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Abstract

One of the key indicators of the foundation soil consolidation is the smear effect brought on
by the insertion of a Prefabricated vertical drain (PVD), which also smears the extent of dis-
turbance. Prior research primarily examined the impact of the diameter of the Prefabricated
vertical drain sleeves, ignoring the impact of pile shoe size on smear effect. The penetration
process of pile shoes of varying sizes in layered soils was simulated using transparent soil
model experiments, and Particle Image Velocimetry (PIV) technology was used to visualize
and assess the soil disturbance caused by the pile shoes. Theoretical and experimental data
are used to suggest and analyze the correction coefficients for the geometric characteristics
of pile shoes using the Mohr–Coulomb criterion and reaming theory. The study’s findings
demonstrate that transparent soil and the PIV method can successfully capture the dynamic
evolution of the “inverted cone” in the smeared area, which is consistent with the theory
of cylindrical pore expansion’s prediction. The horizontal disturbance range will increase
as the equivalent radius of the pile shoes increases, and it is 4.5d for pile shoes with an
equivalent radius of 1.5 mm and 5d for pile shoes with an equivalent radius of 2.0 mm.
The discontinuity of the soil layer interface will be made worse by pile shoes with a high
equivalent radius, making the phenomenon of stress concentration more noticeable. Its
quantitative analysis demonstrates the reasonableness of the correction factor λ, which of-
fers a trustworthy tool to quantify the perturbation effect of the pile shoe size. A correction
factor λ is proposed so that the error between the corrected theoretical value and the test
value is less than 5%.

Keywords: transparent soil; prefabricated vertical drain pile shoe; disturbance range;
revision of reaming theory

1. Introduction
Because of its benefits in terms of ease of construction, resistance to material corrosion,

and structural stability, a drainage board is frequently utilized in foundation soil treatment
projects in coastal locations. For a shore protection project in Bangladesh, Shu [1] and
colleagues employed a drainage board in conjunction with the pile load pre-compaction
method for marine sedimentary soft soil with a high moisture content. Dong Lei [2] and
colleagues confirmed that the drainage board piled-load pre-compaction technology greatly
reduced the construction time for the port project and successfully increased the soft soil
consolidation rate.

Notably, the smear effect caused by sleeve penetration during the installation of
drainage board has a direct impact on the foundation treatment’s ultimate outcome. The

Buildings 2025, 15, 4195 https://doi.org/10.3390/buildings15224195

https://doi.org/10.3390/buildings15224195
https://doi.org/10.3390/buildings15224195
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0002-8321-181X
https://doi.org/10.3390/buildings15224195
https://www.mdpi.com/article/10.3390/buildings15224195?type=check_update&version=1


Buildings 2025, 15, 4195 2 of 16

result is a decrease in the soil’s strength and coefficient of permeability in a certain area
surrounding the drainboard (the smear zone).

In order to determine the link between the diameter ds of the smeared area and
the equivalent diameter of the sleeve, dm, or the equivalent diameter of the shaft, dm,
the current state of research on the extent of smearing mostly relies on experimental
and theoretical investigations [3]. Based on the theory of cylindrical hole expansion,
Zhang Yiping [4] and others used the Mohr–Coulomb yield criterion to determine that
the extent of the smeared zone is directly related to the degree of crowding. They also
proposed a method for rationally choosing the extent of the smeared zone based on the type
of shaft, the soil quality, and even the construction method. Using circular pore expansion
theory, Sathanantha and colleagues [5] calculated the smeared zone’s extent as ds = (2–4)dm.
In order to characterize the disturbed zone surrounding the sleeve, Ghandeharioon and
others [6] applied the elliptical cavity expansion theory to an example. The results validated
the suggested method of determining the extent of the smeared zone, and the value of
ds = 3.1dm was found to be close to the value proposed by Sathanantha and others. The
installation of prefabricated vertical drainage boards was then experimentally studied by
Ghandeharioon and others [7]. The results were numerically analyzed to determine that
ds = 3.5dm and that the dimensions of the coated zones decreased as the effective in situ
stress increased. Using soil samples from a soft clay site in Ballina, NSW, Indraratna and
others [8] developed a radial consolidation analytical model to examine the impact of soil
disturbance during the installation of vertical drainage devices on the permeability and
compressibility of soft clay soils, yielding ds = 6.3dm. Digital image correlation techniques
used in laboratory modeling studies by S. Prabavathy and others [9] produced ds = (4–6)dm,
and the diameter of the smeared region decreases as the installation rate increases. Recent
experimental research on smearing range is displayed in Table 1.

Table 1. Smear zone parameter values.

Reference Diameter of Coating Area Methodologies

Sathanantha et al. [5] ds = (2–4)dm Inverse analysis
Ghandeharioon et al. [6] ds = 3.1dm Inverse analysis and indoor testing
Ghandeharioon et al. [7] ds = 3.5dm Indoor testing

Indraratna et al. [8] ds = 6.3dm Indoor testing
S. Prabavathy et al. [9] ds = (4–6)dm Indoor testing
Sathanantha et al. [5] ds = (2–4)dm Inverse analysis

The link between sleeve diameter and application range is the primary focus of existing
research, which also analyzes siltation characteristics [10–14] and bending features [15–20],
largely neglecting the impact of drainage board pile shoes on the application range. In
actuality, the drainage board pile shoe plays a significant role in determining the range of
applications, and its size is typically more than the sleeve’s diameter. Using the standard
100 mm × 4 mm drainage board as an example, the sleeve diameter is around 127 mm,
but the pile shoe length can reach 255 mm [21], which is roughly twice the sleeve diameter.
This size discrepancy suggests that the pile shoe’s effect cannot be disregarded.

Using the Mohr-Coulomb yield criterion and the theory of circular pore expansion, a
shape factor is proposed to correct the application range of drainage board with circular
stick pile shoes. The effects of their length and cross-section equivalent radius on the
application range are further examined. This paper focuses on the visualization of the
insertion process of drainage board with circular stick pile shoes (the most widely used).
Additional research is carried out into how the application range is affected by length and
section equivalent radius.
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2. Overview of Visualization Tests
2.1. Test Equipment

A model box, a drainage board insertion tool, a high-speed CCD camera, a laser, a
computer, and a drainage board model with a circular cross-section pile shoe make up the
Drainage Board Pile Shoe Insertion Test System (Figure 1).

(a) 

 
(b) 

Figure 1. Effective diagram of the test model system: (a) Model test layout; (b) Drainage board pile
shoe insertion layout plan.

The model box is 130 mm × 130 mm × 250 mm, with an open top and walls and
a bottom plate that are 6 mm thick. The drainage board insertion device is made up of
two parts: an embedding device and a fastening device. The high-speed CCD camera was
positioned at 1.2 m immediately in front of the model box, and the voltage was adjusted to
maintain a constant pile shoe insertion rate of 1 mm/s throughout the test. The computer
control system was in charge of the image acquisition and processing, and the PIVlab 3.02
and Tecplot 360 EX 2022 R1 software were utilized for the image analysis. The laser was an
integrated laser generator that could create a sheet light source and create a sheet scattering
field in the transparent soil.

The transparent soil specimen is exposed to the laser’s sheet light source during the
test, which interacts with the tracer particles to create a dynamic scattering field. A high-
speed CCD camera records the scattering field’s changes in real time during the pile-boot
insertion process, and the images are subsequently post-processed using the PIVlab and
Tecplot software to enable visualization and analysis of the process.

This experiment created two types of circular drainage board pile shoe models based
on a 1:20 ratio, in accordance with the standard size of engineering [22,23]. The first displays
the precise design specifications (Table 2). The model is constructed using the popular
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fused deposition 3D printing process and is composed of two parts (Figure 2): the pile shoe
and the cylindrical drainage board sleeve.

Table 2. Parameters of cylindrical drainage sheet pile shoes.

Pile Shoe
Category

Sleeve
Length

Sleeve
Diameter

Pile Shoe
Length Stockbroker

Pile Shoe
Equivalent

Radius

I 100 6 10 10 1.5
II 100 6 10 10 2.0

Note: Unit mm.

 

Figure 2. Model drawing of pile shoe of cylindrical drainage sheet.

2.2. Preparation and Test Materials

Foundation soil treatment is primarily concentrated in coastal or port areas, where
the soil is largely composed of high-organic-content silty clay. This silty clay exhibits
extremely high porosity, resulting in an extremely weak soil body with very low inherent
structural strength. Therefore, the composite translucent soil specimens were made using
the layering approach, and this experiment mimics the “upper sand and lower clay” layered
soil [24]. The visualization research of the drainage board pile shoe insertion test may be
realized by simulating natural clay and sandy soils using various transparent soil materials.
Transparent soil attributes are comparable to those of natural soils. The transparent sand
skeleton for the sandy soil was made up of 0.5–1 mm quartz sand particles; the transparent
clay skeleton was made up of a 3.5% concentration of Laponite RD gel (combined with PSP
tracer particles) and Laponite RD powder.

Transparent sandy soil pore liquid was prepared in this experiment using 3# and 15#
white oil, based on the existing study results. First, the lowest transparent clay layer was
made by filling the model box with deionized water, adding Laponite RD powder, and
stirring to create a gel. The gel was then allowed to stand for a full day. The top layer of
transparent sand soil is then prepared by washing and drying fused silica sand particles
and alternating layers o f a 1:9 volume ratio of 3# white oil and 15# white oil mixture of
pore liquid. Each time, the first layer is poured into the pore liquid, followed by a layer of
sand that is 2 mm thick. This process is repeated until the desired thickness is achieved, all
while maintaining a constant temperature of 25 ◦C [22].

Table 3 displays the characteristics of the configured and finished layered transparent
soil material, whereas Figure 3 displays the created transparent soil material.
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Table 3. Parameters of transparent earth materials.

Style ρ
(g·cm−3)

E
(MPa) v φ0 k

(cm·s−1)
c0

(kPa) e

Sandy soil 1.52 40 0.3 30◦ / 0 0.65
Clayey soil 1.03 0.8 0.4 11◦ 8.1 × 10−7 0.55 1.46

 

Transparent sandy clay 

Transparent clay 

Figure 3. Layered transparent soil.

2.3. Test the Procedure and Program

This test is based on the common types of drainage board pile shoes used in the project,
and it was designed to conduct insertion tests under six different working conditions. For
example, in the case of a transparent sand layer and a transparent clay layer with a fixed
height, cylindrical drainage board pile shoes were inserted at different depths: 2d, 3d, and
6d (d is the diameter of the sleeve/mm). For the specific working condition settings refer
to Table 4.

Table 4. Study conditions for insertion of cylindrical drainage board pile shoes.

Working
Condition

Pile Shoe
Category Sandy Soil Clayey Soil Insertion

Depth

Condition 1 I 30 110 2d
Condition 2 I 30 110 3d
Condition 3 I 30 110 6d
Condition 4 II 30 110 2d
Condition 5 II 30 110 3d
Condition 6 II 30 110 6d

Note: Unit mm, d is the sleeve diameter.

The cylindrical drainage board pile shoe model and the drainage board insertion
device were connected after the upper sand and lower clay composite transparent soil
specimen was configured using the previously described method. The cylindrical drainage
board pile shoe model was placed in the middle of the model tank, and the top of it was
connected to the drainage board insertion device via the connecting piece. The drainage
board insertion device has two parts: a fixed device and an embedded device. The laser is
on the left side of the model box, and the high-speed CCD camera is positioned in front of
the board at a constant rate of 1 mm/s. Make sure to isolate the external light source with
shading measures prior to the test. Once the test has begun, insert the drainage boards
at a uniform speed of 1 mm/s while recording the entire process with a high-speed CCD
camera. Once the boards are in place, stop loading and filming.
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3. Test Results and Analysis
3.1. Validation of Tests

The pile-less boot cylindrical sleeve was used as a research example in order to confirm
the accuracy and dependability of the small-size model built in this paper using transparent
soil material and PIV technology. The test data were normalized, compared, and analyzed
with the model test results of the circular hole expansion theory and the research results of
Ni [25], and the analysis’s findings are displayed in Figure 4. The vertical coordinate in
the figure shows the ratio u/d of the horizontal displacement u of the soil from the center
point to the diameter d of the sleeve, while the horizontal coordinate shows the ratio r/d of
the distance r from the sleeve to the diameter d of the sleeve.

 

Figure 4. Horizontal displacement comparison verification curve.

All curves exhibit a monotonically declining trend of u/d as r/d increases, as seen
in Figure 4. The experimental values in this paper are consistently lower by roughly 14%
when compared to the theoretical solution for circular hole expansion, with the stabilization
zone occurring at 2 < r/d < 4 and the largest discrepancy occurring in the r/d < 2 near-field
region. The experimental data are in high agreement with those of Ni [25]. However,
because the experimental and theoretical circumstances differ, there is some variation in
the outcomes. This could be because the laser penetrated the soil to irradiate the sleeve
with reflections, and the pile shoes were modeled in this study using high-precision brown
material. This affected the scattering field imaging effect, which is why the test values were
lower than those of the circular hole expansion theory.

In conclusion, the accuracy and dependability of the small-scale model developed in
this work using transparent earth materials and PIV technology are excellent, and it can
offer solid experimental support and technological assistance for further relevant research.

3.2. Evaluation of How Various Pile Shoes Affect the Scope of Use

When the No. 1 pile shoe, which has an equivalent radius of 1.5 mm, enters the
formation soil, the displacement vectors of the surrounding soil are as shown in Figure 5.
The morphology is similar to the “inverted cone” which is near the “funnel shape” that
Zhang Yiping examined using the theory of expansion of cylindrical holes combined with
the Mohr-Coulomb yield criterion. It is evident that as the insertion depth increases,
the horizontal smearing range of the upper sandy layer gradually decreases and the
horizontal disturbance range of the clay layer gradually increases. Near the “funnel shape”
examined by Zhang Yiping [4] and others, the morphology resembles an “inverted cone”.
As illustrated in Figure 5a, the pile shoes penetrated for 2d. The bouncing action of the
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weak clay layer beneath the sand layer caused the sandy soil at the pile’s lateral end to
be displaced upward; the force transfer from the sand layer affects the clay layer beneath
the sand layer, causing a considerable range of disturbance. As seen in Figure 5b, pile
shoes pierced the 3D soil layer interface. Extrusion stacking made the sandy soil thick
and decreased its disturbance range, while the soil displacement was mostly focused
at the pile side, which causes plastic strain in the clay layer, which in turn causes the
disturbance range to expand vertically to the range of 9d and increase horizontally to
5d. As shown in Figure 5c, when the pile shoes penetrated the clay layer for 6d, the
displacement characteristics of the clay soil at the pile end and the sandy soil on the pile
side remained essentially unchanged, while the disturbed range of the clay layer increased,
particularly the vertical displacement of the soil body, to 10d. An explanation of how
drainage board pile shoes were introduced into sandy soil at the start of the primary
compressive deformation. As the pile shoes passed through the soil interface, the insertion
depth increased and the clay soil body sheared continuously.

(a) (b) (c) 

Figure 5. Vector map of soil displacement in the formation of pile shoe No. 1: (a) pile driving depth
2d; (b) pile driving depth 3d; (c) pile driving depth 6d.

When the second pile shoes into the layered soil with an analogous radius of 2.0 mm,
the displacement vectors of the surrounding soil are shown in Figure 5. In Figure 6a–c,
the radial disturbance ranges are approximately 5d, 5d, and 5d, respectively, which are
comparable to the soil disturbance characteristics of No. 1 pile shoe, which are 4d, 4.5d, and
4.5d. As the penetration depth increases, the radial disturbance of the soil body is similar
to that of No. 1 pile shoe and gradually decreases. However, the ranges of horizontal
radial disturbances are expanded. Similar to the trend of the changes obtained from the
tests conducted by Tehrani [26] and others, Figure 6a shows that the soil displacement
magnitude rapidly decreases when the pile penetrates into the sandy soil layer, Figure 6b
shows that the soil displacement interface is affected by a large amount and begins to
decrease, and Figure 6c shows that the soil displacement is also dominated by the vertical
displacement when the pile shoe penetrates into the clay layer. As the pile shoes got closer
to the lower clay layer, the shear strain started to decrease in relation to the upper sandy
layer. This could be because of the discontinuity in the soil near the soil interface and the
relatively low compaction of the upper and lower layers at the interface, which caused the
soil to move radially.
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(a) (b) (c) 

Figure 6. Vector map of soil displacement in the formation of pile shoe No. 2: (a) Pile driving depth
2d; (b) Pile driving depth 3d; (c) Pile driving depth 6d.

Although the equivalent radius of the two types of pile shoes are not equal, the dis-
placement vector diagrams of the two types of pile shoes penetrating into the soil layers
reveal a “inverted cone” perturbation pattern in their penetration behaviors, which is
consistent with the cylindrical hole expansion theory’s prediction of the “funnel shape”.
Although the horizontal disturbance range of pile shoe No. 1 is less, the vertical displace-
ment of the clay layer is greater, suggesting a larger shearing action on the deeper clay;
with a more uniform distribution of plastic strain in the clay layer and a more noticeable
soil discontinuity at the interface, pile shoe No. 2 has a stable horizontal disturbance range
of 5 d because of its greater radius and faster attenuation of displacement in the sandy soil
layer. This indicates that the vertical disturbance range is positively correlated with the
design of the equivalent radius of the pile shoe, and that a larger contact area and specific
geometry lead to more obvious stress concentration phenomena. The vertical displace-
ments in the clay layer are similar in depth, and the difference is primarily reflected in the
horizontal stress transfer mechanism: No. 1 pile shoe is shear dominated, and No. 2 pile
shoe is more significant than No. 1 pile shoe under the composite effect of extrusion-shear.
The stress concentration phenomena is more noticeable due to the bigger contact area and
particular shape.

4. Remaining Theoretical Analysis Taking Pile Shoes into Account
The classical cylindrical pore expansion theory [27–31] states that the plastic region

(r ≤ Rp) is modeled as a simplified elasto-plastic model using the Mohr–Coulomb criterion,
and the elastic region (r > Rp) satisfies the generalized Hooke’s law under the assumptions
of the theory of small deformations. It is also assumed that the soil body satisfies the follow-
ing fundamental assumptions: (1) soil is a uniform, isotropic, and ideally robust substance;
(2) the procedure of installing drainage board pile shoes is axisymmetric; (3) the plastic
region’s volume remains constant (no shear expansion benefit); (4) the soil body’s elastic
deformation as a result of the redistribution of stress is disregarded, and it can be presumed
that the plastic region’s elastic deformation is equivalent to the elastic deformation of the
elastic region side of the elastic-plastic region intersection line.

The columnar hole expansion problem’s computational model is displayed in Figure 7,
where R0 is the sleeve’s radius, Ru is the circular hole’s initial hole diameter, r1 is the hole’s
radius during the circular hole’s expansion process, r is the hole’s expansion radius, Rp is
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the radius of the plastic zone, Pu is the limiting expansion pressure, σr and σθ are the soil
body’s radial and tangential stresses, respectively.

Figure 7. Expansion sketch of cylindrical hole.

4.1. A Generalized Solution to Hooke’s Rule Based on the Notion of Circular Hole Expansion
4.1.1. Fundamental Equations

Equilibrium equations:
∂σr

∂r
+

σr − σθ

r
= 0 (1)

geometric equation:

εr = −∂ur

∂r
(2)

εθ = −ur

r
(3)

The arithmetic equation: εr is the radial strain, εθ is the tangential strain, and ur is the
radial displacement.

The elasticity eigenstructure equation (generalized Hooke’s law):

εr =
1 − v2

E

(
σr −

v
1 − v

σθ

)
(4)

εθ =
1 − v2

E

(
σθ −

v
1 − v

σr

)
(5)

4.1.2. Elastic Solution for Circular Hole Dilatation

When the initial stress field is not considered, the stress field and displacement field
in the elastic region can be obtained from the boundary conditions: r = r1, σr = p, r = ∞,
σr = 0:

σr = p
( r1

r

)2
(6)

σθ = −p
( r1

r

)2
= −σr (7)

ur =
1 + µ

E
σrr (8)

When the initial stress field p0 is considered, the stress field and displacement field
in the elastic region can be obtained from the boundary conditions: r = r1, σr = p, r = ∞,
σr = p0:

σr = (p − p0)
( r1

r

)2
+ p0 (9)

σθ = −(p − p0)
( r1

r

)2
+ p0 (10)
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ue =
1 + v

E
(p − p0)

( r1

r

)2
r (11)

4.2. Mohr-Coulomb Solution Based on Circular Hole Expansion Theory
4.2.1. Displacement Solution for Plastic Zone

For Mohr–Coulomb materials, the material yield expression is:

(σr − σθ) = (σr + σθ) sin φ0 + 2c0 cos φ0 (12)

In the equation: φ0, cu are the angle of internal friction and cohesion of the
soil, respectively.

Yielding of the pore wall at r = Rp starts to occur when the pore pressure reaches the
critical pressure pc. At this point, the critical expansion pressure at which the pore wall
begins to yield is:

pc = c0 cos φ0 (13)

The plastic zone continues to expand outward when the pressure within the circular
hole surpasses the critical expansion pressure. The stress field in the plastic zone at this
moment is determined by Equation (1) and the boundary conditions r = r1 and σr = p:

σr = (p + c0 cot φ0)
( r1

r

) 2 sin φ0
1+sin φ0 − c0 cot φ0 (14)

σθ =
1 − sin φ0

1 + sin φ0

[
(p + c0 cot φ0)

( r1

r

) 2 sin φ0
1+sin φ0 − c0 cot φ0

]
− 2c0 cos φ0

1 + sin φ0
(15)

At r = Rp, σr = σp = pc, the radial displacement at the intersection of the elastic and
plastic zones can be obtained from Equations (6)–(8):

up =
1 + v

E
σpRp =

1 + v
E

pcRp (16)

Substituting (14) into the above equation yields the plastic radial displacement field:

up =
1 + v

E
Rp

(p + c0 cot φ0)

(
r1

Rp

) 2 sin φ0
1+sin φ0 − c0 cot φ0

 (17)

Assuming that the total volume change after expansion of the circular hole is equal to
the sum of the volume changes in the elastic and plastic zones, the:

π
(

R2
u − R2

0

)
= πR2

p − π
(

Rp − up
)2

+ π
(

R2
p − R2

u

)
∆ (18)

In the equation: ∆—average volume of the plastic zone;
Ignoring u2

p, expanding Equation (18) has:

1 + ∆ −
(

R0

Ru

)2
=

(
Rp

Ru

)2
∆ + 2up

Rp

R2
u

(19)

Substituting Equation (17) into Equation (19) yields:

1 + ∆ −
(

R0

Ru

)2
=

2(v + 1)
E

(
Rp

Ru

)2
(p + c0 cos φ0)

(
Ru

Rp

) 2 sin φ0
1+sin φ0 − c0 cot φ0

+

(
Rp

Ru

)2
∆ (20)
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From Equation (7), there is σr = σθ for r = Rp, which can be obtained by substituting
it into Equation (12):

σp = c0 cos φ0 (21)

Substituting Equation (20) into Equation (14) yields:

c0 cos φ0 = (p + c0 cot φ0)
( r1

r

) 2 sin φ0
1+sin φ0 − c0 cot φ0 (22)

Substituting Equation (22) into Equation (20) yields:

1 + ∆ −
(

R0

Ru

)2
=

(
Rp

Ru

)2
∆ + 2

(
Rp

Ru

)2 1 + v
E

c0 cos φ0 (23)

Calculate the radius of the plastic zone Rp:

Rp = Ru

√
E

2(1+v)

[
1 + ∆ −

(
R0
Ru

)2
]

c0 cos φ0 +
E

2(1+v)∆
(24)

The most reaming pressure in the hole:

pu = c0(cos φ0 + cot φ0)


√√√√√√ E

2(1+v)

[
1 + ∆ −

(
R0
Ru

)2
]

c0 cos φ0 +
E

2(1+v)

2


2 sin φ0
1+sin φ0

− c0 cot φ0 (25)

Substituting p = σr and r1 = Rp into Equation (8) gives the displacement field in the
elastic region as:

ur =
(1 + v)c0 cos φ0

E

(
Rp

r

)2
r (26)

Substituting Equations (25) and (26) into Equation (17) yields the plastic zone displacement:

up = Ru

√√√√√√ (1 + v)
[

1 + ∆ −
(

R0
Ru

)2
]

2E
(

c0 cos φ0 +
E

2(1+v)∆
) ·

c0(cos φ0 + cot φ0)

(
r1

Ru

) 2 sin φ0
1+sin φ0 − c0 cot φ0

 (27)

The preceding procedures are repeated and changed to obtain the solution for the
displacement field, the stress field in the plastic zone, and the stress field in the elastic zone
while taking into account the initial stress situation in the soil.

4.2.2. Adjusted Plastic Zone Solution Taking the Pile Shoe’s Shape into Account

The variations in the soil disturbance capacity of pile shoes with various geometries can
be seen by taking into account the impact of the pile shoe length a and the equivalent radius
b of the pile shoe cross-section on the plastic zone. Figure 8 illustrates the introduction of a
correction factor.

λ = 1 + k · a
b

(28)
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Figure 8. Stick pile shoe with circular cross-section.

The equation is as follows: a is the pile shoe’s length, b is the pile shoe cross-section’s
equivalent radius, and k is the correction factor, which is found to be k = 0.512.

The radius of the plastic zone following rectification, taking into account the impact of
pile shoes, is:

R′
p = Ru ·

√
E

2(1+v)

[
1 + λ∆ −

(
R0
Ru

)2
]

c0 cos φ0 +
E

2(1+v)λ∆
(29)

Horizontal to elastic and plastic zone displacements of the cylindrical pile shoe soil are:

ur =
(1 + v)c0 cos φ0

E

(
Rp

r

)2
r (30)

u′
p =

Ru

6

√√√√√√ (1 + v)
[

1 + λ∆ −
(

R0
Ru

)2
]

2E
(

c0 cos φ0 +
E

2(1+v)λ∆
) ·

c0(cos φ0 + cot φ0)

(
r

Ru

) 2 sin φ0
1+sin φ0 − c0 cot φ0

 (31)

4.2.3. Theoretical Model Validation

Table 5 illustrates that the parameters of the experimental model and the theoretical
model and soil parameters agree. When the section equivalent radius b and the pile shoe
length a are substituted into the correction factor (28), λ = 2.71 is obtained. Replace the
radius of the modified plastic zone (29) with R′

p = 3.152 mm, where r < R′
p is the plastic

zone and r > R′
p is the elastic zone, when ∆ = 0.015 [32].

Table 5. Theoretical model validation parameters.

Style a
(mm)

b
(mm)

Ru
(mm)

R0
(mm)

c
(kpa)

φ
(◦)

E
(Mpa) v

I 10 3 3 3 0.55 11 0.8 0.4
II 10 4 3 3 0.55 11 0.8 0.4

The normalized horizontal displacement from two sets of cylindrical pile shoe insertion
tests based on transparent soil testing was compared with the theoretical model values to
confirm the theory’s viability. The extension of the radius of the plastic zone is represented
by R′

p > Rp, and Figure 9 illustrates that the error between the corrected theoretical values
and both sets of test values is less than 5%. This suggests that the pile shoe geometry
greatly increases the degree of soil smearing. The figure shows that the displacement values
from the transparent soil test correlate well with the theoretical values, suggesting that the
updated model is rather accurate.
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Figure 9. Comparison of theoretical predictions and experimental data.

4.3. Quantitative Validation of the Correction Coefficient λ Versus the Perturbation Range

By adding five sets of pile shoe geometry parameters (length a and section equivalent
radius b) and computing the soil displacement u/d, the theoretical model’s accuracy and
the validity of the correction coefficients are confirmed. Table 6 displays the precise results,
and the soil parameters are in agreement with Table 5.

Table 6. Values of different pile shoe sizes and correction coefficients.

Groups a
(mm)

b
(mm) λ

1⃝ 10 1.5 4.413
2⃝ 10 2.0 3.560
3⃝ 10 3.0 2.707
4⃝ 5 1.5 2.707
5⃝ 15 3.0 3.560

Figure 10 illustrates how the five data sets were normalized in order to compare the
horizontal displacement in the horizontal direction.

 
Figure 10. Comparison of normalized horizontal displacement data for different groups.
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When comparing group 1 to group 4, it is demonstrated that when b is certain,
increasing a will increase λ, and u/d will grow in the same case of r/d; in the same case of
a, increasing b in groups 1, 2, and 3 will decrease λ, and u/d will drop in the same case of
r/d. It demonstrates that the impact of pile shoe geometry (a/d) on displacement can be
accurately reflected by the correction coefficient λ. Because groups 3 and 4 have the same λ,
u/d is likewise the same, and the curves overlap; similarly, groups 5 and 2 share the same
λ, causing u/d to be the same and the curves to overlap. It demonstrates that λ dominates
the displacement u regardless of the individual parameters a and b, demonstrating the
reasonableness of the correction coefficient λ.

5. Conclusions and Outlook
Three findings can be obtained from the research of drainage sheet casing pile shoes

penetrating into layered soils using a model test system based on transparent soil materials
and PIV technology:

1. It is confirmed that the morphology of the smeared area (“inverted cone”) is closely
related to the layering characteristics of the soil, which is consistent with the prediction
of “funnel shape” by the theory of cylindrical pore expansion. Transparent soil and
PIV technology can work together to effectively capture the dynamic process of
construction disturbance (smearing).

2. From an experimental perspective, it was confirmed that the amount of soil coating in
layered soils is influenced by the variation in the equivalent radius of the pile shoes of
the drainage board casing. Because of its smaller contact area, the No. 1 pile shoe with
an equivalent radius b = 1.5 mm has a horizontal disturbance range of 4.5d; in contrast,
the No. 2 pile shoe with a 33% larger equivalent area has a horizontal disturbance
range of 5d. However, the larger contact area and the particular geometry result in
the more noticeable stress concentration phenomenon, the displacement of the sandy
soil layer attenuates more quickly, the discontinuity of the soil at the interface is more
noticeable, and the distribution of plastic strain in the clay layer is more uniform. The
stress concentration effect will be more noticeable due to the increased contact area
and particular geometry.

3. The correction coefficient of the pile shoe geometric parameters is proposed based
on the Mohr–Coulomb criterion and reaming theory. The correction coefficient λ is
then used to determine the radius of the plastic zone and the displacement value of
the plastic zone after correction. In order to determine the theoretical solution taking
into account the smearing range of the pile shoe shape, a comparison and analysis of
the theoretical model and the test model reveal that the results of the two are more
consistent with one another, the error between the theoretical value and the test value
is less than 5%, and the radius of the plastic zone after correction is larger than that
of the traditional model. Taking into account the geometry of the pile shoes, the
theoretical solution of the smearing range is found. Then, by adding five different
sets of pile shoe geometry parameters, the correction coefficient λ is quantitatively
verified. It is discovered that the correction coefficient λ can accurately reflect how the
pile shoe geometry (a/d) affects the displacement and that the pile shoe geometry can
increase the range of the soil coating; the displacement u is dominated by λ, which is
independent of a and b, demonstrating the reasonableness of the correction coefficient.

4. By using sophisticated visualization tools, this work effectively closes the gap be-
tween drainage board construction and conventional reaming theory. Not only did it
highlight the crucial impact of pile shoes that had been previously disregarded, but
more significantly, it offered a quantitative correction method that was confirmed
via experimentation (the λ coefficient). This makes it possible for engineers to more
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accurately and scientifically take into consideration the consequences of construction
disturbances in real-world designs, which eventually leads to optimized design, im-
proved construction quality, and financial gains. It has substantial application value
in engineering.
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