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Abstract: The study of the mechanical properties between the pile and soil is limited when an
enlarged head is added at the bottom of the pile foundation, which acts as anchor stabilization. This
study investigates the blade pile foundation used in a solar panel project, which is subjected to lateral
wind load action. The parametrical study is performed through the numerical simulation of the
blade pile that is embedded in clay soil. The study considers both the soil modulus and the strength
parameter of cohesion and concludes that the blade pile foundation capacity has a positive correlation
with both. Moreover, when adding blades to a normal circular hollow section (CHS) pile, if the clay
cohesion is less than 35 MPa, the capacity improvement rate will be greater. It analyzes the simulated
load versus the soil displacement by considering clay in the soil states of very soft, soft, firm, stiff,
very stiff and hard. This study finds that the blade application increases the lateral capacity of the
pile foundation. In addition, when the soil is very soft to firm, adding blades results in a higher
percentage of capacity improvement, which is up to 14.8% for the standard 1.5-m CHS pile with an
outside diameter of 76.1 mm.

Keywords: lateral load; pile foundation capacity; circular hollow section blade pile; numerical
simulation; clay

1. Introduction

The pile foundation, a slender structure often used for transferring the load from the
upper structure to the soil [1], can generally be categorized as a precast pile or a cast in situ
pile according to the piling construction method used. Onsite piling is more suitable for
high-rise buildings because it is easy to drill a deep hole for the cast. As for projects that do
not need substantial compression capacity, a precast pile foundation is the optimum option.
Further, prefabricated piles are more cost effective than bored piles [2].

When a pile is cast in soil, the shaft and end resistance contribute to the pile capacity,
and therefore, studies have designed numerous methods, such as grouting technology, to
increase the shaft and the base area [3,4]. As for the precast pile, and, in particular, the steel
precast pile, the effects of adding helixes up to the tip have been examined. One study
demonstrated that the pile’s bearing capacity can be improved by adding the helix [5].
Further studies have focused on determining the number of helixes to be used as well as
the design with the optimum distance between helixes [6-9].

The helix pile can also be used as an uplift resisting structure, and its capacity can
be determined through two methods: the individual and the cylindrical methods. In the
individual method, it is assumed that each blade that contacts the soil will contribute to the
ultimate uplift bearing capacity, whereas in the cylindrical method, it is assumed that the
shaft resistance created by the soil from the extreme top and bottom blades (the cylinder
volume) will contribute to this capacity [10]. The authors of [11,12] investigated the use of
the screw pile in sand, silt and clay. Recently, [13] updated the cylindrical shear method
equations. Further, [14] focused on the proposed factor values, such as the bearing capacity
factor Nc, in calculating the uplift capacity.
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In addition to the helix pile showing better load capacity, these blade piles are easy to
install because of the presence of the helix. Traditional solid precast piles have often been
criticized because driving these into hard soil is difficult, and the process, which requires
the use of a hammer drive, results in significant noise; however, this issue has been solved
because small size precast piles are being used these days, for these are easy to install and
the process is less noisy [15].

Many researchers have also investigated the correlation between the installation torque
and its designed capacity. An empirical study showed that there is a direct correlation
between the axial ultimate load capacity and the installation torque [16]. Furthermore,
a later study investigated the relationship between the uplift bearing capacity and the
installation torque and proposed an empirical torque factor, which is related to the diameter
of the spiral and the friction angle of the sand [17].

Resistance to lateral loads is also an important function of pile foundations in practical
applications. According to [18], pile foundations for structures often involve crane towers
or offshore platforms, and these structures are used for resisting the lateral movement
caused by the external environment. However, limited research has focused on the helix
pile when using blades to resist the lateral load caused by wind action. Moreover, a suitable
method is yet to be proposed to estimate the lateral bearing capacity when using screw
piles. Further, onsite testing showed that the lateral bearing capacity of piles varies over a
small range [19]. In this context, this study considers the wind lateral load in examining
the blade pile foundation embedded in clay soil.

2. FEM Simulation of Pile Foundation
2.1. Pile Geometry and Material Parameter

In civil engineering, the interaction between pile and soil is a complex process. They
suggested that, due to the more complex nature of soil, it is not isotropic [20]. Therefore,
the interaction between the structure and the soil affects the expression of the structure.
The finite element method (FEM) allows the analysis and processing of complex behaviors.
Moreover, it is worth mentioning that numerical simulation methods have gained much
popularity in recent years. Many researchers use finite element analysis in the study of
pile—soil interactions [21-25].

This study used Abaqus, a very popular finite element software, which allows re-
searchers to simulate structure—soil interactions for examining the nonlinear behavior of
soils. The finite element method (FEM) is commonly used to solve engineering problems by
decomposing complex structures into multiple simple individual parts and then mathemat-
ically calculating different individual parts to obtain the desired values. The construction
is meshed by the discretization of the spatial dimension. In detail, FEM is constructed by
discretizing the spatial dimension for meshing, then using a system of algebraic equations
for simulation and, last, minimizing the error by using the variational method.

In this research, the problem is solved statically. Based on piles set in the middle of the
soil, the equilibrium of the ground stress is considered in the numerical simulation process,
displacement constraints must be applied to the lateral sides of the soil in the calculation
domain, and the specific constraints are that the two lateral sides in the X direction constrain
their displacements in the X direction, and the two lateral sides in the Y direction constrain
their displacements in the Y direction.

To examine the blade’s effect on traditional shaft piles, two models are considered, as
shown in Figure 1. The standard circular hollow section (CHS) tube available in the market
is used for this investigation, which has an outside diameter (OD) of 76.1 mm and a wall
thickness of 4 mm. As shown in Figure 1, the only difference between these two models is
that one of the CHS tubes does not have blades welded on it. In this study, the standard
CHS pile and the CHS blade pile are labeled as CHSByP and CHSB; P, respectively. Note
that 0 represents that there are no blades, and 1 represents that there is one layer of it (i.e.,
two blades).
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Figure 1. (a) Abaqus for CHSB(P; (b) Abaqus for CHSB;P.

The pile geometry and the material parameter of these FEM models are summarized in
Tables 1-3. As shown in Table 2, the blades of CHSB; P have an area of 0.05375 m? (250 mm
in length and 10 mm in thickness), which come into contact with soil from the pile end.

Table 1. Pile geometry parameter.

Type oD Wall Thickness Length Embedment Blade No
mm mm m m No.
CHSB(P 76.1 4 1.5 1.2 0
CHSB, P 76.1 4 1.5 1.2 2
OD = outside diameter.
Table 2. Blade geometry parameter.
Type Wall Thickness Length Blade Area
mm mm m?
CHSB,P 0 0 0
CHSB, P 10 250 0.05375
Table 3. Pile material parameter.
Type Modulus Poisson’s Ratio Density CHS Grade Blade Grade
MPa N/A t/mm? MPa MPa
CHSB,P 210,000 0.3 7.8 x 107°? 450 N/A
CHSB, P 210,000 0.3 7.8 x 107°? 450 350

Based on previous numerical simulation studies, the material parameters of helical
piles were referenced and set [26,27]. These two models do not vary in terms of material
strength; that is, the modulus, Poisson’s ratio, density, yield and ultimate strength are

identical, as depicted in Table 3.



Geosciences 2022, 12, 329

4 of 14

2.2. Soil Material Parameter and Model Geometry

For the FEM simulation, the Mohr—Coulomb constitutive relationship is selected, and
the penalty formula is used for simulating the surface contact between the soil and the pile
shaft. This study integrates and adjusts the soil parameters used in past studies on the
soil [28]. Table 4 provides the soil parameters of clay used in the FEM modeling.

Table 4. Clay parameters used in FEM model.

Unit Weight, y Soil Cohesion, ¢ Modulus of Elasticity E
Soil Index
kN/m3 kPa MPa
Very soft 16 10 10
Soft 17 15 15
Firm 18.5 30 30
Stiff 20 85 75
Very stiff 21 150 150
Hard 225 200 180

To perform the parametrical study of these two models in various soil states, the
cohesion used in the FEM simulation ranges from 10 to 80 kPa, representing the soil state
being soft to hard. In this context, the modulus is assumed to be a constant. Furthermore,
the Young’s modulus of the clay used varies from 10 to 120 MPa, which represents the soil
state being in a very soft state to a stiff state. Note that cohesion is assumed to be a constant.
To be more realistic, FEM models with two variables (different cohesion and modulus) are
also simulated; the soil parameters are summarized in Table 4.

In addition, based on previous studies, in the numerical simulation of helical piles,
in order to reduce the influence of soil boundary conditions on the model, the soil size is
chosen to be at least 20 times the pile diameter, and the soil depth in the lower part of the
helical pile is at least 10 times the pile diameter [29].

In this research, the model will take too much time or provide inaccurate results when
the soil dimension is too big or too small, respectively. In this context, the soil width and
the depth in all models are determined as 3 m and 3 m, respectively.

3. Parametrical Study of CHS Pile
3.1. Study of CHSB,) Pile
3.1.1. Effect of Modulus of Elasticity

To study the effect of the modulus of soil on the capacity of the pile foundation, the
modulus values of elasticity of 10, 15, 40, 80 and 100 MPa are considered by assuming that
the value for clay cohesion is a constant. In this study, four constant cohesion values are
considered, as shown in Table 5. The log load versus the soil top displacement correlations
are plotted in Figure 2a—d.

Table 5. Controlled parameters and varying parameters.

Controlled Elastic Modulus (MPa)
c =10 kPa 10, 15, 40, 80 and 100
¢ =30 kPa 10, 15, 40, 80 and 100
¢ =50 kPa 10, 15, 40, 80 and 100
¢ =100 kPa 10, 15, 40, 80 and 100

As shown in Figure 2, in general, the soil lateral displacement increases as the applied
loads increase. The soil displacement appears linear from the first part of the curve, and
then, the plasticity of the soil develops. By using the log method and finding the point
that shows a dramatic increase in the displacement, the ultimate bearing capacity of the
pile foundation, and the corresponding allowable displacement, can be found. As shown
in Figure 2a,b, the ultimate soil displacement is about 10 mm, and when the cohesion
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increases, as shown in Figure 2c,d, the ultimate soil displacement is approximately 18 mm.
The ultimate bearing capacity in relation to the soil modulus is summarized in Table 6, and
the plotted diagram showing the correlation between the modulus and the load capacity is

provided in Figure 3.
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Figure 2. Load versus horizontal displacement for CHSB, pile: (a) cohesion of 10 kPa; (b) cohesion of
30 kPa; (c) cohesion of 50 kPa; (d) cohesion of 100 kPa.

Table 6. Pile foundation capacity in relation to Young’s modulus of soil for CHSB, pile.

Elastic Modulus Pile Foundation Capacity (kN)
(MPa) c=10kPa ¢ =30 kPa c =50 kPa c =100 kPa
10 2.3 4.53 5.5 9.0
15 2.44 4.87 6.1 9.2
40 2.73 5.4 6.7 11.0
80 2.89 5.8 7.3 12.1
100 2.92 6.0 7.8 12.3

As shown in Table 6, the smallest pile foundation capacity is 2.3 kN when the 1.5 m
pile is embedded in soft clay with an elastic modulus of 10 MPa and the maximum pile
foundation capacity is obtained as 12.3 kN with a clay modulus of 100 MPa. Moreover, when
the cohesion value is constant, the pile capacity increases as the plasticity modulus increases.
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Figure 3. Elasticity modulus versus ultimate load for CHSB pile.

Figure 3 depicts the increment trend or the rate of increase in terms of the ultimate
pile—soil capacity. Clearly, the pile foundation capacity increases as the modulus increases,
but the gradient differs. The slope of each trend line corresponds to the growth rate of the
bearing capacity. In detail, the capacity increment rate is related to the cohesion of clay.
Thus, the hard soil that has a cohesion of 100 kPa will show a greater capacity increase rate
of 0.0379, whereas the smallest gradient is determined as 0.0065 when the soil cohesion is
small (10 kPa).

3.1.2. Effect of Cohesion

To study the effect of the soil cohesion on the capacity of the pile foundation, the
clay cohesion values of 10, 20, 30, 50, 100 and 120 MPa are considered, and it is assumed
that the clay modulus is a constant value. In this study, four constant modulus values
are considered, as shown in Table 7, and the log load versus the soil top displacement
correlations are plotted in Figure 4a—d.

Table 7. Controlled parameters and varying parameters.

Controlled Cohesion (kPa)

E =30 MPa 10, 20, 30, 50, 100 and 120
E =50 MPa 10, 20, 30, 50, 100 and 120
E = 80 MPa 10, 20, 30, 50, 100 and 120
E =100 MPa 10, 20, 30, 50, 100 and 120

As shown in Figure 4, in general, the soil lateral displacement increases as the applied
loads increase. The soil displacement appears linear from the first part of the curve, and
then, the plasticity of the soil develops. Similarly, the ultimate bearing capacity can be found
by plotting the intersections of two tangents for each curve. The ultimate bearing capacity
of the modeled pile in relation to the soil strength parameter of cohesion is summarized in
Table 8.

Table 8. Pile foundation capacity in relation to cohesion of soil for CHSB pile.

Cohesion Pile Foundation Capacity (kN)
(kPa) E =30 MPa E =50 MPa E = 80 MPa E =100 MPa
10 2.6 2.8 32 3.3
20 3.9 4.25 53 5.5
30 5.0 5.3 6.9 7.0
50 6.2 6.65 8.8 9.0
100 8.0 9.0 12.1 12.3

120 9.0 9.6 12.7 13.0
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Figure 4. Load versus horizontal displacement for CHSBy pile. (a) Elasticity modulus of 30 MPa;
(b) elasticity modulus of 50MPa; (c) elasticity modulus of 80MPa; (d) elasticity modulus of 100MPa.

Table 8 provides a summary of the ultimate bearing capacity of the CHSBy pile
embedded in soil with cohesion ranging from 10 to 120 MPa. The table clearly reveals that
there is a positive correlation between the ultimate bearing capacity and cohesion, with
the minimum and the maximum capacities being 2.6 and 13 kN. However, it is difficult to
observe its increase rate.

Furthermore, the figure shows that the capacity increment rate will be close despite
Young’s modulus. Moreover, the equations of the eight regression lines describe the trend
that the ultimate bearing capacity (Qy;) shows a positive correlation with the cohesion.

A
Qui o« Z2C M

where

Q.+ = Ultimate bearing capacity of pile foundation in clay.

C = Cohesion of clay.

% = Increment gradient = 0.15 for 10 < C < 35; = 0.0497 for 35 < C < 120.

As shown in Figure 5, six points were taken for each group to plot the curve. Then,
tangents were taken from the first three points and were made to intersect with the tangents
from the last three points; this showed that 35 MPa cohesion provides a boundary, which
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shows an increment rate of 0.153 when the cohesion is less than 35 MPa, and of 0.0497
when the cohesion of clay is more than 35 MPa.
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Figure 5. Relationship between cohesive force and ultimate bearing capacity for CHSB pile.

3.2. Parametrical Study of CHSB; Pile
3.2.1. Effect of Modulus of Elasticity

To investigate the blade pile foundation, a number of models were created by adding
a layer of blades (2 blades). The material used as well as the soil parameters were the same
as for the normal CHS piles (without blades). The load versus the soil top displacement
curves in terms of Young’s modulus are provided in Figure 6, with consideration of a
constant cohesion of 10 (Figure 2a), 30 (Figure 2b), 50 (Figure 2c) and 100 kPa (Figure 2d).
The correlation between the ultimate bearing capacity of the pile foundation of each model
in relation to Young’s modulus is summarized in Table 9, and Figure 7, which illustrates the
modulus versus capacity, is provided for convenient analysis of the modulus slope gradient.

Table 9. Pile foundation capacity in relation to Young’s modulus of soil for CHSB pile.

Elastic Modulus Pile Foundation Capacity (kN)
(MPa) c=10kPa c=30kPa c=50kPa ¢ =100 kPa
10 2.7 5.8 7.3 9.4
15 2.99 6.0 7.7 10.05
40 34 6.5 8.5 11.2
80 3.84 7.2 9.1 13.0
100 3.98 7.5 9.2 13.5

Based on the research on the modulus of elasticity and load bearing capacity of helical
piles in the past, the load bearing capacity of helical piles is improved with the increase in
the modulus of elasticity. When the modulus of elasticity increases from 15 MPa to 75 MPa,
the load capacity also increases from 540 kN to about 800 kN [27].

As depicted in Table 9, the pile foundation capacity increases as the modulus increases,
with the minimum and maximum capacities of 2.7 and 13.5 kN, respectively. Similar to the
finding for the pile without blade application, these capacity increment rates are related to
the cohesion values of clay.

As shown in Figure 7, the slope gradients or the capacity improvement rates are
determined as 0.013, 0.019, 0.020 and 0.045 when the modulus values are 10, 30, 50 and
100 MPa, respectively, and, in addition, no point divides the curve into two different slope
lines. In this figure, it can be seen that the slope increases as the cohesion increases, which
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is roughly the same trend as in Figure 3. Further, when the cohesive force 100 kPa elastic
modulus is 100 MPa, the slope of CHSB P is large with CHSBP, which indicates that the
pile foundation with added blades has higher ultimate bearing capacity. Based on the
comparison with Figure 3, the slope of CHSBOP is 0.0065, and the slope of CHSBI1P is 0.0134
when the cohesive force is 10 kPa and the modulus of elasticity is 100 MPa. It can be seen

that the added blades can improve the bearing capacity of the CHS pile.
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3.2.2. Effect of Cohesion

To examine the correlation of the blade pile capacity and cohesion, the log load versus
displacement curves when the soil modulus is a constant are provided in Figure 8a—d (for
the CHSB; pile). The same trends are found by comparing these with the curves for the
CHSBy pile: the initial part of the curves appear linear, and then, elastic deformation occurs.
By interpreting the load versus displacement data, the ultimate bearing capacity values of
each model corresponding to the soil parameters are summarized in Table 10. Furthermore,

for convenient analysis of the capacity improvement rate, the cohesion versus capacity
blade pile foundation is provided in Figure 9.
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Figure 8. Load versus horizontal displacement for CHSB; pile. (a) Elasticity modulus of 30 MPa;
(b) elasticity modulus of 50 MPa; (c) elasticity modulus of 80 MPa; (d) elasticity modulus of 100 MPa.

Table 10. Pile foundation capacity in relation to cohesion of soil for CHSB; pile.

Cohesion Pile Foundation Capacity (kN)
(kPa) E =30 MPa E =50 MPa E = 80 MPa E =100 MPa
10 29 32 41 435
20 42 4.65 5.9 6.0
30 5.05 5.4 7.2 7.35
50 6.4 6.95 9.0 9.15
100 8.9 9.3 13.0 13.5

120 9.2 10.0 14.0 14.8
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Figure 9. Relationship between cohesive force and ultimate bearing capacity for CHSB, pile.

As shown in Figure 9, when the cohesion increases, the pile capacity increases, but the
increment rates are different. When the cohesion is less than 35 MPa, the slope gradient is
approximately determined as 0.13 despite the modulus value, and when the cohesion is
greater than 35 MPa, the slope gradient is about 0.06. For mathematical representation of
the ultimate capacity, refer to Equation (1).

For this section, the parameters of the common pile foundation and CHSBI pile are
studied to analyze their effects on the bearing capacity under different elastic modulus and
cohesion conditions. In Section 4 of this research, CHSByP and CHSBP are re-simulated,
which are analyzed for classified clay soils to confirm the relationship between bearing
capacity and displacement under realistic clay parameters.

4. Comparison between CHSBy and CHSB Piles
4.1. CHSBy and CHSB1 Piles in Clay

On the basis of the soil conditions provided in Table 4, the log load versus the soil
lateral displacement of all FEM models, by considering different types of soil states, is
provided in Figure 10. The figure shows that when the soil condition is ascertained, the
capacity of the blade pile foundation is greater than that of the normal pile foundation.
Moreover, the loads that lead to 100 mm soil displacement from the blade pile model are
greater than the corresponding loads from the normal pile model. For example, when the
soil is in the very soft state, for a 100 mm lateral soil displacement to occur, a load of 3.4 and
5 kN must be applied to the CHSB pile and the CHSB; pile, respectively. Taking another
example, when the soil is hard, the load required to cause 100 mm soil displacement for the
normal pile and the blade pile are 48.6 and 54.3 kN, respectively.

Moreover, as shown in Figure 10, the capacity increment between the blade pile and
the normal pile is related to the soil state because the lateral distance in the figure between
the two curves (normal pile and blade pile) differs. Further, the maximum distances occur
when the soil is very soft to firm, that is, the harder the soil, the less the horizontal distance
between two curves.

4.2. Ultimate Bearing Capacity Improvement

According to the data obtained from Figure 10, the point that shows a dramatic soil
movement increase provides the ultimate bearing capacity of the pile foundation. These
points are around 20 to 40 mm soil displacement. Normally, for the solar panel pier, the
failure criterion is the load that causes a 25 mm soil surface displacement. In this context,
the pile capacity of the pile foundations in different soil environments is summarized in
Table 11.
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Figure 10. Log load versus soil displacement of CHSBy and CHSB; piles in clay.

Table 11. Ultimate bearing capacity of normal and blade pile foundations in different types of clay.

Ultimate Bearing Capacity (kN)

Pile Label
re habe Very Soft Soft Clay Firm Clay Stiff Clay ~ Very Stiff Clay  Hard Clay
CHSB, 2.7 3.8 6.7 12.8 169 19.6
CHSB, 3.1 43 7.1 12.83 174 20.1
Capacity 14.8 13.1 5.9 0.23 2.95 25
Improvement (%)

As shown in Table 11, CHSBy shows the minimum capacity of 2.7 kN and the maxi-
mum of 19.6 kN when the soil is soft; in comparison, the CHSB; pile shows the minimum
capacity of 3.1 kN with 14.8% improvement and the maximum capacity of 20.1 kN with
2.5% improvement. This result indicates that when the clay material is very soft to firm, the
blade pile can be used as a replacement for the traditional piles.

5. Conclusions and Recommendation

The study in relation to the mechanical behavior of the soil and tube/cylinder shaft pile
under lateral load action has been investigated for a long time. However, when an enlarged
head is added at the bottom of the pile foundation, which acts as anchor stabilization, the
study of the mechanical properties between its pile and soil is very limited. In this study, a
parametrical investigation was performed, and the ultimate bearing capacity of the normal
CHSB pile and the blade pile in different types of soil was calculated and compared. Two
soil parameters were considered, namely, Young’s modulus and the soil strength parameter
of cohesion. The conclusions of this study are as follows:

The ultimate bearing capacity of the CHSBy pile foundation as well as of the CHSB;
pile foundation will increase as the Young’s modulus increases.

The ultimate capacity improvement rate is related to cohesion: the greater the cohesion,
the greater the capacity; however, the improvement rate will be changed.

The ultimate bearing capacity of the CHSB pile foundation as well as of the CHSB;
pile foundation will increase as the soil cohesion increases.

The ultimate capacity improvement rate is related to Young’s modulus: the greater
the Young’s modulus, the greater the capacity improvement. Furthermore, the cohesion
of 35 MPa is found to be a boundary. When the cohesion is less than 35 MPa, the capacity
improvement rate is greater.
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Numerical simulations of the CHSBy pile and of the CHSB; pile were also conducted
for six states of soil: very soft, soft, firm, stiff, very stiff and hard. The ultimate bearing
capacity of each pile was determined and compared. The conclusions are as follows.

When the soil state is ascertained, the ultimate bearing capacity of the blade pile
foundation is greater than that of the CHSB pile.

When the soil state changes from very soft to hard, the lateral bearing capacity of both
the CHSBy pile and the CHSB; pile will increase.

When the soil is very soft to firm, the CHSB; pile has much greater capacity than
the CHSB pile, but when the soil is stiff to hard, the blade pile capacity is just slightly
greater than that of the CHSBy pile. The reason is that when the soil is stiff to hard, the
load-displacement curve shows no ‘drop” point, which means the pile-soil system does not
show the failure condition.

On replacing the CHSBy pile by the CHSB; pile, the maximum lateral capacity im-
provement can be 14.8% when the soil is very soft and 2.5% when the soil is hard.
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