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Abstract: The group studs arrangement is applied to prefabricated composite beams to significantly
improve construction speed. However, contact vibration exists in the unconstrained interface area of
the high-speed railway composite beam during the operation period, which degrades the connecting
performance of the composite beam and adversely affects the overall structure. In this study, finite
element simulations of the vibration of concrete slabs and steel beams in the unconstrained interface
area were carried out to obtain finite element models with damage. The effects of vibration damage
on the degradation of the studs were investigated by push-out and pull-out tests using finite element
simulation of the local specimen model. The macroscopic ontological models of the undamaged and
previously damaged group studs were obtained. Compared with the specimen without damage, the
ultimate bearing capacity of the pushed-out specimen with damage decreased by 24.8%; the ultimate
slip decreased by 15%; and the stiffness decreased by 12.8%. The behavior of the pulled-out specimen
with damage was almost the same as that of the specimen without damage. On this basis, a finite
element model of the train—track—composite beam coupling system was established. The influence of
the degradation of the connection on the coupling system with 300 km/h, 330 km/h, and 360 km/h
train speeds was analyzed under the conditions of single-train driving and a two-train rendezvous. In
the case of single-train travel, compared with the undamaged composite beam, the mid-span vertical
displacements of the composite beams with damage increased by 13%, 8.38%, and 6.2% for train
speeds of 360 km/h, 330 km/h, and 300 km/h, respectively; the transverse displacements increased
by 24.2%, 15%, and 9.2%, respectively. In the case of a two-train rendezvous, the mid-span vertical
displacements increased by 8.8%, 13.7%, and 12.8%, respectively; the transverse displacements
increased by 26.4%, 53%, and 24.8%, respectively.

Keywords: steel-concrete composite beams; dynamic damage; high-speed railway; train—track—
bridge system; finite element model

1. Introduction

Steel-concrete composite beam bridges are one of the ideal structural forms for high-
speed railway bridges with a main span in the range of 40~100m. The prefabricated
composite beam (group studs arrangement) structure has been promoted for its advantages
of fast construction and low deflection. The most common structural form of prefabricated
composite beams is shown in Figure 1, where flexible connectors such as studs are used
for shear connections and arranged in clusters, and prefabricated concrete slabs with holes
are used. The usage of this prefabricated composite beam can avoid concrete casting and
can speed up construction. Moreover, this usage also minimizes the long-term deflection
of the structure due to the concrete shrinkage and creep, thus weakening the effect on
the structure dynamic caused by track irregularity. During operation, railway bridges
are subject to the impact loading of train wheels. The impact load frequency of high-
speed trains on high-speed railway bridges is higher than that of highway bridges and
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general-speed railway bridges. For the above prefabricated composite beam, there is an
unconstrained interface area between the two sets of connectors. There are differences in
the spatial location, the material performance, and the geometric performance between
the concrete slab and the steel beam. All of these and other factors, such as randomness of
loading and roughness of the beam-—slab interface, cause the vibration of the steel beam
and the concrete slab to have an inevitable phase difference, which is more likely to cause
damage to the concrete slab and the connectors. When the damage accumulates to a certain
extent, it will reduce the force performance of the group studs. Then, the degradation of
the group studs will directly affect the overall coordinated working performance of the
concrete slab and steel beam, causing a more negative impact on the operation performance
of the railway composite beam. Therefore, it is important to investigate the long-term
performance of prefabricated steel-concrete composite beams to determine the degradation
law of the working performance of the group studs and the influence law on the overall
working ability of the train—track-bridge coupling system.

Cast-in-site
concrete Concrete slab

Steel bar

Group studs

Steel beam

Figure 1. Prefabricated steel-concrete composite beams.

The stress between the concrete slab and the steel beam of the composite beam is
mainly transferred by the shear connection; so, it has a great influence on the deformation
and stress of the composite beam. Among them, stud shear connectors are the most com-
monly used shear connectors with better construction technology and better bridge stress
performance. Experts and scholars have conducted rich research on stud connectors and
obtained fruitful results. From the research methods, the study of interface performance
can be divided into three kinds: experimental studies, theoretical models, and numerical
analysis. In terms of experimental research, the force-displacement relationship is the most
important mechanical performance of the stud connector and includes the longitudinal
shear-slip relationship and the vertical upward pulling force-lift displacement relationship,
which are generally obtained by push-out and pull-out tests, respectively. The shear-slip
formula proposed by Ollgard et al. [1] is widely used and has been introduced into the
European code 4 [2]. The formula specifies the shear bearing capacity of the composite
beam studs as the smaller part of the strength of the studs themselves and the local com-
pressive capacity of the surrounding concrete. The pull-out test shows that the pull-out
capacity of the composite beam stud is also smaller than the ultimate tensile capacity of the
stud’s parent material and the damage capacity of the surrounding concrete cone. For the
theoretical model research, due to the deformation of the shear connectors, there are longi-
tudinal slips and vertical lift-off displacements at the interface. These lead to the section
conversion stiffness method being unable to accurately calculate the force performance of
the composite beams, and the calculation results are on the unsafe side. The researchers
proposed a theoretical model for the composite beam considering the longitudinal slips and
vertical lift-offs at the interface. The principle involves introducing new degrees of freedom
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functions based on the primary beam (Euler beam or Timoshenko beam), including the
slip function (to simulate the longitudinal slip) [3], the vertical separation displacement
function (to simulate the vertical lift deformation) [4], and the shear hysteresis strength
function (to simulate the shear hysteresis effect) [5]. The model solutions include theoretical
analytical solutions [6], finite element methods [5,7], and finite difference methods [8].
Some studies that investigated numerical models of composite beams have demonstrated
the reliability and adequacy of this approach. [9-12] For numerical analysis, four methods
are mainly used to simulate the force performance of the composite beam studs: (1) the use
of solid elements to simulate the studs [13], which can finely simulate the local force state
of the studs and the surrounding concrete and is mostly used in the fine analysis of the
local range of the composite beam interface; (2) the use of beam elements to simulate the
studs, which can simplify the computational scale of the finite element model to the greatest
extent and is mostly used in the numerical calculation of the overall force performance of
the composite beam; (3) the simulation of the studs by spring elements [14,15], with the
elements adopting a force-displacement macroscopic constitutive model instead of the
stress—strain microscopic constitutive model; and (4) the simulation of the studs by setting
the face-to-face contact relationship [16], which is only applicable to the case of homoge-
neous studs. A large number of studies have been performed on the force performance of
the composite beam interface. These studies are basically carried out by focusing on the
acquisition or application of the force-displacement macroscopic intrinsic relationship of
the studs.

Group stud connectors are the most important structure for prefabricated composite
beams to ensure that the steel beam and concrete slab work together. Xu et al. [17-20]
analyzed the shear resistance and damage process of the group studs by means of push-out
tests and finite element simulations. Then, Xu et al. investigated the effect of the concrete
cracks caused by bending moments on the push-out tests of cluster studs. The pull-out
performance of group studs has been little studied. Huang et al. [21] conducted pull-out
tests on group studs and found that the average ultimate pull-out capacity of the group
studs was discounted to a certain extent compared to the ultimate pull-out capacity of
individual studs. The conclusion from the above study is that the mechanical performance
of a stud in group studs is reduced compared with the uniform arrangement. In addition,
the group studs effect is not only influenced by the number of studs, rows, and concrete
strength but is also related to the loading method, loading process, loading magnitude,
stud stressing state, and shear connection degree.

The coupling analysis and solution of the train—track-bridge system is an impor-
tant reference for judging the working performance of railroad bridges, which is a very
important part of their dynamic analysis. Diana and Cheli [22] studied the dynamic in-
teraction of the train-bridge system comprehensively and systematically by considering
the track contact and the elasticity of the track. Then, they established a finite element
model of the train—track-bridge dynamic interaction. Their finite element model of the
train—track-bridge dynamic interaction for different types of bridges and track structures
was established and validated, and the model results were in good agreement. Lv [23]
combined the finite element software ANSYS with the multibody dynamics software UM
to analyze the train—track-bridge refined finite element model based on the stiffness degra-
dation method and creatively introduced the bridge damage state. Finally, from the level of
bridge health monitoring, an assessment method for the condition of high-speed railway
bridges during operation was proposed. To obtain as accurate a dynamic response as
possible, the train—track-bridge dynamics model needs to be analyzed in a more refined
way. Refined modeling based on large finite element analysis software can perform more
detailed parametric analysis, which can save a lot of energy.

Much of the current study of damage to composite beams has focused on static
damage from destructive moment and shear. Study on the damage caused by vibration is
relatively lacking. The effect of connection damage on the overall structure has been widely
investigated. However, less attention has been paid to the detailed effect of damage to
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the mechanical performance of the interface connection, which is important. The dynamic
analysis of train—track—composite beam coupling systems with damage has mostly focused
on the effects caused by the stiffness degradation of the overall structure. The effects
caused by local damage have been neglected. As the dynamic damage at the interface
of the composite beam and its effect on the connection and working performance of the
composite beam are still unclear, this study intends to carry out a three-part research work
through numerical simulation. The first is to establish an elaborate finite element model of
the steel-concrete composite beam to study the dynamic response of the composite beam
under a high-frequency impact load. Then, based on the elaborate composite beam model,
the local specimen model with damage is obtained after cutting. Numerical simulations of
push-out and pull-out tests are performed to obtain the force-displacement macroscopic
constitutive relationship between the damaged and the undamaged group stud connectors.
Based on the obtained macroscopic intrinsic structure relationship, a finite element model
of the coupled train-track-composite beam coupling system is established to study the
dynamic response of the damaged and undamaged composite beam when the train passes.
As a result, the concrete slab damage and stud connection degradation of the composite
beam under a high-frequency impact load and their effects on the working performance of
the composite beam are obtained.

2. Elaborate FEM of the Prefabricated Steel-Concrete Composite Beam
2.1. The Generation of FEM

In this study, a combined steel-concrete beam was designed with the dimensions
shown in Figure 2. The steel beam and the concrete slab are connected by group studs. The
entire beam has 12 studs at each end, arranged in 3 rows of 4 studs each, with a transverse
and longitudinal spacing of 400 mm. The studs have a rod diameter of 22 mm and a height
of 230 mm and a stud head diameter of 35 mm and a height of 10 mm. The rest of the
interface is unconstrained. The restraint conditions for the simply supported beam are set
for both the left and right sides, as shown in Figure 2a.
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(a) Elevation drawing (b) Cross-sectional drawing

Figure 2. Elevation and cross-section diagrams of the composite beams (unit: mm).

In this study, a finite element model of the designed combined beam was established
based on the large finite element platform ABAQUS. As shown in Figure 3, there are five
major components in the finite element model of the composite beam: the concrete slab,
the steel beam, the studs, the reinforcement, and the loading board. To finely analyze
the performance of the concrete slab and the studs, the concrete, steel beam, and stud
connections are modeled by solid (C3D8R) cells; the steel reinforcement is modeled by truss
(truss) cells; and the loading plate is modeled by solid (C3D8R) cells. As the difference
between the size of the studs and the model of the combined beam is too large, on the
basis of global meshing, a more refined meshing should be used for the studs and the
stress-concentrated areas, such as the intersection of the concrete and steel beams where
the studs are in contact with each other, as shown in Figure 4. The steel beam was meshed
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by an automatic meshing tool in ABAQUS with a mesh size of 100 mm. Figure 4a shows
the element meshing of the concrete slab. In order to match the stud profile, the element
sizes of the concrete slab from top to bottom in the vertical direction are 80 mm, 80 mm,
10 mm, 115 mm, and 115 mm. The element meshing of studs is shown in Figure 4b.

Concrete slab

Steel beam

(a) Schematic diagram of concrete slab, steel beam, and loading board (b) Schematic diagram of steel bars and studs

Figure 3. Elaborate FEM of the steel-concrete composite beam.
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Figure 4. Elaborate mesh generation of the critical parts.

The frictional effect between the steel beam and the concrete is ignored in this modeling
process, i.e., the face-to-face contact modes of tangential frictionless (Frictionless) and
normal hard contact (Hard Contact) are adopted between the steel beam and the concrete.
The tangential friction between the studs and the concrete contact surface is simulated
by the penalty friction, and the tangential friction coefficient is 0.4. The normal pressure
transfer is simulated by hard contact. The bottoms of the studs are bound to the steel beam.
The reinforcement is simulated by embedding in the contact module, the reinforcement
element is embedded into the concrete element, and the bond slip between them is ignored.
The loading plate is set as a rigid body and is bound to the top surface of the concrete.
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2.2. Material Properties of FEM
2.2.1. The Constitutive Relation of Concrete

To better simulate the mechanical behavior of the concrete, the plastic damage intrinsic
model of concrete from the ABAQUS material database was used in this study. The model
uses damage factors d. and d; to characterize the degradation of the concrete material
stiffness, where, when d = 0, the stiffness of the concrete material is not degraded and
is within the elastic phase; when d = 1, the stiffness of the concrete material undergoes
complete degradation, and the unloaded elastic mode is zero.

According to the relevant provisions of the Code for the design of concrete struc-
tures (GB50010-2010) [24], the expressions of the uniaxial compressive principal structure
relationship for concrete materials are shown in Equations (1)—(5):

o= (1—d.)Ece 1)
1-— Plcz . x <1
dC — n— X (2)
I /-
1 we(x—1)2+x x>1
~ fer
Pe = Ecécr ®)
Ececr
n=_——~—— 4
Ecgc,r _fc,r @
&
xX=— 5
tor ®)

where a, is the parameter value of the falling section in the uniaxial compressive principal
relationship curve of the concrete material, taken as 2.48; f.; is the representative value
of the uniaxial compressive strength of the concrete, taken as 38 MPa; ¢, is the peak
compressive strain of the concrete corresponding to fr, taken as 0.00176; E is the elastic
modulus of the concrete material, taken as 34,500 MPa; and d. is the damage factor of the
concrete under compression.

The expressions for the uniaxial tensile principal structure relationship for concrete
materials are shown in Equations (6)—(9):

o= (1—d)Ee (6)

1-p(12-02x%) *=1

dt = Pt (7)
3
X =— 8
o 8
_ ft,r
Pt = Eceir 9

where a; is the parameter value of the falling section in the uniaxial tensile principal
relationship curve of the concrete material, which is taken as 2.17; f; , is the representative
value of the uniaxial tensile strength of the concrete, which is taken as 2.64 MPa; &, is the
peak tensile strain of the concrete corresponding to fi, which is taken as 0.00011; E. is the
modulus of elasticity of the concrete material, which is taken as 34,500 MPa; and 4, is the
tensile damage factor of the concrete.

Based on the theories listed above, the principal structure relationship curves of the
C50 concrete used in this paper are shown in Figure 5.
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Figure 5. Stress—strain curve of C50 concrete.
The value of the damage factor d used in this paper is shown in Figure 6.
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Figure 6. Plastic damage factor of concrete.
The detailed values of the remaining parameters in the plastic damage principal

structure model for concrete materials are shown in Table 1.

Table 1. Parameters of the plastic damage constitutive model of concrete.

Expansion Angle (°) Eccentricity frolfeo K Viscosity Coefficient
30 0.1 0.16 0.66667 0.005

Where f is the yield strength of the concrete in initial uniaxial compression; f1, is the yield stress of concrete in
the initial equivalent compression; and K is the ratio of the tensile-to-compressive meridional constant stresses in

the concrete.

2.2.2. The Constitutive Relation of Steel

The materials of both the steel beam and the reinforcement are defined using ideal
elastoplastic models, and the materials of the pins are defined using a bilinear model, as

shown in Figure 7.
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Figure 7. Stress—strain curve of the steel.

To better simulate the influence of the stress state at which the stud is loaded on its
cracking strain, a plastic damage intrinsic model of the stud is introduced in this paper, and
the relationship between the triaxial stress and the cracking strain of the stud material is
shown in Equation (10) [25]:

750

2
Pr =¢R ;(1+v)+3(120)(2:> ] (10)

where Py is the equivalent metal cracking strain; ¢ is the cracking strain of the metal under
uniaxial loading; v is Poisson’s ratio of the metal material (taken as 0.3); o, is the average
stress; 0eq is the equivalent Mises stress; and Sy is a constant factor, taken as 1.5.

The spatial cracking strain of the metal is usually replaced using the equivalent crack-
ing strain of the metal according to Equation (10). The plastic damage intrinsic relationship
curve of the stud is shown in Figure 8. In this model, there is an exponential relationship
between the equivalent plastic displacement and the damage factor d. According to the
mesh refinement of the stud in the finite element model, the exponential factor between
them is taken as 0.01 in this paper.

0.30

© o o
— o o
9, () 9,

Equivalent strain
e
Sil

0.05

00705 10 15 20 25 30 35
Triaxial stress

Figure 8. Plastic damage model of the studs.

2.3. Rayleigh Damping Model

The damping coefficients of each member material in this paper are calculated by
Rayleigh damping, as shown in Equation (11):

C =aM+ BK (11)
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where « is the mass damping factor, B is the stiffness damping factor, C is the damping
matrix, M is the mass matrix, and K is the stiffness matrix.

The Rayleigh damping coefficients for the finite element model of the combined beam
are shown in Table 2.

Table 2. Rayleigh damping coefficient of composite beams.

Material Category Mass Damping Factor « Stiffness Damping Factor
Concrete 0.793 0.0029
Steel 0.476 0.0017

2.4. Dynamic Response of the Composite Beam

To simulate the action of two rows of wheel pairs in the bogie of a rail train, an “M”
wave load is applied in the span of the combined beam model with a frequency of 6 Hz.
The amplitude curve of an “M” load cycle is shown in Figure 9.
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Figure 9. Amplitude-time curve of the “M” type load.

An explicit solver with a small convergence error was used to solve the numerical
model, which was proven to be accurate and reliable. Through the dynamic analysis of
the finite element model of the combined beam with group studs, the respective vertical
acceleration (vertical acceleration) and vertical displacement (vertical displacement) time
curves of the steel beam and concrete slab of the combined beam model were obtained,
as shown in Figure 10, where the positive directions of acceleration and displacement
are vertically upward. In general, the acceleration and displacement time curves of the
concrete slab and steel beam are significantly different. Figure 10a shows that the maximum
acceleration of the concrete slab is 4.06 m/s? and that of the steel beam is 4.61 m/s?.
From the location of the local peaks of the acceleration time curves of both materials,
there are certain phase differences between the two curves. Figure 10b shows that the
maximum displacement of the concrete slab is 0.95 mm and the maximum displacement
of the steel beam is 2.51 mm; the two displacement time curves are roughly cyclic: both
displacements have the same trend in the initial stage, and the concrete slab reaches the
negative displacement peak before the steel beam and then gradually decreases to the
displacement zero point and then gradually increases to the positive displacement peak,
while the displacement of the steel beam continues to increase after the concrete slab reaches
the negative displacement peak until its negative displacement peak, and then, it gradually
decreases until it is equal to the positive displacement peak. The displacement of the steel
beam continues to increase after the concrete slab reaches the peak of negative displacement
until it reaches the peak of negative displacement and then gradually decreases until it is
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equal to the displacement of the concrete slab. After that, the time course of displacement
of the two beams changes approximately in the same way as this process. In this process,
the concrete slab and the steel beam are separated, especially when they are in the negative
displacement regime.

6 A T T T T T v 1 . 5 T T T T T T
——Steel beam ——Steel beam
— Concrete slab ] — Concrete slab)
% 3 1 )
g é 0
= k=
20 g
£ 15)
() Q
< =
3 % —1.5F .
< —3f . =)
% 0.5 15 2 R
Time (t) Time (t)
(a) Time history of vertical acceleration (b) Time history of vertical displacement

Figure 10. Time history of acceleration and displacement of the composite beam.

3. Degradation of Mechanical Properties of Connectors Caused by Vibration Damage
3.1. FEM of Local Specimens with Vibration Damage

To analyze the performance degradation of the interface connection of the composite
beam, finite element simulations of the local model of the stud arrangement area at both
ends of the existing damaged composite beam were carried out to launch the pull-out tests.
The model from the previous dynamic analysis was replicated to account for vibration
damage, and the rest of the model was removed by the part-cutting function in ABAQUS,
keeping the local model of the stud arrangement area for the subsequent push-out and
pull-out tests, as shown in Figure 11. The settings of the material properties and the contact
relations of the existing damaged specimen model are the same as those of the previous
elaborate FEM. Based on the existing damaged specimens, the FEM of the undamaged
specimens was also established to investigate the effect of the degradation of the interfacial
shear connection properties. The undamaged specimen model has the same settings as the
existing damaged launch specimen except that the initial state is not applied.

Reserved

Removed part I part L

[0t s Ty oot

Figure 11. Finite element model of specimens with existing damage.

In this paper, two local specimen lengths are set up for each of the two types of tests.
The length of the existing damaged specimen (S-1) and the undamaged specimen (S-2) used
to launch the test is L; = 2000 mm. The length of the existing damaged specimen (S-3) and
the undamaged specimen (S-4) used for the pull-out test is L, = 1200 mm. Specimen S-1
was set up with a completely fixed restraint on the left side (cutting side) of the steel beam
and concrete slab; the bottom surface of the steel beam was left with only the degree of
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freedom of the translational movement along the length of the beam, and the rest were all
restrained; the cross-section was coupled to a reference point in the center on the right side
of the steel beam, and the loading process of the roll-out test was simulated by applying a
horizontal displacement load to the reference point. The bottom surface of the concrete slab
of specimen S-3 was set with a completely fixed restraint; the bottom surface of the steel
beam had only vertical translational degrees of freedom, and the rest were all restrained;
the bottom surface of the steel beam was coupled to a reference point in the center, and the
loading process of the pull-out test was simulated by applying a vertical displacement load
to the reference point. The boundary conditions and the loading methods of specimens S-2
and S-4 were set in the same way as S-1 and S-3, respectively.

3.2. Results of Push-out Specimens

The load-slip curves of the specimen models were obtained by the finite element
analysis of 5-1 and S-2, as shown in Figure 12. The curve of 5-1 has basically the same trend
as the curve of S-2, which also goes through the elastic, yielding, and breaking stages. The
load-slip curve first grows linearly; then, the growth rate slows down until the ultimate
load is reached, the curve begins to decline, and finally, the studs shear off and break. The
force performance indices of S-1 and S-2 are listed in Table 3. The vibration damage of the
concrete slab has an effect on the ultimate shear capacity and slip of the pinned joints, and
compared with 5-2, the ultimate shear capacity of S-1 decreases by 24.8%, and the ultimate
slip decreases by 15%.

6000———
s
4800 L—5-2 i
Z 3600 -
2
S 2400f i
1200- i
0 n 1 n 1 n 1 n 1 n
0 2 4 6 g 10

longitudinal slip (mm)

Figure 12. Load-longitudinal slip curves of S-1 and S-2.

Table 3. Result comparison of push-out test specimens.

.Overall Overall Shear Average Shear Load Av.erage Shear . .
Ultimate Shear . - . Stiffness of a Ultimate Slip
. Stiffness Capacity of a Single .
Bearing (KN/mm) Stad (kN) Single Stud (mm)
Capacity (kN) (kN/mm)
S-1 3629 2034 302.42 169.50 6.80
S-2 4532 2295 377.67 191.25 7.82
Degradation degree 24.8% 12.8% 24.8% 12.8% 15%

Note: the degradation is the decrease in each force performance index of S-1 compared to each force performance
index of S-2.

With the gradual increase in the displacement load, the root of the stud first starts to
yield, and the stress level basically decreases in the direction from the root to the head of
the stud. When the load reaches the ultimate shear load capacity of the stud, the stress at
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the root of the stud reaches 430 MPa. Then, the elements at the root gradually fade away
until all the elements at the bottom of the corresponding studs disappear at the limit of the
slip. The Mises stress distribution in the ultimate load-carrying capacity phase for the row
of studs of S-1 and S-2 is shown in Figure 13.

Mises stress Mises stress

430.0

o 395.1

:;5 9'6 360.2

’;24'5 3253

2893 2203

7541 2554

7189 220.5

1838 185.6

148.6 150.7

1134 1158

782 80.8

431 45.9

7.9 11.0

(a) S-1 (b) S-2

Figure 13. Mises stress of the studs in the push-out specimens at the ultimate bearing capacity (MPa).

During the loading process, the concrete changes in the root area of the stud connector
are more concentrated, and the closer the hole is to the stud connector, the greater the stress,
and the damage only exists near the stud connector. During loading, the shear force is
transferred from the steel beam to the stud, and the studs squeeze the concrete at the root
of the stud, where the concrete has a high stress level; the stud deforms in the shear and
separates from the concrete above the stud cap; so, the concrete above is subjected to less
force. The damage of the concrete slab at the end of loading is shown in Figure 14, which
ignored the area further away from the studs. It can be seen that the concrete at the root of
the stud is more severely damaged in the tension, and the damage covers the entire vicinity
of the hole; the damage in the compression mainly occurs in the area of the hole in the
direction of the loading at the root of the stud. The maximum tensile stress in the concrete
slab of specimen S-1 was 7.8 MPa, and the maximum compressive stress was 15.9 MPa;
the maximum tensile stress in the concrete slab of S-2 was 4.1 MPa, and the maximum
compressive stress was 20.8 MPa. The maximum stresses all occur in the concrete slab at
the holes where the studs are located.
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(a) Concrete tensile damage of S-1 (b) Concrete compressive damage of S-1

Figure 14. Cont.
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Figure 14. Concrete damage of S-1 and S-2.

3.3. Results of Pull-out Specimens

The lift displacement curves of the specimen models were obtained by performing
finite element analysis on S-3 and S-4, as shown in Figure 15. The curves of S-3 largely
overlap with those of S-4, which also go through the elastic, yielding, and breaking stages.
The lift displacement curve first grows linearly, and then, the growth rate slows down until
the curve starts to fall after reaching the ultimate load. There is an obvious step in the
descending section because the individual studs with higher stresses are the first to break;
the tension is redistributed in the remaining studs, and eventually, the remaining studs
are also pulled off and lose their load-carrying capacity. There is an obvious step in the
descending section because the individual studs with higher stresses are damaged first,
and the tensile force is redistributed in the remaining studs. Finally, the remaining studs
are also pulled off and lose their bearing capacity. The force performance indices of S-3 and
S-4 are listed in Table 4, which shows that the previous vibration damage has little effect on
the tensile load capacity of the studs.
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Figure 15. Load-lift displacement curves of S-3 and S-4.



Buildings 2023, 13, 545 14 of 25

Table 4. Result comparison of the pull-out test specimens.

Average Lift

Overall Overall Average Pull-Out Displacement Lift

Ultimate Pull-Out Pull-Out Load . opac Displacement

. . Stiffness of with Mid-Row .
Pull-Out Load Stiffness Capacity of a Individual Studs Studs Pulled with All Studs
Capacity (kN) (kN/mm) Single Stud (kN) (KN/mm) Off (mm) Pulled Off (mm)

S-3 1464 900 122.00 75.00 19.57 26.32
S-4 1467 905 122.25 75.42 19.96 26.74
Change 0.2% 0.55% 0.2% 0.55% 21% 1.6%

Note: the change comparison is the decrease in each force performance index of S-3 compared with each force
performance index of S-4.

The numerical simulation shows that the Mises stress of the studs in S-3 and S-4
is almost the same. The Mises stress distribution of the S-3 specimen studs during the
significant loading phase is shown in Figure 16. At the initial loading, most of the stud
stresses were concentrated in the range of 10-60 MPa, with the maximum stress of 107 MPa
appearing at the middle row of studs; with the gradual increase in the displacement load,
the root of the stud first began to yield, and the stress level basically decreased gradually in
the direction from the root of the stud to the head. When the load reached one-half of the
ultimate pull-out capacity of the studs, the maximum stress of the stud reached 350.6 MPa,
which appeared at the root of the stud and the middle row of studs; when the load reached
the ultimate pull-out capacity of the stud, the stress at the root of the stud reached 430 MPa,
and the necking phenomenon appeared at the root of the middle row of studs. When the
displacement load continues to increase, the middle row of studs will be damaged first, and
the studs on both sides will also start to show the necking phenomenon; the displacement
load is continually increased until the studs on both sides are all pulled off and damaged,
at which time the elements at the studs that were pulled off and damaged all fade away.
The stud stress development in specimen S-4 is also almost the same as that in 5-3.

Mises stress
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(a) At half of the ultimate load-carrying capacity
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395.7
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292.8
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224.
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Figure 16. Cont.
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(c) Middle row studs are pulled off and damaged
Figure 16. Mises stress of the studs in S-3 (MPa).

The stress variation and damage to the concrete area of the hole in the stud is more
concentrated. During the loading process, the tensile force is transferred from the steel
beam to the studs, which deform in a tensile manner and squeeze the concrete at the
bottom of the stud cap, where the concrete is under pressure, while the concrete above
the stud cap is under a certain tensile force. The loading was finished, and the damage
of 5-3 and S-4 is shown in Figure 17, which ignored the area further away from studs.
It can be seen in the figure that the concrete at the holes of the stud connectors suffered
some tensile damage, while the compressive damage was not significant. The maximum
tensile stress of the S-3 concrete slab was 7.6 MPa, and the maximum compressive stress
was 12.7 MPa; the maximum tensile stress of the S-4 concrete slab was 8.6 MPa, and the
maximum compressive stress was 12.0 MPa. The maximum stresses mentioned above are
found in the concrete slab at the holes where the studs are located.

Compressive
damage
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0.801 LY
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o
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0
(a) Concrete tensile damage of S-3 (b) Concrete compressive damage of S-3
Compressive
damage

(c) Concrete tensile damage of S-4 (d) Concrete compressive damage of S-4

Figure 17. Concrete damage of S-3 and S-4.
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4. Effect of Connector Damage on Train-Track-Composite Beam Coupled System

In this paper, the finite element model of the dynamic interaction of a high-speed train
ballastless track—composite beam bridge is established by ABAQUS, and the macroscopic
constitutive models of the local specimens S-1~5-4 obtained in a previous paper are intro-
duced (Figures 12 and 15). The influence of the interface connection degradation on the
overall dynamic response of the train-rail-beam system is analyzed in the case of driving a
single train and crossing two trains.

4.1. FEM of High-Speed Train Ballastless Track-Composite Beam System

Based on the Code for the design of steel and concrete composite bridges (GB 50917-
2013) [26] and the Code for the design of a high-speed railway (TB10621-2014) [27], a typical
40 m span simply supported by a steel-concrete composite box girder was designed. The
track structure on the beam adopts the China Railway Track System II (CRTS 1II) ballastless
track, which is widely used in China. The dimensions of the designed composite beam and
track structure are shown in Figure 18.

Track plate

[OF]
i
)
(=

Base plate

Concrete slab

| 1400

Steel beam 30 l<_ 1600

e~
S
2600

| 6200 |
12,600

|‘ '|

Figure 18. Cross-section diagram of composite beam with CRTS II ballastless track (mm).

The finite element model of the composite beam bridge is established by ABAQUS.
The concrete slab adopts the solid (C3D8R) element, the steel beam adopts the shell (C43R)
element, the steel bar adopts the truss element, and the stud adopts the connector element.
Among them, the stiffness of the connector element of the composite beam bridge under
the existing damage state is taken from the shear stiffness and the anti-lifting stiffness in
the force-displacement macroscopic constitutive relationship of S-1 and S-3. The stiffness
of the connector element of the composite beam bridge in the undamaged state is taken
from the shear stiffness and the anti-lifting stiffness in the force-displacement macroscopic
constitutive model of 5-2 and S-4.

The Rayleigh damping coefficient of the composite beam bridge model is shown in
Table 5, and the remaining material parameters are the same as those in Section 2.2.

Table 5. Rayleigh damping coefficient of the composite beam with track.

Material Categories ~ Rayleigh Damping Coefficient &  Rayleigh Damping Coefficient

Concrete 0.333 0.0065
Steel 0.200 0.0039

We refer to the Code for the design of railway continuous welded rail (TB10015-
2013) [28] and use a standard 60 kg~m’1 track, adopting a 1.435 m gauge and a 0.6 m
fastener spacing. The track, track slab, and ground slab are modeled by solid elements
(C3D8R). The spring-damper element is used to simulate the track and fastener. The



Buildings 2023, 13, 545

17 of 25

lateral, vertical, and longitudinal equivalent stiffnesses of the fastener are 50, 35, and
15.12 MN-m ™!, respectively, and the lateral, vertical, and longitudinal damping coefficients
are 30, 37.5, and 30 kN-s:m ™!, respectively. In the track system, except for the fastener
system, the track slab and floor adopt the linear elastic constitutive model. The detailed
parameters of each material are taken from TB10621-2014 [27]. In addition, the binding
constraint between the base plate and the concrete slab ignores the relative displacement
between them.

In the train-rail-bridge dynamic analysis, the following assumptions are made for
the train model: (1) without considering the elastic deformation and relative motion
of the train body, bogie frame, and wheelset in the vibration process, the train body is
regarded as a rigid body with a uniform mass and as transversely and longitudinally
symmetric; (2) the vibration of the carriage, bogie frame, and wheelset along the longitu-
dinal axis are not considered; (3) the primary suspension device is mainly composed of
a spring damping device between the car body and the bogie frame; (4) the secondary
suspension device is mainly composed of a spring damping device between the bogie
frame and the wheelset; (5) the car body contains six degrees of freedom, which are
three-dimensional translational and rotational degrees of freedom; (6) when the train is
running, it only performs uniform linear motion, and the longitudinal force and lateral
force caused by acceleration, deceleration, and turning are not considered. The high-
speed rail train set in this paper contains only one carriage. The train body is simplified
into a multi-rigid body system composed of one carriage body, two bogies, and four
wheelsets. The FEM is established in ABAQUS with reference to CRH2 EMU. The main
parameters of CRH2 are shown in Table 6. In the model, the train compartment is simu-
lated by a discrete rigid body, and the bogie and wheelset are simulated by an analytical
rigid body. The reference points are set at the geometric center of each rigid body, in
which the rigid body mass is applied by concentrated mass points, the gravity of each
rigid body is applied by the equivalent loading method, and the specified concentrated
force is applied at the reference points of each rigid body. The fastener element is used
to simulate the primary and secondary suspension devices of the train. The specific
structure of the model is shown in Figure 19.

~ Connector ///"i\"'i

elements

Figure 19. FEM of single train and connector elements.

The track irregularity recommended by the German track spectrum is simulated by
the inverse Fourier transform method. Using the MATLAB platform, the German low-
interference track height and track irregularity samples are drawn, as shown in Figure 20.
Then, the track component is divided. On this basis, the track surface coordinates are
modified by the input file to realize the application of track irregularity. The details of the
track model with track irregularity are shown in Figure 21.
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Table 6. Main parameters of CRH2.

Parameters Symbol Value Unit
Mass of train body my 48,000 kg
Mass of bogie ™y 3200 kg
Mass of wheelset ms 2400 kg
Vehicle distance I 17.375 m
Bogie wheelbase I 2.5 m
Train’s height of center of gravity U 1.7 m
Bogie’s height of center of gravity hy 0.6 m
Wheel set’s height of center of gravity h3 0.46 m
Moment of inertia of train body around x axis Iy 115,000 1<g~m2
Moment of inertia of train body around y axis I 1y 2,700,000 kg-m2
Moment of inertia of train body around z axis I, 2,700,000 kg~m2
Moment of inertia of bogie around x axis Iy 3200 1<g~m2
Moment of inertia of bogie around y axis Iy 7200 kg-m?
Moment of inertia of bogie around z axis b, 6800 kg-m2
Moment of inertia of wheel set around x axis I3y 1200 kg~m2
Moment of inertia of wheel set around y axis I3y, 200 kg-m?
Moment of inertia of wheel set around z axis I5; 1200 kg-m2
Longitudinal stiffness of primary suspension kix 9,000,000 N/m
Lateral stiffness of primary suspension kyy 3,000,000 N/m
Vertical stiffness of primary suspension k1, 1,040,000 N/m
Longitudinal damping of primary suspension diy 20,000 N-s/m
Lateral damping of primary suspension diy 20,000 N-s/m
Vertical damping of primary suspension dy; 40,000 N-s/m
Longitudinal stiffness of secondary suspension koy 240,000 N/m
Lateral stiffness of secondary suspension kay 240,000 N/m
Vertical stiffness of secondary suspension ko, 400,000 N/m
Longitudinal damping of secondary suspension doy 1,000,000 N-s/m
Lateral damping of secondary suspension dzy 30,000 N-s/m
Vertical damping of secondary suspension dy, 50,000 N-s/m
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(a) Track vertical irregularity (b) Track alignment irregularity

Figure 20. Spectrum of low interference track irregularities.
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Figure 21. Details of the track model with irregularity.

Considering the two cases of single-train driving (T-1) and the two-train intersection
(T-2), the finite element models of a high-speed train ballastless track—composite beam
bridge system is established based on ABAQUS. The model includes a high-speed train, a
CRTS II slab ballastless track structure and a composite beam bridge. The train-rail-bridge
model under single-train driving and two trains meeting is shown in Figure 22. In order
to completely simulate the movement of the trains on a composite beam, the rails were
extended beyond the composite beam. The tracks beyond the composite beams are fixed at
the bottom.

(@) T-1 (b) T-2
Figure 22. Train—track—composite beam under the 2 driving conditions.

4.2. The Responses of the Composite Beams with Train Passing

To facilitate the analysis of the influence of the stud performance degradation on
the overall dynamic performance of the composite beams, this paper considers three
train speeds: 360 km/h, 330 km/h, and 300 km/h. The response of the composite beam
bridges under the T-1 and T-2 conditions is obtained by ABAQUS dynamic analysis. The
vertical displacement and lateral displacement of the composite beam span are mainly
studied. According to the calculation, the times for a single train to cross the bridge are
approximately 0.404 s, 0.441 s, and 0.485 s. According to the size of the finite element model,
the analysis step time of the train—rail-bridge model is determined to be 1.5 s.

4.2.1. Responses of T-1

The time history curves of the mid-span nodes of the composite girder bridge under the
condition of each train speed are shown in Figures 23-25. The peak mid-span displacement
of the composite girder bridge at the three speeds is shown in Table 7. In the case of a
speed of 360 km/h, compared with the dynamic response peak of the composite beam
bridge under the undamaged state, the vertical displacement peak of the composite beam
bridge under the existing damage state increased by 13%, and the lateral displacement
peak increased by 24.2%. In the case of a speed of 330 km/h, compared with the dynamic
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response peak of the composite beam bridge under the undamaged state, the vertical
displacement peak of the composite beam bridge under the existing damage state increased
by 8.38%, and the lateral displacement peak increased by 15%. In the case of a speed
of 300 km/h, compared with the dynamic response peak of the composite beam bridge
under the undamaged state, the vertical displacement peak of the composite beam bridge
under the existing damage state increased by 6.2%, and the lateral displacement peak
increased by 9.2%. For T-1, compared with the undamaged composite beam, the vertical
displacement and lateral displacement peaks of the composite beam in the existing damage
state increased by varying degrees, and the degradation of the stud performance had a
greater impact on the composite beam bridges with a higher traffic speed.
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Figure 23. Responses of the composite beam at a train speed of 360 km/h in the case of T-1.
3 T T T T T T T 3 T T T T T T T
" |—— Model with damage —— Model with damage
_ 2 | |——Model without damage i | |——Model without damage
g
: £ 2
o s
g Z
g g
8 8
= =
] 20
A A
75 L 1 L 1 L 1 1 71 1 L 1 L 1 1 L
0 0.3 0.6 0.9 1.2 1.5 0 0.3 0.6 0.9 1.2 1.5

Time (s)

(a) Vertical displacement at mid-span

Time (s)

(b) Transverse displacement at mid-span

Figure 24. Responses of the composite beam at a train speed of 330 km/h in the case of T-1.
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Figure 25. Responses of the composite beam at a train speed of 300 km/h in the case of T-1.
Table 7. Comparison of maximum displacement at mid-span of composite beams.
Train Speed 360 km/h 330 km/h 300 km/h
Response Y10 Imm) X@03mm) Y@01mm) X@03mm) Y@0I1mm) X (103 mm)
Specimen with damage 3.82 2.00 3.62 2.07 3.42 1.79
Specimen without damage 3.38 1.61 3.34 1.80 3.22 1.64
Comparison 13% 24.2% 8.38% 15% 6.2% 9.2%

Note: Y is the vertical mid-span displacement of the composite beam; X is the lateral mid-span displacement of
the composite beam.

4.2.2. Responses of T-2

The time history curves of the mid-span nodes of the composite girder bridge under the
condition of each train speed are shown in Figures 26-28. The peak mid-span displacement
of the composite girder bridge at three speeds is shown in Table 8. In the case of a speed
of 360 km/h, compared with the dynamic response peak of the composite beam bridge in
the undamaged state, the vertical displacement peak of the composite beam bridge under
the existing damage state increased by 8.8%, and the lateral displacement peak increased
by 26.4%. In the case of a speed of 330 km/h, compared with the dynamic response peak
of the composite beam bridge in the undamaged state, the vertical displacement peak of
the composite beam bridge under the existing damage state increased by 13.7%, and the
lateral displacement peak increased by 53%. In the case of a speed of 300 km/h, compared
with the dynamic response peak of the composite beam bridge in the undamaged state,
the vertical displacement peak of the composite beam bridge under the existing damage
state increased by 12.8%, and the lateral displacement peak increased by 24.8%. For T-2,
compared with the composite girder bridge with traffic speeds of 360 km/h and 300 km/h,
the degradation of the stud force performance had the greatest impact on the composite
girder bridge with a traffic speed of 330 km/h.
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Figure 26. Responses of the composite beam at a train speed of 360 km/h in the case of T-2.
6 T T T T T T T T T 9 T T T T T T T T
| |—— Model with damage ] | |—— Model with damage
P — Model without damage | Model without damage
T ™
2 0 23
g 3 g 0
< =
& &
8 -6 a-3
_9 1 s 1 s 1 s 1 L _6 s 1 s | n | n 1 n
0 0.3 0.6 0.9 1.2 1.5 0 0.3 0.6 0.9 1.2 1.5
Time (s) Time (s)
(a) Vertical displacement at mid-span (b) Transverse displacement at mid-span
Figure 27. Responses of the composite beam at a train speed of 330 km/h in the case of T-2.
Table 8. Comparison of maximum displacement at mid-span of composite beams.
Train Speed 360 km/h 330 km/h 300 km/h
Response Y10 Tmm) X@03mm) Y@0ITmm) X@03mm) Y@0!1mm) X(1073mm)
Specimen with damage 7.24 3.88 7.18 5.81 7.03 6.19
Specimen without damage 6.65 3.07 6.31 3.78 6.23 4.96
Comparison 8.8% 26.4% 13.7% 53% 12.8% 24.8%

Note: Y is the vertical mid-span displacement of the composite beam; X is the lateral mid-span displacement of
the composite beam.
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Figure 28. Responses of the composite beam at a train speed of 300 km/h in the case of T-2.

5. Conclusions

In this paper, an elaborate FEM of a composite beam with group studs is established
based on the ABAQUS platform, and an “M” type cyclic load is applied. On this basis,
the FEM of the push-out and pull-out tests of the existing damaged and undamaged local
specimens was established. Then, a numerical simulation was carried out to analyze
the concrete slab damage and the degradation of the connection. The coupling system
of a high-speed train ballastless track—composite beam was established, in which the
macroscopic constitutive model of the connection was introduced. Finally, the influence
of the connection degradation on the overall behavior of the coupling system under the
conditions of single-train driving and a two-train rendezvous was analyzed.

(1) For the vibration characteristics of the area without a stud constraint at the compos-
ite beam interface, there is a certain phase difference between the acceleration time curve
of the concrete slab and the steel beam at the local peak of the acceleration time curve of
each specimen. The displacement time curve of each specimen is basically cyclic, and the
trend is that the concrete slab and the steel beam are separated at the peak of the negative
displacement of the concrete slab and return to the fit state after reaching the peak of their
respective positive and negative displacements.

(2) For the finite element simulation of the group stud local specimen launch, the
ultimate load capacity of the existing damaged launch specimen decreased by 24.8%; the
ultimate slip decreased by 15%; and the shear stiffness decreased by 12.8% compared
with the force performance index of the undamaged launch specimen. In the process
of conducting the finite element simulation of the group stud specimen pull-out, the
studs in the middle row had higher stress and were the first to fracture, and the tensile
force was redistributed among the rest of the studs, which led to an obvious step in the
decreasing section of the load capacity. Compared with the stress performance indices of
the undamaged extracted specimens, the ultimate load capacity of the existing damaged
extracted specimens decreased by 0.2%; the lift displacement when the middle row of studs
was pulled off decreased by 2.1%; the lift displacement when all the studs were pulled off
decreased by 1.6%; and the pull-out stiffness decreased by 0.55%. Vibration damage had
a greater effect on the shear performance of the studs and had little effect on the pull-out
resistance of the studs.

(3) For the single-train travel and the two-train rendezvous, the peak vertical and lat-
eral displacements of the existing damaged composite girder bridge increased by different
degrees for different passing speeds compared to the undamaged composite girder. In the
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case of the single-train travel, the spanwise vertical displacements of the existing damaged
composite beam increased by 13%, 8.38%, and 6.2% for the passing speeds of 360 km/h,
330 km/h, and 300 km/h, respectively, and the lateral displacements increased by 24.2%,
15%, and 9.2%, respectively, compared with the undamaged composite beam. In the case of
the two-train rendezvous, the vertical displacements in the span increased by 8.8%, 13.7%,
and 12.8%, respectively, and the lateral displacements increased by 26.4%, 53%, and 24.8%,
respectively. In general, the degradation of the shear connection force performance during
single-train travel has the greatest effect on the response of the combined girder for the
360 km/h passing speed; in the case of the two-train rendezvous, the degradation of the
shear connection force performance has the greatest effect on the response of the combined
girder bridge for the 330 km /h passing speed.
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