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Abstract. Unreinforced masonry (URM) infill walls affect both the strength and the stiffness 
of reinforced concrete (RC) frame structures undergoing lateral loads. Despite being 
classified as non-structural elements and often neglected in design numerical models, URM 
infills have a relevant influence on the seismic behaviour of structures. The brittle nature of 
URM determines a swift degradation of stiffness, strength, and low energy dissipation 
capacity once the panels are damaged or fail in the one of the in-plane direction failure 
modes. 
The aim of this work is to adopt and calibrate a macro-model for masonry infill walls that 
considers simultaneous in-plane and out-of-plane actions, and apply it to the nonlinear 
pushover analysis of RC frame structures representative of traditionally and seismically 
designed buildings. To this scope, a recently proposed URM infill macro-model with in-plane 
out-of-plane interaction is calibrated with existing experimental data from quasi-static tests 
performed on two types of clay masonry infill walls that are commonly found both in Italy and 
other Mediterranean countries. The calibrated elements are included in planar numerical 
models of RC framed structures representative of the Italian building stock, considering both 
traditionally and newly designed frames. Nonlinear static pushover analyses are performed 
on the frames with simultaneous static forces acting on the walls elements in the out-of-plane 
direction. Results confirm that increasing the out-of-plane loads on the panels induces both 
cracking and failure of the walls at lower lateral drifts of the buildings. The global force-
displacement curves of the frames are also affected. 
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1 INTRODUCTION 
8nUHLnIRUFHd PaVRnU\ �850� LnILOO ZaOOV aIIHFW ERWK WKH VWUHnJWK and WKH VWLIInHVV RI 

UHLnIRUFHd FRnFUHWH �5&� IUaPH VWUXFWXUHV XndHUJRLnJ OaWHUaO ORadV� :KHn an HaUWKTXaNH 
VWULNHV, Ln SaUWLFXOaU, LnILOO ZaOOV LnFUHaVH WKH JOREaO OaWHUaO VWLIInHVV and VWUHnJWK RI WKH 
VWUXFWXUH and WKH\ Fan FRnWULEXWH WR WKH HnHUJ\ dLVVLSaWLRn RI WKH VWUXFWXUH, LI daPaJH LV 
OLPLWHd WR aFFHSWaEOH OHYHOV� +RZHYHU, Ln Pan\ FaVHV PaVRnU\ LnILOO SanHOV KaYH aOVR SOa\Hd a 
nHJaWLYH UROH Rn WKH VHLVPLF UHVSRnVH RI EXLOdLnJV� Ln IaFW, daPaJH and IaLOXUHV WR 850 LnILOO 
ZaOOV KaV EHHn OLnNHd WR KHaY\ VRFLR�HFRnRPLF FRnVHTXHnFHV, LnFOXdLnJ KXPan FaVXaOWLHV, 
XnXVaEOH EXLOdLnJV and KLJK UHSaLU FRVWV� 6HYHUaO nHJaWLYH SKHnRPHna LPSaFW WKH VHLVPLF 
UHVSRnVH RI ERWK ROd and nHZO\ FRnVWUXFWHd EXLOdLnJV� 7KH LnWHUaFWLRn EHWZHHn LnILOO ZaOOV and 
IUaPH HOHPHnWV, aV an H[aPSOH, Fan aOVR EH WKH VRXUFH RI ORFaOL]Hd daPaJH WR VWUXFWXUaO 
FRPSRnHnWV, aFWLYaWLnJ XndHVLUaEOH IaLOXUH PRdHV� 0RUHRYHU, WKH EULWWOH naWXUH RI 850 
dHWHUPLnHV a VZLIW dHJUadaWLRn RI VWLIInHVV, VWUHnJWK, and ORZ HnHUJ\�dLVVLSaWLRn FaSaFLW\ RnFH 
WKH SanHOV aUH daPaJHd RU WKH\ IaLO �(O�'aNKaNKnL et al. ����� >�@� 

,n addLWLRn WR Ln�SOanH �,3� IaLOXUHV PRdHV, LnILOO ZaOOV Fan aOVR VXIIHU WKH H[SXOVLRn Ln WKH 
RXW�RI�SOanH �223� dLUHFWLRn, SRVLnJ a VHULRXV Ka]aUd WR KXPan VaIHW\� 6WXdLHV dHdLFaWHd WR 
WKH EHKaYLRXU RI 850 LnILOO ZaOOV Ln WKH RXW�RI�SOanH dLUHFWLRn KaYH EHHn KLVWRULFaOO\ OHVV 
nXPHURXV, FRPSaUHd WR WKRVH UHJaUdLnJ WKH Ln�SOanH EHKaYLRXU, and IHZHU VWXdLHV KaYH 
dLVFXVVHd WKH HIIHFWV RI a FRPELnaWLRn RI Ln�SOanH and RXW�RI�SOanH aFWLRnV, ZKLFK LV WKH PRVW 
UHaOLVWLF aFWLRn Rn LnILOO ZaOOV dXULnJ an HaUWKTXaNH� 850 LnILOOV aUH XVXaOO\ FOaVVLILHd aV nRn�
VWUXFWXUaO HOHPHnWV and RIWHn nHJOHFWHd Ln dHVLJn nXPHULFaO PRdHOV� 0RUHRYHU, aOWKRXJK a 
nXPEHU RI VLPSOH and PRUH UHILnHd PRdHOV IRU LnILOO ZaOOV KaYH EHHn SURSRVHd Ln WKH SaVW IHZ 
dHFadHV, PRVW RI WKHP FRnVLdHU RnO\ Ln�SOanH aFWLRnV� 

6HYHUaO VWXdLHV aERXW PaFUR�PRdHOOLnJ RI LnILOOHd IUaPH VWUXFWXUHV KaYH EHHn SURSRVHd Ln 
UHFHnW \HaUV �$VWHULV HW aO� Ln ���� >�@, -HVHOLa HW aO� Ln ���� >�@ and 7aUTXH HW aO� Ln ���� >�@�, 
Ln ZKLFK dLIIHUHnW PRdHOV KaYH EHHn anaO\]Hd, FOaVVLI\LnJ PaFUR�PRdHO Ln VLnJOH dLaJRnaO 
VWUXW PRdHOV and PRUH FRPSOH[ PXOWL�VWUXW PRdHOV� 0aFUR�PRdHOV UHTXLUH OHVV FRPSXWaWLRnaO 
HIIRUW FRPSaUHd WR PLFUR�PRdHOV, ZKLFK LnVWHad LnYROYH nRn�OLnHaU ILnLWH HOHPHnW PRdHOOLnJ 
RI WKH 5& IUaPH, WKH LnILOO SanHOV and WKH LnWHUIaFH EHWZHHn WKH IUaPH and WKH ZaOO� 7KHUHIRUH 
PaFUR�PRdHOV aUH PRUH VXLWaEOH WR UHSUHVHnW WKH JOREaO EHKaYLRU RI VWUXFWXUHV� 

7KH UHSUHVHnWaWLRn RI WKH PaVRnU\ LnILOO ZaOO WKURXJK an HTXLYaOHnW dLaJRnaO HOHPHnW ZaV 
LnWURdXFHd Ln ����V, ZKR SURSRVHd a WUXVV dLaJRnaO HOHPHnW FKaUaFWHUL]Hd E\ WKH VaPH 
PaWHULaO and WKLFNnHVV RI WKH SanHO, EXW FRnVLdHULnJ an ³HTXLYaOHnW ZLdWK´� ,n WKH IROORZLnJ 
\HaUV, 6PLWK SURYLdHd a PRUH VRSKLVWLFaWHd IRUPXOaWLRn IRU WKH HTXLYaOHnW HOHPHnW ZLdWK, 
ZKLFK LV a IXnFWLRn RI WKH UaWLR EHWZHHn WKH IUaPH and SanHO VWLIInHVV� 

0XOWLSOH�VWUXW PRdHOV ZHUH SURSRVHd ZLWK WKH aLP RI EHWWHU VLPXOaWLnJ ERWK WKH HIIHFW RI 
WKH SanHO and WKH LnWHUnaO IRUFHV dLVWULEXWLRn Rn WKH IUaPH PHPEHUV� 

6LnFH ���� &ULVaIXOOL >�@ FaUULHd RXW VRPH VWXdLHV WR FRPSaUH WKH SHUIRUPanFH RI RnH, WZR 
and WKUHH�VWUXW PRdHOV� $FFRUdLnJ WR WKRVH VWXdLHV, a VLnJOH�VWUXW PRdHO FannRW SURSHUO\ 
UHSUHVHnW WKH LnWHUnaO IRUFHV JHnHUaWHd Rn WKH IUaPH PHPEHUV, aOWKRXJK LWV VLPSOLFLW\ and 
aELOLW\ WR FRUUHFWO\ UHSUHVHnW WKH OaWHUaO VWLIInHVV RI WKH LnILOOHd IUaPH and WKH a[LaO VWUHVVHV 
LndXFHd IURP OaWHUaO IRUFHV� WKHUHIRUH, a ��VWUXWV PRdHO aW OHaVW VKRXOd EH XVHd IRU a PRUH 
aSSURSULaWH PRdHOOLnJ, FRnVLdHULnJ aOVR a ��VWUXWV PRdHO WR PLnLPL]H WKH HUURUV IRU WKH 
EHndLnJ and VKHaU VWUHVVHV� 

5HJaUdLnJ WKH ,3�223 LnWHUaFWLRn, Ln ���� &aOYL HW aO� >�@ VWXdLHd WKH UHVLVWLnJ aUFK�
PHFKanLVP RI WKH PaVRnU\ ZaOOV, dHSHndLnJ Rn WKH VOHndHUnHVV �WKH UaWLR EHWZHHn KHLJKW and 
WKLFNnHVV�� ,n SaUWLFXOaU WKH\ UHIHUUHd WR )OanaJan 	 %HnnHWW ������ >�@ and $nJHO�$EUaPV 
������ >�@ VWXdLHV� )OanaJan 	 %HnnHWW KaYH dHPRnVWUaWHd WKaW WKH ,3 daPaJH LnIOXHnFH 
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dHSHndV Rn WKH UaWLR RI VOHndHUnHVV RI WKH LnILOO ZaOOV and nRW Rn WKH XOWLPaWH ORad FaSaFLW\� 
$nJHO�$EUaPV KaYH dHPRnVWUaWHd H[SHULPHnWaOO\ WKaW, IRU KLJK OHYHOV RI VOHndHUnHVV, WKH 
UHdXFWLRn RI WKH 223 UHVLVWanFH dXH WR WKH ,3 daPaJH Fan EH HYaOXaWHd aW aERXW ���� 0RUH 
UHFHnWO\, RWKHU aXWKRUV ZKR KaYH EHHn VWXdLHd WKH LnIOXHnFH RI WKH ,3 daPaJLnJ Rn WKH 223 
EHKaYLRU WKURXJK a nXPHULFaO PRdHO aUH )XUWadR and 5RdULJXHV ������ >�@ and 
1aMaIJKROLSRXU HW aO� ������ >��@, ZKLOH VHYHUaO VWXdLHV and an H[SHULPHnWaO FaPSaLJn Rn 
850 LnILOO ZaOOV KaYH EHHn PadH E\ da 3RUWR HW aO� >��@, Ln SaUWLFXOaU FRnVLdHULnJ WKLFN 
SanHOV� 7KLV VWXd\ LnVWHad aLPV WR FRnVLdHU WKH VLPXOWanHRXV FRPELnHd ,3�223 aFWLRn� ,n 
���� 0RVaOaP 	 *Xna\ >��@ SURSRVHd a PaFUR�PRdHO �0*�PRdHO� WR FRnVLdHU WKH ,3�223 
LnWHUaFWLRn, FaOLEUaWHd aFFRUdLnJ WR WKH IROORZLnJ H[SUHVVLRn� 
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ZKHUH Pil and Pol aUH UHVSHFWLYHO\ WKH Ln�SOanH and RXW�RI�SOanH ORadV, LnVWHad Pic and Poc aUH 
WKH Ln�SOanH and RXW�RI�SOanH FaSaFLWLHV� 7KLV PRdHO �)LJXUH �� UHSUHVHnWV WKH LnILOO E\ PHanV 
RI a dLaJRnaO HOHPHnW EaVHd Rn WZR EL�dLUHFWLRnaO dRPaLnV �)LJXUH ��, ZKLFK JRYHUn 
UHVSHFWLYHO\ WKH \LHOdLnJ and WKH UHPRYaO FULWHULa RI WKH HOHPHnW LWVHOI� ,n SaUWLFXOaU, WKLV 
HOHPHnW FRnVLVWV RI WZR HOaVWLF EHaPV ZLWK a SOaVWLF KLnJH Ln WKH FRnWaFW SRLnW, ZKHUH an 
LnHOaVWLF ILEHU VHFWLRn ZLWK ILEHUV VSaFHd Ln WKH RXW�RI�SOanH dLUHFWLRn LV dHILnHd� Ln WKLV Za\, 
WKH\ ZLWKVWand WR a[LaO IRUFH aV ZHOO aV WR EHndLnJ PRPHnW, FRPELnLnJ WKH ,3�223 UHVSRnVH� 
WKH ILEHUV aUH dHILnHd WKURXJK WKHLU aUHa Ai, ORFaWLRn zi UHOaWHd WR WKH FHnWUaO a[HV, \LHOdLnJ 
VWUHVV fvi and \LHOdLnJ dHIRUPaWLRn İvi� <LHOdLnJ FRndLWLRn LV JLYHn E\ a ,3�$[LaO )RUFH�223�
%HndLnJ 0RPHnW dLaJUaP �)LJXUH �a� dHULYHd IURP (T� ���, and a VLPLOaU dRPaLn LV XVHd WR 
UHPRYH WKH HOHPHnW dXULnJ WKH anaO\VLV ZKHn LW LV H[FHHdHd E\ WKH dLVSOaFHPHnW RI WKH FHnWUaO 
nRdH� 7KH PRdHO XVH a VLPSOH HOaVWLF�SOaVWLF FRnVWLWXWLYH OaZ IRU WKH ILEHUV, ZKLFK PHanV WKaW, 
RnFH WKH HOHPHnW \LHOdV, LW PaLnWaLnV LWV FaSaFLW\ XnWLO WKH HOHPHnW UHPRYaO RFFXUV�  

6WaUWLnJ IURP WKH 0*�PRdHO, WaNHn aV UHIHUHnFH, WKH SaSHU SURSRVHV a PRUH aSSURSULaWH 
PaFUR�PRdHO WR FRnVLdHU VLPXOWanHRXV ,3 and 223 aFWLRnV, FaOLEUaWHd Rn WKH EaVLV RI 
SUHYLRXV H[SHULPHnWaO FaPSaLnJV >�>��@, ZLWK WKH aLP WR aVVHVV WKH LnIOXHnFH RI WKH VHLVPLF 
aFWLRn dLUHFWLRnaOLW\ Rn WKH UHVSRnVH RI WKH LnILOOHd 5�&� IUaPH� )RU WKLV SXUSRVH, a SaUaPHWULF 
nRn�OLnHaU SXVKRYHU anaO\VLV ZaV FaUULHd RXW Ln 2SHn6HHV, LnYROYLnJ dLIIHUHnW dLUHFWLRn RI WKH 
ORad SaWWHUn, dLIIHUUHnW FRnILJXUaWLRnV RI 5�&� IUaPHV, WUadLWLRnaOO\ and VHLVPLFaOO\ dHVLJnHd, 
and WZR W\SHV RI LnILOO, WKLn and WKLFN, UHSUHVHnWaWLYH RI WKH ,WaOLan EXLOdLnJ VWRFN� 5HVXOWV aUH 
SUHVHnWHd Ln WHUPV RI SXVKRYHU FXUYHV, HnHUJ\ LndH[HV and LnWHU�VWRUH\ dULIW SURILOHV� 

 
)LJXUH �� ,nILOOHd )UaPH 0RdHOOLnJ aFFRUdLnJ WR 0RVaOaP 	 *Xna\ >��@� ,nILOOV ZHUH PRdHOOHd E\ XVLnJ HOaVWLF 

EHaPV ZLWK a SOaVWLF ILEHU UHJLRn WR VLPXOaWH WKH ,n�3OanH�2XW�RI�3OanH LnWHUaFWLRn� 
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a� 

 
E� 

)LJXUH �� a� ,3�)RUFH �3��223�0RPHnW �0� dRPaLn IRU WKH \LHOdLnJ FRndLWLRn RI WKH ILEHUV and �E� ,3�223 
dLVSOaFHPHnW dRPaLn IRU WKH HOHPHnW UHPRYaO, IURP 0RVaOaP 	 *Xna\>��@� 

2 CALI%RATION OF THE F.E. MODELS THROUGH IP�OOP TEST RESULTS 

2.1 Presentation of the reference tests 
7KH aYaLOaEOH H[SHULPHnWaO UHVXOWV UHJaUd WZR dLIIHUHnW W\SHV RI LnILOO SanHO WHVWHd ERWK Ln�

SOanH and RXW�RI�SOanH aW WKH 8nLYHUVLW\ RI 3adRYa �da 3RUWR et al. ����� >��@ and 3aYLa 
�&aOYL et al� ����� >�@� 7KHVH PaVRnU\ SanHOV KaYH VLPLOaU OHnJWK and KHLJKW EXW WZR dLIIHUHnW 
WKLFNnHVVHV, Ln RUdHU WR aVVHVV WKH VHLVPLF EHKaYLRU RI ERWK WKLFN and WKLn LnILOOV� 7KH ZaOOV 
WHVWHd E\ da 3RUWR et al. >��@ ZHUH IXOO�VFaOH SanHOV PadH RI FOa\ XnLWV ZLWK YHUWLFaO KROHV� 
,nILOOV EXLOW ZLWK WKLV WKLFN XnLWV KaYH EHFRPH PRUH FRPPRn Ln UHFHnW \HaUV, EHFaXVH WKH\ Fan 
LPSURYH WKHUPaO LnVXOaWLRn and aUH JHnHUaOO\ PRUH UREXVW, HVSHFLaOO\ aJaLnVW HaUWKTXaNHV� 
+RZHYHU, WKLn ZaOOV PadH RI FOa\ XnLWV ZLWK KRUL]RnWaO KROHV KaYH EHHn WKH W\SLFaO OLJKW 
HnFORVXUH V\VWHP XVHd VLnFH ����V and aUH ZLdHVSUHad Ln H[LVWLnJ EXLOdLnJV� 7KHVH LnILOOV 
ZHUH VWXdLHd, VWLOO WKURXJK IXOO�VFaOH WHVWV, E\ &aOYL HW aO� >�@� 7KH FKaUaFWHULVWLFV RI WKH 
H[SHULPHnWaO VHWV and WKH PaLn UHVXOWV aUH VKRZn UHVSHFWLYHO\ Ln 7aEOH � and )LJXUH � and ��  

/RRNLnJ aW )LJXUH �, a SURJUHVVLYH VWLIInHVV and VWUHnJWK dHJUadaWLRn LV REVHUYHd Ln WKH 
223 dLUHFWLRn LnFUHaVLnJ WKH ,3 daPaJH and WKH IROORZLnJ SRLnWV Fan EH LdHnWLILHd Rn WKH 
FaSaFLW\ FXUYHV� 
• a Damage Limit State �'/6� FRUUHVSRndLnJ WR a ILUVW LPSRUWanW YaULaWLRn RI WKH VORSH� 
• an Ultimate Limit State �8/6�, FRUUHVSRndLnJ WR WKH SHaN VWUHnJWK� 
• a Collapse Point �&3�, ZKLFK LdHnWLILHV WKH PRPHnW �dHWHUPLnHd aOVR E\ WHVW REVHUYaWLRnV� 
RI VXddHn VWUHnJWK dHJUadaWLRn, ZKLFK anWLFLSaWHV WKH RXW�RI�SOanH FROOaSVH RI WKH SanHO� 
 

  Type Padova (PD) Type Pavia (PV) 

RC frame 

&ROXPn VHFWLRn ���[��� PP ���[��� PP 
%HaP VHFWLRn ���[��� PP ���[��� PP 
)UaPH KHLJKW ���� PP ���� PP 
)UaPH OHnJWK ���� PP ���� PP 
&RnFUHWH FRPSUHVVLYH VWUHnJWK �� 03a �� 03a 
&RnFUHWH HOaVWLF PRdXOXV ����� 03a ����� 03a 
6WHHO \LHOd VWUHnJWK ��� 03a ��� 03a 
6WHHO HOaVWLF PRdXOXV ������ 03a ������ 03a 

Masonry 
infill 

,nILOO WKLFNnHVV ��� PP ��� PP 
,nILOO KHLJKW ���� PP ���� PP 
,nILOO OHnJWK ���� PP ���� PP 
0aVRnU\ FRPSUHVVLYH VWUHnJWK ��� 03a ��� 03a 
0aVRnU\ HOaVWLF PRdXOXV ���� 03a ���� 03a 

 
7aEOH �� *HRPHWULFaO and PaWHULaO SURSHUWLHV IRU WKH WZR LnILOOHd 5& IUaPHV WHVWHd� 
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a�  E� 
)LJXUH �� ,3 K\VWHUHWLF F\FOHV RI LnILOOHd IUaPHV WHVWHd aW WKH 8nLYHUVLW\ RI 3adRYa �a� and 3aYLa �E�� 

 

 
a� 

 
E� 

)LJXUH �� 223 WHVW UHVXOWV VWaUWLnJ IURP dLIIHUHnW ,3 daPaJHV� �a� WKLFN SanHO �3adRYa�, �E� WKLn SanHO �3aYLa�� 
 

IP Limit States Thick panel (Padova) Thin panel (Pavia) 
DLS ��� � ��� � 
ULS ��� � ��� � 
CLS ��� � ��� � 

 
7aEOH �� ,3 OLPLW dULIWV, aVVRFLaWHd WR WKH SULnFLSaO OLPLW VWaWHV, IRU WKH WZR anaO\]Hd LnILOO SanHOV� 

 
)LnaOO\, WKH ,3 OLPLW VWaWHV, dLUHFWO\ dHULYHd IURP WHVW REVHUYaWLRnV, aUH UHSRUWHd Ln 7aEOH � 

�ZLWK WKH VaPH PHanLnJ RI WKRVH SUHVHnWHd IRU WKH 223 dLUHFWLRn�� 
 

2.2 Presentation of the F.E. model 
,n WKH SURSRVHd )�( PRdHO �VHH )LJXUH ��, LPSOHPHnWHd Ln 2SHn6HHV, 5& PHPEHUV ZHUH 

PRdHOOHd XVLnJ IRUFH EaVHd EHaP�FROXPn HOHPHnWV ZLWK nRn�OLnHaU ILEHU VHFWLRnV, XVLnJ ILYH 
LnWHJUaWLRn SRLnWV� 7KH .HnW�6FRWW�3aUN >��@ FRnVWLWXWLYH OaZ, ZLWK addHd OLnHaU WHnVLRn 
VRIWHnLnJ, ZaV FRnVLdHUHd IRU WKH FRnFUHWH, ZKLOH 0andHU¶V PRdHO ZaV adRSWHd WR HYaOXaWH WKH 
FRnILnHPHnW SaUaPHWHUV IRU WKH FRUH and FRYHU FRnFUHWH� )RU WKH VWHHO EaUV, an HOaVWR�SOaVWLF 
EHKaYLRXU ZLWK VWUaLn KaUdHnLnJ ZaV XVHd, aV SURSRVHd E\ 0HnHJRWWR 	 3LnWR>��@� 7KHVH 
PaWHULaO OaZV, FaOLEUaWHd WKURXJK WKH SUHYLRXV WHVW UHVXOWV, aUH VKRZn Ln )LJXUH �a�,E�,F�� 

,n RUdHU WR FRnIHU a UHaOLVWLF 223 VWLIInHVV WR WKH IUaPH SOanaU PRdHOV, HOaVWLF VSULnJV ZLWK 
223 VWLIInHVV ZHUH SOaFHd Rn WKH IUaPH nRdHV ZKLFK ZRXOd EH FRnnHFWHd WR WKH IUaPHV Ln WKH 
RUWKRJRnaO dLUHFWLRn� 7KH VWLIInHVV YaOXHV RI WKHVH ILFWLWLRXV VSULnJV ZHUH LWHUaWLYHO\ FaOLEUaWHd 
IRU HaFK PRdHO VR aV WR REWaLn VLPLOaU ILUVW SHULRdV RI YLEUaWLRn Ln ERWK 223 and ,3 dLUHFWLRnV� 

3336



0aUFR 'Rnj, *LRYannL 7HFFKLR, /XFa 'RPHnLFaOH, (OLVa 6aOHU, 0aVVLPLOLanR 0LnRWWR and )UanFHVFa da 3RUWR 

7KH LnILOO SanHOV aUH PRdHOOHd E\ PHanV RI WZR HTXLYaOHnW VWUXWV, HaFK RI WKHP LV dHILnHd 
VLPLOaUO\ WR WKH HOHPHnW RI WKH 0*�PRdHO >��@, EXW ZLWK KaOI ,3�223 UHVLVWanFH� WKH VaPH 
ILEHU VHFWLRn, FRPSRVHd E\ �� ILEHUV V\PPHWULFaOO\ SOaFHd RXW�RI�SOanH ZLWK UHVSHFW WR WKH 
VWUXW a[LV, LV XVHd WR FRnVLdHU WKH ,3�223 LnWHUaFWLRn, EXW a dLIIHUHnW K\VWHUHWLF OaZ LV dHILnHd 
WR UHSUHVHnW WKH dHJUadaWLRn RI WKH PaVRnU\ VWUHnJWK and VWLIInHVV� ,n SaUWLFXOaU, WKH 
³+\VWHUHWLF PaWHULaO´ �IURP 2SHn6HHV PaWHULaO OLEUaU\� ZaV XVHd WR VLPXOaWHV WKH LnILOO 
H[SHULPHnWaO EHKaYLRU and ZaV FaOLEUaWHd, IRU HaFK RI WKH � dLIIHUHnW ILEHUV, aV VKRZn Ln 
)LJXUH �d� 7KH FaOLEUaWLRn RI WKH ³\LHOdLnJ SRLnW´ �Pa[LPXP VWUHnJWK� RI WKH ILEHUV ZaV dRnH 
Ln aFFRUd WR 0* PRdHO, ZLWK WKH RnO\ dLIIHUHnFH WKaW WKH VaPH ³\LHOd VWUaLn´ �FaOFXOaWHd aV WKH 
PHdLXP \LHOd VWUHVV RI WKH ILEHUV dLYLdHd WKH PaVRnU\ <RXnJ¶V PRdXOXV� ZaV aVVXPHd IRU aOO 
WKH ILEHUV, WKXV XVLnJ dLIIHUHnW HOaVWLF PRdXOL IRU WKH ILEHUV �FaOFXOaWHd aV WKH \LHOd VWUHVV RI 
WKH VSHFLILF ILEHU dLYLdHd WKH \LHOd VWUaLn�, EXW VXFK WKaW WKHLU PHan YaOXH LV WKH HOaVWLF 
PRdXOXV RI WKH PaVRnU\� FRnVLdHULnJ a PaWHULaO ZLWK VWUHnJWK and VWLIInHVV dHJUadaWLRn, WKLV 
ZaV nHFHVVaU\ WR LnFUHaVH WKH FRnWUROOaELOLW\ RI WKH PRdHO IRU WKH IROORZLnJ FaOLEUaWLRnV�  

7KH FRnWaFW OHnJWK, ZKLFK dHILnH WKH dLVWanFH EHWZHHn WKH VWUXWV, ZaV aSSURSULaWHO\ 
FaOFXOaWHd aFFRUdLnJ WR 6WaIIRUd 6PLWK ������ >��@� 

7KH Ln�SOanH LnHUWLaO PaVVHV LnFOXdH ERWK WKH IUaPH PaVVHV and WKH LnILOO RnHV and WKH\ aUH 
UHSUHVHnWHd aV OXPSHd PaVVHV aW HaFK EHaP�FROXPn MRLnW� ,nVWHad, WKH RXW�RI�SOanH PaVV LV 
FRnVLdHUHd RnO\ IRU WKH PaVRnU\ LnILOO, EHFaXVH RI WKH EL�dLPHnVLRnaO PRdHO, and WKLV LV 
FRnFHnWUaWHd RnO\ Ln WKH FHnWUaO SRLnW RI WKH WZR VWUXWV, HTXaOO\ VXEdLYLdHd EHWZHHn WKH VWUXWV� 
,n WKH RXW�RI�SOanH dLUHFWLRn, WKH WZR FHnWUaO nRdHV RI WKH VWUXWV aUH ULJLdO\ FRnnHFWHd� 

7KH FaOLEUaWHd K\VWHUHWLF OaZV RI )LJXUH �d� aOORZ WR EHWWHU SUHdLFW WKH UHaO VHLVPLF 
EHKaYLRXU RI WKH PaVRnU\ SanHOV ZLWK UHVSHFW WR WKH 0* PRdHO� 0RUHRYHU, LI IRU WKH 0* 
PRdHO WKH UHPRYaO dRPaLn LV nHFHVVaU\ WR FXW WKH FaSaFLW\ RI WKH \LHOdHd SanHO, VLPXOaWLnJ WKH 
ORVV RI WKH WRWaO ,3 and 223 VWUHnJWK RI WKH SanHO aIWHU LWV FROOaSVH, Ln WKH SURSRVHd PRdLILHd 
0* PRdHO �P0*� WKH VaPH dRPaLn, FRUUHVSRndLnJ WR WKH &ROOaSVH /LPLW 6WaWH �&/6� 
dRPaLn Ln )LJXUH �, LV HIIHFWLYHO\ XVHd WR dHVFULEH RnO\ WKH UHaO RXW�RI�SOanH FROOaSVH RI WKH 
SanHO, ZKLFK FRUUHVSRndV WR a VXddHn UHdXFWLRn RI WKH LnILOOHd�IUaPH ,3 UHVLVWanFH, HTXaO WR 
WKH UHVLdXaO ,3 VWUHnJKW RI WKH SanHO� 7KXV, WKH UHPRYaO FRndLWLRn IRU WKH ,3 dLUHFWLRn LV nRW 
XVHd, EHFaXVH WKH PRdHO aOUHad\ VLPXOaWHV WKH VWLIInHVV and VWUHnJWK dHJUadaWLRn XS WR ]HUR� 
7KH PaLn dLIIHUHnFHV EHWZHHn WKH 0* PRdHO and WKaW SURSRVHd aUH VXPPaUL]Hd Ln 7aEOH �� 

 

 
)LJXUH �� 0RdHO SURSRVHd E\ WKH aXWKRUV, RU PRdLILHd 0RVaOaP�*�na\ �P0*� PRdHO� 
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a� 

 
E� 

 
F� 

 
d� 

)LJXUH �� &RnVWLWXWLYH OaZV, aVVRFLaWHd WR WKH ILEHUV, RI WKH PaWHULaOV LPSOHPHnWHd Ln WKH )�(� anaO\VLV� a� 
FRnFUHWH� E� UHLnIRUFLnJ VWHHO� F� LnILOO W\SH 3adRYa� d� LnILOO W\SH 3aYLa� 

 

 
a� 

 
E� 

)LJXUH �� ,3�dULIW�223�dLVSOaFHPHnW dRPaLnV IRU WKH SULnFLSaO OLPLW VWaWHV� a� WKLFN SanHO� E� WKLn SanHO� 
 

Differences Mosalam-Günay model (MG) Proposed model (mMG) 

1 2nH dLaJRnaO VWUXW Two diagonal struts, WR LPSURYH WKH HYaOXaWLRn RI WKH 
LnILOO HIIHFWV Rn WKH IUaPH, aFFRUdLnJ WR &ULVaIXOOL >�@ 

2 (OaVWR�SOaVWLF EHKaYLRXU Hysteretic behaviour ZLWK VRIWHnLnJ 

3 
,3�)RUFH�223�0RPHnW dRPaLn IRU WKH \LHOdLnJ 
FULWHULRn SOXV ,3�223 dLVSOaFHPHnW dRPaLn IRU 
WKH LnILOO UHPRYaO aFFRUdLnJ WR a ��� SRZHU OaZ 

OOP (only) displacement domain IRU WKH LnILOO 
UHPRYaO, calibrated IURP WHVW UHVXOWV 

7aEOH �� 0aLn dLIIHUHnFHV EHWZHHn WKH RULJLnaO 0* PRdHO and WKH PRdLILHd RnH �P0*� SURSRVHd E\ aXWKRUV� 
 

6LPLOaU dLVSOaFHPHnW dRPaLnV, ZLWK WKH RnO\ SXUSRVH WR aVVHVV WKH daPaJH OHYHO UHaFKHd 
E\ WKH LnILOO SanHOV dXULnJ WKH ,3�223 nXPHULFaO anaO\VHV, ZHUH FaOLEUaWHd IRU WKH 'aPaJH 
/LPLW 6WaWH �'/6� and 8OWLPaWH /LPLW 6WaWH �8/6�, aV VKRZn Ln )LJXUH �� 7KHVH dRPaLnV, 
aFWXaOO\ ,3 � dULIW�223 � dLVSOaFHPHnW dRPaLnV, aUH REWaLnHd WKURXJK a OLnHaU LnWHUSROaWLRn RI  
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a� 

 
E� 

)LJXUH �� ,n�SOanH FaOLEUaWLRn UHVXOWV� a� WKLFN SanHO �W\SH 3adRYa�� E� WKLn SanHO �W\SH 3aYLa�� 
 

 
a� 

 
E� 

)LJXUH �� 2XW�RI�SOanH FaOLEUaWLRn UHVXOWV IRU dLIIHUHnW OHYHOV RI ,3 daPaJH� a� WKLFN SanHO� E� WKLn SanHO� 
 
WKH 223 OLPLW VWaWHV, IXnFWLRn RI WKH Ln�SOanH daPaJH, and WKH ,3 OLPLW VWaWHV SUHVHnWHd Ln 
)LJXUH � and 7aEOH � UHVSHFWLYHO\, ERWK dHULYLnJ IURP H[SHULPHnWaO HYLdHnFHV�  

7KH UHVXOWV RI WKH PRdHO FaOLEUaWLRn, FRnVLdHULnJ WKH WHVWV UHOaWHd WR ERWK WKLFN �3adRYa� 
and WKLn �3aYLa� SanHOV, aUH UHSRUWHd Ln )LJXUH � and )LJXUH �, UHVSHFWLYHO\ IRU WKH ,3 EHKaYLRU 
RI WKH EaUH and LnILOOHd IUaPHV and IRU WKH 223 EHKaYLRU RI WKH LnILOOV aW dLIIHUHnW ,3 daPaJH� 

3 PARAMETRIC ANAL<SIS 
$ SaUaPHWULF nRn�OLnHaU VWaWLF anaO\VLV ZaV SHUIRUPHd Ln 2SHn6HHV XVLnJ WKH SURSRVHd 

PRdHO� 3XVKRYHU anaO\VHV ZHUH LnLWLaOO\ FaUULHd RXW Rn WKH EaUH IUaPH �%)� PRdHOV, aV 
UHIHUHnFH, and WKHn Rn WKH LnILOOHd IUaPH �,)� PRdHOV, FRnVLdHULnJ ERWK LnILOO W\SHV SUHYLRXVO\ 
FaOLEUaWHd, W\SH 3adRYa �3'� RU WKLFN and W\SH 3aYLa �39� RU WKLn�  

)RU WKH ,3�223 ORad SaWWHUn, WKH IRUFH dLVWULEXWLRn SURSRUWLRnaO WR PaVVHV and KHLJKWV ZaV 
FKRVHn, aFFRUdLnJ WR WKH ,WaOLan >��@ and (XURSHan FRdHV >��@, aSSO\LnJ FRnFHnWUaWHd ORadV Ln 
HaFK PaVV RI WKH VWUXFWXUaO PRdHO� 7R FRnVLdHU YaULRXV LnWHnVLW\ UaWLRV EHWZHHn 223 and ,3 
IRUFHV aFWLnJ Rn WKH SanHO, dLIIHUHnW LnFOLnaWLRn α RI WKH VHLVPLF aFWLRn ZHUH FRnVLdHUHd, 
VSHFLILFaOO\� ��, ���, ���, ���, ���� ,n SaUWLFXOaU, WKH ,3 ORad SaWWHUn, aSSOLHd WR HaFK EHaP�
FROXPn nRdH, LV PXOWLSOLHd E\ cosα, ZKLOH WKH 223 ORad SaWWHUn, aFWLnJ Rn WKH FHnWUaO nRdHV 
RI WKH HTXLYaOHnW VWUXWV, LV PXOWLSOLHd E\ sinα� 

7KH VHW RI IUaPHV UHSRUWHd Ln 7aEOH �, UHSUHVHnWLnJ VRPH RI WKH PRVW FRPPRn ,WaOLan 5�&� 
EXLOdLnJV, ZaV anaO\]Hd Ln WKH SaUaPHWULF VWXd\, FRnVLdHULnJ IRU HaFK IUaPH WZR dLIIHUHnW 
W\SHV RI dHVLJn� RnO\ IRU JUaYLW\ ORadV, RU WUadLWLRnaO dHVLJn �7'�, and IRU ERWK JUaYLW\ and 
VHLVPLF IRUFHV, RU VHLVPLF dHVLJn �6'�� 7KH PaWHULaO FKaUaFWHULVWLFV and VHFWLRnV RI WKHVH 
IUaPHV, ZLWK WKH ORnJLWXdLnaO and WUanVYHUVH UHLnIRUFHPHnW, aUH UHSRUWHd Ln 7aEOH ��  

,n SaUWLFXOaU, IRU 6' IUaPHV a VWHHO %���& and a FRnFUHWH &����� ZHUH XVHd aFFRUdLnJ WR 
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STuat Regular Slender 
�[� �[� �[� 

 

 
        

�[� �[� �[� 

 

 
 

    
Frame for PD infill�  Ea\ OHnJWK ���� P� VWRUH\ KHLJKW ���� P 
Frame for PV infill�   Ea\ OHnJWK ���� P� VWRUH\ KHLJKW ���� P 

 
7aEOH �� 6aPSOH VHW FRnVLdHUHd Ln WKH SaUaPHWULF VWXd\, UHSUHVHnWaWLYH RI WKH ,WaOLan 5�&� IUaPHV� 

 
 Seismic Design �SD� Traditional Design �TD� 

Concrete &����� 
௖݂௞ ൌ െ30	ܽܲܯ 

௖ܧ ൌ  ܽܲܯ	27386
௖݂௧ ൌ  ܽܲܯ	2.9

௖௧ܧ ൌ  ܽܲܯ	1450

&����� 
௖݂௞ ൌ െ20	ܽܲܯ 

௖ܧ ൌ  ܽܲܯ	22361
௖݂௧ ൌ  ܽܲܯ	2.2

௖௧ܧ ൌ  ܽܲܯ	1100
Steel %���& 

௬݂௞ ൌ  ܽܲܯ	450
௬݂௠ ൌ  ܽܲܯ	500
௨݂ ൌ  ܽܲܯ	620

௦ܧ ൌ  ܽܲܯ	205000

$4�� 
௬݂௞ ൌ  ܽܲܯ	370
௬݂௠ ൌ  ܽܲܯ	410
௨݂ ൌ  ܽܲܯ	550

௦ܧ ൌ  ܽܲܯ	195000
Column 

 
/RnJ� UHLnIRUFHPHnW� � ĭ�� 

 
/RnJ� UHLnIRUFHPHnW� � ĭ�� 

Beam 

 
/RnJ� UHLnIRUFHPHnW� � ĭ�� 

 

 
/RnJ� UHLnIRUFHPHnW� �� ĭ�� 

 
7aEOH �� 0aWHULaOV, VHFWLRnV and UHLnIRUFHPHnW dHWaLOV RI WKH 5�&� HOHPHnWV RI WKH IUaPHV anaO\]Hd� 
 

17&�� >��@, ZKLOH IRU 7' IUaPHV a VWHHO $4����� and a FRnFUHWH &����� ZHUH FKRVHn 
IROORZLnJ VRPH FRPPRn ,WaOLan dHVLJn FULWHULa RI WKH �����V �&ULVWRIaUR et al. >��@�� 

)RU WKH HYaOXaWLRn RI WKH VWUXFWXUaO daPaJH OHYHO dXULnJ WKH anaO\VLV, VRPH 3HUIRUPanFH 
/HYHOV �3/V� and /LPLW 6WaWHV ZHUH dHILnHd aOVR IRU WKH 5�&� IUaPH� ,n SaUWLFXOaU, WKH 3/V 
FRnVLdHUHd, ZKLFK ZHUH YHULILHd VWHS�E\�VWHS RI WKH anaO\VLV, aUH� 
� colYM �column Yield bending Moment�, FaOFXOaWHd IURP a SaUaPWULF PRPHnW�FXUYaWXUH 
anaO\VLV ZKHUH WKH SaUaPHWHU LV WKH YHUWLFaO a[LaO ORad 1 Rn WKH VHFWLRn� a IXnFWLRn RI WKH 
nRPLnaO \LHOd FXUYaWXUH Ȥy dHSHndLnJ Rn N ZaV dHULYHd and LV UHSRUWHd Ln )LJXUH ��� 

3340



0aUFR 'Rnj, *LRYannL 7HFFKLR, /XFa 'RPHnLFaOH, (OLVa 6aOHU, 0aVVLPLOLanR 0LnRWWR and )UanFHVFa da 3RUWR 

 
a� 

 
E� 

)LJXUH ��� 1RPLnaO Ȥy and XOWLPaWH Ȥu FXUYaWXUH aV IXnFWLRn RI a[LaO ORad N, IRU ERWK FROXPn VHFWLRnV RI 7aEOH �� 
 

� colUM �column Ultimate bending Moment�, FaOFXOaWHd aV colYM; a IXnFWLRn RI WKH XOWLPaWH 
FXUYaWXUH Ȥu dHSHndLnJ Rn N ZaV dHULYHd and LV VKRZn Ln )LJXUH ��� 
� colSF �column Shear Failure�, FaOFXOaWHd aFFRUdLnJ WR WKH 5�&� VKHaU VWUHnJWK IRUPXOaWLRn 
RI 6H]Hn >��@, ZKLFK WaNHV LnWR aFFRXnW WKH VHFWLRn dXFWLOLW\� 
� colNF (column Nodal Failure�, REWaLnHd E\ WKH nRdH URWaWLRn FaSaFLW\ dHILnHd Ln 17&��� 

7KH /LPLW 6WaWHV �/6� RI WKH IUaPH �fr�, \LHOdLnJ and XOWLPaWH /6, aUH WKHUHIRUH dHILnHd aV� 
 

  { }PLn � �

frYield colYM

frULS colUM colSF colNF

=

=
  ��� 

4 RESULTS 

4.1 PushoYer CurYes 
7KH SXVKRYHU FXUYHV IURP )LJXUH �� WR )LJXUH �� UHSRUW WKH WRWaO Ln�SOanH VKHaU IRUFH aW WKH 

EaVH YHUVXV WKH Pa[LPXP dLVSOaFHPHnW aW WKH WRS RI VRPH IUaPH FRnILJXUaWLRnV anaO\VHd� 
(aFK JUaSK FRPSaUHV WKH SXVKRYHU FXUYHV REWaLnHd IRU WKH EaUH IUaPH �%)� and LnILOOHd IUaPH 
Ln�SOanH �,3� WR WKH RnHV REWaLnHd FRnVLdHULnJ dLIIHUHnW dLUHFWLRnV RI WKH ORad SaWWHUn, 223��, 
223��, 223��, 223�� ZKHUH WKH nXPEHU LV WKH LnFOLnaWLRn α RI WKH VHLVPLF IRUFH� 
)XUWKHUPRUH, HaFK FXUYH UHSRUWV WKH 3HUIRUPanFH /HYHOV and /LPLW 6WaWHV UHaFKHd E\ ERWK 
IUaPH and SanHO� 

7KH SULnFLSaO RXWFRPHV IURP WKH SXVKRYHU FXUYHV aUH EULHIO\ VXPPaUL]Hd EHORZ�  
� 7KH UHVLVWanFH RI WKH EaUH IUaPH �%)� LV FOHaUO\ dLIIHUHnW IRU WKH WZR dHVLJnV, VHLVPLF �6'� 
RU WUadLWLRnaO �7'�, UHVXOWLnJ KLJKHU Ln WKH FaVH RI 6' RI aERXW ��� WR ��� WLPHV, dHSHndLnJ Rn 
WKH IUaPH W\SH� 
� )RU WKH LnILOO W\SH 3adRYa, WKH Pa[LPXP VWUHnJWK FRnWULEXWLRn RI WKH SanHO WR WKH LnILOOHd 
IUaPH V\VWHP Ln�SOanH �,3� �L�H� WKH Pa[LPXP dLVWanFH EHWZHHn WKH ,3 FXUYH and WKH %) RnH� 
LV EHWZHHn ��� and � WLPHV WKaW SURYLdHd E\ WKH LnILOO W\SH 3aYLa, dHSHndLnJ Rn WKH IUaPH W\SH 
�IRU IUaPH ZLWK WKH VaPH nXPEHU RI IORRUV, LW LnFUHaVHV ZLWK LnFUHaVLnJ nXPEHU RI Ea\V�� 
� 7KH LnILOOHd IUaPHV SUHVHnW a Pa[LPXP VWUHnJWK PXFK JUHaWHU WKan WKaW RI WKH EaUH IUaPHV 
and, Ln WKH FaVH RI WKLFN SanHO, WKLV LV aERXW ��� WLPHV WKaW RI WKH UHOaWHd LnILOOHd IUaPH ZLWK 
WKLn SanHO� WKLV UHVXOW LV nRW LnFRnVLVWHnW ZLWK WKH SUHYLRXV nRWH, EHFaXVH WKH Pa[LPXP 
VWUHnJWK RI WKH LnILOOHd IUaPH LV UHaFKHd aW dLIIHUHnFH dLVSOaFHPHnWV IRU WKH WZR LnILOO W\SHV� 
� 7KH SXVKRYHU FXUYHV RI WKH LnILOOHd IUaPH ZLWK WKLFN SanHO SUHVHnW a ZLdH SOaVWLF EUanFK, 
JHnHUaOO\ ZLWK VWUaLn KaUdHnLnJ �aW OHaVW IRU 6' IUaPHV�, ZKLOH WKRVH UHOaWLnJ WR WKH WKLn SanHO 
SUHVHnW a VRIWHnLnJ EUanFK� 
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� $ERXW WKH 3HUIRUPanFH /HYHOV, LW LV SRVVLEOH WR REVHUYH WKaW WKHLU RUdHU RI RFFXUUHnFH and 
SRVLWLRn YaU\ Ln IXnFWLRn RI LnILOO W\SH and dHVLJn W\SH RI WKH IUaPH� )RU H[aPSOH� 
� Ln FaVH RI WKLFN SanHO, LWV 8OWLPaWH /LPLW 6WaWH RFFXUV FORVH RU MXVW aIWHU WKH IUaPH \LHOdLnJ 
ZKLOH, IRU WKH WKLn SanHO, aOO LWV OLPLW VWaWHV �aOVR WKH FROOaSVH� anWLFLSaWH WKH IUaPH \LHOdLnJ� 
 
Slender building �2[��  

 

a� 7KLFN LnILOO ± 6HLVPLF 'HVLJn E� 7KLn LnILOO ± 6HLVPLF 'HVLJn  

F� 7KLFN LnILOO ± 7UadLWLRnaO 'HVLJn d� 7KLn LnILOO ± 7UadLWLRnaO 'HVLJn 
)LJXUH ��� 3XVKRYHU FXUYHV RI EaUH �%)� and LnILOOHd IUaPH �,3, 223 aW ���, ���, ���, ����� VOHndHU IUaPH ��[���  
 
Regular building �2[3�  

 

a� 7KLFN LnILOO ± 6HLVPLF 'HVLJn E� 7KLn LnILOO ± 6HLVPLF 'HVLJn 
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F� 7KLFN LnILOO ± 7UadLWLRnaO 'HVLJn d� 7KLn LnILOO ± 7UadLWLRnaO 'HVLJn 
)LJXUH ��� 3XVKRYHU FXUYHV RI EaUH �%)� and LnILOOHd IUaPH �,3, 223 aW ���, ���, ���, ����� UHJXOaU IUaPH ��[��� 

 
STuat building ��[2�  

 

a� 7KLFN LnILOO ± 6HLVPLF 'HVLJn E� 7KLn LnILOO ± 6HLVPLF 'HVLJn 

F� 7KLFN LnILOO ± 7UadLWLRnaO 'HVLJn d� 7KLn LnILOO ± 7UadLWLRnaO 'HVLJn 
)LJXUH ��� 3XVKRYHU FXUYHV RI EaUH �%)� and LnILOOHd IUaPH �,3, 223 aW ���, ���, ���, ����� VTXaW IUaPH ��[��� 

 
� WKH SHUIRUPanFH OHYHOV RI WKH IUaPH aUH JHnHUaOO\ anWLFLSaWHd Ln FaVH RI WUadLWLRnaO dHVLJn 
and WKLFN SanHO, Ln IaFW, a WKLFNHU SanHO LnFUHaVHV WKH EUaFLnJ HIIHFW OHadLnJ WR VPaOOHU 
dLVSOaFHPHnWV EXW KLJKHU VWUHVVHV Rn WKH IUaPH� Ln WKHVH FaVHV, IXUWKHUPRUH, FROXPnV 
H[SHULHnFH WKH VKHaU IaLOXUH and WKXV WKH 8/6 LV VXddHnO\ UHaFKHd Ln WKH HOaVWLF EUanFK RI WKH 
SXVKRYHU FXUYH� 
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� ,nFUHaVLnJ WKH UaWLR 223�,3 RI WKH ORad SaWWHUn, WKURXJK an LnFUHPHnW RI WKH LnFOLnaWLRn α RI 
WKH VHLVPLF aFWLRn, WKH FROOaSVH RI WKH SanHOV LV JHnHUaOO\ anWLFLSaWHd, ZLWK a FRnVHTXHnW 
UHdXFWLRn RI WKH RYHUaOO Ln�SOanH UHVLVWanFH �FaSaFLW\ FXUYH� RI WKH LnILOOHd IUaPH� %XW ZKLOH 
IRU WKH FaVH RI WKLFN SanHO WKH 223 HIIHFWV RnO\ VOLJKWO\ aIIHFW WKH ZLdWK RI WKH SOaVWLF EUanFK 
RI WKH SXVKRYHU FXUYH and WKH VRIWHnLnJ SKaVH, nHJOLJLEO\ LnIOXHnFLnJ WKH OLPLW VWaWHV, IRU WKH 
FaVH RI WKLn SanHO LW Fan EH REVHUYHd, LnFUHaVLnJ WKH 223 aFWLRn, a VLJnLILFanW UHdXFWLRn RI WKH 
Pa[LPXP UHVLVWanFH aV ZHOO aV an anWLFLSaWLRn RI WKH LnILOO OLPLW VWaWHV� 

4.2 Energy inde[es 
7KH JUaSKV UHSRUWHd Ln )LJXUH �� VKRZ WKH YaOXHV RI WKH HnHUJ\ LndH[ E �RU aUHa XndHU WKH 

SXVKRYHU FXUYH� IRU WKH Ln�SOanH dHIOHFWLRn RI WKH LnILOOHd IUaPH, XS WR UHaFK WKH 8/6 RI ERWK  
 

6OHndHU EXLOdLnJ ��[�� 

 
a� 

 
E� 

5HJXOaU EXLOdLnJ ��[�� 

 
F�  

d� 
6TXaW EXLOdLnJ ��[�� 

 
H� 

 
I� 

 
)LJXUH ���  (nHUJ\ LndH[ RU aUHa XndHU WKH SXVKRYHU FXUYH, UHOaWHd WR WKH 8/6 RI WKH LnILOO �a, F, H� and IUaPH �E, 

d, I�, IRU dLIIHUHnW LnFOLnaWLRnV �223� RI WKH VHLVPLF aFWLRn� 
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a� 6OHndHU EXLOdLnJ ��[�� 

 
E� 5HJXOaU EXLOdLnJ ��[�� 

 
F� 5HJXOaU EXLOdLnJ ��[�� 

 
d� 6TXaW EXLOdLnJ ��[�� 

 
)LJXUH ��� (nHUJ\ UREXVWnHVV LndH[ UHOaWHd WR WKH IUaPH 8/6, IRU dLIIHUHnW LnFOLnaWLRnV RI WKH VHLVPLF aFWLRn� 

 
LnILOO and IUaPH� )LJXUH ��, LnVWHad, VKRZV WKH HnHUJ\ UREXVWnHVV LndH[ RIE, FaOFXOaWHd aV WKH 
UaWLR EHWZHHn WKH HnHUJ\ dLVVLSaWHd E\ WKH LnILOOHd IUaPH and WKaW dLVVLSaWHd E\ WKH aVVRFLaWHd 
EaUH IUaPH �%)�� IURP WKLV dHILnLWLRn, LW LV FOHaU WKaW RIE, ZKLFK dR nRW H[LVW IRU WKH LnILOO 8/6 
EXW RnO\ IRU WKaW RI WKH IUaPH, TXanWLILHV Ln WHUPV RI HnHUJ\ WKH EHnHILFLaO FRnWULEXWLRn RI WKH 
LnILOO UHOaWLYHO\ WR WKH %)� 

7KH SULnFLSaO UHVXOWV IURP )LJXUH �� and )LJXUH �� aUH VXPPaUL]Hd KHUHLnaIWHU� 
� 7KH YaOXHV RI WKH HnHUJ\ LndH[ �E� aVVRFLaWHd WR WKH LnILOO 8/6 aUH VWURnJO\ aIIHFWHd E\ WKH 
223 aFWLRnV RnO\ Ln WKH FaVH RI WKLn SanHO� Ln WKLV FaVH, UHVSHFW WR WKH WKLFN SanHO, E LV PXFK 
VPaOOHU and dHFUHaVHV UaSLdO\ ZLWK LnFUHaVLnJ ORad SaWWHUn LnFOLnaWLRn� 
� $ERXW WKH 8/6 RI WKH IUaPH, LW LV SRVVLEOH WR dR WKH IROORZLnJ FRnVLdHUaWLRnV� 
� WKH XVH RI a WKLFN SanHO JUHaWO\ LnFUHaVHV WKH HnHUJ\ dLVVLSaWHd E\ WKH EXLOdLnJ Ln FaVH RI 
VHLVPLF dHVLJn RI WKH IUaPH ZKLOH, Ln FaVH RI WUadLWLRnaO dHVLJn, EHFaXVH RI WKH SRVVLELOLW\ RI a 
EULWWOH FROOaSVH, WKLV LndH[ VKRZV PLnLPXP YaOXHV� 
� XVLnJ a WKLn SanHO, LnVWHad, WKH LnILOO HIIHFWV Rn WKH HnHUJ\ dLVVLSaWLRn RI WKH EXLOdLnJ aUH 
VOLJKWO\ adYanWaJHRXV RnO\ Ln WKH FaVH RI VTXaW IUaPHV, VLnFH Ln WKH RWKHU FaVHV �VOHndHU and 
UHJXOaU� WKH VPaOO HnHUJ\ FRnWULEXWLRn RI WKLV W\SH RI LnILOO LV nRW aEOH WR FRPSHnVaWH WKH 
UHdXFWLRn RI HnHUJ\ dXH WR WKH anWLFLSaWLRn RI WKH 8/6 UHVSHFW WR WKH EaUH IUaPH� 
� )LnaOO\, XVLnJ WKLn SanHO, WKH HnHUJ\ dLVVLSaWHd aW WKH 8/6 E\ WKH VHLVPLFaOO\ dHVLJnHd IUaPH 
LV VOLJKWO\ KLJKHU WKan WKaW dLVVLSaWHd E\ WKH WUadLWLRnaO IUaPH� 
� 7KH HnHUJ\ UREXVWnHVV LndH[ �RIE�, ZKLFK LV � �E\ dHILnLWLRn� IRU WKH EaUH IUaPH, H[SOLFLWO\ 
VKRZV WKH EHnHILFLaO RU nRW HIIHFWV RI WKH LnILOOV Ln LnFUHaVLnJ WKH HnHUJ\ dLVVLSaWHd E\ WKH 
LnILOOHd IUaPH WR UHaFK WKH 8/6 RI WKH IUaPH� 7KH SUHYLRXV UHPaUNV aERXW WKH HnHUJ\ LndH[ aUH 
VWLOO YaOLd IRU WKH HnHUJ\ UREXVWnHVV LndH[� 
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4.3 Inter�storey drift 
)LJXUH �� WR )LJXUH �� VKRZ WKH Ln�SOanH LnWHU�VWRUH\ dULIW SURILOHV aORnJ WKH EXLOdLnJ 

KHLJKW, IRU dLIIHUHnW FaVH VWXdLHV, aW WKH IROORZLnJ OLPLW VWaWHV� daPaJH and XOWLPaWH OLPLW VWaWHV 
RI WKH LnILOO �LnI'/6 and LnI8/6 UHVSHFWLYHO\� and \LHOdLnJ and XOWLPaWH OLPLW VWaWHV RI WKH 
IUaPH �IU<LHOd and IU8/6 UHVSHFWLYHO\�� 7KH SULnFLSaO UHPaUNV aUH OLVWHd KHUHLnaIWHU� 
� 5HJaUdLnJ WKH FaVH ZLWK WKLFN SanHO, WKH LnWHU�VWRUH\ dULIW SURILOHV aW WKH LnILOO OLPLW VWaWHV aUH 
nRW aIIHFWHd E\ WKH 223 aFWLRnV, aV ZHOO aV WKH RnHV aW WKH IUaPH \LHOdLnJ, ZKLFK JHnHUaOO\ 
RFFXUV YHU\ FORVH WR WKH LnILOO 8/6� 7KH SURILOHV aW WKH IUaPH 8/6, aOVR, aUH RnO\ VOLJKWO\ 
LnIOXHnFHd E\ WKH 223 aFWLRnV, Ln SaUWLFXOaU aW WKH ILUVW IORRU� 7KH SUHVHnFH RI a WKLFN SanHO, 
UHJaUdLnJ WKH IUaPH OLPLW VWaWHV and ZLWK UHVSHFW WR WKH EaUH IUaPH, WHndV WR UHdXFH dULIW YaOXHV 
RI WKH XSSHU IORRU and WR FRnFHnWUaWH WKH dHIRUPaWLRn aW WKH ILUVW OHYHO ZKHUH, IRU WKH 
VOHndHUnHVW EXLOdLnJV, WKH dULIW YaOXH EHFRPHV KLJKHU WKan WKaW RI WKH EaUH IUaPH�    
� ,n FaVH RI WKLn SanHO, LnVWHad, WKH dULIW SURILOHV aW WKH LnILOO '/6 and 8/6 JUHaWO\ dHSHnd Rn 
WKH LnFOLnaWLRn RI WKH ORad SaWWHUn and WKH dULIW YaOXHV IURP WKH ,3�223 anaO\VHV aUH YHU\ 
VPaOOHU WKan WKRVH REWaLnHd E\ WKH ,3 RnO\ anaO\VLV� $W WKH IUaPH OLPLW VWaWHV, LnVWHad, VLPLOaU 
FRnFOXVLRnV WR WKRVH IRU WKH WKLFN SanHO Fan EH dRnH IRU VTXaW FRnILJXUaWLRn ZKLOH, IRU UHJXOaU 
��[� 7'� and VOHndHU ��[�� IUaPH FRnILJXUaWLRnV LW LV SRVVLEOH WR REVHUYH an LnWHUHVWLnJ 
SKHnRPHnR� VWaUWLnJ IURP a dULIW SURILOH dXH WR ,3 aFWLRnV WKaW FRnFHnWUaWHV WKH dHIRUPaWLRn aW 
WKH ILUVW OHYHO, LnFUHaVLnJ WKH 223 HIIHFWV Rn WKH LnILOOV, WKH VRIW VWRUH\ PRYHV IURP WKH ILUVW WR 
WKH VHFRnd IORRU�  

)LnaOO\, IRU WKH YaULRXV FRnILJXUaWLRn anaO\VHd, )LJXUH �� UHSRUWV WKH ,3 LnWHU�VWRUH\ dULIWV, 
UHOaWHd WR WKH aFKLHYHPHnW RI WKH LnILOO OLPLW VWaWHV, YHUVXV WKH LnFOLnaWLRn RI WKH VHLVPLF aFWLRn� 
7KLV ILJXUH FOHaUO\ VKRZV ZKaW aOUHad\ VHHn SUHYLRXVO\, naPHO\ WKaW WKH 223 aFWLRnV, Ln WKH  

 
Slender building �2[�� ± Seismic design 

 

 
a� 

 
E� 

)LJXUH ���  ,nWHU�VWRUH\ dULIW SURILOHV IRU WKH 6' IUaPH ��[��, IRU dLIIHUHnW LnFOLnaWLRnV RI WKH VHLVPLF aFWLRn 
and aW WKH YaULRXV OLPLW VWaWHV RI LnILOO and IUaPH� a� WKLFN SanHO �W\SH 3adRYa�� E� WKLn SanHO �W\SH 3aYLa�� 
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Regular building �2[3� ± Seismic design 
 

 
a� 

 
E� 

)LJXUH ���  ,nWHU�VWRUH\ dULIW SURILOHV IRU WKH 6' IUaPH ��[��, IRU dLIIHUHnW LnFOLnaWLRnV RI WKH VHLVPLF aFWLRn and 
aW WKH YaULRXV OLPLW VWaWHV RI LnILOO and IUaPH� a� WKLFN SanHO �W\SH 3adRYa�� E� WKLn SanHO �W\SH 3aYLa�� 

 
Regular building �2[3� ± Traditional design 

 

 
a� 

 
E� 

)LJXUH ���  ,nWHU�VWRUH\ dULIW SURILOHV IRU WKH 7' IUaPH ��[��, IRU dLIIHUHnW LnFOLnaWLRnV RI WKH VHLVPLF aFWLRn and 
aW WKH YaULRXV OLPLW VWaWHV RI LnILOO and IUaPH� a� WKLFN SanHO �W\SH 3adRYa�� E� WKLn SanHO �W\SH 3aYLa�� 
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STuat building ��[2� ± Seismic design 
 

 
a� 

 
E� 

)LJXUH ��� ,nWHU�VWRUH\ dULIW SURILOHV IRU WKH 6' IUaPH ��[��, IRU dLIIHUHnW LnFOLnaWLRnV RI WKH VHLVPLF aFWLRn and aW 
WKH YaULRXV OLPLW VWaWHV RI LnILOO and IUaPH� a� WKLFN SanHO �W\SH 3adRYa�� E� WKLn SanHO �W\SH 3aYLa�� 

 

   
a� 7KLFN SanHO ± 6HLVPLF 'HVLJn 

 
E� 7KLn SanHO ± 6HLVPLF 'HVLJn 

 
F� 7KLFN SanHO � 7UadLWLRnaO dHVLJn 

 
d� 7KLn SanHO � 7UadLWLRnaO dHVLJn 

 
)LJXUH ��� ,3 LnWHU�VWRUH\ dULIW YaOXHV, aW WKH LnILOO '/6 and 8/6, YHUVXV WKH VHLVPLF aFWLRn LnFOLnaWLRn �α�, IRU WKH 

dLIIHUHnW FaVH VWXdLHV anaO\VHd� LndLFaWLRn RI WKH (&� dULIW OLPLW and RI a VXJJHVWHd YaOXH E\ +aN HW aO�>��@� 
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FaVH RI WKLn SanHO, VWURnJO\ aIIHFW WKH YaOXH RI WKH ,3 LnWHU�VWRU\ dULIW aW ZKLFK WKH '/6 RU 
8/6 RI WKH SanHO LV UHaFKHd, ZKLOH aUH XnLPSRUWanW IRU WKH FaVH RI WKLFN SanHO� )RU WKLV UHaVRn, 
WKH (&� >��@ dULIW OLPLW RI ���� �Ln FaVH RI nRn�VWUXFWXUaO FRPSRnHnWV nRW VSHFLILFaOO\ 
dHVLJnHd WR ZLWKVWand VHLVPLF IRUFHV� Fan EH FRnVLdHUHd aSSURSULaWH RnO\ LI a WKLFN SanHO �W\SH 
3adRYa� LV XVHd� WKH VaPH OLPLW ZaV aOUHad\ VKRZn WR EH nRW FRnVHUYaWLYH Ln FaVH RI WKLn 
PaVRnU\ SanHO, W\SH 3aYLa, E\ +aN HW aO�>��@, ZKR VXJJHVWHd a PRUH FRnVHUYaWLYH OLPLW RI 
����� +RZHYHU, FRnVLdHULnJ WKH ,3�223 LnWHUaFWLRn HIIHFWV, aOVR WKLV dULIW YaOXH EHFRPHV nRW 
aSSURSULaWH aW aOO IRU WKH WKLn SanHOV, ZKLFK Fan UHaFK WKH '/6 aW dULIW YaOXHV �PHaVXUHd Ln 
SOanH� aOVR PXFK VPaOOHU� )LnaOO\, a VLPLOaU dHSHndHnFH RI WKH WUHnd RI WKH dULIW YaOXHV Rn WKH 
LnFOLnaWLRn RI WKH VHLVPLF IRUFH Fan EH REVHUYHd IRU ERWK '/6 and 8/6 RI WKH VaPH LnILOO W\SH� 

� CONCLUSIONS 
• 7KH SaSHU SUHVHnWHd a nHZ )( PaFURPRdHO WR VLPXOaWH WKH LnWHUaFWLRn EHWZHHn WKH Ln�

SOanH �,3� and RXW�RI�SOanH �223� EHKaYLRXU RI PaVRnU\ LnILOOV Ln 5�&� IUaPHV� 7KH PRdHO 
ZaV FaOLEUaWHd IRU WZR dLIIHUHnW W\SHV RI PaVRnU\ LnILOO, WKLFN and WKLn, WKURXJK WHVW UHVXOWV 
REWaLnHd IURP SUHYLRXV H[SHULPHnWaO FaPSaLJnV Rn UHaO VFaOH LnILOOHd IUaPH� 

• 7KH PRdHO ZaV LPSOHPHnWHd Ln a SaUaPHWULF SXVKRYHU anaO\VLV Ln 2SHn6HHV, ZLWK WKH aLP 
WR aVVHVV WKH LnIOXHnFH RI WKH dLUHFWLRnaOLW\ RI WKH VHLVPLF aFWLRn Rn WKH OaWHUaO UHVSRnVH RI 
dLIIHUHnW 5�&� LnILOOHd IUaPHV� ,n SaUWLFXOaU, VL[ IUaPH FRnILJXUaWLRnV �VTXaW, UHJXOaU and 
VOHndHU� and, IRU HaFK RI WKHVH, WZR W\SHV RI dHVLJn �IRU JUaYLWaWLRnaO ORadV RnO\ and IRU 
VHLVPLF aFWLRnV� ZHUH FRnVLdHUHd Ln WKH anaO\VLV, VWXdLnJ WKH FaVHV RI EaUH IUaPH, LnILOOHd 
IUaPH ZLWK WKLFN SanHO and LnILOOHd IUaPH ZLWK WKLn SanHO� 

• 7KH PaLn LnIOXHnFHV RI WKH 223 IRUFHV Rn WKH LnILOOHd IUaPH VHLVPLF EHKaYLRXU aUH 
SUHVHnWHd WKURXJK SXVKRYHU FXUYHV �ZLWK WKH LndLFaWLRn RI WKH SULnFLSaO SHUIRUPanFH OHYHOV 
and OLPLW VWaWHV� and HnHUJ\ LndH[HV, dULIW SURILOHV and dULIW YaOXHV UHOaWHd WR WKH 
aFKLYHPHnW RI WKH YaULRXV OLPLW VWaWHV �IRU ERWK LnILOO and IUaPH�� 

• 6RPH RI WKH SULnFLSaO FRnFOXVLRnV IURP WKLV nXPHULFaO VWXd\ aUH� 
� ,3�223 LnWHUaFWLRn RI WKH LnILOO FRnVLdHUaEO\ aIIHFWV WKH VWUXFWXUaO UHVSRnVH RI WKH LnILOOHd 
IUaPH Ln FaVH RI WKLn SanHO �W\SH 3aYLa�, UHdXFLnJ WKH JOREaO UHVLVWanFH and anWLFLSaWLnJ WKH 
LnILOO OLPLW VWaWHV�     
� WKH SHaN UHVLVWanFH, KLJKHU Ln FaVH RI WKLFN SanHO and VHLVPLF dHVLJn RI WKH IUaPH, UHdXFHV 
LnFUHaVLnJ WKH LnFOLnaWLRn RI WKH VHLVPLF aFWLRn� 
� LnILOOHd IUaPHV ZLWK WKLFN SanHOV SUHVHnW SXVKRYHU FXUYHV ZLWK a ZLdH SOaVWLF EUanFK, 
JHnHUaOO\ ZLWK VWUaLn KaUdHnLnJ, ZKLOH WKRVH UHOaWHd WR LnILOOHd IUaPHV ZLWK WKLn LnILOOV VKRZ 
a VRIWHnLnJ EUanFK �VR WKH ILUVWV SUHVHnW a PRUH dXFWLOH EHKaYLRXU�� 
� WKH LnILOO 8/6 LV aFKLHYHd FORVH WR WKH IUaPH \LHOdLnJ Ln FaVH RI WKLFN SanHO� IRU WKH WKLn 
SanHO, LnVWHad, aOO WKH OLPLW VWaWHV �LnFOXdLnJ WKH FROOaSVH� aUH UHaFKHd EHIRUH�   
� FRnVLdHULnJ WKH UHJXOaU IUaPH FRnILJXUaWLRnV anaO\VHd Ln WKLV VWXd\, LI WKH Ln�SOanH VHLVPLF 
aFWLRn JHnHUaOO\ OHadV WKH VRIW VWRUH\ WR EH ORFaOL]Hd aW WKH ILUVW OHYHO RI WKH LnILOOHd IUaPH, 
IRU ERWK LnILOO SanHOV, WKH RXW�RI�SOanH HIIHFWV, Ln FaVH RI WKLn SanHO, PRYH WKLV VRIW VWRUH\ WR 
WKH VHFRnd IORRU� 
� WKLn SanHOV aUH JUHaWO\ LnIOXHnFHd E\ WKH 223 IRUFHV� WKH LnWHU�VWRUH\ dULIWV RI WKH LnILOOHd 
IUaPH, UHJLVWHUHd Ln�SOanH, UHTXLUHd WR UHaFK WKH LnILOO OLPLW VWaWHV, VWURnJO\ dHFUHaVH ZLWK 
LnFUHaVLnJ LnFOLnaWLRn RI WKH VHLVPLF aFWLRn� IRU WKLV UHaVRn, WKH FXUUHnW dULIW OLPLW SURSRVHd 
E\ (&�, L�H� ���� �Ln FaVH RI nRn�VWUXFWXUaO FRPSRnHnWV nRW VSHFLILFaOO\ dHVLJnHd WR 
ZLWKVWand VHLVPLF IRUFHV�, Fan EH FRnVLdHUHd aSSURSULaWH RnO\ LI WKH SanHO LV WKLFN �W\SH 
3adRYa�, ZKLFK LV nHJOLJLEO\ LnIOXHnFHd E\ WKH ,3�223 LnWHUaFWLRn HIIHFWV� 
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