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Lateral Earth Pressure Caused by Action on Earth Retaining Wall
in Clay Foundation Ground with Consideration
of Construction Speed
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Abstract

When an embankment is constructed on soft clay ground, the lateral displacement generally called as lateral flow
is generated in the foundation ground. It strongly affects stabilities of structures, such as foundation piles and underground
pipes, in and on the foundation ground. The lateral earth pressure induced by the lateral flow is influenced by the
magnitude and construction speed of embankment, the geometric conditions and geotechnical characteristics of the
embankment, and the foundation ground, and so on. Accurate methods for estimating the lateral earth pressure have
not ever been established because the lateral flow of a foundation ground shows very complicated behavior, which is
caused by the interaction of shear deformation and volumetric deformation. In this paper, a series of model tests were
carried out in order to clarify effects of construction speed of an embankment on the lateral earth pressure in a foundation
ground were design. It was found that the magnitude and the distribution of the lateral earth pressure and its change
with time are dependent on the construction speed of the embankment. It was found that a mechanism for the lateral
earth pressure was generated by excess pore water pressure due to negative dilatancy induced by shear deformation

under the different conditions of construction speeds of embankments.
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1. Introduction

Stresses in ground are changed and deformed when
structures are constructed on the ground even if the
ground does not fail. Therefore, when a new structure is
constructed on the ground, it is necessary to consider the
effects of the stress changes and deformations in the
ground, which would probably affect structures that had
been constructed in and on the ground. When an
embankment is constructed on a soft clay ground, the
ground does not only settle in the vertical direction but
also deforms in the horizontal direction. The horizontal
deformation is generally called as a lateral flow of
ground. This lateral flow has become one of the most
important issues in geotechnical studies in recent years.
From these studies, it was found that 75% of the total
surface settlement and 60% of the entire horizontal
deformation occur during the period of an embankment
construction (Ortiz 1967), and that the amount of
horizontal deformation increases rapidly when the safety
factor of the embankment against failure is less than a
certain value, e.g. safety factor of 1.3 by Tavenas et al.
(1978, 1980) 1.5 by Marche and Chapuis (1974), and
Yamaguchi et al. (1981). The maximum horizontal
deformation due to embankment load is generated at a
depth of 1/3 of the layer thickness from the top of a soft
clay layer (Shibata et al., 1982). A number of relationships
between the maximum surface settlement and the
maximum horizontal deformation were proposed by Akai
et al. (1974), Yamaguchi et al. (1980), Tavenas et al.
(1979, 1980), and others. Extensive numerical approaches
on the estimation of horizontal deformation have also
been carried out. For example, Poulos (1972) pointed out
that the computed horizontal displacements do not agreed
with those of measured and listed the possible reasons.
Almeida et al. (1985) stated that pore water pressures and
their dissipation rates were very well predicted, as were
the maximum values of both horizontal and vertical
displacements, but the displacement profiles with depth
were not so. Sekiguchi et al. (1994) reported that the
calculated horizontal displacements under the toe of an

embankment using an elasto-viscoplastic model had
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generally good aggrement with the measured quantifies.

The lateral flow strongly affects a stabilities of
structures in and on the foundation ground. Serious
damages were often reported for foundation piles
(Heyman and Boersma 1961; Leussink and Wenz 1969;
Bigot et al. 1977), underground pipes, and bridge
abutments (Stermac et al. 1968; Marche and Lacroix
1972). Infrastructure facilities close to an embankment
suffere from unforeseen lateral earth pressure induced by
the lateral flow of the foundation ground. This implies
that the lateral earth pressure induced by the lateral flow
of the foundation ground is a very important factor as
an external force in evaluating the stabilities of under-
ground structures.

So far numorous theoretical and experimental studies
on effects of the lateral flow on the foundation piles have
been carried out, e.g. Poulos and Davies (1980), Carter
(1982), Broms et al. (1987), Springman (1989), and
Stewart et al. (1992). Not only to mitigate damages of
foundation piles but also in design of sheet piles and
continuous walls constructed to reduce the deformation
of the foundation ground, it is necessary to estimate the
lateral earth pressure acting on those structures. For this
reason, an appropriate method for estimating the lateral
earth pressure induced by the lateral flow of a foundation
ground should be developed. However, because the
lateral flow of the foundation ground is caused by both
volumetric deformation attributed to consolidation and
the shear deformation, it is difficult to estimate the exact
amount of lateral earth pressure.

The main factors affecting the lateral earth pressure
can be listed as the magnitude of embankment load,
construction method of embankment, geometric condi-
tions and geotechnical characteristics of embankment and
foundation ground. Therefore, a method for estimating
the lateral earth pressure must consider these factors.
Therefore, this paper focused on the effects of the
construction speeds of embankment to the lateral earth
pressure caused in the foundation ground.

Because the magnitude and distribution of the lateral
earth pressure depend on the strength of foundation

ground, a homogeneous ground with a uniformly



distributed strength was selected for 1G-model tests in
this study and thereby loading to find the influence of
the construction speed of embankment as the factor
affecting the lateral earth pressure. In addition, centrifuge
model tests are planned following a series of the
1G-model tests in this study. The magnitude and
distribution of the lateral earth pressure are to be
investigated in the centrifuge model tests on the
foundation ground, where the strength increases with
depth, in order to clarify the difference of the strength
distribution in the foundation ground behavior.

The model tests were carried out herein to estimate the
lateral earth pressures either on the sheet piles or
continuous rigid walls that are installed to reduce the
lateral flow at the toe of the embankment. It is well
known that the magnitude of the lateral earth pressure
is dependent on the rigidity of a retaining structure for
the lateral flow. The magnitudes of the lateral earth

pressures acting on high rigid structures, such as
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Table 2. Mechanical properties of Dejima clay

continuous concrete walls, are larger than those acting on
flexible structures, such as sheet piles. In practice, the
largest value in the predicted lateral earth pressure is
often used as a design value in the viewpoint of safety.
In this study, the lateral earth pressure acting on the rigid
retaining structures installed at the toe of an embankment,
which is considered to be the largest value, was
investigated using a model container as shown in Fig. 1.

It was found from the test results that the magnitude
and the distribution of the lateral earth pressure and their
change with time are varied with the construction speed
of an embankment. Observations of tests were compared
with the results of numerical solutions for estimating
stresses caused by an embankment load based on the
elasticity theory.

2. Laboratory Model Tests
2.1 Material Properties

The clay used was alluvial marine clay called Dejima
clay, which obtained from Hiroshima Bay, Japan. The
collected clay was remolded and sieved through 0.047
mm mesh and stored in plastic containers. The physical
and mechanical properties of this clay are listed in Tables
1 and 2. The clay was remolded with water content about
twice the liquid limit and the clay slurry was poured into
a vacuum container. The slurry was mixed and de-aired
in the vacuum container under a pressure of over 700

mmHg for 6 hours.

Table 1. Physical properties of Dejima clay

Specific Liquid Limit, | Plastic Limit, Plasticity
Gravity, Gs WL (%) WP (%) index, IP
2.651 86.0 40.0 46.0

Coefficient of

Rate of strength
increase, cu/p

consolidation at 10
kPa, Cv (cm¥min)

Compression
index, Cc

Swelling index,
Cs

Pore pressure
parameter at failure,
A

Shear strength in
Vane shear test, ¢y
(kPa)

0.43

0.22

0.739

0.063

0.74

2.65
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2.2 Apparatus and Test Procedure

In this study, the lateral earth pressure acting on a
rigid retaining structure installed at the toe of an
embankment, which is considered to be the largest value,
was investigated using a model container as shown in
Fig. 1. The model container used was 600 mm in length
and 200 mm in width. Its height was 850 mm during the
preconsolidation and 500 mm during the embankment
loading. The length of the model container was made as
twice as long as the length of the embankment slope. The
gradient of the embankment slope was set to be 1:0.45
whereas the unit weight of embankment material is 20
kN/m’. Because the gradient of embankment slope in the
case of neighboring constructions causing problems of
the lateral flow is generally made large by reinforced
earth methods or others, a large gradient of embankment
slope was used in this study. The height of the model
container was determined to have enough depth so as to
obtain a peak value of the lateral earth pressure in the
vertical distributions based on the eclasticity theory and
the FEM analyses derived in this study. To negate the
effects of sidewall friction, the width of the model
container was desired to have enough width and
sidewalls of model container were lubricated with silica
grease. In this study, however, 200 mm of the width was
determined consi- dering the maximum value due to the
limitation of the preparation of the volume of the clay
slurry in the laboratory. The model container was made
by acrylic plates. The steel plates were fixed around the
model container to prevent the deformation of acrylic
plates due to the action of the earth pressures. Eight pore
water transducers of the attached type (PS-1KC, Max.=98
kPa, Kyowa Co.), four pore water transducers of the
penetrated type (PDCR81, Max.=98 kPa, Druck Limited
Co.) and eleven earth pressure transducers (PGM-1KG,
Max.=98 kPa, Kyowa Co.) were installed in order to
measure the excess pore water pressure and the lateral
earth pressure at various locations as shown in Fig. 1.

The test procedure is as follows. First, the pore water
pressure transducers of the attached type and the earth

pressure transducers were set on the side of acrylic plates
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as shown in Fig. 1. Then, the de-aired slurry is poured
into the model container up to the depth of about 800
mm. The clay deposit is consolidated under the
self-weight of the slurry for about 5 days and under the
preconsolidation pressure of 10 kPa applied through steel
bars as shown in Fig. 1 for about 2 months. After the
preconsolidation, the thickness of the model ground
becomes about 500 mm and then four pore water
pressure transducers of the penetrated type are installed
in the clay ground. The preconsolidation pressure of 10
kPa is applied for 5 days to remove influence of stress
release during the installation of the penetrated type pore
water pressure transducers.

The drainage was permitted at the top and bottom of
the model ground during consolidation stage. After the
completion of the preconsolidation, the clay deposit is
further loaded by steel bars shaping an embankment with
a load intensity of 10.8 kPa under double drainage
condition as shown in Fig. 1. The load intensity of 10.8
kPa is determined from the stability analysis which gives
the safety factor of 1.26 by following equation.

Qu _ 5.14c,
b F/

Fs= ey

Test cases were adopted to investigate the influence of
construction speed and of geometric conditions of an
embankment, which are defined by ratio of slope length
a to crest length b, to the lateral earth pressure in the
model clay ground as shown in Table 3.

When the loading rate was 1.54 kPa/min, Case 1 was
carried out under single stage loading of 10.8kPa, while
the rest of the cases were carried out under three stages
loading of 3.1 kPa, 3.1 kPa and 4.6 kPa. Because the
interval of each fill loading is decided upon the degree

Table 3. Patterns of test

Loadin Rate index, hape index,
case | My T
Case 1 10.8 0.003 2.30
Case 2 10.8 0.067 2.30
Case 3 10.8 0.675 2.30
Case 4 10.8 2.0 12.30
Case 5 10.8 0.675 1.33
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Fig. 2. Patterns of loading

of consolidation in the actual construction works, the
loading of the second and third stages in Cases 2, 3, 4,
and 5 were started as shown in Fig. 2 when the degree
of consolidation of the previous loading stage reached
U=30, 60, 90, and 60%, respectively. The rate indices
t* can be calculated by Eq. (2), and Shape index b/a is
a rate of slope and crest of embankment. The rate index

t* is given as:

f

Foe— €
Ty (H /2)*
¢y 2

where #,, Ty, and ¢ are the construction duration of
embankment, the time factor at the degree of consoli-
dation of U=90% and the coefficient of consolidation,

respectively.

3. Test Results and Discussion
3.1 Surface Settlement

Figure 3 shows the surface settlements of the
foundation ground, which were measured by location of
each steel bar during test, immediately after the loading
and at the degree of consolidation of U=90% in all cases.
The degree of consolidation, U, is defined by the amount
of the surface settlement at a point 160 mm from the
center of the embankment. The peak value of the surface
settlement appeared at the position where the distance
from the toe of the embankment was about X=300 mm
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Fig. 3. Surface settlement of clay ground

and minimum one generated at the toe of the
embankment, and it is found that the shear deformation
occurs by this differential settlement. Moreover, comparing
the surface settlements at the immediate end of loading
and at the degree of consolidation of U=90%, the shear
deformation is generated even in the consolidation
stage and is still larger in Case 1 than the others.
Therefore, it was found that the shear deformation is
caused not only in the loading stage but also in the
consolidation stage and it influences the lateral earth

pressure and the excess pore water pressure.

3.2 Dissipation of Excess Pore Water Pressure

The variations of excess pore water pressures with
time after the end of the final loading under the toe of
embankment and under the center of embankment in
Case 1 are presented in Figs. 4 (a) and (b), respectively.
In these figures, the excess pore water pressures are
normalized by the applied embankment load. From Fig.
4 (a), despite the equal distance to the drainage surface,
there is a difference in the dissipation of the excess pore
water pressures between at zH=0.1 and at Z/H=0.9 after
the start of consolidation. This is because the dissipation
of the excess pore water pressure at the upper layer of
the foundation ground was obstructed by a development
of the excess pore water pressure caused by the dilatancy
due to the shear deformation and its influence remained
up to about 7000 min when the degree of consolidation
U is approximately 85%. The same tendency was also
seen at z/H=0.3 and 0.7. The difference of the excess
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pore water pressures between z/H=0.3 and z/H=0.7 is
smaller than that between z/H=0.1 and z/H= 0.9. The
shear deformation generated in the foundation ground is
larger in the upper portion than in the lower portion. The
same tendency also appeared in the other cases too.
However, the dissipation of the excess pore water
pressures is varied similarly with time under the center
of embankment as shown in Fig. 4 (b).

Figure 5 shows the variations of excess pore water
pressures with time after the end of the final loading at

different distances from the toe of embankment to X=0
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the toe of embankment in Case 1

mm, 140 mm, 480 mm and 600 mm in the same depth
of zZH=03 in Case 1. Despite the same depth, the
different dissipation behavior of the excess pore water
pressure is observed in the early consolidation stage. The
dissipation of the excess pore water pressure is slower
under the slope of embankment than under the center of
embankment. This difference is considered to be caused
by the shear deformation, which generates largely under
the slope of the embankment than in the other part by
an unbalance of the applied vertical load.

The isochrones of the excess pore water pressure under
the toe of embankment in Cases 1 and 3 are shown in
Figs. 6 (a) and (b), respectively. In these figures, the
excess pore water pressures are normalized by the
applied embankment load. The elapsed time was started
to be counted at the end of the final loading. From Fig.
6, it is clear that the shape of the measured isochrones
of the excess pore water pressure is different from a
shape of ordinary isochrones that have the same value
at the same distance from the drainage surface. This is
considered to be caused by the following reasons. The
first is that the excess pore water pressures in the upper
layer of foundation ground are slowly dissipated due to
the development of the excess pore water pressure
induced by the shear deformation in the loading and the

consolidation stages. Unfortunately, there was no method
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Fig. 7. Isochrons of the excess pore water pressure under the center of embankment

to directly measure the amount of the shear deformation,
which is considered to be generated largely in the upper
layer of the foundation ground. The second is that the
sand layer laid on the foundation ground did not act as
a perfect drainage boundary because of the existence of
the wood bar closely resting on the upper sand layer.

The isochrones of the excess pore water pressure under
the center of embankment at the same time as Fig. 7 after
the end of the final loading in Cases 1 and 3 are shown
in Figs. 7 (a) and (b), respectively. They found to be
different from those under the toe of embankment and
are symmetric with respect of the middle depth of

z/H=0.5. Because of these evidences, the first reason
mentioned above is considered to be a stronger factor for
the phenomenon that the dissipation of the excess pore
water pressure under the toe of embankment was slower

in the upper layer than in the lower layer.

3.3 Variation of Lateral Earth Pressure with
Time and Depth

The variation of the lateral earth pressures with time
afier the end of the final loading under the toe of
embankment in Case 3 is shown in Fig. 8. The large
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lateral earth pressures are generated in the loading stage
and the early consolidation stage, and thereafter decrease
with time in the consolidation stage. Specifically, the
lateral earth pressure at z/H=0.3 rapidly decreased with
time. On the other hand, the lateral earth pressure at
2/H=0.78 is relatively smaller than that at the upper layer
in the loading stage and hardly decreases with time in
the consolidation stage. This difference of the lateral
earth pressure between the upper layer and lower layer
is considered to be due to the undrained shear
deformation caused in the upper layer of the foundation
ground in the loading stage as mentioned previously.
Figs. 9 and 10 show the variation of the lateral earth
pressures with time after the end of the final loading at
z/H=0.3 and 0.4 under the toe of the embankment,
respectively. The lateral earth pressures at z/H=0.3 in all
cases were largely generated in the loading stage and in
the early consolidation stage, and rapidly decrease in the
consolidation stage as mentioned above. On the other
hand, the generated lateral earth pressures at zH=0.4 in
all cases gradually decrease in the consolidation stage in
comparison with those at z/H=0.3, and particularly the
lateral earth pressures re-increase at 3000-4000min
because the lateral earth pressure due to progressive slide
is larger than dissipation of the excess pore water
pressure induced by the shear deformation. In comparison
with the effect of the construction speed of embankment,
the lateral earth pressures generated in the loading stage
are slightly increase with the increase of construction
speed of embankment but the lateral earth pressures in
the consolidation stage are reduced to the same value
except at Z/H=0.3 in Case 1 despite the difference of the
construction speed of embankment. This phenomenon is
considered to be due to the reason that the shear
deformation which resulted from the differential settle-
ment causing the lateral earth pressure increases with an
increase of the construction speed of embankment.
Vertical distributions of the lateral earth pressures with
depth under the toe of embankment in Cases 1 and 3 are
shown in Figs. 11 (a) and (b), respectively. In these
figures, the lateral earth pressure and the depth are
normalized by the applied embankment load and the
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thickness of the foundation ground, respectively. The
time elapsed was started to be counted at the end of the

final loading. The vertical distributions of the lateral
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earth pressures can be regarded as a triangular distri-
bution and the maximum values of the lateral earth
pressure (Ao, /AP ) are 0.8~ 1.0. Moreover, it is seen
that the maximum lateral earth pressure is influenced by
the construction speed of embankment.

The detailed discussion on the maximum lateral earth
pressure, which increases with an increase in the
construction speed of embankment, will be given in
Section 3.4. In Case 1 shown in Fig. 11 (a), the peak
point of the triangular distribution was at z/H=0.5 in the
early stage of consolidation and then moved to z/H=0.4
in the later stage of consolidation. However, in Case 3
shown in Fig. 11 (b), the peak point of the triangular
distribution was at z/H=0.3 in the early stage of
consolidation and then moved to zZH= 0.4 in the later
stage of consolidation. In the evaluation of the earth
pressures acting on the side of the retaining structures,
it should be noted that the peak point of the earth
pressure is moving upward in Case 1 and downward in
Case 3. The movement of peak point of the measured
lateral earth pressure in Case 1 is considered because the
all embankment load is constructed before the excess
pore water pressure of each load step is hardly dissipated.

However, The movement of that in Case 3 is considered

to be due to the generation of pressures by the shear
deformation at upper part of model ground in comparison
with the middle part because the shear deformation is

generated during loading stage.

3.4 Effect of Construction Speed of Em-
bankment

Figure 12 presents the effect of the construction speed
of embankment on the maximum excess pore water

pressure in the vertical distribution which was normalized
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Fig. 12. Effect of construction speed of embankment on excess
pore water pressure normalized by embankment load
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by the applied embankment load. In this figure, the
construction speed of embankment is expressed by the
rate index t* defined by Eq. (2). The relationship of
decrease of maximum excess pore water pressure with
the increase of the construction speed of the embankment
is shown in this figure. Moreover, the maximum excess
pore pressure did not reach to the applied embankment
load even in Case 1. The maximum excess pore water
pressures did not appear in the immediate end of loading
and were generated on the way in the consolidation stage.

The effects of the construction speed of embankment
on the maximum lateral earth pressures in the vertical
distribution in all test durations and at the end of the tests
are also shown in Fig. 13. In this figure, the lateral earth
pressures were normalized by the applied embankment
load. The lateral earth pressures at the end of the tests
were found to occur at the effective siress state because
the excess pore water pressures have almost dissipated.
It is clear that the maximum lateral earth pressure in the
vertical distribution through all test duration decreases
with the increase of the construction speed of
embankment. The similar tendency is also seen in the
results at the end of the tests.

The normalized depth where the maximum lateral
earth pressure occured was a constant value of about 0.5
in spite of the difference of the construction speed of
embankment as shown in Fig. 14. In this figure, It is
found from this figure that the normalized depth where
the maximum lateral earth pressure appeared constant
and was not influenced by the geometric conditions of
embankment.

Figure 15 presents the lateral earth pressure which is
subtract the excess pore water pressure induced by
dilatancy from the maximum lateral earth pressure in
order to verify the effect of the excess pore water
pressure induced by dilatancy. In this figure, the
construction speed of embankment is expressed by the
rate index t*. From Fig. 15, relationship between the
normalized maximum lateral earth pressure and the rate
index is more rapid than that of the maximum excess
pore water pressures at zZH=0.3 and 0.5. If the excess

pore water pressure induced by dilatancy was deducted
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from the maximum lateral earth pressure, it could be seen
that an inclination of the relationship between the
deducted maximum lateral earth pressure and the rate
index becomes much slight. Therefore, it can be
concluded here that once the increased excess pore water
pressure induced by dilatancy is dissipated from the
positions, where the shear deformation is easier to occur
under the embankment, then the effect of the construction
speed of embankment would diminish considerably.

4. Conclusions

The following conclusions can be made from the

results of the model tests.

(1) When the construction speed of embankment
increased, the amount of the surface settlements at
the center and the toe of embankment decreased
though at slightly inside of the embankment shoulder
increased. The position of the peak value of the
surface settlement was changed from the center of
embankment to slightly inside of the embankment
shoulder and the shear deformation under the slope
of the embankment in clay ground increased with the
increase of the construction speed of the embankment.

(2) The excess pore water pressure at the upper clay
layer under the toe of embankment was larger and
its dissipation was slower than that at the lower clay
layer. This is considered to be due to the shear
deformation, which occurred largely in the upper
clay layer than in the lower clay layer in the loading
stage and the early consolidation stage. The
maximum excess pore water pressure occurring at the
middle of the clay layer under the toe of embank-
ment increased with the increase of the construction
speed of embankment and a unique relationship
between the maximum excess pore water pressure
and the construction speed of embankment was
recognized.

(3) The vertical distribution of the lateral earth pressure
can be regarded as a triangular distribution. The

maximum value of the lateral earth pressure was

about 0.6~ 1.0 times the magnitude of the applied
embankment load. The maximum value of the lateral
earth pressure increased with increase of the
construction speed of an embankment and was
generated after some lapse of time after the end of
loading. The depth where the maximum value of the
lateral earth pressure appeared did not vary with the
change of the construction speed of the embankment.
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