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ABSTRACT: In the research described in this paper, a new movable earth support apparatus was developed to
create various types of wall movement such as rotation about the bottom and rotation about the top in centrifuge
model tests. This paper will discuss how lateral earth pressures on a sheet pile change from the initial state to
the collapse and how they are influenced by deformations of the sheet pile.

INTRODUCTION

In recent years, many large-scale underground construction projects have taken place in urban areas. Such
construction projects are mostly temporary, and they
normally must meet stringent standards, taking into
careful consideration the strength of the surrounding
structures and possible deformations of these structures. The design and construction of such retaining
works must be not only safe but also cost-effective.
Therefore, it is critical to make precise predictions of
lateral earth pressures and deformations of a sheet pile,
by carefully examining the relationship between these
two matters and the ground movement. In this research,
a movable earth support apparatus, which accurately
controls the deformation of the model sheet pile under
a 50 g centrifugal field, was used to create various types
of wall deformations such as the rotation about base
and the rotation about the top.
2

EXPERIMENTAL SET UP

The movable earth support apparatus with 10 divided
walls shown in Figure 1 was used in this research.
In the former research (Toyosawa et al. 2002), an old
type of apparatus with 5 divided walls was used; however, there were two problems in the said research:
discontinuity of the sheet pile movement caused by
the small number of the divided walls, and difficulty
in controlling the divided walls correctly due to an
excessively large maximum accuracy of each divided

Servo motor, L.V.D.T(built in)
Two direction load cell (200kg)
Divided wall (aluminium)

400mm

1

590mm
Figure 1. Movable earth support apparatus.

wall movement, which was 0.01 mm. In order to solve
these problems, a new apparatus was developed with
the following improvements; the sheet pile was divided
into 10 portions each of which having a strut. Each
strut moves independently at the maximum movement accuracy of 0.00001 mm so that it accurately
creates a variety of sheet pile deformations. Furthermore, each strut is connected to a divided wall with a
hinge so that the sheet pile can move smoothly. A twodirectional load cell was jointed behind each divided
wall to measure the horizontal and vertical loads acting on the wall. The strong box is 590 mm in length,
400 mm in height and 200 mm in width. One side of
the strong box is detachable and transparent. Thin rubber membranes were put over the sheet pile and over
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Table 2.

Table 1. Experimental conditions.
Sample

Deformation of the sheet pile

Density

Sand

Rotation about bottom
(R.A.B.)
Rotation about top
(R.A.T.)
R.A.B.
R.A.T.
R.A.B. after crank

Medium dense
Dense
Medium dense
Dense
Medium dense
Medium dense
Medium dense

Silt

Sample (medium
dense)

Internal friction
angle φ ′ (◦ )

Void ratio (e)

Sand
Silt

38
44.5

0.81
0.97

soils. Silt has higher friction angle and higher void
ratio than sand because of its origin. It also tends to
show contractive behavior rather than dilative behavior during shear. The model grounds were prepared by
pouring the soils into the strong box. The target density
for the experiments were “Medium Dense” with a relative density of, Dr = 45%–50%, and “Dense”, with
Dr = 65%–70%.
3

X

3.1
L

R.A.B.

R.A.T.

EXPERIMENTAL RESULTS AND
DISCUSSIONS
Horizontal earth pressure

Figures 3 to 8 show distributions of horizontal earth
pressures by depth. In each figure, two theoretical
lines are drawn along with the experimental data. For
these theoretical lines, Jaky’s equation was used for
obtaining horizontal earth pressure at rest, σh′ , and
Rankine’s equation was used for calculating an active
earth pressure, σA′ . The equations are as follows:

R.A.B. after crank

Figure 2. Deformation of the sheet pile.

two large sides of the strong box. Silicon grease was
applied between those walls and membranes to reduce
lateral friction. In order to carry out an image analysis of the ground movement under the experiments,
20 mm × 20 mm grids were drawn on the membrane
on the transparent side of the box.
Experimental conditions are as shown in Table 1.
Types of deformation of the sheet pile are shown in
Figure 2. Rotation about the bottom (R.A.B.) is a type
of deformation in which the lowest divided wall edge is
fixed, and the sheet pile leans forward. Rotation about
the top (R.A.T.) is a slope deformation in which the top
edge of the wall is fixed, and the lower walls are moved
to make a slope-like shape. “R.A.B. after crank” is a
type of deformation with two steps. First, the top and
bottom edges are fixed, and the middle parts of the
sheet pile are moved. Then, the upper parts are moved
so that the final state of deformation will be the same
as that of R.A.B.
Experiments were carried out with two kinds of soil:
sand with D50 = 0.16 mm and silt with D50 = 0.05 mm.
Although the grain size of each soil is different, they
have similar grain size distribution curves (Kondou
et al. 2003). Silt is an artificial soil made by crushing
and sieving silica sand. Table 2 shows internal friction angles and void ratios for these medium-density

σv′ : Earth pressure (vertical direction)
φ ′ : Internal friction angle
c′ : Cohesion
In the equations above, cohesion c′ = 0, and internal friction angle φ ′ = 38◦ in the sand, and φ ′ = 44.5◦
(Kawamura et al. 2004) in the silt were used. The result
from the silt ground showed nine points because the
lowest load cell had broken down.
Figures 3 and 4 show the distributions of the earth
pressures under R.A.B. movement. The data in the case
of X/L = 0.000 show good agreement with Jaky’s theoretical lines, although the earth pressure at rest and its
vicinity tend to change easily as seen in X/L = 0.004.
The earth pressures in the lower parts of the sand,
however, tend to be smaller (Fig. 3). This might be
because the lateral friction between the ground and
the sheet pile couldn’t be fully reduced. These figures also show that the earth pressure decreases as
the displacement increases until it reaches Rankine’s
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Experimental conditions.
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Figure 6. Rotation about top (silt, medium dense).
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Figure 7. Crank (sand, medium dense).

Figure 4. Rotation about bottom (silt, medium dense).
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Figure 3. Rotation about bottom (sand, medium dense).
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Figure 8. Crank (silt, medium dense).
Figure 5. Rotation about top (sand, medium dense).

theoretical value. The conclusion drawn from these
experiments on R.A.B. deformation is that Rankine’s
earth pressure distribution is in good agreement with
the previous research and many other papers. In the
sand of X/L = 0.040, however, the earth pressures at
the second and the third divided walls from the bottom
became larger than in those of Rankine’s. In an image
analysis of this case, a slip failure line was observed
at the locations of the second and third divided wall.
Therefore, it could be said that some kind of stress

concentration caused the increase in the earth pressure
around the slip line.
The earth pressure in the silt is smaller than that
in the sand at each depth because of the higher friction angle, but they show similar tendencies in the
distributions.
Figures 5 and 6 show the earth pressures for R.A.T.
Distributions of the earth pressure at rest are almost
the same as those for R.A.B; it should be noted that the
pressures at rest measured at the second wall from the
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Figure 9. Comparison of the final state (sand).
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Figure 10. Comparison of the final state (silt).
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Figure 11. Total earth pressure (sand).

3.2

Deformation of the ground

Surface settlements of the grounds in the dense sand
and medium dense silt were measured using three
fixed laser displacement sensors. However, the fixed
type of laser sensor used here is not sufficient to read
the surface deformation. In the medium dense sand,
a laser sensor was attached on the strong box, where
it was able to move horizontally and measure surface
settlements consecutively.
Surface settlements measured are shown in Figures 13 and 14. In the cases of R.A.B., the surface
settlement increases in proximity to the sheet pile, and
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top in the sand show a large discrepancy from the theoretical one. On the other hand, the shapes of the earth
pressures subjected to deformation of the sheet pile
look quite different and complicated in comparison
with R.A.B. In the case of X/L = 0.004, the earth pressures in the upper parts of the sheet pile are larger than
the earth pressures at rest, whereas in the lower parts,
the earth pressures are lower than the earth pressures
at rest. Under the condition of X/L = 0.004, the deformation of the ground is subtle, and a large decrease in
the earth pressures occur at the bottom; these results
might be due to an arching action. When the displacement of the sheet pile increases, the earth pressures in
the lower parts are regained up to Rankine’s earth pressures. Some of the earth pressure in the upper parts
are approximately three times larger than the earth
pressures at rest, which are close to passive earth pressures. In the case of a large deformation of ground
like X/L = 0.040, the lower parts of the ground flow
outward, which results in the upper parts of the sheet
pile wall pushing the ground to the passive side. This
leads to large pressures in the upper parts of the sheet
pile wall.
Figures 7 and 8 show distributions of the earth pressures for crank deformation. The results show that the
distributions of the earth pressures in the upper parts
have similar characteristics as those of R.A.T.’s and
the distributions in the lower parts are similar to those
of R.A.B.’s. In the crank, which has a combined deformation pattern of R.A.B. and R.A.T., the distribution
of the earth pressures seems to be a combination of the
distributions of the two as well.
The influence the deformation process has on the
final distribution of the earth pressures was examined by comparing R.A.B. after crank with R.A.B.,
as shown in Figures 9 and 10. In the case of R.A.B.
after crank, only the upper parts of the sheet pile
were moved until they give the same amount of (show
the same degree of ) deformation as that of R.A.B.’s
(X/L = 0.100). As a result, the distribution of the earth
pressures in the case of R.A.B. after crank was the
same as that in R.A.B. This means that, with a large
deformation of the sheet pile, influence of the deformation process on the earth pressures is cancelled.
The total active thrusts calculated by integrating
earth pressures are plotted against X/L in Figure 11.
The total thrust of R.A.B. quickly converges toward the
total thrust obtained from Rankin’s equation, which is
represented by a solid line in Figure 11. On the other
hand, the total thrust of R.A.T. gently decreases as X/L
increases. As mentioned later in this paper, the area of
the ground deformed by the deformation of the sheet
pile in R.A.T. is larger than that of R.A.B. This is the
reason why the mode of R.A.T. needs a larger displacement of the sheet pile to come to convergence of the
thrust. Similar results are observed in the case of the
silt as shown in Figure 12.
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Figure 14. Surface settlement (R.A.T.).

Figure 12. Total earth pressure (silt).
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Figure 13. Surface settlement (R.A.B.).

the distributions of the surface settlement of the three
different kinds of soil with different densities are similar to each other. In the cases of R.A.T., a distribution
shows a clod formed by the soil adjacent to the sheet
pile, and it vertically falls down. The settlement of the
clod in the silt is larger than that of the sand. The same
tendency is seen in Figure 15, which shows the relationship between the area formed by the deformation
of the sheet pile and the area formed by the surface settlements. Both values are normalized by the square of
the sheet pile length, L.The area of the settlement in the
silt is larger than that in the sand, especially in R.A.T.
As shown in Table 1, the void ratio in the silt ground
is 0.97, which is larger than that of the sand ground,
(e = 0.81). Because of this high void ratio, the silt
shows contractive behavior instead of dilative behavior during shear as the sand shows. Thus, the surface
settlement in the silt ground is thought to be larger.
Vectors of displacement for R.A.B. and R.A.T. in
the sand are shown in Figures 16 and 17, respectively.
Each vector shows the direction and the amount of
movement of the target which is pointed on the rubber
membrane. It must be noted that, some vectors near
the bottom of the sheet pile go upward in the case of
R.A.T. because the sheet pile rolled up the membrane
during the experiment. From these figures, it is clear

Figure 16. Displacement vector (sand, R.A.B.).

that the patterns of deformation are certainly different
from each other and the area of the ground deformed
in R.A.T. is lager than that in R.A.B. The failure line is
straight in the case of R.A.B., whereas the line slightly
curves at the lower part of the ground in the case of
R.A.T. Figures 18 and 19 show displacement vectors
for the silt ground.They show similar patterns to that of
the sand. In the silt, however, the angle of the failure
line is slightly smaller, and the deformed areas are
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0

is that the difference in their dilatancy characteristics
influences their settlement behaviors.

4

CONCLUSIONS

In this research, the relationship between ground
movement, deformation of the sheet pile and lateral
earth pressures was investigated by using a new movable earth support apparatus. The conclusions obtained
from the experiments are as follows:
•

Figure 17. Displacement vector (sand, R.A.T.).
•

•

•

Figure 18. Displacement vector (silt, R.A.B.).
•

•

•

Figure 19. Displacement vector (silt, R.A.T.).

•

larger than those of the sand, which makes the area of
settlement in the silt larger than that in the sand, as
shown in Figure 15. However, questions still remain
as to why the silt showed a larger deformed area in
R.A.B. even though its internal friction angle being
larger than that of the sand. A possible explanation
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•

With this new apparatus, each divided wall can move
with 0.00001 mm of accuracy, which enables a sheet
pile to create more accurate deformations.
In the case of R.A.B., the data of the earth pressures obtained from the experiment in the case of
X/L = 0.000 show good agreement with the theoretical calculations using Jaky’s equation. On the other
hand, the earth pressures decrease as the displacement increases until it reaches Rankine’s theoretical
values.
The nature of the earth pressures obtained in the
cases of R.A.T. is quite different from those obtained
in the cases of R.A.B. because arching action takes
place in R.A.T.
The earth pressures at each depth measured in the
experiment of the silt ground in R.A.B. and R.A.T.
cases are smaller than that for the sand. This can be
justified, as the internal frictional angle for the silt is
higher than that of the sand. The nature of the earth
pressure distribution curves for both silt and sand
are similar.
The earth pressure distribution curves obtained in
case of the crank, which consists of combined
deformation patterns of R.A.B. and R.A.T., show a
combined earth pressure distribution curves of both
R.A.B. and R.A.T.
Final state of the earth pressure distribution in the
case of R.A.B. after crank (X/L = 0.100) was the
same as that for the case of R.A.B.
In the case of R.A.B., the total active thrust quickly
converges to theoretical total earth pressure at small
X/L movement. On the other hand, convergence of
total active thrust takes place slowly with larger X/L
movement in the case of R.A.T. Therefore, a larger
displacement of the sheet pile is needed for the
convergence of the total thrust in the case of R.A.T.
It is clear from the surface settlement distribution
patterns of R.A.B. and R.A.T. that the nature of their
distribution is different. In the case of R.A.T., the silt
shows higher surface settlement than that of sand.
This can be attributed to the contractive behaviour
of silt in shear, which is different from the dilative
behaviour of sand.
In terms of the sand, the failure line is straight in
the case of R.A.B., whereas the line curves at the

lower part of the ground in the case of R.A.T. Similar
trends are also observed in the silt.
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