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Behaviour of a 3-wall retaining system during excavation
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SYNOPSIS : Recent building construction employs often three wall earth retaining structure for differential excavation, in
order to accommodate underground facilities of laterally heterogeneous depths. Then, the wall on deep bottom side tends to
deform more than the opposite wall, causing complex interaction of lateral loading between the member walls via struts
between them. If the excavation is done in soft ground, then the asymmetric effectlike this would reach such a magnitude that
cannot be ignored. Thus proper prediction of the effect is of th_e primary importance for safe construction.

This paper presents a‘ calculation method for a three' wall retaining structure. It takes into account the interaction of three
walls via axial force in struts between them as well as the non-linearity of the subgrade reaction of the soil. Comparison of the
theory with experiments on a 3-wall earth retaining structure at a site of very soft ground was satisfactory, proving usefulness
of the present method.

1.INTRODUCT ION

Recentbuilding construction in urban areas needs often
differential ground _excavation of heterogeneous bottom
depths, using 3-wall earth retaining structure. This is to
accommodate, for example, a parking lot under the building.
In such a case, the earth retaining structure would receive
asymmetrical lateral loading during excavation, which results
into complex mutual interaction of the three member walls,
via the struts interposed between them. The author presents,
at first, a calculation method of such earth retaining structure
of three walls under asymmetric lateral load, .in which he
takes into account the non-linearity- of subgrade reaction of
soil and also the interaction of three walls with the axial
force of struts located between three walls via the axial force
of struts. Then, he works out theoretical and experimental
analyses of mechanical behavior of the earth retaining
structure, associated with the progress of excavation, in order
to discuss the influence of asymmetric lateral load on it.

2. CALCULATION METHOD

The calculation method of the earth retaining structure, as
proposed in this paper, is a modified version of the "Es-y
Method"(Kotoda, Kazama & Miyahara 1978) which was
applied to the problem of an earth retaining wall situated on
one side of an excavation.

2.1 Analysis model

In the present method, we divide both ground space and
retaining walls into the numbers of thin horizontal layers as
shown in Fig.1, and let the behavior of the retaining structure
to fit their actual conditions. This calculation method is

characterized by the following points:
(i) The subgrade reaction of soil in each layer is presented

by a tri-linear curve, as a function of displacement.
(ii) The struts, situated between two retaining walls, are

represented by springs.
(iii) ~ Mechanical behavior of the three walls is

simultaneously calculated.

2.2 Basic equation and general solution

Let us denote the three walls, from left to right in Fig.1, as L,
C and R, respectively, then we can write the basic equations
as Eqs.1 and 2(Kotoda, Kazama, et al., 1990), for the
arbitrary layer of L-wall where the suffix L denotes the_ L
wall. For the C-wall and R-wall, the equations are given by
replacing the suffix L by C and R, respectively.

i) above excavation bottom :

EIL (d4y/ dX4)=i1L X1_,+l)1_, (1)
ii) under excavation bottom :

EIL (d4y/dx4)+PLS(y1_)=aL XL+bL (2)
where, EI is the bending rigidity of retaining wall, x is the
depth measured from the upper boundary of the layer, y is
the displacement at depth x, Ps(y) is the 'subgrade reaction of
soil, and (ax+b) is the lateral load.

When the retaining wall above the excavation bottom
deforms from the excavation to the non-excavation side, we
replace Eq.1 by Eq.2, as the retaining wall will receive the
subgrade reaction of soil.

We consequently obtain the general solutions for Eqs.1 and
2, assuming that Ps(y) is constant in each layer.

The arbitrary constants in the general solution of Eqs.1 and
2 must be determined by evaluating the following
conditions :

(i) Boundary conditions at'both the head and tip of the walls.



(ii) Continuity conditions between the adjoining layers,
including 1- the _conditions for displacement, inclination,
bending moment and shear force.

Especially, the continuity conditions to the shear forces at
the level of the struts are given as the follows :

The axial force(Nj) of the strut between two walls(L and R,
in the present example), at the j-th stage of excavation, is
calculated by Eq.3.

Ni = NU-1) + ks (LdY+RdY) (3)
where, N(J-1) is the axial force in the strut at the stage of the
previous excavation, ks is the spring constant of a strut, and
Ldy and Rdy are the incremental displacement of L-wall and
R-wall, respectively, in the period from the Q-1)th to j-thexcavation. '

Taking Eq.3, we construct Eq.4 for the continuity condition
of shear force of L-wall and R-wall at the level of strut.

LQjl = LQju + N j, RQjl = RQju + N 5 (4)
where, Qjl, Qju are shear forces at the lower and the upper
positions of thestrut.

When an additional load is supplied to the strut by means
of jacks, which generally called "pre-loading" in Japan and
is named as "PL" in this paper, the above 'continuity
condition of Eq.4 is rewritten by replacing Nj_with PL.

2.3 Slubgrade reaction of soil

The subgrade reaction of soil{Ps(y)} in Eq.2 is represented
by the non-linearity shown in Fig.2, which is obtained after
many pile tests under cyclic lateral load(Takeuchi, Kotoda,
Kazama, et al., 1980). The numerical value of E51 is
determined by the force for- unit displacement(y=1cm) of
earth _retaining wall under virgin load. We define the
hysteresis loops of the Ps(y) in Eq.2 by the next equation.PS(y)=ES y (5)

The curves_of broken line in Fig.3(a) show Ps(y)/Es1-y
which is calculated from the values 'in Fig.2. -We replace
these curves with those of solid line, and apply the replaced
curves for calculation of the wall under the excavation
bottom. _

On the other hand, the subgrade reaction does not work on
the retaining wall above the excavation bottom when the wall

Considering these conditions on the subgrade reaction of soil
above the excavation bottom, we apply the hysteresis curves
as shown in Fig.3(b).

3. BEHAVIOR OF 3-WALL EARTH RETAINING
STRUCTURE WITH HETEROGENEOUS EXCAVATED
DEPTH

In this paper, we work out the analysis for the 3-wall earth
retaining structure for excavation which was constructed in
very soft ground. Its site is located in the suburbs of Tokyo.4 l I
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3.1 Ground condition and earth retaining structure

Fig.4 outlines the tested earth retaining structure' and the
ground condition. The calculation in the following is made
for the earth retaining structure in the N-N section. As for
the final excavated depth of the 3rd excavation stage, it is
9.5m under the ground surface between L- and C-wall, and
is 6m between C- and R-wall.

For calculation, we slice both the ground space and
retaining walls into 20 thin horizontal layers. As for the E51
of each layer in Eq.2, we apply the value as shown in Fig.4,
referring to soil conditions.

3.2 Calculation results

Fig.5(a) shows the calculated deformation of the earth
retaining walls, in comparison with the experimental values
by means of inclinometers,_ in the successive 1st, -PL1, 2nd
PL2 and final(3rd) stages of excavations. Further, in Fig.5(b);
is shown the calculated distribution of bending moment of
the earth retaining structure and also the calculated axial
force of struts compared with measured value. _

In the first stage of excavation, the calculated results show
that both L- and R-walls deform. largely inward(towards
excavation side), and their displacement and shape agree
well with the measured values. On the other hand, at the
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stage of PL1 of additional force to the 1st strut using jacks,
the L- and R-walls are pushed back for about 4cm outward
(towards non-excavation side) by PL1, both in calculation
and experiment. These results justify our evaluation of
subgrade reaction of soil above and under the excavation
bottom.

The calculated deformation, in the 2nd and later excavation
stages, prove that the deformation of the L-wall spreads
deep into th_e ground together with notable increase of
amplitude towards excavation side, in association with the
progress of excavation. Whereas, the C-wall deforms
notably towards non-excavation side in the 3rd excavation
stage by the axial force in 2nd strut due to the deformation of
the L-wall. On the other hand, deformation of the R-wall
slightly increases after the PL1 stage, looking unaffected by
deformation of the other walls.

From the above results, we leam that one of the three earth
retaining walls, which is subject to relatively large lateral
loading, thrusts the opposite wall outwardtftowards non
excavation side) via axial forces in struts.

The influence of differential excavation, as well as of the
asymmetric deformation of the structure as mentioned above,
is also obvious in spatial distribution of the calculated
bending moment.

The calculated and experimental axial forces in struts, in
successive excavation stages, agree fairly well as seen in the
same figure.

4. CONCLUSION

The above results have proved the usefulness of the proposed
method in this study for prediction of mechanical behavior
of 3-wall earth retaining structure for excavation, which is
subject to asymmetric lateral loading due to lateral
heterogeneity in excavation depth.

The asymmetric deformation predominates in association
with progress of differential excavation. The earth retaining
wall on the deep bottom side is subject to relatively large
loading and deforms largely towards excavation ~side.
Consequently, it thrusts via struts the opposite 'wall
outward(toward non-excavation side), to suppress inward
deformation of the latter wall.
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