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A B S T R A C T

Rail fastening systems on a slab track at railway bridge ends are often damaged, which increases the main-
tenance costs. The serviceability evaluation of a rail fastening system on a slab track at railway bridge ends is
based on the assumption that the stiffness of the rail fastening system is linear. The behavior of the rail fastening
system on slab track at the railway bridge ends is studied in detail in this study. In the experimental model, the
abutment and pier of the railway bridge were considered to be directly connected to two H-beams through a rail
and rail fastening systems. A stiffness model of the rail fastening system for the finite-element analysis was
established by performing a clamping-force test. In the finite-element analysis, the rail fastening system was
considered as both linear and nonlinear stiffness models. The experimental and numerical results were very
similar when the rail fastening system was considered as the nonlinear stiffness model. With the same uplift force
acting on the rail fastening system, the displacement results of the nonlinear stiffness model were larger than
those of the linear stiffness model. Therefore, it is necessary to employ the nonlinear behavior of the rail fas-
tening system and investigate a displacement-based design method of the rail fastening system when evaluating
the serviceability of the rail fastening system on the slab track at railway bridge ends.

1. Introduction

With the exponential growth of high-speed railway (HSR) networks
[1–3], construction of railway bridges is constantly increasing. Because
bridges are essential parts of HSR infrastructures for crossing valleys,
existing train lines, and other obstacles. In addition, the application of
slab track systems [4,5] to the railway bridges is constantly increasing.
The slab track systems have been developed and implemented in a
number of situations, including high-traffic and high-speed lines, in a
number of countries. The slab track is being installed to offer increased
passenger comfort and require minimal maintenance over time.

In the case of railway bridges with slab tracks, vertical deformation
of girders can lead to excessive rail deformation at the bridge ends,
which may result in a larger load being applied to the rail fastening
systems, which is in contrast to ballasted track systems. The geometric
tolerances and tension and compression forces have a significant in-
fluence on the design of closed and open bridge joints for slab track [6].
Additionally, in the case of a rail fastening system with high stiffness, a
large load is generated in the slab track [7]. These problems at the
railway bridge ends need to be more attention as the high-speed lines
increase.

To ensure the safety of the slab track at railway bridge ends, criteria
[8,9] for evaluating the serviceability of the rail fastening system at the
railway bridge slab track ends were proposed. The rotation of the
bridge ends enforces a curvature of the slab track in the transition zone
[10–12] to the abutment and at the expansion joints on the piers, which
additionally stresses the rail fastening system in these areas. These
additional stresses [13,14] are called uplift force and compression force
and can cause breakage of the fastener clip and plastic deformation of
the elastic pad in the rail fastening system of the bridge ends. The
serviceability evaluation of the railway bridge ends is classified as ro-
tation and vertical displacement to deformation of the superstructure
caused by various loading conditions [8,9]. The force generated in the
rail fastening system should be within the range of the initial clamping
force of the rail fastener and the limited plastic deformation of the
elastic pad. Despite the strict design of rail fastening systems, they are
often damaged in the slab track of the railway bridges. The service-
ability evaluation of the rail fastening systems at the railway bridge
ends are performed in compliance with DS 804 [8] and KR C-08090 [9],
under an assumption that the stiffness of the rail fastening system is
linear. However, the rail fastening systems exhibit nonlinear behavior
[13,14] that can cause a difference between the design and the actual
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onsite behavior. If the uplift force and compressive force do not satisfy
the performance requirements of the serviceability evaluation criteria
for the rail fastening system, either a more effective rail fastening
system [15] or specialized track system [6,15–17] should be applied.
This can increase the cost of building and maintaining the high-speed
lines.

Various studies on the railway bridge ends have been performed to
ensure the safety of slab tracks and to reduce the maintenance costs of
tracks. Moelter [6] noted that there are movements at the end of a
superstructure due to deflections of the superstructure and that the
longitudinal and lateral displacements can cause high forces in the rail
fastening system. Park et al. [18] analyzed the factors influencing the
serviceability of the rail fastening system caused by the rotation of
support at the railway bridge ends and analyzed the influence degree
through a parametric study. According to their experiences in installing
slab tracks used in bridges and tunnels, Pichler and Fenske [19] re-
ported the advantages of slab tracks in Australia and Germany when
responding to movements and rotations due to interactions between the
bridges and tracks at the bridge joints. Choi [20] analyzed the effects of
the sleeper spacing and the stiffness of the rail fastening system on the
force acting on the sleeper through continuous-support and discrete-
support models, which are generally applied for railway track analysis.
Choi [21] derived an unequal-spacing discrete-support beam model and
analyzed the force of the rail support point according to the distance
between the sleepers, and the distance between the bridge bearings and

the last rail fastening system at the bridge ends. Lim et al. [22] in-
vestigated the behavior of a slab track induced by rotation of the bridge
ends at the ends of the railway bridge.

Recently, various studies [23–31] related to the nonlinear behavior
of rail fastening systems and their analytical methods have been con-
ducted. Yang et al. [13] suggested the necessity of a study to consider
the nonlinear characteristics of rail fastening devices when evaluating
the serviceability of the slab tracks at the railway bridge ends. Sung
[14] proposed a nonlinear analysis method for evaluating serviceability
of the slab track at railway bridge ends.

The aim of this study is to find out the reason for the breakage of the
rail fastening system on the slab track at the railway bridge ends. It is
considered that a large upward displacement of the rail is caused by the
rotation at the end of the superstructure [6,8,9,14–18]. First, experi-
mental models for the railway bridge ends will be presented. Both an
abutment model and a pier model were tested. Afterwards, a finite-
element analysis will be carried out to highlight the important factors
that influence the upward displacement of the rail fastening system. A
clamping-force test for the rail fastening system will be performed to
determine the stiffness model for application to the finite-element
model. The difference between the linear model and the nonlinear
model of the rail fastening system will be indicated. The effect of the
distance from the end of the bridge to the center of the bridge support
on the forces acting on the rail fastening system will be indicated. Fi-
nally, a finite-element modeling method of the rail fastening system will

Table 1
Specifications of test specimens.

Component Model Unit weight (kg/m) Length (m) Number of components

Rail 60KR 60.7 20 1
Rail fastening system KR-II – – 26
H-beam 400X400X13X21 172 10.05 2

Fig. 1. Design of the test specimens (unit: mm): (a) side view; (b) cross-section; (c) top view of KR-II rail fastening system.
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be proposed to evaluate the serviceability of the rail fastening system in
real railway bridge design.

2. Experimental study

2.1. Test specimens

The current serviceability evaluation method [8,9] of the rail fas-
tening system should calculate the force acting on the rail fastening
system by the deformation of the railway bridge ends under unit loads
(i.e. unit rotation angle, unit vertical deflection, and unit wheel load).
Then, the rotation angles and vertical offsets at the end of the railway
bridge deck are calculated for several loads such as the creep and
shrinkage, train vertical load, and so on. The final uplift forces acting on

the rail fastening system are calculated using the force by unit load and
the deformation of the actual bridge. It is important to calculate the
forces acting on the rail fastening system due to the deformation of the
railway bridge ends under the various load conditions.

In this study, an experimental model test considering the abutment
and pier of railway bridges was performed to investigate the behavior
of the rail fastening system at railway bridge ends. Details regarding the
experimental model used in this study are presented in Table 1 and
Fig. 1. An H-beam [32] was adopted to clarify the behavior of the
bridge ends by increasing the girder displacement of the railway bridge.
The 60KR rail [33,34] and the KR-II rail fastening system [35–38] were
directly connected to the H-beam for transferring the deformation of
the end of the girder due to the flexural behavior on the girder. The
length of the rail is 20 m. Two H-beams with a length of 10.05 m are

Fig. 2. Overview of the railway bridge model specimens: (a) abutment model; (b) pier model; (c) girder ends in the abutment model; (d) girder ends in the pier
model.

Table 2
Cases of the railway bridge model test.

Case Bearing position (distance from end of girder) Type of model Load conditions

Case 1 Boundary condition (1) (950 mm) Abutment 0–350 kN, 50 kN steps
Case 2 Boundary condition 2 (1135 mm) 0–350 kN, 50 kN steps
Case 3 Boundary condition (1) (950 mm) Pier 0–300 kN, 50 kN steps (both sides)
Case 4 Boundary condition 2 (1135 mm) 0–300 kN, 50 kN steps (both sides)
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placed in a straight line. There is a gap of 0.5 m between the H-beams
connected by a rail. The rail fastening systems installed on the H-beams
are installed at an interval of 0.75 m (see Fig. 1(a)). The height of the
specimen, including the rail, the rail fastening system, and the H-beam,
is 0.624 m (see Fig. 1(b)). The width of the top specimen is 0.453 m (see
Fig. 1(c)).

Fig. 2 shows the railway bridge model specimens. Two railway
bridge model specimens were made to simulate the abutment and pier
of the railway bridge. In the first specimen, the right H-beam was
connected to the bottom to model the abutment of the bridge (see
Fig. 2(a) and (c)). In the other specimen, bearings were installed on the
right and left sides of the H-beams to consider the pier of the bridge (see
Fig. 2(b) and (d)). To increase the girder flexural behavior, the left
girder was supported by a roller–roller support. In the case of modeling
the bridge pier, only the support point of the right girder ends was used
as a hinge support, and all the support points employed roller condi-
tions. The plate that applies the load to the rail is shown in Fig. 2(b).

2.2. Experimental cases and instrumentations

The cases of the railway bridge experimental model are shown in
Table 2. Fig. 3 shows the displacement measurement positions and the
boundary conditions for each test case. The position of the bearing was

changed according to the test case to confirm the dependence of the rail
fastener displacement on the geometrical change of the end of the
railway bridge under a static load. In the experimental cases, there are
four cases depending on the supporting condition of the right H-beam
and the distance from the end of the girder to the center of the bearing.
Case 1 and case 2 are the abutment model, and the distances from the
end of the girder to the center of the bearing are 950 mm and 1135 mm,
respectively (see Fig. 3(a)). Case 3 and case 4 are the pier model, and
the distances from the end of the girder to the center of the bearing are
950 mm and 1135 mm, respectively (see Fig. 3(b)). Also, in each case,
the distance between the supports of the girder is different.

A hydraulic actuator with a load capacity of 1000 kN was used for
the test and was installed at the center of the girder. A force control
process was adopted for the test. In the bridge abutment test, the load
was increased from 0 to 350 kN with intervals of 50 kN. From the pier of
the bridge, the load was applied to both sides of the girder and was
increased from 0 to 300 kN. During the test, the increased load is 50 kN
at each load step, which was applied with a loading speed of 5 kN/sec.
At each load step, the reading was taken manually after the data be-
came stable.

As shown in Fig. 4, displacement-measuring instruments (linear
variable differential transformers, LVDTs) were installed to measure the
behavior of the end of the railway bridge. The steel frame jig was

Fig. 3. Loading setup and instrumentation of the railway bridge model (unit: mm): (a) abutment model; (b) pier model.
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prepared so as not to interfere with the measurement of the rail dis-
placement (see Fig. 4(a)). The LVDTs were installed on the rail and
girder at the position of the rail fastener (see Fig. 4(b)). To compare the
finite-element analysis results with the experimental results, an LVDT
was installed at the center of each girder (see Fig. 4(c)). The displace-
ment of the rail and girder at the position of the rail fastener was
measured with CDP-10 LVDT [40]. The displacement of the center of
each girder was measured with CDP-100 LVDT [40]. The measurement
ranges of the CDP-10 and the CDP-100 are ± 5 mm and ± 50 mm, re-
spectively.

3. Finite-element analysis

3.1. Numerical model of rail fastening system

Currently, in the serviceability evaluation of the rail fastening
system on the slab track at the railway bridge ends, the stiffness of the
rail fastener is assumed to be linear [8,9]. In this study, a clamping-

force test [7,14,17,39,42–44] was performed to confirm the actual
stiffness of the rail fastening system. The method specified in the
Korean Railway Standard [43] and European Standard [44] was em-
ployed.

Fig. 5 shows a photograph of the clamping-force test of KR-II rail
fastening system [35–38] and its results. The test results were obtained
by measuring the displacement at four rail ends when the rail was lifted
upwards at a rate of 10 kN/min by installing a rail fastening system on a
0.5 m rail on a fixed concrete block (see Fig. 5(a)). The displacement of
the rail was measured with CDP-10 LVDT [40]. Three sets of rail fas-
teners were prepared to reduce the error, and three clamping-force tests
were conducted. The average of the results measured with four LVDTs
for each of the three clamping-force tests is shown in Fig. 5(b). In ad-
dition, a regression analysis result of three test results is shown.

Fig. 6 shows a comparison between the linear and nonlinear stiff-
ness models of the rail fastening system. The KR-II rail fastening system
has a maximum static vertical stiffness value of 30 kN/mm [35,36].
This value indicates the static vertical stiffness due to the compressive

Fig. 4. Overview of LVDT installation: (a) steel frame jig for the installation of the LVDTs; (b) LVDTs installed at the girder ends; (c) LVDT installed at the center of
the girder.
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load and is applied for the serviceability review of the railway bridge
ends [8,9]. In Fig. 6, the maximum static stiffness value according to
the conventional method [8,9] was used for the linear model and the
average of the three clamping-force test results was used for the non-
linear model. The compression zone represents the stiffness of the rail
pad, and the limited compressive displacement of the rail pad is set to
20% of the pad thickness [9,17,35–37] (i.e. 2 mm). Therefore, when the
rail fastening system was considered as the nonlinear model, the rail
fastener exhibited the nonlinear behavior under the uplift force, and
displacement of ≥2 mm did not occur under the compressive force.

3.2. Finite-element models (FEMs)

A finite-element analysis was performed to compare the results of
the experimental model. The finite-element model was also developed
using SAP2000 [41] under the same conditions used in the experi-
mental study. Table 3 presents the properties of the finite-element
model. An example of the finite-element models is shown in Fig. 7. The
rail and girder were modeled using three-dimensional beam elements.
The nonlinear stiffness model of the rail fastening system was simulated
using the multi-linear link of SAP2000 [41] with the load–displacement
curves shown in Fig. 6. A linear link was used in the linear stiffness
model of the rail fastening system, and its stiffness was 30 kN/mm
[35,36]. As the vertical displacement occurred on the rollers in the
experimental results, the rollers were replaced with a linear link in the
simulation. It was necessary to calibrate the displacement results of the
girder in the experimental model and in the finite-element model. The
stiffness value of the bearing was set via trial and error. The boundary
condition was adjusted such that the displacement results of the girder
in the experimental model and the finite-element model agreed with
each other. The stiffness of the bridge bearings was 250 kN/mm and
was identical for both linear and nonlinear stiffness models.

3.3. Model verification

As the first step of the numerical study, the FEMs for the test spe-
cimens case 1 and case 3 were developed to verify the numerical
method. Fig. 8 shows the displacement results of girder for the ex-
perimental model and the numerical model. Fig. 8(a) shows a com-
parison of the displacement results at the center and the end of the left
girder for case 1 under the concentrated load applied at the left girder.
Fig. 8(b) shows a comparison of the displacement results at the center
and the end of the right girder for case 3 under the concentrated loads
applied simultaneously to both girders. The “channel number” shown in
Fig. 8 is shown in Fig. 3. In Fig. 8(a), “Ch 9” represents the center
displacement of the left girder in the case of the bridge abutment, and
in Fig. 8(b), “Ch 16” represents the center displacement of the right
girder in the case of the bridge pier. The numerical and experimental
values of the vertical displacement are similar at each LVDT location.
Therefore, the finite-element models in this study can properly simulate
the test specimens and hence can be used to further investigate the
behavior of the railway bridge ends.

4. Results and discussion

4.1. Assumption for results analysis

It is difficult to measure the displacement of the rail fastening
system directly in the experimental model. The displacement results of
the rail fastening system at the end of girder are the results including
the displacement of the girder. This is because the displacement is

Fig. 5. (a) overview of the clamping-force test; (b) load-displacement curve
from the clamping-force test.

Fig. 6. Stiffness models of the KR-II rail fastening system for finite-element
analysis.
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measured through the LVDTs separated from the test specimen. Thus, it
is necessary to extract only the displacement results generated in the
rail fastening systems by using the displacement measured at the rail
and girder.

Fig. 9 shows an assumption to confirm the displacement results of
the rail fastening system in the experimental and numerical models.
Fig. 9(a) shows the cross section of the experimental model before and
after deformation of the bridge ends, and Fig. 9(b) shows its numerical
model. In the case, the rail pad and fastener were modeled as a link
(green line). Au and Bu are located in the center of gravity of the rail and
girder, respectively. The assumption is that there is no deformation of
the girder and the upward displacement occurs in the rail and fastener.
In this case, the upward displacement (df) of the fastener will be equal
to the rail displacement (dr), which applies equally to both the ex-
perimental and the numerical model. Eq. (1) shows a general formula
for calculating the displacement of the rail fastening system when de-
formation occurs in the girder.

= =d d A A B B( ) ( )f r D U D U (1)

where dr and df are the displacements of rail and fastener, respectively;
Au and Bu are the measurement points on the rail and girder under the

undeformed shape, respectively; Ad and Bd are the measurement points
on the rail and girder under the deformed shape, respectively.

If df is larger than zero, the rail fastening system is subjected to a
tensile force (i.e. upward displacement), and if df is smaller than zero,
the rail fastening system is subjected to a compressive force (i.e. com-
pressive displacement).

4.2. Displacement analysis of the rail fastening system

In this study, the experimental study was performed to confirm the
behavior of the rail fastening system on the slab track at the railway
bridge ends. The rail fastening system was considered as both linear and
nonlinear stiffness models in the FEMs. The displacement results of the
rail fastening system for the experimental and numerical models were
determined by Eq. (1).

Fig. 10 shows a comparison of the experimental results and the fi-
nite-element analysis results for the girder ends. In Fig. 10(a), the up-
ward displacement of the rail fastening system occurred mainly on the
right side of the bridge abutment part, and the largest upward dis-
placement occurred in the first rail fastening system at the bridge
abutment part (i.e., rail fastening system 5). The nonlinear model

Table 3
Properties of the girder and track.

Cross-sectional area (m2) Moment of inertia (m4) Elastic modulus (N/m2) Stiffness (kN/mm) FEM

Rail (60KR) 0.0773 3.064E−5 2.10E+10 – 3-D beam
Rail fastening system (KR-II) Linear – – – 30 (see Fig. 6) Linear link

Nonlinear – – – See Fig. 6 Multi-linear link
Girder (H-beam) 400 × 400 × 13 × 21 mm 0.0218 6.666E−4 2.091E+10 – 3-D beam
Bridge bearing 250 Linear link

Fig. 7. FEMs of the railway bridge model.
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considering the actual rail fastening system exhibited closer results to
the experiment than the linear model. The largest compressive dis-
placement occurred in the last rail fastening system of the left girder
(i.e., rail fastening system 4), and the maximum compressive dis-
placement was 2 mm for the nonlinear model. This is because the
compressive displacement of the nonlinear model was limited to 2 mm,

Fig. 8. Comparison of the experimental results and FEM results for the railway
bridge models: (a) case 1; (b) case 3.

Fig. 9. Assumptions for comparing the displacement results of the rail fastening system at the bridge ends: (a) experimental model; (b) numerical model.

Fig. 10. Comparison of the experimental results and FEM results for the girder
ends: (a) abutment model (load = 350 kN); (b) pier model (load = 300 kN).

D. Sung and S. Chang Engineering Structures 195 (2019) 84–95

91



as shown in Fig. 6. In Fig. 10(b), symmetrical displacement responses in
the case of the pier part appeared because the load was applied to the
left and right girders simultaneously. Compressive displacement oc-
curred in rail fastening systems 4 and 5, and upward displacement
occurred at rail fastening systems 2, 3, 6, and 7.

Figs. 11 and 12 show the upward displacements of the rail fastening
systems at the positions with large upward displacements, as shown in
Fig. 10. In Fig. 11, the upward displacement of the rail fastening system
in the experimental results is more similar to that for the nonlinear
model than to that for the linear model. In Fig. 12, there was little
difference between the results for the nonlinear and linear models be-
cause the displacement response was partially canceled out as the
concentrated load was applied to the left and right girders, as shown in
Fig. 10. Nevertheless, the upward displacement of the rail fastening
system at the piers also indicates that the nonlinear model exhibited
similar results to the experiment. In Fig. 12(a), the experimental results
show negative displacements below 150 kN. This is because the nega-
tive displacement of the girder was larger than the negative displace-
ment of the rail. The difference in slope at 150 kN in Fig. 12(c) occurred
because the displacement of the rail was not measured up to 150 kN.
Therefore, the nonlinear model of the rail fastening system simulated

the displacement response of the rail fastening system at the actual
railway bridge ends more accurately than the linear model.

4.3. Analysis of force acting on the rail fastening system

The reaction force of the rail fastening system was investigated
numerically. The reaction force of the rail fastening system in the
abutment model and the pier model is shown in Figs. 13 and 14, re-
spectively. Fig. 13 shows that the uplift force acting on the rail fastening
system in the abutment model was smaller in the nonlinear model than
in the linear model. In the case of the linear model, the uplift force was
concentrated on the first rail fastening system (i.e., rail fastening system
5) of the abutment part. On the other hand, in the case of the nonlinear
model, the uplift force seemed to be distributed to the rail fastening
systems (i.e., rail fastening systems 5, 6, and 7) of the abutment part.
Fig. 14 shows that there was no significant difference between the
linear and nonlinear models of the rail fastening system in the pier part.
This is mainly because the compressive force acted on the ends of the
girder and the rail fastening system did not operate up to the plastic
zone.

In the bridge abutment part, the uplift force acting on the rail

Fig. 11. Upward displacement of the rail fastening system in the abutment model: (a) position 5 of case 1; (b) position 6 of case 1; (c) position 5 of case 2; position 6
of case 2.
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fastening system 5 was increased when the position of the bridge sup-
port was away from the end of the girder (see Fig. 13(a) vs. (b)).
However, in the bridge pier part, the compressive force acting on the
rail fastening system 4 and 5 were reduced when the position of the
bridge support was away from the end of the girder (see Fig. 14(a) vs.
(b)). This indicates that the position of the bridge support is an im-
portant factor in evaluating the serviceability of the rail fastening
system on the slab track at the railway bridge ends. By reducing the
distance from the end of the girder to the bridge support, the force
generated in the rail fastening system on the slab track at the railway
bridge ends can be reduced. However, it should be noted that this can
affect the dynamic behavior of the railway bridges by increasing the
design length of the bridge.

Fig. 15 shows the simulated displacement and uplift force curve of
the rail fastening system 5 in case 1 (i.e. abutment model). The black
solid line indicates a load-displacement curve at the rail fastening
system 5 by the experimental model (i.e. case 1). This was calculated by
substituting the displacement measured at the rail fastening system 5
into the regression equation obtained from the clamping-force test (see
Fig. 5(b)). The blue cross in a circle and the red-purple1 circle marks
represent the results obtained using the linear and nonlinear stiffness
models, respectively. The serviceability evaluation of the slab track at

the railway bridge ends is based on the assumption that the rail fas-
tening system is linear [8,9]. In the clamping-force test, the limit value
of the uplift force of the KR-II rail fastening system was obtained as
20.19 kN (see Fig. 15). According to this limit value, the displacements
of the linear and nonlinear stiffness models were 0.67 and 2.27 mm,
respectively. Thus, the displacement was approximately 330% larger in
the nonlinear stiffness model.

Even if the serviceability criteria [8,9] of the rail fastening system at
the railway bridge ends is satisfied, the upward displacement can be
larger than the design value of the rail fastening system, as shown in
Fig. 15. Such large upward displacements occurring in the rail fastening
systems at railway bridge ends may cause plastic deformation owing to
the deviation of the rail fastening clip from the elastic region, resulting
in severe damage.

5. Conclusions

In this study, experimental and numerical studies have been carried
out to investigate the behavior of the rail fastening system on slab track
at the railway bridge ends. An experimental model test for the railway
bridge ends and a clamping-force test for the rail fastening system were
performed to verify the nonlinear behavior of the rail fastening system.
Additionally, the finite-element analyses considering the rail fastening
system as linear and nonlinear stiffness models were performed, and the
results were compared with those of the model test. The following
conclusions are drawn.

Fig. 12. Upward displacement of the rail fastening system in the pier model: (a) position 6 of case 3; (b) position 7 of case 3; (c) position 6 of case 4; position 7 of case
4.

1 For interpretation of color in Figs. 5 and 9, the reader is referred to the web
version of this article.
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(1) The results of the finite-element analysis using the nonlinear stiff-
ness model of the rail fastening system very well reflect the ex-
perimental results of the railway bridge. The nonlinear behavior of
the rail fastening system is investigated as one of the main factors to
be considered in the serviceability evaluation of rail fastening sys-
tems on the slab track at railway bridge ends.

(2) The largest uplift force acts on the first rail fastening system of the
bridge abutment part owing to the flexural behavior of the railway
bridge. In the case of the linear model, the uplift force is con-
centrated on the first rail fastening system of the abutment part. On
the other hand, in the case of the nonlinear model, the uplift force is
distributed to the rail fastening systems of the abutment part.

(3) The forces acting on the rail fastening system increase at the bridge
abutment part and decrease at the bridge pier part when the

position of the bridge support is away from the end of the girder.
(4) When the rail fastening system is considered as a nonlinear stiffness

model, the uplift displacement of the rail fastening system is con-
siderably larger than that in the case of the linear stiffness model.
Based on this conclusion it is proposed that in the field, a large
displacement exceeding the allowable limit value owing to the
nonlinear behavior of the rail fastening system can occur in the rail
fastening system, even if the design of the slab track at the railway
bridge ends is satisfied according to the current serviceability
evaluation method.

The findings of this study indicate that it is necessary to employ the
nonlinear behavior of the rail fastening system and investigate a dis-
placement-based design method of the rail fastening system when
evaluating the serviceability of the rail fastening system on the slab
track at railway bridge ends.

Fig. 13. Compression and uplift forces on the rail supports for each FEM in the
abutment model (load = 350 kN): (a) case 1; (b) case 2.

Fig. 14. Compression and uplift forces on the rail supports for each FEM in the
pier model (load = 300 kN): (a) case 3; (b) case 4.
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