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Effect of clay ground condition on stability of slurry trench
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Nikken Sekkei Nakase Geotechnical Institute, Tokyo, Japan

K. Saitoh
Chuo University, Tokyo, Japan

ABSTRACT: This paper describes the result of centrifuge tests for the stability of slurry trenches constructed
in two types of clay grounds. One was the normally consolidated condition (N.C. ground) and the other was
the overconsolidated condition (O.C. ground) at a given centrifugal acceleration. Failure behavior of the slurry
trench in each clay ground was observed during the lowering of slurry water level.

The settlement close to the trench in the N.C. ground was significantly larger than that in the O.C. ground.
The slurry water level at the yield point in the O.C. ground located below the ground surface, and that in the N.C.
ground located above the surface. The limit equilibrium analysis could evaluate the stability of slurry trench in
the O.C. ground, but could not be applicable that in the N.C. ground. The failure mechanism of the slurry trench
in the N.C. ground is different from that in the O.C. ground.

1 INTRODUCTION

Diaphragm walls are widely used as earth retaining
walls, building foundations, underground structures,
cut-off walls for waste deposits and so on. To con-
struct the concrete segment for the diaphragm wall, it
is necessary to excavate a trench with providing its sta-
bility in the progress of excavation. The slurry trench
method is often used for such an excavation. In the
method, the stability of slurry trench is achieved by
the slurry water pressure acting the trench wall with
a mud film. Therefore, it is very important to know a
required height of the slurry water.

Various methods of the stability analysis for slurry
trench were proposed, for example, Piaskowski and
Kowalewski (1965), Kanatani and Akino (1984) and
Yoshida (1985). The ground subjected by almost
researchers was the sandy ground.

The studies for the clay ground were a few (for
example, Nagura et al., 1996). In the study presented
by Nagura et al. (1996), the model clay grounds were
consolidated by a uniform overburden pressure and
were tested at a centrifugal acceleration field. The
model clay grounds were in the overconsolidated state.

The slurry trench method, however, is often applied
the waterfront areas, such as riverside and seaside. The
ground condition on such a site is in the normally
consolidated or lightly overconsolidated state. This
stress condition of clay ground in the waterfront area
is obviously different from the condition of the model
grounds in the study presented by Nagura et al. (1996).
The stability of the slurry trench should be affected the

stress condition, such as normally consolidated and
overconsolidated state.

In this paper, to study the effect of such difference
in ground condition on the stability of slurry trench,
the centrifuge tests on clay grounds prepared with dif-
ferent stress histories were performed. The prepared
clay grounds were the normally consolidated and the
overconsolidated states under centrifugal acceleration
field. In the centrifuge tests, the deformation and the
failure behavior of the slurry trench due to lowering of
the slurry water level were focused.

2 TEST CONDITION AND METHOD

2.1 Planning of centrifuge tests

To compare the failure behaviors of slurry trenches
constructed in the clay ground during the lower-
ing of slurry water level, two model grounds were
planned. One was overconsolidated condition (O.C.
ground) at centrifugal acceleration field of 60 G, and
the other was the normally consolidated condition
(N.C. ground) at 25 G. A two dimensional trench was
adopted as a model slurry trench. Because the stabil-
ity of the 2D trench was low and deformation area of
ground was large.

2.2 Model and measurement system

A schematic diagram illustrating the layout of cen-
trifuge model on the O.C. ground was shown in
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Figure 1. Layout of centrifuge model on the O.C. ground.

Table 1. Properties of material used.

ρs wL wp <5µm <75µm

(g/cm3) (%) (%) (Ip) (%) (%)

Kawasaki 2.692 51.1 27.2 23.9 41.5 82.4
clay

Figure 1. The model consisted of the two parts which
were a model ground with a slurry trench and a slurry
water lowering system. The slurry trench was mod-
eled as a rubber bag and saline water with a density
of 1.05 g/cm3. The slurry water lowering system con-
sisted of two tanks and an electric valve. By opening
the electric valve, the saline water level in the trench
started lowering.

Pore water pressure transducer to measure the slurry
water level was installed in the bottom of slurry trench
beforehand. Two laser transducers to measure the
ground surface settlements were also set at the S1 and
S2 points which were respectively close to and far from
the trench.

To record the failure behavior of the ground behind
the trench during the rotation, the photo analysis
system was used.

2.3 Preparation method and stress history of
model clay ground

Both the model clay grounds were prepared using
Kawasaki clay sampled from the Tokyo Bay. The
physical properties of Kawasaki clay were listed in
Table 1.

The model clay grounds were prepared as follow-
ings. The clay-water mixture with water content of
80% was poured into the left side of the strong box.
In the O.C. ground, an acrylic plate with many holes
was put on the mixture, and the consolidation pres-
sure was applied to the top of the mixture through the
plate and was increased to 147 kPa step by step. In the
N.C. ground, a thin plate with many holes and contact
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Figure 2. Distribution of consolidation stress.

pressure of 0.045 kPa was put on to the mixture, and a
pressure of −62 kPa was applied to the bottom of the
mixture. This pressure supplied by a vacuum pump
was decided in consideration of the ability of the vac-
uum pump (70% of capacity). The preconsolidation
time was determined by the so called 3 t method.

After the preconsolidation, in the O.C. ground, the
clay block with 300 mm in thickness was trimmed, the
trench was excavated and a rubber bag was installed in
the trench. The thickness of clay layer and the depth of
slurry trench were 18 m and 15 m in prototype scale,
respectively (300 mm and 250 mm in model scale).

In the N.C. ground, on the other hand, a rubber bag
was set before the pouring of the clay-water mixture
because the model ground after consolidation was too
weak to excavate the trench. To keep the distribution
of preconsolidation pressure, the model clay ground
was provided without trimming of the ground sur-
face. Therefore, the thickness of the preconsolidated
clay layer was 330 mm in model scale. Considering
the density of clay layer and seepage force supplied,
the centrifugal acceleration of failure test was set at
25 G. The thickness of clay layer and the depth of
slurry trench were 8.25 m and 7 m in prototype scale,
respectively.

Figure 2 illustrated the stress history of model
ground from the preparation of clay ground to the
centrifuge test. The distribution of preconsolidation
pressure was shown as a solid line (a) in Figure 2.
After the preconsolidation, the model ground was once
released from loading. At the time, the distribution
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of vertical stress was drawn as the dotted line (c) in
Figure 2. When the model ground was put in a given
centrifugal acceleration field, the distribution of ver-
tical stress became the broken line (b) in Figure 2.
The OCR was defined as the ratio of preconsolidation
pressure (a) to current stress (b).

Using the unit weight of clay layer derived from the
distribution of water content of clay ground, the OCRs
of the O.C. ground ranged from infinity to 1.1, and
those of the N.C. ground ranged around unity except
for a thin layer near the surface.

2.4 Procedure of slurry trench failure test

Before the rotation, the saline water was poured into
the rubber bag up to a given level above the ground
surface. After achieved at the designed centrifuge
acceleration field, the slurry trench failure test was per-
formed. By opening the electric valve, the saline water
in the rubber bag flowed to the discharge tank. The rate
of the lowering of saline water level was almost con-
stant because the cross section of the discharge tank
had much larger than that of the model trench. During
the failure test, the data of all sensors and movement
of lattice marks were recorded.

Immediately after the centrifuge test, the cone pene-
tration test was performed on the model clay ground.
Then the samples for unconfined compression and
water content tests were taken from the model clay
ground.

3 TEST RESULTS AND DISCUSSIONS

3.1 Definition of yield and failure of
slurry trench

From the results of centrifuge tests on sandy ground,
(Katagiri et al., 1998), the schematic relationship
between slurry water level and settlement of ground
surface could be drawn as Figure 3.The horizontal axis
was elapsed time in lowering process, and the vertical
axis was slurry water level and settlement of ground
surface.The schematic illustrations of the deformation
around slurry trench were also shown in Figure 3.

In the process after opened the valve, the rate of
lowering of slurry water level was almost the constant.
In this period, the settlement of ground surface gen-
erated a little (see (a)). And then the rate of lowering
decreased, the settlement occurred at the same time.
This situation was drawn in (b). The decrease of low-
ering rate was caused by the reduction of cross section
of the trench. This reduction was corresponded with
the settlement of ground surface. Finally, the lower-
ing of the slurry water level stopped because no space
for the discharge of the slurry water in the trench (see
(c)). In such a situation, large settlement of the ground
surface occurred.
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Figure 3. Schematic deformation behaviour of model trench
during lowering of slurry water level.
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From the above behavior, Katagiri et al. (1998)
proposed the yield and failure points, and discussed
the stability of slurry trench. The yield point was the
point where the lowering rate decreased, and the fail-
ure point was the point where the trench braked down.
In this paper, their concept was also applied.

3.2 Conditions of model ground

The distributions of water content of the model ground
were shown in Figure 4. The marks showed the mea-
sured data. The solid line was the values calculated
by the log f -log p relation from the oedometer tests.
The measured data in the O.C. ground was almost con-
stant with the depth of ground, but the data in the N.C.
ground decreased. The measured data in both the cases
agreed with calculated values.

Figure 5 showed the distributions of the shear
strength of the model ground derived from the cone
penetration and the unconfined compression tests.
Here, the cone factor Nkt = 8.0 was used. The value
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Figure 6. Change of slurry water level in lowering process.

of Nkt was obtained from the results of cone pene-
tration and unconfineds compression tests. The shear
strengths in the O.C. ground were almost constant with
the depth of the ground. Those in the N.C. ground
increased with the depth of the ground. These results
showed that each ground had been consolidated by the
designed pressure.

3.3 Behavior of slurry trench during lowering of
slurry water level

The change of the slurry water level and settlements
of the ground surface during the lowering of slurry
water level were shown in Figure 6.The ground surface
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Figure 7. Settlement of ground surface during lowering of
slurry water level.

level was also drawn in the same figure. In the O.C.
ground (Figure 6 (a)), at the first the slurry water level
was lowering with almost the constant rate. 90 sec-
onds later, the lowering rate decreased and the slurry
water level parted from the initial time and slurry water
level line. At 170 seconds, the lowering of slurry water
stopped. In this case, the yield and failure points were
decided the points at 90 and 170 seconds, respectively.

By the same way, the yield and failure points in
the N.C. ground were also determined as shown in
Figure 6(b).

Because the prototype scales in the both cases were
different, the slurry water level at the yield point in
the N.C. ground could not be compared directly that
in the O.C. ground. However, qualitative behavior in
both the cases could be discussed.

In the O.C. ground, the slurry water level at the yield
point was 1.27 m below the ground surface. In the N.C.
ground, on the other hand, that was 0.98 m above the
ground surface, and this behavior was similar to that
in the sandy ground (Katagiri et al., 1998). Even if
the failure test in the O.C. ground were performed at
25 G, the slurry water level at the yield point would be
below the ground surface. The elevation of the slurry
water level at the yield point was significant because
this elevation meant that the stability of slurry trench
in the clay ground depended on the ground condition
such as stress history.

Moreover, the magnitude of settlement at the yield
point also depended on the ground conditions. That
was, the settlement in the O.C. ground was about 10 cm
in prototype scale, and that in the N.C. ground was
approximately 50 cm.

Because the centrifugal acceleration was not the
same, the deformation behavior in both the cases
were discussed using the settlement and the change
of slurry water level normalized by the depth of slurry
trench. Figure 7 showed the relationship between the
normalized changes of the slurry water level and
the normalized settlement at the point S1 during the
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Figure 8. Displacement loci of targets in the ground from start of lowering of slurry level to failure.

lowering of slurry water level. The yield and failure
points in each case were also marked on the curve as tri-
angle and diamond marks, respectively. The change of
slurry water level was equivalent to the change of con-
fining pressure of ground behind the trench, and the
weight of sliding block was regarded as loading force.
Assuming the range of sliding block did not change
during lowering of slurry water level, the stress condi-
tion of sliding block during the lowering was regarded
that the confining pressure decreased under a constant
vertical loading force. Therefore, each curve shown in
Figure 7 meant the relationship between strain equiv-
alent and confining stress equivalent of sliding block,
and could be compared quantitatively.

In the O.C. ground, a little settlement generated
up to a certain point with the same slope, then sig-
nificant settlement occurred and the slope of relation
decreased. The certain point corresponded to the yield
point determined in Figure 6(a). In the N.C. ground,
on the other hand, significant settlement occurred with
one-to-one correspondence to the change of the slurry
water level from the start of lowering. Plotted on this
relationship, the yield point determined in Figure 6(b)
did not relate any turning points of this relationship.
Moreover, what the normalized settlement was large
was also characteristics.

Figure 8 showed the displacement loci obtained
from monitoring of lattices marks during the lowering
of slurry water. In the O.C. ground, the deformation up
to the yield point was so little that the displacement loci
could not be drawn. Figure 8(a) showed the displace-
ment loci up to the failure point in the O.C. ground.
About 6 m deep of tension crack from the ground sur-
face was also observed. From the displacement loci
and tension cracks, the sliding block could be imaged
as shown in Figure 8(a).

In the N.C. ground, on the other hand, the dis-
placement loci up to the yield point could be drawn
in Figure 8(b) because significant deformation was
observed. The slip line could be recognized as the dot-
ted line in Figure 8(b), and passed through the position

of 2 m from the bottom of trench. The displacement
loci up to the failure point were shown in Fig-
ure 8(c). Shallow tension cracks were observed below
the ground surface. The slip line could be drawn as
a dotted line in Figure 8(c). The position of slip line
became deeper than that at the yield point, and the
slope of slip line was almost the same as Figure 8(b).
Movement of slip line might be also characteristics of
the N.C. ground.

From the displacement loci and observation of the
model clay ground during the centrifuge test, failure
pattern could be drawn. In the O.C. ground, the fail-
ure pattern could be characterized by the straight line
passed through around bottom corner of trench with an
angle of 45 degrees to the vertical and the vertical ten-
sion crack below the ground surface (see, Figure 8(a)).
In the N.C. ground, on the other hand, the failure pat-
tern could be characterized by only the straight line
passed through the trench wall above the bottom of
trench with an angle of 50 degrees to the vertical (see
Figure 8(c)).

4 CORRELATION BETWEEN STABILITY OF
SLURRY TRENCH AND STRESS HISTORY

Using the limit equilibrium analysis, the stability of
slurry trench in each clay ground was assessed. Fig-
ure 9 showed the failure pattern that derived from the
deformation loci of clay ground at the failure (see,
Figure 8). In Figure 9, forces acting on the sliding
block were also drawn. From the equilibrium of apply-
ing forces, the factor of safety was expressed as the
next equation.

Here, R was a resistance force that is the sum of
shear strength on the slip surface. The distribution of
shear strength with depth determined by the uncon-
fined compression tests was used, P was a supporting
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Figure 9. Failure pattern of the ground behind slurry trench.

Table 2. Parameters for limit equilibrium analysis.

h sat sw Su

(m) (g/cm3) (g/cm3) (kPa)

O.C. 14.3 45 0.32 1.842 1.05 38.6
N.C. 5.44 50 – 1.688 1.05 9.0∗

∗ At the depth of sliding block bottom.

0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

1.6

-3.0-2.0-1.00.01.02.0
Slurry water level to ground surface ∆h  (m)

F
ac

to
r 

o
f 

sa
fe

ty
 F

s

N.C.      (Evaluated)

O.C.      (Evaluated)

Initial   (Measured)

Yield    (Measured)

Failure (Measured)

Fs=1.0
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force which was sum of the slurry water pressure, and
W was a active force caused by the weight of sliding
block. The parameters for the equilibrium calculation
were summarized in Table 2.

Figure 10 showed the relationship between differ-
ence from the slurry water level to the ground surface
and factor of safety, Fs. In each case, the Fs decreased
as the slurry water level lowers. The slope of relation
was different each other. The points of initial, yield
and failure obtained from the centrifuge tests were also
pointed out on this curve as different marks, respec-
tively. According to the definition in this paper, it was
thought that the failure point was the state after the
falling of sliding block and the yield point was the sit-
uation prior to or just before the falling. Hence, the Fs
at the failure will be underestimated, and that at the
yield point will be overestimated, even if appropriate
condition for the tests was used in this analysis.

In the O.C. ground, the yield point obtained from
the centrifuge test was located near Fs = 1.0. At the

failure point, the Fs was about 0.9. Although the Fs at
the yield point was smaller than unity, the difference
was a little and was caused by the shape of sliding block
and distribution of undrained strength of clay ground.
Therefore, the application of limit equilibrium method
for the O.C. ground could be confirmed.

In the N.C. ground, even the Fs at the failure was
much larger than unity. Included the several errors such
as shape of sliding block, distribution of undrained
strength of clay ground and so on, the result obtained
from the limit equilibrium method could not be con-
sidered to correspond to the failure behavior of slurry
trench.

5 CONCLUDING REMARKS

The knowledge obtained are as follows,

(1) In the overconsolidated clay ground, a little settle-
ment generated up to the yield point, subsequently
obvious settlement occurred. In the normally con-
solidated clay ground, on contrast, large settlement
occurred with the start of lowering of slurry water
level.

(2) The slurry water level at the yield or failure point
in the overconsolidated clay ground was below the
ground surface, while that in the normally consoli-
dated clay ground was above the surface.

(3) The boundary of failure shape of sliding block
behind the slurry trench in the overconsolidated clay
ground was a slip line and a tension crack. That in
the normally consolidated clay ground was only a
slip line.

(4) The limit equilibrium analysis evaluated the sta-
bility of slurry trench in the overconsolidated clay
ground, but could not assess that in the normally
consolidated clay ground.

The deformation behavior and stability condition
of slurry trench were recognized to depend on the clay
ground condition. In the N.C. clay ground, the limit
equilibrium analysis could not be applied to the evalu-
ation of the stability of slurry trench. The deformation
mechanism of the slurry trench in the N.C. clay ground
might be different from the concept of this analysis.

The shear deformation characteristics of the nor-
mally consolidated clay are that the peak strength is
not clearly shown on the stress strain relation and that
the failure strain is larger than that of the overconsol-
idated clay. These characteristics would also effect on
the deformation behavior of slurry trench in the N.C.
clay ground. To clarify such deformation mechanism,
the numerical analysis such as FEM is also planned.
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