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SYNOPSIS: This paper, on the
excavation face pressure for
density slurry ( pressurized
and gravel layer is reported.

1 INTRODUCTION

The closed-type shield method is often used to
tunnel through soft ground in urban area of Japan
because of its good excavation face stability.
The earth pressure balanced shield is classified
as a closed-type shield tunneling method and its
principles'is to apply pressure to a tunnel face
which counterbalances horizontal earth pressure
and ground water pressure. Today the earth
pressure balanced shield is being used in about
two-thirds-of all shield tunneling works.

This paper summarizes the stability of
excavation face for the earth pressure balanced
shield and reports on the execution management
carried out in the construction of the Tokyo
Metropolitan Subway No.12 Line.

2 FACE STABILITY OF THE EARTH PRESSURE BALANCED
SHIELD

2.1 Principles of face control

For shield tunneling work in low self-sustaining
soil, control of face stability is very
important. In the case of the closed-type shield,
slurry and excavation soil is-pressurelized to
stabilize the excavation face. The ideal face
pressure for the closed-type shield is defined as
the pressure that does not change the initial
stress condition of the existing soil. Thus the
ideal pressure, Po, can be expressed theoretically
by P0= earth pressure at rest + ground water
pressure. However, since the face pressure, P,
must be controlled within a certain range in the
actual execution, P is basically maintained as "
active earth pressure + ground pressure < P <
machinepassive earth pressure + ground pressure".

The principles-of face stability in the earth
pressure balanced shield is summarized as follows:

1. The soil is excavated by rotating cutter
heads.

2. The excavated soil is mechanically agitated
and fills face and a chamber.

3. Using thrust of the shield machine, the
excavated soil is pressurelized to stabilize the
excavation face.

U. Control the soil pressure in the chamber by
adjusting the amount of soil to be discharged
through screw conveyors or other soil removal
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basis of the face stability theory, discusses the determination of I
the earth pressure balanced shield method. Also the execution of the high
rheological form ) shield of 8.66 m outer diameter in the diluvial sand

devices and the amount of soil being excavated to
counterbalance earth and ground water pressure.

5. The excavated soil in the chamber and the
screw conveyors has the role to seal water.

Therefore, it becomes important to study
additives that can improve fluidity and prevent
blockage of excavated soil and to study injection
machines for additives, mixing machines and soil
removal devices.

2.2 Face stability for various soil condition

Usually cohesive soil has few problems since it
has good fluidity and good water-sealing
properties because of low permeability. However a
consolidation is likely to occur and the
excavated soil may adhere to the chamber wall,
which has adverse influence on intake and
discharge of the-excavated soil and careful
attention is required.

In contrast, coarse grained soil has large
internal friction angle and large shear
resistance and does not often have sufficient
fluidity. It has high permeability and low water
sealing properties even after it is compacted and
sufficient fluidity is usually obtained by
injecting various additives into the face and the
chamber. However, depending on soil conditions,
additive injection is insufficient and special
mechanical equipment is used to improve water
sealing properties.

3 FACE CONTROL IN EXECUTION

In execution, face pressure, amount of discharged
soil, cutter torque and thrust of a shield

is controlled by adjusting advance speed,
rotational frequency of screw conveyor and
injection rate of additives. The face pressure is
controlled using several earth pressure gauges
installed on bulkhead of a chamber. But actual
earth pressure of the existing soil is difficult
to be obtained and the target face pressure is
determined by trial digging in early stage of the
excavation considering settlement of the ground
surface and overall advancing condition. The face
pressure, P, is usually determined due to the
following criteria: _

1.For cohesive soil: active earth pressure +



ground water pressure ; P ; earth pressure at
rest + ground water pressure _

2.For cohesive soil: active earth pressure +
ground water pressure § P

The amount of excavated soil is measured by
rotational frequency of screw conveyor, weight of
the excavated soil container car and/or a special
instrument. But it does not provide sufficient
accuracy because of the difficulty in real time
measurement and errors of the instrument.
Therefore~the amount of soil to be excavated is
estimated due to a statistical method. Fluidity
of the excavated soil is generally checked by the
slump cone test and/or visual inspection. The
load imposed on the shield machine is important
to evaluate overall advancing condition and must
be monitored in a real time measurement. Due to
variation in the load on the shield machine, it i
possible to understand change in soil condition,
whether the excavated earth is properly entered
and discharged, how much cutter bits have worn
down and whether there is any obstruction
material at the face.

In constructing the Tokyo Metropolitan Subway
No.12 Line, the high density slurry shield of
outer diameter 8.66m was applied to diluvial
gravel soil with boulders, of which soil
condition»is considered to be the most difficult
for face stability. Detailed execution is
reported below.

3.1 Geological condition

Theltunnel cover was between 10 and 1M meters.
Gravel content of the existing soil is 60% to 70%
and fine material content passing 0.075mm sieve
is 2% to 9%. which makes the face less self
sustained. In addition, the boulders with 200mm
to H50mm in size were found everywhere. The
coefficient of permeability was high, on the
order of 10"2 cm/sec. The pore water pressure was
about 1 kgf/cm2 and the "active earth pressure +
water pressure" was approximately 1.U kgf/cm2.

3.2 Shield machine `

Figure 1 shows an general view of the shield

machine for this work. Face plate shape cutter
head was used to excavate gravel soil. The slit
width and opening ratio were M50mm and 35% ._
respectively to take the gravel of maximum size
into the chamber. Disc cutters ( 16 Nos. ) wepe
installed to crush large gravel. The total design
thrust was 7,800 tf ( 132 tf/m2 ) and the maximum
design torque was 1,530 tf-m( a value = 2.35 )_

A ribbon screw conveyor with trough inside'
diameter of 850mm was used to take the maximum
gravel into the screw conveyor. Also the two stage
screw conveyor with 17.5m total length was used
for improving the ability of the ribbon screw
conveyor to seal water and stable the face. Five
additive agent filler ports were provided on the
cutter head in addition to auxiliary filler ports
on the bulkhead and the screw conveyor. Moreover
three simultaneous backfilling pipe were provided
at the top of the tail skin plate and three lines
setting of brush type tail seals were installed
for resisting to the ground water and backfilling
pressure by supplying grease. Five earth pressure
gauges were installed on the bulkhead inside the
chamber. \

3.3 Additives

In this case a large diameter shield was applied
to water retaining gravel layer with thin tunnel
cover. Also roads, private houses and a railway
crossing exist above the tunnel route and even
slight variation of face pressure may cause
problems. Therefore, both a slurry admixture
(aqueous solution of clay and bentonite) and
rheological foams produced by special foaming
agent were used as additives. Their purpose was
to stabilize the face, to improve excavation
performance by reducing mechanical load and to
reduce wear of the bit. Table 1 shows the
standard`specification of the additive agents
used.

3.M Excavation records

Table 2 shows the typical excavation records. The
excavation was carried out very smoothly and,
during initial digging, the cutter torque and the7710.j-5% 90 3455 2615
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FIG.1 General view of the shield machine for this work



thrust were U0% and 30% of the design maximum _
capacity respectively. The earth pressure in the
chamber was stable with very small variations.
However, the mean advance speed was slow, 9
mm/min. The excavated earth was discharged
smoothly with a slump value between M cm and 8

during the initial digging. However this did not
cause the surface ground deformation. The optimum
-earth pressure in the chamber during the main
digging was about 90% of the design pressure. In
contrast, the actual thrust was higher than the
design value and it can be considered that a

cm, and a water content between 18% and 21%. This_
demonstrated that additives and the excavated soil
were well mixed and agitated to improve fluidity
of the soil. The discharged soil contained gravel
around 200mm in diameter and some gravel had
traces of having been crushed by the disc
cutters. The lower limit of the face pressure is
"the active earth pressure + pore water pressure"
as described previously and the target earth
pressure in the chamber was determined as the "
active earth pressure + pore water pressure + 0.2
kgf/cm2". The actual earth pressure during the
initial digging was almost equal to "active earth
pressure + pore water pressure + 0.1 kgf/cm2".
During the main digging, the target earth
pressure was reduced slightly to increase advance
speed while maintaining favorable properties of
the discharged soil and mechanical loads obtained

Table 1. Standard slurry and foam compounding ratio

pressure on the face plate was higher than the
design pressure and that the face plate acted as
earth retaining wall. Figure 2 shows an example
of the earth pressure distribution in the
chamber. The figure indicates that the face
pressure was maintained close to the target value
and the distribution in depth was similar to to
the theoretical one with almost trapezoidal
shape. Figure 3 shows the excavation records
with only slurry injection and with both slurry
and rheological foams injection. With only slurry
injection, the cutter torque and the thrust was
approximately 30% larger than these with both
slurry and rheological foams injection. Also the
variation in execution control parameter with
only slurry injection is larger compared to the
digging with both slurry and rheological foams
injection. Therefore, as discussed previously,

Table 2. Excavation control results

__ I Zone Initial Main digging zoneSpecial Foaming Solution (1 nf) digging St 11 C S 1' zone ra' t ' ht C S `
S11 11 C1 Special Foaming Agent (OK-1) 102 Execution Ring Ng zone18E1 (RI;1,g5m) zor§‘;1g*2 (gixggm) Ztégglghtan ar '

R t_ Foaming Additive (OK-2) 20kg results 1-50 51-162 163*337 338-I-138 1139-608 609-6801 _a ° water 9702 Total thrust (t-fy 2,280 2,520 2,1-L80 2,550 3.860 3.090
pH 7.3 cutter torque (t-11-fj 6110 720 730 790 750 790

Properties Specific Gravity 1.0 Jack speed (mm/min) 9 18 18 17 15 15
Viscosity (20° C) 200cp Earth pressure Top 2 1.1 1.0 0.8 0.9 0.7 0.7

Foaming Ratio (foam volume / special 6 in the chamber Middle 1.6 1.6 1.5 1.5 1.11 1.3
foaming solution volume)' _ _ (kgf/of) Bottom 1.8 1.8 1.7 1.7 1.8 1.8

Slurry Solution (115) B 11 1__11_ 11 (7) 155 _ 1111 181 6 _' , _ ac - 1 in ra e 1
standard ' NP -sand slurry - 1.305~1.315 kg 1111111 5 11 1 ° 18 11 16 16 3 8 _ 178 1870 1 ion a en s urr _ .7 _ 16. 1 ». _Ratio Bontonito #200 96 ~ 1111 kg _ _ 5 Y _ B 3 6 12 Mingection foaming 15.1-I 15.8 16.5 15.1 20.6 21.5
P 11 Specific Gravity 1.112 11 (%) 11_ tal 33 11 32 5 32 8r ‘es ra es o 1 . . . 1. 14.2 .Pope 1 Viscosity ' 1.000~2,20O cp 1 _ 1 3 9 3 33 9_ _ _ Slurry V1S¢0S1ty (Cp) 1,500 1.750 1,750 1,500 1,850 2,100

*1 : exclude of Ring Ng between 70 and 100 , *2 : Crossing the Seibu Railway Line

Overl in layer of Overlging layer of' the s{ie§d machine head GL-111m the s ie d machine head GL-13m

UPPQP +4.O-I' 1 o'_6g`11 \ +40-I 1 1 g I
No.1 0.34 \_0_75\ L09 L15 N01 0.381 0.82‘ 0.9 1.10

+3103 V=8.91°nrn \\ +3.0'] V=17|!11m 1 ®_|i® g+2.0- \ \_ +2.o ‘ ‘ 3+1.0- ‘ “'\ +1.0 ‘ \ 5
No.2.No.3 0.41| 0.99 1.4 1.50 N02 31 0.451 0.96\ 1.30 1.41 EE_ 0 1 _ 1 _ 0 1 _ ‘ _ _“S1 ‘ - ‘ \ 1 1 ‘ °°°
mg -Ldq 0w\ Lm\ 162163 -401 1 _ \1A0 _tm $9' I \ ®+@ NM ‘ 1 is_ _ 1 5

“Z-9* 1 1-23\ ~2-0-  ® 1 1; (D : Active earth pressure\ _ \_ 1 _ \ :_ ® : Pore water pressure
N0_5 30' 0.511 l.37\\ 1.89 3'O`| 0.561 1.18‘1 1.72 1-76 31 | 1 178 ' N05 m 1 1 5' Ng : Earth pressure gauge NuBottom "4-01 _I _ 1.42‘ ' _ -4-0`| _\ 1/_" _ _ |0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0

Earth pressure in the Chamber (kBf/ad) Earth pressure in the chamber (kgf/md)

(a) Initial dissins (10~50 Rina) 1151 Main digging (u20~uu0 Ring)

FIO.2 Distribution of earth pressure in the chamber
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injection of the rheological foams in addition to
the slurry improved excavation performance.

Figure H shows the settlements of the each soil
layer measured around the intermediate point of
shield tunnel. The maximum settlement of the
surface ground was 5.6mm on just above the shield
machine. The affected area of the surface ground
settlement was almost symmetrical with the center
of the shield machine and confined to the area
within a range of M5 degrees around the center of
the shield machine. The maximum underground
settlement was 9.2mm on just above the shield
machine and the underground settlement gradually
decreased towards the surface ground. The surface
ground settlement was initiated when the face
reached about 10 meters close to the measuring
point. The surface ground settlement when the
face had passed was 3U% of the total settlement.
The settlement when the tail had passed was 38%
and subsequent settlement after the tail void had
been backfilled was 28% of the total settlement.
The ground surface settlement reached to the
final value of 5r6mm after 7 days.

U CONCLUSION

Determination of the face pressure for the earth
pressure balanced shield was discussed and its
application to the execution was reported. It was
been commonly considered that the face of the
earth'pressure balanced shield is less stable
compared with the slurry shield, since, in the
slurry shield, the face is pressurized by a fluid
medium (slurry) , which make the pressure
distribution in the chamber homogeneous and the
slurry can resist the water pressure effectively.
However, the earth pressure balanced shield with
large diameter was successfully applied to gravel
soil with boulders in the construction of the
Tokyo Metropolitan Subway No.12 Line. The stable
excavation was performed by minimizing the earth
pressure variation in the chamber due to the
proper design of the shield machine and additives
in addition to the proper-execution management.
Moreover, in the earth pressure balanced shield,
the chamber is filled with the soil with large
specific gravity and a large portion of the face
will never collapse as long as there is no air
blowing from the screw conveyors. Recently the
transportation of the cohesive soil under pressure
has been carried out in earth pressure balanced
shield. This method.is advantageous for
maintaining water pressure and its application to
gravel soil is greatly expected.
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the intermediate point of shield tunnel


