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Compared with traditional equal-section pile, the nodular parts of nodular pile expand the contact area between the pile and
foundation soil, which can greatly improve the bearing capacity of pile foundation and increase the stability of pile body structure.
In this paper, the mechanism of pile-soil interaction in the construction of vortex-compression nodular pile is studied with the
purpose of evaluating the compressive capacity of nodular piles. *rough the indoor model test and ABAQUS numerical
simulation analysis, the compressive characteristics of 12 types of vortex-compression nodular pile are obtained, and the variation
rules of the parameters of the compressive characteristics of vortex-compression nodular piles are quantitatively analyzed,
including the failure pattern of foundation soil, load-settlement relationship, and load transfer law of vortex-compression nodular
piles.*e results showed that the compressive capacity of vortex-compression nodular piles has significant advantages over that of
traditional equal-section piles. Based on the results of the indoor model test and numerical simulation, the calculationmethod and
formula of the compressive capacity of vortex-compression nodular piles are given by modifying the corresponding calculation
formula of traditional nodular piles.*e newmethod and formula are more in line with the actual working conditions and provide
theoretical and data support for the further engineering application of vortex-compression nodular piles.

1. Introduction

In recent years, the number of infrastructures such as large
buildings, long-span bridges, highways and high-speed
railways, large oil and gas storage tanks, and offshore
platforms has increased rapidly, and all of above need to be
built on a specific geological condition, which puts forward
higher requirements for the design and application of pile
foundation. During the initial design and later construction
of pile foundation, engineers and technicians have found
that the failure of the pile foundation structure is mainly
caused by the destruction of foundation soil, and the role of
the pile body does not fully play even though the bearing
capacity of the pile itself is large. Under this background,
engineers have put forward the structure form of nodular
piles [1, 2], which can expand the contact area between pile
and soil by setting nodular parts at different positions on the
pile body so as to obtain the larger bearing capacity of single
pile and reduce the project cost. Nodular pile has been
preferred option duo to its convenient construction and

superior performance. In the near future, it may replace the
traditional bored pile [3–5] and play a leading role in pile
foundation engineering.

Until now, many kinds of nodular piles have been de-
veloped. *eir pile formation mechanism, bearing charac-
teristics, load transfer theory, and bearing capacity
calculation method are different. Hill [6] proposed the
spherical cavity expansion theory and derived the general
solution of the relation between the reaming displacement
and the reaming force of Tresca material. Houlsby and Yu
[7] adopted the More–Coulomb yield criterion of the un-
correlated flow method and used the dilation angle to de-
scribe the soil’s dilatation characteristics. *ey considered
the large deformation in the plastic region and thus adopted
the logarithmic strain to analyze the pore expansion of the
ideal perfect elastic-plastic material and obtained the unified
analytical solution for the pore expansion of the spherical
and cylindrical cavity under the condition of unlimited
deformation. Cui [8] carried out static load tests and ob-
tained the influence law of the disc spacing on the ultimate
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bearing capacity of the pile. Hu et al. [9] analyzed the
mechanism and reasons for the increase in bearing capacity
of branch and disc pile and modified the ultimate bearing
capacity of branch and disc pile with expanded part based on
the ultimate bearing capacity of straight pole pile. Zhou et al.
[10] used ANSYS finite element software to study the vertical
load transfer mechanism of expanded branch pile under the
change of physical and mechanical parameters of soil mass.
Ye et al. [11] conducted two series of physical modeling
experiments. Under different grouting process, they con-
ducted physical modeling experiments with or without
grouting process and studied the influence of compaction
grouting on the performance of compaction-grouted soil
nails. A hyperbola-basedmodel was proposed to describe the
variation of the pullout force of the model tests with and
without grouting.

Combined with a series of research results obtained by
domestic and foreign scholars, it has been found that
nodular piles have outstanding advantages in bearing ca-
pacity. At present, the theoretical research on nodular piles is
still immature. Experimental work can simulate the defor-
mation characteristics and bearing characteristics of the
nodular piles under specific working conditions, which is an
effective method to study and solve this series of problems.
However, the model test can only study the variation of some
working conditions and parameters, and numerical simu-
lation is often used to study the bearing characteristics of
engineering piles under more complex working conditions.
By comparing the results of the model test and numerical
simulation, the reliable test basis can be provided for the
practical engineering design method and design theory of
the nodular piles.

In this paper, we analyzed the compressive character-
istics of twelve kinds of vortex-compression nodular piles
based on the model test [12–14]; ABAQUS finite element
numerical simulation software was used to study the
compressive characteristics of nodular piles under the in-
fluence of multiple parameter changes so as to optimize the
parameter design of engineering piles. By modeling the
interaction mechanism between fluidized concrete and
foundation soil in the expansion process, the deformation
equation of foundation soil in the process was established.
By further integrating numerical analysis and experimental
work, the calculation method of ultimate bearing capacity of
vortex-compression nodular pile was derived.

2. Experimental Work

2.1. Material and Pile Model Size. *e test piles were
1000mm long, and their effective length (L0) was 900mm
with a shaft, diameter (D) of 30mm. *e height and di-
ameter (De) of the nodular part are 60mm and 120mm,
respectively. Based on similarity of the elastic modulus of the
materials used under laboratory and real conditions and
comprehensively considering the elasticity modulus, sta-
bility, and workability of thematerial, we used the aluminum
tube with a wall thickness of 3mm, and the nodular parts
used the nylon resin. Wire of strain gauge was passed
through a hole with the diameter of 10mm in the direction

of the nodular part near the pile. Figure 1 presents the
detailed configuration of pile.

*e detailed size of each pile is shown in Table 1, and N
indicates the number of nodular part,H indicates the bottom
level of nodular part, and S indicates the spacing between
nodular parts.

2.2. FoundationSoil. Sand was used as simulated foundation
soil because it is available and easy to prepare. *e com-
pactness of sand layer can be controlled, mechanical and
geometric properties of which are similar to those foun-
dation soil under actual conditions. After cleaning, the sand
was dried and passed through 1mm and 0.1mm standard
sieves.

Sand was filled into the model box, and the piles were
embedded at the same time. Sand loading, measurement,
and filling were carried out in layers with soil gauges. Sand
was added into the model box, flatten with a flatterer, and
then compacted with a self-made compactor to get relative
density of 0.67. All layers were filled up with same process.

2.3. Model Box and Loading System. *e iron model box is a
cylinder, with the wall thickness of 10mm, inner diameter of
1000mm, and height of 1200mm (Figure 2(a)). In order to
enhance its stiffness, stiffeners were set in the vertical and
horizontal directions of its outer wall. *ere were four holes
in the bottom plate of themodel box, and porous stones were
set at the bottom of the bottom plate to drain out the su-
persaturated water from the soil (Figure 2(b)).

Loading frame adopted the portal frame structure
(Figure 3(a)). Two columns were connected with the anchor
hole by the pedestal rod and the beam to make the reaction
frame. Column had box structure with four mounting
surfaces, which can be built into various forms according to
the test type. *e rail was installed on the beam, and the
trolley platform also can be installed; the oil cylinder can
move along the beam and fixed in any position. In order to
control the load and time accurately, this test adopted a
double acting cylinder that has the manual adjustment
function, which can be connected with the pressure sensor.
Its peak load was 100 kN, the working pressure was greater
than 25MPa, the stroke was 150mm, the manual stroke was
100mm, and the starting pressure was 0.2MPa (Figure 3(b)).
*e manual oil pump had a single output channel, and it can
be manually reversed, and its maximum pressure was
63MPa (Figure 3(c)).

2.4. Data Acquisition. *e displacement of pile tip was
measured by a numerical control acquisition displacement
sensor with an accuracy of 0.01mm and a range of 100mm.
*e dial indicator was set on the load sensor of the pile top
and fixed on the specially-made dial indicator frame through
the magnetic base.

In order to study the axial force transfer characteristics of
pile under compression load, we measured the stress and
strain along axis direction of piles under vertical loads, and
strain gauges were set in key points (Figure 4) to measure the
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strain of different key points and get the axial force in
different depth of the pile, and then we obtained the pile
axial force transfer curve [15–17].

2.5. Loading Test Program. In this test, we adopted the Jack
loading method [18], according to technical code for testing
of building pile foundation; the load was slow and main-
tained stage by stage. Each stage of load was 1/10–1/15 of the
estimated ultimate bearing capacity, and readings were
recorded once every 15 minutes within the first hour, every
30 minutes within the second hour, and every 1 hour

thereafter. *e settlement reaches a stable stage when the
settlement at each stage of the load was less than 0.1mm in
the last 30 minutes and next stage of load can be applied.
When the ith load was applied, the total settlement
h≥ 40mm or the settlement of this load Δhi was greater than
or equal to the 5 times of the last loading stage. Test load can
be ended, and the corresponding settlement Δhi−1 was taken
as the ultimate load of the model pile test. If the total set-
tlement h< 50mm when the ith load is applied, but the
settlement still not reach a stable state after 24 h, the loading
can also be ended, and the previous load is taken as the
ultimate load of this model pile test.

(a) (b)

Figure 1: Typical pile structure: (a) P-1 equal-section pile; (b) P-7 nodular pile.

Table 1: *e configuration of nodular piles.

Number L0 (mm) D (mm) De (mm) N H (mm) S (mm)

P-1 900 30 — — — —
P-2 900 30 90 — — —
P-3 900 30 120 1 −900 —
P-4 900 30 120 1 −810 —
P-5 900 30 120 1 −570 —
P-6 900 30 120 1 −330 —
P-7 900 30 120 2 −330, −630 240
P-8 900 30 120 2 −630, −810 120
P-9 900 30 120 2 −510, −810 240
P-10 900 30 120 2 −390, −810 360
P-11 900 30 120 2 −270, −810 480
P-12 900 30 120 3 −270, −540, −810 210

(a) (b)

Figure 2: (a) *e model box. (b) Model box drainage system.
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2.6. Results and Discussion

2.6.1. Analysis of Load-Settlement Relationship of Nodular
Piles. *e load-displacement curves of 12 piles under
compressive load are summarized in Figure 5.

P-1 pile is an equal-section pile with the same diameter
as that of other nodular piles.*e bearing capacity of pile P-2
to P-12 is much larger than that of pile P-1, which indicates
that the nodular piles have extraordinary mechanical per-
formance under compressive load compared with equal-
section pile.

P-2–P-6 are single piles with one nodular part. P-2 and
P-5 have the same nodular part position but different di-
ameter of nodular part. It can be seen that the ultimate
bearing capacity of single pile becomes greater with the
increase in diameter of nodular part. *e position of the
nodular part has a great influence on the bearing capacity of
single nodular pile. For P-3, P-4, P-5, and P-6, which have
different nodular part position, the lower the nodular part is,
the higher the ultimate compressive bearing capacity is.
Moving the nodular part to the middle part of pile decreases
the compressive bearing capacity, and piles with nodular
part at the upper part has the minimum compressive bearing
capacity. *erefore, it is better to set the nodular part near
the bottom of the pile body in the design.

P-7–P-11 are piles with two nodular parts. P-7 and P-9
have the same spacing between nodular parts, but nodular
parts are at different positions. *eir bearing capacity is not
significantly influenced by the position of nodular parts. If
one nodular part at the lower part of the pile body is fixed
and the position of the upper nodular part is changed, the
bearing capacity of pile increases when the upper nodular
part is located at higher position. However, the nodular part

spacing should not exceed 6 times of the height of nodular
part.

P-12 is the pile with three nodular parts, the bearing
capacity of which is the largest among the 12 types of pile.
*e arrangement of its nodular parts is approximately as the
composite and superposition of P-6 with single nodular part
and P-9 with two nodular parts, and its bearing capacity is
also approximately the sum of the bearing capacity of P-6
and P-9. For nodular piles with three nodular parts, if the
nodular parts are arranged reasonably, its bearing capacity is
approximately the sum of the bearing capacity of one pile
with single nodular part and one pile with two nodular parts.

2.6.2. Analysis of Load Transfer Law of Nodular Piles. To
accurately measure the data of load transfer and deformation of
piles, strain gauges are arranged at the nodular part and key parts
of the pile.*e axial force transfer curves of twelve kinds of piles
under the compressive load are summarized in Figure 6.

*e axial force of P-1 is constant under the action of
ultimate load. *is may be due to use of sand as soil material
and aluminum tube as pile bodymaterial, which decrease the
friction coefficient and thus the load is almost entirely borne
by the pile end.

Under the action of ultimate load, the axial force of the
upper part of P-3 at the nodular part changed very slightly,
indicating that the load is mainly borne by the nodular part
at the pile end, and its compressive bearing capacity is
relatively large.

*e axial force of the rest piles increases at the position of
the nodular part. *e axial force at position below the nodular
part is significantly reduced, indicating that the nodular parts
play a great role in bearing the compressive load.

(a) (b)

(c)

Figure 3: Loading device: (a) counter-force rack; (b) double acting cylinder; (c) manipulating fuel pump.
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Under the ultimate load, the load transfer of equal-section
pile is basically linear. For monopile with one nodular part,
with the higher position of nodular part, the decrease in the
axial force at the nodular part becomes slighter. For monopile
with two nodular parts, when the nodular part spacing is small,
the decrease in axial force at its lower nodular part is similar to
that of pile with one nodular part. However, the decrease in
axial force at its upper nodular part decreases with the in-
creasing of nodular part spacing. For monopile with three
nodular parts, the decrease in axial force at each nodular part
becomes slighter from top to bottom.

3. Numerical Modeling

3.1. Unit Selection

3.1.1. Constitutive Model of Pile Material. Since the elastic
modulus of aluminum is close to that of concrete and the

material uniformity is relatively good, the aluminum tube was
adopted as the material for making the model pile, whose
strength and stiffness are much stronger than those of sur-
rounding soil.*e stiffness of the nodular part ismuch stronger
than that of the soil around the pile. For the convenience of
calculation, the material property of the nodular part was
regarded as the same as aluminum. Under vertical load, the
failure of pile foundation is usually controlled by settlement
and shear slip of soil around pile, and the failure of the pile body
rarely occurs. *erefore, the linear elastic model was adopted
for the pile body [19], and the constitutive relation of its tensor
form can be expressed as follows [20]:

σij �
2Gμ
1 − 2μ

δijδkl + G δikδjl + δilδjk  εkl � Dijklεkl, (1)

where Dijkl is the component of the elastic tensor, which can
be expressed as follows:
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Figure 4: Strain gauge paste location map.
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Figure 5: Load-displacement curves of 12 kinds of pile under compressive load: (a) equal-section pile and nodular piles; (b) piles with one
nodular part; (c) piles with two nodular parts; (d) piles with different nodular parts.
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Figure 6: Axial force transfer curve of 12 kinds of pile under the action of ultimate compressive load: (a) equal-section pile and nodular piles;
(b) piles with one nodular part; (c) piles with two nodular parts; (d) piles with different nodular parts.
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where E is the elastic modulus of the material, μ is the
Poisson’s ratio, and G � E/2(1 + μ).

3.1.2. Constitutive Model of Soil Material. *e σ-ε rela-
tionship of the soil around the pile shows significant non-
linear and plastic characteristics under load. For isotropic
hardening materials, assuming that the loading function is
known as Φ, the plastic scalar factor dλ, the plastic potential
function Q, and the hardening modulus are expressed as
follows [21]:

ϕ σij, H  � 0, (3)

Q � Q σij, H  � 0, (4)

dλ �
1
A

zϕ
zσij

dσij, (5)

A � −
zϕ

zHα
zHα
zεp

ij

zQ

zσij

. (6)

According to the elastic-plastic principle, the elastic
strain part and the plastic strain part constitute the total
strain variables of soil mass, and their incremental expres-
sion is as follows:

dεij � dεe
ij + dεp

ij, (7)

where dεe
ij is the elastic strain, dεe

ij � [Ce
ijkl]dσkl, dε

p

ij is the
plastic strain, and dεp

ij � λ(zQ/zσij). Substitute dεe
ij and get

dεp
ij in the following formula:

dσij � D
e
ijkl dεkl − dλ

zQ

zσij

 . (8)

When the material is isotropic, equation (9) holds.
Substituting equations (8) and (9) into equation (6),
equation (10) can be obtained:

dϕ �
zϕ

zσkl

dσkl +
zϕ
zH

zH

zεp

kl

dεp

kl, (9)

zϕ
zσij

D
e
ijkl −

zϕ
zσmn

D
e
mnpqdλ

zQ

zσpq

− Adλ � 0. (10)

By substituting (9) into (5), the general expression of
isotropic hardening dλ is obtained:

dλ �
zϕ/zσij D

e
ijkldεkl

A + zϕ/zσmn( D
e
mnpq zQ/zσpq 

. (11)

By substituting equation (11) into equation (5), the
general expression of elastic-plastic of isotropic materials
can be obtained:

dσij � D
e
ijkl −

zϕ/zσab( D
e
ijabD

e
cdkl zϕ/zσcd( 

A + zϕ/zσmn( D
e
mnpq zQ/zσpq 

⎡⎢⎢⎣ ⎤⎥⎥⎦dεkl.

(12)

*e More–Coulomb model is generally used to describe
soil yield; the More–Coulomb yield surface is a pyramid in
the principal stress space and an equilateral hexagon on the π
plane but not equiangular. *e More–Coulomb yield con-
dition can be expressed as follows:

1
3
I1 sinφ +

��
J2


sin θ +

π
3

  +

���
3J2



3
cos θ +

π
3

 

sinφ − C cosφ � 0,

(13)

where θ can be expressed by cos 3 θ �
�
2

√
J3/τ38, I1 is the first

invariant of the stress tensor, J2 is the second invariant of
stress deviator, J3 is the third invariant of stress deviator, and
τ8 is the shear stress of the octahedron. *e ultimate shear
strength of soil on any force surface can be expressed by
Coulomb’s law:

τn � C + σntgφ, (14)

where φ is the angle of internal friction,C is the cohesion and
its value is the intercept of the failure line on the vertical axis,
and τn is the normal stress (on the stress surface).

According to Figure 7, it can be seen that

τn � R cosφ,

σn �
1
2

σx + σy  − R sinφ,

R � C cos φ +
1
2

σx + σy sinφ,

(15)

where R is the radius of the Mohr stress circle and
R � [(1/2)(σx + σy)2 + τ2xy]1/2.

3.1.3. Pile-Soil Contact Model. In order to simulate the
interaction between nodular piles and soil around the pile,
contact elements should be set on the contact surface be-
tween pile and soil. *e contact relationship between pile
and soil is complex and nonlinear. Normally, when two
contact surfaces contact each other and slide or move rel-
ative to each other, there will be normal contact stress and
shear stress between the two contact surfaces. For tangential
effect, a commonly used friction model in ABAQUS is
Coulomb friction [22, 23]. *e calculation formula of
Coulomb friction is as follows:

τ � μp, (16)

where τ is the critical tangential stress, μ is the coefficient of
friction, and p is the normal contact compressive stress.

Before the tangential force reaches the critical shear
stress, there will be no relative slip between the friction
surfaces or between pile and soil, which is called sticking
state. After the tangential force reaches the critical stress,
relative slip will occur on the contact surface between pile
and soil, which is called slipping state. If the two states of
sticking and slipping are discontinuous, the penalty function
formula in ABAQUS can be used to realize the transition
between the two states. *e penalty function formula allows
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elastic slip, the concept of which is described in Figure 8.
When the friction force between two contact surfaces is less
than τmax, the two contact surfaces are sticking; if there is
relative friction between two contact surfaces, the calculation
program will automatically define the reasonable penalty
stiffness. During the numerical simulation, the program will
automatically use the attenuation index method to simulate
the transition between sticking and sliding state [24, 25].

3.2.ModelDimensionsandParameters. *emain purpose of
numerical simulation is to study the influence of geometric
parameters of vortex-compression nodular pile on its
compressive characteristics and soil around the pile. By
changing the geometric parameters such as the size, the
number, the bottom elevation, and the distance between
nodular parts, the influence on the bearing capacity of
vortex-compression nodular piles and the soil around the
pile was studied. Twelve kinds of model sizes (P-1–P-12)
were adopted, which are the same as those in the model test.

*e physical and mechanical parameters of the model
pile and soil around the pile were determined by laboratory
tests, and the specific data are shown in Table 2.

3.3. Boundary Conditions and Grid Division. By taking a
two-dimensional axisymmetric model, freedom in the Y
direction was constrained at the bottom of the soil, freedom
in the X direction was constrained on both sides of the soil,
and freedom in the horizontal direction of the pile body was
constrained. *e axisymmetric 4-node element was used for
the pile body and soil around the pile. *e strain gradient of
stress of the soil in and surrounding nodular parts was
relatively large, so the grid should be partly densified. Pile
P-1, P-5, P-7, and P-12 were typical grid division of nodular
piles with different numbers and diameters of nodular part,
and the scheme is shown in Figure 9 [26–28].

3.4. Results and Discussion

3.4.1. Analysis of Failure Morphology of Foundation Soil of
Compressed Nodular Piles. *eplastic strain and displacement
of 12 kinds of pile under 50%, 75%, and 100%ultimate loadwere

extracted, and the plastic strain and displacement contour were
summarized [29], where the displacement contour of P-10 pile
under compressive loading can be seen in Figure 10 and plastic
strain contour of P-10 pile under compressive loading can be
seen in Figure 11. By comparing with the simulation results of
typical piles with different numbers of nodular part, the pre-
liminary conclusions were as follows.

During the loading process of non-nodular piles, no sig-
nificant deformation and displacement occurred on pile side
foundation, and the soil on pile end was significantly com-
pressed. *e ultimate failure pattern was local shear failure.

*e displacement and plastic strain of the pile with single
nodular part changed greatly, which showed the charac-
teristics of two fulcrum end bearing friction pile. With the
increase in axial compression load, the soil under the
nodular part was gradually compressed, and most of the load
was borne by the nodular part instead of the pile end. *e
retaining force at the pile end lagged behind that at the
nodular part, and local shear failure occurred successively in
the soil under the nodular part and the soil at the pile end.
*e soil above the nodular part detached from the nodular
part, and the detachment is about 3/4–1 times the height of
the nodular part under ultimate load.

For the piles with small distance between two nodular
parts, the stress was mainly concentrated at the bottom of
the lower nodular part under ultimate load, and soil
compression and local shear failure occurred at the
bottom and pile ends of the lower nodular part. *ere was
no detachment of pile and soil in the upper soil of the
lower nodular part, the upper and lower nodular parts,
and the soil in between constituted a new nodular part.
Piles with two nodular parts and a wide distance between
nodular parts showed the characteristics of three fulcrum
end bearing friction pile under the ultimate load, and soil
compression and local shear failure occurred at the
bottom and pile ends of the two nodular parts. *e plastic
failure zone of foundation soil at pile end was obviously
smaller than that at the nodular parts, and the plastic
failure zone of the upper nodular part is obviously smaller
than that of the lower part. Detachment of pile and soil
occurred in the upper soil at the upper and lower nodular

Up
slipping

Shearstress

Sticking
Slip

Figure 8: Concept description of elastic slip.
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Figure 7: More–Coulomb failure criterion.
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Table 2: Physical and mechanical parameters of model piles and soil around pile.

Model material Constitutive model Density
(g/cm3) Shear modulus (MPa) Poisson’s ratio (MPa) Cohesion (kPa) Internal friction angle (°)

Model pile Elastic model 2.7 4.0×104 0.25 — —
Soil around pile Moore Coulomb 1.8 20 0.33 4 30

(a) (b) (c) (d)

Figure 9: FEMmodels of expanding pile with different expanding sections and diameter: (a) P-1 pile; (b) P-5 pile; (c) P-7 pile; (d) P-12 pile.
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Figure 10: Displacement contour of P-10 pile under compressive loading: (a) 50% ultimate load; (b) 75% ultimate load; (c) 100% ultimate
load.
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parts, and the distance was about 3/4 the height of the
nodular part, while the detachment distance at the lower
nodular part was slightly less than that at the upper part.
When the distance between nodular parts was greater
than or equal to 3 times the diameter of the nodular part
or 6 times the height of the nodular part, the two nodular
parts can work independently. When the distance be-
tween nodular parts was less than 3 times the diameter of
the nodular part or 6 times the height of the nodular part,
the two nodular parts and the soil in between constituted
a new nodular part.

Piles with multi nodular parts showed characteristics of
four fulcrum bearing friction pile. Under the ultimate load,
soil compression and local shear failure occurred at the
lower part and pile end of the bottom nodular part. With the
increase in axial compression load, plastic failure zones were
constituted, respectively, under the three nodular parts, and
the range of plastic failure zone increased gradually from top
to bottom, with the bearing ratio of the pile end decreasing
obviously. *ere was no detachment of pile and soil in the
upper soil of the lower and middle nodular parts; the soil
between the upper and lower nodular parts and the three
nodular parts constituted a new nodular part.

3.4.2. Analysis of Load-Settlement Relationship of Nodular
Piles. Key load points were selected to conduct pile top dis-
placement, and the numerical simulation results of load-dis-
placement of nodular pile tip were summarized in Figure 12. By
comparing the load-displacement curves of 12 kinds of pile in
Figure 12, the following conclusions could be drawn:

*e ultimate bearing capacity of nodular pile was much
larger than that of equal-section pile, and the nodular pile
has a significant mechanical advantage when bearing
compressive load compared with pile with straight shaft. For

piles with single nodular part, the position of the nodular
part had a great influence on the bearing capacity of single
nodular pile, and it is better to set the nodular part near the
bottom of the pile body in the design.When the nodular part
is in the same position, the ultimate bearing capacity of
single pile was large when the diameter of its nodular parts
was long. For piles with double nodular part, the position of
the nodular part has little influence on the bearing capacity
of single pile when the distance between their nodular parts
was the same. For piles with three nodular parts, if the
distance between nodular parts was arranged reasonably, its
bearing capacity was approximately the sum of the bearing
capacity of one pile with single nodular part and two piles
with two nodular parts. *e numerical simulation results are
in agreement with the experimental results, which further
confirms the experimental conclusion.

3.4.3. Analysis of Load Transfer Law of Nodular Piles.
*e axial force of the pile body under the ultimate load was
selected, and in order to accurately describe the load transfer
law of each type of pile, many reference points were selected
on each type of pile. *e axial force transfer curves of 12
types of pile under compression load were summarized in
Figure 13. According to Figure 13, the variation rule of pile
axial force under the ultimate load was summarized.

Under the ultimate load, the load transfer of equal-
section pile (P-1) was basically linear. For pile with one
nodular part (P-2, P-3, P-4, P-5, and P-6), with the en-
hancement of nodular part position, the decreasing range of
the axial force at the nodular part decreased gradually. For
pile with two nodular parts, when the spacing between
nodular parts was small, the decreasing range of axial force at
its lower nodular part was similar to that of single pile with
one nodular part, while the decreasing range of axial force at
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Figure 11: Plastic strain contour of P-10 pile under compressive loading: (a) 50% ultimate load; (b) 75% ultimate load; (c) 100% ultimate
load.
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its upper nodular part decreased with the increasing of the
distance. For pile with three nodular parts, the decrease
range of axial force of the upper and lower nodular part
decreased gradually from top to bottom. *e numerical
simulation results are in agreement with the experimental
results, which further confirms the experimental
conclusion.

4. Calculation Method of Ultimate
Bearing Capacity

Under compression load, due to the structure of local
nodular parts of vortex-compression nodular piles, the soil
around the pile presented a series of complex deformation,
such as compression, sliding, and pile-soil detachment. *e
failure mode was quite different from that of compression or

shear failure of the traditional pile foundation. Due to the
special action mode of the local nodular parts of nodular
piles and soil around the pile, pile lateral friction is an
important variable affecting its ultimate bearing capacity.
Pile lateral friction calculation is relatively complex, which
needs to be estimated in combination with quantitative data
such as pile bearing deformation and load transfer and
modified according to engineering data.

*e calculation method adopts the simplified model of
effective pile length to estimate the contribution of the pile
body and each part of the nodular part to the ultimate load
[30]. According to the results of theoretical analysis and
numerical simulation, the ultimate bearing capacity of single
nodular pile made of reinforced concrete was calculated by
taking the change of the number of and the distance between
nodular parts into consideration.
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Figure 12: Load-displacement curve of 12 kinds of pile under compressive load: (a) equal-section pile and nodular piles; (b) piles with one
nodular part; (c) piles with two nodular parts; (d) piles with different nodular parts.
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*e calculation method of pile end bearing capacity of
nodular piles is the same as that of traditional straight pile,
namely, Ft � ft(πd2/4), and ft is the friction coefficient of
pile tip.

4.1. Calculation of the Bearing Capacity of Piles with Single
Nodular Part

4.1.1. Calculation of the Bearing Capacity of the Curve Section
of Nodular Parts. According to the slip line theory, the
failure of soil in the circular arc line area below the nodular
part belongs to slippage failure, and the slip deformation
field in the Prandtl zone was established [31, 32], as shown in
Figure 14:

*e range of the strain field in the Prandtl zone is bounded
by the logarithmic helix that follows r � R0e

θ tan∅ and two
radial rays θ � 0 and θ � Θ, and the internal work D1 is
expressed as follows:

D1 �
1
2

bc cot ϕR0u0 tanϕ e
2θ tanϕ

− 1 , (θ � Θ). (17)

If the soil outside the strain field of Prandtl zone is
assumed to be static, then the boundary line is a dis-
continuous line, the angle formed between the disconti-
nuity line and the displacement vector is ∅, and the
internal work D2 of the discontinuity line is expressed as
follows:
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Figure 13: Axial force transfer curve of 12 kinds of pile under the action of ultimate compressive load: (a) equal-section pile and nodular
piles; (b) piles with one nodular part; (c) piles with two nodular parts; (d) piles with different nodular parts.
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D2 � bc cot∅ uds � bc

· cot∅
θ

0
u0e

θ tan∅ rdθ
cos∅

.

(18)

Because r � R0e
θ tan∅ and D1 � D2, the total internal

work is expressed as follows:

D � D1 + D2 � bc cot∅R0u0 e
2θ tan∅

− 1 , (θ � Θ).

(19)
In Figure 14, in the strain field of the soil in the lower

failure area of the nodular part, Θ � 90° + α. According to
the principle of virtual work, external work De equals to
internal work Di, and thus the following formula holds

Fn � c cot∅Ro e
θ tan∅

− 1 , (20)

where Fn is the ultimate bearing capacity of soil per unit width
of the lower curve section of the nodular part,D is the diameter
of the nodular part, d2 is the diameter of the straight segment of
the nodular part, c is the cohesion coefficient of soil around the
pile,∅ is the internal friction angle of soil around the pile, and
Fcn is the ultimate bearing capacity of curve section of the
nodular part.

Fcn � 2Fnπ
D + d2

2
  � π D + d2( c

· cot∅R0 e
2θ tan∅

− 1 .

(21)

Under the vertical load, the soil in the lower curve
section of the nodular part is not only shear failure but

slippage failure based on shear failure. According to the slip
line theory, the bearing capacity of the curve section of the
nodular part is not only determined by the diameter of the
nodular part but also determined by the diameter of the
straight section of the nodular part, the cohesion coefficient c
of the soil around the pile, and the internal friction angle of
the soil around the pile. Compared with the traditional
formula, equation (21) can objectively reflect the stress state
of the curve section of the nodular part.

4.1.2. Calculation of Side Friction Force of Nodular Piles.
As shown in Figure 15, due to the existence of horizontal
tensile stress in the La area in the upper part of the nodular
part, the soil around the pile was detached from the pile
body. In case of sliding failure, the soil in Lb range around
the pile in the lower part of the nodular part would show
compression and deformation, and the horizontal com-
pressive stress would increase accordingly. *e expansion
coefficient of side friction force is set as c [33], so the cal-
culation expression of side friction force is expressed.

Fsf � fsπdL0 � fsπd L − H − La + cLb( , (22)

Lo � L − H − La + cLb, (23)

where Fsf is the side friction force of nodular piles, fs is the
friction coefficient of pile side, L0 is the actual effective pile
length calculated by side friction force, H is the height of the
nodular part, La is the area where the horizontal tensile stress
exists in the upper part of the nodular part, Lb is the area
where the horizontal compressive stress increases in the
lower part of the nodular part, and c is the expansion co-
efficient and usually taken as 1.1-1.2.

Compared with the traditional empirical formula, for-
mula (22) uses the effective length conversion model to
calculate the pile side friction resistance, and the calculated
length of the pile side friction resistance is not the total pile
length minus the height of nodular part. *ere was no side
friction force in the local area on the pile side in the upper
part of the nodular part, while the friction resistance in the
local area on the pile side in the lower part of the nodular
part increased.

4.1.3. Calculation of Ultimate Bearing Capacity of the Pile
with Single Nodular Part. Combined with the above anal-
ysis, the contribution of the nodular part and the pile side
friction force to the bearing capacity of the whole single pile
was quantitatively corrected.*e effective length L0 was used
to calculate the pile side friction force, and the slip line
theory was used to calculate the bearing capacity of the curve
section of the nodular part. *us, the ultimate bearing ca-
pacity of the pile with single nodular part was calculated as
follows:

Fu � Ft + Fcn + Fsn + Fsf , Fu <F
c
p, (24)

where the bearing capacity of the straight section of the
nodular part is Fsn � ft(π(d2

2 − d2
1)/4), Fc

p � Fc
c + Fc

r, Fc
p is

the bearing capacity of the pile body, Fc
c is the bearing

R0

r

μ0

r = Reθtanϕ

α

θ

ϕ

Figure 14: Slip displacement in the Prandtl region around the
extended lower soil mass.
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capacity of concrete, and Fc
r is the bearing capacity of

reinforced.

4.2. Calculation of Bearing Capacity of the Pile with Two
Nodular Parts. When S≥ 3D, that is, when the distance
between the nodular parts is large, it will show the failure
pattern in Figure 16. When S< 3D, that is, when the distance
between the nodular parts is small, the failure pattern in
Figure 17 will appear.

4.2.1. When S≥ 3D, Calculation of Bearing Capacity of
Compressive Pile with Two Nodular Parts. When S≥ 3D, the
influence between the upper and lower nodular parts is
negligible, and the failure pattern of soil around the upper
and lower nodular parts is similar to that of piles with single
nodular part. *erefore, the bearing capacity calculation
method of the nodular parts of the pile with two nodular
parts can be regarded as the sum of the bearing capacity of
two nodular parts.

Fu � Ft + 2Fcn + 2Fsn + Fsf , Fu <F
c
p, (25)

where Fsf � fsπd1L0 � fsπd1 (L − H1 − H2 − La1− La2+

c1Lb1 + c2Lb2); the calculation formula of Fcn, Fsn, andFc
p is

the same as that of the pile with single nodular part.

4.2.2. When S< 3D, Calculation of Bearing Capacity of
Compressive Pile with Two Nodular Parts.

Fu � Ft + Flcn + Flsn + Fsf + Fln, Fu <F
c
p, (26)

where Fln is the pile lateral friction resistance of nodular part,
Flcn is the ultimate bearing capacity of curve section of the

lower nodular part, Flsn is the bearing capacity of the straight
section of the lower nodular part, Fsf � fsπd1L0 � fsπd1
(L1+ L2 − La1 + c2Lb2), and Fln � flfπ DL0 � flfπD (Sn+

((H1 + H2)/2)), and the calculation formula of
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Figure 15: Single expansion section of compressive pile.
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Figure 16: S≥ 3D, pile with two nodular parts.
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Flcn, FE, andFc
p is the same as that of the pile with single

nodular part.

4.3. Calculation of Bearing Capacity of Compressive Pile with
Multiple Nodular Parts. Similar to the compressive capacity
of the pile with two nodular parts, the failure pattern of the
pile will be different according to the distance between the
nodular parts. When Si ≥ 3D, that is, when the distance
between the nodular parts is large, it will show the failure
pattern in Figure 18.When Si < 3D, that is, when the distance
between the nodular parts is small, the failure pattern in
Figure 19 will appear.

4.3.1. When Si ≥ 3D, Calculation of Bearing Capacity of
Compressive Pile with Multiple Nodular Parts. When
Si ≥ 3D, the influence between the nodular parts is negligible
and the failure pattern of soil around the nodular part is
similar to that of the pile with single nodular part. *erefore,
the bearing capacity calculation method of the nodular part
of the pile with two nodular parts can be regarded as the sum
of the bearing capacity of n nodular parts.

Fu � Ft + n Fcn + Fsn(  + Fsf , Fu <F
c
p, (27)

where Fsf � fsπd2L0 � fsπd2(L − 
n
i�1 Hi − 

n
i�1 Lai + 

n
i�1

ciLbi); the calculation formula of Fcn, Fsn, andFc
p is the same

as that of the pile with single nodular part.

4.3.2. When Si < 3D, Calculation of Bearing Capacity of
Compressive Pile with Multiple Nodular Parts. When
Si < 3D, the influence between the upper and the lower
nodular part is large. *e failure pattern of the soil of the
upper part of the upper nodular part and the lower part of
the lower nodular part is basically similar to that of the pile
with single nodular part. *e bearing capacity of the nodular
part is mainly borne by the curve section and the straight
section of the bottom nodular part.

Fu � Ft + Fcn + Fsn + Fsf + Fln, Fu <F
c
p, (28)

where Fsf � flfπd1L0 � fsπd1(L1 + L2 − La1 + cnLbn); Fln �

fsπd1L0 � fsπd1(
n
i�1 Si + ((H1 + Hn)/2)), and the calcu-

lation formula of Fcn, Fsn, andFc
p is the same as that of the

pile with single nodular part.
In practical engineering, for piles with multiple nodular

parts, there may be a situation in which the spacing between
two nodular parts is larger, while the spacing between other
two nodular parts is smaller. An equal spacing and nodular
part diameter can help to maximize the performance of pile
with multiple nodular parts; the uniform arrangement of the
nodular part is the best in the field application [34, 35]. In the
design of squeezed nodular pile, the spacing of the nodular
part should be evenly distributed to avoid complicated

D
d2

L

L 1
n

L a
1

L b
1

S b
0

L a
n

H
1

d1
L 1

H
1

S 1
n

H
i

S in
H
n

L 2

L a
i

H
i

L b
i

S i0
H
n

L b
n

L 2
n

α
θ

θ

θ

α

α

Figure 18: Si ≥ 3D, pile with multiple nodular parts.
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calculation. If it is indeed necessary to arrange the nodular
part of the pile in an uneven way, the ultimate bearing
capacity of the single pile with nonuniformly distributed
nodular part should be calculated according to the single pile
bearing capacity calculation principle of double nodular part
and multiple nodular part.

5. Conclusions

*is paper took vortex-compression nodular pile as the re-
search object, and indoor model test and ABAQUS finite
element software were used to analyze the compressive ca-
pacity and bearing characteristics of nodular piles. *e load-
settlement relationship, axial force transfer curve of the pile
body, displacement, and plastic strain of the soil in and
around the pile body were analyzed under the conditions of
different number, diameter, and distance of nodular parts. In
this paper, the virtual work principle and slip line theory are
used to solve the bearing capacity of the curve section of the
nodular part. *e bearing capacity of the single nodular part,
the double nodular part, and the multiple nodular part under
the action of the down pressure load is analyzed and deduced.
By modifying the traditional pile with nodular diameter
formula, the calculation method of compressive bearing ca-
pacity of the pile with nodular part is improved, more accord
with the actual conditions. A series of formulas in this paper
improve the fuzzy part of the traditional empirical formula on
the calculation of the nodular pile and improve the theoretical
research of the nodular pile. *e conclusions are as follows.

*e nodular pile has a significantly higher com-
pressive bearing capacity than equal-section pile. For pile
with single nodular part, the position of the nodular part
greatly influences the bearing capacity of single pile. In
the design of monopile, it is better to set the nodular part
close to the bottom of pile. For the pile with double
nodular parts with the same nodular part spacing, the
position of the nodular parts has little effect on the
bearing capacity of nodular pile. When fixing the lower
nodular part, moving the upper nodular part to higher
position increases the bearing capacity of pile, but the
spacing of the nodular parts should not exceed 6 times of
the height of the nodular parts. For piles with three
nodular parts, if the spacing of the nodular parts is
reasonable, the bearing capacity of monopile can be
regarded as the sum of bearing capacity of a pile with two
nodular parts and a pile with single nodular part.

*e nodular parts play an important role in the process
of load transfer. It can be known that the bearing capacity of
the curve section of the nodular part depends on the di-
ameter of the nodular part and the diameter of straight
section of the nodular part. It is also influenced by the
cohesion coefficient of the soil around the pile and the
internal friction angle of the soil around the pile.

*e nodular pile will face a complicated working en-
vironment in the actual project. In the future, it is necessary
to conduct the serial studies on the deformation charac-
teristics and stress mechanism of the nodular pile group and
on the mechanical properties of the nodular pile and the soil
around the pile under seismic load.
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