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ABSTRACT ARTICLE HISTORY

The continuous homogeneous rail constraint of embedded rail system Received 15 March 2022
(ERS) is realized by the encapsulation of rails with the elastic poured Revised 4 August 2022
compound (EPC) which is a composite material. Previous treatment of ~ Accepted 24 August 2022

EPC as linear elastic material was insufficient in the failure analysis of ERS. KEYWORDS

In this work, a hyperelastic model is developed to describe the mechanical Embedded rail system;
properties of the EPC with engineering strain up to 150%. Physical tests of elastic poured compound;
uniaxial tension, planar tension and quadruple shear are conducted. A 4- hyperelastic model; finite

parameter Ogden model is determined by curve fitting and validated with element method; failure

a progressive validation strategy, and then is applied to the failure analysis analysis; composite material
of ERS. It is found that the material nonlinearity of EPC contributes

noticeably to the decrease of the longitudinal stiffness of ERS. The 2

debonding is more probably caused by the failure of adhesive at the

interface between EPC and rail rather than EPC itself.

1. Introduction

Embedded rail system (ERS) is a type of non-ballast track structure that has so far mainly been used
in tram lines in urban areas [1,2]. To reduce noise and vibration, the rail is usually enclosed with
elastomers, including a rubber strip right under the rail and an elastic poured compound (EPC, also
called Corkelast [1]) which surrounds almost the whole rail except the rail head, as shown in
Figure 1. The rail and the elastomers are embedded together in a concrete or steel groove to provide
an obstacle-free surface for sharing road rights with road traffic and pedestrians. One more
distinguishing characteristic of ERS is its special rail support mechanism. Rather than the discrete
support by fasteners that the traditional railway tracks usually have, ERS is able to realize contin-
uous rail support by embracing along the rail with the homogeneous elastomers. ERS thus has no
additional dynamic force due to bending between discrete rail supports [1]. With this concept, the
application of ERS is extending to metros and high-speed railways [1]. Figure 1 shows its applica-
tion in a metro.

In addition to providing continuous homogeneous rail support, EPC plays a key role in
constraining rail deflection, inclination and longitudinal movement under train loading. With
various thickness and hardness, the rubber strip primarily serves to adjust the vertical track stiffness.
EPC is a multicomponent particle-reinforced composite, composed of rubber particles, polyur-
ethanes, cork and some other additives [1,3]. By thoroughly mixing the components with a certain
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Figure 1. Typical embedded rail system in a newly built metro in China.

ratio, the EPC is prepared in the liquid state, and solidifies gradually within several hours [3].
During construction, after geometry adjustment and stress free of the rail in the concrete groove in
the track slab, the EPC is poured into the groove and fills in all the void space. After solidification,
the spatial constraint on the rail is formed. Usually, the main composition of EPC is determined by
the need for track stiffness. In railway engineering, stiffness is one of the basic performance
parameters in track structure design [4-6]. Wang et al. [5] studied the reasonable track stiffness
and its design method for embedded rail structure used in metros. The elastic modulus of EPC was
roughly determined to be about 5-9 MPa on the condition that EPC could be considered as linear
elastic material.

In the literature, the EPC (or Corkelast) was usually considered as linear elastic or viscoelastic
material [7-15]. De Man et al. [10] investigated the dynamic behaviour of various ERS by hammer
tests and simulations. Zhao et al. [11]. developed a finite element model to predict the vibration and
noise response of an ERS. Han et al. [12] studied the effect of control measures on wheel/rail noise,
where the EPC was simulated in a mass-spring-damping subsystem, and represented by a mass and
several linear spring and damper pairs. Yang et al. [13] investigated the wheel-rail impact-induced
dynamic behaviour at an insulated rail joint used in ERS, and the linear viscoelasticity of EPC was
considered. Stancik et al. [14] investigated the effects of temperature and loading rate on the ERS,
where the nonlinearity of Corkelast was considered. However, these considerations are not enough
when large deformation happens. In the authors’ previous work [15], the failure behaviour of EPC
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was investigated and it showed that the linear elastic treatment of EPC failed to simulate the failure
behaviour because the EPC underwent large deformation.

Both quasi-static and dynamic rail movements can induce large shear deformation of EPC.
Because of the constraint of rail movements by the groove, the deformations of EPC are limited in
both the vertical and transverse directions. However, in the longitudinal direction, there is no
sufficient limitation to rail movements. Thus, EPC is possible to undergo large deformation under
longitudinal loads such as rail elongation or contraction due to temperature changes. Moreover, the
tests in [5] show that the EPC is able to return from large deformation to its initial configuration
without considerable permanent deformation when the load is removed. Thus, this behaviour of
EPC is typical hyperelasticity, similar to that of rubber or rubber-like materials, as described in
[16-18].

In recent decades, dozens of hyperelastic models have been developed [19-24], such as the
Mooney-Rivlin [25-28], Ogden [29], Yeoh [30] and Arruda-Boyce models [31]. However, EPC is
quite different from traditional rubber or rubber-like materials because EPC is a composite that
contains various materials with different properties. Determining a constitutive model of one
material is not sufficient to describe the behaviour of the whole composite [32,33]. Furthermore,
the mechanical properties of EPC, such as stretch strength and shear strength, show uncertainties in
lab tests most probably because of the multi-composition and tiny bubbles introduced in the
chemical reaction combining the prepolymer and the catalyst [3]. The situation could be even
more serious in practical complex constructions. All these factors make the hyperelastic modelling
of EPC different from that of traditional hyperelastic materials.

Based on finite strain theory (see Section 2), and temporarily considering the EPC composite as
a homogeneous continuous isotropic material, this paper explores a hyperelastic constitutive model
for EPC through basic mechanical tests, curve fitting within a 95% confidence interval (Section 3),
and model validation (Section 4). Finally, the developed hyperelastic model is applied into the
failure analysis of ERS under longitudinal force (Section 5).

2. Hyperelastic constitutive
2.1. Derivation of the stress—strain relationship

A hyperelastic material is still an elastic material but its stress—strain relationship is nonlinear
especially when the material undergoes large deformation. In hyperelastic constitutive, the stress—
strain relationship is derived from the strain energy density function ® based on the three strain
invariants I, I, I5, or principal stretch ratios A1, A5, A3 [16-36].

0D
S=r ()

O = @(11,12,13) or ® = @(Al,lz,A:{) (2)

where § is the second Piola-Kirchhoft stress tensor, and E is the Green-Lagrangian strain tensor.
The strain invariants and principal stretch ratios are linked by the right Cauchy-Green deforma-
tion tensor C or the left Cauchy--Green deformation tensor B.

Li=tr(C) =1 + 15+ 13
L =1[(tr(C))* — tr(C?)] = MA5 + M43 + 1343 3)
I = detC = J* = JI0;

where tr(*) is the trace function and J is the Jacobian determinant.
E, C and B are derived from the deformation gradient tensor F,
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_1(pT
E=1 (rF F-1I)
C=F'F (4)
B =FF"
where I is the identity tensor and
A 00
F=1{0 A O (5)
0 0 A;

In contrast to the second Piola-Kirchhoff stress tensor that relates forces and areas both in the
reference configuration, the Cauchy stress tensor o expresses the stress relative to the current
configuration, and

o = J 'FSFT (6)

From observations in our previous experiments [5,15], the EPC, as a rubber-like material, is
possibly incompressible and isotropic. Thus, to simplify the problem, the EPC is assumed to be
incompressible and isotropic. With these assumptions, the developed model matches well with the
test results. Therefore, for incompressible isotropic hyperelastic materials, a constitutive equation
can be given [16]

oo oo
oc=—-pl+2—B—2—B"! 7
R TR TS @)
where p is the indeterminate Lagrange multiplier that is associated with incompressibility.
Additionally, the incompressibility assumption makes J equal 1, namely 111,15 = 1.

2.2. Candidate models

The candidate models considered in this paper are among the most popular ones including the
Mooney-Rivlin models with 2, 3 and 5 parameters, respectively, the Ogden models with 1 and 2
terms, respectively, the Yeoh model with three parameters and the Arruda-Boyce model with 2
parameters. They are expressed as follows:

a. Mooney-Rivlin models:

1) with 2 parameters C;o and Cip:

®pry = Cio(l — 3) + Co (L — 3) (8)
2) with 3 parameters Cyo , Co; and Cy;:
Dy = Cro(l —3) + Co1 (L —3) + Cii (I — 3)(I, - 3) )

3) with 5 parameters Cio, Co; > Ci1, Cyo and Coy:
Dprs = Cro(I1 — 3) + Coi (I, — 3) + Cii (I, — 3)

2 2 (10)
(12 — 3) —+ CZO(II — 3) —+ Coz(Iz — 3)
b. Ogden models with parameters y; and «;
noPi e a; a;
Do, = Zizl « (Af +A5 +25 —3) (11)

wheren = 1, 2;
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¢. Yeoh model with 3 parameters C;, C, and C;
Oy = Cy (I — 3) + Co(I, — 3)> + C5(I, — 3)° (12)
Arruda-Boyce model with 2 parameters y and A,,

N

C; . .
Dpp=p Y _ 5 (I — 3) (13)
i=1 /lm
whereN=5, C1 :%76‘2 :%,C} :ﬁ7C4 :%,CS :675317950'

The main task in the development of a hyperelastic model is to determine the parameters of
a model function. Since the strain energy density function is based on strain invariants or principal
stretch ratios, it is possible to fit the parameters with a few deformation modes in some basic and
simple tests such as uniaxial tension or shear. Moreover, a hyperelastic model should operate
satisfactorily in as many deformation modes as possible.

In this paper, uniaxial tension, planar tension and quadruple shear tests are conducted, where
the first two are used for model development and the quadruple shear test is used for model
validation.

3. Mechanical tests and model selection
3.1. Uniaxial tension tests and planar tension tests

The strain rate is possible to affect the test results [37-39]. But to simplify the problem, the strain
rate is tentatively kept low with a crosshead velocity of 5 mm/min in both the uniaxial tension and
the planar tension tests. This quite low strain rate is suitable for the failure analysis of ERS (see
Section 5). All the tests are conducted in laboratory at a constant temperature of 20 °C. Thus, the
influence of temperature is also tentatively ignored. The effects of strain rate and temperature as
well as their coupling on the EPC will be investigated in the near future.

The uniaxial tension test specimens are dumbbell-shaped, and tailored according to Type 1 in
GB/T 528-2009 [40]. The test is performed on GOTECH AI-7000S testing machine and it is loaded
until each specimen breaks. The loading situation and test results are shown in Figure 2(a) and
Figure 2(b). As depicted in Figure 2(b), each specimen undergoes a relatively similar stress-strain
path. This means that the tests are repeatable and that the mechanical property of EPC is stable.
However, the final strength and final elongation when the specimens break vary considerably.

The specimens in the planar tension test are rectangular with dimensions of 80 mm x 100 mm X
2 mm. Each side along the stretch direction is assigned 30 mm as the clamping portion, cold bonded
with metallic strips, and the middle 20 mm is used as the stretching portion, then the aspect ratio is
5 (100 mm divided by 20 mm). There is no standard dimension of specimens for the planar tension
test. Duncan et al. [41] studied the influence of the aspect ratio of plane tensile specimens on test
results, and recommended aspect ratios ranging from 4 to 10. The loading situation and test results
in the current research are shown in Figure 2(c and d). Similar to the situation in the uniaxial
tension tests, with similar stress-strain paths, the planar tension tests also demonstrate good
repeatability. However, the final strength and final elongation when the specimens break vary
considerably.

Wang et al. [15] found that when the shear strain of EPC or rubber strip reaches 120%, there
should be material tear or interfacial debonding behaviour happening in the ERS. Thus, there is no
need to develop a constitutive model matching the entire stress—strain curve where the engineering
strain is up to 500%-700%. Furthermore, it seems difficult to obtain a uniform final strength or
elongation in the uniaxial tension or planar tension tests. Therefore, the strain scope of interest
could be limited to a smaller strain range, e.g. within 120%. In this work, to allow sufficient
clearance, the strain scope of interest is selected to be in the range of 0-150%. As shown in
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Figure 2(e and f), the stress—strain curves are captured within the engineering strain range

below 150%.

A 95% confidence interval is set in Figure 2(e and f). It can be seen that all the test results are
guaranteed to be within the 95% confidence interval of the average values within the 150%
engineering strain range. It should be kept in mind that the subsequently developed hyperelastic
constitutive model based on these test results within 150% engineering strain range would be
applicable only to the cases within the 150% engineering strain range, such as in the study on the
failure analysis of ERS in Section 5.
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3.2. Curve fitting

Based on the data measured in the uniaxial tension and the planar tension tests described above,
a set of parameters for each model mentioned in Section 2, is determined by regression analysis. In
curve fitting, the difference between the stress values of a measured curve and those derived from
a model equation should be minimized to an acceptable level.

The normalized least squares fitting method is applied, as expressed in [42]:

n . 2 . 2
Enorm = Z (l — Gut—m(l)) + (1 — M) — Minimum (14)

=1 Oute(i) Opre(i)

where €,,,,,, is the least-squares error, 7 is the number of measured data, 0, and 0y, are the
computed uniaxial tension stress and planar tension stress from a model equation respectively, and
Oue and o, are the averaged stress data in uniaxial tension tests and planar tension tests,
respectively.

To make no bias towards uniaxial tension or planar tension tests, the data measured in the
uniaxial tension tests should be treated with the same importance as that of the planar tension tests.
Thus, no weight is put to neither of them.

The parameters and least-squares error for each model obtained from the curve fitting are listed
in Table 1.

where Ogden4 represents the two-term Ogden model with 4 parameters, MR5 represents the
Mooney-Rivlin model with 5 parameters, A-B represents the Arruda-Boyce model and so on.

In the regression analysis, nonlinear iterative calculation is necessary and different optimization
algorithms, such as Levenberg-Marquard, Nelder-Mead, Powell, CG and COBYLA, are compared
[43]. The curve fitting results could be slightly different when using different algorithms. The results
with a smaller least-squares error would be selected on the basic condition that the error difference
between the neighbouring iterations is less than 10~°,

To make it clearer, the models with parameters in Table 1 are illustrated in Figure 3.

It can be seen from Table 1 and Figure 3 that, the two-term Ogden model with 4 parameters has
the best fitting, followed by the Mooney-Rivlin model with 5 parameters. The Arruda-Boyce model
is not shown in Figure 3 because its fitting result is of poor quality and unacceptable. In the review
[20], all hyperelastic models are categorized into three types and the Arruda-Boyce model is a kind

Table 1. Parameters and least-squares errors obtained from curve fitting.

No. Model Parameters Parameter value Enorm

1 Ogden4 U 16.561 MPa 0.09434
a 0.225
U —0.082 MPa
a —-3.585

2 MR5 Cio 0.53982 MPa 0.17279
Cor 0.44032 MPa
Cao 0.10673
Ch —-0.40297
Co 0.26525

3 MR3 Cro 0.39394 MPa 0.20425
Con 0.59633 MPa
Ch —0.032945

4 Ogden2 U 705.896 0.87704
a 0.006

5 MR2 Cio 0.34013 MPa 2.63574
Cm 0.54568 MPa

6 Yeoh3 G 0.96302 MPa 5.19290
G -0.10117
G 0.0099733

7 A-B u 1.46503 MPa 12.19282

Am 24,433,637.029
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Figure 3. Curve fitting results: (a) uniaxial tension, and (b) planar tension.

of physically based model that associates the microscopic response of polymer chains in the
network. However, EPC is some kind of composite rather than a single component. Therefore, it
is difficult to simulate EPC with the Arruda-Boyce model, while the other phenomenological
models would be more suitable.

Comparing the top five models, it can be found that, a higher order model gives a better fitting
result. When taking the Ogden models as an example, the fitting result from 4 parameters (two-
term) is better than that from 2 parameters (one-term). Also, for the Mooney-Rivlin models, the
5-parameter model is better than the 3- or 2-parameter model. This is not difficult to understand
because, with more parameters, a model can express a larger set of curves, and eventually has the
stronger ability to more closely approach the measured curves. However, it is worth mentioning
that more parameters will entail higher computational cost.

From Figure 3, it can also be noticed that the fitting effect in Figure 3(a) is to some extent
different from that in Figure 3(b). For the uniaxial tension test, many of the models can obtain quite
good fitting results, but for the planar tension test, only the two-term Ogden model gets the perfect
fitting. This is usually the exact difficulty encountered when developing a hyperelastic model in
reality that it is easy to find a model operating perfectly in one deformation mode but it is always
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difficult to make that model operate also satisfactorily in other deformation modes. The final model
selection has to strike a balance among the fitting qualities of multifold deformation modes.

In view of the good fitting performance in both the uniaxial tension test and the planar tension
test, the two-term Ogden model with 4 parameters, henceforth called Ogden4EPC, is selected as the
most suitable hyperelastic model for EPC and brought into the next step: model validation.

4, Progressive model validation
4.1. Reproduction of the mechanical tests with the finite element method

In order to validate the material model Ogden4EPC, a finite element analysis (FEA) is conducted to
simulate the responses under the uniaxial tension and the planar tension tests. Since the material
model is developed based on the experimental results, the model should be suitable in FEA to
simulate the tests. Moreover, a quadruple shear test is performed and also simulated in FEA to
verify the predictions with the model. This is the progressive validation strategy in this section.

Figure 4 shows the FEA models developed in ANSYS and the simulation results. For the uniaxial
tension (see Figure 4(a)), the red parts are the clamped portion, and one side is rigidly fixed without
displacement in three directions while a distributed force is applied to the opposite side to stretch
the specimen. Only the deformation of the middle portion with a length of 25 mm is calculated for
engineering strain.

Similarly, for the planar tension (see Figure 4(b)), the purple parts are clamped, and only the
green part in the middle of the specimen is deformed under the pulling load. The FEA results are
shown in Figure 4(c). From Figure 4(c), compared with the test results, it can be concluded that
the simulation results reproduce the test results well, and also match the model equation curves
well.

4.2. Additional quadruple shear test and its reproduction

Figure 5 describes the quadruple shear test and its simulation in ANSYS.

In Figure 5(b), each test is carried out according to GB/T 12830-2008 [44]. Four blocks of EPC
with dimensions of 25 mm X 20 mm x 5 mm are formed when the liquid EPC solidified in the
mould that had been painted inside with adhesive that is usually used to enhance the bond between
EPC and rail. The two inside metal strips are pulled at a low strain rate with a crosshead velocity of
5 mm/min until the EPC tears itself or detaches from the metal strips.

Similar to the tension tests above, the shear tests could also only get similar stress-strain paths
but vary considerably at the final strength and final elongation (see Figure 5(c)). When the strain
goes up to high values, approximately above 150%, the curves become quite divergent. With the
same method as that used for the uniaxial tension and the planar tension tests, the stress—strain
curves obtained from the quadruple shear test are also captured within the 150% engineering strain
(see Figure 5(d)).

In the simulation of the quadruple shear test (see Figure 5(e)), the lower inside steel plate is
constrained with no displacement in three directions, while the upper inside steel plate is pulled
upwards gradually with the constraint of U, = U, = 0. It can be seen from the simulation result that,
as demonstrated in Figure 5(F), although the simulation results do not completely coincide with the
test results, the calculated stress—strain curve is still well enclosed in the 95% confidence interval
within the 150% engineering strain range.

With the good agreement between simulation and experimental results for uniaxial tension,
planar tension and quadruple shear tests, it is concluded that the constitutive model Ogden4EPC
can successfully describe the hyperelasticity of EPC. Subsequently, this hyperelastic model
Ogden4EPC will be applied into the failure analysis of ERS to study the influence of the hyper-
elasticity of EPC on the damage development in ERS.
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5. Application in failure analysis of ERS under longitudinal force
5.1. Experimental investigation on damage development in ERS

ERS is becoming widely used all over the world. Despite the many advantages of ERS, cracks and
debondings can often be found at many operating lines, as shown in Figure 6. Cracks can happen at
the interfaces between components and can also occur in EPC itself. Debondings are a more
detrimental form of damages at the interfaces where cracks are fully developed.

To better understand ERS and its damage development, a laboratory experiment was designed to
explore the initiation and growth of damage in ERS under longitudinal force [15]. In the experiment,
two 600 mm full ERS specimens were prepared. Each of them contained the main characteristics of ERS
and was pushed longitudinally via a load cell. The rail displacement was measured by displacement
metres and the deformation of EPC was captured by cameras from top and side views using the method
of particle image velocimetry & digital image correlation (PIV-DIC) [45,46], as shown in Figure 7.

In the experiment, it was found that the longitudinal stiffness of ERS is decreasing as the
longitudinal force increases. The stiffness decrease involves two factors. One is the material
nonlinearity (most probably hyperelasticity in this case) and the other is the development of cracks
and debondings in ERS.

It was found that the places where large shear deformation underwent were the most vulnerable
places, such as the rubber strip right under the rail. It is most probably that debonding first occurred
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between the rubber strip and concrete groove, then came to the rail foot at the interface between
EPC and the rail, and then the interface between EPC and the concrete groove.

Figure 8 shows the three debondings observed in the experiments.

In the previous simulations in [15], with a qualitative analysis, it was found that, at early stage, at
the place right under the rail, the rubber strip took the largest shear deformation and shear stress,
thus was the most vulnerable place. If the 1** debonding was pre-established, namely the rubber
strip was assumed to have debonded from the concrete groove before, then the interface between
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Figure 7. Experiment in the failure analysis of ERS under longitudinal force.

rail and EPC at the rail foot would be the most vulnerable place where it had the largest shear
deformation and shear stress. After that, the interface between EPC and concrete groove became
vulnerable. Therefore, roughly, the three debondings were confirmed in the previous simulations.

However, in the previous simulations in [15], the EPC was considered as a linear elastic material
that is based on an infinitesimal strain assumption. When the deformation is large, such as with
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Figure 8. Debondings in ERS observed in the experiments. (a) initial state; (b) the 1°* debonding at the interface between rubber
strip and concrete groove; (c) schematic diagram of the 1°* debonding at the rail free end; (d) the ond debonding at the interface
between the rail foot and EPC; (e) schematic diagram of the 1°* debonding at the rail push end; (f) the 3¢ debonding at the
interface between the EPC and the concrete groove.
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a strain more than 20%, the results would be not accurate or reliable any more. The developed
hyperelastic model in this work will overcome this limitation.

In the following subsections, the hyperelasticity of EPC will be fully considered to further explore
the debonding behaviours in ERS under longitudinal force. Moreover, a preliminary trial simula-
tion of crack propagation in ERS will be conducted to obtain more details of the failure at the
debonding interface between the rail and EPC at the rail foot.

5.2. Debonding behaviour in ERS under longitudinal force

With the selected hyperelastic model Ogden4EPC, the simulation of stiffness decrease of ERS under
longitudinal force is expected to give a more realistic result than the previous simulations in [15].
The finite element model is updated by applying the hyperelasticity of EPC, as shown in Figure 9.

In Figure 9, the rail is pushed by the longitudinal force F and the concrete groove is fixed at its
bottom to a rigid floor. In the finite element model, the 8-node solid element type is employed. The
dimensions of the smallest element are 3.2 mm x 3.3 mm x 20.0 mm (in the x, y and z directions,
respectively). This fine mesh for EPC lies in the vicinity of the rail foot and the concrete groove
corners, where relatively large shear strains were found in our previous experimental study [15].
The mesh size is determined through trial simulations. Coarse mesh will lead to inaccurate results,
while too fine mesh will cause a high computation cost. The current mesh size is a compromise of
these two considerations.

For the three debondings in Figure 8, in the FEA model, they are considered as three pairs of
contact interfaces coupled with friction, as shown in Figure 9(b). A penalty-based contact algorithm
is employed to calculate the contact force that is proportional to the penetrations [47,48]. The
debonding length L, at the rail foot is 30 mm and the debonding length L, at the concrete groove
corner is 81 mm. For the other interfaces without any pre-established debondings, the components
share nodes with their counterpart components, namely they have no relative displacement at the
interfaces [47,49].

The following simulations are performed to study the influences of different treatments of the
model in reproducing the experimental results: the treatment of EPC material as elastic or
hyperelastic, and then the debonding behaviours with different damage levels. In total, 7 cases are
considered as described in Table 2.

The material parameters of the other components are all the same in the 7 cases, as listed in
Table 3.

The numerical and experimental results are shown in Figure 10.

It can be seen from Figure 10 that, when the EPC is presumed to be linear elastic, the force-rail
displacement curve obtained from the simulation is almost linear (see the blue dot line in Case 1,
when the displacement is larger than 5 mm, the result is probably not reliable), while when the
hyperelastic model Ogden4EPC is employed for EPC, the simulation is able to give ‘logarithmic
shape’ lines, namely bending slightly (see the other cases except Case 1). These ‘logarithmic shape’
lines can better represent the experimental results, except for the different degrees of the bending.
Therefore, the application of hyperelastic model Ogden4EPC makes the simulation better than that
when EPC is considered as linear elastic material.

The bending of force-displacement curves means the longitudinal stiffness of ERS is decreasing.
The stiffness decrease involves not only the cracks and debondings in ERS but also the nonlinearity
of EPC (and rubber strip) which is shown from the numerical simulation. Furthermore, from
Case 2, via Case 3 and 4, to Case 7 (see the solid symbol lines in Figure 10), the bending becomes
more and more considerable. This can be explained that, with more pre-established debondings
(see Figures 8 and 9), the deformation would be larger, and correspondingly the effect of hyper-
elasticity is more obvious.

The simulations in Case 2, Case 3, Case 4 and Case 7 are still unable to perfectly represent the
experimental results. However, some conclusions can be drawn from them. Case 2 does not
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Figure 9. FEA model and considerations of debondings in the failure analysis of ERS under longitudinal force.

consider any pre-established debonding nor any crack or debonding during the loading process.
The difference between the simulation in Case 2 and the experimental result (1# or 2# Specimen) is
most probably due to the cracks and debondings those occur in ERS during the loading process. The
cracks and debondings can happen at the interface between the rubber strip and the concrete
groove, the interface between the EPC and the concrete groove, as well as the interface between the
EPC and the rail. In Case 3, Case 4 and Case 7, pre-established debondings are considered (see
Tables 2 and 3). The intersections between the three lines (orange, pink and cyan lines) in these
three cases and the experimental lines (black and red lines with hollow symbols), at the rail
displacement of about 8 mm, 12 mm and 26 mm, can be explained as three critical states. For
example, when the rail displacement is less than about 8 mm, the experimental lines are between the
green line and the orange line, thus the (1*) debonding between the rubber strip and concrete
groove is probably happening during this process. Similarly, when the rail displacement reaches
about 12 mm, the debonding level in the experiment could be close to that defined in Case 4, where
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Table 2. Descriptions of the 7 case studies.

Case

Descriptions

1

2

No debonding between any components;

EPC is presumed as linear material with an elastic modulus of 6 MPa(determined by trial simulations in [15]);

No debonding between any components;

Hyperelastic model Ogden4EPC is applied to EPC;

Rubber strip is not glued to the concrete groove but friction exists between them with a friction coefficient of 0.8
[50,51];

No debonding between the other components;

Hyperelastic model Ogden4EPC is applied to EPC;

Rubber strip is not glued to the concrete groove but friction exists between them with a friction coefficient of 0.8;
EPC is not glued to the rail at the rail foot but friction exists between them with a friction coefficient of 0.64 [50,52];
(L; =30 mm)

No debonding between the other components;

Hyperelastic model Ogden4EPC is applied to EPC.

EPC is not glued to the rail at the rail foot but friction exists between them with a friction coefficient of 0.64 [50,52];
(L; =30 mm)

No debonding between the other components;

Hyperelastic model Ogden4EPC is applied to EPC.

EPC is not glued to the concrete groove at the concrete groove corners but friction exists between them with
a friction coefficient of 0.8; (L, = 76 mm)

No debonding between the other components;

Hyperelastic model Ogden4EPC is applied to EPC.

Rubber strip is not glued to the concrete groove but friction exists between them with a friction coefficient of 0.8;
EPC is not glued to the rail at the rail foot but friction exists between them with a friction coefficient of 0.64;

EPC is not glued to the concrete groove at the concrete groove corners but friction exists between them with
a friction coefficient of 0.8; (L, = 76 mm)

No debonding between the other components;

Hyperelastic model Ogden4EPC is applied to EPC.

Table 3. Material properties of the components in ERS.

Elastic modulus Density

Components Linear/nonlinear (MPa) Poisson’s ratio (kg/m3) Debonding considerations

EPC Case 1 Linear 6 0.499 1000 No debonding
Case 2 Ogden4EPC / 0.499 1000 No debonding
Case 3 Ogden4EPC / 0.499 1000 1* debonding
Case 4 Ogden4EPC / 0.499 1000 1%t 4+ 2" debonding
Case 5 Ogden4EPC / 0.499 1000 2" debonding
Case 6 Ogden4EPC / 0.499 1000 3" debonding
Case 7 0Ogden4EPC / 0.499 1000 1542443 debonding

Rail Linear 2.06e5 0.3 7800 /

Rubber strip Linear 0.7 0.45 600 /

Concrete groove Linear 3.6e4 0.2 2400 /

the 1°* and 2™® debondings are both happened. When the rail displacement reaches about 26 mm,
the debonding level in the experiment could be close to that defined in Case 7, where all the three
debondings are happened. With more and accurate pre-established debondings, the debonding
process can be acquired and the debonding behaviour in ERS can be better understood. Comparing
the Cases 2, 3, 5 and 6, the contribution of each kind of debonding to the rail longitudinal
displacement is clear. The 1** debonding, at the interface between the rubber strip and concrete
groove, contributes the most, while the other two debondings, if without the 1* debonding,
contribute much less. This is because the most vulnerable part of ERS under longitudinal force is
the rubber strip that sustains the largest shear deformation among all parts.
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Figure 10. Force-rail displacement curves: simulation and experimental results.

5.3. Preliminary simulation of crack propagation in ERS

A debonding is actually a more developed state of cracks at an interface. To get more details of
a debonding at an interface, in this subsection, a preliminary simulation of crack propagation is
conducted.

Crack propagation in ERS is very complex because there are multiple types of materials and
vulnerable structural interfaces in ERS. In this preliminary simulation, the focus is on the EPC itself,
especially at the interface between the rail and EPC at the rail foot. The other components are
assumed to be with no failure.

An FE model similar to that in Figure 9(a) but with a much finer mesh at the rail foot and the
groove corner is created, as shown in Figure 11.

In Figure 11, the rail is gradually pushed with a longitudinal force F, while the concrete groove is
rigidly fixed to the ground. To get accurate results, the mesh should be sufficiently fine. The
dimensions of the smallest element are 0.6 mm x 0.7 mm X 12.5 mm (in the x, y and z directions,
respectively) in this trial simulation for the sake of computation time. The time step is 8.74 x 10™° s.

The model Ogden4EPC is applied to EPC thus the hyperelasticity can be fully considered. The
material properties of the other components are the same as those listed in Table 2.

The failure criterion is defined as

T > 2.0MPa (15)

where T is the maximal shear stress.

The value 2.0 MPa is approximately determined through the observations in the quadruple shear
test in Figure 5. When the shear stress is greater than 2.0 MPa, some minor failures could be
observed in the test.

Once the failure criterion is satisfied, the element will be deleted from the calculation. Through
this, the crack development can be determined. The crack propagation path in this preliminary
simulation is shown in Figure 12.

In Figure 12, the crack initiates at the rail foot tip and develops along the directions of ®
and @. However, according to the appearance of the 2™ debonding in Figure 8c, the crack in
the experiment is found to initiate at the rail foot corner and propagate along the directions of
® and @. This disagreement indicates that the 2"¢ debonding in the experiment is probably
not caused by the failure of EPC but the failure of the adhesive at the interface between the
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Figure 11. Much finer mesh at the rail foot and groove corner for a trial simulation of crack propagation.
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Figure 12. Crack propagation in EPC in this preliminary simulation.
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EPC and the rail. Because if there is only failure in EPC, the crack will not develop along the
interface between the rail and EPC but instead develops in the EPC itself, as shown in
Figure 12.

The following observations in the experiments confirm this conclusion.

As shown in Figure 13, there is no or negligible residual EPC at the rail foot surface when the 2™
debonding happens, meaning debonding at the interface rather than EPC itself. Thus, at the
interface between the rail and EPC, it is most probably that the (2%) debonding is caused by the
failure of the adhesive.

The crack propagation in the longitudinal direction is shown in Figure 14.

It can be seen from the Figure 14(a) that, the shear stress is generally quite uniform along the
longitudinal direction at the state right before the crack appears. It indicates that the load transferred
from the rail is quite uniform and then the shear deformation of EPC at the rail foot is also quite
uniform along the rail. However, it shows from the Figure 14(b-d) that the crack starts from the rail
push end and extends gradually to the rail free end. This crack propagation in the longitudinal
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Figure 14. Crack propagation in longitudinal direction. (a) state right before crack appears; (b) crack starts at the rail push end; (c)
crack extends from the rail push end to the rail free end; (d) crack extends thoroughly in the longitudinal direction.

direction in Figure 14 does not violate the observations in Figures 8(f) and 13, but it still needs to be
further confirmed in future work when a proper failure detection method is available.



20 (&) L WANGETAL

Considering the discrepancy between the experimental and numerical results, some conclusions
can be made on the basis of the preliminary simulation. Firstly, the failure criterion is too simple to
fully present the real failure scenario of a hyperelastic material [53,54]. A more reasonable failure
criterion will be investigated in the future research. Second, the trial value (2.0 MPa) in the failure
criterion may be not accurate. To solve this problem, more material tests shall be conducted to get
the accurate strengths of the materials. Thirdly, the interfaces should be better considered [55,56].
In the current simulations, the interfaces are modelled as two components with shared nodes,
namely the adhesives used to glue the interfaces are not considered. This disables the model to
consider the failure due to the failures of the adhesive.

Thus, in future research, a more complete finite element model shall be developed. In the new
model, not only the material nonlinearity but also the development of cracks and debondings at
interfaces shall be fully considered. A more reasonable failure criterion should be employed. To this
end, material tests shall be conducted to get the accurate strengths of EPC, rubber strip and
especially the adhesives at the interfaces. Thus, the development of cracks and debondings in ERS
can be better simulated.

6. Conclusions

EPC is the key component in ERS to realize non-fastener continuous homogeneous support of rails.
Knowing more about the mechanical properties of EPC is essential to understand the special
constraint mechanism of rails in ERS. Thus, a hyperelastic model Ogden4EPC is developed based
on the two-term Ogden model with 4 parameters to explore the large deformation behaviour in the
failure process of ERS.

As a typical engineering material, EPC shows a similar stress-strain path under given load
condition with variability. It is shown that with the Ogden4EPC constitutive model this uncertainty
is successfully covered within a 95% confidence interval for all the physical test results and
numerical simulations of the uniaxial tension, planar tension and quadruple shear within the
150% engineering strain range.

In the failure analysis of ERS under longitudinal force, the application of the hyperelastic model
Ogden4EPC results in better simulation result than that when linear elasticity is assumed for the
EPC. With larger deformation, the effect of hyperelasticity is more obvious. With more pre-
established debondings, the debonding behaviour in ERS can be better understood.

With a preliminary simulation of crack propagation in EPC at the rail foot, and the observations
in the experiments, it is found that the 2"¢ debonding is probably not caused by the failure of EPC
but the failure of the adhesive at the interface between the EPC and the rail.

In future work, more material tests shall be conducted to get the accurate strengths of EPC, rubber
strip and especially the adhesives at the interfaces. A more reasonable failure criterion shall be
established and the interface layer shall be fully considered. Thus, the bond-slip behaviour can be
better simulated, the cracks and debondings are possible to be better reproduced with a more complete
model, and then the damage development in ERS under longitudinal force can be better understood.
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