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Abstract: As the standards of bridge design and construction continue to improve, more and more
combination bridges are being put into use. The public’s demand for aesthetically pleasing bridges
is also increasing, making it necessary to use the special structure of steel–concrete combinations,
continuous V-shaped piers, and continuously stiffened bridges. This structure has the structural and
mechanical characteristics of both a continuous girder and a V-shaped pier bridge. The span can
be reduced to a certain extent because the support of the V-shaped piers can be applied directly to
the main girder. The spanning capacity of the bridge is generally greater than that of a combined
steel–concrete girder bridge with vertical piers. The whole bridge is continuous, without expansion
joints, making it more stable and safe for traffic. At present, research on this structural bridge type
is not yet complete. In this paper, the structural system and dynamic characteristics of this bridge
are investigated in the context of real-life engineering. Firstly, the self-vibration characteristics of the
three structures were analyzed, and their effects on the self-vibration characteristics were studied
by varying the height of the crossbeam at the V-shaped piers’ support, the main beam stiffness,
and the V-shaped piers’ stiffness in the three structures. The results show that the increase in main
beam stiffness can effectively improve the vertical stiffness of the three structures, with the most
obvious effect on structure one and the least effect on structure two; the increase in V-shaped pier
stiffness causes a huge improvement in the transverse stiffness of the three structures. Subsequently,
a two-unit rod system model of the background bridge was established using the finite element
method, and the original model was improved by calculating the equivalent shear stiffness of the
shear nail group so that it could simulate the shear joints more accurately. The effects of the shear
connectors on the self-vibration characteristics of the steel–concrete combined continuous beam–V-
shaped piers and continuous rigid-frame bridge were investigated through theoretical analysis and
finite element simulation. It was found that due to the existence of flexible shear connectors, the
interface between the steel beam and concrete slab in the combined beam has a slippage effect which
causes the deformation to become unsynchronized, and there is a certain difference between vibration
patterns. The stiffness of the shear connectors has a certain effect on the self-vibration frequency of
the bridge. The damage to the local shear connectors does not have a large effect on the self-vibration
frequency of the overall structure, but the damage to the shear connectors at the beginning of the
connection between the V-shaped piers and the main beam is greater than that of the other areas.
Damage to shear joints should be given special consideration in comparison to other areas.

Keywords: steel–concrete composite girders; V-shaped pier bridges; shear connectors; two-unit rod
system model

1. Introduction

With the improvements in bridge construction, the level of infrastructure construction
has also made great progress. A variety of beautiful and unique bridge structures have been

Appl. Sci. 2023, 13, 3421. https://doi.org/10.3390/app13063421 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13063421
https://doi.org/10.3390/app13063421
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-2676-1396
https://doi.org/10.3390/app13063421
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13063421?type=check_update&version=1


Appl. Sci. 2023, 13, 3421 2 of 19

created. The aesthetic requirements of the public with regard to bridges have prompted the
use of the special structure of a steel–concrete composite continuous beam with V-shaped
piers on a continuous rigid bridge.

The superstructure of the bridge adopts a steel–concrete composite structure in which
the reinforced concrete slab is under pressure at the top and the steel beam is under tension
at the bottom, making full use of the material properties. At the same time, this structure can
be constructed quickly, has a low building height, is light, has good structural ductility, can
be built in the city without erecting supports, and generates less noise during construction;
it not only meets the design specifications, but also has the advantages of both steel and
concrete bridges. These benefits fully meet the current social development requirements for
building environmental protection [1]. Reinforced concrete structures, on the other hand,
continue to predominate in small and medium-span bridges. Research on the adoption
of steel bridges for small and medium spans has received a positive response and has
important practical significance.

The bridge substructure in this paper is a composite of vertical piers and V-shaped
piers, with supports at the vertical piers and bolts between the V-shaped piers and the main
girder thus forming a unique continuous beam–V-shaped pier continuous rigid structure.
It makes the superstructure look slimmer, thus making the shape more beautiful [2].

Steel–concrete composite bridges appeared as early as the last century. In early com-
posite structures, no shear connectors existed, and the concrete slabs were connected to the
steel beams mainly by friction and bonding [3]. This design made the steel–concrete com-
posite interface susceptible to slip effects, resulting in damage to the overall structure [4].
Since the 1930s, more and more research has been conducted on steel–concrete composite
structures, and many bridges with steel–concrete composite structures have been built in
Europe, the United States, and other developed countries. Steel–concrete bridges were
rapidly developed in the 1960s, and not only did plasticity theory emerge as the theoretical
foundation, but research methods also advanced to the nonlinear spatial level. From small-
and medium-span bridges to large-span cable-stayed bridges, steel–concrete composite
structures developed significantly in the 1990s [5]. The spacing of traditional steel main
girders was increased in France, and the Hopital Bridge was built with only two steel main
girders. The structure was easy to build, allowing its material properties to be fully utilized
and greatly reducing construction and maintenance costs. This bridge has since become a
model for the use of combined steel and concrete structures in the design and construction
of short- and medium-span bridges.

Many experts and scholars have conducted studies on the slip action of steel–concrete
composite structures, and many constructive conclusions have been reached. Several
equations are proposed to determine the critical point at which a compressed bottom
flange may buckle laterally in an unstable manner, i.e., lateral torsional buckling (Fragoso
Dias, Joo Victor et al. [6]). Closed-form solutions for stress, deflection, and slip of box
beams under lateral loading were obtained, and the comparison of the analytical results
and the experimental results for steel–concrete composite box beams under concentrated
loading or uniform loading verified the closed-form solution (Wang-bao Zhou et al. [7]).
This emphasized the relative significance of the partial shear interaction within the full
interaction, which has been addressed with the help of a parametric study considering
various influencing parameters such as the degree of shear connection, span length, type of
loading, distribution of shear stud connectors, geometry of the steel girder, yield strength
of structural steel, and concrete grade (Madhusudan G. Kalibhat et al. [8]). Straight com-
posite steel–concrete beams were tested to investigate their mechanical performance under
combined negative bending and torsional moments (Lin Weiwei [9]). According to the
experimental data of the steel beams of the Honglu Steel Company, a continuous composite
and newer finite element model are presented (Liang Li Xiao et al. [10]). The model takes
into account the effect of linear material, the slip between concrete and steel beams, and
pre-stress. Five samples of a steel–concrete composite beam are calculated with the model,
and the stress, strain, and crack propagation of the nonlinear numerical simulation analysis
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are carried out; then, the continuous composite cross in the load deflection curve of beams
is obtained. Based on the model test, the structural fatigue analysis of the OSD is carried
out using the extended finite element method (XFEM) to understand and reveal the causes
of fatigue detail cracks and the generation and propagation of fatigue cracks at the welding
ends of diaphragms and U-ribs, which are the main structural fatigue details of the deck.
The cutouts of diaphragms and the weld tips of the U-rib–diaphragm connections are very
complex structural details in orthotropic steel decks, and are accordingly highly vulnerable
to fatigue cracking. The majority of fatigue cracks in these details appear as a result of stress
concentrations and initial weld defects. To determine the reason for the high probability
of occurrence of fatigue cracks in these types of fatigue detail categories, a numerical
model was established, using the extended finite element method (XFEM) to analyze the
cracking of the diaphragm of an experimental 1:2-scaled deck segment model (Zeng, Yong
et al. [11,12]). In order to study the feasibility and the working mechanism of improving the
crack resistance of continuous steel–concrete composite bridges by releasing the interfacial
slip effect within the negative bending moment region, two groups of model tests were
carried out. This study is helpful for understanding the relationship between the interface
slip and anti-crack characteristics in negative moment zones, and a new anti-crack design
method is proposed for the design of continuous composite girders (Wu Wenqing et al. [13]
A linear stiffness reduction method is proposed for calculating the stiffness of steel–concrete
composite beams in the negative moment region after the concrete undergoes cracking.
The proposed method can be used in engineering applications as it enables the facile and
accurate calculation of the deflection and slip and the changes in stiffness of steel–concrete
composite beams in the negative moment region (Cao W. et al. [14]). A theoretical model
to describe shear-slip in steel–concrete–steel composite structures with bidirectional thin-
walled webs is proposed chiefly by introducing a slip reduction factor (Guo, Y. et al. [15]).
Based on the energy principle, a calculation method of the interfacial bond stiffness of
steel–concrete composite beams was proposed, and the interfacial bond-slip constitutive
relation of steel–concrete composite beams was given (Dong, S. et al. [16]). An improved
theoretical interfacial stress and slip analysis is presented for a simply supported composite
steel–concrete beam bonded with an adhesive (Dong, S. et al. [17]).

The existing studies mainly focus on the interface slip effect of general steel–concrete
composite girders, and few scholars have studied the effect of shear connectors on the
overall structural self-vibration characteristics of bridges; the study of shear connectors in
steel–concrete composite continuous girder V-shaped pier continuous rigid-frame bridges
is even more rare [18,19].

2. Bridge Description

The paper investigates a steel–concrete composite continuous girder V-shaped pier
continuous rigid-structure bridge. The span arrangement of the bridge is 20 m + 24 m +
34 m + 56 m + 34 m. The superstructure is a steel–concrete structure consisting of two
I-beam main girders and a concrete deck slab, and the cross girders are only connected to
the steel main girders and not in contact with the concrete deck slab. The upper structure is
continuous, with expansion joints only at the bridge abutment. The lower structure is a
composite of vertical piers and V-shaped piers, of which P1 and P2 piers are vertical piers
with bearings; P3 and P4 piers are V-shaped piers, and the main girders are fastened by
high-strength bolts. The bridge elevation layout is shown in Figure 1.
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A superstructure cross-sectional drawing of the bridge is shown in Figure 2. As shown
in Figure 2, the concrete deck slab is made of a precast reinforced concrete structure, and
each precast deck slab is 8.9 m long and 3 m wide. Four shear nail group holes are left
on the precast slab, and the shear nail group is combined with the wet joint cast-in-place
construction. The steel girder adopts the form of a variable section.

The deck slab is made of reinforced concrete with a thickness of about 0.3 m at the
centerline and 0.35 m at the location at which it is combined with the pegs, and the single
precast slab is a whole slab in the cross-bridge direction with four shear nail group holes
reserved. The precast slab is 8.9 m long in the transverse direction and 3 m wide in the
longitudinal direction, and each precast slab is connected by welding the reinforcement of
the transverse wet joints as a whole and forming a combined system with the steel main
beam through the shear nail group. The height of the steel main girders is 2.32 m at the
top of the V-shaped piers and 1.52 m at the middle of the span, and the steel structure of
the bridge is made of Q345 weathering steel, which has strong corrosion resistance and
is lighter and easier to construct than ordinary steel. See Figure 3 for background bridge
elevation photo.
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3. Finite Element Modeling

The finite element software Midas Civil was used to establish the whole bridge rod
system unit model. There are 630 nodes and 584 units in total, and the model of the whole
bridge is shown in Figure 4. The modeling parameters are shown in Tables 1 and 2.
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Table 1. Bridge deck modeling parameters.

Concrete
Grade

Modulus of
Elasticity

(MPa)

Poisson’s
Ratio

Standard Value of Axial
Compressive

Strength/Design Value
(MPa)

Axial Tensile
Strength Standard

Value/Design Value
(MPa)

Coefficient of
Thermal

Expansion

C40 32,500 0.2 26.8/19.1 2.39/1.71 0.00001

Table 2. Steel main beam and V-shaped pier modeling parameters.

Material Type Q345D

Tensile strength 470–630

Yield stress
345(t ≤ 16 mm)

325(t > 16~35 mm)
Allowable shear stress under design load 120

Allowable shear stress under ultimate load
199.2(t ≤ 16 mm)

187.6(t > 16~35 mm)

The cross sections of the concrete slab and steel main beam are established separately
by using the two-element modeling method. In the element division, the concrete deck
slab and the steel main beam are divided into sections of the same length and number
in the longitudinal direction, and then the concrete deck slab units are connected with
the i and j ends of the steel main beam units at the same position to form a whole. The
cross-sectional diagram of the concrete deck slab and steel girder of the two-unit model is
shown in Figure 5.
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Figure 5. Cross-section of the two-element model.

This model differs from the combined section model in that the shear forces are not
uniformly transferred between the steel–concrete composite interface, and the concrete
deck slab and the steel main beam deform in concert only at the two ends of the unit. In
contrast, the shear forces are uniformly distributed between the concrete deck slab unit and
the steel girder unit in the combined section model. The schematic diagrams of the two
types of cross-sections are shown in Figure 6.
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Due to the different methods of force transmission, the two-unit model will have
certain errors; however, when the model is fine enough to use the two-unit section to build
the rod system model, it has a higher accuracy, while the calculation of the simulation is
relatively simple.

4. Finite Element Model Optimization

The two-unit rod system model established by the conventional method cannot ac-
curately simulate the shear joint action because the concrete deck slab and the steel main
beam units are directly solidified, and the solid model would make the calculation too
complicated. Here, the equivalent shear stiffness is used to optimize the finite element
model to simulate the action of the shear connectors.

The stiffness parameter of a single shear nail can be calculated from Equation (1)
according to the code [20] for welded nail connectors:

kss = 13.0dss
√

Ec fck (1)

Among them:

kss indicates the shear stiffness of the peg (N/mm);
dss indicates the diameter of the peg (mm);
Ec indicates the concrete elastic modulus (MPa);
fck indicates the standard value of compressive strength of concrete (MPa).

The vertical stiffness of the shear nail can be viewed as a whole as an axially tensioned
bar; its vertical deformation can be regarded as a vertical lift-off displacement. The stress
is proportional to the strain when it is in the elastic phase, and the calculation formula
is shown in Equation (2), which can simplify its vertical stiffness to 10 times the lateral
stiffness [21].

kv =
Est Ast

l
(2)

Among them:

kv indicates the vertical stiffness of the peg (N/mm);
Est indicates the modulus of elasticity of the peg (MPa);
Ast indicates the cross-sectional area of the spigot bar (mm2);
l indicates the length of the spigot rod (mm).

For the equivalent shear bearing capacity of the shear nail group, the formula for the
equivalent stiffness of the shear nail group is proposed by calculating the strain energy
generated by the deformation of the shear nail and concrete [22]. When the shear nail group
is in the elastic deformation, the calculation formula is

K = nβ· (b − d)2

h
Gc (3)
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Among them;

n indicates the number of transverse rows of the shear nail group;
β is a constant related to the material properties of the shear nail;
b indicates the total directional spacing along the shear transfer release direction;
d indicates the diameter of the shear nail (mm);
h denotes the height of the shear nail (mm);
Gc indicates the shear modulus of concrete (MPa).

From Equation (3), it can be seen that the equivalent stiffness of the shear nail group
when the shear nail is in the elastic phase is only related to the shear nail arrangement form,
the shear nail structure form, and the concrete shear modulus of elasticity.

When the shear nail enters the plastic state, the equivalent shear stiffness of the shear
nail group is

K = n
πd
4

Gp (4)

where Gp denotes the hardening modulus of the steel after it enters the plastic state (MPa).
The shear connectors are simulated by the equivalent stiffness of the shear nail group

and the calculated equivalent stiffness to elastically connect the concrete deck slab units to
the steel girder units.

5. Analysis of Structural Self-Vibration Characteristics

For the analysis of the special structure of the steel–concrete combined continuous
beam–V-shaped pier continuous rigid structure, the following two structures were assumed
by changing the setting of the bearings on the basis of the original structure.

Structure I: The bearing is set at the bottom of the V-shaped piers, and the overall
structure is a continuous girder bridge with V-shaped supports.

Structure 2: The original vertical pier bearings are removed and the vertical pier is
cemented to the main girder, so the overall structure is a continuous rigid bridge with
V-shaped supports.

The subspace iterative method is often used when performing large-scale finite element
calculations. It is a highly efficient method for calculating the dynamic response of a
structure, requiring only the calculation of low-order eigenvalues and corresponding
eigenvectors. In this section, the subspace iterative method is used to analyze the self-
oscillation characteristics of the structure [23,24].

5.1. Influence of the Height of the Crossbeam at the Connection between the V-Shaped Piers and the
Main Beam on the Self-Vibration Characteristics

The height of the main girder at the connection between the V-shaped piers and the
main girder has been increased, and the stiffness of the crossbeam here has a significant
impact on the overall stiffness of the bridge. The original beam height of 1.064 m is now
adjusted in increments of −0.2, −0.1, 0, 0.1 and 0.2 m, respectively, with the effect of the
change in beam height at the connection between the V-shaped piers and the main beam
on the modal self-vibration frequencies of each order shown in Table 3 and Figure 7.

The results of the calculations show that the first tenth-order vibration patterns of
the three structures do not change after changing the height of the beam at the V-shaped
piers, indicating that the effect of the height of the beam at the V-shaped piers is small. The
first-order vertical vibration of all three structures is negatively correlated with the height
of the crossbeam at the V-shaped piers and positively correlated with the first-order vertical
vibration before the first-order vertical vibration occurs. This indicates that the crossbeam
at the V-shaped piers not only increases the lateral stiffness of the bridge, but also has an
effect on the structural stiffness of the V-shaped piers, with the most significant effect on
Structure 2.
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Table 3. Self-vibration frequencies (Hz) for different beam heights of the original structure.

Modal
Order

Self-Vibration Frequency
−0.2 −0.1 0 0.1 0.2

1 1.40 1.40 1.40 1.41 1.41
2 1.91 1.91 1.91 1.91 1.91
3 3.73 3.73 3.73 3.73 3.73
4 3.95 3.95 3.95 3.95 3.94
5 4.36 4.37 4.37 4.37 4.37
6 4.79 4.79 4.79 4.79 4.79
7 5.28 5.28 5.28 5.28 5.28
8 6.18 6.18 6.18 6.18 6.18
9 6.66 6.66 6.66 6.66 6.66
10 7.68 7.68 7.68 7.68 7.68
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All three structures have a small effect on the overall stiffness of the structure by
changing the height of the crossbeam but still reflect a certain pattern. The first-order
torsion frequency increases with the height of the crossbeam. It can be seen that the first-
order torsion of all three structures occurs at the girder section at which the V-shaped piers
are located.

5.2. Influence of Main Beam Stiffness on Self- Vibration Characteristics

As the frequency of structural self-vibration is positively related to the stiffness of
the structure, both the girder and V-shaped piers are the main load-bearing members of
the structure, and changes in the stiffness of the girder and V-shaped piers have a great
influence on the self-vibration characteristics of the structure. By maintaining the beam
cross-section and changing its stiffness by varying the modulus of elasticity of the material,
the structural self-vibration frequency and the variation of vibration pattern are analyzed.

The main beam flexural stiffness is varied by −10%, −5%, 5% and 10%, respectively, to
analyze the changes in the self-vibration frequencies and vibration modes of the structure.
The effect of the change in the main beam flexural stiffness on the self-vibration frequencies
and vibration characteristics of each modal is shown in Tables 4–6 and Figures 8–10.
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Table 4. Self-vibration frequencies (Hz) for different main beam stiffnesses of the original structure.

Modal
Order

Self-Vibration Frequency
−10% −5% 0 5% 10%

1 1.41 1.40 1.40 1.40 1.40
2 1.88 1.91 1.91 1.94 1.96
3 3.73 3.73 3.73 3.73 3.73
4 3.92 3.95 3.95 3.97 3.98
5 4.32 4.38 4.37 4.43 4.48
6 4.75 4.80 4.79 4.84 4.88
7 5.18 5.28 5.28 5.38 5.36
8 6.08 6.18 6.18 6.26 6.24
9 6.55 6.65 6.66 6.75 6.81
10 7.57 7.71 7.68 7.79 7.87
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By analyzing the data, it can be seen that as the stiffness of the main beam increases,
the fundamental frequency of the structure changes to a small extent, and the vibration
pattern of each order remains unchanged. The first two orders of self-vibration frequencies
are affected by the stiffness of the main beam to a small extent, and are mainly negatively
correlated. The third-order self-vibration and the second-order vertical vibration frequency
are affected by the stiffness of the main beam more significantly, and are positively corre-
lated. The first-order vertical vibration frequency increases by 4.14% when the stiffness of
the main beam is increased from −10% to 10%. The fifth-order self-vibration frequency
decreases, but the sixth- to tenth-order self-vibration frequency increases to a greater extent,
with the seventh-order self-vibration frequency increasing by 3.75%. This indicates that the
increase in the stiffness of the main beam causes a significant increase in the vertical stiffness
of the bridge, including the V-shaped piers, and has little effect on the transverse stiffness.

The effect of the stiffness changes of the main beam of Structure I is similar to that of
the original structure, with the first-order vertical self-vibration frequency increasing by
5.59% when the stiffness of the main beam is increased from −10% to 10%. This indicates
that the increase in the stiffness of the main beam has a greater effect on the vertical stiffness
of Structure 1 compared to the original structure.
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Table 5. Self-vibration frequencies (Hz) for different main beam stiffnesses of Structure I.

Modal
Order

Self-Vibration Frequency
−10% −5% 0 5% 10%

1 1.22 1.22 1.22 1.22 1.22
2 1.40 1.42 1.43 1.46 1.47
3 2.64 2.64 2.64 2.63 2.63
4 3.31 3.37 3.38 3.44 3.49
5 3.52 3.53 3.53 3.55 3.56
6 3.55 3.57 3.57 3.59 3.61
7 4.02 4.03 4.03 4.03 4.03
8 4.08 4.14 4.15 4.21 4.24
9 4.65 4.74 4.74 4.79 4.82
10 5.01 5.08 5.08 5.17 5.16
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Figure 9. Self-vibration frequencies for different main beam stiffnesses of Structure I.

Table 6. Self-vibration frequencies (Hz) for different main beam stiffnesses of Structure II.

Modal
Order

Self-Vibration Frequency
−10% −5% 0 5% 10%

1 2.04 2.03 2.03 2.03 2.03
2 3.74 3.79 3.77 3.82 3.87
3 4.84 4.86 4.84 4.86 4.88
4 5.06 5.09 5.08 5.11 5.14
5 5.29 5.37 5.36 5.43 5.49
6 7.17 7.26 7.25 7.34 7.40
7 7.84 7.96 7.90 8.02 8.10
8 8.08 8.19 8.14 8.24 8.32
9 8.81 8.80 8.79 8.78 8.77
10 9.01 9.10 9.09 9.20 9.32
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Figure 10. Self-vibration frequencies for different main beam stiffnesses of Structure II.

The first two orders of the self-vibration frequencies of Structure II decrease as the
stiffness of the main beam increases, while the self-vibration frequencies from the third to
ninth order increase with the stiffness of the main beam, but to a smaller extent.

5.3. Effect of V-Shaped Pier Stiffness on Self-Vibration Characteristics

The V-shaped piers’ flexural stiffness was varied by −10%, −5%, 5% and 10% to analyze
the changes in the self-vibration frequencies and vibration modes of the structure. The
effects of the changes in the V-shaped piers’ flexural stiffness on the self-vibration frequency
and vibration characteristics of the modes are shown in Tables 7–9 and Figures 11–13.

The original structure has no change in the first ten orders of vibration after changing
the V-shaped piers’ stiffness, and the self-vibration frequencies increase to some extent with
the increase in the V-shaped piers’ stiffness. The first-order self-vibration frequency changes
most significantly after the V-shaped piers’ stiffness increases from −10% to 10%; increasing
by 6.38%. The first-order vertical self-vibration frequency increased by 3%. The results
show that increasing the V-shaped piers’ stiffness can effectively increase the full bridge
stiffness, as the full bridge transverse stiffness undergoes a large degree of improvement.

Table 7. Self-vibration frequencies (Hz) for different V-shaped pier stiffnesses of the original structure.

Modal
Order

Self-Vibration Frequency
−10% −5% 0 5% 10%

1 1.36 1.38 1.40 1.43 1.45
2 1.88 1.90 1.91 1.93 1.94
3 3.72 3.72 3.73 3.73 3.74
4 3.91 3.93 3.95 3.96 3.98
5 4.30 4.33 4.37 4.40 4.43
6 4.73 4.76 4.79 4.82 4.84
7 5.27 5.28 5.28 5.29 5.29
8 6.16 6.17 6.18 6.18 6.19
9 6.55 6.60 6.66 6.71 6.76
10 7.66 7.63 7.68 7.73 7.77
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Figure 11. Self-vibration frequencies for different V-shaped pier stiffnesses of the original structure.

Table 8. Self-vibration frequencies (Hz) for different V-shaped pier stiffnesses of Structure I.

Modal
Order

Self-Vibration Frequency
−10% −5% 0 5% 10%

1 1.19 1.21 1.22 1.24 1.26
2 1.42 1.43 1.43 1.43 1.44
3 2.61 2.62 2.64 2.65 2.66
4 3.37 3.37 3.38 3.39 3.39
5 3.47 3.50 3.53 3.56 3.59
6 3.55 3.56 3.57 3.58 3.59
7 4.01 4.02 4.03 4.03 4.04
8 4.09 4.12 4.15 4.17 4.20
9 4.69 4.72 4.74 4.75 4.76
10 5.06 5.07 5.08 5.11 5.14Appl. Sci. 2023, 13, x FOR PEER REVIEW 13 of 19 
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The pattern of variation in structure I with the V-shaped piers’ stiffness is similar
to that of the continuous beam–continuous rigid structure wherein the first-order self-
vibration frequency increases by 5.734% as the V-shaped piers’ stiffness varies from −10%
to 10%.

Table 9. Self-vibration frequencies (Hz) for different V-shaped pier stiffnesses of Structure II.

Modal
Order

Self-Vibration Frequency
−10% −5% 0 5% 10%

1 1.99 2.01 2.03 2.05 2.07
2 3.72 3.74 3.77 3.80 3.82
3 4.80 4.82 4.84 4.86 4.88
4 5.05 5.07 5.08 5.10 5.11
5 5.27 5.32 5.36 5.41 5.45
6 7.13 7.19 7.25 7.32 7.37
7 7.78 7.84 7.90 7.96 8.02
8 8.00 8.07 8.14 8.20 8.26
9 8.78 8.78 8.79 8.80 8.81
10 8.93 9.02 9.09 9.16 9.22Appl. Sci. 2023, 13, x FOR PEER REVIEW 14 of 19 
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Figure 13. Self-vibration frequencies for different V-shaped pier stiffnesses of Structure II.

The first-order self-vibration frequency increases the most with increasing V-shaped
pier stiffness, with the first-order self-vibration frequency of the continuous rigid structure
increasing by 4.07% when the V-shaped piers’ stiffness increases from −10% to 10%.

6. The Effects of Shear Connector on Self-Vibration Characteristics
6.1. The Effects of Shear Connector Stiffness

The concrete deck slab is set up in the finite element model with rigid connection
(infinite stiffness), design stiffness elastic connection and one-half design stiffness elastic
connection to the steel main beam, respectively. The first five orders of self-vibration
frequencies are shown in Table 10. The first-order vertical formations of the rigid connection
and the design stiffness elastic connection are shown in Figures 14 and 15.
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Table 10. Effect of shear-resistant connectors on the self-vibration frequencies of the original structure.

Modal Order One-Half Design
Stiffness Design Stiffness Rigid

Connection

1 1.396 1.403 1.410
2 1.882 1.911 1.939
3 3.678 3.729 3.777
4 3.924 3.945 3.967
5 4.283 4.366 4.446
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Figure 15. One-half design stiffness elastic connection first-order vertical vibration diagram/m.

It can be seen from Table 10 that if the slip effect between the deck plate and the steel
main beam is not considered, i.e., if the deck plate is rigidly connected to the steel main
beam, there will be a large increase in each order of the bridge’s self-vibration frequency
phase. The first-order vertical self-vibration frequency rises from 1.911 Hz to 1.936 Hz, with
an increase of 1.5%. Due to the presence of flexible shear connectors, the interface between
the steel beam and the concrete slab in the combined beam has slippage, causing the
deformation of the two to become unsynchronized, and there is a certain phase difference
between the vibration patterns. The first-order fundamental frequency of the structure has
a great influence on the impact coefficient caused by the vehicle load, so the influence of the
interface slip should be considered in the impact coefficient calculation of the bond beam.

6.2. Effect of Local Damage of Shear Joints

When the overall stiffness of the shear connectors decreases, the self-vibration fre-
quency of the bridge decreases, but the loss of stiffness of the shear connectors is not
uniform in the actual use of the bridge.

6.2.1. Shear-Resistant Connectors Vulnerable to Regional Damage

In the actual use process, the damage location of the shear connectors is difficult
to determine; in the negative moment zone of the bridge, as the concrete deck slab is
subjected to tensile stress compared with the positive moment zone of the compressive
state, the concrete deck slab for the shear nail restraint effect is decreased. Therefore, in the
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background bridge, the shear nail density is much higher than that of the span section at the
connection between the bearing and the steel beam and V-shaped piers, which reduces the
damage probability of the shear nails to some extent. Therefore, the shear connectors are
considered to be damaged first in the mid-span area in which the deflection is the largest.
The deflection diagram of the whole bridge is shown in Figure 16.
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Figure 16. Schematic diagram of full bridge deflection. Figure 16. Schematic diagram of full bridge deflection.

From the above figure, it can be seen that the deflection value of the background
bridge is higher in the second span, the fifth span and the seventh span mid-span area,
and the damage of shear connectors is considered to occur preferentially in this third span
mid-span area. In the second span (the fifth span and the seventh span), a shear joint
damage zone with a length of 0.1 m was set up to simulate the local shear joint damage
by changing the shear joint stiffness in this area. The shear joint damage zone is shown in
Figure 17.
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Figure 17. Schematic diagram of the damage zone of the shear resistant connector.

As the shear connectors are flexible connections in the form of shear nails, the form of
damage incurred is generally ductile damage, so the damage zone shear connector stiffness
were set to design stiffness, one half of the design stiffness, and stiffness to zero (complete
damage); the self-vibration frequencies of the original bridge as shown in Table 11.

Table 11. Effect of damage to the vulnerable area of shear joints on the self-vibration frequency of
the structure.

Modal
Orders

Degree of Damage
Complete

Destruction
One-Half Design

Stiffness Design Stiffness

1 1.40 1.40 1.40
2 1.91 1.91 1.91
3 3.73 3.73 3.73
4 3.94 3.94 3.95
5 4.36 4.36 4.37
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From the above table, it can be seen that the local damage of the shear connectors has
little effect on the self-vibration frequencies of the bridge, especially the first two orders
of self-vibration frequencies, which undergo almost no change; the third to fifth-order
self-vibration frequency decreases with local damage to the shear connectors. This indicates
that the local damage to the shear joint has almost no effect on the overall lateral stiffness
of the bridge, but has a certain effect on the slight reduction of the vertical stiffness, and
the vibration modes do not change with local damage to the shear joints. This may be due
to the fact that after damage to the local shear joints, the shear joints in other areas still
function, and the concrete deck slab and steel main girders are still in a synergistic state,
which does not have a large impact on the overall structural self-vibration frequencies.

6.2.2. Effect of Damage to Shear Connectors on Self-Vibration Frequencies in Different
Regions

It is known that different degrees of damage to shear joints in vulnerable areas will
have some effect on the vertical stiffness of the overall structure. This section analyzes and
compares the effect of damage to shear joints in different areas on the overall structural
self-vibration frequencies [25,26].

Three areas of damage to shear connectors are set separately, assuming that the damage
longitudinal bridge length is 0.1 m. The damage areas are as follows:

Area 1: P3# V-shaped piers and main beam connection near the A0# abutment side.
Area 2: 5th span across the middle region.
Area 3: V-shaped piers of Pier P4#, connected with the main beam near the side of the

A0# abutment.
The damage area of the shear-resistant connector is shown in Figure 18.
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The damage degree of the shear joints is set to complete damage, i.e., the case in which
the shear stiffness is reduced to 0. The self-vibration frequencies of shear joints in different
regions after damage are shown in Table 12.

Table 12. Effect of damage in different areas of shear joints on the self-vibration frequency of
the structure.

Modal
Orders Area 1 Area 2 Area 3 No Damage

1 1.403 1.403 1.403 1.403
2 1.910 1.911 1.910 1.911
3 3.728 3.725 3.727 3.729
4 3.944 3.945 3.944 3.945
5 4.365 4.366 4.365 4.366

From the results in Table 12, it can be seen that because the selected areas are small, the
effect on the overall structural self-vibration frequency is not significant, but still reflects a
certain law. Area 1 and Area 3 are located in the connection area between the V-shaped
piers and main beam, and the vertical stiffness of the structure is reduced when the shear
joint is damaged, which shows that the shear joint has a greater influence on the overall
vertical stiffness of the structure. When the damage occurred in Area 2, only the third-order
self-vibration frequency, that is, the second-order vertical self-vibration frequency, was
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reduced. The third-order vertical self-vibration mode of the bridge shows that the third-
order self-vibration has the maximum amplitude in the fifth span. This demonstrates that
only the third-order self-vibration frequency decreases when the shear joint is damaged in
Area 2.

7. Conclusions

In this paper, a theory for calculating the equivalent stiffness of shear nail groups is
introduced into a two-unit rod system model to optimize the model in order to accurately
simulate the effect of shear connectors. In addition, considering the special characteristics
of the steel–concrete combined continuous beam–V-shaped pier continuous rigid structure,
two other structures are assumed by changing the settings of the bearings on the basis of
the original structure, one of which is a continuous beam structure with V-shaped pier
bearings at the base of the V-shaped piers. The other is a continuous rigid structure with
V-shaped pier bearings with vertical piers and main beams. Using finite element analysis,
the three structures are compared to analyze the characteristics and dynamic properties of
the steel–concrete combined continuous beam–V-shaped pier continuous rigid structure.
The effect of shear connectors on the self-vibration characteristics of the steel–concrete
combined continuous girder-V-shaped pier continuous rigid-frame bridge is investigated.
The results are as follows.

Analysis of the structural self-vibration characteristics shows that (1) the torsional
stiffness of the beam section at the V-shaped pier support can be increased to some extent by
increasing the stiffness of the top beam of the V-shaped piers; (2) the increase in the stiffness
of the main beam can effectively improve the vertical stiffness of the three structures, with
the most obvious effect on structure one and the least effect on structure two. The increase
in the V-shaped piers’ stiffness causes a huge improvement in the transverse stiffness of the
three structures; and (3) the transverse stiffness of the three structures may be small, and
the transverse stiffness of the different structures can be improved to a greater extent by
increasing the V-shaped piers’ stiffness.

The analysis of the effect of shear connectors on the self-vibration characteristics shows
that (1) if the slippage of the bridge deck plate and steel main beam is not considered,
i.e., if the bridge deck plate is rigidly connected to the steel main beam, there will be a
large increase in the self-vibration frequency phase of each order of the bridge. Due to
the existence of flexible shear joints, there is slippage at the interface between the steel
beam and the concrete slab in the combined beam, causing the deformation to become
unsynchronized, and there is a certain phase difference between the vibration patterns;
(2) after the damage of the local shear joints, the shear joints in other areas still function,
and the concrete deck slab and the steel main girders are still in a synergistic state, which
will not have a large impact on the overall structural self-vibration frequencies; and (3)
the damage to the shear connectors in the area in which the V-shaped piers are connected
to the main beam has a greater effect on the overall structural self-vibration frequencies
compared to that in other areas.

The proposed optimization measures for the two-unit rod system model have not been
tested for shear nail rollout due to limited conditions, and the applicability of this model to
simulate shear joints will be further verified. The structure of this type of bridge is very
special, but the research on it is not yet complete, and we hope that the subsequent research
on this structure can be furthered in order to popularize this attractive bridge structure.
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