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Abstract: The stability of the slurry trench is very important in the construction of the underground
diaphragm wall. In the current research, the local instability of the slurry trench is mainly investigated
after the excavation of a unit slot is completely completed. However, the local stability in the process
of excavation has received little attention. In this paper, the local stability in the process of excavation
located in high permeability strata of diaphragm wall construction is investigated. A slurry infiltration
experiment was carried out to investigate the distribution of the excess pore pressure in the high
permeability strata, which can determine the effective support pressure. Then, the local stability of
the slurry trench in the process of excavation located in high permeability saturated sand is calculated.
The results show that the same types of sand according to the design code cannot be simply treated
to have the same permeability and similar distribution of the excess pore pressure, since whether
the filter cake can be formed and the quality of the filter cake are the key factors to determine the
distribution of the excess pore pressure. This is also crucial for the local stability in the process of
excavation located in high permeability saturated sand. It is suggested that attention should be paid
to the local stability in the process of excavation located in high permeability strata when the slurry
infiltration mode is the pure permeable zone.

Keywords: diaphragm wall construction; slurry trench; laboratory tests; effective support pressure;
local stability; trench excavation

1. Introduction

Slurry trenches are widely used during the excavation of diaphragm wall construction,
and a large deformation or even collapse may occur if the slurry has a poor supporting
effect for the trench walls. The stability of the slurry trench can be divided into global
stability and local stability [1]. Thus far, the existing research mainly focuses on the global
stability of the slurry trench [2-5]. Unlike global stability, the local instability induced by
the falloff of the unstable soil is invisible, making it difficult to master the mechanism of
the local instability, which easily causes the occurrence of the local instability in practice.

Many local stability models of the slurry trench have been proposed. Han [6] proposed
a 2D rational continuous velocity field for the local instability in pure cohesive soil. Then,
An [7] analyzed the local stability of the slurry trench by the limit equilibrium method.
In addition, Liu [8] adopted a new mechanism called the three-dimensional translational
mechanism to analyze the local stability of the slurry trench, with the effect of seepage
being accounted for in the mechanism. In these local stability models of the slurry trench,
the safety factor calculated by these models has only one value; this value represents the
safety factor of the local instability for the whole weak interlayer after excavation of a unit
slot is completely completed. In practical engineering, the staggered-excavation method is
adopted in the excavation of the diaphragm wall construction, the trench excavation is a
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gradual and time-dependent process, and the local instability does not only occur when the
entire weak interlayer in a unit slot is completely exposed, but the local instability may also
occur in the process of excavation located in the weak interlayer. However, little attention
has been paid to the local stability of the slurry trench in the process of excavation located
in the weak interlayer.

In the process of excavation located in the weak interlayer, the grab digs out a certain
depth of soil in each excavation operation, slurry starts to infiltrate into the strata which are
exposed after an excavation operation to replace the pore groundwater. Then, the excess
pore pressure ahead of the excavation face increases, which lowers the effective pressure in
the soil [9,10]. The effective support pressure is very important for the local stability of the
slurry trench. It should be noted that this support pressure refers to the support pressure
acting on the unstable body, rather than the pressure difference between the slurry and
groundwater [11]. The effective support pressure should be focused on studying the local
stability of the slurry trench in the process of excavation located in the weak interlayer.
Different slurry infiltration phenomena appear in different strata, which results in different
distributions of the excess pore pressure. Then, the distributions of the excess pore pressure
greatly influence effective support pressure. Muller-Kirchenbauer [12] roughly classified
the slurry infiltration phenomenon into three categories: L. If the pores in the sandy strata
are too small, a dense filter cake is rapidly formed on the trench walls, and the effective
support pressure grows to a high value [13]. II. If the pores are too large, the bentonite
particles cannot effectively fill the pores of the sandy strata, and slurry flows through the
sandy strata like clear water. IIL. If, between the above two strata, some bentonite particles
are intercepted and deposited in pores of the sandy strata, slurry stops infiltrating when it
infiltrates a certain distance. For infiltration phenomenon I, the support pressure almost
acts around the excavation surface, and the probability of local instability is small. The
strata corresponding to infiltration phenomenon II and III are both the high permeability
strata, but for infiltration phenomenon II, the strata cannot be filled with bentonite particles,
the distribution of the excess pore pressure is similar to that of pure water infiltration and
the calculation of the safety factor for the local stability is simple. Thus, only the local
stability of slurry infiltration phenomenon III is investigated in this study.

The aim of the present study is to investigate the local stability in the process of
excavation located in high permeability saturated sand of diaphragm wall construction.
To calculate the safety factor of the local stability, the effective support pressure must
be obtained. In this study, a slurry infiltration experiment was carried out to obtain the
distribution of excess pore pressure. Then, the effective support pressure can be obtained.
In addition, Tao [14] indicated that the initial hydraulic gradient has a great influence on the
infiltration characteristics of the slurry. Thus, to ensure the data obtained from the slurry
infiltration experiment is more suitable for practical engineering, a numerical simulation
was carried out to investigate the initial hydraulic gradient in the process of excavation
before the slurry infiltration experiment. Finally, the safety factors for the local stability in
the process of excavation located in high permeability were calculated.

2. Numerical Analysis for the Initial Hydraulic Filed Located in Sandy Stratum

Although the initial hydraulic gradient was investigated by Tao [15], it was based on
the actual working conditions of the slurry shield tunnel, and the initial hydraulic gradient
adopted in the experiment was obtained from the analytical solution of the hydraulic
field. The hydraulic field ahead of the excavation face develops continuously during the
excavation of a diaphragm wall construction until the slurry stops infiltrating. Therefore,
the initial hydraulic gradient of the slurry infiltration under the condition of a diaphragm
wall should be considered based on the transient field, and the 3D finite element method
based on the COMSOL platform was adopted to carry out the initial hydraulic field ahead
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of the excavation face. The prediction of the initial hydraulic field ahead of the excavation
face is based on the basic differential equation for transient flow, written as:

a(k;ELj) N a(k;y%) N a(k;:g) ) Ss%—If, o

where H is the piezometric head in the aquifer, Ss is the coefficient of specific storage, and k
is the permeability coefficient. Because the compressibility of water is much smaller than
that of soil, the compressibility of water is ignored, and only the elastic compression of soil
is considered in this simulation.

Figure 1 presents a half numerical model of the diaphragm wall construction where 3 m
thick sandy strata are covered by Dm thick clay stratum with very low permeability. The
dimensions of the model are 30 m x 40 m x (D + 3) m in the transversal, longitudinal and
vertical directions, respectively, which are large enough to avoid the influence of the boundary
effects on the distribution of the hydraulic field. Considering the working condition of the
jump-excavation method, it is approximately considered thata3m x 0.5m x (D + 0.7) m
cuboid located in the weak interlayer can be excavated in an excavation operation, and a
piezometric head fy that increases along the depth direction is prescribed to the excavation
face. Furthermore, it is assumed that the groundwater level is 2 m below the ground, the

slurry surface is parallel to the ground all the time, and the bottom surface is impermeable
in this simulation.
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Figure 1. Numerical model of the trench excavation of a diaphragm wall in COMSOL.

According to the infiltration model proposed by Saada [16], the bentonite-water
slurry can be regarded as a mixture of the bentonite particles and water during the slurry
infiltration. Sand, which is regarded as a typical porous medium, has adsorption and
interception effects on the bentonite particles. In addition, the captured bentonite particles
remain in the pores of the sand, which in turn affects the slurry infiltration. In this numerical
simulation, in a very short time, it can be assumed that the bentonite particles cannot
effectively fill the strata, and only pure water infiltrates into the strata. Thus, the hydraulic
field of the pure water at 0.5 s is regarded as the initial hydraulic field.

In this numerical simulation, the thickness of clay strata D covering sandy soil is
10 m, 20 m, and 30 m. The weight of the slurry increases with the slot depth. In addition,
the properties of clay strata and sandy strata of different particle sizes adopted in the
simulation are listed in Table 1. Two fractions and three slot depths were chosen to simulate
a real trench excavation. It resulted in six combinations (Table 2).
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Table 1. Properties of clay and sand used in the simulation.
. . . . Intrinsic Bulk Modulus
Type of Soil Particle Size (mm) Porosity Permeability (m?) (MPa)
Sand I 0.25-0.5 0.35 7.7 x 10711 40
Sand II 0.5-1 0.45 1.5 x 10710 40
Clay - 0.5 1x1071 10
Table 2. Simulation program.
Type of Soil Particle Size (mm) Slot Depth (m) Slu(li(rl)\f]/\;\’ngl)ght No. of Simulation
10 10.5 la
Sand I 0.25-0.50 20 11.0 1b
30 11.5 1c
10 10.5 2a
Sand I 0.5-1.0 20 11.0 2b
30 11.5 2c

In Figure 2, the contour of the initial hydraulic field for the center ring of the excavation
face in sandy stratum under the different conditions is represented, AH represents the
hydraulic head of excess pore pressure, and iy represents the initial hydraulic gradient,
which is calculated by the initial hydraulic field. The initial hydraulic field ahead of the
excavation face gradually slows down as the distance increases, and the initial hydraulic
gradient for slurry infiltration is approximated by calculating the initial hydraulic field in
the zone within 20 cm perpendicular to the excavation face in this simulation. Through
calculation, the initial hydraulic gradient under each working condition is roughly in
the range of 1.5-6, which is much smaller than that in the traditional slurry infiltration
experiment. Compared with the initial hydraulic gradient calculated by Tao’s analytical
solution, the initial hydraulic gradient is similar to those obtained by numerical simulation
in this study. Although the initial hydraulic gradient calculated by Tao [15] is obtained based
on the working condition of the slurry shield, the slurry infiltration phenomenon is similar
to the trench excavation. In addition, the influence of different geological conditions and
total slurry pressure on the initial hydraulic gradient can be considered in the numerical
simulation. The initial hydraulic gradient increases with the increase of the pressure
difference between slurry and hydrostatic water, and it decreases when the particle size of
the sand becomes larger. In addition, the maximum initial hydraulic gradient in simulation
No.1c is around 5.65, the minimum initial hydraulic gradient in simulation No.2a is around
1.62, and the maximum difference of initial hydraulic gradient can reach around 3.5 times.
This has a great influence on the infiltration characteristics of slurry. Therefore, to obtain
the experimental data closer to the actual working conditions, the corresponding initial
hydraulic gradient should be adopted in the experiment.
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Figure 2. Contour of the initial hydraulic field.

3. Experimental Study for the Distribution of Excess Pore Pressure When the Slurry
Infiltrates in the High Permeability Saturated Sand

3.1. Set-Up

Based on the numerical simulation results from Chapter 2, the initial hydraulic gra-
dient at the center of the tunnel face is different for different conditions of the trench
excavation. To adopt a comparable hydraulic gradient in the laboratory test as in the
field, the penetration path of the device should be set to match the corresponding initial
hydraulic gradient, the initial hydraulic gradient over the sand is iy = A¢/Ls (the difference
in piezometric head over the sand is A¢, the equivalent length of the penetration path
is Ls), and the particle size distribution of the experimental sand is between 0.5-1.0 mm.
According to the results of the initial hydraulic gradient in Chapter 2, the equivalent length
of the penetration path should be set at 1.7 m. As shown in Figure 3, referring to the
set-up modified by Tao [17] in the experiment of slurry infiltration, a small poly (methyl
methacrylate) (PMMA) cylinder was placed in the bottom of a large PMMA cylinder in
the experiment of slurry infiltration, and the equivalent length of the penetration path is
calculated based on the Equation (2), written as:

Di\> Di® D

Ls _L51+L52<D1> _~_71_71, 2)
2

where L; and L, are the heights of sand in the large cylinder and the small cylinder, respectively;

Dj and D; are the inner diameter of the large cylinder and the small cylinder, respectively. Ls is

the equivalent length of a homogeneous sand column with the same flow resistance.
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Figure 3. Device for of pressure infiltration of bentonite slurry.

The amount of discharged water was measured continuously with an electronic
balance, and the infiltration distance of the slurry was calculated by Equation (3) [18],
written as: V(o)

t
=, ®)
max

where e(t) = time-dependent infiltration distance (m); e,y = final penetration depth (m);
V(t) = time-dependent volume of discharged fluid (m3); and V,,ux = final volume of the
discharged fluid (m3).

The infiltration distance and the amount of discharged water observed in the experi-
ment also verify the correctness of Equation (3). During the experiment of slurry infiltration,
all data were measured with a frequency of 1 Hz. Three pore water pressure transducers
(PPTs) with a pressure range of 0-100 kPa were installed in the taps on the cylinder to
measure the pore water pressure in the slurry and the sand. The PPT labeled k; was set at
the slurry-sand interface to measure the slurry pressure. In addition, the PPTs labeled k;
and k3 were positioned at 10 cm and 40 cm below the slurry-sand interface, respectively.

e(t) = emax-

3.2. Experimental Procedure

A new type of composite sodium-based bentonite used in Shanghai in the construction
of the underground diaphragm wall is adopted, which comprises water and pure alkali as
the main materials for slurry preparation. The bentonite, the water, and the pure alkali were
mixed in the desired proportions for 10 mins; then, the mixture was allowed to hydrate
further for 24 h in accordance with API [19], and it was mixed for 5 mins again just before
use. In addition, the properties of fresh slurry are presented in Table 3. The characteristic
of the slurry used in this experiment meets the European Standard EN-1538 [20]. The
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grain size distribution of bentonite used for the slurry is shown in Figure 4. According to
Code for Investigation of Geotechnical Engineering [21], the mass of particles that is larger
than 0.5 mm is more than 50% of the total mass, which is called the coarse sand and is a
highly permeable stratum. In addition, because only the local stability of slurry infiltration
phenomenon III, which is mentioned in the Introduction section, is investigated in this study,
the particle size of the sand should not be too large. The particle size of the sand used in the
experiment is between 0.5 mm-1.0 mm. The sand was compacted in the PMMA cylinders by
tamping the saturated sand under water with a wire mesh covered by a filter cloth. The filter
cloth on the wire mesh allowed water flow but blocked the sand grains. A relative density of
approximately 90% was reached at which the porosity of the sand was 0.40.

Table 3. Fresh slurry properties in the tests.

Bentonite Concentration (g/L)

Pure Alkali

. 3 . . .
Concentration (%) Density (g/cm?) Marsh Time (s) Soviet Time (s) PH

40

4 1.04 39 30 9.5

100

B N e
] o o

Percent passing: %

B
o

10° 10" 10° 10°
Grain size: um

Figure 4. Grain size distribution of fresh slurry.

At the start of the experiment, the slurry was pressured with a predetermined value of
air pressure. The infiltration started as the valve at the bottom was opened immediately
after applying pressure. When the slurry basically did not infiltrate into the strata, the valve
was closed and the air pressure was released, and the discharged water and excess pore
pressure were automatically recorded. Repeating the experiment, the data under different
conditions were recorded separately.

The experimental program (Table 4) was designed to investigate the distribution of
excess pore pressure when the slurry infiltrates into the high permeability saturated sand.
Although the particle size of the sand used in the experiment is between 0.5 mm-1.0 mm,
two distinct distributions of excess pore pressure field occur in the experiment. When the
first distribution of the excess pore pressure occurs, it can be observed in this experiment
that no filter cake formed on the slurry-sand interface. However, the slurry—sand interface
is covered by the filter cake in the experiment when the second distribution of the excess
pore pressure occurs. Thus, the slurry infiltration mode of the first distribution is called the
“pure permeable zone”, and the slurry infiltration mode of the second distribution is called



Appl. Mech. 2022, 3

1261

“filter cake + permeable zone” in this study. The possible reason for this is that, although the
samples are in the same particle size range, the overall particle size of some samples is smaller
and the overall particle size of other samples is larger. One slurry concentration, two slurry
infiltration modes, and three levels of injection pressure were chosen in the experiments.

Table 4. Experimental program.

Slurry Slurry Infiltration Mode Injection Pressure (kPa) No. of Experiment
10 la
Pure permeable zone 25 1b
o 50 1c
B1, 4% 10 2a
Filter cake + permeable zone 25 2b
50 2c

3.3. Results and Discussion

The conversion rate of water head is defined to study the development of excess pore

pressure field in the sand, written as:

w:Hs*HO*He, (4)

Hs; — Hy

where w is the conversion rate of water head (%), H; is slurry head (m); Hy = hydrostatic
head (m); and H, = pore excess water head (m). The conversion rate of water head in the
0-10 cm zone behind the excavation face is expressed as wg_19 and the conversion rate of
the water head in the 10-40 cm zone behind the excavation face is expressed as wig—_49 in
the following text.

Figures 5 and 6 show the development of wy_19 and wip_49, respectively. As shown
in Figure 5, for the first infiltration mode—"pure permeable zone”, wy_19 continuously
increases in the initial stage of infiltration, then it has a continuous slow decline and
eventually stabilizes after reaching a turning point. With the increase of injection pressure,
the turning point appears faster and wy_1q at the turning point is lower. In fact, the turning
point is essentially the sign that the slurry infiltration reaches 10 cm behind the excavation
face. With the increase of the injection pressure, the slurry takes less time to reach 10 cm
behind the excavation face, and the slurry filling effect is reduced in the zone of 0-10 cm.
For the second infiltration mode—*filter cake + permeable zone”, the turning point is still
the sign that the slurry infiltration reaches 10 cm behind the excavation face, but wy_1g
experiences a short period of slight attenuation after rising to the turning point and then
continues to rise to a high value when the injection pressure is 25 kPa or 50 kPa. In addition,
with the increase of the injection pressure, the maximum value of wg_1g is higher and the
maximum value of wy_1o appears in a shorter time. However, when the injection pressure
is 10 kPa, no obvious rising turning point appears, and wg_1¢ cannot reach a high value.
The reasons for these phenomena are that the filter cake begins to form on the slurry-sand
interface when the pores around the slurry—sand interface drop to a certain extent, then
a large amount of excess pore pressure is concentrated in the filter cake. However, when
the injection pressure is 10 kPa, too low injection pressure cannot form a dense filter cake.
Only a small fraction of the excess pore pressure is concentrated in the filter cake, so wg_19
does not significantly increase.
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Figure 5. Development of wy_1g against time.
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Figure 6. Development of wjg_40 against time.

As shown in Figure 6, for the first infiltration mode, “pure permeable zone”, wip_49
increases to a certain extent and remains stable when the injection pressure is 10 kPa or
25 kPa, and with the increase of injection pressure, the final stable value of wjg_4 is higher.
However, when the injection pressure is 50 kPa, a slight attenuation occurs after rising
to a turning point. The reason for this phenomenon is that, with the increase of injection
pressure, the final slurry infiltration distance is further. When the injection pressure is
10 kPa or 25 kPa, the final slurry infiltration distance is less than 40 cm or around 40 cm,
so the final stable value of wip_49 is higher when the final slurry infiltration distance is
further. However, the final slurry infiltration distance is 65 cm when the injection pressure
is 50 kPa, and the infiltrated zone after 40 cm occupies part of the excess pore pressure,
which results in a slight drop of wjg_49 after rising to a turning point. For the second
infiltration mode, “filter cake + permeable zone”, wjg_49 drops to a very low value after
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rising to a turning point when the injection pressure is 25 kPa or 50 kPa. However, when
the injection pressure is 10 kPa, wyg_49 increases slowly until it stabilizes. The essential
reason for this phenomenon is that the formation of filter cake leads to the redistribution of
excess pore pressure, the dense filter cake can occupy most of the excess pore pressure, but
the evacuated filter cake can only occupy a small part of the excess pore pressure.

The development curves of wy_19 and wig_4p further prove the correctness of dividing
the two infiltration modes into the “pure permeable zone” and “filter cake + permeable
zone”. According to Talmon’s study [22], there is an undrained behavior in the slurry
during mud spurt and a drained behavior during external cake formation. The transition is
determined by the Peclet number (P,), which they define for this situation as:

Pe: s (5)

where v}, is the pore fluid velocity; d is the hydraulic pore diameter; and ¢, is the console-
dation coefficient of the bentonite slurry. However, the formation of filter cake also has its
prerequisites. Mao [23] indicated that the filter cake can only be formed on the surface of
the excavation face after the porosity around the excavation face decreases to a limit value.
For the first infiltration mode, "pure permeable zone”, as the slurry infiltrates into the
saturated sand, small pores in the infiltrated sand are effectively filled with the bentonite
while the large pores cannot be effectively filled, so the permeability coefficient of the
infiltrated sand drops to a fixed value and stabilizes. With the increase of slurry infiltration
distance, the flow resistance of the sand constantly increases and slurry infiltration speed
constantly decreases, but the porosity around the excavation face is still too large to form
the filter cake. Eventually, a stable pure permeable zone is formed, and the conversion
rate of the water head is closely related to the zone infiltrated by the slurry, part of the
excess pore pressure between the slurry and the hydrostatic water is evenly distributed in
the infiltrated zone, and the other part is distributed in the zone which is not infiltrated
by the slurry. However, for the second infiltration mode, “filter cake + permeable zone”,
some large pores can be filled while the small pores in the strata are filled, but the filter
cake dost not start to form on the slurry-sand interface in the initial stage of infiltration, so
in the initial stage of infiltration, the distribution of the excess pore pressure is similar to
that of the first infiltration mode. With the slurry infiltration, the filter cake begins to form
when the Peclet number reaches a critical value, and the excess pore pressure gradually
accumulates around the slurry—sand interface. When the filter cake is completely formed,
the wyg_49 can reach nearly 90%, and the conversion rate of the zone which has not been
infiltrated and has been infiltrated by slurry is very small. Comparing these two infiltration
modes, it should be noted that, although the strata used in the experiment belong to the
same type of sand according to Code for Investigation of Geotechnical Engineering, the
distribution of excess pore pressure field is very different. Therefore, the same types of
sand according to the Code for Investigation of Geotechnical Engineering cannot be simply
treated to have the same permeability and the similar distribution of excess pore pressure,
since whether the filter cake can be formed and the quality of the filter cake are the key
factors to determine the distribution of the excess pore water pressure.

4. Local Stability of the Trench Walls in the Process of Excavation Located in High
Permeability Saturated Sand

When the underground continuous wall is constructed, the underground continuous
wall is divided into several construction units of a certain length along the length direction
of the wall in advance, and each construction unit is called the unit slot. In addition, in
one unit slot, the jump-excavation method generally is adopted. As shown in Figure 7, a
unit slot is divided into three grabs for the excavation. One excavation operation only can
grasp a certain depth of soil in one grab, and the strata in Grab III begin to be excavated
after the strata in Grab II and Grab I have been completely excavated to the bottom. The
local instability generally exists in the following three cases: Casel: After a unit slot has
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been completely excavated to the bottom, the local instability occurs in the whole weak
interlayer due to the long shelving time. Case2: In the process of excavation located in
Grab II or Grab III, the local instability in the whole weak interlayer occurs in Grab I due to
construction disturbance. Case3: The local instability occurs in the process of excavation
located in the weak interlayer for the single grab. In addition, this paper mainly studied
the local instability of Case3.

<Grab| ~» .| Grab ID

E e

LIRS

Figure 7. Jump-excavation method during the trench excavation.

4.1. Local Instability Model

As shown in Figure 8, a three-dimensional wedge-shaped model was constructed to
analyze the local stability of the slurry trench. The height, width, and failure angle of the
instability wedge ABCDEF is dy, [1 and 6, respectively, d; represents the thickness of the
superstratum, and /y represents the width of the slot. The force diagram of the unstable
wedge is also shown in Figure 8, including the self-weight G of the unstable wedge, the
effective support force P, the overburden Q from the superstratum, the lateral friction force
T, and the slope friction force R.

4.2. The Calculation of Safety Factor for the Local Stability

The conventional local stability model of the slurry trench is generally adopted for
calculation under Casel. Under this condition, the unstable body is regarded as the whole
weak interlayer, the height of the instability body is the height of the entire weak interlayer,
the width of the instability body is the width of the unit slot, and the slurry infiltration
reaches a steady state because the slurry has infiltrated for a long time. However, in Case3,
the width of the instability body is the width of a grab, and the height of the unstable body
depends on the excavation depth of the grab in the weak interlayer. In this paper, only
the depth of one excavation operation is considered. In addition, it should be noted that
the slurry infiltration is not a steady state because the slurry just begins to infiltrate into
the stratum after one excavation operation. In this calculation, the value of the effective
support pressure was based on the experimental results of the third chapter, although the
penetration path in the experiment is a fixed value of 1.7 m, which is different from the
semi-infinite boundary in practical engineering. It can be found in the experiment that
most of the excess pore pressure is concentrated in the zone infiltrated by the slurry, and,
through numerical simulation analysis [9], the influence range of excess pore pressure is
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only within a certain range ahead of the excavation surface, and the proportion of excess
pore pressure decreases with increasing distance from the excavation face. Therefore, it is
approximately considered that the excess pore pressure field obtained in the experiment is
the real excess pore pressure field.

Zi

A B Ground
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Figure 8. The local failure model of the slot at the diaphragm wall.

According to the construction conditions of the jump-excavation method, it is assumed
that the depth, width, and failure angle of one excavation is 0.7 m, 3 m, and (45 + ¢/2)°
(¢ represents the friction angle of sand), respectively. Because a precipitation treatment
is generally adopted before the slot is excavated, the groundwater level is assumed to be
2 m below the ground. Too low injection pressure generally cannot occur, so the injection
pressure 10 kPa in the experiment is not considered, and the rest of the injection pressure
corresponds to the slot depth. In addition, the unit weight of the soil above the groundwater
level is 18 kN/m?, and the effective unit weight of the saturated soil below the groundwater
level is 10 kN /m?3. Three slurry infiltration modes and two slot depths were chosen in the
calculations presented in Table 5.

Table 5. Calculation program.

Slurry Infiltration Mode Slot Depth (m) Pressure (kPa) No. of Calculation
I: Method without considering the time 10 25 la
effect and pressure reduction 30 50 1b
II: Filter cake + permeable zone 10 » 2a
' P 30 50 2b
) 10 25 3a
III: Pure permeable zone 30 50 3b

The sensitivity analysis of the local stability in the process of excavation located in high
permeability saturated sand to the ground overload and friction angle of the sand when
the slurry infiltration is approximately stable is presented in Figures 9 and 10. As shown in
Figures 9 and 10, the safety factor for the local stability decreases with the increase of the
ground overload and decrease of the friction angle for three slurry infiltration modes, and
the influence of ground overload on the safety factor for the local stability located in the
shallow strata is more obvious. Compared with the slurry infiltration mode I, which does
not consider the reduction of the support pressure, different degrees of support pressure
reduction occur for slurry infiltration modes II and III. In addition, for the slurry infiltration
mode II, the value of the support pressure reduction is smaller than that for the slurry
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infiltration mode III, and no matter how the ground overload, slot depth, and friction
angle are changed, the safety factor for the local stability can remain above 1.1, and the
safety factor for the local stability located in the deep strata is larger than that located in
the shallow strata. However, for the slurry infiltration mode III, no matter how the ground
overload, slot depth, and friction angle are changed, the safety factor for the local stability
always remains below 1, and the safety factor of the local stability located in the shallow
strata is larger than that located in the deep strata. The reason for this phenomenon is that,
for slurry infiltration modes II, according to the distribution of excess pore pressure from
the experiment, the excess pore pressure is mainly concentrated on the filter cake, so most
of the support pressure can be converted into the effective support pressure, which acts
on the unstable body, but for the slurry infiltration mode III, the excess pore pressure is
mainly distributed in the infiltrated zone and the zone which has not been infiltrated. If the
support pressure exceeds the range of the instability body, it will fail, so only part of the
support pressure can be converted into the effective support pressure.
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Figure 9. Relationship between the safe factor of local stability and ground overload.
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Figure 10. Relationship between the safe factor of local stability and friction angle of sand.

Figure 11 shows the safety factor for local stability in the process of excavation located
in high permeability saturated sand against time for the slurry infiltration modes II and III.
In this calculation, it is assumed that the friction angle of the sand is 30° and the ground
overload is 20 kPa. As shown in Figure 11, the safety factor for local stability during the
excavation is not a fixed value, it is a time-dependent value, and, for the slurry infiltration
mode II, the safety factor increases with the slurry infiltration, and the safety factor can
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reach 1 around 10 s. Then, with the gradual formation of the filter cake, the safety factor
will continue to increase to a higher value. However, for the slurry infiltration mode III, the
safety factor also increases with the slurry infiltration, but the maximum value to which
the safety factor can increase is less than 1 because no filter cake can be formed on the
excavation face.
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Figure 11. Safety factor for the local stability against time.

Through the above calculation, the internal friction angle of sand, overload, and
slot depth also affect the safety factor, but the formation of the filter cake for the slurry
infiltration mode is most important for the local stability in the process of excavation
located in high permeability saturated sand of diaphragm wall construction. For the slurry
infiltration mode II, the filter cake can be formed on the trench walls, and the local stability
of the slurry trench in the process of the excavation located in high permeable strata can
be guaranteed. However, if the slurry infiltration mode III is encountered in the process
of the excavation located in high permeable strata, the wedge-shaped unstable body of
each excavation step in the whole weak interlayer will be accompanied by the risk of
local instability, and the accumulation of these small local instabilities may eventually lead
to a wider range of local instability in the weak interlayer. In the actual underground
continuous wall project, if the sand layer with a particle size range of 0.5-1.0 mm is simply
regarded as the same type of sand according to Code for Investigation of Geotechnical
Engineering, the same construction method and treatment measures are adopted during
the trench excavation, and there may be a risk of local instability for some strata.

5. Conclusions

The distribution of excess pore pressure in the high permeability strata, which adopted
an initial hydraulic gradient comparable to real trench excavation, and the local instability
of the slurry trench in the process of excavation located in high permeability saturated sand
have been presented in this paper. From these investigations, the following conclusions
can be drawn:

(@) According to the results of the numerical simulation, the initial hydraulic gradient
in the process of excavation is much smaller than that adopted in the traditional
experiments. In addition, the initial hydraulic gradient is different under different
working conditions. In the different working conditions listed in this paper, the
difference in the initial hydraulic gradient reaches around 3.5 times.

(b) Even if the strata used in the experiment belong to the same type of sand specified in
the Code for Investigation of Geotechnical Engineering, two different distributions
of the excess pore pressure occur in the strata, the formation of the filter cake has a
great influence on the distribution of excess pore pressure. For the slurry infiltration
mode where the filter cake can form, the excess pore pressure gradually accumulates
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to the excavation face, and finally most of the excess pore pressure will completely
accumulate on the excavation surface. However, for the slurry infiltration mode where
the filter cake cannot form, the excess pore pressure is continuously redistributed in
the infiltrated zone and the zone which is not infiltrated by the slurry, and finally
most of the excess pore pressure is concentrated in the zone infiltrated by the slurry,
and a small part is concentrated in the zone which is not infiltrated by the slurry.
Thus, it cannot be simply considered that the same type of sand specified in the Code
for Investigation of Geotechnical Engineering has the same permeability; whether
the filter cake can be formed and the quality of the filter cake are the key factors to
determine the distribution of the excess pore pressure.

(¢) Reduction of support pressure is different for the two infiltration modes presented in
this paper. Although the internal friction angle of sand, overload, and slot depth also
affect the safety factor, the formation of the filter cake for the slurry infiltration mode
is crucial for local stability in the process of excavation located in high permeability
saturated sand of diaphragm wall construction. Attention should be paid to the local
stability in the process of excavation located in high permeability saturated sand when
the slurry infiltration mode is the pure permeable zone, and the effective support
pressure acting on the unstable body may not guarantee the local stability in the
process of excavation located in high permeability saturated sand.
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