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Diaphragm wall stability during excavation in alluvial sand deposit

K. Takagi & T. Hosoi
Nishimatsu Construction Co.,Ltd, Tokyo, Japan

H. Akagi
Waseda University, Tokyo, Japan

ABSTRACT: Diaphragm wall is frequently used as the retaining wall or the cut-off wall for open cut exca-
vation. The trench wall stability is the key issue for the design and construction method of diaphragm wall.
The aim of this study is to investigate the trench wall stability during excavation in saturated sand. Field
measurement of the pore-water pressure variation during diaphragm wall excavation were carried out. The
mechanism for the variation of pore-water pressure and its effect upon the factor of safety for trench wall sta-

bility is quantitively evaluated using the limit equilibrium method. The results obtained from this study will be
introduced into the control for the trench wall stability during excavation.

1 INTRODUCTION

Diaphragm wall, which is very stiff and can be con-
structed with low noise and vibration, is used for
various purposes, including as a retaining wall or
cut-off wall for open-cut excavations, or as a foun-
dation for superstructures. In particular, with the in-
crease in the scales and depths of such projects as
the improvement of sewer facilities and construction
of artificial underground rivers in urban areas, the
use of diaphragm walls as retaining structures is in-
creasing.
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Figute 1. Profile of the ground and soil parameters.
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Diaphragm wall is constructed while keeping a
trench filled with slurry with a relative density large
enough to withstand earth and water pressures that
may cause a collapse of trench surfaces. This means
that retaining the stability of the trench surfaces by
slurry is an important factor. Once the trench sur-
faces collapse, this collapse may cause not only the
need for filling and re-excavation, but also problems
such as settlement of the ground in the vicinity and
adverse effects on subsequent construction activity,
depending on the extent of the collapse. Therefore,
the utmost attention is required during the construc-
tion of this type of structure.

Focusing on excess pore-water pressure occurring
in nearby ground during the excavation of dia-
phragm walls in sandv soil at a construction site, the
authors measured this pressure and quantitatively
evaluated its effects on the stability of trench sur-
faces.

2 MEASUREMENT OF GROUND BEHAVIOR
DURING DIAPHRAGM WALL EXCAVATION

2.1 Outline of measurement

The profile of the ground in which the diaphragm
wall was driven is shown in Figure 1. As shown in
the figure. the ground typically consists of alternat-
ing layers of sandy soil and clay. The clay forms
solid layers and is not considered to affect the stabil-
ity of the trench surfaces. This indicates that the sta-
bility of the sandy soil layers is an important factor
during diaphragm wall construction. The authors
therefore focused on the pore-water pressures in the
sandy soil layers and installed pore-water pressure



transducers in a boring hole at three different depths:
GL-25 m, -36 m, and -56 m (Fig. 1). Five diaphragm
wall elements bordering the transducers were select-
ed for measurement during construction. The layout
of the five elements is shown in Figure 2.

When the excavation depths of the five elements
neared the elevations of the transducers, the pore-
water pressures were automatically measured at in-
tervals from 2 to 10 seconds: the water pressure data
were automatically recorded together with excavator
data (e.g. depth, location, and torque of the cutter)
obtained using the excavation accuracy control sys-
tem developed by Nishimatsu Construction Co., Ltd.
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Figure 2. Layout of the measured elements.
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Figure 3. Pore-water pressure and culter depth when the § 2 element was excavaled (GL-25m) .

2.2 Measurement results

Excavation of the five elements started with § 12,
followed by in the orderof $1,52,K 1,and K 2, in
order ,and the changes in the pore-water pressures in
the five elements were measured at three different
depths.

Representative measurement results are given in
Figure 3 . Table 1 shows the maximum pore pressure
for each element during excavation derived from the
results in Figure 3. Table 2 shows the cutter depth at
the time when the maximum pore-water pressure oc-
curred, and Table 3 the cutter depth at the time when
the pore-water pressure began to increase.

Table |, Maximum pore pressure (MN/m?) .

Elemeni

NO. GL-25m GL-36m GL-36m
512 21 290 456
| 4 286 458
I .309 AG68
2 250 462
) . L287 460
Initial value 189 257 450
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Figure 4 is a conceptual depiction of the relation-
ship between the cutter depths and pore-water pres-
sures, with the left vertical axis showing the cutter
depths (depths of the ground being excavated meas-
ured from the ground surface), the right vertical axis
showing the measurements of pore-water pressures,
and the horizontal axis showing time. As shown in
this figure, the pore-water pressure starts to increase
when the cutter arrives at the upper boundary (point
A) of the previous layer (sandy soil layer) in which
the pore-water pressure transducer is provided and
reaches its maximum value (point B) with excava-
tion progress. After passing this point, however, this
pressure starts to decrease in spite of the continua-

Table 2 Cutter depth with time and the maximum pore-
waler pressure (m) .

Element

No. GL-25m Gl-3om GL-56m
HH -23.000 -33.500 56,500
Kl =23.000 -13.810 -53.200
S1 -22.850 -33.280 -54.100
K2 23,240 -33.300 -54.000
52 -23.020 -33.980 -51.300

tion of excavation, coming close to the initial value.
The discontinuity in the curve for the cutter depths
corresponds to the period during which the dia-
phragm wall excavator is left idle for measuring the
excavation accuracy and the machinery adjustment.

2.3 Discussion

Analysis of the relationship between the measure-
ment data and the locations of the cutter and the
pore-water pressure transducers revealed the fol-
lowing:

1. As shown in Figure 5, the pore-water pressure
recorded by the transducer at GL-25 m started to in-
crease when the cutter neared the upper boundary
surface (at a depth of approximately GL-20 m) of the
sandy soil layer in which the transducer was pro-
vided. The pore-water pressure in sandy soil layers
with a high permeability is sensitive to disturbance
and increases as diaphragm wall excavation pro-
gresses.

Table 3 Cutter depth at the time when the pore-water pres-
sure begins to increase.

Element
M Gi-25m GL-36m GL-56m
512 -22.100 -32.600 51
[N] -22.100 -32.600
51 =22 100 -32.600
K2 -22.000 -12.600
52 -21.800 =32, i pe

pres- —p
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Figure 4, Schematic diagram of the relationship between
the cutter depths and pore-water pressures.

2. As shown in Table 3, the pore-water pressure
recorded by the transducer installed at GL-36 m
began to increase when the cutter reached a depth of
32.6 m from the ground surface. This depth corre-
sponds to the elevation of the upper surface of a san-
dy soil layer detected by a boring test. This means
that this layer is also sensitive to disturbance and, in
fact, increases in the pore-water pressure due to ex-
cavation were observed. As excavation proceeded
further, the pore-water pressure showed an abrupt
increase,but sharply decreased after reaching its
maximum value with a larger gradient than that re-
corded by the transducer at a depth of GL-25 m.
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Figure 5. Cutter depth when the maximum pore-water
pressure occur.

3. Changes in the pore-water pressures observed
by the transducer at a depth of GL-56 m were less
than those observed by the other two transducers.
Some curves for the changes in pore-water pressures
did not show a distinct peak value. Although the
layer at this depth is composed primarily of sandy
soil, the description for the boring test states that it
contains some consolidated clay, indicating that in-
creases in pore-water pressures are prevented by this
clay with a low permeability.

4. When the pore-water pressures measured by
the transducers at GL-25 m and GL-36 m reached
maximum values, the depth of the cutter was shal-
lower than the transducer's elevation.

The relationship between the maximum pore-
water pressure increment AUmax and the mechani-
cal properties of the nearby ground, as shown in Fig-
ure 6, was obtained by classification of the results of
measurement by the authors and by Hosoi et al. The
pore-water pressure increase ratio, calculated by di-
viding AUmax (maximum pore-water pressure in-
crement) by U (natural groundwater pressure), was
at maximum 0.2, and was found to be in good rela-
tion to the effective overburden pressure at that lo-
cation o’.In contrast, as shown in Figure 7, AUmax
was found to be approximately proportional to the
ratio of the excavation torque T to the square of the
distance from the cutter L’ where

AUmax: maximum pore-water pressure increment

T: Cutter torque

L: Horizontal distance between the center of the
trench and the pore-water pressure transducer

Furthermore, if the effects due to the type of the
soil are taken into consideration together with the
permeability coefficient k, which is considered to af-
fect the pore-water pressure increase rate, the fol-
lowing equation can be obtained (Fig. 8):

AUmax = 0.0106 (T/kL?) + 1.55 (8]

The increase in the pore-water pressure calculated



using the differential pressure by the natural
groundwater level and the in-trench wall slurry level
is given in Table 4: as shown in this table, the
maximum pore-water pressure increase was ap-
proximately 70 % of the differential pressure.

3 EFFECTS OF THE PORE-WATER PRESSURE
INCREASE ON THE STABILITY OF TRENCH
WALL SURFACES

3.1 Evaluation of partial stability

Pore-water pressures near the bottom of trench sur-
faces tend to increase during diaphragm wall exca-
vation. In this section, the effects of the pore-water
pressure increase on the stability of trench surfaces
are discussed.

The factors affecting the stability of trench sur-
faces are complicated. Previous studies indicate that
the following are important factors:

1) Soil characteristics

2) Groundwater level

3) Diaphragm wall profile (e.g. thickness, width, and
element shape)

4) Characteristics of stabilizing slurry

5) Surcharge load on ground surface

6) Duration of work interruption

Taking into consideration these factors, along
with the records on trench-surface collapses and the
results of model tests and analyses previously con-
ducted, many methods for predicting trench surface
stability have been proposed (Uchida & Mizutani,
1971), (Kanaya & Akino, 1984), (Yoshida, 1985),
(Piaskowski & Kowalewski, 1965), (Higuchi et al.,
1994). Each of these methods evaluates the stability
based on the mechanical equilibrium of a large soil
mass whose slip surface extends up to the ground
surface, but does not take into consideration the par-
tial increase in pore-water pressures mentioned in
the former section. In actual construction, partial
flaking of trench surfaces as well as collapse of the
soil block near the ground surface frequently oceurs,
In addition, records on some cases, in which the
trench surfaces of small-scale diaphragm wall foun-
dations have collapsed, show that excess pore-water
pressure can occur during excavation (Hosoi et al.,
1994a). These findings clearly indicate that factors
other than the above 1) to 6) such as changes in the
stresses acting on the nearby ground and trench sur-
faces during excavation could adversely affect the
stability of trench surfaces.

Excess pore-water pressures occur only near the
bottom of trench-wall surfaces. This means that the
increase in pore-water pressures affects the stability
of only trench surfaces near the bottom of the dia-
phragm wall. To evaluate the stability of such a par-
tial area, Hosoi et al (Hosoi et al., 1994b) have pro-

742

posed equation (2), which is based on the

s mechanical equilibrium of a wedge-shaped sliding
02 . soil block.

50,:5 {(W+Aub)c059 —+Msin —&uL}lau¢ el
g (W Aub)sin @ —Mcos 6
= 0
= 2)

005 where,

Fs: factor of safety
0 W: weight of sliding soil block (= 1/2bh¥')
02 03 04 05 08 Au: excess pore-water

Overburden prossure 0" (MN/m2) M: resultant of differential pressure between sta-
bilizing slurry pressure and groundwater pressure
(= differential pressure Ap x h)

¢: angle of the shearing resistance of soil

Figure 6. Relationship between the pore-water pressure in-
crease ratio and the effective overburden pressure.

006

P —— ¢: cohesion of soil
005 o .7+ OLo26m ¥': unit weight of submerged soil
=3 e i b, h: width and height of the sliding soil block
" E 004 . :HGLW":B'L ’ L, 8: length and angle of the slip surface
éxum 2 ._'A' enins
£ s — Although equation (2) is a simplified formula and
a . s does not take into consideration the resistance on the
001 // sides of the sliding soil block, a trial calculation by
' this equation using the dimensions of the partial
o 5 i | collapse of the trench surfaces of an actual dia-
0 0001 0002 0003 D004 0005 000G 0007 |

phragm wall give a factor of safety Fs smaller than
1.0, indicating the effectiveness of this equation.

The relationship between the angle of the shear-
ing resistance of soil ¢ and the height of a sliding
so0il block h was calculated using o (ratio of Ap (dif-

| TA2(MN-m/m"2}

Frgum 7 Ralnllnnsh!p ‘between the maximum pnre-waner.
pressure and the distance (1) .

ferential pressure between the stabilizing slurry pres-

o sure and groundwater pressure calculated by equa-
(& tion (2)) to Au (excess pore-water pressure)) as a
| Som parameter. In the calculation, the angle of the slip
| 2 oo surface 0 is assumed to be equal to the angle of ac-
| g tive collapse, i.e. 6 = 45° + §/2, and cohesion (c) and
| 5 002 the unit weight (y) of submerged soil were set to 0
o and 10 kN/m’, respectively. Figure 10 shows that
! ' although the factor of safety Fs increases with the

0

increase in the angle of the shearing resistance of
soil, Fs starts to decrease and the possibility of the
partial collapse of trench surfaces increases when the
water pressure ratio o exceeds approximately 0.6.
Figure 12 shows the relationship between the factor
of safety and the differential pressure for typical
sandy soil with a ¢ of 30°, when the sliding soil

Figure 8. R

; Sy
pressure and the distance 2.

Table 4. Maximum pore-water pressure increment

MM block height is 3.0 m. A similar tendency to that of
the measurement results in actual diaphragm walls is

ElE e ChAS) PULEsiTH oratin observed in this figure: i.e. where the excess pore-
Si2 021 0.033 006 water pressure increases to a value giving a water-

B -gf -gi: 008 pressure ratio o of approximately 0.7, the stability of

5] 029 033 o the trench surfaces cannot be assured unless the head

82 027 030 010 difference between the slurry and groundwater lev-

els is more than approximately 2 m,hThirsfafé:dinlg

Tial p = agrees with both the records on trench-su col-
i::lHI.IIE.;ﬁn:E% g:;:: :jj; E::;E lapse in actual construction projects and the results
@-0ra 0.041 0,083 0.090 of calculations regarding the stability of soil near the

A Umax, @~ @ 0.76 0.63 [F] ground surface, so this value (a head difference of 2

m) is used as the standard requirement for dia-
phragm wall excavation. At locations near the bot-
tom of the diaphragm wall, however, the water pres-
sure ratio could exceed 0.7, which makes the trench
surfaces susceptible to collapse. Figure 12 indicates
that where the head difference is more than 2.5 m,
the stability of a 3m-high soil block can be assured,
even if the water-pressure ratio o exceeds 0.8. On
the other hand, Figures 10 and 11 show that where
the water pressure ratio is more than 0.8, the factor
of safety is almost the same, regardless of the sliding
soil block height and the angle of shearing resis-
tance. These results suggest that a head difference of
approximately 2.5 m would suffice. However, a
margin of safety is necessary, since the slurry level
could decrease with excavation progress, and the
groundwater levels could fluctuate unless the slurry
is automatically replenished.
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Figure 9. Limit equilibrium for soil block,
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Figure 10. Evaluation of partial stability at the height of 3 m.
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Figure 11. Relationship between the differential pressure

and factor of safety.
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Figure 12, Head difference and the factor of safety of a par-
tial area.

4 CONCLUSION

In this study, excess pore-water pressures, which oc-
cur in nearby sandy soil layers during diaphragm
wall excavation using a horizontal multi-shaft exca-
vator, were measured, and the mechanism of pore-
water pressure increase and the partial stability of
trench surfaces were investigated. As a result, the
following findings were obtained:

1. With the progress of diaphragm wall excava-
tion, pore-water pressures in the ground near the
trench surfaces increase.

2. The increment in pore-water pressure in the
area 1.6 to 4.9 m from the center of the trench is at
maximum 70 % of the differential pressure between
the in-trench slurry pressure and groundwater pres-
sure.
3. The increment in pore-water pressures is a
closely related to the distance from the trench, the
torque of the excavation cutter, and the permeability
coefficient.

4. Although the partial stability of trench surfaces
decreases with increases in pore-water pressures, the
possibility of the slide of a soil block with a height
of less than 3 m decreases where the difference be-
tween the in-trench slurry level and the groundwater
level is maintained at more than 2.5 m.

The stability of trench surfaces is, in general,
evaluated using equilibrium equations for the com-
plete collapse of trench surfaces. However, when ar-
eas with a partial increase in pore-water pressures
appear near the bottom of trench surfaces, as de-
scribed in this paper, partial collapse can occur,
which can then cause progressive failure that will fi-
nally result in a large-scale slip. Therefore, when
diaphragm walls are constructed in ground contain-
ing sandy soil layers with a high groundwater level,
it is necessary not only to carefully monitor increases
in pore-water pressures, the duration of excavation,
and the level of in-trench slurry during excavation,
but also to consider the necessity of groundwater-
level reductions and ground stabilization.
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