
! " # # $! %&' &%( )* # + )' , - # $. * / &- &%( )" 0)%1 $)* &. )# $%2 " . 3
&# )%1 $)4" , %1 $* 4%$. # )$ , . " 5$6
* )! " 7 5- $8)# $%2 " . 3 )* 55. " * ! 1 9

Fabio Lamanna (f  abio.lamanna@azzarelliproductions.net  )
Giovanni Longo (longo@dica.units.it)

: ;<=.
Department of Civil and Environmental Engineering.
University of Trieste.
Trieste, Italy.
Piazzale Europa 1. 34127 Trieste. Italy.
Tel. +390405583573/76
Fax +390405583580

1



! " #$%! &$

'( )*+,- )- *. / 0)1 )234 5678)( 7*9 3:; )155:312+)*3)1,: )( 7*9 3:; )<. 6( 7:1=,6,*0)9 ,66)=7)5:7- 7( *7/ >)'*

/ 7:,<7- ) ?:34 ) - 32,16@) ,( ?3:4 1*,3( ) 1( / ) =,363A,216) *+73:,7- ) 4 3/ ,?,7/ ) 1( / ) 1556,7/ ) 3( ) 1

*:1( - 53:*1*,3( )21- 7>)$+7)- 3. *+71- *7:( )B. :357)1,:)( 7*9 3:; )+1- )=77( )4 3/ 7667/ )1( / )1( 160- 7/

,( )*9 3)9 10- C)*+7)3( 7):761*7/ )9 ,*+)*+7)*35363A,216)- *:. 2*. :7)1( / )*+7)3( 7)23::761*7/ )9 ,*+)*:1<76

*,4 7- )1( / )?639 - )*+:3. A+)*+7)( 7*9 3:; >)%7- . 6*- )1:7)1=67)*3)?,( / )*+7)*367:1( 27):1*7)3?)*+7)- 0- *74

,( )21- 7)3?)?1,6. :7- )3:)/ 76,=7:1*7)1**12; - )1( / )*+7):761*,<7)4 3- *)2:,*,216)7674 7( *- )3?)*+7)( 7*9 3:; @

:761*7/ )=3*+)*3)*+7)- *:. 2*. :7)1( / )*3)*:1??,2),( ?3:4 1*,3( >)D3:73<7:@),*),- )53- - ,=67)*3)1( 160- 7

- 7<7:16)/ 7- ,A( )- 27( 1:,3- )*3)5:7/ ,2*)*+7,:):3=. - *( 7- - ),( )?. ( 2*,3( )3?)*+7)7- *,4 1*7/ )*:1??,2)?639>

E



! "#$%&' ()*+& $(%

! "#$%&'( ) #*+$, &- ) . &$) %&$) /$'0&$, 1+"&+'$'#2%+3) #'2'") %$+4+'&. +$"%$'0&$( ) #567$, &- 21+&$) /$'0&"#

- #1- "25$#) 5&$2%6$". 3) #'2%- &$') $'0&$6&8&5) 3. &%'$) /$2$- ) 1%'#49$! "#$'#2%+3) #'2'") %$%&'( ) #*+$2#&

#&+3) %+", 5&$) /$'0&$. ) , "5"'4$) /$. "55") %+$) /$32++&%: &#+$&8&#4$6247$- ) %%&- '"%: $'0&"#$+) - "25$2%6

&- ) %) . "- 25$"%'&#&+'+9$; ) #$'0&+&$#&2+) %+$'0&$+'164$) /$'0&$- ) %%&- '"8"'4$2%6$'0&$815%&#2, "5"'4$) /

+1- 0$%&'( ) #*+$02+$, &&%$25( 24+$'2*"%: $"%') $/"%&$2- - ) 1%'9$<0&#&/) #&7$') $3#) 8"6&$2$3) ( &#/15

+'164$) /$2%$2"#$%&'( ) #* $"%$255$) /$"'+$32#'+7$"+$/1%62. &%'25$') $1%6&#+'2%6$'0&$#) 5&$'02'$&8&%$2

5"' '5&$+"%: 5&$%) 6&$) #$- ) %%&- '") %$) /$2$%&'( ) #*$- ) 156$: "8&$"%$'0&$: 5) , 25$&- ) %) . 4$) /$'0&$+4+'&. 9

<0&$2, ) 8&$- ) %+"6&#2'") %+$%2'1#2554$/"'$( "'0$'0&$+3&- "25$"++1&$) /$'0&$=>) 1#%25$) /$<#2%+3) #'$2%6

?0"33"%: @7$- ) %- &#%"%: $'0&$"%'&: #2'")%$) / $'#2%+3) #' $%&'() #* $+4+'&. +$) /$'0&$+) 1'0&2+'&#%

A1#) 3&9$<0&$%&( $3#) 3) +&6$233#) 2- 0$( "55$: "8&$2$/1%62. &%'25$#) 5&$2' $'0&$2"#$'#2%+3) #'2'") %

. ) 6&$"%$'0&$: 5) , 25$2+3&- '$) /$'0&$%&'( ) #*$2%6$"'$( ) 156$, &$2, 5&$') $: "8&$2%+( &#+$') $&- ) %) . "- 7

+) - "25$2%6$&%8"#) %. &%'25$2+3&- '+B$. ) #&) 8&#7$'0&$2%254+"+$( "55$/) - 1+$) %$'0&$: 5) , 25$#) 5&$) /$'0&

C#&&*$2%6$<1#*"+0$2"#$%&'( ) #*+$"%$2$: 5) , 25$02#. ) %"+2'") %$/) #$'0&$, &%&/"'$) /$255$+"6&+9

<0&$52+'$6&- 26&$02+$( "'%&++&6$'0&$, "#'0$) /$2$%&( $. ) 8&. &%'$) /$"%'&#&+'$2%6$#&+&2#- 0$"%$'0&

+'164$) /$%&( $+4+'&. +7$'0&$- ) . 35&D$%&'( ) #*+7$"9&9$%&'( ) #*+$( 0) +&$+'#1- '1#&$"+$"##&: 152#7

- ) . 35&D$2%6$64%2. "- 2554$&8) 58"%: $"%$'". &9$<0"+$%&( $/"&56$) /$#&+&2#- 0$') 3"- +7$'#": : &#&6$, 4$'( )

/1%62. &%'25$323&#+$EF 2' '+$2%6$?'#) : 2'G$HI I JK$2%6$EL2#2, M+"$2%6$! 5, &#' $HI I I K7$"%- #&2+&6

'0&$"%'&#&+' $"%$23354"%: $%&( $- ) %- &3'+$) %$'0&$+'164$) /$'#2%+3) #'2'") %$%&'( ) #*+$1+"%: $, ) '0

! " #$$%&' ($) $2%6$! *#$+,-(++$%&'( ) #*$233#) 2- 09

<0&$#&+&2#- 0$) %$- ) . 35&D$%&'( ) #*+$, &: 1%$( "'0 $'0&$&//) #' $) /$6&/"%"%: $%&( $- ) %- &3'+$2%6

. &2+1#&+$') $- 02#2- '&#"+&$'0&$') 3) 5) : 4$) /$#&25$%&'( ) #*+9$<0&$. 2"%$#&+15'+$02+$, &&%$'0&

"6&%'"/"- 2'") %$) /$2$+&#"&+$) /$1%"/4"%: $3#"%- "35&+$'02'$- 02#2- '&#"+&$+) - "257$"%/) #. 2'") %7$, ") 5) : "- 25

+4+'&. +$EL2#2, M+"$NOONK9

P%54 $/&( $+'16"&+$028&$, &&%$6&8&5) 3&6 $+) $/2#$"%$) #6&#$') $23354 $'0"+$'0&) #4 $) %$2"#

'#2%+3) #'2'") %$- 2+&+9$! "#3) #' $%&'( ) #*+$028&$, &&%$- 02#2- '&#"+&6 $"%$'&#. +$) / $! " #$$%&' ($)

%&'( ) #*+7$. ) 6&55"%: $2%6 $6&/"%"%: $'0&$". 3) #'2%- &$) /$'0&$01, +$"%$'0&$&- ) %) . 4$) /$: 5) , 25

+'2, "5"'4$EC1". &#Q$&' $259$NOORK9$S ) #&$+'16"&+$028&$, &&%$6&8&5) 3&6$, 4$. &2%+$) /$- ) . 35&D

T



! " #$ %&' ( )%! )&" * +)* ,&)#&* ! ( - %&#* #,%! ). * ( " ( / )#%)" ( #,0 * #" )#1" ). %! ! " . #,2,#3)* ! 4 )#1" )- %( ( ,5+"

6&%$ ,! 6 )7- )%8)- * &#,. 7+* &)' ,! 4 )%8)- 1" ! %0 " ! * )+,' " )* 66&" 6* #,%! )* ! 4 )175( )9: * 6+" &); <<=>?

@%&" %2" &/ ) * )0 %4" +) $ * ( ) - &%- %( " 4 ) 8%&) #1" ) ,4" ! #,8,. * #,%! ) %8) $ " ,61#" 4 ) . %0 - +" A) ! " #$ %&'

- &%- " &#," ( /),! )%&4" &)#%)7! 4" &( #* ! 4)#1" )( #* #,( #,. * +)- &%- " &#," ( )%8)&" * +B$ %&+4)( 3( #" 0 ( )9: * &&* #)" #)* +

; <<C>?)D,! * ++3/)* ,&)! " #$ %&' )%8)E1,! * )$ * ( )* ! * +3( " 4)8%&),#( )#%- %+%63)* ! 4)#&* 88,. )43! * 0 ,. ( )9F,)* ! 4

E* ,); <<G>?)H! )" A#" ! 4" 4)4" 8,! ,#,%! )%8)#1" )! " #$$%&' ($) )- &%- " &#," ( )8%&)$ " ,61#" 4)! " #$ %&' ( )1* (

5" " ! ),! #&%47. " 4)9F* #%&* )* ! 4)@* &. 1,%&,); <<I >/ ),! )%&4" &)#%)" A* 0 ,! " ),8)* )! " #$ %&' ). %7+4)5"

. %! ( ,4" &" 4)" 88,. ," ! #),! )#" &0 ( )%8). * - * . ,#3)%8). 1* ! 6,! 6),! 8%&0 * #,%! )5" #$ " " ! )! %4" ( ?

J1,( )( #743)* ! * +3( " ( )#1" )* ,&)+,! ' )! " #$ %&' ( )%8)K&" " . " )* ! 4)J7&' " 3/)5%#1)+%. * ++3)* ! 4)&" +* #" 4)#%

#1" ,&)0 7#7* +),! #" &* . #,%! ( /)53)0 " * ! ( )%8)* ). %0 - +" A)! " #$ %&' )* - - &%* . 1L)#1" )+%. * +)- &%- " &#," ( )%8

#1" )* ,&). %! ! " . #,%! ( ). %7+4)1" +- )#%)5" ##" &)4" ( . &,5" )#1" )" 88,. ," ! . 3)&" +* #" 4)#%)#1" )#%- %+%63/)#&* 2" +

#,0 " ( )* ! 4)8&" M7" ! . 3)%8)8+,61#( ),! )#1" )$ 1%+" )* ,&)! " #$ %&' ?)@%&" %2" &/)* )0 %&" )6" ! " &* +)* - - &%* . 1

$ ,++)5" ),! #&%47. " 4/)#%)" 2* +7* #" )#1" )" 88,. ," ! . 3)%8)* )$ " ,61#" 4)* ,&)! " #$ %&' ),! ). * ( " )%8)0 ,( ( ,! 6

. %! ! " . #,%! (/)8* ,+7&" ()%&)* ##*.'() 9F* #%&* )* ! 4)@* &. 1,%&,); <<N>?

H#)#1" )5" 6,! ! ,! 6)%8)#1,( )- * - " &/)* )5&," 8)&" 2," $ )%8). %0 - +" A)! " #$ %&' ( )#1" %&," ( )* ! 4)0 " * ( 7&" ( )$ ,++

5" )- &" ( " ! #" 4?)H8#" &)#1* #/)* )&" 2," $ )%8)* )! " $ )0 " * ( 7&" )%8)" 88,. ," ! . 3)$ ,++),! #&%47. " )#1" )0 * ,! )- * &#

%8)#1,( )( #743O)#1" )* ! * +3( ,( )%! )27+! " &* 5,+,#3)* ! 4)" 88,. ," ! . 3)%8)#1" )K&" " ' )* ! 4)%8)#1" )J7&' ,( 1

* ,&- %&#)! " #$ %&' ( )* ! 4)#1" ,&)&" ( 7+#( ?)K" ! " &* +). %! . +7( ,%! ( )* ! 4)87&#1" &)&" ( " * &. 1),! 4,. * #,%! ( )$ ,++

. %0 - +" #" )#1,( )- * &#)%8)#1" )( #743?

! "#$ %& ' ( ) * #+ ) , - %. / 0

: 3)#1" )" ! 4)%8)#1" )P<Q( /)( " 2" &* +)( #74," ( )9R * ##( )I PPP>)#&," 4)#%)" 2* +7* #" )#1" ). %0 0 %! )- &%- " &#," (

#1* #). %7+4)#," )4,88" &" ! #)' ,! 4( )%8)! " #$ %&' ( ?)S#)1* ( )5" " ! )8%7! 4)#1* #)( %. ,* +),! #" &* . #,%! ( /)5,%+%6,. * +

- &%#" ,! ). %! ! " . #,%! ( / )#1" )$ %&+4)$ ,4" )$ " 5)* ! 4)%#1" &)#3- " ( )%8)! " #$ %&' ( )- &" ( " ! #)* +0 %( #)#1"

( * 0 " )- &%- " &#," ( )%8)5" ,! 6)" A#&" 0 " +3). +%( " 4)4" ( - ,#" )#1" ,&)* - - * &" ! #)&* ! 4%0 ! " ( ( )%&)4,( %&4" &

( #&7.#7&" ( ?)J1 ,( )8* .#)* ++%$ ( )#1" ( " )(3(#" 0 ( )#%)5" )2" &3)(#* 5+" /)* ! 4)- " &0 ,#()#%)" 2* +7* #")$1 " &"

* ! 4),! )$ 1,. 1). %! 4,#,%! ( )#1" )( 3( #" 0 ). %7+4)5" )* 5+" )%&)! %#)#%)* 5( %&5)8* ,+7&" ( )%&)8* 7+#( ?)H( )( * ,4),!

#1" )- &" 2,%7( )- * &* 6&* - 1/)#$ %)0 * ,! )0 %4" +( )%8). %0 - +" A)! " #$ %&' ( )* ##&* . #)#1" ),! #" &" ( #)%8)#1"

C



! " #$%&#'#" ( " ) * * +%#&, - ( &. $ ( '#/! &0( " 122$3 (!" #$$%&' ($) ( %$&4) /5!0( /$'2$" &!( 1 ( !,!&$ * ( 4. ) ! $

6/) 6$/&#$! (! &1, (#%(7$&4 $$%(&, 6#" 12(/1%3) * (1%3(/$8+21/(8/16. ! 9(:%(&. #! (! , ! &$* ! 0(&. $(3#! &1%"$!

7$&4 $$%(&4 ) (%) 3$! (1/$(; $/, (! . ) /&(3$! 6#&$(&. $(! #<$() ' (&. $(%$&4 ) /50(1%3(&. $, (1/$(; $/, (! &172$(&)

%) 3$() / ($38$('1#2+/$! 9(=. $(! $" ) %3(! &/+"&+/$0(" 122$3(! *#$+,-(++(%$&4 ) /50(#! (" . 1/1" &$/#! $3(7,

&. $(6/$! $%" $() ' (. +7! 0(#9$9(%) 3$! (. 1; #%8(1(; $/, (21/8$/(%+* 7$/() ' (" ) %%$" &#) %! (&. 1%(&. $() &. $/! 9

=. #! (* ) 3$20(! &/) %82, (/$21&$3(&) (1(&, 6#"12(1#/6) /&(! "$%1/#) 0(6/$3#"&! (&. $(/) 7+! &%$! ! () ' (! +" .

%$&4 ) /5! (&) (/1%3) * ('1#2+/$! 0(7+&(; $/, (; +2%$/172$(&) (&1/8$&$3(1&&1" 5! 9

:%(* 1&. $* 1&#" ! (>$989(? 1&&! (1%3(@&/) 81&<(ABBCD0(1(8$%$/#" (%$&4 ) /5(" 1%(7$(/$6/$! $%&$3(7, (1%

+%3#/$" &$3(>) /(3#/$" &$3D(8/16. (!(E(>. /0D " ) %! #! &! () ' (&4 ) (! $&! (. %1%3%01%=. $($2$* $%&! %) ' (. %2

345/%46/%111/%4. 7%1/$(&. $(%) 3$! () ' (&. $(8/16. (!0(4 . #2$(&. $($2$* $%&! () '(0%2%3$5/%$6/%111/%$. 7(1/$(#&! (2#%5!

>) /($38$! D9(=. $(%+* 7$/() '(%) 3$! (1%3($38$! (1/$(3$%) &$3(7, (. (1%3(80(/$! 6$"&#; $2, 9

F(" $%&/12(" ) %" $6&(#%(8/16. (&. $) /, (#! (&. $(/$1" . 17#2#&, () ' (&4 ) (3#''$/$%&(%) 3$! () ' (1(8/16. 9(:%('1"&

&4 ) (%) 3$! 0(&. $/$') /$(&4 ) (1#/6) /&! 0(&. 1&(1/$(%) &(13G1"$%&(1/$(/$1" . 172$() %$(1%) &. $/9(=. $(! )

"122$3(&#$9(' /) * (%) 3$(:%&) (%) 3$(;%#! (1%(12&$/%1&#%8(! $&() ' (%) 3$! (1%3($38$! (&. 1&(" ) %%$" &! (&. $

&4 ) (%) 3$! 9(H) /(&. #! (! &+3, I! (6+/6) ! $! 0(#&(#! (+! $'+2(&) (3$'#%$(1(<#=>0(4 . #" . (#! (1(4 125(#%(4 . #" . (%)

%) 3$(#! (; #! #&$3(* ) /$(&. 1%() %"$9(:%(&. $(1#/6) /&(%$&4 ) /5("1! $0(#&(4 #22(7$(+! $'+2(&) ($; 12+1&$(&. $

* 1J#* +* (%+* 7$/ () ' ('2#8. &(&. 1&(1(&/1; $22$/ (. 1! (&) (" . 1%8$(#%() /3$/ (&) (/$1" . (. #! (3$! &#%1&#) %9

K) /$) ; $/0(&. $(! >' (=+! =%<#=>(>) / (?+' ) +! :*D(#! (&. $(* #%#* 12(2$%8&. (7$&4 $$%(&4 ) (%) 3$! 0() /(&. $

! . ) /&$! &(4 1, (&. 1&(" ) %%$"&! (&4 ) (3#''$/$%&(1#/6) /&! (>#%(%+* 7$/() '('2#8. &(" . 1%8$! D9

F(8/16. ("1%(7$($J6/$! ! $3(7, (* $1%! () ' (#&! (13G1" $%" , (* 1&/#J(#>#:;D0(4 . ) ! $($2$* $%&! (&15$(&. $

; 12+$(A(#' (1%($38$(" ) %%$" &! (; $/&#" $! (:(1%3 (;0(L() &. $/4 #! $9(=. #! (#! (1(! , * * $&/#" (* 1&/#J(') /

+%3#/$" &$3(8/16. ! 0(4 . #" . (1/$ (&. ) ! $ (1%12, ! $3(#%(&. $(/$! &() ' (&. $(616$/9(F (8/16. ("1%(7$

4 $#8. &$30( #' ( &. $/$ ( 1/$ ( ! ) * $ ( * $1! +/$! ( 1! ! ) "#1&$3 ( 4 #&. ( &. $ ( 2#%5! M( #%( &. #! ( " 1! $ ( &. $

* 1&. $* 1&#"12(/$6/$! $%&1&#) %(%$$3() ' (1%) &. $/(* 1&/#J("122$3($>&:;D0(#%(4 . #" . ($; $/, (%) %N<$/) !

; 12+$(#! (&. $(" ) //$! 6) %3#%8(4 $#8. &() '(&. $($38$9

F'&$/ (3$'#%#%8(&. $(! &/+" &+/$(1%3(&. $(* 1#%(6/) 6$/&#$! () ' (1(" ) * 62$J(%$&4 ) /50(#&(#! (+! $'+2(&)

6/$! $%&( &. $ ( %+* $/#" 12( " . 1/1" &$/#! &#" ! ( ) ' ( &. #! ( &, 6$ ( ) ' ( ! , ! &$* 9( =. $/$ ( 1/$ ( ! ) * $ ( 71! #"

#%! &/+* $%&! (&) (7$($; 12+1&$3(#%() /3$/ (&) (" . 1/1" &$/#! $(&. $(" ) %%$" &#; #&, () ' (1%(1#/ (%$&4 ) /5-(&. $

O



! " #$%#$&'$$(%) * +, * %'$- ' $. $! /. %/* $%! 01 2$' %" 3%! " 4. /" - %35+&* /. %#$- 6' /+! &%" ' %6' ' +7+! &%6/%6!

6+' - " ' /8%/* $%. /' $! &/* %" 3%6%! " #$(%) * +, * %+. %/* $%, " ' ' $. - " ! #+! &%7650$%" 3%! " #$%#$&'$$%3" ' %) $+&* /$#

&'6- * 8%/* $%. * " ' /$. /%- 6/* %5$! &/* (%/* 6/%1 $6. 0'$. %/* $%1 +! +1 01 %! 01 2$'%" 3%35+&* /. %/* 6/%6%/'67$55$'

* 67$%/" %, * 6! &$%/" %'$6, * %" ! $%! " #$%" 3%/* $%! $/) " ' 9%3' " 1 %$7$' : %" /* $' %" ! $8%/* $%2$/) $$! ! $. .

, $! /' 65+/: (%/* 6/%, " ! . +#$' . %/* $%! 01 2$' %" 3%. * " ' /$. /%- 6/* . %- 6. . +! &%/* ' " 0&* %! " #$. 8%/* $%, 50. /$'+! &

, " $33+, +$! /%) * +, * %&+7$. %6 %1 $6. 0' $ %" 3%* " ) %/) " %6+' - " ' /. %, " ! ! $, /$# %/" %6! " /* $' %" ! $(%6'$

, " ! ! $, /$#%2$/) $$! %/* $1 %6. %) $55;

!"#"$%&'($)(*+((,$-.+(/*.0$1/'$)(*+(($)23.+245.2&/

<* $%#$&'$$(%" ' %, " ! ! $, /+7+/: (%" 3%6%! " #$%+. %#$3+! $#%6. %/* $%! 01 2$' %" 3%$#&$. %+! , +#$! /%) +/* %/* $

! " #$(%+! %/$'1 . %" 3%+/. %6#=6, $! , : %1 6/' +>?

! "! !
#" $

%"# ;

@" '%) $+&* /$#%&'6- * . %) $%, " 05#%#$3+! $%/* $%. /'$! &/* %" 3%$6, * %! " #$%! "%%6. %3" 55" ) . ?

&"! !
#" $

%"#' "# ;

<* $%1 " . /%26. +, %/" - " 5" &+, 65%, * 6' 6, /$' +. 6/+" ! %" 3%6%&'6- * %A %, 6! %2$%" 2/6+! $#%2: %+/. %#$&'$$

B. /'$! &/* C%#+. /' +20/+" ! %DB#C(%#$3+! $#%6. %/* $%- ' " 262+5+/: %/* 6/%6%! " #$%, * " . $! %0! +3" ' 1 5: %6/%'6! #" 1

* 6. %#$&'$$%#$%. /'$! &/* $! &'

!"!"$-0&+.(3.$61.0$7(/*.0$1/'$8(.9((//(33

E. %. 6+#%+! %/* $%- '$7+" 0. %- 6'6&'6- * . (%. * " ' /$. /%- 6/* %- 56: . %6%30! #61 $! /65%' " 5$%+! %/' 6! . - " ' /%6! #

, " 1 1 0! +, 6/+" ! %) +/* +! %6%! $/) " ' 9;%F/%+. %0. $305%/" %'$- ' $. $! /%655%/* $%. * " ' /$. /%- 6/* %5$! &/* . %" 3%6

&'6- * %:%6. %6%1 6/' +>%)%+! %) * +, * %/* $%$! /' : %( ")$+. %/* $%5$! &/* %" 3%/* $%&$" #$. +, %3' " 1 %! " #$%"%/" %)' $E

0. $305%1 $6. 0' $%" 3%/* $%/: - +, 65%. $- 6'6/+" ! %2$/) $$! %/) " %! " #$. %+. %/* $%. " %, 655$#%, * 6'6, /$' +. /+,

- 6/* %5$! &/* (%#$3+! $#%6. %/* $%1 $6! %" 3%. * " ' /$. /%- 6/* %5$! &/* %" 7$'%655%, " 0- 5$. %" 3%! " #$. ?

( ! !
$ #$ $ ! % !

") #" $ )"& #
* "# ;

F/%, 6! %2$%0. $305%1 $6. 0'+! &%/* $%2$/) $$! ! $. . %" 3%6%! " #$(%+;$;%/* $%! 01 2$' %" 3%. * " ' /$. /%- 6/* . %/* 6/

- 6. . %/* ' " 0&* %6%! " #$(%/" %$76506/$%! " /%" ! 5: %/* $%1 " . /%, " ! ! $, /$#%! " #$. (%20/%65. " %/* $%1 " . /

G



! " #$%&'()#($" %* +(, -(#. * / " %(, -(+0, %$" +$(1)+$&#! " +2

! "#"$%&' ( )* +,- .

30" (! '. +$" %)#4(! , " --)! )" #$()+(&($56)! &'(6%, 6" %$5(, -(! , ##" ! $" 1(#" $7 , %8+2(9$(* " &+. %" +(0, 7 ($7 ,

#, 1" +:(! , ##" ! $)#4($, (&($0)%1(, #" :(&%" (&'+, (! , ##" ! $" 1(" &! 0(, $0" %2(; , #+)1" %)#4(! "( ($0" (#. * / " %

, -(" 14" +()#(&(+. / 4%&60(/ ):($0" (', ! &'(! '. +$" %)#4(! , " --)! )" #$(#"()+(1" -)#" 1(&+($0" (%&$), (/ " $7 " " #(! "

&#1($"(<$"(=>?@A:($0" (* &B)* . * (#. * / " %(, -(" 14" +()#(/ )2

30" (! '. +$" %)#4(! , " --)! )" #$(, -(/ ()+(+, (1" -)#" 1C

! ! !

" !
#" "

$# :

&#1:(/ 5(1" -)#)$), #:(#"%%&#1(&(D&'. " +(4, (-%, * (E($, (>2

#"$0112%203 %4

30)+(* " &+. %" (0&+(/ " " #(1" D" ', 6" 1(<" 242(F&$, %&(&#1(G&%! 0), %)(AEEH?(&+(&(#&$. %&'(" B$" #+), #(, -

$0" (' ( ) **%+ , -*. (1" -)#)$), #(-, %($0" ($%&--)! (! &6&! )$5(, -(&(#" $7 , %82(I , %($0)+(+$. 15J+(6. %6, +" +:()$()+

. +" -. ' ( $, ( * , 1)-5 ( &#1 ( $, ( )* 6%, D" ( $0" ( , %)4)#&' ( * " &+. %" ( $, ( $&8" ( )#$, ( &! ! , . #$( * , %"

! 0&%&! $" %)+$)! +(, -($0" (&)%(#" $7 , %8:(&+(+. ! 0 (&+($%&D" ' ($)* " (&#1(-%" K. " #! 5(, # (&(7 " )40$" 1

#" $7 , %8:(&', #4(7 )$0($0" ($, 6, ', 4)! &' (+$%. ! $. %" 2(30" (" --)! )" #! 5(, -(&(#" $7 , %8(* " &+. %" +(0, 7

" --)! )" #$'5(&)%6, %$+(! &#(! 0&#4" ()#-, %* &$), #(<)2" 2(-%" K. " #! 5(, -(-')40$+?(&$(&(4)D" #(6%)! " (<)2" 2($%&D" '

$)* " :(-%, * (&(. +" %(6" %+6" ! $)D" :(, %(#. * / " %(, -(-')40$+(! 0&#4" +?2

%! !

" #" $ !% !
#&' " " &#& '

( )

* #'

2

9#($0" (6%" D), . +(-, %* . '&:(/ ( %%&%" ($0" (-%" K. " #! )" +(<)#($" %* +(, -(-')40$+@7 " " 8?(! &'! . '&$" 1(, #($0"

+0, %$" +$(6&$0(. "02(9$(! , #+)1" %+:()#($0" (-)%+$(! &+" :($0" (-%" K. " #! )" +(, -(-')40$+(! &'! . '&$" 1(. #1" %($0"

* )#)* . * ($%&D" ' ($)* " (6&$0+2(L#, $0" %(! &+" ($&8" +()#$, (&! ! , . #$(, #'5($0" (-%" K. " #! )" +(<-', 7 +?

* )#)* )+)#4($0" ($, 6, ', 4)! &'(1)+$&#! " +(/ " $7 " " #(#, 1" +(<#M(, -(-')40$(! 0&#4" +?2

N$&%$)#4(-%, * ($0" ()#-%&+$%. ! $. %" (1:($0" (%" +. '$)#4(#" $7 , %8(, / $&)#" 1(-%, * (&(4" #" %)! (056, $0" +)+(, -

-&)'. %" +(<" 242(* )++)#4 (! , ##" ! $), #+?(, %(&$$&! 8+(<" 242(#, 1" +(-&)'. %" ?(0&+(/ " " # (1" -)#" 1 (&+

OLGLPQ%<1:%?2(30" ()#1" B(-( )+(%" '&$" 1($, ($0" (4" #" %)! (" D" #$()#(! &+" (, -(&(1&* &4" (, -($0"

R



net$or'. T+e i-.ortance o1 ! in ter- o1 e11iciency +a3 4een de1ined a3 1o66o$37 $+ere " !i3 t+e

1unction re.re3entin9 t+e 3o ca66ed " #!$%!& ' ( ) # o1 t+e net$or':

! !
!

!
! ! " "# ! ! ! " # " $ %! " #$""

! ! " "
.

;y -ean3 o1  t+e3e -ea3ure37  in t+e  1o66o$in9 ana6y3i3  it  $i66  4e .o33i46e  to .redict  t+e

e11iciency o1 t+e 96o4a6 air 3y3te- under di11erent +y.ot+e3i3 o1 1ai6ure3 and attac' 3cenario3.

<oreover7 t+e 3a-e -ea3ure can 4e a..6ied to an >i-.rove-ent> ana6y3i37 con3iderin9 $+ic+

and +o$ -any 16i9+t3 3+ou6d 4e added at t+e net$or' to i-.rove it3 e11iciency.

" #!$%&!' () !* &$+ , ) - !. , / &0

T+e ana6y3i3 +ave 4een ta'en 1ir3t  6oca66y  on t+e  ?ree' and t+e Tur'i3+  net$or'37  t+en

con3iderin9 t+e- a3 a 3in96e +o-o9eneou3 air 3y3te-. T+e -ode63 o1 t+e air net$or'3 +ave

4een 4ui6t 4y -ean3 o1 a ne$ too67 ca66ed >ti-e@net.$or'> A$$$.ti-enet$or'.or9B7 deve6o.ed

4y  t+e  aut+or  4y -ean3  o1  <CTLC; and  * ) +' , # code7  $+ic+  a66o$ t+e  u3er to  4ui6t  a

-at+e-atica6 9ra.+ o1 node3 and ed9e37 ea3i6y eE.orta46e on di11erent 1or-at3 A.n$47 .net7

.9-6B on ot+er 1ree$are a..6ication3 o1 net$or' ana6y3i3 Are3.ective6y FG; Too67 HCIEK and

Led ?ra.+ Editor1B. Eac+ node +a3 4een connected $it+ eac+ ot+er 4y a 6in' re.re3entin9 a

nonN3to. 16i9+t 3ervice o.erated 4y t+e t$o nationa6 O6y-.ic and Tur'i3+ Cir6ine3. T+ere1ore7

ana6y3i3 +ave 4een conducted $it+ t+e +e6. o1 di11erent co-.6eE net$or' a69orit+-3.

" #1#!$23!4 5336!' 75!* 389 : 56

T+e Cir Fet$or' o1 ?reece +a3 9ot t+e 1unda-enta6 ro6e o1 4ui6din9 connection3 t+rou9+ it3

re9ion7 e3.ecia66y 4et$een -any Ce9ean i36and3 and t+e continent. Pn t+e 3u--erti-e t+e

9reat tra11ic de-and reQue3t3 a -aRor connection 3y3te- 4et$een touri3t3 area37 $+i6e in

ot+er -ont+3 it 3+ou6d re.6ace t+e 3ea 3ervice37 not a6$ay3 avai6a46e.

Pn t+i3 3tudy it +a3 4een con3idered t+e O6y-.ic Cir6ine3 net$or'7 $+ic+ i3 t+e 3tateNrun 16a9

carrier and t+e 6ar9e3t air6ine in ?reece. Pt o.erate3 3c+edu6ed 3ervice3 4ot+ to do-e3tic and

1 FG; Too6 i3 a re3earc+ .roRect o1 t+e Pndiana Univer3ity7 USC An$4.36i3.indiana.eduBU HCIEK i3 one
o1  t+e  -o3t  co--on  too6  1or  6ar9e  net$or'3  ana6y3i3  and  vi3ua6i3ation  Av6ado.1-1.uniN
6R.3iV.u4Vnet$or'3V.aRe'B7  $+i6e  Led i3  a  1ree$are Iava 9ra.+  editor7  .art  o1  t+e  yWi6e3  .roRect
A$$$.y$or'3.co-B.

X



!" #$" %&'( ) &%#* '!'&+,#- ) . #'!+#) &!/ " %0#- %'+&+#$%" 1 #!2&#!/ " #1 - ') #- '%3" %!+#" $#4!2&) +#5) !&%) - !'" ) - 6

4'%3" %!#7489 : #- ) . #82&++- 6" ) '0' #5) !&%) - !'" ) - 6#4'%3" %!#7; <= : #!" #- #+&!#" $#" !2&%#!2'%!>#1 ') " %

- '%3" %!+#" ) #- 66#" ?&%#!2&#%&( '" ) ,#') *6@. ') ( #A2" . &+#7A9 B:#- ) . #" !2&%#4&( &- ) #'+6- ) . +C

! "#"$%&' $%( )* +, &$- +)$. ' /0 1)*

82&#8@%0'+2#4'%#D&!/ " %0#'+#!2&#+&*" ) . #+>+!&1 #- ) - 6>+&. E#'!+#*6" +&) &++#!" #!2&#4&( &- ) #- %&-

1 - 0&+#'!#!2&#) - !@%- 6#3- %!) &%#" $#!2&#= %&&0#4'%#D&!/ " %0#!" #3%&. '* !#- #( 6" F- 6#- '%#F&2- ?'" @%#') #!2&

+" @!2&- +!&%) #G@%" 3&C#8@%0'+2#4 '%6') &+#'+#!2&#) - !'" ) - 6#- '%6') &#" $#8@%0&>#F- +&. #') #5+!- ) F@6C#5!

" 3&%- !&+#- #) &!/ " %0#" $#+*2&. @6&. #+&%?'*&+#!" #HI J#') !&%) - !'" ) - 6#- ) . #KL#. " 1 &+!'* #* '!'&+C#82&

- '%6') &M+#1 - ') #F- +&#'+#4!- !N%0#5) !&%) - !'" ) - 6#4 '%3" %!#75; 8:#') #5+!- ) F@6C#O!2&%#1 - ') #- '%3" %!+#') #!2&

%&( '" ) #- %&#4) 0- %- #5) !&%) - !'" ) - 6#4 '%3" %!#7G; P:#- ) . #5Q1 '%#74RP:C#82&#. " 1 &+!'*#8@%0'+2#4 '%6') &+

!'1 &!- F6&#2- +#F&&) #'1 36&1 &) !&. #') #!2&#$" 66" / ') ( #- ) - 6>+'+#!" #3%&. '* !,#- +#/ &66#- +#!2&#3%&?'" @+

= %&&0#" ) &,#( &) &%- 6#!" 3" 6" ( >#*2- %- * !&%'+!'*+#- ) . #*" 1 36&S#) &!/ " %0+#F&2- ?'" @%C

82&#" ) 6>#+*2&. @6&. #. '%&*!#$6'( 2!+#*" ) ) &* !') ( #= %&&*&#- ) . #8@%0&>#- %&#F&!/ &&) #4!2&) +#- ) .

5+!- ) F@6,#') #F" !2#. '%&*!'" ) C

2"$- $. 34 $- 556 7 - 8 9

5) #!2'+#+!@. >#- #) &/ #- 33%" - *2#" ) #- '%#) &!/ " %0#?@6) &%- F'6'!>#/ '66#F&#3%&+&) !&. C#5!#!- 0&+#') !"

- ** " @) !#. '$$&%&) !#1 - !2&1 - !'*- 6#( %- 32+,#') $%- +!%@*!@%- 6#6- >&%+#- ) . #+3- *&+#" $#+&%?'*&+C#= %- 32+

*- ) #F&#/ &'( 2!&. #" %#@) / &'( 2!&. ,#%&+3&*!'?&6>#'$#- !#&- *2#&. ( &#'+#- ++" *'- !&. #- #!%- ?&6#!'1 &#- ) .

$%&T@&) *>#1 &- +@%&#" %#) " !C#4#6- >&%#'+#. &$') &. #- +#- #) &!/ " %0#32>+'*- 66>#- F6&#!" #*" ) ) &* !#- 66#" $#'!+

3- %!+,#/ 2'6&#+3- *&+#- %&#%&3%&+&) !- !'" ) +#" $#!2&#+&%?'*&+#!2- !#*- ) #F&#+*2&. @6&. #" ) #- #+>+!&1 C

5) #!2'+#*- +&,#6- >&%+#*" ) +'+!#" $#!2&#= %&&0#- ) . #!2&#8@%0'+2#- '%#) &!/ " %0,#/ 2'6&#+3- *&+#*- ) #F&

. &$') &. #- +#U+!- !'" ) +V,#%&6- !&. #/ '!2#!2&#&$$&*!'?&#- '%3" %!#- '%#+&%?'*&+,#- ) . #U*2- ) ( &+V,#!- 0') ( #') !"

- ** " @) !#!2&#- 1 " @) !#" $#+!&3+#71 &- +@%&. #F>#) @1 F&%#" $#$6'( 2!+#*2- ) ( &+:#) &&. &. #!" #%&- *2#-

. &+!') - !'" ) C#5) #!2'+#3- %!'*@6- %#*- +&,#. @&#!" #!2&#- '%3" %!#) &!/ " %0#+!%@*!@%&,#F" !2#+3- *&+#- %&#!2&

+- 1 &,#F&*- @+&#!2&%&#- %&) M!#- ) >#$6'( 2!+#!2- !#M!%- ) +'!M#!2%" @( 2#- ) #- '%3" %!,#/ '!2" @!#+!" 33') ( C

82&#U!'1 &W) &!C/ " %0V#!" " 6#/ - +#- F6&#!" #F@'6!#!2&#6- >&%+#+*&) - %'" +#- ++" *'- !&. #/ '!2 #!2&#- '%

X



systems, in the space of services, and in both networks, weighted and unweighted. Results

will be visualised and analysed by means of the implemented complex networks algorithms

to  predict  the  vulnerability  of  the  system,  in  case  of  failures  or  deliberate  attacks,  both

infrastructural and related to services.

! "#$ %&' ( ) &

The networks connectivity (weighted and unweighted) about layers (Greece, Turkey and the

global system) and spaces is the first result obtained using the mathematical tool@ it was also

able to find several information about shortest paths, clustering, nodes degree and strength

distribution and betweenness centrality: this kind of analysis is fundamental to define the

relations between air network structure, services (travel time and frequencies) and the new

efficiency measure, in order to define the vulnerability and the possible improvements of the

system.

! "* "#&+,- . +- , / #012#3 411/ . +565+7

Air networks behaviours are obviously related with their structures@ shortest path length (L)

and clustering (C) measures are useful to predict how close they are, in terms of number of

flights  to  change  to  reach  a  destination.  This  is  the  so  called  ! " #$$%&' ($)  behaviour,

characterised by small values of L and high values of C. On the other side, the distribution of

the nodes degrees (and of the strength, for a weighted network) follows a Gpower lawG, due to

the presence of hubs. This is  the typical  behaviour of  ! *#$+,-(++ networks. As previously

reported,  !" #$$%&' ($)  and scale free networks are known to be very stable, despite under

different hypothesis of failures. The first are tolerant both to random and to targeted attacks,

while the second one are more vulnerable to selected failures over their hubs.

The structure  and connectivity  analysis  shows that  the  southeastern  air  network can be

considered both ! " #$$%&' ($)  because of the distances (in particular related to the global air

network) (Table 1), and ! *#$+,-(++ due to the node degree (and strength) distributions (Iigure

1).
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%- A3*H#D*LF3DH?, A*D#&2?#2&" 5

! "#"$%&'( ) *+, -' -./
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> A%B, A*! " #$ %&' *R*S- $ " HJF#" . *) &H#H?, A*TA" / " - #D
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Q[ W*R*Q1Y =Z EX1 94Z ; <
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\ X` *R*Q1Y =Z a Y` =Z <

\ bE*R*Q1Y ; Z Qc1 ; Z 6
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the relative drop of efficiency value due to their deletion from the network dynamics.

7lobal 9etwork : ;eighted Critical Elements ?Travel Time and AreBuenciesC

Crit. Edges ! DED Crit. 9odes ! DED 9ode Fegree

IST : ATJ KKL ATJ MNL OO

ESB : IST K2L IST RSL 2T

CJU : ATJ OTL ESB KSL VM

AWF : ATJ ORL JER OML O

MZ[ : ATJ ORL S\7 OTL R

Table O: Critical weighted elements. ;hen the distances are measured by travel time and weighted by
the freBuencies of flights, even small connected airports become important in the global flow dynamic
scenario.

7lobal 9etwork : ;eighted Critical Elements ?AreBuenciesC

Crit. Edges ! DED Crit. 9odes ! DED 9ode Fegree

IST : ATJ KKL ATJ _SL OO

CJU : ATJ RL IST _RL 2T

\`A a IST KL ESB _2L VM

IST a SbA KL A`T _VL M

AWF : ATJ OL AFA _NL T

Table  K:  Critical weighted elements.  In  this  last  case it  has  been analyse the vulnerability  of  the
elements maximising the freBuencies, and therefore the traffic flow, on the minimum shortest paths
?i.e. minimum number of flight changes on a pathC. As shown, the most critical edge is the one that
connects the 7reece and Turkey networks with the maximum flow, while the deletion of others have
got minimal impact on the system.

Table 2, Table O and Table K show the first five most critical elements of the global network, in

different approaches, and the relative drop of efficiency that their deletion would cause. It is

interesting to notice that there are not always the most connected nodes the ones that are

fundamental for the correct dynamics and traffic flow through the network.

!"#"$%ff'c'e*c+$a*-$./0r23e/e*45

The ddamagedd approach to network analysis may be used in the opposite way, to evaluate

which connections can improve the efficiency of the system and therefore its robustness. The

main reasons that lead an air network provider to insert a new connection in the systems are

obviously a travel demand reBuest and several economical constraints. In this last analysis it

is trying to link both the five most topological connected nodes to the five with highest values

of  betweenness ?in case they were  not yet connectedC,  in terms of traffic flow. The new

VO



to#olo%ical network will /e t0en 1attacked1 3Ta/le 56 to meas9re its tolerance. Res9lts s0ow

t0at t0e new network is ver= fa9lt tolerant to missin% connections? and more ro/9st in case of

air#ort fa9lts t0an corres#ondin% val9es s0own in 3Ta/le 46. T0is is onl= one of t0e #ossi/le

scenarios t0at co9ld /e model? in order to #rovide tolerance information of a new desi%ned

trans#ortation scenario.

Alo/al Besi%ned Network D Eei%0ted Fritical Elements 3FreI9encies6

Frit. Ed%es ! JKJ Frit. Nodes ! JKJ Node Be%ree

FLM D ATL 5O ATL 67O 33

STA D UVT 5O UVT 30O 27

UVT Y VZF 5O EV[ \O 1\

A^B D ATL 4O VSA 7O 5

BNZ Y UVT 4O LER 7O 3

Ta/le 5_ Besi%ned network critical elements. Takin% into acco9nt different new connections /ased on
de%ree and /etweenness? t0e most critical ed%es 0ave ver= low im#act on t0e %lo/al efficienc=. T0e
desi%ned network is ver= fa9lt tolerant to missin% connections. `oreover? d9e to t0e new connections?
t0e /asic link /etween At0ens 3ATL6 and Ustan/9l 3UVT6? lose its criticit=.

7. CONCLUSIONS

A com#lea  network  a##roac0  seems  to  /e  a  new  ri%0t  met0od  to  eval9ate  t=#ical  air

networks  #ro#erties  as  s9c0  as  connectivit=?  v9lnera/ilit=  and  09/s  efficienc=.  Fom#lea

network t0eories can 0el# t0e air service #rovider to define w0ic0 links and nodes are t0e

most v9lnera/le in case of fail9res or deli/erate attacks to t0e s=stem.

Res9lts s0owed t0at t0e nodes wit0 0i%0er de%ree are not alwa=s t0e most v9lnera/le? takin%

into acco9nt not onl= to#olo%ical information? /9t traffic flow as well. T0e anal=sis on different

kind of %lo/al networks connections allow t0e air network #rovider to #redict t0e f9nctionalit=

of w0ic0 elements 0ave to /e #reserved m9c0 more t0an t0e ot0ers? in order to %9arantee a

desired bevel cf Vervice.

Finall=? t0e #rodected tool is a/le to %ive several f9rt0er information a/o9t t0e tolerance of

new desi%ned s=stem? towards an o#timal  sol9tion  /etween travel  demand reI9ests and

infrastr9ct9ral constraints.
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