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A B S T R A C T

The underestimated risk of contact erosion failure in railway substructures poses a significant threat to railway 
safety, particularly at the interface between the ballast/subballast and subgrade. The larger constriction size at 
this interface exacerbates the potential for long-term erosion, necessitating attention to safeguard railway 
integrity. This study introduces a novel laboratory erosion testing apparatus to evaluate contact erosion at the 
subballast-subgrade interface under cyclic loading. Subgrade soils with varying fines contents are tested, and the 
effect of pressure head on erosion is investigated in detail. The results indicate that sandy soil with higher in-
ternal stability exhibits a higher critical pressure head for contact erosion. Cyclic loading induces oscillations in 
pore water pressure within the subballast layer, with higher pressure heads leading to larger amplitudes. Excess 
pore water pressure is generated in the sandy soil layer during cyclic loading and gradually dissipates over time. 
Fine eroded particles migrate into the subballast layer, forming mud, while coarse eroded particles accumulate at 
the base, creating low-permeability interlayers. Notably, the geometric conditions alone may not guarantee 
effective prevention of contact erosion in railway substructures. The hydraulic conditions for contact erosion are 
more easily achieved under cyclic loading compared to static loading. These distinctive features of contact 
erosion in railway substructures, different from those observed in hydraulic structures, provide some insights for 
the development of remediation strategies and improvements in railway substructure design.

Introduction

Internal erosion poses significant hazards to hydraulic structures, 
especially during flood seasons, and leads to substantial economic losses 
worldwide[3,29,50,62]. This phenomenon can be classified into four 
types: erosion in concentrated leaks, backward erosion, contact erosion, 
and suffusion. Among these, contact erosion, occurring at the interface 
between two soil layers with significant permeability differences, has 
been shown to be particularly severe. The migration of fine soil particles 
through the pores of coarse soil results in severe consequences for dikes 
and foundations[9,14,20,37,42].

Inevitably, levees or embankment dams consist of layer-distributed 
soils. Unlike artificial foundations, the overlying soil deposits in natu-
ral settings exhibit notable heterogeneity, anisotropy, and stratification 

[12,58,59]. Additionally, their physical properties, such as density and 
grain size, cannot be artificially controlled. Interfaces serve as prefer-
ential sites for erosion when adjacent soil layers exhibit significant dif-
ferences in properties, such as gradation and permeability. Such 
geological conditions are widespread globally. Notably, levees con-
structed along the Yangtze River in China, the Mississippi River in the 
United States, and the Kinu River in Japan are all built on grounds 
characterised by these types of interfaces [41]. In such conditions, 
contact erosion becomes a potential occurrence as the water level in-
creases. The continuous removal of a significant quantity of fine parti-
cles through contact erosion can result in overall deformation of the 
levee body. Research on contact erosion mechanisms typically employs 
various laboratory and/or field-testing methods[18,26,36]. Cyril et al. 
[18] investigated two types of contact erosion and found that vertical 
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contact erosion and parallel contact erosion often occur simultaneously. 
Beguin et al. [7] conducted small-scale contact erosion tests and 
measured the flow characteristics between soil interfaces using particle 
image velocimetry. With the application of numerical simulation tech-
niques and the development of high-performance computing technol-
ogy, research based on micromechanics has seen rapid development. 
Numerical simulation provides a quantitative approach to complement 
laboratory experiments and offers an in-depth understanding of contact 
erosion mechanisms from a multiscale perspective [25,26,27,60]. 
Currently, it is widely recognised that two conditions must be met for 
contact erosion to occur in hydraulic structures: geometric and hy-
draulic conditions. The geometric condition requires that the coarse 
layer and the adjacent layer be geometrically open, allowing fine par-
ticles to pass through sufficiently large pores. Extensive research has 
been conducted on geometric conditions, and reliable standards have 
been proposed to predict whether particles can pass through coarse 
material layers with specific grain size distributions[24,33,48,63]. On 
the other hand, the hydraulic condition depends on factors such as flow 
velocity and critical hydraulic gradient, which must be sufficient to 
separate and transport particles [11,15,19,30].

The railway substructure consists of the roadbed (including ballast 
and/or subballast) and subgrade, as depicted in Fig. 1. It should be noted 
that each layer in the railway substructure serves different functions, 
closely related to the grain size distribution of the materials used. The 
subgrade is typically constructed using densely compacted sandy soils, 
while the roadbed is comprised of elastic gravel with high-strength 
characteristics. The railway substructure represents a typical stratified 
structure, with significant differences in permeability between the soil 
layers, making it susceptible to contact erosion. However, current 
studies rarely discuss contact erosion occurring in the railway sub-
structure. This is mainly because the critical hydraulic gradient or flow 
velocity required for contact erosion to occur is typically high. Unlike 
hydraulic structures such as dams, railway substructures generally have 
favourable hydrogeological conditions with well-drained roadbeds, 
making it challenging to reach the critical hydraulic conditions for 
contact erosion. As a result, the filtration criteria (geometric conditions) 
for railway substructures are usually not required to be overly strict or 
high-quality.

However, in the current era of global climate change, railway sub-
structures are increasingly prone to high water content induced by 
extreme weather events such as heavy rainfall, storm surges, ocean 
waves, and flash floods [21,49,61]. Regions with extensive development 
of high-speed railways, such as southeastern China, frequently experi-
ence heavy rainfall. Excessive rainwater infiltration into the railway 
subgrade leads to the generation of large amounts of slurry under the 
repeated action of train loading on ballastless tracks, resulting in a sig-
nificant deterioration in track performance[8,43]. Additionally, high 
groundwater levels pose challenges to the performance of railway sub-
structures. Australia’s heavy-duty railway system, one of the world’s 
largest freight train networks, is particularly affected due to its prox-
imity to the ocean, resulting in high groundwater levels that keep the 
railway subgrade saturated for extended periods, intensifying the impact

[46]. Mud pumping has been observed at over 300 locations along the 
coastal line in New South Wales[1,45]. Given the frequent occurrence of 
heavy rainfall and fluctuations in the groundwater table during the 
service life of the railway substructure, the likelihood of contact erosion 
increases. This erosion mechanism, involving long-term damage, poses 
significant challenges to passenger comfort and operational safety. 
Therefore, studying the mechanisms of contact erosion in railway sub-
structures and deepening our understanding of the migration of fine 
particles under the combined action of stress and hydraulic conditions is 
crucial.

Historically, the development of erosion testing apparatus has pri-
marily focused on studying filter criteria and contact erosion mecha-
nisms in embankments and dikes. There has been limited emphasis on 
specifically targeting erosion in railway substructures. Consequently, an 
appropriate experimental apparatus is designed to simulate contact 
erosion in the laboratory setting. This apparatus serves the purpose of 
investigating the fundamental phenomena involved, quantifying the 
migration processes of fine particles within the railway substructure, 
and identifying the parameters controlling erosion. The structure of this 
paper is as follows: Section 2 introduces the setup of the experimental 
apparatus. Section 3 provides the migration patterns of particles during 
contact erosion. Section 4 discusses the reasons for the erosion damage 
to railway substructures. Finally, Section 5 highlights the limitations of 
the study, while Section 6 summarises the key findings.

Contact erosion test

Apparatus

An apparatus is designed to conduct erosion tests, simulating con-
ditions relevant to railway substructures and replicating contact erosion. 
The design, depicted in Fig. 2, is inspired by various devices developed 
for testing embankment dam filters [11,19,36,38,41]. Necessary modi-
fications have been made to the erosion test apparatus to accurately 
simulate contact erosion in railway substructure. The newly developed 
apparatus primarily consists of a substructure model base, a water 
supply system, a data acquisition system, and an axial loading system.

The water supply system simulates the hydraulic conditions experi-
enced in railway substructure. One of the main objectives of this study is 
to replicate contact erosion under the influence of groundwater and 
train loads. To achieve this, water is supplied from the bottom of the 
sample via a water tank, simulating groundwater levels typical in areas 
with high water tables or during rainfall. To minimise the effect of water 
flow on the water tank’s head, a buffer tank is also included. Addi-
tionally, a buffer zone is added at the base of the substructure model to 
ensure a uniform water flow into the specimen, reducing the direct 
impact on the sample itself.

The data acquisition system includes pore water pressure sensors, a 
turbidity meter, and data acquisition software for real-time monitoring 
and data processing. Turbidity measurements estimate the concentra-
tion of suspended particles within the substructure, providing an indi-
cation of the extent to which fine particles have been eroded and 

Fig. 1. Typical diagram of railway substructure.
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transported by the flow. Three pressure transducers, namely P-1, P-2, 
and P-3, are installed on the wall of permeameter at depths of 30 mm, 
110 mm, and 190 mm from the bottom of specimen, respectively. Prior 
to preparing the specimen, these installed pressure sensors are soaked in 
de-aired water for 24 h to ensure accurate measurements.

In accordance with ASTM D2434-68 [4], the permeameter used in 
the experimental setup is designed cylindrically to eliminate unnec-
essary preferential flow paths at corners. The permeameter has a mini-
mum diameter of approximately 8 times the maximum particle size to 
ensure the accuracy of tests. Therefore, the base of substructure model is 
constructed using a 10 mm thick clear acrylic cylinder with an internal 
diameter of 170 mm and a height of 500 mm.

The axial loading system replicates the stress conditions of railway 
substructures by applying static or cyclic loads to the top of specimen, 
thereby simulating realistic loading scenarios. Unlike traditional contact 
erosion equipment, this device incorporates an axial loading system, 
which uniquely allows for the study of contact erosion between sub-
grade and subballast under cyclic loading and specific hydraulic con-
ditions. Further details of the device are provided in the following 
sections.

Methodology

The subgrade material is carefully packed into three layers, each 
with a thickness of 50 mm, employing the Layer Compaction Method to 
ensure proper compaction. The relative density of the subgrade material 
is set at 90 % to achieve the desired engineering properties. The coarse 
aggregate (subballast) layer, with a thickness of 250 mm, is compacted 
to a degree of compaction of 95 %. To prevent subballast intrusion into 

the subgrade layer under cyclic loading[22,23], a wire mesh with a 4 
mm pore size is placed between the subballast and subgrade. This metal 
wire mesh allows the subgrade material to flow with water while miti-
gating the intrusion of subballast from the upper layer. After filling the 
specimen, static loading is applied to the top of specimen. Subsequently, 
the height of water tank is gradually raised to reach the designed water 
level. The rate of water level rise is carefully chosen to be small enough 
to avoid disturbing the soil structure during saturation. Sufficient time is 
provided for the railway substructure to reach saturation.

Upon reaching the desired saturation period, the axial loading device 
is activated, and cyclic loading is applied to the specimen for about 10 h. 
During this period, the water level in the tank remains constant. The 
cyclic loading in this study is characterised by specific strength param-
eters, with average stress and amplitude of 28 kPa and 6 kPa, respec-
tively, at a frequency of 10 Hz. It is worth noting that these loading 
conditions closely resemble the dynamic stress generated by the CRH- 
380A high-speed train on the Wuhan-Guangzhou line, with speeds 
ranging from approximately 250 to 350 km/h and an axle load of 15–20 
tonnes[19,63]. Following the completion of the cyclic loading, the 
specimen is divided into three layers: the subgrade layer, the interface 
layer, and the subballast layer. The particle size distribution (PSD) of 
each layer is determined by re-sieving, providing data for further 
analysis.

Materials

The testing materials used in the study comprise of gravel and sandy 
soil, representing the subballast and subgrade soil, respectively. Prior to 
testing, the gravel undergoes a cleaning process to remove fouling from 

Fig. 2. General layout of the testing apparatus.
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the particle surfaces. The sandy soil, serving as the subgrade soil, is 
collected from the Xiangjiang River Basin in Changsha, China. This 
sandy soil is commonly used in the construction of embankments for the 
Wuhan-Guangzhou high-speed railway. Due to its ideal properties, such 
as high permeability and low compressibility, sandy soil is widely uti-
lised in engineering applications. However, natural sandy soil typically 
contains a certain amount of fines (particles smaller than 0.075 mm), 
which are crucial in the erosion process and are most susceptible to loss 
during erosion. Therefore, the fines content in soil significantly in-
fluences erosion behaviour. In China, the “Code for Design on Subgrade 
of Railway (TB 10001–2005)”[16] imposes specific limits on the fines 
content of subgrade soils. In this study, the sandy soil is dried and pro-
cessed to separate particles smaller than 0.075 mm as fines, while par-
ticles larger than 0.075 mm are categorised as sand grains. To 
investigate the impact of fines content on erosion, four different binary 
mixtures are prepared, with fines contents of 0 %, 8 %, 16 %, and 24 % 
by mass. It is worth emphasising that the subgrade soil used in this study 
complies with the requirements specified in the “Code for Design on 
Subgrade of Railway (TB 10001–2005)”[16]. The particle size distri-
bution curves of the subballast and subgrade materials employed in this 
study are similar to those recommended for railway substructure soils in 
the Chinese standard “Code for Sub-ballast in Gravel Roadbeds of Rail-
ways (TB/T 2897–1998)”[17]. The particle size distribution and phys-
ical properties of the materials are presented in Fig. 3 and Table 1, 
respectively.

An adequate hydraulic gradient is a key index of whether soil erosion 
can occur. In this study, the pressure heads at the bottom of subgrade 
soil are fixed at 20 cm, 30 cm, and 40 cm, respectively, to examine the 
influence of groundwater levels during rainfall or in water-rich regions 
on contact erosion. The use of dimensionless parameters can make 
graphs and tables more concise and results more universally applicable. 
Therefore, the pressure head is normalised based on the thickness of the 
subgrade soil (15 cm). Twelve tests are conducted under varying con-
ditions characterised by two parameters: initial fines content, and 
pressure head. These test cases aim to explore the influence of these 
factors on contact erosion. Table 1 summarises the experimental con-
ditions and parameters considered in this study.

Experimental results

Table 2 presents the experimental results obtained from the study. It 
is observed that when the pressure head is 1.33, the combined effect of 
cyclic loading and pressure head does not induce the loss of fine parti-
cles. Consequently, no contact erosion is observed in any specimens with 
a pressure head of 1. 33. The results indicate the existence of a critical 
pressure head, beyond which contact erosion occurs in the specimen. 
Specifically, under cyclic loading, fine particles begin to jump 

dramatically, migrating through the localised pore water flow. These 
suspended particles move upward into the subballast layer, indicating 
the occurrence of contact erosion. The particle migration process can be 
divided into two stages. Initially, fine particles detach from the soil 
skeleton, no longer transmitting intergranular stresses. Subsequently, 
under the combined influence of pressure head and cyclic loading, these 
fine particles infiltrate the subballast layer. Consequently, the turbidity 
of the subballast layer rapidly increases.

Evolution of turbidity in subballast layer

To quantitatively characterise the degree of contamination in rail-
way substructures, fouled subballast parameters such as Void Contam-
inant Index (VCI) [51], Percentage Void Contamination (PVC) [10], and 
mud turbidity [52,53] have been proposed. In this study, the mud 
turbidity is used to represent the degree of contamination during testing. 
Turbidity is defined as the mass of soil particles per unit volume of slurry 
and is measured using the turbidimeter [63]. The calculation is 
expressed as: 

Tu =
msoil

V
(1) 

where Tu represents turbidity (g/L), msoil is the mass of soil particles in 
the slurry (g), and V is the water volume in the slurry (L).

During the experiments, the mud turbidity of subballast layer is 
measured every half hour, with the evolution of turbidity illustrated in 
Fig. 4. It should be noted that in experiments with lower pressure heads 
and fines content, no contact erosion occurred. Therefore, the results 
from these experiments are not presented. Fig. 4 depicts that during the 
initial stages of cyclic loading, the turbidity of the subballast layer 
rapidly increases, indicating an influx of soil particles. Under dynamic 
hydraulic action, fine particles diffuse into the pore water, forming a 
suspension and migrating within the pores. An increase in pressure head 
leads to a significant increase in turbidity. For instance, at a pressure 
head of 2.67, the turbidity of Fc-24 is approximately twice that at a 
pressure head of 2. Similarly, higher fines content corresponds to higher 
turbidity values. For example, at a pressure head of 2.67, the turbidity of 
Fc-24 is about 3.5 times that of Fc-0. As cyclic loading progresses, the 
rate of particle detachment decreases, and the turbidity of subballast 
layer stabilises, reaching a dynamic steady state with slight fluctuations. 
The time required to achieve this steady state increases with higher fines 
content. The average turbidity value over the final 120 min of loading is Fig. 3. Particle size distribution of materials.

Table 1 
Basic physical properties of the specimen.

Sample 
identifier

Maximum 
dry density 
ρdmax/(g/ 
cm3)

Minimum 
dry 
density 
ρdmin/(g/ 
cm3)

Coefficient 
of 
curvature 
(Cc)

Coefficient 
of 
uniformity 
(Cu)

Pressure 
head

Fc-0 1.94 1.53 1.11 7.09 1.33, 
2.00, 
2.67

Fc-8 1.96 1.55 0.68 10.56
Fc-16 1.98 1.59 0.83 17.24
Fc-24 2.07 1.67 0.59 20.93

Table 2 
Summary of experimental results.

Specimen Pressure head

1.33 2.00 2.67

Fc-0 N N Y
Fc-8 N Y Y
Fc-16 N Y Y
Fc-24 N Y Y

Note: “N” means no erosion; “Y” means erosion.
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used to represent this steady state. Fig. 5 describes the relationship be-
tween steady-state turbidity and fines content at different pressure 
heads, showing a linear increase in steady-state turbidity with higher 
fines content at the same pressure head. This increase in turbidity is 
attributed to the instability of fines under dynamic hydraulic conditions, 
leading to greater migration of fines into the subballast layer. Addi-
tionally, the effect of fines content on turbidity is more pronounced at 
higher pressure heads. For example, at a pressure head of 2.67, the rate 
of turbidity increase with fines content is approximately twice that 
observed at a pressure head of 2.

After stopping cyclic loading, some soil particles settle to the bottom 
due to gravity, while others deposit and adhere to the surface of the 
subballast. Fig. 5 also shows turbidity measurements of the subballast 
layer taken 12 h after the cessation of cyclic loading. It is evident that 
turbidity significantly decreases after loading stops and increases line-
arly with higher fines content. The deposition characteristics within the 
subballast layer are closely related to the slurry composition and pore 
structure of the gravel layer [6]. It is important to note that the 
dispersion of fine particles into the subballast layer contributes to sub-
ballast fouling, which can impair track performance. Consequently, 
track maintenance or upgrading may be necessary to ensure reliable and 
safe operations.

Particle loss from the sandy soil layer

The PSD of the sandy soil is affected by the migration of fine particles 
into subballast layer. Following the test, the PSDs in the top, middle, and 
bottom layers are determined through sieving. Fig. 6 illustrates the PSD 
curves for Fc-16 (with a pressure head of 2.67), showing noticeable 
differences between the pre- and post-test. Since coarse particles form a 
soil skeleton that is difficult to move, their mass changes only slightly. 
The variations in PSD primarily occur in the fine-grain fraction, attrib-
uted to the loss of fine particles due to seepage effects. Similar changes in 
PSD are observed in the other test groups as well. Additionally, sieving 
the subballast after the test reveals that the lost particles have a 
maximum diameter of 1–2 mm. These research findings suggest that the 
migration of fine particles from the subgrade soil to the subballast layer, 
as evidenced by changes in the PSDs, can change the soil mixture 
composition. This may potentially impact track performance and 
maintenance.

Based on the changes observed in the cumulative mass grading curve 
before and after the test, Kenney and Lau [39] introduced the Particle 
Loss Index, a widely used metric for characterising particle loss. It is 
assumed that the coarse skeleton remains unchanged while fine particles 
are lost. Consequently, the mass of coarse particle group remains con-
stant, but its proportion increases. The cumulative mass grading curves 

Fig. 4. Evolution of mud turbidity in the subballast layer.

Fig. 5. Variation of turbidity after cyclic loading stops.
Fig. 6. Variations in PSD for Fc-16 at a pressure head of 2.67 before and 
after testing.
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before and after the test are same within the particle size range where no 
loss occurs, but they differ within the particle size range where loss 
happens. As illustrated in Fig. 7, the degree of particle loss can be 
calculated by constructing an extended gradation. In this study, the 
Particle Loss Index is employed to assess the degree of particle loss in the 
top, middle and bottom layers of sandy soil under cyclic loading.

Fig. 8 illustrates the distribution of the Particle Loss Index along the 
depth of specimen. It is noteworthy that Particle Loss Index reflects the 
overall degree of loss, considering not only the quantity of particles lost 
within a specific layer but also the impact of particle loss from lower soil 
layers. The Particle Loss Index incorporates the effects of clogging and 
filling when particles lost from lower layers traverse the examined layer, 
occasionally resulting in negative values. As depicted in Fig. 8, the 
Particle Loss Index is highest in the top layer of sandy soil, primarily due 
to the shorter migration path of fine particles. However, the middle layer 
exhibits a more complex pattern, with some specimens showing nega-
tive values. This phenomenon can be attributed to the extended poten-
tial migration distance of fine particles, which increases the likelihood of 
encountering small pores that impede further migration and cause 
clogging. Consequently, the mass of fine particles lost from this layer 
may be less than that of fine particles migrating into this layer from 
lower layers. In contrast, negative values are not observed in the bottom 
layer, as no particles migrate to this layer.

The relationship between pressure head and particle loss is evident: 
as the pressure head increases, the seepage force under cyclic loading 
becomes stronger, leading to greater particle loss. Additionally, Fig. 8
demonstrates that an increase in fines content also results in increased 
particle loss. Particle loss in the sandy soil layer is essentially a suffusion 
process, prompting an evaluation of the soil’s vulnerability using four 
established methods [35,39,40,55]. The evaluation results are presented 
in Table 3. As fines content increases, the stability of the sandy soil 
decreases. Moreover, since particles involved in internal erosion are 
typically small, higher fines content leads to a greater number of mobile 
particles. This assessment is consistent with the experimental results: for 
example, Specimen Fc-0, which shows potential stability against suffu-
sion, exhibits lower turbidity in the subballast layer and less particle loss 
in the sandy soil layer. Conversely, Specimen Fc-24 demonstrates po-
tential instability, leading to significant erosion loss.

The mechanism of contact erosion in railway substructures

The phenomenon of particle migration in railway substructures is 
inherently complex, posing significant challenges in understanding its 
underlying mechanisms. This research aims to illustrate the behaviour of 
particle migration within railway substructures, with a specific focus on 
the example of Fc-16. Our analysis centres on the concept of contact 
erosion, providing some insights into this intricate process. By exploring 

the mechanisms of particle migration, we hope to deepen our under-
standing of its behaviour and implications in railway substructures.

Evolution of pore water pressure

Before the onset of cyclic loading, a static load of 28 kPa is applied to 
the top of the specimen. Notably, experimental observations during this 
stage reveal that the slurry turbidity remains at 0 within the range of 
pressure head imposed by the test. This indicates that the applied 
pressure head is insufficient to trigger fine particle migration. However, 
once cyclic loading begins, erosion and migration of fine particles within 
the sandy soil layer occur, leading to a rapid increase in turbidity within 
the subballast layer. This phenomenon demonstrates that cyclic loading 
introduces an additional “driving force” that facilitates fine particle 
migration. It’s noteworthy that the development of pore water pressure 
is closely linked with particle migration, as emphasised in previous 
research [2,19,32,44]. Therefore, variations in pore water pressure in 
the subballast layer and sandy soil layer will be analysed separately.

The pore water pressure curves for the subballast layer during con-
tact erosion are presented in Fig. 9. The results indicate that under static 
loading, pore water pressure remains constant, with higher pressure 
heads corresponding to higher pore water pressures. However, under 
cyclic loading, significant fluctuations in pore water pressure are 
observed. As the pressure head increases, the amplitude of pore water 
pressure fluctuations in the subballast layer also rises significantly. The 
oscillations in pore water pressure at the sandy soil-subballast interface 
generate oscillatory seepage forces, disrupting the contact between 
particles. This increase in pressure head not only enhances the perme-
ation force acting on the particles but also disrupts the overall structure 
of the sample, making the particles more susceptible to migration.

Fig. 10 illustrates the variation of pore water pressure in the sandy 
soil layer. The application of cyclic loading induces a rapid increase in 
pore water pressure, with the magnitude of sudden increments growing 
as the pressure head increases. Meanwhile, turbidity in the subballast 
layer exhibits a higher growth rate. Compared to the trend in pore water 
pressure in the subballast layer, the changes in pore water pressure 
within the sandy soil layer are more complex. With continued cyclic 
loading, pore water pressure at P-3 gradually dissipates, while at P-2, it 
dissipates faster and subsequently undergoes oscillations. This obser-
vation is consistent with the pore water pressure development reported 
by Ueng et al. [54]. The oscillations in pore water pressure are attributed 
to significant particle losses occurring at P-2, resulting in changes in the 
soil’s spatial structure and an overall increase in porosity. Under the 
influence of cyclic loading, pore water pressure in the sandy soil layer 
with increased porosity follows a trend similar to that in the subballast 
layer, accompanied by minor oscillations. In summary, cyclic loading 
leads to excessive pore water pressure in the sandy soil, with the 
magnitude of pressure increments increasing with the rise in pressure 
head. The dissipation of pore water pressure in the upper portion of the 
sandy soil is relatively rapid, followed by oscillations.

Evolution of the grade distribution at the interface layer

To initiate contact erosion, a geometric condition must be met: the 
constrictions, which are the smallest sections of the pore network in the 
coarse soil, must be sufficiently large for the eroded particles to pass 
through[7]. The presence of a coarse layer acts as a filter that influences 
the migration behaviour of soil particles. Observations from the tests, 
illustrated in Fig. 11, show fine eroded particles entering the subballast 
layer and forming a slurry material. Conversely, coarser eroded particles 
tend to accumulate at the base of the subballast, creating a secondary 
backfilter layer that hinders further particle migration. These findings 
are consistent with the results reported by Duong et al. [22,23], which 
also highlight the presence of such low-permeability interlayers.

Fig. 12 displays the PSD of interface layer after testing. Compared to 
the initial PSD curve, the post-test curves show an upward shift, Fig. 7. Diagram of the Particle Loss Index calculation.
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primarily due to the blockage of subballast pores by soil particles. 
Typically, the amount of eroded soil increases with prolonged soil–water 
contact time. However, the tests reveal that the development of contact 
erosion is not continuously noticeable, and turbidity eventually stabil-
ises at a relatively steady-state value. This stabilisation is largely due to 
the formation of a low-permeability interlayer at the subballast-sand 
interface, which results in more tortuous migration channels [64]and 
slows the contact erosion process in railway substructures. The Terzaghi 
retention criterion[56], originally developed for cohesive uniform base 
soil and filter materials, is widely used to assess filtration performance. 
The retention ratio (D15/d85) is defined as the ratio of D15 (size at which 
15 % by mass of particles are finer) for the filter material to d85 (size at 

which 85 % by mass of particles are finer) for the base soil. According to 
the Terzaghi criterion, a retention ratio below 5 is necessary to prevent 
significant particle loss. Fig. 13 presents an assessment of the filtration 
performance of the interface layer based on this criterion. It can be 
observed that the subballast layer exhibits effective filtration. As the 
fines content in the sandy soil increases, a lower retention ratio (D15/ 
d85) indicates a greater loss of particles. The accumulation of coarser 
eroded particles changes the grading distribution at the bottom of sub-
ballast layer. For instance, at pressure heads of 2 and 2.67, the retention 
rates of the interlayer in Fc-16 decrease from 3.86 to 1.09 and 0.74, 
respectively. Contact erosion in railway substructures leads to the for-
mation of a secondary backfilter layer, and the presence of a low- 
permeability interlayer impedes particle migration, thereby enhancing 
the effectiveness of the subballast layer as a filter. However, it should be 
noted that the permeability of subballast is closely related to the PSD. 
While the formation of a secondary backfilter layer can improve filtra-
tion efficiency, it significantly reduces permeability and drainage 
properties, which is considered one of the main causes of railway fail-
ures, such as mud pumping.

Discussion

A key characteristic of railway substructure is the interaction be-
tween the fine layer (sandy soil) and the coarser layer (subballast), 
which is particularly susceptible to contact erosion. These interfaces, 
with their significant permeability differences, serve as preferential sites 
for erosion. Contact erosion primarily involves the migration of parti-
cles. If the contractions connecting the pores of coarse soil are too nar-
row, fine particles are unable to pass through. In this case, the coarse soil 

Fig. 8. Distribution of Particle Loss Index across different layers of sandy soil.

Table 3 
Assessment of internal stability of sandy soil.

Methods used for assessing internal stability Internal stability

Criteria The sandy soil is 
Internally Stable if

Fc- 
0

Fc- 
8

Fc- 
16

Fc- 
24

US Army Crops Engineering 
Engineers (1953)

Cu < 20 S S S U

Istomina [35] Cu ≤ 20 S S S U
Kezdi [40] D15c/d85f ≤ 4 S S S S
Kenney and Lau [39] (H/F) min>=1 (0 < F 

< 0.2)
S S U U

Note: Cu = coefficient of uniformity; soil could be divided into a coarse fraction 
(c) and a fines fraction (f). D15c = the grain size finer than which 15 % of the 
coarse fraction is retained; d85f = the grain size finer than which 85 % of the fines 
fraction is retained; h1 = d90/d60; h2 = d90/d15; “U” denotes unstable; “S” denotes 
stable.

Fig. 9. Variations of pore water pressure in the subballast layer.
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is considered “geometrically closed.” However, if the contractions are 
large enough to allow particle passage, a hydraulic criterion must be met 
by the flow to initiate erosion and particle migration.

The geometric condition
The combination of coarse soil and base soil is generally considered 

suboptimal for filtration design and is typically discouraged. However, 
some railway substructures may feature these arrangements. As depic-
ted in Fig. 1, railway substructures consist of a roadbed and subgrade, 
with the main function of the roadbed being to provide sufficient 

strength for the superstructure. Historically, ballast selection primarily 
focused on strength, with little emphasis on filtration. For example, in 
France, conventional rail lines were constructed by directly installing 
ballast onto the subgrade without a separation layer, accounting for 94 
% of the entire railway network [23]. Over time, with the continuous 
increase in train speeds, erosion-related issues in the substructure have 
become more prevalent. To address these problems, the inclusion of a 
subballast layer has been implemented in recent years to mitigate 
erosion between the upper ballast layer and the lower subgrade. Filter 
criteria [34], developed by the U.S. Army Engineer Waterways Experi-
ment Station [56] and the U.S. Bureau of Reclamation [57], have been 
applied in these cases. Two separation gradation criteria are commonly 
used: 

D15 ≤ 5d85 (2) 

D50 ≤ 25d50 (3) 

where Dn represents the filter grain size at which n percent of the total 
weight of the filter material passes through, and dn represents the base 
particle size at which n percent of the total weight of the base material 
passes through.

According to the research by Indraratna et al. [34], the criterion 
described in Equation (2) ensures that the coarsest end of the protected 
soil (d85) is blocked by the finest end of the filter (D15). This configu-
ration effectively prevents particle migration and ensures that the filter 
retains particles within the protected soil. The criterion outlined in 
Equation (3) aims to avoid the use of gap-graded filters by promoting the 
filter grading closely paralleling the grading of the protected soil. By 

Fig. 10. Variations of pore water pressure in the sandy soil layer.

Fig. 11. Observations before and after the test.

Fig. 12. Changes of PSD in the interface layer of Fc-16 before and after testing.

Fig. 13. Filtration analysis of the specimen.
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closely matching the particle sizes between the filter and the protected 
soil, this criterion enhances the effectiveness of the filtration system. It 
reduces the likelihood of particle migration and ensures that the filter 
performs its intended function of retaining particles. In summary, both 
criteria are critical in the design of effective filtration systems for rail-
way substructures. While Equation (2) focuses on preventing particle 
migration by blocking the coarsest particles, Equation (3) emphasises 
the importance of a well-graded filter that complements the protected 
soil, thereby improving filtration performance and reducing the likeli-
hood of particle migration.

Fig. 14 presents the selected coarse aggregate material used in this 
study, illustrating its compliance with established filter criteria. How-
ever, despite the use of appropriate coarse aggregate materials for the 
subballast, effective control of erosion in the base soil (sandy soil) has 
not been fully achieved. The figure also references various studies 
[5,8,13,23,28,47,53,52,63] that highlight ongoing erosion issues in 
railway substructures. These studies indicate that some materials used in 
railway construction do not consistently meet filter criteria. Although 
current practices prioritise meeting the filter criteria for new railway 
substructures, there are situations where in-situ materials must be used, 
and their filtration effectiveness may not be ideal. Additionally, older 
railway lines often lacked consideration of filter criteria during their 
construction, leaving their long-term performance uncertain. Even when 
materials comply with filtration standards, as depicted in Fig. 14, fail-
ures in filtration systems can still occur. The Terzaghi criteria, widely 
regarded as reliable in dam filtration design, may not fully address the 
unique challenges posed by cyclic train loads in railway substructures. 
Dai et al. [19] and Trani and Indraratna [52,53] confirm that cyclic 
loads significantly impact erosion stability, supporting this view. In 
conclusion, while advancements have been made in meeting filter 
criteria for new railway constructions, there remains a need for greater 
attention to the use of in-situ materials and the performance of older 
railway lines. Additionally, the impact of train loads on erosion stability 
presents unique challenges that require careful consideration in the 
design and maintenance of railway substructures.

The hydraulic condition
Even if the filter criterion is not met, this does not necessarily 

guarantee the occurrence of contact erosion. Hydraulic conditions must 
be satisfied for water flow to induce erosion. Typically, contact erosion 
requires relatively high critical hydraulic gradients. Railway sub-
structures, with good drainage properties, generally do not reach the 
hydraulic conditions required for contact erosion. However, some 

specific circumstances such as prolonged flooding or elevated ground-
water levels can lead to saturation of materials within railway sub-
structures[1,8,19,31,43,45]. Under these saturated conditions, fine 
particles may detach and migrate through the pores of coarse soil layer.

In this study, it was observed that under static loading and within the 
range of applied pressure head, fine particles did not migrate. However, 
the introduction of cyclic loading while maintaining a constant pressure 
head led to a significant increase in turbidity in the subballast layer. This 
indicates that cyclic loading serves as an additional “driving force” for 
particle migration. Fig. 15 illustrates the pore water pressure of spec-
imen Fc-16 at a pressure head of 2.67. During static loading, the pore 
water pressure at point P-1 is approximately 2.2 kPa. However, with the 
introduction of cyclic loading, the pore water pressure fluctuates with an 
amplitude of approximately 3 kPa, including instances of negative pore 
water pressure. As shown in Fig. 9, an increase in pressure head results 
in a corresponding increase in the amplitude of pore water pressure 
fluctuations at P-1.

To evaluate the hydraulic gradient between different layers of the 
specimen, the measured pore water pressure is converted into pressure 
head, denoted as H, using the equation H = u/(γw), where u represents 
the pore water pressure, and γw is the unit weight of water. When the 
pore water pressures at the locations of P-1, P-2, and P-3 differ, the 
hydraulic gradient, denoted as i, in each zone is defined as follows
[19,54]: 

Fig. 14. Failure cases of railway substructures.

Fig. 15. Time curve of pore water pressure of specimen Fc-16.

S. Dai et al.                                                                                                                                                                                                                                      Transportation Geotechnics 51 (2025) 101499 

9 



iij =
(Hi + Zi) − (Hj + Zj)

L
(4) 

Here, iij represents the hydraulic gradient between zone P-i and P-j, Hi 
and Hj represent the pressure head at pressure senior P-i and P-j, 
respectively, while Zi and Zj represent the elevation head at pressure 
senior P-i and P-j; and L represents the thickness between the P-i and P-j. 
Therefore i12 indicates the local hydraulic gradient at the subballast- 
sandy soil interface, while i23 represents the local hydraulic gradient 
within the sandy soil.

The statistical results of hydraulic gradient iij between layers are 
presented in Fig. 16. Under static loading, the hydraulic gradients 
generated are insufficient to drive the migration of fine particles, 
resulting in zero turbidity in the subballast layer. However, when cyclic 
loading is applied, significant fluctuations in pore water pressure are 
observed, leading to large transient hydraulic gradients at the interfaces 
and within the sandy soil layer. These transient fluctuations, caused by 
the dynamic vibrations of the soil under cyclic loading, induce in-
teractions between soil particles and pore water. This interaction gen-
erates pulsed dynamic water pressures, which in turn lead to oscillations 
in the local hydraulic gradient within the sample layers. At certain 
moments, these transient hydraulic gradients reach the critical threshold 
for initiating contact erosion, which triggers the migration of fine par-
ticles and a rapid increase in turbidity in the subballast layer. It is also 
observed that the hydraulic gradient at the interface is significantly 
higher than that within the sandy soil, indicating that contact erosion 
primarily occurs at the interface. Compared to static loading, cyclic 
loading induces significantly larger transient hydraulic gradients at both 
the interface and within the sandy soil. These transient hydraulic gra-
dients allow the railway substructure, which would normally not reach 
the critical hydraulic gradient, to meet the hydraulic conditions neces-
sary for contact erosion. Furthermore, the oscillating hydraulic gradi-
ents promote the reciprocating movement of pore water, creating 
favourable conditions for the development of seepage channels in the 
sandy soil. These channels accelerate the upward migration of fine 
particles, thereby enhancing the entire erosion process.

Limitations

As with most experimental studies, the scale of laboratory tests may 
not fully capture the complexities of real-world engineering problems. 
Consequently, further validation is needed to assess the applicability of 
the experimental results to field conditions. It is important to 
acknowledge that actual train loading conditions are highly complex, 
influenced by site-specific factors, operational planning, and other var-
iables. While this study employs commonly used cyclic loading to 
simulate train loads, differences remain. Future research should explore 
the effects of load strength, frequency, and the combined forms of static 
and dynamic loads. Moreover, due to limitations in instrumentation, the 
soil used in these experiments differs from that encountered in field 
conditions, and the test substructures do not fully replicate actual rail-
way configurations. These differences may result in variations in out-
comes, necessitating caution when applying the findings to the selection 
of subgrade materials for railway embankments.

Conclusions

In this study, the focus was on investigating contact erosion in rail-
way substructures, and a novel apparatus was developed to conduct 
contact erosion tests under cyclic loading conditions. Based on the 
experimental findings, several conclusions can be drawn:

Contact erosion occurs when the pressure head exceeds a critical 
value under cyclic loading. This highlights the significance of the 
drainage capacity of railway substructures in preventing erosion. Sandy 
soils with lower fines content demonstrate greater internal stability and 
lower particle loss from the subgrade. The critical pressure head for 

contact erosion is closely related to the stability of the subgrade soils.
Experimental results indicate that contact erosion in the subballast- 

sandy soil stratified structure leads to the migration of fine particles 
into the subballast layer, while the coarse eroded particles accumulate at 
the base, forming a low permeability interlayer. This secondary back-
filter layer enhances the filter’s effectiveness by reducing the likelihood 
of further particle migration.

The study reveals that meeting the current filter criterion commonly 
used in hydraulic structures does not guarantee effective prevention of 
contact erosion. The presence of cyclic loading can reduce the hydraulic 
conditions required for contact erosion to occur. Further research is 
necessary to investigate the geometric and hydraulic conditions for 
contact erosion under cyclic loading, with the aim of minimizing the risk 
of erosion-induced failures.
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