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Abstract. Masonry buildings realized in the last centuries are a significant part of the interna-
tional architectural heritage. The optimal design of the retrofit interventions of these buildings 
represents a priority and requires the evaluation of their mechanical behavior under static and 
dynamic loads. Several mechanical models capable to study masonry structures are available 
in literature and are based on Heyman limit analysis approach. These models cannot be easily 
adopted within FEM codes. Within this context, a Genetic Algorithm is implemented within a 
refinement adaptive finite element model to computational mesh of shell surfaces. The proposed 
model researches a ‘safe’ thrust surface of a masonry vault within a design domain, by mini-
mizing the average value of the principal tensile stresses carried by the unreinforced portion 
of the material (fitness function). The design domain coincides with either the vault volume, in 
the case of unreinforced masonry members, or an external region of the vault in correspond-
ence with the reinforced portions, in the case of the vault strengthened with either Fiber Rein-
forced Polymer or Fabric Reinforced Cementitious composites. The proposed methodology 
allows evaluating the structural safety of masonry vault and defining an optimal design of re-
inforcement pattern. 
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1 INTRODUCTION 
1RZada\V, WKH VaIHJXaUd RI PaVRnU\ KLVWRULFaO FRnVWUXFWLRnV UHSUHVHnWV an LnWHUnaWLRnaO SUL�

RULW\� 7KH HYaOXaWLRn RI VWUXFWXUaO YXOnHUaELOLW\ RI WKHVH FRnVWUXFWLRnV LV WKH ILUVW VWHS WR HYaOXaWH 
WKHLU VaIH and WR SUHVHUYH WKHP RYHU WLPH E\ PHanV RI UHWURILW�VWUHnJWKHnLnJ LnWHUYHnWLRnV�  

6HYHUaO PHFKanLFaO PRdHOV aYaLOaEOH Ln OLWHUaWXUH aUH EaVHd Rn HLWKHU ORFaO IaLOXUH PHFKa�
nLVPV >�@�>�@ RU WKH +H\Pan OLPLW anaO\VLV aSSURaFK >�@� :LWK UHIHUHnFH WR FXUYHd VWUXFWXUHV, 
WKH VaIH WKHRUHP RI +H\Pan KaV EHHn XVHd WR YLa HLWKHU FRnWLnXRXV >�@�>��@ RU dLVFRnWLnXRXV 
>��@�>��@ aSSURaFKHV� 7KH WKHRUHWLFaO aSSURaFK and WKH FRPSXWaWLRnaO EXUdHn RI VXFK PRdHOV 
PaNHV nRn HaV\ WKHLU LPSOHPHnWaWLRn Ln )(0 FRdH�  

,n WKH UHFHnW \HaUV, VWUXFWXUaO RSWLPL]aWLRn SUREOHPV KaYH EHHn H[aPLnHd E\ PHanV RI JH�
nHWLF�HYROXWLRnaU\ aOJRULWKPV �*$�, LnVSLUHd E\ 'aUZLn
V HYROXWLRn WKHRU\ >��@�>��@� 

7KLV SaSHU SUHVHnWV an adYanFHd nXPHULFaO PRdHO FaSaEOH WR VHaUFK a µVaIH¶ WKUXVW VXUIaFH 
RI PaVRnU\ YaXOWV� ,W LV EaVHd Rn a %UHHdHU *HnHWLF $OJRULWKP �%*$� SURSRVHd E\ WKH aXWKRUV 
Ln SUHYLRXV VWXdLHV and aSSOLHd WR a )(0 aSSUR[LPaWLRn RI WKH YaXOW JHRPHWU\ YLa VKHOO HOH�
PHnWV >��@� 7KH %*$ aOORZV WR ILnd a VaIH WKUXVW VXUIaFH E\ PRYLnJ WKH )(0 nRdHV RI a YaXOW 
ZLWKLn a dHVLJn dRPaLn and PLnLPL]LnJ WKH aYHUaJH YaOXH RI WKH SULnFLSaO WHnVLOH VWUHVVHV Ln 
XnUHLnIRUFHd PaVRnU\� 7KH PRdHO Fan EH aOVR adRSWHd WR WKH dHVLJn WKH YaXOWV VWUHnJWKHnHd 
ZLWK ILEHU UHLnIRUFHd FHPHnWLWLRXV PaWUL[ �)5&0� FRPSRVLWHV� 1XPHULFaO UHVXOWV aUH JLYHn IRU 
a FORLVWHU YaXOW VXEMHFW WR VWaWLF and d\naPLF ORad FRPELnaWLRnV�  

2 NUMERICAL MODEL 
7KH SURSRVHd nXPHULFaO SURFHdXUH LV IRUPXOaWHd ZLWKLn WKH ILHOd RI OLnHaU HOaVWLFLW\� :H 

PRdHO WKH PaVRnU\ IUaPHZRUN WKURXJK a )(0 aSSUR[LPaWLRn, E\ XVLnJ VKHOO HOHPHnWV ZLWK 
dRPLnanW PHPEUanH EHKaYLRU �)LJXUH ���  
/HW dHnRWH WKH i-WK FRRUdLnaWH RI WKH j�WK nRdH, xi,j� WKH ORZHU ERXnd RI xi,j �FRUUHVSRndLnJ WR WKH 
LnWUadRV RI WKH YaXOW IRU XnUHLnIRUFHd PaVRnU\�, xi,jmin� WKH XSSHU ERXnd RI xi,j �FRUUHVSRndLnJ WR 
WKH H[WUadRV RI WKH YaXOW IRU XnUHLnIRUFHd PaVRnU\�, xi,jmax� FRnWURO YaULaEOHV UanJLnJ Ln WKH Ln�
WHUYaO >�,�@, ȟi,j� 

)LJXUH �� )(0 PRdHOOLnJ RI YaXOWV 

:H VHaUFK a VaIH WKUXVW VXUIaFH RI YaXOWV E\ PRYLnJ )(0 nRdHV ZLWKLn a dHVLJn dRPaLn, 
H[SUHVVHd aV IROORZV�   
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ǡ࢐࢏࢞ ൌ ࢔࢏࢓ǡ࢐࢏࢞ ൅	࢏ࣈǡ࢐൫࢞࢏ǡ࢞ࢇ࢓࢐ െ  ���   � ൯࢔࢏࢓ǡ࢐࢏࢞

7KH VHaUFK RI WKH VaIH WKUXVW VXUIaFH LV SHUIRUPHd WKURXJK WKH %*$ >��@, E\ PLnLPL]LnJ WKH 
ILWnHVV IXnFWLRn FRUUHVSRndLnJ WR WKH aYHUaJH YaOXH RI WKH SULnFLSaO WHnVLOH VWUHVVHV Ln XnUHLn�
IRUFHd PaVRnU\�  

0RUH VSHFLILFaOO\, LI ZH aVVXPH n and N � � n LI aOO WKH � nRdaO FRRUdLnaWHV JRYHUn WKH U�
adaSWaWLRn VWUaWHJ\� aUH WKH WRWaO nXPEHU RI WKH )(0 nRdHV and WKH FRnWURO YaULaEOHV ȟi,j, UH�
VSHFWLYHO\, ZH Fan LnWURdXFH WKH m�WK ³LndLYLdXaO´ FRUUHVSRndLnJ WR WKH t�WK JHnHUaWLRn� 

࢚࢓࢞ ൌ ሺ࢞૚ǡ૚ǡ ǥǥ ǡ ࢞૜ǡ࢔ሻ࢓�  ��� 

7KH %*$ ILnd WKH VaIH WKUXVW VXUIaFH E\ SHUIRUPLnJ WKH IROORZLnJ VWHSV >��@� 
�� an LnLWLaO SRSXOaWLRn RI Ȝ LndLYLdXaOV LV JHnHUaWHd�
�� WKH ȝ EHVW LndLYLdXaOV aUH VHOHFWHd ZLWKLn WKH FXUUHnW SRSXOaWLRn RI Ȝ HOHPHnWV�
�� WKH EHVW LndLYLdXaO LV UHWaLnHd IRU WKH nH[W JHnHUaWLRn�
�� WKH UHPaLnLnJ Ȝ�� LndLYLdXaOV RI WKH nH[W JHnHUaWLRn aUH FUHaWHd E\ PHanV RI WKH ([WHndHd

,nWHUPHdLaWH 5HFRPELnaWLRn �(,5�>��@ and PXWaWLRn WKH ȝ EHVW LndLYLdXaOV RI WKH FXUUHnW
JHnHUaWLRn�

�� 6WHSV � WKURXJK � aUH UHSHaWHd XnWLO WKH YaOXH RI ILWnHVV IXnFWLRn LV OHVV WKan a IL[Hd YaOXH�
7KH SURSRVHd SURFHdXUH aOORZV XV WR aSSUR[LPaWH WKH HOaVWLF nR�WHnVLRn FRnVWLWXWLYH PRdHO 

RI XnUHLnIRUFHd PaVRnU\ ZLWKLn a OLnHaU HOaVWLF )(0 anaO\VLV >�@�>��@� 

3 CASE STUD< 
:H anaO\]H WKH FaVH VWXd\ RI a WXII PaVRnU\ FORLVWHU YaXOW �)LJXUH �� VXEMHFW WR VWaWLF and 

d\naPLF ORadV�  
7KH FORLVWHU YaXOW, aV ZHOO NnRZn, LV JHnHUaWHd E\ WKH LnWHUVHFWLRn PRUH EaUUHO YaXOWV VHW Rn 

RSSRVLWH VLdHV RI a EaVH SRO\JRn� 7KH VWUHVV VWaWH Ln WKLV NLnd RI YaXOW LV PRUH FRPSOH[ WKan WKaW 
H[KLELWHd E\ JURLn and EaUUHO YaXOWV�  
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)LJXUH �� �', IURnW and WRS YLHZV RI WKH ILnLWH HOHPHnW PRdHOOLnJ  

7KH H[aPLnHd YaXOW LV FKaUaFWHUL]Hd E\ WKH FRnVWanW WKLFNnHVV RI �,�� P and LWV JHRPHWU\ LV 
dHSLFWHd Ln )LJXUH ��  

 
)LJXUH �� 3Oan and VHFWLRn RI WKH FORLVWHU YaXOW� 

7KH PaVRnU\ IUaPHZRUN LV PRdHOHd E\ PHanV RI WKH &6, 6$3�� )(0 VRIWZaUH� 7KH PHVK 
FRnVLVWV RI ��� nRdHV and ��� WULanJXOaU VKHOO HOHPHnWV ZLWK dRPLnanW PHPEUanH EHKaYLRU, 
VLnFH EHndLnJ WKLFNnHVV LV IL[Hd HTXaO WR ��� RI WKH PHPEUanH WKLFNnHVV�  

:H aVVXPHd WKH SK\VLFaO and PHFKanLFaO SURSHUWLHV RI WKH PaWHULaOV, UHSRUWHd Ln 7aEOH � ሺߛଵ 
  VSHFLILF ZHLJKW RI PaVRnU\, ߛଶ   VSHFLILF ZHLJKW RI ILOOLnJ PaWHULaO, Em   <RXnJ PRdXOXV RI 
PaVRnU\�� 7KH EaVLV RI WKH FORLVWHU YaXOWV LV UHVWUaLnHd E\ IL[Hd KLnJH VXSSRUWV�  

:H FRnVLdHU WZR VWaWLF FaVH VWXdLHV� FORLVWHU YaXOW VXEMHFW WR LWV VHOI�ZHLJKW� FORLVWHU YaXOW 
VXEMHFW WR WKH dHad and OLYH ORadV�  

:H aOVR H[aPLnH WKH YaXOW XndHU WKH ORad FRPELnaWLRn REWaLnHd E\ YHUWLFaO and VHLVPLF 
ORadV� 7KH VHLVPLF aFWLRn LV PRdHOHd aFFRUdLnJ WR VWaWLF aSSURaFK VXJJHVWHd Ln (XURSHan 6Wand�
aUd (1 ������ >��@� 
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 ଵߛ
>N1�P�@ 

 ଶߛ
>N1�P�@ 

Em 
>03a@ 

��,�� ��,�� ����,�� 

7aEOH �� 3K\VLFaO and PHFKanLFaO SURSHUWLHV RI WKH PaWHULaOV� 

)LnaOO\, ZH SURSRVH an RSWLPL]Hd VWUHnJWKHnLnJ LnWHUYHnWLRn ZLWK )5&0 FRPSRVLWHV RI WKH 
YaXOW� 

:H dHnRWH µ576¶ WKH 5HIHUHnFH 7KUXVW 6XUIaFH FRUUHVSRndLnJ WR WKH PLdVXUIaFH RI WKH FORLV�
WHU YaXOW, µ0776¶ WKH 0LnLPXP 7HnVLRn 7KUXVW 6XUIaFH REWaLnHd YLa WKH SURSRVHd nXPHULFaO 
SURFHdXUH�  

:LWKLn nXPHULFaO VLPXOaWLRnV, WKH ILWnHVV IXnFWLRn LV aSSOLHd WR XnUHLnIRUFHd PaVRnU\� WKH 
UHORFaWLnJ RI )(0 nRdHV RI WKH XnVWUHnJWKHnHd PaVRnU\ LV aOORZHd aORnJ WKH Z�a[LV RI WKH 
&aUWHVLan IUaPH ZLWKLn WKH YaXOW YROXPH >��@�  

3ORWV RI Pa[LPXP and PLnLPXP SULnFLSaO a[LaO LnWHUnaO IRUFHV aUH JLYHn Ln WKH IROORZLnJ, 
UHIHUUHd WR WKH 576 and WKH 0776�  

3.1 Self�weight 
)LUVWO\, ZH aSSO\ WKH nXPHULFaO PRdHO WR WKH YaXOW VXEMHFW WR LWV VHOI�ZHLJKW� 6WaUWLnJ IURP 

WKH )(0 anaO\VLV Rn WKH 576 and WKH 0776 �)LJXUH ��, WKH Pa[LPXP and PLnLPXP LnWHUnaO 
a[LaO IRUFHV aFWLnJ Rn PLdVXUIaFH RI VKHOO HOHPHnWV aUH REWaLnHd �)LJXUH ���  

,n WHUPV RI ORFaO VWUHVVHV, WKH Pa[LPXP and PLnLPXP SULnFLSaO VWUHVVHV Rn WKH 576 aUH 
HTXaO WR ıPa[   �,�� [ ���� 03a and ıPLn   ��,�� [ ���� 03a, UHVSHFWLYHO\, aV ZHOO aV WKH aYHUaJH 
YaOXH RI WKH WHnVLOH SULnFLSaO VWUHVVHV LV HTXaO WR ıaYH   �,�� [ ���� 03a�  

7KH UHVXOWV REWaLnHd E\ FRnVLdHULnJ WKH 0776 KLJKOLJKW WKH Pa[LPXP SULnFLSaO VWUHVV �ıPa[
  �,�� [���� 03a� and WKH aYHUaJH YaOXH RI WKH WHnVLOH SULnFLSaO VWUHVVHV �ıaYH   �,�� [ ����� 
03a� aUH VLJnLILFanWO\ VPaOOHU WKan WKaW REWaLnHd E\ WKH 576, and WKH PLnLPXP SULnFLSaO FRP�
SUHVVLYH VWUHVV JLYHn E\ WKH 0776 �ıPLn   ��,�� [ ���� 03a� LV aOPRVW XnFKanJHd FRPSaUHd WR 
WKaW JLYHn E\ WKH 576�  

)LJXUH �� 576 and 0776 FRnILJXUaWLRnV� 

576� Pa[LPXP SULnFLSaO LnWHUnaO IRUFHV >1�P@  576� PLnLPXP SULnFLSaO LnWHUnaO IRUFHV >1�P@ 
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0776� Pa[LPXP SULnFLSaO LnWHUnaO IRUFHV >1�P@  0776� PLnLPXP SULnFLSaO LnWHUnaO IRUFHV >1�P@  

)LJXUH �� 7RS YLHZV RI WKH XnUHLnIRUFHd YaXOW VXEMHFW WR LWV VHOI�ZHLJKW�  

3.2 Dead and liYe loads 
/HW XV H[aPLnH WKH YaXOW VXEMHFW WR WKH IROORZLnJ VWaWLF dHVLJn ORad FRPELnaWLRn, LCSt� 
 

࢚ࡿ࡯ࡸ  ൌ ૚ࡳ ൅ ൫ࡳ૛ǡ૚ ൅ ૛ǡ૛൯ࡳ ൅  ���  ࡽ
 

ZKHUH� 
�ଵ LV WKH dHad ORad dXH WR WKH VHOI�ZHLJKW RI WKH YaXOWܩ 
�ଶǡଵ LV WKH dHad ORad dXH WR WKH ZHLJKW RI WKH ILOOLnJ PaWHULaOܩ 
��ଶǡଶ LV WKH dHad ORad dXH WR WKH SHUPanHnW RYHUORad and LW LV aVVXPHd HTXaO WR �,�� N1�Pܩ 
ܳ LV WKH OLYH ORad ad LW LV IL[Hd HTXaO WR �,�� N1�P�� 

7KH )(0 anaO\VLV Rn WKH 576 and WKH 0776 �)LJXUH �� JLYHV WKH Pa[LPXP and PLnLPXP 
LnWHUnaO a[LaO IRUFHV aFWLnJ Rn PLdVXUIaFH RI VKHOO HOHPHnWV �)LJXUH ���  

7KH FRUUHVSRndLnJ Pa[LPXP and PLnLPXP SULnFLSaO VWUHVVHV Rn WKH 576 aUH HTXaO WR ıPa[ 
  ���� [ ���� 03a and ıPLn   ��,�� [ ���� 03a, UHVSHFWLYHO\, aV ZHOO aV WKH aYHUaJH YaOXH RI WKH 
WHnVLOH SULnFLSaO VWUHVVHV LV HTXaO WR ıaYH   �,�� [ ���� 03a�  

 

  

)LJXUH �� 576 and 0776 FRnILJXUaWLRnV 

7KH 0776 aOORZV WR SRLnW RXW WKH Pa[LPXP SULnFLSaO VWUHVV �ıPa[   �,�� [ ���� 03a� and 
WKH aYHUaJH YaOXH RI WKH WHnVLOH SULnFLSaO VWUHVVHV �ıaYH   �,�� [ ���� 03a� aUH VLJnLILFanWO\ 
VPaOOHU WKan WKaW REWaLnHd E\ WKH 576, and WKH PLnLPXP SULnFLSaO FRPSUHVVLYH VWUHVV JLYHn E\ 
WKH 0776 �ıPLn   ��,�� [ ���� 03a� UHPaLnV aOPRVW XnFKanJHd Ln PaJnLWXdH FRPSaUHd WR WKaW 
JLYHn E\ WKH 576� 
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576� Pa[LPXP SULnFLSaO LnWHUnaO IRUFHV >1�P@  576� PLnLPXP SULnFLSaO LnWHUnaO IRUFHV >1�P@ 

0776� Pa[LPXP SULnFLSaO LnWHUnaO IRUFHV >1�P@  0776� PLnLPXP SULnFLSaO LnWHUnaO IRUFHV >1�P@ 

)LJXUH �� 7RS YLHZV RI WKH XnUHLnIRUFHd YaXOW VXEMHFW WR dHad and OLYH ORadV� 

3.3 Seismic loads and strengthening with FRCM striSs 
/HW XV H[aPLnH WKH YaXOW VXEMHFW WR WKH IROORZLnJ d\naPLF dHVLJn ORad FRPELnaWLRn, LCDyn� 

࢔࢟ࡰ࡯ࡸ ൌ ࡱ ൅ ૚ࡳ ൅ ൫ࡳ૛ǡ૚ ൅ ૛ǡ૛൯ࡳ ൅ ࣒૛ǡ૚ࡽ  ��� 

ZKHUH� 
��� )LJXUH� LV WKH ORad dXH WR WKH VHLVPLF H[FLWaWLRn aORnJ WKH X�a[LV RI WKH &aUWHVLan IUaPH ܧ 
�ଵ LV WKH dHad ORad dXH WR WKH VHOI�ZHLJKW RI WKH YaXOWܩ 
�ଶǡଵ LV WKH dHad ORad dXH WR WKH ZHLJKW RI WKH ZHLJKW RI ILOOLnJ PaWHULaOܩ 
��ଶǡଶ LV WKH dHad ORad dXH WR WKH SHUPanHnW RYHUORad and LW LV aVVXPHd HTXaO WR �,�� N1�Pܩ 
߰ଶǡଵ LV WKH FRPELnaWLRn FRHIILFLHnW and LW LV aVVXPHd HTXaO WR �,��� 
ܳ LV WKH OLYH ORad ad LW LV IL[Hd HTXaO WR �,�� N1�P�� 

7KH HIIHFWV RI WKH VHLVPLF H[FLWaWLRnV aUH PRdHOHd E\ PHanV RI KRUL]RnWaO IRUFHV aFFRUdLnJ 
WR a FRnYHnWLRnaO VWaWLF aSSURaFK WR VHLVPLF aFWLRnV Rn WKH EXLOdLnJV �(XURSHan 6WandaUd (1 
�������� 7KH VHLVPLF IRUFHV aUH VHW ��� RI WKH YHUWLFaO IRUFHV�  

7KH PaSV RI WKH Pa[LPXP and PLnLPXP LnWHUnaO a[LaO IRUFHV aFWLnJ Rn PLdVXUIaFH RI VKHOO 
HOHPHnWV aUH VKRZn Ln )LJXUH �� 7KH Pa[LPXP SULnFLSaO VWUHVVHV Rn WKH 576 and WKH 0776 
aUH HTXaO WR ıPa[   �,�� [ ���� 03a and ıPa[   �,�� [ ���� 03a, UHVSHFWLYHO\� WKH PLnLPXP 
SULnFLSaO VWUHVVHV Rn WKH 576 and WKH 0776 aUH HTXaO WR ıPLn   ��,�� [ ���� 03a and ıPLn   �
�,�� [ ���� 03a, UHVSHFWLYHO\� aV ZHOO aV WKH aYHUaJH YaOXHV RI WHnVLOH SULnFLSaO VWUHVVHV aUH 
HTXaO WR ıaYH   �,�� [ ���� 03a and ıaYH   �,�� [ ���� 03a, UHVSHFWLYHO\�  

,W LV ZRUWK nRWLnJ WKaW, aOVR Ln WKLV VLPXOaWLRn, a UHOHYanW UHdXFWLRn RI WKH Pa[LPXP WHnVLOH 
SULnFLSaO VWUHVVHV ��� �� Fan EH REWaLnHd E\ FRnVLdHULnJ WKH 0776 aV an aOWHUnaWLYH FRnILJX�
UaWLRn WR WKH 576� 
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)LJXUH �� 576 and 0776 FRnILJXUaWLRnV�  

576� Pa[LPXP SULnFLSaO LnWHUnaO IRUFHV >1�P@  576� PLnLPXP SULnFLSaO LnWHUnaO IRUFHV >1�P@ 

0776� Pa[LPXP SULnFLSaO LnWHUnaO IRUFHV >1�P@  0776� PLnLPXP SULnFLSaO LnWHUnaO IRUFHV >1�P@ 

)LJXUH �� 7RS YLHZV RI WKH XnUHLnIRUFHd YaXOW VXEMHFW WR VHLVPLF ORadV� 

7KH )(0 anaO\VLV Rn WKH 0776 KaV KLJKOLJKW, FORVH WR WKH YaXOW EaVLV, WKH SULnFLSaO WHnVLOH 
VWUHVVHV aUH FRPSaUaEOH WR WKH WHnVLOH VWUHnJWK RI WXII PaVRnU\ ��,�� [ ���� 03a� and WKH FRUUH�
VSRndLnJ SULnFLSaO dLUHFWLRnV aUH URXJKO\ KRUL]RnWaO� 

7KHUHIRUH, a VWUHnJWKHnLnJ LnWHUYHnWLRn ZLWK H[WHUnaO XnLdLUHFWLRnaO )5&0 VWULSV �)LJXUH ��� 
LV SURSRVHd� 7KH PHFKanLFaO SURSHUWLHV RI WKH XVHd FRPSRVLWHV aUH JLYHn Ln 7aEOH ��  

 )LJXUH ��� �' YLHZV RI WKH UHLnIRUFHd YaXOW �WKH )5&0 VWULSV aUH aSSOLHd Rn WKH EOXH VXUIaFH�� 
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&aUERn ILEHU &HPHnWLWLRXV 0aWUL[ 
7HnVLOH VWUHnJKW ���� 03a &RPSUHVVLYH VWUHnJKW � ���� 03a �aIWHU �� d� 
<RXnJ PRdXOXV ��� *3a )OH[XUaO VWUHnJKW � ��� 03a �aIWHU �� d� 
'HnVLW\ ���� J�FP� <RXnJ PRdXOXV � ���� 03a �aIWHU �� d� 
8OWLPaWH VWUaLn ��� � 

7aEOH �� 0HFKanLFaO SURSHUWLHV RI )5&0� 

7KH FRPSRVLWHV aUH aVVXPHd WR EH HIIHFWLYH XndHU SUH�H[LVWLnJ ORadV E\ aSSO\LnJ a SUHWHn�
VLRn Ln WKH VWULSV YLa PHFKanLFaO anFKRULnJ dHYLFHV� 7KH dHERndLnJ IaLOXUH PRdHV and WKH FRP�
SRVLWH EXFNLnJ SKHnRPHna >��@�>��@ Fan nRW RFFXU Ln WKH VWUHnJWKHnHd YaXOW, dXH WR WKH XVH RI 
VXFK dHYLFHV and WKH VHOHFWLYH aSSOLFaWLRn RI WKH )5&0V Ln FRUUHVSRndHnFH ZLWK WKH YaXOW UH�
JLRnV VXEMHFW WR WHnVLOH VWUHVVHV�  7KH ILEHU RULHnWaWLRn RI WKH )5&0V LV aVVXPHd WR EH SaUaOOHO 
WR WKH YaXOW EaVLV�  

4 CONCLUDING REMARKS 
$n adYanFHd nXPHULFaO PRdHO aEOH WR aSSURaFK WKH HTXLOLEULXP SUREOHP RI XnUHLnIRUFHd and 

UHLnIRUFHd PaVRnU\ YaXOWV KaV EHHn VKRZn� 7KLV PRdHO aOORZV WR aSSUR[LPaWH WKH nR�WHnVLRn 
PHPEUanH �WKUXVW VXUIaFH� EHKaYLRU RI PaVRnU\ WKURXJK an HOaVWLF anaO\VLV RI WKH PaVRnU\ UH�
IHUUHd WR a 0LnLPXP 7HnVLRn 7KUXVW 6XUIaFH� 6XFK a VXUIaFH LV REWaLnHd YLa a U�adaSWLYH ILnLWH 
HOHPHnW IHaWXULnJ OLnHaUO\ HOaVWLF VKHOO HOHPHnWV ZLWK dRPLnanW PHPEUanH EHKaYLRU� 7KH PRY�
LnJ RI WKH )(0 nRdHV LV JRYHUnHd E\ a %UHHdHU *HnHWLF $OJRULWKP ZLWKLn a dHVLJn dRPaLn and 
PLnLPL]LnJ WKH aYHUaJH YaOXH RI WKH SULnFLSaO WHnVLOH VWUHVVHV Ln XnUHLnIRUFHd PaVRnU\�   

$ FORLVWHU YaXOW VXEMHFW WR VHYHUaO ORad FRPELnaWLRnV, ERWK VWaWLF and d\naPLF, KaV EHHn VWXd�
LHd Ln dHSWK� 7KH SURSRVHd PRdHO aSSOLHd Rn WKH 0LnLPXP 7HnVLRn 7KUXVW 6XUIaFH KaYH JLYHn 
WKH WHnVLOH VWUHVVHV VLJnLILFanWO\ VPaOOHU WKan WKaW REWaLnHd E\ PHanV RI WKH )(0 anaO\VLV Rn 
WKH PLdVXUIaFH RI WKH YaXOW� 7KH YXOnHUaEOH SRUWLRnV RI WKH YaXOW KaYH EHHn IRXnd E\ PHanV RI 
WKH SURSRVHd PRdHO and a VHOHFWLYH and RSWLPL]Hd )5&0 UHLnIRUFHPHnW KaV EHHn dHVLJnHd� 

7KH SURSRVHd aSSURaFK Pa\ UHSUHVHnW a XVHIXO WRRO WR HYaOXaWH WKH YXOnHUaELOLW\ RI H[LVWLnJ 
FXUYHd PaVRnU\ VWUXFWXUHV and WR dHVLJn RSWLPaO UHLnIRUFHPHnW SaWWHUnV�  

:H addUHVV IXWXUH H[WHnVLRnV RI WKH PHWKRdRORJ\ KHUH SURSRVHd WR VWUHnJWKHnLnJ WHFKnLTXHV 
LnYROYLnJ a OaUJH YaULHW\ RI FRPSRVLWH PaWHULaOV >��@�>��@� 
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