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ABSTRACT: This paper is the sequel to the paper (Nomoto, T. et al, 1995) submitted by the JSSl\/[FE TC-28 to the
Intemational Symposium on Underground Construction in Soft Ground held in New Delhi in India in January, 1994.
~The paper mainly deals with the facts of ground displacement, the findings of a study on the ground displacement

mechanism and the findings of a study on ground displacement using a centrifugal model.

1. FACTS OF GROUND DISPLACEMENT

® Stage 5: Further improvements of the construction
methods referred to in Stages 1 through 4

One of the most noticeable features of ground
displacement associated with the shield tunnelling method
in Japan is the trend of a steady decline of the volume of

ground displacement due to the growing popularity of
the closed-type shield machine and the progress of the
backfilling technology. The history of the quantitative
reduction of ground displacement in relation to the work
processes shown in Fig. 1 is described next.

reduced the volume of succeeding
settlement.

Actual examples of ground displacement are examined

next using the findings of the Report for the Fact
Finding Survey on Backfilling Practices (JTA, 1994).

The Survey featured shield tunnelling work which
commenced in April, 1991 or thereafter with drilling

completed by November, 1993 and the relevant
constructor was requested to report the volume of

CD Stage 1: The arrival ofthe closed-type shield machine
made it possible to conduct tunnelling work
without lowering the groundwater level.
CZ) Stage 2: The improved drilling control technology
together with the use of the closed-type shield
machine led to the virtual elimination of the
release of stress at the cutting face.

surface settlement observed at a standard work section
of the shield tunnelling work, i.e. a section where no

supplementary work, such as ground improvement,

® Stage 3: The accumulated work experience and

~ improved drilling direction control
technology much reduced the volume of
snaky-advancing, etc.”

@ Stage 4: The use ofthe simultaneous backfilling method
and improved backiilling materials reduced the
release of stress at the tail void area.
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was conducted. Based on one reply per project, a total
of 389 replies were received.
Figure 2 compares the surface settlement data of a
1984 survey and 1993 survey. The latter gives a ratio
of work of which the surface settlement was less than

10 mm of 77%, suggesting a declining trend of the
settlement from the time of the 1984 survey.
Figure 3 shows the relationshipibetween the closed

type shield tunnelling method and the surface
settlement, indicating that the earth pressure-type shield
method tends to produce slightly more settlement than
others. The reason for this cannot be easily established

due to the different conditions governing each

construction site. However, one factor is believed to
be that the soil pressure-type shield method is often
employed vis-a-vis an alluvial clay layer. Of the 47
earth pressure-type shield works that replied, 22 were
conducted in this particular soil layer.
Figure 4 shows the relationship between the soil
type above the shield tunnelling work section and the
surface settlement, indicating large settlement in the
case of alluvial clay.
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Fig. 1 Illustration of ground displacement caused by
shield tunneling work
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2. STUDY ON GROUND DISPLACEMENT
MECHANISM

ln Japan, the measurement of ground behaviour around
a tunnel is often conducted at relatively large diameter
shield tunnelling sites, such as those for underground

takes place above and at the sides of the shield machine
due to the shortage of face pressure. During the passing

stage of the cutting face, the original state isrestored
as the displaced soil is pushed back. At the time of the

passing of the tail, the soil is pushed away from the
shield machine because of backfilling. With the passing'

railway construction. The subjects of such

of time thereafter, displacement towards the tunnel ig
again observed. ln contrast, a steady trend of settlement

measurement include three-dimensional displacement
measurement using layer-specific settlement gauges

can be seen at the ground surface due to the three_

and inclinometers using boring holes in addition to
measurement of the surface displacement. Moreover,

dimensional conveyance of displacement in
accordance with the progress of the shield machine
and other reasons.

earth pressure gauges and piezometers may be installed
to measure the total and effective' earth pressure around
the shield work site.

With this type of measurement, it is possible to draw
a displacement vector diagramme based on vertical and

horizontal displacement data to clarify the

2.1 Ground Displacement

-displacement mechanism corresponding to the work
process.

Here, an example of ground displacement is introduced
involving soft cohesive soil (SPT N value: 0 - 4) and
an EPB shield machine (Qi 6.93 m) at a site in Nagata,
Osaka.

(2) Evaluation Based on Strain

Although it is extremely difficult to directly_ measure
strains in ground, it is possible to calculate. the strain

(1) Cross-Sectional Displacement Distribution

using data*-supplied by a number of displacement
gauges. Any strain of the ground caused by a shield
driving takes a threefdimensional form. To be more

Figure 5 shows the displacement distribution in the

cross_-sectional direction. Before arrival of the cutting
face, displacement towards the shield machine already

precise, a specific quantity of displacement (5) occurs

'
30
§
5
<
50
2.3%
Number of Replies: 389 No Reply: 13%
(Unit: mm) V

20 é 5< 30 4.4%

S

' f ' , 50 S 5 < 100 3.5%

1993 Sul-Vey _ 0 S 5 < 10 77.3% 10 £1§;2O

Number of Replies: 259 _, 100 é 5 < 150 04%
_/9.7% I' No Reply: 0.7%

' 30.5% <30

1984 Survey ___ 0 é 5 <10 552% 10 § 8 < 30 30

IIIIIIIII

0.0% 20.0% 40.0% 60.0% 80.0% 100.0%

Q

Fig. 2 Different Degrees of Surface Settlement (5) (ITA, 1994)
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in the cross-sectional direction (x axis: u), vertical

® Through reduction of both the outward and inward

direction (y axis: v) and proceeding direction (z axis:
w). Figure 6 shows these in a three-dimensional manner
and the strain (e) has'6 components, i.e. ex, ey, ez, Yxy,

displacement of the ground around the shield
machine by means 'of appropriate face pressure
control and backfilling.

yvz and yu. Considering these three-dimensional

2.2 Earth Pressure

elements, the strain can be expressed by the following
equation.

Figure 8 shows changes of the horizontal earth pressure
around the shield machine in the case of the same shield
tunnelling work referred to in Fig. 5. The earth pressure
gauge (a) indicates the horizontal earth 'pressure along

{e} = [B] (6) .._.____.__.._.____________._._..._._._...._.__._._.._ (1)

[B]: matrix showing the displacement-strain relationship

By calculating the strain on the basis of multiple

the proceeding direction while gauges (b) and (c)

displacement data, it is possible to identify where a
high degree of strain lies.

indicate the cross-sectional earth pressure at l m and
4 m from the side of the shield machine respectively.
Measurement by gauge (a) was conducted until it
was cut off by the arrival of the cutting face. With the
approach of the cutting face, the earth pressure began
to drop at around 1.5 D in front. This is an example of
insufficient chamber earth pressure where the ground
settled with the approach of the cutting face to record
a maximum settlement of 2 cm at the surface.

Using the three-dimensional strain calculated from

the two-directional (horizontal and vertical)

displacement data obtained from an insertion-type
clino-settlement gauge, it is possible to calculate the
volumetric strain ev and the octahedron shear strain
you as follows.
ev=ex+ey+ez ___.___.____....__...__...__,____.__.___._._._____.________._._ ____...__. _ ___.._.__. ( 2)
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Figure 7 shows the 'YOCT for Element A of the soft
clayey ground immediately above the shield machine
for each component of equation (3). lt can be learnt
that the degree of contribution to 'Yom is particularly
large with shear strain along the progressive direction
(yu) and shear strain along the cross-sectional direction
(yiy). These facts suggest that in order to reduce the
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Fig. 6 Three-Dimensional Elements in Ground Around
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In comparison, the earth pressure at the side _ofthe
shield machine, which had declined with the approach
of the cutting face, began to increase during the passing
of the cutting face, reached the maximum level during
the stage of simultaneous backfilling at the passing of
the tail _and then again declined to approximately the
original_ level of earth pressure after 2 months. The
pore water pressure recorded at the same locations as
the earth pressure gauges showed similar behaviour to
the earth pressure.
These' facts indicate that the earth pressure is highly
sensitive to 'shield tunnelling work. When the pressure
declines, there is s_ettlement towards the shield machine
due to the inward displacement of the soil. When the
pressure increases, there is a heave due to the outward
displacement ofthe soil, clearly showing the correlation
between earth pressure and displacement. It is, therefore,

a, b and c show the relationship between Ub and L gr
the observation points of a, b and c. Compared to Curve
a, the Ub value of Curve c is small at Ub # 20% at 50
cm in front of the cutting face and Ub # 0 at 1.5 m in.
front of the cutting face. In other words, as the excess
slurry pressure fully acts as the effective earth pressure '
at the 1.5 m point of Curve c, the cutting face is quite
stable. Accordingly, the settlement at the time of the
passing of the cutting face remains minimal.

3. STUDY ON GROUND DISPLACEMENT BY
CENTRIFUGAL MODEL TEST

The work introduced here involves the EPB shield
machine (95 3.63) for an electricity tunnel in Chiba
Prefecture. The data measured on-site are compared
to data obtained from the centrifugal model test.

necessary for earth control measures to prevent the ground

from yielding to pressure at the time of the passing of

3.1 On-Site Measurement

both the cutting face and tail in order to suppress ground

displacement by shield tunnelling work. The exact
correlation between earth pressure and displacement

The subject ground for tunnelling is an alluvial

should be found at the early stage of the work.

65%, Ip = 30; qu = 1 kgf/cm2=98.l kN/mz) of the lower

cohesive soil (Yl layer: N = 0 - 2; W" = 66%; WL =

Yurakucho formation. The backfilling method was
simultaneous backfilling from the shield machine.

2.3 Pore Water Pressure

Figure 10 shows the measuring instrument distribution.
Measurement was conducted at the backfilling section

Figure 9 plots the slurry pressure loss rate (Ub), which
is the ratio between the excess pore water pressure (AU)
and excess slurry pressure (AP = Pb _-V-Uo; Pb: slurry
pressure, Uo: original pore water pressure) obtained
from the piezometer installed in the ground in front of
the shield cutting face, against the distance (L) from
the shield cutting face. This example is taken from the
shield tunnelling work (Q5 10.2 m using the slurry shield
method) for an underground railway line in Fukuoka,
Kyushu Island and a comparison is conducted for the
same ground with 3 different slurry properties. Curves

(Measurement Profile A) and pre-backfilling section
(segment equals 2-rings) (Measurement Profile B).

3.2 Centrifugal Model Test
The geotechnical centrifuge used was the beam-type

device with a 3 m radius and the maximum acceleration
of 200 G.
The model container has measurements of 500 mm
in width, 550 mm in depth and 150 mm in length. The
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prototype was scaled down by a factor of 87, using the
centrifugal acceleration of 87G. The earth cover is set at
170 rrmi. (dividing the earth cover fora measurement

3.3 Comparison Between Field Data and Test Data

Figure 12 shows the-comparison results of pre
backfrlling ground displacement featuring 2 measurement
points immediately above the tunnel (Observation Point

profile of 15 m by 87). The model shield tunnel is a
cylindrical member of 40mm in diameter to represent

Nos. 3-4 and 3-5) and 4 points at the side (Observation
Point Nos. 2-4, 2-5, 2-6 and 2-7). The following findings
result from this comparison.
® The vertical displacement immediately above the
tunnel (Observation Point Nos. 3-4 and 3-5) shows
sharp settlement after occurrence of the tail void in
the case of both the on-site and test data, followed
by gradual settlement with the passing of time.
® The vertical displacement at the observation points
located at the side and above the centre point of the

the segment and is fixed to the back wall of the container.
The tail void is created by pulling out the cylindrical tunnel
cover. The mode_l tail void would have been 0.75 mm if

properly scaled to the real measurement of 65 mm on
one side. This is below the photo-processing limit of l
mm, making it difficult to observe the ground behaviour.

A tail void of 3 mm on one side is adopted to make a
minimum surface settlement of 1 mm.
The ground material used is Kaolin (ASP-170), the

properties of which were adjusted to match the

tunnel (Observation Point Nos. 2-4, 2-5 and 2-5)
shows gradual settlement with the elapsed time.

properties of the alluvial cohesive soil in the lower
Yurakucho formation( IP: 30; unconfined compression
strength (qu) at the centre of the tunnel=1 kgf/cmz).
100m

® The horizontal displacement at the side of the tunnel

3

(Observation Point Nos. 2-4, 2-5, 2-6 and 2-7) shows
a tendency of displacement towards the tunnel side.
The ground behaviour described above is similar in the

3 _ pore wa.Ler. shield machine

case of both the on-site measurement and centrifugal
model test measurement, implying the validity of the
centrifugal model test to qualitatively simulate on-site

Q
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displacement behaviour.

' It is believed that the centrifugal model test will

establish itself in the future -as an effective means of
clarifying the ground displacement mechanism, including

that during the driving process, and will be capable of
application at the shield tunnelling design stage through

E 00o2o4c608 10

further elaboration to produce a three-dimensional model
which incorporates the actual shield tunnelling conditions

distance from cutting face L(m)

and a model which reproduces complex geological

Fig. 9 Effect of slurry pressure (Matsushita, Y.et al, 1994)

formations. (Nomoto, T. et al, 1995)

Q20f
8000 -' 8200 ~
5O00`2 "5000`
(I.l0
l ‘fi ¢9=_
0G_L_
EV
-0 ss
-0J D
09°
I
sr-o
sz
sr
1L _0 S
°
hll
-Z
" I ‘T
__ <3 om
I-I

\I
\'l’I

NV luc

3000

I0 2030 405

9

llll

_-1

¢|

Sli on-l 'O' '10 +G
Illll
~5.2'msn
'_illlll
1
ll
szr I2 53'T ‘ SC\l
1l
l
U I  sz-zo»I2-2 053l___
.maIf:.'~'
iFI eSand
sr-zo»ri-2
II
rm
Ol-J 533
, S|-3Illlll
_ o»|z-3 _o %
lilll
I 523
J

-I Gas Pipe ¢ 200

I*Wu- llan ! §
Sill
§
L
|llI TrIm;
3_ 0§n§BOleeacr
1

10 lu
10 9a

O

U
_ 0.12-4
;;"’
12 _.ana
10. -hhS€'“w"‘
su I S24
- _ 5"
_O‘o
(1 I~4

‘Q
G

.1164

Ol I-5

&-- SIS I oszsoons
0535- °l
II-SS 52+

--I 0516 N 0126 S ___
(Unil: mm)
AnchorI O'
- ' HJ'
Term'n
(Assu
d.ur
Ste dyPoi r) N 'O'
N S27

Diameter ol' Shield 3630

IZ 8 O Layer-Specific

24.80
26.15 2 S:indyS'lr Tl

2 _r }- sir (A
I

zsfio
23.15

I and
srrys

'gaudy sin
I

9
U1
6|

»-1

Gauge
Z-9 uri Settlement
inometcr

X (Cmss-Sectional
d Measurement)

Anchm. -|'u.n.l5na| U Level Sclllemenl Gauge
ssumed Steady Point)

Fig. 10 Measuring Instrument Locations (Ohtsuka, M. et al, 1995)

687

On-Sile Data (Measurement Profile B) Centrifugal Model Test Data JE*

(Minus direction means scltlcmcnll _ Y *_A*-_

0'__' ' _

_5 _ _ _'_ ` _ _ __ __ _Minus direction means sclllcment) _' '

E -10 1 _; ,,,,_, |||||||||||||||||||n|||||m|gg5|::|

E, _ _,S _ - - 3 I : f ~ - 1 ; 3 _' _ Q g Illllllllllllllllllllllllllllli"Illl

5 3 _ 20 - - . 1 ' 5 g --= - .g iillilllllllllllIlllllllllllllllllllll

E Li E _25 _ _ _ _ _ g § j § ||||||||||||I|l|

2 é " 4 _ %: _ § -2 I'Eig!llitliiiiiiuiiliiiilllllliiil

jg' .g -30 . _ _ _ _ _ SB-3:51, _ E - I |lllllllll un.i-!ii|||=l|i
` -io 'f V
3 5O
2 "3000
=i i 5351-5-5-‘
~ thistill|||||||||||||||ililiiiimill
5000 9000
12000 0 2 4 6

; 1 _.S g|g|gg|||||||||| _|g||,|::||;g,5:;
Timg dumrinn after passing of tail (min.) ' 'lime dumlinn after passing of \ail'(min.)

I (Minus direction means settlement)

_'lé|-

/ 0 _ _ I 2 g\ (Minus direction means sclllcmcnl V

KU\__

~ E "` 1 : ' " 'K ~ llllllllllllllllllllllll"""llll'lll

5 ie "2 ` ____ ____ E I ! I
r FEL '4 ____ _ .St-;2__,, . , -3 ||||||i;5;;;;;!!!!!!!!!ll!l Ill!!
_____.E- E-__S_..>. _5
_- ."|“|
~ |{;i===m::::==ss;;==:::
| S25 ||| “li Iillllliiil

oi

_.

3

Q
Hi-L
S _' _J
' ' "'°
' ' ._
' 2Sm
; ' E||r_a@:::::=:!!!r|||||||
lii&l||!|||||I||l|||I||l|_ ||||_t:i
IIIII
1:

u
E

v:

. r_-6
1' 12' t' 1' '6000
-' Q
' _, :§gg!||||||||||||||||
_, :ru
' 0' I3000
Ti ff
' liiiulllllllllllllllllllllllilllllllll
_/
9000
12000 0_ |||||r|||:|
245
. _" : Time dumlion after passing ol' tail (min.) Time d“"‘“i°" “ner P°55l"'E of U" (min-)

_ .45mg
_.__
_ _ __means
_ _ _m0vemcnt_lowari1s_tul‘\l'l€|)
__ . _ _ __ _ __________________________
___________
§ 40
&";;_E_4_I
(Ph-‘S
dil’€Cli0n
,E (Plus direcnon means movemenuowards
_unncn

§5Tunnel
= 3 ltCover
uunugq
lm!!!!!!lllllrirrriirtrtrrrsrgze
|
_
_-2
__ \__ ,_Q
l2
:__0%.==
5!!!l||"“|||!|||!!
__
-_ _
..__,
Q
7
____
....1B21.1B24Se
men,
(steer)
,
_
ca
_
_
.
_...nn|ll‘lIll
Ilillll
__
“_
- Q`jj:=~
. ~5 ' i rl
mm"
|||||||
~_"`iei1mn
(sieenw
` Ia
. _B0
_S _)
i I ' ' I-| l 2
7 § _1
_______ gl |||||||”
__!!_._ _!|!!|_!!!!!!!!|
"~~~_"
E ZoQaooo
sooo
sooo'
rzooo
E o 2 -1 6
_"_ ,_ _ ________c d__m__n___ mer passing 0fm"(min_) Time duration alter passing oftail(n\in.)

Fig' 11 Celmifuge M°d@1 Fig. 12 Comparison of Behaviour After Occurrence of Tail Void at
(Ohtsuka, M. et al, 1995)

Observation Points Near Tunnel (Ohtsuka, M. et at, 1995)

4. CONCLUDING REMARKS

Hirata, T. (1989): Study on Behaviour of Cohesive Soil in Closed
Type Shield Tunnelling Work and on Construction Techniques,
BA Thesis at Kyoto University (in Japanese)
Matsushita, Y., Iwasaki, Y., Hashimoto, T. and Imanishi, H. (1994):
“Behaviour of Subway Tunnel Driven by Large Slurry Shield",
Underground Construction in Soft Ground, Fujita & Kusakabe

This paper describes part of the study on the ground
behaviour around shield tunnelling sites in Japan. Due
to the space limitations, it was impossible in this paper
to introduce those examples of measurement data being
fed back for construction control purposes. Suffice 'to
say that such control is becoming increasingly popular
in recent years.

(eds.), A.A. Balkema, pp. 253 - 256 =
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