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Abstract Rapid globalisation and the rise in population

have substantially increased the demand for rail infras-

tructure which have been critical in transporting passengers

and freight across landmasses for over a century. The surge

in demand often leads to the construction of railway lines

along with unfavourable soil conditions which result in

different forms of substructure challenges such as uneven

track deformations, ballast degradation, and subgrade mud

pumping. A widespread site investigation along the eastern

coast of New South Wales, Australia, indicated the

prevalence of mud holes or bog holes along the tracks. The

field studies suggest that low-to-medium plasticity soils are

highly susceptible to mud pump when subjected to heavy

axle loads under impeding drainage conditions. Subsequent

laboratory investigations conducted on the remoulded soil

samples collected from the sites indicated the sharp rise in

cyclic axial strains and excess pore pressures along with

the internal redistribution of moisture content as the gov-

erning mechanism for mud pumping. Numerical simula-

tions performed using discrete element method coupled

with computational fluid dynamics show that at a high

hydraulic gradient, there is a substantial loss of soil contact

network which leads to the upward migration of soil

particles. The role of plastic fines and the inclusion of

geosynthetic layer between the ballast and subgrade are

also discussed in this paper. It was observed that the

addition of 10% of cohesive fines increased the resistance

of subgrade soils to mud pumping. On the other hand,

geosynthetic inclusions not only assist in dissipating high

cyclic excess pore pressures but also inhibit the upward

migration of fine particles.

Keywords Subgrade instability � Mud pumping �
Cyclic triaxial test � CFD-DEM � Geosynthetics

Introduction

Rail transportation is a vital component of a national

economy as it is the most prominent transport mode car-

rying both freight and passengers across places [1, 2]. The

burgeoning population and intensified trade necessitate the

increase in the speed of passenger trains and the weight

norms of freight trains. This surge in demand for railways

has led to significant studies being conducted in rail track

geodynamics. Several factors need to be considered while

designing a railway track, viz. train speed, loading inten-

sity, stiffness of the subsoil, track routes, affordability,

maintenance costs, and environmental impact [3].

A typical ballasted rail track comprises of two sections,

namely the superstructure and substructure. The super-

structure includes rails, sleepers, and fastenings, whereas

the substructure involves the most critical foundation lay-

ers of the railway track. It consists of the ballast, sub-

ballast, and subgrade layers. Some of the commonly

reported deformations associated with the railway track

include differential track settlement [2], ballast fouling

[4–6], track buckling [7], and subgrade failures [8–14]. The
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major subgrade problems include progressive shear failure

[8, 10], excessive plastic deformation (ballast pockets)

[13], and mud pumping [9, 15]. These conditions are

responsible for increased track maintenance costs which

can outweigh the economic benefits of carrying cargo on

rails. Therefore, it is imperative to study the behaviour and

deformation characteristics of subgrade under dynamic

loads.

Of all the challenges mentioned above, track fouling due

to mud pumping is a significant issue faced by railways

worldwide [15–19]. Mud pumping is often manifested as a

dry soil deposit or wet mud slurry on the track surface, or

sometimes as an interlayer created between ballast/sub-

grade layers [12, 20–22]. The prominent factors that lead to

the pumping of subgrade fines include high excess pore

water pressure, the presence of finer subgrade fraction, and

cyclic loading from the passage of trains [17, 19, 23]. The

complex combination of these factors results in subgrade

mud pumping. In addition to these factors, conditions such

as improper sleeper ballast contact or tie-ballast contact

creating suction [24], freeze–thaw cycles in cold regions

changing structure, moisture content, and strength of soil,

may cause subgrade fluidisation [17, 18, 25] which results

in the mud slurry being ejected onto the surface. Apart

from the internal conditions, some external agents such as

non-subgrade fines can induce mud pumping. These

include but are not limited to fines from ballast breakage,

sleeper wear, coal spillage, wind, and waterborne dust,

which reduce the drainage capability and adversely affect

the ballast’s mechanical functions [2, 26, 27]. It has been

quantified that a majority (76%) of fouling material in

ballast is contributed by ballast breakage, followed by

migration of fines from sub-ballast and subgrade (16%) and

a small amount (7%) is infiltrated from the surface [28].

Fouled ballast with a hydraulic conductivity less than

1 9 10–4 m/s is deemed to be unacceptable for railway

tracks [2]. Any lower permeability would in turn lead to

ballast acting as a drainage barrier increasing the

susceptibility of mud pumping. Figure 1 shows the various

sources of ballast fouling, which strongly indicate a sig-

nificant contribution (i.e., 58%) from the subgrade and sub-

ballast layers.

In low-lying coastal areas, where the subgrade soils are

soft and saturated, the pumping of subgrade fines due to

soil fluidisation is a major concern [15]. The soils with a

high fine fraction (less than 75 lm) and filter ratio (D15-

coarse/D85fine) greater than four can become internally

unstable when subjected to high pore pressure [29]. During

the generation of excess pore pressure under repeated loads

and poor drainage conditions, clay particles having a high

specific surface area adsorb water and forms slurry. This

process of subgrade fluidisation is dependent on the loading

amplitude and frequency, and it is necessary to investigate

the behaviour of subgrade soil under these conditions with

poor drainage. Although in recent times, experimental

investigations to study the phenomenon of slurry formation

and migration under cyclic loading have been reported

[29–31], there are limited insights into the response of a

soil element. The localised response of the soil specimen to

cyclic loading associated with the degradation in shear

stiffness requires an in-depth investigation.

This paper aims to explore the aspect of subgrade mud

pumping by carrying out extensive field investigations

along the south-eastern coast of New South Wales Aus-

tralia. The role of ballast breakage on fouling was also

studied. Further, attempts were made to clarify the mech-

anisms of mud pumping by conducting undrained cyclic

triaxial tests on remoulded subgrade soils subjected to

varying cyclic stress ratio (CSR), loading frequency (f),

relative density, plastic fines, etc. The results indicate that

the complex interaction of these factors triggers the

excessive deformation and high cyclic excess pore pres-

sures, leading to the internal redistribution of water content

which at high hydraulic gradient leads to subgrade fluidi-

sation. The redistribution of the soil particles and moisture

contents at high hydraulic gradients was examined through

discrete element method (DEM) simulations coupled with

complex computational fluid dynamics (CFD). Towards

the end of the paper, the authors also report the role of

geosynthetic inclusions in preventing subgrade fluidisation.

The current mitigation techniques to prevent the

occurrence of mud pumping range from subgrade soil

stabilisation using cementitious materials [32]; geosyn-

thetic inclusions [15, 30]; and prefabricated vertical drains

[33–36]. Recent studies indicate that subgrade soil vul-

nerable to fluidisation has a liquid limit in the range of 20

to 50 and plasticity index\ 30 [9, 17]. Hence, there is a

need to examine the role of adding cohesive fines, thereby

increasing the soil plasticity and investigating the cyclic

response of the subgrade soils. Further, this paper also

ventures into exploring the potential of geosynthetic
Fig. 1 Comparison of different sources of ballast fouling (modified

after Indraratna et al. [27])
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inclusions by carrying out tests on modified filtration

apparatus.

Site Reconnaissance and Soil Characteristics

Considerable effort has gone into investigating mud

pumping under railways in recent years; however, most

studies mainly focused on laboratory tests due to the lack

of resources [29, 30, 37]. Therefore, a thorough field

investigation followed by extensive laboratory testing was

carried out along the South Coast Illawarra railway line in

New South Wales (Australia) with the support of Sydney

Trains. This investigation concentrated on sites commonly

known as bog holes (i.e., slurry track), where the track

fouling condition was severe.

Brief Description of Site Investigation

The Illawarra line connects Sydney to its Southeast

regions, i.e., Nowra (Fig. 2a) is a shared rail network

between passenger and freight transport. Train speeds vary

from 40 to 110 km/h depending on the curvature of the

track, the axle load, and the length of trains. The freight

service mainly carries coal (i.e., about half of the total

volume of freight) and other grain materials with the lar-

gest axle load of 25 tonnes. The site investigation went

through twenty different locations from more than 300 bog

holes reported along coastal regions in NSW, and 100

places on the South Coast (SC) line [9]. The current study

mainly focuses on the segment from Waterfall to Nowra

(Sydney’s outskirts) due to the ease of access. Figure 2b

shows a typical location of a mud hole (white fines) that

caused severe track deterioration. In wet weather condi-

tions, these fines become slurry and function as a lubricant

reducing ballast friction.

Three major tasks were carried out at each mud pump-

ing location: (i) an assessment of site conditions and track

degradation, (ii) material sampling, and (iii) laboratory

testing. Task (i) included evaluating drainage and track

conditions such as side ditches, water ponding, the size of

mud pumping zone, visual observations of track deterio-

ration, and ballast fouling. Task (ii) was to collect subgrade

soil, mud, and fouled ballast samples for laboratory tests

(Fig. 2c). Apart from the fundamental soil characterisation

tests such as Atterberg limits, particle size distribution

(PSD), hydraulic conductivity, a series of undrained cyclic

triaxial tests were also carried out to understand behaviour

of subgrade foundation under rail loads. The cyclic triaxial

tests will be discussed in the later sections.

Field Observations

Most of the investigated sites had poor drainage conditions

which were found to be the major contributor to undrained

subgrade behaviour. The common issue that came across

different mud pumping tracks was improper and insuffi-

cient side ditches which did not provide sufficient drainage

capability for the track foundation. The spillage of coal and

construction materials was also a factor causing track

fouling and reduced drainage capacity. In some locations

where the track runs through the escarpment, the transverse

gradient from higher to lower side washed soil particles

and debris into the tracks, leading to the accumulation of

fines and the formation of mud. In the low-lying sites, i.e.,

from Wollongong to Nowra where the elevation of the

track from the sea level is about 30 to 50 m, saturated

subgrade under heavy rail loads and poor drainage fluidised

and intruded into the ballast.

Figure 3 shows the particle size distribution (PSD) of

fouled ballast at various mud pumping locations. The

results show that a considerable mass of fine particles

(\ 75 lm) especially clay particles from the subgrade in

the fouling materials, causes the PSD to deviate from the

standard ballast gradation. The laboratory tests (Table 1)

indicate that mud fines had low to medium plasticity (PI

B 22). The clay content exceeded 40% at some locations;

however, the mineral analysis (X-Ray diffraction) shows

that the majority of clay minerals were kaolinite which

implies the soils were less plastic and cohesive compared

to other clay minerals.

Effect of Fouling on Ballast Permeability

Fouling of ballast can be quantified using a unique void

contamination index which considers the change in void

ratio due to fouling as well as the specific gravity of dif-

ferent fouled materials as shown below [5].

VCI ¼ 1þ ef
eb

� Gsb

Gsf
� Mf

Mb
� 100 ð1Þ

where ef and eb are the void ratios, Gsb and Gsf are the

specific gravities, and Mf and Mb are the masses of fouling

material and clean ballast respectively. A VCI of 50%

indicates that half of the voids are filled with fouling

material.

Various studies [5, 38] have shown that fouling of bal-

last not only impacts the load bearing capacity of the track

due to its reduced shear strength but also affects the track

condition by creating localised mud pockets, subsequently

leading to the generation of excess pore water pressures in
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the subgrade layers. However, different fouling materials

such as coal fines and clay are found to affect the perme-

ability of ballast to different extents, owing to the differ-

ence in their permeability. Experimental tests conducted on

fouled ballast using large-scale permeability apparatus

indicated that the overall hydraulic conductivity was

reduced with an increase in VCI for all the fouling mate-

rials as shown in Fig. 4. The hydraulic conductivity of

ballast was initially reduced by 200 times for a 5% VCI

fouled with coal fines respectively, while the effect

plateaued after 75% with the permeability remaining in the

acceptable limits for acceptable track operations. In con-

trast, the reduction in hydraulic conductivity was relatively

low at VCI = 10% of clay fouling (Kaolin clay with a

plasticity index of 26% and liquid limit of 51.6% was used

as fouling material), but a steady reduction of permeability

is observed with an increase in VCI for clay-fouled ballast.

This almost reached the permeability of plastic fines at a

VCI of 90%, indicating that the ballast loses its ability to

free drain and further acts as a drainage impediment,

Fig. 2 Site investigation on mud pumping rail tracks: a map of the South Coast Illawarra (SC) rail line with bog hole locations, b severe fouling

of rail track due to mud pumping, and c excavation and sampling
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leading to the generation of excess pore water pressures in

soft saturated subgrades causing pumping.

Cyclic Behaviour of Subgrade Prone to Mud
Pumping

Basic Soil Properties

Soil samples were collected from a pumping prone site

near Wollongong City to investigate the cyclic behaviour

of the subgrade soil. Preliminary geotechnical tests

indicated the soil as low plastic clay, CL having a liquid

limit of 26, and a plasticity index of about 11 [39]. This is

consistent with other findings where mud pumping inci-

dents were identified mostly for fine-grained soils having a

low to moderate plasticity index (i.e., PI\ 26)

[17, 29, 30, 40–42].

The samples of natural subgrade soil were reconstituted

using nonlinear under-compaction method [29] to produce

test specimens of different compacted dry densities (qd),
i.e., qd = 1600, 1680, and 1790 kg/m3, and then were tes-

ted to investigate the undrained cyclic response.

Undrained Cyclic Triaxial Testing Programme

A series of stress-controlled undrained cyclic triaxial tests

at low confining stress was performed on the reconstituted

specimens. An effective confining pressure of r
0
c = 15 kPa

was employed as it simulated the shallow subgrade region

which is vulnerable to pumping. The cyclic response of the

subgrade samples was examined using the GDS ELDYN

dynamic triaxial system which consisted of an axially stiff

loading frame with an electro-mechanical actuator.

The cyclic stress ratio (CSR) is defined as the ratio of

the applied dynamic stress (rd) to twice the effective

confining pressure (r
0

c), as follows:

CSR ¼ rd
2r0

c

ð2Þ

A back pressure of 400 kPa was applied over 24 h to

ensure that specimens achieved a Skempton’s B

Fig. 3 Particle size distribution (PSD) of fouled ballast due to mud

pumping

Table 1 Properties of mud fines collected at the surface zone of fouled tracks

No Location Liquid

limit LL

Plastic

limit PL

Plasticity

index PI

Specific

gravity Gs

Hydraulic

conductivity (m/s)

Fines content

(B 0.075 mm) (%)

Clay content

(B 0.002 mm) (%)

1 Helensburgh

A

30 23 7 2.56 4.3 9 10–6 26.3 7.6

2 Helensburgh

B

23 18 5 2.51 9.1 9 10–6 28.9 1.0

3 Otford A 21 16 5 2.51 1.1 9 10–5 19.8 1.1

4 Otford B 23 17 6 2.50 7.8 9 10–6 36.7 2.9

5 Clifton 38 18 20 2.69 6.1 9 10–7 51.7 33.8

6 Austinmer 24 19 5 2.53 6.5 9 10–6 45.3 1.8

7 North

Wollongong

27 20 7 2.43 2.8 9 10–6 54.5 6.2

8 Coniston A 44 22 22 2.65 1.7 9 10–7 78.9 43.2

9 Coniston B 40 20 20 2.66 2.3 9 10–7 72.2 46.5

10 Dapto A 39 22 17 2.62 7.2 9 10–7 58.4 22.5

11 Dapto B 38 20 18 2.67 6.8 9 10–7 58.6 27.0

12 Croom 37 19 19 2.69 6.6 9 10–7 59.5 32.4
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value[ 0.95. Then, the specimens were anisotropically

consolidated at a k0 = 0.6 and an effective confining stress

of r
0
c = 15 kPa. A sinusoidal waveform of cyclic load was

then applied, and the excess cyclic pore pressure was

measured using a pore pressure transducer located at the

bottom of the test specimen. The tests were concluded

when the permanent axial strains reached either 5% or

when the number of cycles reached 50,000. Appropriate

membrane correction for the analysis was applied

according to [43]. Figure 5 shows the representation of

the specimen fluidising in the GDS ELDYN equipment and

forming a liquid-like state at the top when subjected to a

high CSR.

Cyclic Response of Tested Specimens

The cyclic stress ratio plays a crucial role on the behaviour

of specimen. Specifically, there exists a critical cyclic

stress ratio (CSRc), where the excess pore pressure (EPP)

and axial strains begin to increase rapidly with a substantial

drop in the deviatoric stress q, indicating the inception of

fluidisation. The value of the CSRc is dependent on the

initial dry density of the soil specimen and the loading

frequency. For example, as can be seen from Fig. 6, the

CSRc for a specimen compacted at a dry density of

1680 kg/m3 and subjected to a loading frequency of 1.0 Hz

is somewhere between 0.3 and 0.4. Indraratna et al. [29]

reported the similar effect of initial dry density and loading

frequency on the critical cyclic stress ratio. In addition to

the rapid increment in the cyclic axial strains and excess

pore pressure ratio, the fluidised specimens experienced an

early softening type behaviour [14, 31]. As shown in

Fig. 7, for the unstable specimens (wherein the

CSR C CSRc), there was a reduction in the applied peak

cyclic stress due to early softening. As the top of the

specimen fluidised, it was unable to withstand the high

magnitude of the applied cyclic stress.

Stiffness Degradation Index, d

As soils experience large strains, there is a considerable

reduction in the soil stiffness. While some past studies

[44, 45] have calculated the stiffness degradation by

assuming a constant level of stress, it may not be applicable

for the fluidised specimens as they experience early soft-

ening (as indicated in Fig. 7). Therefore, Singh et al. [14]

Fig. 4 Effect of coal and clay fouling on the hydraulic conductivity

of fouled ballast (modified after Tennakoon et al. [5])

Fig. 5 Undrained cyclic triaxial test on a compacted specimen (qd = 1790 kg/m3) fluidising at a CSR = 0.5, f = 1.0 Hz
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adopt the use of axial dynamic modulus of each loading–

unloading cycle to evaluate the stiffness degradation index,

d.

The axial dynamic stiffness was defined as the ratio of

the difference of maximum and minimum deviatoric stress

Fig. 6 Variation of the cyclic axial strain and mean excess pore pressure ratio for specimens compacted at qd = 1680 kg/m3 at a loading

frequency of 1.0 Hz

Fig. 7 Stress–strain response for the stable (CSR\CSRc) and unstable specimen (CSR C CSRc) for specimen compacted at qd = 1790 kg/m3

(Singh et al. [14])

123

1232 Indian Geotech J (October 2022) 52(5):1226–1243



to the difference of the maximum and minimum axial

strain at N number of cycles [14]:

Ed;N¼
rd;max � rd;min

ed;max � ed;min

� �
N

ð3Þ

The stiffness degradation index, d, was computed by

calculating the ratio of the axial dynamic stiffness of a

given cycle to that of the first cycle:

d¼Ed;N

Ed;1
ð4Þ

In order to estimate the critical number of cycles, the

degradation index plots are graphed along with the mean

excess pore pressure ratio plots. The point of intersection of

the two curves was defined as the threshold number of

cycles, Nthr, assumed to be the onset of fluidisation [14]. As

can be seen from Fig. 8, there exists a quasi-linear

relationship between ear,thr and log(Nthr) at a given cyclic

stress ratio; however, the applicability for a wide range of

soils is yet to be investigated [14].

Localised Response of Subgrade Specimens

Upward Migration of Fines for the Fluidised Specimens

As reported in the above sections, the specimens subjected

to higher CSR ([CSRc) fluidised and it was noted the top

portion of the specimen turned to a fluid-like state (Fig. 5).

After the test was concluded, the specimen was carefully

removed from the triaxial chamber, and the gradation was

analysed. The top and middle one-third regions were tested

in the Malvern particle size analyser (Mastersizer). From

Fig. 9, it is evident that there was a significant amount of

fines (\ 75 lm) that migrated towards the top regions of

the test specimen (& 36%) as opposed to that of the middle

region (& 24%). This implies that during the application of

cyclic loading, there is an upward movement of finer

fraction transported by the moisture content, thereby

facilitating the formation of a slurry or suspension in near

the top portion of the specimen [29].

Change in Liquidity Index

Indraratna et al. [31] measured the water contents at 4

different locations from the bottom to the top of speci-

mens after the cyclic test and reported a considerable

redistribution of the moisture content along with the

sample height. It was characterised by evaluating the

liquidity index (LI) that captures the water content rela-

tive to the plastic and liquid limits. Clearly, the liquidity

index of fluidised specimens varied widely from top to

bottom (0.5–0.9) (Fig. 10). While the LI of the top part is

nearly 1.0 representing a fluid-like state, it is about 0.5

towards the bottom. As the specimens were fully satu-

rated during the test, the redistribution of water content in

specimens was caused by cyclic loading, implying that

the variation in void ratio and dry density would occur

along the vertical axis (height) of specimens after the

cyclic test [31].

Fig. 8 Variation of the threshold residual strain at different cyclic

loading conditions (modified after Singh et al. [14])

Fig. 9 Migration of finer fraction for the fluidised specimens

(modified after Indraratna et al. [46])
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Particulate Behaviour During Fluidisation

Introduction to CFD-DEM Technique

As seen from the previous section, the localised behaviour

of a fluidised soil specimen is one of the most challenging

aspects that hamper conventional methods such as the finite

element method (FEM) and analytical method from accu-

rate prediction. The migration of pore water accompanied

by soil particles over different soil layers is an intrinsic

phenomenon during soil fluidisation, and it requires a more

sophisticated approach to capture the soil and fluid inter-

actions. In this section, discrete element method (DEM)

coupled with the computational fluid dynamics (CFD) was

used to address soil fluidisation under an increasing

hydraulic gradient due to an upward seepage flow.

Theoretical Background

The motion of soil particles considering the effect of fluid

is governed by the following equations based on the second

Newton’s law:

mi
dUpi

dt
¼

Xnci
j¼1

Fcij þ Fgi þ Ffi ð5Þ

Ii
xpi

dt
¼

Xnci
j¼1

Mc;ij þMr;ij

� �
ð6Þ

where Upi and xpi are the translational and angular

velocities of particle i, respectively; mi is the mass of

particle; Fc;ij, Fg;i, and Mc;ij are the contact, gravitational

forces, and torque acting on particle i by particle j (or

walls) while nci denotes the number of total contacts of

particle i. Mr;ij is the rolling friction torque. The nonlinear

Hertz-Mindlin contact model and the directional constant

torque model to capture rolling friction are employed; the

details of these applications can be found in previous

studies [47]. In the current study, the density of soil par-

ticles is 2650 kg/m3; Poisson ratio is 0.3; Young’s modulus

is 6.8 9 10–7 Pa; and coefficients of sliding and rolling

friction are 0.5 and 0.1, respectively.

The fluid behaviour is captured based on Navier–Stokes

(NS) equations as follows:

onf
ot

þr: nfUf

� �
¼ 0 ð7Þ

o qf nfUf

� �
ot

þr: qf nfUfUf

� �
¼ �nfrpþr: nf sf

� �
þ qf nf g� f p ð8Þ

where qf ; sf ;Uf , and p are the density, viscous stress,

velocity, and pressure of fluid, respectively; n is the

porosity while g is the gravitational acceleration vector; f p
is the mean volumetric particle–fluid interaction force

which is added into the conventional NS’s momentum

equation to represent the effect of solid particles on the

fluid phase. Details of computing f p considering subgrade

soil properties can be found in recent studies [48].

Behaviour of solid and fluid phases is computed indi-

vidually using DEM based on LIGGGHTS and Open-

FOAM; however, the parameters are exchanged with each

other in every pre-defined number of time steps. The total

Fig. 10 Variation of the

liquidity index along the

specimen height (modified after

Indraratna et al. [31])
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hydraulic force acting on particles primarily includes the

pressure gradient force, the viscous force, and the drag

force. The method to compute and combine these forces

can be found elsewhere [47, 48].

Soil Selection and Model Set-up

Previous studies [17] indicated that low plasticity soil is

highly susceptible to fluidisation, the current model hence

selected a cohesionless soil which was subjected to the

experimental study of hydraulic failure, i.e., piping and

fluidisation [49]. Particle size distribution (PSD) of this soil

is shown where experimental and numerical (DEM) data

agree with each other very well. The soil is formed in a

cubical element using periodic boundary to eliminate the

effect of soil-wall interactions. Figure 11 shows this soil is

subjected to an upward fluid flow which is modelled by

CFD. Porosity of the soil was 0.32 with respect to the

experimental value, while the hydraulic gradient is

increased gradually until the complete fluidisation of soil.

This increase in the hydraulic gradient aims to simulate the

localised excess pore pressure over the depth of subgrade

soil that can be generated by the passage of trains. The

variation in hydraulic conductivity, particle migration, and

soil deformation were computed over time.

Analysis of the Numerical Simulations

Figure 12 shows the predicted hydraulic conductivity of

the soil based on the current numerical method in com-

parison with experimental data. The results show relatively

good agreement between the numerical and experimental

curves. Increasing hydraulic gradient results in a linear

increase in the discharge velocity of the seepage flow;

however, as the hydraulic gradient reaches a critical value,

i.e., 1.7, the hydraulic conductivity increases rapidly. This

is indicated by the turning point in the flow curve as seen in

Fig. 12. The major reason for this substantial increase is

because increasing hydraulic gradient enhances the

hydraulic forces acting on soil particles, making the soil

particle displace upward accompanied with increase in

porosity of the soil specimen.

Deformation of the soil specimen under increasing

hydraulic gradient is shown in Fig. 13a. It is apparent that

there is a significant heave that is formed due to the

Fig. 11 a Particle size

distribution of the selected soil

for modelling and b soil element

in DEM coupled with upward

fluid flow

Fig. 12 Hydraulic behaviour of soil under increasing hydraulic

gradient
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increase in hydraulic gradient. Specifically, the current

simulation estimated a vertical displacement of the soil

surface of about 6.5% of the total height of the specimen at

the onset of the critical state. Further, an increase in

hydraulic gradient leads to a swift displacement of the soil

surface and upward migration of soil particles, i.e., all

particles are floating under zero-effective stress, thus

causing soil fluidization. Figure 13b shows that the contact

network of soil particles is degraded at the critical state. It

is apparent that the strength of particle contacts decreases

substantially to near zero at many places. It also means that

the soil has lost a majority of its stiffness and particles are

not restrained at this stage; thus, they are free to migrate if

a larger hydraulic gradient is applied.

Remediation Measures for Subgrade Mud
Pumping

Addition of Plastic Fines into the Soil Matrix

As noted in earlier sections, the subgrade soils having low-

to-medium plasticity are more susceptible to pump under

adverse loading conditions. Indraratna et al. [31] investi-

gated the influence of the addition of kaolin fines content

on the critical number of cycles, Nc. The critical number of

cycles was defined as the number of cycles where the axial

strains began to increase rapidly. At the same CSR = 0.3,

Nc increases from 39 to 105 cycles when mere 10% kaolin

is added to the original soil (Fig. 14). However, there is a

drop in the critical number of cycles as the fines content is

increased to 30%. This may be attributed to the increase in

the cohesion in the soil matrix due to the addition of kaolin

fines. Thus, the inclusion of a reasonable amount of

cohesive fines can enhance the resistance of subgrade to

fluidisation and consequent mud pumping under rail tracks

when subjected to unfavourable CSR generated by high

axle loads (freight trains) [31].

Fig. 13 Soil degradation at critical state: a heave formation, and b losing contact network of soil particles

Fig. 14 Influence of cohesive fines inclusion on the critical number

of cycles (modified after Indraratna et al. [31])
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The Effect of Geosynthetics in Reducing the Risk

of Subgrade Fluidisation Potential

Materials and Test Program

Arivalagan et al. [50] performed cyclic tests on three dif-

ferent geotextiles (Tests G1, G2, and G3) to assess the

efficacy in preventing particle migration and alleviating

subgrade fluidisation potential. The geotextile G1 had a

filter membrane in between nonwoven geotextile layers

and a filter aperture opening size (O95) of less than 1 lm.

The opening size (O95) of G2 and G3 was 60 and 75 lm,

respectively [51]. The maximum tensile strength of geo-

textiles G1, G2, and G3 [52] was 50, 52.5, and 30 kN/m,

respectively. The maximum CBR puncture resistance of

G1, G2, and G3 was 10 kN, 9 kN. and 5 kN, respectively,

as follows EN ISO 12236 [53].

The filtration apparatus developed by Israr and Indrar-

atna [54] was modified to measure the rate of change in

excess pore pressure (EPP), time-dependent excess pore

pressure gradient (EPPG), and axial strain development

under cyclic loading conditions. The modified large-scale

dynamic filtration apparatus was used to carry out a series

of laboratory experiments by simulating three different

drainage conditions, namely: (1) undrained (Test T1), (2)

free drainage (Test T2), and (3) partially drained with

geosynthetic inclusions. Figure 15 shows the schematic

illustration of the key components of the apparatus. Four

miniature pressure transducers (MPs) were installed at 20,

40, 80, and 120 mm from the top ballast/subgrade inter-

face. Further, six body transducers (Ps) were installed at

25, 55, 85, 115, 145, and 175 mm from the ballast/sub-

grade interface on opposite faces of polycarbonate cell to

capture the temporal variations in EPPG. A 35-mm-thick

layer of fresh ballast layer was placed on the top of the

geotextile to simulate the ballast/geotextile interface.

The laboratory tests comprised of five test procedures,

including (1) compaction, (2) saturation, (3) consolidation,

(4) interface preparation, and (5) loading application.

During the compaction, the target bulk density of 1600 kg/

m3 (95% of relative compaction) and moisture content of

17% were attained by compacting the soil under nonlinear

undercompaction method. The saturation of the prepared

soil specimen was continuously monitored by three

amplitude domain reflectometry (ADR) probes at 45, 100,

and 155 mm from the ballast/subgrade interface prior to

the consolidation. The geotextile was placed below the

ballast layer, as shown in Fig. 15.

Fig. 15 Schematic cross section

of the experimental set-up
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Performance of Different Geotextiles under Cyclic Loading

The deviatoric stress of 40 kPa at a frequency of 5 Hz was

applied for 100,000 cycles to assess the effectiveness of

different geotextiles (G1, G2, and G3). As shown in Fig. 16

geotextile G1 develops a higher EPP (more than 30 kPa) in

the first 500 cycles, and it dissipates the EPP to less than

10 kPa at the end of each test. The miniature pressure

transducers measured lower than 22 kPa after 10,000

cycles, and G1 could alleviate EPPs with the increase in

number of cycles. Unlike other geotextiles (G2, G3), G1

dissipates the EPP by more than 85 and 60% after 100,000

cycles at 20 and 40 mm below the interface, respectively.

The rate of dissipation in EPP for G2 and G3 is very low

compared to G1, near the interface and the middle region

of soil specimen. The larger pore openings in G2 and G3

led to particle migration through the pore openings and

became clogged with fines particles, diminishing drainage

capacity under cyclic loading conditions.

The EPP measured at different locations by body

transducers was used to calculate the excess pore pressure

gradient (EPPG). It is defined as the ratio between the

change in the excess pore water pressure head and the

corresponding distance between two specified locations.

The non-uniform development in EPPG (Fig. 17a) gener-

ates high upward hydrodynamic force sufficient to dislo-

cate the fines and pump them upwards. The critical layers

in middle/deeper subgrade soil were also captured by

determining the EPPG at different depths. Figure 17a

shows that the EPPG developed in G1 is significantly lower

than G3. The EPPGs developed in Layers (2–1) and (3–2)

are higher than 70 at 1000 cycles in Test G3 and thus

highlighting the potential for particle migration under

adverse hydraulic conditions. However, the generation of

EPPGs in critical layers (i.e. Layer (3–2) and Layer (2–1))

for Test G1 reduces below ten after 1000 cycles.

A continual increase in axial strain was observed in G2

and G3 due to the pore water pressure dissipation and

subsequent particle migration through the geotextiles.

Figure 17b shows that the residual axial strain remains

below 1.5% for G1, while G2 and G3 show the increasing

trend up to 100,000 cycles (ea\ 2.1%). The extent of fines

trapped in the pore openings in G1, G2, and G3 is 5.92,

Fig. 16 Excess pore water pressures a Tests G1 and G2 b Tests G1

and G3 (modified after Arivalagan et al. [50])

Fig. 17 a Excess pore pressure gradients for Tests G1 and G3 and

b axial strain for Tests G1, G2, and G3 (modified after Arivalagan

et al. [50])
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8.12, and 9.16 g, respectively, and the geotextile area is

4.15 9 10–5 m2. The larger pore openings in G2 and G3

led to particle migration and more clogging with fines

compared to G1. The test results show that G1 effectively

reduces EPP accumulation and prevents particle migration

under cyclic loading conditions compared to G2 and G3.

Effectiveness of Geotextiles in Reducing the Risk

of Subgrade Fluidisation

The undrained (Test T1) and free drainage (Test T2) tests

were carried out where an impermeable layer and a layer of

ballast were directly placed over the subgrade specimen,

respectively. The experiments were also subjected to

40 kPa deviatoric stress at 5 Hz frequency. As shown in

Fig. 18a, the EPPs developed at the middle layers (MP2

and MP3) and lower subgrade soils (MP4) were signifi-

cantly high for Test T1. This implies that the middle layer

or a shallow part of subgrade soil is vulnerable to subgrade

fluidisation under undrained conditions. However, geotex-

tile G1 can successfully prevent the critical development in

EPP, and there is a 52% reduction in EPP observed at MP3

(@100 mm) after 50,000 cycles, as shown in Fig. 18a. The

pore development at MP1 (@20 mm from the interface) is

further reduced by 64% at 50,000 cycles using G1. The

subgrade near the interface becomes slurry in Test T1 and

T2 after 500 cycles, where G1 prevents the formation of an

‘interlayer’ by providing additional confinement at the

interface and the onset of subgrade fluidisation. The test

results imply that higher EPP without continual dissipation

can cause particle separation and associated subgrade flu-

idisation. However, the rapid EPP developed in middle or

lower regions can be alleviated using geotextiles (G1)

under adverse hydraulic conditions.

Figure 18b shows that the maximum axial strain

developed in Test T2 reaches 6% in just 500 cycles.

Similar observations were reported by Indraratna et al.

[29], discussing the effect of increased axial strain during

the occurrence of subgrade fluidisation. The development

of axial strain is controlled due to the inclusion of geo-

textiles at the interface, and it is less than 1% even after

50,000 cycles. Figure 19a shows the EPPGs developed in

Tests T1 shoots above 40 at 500 cycles, and thereafter

remained constant until 15,000 cycles. However, G1 sig-

nificantly reduces the EPPG at the top three layers of

Fig. 18 a Excess pore pressures for Tests T1 and G1 b axial strain

(modified after Arivalagan et al. [50])
Fig. 19 a Excess pore pressure gradients for Tests T1 and G1 and

b water contents after N = 100,000 cycles (modified after Arivalagan

et al. [50])
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subgrade soil within 1000 cycles, and the EPPGs in Layers

(2–1) and (3–2) show 81% and 92% reduction at 25,000

cycles.

Figure 19b shows the efficiency of different geotextiles

curtailing the water content of subgrade soil. The water

content for undrained and free drainage tests is close to the

liquid limit at the top surface of the subgrade and induces

subgrade fluidisation as finer particles continuously accu-

mulate under repeated loading conditions. Moreover, G1

helps in reducing the water content, unlike undrained (T1)

and free drainage (T2) tests and prevents the potential for

softening of the top surface (fluidisation) near the bal-

last/subgrade interface.

Performance of Geotextiles under Higher Cyclic Stress

The effectiveness of geotextile (G1) must be examined

under different axle loads and the speed of the heavy haul

trains. Therefore, varying magnitudes of deviatoric stress

(rmax) of 70 kPa (Test D70), 85 kPa (Test D85), and

100 kPa (Test D100) were used to simulate the axle load of

heavy haul trains. The geotextile G1 was used for this

study, and its effectiveness in preventing subgrade fluidi-

sation is discussed in the following sections.

As predicted, expeditious development in EPP was

observed when increased the cyclic deviatoric stress was

up to 100 kPa. As shown in Fig. 20a, the geotextile G1 was

less effective in the middle to the lower region (i.e. critical

layers) in Test D100. The miniature pressure transducers

(MP2, MP3, and MP4) readings were above 40 kPa and

16 kPa in Tests D100 and D85 until the test ended (80,000

cycles). The increasing trend in axial strain was reported in

the past studies [29, 31] when the subgrade soil was sub-

jected to a higher cyclic stress ratio (CSR). The continual

increase in axial strain (Test D100) reaches 5% at about

75,000 cycles, as shown in Fig. 20b. In contrast, the axial

strain for D70 was less than 1.5%, and it was 2.2% after

80,000 cycles in Test D85.

Figure 21a shows that the maximum EPPG of 120 and

225 developed in less than 1000 cycles in Layers (2–1) and

(3–2), respectively, during Tests D85 and D100. However,

the EPPGs of the top and middle layers (i.e., Layers (2–1),

(3–2) and (4–3)) dropped to 10 immediately after 1000

cycles and remained constant in Test D70. The rate of

dissipation in EPPG after 1000 cycles in the critical layers

(Layers (3–2) and (4–3)) of soil is minimal at higher cyclic

stress levels when compared to lower cyclic deviatoric

stress. The water contents of the top and middle layers

were significantly reduced due to the inclusion of G1 under

lower cyclic stress. There is nearly 5% increase in the

water content at the subgrade surface in Test D100, as

shown in Fig. 21b. Severe clogging and migrated fine

particles were observed at the interface in Tests D100

compared to Tests D70 and D85. This indicates that G1

was less effective in preventing the abrupt change in water

content and subsequent fine particle migration from the

middle layers with increased cycles under rmax of 100 kPa.

Indeed, the potential for fines migration becomes promi-

nent with increased cyclic stress, and the associated mud

pumping can be trigged under repeated loading conditions.

Conclusions

The salient findings from this research are summarised as

follows:

• Subgrade mud pumping is commonly observed in

ballasted rail tracks. Through an extensive survey of

the literature and the ongoing efforts involving various

site investigations along the eastern coast of New South

Wales, it can be concluded that subgrade soils with low-

to-medium plasticity are prone to mud pumping under

the current axle loads and speeds of freight trains.

• Undrained cyclic response of the soil prone to mud

pumping revealed that it is the sudden rise of axial

Fig. 20 a Excess pore pressures and b axial strains under different

deviatoric cyclic stress (modified after Arivalagan et al. [50])
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strains accompanied by the high cyclic excess pore

water pressure that causes the upward migration of finer

fraction of the soil. The top portion of the fluidised

specimens turned to a liquid-like state with the liquidity

index near unity and the specimen stiffness dropped

rapidly.

• The migration of fines along with the moisture redis-

tribution is an intrinsic phenomenon during soil fluidi-

sation, and it was addressed by carrying out the discrete

element method (DEM) coupled with the computational

fluid dynamics (CFD). At higher hydraulic gradients,

there was a clear loss of contact network between the

soil particles causing upward migration.

• Geosynthetic inclusions such as geotextile (G1) are

effective in dissipating the cyclic excess pore water

pressure, reducing the overall deformation, and thereby,

prevent fine particles migration under cyclic loading

conditions. The potential for fines migration becomes

significant with increased cyclic stresses, and this can

be attributed to the higher hydraulic gradients.
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