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Tunnel Project Planning

* Consideration

Ground condition avoids unstable grounds and locations that experienced
any disaster

Economical construction and safety during construction
Efficient maintenance facility for ventilation and lighting, emergency control
Traffic management and riding quality
Sustainability: Harmony with ambient natural environment
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Tunnel Project Planning
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Facility free zone( A/ & 3t7)): obstacle free
zone for traffic safety, larger than 4.8m

Road width: same to connected roads

Pipe utility conduit(&&): conduit for
electricity, fireplug, drainage pipe, etc.
Drainage: for gushout water, surface water,
waste water

Z8I02Z: road edge to free zone, same to
road shoulder, min 1m for highway, if less
than 2m for 1,000m or longer tunnel, need to

Maintenance access(Z/AF&/ 5 .2): consider the location of utility equip with emergency parking space every
conduit and emergency access, 1m from road surface and min 750m (emergency, accident vehicles)
0.75m width for safety, 2m pass height Equipment space(A/ & C}): for lighting,

emergency equipment

Tunnel Project Planning

e Cross Section for Ventilation  Channeling: install duct systems considering tunnel
length, ventilation volume

Jet fan: 0.2m from the facility free
zone, Normally hanging to the ceiling,
hanging distance = 0.5 of the fan
diameter

(@) F&A(jet fan)

* Emergency Access

— Emergency path@HHZHEE): (1) path connecting multiple tunnels or the tunnel and
emergency tunnel, (2) doors should be smoke protected, fire protected, and non-powered, (3)
set up every 250m, bigger one for emergency vehicles every 750m, every 300m for the
tunnel less than 1,200m length

— Emergency tunnel@| I E 'H): (1) tunnel for evacuation (parallel, vertical)
connected with emergency paths, (2) provide air, pressurized facility to protect smoke inflow

— Emergency shelter(@| HEH T A): (1) equipped with emergency lights, telephone, fireplug,
CCTYV, battery
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Tunnel Excavation

* Excavation Equipment

Power Shovel Power Breaker Road Header Tunnel Boring Machine

Widely used, Easy for loose Wide applicability, Slow Rotating cutter header, TBM, Rotating and
earth, Slow for hard earth  speed, Noise and vibration Mucking(H/ &) — reduce mucking, Open TBM for
muck loading time, Many rocks (reaction to tunnel
consumption of picks for walls) and shield TBM for
&taf = At economical, easy construction, vibration, noise, ~ hard earth, Lots of dust — soil and weathered rocks
require ventilation, (self-powered)

performed with other equipment operations
sprinkling

I =2 (1) static: expansion by gas pressure >

cracking = breaker/backhoe, (2) dynamic: frequent

impact =2 surface expansion

%

Tunnel Excavation = BESEGS @ Aeei Iy

¢ Excavation Method

— Total Cross Section Excavation (HTHHZ%h
* Hard earth condition (self-bearing)
¢ Small/medium-size cross sections
* Simple and fast operation with equipment
* Early stabilization(& Z X H{ X| 1-cycle BtE), clean tunnel face(Ud)
* Difficult to earth risk management, delay on shortcreting/

rockbolting, need big working platform

— Bench Cut (:E2g=2%h
¢ Large cross section
* Long bench (digging depth, I+50{7}= Z20[): > 3D (or 50m), hard earth conditions
¢ Short bench: 1D (or 10m) < bench < 3D, normal earth
* Mini bench: < 1D, soft earth
¢ Multi bench: 3 or more benches, unstable earth conditions
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Tunnel Excavation

* Excavation Method

— Bench Cut (+¥&2&=%

* Temporary Invert (7tQIH E): for
medium/large cross sections, excavate
long bench while temporarily
shotcreting above the bench for
deeper excavation (provide larger
working areas), not economical
considering shotcreting and curing
time

* Ring cut: leave supporting 2-3m core
to tunnel face pressure and excavate,
soft/poor earth, reduced and limited
working areas

Tunnel Excavation

¢ Excavation Method

— Vertical Cut (F4/HXgg24

* When top earth condition is weak and the large cross section does not have bearing

capacity, Temporary supports like rock bolts or shotcrete, ID~2D

‘ =_EE

— Side Pilot Drifting (MZ =434

* For very large cross sections, excavate while checking earth and underground water

conditions, Set early bearing capacity, Water drainage through side pilots

FyL Yoz
F4p12 02/
=22 > EHEHE
g, 50/
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Tunnel Excavation

¢ Excavation Method

— Blasting
Drilling @ &3 Set up
Survey @ = » et Blasting

o)

&J| Ventilation

Rock Bolt ® XI=E(=EE) ’\/ &‘;@

7~ R

’ 4

s 7

» i3 -
Finishing @ =xr>  seplE A igiigugigey; ) © Y91 Mucking

Tunnel Excavation

* Excavation Method
— Blasting Method

—| Center Cut I——| Slope Center Cut l— Pyramid Cut
Blasting Method I— Heegn BN

V-Cut

(e

Fan Cut

—| Cylinder Cut

Burn Cut
~| Controlled |—~| Smooth Blasting |

Ao
; Pre-splitting
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Drilling: Accurate drilling leads to accurate excavation, Should
deliver correct blasting power to correct direction, Too much
blasting requires additional supports, Laser point survey

Tunnel Excavation

e e =

* Excavation Method
— Blasting Method: V-Cut

* Most common method, easy set up

* Big muck size scattering less

* Noisy and large vibration

* Ideal to point to the center line to maximize blasting

* Good for large sections, but difficult for small sections

— Blasting Method: Burn/Cylinder Cut
¢ Dirill burn hole (F&2f3) at the center
* Burn cut (<75mm) < Cylinder cut (>200mm)

* Applicable to any size of the cross section

* Small vibration (accurate blasting, good for urban areas)
* Small muck scattering further, Noisy due to burn hole

* Long drilling time, require accurate drilling skills and equipment

Tunnel Excavation

* Excavation Method
— Blasting Method: Smooth Blasting (M 0{'4x})

* Difficult to expect and control blasting with common apptoaches=> Possible cracks and
overbreak(ol2)

¢ Controlled blasting: very difficult, Accurate design of explosive amount and drilling
intervals

Smooth walls 3|
Min. fracture
L|iMlin. overbrea -
s support requifed
Better safety

s

Contour holes act as a cushion to protect extra
blasting by air voids and make smooth surface
blasting by gas pressure (18 & 2 C} &2 X229/
A S)

Blast damage Overbreak

Pre-splitting: blasting contour surface first then
going to remaining parts

11/25/2018



Tunnel Excavation

¢ Overbreak

— Increase project cost (normally 15-20%) due to additional explosive, muck,
shotcrete and rock bolt amounts, Impossible to eliminate, target to minimize

— Causes

¢ Drilling equipment: Jumbo drill length 3.7m(about 26cm overbreak), 4.2m(29cm),
4.7m(39cm), Possible bending of the drill rod

¢ Drilling position and skill: Affected by working complexity

* Blasting method
¢ Topological condition: Changeable earth condition during excavation

— Allowable standards: Arch section: 15-20cm, Wall section: 10-15cm

\
zzaze \ | “z2EE e
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(a) CHF2 ofF b) AfE o4

Tunnel Excavation

* Mucking
— Take 1/4 —1/3 of total project duration

— Mucking volume = Excavation volume x (1+overbreak %) x changing factor

_ Original Earth Transportation

Volume Unit Weight (kN/m?3) Volume Unit Weight (kN/m3)
Normal Rock 1 22-28 1.4-1.8 14-20
Soft Rock 1 20-25 1.3-1.7 13-19
Soil 1 15-22 1.2-1.5 12-18

— Grade 12% or less for dump truck traveling

— Rail type transportation for small cross sections

11/25/2018



Shotcrete Mixing §

Portland cement, 0.1mm or less fine aggregates,
10mm or less clean and round coarse aggregates,
10MPa compressed strength for 1 day

Tunne]_ Supp Ort (21MPa for 28 days),

5-10% accelerating agent

* Shotcrete
— Most important support (first) by spraying mortar or concrete
— Fast gain of strength, applicable to any cross section

— Requirement, (1) bearing capacity, (2) adhesiveness and durability, (3) high
watertightness, (4) less rebound and dust, (5) waterproof and drainage

Cement + Agg.

NUE+ST

Dry-mix Process

Shotcrete quality depending on worker skills
Small-size project

Long distance delivery (200m)

Poor working condition: large dust and scattering
Large rebound (30-50%)

Small and maintainable equipment

Compressed air - 8 4P
for delivery gt&=)) = Nozzle
Wet-mix Process

Good shotcrete quality control
Large-size project

Shorter delivery (80m)

Better working condition

Less rebound (10-20%)

Large equipment, difficult
maintenance (2/g))

e =32E
Shotcrete

Tunnel Support

UL L -
* Shotcrete £H|

CHH3 7| Normal/Hard Rock m Weathered Rock “

30 m? or less 5cm 5-10cm 5-10cm 10-15cm
30-40m? 5-10 10-15 15-20 about 20cm
40-80m? 5-10 10-15 15-20 20-25cm
80-120m? 5-10 10-20 15-20 about 25cm

For very stable and hardened earth, possible less than 5cm
If too weak, avoid too thick shotcreting and consider to use rebar or steel fiber with shotcreting

T ——
.OE ) '“‘WMWH A Il

0.75m 1.0m 1.25m
Excavation = Finishing( #/ X/, 24 S0f
O/BtEIE B HE] BA)) D FA,
Shotcreting 1m from the surface,
vertical to surface, wall to arch( E'2/2#
ZIE|EL HIS PO ), 10cm or less
at one time and repeat (&/2/8/%))

Gushout water
gax3al

8
"
]

i 38 ‘@ Shotcreting
850 /2 £32|E S5 Y7 > Y0/ Z S%] 2 £
£E0) B O12 e[S £HZ/ES 8+ 2B £ EY
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Tunnel Support

* Steel Fiber Reinforced Shotcrete (SFRS, 4 f2Z

— Steel fiber, glass fiber, plastic fiber

— Steel fiber: 700MPa or over tensile strength, 0.3-0.6mm diameter, 30-

40mm length

— Early reaching good bearing
impact

strength for loading, bending stress, and

— Less void in shotcrete, used for wet-mix only

=32 E

2H0I01 0K+

BEREY
%3BIE

Wire Mesh + Shotcrete (% 8/2 & X/3}0 32/ E E}A)
Difficult to install if large overbreak

Less adhesiveness and layer separation with vibration to the
mesh during shotcreting

Decreased supporting effect considering the time for mesh
installation

SFRS (£32/|E9| IFZIE 5 2 25/7] 2o ZHRE =2))
Uniform thick placement of shotcrete

Good bearing capacity with reduced thickness of shotcrete
Prompt placement and support right after excavation
Simple operation and good quality

Tunnel Support

* Rock Bolt

m“

SHES OIS OIUE UUS K|S D0 HotS WX|SHY BHO|Lt Ha|7t
g EEER T RPEEEEEEL E LT N e
EEER 5402 Wa|7t wLE R|uo|H SBE 2 2|5l A0S oA

CEEEREOLE- Y FEE
e =8 S2E0| AR 20 O5tol Ef' BB L] Wistol B e
Fex|ue FHots
OXBY TG AR ZEEO g LhsHS0| AT Bx B Fiol Xuto] L3
so= Aot Etol Lst2io 2 ofX|7} A
RS2 sg  SEES EHSR R|ure| MEN 0| STHst0] X|ut Lot2 Tt 3
£ HRYET} 57

Head bolting (£15/% 2} &), Whole surface bolting (%1 5%/ 24)),

Combination (

= B}4)), Friction bolt (Of&' &)

11/25/2018
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Tunnel Support

* Rock Bolt Type
— MEPERE wiore outol wa
* By equipment: wedge type, expansion type
* By capsule: resin type
* Good for ground sealing, normal/soft rocks
- MEEHE @ngols gutol B2,

¢ Fix total rock bolt to the earth with filler(E T )

e Soft/weathered rocks

Aol i
@ Yagyy ) #4%

uf’é-*“’é Expansion Wedge

* Whole surface bolting starts
bearing once the filler is
hardened, the friction bolt
immediately supports once
placement (+Y%22 EES Y¥

ML_

Tunnel Support

* Rock Bolt

11/25/2018
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Tunnel Support

* Rock Bolt

Instant installation when earth
pressure is big

If not (for hardened earth), install every
2-3 cycles

Resin Type

Drilling: (1) if the hole is too small, difficult to insert bolt and adhesive; if the hole is too big, difficult to reach
enough settlement; (2) Drill little bit deeper than the rock bolt length for expansion type, shorter for wedge and
resin types (X &HE 222 /3] Af)

Earth Type m Installation m
%’ o

l_%ll- 3 Zl—_*g‘_:l_l. !» |% %z}.d- t:lEl- H}'Xl /\/\ ’</YI
oF x| 0] b .

Bojer-oigt LY 0 AAHEEER A UL EYANE

Xy 7Io, B ofx et ZEsiof byxi,
WA RS ol 0| ByX]
SAL HEE Ao Ruol Y memof wase

HOIS WA= BAl, obK

HEHE Hlolg obxl U 25 S0 Bhx]

Tunnel Support

|
* Rock Bolt ‘ ‘i
| (oD

— Anchor Plate (X| 2% ‘i‘

* Unification of rock bolt and shotcrete
* Normally 150x150mm with 6mm thickness (9mm for expandable earth)

If vertical rock bolting is difficult, use a circular anchor plate

Self Drilling Rock Bolt (X}21& £ £ E
When difficult to maintain holes after drilling especially for very weak earth,
drill by 2-5m rock bolt with bit and do grouting

(a) 124 Xg b) REUZ ¥ HZ (¢) XIQUTH M| () ZLH 22t9E

11/25/2018
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Tunnel Support M M M

4

T 1T+
A\ i \ Jf
* Steel Support gy o) oby o oy o 1E 2y

— Directly support earth until the shotcrete reach the required bearing
capacity, distribute loads to shotcrete, and shape the tunnel cross section

H-type steel support (H & ZIX/ 2 7f)

2321

Good strength and bearing capacity usually used for H-12501256.50 !
weathered or soil earth o

Heavy PLo1750178010

Possible voids between earth surface and the steel support

where shotcrete is difficult to reach ‘A g
If the thickness of shotcrete is thin structural integrity b/w
them becomes poor

Lattice Girder ( Z X} X] 2 Xf)

Triangular or rectangular steel structure

| Lighter than other supports = easy to deliver and install
Forepoling can be placed through lattice spaces = high EECErS
construction efficiency i
Less strength than H-type

Very good adhesiveness with shotcrete, less rebound of

>

N\ PL175x175x10

shotcrete, good quality control —

o) Hxt RIS R|EH

“For weak earth, install wood, concrete, or steel baseplate and supporting concrete”

Additional Supports

. BREEIY

— Thin earth surface and weakened earth

— Preventing any possible deflection that affects adjacent structures

— The earth having a large amount of gushout water

Normal Soft Soil

MThoby Pipe Roof (IO L2 )
Sloping Rock Bolt (B AE & E)
)

Forepoling (2 Z&
Reinforced Protective Umbrella (CH7-Z4 2t CtEt 22 &)
o

> > B> >

Liquid Injection (2F2FQ))
Op 3 /HEE Tunnel Face Shotcrete (UX M £3 2| E)
Tunnel Face Rock Bolt (U &HH ZE2E)
Ring Cut (Z.0{ )
Temporary Invert (7t 2| E)
Liquid Injection (2F24FQ}) A
De-watering (27| 35) A
Well Point (2 ZQIE)
Deep Well (E}2)

g4y RS

O O P> B> > B>
O O O OpP>PP>BDP>P OO O >

11/25/2018
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Additional Supports

¢ Top Surface Stabilization

Forepoling( =%} & £/ 5 2 EH20) TEIE 0 2 H0/Lf ZHEHS &X)
Strengthen/tighten top and top front surface and prevent spalling and falling

D25 supporting rebar or 30-40mm steel pipe in 2-3 times length of excavated earth
length

Every 0.3-0.8m (8/8/8)), every 93 (&2
From the top point 30-60 degree to left and right sides
2Yal To prevent overbreak drill less than 15 degree and mortar grouting after placement

232AE A3

gy =
232|E B

Pipe Roof
When the tunnel passes under the adjacent structure, support weak top earth
Expensive and require spaces for working platform and various installation
equipment

6-15m length, 3-4mm thickness, 50-300mm diameter, every 2-2.5 times than
diameter

Horizontally (less than 5 degree) install

Additional Supports

¢ Top Surface Stabilization

R.P.U.M (Reinforced Protective Umbrella Method, Lf7* & Z!&f CfEt T21-2 )
Place long umbrella-shape tubes (steel pipe or Fiber Reinforced Pipe) to the tunnel
front areas and insert grouting

Soil, weathered, or broken earth, minehead, and thin earth

(a) Core@l B7f

¢ Tunnel Face Stabilization

Ring Cut ) Tunnel Face Shotcrete or Rock Bolting
Leave 2-3m core at the tunnel face to resist to For protecting possible collapse within one cycle of operation
pressure

11/25/2018
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Concrete Lining

* Function

— Structurally stable: Should bear long-time earth pressure without cracks,
deformation and collapse and enough durable to resist to settlement

— Less leakage and good watertightness
— Maintain convenience for ventilation, lightening, and other O&M

Invert

When uneven earth pressure is
expected or for poor earth conditions,
} install inverts immediately as
connection to side walls for better
bearing capacity

Less deflection of tunnel structure

iy ) oty ] L]
More unstable earth and earth pressure = more circular
shape

a) Invert 24 b) QIHE ZAF ¥ strut AX| ) QIHE ZIZ|E EfY

Concrete Lining

11/25/2018
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Concrete Lining

Concrete Lining

* DPlace after all tunnel structure is settled without further deformation or

settlement and waterproofing/drainage is finished.
* Portland cement with AE agent and high-range water reducing agent
*  12-18cm slump, 21MPa designed strength, 20-40cm thickness for less bending

moment

e Forms (ZE 4, 0|54

— Normally use a whole section movable form (nontelescopic form), 9-12m form length

o
S oW S N P

11/25/2018
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Concrete Lining

* Lining Cracking
— Reduce strength and watertightness that cause leakage, icecle, or freezing

— Special monitoring for areas having a large amount of gushout waters and
short tunnels/ T where can be easily affected by outside weather

— Crack more due to drying and shrinkage than increased tensioning

Cause (1) Concrete Materials Cause (2) Loading Cause (2) Construction Process
Cement abnormal expansion/freezing  Actual loading over designed loading  Too long concrete mixing

Concrete settlement/bleeding Earthquake W/C ratio changes during pumping
Cement hydration heat Lack of cross sections and rebar Wrong concrete placement
Aggregates quality Earth differential settlement Too fast curing and lack of compaction
Concrete stiffening/drying shrinkage Moved rebar positions

Non-tight connection b/w parts
Deformation of forms and supports
Leakage

Form earth removal

Vibration and loading before stiffening
Rapid drying during curing

(] ]
Fiber Reinforced Concrete Wet Curing with Sprinkler Use of Spacer

2P QY F2 A F R
N3, E57) 65 A0/
20/7 52 220l H5 =2
e

Open Cut Tunnel chzterg)

* Excavation = Tunnel Construction = Refilling

Open Cut through Precase Concrete Assembly

Foundation + Prefabrication (EtOfX] & 4|12 E) simultaneous construction
> Fast

Good quality, light, durable = less cracking, good watertightness and
£ cfficient maintenance

Thin thickness of the segment = economical, easy transportation and
construction

(a) PCEXHQ| &z} Qut

(¢) OB HAK2| (1) $IHg o (€)Crown beam X/ WAKl  (n) ZA| B A

Y EX E T

11/25/2018
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Immersed Tunnel &gy

Immersed Tunnel

Transport prefabricated immersed tunnel
i segments and sink them by filling waters into
the ballast tank in the segments

“Joint” is the most important part to
determine life and performance of the tunnel,
allow very limited movement

Aohgtel Slo 9|

@) BRI BAHAONYH HAEY

Rectangle: better space use,
thicker cross section due to
larger bending moment

OMEGA

GINA rubber

[OF- RE 1

Segment Joint: connect
segments with rubber
waterstops

Immersion Joint: Z/ & =2

11/25/2018
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Immersed Tunnel

(d) KloRgHIe] Q1oF g olg ©) ATRHIS] A\ AR| (1) AJoHeHl F#e £l Q7|

Gravel bed 2 Sink tunnel =2 Locking fill to prevent movement = Backfill and rock protection = Internal finish

DCM/SCP &
R EX-EA e

A}l i: Busan-Gerjae Do 8.2km,
48m depth Immersed tunnel

TBM (Tunnel Boring Machine)
Rodkbots L kllf.a«“

Manual = Big Tunneling Machinery
Better safety, Reduce blasting pollution, Less

Drilling truck Shotcrete truck  Drilling jumbo

public complaint
Concrete Dump truck  Rubber-tyred
mixer truck front loader
Controj cabin | Hoisting crane  Gripper Bolt drilling machine
L LU NN LA N LR \
R G A PR, e
Automatic shotcreting machine Conveyor belt Wire mesh erector ~ Cutter head

11/25/2018
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Open TBM

TBM 28| TBM FSEagoiay

TBM 2840

© Cutortead @ Cuttor Head Jacket @ innerKelly @) OuterKelly @ Advance Cylinder (@ Cutter Head Drive @) Clamping Pad
@ RearSupport @) Belt Conveyor D Dust Collector

Cutter Head: 7/£/ 9] 2/5 5/ 1f 271 2/0) o[8}f &&= gl4jA/7 = &3} 11 B2 &2/ HE ZiHo/ofof
X510 S8 O = HiEA/7[0] LR H /O HECZ [

Cutter Head Jacket: 7/E{3| =5 Sc/M11 QLOjA E/ 5 B H O 22 E LOJAJE BI2 BIX|olH ST &
| K EIAI0f 2R & EF X X| LY GEif Z & F0f FHES=E XX 0f A HES 24
Inner Kelly: 2 2/8& 22 F/E/3|EE 3/ FHTIAIZ (FHE S E E2/0/5)

Outer Kelly: Lj-ZZ2/Z M0 28 24 EHE XX/el= ST A7) 20 H S S Eo) 23
AJXjetof 1Bm Of T XAl =3

Trailer: 2 2/A/2 &) H EX/c/A/E 2 74

Rotating button
cutter, weathered

Open TBM

Cutting style Crushing style

ground cutting style

OETN o) A

L SULIEE EY HEo| Y
2IIARIANE $= 208
3 ARSI 5 A

1-stroke 2T 22
L& Za| o] HTIatEl

N

i
Il
Rl

ZIAXIRIE
. EHYHEE HEYHM 25

N

i

Q|8 A2 E 1-stroke M T
ZIAXIRICHE B 2o 2XHEE =T

I

Rotating disk cutter,
harder ground than

11/25/2018
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Open TBM

Manufacturing Site

Width = Main TBM width +
| crane operation width
Length = Main TBM length +
trailer length

Pilot Tunnel (& ZIE{S)
For the first placement not using

clamping pad, excavate or blast access
having 30cm extra width

Loss time O] 0 & 2& ALK
HE2/2] 7}

2} £ X /7B
27188 57

g2 X2 s, N 28
D74 2| ExH] HES AE B 12 X A
50| = A/E0 R

2SR HE

SI7|EH &8 T ALK 0l HEA 2| 7f 2715,
oIRI ] X EEES 22 5 A/H0 BR

Concrete Lining

Needle beam form: 9-12m, 2 /& 0f
S/ajAl o]

Telescopic full round form: 30-36m,
Y15 A 810 0/ Y X E

Shield TBM

11/25/2018
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Shield TBM

L]
Hood Cutter Head
S
(o T
Full Face Cutting Type (Flat Dome)
Better compaction of tunnel face
*  Girder

- L EY XX, SEotHAS A, EAE YL HIHES| v
F7Eg Pop x7

T =" —
e Tail
- 27 EYO|E: €& 2= 2&, FIUFKE E2517| 2/t 2|20l 285t= EL0| ACIEE
AZIZYO|ERZ ERiM 2 HEH Sz 2
- EHYM A7 Z20|E X MOAHE 2F2| AtO|2 F|XHSH, XISt O| EAF SO| FAE[X]|
UZE T WEEE=ESPN|
=X

=] EOl

T o —l

- BEIK: 3 MB0M = 28 35l SHEK|S ALESHO] F4
Say]dE2 8

Spoke Type (Flat)
Less torque, Easy mucking

Ho=SE Ao s Ho|

Hood Girder Tail
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Shield TBM

Take off ( &%)

Reaction system to push enough
and protect adjacent
environment and structures
Entrance packing to prevent
injection of underground water
and soils
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Stabilization of ground for
taking off

Erector
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Shield TBM

* Segment Placement

1 I
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Curved Bolt Bolt Box Sloped Bolt Connection Bar
Structurally effective Corrosion/Loose, Big Not fully connected, No corrosion,
possible leakage Weak to twisting, Possible leakage with
Possible leakage time, Impossible to
take apart
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(a) tail void

Shield TBM
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Shield TBM
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