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ABSTRACT: Model tests and elastoplastic finite element analyses for excavation problems such as earth
retaining are performed to investigate the influence of construction history and the wall friction on the
settlements and the earth pressures. Test results show that the surface settlements of the backEll and earth
pressure on the wall depend on the deflection process of the wall, even if the final wall deflection are the same,
and the surface settlements 'and the wall deflection decrease with increasing wall friction. The computed results,
in which stress-strain behaviour of soil and the behaviour of interface between soil and wall are properly taken

into consideration, predict these experimental results well.

1 INTRODUCTION

Surface settlements of ground caused ' by open
excavation become serious problems particularly in
urban areas. To predict the settlements and t_he earth
pressure on retaining walls, various analyses have
been performed. However, elastoplastic
characteristics of soil, frictional behaviour of the wall

and the construction procedure are not properly
taken into consideration in conventional analyses.

One of the authors has developed an
elastoplastic constitutive model for sand and
elastoplastic interface model between structure and
soil, which are capable of describing various soil and
slip behaviours properly. In the present study, Enite
element computations for excavation problems are
carried out, together with corresponding two
dimensional model tests. Through these experiments
and analyses, the influences of the wall deflection
process and the influence of the wall friction on the
settlements, earth pressure and the wall deflection
are discussed.

2 METHODS OF MODEL TESTS

2.1 Model tests to investigate the influence of wall
deflection 'process (series A)

Figure 1 shows the two-dimensional apparatus for

simulation of excavation problems (Nakai, Kohno
and Hashimoto, 1992). The wall in the right hand
side consists of 13 slide blocks (3cm in high) which
are movable independently ill horizontal direction.
The two blocks beneath these slide blocks are Exed.

Any mode and procedure of wall deflection,
therefore, can be applied. A mass of aluminium rods,
in which two kinds of rods having diameters of 1.6
and _3.0rnm are mixed in the weight ratio of 3:2 is
used as a two-dimensional model of the backill soil.

Wall deflection is controlled by micrometers, and
earth pressure on the wall is measured by load cell
set up at the back of each slide block. Surface
settlements are also measured continuously with a
laser type displacement transducer (accuracy of
0.01mm). The laser type displacement transducer is
mounted on a slide shaft over the aluminium rod

mass and is movable on the slide shaft. The position
of the laser type transducer is measured by a
supersonic wave type transducer. All the data of
surface settlements, positions and earth pressures are
automatically collected by a data logger connected
with a personal computer. The following three types
of wall deflections are employed:

(1) type I : The same displacement is applied
simultaneously to all of the slide blocks.

(2) type II : The same displacement is applied one
by one from upper slide block to lower one.

(3) type ]]I : The same displacement is applied one
by one nom lower slide block to upper one.
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Fig.1 Apparatus for simulation of excavations
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(b) mesh to investigate influence of wall 'friction

Fig.2 Finite element meshes

Photo.1 Bending test of model wall

Therefore, at the completion of wall movement, the

mode and magnitude of wall defection in types I ,
ll and Ill are the same.

2.2 Model tests to investigate the influence of
friction (series B)

In this series, a model wall (aluminium plate of 30cm
in long and 0.1cm in thick) is installed in the mass at
20cm away from the side. The aluminium rod mass
on the right of the wall is then excavated from the
surface, and all the slide blocks of the right-hand side
are Exed in this series. The surface settlements are

measured continuously in the same way as the other
series. The wall deflection is measured by taking its
photographs and enlarging them. For discussing the
influence of the wall friction on the wall deflections

and the settlements, four types of wall roughness in
Table 1 are employed. Here, “smooth” means a flat
surface, and “rough” a surface on which aluminium
rods are glued at equal spaces (see Photo. 1). The
three kinds of aluminium plates (both smooth
surfaces, both rough surfaces and smooth and rough
surfaces) have the same bending stimiess, because
the same deflection is observed when the same
bending moment is applied as shown in Photo. 1.

3 METHODS OF ANALYSES

Plane strain finite element analyses are performed
using the meshes in Fig. 2 which are-in scale of 100
times as large as the model tests. Here, figure (a) is
for series A, and figure (b) for series B. Medium
dense Toyoura sand (G,=2.65, e0~0.68, Dr=72%) is
assumed as the material of ground in all the analyses.
The initial stresses of the ground are calculated from

the unit weight (y’=15.5kN/ms) and the coefficient of

earth pressure at rest (K0=0.57). Here, the value of
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Table 2 Values of soil parameters for Toyoura sand
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Fig.3 Observed and calculated stress-strain relation
ir1 triaxial compression .and extension tests on
Toyoura sand
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Fig.4 Schematic diagram of stress and displacement

at interface between wall and soil

K0 can be theoretically determined hom the
constitutive' model used. In series A, the same
models and same deflection process of the wall as
the model tests are applied to the right-hand side
boundary, and wall is assumed to be smooth. In
series B, elastic beam elements are inserted between

points A and B in Fig. 2(b) as a wall, and
elastoplastic joint elements are introduced between
solid elements and beam elements in order to take
into consideration the wall friction. Excavation is

simulated by taking out the solid elements
(shadowed portion in the figure) at the right of the
wall from top to bottom. The stiffness of wall are
assumed as E1=9.s><10‘1<Nm2 and EA=9.8><10“1<N.

The friction angle 6=10° for “smooth” and 6=40°

for “rough”. As extreme cases, analyses of 6=0°

(perfectly smooth) and 5=90° (no slip along the
wall) are also carried out.

4 ELASTOPLASTIC MODELS FOR SOIL AND
INTERFACE USED IN THE ANALYSES

4.1 Constitutive model for sand

The model for sand used in the analyses are the so
called kinematic tij-sand model which has been fully
described elsewhere (for example, Nakai, Fujii and
Taki, 1989; Nakai, Taki and Funada, 1993). So, only
an outline of the kinematic tij-sand model is given
here.

This model is capable of describing of the
following typical characteristics of sand:

@ Influence of intermediate principal stress on the
deformation and strength of sand (unified
description of stress-strain curve and failure
condition) `

® Influence of stress path on the direction of
plastic flow (stress path dependency of stress
dilatancy relation)

® Positive and negative dilatancy

@ Induced anisotropy by stress history (stress
strain behaviour under cyclic loading and
rotation of principal stress axes)

In this model, “® Influence of intermediate
principal stress” can be taken into consideration by
formulating the yield function and others based on

not the usual stress tensor 0,5 but the modified stress
tensor tij and also assuming the flow rule not in Gij

space but in tij space. “® Influence of stress path” is
considered by assuming that the total plastic strain
increment dsij” consists of the component satisfying
associated flow rule dsij"(AF) and the component of

isotropic compression dsijpac). For describing “®
Positive and negative dilatancy”, the plastic work
based on tij-concept W*"=jtijdeij” “are employed as a

strain hardening parameter. “ @ Stress induced
anisotropy” can be considered in the model by
assuming the kinematic hardening rule in stress ratio
space.

The values of soil parameters of kir1ematic tij
sand model for medium dense Toyoura sand are
listed in Table 2, which can be detemiined from a
drained conventional triaxial compression test after

isotropic compression. Figure 3 shows the results
(triangles) of triaxial compression and extension tests
under constant mean principal stress together with
the calculated curves, arranged with respect to
principal stress ratio (01/03), principal strains (E, and
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23) and volumetric strain (ev). The model describes
well the observed stress-strain behaviour in three
dimensional stresses including dilatancy
characteristics.

4¢2 Interface 'model between wall and soil

On the interface between wall and soil, slip does not
occur until the shear-normal stress ratio on the
interface (ps/pn) 'reaches the coefficient of friction
tano (6= friction angle on the interface). On the other

hand, after the stress ratio (ps/pn) reaches tano, then

slip occurs on the interface with keeping p,/pn = tano
(see Fig. 4). To describe such behaviour on the
interface, the stress increments (dps, dp,,) - relative
displacement increments (dws, dw,,) relation has been
developed (Nakai, 1985).

By introducing this property matrix into joint
element (e.g. Goodman, Taylor and Brekke, 1968),
the slip behaviour-on the interface can be analysed.

5. RESULTS AND DISCUSSIONS

5 .1 Influence of wall deflection process (series A)

Figure 5 compares the observed pronle of surface
settlements of the backill at the completion of wall

movement (Wall displacement d=10mm) of types II

and III with that of type I _ Here, the distance x
from the wall is normalised with respect to the wall
height HO, and the settlement S with respect to the

wall displacement d. The settlements in type II and

Ill is much larger than those of type I just in the

vicinity of the wall, f_but occur locally. On the other
hand, the settlements in type I extend to wider
range. Figure 6 is the computed results (wall
displacement d=5cm) `corresponding to the observed
results in Fig. 5. We can see that the computed
settlements describe well the observed difference

depending on the wall deflection process.
Figure 7 shows the comparison of the observed

distributions of horizontal earth- pressure on the wall
at the completion of wall movement. The elevation h
from the bottom of the wall and the horizontal earth

pressure px are normalised with respect to H0 and
y‘H0, respectively (y‘H0 corresponds to the initial
vertical stress at the bottom of the wall). Though the

profiles of surface settlements of type III and type

II resemble those shown in Fig.5, the shape of earth

pressure distribution in type III is similar not to that

of type II but of type I.That is to say, the shapes

of earth pressure distribution intype I and III are
rather triangular (similar to Rankir1e’s distribution),
but the shape in type II is barrel like. The
computed earth pressure distributions in Fig. 8 agree
well with the observed ones in Fig. 7. It can be seen
from Figs. 5 to 8 that surface settlements and earth
pressure depend on the mode of wall deflection
process very much, even though the final deflections
of the wall are the same. Although the material of
ground, stress level, stress condition and the
magnitude of displacement assumed in the analyses
are different from those in the model tests, the
analytical results predict well the influence of the
mode of wall deflection process on the settlements
and earth pressure. Since actual open excavation is
done from ground surface, its mechanism is like type

II rather than type I _ The present study suggests
that actual settlements are larger and local than
estimated ones irrespective of the consideration of

construction procedure, and actual earth pressures
are also different. from ones” estimated in actual

design. It is also noted that elastic analysis cannot
describe such differences depending on construction
procedure even though it is non-linear.

5.2 Influence of Wall friction (series B)

Figure 9 shows the observed wall deflections of the
model tests in series B, in which the roughness of
wall surface is changed (description of the test
condition is shown in Table 1). Here the depth of
excavation De from the surface is- the half of the wall

height HO. Figure 10 shows the observed surface
settlements of the backfill of the wall with various

wall roughness, arranged with respect to the same
parameters ir1 Fig. 5. We can see that the wall
deflection and the surface settlements decrease with

increasing wall roughness. Figures 11 and 12 are the
corresponding computed results. The computed
results for the extreme cases (6= 0° and 90°) are also
indicated in the same figures. Since there is
considerable difference between 5=0° and 5=10°

(type I ) in these Hgures, it may be seen that wall
friction contributes very much to reduce the wall
deflection and the surface settlements even if the

friction is small. Now, wall friction is not usually
taken into consideration in practice to predict the
behaviour of ground under excavation. It may,
therefore, be important to evaluate properly the
effect of wall friction in design of excavation
problems in practice.
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6 CONCLUSIONS

The present experimental and numerical study on
excavation problems can be summarised as followsi '
(1) The settlements of ground and earth pressure on

the retaining wall are much influenced by the
construction procedure, even though the final
wall deflection is the same.

(2) The settlements and the wall deflection decrease
with increasing wall friction even though the
lriction angle is not so large.

In order to predict precisely the behaviour of ground
under excavation, it is necessary to carry out the
analysis ir1 which construction procedure,
elastoplastic characteristics of soil including soil
dilatancy and the frictional characteristics between
soil and wall are properly taken into account.
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