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Abstract: Prestressed high-strength concrete (PHC) pipe piles have been widely used in engineering
fields in recent years; however, the influencing factors of their ultimate bearing capacity (UBC) in
multilayer soil need to be further studied. In this paper, a static load test (SLT) and numerical analysis
are performed to obtain the load transfer and key UBC factors of pipe piles. The results show that the
UBC of the test pile is mainly provided by the pile shaft resistance (PSR), but the pile tip resistance
(PTR) cannot be ignored. Many factors can change the UBC of pipe piles, but their effects are different.
The UBC of the pipe pile is linearly related to the friction coefficient and the outer-to-inner diameter
ratio. Changes in the pile length make the UBC increase sharply. Low temperatures can produce
freezing stress at the pile—soil interface. The effect of changing the Young modulus of pile tip soil is
relatively small.

Keywords: PHC pipe pile; ultimate bearing capacity; static load test; load transfer; multiple fac-
tor analysis

1. Introduction

Pile foundations have the advantages of a high bearing capacity, small settlement,
convenient construction, strong resistance to complex loads and great applicability to
various geological conditions [1,2]. They have been widely used in bridge engineering
in China, accounting for more than 40% of the total number of bridge foundations [3].
As a new form of pile, a prestressed high-strength concrete (PHC) pipe pile adopts the
assembly construction method, which has the advantages of high industrialization, easy
quality assurance, short manufacturing cycles and low resources; it has been popularized
on a large scale in recent years [4]. However, the practice of utilizing PHC pipe piles is not
based on theory; experience is considered more important than the relevant science and
technology, therefore, the wide use of PHC pipe piles at large scales does not fully utilize
advanced technology. In the process of their popularization and application, there are still
many theoretical and technical problems that need to be studied in depth [5], such as how
to determine the ultimate bearing capacity (UBC) of pipe piles, the deviation of piles, the
poor shear capacity caused by prefabrication and assembly, the floating of piles and their
buckling instability [6-9].

Among them, the UBC, as the most critical factor affecting the use of pipe piles, has
gradually become a research hotspot in recent years. Malik [10] and Abu-Farsakh [11]
found that the bearing capacity of pipe piles is superior to that of other piles under the same
conditions. Paik [12] and Saleem [13] suggested that the method of pipe pile installation
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is the key point affecting the bearing capacity. Some scholars have conducted SLTs on
pipe piles to obtain the UBC of pipe piles, comparing the results with those from the
existing calculation theory, and modifying the relevant formulas [14-16]. Soil plugs on
the interior of pipe piles produce additional friction, which improves the UBC to a certain
extent and has also been studied by many scholars [17-20]. The variations in pile bearing
capacity with service time [21,22] and different soil conditions [23-25] have also received
extensive attention.

However, to date, research on the UBC of pipe piles has been conducted in mostly
single-layer soil; few studies have been conducted in multilayer soil [11,25,26]. In addition,
most of the previous studies focused on testing. Although the test process can represent
the actual performance of the pipe pile, it is complex, time-consuming and expensive; thus,
it is currently impossible to conduct a more comprehensive analysis on the influencing
factors of the UBC of pipe piles. Thus, the load transfer and key UBC factors of pipe piles in
multilayer soil cannot be suitably studied. In this paper, first, we conduct a static load test
(SLT) to obtain the load transfer of the pipe pile in multilayer soil. Second, we establish a
pile—soil interaction model to explore the key factors affecting the UBC of pipe piles. Then,
we summarize the results, supplement the research on the UBC of pipe piles in multilayer
soil and provide a theoretical basis for further engineering applications of pipe piles.

2. Project Overview

In the Harbin to Zhaoyuan expressway project, a K50 + 230.5 vehicular overpass with
good transportation conditions was selected for the pilot project of the pile SLT. The span
of the K50 + 230.5 vehicle overpass was 30 + 40 + 30 = 100 m. The superstructure of the
bridge consisted of three prestressed concrete small box girders, and the bridge width was
8.5 m. The substructure adopted PHC pipe piles. The left abutment foundation pile was
selected as the test pile; it was made of C80 concrete, with a pile length of 36 m. Its section
size and reinforcement are shown in Figure 1.
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Figure 1. Section size and reinforcement of the pipe pile.

According to the drilling data, the physical and mechanical properties of the founda-
tion soil where the test pile was located are shown in Table 1.

Table 1. Physical and mechanical properties of foundation soil.

Thickness Density . ° . Young’s
Name (m) (kg/m®) Internal Friction Angle (°)  Cohesion Force (kPa) Modulus (MPa)
Silty clay 12.7 1800 25 10 40
Coarse grit 2.5 1950 33 2 42
Weathered 67 1900 32 50 50
sandstone
Mudstone 14.1 2500 37 150 2000
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3. Static Load Test
3.1. Test Loading Device
The test method used here was the slow maintenance load method, and a kentledge

device was used for loading. The counterforce device consisted of a counterforce beam,
four secondary beams, a jack and weight, its general layout is shown in Figure 2.

Figure 2. General layout of the test.

3.1.1. Counterforce Beam and Secondary Beam

The counterforce beam and secondary beam formed a steel structure with a length of
8 m and three spliced I-shaped sections. Ten concrete round piers were poured around the
test pile to support the counterforce beam and secondary beams. The concrete round pier
was a C30 plain concrete structure, with a pier diameter of 1.0 m and a pier height of 1.0 m.
The center distance between the concrete round pier and the test pile was 2.55 m, and the
layout is shown in Figure 3.
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Figure 3. Layout of the counterforce beam and secondary beam.
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3.1.2. Hydraulic Jack and Weight

A 400-ton hydraulic jack was used for loading; the jack was connected to an oil pump
through an oil distribution pipe, and the counterforce of the jack was borne by the weight.
The materials used for the weight were HRB400 reinforcement and soil bags used in the
project, and the total mass of the weight was required to be slightly greater than the
maximum load grade. The jack arrangement is shown in Figure 4.

(b)

Figure 4. Loading jack. (a) Hydraulic jack. (b) Pressure gauge.

3.2. Arrangement of the Displacement and Strain Measurement Points
3.2.1. Arrangement of the Displacement Measurement Points

Four linear variable differential transformers (LVDTs) and four dial indicators were
fixed on the reference beam with a magnetic gauge base and symmetrically arranged along
the circumference of the pile to measure the displacement. The measurement range of the
LVDT was +20 mm, the measurement error was 0.1% FS, the resolution was 0.1 mm and
the sensitivity was 20 mV/mm. The measurement range of the dial indicator was 30 mm,
and the resolution was 0.01 mm. The displacement measurement section was 0.5 m from
the pile top. Both ends of the reference beam were independently connected to the circular
concrete pier by welding without contacting the test pile. The layout of the displacement
measurement points and reference beam are shown in Figure 5.

Figure 5. Arrangement of the displacement measurement points. (a) Displacement meters and dial indicators. (b) Reference beam.
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3.2.2. Arrangement of the Strain Measurement Points

The purpose of measurement via embedded resistance strain gauges was to determine
the strain of each section to calculate the axial force and shaft resistance of the pile from the
strain. In combination with the distribution characteristics of the soil layer, the first section
in this test was selected to be 3.6 m from the pile top, and the other sections were selected
every 3.6 m along the pile length direction. A total of 10 test sections were selected. Four
resistance strain gauges were evenly arranged around the circumference of the pile on the
inner surface for each section, and the wires were led out to the pile top. Thus, there were
40 resistance strain measurement points for the test pile. The resistance of the strain gauge
was 120 £ 0.5 ), the sensitivity coefficient was 20 £ 0.01 and the temperature range was
—20 °C-80 °C. The strain gauge arrangement is shown in Figure 6.

Figure 6. Arrangement of the strain measurement points. (a) Single strain gauge. (b) Strain gauge connection.

3.3. Connection Mode of Measurement Points

The test data acquisition device was a Donghua data acquisition instrument. The wire
connection mode was based on the principle of Wheatstone bridges. The displacement
measurement points were connected by a Wheatstone half-bridge, and the strain measure-
ment points were connected by a Wheatstone quarter-bridge. DH3815 V2.0 software was
used for data reading. The connection modes of the measurement points are shown in
Figure 7.

(a) (b)

Figure 7. Connection mode of measurement points. (a) Connection mode of displacement measurement points.

(b) Connection mode of strain measurement points.
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3.4. Test Scheme
3.4.1. Loading and Settlement Observation

This test adopted equal graded loading, and the loading amount of each level was
1/10 of the test load. Under the action of a certain load level, when the corresponding
settlement value within 1 h was less than 0.1 mm, the settlement of this level was deemed
stable. Subsequently, the next load level was loaded. The settlement reading time under
each load level was 0, 5, 15, 30, 45 and 60 min, and then every 1 h until the settlement
reached the standard of stability. The loads at all grades of the test pile are shown in Table 2.

Table 2. Current stage load and total load of the test pile.

Load Grade Current( 1fl’c\:;l)ge Load Cumul(?(tll\;f)e Load Load Grade Current( 1flt\;l)ge Load Cumul(:il(tll\lv)e Load
1 700 700 6 700 4200
2 700 1400 7 700 4900
3 700 2100 8 700 5600
4 700 2800 9 700 6300
5 700 3500 10 700 7000

3.4.2. Unloading and Rebound Observation

Unloading was also carried out in grades, and the unloading amount of each grade
was the value of two load grades. After each grade of load was unloaded, three readings
were taken, the first two at an interval of 15 min and the third at an interval of 30 min,
before proceeding to the next level of unloading. After complete unloading, readings were
taken every 30 min for at least 3 h.

3.4.3. Principles of End Loading
The principles of end loading are as follows [27]:

1. The settlement of the tested pile under a certain load level is greater than five times
that of the previous load level, and the total settlement of the pile top is greater than
40 mm.

2. The settlement of the tested pile under a certain load level is greater than twice that
of the previous level, and it is not stable after 24 h. The total settlement of the pile top
is greater than 40 mm.

3. When the P-s curve slowly changes, the pile can be loaded to the total settlement of
the pile top of 60~80 mm.

4. When the engineering pile is accepted, the load has reached 2.0 times the allowable
bearing capacity or the maximum load required by design, and the settlement has
reached stability.

3.4.4. Evaluation Methods of the Vertical UBC of Pipe Piles
The evaluation methods of the UBC are as follows [27]:

(1) The UBC is determined according to the characteristics of settlement changing with
load: for a steeply changing P-s curve, the load value corresponding to the starting
point of the steep drop is taken.

(2) The UBC is determined according to the characteristics of settlement changing with
time: the load value of the previous grade with prominent downward bending at the
tail of the s-lgt curve is taken.

(3) When the settlement of the tested pile under a certain grade of load is greater than
twice that of the previous grade and is not stable after 24 h and the total settlement
of the pile top is greater than 40 mm, the load value of the previous grade should
be taken.

(4) The slowly changing P-s curve can be determined according to the settlement: the
load corresponding to the pile settlement of 40 mm is taken.
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3.5. Test Results Analysis
3.5.1. Analysis of the Load-Settlement Relationship

The settlement of the test pile under various loads and the cumulative settlement are
shown in Table 3.

Table 3. Summary of the settlement results.

Load Current Stage Cumulative Load Current Stage Cumulative
(kN) Settlement (mm) Settlement (mm) (kN) Settlement (mm) Settlement (mm)
0 0 0 5600 2.33 13.16
700 121 121 6300 2.62 15.77
1400 1.26 2.47 7000 2.93 18.71
2100 1.31 3.78 5600 —0.76 17.95
2800 1.47 5.25 4200 —0.84 17.11
3500 1.65 6.90 2800 —0.85 16.26
4200 1.85 8.75 1400 —0.95 15.31
4900 2.08 10.83 0 -1.20 14.11

The deformation is positive in the downward direction. The data in the table are the readings of the displacement meter when loading or
unloading for 2 h, but the last item corresponds to unloading for 3 h.

According to the corresponding relationship between the load and settlement under
various loads, the P-s curve and s-lgt curve are drawn, as shown in Figure 8.
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Figure 8. Load-settlement relationship. (a) P-s curve. (b) s-Igt curve.

As shown in Table 3 and Figure 8, the settlement of the pipe pile increases with
increasing load. When the load does not exceed 2100 kN, the settlement of the pipe pile
exhibits a linear growth relationship with the load, indicating that the pile is in the elastic
stage. When the value is greater than 2100 kN, the growth rate increases continuously,
showing that the pipe pile enters the plastic working state. When the load grade is the
maximum, the settlement is 18.71 mm, and there is no sharp increase in the slopes of the
P-s curve and s-Igt curve, demonstrating that the soil around the pile does not yield under
maximum loading and that the pile has a good bearing capacity. The final rebound is
4.6 mm, and the rebound rate is 75.4%, indicating that the settlement of this test is mainly
due to plastic deformation of the soil around the pile.

3.5.2. Analysis of the Axial Force Transfer of a Pile

According to the strain data of each section of the pile shaft measured by the embedded
concrete strain gauge, the axial force corresponding to each load level can be calculated.
The calculation formula is [26]:

Py =nApo; 1)
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In the above formula, P; is the axial force of the pile under a grade 7 load, # is a
correction factor and is taken as 1.0, Ap is the sectional area of the pile, ¢; is the average
compressive stress of each section; its value is equal to the sectional strain multiplied by
the corresponding Young’s modulus.

The axial force distribution is obtained by arranging the readings of the strain gauges
embedded in the pile at different depths, as shown in Figure 9.

0 0 1000 2000 3000 4000 5000 6000 7000 8000
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Figure 9. Axial force distribution of the pile along its depth.

According to Figure 9, the axial force of the pile at the same depth increases gradually
with increasing load grade. Under the same load grade, the axial force (AF) is negatively
correlated with increasing depth. The steepness of the curve indicates the change rate of
the AF and the exertion degree of the pile shaft resistance (PSR). The steeper the curve
is, the smaller the change in AF and the degree of PSR. At the beginning of loading, the
curve is generally steep, indicating that the PSR is small. As the load increases, the curve
gradually flattens, indicating a greater degree of PSR.

For the curve under a certain load level, the steepness of the curve in the depth range
of more than 22 m is much greater than that in the depth range of less than 22 m, indicating
that the PSR below 22 m is greater. The reasons for this trend are summarized as follows:
the soil layer below 22 m is mudstone, with high cohesion and a large internal friction
angle, and it strongly interacts with the pile, resulting in PSR.

3.5.3. Analysis of the PSR Distribution

The PSR can be calculated by using the pile shaft AF of each section. The calculation
formula is [26]:
- Pia—h
l Upl;

In the above formula, T; is the average PSR of section i, P; and P;_; are the AFs
corresponding to section i and section i — 1, respectively, Up is the average circumference
of a pile section, and /; is the length of the pile between section i and section i — 1.

The PSR calculated based on the AF of each section is shown in Figure 10.

Figure 10 shows that for a soil layer at the same depth, the PSR is small at the beginning
of loading, and with increasing load grade, the PSR gradually improves. Under the same
load grade, the shaft resistance below 22 m is the largest. For the soil above 22 m, the
pile—soil friction in the 7-12 m range is greater when loading at the first grade. With
increasing load grade, the soil layer in the 12-22 m range is mobilized, and the maximum
PSR area gradually moves downward. For the soil layer below 22 m, the PSR also follows
this development trend. The PSR in each soil layer is gradually exerted along with the pile
with increasing load.

()
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Figure 10. PSR distribution.

3.5.4. Analysis of PTR

In Figure 7, the AF of the pile at 36 m under each load grade can represent the pile
tip resistance (PTR). The variation curve of the PTR and its percentage of the load applied
with load grade is shown in Figure 11.
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Figure 11. Variation in PTR and its percentage of the load applied with load grade. (a) Value of PTR. (b) Percentage of PTR

to loading.

Figure 11 show that with increasing load grade, the PTR gradually increases, the
percentage of PTR also has the same change trend, and the relationship between the two
increases exponentially. At the beginning of loading, the pile bearing capacity is mainly
provided by the PSR, and the PTR is 56.04 kN, accounting for only 8.01%. At the maximum
load grade tested, the PTR is 2009.14 kN, accounting for 27.70%, which is a contribution
that cannot be ignored.

4. Numerical Analysis

In this section, ABAQUS V6.14 is used to establish the pile-soil interaction model.
The temperature, Young’s modulus of the soil at the pile tip, pile-soil friction coefficient,
pile length and the ratio of the outer diameter to the inner diameter are selected as control
factors to explore their impact on the UBC of pipe piles to provide a reference for follow-
up studies.
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4.1. Finite Element Model
4.1.1. Model Description

Since the pile—soil structure is an axisymmetric structure and the research object is the
vertical bearing capacity of the pile, to reduce the number of calculations, a 1/2-pile-soil
model is established for research. The finite element model applied to the analysis adopts
hexahedral elements called C3D8. The Young modulus of concrete is 38 GPa, the Poisson
ratio is 0.3, and the density is 2500 kg/m?>. The soil model is 72 m x 36 m x 18 m, the Mohr—
Coulomb yield criterion is adopted, and the parameters, cohesion and internal friction
angle used are shown in Table 1. The pile-soil interaction is simulated by face-to-face
contact, its tangential behavior adopts a penalty function, the friction coefficient is 0.3,
and the normal contact type is hard contact. To simulate the state of the pipe pile and
soil, the boundary conditions of the model are set as follows: the bottom layer of the soil
constrains the degrees of freedom in all directions, the sides of the soil constrain the degrees
of freedom in the normal direction, and the other degrees of freedom are free. The pipe
pile constrains the lateral freedom only, and the other degrees are placed freely. The model
is shown in Figure 12.

(a) (b)

Figure 12. Finite element model. (a) Boundary conditions. (b) Meshing.

4.1.2. Model Verification

To verify the accuracy of the model, the following steps are taken: the model is loaded
step by step according to the grades in Table 2, and the resulting P-s curve is drawn and
compared with the test results. A comparison of the results is shown in Figure 13.

0 0 1000 2000 3000 4000 5000 6000 7000 8000

P(kN)

10

15 4

—®— Test results
20 4 —®— Model results "o

s(mm)

Figure 13. Comparison between model results and test results.



Sustainability 2021, 13, 13166

11 0of 17

As shown in Figure 13, the change trends of the test and model P-s curves are basically
the same. The model settlement is 19.78 mm, the test settlement is 18.71 mm and the
relative error between them is 5.4%. Therefore, this model can accurately reflect the
working situation of pipe piles.

4.2. Analysis of Key Factors
4.2.1. Influence of Temperature

The influence of temperature on the UBC of pipe piles cannot be ignored [28,29].
Based on the finite element model described in Section 4.1, a thermal load is applied on the
pile surface and soil surface to transfer the temperature along the depth of the soil to study
the variation in the pipe pile bearing capacity under the action of temperature.

In the ABAQUS model, the initial temperature of the soil is 0 °C, and the temperature
of the lower surface of the soil is 0 °C; the temperature of the upper surface of the soil is
changed to 0 °C, —1°C, —2°C, =3 °C, —4 °C and —5 °C. The thermal parameters of the
concrete and soil involved in this simulation are shown in Table 4.

Table 4. Thermal parameters of concrete and soil.

Name Volumetric Heat Capacity Thermal Conductivity Coefficient of Expansion
(W/(m-°C)) (KJ/(m3-°C)) 1/°0
Concrete 1.28 2425 1x107°
Silty clay 0.26 1254 1x 1075
Coarse grit 0.98 1400 1x107°
Weathered sandstone 1.09 1560 1x107°
Mudstone 45 3560 1x107°
The analysis is performed as follows: the calculation results of the model pile top
displacement are extracted and the UBC according to the evaluation method is listed in
Section 3.4.4. The results are shown in Figure 14 (the initial value is 10,400 k).
0 2000 4000 6000 8000 10,000 12,000 14,000 16,000 18,000 g 1.4 4
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Figure 14. Variation in the UBC of pipe pile with temperature. (a) P-s curve. (b) Ratio of the current value to the initial

value.

According to Figure 14a, the low-temperature environment has an impact on the
UBC of pipe piles that cannot be ignored. Under the same load, when the temperature is
lower than 0 °C, the settlement of the pile is less than that under a normal-temperature
environment, and the settlement gradually decreases with decreasing temperature. The
reasons for this trend are summarized as follows: in the low-temperature environment, the
soil freezes, and the freezing stress between the pile and soil produces a certain resistance,
which reduces the settlement of the pile. When the ground temperature is —1 °C, the
temperature is transmitted downward, and the soil layer near the ground begins to freeze.
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With decreasing temperature, the freezing depth deepens. When the ground temperature
is —5 °C, the depth of frozen soil around the pile reaches the maximum obtained in this
study, and the freezing strength between the pile and soil is also the maximum. Thus, the
load resistance capacity is the maximum and the settlement of the pile is the minimum.

In Figure 14b, the UBC of a pipe pile gradually increases with decreasing temperature:
when the temperature is —1 °C, the ratio is 1.02; when the temperature is —5 °C, the ratio
is 1.30. In addition, the growth trend gradually increases. With the decrease in surface
temperature, the difference between the surface and the deeper soil increases, the transfer
rate of temperature in the soil accelerates and the soil within a larger depth range freezes
to enhance the UBC of the pile.

4.2.2. Influence of the Young Modulus of the Soil at the Pile Tip

The mechanical characteristics of the soil at the pile tip, as the bearing stratum of
pile foundations, play an important role in the UBC of pile foundations. Especially for
end-bearing piles, the UBC is mainly provided by the soil at the pile tip [30]. Based on the
finite element model in Section 4.1, the Young modulus of the soil at the pile tip is changed
to explore the variation in the UBC of the pile according to the P-s curves obtained under
different conditions. The values of the Young modulus of the soil at the pile tip considered
are shown in Table 5.

Table 5. Young’s moduli of the soil at the pile tip.

Condition

Condition 1 Condition 2 Condition 3 Condition 4 Condition 5

Young’s modulus (MPa)

100 200 400 800 2000

The calculation results of the model pile top displacement are shown in the broken
line diagram in Figure 15 (the initial value is 10,400 kN).
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Figure 15. Variation in the UBC of a pipe pile with the Young modulus of the soil at the pile tip. (a) P-s curve. (b) Ratio of

the current value to the initial value.

As shown in Figure 15a, the effect of the Young modulus of the soil at the pile tip
cannot be underestimated. The larger the Young modulus is, the smaller the settlement of
the pipe pile foundation under the same load level. Conditions 1-4 show steep changes,
and condition 5 shows slow changes. Due to the fact that the Young moduli of conditions
1-4 are very small, the excessive load causes shear failure at the pile-soil contact interface
and a rapid increase in settlement. When the Young modulus of the soil at the pile
tip is large, the soil can provide a strong PTR for the pile foundation, so there is no
abrupt change.



Sustainability 2021, 13, 13166

13 0f 17

According to Figure 15b, the UBC gradually improves with increasing the Young
modulus. When the Young modulus is 100 MPa, the ratio is 0.48, and when the Young
modulus is 2000 MPa, the ratio is 1.00. Although the Young modulus increases by 20 times,
the bearing capacity only doubles. The growth rate gradually decreases.

4.2.3. Influence Analysis of the Pile-Soil Friction Coefficient

Based on the finite element model in Section 4.1, the pile—soil friction coefficient is
changed to explore the variation in the UBC of the pile according to the P-s curve under
different conditions. The values of the pile—soil friction coefficient considered are shown in
Table 6.

Table 6. Pile-soil friction coefficients.

Condition Condition 1 Condition 2 Condition 3 Condition 4 Condition 5

Friction coefficient

0.3 0.4 0.5 0.6 0.7

0 3000 6000

The calculation results of the model pile top displacement are shown in the broken
line diagram in Figure 16 (the initial value is 10,400 kN).
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Figure 16. Variation in the UBC of a pipe pile with the pile-soil friction coefficient. (a) P-s curve. (b) Ratio of the current

value to the initial value.

In Figure 16a, the P-s curves of different friction coefficients have the same change
trend, all showing a slow change. Under the same grade load, the larger the friction
coefficient is, the smaller the pile settlement. As the friction coefficient increases, the PSR of
the same section also increases, which strongly resists pipe pile settlement.

According to Figure 16b, the larger the friction coefficient is, the greater the UBC.
When the friction coefficient increases by 0.1, the ratio increases by approximately 0.13.
When the friction coefficient is 0.7, the ratio is 1.51. The trend is approximately linear. In
practical engineering applications, appropriate measures should be adopted to increase the
friction coefficient.

4.2 4. Influence Analysis of Pile Length

When the bearing capacity of a pile is not sufficient to maintain the stability of the su-
perstructure it is supporting, increasing the pile length is an effective method of correcting
this issue [30]. Based on the finite element model in Section 4.1, the pile length is changed
to explore the variation in the UBC of the pile according to the P-s curve under different
working conditions. The values of the pile length considered are shown in Table 7.
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Table 7. Pile lengths.

Condition Condition 1 Condition 2 Condition 3 Condition 4 Condition 5
Pile length 12 18 24 30 36
The calculation results of the model pile top displacement are shown in the broken
line diagram in Figure 17 (the initial value is 10,400 kN).
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Figure 17. Variation in the UBC of a pipe pile with pile length. (a) P-s curve. (b) Ratio of the current value to the initial value.

According to Figure 17a, under the same load grade, the settlement decreases with
increasing pile length. The P-s curves can be categorized into two types: pile lengths of
12 m and 18 m correspond to steep change; pile lengths of 24 m, 30 m and 36 m correspond
to slow change. When the pile length is 12 m, the soil layer where the pile is located is silty
clay, which is a relatively weak soil layer, and only the PSR provides the capacity for the
pile. When the load reaches a certain value, the soil around the pile yields, the pile-soil
contact interface undergoes shear sliding, and the settlement increases rapidly. This also
occurs with a pile length of 18 m. At 24 m, the pipe pile is supported by mudstone, which
provides a large PTR for the pile and hinders its settlement. Therefore, the corresponding
settlement curve does not change sharply. As the pile length increases, an increasing length
of the pile is embedded in the mudstone, resulting in friction between the mudstone and
the pipe pile, which also hinders the settlement.

According to Figure 17b, an increase in pile length can remarkably increase the UBC,
especially when the pile length increases from 18 m to 24 m. The ratio increases from 0.12 to
0.74, almost five-fold. The reason is that when the pile is short and supported by the weak
soil layer, increasing the pile length essentially increases the friction area and improves the
PSR. As the length of the pipe pile increases, when it passes through the weak soil layer
and into the hard soil layer or rock stratum, in addition to the friction resistance of the
upper soil layer, PTR arises, which greatly improves the UBC of the pile.

4.2.5. Influence Analysis of the Ratio of the Pile’s Outer Diameter to Inner Diameter

Increasing the pile diameter is also a way to improve its UBC [31]. Based on the
finite element model in Section 4.1, the ratio of the outer diameter to the inner diameter is
changed to explore the variation in the UBC of the pile according to the P-s curve under
different working conditions. The values of this ratio considered are shown in Table 8.

Table 8. Ratios of the outer diameter to the inner diameter.

Condition

Condition 1

Condition 2 Condition 3 Condition 4 Condition 5

Ratio

1.5

1.6 1.7 1.8 1.9
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The calculation results of the model pile top displacement are shown in the broken
line diagram in Figure 18 (the initial value is 10,400 kN).
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Figure 18. Variation in the UBC of the pipe pile with the ratio of the outer diameter to the inner diameter. (a) P-s curve.

(b) Ratio of the current value to the initial value.

As shown in Figure 18a, the P-s curves of the pile under the five conditions show
a slow change. Under the same grade load, as the outer diameter increases, the pile
settlement gradually decreases because with the increase in the outer diameter, the pile
side area increases, the pile-soil contact area increases, and the PSR significantly increases,
which hinders settlement.

According to Figure 18b, the UBC gradually increases with an increasing diameter
ratio. When the ratio increases from 1.5 to 1.9, the ratio of UBC increases from 1.16 to 1.77.
The effect of increasing the pile diameter on the UBC is unambiguous.

5. Conclusions

In this paper, first, the load transfer of pipe piles was analyzed through an SLT. Then,
pile-soil interaction models were established, and different control parameters are selected
to determine the influence of each parameter on the UBC of the pile in multilayer soil. The
results are as follows:

(1) In this test, the maximum settlement of the pipe pile is 18.71 mm, the corresponding
load is 7000 kN, the final rebound after unloading is 4.6 mm, and the rebound rate is
75.4%. The soil layer below 22 m results in the largest pile—soil friction, a maximum of
105 kPa, which plays the most important role in the UBC of pipe piles. The PTR and
its percentage in terms of the load applied increase exponentially with increasing load
grade. The maximum PTR and its percentage are 2009.14 kN and 27.7%, respectively,
and the effect of the PTR should not be neglected.

(2) A low-temperature environment can produce freezing stress at pile—soil interfaces.
The lower the temperature is, the stronger the freezing stress and the greater the UBC
of the pile. The UBC of a pipe pile gradually increases with decreasing temperature,
and the growth trend gradually increases.

(3) The smaller the Young modulus of the pile tip soil is, the smaller the UBC of the pipe
pile. When the Young modulus is 100 MPa, the ratio is 0.48, and when the Young
modulus is 2000 MPa, the ratio is 1.00. Thus, when the Young modulus increases by
20 times, the bearing capacity only doubles. The growth rate gradually decreases.

(4) The UBC of the pipe pile is linearly related to the friction coefficient. When the friction
coefficient increases by 0.1, the ratio increases by approximately 0.13. The largest ratio
is 1.51, and the corresponding friction coefficient is 0.7.
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(5) When the pile length increases from 18 m to 24 m, the ratio increases from 0.12 to 0.74,
almost fivefold. This is because increasing the pile length changes the bearing layer
of the pipe pile and produces PTR.

(6) When the ratio of the outer diameter to the inner diameter increases from 1.5 to 1.9,
the ratio of the UBC increases from 1.16 to 1.77, showing approximately linear growth.
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