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Abstract: To probe into the mechanical behaviour of railway transition zone from the macro-meso aspects, a

numerical model of transition zone is built that hybrids the Discrete Element Method (DEM) and Finite Difference
Method (FDM). The DEM is utilized to simulate the ballast bed and sleeper, because it can consider the realistic
ballast shapes and complex contacts between them. The FDM based on the continuum theory is utilised to simulate
the track substructure according to a real structural form. Afterwards, the coupling algorithm is used to achieve the
hybrid DEM-FDM simulation. The engineering practicality of this model is validated using the dynamic responses
of the transition zone from a field measurement, and the macro-meso mechanical behaviour of the transition zone is
analysed with or without the wedge-shape backfill. The numerical results indicate that applying the wedge-shape
backfill can considerably reduce the sudden changes of track vibration and substructure surface stresses at the
vicinity of the connection between the structure and embankment. Moreover, the mesoscopic results show that the
acceleration vector of the soil near the rigid structure fluctuates towards the embankment and the velocity responses
of track components and substructure increase gradually when the train travels from the rigid structure to the soft

embankment.

Keywords: Discrete element method; Finite difference method; Coupled modelling; Field measurement; Transition

zone; Dynamic response

1. Introduction

In engineering practices, it was found that railway transition zones experience higher rate of track geometry
degradation comparing to the normal track sections, and therefore require frequent inspections, maintenances and

renewal. So far, numerous studies have been performed to solve the transition zone problem by providing gradual
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stiffness change between the normal track and the stiffer structure. On the one hand, the less stiff sider is enhanced
to have a higher stiffness (e.g. applying backfills with higher deformation modulus). On the other hand, the track
rigidity of the stiffer sides is reduced (e.g. using under sleeper pads). However, transition zones still show
unsatisfying dynamic performances, and the problem of the transition differential settlements is far from being
solved.

Over the past decades, many scholars performed experimental and theoretical studies on transition zones to
investigate the processes of track degradation and dynamic behaviour. For the theoretical studies, some researchers
[1-3] applied the theory of dynamic coupling vehicle-track to analyse the dynamic behaviour of vehicle and the
interaction between the vehicle and the transition zone. In this case, the multi-layer track is considered as a series of
separated mass bulks linked with springs and dampers, by which the geometric and parametric characteristics of the
transition zone are simplified. Because of this, the track substructure cannot be appropriately simulated using the
vehicle-track coupling dynamic model. Alternatively, some other theoretical studies applied the finite element
method with the real substructure form [4-8]. This method is accurate for evaluating the global behaviour of the
transition zone, but cannot reveal the dynamic behaviour of the ballast bed from the mesoscopic level. For the
experimental studies, many experimental measurements at the transition zones [9-14] were performed to reveal the
dynamic characteristics and the settlement of the transition zone. These experimental studies presented some
valuable views on macromechanical dynamic behaviour and degradation mechanisms of railway ballast, but the
mesomechanical dynamic behaviour and its evolutionary process are almost impossible to observe from laboratory
measurements or field tests.

In summary, most of the earlier theoretical studies cannot sufficiently figure out the mesoscopic behaviour of
railway ballast at transition zones from the dynamic viewpoint, because they regarded the ballast bed as an elastic
continuum or layers of mass, springs and dampers. In other words, the discontinuity, inhomogeneity, and
randomness of granular ballast aggregates cannot be presented. Thus the ballast movements and contact force
redistribution under train loads are ignored. Regarding these limitations, the DEM is provided as a new approach
for studying the macromechanical and mesomechanical dynamic behaviour of ballast assemblies. It has been
widely utilised to study the mechanical behaviour of ballasted tracks [15]. For instance, some recent studies using
the DEM for the transition zone are presented in [16-17]. These studies provide an insight into internal factors that

affect the track transition settlement.



10

11

12
13

14

15

16

17

18

19

20

21

22

23

24

25

26

However, these DEM transition zone models did not consider the deformation of substructure, due to they
simplify the transition zone substructure as continuous supporting wall elements with different stiffness. The
substructure under the train load produces small elastic and plastic deformations, which can lead to the ballast
particles movements and the force chain redistribution. Because of this, the dynamic behaviour, settlement and
degradation rate of the transition zone are significantly affected. Therefore, the railway transition zone that can
consider the real substructure support condition is established in this paper. The DEM is used to simulate the ballast
bed and sleepers, and the FDM is applied to simulate the substructure of the transition zone as a continuous
medium. Then, the discrete-continuous coupled model is built by exchanging displacements, velocities and contact
forces between the DEM and the FDM. The reliability of this model is proved preliminarily by comparing with the
field test results, afterwards, the dynamic behaviour of the transition zone is analysed in two circumstances:

considering wedge-shape backfill or ignoring the wedge-shape backfill.

2. Numerical modelling

As depicted in Figure 1, the discrete-continuum coupled model of track transition is established by combining the
DEM with the FDM. The railway ballasted track (sleepers and ballast particles) is built with the software, Particle
Flow Code (PFC), and the substructure of the transition zone is built with the Fast Lagrangian Analysis of Continua
(FLAC). Considering the computational efficiency and the real dimension of the transition zone (according to the
Chinese railway design code [18]), the length of the track transition model is 17 m (27 sleepers) and the vertical
boundary walls (left and right sides) are 0.6 m away from the nearest sleeper. The longitudinal spacing between two
adjacent concrete sleepers is 0.6 m, and the thickness of the ballast bed is 0.35 m. The substructure consists of six
parts: the surface layer of the subgrade (0.6 m), the bottom layer of the subgrade (1.9 m), the subgrade body (3.1 m),
the surface layer of the subgrade for transition zone (0.6 m) the wedge-shaped backfill (5 m) and the structure (5.6
m). The structure (on the tunnel section) is simplified as a rectangle with the width of 2 m and its depth from the
ground is 5.6 m. The bottom length of wedge-shaped backfill is 3 m away from the structure, with a slope value at

1:2.
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Fig. 1 The schematic longitudinal profile of the transition zone

2.1 Sleeper-ballast bed DEM model

The well-graded crushed stones selected for railway ballast always have irregular shapes, which have proven to be
critical for the ballast bed strength and stability. To build a ballast particle with irregular shape, a technique of
digital image analyses is used to simulate typical ballast shape [19]. The simulation technique of ballast with
irregular shape can be found in reference [20]. The DEM part of railway ballasted track is simulated by the steps
below: (1) a library of the DEM ballast samples is created using the image analysis technique in [20]; (2) ballast
particles are chosen from the library to meet the particle size distribution following the specification of the
“Chinese Code for Design of Heavy haul Railway”; (3) Compaction stage I: one top platen is applied to compact
the ballast particles with the compaction strength of 200 kPa, according to the Chinese construction standard [21];
(4) the geometric shape of sleepers are simulated by generating particles at the appropriate location and bonding

small particles together as a Clump (super rigid assemblies); (5) Compaction stage II: simulate the train load and

exert it on the sleeper particles until the railway ballasted track reaches a stable state. More detailed information
about the DEM simulation of the ballast layer can be found in Ref. [22].

Figure 2 shows the initial force chain state of the railway ballasted track, and the lower part is the enlarged
view of five sleepers. Each contact force is represented at the contact point by a red line oriented in the direction of
the force and with thickness proportional to its force magnitude. The contact forces (red lines) can be observed in
the ballast layer under the sleepers, while the contact forces of the crib ballast (ballast between sleepers) are
relatively small. The ballast particles in the red lines are the main force chains that withstand the forces transmitted
from the sleepers. Usually, the force chains that close to the sleeper are thicker and then the forces dispersed though
more contacts of the ballast particles towards the substructure. This force chain structure also means the sleepers
contact tightly with ballast particles and the initial state of the ballast layer is well compacted. Furthermore, due to

4
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the random distribution and arrangement of ballast particles, the force chains in the ballast layer are variable under

the different sleepers.

Fig. 2 Initial force chain state of railway ballasted track

For this DEM railway ballasted track, the linear contact model and slip model (as described in the PFC manual
[23]) are used to simulate the interactions between the ballast and sleepers. Table 1 lists main parameters of the
DEM railway ballasted track used in this work. The contact stiffness is set to be the same value at 5x10% N/m,
including sleeper-ballast, ballast-ballast and wall-ballast contacts. Both the contact stiffness and friction used in this
paper are close to the value in references [24-25]. The sleeper is modelled as a clump, and each disk unit density is
set at 2441 kg/m?3 according to the real sleeper mass. The disk unit density of each ballast is set to 2600 kg/m?, and
the bulk density of the ballast bed is around 1800 kg/m?, which is consistent with the same void ratio with the

ballast bed in situ.

Table 1 Main parameters of the DEM model

Parameter name value unit
Ballast disk density 2600 kg/m?
Ballast normal/shear stiffness 5%10% N/m
Ballast disk radius 4 mm
Sleeper particle density 2441 kg/m?
Sleeper normal/shear stiffness 5x10% N/m
Sleeper disk radius 5 mm
Disk thickness 1.3 m
Friction 0.7 —
Viscous Damping 0.25 —

2.2 Substructure FDM model

Due to the numerical inability in accurately modelling the track-substructure system with different particles
assemblies and layering using the DEM, the substructure is regarded as an elastic continuum and simulated with the

solid elements in the FLAC [26]. The substructure system consists of 300 x 100 plane-stress elements, and
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different parts of the substructure are distinguished by setting different modulus of elasticity. Regarding the
material parameters of the FDM model, a classic isotropic, linear-elastic constitutive model is applied for all the
substructure materials (backfill, structure and subgrade). The substructure material parameters are shown in Table 2.
The dynamic elastic modulus of the subgrade surface layer for transition zone and the wedge-shaped backfill are
chosen as 4000 MPa and 2000 MPa, respectively [4]. Additionally, due to the wave reflections at the boundaries
may affect the dynamic simulation results, the artificial boundary conditions are used in the FDM domain. The
quiet boundary is utilised at the FDM bottom, which is based on the use of independent dashpots in the normal and
shear directions at the model boundaries. Furthermore, the free-field boundary is specified to lateral outer
boundaries of the substructure. The free-field boundary is achieved by generating a one-dimensional grid at the
boundary, and it is equivalent to the effect of an infinite field [26].

Table 2 Main substructure parameters of FDM model [4]

Poisson’s

Parameters ratio Young’s modulus (MPa) Density (kg/m?)

Surface laye‘r 'of subgrade for 03 4000 2200
transition zone

Surface layer of subgrade 0.33 500 1950

Bottom layer of subgrade 0.35 200 1900

Subgrade body 0.35 150 1850

Wedge-shaped backfill 0.3 2000 2200

Structure 0.2 30000 2400

2.3 Coupling principle

As described above, the sleeper and ballast are built with the DEM, and the substructure system is built with the
FDM. And then, a series of interface elements (PFC wall elements) are generated between the DEM and the FDM
(according to the FDM surface node locations) to help implement the coupling process, such that each segment of

wall corresponds to a single segment of the substructure surface at each step. The force-displacement law derives
the contact force acting on the boundary of DEM and FDM. At a given period, the contact force vector F,, which
represents the interaction between the two parts (as shown in Figure 3), can be resolved into normal ( F." ) and shear
components vectors ( F.") with respect to the contact plane:

AF} =-k°AU* 1)
F‘cﬂ — k’lU}’lnl (2)

where k" and k° are the normal and shear contact stiffness, U” is the normal contact displacement, AF’ is

the increment of the shear contact force, AU’ is the incremental shear displacement.



[y

10

11

12

13

14

15

16

17

18

19

Interface element

Finite element

0 X
Fig.3 Interaction between DEM particle and FDM element

The new shear contact force is determined by summing the old shear force at the start of each time step with

the shear elastic force increment:

F'— F +AF S uF! 3)

where H is the friction coefficient.

After the normal and shear contact forces between DEM particle and FDM element are obtained according to
Egs. (1) and (2), the force of finite elements nodal is obtained by distributing the interaction contact force through

interpolation functions.

The nodal force vector can be defined as
{F}=[NT'{R} 4)

N, 0 N, 0 ,
1, {Ry={F F'}

with {F}={F, F, £, F}, [N]=[0 N 0 N,

2

where N =1-2, N, =2
/ {
and X is the position of the DEM particle contact with the interface element, / is the length of the interface
element, F, is the force in the x-direction at nodal 1, £}, is the force in the y-direction at nodal 1, F,, is the
force in the x-direction at nodal 2, £, is the force in the y-direction at node 2.
After the contact force at the interface is converted to the nodal force, the translation motion of the element
resultant force in continuum and discrete domain can be represented as:

F;(’) = z F;_/_(’) +F; = m)'c'i(') (5)

JsJ#i
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where F is the sum of the forces vector at each grid node in FLAC, it includes the external load and the gravity,

and F, is total unbalanced force vector of each particle in PFC; z Fy s total force that other element force

! Joj#i
acting on i element, it can be obtained from the stress-strain constitutive relation in FLAC, and can be calculated
by the contact force-displacement relation in PFC; F, denotes the external force; m denotes the mass; X,

denotes the displacement.

Then, the explicit central difference scheme is used to solve the equations of motion in discrete and continuum

elements, and the corresponding velocities and displacements can be expressed by

x,(t+£):x[(t-£)+mm (6)
2 2 m
. At
x(t+A)=x,()+%(t+ 7)At @)

The equations of translation motion are presented, and the rotational motion and finite difference form of the
moment almost similar to the translation motion. Accordingly, the contact forces (moments) at the interface
between the two domains are updated and then applied back to the two domains within each time-step. Moreover,
the velocity and displacement are also calculated using the motion equation in two domains according to the update

forces (moments).

Update the nodal o
Force-displacement forces of element ”| Motion equation |—
law for contact A A
N »| Contact force at interface |
A Update the
The ll}pllt [ Contact force | strﬁss of element
dynamic load A Contact-displacement .
PFC calculationv relationship at interface FLAC calculation
\ 4
A
. Update. ‘ Update node velocity
particle position i and displacement
| Update particle/element
"|  contact at interface
v 4 v
Motion law for contact | Constitutive relation
Update nodal

position at interface

Fig. 4 Flowchart of discrete-continuum coupling calculation

The procedure of the coupling simulation is depicted in Figure 4. First, the input dynamic load is applied on
the sleepers, and the positions of the particles are firstly updated based on the force-displacement law in the PFC.
Then the contact forces at the interface are recalculated and distributed to the FLAC interface nodal, and the
velocity and relative displacement in FLAC are evaluated using the motion equation. Afterwards, the boundary

8
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nodal velocity and displacement data in FLAC are sent back to PFC to update the interface wall position and
contact forces before a new round of calculation begins. In this fashion, the data of the coordinates, velocities, and
forces are updated and transmitted between the FLAC and PFC during each cycle, and the coupling simulation is

achieved.

3. Experimental validation

3.1 Field test description and results

A field measurement at a transition zone is performed to validate this proposed model when the train is travelling
from the tunnel to the normal track. Figure 5 shows the field test site of Suining-Chongqing railway line in China,
and records are made when a freight train is passing the test site. The field test is performed at two different specific
locations, S1 on the transition section and S2 on the normal track section. The dynamic wheel-rail forces, vertical
displacements of sleeper, rail seat loads and the accelerations of the ballast particles and sleepers are measured.
Each of the recorded time history contains HXD1 locomotives hauling up to 51 wagons traveling with the speeds at
67.2 km/h. The HXD1 locomotive is approximately 35 m long and consists of two identical 4-axle locomotives
connected by internal links (each of axles carries a load at 250 kN). The wheel base of the bogie (L) is 2.8 m, and

the longitudinal distance between the two bogie centers (L) is 9 m.

Fig. 5 The field test site of the transition zone

The measurements using various types of transducers are performed to obtain the responses of track
components: (1) dynamic wheel load is measured using strain gauges at the rail and calculated by Wheatstone
bridge mounted web (Figure 6a); (2) rail seat load is measured by imbedding a Tekscan sensor under the rail pads
(Figure 6b), for more details can be seen in Ref. [27]; (3) sleeper vertical displacements are measured with the

contactless NDI Optotrak Certus system which is comprised of a laser transmitter and a position sensitive detector
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(Figure 6e); (4) sleeper vertical accelerations are measured with piezoelectric accelerometers (Figure 6c¢); (5)
ballast accelerations are measured with an accelerometer embedded in ballast bed, and a designed container is
applied to avoid damages to the accelerometer [28]. The ballast acceleration measurement position is placed at 15

cm below the sleeper (Figure 6d).

The IMC data acquisition system is used to record the signal of wheel-rail forces and accelerations with the
frequency rate of 5000 Hz and 1000 Hz, respectively. A computer installed with the acquisition software is adopted
to acquire the measured data. The Tekscan sensor can sustain the maximum pressure up to 200 MPa and provided
the sampling frequency up to 100 Hz. The NDI Optotrak measurement is able to acquire the minimum
displacement of 0.1 mm, and the acquisition frequency rate of 100 Hz is used. Particularly, the diverse measuring

systems are pre-calibrated in the laboratory afterwards utilised in the field test.

e

Fig. 6 Detail of track instrumentation at transition zone: (a) dynamic load on rail; (b) rail seat loads; (c) sleeper acceleration; (d)

special box for accelerometer in ballast bed; (e) sleeper displacement

Figure 7 presents the measured data under the train dynamic wheel loads at the transition section (S1), and the
peak value of the dynamic loads on rail caused by the front locomotive is about 153.64 kN. Also, the maximum
amplitude of 166.45 kN is measured at the embankment section (S2), which is in agreement with the conclusion of
existing studies, which is the influence of track stiffness on the dynamic wheel load is not obvious [1,2]. Therefore,
the same rail seat load measured at the S1 section can be applied into the numerical model of all sleepers as
external loads. As shown in Figure 8, the maximum amplitude of the rail seat load induced by the front locomotive
is 71.1 kN, which is nearly 46.3% of the dynamic wheel load. According to the earlier studies [27, 29], the largest
rail seat load is around 40-50% of the wheel load which means that the wheel-rail force transferred to the rail pad is

reasonable.
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Fig. 7 Measured dynamic load on the rail

From Figure 7 and 8, it can be seen that the dynamic loads on rail and the rail seat loads repeat similarly for
every pair of enclosed bogies. In other words, the loads of every two enclosed bogies of one vehicle are
approximate, because of the similar coach car configuration and axle load. The variability of each load cycle
possibly results from diverse factors. On one hand, the static loads of each axle are slightly different depending on
the vehicle counterweight. On the other hand, the random system dynamic responses for high frequencies produce
extra forces on the train-track interaction because of the wheel/rail irregularities. The study conducted in Ref. [30]
found that the effect of the full train (comprising 12 bogies) was almost identical to the superimposition of the
effect of 12 times a single bogie. Therefore, one locomotive passing the track is simulated in this work, instead of

modeling the entire train, to reduce the calculation time.
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Fig. 8 Measured rail seat load

3.2 Sequential loading to coupled model

Due to the discontinuous support of the rail, the traffic loads induced by the movement of the train on rail is first
transferred to the sleeper via fasteners, then to the substructure. During the passage of the train, the moving loads
on the rail are converted into a vertical time-varying rail seat loads applied to each sleeper. Figure 9 shows the rail

seat load induced by the front HXD1 locomotive, and the peak values when four wheelsets pass by can be clearly
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distinguished. As described above, the variation of the substructure stiffness at railway transition zones barely
influence the dynamic wheel load at the rail. Thus, the same time-varying rail seat load is applied into each sleeper
with a time shift to simulate the train passage. The effectiveness of the applied sequential loadings at sleeper
positions has been verified by Bian et al. [31] with field measurements.

60
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220
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-60

%
S
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D e — ——  — —

4120 —
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Time (s)

Fig. 9 Rail seat load induced by one locomotive

As shown in Figure 10, the rail seat load F(t) is exerted on to all the sleepers with a specific time shift.
Assuming the locomotive is running at a constant speed from left to right, thus, the first sleeper on the left
experiences the force, afterwards the second and third sleepers will undergo the loads after time intervals of 0.032 s
and 0.064 s, respectively. The rest sleepers can be deduced by analogy. In this way, one locomotive passing through
the transition zone is simulated, and the dynamic response of track components induced by moving train can be

obtained.

optgseR—loc00
S05hS o

as
X

2

0

Fig 10. Schematic of applying the rail seat loads in numerical model

3.3 Model validation

For the model validation, the numerical results are compared with those from the field measurements. Because the

random nature of the dynamic response for high frequencies due to track and wheel irregularities (which are out of

12
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this study scope), and the sampling frequency rate of 100 Hz is applied to the rail seat load (external excitation of
this numerical model), the low-pass filters with the frequencies of 100 Hz are applied to the recorded acceleration

of the sleeper and ballast in time histories.
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Fig. 11 Sleeper displacement at position S1 Fig. 12 Sleeper accelerations at position S1

Figure 11 shows the comparison between the numerical results and measured ones for the vertical sleeper
displacements at the location S1. The peak values of the numerical results are close to the field test, near 1.7 mm.
The distribution of the time-varying amplitude shows good agreement with that from the field measurement, while
there is a certain difference at the top of the waveform. This may be due to the field test results of sleeper time
history curve cannot quickly return to the original position maybe caused by the poor elastic support of the ballast
bed. Furthermore, the vibration of the laser transmitter caused by the train passing also has some effect on the
measurement results. As shown in Figure 12 and Figure 13, the numerical results of sleeper acceleration at location
S1 and S2 also show a good agreement with the field measurements, and the difference between the field and
simulation results is about 2.9 % and 31%, respectively. In addition, the field measurement results also show that
the acceleration of the sleeper on the embankment is slightly larger than that on the wedge-shape backfill. Figure 14
presents the results of ballast accelerations at position S2. The peak acceleration results from the numerical
simulation are somewhat overestimated when compared with the field test results, and the measurement results of
the ballast acceleration at S1 also show a similar phenomenon. This is mainly due to the coupled model is
two-dimensional, which only allows the ballast to move in a plane and contacts force between ballast particles

cannot be shared by other particles in the direction of perpendicular to the plane.
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Fig. 14 Ballast accelerations at position S2

Figure 15-16 present the comparison of frequency spectra of sleeper and ballast acceleration between the field

test results and simulation results. It can be seen that the frequencies of 2.0 Hz and 6.5 Hz are obvious for sleeper

and ballast acceleration spectrum, which are induced by bogies and axles, respectively. Since L. is 9 m and L,, is 2.8

m, the loading frequencies of the moving vehicle (v/L. and v/L,, v = 67.2 km/h) are 2.1 Hz and 6.7 Hz, respectively.

The difference of the acceleration spectra in the frequency domain is mainly caused by the different support and

contact states of the sleeper and the ballast. In summary, the numerical simulation results show a relatively good

agreement with the field test results, and this coupled model is validated.
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Influence of wedge-shape backfill on track dynamic behaviour

Based on this validated model, the dynamic behaviours of track components with respect to two cases are analysed:

one has the wedge-shape backfill, the other does not have the wedge-shape backfill. Figure 17 shows the schematic

of two track transition models. In the cases of wedge-shape backfill absence, the structure section directly connects

to three layers of subgrade. Consequently, the effects of wedge-shape backfill on sleeper displacement, sleeper
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vertical acceleration, ballast displacement, ballast vertical acceleration, substructure surface stress and substructure

surface displacement will be explored.

Surface layer of subgrade bed Surface layers of the subgrade bed for track transitipn
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Structure

Wedge-shape backfill ~ \?

Structure

Subgrade bod:
ubgrade body Subgrade boby

(a) without wedge-shape backfill (b) with wedge-shape backfill

Fig. 17 Schematic of the two track transition models

4.1 Dynamic characteristics along the transition zones

Figures 18 and 19 show the maximum displacements of the sleeper and ballast along the track in the presence or
absence of the wedge-shape backfill, and the monitoring ballast particles are respectively located below each
sleeper and 0.15 m below the sleeper. As shown in Figures 18 and 19, on the absence of wedge-shaped backfill, the
displacements of the sleepers and ballast particles increase significantly about 2 m away from the structure section
to reach its maximum value. The variation from x = 6 m to x = 14 m is mainly caused by the supporting condition
of ballast bed and is consistent with the measurements [32-33]. At the cross-section of the structure and the
embankment, the vertical displacements of sleepers increase abruptly from 0.75 mm to 2.25 mm, and the
displacement of the ballast increases sharply from 0.5 mm to 2.1 mm. The displacement of track components varies
abruptly in a short length, which directly affects the train running safety and causes destructive effects to the tracks.
When it comes to the presence of wedge-shaped backfill, the track stiffness gradually decreases from the
higher-stiffness structure section to lower-stiffness embankment section. Therefore, the displacements of the
sleeper and the ballast gradually increase from a low value at the structure section to high value at the embankment

section, which is beneficial to the steady running of the train and reduce the impacts on the track.
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The maximum accelerations of the sleeper and the ballast in the two cases (presence and absence of
wedge-shape backfill) are presented in the Figures 20 and 21, and the maximum value is collected from the
time-domain responses after 100 Hz low filtration. In Figure 20, the vertical acceleration of the sleeper varies from
0.62 g to 1.34 g in the case of wedge-shape backfill absence, while the vertical acceleration of the sleeper varies
from 0.61 g to 1.57 g in the case of wedge-shape backfill presence. As can be seen from Figure 21, the presence of
wedge-shape backfill apparently decreases the fluctuation of ballast acceleration, attributing to the gradual
changing of the substructure stiffness that provides more stable particle interlocking [17]. Additionally, it can be
seen from Figure 21 that the gradual increase of the ballast accelerations from structure section to embankment

section emerges against the presence of the wedge-shape backfill.
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Fig. 20 Longitudinal distribution of sleeper acceleration Fig. 21 Longitudinal distribution of ballast acceleration

4.2 The substructure dynamic characteristics along the transition zones

The vertical stress and displacement (maximum value) at the substructure surface are shown in Figure 22 and 23,
respectively. Figure 23 presents the vertical stress distribution at the substructure surface with and without the

wedge-shape backfill, in which the stress amplitude coincides well with those in situ [34-35]. The results show that
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the largest vibration of the vertical stress at the substructure surface appears at x = 2 m, which is the connection of
two different structures. It also indicates that this is a weak area of the transition zone. In the absence of the
wedge-shaped backfill, the vertical stress at the substructure surface reaches 165 kPa at the structure section firstly,
and then decrease to 27 kPa. However, in the case where the wedge-shaped backfill is considered, the difference of
substructure surface maximum stress near the structure and embankment joining point decreases by 54%. The
maximum displacement distribution on the substructure surface along the track is illustrated in Figure 23. As shown
in Figure 23, the maximum displacement of the substructure surface is 0.02 mm at the structure section in two cases
(with or without the wedge-shape backfill), then the value increases to 1.8 mm within a short length of 4 m when
the wedge-shaped backfill is absent. In the presence of the wedge-shaped backfill, the vertical displacement value
at the substructure surface is gradually increased to 1.64 mm from the structure section to embankment section,

which is also the reason for the smooth transition of sleepers and ballast particles.
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Fig. 22 Distribution of subgrade surface stress Fig. 23 Distribution of subgrade surface displacement

4.3 Spatial distribution of the acceleration and velocity vector

Figure 24 shows the ballast particle acceleration vector of the transition zone model under the condition of vehicle
travelling from the higher stiffness to the lower, and the symbol P expresses the dynamic load of the first axle.
The local details of 7 sleepers around a central sleeper are also shown when the first wheelset is arriving on. As
shown in Figure 24, when the wheelset arrives upon a sleeper, the accelerations of the ballast particles near this
sleeper are generally bigger than those at other regions. However, due to the interlocking between ballast particles,
a few small ballast particles are suspended by the surrounding ballast. Thus, the acceleration of these ballast
particles may be even larger than the areas where the wheelset loads are directly applied. Figure 24 indicates that
the vector distribution of the ballast acceleration is rather inhomogeneous, because of the complicated contacts

between ballast particles, and the region distribution of substructure acceleration is also irregular. Furthermore, the
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phenomenon of the wave transfer in the substructure can be seen in Figure 24 (a) and (b). In Figure 24 (a), the
direction of wave propagation is toward to the embankment, due to the blocking of rigid structure. It may cause the

substructure soil moving away from the abutment under the long-term train load.

Acceleration (g)

................................................... . Y- Wees VS .tV B, YT AN ' 4

O e L B 11 S

(b) B e . 2 ofi k/ S AN ety

054

IS
m

én
L

; |"\.'\1 AR .
o = St el 7 N j,i B
S - 5 O
...... VB AN
(C) 0 / 1 4 /t \l
“““““ I e e -0.5_
““““ G _1:

Fig. 24 The acceleration vector graph under first wheelset arrives at different positions: (a) the beginning of wedge-shape backfill; (b)

the middle of wedge-shape backfill; (c) the end of wedge-shape backfill.
Figure 25 shows the velocity vector of the transition zone when train loads travel from the structure section

with higher stiffness to the embankment section with lower stiffness. When the wheelset arrives at a sleeper, it will
induce the ballast and substructure moving downward at the areas of this sleeper and three sleepers ahead. The
downward ballast particles movement will affect the nearby ballast particles, which may cause the ballast particles
between the sleepers suffering the risk of splashing, and the phenomenon of ballast flight is more likely to occur for
the ballast particle behind the wheelset. Besides, in comparison of the velocity vector of the transition zone at the
different positions, it can be observed that the velocity responses of the ballast and the substructure gradually

increase when the wheelset moves from the rigid structure to the soft embankment.
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Fig. 25 The velocity vector graph under first wheelset arrives at different positions: (a) the beginning of wedge-shape backfill; (b) the
middle of wedge-shape backfill; (c) the end of wedge-shape backfill.

5. Conclusions

In this paper, a coupled DEM-FDM model is presented to better understand the macro-meso mechanical behaviour
of railway transition zones, moreover, a field measurement is performed in Sui-Yu railway line to validate this
proposed model. The field measurements reveal that the dynamic rail seat load is nearly 46.3% of the dynamic
wheel load and the influence of track stiffness on the dynamic wheel load at the rail is not obvious. The measured
results of rail seat loads are used as external loads to the coupled DEM-FDM model. After comparing the
simulation results of the dynamic response of track components to the field test result, it is confirmed that the
hybrid simulation method combining DEM and FDM is feasible to analyse the dynamic behaviour of railway track
transitions.

Moreover, the numerical simulation results indicate that the existence of wedge-shape backfill is useful to
diminish the negative effects of the abrupt dynamic displacement change between the structure and the
embankment, and can reduce the variations of the track components acceleration and substructure surface stress.
Specifically, the difference of substructure surface maximum stresses near the structure and embankment joining
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point decreases by 54%. It can be seen from mesoscopic behaviour that the wheelset only affects the ballast
particles near the sleeper and the acceleration distribution of ballast particles is non-uniform in ballast bed and
substructure. Moreover, the fluctuation of acceleration vector in the substructure causes the soil near the rigid
structure to move towards the embankment. Additionally, by comparing to the velocity vectors of the transition
zone when the wheelset arrives at different locations, it can be observed that the velocity of the ballast particles
gradually increases when the wheelset is traveling from the structure to the embankment. Thus, the design of the
wedge-shaped backfill can improve the track components dynamic performance, and more attentions should be
paid to the connection area between different structures in transition zone.

In conclusion, it can be seen that the combined DEM/FDM structure-embankment transition zones model can
be used to analyse the macro-meso mechanical behaviour of track components and reveal the dynamic difference of
the transition zone with and without wedge-shape backfill. Furthermore, this research shows the potential to
explore the effect of the different substructure forms on the quality of transitions, to reveal the physical
deterioration mechanisms and to provide new perspectives on the differential settlement of transition zone, which

will be substantively performed as a further step.
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