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SYN OPSIS:The aim of this study is to elucidate the mechanism of increases in pore water pressure during tunnel driving. The
results of the study show that. the amount of such increases in pore water pressure varies depending on the seepage velocity of
slurry into the cutting face. The amount of increase in pore water pressure under actual execution conditions was estimated
using the FEM method and was also measured at the site. Both results show that the effective slurry pressure at the cutting face
is rather low in _sandy soils 'of low permeability.

1. INTRODUCTION

In conventional tumiel driving' with a slurry type shield, stabi
lization of the cutting face in sandy soils is normally achieved
on the basis 'of the concept described below. Of the total earth
pressure that acts on the face, the pressure remaining after
deducting the ground water pressure is considered to be an
effective earth pressure. Allowing this effective earth pressure as
a loosening earth pressure (theoretically calculated) , or 0.2
kgf/cmz, the latter balances with the differential pressure (slurry
pressure minus ground water pressure). This differential pres
sure is considered to be an effective slurry pressure which con
tributes to face' stabilization U' 2).

The cutting face, however, is continuously cut-off at an inter
val of 15 to 45 seconds. Repetition of such cut-offs may cause
the perrneation of slurry into the cutting face to some extent 314).
Such slurry permeation presumably eauses the pbre water pres
s_ure to rise above the initial ground water pressure, which
results in a drop of effective slurry pressure by an amount equiv
alent to the excessive pore water pressure. This may become a
significant problem in face stabilization.

In view of the above, thorough studies were performed on the
mechanism of the occurrence of excessive pore water through
dynamic_ shield model experiments in sandy soil. Further, exces
sive pore water that occurs during tunnel driving was estimated
using the Finite Element Method (FEM). The relationship
between the increases in pore water and face stabilization was
considered, by comparing the variation in the pore water pressure
accompanying the shield driving and the ground deformation
measurement results.

2. EXPERIMENTAL METHOD AND EQUIPMENT

The equipment used in this experiment has a mechanism
equivalent to that of an actual slurry-type shield. The distrib
ution of pore water as well as discharge of ground water
accompanying shield driving were measured by changing the
number of _cutter rotations, shield driving velocity and slurry
pressures. The velocity of _ground water that occurs at the

\

face was computed from the above discharge. A rough sketch
of the shield model is shown in Figure l. Soil properties of
ground specimens are as shown in Table l, and the composi
tion and properties of slurry in Table 2.

3. GROUND WATER FLOW AND INCREASES IN PORE
WATER PRESSURE DUE TO SLURRY INFILTRATION
INTO THE CUTTING FACE

(1) Ground water flow and the behavior of pore water pres
sure during shield driving

Figure 2 presents the relationship between ground water flow
and driving distance during shield driving in Toyoura stan
dard: sand using 12 % bentonite slurry at a driving velocity of
1 cm/min. and rotation velocity of 1 rpm with varying pore
water pressures. The ground water pressure around the shield
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Fig. 1 Shield Model

Table 1 Soil properties for ground specimen

Type Void ratio Dry density Pe"'le?1b"ifY
/cma) coeiiicientE P49 k(cm/sec)

Silica sand #5 0.786 1.471 7.34 x 10'2
T
s?dI|$dJa|?d sand 0792 1575 I-45 " 102
Silica sand #7 0.698 1.541 6.69 x 10‘3
Silica sand #8 0.972 1.404 1_10 X 10-2



Table 2 Composition and properties of slurry

Type Mix proportion Specific Funnel viscosity Yield value-_ ravi
Bentonite Kibushi Water 9 ty (5O0°°'50o°°) (|bf/10092)clay (Sec)

12% Bentonite 12 0 88 1_.0B 128 - 153 32 - 47
slurry

1:3:9 slurry 10 30 90 1.19 69 - 82 24 - 31
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Fig. 2 Relationship between ground water flow and slurry pressure

was 0.1 kgf/cmz. As can be seen in the figure, when slurry
pressure is 0.1 kgf/cmz, the differential pressure becomes zero
and no ground water flow is observed. Meanwhile when the
slurry pressure is 0.2 to 0.4 kgf/cmz, ground water pressure
increases with increases in slurry pressure; Hence, it can be con
cluded that the ground water _flow due to shield driving occurs
when' there exists differential pressure between slurry pressure'
and ground water pressure.

Figure 3 presents the distribution of pore water pressure in
front iof the cutting face obtained from pore pressure meters
installed in eachwsoil tank. This experiment was conducted using
12 % bentonite slurry in Toyoura standard sand and silica #8 at a

slurry pressure of 0.3 kgf/cmz, driving velocity of 1 cm/min. and
cutter rotation velocity of 1 rpm. As can be seen in the figure,
two different zone types are observed in Toyoura standard sand,
that is, the zone surrotmding the cutting face where differential
pore water pressure suddenly drops below the set slurry pressure
and the zonebeyond the above where aaslight increase in pore
water pressure is observed. Meanwhile "in silica sand #8, the
overall pore water pressure in the cutting face front shows a rise.

A sudden pressure drop due to the large seepage resistance of
slurry occurs in the cutting face containing slurry. The said zone
in Toyoura standard sand where a pore water pressure drop
occurs is considered to be a slurry-filtrated zone. The zone
length is almost equivalent to the depth of the slurry-filtrated
zone observed 'through an acrylic board. Meanwhile, no such
zone is observed in silica sand #8 with a smaller penneability
coefficient. Hence, the two zone types are fonned depending on
the pemieability coefficient of the ground.

The reason why filtration occurs in two different ways
depending on the permeability coefficient of the soil can be
explained as follows. Toyoura standard sand, due to its large
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Fig. 3 Distribution of pore water pressure in front of the cutting face

permeability coefficient, allows slurry to infiltrate at a higher
rate, and the depth of the slun'y-filtrated zone is larger than
the cutting depth, allowing the slurry-filtrated zone to contin
uously remain uncut, which leads to the formation of slun-y_
filtrated zones. However, in silica sand #8, the slurry-filtrated
zone formed during each cutting interval is cut-off at each
subsequent cutting, which results in the formation of no slur
ry-filtrated zone in the cutting face. It can be thus concluded
that slurry filtration depends on its seepage velocity, or to be
more precise, slurry-filtrated zones are formed when the
seepage velocity of slurry is higher than the shield driving
velocity. Since the slurry seepage velocity depends on the
depth in the pore slurry filtrates during cutting intervals, a
substantial seepage velocity obtained through division of
flow by pore percentage, defined by Darcy’s law, is
employed here.

(2) The relationship between the increases in pore water pres
sure and ground water flow

The increases in pore water pressure in the cutting face depend
on the velocity of ground water flow caused by slurry infiltra
tion. Experiments were performed to determine the baisis of this
relationship. Considered from a uni-dimensional point of view,
which is very close to the concept behind the above experi
ments, the amount of the increases in pore water pressure Ap
may be given by the expression below.

Ap=%Y1 <1>
where

Ap : excessive pore water pressure (kgf/cmz)
v : ground water flow velocity (cm/s)
L : drainage distance of ground water (cm)
k : permeability coefficient (cm/s)

As Ap is expressed in (kgf/cmz), the unit weight of water YW is
expressed in (kgf/cm3) here. As can be seen in expression (1),
the excessive pore water pressure in the cutting face is deter
mined by the ground water flow velocity, drainage distance of
ground water and permeability coefficient of the soil. Drainage
distance and permeability coefficient, however, are predeter
mined by the soil conditions of the site. Consequently, in order
to lower the excessive pore water pressure under the above con
ditions, ground water flow velocity should be decreased. A
method to achieve this will be described below.

The distribution of pore water pressure during driving using
12 % bentonite slurry in Toyoura standard sand, with varying
slurry pressures, is presented in Figure 4. As can be observed in
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Fig. 4 Distribution“of pore water pressure in front of the cutting
face with varying slurry pressure (Toyoura standard sand)



this figure, the excessive pore water pressure increases with
increases in the set~slun'y pressure in Toyoura standard sand. The
distributions of the pore water pressure in Toyoura standard sand
using 12 % bentonite slurry and 1:3:9 slurry are presented in
Figure 5. The figures show that the excessive pore water pressure
in the cutting face reduces when 1:3:9 slurry is used. From the
above it is thus concluded that the pore water pressure increases
with increase in slurry pressure and is decreased by using l:3:9
slurry. Hence, the flow velocity of ground water can be con
trolled by changing the slurry seepage velocity through adjust
ment of the slurry pressures and properties.
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Fig. 5 Distribution of pore water pressure in front of the cutting
face according to slurry type (Toyoura standard sand) `

(3) The mechanism of slurry infiltration into the cutting face

As described above, the increase in the pore water pressure in
the cutting face during driving using a slurry type shield is
controlled through adjustment of slurry seepage velocity. A
description of the mechanism of slurry infiltration into the
cutting face will be presented below.

Effective slurry pressure (PO - Ap) allows slurry infiltration
into the cutting face. Assuming that slurry infiltration reaches ls
in t seconds after filtration ESIHITS, the slurry seepage velocity
aftert seconds vs may be given by the expression below.

V =%=»0tk _(P°'AP) <2>S dt lsyw ‘_
The seepage distance and velocity of slurry after t seconds, ls
and vs respectively, can be obtained as follows. ~

_ 2ock(P0 - Ap)t (3)I5 - W
or P - A

VS = 1<(2<;Yw P) (4)where .
ls : seepage distance (cm)
P0 : differential pressure (kgf/cmz)
Ap : excessive pore water pressure in front of the filtration

zone (kgf/cmz)

vs : slurry seepage velocity (cm/s)
t : seepage time (sec)
otk : permeability coefficient of slurry (cm/s)
k : permeability coefficient of soil (cm/s)
oc : correction coefficient of k according to slurry properties
YW : unit weight of water (kgf/cm3)

As apparent from expression (4), the slurry seepage velocity
can be lowered by lowering slurry pressure and using slurry
with a smaller permeability coefficient.

4. EXCESSIVE PORE WATER PRESSURE DURING DRI
VING WITH A SLURRY-TYPE SHIELD AS A BOUND
ARY CONDITION IN THE SANDY GROUND

The experimental results (Figure 3) show that the excessive
pore water pressure in the cutting face is low. However, the
increases in such pressure cannot always be estimated from
the above results due to the fact that the drainage distance in
the sandy ground is much longer than that in the soil tank
used in the experiment. For the above reason, we will consid
er this for a hypothetical case in which a soil with a given
typical drainage condition is presented, as shown in Figure 6.
The drainage length of its cutting face front will be set to 100
m, assuming that any longer length will have no noticeable
effect on the analysis. Estimation of the increases in the pore
water pressure with a variation of permeability coefficient for
the cutting face and slurry types is attempted using the FEM.
The details of this method are given in reference literature 5.

The relationship between the effective slurry pressure in
the cutting face (differential pressure minus excessive pore
water pressure) and permeability coefficient is presented ir1
Figure 7. As can be seen in the figure, almost no effective
slurry pressure occurs in the soil regardless of its permeabili
ty when 12 % bentonite slurry is used. Meanwhile when
1:3:9 slurry is used, the effective slurry pressure for a differ
ential pressure of 0.2 to 0.4 kgf/cmz is equivalent to 56 to 66

% of the differential Zpressure in soil with a permeability coef
ficient of 7.34 X 10' cm/s (silica sand #5), and 2.5 to 5 % in
soil with a permeability coefficient of 1.10 X l0‘3 cm/s (silica
sand #8). Furthermore, in sand with a permeability coeffi
cient of 1.10 X 1O'3 cm/s, effective slurry pressure shows only
a slight rise with variation of the differential pressure from
0.2 to 2.1 kgf/cmz, meanwhile in sand with a permeability
coefficient of 7.34 X l0'2 cm/s, effective slurry pressure
increases with increases in differential pressure.

From the above results, it can be concluded that the effec
tive slurry pressure in the soil with a larger permeability
coefficient can be increased to a considerable extent by
changing slurry properties as well as by raising differential
pressure. It is a conventional concept that face stabilization
utilizing slurry pressures is easily attained in soil with small
er permeability coefficients. However, the above analysis
results show that face stabilization in such soil is difficult due
to the fact that effective slurry pressure decreases with
increases ir1 the pore water pressure due to slurry infiltration.
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5. ACTUAL MEASUREMENT OF PORE WATER PRES
SURE IN THE CUTTING FACE, AND THE. ROLE CUT
TER PRESSURE PLAYS IN FACE STABILIZATION

Driving with a slurry-type shield of diameter 10.2 m with an
earth' covering of 10=to 15 m was carried out in construction
as part of the extension to the Fukuoka City Subway from
Hakata to the airport. The relationship between the increases
in pore water pressure and face stabilization is considered on
the basis of the measurements and reviews performed by
Matsushita et al. (reference 7).

Locations of pore pressure meters and displacement
meters at the measured section, as well as soil conditions are
presented in Figure 8. '

Figure 9 illustrates the variation in the pore water pressure in
each strauim of the measured section CE during shield driving.
As can be seen in the figure, in the decomposed granite stratum
(permeability coefficient of 1 x l0'4 cm/s), the pore water pres
sure (CE-P-4 and CE-P-5) shows a gradual rise with the
approach of the shield and a steep rise starting the day before
passage of the shield. The pore water pressure in the_center of
the shield (CE-P-5) is indicated at 1.875 kgf/cm? half an hour
before passage ofthe shield, or approximately 60cm from the
front of the face, and effective slurry pressure is extremely small
at 0.043 kgf/cmz while the set slurry pressure is 1.900 kgf/cm2.
Whereas both in the alluvial sandy soil (permeability coefficient'
of 1 X 10'3 cm/s) and diluvial sandy soil (permeability coeffi
cient of 1 X l0'3 cm/s),_ no such increase in pore water pressures

(CE-P-1, CE-P-2, CE-P-3) is observed.
Figure 10 presents the variation in the pore water pressure

obtained from the pore pressure meters installed in the decom
posed granite stratum together with the variation in the displace
ment obtained from the displacement meters installed in the soil
above where theshield passes. As can be seen in the figure, dis
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Fig. 8 Soil conditions and locations of pore pressure meters and
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Fig. 9 Variation in pore _water pressure in each stratum of the
measured section during shield driving (modified, original in
reference 7)
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Fig. 10 Variation in the excessive pore water pressure and settle
ment at measurement point CE (after Matsushita et al., 1992)

machine tail

placement meters indicate a settlement at the point where the
pore water pressure shows a sudden rise, whereas, they show an
uplift at the point immediately before the passage of the shield.

The above results show that slurry infiltration causes con
siderable increases in the pore water pressure far ahead of the
face, and that effective slurry pressure sharply drops in the
area surrounding the cutting face, which leads to a shortage in
the retaining capacity of the cutting face and the resultant
ground settlement occurring on the day before the face is
reached. However, the fact that this ground settlement shows
no further development, and that an uplift can be seen in the
cutting face immediately before the shields’ passing, indicates
that the pressure produced by the cutter bits and transferred to
the face greatly contributes to face stabilization. From the
above, it is thus concluded that in shield driving, the earth
pressure is counterbalanced mostly by the cutter bit pressure,
whereas sltury pressure has the least significant effect.
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