
Citation: Jia, L.; Yuan, S.; Li, J.; Wu, T.;

Zhan, G.; Pei, H. Study on Structural

Parameter Sensitivity and the Force

Transmission Mechanism of Steel–

Concrete Joints in Hybrid Beam

Bridges. Buildings 2024, 14, 708.

https://doi.org/10.3390/buildings

14030708

Academic Editor: Giuseppe

Santarsiero

Received: 21 January 2024

Revised: 29 February 2024

Accepted: 29 February 2024

Published: 6 March 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

buildings

Article

Study on Structural Parameter Sensitivity and the Force
Transmission Mechanism of Steel–Concrete Joints in Hybrid
Beam Bridges
Lijun Jia 1, Shanshan Yuan 1, Jiawei Li 1, Tingying Wu 2, Gangyi Zhan 3 and Huiteng Pei 1,2,*

1 Department of Bridge Engineering, College of Civil Engineering, Tongji University, No. 1239 Siping Road,
Shanghai 200092, China; jialj@tongji.edu.cn (L.J.); 2232315@tongji.edu.cn (S.Y.); 2132367@tongji.edu.cn (J.L.)

2 Jiangxi Communications Design and Research Institute Co., Ltd., Nanchang 330052, China; lufh2009@163.com
3 China Railway Shanghai Design Institute Group Co., Ltd., Shanghai 200070, China; civil_zgy@vip.163.com
* Correspondence: 2180098@tongji.edu.cn

Abstract: In this study, a refined model of the Shanghai Damaogang Bridge’s (hybrid beam type)
box deck joints is established. The correctness of the model is verified by construction monitoring.
For the front and back bearing plates, the force performance of the joint members under the most
unfavorable loads is investigated, and the force transmission mechanism is analyzed. The influence
of the bearing plate thickness and the joints’ stiffness on the stress distribution of the joint members,
the internal force of the joints, and the force-transfer efficiency is investigated by the method of
controlling variables, and the optimal structural parameters of the nodes are also studied. The
results show that, within the proximity of the back bearing plate, the thickness of the back bearing
plate affects stress distribution in the joint. The increased stiffness of the welding studs makes the
range of shear force along the bridge direction of the top and bottom welding studs larger, and the
longitudinal distribution of welding stud shear force is more uneven. The concrete structure bears a
higher proportion of the internal force in the joint compared to the steel structure.

Keywords: hybrid beam bridge; steel–concrete joint; bearing plate; welding studs; force transmission
mechanism

1. Introduction

Hybrid beam bridges employ steel beams instead of concrete beams in the mid-span
to reduce the self-weight of the main beam, therefore improving its span capacity and
fully leveraging the material properties of both steel and concrete. Unlike composite beam
bridges that utilize multiple materials on the same section [1–3], hybrid beam bridges
utilize different materials along the span direction. Therefore, steel–concrete joints are key
structures within hybrid beam bridges, and the rationality of these joints directly impacts
the safety of the bridge. With the widespread adoption of the hybrid beam bridge, such
as the Xupu Bridge in Shanghai, Yongjiang Railway Bridge in Ningbo, Mawei Bridge in
Fuzhou, and so on, scholars are increasingly focusing on the mechanical properties of
steel–concrete joints.

The overall mechanical performance and force transfer mechanism of the joint are
crucial aspects in the research on the hybrid beam joints [4]. Tang et al. [5] conducted a
finite element analysis to study the force characteristics and structural parameters of the
cellular steel–concrete joint in the back bearing plate of a hybrid girder cable-stayed bridge.
Zhang et al. [6] performed model tests and finite element analyses on the steel–concrete
joints in the Wusu Bridge, examining the force transmission mechanism of the joints in a
hybrid beam cable-stayed bridge. Xing et al. [7] conducted model tests on the steel–concrete
joints in a cable-stayed bridge, establishing a finite element analysis model using ANSYS to
discuss the simulation analysis method used for the steel–concrete joints in a hybrid beam
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cable-stayed bridge. Zhang et al. [8], based on the elastic continuous medium layer method
and considering the slip between the steel structure and the concrete and the local pressure
of the concrete, proposed a theoretical calculation method for the cellular steel–concrete
joints within a back bearing plate in a hybrid beam, and analyzed the factors affecting the
force transmission mechanism of the joint using the finite element method. He et al. [9]
studied the mechanical properties of steel–concrete joints using UHPC grouting in single
cable-plane hybrid beam cable-stayed bridges through model tests and numerical analyses.
Yang et al. [10] conducted model tests on the joints in a high-speed railway hybrid beam
cable-stayed bridge, proposed simplified calculation formulas for deflection and rotation,
and analyzed the thickness of the bearing plate at the joint based on the finite element
method. Pu et al. [11] investigated the fatigue performance of the joints in a new type
of long-span railway cable-stayed bridge based on model tests and numerical analyses.
The results show that the thickness of the end bearing plate significantly influences the
fatigue performance of the joint, and a recommended thickness range of the end bearing
plate is provided. Gu et al. [12] studied the structural performance of the steel–concrete
joints in a hybrid beam cable-stayed bridge through model tests and the finite element
method, analyzing the force transmission mechanism of the joints. Yao et al. [13] proposed
a new type of steel–concrete joint for long-span railway hybrid beam cable-stayed bridges,
conducting model tests and studying the influence of different structural parameters on the
mechanical properties of the joint using the finite element method. Xu et al. [14] established
a full-scale model of a new type of joint, performed static bending tests, and analyzed the
influence of material damage plasticity on the mechanical properties of the new joint based
on the finite element method. Zhou et al. [15] conducted model tests and a finite element
analysis on the joints in a railway bridge, studying the force transmission mechanism and
the influence of structural design parameters on the mechanical properties of the joint.
Liang et al. [16] conducted half-scale model tests on the joint between a steel–concrete
composite beam and concrete beam in a large-span cable-stayed bridge. They established
a finite element model to study the crack development law of the joint and proposed a
new type of joint with an improved crack resistance performance. However, most of these
studies are centered on the joints in cable-stayed bridges, and the construction methods and
stress characteristics of hybrid continuous beam bridges differ from those of cable-stayed
bridges. Further investigations are required to study the structural parameter sensitivity
and force transmission mechanism of steel–concrete joints in hybrid beam bridges.

The design and mechanical properties of the internal structure of the joint are also
important aspects in the studying joints. He et al. [17] introduced a new type of steel–
concrete joint for hybrid beam cable-stayed bridges using perfo-bond connectors and
analyzed its mechanical properties by carrying out push-out tests on perfo-bond connectors
and 1:2 model tests on the joint. He et al. [18] investigated the failure mode, ductility,
and other mechanical properties of perfo-bond connectors in hybrid beam cable-stayed
bridge joints. They proposed a method for predicting the ultimate resistance of perfo-
bond connectors using the shear failure of the dowel. Jin et al. [19] designed 39 push-out
specimens to study the influence of various parameters such as hole size and hole shape
on the mechanical properties of large perfo-bond connectors in the steel–concrete joints in
hybrid bridges. They proposed a formula for calculating the shear capacity of the encased
perfo-bond connector. Zou et al. [20] developed a finite element model for push-out tests
on perfo-bond connectors in the steel–concrete joints in hybrid bridges and studied the
shear performance and force transmission mechanism of perfo-bond connectors. Based
on numerical simulation and theoretical methods, Zou et al. [21] further delved into the
mechanical behavior of perfo-bond connectors at the joint and gave a simplified calculation
method for determining the maximum slip, effective utilization rate, and load ratio. Zhou
et al. [22] designed a full-scale model of a joint from a hybrid beam cable-stayed bridge and
conducted fatigue tests based on this model to study the fatigue performance of the joint’s
steel structure, concrete structure, and connectors.
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In addition to the aforementioned considerations, scholars have also studied the
influence of the joint’s position on the bridge structure. Zhao et al. [23] examined the
influence of joint positioning on the nonlinear stability of the construction process in large-
span hybrid beam cable-stayed bridges. He et al. [24] proposed a method for determining
the optimal joint location based on the concept of system equivalence, and the effectiveness
of the method was verified by some case studies.

Hybrid beams find application in cable-stayed bridges, suspension bridges, and beam
bridges [25]. In different bridge types, the force characteristics of the joints in the hybrid
beams are different. In cable-stayed bridges, the axial force generated by cable action in the
main beam is conducive to the connection between the steel structure and the concrete in
the joint. While in continuous beam bridges, the main beam primarily experiences shear
force and a bending moment. To ensure joint reliability, multiple longitudinal prestressed
tendons need to be placed in this section. At present, steel–concrete hybrid structures are
mostly employed in cable-stayed bridges and relatively less in beam bridges. Existing
studies have primarily focused on the hybrid beam joints in cable-stayed bridges. However,
because of the excellent spanning capacity and economic performance of hybrid beam
bridges, more and more hybrid beam bridges have been built, but as mentioned above,
the joint structure used in beam bridges is complex, and the internal force transmission
and distribution are not clear yet. Moreover, most of the above studies are based on finite
element models, while this study establishes a finite element model of the joints based
on the engineering background of the Damaogang Bridge in Shanghai, and verifies the
correctness of the model through construction monitoring. Combining this model with on-
site construction monitoring, our study investigates the impact of bearing plate thickness
on the joint stress distribution. Additionally, it explores the influence of welding stud
stiffness on the shear force in the top and bottom welding studs, and analyzes the force
transmission mechanism in the joint.

2. Engineering Background

Damaogang Bridge in Shanghai is a three-span steel–concrete hybrid continuous-
girder bridge with a span arrangement of (65 + 135 + 65) m. The mid-span of this bridge
consists of a 40 m long concrete beam, a 55 m long steel beam, and a 40 m long concrete
beam. The steel box girder’s ends are connected to the concrete sections through the
steel–concrete joints featuring the front and back bearing plates with cells. In order to
ensure the shear force transfer between the concrete beam and steel beam, and to prevent
stripping between the steel structure and the concrete structure, welding studs are arranged
on the top and bottom plates and bearing plates. Additionally, the perfo-bond connectors
embedded in the concrete are employed on the top and bottom plates of the steel box girder.
At the same time, steel tendons are connected in the hole, subjecting the concrete within
to a three-dimensional compression state, thereby enhancing the shear bearing capacity.
The longitudinal internal prestressed steel strand is anchored at one end to the end bearing
plate, while the other end is anchored within the concrete. The externally prestressed steel
strand passes through the joints and the steel beam, with both ends anchored in the concrete
to make the connection between the concrete beam and the steel beam firm. Figure 1 shows
the joint structure.
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Figure 1. (a) Longitudinal section of joint (unit: mm); (b) cross section of joint (unit: mm).

3. Finite Element Model
3.1. Establishment of Finite Element Model

To study the reasonable structural parameters and force transmission mechanism of
the steel–concrete joint, this paper establishes a refined finite element model of the bridge
joint using the ANSYS version 18.2 mechanical software, and verifies the correctness of the
model with on-site monitoring data.

The joint of the bridge is located at about one-third of the main span, with relatively
small structural internal forces. At the same time, the joint uses thicker steel plates and
concrete, and a concrete beam transition section and a steel beam transition section are set
at both ends of the joint, resulting in lower stress levels for each component of the joint.
Without considering the local stress concentration, it can be considered that the components
of the joint have always been in the linear elastic range under load. Therefore, this paper
only establishes the linear constitutive relationship of the material during simulation, and
the material properties are shown in Table 1. In the model, the tension force of the finely
rolled threaded tendon is 568.2 kN, and the controlled tension stress of the longitudinal
steel strand is 1395 MPa, taking into account a 20% prestress loss.

Table 1. Material/component properties.

Material/Component Elastic Modulus
(104 MPa) Poisson’s Ratio Volume Weight

(kN/m3)

concrete 3.55 0.2 26
steel 20.6 0.3 78.5

vertical prestressed tendon 20.0 / 78.5
longitudinal prestressed

steel strand 19.5 / 78.5

In the finite element model, the steel plate is simulated by shell181 elements; the con-
crete in the joint cell is simulated by solid65 elements; the prestressed tendon is simulated
by link8 elements; and the tensioning process of the prestressed tendon is simulated by
giving the initial strain to the link8 elements. The linear axial spring element Combin14
is employed to simulate the studs and perfo-bond connectors at the joint. The steel plate
element is discretized into quadrilateral grids, while the concrete element is discretized into
tetrahedral grids. The structural influence of prestressed tendons is primarily concentrated
at the anchorage points, and each prestressed tendon is represented by a single element.
The finite element model of the joint is shown in Figure 2.
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Figure 2. The finite element model of a joint. (a) The fine finite element model of the joint; (b) top plate
stiffened longitudinally; (c) bottom plate lengthwise stiffened and stiffened web; (d) joint bearing
plate; (e) steel beam section transverse partition.

In the finite element model, the frictional force transmission between the steel struc-
ture and the concrete at the joint is ignored. Only the influence of the bearing plates and
connecting parts is considered, which provides a certain safety reserve for the calculation
results. To account for the high stiffness and small deformation in the concrete section
during simulation, the model structure is formed into a single cantilever system by con-
straining the six-direction freedoms of the nodes at the end section of the concrete beam.
A main node is established at the centroid position of the steel beam’s end section, and a
constraint equation is employed to connect the main node with other nodes in the section,
forming a rigid domain. Based on Midas Civil version 2020, a finite element model of the
superstructure of the bridge is established, and the influence line of the positive bending
moment of the joint section is calculated and analyzed. Considering the most unfavorable
load combination, the influence line of the positive bending moment of the joint section
is calculated and analyzed, and the most unfavorable layout of the vehicle load and the
internal force of the section are extracted. These internal force values are then applied to
the main node as the internal force boundary condition of the refined model, as outlined in
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Table 2. Under working condition 1, the maximum positive bending moment appears at
the B-B section of the joint (at the back bearing plate). Meanwhile, under working condition
2, the maximum positive bending moment appears at the A-A section (at the section where
the joint welding studs are located), as shown in Figure 3. The vehicle load and bridge
deck pavement load in the finite model are simulated according to the surface uniform
load form of 10.5 kN/m and 105 kN/m, respectively.

Table 2. Internal force boundary conditions.

Loading Case Bending Moment
(kN·m)

Axial Force
(kN)

Shearing Force
(kN)

working condition 1 75,162.6 −8930.8 −2890.1
working condition 2 72,647.8 −8921.5 −2763.2
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To mitigate the impact of boundary conditions at both ends of the local model on the
stress analysis of the joint, the main concrete beam and main steel beam on both sides are
taken as 6 m each, with a joint length of 4 m. The longitudinal extent of the entire local
model is 16 m. Figure 4 shows the finite element model of the joint.
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3.2. Verification of Finite Element Model

In order to verify the correctness of the finite element model, the longitudinal stress of
the joint under the working condition of prestressed tendon tension at the joint during on-
site construction is monitored with a fiber Bragg grating strain sensor. Figure 5 shows the
layout of the measurement points. The concrete stress monitoring section adopts embedded
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strain gauges and is bound to the stressed steel bar. The stress monitoring section of the
steel structure is affixed to the top and bottom plates of the steel box and the surface of
longitudinal stiffener using surface-mount strain gauges. TS1~TS3 represent the measuring
points of the steel structure top plate; BS1~BS3 represent the measuring points in the steel
structure bottom plate; TC1~TC3 represent the measuring points in the concrete top plate;
BC1~BC3 represent the measuring points in the concrete bottom plate.
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Figure 5. (a) Stress monitoring sections (unit: mm); (b) steel structure measuring point arrangement
of S1–S1 section (unit: mm); (c) steel structure measuring point arrangement of S2–S2 section (unit:
mm); (d) steel structure measuring point arrangements of S3–S3 and S4–S4 sections (unit: mm);
(e) concrete structure measuring point arrangements of S3–S3 and S4–S4 sections (unit: mm). Under
the working condition of prestressed tendon tension at the joint, the longitudinal stress values were
measured and calculated at each designated point, as presented in Tables 3 and 4. The calculated
stress values at the joint are in good agreement with the measured stress values. The maximum error
between the calculated stress values of the steel structure and the measured stress values of the steel
structure does not exceed 20%, and the maximum error between the calculated stress values of the
concrete structure and the measured stress values of the concrete structure does not exceed 15%.
This oversight results in a certain safety margin in the calculation results. The reason for the error
between the calculated and measured values may be that the model only considers the action of the
bearing plates and the connectors, while ignoring the friction transmission between the steel and
concrete structures at the joint. This omission leads to a certain safety margin in the calculated results.
The above results show that the finite element model is consistent with the actual situation, thereby
verifying the model’s accuracy.
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Table 3. Monitoring point longitudinal stress in steel structure top and bottom plates (MPa).

Section Point Measured Value Calculated Value

S1–S1

TS1 −7.65 −8.60
TS3 −7.81 −8.03
BS1 −5.13 −4.22
BS3 −4.82 −4.16

S2–S2

TS1 −14.01 −13.12
TS2 −17.24 −18.09
TS3 −11.31 −12.79
BS1 −12.98 −13.74
BS2 −17.35 −17.83
BS3 −13.89 −13.50

S3–S3

TS1 −10.21 −9.61
TS2 −12.54 −11.78
TS3 −8.54 −9.37
BS1 −12.32 −11.41
BS2 −11.85 −12.16
BS3 −11.84 −11.15

S4–S4

TS1 −4.54 −5.01
TS2 −4.24 −4.80
TS3 −5.33 −4.96
BS1 −5.88 −5.48
BS2 −5.23 −5.54
BS3 −5.56 −5.38

Table 4. Monitoring point longitudinal stress in concrete structure top and bottom plates (MPa).

Section Point Measured Value Calculated Value

S3–S3

TC1 −2.18 −2.42
TC2 −2.68 −2.94
TC3 −2.54 −2.38
BC1 −3.25 −3.39
BC2 −2.98 −2.86
BC3 −3.41 −3.32

S4–S4

TC1 −2.87 −3.13
TC2 −3.35 −3.13
TC3 −2.84 −3.03
BC1 −3.84 −3.98
BC2 −3.75 −3.65
BC3 −3.79 −3.92

4. Structural Parameter Sensitivity
4.1. Thickness of the Back Bearing Plate

To satisfy the stiffness requirements, a larger thickness of the bearing plate is generally
selected during design. In the background bridge, the thickness of the bearing plate is
50 mm. In this paper, 30 mm, 50 mm, and 70 mm back bearing plates are selected to
establish finite element models and analyze the structural stress characteristics under
working condition 1.

The Von Mises stress distributions in the back bearing plates with different thicknesses
under working condition 1 are shown in Figure 6. At the welding positions between the
back bearing plate and the stiffeners, as well as the anchoring positions of the prestressed
tendons, there will be a significant stress concentration. The maximum concentrated stress
values of the back bearing plates with different thicknesses are 153.71 MPa, 112.5 MPa,
and 83.29 MPa. When the thickness of the back bearing plate increases, the overall level of
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Mises stress decreases which alleviates the phenomenon of stress concentration, making
the stress distribution more uniform.
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In the joint, two points at the beam centerline position and web position in the top plate
are selected, marked as top_m and top_w, respectively; two points at the beam centerline
position and web position in the bottom plate are selected, marked as bot_m and bot_w,
respectively, for the joint stress analysis.

Figures 7 and 8 show the longitudinal stress at each point of the steel structures in
the joints with different thicknesses of the back bearing plates under working condition
1. Near the back bearing plate, the compressive stress in the steel top plate experiences a
slight reduction with increasing thickness of the back bearing plate, but the effect is not
significant, while the tensile stress in the steel bottom plate increases with the increase in
the back bearing plate thickness. When the back bearing plate thickness changes, the stress
in the top and bottom plates only changes near the back bearing plate, and there is almost
no change in other positions. The impact range of the back bearing plate thickness on the
stress in the steel structure is mainly between 0 mm and 200 mm. This indicates that the
influence of the back bearing plate thickness on the steel structure is mainly in the vicinity
of the bearing plate, and the thickness of the back bearing plate significantly affects the
stress in the steel structure’s bottom plate.

Figures 9 and 10 show the longitudinal stress at each point in the concrete structures
within the joints with different thicknesses of the back bearing plates under working
condition 1. The results show that the influence range of the back bearing plate thickness
on concrete stress is mainly between 0 mm and 400 mm. Within this range, the compressive
in of the concrete top plate demonstrates an increase with the augmentation of the back
bearing plate thickness, while the tensile stress in the concrete bottom plate decreases with
the increase in the back bearing plate thickness. When the back bearing plate thickness
increases, the pressure transmitted from the back bearing plate to the concrete structure
will increase, and the stress distribution within the concrete structure will be more uniform.
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The change in the thickness of the back bearing plate can affect the stress distribution
near the back bearing plate of the joint. For the steel structure, the stress levels and changes
in stress caused by the change in the thickness of the back bearing plate are relatively small
compared to the allowable stress of the steel structure, but a thicker back bearing plate can
alleviate the stress concentration phenomenon, making the Mises stress distribution more
uniform and the overall stress level in the back bearing plate decrease; for the concrete
structure, the increase in the back bearing plate thickness can reduce the tensile stress near
the back bearing plate. Therefore, a range of 50 mm~70 mm is suggested for the thickness
of the back bearing plate.

4.2. Stiffness of the Welding Studs

Based on the stiffness of the welding studs in the background bridge, the stiffness is
reduced by 0.5 times, kept constant, and increased by 0.5 times. The welding studs with
different stiffnesses are represented by 0.5 Ks, 1.0 Ks, and 1.5 Ks, as shown in Table 5. The
influence of the stiffness of the welding studs on the shear force of the top and bottom plate
welding studs is studied.

Table 5. Stiffness of the welding studs.

Welding Stud Number Shear Stiffness (kN/mm) Tensile Stiffness (kN/mm)

0.5 Ks 180 122.5
1.0 Ks 360 245
1.5 Ks 540 367.5

Along the longitudinal direction of the bridge, fourteen rows of welding studs are
arranged on the top and bottom plates of the steel structure, extending from the section
of the back bearing plate to the steel–concrete joint surface. The welding studs near the
centerline of the bridge and web were selected to investigate the impact of the welding
studs’ stiffness on the shear force along the bridge direction of the top and bottom studs
under working condition 2.

Under working condition 2, the distribution of shear forces along the bridge direction
of the top and bottom plate welding studs in the joints with different stiffness welding
studs is shown in Figures 11 and 12, where a positive shear force represents the relative
displacement of concrete and steel units in opposite directions, and a negative shear force
represents the relative displacement of the two in backward directions.
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For the top plate, the distribution of stud shear forces near the web and the centerline
of the bridge is consistent, as is shown in Figure 11. On the whole, with the increase in the
welding studs’ stiffness, the shear forces along the bridge direction of the welding studs
in the same position increase. The closer the position is to the back bearing plate or the
steel–concrete joint surface, the more clearly the shear force increases. In addition, with the
increase in the welding studs’ stiffness, the change rate of the shear force along the bridge
direction of the top plate welding studs also increases. The results indicate that the increase
in the stiffness of the welding studs leads to a larger range of shear forces along the bridge
direction of the top plate welding studs, and the longitudinal distribution of shear forces
along the bridge direction of the top plate welding studs also becomes more uneven.

For the bottom plate, there is a peak shear force in the stud near the centerline of the
bridge between the front bearing plate and the steel–concrete joint surface. In contrast,
the longitudinal distribution of the studs’ shear forces near the web does not show this
characteristic; but on the whole, there is consistency in the stud shear forces near the
web and the centerline of the bridge, as is shown in Figure 12. With the increase in the
studs’ stiffness, the shear forces of the studs in the same position increase, which is most
significant near the back bearing plate and the steel–concrete joint surface. In addition,
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with the increase in the studs’ stiffness, the change rate of shear force along the bridge
direction of the top plate welding studs also increases. The results indicate that the increase
in the stiffness of the welding studs leads to a larger range of shear forces along the bridge
direction of the bottom plate welding studs, and the longitudinal distribution of shear
forces along the bridge direction of the top plate welding studs also becomes more uneven.

The influence of changes in welding stud stiffness on the shear force of the top and
bottom plate welding studs is mainly manifested in the change in the shear force values and
the change in the shear force distribution. With the increase in the welding studs’ stiffness,
the maximum shear force of the top and bottom plate welding studs increases, and the
longitudinal distribution of the shear forces of the welding studs becomes more uneven.
This non-uniform distribution can lead to an excessive localized force in the process of
force transmission at the joint. To make the forces within the welding studs more uniform,
enhance the overall utilization efficiency of the welding studs, and prevent damage caused
by excessive forces within the welding studs, the stiffness of the welding studs should not
be too large on the basis of ensuring the safety of the joint connection.

5. Force Transmission Mechanism

To investigate the force transmission mechanism of the joint, nine sections were
strategically chosen, ranging from the back bearing plate section to the joint surface, with
a consistent spacing of 0.5 m. Based on working condition 1, the internal force bearing
ratios of both the steel and concrete structures in the joint of the background bridge are
calculated, as shown in Figure 13.
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In the section proximate to the rear bearing plate, 61% of the bending moment, 79%
of the axial force, and 55% of the shear force are borne by the concrete structure, while
the remaining internal forces are borne by the steel structure. With the increase in section
distance, the ratio of the bending moment borne by the concrete structure steadily rise; the
ratio of axial force borne by the concrete structure exhibits an initial decrease followed by
an increase; the ratio of shear force borne by the concrete structure increases uniformly. The
results indicate that the internal force bearing ratio of the concrete structure is higher than
that of the steel structure in the joint, and the concrete near the joint surface will bear all the
internal forces.

The steel beam section first disperses stress to components such as the top and bottom
plates, web plates, and stiffeners through the transition section of the steel beam, resulting
in stress reduction. The normal stress generated by axial force and bending moment is
transferred from the steel structure to the concrete structure through the contact-bearing
way of the rear bearing plate, which is the main way of transferring the normal stress in the
joint with a short force path and high efficiency. The remaining normal stress is transmitted
to the concrete structure by shearing through the connectors on the top and bottom plates,
web plates, and perforated plates, which is an indirect force transfer method, extending the
force transfer path and increasing the force transfer area. The combination of bearing and
shearing at the joint facilitates the transfer of normal stress from the steel beam section to
the concrete beam section.

6. Conclusions

In this research, a finite element model of the joints in a bridge is established to
investigate the influence of the bearing plate thickness and welding studs stiffness on the
mechanical behavior of the joint and to analyze the force transmission mechanism of the
joint. The main conclusions are as follows:

1. The stress values calculated at the joint are in good agreement with the measured stress
values, in which the maximum error between the calculated and measured values of
the steel structure does not exceed 20%; the maximum error between the calculated
and measured values of the concrete structure does not exceed 15%. Neglecting the
frictional force transmission between the steel structure and the concrete at the joint
results in a certain safety reserve for the calculation results;

2. The use of a thicker back bearing plate can alleviate the stress concentration phe-
nomenon at the welding positions between the back bearing plate and the stiffeners,
as well as at the anchoring positions of the prestressed tendons, making the Mises
stress distribution more uniform and the overall stress level decrease. The change in
the bearing plate thickness has a large impact on the stresses within the steel structure
and the concrete in the proximity of the bearing plate. For the steel structure near
the back bearing plate, the compressive stress of the steel top plate decreases with
an increase in the back bearing plate’s thickness, while the tensile stress in the steel
bottom plate escalates correspondingly, and the opposite is true for the concrete struc-
tures. The influence range of the back bearing plate thickness on concrete stress is
mainly between 0 mm and 400 mm. It is recommended to maintain a back bearing
plate thickness within the range of 50 mm~70 mm;

3. Reducing the stiffness of the welding studs by 0.5 times, keeping it the same, or
increasing it by 0.5 times shows that an increase in the welding studs’ stiffness makes
the range of the shear force along the bridge direction of the top and bottom welding
studs larger, and the longitudinal distribution of the welding studs’ shear force is more
uneven. To avoid the damage caused by the excessive forces of the welding studs,
the stiffness of the welding studs should not be too large on the basis of ensuring the
safety of the joint connection;

4. The internal force bearing ratio of the concrete structure is higher than that of the steel
structure in the joint. The transmission of normal stress at the junction occurs from
the steel beam section to the concrete beam section through two ways: bearing and
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shearing. Notably, the primary mode of force transmission for normal stress involves
contact bearing through the back bearing plate.
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