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ABSTRACT

The adhesion at the wheel-rail contact is critical in train operation. Low adhesion leads to a longer distance for a
train to accelerate and brake, and this may cause serious accidents. Sand particles are applied onboard trains at
the wheel-rail contact to enhance the adhesion level. In this study, a finite element model is developed to
investigate the mechanical behaviour of sand particles in a wheel-rail contact and how they affect the adhesion
level. The acceleration and braking events using rolling/slipping and sliding contacts are simulated. Morpho-
logical properties of sand particles such as size and aspect ratio are considered. The adhesion enhancement is
quantified from each simulation for comparison. The results indicate that the adhesion enhancement during the
first contact between the wheel and sand particles is negligible and starts to increase when the wheel is rolling on
the fragments. Its magnitude is controlled by the new third-body layers generated during the particle breakage
under both rolling and sliding contacts. However, under sliding contact, when a similar amount of fragments is

considered, the coarser particles with a larger aspect ratio tend to produce a higher adhesion enhancement.

1. Introduction

Adhesion' in the wheel-rail contact significantly influences the effi-
ciency of traction and braking operations [1]. During traction operation,
it takes a longer time for trains to achieve the required speed through
acceleration when low adhesion exists. It leads to delays and general
disruption which is one of the greatest costs to the industry [2]. While in
braking operation, the lack of adhesion increases the braking distance
and could cause SPADs (signals passed at danger) or collisions in the
worst-case scenario [3]. These phenomena could occur when adhesion
values are lower than 0.2 for traction and 0.09 for braking operations
respectively [2]. The presence of poor adhesion is mainly due to
contamination on the rail head, such as leaves during autumn [4], water
from the atmosphere [5], oils from lineside work [6] and iron oxides [7].
Sanding is a widely adopted adhesion recovery method in most railway
networks since the early days of operation. When low adhesion presents,
sand particles are fired at the wheel-rail interface from an on-board
device to break down contamination and enhance the adhesion level.
It usually occurs automatically during emergency braking, but is a
manual process for the control of traction.

During the past few decades, research has been carried out to

* Corresponding author.
E-mail address: sadegh.nadimi-shahraki@newcastle.ac.uk (S. Nadimi).

investigate the consequences after sand particles entrained the wheel-
rail contact. Experiments have been established across a range of
scales (e.g., twin-disc set-up, linear full-scale rig and field tests) to
investigate the adhesion restoration and leaf layer removal induced by
sand particles, as well as the traction enhancers [1]. In order to optimise
the railway sanding system, sand entrainment has been investigated for
different hose types, hose positions and crosswinds using an experi-
mental approach [8]. Furthermore, numerical simulations have been
conducted to investigate the sander efficiency affected by the coefficient
of restitution, coefficient of friction, particle size, particle shape and
crosswinds [9]. Recently, alternative materials have been tested and
compared for the purpose of replacing the original sand [10]. All these
studies explain the advantages and limitations of sanding application in
railway operation well.

When it comes to the morphological effect of sand particles, the size
distribution and shape features are specifically described in the Rail
Safety and Standards Board (RSSB) standard GMRT2461 for traction and
braking operations [11]. According to operational experience,
fine-particle sand is better for acceleration, while coarse-particle sand is
better for braking [11]. Additionally, particle size is proportional to the
degree of adhesion increase [12,13]. Fine and medium-sized sand

1 In the railway industry “adhesion” or “adhesion coefficient” is defined as the amount of traction present when the wheel-rail contact enters partial slip.

https://doi.org/10.1016/j.wear.2023.205232

Received 3 February 2023; Received in revised form 9 November 2023; Accepted 27 December 2023

Available online 28 December 2023

0043-1648/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:sadegh.nadimi-shahraki@newcastle.ac.uk
www.sciencedirect.com/science/journal/00431648
https://www.elsevier.com/locate/wear
https://doi.org/10.1016/j.wear.2023.205232
https://doi.org/10.1016/j.wear.2023.205232
https://doi.org/10.1016/j.wear.2023.205232
http://crossmark.crossref.org/dialog/?doi=10.1016/j.wear.2023.205232&domain=pdf
http://creativecommons.org/licenses/by/4.0/

B. Zhang et al.

|

Wear 538-539 (2024) 205232

R=500 mm

/Sand
! Particle

Al

1000 mm

Fig. 1. Schematic diagram of the Finite Element model.

particles (0.06-0.3 mm and 0.3-0.6 mm, respectively) are more likely to
result in isolation (good electrical contact between wheel and rail is
essential for train detection in signal systems), according to research on
the relationship between particle size and risk of isolation [14]. They
suggested that this might be due to smaller particles not breaking up and
being ejected upon entering the contact, thus allowing a layer of sand to
build up. The particle-size effects based on standard sand and its
micro-fragments were examined by Shi et al. using a twin-disc set-up
[15]. They discovered that the micro-fragments enhance adhesion at a
smaller cost of wheel-rail wear and damage. Skipper et al. [16] per-
formed particle characterization followed by high pressure torsion
(HPT) testing. Based on the outcomes, a less circular particle is prefer-
able for low adhesion conditions, and an optimum particle size exists
when mitigating against leaf layers.

While it is clear that initial particle size and how the particles entrain
and break up at the wheel-rail interface are influential on adhesion
enhancement as well as possible damage to the wheel and rail, there is
little research regarding the exact physical mechanisms of the sand
particles fracture process and how fragments behave at the wheel-rail
interface. In this study, the finite element method (FEM) coupled with
cohesive interface elements (CIEs) is used to study the influence of sand
particle breakage on adhesion enhancement in wheel-rail contact. A
wheel-rail model is developed with boundary conditions assigned to

Table 1
Summary of the FEM model.

Wheel Rail Sand particles

Part Type Discrete rigid Deformable  Deformable (CIEs
added)
Geometry Circle Rectangle Circle/Ellipse
Boundary Horizontal displacement Encastre Free
conditions Concentrated force

Traction operation (0.242

radians)

Braking operation (0

radians)

reproduce actual traction and braking operations. Particle morphology
such as particle size and shape are analysed to observe their influences
on adhesion enhancement at the wheel-rail interface before and after the
particle breakage. Finally, the adhesion enhancements from different
simulations are compared. This study provides new insights into the
fracture behaviours of sand particles and their fragmentation effect on
adhesion enhancement. The method used in this study will provide a
procedural framework for other railway sanding studies.

2. Method and material

The 2D numerical simulation starts with the sand particles entering
the wheel-rail contact. When the stress coming from the wheel-rail
contact achieves the maximum strength of the sand particles, crack
initiation and propagation occur, followed by particle fragmentation.
The FEM is used to simulate the continuous event where the particle is
interacting with the wheel and the rail, and the CIEs are used to trigger
the discontinuous event when the particle breaks into fragments. The
Abaqus/Explicit is adopted due to its efficiency in solving discontinuous
problems.

2.1. Numerical model

To reproduce the wheel-rail contact, a finite element model is
generated in Abaqus, as illustrated in Fig. 1, where the inset shows a
zoomed view of the sand particle. The included three parts are: (a) the
wheel is defined as a rigid body to avoid complex elastic deformations
due to multiple motions, which are not trivial to compute numerically. It
is assigned with a displacement in the X direction (ca. 110 mm, which is
an adequate length for the wheel to break particles in element size
fragments and pass them entirely) and with a 60 kN concentrated force
at the centre, which is a typical load for a passenger train [10]. For
traction operation, the wheel is subjected to an angle of rotation equal to
0.242 radians to simulate the 10 % slip used in experiments [17]. For
braking operation, no rotation is provided to the wheel in order to
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Fig. 2. Bi-linear cohesive traction-separation law, the quadratic nominal stress criterion and the mixed-mode fracture criterion.

simulate pure sliding, which is an extreme case of this operation; (b) the
rail is a deformable body to allow the sand particle and fragments entry
the wheel-rail contact easily. It has a fixed boundary condition at the
bottom to limit the motion of the rail from all directions. From some
preliminary simulation results, the stress distribution and associated
deformations only occur within the rail sub-surface area, therefore the
rail depth has been reduced from actual size to 50 mm to expedite the
simulation; (c) the sand particles are deformable bodies as well, but have
been modelled with CIEs to simulate the fracture behaviour. Table 1
summarizes the information of the mentioned parts and their boundary
conditions.

During the simulation, the 60 kN concentrated force is considered
the normal force. The tangential force along the moving direction is
recorded throughout the entire simulation. The overall traction can be
quantified using the equation below:

r=y (€]
Table 2
FEM Material parameters used in this study.
Parameter Value
Solid Elements (Particle)
Density p (kg /m3) 2500
Young’s Modulus E (GPa) 63
Poisson’s ratio 9 0.22
Solid Elements (Rail)
Density p (kg /m®) 7800
Young’s Modulus E (GPa) 210
Poisson’s ratio 9 0.30
Cohesive interface elements (CIEs)
Normal stiffness kn (N /mm?) 63,000
First shear stiffness ks (N /mm?) 31,500
Tensile strength Nmax (MPa) 25
First shear strength Smax (MPa) 12
Mode I fracture energy G, (N /mm) 0.1
Mode II fracture energy G; (N /mm) 0.2
Material parameter n 2
Contact law
Particle-to-Structure friction coefficient H" 0.5

where y is the adhesion coefficient, F is the tangential force and N is the
normal force.

In addition to the wheel-rail contact is assumed to be frictionless, the
coefficient of friction between fragment-to-wheel and fragment-to-rail,
and fragment-to-fragment are set to 0.5, which is the value for dry
contact observed from experiments [15] and applied in numerical sim-
ulations [18]. As a result, the calculated p from this model is only
considering the traction force came from these micro frictional contacts
and interlocking of the fragments. To separate this value from the
common adhesion coefficient y, an adhesion enhancement is used in this
study to represent the calculated results.

2.2. Material properties

All meshes are generated using 3-node linear plane strain triangle
(CPE3) elements. Each CPE3 can locally deform depending on the cur-
rent nodal forces. For sand particles, cohesive elements (COH2D4) are
placed at the interface of CPE3 elements [19]. Since the CIE is
zero-thickness, the geometry of the mesh has not been changed, but
every element is now bonded by the CIEs. When the normal stress or
shear stress at the CIE reaches a threshold value, the CIE starts to vanish
thus debonding between elements occurs. This behaviour of the CIE can
be illustrated by the bi-linear cohesive traction-separation law, and the
quadratic nominal stress criterion is used to initiate the crack
propagation:

AIAS
(8) () - @
where t, and t; donate the nominal stresses in normal and first shear
direction, respectively. t2 and t° donate the maximum allowable nomi-
nal stresses in normal and first shear direction, respectively.

Another significant parameter to be considered for utilizing the CIE is
fracture energy. It is used as a definition to specify the damage evolution
and quantify the energy dissipated due to fracture. Due to the nature of
2D FE modelling, only two modes of fracture energy have been involved,
thus the normal mode (mode I) and the first direction shear mode (mode
II). Since the mix mode (mode I + mode II) fractures are the dominant
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Fig. 3. Particles mesh in different sizes and shapes.

Table 3
Mesh composition of sand particles.

Mesh dimension (mm) Element size (mm) CPE3 elements

Size 0.71 0.10 92
1.00 0.10 179
2.00 0.10 733
2.80 0.10 1388

Shape 1:1 (1.00/1.00) 0.10 179
2:1 (1.36/0.68) 0.10 170
3:1 (1.80/0.60) 0.10 186
4:1 (2.00/0.50) 0.10 174

failure behaviours of brittle materials compared to single mode frac-
tures, the Benzeggagh-Kenane (B-K) fracture criterion [20] is utilized to
define the mixed-mode fracture energy:

}’7
where G° represents the mixed-mode fracture energy. G¢, and G repre-
sent the mode I and mode II fracture energies respectively. 5 is a semi-
empirical criterion exponent applied to delamination initiation and
growth. Since there are limited studies on 7 of geomaterials, the
parameter values of resin ranging from 2 (brittle) to 3 (ductile) are used
in this study [21]. Fig. 2 summarizes the bi-linear cohesive
traction-separation law, the quadratic nominal stress criterion and the
mixed-mode fracture criterion.

Material parameters of quartz sand are selected to investigate the
fracture behaviour. Table 2 summarizes the material parameters used in
this study, including density (p), elastic modulus (E), Poisson’s ratio (9),
tensile strength (Npe) and shear strength (Spee and Tme) and CIE
stiffness’ (k, and k;), fracture energy (G,, and Gs) and material

parameter (7). These parameters are referenced from a previous study
[22].

G,

G, + G, ®

G‘:G;+(G§—G;){

2.3. Mesh forms

The variation of sand morphology (size and shape) alters their me-
chanical properties, such as the ultimate strength, friction, fracture
behaviour, fragment distribution, etc., which could influence the
adhesion level at the wheel-rail interface. In this study, it is assumed that
all sand particles are regular shapes (i.e., circle and ellipse). Circular
meshes are generated to investigate the size effect and ellipsoidal
meshes are created to explore the shape effect. The diameters of circular
meshes are varying from 0.71 mm to 2.80 mm according to the RSSB
standard GMRT2461 [10,11]. The aspect ratios of ellipsoidal meshes are
increasing from 1:1 to 4:1. The generated sand particle meshes in
different sizes and aspect ratios are illustrated in Fig. 3.

Considering the average fragment size of 100 um observed from
experiments [10], a constant element size of 100 ym is assigned to all
particle meshes. This element size has a good representation of the real
fragmentation process of sand particles at the wheel-rail interface, as it

allows all particle meshes to break into element-size fragments during
the simulation. Additionally, based on the mesh sensitivity study from
the previous research [22], the element size to mesh size ratio used in
this study is in the acceptable range. The composition of all the sand
particle meshes used in this study is listed in Table 3.

3. Result and discussion

This section focuses on statistical analysis and results discussion
linking the impact of particle size and shape to the adhesion enhance-
ment triggered by sand particle fragmentation at the wheel-rail contact.

3.1. Particle fracture behaviour

Due to the nature of rigid/deformable body in Abaqus, the rail is
indented by the particles at the wheel-rail contact that causes the vari-
ation of adhesion force, while the wheel is undeformed. According to the
particle state during the simulation, the whole simulation process can be
classified into three stages, as shown in Fig. 4: (1) prior-to-fracture stage;
(2) the fracture stage, where the first contact between the wheel and
particle is happening, followed by multiple contacts with particle frag-
ments. The first contact (Fig. 4(a) and (d)) of each particle occurs
slightly differently due to the size difference, as all particles are located
55 mm away from the wheel. For traction operation, the fragments are
intended to remain at the original position or move towards the wheel-
rail contact, as shown in Fig. 4(b). On the contrary, during the braking
operation, fragments have been spread further away from their original
place as a consequence of the chopping force induced by the sliding
wheel, as illustrated in Fig. 4(e); 3) post-fracture stage, where the par-
ticle is fully fractured and the wheel is only interacting with element-size
fragments. For traction operation, all fragments are fed into the wheel-
rail interface with the help of the rolling wheel and the deformable rail
(Fig. 4(c)). However, in braking case, the majority of fragments have
been held and pushed away by the sliding wheel till the end of the
simulation and limited fragments are able to pass through the wheel-rail
contact (Fig. 4(f)).

3.2. Particle size analysis

During traction operation, the results of adhesion enhancement for
particle sizes from 0.71 mm to 2 mm are given in Fig. 5(a). The adhesion
enhancement calculated at the fracture stage is negligible for all parti-
cles compared with the values from the post-fracture stage. The adhe-
sion enhancement starts to increase sharply due to the wheel rolling on
fragments. When all fragments break into element sizes, the adhesion
enhancement achieves its peak value and then begins to decline as the
wheel is passing the enhanced area. The variation trend of adhesion
enhancement observed from different particles is similar, but the
magnitude grows when particle size increases.

Since the element size of 0.1 mm was assigned to all the particle
meshes, the number of element size fragments generated during the
fracture stage varies from mesh to mesh. Therefore, the generated
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adhesion enhancement has been divided by the total number of frag-
ments for each case and the results have been plotted in Fig. 5(b) to
investigate the contribution of fragment number to the adhesion. After
the normalization, the variation trends are similar to the non-
normalized ones, but the magnitude is now converging. This can be
related to the mass of fragments considering the fact that they are
assumed to be homogenous with constant density. In more scientific
terms, the new surface area generated as the third body in the contact is
similar after the normalization.

For braking operation, particle sizes ranging from 0.71 mm to 2.8
mm are used and the results are plotted in Fig. 6. A clear increase for all
particles is observed at a bigger displacement owing to chopping frag-
mentation as fragments further spread along the rail. Due to the different
amount of fragments generated, the increment slope is steep for bigger
particles and is gentle for smaller particles, as shown in Fig. 6(a). The
smaller particles (i.e., 0.71 mm and 1 mm) achieved a lower plateau
quickly. The bigger particles (i.e., 2 mm and 2.8 mm), on the other hand,
keep increasing till the end due to the simulation length. This indicates
that it takes a larger displacement for big amount of fragments to ach-
ieve a plateau. Normalization is conducted to the data and the results are
indicated in Fig. 6(b). All the increasing trends are overlapping now. The

peak value for a single fragment (ca. 0.00025) is smaller than the one
(ca. 0.0010) in the traction operation (Fig. 5(b)).

The results before and after normalization reveal the fact that the
adhesion enhancement is induced by the fragments generated, not the
particle size. Additionally, sand particles during traction operation tend
to provide a higher adhesion enhancement than the braking operation.
On the other hand, the improvement lasts longer during braking oper-
ation owing to the fragments carryover event.

3.3. Particle shape analysis

The particle shape is another important morphological parameter
affecting mechanical behaviour. Therefore, a set of ellipsoidal meshes
with a different aspect ratio ranging from 1:1 to 4:1 are used to study the
shape effect on adhesion enhancement. As it was revealed in particle size
analysis that different amounts of fragments could lead to different
traction enhancement results, certain dimensions were selected to
generate meshes to not only meet the different aspect ratios, but also to
consist of a similar amount of fragment elements.

During traction operation, four different particle meshes were tested
and the results of adhesion enhancement are shown in Fig. 7(a). Overall,
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Fig. 9. Particle combinations during (a) traction operation and (b) braking operation.

the plot of adhesion enhancement from different particle meshes shows
the same variation trend with a similar peak value. This indicates that
changing aspect ratio is not affecting the adhesion enhancement
significantly. Fig. 7(b) illustrates the results after normalization. As
fragments generated from different particle meshes are comparable, the
plots are similar to the non-normalized ones, however, the values are
now for the single fragment. These values are identical to the normalized
data in particle size analysis.

For braking operation, the same particle meshes are used and the
results of adhesion enhancement are given in Fig. 8(a). Overall, all plots
of adhesion enhancement start to increase at the same location with a
similar slope. However, the plots of particle mesh with a smaller aspect
ratio (i.e., 1:1 and 2:1) reach a lower peak value earlier and maintain it
till the end of the simulation. On the other hand, the plots of particle
mesh with a larger aspect ratio (i.e., 3:1 and 4:1) achieve a higher peak

value at a later stage. This is owing to the fragments of elongated shape
spreading widely along the rail after breakage and thus generating a
larger fragment-to-wheel contact area. After the normalization, the plots
are identical to the non-normalized ones due to the similar amount of
fragments, however, the separation between each plateau becomes more
obvious that the single fragment from the elongated shape tends to
provide a higher adhesion enhancement.

Similar results are observed in particle shape analysis that the
adhesion enhancement during traction operation is higher than the
braking operation. Moreover, during the braking operation, the elon-
gated shape is able to generate a higher adhesion enhancement
compared to the circular shape.
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3.4. Multi-particles analysis

In addition to the size and shape analysis, the effect of particle
number on adhesion enhancement is investigated. Similarly, in order to
minimize the influence of fragment number on the adhesion enhance-
ment, different combinations of particles, consisting of a similar amount

of CPE3 elements, are used. Thus, a 2 mm circular mesh with 733 ele-
ments, four 1 mm circular meshes with a total amount of 716 elements,
and eight 0.71 mm circular meshes with a total amount of 736 elements
have been adopted in Cases 1, 2 and 3, respectively, as shown in Fig. 9.
Additionally, the fracture process of Case 2-2 has been illustrated in
Fig. 10 to demonstrate the breakage behaviour of multi-particles.

(b)

Fig. 12. Sand fragments on the rail during (a) traction operation and (b) braking operation.
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The results of adhesion enhancement for three cases during traction
operation are given in Fig. 11(a). Although the particle numbers are
different from case to case, the plots of adhesion enhancement coincide
with each other, as the total amount of fragments generated during the
fracture event is similar for different cases. However, the results from
the braking operation provide a different relationship as shown in
Fig. 11(b). With a similar increasing slope, the case with a single particle
ends with a higher adhesion enhancement. This is due to the fracture
behaviour of multi-particles. As particles were breaking one by one, with
more obvious sliding movement to the later particles (Fig. 10(b) and
(c)). This fracture behaviour results in a constant feeding of the particle-
size amount of fragments to the wheel-rail contact, which is consider-
ably lower than the one bigger particle consisting of the full amount of
fragments.

Considering the results from particle size, shape and number anal-
ysis, the traction operation is a fragment-based process. The adhesion
enhancement is mainly influenced by the number of fragments at the
wheel-rail contact. On the contrary, adhesion enhancement during the
braking operation considers all the effects of particle size, shape and
number simultaneously. Based on these simulations, larger size particle
with an elongated shape is preferred for the braking operation.

During our recent test track experiments, the sand fragments on the
rail have been observed after each operation. Fragments were passed
over by the wheel and left on rail during traction operation as shown in
Fig. 12(a) and have been pushed to the end of braking operation as
shown in Fig. 12(b). These experimental observations demonstrate a
good agreement with the simulation results. It is recommended to record
the traction force and normal force from the wheel during a sanding
process to establish a link between the field test and the mentioned
simulation method.

4. Conclusions

In this study, a FEM approach coupled with CIEs has been adapted to
investigate the adhesion improvement at the wheel-rail interface due to
sand particle breakage. The fracture behaviour of particles during
traction and braking operation has been analysed. The effect of particle
size, shape and number on the adhesion enhancement has been
compared. The main conclusions withdrawn from this study are as
follows:

e Adhesion enhancement triggered by sand particles can be correlated
to the number of generated fragments, in other words, adhesion
improvement is caused by the newly generated surface area of the
third body.

Sand particles provide a higher adhesion enhancement during the
traction operation compared to the braking operation.

During traction operation, the adhesion enhancement is influenced
by the number of fragments, regardless of the particle size, shape and
number.

During braking operation, for particles with a similar total amount of
fragments, the coarser and more elongated particle generates a
higher adhesion enhancement.

The methodology in this study provides a framework for exploring
the adhesion enhancement induced by particle fragments. A future work
considering a mix of particle sizes and shapes will be conducted to
reproduce real cases by utilizing an in-house code to insert CIEs into 3D
meshes; extra efforts will be given in the simulation of particle breakage
in a 3D environment and its possible influence on adhesion.
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