
 

 JOURNAL OF MEASUREMENTS IN ENGINEERING 1 

Analysis and experimental research on the reliability of 
the connection between large-diameter bridge piles and 
caps 

Hongmei Ni1, Xupeng Yin2 
Henan University of Urban Construction, Pingdingshan, China 
2Corresponding author 
E-mail: 1m18537598929@163.com, 2yinxupeng911@163.com 
Received 15 September 2023; accepted 9 January 2024; published online 21 February 2024 
DOI https://doi.org/10.21595/jme.2024.23639 

Copyright © 2024 Hongmei Ni, et al. This is an open access article distributed under the Creative Commons Attribution License, which 
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 

Abstract. This article investigated the construction conditions of the pile foundation in the 
Wuxing section of the “Shanghai Suzhou Huzhou” railway bridge project. To test the reliability 
of large diameter connectors, it has established a finite element model with ABAQUS software 
for numerical simulation. Based on on-site tests, the reliability of the connection between the pipe 
pile and the cover steel was studied. According to the simulation results, when the load is  𝑃  900 kN, the displacements of A2 and A3 steel pipe piles are 55.8 mm and 60.1 mm, 
respectively. The load-displacement relationship shows a high-order curve distribution. 
According to the results of on-site experiments, the displacements are 77.9 mm and 60.2 mm, 
respectively. The load-displacement relationship is linear. The results for the simulation and 
on-site testing are consistent. This study provides a basis to the research on the reliability of the 
connection between large-diameter steel pipe piles.  
Keywords: large diameter pipe pile, reliability of connection, numerical simulation and 
experimental research. 

1. Introduction 

In recent years, few studies have focus on the connection method between prestressed 
high-strength concrete pipe piles (PHC pipe piles) and cap beams. Usually, finite element analysis 
or numerical simulation is used to numerically analyze the connection, pull-out performance, 
horizontal bearing capacity, tensile bending, and tensile shear performance between pipe piles and 
cap beams. Wang Ruifang et al. [1] analyzed the distribution mechanism of soil reaction force at 
the bottom of PHC pile cap beam using ANSYS program, and derived the working failure 
behavior of pile group from the soil reaction force at the bottom of cap beam. Zhang Xingyu et al. 
[2] studied the mechanical properties of PHC pile with added core filling and top embedded steel 
wire based on experiments, which improved the brittle performance of the pile. Lei Haiyang et al. 
[3] conducted a series of on-site testing studies on PHC high cap pipe piles used in soft soil areas 
in practical engineering, and provided the application characteristics of high cap pipe piles in soft 
soil areas. Dong Fengbao [4] used ABAQUS software to analyze the foundation of high cap pipe 
piles, clarified the horizontal bearing mechanism of high cap pipe piles, and proposed several 
measures to improve the horizontal bearing capacity of pile foundations. 

Liu Lixia [5] studied the load transfer characteristics and bearing capacity of high-capped pipe 
piles, analyzed the aging bearing capacity of high-capped pipe piles, the stress behavior and the 
change law of the bearing capacity under horizontal loads, and obtained some benefits for 
engineering design. According to the national standard atlas, Xing Keyong et al. [6] carried out 
horizontal bearing capacity tests on single piles, single piles and caps under joint stress on the 
spot, and concluded that the inserted ribs in the pipe piles played a very good restraint role. Rong 
Xian et al. [7] used four PHC pipe pile cap specimens with different improvements to conduct low 
cycle reciprocating loading tests. Research shows that adding steel fibers to pile concrete can 
improve the seismic performance of PHC pipe piles. Wang Tiecheng et al. [8] completed the 
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low-period reciprocating load test of six joints between PHC pipe piles and caps, and described 
the failure process and failure form at the joints. Li Qiang et al. [9] used ABAQUS software to 
calculate and analyze the combination model of PHC pipe piles and caps, and investigated the 
mechanical characteristics of the joints between PHC pipe piles and caps under the combined 
action of axial tension and horizontal loads. It also analyzed the stress of plate-welded anchor bars 
and mechanical sleeve-connected anchor bars under axial tension. 

Theoretical research directions and tools are also constantly evolving. With the advancement 
of technology, the construction of nodes has undergone significant improvements. In addition, the 
finite element method of rod structures has also developed into 3D solid finite element method, 
which can conduct more comprehensive and detailed analysis of various factors [10-13]. In the 
field of architecture, these advances have had a significant impact on architectural design, 
construction, and renovation [13-16]. By simulating and analyzing the response of building 
structures under different conditions, engineers can better evaluate the performance and safety of 
the structure and take measures to optimize the design and improve the safety of the structure 
[16-18]. Using advanced finite element analysis software, construction engineers can simulate the 
response of structures under different earthquake, wind, and temperature to predict the results and 
optimize their design. These tools also allow engineers to conduct fine-grained analysis of 
structures to identify and solve problems and ensure the long-term stability and reliability of 
buildings [19-20]. 

In summary, with the advances in theoretical research, we will see more improvements in 
architecture and other fields [21]. These tools will help engineers simulate and analyze the effects 
of various factors on structures to design safer, reliable, and effective buildings and systems 
[22-23]. Abutment is a structure for transmitting internal forces and deformations between the 
upper components of a bridge and the lower foundation. It is a key part of bridge design 
calculations and a weak link in the transmission of stress and deformation for the entire system. 
This article starts with details, and the cap steel pile joint section focuses on two key issues: the 
design calculation of the pile cap steel pile node and the optimization of the structural form of the 
pile cap steel pile joint section. Numerical simulation and on-site testing are used to study the 
stress mechanism between the connection and concrete. The data obtained from on-site testing 
provides more objective and practical engineering insights. They help determine the reasonable 
joint section connection structure between steel and concrete structures to give the structure a 
higher bearing capacity. 

2. Project overview 

The Luhe Bridge project has 57 piers and 921 PHC piles, while the Wuxing section of the 
Luhe Bridge project has 36 piers and 362 PHC piles. Based on engineering practices and the 
research of scholars such as Liang [24], Hedley [25], and Ameli [26] on the strength of bridge 
structures, there are two mainly types of failure for pipe piles. One is the bending and shear failure 
of the pile itself, and the other is the bending failure of the pile cap connection node. Currently, 
the application of pipe piles in railway bridge engineering has been explored, but a complete 
theoretical system has not been formed and needs to be verified through more experiments. To 
make the substructure of railway bridges more stable, large diameter pipe piles are used for the 
substructure. Under the action of train braking force, large diameter pipe piles will generate large 
horizontal forces and bending moments at the connection between the pile cap and the pipe pile. 
Therefore, bending failure at the connection between the pile and the cap is more likely to occur. 
The recommended method in the national standard atlas “prestressed concrete pipe piles” 
(10G409) is to directly weld steel bars on the end plate. When this method is applied to large pipe 
piles, there are some problems: firstly, the welding seam between the steel bar and the end plate 
is perpendicular to the direction of the steel bar, which is prone to distortion. Secondly, the on-site 
welding workload is too large. Thirdly, the quality of on-site welding cannot be guaranteed. 
Therefore, it is necessary to conduct research and verify the bending resistance measures to 
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connect large-diameter pipe piles with the caps. 
Field tests were conducted on the pipe pile head (ratio: 1:1) to understand the failure and stress 

of the joint between the pipe pile head and the cap and to verify the design parameters and 
construction technology. It has verified and compared the performance and reliability of different 
connection methods with the supportive platform.  

3. Finite element calculation analysis of the connection between pipe pile and cap 

3.1. Basic assumptions 

Finite element method (FEM) is adopted in this paper to analyze factors such as the size of the 
model, the quality of the grid division, the selection of the unit, and the convergence of the 
nonlinear computation. The paper also uses dynamic/explicit module in the software ABAQUS to 
quasi-statically simulate the force relationship among the “cap-pipe-pile-soil”. The assumptions 
used in simulation calculations are as follows: 

(1) The vertical deformation at the bottom of the pile is limited. This assumption is in line with 
the reality. As the vertical bearing capacity of the pile is balanced with the external load, the 
vertical deformation at the bottom of the pile is small. Transverse bending is the core index to 
examine the performance of the pile-abutment connection. In addition, there is no vertical 
counterweight in the test. To reduce the number of units in the simulation, only a single pile with 
a length of 16m is selected. 

(2) Soil scale. Although infinite soil size meets the requirements, the scale of the soil should 
be limited for the efficiency of calculation. In this paper, the soil dimensions are set to be “length 
× width × height = 16.55 m × 12.00 m × 15.50 m”. The minimum soil size is 6𝐷 (𝐷 is the diameter 
of the pile, 𝐷 = 1.0 m). 

(3) Soil re-consolidation. After the piles are in place, the soil is re-consolidated. This article 
ignores the addition of stress to the pile during the piling or after the cap is poured. It assumes that 
before the test begins, the pile soil is stable and does not sink. 

(4) The soil water is saturated. The location of the site is in a small foundation pit, and after 
rain, there is significant build-up of water. The soil layer in the test had a high moisture content, 
poor soil quality, and very little bearing capacity. This assumption is reasonable for a given height 
of the soil layer. 

The extracted data can be used as a reference for the stress of the 282 # pipe pile cap of the 
Suhu Extra Large Bridge Wuxing Bridge section of the Shanghai Suhu Railway Section 2 
(Table 1). 

Table 1. Load internal force combination of pipe piles and cap pile heads on the line 

Load condition number 𝑁  𝑃  𝑃  𝑀  𝑀  𝑃  
(kN) (kN) (kN) (kN.m) (kN.m) (kN.m) 

1 3132.8 17.7 6.6 2.8 35.5 67.7 
2 3221.0 41.4 –226.2 7.0 402.3 99.8 
3 829.3 –5.5 227.8 8.3 –378.6 1.3 

Note: 𝑁  represents the axial force direction, 𝑃  represents the transverse bridge direction, and 𝑃  
represents the longitudinal bridge direction 

3.2. Model establishment 

The model conducts test by simulating several key components and connections involved in 
PHC pile design and construction. These include the placement of PHC pile foundations, 
prestressed tendons and spiral reinforcement within the pile structure, the connection between 
PHC piles and core-filling concrete, and the correlation between the spiral steel bars, PHC pipe 
piles, and the cap. The model also reflects the precise dimensions of the cap platform and the 
arrangement of the steel cage. To ensure accurate stress and deformation analysis, a grid 
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partitioning approach is utilized. This approach focuses on densely dividing the pile and soil 
regions of interest, while sparsely dividing the soil regions located farther away from the pile. This 
approach ensures accurate model calculations while also optimizing computational efficiency. 
Consequently, a linear gradient grid control is adopted, with a starting grid length of 1 and an 
ending grid length of 0.5. 

To simulate the constraint mode during loading, the side wall of the pipe pile is affixed to a 
semicircular steel plate (𝑡 = 10 mm), and six strands of steel wires are wrapped tightly around the 
plate. Fig. 1 shows how the PHC pipe pile and the cap are connected in the model. A double line 
elastic-plastic model is used to represent a variety of materials (steel wire not included). Table 2 
lists the model's strength and strain parameters. 

Table 2. Material parameters of steel double line elastic-plastic model 

Steel type 
Elastic Plasticity 

Elastic modulus 
(N/mm2) 

Poisson’s 
ratio 

Yield strength 
(N/mm2) 

Plastic 
Strain 

Strength 
(N/mm2) 

Plastic 
Strain 

HRB400 2.06×105 0.3 400 0 600 0.09 
Q235 2.06×105 0.3 235 0 400 0.09 

Wirerope φ20 1.23×105 0.3 1770 0 / / 
Prestressed 

reinforcement 2.00×105 0.3 1080 0 2000 0.05 

 
Fig. 1. Model establishment of connection between PHC pipe pile and cap 

In this article, ABAQUS, the non-linear finite element analysis software, is used for 
simulation. The soil, pipe piles, core-filling concrete, cap, and half-circle steel plate are simulated 
by C3D8R element type T3D2. The bond between steel bar and concrete comprises three parts: 
chemical bonding strength, friction resistance, and mechanical interlocking force. The steel wire 
and the semicircular steel plate are also bounded. Factors for numerical calculation model, 
including material properties, boundary conditions, loads, and other factors, are pre-defined on 
separate geometric models. 

In the elastic stage, the model uses a linear elastic model to describe the mechanical properties 
of the material. When calculating, concrete can be regarded as an elastic homogeneous material, 
and the constitutive relationship can be expressed in tensor form using the generalized Hooke’s 
law: 𝜎 = 𝐶 𝜀 , (1)

where 𝐶  is the material constant, which is a first and fourth order tensor, assuming the material. 
When it is isotropic, two constants can be used 𝜆 and 𝜇 to express, 𝜆 and 𝜇. It is called the Lame 



ANALYSIS AND EXPERIMENTAL RESEARCH ON THE RELIABILITY OF THE CONNECTION BETWEEN LARGE-DIAMETER BRIDGE PILES AND CAPS.  
HONGMEI NI, XUPENG YIN 

 JOURNAL OF MEASUREMENTS IN ENGINEERING 5 

constant, 𝜎  and 𝜀  represents stress and strain tensors, respectively. 
In the plastic stage, the elastic modulus of the damaged CDP model can. The relationship 

between the damage factor d and the initial non-destructive elastic modulus is expressed as: 𝐸 = 1 − 𝑑 𝐸 , (2)

where 𝐸  is the initial (non-destructive) elastic modulus; 𝐷 is the damage factor: 1 − 𝑑 = 1 − 𝑠 𝑑 1 − 𝑠 𝑑 , (3)

where 𝑑  stress state variable; 𝑑  is the uniaxial tensile and compressive damage variable; under 
uniaxial cyclic loading, 𝑠  and 𝑠  are functions of stiffness recovery stress state related to stress 
reversal. 

3.3. Boundary conditions 

The experimental area is the top surface of the soil. To improve simulation accuracy, we 
constrain its five side surfaces and also constrain the vertical deformation at the bottom of the pile 
to prevent the pile from sinking during testing. This is consistent with the initial condition that the 
pipe pile is buried in deep soil and will not sink. Fig. 2 shows the boundary conditions of the 
model.  

Table 3 lists the parameters of the geotechnical report. Four sets of parameters for soil layers 
were selected to simplify the calculation. 

Table 3. Material parameters of soil around piles 

Name Length 
range (m) 

Elastic 
modulus 
(MPa) 

Poisson’s ratio 
Internal 
friction 

angle (°) 

Dilation 
angle (°) 

Cohesive 
force (kPa) 

Silty silty clay 2.6 3.00 0.2 12.0 0.1 10 
Silty clay 3.4 21.0 0.3 19.0 0.1 25 

Silty silty clay 7.0 18.0 0.2 16.1 0.1 20 
Silty clay 3.0 21.0 0.3 19.0 0.1 25 

 
Fig. 2. Boundary conditions of the model (except for the top surface of the soil,  

the lateral deformation of the other five surfaces of the soil is restricted) 

3.4. Numerical calculation analysis 

3.4.1. Initialization of structure 

The pile and cap's structural forces must be initialized. Prior to the test, the PHC pipe pile, 
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post-cast cap, and soil must all be in a stable condition. Although the PHC pipe pile is installed in 
the soil, the pile's concrete and pre-stressed tendons possess initial stress that must be accounted 
for during the initialization phase. This initial stress cannot be relieved through cooling or other 
methods in the final test configuration, as such measures would alter the structure's state. 
Consequently, no pre-stress should be applied to the structure, as this would modify the stress 
states of the soil, core-filling concrete, and caps. 

The calculation is executed in the following sequential steps: (1) Apply vertical pre-stress and 
gravity to the pile in the soil-less condition. (2) Increase the gravity of the core-filling concrete. 
(3) Raise the gravity of the cap to observe how the pipe piles are linked to pile caps. (4) Once the 
deformation state is eliminated as the initial configuration of the structure, solely the stress state 
is retained. The stress value of the deformation state is integrated into the new structure for further 
computations. 

 
Fig. 3. Initialization of PHC pipe pile (stress is calculated separately; deformation is not included) 

When cap and core-filling concrete are connected, the core-filling concrete plays a key role in 
reducing the stress on the pile. Fig. 3 shows the minimum principal stress of the pile concrete, 
which range from –10.9 MPa to –5.60 MPa, in both the non-core-filling concrete area and the 
core-filling concrete area of the pipe pile. 

 
Fig. 4. Stress distribution of PHC pipe pile after initialization 

Two columns of units are selected for computation. One is the A3 pipe piles (left) and the other 
is A2 pipe piles (right). Fig. 4 shows the stress distribution of their units. The pipe pile is 16 meters 
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long. Its coordinate is zero and its height (H) is along the Y direction. Fig. 4 shows the stress 
distribution of the pile concrete after it is pre-tensioned and prestressed. The gravity of the 
core-filling concrete and cap is sharply reduced at the 4 m section of the core-filling concrete. The 
stresses at other sections concentrate at around –11 MPa. When the products leave the factory, the 
stress level of concrete in the pile must be controlled at a –10 MPa according to the regulation. 

The initialization of the soil layer’s ground stress is necessary when excavation and piling are 
considered. This is to make sure that there is no soil deformation or displacement at the initial 
state. 

The stress under the self-weight of the pipe pile in the restrained state should be calculated. 
The stress of the soil layer is set as the initial value and substituted into the subsequent model for 
further calculation (Fig. 5 and Fig. 6). 

After the initialization of the structure, a horizontal load is exerted to examine the mechanical 
performance of the pile and the components under different pile-cap connection modes. 

 
Fig. 5. Stress distribution diagram after  

soil layer initialization 

 
Fig. 6. Displacement distribution diagram  

after soil layer initialization 

3.4.2. Output of the platform displacement 

To track the platform’s displacement, four corner points on the loading surface were selected. 
As shown in Fig. 7, the 4 points are defined as A2G, A6G, A4G, A8G for the cap loading surface 
that is connected to the A3 pile and as A1G, A5G, A3G, A7G for the cap loading surface that is 
connected to the A2 pile. These numbers match the monitoring points that were set up during the 
field test. 

 
Fig. 7. Layout of A3 pipe pile-cap displacement monitoring points 
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According to Fig. 7 and the calculation results, there is a small displacement at the bottom of 
the loading surface. When the load increases, the displacement at the top will slightly increase. 
When the load 𝑃 = 900 kN, the displacement of A3 pile cap’s upper edge is 60.1 mm, which is 
4.3 mm higher than that of the A2 pile cap. When the loaded increases to 1000 kN, the 
displacement of the A3 pile cap’s upper edge becomes 76.2 mm. For the A3 pile cap alone, the 
displacement of the upper edge is 13 mm greater than that of its lower edge at the load level of 𝑃 = 900 kN. The displacement of A2 pile cap’s upper edge is 8.8 mm greater than that of the 
lower edge. 

4. Reliability test of the connection between pipe pile and cap platform 

4.1. Experimental design 

The special conditions of the site make it inconvenient to build a reaction platform between 
piles. To ensure the stability of the applied load, the “back-to-back mutual push” method was 
selected for testing during the construction of the cap platform. 

(1) The connection with the pile head: a connecting steel bar is welded on the end plate of the 
A2 pipe pile. The sleeve is pre-buried under the end plate of the A3 pipe pile while the pipe pile 
is prefabricated. Then, the pipe pile is put into sleeve socket to connect with the steel bar. 

(2) The arrangement of measuring points: a strain gauge is a sensor whose resistance varies 
with applied force. It converts force into a change in electrical resistance which can then be 
measured. In this paper, the measuring points were aligned and strain gauges were installed at 
steel bars, pile cap concrete, and the caps, respectively. 

(3) Technology to build the cap: the formwork for the cap and binding of steel bars of A2 and 
A3 pipe piles are carried out based on the drawings. A cap is cast on each pile and the concrete is 
given sufficient curing time. For ease of observation and the placement of monitoring points, the 
pile is moved out of the soil layer to a specific depth based on its actual circumstances. The 
platform is 2.5 m×2.2 m×1.5 m in size and 30-60 cm above the ground. 

(4) Start the test: At the beginning of the test, a double-controlled jack is built between the end 
faces of the cap of A2 and the cap of A3, and the loading method adopts horizontal mutual push. 

(5) Test data collection: sensors are buried or temporarily installed in the equipment. After 
they are connected and the load is exerted, various test data are collected simultaneously. 

 
Fig. 8. Load-applying device system for field testing 

In this test, horizontal thrust is loaded to the pile from one side and for multiple cycles. To 
evaluate the reliability of the connection point, loads are applied until the pipe pile-cap connection 
is damaged or other damages occur. This is to examine the maximum horizontal thrust allowed 
for loading (see Fig. 8). 
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4.2. Detection and analysis of displacement 

As the jacking loads change, the soils around pile are squeezed and lateral displacement occurs. 
The cap platform deforms laterally due to the jack's thrust. The four corner points' displacement 
values will change with the thrust force. According to the data from the sensor, the displacement 
under repeated loading does not return to the original zero value, and there is a residual 
displacement. Figs. 9-12 show the load-displacement curve (𝑃-Δ𝑥) and load-displacement residual 
curve on the A2 and A3 pipe pile-cap loading surfaces. After quadratic polynomial fitting, the 
dotted lines denote the displacement of each measuring point. 

 
Fig. 9. Load-displacement curve (𝑃-Δ𝑥) of pile 

platform A2 
Fig. 10. Load-residual displacement curve  

(𝑃-Δ𝑥 residual) of pile platform A2 
 

 
Fig. 11. Load-displacement curve of A3 pipe  

pile-capacity (𝑃-Δ𝑥) 

 
Fig. 12. Load-residual displacement curve of A3 pipe 

pile-capacity (𝑃-Δ𝑥 residual) 

When the load of approximately 900 kN is applied to the A2 “pile cap”, the lateral 
displacement of the top pushing surface reaches its maximum value of 77.9 mm, occurring in the 
upper right corner of the thrust surface. Under different experimental conditions, the 
displacements of the upper left and upper right corners are similar but not identical to those of the 
lower left and lower right corners. Similarly, when the load of approximately 900 kN is applied 
to the A3 “pipe pile cap”, the lateral displacement of the top pushing surface reaches its maximum 
value of 60.2 mm, also occurring in the upper right corner of the thrust surface. Again, due to 
different experimental conditions, the displacements of the top left and top right corners are similar 
but not exactly equal to those of the bottom left and bottom right corners. 

The reason for the asymmetry of displacement between the bottom left and bottom right 
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corners is that the existing experimental conditions cannot achieve exactly the same situation. 
However, during the experiment, the displacement values of the top left and top right corners are 
similar, and the experimental data results are also within an acceptable range. Therefore, this 
deviation from the perfect symmetry is allowed. 

5. Conclusions 

1) The connection method that directly puts steel bars in the sleeve on the end plate of A3 pipe 
pile can consistently transmit the force as the joint force of the “pipe pile-cap” structure. In 
contrast, the connection method that directly welds steel bars on the end plate of A2 pipe pile 
shows local characteristics and dispersed force transmission. At 𝑃 = 900 kN, the A2 “pipe 
pile-cap” connection method is almost a plastic hinge, while the A3 “pipe pile-cap” connection 
method deforms plastically in some units, but the entire section remains as a hinge. 

2) The displacement indicators show the changes of the cap pushing surface and the pile. At 𝑃 ≈ 900 kN, the lateral displacement of the platform pushing surface reaches its peak. For, the 
peak of A2 “pipe pile-cap” structure and A3 “pipe pile-cap” structure are fxmax= 77.9 mm and 
fxmax= 60.2 mm, respectively, both occurring at the upper right corner of the pushing surface. 
Meanwhile, the peak displacements of the A2 and A3 piles in the soil layer are fxmax= 45.5 mm 
and fxmax= 35.7 mm, respectively. 

3) In theory, when the applied load is 𝑃 = 900 kN, the displacement of the A2 and A3 “pipe 
pile-cap” structures are 55.8 mm and 60.1 mm, respectively. The load-displacement relationship 
follows a high-order curve distribution. According to the results of on-site experiments, the 
displacement values were 77.9 mm and 60.2 mm, respectively. The load-displacement relationship 
appears to be linear. 

4) The joint of the cap- pile structure is an important but weak link. It transmits the stress and 
deformation to the entire system. This paper mainly focuses on the design and optimization of the 
joint section of the pile-cap structure. Numerical simulation and on-site testing methods are used 
to study the stress distributed at the connection and the concrete. The data obtained from on-site 
testing provides objective and practical engineering insights to help designers create better 
structure with higher bearing capacity to connect the steel and the concrete. It also provides a 
theoretical basis for other similar engineering projects. 

5) This article studies the mechanism of pile-cap connection in large bridges. In the future, the 
mechanical performance differences between single-hole PBL connectors and group-hole PBL 
connectors, as well as issues such as aperture, hole spacing and steel plate thickness should be 
studied. Whether to install through steel bars is another important topic to explore for the design 
of seamless bridges. 
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