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ABSTRACT

In recent times the demand for railway transportation has increased rapidly all over the
world because a sustainable mode of transportation is needed to convey passengers and
other commodities. However, subgrade soil with low bearing capacity is susceptible to
instability under unfavourable drainage conditions. Subgrade soils with low/medium
plasticity characteristics that undergo high cyclic stress levels are prone to fluidisation due
to the rapid increase in excess pore water pressure (EPWP). Subsequently, subgrade can
become unstable which leads to fines being pumped into the ballast/subballast layer (mud
pumping). Excessive fine content, EPWPs, applied cyclic stress and frequency are the
primary factors that induce particle migration and associated mud pumping. However, the
actual mechanisms and cost-effective solutions to prevent subgrade fluidisation were not
thoroughly understood due to its complexity and limitations.

In this study, a series of laboratory experiments were carried out to examine the following
aspects of mud pumping: (1) the occurrence of subgrade fluidisation by simulating various
drainage conditions, (2) the role geotextiles play in stabilising subgrade/ballast interface,
and (3) the effectiveness of a prefabricated vertical drain (PVD) and geocomposite system
in reducing the fluidisation potential using dynamic filtration apparatus (DFA). Soil
specimens were tested at loading frequencies ranging from 1.0 to 5.0 Hz and cyclic deviator
stresses from 40 to 70 kPa, simulates a maximum axle load of 35 tonnes. The axial strain
(ea), EPWPs, and time-dependent excess pore pressure gradient (EPPG) that developed
under undrained (impermeable) and free drained (no capping) conditions were used to
define the failure criteria. The results showed that geocomposite with an effective filter
membrane could prevent the migration of particles under typical train loading (25 tonnes).
However, when the cyclic deviatoric stress increased (up to 35-40 tonnes of axle loading),

the ability of geocomposites to alleviate the EPWP diminished.
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The effectiveness of PVDs was also assessed under various loading conditions. The
combined PVD-geocomposite system could reduce the accumulation of EPWPs and
continuously dissipate them as the number of cycles increases, thereby providing a viable
solution for mitigating the effects of subgrade fluidisation. Design guides were introduced
with the field applications at Chullora, NSW. Finally, a numerical study was carried out to
evaluate the use of geosynthetics under typical rail track conditions. The predictions
revealed the efficiency of geosynthetics at regulating and dissipating the generation of

EPWPs under train loading.

Keywords: Subgrade fluidisation; Mud pumping; Geosynthetics; Excess pore water

pressure
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CHAPTER 1: INTRODUCTION

1.1 Study Background

The increasing demand over the past few decades for railway transportation requires a
faster and more reliable rail network for transferring people and goods. However, railway
tracks built on weak subgrade soil are vulnerable to instability due to the induced and
repeated dynamic stress during the passage of heavy-haul trains and passenger trains. The
railway authority spends hundreds of million dollars on frequent remedial measures and
costly maintenance, mainly for the deterioration of the track geometry caused by poor
drainage. Indeed, the rapid generation of Excess Pore Water Pressure (EPWP) during cyclic
load leads to a significant reduction in effective stress and an increase in the void ratio
where the dislocated/separated finer particles can be pumped up under critical hydraulic
conditions (mud pumping). A severe mud pumping site near Wollongong city is shown in

Figure 1. 1.

Figure 1. 1: Subgrade mud pumping (Courtesy: Prof. Indraratna)



The capping layer or the sub-ballast is generally expected to: (1) reduce the cyclic stress
transferred from the ballast to the subgrade, and (2) provide appropriate drainage conditions
in railway tracks that can prevent subgrade fines from upward pumping. Railway
embankments which are constructed on subgrade where the groundwater table is close to
the subgrade surface are more prone to instability under cyclic load. Moreover, the critical
hydraulic gradient induced by cyclic EPWPs inside the subgrade (at different depths) leads
to the onset of subgrade instability/fluidisation. For these reasons, conventional capping
which often becomes impermeable, fails to perform its primary function and leads to
excessive settlements and track degradation, as has been reported at various sites including
NSW, Australia. A brief description of the pumping of fines in railway tracks which
highlights the significant difference between soil fluidisation and liquefaction is given

below.

1.2 Soil Fluidisation (Mud Pumping) and Soil Liquefaction

The shallow subgrade below a railway can become unstable due to the migration of
moisture and fine (silt) particles towards the top surface due to the EPWPs that develop
under a cyclic load. Subsequently, the moisture content of subgrade at the surficial layers
can increase to the liquid limit, thus forming a slurry. However, cohesive soil with a high
clay content can resist fabric instability by preventing the segregation of fine particles and
moisture migration within the fabric. Soil liquefaction during earthquakes is a deep-seated
phenomenon that is caused by the inevitable build-up of EPWP due to low-frequency
seismic accelerations. The excessive pore water pressures generated by seismic shaking
can affect the non-linear dynamic soil response. Subsequently, the soil loses its bearing
capacity (zero effective stress) during liquefaction, and the overlying structures can sink
into the ground.

Mud pumping is a shallow layer phenomenon where the water content can reach its liquid

limit before the effective stress becomes zero. Laboratory tests carried out by Indraratna et
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al. (2020) reported that the rapid internal migration of very fine particles carrying moisture
exacerbated by increased hydraulic gradients can very quickly make the soil close to the
surface have a liquidity index (LI) approaching one. In this case, the soil becomes a liquid
or slurry because its water content is equal to the liquid limit (LL). This mainly occurred
due to the build-up of EPWP in the soil so further laboratory analysis is needed to

investigate the mud pumping phenomenon more closely.

1.3 Problem Statement

Although some previous research studies addressed the mud pumping issue, the factors that
cause mud pumping, such as water associated with drainage conditions, fines properties,
and cyclic load parameters, have not been addressed very well (Duong et al. 2013; Kuo et
al. 2017; Nguyen et al. 2019). In most cases, the failure mechanism of compacted granular
capping and other model tests used to assess ballast degradation and ballast/subgrade
interaction were captured under cyclic loading conditions (Indraratna et al. 2018;
Indraratna & Raut 2006; Israr & Indraratna 2018; Liu & Xiao 2010; Tennakoon &
Indraratna 2014; Trani & Indraratna 2010). Due to its complex nature, the mechanism of
subgrade fluidisation must be investigated using laboratory experiments and mathematical
and numerical models. To investigate the performance of weak soil, large-scale laboratory
tests are required (primary method) to simulate typical train-induced cyclic loading.

The conventional solution for mud pumping is often to clean and/or replace the fouled
material at mud pumping sites. However, this approach is costly and still does not prevent
the chance of mud pumping occurring again (i.e., it is not a permanent solution for mud
pumping). To alleviate the occurrence of mud pumping, the drainage capacity at the
ballast/subgrade must be considered during construction and maintenance activities. The
other solution is chemical stabilisation, which may reduce subgrade fluidisation (Karol
2003), but this approach is not environmentally friendly because it has adverse effects on

the natural ground (Lenart et al. 2018). The best solution for mitigating the migration of
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fines is to install geosynthetics or geocomposites and provide additional drainage to prevent
subgrade fluidisation.

Geosynthetics are one of the most effective and sustainable approaches used in railway
tracks to mitigate the migration of particles under dynamic loading conditions. The
installation of prefabricated vertical drains (PVDs) and geotextiles in railway tracks are
shown in Figure 1. 2. The justification for using a geotextile as a capping layer in railway
tracks has not been emphasised in previous studies. It is important to assess how well
geosynthetics can prevent particle separation and upward pumping into the ballast layer
and the governing factors that cause subgrade fluidisation under critical loading conditions.
Geotextiles can prevent fine particles from moving towards the overlying layer and provide
adequate drainage if clogging can be prevented (Chawla & Shahu 2016; Kermani et al.
2018). The design criteria of a geotextile should satisfy filtration, drainage, and clogging
in terms of the aperture opening size (AOS) and any other properties under critical hydro-
mechanical circumstances (Ayres 1986; Luettich et al. 1992).To decelerate EPWP
generation at a greater depth within subgrade soil, PVDs can be installed; they provide a
short radial drainage path and also increase the stability of soft weak soils. The use of PVDs
combined with geotextiles/geocomposites to mitigate mud pumping phenomena has not

really been well established or understood comprehensively in previous studies.

1.4 Research Hypotheses
The research hypothesis is developed based on research questions and previously
published research based on the theory. The following research hypotheses clearly define
the focus of the experiment and expected outcomes.
e The dynamic filtration tests can be used to assess the primary factors that cause
subgrade fluidisation by simulating various drainage conditions (e.g., Undrained,

free drainage, and partially drained conditions)



e Geosynthetics (geotextile, geocomposite and PVDs) can be used to dissipate the
generation of EPWPs (the primary factor which causes subgrade instability in soft
soils) during the train loading and even after the passage of the train.

e The generation of time-dependent excess pore pressure gradient plays a crucial role
in inducing the migration of fine particles from the middle towards the subgrade
surface.

e The effectiveness of geotextiles and geocomposites will diminish under higher axle
loads and increased train speeds.

e The combined PVD-Geocomposite system can be used to alleviate the
development of critical EPWPs and control soil softening at the ballast/subgrade

interface.

Figure 1. 2: (a) The installation of PVDs (b) geotextiles (Courtesy: Global Synthetics)

1.5 Objectives and Scope of the Present Study

This research is aimed to investigate the role of geosynthetics in reducing the fluidisation
potential of soft subgrade under adverse hydro-dynamic conditions. A series of dynamic
filtration tests can be used to assess the effectiveness of geosynthetics to alleviate critical
pore water pressure generation and migration of fine particles at the ballast/subgrade

interface.



The specific objectives of this research are as follows:

o To study the inception of subgrade instability under the cyclic loading conditions
and identify the key factors causing the mud pumping while addressing the
generation of Excess Pore Pressure Gradient (EPPG) and critical flow conditions.

o To evaluate how well the geosynthetics placed in weak subgrade soil can alleviate
the development of EPWPs and prevent particles from migrating across the
soil/geotextile interface. Large-scale dynamic filtration tests were carried out to
simulate the in-situ hydraulic conditions in railway tracks.

o To determine how effective geosynthetics are in terms of filtration and drainage
and evaluate the effects of the loading characteristics (different axle loads and
speed of heavy haul trains).

o To analyse the role of a combined PVD-Geocomposite system in mitigating or
controlling the onset of subgrade instability and fluidisation under cyclic loading.

o To develop the numerical models to assess the performance of geosynthetics in a
typical railway track environment; the drainage capacity of the track at

ballast/subgrade interface can be captured by carrying out FEM analysis.

1.6 Innovations and Salient Qutcomes

o Although geotextiles are being used as a filter and separator in highway and
railway embankments, their ability to prevent the fluidisation potential of soft soils
has not been well established in previous studies. The Dynamic Filtration
Apparatus (DFA) was designed and built at the University of Technology Sydney
in order to assess the key factors that cause subgrade fluidisation under adverse
drainage conditions and the effectiveness of geosynthetics to prevent mud
pumping.

o This study shows that the application of geocomposite with a filter membrane can

be an effective way to stabilize the railway tracks by preventing particle migration
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and dissipating the EPWPs, especially near the subgrade surface. A continual
dissipation was also observed with the inclusion of geocomposites during cyclic
loading, and this can make the track more stable.

o The inclusion of PVDs has shown promising signs of dissipating the quick rise of
EPWPs at deeper subgrade soil while geocomposite can provide adequate surficial
drainage at the interface. From a practical perspective, the stabilization of rail
tracks with a PVD-geocomposite system can be employed to prevent the
fluidisation potential of soft soils.

o The practical guidelines for improved track performance in weak soils were
established for industry practitioners, and the design criteria for geotextiles are
included in the guidelines.

o The geocomposites and geotextiles were included in Chullora filed trail because
the subgrade soil had a high fine content and the rail track was flooded due to heavy
rainfall. The geosynthetics can improve the drainage capacity and prevent particle

separation and upward migration of fines.

1.7 Organisation of Dissertation
There are ten chapters in this thesis. A brief description of the ten chapters is as follows:

o Chapter 1 starts with a brief introduction on the failure mechanisms of mud
pumping and associated remedial action required to prevent interruptions to train
transport systems.

o Chapter 2 provides a comprehensive literature review of subgrade fluidisation and
the associated mud pumping phenomenon. The experiments and theoretical
analysis carried out by numerous researchers on mud pumping projects are
summarised, and then the mitigation measures for mud pumping and previously

proposed guidelines are briefly described in Chapter 2.



Chapter 3 describes the methodology proposed for the dynamic filtration tests
(DFT). The research approach and testing procedures for evaluating the
performance of geosynthetics are detailed in this chapter.

Chapter 4 describes the experimental program which consists of preliminary
hydraulic tests and dynamic filtration tests. The results of cyclic tests conducted to
assess the performance of geotextiles/geocomposites using slurry are presented.
Chapter 5 contains the experimental results of undrained and free drainage
conditions. The rapid change in moisture content and upward migration of fine
particles towards the ballast layer under cyclic loading are reported.

Chapter 6 explains the role of geotextiles/geocomposites in preventing particle
migration and subgrade fluidisation. This section describes the cyclic tests carried
out on a large soil specimen (240 mm diameter by 200 mm high) using the
geotextiles and geocomposites having different filtration and drainage properties.
Chapter 7 contains the design guidelines for the appropriate selection of geotextiles
and geocomposites under cyclic loading conditions. The characteristics of
subgrade soils vulnerable to mud pumping and the function of geotextiles are
elaborated.

Chapter 8 reports the performance of PVDs and geocomposites under rail tracks.
The effectiveness of geocomposites and PVDs installed to alleviate the rapid
generation of EPWPs and prevent the potential for early soil softening/fluidisation
is discussed in conjunction with plotted test results from a series of laboratory
experiments.

Chapter 9 proposes an FEM analysis to capture the generation of EPWPs with and
without geosynthetic inclusions. The ability of geotextiles, PVD and PVD-
geotextile systems in dissipating the EPWPs and preventing subgrade instability

are discussed under adverse hydro-dynamic conditions.



o Chapter 10 explains the design and construction stages of the Chullora Field Trial.
The geosynthetics tested in this study were used in the real field. A suite of
instruments placed in four different sections and techniques used to measure the
performance of geosynthetics under the typical train loading are discussed.

o Chapter 11 provides conclusions, research highlights, discussions, and
recommendations for future research work. It also discusses the applicability of the
research and the possible practical implications. A list of references follows

Chapter 11.



CHAPTER 2: LITERATURE REVIEW

2.1 General

The Australian railway network is over 43,000 km long and carries some of the world’s
heaviest and longest freight trains (Australian Trade and Investment Commission). In
recent times, railway transport has become more competitive than road and other modes of
transportation (Road and Rail Freight 2018) and as such plays a key role in Australia's
economy by supporting mobility and job creation (ARA 2020). However, track instability
caused by mud pumping, ballast breakages, differential settlement, and track misalignment
requires millions of dollars for the frequent maintenance needed to ensure safety and
passenger comfort.

Undoubtedly, the stability of the substructure is greatly affected by the cyclic stresses
caused by the increased speed of the train and axle load. These dynamic stresses can induce
the migration of fines into the ballast and subballast (mud pumping) under poor drainage
conditions. Mud pumping sites from all over the world are shown in Figure 2. 1. These
pumped-up fines or slurry into the ballast layer can drastically reduce the drainage
properties, and moreover, the fouled ballast particles coated by clay slurry immediately
lose their shear strength and can no longer resist the dynamic stresses developed under
repeated cyclic loading (Tennakoon & Indraratna 2014). The particle size distribution,
relative density, plasticity characteristics of the soil, water content, effective stress, and the
various type of loading should be considered when trying to prevent mud pumping in

railway tracks (Nguyen & Indraratna 2021; Nguyen et al. 2019).
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This chapter reviews past and recent research studies with special reference to subgrade
fluidisation and the prevention techniques or mitigation measures used in railway tracks.
While compacted sand blankets and geosynthetics (capping layer) have been used to
prevent subgrade failures, the complex process of degradation involves various mechanical
aspects, which means that mud pumping and cost-effective prevention measures are still
not understood completely and nor are they well established (Nguyen et al. 2019). Several
laboratory tests, site investigations, and theoretical models that capture the fundamental
concepts of mud pumping in railway tracks are still needed to understand the mechanism

of subgrade mud pumping.

Fouled ballast

Figure 2. 1: Mud pumping sites in (a) Ashfield, New South Wales (Tennakoon et al. 2014)
(b) Queensland (Indraratna et al. 2012), (c) The United Kingdom (Ghataora et al. 2017)

and (d) Mansfield, Massachusetts (Aw 2007)
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2.2 Rail Track Structure

2.2.1 Track Components

The superstructure and substructure of rail tracks consists of rails, sleepers, ballast, sub-
ballast, and subgrade. The superstructure includes the rails, ties (sleepers), and fastening
systems that can withstand train loading. Rails are laid on concrete, steel, or timber sleepers
to guide the wheels of the train. Concrete/Timber sleepers are mainly used to distribute the
loads into the coarse ballast. Ballast is the uppermost layer in the substructure, it is about
250 mm - 350 mm thick, and acts as the load-bearing platform and uniformly distribute the
load into the subballast and subgrade. The subballast or sand blanket is the granular layer
compacted on the subgrade. Subballast consists of well-graded crushed rock with a
thickness that can vary from 100 mm — 150 mm. The sub-ballast layer prevents the ballast
from penetrating the subgrade and also reduces the fine migration. The bottom layer is
subgrade, i.e., the foundation for the track bed. Subgrade can be a treated soil or fill material
if the natural soil does not have enough bearing capacity to withstand train-induced loads.
Any loss of stiffness in the subgrade soil can significantly affect the substructure and

superstructure and lead to the degradation of ballast and differential rail settlement.

2.2.2 Track Response under Heavy Haul Loading

The ballast layer in railway tracks provides a dynamic resilience against huge axle loads
and the increasing speed of freight trains (Indraratna & Salim 2005), whereas the subballast
acts as a filter and separation layer that evenly transfers cyclic stress from the coarse ballast
to the subgrade. The filtration characteristics of the subballast layer are increasingly
important because it must provide adequate drainage and retention capacity (Selig &
Waters 1994). Figure 2. 2 shows the stress distribution on track structure where concrete
and wood ties are used (Li et al. 2015) and the maximum vertical stress (>340 kPa) is

generated directly beneath the rail in both sleepers.
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Figure 2. 2: The vertical stress transmission under concrete and wood ties (modified after

Li et al. (2015))

2.2.2.1 Maximum Vertical Stress

During the passage of trains, the loading pulses generated by trucks (bogie) are transferred
to the substructures. The amount of stress transmitted to the substructure may determine
the type of track/subgrade failures. Maximum stress at the ballast surface can be observed
when the wheel is directly over the sleeper-ballast interface (Indraratna et al. 2011b). The
vertical stress developed at the sleeper/ballast contact area by a coal train with wagons (100
tons) with wheel irregularities is shown in Figure 2. 3. It is clear that the maximum vertical
cyclic stress increased up to 230 kPa, in fact one peak reached more than 415 kPa; this
corresponds to the arrival of wheel-flats. This implies that large dynamic impact stresses

can be developed due to wheel imperfections and should be assessed in track designs.
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Figure 2. 3: Vertical cyclic stresses oyr generated at the ballast layer (modified after

Indraratna et al. (2010a))

2.2.2.2 Stress Attenuation

The dynamic stress exerted onto subgrade soil attenuates rapidly from the subgrade surface.
Liu & Xiao (2010) reported that the stress pulses caused by 120 km/h freight trains and 200
km/h passenger trains are different from the stress imparted onto the subgrade as the depth
increases. Field measurements reveal that the dynamic stress caused by a passing train
attenuates within shallow depths. For instance, the dynamic stress that develops 2.5 m
below the subgrade surface can drop to 20% of the surface mean value. Furthermore, the
loading frequency can affect the threshold stress, and the railway subgrade also has the

potential for shear failure under frequent loading with increased train speed (Liu 2006).

2.2.3 Track Instability and Characteristics of Subgrade Problems
The deterioration of subgrade soil dramatically affects the performance of the

superstructure and substructure, it also results in ballast fouling, track misalignment and
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degradation, ballast pockets, mud pumping, and differential settlements. Subgrades with
fine-grained material under continuous train-induced loads may fail by attrition from the
ballast, progressive shear failure, or excessive settlement due to the accumulation of
excessive plastic strain (Li & Selig 1995; Li & Vanapalli 2021). Subgrade soil attrition
associated with mud pumping is mainly due to repetitive dynamic loads, excessive water
content, and the existence of fine particles in the subgrade. The cyclic EPWPs induce high
hydraulic gradients across different soil layers that can cause fines to migrate with
increased seepage, thereby forming slurry on the subgrade surface (Boomintahan &
Srinivasan 1988). Once the fine particles migrate upwards and fill the voids in the ballast

layer, it can no longer provide structural stability.

2.3 Mechanisms of Mud Pumping/Subgrade Fluidisation

2.3.1 The Occurrence of Mud Pumping
Numerous research studies have been carried out over the previous decades to study the
occurrence of mud pumping and it is still not well understood how the mechanism of

subgrade fluidisation varies with different loads and the characteristics of the soil.

2.3.1.1 Mud pumping Induced by Localised Suction

Takatoshi (1997) reported that mud pumping is caused by suction under four stages, as
shown in Figure 2. 4. There are gaps between the sleepers and ballast beds due to dilation
and breakage as ballast degrades due to long term cyclic loading. When a train passes over
the ties the train loads impart high EPWPs in the subgrade. During unloading, the space
left by the sleepers generate negative EPWPs or suction that cause upward fine migration.

This suction force is repeated under cyclic loading, causing the fines to accumulate inside
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the ballast layer, as shown in Figure 2. 4. The poor sleeper-ballast contact creates an upward
suction in the ballast layer that can draw fine particles into the ballast layer, thereby causing
fouled ballast. This was first proposed by Takatoshi (1997) and was further complemented
by later studies (Liu et al. 2013; Wheeler et al. 2017). Hudson et al. (2016) reported that
voids under sleepers combined with localised stress and cyclic deformation accelerate mud
pumping in railway tracks. A similar mechanism was observed in slab tracks where the
gaps between the concrete slabs and subgrade caused a fluidised subgrade surface that
subsequently accelerated mud pumping near the base plate expansion joints during the next

train loading (Cai et al. 2015).

Loading &
Loading Unloading Unloading

| i 1
~ko 4]
o

a

Figure 2. 4: Initiation of mud pumping proposed after Takatoshi (1997) (a) Floating tie
between sleeper and ballast, (b) High pore water pressure, (¢) Fine migration by suction,

and (d) Mud pumping

2.3.1.2 Subgrade Fluidisation under Cyclic Loads

Cyclic loads generate EPWPs under rail tracks and induce fines to move upwards through
the surface layers. The penetration of ballast and associated fine migration leads to an
'interlayer creation,' i.e. a layer with a mixture of materials at the ballast/subgrade interface
(Duong et al. 2014a). Aw (2007) reported that mud pumping can be identified in the zone

with excess water, thus weakening the base and allowing fine particles to migrate into the
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voids. Subsequent ballast penetration into the subgrade was also reported under repeated
cyclic loading conditions. Unit cells with a rigid wall (physical model) test were also used
in past studies to examine the mechanism under different loading conditions (Boomintahan
& Srinivasan 1988; Ghataora et al. 2006).

Duong et al. (2014) carried out tests using a 550 mm transparent thermoplastic cell to
observe the ‘interlayer creation’. A 220 mm thick subgrade consisting of an artificial
mixture of 70% crushed sand and 30% kaolinite clay by dry weight was compacted to 1500
kg/m?® of dry unit mass, and then a 160 mm thick ballast was placed onto the subsoil. No
fines were pumped up during the unsaturated tests or no changes observed at the interface
between these two layers even after 500,000 cycles (5Hz). However, the ballast
immediately penetrated in subgrade and created upward migration of fine particles under
saturated conditions. Permanent displacement continues to increase rapidly during cyclic
loading. There was a significant amount of fine particle migration during cyclic loading
compared to monotonic/static constant loading, as shown in Figure 2. 5. This shows that
the migration of fines occurs due to not only ballast penetration (i.e., interlayer creation)

but also the generation of EPWP combined with induced local hydraulic gradient.

Figure 2. 5: Photos showing the evolution of the interface (a) after saturation, (b) after

monotonic loading, and (c) after cyclic loading (after Duong et al. (2014a))
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The cyclic load generates more EPWP than monotonic loading, and the EPWP that
developed into the subgrade exceeded the effective stress, thereby causing the surface of
the soil to rise towards the ballast particles. The transformation of subgrade soil into slurry
depends mainly on the drainage capacity of the foundation. Insufficient drainage at the
ballast/subgrade interface (limited or strictly undrained conditions) increases the water
content near the top subgrade surface and leads to a significant rise in EPWP under repeated
loads (Indraratna et al. 2020d).

Indraratna et al. (2020d) carried out cyclic triaxial tests under undrained conditions using
low-plastic soil with a PI of about 11%. The effects of the cyclic stress ratio (CSR), speed
of trains, and relative density of soils were determined by carrying out cyclic triaxial tests.
The CSR can be defined as the ratio between the applied cyclic stress and twice the
effective confining pressure. The fluidisation of soft soils under undrained cyclic loading
was examined under different frequencies (1 to 5 Hz), CSRs (0.1 to 1.0), and relative
densities (1600, 1680, and 1790 kg/m?). The results shows that ‘internal redistribution of
moisture’ can explain the phenomenon of mud pumping under cyclic loading. The rapid
increase in moisture content approaches the liquid limit (LL) and it reveals that a slurry-
like state is developed at the surface under repetitive loading.

Subgrade fluidisation can be triggered when the CSR exceeds a threshold level, but it also
depends on the dry density. Figure 2. 6(a) shows that a soil specimen compacted to lower
densities are more prone to subgrade fluidisation, even under lower critical CSRs, with an
increased number of cycles. However, the soil specimen with around 95% of relative
density and subjected to higher CSRs (0.4 and 0.5), failed under a lower number of cycles.
Figure 2. 6(b) shows the residual axial strain under different CSRs and relative densities.
The rapid increase in axial strain observed for lower density soil, but it rose to above 0.25%
when the CSRs increased. Although stable samples with an increased fine content showed

a decreasing incremental rate of EPWPs and axial strain, the fluidised samples resulted a
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rapid increase in EPWPs and strain with an increased number of cycles (Indraratna et al.

2020d).

According to Indraratna et al. (2020a) the fines content (Kaolin) in subgrade increase the

cyclic resistance of subgrade. Subsequently, soil with 10% kaolin changed its failure mode

to conventional undrained shear failure. However, an excessive fines content (above 30%

of kaolin) reduced soil resistance dramatically. Aw (2007) carried out field investigations

and showed that the correlation between EPWP in subgrade soils was not clear compared

to the laboratory experiments. Therefore, more studies are needed to understand the mud

pumping phenomenon under cyclic loading while considering different field variables.
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Figure 2. 6: The effect of dry density inducing subgrade fluidisation (a) Critical CSRs and

(b) residual axial strain (after Indraratna et al. 2020d)
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2.3.1.3 Effects of Weather on Mud Pumping

Changes in the weather conditions such as significant rainfall and very low temperatures
also affects the occurrence of mud pumping because water is the vital component needed
to initiate mud pumping. The drainage capacity of a track foundation can be hindered
during typical rainfall events (>67.5 mm/hour). Several studies were carried out to predict
how these adverse weather conditions created more potential for mud pumping (Duong et
al. 2014a; Hudson et al. 2016; Indraratna et al. 2020a; Ito 1984; Kuo et al. 2017). The test
results showed that railway tracks became more vulnerable during high rainfall periods due
to a higher groundwater table and water ponding in railway foundations. Li & Wilk (2020)
investigated a 'Rainy Section' test zone in order to understand the mechanisms of mud
pumping. The stability of track-substructure can be characterised by drainage capacity and
resistance to induced cyclic stress under repeated dynamic wheel loads. Figure 2. 7 shows
the 6.1m long rainy test section, where the ballast contains around 40% fines (degraded
ballast material and pumped-up fines). The field investigations showed that the pumped-
up fines from the subgrade becoming weaker under 40 million gross tons (MGT) of traffic

loading.

Figure 2. 7: Rainy test section with fouled ballast (Li & Wilk 2020)
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Peat boils

Void between sleeper
and the ballast

Figure 2. 8: Peat boils and voids between the sleeper and the ballast (after Wheeler et al.

2017)

2.3.1.4 Unstable Soft Foundations and Transition Zones

Issues due to the instability of soft foundations has been reported in Canada, Australia,
France, India, and other European countries because the cyclic load could induce large rail
displacements, differential settlements, and increased risk of derailments (Duong et al.
2014b; Hendry et al. 2013; Powrie 2014; Trinh et al. 2012; Wong et al. 2006). Wheeler et
al. (2017) reported that subgrade soil with very low stiffness was particularly prone to
create voids between the rail and sleeper due to pore water pressures and associated
pumping of fines. As shown in Figure 2. 8, the pumping of mud directly from a peat soil

creates piping hole formations (peat boils) accompanied by large voids beneath rail and
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sleepers, as well as between the sleeper and ballast layer. The soft soil foundation was
vulnerable to progressive shear failure under static loads and subsequently caused
mud/slurry at the subgrade surface. It tends to pump-up onto the surface during cyclic
loading under increasing EPWP as the train loads squeeze the mud. The deterioration of
tracks and potential for mud pumping is commonly found in vulnerable sections of rail
lines such as switches and crossings, expansion joints, and transition zones (Li et al. 2015;
Powrie 2014; Wang & Markine 2019; Yang et al. 2018). According to Coelho et al. (2011),
a train passing through the transition zones can lead to significantly larger impact loads and

abruptly reduce the track stiffness.

2.3.1.5 Ballast Mud Pumping

Unlike subgrade mud pumping (Section 2.3.1.2), the mechanism of ballast mud pumping
is based on an increasing EPWP inside the ballast layer caused by accumulated fines and
ballast degradation (Brown & Selig 1991). The ballast becomes contaminated with fines,
and also contains crushed particles and coal fines which can infiltrate and accumulate in
the ballast layer (Aw 2007; Ayres 1986; Selig et al. 1992). The degradation of ballast is
primarily due to the infiltration of coal particles spilled from coal wagons. However, voids
in the ballast mixed with infiltrated fines impair the drainage capacity, which means the
ballasted track may not withstand greater axle loads in the long term (Gundavaram &
Hussaini 2021; Indraratna et al. 2010b).

Ionescu (2004) investigated the characteristic degradation of the ballast layer in railway
tracks. This study also reported on how the deposition of fines in the voids of the ballast
layer reduced its drainage capacity under continuous train loading. As a result, the
permeability of fouling ballast decreased much more than typical fresh ballast due to the
intrusion of fines such as coal, clay, and silt. Tennakoon et al. (2012) introduced a Void
Contaminant Index (VCI) and investigated the correlation between the percentage of

fouling and the drainage properties of the ballast layer.
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2.3.2 Key Factors Inducing Mud Pumping

According to Nguyen et al. (2019), there are three primary factors, excessive fines, water
content, and dynamic load that contribute to mud pumping in railway tracks. The evolution
of EPWP in soils, the migration of fine particles under cyclic loading, and the factors

affecting the generation of cyclic pore water pressure are also discussed in this section.

2.3.2.1 The Source of Excess Fines

Excess fines can come from (1) the subgrade and subballast, (2) ballast breakage, and (3)
external sources such as dust, waste materials, and wagon spillage (Nguyen et al. 2019).
Figure 2. 9 shows the primary sources of fines inducing mud pumping in railway tracks.
Subgrade pumping and ballast breakage are induced by the internal processes of a railway
foundation, whereas dust and wagon spillage come from external sources. During subgrade
degradation, the subgrade soil develops a higher EPWP which leads to particle migration.
Ayres (1986) classified these factors as: 'Erosion Pumping Failure' (EPF) and 'Dirty Ballast
Pumping Failure' (DBPF). Under EPF, pumped-up slurry is formed under two mechanisms;
(1) the penetration of ballast and ’interlayer creation’, and (2) the generation of greater
cyclic stresses. The pumped-up fines from the subgrade are the common source of mud
pumping and they significantly affect the internal friction of ballast particles (Hudson et al.
2016; Sussmann et al. 2012). The mud pumping sites reported in previous studies and the
characteristics of soils used for laboratory testing are listed in Table 2. 1. It is clear that
most of the subgrade soil falls above the A-line and can be classified as inorganic clay soils,
as shown in Figure 2. 10. Moreover, the liquid limit (LL) mainly varies from 20 to 50 while

the plasticity index (PI) is less than 30, i.e. low to medium plasticity soils.
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Figure 2. 9: Sources of excess fines inducing mud pumping under loads

On the other hand, Dirty Ballast Pumping Failure (DBPF) also occurs due to ballast particle
breakage, sleeper wear, and the deposition of wind-blown sediments. Ballast particles can
slide and roll over each other under train loading, thus leading to ballast breakage and
attrition. Many studies showed that ballast breakage was predominant compared to
subgrade fines so they only adopted mechanical degradation in their studies (Feldman &
Nissen 2002; Indraratna et al. 2011b; Ionescu 2004). Moreover, fines can build up when
transporting coal and this contribute to ballast fouling (Tutumluer et al. 2008). Feldman &
Nissen (2002) reported that ballast fouling in the Queensland rail line is mainly caused by
the infiltration of coal, which contains around 70 to 95% of contaminated ballast. In
contrast, the performance of ballast-less tracks depends mainly on subgrade infiltration
during the critical EPWP that develops under cyclic loads in slab tracks. In other words,
the accumulation of fines due to ballast breakage and external sources can be absent or

insignificant under slab tracks (Hayashi & Shahu 2000; Muramoto et al. 2006).
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2.3.2.1.1 Migration of Fines and Change in Particle Size Distribution

The particle size distribution tests on samples collected at mud pumping sites revealed that
fines which accumulated at the top surface could be observed under subgrade fluidisation
(Korkitsuntornsan 2020; Nguyen & Indraratna 2021). The fine particles had traversed from
the middle layers and experienced a loss of fines. More recent studies proved that
accumulated fines could turn into slurry because the lower part of the specimen had
densified and released the EPWP while carrying fines under repeated cyclic loading. These
separated fines can be migrated into the granular layers due to the developed excessive

hydraulic gradients (Abeywikrama 2020; Indraratna et al. 2020a).
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Figure 2. 10: Plasticity chart of soft soil at mud pumping sites (Arivalagan et al. 2021)
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Table 2. 1: Characteristics of soil subjected to mud pumping reported in previous studies

Mud pumping sites/References Soil description Country/location LL PI Particle size

Ayres (1986) Marine deposited calcareous clay Lower Lias, UK 44 24 95% finer than 63 pm
Raymond (1986a) Copan plastic clay Kansas, USA 48 30 83% finer than 60 um
Raymond (1986a) Valley Falls plastic clay Kansas, USA 45 22 79% finer than 60 pm
Raymond (1986a) El Dorado Cut plastic clay Kansas, USA 48 29 95% finer than 60 pm
Raymond (1986a) El Dorado Fill plastic clay Kansas, USA 48 30 99% finer than 60 pm
Boomintahan & Srinivasan (1988) Attipattu Clayed silt Attipattu, India 45 27 67% silt and 12% clay

Boomintahan & Srinivasan (1988) Mundi-yampakkam Clayed silt India 40 21
Rollin et al. (1990) Non-plastic silt (S1 & S2) & plasctic clay (C3) Canada 75% finer than 75 um

Silty clay with medium plasticity (Keuper

Alobaidi & Hoare (1994),(1999) Marl) Birmingham, UK 49 26

Hayashi & Shahu (2000) Shirasu soil (SW) Kagoshima, Japan 10% silt and 82% sand
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Voottipruex & Roongthanee (2003) | Inorganic clay with low to medium plasticity Thailand 43 21 77% finer than 75 um
Muramoto et al. (2006) & 50.6% silt and 46.6%
Muramoto & Nakamura (2011) Arakida clay Japan 49.9 21.7 clay
Trinh et al. (2012) Finely grained soil (CH) Lyon, France 57.8 24.1 | 98% finer than 100 pm
Liu et al. (2013) China 23 12
Duong et al. (2014a) 70% crushed sand & 30% kaolin France 27 11 95% finer than 80 pm
Chawla & Shahu (2016a) Dhanaury clay (CI) India 36 15 99% finer than 60 um
Chawla & Shahu (2016a) Delhi Silt (ML) India 25.5 5 40% finer than 70 um
Hudson et al. (2016) Alluvial clay, silt and sand UK
Out of 30 sites 50% are ML (mud) others are 25-80% finer than 75
Kuo et al. (2017) clay (CH) and sand (SM) Hsinchu, Taiwan um
Wheeler et al. (2017) Peat subgrade Canada
Indraratna et al. (2020d) Low plasticity clay (CL) Australia 26 11 30% finer than 75 um
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2.3.2.2 Dynamic Loading

Several studies carried out to investigate the effects of dynamic and repeated traffic loads
revealed that the critical load that causes subgrade fluidisation/mud pumping has still not
been understood very well due to the complex mechanism (Nguyen et al. 2019). Duong et
al. (2014a) reported that the pumping of fines, penetration of ballast into the subgrade, and
associated 'interlayer creation' under cyclic loading were significant compared to
monotonic loading. Furthermore, a rapid increase in EPWP and axial strain initiated
fluidisation type failures when the CSR exceeded a certain level (i.e. Critical Cyclic Stress

Ratio — CSR,) under undrained conditions (Indraratna et al. 2020d; Selig & Li 1994).

2.3.2.3 Role of Water, Drainage, and Effects of Degree of Saturation

Mud pumping can only occur under adverse hydraulic conditions such as during heavy
rainfall and high groundwater levels in the foundation (Do 2021), but poor drainage at the
surface, inside ditches, ballast shoulders, and culverts can also induce adverse hydraulic
conditions in railway tracks (Cantrell 2009; Latvala et al. 2016). A high groundwater table
can saturate subgrade soil, so most laboratory investigations used saturated samples to
study mud pumping (Chawla & Shahu 2016a; Duong et al. 2013; Li Dingqing 2020). The
potential for mud pumping with low water contents or under unsaturated conditions has not
yet been proven, but according to Duong et al. (2013), more fines migrated rapidly under
a saturated state (water content > 14%), and no pumping occurred under unsaturated
conditions. The EPWPs that accumulate over time could separate the fines and induce
particle migration (Alobaidi & Hoare 1999; Alobaidi & Hoare 1996), and fines transported

into ballast can dramatically reduce its permeability.
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Table 2. 2: Cyclic response of soft subgrade and potential failures in a Nutshell — Key themes

Theme description

Selected key References

Effect of CSR., Development of
excess pore pressure (EPWP) and

axial strain (€) under cyclic loading

Larew & Leonards (1962), Sangrey et al. (1969), Andersen et al. (1980), Yasuhara et al. (1982), Ansal
& Erken (1989), Yasuhara et al. (1992), Zergoun & Vaid (1994), Christopher et al. (2006), Guo et al.
(2013), Wang et al. (2013), Paul et al. (2015), Indraratna et al. (2015), Ni et al. (2015), Lei et al. (2016),

Thian & Lee (2017), Martinez et al. (2017), Gluchowski et al. (2019), Do (2021)

Effect of frequency (train speed)

Brown et al. (1975), Matsui et al. (1980), Procter & Khaffaf (1984), Konrad & Wagg (1993), Liu &
Xiao (2010), Mortezaie & Vucetic (2013), Wichtmann et al. (2013), Yang et al. (2019), Zhou & Gong
(2001), Indraratna et al. (2020a), Ansal & Erken (1989), Lei et al. (2016), Ni et al. (2015), Yang et al.

(2019), Dash & Sitharam (2016), Zhang et al. (2021), Jiang et al. (2010), Shen et al. (2017)

Effect of water content and

Drainage capacity under -cyclic

loading

Alobaidi (1991), Alobaidi & Hoare (1996), Miller et al. (2000), Cantrell (2009), Indraratna et al. (2009),
Tennakoon et al. (2012), Duong et al. (2013), Chawla & Shahu (2016a), Latvala et al. (2016), Li

Dingqing (2020)

Stiffness degradation under cyclic

loading

Idriss et al. (1978), Andersen et al. (1980), Zhou & Gong (2001), Vucetic & Dobry (1991), Kagawa

(1992), Lee & Sheu (2007), Guo et al. (2013), Cai et al. (2018), Singh et al. (2021)
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2.3.3 Cyclic Response of Soft Subgrade and Potential Failures

Soft subgrade is more vulnerable to higher axle loads and it cannot withstand any cyclic
stress exerted from the top layers. A dynamic load significantly reduces track stability by
inducing EPWPs and diminishing the seepage hydraulics (Trani & Indraratna 2010b). The
following sections discuss the effect of cyclic load (CSR), frequency, water content/adverse
drainage conditions on weak subgrade soil. Most outcomes in this regard can be categorised

into four themes, as shown in Table 2. 2.

2.3.3.1 Excess Pore Water Pressure and Axial Strain under Cyclic Load

Many studies have been carried out over the years to find out the threshold cyclic stress
ratio (CSR;) for undisturbed and remoulded samples by analysing the development of
plastic strain and EPWPs (Andersen et al. 1980; Ansal & Erken 1989; Ni et al. 2015). When
soil specimens were subjected to well below the threshold stress levels, the soil behaved
elastic, and there was no loss in stiffness; however the specimens experienced plastic
failures when the cyclic stress reached its limiting value (Larew & Leonards 1962). A rapid
generation of EPWPs at the subgrade/subballast interface could lead to erosion and
subsequent particle migration (Christopher et al. 2006). Kermani et al. (2018) reported that
the number of pumped-up fines increased with simulated traffic loading cycles.

Sangrey et al. (1969) performed an array of cyclic triaxial tests to assess the behaviour of
fully saturated clayey soil under cyclic load. As predicted, the pore pressure that was
generated under cyclic loading brings the soil to the effective stress failure envelope under
critical stress levels. The cyclic strain and EPWP were measured and showed that each
loading cycle subjects to non-recoverable deformation and failure. Figure 2. 11 explains
the relationship between the level of cycled stress and the maximum pore pressure under
the peak of a non-failure equilibrium cycle. Wang et al. (2013) performed triaxial tests on
soft marine clays to investigate the generation of axial strain and EPWPs. The resilient

strain rapidly increased at the beginning and then reached a steady value. Figure 2. 12
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shows that the pore pressure rapidly increases during the first hundreds of cycles but then
the rate of increment in EPWP decreases. The axial strain is more than 4% at 50,000 cycles
(CSR=0.40), and there is a significant increase in EPWP as the CSR increased from 0.14
to 0.40. However, the increment of EPWP over a long time is small, irrespective of the
stress magnitude (Figure 2. 12). Similar observations in shear strains and EPWP were
reported at different cyclic stress ratios (Thian & Lee 2017; Zergoun & Vaid 1994). In
addition, Gluchowski et al. (2019) reported that EPWPs generated in the first few cycles
play a key role in the accumulation of plastic strains and constitutes the major amount of

EPWP.
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Figure 2. 11: The relationship of equilibrium pore pressure to the level of cycled stress

(after Sangrey et al. (1969))

Yasuhara et al. (1992) performed the stress-controlled triaxial tests to assess the cyclic
strength and deformation of clay thereby defining cyclic failure at critical state line (CSL).
There was a positive generation of EPWP when NC clay was subjected to undrained cyclic
loading, and moreover, the clay specimens behaved differently subjected to one-way and

two-way cyclic load.
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2.3.3.2 Loading Frequency
The cyclic frequency on subgrade soil is mainly affected by the train speed, the carriage
length, the bogies, and the distance between axles. In general, larger axial strains and EPWP

can be developed at lower frequencies with increasing loading cycles (Indraratna et al.
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2020d; Konrad & Wagg 1993; Procter & Khaffaf 1984; Wichtmann et al. 2013; Zhou &
Gong 2001). Zhou and Gong (2001) reported on the effect of axle load and frequency on
normally consolidated (NC) and over consolidated (OC) samples and found that axial strain
developed at lower frequencies was more prominent than at larger frequencies. Jiang et al.
(2010) also obtained similar results, i.e., a continual increase in axial strain and EPWPs
with an increased time per loading cycle. Zhang et al. (2021) investigated the effects of
frequency on a sand and silt mixture and reported that a rapid failure with severe particle
migration occurred as the loading frequency increased. The influence of frequency varies
on a wide range of soils, so predictions can only be made by conducting a series of

laboratory tests.

2.3.3.3 Drainage Conditions

Yasuhara et al. (1992) investigated the changes in undrained strength with and without
drainage under cyclic loading and reported that the soil decreased in strength under
undrained cyclic conditions (no drainage). However, once drainage was allowed, the
specimen continued to dissipate the pore pressure, thereby increasing the undrained
strength (i.e., the clay experienced secondary compression).

Migrating fines can clog the pores of subbase (road) or subballast (railway tracks) and thus
impede its drainage capacity. As the drainage capability of tracks decreases (i.e., poor
drainage/undrained conditions), the EPWP cannot be dissipated and thus reduce the shear
strength and stiffness of the subgrade soil. According to Alobaidi & Hoare (1996), the
pumping of fines depended mainly on the EPWPs that developed at the subgrade/subbase
interface. Moreover, a significant hydraulic gradient that was generated during the
dissipation of pore pressure could separate the fines and pump the fine particles into the
top layers. However, the inclusion of geosynthetics significantly reduced the generation of
EPWP and continuously alleviated the EPWP under cyclic loading (Attya et al. 2007b).

Geosynthetics as a filter successfully prevented the pumping of fines in highway
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embankments (Kermani et al. 2018; Palmeira et al. 1997). Ni (2012) also reported that
prefabricated vertical drains installed in soft soils dissipated the cyclic EPWPs during rest

periods (Figure 2. 13).
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Figure 2. 13: Dissipation of EPWP after cyclic loads (after Ni (2012))

2.3.3.4 Stiffness Degradation

The stiffness of soft subgrade soil decreases in the first few cycles and then undergoes
excessive degradation due to the rapid increase in cyclic stress and strain. Zhou & Gong
(2001) investigated the role of CSR, with regards to its frequency and over consolidation
ratio (OCR) in developing cyclic strain/degradation. Figure 2. 14 shows how the Cyclic
Stress Ratio (CSR) affects stiffness degradation of a normally consolidated soil (under F=1
Hz and OCR = 1). The lower the degradation index, the higher the degradation in soils.
Figure 2. 14 shows significant reduction in the degradation index as the CSR increases; and
it is not linear. Zhou & Gong (2001) also reported that the rate of degradation was
significant under at low frequency, and became lower as the frequency increases. Singh et

al. (2021) investigated the stiffness degradation of vulnerable soft soils under different
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loading conditions and proposed a quasi-linear relationship between the threshold strain

and threshold number of cycles.
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Figure 2. 14: The effect of cyclic stress ratio on the degradation index (f=1 Hz, OCR=1

modified after Zhou & Gong (2001))

2.3.4 Internal Erosion Associated with the Filtration Process

Mud pumping is a complex intrinsic process that interacts with different geomaterials such
as fines, subballast, and ballast. Therefore, conventional filtration tests such as pumping
water through the bottom of the specimen to simulate the critical hydraulic gradient, cannot
be used to study the actual mud pumping mechanism. Moreover, filtration tests carried out
in the past experimented with granular soils such as fine to coarse sand, which differ
entirely from the characteristics of typical subgrade soils with low to medium plasticity
(Israr et al. 2016; Nguyen et al. 2019; Skempton & Brogan 1994; Trani & Indraratna

2010a).

2.4 Assessment of Mud Pumping
The assessment of mud pumping sites assists in navigating the appropriate and practical

solutions to mitigate mud pumping. This section includes the assessments carried out with
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and without visible mud pumping in tracks by highlighting theoretical models and
laboratory experiments. Governing factors such as the loading conditions, drainage
characteristics, the properties of track materials, and the severity of damage to the
foundation should be addressed while assessing the mud pumping sites. The fouled ballast
and pumped-up slurry on the surface of the track are the visible evidence needed to
determine the occurrence of mud pumping because there are no effective methods or
strategies that can be used to identify mud pumping before it can occur while trains are
passing over the track (Nguyen et al. 2019). There are no user-friendly numerical codes
and practical guidelines available in previous literature in order to prevent mud pumping
under cyclic loading (ARTC 2013; Transport for NSW 2016).

While numerous studies have been carried out to quantify ballast fouling using the fouling
indices, the severity of mud pumping can also be assessed by evaluating ballast fouling.
The percent passing (PP), fouling index (FI), percentage void contamination (PVC), and
void contamination index (VCI) are the current methods proposed to quantify the level of
fouling (Bruzek et al. 2016; Tennakoon et al. 2012), but they cannot determine how fine
properties such as material mineralogy, plasticity, and the moisture content affect the
performance of ballast during subgrade mud pumping.

The mechanism of mud pumping can be determined to quantify the predominant fines
associated with visual observations. These visual observations and laboratory studies on
field samples could be used to determine the failure of subgrade. Field work includes
excavating and sampling ballast, subballast, and subgrade soil, and investigating the
drainage conditions. The laboratory tests determine the properties of track materials such
as the water content, the plasticity index, and the PSD. Advanced physical model tests can
also be used to assess the ballast/subgrade interactions, subgrade softening and ballast
degradation, and to capture the mud pumping mechanism (Liu et al. 2013; Sun et al. 2016;
Toyota & Takada 2021). Although several studies highlight the common aspects of mud

pumping such as ballast breakage and deformation, subgrade softening and internal erosion
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(Indraratna et al. 2014b; Israr & Zhang 2021; Li & Selig 1998; Shire & O’Sullivan 2013;
Sun et al. 2016), the theoretical approach to fully capture the mud pumping mechanism is
still limited. Therefore, comprehensive geotechnical investigations and complex theoretical
models are needed to address the wide range of mechanical issues related to mud pumping
issues as well as cost-effective solutions (Nguyen et al. 2019; Read et al. 2011).

Assessing mud pumping sites without visible slurry or ballast fouling can be more
challenging, in which case the deterioration of ballast tracks, differential settlement, and
derailment are the only visible signs for identifying invisible mud pumping. The deflection-
load profile generally represents track stiffness, and the measurement of vertical deflection
is also a cost-effective way to identify track problems. Ground Penetration Radar (GPR)
can be used to inspect the condition of tracks and substructure, as well as the behaviour of
the ballast and sub-ballast layer, moisture and Ballast Fouling Index (BFI) (Li & Wilk
2020). Ballast pockets in the track can be detected using a GPR (Basye & Li 2015). This
approach is simple to use in practice and can identify the mud pumping locations that
cannot be detected by the naked eye (Kuo 2021). Implementing other methods such as field
inspections and collecting soil samples during the rainy season is more challenging,
whereas GPR can be used to investigate mud pumping under various weather conditions

(Lenart et al. 2018).

2.5 Solutions for Mud Pumping
The solutions for mud pumping and restore the strength and adequate drainage capacity of
tracks are important. Although numerous studies have proposed a variety of solutions, the

most reliable and cost-effective solution for mud pumping is still a critical question.

2.5.1 Clean and Fouled Ballast
The common method used to maintain a mud pumping track is to remove the fouled ballast

and replace it with fresh ballast. Tennakoon & Indraratna (2014) reported that a VCI of
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50% can produce an excessive amount of clay in the ballast and thus induce significant
EPWP generation. Fouled ballast can be removed, cleaned, and replaced unless the fouling
is excessive or the ballast has deteriorated badly with severe particle breakage. Numerous
studies have been carried out to assess ballast fouling, they are reported in Section 2.4
(Chapter 2), the ballast should be clean so it can provide acceptable drainage. According to
Hudson et al. (2016), renewing fouled ballast and removing the voids through tamping
under the sleepers cannot always prevent the risk caused by subgrade mud pumping.
However, increasing the thickness of ballast helps to minimise the stress exerted on the
subgrade surface, and reduces the pressure on the subgrade by almost half when the ballast
increases from 25 cm to 35 cm thick (Ito 1984). This approach, including replacing ballast
or renewing the subgrade (slurry), is expensive but it is currently used in practice due to its

simplicity and long-life effectiveness (Transport for NSW 2016).

2.5.2 Enhanced Drainage Conditions

Most subgrade failures, including mud pumping in railway tracks, are associated with high
water content and poor drainage conditions (Aw 2007). After significant heavy rainfalls
the groundwater table rises to the surface and induces potential failure under cyclic loading.
While conventional methods such as renewing the fouled ballast, maintaining the ballast
shoulders, side ditches, and drainage system can improve the overall drainage capacity of
the track, these methods are ineffective under adverse hydraulic conditions and cannot
prevent the infiltration of fines and subgrade fluidisation (Mamou et al. 2017). The
installation of geosynthetics is an alternative way to provide adequate drainage and

maintain the structural stability of tracks (Figure 2. 15).

2.5.2.1 Use of Prefabricated Vertical Drains
Short wick drains can be installed into the soft subgrade to mitigate mud pumping by

continually alleviating EPWPs, even after train passing. Therefore, the EPWP for the next
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train loading would be less, and the potential for fluidisation or infiltration of the subgrade
cannot be triggered (Indraratna et al. 2009; Singh et al. 2020a). Moreover, horizontal (i.e.,
transverse) drains can also be installed to facilitate horizontal drainage by dissipating

EPWP induced by train loads (Ito 1984).

2.5.2.2 Geosynthetic Composites/Inclusion

The use of geosynthetics to prevent track substructures from failing has been studied over
the past few decades. Although various geotextiles and geocomposites have been tested in
the field and undergone large-scale laboratory testing, their effectiveness to prevent particle
migration and fluidisation varies widely. Some studies reported that geosynthetics have a
limited efficiency and their performance could diminish quite significantly over the years

(Ayres 1986; Faure et al. 2006; Selig & Waters 1994; Sharpe 1988).
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Figure 2. 15: Geosynthetic installation into the soft subgrade

Recent studies show that the installation of effective geosynthetics could prevent particle
migration and potential track failures under dynamic loading (Chawla & Shahu 2016a;
Kermani et al. 2018; Lenart et al. 2018). Moreover, geogrids can substantially reduce stress

and ballast degradation. Other than that, under-sleeper pads, under-ballast mats and other
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ballast/subballast reinforcements (geocells) have also been used to reduce the cyclic stress
transferred to the ballast and subgrade (Indraratna et al. 2014a; Indraratna et al. 2020b;
Navaratnarajah et al. 2018). Geotextiles can also be combined with a capping layer and/or
geogrids to enhance the drainage and accelerate the rate of dissipation of EPWP (Alobaidi

1991; Sharpe et al. 2014).

2.5.2.3 Chemical Stabilisation of Railway Foundation

Chemical stabilisation is commonly used to increase the stability and cyclic resistance of
substructures by adding or injecting lime, or a mixture of lime and fly ash. These chemicals
react with the track materials and generate bonds between the soil/ballast particles and/or
minimise voids (Karol 2003). A composition of lime and clay significantly reduces
plasticity characteristics and the potential for swelling in wet conditions, and also increases
the stiffness. Wang et al. (2012) investigated the dynamic properties of soil treated with
lime by simulating high speed railway track conditions and found that while it tends to
reduce the plasticity of subgrade soil, it can make the soil susceptible to brittle fracture.
This means the long-term effectiveness of lime stabilisation could be affected by
environmental factors and therefore cannot be used for maintenance purposes (too time
consuming). According to Wheeler et al. (2017), jet grouting a cement binder increased the
track modulus and stability by preventing the occurrence of peat boils. The mass
stabilisation technique doubled the track bed modulus and satisfied the minimum track
modulus of 28 MPa that was proposed by Selig & Li (1994). In addition to lime, adding a
mixture of fly-ash and Portland cement could also increase the subgrade stiffness and
reduce the stress transferred on the subgrade surface (Modarres & Nosoudy 2015;
Voottipruex & Roongthanee 2003). While these studies with chemical stabilisation
subjected to train loads are limited, further investigations are needed to address the cyclic

behaviour of stabilised subgrade under adverse hydraulic conditions.
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2.6 Use of Geosynthetics in Practice

Geosynthetics can be used to stabilise soft soils and facilitate construction all over the
world. The application of geosynthetics is a cost-effective solution to enhance the structural
stability of ballasted rail tracks. It can also be used to reduce the lateral movement of ballast
particles and permanent deformation. Furthermore, numerous studies and field
investigations reported that geotextiles can control subgrade erosion by providing adequate
surficial drainage over the years (Aw 2007; Kermani et al. 2020; Kermani et al. 2018; Selig
& Waters 1994). Most outcomes in this regard can be categorised into five themes, as

shown in Table 2. 3.

2.6.1 Geometry of Geotextile Filters

Woven geotextile filters have a simple geometry and constant opening size, unlike
nonwoven geotextiles. However, the geometry may vary widely due to irregularities in
manufacturing and the movement of yarns (Giroud 1996). Woven geotextiles are
characterised by the width of their yarns, their opening size, and the relative aperture
opening area. The geometry of nonwoven geotextiles can also be defined according to their
porosity, thickness, and fibre diameter. The relative open area of a woven geotextile is the

ratio between the surface area of the openings and the surface area of the geotextile.

The specific surface area for a woven geotextile per unit area of geotextile (m?/m?) can be

expressed as follows;

_ 2ndg

a = o1 Equation 2.1

where: O¢= filtration opening size and dr = filament diameter
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Table 2. 3: Application of geotextiles/geocomposites in a Nutshell — Key themes

Theme Description

Selected key References

1. Standards, Design procedures and
Practice Guides for geosynthetics, Review

of test methods

Lawson (1982), Gerry & Raymond (1983), Ayres (1986), Koerner (2012), Koerner et al. (1987), Williams &
Abouzakhm (1989), Montero & Overmann (1990), Luettich et al. (1992), Ghoshal & Som (1993), Bhatia &
Smith (1996), Giroud (1996), Elsharief & Lovell (1996), Holz et al. (1998), Aydilek et al. (2002), Narejo
(2003), Narejo (2004), Aydilek et al. (2005), Christopher et al. (2006), ISO/TR 20432 - 07 (2007), AASHTO
M288 - 08 (2008), Zornberg & Thompson (2012), Khan et al. (2018), Palmeira & Trejos Galvis (2018),

Tavakoli Mehrjardi & Amjadi Sardehaei (2019)

2. Performance of geosynthetics/track

substructure (structural stability,

Filtration,  permeability, Clogging,

Durability, Survivability criteria)

Raymond (1986b), Rollin et al. (1990), Montero & Overmann (1990), Bhatia & Huang (1995), Richardson
(1998), Elvidge & Raymond (1999), Koemer & Koemer (1990), Mlynarek et al. (1990), Christopher & Fischer
(1992), Hameiri (2000), Palmeira & Gardoni (2000), Faure et al. (2006), Ghosh & Yasuhara (2004), Xiao &
Reddi (2000), Faure et al. (2006), Rosete et al. (2013), Yong et al. (2013), Palmeira & Trejos Galvis (2017),

Palmeira et al. (2019), Safiudo et al. (2019), Sabiri et al. (2020), Ghosh & Yasuhara (2021), Khan et al. (2021)
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3.  Geosynthetics in transportation

applications

Raymond (1984), Martinek (1986), Meccai & Hasan (2004), Hausmann et al. (1990), Hudson & East (1991),
Al-Qadi et al. (1994), Austin & Gilchrist (1996), Raymond (1999), Fernandes et al. (2008), Kumar & Rajkumar
(2012), Nithin et al. (2015), Arulrajah et al. (2015), Fuggini et al. (2016), Raut et al. (2016), Sudarsanan et al.

(2018), Eller & Fischer (2019), Singh et al. (2020b), Wu et al. (2020)

4. Use of geosynthetics to prevent particle
migration and mud pumping under cyclic

loading conditions

Alobaidi (1991), Alobaidi & Hoare (1996), Alobaidi & Hoare (1998a), Alobaidi & Hoare (1998b), Kermani
et al. (2020), Alobaidi & Hoare (1999), Carlos et al. (2015), Chawla & Shahu (2016a), Chawla & Shahu
(2016b), Kermani et al. (2018), Feng et al. (2019), Kermani et al. (2019), Yahaya et al. (2020), Arivalagan et

al. (2021)

5. Soft soil stabilisation and Other

applications

Koerner et al. (1984), Raymond (1986a), Brons (1987), Degoutte (1987), Henry (1990), Greenwood & Brady
(1992), Kaniraj & Rao (1994), Bouazza (2002), Palmeira (2009), Subaida et al. (2009), Wang et al. (2011),
Palmeira et al. (2012), Portelinha et al. (2013), Hosseinpour et al. (2015), Miszkowska & Koda (2017), Giil

(2020), Rowe (2020)
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The specific surface area of a nonwoven geotextile per unit area of geotextile (m?/m?) is as

follows;

Sq = 31-n)igr Equation 2.2
s

n=1--+L Equation 2.3
prter

where: n is the porosity of the geotextiles, t;r = thickness, yzr= mass per unit area of the

geotextile and py= density of the fibres

2.6.1.1 Aperture Opening Sizes
The characteristics of geotextiles rely primarily on the Aperture Opening Sizes (AOS), and
this may vary under tension and confinement (Palmeira & Trejos Galvis 2018). According

to Giroud (1996), the size of the filtration opening can be categorized as;

(1) The sieving method (sand particles or glass beads): dry sieving, wet sieving, and
hydrodynamic sieving
(2) The capillarity method: Moisture desorption, Mercury intrusion and Bubble point
method
(3) A morphologic analysis: Image analysis
Sieving methods such as dry sieving and wet sieving are direct methods. The shape and
gradation of the particles are the two main aspects involved in sieving methods. Sieving
results are related to the size of the constrictions between the pores and govern the filtration
behaviour of geotextile. On the other hand, the capillarity methods and the image analysis
method are indirect methods that require additional calculations to derive the filtration
opening sizes from the measurements.
The filtration opening size measured using the sieving method suffers greatly due to
electrostatic attraction, entrapped particles, and energy (Giroud 1996). The glass beads may

remain attached to the synthetic fibres instead of passing through a geotextile filter under
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dry sieving (electrostatic attraction), however, wet sieving method prevents electrostatic
attraction. The relatively large particles of glass beads may become trapped within the
geotextile (nonwoven), block some filtration paths (entrapped particles) and significantly
affect the percentage of Oy to O190. The definition of Og is as follows: Ooy is the geotextile
opening size such that 90% of the geotextile openings are smaller than 90 um. Gravity
force is not enough to transport the particles, so some energy must be provided by utilising
vibration or water flow (emergy). Dry sieving should not be used with glass beads
(electrostatic attraction) while using needle-punched nonwoven geotextiles (entrapping).
The wet sieving method depends mainly on the operator, and hydrodynamic sieving is the
most reliable method. The image analysis method provides the entire filtration opening size
distribution curve, not the specific filtration opening size, so it cannot be applied in
filtration applications. The capillary method essentially provides data on pore space and
cannot be used to determine the filtration parameters. The bubble point method helps to
provide the filtration opening size and the entire filtration opening size distribution curve.
Giroud (1996) recommended more laboratory work on the bubble point test. However, at
the present time, there is a substantial amount of research validating the capability of the

bubble point test.

The pore openings of geotextiles should provide adequate seepage and yet be small enough
to minimise the migration of particles. Based on the literature, the filtration criteria for non-

woven geotextiles are as follows (Koerner 2012; Narejo 2003);

A0S < 0.5Dg5 Equation 2.4
18 .
A0S < c_D5° Equation 2.5

where: Dx is the soil particle size in mm for which x% of the soil is finer; and C, is the

coefficient of uniformity (Kermani et al. 2019).
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2.6.1.2 Thickness of the Geotextiles

The thickness of granular and geotextile filters varies significantly and is typically 200 mm
to 3 m thick for granular filters, 1 to 10 mm thick for needle punched nonwoven geotextile,
and 0.5 to 1 mm thick for woven and heat bonded nonwoven geotextile (Giroud 1996).
However, the relationship between the filtration opening size and thickness needle punched
nonwoven geotextile filters may vary because nonwoven geotextiles are compressible and
granular filters have negligible compressibility. The particles moving through a nonwoven
geotextile are generally surrounded by voids, whereas they are more channelised in
granular filters. Another significant difference is that granular filters usually contain
particles of different sizes and shapes, while geotextile filters usually have identical fibre
arrangements. Giroud (1996) proposed the variation of the filtration opening size as a
function of geotextile thickness when developing a rationale for a minimum thickness of

geotextile filters in use.

2.6.2 Design Criteria and The Performance of Geotextile Filter

Several methods have been adopted to define filtration, retention, and clogging criteria of
geotextiles (Bhatia & Huang 1995; Faure et al. 2006; Ghataora et al. 2006; Ghosh &
Yasuhara 2004; Hameiri 2000; Michael 2014; Palmeira et al. 1997; Xiao & Reddi 2000).
Filter fabrics should satisfy two conflicting requirements: (1) the pore openings of filter
should prevent particle dislocation at the interface and piping, and (2) the pore sizes allow
sufficient drainage and alleviate excessive pore water pressure. A good filter should have
openings large enough to allow water (free flow) to flow, but be small enough to prevent
excessive particle migration. According to Williams & Abouzakhm (1989), the

effectiveness of filters mainly depends on the following factors;

(1) Properties of the geotextile: porosity, thickness, primary and secondary bonding

mechanism, pore opening size, pore and constriction size distribution, etc.
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(2) Characteristics of the soils: water content, plasticity, porosity, particle size
distribution, etc.

(3) Drainage capacity across the soil/geotextile interface

2.6.2.1 Retention Criterion

The common geotextile retention criterion for uni-directional flow based on different pores
opening sizes has been proposed in previous studies (Lafleur et al. 1996). Failures such as
piping and excessive clogging could happen when the geotextile retains base soil particles,
which is why a good filter must withstand the pressure applied by the soil and the water
flow while retaining the soil particles within the subgrade. There can be initial particle
migration through the geotextiles following a stable bridging network at the
geotextile/subgrade soil interface. Internally unstable soils are more prone to excessive
particle migration (fines). Based on laboratory observations, the uniformity coefficient of
soil was utilised to propose the retention criteria (Giroud 1982; Holtz et al. 1997; Lafleur

et al. 1996; Luettich et al. 1992).

2.6.2.2 Permeability Criterion

The permeability criterion ensures good drainage capacity; therefore the geotextile should
allow enough water to pass through the filter. It has been considered as the minimum
permittivity of the geotextile relative to the permeability of the soil. The most well-known
requirement is Kgeorextite = 10Kpasesoits Kgeotextite = Kpasesoir €an also be used when the
base soil becomes highly permeable. The permeability of the filter can be calculated by
assuming that the soil as parallel tubes separated by impermeable material, and then
applying Poiseuille's equation (Giroud 1996). A geotextile filter must retain sufficient

permeability even after fine particles have migrated into the filter.
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2.6.2.3 Clogging Criterion

The clogging resistance of a geotextile is the minimal understood design criterion and
significantly affects its performance over time (Palmeira & Gardoni 2008). The amount of
soil that can pass through the geotextile, the amount of fines that become clogged, and the
water flow rate are the critical parameters needed for a successful drainage system. Carroll
(1983) reported that the retention and permeability criteria did not produce sufficient
guidelines for a better filter design because the filter could still fail due to clogging. Rollin
et al. (1990) reported that the clogging potential depends mainly on the Apparent Opening
Size (AOS) and the slurry density. Moreover, any chemical or biological activity
(biologically clogged by bacteria, algae or moss) in geotextiles can also influence the
filtration characteristics. In addition, geosynthetics will be chemically clogged with

minerals such as iron, manganese, and carbonate precipitates (Michael 2014).

2.6.2.4 Durability Criterion

The clogging of fines inside the pore structure directly affects the long term performance
or the durability criterion. Rollin & Lombard (1988) reported that the deterioration of fibres
and/or the bonds between the fibres are the main causes that reduce the tensile strength of
geotextiles. Durability of fibres can also be affected by the mechanical, chemical, and
environmental actions (Rollin & Lombard 1988). The destruction of fibres is generally a
slow process, unless they are exposed to critical weather conditions such as high and low
temperatures. Geotextiles in railway tracks make cyclic abrasive contact with ballast
particles that can degrade the fibres and bonds. Ultraviolet testing, chemical compatibility
testing and abrasion testing can be used to assess the durability of geotextiles prior to the
field application.

2.6.2.5 Survivability Criterion

The survivability criteria incorporate a certain robustness based on the application in the

field. The selected geotextile must survive during the construction process, whereas a field
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evaluation is often necessary. Laboratory tests such as an abrasion test, California Bearing
Ratio (CBR), grab strength, tear strength, puncture strength, trapezoidal tear, burst strength,
and ultraviolet stability, can be carried out to assess the survivability potential (Christopher

& Fischer 1992).

2.6.3 Mitigation of Particle Migration and Hydraulic Properties of Geotextiles
Particle migration occurs when subjected to a increased local hydraulic gradient across the
soil/geotextile interface (Figure 2. 16). The finer particles (smaller than the pore opening
size of the filter) can be transported upwards and/or trapped in the pores which cause
clogging as they become electrostatically attracted to the fibres. The ‘filter cake’ that
developed near the interface may hinder the drainage flow (partially drained to undrained
conditions), so a geotextile with good drainage properties is required. This can prevent
excessive particle migration and create a stable filter cake at the interface (Williams &
Abouzakhm 1989). The Gradient Ratio (GR) and Hydraulic Conductivity Ratio (HCR) are
the general methods previously used to study the filtration and drainage characteristics of
geotextiles (Khan et al. 2018; Palmeira & Gardoni 2000; Williams & Abouzakhm 1989).
The GR method can be used to determine the hydraulic gradient across the soil and
geotextile interface and the local hydraulic gradient that generates inside the subgrade.
The HCR can be defined as the ratio between the hydraulic conductivity of soil (Ks) and
the hydraulic conductivity of a soil/geotextile composite (Kgs). The HCR can be analysed
by simulating typical field conditions; that will provide appropriate data for the design. A
gradient ratio (GR) test was developed by the US Army Corps of Engineers to evaluate the
fouling potential of a geotextile. The GR test setup measures the hydraulic head at different
locations inside the subgrade soil. It can be used to assess the compatibility between the
soil and a geotextile filter. The effect of geotextile compression and impregnation by
subgrade soil particles can also be evaluated. The value of the gradient ratio (GR) can be

defined as;
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GR = lL—G Equation 2.6

ls

where i;; is the hydraulic gradient across a soil thickness (L) and the geotextile, and i is
the reference gradient in the soil, measured in a region away from the geotextile (Palmeira
et al. 2005). This method can also be used to assess the onset of suffusion or piping with

geotextiles.
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Figure 2. 16: Fine particle migration across soil/geotextile interface (modified after

Christopher & Fischer (1992))

2.6.4 Prevention of Mud Pumping using Geosynthetics

The common design guidelines that incorporate filtration, permeability, retention,
durability, and survivability criteria have been proposed in previous studies (Ayres 1986;
Luettich et al. 1992). Indeed, how to effectively mitigate mud pumping using geosynthetics
under rail tracks has been a critical question among academics and practitioners for many

years.
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2.6.4.1 Performance under Cyclic Loading Conditions

The relevant past studies (Table 2. 3) on the inclusion of geosynthetics are discussed in this
section. Alobaidi & Hoare (1998b) carried out a series of laboratory tests using a unit cell
to determine the cyclic pore water pressure that develops at the subgrade/subbase interface
and the dissipation of pore water pressure (PWP) within one loading cycle. One-
dimensional (1D) and three-dimensional loadings (3D) were applied, as shown in Figure
2. 17. The 1D setup had a loaded area which had similar cross-sectional area of the mould
(240 mm diameter by 200 mm high). However, the loaded area for the 3D setup was about
1/10 of the mould where the area outside was set to a constant load. Unlike the 1D test, the
introduction of geotextiles resulted in subgrade heaving in the 3D test. The test using an
impermeable membrane with geotextiles resulted in a high elastic rebound and produced
increased axial deformations. Subsequently, this caused higher water movements and

induced particle migration under cyclic loading conditions.

Moreover, a gap was observed beneath the geotextile due to a water movement associated
with severe erosion. The developed PWPs and deformations were measured using 1D and
3D testing setups (Alobaidi and Hoare 1998). Figure 2.18 shows the significant
development in EPWPs and cyclic deformation observed in the 1D (Test 1-x) and 3D (Test
2-x) tests with geotextiles. The results indicated that the 3D test (Test 2-2) gave less
pumping than a similar one-dimensional test (Test 1-2). Three-dimensional tests could
accurately predict the efficiency of the sand layer in controlling mud pumping. For
instance, the amount of pumping in Test 2-2 (geotextile with 15mm sand) was very small
and was only 5% in Test 2-1 (geotextile only). Alobaidi and Hoare (1998) reported that
there was a continual reduction in PWPs, and no significant difference in pumping
behaviour was observed with a sole geotextile and a combination of geotextile with a 15

mm thick layer of sand.
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Alobaidi & Hoare (1996) carried out a series of laboratory tests to assess the distribution
of PWPs at the interface. The local hydraulic gradients induced under various interface
conditions was also measured with increased cycles. They reported that the inclusion of
high permeability geotextiles allowed for rapid dissipation of PWPs as the cycles increased,
while the mean PWPs were almost zero from the beginning and end of the test. Other
geotextiles experienced a maximum of mean PWP at 200 cycles, but this decreased to zero
at the end. As predicted, the mean PWP and the axial deformation were increased in the
test without geotextiles.

The numerical results also revealed that the pumping of fines under cyclic loading depends
mainly on the cyclic stress and drainage conditions. The permeability, thickness, and
compressibility of the geotextile were altered in order to capture the critical development
of pore water pressure at different time intervals. The EPWP was generated during cyclic
loading and dissipated when the load was removed. A rapid increase in the hydraulic
gradient can initiate the erosion of subgrade fines and will be pumped up under repetitive
cyclic loads (Alobaidi & Hoare 1996; Singh et al. 2020a).

Chawla & Shahu (2016a) reported that the subgrade contained low effective cohesion
results in an increased EPWP under dynamic stresses. However, the use of geotextile
allowed for in-plane drainage and dissipated the rapid development of EPWP. Chawla &
Shahu (2016a) reported that the dissipation rate of EPWP was significant during the first
hour, after one train passed. Chawla & Shahu (2016b) developed a numerical approach to
investigate the effectiveness of geosynthetics on track performance and the occurrence of
mud pumping. Three different constitutive relationships, straight analysis, nonlinear
analysis, and coupled analysis, were proposed and the constitutive parameters were

evaluated.
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2.6.4.2 Prevention of Particle Migration

Alobaidi & Hoare (1999) used a mean cyclic stress of 20 kPa with a deviatoric cyclic stress
of 10 kPa (i.e. 20 + 10 kPa, f= 2.0 Hz). Alobaidi & Hoare (1999) reported that the increase
in the mean and cyclic stresses resulted a rapid development in permanent deformation
when granular soil was placed on a cohesive soil (no transition layer). Subsequently, the
softening of the subgrade surface becomes significant because of higher stress
concentration due to dynamic loading. Moreover, subbase particles immediately penetrated
into the subgrade soil and mud pumping observed towards the subbase layer. However, the
test with a transition layer or geotextiles reduced the possibility of local shear failure. In
this study, the amount of pumping was adopted by determining the weight of fine particles
that passed through the pore openings. In addition, pumping occurred at the boundary of
each loaded area where the highest hydraulic gradient was recorded. The fine particles that
accumulated within and on top of the geotextile significantly affected the compressibility,
pore size, and thickness of the geotextile.

Feng et al. (2019) carried out laboratory tests to create sand percolation and fine particle
suffusion that occur due to sand filling and consolidation. The travel boundary for fine
particle movement was observed with and without a geotextile separator. The tests results
indicated that the installation of geotextiles successfully prevented sand percolation and
effectively diminished the fine particle suffusion. The rate of particle migration was
reduced significantly with geotextiles.

Kermani et al. (2018) performed model tests by simulating typical flexible pavement
conditions. The proposed model had an asphalt layer and a subgrade/subbase interface
where a non-woven needle-punched geotextile was installed. The amount of fine particles
transported were measured at the end of cyclic testing. Particle migration decreased
significantly (<2%) due to the installation of geotextile at the top and then it allowed a 30%
reduction in pavement rutting. Figure 2. 19 shows the fine migration into the subbase with

the number of loading cycles.
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after Kermani et al. (2018))

2.6.4.3 Geotextile/Soil Interlayer Characteristics

Duong et al. (2014a) investigated the key factors that cause the migration of fine particles
while observing the ‘interlayer creation’ and the occurrence of mud pumping. This can be
prevented by using a geotextile as a capping layer (Kermani et al. 2019). Alobaidi & Hoare
(1996) reported that a very thin layer formed during one loading cycle time because the
permeability of the cohesive subgrade (without geotextiles) was lower. They also reported
a continuous dissipation of EPWPs due to the installation of a geotextile and prevention of
soil softening at the subgrade surface. A pore pressure transducer was installed 7 mm below
the interface to measure the rate of dissipation. The test results implied that the dissipation

of EPWPs depends mainly on the hydraulic properties of the geotextile.

2.6.4.4 Effects of Standing Water
Alobaidi & Hoare (1994) carried out laboratory tests using the unit and triaxial testing

apparatus to determine the effects of standing water. A slurry was prepared in the unit cell,
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a maximum stress of 320 kPa was applied and then reduced to 10 kPa. 750 ml of standing
water was observed after the geotextile layer and subbase plate were placed in situ. They
also reported a rapid increase in pumping activity and deformation as the amount of
standing water increased as shown in Figure 2. 20. The effect of frequency was captured,
and the amount of pumping associated with permanent deformation rapidly increased at
higher frequencies. In addition, the rate of pumping became very low after 100,000 cycles,
regardless of the frequency. The pumping tests at lower frequencies permitted more time
for drainage and more softening may be expected under the same loading conditions

(Alobaidi & Hoare 1994).
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Figure 2. 20: The effect of standing water (modified after Alobaidi & Hoare (1994))
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2.7 Use of Prefabricated Vertical Drains

The use of PVDs permits a prudent solution to field problems such as soft soil stabilisation
compared to other more expensive ground improvement techniques. From the past,
different types of vertical drains, including sand drains, PVDs and stone columns piles have
been used to strengthen soft soils prior to the construction and to accelerate consolidation.
Prefabricated vertical drains can be made of cardboard, plastic (without a jacket), and fabric
(covered drains). Biodegradable drains were also used in previous studies, they were
commonly made from natural materials such as coconut coir and jute. PVDs are more cost-
effective and can be readily installed in soft soils (vertically up to 40m) and even in non-
vertical orientation (Indraratna 2017). Moreover, PVDs can be installed rapidly with
minimal environmental implications compared to other ground improvement techniques
such as semi-rigid inclusions. Most outcomes in this regard can be categorized into five

themes, as listed in Table 2. 4.

2.7.1 Properties of Vertical Drains

PVD normally consists of a plastic core and a filter (sleeve) with a longitudinal channel
which is commonly from polymeric materials (Figure 2. 21). The drains that are most
available in the market have 90 to 100 mm wide and 3 to 10 mm thick sections. The plastic
core should allow water inflowing from the consolidation of cylindrical clay. The
accumulated water should be able to pass rapidly through the PVD filter (Karunaratne
2011). The PVD should have an appropriate thickness because a filter that is too thin and/or
of a smaller modulus may fail during installation. The proper selection of filter criteria can

avoid clogging and subsequent reduction in flow through PVDs (Koerner 2012).
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Table 2. 4: Use of prefabricated vertical drains in a Nutshell — Key themes

Theme Description

Selected key references

Consolidation of soft soils using

PVDs, Classical theories

Carrillo (1942), Barron (1948), Hansbo (1979), Zeng & Xie (1989), Hansbo (1997), Feng et al. (2017), Tang &

Onitsuka (2001), Chu et al. (2006), Indraratna et al. (2007), Chu et al. (2014), Chai et al. (2020), Ngo et al. (2020)

Factors affecting vertical drainage
of PVDs, Types of vertical drains

and Installation effects

Hansbo (1979), Bo et al. (1998), Chai & Miura (1999), Chai et al. (1995), Basu & Madhav (2000), Hawlader et al.
(2002), Chai et al. (2008), Marinucci (2010), Ghandeharioon et al. (2010), Deng et al. (2014), Bo et al. (2016), Zhu

et al. (2020), Nguyen (2021)

Theories, Design procedures and

Practice Guides

Hansbo (1983), Rixner et al. (1986), Zeng & Xie (1989), Holtz et al. (1991), Bergado et al. (1996), Rawes (1997),
Hansbo (1997), Chai & Miura (2000), Seah (2006), Rujikiatkamjorn & Indraratna (2007), Chu & Raju (2012),

Mission et al. (2012), Long et al. (2013)

Application of PVDs under

Cyclic loading

Attya et al. (2007a), Indraratna et al. (2009), Indraratna et al. (2010c), Ni et al. (2013), Razouki (2016), Indraratna et

al. (2015), Kim et al. (2021), Rujikiatkamjorn et al. (2011)

Use of prefabricated vertical

drains to prevent mud pumping

Yean-Chin & Peir-Tien (2012), Al-Soud (2016), Singh et al. (2019), Singh et al. (2020a), Abeywikrama (2020)

59




99 mm 3.1 mm

[ |
by ¢ ):fi

33
14 W
?::1;;}0.3 Number of drainage channel: 56
o

Initial drainage are: 224 mm?

Unit dramage
channel
Filter jacket
/Coir 94 mm 24 mm
- -
| i é | ¥
toef ey M
Bl “k:5 Number of drainage channel: 40
Unit drainage
channel 2

Initial drainage are: 108 mm
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section of two different PVDs (modified after Chai et al. (2004))

2.7.2 Equivalent Drain Diameter
For a band-shaped vertical drain with a thickness ‘b’ and a width ‘a’, Hansbo (1981)

proposed an equivalent drain diameter as follows;

__2(a+b)
- T

dy Equation 2.7

Based on a FE approach, the equation for the equivalent drain diameter (d) is simplified

as (Rixner et al. 1986);
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dw _ (a+b)

> Equation 2.8

Based on the flow nets around the soil cylinder of diameter (d.) Pradhan (1993) suggested
a new equation for d,,:

d, =d, —2V52+b Equation2.9

where

o d%  a? 2ad,

4 12 2

Equation 2.10

2.7.3 Filter Opening Size

The drainage material or the filter jacket of a vertical drain should retain the soil particles
and still allow the water to pass through. Effective filtration prevents the particles from
moving through the pore openings (Carroll 1983). Care must be taken when selecting
geosynthetics (PVDs) based on apparent opening size of the filter and its drainage
properties (Ngo et al. 2020). The permeability of a filter must be higher than the soil in
order to provide sufficient drainage capacity; the opening size of a vertical drain should

also meet the following requirement:
Ogs < (4—0.75)=  Equation 2.11

where Oy;s is the aperture opening size of the filter and K., is a reduction factor that considers
the effect of loading and partial clogging; it can vary from 1.9 to 4.4 (Chu et al. 2006;

Palmeira & Gardoni 2002)

2.7.4 Smear Effects and Well Resistance

The efficiency of vertical drains relies on two main parameters, namely; (1) the smear
effect, and (2) well resistance. The smear is the disturbed soil area caused by the installation
and removal of mandrels when installing vertical drains. The soil area surrounding a drain
is restructured when installing a mandrel, while the soil further away from a vertical drain

consolidates by dissipating the EPWP. The resistance to water flowing is known as well
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resistance. Long vertical drains with limited drainage capacity have increased well
resistance. Moreover, a reduction in the cross-sectional area of PVDs, the deformation of
PVDs during installation, and trapped fine soil particles into the core of a PVD may induce
well resistance (Aboshi et al. 2001; Chu et al. 2006; Holtz et al. 1991).

The arrangement of a vertical drain in a unit cell is shown in Figure 2. 22. The effect of
smear and the transition zone, and an analysis of subgrade soil surrounding the mandrel
that is disturbed due to the installation of PVDs have been investigated in previous studies
(Abuel-Naga et al. 2012; Ghandeharioon et al. 2012; Parsa-Pajouh et al. 2014). According
to Sharma & Xiao (2000), the radius of the smear zone is around four times that of the
mandrel, and the horizontal permeability (ku) of the smear zone can be around 1.3 times
smaller than the intact zone. As Figure 2. 23 shows, the significant reduction in horizontal
permeability observed in the smear zone and change in permeability in the horizontal
direction, increases mean consolidation pressure decreases. It is clear that the coefficient
of horizontal permeability (kn) becomes smaller towards the drain and the vertical
permeability (kv) remains almost unchanged, even near the drain interface. The relationship
between the change in water content and the change in horizontal permeability inside the
smear zone has been reported in previous studies, whereas the permeability depends mainly

on the water content and void ratio (Samarasinghe et al. 1982).

2.7.5 Vertical and Radial Consolidation

Vertical drains reduce the EPWPs in subgrade soil and increase the rate of consolidation in
road embankments or railway substructures; when needed they can be implemented before
starting construction of a railway embankments on an area of soft subgrade. Vertical drains
can be used to accelerate the rate of consolidation of soft soil, the relevant literature is

tabulated in Table 2. 4.
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The contribution of radial drainage is significant in lower subgrade soils compared to
vertical flow under the influence of vertical drains (Ni 2012). The increased surcharge can
reduce the stability of soil due to the increased lateral movement on the track. This means
avacuum pressure is needed to reduce the height of surcharge to speed up the consolidation.
This combination can prevent subgrade instability and also reduce the lateral movements

(Indraratna 2017).

2.7.6 Performance of PVDs under Cyclic Loading

The installation of PVDs stabilises road embankments and rail tracks, especially in coastal
areas containing large amounts of clay in the subgrade. A PVD installed at shallow depths
within 6-8 m can successfully prevent the generation of excessive EPWP during cyclic
loading. Furthermore, a continuous dissipation of EPWP during a rest period can make a

track more stable for the next train loading (Indraratna et al. 2009).

2.7.6.1 Effectiveness at Dissipating Pore Water Pressure

The EPWP is the main cause of mud pumping in railway tracks (Duong et al. 2014b), and
a high water content in the subgrade soil leads to a rapid increase in EPWPs during cyclic
loading (Indraratna et al. 2020d). Prefabricated vertical drains can be used to solve ground
problem relating to critical drainage conditions in soft soils. The radial drainage path
facilitated by vertical drains can significantly increase the stability of railway foundations,
which is why this mechanism is used to assist in soil consolidation under cyclic loading
(Indraratna et al. 2011a).

Figure 2. 24 shows the variation of EPWP and the volumetric strain over time under
undrained and partially drained conditions. The dissipation of EPWP helps to increase the
shear strength of soil. The continuous accumulation of EPWP over time reduced the

effective stress under undrained conditions, as shown in Figure 2. 24. However, a partially
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drained test can dissipate the EPWP, and lead to an increase in volumetric strain, this can
be given by;

Evr = My Augy Equation 2.12

Where m,,, is the coefficient of volume compressibility and Au is the dissipation of EPWP

(path B’ to C in Figure 2. 24)

Undrained (No drainage) A 1 & Au,

Partially dramed

Excess pore pressure

Time

Increment in
volumetric strain

Volumetric strain

o
¥ Ae= my, . Auy

Figure 2. 24: Excess pore pressure and changes in volumetric strain under undrained and

partially drained conditions (modified after Hyodo et al. (1992))

The numerical approaches performed to investigate the cyclic response of subgrade soils
with PVDs in railway tracks are limited (Singh et al. 2020a). Figure 2. 25 shows the
significant reduction in critical pore pressure due to the installation of PVDs. They could
alleviate the EPWP by more than 20%, under cyclic loading conditions, as Abeywikrama
(2020) observed. Thus, the inclusion of PVDs in soft soils can be an effective way of

preventing subgrade failures. However, more laboratory tests are needed to investigate the
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key role that geosynthetics play in reducing the subgrade potential under critical

hydrodynamic conditions.
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Figure 2. 25: Generation of EPWPs with and without PVDs (modified after Singh et al.

(2020a))

2.8 Conventional Capping/Compacted Sand Blanket

The internal instability of granular soils can be categorised based on the type of failure, this
includes suffosion, suffusion, backward erosion, segregation piping, and piping (Israr &
Indraratna 2018). Adverse hydraulic conditions and huge axle loads may promote
premature washout failures. A series of laboratory studies have been conducted to analyse
the internal instability of capping under both static and cyclic loading (Haque et al. 2007;
Indraratna et al. 1996; Indraratna & Radampola 2002; Israr & Indraratna 2018;

Kamruzzaman et al. 2008; Kenny 1985; Phan et al. 2019; Raut & Indraratna 2008; Trani
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& Indraratna 2010c). The effectiveness of capping materials was also evaluated by
determining the amount of fine particles that eroded, while observing the type of failures
(heave or piping). In addition, the appropriate use of geosynthetics with a capping layer
can also reduce the thickness of granular subballast in railway tracks (Fatahi et al. 2011).
This research has investigated the role geosynthetics play in controlling/preventing
subgrade fluidisation potential, it does not report the effectiveness of compacted

sand/granular filters.

2.9 Chapter Summary

Mud pumping is one of the most common problems in saturated soft soils. This chapter has
summarised previous studies that described the mechanism and key factors that cause mud
pumping, the cyclic response of soft soil, and the prevention techniques. The cyclic
behaviour of soft subgrade vulnerable to subgrade fluidisation has been investigated in
detail. The various types of mud pumping in ballasted tracks that led to track failure were
discussed by analysing the rate of strain and the EPWP under cyclic loading conditions.
Geosynthetics are currently being used as a filter or separator in railway tracks in order to
prevent the particle migration and reduce the stress transferred on subgrade soil.
Geosynthetics can also replace a capping layer because of their similar performance,
economy, consistent properties, and ease of installation in railway embankments. However,
in order to prevent mud pumping, the existing design guidelines for geosynthetics in
railway tracks cannot be applied without prior laboratory and field examinations. Finally,
the function of geotextiles in terms of filtration, drainage and separation criteria, and the
application of vertical drains to enhance the radial drainage of subgrade have been

addressed.
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CHAPTER 3: RESEARCH APPROACH AND METHODOLOGY

3.1 Introduction

Laboratory modelling is considered to be the most effective and economical way to
represent and simulate typical field conditions, albeit with some simplifications. Field
testing however, is expensive and it takes time to obtain large quantities of data. The current
laboratory experiments were performed to capture the response of track substructures such
as geotextiles, geocomposites, prefabricated vertical drains, and conventional capping
(compacted sand blanket) under cyclic loading. Chapter 3 mainly discusses the testing
materials, the test setup and test program, the experimental phases and the components of
dynamic filtration apparatus (DFA), and the methodology used to provide different
drainage conditions to assess fluidisation potential under typical rail track conditions. Since
the ground conditions, train loading characteristics, and maintenance cycles govern track
stability and the occurrence of mud pumping, these factors must be carefully examined.
During track design and maintenance activities, these conditions should be examined
closely in order to maintain the performance of the track through the design period. The
following sections contain detailed descriptions of the methodology and data collection of

the experimental study.

3.2 Testing Materials
Railway tracks in Australia are often built on erodible and highly dispersive silty clay soils
which are prone to subgrade fluidisation/mud pumping during the passage of trains. The

samples of soil collected from the South Coast rail line in NSW by Nguyen & Indraratna
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(2021), had a plasticity index (PI) between 10 and 20 (Nguyen & Indraratna 2021; Singh
et al. 2020). Samples of disturbed soil that had experienced mud pumping were collected
from Wollongong, South Coast Rail line (NSW, Australia) for this study. The test material
consisted around 500 kg of subgrade soil that had been carefully sieved through a 2.36 mm
sieve and then stockpiled. Particle size distribution (PSD) and basic geotechnical tests were
carried out as described below. The PSD of fine soils was measured using the Malvern

particle analyser.

3.2.1 Soil Testing

Basic geotechnical tests such as the Atterberg limit (ASTM D4318-00 2003), particle size
distribution (ASTM D422-63 2007), permeability (ASTM D5856-95 2002), Proctor
compaction (ASTM D698-00 2000) and specific gravity (ASTM D854-02 2002) were
carried out. The liquid limit (LL) and plastic limit (PL) of the soil was 42% and 26%,
respectively. According to the Unified Soil Classification System (USCS), this soil could
be classified as inorganic clay with medium plasticity, and a specific gravity of 2.59. The
maximum dry density and optimum moisture content obtained using the standard Proctor
test (ASTM D698-00 2000) indicated they were 1682 kg/m® and 18.5%, respectively. An
in-situ soil density of 1600 kg/m* was obtained through compaction, which corresponded
to a relative compaction (RC) of 95%. The average water content after saturation was
around 32%. A perspex hydraulic cell with a diameter (internal) of 140 mm and a height of
300 mm was used for the permeability tests. DceiDioo is greater than 42 and could avoid
the effects of boundary wall friction (i.e. the ratio between the largest particle and the
internal diameter of the cell is less than 16 (ASTM D3999-91 2003)). The compacted soil
had a permeability of 8.9x107m/s, as determined using the falling head method. The PSD

and plasticity index charts are shown in Figure 3. 1 and Figure 3. 2, respectively.

69



3.2.2 Ballast Material

The fresh ballast material commonly used in NSW tracks was selected. The properties of
the latite ballast have been provided elsewhere by Indraratna et al. (1998). The maximum
and mean particle sizes were 37.5 mm and 30 mm, respectively, and the coefficient of
uniformity is 1.34. For the dynamic filtration tests, 30-35 mm thick ballast was placed onto

the geotextiles to create a ballast/geotextile interface and to represent typical field

conditions.
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Figure 3. 1: PSD of subgrade soils (after Arivalagan et al. (2021))

3.2.3 Geotextiles

Three nonwoven geotextiles (G2, G3 and G4) and two geocomposites (G1 and G5) with
pore opening sizes from less than 1 pm to 80 um, were used for the laboratory experiments
because they were specifically designed for railway tracks (Track bed separators, robust
geotextiles, and geocomposite with filter membrane). Most available geotextiles are made
of polyester (PET), polypropylene (PP) and Polythene. In this study, all the nonwoven

geotextiles were made from polypropylene, which is strong, durable, and lighter than water.
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Geocomposites G1 and G5 had a filter membrane in between nonwoven geotextile layers
with aperture opening sizes (Oos) of <10 um (ASTM D4491-99 1999) and an average
permittivity of 5.1x107 sec'(ASTM D4491-99 1999). The nonwoven geotextile which
covered the filter membrane had an aperture opening size of 75 um, maximum tensile
strength of 50 kN/m (EN ISO 10319 2008). The cone drop test was carried out according
to EN ISO 13433 (2006) to measure the resistance of nonwoven geotextile (sandwiched
layer) to penetration, and the diameter of the hole made by the cone was 2 mm. The tensile
strength of geocomposites G1 and G5 were 50 and 95 kN/m (EN ISO 10319 2008) and
they had a maximum CBR puncture resistance of 10 and 18 kN, respectively (EN ISO
12236 2006). Three nonwoven geotextiles (G2, G3 and G4) were used for the laboratory
experiments to investigate how well geotextiles/geocomposites help to control excessive
particle migration towards the ballast layer and prevent the instability (soil softening) at the
ballast/subgrade interface. The aperture opening size of G2, G3, and G4 were 60, 75, and
65 um, respectively (ASTM F316-03 2011). The tensile strength of G2, G3, and G4
followed EN ISO 10319 (2008) and were 52.5, 30, and 60 kN/m, respectively. G2, G3, and
G4 had a maximum CBR puncture resistance of 9 kN, 5 kN, and 4.3 kN, respectively (EN

ISO 12236 2006). All other properties of geosynthetics are listed in Table 3.1.

3.2.3.1 Permeability/Permittivity of Geotextiles

Falling head tests (ASTM D4491-99 1999) were carried out on the geotextiles because their
permittivity is less than 0.05 sec™!. During the permeability test (geotextile), a perforated
plate was placed on top of the inlet valve, and then a wire mesh covered it to provide
preferential flow. High vacuum grease was used to seal the contact between the container
and geotextile. The average permittivity of the G1 filter media was 5.1x107 sec™!. The
average permeability of G1, G2, G3, G4 and G5 were 0.03, 45, 40, 30 and 0.35 mm/s,
respectively (ASTM D4491-99 1999). All the properties of the geotextiles are listed in

Table 3. 1 (Fiberweb 2012).
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Figure 3. 2: Plasticity Index (modified after Arivalagan et al. (2021))
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Table 3. 1: Properties of tested geosynthetics (* Geocomposites)

Mean
Peak CBR
Geo Photos Thickness | Tensile AOS | Puncture
synthetics (mm) strength | (um) | Resistance
(kN/m) (kN)
G1* \ 4.5 50 <1 10
G2 2.5 52.5 60 9
G3 3.5 30 75 5
G4 \\\ 2 60 65 43
G5* 9 95 <10 18
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3.2.4 Prefabricated Vertical Drain (PVD)

The core was entirely wrapped in a nonwoven geotextile filter, and this filter had an
aperture opening size of 75 pm (ASTM D4751-99 1999). The PVD had an assembled drain

width of 100 mm (ASTM D3774-96 1996), a thickness of 3.4 mm (ASTM D5199-01 2001)

and a grab strength of 2500 N. The assembled

D4716-00 2000) was 2800 m3/yr. All the properties of PVD (P) are tabulated in Table 3. 2.

Table 3. 2: Properties of tested PVD

drain flow at 200 kPa discharge (ASTM

PVD (P)

Photo

200kPa (m*/yr)

Assembled Drain width (mm) 100
Assembled Drain thickness (mm) 34
Drain filter pore size (um) 75

Assembled Drain grab strength (N) 2500

Assembled Drain flow Discharge at 2800
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3.3 Testing Apparatus

3.3.1 Basic Dynamic Tests

Basic dynamic tests were used to determine how effectively the geotextiles could prevent
particle migration and the instability that occurs at the geotextile/subgrade interface. Based
on an observation from 'Basic dynamic tests', a modified dynamic test setup (Section 3.3.2)
was designed to monitor the generation of EPWP, local changes in porosity and water
content, and axial deformation during cyclic loading. The basic dynamic setup with a
hydraulic actuator (Casel) and a vibrating table (Case 2) are shown in Figure 3. 3 and

Figure 3. 4. The basic dynamic setup contains the following major components:

3.3.1.1 Polycarbonate Cell

The polycarbonate glass cell had a 240 mm internal diameter, and was 300 mm high and
13 mm thick. Its interior wall was coated with Teflon (Rocol — Dry Film Teflon) to reduce
friction between the surface and soil particles. Polycarbonate glass was used because its
visibility helped to facilitate monitoring the behaviour of base soil under cyclic loading.
During the design of this equipment, it was checked that the radial relaxation was relatively
small (less than 5 x 10-4 mm) for the lateral pressure induced by applied cyclic loading
based on Young's modulus of the 13 mm thick shell (E = 2.6 GPa).

3.3.1.2 Vibrating Table

A Syntechtron vibrating table was used; the TC6B variable rate electronic controller can
accurately control the full range of vibration for small vibrators. The range of vibrations
per minute (VPM) was 3000 — 3600, which was a frequency of 50 — 60 Hz.

3.3.1.3 Hydraulic Actuator

The load cell actuator can apply a static load of up to 45kN and a cyclic load at frequencies
of up to 40Hz. The hydraulic actuator was fixed to a 20 MPa hydraulic system and the
applied load was continuously monitored. The monotonic and dynamic loading required

can be applied by the hydraulic actuator via a piston connected to the loading plate: thus,
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the desired magnitudes of contact normal effective stress could be applied to the specimen.

The servo-controlled loading system helped to simulate the cyclic stresses generated during

the passage of freight trains at various speeds (Trani & Indraratna 2010a).

Top Plate

Loading
Plate

1
Ballast
= g N P Negalf
Geotextile | | <Y pY % |
——Slurry
Bottom
Plate

Base Plate

Figure 3. 3: Photos of Basic Dynamic Test (Case 1) and schematic illustration (1) Hydraulic

actuator (2) Test sample (3) Data logger (4) Camera (5) Computer
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Vibrating Table
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(2) Vibrating bed

(3) Variable rate
electronic controller

(4) Camera

(5) Bin Vibrator

Figure 3. 4: Basic Dynamic Test (Case 2)

3.3.2 Dynamic Filtration Tests (DFT)

3.3.2.1 Modified Dynamic Filtration Apparatus

The filtration apparatus developed by Israr et al. (2016) was modified to monitor the local
EPWP, soil porosity, development of EPPG between different soil layers, and deformation
under cyclic loading conditions. As Figure 3. 5 shows, the apparatus has ten components,
(1) a load cell and linear variable differential transformer (LVDT), (2) Miniature pore
pressure transducers (MPs), (3) Body pressure transducers (Ps), (4) Amplitude Domain

Reflectometry Probes (ADRs), (5) a Datalogger, (6) a Computer (7) a Camera (8) Power
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supply, (9) An inlet for saturating the sample from a de-aired tank, and (10) a Hydraulic

actuator. These components are described as follows:

! e T I~ RN

Figure 3. 5: Photo of dynamic filtration apparatus (Arivalagan et al. 2021)

3.3.2.2 Rigid Boundary Polycarbonate Cell

The polycarbonate cell used in the 'basic dynamic test', was modified so it could carry out
dynamic filtration tests on a 300mm high sample. When this equipment was being
designed, it was ensured that the radial relaxation would be less than 5x10* mm for the
lateral pressure induced by applied cyclic loading based on Young's modulus of the 13 mm
thick shell (E = 2.6 GPa). According to ASTM D3999-91 (2003), the ratio between the
largest particle to the internal diameter of the cell was less than 1/6, this ensured minimal

boundary effects.
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3.3.2.3 Miniature Pressure Transducers (MPs)

Four miniature pore pressure transducers (1 kPa accuracy) were placed on the centreline of
the specimen at depths of 20, 40, 80, and 120 mm from the ballast/subgrade interface. The
miniature pore pressure transducers (KPE-PB 500kPa) had a dual structure, so they were
not affected by the outer lateral pressure. The model KPE-PB was rated as [P68 and
measured to an accuracy of 1kPa. Four miniature pore pressure transducers were installed

at different heights in the samples to capture the generation of EPWP during cyclic loading.

3.3.2.4 Body Transducers (Ps)

At the edge, six body transducers were placed at depths of 25, 55, 85, 115, 145, and 175
mm from the ballast/subgrade interface. Six body transducers (DGSI Slope Indicator E-
120 30 PSI, accuracy 0.5 kPa) were connected to the cell. The local EPPGs that developed
inside the specimen can be calculated by measuring the differential hydraulic pressure at
each layer. The calibration was carried out using the redetermined magnitudes of hydraulic
pressure to obtain accurate measurements. The positions of the miniature pressure

transducers and body transducers are shown in Figure 3. 6.

3.3.2.5 Amplitude Domain Reflectometry (ADR) Probes

The MP 406 moisture sensors/ADR probes (ICT international) had a reinforced body and
stainless-steel needles, so they were suitable for measuring the volumetric moisture content
of soil under different loading conditions. The variations in porosity could be monitored by
the three ADR probes installed along the subgrade depths (Israr 2016). The temporal
variations in the porosity were measured by the ADR probes; the ADR probes also measure

the Volumetric Water Content (VWC), as given by:

VWC (%) = VulVe = (VolV) x (VulVy) =1 X Sy

where,
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Vw = Volume of water, V, = Volume of voids, V= Total volume of soil, S; = Degree of
Saturation, and n = Porosity

The variations in porosity could be used to monitor the saturation process, and calibration
od ADR sensors was carried out done prior to this testing, in accordance with Trani &

Indraratna (2010b).

3.3.2.6 Load Cell

A 50mm diameter load cell was installed at the bottom of the test chamber to monitor the
vertical effective stress that was transferred from the applied loading. This load cell could
measure the temporal variations caused by the frictional resistance of the side walls

(accuracy of 0.1 kPa).

3.3.2.7 Datalogger and Modules

DT85 Data Taker and CMA lab controllers were used for data acquisition purposes. The
CMA LTC software can provide full-waveform motion options for all the actuators, the
automation feature in the 'Sequence Builder' test enables multi-stage, logic connected test
sequences to be constructed and run, signal plotting, and data logging. A burst of data from
all 15 sensors (4 miniature transducers, six body pressure transducers, three ADRs, LVDT,
and a load cell) was transmitted to the data loggers. This setup could measure the readings
from 32 sensors at a given period (3days). The data could be retrieved using data taker
programs and could view the response in real time during testing. A minimum permissible
time interval of 1 second was set as the default for all the cyclic testing, so the data logger
could store test data for up to three days of continuous runtime. The unwanted digital noise

in the raw data was smoothed.
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3.3.2.8 A Micro-CT scanner

SkyScan 1275 (Belgium) with a 20-100-kV X-ray source and a very high 4-um voxel
resolution was used (SkyScan 1275 2016) to scan the samples of extruded soil after each
cyclic test. The cylindrical specimens (20 mm diameter and 100 mm long) can be scanned
every 0.5° for 360°, that ensures a high-quality reconstruction with excellent micro
characteristics (Nguyen & Indraratna 2019). The porosity at different cross-sections can be

captured using CT scanned images.
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Figure 3. 6: Schematics of Dynamic Filtration Apparatus (DFA)
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3.4 Loading Calculation at the Equivalent Depth Beneath the Sleeper

The contact pressure between the sleeper and ballast had been used in the previous studies
to simulate the typical railway track conditions (Indraratna & Ngo 2018; Indraratna et al.
2011) and the average contact pressure (g,) at the sleeper and the ballast interface can be

expressed as follows:

Oy = (%) F, Equation 3.1
where g, = maximum rail seat load; B = width of the sleeper (0.26 m); L is the effective
length of sleeper under cyclic load gq,-; and F, = factor that depends on the type of sleeper
and rail track maintenance.

By assuming that 1/3 of the total sleeper length will be effective on the load transfer

mechanism, Equation 3.1 will become:

3q, .
oy = (Bil) F, Equation 3.2

where | = nominal length of the sleeper (2.5 m)
For the maximum rail seat load of 85 kN,

, 3q
%= (5)":

r 3%85 -
Oa = (0.26*2.5) F; ~ 400 kPa

The trapezoidal approximation (2:1 i.e., vertical: horizontal) was used to calculate the
induced vertical stress at the ballast/subgrade interface under train loading. In a rectangular
sleeper, a total concentric vertical load Q can be calculated using the average sleeper-ballast

contact pressure (0,,4,) as shown in Figure 3. 7.

82



Figure 3. 7: Trapezoidal approximation of load distribution at the ballast/subgrade interface

Q = opaxxAe Equation 3.3

where A.is the area of the effective length of sleeper (1/3).

If the 0y, = 400kPa, Q will be around 86.6 kN

The maximum vertical stress at the equivalent depth (h) beneath the sleeper can be

calculated as follows:

Q

—_— Equation 3.4
(b+h)(5+h) quation

Ohmax =

where b and | are width and length of sleeper respectively.

86.6

(0.26+0.3)(§+0_3) =137 = 140 kPa

At adepth of 0.3 m, 0y, jax =

In addition, AREMA Engineering Manual also recommended different equations (Talbot
equation, Boussinesq equation, Love equation and Japanese National Railways equation)
to calculate the contact pressure at the subgrade distributed by ballast layer (AREMA

2003).
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3.5 Test Program

3.5.1 Basic Dynamic Tests

Two dynamic loading conditions, namely (1) a cyclic load applied by a hydraulic actuator,
and (2) a dynamic load applied by a vibrator, were used to assess the ability of geotextiles
to prevent particle migration and to observe the behaviour of the ballast/geotextile/subgrade

interlayers. The results of basic dynamic tests are in Chapter 4.

3.5.2 Dynamic Filtration Setup

Although a filtration setup was developed by Israr & Indraratna (2017) to study the failure
mechanism of compacted sandy soils, this setup was commissioned on subgrade soil under
cyclic loading to evaluate the repeatability of tests, and the reliability of test data. Test
repeatability was assessed by carrying out a series of tests. A test procedure similar to the
'dynamic filtration test' was used, it involves applying a cyclic load with deviatoric stress
of 40 kPa. The photos of the 'basic dynamic test' and 'modified dynamic filtrations setup'

are shown in Figure 3. 8.

3.5.3 Dynamic Filtration Tests (DFT)

The test program consisted of a series of cyclic tests on selected subgrade and
geosynthetics, in six distinct experimental phases. These tests capture the key factors that
contribute to subgrade fluidisation under critical cyclic loading conditions, as well as
prevention techniques and measures to reduce the risk of mud pumping using geosynthetics

in railway tracks. The descriptions of each phase are as follows;

3.5.3.1 Phase 1: Undrained and Free Drainage Conditions
To define the failure criteria and subgrade fluidisation, laboratory tests were carried out

under (a) undrained conditions where an impermeable boundary was created by a
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geomembrane, and (b) free drainage with a layer of ballast directly over the subgrade
specimen. A deviator vertical stress (c4) of 40 kPa (i.e. Gmin = 30 kPa, Gmax = 70 kPa) and

f=5.0 Hz were applied.

Figure 3. 8: (a) Basic dynamic test setup (b) Modified Dynamic filtration test setup

3.5.3.2 Phase 2: Performance of Different Geotextiles

The main objective of Phase 2 was to evaluate the performance of 5 different
geotextiles/geocomposites (G1, G2, G3, G4, and G5) in terms of controlling the
development of EPWP and preventing or delaying the initiation of subgrade fluidisation.
Geotextiles were laid at the interface between the ballast and subgrade specimens, and a

cyclic loading was applied as described in Phase 1.
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3.5.3.3 Phase 3: Influence of Frequency and Amplitude (Geosynthetics)

The laboratory experiments under Phase 3 were needed to investigate the performance of
geotextiles under different speeds and axle loads. In this instance, the loading frequency
and amplitude applied varied from 1 to 5 Hz and 20-35 kPa (i.e. Gmin = 30 kPa, Gmax = 70-
100 kPa), respectively. The geotextiles at the ballast subgrade interface were selected based

on the results under Phase 2.

3.5.3.4 Phase 4: Prefabricated Vertical Drains (PVDs)

The main objective of Phase 4 was to evaluate the performance of PVDs under cyclic
loading conditions. The effectiveness of a combined PVD-Geocomposite system was also
measured in terms of controlling the development of EPWP and preventing or delaying the

initiation of subgrade fluidisation. In phase 4, a deviator vertical stress (cq4) of 40-70 kPa

(i.e. omin = 30 kPa, omax = 70 — 100 kPa) and f= 5.0 Hz were applied.

3.5.3.5 Phase 5: Influence of Radial Drainage

A horizontal drainage path was created by the inclusion of PVD within the soil specimen.
These experiments were carried out to examine how effectively radial drainage could
reduce the EPPG that developed due to cyclic loading (disparity between vertical and
horizontal EPPG). Miniature pressure transducers were installed at 0, 30, 60, and 90 mm

from the centreline/PVD to measure the EPWPs that developed in a horizontal direction.

3.5.3.6 Phase 6: Effects of Cyclic Stress and Frequency (PVD + Geocomposite)

The laboratory experiments under Phase 6 were carried out to investigate the role of
geotextiles and PVDs under different axle loads and speeds. The loading frequency and
amplitude varied from 1 to 5 Hz and 40-70 kPa, respectively. In this case, geocomposite

G1 was used for the entire test, as illustrated in Table 3. 3.
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Table 3. 3:

Experimental Phases

Phase

Test
Name

Drainage
condition at
ballast
subgrade
interface

Tested
Geosynthetics

Omin

(kPa)

O max

(kPa)

Frequency
(Hz)

T1

Undrained

Impermeable

30

70

T2

Free
drainage (no
capping)

NIL

30

70

Gl

Partially
drained with
Gl

Geocomposite 1

30

70

G2

Partially
drained with
G2

Geotextile 2

30

70

G3

Partially
drained with
G3

Geotextile 3

30

70

G4

Partially
drained with
G4

Geotextile 4

30

70

G5

Partially
drained with
G5

Geocomposite 2

30

70

G-70-5

Partially
drained with
Gl

Geocomposite 1

30

70

G-85-5

Partially
drained with
Gl

Geocomposite 1

30

85

G-100-5

Partially
drained with
Gl

Geocomposite 1

30

100

G-70-1

Partially
drained with
Gl

Geocomposite 1

30

70

G-70-3

Partially
drained with
Gl

Geocomposite 1

30

70

G-70-5

Partially
drained with
Gl

Geocomposite 1

30

70

P70

With P

PVD

30

70

With P

PVD

30

85
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P85

P100 With P PVD 30 100

G-70 With G1 Geocomposite 1 30 70
PVD +

PG-70 With P+G1 | Geocomposite | 30 70
PVD +

PGO With P+G1 | Geocomposite 1 30 70
PVD +

PG30 With P+G1 | Geocomposite 1 30 70
5 PVD +

PG60 With P+G1 | Geocomposite 1 30 70
PVD+

PG90 With P+G1 | Geocomposite 1 30 70
PVD +

PG-70-5 With P+G1 | Geocomposite 1 30 70
PVD +

PG-85-5 With P+G1 | Geocomposite 1 30 85
PVD +

6 PG-100-5 | With P+G1 | Geocomposite 1 30 100
PVD +

PG-70-1 With P+G1 | Geocomposite 1 30 70
PVD +

PG-70-3 With P+G1 | Geocomposite 1 30 70
PVD +

PG-70-5 With P+G1 | Geocomposite 1 30 70

3.6 Test Procedures

3.6.1 Basic Dynamic Tests (BDT)

3.6.1.1 Case 1

G1 and G2 were selected for these tests. The soil specimen had a water content of 39% and
was poured into the cylinder, and then a saturated geotextile was placed on top of the slurry.
A 150 mm thick layer of ballast was then placed on the geotextile to develop a

geotextile/ballast contact pressure. Variations in the PSD of the subgrade soil were captured
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after cyclic loading by the Malvern particle analyzer. The change in the water content was
also measured before and after cyclic testing to investigate how effectively the geotextiles

could prevent particle migration and instability at the interface, with enhanced drainage.

3.6.1.1.1 Load Application

A deviator stress of 110 kPa (i.e. Gmin = 30 kPa, Gmax = 140 kPa) and a frequency of 5 Hz
were used. The cyclic stress represents an axle load of 40 tonnes due to the passage of
heavy haul trains. The loading frequency of 5 Hz simulated the loading frequency
encountered in a typical Australian rail track, and corresponded to train speeds of 80 to 100
km/h (Attya et al. 2007). In this study, a cyclic load was applied continuously for 4500

cycles. The cyclic test was stopped after 15 minutes because it represented 5 train passages.

3.6.1.2 Case 2

These tests were designed to create an extreme case of segregation where coarse particles
sink to the bottom and the fine particles and water travels to the top (i.e., bleeding water
with micro-fine particles). This generally happens when concrete is being vibrated and if
the water/cement ratio is much higher and is based on the packing density of concrete
materials. The geotextile at the ballast/slurry interface under Case 2 was based on the
results from Case 1. The setup for a basic dynamic test (Case 1) is shown in Figure 3. 3,
this test could assess the performance of the selected geotextile under critical loading and

adverse hydraulic conditions.

3.6.1.2.1 Slurry Preparation
When fully saturated soft soil approaches its liquid limit due to the load applied, mud
pumping can occur because the water content exceeds the liquid limit before the effective

stress becomes zero. Two samples of slurry, with water contents of 39% (Test T39) and
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43% (Test T43), were prepared to test the performance of geotextile under constant
vibration. A 100 mm thick layer ballast was placed at the bottom, and the saturated
geocomposite G1 was placed on top of it. A 50 mm layer of this slurry was then poured on
top of the geotextile. The setup for the basic dynamic test (Case 2) is shown in Figure 3. 4.
The vibrating speed was 5, and the tests ceased after 60 minutes. The change in the water

content and PSD were measured before and after cyclic testing.

3.6.2 Dynamic Filtration Tests (DFT)

3.6.2.1 Testing Material

The collected soil was sieved through 2.36 mm. The required mass of dry soil and volume
of water were mixed beforehand and left overnight in a humidity-controlled room, and then
compacted inside the test chamber in eight layers. The target bulk density (1600 kg/m?)
and moisture content (17%) were attained by compacting the dry soil and water to the

desired volume.

3.6.2.2. Compaction

The 'nonlinear undercompaction' criterion suggested by Jiang et al. (2003) was utilised to
obtain a uniform density for the test specimens. As Indraratna et al. (2020) proposed, the
height of each layer was calculated using the average predetermined thickness of an
individual layer. The specimen was compacted in 8 layers with thicknesses of 27.5, 27.39,
26.98, 26.27, 25.25, 23.9, 22.3, and 20.35 mm (from layer 1 (bottom) to layer 8 (top),
respectively. After compaction, the uniformity of each specimen was also assessed by
coring additional samples to measure their overall dry density, and the dry density of each

layer.

90



3.6.2.3 Installation of PVD

The equivalent diameter of the soil cylinder for a drain spacing in the field is around 1 to
1.5m; the drain spacing in the dynamic filtration tests was much smaller (240 mm) than the
real field requirements. Therefore, PVDs with a modified size were used in the experiments
based on the time factor (Tn) and the average degree of consolidation (Uy) for two soil
cylinders, as proposed by Ni (2012). The modified PVDs used for laboratory experiments
were 17 mm x 3.4 mm. A PVD was driven/inserted through the centre of the subgrade soil
using a rectangular mandrel (25 mm x 4.5 mm), to ensure minimum soil disturbance while

installing the PVD and removing the mandrel.

3.6.2.4 Saturation

Saturation was carried out in two steps, (1) de-airing the specimen by applying 100 kPa of
suction (Kamruzzaman et al. 2008), and (2) saturating the sample with filtered and de-aired
water until the water level reached the top of the specimens. The saturation of this specimen
was monitored continuously by three ADR probes installed at different depths (Israr et al.
2016; Trani & Indraratna 2010b); these probes remain in situ until uniform readings are
attained (i.e., 80 F/m apparent permittivity of water at a room temperature of 20°). The
miniature pore pressure transducers, body pore pressure transducers, and LVDTs were

calibrated and then installed after saturating the soil specimen.

3.6.2.5 Consolidation

A total vertical pressure of 30 kPa was applied for 48 hours to consolidate the soil
specimen,; i.e., until the volume change (AV) was considered to be negligible (i.e., < 0.5
mm?>/hour). The interior wall was coated with Teflon (Rocol — Dry Film Teflon) to reduce
friction between the surface and soil particles. The soil was subjected to uniform vertical

stress, and the corresponding settlements of the consolidating layer were measured. The
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pore pressure that developed during the consolidation process was monitored, and the

settlement due to the applied loading was recorded continuously for two days.

3.6.2.6 Interface Preparation
The geotextile was saturated before being placed onto the subgrade soil. After placing the

ballast and/or geotextile, a sinusoidal load was applied through a servo-controlled actuator.

3.6.2.6.1 Saturation of Geotextile

The geotextile was saturated before the wet run. It is important to have no air bubbles
during the saturation process, as proposed in ASTM F316-03 (2011). The sample was
saturated by slowly sliding the geotextile into the water at approximately 45° while
allowing the water to soak into the sample by capillarity. The testing method suggested in
ASTM D4491-99 (1999) was used to remove the air trapped in the specimen. A vacuum
chamber was used to assist in wetting the geotextile, as mentioned. A submerged tube that
is attached to the source of a vacuum can be used to remove the air trapped in or on the
specimen. The sample was soaked in distilled and deaired water for 24 - 48 hours prior to
the test setup. No bubbles were on the top surface of the geotextile (during the installation),

which confirmed that the geotextile was fully saturated within 24 - 48 hours.

3.6.2.6.2 Entrapped Air in Geosynthetics

During saturation, it was difficult to prevent air from being trapped and air bubbles from
forming on the top layer. The method suggested in ASTM D4491-99 (1999) was used to
remove the air trapped on the specimen, it is as follows: "A submerged tube which is
attached to the source of a vacuum just above the surface of the geotextile can remove the

air trapped in or on the specimen ".
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3.6.2.7 Cyclic Load Application

A cyclic load was applied to the specimen through a 235 mm diameter loading plate inside
a cell with an internal diameter of 240mm. This rigid loading plate could induce uniform
stress on the subgrade soil with minimal rigid wall boundary effects (Mohammadinia et al.
2019). Details of this applied loading system are explained elsewhere by Trani & Indraratna
(2010b). In this study, a uniform cyclic stress was applied as a minimum vertical stress,
and the sinusoidal vertical cyclic stress (Omin = 30 kPa and omax = 70 — 100/140 kPa)
simulates a maximum axle load of 35-40 tonnes. The frequency varied between 1.0 and 5.0
Hz, which corresponds to train speeds of 40-220 km/h (Indraratna et al. 2020; Mamou et

al. 2017; Powrie et al. 2007).

3.7 Test Analysis

3.7.1 Basic Dynamic Tests (BDT)

The primary objective of 'basic dynamic tests' is to assess the potential of geotextile to
prevent the instability of subgrade soil at the interface (geotextile/subgrade) by providing
sufficient drainage capacity. The calculations, observations, and analyses during and after
the tests are as follows:

e Pre-test calculations: Pre-test calculations included the preparation of slurry and the
loading time considering a typical train passage on railway tracks. Dry mass soil
and the volume of water needed to achieve the target moisture content were
calculated. The moisture content of the prepared slurry was also measured prior to
the tests.

e Mid-test observations: This involved observing the drainage capacity of the
geotextile at given time intervals and recording the level of water on top of the
geotextile to calculate the average permeability. For reference purposes, photos and

videos were taken when applying cyclic loading.
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e Post-test analysis: The PSD of slurry/water collected at the top was measured
using the Malvern Particle Analyzer. Samples of soil were also collected at the
middle and the bottom. The water content of the soil beneath the geotextile was

also measured.

3.7.2 Dynamic Filtration Tests (DFT)
This section shows the calculations, observations, and analyses made before, during, and
after the cyclic tests.

o Pre-test calculations: Pre-test calculations included the preparation of specimens
and compacted energy imparted for the testing. The mass of dry soil and the
volume of water to reach the target density were calculated, and the compaction
energy needed to attain uniformly compacted layers was also measured. The
nonlinear 'undercompaction' method was used to calculate the thickness of each
layer. An additional sample was prepared under different phases to assess the
uniformity of each specimen and to measure (a) their overall dry density, and (b)
the dry density of each layer.

e Mid-test observations: Visual observations were made of the 'interlayer creation’,
the pumping of fines, and variations in the soil density. This also involved observing
the interlayer creation (Sinking ballast particles into subgrade) during cyclic loading
and pumping of fine particles (finer particle separation and accumulation at the top
surface/segregation). For reference purposes, photos and videos were taken during
the application of cyclic loading to capture any changes in the soil specimen.
Real-time data analysis - The spatial and temporal variations in the porosity (ADRs
- during the saturation process), the pore pressure at different depths, and axial
deformation were monitored during testing. The stored data can be retrieved at any

time.
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o Post-test analysis: The tested specimen was separated into three distinct layers to
capture the PSD (Interface/Top, Middle, and Bottom). The PSD of the slurry
collected at the interface was measured using the Malvern Particle Analyzer.
Samples of soil were also collected at the middle and the bottom to determine the
PSD. Microscopic examination/CT-Scan - Extruded soil samples (0-50mm, 50-
100mm, 100-150mm) were used to capture the porosity (i.e. cross-sections of soil
columns). Data Acquisition and Processing - The vigorous data recorded from all
the channels were processed and smoothed where necessary to examine the

response of the specimen under cyclic loading.

3.8 Chapter Summary

This chapter describes the experimental program carried out in this study, it includes the
test procedures for all the phases, details about the instrumentation, a schematic of modified
apparatus, and related definitions. The experiments were carried out to capture the
phenomenon of subgrade fluidisation and using geotextiles/PVDs to reduce the risk of mud
pumping by simulating typical loading conditions in railway tracks. Axle loads of 25 - 40
tonnes and train speeds of 40 — 250 km/h were considered. The components and test
methodology for all the experimental phases (Basic dynamic tests and Dynamic filtration
tests) were described with critical information on instrumentation. The behaviour of the
specimens in all the experiment models was evaluated from the continuous-time records of
applied load, axial strain, change in EPWPs, and variations in the soil particle

arrangement/porosity.
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CHAPTER 4: TESTING PROGRAM

BASIC DYNAMIC TESTS AND DYNAMIC FILTRATION TESTS

4.1 Introduction

The capping layer in railway tracks prevents the fine base particles from migrating into the
ballast layer and reduces the cyclic stress transferred to the subgrade soil. However, under
adverse hydraulic conditions, an overly compacted or impermeable capping layer cannot
provide sufficient drainage to reduce EPWPs that develop during the passage of trains; this
may lead to subgrade failure and possible mud pumping where fluidised soil particles shoot
up through the capping layers. One of the most cost-effective methods for replacing
conventional compacted sand layer or reducing the thickness of the capping layer is
geosynthetic inclusions (Fatahi et al. 2011). This is why appropriate design guidelines for
railway tracks are needed to prevent particle migration and provide acceptable drainage
over long periods of time. In this Chapter, dynamic tests were carried out to assess the
potential use of geotextiles in railway tracks by simulating heavy haul loading (up to 40-
tonne axle load). Tests were also carried out on a vibrating table to assess the soil behaviour
at the geotextile/subgrade interface. Based on the results obtained from the 'basic dynamic
tests', a 'dynamic filtration apparatus' was modified to measure how effectively geotextiles
could alleviate the EPWP that developed at the interface and in shallower subgrade soil.
The laboratory results were used to evaluate the effectiveness of geotextiles and
geocomposites and the potential for reducing the risk of subgrade fluidisation under critical

cyclic loading conditions.
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4.2 Basic Dynamic Tests: Results and Discussions

4.2.1 Case 1

Tests were carried out to assess the effectiveness of geocomposite G1 and geotextile G2 at
preventing the migration of fine particles under a cyclic load. A soil sample (LL =42) with
a water content of 39% was used for this study. The test procedures for the basic dynamic

tests are reported under Section 3.6 in Chapter 3.

4.2.1.1 Reduction in Water content

The migration of fine particles and increased moisture can create a thick slurry at the
interface during mud pumping. This slurry can then be pumped up towards the ballast layer
under adverse hydraulic conditions such as poor drainage and increased hydraulic gradient.
Therefore, geotextiles with increased permeability and filtration characteristics are needed
to prevent soil softening (slurry) at the interface. In this instance, the water content of the
soil (39%) is close to the liquid limit (LL = 42) of the subgrade. As Table 4. 1 shows,
geocomposite G1 reduces the water content of soil near the interface by up to 7% compared
to G2, which is only 3.5%. During the test (G1), water inside the subgrade soil moved
upwards through the filter media; the water that accumulated on the top geotextile is shown
in Figure 4. 1. The collected water on the top was used to calculate the average drainage
capacity of the geocomposite/geotextile. The average flow through geocomposite G1 was
4.8 mm?/s (after 120 minutes of cyclic loading), with a geotextile area of 4.15x102 m?. The
water flow mainly depends on the rate of clogging (where fine particles accumulate at the
bottom of the geotextiles), a phenomenon that is discussed further under Case 2 in the later
sections. It is clear that G1 could reduce the increased moisture content of subgrade soil
during cyclic loading because the drainage capacity at the soil/geotextile interface was
adequate. Permeability tests were also conducted to further understand the hydraulic
conductivity of both geotextiles; the amount of trapped fines was also measured (Table 4.

2 and 4.3).
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Table 4. 1: Water content for geotextiles G1 and G2

Geotextiles Description water content (%) Reduction (%)
Before Cyclic Testing (39.3+39.4)/2=39 .
Gl After Cyclic Testing 32
Before Cyclic Testing (32.1+39.4)/2 =39
G2 35
After Cyclic Testing 35.5

=60 oun

pl-c

. —————

Figure 4. 1: Accumulated water at the top of geocomposite G1
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4.2.1.2 Permittivity of the Geotextiles

The hydraulic conductivity of the geotextiles was determined by permittivity according to
ASTM D4491-99 (1999). As expected, there was a reduction in G1 (around 35%) after
cyclic testing due to clogged fines inside the pores of the geotextiles. On the other hand,
G2 was severely clogged due to the migration of fines (57% reduction in permittivity), and
pumped-up slurry could be seen through the pore openings. Geotextile G2 failed to prevent
fines from migrating and the soil from softening under cyclic loading; a photo of geotextile

G2 tested after 36,000 cycles is shown in Figure 4. 6.

Table 4. 2: Hydraulic conductivity of the geotextiles

Geotextiles Description Permittivity (s™) Reduction (%)
Before Cyclic Testing 7.1x10*
Gl 35
After Cyclic Testing 4.6x10*
Before Cyclic Testing 15
G2 i : 57.2
After Cyclic Testing 6.41

Figure 4. 2: Cyclic test with geocomposite G1 (a) Removal of ballast, (b) Ballast particles

with accumulated water

4.2.1.3 The Variations in Particle Size Distribution
The change in particle size distribution (PSD) was assessed using the Malvern particle

analyser. After removing the ballast (Figure 4. 2), the water that remained on top of the
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geotextile, and the slurry, was collected to determine the PSD of fines that had infiltrated
through the pore openings due to the applied load. The changes in the PSD when using
geocomposite G1 were insignificant, and geotextile G2 failed to prevent particle pumping

(Figure 4. 3and 4.4).

4.2.1.3.1 Estimating Pumped-up Fines from PSD analysis

As Figure 4. 3 and 4.4 show, finer particles of less than 1 micron migrate through the
geotextile (G2) under cyclic loading (70 kPa deviator stress). The volume density
represents the amount of soil used for PSD testing using the laser diffraction Malvern
Particle analyser. The results indicate that particles between 1 — 100 microns could clog the
pores, and some fines were pumped up through the pore openings of the geotextiles.
Furthermore, slurry pumping was visible through the pores of geotextile G2 and this
indicates that geotextile G2 could not prevent particles from migrating under cyclic loading
conditions. Although geocomposite G1 performed better than G2 (Figure 4. 4), the
potential for subgrade fluidisation under heavy haul trains carrying 35 or 40 tonnes of axle
loading should be assessed. Therefore, an array of different cyclic deviatoric stresses (40-

70 kPa) were selected in 'Dynamic Filtration Tests' (Chapter 6).

Table 4. 3: The trapped fine particles

Weight of Oven Trapped Fines
Geotextiles Description Dried Geotextile (g) (g2)

Before Cyclic Testing 40.3

Gl 6.39
After Cyclic Testing 46.69
Before Cyclic Testing 25.46

G2 12.08
After Cyclic Testing 37.54
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Figure 4. 3: Variations in volume density of (a) soil collected near the interface and (b)

slurry collected from the top of geotextile G2

4.2.1.4 Clogging Behaviour of the Geotextile

The weight of trapped fine particles was calculated by taking the differences between the
weights of oven-dried (after testing) and clean geotextile (before testing). The
geocomposite G1 had 6.8 g of trapped fines; the geotextile/subgrade interfaces after cyclic
loading are shown in Figure 4. 5. Geocomposite G2 could not prevent the fine particles
from migrating (slurry on the top), and severe clogging was observed (i.e., 12.8¢g of trapped
fines). Geocomposite G1 prevented slurry from being pumped up through the pores, unlike

G2. During the 'basic dynamic tests' fines could be seen through the pores after 36,000
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cycles (Figure 4. 5), so a cyclic load up to 100,000 cycles were chosen for the 'Dynamic

filtration Tests' to assess the performance of geotextiles under various loading conditions.
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Figure 4. 4: Change in volume density (a) soil prepared for testing and (b) soil collected at

the interface after cyclic testing (Geocomposite G1)

4.2.1.5 Issues Encountered during the Test

Air entrapped in geotextiles could affect their performance, so entrapped air and air bubbles
were removed during the saturation proposed in ASTM F316-03 (2011). Permeability tests
were carried out on the tested geotextiles under cyclic loading conditions. Trapped fine
particles started to dislocate from the pore openings due to continuous flow during the
'Falling head tests'; however, there could have been minor errors in the permittivity

measured in the geotextiles and geocomposites.
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Figure 4. 5: Geocomposite G1 (magnification = 0.209x) (a) After Saturation, (b) Top

(after cyclic loading), and (c) Bottom (after cyclic loading)

Pumped up fines

N
oy

Figure 4. 6: Geotextile G2 after cyclic testing

4.2.2 Case 2

In Case 2, geocomposite G1 was selected because it could reduce the water content (w/c)
and prevent particle migration, as described in Section 4.2.1 (Chapter 4). The primary focus
here was to investigate the effectiveness of geotextile under strong vibrations (frequencies
up to 60 Hz). In this instance, two separate tests were carried out, namely, T39 (39% of

initial w/c) and T43 (43% of initial w/c) based on the water content of the slurry. The tests
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were stopped after running the vibrating table for 60 minutes (f=50Hz or 300 VPM); the

test procedure with a description of the electronic controller can be found in Chapter 3.

Figure 4. 7: Photos of tested G1 (magnification = 0.209x) in (a) T39, and (b) T43

4.2.2.1 Test Results and Discussions
As Figure 4. 7 shows, no clay particles travelled through geocomposite G1 in Test T39
(initial w/c =39%). However, a lot of fine particles were trapped in the geocomposite in

Test T43 (initial w/c = 43%) compared to T39; this was confirmed by the amount of fine
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particles transported through the pores during Test T43. The infiltrated water containing
fine slurry entered into the ballast layer; this could increase the fouling index.
Unfortunately, it was not possible to collect the drained water (mixed with fines) for PSD
in this setup. A photo of the slurry tested in T43 (after cyclic loading) is shown in Figure
4. 8(c). The water content of subgrade soil at the geotextile interface was more than 43%
in T43, which shows how ineffective the geocomposite was at reducing the water content
of fluidised subgrade and preventing finer particles from intruding (clogging) into the pore
openings (Table 4. 4). The average permittivity of the severely clogged geocomposites
dropped by 46% during T43, and only 35% was observed in T39. This implies that
geocomposite (G1) could not provide sufficient drainage and prevent the migration of fines
in fluidised subgrade soil. When the moisture of the soil was less than the LL (Test T39),

the geotextile could perform well even under a high frequency of loading.

Table 4. 4: Test Results of T39 and T43

T39 T43
Tests Before cyclic | After cyclic | Before cyclic After cyclic
testing testing testing testing
Water content
(%) 39 33 43 43.6
Reduction (%) 6 Increased by 1%
Permittivity (s') | 7.10x10* 4.61x10* 7.12x10* 3.83x10*

Reduction (%) 35% 46%

The continuous water flow in the permeability setup increased the permittivity of the
repeated tests (T1 — T5), as shown in Table 4. 5. The fine particles trapped at the bottom of
the geotextiles were transported from the clogged pores due to the continuous water flow
while using the falling head method. The pressure head (< 0.5m) in the 'falling head

permeability setup' was enough to dislodge the fines clogged at the bottom surface. The
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flow behaviour of fine specimens during the falling head tests corresponded to Darcy’s

Law based on laminar flow.

Figure 4. 8: Photos of (a) Test setup, (b) Slurry after testing in T43, and (¢) Removal of

slurry to determine the water content of soil at the interface (soil/geotextile — T43)

Table 4. 5: Permittivity of G1

Permittivity (x10™ s)
Test Name
Case 1 (w/c=39%) Case 2 (T39)
T1 4.73 4.63
T2 4.78 474
T3 4.92 4.74
T4 5.01 4.75
T5 5.13 4.78
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4.2.3 Summary: Filtration and Drainage Capacity of Geotextiles

Geotextile G2 failed to prevent the migration of particles and provide drainage for the
subgrade. Ineffective filters eventually create an impermeable layer in the subgrade,
leading to undrained conditions. Therefore, various drainage conditions were selected
(Chapter 5 and Chapter 6) to illustrate the potential for fluidisation with and without the
inclusion of geosynthetics under cyclic loading. G1 had a filter media between two non-
woven geotextiles with an aperture opening of <10 pum. It is clear that the effective filter
media could prevent particle migration and provide adequate drainage at the interface under
cyclic loading conditions. However, the effectiveness of the geocomposite could decrease
beyond a threshold cyclic stress value or under increased water content by clogging the
fibre network with micro-fine particles. The drainage capacity of the
geotextile/geocomposite can also be deduced by carrying out permeability tests and
measuring the porosity (CT scan). Transmissivity of geotextiles is better under lower stress
levels on fabrics (Koerner et al. 1984), thereby providing adequate drainage at the interface

and can quickly direct the water to a nearby ditch.

4.2.4 Proposed Method to Assess the Performance of Geosynthetics in Dynamic
Filtration Tests

The development of critical EPWP in railway tracks causes instability under cyclic loading
conditions, and the excess pore pressure gradient (EPPG) that develops within the soil can
dislocate the finer particles. To prevent particle migration, geotextiles must dissipate the
EPWP that develops at the shallow part of the subgrade. The rate of change in the EPWP
due to the inclusion of geotextiles must be examined under various loading conditions.
Subgrade fluidisation mainly occurs due to the internal redistribution of water contents and
subsequent increment in the fines content in the upper layers of the test specimen under
cyclic loading conditions. Therefore, particle size distribution (PSD) and moisture content

tests can be carried out in this study to evaluate the migrated fine particles and the
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occurrence of soil softening. A micro CT-Scanner can be used measure the porosity of soil
specimens and the accumulation of fine particles. A modified dynamic filtration setup can
be developed with miniature pore pressure transducers to measure the pore water pressure
that develops at different depths. The following key factors obtained from the 'Basic
dynamic tests' give a clear picture of these modifications to the Dynamic filtration tests.

e Drainage conditions — Undrained, Free drainage, Using geosynthetics

e Measurement of water content and PSD of the soil at the interface

o Influence of number of cycles — Repeated cyclic loading conditions

o Characteristics of cyclic stress —Amplitude and frequency of cyclic loading

e Drainage capacity — Dissipation of EPWP/hydraulic conductivity

o Filtration — Particle clogging and particle pumping
The dynamic filtration apparatus (DFA) was modified based on these aspects to analyse
the above criteria under critical hydrodynamic conditions and is discussed in the following

sections.

4.3 Dynamic Filtration Apparatus

4.3.1 Features of Modified Hydraulic Apparatus

This modified hydraulic setup can measure the variations of EPWP, and the local pore
pressure gradient, porosity, and deformation. The body transducers connected onto the
opposite walls can monitor the local EPPGs generated at different layers of subgrade. Ten
millimetre diameter miniature pressure transducers were installed in the middle of the soil
specimen to help monitor the excess pore water pressure that develops near the interface.
Israr (2016) reported the effects of instrumentation by carrying out static and cyclic tests

with and without the sensors (ADRs, Load cells, and Pressure transducers). The primary
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objective here is to assess the test repeatability and reliability by carrying out cyclic tests

with and without geosynthetics (free drainage).

4.3.2 Experimental Program

A test procedure similar to that in Chapter 3 was used to apply a cyclic loading with and
without the inclusion of geotextiles. The EPWPs (measured by the miniature pressure
transducers), the EPPGs (measured by the body pressure transducers), the normal effective
stress (measured by the load cell at the bottom), the changes in porosity (measured by the
ADR Probes), and the axial strain (measured by the LVDT) were monitored and recorded.
This proposed methodology simulates the more realistic hydro-mechanical conditions in
railway tracks. In this case, the deviatoric cyclic stress and frequency were 40 kPa and 5

Hz, respectively.

4.3.3 Cyclic Tests without Capping/Free Drainage Tests

Free drainage tests were carried out to create/simulate the occurrence of fluidisation under
train loading conditions. A layer of ballast was placed directly onto the subgrade soil to
investigate the creation of an interlayer that could sink into the subgrade during continual
cyclic loading (Duong et al. 2014). The key factors that promote subgrade fluidisation
could be assessed by carrying out free drainage tests. The changes in the water content and
the particle size distribution of the soil specimens were used to investigate the soil
fluidisation phenomenon.

Figure 4.9 shows the test results from Tests G1 and cyclic tests under free drainage
conditions. Gecomposite G1 was used to compare the effectiveness of capping at the
subgrade interface. As shown in Figure 4. 9 the EPWPs reached a maximum of 20 kPa after
500 cycles and then decreased to 10-15 kPa at the end of 75,000 cycles. The interface of
ballast/subgrade soil is shown in Figure 4. 10 after 500 cycles. The axial strain exceeded

5% after 500 cycles, and there was no continual dissipation of EPWP after 15,000 cycles.
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This soil has the potential for subgrade fluidisation because the top part of the subgrade
(interface) became slurry, together with a rapid increase in axial strain (above 8%). The
moisture content of the specimen was more than 39% at the end of cyclic loading. This
means that subgrade soil subjected to repetitive cyclic loading generates a higher EPWP
without continual dissipation, results in particle separation and increases the potential for

subgrade fluidisation under adverse hydraulic conditions in railway tracks.
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Figure 4. 9: Excess pore water pressure (a) With geotextile and (b) Free drainage test

4.3.4 Cyclic Tests with Geocomposite G1

The potential use of geotextiles at preventing subgrade fluidisation was assessed. These
tests were repeated three times under the same loading conditions to commission the
dynamic filtration apparatus (Test repeatability).

The EPWPs developed at MP1, MP3, MP3, and MP4 are shown in Figure 4. 9. The EPWPs
inside the soil specimen increased rapidly at the beginning (0-3000 cycles) of cyclic
loading, but then they decreased as the number of cycles increased. MP1 measures the
lowest values due to the influence of the geotextile which continuously dissipated the pore

water pressure that developed at the interface. The generation of EPWPs in the middle of
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the soil specimen (MP3 and MP4) are higher than those at the interface. The development
of axial strain is also controlled because the G1 prevents the formation of an 'interlayer
creation' by additional confinement at the interface. The selected geotextile with an
effective filter membrane helps to reduce the water content of the soil, unlike the test
without a capping layer. Photos of the tested specimens with and without geocomposites

after 500 cycles are shown in Figure 4. 11.

Subgrade

Figure 4. 11: Photo of subgrade surface (magnification = 0.2x) (a) with geotextile (after

100,000 cycles) (b) without geotextile (free drainage — Only after 500 cycles)
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4.3.5 Effects of Test Repeatability

As Figure 4. 12 and 4.13 show, cyclic tests were carried out under the same loading
conditions to assess test repeatability under similar hydrodynamic conditions. After
removing the cyclic loading, the geotextile allowed the EPWPs to be dissipated and similar

trend was observed.

30 % 1 2 I = I 2 - 1
MP1 MP2 MP3 MP4 MP 2 ‘L[ . ¥
Depth(mm) @20 @40 @S0 @120 3
25 — E -
[Test | u- L ] 'S * 5 E
e e e ]
I

All dimansions are in mm

-

]
e,
L] | L E— "l*l—*lRl_,. .‘-._
s
e e S

e —

B T e B S ]

Excess pore pressure (kKN/m?)

. ‘m‘Aﬁ—A—vzitrlm
e = S
ST e—
54 -
0 T T T T T T T T T
0 15000 30000 45000 60000 75000

Number of cycles, N

Figure 4. 12: Cyclic tests under free drainage conditions (No geosynthetics/Capping)
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Figure 4. 13: Cyclic tests with geocomposite G1

To observe the change in water content, two cyclic tests under free drainage conditions
were also stopped after 500 and 1000 cycles, respectively. The water content of the soil
near the interface was approximately 37-39% after 500 — 1000 cycles, thus showing the
potential for fluidisation (LL = 42%). The cyclic tests were also repeated twice (up to
100,000 cycles) to measure the rate of change in the EPWP that developed under cyclic
loading conditions (with and without geotextiles). Similar trends were also observed during

the repeated cyclic loading (Figure 4. 12 and 4.13).

4.4 Chapter Summary

The 'basic dynamic tests' (BDT) were carried out to evaluate the effectiveness of geotextiles
under dynamic loading conditions. Based on observations from the ‘basic dynamic tests’
(BDT) and the progression of instability, a dynamic filtration apparatus (DFA) was
designed and built-up at the University of Technology Sydney. The effectiveness of

dynamic filtration tests and test repeatability were discussed in this Chapter. The 'dynamic
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filtration test' (DFT) results showed that the migration of fine particles and associated mud
pumping could be mitigated with geocomposites. It was observed that cyclic tests without
a capping (free drainage) had an increased potential for subgrade failure due to the rapid
increase in axial strain and EPWPs under cyclic load. The application of geotextile could
continuously/quickly dissipate the developed EPWP and sustain the stability of interface
soil. However, this needs to be further investigated under different loading conditions in
order to evaluate the effectiveness of geosynthetics. The occurrence of instability in
subgrade soil due to the developed EPWPs can be studied, and the use of geosynthetics at
preventing potential failure also can be examined by dynamic filtration tests. Notably,
primary factors such as the generation of EPWP, variations in effective stress and water
content, and temporal variations in EPPG must be investigated when designing the filters

(geosynthetics/capping) under critical loading conditions.
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CHAPTER 5: SUBGRADE BEHAVIOUR INFLUENCED BY DRAINAGE

CONDITIONS AT THE BALLAST SUBGRADE INTERFACE

5.1 Introduction

In recent times, the undrained behaviour of base soil subjected to cyclic load has been
investigated by many researchers to assess fluidisation potential and to evaluate soil
response to various cyclic stresses by carrying out cyclic triaxial, hollow cylinder, and
cyclic direct shear tests (Abeywickrama et al. 2019; Guo et al. 2018; Indraratna et al. 2020a;
Indraratna et al. 2020b; Indraratna et al. 2020c; Nguyen & Indraratna 2021; Singh et al.
2021; Singh et al. 2020a; Truong et al. 2021; Yang et al. 2019; Zhang et al. 2021). The key
factors contributing to subgrade fluidisation, such as cyclic stress, fine content, and other
characteristics of soil have also been investigated under undrained conditions. In fact, the
undrained condition imposed by an impermeable boundary in typical railway tracks is due
to overly compacted sand or impermeable capping material with pumped-up fine particles.
The impermeable capping underneath ballast cannot provide enough drainage to
continuously dissipate the excess pore water pressure (EPWP) that develops under repeated
cyclic loading, which means that cyclic tests under undrained conditions can also be used
to investigate mud pumping (i.e., it represents adverse hydraulic conditions in railway
tracks).

Duong et al. (2014) reported that the 'interlayer creation' and associated subgrade
fluidisation could happen when there is no capping layer between ballast and subgrade (free

drainage conditions at the interface). Furthermore, ballast particles could penetrate into the
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subgrade and the increased cyclic stress at the interface could cause instability. Pumped-up
fine particles can cause fouled ballast and also lead to localised failure in subgrade. This
indicates that free drainage tests (i.e., without capping) can capture the cyclic response of
soil at the interface due to the development of excessive hydraulic gradient. This chapter
contains a series of laboratory tests performed while simulating the undrained
(impermeable capping) and free drainage (no capping) conditions needed to assess the

potential for subgrade fluidisation.

5.2 Experimental Results and Discussion

5.2.1 Undrained Cyclic Tests (Test T1)
Unlike conventional cyclic triaxial apparatus, modified dynamic filtration tests can
measure the EPWPs that develop at different depths inside the soil specimen and the excess

pore pressure gradients (EPPGs) generated at different layers within the subgrade soil.
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Figure 5. 1: Dynamic filtration test setup for undrained cyclic test

116



As Figure 5. 1 shows, the miniature pressure transducers are installed in the middle of the
subgrade soil and they can capture the rapid generation of EPWP under cyclic load. The
EPWP measured by body transducers installed on the opposite faces of the polycarbonate
cell can also be used to calculate the EPPGs that develop between two different soil layers.
EPPG can be defined as the ratio between changes in the excess pore water pressure head
(dU.) and the corresponding distance between two specified locations (dL).

U,

d
EPPG = L

Equation 5.1

5.2.1.1 Excess Pore Water Pressure (EPWP) and Axial Strain (g.)

The EPWPs that developed inside the specimen are measured under undrained conditions
because they are the main cause of instability in subgrade under continuous cyclic loading.
Figure 5. 2 shows the rapid development of EPWP up to 500 cycles, where all the miniature
pressure readings remain above 22 kPa (EPPr) until the end of the test. The transducer
MP3 (at 80 mm) measured the maximum EPWP of 27 kPa at 50,000 cycles. The maximum
EPWP at MP1 (20 mm from the interface) was less than 24 kPa until 50,000 cycles, which
was approximately 15% less than the EPWP developed at MP3. The EPWP at MP3
dissipated approximately 12% of the maximum EPWP (31 kPa) developed at 500 cycles at
the end of cyclic testing (27 kPa), while the EPWPs that developed at 40 mm (MP2) and
80 mm deep (MP4) were higher than those that developed near the soil interface. These
results confirm that the middle and lower layers can develop higher EPWPs and have more
potential for subgrade failure under critical hydrodynamic conditions.

The continual increase in axial strain was observed even after 50,000 cycles under
undrained conditions. Unlike the free drainage tests (T2), there was a maximum of 2.2 —
2.8% of axial strain for the undrained cyclic tests (T1) until the test ended (N= 100,000

cycles). The movement of fluidised soil towards the interface could also be seen through
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the transparent polycarbonate cell. The water content of subgrade soil near the interface
soil approached the LL (42%). This change in the moisture content and particle size
distributions at the interface and soil in the middle region are described in Chapter 5,
Section 5.2.1.3. Undrained tests were also repeated to assess the repeatability of the cyclic
tests. These cyclic tests were stopped at 500, 50,000 and 100,000 cycles to investigate the

soil behaviour and to determine the failure criteria.
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Figure 5. 2: Generation of EPWP and Axial strain (modified after Arivalagan et al. (2021)

Note: EPP 11 — Excess pore pressure for Test T1 after 500 cycles (N>500)

Undoubtedly, the EPWP that develops inside the soil specimen without a significant
reduction over time might cause subgrade instability. Furthermore, significant EPPG
(Section 5.2.1.2) develops at various locations (inside the subgrade) can also induce
instability by dislocating the fines from the original soil matrix. Similar observations were

also reported in the past whereby the rapid generation of EPWP and development of local
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hydraulic gradient under cyclic loading could lead to potential failures, including subgrade

fluidisation (Singh et al. 2020b; Yu et al. 2016).

5.2.1.2 Excess Pore Pressure Gradient (EPPG)

The EPPG that developed with the increased number of cycles can be calculated using
Equation 5.1. This time dependent EPPG that developed at different depths (Figure 5. 3)
could induce enough hydraulic force to dislocate the fine particles from the coarser fraction
of the soil matrix. The EPWPs measured at different locations by body transducers, as
shown in Figure 5. 3, are used to calculate the EPPG. As Figure 5. 4 shows, the EPPGs
developed in the top and middle layers (Layer (2-1), Layer (3-2) and Layer (4-3)) were
above 35 within 15,000 cycles, but they decreased further as the number of cycles
increased. Layer (5-4) had a maximum EPPG of 27, which was much lower than those
developed at the top and middle layers. However, the EPPG that developed in the deep soil
layer (Layer (6-5)) was always less than 15. This implies that the shallow part of subgrade

soil subjected to cyclic loading is more prone to subgrade fluidisation.
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Figure 5. 3: Six layers of base soil profile (DFA)
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Note: EPPG 11 — Excess pore pressure gradients for undrained Tests (500 <N <15,000)

5.2.1.3 Variation in Particle Size Distribution (PSD) and Water Content

Three cyclic tests were carried out under undrained conditions and stopped at 500, 50,000,
and 100,000 cycles; this roughly represents the duration of a continuous train passage of
1.7 min, 2.8 hr, and 5.6 hr, respectively. Fluidised particles were observed beneath the
impermeable layer after less than two minutes of train loading (i.e., at 500 cycles). The
PSD of the soil collected at three different locations at 0, 100, and 200 mm deep, were
determined using the Malvern particle analyser. The PSDs of the soil at the top and middle
are shown in Figure 5. 6 (a) and (b). Note here that a lot of fine particles of less than 75
microns, had accumulated on the top surface during repeated cyclic loading. Meanwhile,
there is a significant loss of fines in the middle layers, as shown in Figure 5. 6. There was
a rapid internal migration of very fine particles carrying moisture due to the high specific

surfaces of the fines. This situation can be exacerbated by an increase in excess pore
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pressure gradients under critical loading that can form slurry at the top surface under cyclic

loading.
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Figure 5. 5: Volume density of (a) collected slurry, and (b) Middle soil (at 100 mm from
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5.2.1.3.1 Fluidised Particles

The Liquidity Index (LI) indicates the consistency of soil in comparison to its liquid and
plastic limits. As Figure 5. 7 shows, the water content of topsoil approached the LL. The
LI of the tested specimen varied linearly from 1 at the top to 0.2 at the bottom in Test T1.
The 30 mm of subgrade soil near the interface became slurry after just 500 cycles, and fines
migrated upwards as the moisture increased in the middle layer. Subgrade soil can become
a fluid, if its water content approaches the liquid limit. The undrained tests experienced an
abrupt change in the moisture content, and a finer fraction of less than 75 pm was pumped
up. These results imply that the migration of fine particles with a substantially increased

water content can induce mud pumping under cyclic loading.
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Figure 5. 7: Liquidity Index of the soil — Test T1 (after Arivalagan et al. (2021))
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5.2.2 Fee Drainage Conditions (Test T2)

Cyclic tests under free drainage were carried out using the dynamic filtration apparatus
(DFA). The ballast layer (35 mm thick) was placed directly onto the compacted subgrade
soil (Figure 5. 8). Free drainage tests represent a railway track constructed without a
capping layer. Subgrade without a capping layer may experience higher cyclic stress at the
interface and have more potential for localised failures during the passage of heavy haul
trains. Therefore, the primary objective of cyclic tests under free drainage conditions (Test
T2) was to capture the 'interlayer creation' (i.e., the sinking of ballast particles inside the
subgrade soil and fine migration into ballast) and measure the drainage capacity at the
interface and middle regions of the subgrade. The test procedures for dynamic filtration

tests are reported in Chapter 3.
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Figure 5. 8: Free drainage test — Dynamic filtration test setup
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5.2.2.1 Mid-test Observations — Interlayer Creation

Cyclic tests were also carried out at 500, 50,000 and 100,000 cycles to study the 'interlayer
creation' (Figure 5. 9), changes in the moisture content, and the behaviour of subgrade soil
near the interface. During Test T2, the 35 mm thick ballast completely immersed/sank into

the subgrade soil after 100,000 cycles, as shown in Figure 5. 10(c). The interlayer mixed
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with the ballast particles and there was a rapid increase in cyclic deformation due to the
penetration of ballast particles into the subgrade soil (known as 'interlayer creation'); the
top layer of subgrade soil also became a fluid (softening/fluidisation) under cyclic loading

conditions, as shown in Figure 5. 10(b).

Figure 5. 10: Photos of (a) saturated specimen, fluidised specimen after (b) 500 cycles, and

(c) 100,000 cycles under free drainage conditions (Test T2)

5.2.2.2 EPWPs and Acxial Strains (g)
The development of critical EPWP and axial strain was measured under free drainage
conditions. As Figure 5. 11 shows, the EPWPs at depths of 40, 80, and 120 mm deep are

more than 18 kPa at 500 cycles; this follows a decreasing trend as the number of cycles
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increased. The readings from all the miniature pressure transducers were more than 8 kPa
at 50,000 cycles. The EPWP measurements recorded near the interface (MP2 and MP3) are
higher than those at a deeper depth (MP4). Since there was no capping layer at the
ballast/subgrade, the EPWP developed at MP1 was lower than at MP2 (free drainage at the
interface). The EPWP at MP2 (at 20 mm deep) was 3.5 kPa higher than that measured by

MP1 at 50,000 cycles.

Number of cycles, N

50000 40000 30000 20000 10000 0
25 . L . L . L . L . Lo
((lg 3
MP1 MP2 MP3 MP4
Z Free doa . e A 4 N =500 -
é 20 ; ree dramage 2
Q_‘ M
A
= 3\\\\0 —_
[a W ! \ NN
= ‘ S
s 154 = 4
é g S g
6 '\k*g*—‘ ¢ ‘s
e n * @
E 10 - e \.\. """"""" . """"""" -6 TE
=] >
2 <
o
Qo
[oF 5 £,> 6% 8
g \
2 :
0+ t } t } t } t } t 10
O\N - 500 10000 20000 30000 40000 50000

Number of cycles, N

Figure 5. 11: Free drainage Tests (a) EPWP, and (b) Axial strain

As Figure 5. 11 shows, the development of axial strain is significant because there was no
additional confinement at the interface (e.g., no capping or geosynthetics). There was a
rapid increase in axial strain after less than 5000 cycles (Figure 5. 11). For instance, it
increased up to 6% within 500 cycles, and was over 9% by the end of the test. This rapid
increase was caused by the subgrade softening at the interface. Since confinement near the
interface was minimum, finer particles can migrate towards the interface and ballast

particles can penetrate the subgrade layer causing ballast fouling, as shown in Figure 5.
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10(c). These tests were stopped after 500 cycles to observe the subgrade softening and

measure the PSD and water content of the soil collected near the interface.

5.2.2.3 Excess Pore Pressure Gradients (EPPGs)

Six pressure transducers were installed (to measure the EPPG) at the opposite faces in an
alternating pattern of polycarbonate cylinders and this can prevent any development of
potentially weak hydraulic conditions under cyclic loads.

As Figure 5. 12 shows, the EPPGs that developed at critical layers (Layer 3-2 and Layer 2-
1) are above 30 at 500 cycles and thus show the potential for inducing enough hydraulic
force to dislocate the fines from the soil matrix. At the end of cyclic loading, the EPPG that
developed at greater depths (Layer (5-4)) was 80% lower than the critical layers (Layer (3-
2) and Layer (2-1)). This implies that the temporal variations in EPPG were significant at
the shallow part of the subgrade soil and have an increased potential for pumping finer
particles from the middle layers. This can be proven by carrying out particle size

distribution tests at the top and middle of the soil specimen.

5.2.2.4 Change in Particle Size Distribution (PSD) and Moisture Content

A Malvern particle size analyser (Mastersizer) was used to measure the particle size
distribution at the top and middle regions at the end. The PSDs of soil collected at the
interface (Top) and the loss of fines in the middle region are shown in Figure 5. 13. As
Figure 5. 13 shows, a lot more fines (< 75um) accumulated near the interface (=~ 52%) than
at the middle region (= 49%), which previously had approximately 50% of fines. This
proves that finer particles are transported during cyclic loads, and a high-water content can
facilitate the formation of a slurry at the interface. In both undrained and free drainage
conditions, a finer fraction of less than 75 pm was pumped up from underneath soil and

became slurry at the top during cyclic load.
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5.2.2.4.1 Variation in Water content

This change in the moisture content reveals the softening of the interface soil. As Figure 5.
14 shows, the soil close to the surface has a Liquidity Index (LI) approaching one. The soil
becomes a liquid or slurry when the water content is equal to the Liquid Limit. The top and
middle regions of the subgrade have an LI of around 0.94 and 0.56, respectively. The soil
collected at the middle had a 3% increase in the water content, whereas the deeper subgrade
soil remained the same until the test ended (at 100,000 cycles). In terms of water content,
the maximum water content for T1 and T2 after 50,000 cycles was approximately 39 - 40%
(at the interface). The water content near the interface and middle layers was higher than
the initial water content in both undrained (T1) and free drainage (T2) conditions. This
indicates that the selected subgrade soil has the potential for subgrade fluidisation because

the water content approached the LL under critical hydraulic conditions.
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Figure 5. 14: Liquidity Index of the soil (modified after Arivalagan et al. (2021))
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5.3 Chapter Summary

The free drainage and undrained cyclic tests could be used to explain the potential for
subgrade fluidisation under cyclic loading conditions. The generation of EPWPs, EPPGs
that developed at different locations, variations in the particle size distributions (PSD), and
the rapid increase in axial strain and changes in the water content were used to assess the
potential for subgrade fluidisation.

The undrained tests showed the rapid generation of EPWPs at the shallow part of the
subgrade soil. The rapid increase in EPPG (i.e., the hydraulic force) within the layers of
soil, could dislocate the fines towards the top layers. The particle size distribution curves
indicated the migration of fines during cyclic loading from the middle layers towards the
interface. The water content of the soil collected at the interface showed a significant
increase because the fine particles and water migrated due to hydraulic uplift, up to the
shallow part of the subgrade (subgrade fluidisation).

The free drainage tests indicated the potential failures due to a rapid increase in axial
deformation and pumping of fines was observed as the number of cycles. An 'interlayer
creation' was observed at the start of cyclic testing, and ballast particles had sunk
completely into the subgrade soil. In summary, the test results under free drainage and
undrained conditions can be used to analyse the behaviour of soft soil. These results
indicated that subgrade soil subjected to continuous train loading can generate a higher
EPWP without continual dissipation, and this can result in particle separation. A similar
approach was carried out to measure the potential use of geosynthetics at preventing the
risk of mud pumping, and the role of geosynthetics at reducing the potential for subgrade

fluidisation, as reported in Chapter 6.
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CHAPTER 6: THE ROLE OF GEOTEXTILES IN PREVENTING

PARTICLE MIGRATION AND SUBGRADE FLUIDISATION

6.1 Introduction

The use of geotextiles to prevent particle migration and associated subgrade failures has
been carried out by numerous researchers over the past few decades (Alobaidi & Hoare
1998a; Alobaidi & Hoare 1998b; Ayres 1986; Bhatia & Huang 1995; Chawla & Shahu
2016; Fatahi et al. 2011; Hameiri 2000; Kermani et al. 2020; Nithin et al. 2015; Raymond
1986; Zheng et al. 2021). Despite this intensive use of geotextiles, the measures and/or
techniques used to prevent mud pumping and the primary function of geosynthetics to
control the risk of subgrade fluidisation under heavy haul loading has not been understood
very well in previous studies (Nguyen et al. 2019). The pore arrangement in geotextiles
should be large enough to provide adequate seepage (drainage capacity) and yet small
enough to prevent particle migration (filtration). Preventing particles from entering into the
overlying layers can increase the permeability of the drainage layer and provide continuous
performance under loads (Ai-Qadi & Appea 2003; Christopher et al. 2006). This chapter
describes how well geotextiles/geocomposites help to control excessive particle migration
towards the ballast layer and prevent the instability (soil softening) at the ballast/subgrade
interface. In this study, geotextiles and geocomposites were placed between the subgrade
surface and ballast layer; no sub-ballast layer (compacted sand layer) was placed over the
geosynthetics. The filtration behaviour of subballast, the influence of cyclic load on the
design of a combined geosynthetics and capping layer were not considered within the scope

of this study.
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6.2 Experimental Setup

A geotextile was placed on top of the subgrade soil, as shown in , and then the development
of EPWP, axial strain, EPPG, and variations in the particle size distribution (PSD) and

moisture content were measured under a cyclic load. The test procedures have already been

described under Section 3.6 in Chapter 3.
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Figure 6. 1: The experimental setup with geotextile

Geotextiles with different aperture opening sizes were selected for the cyclic tests; the
properties of the geotextiles are tabulated in Table 3. 1 (Chapter 3). Based on its ability to
control subgrade fines and dissipate the EPWP, geocomposite G1 was used to perform the

cyclic tests under varying axle loads and frequencies, as reported later in this chapter.

6.3 Experimental Results and Discussion (Different Geotextiles)
The role of geotextiles (G1, G2, G3, G4 and G5) in terms of EPWP, axial strain, and excess

pore pressure gradient (EPPG) are assessed in this study. Table 6.1 shows the experimental
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plan and loading conditions used to assess the effectiveness of different geotextiles under

partially drained conditions.

Table 6. 1: Experimental plan using different geotextiles

Drainage condition at Frequenc
Test ballast subgrade Tested Cmin Omax (Hz) y
Name interface Geosynthetics (kPa) (kPa)

G1* Partially geluned with Geocomposite 1 30 70 5

Gp | Partially ‘g’;‘med with | Geotextile 2 30 70 5

G3 | Partially ‘ggmed with 1 Geotextile 3 30 70 5

G4 | Partially ‘gjmed with | Geotextile 4 30 70 5

G5* Partially gglned with Geocomposite 2 30 70 5

6.3.1 Generation of Excess Pore Water Pressures (EPWP)

Although there was a rapid generation of EPWPs (>30 kPa) within 500 cycles in Test G1,
the EPWPs continued to decrease as the number of cycles increased. Figure 6. 2 shows that
all the readings from the miniature pressure transducers (MPs) are less than 22 kPa (EPPr;)
after 12,000 cycles. G1 could dissipate the EPWP to below 10 kPa at 100,000 cycles, which
indicates its ability to reduce the development of pore pressure for the next train loading.
As Figure 6. 2 shows, the pore pressure that developed in the middle layers (MP2 and MP3)
is higher than in the lower subgrade soils (MP4). This shows that the middle layers or the
shallower parts of subgrade soil have more potential for instability under undrained
conditions, and geocomposite G1 prevented the critical development of EPWP. There was
a 52% reduction in EPWP at MP3 after 50,000 cycles compared to the undrained tests
(Chapter 5). The pore development in MP1 (@20mm from the interface) decreased by 64%

with the inclusion of G1 at 50,000 cycles. This proves that geocomposite G1 can
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continuously alleviate EPWPs that developed at critical layers under adverse hydraulic

conditions.
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Figure 6. 2: Excess pore water pressure developed in Test G1

As Figure 6. 3 and 6.4 show, G1 dissipated EPWPs by more than 86% and 62%, at 20 and
40 mm below the interface, unlike geotextiles G2 and G3 (at 100,000 cycles). Until the test
reached 65,000 cycles, the values from MP2 measured 40 mm below the interface were
more than 22 kPa (EPPr;) for G2 (Figure 6. 3) and G3 (Figure 6. 4), and with a very low
rate of dissipation compared to G1. Unlike geotextile G3, G1 dissipated by more than 88%
at 20 mm below the interface after 100,000 cycles. The miniature pressure transducer
readings (MP2 and MP3) were more than 15 kPa over 50,000 cycles, and without any
significant reduction during Tests G2 and G3. Therefore, the geocomposite (G1) inclusion
dissipated the EPWP better than Test T1 (Undrained tests) and in comparison, to other

geotextiles.
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Figure 6. 3: Excess pore water pressure - Tests G2 and G1(after Arivalagan et al. (2021))
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Figure 6. 5 shows that both geocomposites G1 and G5 dissipated the EPWP quite
significantly as the number of cycles increased, but the generation of EPWP at 20 mm from
the interface was much lower in Test G1 than in Test G5. However, G5 controlled the
EPWPs that developed within 500 cycles (i.e., they were less than 26 kPa in all three

locations), as shown in Figure 6. 5.
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Figure 6. 5: Excess pore water pressure - Tests G1 and G5
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6.3.2 Development of Axial Strain

As Figure 6. 6 shows, the maximum axial strain at T2 (6%) only occurred after 500 cycles.
Similar observations were reported by Indraratna et al. (2020b), who described the effect
of increased axial strain during subgrade failure, including subgrade fluidisation. However,
the development of axial strain was controlled due to the inclusion of geotextiles at the
interface. The axial strain for G1 was less than 1.5% after 100,000 cycles, as shown in
Figure 6. 6. Moreover, G1 prevented the formation of an 'interlayer creation' through
additional confinement at the interface and thus prevented particle separation under cyclic
loading conditions. The residual axial strain after 100,000 cycles remained above 2% for
G2 and G3. There was a continual increase in axial deformation in G2, G3, and G4 because
the drainage at the interface could not dissipate the pore pressure and prevent particles from
migrating through the pore openings. This may lead to differential settlements in railway

tracks under repeated cyclic loading conditions.

6.3.3 Development of Excess Pore Pressure Gradients (EPPG)

The drainage conditions at the interface and inside the soil are studied based on the
generation of an excess pore pressure gradient (EPPG) at different depths. The EPWP
measured at different locations by body transducers were used to calculate the EPPG. The
EPPG that developed in Tests T1 rocketed above 40 after 500 cycles, and there was no
significant reduction until 15,000 cycles. However, geocomposite G1 reduced the EPPG at
the top three layers of the soil within 2500 cycles. The EPPGs that developed in Layers (2-
1) and (3-2) decreased by 81% and 92% due to the inclusion of G1, as shown in Figure 6.
7. The EPPG that developed at the middle and lower regions (Layer (3-2) and Layer (4-3))
was less than five until the end of cyclic tests. As Figure 6. 8 shows, there was a 73%
reduction in Layer (2-1) when using geocomposite G1 rather than G3. The EPPG that
developed in G1 was 90% and 80% lower than G3 after 1000 and 100,000 cycles,

respectively. This non-uniform development of EPPG (up to 75) in the middle and deeper
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subgrade soil (the critical layers), i.e., Layers (2-1) and (3-2), created a significant upward

hydro-dynamic force that dislocated the finer particles towards the top layers.
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6.3.4 Particle Size Distribution (PSD)

The test results obtained from undrained (T1) and free drainage (T2) conditions showed
that the movement of finer particles with an increase in the moisture content caused
subgrade fluidisation under critical loading conditions. A Malvern particle size analyser
(Mastersizer — Figure 6. 9) was used to measure the particle size distributions at the top,
middle, and bottom regions at the end of loading. As shown in Figure 6. 10(a), the inclusion
of G1 prevented the migration of particles from the middle and lower regions. There were
no significant variations in the particle size distribution, especially at the top and middle
layers. This shows that geocomposite with an effective filter (G1) can prevent particle
dislocation under critical hydro-dynamic conditions.

In Tests G2, fine particles of less the 75 pm had accumulated at the top surface, as shown
in Figure 6. 10(b). Moreover, the percentage of coarser fractions larger than 30 um in the
middle layers was significant compared to Test G1. This proves there were significant
changes in the void ratio and PSD due to the migration of fines under cyclic loading. As
shown in Figure 6. 10(b), a lot more fines were lost in the middle layers (between 1 and 60
um), compared to the initial PSD. Similarly, there was a large accumulation of fines (less

than 1 um) in the top and middle layers in Test G3.

Figure 6. 9: PSD analysis using Malvern Particle Analyzer (Mastersizer)
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6.3.5 Water Content (w/c)

The ability of different geotextiles to curtail the water content of subgrade soil by providing
adequate drainage is shown in Figure 6. 11. The water content for Tests T1 and T2 were
close to the liquid limit at the top surface of the subgrade. The amount of high water near
the interface causes softening and can induce fluidisation as finer particles accumulate
below 500 cycles. However, geotextiles helped to reduce the water content of the soil
specimen compared to the undrained (T1) and free drainage (T2) tests. G2 had a maximum
water content of 32.5% near the interface which aggravated softening under cyclic loading.
The water content of the interface soil was more than 30% closer to the interface when G3
and G4 were tested. The inclusion of G1 could further reduce the water content by
approximately 5%, unlike the other geotextiles. The water content along the height of the

specimen decreased significantly due to the inclusion of Geocomposite G1.
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Figure 6. 11: Water contents after N = 100,000 cycles — Tests G1, G2, G3, G4, T1, and T1

(after Arivalagan et al. (2021))
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6.3.6 Interface (Subgrade/Ballast)

The subgrade/ballast interface was monitored continuously during cyclic loading. The
application of a geotextile on top of subgrade soil could prevent ballast particles from
sinking into the subgrade (Interlayer creation) and softening the subgrade (Fluidisation),
unlike Test T2 (Free drainage test). As shown in Figure 6. 12, geocomposite G1 prevented
an 'interlayer creation' and the formation of slurry near the interface after more than 100,000
cycles. During test G2, finer particles were migrated near the interface and the thin layer
of softened subgrade formed underneath the geotextile (Figure 6. 12(b)). There was no
slurry or accumulation of fines in the interface soil in Test G1. In Test G4, slurry water
(with fines of less than 75 microns) rose to the top because angular ballast particles had

penetrated the fibres (geotextile G4) under repeated loading conditions.

Figure 6. 12: Top surface of subgrade after cyclic loading (magnification = 0.273x) (a) Test

G1 and (b) Test G2

6.3.7 Clogging, Permeability and Trapped Fines
Severe clogging occurred in geotextiles G2 and G4, as shown in Figure 6. 13. Finer

particles were pumped up on top of the geotextiles during cyclic loading and hindered the
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drainage capacity at the interface. This could lead to the rapid generation of EPWP in the
middle layers, as described in the previous sections. As tabulated in Table 6. 2: Trapped
fine particles, the mass of trapped fine particles was measured to analyse the clogging of
the geotextile (the geotextile area was 4.15x10% m?). The amount of fines trapped in G1
and G5 after 100,000 cycles were minimal (approximately 30 - 55% less than G3 and G4),
which shows how effectively it prevented upward migration of fine particles. In other
words, there was no particle migration through the pore openings of geocomposites (G1
and G5) as the number of cycles increased.

The permeability tests on geotextiles (subjected to cyclic loading) showed the reduction in
hydraulic conductivity due to the trapping of fine particles inside the pores. The hydraulic
conductivity of the geotextiles was determined by permittivity according to ASTM D4491-
99 (1999). There was an almost 29% reduction in the permittivity of geocomposite G1 after
the cyclic test (5.04x10*s"), however, the permittivity of G2 after the cyclic test was 6.21
s'!, which was an almost 58% reduction. The geotextiles G3 and G4 showed a 41% and
61% reduction in permittivity due to the trapping of fine particles, respectively. Moreover,
there was also pumped-up slurry near the subgrade surface, which indicated that G2, G3,

and G4 failed to prevent the fine particles from migrating under cyclic loading.

Table 6. 2: Trapped fine particles

Geotextiles Trapped Fine particles (g)
G1* 5.92
G2 8.12
G3 9.16
G4 11.62
G5* 5.29
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230 mm

Figure 6. 13: Photos of tested geotextiles (magnification = 0.209x) after 100,000 cycles (a)

Test G1 (b) Test G2 (c¢) Test G3 and (d) Test G4

6.3.8 Results of Micro CT scan

A micro CT scanner was used to study the pore arrangement of soil specimens tested under
cyclic loading. The 20 mm x 50 mm specimens were cored using a 1.5mm thick glass tube
at different locations (0-50mm, 50-100mm) after cyclic loading, as shown in Figure
6.14(a). The cored specimens were oven-dried before X-Ray diffraction analysis. As Figure
6. 15 shows, the CT scan images of the extruded soil samples could capture the particle
arrangements at the interface soil. The accumulation of fine particles and the formation of

slurry are shown in Figure 6. 15(b) and (c), respectively. The CT-Scan only captures finer
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fractions larger than 4um, as described in Chapters 3 Section 3.3.2.8 (4-um voxel size

resolution).

Geotextile - 1 Ballast

AT R U

Figure 6. 14: (a) Core sample locations, and (b) Images of cross-sections captured using a

micro CT scanner

Since the PSD of the soil specimen had approximately 51 per cent of finer content (the
percentage that passed through 75 microns), it was challenging to capture the porosity at

specific depths (cross-sections). As a result, the finer particles are blurred at the interface,
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as shown in Figure 6. 15(c). However, the coarser fractions can be seen in the middle layers
(Figure 6. 16). The loss of fines can be seen in Tests G3 and G4 at the middle layers (Figure
6. 15(b) and (c)). Dislocated particles can be transported towards the top layers under the
influence of a hydraulic gradient developed by EPWP. The top and middle layers have
almost the same pore arrangements as in Test G1, as shown in Figure 6. 15 (a) and 6.16(a).
It is clear that G1 could prevent particle separation better than the other geotextiles under

cyclic loading conditions.

Coarser particles

Finer particles

20 mm

Figure 6. 15: CT scan images of cored samples (magnification = 2.1x) at the interface (a)

Test G1, (b) Test G3, and (c) Test G4

Coarser particles Coarser particles

. 20 mm )
} |

Figure 6. 16: CT scan images of cored samples (magnification = 2.1x) at 50 mm from the

interface (a) Test G1, (b) Test G3, and (c) Test G4
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6.4 Effects of Cyclic Stress and Frequency

6.4.1 Introduction

The performance of three geotextiles (G2, G3, and G4) and two geocomposites (G1 and
G5) was discussed in the previous section 6.3. geocomposite G1 performed well because it
dissipated the EPWP and prevented particles from migrating through the pore openings.
An axle load of 25 tonnes (5 Hz frequency) was considered in Section 6.3. However, the
geotextiles with larger pore openings could not prevent pumping and severe clogging under
cyclic loading conditions, and there was a continual increase in axial strain and soil
softening after 100,000 cycles when geotextiles G4 and G2 were used. This shows their
inability to prevent particles from passing through the pore openings of geotextiles under
critical hydro-dynamic conditions. Although geocomposite G1 could dissipate the EPWP
that developed under 25-tonne axle loads, their effectiveness must be assessed by
simulating different axle loads and the speed of heavy haul trains. On this basis, 25 — 35
tonnes axle loads and 1-5 Hz frequencies were used to simulate typical railway track
conditions. Geocomposite G1 was used in all six cyclic tests as tabulated in Table 6. 3:
Experimental plan under different cyclic loading conditions, and the ability of geotextiles
to prevent subgrade fluidisation is discussed in the following sections.

Table 6. 3: Experimental plan under different cyclic loading conditions

. Drainage condition at Tested Gmin | Gm | Frequency
Naelilte ball?szesrl;gcg:ade Geocomposite | (kPa) | (kPa) (Hz)
G-70-5 | Partially drained with G1 Gl 30 70 5
G-85-5 | Partially drained with G1 Gl 30 85 5

G-100-5 | Partially drained with G1 Gl 30 100 5
G-70-1 | Partially drained with G1 Gl 30 70 1
G-70-3 | Partially drained with G1 Gl 30 70 3
G-70-5 | Partially drained with G1 Gl 30 70 5
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6.4.2 Effects of Cyclic Stress

6.4.2.1 Generation of EPWP

Three different deviatoric stresses, i.e., Omax Of 70, 85 and 100 kPa, were used to
demonstrate how an increased axle load affects the cyclic behaviour of subgrade soil, and
to assess the effectiveness of G1 under increased cyclic stress. As predicted, there was an
expeditious development in EPWP when the cyclic deviator stress increased up to 100 kPa.
As shown in Figure 6. 17, geocomposite G1 could not reduce the cyclic EPWP effectively
at the middle to the lower region (i.e., the critical layers) when the cyclic stress increased
to 100 kPa. The readings from miniature pressure transducers MP2, MP3, and MP4
remained above 40 kPa until the test ended. All the miniature readings were higher than 16

kPa at 100,000 cycles in Test G-85-5.
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Figure 6. 17: EPWPs - Tests G-70-5, G-85-5, and G-100-5 (Arivalagan et al. 2021)

The EPWPs developed at MP3 and MP4 for Test G-85-5 are higher than EPPr; (22kPa),

which can cause instability in subgrade soil under repeated train loading. Figure 6. 17
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shows an approximately 85% lower EPWP at 120 mm below the interface in Test G-70-5
compared to Test G-100-5 after 80,000 cycles. These results imply that an increased axle
load in railway tracks (35-40 tonnes) generates a rapid increase in EPWPs, and the

inclusion of geotextiles cannot dissipate them quickly under adverse hydraulic conditions.

6.4.2.2 Axial Strain

The increasing trend in axial strain was reported in previous studies when subgrade soil is
subjected to a higher CSR (Indraratna et al. 2020a; Indraratna et al. 2020b). A similar
increasing trend in Test G-100-5 reached 5% before 75,000 cycles, as shown in Figure 6.
18. The axial strain for G-70-5 was less than 1.5% until the test ended, but it rocketed up
to 2.2 and 5.3% at 80,000 cycles in Tests G-85-5 and G-100-5, respectively. There was a
continual increase in axial strain (in Tests G-85-5 and G-100-5) until the test ended, which

may induce instability due to excessive deformation in railway tracks.
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Figure 6. 18: Axial strains under different cyclic deviatoric stresses (Tests G-70-5, G-85-

5, and G-100-5: after Arivalagan et al. (2021))
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6.4.2.3 Development of EPPG

Figure 6. 19 shows that the maximum EPPG of 120 and 225 in Tests G-85-5 and G-100-5
occurred in less than 1000 cycles in Layers (2-1) and (3-2), respectively. However, in Test
G-70-5, the EPPGs in 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 until the tests ended. The rate
of dissipation in EPPG after 1000 cycles in the critical layers (Layers (3-2) and (4-3)) of
soil was minimal when the cyclic stress increased, unlike in Test G-70-5. The rapid
development of EPPG within 1000 cycles could create enough hydraulic pressure to

dislocate the fines.
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Figure 6. 19: Development of EPPGs (Tests G-70-5, G-85-5, and G-100-5)

6.4.2.4 Particle Size Distribution (PSD)

As Figure 6. 20 shows, there were no significant changes in the PSD of the topsoil in Test
G-85-5, but there was a small increase in finer content in the middle layers in Test G-85-5.
However, a lot of fine particles accumulated during Test G-100-5, as shown in Figure 6.

21. There was a significant loss of fines in the middle layers (between 3 and 100 um) in
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Test G-100-5, which proved that particle migration occurred under cyclic loading from the
middle layers towards the top. This influence at the subgrade interface could become slurry

due to the increase in moisture mixed up with pumped up finer particles.
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Figure 6. 20: Variations in PSD after cyclic load for Test G-85-5
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Figure 6. 21: Variation in PSD after cyclic load for Test G-100-5
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6.4.2.5 Water Content

The water contents near the interface in Tests T1 and T2 were close to the liquid limit of
the soil. The inclusion of geocomposite G1 could reduce the water content of the interface
soil in Tests G-70-5 and G-85-5. The water content in the top and middle layers decreased
significantly due to the inclusion of geocomposite G1 under lower cyclic stress, but there
was an approximately 5% increase in the water content at the interface in Test G-100-5, as
shown in Figure 6. 22. This proves that G1 could not effectively prevent an increase in the
water content and subsequent fine migration with increased moisture from the middle

layers as the cyclic stress increased. (Gmax 0f 100 kPa represents approximately 35 tonnes

of axle loading).
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Figure 6. 22: Water content after 100,000 cycles (Tests T1, T2, G-70-5, G-85-5, and G-

100-5 after Arivalagan et al. (2021))
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6.4.2.6 Clogging and Interface (subgrade/geotextile) Confinement

Finer particles did not migrate continuously through the pores of the geocomposite at the
top in Tests G-70-5 and G-85-5, but there was severe clogging and pumped-up fines at the
interface in Test G-100-5 due to cyclic loading, as shown in Figure 6. 23. As described in
the previous sections, G1 alleviated the EPWP, reduced the generation of EPPG, and
reduced the water content at the interface. However, significant EPWP and EPPG
developed in Test G-100-5 and geocomposite G1 could not prevent particles from
migrating or the subsequent pumping through the pore openings. As Figure 6. 23(b) shows,
the subgrade interface in Test G-100-5 turned to slurry, and the pumped-up fines severely
clogged the geotextile. This implies that accumulated fines (G-100-5) may clog the pores

of geotextiles and hinder its performance in terms of filtration and drainage.

230 mm

Figure 6. 23: Top surface of subgrade after 100,000 cycles (a) G-70-5 and (b) G-100-5

153



230 mm

Figure 6. 24: (a) Photo of saturated geotextile, Photos of tested geotextiles after 100,000
cycles (b) Test G-70-5 (c) Test G-85-5, and (d) Test G-100-5 (after Arivalagan et al.

(2021))

6.4.3 Effects of Loading Frequency

In this study, frequencies of 1, 3, and 5 Hz, were used to compare and highlight their effect
on soil behaviour and the performance of geocomposite G1. These frequencies correspond
to train speeds of 45-225 km/h (Indraratna et al. 2020b; Mamou et al. 2017; Powrie et al.

2007).

6.4.3.1 Generation of EPWP
Figure 6. 25 shows the evolution in EPWP corresponding to the load applied at different
frequencies. The cyclic test at a lower frequency (G-70-3) developed a rapid increase in

EPWPs, unlike the higher frequency (G-70-5). As shown in Figure 6. 25, the higher
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frequency (f = 5 Hz) led to a more than 50% reduction in EPWP 120 mm below the
interface at 50,000 cycles compared to Test G-70-3 (f = 3 Hz). Moreover, the residual
EPWP for f =3 Hz was more than 22 kPa (EPPr)) after 50,000 cycles, and EPPt; was the
minimum EPWP that developed at 500 cycles under undrained conditions. This implies
that soil subjected to smaller frequencies experienced a rapid generation in EPWP. The
smaller frequency implies a more extended period for the load to make contact with the
soil before unloading in each cycle, which led to a larger residual excess pore water
pressure (EPWP) and axial strain in the test specimens. These observations support that
train loading with a smaller frequency can initiate earlier fluidisation under the same

loading conditions.
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Figure 6. 25: Excess pore water pressure (Tests G-70-3 and G-70-5: after Arivalagan et al.

(2021))

6.4.3.2 Axial strain
The time-dependent axial strains were recorded under different frequencies; they showed

a larger accumulation of residual axial strain (2.5% at 50,000 cycles) under a lower
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frequency (f = 3 Hz). Similar observations for specimens under cyclic loading were
reported by Indraratna et al. (2020b) and Abeywikrama (2020) after they carried out
undrained dynamic triaxial experiments. The axial strain was over 2% in less than 10,000
cycles in G-70-1 and G-70-3; this may cause instability/failures due to differential

settlement in railway tracks.

6.4.3.3 Development of Excess Pore Pressure Gradients (EPPG)

The EPPG plotted in Figure 6. 26 shows the significant development in EPPG after 500
cycles in the middle and deeper layers of soil (i.e., Layer (3-2) and Layer (4-3)). As Figure
6. 26 shows, the EPPG was above 55 and 30 in Layers (4-3) and (3-2) only after 10,000
cycles in Test G-70-3. Therefore, the cyclic tests under smaller frequencies can dislocate
the fines due to the local development of hydraulic forces because there was no significant
reduction in EPPG until it reached 50,000 cycles. Moreover, due to this increased EPPG,
the void ratio of the soil layers, especially in the middle and lower regions, changed due to
fines being pumped up from the middle to the lower region of subgrade soil, and towards

the top.

6.4.3.4 Particle Size Distribution

There was no accumulation of fines on the top surface in Test G-70-5, and there was no
significant variation in the PSD at the top, middle, and bottom layers of the soil specimen.
However, finer particles of less than 1 pum were pumped up over the top layer in Test G-
70-3 from the middle layer, as shown in

Figure 6. 27. The percentage of coarser fraction (3 to 2000 um) in the top layer was less
than in the middle layer in Test G-70-3, unlike test G-70-5. In summary, the fines that
accumulated at the interface due to the cyclic loading and at lower frequencies can cause

instability under adverse hydraulic conditions.
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Figure 6. 26: Excess pore pressure gradient (Tests G-70-3 and G-70-5)

Fine accummulation near the interface

T5um

-

i

ﬁ
1 i
|

Volume Density (%)

ra

—e— Middle

:::::v
0 T T T m’hv-rrrrr
0.01 0.1 1 10 100 1000 10000

Particle Size (pm)

Figure 6. 27: Fine particle accumulation under cyclic load for Test G-70-3
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6.4.3.5 Clogging and Interface (subgrade/geotextile) Confinement
Photos of the geotextiles tested under different frequencies are shown in Figure 6. 28 and

6.29.

230 mm

Figure 6. 28: Photos of (a) saturated geotextile and tested geotextiles after 100,000 cycles

(b) Test G-70-1 (c) Test G-70-3, and (d) Test G-70-5

230 mm

Figure 6. 29: Bottom surface of tested geotextiles (a) Test G-70-5 and (b) Test G-70-3
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As shown in Figure 6. 28 and 29, severe clogging and migrated fine particles were observed

at the interface in Tests G-70-1 and G-70-3, unlike G-70-5, due to cyclic loading.

6.4.3.6 Water Content

The soil had a water content close to the LL, thus creating more potential for the subgrade
fluidisation described under Tests T1 and T2. However, the water content near the
subgrade/ballast interface can be reduced by the inclusion of geocomposites. As Figure 6.
30 shows, the water content of the top and middle soil was greatly reduced in Test G-70-5.
However, there was a considerable increase in the water content (around 3%) under lower
frequencies, which shows that geotextiles could not maintain a lower water content/almost

dry conditions at the interface.
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Figure 6. 30: Water contents after N = 100,000 cycles (Tests T1, T2, G-70-1, G-70-3, and

G-70-5: after Arivalagan et al. (2021))
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6.5 Chapter Summary

This chapter discussed the role of geotextiles as a drainage medium and filter in railway
tracks to prevent particle migration and associated subgrade fluidisation under different
axle loads and speeds by simulating typical railway track conditions. Unlike in undrained
and free drainage conditions, the inclusion of geocomposites (G1 and G5) could dissipate
the EPWP, reduce overall deformation, and prevent fine particles from migrating in the
middle or lower regions under the same loading conditions (omax = 70 kPa). However, the
EPWP that developed in the critical layers for G2 and G3 were higher than EPP1 (22 kPa)
at 10,000 cycles, and the rate of dissipation was not significant as the number of cycles
increased. Furthermore, geotextiles G2, G3, and G4 could not prevent particle migration,
and they became severely clogged with fine particles trapped inside the fibres. Although
the aperture size of the filter (G1 and GS5) was less than 10um, it still provided enough
drainage to alleviate the EPWPs that developed near the interface and prevent particle
separation/migration under cyclic loading.

The EPPGs generated by cyclic excess pore water pressure were measured at different soil
layers; this showed the temporal variation in local hydraulic force that developed within
the subgrade soil, which can transport fines from the middle region towards the top. The
variations in the particle size distributions and changes in the moisture content of the soil
explain the phenomenon of subgrade fluidisation under train loading. The abrupt change in
the moisture content and the migration of finer fractions (less than 75 um) were captured
as the cyclic deviatoric stress increased. A micro CT Scan was also used to examine the
cross-sections of cored soil specimens after cyclic loading at the top and middle layers. The
laboratory results from the 'dynamic filtration apparatus', proved that the potential for fines
to migrate can become less as the cyclic stress decreases, and subgrade fluidisation can also

be triggered at lower frequencies in tracks under critical hydraulic conditions.
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CHAPTER 7: DESIGN GUIDELINES
USE OF GEOSYNTHETICS IN RAIL TRACKS VULNERABLE TO MUD

PUMPING

This chapter provides practical guidelines and design criteria to select the geotextiles/filters
to control the risk of mud pumping in soft soils, based on the research findings described

in the previous chapters.

7.1 Track Substructure

Rail track substructure includes ballast, subballast, and subgrade. Ballast is the uppermost
layer, it is about 250 - 350 mm thick and acts as a load-bearing platform which facilitates
the drainage of water, and uniformly distributes the load towards subballast and subgrade.
The subballast or compacted sand blanket is a granular layer between the ballast and the
subgrade. The subbalast consists of well-graded crushed rock with a thickness that varies
from 100 — 150 mm and this prevents ballast from penetrating into the soft soil and also
reduces the upward migration of fines during the passage of trains. Subgrade can be a
treated soil or fill material when natural soil does not have enough bearing capacity to
withstand train loads. The subgrade should support the track structure, accommodate the
stresses transferred by repetitive cyclic loads, and also prevent failure or excessive
deformation. The deterioration of subgrade soil due to mud pumping dramatically affects

the performance of railway tracks.

7.2 Mud Pumping Mechanisms
Saturated subgrade is more prone to instability under repetitive cyclic loads due to the

accumulation of excess pore water pressure and extreme upward hydraulic gradients. The

161



process whereby fine particles in the form of slurry, infiltrate into ballast is commonly
known as mud pumping (Singh et al. 2020; Yu et al. 2016). The subgrade mud pumping
site near Wollongong city in New South Wales is shown in Figure 7. 1. The fouled ballast
(i.e. coarser ballast particles coated by fines/slurry) will immediately lose its shear strength
and drainage capacity and can no longer withstand greater axle loads. The adverse effects
of mud pumping result in ballast degradation and differential settlements, and thus lead to

frequent maintenance activities in railway tracks.

7.3 Characteristics of Vulnerable Subgrade Soils

Apart from adverse drainage conditions and train loading, the properties of subgrade soil
can influence the occurrence of mud pumping. Table 7. 1 and 7.2 summarise the
characteristics of subgrades and subsoils (from previous studies) collected from mud
pumping sites. The liquid limit (LL) of the subgrade varies between 20 and 50, whereas the
plasticity index (PI) is below 30. According to the Unified Soil Classification System, most
of the soils can be classified as low to medium plasticity of inorganic clay. These soils are

more prone to dislodge fines into the upper coarse layers under an excessive hydraulic

gradient induced by cyclic loads (Nguyen et al. 2019).

Figure 7. 1: Subgrade mud pumping and loss of contact between sleeper and ballast

(Courtesy: Prof Buddhima Indraratna)
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Table 7. 1: Characteristics of soil subjected to mud pumping reported in previous studies

Mud pumping
sites/Reference Country/locatio
S Soil description n LL PI [ Particle size
Marine
deposited 95% finer
Ayres (1986) calcareous clay | Lower Lias, UK 44 24 | than 63 pm
Raymond El Dorado Fill 99% finer
(1986) plastic clay Kansas, USA 48 30 | than 60 um
Boomintahan &
Srinivasan Attipattu Clayed 67% silt and
(1988) silt Attipattu, India 45 27 12% clay
Non-plastic silt
Rollin et al. (S1&S2) & 75% finer
(1990) plastic clay (C3) Canada than 75 um
Silty clay with
Alobaidi & medium
Hoare plasticity
(1994),(1999) (Keuper Marl) | Birmingham, UK [ 49 26
Hayashi & Shirasu soil Kagoshima, 10% silt and
Shahu (2000) (SW) Japan 82% sand
Inorganic clay
Voottipruex & with low to
Roongthanee medium 77% finer
(2003) plasticity Thailand 43 21 | than 75 ym
Muramoto et al.
(2006) &
Muramoto & 50.6% silt
Nakamura Arakida clay Japan 499 | 22 and 46.6%
(2011) clay
Trinh et al. Finely grained 24. 98% finer
(2012) soil (CH) Lyon, France 57.8 1 [ than 100 um
Liu et al. (2013) China 23 12
70% crushed
Duong et al. sand & 30% 95% finer
(2014) kaolin France 27 11 | than 80 um
Chawla & Dhanaury clay 99% finer
Shahu (2016) (ChH India 36 15 [ than 60 pm
Chawla & 40% finer
Shahu (2016) Delhi Silt (ML) India 25.5 5 than 70 pm
Hudson et al. | Alluvial clay, silt
(2016) and sand UK
Out of 30 sites 25-80%
Kuo et al. 50% are ML finer than 75
(2017) (mud) Hsinchu, Taiwan pum
Wheeler et al.
(2017) Peat subgrade Canada
Indraratna et al. | Low plasticity 30% finer
(2020) clay (CL) Australia 26 11 | than 75 um
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Table 7. 2: Properties of subgrade at South Coast (SC) rail line, NSW, Australia (Nguyen

& Indraratna 2021)

Location Liquid | Plastic | Specific Hydraulic Fine percentage
Limit | Limit | gravity | conductivity (%)
(LL) (PL) (Gs) (m/s) (< 0.075 mm)
Helensburgh A 30 23 2.56 4.3x10°¢ 26.3
Helensburgh B 23 18 2.51 9.1x10°¢ 28.9
Otford A 21 16 2.51 1.1x10° 19.8
Otford B 23 17 2.50 7.8x10°° 36.7
Clifton 38 18 2.69 6.1x107 51.7
Austinmer 24 19 2.53 6.5x10° 453
North 27 20 2.43 2.8x10°¢ 54.5
Wollongong
Coniston A 44 22 2.65 1.7x107 78.9
Coniston B 40 20 2.66 2.3x107 72.2
Dapto A 39 22 2.62 7.2x107 58.4
Dapto B 38 20 2.67 6.8x107 58.6
Croom 37 19 2.69 6.6x107 59.5
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7.4 Functions of Geotextiles

Subgrade instability, including mud pumping in railway tracks, are associated with high in-
situ water content and poor drainage conditions, especially after heavy rainfall. The
migrated fines can clog the pores of subbase (road) or subballast (railway tracks), and thus
impede the drainage capacity. As the drainage capability of tracks decreases (i.e., poor
drainage/undrained conditions), the pore water pressure cannot be dissipated swiftly
enough, which leads to softening and pumping failure.

An effective filter must withstand the pressure applied by the soil and the water by retaining
the soil particles within the subgrade in order to prevent piping and excessive clogging.
There can be an initial migration of particles through geotextiles that follow a stable
bridging network at the geotextile/subgrade soil interface. Several studies that have
proposed geotextile retention criteria are listed in Table 7. 3 (Giroud 1982; Holtz et al.

1997; Lafleur et al. 1996; Luettich et al. 1992).

The primary functions of a geotextile in railway tracks can be summarised as follows:

o Separation: to maintain the integrity of subgrade and the functionality of ballast,
i.e., to prevent the intrusion of ballast into fine particles and the pumping of fine
particles into ballast

o Filtration: to retain fine-grained subgrade soil from migrating to geotextiles or
ballast

o Drainage: to provide enough drainage of water to minimise the build-up of EPWPs

during train loading

The aperture opening size (Oos) in combination with the constriction size distribution curve
(pore structure) of a geotextile primarily controls the filtering performance of soft
vulnerable soils. It is noted that satisfying these design criteria enables stable filtration and

appropriate drainage capacity while it controls excessive amount of fine particles from
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being pumped through the geotextiles (Bhatia & Huang 1995). There can be initial
migration of particles through the geotextiles that follow a stable bridging network at the
geotextile/subgrade soil interface. However, internally unstable soils are more prone to
excessive particle migration (fines) through the pore opening of geotextiles. Based on
laboratory observations, the uniformity coefficient of soil was considered to propose the

retention criteria listed in Table 7. 3.

Table 7. 3: Retention criteria of a soil/geotextile filtration system

Criterion Conditions References
Ogs
; =1-2 Dependent on
Ogs 05 subgrade soil Christopher & Holtz
— < lor — =05
dlE as type and Cu (1985)
Dynamic, cyclic
flow
0
?5 =9/C), C.">3 loose soil
dsp

0
—= < 25 and Oss < dag
d1[!I

C. > 5, dynamic
flow with mild

water currents

Luettich et al. (1992)

o g : . .
ﬁ < — forCL>3 Soil retention Giroud (1982)
dgy  Cu criteria

d_BE < 0.65 —(0.05C.) C.=>7 Bhatia & Huang

0 :

d—% <271 —-(036C.) C.<7 n < 60% (1995)

85
Ogs < dgs n>60% Bhatia & Huang
(1995)
Ogo 5 .
o < 0. Oso of a Christopher & Holtz
geotextile (1985)
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405 < 18 deo non-woven Koerner (2012),
Cy geotextiles on Narejo (2003),
A0S = 0.5dgs non-cohesive Kermani et al. (2019)
silty soil
Ogs < (2.71 — 0.36C, ) das
C.<7and < Ogs < (0.65— 0.05C,)dgs Internally Luettich et al. (1992)
C.>7; and Oog < (9% d'sy)C], unstable soils

Notes: AOS is the Aperture opening size; n is the porosity of the geotextile; Oy is the pore
opening size such that Y% of the pores are smaller than that size; dx is the fine soil particle
size in mm for which X% of the soil is finer; C. is the Coefficient of Curvature; C,' is the
linear coefficient of uniformity; C, is the coefficient of uniformity of the subgrade soil, and
d's0, d'100 and d'o are equivalent to the dso, dioo and do that obtained from the straight line

approximation of the PSD.
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Table 7. 4: Geotextile specifications

Geocomposite
with a Track bed Robust Track bed
filter membrane separator separator Separator
Tests Standard Unit Gl G2 G3 G4
Tensile strength ENISO 10319 | kN/m 50 52.5 30 22
Mechanical Tensile Elongation EN ISO 10319 % 75 60 80 60
CBR Puncture Resistance | EN ISO 12236 kN 10 9 5 4.3
Cone drop test EN ISO 13433 mm <1 2 5 22
<10 (membrane
filter)
Hydraulic | Aperture Opening Size 75 (non-woven
(AOS) EN ISO 12956 um geotextile) 60 75 60
Permeability EN ISO 11058 m/s 0.03 45 40 30
Microbiological
resistance EN 12225 % No loss No loss No loss No Loss
Resistance to acids and
Durability alkalis EN 14030 % No loss No loss No loss No Loss
Oxidation at 85 days (100
years) EN 12226 % >90 >90 >90 >90
Weathering (UV
Exposure) EN 12224 % >90 >90 >90 >90
Physical Thickness (nominal) EN ISO 9863 mm 4.5 2.5 3.5 2

168




7.5 Performance of Geotextiles

The specifications for different geotextiles and geocomposite are listed in Table 7. 4. Based
on the dynamic filtration test reported by Arivalagan et al. (2021), the performance of
different geotextiles (G1, G2, and G3) under cyclic loading can be summarised as shown
in Tables 7. 5 and 7.6. The selected geotextiles and geocomposites are based on the
retention criteria proposed in previous studies (Table 7. 3). Cyclic tests were carried out
using different nonwoven geotextiles and geocomposites under a typical train loading.
Later, the effectiveness of geocomposite G1 with a filter membrane was assessed under

typical axle loads and the speeds of heavy haul trains.

7.5.1 Cyclic load and frequency

A uniform normal stress was applied as a minimum vertical stress, while the sinusoidal
vertical cyclic stress (Gmin = 30 kPa and omax = 70-100 kPa) simulates a maximum axle load
of up to 35 tonnes. The frequency varied between 1 Hz and 5 Hz, corresponding to a train
speed of 45- 225 km/h (Indraratna et al. 2020c; Mamou et al. 2017; Powrie et al. 2007).

Table 7. 5: Effectiveness of different geotextiles (Arivalagan et al. 2021)

Geosynthetics G1 G2 G3
Separation v v v
Filtration v x x
Drainage v x v
Clogging v x x

v effective

x ineffective

Notes: If a geotextile/geocomposite fails to provide one of the primary functions
(retention, permeability, and clogging criteria) under cyclic loading, it is considered as
an ineffective filter/separator at the subgrade surface. The selected
geotextile/geocomposite could no longer provide track stability and did not satisfy the

design requirements of effective geosynthetic filters.
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7.5.2 Dynamic Filtration Tests

The tests showed that geotextiles with larger pore openings such as G2 and G3 could not
prevent particle migration and became clogged with fines. The dissipation rate of excess
pore water pressure was also lower than G1, thus showing its inability to provide sufficient
drainage at the interface. Geocomposites with fliter membrane effectively reduced the
accumulation of excess pore water pressure with time and prevents particle migration

through the interface.

Table 7. 6: Performance of Geocomposite (G1) under different axle loads and speeds

(Arivalagan et al. 2021)

The mean cyclic | Frequency of | Separation Filtration Drainage
stress (kPa) loading (Hz)
50 5 v v v
57.5 5 v v x
65 5 v x x
50 1 v x %
50 3 v v v
50 5 v v v

v effective

% ineffective
The loading frequency on subgrade soil is mainly affected by the train speed, the carriage
length, the bogies, and the distance between axles. Larger axial strains and EPWPs can
develop at lower frequencies with increasing loading cycles (Indraratna et al. 2020; Konrad
& Wagg 1993; Procter & Khaffaf 1984; Wichtmann et al. 2013; Zhou & Gong 2001).
Wheeler et al. (2017) reported that a single train passing at approximately 40 km/h (25
miles/h) could pump fluid and fines upwards.
G1 could prevent the migration of particles and provide adequate drainage to the subgrade
surface at lower axle loads (25-30 tonne axle load), but during the passage of heavy haul
trains with an axle load up to 35 - 40 tonnes, the ability of G1 to prevent subgrade

fluidisation and associated mud pumping diminished.
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7.6 Critical Factors that Affect the Performance of Geotextiles
Conventional methods such as the removal of fouled ballast, maintaining the ballast
shoulders, side ditches, and drainage system, will improve the overall drainage capacity of
a track, however, the inclusion of geosynthetics is an effective way of stabilising vulnerable
subgrade soils under poor drainage conditions. If the cyclic stress that is transferred to a
subgrade is within an acceptable level, geocomposite with an effective membrane can be a
substitute for a compacted capping layer in railway tracks. Furthermore, geosynthetics can
also prevent severe particle migration and soil softening and provide additional
confinement at the interface (Arivalagan et al. 2021; Kermani et al. 2019). However, over
the long term, the unacceptable performance of geotextiles can be observed under adverse
hydro-dynamic conditions (i.e., critical loading exceeds 40 tonnes or severely clogged
geotextiles create undrained conditions or wheel imperfections). Field investigations shows
large dynamic impact stresses (over 400 kPa) can be developed due to wheel imperfections
(wheel-flats) and should be assessed in track designs (Indraratna et al. 2010a). In fact, a
series of cyclic tests would be required to assess the following functions of other geotextiles
in relation to subgrade soil.
e Characteristics of the geotextiles: porosity, thickness, primary and secondary
bonding mechanism, pore size distribution, constriction size distribution
e Properties of the soils: water content, plasticity, porosity, degree of compaction,
state of stress, specific gravity, constriction size distribution, grain size analysis
e Filtration performance and drainage capacity at the interface of ballast and
subgrade under critical dynamic loading
e Drainage conditions: Rainfall intensity, rise in the water table, degree of saturation

of subgrade soil, slopes of formation, side ditches, cess drain (ag-pipes).
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7.7 Geotextile Filter Design

An effective filter must withstand the pressure applied by the soil and the water by retaining
the soil particles within the subgrade in order to prevent piping and excessive clogging.
There can be an initial migration of particles through geotextiles that follow a stable
bridging network at the geotextile/subgrade soil interface. Geotextile filters should have a
significant number of pore openings, even if soil particles block/clog a few openings.
Adequate drainage at the interface can only prevent subgrade instability. To select an

effective geotextile filter, the material properties should satisfy the required properties;

a. maximum allowable apparent opening size (Oos) of the geotextile

b. allowable constriction size distribution curve of the geotextile filter

c. minimum allowable permeability or permittivity of the geotextile

d. minimum allowable porosity (n), or percent open area (POA) of the geotextile
e. minimum allowable physical strength requirements of the geotextile

f. adequate durability of the geotextile

Critical applications such as subgrade fluidisation may result in retention failure and thus
may require additional laboratory and/or field tests prior to the field application. Luettich
et al. (1992) reported that retention, lower bound retention, clogging, survivability,
durability and abrasion testings are required to perform complete geotextile filter design,
more than rely on retention and permeability criteria. Other design considerations, such as
boundary conditions and the internal stability of the soft soil, must be included in the design
process. Dynamic flow conditions in soft soil foundations have the potential to disturb the
internal stability of the base soil and/or the geosynthetic interface. Furthermore, a stable
soil/geotextile interface cannot be reached under adverse hydro-dynamic conditions
(Hameiri 2000). Arivalagan et al. (2021) reported that geotextiles/geocomposites might
perform well at lower axle loads, however, their ability to prevent particle migration and
mitigate subgrade fluidisation or associated mud pumping can diminish under increased

cyclic stress. In this instance, the existing design criteria proposed in common design
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practice, which have not been explicitly validated from laboratory results, cannot be used.

Additional large-scale tests are required before the field application.
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CHAPTER 8: EFFECTIVENESS OF A COMBINED PREFABRICATED
VERTICAL DRAIN-GEOCOMPOSITE SYSTEM IN PREVENTING

SUBGRADE INSTABILITY

8.1 Introduction

Over the past few decades, numerous investigators have reported the use of Prefabricated
Vertical Drains (PVDs) in weak soils (Gao & Zhang 2020; Guo et al. 2018; Hansbo 1981;
Holtz et al. 1991; Indraratna et al. 2009; Indraratna et al. 2011b; Lorenzo et al. 2004). The
installation of PVDs is one of the most cost-effective methods for improving soft clays
compared to other ground improvement techniques. PVDs can continuously dissipate the
EPWPs that can develop in subgrade, even after the passage of trains, making the tracks
more stable for the next train loading. Indraratna et al. (2009) reported that installing PVDs
at shallow depths (within 6-8 m) can prevent the generation of critical EPWPs during cyclic
loading, but there is no specific study into using a combined PVD-geocomposite system
that would prevent subgrade fluidisation by simulating typical railway track conditions.
This chapter examines a combination of a geocomposite and PVDs to alleviate the
occurrence of mud pumping. It describes how effectively a combined PVD-geocomposite
system can prevent finer particles from migrating towards the ballast layer and reduce
instability at the ballast/subgrade interface. Dynamic filtration tests (DFTs) were carried
out to assess the fluidisation potential of soft soil by measuring the vertical and horizontal
excess pore pressure gradients (iv and ig) that can develop as the number of cycles

increases. The role that prefabricated vertical drains play in dissipating the EPWP
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developed at greater depths was studied, and interfacial behaviour due to the inclusion of a
PVD-geocomposite system (i.e., enhanced drainage capacity to prevent particle dislocation

and pumping) were also discussed.

8.2 Experimental Setup

8.2.1 Prefabricated Vertical Drains (PVDs)

In this study, four miniature pressure transducers (MPs) were installed close to the vertical
drain, as shown in Figure 8. 1, at 20, 40, 80, 120 mm from the interface. A 35-mm thick
layer of ballast was placed onto the subgrade to evaluate the performance of a sole PVD

under cyclic loading conditions. Details of the test procedures are given elsewhere in

Chapter 3.
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Figure 8. 1: Cyclic Tests using PVDs

8.2.2 A combined PVD-Geocomposite System
The appropriate use of geotextiles/geocomposites in railway tracks as a filter and a

separator undoubtedly increases the stability of the substructure by dissipating the EPWP
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at the ballast/subgrade interface, thus preventing the fine soils from infiltrating into the
ballast layer with increased moisture content (Kermani et al. 2020; Singh et al. 2019).
Geotextiles designed with a filter membrane can provide adequate drainage at the interface,
but they cannot dissipate EPWP that develops at greater depths (Chapter 6). Geotextiles
were generally effective at the subgrade/ballast interface, and they could dissipate the
EPWP that developed near the interface when the soil was subjected to cyclic stress
(Alobaidi & Hoare 1996; Arivalagan et al. 2021). In contrast, a short drain can dissipate
the EPWP that develops deeper in the subgrade (up to 6 — 8 m in the field), and provide
drainage in vertical and horizontal (radial drainage) directions. On this basis, a combined
PVD-geocomposite system was selected for this study. Based on the results in Chapter 6,
geocomposite G1 was chosen. The experimental setup for a combined PVD-geocomposite

system is shown in Figure 8. 2.
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Figure 8. 2: A combined PVD and Geocomposite system
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8.2.3 Preparation of PVDs

In practice, the vertical drains can be installed in a square or a triangular pattern, and the
drain spacing (S) can be around 1 to 1.5. m. Furthermore, the corresponding equivalent
radius of the influence zone (r) is 0.546S and 0.525S for drains installed in a square and
triangular pattern, respectively. The available dynamic filtration setup was 240 mm in
diameter and if a single drain is installed at the centre, the drain spacing (0.24 m) will be
much smaller than the actual drain spacing. Therefore, PVDs with a modified size were
adopted in this study. Additionally, this modification was based on the concept of the given
time factor (Tw) and the average degrees of soil consolidation in the field and in the

laboratory tests (Ni 2012).

For a given time factor (Tn), the average degree of consolidation in the field and the
laboratory will be the same. For simplicity, an ideal drain was used to calculate the average

degree of consolidation for the soil cylinder in the field as follows:

Up,=1—exp(— %) Equation 7.1

Tere

where pu; = ln( ) —0.75and r,,, = 600 mm which represents the radius of

Tw,re

influence zone in the field.

According to Hansbo (1979) the equivalent radius of PVDs (r;, ) can be calculated using

Equation 7.2:

Twore = 2 (are—‘l'bre) Equation 7.2

T

where a,, = 100 mm and b,., = 3.4 mm, width and thickness of selected PVD
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The average degree of consolidation for the soil cylinder in the field can be calculates using

Teex

Equation 7.1, where p ¢, = ln( ) —0.75 and 1, ¢, = 120 mm which represents the

Tw,ex
radius of influence zone of soil cylinder in laboratory.

Texcan be calculated using Equation 7.3:

Twex = 2 (ae"—ﬂjex) Equation 7.3

T

Where b,, = 3.4 mm and a,, is the modified width that need to be calculated.

For any given time factor (T}) the relationship between the average degree of consolidation

of field (Uy ye) and laboratory (Up ) conditions can be expressed as follows:
Unre = Upex Equation 7.4

Therefore,

1—exp(— %) =1—exp(— %) Equation 7.5

Uire = Ujex
Tere Teex
In =lIn
Tw,re Tw,ex
<re,re > _ (re,ex >
Tw,re Tw,ex

Twex = Teex/ (T""”> Equation 7.6

Tw,re

From Equation 7.6: 7, o, = 13.17 mm

From Equation 7.3: %y, ¢ = 2 (aexT'%c) , Aoy = 17.3 mm

The size of the modified PVDs used in the dynamic test was 17.3 mm x 3.4 mm.
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8.3 Experimental Results and Discussion
The effectiveness of PVDs (Test P), Geocomposite (Test G), and PVDs combined with
the geocomposite (Test P+G) were evaluated and then the results were compared to the

undrained (Test U) and free drainage (Test F) tests.

8.3.1 Excess pore water pressures (EPWPs)

Figure 8. 3 shows that the EPWP developed in Test P is much lower than Test G, even
from the beginning of the cyclic test. For example, the rapid generation of EPWP in Test
G is more than 37 kPa at MP2 (@40 mm) after only 500 cycles, but it remains well below
22 kPa while using PVDs. Furthermore, the geocomposite in Test G could not dissipate
the EPWP in the middle region of soil sample (i.e., at 40 and 80 mm from the interface)

below 15 kPa until 30,000 cycles.
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Figure 8. 3: Development of excess pore water pressure — Tests P, G and P+G (Arivalagan
et al. 2022)
It is clear that when only using a geocomposite, the rate of excess pore water dissipation in

Test G was higher near the ballast/subgrade interface (MP1) than the middle/shallow part
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of the subgrade (MP2 and MP3). In contrast, the prefabricated vertical drain (Test P)
dissipates the EPWP developed at greater depths, whereas the EPWP at MP3 remains less
than 4 kPa after 75,000 cycles. Prefabricated vertical drains (Test P) could dissipate the
EPWP to less than 15 kPa at all three depths after 2000 loading cycles, whereas the residual
EPWPs near the interface are higher than those beneath because there is no more

confinement at the ballast/subgrade interface in Test P (i.e., no capping).
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Figure 8. 4: Developed EPWPs — Tests U and P+G

As shown in Figure 8. 3, the magnitudes of EPWP that developed in Test G are more than
30 kPa at 500 cycles at all three depths; however, the presence of PVD (Test P) certainly
dissipates the EPWPs, especially in the deeper layers of soil. Therefore, the values of
EPWPs from Test P+G are less than 15 kPa within 500 cycles and less than 4 kPa after
75,000 cycles. On the other hand, although the undrained test (Test U) shows a maximum
EPWP of more than 25 kPa at 75,000 cycles, there is approximately 88% reduction in

EPWPs 80 mm under the interface due to the inclusion of the PVD-geocomposite system
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shown in Figure 8. 4 (i.e., the EPWPs at MP2 and MP3 remain below 5 kPa). This proves
that a combined PVD and geocomposite (P+G) system can reduce the potential for
subgrade fluidisation during cyclic loading due to the continuous dissipation in EPWPs,

unlike in the undrained or free drainage tests.
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Figure 8. 5: Axial strain — Tests P, G, F, and P+G (Arivalagan et al. 2022)

8.3.2 Axial Strain

Figure 8. 5 shows that the axial strain developed in Test F reaches 6% before 500 cycles.
There was excessive axial deformation due to ballast penetrating into softened subgrade
soil, as well as a significant generation of EPWP at the interface in the free drainage test
(Test F). However, geosynthetic inclusions significantly reduce the rapid increase in axial
strain as the number of cycles increase. For instance, the axial strain in Test G is 56% less

than in Test P, while the axial strain in Test G is 1.2% at 75,000 cycles (Figure 8. 5). This
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implies that a geocomposite (G) inclusion can prevent ballast fouling caused by interlayer

mixing, and thus control axial development under cyclic loads.

8.3.3 Generation of excess pore pressure gradients (EPPG)

The body pressure transducers installed at six locations were used to calculate the EPPGs,
as defined in Equation 5.1 (Chapter 5). Figure 8. 6 shows that the EPPGs in the middle and
lower regions (i.e., Layers (3-2) and (4-3)) decrease significantly over time when both PVD

and geocomposite are installed.
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Figure 8. 6: Excess pore pressure gradient — Tests p, G, and P+G
The EPPG developed in Layer (4-3) approaches zero after 5000 cycles, thus confirming
the ability of geosynthetics (P+G) to prevent the EPPGs from reaching a critical level. In
Test G, the EPPG that developed close to the interface is much lower than Test P. A lower
and vertical (upward) EPPG cannot create enough hydraulic force to dislocate the fines
from the coarser fraction of the soil matrix, but the topmost layer (i.e., Layer (2-1)) has a

higher EPPG (25 at 1000 cycles) because the increased local hydraulic gradient facilitates
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surficial drainage through the pores of the geocomposite. In this case, a rapid increase in
EPPG near the interface without further continual reduction may pump the fines up through
the geocomposite. For instance, the critical EPPGs in Layers (3-2) and (4-3) exceed 40 in

Test U, which shows the increased potential for the subgrade fluidisation described in

Chapter 5.

8.3.4 PSD and Clogging

The increase in the fine percentage and the formation of slurry near the subgrade surface
(abrupt change in the water of soil) were used to assess the potential for subgrade
fluidisation in several studies (Arivalagan et al. 2021; Indraratna et al. 2020a; Indraratna et
al. 2020b). Therefore, PSD and moisture content tests were carried out to measure

variations in the particle size distribution and water content at the end of cyclic tests.
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Figure 8. 7: Particle size distribution — Tests U and P+G
Figure 8. 7 shows a high particle migration from the middle of the soil towards the top in
Test U, whereas particle migration is controlled better in Test P+G. The PSD of the top and

middle specimens remains the same in Test P+G, and there is no sign of particle migration
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during cyclic loading. This proves how effectively geocomposite and PVDs could prevent

particles from migrating towards the upper layers.
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Figure 8. 8: Water content at 100,000 cycles — Tests U, F, G, P, and P+G (Arivalagan et al.

2022)

8.3.5 Water content

As shown in Figure 8. 8, PVD installed alone within subgrade soil cannot reduce the water
content near the top surface; the water content in Test P is almost 35% at the interface
(subgrade surface). During the test, fine particles with increased moisture accumulated near
the interface due to ballast penetrating into the subgrade surface. However, the inclusion
of geocomposite (in Test P+G) significantly reduces the water content and prevents the
accumulation of fines from the middle layers. Since the variations in the water content in
Tests G and P+G are similar, geocomposite on the top soil can help reduce the water content
by providing adequate confinement and drainage capacity at the interface.
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8.4 Radial Drainage

8.4.1 Experimental Setup

Miniature pressure transducers were installed at different locations from the centre (in
radial direction 0,30, and 60 mm from the centre) to measure how much the prefabricated

vertical drains could alleviate the EPWPs, as shown in Figure 8. 9.
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Figure 8. 9: MPs installed at different locations from the centreline
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8.4.2 Results and Discussions

As Figure 8. 10 shows, six pressure transducers were installed at different depths and radial
distances to evaluate the effect of the drainage path. As expected, the EPWPs measured at
P1, P3, and PS5 are the lowest because they have the shortest drainage paths at these
locations, whereas the highest EPWP occurred at P6, which is further away from the
centreline. Furthermore, the EPWPs that developed at P1, P2, and P5 approached zero after
180 minutes of cyclic loading, whereas the EPWPs measured at P2, P4, and P6 decreased
continuously as the number of cycles increased; they were less than 12 kPa at the end of
the cyclic test. This shows that PVDs can continually dissipate EPWPs during cyclic

loading, and even during the rest period after each train passes by.
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Figure 8. 10: Excess pore water pressure developed inside the subgrade soil (Arivalagan et

al. 2022)

As Figure 8. 11 shows, the miniature pressure transducers were installed at 0 mm (Test T1)
and 90 mm (Test T2) from the PVD to measure the generation of EPWPs. The EPWP
measured at T1 (i.e., the shortest drainage path) is lower than at T2. Although the EPWP
at location T2 may take much longer to dissipate than T1, the PVDs successfully dissipate
them before reaching their critical values. Previous studies reported that soft clays with
PVDs could not experience undrained failure even if the cyclic stress levels were higher
than the critical cyclic stress levels (Indraratna et al. 2011a). The observations of cyclic
loading in this study confirmed the fact that prefabricated vertical drains combined with a
drainage filter (geocomposite at the interface) further reduce the development of EPWP,
which suggests that a combined P+G system can increase track stability by preventing soil

softening and subgrade fluidisation.
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8.4.3 Horizontal EPPG developed at Critical Layers of Subgrade

The miniature pressure transducers (P1 - P6) installed at various locations were also used
to determine the time-dependent EPPGs in vertical and horizontal directions. Figure 8. 12
shows the disparity between vertical (iv) and horizontal (in) EPPGs that developed with
geosynthetic inclusions (i.e., a PVD-geocomposite system). In this case, radial drainage
became predominant because the lateral EPPGs rapidly increased to more than 20 within 5
minutes of cyclic loading. The horizontal EPPGs in deeper soil (ins-5)) developed to higher
values than those at the top soil (ine-1)) as the number of cycles increased. Moreover, the
horizontal EPPGs remained above 30 until the end of testing, in fact they were
approximately ten to twelve times greater than the vertical EPPGs (after 240 minutes of
cyclic loading). This indicates that prefabricated vertical drains provide radial drainage and

can thus minimise the development of EPWPs. This scenario was more visible in the deeper
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layers; this continuous dissipation in EPWPs will make the track more stable for the next

train loading.
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Figure 8. 12: Excess pore pressure gradient (Arivalagan et al. 2022)

8.5 Effects of Cyclic Stress and Frequency

8.5.1 Introduction

A combined PVD and geocomposite system quickly dissipated the EPWP and prevented
particle migration through the pore openings under smaller axle loads (i.e., an axle load of
25 tonnes (5 Hz frequency) was considered in Section 7.3). Therefore, their effectiveness
must be assessed by simulating different axle loads and speeds under a typical railway track
environment (25 — 35 tonnes of axle load and 1-5 Hz frequencies were chosen).
Geocomposite G1 was used in all six cyclic tests, as tabulated in Table 8. 1, and the role of
a PVD-geocomposite system at preventing subgrade fluidisation is discussed in the
following sections. In this case, Miniature Pressure Transducers (MPs) were installed 60
mm from the centreline/edge of the cylinder, as shown in Figure 8. 13.
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Figure 8. 13: Experimental setup under different cyclic stress and frequency

8.5.2 Effect of Cyclic Stress
This section examines the ability of a PVD and geocomposite system under three different
cyclic stresses (amplitude of 20, 27.5, and 35 kPa).

Table 8. 1: Effects of cyclic stress and frequency (Phase 6 Chapter 3)

Drainage
condition at the
Test ballast subgrade Testes Frequency
Name interface Geosynthetics Omin Omax (Hz)

PVD+Geocomposite

PG-70-5 With P1+G1 (GD) 30 70 5
PVD+Geocomposite

PG-85-5 With P1+G2 (GD) 30 85 5
PVD+Geocomposite

PG-100-5 With P1+G3 (GD) 30 100 5
PVD+Geocomposite

PG-70-1 With P1+G4 (G1) 30 70 1
PVD+Geocomposite

PG-70-3 With P1+G5 (GD) 30 70 3
PVD+Geocomposite

PG-70-5 With P1+G6 (GD 30 70 5
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8.5.2.1 Excess Pore Water Pressure

Figure 8. 14 shows that the rapid generation of EPWP in Test C100 at MP2 (@40 mm)
approached 50 kPa prior to reaching 5000 cycles. However, the EPWPs in the top and
middle layers (MP1 and MP3) continued to decrease due to the inclusion of PVD and
geocomposite. For instance, the EPWPs that developed at MP1 and MP3 were less than 25
kPa under all three different cyclic stresses at 100,000 cycles. In essence, the rapid axial
development was controlled using geosynthetics because the axial strain was only 3% and
2.2% after 100,000 cycles in Test C100 and Test C85, respectively. During cyclic loading,
there was no continual particle migration through the pores of the geocomposite at the
interface (under increased cyclic stress). This proves that the PVD-geocomposite system

controlled the axial strain of the test specimen from the outset.
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Figure 8. 14: Generation of excess pore water pressure under different cyclic stresses
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8.5.2.2 Excess Pore Pressure Gradient

As shown in Figure 8. 15, the EPPGs in Layers (3-2) and (4-3) decrease to 13 and 3
respectively at 75,000 cycles in Test C85. Although the increase in EPPGs observed at the
initial stage (<10,000 cycles) is significant, the combination of geocomposite and PVD
reduces them at 75,000 cycles. For instance, the EPPGs developed at 75,000 cycles are less
than 30. The lower the EPPG means there is less potential for an upward hydraulic force to

dislocate particles inside the layers of soil.
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Figure 8. 15: Excess pore pressure gradient — Tests PG-70-5 and PG-85-5 (Arivalagan et

al. 2022)

8.5.2.3 Water content and Particle Migration

The inclusion of PVD and geocomposite could prevent the water content close to the top
and in the middle from approaching its liquid limit, by increasing the drainage capacity.
For example, the soil at the top and middle layers contain less than 27% of water content
in Tests PG-70-5 and PG-85-5, and there is only a 2% increase when the maximum cyclic
stress increases to 100 kPa, as shown in Figure 8. 16.
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Figure 8. 17: Photos of the subgrade surface (a) PG-70-5 and PG-100-5

There is no sign of particle pumping at the subgrade surface, as shown in Figure 8. 17.

Furthermore, the finer particles that accumulated at the top (below the geocomposite) and

the top surface of the subgrade soil are insignificant in Test PG-85-5. Figure 8. 18 shows

the PSD curves in the top and middle specimens (Test PG-85-5). In essence, the percentage
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of fines trapped in the pores of the tested geocomposites are 5.83, 6.12 and 6.46 g in Tests
PG-70-5, PG-85-5 and PG-100-5, and where the area of geocomposite is 4.15 x 10°2 m?.
Moreover, a visual inspection shows insignificant changes in the particle size distribution
and water content in the middle and top layers (Figure 8. 17 and 8.19). This confirms that

this combination will prevent the formation of slurry under cyclic loading.
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Figure 8. 18: PSD of Top and Middle Soil after 100,000 cycles — PG-85-5

Figure 8. 19: Fine particles that accumulated at the bottom of the geocomposites (a) Tests

PG-70-5 and Test PG-100-5
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8.5.3 Effect of Frequency

8.5.3.1 Excess Pore Water Pressure and Axial Strain

Figure 8. 20(a) shows the effects of two different frequencies (3 and 5 Hz) with the
combination of PVD and geocomposite system. The EPWPs that developed in all three
miniature pressure transducers decreased at a lower frequency. An increase in frequency
(f=5 Hz) causes a significant increase in EPWPs at MP1 compared to Test PG-70-3, as
shown in Figure 8. 20(a). In essence, the rate of dissipation of EPWP is slightly higher in
the test carried out at a lower frequency. The EPWPs that developed at MP1 are 4 kPa and
5.1 kPa for Tests C3 and C5 at the end of the cyclic tests; these results confirmed that PVD
combined with geocomposite can still dissipate the EPWP even under higher frequencies.
Figure 8. 20(b) shows that the axial deformations for Tests PG-70-3 and PG-70-5 are less
than 2% at 75,000 cycles. As expected, there is no 'interlayer creation' or particle migration

during cyclic loading.

8.5.3.2 Excess Pore Pressure Gradient

Figure 8. 20(c) shows the non-uniform development of EPPGs under different frequencies.
It is clear that subgrade soil under higher frequencies is more likely to become unstable
than at very low frequencies. However, the results in Figure 8. 20(c) show that the EPPGs
that developed in Layers (3-2) and (4-3) under =5 and 3 Hz, decrease significantly (i.e.,

EPPGs are less than five after 25,000 cycles) as the number of cycles increase.

8.5.3.3 Water content and Trapped Fines

Figure 8. 20(d) further shows that the water content approaches the liquid limit of the soil
specimen under undrained and free drainage conditions before slurry begins to form at the
subgrade interface. However, in both tests (f = 3 and 5 Hz), the water content at the

subgrade surface decreased, and there was no slurry or accumulated fines near the interface.
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100,000 cycles) (Arivalagan et al. 2022).
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Figure 8. 20(d) also shows that the water content in the middle and topsoil layers are less
than 27%. This indicates that the combination of PVD and geocomposite significantly
reduces the water content at greater depths, thus enhancing the drainage capacity of the

substructure.

8.6 Chapter Summary

This chapter summarises the effectiveness of PVD combined with geocomposite to
enhance the stability of soft subgrade soils under cyclic loading. The laboratory tests
indicated that this approach is an effective way to stabilise soft soils under adverse hydro-
dynamic conditions, and a PVD-geocomposite system will alleviate track instability and
subgrade fluidisation by controlling the EPWP, even under higher axle loads.

On the one hand, geocomposite could alleviate the EPWPs that developed at or close to the
interface as the number of loading cycles increased. In essence, there was a dramatic
decrease in the water content (26% at the subgrade surface) when geocomposite was
included, and the subsequent penetration of particles into the geocomposite was
insignificant. On the other hand, the inclusion of PVDs also led to a rapid increase in
horizontal EPPG which facilitated radial drainage and decelerated the critical build-up of
EPWP in the subgrade. Furthermore, the combined PVD-geocomposite system
significantly reduced the EPWP from the outset of cyclic loading. This led to the conclusion
that a PVD-geocomposite system could further reduce the generation of EPWP (i.e.,
increase its dissipation rate), especially in the middle and lower regions of the specimen,
and also prevent the separation of fine particles and soil softening at the ballast/subgrade

interface.
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CHAPTER 9: NUMERICAL STUDY OF GEOSYNTHETICS IN SOFT

SOILS

9.1 Introduction

Undoubtedly, a rapid generation of EPWP plays a key role in inducing soil softening and
associated mud pumping at the subgrade surface. This chapter primarily discusses the
numerical simulations carried out using PLAXIS 2D to model the EPWPs generated under
train loading. A plane strain finite element analysis in PLAXIS 2D was used to investigate
the cyclic behaviour of soil improved by geotextiles and PVDs under a typical train loading.
A set of numerical simulations were used to assess (1) the generation of EPWPs in a
conventional railway track, (2) the role of geotextiles in alleviating EPWPs at the subgrade
surface, and (3) the ability of PVDs to delay the build-up of EPWPs at shallow depths under

different axle loads and freight trains travelling at varying speeds.

9.2. 2D Finite Element (FE) Model

Vertical cross sections of track were modelled under plane strain conditions using PLAXIS
2D. The 'equivalent 2D plane strain model' for PVDs was used for the numerical
simulations. Indraratna & Redana (1997) and Indraratna & Redana (2000) clearly
explained that an equivalent 2D plane strain model for multi-drain FE analysis could
predict acceptable pore water pressures, settlements, and lateral displacements.
Furthermore, the 2D FE analysis could provide accurate results, albeit with some
adjustments, to simulate the 3D loads and lateral spreading of granular layers along a track

in an transverse direction. Furthermore, transforming 3D into 2D finite element method
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can successfully reduce the complexity, time of computation and effort and can yield

comparable results with 3D analysis (Brinkgreve et al. 2012; Georgiannou et al. 2017).

9.3 FE Model to Simulate Railway Tracks

This section reports the innovative approaches using dynamic load multipliers in PLAXIS
2D. The performance of conventional railway tracks with extremely poor drainage
conditions and the ability of geotextiles, short vertical drains, and a combined vertical
drains-geocomposite system to mitigate the rapid generation of EPWPs under cyclic train
loading were discussed. The performance of ballasted railway tracks with and without
geosynthetics was assessed by considering two different cases. Firstly, the cyclic soil
response of a soft soil model was analysed under the cyclic loading conditions (Sandgate
Project). Secondly, a conventional railway track was modelled with and without PVDs to
evaluate the use of PVDs as subsurface drainage under various speeds and axle loads. The
numerical results were compared with previous studies (Abeywikrama 2020; Indraratna et
al. 2010; Singh et al. 2020), and this Chapter critically defines the effectiveness of

geosynthetics under cyclic loading conditions.

9.3.1 Case 1: Modelling Track Behaviour at Sandgate Project

The Sandgate project is located at Sandgate, a town in the Hunter Region, NSW, Australia.
An FE analysis undertaken utilising an equivalent static approach has already been
published with Class A predictions (Indraratna et al. 2010b). In this study, the use of short
PVDs and geotextiles in soft soils to stabilise track foundations subjected to dynamic
loading was simulated. A dynamic load (20t axle load and 110 km/h train speed) was
generated to capture the development of EPWPs with and without geosynthetics, where
PVDs were installed at intervals of 1.5 m. The effectiveness of these geosynthetics can be

analysed by covering three distinct numerical phases.
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e Phase 1 (effect of poor drainage conditions): To measure the effectiveness of a
capping layer, an impermeable boundary was created at the surface of the soft
subgrade.

e Phase 2 (influence of drainage medium at the subgrade interface): The main
objective of phase 2 was to assess the ability of geotextiles to control the
development of EPWPs at the subgrade surface using a drainage layer (geotextile)
at the interface.

e Phase 3 (effectiveness of PVDs and geotextiles): An FE analysis under phase 3
was undertaken to investigate the rate of dissipation of EPWPs at shallow depths
induced by the installation of a combined PVD-geotextile system (influence of
radial drainage by PVDs).

A vertical cross-section of the Sandgate rail track and the discretization of FE mesh is
shown in Figure 9. 1. In this case, the top layer of compacted crust was modelled by
utilising the Mohr-Coulomb theory and the normally consolidated clays were modelled
utilising the Soft Soil Model. The soft soil characteristics based on the field and laboratory
tests are listed in Table 9. 1. The properties of the ballast and fill layer of the Sandgate
model are taken from Indraratna et al. (2010b). The 1.68 m gauge length of a concrete

sleeper with a nominal length of 2.5 m was simulated.
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Figure 9. 1: Sandgate rai track and foundation (Indraratna et al. 2010b)
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9.3.2 Case 2: Conventional Railway Track

This model proposed a composite multi-layer railway track (Figure 9. 2) which included
rails, sleepers, ballast, subballast, and subgrade. The main objective was to assess the use
of short vertical drains as subsurface drainage under various speeds and axle loads (20-40t
axle load and 60-140 km/h speed). In this case, short vertical drains (up to 8§ m) were
installed within the subgrade soil at spacings of 1.5 and 2 m. The FE results were also
compared with rail tracks under undrained conditions.

Figure 9. 2 shows the superstructure and substructure of a typical plain strain track model
where in this case the material properties have been taken from Indraratna et al. (2012b).
The layer of subgrade was 20 m wide by 15 m deep. The thickness of subballast, ballast
and concrete sleeper were 150, 300 and 200 mm respectively, all of which were modelled
over the soft subgrade. The side slope was maintained at 1V:2H. The rail was considered
as a 160 mm wide structural plate element. The boundary conditions were modified where
the lateral boundaries restrained horizontally, and the bottom was fixed in both direction
(i.e. no horizontal and vertical movements were allowed at the bottom boundary). In FE
analysis, various seepage conditions were also used to model impervious and drain
boundaries. All the material properties used for different tracks are discussed in Section
9.4. During the mesh generation, the clusters were discretised using 6-noded triangular
elements. The model had a medium/fine mesh with refinements (i.e. increasing the mesh
density) that were based on the sensitivity analysis. Local mesh refinement was also used

near the interfaces to improve the accuracy of numerical analysis.
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Figure 9. 2: FE Mesh for railway foundation with PVDs installed at 2 m spacing

9.4 Material Parameters

The dynamic wheel loads, moduli of granular materials, and characteristics of subgrade
soil (subgrade soil type and compressive strength, and other properties) are typical input
parameters for this track design (Indraratna et al. 2012a; Indraratna et al. 2010b; Powrie et
al. 2007; Punetha et al. 2021; Singh et al. 2020). The soft soil characteristics used in the

Sandgate model (Case 1) are listed in Table 9. 1 (Indraratna et al. 2010b).

Table 9. 1: Sandgate Soft soil parameters (adapted from Indraratna et al. (2010b))

Parameters Soil 1 Soil 2
Material model SS SS
Material type Undrained Undrained
Yary (KN/m?) 8.46 8.46
Ywet (KN/m?) 14.80 14.86
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kn (m/day) 3.5x10° 1.53x10%
ky (m/day) 7.0x10°° 7.5x107°
2K 0.111 0.990
K* 0.011 0.015
€0 2.06 2.04
¢ (kPa) 10 10
0 ) 25 20
v (°) 0 0

Other input parameters such as the static wheel load (Ps), wheel diameter (D), sleeper

spacing (a), and train velocity (V), were used to determine the static and dynamic stresses

exerted on the ballast-sleeper interface (Section 9.5).

Table 9. 2: Model parameters used in Case 2 (adopted from Indraratna et al. (2012b) )

Parameter | Subgrade | Subballast Ballast Concrete Rail
Model MC MC HS LE LE
¥ (KN/m?) 17.3 16.67 15.98 24 78
E (kPa) 25.5x10° 80x10° 30 x10° 210 x10°
Esrgf(kPa) - - 21.34x10° - -
E,f;”{; (kPa) - - 21.34 x10° - -
E;;/’f (kPa) - - 64.02 x103 - -
\% 0.3 0.35 - 0.15 0.3
Vur - - 0.2 - -
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m - 1 0.5
c' (kPa) 10 1 0
¢ (°) 20 35 58.47
v (°) - 5 12.95
P"¢f (kPa) 50
K¢ 0.3
Rt 0.9
Groundwater parameters
Data set USDA USDA -
Model Van Van -
Genuchten | Genuchten
Type Silty clay Sand -
Ck 0.05 1x10% 1x10%

where y = unit weight, E = modulus of elasticity, Esrgf = secant modulus at 50% strength

for loading conditions, E ref = tangent stiffness for primary oedometer loading, Eﬂif =

oed

triaxial unloading/reloading stiffness, v = Poisson’s ratio, v, = Poisson’s ratio for
unloading/reloading, ¢’ = effective cohesion, ¢ = effective friction angle, v = dilatancy
angle, cx = change of permeability, m = power for stress level dependency of stiffness,
K¢ = coefficient of earth pressure at rest for normal consolidation, Ry = failure ratio,
P"¢f = reference confining pressure

Note: MC - Mohr-Coulomb, Hardening Soil (HS), Linear Elastic (LE), Soft Soil (SS) and

USDA series is a international soil classification system (Plaxis_Manual 2021)
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Table 9. 3: Material parameters for different subgrades (adapted from Punetha et al. (2021))

Parameters Poor (soft Fair (medium | Good (dense Hard rock
clay) clay) sand)
Material model MC MC MC MC
E (kPa) 12.5x10° 25.5x10° 80x10° 3x10°
v (kPa) 16 17 18 19
\% 0.4 0.3 0.3 0.2
c (kPa) 15 10 0 15000
¢ (°) 12 20 30 20
v (°) 0 0 0 0

Table 9. 2 summarises the material properties used in a conventional rail track (Case 2).
The material properties and constitutive models for different subgrades are also listed in
Table 9. 3. The steel rails had a Young's modulus of 210x10° kPa and an average cross-
sectional area (A) of 7.6125 x 10~ m?. The moment of inertia (I) was 2.7x10 m* (Priest et
al. 2010). The sleeper was simulated as a linear elastic material. As reported in Indraratna
& Nimbalkar (2013), a HS model was used for the ballast layer under repeated dynamic
loads. The subballast and subgrade layers was modelled using the Mohr-Coulomb (MC)
elastic-perfectly plastic model in Case 2. The limitations of this study are discussed in

Section 9.8.

9.5 Dynamic Load Calculations

In previous studies the FE analysis was carried out using a static load with an impact factor
to represent the dynamic forces (Attya et al. 2007). In general, the static wheel load is the
average wheel load of all the wagons over a design period, and it is determined when the

wagon and wheel carriage are under static equilibrium in a vertical direction (Indraratna &
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Ngo 2018). In other words, the static wheel load can be taken as the weight of a stationary
train divided by the number of wheels. The dynamic component of train load is more
complex and primarily varies with track geometry, train configuration, speed, etc.

Based on the AREA (American Railway Engineering Association) method, the
computation of the design wheel load can be expressed as follows (Li & Selig 1998):

P; = QP Equation 9.1

where P4 =design wheel load that incorporates dynamic effects, Ps = static wheel load, and

@ = dimensionless impact factor (>1.0).

®=(1+

0.00SZV)

> Equation 9.2

where, Dy =diameter of the wheel (m), and V =velocity of the train (km/h).

The sleeper/ballast contact pressure was assumed to be uniform in the analysis, and the
average contact pressure (P,) at the sleeper and the ballast interface can be expressed as

follows (Indraratna et al. 2011):

P = (%) F Equation 9.3

where P =maximum rail seat load; B = width of the sleeper (0.26 m); | = nominal length of
the sleeper (2.5 m); and F = factor that depends on the type of sleeper/tie and rail way track

maintenance.

9.5.1 Sleeper/Ballast Contact Pressure

Axle loads of 20, 30, and 40 tonnes were selected for FEM analysis. The calculation of the
rail seat load corresponding to a 40t axle load is given in this section. The USACE (2000)
railroad design manual by the U.S. Army Corps of Engineers reported that the average

wheel point load was distributed between five sleepers, and the maximum load was
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generated under the wheels. Therefore, the contact pressure developed at the sleeper and

ballast interface can be obtained by the elastic theory (Indraratna et al. 2018).

From Equation 9.3, for a typical 40-tonne axle load:

P = (3x78000
) =
0.26x2.5

)x1/1000 =360 kPa

where P = maximum rail seat load (e.g., for a 40t axle load, P = 0.4 x 40,000/2 x 9.81 = 78
kN; B = width of the sleeper (0.26 m); I = length of the sleeper (2.5 m); and F = factor
depending on the type of sleeper/tie and the track maintenance (F = 1).

The sleeper/ballast contact pressure (P, ) are around 360, 318, 272, 226 and 180 kPa for
axle loads of 40, 35, 30, 25 and 20 tonnes, respectively. However, high impact loads can
be developed by wheel imperfections or flat spots, both of which were carefully accounted
in this design. According to Indraratna et al. (2010a), a 25t axle load generated the
maximum vertical cyclic stresses (sleeper/ballast) of up to 230 kPa, while one peak was
observed at 415 kPa (around 2 times the P, ) due to the arrival of a wheel flat. Several field
studies and laboratory tests often represented an efficient strategy and assessment that
would prevent track degradation due to impact loads. Furthermore, the laboratory
measurements reported that the maximum sleeper/ballast contact stress for a typical train

speed varies between 300-450 kPa (Indraratna et al. 2011).

9.5.2 Dynamic Load Used in FEM

PLAXIS 2D can generate a sinusoidal load using the 'dynamic mode'. For instance, a 40-
tonne axle load corresponds to a static wheel load of around 240 kN (length and width of
sleeper are 2.5 and 0.26 m, respectively). As proposed by Singh et al. (2020), the finite
element analysis was carried out using a 'harmonic load multiplier' and a 'static load'. The

amplitude for the load multiplier is listed in Table 9. 4. In this case the applied load (40t)
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can simulate the sinusoidal wave load on top of the ballast from zero to 480 kN. The
maximum number of cycles was restricted to 1500 due to the computational time required
to run PLAXIS 2D models under dynamic mode. The staged loading application for a rail
track subjected to a 15 Hz frequency is given in Table 9. 5. The selected range roughly

represents the passage of a 4-6 km long train.

9.5.3 Train Speed and Frequency

The frequency of train load depends mainly on train speed, vehicle geometry, and the target
depth (attenuation). The frequency can be determined by f= v/L, where v is the train speed,
and L can be either the bogie spacing or the characteristic length between the closest sets
of axles (Indraratna et al. 2018). Since the total distance between two axles is much smaller
than the distance between the two bogies, the two rear axles (of a front wagon) and two
front axles (of a trailing wagon) can induce maximum frequency (Indraratna et al. 2014).
For instance, =15 Hz can represent a train speed of approximately 110 km/h with an axle
distance of 2.2 m. Moreover, a 25-tonne axle load and frequency of 8.25 Hz would generate
an average train speed of 60 km/h, where the distance between two axles is 2.02 m

(Indraratna et al. 2010a).

Table 9. 4: Selected axle load and speed of trains (Indraratna et al. 2010a; Indraratna et al.

2018; Israr 2016)

Axle load Selected Amplitude Train speed Corresponding
(tonne) of Load (kN) (km/h) Frequency (Hz)
20 120 60 8.25
30 180 110 15
40 240 140 20
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Table 9. 5: Staged loading application (Dynamic analysis in the time domain, f=15Hz)

Phase No Number of cycles Dynamic time interval (s) —
From previous phases
Phase 1 1 0.07
Phase 2 10 0.60
Phase 3 50 2.67
Phase 4 100 3.34
Phase 5 200 6.67
Phase 6 500 20.01
Phase 7 1000 33.33
Phase 8 1500 33.33

9.6 Geosynthetic Inclusions in Railway Tracks

9.6.1 Prefabricated Vertical Drains

PVDs can increase the stability of clayey foundations and they can also be used to alleviate
the problems of drainage often associated with low-permeability soft soil. However, most
studies that used PVDs have only been investigated under static loading conditions (Chu et
al. 2004; Indraratna et al. 2005). Although previous studies reported how PVDs could
stabilise railway track foundations, FE analyses were generated using a static or an
equivalent static load, which severely limited their model (Indraratna et al. 2010b;
Indraratna et al. 2005). The relatively short PVDs (6 to 8 m long) can still alleviate cyclic
pore pressures, reduce the lateral movements, and improve the stability of a soft soil
formation beneath the subballast. Short vertical drains with a spacing of 1.5 and 2 m can
be simulated in PLAXIS 2D. In this instance, an 8 m length of PVD was used for the FE

analysis. Prefabricated vertical drains (PVDs) were modelled in PLAXIS 2D by creating a
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drain element set to a hydraulic head of 0.0 m to simulate an ideal zero pore pressure
boundary. The present model had an array of 8.0 m long PVDs at 1.5 m and 2 m spacing.
9.6.2 Drainage Layer at the Subgrade Surface (Geotextiles)

The laboratory results proved that geotextiles with an effective filter membrane could
dissipate the EPWPs and increase track stability under cyclic loading. The drain available
in Plaxis 2D models can display the nodes representing the drain and their location, the
total discharge, and the defined groundwater head of the drain (Plaxis_Manual 2021). In
the FE model, a drainage medium at the subgrade surface was modelled using an array of
short drain elements at relatively close spacings (0.05 m long drains at 0.1 m intervals), as
shown in Figure 9. 3. This can typically represent a thin drainage medium and the effective
use of a geotextile filter at the subgrade/subballast interface can be captured. The numerical

results are discussed in the following sections

. Dynamic loading

Subgrade surface N /

Figure 9. 3: Drainage medium at the subgrade surface

9.7 Results and Discussions
The numerical results from two different projects are discussed in this section, which
highlights the effectiveness of geosynthetics at dissipating EPWPs under cyclic loading

conditions.
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9.7.1 Case 1: Modelling Track Behaviour at Sandgate Project

9.7.1.1 Influence of Geotextile

The impermeable boundary (represents extremely poor drainage conditions by a capping
layer) and a drainage medium (represents an effective geotextile filter) were simulated at
the subgrade interface to measure the effectiveness of geotextiles under dynamic loading

conditions.
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Figure 9. 4: Generation of EPWPs with and without geotextiles

Figure 9. 4 shows the rapid generation of EPWPs under poor drainage conditions. For
example, the EPWPs that developed at 0.5 m from the subgrade surface rapidly increase to
more than 50 kPa after only ten cycles, and remain over 54 kPa at the end of 200 cycles.
Furthermore, there is no significant reduction in EPWPs after 50 cycles, and this may cause
subgrade instability. However, the inclusion of a geotextile filter in soft soils can reduce
the critical pore water pressure that develops at the subgrade surface. For instance, the
generation of EPWPs at 0.5 m decrease by 8% compared to undrained conditions.

However, there is no significant reduction in EPWPs at 1 to 5 m depth within the subgrade.

210



This shows that geotextile filters that can provide adequate drainage at the subgrade
interface and their ability to reduce the fluidisation potential can diminish with increasing

depth.
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Figure 9. 5: Generation of EPWPs with and without PVDs (20t and 15Hz, PVD at 1.5 m

spacing)

9.7.1.2 Effectiveness of PVDs

PVDs can activate the radial drainage paths and accelerate the pore pressure dissipation
under cyclic loading conditions. Figure 9. 5 shows the EPWP dissipation at shallow depths
due to the inclusion of PVDs. For example, the cyclic pore water pressures that developed
at 200 cycles are more than 14% at depths of 2 m and 5 m from the subgrade interface;
these results verify that PVDs can significantly dissipate the EPWP that can develop at
greater depths (compared to a sole geotextile). In addition, the simulations show that the
model with the PVDs (at 1.5 m spacing) can dissipate the EPWPs at 1500 cycles by around

15 -25% at shallower depths compared to the model without PVDs.
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Under a cyclic load, the generation of EPWPs at the subgrade interface ishigher than those
at the greater depths because of the attenuation of cyclic stress. However, the activation of
radial drainage paths by PVDs is proven to be effective at shallow depths.

Prefabricated vertical drains can facilitate the dissipation of EPWPs during and after
dynamic loading, as shown in Figure 9. 6. During the rest period, the accumulated EPWPs
begin to decrease dramatically with increased cycles, and then remain less than 10 kPa until
the next train loading. This indicates there is no substantial increase in EPWPs when there
are more trains passing. Figure 9. 7 shows the total displacement contours for the model
(PVD only) at 1000 cycles. Due to consolidation by the installation of PVD, there is a a
substantial increase in maximum displacement (up to 0.2 m) near the top surface of the
subgrade (clay), but then it decreases with increasing depth, as shown in Figure 9. 7.
Furthermore, the rate of cyclic consolidation is minimal in undrained tests since there is no

significant EPWP dissipation over time.
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Figure 9. 6: Generation and dissipation of EPWPs with a rest period
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Figure 9. 7: Displacement contours after 1000 cycles using PVDs (20t and 15 Hz)

9.7.1.3 The combined PVD-Geotextile System

Laboratory experiments proved that a combined PVD-geotextile system could further
reduce the accumulation of EPWPs and prevent the occurrence of subgrade instability by
providing additional confinement at the interface; where geotextiles could reduce the water
content of subgrade surface. Therefore, a 'T section' was created at the subgrade interface
by modelling an array of 8 m long short vertical drains with 1.5 m spacing, and a geotextile
filter. A combined PVD-geotextile system was used in this analysis because PVD installed
alone within subgrade soil could not substantially reduce the EPWPs at the middle of two
adjacent PVDs, where a sole geotextile that had been installed could not dissipate the
EPWPs at deeper layers.

As shown in Figure 9. 8, the combined PVD-geotextile system alleviates the EPWPs at the
critical soil layers (i.e. 0.5 — 5 m depth). For instance, the EPWPs that developed at 0.5 m,
and 5 m from the subgrade interface decrease by 19% and 12% compared to the results

with a sole geotextile. This combination (PVDs and geotextiles) may become ineffective
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over depths of 10 m. Since mud pumping is a shallow layer phenomenon, a PVD-geotextile

system can dissipate the critical accumulation of EPWPs in vulnerable layers of soil (i.e.,

more prone to subgrade fluidisation) during and after train passings.
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Figure 9. 8: Generation of EPWPs with a combination of PVD and geotextile filter
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9.7.2 Case 2: Modelling Railway Tracks with and without PVDs

The numerical and laboratory results proved that subgrade was susceptible to fluidisation
when the EPWPs reached its threshold value, and also become vulnerable to mud pumping
under repeated cyclic loading. Therefore, the generation of EPWPs at the subgrade
interface was considered (i.e., 0.5 m from the subgrade surface) in the following sections,

whereas the interface behaviour can be assessed using the rate of dissipation of EPWPs.
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Figure 9. 9: Generation of EPWPs under different axle loads (No PVDs)

Figure 9. 9 shows the EPWPs that developed 0.5 m away from the interface with varying
axle loads under critical drainage conditions (impermeable). As expected, there is a rapid
increase in EPWP as the axle load increases. For instance, the EPWP that developed 0.5 m
below the interface rapidly increase to more than 100 kPa at ten cycles when the axle load
increases to 40 tonnes; it is around 70 kPa with 20t axle loading. Furthermore, the EPWPs
that developed under 40t loading are more than 50 kPa at 100 cycles compared to 20t cyclic
loading.
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Figure 9. 10: Generation of EPWPs under increased axle loads (with PVDs)
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Figure 9. 11: The rate of dissipation of EPWPs at 0.5m depth

A set of FE simulations were used to study how PVDs can dissipate the generation of
EPWPs in a railway subgrade by activating radial/shorter drainage paths. Figure 9. 10
shows that the EPWPs that accumulated after 1000 cycles decreased by more than 25%

(compared to the conventional track) with PVDs even though cyclic load increased to 40
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tonnes. This shows that PVDs can alleviate the rapid generation of EPWPs, which is the
primary causative factor in dislocating/pumping fine particles upwards. Drain spacings of
2.0 and 1.5 m were selected, and Figure 9. 11 shows the effect of drain spacing on a railway
structure under a typical train load. Although the maximum EPWPs reached around 70 kPa
after 500 cycles (No PVDs), PVDs could still dissipate them effectively because they were
60 and 66 kPa for 1.5 and 2.0 m drain spacings, respectively. This shows that when the
drain spacing is smaller, the rate of dissipation increases due to shorter drainage paths. The
effect of loading frequency was also examined (varied from 8 Hz to 20.0 Hz) to simulate

train speeds of roughly 60 km/h to 140 km/h.
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Figure 9. 12: Variation in the cyclic EPWPs at different frequencies (=8, 15 and 20 Hz)

Figure 9. 12 shows the EPWPs that developed inside the subgrade had dissipated rapidly
with smaller frequencies. For instance, at a depth of 0.5 m, the EPWPs rocketed to 72 kPa
at 100 cycles under 20 Hz and were around 50 kPa at 8 Hz. Similar observations were
reported in previous studies (Arivalagan et al. 2022; Singh 2021). In addition, PVDs also
mitigated lateral deformation when the cyclic load increased to 240 kN (40 tonnes) or the

train speed increased to more than 140 km/h (20 Hz). It was observed that under a frequency
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of 15 Hz, the short vertical drains reduced lateral deformation from 60 mm to less than 15
mm. This indicates that PVDs can be used to stabilise railway embankments by reducing

lateral deformation and rapid EPWP generation.

9.8 Limitations of this Study

e The primary objective of this numerical study was to determine the generation of
EPWPs under cyclic loading by using a plane strain 2D model of a whole
embankment to represent various drainage conditions. The effect of geosynthetics
in controlling the vertical and lateral displacement were not studied in detail.

e The current FE analysis will need to be verified further to more extensive field
monitoring of potential mud pumping sites in order to study the rate of dissipation
in EPWPs under cyclic loading. Such information will be required to validate the
numerical analysis and also extend existing track design guides.

e The characteristics of subgrade used in the simulations were mostly obtained from
field studies. The variations in the characteristics of subgrade revealed the key role
of subgrade in reinforcement. Therefore, the effect of the shear strength parameters
and the constitutive models of ballast and sub-ballast must be included in future
studies to simulate different track conditions.

e The linear elastic perfectly plastic Mohr-Coulomb (MC) model is a first-order
model that only includes a limited number of features, as illustrated in
Plaxis_Manual (2021). The increment of stiffness and depth can be considered but
the MC model does not include stress-path dependency, the strain dependency of
stiffness, or anisotropic stiffness (Plaxis Manual 2021).

o The well resistance was ignored due to the installation of short PVDs. However,
the extent of the smear zone was not considered in this FE model by measuring the

ki/ky of soil surrounding the drains.

218



9.9 Chapter Summary

This chapter reports an innovative approach using dynamic load multipliers in PLAXIS
2D. The performance of conventional railway tracks with extremely poor drainage
conditions and the ability of geotextiles, PVDs, and PVD-geotextile systems to mitigate
the rapid generation of EPWPs under cyclic train loading were studied. The rapid
generation of EPWPs was observed under adverse hydro-dynamic conditions. It was found
that PVD can alleviate the EPWPs at a shallow depth of subgrade and the rate of dissipation
of EPWPs was minimal near the subgrade surface (between two adjacent PVDs).
Geotextiles could reduce the build-up of EPWPs only at the subgrade interface. The test
results indicated that a combination of PVD and geotextile could reduce the critical
generation of EPWP in shallow subgrade more uniformly, even after train loading, thus

increasing the stability of railway foundations.
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CHAPTER 10: CHULLORA FIELD TRIAL

10.1 Introduction

This chapter primarily investigates the practical application of geosynthetics
(geocomposite G1 with a filter membrane and robust geotextiles) to prevent mud pumping
under typical train loading conditions. Although there are four different sections; namely
(1) Rubber Intermixed Ballast System (RIBS), (2) EcoFlex, (3) Energy Absorbing Rubber
Seam (EARS), and (4) Instrumented Control Section (ICS) with geocomposite, in the
Chullora field trial, the design and construction stages of the "Instrumented Control

Section" (ICS) are mainly discussed in this chapter (Figure 10. 1).

Total length of track under observation = 260 m
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Control section | EARS Track RIBS Track
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Figure 10. 1: Plan view of all the sections in Chullora Track

The trial track constructed at the Chullora technology precinct contains a section of track
with geocomposites. The primary objective of this 40 m long instrumented control section
is to compare the performance of geocomposite and filter membrane with other sections
such as EARs, EcoFlex and RIBS. As Figure 10. 1 shows, two control sections with a
minimum length of 20 m were also constructed between two instrumented sections to avoid
boundary conditions influenced by neighbour sections; this means that each section can
perform independently during the passage of trains. Furthermore, around 30 m of
conventional track was constructed at both ends (left and right hand side of the trial track)

in order to achieve the desired train speeds in all sections.
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10.2 Chullora Site Investigation

A site investigation was carried out to obtain the soil profile underneath the track and the
overall depth of the hard stratum from the ground level. The Cone Penetration Tests (CPT)
and Standard Penetration Tests (SPT) carried out at five different locations along the tracks
reveal that the ICS had the thin surficial strata of silty clay and clayey sands underlain by
weathered shale and relatively stiff clay stratum existing at greater depths (Table 10.1). The
SPT soil sample from the ICS section is shown in Figure 10. 2. After the site investigation,
the sleepers and rails were removed from the existing track (Figure 10. 3(a)), and the area

was excavated to the bottom of the track foundation (Figure 10. 3(b)).

Figure 10. 3: (a) Existing track in Chullora, and (b) Excavation at the instrumented control

section (ICS)
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Table 10. 1: Standard Penetration Test at ICS

Depth SPT Number of blows
15 150 mm 2" 150mm 3 150mm
0.5-1m 5 7 11
1-1.5m 5 6 7
1.5-2m 5 12 21
2-2.5m 29 50 refusal weathered shale

10.3 Railway Track Design

The design criteria considered for the Chullora track was for 25 tonnes of axle loading at a
maximum speed of 80 km/h for a design life of 20 years; i.e., with total traffic of 5
MGT/year. The dimensions of the track are in accordance with the code of practices, track
guidelines, and ballast specification, issued by Transport for NSW (ARTC 2018, 2019).
The design of each section was to satisfy several criteria for the strength of individual track
components such as rail and sleeper stresses, pressure between the sleeper/ballast interface,
and the pressure exerted onto the subgrade due to train loading. According to the
methodology proposed in "Ballast railroad design: SMART-UOW approach"”, track design
calculations were carried out (Indraratna & Ngo 2018). Table 10. 2 summarises the design
parameters used to design the track structure based on field measurements and extensive
laboratory testing and computational modelling. Based on the design criteria, typical ballast
and capping thickness for the Chullora field trial were approximately 250-300 mm and 150-
200 mm, respectively. Since the train speed permitted at this site (Chullora) is
approximately 15 km/h, the thickness of the ballast was reduced to 250 mm and placed
over a 150mm thick compacted capping layer. The thickness of the ballast and capping
remained the same for all the sections. A 100 mm thick granular drainage layer was
introduced (not included in the design) at the bottom of the excavated track to improve the

drainage capacity of the track, as detailed in Section 10.4.
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Table 10. 2: Design parameters used for track design calculation

Track components Design Parameters
Sleepers Width=0.25m, Length=2.5m, Height=0.23m Spacing (S)=0.6m
Ballast Density=1560kg/m?, Friction angle=48°, Epaias=250MPa,

Resilient modulus=275MPa, Layer thickness=0.25m

Subbalast/capping | Density=1670kg/m?, Friction angle=35°, Esubaias=115MPa,
Layer thickness = 0.2m,

Subgrade Density=1730kg/m*®,  Friction  angle=20°, Esugradce=25MPa,
c=10kPa, Layer thickness=1.5m, Subgrade soil compressive
strength=85kPa, Allowable subgrade plastic strain, &,=2%,
Allowable settlement =0.025m,

Load Wheel diameter (D) =1.016 m, Axle load = 25ton, Train speed
(V)=80 Km/h, Number of cycles wused for the
design=N=4,000,000, Axle spacing=1.9m

10.4 Improved Drainage at Chullora Field Trial

Laboratory investigations (Chapter 5) reveal that mud pumping or subgrade failures would
happen with low to medium plasticity soils under adverse hydraulic conditions. Therefore,
drainage capacity of the subgrade/capping interface had to be improved prior to
constructing the track at Chullora. Although the water table was below the track, the entire
site was flooded due to heavy rainfall and was filled up/inundated with surface runoff water
from the surrounding areas. A granular drainage layer (100 mm) combined with a filter
geotextile (Figure 10. 5) could be the best way to enhance the drainage capacity of railway
tracks. Geocomposites with filter membranes and appropriate drainage characteristics can
also control the upward migration of fines by dissipating the EPWP (Chapter 8). As Figure
10. 4 shows, sumps were constructed along the track to collect water that had built up
underground before construction. Cess drains (150-300 mm diameter pipe) were placed at
formation level at the side of the track to collect the water that continuously percolated

through the ballast, and send it to a nearby culvert (Figure 10. 6).
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Figure 10. 4: (a) Chullora track after heavy rainfall - Construction of sumps, and (b)

Dewatering system

Figure 10. 5: Drainage layer at subgrade level
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Figure 10. 6: Cess drain construction — 300 mm diameter ag-pipe installation

10.5 Geosynthetic Inclusions

The subgrade soil in the ICS (Figure 10. 7) had a high fine content and was more prone to
mud pumping under heavy haul train loading. As recommended in Chapter 8,
geocomposite with a filter membrane was used for the instrumented railway track because
it could prevent particle separation and the migration of fines through the pore openings of
the geocomposite (Arivalagan et al. 2021). The geocomposite was placed at the subgrade
level, over which a 100 mm thick drainage layer was placed to provide adequate drainage
during heavy rainfall and prevent soil fluidisation (Figure 10. 8). According to the
literature, anti-pumping geosynthetics should consist of a high compression modulus which
can reduce the excessive cyclic deformation and provide sufficient permeability (Alobaidi
& Hoare 1998; Alobaidi 1991). They can also prevent pore water pressure from being
generated under the subgrade interface, and this can reduce the potential for mud pumping
due to moving loads.

Bidim A44 nonwoven geotextile was used to separate the ballast and capping layer because
it could also act as a drainage medium (Figure 10. 9). It can also be a reinforcing separator

to protect the capping surface from undue damage from ballast tamping. MastaTEX F
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Range nonwoven needle-punched geotextile was used to cover the ag pipe during the
construction of the cess drain. Due to high levels of elongation, mastaTEX can withstand
being damaged during installation and will prevent the ingress of fines into the drainage
media (Figure 10. 10(c))

A robust nonwoven geotextile (Profab Ultra) was used in all the other sections (at the
subgrade/capping interface) to compare the performance/effectiveness with the
geocomposite G1 used in ICS. All the material properties of the selected geosynthetics are
listed in Table 10. 3. In addition, as Figure 10. 10(a) and (b) show, a woven geotextile was
used in the EcoFlex section to separate the ballast and recycled rubber energy absorbing

layer, and Rubber geogrids were also installed in the EARS section.

Table 10. 3: Properties of selected Geosynthetics

Bidim Profab Ultra | mastaTEX
Geotextile Properties A44 Hydrotex 3
Peak Tensile Strength (kN/m) | 26.5 50 50 35
CBR Burst Strength (kN) 4.7 10 9.2 5.6
AOS Size (um) 75 <1 <75 <110
Permeability (1/m?/s) 43 0.03 40 90
Cone drop diameter (mm) <1 <1 <1 <5

Figure 10. 7: Subgrade soil at Instrumented control section
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Figure 10. 8: Installation of Terram Hydrotex on subgrade soil — Geocomposite G1

Nonwoven

M l_‘\_ . ¥ | geotextile ‘
Ll L A . - 1 = T

Figure 10. 10: (a) Woven geotextile at capping/ballast interface (ECOFLEX), (b) Rubber
geogrids at capping/ballast interface (EARS), and (c) MastaTEX nonwoven geotextile to

protect ag-pipes
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10.6 Instrumentation

Figure 10. 11 shows a suite of instruments laid on the subgrade, capping, ballast, sleeper
and rail interfaces to measure the distribution of stress, the generation of pore pressure,
differential settlement, and the acceleration of motion of a structure. To evaluate the
performance of each layer by measuring the deformation, stress transformation (energy
absorption), and vibration, different types of instruments were proposed, as shown in Table
10. 4. The symbols set for the identification and placement level are also given in Table 10.
5. The pressure cells, extensometers, and accelerometers were connected to the data
acquisition; i.e. DAQ ICS for the instrumented control section. As Figure 10. 12 and Figure
10. 13 show, the settlement pegs were designed to measure the vertical track deformation
(settlement); the level of the settlement peg can be taken manually or by a camera. A set of
settlement pegs were proposed for manual reading, and a wide-angle Pan-Tilt-Zoom (PTZ)

camera was also used to monitor the settlement in tracks (Figure 10. 14).
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Figure 10. 11: Instrumentation of ICS section (scale: 1:20)
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Figure 10. 13: (a) Instrumentation at the capping/ballast interface, (b) Settlement Plates and

(c) Pressure cell
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Figure 10. 14: (a) Wide angle PTZ camera and (b) Data Acquisition System (DAQ)

Table 10. 4: Type of sensors used in Instrumented control section (40 m section)

Location of the
Instrument

Sensor Name

Sensor type

Subgrade

ICS-MS-G-17.810

Moisture sensor

ICS-PP-G-17.810

Pore pressure Transducer

Subgrade-Capping
Interface

ICS-SP-SC-17.806

Settlement plate ©

ICS-SP-SC-17.810

Settlement plate (M)

ICS-SP-SC-17.814

Settlement plate (M)

ICS-P-SC-17.808

Pressure plate - 1 MPa

Capping-Ballast

ICS-SP-CB-17.806

Settlement plate ©

ICS-SP-CB-17.810

Settlement plate (M)

ICS-SP-CB-17.814

Settlement plate (M)

Interface
ICS-P-CB-17.808 Pressure plate - 1 MPa
ICS-P-CB-17.810 Pressure plate - 1 MPa
Ballast ICS-EXT-B-17.804 In ballast extensometer
Ballast/Sleeper ICS-P-BS-17.808 Pressure plate - 1 MPa
Interface ICS-P-BS-17.810 Pressure plate - 1 MPa
ICS-SP-S-17.810 Settlement target on sleeper ©
. ICS-AL-S-17.808 Accelerometer - X
Sleeper and Rail

ICS-AT-S-17.808

Accelerometer - Y

ICS-AV-S-17.808

Accelerometer - Z

Table 10. 5: Notations used for instrumentation of the track

Notations Description
ICS Instrumented Control Section
SP Settlement Plate
P Pressure plate
L Lateral pressure plate
EXT Extensometer
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AL Accelerometer - Longitudinal
AT Accelerometer - Transverse
AV Accelerometer - Vertical
MS Moisture Sensor

PP Pore Pressure transducer
G in Ground

SC Subgrade/Capping interface
CB Capping/Ballast interface
BS Ballast/Sleeper interface

S Sleeper

B Ballast

© Camera reading

M Manual readings

10.7 Laboratory and Field Investigations

10.7.1 Particle Size Distribution and Proctor Curve

Figure 10. 15(a) shows that the capping material contains around 15% of fine particles (i.e.,
the percentage passing through 0.75um is 15%). The optimum moisture content (OMC)
and maximum dry density (MDD) were 6.6 % and 2.2 t/m* respectively (Figure 10. 15(b)).

It was expected to achieve more than 95% of Relative Compaction (RC) in the field.
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Figure 10. 15: Properties of Capping material (a) PSD and (b) Proctor compaction Test
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10.7.2 38-mm Diameter Cored Samples (Compacted Capping)

Cored samples were taken to the laboratory to measure the dry density of compacted

capping (Figure 10. 16).

Figure 10. 16: (a) Coring samples at different locations, (b) Cored specimen inside the

cylindrical tube, and (¢) Extruded specimen for laboratory testing

Figure 10. 17: (a) Measuring the water content, (b) Soil specimens collected from the field
,and (c) Determining the moisture content and density in the laboratory (Courtesy: Dr

Mandeep Singh)
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As Figure 10. 17(a) shows, a moisture meter (calibrated with actual field measurements)
was used to determine the water content of stockpiles. Non-destructive density Test was
performed on compacted capping to ensure 98% of RC (Figure 10. 18(a)). A DIGI Schmidt

2000 concrete tester was also used to measure the density of compacted capping.

Figure 10. 18: (a) Nuclear density gauge/Non-destructive density Test and (b) the Schmidt

Test

Figure 10. 19: Determining the bulk density of compacted ballast in the field (compaction

of 150 mm thick layer)
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10.7.3 Compacted Ballast Density

The target unit weight of 15.5-16.5 kN/m?® was achieved by compacting the 250 mm thick
ballast into two layers, i.e., the first and second layers were around 150 and 100 mm thick,
respectively. The number of passes by a 7-tonne steel roller was calculated based on the

packing density of the ballast layers, as shown in Figure 10. 19.

10.8 Track Construction — Instrumented Control Section

Once the 100 mm thick drainage layer had been compacted, a 150 mm thick layer of
capping material was placed such that the top surface maintained a 2% slope towards the
cess drain (Figure 10. 20). A layer of nonwoven geotextile (Bidim A44) was used as a
separator at the capping/ballast interface to prevent the bottom ballast from digging into
the capping surface (Figure 10. 21(a)). This means the coarser particles of ballast will not
be contaminated by fines due to the inclusion of Bidim A44; it can also direct the water
that percolates through the ballast layer and flows into the cess drain. After completing the
capping layer, a 150 mm thick layer of ballast was laid and compacted in two stages to

achieve a maximum dry density of 1600 kg/m?* as explained in Section 10.6.3.

Figure 10. 20: Laying capping material on the drainage layer, and (b) Compaction of

capping
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Figure 10. 21: (a) Pouring ballast on the instrumentation units, and (b) compaction of 150

mm thick ballast layer

Figure 10. 22: Final stages of track construction (a) Laying sleepers and rails, (b) Construct

ballast shoulders, and (c) Tamping Ballast voids
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The sleepers and rails were laid on a layer of compacted ballast, as shown in Figure 10.
22(a). The crib/shoulder ballast was constructed and levelled to improve the lateral sliding
resistance, as shown in Figure 10. 22(b). A ballast tamper was used to pack the ballast in
order to make the tracks more durable and level (Figure 10. 23(¢c)). As Figure 10. 23(a)
shows, all the instruments were connected to the solar-powered data acquisition system at
four locations; this system can continuously supply power to all the instruments during

train loading.

Figure 10. 23: (a) Solar powered data acquisition system and (b) Completed track at

Chullora

10.9 Test Outcomes and Contributions

Due to the COVID-19 restrictions in NSW, Australia, the Chullora track construction was
significantly affected, which delayed loading the live train and the field data measurements.
The field measurements and data analysis can be done by other PhD students involved in
this project. I want to express my sincere thanks to my supervisors, Industry Partners, and
some of our technical crew on-site, especially Dr Trung, Dr Mandeep, Dr Rakesh, Chathuri

and Anees for helping me collect soils and overseeing quite a lot of the site activities.
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10.10 Chapter Summary

This chapter describes the design and construction stages of the Chullora field trial and the
inclusion of geocomposite material in the field to reduce the risk of severe particle
migration and mud pumping under adverse hydro-dynamic conditions. It also concludes
the laboratory field observations and problems encountered during the construction phases.
Furthermore, the effectiveness of geocomposites and other geosynthetics applied in the
field were discussed based on the outcomes of laboratory testing and field trial construction.
This collaborative research between academia and industry incorporated sophisticated

laboratory tests, FEM modelling, and field studies to promote innovation and growth in

technology.
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CHAPTER 11: CONCLUSIONS AND RECOMMENDATIONS

11.1 General Synopsis

In railway tracks, the finer particles of subgrade soil can be softened and pumped up
towards the uppermost layers under critical dynamic loads; this phenomenon is commonly
known as mud pumping and mostly occurs in low-lying saturated subgrade. Although some
studies have highlighted the adverse effects of mud pumping, the governing mechanism
and critical factors which lead to subgrade instability, advanced geotechnical soil
characterisations, and cost-effective solutions, have not been well established (Chapter 2).
Track instability can generally be controlled by installing a compacted capping layer (sand
blanket) beneath the ballast to reduce the dynamic stress that is transferred towards the
subgrade soil, or by installing geosynthetics that can provide enough drainage to eliminate
the excessive hydraulic gradients that develop under cyclic loads. Overly compacted
capping or a sand blanket cannot dissipate the rapid generation of EPWPs and sometimes
fails to prevent subgrade fluidisation (Nguyen et al. 2019). Undrained and free drainage
tests were carried out in this study to determine the key factors that contribute to subgrade
fluidisation (Chapter 5). While geotextiles can be used to prevent particle migration and
enhance drainage capacity at the interface, fine particles that become trapped inside the
pores can still affect the drainage properties of geosynthetics. Geotextiles with different
filtration and drainage properties in terms of aperture opening sizes were therefore

investigated to assess their performance under cyclic loading (Chapter 6). The
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characteristics of vulnerable soft soils and the design criteria for effective filters should be
investigated prior to the track construction (Chapter 7). Of the different techniques used to
improve the stability of foundations, prefabricated vertical drains are a recent addition to
alleviate the rapid generation of EPWPs and subgrade fluidisation in tracks that experience
critical dynamic loads (Chapter 8). The combination of PVD and geotextile could be an
appropriate technique to dissipate the accumulated pore water pressure at shallower depths
(Chapter 9). Different types of geosynthetics were installed at the Chullora field trial to
alleviate the occurrence of subgrade instability during the passage of heavy haul trains

(Chapter 10).

11.2 Conclusions
The following salient findings evolving from the outcomes of this study are highlighted

below.

11.2.1 Factors Causing Subgrade Fluidisation in Railway Tracks

Excessive cyclic excess pore pressure can undoubtedly cause instability in soft and
saturated subgrade soils with high water content during the passage of trains. For example,
an undrained test showed a rapid development of EPWP in less than 500 cycles and
remained without any significant reduction afterwards (>EPPr). The tests also showed that
the generation of EPWPs deeper in the subgrade soil profile (80-120 mm below the

interface) without further reduction over time can lead to adverse hydraulic conditions.

11.2.1.1 Excess Pore Pressure Gradient (EPPG)
The EPPG under cyclic load plays a key role in inducing fines to migrate from the middle
region towards the upper region. For instance, in the undrained tests, the EPPG that

developed approximately 100 mm below the interface was more than 35 after only 500
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cycles (i.e., with less than 2 minutes of train loading). A rapid generation of high EPPG
can lead to soil softening and significant increases in the water content can cause a rapid

reduction in track stiffness, localised deformation, and overall instability.

11.2.1.2 Loading Characteristics

The increasing cyclic deviator stress hinders the effectiveness of capping
layer/geosynthetics and induces particle migration. For instance, during the passage of
heavy-haul trains with an axle load of 40 tonnes (Gmax Of 140 kPa), the ability of
geocomposite (G1) to prevent particle migration decreased. Moreover, the EPPG was
above 35 (EPPGri) in the middle layers of soil up to 40,000 cycles, and reached 5% of

axial strain before 75,000 cycles in Test G-100-5 (approximately 35 tonnes axle load).

11.2.1.3 Characteristics of Soft Subgrade

Many researchers have investigated the characteristics of subgrade soil subjected to
subgrade fluidisation in railway tracks (Indraratna et al. 2020; Nguyen & Indraratna 2021;
Nguyen et al. 2019). The characteristics of subgrade, such as the consistency and degree of
compaction of the soil, are among the key factors that contribute to subgrade fluidisation.
Field investigations followed by geotechnical tests showed that low plasticity soils with a
PI between 10 to 30% and LL of less than 50% were more vulnerable to subgrade
fluidisation and associated mud pumping; this type of subgrade therefore needs more

attention (Chapter 8).

11.2.1.4 Abrupt Change in Water Content
The water content of the tested specimens was measured from top to bottom at three
different locations, after the cyclic tests. For example, the liquidity index (LI) at the top

part (subgrade surface) was almost 1, which represents a state of liquidity, but this
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decreased to about 0.2 at the bottom of the subgrade specimen. This represented
inhomogeneous behaviour after the soil become fluidised because the water content and

void ratio varied considerably along the height.

11.2.1.5 Pumping of Fine Particles

The upward migration of fines is also caused by the moisture content being redistributed
due to cyclic loading. For instance, undrained tests experienced an abrupt change in the
water content along the height of the specimen, and a finer fraction of less than 75 pm
pumped up from underneath soil became slurry at the top. A particle with a large specific
surface area (i.e., the finest particles) would absorb more water, which explains how the
moisture content of soil redistributed during the migration of fine particles. Under free
drainage tests, repetitive cyclic loading intensified the potential occurrence of subgrade
fluidisation, which may then result in the overlying coarser particles penetrating the now

softened subgrade layer.

11.2.2 Application of Geosynthetics in Preventing Subgrade Fluidisation
Prevention techniques for subgrade fluidisation are needed, especially when soft vulnerable
soils are subjected to heavy haul train loading. The installation of geotextiles,
geocomposites, prefabricated vertical drains (PVDs), and a combined PVD-Geocomposite
system has proven to be a good method for reducing the accumulation of pore water
pressure. Based on the series of tests carried out to quantify the risk of mud pumping under
cyclic loading using dynamic filtration apparatus, the following conclusions were drawn,
as shown below:
a) Geocomposite (G1 and G5) alleviated the EPWPs that developed at or close to the
interface as the cycles increased. At a maximum vertical cyclic stress of 70 kPa
(undrained), the considerable upward migration of fine particles and a

corresponding increase in the moisture content induced the subgrade surface to
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b)

d)

become a slurry under undrained conditions. However, there was a dramatic
decrease in the water content (26%) when geocomposite was placed at the
interface, and the subsequent penetration of ballast particles into the subgrade soil
(free drainage test) was prevented. This proves that this geocomposite could
minimise the migration of fine particles in the middle region and prevent the slurry
formation at the uppermost layer.

The EPWP that developed for G2, G3, and G4 were higher than EPPr; (>22 kPa)
after 10,000 cycles, and the rate of dissipation was not significant until the end of
the cyclic test. Although the aperture opening size of filters (G1 and G5) was less
than 10 um (Chapter 3), they could still prevent particle migration and dissipate
the EPWP under cyclic loading. However, the larger pores in geotextiles (G2 and
G4) could not prevent particle migration and they finally became clogged with
pumped-up fine particles. This indicated that geocomposites with a filter
membrane could reduce the accumulation of EPWPs at the subgrade surface and
prevent migration of fines.

The excess pore pressure gradient (EPPG) plays a key role in inducing fines to
migrate from the middle region towards the subgrade surface. However, the
inclusion of G1 and G5 reduced the EPPG by 90% after 1000 cycles in the middle
layer compared to the undrained tests. This significant reduction in EPPGs reduced
the migration of fines by 35% compared to the other geotextiles (G2, G3, and G4).
These results imply that geocomposites with a filter reduced the EPPG that
developed inside the subgrade soil and thus prevented finer particles from
separating from the soil matrix.

Soil under increased axle loads may become more prone to subgrade fluidisation.
An increase in the cyclic stress led to the development of axial strain and EPWPs,
despite the inclusion of geocomposites, when the cyclic deviator stress was more

than 55 kPa. The PSD curves also showed that the migration of fine particles
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increased as the cyclic stress increased. These results suggest that the potential for
fine migration can decrease as the cyclic stress decreases, and fluidisation can also
be triggered at lower frequencies in tracks with poor drainage conditions.

e) The combined PVD-geocomposite system prevented the rapid accumulation in
EPWP from the beginning of the cyclic test. The inclusion of PVDs could control
the EPWP, even under higher axle loads and larger frequencies. For instance, the
EPWP that developed at 20 and 80 mm from subgrade interface fell to less than 30
kPa after 100,000 cycles under increased axle loads (30-35 tonnes) and reached
less than 2.5% of axial strain in Test PG-85-5. The migration of fine particles
towards the top surface was insignificant with a PVD-geocomposite system
compared to other tests. This indicates that under higher axle loads and speeds, the
generation of EPWPs at the middle/lower regions could be curtailed with the

inclusion of a combined system of PVD and geocomposite.

11.2.3 Numerical Modelling

Techniques for preventing mud pumping focus mainly on stabilising the weak subgrade
soil by geosynthetic inclusions. The FE simulations carried out in PLAXIS 2D show that
the inclusion of geotextiles can reduce the build-up of EPWPs at the subgrade surface.
PVDs can help to reduce the peak of EPWPs at shallow depths, unlike in undrained
conditions. These numerical simulations essentially proved that a combined PVD-
geotextile system could continuously alleviate the formation of EPWPs under dynamic
loading conditions. For instance, the maximum EPWPs that developed under 20 -tonne
loads were less than 45 kPa at 0.5 m depth until 1500 cycles. The combination of PVD and
geotextile could reduce the critical EPWP generation in the shallow subgrade more
uniformly even after the train loading thereby increasing the stability of railway

foundations.
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11.2.4 Chullora Field Trial

The subgrade soil in Chullora field trial had a high fine content and was more prone to mud
pumping under heavy haul train loading. Due to the heavy rainfall, the entire site was
flooded and was filled up with surface runoff water. The geocomposite with a filter
membrane was used for the instrumented railway track because it could prevent particle
separation and the migration of fines through the pore openings of the filter membrane. The
geocomposite was placed at the subgrade level, over which a 100 mm thick drainage layer
was placed to provide adequate drainage during heavy rainfall and prevent soil fluidisation.
A suite of instruments laid on the subgrade, capping, ballast, sleeper, and rail interfaces can
measure the generation of pore pressure, cyclic stress distribution, differential settlements,

and the acceleration of motion of a structure.

11.3. Industry Implications

This present research focused on understanding how geosynthetics prevent particle
migration and associated mud pumping under heavy haul train loading. The laboratory
results indicated that fine particles soften and form a slurry during cyclic loading, which is
then pumped upwards when the moisture content approaches its liquid limit. However, the
inclusion of geosynthetics alleviates the rapid accumulation of EPWP and reduces the
potential for upward mud pumping and higher water content at the subgrade surface. The
impact on industry as a result of this research can be summarised:

o The plasticity characteristics of subgrade govern the occurrence of mud pumping.
Subgrade soils with low/medium plasticity show prominent signs of mud pumping
in railway tracks, whereas cohesive soils with high plasticity may not experience
mud pumping. In essence, cohesive soil with a high clay content can resist fabric
instability by preventing the segregation of fine particles and the migration of

moisture.
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e The application of geosynthetics can be an effective way to stabilise railway tracks
by preventing the migration of particles and continuously dissipating excess pore
water pressure, especially near the subgrade surface. The geocomposites with a
filter membrane can act as a filter and a separator to prevent particle migration and
provide adequate drainage (Chapter 9). However, the inclusion of geotextiles
without appropriate drainage and filtration characteristics can lead to subgrade
instability in the long term.

e The inclusion of short PVDs can significantly reduce and delay the rapid
generation of EPWPs in deeper subgrade soil, while geocomposite can provide
adequate surficial drainage at the interface. From a practical perspective, the
stabilisation of rail tracks with a PVD-geocomposite system can prevent the

occurrence of subgrade instability and fluidisation in the field.

11.4 Limitations of the Study
The following limitations apply to the current study.

e The laboratory equipment can mostly be used for testing small-scale soil specimens
compared to the actual field scale. Therefore, scale and boundary effects will
influence the laboratory data in relation to the actual field behaviour. The drain
dimensions and soil thickness tested in the current equipment can still provide
realistic pore water pressures and gradients (Indraratna & Redana 1997, 1998).
However, there will always be boundary effects which cannot be totally eliminated,
and the rate of pore pressure dissipation in the laboratory with much smaller
seepage path lengths is expected to be faster than typical field conditions (Baral et

al. 2018)
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The effect of principal stress rotation under moving load was not considered within
the scope of this study. It is expected that the behaviour of soft subgrade involving
principal stress rotation and the influence of intermediate principal stress can affect
the pore pressure response of soft soils especially at high train speeds (Bian et al.
2020; Grabe & Clayton 2014). In this study, the experimental data obtained for low
loading frequency (1-3 Hz) is more applicable for heavy haul trains operating at
relatively low speeds (< 80 km/h).

The geotextiles and geocomposites were placed between the subgrade surface and
ballast layer; no sub-ballast layer (compacted sand layer) was placed over the
geosynthetics. The filtration behaviour of subballast, the influence of cyclic load
on the design of a combined geosynthetics and capping layer were not considered
within the scope of this study.

The current laboratory observations will need to be corroborated further to more
extensive field monitoring of potential mud pumping sites to gain further insight
into rise and dissipation of EPWP and corresponding EPPG under cyclic loading.
Such information will be required to extend FE analysis and design standards to
include quantified methods of analysis for subgrade fluidisation and to implement

preventive measures such as PVD-geocomposite systems.

11.5 Recommendations for Future Research Work

Further research work could be undertaken in the following areas:

The relative compaction (RC) of compacted soil used in this study was 95%, but a
series of tests could still be carried out with varying RCs (70-95%) to examine how
the degree of compaction induces subgrade fluidisation in railway tracks. To assess
the potential for subgrade fluidisation, a range of soil samples (with varying soil

properties) can be collected/tested from different mud pumping sites.
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A large-scale triaxial test could be the best way to carry out cyclic tests under
confining pressure. By following the similar test procedures described for dynamic
filtration tests, large-scale cylindrical triaxial tests (300-500 mm diameter by 600-
1000 mm high) could be carried out. It would be good to measure how the critical
EPWPs would dissipate over time and how the hydraulic gradient contributes to
pumping up fine particles. Further work needs to consider the smear zone, well
resistance, and mandrel effects.

A numerical model could be used to observe the behaviour of particle migration
associated with subgrade fluidisation. This could also be extended to various cyclic
loadings under various drainage conditions, so that particle dislocation and
migration could be captured using the coupled discrete element method (coupled

CFD-DEM/LBM-DEM simulations).
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