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'�pvwD G=D |q=@ QO Owo |x@r� X = 0Cr=L xU u}@ u}tR K]U
w �pvwD G=D R= pvwD Q]k hYv |xrY=i QO Owo |x@r� X = 0 5D

ZQa 'Owo w pvwD h=Q]= |Q}tN \=kv `} RwD QO "Ci=} Oy=wN Vy=m
|D=Q}}eD 'Owo ZQa C=Q}}eD |OQ=wt QO \ki w OQ=Ov |v=OvJ Q}F-=D Owo
4 |=ypmW "Ovm|t O=H}= Owo xQ=w}O h=Q]= |Q}tN \=kv `} RwD QO
"OvyO|t u=Wv Owo ZQa Q}}eD =@ =Q hrDNt |=yQDt=Q=B C=Q}}eD 6 =D

Owo jta QF= |UQQ@ "2
V}=Ri= Owo |xQ=w}O |xv}W}@ |ki= u=mtQ}}eD 'Owo jta V}=Ri= =@
Owo |xQ=w}O |xv}W}@ |ki= |=ypmWQ}}eD Q=Owtv 7 pmW QO "O@=}|t
"OwW|t xOy=Wt Owo hrDNt |=yZQa |=Q@ Owo jta x@ C@Uv
=@ w xOw@ QDt 9 jta =D C=Q}}eD MQv OwW|t x_Lqt xm Qw]u=ty
=D wO OwOL =ypmWQ}}eD Q=Okt QDt 12 x@ QDt 9 R= Owo jta V}=Ri=

"O@=}|t V}=Ri= Q@=Q@ xU
G=D |q=@ QO Owo |x@r xm |Dr=L QO xm O};|tQ@ u}vJ G}=Dv R=
=@ 'OW=@ xDiQo Q=Qk pvwD G=D R= pvwD Q]k hYv |xrY=i QO =} 'pvwD
G=D |q=@ QO u}tR K]U CUWv QDt 9 x@ QDt 3 R= Owo jta V}=Ri=
uDiQo Q_v QO =@ ẁ[wt u}= x}HwD OUQ|t Q_v x@ "O@=}|t Vy=m pvwD
V}=Ri= =@ "CU= Q}PBu=mt= u}at pw] w `=iDQ= =@ |Q}D CQwYx@ Owo
"OwW|t pY=L |QDlJwm |=ypmWQ}}eD QwmPt Q}D |WtN |DNU
*V}=Ri= Cra "O@=}|t V}=Ri= CUWv Q=Okt 'Owo jta QDW}@ V}=Ri= =@
|m}ORv |xrY=i QO QDt 12 jtax@ Owo Q=w}O |=B uOW `k=w 'CUWv
CUWv V}=Ri= Ea=@ pvwD G=D CUWv xm CU= pvwD G=D |q=@ QO
Q]k hYv |xrY=i QO u}tR K]U CUWv u; `@Dx@ w xOW Owo |x@r
R= Owo |x@r |xrY=i xm |Dr=L QO "O@=}|t V}=Ri= Owo |x@r R= pvwD
x@ QDt 3 R= Owo jta V}=Ri= =@ 'OW=@ pvwD Q]k hYv R= V}@ pvwD G=D
V}=Ri= =@ w xDi=} Vy=m pvwD G=D |q=@ QO u}tR K]U CUWv QDt 9

"Ov=t|t C@=F ,=@} QkD CUWv Q=Okt Owo jta QDW}@
pvwD G=D R= Owo |x@r pY=wi s=tD |=Q@ Owo |x@r CUWv C=Q}}eD
9 x@ QDt 3 R= Owo jta V}=Ri= =@ xm OyO|t u=Wv G}=Dv "CU= x@=Wt
Q=Okt 'Owo jta QDW}@ V}=Ri= =@ w xDi=} Vy=m Owo |x@r CUWv QDt
=@ pvwD |}=yv |xOvQ=Oxov |xv}W}@ pmWQ}}eD "O@=}|t V}=Ri= CUWv

"O@=}|t Vy=m Owo jta V}=Ri=
Owo w pvwD h=Q]= |Q}tN \=kv `} RwD QO |QF-wt pt=a Owo jta
QO |Q}tN \=kv Owo jta V}=Ri= =@ xm OyO|t u=Wv G}=Dv "CU=
pvwD h=Q]= |Q}tN \=kv O=OaD p@=kt QO w O@=}|t V}=Ri= Owo h=Q]=
hrDNt |=yQDt=Q=B C=Q}}eD 11 =D 8 |=ypmW "Ci=} Oy=wN Vy=m

"OvyO|t u=Wv Owo jta Q}}eD =@ =Q
pvwD G=D R= Owo x@r xrY=i QF= |UQQ@ "3

|xv}W}@ |ki= pmWQ}}eD 'pvwD G=D R= Owo |x@r |xrY=i V}=Ri= =@
|x@r CUWv 'pvwD G=D |q=@ QO u}tR K]U CUWv 'Owo |xQ=w}O
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""" w |QyW jtasm |=ypvwD |Q=iL p@=kDt Q}F-=D |UQQ@

pvwD Q]k Q@=Q@ wO w (1 5D) pvwD Q]k Q@=Q@ s}v w l} '(1D) pvwD Q]k
V}=Ri= =@ xm OvyO|t u=Wv G}=Dv "Ov=l}ORv Qo}Om} x@ Q=}U@ (2D)

|x@r CUWv u=R}t Q@ xrY=i Q}F-=D 'pvwD Q]k Q@=Q@ wO |xR=Ov=x@ xrY=i
9 jtax@ |}=yOwo QO QDt=Q=B u}= Q}F-=D u} QDW}@ "OwQ|tv u}@ R= Owo
'hqDN= Q]kl} x@ Q]ks}v R= xrY=i V}=Ri= =@ xm CU= QDt 12 w
O=OaD |xrY=i V}=Ri= =@ "OUQ|t OYQO 50 x@ Owo |x@r CUWv
Vy=m 'Owo w pvwD h=Q]= QO |Q}tN |xk]vt|oOQDUo w |Q}tN \=kv
Q}}eD QF=Q@ =Q hrDNt |=yQDt=Q=B C=Q}}eD 15 =D 12 |=ypmW "O@=}|t

"OvyO|t u=Wv Owo jta
pvwD |xQ=@wQ jta QF= |UQQ@ "4

'(x = 0) OW=@ xOW `k=w pvwD G=D |q=@ QO Owo |x@r xm |Dr=L QO
'Owo |xQ=w}O |xv}W}@ |ki= u=mt Q}}eD 'pvwD |xQ=@ wQ jta Vy=m =@
V}=Ri= Owo |x@r CUWv w pvwD G=D |q=@ QO u}tR K]U CUWv
|xQ=w}O uOW`k=w w xQ=@ wQ jta Vy=m =@ xm CU= u}= Cra "O@=}|t
Ea=@ pvwD |=QH= w |Q=iL 'pvwD G=D |q=@ QO |m}ORv |xrY=i QO Owo
\}Lt QO QDnQR@ |=ypmWQ}}eD O=H}= w Owo h=Q]= l =N |}=Hx@=H
pvwD G=D |q=@ QO Owo |x@r xJv=vJ Cq=L Q}=U QO "OwW|t h=Q]=
|=ypmWQ}}eD Q=Okt 'pvwD |xQ=@ wQ jta V}=Ri= =@ 'OW=@ xOWv `k=w
QDs}_a |xOwD uOW =Hx@=H ẁ[wt u}= Cra "O@=}|t V}=Ri= QwmPt
|xv}W}@ pmWQ}}eD "CU= O=} R jta QO pvwD |Q=iL QF= QO l =N
O@=}|t V}=Ri= pvwD |xQ=@ wQ jta V}=Ri= =@ 'pvwD |}=yv |xOvQ=Oxov
QO VvQm V}=Ri= xH}DvQO w VvD V}=Ri= CU= umtt 'u; Cra xm
QDnQR@ |=ypmWQ}}eD O=H}= x@ QHvt xm OW=@ pvwD |}=yv |xOvQ=Oxov
C=Q}}eD QF= QO =yQDt=Q=B C=Q}}eD 19 =D 16 |=ypmW QO "OwW|t u;

"CU= xOW xO=O u=Wv pvwD |xQ=@ wQ jta
|v}tRQ} R ?; K]U QF= |UQQ@ "5

?; K]U �hr= %OwW|t |UQQ@ Cr=L wO QO |v}tRQ} R ?; K]U
"pvwD hm R=QD QO |v}tRQ} R ?; K]U �? &pvwD G=D R=QD QO |v}tRQ} R
V}=tR; R=pY=L|v}tRQ} R?;K]U Q} R QOl =N|Dtw=kt|=yQDt=Q=B
VQ@V}=tR; R= pY=L ?; K]U |q=@ QO w 'xDi=}s}mLD s}kDUt VQ@
R=}v uwO@ l =N COtOvr@ Q=DiQ uDiQo Q_v QO |=Q@ "CU= `} QU s}kDUt
Q=DiQ 'l =N s}mLD w `} QU |xOWv |WmyR |Q=PoQ=@ |R=UpOt x@
xDiQo Q_v QO xOW |WmyR '|v}tRQ} R ?; K]U Q} R w q=@ QO l =N
Q} R QO l =N ?w]Qt XwYNt uRw xm CU= QmPx@ sRq "CU= xOW
l =N C=YNWt "CU= `=@W= XwYNt uRw |v}tRQ} R ?; K]U

"CU= xOW xOQw; 4 pwOH QO Cq=L u}= QO
?; K]U uOt; q=@ =@ xm OvyO|t u=Wv xOW s=Hv= |=y|UQQ@
Owo h=Q]= QO w u}tR K]U QO xOW O=H}= |=ypmWQ}}eD |v}tRQ} R

|xrY=i QO Owo |x@r� Owo jta =@ u}tR K]U CUWv C=Q}}eD "8 pmW
"�pvwD G=D R= pvwD Q]k hYv

|xrY=i QO Owo |x@r� Owo jta =@ u}tR K]U CUWv C=Q}}eD "9 pmW
"�pvwD Q]k l} Q@=Q@ |ki=

QO Q}O=kt u}ov=}t |=Q@ Owo jta =@ Owo |x@r CUWv C=Q}}eD "10 pmW
"hrDNt pY=wi

u}ov=}t|=Q@ Owojta x@C@UvpvwD|}=yv|xOvQ=OxovpmWQ}}eD "11pmW
"hrDNt pY=wi QO Q}O=kt

Q=}U@ �pvwD G=D R= pvwD Q]k l} |xrY=i QO Owo |x@r� X = 1D
QO Owo |x@r xm |Dr=L wO u}@ =ypmWQ}}eD hqDN= "CU= xHwD p@=k
xOW `k=w pvwD G=D R= pvwD Q]k hYv |xrY=i x@ =} pvwD G=D |q=@
xrY=i QDW}@ V}=Ri= =@ "OUQ|t OYQO 85 x@ OQ=wt |[a@ QO CU=
Q@=Q@ l} pY=wi x@ \w@ Qt |vLvt w xDi=} Vy=m Q}O=kt u}@ hqDN=
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l =N xOwD pm uRw V}=Ri= xm CU= u; Cra "O@=}|t V}=Ri= pvwD w
=@ Qo}O hQ] R= "CU= l =N QO pm VvD V}=Ri= |xH}DvQO w `=@W=
l =N Ctw=kt 'l =N |oOv@UJ Vy=m u}vJty w QF-wt VvD Vy=m

"Ci=} Oy=wN V}=Ri= =ypmWQ}}eD w Vy=m

pvwD x}rw= |xOvQ=Oxov sDU}U QF= |UQQ@ "6
|xOvQ=Oxov sDU}U u=wvax@C} QmD=W x}ql} =@ x=Qty p}iwQB ẁv xU
QO xOvQ=Oxov ẁv xU u}= C=YNWt "CU= xOW xDiQo Q_v QO x}rw=

"CU= xOW xOQw; 5 pwOH
`k=w pvwD G=D |q=@ QO Owo |x@r xJv=vJ xm OvyO|t u=Wv G}=Dv
|ki= pmWQ}}eD 'pvwD |x}rw= |xOvQ=Oxov *|DNU V}=Ri= =@ OW=@ xOW
V}=Ri= =@ xm CU= u}= Cra "O@=}|t Vy=m Owo |xQ=w}O |xv}W}@
xOW O=H}= |=yVvQm w =y|}=Hx@=H 'pvwD |x}rw= |xOvQ=Oxov |DNU
|ki= |=yVvQm Vy=m p}rOx@ w xDi=} Vy=m pvwD |q=@ l =N QO
=t= "O@=}|t Vy=m Q=w}O |xv}W}@ |ki= pmWQ}}eD 'Owo Q=w}O pLt QO
`k=w pvwD G=D R= pvwD Q]k hYv |ki= |xrY=i QO Owo |x@r xJv=vJ
|xQ=w}O |@v=H pmWQ}}eD QO pvwD |x}rw= |xOvQ=Oxov ẁv 'OW=@ xOW
w pvwD G=D |q=@ QO u}tR K]U CUWv "CW=O Oy=wNv |Q}F-=D Owo
Vy=m 'pvwD |x}rw= |xOvQ=Oxov |DNU V}=Ri= =@ Owo |x@r CUWv
G=D |q=@ QO u}tR K]UCUWv C=Q}}eD 21 w 20 |=ypmW "O@=}|t
u=Wv pvwD x}rw= |xOvQ=Oxov ẁv x@ C@Uv =Q Owo |x@r CUWv w pvwD
hrDNt Cq=L B5 � L �D1D2 Q=Owtv Q=vm |=tvy=Q "OyO|t
|xOvyOu=Wv L "OyO|t u=Wv pvwD G=D =D xrY=i w O=a@= Q_v R= =Q Owo

"|v}tRQ} R ?; K]U u}�=B w q=@ QO l =N C=YNWt "4 pwOH
' C total d C=YNWt

�xHQO� (KN=m2) (KN=m3) (KN=m3) l =N
42 10 22 9 20 7 ?; K]UQ} R

|v}tRQ} R
45 25 22 1 20 7 ?; K]U|q=@

|v}tRQ} R

"pvwD |x}rw= |xOvQ=Oxov C=YNWt "5 pwOH
|QwLt |DNU |WtN |DNU x}rw= |xOvQ=Oyov ẁv
EA(KN=m) EI(KNm2=m)

478000 2640 |QDt l} pY=wi QO IPE18 1
C} QmD=W x}q l} =@ x=Qty

956000 5280 |QDt s}v pY=wi QO IPE18 2
C} QmD=W x}q l} =@ x=Qty

114000 7760 |QDt s}v pY=wi QO IPE20 3
C} QmD=W x}q l} =@ x=Qty

Owo hrDNt O=a@= |=Q@ Owo |xQ=w}O |@v=H u=mt Q}}eD |xU}=kt "12 pmW
"hrDNt pY=wi QO

hrDNt O=a@= |=Q@ pvwD G=D |q=@ QO u}tR K]UCUWv |xU}=kt "13 pmW
"hrDNt pY=wi QO Owo

pY=wi QO Owo hrDNt O=a@= |=Q@ Owo |x@r CUWv |xU}=kt "14 pmW
"hrDNt

hrDNt O=a@= |=Q@ pvwD |}=yv |xOvQ=Oxov pmWQ}}eD |xU}=kt "15 pmW
"hrDNt pY=wi QO Owo
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""" w |QyW jtasm |=ypvwD |Q=iL p@=kDt Q}F-=D |UQQ@

|q=@ QO u}tR K]U CUWvQO pvwD |x}rw= |xOvQ=Oxov ẁv QF= "20 pmW
"pvwD G=D

"Owo |x@r CUWv u=R}t QO pvwD |x}rw= |xOvQ=Oxov ẁv QF= "21 pmW

|xOvQ=Oxov pmWQ}}eD QO pvwD |x}rw= |xOvQ=Oxov ẁv QF= "22 pmW
"pvwD |}=yv

"CU= xOW x�=Q= 6 pwOH QO 'OvDUy u=}=tv 22 =D 20 |=ypmW
=Q pvwD |}=yv |xOvQ=Oxov |xv}W}@ pmWQ}}eD Q}O=kt 22 pmW
O=a@= Q_v R= hrDNt Cq=L QO pvwD |x}rw= |xOvQ=Oxov ẁv x@ C@Uv
xm |]N "OyO|t u=Wv pvwD G=D R= Owo |x@r |ki= |xrY=i w Owo
pmWQ}}eD Q}O=kt u}ov=}t Qou=Wv CU= xOW s}UQD QDW}@ Ct=N[ =@
pY=wi w Owo hrDNt O=a@= |=Q@ pvwD |}=yv |xOvQ=O xov |xv}W}@
V}=Ri= =@ xm OwW|t x_Lqt "CU= pvwD G=D R= Owo |x@r hrDNt
|}=yv |xOvQ=Oxov |xv}W}@pmWQ}}eD 'pvwD |x}rw= |xOvQ=Oxov|DNU
|xOvQ=Oxov |DNU V}=Ri= =@ xm CU= u}= Cra "O@=}|t Vy=m pvwD
QO xm xOW O=H}= u; QO |QDsm |x}rw= |=ypmWQ}}eD 'pvwD |x}rw=
"OwW|t R}v pvwD|}=yv |xOvQ=Oxov |=ypmWQ}}eDVy=mEa=@C}=yv

Owo |xQ=w}O |xv}W}@ |ki= pmWQ}}eD QO pvwD xQ=@wQ jta QF= "16 pmW
"pvwD Q]k l} w QiY |ki= |xrY=ix@

"pvwD G=D |q=@ QO u}tR K]U CUWv QO pvwD |xQ=@wQ jta QF= "17 pmW

"Owo |x@r CUWv u=R}t QO pvwD |xQ=@wQ jta QF= "18 pmW

"pvwD |}=yv |xOvQ=Oxov pmWQ}}eD QO pvwD |xQ=@wQ jta QF= "19 pmW

w jta hQat ?}DQDx@ D2 w D1 w pvwD G=D R= Owo x@r |xrY=i
u}ov=}t 'xOW s}UQD QDW}@ Ct=N[ =@ xm |]N "OvDUy Owo ZQa
|x@r hrDNt pY=wi w Owo hrDNt O=a@= |=Q@ xv}W}@ CUWv Q}O=kt
QO xm QDt=Q=B Qy Om w =yQDt=Q=B u}= Q}eDt Q}O=kt "CU= pvwD G=D R= Owo
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|U=}r= =t}W w |v=}kOY u}ULOtLt

|x}rm p}rLD R= pY=L Owo |xQ=w}O |@v=H u=mt Q}}eD |xv}W}@ "4
QDt|r}t 4 8 'QF-wt|=yQDt=Q=B |xty Q}}eD =@ w xOW xDN=U|=ypOt
u=mt Q}}eD Qo = xm CU= xOt; CUOx@ QDt 12 jtax@ Owo |=Q@
C@Uv u}= 's} Q}o@ Q_v QO Owo jta OYQOl} Q@=Q@ =Q R=Ht |@v=H
"OQ=Ov OwHw ^=Lr u}= R= |rmWt w xOw@ R=Ht Q=Okt R= QDsm |r}N
|q=@ QO Owo |x@r xm |Dr=L QO 'u}tR K]U CUWvwQi QFm =OL "5
QO "CU= xOt; CUOx@ QDt|r}t 6 Q@=Q@ CU= xOW `k=w pvwD G=D

"CU= QDt|r}t 5 R= QDsm u}tR K]U CUWvwQi Cq=L Q}=U
"CU= QDt|r}t 7 6 pvwD |}=yv |xOvQ=Oxov |xv}W}@ pmWQ}}eD "6
QO QDt 12 ZQa w QDt 3 jta x@ Owo xm |Dr=L |=Q@ Q=Okt u}=
xJv=vJ |rm Qw]x@ "CU= xOt; CUO x@ 'xDiQo Q=Qk pvwD G=D |q=@
pvwD |}=yv |xOvQ=Oxov OwW `k=w pvwD G=D |q=@ QO Owo |x@r

"CW=O Oy=wN =Q pmWQ}}eD u} QDW}@
jtax@pvwD G=DCUWv wu}tRK]U|xv}W}@CUWvu}@ |x]@=Q "7
X = 0Cr=L wO QO xm CU= |]N CQwYx@ QDt 15 |xQ=@ wQ
QO Owo |x@r� X = 0 5D w �pvwD G=D |q=@ QO Owo |x@r�
CUWvwQi C@Uv Q}O=kt �pvwD G=D R= pvwD Q]k hYv |xrY=i
Owo hrDNt O=a@= |=Q@ (Ss=Sc) pvwD G=D CUWv x@ u}tR K]U
u}= Q=Okt pvwD G=D R= Owo |x@r |xrY=i V}=Ri= =@ "CU= Cw=iDt
"CU= 0 5 C@=F Q=Okt Q@=Q@ w xOw@ xDU@=w l =N ẁv x@ ,qt=m C@Uv

"G}=Dv p}rLD QO Owo |xO=iDU= OQwt |=yQDt=Q=B "6 pwOH
5 4 3 2 1 L(m)

20 15 10 5 0 pvwD G=D =D Owo x@r xrY=i
4 3 2 1 D1(m)

12 9 6 3 Owo jta
4 3 2 1 D2(m)

12 9 6 3 Owo ZQa

|Q}oxH}Dv
%R= Ov=CQ=@a xOW s=Hv= |=yp}rLD R= xOt; CUOx@ G}=Dv u} QDsyt

Q=mx@ |Rri |=yp}iwQB 'pvwD |Q=iL |=Q@ |O=yvW}B VwQ QO "1
u=wvax@ |vD@ VWwB w x}rw= |xOvQ=Oxov sDU}U u=wvax@ xDiQ
|tm |=ypmWQ}}eD w 'xOQm pta ?U=vt pvwD |}=yv |xOvQ=Oxov

"Ovm|t O=H}= \}Lt QO
pOt uOQm QD|ak=w w |i=m C}@rY O=H}= |=Q@ pvwD hm VWwB "2
|=ypmWQ}}eD Q=JO pvwD hm CQwY u}= Q}e QO "CU= |QwQ[

"Ov=|ak=wQ}e xm OW|t |oQR@
|v=tDN=U Owo QO xOW xO=iDU= |ki= |=yOv@CWB w so =Qi=}O Q=w}O "3
w |Q=OQ@Owo pL=Qt QO 'Owo pLt QO =ypmWQ}}eD Vy=m Qw_vtx@
"CU= xOQm pta ?U=vt w xOw@ QF-wt u=tDN=U R= |W=v Q=@ p=ta=

`@=vt
1. Luis Eduardo Sozio. \General report: Urban

constraints on underground works", Tunnels
and Metropolises, Negro Jr. & Ferreira Eds.
Balkema, Rotterdam (1998).
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