURXS�����
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)LJ�����VKRZV�WKH�HIIHFW�RI�WKH�VWHHO�IRDP�YROXPH�IUDFWLRQ�LQ���GLIIHUHQW�FRQILJXUDWLRQV�RQ�WKH�
UHVSRQVH�� ,Q� WKLV� ILJXUH� IRUFH� GLVSODFHPHQW� UHVSRQVH� LV� VKRZQ� IRU� GLIIHUHQW� VWHHO� IRDP� YROXPHV�
UDQJLQJ� IURP�DQ�HPSW\� WXEH� WR�D� IXOO\� ILOOHG� WXEH�� ,W� FDQ�EH� VHHQ� WKDW� LQ� WKH�7�FRQILJXUDWLRQ� WKH�
VWUHQJWK�LQFUHDVHV�IURP�����N1�LQ�WKH�HPSW\�WXEH�WR�������N1�HYHQ�ZKHQ�RQO\�D�����PP�WKLFNQHVV�
RI�VWHHO� IRDP�LV�SODFHG�XQGHU� WKH� WRS�ZDOO��0RUHRYHU�� WKH�DEVRUEHG�HQHUJ\� LQFUHDVHV� IURP�������
N1�PP� LQ� WKH� HPSW\� WXEH� WR� ������ N1�PP� LQ� WKH� 7�� FRQILJXUDWLRQ�� ,QFUHDVLQJ� WKH� VWHHO� IRDP�
YROXPH� IURP� WKH�7�� FRQILJXUDWLRQ� WR� WKH�7�� FRQILJXUDWLRQ�� KRZHYHU� GRHV� QRW� FKDQJH� WKH� IRUFH�
GLVSODFHPHQW�EHKDYLRU�VLJQLILFDQWO\��$OWKRXJK�LQLWLDOO\�DGGLQJ�D�VPDOO�DPRXQW�RI�VWHHO�IRDP�XQGHU�
WKH�FRPSUHVVLRQ�IODQJH�ZLOO�VLJQLILFDQWO\�LQFUHDVH�WKH�VWUHQJWK�DQG�DELOLW\�WR�DEVRUE�HQHUJ\�LQ�WKH�
VWHHO�WXEH��FRQWLQXRXVO\�DGGLQJ�VWHHO�IRDP�LQ�WKLV�FRQILJXUDWLRQ�LV�RI�OLWWOH�EHQHILW��

�
�

�

)LJ�� ��� 7KH� IRUFH�GLVSODFHPHQW� UHVXOW� RI� WKH� WKUHH� SRLQW� EHQGLQJ� WHVW� IRU� IRXU� GLIIHUHQW�
FRQILJXUDWLRQV�ZLWK�GLIIHUHQW�YROXPHV�RI�VWHHO�IRDP�
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7DEOH� �� Pu�Py� LQ� WKH� WKUHH�SRLQW� EHQGLQJ� VLPXODWLRQ� RI� WKH� IRDP� ILOOHG� WXEH� IRU� WKH� WKUHH� JURXSV� RI�
FRQILJXUDWLRQV�ZLWK�SDUWLDOO\�FRPSRVLWH�EHKDYLRU�

*URXS� Pu/Py 
�� 7�� 6�� 7%�� &9�� �

������ ����� ����� ����� ����� �
�� 7�� 6�� 7%�� &9�� +��

������ ����� ���� ����� ���� �����
�� � 6�� 7%�� &9�� �

������ � ����� ����� ����� �
�
�

,Q�WKH�7%�DQG�6�FRQILJXUDWLRQV��LQFUHDVLQJ�WKH�YROXPH�RI�VWHHO�IRDP�ZLOO�LQFUHDVH�WKH�VWUHQJWK�
DQG�WKH�DEVRUEHG�HQHUJ\�DOPRVW�OLQHDUO\��,Q�WKH�+�FRQILJXUDWLRQ�LQFUHDVLQJ�WKH�VWHHO�IRDP�YROXPH�
IUDFWLRQ�LV�RI�OHVV�EHQHILW�WR�WKH�UHVSRQVH��

,Q�VXPPDU\��WKH�RSWLPDO�FRQILJXUDWLRQ�RI�WKH�VWHHO�IRDP�ILOO�GHSHQGV�RQ�WKH�DYDLODEOH�YROXPH�RI�
VWHHO�IRDP�WR�EH�XVHG�LQ�WKH�FRPSRVLWH�PHPEHU��9HU\�VXEVWDQWLDO�LPSURYHPHQW�LQ�SHUIRUPDQFH�FDQ�
EH�REWDLQHG�WKURXJK�WKH�GHSOR\PHQW�RI�D�UHODWLYHO\�VPDOO�DPRXQW�RI�IRDP�XQGHU�WKH�FRPSUHVVLRQ�
IODQJH��

2QH� RWKHU�ZD\� WR� HYDOXDWH� WKH� SHUIRUPDQFH� LV� WR� FDOFXODWH� WKH� UDWLR� RI�PD[LPXP� VWUHQJWK� WR�
\LHOGLQJ�VWUHQJWK�LQ�WKH�GLIIHUHQW�FRQILJXUDWLRQV��7KLV�UDWLR�LV�WKH�VLJQ�RI�HOHPHQW�UHVLGXDO�FDSDFLW\�
DIWHU� \LHOGLQJ��7DEOH� �� VKRZV� WKLV� UDWLR� IRU� WKH� GLIIHUHQW� FRQILJXUDWLRQV�ZLWK� SDUWLDOO\� FRPSRVLWH�
EHKDYLRU��,W�FDQ�EH�VHHQ�WKDW�WKH�SRVW�\LHOG�FDSDFLW\�RI�WKH�HOHPHQW�LV�GUDPDWLFDOO\�LQFUHDVHG�E\�WKH�
DGGLWLRQ�RI�VPDOO�DPRXQWV�RI�PDWHULDO�LQ�WKH�7��DQG�7��FRQILJXUDWLRQV��
�
�
���&RQFOXVLRQV�
�

$OWKRXJK�VWHHO� IRDP�LV�D�KLJKO\�FRPSOLDQW�PDWHULDO� WKDW� ODFNV�VWUHQJWK� LQ�FRPSDULVRQ� WR�VROLG�
VWHHO��LW�FDQ�EH�GHSOR\HG�LQ�D�FRPSRVLWH�IDVKLRQ�WR�VLJQLILFDQWO\�LPSURYH�VWUHQJWK�DQG�GXFWLOLW\�RI�
WKLQ�ZDOOHG�WXEHV��7KHVH�LPSURYHPHQWV�DUH�REWDLQHG�ERWK�LQ�FRPSUHVVLRQ�DQG��EHQGLQJ��0RUHRYHU��
LI� FRPSRVLWH� DFWLRQ� EHWZHHQ� VWHHO� IRDP� DQG� VWHHO� LQFUHDVHV�� WKH� VWUHQJWK� RI� WKH� HOHPHQW� ZLOO�
LPSURYH� VXFK� WKDW� WKH� IDLOXUH� PRGH� FKDQJH� IURP� ORFDO� EXFNOLQJ� WR� FURVV� VHFWLRQ� \LHOGLQJ�� 7KH�
UHVSRQVH�LV�VHQVLWLYH�WR�WKH�FRQILJXUDWLRQ�RI�WKH�IRDP�ILOO�DQG�WKH�RSWLPDO�FRQILJXUDWLRQ�GHSHQGV�RQ�
WKH�IUDFWLRQ�RI�WKH�LQWHULRU�YROXPH�WKDW�LV�WR�EH�ILOOHG��,I�RQO\�D�VPDOO�IUDFWLRQ�RI�WKH�LQWHULRU�YROXPH�
LV�WR�EH�ILOOHG��WKH�EHVW�SHUIRUPDQFH�LPSURYHPHQW�LV�REWDLQHG�E\�SODFLQJ�WKH�IRDP�LQ�FRQWDFW�ZLWK�
DQ\�ZDOOV�ORDGHG�LQ�FRPSUHVVLRQ���1RWH�WKDW�ZH�FRQVLGHU�PRQRWRQLF�ORDGLQJ�DQG�WKH�FRQVLGHUDWLRQ�
RI�ORDGLQJ�UHYHUVDO�ZRXOG�QHFHVVLWDWH�RWKHU�IRDP�ILOO�FRQILJXUDWLRQV��
�
�
5HIHUHQFHV�
�
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