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With dynamic behaviour different from that of traditional discretely supported tracks, continuously supported
embedded rail systems (ERSs) have been increasingly used in railway bridges, level crossings, trams, and highspeed lines. However, studies on ERSs have been limited, and none of them have addressed the wheel-rail
impact-induced dynamic response, although wheel-rail impact is a main cause of ERS degradation. This paper
studies, numerically and experimentally, the wheel-rail impact at an insulated rail joint (IRJ) used in the ERS. As
a weak spot of the track, the IRJ results in discontinuities in the track support stiffness and wheel-rail contact
geometry. This study first develops an explicit finite element model to simulate the vibration responses of the IRJ
in the ERS when excited by a hammer and passing wheel loads. The simulated dynamic behaviours (represented
by the hammer-excitation frequency response function) at a frequency up to 5 kHz and a wheel-rail impact
vibration frequency up to 10 kHz are then validated with a field hammer test and a train pass-by measurement,
respectively. Both the experimental study and numerical modelling reveals that the major frequencies of the
impact vibration at the IRJ in the ERS depend mainly on geometric irregularities in the IRJ region and the train
speed, rather than on the resonances of the track structure, as in the case of the discretely supported IRJ. This
finding is meaningful to the engineering practice because it indicates a continuously supported IRJ in the ERS is
more impact resistant, especially when the IRJ geometry is adequately maintained, e.g. by timely grinding.

1. Introduction
An embedded rail system (ERS) presents an innovative constraint
mechanism for the rail by providing continuous elastic support [1–3]. In
this system, the rail is enclosed and bonded by an elastic poured com
pound (EPC) in a steel or concrete groove (see Fig. 1). At the bottom of
the groove, a resilient rubber strip is used to provide track elasticity and
constrain the rail deflection in the vertical direction. Space-saving
components such as PVC tubes may be included in the groove to
conserve the EPC material and facilitate cable set-up. Compared with the
traditional track supported by sleepers and ballasts, the ERS reduces the
track height and weight and requires less maintenance work [4]. It also
has the advantage of providing an obstacle-free surface with a lower
construction height for crossing traffic. Owing to these advantages, the
ERS has been increasingly used in railway bridges, level crossings, trams
and high-speed lines since the 1970s [5–9]. It is, however, worth noting
that when severe degradation occurs, e.g., cracks and debonding [10],
the replacement cost of the ERS can be much higher than that of the
traditional track.
Degradation of the ERS generally happens much faster at wheel-rail

impact-exciting locations, typically insulated rail joints (IRJs), which are
used for train positioning, signal transmission and control. However, to
the best of our knowledge, none of the ERS studies [5–10] have
addressed the ERS response induced by wheel-rail impact. The IRJ is a
weak spot of the track structure because it introduces significant dis
continuities in the geometry and stiffness. When a train passes an IRJ,
large wheel-rail impact forces occur. These forces accelerate the
degradation of the IRJ and adjacent track components and excite highlevel impact vibration and noise, which is a nuisance to passengers and
residents close to the railway lines.
Extensive studies have been conducted on IRJs to reduce track
maintenance costs and environmental impacts [11–25]. Considering
that the wheel-rail contact geometry is discontinuous at an IRJ, the
traditional contact theories based on the non-conforming contact
assumption, e.g., Hertzian contact theory [26] and Carter’s theory [27],
are no longer effective for the prediction of the contact stresses in the IRJ
region [28,29]. Moreover, the wheel-IRJ impact vibration has highfrequency (up to 10 kHz) characteristics [23] and is difficult to accu
rately predict with multi-body dynamic models in which rails are treated
as beams [30,31]. To address the aforementioned two issues, the explicit
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2. Modelling of wheel-EIRJ interactions
2.1. Field conditions of the target EIRJ
An EIRJ on the Moerdijk bridge in the Netherlands is selected as the
study target. The Moerdijk bridge is a 1026-m-long steel railway bridge
that connects the mainline Rotterdam-Dordrecht of the Dutch railway
network. The ERS is used on the bridge (see Fig. 2(a)) with unidirec
tional traffic and a maximum operating speed of 140 km/h. The crosssection of the ERS is shown in Fig. 1. The rail profile is UIC 54E1 with
an inclination of 1/40. The EPC in the steel groove is Corkelast devel
oped by the edilon)(sedra company. The Trackelast rubber strips are
glued in the groove to mainly provide vertical track elasticity. The ERS
on this bridge was renewed in July 2017, and the measurements
involved in this study were conducted one year after renewal. Because
the measured vibration responses of the four EIRJs at the same crosssection of the ERS showed similar dynamic characteristics, one of
them, marked by the yellow frame in Fig. 2(a), was chosen as the target
EIRJ and analysed in this paper. Fig. 2(b) depicts the close-up of the
target EIRJ. Some wear, but no severe damage, was found on the joint
and the adjacent track.

Fig. 1. The cross-section of the ERS.

finite element method (FEM), which can handle wheel-rail dynamic
interactions with arbitrary contact geometry and high-frequency dy
namic effects, has been widely employed in the study of wheel-IRJ im
pacts [12,16,22–25].
However, existing studies focus only on discretely supported IRJs, i.
e., IRJs in traditional tracks supported by sleepers. This study in
vestigates the wheel-rail impact at a continuously supported IRJ in the
ERS, or EIRJ, for short. The crucial difference between the dynamic
behaviour of the continuously supported EIRJ and the discretely sup
ported IRJ in the traditional track causes different wheel-rail impact
behaviours, i.e., the impact force and the consequent vibration and
noise. This study thus investigates the wheel-EIRJ impact in two aspects:
the dynamic behaviour of an EIRJ as the cause and the wheel-rail impact
vibration at the EIRJ as the consequence.
By developing a 3D explicit finite element (FE) vehicle-EIRJ inter
action model, this study simulates the vibration response of an EIRJ
excited by a hammer and by a passing wheel. In the EIRJ model, the rail
is supported ‘continuously’ by parallel spring-damper element pairs in
three dimensions. A field hammer test is performed to calibrate the
parameters of the spring-damper elements [32,33] and to ensure that
the dynamic behaviour (represented by the hammer-excitation fre
quency response function (FRF)) of the target EIRJ up to 5 kHz is
properly modelled. The simulated wheel-rail impact vibration up to 10
kHz is then validated with a train pass-by measurement at the target
EIRJ. By comparing the dynamic behaviour and the impact vibration of
the EIRJ to those of the discretely supported IRJ reported in [23], this
study finds that the dominant frequencies of the impact vibration at the
EIRJ depend mainly on the geometric irregularities in the IRJ region and
on the train speed rather than on the resonances of the track structure, as
in the case of the discretely supported IRJ.

2.2. The FE vehicle-EIRJ interaction model
A 3D FE vehicle-EIRJ dynamic interaction model was developed, as
shown in Fig. 3. A Cartesian coordinate system is adopted in the model,
where the ×, y and z axes are oriented in the longitudinal (rolling),
lateral and vertical directions, respectively. This model consists of three
parts: a vehicle model, an EIRJ model and a wheel-rail contact model.
The vehicle was modelled by a half-wheelset with the sprung mass of the
car body and bogie supported by the primary suspension. The simplifi
cation of the vehicle without considering the secondary suspension is
acceptable in the wheel-rail impact analysis because the vibration of the
sprung mass on the secondary suspension has a negligible effect on the
wheel-rail high-frequency dynamic interaction [34]. The wheel was
modelled using 8-node solid elements, and the conicity of the wheel
tread is 1/40, corresponding to that at the centre tread of a passenger car
wheel of the Dutch railway with the standard profile of S1002.
The car body and bogie were modelled by eight mass elements
connected to eight nodes on the central line of the wheel axle by vertical
spring-damper pairs (for each, the stiffness = 1.15 MN/m and the
damping = 2.5 kNs/m) serving as the primary suspension, as shown in
Fig. 3. In the FE modelling, applying a load to discrete solid element
nodes (in this case, the eight nodes on the central line of the wheel axle),
rather than to a continuum as in real life, may cause unrealistic local
deformations, even the error ‘negative volume’, i.e., the deformation is
so significant that it exceeds the size of the element and the normal of the
bounding face is towards the inside. How large the unrealistic defor
mation is induced depends mainly on the value of the load, the material

Fig. 2. The field condition of the target EIRJ. (a) An overview of the ERS on the Moerdijk bridge and the location of the target EIRJ; (b) A close-up of the target EIRJ.
A 3D accelerometer was mounted on the field side of the rail head after the joint to measure train pass-by vibration.
2
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Fig. 3. The 3D FE vehicle-EIRJ dynamic
interaction model. (a) Front view and a
close-up of the track model. (b) Side view
and a close-up of the EIRJ model. The ERS
support was modelled with parallel springdamper element pairs in the vertical, longi
tudinal and lateral directions. Non-uniform
meshing was used: the element sizes in the
wheel-rail contact solution zone, transition
zones and normal zones were 1 mm, 5 mm
and 10 mm, respectively. The measured rail
geometry was adopted in the solution zone,
and the nominal rail geometry was used in
the transition and normal zones.

properties of the elements as well as the number of the element nodes
subjected to the load. In the simulation of wheel-rail contact, the sprung
mass (approximately 10 tons for the Dutch passenger trains) and the
material properties (see the nominal values of steel in Table 1) are set.
By distributing a load to more element nodes, the load applied to each
node and the consequent unrealistic deformations of elements can be
reduced. ‘Negative volume’ was observed when distributing the sprung
mass to a small number (1 ~ 4 in this simulation case) of element nodes.
This error can be reflected by a dramatic reduction of the computation
time step, which is determined by the smallest element dimension to
guarantee the stability of the explicit integration [35]. Extensive FE
studies on the wheel-rail dynamic contact have shown that when the
sprung mass is distributed to eight nodes, unrealistic local deformations
have a negligible effect on the simulated wheel-rail contact solutions
[24,34] and wheel/track structural dynamic responses [23,36,37].
Therefore, eight element nodes were used in this study to bear the load
from the sprung mass. It can be expected that when the simulation re
sults of interest rely heavily on the stress/strain of the elements where
unrealistic deformations happen, e.g. cracking of the wheel axle, more
element nodes are needed to further reduce the unrealistic
deformations.
The distance from the wheel central plane to the closest springdamper pair is 0.11 m, and the distance between each two adjacent
spring-damper pairs is 0.024 m. The displacements of the mass elements
were constrained in the lateral direction. In the rolling direction, the

mass elements were coupled to each other, as well as to the connected
nodes at the wheel axle centre (i.e. the mass elements and the connected
nodes have the same motion). Symmetric boundary conditions were
applied on the wheel axle to constrain the lateral movement.
The ERS was modelled as a 10-m-long half-track with an IRJ in the
middle. The IRJ is composed of two fishplates and a 6-mm-wide gap. The
fishplates were modelled with their nominal geometry using 8-node
solid elements and in an integrated mesh with the rails. The fishplates
are symmetrical about the joint gap and their dimensions (height = 0.11
m, thickness = 0.05 m and length = 0.65 m) are denoted in the close-ups
in Fig. 3. The point coordinates (y, z) of the fishplate cross-section in the
yz-plane are given: A = (− 0.054,0.113), B = (− 0.031,0.123), C =
(− 0.012, 0.115), D = (− 0.006, 0.107), E = (− 0.008, 0.039), F =
(− 0.018, 0.024), G = (− 0.048, 0.014), H = (− 0.057, 0.053). The origin
of the coordinate system O = (0,0) is at the centre of the rail bottom. The
insulation layer between two rail ends was not modelled because of its
much lower elastic modulus compared to the rails. This simplification
has been proven to be appropriate for IRJ modelling [23,24]. The rail
was modelled using 8-node solid elements, and the rail profile corre
sponds to the nominal UIC 54E1 profile. Non-uniform meshing was used
for the rail to achieve accurate solutions with reasonable model size. The
element sizes in the wheel-rail contact solution zone, transition zones
and normal zones, indicated in Fig. 3(b), are 1 mm, 5 mm and 10 mm,
respectively. The support of the ERS was modelled with parallel springdamper element pairs in the vertical, longitudinal and lateral directions
based on the experimental results (which will be shown later in Fig. 6)
that only one pronounced resonance—rail mass on the vertical support
stiffness of the ERS—is observed below 5 kHz. The longitudinal distance
of each two adjacent spring-damper pairs is 10 mm. The top end of a
spring-damper pair was connected to the rail node, and the bottom end
was fixed. The stiffness and damping parameters were calibrated by the
best fitting of the simulated FRFs to the measured results [32,33], as
shown in detail in Section 3.3. The support stiffness was calibrated by
fitting the simulated and measured resonance frequencies (positions of
the FRF peaks), and the damping values were calibrated by fitting the
sharpness of the FRF peaks. In this study, the parameters were fitted
manually by trial and error with a step of 5 MN/m/m for stiffness and 5

Table 1
Values of the parameters used in the FE vehicle-EIRJ model.
Component

Parameter

Value

Rail, fishplate, wheel

Young’s modulus
Poisson’s ratio
Density
Vertical stiffness
Vertical damping
Longitudinal stiffness
Longitudinal damping
Lateral stiffness
Lateral damping

210 GPa
0.3
7850 kg/m3
150 MN/m/m
45 kN⋅s/m
40 MN/m/m
105 kN⋅s/m
65 MN/m/m
80 kN⋅s/m

ERS support
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symmetric cross-sections after the joint: close to (approximately 15 mm
away from) the rail ends (S3 and S4), above the outer bolts of the fish
plates (S2 and S5), and 0.6 m away from the joint (S1 and S6), where
different vibration responses are expected. The diameter of the bolts is
45 mm, and the bolt positions can be found in Fig. 4.
The hammer excitations in the vertical direction were conducted as
close as possible to accelerometers S3 and S4, as indicated by the red
arrows in Fig. 4. At each hitting position, the excitations and responses
of five impacts were recorded. Two types of hammers were used to
excite the target EIRJ in a broad frequency range. A big hammer (PCB
086D50) with a softer tip was employed to provide low-frequency ex
citations, and a small hammer (PCB 086D05) with a harder tip was used
to give high-frequency excitations. The upper limits of the valid fre
quency ranges (3 dB drop [44]) excited by the big and small hammers
are 600 Hz and 5 kHz, respectively. Therefore, in the experimental re
sults, the valid frequency range was between 100 Hz and 5 kHz. The
lower frequency limit was 100 Hz because the big hammer might not be
able to fully excite the steel bridge, which influences the dynamic
behaviour of tracks at low frequencies [45]. The ambient temperature
was approximately 15 ◦ C.

kN⋅s/m for damping. The calibrated stiffness and damping parameters
and the nominal material properties of the wheel, rails, and fishplates
are listed in Table 1.
The wheel-rail contact model applied an automatic surface-tosurface contact scheme based on the penalty contact algorithm [35].
The rail surface was treated as the master surface, and the wheel surface
was treated as the slave surface. The wheel-rail friction coefficient was
0.35 [34]. No geometric irregularities were applied to the wheel-rail
contact surface except in the solution zone close to the gap of the rail
model. The measured geometry of the target EIRJ (see Section 4.1) was
adopted to reproduce a realistic wheel-rail contact.
An implicit-explicit sequential approach was employed in the
simulation to minimise the solution time and the dynamic effects during
the initialization of wheel-rail interaction [35]. In the implicit calcula
tion, the vehicle-EIRJ system reached an equilibrium state under grav
ity. The calculated nodal displacement was subsequently inputted as an
initial condition of the explicit calculation of the vehicle-EIRJ dynamic
interaction. In the explicit calculation, initial forward translation and
rotation velocities were prescribed to the wheel model to initiate rolling
motion. The same initial translation velocity was applied to the car body
and bogie. The wheel was subsequently driven by a torque (19 kN⋅m)
applied on the axle to roll along the rail from the initial position towards
the joint 1.326 m away, thus generating a wheel-rail traction force. The
simulated wheel rolling distance is 1.625 m. The adopted integration
time step was sufficiently small (79 ns) to ensure the stability of the
integration and the contact [35].
The validation of the 3D FE vehicle-EIRJ model requires the vali
dation of the three parts of the model. The dynamic behaviour of the
wheel was validated by a modal analysis up to 5 kHz in [23]. The explicit
FE wheel-rail contact model has been systematically verified with Hertz
theory, Spence solution, Cattaneo solution and Kalker’s CONTACT
[34,38–43]. Therefore, the remaining task is to validate the dynamic
behaviour of the newly developed EIRJ model.

3.1.2. Experimental results
After the synchronised acquisition of the acceleration and force
signals, the FRF can be calculated by Eq. (1) [46]:
Hij (f ) =

Sai Fj (f )
SFj Fj (f )

(1)

whereHij (f) is the FRF measured with the accelerometer Si (i =
1,2,3,4,5,6) when hitting the position close to the accelerometer Sj (j =
3,4); Sai Fj is the cross-spectrum between the force Fj and the acceleration
ai, and SFj Fj is the auto-spectrum of the force Fj. When the accelerometer i
and the hitting position j are in the same location, Hij (f) is called direct
accelerance; otherwise, it is called transfer accelerance.
Fig. 5 shows one example of the measured FRFs (H33) excited by the
big and small hammers. Above 1 kHz, the accelerance obtained with the
big hammer fluctuates significantly and is much lower than that ob
tained by the small hammer, indicating that the big hammer cannot
sufficiently excite rails above 1 kHz [44,45]. The accelerance excited by
a small hammer is slightly larger than that excited by a big hammer at
frequencies lower than 300 Hz, probably because the small hammer
cannot fully excite the substructure, and thus, more excitation energy is
absorbed by the rail. Therefore, the combination of the red FRF curve
(obtained with the big hammer below 500 Hz) and the blue FRF curve
(obtained with the small hammer between 500 Hz and 5 kHz) is
considered the FRF of the target EIRJ.
The measured accelerances at the positions of accelerometers S1–S6
under vertical hammer excitation at position 3 are shown in Fig. 6. The
vertical dynamic behaviour of the EIRJ can be analysed approximately
in four frequency ranges: 100–400 Hz, 400 Hz–2 kHz, 2–4 kHz and 4–5
kHz, as divided by the red lines in Fig. 6. In the frequency range
100–400 Hz, the phases at these six positions are close to each other,

3. Experimental study on the dynamic behaviour of the EIRJ
Hammer tests have been widely used to study the dynamic behaviour
of track structures and to identify the in-service track parameters [44].
We performed hammer tests in this study not only to validate the FE
EIRJ model but also to gain insights into the dynamic behaviour of the
target EIRJ. The vertical and lateral FRFs of the EIRJ up to a frequency of
5 kHz were obtained, and the proposed EIRJ model was then calibrated
and validated in the vertical and lateral directions. The longitudinal
dynamic behaviour of the EIRJ was not measured because of the diffi
culty of applying longitudinal excitation to the rail head.
3.1. Hammer tests in the vertical direction
3.1.1. Set-up of the hammer test
Fig. 4 shows the set-up of the vertical hammer test. Six unidimen
sional accelerometers were used, denoted by S1–S6 in Fig. 4. They were
placed on the rail top at three cross-sections before the joint and at

Fig. 4. The set-up of the hammer test in the vertical direction. Six 1D accelerometers were placed on the rail top and are denoted by S1–S6 along the traffic direction.
S1 and S6 are 0.6 m away from the joint; S2 and S5 are above the outer bolts of the fishplates; S3 and S4 are close to the rail ends. The two red arrows indicate the
hammer excitations in the vertical direction, conducted as close as possible to accelerometers S3 and S4.
4
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accelerances H13 H23 H33 at approximately 2100 Hz and a dip at
approximately 2800 Hz are not observed in the accelerances H43 H53
H63. We can thus conclude that this difference is caused by the existence
of the IRJ, which leads to a support stiffness discontinuity of the ERS. In
the frequency range of 4–5 kHz, the direct accelerance H33 is larger than
the transfer accelerances at positions 1, 2, 4, and 6, which could be
caused by the rapid decay of near-field waves at position 3. Accelerance
H53 has a conspicuous resonance peak at approximately 4100 Hz,
possibly due to a local defect at position 5.
Fig. 7 compares the direct and transfer accelerances at positions 3
and 4. The good agreement of the direct accelerances H33 and H44 in
dicates a good symmetry of the ERS with respect to the IRJ. This also
suggests that the track support degradation of the target EIRJ from the
wheel-rail impact is still insignificant. The good agreement of the
transfer accelerances H34 and H43 indicates that reciprocity can be
observed at the target EIRJ.
3.2. Hammer tests in the lateral direction
3.2.1. Set-up of the hammer test
Fig. 8 shows the top-view set-up of the hammer tests in the lateral
direction. A 3D accelerometer (see also Fig. 2(b)) was mounted on the
field side of the rail head 80 mm away after the EIRJ. The lateral
hammer excitations were conducted on the gauge face of the rail close to
the joint at the same cross-sections as the vertical ones, denoted by the
two red arrows in Fig. 8. Only the small hammer was used for the lateral
excitations because of the limited hitting areas on the rail gauge face.

Fig. 5. A comparison of the accelerances of the EIRJ measured with the big and
small hammers. The red curve obtained with the big hammer below 500 Hz and
the blue curve obtained with the small hammer above 500 Hz constitute the
FRF of the target EIRJ.

3.2.2. Test results
Fig. 9 shows the lateral accelerances excited at positions 3 and 4 and
measured by the 3D accelerometer (shown in Fig. 8). Below 500 Hz, the
lateral accelerances and phases in these two cases basically overlap with
each other, indicating in-phase movement on both sides of the EIRJ. The
lateral rail resonance, which occurs at approximately 120 Hz, is less
pronounced than the vertical resonance. In the frequency range of
500–2600 Hz, the accelerance by the excitation at position 3 is larger
than that at position 4, and at higher frequencies, the opposite tendency
is found. With these two adjacent excitation positions before and after
the EIRJ, this difference should be related to the support stiffness
discontinuity of the ERS at the IRJ. Comparing Fig. 9 with Fig. 6, it is
found that the general accelerance level of the EIRJ in the lateral di
rection is higher than that in the vertical direction.
3.3. Calibration and validation of the EIRJ model

Fig. 6. A comparison of the measured accelerances with the six accelerometers
S1–S6 under the vertical hammer excitations close to accelerometer S3. The
legend Hij denotes the FRF measured with the accelerometer Si (i = 1,2,3,4,5,6)
when hitting the position close to the accelerometer Sj (j = 3,4).

To calibrate the vertical stiffness and damping of the ERS, the ver
tical accelerances simulated with the EIRJ model are fitted to the
measured results at the six positions, as shown in Fig. 10. The excitation
was performed vertically at position 3. As depicted in Fig. 10, good
agreement between the simulation and the measurement is achieved at
all six positions up to 5 kHz, which indicates that the proposed model is
capable of accurately simulating the high-frequency dynamics behav
iour of the EIRJ. The rail resonance at 260 Hz was well reproduced in the
simulation by the calibrated parameters of the vertical stiffness and
damping listed in Table 1. The differences between the accelerances
before the EIRJ (H13 H23 H33) and after the EIRJ (H43 H53 H63) in the
frequency range of 2–4 kHz were also identified in the simulation. These
results indicate that the EIRJ model can accurately simulate vibration
transmission from one rail to the other. The conspicuous resonance peak
at approximately 4100 Hz in H53 was not found in the simulation. One
possible reason is that some local defects happen at position 5, leading to
a local resonance. It is worth noting that oscillations are observed in the
simulated accelerances in the frequency range of 600 Hz–3 kHz, whereas
the measured curves are relatively smooth. These phenomena have been
reported in [23], and are considered to be related to the finite track
model length.

indicating the in-phase movement of the whole ERS. The accelerance
level decreases from the cross-section of the rail end where the excita
tion was conducted to positions away from the joint, which is caused by
vibration energy decay during propagation. A dominant frequency at
260 Hz is observed by all the accelerometers, corresponding to a reso
nance of the rail mass on the vertical support stiffness of the ERS [44].
In the frequency range of 400 Hz–2 kHz, the accelerances at the six
cross-sections along the rail almost overlap with each other, indicating
that the rail vibration decays insignificantly in this frequency range. The
phase lags at these six positions show a remarkable difference with
increasing frequencies, which suggests different propagation velocities
of vibration at various frequencies. This is because the vertical vibra
tional waves in the rail are dispersive [47], and thus, the phase velocities
change at various frequencies.
In the frequency range of 2–4 kHz, the accelerances of the ERS before
the joint (H13 H23 H33) have similar tendencies, which are, however,
greatly different from those after the joint (H43 H53 H63). The peak of
5
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(a)

(b)

Fig. 7. Comparisons of the measured accelerances with accelerometers S3 and S4 under vertical excitations close to each of them. Hij denotes the FRF measured with
the accelerometer Si (i = 3,4) when hitting the position close to the accelerometer Sj (j = 3,4). (a) Comparison of the direct accelerances measured with acceler
ometers S3 (H33) and S4 (H44). (b) Comparison of the transfer accelerances H43 and H34.

Fig. 8. Top view of the set-up for the hammer test in the lateral direction. A 3D accelerometer was placed on the field side of the rail head 80 mm away after the joint.
The hammer excitations were conducted in the lateral direction at the same cross-sections as the vertical hammer tests (the cross-sections are close to the 1D ac
celerometers S3 and S4, denoted by Position 3 and Position 4).

The closest fits of the simulated to the measured lateral accelerances
by the lateral excitation at positions 3 and 4 are shown in Fig. 11.
Reasonable agreement between the simulation and the measurement is
achieved up to 5 kHz. The lateral rail resonance at approximately 120 Hz
is reproduced in the simulation, but the peaks are less sharp than the
measurement results. The difference in the accelerances above 500 Hz
between the two excitation positions is also reproduced, which is caused
by the support stiffness discontinuity at the EIRJ. The oscillations in the
simulated lateral accelerances and phase in the frequency range of 500
Hz–2 kHz have also been found in the simulated accelerances of the
traditional discretely supported IRJ [23]. This could be caused by the
finite track model length as in the vertical direction accelerances and/or
the simplification of the lateral ERS support, which does not include a
lateral constraint of the rail web in the model.
3.4. Discussion
In this section, the proposed EIRJ model was calibrated and vali
dated by a field hammer test. The model was proven to be capable of
simulating the high-frequency dynamic behaviour of the EIRJ in the
vertical and lateral directions. A rail resonance was found at 260 Hz in
the vertical direction and at 120 Hz in the lateral direction. Compared to
the traditional track, the 1st and 2nd pinned–pinned resonances [23,48]
in the vertical and lateral directions are avoided by the continuous

Fig. 9. Comparison of the lateral accelerances measured with the 3D acceler
ometer under hammer excitations at Positions 3 and 4.
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 10. Comparisons of the simulated and measured accelerances at the positions of accelerometers S1–S6 under vertical hammer excitations close to accelerometer
S3. Hi3 (i = 1,2,3,4,5,6) denotes the FRF measured with accelerometer Si when hitting the position close to accelerometer S3. (a) H13; (b) H23; (c) H33; (d) H43; (e) H53;
and (f) H63.

(a)

(b)

Fig. 11. Comparison of the simulated (Sim-) and measured (Mea-) lateral accelerances at the position of the 3D accelerometer. (a) Under the hammer excitations at
position 3. (b) Under the hammer excitations at position 4.

support of the ERS. Therefore, the ERS may potentially mitigate the
corrugation [49] and noise [23,47] induced by the pinned–pinned
resonances.
The dynamic parameters of the ERS support in the vertical and
lateral directions were derived by fitting the simulations to field hammer
test results. The longitudinal parameters were calibrated by fitting the
simulated wheel-rail impact vibration to the measurement results in
Section 4.2. The obtained vertical and longitudinal dynamic stiffnesses
in this paper are approximately 1.5 times larger than the measured static

stiffness at 15 ◦ C [8]. The reason is that the stiffness of the viscous
material in the ERS, including the Corkelast (EPC) and rubber strips, is
frequency-dependent, in which the stiffness increases for higher fre
quencies [8]. In our case, the derived stiffness reflects the dynamic
behaviour of the ERS up to 5 kHz and thus corresponds to a larger value
than the static behaviour reported in [8]. This also suggests that using
frequency-dependent parameters in the simulation instead of constant
parameters may achieve a closer fit to the measurements, which could
be further analysed in future research.
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4. Simulation and measurements of wheel-IRJ impact vibration
at the ERS

4.2. Comparison of the simulated and measured impact vibrations
A pass-by measurement with a train speed of 130 km/h was con
ducted on the target EIRJ on the 22nd of June 2018. The vertical, lon
gitudinal and lateral impact vibrations were measured by the 3D
accelerometer shown in Fig. 8. The sampling frequency is 25.6 kHz.
The pass-by measurement was numerically reproduced by the pro
posed FE vehicle-EIRJ interaction model using the implicit-explicit
sequential approach mentioned in Section 2.2. Fig. 13, Fig. 14 and
Fig. 15 compare the measured and simulated wheel-rail impact vibra
tions in the vertical, longitudinal and lateral directions, respectively.
Each figure includes the time-history accelerations, the corresponding
power spectrum densities (PSDs) and wavelet power spectra (WPSs).
The average time-history accelerations and PSDs of four wheel passages
are provided to reduce the random errors caused by the wheel profile,
hunting motion and suspension. Fig. 13 shows that the simulated ver
tical impact vibration agrees excellently with the pass-by measurement
in both the time and frequency domains. Fig. 13(b) and (c) indicate that
the vertical vibration energy is mainly concentrated at two major fre
quencies of approximately 550 Hz and 7 kHz. The impact vibration with
a major frequency of 550 Hz has a duration of approximately 10 ms,
which is much longer than that of the rapidly decaying signal at 7 kHz,
as indicated by the white rectangles a and b in Fig. 13(c).
According to the measured EIRJ geometry and train speed, the two
major frequencies of 550 Hz and 7 kHz are believed to be excited by the
70-mm-long dip and the 6-mm-wide gap of the EIRJ based on the for
mula shown in Eq. (2):

In this section, we employ the vehicle-EIRJ interaction model to
simulate wheel-rail impact vibration at an IRJ supported by ERS. In this
simulation, a rail profile of the EIRJ measured with a 3D scanner is used
to represent the real wheel-rail contact geometry. The simulated vi
bration responses are then validated by a train pass-by measurement.
4.1. EIRJ geometry measurement
The surface geometry of the target EIRJ is measured with a laserbased 3D scanner (HandyScan) and then used in the vehicle-EIRJ
interaction model. In the measurement, the laser strips project a refer
ence on the rail surface, which is captured by two cameras. The precision
of the HandyScan is 30 µm in arbitrary directions. Fig. 12(a) shows the
measured 3D geometry. The longitudinal-vertical profiles extracted
from the rail top surface along the five yellow lines in Fig. 12(a) are
compared in Fig. 12(b). Line 1 is 7 mm away from the gauge side, and
the distance between two adjacent yellow lines is 8 mm. Line 2 is
approximately in the middle of the running band because of the asym
metric running band on the rail surface, as shown in Fig. 2(b). Fig. 12(c)
and (d) show the nominal (without wear and deformation) and
measured geometries of the EIRJ, respectively. The measured geometry
is used in the FE simulations. The measured profile of the EIRJ has a
major dip with a length of approximately 70 mm, as shown in Fig. 12(b).
This geometric discontinuity is caused by wear and plastic deformation
at the rail ends due to train passages. The maximum depth of the dip is
0.25 mm on Line 2. In addition, a smaller dip is found on the running
band (at the position of Lines 1–3) of the rail just after the joint.

f =

v
L

(2)

where f is the vibration frequency excited by the rail irregularity, v is the

Fig. 12. The rail geometry at the target EIRJ. (a) The 3D EIRJ geometry measured with a 3D scanner; the five yellow lines Line 1 ~ Line 5 on the rail top indicate the
cross-sections where the 2D geometries were extracted and compared. (b) The five measured 2D longitudinal-vertical rail profiles extracted on the rail top surface. (c)
The nominal EIRJ geometry without wear and plastic deformation. (d) The measured EIRJ geometry used in the FE simulations.
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Fig. 13. Comparison of the simulated and measured vertical wheel-rail impact vibrations. The curve ‘Average’ plots the average of the measured impact vibration
induced by the four passing wheels of one coach. (a) Time-history signals; (b) PSDs; and (c) WPSs. (The white dashed boxes indicate the dominant frequency
components of the signals).

train speed and L is the irregularity wavelength. The rail resonance
frequency at approximately 260 Hz is not observed in the measured and
simulated impact vibration signals. In other words, the major fre
quencies of impact vibration at the EIRJ depend mainly on the wheelrail contact geometry and train speed, rather than on the resonance
frequencies of the IRJ reported in [23] for the case of a traditional
discretely supported IRJ. A slight difference between the simulation and
measurement is found in Fig. 13(a) and Fig. 13(c), where the simulated
results underestimate the vibration responses after 0.013 s in the fre
quency range of 400–800 Hz. This may be caused by the larger vertical
damping of the ERS support in the simulation, which is derived by fitting
the simulated vertical accelerance to the hammer test measurement.
Agreement between the simulation and the measurement is achieved
in the longitudinal direction in terms of the acceleration amplitude,
major frequency components, and wavelet power, as shown in Fig. 14.
The major frequencies of the longitudinal impact vibration are at
approximately 550 Hz and 7 kHz, the same as those in the vertical di
rection, which should also be excited by the dip and gap of the EIRJ.
However, compared to the vertical direction, in which the wheel-rail
interaction mainly acts, the impact vibration energy at 550 Hz is
significantly smaller. The simulation overestimates the longitudinal vi
bration signals in the frequency range of 400 Hz–1 kHz, as shown by the
white dashed frame in Fig. 14(c). In this frequency range, the track
support plays an important role in the track vibration [47]; thus, the
difference between the simulation and the measurement may be caused

by the simplification of the ERS support in the model.
The simulated and measured impact responses in the lateral direc
tion are depicted in Fig. 15. Overall, reasonable agreement is achieved in
terms of the major frequency components of approximately 550 Hz and
7 kHz. Compared to that in the vertical and longitudinal directions, the
vibration energy in the lateral direction is considerably smaller, indi
cating a weak wheel-IRJ impact interaction. Therefore, the lateral vi
bration responses are more easily influenced by the randomness of the
traffic, such as wheel profiles, hunting motions and suspension condi
tions. This can be seen from the relatively poor repeatability of the four
measurement results. These random traffic factors cannot be considered
in the simulation, leading to difficulty in obtaining a good match be
tween the simulation and measurement.
5. Discussion
The dynamic behaviour and the wheel-rail impact response of the
proposed 3D FE vehicle-EIRJ interaction model were validated against a
field hammer test and a train pass-by measurement, respectively. The
model was further employed to analyse the reduction of vibration and
noise (the main advantage of ERS) as well as the formation mechanism
of EIRJ profile degradation (e.g., wear, plastic deformation) caused by
wheel-rail impacts. To study the material cracking and debonding in the
ERS, which are typical degradation types of ERS, a more complex model
with detailed modelling of the ERS components (i.e., the EPC, rubber
9

Z. Yang et al.

Engineering Structures 246 (2021) 113026

(a)

(b)

(c)
Fig. 14. Comparison of the simulated and measured longitudinal wheel-rail impact vibrations. The curve ‘Average’ plots the average of the measured impact vi
bration induced by the four passing wheels from one coach. (a) Time-history signals; (b) PSDs; and (c) WPSs. (The white dashed boxes indicate the dominant
frequency components of the signals).

strip, PVC tubes and steel groove) was built up, which has, however, not
been validated against field measurements because of the complexity of
the material properties and interfaces of the ERS components. In future
work, the test set-up reported in [33] can be applied to determine the
frequency- and temperature-dependent material properties of EPCs and
rubber strips. The treatment of the interfaces of the ERS components,
either by defining the contact or applying constraints, can then be
calibrated by hammer tests. Since the nonlinear material properties of
the polymer-based components and the nonlinear track support stiffness
can be fully considered, the detailed model is expected to provide more
accurate dynamic behaviour and impact responses of the ERS than other
models.

impact vibration was then validated by a train pass-by measurement
at the target EIRJ, and agreement up to 10 kHz was achieved between
the simulation and measurement. The major findings are summarised as
follows.
• The vertical dynamic behaviour of the EIRJ was characterised in four
frequency ranges: 100–400 Hz, 400 Hz–2 kHz, 2–4 kHz and 4–5 kHz.
The whole ERS vibrates vertically in phase at 100–400 Hz; the rail
vibration decays less significantly at 400 Hz–2 kHz in the EIRJ re
gion; the discontinuity of the support stiffness of the ERS at the IRJ
may cause significantly different vibration responses of the rails
before and after the joint at 2–4 kHz; and rapid decay of near-field
waves is observed at 4–5 kHz.
• The lateral dynamic behaviour of the EIRJ was characterised in three
frequency ranges: 100–500 Hz, 500–2600 Hz, and 2600 Hz–5 kHz.
The whole ERS vibrates laterally in phase at 100–500 Hz. The vi
bration level of the rail before the joint is higher than that after the
joint at 500–2600 Hz but lower at 2600 Hz–5 kHz. This difference is
probably related to the support stiffness discontinuity of the ERS at
the IRJ.
• Compared to the traditional discretely supported track, the contin
uously supported ERS does not have the 1st and 2nd pinned–pinned
resonances in the vertical and lateral directions and can thus avoid
the related track defects, vibration and noise.
• The wheel-rail impact vibration at the IRJ supported by the ERS has
two major frequencies at approximately 550 Hz and 7 kHz, which are

6. Conclusions and future work
This paper studied, numerically and experimentally, the wheel-rail
impact at an IRJ supported by an ERS, i.e., an EIRJ. A 3D explicit FE
vehicle-EIRJ dynamic interaction model was developed. The continuous
support of the ERS was modelled by parallel spring-damper element
pairs based on the hammer test. The result showed that only one pro
nounced resonance—the rail mass on the vertical support stiffness of the
ERS—was observed below 5 kHz. The EIRJ model was calibrated and
validated by a field hammer test in the vertical and lateral directions.
Good agreement between the simulated and measured hammerexcitation frequency response functions indicated that the proposed
model is capable of accurately simulating the high-frequency dynamic
behaviour of the target EIRJ up to 5 kHz. The simulated wheel-EIRJ
10
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(a)

(b)

(c)
Fig. 15. Comparison of the simulated and measured lateral wheel-rail impact vibrations. The curve ‘Average’ plots the average of the measured impact vibration
induced by the four passing wheels from one coach. (a) Time-history signals; (b) PSDs; and (c) WPSs. (The white dashed boxes indicate the dominant frequency
components of the signals).

excited by the 70-mm-length dip and the 6-mm-width gap, respec
tively, of the EIRJ with a train speed of 130 km/h.
• The major frequencies of the impact vibration at the continuously
supported EIRJ depend mainly on the geometric irregularities in the
EIRJ region and on the train speed, rather than the resonance fre
quencies of the track structure, as is the case of the discretely sup
ported IRJ. The EIRJ can thus be more impact resistant, especially
when the joint geometry is adequately maintained, e.g., by timely
grinding.
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