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Undrained shear strength for passive earth pressure in an excavation of soft

clay

H.Tana1<a

Port and Harbour Research Institute, Yokosuka, Japan

ABSTRACT: This/paper presents the behavior of a braced excavation where the excavation work was stopped
due to large displacement of the retaining wall. The undrained shear strength for the passive side was carefully
examined: adhesion between the retaining wall and soil, anisotropy of strength, strength reduction due to
swelling, strain rate, progressive failure and confining condition. It was found that the triaxial extension test
provides a reasonable strength for the Rankine’s formula of the passive earth pressure.

1 INTRODUCTION

Earth pressure on retaining walls in braced
excavation, especially on the active side, have been
studied theoretically and experimentally using lots of
data accumulated from many construction sites.
However, few studies have been done on the passive
earth pressure on the excavated side. This is not
because the method for calculating the passive earth
pressure, which is usually calculated by Rankine’s
theory, is not accurate enough to predict the pressure
mobilized in the excavated ground, but because there
have been few cases where the passive earth pressure
was overpredicted. It is true that the scale of
excavation has been greater and greater even in poor

soil conditions. In imost cases, however, the toe of
the retaining wall is supported by a firm stratum such
as dense sand or gravel layers. As a result, the earth
pressure in a soft clay layer cannot be fully mobilized.

At the construction site of the Tokyo International
Airport, excavation work was stopped due to the
large horizontal displacements of the retaining wall as
well as large heaving of the vertical supports. The
thickness of soft clay at this site is so great that the
toe of the retaining wall did not penetrate into a hard
stratum, but the braced' wall structure floated in the
clay layer. In order to find reasons for such large
deformations, an analysis was made using observed

data in the excavation. This paper describes the
behavior of the retaining wall structure during
excavation and discusses the passive earth pressure in
a soft clay layer.

\\

2 CONFIGURATION OF THE EXCAVATION
WORK

Since 1985, the Ministry of Transport of Japan has
been undertaking expansion of the Tokyo
International (Haneda) Airport. Various excavation
works were performed in this area to construct the
underground structures for road vehicles, monorail,
life line and train. A braced excavation of the
Access Road is 'presented as a case study in this
paper.

Soil profile and properties at this site are shown in
Fig.1_ As the reclamation process in this area was
reported in detail by Tanaka et al. (1991), properties
of each layers are briefly described here. The ACI
layer comprises reclamation material from the
dredging at Tokyo bay between 1971 and 1983, and
consists of clay with high water content and high
compressibility. The values of unconfined
compressive strength, qu are less than 60 kPa. The
BS layer, which overlays the AC1_ layer, consists of
sand, gravel and sometimes concrete fragments
yielded from excavation work in the Tokyo
Metropolitan area. The AS layer is an naturally
deposited sand layer, whose N value from the
Standard Penetration Test ranges from 5 to 20. The
AC; layer is a normally consolidated marine clay that
was deposited after the ice age (Holocene). The
values fof qu in the AC; layer are about 100 kPa at the
top and gradually increase with depth. A hard
stratum with N value of over 50 can be found at a

depth of 60 m.
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Fig. 1 Soil properties at the excavation site
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The cross .section of the excavation is shown in

Fig.2. The size of the excavation is 35 wide and ll m
deep at a final depth. Steel sheet piles were installed
as a retaining wall to a depth of 24.25 m, which is 2.5
times deeper than the excavation depth. The
moment of inertia, I of the sheet pile per meter is
86,000 cm4/mg, assuming that the joints of the sheet
piles are completely fixed. Four struts were placed
and rested on\ve1tical supports. Each strut was
installed after the excavation level was 1 m deeper
than the center of the struts. The structure was
examined following the present design code: 'Peck’s
stability number, N;,=3.36(yH/su, su: undrained shear
strength yzunit weight of soil, H :depth of
excavation), the safety factor proposed by Bjerrum
and Eide, 1956, Fl, = 1.64. These figures satisfy the
criteria required by the Japanese design code.

The lateral displacement of the retaining wall
during excavation is presented in Fig.3. After the
third strut was placed, the displacement gradually
increased and was as much as 300 mm after
completion of the fourth stage (excavation depth was
9.3 m). The shading in the figure indicates the
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Fig.3 Lateral displacement of the retaining wall

during excavation

displacement during the interruption of excavation to
place struts. The term of the interruption was about
10 days. As well as such a large displacement of the
sheet pile, the vertical supports were heaved as much
as 160 mm in the center as shown in Fig.4. Thus, it
was decided that the excavation was to be stopped to
avoid collapse of the retaining wall. Deepwells
were installed behind the retaining wall to lower the
ground water' table. In addition, the ground level at
the back was lowered by 1.7 m, which was the same
thickness as the excavation to inal depth from the
fourth stage. As a iesult, the unusual movement of
the retaining wall and vertical supports ended and the
final excavation could be completed. It should be
kept in mind that stresses in the retaining wall and
struts during the excavation were kept in the range of
allowable strengths.
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Fig. 4 Heaving of vertical supports during
excavation '

3 EARTH PRESSITRE DISTRIBUTION

Earth pressure acting on the retaining wall was
measured by diaphragm type pressure cell. Figure
5 gives the earth pressure distributions before
excavation and at the fourth stage when the
excavation was stopped. In the "figure, K is the
coeiticient of earth pressure defined by the total
stress: K = p/ Yz, where p is measured pressure and z
is depth. Before excavation; values of K on the both
sides of the wall are around 1.0. As the excavation

proceeded, the earth pressure on the back decreased
to the active state except for the upper part of the
retaining wall. Since the movement of retaining wall

The earth pressure in the excavated side also
decreased, but it should be borne in mind when
considering earthpressure on the excavated side that
the burden pressure 'yz itself decreases due to
excavation. Figure 6 shows how the earth pressure
on the excavated side changed during excavation.
In the figure, the horizontal axis indicates the average
of lateral displacement of the retaining wall at depths
between 12 m and 25 m. The 'average of the
observed earth pressure (p - yz) at corresponding
depths is also plotted on the vertical axis. The
values of (p - yz) were negative before excavation
because the vertical overburden 'pressure was larger
than the horizontal pressure. However, (p - yz)
values became positive from negative with the change
of the direction of the major principal Stress during
excavation. When the lateral displacement of the
wall exceeded 100 mm, (p - vz) values reached a
constant value of 75 kPa.

Figure 7 shows the earth pressure distribution on
the excavated side at the fourth stage. The solid
thick line and U are themean and the standard
deviation of pressures measured at 6 locations,
respectively. The passive earth pressure for
cohesive soil, pp is generally calculated by Rankine’s
formula as indicated in Eq_ (1).

was restricted because of struts, earth pressures were pp = vz + 2s,, (1)
redistributed to the upper part.
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Fig. 5 Measured earth pressures acting on the retaining wall before excavation and at the fourth stage
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Fig. 7 Comparison' of observed and calculated

earth pressures in the excavated side when
excavation was stopped

su in Eq.(1) is‘ the undrained shear strength and
evaluated by half of qu from the uncontined
compression (UC) test in Japan. The calculated
passive earth pressure using qu/2 as su is indicated by
the thin line in Fig.7. The observed values of (p 
yz) were considerably smaller than calculated one
even though the retaining Wall was deformed enough
to develop the passive state as shown in Fig.6 _

4. FACTORS GOVERNING STRENGTH IN
THE PASSIVE STATE

As observed in the previous sections, the cause of
large deformation of the retaining wall might be the
lack of a full passive earth pressure on the excavated
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side. In this section, the following factors, which
seem to governthe passive earth pressure, will be
discussed.

Adhesion between the wall and the soil, rn,
When the adhesion between the wall and the soil is

considered, the passive earth pressure, pp for
cohesive soil may be given by Eq.(2)(Lee, 1968)

pp = Yz + 251, 1/_(l + c,,w/Su) (2)

where cw, is adhesion between the wall and the soil.

Although the value of cw may be changed by the
material of the wall, the displacement pattern and so
on, it is assumed to be 0.75 times su of the soil
according to the design code for the platform of the
American Petroleum Institute (Poulos, 1988).
When this value is substituted into Eq.(2), pp
becomes 1.32 times the value obtained from Eq.(l).
That is, the correction factor for influence of
adhesion, m, is 1.32.

Anisotropy of strength, m2
It has' been suggested by many researchers that the
shear strength for the passive earth pressure should
be obtained by the extension test. For undisturbed
samples retrieved from the AC; layer, the triaxial
extension test was conducted. After consolidation
under K0 conditions with the in situ effective
overburden stress, the specimen was sheared under
undrained conditions at an axial strain rate of
0.1%/min. As shown in Fig. 8, the undrained shear
strength from the extension test, sw, is nearly 0.75
times of qu/2. This means that the correction factor
for -strength from qu/2, mg is 0.75. It should be
borne in mind that this correction factor includes
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Fig. 8 Undrained shear strength from triaxial
extension test



effects of soil disturbance in the process of sampling
and difference of strain rate ( = 1%/min in the UC
test).

Strength reduction due to Swelling 1113

In practical' design, a total stress analysis is usually
applied to the cohesive soil, because the permeability
of the ground is small in respect of the construction
period and the total stress analysis generally gives a
safe answer. In excavation, however, where
overburden pressure decreases, reduction of the
undrained shear strength due to swelling should be
considered. Nakase et al. (1973) reported that the

coefficient of consolidation in swelling, c,,, is 10 or 30
times larger than in the normally consolidated state.
The cv, value of the AC; layer is assumed to be 2,000
cmz/day, the drainage length, H to be 15 m, which is

equal to the distance between the excavated bottom
and the toe of the retaining wall and the period of
each excavation stage, t to be two weeks' _ Then,
we obtain the time factor, Z, as 0.0l2, andthe degree
of consolidation, U as 12% from Terzaghi’s one
dimensional consolidation theory. The magnitude of
U suggests that the swelling effect in the excavated
side can be ignored. The correction factor for
swelling, 1113 should be 1.0.

Stress and strain relation Qarogressive failure), 1114
Form the previous study, it is well known that while
the active state is reached with small displacement of
the wall, a large movement is required to develop the
passive state. The stress-strain curves obtained
from the compression and extension triaxial tests
shown in Fig.9 suggests the above statement.

To estimate strains generated in the ground at the
base, it is assumed that the displacement of the
retaining wall linearly decreased with depth and there
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Fig. 9 Stress-strain curve obtained from
compression and extension triaxial tests

is no displacement at the toe. Then, the shear strain,
Y can be calculated by Eq.(3).

Y = NH (3)
where 11 is the displacement of the wall at the ground
surface of the excavated side, and H is the length of
excavated surface. IF K is 30 cm and H is 15 m,
then Y is equal to 2 %_ This strain level corresponds
to about 60 to 70 % of the maximum strength of the'
extension side in the stress-_strain cuwe in Fig. 19.
Therefore, the correction factor for strain, 1114 is 0.6
to 0.7.

Strain rate, 1115

The undrained shear strength of Japanese marine
clays is reduced by 6 % for the strain rate decreasing
by 1/ 10(Tanaka, 1995). The rate of the
displacement of the wall was 20 mm/day at the forth
stage when the excavation was stopped. If we take
the same procedure in the same procedure in the
strain calculation. for 1114, then we may get the strain
rate of 0.001 %/min in this case study. The triaxial
extension test was run at a rate of 0.1 %/min.
Therefore, the correction factor for strain rate, 1115 is
0.88.

Conjtrming condition, 1116

The strain condition of the braced excavation is plane
strain where the strain is confined in the longitudinal
direction. Ladd et al. (1977) reported that the
average strength ratio of triaxial and plane strain
extension tests_for __four clays is 0.82. That is, the
correction factor for confining condition, 1116 is 1/0.82,i.e.,` 1.22. '

By integrating all factors in the above, the
correction factor for the passive earth pressure to the
qu/2 value, 111 can be derived by Eq.(4).

l7’l=7fl1X}1’l2XH'l3XlTl4Xl’l’l5XH'l6

=1.32 x 0.75 x1.0 x (O.6"'0.7) x 0.88 x 1.22

= 0_64~o.74 (4)

When we see Fig. 7, the H1 value of 0.64 to 0.74
seems to be rather small. However, the correction
factor of m4 value may somewhat underestimate the
real value because, as suggested by Vaid and
Campanella (1974), the stress-strain curve in plane
strain is much steeper than that in the triaxial test. If
we consider this effect, the behavior of the retaining
wall can be explained well by the test results from
laboratory.



CONCLUSIONS

The behavior of braced excavation in soft clay is
presented and investigated as to why the wall
deformed so much during excavation. Factors
influencing the passive earth pressure were carefully
examined: adhesion between the wall and the soil,
anisotropy of strength, swelling, strain rate,
progressive failure, confining condition. It was
found that considering all these effect, the behavior of
the wall can be explained well.
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