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O=H}= CUWv u}tR K]U QO '|m =N |=yu}tR w sm j=ta= QO pvwD QiL [3]"OwW|t
|m} "OwW|t u}tR K]U QO OwHwt |=yxR=U x@ uOv=UQ?}U; ?Hwt xm 'Ovm|t

pw�Ut xOvU} wv �
"1394 5 3 VQ}PB '1394 2 30 x}LqY= '1393 11 6 Ci=} QO %M} Q=D

�|v
iC

W=O
O=}�

'12
8�1

21
"X

'1/
1|

xQ=t
W'

33
�2

|xQ
wO



"""x=
oDU

OQ=
m|

xv}U
|Q=

O}=B
|Oa

)@xU
p}rL

D

[9]"A2 x=oDU}= w |OwQw CiW |xOwOLt Q}Ut |rw] p}iwQB "2 pmW

10 u}@ =yv; jta xm 'CU= |v}tRQ} R x=oDU}= 12 pt=W \N u}= "OW Oy=wN s=Hv=
|Q=iL |=Q@ w 'QiL w VWwB VwQ wO R= =yv; |=QH= |=Q@ w CU= Q}eDt QDt 23 =D

[8]"OW Oy=wN xO=iDU= `]kts=tD x=oDUO R= R}v xR}v=mt
Q}Ut QO xOWs=Hv= l}vmDw�S VQ=Ro T=U=Q@ Q=DWwv u}= QO |UQQ@ OQwt `]=kt
C=YNWt� CU= xOw@ u=R=Uut}= Qw=Wt u=UOvyt CmQW \UwD �A2B1 |xv=to �
QO R}v Q}Ut |rw] p}iwQB "�CU= 1 pwOH j@=]t QwmPt |xv=to QO l =N |=yx}q
|xSwQB QO pvwD |Q=iL "CU= xOW xO=O u=Wv 2 pmW QO |UQQ@ OQwt C}akwt
"OwW|t s=Hv= EPB u}tR Q=Wi |xOvvmpO=aDt ẁv R= TBM x=oDUO 2 =@ Q_vOQwt
|vD@ |xa]k 7 pt=W xm 'CU= KrUt uD@ CvtoU ẁv R= pvwD nv}v}q sDU}U
QDt 8 40 u; |rN=O Q]k w QDt 9 10 pvwD |vwQ}@ Q]k "CU= O}rm xa]k l} w
[9]"CU= uD 8 4 u; pw] OL=w uRw w QDt 0 35 |vD@ nv}v}q Ct=N[ xm 'CU=

|@ QHD VwQ x@ Q=m |xy@H Q=Wi |x@U=Lt "3
|Q=iL |xy@H Q=Wi |x@U=Lt QO xO=iDU= OQwt |@ QHD \@=wQ u} QDG}=Q R= |m}
uoty |Q}tN TQ QO xOWv|WmyR |WQ@ Ctw=kt w Q=m |xv}U Q=Wi u}@ |}x]@=Q
xOQm O=yvW}B 5l*B =Q x]@=Q u}= "OwW|t xO=iDU= |}xQ}=O |=ypvwD |=Q@ xm 'CU=
%O};|tCUOx@ 1 |x]@=Q j@] �Q=@ QU QwDm =i� |Q=O}=B OOa QDt=Q=B u; j@] xm 'CU=

TC = q + 
Z� �t
CU

(1)

"QBU =@ |Q=iL QO |L]U CUWv QO QF-wt pt=wa "1 pmW

|UQ |=yl =N QO s}mLD Ov}=Qi Cra x@ xm %COtOvr@ QO l =N sHL C=Q}}eD �O
"OwW|t O=H}= VRN |xO}OB p}rO x@ pvwD VWwB pmWQ}}eD w

uoty=v |xy@H QO |Q=iL 'EPB |=yu}W=t =@ |Q=iL CqmWt R= |m}
Q=Wi 'u=QW}B |wQ}v %Ovv=t |Q=iL u}W=t |=yQDt=Q=B u}tNDC}a[w u}= QO xm 'CU=
|=yx}q T=U=Q@ Pwiv MQv w '|}=yDv= j} QRD '|Q=iL |xDt QU Qw=DWo 'Q=m |xv}U

[7]"OQ=O =Q OwN X=N XYND w x@ QHD x@ R=}v Cw=iDt C=YNWt =@ l =N

OyWt wQDt 2 \N Q}Ut C=YNWt |iQat "2
|=DUwQ CUOu}}=B |r=tW |UQ@] Q=wrw@ |=yDv= R= OyWt |QyW Q=]k 2 \N Q}Ut
|yOT} wQU 'xk]vt u; |D}atH |=yuwv=m R= |Q=}U@ x@ w OwW|t ẁQW hWm
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%(Ramoni) CU= x@U=Lt p@=k 10 |x]@=Q R= 'CU= l =N =@ T=tD QO xm
ES = Ed

R2 (10)

QBU Ct=N[ d 'Oqwi |v=UWm pwOt E '|Oqwi QBU p=tQv |DNU ES 'u; QO xm
xOW xO=iDU= Shell u=tr= R= QBU |R=UpOtCyH [18]"CU= QBU `=aWR w '|Oqwi
|=yu=tr= w 3 pwOH j@=]t u=UWm |Q=DiQ pOt R= xO=iDU= =@ QBU |R=Ux}@W "CU=
Ov}=Qi '|Q=PoQ=@ 'pOt |xUOvy uQ=kD p}rO x@ "�7 pmW� CU= xOW pOt |}xQoxU
"CU= xOW pOt pvwD xt}v CQwYx@ pOt p}rLD u=tR QO |} wHxiQY R}v w '|Q=iL
xOWxDN=U pOt |Ov@uwR xm 'OQ=O xQo 24073 w uwR 22000 xOWxDN=U pOt
G}=Dv |HvUCLY CyH |R=UpOt u}= QO "CU= xOW xO=O u=Wv 8 pmW QO
pvwD |Q=iL Q}Ut QO ��200 w �150 '�125 '�100 |=yS=QDtwr}m � `]kt 4 R=

"CU= xOW xO=iDU= A2 x=oDU}= w x=oDUO |OwQw |r=tW CiW |xR=@ QO
?trwmQwt pt=m |Q}tN � u=UWm pOt 'p}rLD u}= QO xOWxO=iDU= |Q=DiQ pOt
pt=a "CU= l =N |R=UpOt EL@ QO =ypOt u} QDG}=Q R= |m} xm 'CU= (MC)

"nv}v}q |m}v=mt w |UOvy C=YNWt "2 pwOH
uRw nv=} pwOt uwU=wB Ct=N[ u=tr=

(KN/m/m) (Mpa) (m)

8 4 35 0 15 0 35 CvtoU
22 56 240 0 20 0 06 QBU

OyWt |wQDt pvwD QO xQ=@ QU C@Uv =Q} R 'CU= xOWv ^=Lr QBU |v=kwi CtUk
xDiQo Q_v QO u=v}t]= ?} Q[ CyH QO Q=@ QU Vy=m u}= w CU= Q]k Q@=Q@ 2 R= QDtm

"CU= xOWv
|=Q@ "CU= xwo Q@ `k=w |=ywQ}v |OL pO=aD p}rLD '|}xwo |Q=O}=B pOt T=U=
|xwo 'pvwD Q=m |xy@H QO l =N uOw@uotyQ}e w uOw@|}x}qOvJ |xr�Ut |UQQ@
p}rLD QO xv=o =OHxa]k Qy |wQ xOWp=ta= |=ywQ}v w s}UkD |ki= C=a]k x@ l =N

"OvwW|t xDiQo Q_v QO
|=ywQ}v %R= Ov=CQ=@a 6 pmW j@=]t xOW|Ov@xa]k |xwo Q@ xOQ=w |=ywQ}v
K]U QO xOWG}U@ |WQ@ |wQ}v 'w(i) |xa]k uRw F (i)

u 'F (i)
d |}xa]k u}@

|W=v |wQ}v 'T (i)
s |xa]k |Q=vm xwHw QO sw=kt |WQ@ |=ywQ}v '(T (i)

m ) VRer
?; |wQ}v w '�E(i)) u}tR QF-wt |wQ}v '(F0) xwo |wQ �l =N |wr}U� Q=@ QU R=

%O};|t CUOx@ 2 |x]@=Q 'xwo |=Q@ |RQt \}=QW uOQm^=Lr =@ "(w(i)
F )

F0 +
nX
i=1

W (i) + 2
nX
i=1

(TS
�

)(i) +
nX
i=1

(C
�

)(i)

+
nX
i=1

E(i)(�
�

)(i) = 0 (2)

%CU= 4 w 3 \@=wQ j@=]t � w � Q}O=kt 'u; QO xm
� = tan�: cos � � sin � (3)

� = tan�: sin � + cos � (4)

|=ywQ}v "CU= l =N |rN=O l =m]Y= |x} w=R � w ji= =@ xwo |x} w=R � '=yu; QO xm
%OvwW|t x@U=Lt 8 |r= 5 \@=wQ j@=]t R}v 2 |x]@=Q QO OwHwt

F0 =
B:D:�0V (Zt)

tan �
(5)

C = Bh(i)

sin �
:c(i) (6)

TS = A(i):(c(i) +NS : tan�(i)) (7)

NS = Ky:�(i)
v (8)

's)=i |xa]k K]U A(i) 's)=i |xa]k Ct=N[ h(i) 'xwo ZQa B '=yu; QO xm
"CU= xwo |wQ Q=@ QU R= pY=L s�=k VvD �0v

|xy@H Q=Wi '9 |x]@=Q j@=]t O}=@ |m =N |xwo |Q=O}=B |=Q@ |rm Qw] x@

[14]"uoty=v |}x}q |=yl =N QO Q�wQ@ |Oa)@xU pOt "6 pmW
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}QW
u=Qt

a|
UOv

yt "�CU= bar ?UL Q@ Q=Wi Q}O=kt |x}rm � |Q=iL `]=kt QO Q=m |xv}U Q=Wi "3 pwOH
CUWv

|xv}U Q=Wi
|L]U CUWv

Pall R=Ht Q=Wi |xv}U Q=Wi Q=m |xv}U Q=Wi
Q=@ QU S=QDtwr}m |xQ=tW|xv}W}@

|ak=w Q=m
Sall R=Ht =@ j@=]t� VwQ Q=m ZQi =@ |@ QHD

(m) `]kt|ak=w Rankin �R=Ht CUWv |r}rLD p;xO}= |Q=O}=B OOa
(mm) (mm) (LEM) N = 3

2 1 31 4 89 1 22 1 10 0 89 9 35 �200 1
1 1 45 4 89 1 22 1 09 0 88 9 30 �150 2

0 86 1 55 4 89 1 22 1 15 0 87 9 44 �125 3
0 1 48 4 89 1 22 1 15 0 88 9 48 �100 4

"�x=oDUO pQDvm j=D=|HwQN�pvwD |Q=iL|=ys=o?UL Q@ Q=m|xv}U Q=Wi "9 pmW

"TBM |Q=iL QF= QO l =N s�=k pmWQ}}eD "10 pmW

|Q=iL swO |xrLQt QO 'xO}UQ pO=aD x@ OwN uRw QF= CLD \}Lt pw= |xrLQt
QBU swU |xrLQt QO w 'xOW s=Hv= l =N pN=O QO |QDt 1 5 |=ys=o CQwYx@
w 'xOW p=ta= xDtQU CWB x@ Q=m |xv}U Q=Wi w xDiQo Q=Qk |Q=iL C}akwt QO
w l =N |xawtHt C}=yvQO xm 'CU= xOW s=Hv= CvtoU CWB QO j} QRD u=tRsy

"OvUQ|t pO=aD x@ l =N pN=O |=yu=tr=
13|Q=iL `]kt |xQ=tW T=U=Q@ xm =Q\UwDt Q=m |xv}U Q=Wi Q}O=kt '9 pmW
"OyO|t u=Wv 'CU= xOW C�=Qk OyQD=m CWB Q=Wi |=yQoTL R= OOa 8 j} Q] R=
|UQQ@ OQwt |xOwOLt QO x=oDUO |wQV}B T=U=Q@ Q=m |xv}U Q=Wi |=yu=Uwv
pQDvm |=yQ=R@= =@ \=@DQ= QO QDW}@ xOWO=H}= Q=Wi u=Uwv "CU= xOW xO=O u=Wv
pQDvm 'EPB |Q=iL |=yu}W=t QO xm CU= QmP x@ sRq "CU= QwD=QB= \UwD u}W=t
CWB |vwRrL |xr=kv Q=wv VNQJ CaQU j} Q] R= x=oDUO |Q=iL |xy@H Q=Wi
u}= |ovy=ty w OQ}o|t CQwY |Q=iL |xDt QU VNQJ CaQU w Q=iL |xrm
Q=Wi |=yQoTL |HwQN 'xH}Dv QO "CU= Q=wWO |OwOL=D Qo}Om} =@ QDt=Q=B wO
x=oDUO =@ |Q=iL R= |W=v s�=k |=ypmWQ}}eD G}=Dv "CU= x=Qty u=Uwv |mOv= =@

"CU= xOW x�=Q= 10 pmW QO TBM

"|}xQo 3 |=yu=tr= =@ |Q=iL QBU |R=Ux}@W "7 pmW

"FLAC3D Q=Ri=sQv QO l =N |xOwD |Ov@uwR "8 pmW

|Q=DiQ pOt j=@]v= |m}vmDw�S |=yQ=DN=U ptar=Tma j}kO |v}@V}B QO |rY=
=@ j@]vt |xO=U pOt l} '?trwmQwt pOt "CU= l =N C=YNWt =@ Q_vOQwt
l =N x@ \w@ Qt |rY= QDt=Q=B 5 pt=W xm 'CU= l =N Twtrt w |m} R}i \}=QW
|YNWt OL =D C@=F C}@rY =@ |]N CQwYx@ VvQm VvD Q=DiQ u; QO xm 'CU=
'O};|t OwHwx@ CUmW VvD xm |v=tR `k=w QO "OwW|t pOt CUmW VvD R=
QO "OvyO|t MQ CWoR=@ p@=kQ}e |=yVvQm VQDUo =@ |Q}tN |=ypmWQ}}eD
(C;';  ) l =N |Q}tN QDt=Q=B 3 w (E; �) u=UWm QDt=Q=B 2 R= ?trwmQwt pOt

"OwW|t xO=iDU=
QO 'Qo}O CQ=@ax@ "CU= xOW s=Hv= |}xrLQt CQwYx@ |Q=iL |R=UpOt
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p}rL

D

|=yQDt=Q=B|x@U=LtQw_vtx@|Q=iL`]=ktCUWv`} RwD|DWoR=@p}rLD "11pmW
"l =N |ak=w

"�sm Q]N COW� u}mv=Q |Ov@xk@] j@=]t Pall R=Ht Q=Wi |x@U=Lt "12 pmW

QDt 6 6 pO=at i Q=Okt 'xOwOLt u}= QO "CU= xOW x@U=Lt vl |tHL Ci=
|OOa |=y|R=UpOt 'xt=O= QO =Pr "CU= xOt; CUOx@ �0 1 pO=at vl w
=@ 'xt=O= QO "CU= xOW s=Hv= l =N |xOWj}kOD |=yQDt=Q=B =@ xDiQoCQwY
CU= xOW x@U=Lt (Pall) Q=m |xv}U R=Ht Q=Wi 'xOWxQ@}r=m pOt R= xO=iDU=

"�12 pmW�
CUWv Q=Okt u; <=R= x@ xm CU= |Q=Wi R= CQ=@a R=Ht Q=Wi Q=DWwv u}= QO
Cr=L u}t-=D� |QyW |=y\}Lt QO |Q=iL |xOvvmu}}aD Q=}at u=wvax@ |L]U
xv}W}@ CUWv |x@U=Lt Qw_vt x@ "OQ}o@ Q=Qk R=Ht |xOwOLt QO �|Q=OQ@xQy@
CU= xOW xO=iDU= 14u}mv=Q |xOWs=Hv= |Ov@xk@] G}=Dv R= |QyW |L=wv QO
\N Q}Ut QO `k=w xOwUQi |QyW Ci=@ x@ xHwD =@ w u; j@=]t xm [12]'�4 pwOH�
x@ xm 'CU= xOW u}}aD sm Q]N COW T=U=Q@ xv}W}@ CUWv 'OyWt |wQDt 2
u}}aD |=Q@ QwmPt |Ov@xk@] QO xOWu}}aD |xv}W}@ CUWv �50 R= Qw_vt u}=
1 22 bar Q=Wi '12 pmW j@=]t =Pr "CU= xOW xO=iDU= x=oDUO R=Ht Q=Wi
QO R=Ht Q=Wi u=wvax@ 'CU= QDt|r}t 5 OwOL QO xv}W}@ CUWv u; <=R= x@ xm
1 OwOL� |ak=w |L]U CUWv Q}O=kt '3 pwOH j@=]t "CU= xOW xDiQo Q_v
u}= w CU= R=Ht OL R= QDtm �0 9 bar \UwDt� |r=ta= Q=Wi <=R= x@ �QDt|r}t
p}rO x@ xm CU= xOW p=ta= |Q=Wi xi=[= 'Q=Wi p=ta= QO xm CU= |vat u=O@
,qwtat 'u}W=t pQDvm j=D= |=yxO=O T=U=Q@ w CU= u=v}t]= ?}=Q[ uDiQoQ_vQO
xOW|v}@V}B Q=Okt R= QDW}@ bar 0 4 =D 0 3 OwOL `]kt Qy QO |r=ta= Q=Wi

"CU=
x@ Q}Ut R= `]kt 4 QO Q=m |xv}U Q=Wi xm '16 |r= 13 |=ypmW j@=]t

Q=}at j@=]t |Q=iL lU} Q |Ov@xk@] T=U=Q@ R=Ht CUWv ?=NDv= "4 pwOH
[12]"u}mv=Q

COW
KQW

|rQDvm |=yQDt=Q=B
Q]N xv}W}@ u=QwO xv}W}@ CUWv R=Ht CUWv

�max Smax Sall (mm)

sm

w sm ?}U;

1 500 =D 1 200 10-50 5
x@ |L]U

|=yu=tDN=U
O=} R xm 'h=Q]=

"OvDU}v xHwD p@=k

pmWQ}}eD u} QDW}@ 'Q=iL |xrm |wrH Q}F-=D |xOwOLt 'Q=Ri=sQv |HwQN j@]
xDiQoCQwY |=yZQi ?U=vt j@=]D |xOvyOu=Wv xr�Ut u}= xm 'CU= xDW=O =Q

"CU= C}ak=w =@ l =N |wr}U � xwo |r}rLD pOt QO
|O=} R Cy=@W '|Q=iL Q}F-=D CLD l =N |x}L=v CU= XNWt T=U= u}= Q@
|wrH QO s�=k |=y|}=Hx@=H Q}O=kt xm |wLv x@ 'CU= xDW=O wr}U w xwo pOt x@
's} wW|t l}ORv K]U x@ xJ Qy w OQ=O =Q Q=Okt u} QDW}@ |Q=iL u}W=t OyQD=m
'G=D |q=@ QO |oORTwk |xOwOLt u}vJty "O@=}|t Vy=m CUWv Q=Okt u}=
uDiQoQ_vQO sOa xm 'CU= xDiQov pmW ,qt=m |Q=iL sm jta w Q=@ QU p}rO x@
j@=]t "Ovm|t O}}-=D =Q |r}rLD w |@ QHD VwQ x@ Q=Wi C=@U=Lt QO xOWQmP |xO}OB
\UwDt� OvDUy QDl}ORv |ak=w Q}O=kt x@ |OOa VwQ QO Q=Wi Q}O=kt '4 pwOH
u}W=t n}vQwD}v=t Q}O=kt =@ xm '�CU= 1 22 bar '|OOa G}=Dv R= xOQ=w Q=Wi
xOt;CUOx@ Q=Wi Q}O=kt 'Qo}O hQ] R= "OQ=O �15 ,=@} QkD �1 45 bar OwOL�
xm OyO|tu=Wv xr�Ut u}= xm OvyO|t u=Wv =Q |QDW}@ Q=Wi '|r}rLD VwQ x@
'p@=kt QO "OQ=O |QDW}@ u=v}t]= ?} Q[ w CU= QDxv=]=DLt 'QwmPt VwQ R= xO=iDU=
=Pr xm 'OvyO|t x�=Q= =Q Q=m |xv}U |ak=w Q=Wi R= QDtm |Q=Wi '|@ QHD Q=Wi Q}O=kt
sm =L |Q=iL \}Lt Q@ �pvwD G=D QO |DUU w ha[ Q}_v� |QDtm u=v}t]= ?} Q[

"OQ=O
O}=@ |L=Q] EL=@t CyH w OwW|tv x}YwD |}=yvD x@ |@ QHD VwQ R= xO=iDU=
V}=B =@ w OQm xO=iDU= Q=m |xy@H Q=Wi u}tND CyH OwHwt |=yVwQ |t=tD R=

"OQm x@U=Lt =Q xv}y@ Q=Wi Q=Okt '|Q=iL u}L QO CUWv

(Pall) R=Ht Q=Wi |x@U=Lt "6
|=yQDt=Q=B '|Q=iL `]kt QO CUWv |ak=w p}iwQB pmW R= xO=iDU= =@ Q=DWwv u}= QO
xO=iDU= =@ (vl) u}tR |tHL Ci= w i CUWv |=vLv= QDt=Q=B %pt=W l =N j}kO
=@ FLAC3D Q=Ri=sQv |OOa |=y|R=UpOt TBU w x@U=Lt |DWoQ@ p}rLD R=

"CU= xOW s=Hv= QwmPt |=yQDt=Q=B uDW=O
xO=O u=Wv `]kt 3 QO u}tR K]U |ak=w |=yCUWv u=R}t '11 pmW QO
Q@ CUWv |Uwo |vLvt 'u}tR |ak=w |=yQDt=Q=B uOQw;CUOx@ |=Q@ "CU= xOW
|=y|vLvt u}@ |Q}ou}ov=}t T=U=Q@ w xOW xO=O VR=Q@ |ak=w CUWv \=kv
QDt=Q=B w i CUWv |vLvt ZQa QDt=Q=B 2 '`]kt Qy QO xOWs}UQD Two
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yt u}= |xOvyOu=Wv 'CU= xOW x@U=Lt |OOa w '|r}rLD '|@ QHD Cw=iDt |=yVwQ
w OvyO|t u=Wv C}ak=w =@ =Q hqDN= u} QDW}@ |@ QHD |=yVwQ xm CU= C}ak=w
CyH \ki w �|ak=w Q=Okt =@ hqDN= �32 OwOL� OvQ=O |tm u=v}t]= ?} Q[

"OvwW|t xO=iDU= C=@U=Lt |x}rw= pQDvm
u; |xOvyOu=Wv w OQ=O |ak=w Q=Okt x@ |QDl}ORv G}=Dv '|r}rLD VwQ
u}tND QDy@ O}OH |=ypOt =@ Ov=wD|t uoty=v |Q=iL |xy@H Q=Wi xm CU=
QO xm |WwQ Q}_v '|OOa |=yVwQ 'u=}t u}= QO "��13 hqDN=� OwW xOR
Q=Wi Q=Okt |v}@V}B QO =Q CkO u} QDW}@ 'CU= xOW xO=iDU= Q[=L Q=DWwv
Q=Wi |ak=w Q=Okt R= �6 OwOL QO xm =QJ 'CU= xDW=O |Q=iL |xy@H Q@ xOQ=w
xOWxO=iDU= |Q=DiQ pOt ẁv p}rO x@ QDW}@ R}v OwHwt hqDN= "CU= xOw@ QDtm

"CU=
VvQm VvD Q=DiQ 'pt=m |Q}tN � u=UWm =} u=UWm |Q=DiQ |=ypOt QO
xOwOLt u; QO =ypmWQ}}eD |xOta xm 'lJwm |=yVvQm |xOwOLt QO =Q l =N
|Q=DiQ pOt Q}_v |}=ypOt QO 'xr�Ut u}= Q@ xwqa "OvQ}o|tv Q_v QO 'OyO|t MQ
C}=yv QO xm 'OvDUy |WQ@ |=yVvQm R= pkDUt |WQ@ pwOt Q}O=kt '?trwmQwt
uDW=OQ=}DN=QO sOa p}rO x@ R}v OwHwt |R=UpOt "OwW|t =]N O=H}= x@ QHvt
=Pr &CU}v umtt Q_vOQwt `]=kt QO '|QwLtxU w s}mLD |=yV}=tR; C=aq]=

[19]"CU= xOW s=Hv= ?trwmQwt QDxO=U |Q=DiQ pOt =@ |R=UpOt
QO u}vJty w QDxO}J}B \}=QW QO x@U=Lt p}rO x@ |OOa |=yVwQ R= xO=iDU=
Q=Wi |=y|v}@V}B |=Q@ xv} Ro u} QDy@ '|Q=iL \}Lt h=Q]= u=mtQ}}eD |HwQN
Q=Wi Q=Okt =@ G}=Dv |xU}=kt CyH xm CU= sRq QmPD u}=� OvDUy |Q=iL R=}vOQwt
xi=[= 'u=v}t]= ?}=Q[ uOQ@q=@ CyH |ak=w |Q=iL QO xmv}= x@ xHwD =@ w |ak=w
?Q[ 0 9 OOa QO |ak=w Q=Wi Q}O=kt 'CU= xOw@ p=mU=B wr}m 20 =D 10 u}@ Q=Wi

"�Ov=xOW
|x@U=Lt u=mt= sOa '|@ QHD |=yVwQ R= xO=iDU= |=yC}OwOLt R= |m}
VwQ R= xO=iDU= OwW|t Ea=@ xm 'CU= u}tR K]U QO |}=kr= |=ypmWQ}}eD
"OwW OwOLt x=oDUO Q=m |xv}U Q=Wi |=Q@ x}rw= ?} QkD u=wvax@ \ki QwmPt
VwQ� xDU@ sQi |=ypLx=Q |}=v=wD sOa p}rO x@ 'xOt;CUOx@ G}=Dv T=U=Q@
w |]NQ}e C=}YwYN w CN=U |=yVwQ |oO}J}B uOQm^=Lr QO �|r}rLD
x}YwD |}=yvD x@ xOWQmP |=yVwQ R= xO=iDU= '|R=UpvwD p�=Ut QO l =N |voty=v

"OwW|tv

|Q}oxH}Dv "7
|Q}oxH}Dv u=wvax@ OQ=wt u}= x@ u=wD|t 'Q[=L VywSB QO xOWs=Hv= C=ar=]t j@]

%OQm xQ=W=
|xv}U Q=Wi |x@U=Lt \}=QW |ak=w j@=]D sOa p}rO x@ |@ QHD VwQ G}=Dv "1
QO l =N uOw@uotyQ}e C=QF= uOQm^=Lr sOa R}v w CU= l =N ẁv `@=D xm 'Q=m
Q=Wi Q=Okt =t= 'OQ=O hqDN= �32 ,=@} QkD '|OOa w |r}rLD Q}O=kt =@ xSwQB u}=
QF= uOQm^=Lr� |}x}q l =N QO xm �Q�wQ@ VwQ� |r}rLD VwQ QO xOWx@U=Lt
|@U=vt j@=]D ,=D@Uv |ak=w Q}O=kt =@ 'CU= xDiQo CQwY �l =N uOw@uotyQ}e

"��13 OwOL hqDN=� OQ=O
'|m =N |=y\}Lt QO Q=m |xv}U |Q=O}=B Q=Wi |x@U=Lt CyH |rmQw]x@ "2

"�0 + -200 S=QDtwr}m � Q=m |xv}U Q=Wi |xU}=kt "13 pmW

"�0 + -125 S=QDtwr}m � Q=m |xv}U Q=Wi |xU}=kt "14 pmW

"�0 + -100 S=QDtwr}m � Q=m |xv}U Q=Wi |xU}=kt "15 pmW
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DQF= QO u}tR K]U QO xOWO=H}= CUWv |xv}W}@ Q=}at =@ ?U=vDt O}=@ |QyW
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1. tunnel boring machine
2. compressed air
3. slurry shield
4. earth pressure balance (EPB)
5. Peck
6. LEM
7. LASM
8. Horen
9. arching
10. Breoere
11. tail void grout
12. �nite di�erence
13. chainaige
14. Rankin
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