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ABSTRACT: This paper aims to establish a more reasonable method of estimating the active earth pressure
at the shield entrance. Model experiments using dry sand were performed, and the observed active earth
pressure was found to be much smaller than the value which was estimated by the existing design code. ln
order to simulate the experimental results ntunerically, analyses based on the 2D and 3D elasto-plastic FEM
have been performed. It has been found that the analytical and experimental results agree well with each
other.

l INTRODUCTION

Recently the shield driving method has been
commonly used to construct tuiderground tunnels in
urban areas with soft ground. Usually, a shaft is
vertically constructed in the ground to start the
shield driving. The shield machine is brought into
the shaft and installed at its bottom. Before
excavation of the shield tunnel, a part of the shaft
wall at the shield entrance is removed. In cases such
that the ground is not sufficiently strong, ground
improvement must be performed to stabilize the soil
around the shield entrance. To design the size of the
improved area, it is important to estimate the active
earth pressure acting on the shaft wall during its
removal. The existing design code to evaluate such
earth pressure is based on the 2D limit equilibrium
approach. However, this method has been proven to
be very conservative (Anan & Ugai, 1998).
This paper aims to establish a more reasonable

method of estimating the active earth pressure under
such conditions. Two series of model experiments
were performed to -simulate removal of a part of the
shaft wall at the shield entrance. ln Series A, both
three and two (plane-strain) dimensional model
experiments were perfonned and the active earth
pressures were compared to each other. In Series B,
the process of excavation is properly considered. In
this case, at first, excavation of the sand inside the
model shaft is performed step by step, during which
deformation of the shaft wall, made of thin steel
plates, 'was measured by strain gauges. After
excavation, a circular model facing, made of a thick
acrylic plate, was gradually retreated and the earth
pressure acting on this facing was measured by load
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cells. From these results, the observed active earth
pressure was found to be much smaller than the
value which was estimated by the existing design
code. This suggests that the existing design code
should be improved. In all experimental cases, the
model ground was composed of dry sand.

In order to simulate the experimental results
numerically, analyses based on the 2D and 3D
elasto-plastic FEM have been performed. The
analyses give comparable results to the measured
active earth pressure.

2 MODEL EXPERIMENTS

2.1 Descriptions of Series A (3D ana' 2D cases)

Figure 1 is a sketch of the test apparatus used in
Series A. Figure l(a), (b) are for the three and two
dimensional cases, respectively. The size of the steel
container was 0.5m >< 0.5m >< 0.75m. The model
ground preparation consisted of dry pluviation
through a 2mm sieve placed at the top of the test
container. The depth from the ground surface to the
bottom is 0.6m. The physical properties of the sand
used in the experiments have been referred in other
reports related to model experiments for pile
foundations (e.g., Wakai et al., 1999). They have
determined material parameters for the sand based
on a series of drained triaxial compression tests.

After the completion of making the ground, a
circular model" facing, made of a thick acrylic plate,
was gradually retreated and the earth pressure acting
on this facing was measured. The centre of the
model facing was located at 0.45m depth below the
ground surface. The diameter of the model facing
was 0. l 5m.
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Figure 1. Experiments of model shield facing at the shield entrance (Series A).
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Figure 2. Results of model experiments (Series A).

2.2 Results of Series A (3D and 2D cases)

Figure 2 shows the measured earth pressures at the
facing of the shield entrance. The horizontal axis in
the figure indicates the horizontal displacement of
the model facing. The curves with “3D” (= three
dimensional) and “2D” indicate the results in cases
where the facing has a circular shape (Figure 1(a))
and where the facing is simplified to a rectangular
shape whose width is equivalent to the diameter of
the facing (Fig.1(b)), respectively.

As seen in Figure 2, after a large displacement
occurred, the value of earth pressure in the “3D”
case was much smaller than in the “2D” case,
although the initial values of them are close to each
other. lt suggests that the failure mechanism around
the shield entrance must be represented under three
dimensional conditions. Besides, it is shown that the
two dimensional analytical approaches, e.g.,

future research and development.

2.3 Descriptions of Series B (with excavation)

Figures 3, 4 are sketches of the test apparatus used
in Series B. The size of the steel container is 2.5m ><

2.0m X 2.0m, which is much bigger than the
container used in Series A. The model ground is
made of dry sand, the same as Series A. The depth
from the ground surface to the bottom is 1.8m.
According to the literature (Wakai et al., 1999), the
average relative density Dr of the sand in the
container is 72%.

At first, excavation of the sand inside the model
shaft was performed step by step, during which axial
strains along the shaft walls were measured by strain
gauges. The excavation was composed of 7 steps,
and each step corresponded to 0.20m depth. Sand
inside the shaft was removed by a vacuum. The
shaft walls were composed of four steel plates as
shown in Figure 4. The thickness of the wall was
3.0mm. Two walls have 1.0m width and the other
two walls have 0.75m width. Therefore, the shape of
the horizontal section of the model shaft is not a
square but a rectangle. The adjacent shaft walls were
connected by welding together so as to transmit a



bending moment caused by excavation of sand
inside the shaft. Horizontal displacement of each
wall during excavation was evaluated by the
integration of strains twice with respect to the depth,
by making use of the cantilever beam theory. Wales
and braces were not used to support the shaft walls,
and the effect of these was ignored in this study.

After excavation, a circular model facing, made
of a thick acrylic plate, was gradually retreated and
the earth pressure acting on this facing was
measured. The centre of the model facing was
located at 1.0m depth below the ground surface. The
diameter of the model facing was O.40m.

2.4 Results of Series B (with excavation)

Figure 5 shows the vertical distributions of the

Excavated ©9

/ é  § 5  2
' ' ` l000mshield entrance  5 ,  ' 5

`:i`:: ,.,. -  ......  ....... ....  ................. ....... . __l
0i750m______-0.625m  1

I' Mm 2.500m

Figure 3. Experiment of model shield facing
(Series B).

horizontal displacement along the wall. Figures 5(a),
(b) show the results of the wall installed in a longer
(l.0m width) and _a shorter side (0.75m width),
respectively. It should be noted that these curves
show the results at the wall centre as shown in
Figure 4(b). The notes “lst”, “Znd” and etc. in
Figure 5 indicate the step number of excavation. The
horizontal line near these ntunber shows the ground
level inside the shaft when this excavation step has
been completed.

As seen in Figure 5(a), the displacement at the top
of the wall increased as the level of sand inside the
shaft deepened. A large deformation was
concentrated in the region above 1.20m height, that
is, 0.60m depth from the ground surface. This
suggests that the deeper part of the grotmd had
sufficient rigidity to restrain the wall movement. On
the other hand, as seen in Figure 5(b), the wall
installed in a shorter side shows a very small
displacement until the excavation process was
finished. If it is compared to that of the wall
installed in a longer side, the maximum
displacement is found to be about one-sixth in this
case. It is shown that a slight difference in the width
causes a relatively larger difference in the
deformation during excavation.

Figure 6 shows the measured earth pressure at the
facing of the shield entrance. During the process of
excavation, the horizontal axis indicates the step
number of excavation. During this process, the
model facing had been perfectly fixed, although the
wall near the facing shows a slight deformation. On
the other hand, during the process where the model
facing was being retreated, the horizontal axis in the
figure indicates the horizontal displacement of the
model facing.
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Figure 4. Details of the model shaft and the shield entrance (Series B).
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Figure 5. Horizontal displacement distributions along the shaft walls (Series B).

As seen in the figure, during the process of
excavation, where the model facing was fixed, the
earth pressure decreased as the level of the ground
inside the shaft decreased. This was caused by the
deformation of shaft walls, and it is shown that the
failure region developed just behind the walls even
if the facing has not been retreated at all.
The coefficient of active earth pressure, estimated

by the final value of earth pressure in this figure,
was about 0.0ll. This is almost the same value as
the one obtained in Series A. lt suggests that the
active earth pressure in cases where the shaft wall is
flexible (Series B) is close to the one in cases where
the shaft wall is assumed to be rigid (Series A).

3 NUMERICAL ANALYSES

3.1 Analytical model

The numerical analyses based on the 2D and 3D
elasto-plastic FEM have been performed to simulate
Series A. Schematic diagrams of the finite element
meshes, which consist of 20 node brick elements,
are shown in Figure 7. As seen in this figure, half of
the domain was eliminated by taking advantage of
the symmetry with respect to the centre plane
parallel to the direction of displacement. Thin
frictional brick elements were inserted between the

wall and the sand in order to consider slippage at the
soil-wall interface, although in a future exercise it
may be advisable to use the 3D joint elements
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Figure 6. Results of model experiments (Series B).

instead. On the other hand, analyses for Series B are
now being performed and this will be reported in a
later paper.

In this study, the sand was assumed to have non
associative characteristics, following the MC-DP
model. The failure criterion and the plastic potential
of the MC-DP model were the Mohr-Coulomb and
the Drucker-Prager equations, respectively. Such a
combination is useful for the improvement of the
convergence of the FE calculation. It is known that,
if the pure Mohr-Coulomb criterion with the non
associated flow rule is employed, stress paths tend
to fall into singular points on the IT plane in the
principal stress space (Tanaka, 1992).
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The material parameters for sand used in the
analyses are summarized in Table 1. The peak
friction angle ¢ was 42° based on the triaxial
compression tests under drained conditions. These
triaxial tests were performed at confining pressures
which values were relatively higher than in the
model experiments (Wakai et al., 1999). Therefore,
the material parameters at lower confining pressures
were estimated based on the extensions of the fitting
curves for their relationships to the confining
pressures. The dilatancy angle y/ was assumed to
be 10° in this study.

The elastic modulus E was also assumed to be
constant, although E is surely proportional to the
square root of the confining pressure which is based
on the results of the triaxial compression tests. In
this analysis, the value of E was determined on
condition that the confining pressure corresponds to
the one at the shield entrance in the model
experiments. The details of triaxial compression
tests for the determination of these parameters are
reported in Wakai et al. (1999).

The coefficient of earth pressure at rest 1<0= 0.28
was determined from the static earth pressure
measured in model experiments. Therefore, the
initial values of earth pressure in the analyses are
completely consistent with the ones observed in
experiments.

The friction angle and the dilatancy angle of the
soil-wall interface were assumed to be equal to 10°
and 0° , respectively. Other parameters are the same
as the sand. The nonlinear iterative procedure in the
finite element program was based on the modified
Newton-Raphson method.

3.2 Results ofthe analyses 0’0r Series A)

Figure 8 shows the calculated earth pressure at the
facing of the shield entrance. These results
corresponds to Series A. As seen in the figure, the
final value of earth pressure in the “3D” case was
much smaller than in the “2D” case, although the
initial values were the same. The general tendency
of the relationships between the earth pressure and
the horizontal displacement of the model facing
were well simulated by FEM.

The mechanical behaviour of sand around the
model facing of the shield entrance were simulated
by the 2D and 3D elasto-plastic FEM. It was shown
that the experimental results could be simulated by
the FEM. Based on the experimental and analytical
data reported in this paper, it is possible to develop a
new design method to evaluate the active earth
pressure at the facing of the shield entrance.

4 CONCLUSIONS

The summary of this study is as follows:

Soil-wall
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Figure 7. Finite element meshes for Series A.
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Figure 8. Results of FE analyses (Series A).

Table 1. Material constants used in the analyses.

Young’s modulus E 9.81 MPaPoisson’s ratio v 0.2Cohesion c 0
Internal friction angle ¢ 42°
Dilatancy angle y/ 10°
Unit weight 7 15.3 kN/m3
Coef. static earth pres. K0 0.28

1. 3D effect is very important to solve this
problem. 2D analytical approaches, often used in the
existing designtizodes, give very conservative results.
Therefore, it is necessary to develop a new 3D
analytical method to evaluate the active earth
pressure at the facing of the shield entrance.

2. The soil-Wall interaction is remarkable in this
problem. During the process of excavation, the



failure region develops just behind the walls even if
the facing has not been retreated at all. However, the
final values of earth pressure in cases where the
shaft wall is flexible is close to the case in which the

shaft wall is assumed to be rigid.
3. The mechanical behaviour of sand around the

model facing were simulated by the 2D and 3D
elasto-plastic FEM. The sand was assumed to be an
elasto-perfectly plastic material with non-associative
characteristics, following the MC-DP model.
Parameter values for the sand were determined from

triaxial compression tests. It was shown that the
experimental results could be simulated by the FEM.

4. In engineering point of view, it is desirable
that the simple equation for the design of the earth
pressure, which includes the soil constants and the
shape of the shaft and the shield entrance, should be
developed.
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