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Abstract 

It is well known that pre-existing buildings are often inadequate to resist strong ground 
motions, and that their seismic rehabilitation is not an easy task.  Several studies available in 
the to-date literature have shown that seismic isolation is a cost-effective and efficient method 
that can be employed to protect existing structures from earthquakes. A new class of 
performance-based seismic isolators has been proposed in recent studies, making use of 
pentamode lattices confined between stiffening plates. The present work illustrates 
experimental results concerned with shear and compression tests on physical (reduced-scale) 
models of pentamode bearings, and discusses the use of such systems for the base isolation of 
existing buildings. Given results highlight the special ability of such systems to behave as 
tension-capable and performance-based systems, whose mechanical properties are driven 
largely by the geometry of the lattice microstructure (i.e, such systems behave as mechanical 
metamaterials), and can be finely adjusted to the properties of the structure to be protected. 
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1. INTRODUCTION
([WUHPaO PaWHULaOV WKaW aUH UHFHLYLnJ LnFUHaVLnJ LnWHUHVW aUH WKH VR�FaOOHd SHnWaPRdH OaWWLFHV, 
ZKLFK FRnVLVW RI  dLaPRnd�OLNH OaWWLFHV IHaWXULnJ ILYH VRIW PRdHV RI dHIRUPaWLRn �XnLW FHOO ZLWK 
IRXU URdV PHHWLnJ aW a SRLnW� >�@� 6XFK OaWWLFHV H[KLELW YHU\ ORZ VKHaU PRdXOL �WKHRUHWLFaOO\ 
HTXaO WR ]HUR� >�@, and Pa\ EH aEOH WR VWRS RU dUaPaWLFaOO\ aWWHnXaWH VKHaU ZaYHV >�@� 3K\VLFaO 
PRdHOV RI SHnWaPRdH PaWHULaOV KaYH EHHn IaEULFaWHd WKURXJK addLWLYH PanXIaFWXULnJ �$0� 
WHFKnLTXHV RYHU WKH OaVW IHZ \HaUV, ERWK aW WKH PaFUR� >�@ and aW WKH PLFUR�VFaOH >�@� 6FKLWWn\ HW 
aO� >�@ KaYH VWXdLHd WKH H[SHULPHnWaO EHKaYLRU RI PaFURVFRSLF, SRO\PHULF VaPSOHV RI SHnWaPRdH 
OaWWLFHV Ln WKH HOaVWLF UHJLPH� WKH UHVXOWV REWaLnHd E\ VXFK aXWKRUV SURYH WKaW WKH HOaVWLF PRdXOL 
RI SHnWaPRdH PaWHULaOV aUH VWURnJO\ UHOaWHd WR WKH JHRPHWU\ RI WKH OaWWLFH PLFUR�VWUXFWXUH, EHLnJ 
PaUNHdO\ aIIHFWHd E\ WKH dLPHnVLRnV RI WKH URdV IRUPLnJ WKH OaWWLFH, and SaUWLFXOaUO\ VHnVLWLYH 
WR WKH UaWLR EHWZHHn WKH dLaPHWHU d  RI WKH FRnnHFWLRnV EHWZHHn WKH URdV and WKH OaWWLFH FRnVWanW 
a � 7KH H[SHULPHnWaO <RXnJ¶V PRdXOXV E  RI WKH OaWWLFH KaV EHHn IRXnd aSSUR[LPaWHO\ WKUHH 
WLPHV VWLIIHU WKan WKH H[SHULPHnWaO VKHaU PRdXOXV G � 7KH UHVXOWV SUHVHnWHd Ln >�@ aOVR VKRZ WKaW 
WKH UaWLR EHWZHHn WKH EXON PRdXOXV B  and WKH VKHaU PRdXOXV G  VWURnJO\ LnFUHaVHV E\ UHdXFLnJ 
WKH FRnWaFW aUHa EHWZHHn WKH URdV� 6LPLOaU UHVXOWV KaYH EHHn IRXnd aW WKH PLFURVFaOH E\ .adLF 
HW aO� >�@� 3RO\PHULF VaPSOHV RI SHnWaPRdH OaWWLFHV KaYH EHHn IaEULFaWHd E\ VXFK aXWKRUV XVLnJ 
dLS�Ln dLUHFW�OaVHU�ZULWLnJ �'/:� RSWLFaO OLWKRJUaSK\, a WHFKnLTXH ZHOO VXLWHd WR EXLOd WKUHH�
dLPHnVLRnaO VWUXFWXUHV aFURVV a UanJH RI VFaOHV IURP PLFUR WR VPaOO >�@� ([SHULPHnWaO and 
nXPHULFaO UHVXOWV JLYHn Ln >�@ and >�@ dHPRnVWUaWH WKaW WKH PHFKanLFaO EHKaYLRU RI SHnWaPRdH 
OaWWLFHV UHSOLFaWHV WKaW RI IOXLdV Ln WKH OLPLW RI �→d , ZKHn WKH VKHaU PRdXOXV G  WHndV  WR ]HUR� 
)RU ILnLWH, nRn]HUR YaOXHV RI d , LW KaV EHHn IRXnd WKaW WKH GB  UaWLR LV H[WUHPHO\ KLJK, HYHn LI 
G  LV SRVLWLYH and nRn]HUR >�@>�@� %HFaXVH RI WKHLU XnXVXaO PHFKanLFaO IHaWXUHV, SHnWaPRdH 
PaWHULaOV KaYH EHHn SURSRVHd IRU WUanVIRUPaWLRn aFRXVWLFV and HOaVWR�PHFKanLFaO FORaN �UHIHU, 
H�J�, WR WKH UHFHnW SaSHU >�@ and WKH UHIHUHnFHV WKHUHLn�, EXW WKHLU SRWHnWLaO Ln dLIIHUHnW
HnJLnHHULnJ ILHOdV LV VWLOO RnO\ SaUWLaOO\ H[SORUHd� 
7KH SUHVHnW VWXd\ LnYHVWLJaWHV WKH HOaVWLF and SRVW�HOaVWLF UHVSRnVHV RI addLWLYHO\ PanXIaFWXUHd 
SHnWaPRdH OaWWLFHV FRnILnHd EHWZHHn VWLIIHnLnJ SOaWHV� :H anaO\]H PHWaOOLF VaPSOHV REWaLnHd 
WKURXJK addLWLYH PanXIaFWXULnJ E\ (OHFWURn %HaP 0HOWLnJ �(%0� RI a SRZdHU RI WKH WLWanLXP 
aOOR\ 7L��$O��9 >�@>�@>�@, IRU dLIIHUHnW aVSHFW UaWLRV RI WKH XnLW�FHOO, and WZR PaFURVFaOH aVSHFW 
UaWLRV �VOHndHU and WKLFN VaPSOHV�� :H ILnd WKaW WKH FRnILnHPHnW RI SHnWaPRdH OaWWLFHV EHWZHHn 
VWLIIHnLnJ SOaWHV JUHaWO\ aIIHFWV WKH HOaVWLF UHVSRnVH RI WKH RYHUaOO VWUXFWXUH, FRPSaUHd ZLWK WKH 
FaVH RI XnFRnILnHd, LnILnLWH SHnWaPRdH OaWWLFHV >��@� 7KH REWaLnHd UHVXOWV KLJKOLJKW VHYHUaO 
VLPLOaULWLHV EHWZHHn WKH HOaVWLF UHVSRnVH RI FRnILnHd SHnWaPRdH PaWHULaOV and WKH anaORJRXV 
UHVSRnVH RI HOaVWRPHULF EHaULnJV FRPSRVHd RI ULJLd VWHHO RU ILEHU�UHLnIRUFHd FRPSRVLWH Oa\HUV 
and VRIW Oa\HUV RI naWXUaO RU V\nWKHWLF UXEEHU >��@�>��@� &RnFHUnLnJ WKH SRVW�HOaVWLF UHVSRnVH, 
ZH REVHUYH WKaW WKH H[aPLnHd SHnWaPRdH PaWHULaOV IHaWXUH aFFHSWaEOH HnHUJ\ dLVVLSaWLRn 
FaSaFLW\, and UanJHV RI VXSSOHPHnWaO daPSLnJ Ln OLnH ZLWK YaOXHV RI FRPPRn LVROaWLRn dHYLFHV� 
7KHLU XVH IRU WKH EaVH LVROaWLRn RI H[LVWLnJ EXLOdLnJV LV dLVFXVVHd� 

2. MATERIALS AND METHODS

2.1 Physical models of confined Sentamode materials 
:H PanXIaFWXUHd SHnWaPRdH OaWWLFHV FRnILnHd E\ VWLIIHnLnJ SOaWHV and PadH E\ WKH WLWanLXP 
aOOR\ 7L��$O��9 �KHUHaIWHU VLPSO\ dHnRWHd E\ 7L�$O�9� WKURXJK WKH $UFaP 6�� (%0 IaFLOLW\ 
aW WKH 'HSaUWPHnW RI 0aWHULaOV 6FLHnFH and (nJLnHHULnJ, 8nLYHUVLW\ RI 6KHIILHOd� 6XFK an 
addLWLYH PanXIaFWXULnJ �$0� WHFKnRORJ\ aOORZV WKH PanXIaFWXUH RI IHaWXUHV ZLWK VL]H dRZn WR 
��� PP E\ SURJUHVVLYHO\ dHSRVLWLnJ, KHaWLnJ and PHOWLnJ  Oa\HUV  RI 7L�$O�9 SRZdHU, ZLWK WKH 
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PHOWHd UHJLRnV Ln HaFK Oa\HU dHILnHd aFFRUdLnJ WR a &$' PRdHO RI WKH VSHFLPHn WR EH 
PanXIaFWXUHd >�@>�@�  ,W LV ZRUWK nRWLnJ WKaW WKH VL]H RI WKH VSHFLPHn dHVLJnHd E\ &$' dRHV 
nRW FRUUHVSRnd SHUIHFWO\ WR WKH EXLOW REMHFW� 7KH EHaP VFan VWUaWHJLHV and WKH VXUIaFH URXJKnHVV 
ZLOO UHVXOW Ln OaUJHU �Ln dLaPHWHU� SULnWHd PHPEHUV >�@� 7KH PaLn SURSHUWLHV RI WKH HPSOR\Hd 
WLWanLXP aOOR\, ZKHn Ln WKH IXOO\ dHnVH VWaWH, aUH JLYHn Ln 7aEOH � >��@� 

PaVV dHnVLW\ >J�FP�@ ���� 
\LHOd VWUHnJWK >03a@ ������ 

<RXnJ¶V PRdXOXV  >*3a@ ������ 
3RLVVRn¶V UaWLR ����� 

7aEOH �� 0aLn SK\VLFaO and PHFKanLFaO SURSHUWLHV RI WKH IXOO\ dHnVH LVRWURSLF SRO\FU\VWaOOLnH 7L�$O�9 
WLWanLXP aOOR\ >��@� 

)LJXUH � VKRZV WKH H[WHndHd IaFH�FHnWHUHd�FXELF �IFF� XnLW FHOO RI a SHnWaPRdH OaWWLFH IRUPHd 
E\ VL[WHHn URdV WKaW aUH FRPSRVHd RI WZR WUXnFaWHd EL�FRnHV IHaWXULnJ OaUJH dLaPHWHU D  aW WKH 
PLd�VSan and VPaOO dLaPHWHU d  aW WKH H[WUHPLWLHV  >�@>�@>�@>�@>�@� 8SRn  VHOHFWLnJ  WKH OaWWLFH 
FRnVWanW =a  �� PP and ����=D PP  � ��≈aD �, ZH PanXIaFWXUHd SHnWaPRdH VSHFLPHnV 
ZLWK WKH XnLW FHOO VKRZn Ln )LJXUH �, XVLnJ WKUHH dLIIHUHnW YaOXHV RI �d  ����� =d PP 

������ � =ad � ����� =d PP ������ � =ad � and ����� =d PP � �,���� =ad FI� 7aEOH ��� ,W LV 
ZRUWK UHPaUNLnJ WKaW WKH OLPLW �→ad  FRUUHVSRndV WR a SHUIHFWO\ SLn�MRLnWHd OaWWLFH 
�VWUHWFKLnJ�dRPLnaWHd UHVSRnVH�, ZKLOH WKH FaVH ZLWK �>ad  FRUUHVSRndV WR a OaWWLFH IHaWXULnJ 
nRn]HUR EHndLnJ ULJLdLWLHV RI nRdaO MXnFWLRnV and URdV, ZKLFK dHIRUPV WKURXJK ERWK VWUHWFKLnJ 
RI URdV and EHndLnJ RI URdV and nRdHV >��@� 

)LJXUH �� ([WHndHd IFF XnLW FHOO RI WKH SHnWaPRdH OaWWLFHV anaO\]Hd Ln WKH SUHVHnW VWXd\� 

a >PP@ ' >PP@ d� >PP@ d� >PP@ d� >PP@ 
%XLOW VL]H 

�&$' VL]H� 
�� 

���� 
���� 

������ 
���� 

������ 
���� 

������ 
���� 

������ 

7aEOH �� *HRPHWULFaO SaUaPHWHUV RI WKH (%0 EXLOW SHnWaPRdH PaWHULaOV �&$' VL]HV Ln EUaFNHWV�� 
:H addLWLYHO\ PanXIaFWXUHd WZR dLIIHUHnW VHWV RI SHnWaPRdH VSHFLPHnV�  

�a� “Slender Pentamode Materials” �630��  REWaLnHd E\ UHSOLFaWLnJ WKH  H[WHndHd IFF 
XnLW FHOO RI )LJXUH � �� x  WLPHV Ln WKH KRUL]RnWaO SOanH , �  WLPHV aORnJ WKH YHUWLFaO 
a[LV,  and FRnILnLnJ WKH ��� xx  OaWWLFH EHWZHHn 7L�$O�9 SOaWHV ZLWK  �� PP HdJH and 

�=pt   PP WKLFNnHVV �VHH )LJXUH ��� 
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�E� “Thick Pentamode Materials” �730��  REWaLnHd E\ UHSOLFaWLnJ WKH  H[WHndHd IFF XnLW 
FHOO RI )LJXUH � �� x WLPHV Ln WKH KRUL]RnWaO SOanH, �  WLPHV aORnJ WKH YHUWLFaO a[LV,  and 
FRnILnLnJ WKH ��� xx  OaWWLFH EHWZHHn WKH aERYH PHnWLRnHd SOaWHV �VHH )LJXUH ��� 

�a� �E� 

)LJXUH �� &$' �a� and (%0 �E� PRdHOV RI VOHndHU �630� VSHFLPHnV � ��� xx  H[WHndHd XnLW FHOOV��

�a� �E� 

)LJXUH �� &$' �a� and (%0 �E� PRdHOV RI WKLFN �730� VSHFLPHnV � ��� xx H[WHndHd XnLW FHOOV��

+HUHaIWHU, ZH naPH 630�, 630� and 630� WKH 630�VSHFLPHnV ZLWK �dd = , �dd = , and 

�dd = , UHVSHFWLYHO\� 6LPLOaUO\, 730�, 730� and 730� �dd = , �dd = , and �dd = , 
UHVSHFWLYHO\� :H EXLOW WKUHH dLIIHUHnW 630 VSHFLPHnV and RnH 730 VSHFLPHn IRU HaFK 
anaO\]Hd ad UaWLR�  ,W LV ZHOO NnRZn WKaW WKH (%0 PanXIaFWXULnJ SURFHVV FUHaWHV VROLd 
PaWHULaO ZLWK VRPH OHYHO RI SRURVLW\ �W\SLFaOO\ EHORZ ���� LI VXLWaEOH SaUaPHWHUV IRU WKH 
aOOR\ aUH XVHd Ln WKH PaFKLnH� LnVWHad RI IXOO\ dHnVH PaWHULaOV IRU ERWK VROLd VWUXFWXUHV >�@ 
and WKRVH LnWHndHd WR FRnWaLn IUHH VSaFH >�@� %aVHd Rn a UHFHnW, dHWaLOHd VWXd\ RI SRURVLW\ 
Ln (%0 WLWanLXP PadH ZLWK WKH VaPH FRndLWLRnV XVHd IRU WKH FXUUHnW PaWHULaO >�@, ZH 
KHUHaIWHU aVVXPH WKH LnWHUnaO SRURVLW\ RI VXFK a PaWHULaO LV RI WKH RUdHU RI ����, and LWV 
<RXnJ PRdXOXV mE  LV WKHUHIRUH aSSUR[LPaWHO\ HTXaO WR WKaW RI WKH IXOO\ dHnVH 7L�$O�9 
aOOR\ �7aEOH ���  

2.2 E[Serimental setuS 
$n Ln�KRXVH H[SHULPHnWaO VHWXS ZaV aVVHPEOHd WR aSSO\ OaWHUaO IRUFH�dLVSOaFHPHnW KLVWRULHV 
XndHU FRnVWanW YHUWLFaO ORad Rn WKH SHnWaPRdH VSHFLPHnV dHVFULEHd Ln WKH SUHYLRXV VHFWLRn 
�)LJXUH ���  
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)LJXUH �� /HIW� RYHUaOO YLHZ RI WKH H[SHULPHnWaO VHWXS� 5LJKW� FRXnWHU EaOanFLnJ V\VWHP LnWURdXFHd WR UHPRYH 
SOaWHn VHOI�ZHLJKW� 

$n /�VKaSHd SOaWH, VOLdLnJ YHUWLFaOO\ RYHU OLnHaU EHaULnJV, aOORZV WKH aSSOLFaWLRn RI WKH YHUWLFaO 
ORad WKURXJK FaOLEUaWHd ZHLJKWV� 7KH VHOIZHLJKW RI WKH SOaWH LV UHPRYHd ZLWK a FRXnWHU EaOanFLnJ 
V\VWHP RI SXOOH\ and ZHLJKWV �)LJXUH ��� 7KH WRS EaVH RI WKH VSHFLPHn LV ILUPO\ FRnnHFWHd WR 
WKH SOaWH E\ FOaPSLnJ VWULSV ORFaWHd aOO aURXnd WKH EaVH HdJHV� 7KH VaPH FOaPSLnJ PHFKanLVP 
LV aSSOLHd WR WKH ERWWRP EaVH RI WKH VSHFLPHn WKaW LV FRnnHFWHd WR WKH KRUL]RnWaOO\ VOLdLnJ WaEOH 
�)LJXUH ��� +RUL]RnWaO dLVSOaFHPHnWV aUH aSSOLHd WKURXJK an aFWXaWRU FRnnHFWHd WR WKH VOLdLnJ 
WaEOH and UHaFWLnJ aJaLnVW a VROLd PHWaO EORFN� 7KH IRUFH UaWLnJ RI WKH aFWXaWRU LV ��� OE ���� 
N1�, ZLWK a dLVSOaFHPHnW UanJH RI ������ PP� )RUFHV aUH aFTXLUHd E\ a ORad FHOO LnVWaOOHd 
EHWZHHn WKH EaFN RI WKH aFWXaWRU and WKH UHaFWLRn EORFN� 9HUWLFaO and OaWHUaO dLVSOaFHPHnWV aUH 
PHaVXUHd ZLWK URWaU\ PRWLRn VHnVRUV� 

)LJXUH �� &RnnHFWLRn RI WKH VSHFLPHn WR WKH VOLdLnJ WaEOH� 

7KH VaPH VHWXS aOORZV WKH aSSOLFaWLRn RI WKH YHUWLFaO ORad WKURXJK FaOLEUaWHd ZHLJKWV ZKLOH nR 
KRUL]RnWaO PRWLRn LV aSSOLHd� :LWK WKLV SURFHdXUH FRPSUHVVLRn WHVWV ZHUH FRPSOHWHd E\ PanXaO 
aSSOLFaWLRn RI ZHLJKWV and aXWRPaWLF UHFRUdLnJ RI YHUWLFaO dLVSOaFHPHnWV RI WKH SOaWH� 
3UHOLPLnaU\ WR an\ aFWXaO WHVW, WKH VHWXS ZaV VXEMHFWHd WR a VKaNHdRZn SKaVH WR aVVHVV WKH 
IULFWLRnaO IRUFH FRPSRnHnWV and WR YHULI\ aOLJnPHnWV and SaUaOOHOLVPV� 7KH WHVW daWa ZHUH 
FRnVLVWHnWO\ SURFHVVHd ZLWK WKH UHPRYaO RI IULFWLRn IURP WKH WHVWLnJ HTXLSPHnW� 
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3. E;PERIMENTAL RESULTS
7KH SUHVHnW VHFWLRn LOOXVWUaWHV WKH UHVXOWV RI WKH OaERUaWRU\ WHVWV WKaW ZH FRndXFWHd WR 
FKaUaFWHUL]H WKH PHFKanLFaO UHVSRnVH RI WKH SHnWaPRdH PaWHULaOV LOOXVWUaWHd Ln 6HFW� ���� :H 
EHJLn E\ HVWLPaWLnJ WKH HOaVWLF PRdXOL RI VOHndHU and WKLFN SHnWaPRdH PaWHULaOV WKURXJK F\FOLF 
OaWHUaO IRUFH�dLVSOaFHPHnW WHVWV aW FRnVWanW YHUWLFaO ORadLnJ, and PRnRWRnLF YHUWLFaO IRUFH�
dLVSOaFHPHnW WHVWV XndHU ]HUR KRUL]RnWaO IRUFH� 1H[W, ZH LnYHVWLJaWH WKH LnHOaVWLF UHVSRnVH RI 
WKH anaO\]Hd PaWHULaOV YLa �F\FOLF and PRnRWRnLF� OaWHUaO IRUFH�dLVSOaFHPHnW WHVWV FRndXFWHd XS 
WR VSHFLPHn¶V IaLOXUH� )LJXUH � LOOXVWUaWHV SLFWXUHV RI VHOHFWHd VOHndHU and WKLFN VSHFLPHnV 
H[WUaFWHd IURP Ln�VLWX YLdHRV RI OaWHUaO IRUFH�dLVSOaFHPHnW WHVWV� 

:H LnYHVWLJaWHd WKH SRVW�HOaVWLF UHVSRnVH RI 630 and 730 VSHFLPHnV E\ FRndXFWLnJ F\FOLF 
OaWHUaO IRUFH � dLVSOaFHPHnW WHVWV Ln dLVSOaFHPHnW FRnWURO XS WR VSHFLPHn¶V IaLOXUH �XndHU WKH 

YHUWLFaO ORad �����=vF 1, and WKH VWUaLn UaWH ���=
⋅

hδ  PP�VHF, FI� )LJXUH ��)LJXUH ��� ,n WKH 
FaVH RI 630 VSHFLPHnV, ZH aOVR SHUIRUPHd PRnRWRnLF OaWHUaO IRUFH�dLVSOaFHPHnW WHVWV XS WR 
VSHFLPHn¶V IaLOXUH �)LJXUH ��� $OO VXFK WHVWV ZHUH FaUULHd RXW VWaUWLnJ IURP WKH YLUJLn VWaWH, IRU 
a VLnJOH VSHFLPHn RI HaFK PLFURVWUXFWXUH aVSHFW UaWLR ad  �FI� 6HFW� ����� )LJXUH � VKRZV WKH 
PHaVXUHd HnYHORSH IRUFH± dLVSOaFHPHnW hF � hδ  FXUYHV, ZKHUH WKH OaEHOV a,E and F LndLFaWH WKH 
ILnaO SRLnW RI WKH LnLWLaO OLnHaU EUanFK, WKH SHaN RI KRUL]RnWaO IRUFH and WKH IaLOXUH SRLnW, 
UHVSHFWLYHO\� )RU WKHVH VSHFLPHnV, SRLnW F FRUUHVSRndV WR WKH XOWLPaWH YHUWLFaO EHaULnJ FaSaFLW\� 
7KH aFWXaO  hF � hδ  FXUYHV RI WKH PRnRWRnLF WHVWV Rn 630 VSHFLPHnV VKRZHd PaUNHd RVFLOOaWLRnV 
Ln WKH XnVWaEOH SKaVH FKaUaFWHUL]Hd E\ a dHFUHaVH RI hF  IRU LnFUHaVLnJ YaOXHV RI hδ , dXH WR 
SURJUHVVLYH MRLnW IaLOXUH� 7KH ILnaO FROOaSVH RI WKH VSHFLPHn RFFXUUHd dXH WR WKH UXSWXUH RI 
VHYHUaO WHUPLnaO nRdHV SOaFHd aORnJ WKH VWUHWFKHd dLaJRnaOV �)LJXUH ��� 
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�a�� 630� �E�� 630� �F�� 630� 

�d�� 730� �H�� 730� �I�� 730� 

)LJXUH �� )UaPHV IURP Ln�VLWX YLdHRV RI OaWHUaO dLVSOaFHPHnW WHVWV Rn 630 and 730 VSHFLPHnV� 

7KH UHVXOWV Ln )LJXUH � KLJKOLJKW an LnLWLaO KaUdHnLnJ EUanFK RI WKH SRVW�HOaVWLF UHVSRnVH RI HaFK 
H[aPLnHd VSHFLPHn� 6XFK a EUanFK LV IROORZHd E\ a VHFRnd SRVW�HOaVWLF EUanFK ZLWK nHJaWLYH 
WanJHnW VWLIInHVV, ZKLFK SURJUHVVLYHO\ OHadV WKH VSHFLPHn WR FROOaSVH. 7KH FRRUdLnaWHV RI WKH 
aERYH a-b-c SRLnWV aUH SURYLdHd Ln 7aEOH �, WRJHWKHU ZLWK WKH dXFWLOLW\ YaOXHV FRPSXWHd aV 
IROORZV 

elh

elhh

,

,

δ
δδ

µ
−

= ���
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ZKHUH hδ  LV WKH FXUUHnW YaOXH RI WKH OaWHUaO dLVSOaFHPHnW, and elh ,δ  LV WKH OaWHUaO dLVSOaFHPHnW 
Ln FRUUHVSRndHnFH WR SRLnW a�   

)LJXUH �� 0HaVXUHd HnYHORSV RI F\FOLF �VROLd OLnHV� and PRnRWRnLF �daVKHd OLnHV� OaWHUaO IRUFH�dLVSOaFHPHnW WHVWV� 

aF aδ aµ bF  bδ bµ cF cδ cµ

 >1@ >PP@  >1@ >PP@  >1@ >PP@ 

630� 
PRnRWRnLF ����� ���� ���� ����� ����� ���� ����� ����� ���� 

F\FOLF ����� ���� ���� ����� ����� ���� ����� ����� ���� 

630� 
PRnRWRnLF ������ ����� ���� ������ ����� ���� ������ ����� ���� 

F\FOLF ������ ����� ���� ������ ����� ���� ������ ����� ���� 

630� 
PRnRWRnLF ������ ����� ���� ������ ����� ���� ����� ����� ���� 

F\FOLF ������ ����� ���� ������ ����� ���� ������ ����� ���� 
730� F\FOLF ����� ���� ���� ����� ���� ���� ����� ���� ���� 
730� F\FOLF ������ ���� ���� ������ ���� ���� ������ ���� ���� 
730� F\FOLF ������ ���� ���� ������ ����� ���� ������ ����� ���� 

7aEOH �� &RRUdLnaWHV and dXFWLOLW\ YaOXHV RI nRWLFHaEOH SRLnWV RI WKH FXUYHV Ln )LJXUH �� 

7KH F\FOLF WHVWV Ln )LJXUH � ZKHUH SHUIRUPHd aW FRnWUROOHd dXFWLOLW\ Rn a 630� and a 730� 
VSHFLPHn, E\ OHWWLnJ WKH Pa[LPXP OaWHUaO dLVSOaFHPHnW WR JURZ SURJUHVVLYHO\ Ln VXFK a Za\ WKaW LW 
UHVXOWV ����=µ   Ln WKH ILUVW F\FOH� µ   JURZV ZLWK VWHS ���� Ln WKH nH[W F\FOHV XS WR ����=µ � and, 
ILnaOO\, µ JURZV ZLWK VWHS ���� Ln WKH SRVW�HOaVWLF F\FOHV XS WR VSHFLPHn¶V IaLOXUH� )LJXUH ��OHIW 
VKRZV a FRPSaULVRn EHWZHHn WKH PHaVXUHd HnYHORSHV RI F\FOLF WHVWV and PRnRWRnLF WHVWV Rn 630 
VSHFLPHnV, ZKLFK KLJKOLJKWV WKH IaFW WKaW WKH HnYHORSHV RI WKH PRnRWRnLF WHVWV aOZa\V OLH aERYH 
WKRVH RI WKH F\FOLF WHVWV Ln WKH SRVW�HOaVWLF UanJH, dXH WR �ORZ�F\FOH� IaWLJXH�daPaJH >��@� 
3RVW�\LHOd VWLIInHVV dHJUadaWLRn LV a FRPPRn REVHUYaWLRn Ln a UanJH RI dLIIHUHnW WHVWV and OaWWLFH 
dHVLJnV RI (%0 PanXIaFWXUHd 7L�$O�9 SRURXV VWUXFWXUHV �H�J >�@>�@�, dXH WR SURJUHVVLYH EULWWOH 
IUaFWXUH RI LndLYLdXaO VWUXWV RI WKH OaWWLFH IURP WKH SRLnW RI ILUVW PaFURVFRSLF \LHOd >�@� 
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�a� �E� 
)LJXUH �� /aWHUaO IRUFH � dLVSOaFHPHnW UHVSRnVHV RI a 630� �a� and a 730� �E� VSHFLPHn XndHU F\FOLF WHVWV aW FRnVWanW 

YHUWLFaO ORad �����=vF  1 �VROLd FXUYHV� PHaVXUHd HnYHORSH FXUYHV� nXPEHUV LndLFaWH dXFWLOLW\�� 

�a� 630� ± 3rd elastic cycle 

����=hδ PP, ���=µ  

�E� 630� � 1st inelastic cycle 

����=hδ PP, ���=µ  

�F� 630� � 2nd inelastic cycle 

�����=hδ , ���=µ  

�d� 730� � 4th elastic cycle 
����=hδ PP, ���=µ  

�H� 730� � 1st inelastic cycle 
����=hδ PP, ���=µ  

�I� 730� � 2nd inelastic cycle 
�����=hδ  PP, ���=µ  

)LJXUH �� )UaPHV IURP Ln�VLWX YLdHRV RI OaWHUaO dLVSOaFHPHnW WHVWV Rn a 630� �a�E�F� and a 730� �d�H�I� VSHFLPHn� 
7KH FLUFOHd VWUXWV aUH aIIHFWHd E\ IUaFWXUH daPaJH�  

7aEOH � VKRZV WKH (nHUJ\ 'LVVLSaWHd SHU &\FOH EDC  WKH HIIHFWLYH YLVFRXV daPSLnJ effξ � WKH 

SRVW�\LHOd �� dK  YV� HOaVWLF � eK � VWLIInHVV UaWLR �eed KKK −  and FKaUaFWHULVWLF VWUHnJWK dQ  
dHILnHd aV IRUFH aW ]HUR KRUL]RnWaO dLVSOaFHPHnW �FI� SRLnW ��������� RI >��@��  
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EDC  
� mmkN ⋅��� � 

effξ
��� 

eed KKK −
��� 

dQ  
�1� 

630� 
���Pa[ =µ  ������ ����� ����� ���� 

���Pa[ =µ  ������ ����� ����� ���� 

730� 
���Pa[ =µ  ����� ⋅ ��� ����� ����� ����� 

���Pa[ =µ  ����� ⋅ ��� ����� ����� ����� 

7aEOH �� (nHUJ\ dLVVLSaWLRn SHU F\FOH � dissE �� HIIHFWLYH YLVFRXV daPSLnJ � effξ �� SRVW�\LHOd YV� HOaVWLF VWLIInHVV

UaWLR � eed KKK − �� and FKaUaFWHULVWLF VWUHnJWK � dQ � aW dLIIHUHnW SRVW�HOaVWLF F\FOHV RI OaWHUaO IRUFH ±
dLVSOaFHPHnW WHVW Rn 630� and 730� VSHFLPHnV� 

7KH HIIHFWLYH daPSLnJ Ln 7aEOH � LV dHILnHd Ln OLnH ZLWK WKH (XURSHan VWandaUd Rn anWL�VHLVPLF 
dHYLFHV (1 ���������� >��@, and FRUUHVSRndV WR WKH HnHUJ\ dLVVLSaWHd dissE  WKURXJK WKH 
IROORZLnJ IRUPXOa 

�
Pa[,,� heffh

diss
eff K

E
δπ

ξ = ���

ZKHUH effhK ,  LV WKH HIIHFWLYH VHFanW VWLIInHVV, and Pa[,hδ  LV WKH Pa[LPXP OaWHUaO dLVSOaFHPHnW RI 
WKH FXUUHnW F\FOH �VHH SRLnW ������ RI >��@��  7KH UHVXOWV Ln 7aEOH � KLJKOLJKW SURJUHVVLYH 
LnFUHaVHV RI effξ , eed KKK − , and dQ  ZLWK WKH aPSOLWXdH RI WKH Pa[LPXP OaWHUaO 

dLVSOaFHPHnW �L�H�, ZLWK Pa[µ �, dXH WR SURJUHVVLYH IUaFWXUH RI OaWWLFH VWUXWV >�@ �FI� )LJXUH ��� 7KH 
UHVXOWV Ln WHUPV RI  HnHUJ\ dLVVLSaWHd SHU F\FOH �and HIIHFWLYH daPSLnJ� ZKLOH LndLFaWLnJ a 
SURJUHVVLYH LnFUHaVH ZLWK dLVSOaFHPHnW VKRZ aOVR YaOXHV RI VXSSOHPHnWaO daPSLnJ ���� WR 
���� WKaW aUH VXLWaEOH IRU VHLVPLF LVROaWLRn aSSOLFaWLRnV� 7KH IaLOXUH PHFKanLVPV Ln )LJXUH � 
LndLFaWH a TXLWH V\PPHWULF SaWWHUn RI EURNHn HOHPHnWV EHWZHHn WRS and ERWWRP RI WKH VSHFLPHn� 
,W ZaV aOVR REVHUYHd WKaW dXULnJ WKH WHVWV WKH IaLOXUH RI VWUXWV KaSSHnHd Ln a UaWKHU VPRRWK 
SURJUHVVLRn and Ln H[SHFWHd ORFaWLRnV� 7KLV SHUIRUPanFH nHZ FRnILJXUaWLRnV WKaW Fan 
VLJnLILFanWO\ LnFUHaVH WKH UHTXLUHd VWUXFWXUaO dXFWLOLW\ WR EH IRUVHHn� 

3 CONCLUDING REMARKS 
:H KaYH H[SHULPHnWaOO\ LnYHVWLJaWHd WKH UHVSRnVH RI (%0 SULnWHd 7L�$O�9 VSHFLPHnV RI 
SHnWaPRdH PaWHULaOV FRnILnHd EHWZHHn VWLIIHnLnJ SOaWHV, XndHU OaWHUaO and YHUWLFaO IRUFH�
dLVSOaFHPHnW WHVWV� 7KH H[aPLnHd WHVWV ZHUH aLPHd aW UHVHaUFKLnJ WKH HIIHFWLYH VKHaU and 
FRPSUHVVLRn SURSHUWLHV RI VXFK V\VWHPV, and WKHLU LnHOaVWLF UHVSRnVH XndHU F\FOLF and 
PRnRWRnLF ORadLnJ KLVWRULHV� :H KaYH H[aPLnHd a FROOHFWLRn RI VSHFLPHnV WKaW dLIIHU Ln 
PLFURVWUXFWXUaO and PaFURVWUXFWXUaO aVSHFW UaWLRV, ZKLFK aUH UHOaWHd WR WKH VL]H RI WKH nRdaO 
MXnFWLRnV �PLFURVWUXFWXUH aVSHFW UaWLR� and WKH UaWLR EHWZHHn WKH nXPEHU RI XnLW FHOOV SOaFHd Ln 
WKH YHUWLFaO and KRUL]RnWaO dLUHFWLRnV �PaFURVWUXFWXUH aVSHFW UaWLR�� 
6HYHUaO UHVXOWV RI WKH SUHVHnW VWXd\ KLJKOLJKW anaORJLHV EHWZHHn WKH PHFKanLFaO UHVSRnVH RI WKH 
anaO\]Hd V\VWHPV and WKaW RI HOaVWRPHULF EHaULnJV FRnVLVWLnJ RI aOWHUnaWLnJ Oa\HUV RI V\nWKHWLF 
RU naWXUaO UXEEHU and VWLIIHnLnJ Oa\HUV PadH RI VWHHO SOaWHV RU ILEHU�UHLnIRUFHd FRPSRVLWHV, 
ZKLFK aUH FRPPRnO\ XVHd aV EULdJH VXSSRUW dHYLFHV RU VHLVPLF RU YLEUaWLRn LVROaWRUV IRU 
EXLOdLnJV >��@�>��@� :H KaYH REVHUYHd WKaW WKH UaWLR EHWZHHn WKH HIIHFWLYH FRPSUHVVLRn 
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PRdXOXV effE  and WKH HIIHFWLYH VKHaU PRdXOXV effG  RI WKH anaO\]Hd SHnWaPRdH PaWHULaOV LV 
PaUNHdO\ aIIHFWHd E\ WKH SUHVHnFH RI WKH VWLIIHnLnJ SOaWHV, aV FRPSaUHd WR aYaLOaEOH WKHRUHWLFaO 
SUHdLFWLRnV RI WKH GE � UaWLR RI XnFRnILnHd SHnWaPRdH OaWWLFHV >��@ ������ ≈GE � 6XFK a 
VWLIIHnLnJ HIIHFW LV OaUJHU Ln WKH FaVH RI VOHndHU VSHFLPHnV and OaUJH�VL]H nRdaO MXnFWLRnV, VLnFH 
WKH effeff GE  UaWLR YaULHV EHWZHHn ����, Ln FaVH RI WKH 630� VSHFLPHn, and ����, Ln FaVH RI WKH 
730� VSHFLPHn� ,W UHSOLFaWHV WKH VWLIIHnLnJ UROH SOa\Hd E\ VWHHO Oa\HUV Ln HOaVWRPHULF EHaULnJV� 
,W LV ZRUWK nRWLnJ, KRZHYHU, WKaW WKH aEVROXWH YHUWLFaO and OaWHUaO VWLIInHVV FRHIILFLHnWV RI WKH 
H[aPLnHd SHnWaPRdH PaWHULaOV LnFUHaVH ZKHn SaVVLnJ IURP VOHndHU WR WKLFN VSHFLPHnV�  
'HVSLWH WKH YHU\ SUHOLPLnaU\ naWXUH RI WKLV VWXd\ Rn IHaVLELOLW\ IRU EaVH LVROaWLRn aSSOLFaWLRnV, 
VRPH REVHUYaWLRnV VXSSRUW WKH SRWHnWLaO RI SHnWaPRdH VWUXFWXUHV IRU XVH Ln anWL�VHLVPLF V\VWHP 
dHYHORSPHnW and�RU aV VKHaU�ZaYH Eand JaS V\VWHPV >�@, ZLWK VSHFLaO aWWHnWLRn WR WKH LVROaWLRn 
RI H[LVWLnJ EXLOdLnJV� 7KH VWULFW dHSHndHnF\ RI WKH UHVSRnVH E\ WKH JHRPHWU\ RI WKH OaWWLFH 
aOORZV WKH dHVLJn RI VWUXFWXUHV RI FRnWUROOHd SHUIRUPanFH� 7KH UanJHV RI VXSSOHPHnWaO daPSLnJ 
REVHUYHd IRU WKH VSHFLPHnV aUH ZHOO Ln OLnH ZLWK YaOXHV RI FRPPRn LVROaWLRn dHYLFHV� 7KH OHYHOV 
RI HnHUJ\ dLVVLSaWHd LV aFFHSWaEOH and FRXOd EH VLJnLILFanWO\ LPSURYHd E\ UHdXFLnJ PaWHULaO 
SRURVLW\, XVLnJ dLIIHUHnW FRnVWUXFWLRn WHFKnLTXHV, PaWHULaOV, and�RU WKURXJK WKH LnVHUWLRn RI 
dLVVLSaWLYH OHad�FRUHV ZLWKLn WKH SHnWaPRdH LVROaWRU >��@>��@� $ddLWLRnaO KRUL]RnWaO dXFWLOLW\ 
and YHUWLFaO VWLIInHVV LV H[SHFWHd WR EH dHYHORSHd aOVR XVLnJ dLIIHUHnW FRnILJXUaWLRnV WKaW ZLOO 
SURYLdH PRUH FRnILnHPHnW WR WKH VLnJOH Oa\HUV RI WKH SHnWaPRdH VWUXFWXUH�  
:H addUHVV WKH dHVLJn and PRdHOLnJ RI KLJKO\ dLVVLSaWLYH SHnWaPRdH EHaULnJV and LPSaFW 
PLWLJaWLRn dHYLFHV WR IXWXUH ZRUN, Rn HPSOR\LnJ HLWKHU PanXaO aVVHPEOLnJ SURFHdXUHV >��@, 
Oa\HUHd VWUXFWXUHV VKRZLnJ dLIIHUHnW PaWHULaOV and�RU OaWWLFH JHRPHWULHV Ln dLIIHUHnW Oa\HUV, and 
addLWLYH PanXIaFWXULnJ WHFKnLTXHV Ln SRO\PHULF and PHWaOOLF PaWHULaOV >�@>�@>�@� :H aOVR 
addUHVV UHVHaUFKHV Rn WKH XVH RI SHnWaPRdH OaWWLFHV ZLWKLn a OaUJH YaULHW\ RI PaWHULaOV and 
VWUXFWXUHV WR IXWXUH VWXdLHV >��@�>��@� 
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