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ABSTRACT: Shallow-buried thick sand strata present considerable local instability risks during diaphragm wall
trenching construction. However, this critical issue has not been extensively studied, despite its serious safety con-
sequences. This paper proposes an automatic identification model for shallow-buried thick sand strata, integrating
three-dimensional limit equilibrium theory with a genetic algorithm to precisely identify the most potentially dangerous
local instability mass and determine its minimum safety factor. The model establishes three undetermined parameters:
failure angle, upper boundary, and thickness of the local instability mass. These parameters define the search space
for the local instability mass. The effectiveness of this approach was confirmed through a diaphragm wall engineering
case near the Rhine River in France, where the predicted instability location closely aligned with field observations.
A systematic analysis of the model indicated that the difference in slurry-groundwater levels and the friction angle
are the most significant factors affecting local instability in shallow-buried thick sand strata. The model indicated
that the location of the most potentially dangerous instability mass changes depending on geological conditions, and
larger instability masses do not always relate to lower safety factors. Additionally, exploratory experiments revealed
that support pressure losses caused by slurry infiltration significantly influence local instability calculations in sand
strata. This points out the importance of considering these support pressure losses in the stability evaluations of high
permeable sand strata. The results improve the evaluation of safety and the optimization of design for diaphragm wall
construction in shallow-buried thick sand strata.
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1 Introduction

Trench excavation is a crucial phase in the construction of diaphragm walls, significantly influencing
the final outcome of the project. In complex geological conditions, even minor construction errors may
result in trench collapse and significant ground subsidence [1-3]. It is widely recognized that agree that
diaphragm wall trench instability can be categorized into global and local instability [4-5]. Extensive research
has focused on the global instability mechanism of diaphragm walls. Li proposed the horizontal slice method
to address stratigraphic heterogeneity in the stability calculations of deep diaphragm walls [6]. Huang
et al. [7] expanded on Li’s research, observing that a small ratio of trench length to depth can lead to
unsafe outcomes when using the three-dimensional horizontal slice method. To address this limitation,
Huang developed an iterative horizontal slice method for the global stability analysis of slurry trenches
in layered soil [8]. Various analytical approaches have been applied to investigate global instability. Zhang
utilized the upper bound theorem of limit analysis to assess slurry trench stability, considering anisotropy
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and heterogeneity [9]. Liu proposed that instability is triggered by the movement of rigid blocks with
conical discontinuities and analyzed trench stability using the kinematic approach of limit analysis, thereby
obtaining the upper bound solution for the safety factor [10]. Wang et al. [11] presented a three-dimensional
rigid rotational mechanism through a spatial discretization scheme for the global stability analysis of slurry
trenches in cohesive-frictional soil. Recent studies have emphasized the significance of accounting for
parameter uncertainty. Chen et al. [12] illustrated that spatial variability has a considerable effect on stability
assessment. Additionally, Hong et al. [13] and Pang et al. [14] indicated that uncertainty in soil parameters
can greatly influence system reliability in deep excavations.

Unlike global instability, local instability does not extend to the ground surface and remains difficult
to detect visually, thus presenting greater challenges in understanding its failure mechanisms as shown
in Fig. 1. And numerous researchers have investigated stability phenomena. Shen and Zhou assumed that the
sand strata conform to the Mohr-Coulomb yield criterion and is in a limit state, establishing a hyperbolic
partial differential equation to solve for the safety factor [15]. Han examined the local stability of 2D and
3D rotational modes, finding that the safety factor for the 3D solution is slightly larger than that of the
2D solution [16]. Liu developed a limit equilibrium model considering seepage conditions to study local
stability during trench excavation [17]. Similarly, Liu and Shi, also considering seepage eftects, developed a
three-dimensional translational failure mechanism for evaluating the local stability of slurry trenches [18].
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Figure 1: Concrete extrusion caused by local instability (Sanyang Road, Wuhan, China)

However, current research on local stability primarily focuses on thin weak interlayers, where it is
generally assumed that the entire weak strata represent the unstable mass. This assumption is clearly
inappropriate for shallow-buried thick sand strata. If the thickness of the local instability mass is considered
to be equal to the total thickness of the sand strata, the failure mechanism is similar to global instability.
However, the failure surface may not reach the ground surface because of the effects of stratified soils.
Moreover, this approach significantly overestimates the local stability of sand strata due to the influence
of end friction effects. The limited research on local stability in shallow-buried thick sand strata makes it
important to investigate their specific local instability mechanisms for both theoretical and practical reasons.
Additionally, recent studies have revealed that slurry infiltration in sand strata is highly complex, exhibiting
several distinctly different penetration modes [19-20], which may affect local stability calculations [20-23].
These phenomena have rarely been incorporated into stability analyses despite their potential critical impact
on local stability assessments.

To address these difficulties, this paper proposes an automatic identification model that integrates
three-dimensional limit equilibrium theory with genetic algorithm to precisely locate the most potentially
dangerous local instability mass and determine its minimum safety factor. Subsequently, a comprehensive
sensitivity analysis is performed to evaluate the influence of critical parameters on the proposed local
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instability model. And the model is validated through a case study of a diaphragm wall project adjacent to
the Rhine River in France. Finally, an exploratory slurry infiltration experiment is conducted to investigate
the influence of slurry penetration on local instability calculations, revealing the critical role of infiltration-
induced pressure distribution in stability assessment. These investigations offer critical insights into the local
stability mechanisms of shallow-buried thick sand strata, significantly advancing the safety evaluation of
diaphragm wall construction in such challenging geological conditions.

2 Limit Equilibrium Approach for Automatic Identification of Instability Zone Locations

When excavating trenches through shallowly buried thick sand strata, numerous potential local
instability masses exist within the formation. These instability masses vary in shape, location, and failure
depth, constituting a search space that contains the most potentially dangerous local instability mass with
the minimum safety factor. Thus, it is essential to parameterize this local instability mass space. The choice
of various undetermined parameters establishes different search spaces, while a comprehensive selection of
parameters results in a wider search space. As the search space increases, the geometry and safety factor of
the identified most potentially dangerous local instability mass become more precise, although this comes
with higher computational costs. The model exhibits high flexibility, thus the selection of undetermined
parameters should balance engineering practice experience with computational efficiency.

The local instability masses observed in the field resemble three-dimensional wedge shapes [12,17,18].
Based on these observations, this paper selects three undetermined parameters—failure angle (), upper
boundary of the instability mass (h,), and thickness of the instability mass (h)—to represent a search
model for the three-dimensional wedge-shaped local instability mass, demonstrating the local instability
mechanism in shallow thick sand strata.

2.1 Calculation Process

As illustrated in Fig. 2, there is a local instability mass with the minimum safety factor, denoted as the
most potentially dangerous local instability mass ABCDEF in the shaded area. Its upper surface is h;m from
the ground surface, the lower surface is hj, m from the ground surface, the thickness is h = (hj, — h;) m, and
the failure angle is 0°. The forces acting on the instability mass include: its effective weight (G), the slurry
support force (P), the vertical force of the overlying soil (Q), the friction force along the failure surface (T),
the oblique surface friction force (R), and the support force along the failure surface (N), as shown in the
force analysis diagram in Fig. 2.

The self-weight of the local instability mass G is given by:
G= ﬂ yo'dv = yo'Lh* cot 0/2, (1)
o)

where y,' represents the effective unit weight of the shallowly buried thick sand strata, Q) represents the entire
region of the local instability mass.

The slurry support force acting on the local instability mass P is given by:

P= [[ pds =1/ @LhTpy b+ h=2hy) -y G+ 1= 20)]), 2)

SABED

where Sapgp represents the region of the slurry wall support for the critical local instability mass.

Stress redistribution during trench wall excavation creates a soil arching effect, which reduces the
vertical stress above the wedge-shaped body. Tsai et al. [18,24] accounted for the trench spatial dimension
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effect and revised the distribution of vertical stress in layered strata. This paper adopts the vertical stress
considering the revised reduction:

Ly;" - 2¢/’ Ly;" - 2¢/ d;
av(i), = y—c, + av(i—l), - y—c, exp (——sin2q),~'), (3)
sin2¢; sin2¢; L

where 0,(;_1)’ and 0,(;)" are the effective vertical stresses at the upper and lower boundaries of the i, soil
strata considering soil arching effect, respectively; y;’, ¢, and ¢, are the effective unit weight, friction angle,
and cohesion of the i, soil strata, respectively;
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Figure 2: Lobal instability model with three undetermined parameters

As shown in Fig. 2, H; represents the depth from the ground surface to the upper boundary of the
shallowly buried thick sand strata, and h, represents the depth from the ground surface to the upper surface
of the assumed local instability mass within this sand strata. To obtain the overburden pressure on the local
instability mass in the shallowly buried thick sand strata, Eq. (3) is first applied to calculate the overburden
pressure 0,(y,)" at the upper surface of the shallowly buried thick sand strata where local instability occurs.
Then, Eq. (3) is applied again to calculate the vertical stress o, (j,)" at the upper surface of the assumed local
instability mass within the shallowly buried thick sand strata:

Lyo" = 2¢q’ Lyo" = 2¢q’ h; - H;
av(ht)’: —Y.O C,O + av(n)'——yf) C,0 exp ——( )sin2goo' , (4)
sin2¢g sin2¢g L

where ¢y and ¢ represent the effective friction angle and the effective cohesion of the shallowly buried thick
sand strata, respectively.
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Based on the vertical stress distribution obtained from Eq. (5), the total vertical load Q acting on the
critical surface can be calculated as:

Q= /] 0,'dS = 0,(n,) Lh cot (0) . (5)

SBCEF

The frictional force T on the sides ABC and DEF of the local instability mass (which are equal) is given
by:
1

T= F. /f (Col"‘Uh(hwhb)o,tan(ﬁo(),))ds
$ SABcOrSpEF (6)

1
== it (eo + [0vny," + 7o’ (2= )] Kotan (9o")) (he + h — z) cot (6) dz,

where 0}, represents the effective horizontal stress, 0y, (j,~1,),  represents the effective horizontal stress within
the thickness range of the local instability mass, and K represents the lateral pressure coeflicient of the
shallowly buried thick sand strata.

From the wedge equilibrium diagram presented in Fig. 2, the following limit equilibrium equation can
be established:

(1)  Force equilibrium in Y direction:

-G-Q+Ncos(0)+Rsin(6) +2Tsin(6) /F; = 0. (7)
(2)  Force equilibrium in X direction:

P+2Tcos(0)/F;—Nsin(0)+ Rcos(0) =0. (8)
(3) Limit equilibrium of the sliding surface:

[co'Lh/sin (6) + Ntan (¢o")] /Fs - R = 0. 9)

The explicit expression for the safety factor F; can be derived from Eqs. (7)-(9). Eq.(9) can be
rearranged as:

Fy=[co'Lh/sin () + Ntan (¢o')] /R (10)

The normal force N and driving force R can be obtained by solving Eqs. (7) and (8) simultaneously.
Since all forces (G, P, Q, T) have been expressed as functions of the three geometric parameters (6, h, h;)
and the known geotechnical parameters through Eqs. (1)-(6), N and R are also functions of these variables.

When N and R are substituted into Eq. (11), the safety factor is obtained as an explicit function:
FS :f(ea h, ht’y0,7 §00,a CO’)KO)UV,...) (11)

Thus, for given geotechnical parameters, F; becomes a function of only the three undetermined
geometric parameters (0, h, h;). The genetic algorithm is employed to identify the most potentially dangerous
configuration that minimizes F;.

Based on field observations from documented local instability cases [12,17,18], the failure angle of
local instability wedges predominantly ranges around 60°. When the failure angle is insufficient, the wedge
geometry becomes insufficiently steep for instability initiation. Conversely, excessive failure angles result in
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excessively slender wedges that remain confined along the trench wall surface, exhibiting minimal impact
on diaphragm wall stability. Therefore, the search space for the failure angle is set between 40° and 80°
to encompass all potentially instability mechanisms. Furthermore, standard diaphragm wall construction
requires the installation of concrete guide walls at the ground surface, which provide structural support to
prevent local instability in the shallow zone. When the depth to the upper surface of the shallowly buried
thick sand strata (Hy) is less than the guide wall depth, the sand strata is effectively stabilized by the guide
wall. Consequently, the upper boundary of any potential instability wedge must be located below the guide
wall base, Consequently, the upper boundary of any potential instability wedge must be located below the
guide wall base, while the lower boundary of the potential instability wedge is positioned above the lower
surface of the shallowly buried thick sand strata (H} ).

Considering these engineering constraints and physical mechanisms, the optimization problem is
formulated as:

(1) Optimization variables:
[6; h) ht]
(2)  Objective function:

Minimize: F
N>0and T >0
(3) Value range:

40° < 6 <80°

HtSht<Hb

0<hSHb—ht

2.2 Example Validation

This section presents a case study of local instability during diaphragm wall panel installation near the
Rhine River in France. In this case, the trench walls were excavated through a shallow, thick sand strata with
an internal friction angle of 35°, and the groundwater level was located 1.5 m below the ground surface. The
soil density above the groundwater level was 2.1 t/m?, while below the groundwater level it was 1.3 t/m’.
The slurry unit weight was 10.8 kN/m?, with the slurry level consistently maintained at ground surface level.
During construction, over 100 slurry trench walls were excavated, with widths ranging from 4 to 6 m and
depths varying from 26 to 30 m. When the trench width reached 5.5 m, some trench walls began to experience
collapse, with the lower boundary of instability occurring at depths between 8 and 12 m below ground surface.

As illustrated in Fig. 3, both global and local stability analyses of the trench walls were conducted using
the three-dimensional horizontal slice method and the three-dimensional wedge-shaped local instability
mass search model derived in Section 2.1. The results demonstrate that when the lower boundary of the failure
envelope was between 8 and 12 m depth, the global stability safety factors remained above 1.2 regardless of
trench width variations (4 to 6 m), indicating an extremely low probability of global instability. The local
stability safety factors gradually decreased with increasing trench width. When the trench width reached 5.5
m, the safety factor first dropped below unity to 0.9843. The corresponding instability mass had an upper
boundary at 4.02 m, a lower boundary at 10.81 m, and a failure angle of 65.44°. Since the upper layers
consisted entirely of cohesionless sandy soil, this ultimately led to larger-scale failure. The field observations
were consistent with the computational results obtained using the automatic identification model derived
in Section 2.1, thereby validating the effectiveness of this model.



Comput Model Eng Sci. 2025;144(3) 3293

— 3D Horizontal Slice Method(12m)
— 3D Horizontal Slice Method(8m)
Local Stability Method(Proposed in this paper)

1 \
[ Om ¥ ¥ ¥

4.02m

Sm
The most dangerous
local instability body

4°

10m 65.
\ /
10.81 m
I5m
0.5 . . t
4 4.5 5 5.5 6
L 20m

Figure3: Stability analysis of the example case by three-dimensional horizontal slice method and local instability model
with undetermined parameters

2.3 Parameter Analysis

As shown in Fig. 4, the effective friction angle of the shallowly buried thick sand strata is assumed to be
@0’ = 30°, the effective cohesion ¢y’ = 0 kPa, and the effective unit weight y,’ = 10 kN/m’. The overlying clay
strata has the effective friction angle ¢;" = 15°, the effective cohesion ¢;” = 0 kPa, and the effective unit weight
y1’ =10 kN/m?, with the natural unit weight y, = 17 kN/m?, and the surcharge q = 20 kPa. The water depth
Z,, = 1.5m, the slurry depth Zs is 0 m, the slurry trench width L is 5 m, and the clay strata thickness d is 2.5m,
meaning H; = 2.5 m. To simplify the study of the lower boundary position of the critical local instability mass,
H,, is considered infinitely large. Considering the different friction and cohesion characteristics of the soil
above and below the water level [25], it is assumed that the effective friction angle of the soil above the water
level is multiplied by an amplification factor a = 1.08, and the effective cohesion by an amplification factor
B =1.2. This section analyzed the impacts of surcharge, trench width, and the difference between slurry level
and groundwater table on the three undetermined parameters and safety factor, utilizing the local stability
model with three undetermined parameters established in Section 2.1, based on the fundamental geological
conditions shown in Fig. 4 as initial conditions.

q = 20kPa

| | | |
Clay layer

@=108 f=12 7, =17kN/md |Zw=1-5M

W/

d,=2.5m

@' =15°
¢’ =10kPa y;'=10kN/m3

Sand layer

@' =30° ¢;' =0kPa
y1'=10 k N/m?

Figure 4: Profile of slurry trenching
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Based on Table 1 and Fig. 5, as the surcharge load g increases from 0 to 60 kPa, h; exhibits nonlinear
decay characteristics, with the decay rate decreasing significantly as the load increases. Concurrently, the
thickness of the instability mass & shows a quasi-linear decrease, and the h values for different ¢, converge
remarkably at g = 60 kPa. The failure angle 0 exhibits an overall increase of less than 2.5°, remaining
essentially independent of both ¢; and g, and is predominantly distributed around 60°. The decay process
of the factor of safety F, demonstrates typical two-stage characteristics: high sensitivity to loading in the
initial stage, followed by significantly reduced sensitivity in the later stage. As the friction angle progressively
increases, the influence of surcharge on the factor of safety intensifies.

Table 1: Variations of 0, h; and h when g varies

q=0kPa q=20kPa q=40kPa q = 60kPa

6(°) h(m h@m 6¢C) 6C) 06¢°) 6() h(m) h(@m 6(C) h(m) h(m)
@6 =20° 628 1099 774 652 652 652 639 370 601 652 254 471

@0 =30° 629 8.51 8.91 652 652 652 641 2.56 6.04 65.2 2.56 4.70
@0 =40°  63.0 7.48 9.44 65.1 65.1 651  64.2 2.56 6.08 65.1 2.58 4.67

2 :
_¢:200
_¢:300
1.6F —— = 40" ]
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q

Figure 5: Variation of safety factor with surcharge

Compared to the loading effects, as shown in Table 2, the increase in trench width L induces linear
growth in hy, h, and 6. Most critically, as illustrated in Fig. 6, F; exhibits a linear decrease with increasing
L. The influence of the friction angle remains undiminished by changes in L, with curves for different
¢, maintaining approximately parallel relationships, highlighting the independent control mechanisms
between geometric dimensions and soil strength parameters.



Comput Model Eng Sci. 2025;144(3) 3295

Table 2: Variations of 6, h; and h when L varies

L=4m L=5m L=6m L=7m L=8m

0() he(m) h(m) 6(°) he(m) h(m) 6(°) h¢(m) h(m) §(°) h(m) h(m) 6(°) h (m) h(m)
90=20° 622 699 673 633 796 702 640 9.07 733 646 998 764 651 I1L15  8.04

@0 =30° 626 397 751 633 493 786 64.0 5091 827 644 6.92 8.66 65.0 774 9.09
Qo =40° 628 2.6l 764 635 341 811 64.0 4.4l 857 64.6 538 9.03 650 6.32 9.49

—¢=20°
—¢=30°

4 5 6 7 8
L

Figure 6: Variation of safety factor with trench width

As shown in Tables 3 and 4 and Fig. 7, the increase in the slurry-groundwater level difference (Z,, — Z;)
drives a nonlinear rise in h;, with its rate of change regulated by both ¢; and Z,,: the growth rate is lowest
at low friction angles (¢g = 20°) and shallow water levels (Z,, = 1.5 m). The thickness of the instability mass
h exhibits linear growth, with the growth rate positively correlated to ¢;. The factor of safety F increases
linearly with the water level difference, where the contribution of ¢;, is significantly stronger than that of the
water level parameters (curves for higher friction angles display steeper slopes). The water level position has

negligible effect on the factor of safety, while ¢ and the water level difference demonstrate a certain coupling
effect on the factor of safety.

Table 3: Variations of 0, h; and h when Z; varies (Z,, = 2.5 m)

Zy-7Z,=25m Zyw-7Zs=15m Zw-7Zs=0.5m

() h(m h(@m) 6(C) h(m) h(m) 6(C) hi(m) h(m)
9p=20° 6lL6 1017 1096 633 8.05 704 685 291 272
¢o=30° 618 650 1243 634 494 786 684 261 270
@) =40° 622 480 13.00 635 336 8.06 685 257 269
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Table 4: Variations of 8, h; and h when Z; varies (Z,, = 1.5 m)

Z,-Z,=25m Z,-Z;=15m Z,-Z;,=0.5m
6(°) hi(m) h(m) 6() h;(m) h(m) 6() h;(m) h(m)

@, =20°  6L6 8.87 10.32  63.8 6.51 6.45 699 2.67 1.88
9o =30° 621 4.64 11.57  63.8 2.78 691 699 2.57 1.85
¢y =40° 623 2.62 11.82  63.9 2.54 6.95 69.9 2.61 1.84

——$=20%Z, = 1.5m) -~ -~ $=20%Z, = 2.5m)

——$=30%Z, = 1.5m) -~~~ ¢=30%Z, = 2.5m)
2F = A0AZ, = 1.5m) - = 40%Z = 2.5m)

1.5 2.5

Figure 7: Variation of safety factor with (Z,, — Z;)

A global sensitivity analysis of the safety factor was performed in Fig. 8 utilizing the Sobol method
with 10,240 samples to ensure analytical precision. The parameters influencing the safety factor, ranked by
importance, are as follows: the slurry-groundwater level difference, the friction angle of shallow thick sand
strata, and the trench width and surcharge. Furthermore, in conjunction with the safety factor influence
diagrams presented earlier, regardless of the friction angle value, the variation in safety factor caused by
the water level difference is always the largest. When the friction angle is set at 40°, a 2.5 m variation in
water level difference can result in a safety factor span of up to 1.5, with an average sensitivity as high as
0.6 m™!, while other factors can only achieve a maximum safety factor variation of 0.5. In summary, the water
level difference emerges as the most sensitive parameter, working synergistically with the friction angle to
predominantly control the stability of local instability bodies. These findings provide explicit guidance for
prioritizing engineering design and risk management.

3 Reduction in Slurry Support Pressure

Based on the sensitivity analysis conclusions presented above, for shallow sand layers, the pressure
differential between mud pressure and groundwater level (i.e., support pressure P) emerges as the most
critical influencing factor. To further investigate the impact of this factor on local stability, slurry infiltration
experiments were conducted to examine the influence of this parameter on local stability conditions.
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Figure 8: Global sensitivity analysis of the safety factor

3.1 Slurry Infiltration Experiment

This study utilized a modified slurry infiltration experimental device developed by Xu et al. [26-28], in
which a small polymethyl methacrylate (PMMA) cylinder was incorporated at the base of a larger PMMA
cylinder. This modification was intended to reduce the excessive initial infiltration gradient observed in
traditional infiltration experiments, thereby providing a more accurate simulation of slurry infiltration under
field conditions. Fig. 9 shows the experimental setup. Data were collected continuously at a frequency of
1 Hz throughout the experiments. Three pore water pressure transducers (PPTs) with a measurement range
of 0-100 kPa were installed at the cylinder joint to monitor changes in pore water pressure within the slurry
and sand. Transducer P1 was positioned at the slurry-sand interface to measure slurry pressure, whereas
transducers P2 and P3 were situated 10 and 40 cm below the interface, respectively. The experiments utilized
a novel composite sodium bentonite specifically developed for diaphragm wall construction in Shanghai,
consisting mainly of bentonite, water, and soda ash. Preliminary tests revealed that particle size significantly
influences infiltration behavior. When sand particle size was below 0.5 mm, the slurry rapidly formed a dense
filter cake on the sand surface, with pore water pressure concentrated entirely at the slurry-sand interface.
Conversely, when particle size exceeded 1.0 mm, the infiltration distance became excessively long, exceeding
the apparatus capacity. Therefore, this study focused on sand particles within the 0.50-1.00 mm range, where
measurable infiltration characteristics could be properly captured. The test sand was classified into two
categories according to particle size: 0.50-0.75 mm and 0.75-1.00 mm. Three distinct air pressure gradients
were applied: 10, 25, and 50 kPa. Table 5 presents the detailed experimental program.
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Figure 9: Device for of pressure infiltration of bentonite slurry

Table 5: Experimental program

Particle size (mm) Injection pressure (kPa)

No. of experiment

10 la
0.75-1.00 mm 25 1b
50 1c
10 2a
0.50-0.75 mm 25 2b
50 2c

3.2 Experimental Results

Fig. 10 illustrates the temporal variations in discharge volume and infiltration distance. The solid lines
denote results for sand particles measuring 0.75-1.00 mm, whereas the dashed lines represent results for sand
particles measuring 0.50-0.75 mm. The experimental results indicate that the coarse sand strata display a
pure infiltration mode, while the fine sand strata form a filter cake mode. Although both infiltration modes
exhibit comparable initial infiltration curve characteristics, the fine sand strata demonstrate a notable turning
point where the total discharge volume experiences a sharp decline and subsequently stabilizes. Higher
injection pressures result in earlier occurrence of this turning point. The coarse sand strata lack a significant
turning point, as slurry infiltration persists at a minimal rate of less than 2 cm’/s in the later phases of

the experiment.
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Figure 10: Variation of water flow rate with infiltration time

Experimental observations reveal that in the pure infiltration mode within coarse sand strata, the
infiltration of slurry into saturated sand results in the effective filling of small pores with bentonite, while
larger pores remain incompletely sealed. The permeability coeflicient of the infiltrated sand decreases to
a stable value. As the infiltration distance increases, flow resistance within the sand strata rises, causing a
progressive decline in the slurry infiltration rate and ultimately establishing a stable pure infiltration zone.
In the filter cake formation mode within fine sand strata, the filling of small pores occurs concurrently with
the effective filling of certain larger pores. Filter cake formation begins when the Peclet number reaches a
critical value during slurry infiltration.

Monitoring the pore water pressure transducer readings revealed that in the filter cake formation mode
within fine sand strata, the slurry pressure focuses on the filter cake. In the pure infiltration mode within
coarse sand strata, the slurry pressure is distributed across the formation. Fig. 11 illustrates the temporal
variation of slurry pressure percentages at distances of 0-10 cm and 10-40 cm from the infiltration surface
where w denotes the percentage of slurry pressure. The solid lines represent the slurry pressure percentage
in the 0-10 cm section. The dashed lines represent the slurry pressure percentage in the 10-40 cm section.
Under slurry pressures of 10, 25, and 50 kPa, the stable infiltration distances reach approximately 14, 40, and
65 cm, respectively. The corresponding pressure distributions in the 0-10 cm zone are 43%, 22%, and 18%,
while the 10-40 cm zone accounts for 31%, 56%, and 45%, respectively. The experimental results for the pure
infiltration mode indicate that the slurry pressure is primarily localized within the infiltration zone, with
minimal pressure transmitted to the non-infiltrated layer.

The slurry infiltration results reveal two distinctly different infiltration patterns for sand layers with
different particle sizes. For the 0.50-0.75 mm stratum, after initial slurry infiltration, a large number of
slurry particles are retained at the infiltration surface. Under the action of infiltration pressure, these slurry
particles are compressed to gradually form a relatively dense mud cake that prevents further slurry flow, with
the slurry pressure primarily acting on the infiltration surface. In contrast, for the 0.75-1.00 mm stratum,
the larger pore spaces result in fewer slurry particles being retained at the surface, leading to substantial
penetration of slurry particles into the stratum interior. Larger slurry particles become trapped within the
flow channels, progressively reducing the permeability coefficient and forming a stable infiltration zone.
While slurry continues to flow steadily through these channels at decreasing velocities, the slurry pressure is
mainly distributed within the infiltration zone.
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Figure 11: Slurry pressure ratio variation with time at different depths

Although this experiment adopted the apparatus developed by Tao et al. to minimize the initial
hydraulic gradient and better approximate actual field conditions, the tests were conducted under steady-
state flow conditions with constant hydraulic gradients. In contrast, field conditions involve transient flow
states due to continuous excavation and fluctuating groundwater levels, which represents a significant
difference between experimental and field conditions. Additionally, the restricted particle size range and
pressure conditions limit the applicability of the experimental results. Future research should extend the
testing program to include wider particle size distributions, higher pressure ranges, and time-dependent
infiltration processes to better represent actual construction conditions.

3.3 Safety Factor Correction Calculation Considering Support Pressure Reduction

The experimental results demonstrate that the three-dimensional wedge-shaped instability body shown
in Fig. 12 provides an example for dividing the pressure distribution of slurry infiltration into three distinct
zones: Zone I denotes the infiltration zone adjacent to the excavation face, characterized by concentrated
slurry pressure near the infiltration surface and minimal slurry support pressure loss. Zone II represents the
infiltration zone distant from the infiltration surface, where the seepage force may extend beyond the failure
line, resulting in ineffective support pressure. Zone III defined as the non-infiltration zone, where the slurry
seepage force can lie outside the failure line, also resulting in ineffective support pressure.

" Slurry infiltration area

“Failure line  slurry sand

Vs

Lstand i e\ Ineffective support zone! I
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Figure 12: Support pressure loss diagram
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Based on the following assumptions for slurry infiltration pressure: (i) slurry support pressure remains
tully effective in Zone I; (ii) slurry support pressure decreases linearly in Zone II; these assumptions provide
a preliminary framework for evaluating ineffective support force Pj,:

Pjoss = (2H - I;tan ) x y x tan 0 x i x (2IA5 + IgAy + [iA;) x B, (12)

where A, is the slurry support pressure loss ratio for support in Zone II; A5 is the slurry support pressure loss
ratio for support in Zone III; [ is the slurry infiltration distance under the current slurry pressure; [ is the
predetermined infiltration distance of Zone I; H is the distance from the bottom of the instability mass to
the slurry level; 0 is the failure angle of the instability mass; B is the trench width; and yg is the unit weight
of the slurry. The parameters A,, A3, and Is; need to be determined experimentally in advance.

This study represents exploratory experimental research aimed at investigating the mechanisms by
which slurry support pressure reduction caused by slurry infiltration affects local instability. Given the
exploratory nature of this research, the geological parameters specified in Section 2.3 were adopted, with the
assumption that all calculated strata consist of sand strata with particle sizes of 0.75-1.00 mm as described
in Section 3.1. The slurry infiltration phenomena and infiltration pressure distribution in these strata were
consistent with the experimental conditions at 25 kPa. As illustrated in Fig. 13, the instability body’s bottom
boundary was fixed at 10 m, while four scenarios with upper boundaries at 4, 5, 6, and 7 m were analyzed
using the limit equilibrium method. The dotted lines represent scenarios with support pressure reduction
due to slurry infiltration, while the solid lines represent ideal conditions with full slurry pressure acting on
the mud cake surface. The comparative analysis reveals a significant phenomenon: when support pressure
reduction due to slurry infiltration is not considered, the safety factor increases sharply as the instability
body thickness decreases; conversely, when support pressure reduction is accounted for, the safety factor
remains relatively stable with decreasing instability body thickness. This is most likely because when the
wedge body is smaller, the loss of slurry support pressure caused by slurry infiltration is actually higher, thus
leading to this phenomenon. Further analysis demonstrates that under ideal conditions without considering
slurry infiltration, the safety factors corresponding to three failure angles (55°, 60°, and 65°) all exceed 1.0,
satisfying stability requirements. However, when the slurry support pressure loss due to slurry infiltration is
considered, the safety factors exhibit varying degrees of reduction. Particularly noteworthy is the case with a
failure angle of 65° and upper boundary at 7 m (i.e., instability body thickness of 3 m), where the safety factor
decreases by approximately 0.14, representing a 13% reduction. This shifts the stability assessment from a
stable state (F; > 1) to an unstable state (F; < 1). This exploratory experiment results demonstrate the necessity
of considering support pressure reduction caused by slurry infiltration in local stability analyses. The results
have significant implications not only for the local stability calculations of shallow-buried thick sand strata
addressed in this paper but also provide valuable reference for stability evaluation of thin weak interlayers.
Furthermore, these research outcomes introduce new monitoring indicators for trench construction sites: the
slurry infiltration characteristics of strata and the distribution patterns of slurry pressure within formations.
The automatic search model developed in this study for shallow-buried thick sand strata is currently
applicable only to conditions where a complete mud cake forms on the trench wall (i.e., no slurry support
pressure reduction). Future research will build upon these experimental findings by expanding the range of
experimental parameter combinations, systematically characterizing pressure field distribution patterns after
slurry infiltration under various particle size conditions, and integrating these patterns into the automatic
search model. This will enhance the model’s applicability and universality, enabling it to accommodate more
complex and diverse geological conditions.
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Figure 13: Reduction effect of slurry seepage on safety factor

4 Conclusion

This study has examined the local instability issues associated with shallow-buried thick sand strata

during trench excavation for diaphragm wall construction. It develops an automatic identification method

for locating local instability positions in these specific geological conditions, and performed an initial
exploration of influence of slurry infiltration on local stability of shallow-buried thick sand layers. The
primary conclusions are as follows:

@)

)

A model for automatic identification of local instability in shallow-buried thick sand layers has been
developed using three-dimensional limit equilibrium theory and a genetic algorithm, addressing the
shortcomings of traditional methods that typically regard the entire weak layer as the instability
zone. The model establishes three undetermined parameters (failure angle, upper boundary, and
thickness of the local instability mass) that define the search space for the local instability mass. It
can then autonomously identify the most potentially dangerous position of the local instability mass
and calculate the minimum safety factor. Validation through the Rhine River project case in France
indicated that when the trench width reached 5.5 m, the model-calculated instability position in the
shallow-buried thick sand layer (upper boundary 4.02 m, lower boundary 10.81 m) aligned well with
field observations.

Parameter sensitivity analysis indicates that both the difference between slurry level and groundwater
level and the friction angle of sand strata significantly affect the safety factor of local instability in thick
sand strata, with notable coupling effects between these two factors. In contrast, trench width exhibits a
nearly linear relationship with the safety factor, yet its influence operates independently of soil strength
parameters. Additionally, surcharge load has a greater impact on the safety factor when the friction
angle is higher. Regarding the failure mechanism, the failure angle of the local instability mass remains
stable at approximately 60°, whereas the upper boundary position and thickness of the instability mass
are significantly influenced by geological conditions and construction parameters.
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(3)

(4)

The exploratory experimental study reveals that support pressure reduction due to slurry infiltration
significantly affects local stability safety factors. A critical finding is that when infiltration effects are
considered, the safety factor does not exhibit the sharp increase typically observed in conventional
analyses as instability body thickness decreases. For an instability body with a failure angle of 65° and
an upper boundary at 7 m as an example, the safety factor decreased by approximately 0.14 (a 13%
reduction) when accounting for infiltration effects, shifting the stability assessment from stable (F; >
1) to unstable (F; < 1). It should be noted that the proposed model is primarily applicable to shallow-
buried thick sand strata where effective mud cake formation can occur, and may not be suitable for
highly heterogeneous geological formations or conditions where particle sizes are too large to form a
dense mud cake. Additionally, the slurry infiltration experiments were limited by specific particle size
ranges and pressure conditions, which may not fully represent actual field conditions. These findings
underscore the necessity for further refinement of the local instability model. Future work should
integrate the slurry support pressure losses induced by slurry infiltration into the existing analytical
framework, incorporating more comprehensive slurry infiltration experiments to enhance the model’s
applicability across diverse geological conditions.

Based on these findings, several critical considerations for field applications are recommended: main-
taining adequate hydraulic head difference between slurry level and groundwater level with continuous
monitoring; adjusting slurry properties when encountering coarse-grained, highly permeable sand
strata by increasing slurry density and incorporating coarser particles to enhance mud cake formation
and pore blocking; and implementing multi-depth pore pressure monitoring systems for real-time
tracking of seepage pressure distribution evolution. These measures are essential for improving
construction safety in shallow-buried thick sand strata.
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Nomenclature

Sy(hy)’ Effective vertical stresses at the upper surface of the assumed local instability mass within the shallowly
buried thick sand strata (kPa)

Oy, Effective vertical stresses at the upper surface of the shallowly buried thick sand strata (kPa)

co’ Effective cohesion of the shallowly buried thick sand strata (kPa)

ci’ Effective cohesion of the i, soil strata (kPa)

Yo' Effective unit weight of the shallowly buried thick sand strata (kN/m?)
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i’ Effective unit weight of the i, soil strata (kN/m?)

oy’ Effective vertical stresses at the lower boundaries of the i, soil strata considering soil arching effect
(kPa)

oy(i-1)’ Effective vertical stresses at the upper lower boundaries of the i;;, soil strata considering soil arching
effect (kPa)

@0’ Effective friction angle of the shallowly buried thick sand strata (°)

o' Effective friction angle of the i, soil strata (°)

hy, Depth from the ground surface to the lower surface of the assumed local instability mass (m)

hy Depth from the ground surface to the upper surface of the assumed local instability mass (m)

F; Factor of safety

H, Depth from the ground surface to the lower boundary of the shallowly buried thick sand strata (m)

H, Depth from the ground surface to the upper boundary of the shallowly buried thick sand strata (m)

Ko Coefficient of earth pressure at rest

h Thickness of the assumed local instability mass (m)

G Effective weight (kN)

L Trench width (m)

N Support force along the failure surface (kN)

P Actual support force of the retaining slurry (kN)

Q Vertical force of the overlying soil (kN)

R Friction force along the failure surface (kN)

T Lateral friction force (kIN)

0 Failure angle (°)
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