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In recent years, super-long and super-large diameter pipe piles have beengradually
applied to the foundation in the Yellow River flood area. However, its bearing
mechanism is not clear, especially the unclear bearing characteristics of the pile
under the eccentric state, which limits its application and development. In this
regard, this paper uses the method of combining field test and numerical
simulation to analyze the bearing characteristics of super-long and super-large
diameter pipe piles under different pile lengths, different pile diameters, different
diameter-thickness ratios, and different offsets. Combined with the specific
deviation form of the pipe pile, the calculation formula of the vertical ultimate
bearing capacity of the super-long and super-long diameter pipe pile in the Yellow
River flooding area under the influence of the construction effect is modified. The
results show that when the length of the pipe pile changes, the vertical bearing
capacity changes the most, and the vertical ultimate bearing capacity of the pipe
pile increases linearly with the increase of the length of the pipe pile. When the wall
thickness of the pipe pile increases, the vertical bearing capacity increases
approximately linearly, but the reduction of the pile displacement decreases
exponentially. The greater the deflection of the pipe pile, the smaller the
vertical ultimate bearing capacity. When the deflection of the pipe pile is
greater than 0.35°, the vertical ultimate bearing capacity decreases rapidly with
the increase of the deflection. On the basis of the traditional formula, considering
the deviation form of the pipe pile, the reduction coefficient of the bearing capacity
correction formula of the super-long and super-large diameter pipe pile is
proposed, and the correction formula is compared with the field example. It is
proved that the formula can accurately calculate the bearing capacity of the super-
long and super-large diameter pipe pile. The research results of this paper are of
great significance to the application and promotion of super-long and super-large
diameter pipe piles in the Yellow River flood area and the evaluation of vertical
ultimate bearing capacity. At the same time, the research results of this paper can
also provide a reference for the study of bearing characteristics of super-long and
super-large diameter pipe piles in other foundations.
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1 Introduction

Prestressed high strength concrete pipe pile (PHC) has the
advantages of good performance, low price and convenient
construction. It is widely used in wharf engineering (Coyle and
Reese, 1966; Burland and Burland, 1973; Fleming, 1992). The
bearing characteristics of pipe piles are an important part of pipe
pile construction. Understanding the bearing characteristics of pipe
piles is of great significance for engineering design, foundation
improvement, structural design and construction control, which
can ensure the safety, reliability and long-term stability of
the project.

In theoretical analysis, Chin et al. (1990) combined the
boundary element method with the elastic theory, and divided
the foundation into upper and lower layers, and analyzed the
bearing capacity of pile groups with high caps. Poulos and Davis
(1974) used the Mindlin solution to analyze the three-dimensional
stress at any point of the soil around the pile. At the same time, the
soil around the pile is divided into small segments, and its
distribution under pile side resistance and pile tip resistance is
analyzed, which provides a theoretical basis for the layered
summation method. Liu (2008) proposed a pile-sinking positive
force prediction formula based on the side resistance degradation
effect by using the h/D effect and the double-bridge static cone
penetration data.M.H (El Naggar and Wei, 2000; Liu et al., 2010)
have shown that the radial heterogeneity of the soil around the pile
not only affects the bearing characteristics of the pile, but also has a
significant effect on its dynamic characteristics (Tian et al., 2015; Li
et al., 2017). In numerical simulation, Kee et al. (2006) used FLAC2D
software to analyze the influence of pile-soil contact surface
roughness on bearing capacity. Jae et al. (2012) analyzed the
influence of different pile end contact surfaces on the bearing
capacity of pile foundation by finite element method. Guo et al.
(2004) predicted the eccentric bearing capacity of single PHC pipe
pile by using successive linear probability method and residual error
correction, and simulated it with finite element method. Matos et al.
(2018) studied the cumulative settlement law of model pipe piles
with different intervals under cyclic loading in sand, and proposed a
method to calibrate the accuracy of finite element numerical
simulation of model pipe piles. Lehane and Gavin (2001) found
that there is no obvious difference between the load-settlement
curves of the pile end of the closed pile and the open pile wall
through the static pressure steel pipe pile load test in sand. Bekki
et al. (2013) studied the change of ultimate bearing capacity of pile
foundation model in sand under long-term cyclic loading, and
found that the ultimate bearing capacity of pile foundation will
increase first and then decrease under cyclic loading. Wang et al.
(2019) studied the variation law of pile sinking resistance, pile axial
force and unit side friction resistance of pile body in the process of
static pressure sinking through FBG sensing technology. In the field
test, Sivaraman and Muthukkumaran (2022) showed that the static
load test of pile foundation on site showed that the use of fill for
surcharge preloading could promote the consolidation of
foundation soil and improve the shear strength. The depth could
reach 5 m, and the bearing capacity of pile was significantly
improved. The field test of pile foundation is also used to study
the bearing capacity of a series of new pile foundations, such as large
diameter belled concrete pile (Gao et al., 2019), cement stabilized

gravel pile (Gao et al., 2022) and geothermal energy (Jiang et al.,
2023). Hong and Chen (1985) carried out pile sinking test in
composite foundation. The research shows that the exertion of
pile side friction is not only affected by soil properties, but also
related to pile diameter. Zhang et al. (2010) put forward the concept
of side resistance degradation coefficient and time effect coefficient
through two aspects of pile sinking process and time effect of bearing
capacity. Randolph et al. (1991) studied and obtained the force
balance equation of soil plug. Zang et al. (2009) carried out the
timeliness test of pile foundation bearing capacity, and found that
the increase of shear strength of pile side clay will significantly
increase the bearing capacity of friction pile, and the ultimate
bearing capacity is hyperbolic with time. Previous studies have
summarized the influence of different lengths, different wall
thicknesses and other factors on the bearing characteristics of
pipe piles, and the formula for calculating the bearing capacity of
pipe piles has been continuously improved. However, the research
on the bearing characteristics of pipe piles in the Yellow River flood
area with extremely complex engineering geology is extremely
scarce. In the calculation of the bearing capacity of pipe piles, the
influence of eccentricity on the bearing capacity of pipe piles is not
considered. In the past research, the length of the pile is shorter.
Compared with the short pile, the side resistance of the long pile
plays a major role, while the end resistance of the short pile plays an
important role in the whole bearing capacity. The length of the long
pile is large, and the pile can also bear part of the load. The stiffness
and strength of the pile also play a certain role in the load transfer.

In recent years, due to the continuous rise of large-scale projects,
the demand for the diameter and length of pipe piles required in
foundation reinforcement treatment has increased. Super-large
diameter (pile diameter ≥800 mm) and super-long pipe piles
have gradually been promoted. At present, there is no specific
definition of super-long pile in the code and the engineering
community. It is generally classified according to the length-
diameter ratio or length of the pile. Sang and Tan (2014), Miao
et al. (2018) and others think that PHC pipe piles with a length of
more than 50 m are super-long piles. The super-long PHC pipe piles
studied by Pan (2006) and Jiang (2012) are longer than 60 m and the
length-diameter ratio is greater than 60. The super-long PHC pipe
piles studied by Cai et al. (2006) are less than 50 m and the length-
diameter ratio is greater than 40. This paper considers that the
super-long PHC pipe pile is the pile length L is less than 50 m but the
length-diameter ratio L/d is greater than or equal to 40. The Yellow
River flood area is a swamp area formed after the diversion of the
Yellow River. The soil is mainly composed of Quaternary new
alluvial silt. It has the characteristics of poor adhesion between
particles, high compressibility, low strength and poor particle
gradation (Jin et al., 2020). Its engineering properties are poor.
For the Yellow River flood area with complex engineering geology, it
is not possible to accurately calculate and analyze the bearing
capacity of the pile foundation in the later construction stage.
The research on its bearing characteristics needs to be improved.
In this paper, the influence of different factors on the bearing
characteristics of super-long and super-large diameter pipe piles
in the Yellow River flood area is studied by means of numerical
simulation and field test. According to the offset form of pipe piles,
the reduction coefficient of bearing capacity of pipe piles is
proposed, and the traditional formula is modified.
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2 Field test

2.1 Project profile

Jigao Expressway is connected to the east section of the second
ring line of Jinan Ring Expressway under construction in the south,
and to the Gaoqing to Guangrao section of Changshen Expressway
under construction in the north. The total length of the road section
is 94.340 km, and the design speed is 120 km/h. The starting and
ending pile numbers of the fourth contract section of Jigao
Expressway Road and Bridge Project are: K53 + 074 ~ K80 +
290, with a total length of 27.216 km. The test engineering pile is
located in the K63 + 037 channel bridge of Haojia Village, Gaoqing
County, Zibo City, the fourth section of Jigao Expressway.

The Φ800 mm PHC pipe pile is used in the field test, the pile
length is 43.0 m, and the pile end is located in the fine sand layer. The
ground elevation of the site is about 15.5 m. The foundation soil is
divided into 8 layers from top to bottom. The composition and
characteristics are shown in Table 1. Different types of soil have
different mechanical properties. The cohesion and internal friction
angle of soil determine the shear resistance of soil, which affects the
lateral resistance of pipe pile, and then affects the bearing capacity of
pipe pile. The foundation soil parameters include soil type, strength
parameters, soil layer distribution and thickness, which have an
important influence on the bearing characteristics of pipe piles. In
the design and analysis of pipe piles, it is necessary to accurately
evaluate and reasonably consider the parameters of foundation soil
to ensure the safety and reliability of pipe piles.

In Table 1: Characteristic value of bearing capacity refers to the
pressure value corresponding to the deformation specified in the
linear deformation section of the foundation soil pressure
deformation curve determined by the load test, and its maximum
value is the proportional limit value. Standard value of ultimate shaft
resistance of pile refers to the rock and soil resistance on the side
surface of the pile when the ultimate load is applied to the pile
top. Standard value of ultimate end resistance of pile refers to the
rock and soil resistance at the end of the pile corresponding to the

ultimate load of the pile top. Standard value of ultimate shaft
resistance of pile and standard value of ultimate end resistance of
pile are determined by the static load test by embedding the axial
force test element of the pile body.

2.2 Test scheme

The main equipment of the test is as follows: Reaction device:
Using bagged sand and concrete, the concrete specification is 1 m ×
1 m × 0.8 m, the specific gravity is 2.4t/m3, and the specification of
each bag of sand is 120 kg; three jacks with the specification of
QF320; several displacement/pressure sensors; 3 oil pumps; one
static load tester, model JSM-JC5 (G). The slow sustained load
method was used in the test. The test site is shown in Figure 1.

The static load test should be carried out 14 days after the
construction of the test pile. The vertical compressive static load test
of single pile of large diameter pipe pile is carried out by slow

TABLE 1 Engineering geological parameters of foundation soil.

Level
number

Name
of soil

Bottom
buried

depth (m)

Characteristic value
of bearing

capacity (kPa)

Standard value of
ultimate shaft

resistance of pile (kPa)

Standard value of ultimate end
resistance of pile (kPa)

Prefabricated pile

Prefabricated pile l≤9 9<1≤16 16<1≤30 30<l

1 Plain fill 0.5 — — — — — —

2 Silt 7.1 100 0 (Liquefaction) — — — —

3 Silty clay 17.2 120 50 — — — —

4 Silty sand 19.2 120 20 (Liquefaction) — — 1900 —

5 Silt 23.6 140 45 — — 1900 —

6 Silty sand 26.1 160 50 — — 3,000 —

7 Graining
sand

42.1 200 55 — — 4,500 5,000

8 Silt 50 180 50 — — — 3,600

FIGURE 1
Static load test site.
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maintenance load method. The load of each stage is 810 kN. The
initial loading value is 2 times of the loading value of each stage, that
is, 1,620 kN. After that, the loading value of each stage is 810 kN,
until the pile foundation reaches the limit state, and then the load is
unloaded step by step.

The ultimate bearing capacity is determined according to the
following principles: Steep drop type Q-S curve(Q stands for load, s
stands for settlement), take the load value at the inflection point.
According to the characteristics of the settlement time, the front load
value of the tail of the S-lgt curve is obviously bent downward. The
settlement caused by the applied load is more than 5 times of the
settlement caused by the previous load, and the load value of the
previous section is taken. The load value corresponding to the
displacement S = 40 mm is taken from the gentle Q-S curve. For
piles with a diameter of more than 800 mm, the load value
corresponding to S = 0.05 times the pile diameter is taken.

After the loading is completed, the unloading should be graded,
and 2 times of the value of each stage of loading should be taken as
the first-level unloading amount. The rebound displacement of pile
top should be monitored when each load is unloaded. After
unloading each load, the rebound amount of the pile top is
recorded. The monitoring, recording methods and standards are
consistent with the monitoring when the load is applied and the
settlement value of the pile top is recorded. Until the rebound value
is stable, the first-stage load is unloaded in the same way. After the
unloading is completed, the monitoring should be continued, and
4 times should be observed within 2 h.

2.3 Results and analysis

The Q-S curve of the static load test pile is shown in Figure 2.
From the Q-S curve, it can be seen that the rebound amount of the
pile top is 16.79 mm when the unloading is completed and stable
after loading to the maximum load; the maximum test load Q and
the corresponding pile top displacement S are 8,910 kN and
52.25 mm, respectively. The vertical ultimate bearing capacity of

single pile Q and its corresponding pile top displacement S are
8,100 kN and 33.78 mm, respectively. The ultimate bearing capacity
of the test pile is 8,100 kN measured by the static load test, and the
characteristic value of the design bearing capacity is 3,500 kN. At the
same time, the Q ~ S curve of the pile decreases obviously at
9,000 kN, indicating that the pile reaches the ultimate bearing
capacity and has been damaged. It shows that the bearing
capacity meets the requirements of the site.

3 Numerical simulation study

3.1 Modelling

Soil is a kind of loose medium, which is different from other
materials. Under the continuous action of dynamic load, the
connection force between soil particles will become smaller and
smaller. Therefore, under the continuous dynamic load, the site soil
will not only undergo elastic deformation but also produce great
plastic deformation, so the inelastic characteristics of the soil should
be fully considered. The commonly used elastic-plastic models of
soil are Mohr-coulomb, Drucker-Prager, MCC, etc. Mohr-Coulomb
can well simulate the mechanical parameters of soil under cyclic
loading, which is widely used in the simulation of geotechnical
materials. The Mohr-Coulomb constitutive model has exTaking the
Mohr–Coulomb as the failure criterion, this model can consider
both shear hardening and compression hardening, and can
accurately reflect the nonlinear mechanical characteristics during
soil loading and unloadingcellent analysis reliability in a certain
range of lateral stress (Han et al., 2023). In addition, the Mohr-
Coulomb constitutive model has excellent analysis reliability in a
certain range of lateral stress. In addition, the model parameters are
less and easy to obtain. Therefore, Mohr-Coulomb is used to
simulate the mechanical parameters of soil in this paper.

Firstly, the soil mesh is established by layered grouping, and
different groups are named, and the initial density of the soil is
given. Then, the contact surface between pile and soil is established
and given different parameters, and then the pile element is
established. Next, different types of mechanical parameters are
assigned to each soil layer and pile unit, including bulk modulus,
shear modulus, cohesion, internal friction angle and structural
density. Then, the pile is moved into the soil layer, and the
boundary conditions are imposed on the soil around the pile.
Finally, the system balances the model under the condition of self-
weight stress, and applies vertical load in stages for calculation. The
program uses the fast Lagrangian method in mathematics. Based
on the explicit difference, the step-size solution of all the motion
equations and constitutive equations of the model is obtained. The
constitutive equation is derived from the fundamental stress-strain
definition and Hooke’s law. The motion balance equation directly
applies the Cauchy motion equation, which is derived from
Newton’s law of motion.

A half-mode model is established in modeling, and the
calculation model, in addition to the pipe pile, takes into account
the influence of pipe pile construction on the soil around the pile,
and also expands the model boundary of the soil to more than ten
times of the pile diameter to ensure the accuracy of the simulation
calculation.

FIGURE 2
Q-S curve of test pile.
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According to the relevant engineering experience, the influence
range of the soil around the pile after the construction and
construction of the pipe pile is about 10 times the diameter of
the pile, and the boundary is more than 10 times the diameter of the
pile when themodel is established. The test model is 60 m long, 30 m
wide and 60 m high. According to the deformation characteristics
caused by the pipe pile, the grid of the soil around the pile is densely
arranged. The grid far away from the pile can be sparsely arranged,
which can reduce the amount of calculation and improve the
accuracy of the data. Because FLAC3D can not realize the
process of completely penetrating the pipe pile from the outside
of the soil into the soil, the pipe pile is first penetrated into the soil
through the built-in command, the fixed boundary conditions are
used to constrain the normal direction of the model around and at
the bottom, but the vertical load is not applied at the top of the pile,
and the self-weight balance is carried out before the start of the
bearing capacity characteristic test. The three-digit diagram of the
model is shown in Figure 3.

To determine the frictional force of pipe strings, the contact
characteristics between the pipe string and the surrounding medium
and the mechanical law need to be understood (Li et al., 2023). The
parameters of different soil layers are obtained from the geotechnical

report of the construction site, as shown in Table 1 below. When
establishing the contact surface, the “move-and-move” method is
used to establish the contact surface between the pile and the soil.
The soil depth corresponds to the depth of the contact surface, the
interaction between pile and soil is realized by setting the contact
surface between pile and soil and setting the parameters of the
contact surface. The contact surface in FLAC3D adopts the non-
thickness contact surface element, and the contact surface
constitutive model adopts the Coulomb shear model. The contact
surface parameters are shown in Table 2 and Table 3 below.

In the civil engineering simulation test, the original stress is also
an important factor to control the calculation results, so it is
necessary to consider the influence of the self-weight stress of the
model on the stress and strain. In this experiment, there is no
obstacle around the construction, so it is necessary to consider the
influence of the initial stress of the model on the calculation results,
and adopt the Mohr-Coulomb yield criterion. The stress cloud
diagram of the established model after balance under self-weight
balance is shown in the Figure 4.

The model is generated by flac3d built-in grids cshell and
radcylinder. The grid is a reflective grid. The closer the grid is to
the pipe pile, the denser the grid is. The number of grids in the model
is 10,404 and the number of nodes is 12,619.

3.2 Model verification

In order to verify the correctness of the numerical model, after
the model is established, the pile body and the pile side soil are filled
on the basis of the semi-model test, and the vertical load is applied to
record the displacement of the pile top under each load. Finally, the
Q-S curve is obtained to verify the accuracy of the test. The default
convergence of Flac3D is that the unbalanced force rate reaches the-
5th power of 10 (1e-5), and the unbalanced force rate of each step
reaches the-5th power of 10, so the model is convergent. The model
is established and the results after the self-weight stress balance are
shown in Figure 5.

When the model is balanced under self-weight stress, the
vertical load is applied to the top of the model pile, and the
displacement of the pile top node under each load is recorded.
Finally, the Q-S curve of the pipe pile is made by using the load
and displacement.

FIGURE 3
Model diagram. (A) Pipe pile. (B) Soil mass.

TABLE 2 Soil parameter table.

Soil group The thickness of the layer (m) Bulk(×106) Shear(×106) Coh(×103) Fric(°) ρ (g/cm3)

Plain fill 0.5 6.094 3.101 14.7 21.7 1.85

Silt 6.6 8.472 5.984 12 24.5 2.05

Silty clay 10.1 6.944 3.968 14.3 20 1.87

Silty sand 2.0 6.818 3.516 0 25 2.05

Silt 4.4 8.472 5.984 12 24.5 2.05

Silty sand 2.5 6.918 3.712 0 25 2.00

Graining sand 16.0 20.556 6.175 0 18 1.95

Silt 7.9 17.510 5.398 20 21 1.80

Frontiers in Earth Science frontiersin.org05

Zhang et al. 10.3389/feart.2023.1349933

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1349933


The Q-S curve of the model test is obtained by the vertical
displacement of the pipe pile measured when the vertical load is
applied to the pile top. The vertical bearing Q-S curve of the pipe pile
obtained by numerical simulation and field measurement is shown
in Figure 6.

From Figure 6, it can be found that by establishing a
numerical calculation model for the bearing capacity of pipe
pile foundation, the measured vertical cumulative settlement
deformation of pipe pile under the same vertical load is close
to the actual measured cumulative settlement of pipe pile, which
verifies the accuracy of the calculation results of this numerical
model. Therefore, the numerical model can be used to study the
vertical bearing capacity of pipe pile.

3.3 Study on influencing factors of vertical
bearing characteristics of pipe pile

In this section, the vertical bearing characteristics of pipe piles
under different pile lengths, pile diameters and diameter-thickness
ratios are studied through the calculation model of pipe pile bearing
capacity. After the completion of the model, the vertical load is
applied to the pile top along the Z direction, and the Z-direction
displacement of the pile top under the vertical load is monitored and
recorded, so as to obtain the corresponding vertical displacement of
the pile top under different vertical loads. Finally, the Q-S curve of
the pipe pile is drawn. The length, diameter and diameter-thickness
ratio of the pile are set as shown in Table 4.

TABLE 3 Contact surface parameter table.

Contact surface number kn(×108) ks(×108) Coh(103) Fric(°)

1 2.097 2.097 30 20

2 2.301 2.301 30 20

3 2.447 2.447 30 20

4 2.692 2.692 30 20

5 1.223 1.223 30 20

6 1.958 1.958 30 20

7 2.958 1.938 30 20

8 2.751 1.898 30 20

9 (pile bottom) 7.608 7.608 30 20

FIGURE 4
The stress cloud diagram of the established model after balance under self-weight balance.
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3.3.1 The influenece of pile length
In this section, the vertical bearing capacity calculation model of

single pipe pile is established, and the height of soil around the pile,

pipe pile and layered soil in the simulation is modified to study the
change of bearing characteristics of pipe pile under different
pile lengths.

In the model test, the length of the model pile is set to 9 m, 24 m,
30 m, 36 m, 42 m, 48 m, the outer diameter of the pipe pile is 0.8 m,
and the wall thickness is 0.06 m. Since the model is a half-mode
model, the vertical load applied to the pile top is half of the full-
mode model.

PHC prestressed concrete pipe piles are divided into friction
piles and end-bearing piles. The friction piles mainly rely on the
pile side resistance to improve the bearing performance of the
bridge pile foundation, and the pile end resistance only plays a

FIGURE 5
The Z-direction displacement cloud diagram of the model after self-weight balance.

FIGURE 6
Q-S curve of pipe pile foundation measured by field and simulation.

TABLE 4 Pile length, pile diameter and diameter-thickness ratio.

Pile length (m) 9, 24, 30, 36, 42, 48

Pipe pile diameter and wall thickness (m) outside diameter 0.4, 0.6, 0.7, 0.8

wall thickness 0.06, 0.1, 0.15, 0.2, 0.25

Pile top offset (m) 0.1, 0.2, 0.3, 0.4, 0.5

FIGURE 7
End resistance of pipe piles with different pile lengths.
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secondary role in the bearing performance. For pipe piles with
different pile lengths, the limit value of pile side friction
resistance will also be different. The development of pile side
resistance and pile end resistance of pipe piles under three
different conditions of pile length of 36m, 42m and 48 m is
shown in Figure 7 and Figure 8.

It can be seen from Figure 7 that the pile tip resistance of pipe
piles with different pile lengths gradually increases with the increase
of vertical load applied on the pile top, and the pile tip resistance
increases slowly under the action of small vertical loads in the first
few stages. When the vertical load on the pile top is large, the pile tip
resistance increases faster. Comparing the changes of pile tip
resistance under different pile lengths, it can be found that the
pile length has little effect on the pile tip resistance, and regardless of
the pile length, the ultimate resistance of the pile tip is close to
each other.

It can be seen from Figure 8 that the pile side resistance of the
pipe pile increases linearly with the increase of the pile top load.
When the pile side resistance of the pipe pile reaches the maximum
value that it can bear, the pile side resistance will be slightly reduced
by continuing to apply the vertical load. When the pile top load
continues to increase, the pile side resistance tends to be stable.

The vertical bearing capacity of pipe pile is closely related to the
pile length. In order to study the influence of pile length on the
bearing capacity of pipe pile, six kinds of pipe pile characteristics
research models with pile length of 9 m, 24 m, 30 m, 36 m, 42 m and
48 m are established. The vertical load is applied to the top of the
pile, and the bearing capacity displacement curve of the pipe pile
under different pile length conditions is obtained. Figure 9 and
Figure 10 are the bearing capacity displacement (Q-S) curves of pipe
piles under different pile lengths.

From Figure 9 and Figure 10, it can be found that the bearing
capacity of the pipe pile is positively correlated with the pile length.
The 9 m long pipe pile produces large displacement deformation
under the action of small vertical load, and its bearing capacity is
weaker than that of the long pipe pile. When the vertical load on the
pile top is small, the vertical displacement of the remaining pipe piles
increases linearly with the increase of the load on the pile
top. Continue to increase the load to reach the vertical ultimate
bearing capacity of the 24 m long pipe pile. At this time, the pipe pile
has a large vertical displacement, which indicates that the bearing
capacity of the pipe pile reaches the limit value at this time. The
restraint effect of the pile side friction on the pipe pile is weakened,
and the pipe pile will penetrate the soil to cause its instability. The
increase of pile length is mainly due to the increase of lateral
resistance of pipe pile. At this time, the vertical ultimate bearing
capacity of pipe pile is improved.

The ultimate bearing capacity of pipe pile under different pile
length conditions is listed separately, and the variation diagram of
ultimate bearing capacity of pipe pile under different pile length
conditions is obtained, as shown in Figure 11. From the diagram, it
can be found that the vertical ultimate bearing capacity of the pipe
pile increases linearly with the increase of the length of the pipe pile.
When the pile length of the pipe pile increases from 9 m to 48 m, the

FIGURE 8
Pile side friction resistance of pipe piles with different pile lengths.

FIGURE 9
Load-displacement curves of pipe piles with different
pile lengths.

FIGURE 10
Load-displacement curves of 42m and 48 long pipe piles.
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vertical ultimate bearing capacity of the pipe pile increases from
1,600 kN to about 9,600 kN. It can be seen that the pile length has a
strong positive effect on the vertical bearing capacity of the pipe pile.

3.3.2 The influence of pile diameter
In this section, the outer diameter of the model pile is set to

0.6 m, 0.7~m, 0.8 m, and the length of the pipe pile is 48 m. The
vertical load is applied to the pile top, and the gradient of each load is
800 kN. At the same time, the displacement of the pile top node, the
pile end resistance and the pile side friction resistance are recorded
when the vertical load is applied.

From Figure 12 and Figure 13, it can be found that the larger the
diameter of the pipe pile is, the greater the bearing capacity of the
pipe pile end is, and the more obvious the resistance of the pipe pile
end is when it plays a bearing role. In the early stage of grading load
loading, the growth rate of side resistance of pipe piles with different
diameters is close to the same, and it shows a linear growth trend

with the increase of pile top load. In the subsequent loading process,
the displacement curve of the pipe pile with a diameter of 0.6 m has
an inflection point when the pile top load is 8,000 kN. At this time,
the pile top load exceeds the maximum value of the pile side
resistance and the pile tip resistance, and the pipe pile produces
a large displacement. Compared with the pipe pile with a diameter of
0.6 m, the pipe piles with a diameter of 0.7 m and 0.8 m have
inflection points of the displacement curve at 8,800 kN and
9,600 kN, respectively. At this time, the lateral resistance no
longer increases linearly with the increase of the pile top load,
but decreases slightly and finally tends to be stable.

It can be found that the lateral resistance and the end resistance
of the pipe pile are different in the stage of the bearing capacity of the
pipe pile. The lateral resistance of the pipe pile mainly plays a role
when the pipe pile does not produce a large displacement. At this

FIGURE 11
Ultimate bearing capacity of pipe piles with different pile lengths.

FIGURE 12
Pile end resistance of pipe piles with different pile diameters.

FIGURE 13
Pile side friction resistance of pipe piles with different
pile diameters.

FIGURE 14
Q-S curve of pipe pile under different outer diameter conditions.
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time, the vertical displacement of the pipe pile is small, and the end
bearing force plays a limited role. As the load on the top of the pile
continues to increase, the pile end resistance gradually plays a
bearing role together with the pile side resistance. In addition,
the larger the diameter of the pipe pile, the larger the cross-
sectional area of the pile side, the larger the contact area between
the pipe pile and the soil around the pile, and the side resistance of
the pipe pile will also increase.

The diameter of the pile is different, and its bearing
characteristics under load are also different. The main difference
is that the pile diameter is different, and the area of the contact
surface between the pile side and the soil is different.

It can be seen from Figure 14 that the ultimate bearing capacity
of the pipe pile will be improved when the diameter of the pipe pile
increases. When the wall thickness of the pipe pile is constant and
only the diameter of the pipe pile is increased, the slope of the load
displacement curve of the pipe pile gradually becomes gentle with
the increase of the pile diameter, which indicates that the larger the
pile diameter, the smaller the vertical displacement of the pipe pile
under the same vertical load.

As shown in Figure 15, by comparing the variation curves of the
ultimate bearing capacity of the pipe pile under different pile
diameters, it can be found that when the diameter of the pipe
pile increases from 0.6 m to 0.7 m, its bearing capacity increases by
800 kN. When the pile diameter increases from 0.7 m to 0.8 m, its
ultimate bearing capacity also increases by 800 kN. Comparing the
change curve of bearing capacity when the pile length increases, it
can be found that increasing the diameter of the pipe pile has a
positive and almost linear effect on the ultimate bearing capacity of
the pipe pile.

3.3.3 The influence of diameter-thickness ratio
In order to study the development law of pile end bearing

capacity under different diameter-thickness ratio conditions, two
kinds of pipe pile models with different pile wall thickness of 0.7 m
and 0.8 m outer diameter were established in this simulation, and

the development and evolution law of pile end bearing capacity was
studied. The variation of the bearing capacity of the pile end under
different diameter-thickness ratios is shown in Figure 16
and Figure 17.

From the curve of bearing capacity change, it can be seen that in
the early stage of load action, the pile end resistance increases
gradually with the increase of pile top load, and the growth rate
of pile end resistance is small. With the gradual increase of load, the
tip resistance of pipe pile shows a quadratic curve growth trend.
Comparing the bearing capacity curve of pipe pile end, it can be
found that the sudden increase of pipe pile end resistance is related
to the limit value of pile side resistance. At this time, the vertical load
of pile top exceeds the limit value of pile side resistance, and the pipe
pile produces large vertical deformation. In addition, compared with
the same outer diameter, the pile end resistance curve of the pipe pile

FIGURE 15
Ultimate bearing capacity of pipe pile under different outer
diameter conditions.

FIGURE 16
Curves of different bearing capacity of wall thickness with outer
diameter of 0.7 m

FIGURE 17
Curves of different bearing capacity of wall thickness with outer
diameter of 0.8 m

Frontiers in Earth Science frontiersin.org10

Zhang et al. 10.3389/feart.2023.1349933

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1349933


can be found when the pile wall thickness is different. The larger the
wall thickness of the pipe pile, the greater the ultimate pile end
resistance (end bearing force) that the pipe pile bottom
can withstand.

When the vertical load is applied to the top of the pipe pile, the
pipe pile body will also produce certain deformation, and the
deformation of the pipe pile body is mainly related to the
thickness of the pile wall and the material of the pile body.

It can be found from Figure 18 that the vertical displacement of
the pile body is different under the same load when the wall
thickness of the pipe pile is different. The thicker the pile wall is,
the smaller the displacement deformation of the pile body under the
load of the pile top is. The thinner the pile wall, the greater the
displacement deformation of the pile under the load of the pile
top. From the development of pile displacement under different wall
thickness conditions, with the increase of pile wall thickness, the
reduction of pile displacement decreases exponentially.

In this model test, the outer diameter of the model pile is 0.8 m,
and the length of the pipe pile is 48 m. Under the condition that the
diameter and length of the pipe pile do not change, the position of
the pipe pile is changed, so that the bottom of the pipe pile is not
moved, and the top of the pile is deflected to the side of the soil to
study the bearing capacity of the pile foundation under different
offset conditions. In the test, the deflection of the pipe pile is set to
0 m, 0.1 m, 0.3 m and 0.5 m respectively. The vertical load is applied
to the pile top step by step, and the gradient of each load is 800 kN.
At the same time, the displacement of the pile top node is recorded
when the vertical load is applied. Finally, the vertical load-vertical
displacement (Q-S) curve is output through the recorded node
displacement, as shown in the following Figure 19.

Figure 19 is the bearing capacity-displacement curve of pipe pile
under different deflection states. From the diagram, it can be found
that when the pipe pile is deflected, its bearing capacity will also
change greatly. The greater the deflection of the pile top, the smaller
the ultimate bearing capacity of the pipe pile. When the pipe pile is
vertical, its vertical ultimate bearing capacity is about 9,600 kN.

When the deflection of the pile top reaches 0.5 m, the vertical
ultimate bearing capacity of the pipe pile is only 4,000 kN.

Comparing the changes of the vertical ultimate bearing capacity
of the pipe pile under different deflection states, as shown in
Figure 20, it can be found that when the deflection of the pipe
pile top is 0.1 m, 0.3 m, and 0.5 m, the ultimate bearing capacity is
reduced by 1,600 kN, 3,200 kN, and 800 kN, respectively. This
indicates that when the deflection state of the pipe pile gradually
increases, the ultimate bearing capacity of the pipe pile shows a
decreasing trend, that is, when the top of the pipe pile is just
deflected, its ultimate bearing capacity is greatly reduced. When
the deflection of the pile top exceeds 0.3 m, the trend of decreasing
the ultimate bearing capacity is gradually weakened.

By comparing the bearing capacity curves of pipe piles under
different deflection states, it can be found that the ultimate

FIGURE 18
Vertical displacement of pipe pile under different wall thickness
conditions.

FIGURE 19
The bearing capacity-displacement curve of pipe pile under
different deflections.

FIGURE 20
Curves of ultimate bearing capacity of pipe piles with different
deflections.
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bearing capacity of pipe piles decreases rapidly when the pipe
piles are just deflected. When the deflection is less than 0.3 m, the
vertical ultimate bearing capacity decreases by 1,600 kN for every
0.1 m deflection of the pile top. When the deflection reaches
0.3 m, the decreasing trend of the vertical ultimate bearing
capacity of the pipe pile is gradually weakened by increasing
the deflection of the pile top. When the deflection of the pile top
increases from 0.3 m to 0.5 m, the ultimate bearing capacity is
only reduced by 800 kN.

In order to study the decreasing trend of vertical bearing
characteristics of pipe pile when the deflection of pipe pile is
0.3 m, the deflection angle of pipe pile top is refined to
determine the threshold value of horizontal deformation of pile.
The horizontal deformation of the pile top is reduced from 0.1 m to
0.05 m. The vertical bearing capacity of the pipe pile is analyzed
when the horizontal displacement of the pile top is 0.05 m, 0.1 m,
0.15 m and 0.2 m. The bearing capacity-displacement curve of the
pipe pile is shown in Figure 21.

From Figure 21, it can be found that the change trend of each
displacement curve under different deflection of pipe pile top is
basically the same. When the deflection of the pile top is 0.05 m,
the vertical ultimate bearing capacity of the pipe pile is close to
the bearing capacity of the pipe pile without deflection, but the
cumulative displacement of the pipe pile increases. When the
deflection of the pile top increases from 0.05 m to 0.1 m, the
ultimate bearing capacity decreases from 9,600 kN to 8,000 kN.
After that, for every 0.05 m deflection of the pile top, the vertical
ultimate bearing capacity of the pipe pile is reduced by 800 kN. It
is found from Figure 22 that the vertical bearing capacity of the
pipe pile decreases the most when the deflection increases from
0.05 m to 0.1 m. When the deflection of the pipe pile is greater
than 0.05 m, the vertical ultimate bearing capacity decreases
rapidly with the increase of the deflection. Therefore, under
the test conditions simulated in this test, if the horizontal
deflection of the pipe pile top exceeds 0.05 m, the vertical
ultimate bearing capacity of the pipe pile is lower than the
expected value.

4 Calculation correction formula of
vertical bearing capacity of pipe pile

Through the change of the bearing capacity of the pipe pile
under the above different influences, combined with the existing
formula of the bearing capacity of the pipe pile, it is found that the
existing formula of the bearing capacity of the pipe pile does not take
into account the factors of the offset of the pipe pile. The calculation
formula of the vertical ultimate bearing capacity of the pipe pile
under the influence of the deflection factor is modified.

4.1 Calculation formula of vertical ultimate
bearing capacity of pipe pile

According to JGJ94-2008 “Technical Code for Building Pile
Foundations”, the existing calculation of the ultimate bearing
capacity of prestressed concrete pipe piles includes two parts: pile
side resistance and pile end resistance. The pile end resistance is
also divided into the end resistance of the open part and
the end resistance of the pipe wall. Therefore, the existing
formula for calculating the vertical ultimate bearing capacity
of pipe piles is:

Quk � Qsk + Qpk � μ∑ qsikli + qpkAp (1)

Qsk is the limit side resistance standard value (kN); Qpk is the
standard value of the ultimate end resistance (kN); the coefficient of
side squeezing effect is 1; μ is the outer diameter of the pipe pile (m);
q is the standard value of the ultimate lateral resistance of the pile
(kpa); l is the thickness of each layer of soil (m2); Qpk is the standard
value of the ultimate end resistance of the pile (kpa); Ap is the net
area of the pile end of the hollow pile (m2).

In addition, combined with the existing ’ Technical Code for
Building Pile Foundations ’, a modified formula for calculating the
vertical bearing capacity of pipe piles is established under the
premise of considering the side friction resistance of the inner
wall, which is:

FIGURE 21
Load-displacement curves of pipe piles under different
deflections.

FIGURE 22
The change of ultimate bearing capacity of pipe pile under
different deflection.
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Quk � u1 + au2( )∑ qsikli + qpkAp (2)

Here, u1 and u2 are the perimeter of the outer wall and inner wall of
the pipe pile; a (Liu and Du, 2012) is the correction coefficient of soil
plug effect, which is 0.15, 0.3 and 0.4 for cohesive soil, silt and sand,
respectively. Other parameters are the same as those in Formula 1.

The Table 5 is the design parameters of pile foundation in each
soil layer obtained after the completion of site exploration.

According to the above table and formula 1, the standard value of
ultimate end bearing capacity Qpk = 501.8976 kN and the standard value
of ultimate pile side resistance Qsk = 5,132.016 kN can be calculated, and
then the standard value of vertical ultimate bearing capacity of single pile
of pipe pile Quk = 5,633.9136kN, and the characteristic value of vertical
bearing capacity is 2,816.9568kN; according to the above table and
formula 2, the standard value of the ultimate vertical bearing capacity
of the pipe pile is calculated to be 7,165.70608 kN;

Comparing the standard value of vertical ultimate bearing
capacity of single pile calculated by Formula 1 with that obtained
by field test, it can be found that the calculated standard value of
vertical ultimate bearing capacity of pipe pile is 24.09% (8800 kN)
lower than the measured value, and 46.54% lower than the simulated
standard value of vertical ultimate bearing capacity of pipe pile. The
vertical ultimate bearing capacity of single pile calculated by formula
2 is 18.57% lower than the measured value, and 25.36% lower than
the simulated vertical ultimate bearing capacity of pipe pile.

It can be seen that the vertical ultimate bearing capacity of the
pipe pile calculated according to the above formula is less than the
measured and simulated values, but the calculation results of
formula 2 are closer to the measured and simulated values,
which is considering the influence of the soil plug effect of the
pipe pile on the side resistance and the pile end resistance.

4.2 Correction of calculation formula for
vertical bearing capacity of pipe pile

From the simulation results, it can be found that the side friction
resistance and pile end resistance of the pipe pile will be affected by the

shape of the pipe pile. In the construction of group piles and multiple
pipe piles, the vertical state of the pipe pile in the soil will be affected by
the post-penetration pile. Displacement or deflection will lead to
changes in the vertical ultimate bearing capacity of the pipe pile.

The calculation formula of the bearing capacity of the open-end
pipe pile foundation in the JGJ94-2008 “Technical Code for Building
Pile Foundations” is the empirical formula for the calculation of the
bearing capacity of the pipe pile. The vertical ultimate bearing
capacity of the pipe pile calculated by this formula is obviously
smaller than the measured value. This is because the standard value
of the ultimate resistance of the pipe pile side is mostly selected
according to the experience in the value range. In order to accurately
calculate the standard value of the vertical ultimate bearing capacity
of the pipe pile, the in situ test method can directly determine the
side resistance and end resistance of the pile. In-situ test methods
include static cone penetration test (CPT), standard penetration test
(SPT) and pressuremeter test (PMT). Through these in situ test
methods, the standard values of pile side and pile end resistance in
different depths of soil can be accurately obtained. In addition, the
standard value of pile side and pile end resistance can be calculated
by static calculation method. The standard values of pile side and
pile end resistance of silty soil, silty clay and silty fine sand in the
Yellow River flood area can be calculated by the β method in the
static calculation method. The expression is:

qsu � σ′
vk0tgδ (3)

For normally consolidated clayey soil, k0 ≈ 1 − sinϕ′, δ ≈ ϕ′, so:

qsu � σ ′
v 1 − sinφ′( )tgφ′ � βσ ′

v (4)
In Formula 3: k0—coefficient of Earth pressure at rest δ—External
friction angle between pile and soil σ ′v—The average vertical effective
stress of pile side soil layer.

In Formula 4: φ′—Effective internal friction angle of pile side
soil layer.

Formula 2 is the revised calculation formula of vertical bearing
capacity of pipe pile. In Formula 2, four parts of pile side resistance,
soil plug resistance in pile and pile end resistance are considered. In

TABLE 5 Design parameters of pile foundation in each soil layer in site survey depth.

Soil layer number Name Standard value of ultimate shaft resistance of pile (kPa) Standard value of ultimate end
resistance of pile (kPa)

Prefabricated pile Prefabricated pile

l≤9 9<l≤16 16<l≤30 30≤l

1 Plain fill soil — — — — —

2 Silt 0(Liquefaction) — — — —

3 Silty clay 50 — — — —

4 Silty sand 20(Liquefaction) — — 1900 —

5 Silt 45 — — 1900 —

6 Silty sand 50 — — 3000 —

7 Fine sand 55 — — 4500 5000

8 Silt 50 — — — 3600
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the calculation of soil plug resistance in pile, a certain reduction is
carried out. Through reduction, the calculation results obtained
accurately reflect the influence of soil plug in pile on bearing
capacity. However, there is still a certain gap between the
calculated vertical ultimate bearing capacity of pipe piles and the
measured value due to the lack of full consideration of soil squeezing
effect, soil layer difference, soil plugging depth and blocking effect.
The influence of the soil plug in the pipe pile on the pile side
resistance is added in Formula 2. After the construction of the longer
pipe pile is completed, the soil plug formed at the pile end opening
also has a certain influence on the pile end resistance.

Considering the blocking effect of the soil plug at the end of the
pipe pile, another additional resistance will be formed at the end of
the pipe pile after its formation. In order to calculate this resistance,
it is necessary to assume that the static lateral pressure coefficient
inside and outside the end of the pipe pile is similar to the gravity of
the soil layer. At the same time, according to the calculation formula
of the ultimate end resistance of the pile proposed by Vesic (1975)
based on the theory of circular cavity expansion, the expression is:

qpu � cNc + �pNq (5)

In Formula 5: qpu—ultimate pile end resistance c—internal cohesion
of soil �p—The average vertical pressure on the side of the pile end
plane Nc、 Nq—The dimensionless bearing capacity coefficient of
strip foundation reflects the cohesion of soil and the influence of side
load above the pile bottom plane.

Here:

�p � 1 + 2K0

3
γh (6)

In Formula 6: K0—Static lateral pressure coefficient of soil
Considering the blocking effect of the soil plug at the end of the

pipe pile, it is assumed that the lateral pressure coefficient of the
static inside and outside of the pipe pile end is similar to the gravity
of the soil layer, so there is:

�p + Δp � 1 + 2K0

3
� γh L + h0( ) � �p 1 + h0

L
( ) (7)

In Formula 7: h0—The initial height of soil plug (m) L—Length of
pipe pile body (m)

Through Eq. 7, the enhancement effect of the soil plug blocking
effect on the bearing capacity of the pile end can be calculated.
Therefore, the end resistance effect coefficient 1 + h0

L can be
considered. It can be recorded as u3.Combined with Formula 2,
the bearing capacity correction formula of pipe pile can be obtained
as follows:

Quk � u1 + au2( )∑ qsikli + qpk Aj + u3Apl( ) (8)

In Formula 8: Apl—Section area of pipe pile end opening
Among them, u3 � 1 + h0

L , the vertical ultimate bearing capacity
of the pipe pile calculated by this formula is 8,211.1 kN, which is
6.69% different from the measured value of the vertical bearing
capacity of the pipe pile, and 13.47% different from the simulation
results. It can be seen that the vertical ultimate bearing capacity of
the pipe pile obtained by the calculation results is in good agreement
with the measured results. This is because the formula not only
considers the influence of the soil plug effect on the side resistance of

the inner wall of the open pipe pile, but also considers the influence
of the soil plug effect on the bearing capacity of the pile end.

Formula 8 can accurately calculate the vertical bearing capacity
of vertical pipe piles. In order to obtain the modified formula for
calculating the bearing capacity of super-long and super-large
diameter pipe piles in the Yellow River flood area, the formula
for calculating the bearing capacity after deflection is modified based
on the numerical simulation results. After the pipe pile is offset, its
vertical bearing capacity decreases rapidly with the increase of offset.
Combined with the numerical simulation results, there are:

Quk
′ � η u1 + au2( )∑ qsikli + qpk Aj + u3Apl( )[ ] (9)

In Formula 9: η—The values are shown in the following Table 6.
According to the value of the reduction factor in the above table,

combined with the formula 9, the calculation method of the vertical
ultimate bearing capacity of the super-large and super-long diameter
displacement pile in the Yellow River flood area is obtained. The
formula can be used to calculate the bearing characteristics of the
super-large and super-long diameter pipe pile in the Yellow River
flood area under the influence of the construction effect. The value of
the reduction factor can be determined by comprehensive analysis
according to the method described in this paper. In addition, the
modified formula is only applicable to the calculation of the vertical
ultimate bearing capacity of super-large and super-long diameter
pipe piles under similar geological conditions. According to the
value of the reduction factor in the above table, combined with the
formula 9, the calculation method of the vertical ultimate bearing
capacity of the super-large and super-long diameter displacement
pile in the Yellow River flood area is obtained. The formula can be
used to calculate the bearing characteristics of the super-large and
super-long diameter pipe pile in the Yellow River flood area under
the influence of the construction effect. The value of the reduction
factor can be determined by comprehensive analysis according to
the method described in this paper. In addition, the modified
formula is only applicable to the calculation of the vertical
ultimate bearing capacity of super-large and super-long diameter
pipe piles under similar geological conditions. According to the
modified formula for calculating the bearing capacity of the
deflection pipe pile at the top of the pile, combined with the
deviation value of the pile top, the vertical ultimate bearing
capacity of the pipe pile under the deviation value can be quickly
calculated, which can provide reference for engineering construction
and design personnel. By accurately estimating the bearing capacity
of pipe piles, over-design or insufficient design, insufficient bearing
capacity or excessive loading can be avoided, thereby improving the
economy and sustainability of the project. It helps to optimize
design, improve resource efficiency, reduce environmental
impacts, and ensure the safety and longevity of structures to
achieve integrated sustainable development goals.

4.3 Verified by an engineering example

A residential building uses PHC pipe piles to reinforce the
foundation. The physical and mechanical parameters of the soil
obtained from the geological survey are shown in the following
Table 7 (Zhou et al., 2007). The diameter of the pipe pile is 60 cm,
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the length of the pipe pile is 50 m, and the vertical ultimate bearing
capacity of the pipe pile is 3,550 kN. Under the action of the
squeezing effect of the adjacent pipe pile construction, the
deflection of the pipe pile top is caused, and the deflection
amount is 16 cm and 32 cm respectively. After the accident, the
bearing capacity of the deflected pipe pile is tested. The ultimate
bearing capacity of the pipe pile with displacement of 16 cm and
32 cm is 2,335 kN and 1,760 kN respectively. The bearing capacity of
the PHC pipe pile of the project is calculated by using the method in
this paper. The ultimate bearing capacity of the pipe pile with
deflection of 16 cm and 32 cm is 2,605 kN and 1,718 kN
respectively. The error between the calculation results and the
test results is between 2.38% and 11.56%, The comparison results
are shown in Figure 23, and it is within the allowable range of
engineering error. It shows that the calculation method is in good
agreement with the field test results, which proves the accuracy of
the correction formula.

The anothere project is located in the suburbs of Jiaxing City,
Zhejiang Province, the total land area of the project is 40,251 m2, the
total construction area is about 94,385.5 m, the above-ground
construction area is about 80,008.4 m2, and the underground
construction area is 14,377.1 m2. The importance level of the
project is grade two, the complexity level of the site is grade two,
and the complexity level of the foundation is grade two. The project
site belongs to the Yangtze River Delta marsh plain exploration
depth of the Yangtze River Delta, which is composed of
9 engineering geological layers. The main physical and
mechanical parameters of each soil layer are shown in the Table 8.

The high-rise residential building (No. 1-9) of this project is a
shear wall structure. The design adopts pile-raft foundation, the raft
thickness is 700 mm, and the foundation beam adopts the dark beam
under the wall. The pile type is PHC-A500 (100) −27a, the relative
elevation of the pile top is-3.650 m, the pile end enters the seventh
layer of sandy silt layer, the concrete strength of the pile body is C80,
and the total number of piles is 81.

TABLE 6 The value of reduction coefficient of pipe pile bearing capacity calculation.

Deflection of pipe pile (m) Deflection angle of pipe pile η

0.05 0.059° 1

0.1 0.119° 0.83

0.15 0.179° 0.75

0.2 0.239° 0.67

0.25 0.299° 0.58

0.3 0.359° 0.5

TABLE 7 Physical mechanical parameters of soil.

Soil layer number Average thickness(m) Γ (kN/m3) Es (MPa) C (kPa) Φ (°)

② 2.85 18.7 6.12 25 10

③ 6.58 18.5 3.55 10 11.5

④ 13.5 18.8 7.35 26 15

⑤ 12.5 17.3 3.43 15 12

⑥ 21.6 17.9 5.05 20 19

⑦ 10.2 18.7 12.3 7 27

⑧ 11.5 19.1 16.6 6 29

⑨1 10.3 19.4 21 5 32

⑨2 8.5 19.1 12.3 20 21

FIGURE 23
The comparison between the field results and the modified
formula results.
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After the construction of the engineering pile is completed, the
foundation pit excavation of the “No.5 high-rise residential building”
is first carried out. During the excavation process, 58 PHC pipe piles
were found to be deviated, accounting for about 71.7% of the total
number of piles, and each pile was deviated to the west. In order to
detect the vertical compressive bearing capacity of the deviated pile,
the designers put forward the requirement to carry out the high strain
dynamic test of the pile foundation for the two most representative
deviated piles. The test results are as follows: The vertical compressive
ultimate bearing capacity of pile No. 58 (offset 300 mm) is 1765 kN,
which is equivalent to 61.3% of that without offset. The vertical
compressive ultimate bearing capacity of pile No. 74 (offset 250 mm)
is 1,811 kN, which is equivalent to 62.9% of that without offset. This is

no more than 11.3% different from the reduction factor proposed
above, within the allowable error range. The comparison results are
shown in Figure 24.

5 Conclusion

(1) In this paper, the vertical bearing capacity of pipe pile under
different attribute conditions is studied by numerical
simulation and theoretical derivation. The research shows
that when the length of pipe pile changes, the vertical bearing
capacity changes the most, and the vertical ultimate bearing
capacity of pipe pile increases with the length of pipe pile. The
growth trend is approximately linear; When the wall
thickness of the pipe pile increases, the vertical bearing
capacity increases positively and linearly, and the reduction
of the displacement of the pile body decreases exponentially.

(2) The bearing capacity of the pile is mainly affected by the pile
side resistance and the pile end resistance. When the pile top
load is small, the pile side resistance plays a major bearing
role. When the pile top load is large, the pile side resistance
and the pile end resistance work together to exert the bearing
capacity. After the pile side resistance reaches its limit value,
the pile top load will continue to increase, and the pile side
resistance will be slightly reduced. The limit value of the pile
side resistance is related to the outer diameter of the pipe pile.

(3) The vertical bearing capacity of super-long and super-large
diameter pipe pile will change when it is affected by the
deflection deformation caused by the pile sinking. By studying
the changes of the vertical bearing capacity of the pipe pile
under different deflection states, it can be found that the larger
the deflection angle of the pipe pile, the smaller the vertical
ultimate bearing capacity. When the deviation angle of the
pipe pile exceeds 0.35°, the vertical ultimate bearing capacity
of the pipe pile is only 50% of the vertical pipe pile.

TABLE 8 The main physical and mechanical parameters.

Soil layer number Soil name Thickness (m) Moisture content (%) qs (kPa) qp (kPa) Es (MPa)

① Plain fill 0.3–1.5 — — — —

② Silty clay 0.4–1.1 34.8 7 — 3.7

③-1 Muddy clay 1.3–9.2 49.1 5 — 2.2

③-2 Silt clay 1.7–5.1 33.6 13 — 6.1

④-1 Silt clay 0.3–5.4 27.7 23 — 8.3

④-2 Silt clay 5.3–8.9 28.9 20 — 7.7

⑥-1 Silt clay 4.8–6.4 24.1 29 — 16.8

⑥-2 Silt clay 1.1–8.4 29.5 27 — 12.5

⑥-3 Sandy silt 1.1–4.3 33.3 27 500 15.6

⑦ Sandy silt 11.1–15.3 27.9 32 500 35.7

⑧ Silt 0.7–2.5 40.0 — — 7.9

⑨-1 Silty clay 0.8–2.0 24.1 — — 18.9

⑨-2 Clayey silt Not drilled through 29.8 — — 15.8

FIGURE 24
The comparison between the field results and the modified
formula results.
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(4) According to the research results, the calculation formula
of the vertical ultimate bearing capacity of the pipe pile in
the “Technical Code for Building Pile Foundations” is
derived and modified. The modified formula proposes a
reduction factor for the calculation formula of the vertical
ultimate bearing capacity of the super-large and super-long
diameter pipe pile after deflection. The modified formula
can accurately calculate the vertical ultimate bearing
capacity of the offset pipe pile. Finally, the error
between the calculation example and the field test
results is within the allowable range of engineering
error, which shows that the calculation method is in
good agreement with the field test results, and proves
the accuracy of the correction formula.
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