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ABSTRACT 
7KH SDSHU VXPPDUL]HV WKH VWXGLHV FRQGXFWHG RQ WKH PLOLWDU\ GU\ GRFN LQ WKH 3RUW 
RI 0HVVLQD �EXLOW LQ 1��1�� WR DVVHVV WKH VHLVPLF YXOQHUDELOLW\� 

)RU WKLV ZRUN ZDV FRQGXFWHG DQ DFFXUDWH UHVHDUFK RQ WKH KLVWRULFDO VRXUFHV RI 
7HFKQLFDO 2IILFH RI WKH ,WDOLDQ &LYLO (QJLQHHUV� WR NQRZ WKH FRQVWUXFWLRQ PHWKRGV� 
WKH RSHUDWLRQV PDGH DIWHU WKH HDUWKTXDNH RI 1�0� DQG WR LQFUHDVH WKH VL]H RQ 1�50� 

6WXGLHV KDYH LQFOXGHG WKH LPSOHPHQWDWLRQ RI D ILQLWH HOHPHQW PRGHO IRU VHLVPLF 
DQDO\VLV DQG ZLWK D VLPXODWLRQ RI FRQVWUXFWLRQ VWDJHV� 

7KH DQDO\VLV UHVXOWV DUH HYDOXDWHG DJDLQVW PDQGDWRU\ LWDOLDQ GHVLJQ FRGH WR 
DVVHVV WKH VHLVPLF YXOQHUDELOLW\ RI WKH VWUXFWXUH� 

Keywords� GU\ GRFN� VHLVPLF YXOQHUDELOLW\� HDUWKTXDNH� QXPHULFDO DQDO\VLV 

 

 

 
 

                                                      
 
 
1 3URIHVVRU ± 3ROLWHFQLFR GL 0LODQR� 'LUHFWRU RI &,6�( &RQVRUWLXP� 0LODQR� ,WDO\ 
2 3URIHVVRU ± 3ROLWHFQLFR GL 0LODQR� &,6�( &RQVRUWLXP� 0LODQR� ,WDO\ 
� 06F &LYLO (QJ� ±  &,6�( &RQVRUWLXP� 3ROLWHFQLFR GL 0LODQR� 0LODQR� ,WDO\ 
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1. INTRODUCTION 
7KH DUVHQDO LV GHILQHG DV D IHZ FRPSOH[ HVWDEOLVKPHQW RI PHFKDQLFDO DQG PDULQH 
SODQWV LQ RUGHU WR EXLOG� UHSDLU DQG PDLQWDLQ 1DY\ YHVVHOV� LQFOXGLQJ DOO WKH 
ZHDSRQV DQG HTXLSPHQW RZQHG� %HVLGHV LQFOXGLQJ SRUWV DQG GRFNV� D PDULWLPH 
DUVHQDO LQFOXGHV DOO VRUWV RI ZRUNVKRSV� H[SHULPHQWDO ODERUDWRULHV� ZDUHKRXVHV DQG 
RIILFH PDQDJHPHQW DQG DGPLQLVWUDWLRQ DV ZHOO� 7KH LGHD RI QDYDO DUVHQDO ZDV 
FRQFHSWXDOO\ ERUQ GXULQJ WKH $UDE SHULRG� SUREDEO\ DV D SURFHVV RI HYROYLQJ 
HQYLURQPHQW LQ ROG IRUPXODV GDWLQJ EDFN WR FODVVLFDO DQWLTXLW\� 

)URP WKH VL[WHHQWK FHQWXU\ DQG WR WKH SUHVHQW GD\� KLVWRULDQV� ZULWHUV� 
FKURQLFOHUV DQG VFKRODUV RI 0HVVLQD KDYH DOZD\V WDNHQ IRU JUDQWHG WKDW 0HVVLQD� 
VLQFH WKH EHJLQQLQJ RI LWV KLVWRU\� KDG D ODUJH DUVHQDO � �WKH PRVW LPSRUWDQW LQ WKH 
0HGLWHUUDQHDQ� � 7KLV WKHRU\ ZDV MXVWLILHG E\ PDQ\ UHVRXUFHV RI FLW\
V KLVWRU\� WKH 
FLW\ KDG D VWURQJ VHDIDULQJ DQG FRPPHUFLDO YRFDWLRQ DQG ZDV LQ WKH FHQWHU RI WKH 
PDLQ PDULWLPH WUDGH IRU D FRXSOH RI PLOOHQQLD� EHLQJ D FRPSXOVRU\ WUDQVLW SRLQW RQ 
WKH EXVLHVW URXWHV� 

7KHUH LV D JUDYLW\ W\SH GU\ GRFN LQVLGH WKH 0LOLWDU\� FDOOHG  ³%DFLQR LQ 
0XUDWXUD´� LQ XVH WRGD\  LQ  E\ WKH $JHQ]LD ,QGXVWULH 'LIHVD ³0LOLWDUVHQ´ RI 
0HVVLQD� $FFRUGLQJ WR WKH FKURQLFOH LW ZDV EXLOW E\ WKH *HQLR &LYLOH ZLWK PDQ\ 
GLIILFXOWLHV� 
$ FDPSDLJQ RI VXUYH\V FDUULHG RXW LQ 200� UHYHDOHG D VWUDWLJUDSKLF VHTXHQFH RI 
XQXVXDO KHWHURJHQHRXV PDWHULDO HOHPHQWV LQ WKH TXRLQ RI WKH LQWHUQDO GRFN� XVHG 
GXULQJ WKH UHDOL]DWLRQ SRVVLEO\ LQ RUGHU WR FRXQWHU ZDWHU DQG VOLPH LQILOWUDWLRQ 
HPHUJHG GXULQJ WKH H[FDYDWLRQ� 

7KH VWRQH FODGGLQJ �WKLFNQHVV DERXW �0 FP� UHVWV RQ D SR]]RODQLF FRQJORPHUDWH 
�DERXW �0 FP� FRQVWUXFWHG DV D ZDWHU LQILOWUDWLRQ EDUULHU RQ WKH EDVH VODE� 

7ZR URZV RI EULFNV IRXQG DORQJ WKH YHUWLFDO GLUHFWLRQ ZHUH XVHG DV D VXEEDVH 
IRU ILQLVKHG SDYLQJ  DQG IRU WKH IRXQGDWLRQ VODE �WKLFNQHVV RI DERXW ��00 P�� 7KH 
SR]]RODQLF PL[WXUH XVHG �OLPH� FUXVKHG VWRQH DQG SR]]RODQD� ZDV SRRU LQ 
SR]]RODQD DQG ULFK LQ OLPH� WKHUHIRUH XVHG DV D ELQGHU RI JUDYHO DQG RWKHU LQHUW 
PDWHULDO� 7KH REWDLQHG FRPSRVLWH WKDW GRHV QRW VKRZ LWV PHFKDQLFDO IDWLJXH 
UHVLVWDQFH DQG SURSHUWLHV DOORZV ZDWHU ILOWUDWLRQ FRPSURPLVLQJ WKH FRUUHFW 
H[HFXWLRQ RI WKH ZRUN� 7RGD\ WKLV DUHD VKRZV WKH VDPH SUREOHPV� 

7KLV VWUXFWXUH VXIIHUHG VHYHUH GDPDJH E\ WKH IDPRXV HDUWKTXDNH LQ 1�0�� ZLWK 
WKH QDWXUDO FRQVHTXHQFH RI LQDFWLYLW\ RI WKH EDVLQ XS WR 1�11� 

7KH QHZ VWUXFWXUH ZDV EXLOW DERXW 1��0 P RII�D[LV UHODWLYH WR WKH ILUVW RQH�   
7KH VODE ZDV LQYHVWLJDWHG LQ WKH 2005 FDPSDLJQ WKDW KLJKOLJKWHG WKH FRQVLVWHQF\ 
�WKLFNQHVV RI DERXW 5 P� DQG JRRG VWUXFWXUDO TXDOLW\� ,W UHVWV RQ D OD\HU RI VWRQHV 
YDU\ GHSHQGLQJ RQ D FRQFDYH VXUIDFH XSZDUG IURP 0��0 WR 1��0 P� 
7KH ZDOOV RI WKH ³QHZ UHVHUYRLU´ DUH FRYHUHG ZLWK EORFNV� SDFNHG ZLWK WKH QDWXUDO 
FRQJORPHUDWH �SRO\JHQLF FRQJORPHUDWH ± LQ VODQJ SXGGLQJ� IRXQG DQG UHPRYH 
GXULQJ WKH H[FDYDWLRQ XVLQJ PLQHV� 

7KH H[WHQVLRQ GRHV QRW KDYH H[KDXVW JDOOHULHV� ZKLFK DUH SUHVHQW LQ WKH VHFWLRQ 
RI �ROG GRFN��  EXW FRQWDLQV GUDLQV DQG SLSHV ODLG XQGHU WKH H[WUDGRV
VODE� 
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,Q 1���� WKH *HQLR &LYLOH UHDOL]HG WKH ODVW LPSRUWDQW UHLQIRUFHPHQW IRU WKH 
EDVLQ� 7KH DUHD RI WKH JDUJDPH ZDV FRYHUHG ZLWK SODWHV RI 15 PP ZLWK WLH EHDPV 
LQ WKH IURQW RI 1RUWK DQG 6RXWK LQSXW WKUHVKROG� 

 
 

2. HISTORICAL FRAMING 
7KH VHLVPLF YXOQHUDELOLW\ DVVHVVPHQW KDV EHHQ FDUULHG RXW RQ D PLOLWDU\ GU\ GRFN 
ORFDWHG LQVLGH WKH 0HVVLQD QDYDO VKLS\DUG� 7KH ILUVW EXLOGLQJ VWUXFWXUHV DQG WKH 
ILUVW DFWLYLWLHV GDWH IURP WKH URPDQ SHULRG DQG KDG D VWURQJ GHYHORSPHQW GXULQJ WKH 
$UDELDQ GRPLQDWLRQ LQ 6LFLO\� )URP WKH XUEDQLVWLF SRLQW RI YLHZ� WKH FRPSOH[ RI 
VWUXFWXUHV LV ORFDWHG LQ D ZHOO GHILQHG DUHD� GHWDFKHG IURP WKH FLW\� DQG LV SURYLGHG 
ZLWK VXLWDEOH GHIHQVLYH ZRUNV WR SURWHFW PLOLWDU\ DFWLYLWLHV�  

$V PLOLWDU\ VKLS\DUG� WKH GU\ GRFN FRQVWUXFWLRQ ZDV FDUULHG RXW IHZ \HDUV DIWHU 
7KH ,WDOLDQ 8QLILFDWLRQ� ,Q WKDW SHULRG WKHUH ZDV DQ LQFUHDVH LQ VL]H DQG WRQQDJH RI 
WKH VKLSV ± VXSSRUWHG ZLWK WKH XVH RI VWHHO WHFKQRORJLHV LQ WKH VKLS FRQVWUXFWLRQ 
DQG RI VWHDP HQJLQHV � DQG WKHUHIRUH WKH QHHG WR VHW XS D VXLWDEOH DUHD WR EH 
HTXLSSHG IRU WKH PDLQWHQDQFH RI PLOLWDU\ DQG PHUFKDQW VKLSV UDLVHG XS� 

6R &LYLO (QJLQHHUV RIILFHV SODQQHG WKH SURMHFW DQG WKH VWUXFWXUDO ZRUNV VWDUWHG 
RQ 1���� 2Q 1��� WKH GU\ GRFN FRQVWUXFWLRQ ZDV FRPSOHWHG�  

7KH GU\ GRFN� SODQQHG DV D ODUJH EDVLQ 10� P LQ OHQJWK DQG FRYHULQJ DQ DUHD RI  
21500 P2� ZRUNHG ZLWKRXW LQWHUUXSWLRQ XQWLO 1�0� ZKHQ WKH ZHOO NQRZQ 
HDUWKTXDNH RI 0HVVLQD GDPDJHG WKH VWUXFWXUH RI WKH GRFN FORVXUH GHYLFH� WKH GU\ 
GRFN ZDV IORRGHG DQG D VKLS WKDW ZDV  WKHUH LQ PDLQWHQDQFH VDQN� $IWHU UHVWRUDWLRQ 
DQG VDIHW\ ZRUNV� WKH GU\ GRFN VWDUWHG ZRUN DJDLQ RQ 1�12� 

$IWHU WKH 6HFRQG :RUOG :DU� ZLWK WKH GHYHORSPHQW RI QDWLRQDO HFRQRP\� ZLWK 
WKH LQFUHDVLQJ RI VKLS WUDIILF DQG WKH XVH RI ODUJH VL]H VKLSV� WKH QHHG WR HQODUJH WKH 
GU\�GRFN UDLVHG XS� 6R WKH GU\ GRFN KDYH EHHQ OHQJWKHQHG RI 50 P� 2Q 1�5� DOO 
FRQVWUXFWLRQ ZRUNV KDYH EHHQ FRQFOXGHG� 

 
2.1 The construction techniTue  
7KH GU\ GRFN LQ 0HVVLQD� QDPHG ³DW JUDYLW\´� LV RQH RI WKH ILUVW H[DPSOHV SODQQHG 
LQ ,WDO\ ZLWK WKLV NLQG RI WHFKQLTXH� 8QIRUWXQDWHO\ WKH RULJLQDO GRFXPHQWDWLRQ RI 
WKH GU\ GRFN SURMHFW GUDZQ XS E\ WKH WZR ZRUNHU GLUHFWRUV� )� 'DPLDQL DQG *� 
0HGLFL HQJLQHHUV� ZDV QRZKHUH WR EH IRXQG� 2QO\ D GHVFULSWLYH LQIRUPDWLRQ 
UHIHUUHG WR WKH REMHFW LW KDV EHHQ SRVVLEOH WR ILQG LQ WKH WH[W GUDZQ XS E\ JHQHUDO )� 
0DUWLQL IRFXVVHG RQ WKH ODWHVW FRQVWUXFWLRQ RI GU\ GRFN LQ WKH 9HQLFH QDYDO 
VKLS\DUG� 

7KH DYDLODEOH LQIRUPDWLRQ HYLGHQFHV WKDW WKH H[FDYDWLRQ� KDYLQJ VLGHV ZLWK D 
VORSH RI DERXW �5�� KDV EHHQ PDGH DSSO\LQJ RSHQ FXW WHFKQLTXHV� ([SORVLYHV ZHUH 
XVHG WR FXW WKH SRO\JHQLF FRQJORPHUDWH �SXGGLQJ�� ORFDWHG �0 FP EHORZ WKH JURXQG 
OHYHO� 

7KH IROORZLQJ FRQVWUXFWLRQ RI  WKH GU\ GRFN VWUXFWXUH� KDV EHHQ SUREDEO\ 
FDUULHG RXW XVLQJ D PRELOH EULGJH ZKHUH OLQHV ZHUH RYHUODSSHG WR SHUPLW WKH 
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PRYHPHQW RI WKH YHKLFOHV XVHG IRU FRQJORPHUDWH WUDQVSRUWDWLRQ �)LJXUH 1�� )LQDOO\� 
ILOOLQJ PDWHULDO ZDV XVHG WR ILOO XS WKH KROORZ VSDFH EHWZHHQ WKH VWUXFWXUH DQG WKH 
URFN� 

7KH ZDOOV DQG WKH EHG RI WKH GU\ GRFN KDYH EHHQ SUREDEO\ PDGH ZLWK 
SR]]RODQLF PDWHULDO� VDQG DQG JUDYHO DJJUHJDWHV� DGGLQJ K\GUDWHG OLPH DV ELQGHU 
PDWHULDO� 

 

 
)LJXUH 1� 6WUXFWXUDO VFKHPH RI D GU\ GRFN DQG WKH SURYLVLRQDO ZRUN QHFHVVDU\ IRU WKH 

UHDOL]DWLRQ SKDVH 
 
 
 
 

3. GEOLOGICAL AND GEOTECHNICAL FRAMING 
7KH DUHD� ZKHQ GU\ GRFN ZDV UHDOL]HG� LV FKDUDFWHUL]HG E\ D QDUURZ SHQLQVXOD 
ZKLFK VWDUW WR WKH FRVW RI DUFKLQJ LQ WKH VHD RII 0HVVLQD WKXV FUHDWLQJ D SURWHFWHG 
QDWXUDO GRFN IRU ODQGLQJ RI VKLSV �)LJXUH 2�� 7KH GHSRVLWV LQ WKLV DUHD ZHUH 
VXEMHFWHG DW GLIIHUHQW VXUYH\ FDPSDLJQV� HVSHFLDOO\ LQ UHFHQW \HDUV �6HSWHPEHU 
2005 DQG -XO\ 200��� LQ RUGHU WR JHW D SUHFLVH FKDUDFWHUL]DWLRQ RI WKH VXEVXUIDFH 
QHDU WKH GU\ GRFN� 
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)LJXUH 2� $HULDO YLHZ RI 0HVVLQD ZLWK WKH LGHQWLILFDWLRQ RI WKH SRUW �OHIW� DQG RI WKH GU\ 

GRFN ZLWKLQ WKH SRUW �ULJKW� 
 

2.2  In situ soil tests 
7KH VWXG\ RI VRLOV FKDUDFWHULVWLFV DURXQG GU\ GRFN ZDV FRQGXFWHG WKURXJK 
DSSURSULDWH SURVSHFWLRQV FDUULHG RXW QHDU WKH GRFN� :LWK UHIHUHQFH WR WKH 
FRQVWUXFWLRQ WHFKQLTXH GHVFULEHG DERYH� WKH LQYHVWLJDWHG DUHD LV DSSUR[LPDWHO\ 
LGHQWLILHG ZLWK WKH XSSHU EDFNILOOLQJ RI WKH VLGH ZDOOV RI GU\ GRFN� 
 

 
)LJXUH �� 'U\ 'RFN SODQLPHWU\ ZLWK WKH SRLQWV RI LQYHVWLJDWLRQV H[HFXWLRQ 

 
 
 

3DUWLFXODU\� LQ 2005 ZHUH SHUIRUPHG JHRSK\VLFDO SURVSHFWLRQV LQFOXGLQJ� 
 
� Q�2 HOHWULFDO UHVLVWLYLW\ WRPRJUDSKLHV IRU WRWDO OHQJWK RI 112�50 P� SODFHG 

LQ WKH OHIW VLGH RI WKH GU\ GRFN �ORRNLQJ IURP WKH VHD� IRU WKH YDOXDWLRQ RI DSSDUHQW 
UHVLVWLYLW\� 

� Q�1 VHLVPLF WRPRJUDSK\ SODFHG LQ WKH VDPH DUHD RI WKH HOHWULFDO WRPRJUDI\ 
IRU OHQJKW RI �5 P IRU WKH YDOXDWLRQ RI VHLVPLF ZDYH YHORFLW\� 

%HVLGHV WRPRJUDSKLHV ZHUH DOVR SHUIRUPHG Q�� PXG GULOOLQJV WR H[HFXWH 637 
�7DEOH 1�� 
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7DEOH 1� 637 UHVXOWV 

drilling 
depth N1 N2 N3 Nspt 

[m] [/] [/] [/] [/] 

SS2 1��50 10 � 11 20 

S3 1��50 � � � 12 

S4 ��50 � � � 12 

 
 

$IWHU� LQ 200�� ZHUH SHUIRUPHG RWKHU JHRORJLFDO� JHRSK\VLFDO DQG JHRWHFKQLFDO 
LQYHVWLJDWLRQV� 

 
x Q�2 GULOOLQJV RQH RI ZKLFK QHDU ORDGLQJ GRFN �661� DQG WKH RWKHU WR VXEVRLO 

LQYHVWLJDWLRQ LQ WKH ULJKW VLGH RI WKH GU\ GRFN �ORRNLQJ IURP WKH VHD�� 
x Q�1 0$6: RQ WKH IORRU RI GU\ GRFN IRU WKH DFTXLVLWLRQ RI VHLVPLF SURILOH� 
 
7KH LQYHVWLJDWLRQV DURXQG GU\ GRFN KDYH GHPRQVWUDWHG WKH DOWHUQDWLRQ RI WKUHH 

OLWKRORJLF XQLWV ZLWK GLIIHUHQW JHRPHFKDQLFDO FKDUDFWHULVWLFV� 
 
x EDFNILOO FRQVLVWLQJ RI VLOW\ VDQGV ZLWK JUDYHOV DQG DQWKURSLFDOO\ UHZRUNHG 

PDWHULDOV� 
x ILQH VDQGV DQG VLOWV� 
x JUDYHOV DQG FRDUVH VDQGV� 

 
 
 
2.3 In situ conglomerate tests 
7KH VWXG\ RI WKH FKDUDFWHULVWLFV RI FRQJORPHUDWH� ZLWK ZKLFK LW ZDV PDGH WKH GU\ 
GRFN� ZDV SHUIRUPHG GXULQJ WKH VDPH LQYHVWLJDWLRQV IRU WKH JHRPHFKDQLFDO 
FKDUDFWHUL]DWLRQ RI VRLOV� ,Q SDUWLFXODU KDYH EHHQ SHUIRUPHG 5 GUDZLQJV IURP ZKLFK 
WKH\ DUH VXEVHTXHQWO\ 15 WHVW SLHFHV� 7KH UHVXOWV DUH VKRZ LQ 7DEOH 2 ZKLOH LQ 
)LJXUH � DUH LGHQWLILHG WKH SRLQWV RI LQYHVWLJDWLRQV H[HFXWLRQ� 
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7DEOH 2� &RPSUHVVLRQ WHVWV UHVXOWV RQ FRQJORPHUDWH 

drilling 
Structural  

element 
n° drawings 

fopera, m fck 

[MPa] [MPa] 

CP1 )ORRU RI ³JDUJDPH´ � ��00 2�5� 

CP2 )ORRU RI ROG GRFN � ��50 1�'� 

CP3 )ORRU RI QHZ GRFN  � �0�20 2��5� 

CP4 2OG GRFN ZDOOV � �1�20 �0��� 

CP5 1HZ GRFN ZDOOV � 1���0 11��5 

 
)LJXUH �� 'U\ 'RFN SODQLPHWU\ ZLWK WKH SRLQWV RI LQYHVWLJDWLRQV H[HFXWLRQ 

 
 

4. NUMERICAL ANALYSIS  
7KH VWXG\ RQ WKH VHLVPLF EHKDYLRU RI WKH GU\ GRFN KDV EHHQ FDUULHG RXW� ERWK LQ 
VWDWLF DQG G\QDPLF FRQGLWLRQ� ZLWK WKH ILQLVKHG HOHPHQW DQDO\VLV� 
7KH SDUWLFXODU VKDSH RI WKH GU\ GRFN KDV DOORZHG WR WUHDW GHIRUPDWLRQV RI WKH %% 
DQG && VHFWLRQV �)LJXUH 5�� QDPHG ³ROG GU\ GRFN ³ DQG ³QHZ GU\ GRFN´ 
UHVSHFWLYHO\� LQ IODW FRQGLWLRQ� 2WKHUZLVH� WDNLQJ LQWR DFFRXQW WKH VXUURXQG DQG 
FKDUJH FRQGLWLRQV� WR WKH $$ VHFWLRQ� QDPHG ³gargame area´ D WULGLPHQVLRQDO 
PRGHO KDV EHHQ DSSOLHG�  

7KH %% VHFWLRQ� QDPHG ³ROG GU\ GRFN´� LV FKDUDFWHULVHG E\ WKH SUHVHQFH RI 
GUDLQDJH JDOOHULHV  
 

 
)LJXUH 5� 'U\ GRFN SODQLPHWU\� ZKHUH WKH PDLQ VWXGLHG VHFWLRQV DUH VKRZQ 
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6HFWLRQ &&� QDPHG ³QHZ GU\ GRFN´� WDNHV LQWR FRQVLGHUDWLRQ WKH GU\ GRFN 
OHQJWKHQLQJ FDUULHG RXW LQ WKH ILIWLHV� GXULQJ WKH ODVW FHQWXU\� 7KLV VHFWLRQ LV 
FKDUDFWHUL]HG E\ D IRXQGDWLRQ ZLWK D FRQFDYH XSZDUG VKDSH LQ WKH H[WUDGRV DQG E\ 
WKH DEVHQFH RI GUDLQDJH JDOOHULHV� 

6HFWLRQ $$� QDPHG ³JDUJDPH DUHD´� VKRZV WKH GU\ GRFN HQWUDQFH� 7KLV VHFWLRQ 
LV FKDUDFWHUL]HG E\ WKH DEVHQFH RI D EDFNLQJ DUFK� WR UHLQIRUFH WKH EHDWHQ VHDWV 
ZKHUH WKH VKLS�GRRU LV VFDUIHG� 7KH DEVHQFH RI WKLV EDFNLQJ DUFK� JHQHUDOO\ SUHVHQW 
LQ RWKHU GU\ GRFNV �DPRQJ WKHVH� WKH ³WZLQ´ LQ /D 6SH]LD�� LQGXFHV D KLJK VWUHVV RQ 
WKH IRXQGDWLRQ WKDW VKRZV VHYHUH VZHOOLQJV XQGHU WKH FORVXUH VLWH� 7R WHPSRUDULO\ 
VROYH WKH SUREOHP D QXPEHU RI FRQFUHWH EORFNV KDYH EHHQ SRVLWLRQHG RQ WKH 
IRXQGDWLRQ� 0RUHRYHU WKH ]RQH KDV EHHQ UHLQIRUFHG DSSO\LQJ VWHHO SODWHV DQFKRUHG 
ZLWK WLHV WR WKH VLGHV RI WKH GU\ GRFN� 

 

 
)LJXUH �� 6HFWLRQ %%� QDPHG ³ROG GU\ GRFN´ 

 
 

 
6HFWLRQ &&� QDPHG ³QHZ GU\ GRFN´� WDNHV LQWR FRQVLGHUDWLRQ WKH GU\ GRFN 

OHQJWKHQLQJ FDUULHG RXW LQ WKH ILIWLHV� GXULQJ WKH ODVW FHQWXU\� 7KLV VHFWLRQ LV 
FKDUDFWHUL]HG E\ D IRXQGDWLRQ ZLWK D FRQFDYH XSZDUG VKDSH LQ WKH H[WUDGRV DQG E\ 
WKH DEVHQFH RI GUDLQDJH JDOOHULHV� 

6HFWLRQ $$� QDPHG ³gargame area´� VKRZV WKH GU\ GRFN HQWUDQFH� 7KLV 
VHFWLRQ LV FKDUDFWHUL]HG E\ WKH DEVHQFH RI D EDFNLQJ DUFK� WR UHLQIRUFH WKH EHDWHQ 
VHDWV ZKHUH WKH VKLS�GRRU LV VFDUIHG� 7KH DEVHQFH RI WKLV EDFNLQJ DUFK� JHQHUDOO\ 
SUHVHQW LQ RWKHU GU\ GRFNV �DPRQJ WKHVH� WKH ³WZLQ´ LQ /D 6SH]LD�� LQGXFHV D KLJK 
VWUHVV RQ WKH IRXQGDWLRQ WKDW VKRZV VHYHUH VZHOOLQJV XQGHU WKH FORVXUH VLWH� 7R 
WHPSRUDULO\ VROYH WKH SUREOHP D QXPEHU RI FRQFUHWH EORFNV KDYH EHHQ SRVLWLRQHG 
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RQ WKH IRXQGDWLRQ� 0RUHRYHU WKH ]RQH KDV EHHQ UHLQIRUFHG DSSO\LQJ VWHHO SODWHV 
DQFKRUHG ZLWK WLHV WR WKH VLGHV RI WKH GU\ GRFN� 

 

 
)LJXUH �� 6HFWLRQ &&� QDPHG ³QHZ GU\ GRFN´ 

 
 

 
)LJXUH �� 6HFWLRQ $$� QDPHG ³JDUJDPH DUHD´ 

 
 

4.1 Acting loads 
 

7KH VWXG\ RI ORDGV DFWLQJ RQ WKH ERXQGDU\ LQYROYHV WKH DSSOLFDWLRQ RI� 
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x ORDG RQ WKH VTXDUH HTXDO WR �0 N1�P2� SUHVHQW LQ DOO WKH VHFWLRQ� GXH WR 
VKHGV DQG VWUXFWXUHV SUHVHQW DW WKH ERXQGDU\ RI WKH GU\ GRFN DQG WR WKH ZHLJKW RI 
WKH PDWHULDO XVHG GXULQJ PDLQWHQDQFH RI VKLSV� 

x ORDG GXH WR WKH SUHVHQFH RI D FUDQH RQ WKH ULJKW VKRXOGHU �ORRNLQJ IURP WKH 
VHD� WKDW PRYHV RQ WUDFNV �1�2 P OHQJWK� JDXJH � P� 12 P UDFH VWDUW IURP IURQW 
EXONKHDG�� 7KH ORDG HTXDO WR �0 N1�P2 KDV EHHQ GHWHUPLQHG DFFRUGLQJ WR WKH 
GUDZLQJV RI WKH VXSSOLHU� 

x /RDG GXH WR WKH VWDWLF SUHVVXUH GLVWULEXWHG RYHU WKH HQWLUH OHQJWK RI WKH GU\ 
GRFN H[HUWHG E\ WKH SUHVHQFH RI WKH VKLS� WKH FKDUJH LV WUDQVPLWWHG RQ WKH 
IRXQGDWLRQ IORRU E\ WKH GRFNLQJ EORFNV (HDFK RQH 1 P ODUJH�� DUUDQJHG DV LQ )LJXUH 
�� DQG IRU HDFK RI WKHP LV HTXDO WR 1�5 N1�P2� &RQVLGHULQJ � GRFNLQJ EORFNV� WKH 
WRWDO FKDUJH LQ WKH JHQHULF VHFWLRQ LV DERXW �00 N1�P2� 

x VHLVPLF ORDG GXH WR WKH SUHVHQFH RI WKH PDVV RI WKH VKLS� 
x RYHUORDG GXH WR WKH SUHVHQFH RI FRQFUHWH EORFNV LQ JDUJDPH DUHD �PRGHOHG 

DV SUHVVXUH ORDGV� ERWK VWDWLF DQG VHLVPLF�� )RU WKRVH EORFNV D PDVV HTXDO WR 2�00 
NJ�P� DQG 1 P KHLJKW ZDV FRQVLGHUHG� 

 
,W VKRXOG EH XQGHUOLQHG WKDW WKH ODWWHU ORDG ZDV DSSOLHG RQO\ WR HYDOXDWH WKH 

LPSURYHPHQW RI RSHUDWLRQDO FRQGLWLRQV DQG WR HYDOXDWH WKH EHQHILW PDGH LQ UHODWLRQ 
WR SUREOHPV RI VZHOOLQJ RI WKH ERDW�GRRU GHVFULEHG DERYH IRU WKH $$ VHFWLRQ� 

,Q DGGLWLRQ� DQ DTXLIHU ORFDWHG DSSUR[LPDWHO\ 1 PHWHU IURP JURXQG OHYHO� ZKLFK 
LV WKH IORRU RI WKH ZKDUI� ZDV FRQVLGHUHG� 

 

 
)LJXUH �� ([DPSOH RI GRFNLQJ EORFNV DUUDQJHPHQW   

 
4.2 Definition of mechanical specifications of ground and conglomerates 

 
��2�1 6WDWLF DQDO\VLV  

 
*HRORJLFDO VWXGLHV DQG LQYHVWLJDWLRQV FDUULHG RXW IRU  WKH Agenzia Industrie della 
Difesa (AID)� GHVFULEHG SUHYLRXVO\� KDYH OHG WR WKH GHILQLWLRQ RI WKH 
JHRPHFKDQLFDO FKDUDFWHULVWLFV RI VRLOV WR EH XVHG LQ VWDWLF DQDO\VLV� 7KH IROORZLQJ 
LV D VXPPDU\ WDEOH �7DEOH �� FRQWDLQLQJ DOO GDWD LQKHUHQW WKLV FKDUDFWHULVWLFV� 7DEOH 
� FRQWDLQ D GLIIHUHQW W\SRORJLHV RI VRLOV LGHQWLILHG LQ WKH VHFWLRQV WR EH XVHG IRU 
QXPHULFDO DQDO\VLV� 
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7DEOH �� *HRPHFKDQLFDO VSHFLILFDWLRQV RI VRLOV DURXQG GU\ GRFN EHIRUH DQG DIWHU WKH 
LPSOHPHQWDWLRQ� 

Soil Type 
J I� c E Q�

>N1�P�@ >�@ >N3D@ >03D@ >�@ 

Before the 

construction 

Polygenic conglomerate  

“pudding” 
1� �5 �50 250 0�0� 

After the 

construction 

Backfill 1� 22 0 2 0�� 

Fine sands and silts  1� �0 0 5�25 0� � 

Gravels and coarse sands 1� �� 0 ���� 0�� 

 
 

7DEOH �� 7\SRORJLHV RI VRLO LQ WKH VHFWLRQV DIWHU WKH GU\ GRFN FRQVWUXFWLRQ 
Soil Types Section AA Section BB Section CC 

Backfill   0� ± ���5 P  0� ���� P 0� ����5 P 

Fine sands and silts ± ���5 P� �15��0 P ���� P� ����5 P ����5 P�  �15�� P 

Gravels and coarse 

sands 

XQGHU ����5 P � �15�� P XQGHU 

 
7KURXJK WKH LQWHUSUHWDWLRQ RI WKH WHVWV SHUIRUPHG GXULQJ WKH VDPH JHRORJLFDO 

LQYHVWLJDWLRQV� KDV DOVR EHHQ SHUIRUPHG WR WKH FKDUDFWHUL]DWLRQ RI WKH 
FRQJORPHUDWHV ZLWK ZKLFK LW ZDV PDGH WKH VWUXFWXUH RI GU\ GRFN� 7KH PHFKDQLFDO 
VSHFLILFDWLRQV� WR EH XVHG IRU QXPHULFDO )(0 DQDO\VLV� DUH VXPPDUL]HG LQ 7DEOH 5� 

 
7DEOH 5� 0HFKDQLFDO VSHFLILFDWLRQV RI WKH FRQJORPHUDWHV ZKHQ ZKLFK ZDV PDGH WKH 

VWUXFWXUH RI GU\ GRFN� 

Conglomerates types 
J E Q�

>N1�P�@ >03D@ >�@ 

Floor of old dock 1� 10000 0�10 

Floor of new dock 2� �2000 0�15 

Old dock walls 2� ��000 0�15 

New dock walls 22 21000 0�15 
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4.2.2 Dynamic analysis 
 
7KH VHLVPLF FKDUDFWHUL]DWLRQ RI VRLOV DURXQG WKH GU\ GRFN ZDV SHUIRUPHG 

FRQVLGHULQJ WKH PRGXOXV RI HODVWLFLW\ DQG  WKH VKHDU PRGXOXV UHVXOWLQJ IURP WKH 
2KWD 	 *RWR¶V �1���� FRUUHODWLRQ ZLWK WKH 9V  �VKHDU ZDYH YHORFLW\� YDOXH DQG WKH 
UHVXOW RI 6WDQGDUG SHQHWUDWLRQ WHVWV �637�� 

 
 
9V &Â�1�0�0�1�Â�]� 0�2ÂIDÂIJ          >P�V@ 

 
 
ZKHUH� 
 
&   ���5 FRVWDQW 
 
1�0   1VSW
�(5��0�  (5��0   1�0�� 1�0   637 QXPEHU RI EORZV QRUPDOL]HG 

ZLWK UHVSHFW DQ HIILFLHQF\ HTXDO WR �0� 
 
]   GHSKW LQ P 
 
ID� IJ   FRUUHFWLYH IDFWRU WDNLQJ LQWR DFFRXQW WKH DJH RI IRUPDWLRQ DQG WKH 

LQIOXHQFH RI UDWH RI GHIRUPDWLRQ� 
 
7KURXJK  WKH YDOXH RI VKHDU ZDYH YHORFLW\ LV SRVVLEOH WR FDOFXODWH WKH VKHDU 

PRGXOXV ³*´ DQG WKH PRGXOXV RI HODVWLFLW\ ³(´� IRU G\QDPLF FRQGLWLRQV� ZKHUHDV� 
 
*   ȖÂ9V

2               >03D@ 
 
(G  2Â*Â�1�Ȟ�        >03D@ 
 
ZKHUH� 
 
Ȗ   WRWDO XQLW ZHLJKW� 
 
9V   VKHDU ZDYH YHORFLW\� 
Ȟ   3RLVVRQ¶V UDWLR� 
 
7KH UHVXOWV RI WKH DQDO\VLV DUH VKRZ LQ WKH IROORZLQJ WDEOH �7DEOH ��� 
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7DEOH �� 0RGXOXV RI HODVWLFLW\ DQG VKHDU PRGXOXV RI VRLOV XVHG GXULQJ VHLVPLF DQDO\VLV� 

Soil Type 
G G/3 E 

>03D@ >03D@ >03D@ 

Conglomerate ��� 2�� ��� 

Gravel �0 �0 �� 

Sand 55 1� �� 

Backfill after excavation �1 1� 2� 

Backfill before excavation 1� 5 1� 

 
 
6DPH PHWKRG ZDV DGDSWHG IRU WKH FKDUDFWHUL]DWLRQ RI FRQJORPHUDWHV RI WKH 

VWUXFWXUH� )RU WKHVH VWUXFWXUH KDV EHHQ DWWULEXWHG D YHORFLW\ VKHDU ZDYH HTXDO WR 
�000 P�V� SHUPLVVLEOH YDOXH IRU DQ DYHUDJH FRPSDFWHG FRQFUHWH �7DEOH ��� 

 
 

7DEOH �� 6KHDU ZDYH YHORFLW\� PRGXOXV RI HODVWLFLW\� VKHDU PRGXOXV RI FRQJORPHUDWHV XVHG 
WR DQDO\VLV DQG VXEVHTXHQW WHVWLQJ� 

Conglomerate Type 
Vs G G/3 E 

>P�V@ >03D@ >03D@ >03D@ 

Floor of old dock �000 1�51� 5505 12110 

Floor of new dock �000 2201� ���� 1���1 

Old dock walls �000 21101 �0�� 1�1�� 

New dock walls �000 201�� ��2� 15��� 

 
 

4.3 Definition of seismic input 
 

����1 5HVSRQVH VSHFWUXP DQDO\VLV 
 

7KH GHILQLWLRQ RI VHLVPLF LQSXW GHSHQGV RQ WKH LQWULQVLF FKDUDFWHULVWLFV RI WKH 
VWUXFWXUH WKDW LV� LWV VWUDWHJLF LPSRUWDQFH WKDW WKH VDPH DVVXPH IRU WKH DFWLYLWLHV IRU 
ZKLFK LW ZDV PDGH� )RU WKLV UHDVRQ� ZKHUHDV WKH VWUDWHJLF LPSRUWDQFH RI WKLV 
VWUXFWXUH ERWK LQ WKH FRQWHVW RI PLOLWDU\ DV ZHOO DV FLYLO� WKH GHILQLWLRQ RI UHVSRQVH 
VSHFWUXP �)LJXUH 10� SURYLGHV WKH XVH RI WKH SDUDPHWHUV VKRZ LQ 7DEOH �� 
 
 



�� 
 

 
 

7DEOH �� 5HVSRQVH VSHFWUXP SDUDPHWHUV� 
Stato Limite 6/& 

Vita nominale 91 >DQQL@ ! 100 

Classe d’uso >�@ >�@ ,,, 

Coefficiente d’uso &X >�@ 1�5 

Periodo di riferimento 95 >�@ 150 

Probabilità di superamento 395 >�@ 5 

Coefficiente topografico 6W >�@ 1�00 

Coefficiente stratigrafico 6V >�@ 0��2 

Accelerazione del sito DJ >1�J@ 0���5 

Accelerazione massima DPD[ >1�J@ 0���� 

Fattore di struttura T >�@ 1 

 
 

 
)LJXUH 10� 5HVSRQVH VSHFWUXP IRU WKH YHUWLFDO DQG KRUL]RQWDO FRPSRQHQWV 
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����2 6WHS E\ VWHS DQDO\VLV  
 

7KH VWXG\ RQ WKH VHLVPLF EHKDYLRU KDV DOVR EHHQ FDUULHG RXW ZLWK ³VWHS E\ VWHS´ 
DQDO\VLV� WKURXJK GLUHFW LQWHJUDWLRQ RI WKH HTXDWLRQ RI PRWLRQ LQ WLPH GRPDLQ DQG 
IRU WKH HQWLUH GXUDWLRQ RI WKH JURXQG PRWLRQ �20 VHF��� 7KH FKRLFH RI LQWHJUDWLQJ IRU 
WKH HQWLUH GXUDWLRQ RI WKH JURXQG PRWLRQ ZDV QHFHVVDU\ WR YHULI\ WKH EHKDYLRU RI 
WKH VWUXFWXUH XQGHU FRQVLGHUDWLRQ GXULQJ WKH ZKROH WLPH LQWHUYDO LQ TXHVWLRQ� 

5HJDUG WR JURXQG PRWLRQV XVHG LQ WKH DQDO\VLV� LV ZHOO WR VSHFLI\ WKDW WKHVH DUH 
JHQHUDWHG LQ DQ DXWRPDWLF� WKRXJKW DSSURSULDWH VRIWZDUH� LQ RUGHU WKH PHHW WKH 
UHJXODWRU\ FRPSOLDQFH UHTXLUHPHQWV IRU FKRVHQ UHVSRQVH VSHFWUXP DQG SUHYLRXVO\ 
UHSRUWHG �)LJXUH 10�� 

7KH DQDO\VLV ZDV FRQGXFWHG E\ FRPELQHG DSSOLFDWLRQ RI VSHFWUXP LQ WKH WKUHH 
SULQFLSDO GLUHFWLRQV WKURXJK WKH XVH RI PRUH WKH RQH VHW FRQVLVWLQJ RI WKUHH 
GLIIHUHQW JURXQG PRWLRQV� RQH IRU HDFK PDLQ GLUHFWLRQ� LQ RUGHU WR UHFRQVWUXFW WKH 
�' VWDWH RI VWUHVV� 

 
 

4.4 Results 
 

����1 6WDWLF DQDO\VLV 
 

7KH VWDWLF DQDO\VLV KDV VKRZQ WKDW WKH GU\�GRFN VWUXFWXUH KDV D FKDUDFWHULVWLF 
EHKDYLRXU VLPLODU WR D GRXEOH VXSSRUWLQJ ZDOO XQGHU ZDWHU�EHG� 

7KH VWUHVV FRQGLWLRQV RQ WKH VWUXFWXUH KDYH EHHQ HYDOXDWHG ZLWK ³WKH 
FRQVWUXFWLRQ VWDJH DQDO\VLV´ WDNLQJ LQWR FRQVLGHUDWLRQ DOO WKH PDLQ SKDVHV 
KLVWRULFDOO\ LQYROYHG LQ WKH GU\ GRFN FRQVWUXFWLRQ� 7KHVH VWHSV FDQ EH VXPPDUL]HG 
DV IROORZ� VWDUWLQJ FRQGLWLRQV� VWDUWLQJ H[FDYDWLRQ� HQGLQJ H[FDYDWLRQ� IRXQGDWLRQ 
IORRU H[HFXWLRQ� ZDOOV H[HFXWLRQ� EDFNILOOLQJ� VKLS SODFHPHQW� 

,Q WKH ODVW VWDJH RI WKH DQDO\VLV� WKH SUHVHQFH RI WKH VKLS LQ PDLQWHQDQFH KDV 
EHHQ VLPXODWHG ZLWK D ULJLG VWUXFWXUH VXSSRUWHG RQ WKH DFWXDOO\ XVHG WKUHH GRFNLQJ 
EORFNV� RI ZHOO GHILQHG VL]H DQG SRVLWLRQ� UHDOL]HG RQ WKH EHG RI WKH GU\ GRFN� 

 
 
AA section – “gargame area” 
 

7DNLQJ LQWR DFFRXQW WKH JHRPHWU\ DQG WKH FKDUJH FRQGLWLRQV� D �' PRGHO KDV EHHQ 
DSSOLHG WR WKLV VHFWLRQ �)LJXUH 11�� 7DEOH � VKRZV WKH REWDLQHG UHVXOWV DV VWUHVV 
FRQGLWLRQ DQG GLVSODFHPHQW� 7KHVH UHVXOWV HYLGHQFH WKDW� RQ WKH ORQJLWXGLQDO 
GLUHFWLRQ WR WKH GU\ GRFN �WKH ³]´ D[LV� LQ WKH SRLQW ³$´ RI FRQWDFW VHFWLRQ� WKH 
EHQGLQJ VWUHVVHV LQGXFH WHQVLOH VWUHVVHV RI DERXW 0�� 03D� 7KLV YDOXH LV YHU\ FORVH 
WR WKH PD[LPXP WHQVLOH VWUHVV RI WKH SR]]RODQLF FRQJORPHUDWH XVHG IRU WKH 
IRXQGDWLRQ IORRU� 7KH ORDG FRQGLWLRQ H[DPLQHG KHUH SURYLGHV IRU WKH DEVHQFH RI WKH 
VKLS� VLQFH WKLV DUHD LV DOZD\V OHIW IUHH IURP REVWUXFWLRQV IRU WKH ERDW � GRRU 



�� 
 

RSHQLQJ DQG WKH KDQGOLQJ RI VKLS  PDLQWHQDQFH PDWHULDOV� WKH DEVHQFH RI DQ\ 
FRXQWHUZHLJKW RQ WKH IRXQGDWLRQ IORRU DQG ZLWK \DUG ORDG � H[FHSWHG WKH FUDQH� 

&RQVLGHULQJ WKH VWDWH RI HIIRUW HYDOXDWHG LQ WKH SRLQW �%�� WKH LQWUDGRV RI WKH 
IRXQGDWLRQ IORRU� LW KDV FRQILUPDWLRQ RI EHQGLQJ VWUHVV HVWDEOLVKHG LQ WKH VHFWLRQ 
ZKLFK JHQHUDWHV D FRPSUHVVLRQ� DOEHLW YHU\ ORZ� 

$V UHJDUGV WKH VWDWXV RI VWUHVV LQ KRUL]RQWDO GLUHFWLRQ WUDQVYHUVH WR WKH GU\�
GRFN �WKH �[� D[LV�� WKH VWDWH RI VWUHVV LV VWLOO OLNHO\ WR JHQHUDWH D EHQGLQJ VWUHVV� 
VLPLODU WR WKDW REWDLQHG IRU VHFWLRQ %%� �ROG GRFN� ZKRVH UHVXOWV DUH UHSRUWHG LQ 
WKH IROORZLQJ SDUDJUDSK� 

,Q FRQFOXVLRQ� GHVSLWH PRVW RI WKH YROXPH RI FRQJORPHUDWH LQ WKLV DUHD RI WKH 
GU\�GRFN LV VXEMHFW WR ZLGHO\ DFFHSWDEOH FRPSUHVVLRQ VWUHVVHV� WKH IRXQGDWLRQ IORRU 
RI WKH JDUJDPH DUHD LV YHU\ GDPDJHG� VR FRQFUHWH EORFNV� DFWLQJ DV FRXQWHUZHLJKWV� 
KDYH EHHQ XVHG WR VWDELOL]H WKH EXOJH RI WKH IRXQGDWLRQ IORRU� 
 

 
)LJXUH 11� 6HFWLRQ $$� QDPHG JDUJDPH DUHD 

 
7DEOH �� 6WDWLF DQDO\VLV� 

Points 
without blocNs 

Dx Dy Dz ıxx ıyy ızz 
>PP@ >PP@ >PP@ >0SD@ >0SD@ >0SD@ 

A �0�0�� �1�022 ��255 0��10 �0�2�� �0�5�� 
B �0�0�� �2���0 0�0�0 �0���� �0��1� �0�20� 
C 0��50 ���5�1 2�2�� 0�2�� �0�0�1 �0��15 
D �0���� ���2�� 2�250 0�2�� �0�0�0 �0��0� 
E 0��50 �����0 ���2� �0�51� �0�1�5 �0�0�5 
F �1�2�� ���215 ���2� �0�0�5 �0�1�� �0�0�5 
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2WKHUZLVH� WKH SUREOHP GRHV QRW RFFXU RQ WKH VKRXOGHUV RI WKH GU\ GRFN ZKHUH� 
LQ UHFHQW \HDUV� KDV EHHQ UHLQIRUFHG DSSO\LQJ VWHHO SODWHV DQFKRUHG ZLWK WLHV WR WKH 
VWUXFWXUH 

 
Section BB – “old dry dock” 
 
6HFWLRQ %%� QDPHG ³ROG GU\�GRFN´� LV FKDUDFWHUL]HG ZLWK WKH SUHVHQFH RI WZR 

GUDLQDJH JDOOHULHV� )LJXUH 12 VKRZV WKH VWXGLHG VHFWLRQ DQG WKH SRLQWV ZKHUH 
GLVSODFHPHQW DQG VWUHVV VWDWH KDYH EHHQ GHWHUPLQHG� 7KHVH YDOXHV KDYH EHHQ OLVWHG 
LQ WDEOH 10� 

$V FDQ EH VHHQ IURP WDEOH 10� LQ GU\ GRFN FRQGLWLRQ �ZLWKRXW ZDWHU LQVLGH�� 
ZLWK WKH SUHVHQFH RI WKH OLIWLQJ IRUFH H[HUWHG E\ WKH DTXLIHU� RI WKH \DUG ORDG DQG RI 
WKH FUDQH EXW LQ WKH DEVHQFH RI WKH VKLS� WKH 6WDWH RI GHIRUPDWLRQ RI WKH GU\ GRFN 
JHQHUDWHV D VWDWH RI FRPSUHVVLRQ VWUHVV ERWK DW WKH LQWUDGRV WKDW DW H[WUDGRV� 
+RZHYHU YDOXHV DUH YHU\ GLIIHUHQW EHWZHHQ WKHP� WKLV PHDQV WKDW WKHUH LV D 
NLQHPDWLF VWDWH WKDW WHQGV WR FDXVH WKH ³RSHQLQJ´ RI WKH GU\ GRFN DQG WR GLVPLVV 
HDFK RWKHU SRLQWV �&� DQG �'�� 

 
 

 
)LJXUH 12� 6HFWLRQ %%� QDPHG ³ROG GU\ GRFN´ ZLWK WKH ORFDOL]DWLRQ RI WKH SRLQWV ZKHUH 

GLVSODFHPHQW DQG VWUHVV VWDWH �YDOXHV OLVWHG LQ WDEOH 10� KDYH EHHQ GHWHUPLQHG� ,W LV 
QHFHVVDU\ WR XQGHUOLQH WKDW WKH �%� SRLQW UHIHUV WR WKH H[WUDGRV RI WKH GU\�GRFN ZKLOH WKH 
SRLQW �*�� FRLQFLGHQWDO� UHIHUV WR WKH HQG RI H[FDYDWLRQ EHIRUH WKH IRXQGDWLRQ IORRU ZDV 
UHDOL]HG� 

 
 
2WKHUZLVH� WKH FRQGLWLRQ LQ ZKLFK WKHUH LV WKH VLPXOWDQHRXV SUHVHQFH RI WKH 

VKLS DQG RI DOO RWKHU ORDGV� LQGXFHV WKH UHEDODQFLQJ RI WKH NLQHPDWLF PHFKDQLVP 
GHVFULEHG DERYH ZLWK D VXEVLGHQFH PRYHPHQW RI DERXW 10 PP� 

7KH QXPHULFDO DQDO\VHV FDUULHG RXW FOHDUO\ GHPRQVWUDWH WKDW WKURXJKRXW WKH 
FRQJORPHUDWH RI WKLV VHFWLRQ RQO\ SXQFWXDO DQG PRGHVW WHQVLOH VWUHVVHV KDYH EHHQ 
HYLGHQFHG� 
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7DEOH 10� 6WDWLF DQDO\VLV� GLVSODFHPHQW DQG VWUHVV VWDWH YDOXHV GHWHUPLQHG LQ WKH PDLQ SRLQW 
RI VHFWLRQ %% ³ROG GU\ GRFN´� 

Points 
without ship 

Dx Dy Dxy ıxx ıyy 
>PP@ >PP@ >PP@ >N1�P2@ >N1�P2@ 

A 0�0 ���� ��� �2�5�5 ���� 
B 0�0 ���5 ��5 ��2��� �15��� 
C 1�� ��0 ��2 0�5 ���� 
D �1�0 ��� ��5 0�2 ���0 
E �0�5 ��5 ��5 �5��5 �10��� 
F 0�� ��1 ��1 �5��� �15��� 

G (end of 
excavation) 0�0 2�� 2�� ���1 �2�5 

with ship 
Dx Dy Dxy ıxx ıyy 

>PP@ >PP@ >PP@ >N1�P2@ >N1�P2@ 
A 0�0 �10�� 10�� ���1�� �����0 
B 0�0 �11�2 11�2 ���0 �2�0�0 
C �0�� �1�� 1�� 0�5 ���5 
D 1�2 �1�0 1�� 0�2 ���� 
E 0�� 2�5 2�� �51�� �115�� 
F �0�� 2�1 2�2 �52�� �11��� 

 
 
 
Section CC – “new dry dock” 
 

,Q WKH VHFWLRQ &&� QDPHG QHZ GU\ GRFN� ZKHUH GUDLQDJH JDOOHULHV DUH QRW SUHVHQW 
DV LQ WKH SUHYLRXV VHFWLRQ %%� LW LV SRVVLEOH WR QRWH KRZ WKH H[WUDGRV RI WKH VHFWLRQ 
&& KDV D FXUYHG VKDSH ZLWK XSZDUG FRQFDYLW\�  

7KH ILJXUH 1� VKRZV WKH VWXGLHG VHFWLRQ DQG WKH SRLQWV ZKHUH GLVSODFHPHQW 
DQG VWUHVV VWDWH KDYH EHHQ GHWHUPLQHG� 7KHVH YDOXHV KDYH EHHQ OLVWHG LQ WDEOH 11� 
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)LJXUH 1�� 6HFWLRQ &&� QDPHG ³QHZ GU\�GRFN´ ZLWK WKH ORFDOL]DWLRQ RI WKH SRLQWV 

ZKHUH GLVSODFHPHQW DQG VWUHVV VWDWH �YDOXHV OLVWHG LQ WDEOH 11� KDYH EHHQ GHWHUPLQHG� ,W LV 
QHFHVVDU\ WR XQGHUOLQH WKDW WKH �%� SRLQW UHIHUV WR WKH H[WUDGRV RI WKH GU\ GRFN ZKLOH WKH 
SRLQW �*�� WKDW KHUH LV QR FRLQFLGHV ZLWK �%�� UHIHUV WR WKH HQG RI H[FDYDWLRQ EHIRUH WKH 
IRXQGDWLRQ IORRU ZDV UHDOL]HG� 

 
 

7DEOH 11� 6WDWLF DQDO\VLV� GLVSODFHPHQW DQG VWUHVV VWDWH YDOXHV GHWHUPLQHG LQ WKH PDLQ SRLQW 
RI VHFWLRQ && ³QHZ GU\ GRFN´ 

Points 
without ship 

Dx Dy Dxy ıxx ıyy 
>PP@ >PP@ >PP@ >N1�P2@ >N1�P2@ 

A 0�0 �2��� 2��� ��5�1� ���10 
B 0�0 �2��5 2��5 �5����� �1�5��� 
C 2�1 �15�� 15�5 ���2 �2�2� 
D �1�� �1��� 15�1 2��� �2��2 
E �0�� �15�0 15�0 0��� �1���2� 
F 1�0 �15�� 15�� �2�0� �1�5��� 

G (end of 
excavation) 0�0 ��1 ��1 52�12 �2�51 

with ship 
Dx Dy Dxy ıxx ıyy 

>PP@ >PP@ >PP@ >N1�P2@ >N1�P2@ 
A 0�0 ���� ��� �125��� ��01�� 
B 0�0 ���5 10�2 1���� �221�� 
C �0�� ��2 ��2 1�� ���5 
D 0�5 ��� ��� 1�2 �5�0 
E 0�� ��� ��� �5��� ����5 
F �0�2 ��2 ��2 ��0�� ����� 
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$V FDQ EH VHHQ IURP WDEOH 11� LQ GU\ GRFN FRQGLWLRQ� ZLWKRXW ZDWHU DQG VKLS� 
WKH VWDWH RI GHIRUPDWLRQ RI WKH GU\�GRFN JHQHUDWHV D VWDWH RI FRPSUHVVLRQ VWUHVV DW 
WKH H[WUDGRV DQG WHQVLOH VWUHVV DW WKH LQWUDGRV� $OVR LQ WKLV VLWXDWLRQ NLQHPDWLF 
PRWLRQ WHQGV WR FDXVH WKH ³RSHQLQJ´ RI WKH GU\ GRFN DQG WR GLVPLVV HDFK RWKHU 
SRLQWV �&� DQG �'�� 7KLV VHFWLRQ VXIIHUV DQ H[SDQVLRQ PXFK PRUH SURQRXQFHG WKDQ 
WKH SUHYLRXV %% VR WR UHJLVWHU PDQ\ FUDFNV ERWK RQ WKH IORRU SODQ DQG RQ YHUWLFDO 
ZDOOV� 7KH FUDFNV DORQJ WKHVH ZDOOV DUH GLUHFWHG IURP WKH WRS GRZQ MXVW WR VLJQLI\ 
WKH SUHVHQFH RI GLIIHUHQWLDO PRYHPHQW EHWZHHQ WKH YDULRXV VHFWLRQV� FRQFHQWUDWHG 
PDLQO\ LQ WKH DUHD RI FRQWDFW EHWZHHQ WKH QHZ DQG WKH ROG GRFN� 

7KH FRQGLWLRQ LQ ZKLFK WKHUH LV WKH VLPXOWDQHRXV SUHVHQFH RI WKH VKLS DORQJ 
ZLWK DOO RWKHU ORDGV SUHVHQWV UH�EDODQFLQJ RI WKH NLQHPDWLF PRWLRQ GHVFULEHG 
DERYH� ZLWK D VXEVLGHQFH PRYHPHQW RI DERXW 20 PP� 7KLV GHSHQGV RQ WKH 
SUHVHQFH RI FXUYHG H[WUDGRV DQG ORDGV VSUHDG RYHU WKH WKUHH SRLQWV �SODFHPHQW RI 
WKH GRFNLQJ EORFNV�� ZKLFK UHGXFHV WKH \LHOG GLIIHUHQWLDOV EHWZHHQ WKH YDULRXV ORDG 
FRQGLWLRQV� 

 
����2 '\QDPLF DQDO\VLV� UHVSRQVH VSHFWUXP 

 
/LQHDU G\QDPLF DQDO\VLV ZLWK �UHVSRQVH VSHFWUXP� ZHUH SHUIRUPHG E\  FRPSRVLQJ 
WKH VSHFWUXP DORQJ WKH WUDQVYHUVH GLUHFWLRQ WR WKH VHFWLRQV ��[� D[LV� ZLWK WKDW 
DORQJ WKH YHUWLFDO D[LV �³\´ D[LV� DSSURSULDWHO\ VFDOHG� ,Q WKLV ZD\ WKH VHLVPLF 
VRXUFH IRUFLQJ KDV EHHQ GHILQHG DFFRUGLQJ WR WKH IROORZLQJ HTXDOLW\� 

 
(   �� ([ � 0��Â (\� 

 
7KH DQDO\VHV ZHUH FRQGXFWHG E\ KLJKOLJKWLQJ WKH GLIIHUHQW YLEUDWLRQ PRGHV RI 

WKH VWUXFWXUH ZKRVH YDOXHV RI YLEUDWLRQ SHULRGV DUH JLYHQ LQ WDEOH �WDEOH 12�� 7KHVH 
DQDO\VHV ZHUH SHUIRUPHG RQ WKH %% DQG && VHFWLRQ GHVFULEHG DERYH FRQVLGHULQJ 
WKH RQO\ VWUXFWXUH DQG LWV LWV VWDWH VWUHVV � VWUDLQ UHVXOWLQJ IURP FRQVWUXFWLRQ SKDVH� 

 
7DEOH 12� 9LEUDWLRQ FKDUDFWHULVWLF RI WKH PDLQ YLEUDWLRQ  

Mode 
SECTION BB SECTION CC 

>VHF@ >VHF@ 

1° 0�50 0��5 

2° 0��� 0��� 

3° 0�2� 0�2� 

4° 0�2� 0�25 

5° 0�2� 0�2� 

6° 0�2� 0�21 

7° 0�1� 0�1� 
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����� '\QDPLF DQDO\VLV � VWHS E\ VWHS 
 

7KH DQDO\VHV ZHUH SHUIRUPHG XVLQJ WKH FRPSOHWH LQWHJUDWLRQ LQ WKH WLPH GRPDLQ 
DQG IRU WKH HQWLUH GXUDWLRQ RI JURXQG PRWLRQ �20 VHF��� 7KLV DQDO\VLV LQYROYHG DOO 
WKUHH VHFWLRQV EHIRUH GHVFULEHG� 

$OVR LQ WKLV FDVH WKH VHLVPLF IRUFLQJ KDV EHHQ GHILQHG DV UHTXLUHG E\ 
OHJLVODWLRQ VXFK DV� 

 
(   �� ([  � 0��Â(\  � 0��Â(= � 

 
7DEOH 1�� $QDO\VLV �VWHS�E\�VWHS�� GLVSODFHPHQWV DQG VWUHVV VWDWH GLIIHUHQFH DULVLQJ IURP 

G\QDPLF DQDO\VLV �VWHS�E\�VWHS�� UHFRUGHG LQ WKH UHPDUNDEOH SRLQWV RI WKH VHFWLRQ $$� 

 

Points 
Section AA 

Dx  Dy  Dz  ȴʍxx  ȴʍyy  ȴʍzz 
[mm]  [mm]  [mm]  [kN/m2]  [kN/m2]  [kN/m2] 

A  ‐26.420  ‐1.560  ‐0.230  ‐61.000  ‐82.000  ‐24.000 
B  ‐26.090  ‐1.560  ‐0.160  56.000  ‐120.000  ‐36.000 
C  ‐28.370  ‐2.000  ‐0.230  561.000  9.000  ‐47.000 
D  ‐28.250  ‐2.080  ‐0.230  ‐569.000  ‐104.000  50.000 
E  ‐27.570  ‐2.520  ‐0.280  ‐47.000  ‐144.000  3.000 
F  ‐27.580  ‐2.430  ‐0.250  ‐40.000  148.000  3.000 

 
 
 

7DEOH 1�� $QDO\VLV �VWHS�E\�VWHS�� GLVSODFHPHQWV DQG VWUHVV VWDWH GLIIHUHQFH DULVLQJ IURP 
G\QDPLF DQDO\VLV �VWHS�E\�VWHS�� UHFRUGHG LQ WKH UHPDUNDEOH SRLQWV RI WKH VHFWLRQ %%� 

Points 
Section BB 

Dx Dy ǻıxx ǻıyy ǻıxy 
>PP@ >PP@ >N1�P2@ >N1�P2@ >N1�P2@ 

A 2� �15 1� 0 20 
B 2� �15 � 0 2� 
C �1 �15 �5 0 0 
D �1 �15 � � 0 
E 2� �15 5� �� 5� 
F 2� �1� �2 25 �0 
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7DEOH 15� $QDO\VLV �VWHS�E\�VWHS�� GLVSODFHPHQWV DQG VWUHVV VWDWH GLIIHUHQFH DULVLQJ IURP 
G\QDPLF DQDO\VLV �VWHS�E\�VWHS�� UHFRUGHG LQ WKH UHPDUNDEOH SRLQWV RI WKH VHFWLRQ &&� 

Points 
Section CC 

Dx Dy ǻıxx ǻıyy ǻıxy 
>PP@ >PP@ >N1�P2@ >N1�P2@ >N1�P2@ 

A 2� �15 1� 0 1� 
B 2� �15 �20 0 ��1 
C 2� �15 � 1 0 
D 2� �15 �� 1 0 
E 2� �15 2� 1� �� 
F 2� �15 �22 �21 �� 

 
 
7DEOHV 1�� 1� DQG 15 VKRZ WKH UHVXOWV GHWHFWHG DV D IXQFWLRQ RI WKH YDULDWLRQ RI 

WKH WLPH ZLWK WKH DQDO\VLV VWHS E\ VWHS LQ WKH PDLQ SRLQWV SUHYLRXVO\ LQGLFDWHG� 
,Q WKH DQDO\VLV RI WKH VHFWLRQV ZDV  LGHQWLILHG DV FULWLFDO WKH PD[LPXP VWUHVV�

VWUDLQ  IRXQG LQ WKH SRLQW ³$´ �LQWUDGRV RI WKH IRXQGDWLRQ SODQH�� WKDW LV LQGLFDWLYH 
IRU WKH EHKDYLRU RI WKH GU\�GRFN VHFWLRQ� 

$V LW LV HYLGHQFHG IURP WKH WDEOHV� DOO VHFWLRQV DUH VXEMHFW WR LQFUHPHQWV RI 
VWUHVV VWDWH RI GHIRUPDWLRQ ZLGHO\ FRPSDWLEOH ZLWK WKH VWUHVV VWDWH RI WKH VWUXFWXUH� 
VXFK DV WR EH LQFOXGHG LQ WKH XVXDO YDULDWLRQV UHVXOWLQJ IURP ORDGLQJ�XQORDGLQJ� 
F\FOHV WKDW RFFXU LQ HDFK GRFN DFWLYLW\� 

 
 

5.  CONCLUSIONS 
7KH UHVXOWV RI WKH DQDO\VLV VKRZHG WKDW� XQGHU VWDWLF FRQGLWLRQV� WKH GU\�GRFN 
VWUXFWXUH LV DEOH WR SURYLGH WKH QHFHVVDU\ VHFXULW\ IRU GDLO\ RSHUDWLRQV� +RZHYHU� 
WKLV VHFXULW\ FDQ QRW EH JXDUDQWHHG IRU D ORQJ WLPH EHFDXVH RI SRRU GXUDELOLW\ RI 
PDWHULDOV� GXH WR ERWK WKH �ROGQHVV� RI WKH VDPH WKDW WKH KLJK QXPEHU RI F\FOLF 
VWUHVV ORDGLQJ�XQORDGLQJ�UHORDGLQJ WR ZKLFK WKH VWUXFWXUH LV VXEMHFW GXULQJ QRUPDO 
DFWLYLW\ RI WKH GU\ GRFN� 

7KLV LV WUXH IRU WKH VWUXFWXUHV RI WKH IRXQGDWLRQ IORRU ERWK WKH ROG DQG� PDLQO\� 
WKH QHZ GU\ GRFN� DOVR SD\LQJ SDUWLFXODU DWWHQWLRQ WR WKH DUHD RI JDUJDPH QHDU WKH 
ERDW�GRRU� 

0RUHRYHU WKHUH LV WKH SUREOHP RI WKH ZDOOV� KLJKOLJKWHG E\ WKH FRPSDULVRQ 
EHWZHHQ WKH UHVXOWV RI WKH DQDO\VLV RI WKH GLIIHUHQW VHFWLRQV DQDO\]HG� IURP ZKLFK 
HPHUJH FOHDU WKH GLIIHUHQWLDO VKLIWV WKDW RFFXU EHWZHHQ WKH GLIIHUHQW VHFWLRQV RI WKH 
VWUXFWXUH� 

/RRNLQJ FDUHIXOO\ DW WKH GLIIHUHQW VWXGLHG VHFWLRQV� WKH DUHD RI  ³ROG GU\ GRFN´ 
SUHVHQWV D VWDWH RI VWUHVV ODUJHO\ FRPSDWLEOH ZLWK WKH YDOXHV RI VWUHQJWK RI 
PDWHULDOV� ,Q FRQWUDVW� WKH VWUXFWXUH RI WKH �QHZ GU\ GRFN� SUHVHQWV D JUHDWHU VWDWH 



5� 
 

RI VWUHVV WKDW RQ VLWH KDV EHHQ HYLGHQFHG E\ WKH SUHVHQFH RI FUDFNV DQG WKH 
FRQVHTXHQW ZDWHU VHHSLQJ LQVLGH� 

$V VHLVPLF FRQGLWLRQV� LW LV QHFHVVDU\ WR SRLQW RXW WKDW WKH SUHVHQFH RI WKH VKLS 
ZLWKLQ WKH GU\ GRFN LV� WDNLQJ LQWR DFFRXQW WKH WHFKQLTXH RI SRVLWLRQLQJ DQG LQ WKH 
OLJKW RI SUHYLRXV H[SHULHQFH �HDUWKTXDNH RI 1�0��� D VRXUFH RI LQVWDELOLW\� 

7KLV VWDWHPHQW FRPHV IURP D UHIOHFWLRQ RQ WKH JHQHUDO FRQGLWLRQV RI VKLSV DQG 
LW LV QRW UHODWHG WR WKH VSHFLILF FDVH RI WKLV GU\ GRFN� ZKHUH WKH VWDELOLW\ RI WKH LQ 
VWDWLF FRQGLWLRQV LV SXUVXHG� 

$ERXW WKH VWUXFWXUH� WKH UHVXOWLQJ �VWUHVV� VWDWH QRW VKRZV H[FHVVLYH VWUHVV 
FRQFHQWUDWLRQV� 

,Q VKRUW� WKH FXUUHQW FRQGLWLRQ RI WKH GU\�GRFN DUH QRW VXFK DV WR DIIHFW 
LPPHGLDWH XVH� +RZHYHU� WKLV FRQGLWLRQ FDQQRW EH JXDUDQWHHG IRU D ORQJ SHULRG LI 
QRW UHVWUXFWXULQJ RSHUDWLRQV ZLOO EH FDUULHG RXW RQ ZHOO�LGHQWLILHG DUHDV WR UHPRYH 
WKH VKRUWFRPLQJV RI WKH SUHVHQW PDWHULDOV� 
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