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SYNOPSIS: A tunnel adjacent to a highway bridge was constructed with an earth pressure balance shield tunneling method in
a very soft alluvial clay stratum. An observational construction control method was adopted as a measure for controlling
ground movements, and the optimum control value was established for soil pressure inside the shield chamber for stabilizing
facing. For back-fill grouting, a simultaneous grouting method was employed. In consequence, the ground settlement was
restricted less than 1 cm, and no settlement nor tilting of the bridge occurred. Compared with some achievement in soft ground
about 15 years ago, the ground movements in the project were very small. The effects were recognized of the observational
construction control method for stabilizing facing and the simultaneous grouting method for restricting settlements.

1 INTRODUCTION

Cities in Japan have been' developed mainly in soft alluvial
plains. Therefore the shield tunneling works in urban areas
are mostly performed in soft ground and, moreover, the
works have to be perfonned in adjacent to existing buildings
or other important structures_ such as highways.

Conventionally when perfonning the shield works under
such siting conditions, protective measures such as soil
improvement. and underpinning were carried out for
preventing damage to the_ structures. In recent years, the
construction technology for stabilizing facing and back
filling has considerably progressed, and ground settlement
even in soft ground can be_now controlled  most cases
without the protective measuresf In the present paper,
reported and presented as an example is the execution of
earth pressure balance shield tunneling in soft ground in
adjacent to a highway bridge without auxiliary measures.
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2 OUTLINE OF THEPROJECT

The tunnel constructed was for supplying electric power and
it was 3.9 m in outside diameter, 195 m in total length and
about 15 m in earth covering. An earth pressure balance
shield machine was employed. The ground mainly com
prises soft silty clay, N-value is O to 1, and the unconfined
compressive strength is 78 kN/m2.

One of the characteristics of this project was that the
tunnel wa_s located very close to an existing highway bridge.
As shown in Fig. 1, there were six piers P1 to P6 of the
highway bridge along by the tunnel.

As shown in Fig. 2, the shield tunneling adjacent to the
pier of P6 was carried out in Zone-2, in which some
measures had to be taken in accordance with the regulation
of the highway owner, it was necessary to control ground
movements due to the shield works accordingly. For the
other piers, the distance between the tunnel and the piers was
not so small and the tunnel was in Zone-1, and we thought
there was no problem in the shield construction work.
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Figure 1. Alignment of the tunnel. Figure 2. Extent of protection for the adjacent pier of P6.



3 MEASURES AGAINST GROUND MOVEMENTS

Ground movements during shield works in soft clay can be
roughly classified into settlement due to unstable facing,
subsequent primary settlement due to tail voids, and
subsequent secondary consolidation settlement due to
disturbance to the ground. In the present work, for con
trolling these ground movements we adopted the following
measures.

3.1 Measures for stabilizing facing

For improving stability of facing, it is necessary to know the
magnitude of earth pressure and water pressure applied to the
facing and to set soil pressure inside the chamber balanced
with it. Moreover, driving speed and volume of excavated
soil should be adjusted so as to control the fluctuation in the
chamber pressure to. a minimum.

a) Improvement of soil discharging mechanism
According to conventional soil discharging mechanism,

excavated soil is taken out of the chamber with a screw
conveyor. If the excavated soil is muddy or groundwater
pressure is high, then it becomes difficult to maintain the
stability of the facing by controlling the intake of the
excavated soil and the soil pressure inside the chamber
through the adjustment of the rotating speed of the screw
conveyor.

In order to prevent jetting out of the excavated soil at the
out_let and to accurately control the soil pressure inside the
chamber, we adopted a soil discharging mechanism based on
a soil pumping system. I11 this system, the excavated soil is
pumped up to the top of the ground through a pipeline as
same as the case of slurry shield methods. The pressure of
facing is shielded by the cylinder portion of a piston type
pump, so that no excavated soil will be jetted to the inside of
the tunnel under a high pressure thereby preventing a sudden
decrease in the soil pressureinside the chamber.

b) Optimization of the soil pressure inside the chamber by
an observational construction control method `

The soilpressure inside the chamber is set in alignment
with the results of water pressure and earth pressure applied
to the facing by usingthe data of soil tests and geological
surveys. However, theory for accurately determining the
earth pressure applied to the facing has not been established,
and also there is no way for measuring it in advance. Even
though the accuracy of controlling the soil pressure inside the
chamber is enhanced with the soil pumping system, the
facing stability cannot be improved as a result.

At the shield drive start portion where the distance
between the tunnel and the piers is large, we therefore
adopted the' observational construction control method, in
which ground displacements were intensively measured as
shown in Fig. 3 and soil pressure inside the chamber was
optimized so as to make the displacements the smallest by
trial and error.

3.2 Method of back-fill grouting

In soft ground, it is .required to fill tail voids with back-fill
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Figure 3. Plan of the measured points and layout of
measuring instruments at the section.

grouting as quickly as possible for controlling ° ground
movements( We therefore adopted a simultaneous grouting
method for the back-filling.

For the material of the back-filling, we employed a two
liquid instantaneously bonding type of plastic-based material
since it had good filling performance into tail voids and
early-strength performance. Mix proportion table for the
materials of the back-filling is shown in Table 1.

4 DISCUSSION OF GROUND MOVEMENTS

4.1 Results of Measurement

Fig. 4 shows the results of measurement of the ground
movements at the measuring section. Situation of the work
and the measured ground movements will be reviewed
hereinafter.

a) At the time of shield drive start, the set point at the soil
pressure inside the chamber was set to 215 kPa. As a result,
the maximum displacement underground was 5 mm in
upheaving.
b) Driving was made by gradually reducing the pressure
for reducing the displacements in the ground, the settlement
was restricted to l to 2 mm when the facing reached the
measuring section. The soil pressure inside the chamber at
that time was 167 kPa and this was determined to the
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Figure 4. Measurement of _vertical ground displacements in
the present project.

optimum soil pressure 'control value.
c) At the time of passing the tail at the measuringsection,

the maximum value of underground settlement increased to
10 mm due to overexcavation and disturbance given to the
ground around the shield. However, its influence did not
reach the ground surface, and the maximum value of ground
surface settleinent was 2 mm.

d) After passing the tail, the ground was upheaved by
5 mm by 'the simultaneous back-fill grouting, and the
maximum value of underground settlement reduced to 5 mm.
On the other hand, the ground surface settlement increased to
4 mm, This seems to be caused by a time delay until the
appearance of underground displacement before tail passing
to the ground surface.

r

4.2 Prediction and perfonnance of ground movements

By comparing the measurement of the ground movements to
analysis_by FEM, it was evaluated that the measurement was
equivalent to 3% stress _release ratio by the analysis. By
using this stress release ratio and FEM analysis, we predicted
the ground movements at the section of the closest tothe
existing bridge pier. As shown in Fig. 5, the ground
settlement was predicted to be 2.3 mm maximum on the
ground surface and 1.6 mm at the position of P6 pier. The
values were small and we judged the influence upon the pier
was none.

At the place near [the P6, the shield work was carried out
while _measuring the ground surface settlement and
controlling the soil pressure inside the chamber. According
to the performance of work, the maximum ground surface
settlement was 4 to 6 mm, which was slightly larger than the
predicted value of 2.3 mm, but there was no damage such as
settlement or tilting of the pier.

The ground surface settlement increased to 10 mm after
two months passing the shield. We assume that the cause
was consolida-tion due to disturbance toi the ground and the
subsequent secondary settlement was about 5 mm.

Table 1. Mix proportion of materials of back-fill grouting.
Liquid-A Main hardener 280.0 kg

Adherent material 113.0 kg
Dispersing retarder 1.6 kgWater 761.0 Z

Liquid-B Setting accelerator 100_0 g
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Figure 5. Prediction of ground settlements at the section of
the pier of P6. ‘_

4.3 Comparison of ground movements with other works in
soft alluvial clay

We will look back the situation of ground movements in soft
alluvial clay in an early stage when the diffusion of earth
pressure balance shield tunneling was just _started, and the
situation will be compared with the ground movements in the
present work. Through this comparison, we will be able to
apparently know the effect of settlement control by the
simultaneous back-fill grouting and the observational
construction control method as well as the .progress in the
shield construction teclmology in last 15 years.

Table 2 shows execution management in the compared
shield works, and Fig. 6 shows measurement of ground
movements. By comparing them, we can find the following
fact with respect to the relation between the execution
management and the ground movements.

a) Settlement due to unstable facing
The chamber pressure was controlled within a small

fluctuation from 160 to 170 kPa in the present work, so that
the ground settlement was successfully restricted at the time
of passing the face. In the work B, the settlement at the time
of passing the face was larger or 17 mm since the fluctuation
in the chamber pressure was larger or 100 kPa.

b) Settlement due to tail voids
The settlement after the tail passing was small or less than

5 mm in the present work and the work B where
simultaneous back-fill grouting was performed. In the
works A and C where a quick-setting grouting method was
adopted, the settlement was significantly larger or 19 to
55 mm. From this, we find that the simultaneous back-fill
grouting is effective for suppressing the subsequent primary
settlement. `

In the present work, we controlled and set the upper limit
of the back-fill grouting pressure to 290 kPa based on the
overburden pressure. In the work B, the grouting pressure
was higher or 350 kPa maximum and the grouting ratio was
larger or 320% maximum, and the upheaving of 12 mm
occurred due to the back-fill grouting. From this, disturbance



Table 2. Execution management and performance of ground settlements (Sonoda-1982, Hirata-1983, Yamada-1986).

5. CONCLUSIONS

V - Work A Work B Work C The workWork year ` 1981 1982 1978 1989 'Diameter (m) 5.10 6.80 8.30 3.90Earth cover (m) 12.5 11.5 12.8 14.5Cover-to-Diameter ratio 2.5 1.7 1.5 3.7
Chamber pressure (kPa) 130 - 170 50 - 150 -- (No data) 160 - 170
Grouting pressure (kPa) 290 - 490 200 - 350 - (No data) 250 - 290
Grouting ratio (%) 130 - 240 120 -_ 320 180 (Average) 130 - 150
Start of back-fill grouting 80 minutes later. Simultaneously. 60 minutes later. Simultaneously.
Maximum ground surface settlement (mm)at the time of passing face 4 17 10 1

after passing tail and grouting , 19 (+15)* 5 (-12)* 55 (+45)* 5 (+4)*
2 months after passing tail 39 (+20)** 28 (+23)** 105 (+50)** 10 (+5)**

* Increment due to tail voids or back-fill grouting.
** Increment due to consolidation.

Depth WOl'l( A Settlement
G_L m) __;_`,_ ___,\_\/_<_`_;” O lmml

to the ground seemed to be greater compared with the present "` <\ ,,,» f' " towork. ;-;  \~~--/'T 20
c) Settlement due to consolidation 5 _ 30By comparing the settlement two months after the tail 40

passing, we can find that the subsequent secondary 10 50
settlement was larger or 20 to 50 mm in the works A, B and
C. It probably occurred due to the disturbance to the ground _*_ Passing The fm

at the facing and the tail voids, which disturbance would ,5 ’ ----- PHSSWQ the tailcauseconsolidation settlement. -T zmomns after
In the present work, the chamber pressure was controlled

to _an optimum value by the observational construction ‘Zo Work B Setff,$,,T,e"t
control method, theipressure was controlled to provide the G '° (m)‘mw/A.-_§,§___ _|r__,---f;:-1 0
minimum fluctuation with the soil pumping system, the _ `“Q'_i/_/"/ to
simultaneous back-fill grouting method was adopted, and the E ` ` 2 0upper limit ofthe grouting pressure was set almost equal to ` 5 so
the overburden pressure. Because of these features adopted, E 4 0
we were able to suppress the settlement, reduce the _1 0  - Second Fm '
disturbance to the ground, and restrict the consolidation E ~~-\`runne| tunnel --_ Passing the 'facesettlement almost to 5 mm. =1  _ in _ _

_15 Q E M18 ------ Passing the ‘ta|I

' //' 'l _ Zmonths after-20 ~"' '

From the present- work performed, we found the following
conclusions with respect to the ground movements in the
earth pressure balance shield tunneling in soft clay.

a) The ground settlement in the present work was less
than 1 cm and much smaller compared with the other works
even though considering the difference of the Cover-to
diameter ratio in the respective works.

b) The simultaneous back-fill grouting method is
effective for' suppressing the subsequent primary settlement.
However, if the grouting pressure is too high for the
overburden, the ground will be disturbed and subsequent
secondary settlement will increase.

c) For suppressing the subsequent secondary settlement,
it is necessary to stabilize the facing by adequately
maintaining the soil pressure inside the chamber and reduce
the disturbance to the ground. For this purpose, the
observational construction control method is effective.

Figure 6. Measurement of ground surface settlements
(Sonoda-1982, Hirata-1983).
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