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ABSTRACT: In order to investigate the influence of the construction process on the deformation of a dia-
phragm wall, a two dimensional finite element model is presented. The construction of the wall is simulated
first and wall movements due to the subsequent pit excavation are compared with those of a conventional cal-
culation assuming the wall as wished-in-place. During the construction process the earth pressure at rest and
hydrostatic pore water pressure are changed adjacent to the wall affecting the calculated wall deflections..
However, the influence of construction depends on the desigend retaining system. Whereas a cantilever or an-
chored wall shows greater horizontal movements mainly the prop force increases considering a strutted wall.

\

1 INTRODUCTION

slrut

In order to ensure serviceability of retaining walls
and to protect nearby structures it is important to & —— = L7
minimize ground and wall movements during the pit f ; ﬁ
excavation. The FEM is a powerful tool to calculate 2 Y A
the ground and wall deformation, but the comparison ! & ; s [
between the in-situ values and numerical results ¥
shows frequently great differences. ] ]
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One reason is that FEM-calculations normally do
not consider significant aspects, like the construction = Figure 1. Calculated systems: a) cantilever, b) strutted, c) an-
of the retaining wall, which affect the behaviour of  chored
the ground. As initial condition, conventional com-

. putation choose the earth pressure at rest acting on
the retaining wall prior to excavation.

In fact the process of the wall construction itself in-
fluences the properties of the adjacent ground and
changes earth pressure conditions. In order to predict  +_ . v
d'eforgmations zﬁ:urate"-_ly at the stage of pit excagation, T=L(Te):(D-D O
it is important to consider the change of initial con-
ditions due to the construction process of the wall. D' = B y ( 1 )1/Iv )
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The homogenous overconsolidated soil deposit is
described by the following visco-hypoplastic con-
stitutive equation (Niemunis ,1996).

2 NUMERICAL MODEL

In order to investigate the influence of retaining wall . .

construction on later wall movements, a two dimep— Stzge.itfnﬁ;eiﬁﬁo‘&hﬁggeg e:ndcsl (t)ll:eﬂ:ﬁ;ﬁ?glllsgezi
sional finite element model of a diaphragm wall in plastic strain rate D' results from hypoplasticity.

clayey ground is ;generated. Two calgula’aons 4% Further state variables and parameters are described
performed respectively, the first choosing the earth in table 1

pressure at rest as initial condition and the second
simulating the construction of the retaining wall 1,1 1. s0il parameters used in the analysis
prior to pit exvavation. Three different systems are

considered (Fig. 1). The ground water table is 2 m Soil parameter

. T a

below the ground level, but due to capillarity the @ — residual friction angle 22.5
be full d C. — compression index 0.086

ground was assumed to be fully saturated. C. - swelling index 0012
1, — index of viscoity 0.02
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Y - reference deformation rate 2,78 - 10° !

y — bulk unit weight 17.7 kN/m’
k — permeability 10 m/s
K, — earth pressure coefficient at rest 0.8
state variable

OCR - over-consolidation-ratio 2
e,, — reference void ratio 0.984

T — actual stress

T — stress rate

e — actual void ratio,

D — total strain rate

D" — viscous strain rate

The small-strain stiffness of the soil owing to
changes of the strain path is regarded by a further
state variable called intergranular strain (Niemunis,
2002). Supposing that no cracking of concrete will
occur during pit excavation, the diaphragm wall is
described by a linear-elastic continuum with a

Young’s modulus of 30000 MN/m? and a Possion

ratio of 0.2. The earth pressure at rest is calculated
according to Mayne and Kulhawy (1982):
= (1 - Sin Q) - OCR ™" e )
The first numerical model is generated which as-
sumes the retaining wall wished-in-place (wip) ne-
glecting the construction process of the wall. The
earth pressure at rest is chosen acting on the wall
prior to pit excavation. The excavation of the pit is
simulated by removing the finite elements in front of
the wall step by step. In the case of the cantilever
wall the soil is excavated up to a depth of 5 m in or-
der to guarantee overall stability. The propped plts

-are excavated to a depth of 6.5 m with a remaining
embedment of 3.5 m. In contrast to the strut at the

top of the retaining wall, which is constructed at the

beginning of the excavation process, the anchor 2 m -

below ground level is installed after the excavation
has reached a depth of 3 m. Both, the strut and the
anchor, are simulated by springs with stiffnesses cor-
responding to the real conditions. The preload force
of the anchor results from horizontal equilibrium to
150 kN/m. The soil-structure-interaction is described
by a yield stress t,,,, which can be transmitted be-
tween the retaining wall and the adjacent soil. In cor-
respondence with Bjerrum (1973), <, is adopted to

(4)

incorporating the undrained shear strength c, and an
adhesion coefficient o. Generally o is set to 1.0 for
normally consolidated and 0.3 - 0.5 for overconsoli-
dated soil deposits. During the present calculations,
an adhesion coefficient of o = 0.5 has been chosen.
The second numerical model is generated in order
to simulate the construction process of the dia-
phragm wall prior to the excavation sequence (cps =

Toax = O Cy

max

construction process simulated). In a first step earty
pressure at rest is initialized in the FE-model ac.
cording to equation (3). The finite elements inside
the trench are removed and the open trench walls are
supported by a distributed load representing the hy-
drostatic pressure of the slurry (Fig. 2a). The bulk
unit weight of the slurry is set to 10.3 kN/m’. Subse.
quently, pouring the trench with concrete is modeleq
by placing additional finite elements into the trench
(Fig. 2b). In contrast to the slurry pressure, the pres.-
sure of fresh concrete is not hydrostatic over the
depth of the trench (DiBiagio and Roti, 1972, Lings,
Ng and Nash, 1994). Accordingly, the apphed pres-
sure in the model corresponds to hydrostatic condi-
tions With Y gpeee= 23.5 KN/m® up to a critical depth
h.; = 4 m. At greater depth than h_, below surface
level of the concrete, the fresh concrete pressure in-
creases with a rate given by 70 % of the bulk unit
weight. The development of the stiffness of fresh
concrete (Fig. 2¢) is considered by a suitable evoly-
tion of the Young s modulus and the Poisson ratio
(Fig. 3).

During the second step of the calculation the exca-
vation of the pit is simulated by removing the re-
spective elements (Fig. 2d).
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Figure 2. Construction sequence: a) excavation of the panel
with slurry support, b) pouring with tremie pipes, c) curing of
the concrete (28d), d) excavation of the pit
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Figure 3. Development of stiffness of fresh concrete (Rein-
hardt, 2001)

3 NUMERICAL RESULTS
3.1 Stress conditions

Figure 4 shows the effective horizontal stress o, and
Figure 5 the total pore pressure u adjacent to the dia-
phragm wall panel during different construction
steps of the retaining wall. The steps comprise the
initial pressure at rest conditions, the slurry support
of the excavated trench and the subsequent filling of
fresh concrete. Additionally, the stresses are pre-
sented after the concrete has cured (28 days).

During the excavation of the panel, the effective
stress ¢’ increases behind the guide wall and below
the toe of the trench due to a vertical arching effect.
The resulting earth pressure corresponds to an earth
pressure coefficient 6,” / 6,’= 1.45 and 1.27 respec-
tively whereas in the middle part of the excavated
panel, ¢’ remains nearly unchanged.
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Figure 4. Effective stress o,’ adjacent to the wall
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Figure 5. Pore pressure u adjacent to the wall
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Figure 6. Distribution of total horizontal stress during the con-
struction process of the diaphragm wall panel

The vertical arching is also clearly shown in the total
stress distribution presented in Fig. 6. To avoid the
oscillating gradient of o, above the toe of the wall
(Fig. 4) a finer finite-element-mesh should be gener-
ated here. During the concreting sequence of the
panel, the vertical arching is fully reversed which
has already been observed by Gourvenec and Powrie
(1999). The earth pressure behind the guide walls
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and below the toe of the wall is reduced to less than
the initial conditions.

The development of the pore pressure u is compa-
rable to o,’. In the first step excess pore pressure
arises behind the guide walls and below the exca-
vated trench whereas u decreases and becomes
negative in the middle part of the panel owing to the
inward movement of trench under slurry support.
During the second step of construction, the pore
pressure increases due to the wet concrete pressure
and exceeds the hydrostatic conditions behind the
panel (Fig. 5). After a time period of 28 days, the
excess pore water has totally dissipated and the ef-
fective horizontal stress equilibrates the concrete
pressure now.

Considering the total horizontal stress 6 = ¢’ + u
adjacent to the trench, ¢ drops from the initial con-
ditions to the bentonite pressure first and subse-
quently increases to the wet concrete pressure during
the construction process (Fig. 6).

3.2 Wall movements !
The deflected wall profiles due to pit excavation are
shown in Fig. 7a and 8a,b under totally undrained
conditions directly after the end of excavation (short-
term behaviour). Respectively the calculated wall
movements of the two models are plotted, the first
neglecting (wip) and the second simulating the con-
struction process of the diaphragm wall (cps). The
horizontal movements s have been scaled with the
depth of the excavation pit H. Furthermore, the long-
term wall movements of the cantilever beam are
plotted in Fig. 7b including the excess pore water
dissipation during a time period of one year.

- Considering the wall movements of the different
systems after pit excavation, the deflections of the
cantilever are greatest. As it was expected, the larg-
est deflections were calculated at the top of the wall.
The anchored and the strutted diaphragm walls show
a maximum horizontal movement at the bottom of
the excavation. Comparing the plotted results of the
wip- and the cps-model, wall movements of the lat-
ter are obviously greater, independent of the system
under consideration. However, the difference be-
tween the curves, which can be described as con-
struction-induced wall movement, seems to depend
on whether the retaining wall is propped or not. Ta-
bles 2 — 5 compare the calculated wall movements at
the top of the wall and at the bottom of excavation
for the wip- and the cps-model. The anchor
(prestressed with 150 kN/m) and the strut forces are
also presented. Furthermore the total A and the rela-
tive & differences between the considered values are
given.

The strut at the top of the diaphragm wall provides
a rigid support. The construction of the retaining
wall only leads to a higher strut force of about 15 %
of the conventional calculation whereas wall move-
ments are hardly influenced. Considering the canti-

lever and the anchored wall, horizontal wall move.
ments increase about 15 % and 35 % respectively
due to the construction process. However, the diss;.
pation of excess pore water does not have a signifi-
cant influence. Although the total horizontal move.
ments increase about 70 %, the difference betweep
the wip- and the cps-model remains nearly constant
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(see Fig. 7).
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Figure 7.Wall deflection of cantilever wall, disregarding and
including construction of the wall a) short term b) long term
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Figure 8. Wall deflection of a) strutted and b) anchored wall,
disregarding and including construction of the wall

Table 2 Calculated wall movements of the cantilever wall,
short-term behaviour

FE-model top of the wall bottom of excavation
wip 132 cm 9.9 cm
construction 153 cm 10.7 cm
A 21cm 0.8 cm
) 159 % 8.1%

Table 3 Calculated wall movements of the cantilever wall,
long-term behaviour
FE-model
wip

bottom of excavation
12.7cm

top of the wall
19.3 cm




construction 21.8 cm 13.9 cm
A 2.5cm " 1.2cm
] 13.0% . 9.4 %

Table 4 Calculated wall movements and strut forces of the
strutted wall

FE-model  top ofthe bottom of ex-  strut force
- wall cavation
wip ~0cm 7.1 cm 214.5 kN/m
construction 7.13 cm 245.5 kN/m
A 0 0.03 cm 31 kN/m
5§ 0% 0.4 % 14.5%

Table 5 Calculated wall movements and anchor forces of the
anchored wall

FE-model  top ofthe bottom of ex-  strut force
wall’ cavation
wip 4.0 cm 7.8 cm 199.1 kN/m
construction 54 cm 8.4 cm 217.0 kN/m
A ‘ 1.4 cm 0.6 cm 18.1 kN/m
d 35% 7.7% 9.1%

4 DISCUSSION
Due to the construction process of the diaphragm
wall, the total horizontal stresses o adjacent to the
wall are affected (Fig. 9). In the upper part of the
retaining wall, o increase of approximately
Ac =15-18 % in comparison with the initial con-
ditions at rest. The total stress distribution after con-
struction (Fig. 6 and Fig. 9 curve b) is determined
by the wet conrete pressure and less influenced by
the initial .pressure conditions (K, and pore pres-
sure).
0
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Figure 9. Total horizontal stress adjacent to the wall a) K,
conditions, b) after the end of construction

Therefore Ao, which indicates the difference in total
stresses prior to pit excavation between the wip- and

deviatoric strain

deviatoric stress q [kN/m 2}

the cps-model, depends mostly on the initial stress
conditions and the distribution of the fresh concrete
pressure. If the concrete pressure exceeds the total
pressure at rest, horizontal wall deflections due to pit
excavation will increase. In the case of higher earth
pressure coefficients and high ground water tables,
the construction process of the wall will lead to de-
creasing total stresses which probably results in
smaller wall deflections.

Figure 10 shows the stress path, expressed by the
mean effective stress p’ and the deviatoric stress q,
of a finite element 1.25 m below the bottom of exca-
vation during the construction process of the retain-
ing wall and the subsequent pit excavation. Due to
excavation of the trench under slurry support, the
deviatoric stress q increases first (point 0 — point 1).
However, q is reset by filling the panel with fresh
concrete (point 2) and p’ increases during the subse-
quent pouring process of the concrete (dissipation of
excess pore water, point 3). Although the stress con-
ditions at the beginning of pit excavation differ be-
tween the wip- and the cps-model (points 0 and 3),
both stress paths process parallel and end at the same
point after the excavation of the pit and the dissipa-
tion of excess pore pressure (point 5).
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In Fig. 11 the strain paths of the same element like in
Fig. 10 are plotted during the construction and the
excavation process for the wip- and the cps-model
Considering the wip-model, the soil element in front
of the retaining wall mainly undergoes deviatoric
strains up to a value of about g,, = 8 % after the
dissipation of excess pore water. On the contrary, the
same element undergoes an isotropic compression
during the construction of the diaphragm wall (point
1) first and the deviatoric strains go up to €, =9.8
% at the end of pit excavation (point 3).

The difference between the calculated deviatoric
strains, which corresponds to greater wall deflections
of the cps-model, mainly arises from plastic defor-
mations because the stress paths and consequently
the elastic strains are similar for both models (Fig.
10). In Fig. 12 the development of the over-
consolidation-ratio (OCR) of the considered element
towards the excavation depth is shown. Owing to the
construction process of the diaphragm wall, the
over-consolidation-ratio drops from the initial value
of 2.0 to 1.976. During the subsequent pit excava-
tion, the soil in front of the wall approaches the criti-
cal state (see. Fig.10) and OCR decreases. However,
the OCR calculated by the cps-model always re-
mains below those of the wip-model. Due to viscous
strain rates D, being proportional to ~ (1/OCR)” (see

2

16
4 ",
o .
5] ) \
14 N
- “ \
12 ——wip
- = cps \

0 A 2, 3 4

- excavétion depth [m]

5 considered element

eq. 2), greater plastic soil deformations consequently
arise.

Figure 12. Over-consolidation-ratio towards excavation depth

5 CONCLUSIONS

Simulating the construction . process of the dia-
phragm wall prior to the excavation of the pit leads
to greater wall deflections and prop forces of the cal-
culated systems. The influence mainly results from
higher total pressures behind the retaining wall at the
beginning of the excavation process, which are in-
duced by the fresh concrete pressure. Obviously the
difference between the concrete pressure and the to-
tal horizontal pressure at rest determines the con-
struction influence. If the concrete pressure exceeds
the total pressure at rest, greater wall deflections and
prop forces are to be expected subsequent to pit ex-
cavation. However, the influence seems to be de-

pendent on the designed retaining system. Consid-
ering strutted walls, wall deflections are hardly
affected by the construction whereas the strut force
increases of about 15 %. Greater horizontal wall de.
flections are to be expected for cantilever or ap.
chored walls. Nevertheless, the construction of 5
diaphragm wall is obviously a three dimensional
process and therefore a 2-D calculation can be re-
garded as approximation only. A three dimensiona]
finite element model is in preparation in order tq
analyse the spatial earth pressure (arching) effects
and different sequences of diaphragm wall pane]
construction.
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