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Abstract: In order to investigate the impact of fatigue damage on the ultimate load capacity of
criticality cells in steel–concrete composite segments and to address the complex design challenges
associated with bridge steel–concrete composite segments in practical engineering, this study designs
two scaled criticality cell specimens with a scale ratio of 1:2 and performs ultimate load capacity
tests after fatigue cyclic loading. By analyzing the stress distribution of each component and the
force transmission ratio and combining the results from finite element model calculations, this study
introduces the degree of structural fatigue damage and proposes a predictive model for the ultimate
load capacity of steel–concrete composite segment criticality cells that is easy to apply. This model
is compared with the finite element calculation results and experimental values, and the results
are found to be in good agreement. Additionally, the number of shear connection members in the
model is optimized based on the calculation results. The research findings indicate that the main
failure mode of criticality cells is inclined compression failure. The strength of each part decreases
in the following order: steel–concrete composite segment, steel structure segment, and concrete
segment. Furthermore, fatigue damage has a significant impact on criticality cells. The optimized
model exhibits similar stress performance and force transmission ratio to the original model and
provides a reference for the design of practical engineering.

Keywords: steel–concrete composite; fatigue damage; model test; ultimate load capacity

1. Introduction

In hybrid cable-stayed bridges, the connection between steel–concrete composite seg-
ments and steel box girders or concrete beams plays a critical role in force transmission [1–6].
Due to the significant differences in section shape and stiffness between steel girders and
concrete beams, the connection between the two materials experiences unbalanced forces
and uneven stiffness, leading to apparent stress concentration [7–9]. These challenges make
it difficult to achieve a smooth transition of internal loads and deformations. Therefore,
the mechanical performance of steel–concrete composite segments is vital for ensuring
sufficient structural performance of hybrid cable-stayed bridges [10–12]. To verify the
safety and rationality of the structure’s design, numerous experimental studies related to
steel–concrete composite segments have been conducted by scholars [13–15].

In the early designs of steel–concrete composite segments, shear studs and U-shaped
stiffeners were used to bond steel plates and concrete together [16,17]. However, this
approach caused significant stress concentration, which adversely affected the fatigue life
of the structure. The design of the composite segment was improved by incorporating
a compressive plate and PBL shear connectors, as demonstrated in the Dusseldoff-Flehe
Bridge in Germany [18] and the Tjorn Bridge in Sweden [19]. This design concept has
been adopted in many bridge projects in China and Japan, such as the Duolun Bridge [18],
the E’dong Bridge [20], and the Nujiang Bridge [21], to alleviate stress concentration and
enhance the bond between steel and concrete.

Tian et al. [22] conducted fatigue tests on the steel–concrete composite section of the
Chongqing Yangtze River Bridge, with 2 million cycles of fatigue loading. The authors
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did not observe any obvious damage or cracks on the specimens, and the static load
and stress showed a linear trend after each stage of fatigue loading, indicating that the
composite section has superior durability performance. Lu [23] also carried out fatigue
tests on a spatial steel truss bridge and conducted relative sliding tests on the contact
interface between the steel and concrete structures in the steel–concrete composite section.
The results showed that the shear connectors played a crucial role in transmitting force.
Xiao et al. [24,25] performed static and fatigue tests on the steel–concrete composite section
of a spatial steel truss bridge. The results showed that bond failure occurred between the
steel components and concrete, and the back pressure plate and shear connectors were
critical force-transmitting components. Both components working together can significantly
optimize the force transmission path and force ratio of the composite section. Yang [26]
designed and conducted full-scale fatigue tests on the steel–concrete composite section,
found that the stress at the bottom plate measuring point was generally greater than that at
the top plate, and suggested that the fatigue performance of concrete has little reference
value for the overall structure. Zhan [27] conducted a series of reduced-scale tests in three
stages, including static, fatigue, and failure tests, on the steel–concrete composite section of
the Dongping Bridge. The results showed that the main failure occurred at the connection
interface between the steel plate and concrete, and the crack gradually developed with
the increase in fatigue load cycles, but the overall trend tended to be stable, indicating
that the bonding performance between the two gradually decreased but did not affect
the fatigue performance of the overall structure. Zhou [6] conducted a validation fatigue
test on the steel–concrete composite section of the Yongjiang Bridge during the design
operation period of 2 million cycles. The authors did not observe any significant changes
in the specimens. After adding 1 million cycles of fatigue loading, they found slight gaps
at the bonding interface between the steel plate and concrete, and analysis showed that
the force transmission between the steel structure and concrete mainly depended on the
shear connectors.

Previous studies on the fatigue performance of high-speed railway steel–concrete
composite segments are relatively scarce, and further research is needed to strengthen
the investigation of the fatigue performance of high-speed railway composite segments.
Currently, research on composite segments is limited to freight bridges with main spans
less than 600 m. With the gradual development of large-span high-speed railway bridges,
the requirements for main spans are continuously increasing. During the design phase,
it is necessary to rigorously calculate and evaluate the ultimate load capacity of this type
of large-span bridge during operation to ensure its safety and reliability. The impact of
vehicle loads on high-speed railway composite segments cannot be ignored; therefore,
research on fatigue damage is essential for evaluating the ultimate load capacity of the
composite segments.

This study is based on a large-span high-speed railway composite beam cable-stayed
bridge and the engineering example of the Yujiang Bridge. Using a 1:2 scale, a local model
of the steel–concrete composite segment was designed. Two specimens that underwent
fatigue testing were selected for axial static loading testing. The study focused on the
impact of fatigue damage on the ultimate load capacity of the steel–concrete composite
segment, providing design guidance for practical engineering.

2. Experiment
2.1. Specimen Parameters

The specimens were designed at a 1:2 scale based on the Yujiang Bridge, a cable-stayed
bridge of a high-speed railway with low towers. The specific structure of the specimens
is shown in Figure 1. To ensure that the internal forces were evenly transmitted from
the steel beam to the rear compression plate, stiffeners were added to the steel beam
section. In addition, to achieve better force transmission, two shear connection components,
namely shear studs and PBL keys, were also designed in the specimen. In order to better
simulate the force transmission state of the original bridge and consider the Saint-Venant
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effect, a 1 m-long concrete section and a 0.4 m-long steel beam section were added in the
longitudinal direction of the composite segment. The relevant dimensions of the specimen
are listed in Table 1. By considering different working conditions, the design fatigue
loads of the key lattice frames were determined, and the specific combinations of working
conditions are listed in Table 2. Since the shear force is relatively small compared to the axial
force, the shear force effect was ignored in the design, and bending moments were applied
to the specimens by adjusting the position of the loading point. As the specimens are mainly
subjected to axial force, it is particularly important to study their axial load/performance
and force transmission mechanism.
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Figure 1. Key lattice frame structure extracted from the real bridge.

Table 1. The material parameters of the specimens.

Members Material Types Dimensions
(/mm)

Elastic Modulus
(/MPa) Poisson’s Ratio

Concrete C60 - 3.6 × 104 0.2
Steel plates Q345 12/16/32 (thickness) 2.06 × 105 0.3

Prestressed steel strands 1 High-strength, low-relaxation 15.2 (diameter) 1.95 × 105 0.3
PBL through bars HRB400 12 2.06 × 105 0.3

Shear studs ML15 10 (diameter) 2.06 × 105 0.3
1 The nominal tensile strength of prestressed steel strands used in the study was set at 1860 MPa, and the
cross-sectional area was determined based on actual values.

Table 2. Various working conditions of steel–concrete combination interface in real bridge.

Operating Conditions Axial Force
(/kN) Shear Force (/kN) Bending Moment

(/kN·m)
Torsional Moment

(/kN·m)

Maximum positive bending moment −5.61 × 104 −5.71 × 102 7.49 × 104 3.63 × 102

Maximum negative bending moment −7.46 × 104 −4.37 × 103 −5.50 × 104 −1.31 × 102

Maximum axial force −7.47 × 104 −4.22 × 103 −2.25 × 104 −1.32 × 102

2.2. Arrangement of Monitoring Points

In this study, two test specimens (TP1 and TP2) were designed and fabricated with a
fatigue loading frequency of 2 million and 2.5 million cycles, respectively. To investigate
the effect of fatigue damage on the ultimate load capacity of the criticality cell, this study
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subjected the TP1 and TP2 specimens to 2.5 million and 2 million fatigue cycles, respectively,
with a sinusoidal waveform and a lower limit of 40 kN, upper limit of 690 kN, and
amplitude of 650 kN. Subsequently, static ultimate load capacity tests were conducted
on TP1 and TP2. The results thereafter were all based on the static testing results. The
main focus was to investigate the primary load transfer mechanism of the specimens in the
longitudinal direction and the lateral stiffness degradation under fatigue damage. Based
on the collected longitudinal displacement data, two displacement measurement points
were arranged at the bottom of the specimen to explore the lateral stiffness, and relative
slip measurement points were set at the top plate and concrete interface. The experiments
were carried out using a 20,000 kN-class actuator for axial incremental loading, combining
load and displacement control. Figure 2 illustrates the displacement measurement scheme
and the actual test setup.
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3. Results
3.1. Test Specimen Phenomenon and Failure Mode

Under the action of axial force, both test specimens showed similar experimental
phenomena and failed in the expected mode. The failure modes mainly included concrete
cracking, rib buckling, and concrete crushing, as shown in Figure 3. The initial failure
occurred at the intersection of the concrete and the bottom plate, with multiple fine cracks
appearing. With the increasing load, the cracks gradually expanded until they finally
penetrated through the concrete. At the same horizontal position on the other side of the
concrete, a similar penetrating crack appeared. Continuing to load, the steel beam section
of the specimen showed T-rib and rib buckling failure phenomena. After sustained loading,
the specimen experienced a secondary failure, with the penetrating crack at the concrete
and bottom plate interface rapidly expanding and the concrete eventually separating. The
ultimate load capacity and failure modes of the specimen are detailed in Table 3.
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Table 3. Characteristics and modes of failure of the test specimen model.

Trial ID Fatigue Damage Level
(/104 Cycles)

Ultimate Load
(/kN) Failure Mode Failure Characteristics

TP1 250 11,820 Eccentric compression Concrete exhibited penetrating cracks→
concrete was crushed, stiffeners buckled

TP2 200 13,551 Eccentric compression Concrete exhibited penetrating cracks→
concrete was crushed, stiffeners buckled

Based on the failure of the specimens, it was found that the specimens exhibited
typical eccentric compression failure. The analysis of the failure characteristics show that
the concrete section had a through crack, resulting in a larger lateral displacement of
the specimen, and the axial loading gradually became eccentric due to the uneven force,
resulting in the buckling of the stiffeners in the steel beam section. Finally, the concrete
section of the specimen experienced secondary failure, and the compressed side of the
concrete was crushed, while the tensioned side of the concrete was torn apart, causing the
specimen to lose load capacity completely. The specific failure mode shows that the weak
point of the specimen is the concrete section, followed by the steel beam section, while
the strength of the steel–concrete joint section is higher than both, so it is inferred that the
failure strength of each part is, from high to low, the steel–concrete joint section, the steel
structure section, and the concrete section, which meets the design requirements.

3.2. Axial Load–Displacement Curves

To compare the mechanical behavior of different specimens, the axial load–displacement
curves of TP1 and TP2 during the loading process up to failure are presented in Figure 4,
which directly shows the load-bearing condition of each component at failure. By observing
the axial load–displacement curves of the specimens, it can be found that the displacement
increment is relatively large in the early stage of loading, which is due to the mechanical
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clearance at the connection of the loading device. The change trends of the two curves are
similar and can be divided into three stages: the elastic stage, elastic–plastic stage, and
failure stage. TP1 had 500,000 more fatigue loading cycles than TP2, which is shown in the
curve as TP1 having a larger peak load than TP2. This indicates that fatigue damage will
to some extent reduce the ultimate load capacity of the critical grid of the steel–concrete
joint. It was found that the specimens had good ultimate load capacity after 2.5 million
cycles of fatigue loading and could still partially bear the load after failure, indicating that
the failure mode of the steel–concrete joint was conservative and had a large safety margin.
The results are in compliance with the design requirements.
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The load–relative slip curves between the steel plate and concrete of the specimens are
shown in Figure 5, which reflect the load capacity of the shear connectors. It is found that
the load–relative slip curves of TP1 and TP2 are similar throughout the loading process,
both in the elastic stage, and the maximum slip after the specimens’ failure is relatively
small. This indicates that the synergy between the steel plate and concrete is good and the
transfer of force through the shear connectors is reliable. The design of the steel–concrete
joint compartment is reasonable.
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3.3. Lateral Stiffness of the Cell

Due to the bending moment, in addition to axial deformation, the specimens also have
lateral displacement. The load–lateral displacement curves of the specimens are shown
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in Figure 6, and the variation of lateral displacement can reflect the lateral stiffness of the
structure. It is observed that the slope of the curve of each measuring point of the same
specimen does not change much in the elastic stage, but the slope of TP1’s curve is smaller
than that of TP2, and the maximum lateral displacement of TP1 when the specimen fails
is also larger than that of TP2. This indicates that fatigue damage has a certain impact
on the lateral stiffness of the structure, and fatigue damage will cause a certain degree of
degradation in the lateral stiffness of the structure. At the critical structure failure, it was
found that the lateral displacement growth rate of the two specimens increased because, at
this time, local concrete was crushed, resulting in a decrease in the lateral stiffness of the
specimen until the specimen could no longer continue to bear the load.
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3.4. Grid Model Force Transmission Mechanism

After analyzing the failure phenomena and related results of the experiment, the basic
force transmission mechanism of the key compartments in the steel–concrete composite
section was summarized, and the specific force transmission process between each com-
ponent is detailed in Figure 7. The external load is first transmitted from the steel beam
section to the rear compression plate through the stiffeners and then is transferred from
the rear compression plate to the compartment side plate, bottom plate, top plate, and the
concrete in the connection section that are in contact with it. The force on the compartment
side plate is transmitted to the concrete by PBL shear keys, while those on the bottom and
top plates are transmitted to the concrete by shear studs. Finally, the force on the concrete
is transmitted to the concrete beam section.

3.5. Finite Element Analysis of the Cell Model
3.5.1. Finite Element Model

To further explore the mechanical properties of the structure, finite element analysis
was performed. A three-dimensional nonlinear finite element model of the specimen was
established using Abaqus software, as shown in Figure 8. Three-dimensional solid elements
(C3D8R) were used to simulate the concrete, shear studs, steel plates, and PBL penetrated
steel bars, while three-dimensional truss linear elements (T3D2) were used to simulate
the reinforcement bars. The connection between each steel component was simulated
by setting tied constraints. Surface-to-surface contact was used to simulate the interface
between steel plates and concrete, with a frictionless tangential direction. The shear studs
were embedded into the concrete using the embedded region constraint. The hole walls
of the PBL perforated steel plate were tied to the concrete tenon inside the hole, and the
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penetrating steel bars inside the PBL perforated steel plate were embedded into the concrete
tenon using the embedded region constraint.
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Figure 8. Grid division of cell model.

Figure 9 shows the material constitutive models used in the finite element model.
The concrete constitutive model used was the concrete plastic damage model, which is in
accordance with the current “Code for Design of Concrete Structures” (GB 50010-2010), as
shown in Figure 9a. The von Mises constitutive model, which considers the strengthening
stage after yielding, was selected for the steel material, as shown in Figure 9b.
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Figure 9. Constitutive relationship of grid material: (a) concrete; (b) steel plate; (c) steel reinforcement.

3.5.2. Finite Element Model Validation

The finite element model calculation results indicate that the deformation trend of the
overall model is similar to that of the experiment. As the axial load increases, the model
gradually produces lateral displacement towards the bottom plate, and the ultimate failure
mode is also inclined compression failure. The concrete stress at the section where the
concrete beam segment becomes smaller reaches yield first, and as the load continues to
increase, it is found that the stress at the stiffened steel beam section gradually reaches
yield. This phenomenon is consistent with the failure mode of the experimental specimens.
Figure 10 shows the buckling failure results of the stiffened panel in the finite element
calculation model, indicating that the established finite element model is reliable.

The finite element model calculated the ultimate load capacity of the steel–concrete
jointed compartment to be approximately 16,080 kN, with the load–displacement curve
plotted in Figure 11. As the load increased, the deformation trend of the model was similar
to that of the experiment, and the process could be roughly divided into three stages: elastic,
elastic–plastic, and failure stages.
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Figure 10. Grid finite element model of buckling failure of stiffened panels.
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3.5.3. Load Transfer Ratio of Grid Cells

By separately extracting the force situation of each key component in the finite element
software and comparing it with the total axial force one by one, the force transmission ratio
of each key component can be obtained. Based on the results of finite element analysis, the
proportion of the total load carried by the compressive plate directly transmitting force in
the grid cell of the steel–concrete joint section is 63.2%, while the load transmitted by all
shear connectors accounts for 36.8% of the total load, of which the PBL shear connector
group accounts for 16.2%, and the shear studs group accounts for 20.6%. The shear studs
welded to the bottom plate bear the maximum axial shear load, while those welded to
the top steel plate bear the minimum axial shear load. The load distribution ratio of each
component in the grid cell is detailed in Table 4.

Table 4. Load distribution ratio of individual members in grid structure.

Component Force Transmission Ratio

Back pressure plate 63.2%

Shear studs
Bottom plate 15.3%

Top plate 5.3%

PBL shear keys Left side 8.1%
Right side 8.1%

4. Prediction Model for Ultimate Load Capacity and Optimization Design
4.1. The Composition of the Ultimate Load Capacity of the Cell

According to the experimental phenomena in this paper and previous studies de-
scribed [28], it is found that the failure modes of the grid structure can be mainly divided
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into three types, namely, the appearance of large cracks in concrete, the buckling of steel
beam stiffeners, and the failure of shear connectors. Therefore, in order to calculate the ulti-
mate load capacity of the overall grid structure, the main components of the grid structure’s
ultimate load capacity were determined separately from the above three parts.

4.1.1. Concrete Section Ultimate Load Capacity

In the steel–concrete composite section model, external loads are only applied in the
longitudinal bridge direction, and no external loads are applied in other directions. More-
over, because the design of the steel–concrete composite section is very complex in practical
engineering, and its force points are not located at the center of the section, its ultimate load
capacity can be simplified and considered as an eccentrically loaded column. The concrete
section is variable in section, and the smallest cross-sectional area is selected as the weak
section for calculation. The ultimate load capacity of the variable cross-section is greater
than the calculated section, which can be used as a safety reserve. According to the “Code
for Design of Concrete Structures” (GB50010-2010) (2015 edition) [29], the load capacity of
an eccentrically loaded column can be calculated according to the following formula:

N ≤ α1 fcbx + f ′y A′s − σs As −
(

σ′p0 − f ′py

)
A′p − σp Ap, (1)

Ne ≤ α1 fcbx
(

h0 −
x
2

)
+ f ′y A′s

(
h0 − a′s

)
−
(

σ′p0 − f ′py

)
A′p
(

h0 − a′p
)

, (2)

e = et +
h
2
− a, (3)

et = e0 + ea, (4)

In the formula, α1 is the coefficient of concrete strength grade; f c is the design value of
compressive strength of concrete; f ′y, f ′py are the design values of compressive strength
for ordinary reinforcing steel and prestressed steel, respectively; As, A′s, Ap, A′p are
the sectional areas of ordinary reinforcing steel and prestressed steel in the tensile and
compressive zones, respectively; h0 is the effective height of the section; b is the width of
the section; x is the height of the compressed zone of concrete; e is the distance between
the axial pressure point and the combined force point of longitudinal tensile ordinary
steel bars and tensile prestressed steel bars; σs and σp are the stresses of longitudinal
ordinary steel bars and prestressed steel bars in tension or compression of the smaller edge;
et is the initial eccentricity; a is the distance from the combined force point of longitudi-
nal tensile ordinary steel bars and tensile prestressed steel bars to the near edge of the
section; e0 is the eccentricity of the axial pressure to the centroid of the section; ea is the
additional eccentricity.

4.1.2. Ultimate Load Capacity of Steel Beam Stiffeners

For the steel beam stiffener section, it was found in the experiments and finite element
calculations that the section was subjected to both large axial compression and bending
moment about its centroidal axis. Due to the offset of the loading point during the loading
process, a certain bending moment was induced in the steel beam stiffener section. Al-
though the stiffener mainly bears axial compression, the effect of bending moment cannot
be ignored. Therefore, the stiffener was considered as a compressed–bent component to
calculate its ultimate load capacity, which includes strength, overall stability, and local
stability calculations. The overall stability calculation includes stability calculation within
the bending moment plane and stability calculation outside the bending moment plane.
According to “Code for Design of Steel Structures” (GB50017-2017) [30], the load capacity
can be calculated by the following formula:
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1. Sectional strength calculation

N
An
± Mx

γyWny
≤ f , (5)

In the equation, f represents the design values of the tensile, compressive, and flexural
strength of steel; N is the design value of axial compressive force (N) at the same section;
Mx are the design values of bending moments (N·mm) about the x-axis at the same section;
γy are the plastic development coefficients of the section; An is the net cross-sectional area
(mm2) of the member; and Wn is the net section modulus (mm3) of the member.

2. Stability calculation

Planar stability calculation:

N
An
± Mx

γyWny
≤ f , (6)

N′Ex = π2EA/
(

1.1λ2
x

)
, (7)

Out-of-plane stability calculation:

N
ϕyA f

+ η
βtxMx

ϕbW1x f
≤ 1.0, (8)

| N
A f
− βmxMx

ϕxW2x

(
1− 1.25 N

N′Ex

)
f
| ≤ 1.0, (9)

The formula can be described as follows: ϕx is the stability coefficient of axially
compressed members in the plane of bending; Mx is the maximum calculated bending
moment design value within the section of the member (N·mm); W1x is the gross sectional
modulus about the most compressed fiber within the plane of bending (mm3); ϕy is the
stability coefficient of axially compressed members out of the plane of bending; ϕb is the
overall stability coefficient of members subjected to uniform bending; η is the section factor;
W2x is the gross sectional modulus at the unflanged end (mm3).

For cantilever members, the equivalent bending moment coefficient βmx should be
adopted according to the following specifications:

βmx = 1− 0.36N/Ncr, (10)

For members where the bending moment acts outside of the plane, with the cantilever
section, the equivalent bending moment coefficient βtx is taken as 1.0. Considering the
section strength and stability of the stiffeners, the minimum calculated load capacity is
selected as the ultimate load capacity of the steel beam section with stiffeners.

4.1.3. Ultimate Load Capacity of Shear Connection

1. PBL Shear Connection

For the shear load capacity of a steel plate with holes and through reinforcement
members, some foreign scholars have proposed their own calculation formulas based on
experimental studies [31–37]. According to the test results, it can be observed that the slip
between steel and concrete is very small, indicating that the shear connection between
the steel–concrete bonding segments is reliable. Based on this, the following assumptions
are proposed:

• The bonding performance between concrete and each part is good;
• The shear connection mainly bears the shear force and is subject to shear failure.
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Based on the aforementioned assumptions, the ultimate load capacity of the PBL shear
connection is determined using relevant formulas in material mechanics as follows:

Qu = As[τ ], (11)

Here, As is the cross-sectional area of the shear reinforcement and [τ] is the allowable
shear stress of the shear reinforcement.

After substituting the relevant material parameters obtained from the experimental
study into the aforementioned formula, a comparison was made with the finite element
calculation results, as shown in Table 5.

Table 5. Comparison of ultimate load capacity results of various types (kN).

Calculation Formula Reference Ultimate Load Capacity Relative Error

Qu = 1.79d2 fc [36] 148.7 0.936
Qu = 1.45

[(
d2 − d2

s
)

fc + d2
s fy
]
− 26.1 [32] 146.4 0.906

Qu = 0.26Ac fc + 1.23As fy, As fy/Ac fc < 1.28
Qu = 1.83Ac fc, As fy/Ac fc ≥ 1.28 [33] 59.8 0.221

Qu = α1β1Ac
√

Ec fc + α2β2Atr fy [34] 48.0 0.375
Qu = αAtr fy + β′A′tr f ′y + YAc

√
fc [37] 66.8 0.130

Qu = As[τ ] - 80.8 0.051
Finite element calculation results - 76.8 -

From Table 5, it can be observed that the calculation results of Formula (11) are the
closest to the results obtained in this study. This formula is relatively simple and can be
computed quickly. Therefore, the ultimate load capacity calculation formula for a single
PBL shear key in this model is Equation (11). Thus, the ultimate load capacity calculation
formula for the PBL shear connection can be expressed as:

Qu = n·As[τ ], (12)

2. Shear studs

The maximum load that can be sustained by shearing the nail before complete failure
of the composite structure is known as the ultimate shear load capacity of the nailed
connection. The ultimate shear load capacity of a nailed connection is not only related to
the specifications and material characteristics of the shear studs themselves, but also to
the grade and material properties of the concrete. The calculation formula for the shear
load capacity of the shear connection in steel–concrete composite structures is given in the
Chinese steel structure design code (GB50017-2003) [38]:

NC
V = 0.43As

√
Ec fc ≤ 0.7Asγ fu, (13)

In the equation, NC
V represents the design shear load capacity of a single shear stud,

As and fu represent the cross-sectional area and ultimate tensile load capacity of the shear
stud, fc and Ec represent the design compressive strength and elastic modulus of the
concrete, and γ represents the ratio of the minimum tensile strength to yield strength of the
shear stud.

Thus, the formula for the ultimate shear load capacity of a shear stud is as follows,
where n is the number of shear studs:

NC
V = n·0.43As

√
Ec fc ≤ n·0.7Asγ fu, (14)

4.2. The Influence of Fatigue Damage on Ultimate Load Capacity

Based on the study of the ultimate load capacity test of specimens after fatigue damage,
it was found that the influence of fatigue damage on the ultimate load capacity of the steel–
concrete composite joint cannot be ignored. In order to comprehensively consider the
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influence of fatigue damage on the ultimate load capacity of the joint, a structural fatigue
damage parameter R is introduced to explore and quantify the degree of the impact of
fatigue damage on the joint.

Combined with relevant studies [39] on fatigue, it has been found that the fatigue
damage of a structure is related to its material properties, structural parameters, and the
number of fatigue cycles. Based on the established formulas for predicting the fatigue life
of steel structures, shear connectors, and concrete and the relationship of the S-N curve,
the N-R curve of the structure is proposed to follow a straight line segment, satisfying the
following equation:

N = C·R−m, (15)

R = Fmax/Fck, (16)

In the formula, m is the negative reciprocal slope of the N-R curve, which is generally
related to the material properties; C is a constant related to the material; R is the structural
fatigue damage parameter; Fmax is the allowable maximum ultimate load capacity con-
sidering fatigue damage; Fck is the allowable maximum ultimate load capacity without
considering fatigue damage.

Both m and C are constants to be fitted. By simplifying Equation (15), the following
equation is obtained:

lgN = lgC−m·lgR, (17)

To obtain a more accurate curve fitting, the fatigue damage level was set to 0, 8.0 × 104,
1.5 × 105, and 3.5 × 105 cycles, respectively, by combining the finite element model, and
the ultimate load capacity of the grid cell model was calculated. Based on the ultimate
load capacity of two specimens obtained from fatigue tests and the number of fatigue load
cycles, the least squares method was used to regressively analyze the structural fatigue
damage degree parameter (R) and the number of fatigue loading cycles (N) in Equation (17),
without considering the influence of the experimental result discreteness. Based on the
least squares method, the N-R curve fitted equation was lgN = 0.2853 − 18.4775lgR, where
C = 1.929 and m = 18.4775. The fitted N-R curve is shown in Figure 12.
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Based on the relevant data obtained from fatigue tests, a failure probability of 2.695%
can be calculated. If the number of fatigue load cycles that the structure is subjected to is
known, it is easy to predict the degree of fatigue damage using Equation (17). Introducing
the fatigue damage parameter R into the formula for calculating the ultimate load capacity
results in:

N = R·N′, (18)
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where N ′ represents the ultimate load capacity of each component calculated in this study.

4.3. Prediction of Ultimate Load Capacity

To analyze the steel–concrete composite section, the concrete section, shear connectors,
and steel beams with stiffeners are treated as independent components. After calculat-
ing their respective ultimate load capacities, the overall ultimate load capacity of the
steel–concrete composite section is determined by distributing the loads according to the
proportion of each component’s capacity. The minimum value obtained from these calcula-
tions is taken as the final ultimate load capacity, assuming that the connections between
components are reliable. For the steel beam section and concrete beam section of the
specimen, as both sections bear all the axial forces, there is no need to redistribute forces,
and thus the ultimate load capacity prediction for this part of the failure mode does not
require further calculations.

1. Ultimate Load Capacity Na of the Concrete Beam Section

By combining Equations (1) and (2), the ultimate load capacity of the concrete beam
section Nc1 can be obtained. Since the concrete in the section bears all the axial forces, the
calculated Nc1 is the ultimate load capacity Na of the local compartment determined by the
concrete beam section:

Na = Nc1 (19)

2. Determination of the Ultimate Load Capacity Nb of the Shear Connection

The calculation load capacity Qu of the PBL shear key is determined according to
Equation (11), and the ultimate load capacity N1 of the local chamber determined by the
PBL shear key can be easily obtained according to the component force distribution ratio
values in Table 4, that is:

N1 = Qu/0.162, (20)

Similarly, the calculation of the load capacity NC
V of shear studs is determined by

Formula (12), and based on the distribution ratio values of component forces in Table 4, it is
not difficult to determine the ultimate load capacity of the local compartment determined
by shear studs, denoted as N2:

N2 = {
NC

Vtop

0.053
,

NC
Vbottom
0.153

}
min

, (21)

Therefore, the ultimate load capacity of the compartment determined by the shear
connector is:

Nb = {N1, N2}min, (22)

3. Determination of the Ultimate Load Capacity Nc of the Steel Beam Section with Stiffeners

By combining Equations (5), (6), (8) and (9), the ultimate load capacity of the steel
beam section with stiffeners can be obtained as Ns. Since the stiffeners on the cross-section
of the steel beam section bear all axial forces, Ns calculated by this method represents the
ultimate load capacity of the local grid cell determined by the steel beam section, which is
denoted as Nc:

Nc = Ns, (23)

To determine the local ultimate load capacity of a grid foundation, compare the
minimum value obtained from Equations (19), (22) and (23). This comparison involves
selecting the smallest value among the three equations, which represents the limit state for
the local grid foundation’s load capacity:

N = {Na, Nb, Nc}min, (24)
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4.4. Model Validation Evaluation

To verify the accuracy of the prediction method proposed in this paper, relevant
experimental parameters were used in the relevant calculation formulas. The comparison of
the results obtained from the calculation formulas, finite element analysis, and experimental
results is presented in Table 6.

Table 6. Comparison of ultimate load capacity results for grid foundations.

Ultimate Load
Capacity

Calculated Value (/kN) Experimental
Value (/kN) Error (%)

Na Nb Nc N

TP1 11,166.20 34,117.66 11,864.13 11,166.20 11,820 5.53
TP2 12,901.48 39,118.04 13,874.82 12,901.48 13,551 4.79

Finite element 15,190.56 46,418.58 16,820.24 15,190.65 16,080 5.54

The results show good agreement between the theoretical and experimental values of
the ultimate load capacity at each node. The theoretical values are slightly smaller than the
experimental values because the synergistic effects of each component in the composite
structure were not considered in the theoretical calculations. Instead, they were treated as
safety reserves for the steel–concrete joint segment, resulting in larger experimental values
than the theoretical values. The first failure location and experimental results of different
specimens were consistent. TP1, TP2, and the finite element method (FEM) all failed due to
the compression failure of the concrete beam section. The differences among them lie in the
degree of fatigue damage. The FEM results did not consider fatigue damage, while TP1
and TP2 considered fatigue damage of 2.5 and 2 million cycles, respectively. The trend of
the calculation results is the ultimate bearing capacity of the structure gradually decreasing
with the increase in fatigue load cycles. Overall, the error between the calculated and actual
values is within 5.6%, indicating that the predicted model of the ultimate load capacity of
the steel–concrete joint segment lattice structure under fatigue damage is reliable for this
study and can provide ideas for relevant engineering design.

4.5. Regarding the Optimization Design

From the predicted data, there is ample safety reserve space for the shear connec-
tion components. Considering the complexity of the construction of the steel–concrete
composite structure, the number of shear connection components directly affects the con-
struction progress and efficiency of the entire steel–concrete joint segment. Considering
the difficulties in practical engineering, the optimization design of the shear connection
components of the local lattice chambers is aimed at reducing the difficulty of construction
and shortening the construction period, while ensuring that the stress performance and
force transmission mechanism of the entire steel–concrete joint segment lattice chamber do
not change significantly.

Based on the stress characteristics of the entire lattice chamber model, it was found
that the middle part was under greater stress, and stress concentration was likely to occur
near the rear compression plate. Therefore, the optimization scheme retained the first four
rows of shear studs near the rear compression plate and directly removed those distributed
on both sides of the top plate of the lattice chamber. According to the force transmission
path and transmission ratio of the lattice chamber, the shear studs near both sides of the
concrete section at the bottom plate were removed, and only the shear studs in the middle
part were retained to achieve the desired force transmission effect. For the PBL shear keys,
which have a similar force transmission path as the shear studs in the vertical axis, the
top PBL keys near the concrete section in the rear seven rows were removed to achieve
the optimization goal. For the specific location map of the optimized shear connection
components, please refer to Figure 13.
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In order to confirm that the optimized model has minimal impact on force transmission
mechanisms and overall force performance, we conducted modeling calculations on the
optimized model. The study analyzed the influence of judicious reduction of the number of
shear studs and PBL connection keys on the overall force performance and force transmis-
sion ratio, providing a foundation for practical engineering design and suggesting areas for
improvement. The results of the optimized model were compared with the original model,
as shown in detail in Figure 14.
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The results indicate that there is no significant difference in the overall load perfor-
mance between the two models in terms of load distribution and peak points. Both the
optimized and original models have their maximum stress points located on the shear
connectors near the rear compression plate. The overall stress state of both models shows
higher stress at the bottom and lower stress at the top, with stress gradually increasing
along the loading direction in the concrete section. In terms of force transmission ratio,
there is little difference between the two models, and the force transmission paths are
almost identical. For a detailed comparison of the force transmission ratios, please refer to
Table 7.

Table 7. Comparison of force transmission results between optimized model and the original model.

Model Rear Compression Plate Shear Studs PBL Shear Keys

Original model 63.2% 20.6% 16.2%
Optimization model 65.8% 18.2% 15.4%

Variation 2.6% 2.4% 0.8%

From Table 7, it can be seen that due to the reduction in the number of shear connec-
tors, the force transmission ratio of the optimized model has slightly decreased, while the
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force transmission ratio of the bearing plate has correspondingly increased slightly, but the
degree of change is not significant. This indicates that the optimized model has similar per-
formance to the original model in terms of force performance and force transmission ratio,
demonstrating the reliability and applicability of the optimized model. It has been proven
that the optimized model does not affect the force performance and force transmission ratio
of the overall structure, effectively reducing the construction difficulty of the steel–concrete
joint section and providing a reference basis for practical applications in related fields.

5. Conclusions

By loading the steel–concrete combined section grid chamber with different fatigue
cyclic loads and using finite element simulation calculations, static tests were conducted to
study the ultimate load capacity of the chamber under fatigue damage. After analyzing
the test results, a prediction model for the ultimate load capacity was proposed. Finally, in
order to make the construction of the chamber more convenient in practical engineering, an
optimized design for the chamber was obtained. The following conclusions were drawn:

1. The study conducted an ultimate load test on the fatigue-damaged specimens TP1
and TP2, which revealed that the lattice chamber still had a relatively high load
capacity even under fatigue damage, with a failure mode of biased pressure. It was
inferred that the strength of each part of the steel–concrete joint section under failure
decreased in the following order: steel–concrete joint section, steel structure section,
and concrete section.

2. The results of the analysis showed that the relative slip amounts of the two specimens
were small, indicating good synergy between the steel plate and concrete of the
specimens, and the force transmission of the shear connection was reliable. The
comparison of the lateral displacement of TP1 and TP2 showed that fatigue damage
had some influence on the lateral stiffness of the lattice chamber. The study also
summarized the force transmission mechanism of the lattice chamber of the steel–
concrete joint section.

3. Finite element analysis calculations were performed on the lattice chamber of the
steel–concrete joint section, and the results were compared with the experimental
results. The failure mode of the model was found to be consistent with that of the
experiment, and the force transmission ratios of each component were analyzed.

4. By considering the force transmission ratio of each component, the study established a
prediction model for the ultimate load capacity of the local lattice chamber of the steel–
concrete joint section, which incorporated the degree of structural fatigue damage.
Comparison of the experimental results with the predicted values showed good
agreement, providing ideas and references for related practical engineering designs.

5. The study also carried out an optimization design of the number of shear connection
elements in the local lattice chamber. The comparison of the optimized model with
the original model showed that both had similar force transmission ratios and perfor-
mance, indicating that the optimized model was reliable and applicable and could
provide references for practical engineering designs.
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