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GEOTECHNICAL ASPECTS OF CURRENT UNDERGROUND
CONSTRUCTION IN JAPAN

Hiroxaze Akact!

ABSTRACT

The Jupanese National Commitiee for TC28 has produced a committee repart on current underground construction

ities in Japan, including the ies of braced excavation and tunneling.

This report is based on technical papers and a»al]ablr construction records from the past decade. In the field of
braced excavation, the topics of proximity 1 for braced walls, decp shaft excavation,
and groundwater flow preservation measures have been selected and introduced, along with some case records, Tn the
field of li istical data on ling in Japan has been bled from published data and i
Several case records using current shicld tunncling and wrban NATM methods m described. Finally, damages to
underground structures due 1o the 1995 Hyogoken- Nanbu ﬂ(oh] F,at:hqunlc are summarized, and new earthquake-

resistant designs for shicld ling and other technol are
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INTRODUCTION TO BRACED EXCAVATION IN
JAPAN

Almost all of the large cities in Jupan, including Tokyo
and Osaka, are located on alluvial plains in coastal arcas.
These plains are formed of less-firm deposits from the
last two million years of the Quaternary period. In the
shallow portion of the alluvial plains, soft soils arc widely
prevalent, These soils, called “*alluvial soils,” are com-
posed of sediments from the end of the Holocene epoch
to the Recent epoch, and form very thick, soft layers,
which at their deepest are 60 m. Alluvial sui.l.s are guite
soft and weak, ially the clay,

. which is one of the most common deposits found in the
alluvial soils.

Although soft soils are difficult to build on, the de-
mand for building in Japan's urban areas has continued
o increase. Underground structures play a crucial role in
the redevelopment of urban areas. In very congested and
highly populated areas, it is impossible to avoid perform-
ing underground construction close to various existing
structures.

Furth: is now per-
formed over larger nmu and at greater dcplhs than

ing desp open excavations in alluvial deposits. Within the
lust thirty years, the aguifer groundwater level in the
coastal areas of Tokyo has risen to 50 m, its highest cver;
hlﬂorlcally. this trend began with the imposition of
an pumping, imended 10
prevent land subsidence. Countermeasures against high
water pressure are crucial both during and after construc-
tion, Another aspect related 1o groundwater is the effect
of underground structures on the water flow in aguifers,
Measures need 1o be taken to prevent the possible change
of the flow regime when, for example, a Ions under-
ground structure th 10 abstruct g flow.
In this section, the author discusses recent technologies
related 10 Immcd cxcuvntlou in Japan, including proximi-
iy ines for braced walls,
and deep shaft excavation. Groundwater flow preserva-
tion measures are selecied and introduced, together with
some case records,

PROXIMITY CONSTRUCTION

Maost of the braced excavations in Japan are built in
congested urban arcas. In such settings, deformation and
settlement in the ground assoviated wu:h a:llstrul:uull nnd

before. Where top-d was p

the effects of this ion on

used, now a larger number of braced ol arcas
wider than 10,000 m* and at depths more than 30 m are
being conducted. Excavation deeper than S0m is
required to construct the shafts for wrban tunnels.
Groundwater is one of the main concerns when perform-

must be idered in the design. The causes of
ground displacement due to braced excavation are as
follows.
1y Vertical and lateral displacement of backiill due 1o
the deformation of retaining wall.
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Tuble 1. Meihods used for predicling elfects of braced excavation on seighboring strscires
.__ Outline of method Applicable condition
FEM analysis Construction sequences, that is, removing soil and | Interaction among the bracing frames, existing
modeling excavation | bracing, arc simulated in the analysis, so that the structure and ground is important in the overall
and existing whole behavior inchuding braced wall, ground and | bebavior.
siructures, existing structures can be predicied in the analysis.
Deflection of wall is predicted separately using Size and rigidity of the existing structures are
different method, e.g., spring beam model. The | relatively small compared to the scale of
deflection is used as inpat vahues in the FEM. excavation, 5o that the existing strustures do not
analysis. affect the behavior of the braced wall significantly,
- But the ground and the existing structure mutually
interact.
Structural analysis on | Ground deformation predicted separately by the Size and rigidity of the existing sructures are small
existing structures, cther method, e.g., FEM, is assamed the same as enough to asmme that they do nat affect the
e.g, beam on springs | the deflection of the structure and input into the ‘behaviar of the ground deformation cansed by the
for pile foundations, | structural modsl. excavation.
in which deflection or | Change of stresses in the ground due to the Size and rigidity of the existing structure are large
load caused by excavation is predicted separately by the other | compared to the scale of construction wark, so that
excavation is methad, e.g., FEM or elastic analysis, and applied | the movement of ground may not cause significant
considered 1a the structural model of the existing structure. movement of the strscture.

2) Surface settlement due to draw-down of the ground-
water [evel.

m

3) Rebound of excavation bottom duc 10
However, these problems are mainly controlled by an
in-situ monitoring system.

Table 1 presents a briel outline and lists of applicable
conditions for the four methods commonly used for
predicting the effects of braced excavation on nearby
stritctures. I designers can predict the undesirable effects
a braced excavation will have on the existing

/
\

n
Model widl
s

before the construction is undertaken, the design condi-
tions can be modified to reduce deflection of the bracing
wall and the settlement of the ground behind it. Such
maodifications might involve the length and flexural rigidi-
ty of the wall and the number and axial rigidity of the
struts,

However, on special occasions, some countermeasures
thar use ground improvement techniques must be em-
ployed. A buttress-type wall made using the Deep Mixing
Method (DMM) can increase the stability and rigidity of
the wall, and this DMM can be effectively used for large
area excavations (Uchiyama, 1999). Creating siill layers
as kinds of struts ar the level of embedment using DMM
o jet grouting is also effective for reducing the deflection
of the wall at greater depths, especially when excavating
in thick clay deposits (Tanaka, 1997,

Settlement Prediction from  Laboratory Model Test
Resuits (Okalara er al., 1993)

Figure | demonsirates the prediction of ground dis-
placement using laboratory model test resulis. A large
model (2 m width x 5 m length x4 m depth) and dry sand
were used in this study. The retaining wall was displaced
with and without the pile groups in the backfill. The slip
lines and soil deformation observed are shown in Fig, 2,
From these experimental results, the following was
concluded.

1) 3D displacement is smaller than 2D displacement,
2) Ground loss at the surface is equal to 0.5~08x

-

Fig, 1. Soil container ased in (he experiment

(Area of wall deformation).

3) The distance of influence remains almost constant
during the increase in wall deformation.

4)  When the ship line crosses the pile, the displacement
of the pile is in the horizontal direction.

Statistical  Analysis af Fleld Measurement  Results
(Sugimaro, 1956}

Figure 3 shows the relation between wall deformation
and excavation depth obtained from around 150 case
records of braced excavation in Tokyo, Japan. Wall
deformation is found 1o be lnd:pcndml Uf m»armn
depth, since the soil prop
and wall rigidity are different for each case, 7 the excava-
tion lactor o, defined in Eq. (1) is adopted, the surface
seitlement can be successfully predicted from the unique
relation between o, and surface settlement, as shown in
Fig. 4.

A Er
In this equation, # is the excavation width, F is the
excavation depeh, £ is the embedment length of wall, £,

fn=
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required nsing the finite element method. When no struis
are employed, the only element introdoced into the finite
element model is the forced displacement of the wall
(Fig. 3).
If the effect of an existing structure on soil behaviour is
lected, the soil displ brained from finie
clement analysis is employed around the existing under-
ground structure. 1f the existing strugture is assumed o
be fixed during excavation, anly the distributed loads are
acting on the existing underground structure, which are
btaincd from elastic theory, i.e. the Boussinesg solution

.0 3.0

Lo

Exvavation fwiee s, (07

Fig- 4. Relation between o, and sarisce soiflemeont

ts the deformation modulus of soil, and £/ is the flexural
rigidity of the wall.

Predicrion af Effect on Existing Struciures Using Nurner-
el Method

I1 the interaction among the retaining wall, struts and
soil 15 not 1o be neglected, the calculation of the sequen-

(Fig. 6).

A Case Revord of Proximily Construction (Kurovanta,
1996

A large area excavation was performed in order 1o
construct a mew building (D-building) and an under-
pround shopping complex at Osaka station, which is
fronted by high-rise buildings, as shown in Figs. 7 and 8.
The soil profile at the site is alluvial sand with an SPT &
value of about 8 (GLx0~=%m) and soft alluvial clay
(GL=%~=24m); below those is a thick Pleistocene
deposit, In this construction, an area of 20,000 m* area
was excavated 1o a depth of 20 m. The underground walls
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of the surrounding bulldings were utilized as retaining
walls for the excavation work, Because of the complicat-
ed plan view required to perform this excavation, a pre-
liminary 31 FEM analysis was used to comprehend the
overall behavior of the buildings at the site, Then, the
behavior of various sections was scrutinized using 2D
FEM. Anisotropic elasticity was used as the constitutive
madel of the soils, The FEM mesh used for the 3D analy-
sis 15 shown in Fig. 9, together with the soil profile.
The horizontal displacement vectors amd contours of
the rebound obrained from the 3D analysis are given in
Fig. 10, 1t was predicted that the :xcavunun wuu]d !I'Iducr
a horizontal of the sur 8 I

Seganel rug ot ool et turesa |

onged diaplacemem %
sgmel Koy

) Engpat of forved darplac ement on 1eymen ring

pvh =
1

Dhstributad Jow ding From Boussanesg Eq.

A0

(b Tnpat wof dist oot od loading on segme ning.

Fig. 6. Simplificd prediction of effect an existing stciure

towards the new building, and cause rebounds of mord
than 4 cm within the excavated area. The rebound of the
A-building was expected 1o be larger than those ol’ lh:
other buildi The i

from the 313 analyses were $30% smaller, while the magni
tude of the rebound was T0% greater than those of the 2D
andalyses, respectively. As the inclination and stresses of
the pile lation of the A-building were predicted to be
sufficiently below the allowable values from the 20 analy-
sis with a detailed mesh, the construction was completed
safely using minimal countermeasures.

e e
———_ "Spbway station
Excovation ara  {under construction)

L Existmg buildings

Fig. 7. Plan of
1996)

site of hange area

Fig. 8. Cross section of comstrsction site (A-A" seeflon)
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Sodl iy 4 I with Braced £

Figure 11 shows butn all type soil imp .
conditcted in Tokye Bay area (Uchiyama et al,, 1999).
The excavation area was 70 m % 50 m and the depth was 9

[ Mal:

D & D)

Fig. 9. FEM mesh for 30 anabysis and soll profide (Koroysms, 1996}

to 11 m, The soil condition was soft clay, with an N value
of 0~2 and o natural water content greater than the
liquid limit wy, Measurement results of the buttress
improverment are shown in Fig. 12, The maximum wall
displacement at the bottom was around 20 mm without
buttress and 12 mm with the buttress, The wall deforma-
tion was reduced almost by half with the butiress
improvement.

Figure 13 shows a pre-injected underground beam
constructed in a soft clay deposit in Kanagawa prefec-
ture, near Tokyo (Tanaka et al., 1997). In order to reduce
the soil deformation and protect the existing structure
from damage, the excavation botom was improved by
et grouting, The area of excavation was 34 m X 13 m and
the excavation depth was 12.7 m. The soil condition was
soft clay with an N value of 1~2. The thickness of the
beam was 1.5 m, As shown in this figure, the pre-injected
beam remarkably reduced the wall deformation at the
battom.

A self-supporting wall with soil improvement con-
structed in saturated fine sand at Chiba prefecture is
shown in Fig. 14 (Tshii and Abe, 2000}, The excavation’
arca was 51 mx 77 m and its depth was 7.1 m. The soil
condition was fine sand with an & value of 5~ 10. The

{a)Herizontal Sisplacement & (FL-173m

{53 Contour of rebooad u GL-2im

Fig. 10, Resalis of 310 FEM amalysts (Kuroyama, 199}

Bunres soil !

improyement

Fig. 11, Buttress wall type sofl improvement

() Wih buttress () Withowt buttress

Flg. 12, Measmrement resubls af batiress improvement
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EXCAVATION MACHINES FOR BRACED WALL
CONSTRUCTION

To meel various demands in excavation projects, a
variety of excavation machines have been adopted 1o
build braced walls with high sccuracy, Table 2 shows the
excavation machines used for braced wall construction in
urban areas of Japan. Figure 15 shows a recently devel-
oped machine used in the trench cutting re-mixing deep
wall methoed, in which a chainsaw type cutter is inserted

into the required depth and moved transversely, formi

a soil-cement mixing wall of equal thickness (Takahash
and Amakusi, 1998). Figure 16 shows another recently
developed machine, called the “Swing Arm Taisei Tweij
Cutter," which can make braced walls under buried
structures (Miyamac ct al., 1997).

DEEPF SHAFT EXCAVATION
Recent Trends in Deep Excavations

Figure |7 presents a history of excavation projects in
Japan, showing the relationship between the length aq
braced walls and the vear in which construction com-

methods, and shows the continuous inc
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menced (TGS, 2001). It gives the history of braced waia

in wall length since 1978, Walls longer than 50m an
100 m were first constructed in 1980 and 1987, respec-
tively. Almost all braced walls longer than 50m were
construcled  using  the diaphragm  wall excavation
method. Only circular type diaphragm walls were used
for excavations deeper than 50 m. The deep cxcavations
were all done in ordet to place deep shafts in urban tunnel
construction, except for the foundations of bridges and
in-ground LNG tanks. The longest braced wall and
deepest excavation in the history of open excavalion in
Japan are 140 m and £2 m, respectively (Koizumi, 1998).
In order to meet the loquuem:nts rur rurllm- deer.l
excavation, new for
ing wall shapes and withstanding high g.mundwa\er pres-
surcs arc being developed by various or in
Japan,

A Case Record of @ Deep Shaft Construction Project
(Macda, 1993)

In deep shaft constructions, chemical grouting is some-
times used to produce a less permeable layer as a counter-

"Gravity SMW

Depth{m) |

J_j.'uMlT wall |

&

Fig. 14, 5eli swpporting wall improvement
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Talle 2. Exeavation machines used for braced wall comstruction
“Typeof Excavation machine Name of wall Wall construction method
_excavation
Auger ‘Multi-axes {singlo-axis) Soil-Cement mixing wall
excavation au, Steel pipe sheet pile wall
Trench Bucket type exeavator RC-diaphragm wall
excavation Rotary cutter with vertical nent
muilti-axes or horizontal Steel box dizphragm wall Concrete replacement,
multi-axes Special steel H
Slurry setting wall Slurry cement replacement,
1H -
Mud setting wall Mud mortar replacement,
Steel H
Row excavation | Chainsaw type excavalor Trench culting re-mixing In-site mixing,
decpwall Stee) H or Spesial steel H
TR |
- 1
T—
e 2
3 ——
) -
| |
1,700
Fig. 15, Trench coting re-mixing deep wall muchine (Tukubashi, 1998)

measure against heaving or boiling due to high ground-
water pressurc. In the construction of a launching shaft
for shield tunneling, which was used for a fload control
reservoir, chemical grouting was used, as shown in
Fig. 18, A circular type diaphragm wall with an inner
diameter of 28.2 m and a depth of 59.9 m was construct-
ed in the ground, under soil conditions shown in the
figure. The groundwater level in the upper and lower sand
layers were GL-10 m and 20 m respectively. As a counter-
measure against heaving, the wall was buili 1o be 98 m in
length, and a chemical grouting of 5 m in thickness was
applied at the bottom of the wall, so thai the self-weight
of the soil in the embedment could resist the uplift force
from the lower sandy layver.

After confirming the efficiency of the grouting, i.e.,

confirming that the targeted permeability of the grouted
portion was & =2.5% 107" m /s, a well was used inside the
shaft, and the excavation work was performed. Through-
out the entire construction process, including the excava-
tion and i bt | probl were
encountered, and the construction project was completed
safely.

GROUNDWATER TREATMENT AND
CONSERVATION

The background of this topic is the remarkable rise of
underground water levels in urban areas in the past three
decades, since the 19605 when the government started
restricti ing up the gr d . The demand
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Fig. 17, Chronological data o length of broced wall UGS, 20001

for underground construction of greater depths and
larger areas coupled with increased environmental aware-
ness has made environmental issues with regard 1o under-
ground water more important than before, Therefore,
underground water conservation is required during and
after construction.

Figure 19 summarizes countermeasures during con-
struction for the treatment and conservation of under-
ground water. The methods are classified ino three

ics, i.e. cut-ofl of gr | and

others.

A Case Record of the Deep Well Method: Kawasaki
Maunimade Isfand {Nakagawa, 1999)

The first case record concerned with proundwater
wreatment employed the deep well method for the con-
struction of a manmade island within Tokyo Bay, as
shown in Fig. 20. Large-scale excavation using a dia-

2.8 m and wall depth =119 m. To conduct the dry exca-
vation, the water head of the topsoil layer was lowered ©
the target level of 71.6 m from sea level, using four d |
wells, In order 10 avoid heave of the excavation bottom,
the water head of the second layer was made at 45.6m
using 14 deep wells and the third layer water head was
made at 35.8 m using 12 deep wells, This case raises two
important safety points for construction. The first is the
importance of specifying the target draw-down ground-
water level, The second is the need for sufficient water
treatment capacity within the system,

A Case Recard of the Deep Well Method with Recharge
of Groundwater (Mivake ef al., 1999}

This second case record employed the deep well
method with a recharge of groundwater in Tokyo. The
wall excavation was carried out to a depth of 28 m rom
the ground surface using the SMW (Soil Mixing Wall)
method, as demonstrated in Fig. 21. The deep well
method was employed to avoid excavation botiom heave,
Groundwater was pumped up from the first soil layer to
draw down the water head fo the target of =19 m and
from the second layer to —9m. Simuliancously, the
recharge of groundwater fram the first and second layers
was conducted for the third layer.

The aims of this recharge are as follows. On the one
hand, it conserves the groundwater environment; on the
other, it sccures the exit or drainage route of ground-
water from the pumped up layers, In other words, this
deep well method satisfies dual purposes, i.e. pumping up
and recharging.

A Case Record af Underwater Consiruction (Nakafima et
al., 1998}

The third case record is of underwater construction,
emploved for a subway station in Tokyo, as demon-
strated in Fig. 22, The depth of the diaphragm wall
excavation was 27 m and its width was 20m. An old
expressway structure existed just adjacent 1o the excava-
tion. A soft peat soil layer was embedded in the alluvial
clay layer,

During the first stage, dry excavation was carried out.
Then, the tap water was retained within the retaining
wall, in order 1o avoid excavation bottom heave. Under-
witer excavation was conducted by using bucket and
roary excavators. A 3 m bottom layer of concrete was
poured. The bottom concrete was sufficiently compacted
o secure water cut-off capability between the wall and the
bottom concrete. Heavy steel structures were installed to
resist the buoyancy lorce exerted under the concrete.
Finally, the drying up and construction of the subway
station structure was conducted,

GROUNDWATER FLOW PRESERVATION
MEASURES
Beeause of environmental issues such as noise, vibra-
tions, and preservation of the landscape, urban planners
{ decide to Iransy ion systems

phragm wall was cond 1, i.e. thick of wall=
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ws or highways underground, However,
derground structures may cause other en-

scted by the cut-and-cover method, long and decp
walls are normally built and are left at the site,
aiter consiruction is completed. This long deep wall
snderground tunneling itself may imerrupt flow
i level

and ¢

4

in the ur and a di n in the
This change of groundwater regime leads to various
environmental problems, such as leakage of water into
basements. The change also causes death of plants in the
and land subskd and d /| of waler

in wells in the downsirexm,

In order 10 prevent these problems associated with
| flow interruption, groundwater flow preser-

in aquifers a1 the site, causing a rise of
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on must be employed. With these .
1hn interrupted water collected in the upstream is drained
through pipes laid in or beneath the structure and is
recharged to the downstream. The following procedure is
used. Figure 23 illustrates the four construction stages of
this intake-recharge method:

(1) After the completion of the underground structure,
parts of the cut-off walls arc removed, so that transmis-
hrough the aquifer can oceur.

Afrer the pletion of the und d

by
horizontal holes are drilled in the cut-off wall, and intake
and recharge pipes are installed into the aquifer from the
holes.

{¢) During the construction of the braced wall, the func-

O well
o { b
Conduit

— Craimge
Wil point
= Vacuun deep well
E Rochrge
B
= Chemical growng
i Freeang
H
S L cutor
SMW wall
RC di n wall
Cat off gty
Shest il mall
Tei mixing well
= Ofhers
Fig. 19, Undergronnd waler treatment
Th+5000 ] d
et = -

®

} gl =

peep weils [nr huum vem

tions of intake and the recharge of water are provided in
the wall.

(d) Intake and recharge wells are installed outside the
walls; some space Is therefore required for this installa-
tion to take place,

A Case Record af a Prefabricated Pervious Wall System
Jfor Groumdwarer Flow Preservation (Hushimoto et el
2001)

Figure 24 shows the prefabricated pervious wall system
that was adopied for subway construction in Kyoto. The
subway underground structure was constructed using
braced excavation by 2 SMW wall, The depth of excava-
tion was 15.5 m and the width was 10m.

When the SMW wall excavation was conducted, the
prefabricated pervious walls were placed at the upstream
and downstream sides of the underground water flow.

30

]

&0

40

o

Fig, 20, Deep well metbod with recharge of graundwates
R “E
.

Dheep nell far D,

TP=111000

Fig. 20.

Deep well method in Kawasaki mastsade istand
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Fig. 22,

i#) Remorcal of cut-off wall

(b} Iniske and rechasge pipes (<) batake i rechange fanctions ¢ jintake mnd recharge wells
n L weall

Fig. 23, Grosadwaer flow preservation using intake ad recharge methed (RCGG, 2001)

Then, the pipes for water flow were connected to hoth
sides. The braced excavation was completed without any
i e of ground itd

A Case Record of Removal af Walls for Growndwaler
Flow Preservation (Ueda, 1999)

A semi-underground box-culvert type highway was
constructed using cut-off walls, which penetrated through

the aguifer, respectively.

—Under-drains were built in the longitudinal direction of
the box culvert at the upstream and downstream sides of
the aguifer.

—200 mm diameter siphon pipes were transversely in-
stalled beneath the box culvert every 50 m.

—Discharge at the d side was ] d
through infiliration pits,
of the inning in 1987, the . level was itored

an aquifer. Since a respective rise and draw-di
groundwater levels upsiream and downstream of the
aguifer were expected consequences of the interruption
of groundwater flow, the following measures were used in
the construction (see also Fig. 25):

—3 m and 3.5 m of the upper portions of the cut-ofl walls
were removed at the upstream and downstream sides of

for five years prior 1o construction.

Variations of the groundwater levels monitored at the
upstream side (Well A) and downstream side (Well B) are
shown in Fig. 26. During the construction period, the
water level in Well A became elevated, and that in Well B
became gradually lower. The difference in the ground-
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Fig. 24, Prefabricated pervious wall system
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Fig. 25, Grosndwater Sow preservation by wall removal method
Leda, 1999

water level between the two wells increased from nbol.l[

2mto Tm ut i H o after
prt-ser\'e the groundwater flow were uﬂoplrd m 1993, lhe
in the g d levels grad

The grmm:lwau'r levels a1 the two \w:]]i returned to nearly
their original levels prior (o construction,

INTRODUCTION TO TUNNELING
CONSTRUCTION IN JAPAN

During the lust decade, the shield tunneling method has
been used under difficult conditions, and NATM has

u
T T T 1
il | A

Elevation of groduster kv (=)

Time iyesr)

Fig. 26, Variations of the grosndwater level with time (Ueds, 1999)

weme (o be used more widely in softer urban-area ground
than before. Therefore, this committee report will also
include case records on NATM in urban areas,

The ch istics of ad ing  shield li
technology during the last decade are as follows:
1) Technologies such as the Multi Faced shield, non-
circular shicld, and cross-section enlargement shield have
been developed, and these technologies are being used o
overcome problems with the construction of infrastrue-
tures in urban areas.
2} The shield wnneling method has been used to con-
struet road tunnels and underground channels, such as
the Trans Tokyo Bay Highway project, Metropolitan
new subway line and the Metropolitan Area Outer
Discharge Channel project.
The characteristics of the advancing NATM technology
during the last decade are as follows:
1) The excavation process and countermeasures against
face stabilization have been greatly improved.
2) NATM has been employed for road tunnels, railway
wunmiels and underground channel construction in urban
arcas.
Since NATM can be used in diluvial soil layers containing
alluvial soil, it has become one of the most commonly
used urban area wnneling merthods,

SHIELD TUNNELING METHOD

The statistical features of the shield unncling projects
from 1990 to 1999 can be summarized as Tollows, based
on a survey administered by the Shield Tunnel Associa-
tion in Japan, Three case records of shicld tunneling
projeces are introdoced and two types of numerical
methods 1o analyze the TBM movement and soil defor-
mation during shield runneling are demonstrated.

Number of Shieid Tunneling Projects Performed and
Their Usage

Figure 27 chronologically lists the number of shield
wnneling projects which have been performed, and the
usage of the shicld tunnels which have been built.
Surprisingly, the number of shield tunnels being buik



UNDERGROUND CONSTRUCTION IN JAPAN 1

decreased from 322 in 1990 1o 115 in 1999, From the
point of view of usage, sewage tunnels constituted 69.1%
of the total shicld tunnels built; railway wnnels, $.8%;
water supply tunnels, 6.4%; electric power supply
tunnels, § telecommunication lines, 2.0%; utility
tunnels, ; underground channels, 1.8%; gas supply
tunnels, road tunncls, 0,7%; and other kinds of
tunnels, . respectively.

Shield Machine Type -

Figure 28 demonstrates the type of shield machine
reported in the case records. From this figure, it can be
seen that almost all of the shield tunnel construction
projects in Japan adopted the closed type shield machine,
that is, the closed shield-type machine was used in
97.0% of the projects, the open type shield machine in
2.6%., and other machines in 0.4%. Among the closed-
type shield machines, the slurry-type shield machine
comstituted 25.2%, and the EPBS, 71.8% (earth pressure
balance type with mud, 69.9%, and earth pressure
balance type, 1.9%)

Soil Tvpe

Figure 29 shows the soil types for each closed shield-
tvpe machine. From this figure, it can be seen that the
carth pressure balance machines are used more [requently

= -

™ om
Number of prajects

Fig. 27, Number of shickl tunncling and ibeir usage

Consolid
ated soil

Shurry type

Earth pressure with mud 1ype

in ¢lay and silty ground. For gravelly ground, the earth
pressure balance machines with mud are more suitable
than other machines. These results represent the com-
patibilities of different types of closed-type shicld
machines with different soil types.

The Overburden Depth aof Tunnel and Maximum
Growndwarier Pressure

Figures 30 and 31 indicate the overburden depth of the
tunnels and the maximum groundwaler pressure for each
closed type shield machine, respectively, From construe-
tion records of projects with more than a 20 m overbur-
den depth, it was found that the slurry-type shield
machine was vsed in 49%, mud EPBS in 199, and EPBS
in 23%. The slurry-type shicld machine is the favored
type of machine for consiructing deep tunncls,

From Fig. 31, it can be seen that of construction
records for projects with more than 200 kPa maximum
groundwater pressure, the slurry shicld was used in 29%,
mud EPHS in 13%, and EPBS in 18%. Tunneling within
ground with u higher groundwater pressure was carried
out more often with a slurry-type machine. b

However, the actual numbers of construction records

Other

Fig. 38, Shickd types reported in the case recons

Consolid
ated soil

Consolid
/~ stad soil

o l ";.

Eanth preswsure type

Fig. 2%, Sail types in the e of dosed face 1y pe shickd maching
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Fig. 30, Overbunden in the cuse of closed face type skield mackine

Slurry type
Fig. 31

using slurry shield machines and mud EPBS machines
under a depth of more than 20 m were 348 and 386,
respectively, The actual numbers of construction records
on slurry shield machines and mud EPBS machines used
under more than 200 kPa groundwater pressure were 215
and 265, respectively. The differences between the aciual
numbers of construction records are not so great, when
considering the difference in the numbers of shield
tunmeling projects using slurry type machines and EPBS
machines reported.

A Case Record aof Triple Faced TBM (Yakagi, 2001)

The first case record is of subway tunneling in Tokyo.
The length was 6.1 km, where triple-faced TBM and a
machine with eccentric curters were employed. The
special TBMs were driven successfully within very soft
alluvial clay, with an N value of 0~ 1.

Figure 32 demonstrates the special machine with triple
faces, which was employed in the construction of under-
ground station and of the train parking place. In this
case, the triple faced TBM employed in the excavation of
the subway station was transported with shiders through
the connection shaft. Then, the machine was reused for

Earth pressure with musd type

300- 400~
5i <
‘ﬂﬂtP!"PDEI(F'a m;f‘

Earth pressure type

Giroundwaler pressare in the case of dosed face type shield machine

the excavation of train parking space,

The special earth pressure balanced type machine with
eceentric face cutters is shown in Fig, 33, which is able 10
excavate any shupe of tunnel cross section, i.e. elliptic,
rectangular or circular.

A Case Recard af Parent-and-kid TBM

The second case record is of shield tunneling in the
railway project along Tokyo Bay Coast. The length was
12.3 km, a parent-and-kid TBM was driven, and difficult
proximity construction was performed in a congested
urban area.

Figure 34 d ates the p d-kid TBM,
which comsists of two types of machines. The larger
parent machine was used for the underground siation and
the smaller kid machine was used for the ordinary train
track tunneling.

Finite Element Simulation of Shield Tunneling (Komiva
et al., 1999}

The aim of this numerical procedure is to reproduce the
machine movement and sofl deformaton during shield
tunneling. The procedure consists of two phases: the first
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is the rearrangement of finite clement mesh and the
second is the employment of excavating elements, which
represent the excuvation at the curting face, as shown

The numerical results are d in
. using the 3-D finite element method, These
« show the three-dimensional view of the shield
ne movement and the soil displacement obtained at
srface plane | m above the machine crown. The
moves in the up-left hand direction. The soil

wach
moves upward at the face of the machine and downward
at the tail ¢ ce behind the machine.

Movement Simulation Using  Static
eimote and Sramoon, 2001)
1l procedure consists of the back analysis
1 the prediction of shield machine
ent during tunneéling. The static equilibrium and
cometrical relations amonyg the TBM itsell, the

Ve

the g

) Mosement of scceniric euiters

EPB machime with eccentric cutrers

excavated arca, the tail clearance, the cutting directions
and soll loosening area at the minnel crown are described
and solved to predict the machine movement, as shown in
Fig. 37.

NATM IN URBAN AREAS
The background of this issue is that NATM has been
as the I fing method by the
Japanese Socicty of Civil Engineers, JSCE in 1986, Since
then, auxilizry methods for stabilizing the cutting face
have been investigated. Consequently, the range of
applications of NATM has been extended to soft soil
conditions, frequently found in Japanese urban areas.
“Urban NATM" is used as a generic name for tunnels
constructed using NATM in urban areas. The ground in
urban areas is often composed of alluvium, diluvium,
and Tertiary Era soil, as well as other types of soil.
NATM has seldom been used in alluvium soils, as there
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are very few cases reported.

It is assumed that the unconfined compression sirength
g:=0.1 MPa and the elastic modulus £=10 MPa level
are the lower bounds of physical ground propertics
suitable for its application. Urban NATM is not em-
ployed in the of diflicult groundwater conditi

Stavistical Data of NATM in Urban Areas

Figure 38 indicates the classification of NATM usage in
urban arcas. NATM is frequently emploved In construe-
tion of highways and water courses

The types of auxiliary methods wsed with urban
NATM are summarized in Fig. 39. Among 29 case
records published in this decade, 23 NATM constructions
adopted fore piling and groundwater treatment.

Figure 40 classilies the soil types in the cases of NATM.
In most cases, NATM was emploved in non-tertfary
deposits or diluvial soil deposits

Development of New Technology

When the ground is soft, an auxiliary method to siabi-
¢ {erown and face) is indispensable for
T™. Moreover, nuxiliary methods are often
adopied because of the necessity of controlling subsid-
ence at the ground surface.

The auxiliary methods that have contributed to Urban
NATM development can be classified as follows:
—Fore piling: Jet grout, Long steel pipe fore-piling with




UNDERGROUND CONSTRUCTION IN JAPAN 17

Measirem ent point

LO435T day

Fig. 3. Three dimemsiomsl views of the computed settlensent (1 m
shave the crawn al the mschined

= T
AR e -

ST A WCTONEE CES

Fie 37 Muchine movement simulation sing static equilibeitim

imjection, Pre-lining
—Leg piling: Foot pile (horizontal jer grout)
—Face reinforcement: Face reinforcement bolt and pile.

Technical Challenze o Shallow Overburden

Shin-Kobe tunnel is a road tunnel, and the overburden
is very shallow, i.e. 4-11 m. A typical cross section is
shown in Fig. 41 (Iwata et al., 2000}, In this figure, a road
and a river are situated just over the wnnel, and an
elementary school is located on the lefi. Geotechnical
features include an alluvial lover and a gravel layer at

Fig. 38, NATM wmuage in arban ares

Gravel
2%

Fig. 40, Salts types In NATM

1.5-3 m from the surface. The soil condition is represent-
ed as E=80 MPa as an elastic modulus,

The umbrells method was adopted as an auxiliary
method, and the tunnel support was provided with long
steel pipe fore piling (Trevi tebe, widening type), wing
ribs, leg horizontal jel grouting methods, and pre-loading
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Fig. 41, shin-Kobe tunnel cross section
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Wig &5 Misw remsed: fypleal cross secilon

shells, @8 shown i Fig. 42. The Trevf rube is a steel pipe
of 12 m lengrh, whose lap length for each shift iz 6 m; the
rampe of the placing angle is 180 degrees in the upper
repom. aed the injection material s urethane. A half
excavasion was carried out and leg horizontal jot grouting
of $800-1,000 mm was performed to improve the soil
oy iman fined comp strength of
shost g, = 10 MPa, measured seven days after the injec-
won. According to the measurement result, an initial
subsidence of 3-5 mm was observed at (he ground sur-
face, and the final subsidence was 12mm, observed
around 15 m behind the face.

The Mito tunnel is a road tunnel (Ohmori et al., 2000).
The excavated cross sectional area exceeds 100 m? and the
overburden depth is also shallow, i.e. 6.6-12.8m. The
road and lifeline structures are situated just above the
tunnel, and residential houses and buildings are located
within the proximity. The geological age of the ground is

lassified into the lidated O ¥ Diluvium
Epoch, and the ground is composed of a cohesive soil
tayer and grits laver. Cohesive sofl layer appears at the
tunne! face. The SPT N value is around eight on average,
und the elastic modulus of the soil is about £=48 MPa.
The most important problem in this project was to reduce
the influenee on the ground surface as much as possible.

The crossing jet method was adopted as a counter-
measure in order 1o conduct large-diameter pre-leg
improvement, as shown in Fig. 43, which was a kind of
soil-mixing method with a high-pressure jet.

The measurement results are as follows, The preceding
surface subsidence was observed approximately 20 m
ahead of the tunned face, and & 7 mm surface settlement
ook place at the tunnel face position, The final surface
settlemnent observed at around 25 m behind the tunnel
face was @ little bit larger than the predicted value, i.e.
17 mm

Technical Challenge to Tunneling in Soft Groumd

The Narashino-dai tunnel is a railway tunnel with an
extension of 2,36 km, and is located in Kita-Narashine on
the Toyo Rapid Transit line, which connecis Tokyo and
Chiba Prefecture (Narazaki et al., 1995). The geotechni-
cal features of the ground included unconsolidated sofi

¥ form piping #31 I=275m
Bl
2] == foal protect okt
pa
& f)
i :
- 1=125m
stoel puppont 15H
=440 101 L40— blasting 2iem
1R trickness
el censur il uwzlp.mgug"hlm
upper i i
p '@,-’-z'\
A middle st
i -

Fig. 44, Narashino-dal tennel station: large tianel eress section

MNarita sand beds with groundwater, whose elastic modu-
Ius was £=21 ~ 59 MPa and cohesion was 0~ 0,03 MPa.
The uniformity coefficient was small, and it was assumed
that tunnel collapse would take place due to quicksand
phenomena.

The CRD method (Cross Diaphragm Method) was
developed in order to solve this problem. This method
follows the variations in cross-sectional shape and
minimizes the loosening of the ground, The excavation of
the station, with o maximum cross sectional area, was
divided into three sections, The central pilot tunnel was
constructed using the CRD method. The rigidity of this
tunnel was improved by using 2 secondary lining and a
stecl pipe pillar. After the side drifts on both sides were
completed, the entire tunnel section was completed, as
shown in Fig. 44. The supplementary methods adopted
were the deep well method and a chemical grouting of
3 m thickness around the tunncl.

A surface settlement of 20 mm was observed when the
centeal pilot tunnel was excavated. The amount of the
fnal scttlement was 25 mm, which was smaller than the
permissible value (30 mm).

Technival Challenge to Build o Special Tunnel Structure
(Two Laver Structure)

The Oume tunncl, located in the Ken-oh-do express-
way, is a special tunnel structure with two layers (double
decks), whose excavated cross sectional arca was 230 m’
on average (Haruyamn et al,, 2001}, The geotechnical
features to be excavated were the riverside terruces, which
were composed of a terrace boulder layer and a fine-
grained Kanto loam layer.
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The two-staged bench cut and the upper lining support-
ed by the bridge system was planned to be employed for
the initial excavation, as shown in Fig, 45. However, it

EARTHQUAKE-RESISTANT DESIGN FOR SHIELD
TUNNELING

wius predicied from the analysis of the
results during the first- and second-stage bench excava-
tion that the effects of soil deformation on the existing
ground surface structures induced by the third stage
bench excavation would be severe. Therefore, the build-
ers decided to change the excavation system to a method
using a temporary bearing pile, us shown in Fig. 46, With
regard lo the auxiliary method, the horizontal jet grout-
ing and the foot pile method were adopred.

An initial surface settlement of 3 =35 mm was observed
when the first bench was excavated. The final surface
sertlement was 10— 15 mm, when the second bench
excavation was completed.

T overbanlen

Fig. 45, Imitial design of Oume tamnel: 2 layers siraciare

The lergr d structure damages due to the 1995
Hyogoken-Nunbu (Kobe) Eanhguake included tunnel
cracks in sewage, electric power and telecommunication
lines. From these experiences, o new concept of earth-
quake-resistant design for shield tunneling has been
created. Below, following discussion of these issues,
some practical of hquak it design
are demonstrated.

17700

tanguse pest- # 900
cdplate

Flg. 46,  Finul destgn af Cume imonel asieg temporary suppori post

n) Picture taken inside the tunnd

Fig. 47.

ib} Ciraphical skoich of the crack

Sewage tunmel damuged by ibe carthquake
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crown

Phato 1.

{b) Cracks observed af the tunnel shaft wall

Eleciric power lne tunmsel damaged by the carthquake

Fhotn 2.

napes due o the 1995 Hyogoken-Nanbu (Kobej
ke (JSCE, 1998)

47 shows a picture of a damaged sewage unnel
aphical sketch of the observed cracks. The tunnel
5 3.5 m and the overburden is 9~ 14 m. The soil

‘Tedecommunieation line tusnel danaged by the earthquake

New Concept of Earthquake Resisiant Design for Shield
Tunmefing (JSWA, 2001}

of the 1995 Hyogoken-Nanbu
he magnitudes of design values for
seismic input loading during large-scale earthquake have
been di: i among the demic socictics in Japan.

alluvial sand and clay deposit. 1 I
cks were observed in the secondary Tining.
fracture of a concrete scgment and small
nel shalt wall for the electric power line

tunnel are shown in Photo 1. The tunnel diameter is 4.8
m. The wndition is sand and gravel with an N value
of 30~ 50,

Photo 2 w4 a picture taken of a damaged telecom

Circumferential cracks were
nnel di-
The soil

fcation line tunnel.
observed a1 the entrance of the tunnel
ameter is 4m and the overburden is 10 m.

condition is diluvial soil,

Consequently, a concept of two stages of carthguake-
induced vibrations has been introduced. The first stage
vibration is just within the clastic range of the structure.
The second stage vibration induces the fracture stage of
the structure.

This concept has been introduced into civil engineering
structures and is expected to be extended 1o underground
structures, including shield tunnels.

Desiyn

Practical Tech v for Earthquak
(5 2001}

re 48 shows a flexible scgment, which reduces the




Fig. 45, Flexible segment between segment rings

Fault surface J

Fig, 50, Baffer materisl used for shsorbing fasl displacement

acting forees Liuc to earthquake, ground settlement and
Flexible adapt to the
and shear displ between

the other segments.

The reduction of joint rigidity is aimed ar the elastic
joints, as shown in Fig. 4%, Joint rigidity controls the
total rigidity of the tunnel. Reducing the joint rigidity is
effective in decreasing the acting force within the primary
lining. Long bolts with elastic resin or rubber washers are
employed for this purpose. The elastic joints also adapm

1o the and shear between the
other segments.

Soft buffer material around funncls and shafts has been

d for absorbing the induced dispk by the

fault, as d in Fig. 50 (K 19%94).

Injection of the soft buffer material, i.e., air mortar,
between primary and secondary linings, as shown in
Fig. 51, has been indicated 1o be effective in the acioal
event of earthquake.

CONCLUDING REMARKS
This committee report has summarized the geotechni-
cal aspects of current underground construction activities

Primary segment

Ir maortar

Fig. 51, Reduction of secondary lining damage by injecting Bexible
material
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n Japan during the last decade.

In the first half of this paper, proximity construction,
excavation machines for braced walls, deep shaft excava-
tion, and groundwater flow preservation measures were
selected among the recent technologics, and introduced
along with several case records, They have been summia-
rized as follows:

1) During the last decade, a number of deep and Inrge-
scitle braced excavation projects have been conduct-
ed.

) New cxcavation mu:h;m nave been developed

for b g difficult iti

31 Eavi 1 issues with
water have become important and good case rcmrds
have accumulated.

In the sccond half of the paper, statistical data on
shield tunneling in Japan collecied from a survey was
presented, Several case records on shield tunneling and
NATM used in urban areas were also introduced, Earth-
quake-resistant design for underground structure was
also discussed. These issues may be summarized as
fallows:

1} During the last decade, the number of promcls using

shield ling has d and the

method has only been used under difficult conditions.

NATM has become more widely used for softer

ground than before in urban areas,

31 Severe expericnces in the evemt of the 1995
Hyogoken-Nanbu (Kobe) Earthquake have enhanced
the Japanese eurthquake-resistan design for under-
ground structures,

)
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