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Abstract. As a crucial component of the boundary conditions on both sides of
the high-speed railway track-bridge system, the seismic response of the flexible
subgrade structure is markedly different from that of the bridge structure. This
difference has been increasingly pronounced with the widespread implementa-
tion of constant welded rail technology in the construction of high-speed railway
bridges. This study delves into the bridge system incorporating the CRTSII bal-
lastless track structure, specifically examining the effect of the longitudinal con-
straint range of the subgrade structure on the bridge system 's seismic response
under various seismic intensities. The findings reveal that the subgrade structure
profoundly impacts the bridge system 's longitudinal stiffness, whereas its effect
on transverse stiffness is comparatively marginal. It is observed that the impact
on the system stabilizes as the subgrade structure extends to 130 meters. There-
fore, a 130-meter length of the subgrade structure can be used as a feasible refer-
ence value for the range of bridge-subgrade coupling.

Keywords: the High-Speed Railway Track-Bridge System, Longitudinal con-
straint effect, the Subgrade Structure, Seismic Response.

1 Introduction

The role of subgrade structure is crucial in defining the boundaries on both side of a
bridge within the High-Speed Railway Track-Bridge System (HSRTBS)[1]. Addition-
ally, the application of continuous welded rail technology in high-speed railway bridge
construction has resulted in a unified track structure extending from the bridge structure
to the subgrade structure, effectively creating a cohesive link between them[2]. During
seismic events, the seismic response of the track structure on the bridge is more pro-
nounced compared to that on the flexible subgrade. Being the only longitudinally uni-
fied structure in the continuous beam bridge of a high-speed railway, the track structure
acts as a constraint, limiting the bridge's seismic displacement response to a certain
degree. The length of the subgrade structure differentially affects the seismic response
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of the bridge system. In finite element modeling, a limited subgrade longitudinal con-
straint range might lead to inaccuracies in seismic response calculations, failing to ad-
equately reflect the complexities of the actual project. On the other hand, an extensive
longitudinal constraint range in the subgrade enhances the computational precision but
also increases the analysis time, which can be challenging for project schedules[3].
Conventional bridge engineering design frequently neglects the longitudinal constrain-
ing impact of the subgrade structure on the bridge's seismic behavior, which can result
in possible inaccuracies or misjudgments in the design methodology[4].

Accurate seismic analysis of bridge structures necessitates considering the subgrade
structure in the railway track-bridge system, as explored by numerous researchers.
Hu[5] created a coupling system encompassing a train, track, and subgrade, revealing
that the bridge-subgrade transition section experiences peak dynamic stress and dis-
placement. Yan[6] employed a 100-meter finite element model for the subgrade track
outside the bridge, aiming to minimize boundary condition impacts. Montenegro[7]
modeled track extensions at viaduct ends for accurate transition zone representation.
Liu[8] extended the subgrade length to 150 meters as per DS899 and UIC774-3 codes
to negate boundary condition influences. Zhang[9] established a simplified model of
CRTS 1I slab ballastless track high-speed railway beam bridge, focusing on longitudi-
nal constraints and track-beam interactions, highlighting that the subgrade's effect on
the bridge is only partial. Yu[10] analyzed a bridge model to study the post-earthquake
discrepancies in the railway track-bridge system, emphasizing the adjacent subgrade's
impact. Wei[l11] examine the seismic vulnerability of HSR bridges with track con-
straints, emphasizing the importance of track-bridge interaction in seismic response
analysis. Zhang[12] examined the seismic response difference across spans of high-
speed railway bridges, proposing a method to control the difference by enhancing con-
nection stiffness between girders. Jiang[13] found that there is a critical track length in
the subgrade track structure when evaluating the influence of subgrade track structure
with different lengths on the simply supported beam bridge system of high-speed rail-
way. Prior research indicates a substantial impact of the subgrade structure on a bridge's
seismic responses. However, previous simulations of the subgrade structure usually ap-
proximate them as single-layer longitudinally continuous systems[14-16], which is in-
sufficient to address the longitudinal constraint effects of multi-layer continuous track
systems. While creating an authentic subgrade model enhances the simulation of the
subgrade-bridge interaction, introducing such a model into a highly detailed bridge sim-
ulation significantly hampers computational efficiency. Moreover, given the symmetry
and repeatability of simply supported beam bridges in modeling, many studies focus on
multi-span simply supported beam bridges, with fewer considering continuous beam
bridges[17]. With the gradual increase of bridge construction span, the proportion of
continuous beam bridge in the bridge is getting higher and higher. There are still few
studies on the influence of subgrade structure on the seismic response of key compo-
nents of continuous beam system. Consequently, investigating the impact of subgrade
structure on the seismic response of continuous beam bridge systems is of paramount
importance.

Based on SAP2000 finite element analysis software, this study takes a 48 m + 80 m
+ 48 m two-lane continuous beam bridge[18] as the research object, fully considering
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the longitudinal restraint effect of subgrade structure. This model includes a four-span
simply supported beam approach bridge and subgrade structures on both sides of the
continuous beam bridge. The upper section of this assembly features a CRTSII ballast-
less track structure. Figure 1 in the document depicts this as a model of a high-speed
railway continuous beam bridge.
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Fig. 1. High-Speed Railway Continuous Beam Bridge Model

2 Finite Element Model

Typically, bridge superstructures exhibit elastic behavior during seismic activities. The
HSRTBS components, such as box beams, base plates, track plates, and rails, are rep-
resented by frame elements spaced 0.65 meters apart[19]. Critical components like the
sliding layer, CA mortar layer, fasteners, shear tooth groove, shear reinforcement, and
horizontal block are integral to the internal force transmission in the track structure[20].
Hence, they are modeled using elastic-plastic connection elements. The material prop-
erties of each element are detailed in Table 1. In cases where seismic impact on the
piers is considered minimal under damping conditions, solid rectangular piers are ef-
fectively represented using rectangular beam elements. The intervals for side piers are
set at 0.8 meters, and for main piers at 1 meter. Bearings are modeled as spherical rigid
bearings, with their dynamic hysteresis curves resembling the stress-strain behavior of
ideal elastic-plastic materials. This study also accounts for the pile-soil effect. The in-
teraction between the piles and the soil at the foundation base is simulated using zero-
length elements, essentially fully elastic soil-spring connected units with six degrees of
freedom. Additionally, the subgrade section also includes friction plates, end spurs and
water-hardened support layers. In this study, it is assumed that the bottom constraint of
the subgrade structure is fixed, and the influence of the deformation of the foundation
and the change of internal force on the subgrade structure can be ignored. In the finite
element software, friction plates, end spurs and water-hardened support layers can be
simulated using boundary elastic joint unit pairs.
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3 Earthquake Input

In the absence of historical seismic data for the bridge, a seismic acceleration response
spectrum curve is chosen based on the seismic design standards for highway bridges.
The HSRTBS assumes a damping ratio of 0.05, with the bridge's characteristic seismic
period established at 0.25 seconds and a dynamic amplification factor of the seismic
spectrum at 2.25[21]. To explore the potential restraining effect of subgrade structures
on continuous beam bridge systems in both longitudinal and transverse directions, this
study utilizes two distinct seismic load combinations. The first comprises longitudinal
and vertical ground movements, while the second involves transverse and vertical
ground movements. Employing these combinations, the research conducts response
spectrum analyses on continuous beam bridge models featuring various lengths of sub-
grade structures, specifically at 0 meters, 10 meters, 50 meters, 90 meters, and 130
meters. In order to analyze the differences in the seismic response of HSRTBS under
normal earthquakes, design earthquakes, and rare earthquakes, the Peak Ground Accel-
eration (PGA) can be taken as 0.1g, 0.2g, and 0.4g, respectively. The proportional co-
efficient of the ground motion component is detailed in Table 2.

Table 1. Material properties of critical components

Component Mate- Elastic modu- Density(kg-m Poisson ratio
rial lus(N-mm2) 3)

main beam C50 2.0x10% 7850 0.3
bridge pier C30 3.6x107 2500 0.2
base plate C30 3.3x107 2500 0.2
track slab C55 3.7x10" 2500 0.2
rail CHN60 2.1x10™ 7830 0.3
friction plate C30 1.8x10" 2500 0.2

Table 2. Proportion coefficient of ground motion component

. Longitudinal Transverse peak Vertical peak
Working
.. Name peak ground ac-  ground accelera-  ground accelera-
condition . . .
celeration tion tion

1 Ex+2z-0.05g 0.05 e 0.0333

2 Ey+z-0.05g —_ 0.05 0.0333

3 Ex+z-0.1g 0.1 —_ 0.0666

4 Ey+z-0.1g —_ 0.1 0.0666

5 Ex+z-0.2g 0.2 —_ 0.1333

6 Ey+z-0.2g —_ 0.2 0.1333

7 Ex+z-0.4g 0.4 0.2666

8 Ey+z-0.4g - 0.4 0.2666

9 Ex+z-0.8g 0.8 e 0.5332

10 Ey+z-0.8g — 0.8 0.5332
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4 The Effect of Subgrade Structure on HSRTBS

4.1 Dynamic Characteristic Analysis

Dynamic characteristic analysis is the basis of bridge seismic performance analysis. As
shown in Figure 2, two bridge models without subgrade structure and subgrade struc-
ture with a length of 130m are selected for modal analysis. Through the analysis and
comparison of vibration mode and natural vibration period, it can be seen that the lon-
gitudinal constraint effect of subgrade structure has a certain influence on the order of
the first 10 modes of the model. The main beam's primary longitudinal deflection vi-
bration shifts from the first to the seventh modal order. Additionally, this constraining
effect drastically shortens the bridge model's longitudinal modal period by 48.12%, alt-
hough it marginally affects the transverse vibration period. This phenomenon is at-
tributed to the subgrade's longitudinal constraint, which unifies the bridge and subgrade
structures, thereby enhancing the bridge's longitudinal coherence and providing extra
longitudinal stiffness. Therefore, during the seismic design phase of bridges, it is im-
perative to thoroughly account for the longitudinal restraining influence exerted by sub-
grade structures. This approach not only yields more precise data for the seismic design
of bridges but also mitigates the financial expenditure associated with the overdesign
of bridge seismic robustness.

(a) Model of full bridge without subgrade structure (b) Model of full bridge with 130m long subgrade structure

Fig. 2. Finite Element Model

4.2  Bridge structure

This section describes the change of the seismic response of the critical components of
the HSRTBS when the length of the subgrade structure is Om, 10m, 50m, 90m and
130m respectively. Since each finite element model is in an elastic state, its displace-
ment and internal force change proportionally and linearly under different peak ground
accelerations. Therefore, this section only lists the response spectrum analysis and com-
parison results of each finite element model when the peak ground acceleration is 0.1g.

Under the comprehensive effect of longitudinal and vertical seismic motions, the
study reveals a notable trend correlating with the increasing length of the subgrade
structure. Specifically, there is a consistent decrease in the main beam’ longitudinal
displacement, the bearings’ longitudinal deformation, and the piers’ longitudinal
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displacement. Concurrently, a reduction is observed in the vertical axial force, longitu-
dinal shear force, and transverse bending moment of certain foundation piles. This de-
creasing trend of seismic effects tends to stabilize when the subgrade structure extends
to approximately 130 meters, as demonstrated in Figure 3. In contrast, the study shows
that under the influence of lateral and vertical seismic motions, the increase in the length
of the subgrade structure does not significantly alter the main beam’ lateral displace-
ment, the bearings’ lateral deformation, or the bearings’ vertical axial force. Moreover,
the lateral displacement, lateral shear force, and longitudinal bending moment of the
piers, as well as the forces and moments experienced by the pile foundations, exhibit
minimal change, clearly depicted in Figure 4. Consequently, when addressing longitu-
dinal seismic motion in bridge seismic design, especially during the finite element mod-
eling of bridge structures, it is crucial to comprehensively incorporate the longitudinal
restraining effect of subgrade structures. This consideration ensures the effective and
precise determination of the seismic response of critical components within the contin-
uous beam bridge system. Conversely, in the context of seismic design for bridges
where transverse seismic motion is the focus, the longitudinal restraint effect exerted
by subgrade structures may be disregarded. By excluding the subgrade structure from
the finite element model, one can significantly enhance the computational efficiency of
the model.

4.3 Track Structure

Amid the combined effects of longitudinal and vertical seismic movements, extending
the subgrade structure's length tends to gradually reduce the longitudinal displacement
of the base plate, track plate, and track. However, their vertical displacement remains
largely unchanged. There is a steady increase in the longitudinal shear force of the shear
tooth groove and the CA layer at the juncture between the side pier and approach bridge.
This impact begins to subside as the subgrade structure length nears 130 meters, as
illustrated in Figure 5. Facing the composite influence of lateral and vertical seismic
motions, the extension of the subgrade structure does not significantly alter the lateral
and vertical displacements of the base plate. The transverse shear force of the shear
tooth groove and CA layer, along with the longitudinal and transverse shear forces of
the fasteners, largely remain constant. However, there is an observable gradual decrease
in the longitudinal shear force within both the shear tooth groove and the CA layer.
This decreasing trend begins to level off as the subgrade structure approaches a length
of approximately 130 meters, as depicted in Figure 6. With the prevalent adoption of
continuous rail welding technology in the infrastructure of high-speed railway bridge
systems, ensuring the track structures' smoothness has gained paramount importance.
Integrating the longitudinal restraining effect of the subgrade structure into the design
not only aids in accurately assessing track irregularities but also markedly diminishes
stress concentration at the beam joints. This approach ensures the preservation of the
track system's integrity across both subgrade structures and bridge structures. Addition-
ally, the impact of the subgrade's longitudinal constraint on the track structure dimin-
ishes as the length of the subgrade increases. A subgrade track structure measuring 130
meters can serve as a benchmark for optimizing subgrade-bridge interaction. In finite



212 B. Wei et al.

element modeling, this insight allows for the avoidance of simulating an infinitely long
track structure by adequately addressing the boundary conditions of the subgrade track
structure.
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Fig. 3. Seismic response results of main beam, bearing and pier under the combined action of
longitudinal and vertical ground motion
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Fig. 4. Seismic response results of main beam, bearing and pier under the combined action of
lateral and vertical ground motion
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Fig. 5. Seismic response results of main beam, bearing and pier under the combined action of
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5

of lateral and vertical ground motion

Conclusions

In this study, a model of a continuous beam bridge that incorporates the subgrade struc-
ture was developed using the SAP2000 finite element software. Through the analysis
of the seismic responses of the continuous beam bridge system under the influence of
subgrade structures of varying lengths, the following conclusions can be drawn:

1.

The longitudinal restraint effect caused by subgrade structure will significantly re-
duce the longitudinal vibration period of the bridge structure, and has little effect on
the transverse vibration period. This phenomenon can be attributed to the significant
impact of subgrade structure on the bridge's longitudinal stiffness., in contrast to its
relatively minor influence on the lateral stiffness.

. Amid the combined effects of longitudinal and vertical seismic movements, the lon-

gitudinal restraint effect caused by subgrade structure has more obvious influence
on the seismic response of critical components of bridge system. However, Facing
the composite influence of lateral and vertical seismic motions, the influence of the
longitudinal restraint effect of the subgrade structure on the seismic response of the
critical components of the bridge and track structure is almost negligible.

. As the length of the subgrade structure progressively reaches 130m, the degree of

impact levels off. Therefore, according to the object studied in this paper, the sub-
grade structure with a length of 130 m can be used as a feasible reference value for
the bridge-subgrade coupling range.

. The longitudinal constraint effect of subgrade structure is obviously related to the

length of subgrade structure. However, it is not clear whether the change of subgrade
structure parameters will affect the longitudinal constraint effect of subgrade struc-
ture, which needs further research and determination. Since the track system extends
from the bridge structure to the subgrade structure, whether the subgrade structure
parameters and their types affect the irregularity of the track structure is the focus of
further research.
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