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Abstract: Socket connection need a groove reserved in the cap to accommodate a bridge pier, which
greatly weaken the vertical bearing capacity of the cap. The conventional treatment measure is
to increase the thickness of the cap, and the corresponding cost will increase. The measures to
enhance the vertical bearing capacity of socket caps without increasing the thickness of the cap were
discussed in this paper, including a rough interface at the bottom of the pier, additional hanging bars,
high-strength grouting material in the seam, and large-diameter metal corrugated pipes, etc. Based
on a previous test, the finite element analysis of the vertical bearing capacity of pile caps with new
socket connections was carried out. The analysis parameters included the construction method, steel
bar diameter in the bottom of the cap, socket depth, thickness of the bottom plate, pile length, and
friction coefficient, etc. The bearing capacity M–N relation of the full-scale model was also analyzed.
Research indicated the vertical bearing capacity of the cap is mainly provided by rough interfaces,
the bottom plate, and the additional hanging bars, and the contribution of the three parts was about
40%, 34%, and 26%; the vertical bearing capacity was proportional to the areas of steel bars on the
cap and the thickness of the bottom plate, and was inversely proportional to the length of the pile. To
obtain the vertical bearing capacity of the overall cast-in-place plan for the socket cap, the thickness
of the cap needs to be increased by 27%. At last, a design formula for the calculation of the vertical
bearing capacity was proposed.

Keywords: socket connection; vertical bearing capacity; vertical loading; finite element calculation;
metal bellows; formula derivation

1. Introduction

The precast assembly technology of bridge piers is the current development direction
of bridge engineering because of its advantages of rapid construction, reducing construction
risks for workers, and reducing on-site labor [1], etc. There are many types of connections
between the pier and the pile cap, such as grout sleeve, prestressing strands, and metal
bellows [2,3]. Socket connections show good application prospects among them [4]. Due
to the low material strength and lack of structural strengthening measures, the traditional
embedding length requirement is longer in socket connections; the thickness of the pile
cap is also larger, which leads to an increase in the cost and limits application occasions [5].
With the further study of socket connections, the method of using a high-strength grouting
material, large-diameter metal bellows, rough interfaces with shear keys, and anti-punching
steel reinforcement at the bottom of the groove is proposed [6]. Then, under certain
conditions, the minimum socket depth can be achieved in the hollow pier and cap with
the socket connection [7,8]. This is the best solution in terms of vertical bearing capacity,
horizontal bearing capacity, cap thickness, and cost, etc.

Regarding the application of socket connections, there are many precedents at home
and abroad. In the 1950s, the piers and columns of many railway bridge piers adopted
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socket connections in China. The Beijing Jishuitan Bridge Test Project, which was completed
in 1992, is a highway precast bridge pier project completed earlier in China. In 2013, the
interstate bridge of the SR520 highway in Washington State, USA adopted the socket
connection technology [4]. The states of Minnesota and Louisiana in the United States have
standardized the design of socket connections for pile foundations caps [2]. In 2016, one
of the ramp bridges of the second north section of the Shanghai Jiamin Elevated Bridge
also adopted a socket connection structure. The Huaihe River Bridge and the Zhongpaihe
Bridge in Anhui Province, the eastern extension of the Jiangbei Expressway in Hubei
Province, and a highway bridge in Shandong Province also use socket structures. In 2019,
the socket precast pier connection technology was adopted for the viaduct project of the
Beijing–Xiong’An Expressway. There are many other cases of socket connections for precast
columns and foundations, which can be found in other countries [2].

At present, many scholars have carried out many research works on socket con-
nection structures [8–12], such as Osanai Y. (1996) [13], Canha R. (2009) [14], Mohebbi A.
and Saiidi M. (2018) [15,16], Wang Z.Q. (2019) [17], Cheng Z. (2021) [18,19], and
Zhang G. (2021) [20]. Research on socket connections has been focused on whether the
mechanical properties of socket bridge piers are similar to those of integral cast-in-place
bridge piers, and the reasonable embedded depth of the cap, but there are few studies
on the thickness of the bottom plate in the socket connection [5]. Chan T. K. studied the
behavior of pre-cast reinforced concrete pile caps and the ultimate load-carrying capacity
with three specimens. The research showed that the current design equations for conven-
tionally cast in situ construction can be used to predict the failure loads of the pre-cast units,
although the predictions may be conservative in certain cases [21]. Cheng Z. experimentally
evaluated the side shear strength of preformed socket connections with various connection
parameters. The test results showed that the side shear mechanism in the preformed
socket connections could provide significant resistance, facilitating transfer of large vertical
loads [22].

The force mechanism of the pile cap is relatively complicated. The thickness of pile cap
in socket connections is usually determined by the embedded depth of the column and the
thickness of the bottom plate. This paper studied the thickness of the cushion cap through
finite element analysis based on the improved socket connection proposed, established the
finite element model correctly through experiments, and then discussed the influence of
different factors on the vertical bearing capacity of the socket structure. Finally, a formula
for calculating the vertical bearing capacity of bearing structure was proposed, which can
be available for reference at the time of specification preparation.

2. Analysis of Influencing Factors on Socket Connections
2.1. Structure Detail and Composition

In traditional socket-type structures, the precast pier body is directly inserted into the
reserved hole of the foundation, and a certain thickness of mortar is laid at the bottom. There
are no steel bars connected between the bridge pier and the foundation. The foundation
can be cast-in-place or precast. The advantage of this connection structure is that the
construction process is simple and the amount of on-site work is limited [4], as shown
in Figure 1.
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Compared with the cast-in-place pier, the socket-type bridge cap does not meet the
equivalent design, while the bridge pier completely meets the equivalent design. Its
construction technology requirements are not high, and the social recognition is high, but
its scope of application is narrow. It is generally considered that it is only suitable for
connections between the column and the pile cap, and not suitable for other occasions.
From the perspective of overall force transmission, this method weakens the vertical bearing
capacity of the cap, and the damaged part may be transferred from the pier to the cap.
Therefore, appropriate measures should be taken to ensure that damage only occurs in the
plastic hinge area of the pier. If there are construction defects, this will have little impact on
safety, and there is no safety risk in the normal operation stage. However, under extreme
loads the safety factor of vertical bearing capacity will be reduced. For various precast
assembly technologies, as long as the materials are qualified and the construction and
design meet the design standards, it should be considered a suitable assembly solution.
The most appropriate assembly scheme for each part is recommended in Table 1 below.

Table 1. Proposed solution of the assembly scheme.

Position Assembly Method Reason

Bridge piers and caps Socket type or grout sleeve

The construction requirements are the
highest in the unfavorable stress parts
such as compression, bending, shear,
and torsion, so the pier and cushion

cap must be rigidly connected

Bridge piers and bent cap Sleeve or Bellows

It has strong adaptability to
construction defects, and the

defective structure will not collapse
because the connection between the
pier and the bent cap can be rigid,

semi-rigid, or even hinged

Piers and piers Sleeve Meet shear and
compression requirements

Bent caps and caps Prestressed
There is prestress in the bent cap, and
the prestressed type can make full use

of the original advantages

With the improvement of the requirements of modern precast structures, the tradi-
tional socket connections cannot meet engineering needs anymore, so an improved socket
structure needs to be proposed. To improve the bearing capacity of the cap, the side of
the socket in contact with the pier can be used as a breakthrough. By adding trapezoidal
shear keys on the side contact surface and using the shear keys to provide shear force,
the resisting moment of the contact part can be increased, thereby reducing the socket’s
depth, as shown in Figure 2. At the same time, an anti-punch hanging bar is added inside
the cap to increase the vertical punching-shear bearing capacity of the cap. It should be
noted that U-shaped steel bars are reserved at the bottom of the groove of the cap, and after
the core-filled concrete is poured in the pipe pier, an effective constraint will be formed
between the bottom of the groove and the bottom of the pier. This constraint applies only to
the structural connection between hollow piers and socket caps, and this type of structure
cannot be used for solid piers. The existence of this structure makes the socket depth of
hollow piers shorter than that of solid piers of the same diameter. This structure is related
to the flexural capacity of bridge piers under horizontal loads. The details can be found in
reference [6].

2.2. Full-Scale Bridge Piers

According to the abovementioned improvement ideas, the new socket design scheme
of the centrifugal pipe pier, as shown in Figures 3 and 4, is finally proposed. According to
the existing results, the ratio of the socket depth of the pile cap to the diameter of the pier
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was 0.7. The ratio of socket depth to base plate thickness was 2:1. The height of the cap
was 1.5 m, the socket depth was 1 m, and the thickness of the bottom plate was 0.5 m. The
insertion end of the pipe pier adopted rough interfaces, and the groove of the cap was made
of a large-diameter corrugated pipe to form a groove, which could form a restraint effect
on the caulking concrete. Anti-punch hanging bars were set at the bottom of the groove of
the cap to enhance the shear resistance. The diameter of the reinforcing bars of the bottom
plate was 25 mm, the diameter of the other bars was 16 mm, and the spacing between the
bars was 100 mm. The pier was poured with C70 (C70 means the standard compressive
strength of the concrete is 70 MPa) concrete and filled with C40 concrete. The longitudinal
steel bars were HRB400 (HRB400 means hot-rolled ribbed bars with yield strengths of
400 MPa) steel bars, where 36 steel bars had a diameter of 28 mm in the outer ring and
18 steel bars had a diameter of 16 mm in the inner ring, and HPB300 (HPB300 indicates
hot-rolled plain steel bars with yield strengths of 300 MPa.) spiral stirrups had a spacing of
100 mm.
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2.3. Model Specimens

During the experimental study, the similarity ratio was 1:2. The diameter of the steel
bar of the model cap and the base plate of the cap was 18 mm; the diameter of the other
bars was 12 mm, as shown in Figure 5. To meet the requirements of the length of the
longitudinal reinforcement, the bottom of the pier was provided with a perforated plug
welding of the steel plate with the longitudinal reinforcement of the pier.
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Figure 5. Diameter distribution diagram of the bottom.

The specimens were poured with C70 concrete and filled with C40 concrete. The
longitudinal steel bars were HRB400 steel bars, where 18 steel bars had a diameter of
20 mm in the outer ring and 9 steel bars had a diameter of 10 mm in the inner ring, and
HPB300 spiral stirrups had a spacing of 100 mm. The main reinforcement of the pier
column and the steel end plate adopts perforated plug welding, the size of the steel end
plate was the same as the section of the pier column, the thickness was 10 mm, and Q235
(Q235 indicates a steel plate with a yield strength of 235 MPa) steel was used. The structure
diagram of the scaled pier column is shown in Figure 6.
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3. Experimental Research
3.1. Specimen Design

In the whole research plan, seven specimens were included, and the research pa-
rameters included the depth of bearing insertion, the thickness of the base plate, and the
construction method [7]. The focus of the paper was the vertical bearing capacity analysis
of precast assembled piers; only specimen S7 was used, as shown in Table 2. Specimen
S7 is a precast pier and bearing platform specimen. The caps under the pier column were
hollowed out, no bottom plate was provided, temporary supports were set under the
caps, and high-strength non-shrinkage cement grouting material was poured. This study
focused on the bearing capacity under vertical load, so only the test results of specimen S7
are introduced.

Table 2. Specimen description.

Specimen Pouring
Method

Platform
Height/mm

Socket
Depth/D

Connection
Method

Bottom
Plate

Thickness/mm

S1 cast-in-place 750 none
S2 prefabricated

components
750 0.7 shear key 250

S7 750 0.7 shear key 0

Model construction and assembly were divided into three stages, which are the
production of steel cages for pipe piers, the centrifugal forming of pipe piers, and the
prefabrication and assembly of the caps. Some construction photos are shown in Figure 7.
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3.2. The Test Loading Device and the Loading Process

Test loading equipment was a 10,000 kN electro-hydraulic servo multifunctional struc-
tural test system, as shown in Figure 8. The vertical loading capacity was 10,000 kN in
compression and 3000 kN in tension. The maximum stroke was ±300 mm. The horizontal
loading capacity was 1500 kN, and the maximum stroke was ±400 mm. The test force
measurement range and indication accuracy were 4%–100%, and the displacement resolu-
tion was 0.01 mm. Specimen S7 was subjected to axial force by means of the force control
and the loading rate was 50 kN/min. The specimen was loaded in axial pressure only and
slowly increased until it was damaged. The load increment was about 500 kN, and it was
necessary to hold the load and observe the cracks and damage process at each load step.
Because of the limitation of the test loading capacity, the maximum loading capacity of the
testing machine was 10,000 kN. When the central loading was used, the specimen was not
damaged when it reached 10,000 kN, so eccentric loading was applied after unloading in
order to obtain the damage pattern of the precast piers. At eccentric distances of 5 cm and
10 cm, the specimens were not damaged. Until the eccentricity of the specimen reached
12.5 cm, the pier was damaged.
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3.3. Test Results

The specimen was subjected to axial compression loading. When the central com-
pression axial pressure was loaded to 4500 kN, a micro-crack was found on the surface
of the grouting material on the top surface of the bearing platform, and the crack width
was 0.033 mm. When it was loaded to 10,000 kN, the maximum crack width of the grout
was 0.08 mm. When the eccentric distance to the south side was changed to 5 cm, the
bias loading was carried out. No cracks were found before the loading reached 3000 kN.
When the load was 3500 kN, the original crack width of the grouting material was 0.04 mm;
when the load was 7500 kN, the width of the first crack was 0.06 mm and the second crack
appeared with a width of 0.024 mm. When it was loaded to 10,000 kN, the width of the
first crack was 0.07 mm and the width of the second crack was 0.034 mm. Since the limit
of the testing machine was reached, the eccentric distance was changed to 10 cm for bias
loading. When the loading reached 3500 kN, the width of the first crack was 0.052 mm and
the width of the second crack was 0.029 mm. When it was loaded to 10,000 kN, the width
of the first crack was 0.072 mm and the width of the second crack was 0.046 mm. Then,
the eccentric distance was changed to 12.5 cm for bias loading, and the loading reached
3500 kN; the width of the first crack was 0.06 mm and the width of the second crack was
0.04 mm. Continuing to load, horizontal cracks appeared on the tension side in the south,
and vertical cracks appeared on the compression side in the north. When it reached about
9000 kN, there was an explosion, and a large piece of concrete on the compression side
at the junction of the north side of the top of the pipe pier and the loading head peeled



Buildings 2022, 12, 2034 8 of 21

off, the concrete splashed, and the bearing capacity decreased. One longitudinal bar on
the east side buckled, causing three stirrups to break; one longitudinal bar on the east side
of the west side buckled, causing two stirrups to break. This shows that under eccentric
compression, the unfilled hollow pipe pier becomes the weak link of the precast pipe pier.
The damage mode is shown in Figure 9.
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Figure 9. Top pier concrete spalling area of specimen S7.

After the experiment, it was found that four cracks appeared in the grouting material,
which was approximately evenly distributed along the circumference. A ring-shaped crack
appeared between the corrugated pipe and the cap concrete, indicating that the grouting
material and the pipe pier formed a whole. Under different loading conditions, the crack
width was larger under eccentric loading. There were two to three cracks on the east and
west sides and one crack on the north and south sides, developing from bottom to top. The
distribution of cracks is shown in Figure 10.
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Figure 11 shows the vertical load–displacement relationship of specimen S7 with
different eccentricity. It can be seen that as the eccentric distance increased, the stiffness
of the load–displacement curve increased at first. At the maximum eccentric distance, the
load–displacement curve suddenly dropped, showing the characteristic of brittle failure.
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4. Finite Element Analysis of Specimens
4.1. Establishment and Verification of Model

Taking the 1:2 specimen model as the object, finite element analysis was carried out on
the pile cap of different structures and designs, and the influence of different factors on
the vertical bearing capacity of the socket connection was analyzed. The concrete material
was simulated by the plastic damage constitutive model. Using 3D element modeling, the
precast pipe piers were modeled by partitions. The ideal elastic–plastic model was used for
the anchoring end and the bottom of the cap, and the damage–plastic model was used for
the splicing surface, as shown in Figure 12.
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The materials used in the model in this paper were mainly concrete and steel bars.
The concrete adopted the C3D8R unit and the steel bar adopted the T3D2 unit. The details
are shown in Table 3. The number of elements was 10366 and the number of nodes was
14939. The software used was ABAQUS.

The interaction part of the model adopted a Tie (binding) constraint and built-in
steel bars. Metal bellows and the concrete surface at the joint were friction-treated. We
set the coefficient of friction to 0.6 [23]. The socket part of the pipe pier was set with
a width of 70 mm isometric annular shear keys to simulate the helical shear keys on the
surface of the metal bellows and fix four piles. The steel bars were built-in and set as truss
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units. The first analysis step was set as a force-loading step and the second step was set as
a displacement-loading step, and the displacement amplitude was added step by step.
When the horizontal force was loaded, the vertical axial force was applied to simulate the
dead load, and then the horizontal displacement was added until the specimen failed.

Table 3. Material properties of the structural model.

Name Material
Grade

Young’s Modulus Yield Stress Tensile Stress Plastic
Strain/GPa /MPa /MPa

Concrete
C40 32.5

none
C70 39.2

Steel
HRB300 200 300 450 0.09

HRB400 200 400 540 0.09

The load–displacement curve obtained by vertical loading is shown in Figure 13. It
can be seen that the initial stiffness calculated by the finite element was nearly the same
as the test results. The experimental results showed a high capacity with brittle failure,
whereas the finite element model showed moderate capacity with ductile behavior, because
there was a sudden concrete failure in the top of the pier in the experiment. As the focus of
this paper was the ultimate bearing capacity of the pile cap, it can be safely suggested that
the vertical bearing capacity calculated by the finite element method is reliable.
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It can be seen from the comparison of the above simulation results and test results that
the established finite element model has a good simulation effect on the load–displacement
curve of the precast socket-type pier. The finite element model can quantitatively simulate
the whole process of precast socket-type piers under vertical and horizontal loads. The
ultimate vertical bearing capacity of precast socket-type piers is related to the different
configuration measures, the reinforcement of the cap, the depth of the socket, the thickness
of the base plate of the cap, and the length of the pile, etc. The following parametric analysis
of these influencing factors was carried out.

4.2. Parametric Analysis
4.2.1. Different Configuration Measures

To explore the influence of different connection methods of components on the vertical
bearing capacity and the contribution of different parts to the overall bearing capacity,
a comparison model with only shear keys and only the bottom plate was added. Model
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diagrams for different connection structures are shown in Figure 14 below. A summary
and comparison chart of the vertical bearing capacity of the three comparison models is
shown in Figure 15.
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It can be seen from Figure 15 that the specimen with shear keys, U-shaped steel, and
a base plate had the largest vertical bearing capacity, followed by the model with only
shear keys, and the ultimate bearing capacity of the base plate-only model was the smallest.
Each part of the structure in the whole is listed as shown in Table 4. It can be seen that the
vertical bearing capacity of the pile cap was mainly provided by the shear key, the bottom
plate, and the U-shaped steel bar, and the contributions of the three parts were 40%, 34%,
and 26%, respectively.

Table 4. Contribution rate of different structures.

U-Shaped Rebar Shear Key Bottom Plate Sum

Peak load/kN 2446 3859 3238 9543
Proportion 26% 40% 34% 100%

4.2.2. The Influence of the Cap Reinforcement

The steel reinforcement inside the cap plays an important role in the vertical bearing
capacity of the entire component and is one of the main parts of the vertical bearing capacity
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contribution. The main factors affecting the vertical bearing capacity of the steel cap are
the grade of the steel bar, the reinforcement ratio, and the location. This section mainly
studies the effect of reinforcement ratio and U-shaped punching shear reinforcement on
the vertical bearing capacity of the cap.

For different reinforcement ratios, there is no need to change the model in the finite
element analysis; rather, we can just modify the diameter of the reinforcement material
when assigning material properties, and then assign the material to the reinforcement
section. The original diameter of the steel bar was 18 mm. For reference analysis, models
with steel bar diameters of 8 mm, 16 mm, 20 mm, 25 mm, and no steel bar were created
respectively. The finite element analysis results are shown in Figure 16. It can be seen that
as the reinforcement ratio increased, the vertical bearing capacity also increased, showing
a positive correlation. Specimens with low reinforcement ratios reached the plastic stage
earlier than those with high reinforcement ratios. The bearing capacity of the specimens
with diameters less than 20 mm appeared to decrease after reaching the maximum bearing
capacity. The vertical bearing capacity of the model with a diameter of 8 mm and no steel
bar had the largest and most obvious decrease, indicating that the steel bar has a great
effect on the vertical bearing capacity. When the longitudinal reinforcement bar of the pile
cap was increased from 18 mm to 25 mm, there was a 20% increase in the vertical bearing
capacity. It can be seen that increasing the steel bar diameter of the cap is an effective
method to improve the vertical bearing capacity of the cap.
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4.2.3. The Effect of Socket Depth

The socket depth is the most important part of the structure of the socket precast
component, and the socket depth affects the horizontal and vertical bearing capacity of the
entire structure to a large extent. In the vertical behavior, the socket depth will affect the
bottom plate thickness of the bearing plinth. In the case of a certain height of the platform,
the greater the socket depth, the smaller the thickness of the reserved bottom plate, and
the corresponding vertical bearing capacity will also be greatly reduced. On the horizontal
structure, when bearing lateral horizontal force, the smaller the socket depth is, the greater
the lateral displacement of the corresponding pier column that is likely to occur. The lateral
bearing capacity is poor, and the structure is more prone to damage. The research on socket
depth has been focused on the influence on the horizontal bearing capacity, but there is
less research on the influence on the vertical bearing capacity. To study the vertical bearing
capacity, a set of specimens with different values of socket depth was designed. This group
of specimens had the same bottom plate thickness, and the socket depth was the only
variable, which was 0.5D, 0.7D, and 1.5D, respectively. The base plate thickness was 0.36D.
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The pile cap height was 0.86D, 1.07D, and 1.86D according to the arrangement of socket
depth from large to small.

It can be seen from Figure 17 that when the bottom plate thicknesses were the same,
the socket depth had a certain influence on the bearing capacity of the component. As the
socket depth increased, the vertical bearing capacity of the cap increased. When the socket
depth was small, the growth trend of the ultimate bearing capacity was more obvious.
When the socket depth was greater than 1.0D, the increase was relatively small. As far
as the ultimate bearing capacity is concerned, the bearing depth of 1.5D is twice that of
0.7D, but its limit value was only about 11% larger than that of 0.7D, and the increase was
not large. This shows that when the thickness of the pile cap reaches a certain level, the
failure mode of the structure will change from the punching failure of the pile cap to the
compression failure of the bridge pier, so the final vertical bearing capacity calculated will
not increase all the time.
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4.2.4. The Influence of the Thickness of the Base Plate

The precast pier column and the cap were connected by the hollow part in the middle of
the cap, and then high-strength grouting material was poured to strengthen the connection
wholeness. Under the action of vertical force, in addition to the vertical reaction force
generated by the shear key inside the hollow and the U-shaped punching-resistant steel
bar inside the cap, there was also a part of the vertical force provided by the base plate at
the bottom of the cap which was in contact with the pier column. To explore the influence
of different base plate thicknesses on the vertical bearing capacity of components, a total of
five finite element models with different plate thicknesses were added, which were 15 cm,
20 cm, 25 cm, 35 cm, and 45 cm. The pile cap heights were 65 cm, 70 cm, 75 cm, 80 cm, and
85 cm in sequence according to the thickness of the bottom plate.

It can be seen from the Figure 18 that as the thickness of the bottom plate increased, the
overall vertical bearing capacity increased. As the thickness of the bottom plate increased,
the displacement corresponding to the ultimate load also increased. When the thickness of
the bottom plate was 45 cm, there was only a slight descending section after reaching the
limit. It is not difficult to see that the greater the thickness of the base plate, the greater the
punching shear resistance provided, and the vertical bearing capacity also increases. When
the plate thickness increased from 25 cm to 45 cm, there was a 21% increase in the vertical
bearing capacity.

To explore the thickness of the base plate, the precast components can be compared
with the cast-in-place components, as shown in Figure 19. The pier part of the base plate
was included in the finite element analysis. If the mechanical properties of the socket-type
cap were completely equal to the cast-in-place result, the thickness of the bottom plate
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needed to be increased to 450 mm. At this time, the steel strain of the base plate of the
two caps was nearly the same as the deformation of the center of the cap.
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4.2.5. The Effect of Pile Length

The pile cap is an important part of the socket-connected precast pier. As a component
directly connected to the ground, the pile is a vertical force-transmitting component that
transmits the force on the superstructure to the ground. The length of the pile reflects
the restraint at the bottom of the cap. The shorter the pile length is, the more likely the
bottom of the cap is to be consolidated at the position of the pile. The longer the pile
length is, the closer the cap bottom is to the hinge at the position of the pile. To explore the
influence of the pile length on the vertical bearing capacity of the members, on the basis of
the S2 specimen, only the pile length of the specimen was changed, and other conditions
remained unchanged; pile lengths of 0.2 m, 0.5 m, 1.5 m, and 2.5 m were analyzed by the
finite element method. The results are summarized in Figure 20. It can be seen that with the
increase of the pile length, the vertical bearing capacity of the member gradually decreased.
Regardless of the length of the pile, its bearing capacity curve was relatively flat and had
better performance. When considering the flexible deformation of the pile, the vertical
bearing capacity of the pile cap decreased. In the case analyzed in this paper, when the pile
length increased from 0.2 m to 2.5 m, the vertical bearing capacity decreased by 12%. Next,



Buildings 2022, 12, 2034 15 of 21

it is necessary to carry out the vertical bearing capacity analysis considering the combined
action of piles and soil in detail.
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4.2.6. Influence of Friction Coefficient

The coefficient of friction is a property of the interaction between different materials.
Different materials, different grades of concrete, and rebar interactions will have different
coefficients of friction. The choice of the basic friction coefficient of 0.6 in this paper is
based on the information provided by the previous literature and the consideration of the
safety of the vertical bearing capacity. To explore whether different friction coefficients
will affect the results of finite element analysis, finite element models with friction coef-
ficients of 0.4, 0.8, 1, and 1.2 were assigned for simulation analysis. Figure 21 shows the
vertical displacement–load diagram of each friction coefficient obtained by vertical dis-
placement loading on the basis of specimen S2, only changing the friction coefficient of the
material interaction.
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It can be seen from the above analysis that the increase of the friction coefficient
increased the vertical bearing capacity of the structure and the selection of different friction
coefficients had a certain impact on the vertical bearing capacity. The larger the friction
coefficient is, the greater the vertical bearing capacity is. With the increase of the friction
coefficient, the increase degree of the vertical bearing capacity decreased significantly. The
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final finite element analysis results of the two friction coefficients of 1.0 and 1.2 are not
significantly different. The exact value of friction coefficient needs to be determined by
future experimental research.

5. Analysis of Full-Scale Bridge Piers
5.1. Finite Element Modeling and Analysis

To explore the behavior of the original socket connection, a full-scale cast-in-place
model and a precast model were established respectively, and vertical displacement loading
was performed to obtain the displacement and load curves.

The displacement–load curve of the finite element results is drawn in Figure 22, and
the vertical load limit values of full-scale and precast piers are listed in Table 5 below. It can
be seen that the vertical bearing capacity of the full-scale member was about 4 times that of
the scaled model, which is in line with the theoretical calculation and proved the correctness
and accuracy of the model. The results of the finite element analysis can simulate the actual
engineering situation well.
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Table 5. Summary of the vertical bearing capacity (kN).

Type of Cap Full-Scale Reduced Scale1:2

Cast-in-place cap 39,534 9752
Precast cap 28,673 7456

5.2. Bending Moment and Axial Force Correlation Analysis

To further study the factors affecting the mechanical properties of the full-scale model,
parameter analysis of axial compression was performed. In practical engineering applica-
tions, the pile part of the cushion cap needs to be inserted deep into the ground to ensure the
stability of this component, and the pile length is larger than the full-scale model mentioned
above. To make the model closer to the actual project, a full-scale model with a pile length
of 5 m was added. First, the model was subjected to vertical displacement loading to obtain
the maximum vertical load N of the model, and then horizontal displacement loading was
applied to the components with 0.1, 0.2, 0.3, 0.4, and 0.5 times the limit of the axial load N
to obtain the horizontal bearing load; 0.1 N is 0.1 times the limit axial force N. Taking the
length of the bridge pier as the moment lever arm, the ultimate bending moment that the
member can bear in the plastic hinge region can be obtained. The full-scale precast model
was equally magnified according to the experimental model (Figure 4) with a scale of 1:2,
as was the full-scale cast-in-situ model.
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In addition, a full-scale model with a bottom plate thickness of 0.8 m was added.
The model was established to explore the effect of the bottom plate thickness on the
horizontal load.

The maximum horizontal load force was extracted from the horizontal displacement
load curve under different axial loads. Taking the height of the bridge pier as the lever arm,
M–N correlation diagrams of different models were made. Assuming that the cracking load
is the load corresponding to the reinforcement stress of 200 MPa in the pier, the relationship
between the horizontal cracking load and the axial force is also shown in Figure 23.
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It can be seen that when the axial pressure ratio was small, with the increase of the
axial pressure, the horizontal bearing capacity of the pier increased, and the corresponding
bending moment also increased, showing a positive correlation. When the axial pressure
reached about 0.4, there was a situation where the maximum horizontal load occurred.
When continuing to increase the axial pressure, the bending moment did not increase but
decreased. This is because as the axial pressure continued to increase, the phenomenon
of bias pressure appeared under the combined action of the horizontal load, and the
corresponding second-order effect was produced on the pier column, which reduced the
bearing capacity.

Under the abovementioned conditions, the vertical ultimate bearing capacity was
not much different when the bottom plate thickness was 0.5 m and 0.8 m, respectively.
This is related to the failure form of the bridge pier mentioned above. Therefore, based on
the abovementioned full-scale model, a cap-only loading model was added to carry out
by vertical displacement loading. When the thickness of the bottom plate increased, the
vertical bearing capacity of the precast cap also increased accordingly. When the thickness
of the base plate increased from 0.5 m to 0.8 m, there was a 20% increase in the vertical
bearing capacity.

To explore the vertical bearing capacity gap between the prototype cast-in-place pier
scheme and the precast pier scheme, the prototype cast-in-place pier with a height of 1.5 m
and a pile length of 5 m was vertically loaded, and the results are shown in Figure 24. It can
be seen that the vertical bearing capacity of the precast scheme with a base plate thickness
of 0.5 m was 72% of that of the prototype cast-in-place scheme. When the thickness of the
bottom plate was increased to 0.8 m, that is, the height of the cap was 1.8 m and the bearing
capacity of the precast cap was about 87% of that of the cast-in-place cap. The vertical
bearing capacity of the two was relatively closer. At the same time, considering the cost
factor, it is finally suggested that the thickness of the base plate of the full-scale precast
bridge pier scheme should be 0.8 m, that is, the total height of the precast cap is 1.8 m.
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6. The Derivation of Formula
6.1. Force Model Analysis

It is assumed that the vertical bearing capacity of the cap is mainly composed of
three parts: the bending of the bottom plate, the shear key of the side wall, and the
suspension of the hanging bars. According to the improved socket structure proposed in
this paper, the overall force layout of the components is shown in Figure 2, including side
shear keys, hanging bars, and bottom bars. The composition of the vertical bearing capacity
of specific components is shown in Figure 25.
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Shear keys provide vertical loads on the one hand and bending resistance on the
other. The two are superimposed together to participate in resisting external loads, so
when calculating the vertical bearing capacity, only part of the shear keys is considered
to participate. In the process of vertical loading, half of all shear keys was assumed in
the paper.

6.2. Design Formula

Referring to the existing punching design formula in China, the following design
formula is proposed.

γ0Fld ≤ 0.35βh ftdUmh0 + 0.75 fsd Asu + Vs (1)

In the formula, γ0 is the safety factor; Fld is the design value of maximum punching
force for socket connection; βh is the dimension effect coefficient for the height of the bottom
plate of the socket connection. When h ≤ 300 mm, βh is 1.0 h; when h ≥ 800 mm, βh is
0.85 h. In between, βh takes the value by straight line insertion; ftd is the design value of
tensile strength of concrete axial center of bottom plate of the socket connection; Um is the
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perimeter of the cross-sectional area of the broken blank cone at a distance of h0/2 from the
pier bottom (top) action surface of the retaining socket member; h0 is the distance from the
bottom of the pier to the main reinforcement of the bottom plate of the socket connection;
fsd is the design value of tensile strength of vertical U-shaped steel bar around the socket
connection; Asu is the total cross-sectional area of the vertical U-shaped reinforcement
around the socket connection; Vs is the shear force value provided by the shear key [24,25].

VS =
1
2

θ · DX · 0.42 f 2/3
cu (2)

In the formula, fcu is the concrete compressive strength grade; D is the specimen pier
diameter; θ is the shear key area angle value and is suggested to take π/4.

6.3. Formula Validation

The scaled model and full-scale model studied in this paper were calculated using the
abovementioned formulas. The concrete of cap was C40, the design value of axial tensile
strength ft = 1.71MPa, socket depth X = 0.5 m, the thickness of the bottom plate was 0.15,
0.2, 0.25, 0.35, and 0.45 m, respectively, protective layer thickness c = 30 mm, allowable
shear stress of concrete [τc] was 1.35 MPa. The remaining correlation coefficients were
taken according to the requirements of the abovementioned formula. We substituted the
data into the abovementioned formula for calculation, and summarized all calculation
results as shown in Table 6. In practical engineering use, to ensure the safety of use, the
cracking load and the development of cracks are usually used as the standard for normal
operation, and the crack width of 0.2 mm is usually used as the standard. It was assumed
that the maximum stress of the tensile reinforcement shall not exceed 200 MPa. Therefore,
the stress–load diagram of the steel bar at the maximum stress of the steel bar in the finite
element model was selected, and the vertical load data with a stress of 200 MPa was
extracted as the design value, which is summarized in the following table. This result can
fully reserve the safe bearing capacity space to achieve the purpose of ensuring the safety
of use.

Table 6. Summary of calculation results.

Calculation
Formula

Bottom Plate
Thickness/mm

Design Formula
Calculated
Value/kN

Finite Element
Simulation
Value/kN

(Cracking Load)

Safety
Multiple

Specification for
Design of Concrete

Structures of the
scaled model

150 678 2860

1.26–4.22

200 971 2976

250 1265 3163

350 1855 3054

450 2453 3091

Design formula of
scaled model

150 1809 2860

1.33–1.6

200 1894 2976

250 1979 3163

350 2149 3054

450 2322 3091

Full-scale model
Design formula 500 7026 7962 1.13

From the comparison of the results in the above table, it can be seen that the design
load of the model was taken as the cracking value of the finite element load. The calculated
values of the existing formula and the design formula proposed in this paper were all
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smaller than the value of the finite element model, which further shows the reliability of
the model and the correctness of the design formula in this paper. The multiples of the
safety factor were all greater than 1, indicating the reliability of the calculated value of
the formula. By comparing the formula value and safety factor, it shows that the design
formula proposed in this paper can be well applied.

7. Conclusions

1. The use of rough interfaces at the bottom of the pier, U-shaped hanging bars in the
bottom groove, high-strength grouting material in the seam, and large-diameter metal
corrugated pipes are effective measures to enhance the vertical bearing capacity of
the socket cap. Compared with the tradition socket type, the improved socket type
can improve the vertical bearing capacity of the cap and can be used for occasions
with high vertical bearing capacity requirements.

2. In the case of a certain height of the platform, the greater the depth of the socket,
the smaller the thickness of the bottom plate. Similarly, the smaller the socket depth,
the greater the thickness of the bottom plate. Therefore, there is a negative correla-
tion between the socket depth and the bottom plate thickness, that is, one increases
and the other decreases. The purpose of the research is to find a socket depth that
can maximize the bearing capacity of the components and reduce the cost under
the condition that the height of the cap is fixed. Therefore, it is necessary to se-
lect an optimal socket depth according to the force characteristics to meet these
two conditions.

3. The vertical bearing capacity of the pile cap is mainly provided by shear keys, the
bottom plate, and the U-shaped steel bar. The contribution of the three parts is about
40%, 34%, and 26%, respectively.

4. The vertical bearing capacity of the pile cap increased with the increase of the diameter
of the hanging bars and the longitudinal bars of the bottom plate. With the increase
of socket depth, the flexural bearing capacity of the pier increased. When the plate
thickness was increased from 25 cm to 45 cm, there was a 21% increase in the vertical
bearing capacity. When the thickness of the bottom plate increased to a certain extent,
the vertical bearing capacity of the pile cap was greater than that of bridge piers.
The vertical bearing capacity of the pile cap was not a weak link. When considering
the flexible deformation of the pile, the vertical bearing capacity of the pile cap
decreased. When the equivalent pile length increased from 0.2 m to 2.5 m, there was
a 12% increase in the vertical bearing capacity.

5. When the thickness of the base plate of the cap was 0.8 m and the total height was
1.8 m, the vertical bearing capacity of the precast cap was about 87% of that of the
cast-in-place cap. Considering the cost factor, it is finally recommended to select
0.8 m for the thickness of the base plate of the full-scale precast bridge pier scheme in
the case.

6. This paper proposed an estimation formula for the vertical bearing capacity of the
socket cap, which has a certain safety factor and can be used for design reference.
Additional experimental research is needed to verify the accuracy of the finite element
analysis results and formula calculation in this paper.
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