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Types of Tunnel & Construction Methods

What’s Tunnel?

What’s a tunnel made of ?



Types of Tunnel

Cut & Cover
Tunnel

Shield Tunnel

Mountain
Tunnel

Difference of ground
Difference of

- construction method
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A schematic drawing of geological structure of Tokyo

Western part of Tokyo Eastern part of Tokyo

An alluvial

Gravel

A diluvium A diluvium
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Ancient Tokyo bay (130,000 years ago)

Diagonal lines : Land
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Land —>

Sea level rose

An interglacial period 5



Process of forming the alluvial in Tokyo and environs

X =% 1986

25000-20000 years ago (Deep river)

Gravel was piled up. Sea level came down.

A glacial epoch



Process of forming the alluvial in Tokyo and environs

Land was encroached by rain X =% 1986

10000 years ago (Wide river)

Clay was deposited. Sand was piled up.



Inner part of Tokyo bay (6,000 years ago)

Diagonal lines : Land

X =% fth 1983

Sea

Land —>

An interglacial period .



Process of forming the alluvial in Tokyo and environs

¢ =% 1986

6000 years ago (On-lap)

Clay was deposited.



Process of forming the alluvial in Tokyo and environs

¢ =% 1986

2000 years ago-now (River)

A drowned valley.
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Ground profile of Tokyo bay costal zone

Western part of Tokyo Eastern part of Tokyo

An alluvial

A diluvium
A drowned valley. A drowned valley.

Very complex ! '
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1. What’s a shield tunnel? Shield Tunnel
Shield jack Segment

N/

Cutter face /

Skin plate Elector LS —ILRR RV Y

Shield machine



Segment

Segment joint

Ring joint

Segment

Secondary lining

Staggered arrangement

Primary lining
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Reinforced concrete segment
Box type segment

Ductile cast iron segment

Flat type segment
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Special segments Composite segment

Honeycomb segment New Mechanically- jointed Segment

Pin-tenon segment
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COMPARISON-1.0utline of construction methods

NATM

Shield

Cut & cover

Shot Crete, Steel support,
Rock Bolt

" Making full use of the
natural support function of
the surrounding ground

" Prerequisite condition is
that face remains
standing when excavated

" The skin plate of the shield

* Closed-type shield stabilizes the

* Segmental Lining.

machine, outer backfill layer of
the shield and the segmental
support the wall of the tunnel.

face using earth or slurry to
counter earth or hydraulic
pressure.

* Earth-retaining wall,
Main body

*The ground
excavated from the
surface to build the
tunnel at the desired
depth. Then the
excavated earth is
brought back to
restore the surface.
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COMPARISON-2.Countermeasure for underground water

NATM Shield Cut & cover

*When there is water

inflow that affects the self- * Usually, closed *Countermeasures such as deeper

type shield does penetration of earth retaining wall,

support of the face or ;
pp. . not required groundwater reducing method,

stability of the ground o

. . countermeasure | soil improvement etc. are usually
during excavation, water .

. s, but the open necessary to overcome boiling or
sealing method such as by .

type does. heaving.

deep well, well point, or
drainage tunnel is
necessary.

H =

X Natural water level.

Deep well.
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Face collapse

20



Open Type Shield

21



Slurry shield

(Closed Type Shield)
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Earth Pressure Balanced shield
(Closed Type Shield)
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Case Study of Railway Shield Tunne| =—

& In Japan, a shield tunneling method 1s applied widely
in an urban region with soft ground from 1960s.

Open type shield Closed type shield

settlement of the ground: large settlement of the ground:small

Y

Open type shield machine Closed type shield machine
(Manual excavation type) (Slurry type) 24



Selected Shield Type
Applied shield types of each decade

[ 1 Manual excavation

(\O)
S b
oS O

(\®)

[ Semi-mechanical typg

L] Mechanical type
] Partial open type

B Slurry type
B Earth pressure type

Closed

—_—
o N
o O

AN
)

S

Number of shield tunnel
S

1960s
1970s
1980s
1990s
2000s

Type

\_

/ Before 1970s: Manual excavation type is mainly applied. )

(Mechanical and Partial open types are also applied.)

After 1980s: Closed type 1s mainly applied. N
(1980s: Slurry type, ~ 1990s: Earth pressure type)




Simultaneous Back—fill Grouting
Ground RIEEADHEA

S {
Fresh grout

Tail seal Hardened grout

Immediate Back—fill Grouting
BNEFRADFEA

\

Void




Tail seal composed of wire brushes and
high— viscose grease

Wire brush /

Skin plate Ground

Y=l F&T—lb"‘lld)x#/jl/— —\

gY2A (?ELH )

74%—-75%
Wire brushes

ﬂ

High-viscose grease

Wire brushes
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Back-fill grouting ——

0% 20% 40% 60% 80% 100%

1980s

1990s

2000s

Simultaneous grouting Immediate grouting

Semi simultaneous grouting

(@ Simultaneous grouting increases in number. A
1980s: Simultaneous grouting = 25%.
N 2000s: Simultaneous grouting = Near 80% ®




‘ ?
Starting Shaft 2. How to make a shield tunnel’

Procedure of shield tunnel construction

Taking a machine apart
Shield machine

Remove

Arriving Shaft
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Closed Type shield

Moving facilities
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Face
(Nanboku Line)
(Saitamakousou)

Like a factory!

Moving facilities

Elector

Muck Removal Facilities
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Inside of a tunnel

Material Handling Facilities

Lightning System
Water Supply Facilities
Ventilation Facilities

Grouting material Supply Facilities

Communication Facilities

Facilities

Electric Power Supply Facilities
Material stock Facilities

Grouting material stock Facilities
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Tunnel entrance

00:00~6:10
12:40~17:20

19:14~24:10

Stock Yard
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Shield tunnel

An example for Railway tunnel
Single track tunnel,
Kyoto City Subway

An example for Railway tunnel
Single track tunnel

An example for Railway tunnel 34
Double track tunnel



Typical cross sections of a sewerage tunnel and a
water supply tunnel

Segmental lining Water pipe

Secondary lining concrete Inspection

gallery

Secondary lining

Segmental lining

An example for a sewerage tunnel An example for a water supply tunnel
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Typical cross sections of a power cable tunnel and
a telecommunicational tunnel

Lighting Lighting Secondary lining concrete
Segmental lining
Power
cable Rack Segmental lining
Telecommun
ication cable
Water

cooling pipe

An example for An example for
a power cable tunnel a telecommunicational tunnel
36



Typical cross sections of a multiple use tunnel

An example of Kansai electric company

Water
cooling pipe
Telecommun
Gas pipe ication cable
Power
Water pipe cable
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An outline of NTT telecommunicational tunnel

=N
N\

mEm—

Circular tunnel Rectangular tunnel




Segmental lining
Primary lining

Steel Segment

Secondary
lining




Typical cross sections of a gas pipe tunnel and a road tunnel

Secondary lining
concrete

Segmental lining  Mortar filling

Gas pipe

Gas-pipe

An example for a gas pipe tunnel

Segmental lining
Waterproof seat

Dust collector
installation space

PC ceiling board
Ceiling boar bracket

Inspection gallery

Circular waterway

Center
ditch

The Trans-Tokyo

A four - lane road Bay Highway

An example for a road tunnel 40



Typical cross sections of a road tunnel

An example of the Trans-Tokyo Bay Highway

Roadway Inspectiil(l)lr(ll gallery

Evacuation gallery
(Lower half of a tunnel)!



Examples of multiple use shield tunnels

A power cable tunnel Power cables

Water pipes

A water supply tunnel
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Water transmission pipe in the
invert

Conceptual view of a traffic tunnel and
a station of the Saitama rapid rallway
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Setting situation of water transmission pipes FE)KE 1R ERR



Water transmission pipe
under a station during construction
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Winding Shield

SRA R R RS
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Electric Power Tunnel

with Sharp Radius, Steep Grade in Large Depth
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Depth(m)

10

20

30

40

50

60

10

80

Achievement of a large face excavation and
large overburden excavation
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Achievements of a sharp curve execution under high water pressure

Ground water pressure (MPa)

Minimum curve radius (m)

160 120 80 10
0.4
o Electricit
€eCUtricl
0.5 90m 0. 52MPa +50MPa
Sewe il 0. 49MPa
Electricit
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0.6 ‘ -
0. 56MPa
Sewer
120m (. 60MPa 50m 0. 60MPa
0.7
‘Electricity
o50m
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F&E(m)

Depth

Achievements of a long distance excavation

Length of excavation (m) fEEER(mM)
2,000 4,000 6,000 8,000 10,000
0 | | I
Gi‘z _ Multiple use
10 AKX ELqi
Gas O
20 Id 7N
4 Eleéatricity
30 TN
Railway Muftﬂ)ctléﬁuse
40 D Electricity Gas
Sewer %2 Electricity (For electricity)
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A tunnel for gas conduit connected east area to west area.
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A tunnel for gas conduit connected east area to west area.
RAEERTRAEEL ORIV

Ougijima Shaft Futtsu Shaft

Underground connecting

Ougijima Shaft Futtsu Shaft
19km

9000m 9000m

Underground connecting
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Design method of a segmental lining

Usual Calculation Method l lsl“ri‘ri Tl

Modified Usual Calculation Method

il

e
° ° m
Structural model of segmental lining: Water pressure Py,
Earth pressure P,
Solid ring with fully flexural rigidity o o
Ground reaction Ground reaction
S n ? x e ;\
2 EF‘“\
Interaction model between T

Ground reaction by vertical load

ground and tunnel lining: o (Elep ) 0.5k 0)

Ground reaction by self weight

° Pgl(:TC 1)
Ground reaction ¢
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Design method of a segmental lining
( Railway Tunnel)

Structural model of segmental lining:
Beam-spring model

Interaction model between ground and tunnel lining:

Full-circumferential spring model

Radial ground reaction spring

Tangential ground reaction spring GL

V4

AP, Pwi=vw Hw

o+

Pw>=Yw(Hw+Dy)
56



Earth pressure distribution (Open type shield)



Results of measurement in a sandy layer
(Earth pressure, Water pressure)

(Closed type shield)
Legend

Earth pressure

Water pressure



Effect of back-fill grouting

Diluvium Sandy soil Diluvium Clayey soil



Plan of back-fill grouting

Casel Case2
Plan injection 150kPa 50kPa
pressure
Plan injection 139% 100%
rate
Material of Standard Low strength
back-fill arrangement arrangement
Injection Normal When injection pressure
method become bigger than plan

pressure, the injection is
stopped.




Earth pressure acting on segment
(Diluvium Clayey Soil)
S days after tail passing
S months after tail passing

Design earth pressure



Earth pressure acting on segment
(Diluvium Sandy Soil)

S month after tail passing Effective earth pressure

Total earth pressure



Design model for the pressure of back—fill grouting




Desigh model for segments in sharp curve

Ground reaction spring Equivalent rigidity
2 (EA)eq
(EDeq

ﬂciem of ground re#ction

-

v

A

M > \ Jack thrust



Factors causing damage of segment

1) Cracks caused by jack thrust

2) Cracks caused by consolidation settlement
around the tunnel

3) Cracks caused by the adjacent construction work
to the tunnel



Damage due to Construction Load

) Segment
Crack due to a difference Segment ; S
Longitudinal section e | % GRS A
(Long R
L et SRS Difference
Crack
Crack at a corner
Crack
Crack due to a ga NS 3 <
84p "z S A,?:’;f o g%?,‘zu 5*@35.3
"ﬂté"r“z“. ‘.‘“\\ ;ﬂ'? )‘t

Ring joints aren’t on a same plane

|A
<

»
>
:_
——
fe—
—
—

Crack due to a difference and a gap 66



¥ 'Y
;t';':;{'szg\""
’ ANGSE !”ﬂ %

Crack due to contacts of the shield tail and segments

Crack due to increased friction by
hardened tail graut

Crack Tail seal

Spreader

4

——

|
Jack

Crack due to a inferior spreader
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Factors causing damages of segments in the

construction procedure

1) Accuracy of assembly of segments
2) Control of the attitude of a shield
3) Accuracy of manufacture of shield

Countermeasures for prevention of damages of segments
1) The designer of segments should reinforce them by
estimating errors on manufacture and construction

procedures.

2) The designer should inform the construction foreman of
the condition of the design for segments.
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An example of a deep tunnel under high underground water pressure

mali) 7 Y48 nle

B * MEFTx3 »
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Outline of the project

Plan of the project

@ 2 mud transport pipes
@ Deep-fixed slop

@ Wwith inspection gallery
@ Non secondary lining
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Outline of the construction

Total length of the tunnel

FND2IEL=1500m R FND3IEL=1537m FNDA4TITEL=1000m
| |

hEE

INETE

§

KinE

Plan view of the tunnel line and ground profile



Plan Countermeasure of the long distance excavation

" Different height type bits
= Wear detector bits
" Rescue bits
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Plan

Countermeasure of the high water pressure

4 layers type tail seal system

* Cutter bearing seal for high water pressure

*Increase of trust capacity
(Two times strong of standard)

Cutter bearing seal for high water pntessure

@DVDS—JL3EE (NBRT L) \
@ —ILREEIEE A

REGRHIE S

/.

[/

AR NH J ~

)

e

bv@%?m

[ & 5
Tl ik
e | o

VD/ L

Increase of trust ca!acity

4 layers type
tail seal
system
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Plan | Muck removal facilities (Slurry shield system)

@ Slurry discharge pump measured to high water pressure

‘ ® Gravel crusher measured to high water pressure

Normal crusher (0.5MPa)

Slurry discharge pump measured to
high water pressure (1.5MPa)

Crusher measured to high water
pressure (1.0MPa)
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‘Plan \ Segment, Sealing material A, —IL#

@ Non secondary lining: Decrease number of joint boxes, RC plane segment

@ For long distance excavation: Wedge-pin type joint for workability

@ For high water pressure: Sealing material corresponding to 0.9MPa high
water pressure,0.9MPa

Wedge-pin type joint

Decrease number of joint boxes,
RC plane segment

NE&E=3, 150mm., EFE=200mm
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Result

Thrust force of shield jacks

face

@DSlurry pressure at face: Max.0.86MPa, same as results of the advance investigation
@Total thrust force: Above the plan, Max.13,000kN (90% of the capacity)
Possibility: Appearance of a sandstone, Tightness by fine sand

OT 1 /NIL VI TS
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Result

15000

RN DHR

~

10000

\
N

14,400KN

— N ER

@ Cutter torque:3 times of planned value, Ground characteristic varies widely
@ Advance speed : limit by the cutter torque
Mudstone:10-20mm/minute, Sandstone: 20-30mm/minute
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Problems of constructing a deep tunnel
under high underground water pressure

Damage of a cutter seal due to high water pressure and large thrust force

@ Blockade by gravels of sandstone and instantaneous increase of slurry pressure at face
@ Shortage of capacity of emergency-pressure release device

@ Thrust load acting on a cutter drive unit due to excavation of hard rock

BIKRNFEE
(hys—E=4n)Y" vy &KY)

BE . — R E =70~80MPa

Gravels of sandstone

Countermeasure

@ Replaced with new cutter seals: Over 1 month

@ Increased the capacity of emergency-pressure
release device, Set sacrifice board

@ Set the cutter seal detector unit

Leakage of mud slurry
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Problems of constructing a deep tunnel
under high underground water pressure

RRE-BKEREIDRED

Cracks due to large thrust force

@ Bend of shield jacks due to high thrust force
and occurring a horizontal component of a force

@) Effect of eccentric thrust loads

\ \ \
<::\ \ \ \ “u
EELEE;
P
= Bl
B
Cracks due to thrust force Bend ¢f shield jacks|and cracks due to thrust force
Countermeasure Al B1
@ Loading points of thrust jacks were modified. WO
@ The horizontal component of a force was kept T =
under control by setting plates for thrust. / ............. ’




Continuous Right-angle Excavation Shield Machines

Continuous vertical and cross excavation shield machine

Continuous vertical Continuous vertical and cross
and cross excavation excavation shield machine



Vertical Shield Method

>Construction method of a shaft.
>Excavate and advance from to ground surface.

Image of construction by vertical shield method Vertical shield machine
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Procedure of construction

Clip
Set a vertical shield Machining segments Completion of assembling
machine in a tunnel at the start point a vertical shield machine
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Set a front body

Completion of assembling

Assembling a rear body

Arriving
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Vertical Shield Method

An example of construction (3 shafts were constructed by 1 vertical shield machine)

Vertical shield method

Continuous vertical and
Cross excavation
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Specialty shield machines

Multi circular shield machine ( triple type) -

Mother and child shield machine 12:35~17:16
19:10~25:40
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New construction method "SENS" system ==

&1 SENS method

New tunnel construction method which is able to improve the
safety, economy and workability of the construction.

' S: "Shield tunneling method"
. E: "Extruded concrete lining"
N: "NATM"

3 In SENS method; S: "System"

» Tunnel: Bored by TBM
» Primary lining: Cast-in-situ concrete instead of precast segment
» Secondary lining: Cast-in-situ concrete for finishing

TBM Inner form
for primary
concrete

Primary lining
Cast-1n-situ concrete)

Secondary lini
(Cast-in—sri}t,u cO %ete)




Facilities of SENS system

TBM

11.4m

Inner form

End form

Inner form assembly

B

equipment

= ek

.....

3 -
R B c=—m T W

LR AR

ujal

T T T '%l' e it Puc-ad 1 4 [HT T

Inner form

| BT 2] b ool By Bl oA P2 B § ik P S P

= ﬂ‘u—ﬁ'.ﬂ'ﬂ _
il

o
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TBM (Muddy soil pressure type)

Screw conveyer

LS
|

)@ i (e

A —————

Primary lining




South portal ~ Sambongihara Tunnel L=4,280m North portal

TBM L=3.015m NAT!
L=1.26
= A\~ = Aﬁ
— )
Loose sand lay layer
» Remaining 3015m was » Excavation by NATM was
excavated terminated on Jul., 2004

by SENS (TBM) method

90

» Tunnel was bored through in Nov, 2006



Building process =—r————————

1. Primary lining

2. Invert
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Building process =—r————————

3. Waterproof sheet

4. Secondary lining 9

\}




B Comparison between NATM and Shield =

[ Average excavating speed [ Construction cost
» Twice faster than NATM » Cost of construction for
unit excavation volume
~~1s almost the same
3 o E
2 200 _Ea 10
o O
'%DQIS 0 3 s zé 8 ‘i
== ., 2o~ 6
S ® =4
o © 100 %) ‘E;ie./
2 £ AA S %JL 4 AL o
o g 50 AA N =T)
%’v 0 | | | - EEE 0 | | ‘
5 NATM SENS (Shield) ggg NATM SENS (Shield)
< oS
E3
N

=) SENS method is effective in improving the excavating speed.
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[h SENS method
» Having a good performance in Sambongihara Tunnel

» Applied to Tsugaru-Yomogita Tunnel of the Hokkaido
Shinkansen Line

1 Tsugaru-Yomogita tunnel

» Tunnel cover is shallow.

» Ground is a diluvial loose sand \JL throughout the tunnel
and the ground water level is high.

» 6 tunnels were brought together in one tunnel.

1507

[N
o
S

U
<

<
o

Altitude (m)

(SENS)



My advice for engineer (on a construction site)

1. Feel strangeness at a glance.® >Knowledge, Experience
(look at various construction sites.)

2. Think ahead. # >Predict possible # i‘lél‘fgll;;ggil;zlg‘r taking

troubles. countermeasures to the
troubles.
3. Simple is the best. ®  >Complexness causes accidents.

4.Time is money. # >Decide quickly how to cope with a trouble

when it happen.
>Buy time.
>After that, modified the countermeasure with

observing the situation.
(If the possibility that a countermeasure will succeed is over 50%,
you have to go ahead.)

5.Imagination is very important.® >Image what’s happen and how
does it happen in the blind $paces.



