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Abstract: The infrastructures that were constructed decades ago do not meet the present structural
benchmark, and they need to be demolished. In order to reclaim these lands, the existing pile
foundations must be removed; otherwise, the land will lose its value. Since the piles are pulled
out, vacant spaces are created in the ground. This causes the surrounding ground to experience
settlement, jeopardizing its stability. The degree of influence depends upon the number of boreholes,
the saturated condition of the ground, the time period of the vacant condition, the presence of loading,
etc. It is important to understand the scope of the probable settlement under various situations.
This study focused on determining the amount of displacement and its range for three different
saturated soil types under loaded and unloaded conditions using the finite element method (FEM)
analysis. It was observed that stiff ground underwent maximum deformation, while soft ground
experienced the maximum influence from external factors. Moreover, the presence of loading not
only increased the displacement amount and range, but it also caused a change in the location of the
maximum displacement.

Keywords: land reclaim; pile removal; finite element method; ground settlement; loading condition

1. Introduction

The industrialization period brought rapid economic growth, with lots of infras-
tructures being constructed all over the world. Those infrastructures have now become
obsolete due to the constant updating of building standards, and many have surpassed
their lifespan [1]. Thus, they need to be demolished in the near future [2,3]. The chances of
these infrastructures being supported by pile foundations are high; thus, the removal of the
existing piles is compulsory if the land is to be resold [4–7]. The pile removal process should
be carried out carefully so that errors, such as crushing the piles or leaving portions of them
in the ground, can be avoided [5–10]. The pile tip chucking method [11] is a recently devel-
oped pile pulling method in which the entire pile is wrapped by chucking and efficiently
pulled upward, even in difficult cases of mid-breaks or defective joints. Meanwhile, if the
boreholes that remain after the existing piles are pulled out are left hollow, the collapse
and deformation of the surrounding ground may occur [12]. This causes the concern of
ground instability in the vicinity of the boreholes even during the borehole excavation
operation. The loading exerted by heavy machinery and the vibrations produced during
the operation contribute to the deformation of the surrounding ground. Moreover, the
material deposited in the surrounding ground also contributes to the ground deformation.
If these boreholes are left vacant, the ground may undergo further deformation. However,
filling the excavation holes with treated soil, such as sand, fluidized soil, cement milk, or
the equivalent, after removing the existing piles will help reduce the adverse effects [13–15].
Unfortunately, despite these measures, the chances of ground deformation cannot be com-
pletely prevented because the treated soil will require 7 to 28 days to fully gain strength,
and if there are other important infrastructures nearby, the deformation of the ground may
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then have adverse effects on their structural integrity. Therefore, it is very important to
have clear knowledge of the deformation behavior of the ground.

Wheeler et al. [16], Wheeler [17], Alonso et al. [18], and Fredlund and Morgenstern [19,20]
showed that the degree of saturation has a significant influence on the stress-strain behavior
of unsaturated soil and that the soil deformation undergoes a continuous elasto-plastic
change process. In this study, the authors attempted to quantify the amount of ground
deformation for different degrees of saturation using an elasto-plastic model, i.e., the
modified Cam-Clay model, with and without the influence of loading, by a finite element
method analysis [21–24] so that the adverse effect of ground settlement and instability
during pile removal could be tackled.

2. Analysis
2.1. Model and Method

Figure 1a,b shows the analytical models, 50 × 50 × 25 m, for the single and double
boreholes. Both models are composed of two different layers showing the typical ground
that needs pile foundation for constructing infrastructures. The upper 18 m is a ground
layer composed of clay, and the lower 7 m is a bearing layer composed of sand. The
properties of the bearing layer remain constant in all the simulations. Meanwhile, the
ground layer is assumed to comprise three different clays with different parameters for
each simulation. The boreholes are 2 m in diameter, 20 m in depth, and 4 m apart from
each other.

Figure 1. Analytical ground models for single and double boreholes.
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Figure 1c,d shows the meshing of the analytical models. Each analytical model was
subjected to a finite element method (FEM) analysis using PLAXIS 3D software after the
model was divided into a certain number of triangular meshes during the simulations. The
mesh size was set to be of smaller size and more concentrated around the boreholes in
comparison to other areas so that the simulation accuracy could be increased. The literature
review revealed that the soil deformation is the continuous elasto-plastic change process,
and the soil showed the complex behavior as a three-dimensional analysis object. Thus, for
clay, the elastoplastic model [25] was selected because of its elasticity and plasticity proper-
ties. An advanced geotechnical analysis that uses the finite element method is often based
on an isotropic elastoplastic model, e.g., the modified Cam-Clay model for clay [26,27].
The modified Cam-Clay model [28–30] is an elasto-plastic strain-hardening model that is
based on the critical state theory. Additionally, this model produces the more accurate
shear behavior of soil, and it requires only three main parameters, i.e., compression index
(λ), swelling index (κ), and the critical stress ration (M), which can be easily determined.
Thus, the modified Cam-Clay model was applied to the ground layer, whereas the Mohr-
Coulomb model was applied to the bearing layer and the filler material. The drainage
condition was set as top-bottom drainage and left-right drainage to increase the accuracy
of the simulation.

2.2. Parameters

Table 1 shows the input parameters for the clays of different hardness, while Table 2
shows the input parameters for the filler material and bearing layer. The values for the
irrelevant parameters in this simulation are not given. The values for the filler material and
bearing layer parameters in Table 2 were taken from Kawahara et al. [11]. The modified
Cam-Clay model was applied to the ground layer; Xu et al. [31] reported the applicability
of this model to consolidated soil and over-consolidated soft clays. In this study, all three
clays were considered to have an over-consolidation ratio (OCR) of 1, representing a normal
consolidation state. Ikegami et al. [32] and Murakami et al. [33] analyzed the model using
actual data measured in the field for the parameter values or set the values by referring to
the measured N-values. In this study, however, the values for the parameters in the simula-
tions were derived from the relations of one parameter with another. Kawamura et al. [34]
suggested relationships for calculating the values of the compaction index and swelling
index from the natural water contents for the simulations. Meanwhile, the methods used to
determine other parameters are explained below.

Table 1. Input parameters for the clays of different hardness.

wn N-Value γunsat
(kN/m3)

γsat
(kN/m3) ν λ κ M K0 OCR e0 kp (m/d) Ground

Classification

30% 8.88 16 17 0.277 0.107 0.012 1.555 0.383 1 0.817 2.23 × 10−2 Stiff
40% 6.99 15 16 0.276 0.164 0.018 1.562 0.380 1 1.089 4.34 × 10−3 Medium
80% 2.68 13 14 0.274 0.389 0.04 1.569 0.378 1 2.177 8.47 × 105 Soft

Table 2. Input parameters for the filler material and bearing layer.

Material γunsat
(kN/m3)

γsat
(kN/m3)

qu
(kN/m3)

E
(kN/m3) ν (-) Φ (◦) C

(kN/m2)
kp

(m/d) N-Value

Filler material 14 15 100 136,223 0.48 26 50 8.64 × 10−5 -
Bearing layer 20 21 - 1.4 × 105 0.3 - 0 0.864 50

Uniaxial compressive strength (qu): The uniaxial compressive strength of clay with a
certain water content was calculated with Equation (1), while the N-value of the clay was
calculated with Equation (2):

qu = 255.5e−0.024wn (1)

qu = 14N (2)
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where qu is the uniaxial compressive strength, N is the N-value of the clay, wn is the natural
water content, and e is the base of the natural logarithm.

Unit weight volume (γ): The consistency of each clay type was confirmed by the
calculated value for N and was categorized as stiff, medium, or soft for 30, 40, or 80% water
contents, respectively. After that, the unit weight of each clay was determined based on its
consistency from the Road Earthworks-Embankment Guidelines 2022 [35].

Compression index (Cc): The compression index was calculated from the natural
water content (wn), as shown in Equation (3), while the compression index (λ) used in the
modified Cam-Clay model was calculated with Equation (4):

Cc = 0.013 (wn − 11) (3)

λ = 0.434Cc (4)

where Cc is the compression index, and λ is the compression index used in the modified
Cam-Clay model.

Swelling index (Cs): The swelling index was calculated from the natural water content
(wn), shown in Equation (5), while the swelling index (κ) used in the modified Cam-Clay
model was calculated with Equation (6).

Cs = 0.0013 (wn − 8.8) (5)

κ = 0.434Cs (6)

where Cs is the swelling index, and κ is the swelling index used in the modified
Cam-Clay model.

Critical stress ratio (M): The irreversible ratio (Λ) was calculated from the compressive
index (λ) and the swelling index (κ), shown in Equation (7), while the critical stress ratio
(M) was calculated from the irreversible ratio (Λ), shown in Equation (8).

Λ = 1 − κ

λ
(7)

M = Λ ∗ 1.75 (8)

where Λ is the irreversible ratio and M is the critical stress ratio.
Coefficient of earth pressure at rest (K0): Using Equation (9), sin Φ was calculated from

the critical stress ratio, and the coefficient of static earth pressure was calculated from sin Φ,
as shown in Equation (10):

M =
6 sin Φ

3 − sin Φ
(9)

K0 = 1 − sin Φ (10)

where Φ is the internal friction angle, and K0 is the coefficient of static earth pressure.
Poisson’s ratio (ν): Poisson’s ratio was calculated with Equation (11):

ν =
K0

1 − K0
(11)

where ν is Poisson’s ratio, which is calculated from the static earth pressure coefficient.
Void ratio (e0): As shown in Equation (12), the void ratio was calculated from the

compression index:
Cc = 0.478 (e0 − 0.3) (12)

where e0 is the void ratio.
Hydraulic conductivity (kp): The hydraulic conductivity was calculated as shown in

Equation (13):
kp = 6322.7wn

−5.68 (13)
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where kp is the hydraulic conductivity, which is calculated from the natural water content.

3. Results and Discussion
3.1. Influence of Boreholes on Surrounding Ground under Unloaded Condition
3.1.1. In Case of Single Boreholes Left Vacant

Figure 2 shows the top views of the displacement contour for single boreholes left
vacant. It is seen that the surrounding area of influence has a circular shape. The maximum
displacement vectors for single boreholes without loading for stiff, medium, and soft
grounds were observed at (25, 26, 0), (25, 26, 0), and (25.903, 25.429, −0.710), respectively.
Figure 3 shows a comparison of the rates of change in the maximum displacement vectors of
single boreholes. Soft ground underwent the least displacement, whereas stiff and medium
grounds underwent approximately equal displacement at the end of the simulation. The
initial increment in displacement had a higher value for stiffer ground and a lower value
for the stabilization time for the softer ground. The total displacement values at the end
of the 29-day simulation for stiff, medium, and soft grounds were 35, 34.3, and 13.6 mm,
respectively. Additionally, the time periods required for the stabilization were 8, 15, and
1.25 days, respectively. The reason for the stiff clay having the maximum deformation
might lie in the optimum water content of the soil. It is established fact that the maximum
soil deformation occurs at the optimum water content under loading, and as confirmed
from the result, the chances of the stiff soil having a 30% natural water content, which
would be closer to the optimum water content than 40% and 80%, is high.

Figure 2. Top views of displacement contour for single boreholes left vacant.

Figure 3. Rates of change in maximum displacement vectors for single boreholes left vacant.

3.1.2. In Case of Double Boreholes Left Vacant

Figure 4 shows the top views of the displacement contour for double boreholes left
vacant. The influential area is elliptical in shape, with the highest degree of influence
around the vicinity of the borehole. The maximum displacement vector was observed
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at the coordinates of (26.866, 25.5, 0), (26.866, 25.5, 0), and (23.966, 25.259, −0.428) for
stiff, medium, and soft grounds, respectively. Figure 5 shows a comparison of the rates
of change in the maximum displacement vectors of double boreholes. Figures 6 and 7
show a comparison of the total stress and pore water pressure of the double boreholes,
respectively. The displacement and stabilization patterns, when compared to those of the
single boreholes left vacant, were found to be similar, except for medium ground, which
continued to deform until the end of the simulation period, and the final displacement
value became greater than that of the stiff ground. Considering the result for the single
borehole deformation, it can be concluded that the 40% water content also might not be
farther from the optimum water content than 30%, but the presence of the extra borehole
might have triggered an additional factor in deformation. The total displacement values
for stiff, medium, and soft grounds were observed to be 46.4, 49, and 17.8 mm, respectively.
The displacement value was higher compared to the single borehole, suggesting that the
increase in the number of boreholes contributed to a higher deformation.

Figure 4. Top views of displacement contour for double boreholes left vacant.

Figure 5. Rates of change in maximum displacement vectors for double boreholes left vacant.

Figure 6. Rates of change in total stress for double boreholes left vacant.
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Figure 7. Rates of change in pore water pressure for double boreholes left vacant.

Soft ground had lower values for the initial total stress and pore water pressure
compared to stiff and medium grounds. All the ground types experienced a reduction
in value during the simulation. The total stress amounts for stiff and medium grounds
started stabilizing after an 8-day period, but they continued to decrease for soft ground.
Meanwhile, the pore water pressure initially decreased rapidly, but it continued to increase
after 1 day until it reached a stabilized value. This recovery period was the shortest for stiff
ground and the longest for soft ground.

3.1.3. Comparison of Cases of Vacant and Filled Double Boreholes

From the analysis of the vacant and filled conditions, it was seen that the rate of the
surrounding ground deformation immediately after the borehole excavation was rapid and
of the maximum value. In this study, a comparison was made of the amount of sinking
of the surrounding ground and the pore water pressure for vacant and filled conditions.
Figure 8 shows a comparison of the frontal cross sectional, i.e., the XZ plane total stress
contour, in the cases of double boreholes left vacant and after being filled with the filler
material. After the boreholes were filled, the stress concentrating around the boreholes
decreased, and the stress at the bottom of the boreholes dissipated, resulting in an increase
in stress.

Figure 8. Comparison of frontal cross sectional total stress contour for vacant and filled cases of
double boreholes.
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Figure 9 shows a comparison of the amounts of total sinking of the different ground
types for the vacant and filled double boreholes. Figure 10 shows a comparison of the
pore water pressure of stiff, medium, and soft grounds in succession for the vacant and
filled double boreholes. When the boreholes were filled with the filler material, stiff and
medium grounds were seen to be uplifted by a small amount instead of experiencing
settlement. The probable reason might be the upward stress caused by the action of filling
the boreholes. As for soft ground, the amount of settlement was greatly reduced by the
remaining concentrated stress. Overall, the settlement of the ground was largely avoided
in the case of the filled boreholes. The pore water pressure recovered in all the ground
types after the boreholes were filled. It was higher in stiff ground, with a recovery value
of 0.06 kN/m2, and it was same for medium and soft ground, with a recovery value of
0.04 kN/m2.

Figure 9. Comparison of sinking amounts for vacant and filled cases of double boreholes.

Figure 10. Comparison of porewater pressure for vacant and filled cases of double boreholes.

3.2. Influence of Loading on Ground Surrounding Boreholes

Figure 11 shows analytical models with loading for single and double boreholes at
positions 1 and 2 in succession. Two steel paving plates, each 1.5 × 3.0 m in size and 22 mm
thick, were placed over the area of 3 × 3 m, which acted as the dead load of 0.5 kN/m2

magnitude. The load was set by considering that the load value would not become too
large and affect the accuracy of the analysis results.
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Figure 11. Analytical ground models for single and double boreholes under the loading condition.

3.2.1. In Case of Single Boreholes Left Vacant

Figure 12 shows the top views of the displacement contour for single boreholes with
loading. Figure 13 shows a comparison of the rates of change in maximum displacement
vectors for single boreholes with loading. The maximum displacement vectors for single
boreholes without loading were observed at (25, 26, 0), (25, 26, 0), and (25.903, 25.429,
−0.710) for stiff, medium, and soft grounds, respectively. When the load was applied, the
maximum displacement vector coordinates shifted to (25, 26, 0), (25, 26, 0), and (25, 26, 0),
respectively. The coordinates of the maximum displacement vectors remained unchanged
for stiff and medium grounds, but they shifted toward the positive Y axis, in the direction
of the loading location, for soft ground. This implies that only soft ground is likely to
deform at different places depending upon the location of loading, which makes it more
vulnerable than other ground types. The displacement and stabilization patterns were
found to be the same as those of the unloaded case for all ground types. The displacement
value increased by approximately 4 mm for the loading case in stiff and medium grounds,
but it was only approximately 1 mm for soft ground. The overall deformation amount
increased due to loading, and the value was higher for stiffer ground. Meanwhile, the
deformation amount and the coordinates of the maximum deformation changed for soft
ground, with the deformation inclining in the loading location.

Figure 12. Top views of the displacement contour for single boreholes under the loading condition.

Figure 13. Rates of change in maximum displacement vectors for single boreholes under the loading condition.
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3.2.2. In Case of Two Boreholes Left Vacant and Loading at Different Position

Figure 14 shows the top views of the displacement contour for the double borehole
models, with loading at locations 1 and 2 in succession for grounds of different stiffness
levels. Figure 15 shows a comparison of the rates of change in the maximum displacement
vectors for double boreholes, with loading at position 1 or 2 in succession. The maximum
displacement vectors for the double boreholes in a non-loaded condition were observed
at the coordinates of (26.866, 25.5, 0), (26.866, 25.5, 0), and (23.966, 25.259, −0.428) for stiff,
medium, and soft grounds, respectively. When loading was applied at position 1, the
maximum displacement vector coordinates shifted to (23, 26, 0), (23, 26, 0), and (26.231,
25.639, −0.356), respectively, leaning toward the positive Y-axis. Additionally, when the
loading was applied at position 2, the maximum displacement vector coordinates shifted to
(26.134, 24.5, 0), (26.134, 24.5, 0), and (26.034, 24.741, −0.428), respectively, leaning toward
the positive X axis. Thus, it can be concluded that the maximum displacement tends to
occur in the direction of the load application.

Figure 14. Top views of displacement contour for double boreholes under the loading condition.

Figure 15. Rates of change in maximum displacement vectors for double boreholes under the
loading condition.

However, there were no distinct changes in the intensity of the maximum displacement
vector for either non-loading or loading at the different locations. The probable reason for
this might lie in the assumption made during the simulation to reduce the calculation load.
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Firstly, the load was not heavy enough to cause the maximum impact on the surrounding
ground, as it was only 0.5 kN/m2 spanning over 3 × 3 m. Next, the ground model contained
only two boreholes; considering that the model is 50 × 50 m, the number of boreholes
was too low to impart the maximum impact. For stiff ground, the maximum displacement
vector value increased by approximately 2 mm in the case of loading at either position. For
soft ground, the changes were negligible in both cases. Meanwhile, for medium ground,
the value decreased by approximately 3 mm in the case of loading at position 1, but it
remained unchanged in the case of loading at position 2. Although the overall influence of
loading at either position remained negligible, the displacement of the ground between the
load and the borehole increased, and the range of influence shifted toward the direction of
the loading.

4. Conclusions

In this study, single and double boreholes were studied for cases with and without
loading. The main focus was placed on the amount of maximum displacement experienced
in each case. Additionally, a comparison was made for double boreholes in the cases of
the boreholes being left vacant and being filled with filler material, and the parameters,
such as the sinking amount and pore water pressure, were examined. From this study, the
following conclusions can be drawn.

(1) The amount of ground displacement was seen to depend upon the stiffness of the
ground. The maximum initial displacement was observed for stiff ground in all cases,
except the case of double boreholes, in which the final stabilized displacement value
was slightly higher or equal to that of the stiff ground.

(2) Soft ground was found to be relatively more unstable than stiff and medium grounds,
as the location of the maximum deformation of this ground was different than that of
the other grounds.

(3) The increase in the amount of displacement was observed to be larger for the case of
an increased number of boreholes than that due to the loading.

(4) The surrounding ground remained settled if the boreholes were left vacant, but
this settlement was prevented if the holes were immediately filled with appropriate
filling material. Moreover, the pore water pressure recovery was higher for the filled
condition.

(5) The presence of external loading not only contributed to an increase in the amount of
displacement, but it also affected the location of the maximum displacement. It was
observed that the inclination tended to occur in the direction of loading, indicating
susceptibility to external loading.

(6) The influence on the horizontal range and maximum displacement vector of the
surrounding ground was lower in location 2. In other words, borehole-related work
conducted with machinery located in the existing pile alignment resulted in less
influence on the ground.

This study was conducted for a maximum of two boreholes and was focused only on
the deformation behavior. It did not consider the effect on the borehole wall during the
progress of the pile removal. Future research should focus on improving the practicality of
the conclusions by developing models based on the actual conditions of the site.
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